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Preface

The development of metal-catalyzed cross-coupling reactions over the past 30 years
has revolutionized the way, carbon-carbon bonds between sp and sp2 C-atoms are
formed. These methods have profoundly changed the protocols for the construc-
tion of natural products, building blocks for supramolecular chemistry and self-as-
sembly, organic materials and polymers, and lead compounds in medicinal chem-
istry from simpler entities. Therefore, in the mid 90s, a documentation and critical
analysis of the development and uses of metal-catalyzed cross-coupling reactions
was mandated which led in 1998 to the publication of a first multi-authored mono-
graph on the subject, to which a dozen experts and leaders in the field contributed.
This earlier monograph has received wide attention and acclaim from scientists in
both academia and industry. Since its appearance, the development of efficient new
carbon-carbon bond forming reactions by metal-catalyzed cross-coupling has con-
tinued to progress dramatically. Thus, the number of publications concerning
the various types of such reactions has significantly increased in the last 6 years
(a quick search for the keyword “cross-coupling” revealed more than 6500 papers
in the period 1998–2003. and still keeps growing (e. g. from 762 in 1998 to 1351 in
2003). In addition, sp3 C-atoms can now increasingly participate in the transforma-
tions and some of the reactions are finding industrial application on the multiple-
ton scale. Furthermore, mechanistically related new protocols for C–N couplings
have been introduced that find particular use in the synthesis of biologically active
compounds for pharmaceutical and agrochemical applications.
All of these vigorous developments mandate today the launch of a sequel to the

first successful monograph. However, the present volume is not simply an update,
but rather represents another unique treatise. Fifteen experts and leaders in the
field have contributed (i) to report on the important progress made in the transfor-
mations described in the first volume, (ii) to describe extremely important transfor-
mations that were not previously included, and (iii) to present novel developments
that are profoundly changing the art of organic synthesis. Thus, the monograph
starts with a Chapter on the mechanistic aspects of metal-catalyzed C–C and C–X
bond forming reactions, summarizing the enhanced insights into the “oxidative
addition-transmetallation-reductive elimination cycle”, gathered by the combined
effort of many research groups over the past years. Several subsequent Chapters
describe the use of the key organometallic reagents (organo-boron, -tin, silicon-,
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-magnesium, -zinc, -zirconium, etc.) as nucleophiles in the transmetallation step.
Carbometallations, couplings via p-allylmetal intermediates, 1,4-additions to conju-
gated dienes, and cross-couplings with acetylenes and propargylic compounds are
related transformations that are treated in separate Chapters. Finally, directed
ortho-metallations for the formation of aryl-aryl and aryl-heteroaryl bonds and pal-
ladium-catalyzed aromatic C–N bond forming reactions are important develop-
ments that were not included in the first monograph.
The aim of the various Chapters is not to cover a direction comprehensively and

in full detail; emphasis rather is placed upon key developments and important
advances that are illustrated with attractive and useful examples. Carefully selected
references provide ready access to the extensive literature in the field. As in the first
volume, key synthetic protocols in experimental format, chosen for broad utility
and application, are included at the ends of most Chapters. We are confident to
present a monograph that will be of great practical value to both industrial and aca-
demic researchers and will increasingly also find its way into advanced teaching,
since metal-catalyzed cross-coupling reactions are today an important topic in
upper-level organometallic and organic synthesis courses.
Finally, we would like to warmly thank all the authors that have contributed with

their excellent Chapters to the realization of this monograph. We greatly acknow-
ledge the assistance of co-workers from both the groups in G�ttingen and in
Z�rich in the editorial process, in particular ensuring the accuracy of all the
references. Finally, we thank the team at Wiley-VCH, in particular Dr. Elke
Maase and Dr. Peter G�litz for their diligence and their guidance during the entire
project.

G�ttingen and Z�rich Armin de Meijere
February 2004 Fran�ois Diederich
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1
Mechanistic Aspects of Metal-Catalyzed C,C-
and C,X-Bond-Forming Reactions

Antonio M. Echavarren and Diego J. C�rdenas

1.1
Mechanisms of Cross-Coupling Reactions

Cross-coupling reactions, such as the Stille reaction of organostannanes [1–3] and
the Suzuki (or Suzuki-Miyaura) cross-coupling of organoboron compounds [4] have
settled amongst the more general and selective palladium-catalyzed cross-coupling
reactions [5] (Scheme 1-1). These reactions are closely related to other cross-cou-
plings based on transmetallations of a variety of hard or soft organometallic nucleo-
philes [6] such as the Hiyama [7, 8], Sonogashira [9], Kumada (or Kumada-Corriu),
and other related couplings [10–12].
Coupling reactions are somewhat related to the Heck alkenylation of organic

electrophiles [13, 14], which is often referred to in the literature as a coupling pro-
cess. However, although the first steps in both processes are identical, in the Heck
reaction there is no transmetallation step. In the alkenylation reaction, the C-C
bond is formed by an insertion process, which is followed by a b-hydride elimina-
tion to form the substituted alkene product. Cross-coupling (transmetallation-
based) processes are a family of closely related catalytic processes that share most
mechanistic aspects, although some differences exist on the activation of the orga-
nometallic nucleophile. So far, most of the detailed mechanistic studies have cen-

F

R''O

R R' Sn XR-X R' Sn

R R' B OR''R-X R' B

R R' Si XR-X R' Si

+
[Pd(0)]

+

+
[Pd(0)]

+

Stille

Suzuki

Hiyama

+
[Pd(0)]

+

Scheme 1-1 Representative
palladium-catalyzed cross-cou-
pling reactions.
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tered on the coupling of organostannanes with organic electrophiles catalyzed by
palladium (Stille reaction) [1, 2, 15]. However, the conclusions that arise from stud-
ies conducted on this reaction probably pertain to other cross-couplings. Although
nickel, copper – and occasionally also platinum – have also been used as catalysts
for cross-coupling processes, the vast majority of mechanistic studies concern
palladium chemistry.
The mechanisms of palladium-catalyzed formations of C-X (X ¼ N, O, S) from

organic electrophiles bonds are roughly related to cross-coupling processes. How-
ever, recent mechanistic investigations point to differences with regards to some of
the details in the catalytic cycle.

1.1.1
The Earlier Mechanistic Proposal: The Stille Reaction

The extensive synthetic and mechanistic studies carried out by Stille since 1978
[1, 2, 15, 16] have allowed this reaction to be established as a mature synthetic
method for organic synthesis [17]. The original mechanistic proposal for the Stille
reaction, summarized in the influential review of 1986 [1] is shown in Scheme 1-2.
In the generalized mechanism, a [PdL2] (L ¼ PPh3) complex was assumed to be the
active catalytic species, which reacts with the organic electrophile R-X to form com-
plex 1. Complex 1 was the only observable species in the catalytic cycle, even in the
presence of excess organostannane, which demonstrated that the slow step is the
transmetallation reaction with the organostannane. This transmetallation was be-
lieved to lead to the formation of complex 2. A trans-to-cis isomerization to give
3 was then required for the reductive elimination to yield the organic product R-Rl.
This mechanistic interpretation of the Stille reaction has been the base for the

formulation of the mechanisms of other cross-coupling reactions. Model studies
carried out by Stang on the coupling of alkynes with vinyl triflates with
[Pt(PPh3)4] were in overall agreement with that proposal [18], although involvement
of cationic complexes in the transmetallation step was strongly suggested by this
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work. Farina [19] and Brown [20] also found that the intermediates formed upon
oxidative addition of organic triflates to Pd(0) are cationic complexes such as
[PdR1(S)L2]

þ and [PdR1L3]
þ.

Although these studies shed some light on the transmetallation step, this trans-
formation has remained somewhat mechanistically obscure. Thus, for example,
either inversion [21] or retention [22] of the configuration of alkyl stannanes has
been found. In addition, theoretical studies and experimental results were in con-
tradiction with several aspects of the mechanistic model of Scheme 1-2. In effect,
intermediates of the type trans-[PdR1R2L2] (2) might be expected to be quite long-
lived, as trans-to-cis isomerizations in this type of complexes are not facile processes
[23–25]. However, complexes 2 have never been detected under catalytic conditions
[26].

1.1.2
The Oxidative Addition

The oxidative addition of organic electrophiles (halides, sulfonates, and related
activated compounds) to Pd(0) is the first step in cross-coupling and Heck reac-
tions. Many studies have been conducted on the mechanisms of the oxidative
addition reactions of aryl and alkenyl halides and triflates (C(sp2)-X electrophiles)
[27], the most common organic electrophiles in the cross-coupling reactions.
The oxidative addition of C(sp3)-X electrophiles to Pd(0) complexes PdL4 (L ¼

phosphine) takes place usually by associative bimolecular process (SN2 reaction)
[27]. The anion then adds to the metal to give the product. However, the reaction
of allylic electrophiles is more complex, since, in addition, SN2l substitutions are
conceivable pathways. The coupling of trans allylic chloride 4 with PhSnBu3 pro-
ceeds with overall retention of configuration when the reaction was performed
in benzene with a Pd(0) complex made in situ from [Pd(h3-C3H5)Cl]2 and maleic
anhydride, while clean inversion was observed in polar, coordinating solvents
[28] (Scheme 1-3). The observed stereochemistry is a consequence of the oxidative
addition step. This reaction proceeds with complete or predominant retention in
noncoordinating solvents as benzene, CH2Cl2, tetrahydrofuran (THF), or acetone
[28, 29], which is in agreement with theoretical studies on the oxidative addition
of Pd(0) to CH3X [30]. On the other hand, in coordinating solvents such as
MeCN or dimethylsulfoxide (DMSO), complete or near-complete inversion was
observed [28]. Syn-oxidative addition has also been observed on related substrates
[31]. However, with [Pd(PPh3)4], the usual inversion of configuration in the oxida-
tive addition was observed [28, 32].
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An earlier study on the mechanism of the oxidative addition of aryl iodides to
[PdL2] was consistent with an aromatic nucleophilic substitution [33]. Accordingly,
electron-withdrawing substituents on aryl electrophiles led to rate acceleration [34,
35]. In general, increasing the bite angle of bidentate ligands leads to a decrease in
the rate of the oxidative addition [35, 36]. However, the opposite effect has also been
observed [37], although in this case ligands of very different basicity were consid-
ered [38].

1.1.2.1 Cis-Complexes in the Oxidative Addition
The observed intermediates after the oxidative addition are trans-[PdRXL2] com-
plexes (2, Scheme 1-2), which had led to the general proposal that these complexes
are the primary products of the reaction. However, the oxidative addition (at least
for the most common C(sp2)-X electrophiles) proceeds by a concerted interaction of
a reactive [PdL2] or [Pd(L-L)] (L-L ¼ diphosphine) species with R-X via a three-cen-
ter transition state that should necessarily lead to cis-[PdRXL2] complexes (Scheme
1-4). In the cis isomers a destabilizing interaction exists between mutually trans
phosphorus donor and aryl ligands, which has been termed “transphobia” [39].
Therefore, in the case of complexes with monodentate phosphines, the initially
formed cis-[PdRXL2] (5) complexes undergo isomerization to form the more stable
trans-[PdRXL2] complexes [40]. Such isomerization is not possible for complexes 6
with cis-coordinating bidentate phosphines.
The isomerization process has been analyzed in detail by Casado and Espinet in

the case of complex 7, formed by the oxidative addition of C6Cl2F3I to [Pd(PPh3)4]
[41] (Scheme 1-5). The isomerization of cis-7 to trans-8 is a rather complex process
that takes place by four major parallel pathways. Two of these pathways involve
associative replacements of PPh3 by an iodide ligand of a second palladium com-
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plex. Two additional routes involve two consecutive Berry pseudorotations on pen-
tacoordinated species formed by coordination of the solvent (THF) [41].

1.1.2.2 The Role of Alkene and Anionic Ligands
Complex [Pd2(dba)3 · S] (dba ¼ dibenzylideneacetone, S ¼ dba or solvent molecule)
[42, 43] has been used as a source of Pd(0) in many palladium-catalyzed reactions
[5]. Early work by Roundhill [44], and subsequent detailed studies by Amatore and
Jutand [37, 45–47], established that the dba ligands are not completely substituted
in the reactions of [Pd2(dba)3 · S] with phosphines under mild conditions. With
PPh3, mixtures of [Pd(PPh3)3] in equilibrium with [Pd(dba)(PPh3)2] are formed
(Scheme 1-6) [44, 48]. As a result, starting from [Pd2(dba)3] and 2 equiv. of PPh3,
the oxidative addition of PhI proceeds at an overall rate that is ca. 10 times less
than that starting from [Pd(PPh3)4]. Similar equilibria were found for L ¼ tri-
(2-furyl)phosphine (TFP) [49] and L ¼ AsPh3 [50].
Anionic ligands play an important role in oxidative addition reactions [51, 52].

Amatore and Jutand concluded that, in the presence of acetate, tricoordinated
anionic species [PdL2(OAc)]

– [53, 54] (Scheme 1-7) are the effective complexes in
oxidative addition [55], instead of the usually postulated neutral [PdL2] complex.
In the presence of chloride, anionic complexes are also formed [56–59] (Scheme

1-8. In general, the following order of stabilization of the anionic Pd(0) species is
observed: I– i Br– i Cl– [59].
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1.1.2.3 Cross-Couplings in the Presence of Bulky Phosphines
It may be risky to raise mechanistic conclusions on qualitative observations regard-
ing rate accelerations upon changes on any reaction variable in complex catalytic
processes such as cross-coupling reactions. Nevertheless, some interesting hints
can be obtained from recent work aimed at developing new conditions for the cou-
pling of the less reactive organic substrates such as aryl chlorides [60, 61] and alkyl
electrophiles [62].
Aryl chlorides react more sluggishly in cross-coupling reactions than bromides,

iodides, and triflates due to their reluctance to oxidatively add to Pd(0) [63]. Initially,
the focus was on the development of sterically hindered, chelating ligands to acti-
vate these substrates. Thus, Milstein reported that [Pd(dippp)2] (dippp ¼ 1,3-bis(dii-
sopropylphosphino)propane) was an efficient catalyst for the carbonylation, formy-
lation, and Heck reactions of aryl chlorides [35, 64]. The groups of Hartwig and
Buchwald also demonstrated the importance of a variety of sterically hindered, che-
lating phosphines such as 9 and 10 in palladium-catalyzed transformations
(Scheme 1-9). In particular, the amination and etherification of aryl electrophiles
[65], as well as the ketone and malonate arylation processes [66–68], benefit greatly
from the use of this type of ligands. Another complex with a bulky chelating ligand
(11) was developed by Guram as an efficient catalyst for general Suzuki reactions of
a wide variety of arylboronic acids and aryl chlorides, bromides, and iodides [69].
Of note was the finding that relatively simple, monodentate phosphines also pro-

mote the coupling of the less reactive substrates under relatively mild conditions.
This accelerating effect on the oxidative addition had been demonstrated in the
context of the formation of (h3-allyl)palladium complexes [70]. Particularly useful
for the activation of aryl chlorides are palladium complexes of the bulky phosphine
P(tBu)3 [71–74]. Bulkier phosphines such as (1-Ad)P(tBu)2 (Ad ¼ adamantyl) have
been used in the palladium-catalyzed arylation of malonates and cyanoesters [75].
The related bulky phosphine P(tBu)2-(o-biphenyl) (12) has been developed by Buch-
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wald as a ligand for the palladium-catalyzed reaction of amines with aryl bromides,
chlorides, and triflates [69a, 76–78] and in Suzuki coupling reactions [76a, 79].
Beller has shown that a series of coordinatively unsaturated [(1,6-diene)PdL]

(L ¼ phosphine) complexes 13–15 (Scheme 1-10) catalyzes efficiently the Suzuki
coupling of aryl chlorides with phenylboronic acid [80, 81]. Particularly effective
as a catalyst was the complex bearing the phosphine ligand (o-biphenyl)PCy2 (15)
[80]. In all cases, the [(1,6-diene)PdL] complexes were more effective as catalysts
than mixtures of [Pd(OAc)2] or [Pd2(dba)3] and the phosphines.
Fu reported that complex [Pd(PCy3)2] (16), formed in situ from [Pd(OAc)2] and

PCy3, catalyzes the room-temperature coupling of primary alkyl bromides that pos-
ses b-hydrogens with alkyl-BBN (BBN ¼ 9-borabicyclo[3.3.1]nonane) [82]. A similar
complex, formed from [Pd2(dba)3] and PCy3 (1:2 ratio of Pd to phosphine), allowed
coupling of primary alkyl chlorides that posses b-hydrogens with alkylboranes [83].
Complex 16, and related complexes with other monodentate bulky phosphines,
catalyzed the Kumada coupling of alkyl chlorides [84].
For the coupling of primary alkyl tosylates, the bulkier phosphine P(tBu)2Me

gave the best results [85]. The reactive complex is probably [Pd(P(tBu)2Me)2] (17).
As expected, the oxidative addition of the alkyl tosylate to Pd(0) results in predomi-
nant inversion of configuration, while the transmetallation occurs with retention
[85]. Complex [Pd(P(tBu)2Me)2] also catalyzes the room-temperature coupling of
primary alkyl bromides that possess b-hydrogens with boronic acids [86]. Complex
18, the oxidative addition product of an alkyl bromide to 17, has been isolated and
structurally characterized [86] (Scheme 1-11).
Menzel and Fu also found that the Stille coupling of alkenyl stannanes with alkyl

bromides that possess b-hydrogens is also possible at room temperature with
[Pd(P(tBu)2Me)2] as the catalyst [87]. In this case, the addition of fluoride was
required to enhance the reactivity of the stannane.
Interestingly, while with isolated [Pd(P(tBu)3)2] (19) high temperatures are

required for the activation of aryl halides in the Suzuki coupling [88], as well the
amination [72d] and Heck reaction [71a, 89], the complex that results from the
reaction of [Pd2(dba)3 · dba] and one equivalent of P(tBu)3 allows these reactions
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to be performed at room temperature [66d, 89, 90–92]. Remarkably, under these
conditions, aryl chlorides coupled in preference to aryl triflates [90]. Less bulky
PCy3 could be used for the Suzuki reaction of aryl triflates. Related bulky phos-
phines also allow to carry out Suzuki couplings under relatively mild conditions
[77].
The Pd/P(tBu)3 system was also applied by Fu for the Stille reaction with aryl

electrophiles [93]. As an activator for the stannane, CsF was used. Mechanistic
studies suggested that a palladium monophosphine complex [PdL] is the active
catalyst in the cross-coupling of aryl halides [89].
In accord with the mechanistic observations made by Fu on the Pd/P(tBu)3-

catalyzed couplings [89, 90], Hartwig proposed that the oxidative addition of aryl
bromide to complex [Pd(P(o-Tol)3)2] (20) involved prior dissociation of a phosphine
ligand giving a 12e-complex [Pd(P(o-Tol)3)] [94–96] (Scheme 1-12). The addition of
a second equivalent of ligand to the dimeric complexes of type 21 promotes the re-
ductive elimination with formation of ArX. This process involves the dissociative
ligand substitution and cleavage to the monomers, prior to the reductive elimina-
tion [97].
Brown, Jutand, and co-workers reported that [Pd(PCy3)2] (16) reacts with PhOTf by

an associative mechanism [98]. Reaction of PhI with 16 or [Pd(PCy2(tBu))2] also pro-
ceeded associatively. In contrast, complexes [Pd(P(tBu)3)2] (19) or [Pd(PCy(tBu)2)2]
(22) (Scheme 1-12), with bulkier phosphines, behaved like [Pd(P(o-Tol3))2] (20).
Hartwig also reported the isolation of formally tricoordinated, T-shaped, Pd(II)

complexes 23 in the oxidative addition of Ar-X to [PdL2] or [Pd(dba)L] bearing
very bulky phosphines (Scheme 1-13) [99].
Two of these complexes, 23a-b, were structurally characterized (Scheme 1-14). In

both cases, agostic interactions with C-H bonds of the phosphine were suggested
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[99], which resemble distorted square-planar Pd(II) complexes. A related platinum
complex shows a seemingly three-coordinate Pt(II) core [100], although the metal is
actually stabilized by an agostic interaction with one of the methyl groups of the
phosphine ligand.
In support of the involvement of [Pd(PR3)] in the oxidative addition, Pd(I) dimers

24 and 25 have been found to catalyze the room-temperature amination and Su-
zuki couplings of aryl chlorides and bromides [101] (Scheme 1-15). These palla-
dium dimers decompose to form the palladium dibromide [Pd(PR3)Br2] and a
highly reactive Pd(0) complex [Pd(PR3)].
In the quest for coordinatively unsaturated palladium catalysts, the more radical

approach uses “ligandless conditions” [102, 103] following work pioneered by
Beletskaya [14b, 104]. However, the mechanism of cross-coupling reactions
under these conditions is not known [105]. In this context, it is worth mentioning
that ferrocenylmethylphosphine-containing polymer and [Pd(OAc)2], which allow
the formation of local, highly reactive [PdL] active sites, catalyze the coupling of
aryl chlorides with arylboronic acids at room temperature [106].

Scrambling with the phosphine

Exchange between R residues on palladium and the phosphine ligand can take
place under very mild conditions (Scheme 1-16), which may lead to homocoupling
[107–109]. Contradictory mechanistic results emerged from the study of the
methyl/phenyl and the aryl/phenyl exchange. In the first study with complexes
such as 26 [107], the rate was not affected by added PPh3. However, in the second
example, the rearrangement of aryl palladium(II) complexes 27 was almost com-
pletely inhibited by PPh3 [108].
The contradiction has been addressed by Novak [110], who demonstrated that the

aryl-aryl interchange reaction of [PdArL2X] proceeds first through a reductive elim-
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ination to form a phosphonium salt, followed by an oxidative addition of a different
phosphorus-carbon bond. The interchange and phosphonium salt formation reac-
tions alike are facilitated by predissociation of either phosphine or iodide.

1.1.2.4 N-Heterocyclic Carbenes as Ligands
Although N-heterocyclic carbenes have demonstrated their utility as ligands in a
variety of cross-coupling reactions [111], very few mechanistic investigations have
been carried out thus far on the reactions with complexes bearing this type of
ligand. Nevertheless, the oxidative addition of [PdL2] (L ¼ heterocyclic carbene)
to aryl halides has been shown to furnish the expected trans-square planar com-
plexes such as 28 and 29 [112, 113] (Scheme 1-17).
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1.1.2.5 Palladacycles as Catalysts
Many palladacycles have also been described as useful catalysts of cross-coupling
and related reactions [114–122]. However, strong evidence has been accumulated
that indicates that the palladacycles merely act as a reservoir of Pd(II), that requires
reduction to Pd(0) to enter into the catalytic cycle [119, 120, 123]. Thus, in a de-
tailed study of the Heck reaction catalyzed by palladacycles 30 and 31 (Scheme
1-18), Pfaltz and Blackmond concluded that the resting state of the catalyst within
the catalytic cycle was a Pd(II) intermediate derived from oxidative addition, while
the majority of Pd remained outside the catalytic cycle as a dimer in equilibrium
with the oxidative addition species [123].

On the involvement of Pd(IV) in catalytic cycles

There is strong evidence for the formation of Pd(IV) intermediates by oxidative
addition of alkyl halides to Pd(II) complexes [124, 125]. However, C(sp2)-X electro-
philes, such as aryl halides, are much less reactive in the oxidative addition to
Pd(II) complexes and, therefore, the formation of Pd(IV) species from these elec-
trophiles is less likely. Indeed, there is no experimental evidence for such a process
in the organometallic chemistry of Pd(II) complexes [126, 127].
A genuine coupling based on a group 10 M(II)/M(IV) catalysis is probably in-

volved in the nickel-catalyzed coupling of alkyl halides and tosylates with Grignard
reagents discovered by Kambe [128] (Scheme 1-19). A similar system has been de-
veloped for the catalytic C-C bond-forming reaction using nonactivated alkyl fluor-
ides by coupling of alkyl Grignard reagents with CuCl2 or NiCl2 as the catalysts
[128b].
In this system, a bis(h3-allyl)nickel(II) complex such as 32 formed by an oxidative

dimerization of butadiene is probably involved in the catalytic cycle (Scheme 1-19).
The oxidative addition of the alkyl halide or tosylate to the electron-rich intermedi-
ate 33 may form Ni(IV) complex 34. A reductive elimination of 34 would then form
the C-C bond and the active Ni(II) complex.
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1.1.2.6 Oxidative Addition of Stannanes to Pd(0)
Oxidative addition of certain stannanes to Pd(0) complexes also appears to be a pos-
sible pathway. Thus, alkynyl stannanes have been shown to react with Pd(0) com-
plexes [129, 130]. Additionally, the Pd(0)-catalyzed reaction of allyl stannanes with
alkynes has been found to afford allylstannylation products 35 (Scheme 1-20) [131].
A likely mechanism involves an oxidative addition of the allyl stannanes to Pd(0) to
give (h3-allyl)palladium complexes 36a (Scheme 1-20). In this transformation, the
usually nucleophilic allyl stannanes behave as electrophiles. Complexes of type 36b
are probably formed by transmetallation of (h3-allyl)palladium complexes with
hexamethylditin [132]. An oxidative addition to form complexes 36b has been pro-
posed in the Pd(0)-catalyzed carboxylation of allyl stannanes with CO2 [133].
Although complexes of type 36 have never been isolated as stable species, studies
on the intramolecular reaction of allyl stannanes with alkynes and theoretical
calculations provide support to the formation of these complexes by the oxidative
addition of allyl stannanes to Pd(0) [134].
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1.1.3
Transmetallation in the Stille Reaction

1.1.3.1 Isolation of the Transmetallation Step
The transmetallation step has been studied intramolecularly with systems 37 (X ¼
Br, I), which undergo oxidative addition to [Pd(PPh3)4] to give intermediate com-
plexes that suffered transmetallation to form palladacycles 38 [135] (Scheme 1-21).
The isolated palladacycles 38 are stable species that do not reductively eliminate
due to the high ring strain of the expected four-membered ring heterocycles.
Intermediate 39 was isolated from the oxidative addition of 37 (X ¼ I, R ¼ Me) to

the Pd(0) complex [Pd(dba)(dppf)]. Presumably, the steric bulk of the dppf ligand
does not favor the necessary alignment of the Pd-I and C-Sn bonds in the transi-
tion state of the transmetallation (cyclic transmetallation; see Section 1.1.3.3).
However, smooth transmetallation was observed in the presence of Ag2CO3 to
form palladacycle 40 [135b]. Under these conditions, replacement of the iodo by
a carbonato ligand might facilitate transmetallation through an open transition
state. Analogous models have been applied for the study of the transmetallation
of silanes [136] as well as the related transmetallation of stannanes with Pt(II)
[137].
The reaction between pincer triflato complex 41 and 2-(tributylstannyl)furan led

to transmetallation derivative 42 as a stable compound (Scheme 1-22) [138]. When
the reaction was performed at low temperature, an intermediate cationic complex
43 was observed with the furan h

2-coordinated to the palladium center.
Lo Sterzo has observed a different precoordination complex in the transmetalla-

tion of bimetallic complex 44 with alkynyl stannanes (Scheme 1-23) [139], one of
the key steps of the palladium-catalyzed metal-carbon bond formation [139, 140].
Pentacoordinated palladium complex 45 was detected spectroscopically and
shown to evolve to 46 by first eliminating PPh3.
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Complex 44 exchanged PPh3 in DMF to form complex 47 and the corresponding
iodo-bridged palladium dimer [139]. The involvement of this complex in a parallel
transmetallation with the organostannane was proposed to support the dissociative
mechanism for the transmetallation reaction [139].

1.1.3.2 Dissociative Mechanistic Proposals
It has been shown that the addition of neutral ligand L retards the coupling [141,
142]. In addition, ligands such as trifurylphosphine [143, 144] and triphenylarsine
[19, 142, 145], which are of lower donicity that PPh3, have a beneficial effect in the
Stille reaction. These results have been taken as an indication that ligand dissocia-
tion is a key step in the transmetallation.
Thus, the simplified mechanism in Scheme 1-24, involving a dissociative X-for-

R2 substitution (X ¼ I, Br) with preservation of the configuration at Pd, was pro-
posed for vinyl and aryl stannanes. It was assumed that 48 cannot undergo trans-
metallation, probably because it is too electron-rich, and ligand dissociation occurs
previous to the transmetallation to form coordinatively unsaturated 49 or, more
likely, 50, with a coordinated solvent molecule, S. More electrophilic complex 50
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would then be involved in the transmetallation with the stannane to give 51, which
could then afford trans complex 52.
Although the above interpretation has been disputed (see Sections 1.1.3.3 and

1.1.3.4), a dissociative transmetallation probably takes place with complexes bear-
ing very bulky ligands. Thus, Hartwig found that for the transmetallation of dimers
[PdArBr{P(o-Tol)3}]2 (53) [96] the rate depended on the square root of the concen-
tration of dimer (Scheme 1-25). This is consistent with a dissociative mechanism,
in which T-shaped monomers 54 [141] react with the organostannane, presumably
through 55, to give the coupled product Ar-R.

1.1.3.3 Cyclic Associative Transmetallation
The dissociative proposals for the transmetallation assume that the trans con-
figuration of complex 48 to give a trans-[PdR1R2L2] complex (52) is preserved
(Scheme 1-24). Since the reductive elimination of R1-R2 is well established to
occur on cis derivatives, a rapid isomerization of trans- to cis-[PdR1R2L2] needs
to be postulated (Scheme 1-2). An important additional problem with mechan-
isms based on ligand dissociation is that this type of substitution is rare for
Pd(II) [146].
The observed dependence on the ligand concentration has recently been ex-

plained by Espinet within the framework of an associative mechanism (Scheme
1-26) [147, 148]. These studies were based on kinetic measurements of the palla-
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dium-catalyzed coupling with substrates such as 1,3-dichloro-2,4,6-trifluoro-5-iodo-
benzene (C6Cl2F3I) and vinyl- or (4-methoxyphenyl)tributyltin. The proposed
mechanism also takes into account the known formation of cis-complexes 56 in
the oxidative addition, which subsequently isomerize to trans-57.
Importantly, the transmetallation involves an associative L-for-R2 substitution,

through transition state 58, to give bridged intermediate 59 (SE2 reaction). This in-
termediate evolves to give directly a cis-R1/R2 (60) rather than a trans-R1/R2 arrange-
ment in the resulting complex, from which the coupled product will immediately
eliminate the organic product R1-R2.
The proposal of Scheme 1-26 explains the observed dependence on L, and pro-

duces immediately the cis-arrangement needed for rapid R1-R2 coupling. The
known inverse relationship between ligand donor ability and transmetallation
rate [2, 17, 141, 142] supports the dissociative model because ligands of modest
donicity (such as AsPh3) would be more easily displaced in an associative substitu-
tion process.
The coupling of PhI and vinyl tributyl stannane with [Pd(dba)(AsPh3)2] in

dimethylformamide (DMF) has been recently examined by Amatore and
Jutand [50, 149]. This study revealed that, under those conditions, the species
preceding the transmetallation steps is complex 61, bearing a DMF as a ligand
(Scheme 1-27). In this case, the relatively weak ligand AsPh3 is displaced by the
coordinating solvent DMF. The alkenyl stannane then substitutes the DMF ligand
to form complex 62, which undergoes transmetallation (associative cyclic mechan-
ism) as shown in Scheme 1-26. A similar process might be operating in the system
studied by Lo Sterzo (see Scheme 1-23) [139].
Although, as stated above (Section 1.1.3.2), when very bulky ligands are used, a

dissociative mechanism probably operates through T-shaped intermediates such as
54 [96, 141] (Scheme 1-28), these intermediates may then evolve by a SE2 (cyclic)
transmetallation with the organostannane via 63.
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1.1.3.4 Open Associative Transmetallation
Scheme 1-26 pertains to the coupling of aryl or vinyl halides under the experimen-
tal conditions most commonly applied for the Stille reaction, involving the use of
moderately coordinating solvents, palladium complexes with monodentate ligands
of normal steric bulk, and ratios L:Pd i 2:1. This mechanism predicts retention of
configuration at the carbon of the group transferred from the nucleophilic stan-
nane.
A study of the coupling of aryl triflates with organostannanes by Espinet led to

the conclusion that an open transition state operates in cases where no bridging
groups are available on the coordination sphere of Pd(II) to produce a cyclic inter-
mediate [150, 151]. The SE2(open) transmetallationmechanism, proceeding through
transition state 64, is summarized in Scheme 1-29. This is the only possible path in
the absence of bridging ligands, but can also operate in their presence. It implies
X-for-R2 or L-for-R2 replacement at the Pd center, leading competitively to cis and
trans arrangements to give 65 and 66, and produces inversion of configuration at
the a-carbon transferred from the stannane. This mechanism should be favored
by the use of polar, coordinating solvents, lacking bridging ability. It might also
operate in the presence of an excess of L and with easily leaving anionic ligands
lacking bridging ability, in which case transmetallation proceeds from cationic
complexes 67. This mechanism is also followed in the coupling aryl triflates
with vinyl tributyl stannane in the presence of dppe as the ligand [151].
The fact that the transmetallation step in the Stille reaction can follow two

different paths – SE2(cyclic) and SE2(open) – has important stereochemical conse-
quences, as this transformation determines the stereochemical outcome of the
overall coupling reaction for C(sp2)-X electrophiles. Therefore, retention of config-
uration would be expected for a SE2(cyclic) pathway, while a SE2(open) mechanism
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would result in overall inversion of configuration. This clarifies the contradictory
stereochemical results reported in the literature. Thus, Falck reported 98% reten-
tion of configuration in the coupling of chiral a-alkoxystannanes with acyl chlor-
ides in toluene [22], which would proceed by a cyclic pathway. On the other
hand, Labadie and Stille found inversion (j 65%) in the coupling of a chiral
benzylic stannane to an acyl chloride in HMPA [21]. In this last example, the
use of highly polar and coordinating solvent favors the open pathway, even in
the presence of potentially bridging chloride ligand.
The open-associative mechanism probably operates in the Stille reaction carried

out in the presence of additives such as fluorides [93] and hydroxide anion [152].
Similarly, coordination of tin to the nitrogen of benzyl amines (68) [153] and stan-
natrane derivatives (69) [154, 155] (Scheme 1-30) presumably led to transmetalla-
tion by an SE2(open) mechanism.
A different type of coordination is involved in a system developed by Yoshida for

the selective transfer of the Me3SiCH2- group from 70 [156] (Scheme 1-31). In this
case, coordination of the pyridine nitrogen to Pd(II) as shown in 71 favors the in-
tramolecular transmetallation through a SE2(cyclic) intermediate. However, a trans
to cis isomerization is now required for the reductive elimination of complex 72.
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1.1.3.5 The “Copper Effect” and Copper-Catalyzed Couplings
A remarkable phenomenon in Stille couplings is the effect of the addition of CuI
or other Cu(I) salts, which is known to accelerate some couplings catalyzed by
[PdL4] [17, 19, 22, 157–159].
The “copper effect” has been rationalized by Espinet within the framework pro-

vided by the associative mechanism. Accordingly, CuI does not promote the disso-
ciation of L from trans-[PdR1IL2] [159], but it captures part of the free neutral ligand
L released during the oxidation of [PdL4] that yields the species actually undergoing
transmetallation, trans-[PdR1IL2], plus 2 L. Therefore, the effect of CuI is to miti-
gate the “auto-retardation” produced by the presence of free L on the rate determin-
ing associative transmetallation [160].
Farina and Liebeskind [159] already proposed that in very polar solvents, a Sn/Cu

transmetallation could take place, leading to the in situ formation of organocopper
species – a proposal that later developed into effective coupling systems. Thus,
Piers demonstrated that the intramolecular coupling of alkenyl iodides with alke-
nyl stannanes can be carried out by using CuCl under stoichiometric conditions
[161, 162]. Better results were later obtained by using other Cu(I) salts, which
allow the reaction to proceed under catalytic conditions [163–169].

1.1.3.6 Transmetallation in the Suzuki Reaction
Due to the low nucleophilicity of the borane reagents (compared with organostan-
nanes, for example), the Suzuki reaction requires the use of base in order to take
place. Stronger bases such as NaOH, TlOH, and NaOMe perform well in THF/
H2O solvent systems, whereas weaker bases such as K2CO3 and K3PO4 are usually
more successful in DMF. The base is involved in several steps of the catalytic cycle,
most notably in the transmetallation process.
Soderquist has performed detailed mechanistic studies on the coupling of

trialkyl boranes and alkoxy(dialkyl) boranes with aryl and alkenyl electrophiles
(Scheme 1-32) [170]. This study allowed the determination of the stereochemistry
of the transmetallation step [170, 171] and the role of the base in the catalytic cycle.
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The main role of base is to generate a more reactive borate 73 by coordination of
hydroxide to boron, which will react with the intermediate R-Pd(II)-X complex. On
the other hand, in the case of the alkoxoboranes 74, the base also reacts with the
intermediate R-Pd(II)-X derivatives to form the more reactive R-Pd(II)-OH species
(Scheme 1-32). Several intermediates in the Suzuki coupling of bromopyridines
with arylboronic acid have been identified by using in situ analysis of the reaction
by electrospray mass spectrometry [172].
Complexes of other metals have been recently described which catalyze other

Suzuki-type reactions. Thus, platinum complexes catalyze the coupling between
arylboronic acids and aryl halides [137], and [Ni(PCy3)2Cl2] is effective in the
cross-coupling of arylboronic acids and aryl tosylates [173]. In this case, the
usual mechanism involving oxidative addition of the aryl tosylate to [Ni(PCy3)2],
followed by transmetallation and reductive elimination has been proposed. The
study of the effects of the substituents on the electrophile and the boronic acid
indicate that transmetallation is the rate-determining step. The mechanism of
the Pd-catalyzed homo-coupling of arylboronic acids has also been studied [174].

1.1.3.7 Transmetallation in the Hiyama Reaction
The lower reactivity of the Si-C bond requires the use of activating reagents to
enhance the reactivity of silanes and to promote the Si-Pd transmetallations. Fluo-
ride is the common additive, although other nucleophiles such as hydroxide, metal
oxides and alkoxides are also effective [175]. Fluoride converts the starting silanes
into pentacoordinate fluorosilicates, which are the actual transmetallation reagents.
Transmetallation of alkenyl silanes takes place with retention of the double bond

configuration, as in other cross-coupling reactions [176]. Due to the lower transme-
tallation rate, competing 1,2-insertion of the alkene in the intermediate organopal-
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ladium complex (Heck-type) may take place, which affects the regioselectivity of
the Hiyama reaction in some cases [177] (Scheme 1-33). This results in cine-substi-
tution – a process that has also been observed in Stille coupling reactions of some
hindered alkenyl stannanes [178].
Hiyama studied the stereoselectivity of alkyl transmetallation in the [Pd(PPh3)4]-

catalyzed reaction of aryl triflates with enantiomerically enriched (S)-1-phenylethyl-
trifluorosilane in the presence of TBAF [179]. At 50 hC, retention of the configura-
tion resulted, but at higher temperatures, a linear decrease of the degree of reten-
tion takes place and finally, inversion is observed above 75 hC. A significant solvent
effect was also observed. Thus, the reaction in THF resulted in retention. On the
other hand, inversion was found in HMPA-THF (1:20) (Scheme 1-34).
The retention of configuration at low temperatures in THF can be explained as-

suming a fluorine-bridged SE2(cyclic) transition state (75), analogous to that pro-
posed for the Stille reaction (see Scheme 1-26) formed from a pentacoordinate si-
licate (Scheme 1-20).
In polar solvents or at higher temperatures, the fluorine-silicon bridge would be

cleaved to switch the transition-state model to the SE2(open) (76), thus resulting in
inversion. On the other hand, open and cyclic SE2l mechanisms have been pro-
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posed to justify the observed stereochemistry in the g-selective cross-coupling of
allyl silanes [180].

1.1.4
Reductive Elimination

1.1.4.1 The Effect of Bidentate Ligands
Formation of T-shaped intermediates from square-planar complexes greatly accel-
erates the reductive elimination of [Pd(L)2RRl] complexes [26]. The same is true
for complexes bearing bidentate diphosphanes [23, 24, 26]. The reductive elimina-
tion of a series of [Pd(L-L)Me2] complexes revealed that only complex 77a with
Cy2PCH2PCy2, with the smallest bite-angle, leads to a smooth elimination of
ethane (Scheme 1-36). The reductive elimination from these complexes is most
probably preceded by dissociation of one of the diphosphine arms to form a
T-shaped intermediate [181]. The resulting Pd(0) complex [Pd(L-L)] undergoes
dimerization to form complex 78. Complexes 77b-d, with more stable chelates,
do not eliminate ethane under mild conditions.

On the other hand, for a series of [Pd(L-L)Me2] with L-L ¼ dppp, dppf,
and 1,1l-bis(diphenylphosphino)ruthenocene (dppr), the fastest elimination was
observed with the ligand with the largest bite angle [182, 183]. This effect on the
reductive elimination was also found by Hayashi [184] and van Leeuwen [185] in
the palladium-catalyzed cross-coupling reaction of Grignard reagents with aryl
halides.

1.1.4.2 Coupling with Allylic Electrophiles: The Slow Reductive Elimination
The rate-determining step in the coupling of aryl halides or triflates with aryl- or
alkenyl stannanes can be either the transmetallation or the oxidative addition, de-
pending on the exact circumstances of the reaction [147, 150]. On the other hand,
in the coupling of allylic electrophiles, the reductive elimination step might be-
come rate-determining. Schwartz has shown that the coupling of allylic halides
and allylic organometallics does not proceed unless electron-withdrawing olefins
such as maleic anhydride are used [186, 187]. Kurosawa also noted the promoting
effect of electron-withdrawing olefins on the reductive elimination [188].
Transmetallation of (h3-allyl)palladium complexes with aryl stannanes gives aryl

allyl palladium complexes 79 (Scheme 1-37) [189]. The reductive elimination from
these complexes is slow, and controls the reaction outcome. In order to produce
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an efficient coupling, coordination of a promoter of reductive elimination such
as p-benzoquinone or other electron-withdrawing olefin to form 80, is very effec-
tive. Under catalytic conditions, the allyl electrophile acts as the electron-withdraw-
ing olefin itself [189].
Bis(h3-allyl)palladium complexes are not productive intermediates in the cou-

pling of allyl stannanes with allyl carboxylates or halides [190], as these complexes
do not show any tendency to undergo reductive elimination [191, 192]. In the pres-
ence of phosphine ligands, (h1-allyl)(h3-allyl)palladium complexes are formed
[193–195]. On the other hand, addition of diphosphines gives bis(h1-allyl)palla-
dium diphosphine complexes [196], which undergo smooth reductive elimination
at low temperatures [197]. Calculations also support the idea that the most favor-
able pathway for the reductive elimination involves bis(h1�allyl)palladium com-
plexes bearing two phosphine ligands (Scheme 1-38) [198]. Interestingly, the for-
mation of a bond between C3 and C3l of the allyls in 81 is significantly preferred
to form 82 (Scheme 1-38), regardless of the syn or anti arrangement of both allyl
moieties, compared with the formation of C1-C1l or C1-C3l bonds.

1.2
Formation of C,C-Bonds in the Palladium-Catalyzed a-Arylation
of Carbonyl Compounds and Nitriles

The palladium-catalyzed a-arylation of ketones has become a useful and general
synthetic method [67]. Initial studies required preformed zinc [199] or tin enolates
[200]. By contrast, Ni-mediated [201] or -catalyzed couplings were also identified. A
major development of the reaction has occurred since 1997 based on the use of
new catalysts with electron-rich alkyl phosphines and N-heterocyclic carbenes as
ligands [111, 202]. The reactions resemble cross-coupling processes in which the
enolates behave as the nucleophilic organometallic reagents (Scheme 1-39).
The reductive elimination step has been studied on isolated Pd complexes con-

taining both an aryl group and an enolate as ligands. A suitable choice of phos-
phine is necessary to afford complexes sufficiently stable to be isolated and suffi-
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ciently reactive to undergo reductive elimination. In the case of ketone enolate
complexes, both C- and O-bound species are formed, depending on the type of
ketone and the phosphine ligand. Reductive elimination rates of complexes for a
series of 1,2-bis(diphenylphosphino)benzene (dppBz) aryl palladium complexes
with different C-enolate ligands groups parallel the nucleophilicity of the R
group (Scheme 1-40).
As far as the influence of the phosphine ligand in the catalyzed reactions is con-

cerned, P(tBu)3 is effective in most cases. The rates of the reductive elimination of
enolate complexes containing this and other bulky phosphines are higher, and the
scope of many couplings catalyzed by complexes of these ligands is broader.
Recently, it has been shown that a catalytic quantity of phenol causes a remarkable
increase in the efficiency of ketone enolate arylation [203].
The formation of a (PCy3)-Pd-L (L ¼ N-heterocyclic carbene) has been proposed

as the catalytically active species in the aryl amination and a-arylation of ketones by
Nolan in a system starting from a palladacycle containing a N-heterocyclic carbene
[204].
Copper-catalyzed arylation of malonates [205] and other activated methylene

compounds (malononitrile, ethyl cyanoacetate) [206] has been also reported. It is
likely that the catalytically active species is a Cu(I) enolate.
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1.3
Key Intermediates in the Formation of C-X (X ¼ N, O, S) bonds
in Metal-Catalyzed Reactions

Pd(II) complexes formed by oxidative addition of organic electrophiles to Pd(0)
may react with amines, alcohols or thiols in the presence of base to give the key
amido, alkoxide, or sulfide complexes. These complexes will, in turn, afford the
C-X (X ¼ O, N, S) containing organic products by reductive elimination [65,
207, 208]. The palladium-catalyzed cyanation of aryl halides [209] is most likely
related mechanistically to these reactions.
The mechanism of the formation of the C-Pd-X complexes depends on the type

of nucleophile. For the palladium-catalyzed reactions involving tin amides or tin
thiolates, monophosphine-palladium complexes are involved as intermediates
[141]. Bidentate phosphines are not effective in the amination of electrophiles
involving tin amides [210].
The amination reactions involving amines as the nucleophiles in the presence of

base are mechanistically different. Stoichiometric reactions of different arylpalla-
dium complexes suggest that two different mechanisms may be involved in the
formation of the amido species from the oxidative addition complexes. Thus,
amine-containing arylpalladium complexes 83 formed by ligand substitution or
by cleavage of dimeric species react with base to give organopalladium-amido
derivatives 84, which then suffer reductive elimination to give the aryl amines
(Scheme 1-41) [94, 211].
Alternatively, alkoxides or silylamides may first coordinate the palladium precur-

sor to form an intermediate that might react with the amine to form the required
amido-aryl intermediate. Extensive kinetic studies on stoichiometric reaction
models support the mechanism in Scheme 1-42, in which the amine cleaves the
dimeric hydroxo complex 85 to give an amine intermediate 86 which would suffer
intramolecular proton transfer to give 87 [212]. A similar process is proposed for a
dppf derivative [213].
Detailed kinetic studies have been carried out by Blackmond and Buchwald

under synthetically relevant conditions to study the mechanism of the amination
of bromobenzene with primary and secondary amines using [Pd2(dba)3]/binap mix-
tures as well as preformed [Pd(binap)(dba)], [Pd(binap)(p-Tol)(Br)], and [Pd(binap)2]
complexes [214]. The presence of a significant induction period in the reaction was
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attributed to the slow activation of the catalytic precursor, resulting in an increase
in the concentration of active species within the catalytic cycle. It was also con-
firmed that the bis-ligand complex [Pd(binap)2] does not play a role directly on
the catalytic cycle [37, 90]. In addition to a pathway involving oxidative addition
of the aryl halide to [Pd(binap)] as the first step, a pathway initiated by addition
of the amine to Pd(0) was also proposed (Scheme 1-43). These results are con-
sistent with deprotonation of the amine by base occurring only after both amine
binding and oxidative addition have taken place. They also exclude the inter-
mediacy of Pd-alkoxo complexes.
Thus, Pd(0) complexes of type [(RRlNH)Pd(binap)] are proposed to be the actual

species which oxidatively add bromobenzene, as this process proceeds more rapidly
than the direct oxidative addition on the Pd(0) complex with no coordinated amine
[214].

1.3.1
Reductive Elimination of C-N, C-O,
and C-S Bonds From Organopalladium(II) Complexes

Reductive elimination of amine and ethers is the key bond-forming step in the
catalytic amination and etheration reactions. Kinetic studies on stoichiometric
reactions from isolated amido and alkoxo organopalladium complexes have shed
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light into the mechanism by identifying the actual species involved and the factors
controlling this process. The most extensively studied of these reactions is the
reductive elimination of C-N bonds from amido arylpalladium complexes [215,
216]. Both monomeric and dimeric species have been studied. In the case of mono-
meric complexes, some differences occur depending on the nature (mono- or
bidentate) of the coordinating phosphines.
Thus, the reductive eliminations from trans-bis(triphenylphosphine) amido aryl

complexes 88 showed first-order kinetics demonstrating that the reductive elimina-
tion takes place from monomeric species (Scheme 1-44). The dependence of the
reaction rate on the concentration of added PPh3 is compatible with two competing
mechanisms, one involving C-N bond formation to a cis 16-electron species 89
formed by isomerization of the trans derivative. The other mechanism involves
initial reversible phosphine dissociation to give a 14-electron, three-coordinate in-
termediate 90 that would undergo C-N bond formation (Scheme 1-44). Dimeric
monophosphine complexes follow a dissociative pathway to give three-coordinate
amido monomers, which suffer reductive elimination. The formation of the 14-
electron intermediates can be reversible or irreversible depending on the type of
amine.
Amido organopalladium complexes containing bidentate phosphines have the cis

configuration necessary to provide the reductive elimination. The zero-order depen-
dence on the concentration of the added ligand is consistent with a direct concerted
formation of the amine from the square planar complexes 91 (Scheme 1-45).
The influence on the reductive elimination of the substituents on both the amido

and the R ligand has been studied on dppf model derivatives, as it appears to be a
one-step process. The relative rates for elimination from different amido groups is
alkylamido i arylamido i diarylamido. This trend implies that the more nucleo-
philic is the amido ligand, the more rapid the reductive elimination occurs. On the
other hand, the presence of substituents on the aryl group also affects the reductive
elimination rate, with electron-withdrawing groups accelerating the process.
A similar behavior is observed for the reductive elimination of C-S bonds from
aryl sulfide palladium complexes 92 (Scheme 1-46) [184a].
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The formation of ethers by reductive elimination from alkoxo organopalladium
complexes faces some difficulties due to the lower nucleophilicity of the alkoxides
compared with metal amides. The choice of suitable phosphine ligands is crucial
for this type of reaction. Bulky aryldialkylphosphines allow the reaction of aryl
chlorides, bromides, and triflates with a variety of isolated alkoxides [217] or,
more interestingly, phenols and base [218] regardless of the substitution of the
aryl groups. Intermediate alkoxo organopalladium complexes have been proposed
to form by transmetallation from alkali metal alkoxides to organopalladium deriva-
tives. The rate of the reductive elimination from these intermediates is significantly
slower than the corresponding rate to form C-N bonds. Two possible mechanisms
exist for the intimate mechanism of the elimination. The first is the occurrence of a
three-center transition state or an initial attack of the alkoxide on the aryl ipso car-
bon followed by elimination of the metal complex. The second mechanism would
be more probable in the case of aryl electrophiles containing electron-withdrawing
groups. It has been proposed that the bulkier ligands are necessary to destabilize
the ground state of the intermediate [LnPd(OR)Ar] complex, forcing the palladium
bound aryl and alkoxide groups together. In this way, the complex is distorted
toward the three-center transition state geometry [218a]. Stoichiometric reductive
elimination reactions of C-N and C-O bonds from Ni complexes have also been
described [219].
As it happens in the case of C-C cross-coupling reactions, b-hydrogen elimination

is a competitive pathway in the palladium-catalyzed amination and etheration reac-
tions. The conversion of the organic electrophiles to amines or ethers depends on
the reductive elimination being faster than b-hydrogen elimination from amido or
alkoxo intermediates. The extension of the undesired b-hydrogen elimination in C-N
couplings has been studied on stoichiometric elimination reactions from amido
arylpalladium complexes 93 (Scheme 1-47). The C-N b-hydrogen elimination has
been proposed to take place also from amido complexes in some cases [220].
The final amount of b-hydrogen elimination products (arenes) depends on sev-

eral factors [208a]. Thus, electron-withdrawing groups on the aryl ring increase
the rate of the reductive elimination and minimize the formation of the arene.
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As it has been observed for etheration reactions, bulkier monophosphines enhance
the rate of the C-N reductive elimination. In the case of bidentate phosphines, the
results are more difficult to rationalize. Thus, electron-poor derivatives of dppf pro-
duce more arene than dppf itself, albeit a more deficient metal center is thought to
suffer an easier reductive elimination. Ligands with smaller bite angles yield less b-
hydrogen elimination products, in contrast with the observed dependence for C-C
reductive eliminations. Detailed studies have been performed on amido [221] and
alkoxo [222] Ir(I) square-planar complexes, which indicate that reversible phos-
phine dissociation takes place prior to the b-hydrogen elimination for both
amide and alkoxo complexes.

1.3.2
Copper-Catalyzed Formation of C-X Bonds

Other metal salts and complexes also catalyze the formation of C-N, C-O, and C-S
bonds from organic electrophiles. Thus, a mixture of [Ni(COD)2] and a bidentate
phosphine catalyzes the formation of aryl ethers from aryl halides and alkoxides
[223]. In some cases, the reactions occur under milder conditions and with higher
yields than when catalyzed by Pd complexes.
By contrast, Cu(I) complexes have been reported to catalyze the formation of C-C,

C-N, C-O [224], and C-S [225] bonds. Cu(II) also catalyzes the reaction of boronic
acids with phenols and amines under oxidative conditions to form Ar-O and Ar-N
bonds [226]. Copper also catalyzes the halogen exchange [227] and the cyanation
[228] of aryl halides. Interestingly, important differences exists between the Pd-
and Cu-catalyzed amination [229]. Thus, whereas palladium catalysts favor amina-
tion, copper complexes promote the reactions with carboxamides. In addition,
anilines are better nucleophiles than alkylamines in the Pd-catalyzed amination,
while the opposite occurs with Cu(I) as the catalyst [229]. Similar systems catalyze
the coupling of secondary phosphines and phosphites with aryl and vinyl halides
[230].
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Scheme 1-48 Proposed mechanism for the
Cu(I)-catalyzed synthesis of thioethers from
N-thioimides and boronic acids.



Alkyl aryl sulfides might also be formed by the reaction of arylboronic acids and
alkyl thiols in the presence of Cu(II) [230]. However, Liebeskind demonstrated that
in this case the actual catalyst is Cu(I), which led to the development of an efficient
method for the synthesis of thioethers by using N-thioimides [231]. For this trans-
formation, the mechanism outlined in Scheme 1-48 has been proposed. Accord-
ingly, an oxidative addition of the N-thioimide to Cu(I) would form Cu(III) inter-
mediate 94, which could transmetallate with the boronic acid to form 95. The
reductive elimination from 95 then gives the thioether.

1.4
Summary and Outlook

A unified view emerges for the mechanism of cross-coupling reactions. The forma-
tion of C-X bonds with palladium catalysts loosely follows the same catalytic path-
ways of cross-coupling transformations. However, significant differences exist for
both types of processes with regard to the rate-determining step(s) that depend
on the nature of the electrophile, nucleophile, and the ligands on palladium.
The original proposal for cross-coupling reactions has evolved considerably. First,

the oxidative addition of C(sp2)-X electrophiles has been shown to give first cis-pal-
ladium(II) complexes, which subsequently isomerize to more stable trans com-
plexes. Of greater significance is a clarification of the mechanism of the reaction
between soft nucleophilic organometallic reagents and Pd(II). Based on studies
on the Stille and Hiyama couplings, transmetallations to palladium appear to
follow two major mechanisms. In poorly coordinating solvents and in the presence
of bridging ligands, the associative SE2(cyclic) mechanism operates, whereas the
SE2(open) mechanism proceeds when highly coordinating solvents are used.
These two mechanisms pertain to conditions usually followed with palladium com-
plexes coordinated to typical phosphine or arsine ligands. A third type of mechan-
ism, which proceeds through T-shaped intermediates, most likely takes place when
the starting Pd(0) catalyst bears two very bulky phosphine ligands such as P(o-Tol)3
or P(tBu)3.
When monodentate phosphine or arsine ligands are used, the transmetallation

reaction leads directly to T-shaped intermediates bearing two mutually cis R ligands
(Schemes 1-26 and 1-29). Therefore, in general, there is no need for the trans- to
cis-isomerization originally proposed for the Stille reaction (see Scheme 1-2) and
later assumed for other transmetallation-based catalytic processes.
Many of the sound mechanistic investigations described have been conducted on

palladium-catalyzed processes. Although recently developed reactions catalyzed by
Ni(0), Pt(0), or Cu(I) may follow similar schemes, additional mechanistic studies
are needed to develop more efficient reactions. In this regard, it is also important
to stress that, although studies conducted on isolated complexes are of major value
in understanding these processes, more general mechanistic conclusions on these
and related rather complex schemes will emerge from studies performed under
realistic catalytic conditions.
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Abbreviations

Ad adamantyl
BBN 9-borabicyclo[3.3.1]nonane
binap 2,2l-Bis(diphenylphosphino)-1,1l-binaphthyl
Cy cyclohexyl
dba dibenzylideneacetone
dippp 1,3-bis(diisopropylphosphino)propane
dppBz 1,2-bis(diphenylphosphino)benzene
dppe bis(1,2-diphenylphosphino)ethane
dppf bis(1,1l-diphenylphosphino)ferrocene
dppp bis(1,3-diphenylphosphino)propane
dppr bis(1,1l-diphenylphosphino)ruthenocene
HMPA hexamethylphosphoric triamide
TBAF tetrabutylammonium fluoride
TMEDA N,N,Nl,Nl-tetramethylethylenediamine
TFP tri-(2-furyl)phosphine
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2
Metal-Catalyzed Cross-Coupling Reactions of Organoboron
Compounds with Organic Halides

Norio Miyaura

2.1
Introduction

In 1979, cross-coupling reactions of organoboron compounds, which involve trans-
metallation to palladium(II) halides as a key step, were found to proceed smoothly
in the presence of an aqueous base. The protocol has been proved to be a general
reaction for a wide range of selective carbon-carbon bond formations, in addition to
related coupling reactions of organomagnesiums, -zincs, -silicones, and -stannanes
[1]. Many organometallic reagents are now used for analogous cross-coupling reac-
tions, but much attention has recently been focused on the use of organoboron
compounds within laboratory and industrial environments as they are convenient
reagents, are generally thermally stable, and are inert to water and oxygen, thus
allowing handling without special precautions. A review of metal-catalyzed cross-
coupling reactions of these compounds is presented here, with particular emphasis
on the reaction conditions, including catalysts, bases, and side-reactions for achiev-
ing selective coupling, along with a survey of the representative C-C bond-forming
reactions. As previous reviews have included studies carried out to the end of 1999
[2, 3], new developments during the period from 2000 to the end of 2002 are
mainly discussed herein, and this will, in part, overlap previously published,
related articles [4–8].

2.2
Advances in the Synthesis of Organoboron Compounds

2.2.1
Hydroboration

Hydroboration of alkenes and alkynes is one of the most extensively studied reac-
tions in the synthesis of organoboron compounds and their applications to organic
synthesis. Catalyzed hydroboration is a complementary strategy to achieve the dif-
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ferent chemo-, regio-, diastereo-, and enantioselectivities, relative to the uncata-
lyzed reaction [8b, 9] (Scheme 2-1).
The hydroboration of exo-cyclic alkenes affords stereochemically complementary

products between the catalyzed and uncatalyzed reactions. The hydroboration of 1
with 9-BBN yields two isomers, with the trans-product 3 predominating in a ratio
of 39:61 [10]. The reaction contrasts strongly with the catalyzed hydroboration,
which yields the cis-product 2 with 93% selectivity by addition to the R-face of
the alkene. Thus, the catalyzed reaction is more sensitive to steric effects than to
electronic effects, whereas 9-BBN prefers to attack from the more electron-rich
face of the double bond (stereoelectronic effect) [11]. Diastereoselective hydrobora-
tion of acyclic alkenes is one of the most successful results achieved by catalyzed
hydroboration [10, 12]. Rhodium-catalyzed hydroboration of allylic alcohol 4 yields
a syn-adduct 6, whereas the uncatalyzed reaction of 9-BBN preferentially produces
an anti-adduct 5 [12]. The origin of diastereofacial selectivity arises from differences
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between the mechanisms of p-complexation of transition metals and main metals,
together with the steric effect of the substituents [12]. The stereoselection of cata-
lyzed hydroboration is optimal if the OH-protecting group is a good s -acceptor and
is sufficiently large (e. g., SiMe2tBu) relative to the other substituents on the asym-
metric center. The hydroboration of alkynes is especially valuable in the synthesis
of stereodefined 1-alkenylboron compounds [13]. Disiamylborane (HB(Sia)2), dicy-
clohexylborane, and 9-BBN are very mild and selective hydroboration reagents by
which to obtain 1-alkenylboranes, which can be directly used for subsequent
cross-coupling reactions. The addition of catecholborane (HBcat) or dihaloborane
(HBCl2 · SMe2, HBBr2 · SMe2) to alkynes, followed by hydrolysis with water, is a
common method for the synthesis of air-stable 1-alkenylborinic acids 8 [14]. Hydro-
boration of alkynes with catecholborane is slow in tetrahydrofuran (THF), with the
reaction occurring at room temperature in the presence of a catalytic amount of 9-
BBN or dicyclohexylborane (ca. 10 mol%) [15].
Both uncatalyzed and catalyzed hydroborations yield (E)-adducts through the

anti-Markovnikov and syn-addition of HBcat to terminal alkynes. Thus, (Z)-1-alke-
nylboronates have been synthesized by a two-step method based on intramolecu-
lar SN2-type substitution of 1-halo-1-alkenylboronates with metal hydrides [16] or
cis-hydrogenation of 1-alkynylboronates [17]. Rhodium(I)/P(iPr)3-catalyzed hydro-
boration is a new variant for the one-step synthesis of cis-1-alkenylboron com-
pounds (9) from terminal alkynes [18]. The dominant factors reversing the conven-
tional E-selective hydroboration to Z-selective reaction are the use of alkyne in ex-
cess of catecholborane, the use of more than 1 equivalent of Et3N, and bulky, elec-
tron-donating P(iPr)3 or Cy3P for a rhodium(I) precursor. The conversion into air-
and water-stable pinacol esters 10 allows isolation by distillation or chromatography
on silica gel.

2.2.2
Diboration, Silylboration, and Stannylboration

Various B-B, B-Si and B-Sn compounds are available for metal-catalyzed boryla-
tion of alkenes and alkynes (Scheme 2-2). The addition of bis(pinacolato)dibo-
ron 13 to alkynes is catalyzed by a platinum(0) complex such as [Pt(PPh3)4],
[Pt(C2H4)(PPh3)2], and [Pt(CO)2(PPh3)2] at 80 hC, giving cis-1,2-diborylalkenes 11
in high yields [19, 20]. A highly unsaturated platinum(0) complex prepared from
Pt(nbe)2 and P(2-MeC6H4)Ph2 or PCy3 catalyzes the reaction at room temperature
[20a]. Stannylboration with 15 [21] takes place at room temperature, whereas silyl-
boration with 14 [22] only proceeds at a temperature above 100 hC due to the slow
oxidative addition of a B-Si bond to a Pd(0) or Pt(0) catalyst. Both reactions selec-
tively provide cis-products 11 via addition of silicon or tin to the internal carbon,
and boron to the terminal carbon. The reactions are compatible with various func-
tional groups for both terminal and internal alkynes. Cross-coupling reaction of 11
with organic halides or rhodium-catalyzed conjugate addition of 11 to enones
occurs selectively at the terminal C-B bond to provide regio- and stereodefined
alkenylboron, -silicon, and tin compounds 12 [22–24]. Analogous catalyzed addi-
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tion reactions of diboron provide 1,2-bisborylalkanes from 1-alkenes [25], cis-1,4-
bisboryl-2-alkenes from 1,3-dienes [26] and 2,3-bisboryl-1-propene from allene
[27]. The metal-catalyzed reactions of diboron [8, 28], silylboron [28, 29], and stan-
nylboron [28, 30] compounds have recently been reviewed.

2.2.3
Transmetallation

Transmetallation is perhaps the most straightforward method for preparing orga-
noboron compounds if the requisite organometallic reagent is easily available.
For laboratory-scale synthesis, organomagnesium or -lithium reagents are most
widely used because of their availability and ease of preparation. Other organome-
tallic derivatives of Al, Zn, Si, Sn, and Hg also undergo transmetallation to alkoxy-
boranes or haloboranes. (Scheme 2-3). The transmetallation between (RlO)3B and
R-M (M ¼ Li, MgX) at low temperature (typically at –78 hC) proceeds by the initial
formation of a relatively unstable [RB(ORl)3]M (16), which is in equilibrium with
RB(ORl)2 and RlOM. If [RB(ORl)3]M can be cleanly formed and if the equilibrium
favors this complex, then RB(OH)2 will be obtained selectively upon treatment with
an aqueous acid [31]. Otherwise, successive steps will give rise to di-, tri-, or tetra-
organoborates. Such multiple alkylation can be serious when relatively small orga-
nolithium or -magnesium reagents are used. Triisopropoxyborane has been shown
to be the best available trialkyl borate to prevent such disproportionation. A num-
ber of alkyl-, aryl-, and 1-alkenylboronic acids or esters [31], and 1-alkynylboronic
esters [32] have been synthesized from organolithiums and B(OiPr)3 in high yields,
often over 90%.
A common method for the isolation of organoboronic acids is crystallization of

the crude product from hot water, or from an aqueous organic solvent. Organo-
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boronic acids generally present a host of difficulties with regard to their analysis
due to their spontaneous condensation to various degrees to boroxines (17) [33].
Thus, NMR spectroscopy in CDCl3 shows two pairs of signals corresponding to
a boronic acid and a boroxine. A convenient analytical method is dissolution of
the dry sample in NaOD/D2O to give a single signal of [RB(OD)3]Na. An alternative
isolation method is their conversion into the corresponding diethanolamine com-
plex 19, which is easily crystallized from an organic solvent and restored back to
free boronic acid by treatment with an aqueous acid [34]. Chromatographic separa-
tion of the corresponding boroxine 17 is also convenient for isolating arylboronic
acids [35]. The reaction of organoboronic acids with 1,2- or 1,3-alkanediols yields
stable cyclic esters. Some bulky diol esters such as pinacol 18 may have sufficient
stability for chromatographic separation and gas chromatography (GC) analysis.
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Treatment of boronic acids with KHF2 results in the spontaneous precipitation of
stable and highly insoluble [RBF3]K (20) [36]. All of these derivatives have been suc-
cessfully used for various cross-coupling reactions, as discussed in later sections.
Some recent examples are shown in the syntheses of 21 to 28 (Scheme 2-3).

Since small organoboronic acids such as an ethenyl derivative are highly suscepti-
ble to oxidation or polymerization, trifluoroborate 21 [37] and boroxine-pyridine ad-
ducts 22 [38] are alternatively recommended as bench-stable reagents for the cross-
coupling. Many aryl- and 1-alkenylboronic acids have been synthesized from orga-
nolithiums generated in situ by halogen-metal exchange 25 [35]. Although the
method often suffers from incompatibility of functional groups sensitive to lithium
reagents, or instability of aromatic heterocyclic lithium reagents, in situ quenching
of the lithium intermediates via the addition of BuLi to a mixture of ArBr and
B(OiPr)3 allows the syntheses of pyridine- (26), quinoline-, 2-chlorophenyl-, and
4-cyanophenylboronic acid in high yields [39]. On the other hand, transmetallation
between BX3 (X ¼ Cl, Br) and arylsilanes 23 [35] or 1-alkenylsilanes [40] is compa-
tible with various functional groups. Mercuration of arenes 27 followed by trans-
metallation with BH3 or BCl3 is advantageous over the lithiation route in the syn-
thesis of indole-3-boronic acid 28 [41].
The ortho lithiation of arenes directed by CONR2 [42], OCONR2 [43], OMe [44],

OMOM [45], SO2NEt2 [46], and NHCOR [47] provides aryllithiums regioselectively.
In situ treatment of lithium intermediates with B(OR)3 (29, 31) or a sequential
Li-Si-B transmetallation (30 to 31) gives various ortho-functionalized arylboronic
acids (Scheme 2-4). The protocol has been extensively applied to the synthesis
of polycyclic hetereoarenes via cross-coupling, with simultaneous condensation
between two ortho functionalities [48, 49]. Recently, LDA has come to be recognized
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as the better reagent for selective ortho-metallation of 32, which has an aromatic
C-Br bond that is susceptible to BuLi [34]. Lithium 2,2,6,6-tetramethylpiperidide
(LTMP) is a milder reagent that allows the preparation of ortho-substituted aryl-
boronic acids from ethyl benzoate, benzonitrile, chlorobenzene, and fluorobenzene
[50].

2.2.4
Cross-Coupling Reactions

The cross-coupling reaction of diborons with organic halides [51, 52] and triflates
[53] directly yields organoboronic esters [8b,c] (Scheme 2-5). Since strong bases,
such as K3PO4 and K2CO3, promote further coupling that results in the competitive
formation of homocoupling products (36–60% yields), KOAc is recognized to be a
more suitable base for borylation of aryl iodides 34 [54] and 36, bromides 35 [55],
chlorides 37 [52] and 38 [56], and triflates [53, 57] except for ArN2BF4, which is
borylated without the aid of base [58]. PdCl2(dppf) is better than Pd(PPh3)4 because
palladium-triphenylphosphine complexes often yield byproducts derived from cou-
pling of the diboron with a phenyl group on triphenylphosphine in the reaction of
electron-rich aryl halides [51]. Electron-donating PCy3 [52] and N-heterocyclic car-
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bene [56] complexes afford better results than arylphosphine for aryl chlorides and
electron-rich aryl bromides or triflates (37, 38) due to the rate-determining role of
oxidative addition and prevention of the participation of phosphine-bound aryls.
These reactions can be further accelerated in ionic liquids [59], or by irradiation
with microwaves [56]. On the other hand, the borylation of 1-alkenyl halides or tri-
flates requires a stronger base than that used for aryl halides. Fine K2CO3 sus-
pended in dioxane is recommended for triflates conjugated to a carbonyl group
(39) [60], while KOPh suspended in toluene gives the best results for unconjugated
bromides or triflates (40) [61]. The cross-coupling reaction of diboron with allyl
acetates (41) is better than the transmetallation method for the synthesis of func-
tionalized allylboronic esters, as the reaction occurring under neutral conditions
tolerates various functional groups [62]. Coupling at the less-hindered terminal car-
bon and formation of (E)-allylboronates are commonly observed in various allyl
acetates. The reaction is also efficient for the synthesis of benzylboronic esters
(42) [63]. The protocol has been applied extensively to parallel and combinatorial
syntheses on a polymer surface (36) [24, 64].
Pinacolborane (HBpin) is an unique and economical boron nucleophile for the

borylation of aryl and 1-alkenyl halides or triflates [65] (Scheme 2-6). It is interest-
ing that various reducible functional groups remain intact during the reaction at
80 hC, whereas the reaction is generally accompanied by the formation of some un-
desirable dehalogenation products (ArH, 10 Z 20%). Borylation of 2-bromoaniline
[66] or bromophenothiazine [67] is directly followed by cross-coupling with haloar-
enes in high yields. The ester group remains intact at 120 hC in the synthesis of
2-pyrone-5-boronate [68]. The presence of Et3N plays a key role in not only prevent-
ing the production of ArH but also facilitating the B-C bond formation. The me-
chanism has not yet been established, but the displacement of Pd-X with a weakly
nucleophilic boryl anion (Et3NH

þBpin–) or s-bond metathesis between H-Pd-Bpin
and ArX have been proposed for the process, leading to the formation of an Ar-Pd-
Bpin intermediate [65].
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The cross-coupling protocol provides a simple method for homologation of aryl-
and 1-alkenylboronic esters (Scheme 2-7). Since the C-B bond is inert to transme-
tallation in the absence of a base, and oxidative addition of the C-I bond is faster
than that of the C-Br bond, arylation of 43 with arylstannanes selectively occurs
at the C-I bond, without affecting the C-B and C-Br bonds [69]. A drug substance
for neutron capture therapy (45) is synthesized by analogous Stille coupling of 44
[70]. Tribromoborane is added to terminal alkynes in a cis anti-Markovnikov man-
ner to yield cis-2-bromo-1-alkenylboranes [71]. In contrast, addition of BBr3 to acet-
ylene yields trans-2-bromoethenylboronate (46) via secondary isomerization of the
cis-adduct [72]. Palladium-catalyzed alkylation of the C-Br bond with organozinc ha-
lides affords stereodefined 1-alkenylboronates (47) [73]. The two-step procedure is
synthetically equivalent to carboboration of acetylene with a variety of organic
groups.

2.2.5
Aromatic C-H Borylation

Direct borylation of hydrocarbons would provide an efficient and convenient access
to organoboron compounds because of the wide availability and low cost of hydro-
carbons. C-H borylation of alkanes and arenes with bis(pinacolato)diboron (pin2B2)
or pinacolborane (HBpin) was first achieved by using Cp*Rh(III) or Cp*Ir(III)
catalysts [74, 75]. Although various catalysts are now available, a combination of
air-stable [Ir(X)(COD)]2 (X ¼ Cl, OMe) and a small and strongly electron-donating
2,2l-bipyridine (bpy) or 4,4l -di-(t-butyl)-2,2l-bipyridine (dtbpy) is probably the most
practical catalyst for aromatic C-H borylation [76–79] (Scheme 2-8).
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The reaction was first carried out by using a [IrCl(cod)]2/bpy or dtbpy catalyst at
80 hC (method A) [76, 77], but a combination of [Ir(OMe)]2 and dtbpy was later
recognized to be the best complex catalyzing the reaction at room temperature
(method B) [78]. The reaction provides 2 equiv. of borylarenes from 1 equiv. of
pin2B2 because pinBH generated at the first coupling also participates in the
catalytic cycle. The reaction results in a mixture of meta and para coupling products
in statistical ratios (ca. 2:1) for monosubstituted arenes, but 1,2- and 1,4-disubsti-
tuted arenes bearing identical substituents yield borylarenes as a single isomer.
The reaction of 1,3-disubstituted arenes occurs at the common meta position;
therefore, isomerically pure products are obtained even for two distinct substitu-
ents. Heteroarenes such as pyrrole, furan, thiophene, and benzo-fused derivatives
are selectively borylated at the a-carbon, though N-triisopropylsilylated pyrrole or
quinoline yield a b-borylated product, and pyridine results in a mixture of b- and
g-borylation [77]. 2,5-Bis(boryl)pyrrole, -furan, and -thiophene are useful inter-
mediates for the synthesis of poly(heteroarylene)s. These reagents (48) are selec-
tively obtained when an equimolar amount of heteroaromatic substrate and
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pin2B2 are used, whereas mono-borylation (49) predominates in the presence of
an excess of substrate. It was shown recently that these coupling reactions of
pin2B2 can be replaced by analogous reactions of pinBH under the conditions
of method B [79]. The reaction is more economical for large-scale preparation
and suitable for arenes possessing CN, I, Br, Cl, CO2Me, and CF3 groups or
benzylic C-H bonds. The reactions and the catalytic cycles were recently reviewed
elsewhere [75].

2.2.6
Olefin Metathesis

Ring-closing metathesis is advantageous compared to the transmetallation method
for the synthesis of cyclic alkenylboronic esters due to its compatibility for a wide
range of functional groups (Scheme 2-9). Grubbs’ alkylidene-ruthenium complexes
catalyze five- or six-membered ring-closing metathesis to yield cyclic 1-alkenylboro-
nic esters at room temperature (51, 53, via 50, 52) [80, 81]. The cross-coupling
reaction of 53 with 3-bromobenzonitrile in the presence of CsF and PdCl2(dppf)
in refluxing DME furnishes the coupling product in 88% yield. Metathesis be-
tween pinacol allyl- (54) and ethenylboronate (55) provides a novel g-borylallyl-
boron compound (56), which undergoes a double allylboration of aldehydes yield-
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ing 2-penten-1,5-diol derivatives [82, 83]. Transesterification of allylboronic esters
with allylic or propargylic alcohols (57) followed by metathesis yields cyclic allyl-
boronates (58) [84].

2.2.7
Miscellaneous Methods

1-Alkynylboronates participate in 1,3-dipolar cycloaddition reactions with nitrile
oxides to provide isoxazoleboronic esters (59) with excellent levels of regiocontrol
[85]. The reaction can be applied to phenyl and alkyl (R1)-substituted 1,3-dipolar
substrates (Scheme 2-10). A novel class of quinoneboronic esters (61) are synthe-
sized by utilizing a highly regioselective benzannulation of Fischer carbene com-
plexes (60) with 1-alkynylboronates [86]. The utility of the benzannulation-cross-
coupling sequence has been demonstrated in the synthesis of a dimeric carbazole,
bis-N-dimethylbismurrayaquinone A. The reaction between lithium carbenoids
and diboron (13) or silylboron (14) [87] is particularly attractive for preparing a
new class of boron compounds such as 1,1-bisborylalkenes and 1-silyl-1-borylalk-
enes (64) [87–89]. The addition of 14 to a solution of alkenylidene carbenoid at
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–110 hC forms an ate-complex (63), which is then followed by intramolecular SN2
substitution with complete inversion of the configuration at the a-carbon. Analo-
gous insertion of the B-Si bond into allylic carbenoid affords 65, which can be
selectively transformed into (E)-1-alkenylboronates (66) by allylsilylation of dime-
thyl acetals [90]. A three-component coupling reaction of acyl chlorides, allene,
and diboron has been reported for a regio- and stereoselective acylboration of
allenes (67) [91].

2.3
Reaction Mechanism

2.3.1
Catalytic Cycle

The cross-coupling reaction of organoboron compounds follows a similar catalytic
cycle to that of other main metal reagents, involving: (a) oxidative addition of or-
ganic halides or other electrophiles to a palladium(0) complex yielding R1-Pd-X
(68); (b) transmetallation between R1-Pd-X and R2-B with the aid of bases; and
(c) reductive elimination of R1-R2 to regenerate the palladium(0) complex [1–3]
(Scheme 2-11). Among these processes, oxidative addition of chloroarenes has
been studied extensively from the viewpoints of cost and availability [6]. Palladium
catalysts based on bulky, electron-donating alkylphosphines are recognized to be
excellent catalysts for carrying out cross-coupling reactions of chloroarenes. An-
other topic is oxidative addition of haloalkanes possessing b-hydrogens because
the reaction allows C-C bond formation between two sp3 carbons. Electron-rich
and coordinatively unsaturated palladium catalysts such as Pd(OAc)2/2PCy3 have
been found to be very efficient for cross-coupling between 9-primary alkyl-9-
BBN and primary-alkyl bromides or chlorides with no significant b-hydride elimi-
nation [92, 93].
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2.3.2
Transmetallation Processes

Although the two steps of oxidative addition and reductive elimination are reason-
ably well understood, less is known about the transmetallation process. Available
information indicates that there are several processes for transferring the organic
group onto R1-Pd-X (68).
The addition of sodium hydroxide or other bases exerts a remarkable accelerating

effect on transmetallation between R1-Pd-X and trialkylboranes or organoboronic
acids that is quite different from the effect on related reactions of other organome-
tallics [2–8] (Scheme 2-12). Organoboron compounds do not react with R1-Pd-X (X
¼ halogen, OTf), but ate-complexes such as [RBBu3]Li (R ¼ alkyl, aryl, 1-alkenyl, 1-
alkynyl) [2], Ph4BNa [94], [R3BOMe]Na [95], and [ArB(R)(OR)2]Li [96, 97] directly
undergo a palladium- or nickel-catalyzed coupling reaction. Thus, quarternization
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of the boron atom with a negatively charged base enhances the nucleophilicity of
the organic group on the boron atom for alkylation of R1-Pd-X (68). A hydroxybor-
onate anion [R2B(OH)3

–] (70), which exists in equilibrium with a free organoboro-
nic acid, could similarly alkylate 68. Since the pKa of PhB(OH)2 is 8.8, the concen-
tration of [R2B(OH)3]

– (70) will increase at pH over 9. Indeed, the coupling reaction
between phenylboronic acid and 3-iodobenzoic acid (72) in NaHCO3/NaOH buf-
fers significantly increases in rate upon increasing the pH from 8 to 10; this is
in striking contrast to the pH-independent reaction of Ph4BNa [98]. It should
also be noted that both reactions are strongly retarded at pH over 11, though the
reason for this is not well understood. Another support for this process is obtained
from the cross-coupling reaction of 9-hexyl-9-BBN (74) with bromobenzene [99].
Kinetic studies using NMR have shown exclusive formation of analogous hydroxy-
borate complexes (75) and its contribution to the transmetallation process. The
catalytic reaction of bromobenzene is zero-order in 74, suggesting that there is
no rate-determining role of transmetallation among the three processes involved
in the catalytic cycle. Arylnickel(II) or -palladium(II) complexes ortho-substituted
with a (pinacolato)boryl group (76) react with KOtBu to form the corresponding
benzyne complexes at room temperature [100]. The reaction can be regarded as
an intramolecular version of transition metal-boron transmetallation assisted by
a base, as indicated by 77. Although little information is available on the nucleophi-
licity of such hydroxyborate complexes, it was found recently that arylboronic acids
substitute for 4-bromoacetophenone at 150 hC in the presence of Bu4NBr and
K2CO3 without any assistance of metal catalysts [101]. Although the mechanism
is not known, the results may suggest a high nucleophilicity of [ArB(OH)3]NBu4

that can substitute the aromatic C-Br bond.
An alternative process is transmetallation to an alkoxo-, hydroxo-, acetoxo-, or

(acetylacetoxo)palladium(II) complex (78) formed in situ by ligand exchange be-
tween R1-Pd-X (68) and a base (RO–). Such RO-Pd(II) complexes undergo transme-
tallation of organoboronic acids without the aid of a base (Scheme 2-13). Methoxo-
(80) [102], hydroxo- (81) [103], and (acetoxo)palladium(II) (82) [51] complexes,
synthesized by ligand exchange between R1-Pd-X and a base, react with 1-alkenyl-
and arylboronic acids or bis(pinacolato)diboron to give the corresponding coupling
products. It has also been reported that analogous transmetallation to a (hydroxo)-
rhodium complex (83) occurs under neutral conditions [104] as the key step in rho-
dium-catalyzed 1,4-addition of organoboronic acids to enones [105] or Grignard-
type addition to aldehydes [106]. The reaction may involve a rate-determining coor-
dination of the RO– ligand to the boron atom via a transition state depicted by 79.
As a result of complex formation, the transfer of an activated organic group from
boron to palladium then takes place. The strong reactivity of RO-Pd complexes is
attributed to both the high basicity of Pd-O species and the high oxophilicity of the
boron center. The basicity of R1-Pd-OH is not known, but related platinum com-
plexes, such as PtH(OH)[P(iPr)3]2 and trans-Pt(OH)(Ph)(PPh3)2, have been reported
to be more basic than NaOH [107]. Thus, available information indicates that there
are two transmetallation processes depending on the reaction conditions and in-
cluding reactants for cross-coupling reactions in an alkaline solution, as shown
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in Schemes 2-12 and 2-13. The coupling reaction of 9-alkyl-9-BBN (74) with bro-
mobenzene proceeds via alkylation of 84 with hydroxyborate anion (75) [99], as
shown in Scheme 2-12. In contrast, less-acidic 86 is not changed by the addition
of NaOH, indicating that there is no significant formation of a hydroxyborate com-
plex. By adding two equivalents of aqueous NaOH in refluxing THF, 84 is con-
verted into a (hydroxo)palladium(II) complex (85, 90% after 2 h), which yields a
coupling product upon treatment with 86 (Scheme 2-13). The catalytic reaction
is first-order in [OH]–, thus suggesting a rate-determining role of Pd(II)X-hydroly-
sis (84 to 85) [99].
Coupling reactions proceed without any assistance of bases for organic electro-

philes, directly yielding RO-Pd complexes (78) via oxidative addition (Scheme
14). The reactions of allyl acetate or phenoxide [108], propargyl carbonates [109],
1,3-butadiene monoxide [110], phenyl trifluoroacetate [111], and carboxylic acid an-
hydrides [112] proceed in the absence of bases, because oxidative addition yields
RO-Pd species (87–91) which can transmetallate with organoboron compounds.
Among these intermediates, the reaction of phenylboronic acid with 91 has been
shown to occur at room temperature under neutral conditions [111]. PMe3 is not
suitable for the catalytic process, but it is an excellent ligand to prepare phos-
phine-bound model intermediates due to its high basicity and small steric hin-
drance toward oxidative addition. The reaction between phenyl trifluoroacetate

56 2 Metal-Catalyzed Cross-Coupling Reactions of Organoboron Compounds with Organic Halides

Pd

R1

X

Pd

R2

R1

R1 R2

HO

Pd OH

Pd

Ph

Ph
L

L

ClCl

Cl Pd
L OMe

L
L

Pd OAcPh

L

Pd

R1

OR R2

Pd

O

BR1

R

RO- R2 B

L

Rh OHL

L

ArB(OH)2

L

Rh ArL

L

Ph B
O

O
OMe

ClCl

Cl
C4H9

B O
C6H13

Ph Pd Br

PPh3

Ph3P

NaOH Ph
Pd(PPh3)2

HO

80 81 82

RO= OAc, acac, OH, OMe, OAr  ....
79

83

pinBBpin4-MeC6H4B(OH)2C4H9CH=CHBcat

85

86

78

84

68

Ph-C6H13 + Pd(PPh3)2

Scheme 2-13 Transmetallation to Pd-OR complexes in situ generated from Pd-X and base.



and a coordinatively unsaturated palladium-styrene complex takes place at room
temperature to yield 91 [113]. No information is available on the transmetallation
process; however, the reaction may lead to cis-Pd(Ph)(CF3CO)(PMe3)2, which can
directly undergo reductive elimination. Indeed, a reaction of arylboronic acids
with phenyl perfluoroalkanecarboxylates catalyzed by Pd(OAc)2/3PBu3 at 80 hC in
NMP does not require the presence of any base to prepare aryl perfluoroalkyl
ketones in high yields.
Cross-coupling reactions of Ph2IBF4 [114] and ArN2BF4 [115–117] in an aqueous

solvent or MeOH have been carried out in the absence of bases (Scheme 2-15). As
such electrophiles, giving cationic palladium intermediates (92), are very liable to
phosphonium salt formation between a phosphine ligand and an electrophile,
free-phosphine catalysts such as Pd(OAc)2 and Na2PdCl4 [115] or a combination
of Pd(OAc)2 and N-cyclic carbenes (95) [116, 117] are generally recommended.
Transmetallation occurring through a Wheland intermediate 93 is a probable
candidate for such smooth conversion under neutral conditions; however, its
contribution may not be significant because ArN2BF4 analogously reacts with
1-alkenyl- and alkylboronic acids without any added base [116]. Another example
reported in this category is the transmetallation of arylboronic acids with
[Pd(PhCN)2(dppe)]

2þ (96) to 97, in which 1,4-addition of arylboronic acids to
enones is carried out under neutral conditions [118]. [Ph4B]Na, Ph3B, and
PhB(OH)2 transfer a phenyl group to [Pt(S)2(PEt3)2][CF3SO3]2 (98, S ¼ MeOH or
H2O) [119]. The finding that the reaction of [B(Me)Ph3]Na with 98 yields both
methyl and phenyl complexes in ratio of about 1:1 also suggests that 93 does
not contribute to the transmetallation process.
A catalytic process involving the oxidative addition of ArB(OH)2 to a palladium(0)

complex (100) has been reported as the mechanism of homocoupling of arylboro-
nic acids [120] and Heck-type arylation of styrene [121] (Scheme 2-16). Analogously,
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the oxidative addition of ArB(OH)2 to nickel(0) catalysts under formation of 102
has been proposed as the mechanism by which arylboronic acids or esters are
added to alkynes [122] or 1,3-dienes [123]. Although this process is very popular
in addition and coupling reactions of organomercury [124] and -tin compounds
[125], no related relevant information has yet been reported for organoboron com-
pounds.
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2.4
Reaction Conditions

2.4.1
Catalysts

The reaction can be carried out using various catalysts, bases, and solvents, and
their combinations significantly affect the yields and selectivity of products.
[Pd(PPh3)4] is the most common catalyst, and the addition of a phosphine ligand
to [Pd2(dba)3] or [Pd(dba)2] is an alternative method for preparing analogous palla-
dium(0)/phosphine complexes while adjusting the Pd/P ratio. Pd(OAc)2 and
PdCl2/phosphines are also good precursors because they are reduced in situ to
the corresponding palladium(0) complexes [126] (Scheme 2-17). The reduction of
Pd(OAc)2 with phosphine is instantaneous [127], and PdCl2/phosphines can be
aided by the presence of a base [128, 129]. On the other hand, the reduction of
nickel(II) complexes is slow, and results in the formation of catalytically inactive
nickel(II) hydroxide or oxide in the presence of an aqueous base. Thus, treatment
with BuLi or DIBAL-H is recommended for the in-situ reduction of NiCl2/phos-
phine complexes [130, 131]. Reduced palladium complexes are commonly abbre-
viated as Pd(0)Ln, but the reduction leads to the formation of anionic palladium(0)
species such as Pd(0)L2Cl

– and Pd(0)L2(OAc)
–. Thus, the rate of oxidative addition

or other efficiencies of catalysts can be affected by the anionic ligand involved in
catalyst precursors [126].

2.4.1.1 Palladium catalysts
A number of new ligands have been designed and synthesized to attain high cat-
alyst efficiency or selectivity in order expand the scope of the reactions [6] (Scheme
2-18). Various phosphine ligands are effective in stabilizing the palladium(0) spe-
cies, but the stoichiometry of phosphine to palladium and the bulkiness or donat-
ing ability of phosphine ligands change the reactivity of catalysts toward oxidative
addition, transmetallation, and reductive elimination. [Pd(PPh3)4] and other Pd(0)/
phosphine complexes are in equilibrium with coordinatively unsaturated species
depending upon the bulkiness of the ligands (cone angle) [132] (Scheme 2-19).
Among them, either a bisphosphine Pd(0)L2 or monophosphine Pd(0)L complex
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is responsible for the oxidative addition of organic halides [133, 134]. Thus, palla-
dium complexes that have fewer than four phosphine ligands, or a weakly
coordinating ligand such as AsPh3, or a bulky phosphine serve as highly reactive
catalysts because of the easy formation of coordinatively unsaturated species.
Another role of the ligand is electron donation to the palladium(0) metal center,
which has been extensively demonstrated in cross-coupling reactions of chloroar-
enes [6, 135]. Air-stable triarylphosphines are effective ligands for coupling reac-
tions of organic iodides, bromides, triflates, and activated chlorides, including
2-chloropyridine derivatives [136], but they do not catalyze reactions of electron-
rich chlorides [137]. This limitation can be overcome by the use of bulky and
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highly donating ligands; for example, P(tBu)3 [134], di(adamanthyl)phosphine
(103) [138] and 2-(di-t-butylphosphino)biphenyl (105c) [135] and Qphos (107)
[139] provide highly active catalysts for chloroarenes, even at room temperature.
The large accelerating effect of these ligands is attributed to their ability to donate
electrons to the metal center and the easy dissociation to generate coordinatively
unsaturated species. However, less bulky phosphines are generally recommended
for slow reactions of functionalized substrates since they yield stable complexes at
high temperature. PCy3 [134, 140], (o-biphenyl)PCy2 (105b) [135, 141], (tBu)2POH
(104) [142] and N-heterocyclic carbene (109) [56, 116, 117, 143] have been success-
fully used for such purposes. On the other hand, bisphosphines having a large
P-M-P angle, such as dppp, dppb, and dppf, have been designed to accelerate the
reductive elimination in the coupling reaction of alkylmetals (sp3-coupling) [144].
Among these ligands, dppf is recognized as an excellent ligand for various cou-
pling reactions of alkylboron compounds with suppression of b-hydride elimina-
tion [95]. The ligand also works well for coupling reactions of 1-alkenyl- and aryl-
boronic acids. Tedicyp (108) is an unique ligand, and for the respective catalyst, an
exceptionally high turnover number (TON) of up to 100 000 000 has been achieved
for the biaryl coupling reaction of iodo- or bromoarenes, due to the strong ability of
the ligand to prevent the precipitation of palladium black [145]. Diimine 110 [146],
bis(hydrazone) 111 [147], and dioxazolidine 112 [148] are air-stable N-ligands that
are effective for iodo- and bromoarenes. P-N ligands consisting of Ph2P and a pyr-
idine or iminophosphines have also been reported [149].
Palladacycles derived from tris(o-tolyl)phosphine (113) [150], triarylphosphite

(114) [151], benzoxime (115) [152], and bis(phosphinite) (116) [153] are air-stable
catalysts exhibiting exceptionally high catalyst efficiency in coupling reactions of
arylboronic acids with bromoarenes or activated chloroarenes (113, 114, and 115
are shown as monomeric forms in Scheme 2-20). The TON of catalyst achieved
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for phenylboronic acid coupling with 4-bromoacetophenone are in the range of
74000 Z 1000000. These catalysts are also efficient for electron-rich 4-bromoani-
sole (975–7600 TON) and activated chloroarenes such as 4-chloroacetophenone.
A phenol derivative of benzoxime complex 115b catalyzes the reaction of 4-chloro-
acetophenone in pure water as solvent in the presence of Bu4NBr (0.5 equiv.) (69–
77%; 6000–7000 TON) [152b]. Glyoxal bis(methylphenylhydrazone) 111 yields a
strongly reactive palladacycle that completes the reaction of electron-rich boromoar-
enes within a few hours at room temperature [147]. Although what determines
their activities has not yet been identified, nor whether the reaction proceeds
through a Pd(0)-Pd(II) cycle or a Pd(II)-Pd(IV) cycle, the metallation may contri-
bute to stabilizing the resting state of the palladium species in order to prevent
the precipitation of palladium-black.
The effects of representative ligands in the coupling reactions of arylboronic

acids with haloarenes are shown in Scheme 2-21. Since the best catalyst is strongly
dependent upon the reaction conditions, including reactants and solvents, the
screening of representative ligands is a common method of selecting an appro-
priate catalyst. Despite their sensitivity to air-oxidation, bulky and strongly elec-
tron-donating alkylphosphines such as tBu3P, P(Bu)(Ad)2 (103a), or [Pd(Me)(Ad)2]
are very effective for chloroarenes, and presumably also for slow reactions of
electron-rich boromoarenes [138]. Since tBu3P is highly sensitive to air, tBu3-
P ·HOTf is recommended as a suitable replacement [154]. The effects of li-
gands for more functionalized substrates have been demonstrated in the aryla-
tion of C(6)-iodo- [155], C(6)-bromo- (117) [156], C(6)-chloro- [156], or C(6)-aryl-
sufonyloxy [157] nucleoside derivatives. Although the reaction is relatively slow,
[Pd(PPh3)4] is a good catalyst for C(6)-iodo and C(6)-bromo (117) derivatives,
the yields being 79% and 87% respectively. Dppf and (o-biphenyl)PCy2
(105b) complexes complete the reaction within 1–2 h, but the effects of (o-bi-
phenyl)PtBu2 (105c) and tBu3P are not significant for such electron-deficient
bromoarene since the oxidative addition is not rate-determining. Among the
catalysts screened, the (o-biphenyl)PCy2 complex is recognized as being the
best catalyst for C(6)-bromo (117, 91%), C(6)-chloro (93%), and C(6)-arylsufony-
loxy derivatives (76%) [156, 157], due to its high reactivity towards oxidative ad-
dition and stability at high temperature. A general method for biaryl coupling
has been limitedly used for tri-ortho-substituted biaryls. A phenanthrene ligand
(106) -based catalyst exceptionally allows the synthesis of sterically hindered
biaryls, where each reactant possesses two ortho-substituents [158]. The phenan-
threne ring is critical as the corresponding biphenyl- and naphthyl-based li-
gands result in significantly low yields and low conversions. Crystallographic
analysis of a 106/[Pd(dba)2] complex shows the formation of a highly stabilized
monophosphine-palladium(0) species by an unusual p-coordination of the phenan-
threne moiety to a palladium metal center along with s -coordination of a dicyclo-
hexylphosphino group.
Free-phosphine palladium nanoparticles generated in situ from Pd(OAc)2 serve

as an excellent catalyst for biaryl coupling in water or in aqueous organic solvents
(Scheme 2-22). The advantage of such a ligandless catalyst is that it eliminates
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phosphine-related side reactions such as participation of phosphine-bound aryls
and phosphonium salt formation (see Section 2.5.1), and it has high catalytic effi-
ciency resulting in shorter reaction times [159]. For example, Pd(OAc)2 completes
the reaction of water-soluble bromoarenes such as 119 within 2 h at room tempera-
ture [160]. The addition of 1 equiv. Bu4NBr results in quantitative conversion of
both water-soluble and -insoluble bromoarenes (e. g., 120) in a single water
phase with 0.2 mol% of catalyst loading [161]. The role of Bu4NCl is attributable
to the formation of palladium nanoparticles (121) stabilized by the ammonium
salt that are highly reactive towards the oxidative addition of iodo- and bromoar-
enes [162]. Reduction of H2PdCl4 in PVA/EtOH is an alternative method for the
preparation of such stabilized nanoparticles (2–8 nm) [163]. Hollow palladium
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spheres (122) are unique catalysts composed of an empty core with a uniform na-
noparticles shell of 15 nm [164]. For the preparation of such a catalyst, [Pd(acac)2] is
adsorbed onto uniform silica gel spheres functionalized by mercaptopropyltri-
methoxysilane. Thermolysis at 250 hC yields palladium metal-coated spheres,
which are then treated with aqueous HF to remove the silica gel template. The cat-
alyst size can be easily controlled by the size of the silica gel sphere, while main-
taining the high reactivity of the nanoparticles. The catalyst maintains high activity
to attain 95–98% yields, even after seven recyclings in the reaction of 2-iodothio-
phene and phenylboronic acid. It has been reported recently that copper and cop-
per-based nanocolloids can catalyze the biaryl coupling. A copper nanocluster gave
a 62% yield, but a mixed nanocluster of copper and palladium (1.6–2.1 nm) exhib-
ited high activity to attain 100% conversion for iodoarenes and 62–100% conver-
sion for bromoarenes with a 2 mol% catalyst loading at 110 hC [165].
The basic problems of homogeneous catalysts, namely separation and recycling

of the catalyst, can be solved by using a supported palladium catalyst, particularly
adapted for industrial applications (Scheme 2-23). Palladium or nickel metal sup-
ported on charcoal, Pd/C [166, 167], Ni/C [168], and palladium supported on hydro-
xyapatite (123) [169], sepiolite (124) [170], polyoxometalate (125, 126) [171] or other
clays [172], have been successfully used for the coupling reactions of arylboronic
acids. It is notable that the reaction occurs smoothly in a multi-phase system con-
sisting of a solid catalyst, organic solvent, and basic aqueous phase, or even in a
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solvent-less solid-phase system. Such palladium particles stabilized by the clay or
other supports give better results than do unsupported particles, especially for
slow reactions of electron-rich haloarenes. For example, Pd(OAc)2 exhibits a high
initial rate, but supported catalysts such as 123 and 124 finally give better yields
(85–91%; 4000–45000 TON) than does Pd(OAc)2 (44%; 2200 TON) in the reaction
of 4-bromoanisole with phenylboronic acid. The reaction can take place on the
surface, without the palladium leaching into the filtrate, thus allowing recycling
of the catalysts without loss of their activity. Palladium-polyoxymetalate-KF impreg-
nated on alumina (126) undergoes unique solvent-free solid-phase reactions of aryl-
boronic acids [171, 173]. The biaryls obtained from chloroarenes, including 2- and
3-chloropyridines, are easily recovered by extraction with CH2Cl2 and the catalyst
can be re-used with essentially no loss of activity. The catalyst can be used to a lim-
ited extent for liquid haloarenes as solid substrates such as poly(4-bromostyrene)
are unreactive under analogous conditions.
A number of supported palladium complexes, particularly palladium-phosphine

complexes, have been designed to combine the advantages of both homogeneous
and heterogeneous catalysts [174]. A palladium-phosphine complex anchored on
polystyrene resin (127) is a traditional polymer catalyst that has been used for
the reactions of 1-alkenyl- and arylboronic acids with organic halides or triflates
[167, 175] (Scheme 2-24). Deloxane consists of a cross-linked macroporous polysi-
loxane backbone (128) and the commercially available, suitably functionalized resin
supports palladium to catalyze biaryl couplings in refluxing aqueous isopropanol
[176]. A palladium-triphenylphosphine catalyst encapsulated in polystyrene ma-
trixes [177] and palladium nanoparticles (average diameter 5 nm) in polyurea mi-
crocapsules [178] are recyclable catalysts that are effective for bromoarenes (129).
The reaction of [(NH4)2PdCl4] with an amphiphilic copolymer made from 4-diphe-
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nylphosphinostyrene and N-isopropylacrylamide (12 equiv.) yields an insoluble pal-
ladium catalyst self-assembled by a Pd-P bonding network (130) [179]. The complex
catalyzes the biaryl coupling reaction of aryl iodides, bromides, and triflates at
100 hC in a pure water medium with a 50 ppm catalyst loading for the iodides
and a 500 ppm loading for the bromides and triflates. Palladium catalysts anchored
on a polystyrene-poly(ethylene glycol) graft resin (131, 132) are also designed for
palladium-catalyzed reactions in water [180, 181]. Since a palladium/phosphine
complex and most organic substrates are insoluble in water, the inclusion of
both a catalyst moiety and reactants in an amphiphilic polymer cavity is critical
to achieve high catalyst efficiency in a pure aqueous medium. The accelerating ef-
fect of amphiphilic complexes (130–132) is indeed greater than that of a lipophilic
127 or hydrophilic TPPTS complex for water-insoluble substrates. Unlike normal
palladium(0)-phosphine catalysts, these supported catalysts are relatively air-stable,
easily separated from the reaction mixture, and are able to be reused with no sig-
nificant decrease in activity.
Reactions in aqueous media have advantages for large-scale industrial processes

because of the simplicity of catalyst-product separation, economy, and safety in
using water as the solvent [182]. Although ligandless catalysts such as Pd(OAc)2
often achieve rapid coupling in aqueous media, complete conversion is not always
possible, particularly for the slow reactions of electron-rich and sterically hindered
substrates. For such substrates, catalysts derived from water-soluble phosphines
have been successfully used in a pure aqueous environment (Scheme 2-25). Sulfo-
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nated phosphines such as TPPMS and TPPTS are traditional ligands for homoge-
neous catalysts in aqueous media, and are now utilized in several industrial pro-
cesses. A Pd/TPPTS complex has been used for the cross-coupling reactions of
aryl- or 1-alkenylboronic acids with haloarenes in mixed solvents consisting of
water and DMSO or alcohol [183]. Quaternary ammonium salt derivatives of
di-t-butylphosphines such as 133 and 134 are designed for reactions of chloro-
arenes in aqueous acetonitrile [184]. The glycosides of arylphosphines 135 [185],
136 [186], 137 [187], and 138 [188] are a new class of ligands used for two-phase
or single-water-phase catalysis. Their relative efficiency for oxidative addition is
in the order of the electron-donating ability of phosphine ligands to the palladium
metal center (138 i 135 Z 137 i TPPMS i TPPTS). Another role of the glycoside
moiety consists of its providing solubility both in water and organic phases, which
is critical for reactions of water-insoluble substrates. Indeed, a palladium-135 com-
plex achieves a higher TON than that of TPPTS for water-insoluble 4-chlorobromo-
benzene and 4-bromoacetophenone [185]. A palladium-138a complex, which exhi-
bits a TON of 96000 for 4-bromoacetophenone with a 0.001 mol% loading, has
proven to be very effective for a wide range of substrates, including solid and liquid
haloarenes as well as water-soluble haloarenes, in a single water phase [188]. It is
particularly interesting that the catalyst is highly efficient for water-soluble sub-
strates. The complex catalyzes the reaction of 4-bromobenzoic acid, with the con-
version being complete within 30 min at 80 hC and within 16 h at room tempera-
ture, with a 0.1 mol% loading.
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2.4.1.2 Platinum catalysts
Platinum catalysts have been used to a limited degree for cross-coupling reactions
of organoboronic acids as both oxidative addition and reductive elimination are
slower than those of palladium complexes (Scheme 2-26). However, platinum(II)
complexes of a p-acidic, ortho-metallated triarylphosphite (139) have been reported
to catalyze the reaction of bromoarenes with a low catalyst loading [189]; this is in
contrast to [Pt(PPh3)4], which is used to a limited degree for iodoarenes at 120 hC
[190]. Although there is no great difference between the selectivities of palladium-
and platinum-catalyzed reactions, 4-nitroiodobenzene exceptionally yields an ipso-
coupling product (141) in the coupling reaction with 1-alkenylboronic acids [190].

2.4.1.3 Nickel catalysts
Nickel(0) catalysts have an advantage over palladium complexes because of their
high level of activity toward aryl chlorides and mesylates [130, 131, 191, 192] and
economy as recycling of the catalyst is not required (Scheme 2-27). Since the direct
use of nickel(II) complexes results in the formation of catalytically inactive nickel
hydroxide/oxides in the presence of an aqueous base [131], the reduction of nick-
el(II) complexes with zinc powder, BuLi, or DIBAL is generally recommended for
the in-situ preparation of air-sensitive nickel(0) species. Thus, preliminary studies
on coupling reactions of chloroarenes or aryl mesylates were carried out by using
an Ni(0)/dppf complex in situ generated from [NiCl2(dppf)] and BuLi or zinc pow-
der [130, 192]. However, nickel(II) complexes can be reduced in situ when dry
arylboronic acid and K3PO4 · nH2O are used in toluene, as has been demonstrated
in the synthesis of 2-tolylbenzonitrile (143) [131]. It should also be noted that a tri-
phenylphosphine complex works better than a dppf complex when the reaction is
carried out in toluene. A reduced nickel catalyst supported on charcoal [168] has
also been studied as a catalyst for analogous biaryl coupling. On the other hand,
ate-complexes of aryl- or 1-alkenylboronates such as 144 smoothly undergo
cross-coupling in the absence of a base or reducing reagent. Reactions with
iodo- or bromoalkenes [193, 194], allyl acetates [195, 196], and aryl mesylates [96]
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proceed smoothly at room temperature. The reaction of cyclic allyl carbonate (145)
occurs with inversion of the stereochemistry via oxidative addition (with inversion)
and arylation (from the same face of the nickel) [195].
The oxidative addition of chloroarenes to nickel(0) complexes shows a Hammett

correlation that is quite different from that of palladium(0) complexes (Scheme
2-28). Oxidative addition is often the rate-determining step in a catalytic cycle,
especially for bromo- and chloroarenes. The relative reactivity generally decreases
in the order of I i Br i OTf ii Cl for aryl electrophiles, but the order can be
reversed depending on phosphine ligands. For example, the coupling reaction of
4-chlorophenyl triflate occurs at the C-Cl bond with a Pd(0)/P(tBu)3 catalyst and
at the C-OTf bond with a Pd(0)/PCy3 catalyst [134]. Palladium-catalyzed reactions
have been used to a limited degree for chloroarenes possessing a substituent
with s i 0.45, and have recently been expanded to more electron-rich chloroarenes
by using bulky and electron-donating alkylphosphine ligands, as shown in Scheme
2-18. In contrast, all substituents in a range of –0.83 to 0.66 accommodate nickel-
catalyzed reactions [130, 131]. [Ni(PPh3)4] exhibits a unique Hammett correlation
where reactivity increases linearly by electron-withdrawing groups with s i 0.23,
and it is insensitive to donating substituents with s I 0.23 [197], which is in
sharp contrast to that of a palladium(0) complex showing a linear correlation for
both donating and withdrawing groups [137]. Oxidative additions to both Pd(0)
and Ni(0) can be rationalized by the aromatic nucleophilic substitution mechanism
(147 p 148) reported by Milstein [137].

2.4.2
Bases, Water, and Solvents

2.4.2.1 Effect of water
Cross-coupling reactions of organoboronic acids with organic halides or triflates
require the presence of a negatively charged base, such as an aqueous solution
of sodium or potassium carbonate, phosphate, or hydroxide. Since the reactions
are generally carried out in a two-phase system consisting of organic and basic
aqueous solutions, phase-transfer catalysts have also been used. The difficulties
encountered during the reaction in basic solutions are saponification of esters,
racemization of optically active compounds, or Aldol condensations of carbonyl
compounds. These difficulties associated with bases can be overcome by the use
of bases in heterogeneous phase systems. Esters can remain intact in a two-
phase system using aqueous K2CO3 and toluene, or by using a solid K3PO4 ·
nH2O or K2CO3 suspended in DMF, dioxane, or toluene. For example, the syn-
thesis of arylalanines suffered from base-induced racemization, but optically
pure compounds are finally obtained when anhydrous K2CO3 is suspended in to-
luene [198].
Although anhydrous inorganic bases mediate the reactions as suspensions in

organic solvents, the presence of water or the use of hydrated inorganic bases is
preferable because the presence of water greatly accelerates the reaction (Scheme
2-29). The results of a kinetic study on the cross-coupling reaction of arylboronic
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acid with a bromoarene for the synthesis of the drug losartan showed that the over-
all stoichiometry required 2 equiv. water and 2 equiv. K2CO3 [199]. The reaction
requires 1 equiv. water and 1 equiv. K2CO3 for the formation of [ArB(OH)3]K. As
the coupling reaction produces B(OH)3, another equivalent each of water and
K2CO3 is used to neutralize the boric acid. Thus, the reaction rate is unchanged
when anhydrous K2CO3 is substituted for K2CO3 · 1.5H2O. Since organoboronic
acid is easily dehydrated to boroxine with the elimination of 1 equiv. water, such
water can also be supplied from arylboronic acids [33]. The cross-coupling reaction
of 151 with 2-cyanophenylboronic acid in aqueous media suffered from incomplete
conversion due to very rapid hydrolytic B-C bond cleavage [200]. On the other hand,
the reaction was also not completed under strictly anhydrous conditions using
boronic ester and anhydrous K3PO4. It finally furnished the drug 152 within 1 h
when the water content was optimized by using a boronic ester and hydrated
K3PO4 · nH2O (n ¼ 2 Z 3). Since the system is heterogeneous, a finely powdered
K3PO4 · nH2O with a particle size of about 240 mm is much more effective than that
with a size of 410 mm. Such an accelerating effect of water is commonly observed in
most coupling reactions of organoboron compounds.

2.4.2.2 Effect of bases
Although Na2CO3 is a mild base that is effective for a wide range of coupling reac-
tions of arylboronic acids, it is not suitable for reactants that are sterically hindered
by several ortho-substituents. The reaction of mesitylboronic acid with iodobenzene
shows the following order of reactivity: TlOH i Ba(OH)2, Tl2CO3 i NaOH i

Cs2CO3, K3PO4 i Na2CO3 i NaHCO3 [201] (Scheme 2-30). Since thallium bases
are poisonous and not effective for other arylboronic acids or haloarenes,
Ba(OH)2 has been used for the synthesis of sterically hindered tri-ortho-substituted
biaryls [202]. Cesium bases such as Cs2CO3 and CsOH exhibit a greater accelerat-
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ing effect than sodium or potassium salts. The advantage of a combination of
silver(I) salt and an inorganic base has been repeatedly reported in recent publica-
tions [73, 203].
Such effect of bases can be roughly estimated by the basic strength and affinity

of counter cations for halide ions (stability constant) [204]. The transmetallation in-
volves nucleophilic displacement of R1-Pd-X with [R2B(OH)3]M, yielding R1-Pd-R2,
B(OH)3, and MX for the mechanism shown in Scheme 2-12, and the mechanism
in Scheme 2-13 proceeds via displacement of R1-Pd-X with MOH. Thus, the reac-
tion can be fast for counter cations (Mþ) that have a high stability constant for ha-
lide ions (Agþ i Tlþ ii Ba2þ i Csþ i Kþ). The concentration of hydroxyborate
anion [R2B(OH)3]M, which exists in an alkaline solution in equilibrium with a free
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organoboronic acid, increases by increasing the basic strength (OH–
i MPO4

–
i

MCO3
–
i HCO3

–). The stability constant of Csþ for OH– is not known, but it be-
comes smaller as we move down the periodic table (Csþ I Kþ

I Naþ I Liþ). Thus,
it is reasonable to assume that cesium bases yield a higher concentration of
[R2B(OH)3]Cs than do the corresponding smaller alkali metals. The counter cation
may also affect the solubility of [R2B(OH)3]M in organic solvents. For example,
[ArBF3]NBu4, which is soluble in a wide range of polar and nonpolar organic sol-
vents, completes the coupling reaction within a shorter reaction time than does
highly insoluble [ArBF3]K [36]. Copper 2-thiophenecarboxylate (153) is a unique
base that mediates the cross-coupling reactions of organic iodides [205] and sul-
fides [206, 207] at room temperature under almost-neutral conditions. A six-mem-
bered transition state consisting of three reactants (154) has been proposed in the
mechanism of transmetallation. The formation of Ar-Pd-O2CR by displacement of
R1-Pd-X with RCO2Cu is an alternative process discussed in Scheme 2-13. In both
mechanisms, the driving force can be rationalized by a strong affinity of Cuþ for I–,
and presumably also for RS–.
Cross-coupling reactions of 1-alkenylboronic acids with 1-halo-1-alkenes require

a stronger base than those of arylboronic acids, with the order of efficiency being
K2CO3 I K3PO4 I KOH I Ag2O I TlOH [208] (Scheme 2-31). Among these
bases, aqueous TlOH exhibits an exceptionally strong accelerating effect, complet-
ing the reaction within 1 h at room temperature. The high stability constant of the
highly insoluble metal halides formed by the thallium cation enables smooth trans-
metallation at room temperature. These significantly mild conditions, when mod-
ified by Kishi and coworkers, were very successful for the synthesis of palytoxine,
which has a molecular weight of 6754 Da in its protected form [209]. The applic-
ability for the synthesis of such a large molecule and the significantly mild condi-
tions achieving 70% yield within 1 h at room temperature have had a great impact
not only on the cross-coupling chemistry of organoboron compounds but also on
the related chemistry of other organometallic reagents.
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Fluoride salts such as CsF, Bu4NF, or Bu4NHF2 (2–3 equiv.) are very mild for
reactants sensitive to bases [210] (Scheme 2-32). Although the reaction is slow
for sterically crowded halides or boronic acids, a wide range of functional groups
can be tolerated. The use of a combination of arylboronic esters and fluoride
salts under strictly anhydrous conditions is advantageous for boronic acids that
are sensitive to hydrolytic B-C bond cleavage [211]. Triethylamine and other amines
are less efficient than inorganic bases, but they function well in DMF at 100 hC or
in refluxing EtOH for relatively electron-deficient aryl halides [212, 213].

2.4.3
Coupling Reactions of [RBF3]K

Coupling reactions of organotrifluoroborates [RBF3]K have been extensively studied
because of the simplicity of the preparation of pure and stable crystalline material
compared to the preparation of the corresponding boronic acids (Scheme 2-33).
Representative boron reagents, including aryl- (155 [36], 156 [214], 157 [215]),
1-alkenyl- (158 [37, 216], 159 [215]), 1-alkynyl (160 [217]), and alkylboron derivatives
(161 [218]), have been easily synthesized and successfully used for cross-coupling
reactions with organic halides in the presence of bases. On the other hand, the
reaction of ArN2BF4 exceptionally proceeds under neutral conditions [115b,d], as
shown in Scheme 2-15. [RBF3]K obtained by treatment of boronic acids with
KHF2 [36]. K

þ salts are generally insoluble in common organic solvents and require
polar solvents such as MeCN and H2O at high temperatures. Bu4N

þ salts (155),
which are soluble in a wide range of polar and nonpolar organic solvents, are pre-
pared by sequential treatment of organoboronic acids with HF and Bu4NOH [36].
Although both salts undergo various cross-coupling reactions, Bu4N

þ salts often
afford yields that are 25–50% greater than the corresponding Kþ salts due to
their higher solubility in organic solvents, and presumably also due to the higher

74 2 Metal-Catalyzed Cross-Coupling Reactions of Organoboron Compounds with Organic Halides

MeO2C
Br

PhB(OH)2

N

MeO2C

CH3

Br

CH3

[Pd(PPh3)4] (3 mol%), reflux

fluoride (equiv.)

Bu4NF (2)

CsF (2)

CsF (2)

KF (2)

KF (2)

solvent

MeOH/DME (1/2)

MeOH/DME (1/2)

DME

MeOH/DME (1/2)

PhMe/H2O (1/1)

time (h)

8

8

2

8

6

yield (%)

80

95

100

91

98

PhB(OH)2 (1.5 equiv.)

Pd(OAc)2/2 P(o-tolyl)3 (3 mol%)
Et3N (3 equiv.), DMF, 100 °C, 3 h

87%

Scheme 2-32 Fluoro and amine bases for base-susceptible reactants.



stability constant of Bu4N
þ for halide anions. Alternatively, the catalytic use of

Bu4NI (ca. 10%) in the presence of the Kþ salts may give comparable results to
those obtained using pure Bu4N

þ salts. [RBF3]K is a boron species that has been
speculated to participate in the transmetallation step of a fluoride base-assisted
cross-coupling reaction [210]; however, it induces no reaction in the absence of
both water and a base, analogously to related reactions of organoboronic acids or
esters. Thus, [RBF2(OH)]– or [RBF(OH)]2– generated by hydrolysis of trifluorobo-
rate salts in (basic) aqueous solution have been proposed as boron species that
participate in the transmetallation [36].

2.4.4
Microwave-Assisted Reactions

The effect of microwave irradiation has not yet been fully elucidated; however, it is
significant that many metal-catalyzed reactions are completed within a few min-
utes. Since polar solvents efficiently absorb microwaves, reactions have been car-
ried out in water, ethylene glycol, or DMF (Scheme 2-34). The use of microwaves
was first reported in 1996 both for homogeneous [219] and solid-phase coupling
reactions of arylboronic acids [220]. Microwave irradiation significantly increases
the efficiency of ligandless palladium acetate. The reactions with aryl iodides, bro-
mides, and activated chlorides in water in a sealed ampoule are completed within
5 min with a 0.4 mol% catalyst loading [221]. Microwave irradiation is also efficient
for solid-phase coupling reactions, which have been used extensively in combina-
torial syntheses for the discovery of new drugs. The thermal reaction of 162 at
70 hC suffers from competitive saponification of the ester group due to slow reac-
tion on the resin surface, but this side reaction is suppressed by shorting the reac-
tion time to 4 min under microwave conditions [222]. A solid-phase system consist-
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ing of 40% KF-g-alumina and a palladium catalyst allows the coupling reaction of
aryl- or 1-alkenylboronic acids at 100 hC without the use of any solvents [173].
Microwave irradiation is very efficient for such a highly heterogeneous system.
The protocol furnishes oligothiophenes such as 163 within 4 min at 80 hC [223].
It is significant that microwave irradiation has recently enabled arylation of bro-
moarenes in the absence of any metal catalyst [101]. Arylboronic acids directly
arylate bromoarenes possessing an electron-withdrawing or -donating group in
the presence of Bu4NBr (1 equiv.) and Na2CO3 in water. Although conventional
heating at 150 hC is limitedly effective for activated bromides, microwave irradia-
tion enables reactions of both activated and deactivated bromoarenes to be com-
pleted within 5 min.

2.5
Side Reactions

Representative side reactions giving undesirable homocoupling products are sum-
marized in Scheme 2-35. Cross-coupling reactions of organomagnesium and zinc
reagents have suffered from homocoupling resulting from metal-halogen exchange
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reaction, presumably via 164. Homocoupling of electrophiles has been reported in
the oxidative addition to nickel(0) complexes via an electron transfer mechanism
[224]. The oxidative addition of metal-carbon bonds to low-valent transition metals
is another route leading to the formation of organometallic dimers [225]. The me-
tathesis of R-M-X to R2M and MX2 (M ¼ Ni, Pd) via 165 yields both dimers of elec-
trophiles and organometallics when the transmetallation step is relatively slow due
to the low nucleophilicity of organometallic reagents [226]. Although there are sev-
eral probable processes leading to the formation of homocoupling products, these
reactions do not disturb the coupling reactions of organoboronic acids with palla-
dium or nickel catalysts.

2.5.1
Participation of Phosphine-Bound Aryls

Triarylphosphines are excellent ligands for stabilizing the palladium species; how-
ever, there is an undesirable side reaction of aryl-aryl interchange between palla-
dium- and phosphine-bound aryls, leading to the coupling product of phos-
phine-bound aryls [227]. A phenyl-coupling product (166) derived from triphenyl-
phosphine is an important side-product with electron-rich haloarenes, whilst it is
obtained in very small amounts with electron-deficient haloarenes [228] (Scheme
2-36). On the other hand, the presence of an ortho-substituent has an effect on
the haloarene to reduce the yield of such a byproduct. It is also interesting to
note that bromoarenes always afford a better selectivity than the corresponding
iodides, though iodoarenes have been widely used due to their high reactivity to
a palladium(0) complexes. Thus, phosphine-bound aryls can participate in the
cross-coupling reaction of electron-rich haloarenes having no steric hindrance of
an ortho substituent.

772.5 Side Reactions
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Aryl-aryl interchange is highly sensitive to electronic and steric effects of the
phosphine ligand and the haloarenes [229–231] (Scheme 2-37). An electron-donat-
ing group in either phosphine or haloarenes increases the aryl-aryl interchange,
whereas both electron-withdrawing groups and steric hindrance of an ortho-substi-
tuent, reversely, slow down the equilibration. Since the interchange of 169 to 171
proceeds through phosphonium salt formation (170) [232, 233], it is retarded by
steric hindrance and is accelerated by electron-rich aryls stabilizing 170. The
results indicate the superiority of sterically bulky and low-donating phosphines
as ligands of a palladium catalyst, but donating phosphines having large steric
hindrance are generally recommended because of rapid oxidative addition of or-
ganic halides to coordinatively unsaturated and electron-rich palladium(0) com-
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plexes. P(o-tolyl)3, P(tBu)3, (dialkylphosphino)arenes (105), N-cyclic carbene (109),
and N-ligands (110–112) have been successfully used to eliminate the participation
of phosphine-bound aryls. The dppf complexes are better catalysts than the com-
plexes of triphenylphosphine. The advantages of ligandless Pd(OAc)2 are discussed
in Scheme 2-22.
Aryl exchange occurs before transmetallation; thus, slow transmetallation due

to steric and electronic reasons results in an increase in the participation of
phosphine-bound aryls. The transmetallation is slowed down in electron-rich
haloarenes, but strong bases will sufficiently accelerate transmetallation relative
to aryl-aryl interchange. The phenyl coupling product 172 significantly decreases
indeed in the order of basic strength: Na2CO3 i K3PO4 i NaOH [228] (Scheme
2-38). Since the rate of transmetallation to R1-Pd-X (68) is in the order of X ¼ Cl
i Br i I [234], the choice of haloarene also serves to minimize such a side-reac-
tion.

2.5.2
Oxygen-Induced Homocoupling

The reactions shown in Scheme 2-35 may provide very small amounts of homo-
coupling products of arylboronic acids. However, a large degree of homocoupling
has been often reported. In the experimental operation, careful consideration must
be given to oxygen (Scheme 2-39). When the reaction mixture is exposed to air,
arylboronic acids readily yield homocoupling products [228]. The reaction is slow
under neutral conditions, but is very rapid in the presence of an aqueous base.
It is also probable that such dimerization takes place during the work-up opera-
tion in air when there is unreacted arylboronic acid. Since the interaction be-
tween a palladium(0) complex and dioxygen yields a peroxopalladium(II) com-
plex (174), which is susceptible to hydrolysis by water, a catalytic cycle involving
transmetallation of two arylboronic acids with 175 is reasonable to presume
[235]. Hydrogen peroxide thus generated oxidizes some of the arylboronic
acids to phenols. The oxygen-induced dimerization of arylboronic acids is also dis-
cussed in Section 2.11.
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2.5.3
Dehalogenation, Deamination, and Dehydrogenation

Cross-coupling reactions often result in dehalogenation of organic halides (RX to
RH, 176) [236], particularly when alcohols are used as the solvents (Scheme 2-40).
In most cases, the hydride is derived from b-hydride elimination of Ar-Pd-
OCH2R (177), yielding Ar-Pd-H and RCHO [102, 237]. Such a side reaction has
also been reported in the reactions of arylboronic esters, as hydrolysis yields alco-
hols as hydride donors, except the tertiary-alcohol esters such as pinacol [200a].
DMF is also assigned the role of hydride donor in the presence of a base (178,
179), and dehalogenation is completely eliminated by replacing DMF with DMA
[238]. The coupling reaction of 4-bromoaniline unexpectedly resulted in deamina-
tion (ArNH2 to ArH) for an unknown reason [239]. The deamination predominates
significantly when an ortho-fluoroaniline derivative is used as the electrophile
(180). Since various transition metals catalyze the aromatization of cyclic alkenes
and dienes, the reaction of 2,5-dihydropyrole triflate (181) with arylboronic acids
directly affords pyrrole derivatives (182) via in-situ dehydrogenation [240].

2.5.4
Hydrolytic B-C Bond Cleavage (Protiodeboronation)

Even if there is no major steric hindrance, the reaction under aqueous conditions
gives undesirable results due to competitive hydrolytic B-C bond cleavage. Such
cleavage is accelerated by ortho-substituents, and significantly accelerated by adja-
cent heteroatoms in the boronic acid derivative [241, 242] (Scheme 2-41). There
may be no difficulty in using 2-thiopheneboronic acid itself, but hydrolytic B-C
bond cleavage is a serious side-reaction for more electron-deficient derivatives
such as 3-formyl-2-thiopheneboronic acid [243] and bis(thiophene)boronic acids
[244]. Weak bases such as aqueous KHCO3 suppress the B-C bond cleavage
[244]; however, anhydrous conditions, using a boronic ester and an anhydrous
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812.5 Side Reactions
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base, are desirable for such reactants. A 1,3-bis(thiophene)boronic ester of 1,3-pro-
panediol has been reported to be sufficiently stable in the presence of CsF in reflux-
ing THF for carrying out biaryl-coupling without significant B-C bond cleavage
(see Scheme 2-56) [211]. 2-Pyridylboronic acid does not give coupling products
because of its very rapid protodeboronation. Thus, the in-situ preparation of
an ate-complex (183) is directly followed by cross-coupling for the preparation
of bipyridine derivatives (184) [245]; however, Negishi coupling of 2-pyridinylzinc
reagents [246] or Stille coupling [247] of tin reagents are convenient alternatives
for such reactions.

2.5.5
Heck-Type Coupling of B-Alkenyl Compounds (ipso-Coupling)

The reaction between 1-alkenylboronic acids and esters yields ipso-coupling prod-
ucts (186) when a ligandless palladium catalyst and a weak base such as triethyla-
mine are used, whereas they are negligible with a combination of palladium-phos-
phine catalysts and strong bases [248] (Scheme 2-42). The formation of an ipso-cou-
pling product is best understood by the mechanism of the Heck reaction for alke-
nyl compounds, which has been commonly observed for weakly nucleophilic com-
pounds, such as 1-alkenylmercurials [249], -silanes [250], and -tin [251] compounds.
A deuterium labeling study suggests an addition-elimination mechanism where a
b-hydrogen transfers to the terminal carbon [248]. A highly selective ipso-coupling
has also been reported in the platinum(0)-catalyzed reaction of 4-nitroiodobenzene
with 1-hexenylboronic acid [190].
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2.6
Reactions of B-Alkyl Compounds

Trialkylboranes, including 9-alkyl-9-BBN and alkyl(disiamyl)borane, readily
undergo cross-coupling with 1-alkenyl or aryl halides or triflates [95] (Scheme
2-43). The reaction is limitedly used for primary alkylboranes; thus, hydroboration
of terminal alkenes with 9-BBN or HB(Sia)2 is the most convenient method to
furnish the desired boron reagents. The trialkylboranes thus obtained are highly
sensitive to air, but they can be used directly for the subsequent coupling reaction
without isolation. The coupling reaction of organic iodides proceeds at room tem-
perature in the presence of [PdCl2(dppf)] [95] or [PdCl2(dppf)]/2Ph3As [260]. Since
the presence of water greatly accelerates the reaction, the use of aqueous bases or
hydrated inorganic bases such as K3PO4 · nH2O is generally recommended [260]. On
the other hand, solid sodiummethoxide added to 9-alkyl-9-BBN dissolves in THF by
forming the corresponding ate-complex, which enables coupling to occur under
nonaqueous conditions at room temperature [95]. Treatment of 9-methoxy-9-
BBNwith primary-alkyllithiums is an alternative for in-situ preparation of analogous
boron ate-complexes [252]. The presence of KBr (1 equiv.) is often critical to prevent
decomposition of the catalyst for reactions of aryl and 1-alkenyl triflates [253]. Al-
though the reactivity of trialkylboranes such as 9-alkyl-9-BBN is significantly higher
than that of air-stable alkylboronic acids, it has been shown recently that they can be
used for analogous cross-coupling reactions, as discussed in a later section. The
cross-coupling reactions of B-alkyl compounds have been recently reviewed [7].
The connection of two fragments via the hydroboration-cross-coupling sequence

has found a wide range of applications in the synthesis of natural products and
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functional molecules [7] (Scheme 2-44). The bacterial metabolites epothilone A
and B are powerful cytotoxic agents that function through stabilization of cellular
microtubules. Hydroboration of the terminal alkene is directly followed by cross-
coupling with iodoalkene to furnish the desired cis-alkene (187) [261, 269]. A
general method for the convergent assembly of polyethers (e. g., 188) based on
the hydroboration-cross-coupling protocol has been developed. Triflates have
been used for six-membered ketene acetals [267], but phosphates have been
found to be better substrates for seven-, eight-, and nine-sized ketene acetals be-
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cause of their stability in alkaline solution [268, 270]. This strategy provides a
highly convergent route for the synthesis of naturally occurring polycyclic ethers,
including ciguatoxin [271]. Although the hydroboration of such polyfunctionalized
alkenes is slow, and often requires a large excess of 9-BBN (3–5 equiv.), the re-
maining borane does not disturb the subsequent coupling reaction. The intramo-
lecular version allows macrocyclization of (E)- or (Z)-iodoalkenes [266, 272]. Hydro-
boration of 189 with 9-BBN (5 equiv.) follows the Houk model for stereospecific
synthesis of 190, as shown in Scheme 2-1. The macrocyclization is carried out
under high-dilution conditions by adding the borane solution via a syringe
pump to a mixture of a palladium catalyst and NaOH in benzene-H2O at 80 hC
[272a]. The advantage of intramolecular B-alkyl coupling over the complementary
ring-closing metathesis reaction is the higher degree of control of olefin geometry
among the resulting macrocyclic adducts. Clinically useful 2-alkylcarbapenems
(192) are synthesized via coupling reaction of the appropriate alkenyl triflate
[273]. Protection of the amino group with a t-butoxycarbonyl (Boc), benzyloxycarbo-
nyl (Cbz), or p-methoxybenzyloxycarbonyl group (191) allows smooth hydrobora-
tion of allylic amines with 9-BBN and subsequent cross-coupling with organic
halides for the synthesis of amine derivatives [254, 256, 274]. The B-alkyl coupling
reaction proceeds readily on the polymer surface, as has been demonstrated in the
preparation of members of several structurally distinct prostaglandin (PG) classes
(193) [275].
A hydroboration-cross-coupling strategy has been extensively studied in the syn-

thesis of biologically active compounds, including: a novel class of glycomimetic
compounds, aza-C-disaccharides [276]; sphingofungin F (which acts as a serinepal-
mitoyl transferase inhibitor) [262]; aloperine, a member of a rare family of C15 Lu-
pine alkaloids [277]; 5-alkylresorcinols with DNA-cleaving properties [258]; a fungal
metabolite, caloporoside [265]; (þ)-aspicilin [278], an inhibitor of VCAN-1; (þ)-hali-
chlorine [279], a cytotoxic polyketide marine natural product, callystatin A [280]; a
macrolide antibiotic, 5,6-dihydrocineromycin B [281]; natural and unnatural pinna-
nic acids which mediate anti-inflammatory properties [282]; a chemically and me-
tabolically stable prostaglandin analogue, carbacyclin [283]; and enantiomerically
pure a-amino acids [254, 256, 274, 284, 285].
The coupling reaction of alkylboronic acids and esters is slower than that of

trialkylboranes, but it has recently been found that they also participate in the cata-
lytic cycle of palladium-catalyzed cross-coupling (Scheme 2-45). Methylboroxine
(MeBO)3 or methylboronic acid alkylates bromoarenes with a common palla-
dium/triphenylphosphine catalyst [286]. On the other hand, the coupling reactions
of alkylboronic acids possessing b-hydrogen are achieved by the use of a dppf
ligand for iodides, bromides, and triflates [203b, 218, 287, 288], Q-phos (107) for
bromides, triflates, and chlorides [139], and N-cyclic carbene (109b) for arene dia-
zonium salts [117]. Analogous reactions of alkyltrifluoroborates [RBF3]K are shown
in Scheme 2-33. These reactions may be of limited use for primary alkylboronic
acids; however, cyclopropylboronic acids such as 195 exceptionally alkylate various
electrophiles, including aryl and 1-alkenyl halides or triflates [290] and acyl chlor-
ides [291], without loss of stereochemistry of the cyclopropane ring.
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The sp3-sp3 C-C bond formation between alkyl derivatives has been much less
successful among the possible combinations of different-type nucleophiles and
electrophiles (Scheme 2-46). Difficulties arise from the oxidative addition of
haloalkanes (RCH2CH2X) to a palladium(0) complex with accompanying formation
of RCH¼CH2 and RCH2CH3, and from the susceptibility of alkylpalladium(II)
intermediates to b-hydride elimination [292]. In spite of these difficulties, sp3-sp3

C-C bond formation occurs smoothly between primary alkyl halides and primary
alkylboron compounds, where each reactant possesses b-hydrogen [92, 93, 292].
Since reductive elimination from a dialkylpalladium(II) complex occurs from an
unsaturated three-coordinate species generated by dissociation of a phosphine
ligand [293], monodentate phosphine complexes are more desirable than those
of bidentate ligands. A complex prepared from Pd(OAc)2 or [Pd2(dba)3] and PCy3
(2 equiv.) has been found to be highly efficient for primary alkyl bromides, and
even for chlorides. The reaction of 9-alkyl-9-BBN with bromoalkanes proceeds
easily at room temperature [92], and chloroalkanes [93] react at 90 hC without sig-
nificant b-hydride elimination. Since the conditions are compatible with a variety of
functional groups – including potential ligands such as nitriles and amines – the
protocol provides a very practical method for direct alkyl-alkyl coupling that has
been long-awaited by synthetic organic chemists. Secondary alkyl-alkyl cross-cou-
pling is used to a limited degree for cyclopropylboronic acids or esters (196) in
the synthesis of symmetrical or unsymmetrical contiguous cyclopropanes [294].
A relatively strong base such as tBuOK shows a large accelerating effect.
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2.7
Reactions of B-Alkenyl Compounds

Cross-coupling reactions of 1-alkenylboron compounds with 1-alkenyl halides
require a relatively strong base in the presence of a palladium/phosphine catalyst
(Scheme 2-47). The relative rate depends upon the basicity and affinity of the coun-
ter cations for halide anions (TlOH i NaOH i K3PO4 i Na2CO3 i NaOAc) [102,
208]. Aqueous KOH has been used for 1-alkenylboronic acids or esters in refluxing
THF-H2O, DME-H2O, or benzene-H2O and aqueous LiOH for disiamylborane de-
rivatives. In spite of its toxicity, TlOH is an excellent base that enables completion
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of the alkenyl-alkenyl coupling within a few hours at room temperature [208, 301,
302]. Since an aqueous solution of TlOH produces a brown-black precipitate even
under careful storage conditions, the addition of TlOEt to aqueous THF was
recently recommended as a suitable replacement for air-sensitive TlOH [303].
The reactions of [RCH¼CHBF3]K are shown in Scheme 2-33.
Alkenyl-alkenyl cross-coupling affords stereodefined dienes, trienes, and further

conjugated polyenes (Scheme 2-48). Hydroboration of terminal alkynes with cate-
cholborane followed by hydrolysis provides various 1-alkenylboronic acids. The
boronic acids thus obtained couple with iodoalkenes at room temperature when
a thallium base is used in the presence of [Pd(PPh3)4]. The protocol has been suc-
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cessfully used for a number of syntheses of natural products, including (–)-bafilo-
mycin A (197) [308, 309]. The (Z,Z,E)-triene structure in (þ)-fostriecin [310] is
synthesized by the cross-coupling reaction of (Z,E)-alkadienylboronic ester 199,
which is obtained via rhodium-catalyzed Z-selective hydroboration of terminal al-
kynes [18]. Disiamylborane is a chemo- and regioselective hydroboration reagent
that strongly directs the addition of boron at the terminal carbon for conjugate en-
ynes. Hydroboration of 200 with HB(Sia)2 is directly followed by cross-coupling for
the synthesis of DiHETE via 201 [297]. Aqueous LiOH is recognized as being the
best base for achieving high yields for disiamylborane derivatives. Transmetallation
between alkenyllithium compounds and trialkyl borates is a general method for
obtaining 1-alkenylboron compounds that are not available by hydroboration.
One-pot, sequential reactions of 202 involving lithium/halogen exchange, boron/
lithium exchange and cross-coupling provide the desired diene (203) as a single
stereoisomer [311]. Synthesis on a solid support has recently played an important
role in parallel synthesis and combinatorial chemistry, particularly in the field of
drug discovery. Alkenyl-alkenyl coupling for the synthesis of vitamin D3 derivatives
proceeds on a resin surface (204) in high yields under typical conditions for alke-
nyl-alkenyl coupling [312].
Since a variety of 1-alkenylboron compounds, including (E)- and (Z)-isomers, are

now available, the alkenyl-alkenyl coupling reaction has been used for the synthesis
of various biologically active natural products, including: a macrolide antibiotic,
rutamycin B [313]; (5Z,8Z,10E,12R,14Z)-12-hydroxy-5,8,10,14-icosatetraenoic acid
[(12R)-HETE] [314], an antiproliferative agent; (þ)-curacin A [298], an aglycone of
chlorothricin; (–)-chlorothricolide [315], a member of a small family of C15 lupinine
alkaloids; (þ)-aloperine [316], restrictinols that exhibit antifungal activity [317];
marine alkaloids, (–)-lepadins A, B, and C [318]; a highly unsaturated 20-mem-
bered macrocyclic system having four carbohydrate units, apoptolidin [14]; and
cytotoxic substances FR 182877 and clinic acid [319]. The synthesis of polyene
natural products via metal-catalyzed protocol has recently been reviewed [320].
Iodo- and bromoalkenes or arenes are well differentiated by palladium/phos-

phine catalysts, thus allowing a stepwise double-coupling of two different alkenyl-
boronic acids for 205 [305] (Scheme 2-49). Since the oxidative addition is highly sus-
ceptible to the steric hindrance of the b-substituent cis to the carbon-halogen bond,
the monocoupling of the 1,1-dibromoalkene moiety (206) selectively occurs at the
less-hindered trans-C-Br bond [295, 302, 321]. This strategy is used for the sterodir-
ected synthesis of polyunsaturated butenolides such as peridinin [305]. Analogous
stepwise double-coupling of two different organoboronic acids has been reported
for (E)-CHI¼CHCl [322], (E)-CHCl¼CHCl, and Me3SiCH¼CHCH¼CHI [40].
Due to the difficulty in purifying a stereoisomeric mixture, the stereoselective

method is critical for the synthesis of natural products that involve enyne or
diene structures. Alkenyl-alkynyl coupling reactions provides a method for synthe-
sizing such enynes or dienes (Scheme 2-50). The reaction between (E)-1-alkenyl-
borane and 1-bromo-1-alkyne stereoselectively provides (E)-enyne (208), which is
then converted into (E,Z)-hexadeca-10,12-dienal, a sex pheromone of the melon
worm [323]. On the other hand, (Z)-enyne (210) is obtained from the correspond-
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ing coupling reaction of the (Z)-1-alkenylboron compounds (209) [324]. The synthe-
sis of PGE1 derivatives (212) is achieved by alkenyl-allyl cross-coupling [325]. Since
a 4-silyloxy group is susceptible to base-induced elimination and an ester group to
saponification, the reaction is carried out in a two-phase system, in which the
organic and basic aqueous phases are separated. The total syntheses of monocillin
I and radicicol involve an analogous hydroboration-cross-coupling sequence [326].
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2.8
Reactions of B-Aryl Compounds

The mixed Ullman reaction in which two haloarenes couple in the presence of cop-
per powder is still commonplace in industrial processes, but the catalyzed cross-
coupling reactions of organometallic reagents appear to be productive and provide
reliable results in the synthesis of unsymmetric biaryls [5]. Various combinations of
catalysts, bases, and solvents allow biaryl coupling of arylboronic acids with aryl
halides or triflates if there are no side-reactions such as hydrolytic B-C bond
cleavage or participation of phosphine-bound aryls (Scheme 2-51). The representa-
tive reaction conditions are summarized in the scheme, and the effects of catalysts
and bases are discussed in Sections 2.4.1 and 2.4.2.

2.8.1
Unsymmetric Biaryls

The first synthesis of unsymmetric biaryls via a cross-coupling reaction of arylboro-
nic acids was reported in 1981 [337]. Following this discovery, numerous syntheses
of natural and unnatural biaryls have been explored [5] (Scheme 2-52). Starting
with 213, the ortho-metallation-cross-coupling sequence provides a one-pot, two-
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step procedure for the synthesis of the angiotensin II receptor antagonist losartan
214, which plays a critical role in the regulation of blood pressure [338]. A highly
efficient, convergent approach overcomes many of the drawbacks associated with
previously reported syntheses, thus providing a method for large-scale industrial
preparations (Merck, ca. 1000 kg per year). The biaryl coupling of arylboronic
acid furnished the AB biaryl ring system of the vancomycin aglycone with a mix-
ture of two atropisomers (216, S/R ¼ 1/1.3), which is then thermally equilibrated to
the natural isomer [339]. A palladium/triphenylphosphine or dppf complex is un-
successful, but the preparation of a highly unsaturated palladium catalyst from
Pd2(dba)3 and P(o-tolyl)3 completes such a sterically crowded combination within
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15 min at 80 hC. Bisporphyrin-based synthetic receptors, having large contact sur-
face areas that bind to DNA intercalators as guests with unprecedented affinity in
water, are synthesized by a sequential double cross-coupling reaction. The boryla-
tion of bromoporphyrin (217) with pinacolborane is followed by cross-coupling
with 1,3-diiodobenzene to give a bisporphyrin receptor that has a molecular weight
of 4198 Da [340].
Biaryls are useful in designing functional molecules and materials. The semi

rigid structure which is caused by restricted rotation allows the rational design
of various molecular recognition compounds, including drugs. Coupling reactions
of arylboronic acids have provided porphyrin derivatives [340–342], molecular-scale
motors that rotate by chemical power or light [334, 343], photoswitchable electron
transfer aromatic compounds for the design of molecular photonic devices [344],
single-layer 2,5-diarylsilole electroluminescent devices [345], chiral sensory materi-
als based on 1,1l-binaphthyl oligomers [346], stable thioaminyl radicals [347], den-
drimers [348], polycyclic aromatic materials [349], and a promising lead for synthe-
sis of a reversible proteasome inhibitor TMC-95A [54]. The mild reaction condi-
tions, broad tolerance for functional groups, and high reaction conversions on a
polymer surface are suitable for creating combinatorial libraries of various pharma-
ceutically or materially interesting lead structures [244, 350].
Stepwise double-coupling of two different arylboronic acids with a dihaloarene

affords a one-pot, two-step method for synthesizing unsymmetrical teraryls, quater-
aryls, and other higher-order polyaryls (Scheme 2-53) [351]. The first total synthesis
of dragmacidin D (220) involves a sequential double-coupling of two different
pinacol 3-indoleboronic esters (ArBpin) [351a]. The coupling positions are well dif-
ferentiated between C-I and C-Br bonds in the pyrazine ring (218) when the reac-
tion is carried out at room temperature. The second coupling also needs precise
temperature control to keep the C-Br bond in the indole ring intact. A new intra-
molecular reaction for the synthesis of cyclic biaryls or polyaryls has recently been
developed. Ring closure via an intramolecular coupling has been applied to the
synthesis of biaryl-bridged macrocycles [352]. The desired 222 is obtained in
45% yield when diiodide (221) in DMSO (0.02 M) is treated with bis(pinacolato)
diboron (13) under standard conditions as required for the borylation of haloar-
enes. Difficulties arising from competition between monoborylation and bisboryla-
tion, and between intramolecular and intermolecular reactions, can be overcome
by using high-dilution of the v-haloarylboron compound. The high-dilution
method in which (v-iodododecaphenyl)borate (223) is added to the catalyst solution
by using a syringe pump furnishes macrocyclic oligophenylene (224) in 85% yield
[353].

2.8.2
Chiral Biaryls

Biaryls with axial chirality are of potential importance not only as chiral ligands for
asymmetric reactions but also as intermediates in the synthesis of biologically
active natural compounds. An arene-Cr(CO)3 complex (225) exists in two enantio-
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meric forms based on planar chirality. The cross-coupling reaction of 225 provides
both optically pure atropisomers, starting from a single chromium complex [333]
(Scheme 2-54). The reaction with o-tolylboronic acid diastereoselectively produces
a kinetically controlled product (226) in which the 2-methyl group is in syn-orienta-
tion to the Cr(CO)3 fragment. The selective formation of 226 proceeds through
transition state 228, where the R substituent rotates toward the Cr(CO)3 moiety,
preventing a large nonbonding interaction between R and PPh3 during the C-C
bond formation. On the other hand, a less-hindered 2-formylphenyl group allows
axial isomerization of a (R,R)-chromium complex (229) to a thermodynamically
more-stable (R,S)-isomer (230). The utility of the latter selective transformation
has been demonstrated in the synthesis of (–)-steganone (232) [332].
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Asymmetric cross-coupling reactions using a chiral catalyst are straightforward
for the synthesis of axially chiral biaryls (Scheme 2-55). The first attempt resulted
in 85% e. e. with PdCl2/(S)-(R)-PFNMe (237) in the reaction of 1-iodo-2-methyl-
naphthalene with 2-methyl-1-naphthaleneboronic ester (233) [354]. Since at least
three ortho substituents are needed to obtain configurationally stable biaryls, the
catalyst must allow such a sterically hindered combination at a temperature that
does not induce racemization of the product. A monocoordination of chiral
bulky, electron-rich monophosphine (238) based on a binaphthyl backbone to a
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palladium-dba complex meets this requirement rather than dicoordination of
chiral bisphosphines such as BINAP. A variety of axially chiral biaryls (234–236)
have been synthesized in high yields, and with e. e. values up to 92% [355].
The reaction realizes the best results for 1-bromonaphthalenes possessing a
(RO)2P(O)-group at the 2-position. The utility of the protocol has been demon-
strated in the synthesis of a chiral phosphine ligand (239). One recrystalization
of 236 to enrich the enantiopurity to 99% e. e. is followed by phenylation and
reduction to yield 239 with 99% e. e..

2.8.3
Biaryls for Functional Materials

The log, lath-like molecular structure of most liquid crystalline compounds makes
the cross-coupling protocol very important in syntheses [356] (Scheme 2-56). The
method simplifies the production of liquid crystal materials of complex substitu-
tion patterns by stepwise extension of aryl units [357]. For example, a sequence
of ortho-metallation and iodination (240 to 241) and subsequent cross-coupling
with arylboronic acid provides materials for displays with low driving voltages
(242) [358]. Liquid crystals based on biaryl cores are produced using a cross-cou-
pling protocol (Merck in Germany, ca. 3 tons per year) [359]. There is a consider-
able interest in the development of conjugate oligomers and polymers for applica-
tion to electronic devices, including all-organic, field-effect transistors and light-
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emitting devices [360]. Among them, thiophene- and fluorene-based materials have
attracted particular interest. Isomerically pure head-to-tail-coupled oligo(thio-
phene)s are obtained by a solid-phase reaction in which a sequence of iodination,
and coupling of two thiophene units is repeated [211, 244]. The protocol provides a
simple method for preparation of tetramer (244, 93%), octamer (245, 54%), and
dodecamer (15%) with high isomeric purities, though the corresponding solu-
tion-phase reaction suffers from isolation of a pure compound from a mixture of
several oligo(thiophene)s [211]. Since bis(thiophene)boronic acid is susceptible to
hydrolytic deboronation, the reaction is carried out under strictly anhydrous condi-
tions using a boronic ester and CsF. The synthesis of a series of oligofluorenes has
been accomplished by analogous cross-coupling reactions of arylboronic acids. The
preparation of various fluorenyl bromides and boronic esters, that each have one to
eight fluorene units is followed by the parallel cross-coupling of different units
[361].
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The synthesis of poly(p-phenylene) via the homocoupling of p-bromophenylboro-
nic acids was first demonstrated by Wenger, Feast, and coworkers [362]. After this
discovery, various new poly(p-phenylene)s have been designed and synthesized on
the basis of cross-coupling of arylboronic acids. The synthesis of poly(phenylene)s
based on arylboronic acids has recently been reviewed [363] (Scheme 2-57). The
reaction between dihaloarenes and arene diboronic acids or esters yields high mo-
lecular-weight polymers having regular repeated structures (248) [364]. Long alkyl
side-chains (Rl ¼ C6-C12) serve to maintain the solubility so that the polymerization
proceeds smoothly in organic solvents and the polymer backbone is modified with
the desired functional groups (RO). The synthesis of silole-thiophene copolymers
(EL device) has been hampered by the limited availability of suitable boron precur-
sors. Silole-2,5-diboronic acid (250) can now be obtained using a one-pot procedure
starting from the intramolecular reductive cyclization of bis(alkynyl)silane [365]. A
water-soluble complex prepared from PdCl2 and TPPMS catalyzes the polymeriza-
tion in aqueous media to provide a rigid-chain polyelectrolyte (251) which is
soluble in aqueous Na2CO3 [366]. The synthesis of poly(p-phenylene)s has been
studied extensively for their possible electronic and photonic applications, but
they have a 23h twist between the consecutive aryl units due to ortho hydrogen
interactions. The polymerization is followed by cyclization to give planar polyaro-
matic materials which keep the aryl units planar while maximizing the extended
p-conjugation through the poly(p-phenylene) backbone, for example, in the gra-
phite-like ribbon 255 [367].
The protocol is a versatile tool for synthesizing a wide range of functional mate-

rials such as rigid and sterically regular chiral polymers possessing BINOL [368]
and BINAP [368g] units in the main chain, ionophoric poly(phenylene-dithio-
phene)s having a calixarene-based ion receptor that displays exceptional selectivity
for Naþ ions [369], poly(p-phenylene)s substituted with oligo(oxymethylene) [370],
crown ether [371] or dendrimer side chains [372], anisotropic adsorbates based
on nanometer-sized and tripod-shaped oligophenylenes [348], poly(phenylene ethe-
nylene)s containing 2,3-dialkoxybenzene and iptycene units [373], and poly(ary-
lene)s having azobenzene units [374], fluorene units [375], thiophene units [376],
or pyridine units [377] in the main chain.

2.8.4
Arylation of Miscellaneous Substrates

Arylation of 1-alkenyl halides and triflate occurs under conditions similar to those
used for aryl-aryl coupling (Scheme 2-58). The ready availability of ortho-functiona-
lized arylboronic acids by a metallation-boronation sequence provides a synthetic
link to the cross-coupling protocol. Various polycyclic heteroaromatics have been
synthesized when the preparation of arylboronic acids having an ortho-CONiPr2,
-OCONEt2, -NHtBoc (257), or -CHO is followed by cross-coupling and cyclization
between two ortho-functionalities [5, 48]. For example, the strategy via 258 provides
a short-step synthesis of the ABC ring system of (þ)-dynemicin A [47a]. The intro-
duction of aryl moieties at the 2- position of carbapenam (259) was first demon-
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strated by the Stille coupling of arylstannanes. The procedure is being reinvesti-
gated using arylboronic acids to prevent contamination by toxic tin compounds
in an industrial process [378]. Although the reaction suffered from low yields
due to the thermal instability of the carbapenam triflate, ligand-less Pd(dba)2 has
finally been recognized as an excellent catalyst for carrying out the reaction at a
low temperature (260). Arylation of 1,1-dibromoalkene (261) affords 262 in yields
of 50–85%, which is then converted into the corresponding triflate (263) [379].
Both vinyl acetate and triethylsilyl moieties tolerate the reaction conditions, as
long as the reaction is kept strictly anhydrous.
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Among the representative organoboronic acids, arylboronic acids are exception-
ally reactive reagents that allow a wide range of cross-coupling reactions for repre-
sentative organic electrophiles (Scheme 2-59). Very few reports exist on the aryla-
tion of alkyl halides possessing b-hydrogen, but there should be no difficulty if oxi-
dative addition proceeds smoothly for haloalkanes, as shown in Scheme 2-46. For
example, a common palladium-phosphine complex has been used to carry out the
reaction between primary alkyl iodides and arylboronic acids affording alkylarene
264 [380]. Cascade cycloalkylation of 2-bromo-1,6-dienes (265) also involves the
coupling reaction with sp3 carbon that is produced by the intramolecular insertion
of a terminal double bond (266) [381]. The reaction to yield 267 is accompanied by
the formation of direct coupling products without cyclization and alkene products
via b-hydride elimination from 266. Thus, the reaction results in high yields when

1012.8 Reactions of B-Aryl Compounds

Br

Br

OMe

OMe

OMe

OMe

OMe

OMe

C6F13CH2CH2

ArB(OH)2

S

O

EtO

Me

O

EtO
O

O

ArB(OH)2

ArB(OH)2

-N

BrCH2 C

O

X ArCH2 C

O

X

Br

EtO2C

EtO2C

EtO2C

EtO2C PdBr

EtO2C

EtO2C Ph

PhB(OH)2

Cs2CO3

[Pd(PPh3)4]

O

OAc

AcO

AcO
O

AcO

AcO
Ar

ArB(OH)2

C6F13CH2CH2-I

60%

272

PhB(OH)2

[Pd(PPh3)4], NaHCO3

DME-H2O 264  70%

+
Pd(OAc)2/3P(Nap)3

K3PO4(H2O), THF

20 °C X = OEt,

[Pd(PPh3)4]

2-thienylCO2Cu

THF-H2O, 45  °C
274  91%

267  80–85%

EtOH, 60 °C

270  55–82%

Pd(OAc)2, CH3CN, rt

265 266

268

269

271

273

[Pd(PPh3)4]

Na2CO3

DME-H2O, reflux

Scheme 2-59 Miscellaneous coupling reactions of arylboronic acids.



the relative rates of insertion and transmetallation are optimized by choosing
appropriate bases, solvents, and reagent concentrations. Arylation of a-bromoace-
tates or amides (268) [382–384] is particularly interesting. Since oxidative addition
of a-halocarbonyl compounds yields C-bound ketone which can easily rearrange to
the O-bound enolate, they have been used as reoxidizing reagents of palladium(0)
species for the dimerization of arylboronic acids [384]. In the presence of
Pd(OAc)2/tri(naphthyl)phosphine (P(Nap)3), K3PO4, and a small amount of water,
the cross-coupling reaction proceeds selectively at room temperature for both aryl-
boronic acids and pinacol esters [382]. Palladium(II) acetate catalyzes the regio- and
stereoselective arylation of glycals (269) at room temperature [385]. The observed
selectivities suggest an addition-elimination mechanism involving the formation
of Ar-Pd-OAc via transmetallation between Pd(OAc)2 and ArB(OH)2, syn-addition
to the glycal double bond and finally anti-elimination of Pd(OAc)2. This is in
sharp contrast to the nickel-catalyzed arylation of cyclic allyl carbonates (145),
which gives analogous inversion products via an oxidative addition-transmetalla-
tion process [195]. The aryl-benzyl coupling reaction provides a simple method
for the synthesis of open-chained mixed calix[4]arene analogs (272) [386]. The pal-
ladium-catalyzed C-S bond cleavage of 1-alkynylsulfides (273) links to the cross-
coupling reaction of arylboronic acids [207b]. Copper 2-thiophenecarboxylate med-
iates the reaction under neutral conditions.

2.9
Reactions of B-Allyl and B-Alkynyl Compounds

Less is known about the reactions of allylboron compounds; however, allylation will
occur smoothly in the presence of a base and palladium catalyst (Scheme 2-60).
The reaction of tri(crotyl)borane with iodobenzene in THF in the presence of
aqueous NaOH and [Pd(PPh3)4] produces a mixture of 3-phenyl-1-butene (74%)
and 1-phenyl-2-butene (13%) [228]. An analogous reaction of an ate-complex be-
tween B-allyl-9-BBN (275) and NaOMe affords allylarenes in high yields within
0.5–1 h [259]. Although allylboron compounds are smoothly added to carbonyl
compounds, the coupling reaction is considerably faster than allylboration of aro-
matic ketones, though aldehydes are not tolerated. Alkynyl(methoxy)borates (276)
prepared in situ from an alkynyllithium or sodium and 9-methoxy-9-BBN couple
with 1-alkenyl and aryl halides [387]. Alternatively, the addition of sodium acetylide
NaCaCH to (MeO)3B (1.5 equiv.) give a borate complex that reacts with haloarenes
in good yields in the presence of [PdCl2(dppf)] [387a]. The addition of triisopropyl-
borate to lithium acetylide yields an air-stable and isolatable ate-complex (277) that
couples with aryl and alkenyl halides [388]. Air- and moisture-stable alkynyltrifluor-
oborates (278) are probably the most convenient reagents that allow handling in air
and coupling reactions to be conducted in basic aqueous media [217].
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2.10
Reactions Giving Ketones

Cross-coupling reactions of acyl chlorides, thiol esters, or carboxylic anhydrides
produce ketones (Scheme 2-61). The reaction of acid chlorides in aqueous bases
suffers from competitive hydrolysis [389], but such decomposition can be mini-
mized when arylboronic esters and K3PO4 · nH2O (n ¼ 1.5, 1.5 equiv.) are used
in toluene at 110 hC, so that aromatic or aliphatic acyl chlorides provide aromatic
ketones (e. g., 279) in yields of 68–95% [390]. Although anhydrous bases are desir-
able for such substrates, the reaction requires the presence of water for the trans-
metallation process. The cross-coupling reaction of thiol esters (280) with organo-
boronic acids gives ketones under strictly nonbasic reaction conditions when aque-
ous copper(I) thiophene-2-carboxylate (153) is used as the base [206]. Aromatic and
aliphatic S-alkyl and S-aryl thiol esters couple with a variety of aryl- and 1-alkenyl-
boronic acids at room temperature (52–93% yields). The complexation of a soft
sulfur atom to a copper(I) ion has been proposed as the driving force of both oxi-
dative addition and transmetallation because 280 does not undergo oxidative addi-
tion to a palladium(0) complex in the absence of copper ion. An analogous cou-
pling reaction proceeds for RC(¼O)SCH2CH2CH2CH2Br in the presence of a pal-
ladium catalyst (113, Pd(OAc)2/o-tolyl3P), K2CO3, and NaI in DMA at 90 hC [391].
Palladium-catalyzed reaction of phenyl trifluoroacetate [111] or carboxylic anhy-
drides (281) [112] affords the corresponding ketones. Since the oxidative addition
yields a phenoxo- (91) or (acetoxo)palladium(II) intermediate (90) (as discussed
in Scheme 2-14), the reaction occurs in the absence of a base. Carbonylative
cross-coupling is an attractive approach for the large-scale preparation of unsym-
metrical ketones, particularly in industrial situations. The protocol allows various
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combinations of halides and organoboron compounds possessing alkyl, 1-alkenyl,
or aryl groups in either of coupling partners [392–397]. Iodoarenes and iodo-
alkenes are cleanly carbonylated under low pressure carbon monoxide; however,
iodoarenes possessing an electron-withdrawing group and bromoarenes are
more prone to yield direct coupling products without carbonyl insertion [395].
For such substrates, the relative reaction rates of migratory CO insertion into a
C-Pd bond and transmetallation of organoboronic acids to Pd-X must be optimized
by choosing an appropriate base, solvent and CO pressure [395, 396].

2.11
Dimerization of Arylboronic Acids

The oxidative homo-coupling of arylboronic acids provides a method for synthesiz-
ing symmetrical biaryls (Scheme 2-62). However, the reaction has not been exten-
sively studied because the dimerization of aryl halides, rather than using arylmetal
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reagents, is a straightforward route to synthesize symmetrical biaryls. Since the re-
action involves stepwise, double transmetallation to PdX2 followed by reductive
elimination of biaryl to generate a palladium(0) species, a suitable oxidant
that selectively oxidizes palladium(0) complexes in the presence of arylboronic
acids is critical for recycling the palladium catalyst. Typically, Cu(OAc)2 [398],
PhCH(Br)CH(Br)CO2Et [399], PhCH(Br)CO2Me [384], 4-MeC6H4SO2Cl [400], and
O2 [401, 402] have been used for this purpose. Molecular oxygen employed for
the Wacker process is the cleanest oxidant, but the reaction suffers from the forma-
tion of phenols via oxidation of arylboronic acids because the catalytic cycle yields
hydrogen peroxide (as shown in Scheme 2-39). Recently, it has been found that the
occurrence of such a side-reaction can be prevented when boronic esters are used
in DMSO [402].

2.12
N-, O-, and S-Arylation

Copper-promoted C-N bond cross-coupling reactions of NH-containing substrates
with arylboronic acids proceed at room temperature in the presence of Cu(OAc)2
and an amine base [403–412] (Scheme 2-63). The mild reaction conditions and
simple operation in the air are very convenient for the preparation of N-aryl com-
pounds in the pharmaceutical and material sciences. The representative procedure
involves the addition of 2 equiv. arylboronic acid and 2–5 equiv. Et3N or pyridine to
1 equiv. NH substrate, followed by Cu(OAc)2 (1.5 equiv.) and 4 � molecular sieves
in CH2Cl2 or 1,4-dioxane. Since the reaction is significantly accelerated in the pres-
ence of oxygen, the mixture is stirred while being exposed to air at room tempera-
ture for 1–2 days, with protection from any atmospheric moisture. The addition of
NH3 in MeOH is often used to free up the products from copper salts. The me-
chanism involves first, the formation of [Cu(II)(OAc)(NR2)], transmetallation of
arylboronic acid to give [Cu(II)(Ar)(NR2)], air oxidation or disproportionation of
the Cu(II) species to [Cu(III)(Ar)(NR2)], and finally reductive elimination to yield
ArNR2 and Cu(I) species [408, 409]. Thus, the reaction can be rendered catalytic
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when a suitable oxidant of Cu(I) species is used. An air oxidation can be used for
N-arylation of imidazoles with [[Cu(OH) · TMEDA]2Cl2] [408]. Pyridine N-oxide or
TEMPO is effective for N-arylation of amines, NH-heterocycles, and phenols
with a catalytic Cu(OAc)2 [412]. A catalytic system consisting of Cu(OAc)2 (5–
10 mol%), 2,6-lutidine(1 equiv.), and myristic acid (10–20 mol%) in air has a
wide scope for aromatic and aliphatic amines [410]. The procedure accomplishes
N-selective arylation of 282 to give 283 in 77% yield. Two coupling reactions at
N-H and C-I bonds of 3-iodoindazole (284) are perfectly controlled by the catalysts
[411]. The C-I bond remains unchanged during N-arylation of 284 with Cu(OAc)2,
thus allowing second arylation of 285 with a palladium catalyst. 1,3-Diarylindazoles
(286) are also available when the coupling reaction at the C-I bond is followed by
N-arylation.
Under conditions similar to those used for N-arylation, arylboronic acids un-

dergo O-arylation of phenols [413–415] and N-hydroxyphthalimide [416] (Scheme
2-64). The utility of this methodology has been demonstrated in the short-step syn-
thesis of (S,S)-isodityrosine (289) from two natural amino acids [413]. The intramo-
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lecular copper-mediated O-arylation furnishes macrocyclic inhibitors of collagenase
1 and gelatinase A and B (e. g., 291) [415]. The mild conditions using a weak base
at room temperature allow the synthesis of such base-sensitive amino acids with-
out racemization. In contrast, the reaction of alkylthiols at a temperature lower
than 70 hC is very slow. This is presumably due to the reaction having to be con-
ducted under an inert gas atmosphere in order to prevent air-oxidation of free
thiols to dithianes. S-Arylation of l-cysteine (292) has been carried out in refluxing
DMF [417].
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dba dibenzylideneacetone
DMSO dimethylsulfoxide
dppe bis(diphenylphosphinyl)ethane
dppf 1,1l-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphinyl)propane
dppb 1,4-bis(diphenylphosphinyl)butane
dtbpy 4,4l -di(t-butyl)-2,2l-bipyridine
EtOBpin pinacol ethoxyboronate
GLCAphos d-gluconic acid (diphenylphosphanyl)benzylamide
HBcat catecholborane
HBpin pinacolborane
HB(Sia)2 disiamylborane
LDA lithium diisopropylamide
LHA lithium aluminum hydride
LTMP lithium-2,2,6,6-tetramethylpiperidide
MOM methoxymethyl
MSCl mesylchloride
Nap naphthyl
nbe norbornene
OTf triflate
PEG poly(ethylene glycol)
PFNMe (5)-1-[(R)-2-(diphenylphosphino)ferrocenyl]ethyl dimethylamine
PG prostaglandin
pinBH pinacolborane
pin2B2 bis(pinacolato)diboron
PMB p-methoxybenzyl
PS polystyrene bead
PS-PEG-tap polystyrene-poly(ethylene glycol) resin-supported

triarylphosphine
PS-PEG-adppp polystyrene-poly(ethylene glycol) resin-supported 2-aza-1,3

bis((diphenylphosphino)propane)
PVA poly(vinyl alcohol)
Q-phosph di-tert-butylphosphinopentaphenylferrocene
r. t. room temperature
TBS tert-butyldimethylsilyl
Tedicyp cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane
TEMPO 2,2,6,6-tetramethyl-l-piperidinyloxy
TES triethylsilyl
TPPTS trisodium salt of triphenylphosphane trisulfonate
TPPMS sodium salt of triphenylphosphane monosulfonate
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3
Organotin Reagents in Cross-Coupling Reactions

Terence N. Mitchell

3.1
Introduction

Although cross-coupling reactions involving organotin derivatives are today linked
indivisibly with the name of the late J. K. Stille, it is known that he was not in fact
the true “inventor” of this type of chemistry. Many reviews on what is now known
either as “Stille coupling” or “Stille cross-coupling” have been written, and in the
first edition of this book the present author attempted to provide a critical survey of
the investigations carried out in this area between 1991 and mid-1996.
Now, at the end of the year 2003, it is clear that “Stille chemistry” has really come

of age. The number of references which came to light when the period 1997–2002
was searched was around 700, whilst in the first edition only 220 references were
cited for a comparable period of time.
Thus, the earlier approach of dividing up the material according to the type of

residue transferred from tin to carbon (alkenyl, aryl, alkyl, etc.) no longer seems
appropriate.
Instead, the chapter will be divided according to a number of subject areas. First

and foremost will be provided information on new catalyst systems which have
served to increase the applicability of this chemistry. Second, some examples of
recent uses of Stille chemistry in natural product synthesis will be given; this
area is increasing explosively in importance. Applications in organic chemistry
will then be presented, followed by selected examples dealing with the synthesis
of polymeric and inorganic target molecules.
Initially, however, we will mention recent reviews which can be used to comple-

ment the presentation in this chapter. Farina et al. have performed invaluable work
in reviewing the Stille reaction, and the article (with 865 references!) published in
1997 in the series Organic Reactions [1] was republished in 1998 in book form [2].
The intramolecular variant of the reaction is of great importance, particularly for
the preparation of macrocycles, and has been reviewed recently by Duncton and
Pattenden [3].

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2
Mechanism and Methodology

To some readers, this may be the most important section of the chapter, as it deals
with advances in various areas. The Stille reaction can be formulated as follows:

where Rl-RL is the target molecule, and R3SnX the unwanted byproduct. Because of
the toxicity of organotin compounds, the ideal reaction system would be one in
which the product can be obtained free from organotin residues.
The term “environment” is used in a broad sense. Normally it can be replaced by

the word “solvent”, but as we shall see it now encompasses more. The term “cat-
alyst system” comprises the catalyst precursor and any additives used (such as
phosphines or copper salts). The range of functionalities which are available as
Rl and RL is very broad, but in some cases (e. g., bulky organotins, aryl halides)
there have been – or still are – problems to overcome.
All of these aspects will be considered below, but first we will discuss recent work

concerned with the mechanism of the reaction.

3.2.1
Mechanism

It is generally agreed that the first step in the catalytic cycle is oxidative addition of
RL-X to the active catalyst (which is a palladium(0) species PdLn) to give RlPdXLn,
followed by transmetallation to give RlPdRLLn and finally reductive elimination to
give Rl-RL. The number of ligands, n, is generally accepted to be 2, except in certain
special cases. The first and third steps appear to be normally slower than the trans-
metallation step, which is thus the least understood.
The product of oxidative addition of RL-X to the palladium(0) species is thus a

square planar complex, and by reacting 2-iodo- or 2-bromophenyloxymethyl-stan-
nanes with a Pd(0) complex with a bidentate diphosphine, Echavarren and co-work-
ers were able to isolate such a complex, the arylpalladium(II) intermediate of
oxidative addition [4]. If Pd(PPh3)4 was used, reductive elimination of the tin halide
to give the corresponding oxapalladacycle was observed; in the same way, the
corresponding derivative of 2-iodoaniline gave an azapalladacycle.
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A complication sometimes observed is the formation of products arising from a
cine-substitution rather than the desired ipso-substitution; thus Quayle et al.
showed [5] that an attempted intramolecular Stille coupling of a bis-stannylethene
proceeded by 6-exo-cyclization to give a cine product rather than by 7-endo-cycliza-
tion to give the expected ipso product (Scheme 3-2). These authors carried out deu-
terium labeling studies, the results of which indicated that the Pd-carbene mechan-
ism, as proposed by Busacca [6], appeared probable.
Flohr [7] carried out studies designed to find a system suitable for Stille coupling

between hindered vinyltins and aryl iodides or triflates: he found that under certain
conditions the iodides gave ipso products while the triflates under somewhat differ-
ent conditions afforded cine substitution (Scheme 3-3).

Coupling reactions between allyltins and allyl chlorides are assumed to proceed
via bis(p-allyl)palladium intermediates; Yamamoto [8] has recently shown that in
the presence of aldehydes or imines it is possible to control the chemoselectivity
of the reaction so that either the allylic halide or the aldehyde/imine is allylated
by the organotin. The key element is triphenylphosphine, which is suggested
(Scheme 3-4) to form a trigonal palladium complex with an h

3- and an h
1-allyl
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ligand as well as a phosphine; the two allyl ligands take part in an equilibrium
involving a change in their hapticity.
In a similar area, Tsutsumi et al. [9] had previously looked at cross-coupling

between propargyl electrophiles and organotins which led to both alkynes and
allenes; these authors invoked the intermediacy of h3-propargylpalladium species
as well as the h

1-propargyl or h
1-allenyl intermediates which they had previously

proposed.
Espinet and co-workers have published several mechanistic papers on the Stille

reaction. They determined [10] that the addition of a molecule RI to a palladium(0)
species PdL2 gives cis-L2PdRI, but that rapid isomerization to give the palladium(II)
species trans-L2PdRI then occurs. Kinetic investigations [11] involving 3,5-dichloro-
trifluorophenyltin iodide as RI and vinyl- or p-methoxyphenyltributyltin (Bu3SnRl)
were then carried out with trans-L2PdRI(AsPh3)2 as the catalyst.
These authors suggest that this complex reacts with Bu3SnRl via an SE2(cyclic)

mechanism with displacement of AsPh3 to give a cyclic intermediate as shown
below (Scheme 3-5). A further intermediate is invoked prior to elimination of
Bu3SnI to give a trigonal palladium species which undergoes reductive elimination
of the coupling product and concomitant readdition of the arsine ligand.
A third paper [12] deals with catalysis of the reaction between vinyltributyltin and

pentahalophenyl triflate by compounds PdL4 with L ¼ PPh3 or AsPh3. The often-
used additive LiCl accelerates the reaction when AsPh3 is used because it increases
the here rate-determining oxidative addition of the aryl triflate, but slows it when
the ligand is PPh3. Here, it is suggested that the transmetallation is rate-determin-
ing, its rate depending on the ligand X in trans-L2PdRX and being slowest for X ¼
Cl, the predominant species in a complex equilibrium when LiCl is present. The
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SE2(cyclic) mechanism is invoked for X ¼ Cl, but for X ¼ OTf or L an alternative
SE2(open) mechanism is proposed (Scheme 3-6).
The use of the chelating diphosphine dppe rather than PdL4 has allowed

the observation and characterization of the main intermediates, which are
[PdAr(CH¼CH2)dppe] and [Pd(dppe)(h2-CH2¼CHAr) [13].
Coordination-driven transmetallation has been observed by Itami et al. [14], who

studied the reaction between 2-PyMe2SiCH2SnBu3 (Py ¼ pyridine) and aryl iodide
with PdCl2(MeCN)2/PPh3 via an SE2 cyclic or open pathway. The rate of transfer of
PhMe2SiCH2 is very much slower, comparable with that of a butyl group. The
coordination between nitrogen and palladium was demonstrated in the isolable
system 2-PyMe2SiCH2PdCl(PPh3) by X-ray structure analysis.

3.2.2
Methodology

Traditionally, organic synthesis has involved reactions carried out in organic
solvents. While this is true of the Stille reaction as originally designed, advances
include the use of aqueous media, ionic liquids, fluorous biphasic systems, super-
critical carbon dioxide, and of solid supports. New catalysts and ligands are also
being introduced, although the “traditional favorite”, Pd(PPh3)4, is still very com-
monly used. The use of various additives has been recommended for some time,
but new ones are being discovered. We shall attempt to survey such advances in
methodology in a systematic manner.

3.2.2.1 Reaction Medium
Genet and Savignac [15] have reviewed palladium-catalyzed cross-coupling reac-
tions carried out in aqueous media; in the context of Stille reactions we should
mention that the initial work was carried out as long ago as 1995 [16, 17].
Supercritical carbon dioxide has been used for reactions between aryl iodides and

vinyltins [18], the best ligand tested being tris[3,5-bis(trifluoromethyl)phenyl]pho-
sphine, which gave conversions up to 99%. In later work [19], Pd(OCOCF3)2 and
Pd(F6-acac)2 were found to be suitable when used in combination with various
phosphines. Reactions between aryl bromides and aryl or 2-furyltributyltin can
be carried out with the “traditional” catalyst PdCl2(PPh3)2 as well as more expensive
perfluoro-tagged catalysts; yields are generally very good, the fluoro-tagged com-
plexes generally giving slightly higher yields [20].
A recent paper [21] has introduced the use of the room-temperature ionic liquid

1-butyl-3-methylimidazolium tetrafluoroborate (BMIM BF4); recycling of the sol-
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vent and catalyst system has been shown to give little loss of activity, even after five
cycles (Scheme 3-7).
The use of microwave irradiation has been known for some time [22], and

was later applied [23] to reactions involving “fluorous” organotins such as
(C6F13CH2CH2)3SnAr. Reaction times are reduced from about 1 day to 90–120 s,
and PdCl2(PPh3)2 is a suitable catalyst. The same methodology can be applied to
compounds containing the C10F21 tag, which gives poor results under conventional
conditions [24].

3.2.2.2 New Ligands, Catalysts, and Additives
Schneider and Bannwarth [25] have prepared three new perfluoroalkyl-tagged
catalysts which can be used in fluorous biphasic systems; these can be recycled
up to six times, without significant reduction in yield.
Several years ago, Mathey, Regitz and colleagues [26] reported on the use of Pd

complexes of a ten-membered tetraphosphane, which they suggested to be more
cost-effective than the Pd/trifurylphosphane catalyst. Albisson et al. [27] carried
out orthopalladation of the inexpensive, commercially available tris(2,4-di-tert-bu-
tylphenyl)phosphite; the product, a dimeric complex, was very effective in biaryl
coupling reactions with turnover numbers of up to 830 000. In related work,
Alonso et al. [28] prepared oxime palladacycles which are not air- or moisture-sen-
sitive and are easily prepared from cheap starting materials and found them to be
very efficient catalysts for various carbon-carbon coupling reactions including Stille
biaryl synthesis.
Majoral et al. [29] used third-generation metalladendrimers with 24 terminal

Pd-diphosphine complexes in various coupling reactions; these catalysts could
easily be recycled without loss of activity. Herrmann et al. [30] prepared a series
of mixed palladium(II) complexes bearing N-heterocyclic carbenes and trialkyl-
or triarylphosphines, and showed them to be active in various cross-coupling reac-
tions. Grasa and Nolan [31] used a Pd(OAc)2-imidazolium chloride system to
catalyze coupling reactions of organotins and aryl halides; tetrabutylammonium
fluoride is used as an additive, which is suggested to have two functions. First,
it deprotonates the imidazolium ring to give a carbene which coordinates to palla-
dium; and second, it forms hypervalent tin species and is beneficial in product
work-up. Tin byproducts are removed by water extraction.
Fu et al. [32] recommend the commercially available catalyst Pd[P(tBu)3]2 as an

unusually reactive catalyst for reactions involving aryl bromides and chlorides.
Thus, the relatively unreactive tetrabutyltin can be coupled with aryl chlorides,
highly hindered biaryls can be synthesized, and aryl bromides undergo coupling
at room temperature.

130 3 Organotin Reagents in Cross-Coupling Reactions

I

O

+ RSnBu3

R

O
Scheme 3-7 R ¼ aryl, vinyl; yields 72–92%.
Conditions: PdCl2(PhCN)2, AsPh3, CuI,
BMIM BF4, 80 hC [21].



Several years ago, Roth et al. [33] described the use of an apparently hetero-
geneous catalyst system: Pd/C (0.5%)/CuI(10%)/AsPh3(10%); this system was
suited for use in a number of different couplings and has recently [34] been applied
to the reaction between 4-iodoacetophenone and 2-(tributylstannyl)thiophene.
A few examples of organotin cross-coupling reactions in which metals other than

palladium are involved have been reported. Kang et al. [35] have carried out a
variety of Stille couplings involving various organic groups using either 10%
CuI or 10% MnBr2 together with 1 equivalent of NaCl in NMP. In earlier reports
[36–38], stoichiometric amounts (or an excess) of copper compounds were re-
quired; Falck et al. [39] used CuI without the addition of NaCl.
Shin and Ogasawara [40] have reported a coupling between vinyltributyltin

and an a-iodoenone in which ZnCl2 is required as an additive to the catalyst
PdCl2(PPh3)2. Corey and co-workers [41] have made considerable progress in cou-
plings of 1-substituted vinylstannanes, where yields are negligible or low and much
cine-substitution is observed, by adding CuCl and LiCl to Pd(PPh3)4. In DMSO or
NMP, yields of 90% or better of the required ipso product are obtained. Similar
chemistry was reported by Sugiyami et al. [42], but their conditions were less attrac-
tive (40% Pd(PPh3)4, 5 equiv. CuCl and 6 equiv. LiCl).
Amine addition is known to be effective in some cases: thus, Barros et al. [43]

recommend diethylamine as it improves yields (e. g., in reactions between a-iodoe-
nones and allyltriphenyltin) and can be used as a substitute for CuI. The use of
H�nig’s base DIPEA is becoming common, and will be referred to later.
Netherton and Fu [44] recommend the conversion of air-sensitive triphenylpho-

sphines to their phosphonium salts (e. g., using HBF4); the phosphine is liberated
in situ by a Brønsted base under the reaction conditions.
Liebeskind and co-workers [45] introduced Ph2PO2NBu4 as a so-called “tin sca-

venger”; it has since been employed by other groups [46, 47] for intramolecular
vinyl/vinyl coupling in natural product synthesis (see below).

3.2.2.3 New Organic and Organotin Coupling Partners
The beauty of the Stille reaction is that it is so flexible, so that new coupling part-
ners may be hard to find. The use of phenyliodonium dipoles has been discussed
by two groups, in one case for coupling with aryltrimethyltins [48] and in the
second for reactions with alkynyltins [49]. Reactions involving heterobenzylic sul-
fonium salts have been reported [50]; here a highly complex system was used,
namely (Pd2dba3/(PhO)3P/CuI/Ph2PO2NMe3Bn in NMP).
Fouquet and Rodriguez [51, 52] have reported the in-situ preparation and activa-

tion of monoorganotins as suitable reagents for coupling with alkenyl and aryl
triflates. The reactions require the use of a fluoride source, and the addition of
tetrabutylammonium fluoride to various organotins apparently generates what
have been referred to as “hypervalent” organotin species. Fugami et al. [53] carried
out biaryl syntheses using ArSnBu2Cl as the aryl donor (Scheme 3-8); this is sig-
nificant because triorganotin halides do not undergo coupling under conventional
conditions.
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The same authors also used various tetraorganotins and were able, for example,
to transfer a butyl group from the relatively unreactive tetrabutyltin. In related
work, Garcia Martinez et al. [54] have extended this methodology to other coupling
partners. In either case, the separation of the product from the unwanted organo-
tin species is stated to become relatively simple.

3.2.2.4 Stille Reactions with Polymer-Supported Substrates and Reagents
Franzen [55] has reviewed advances in the Suzuki, Heck and Stille reactions in
solid-state organic synthesis.
There are basically two ways of adapting the Stille reaction to solid-state condi-

tions – that is, either the organotin moiety or the organic residue can be attached
to a solid support.
Neumann and Pereyre carried out much pioneering work on the attachment of

organotin substrates to polymer matrices, but this approach has not been greatly
used in Stille couplings. Nicolaou et al. [56] reported a very elegant intramolecular
reaction of a polystyrene-supported vinyltin species bearing a terminal vinyl iodide
moiety to give a 1,3-diene (Scheme 3-9); this reaction formed part of a synthesis of
the natural product (S)-zearalenone.
Brody and Finn [57] used a polystyrene-bound aryltin in a biaryl synthesis which

was catalyzed by a new palladacycle complex.
During the course of the synthesis of estradiol derivatives, Lee and Hanson [58]

attached the precursors, which contained a vinyltin moiety, to Wang and other poly-
styrene resins and carried out couplings with various aryl halides.
The alternative approach, in which the organic residue is attached to the polymer

matrix, has become that of choice. Early work in this direction was done by Tem-
pest and Armstrong [59], who reacted tributyltin derivatives of squaric acid with
aryl halide moieties bound to a Wang resin; product yields after work-up were
around 95%. Wang resin and polyethylene glycol 5000 monomethyl ether resin
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were used by Blaskovich and Kahn [60] to support vinyl bromide moieties incorpor-
ating amino acids or peptides, which underwent coupling with vinyltins to form
1,3-dienes; they noted that alternative approaches based on Suzuki or Wittig-Hor-
ner-Wadsworth-Emmons protocols were unsuccessful.
Malenfant and Frechet [61] have reported the first solid-phase synthesis of oli-

gothiophenes on a chloromethylated macroporous resin. Couplings of aromatic io-
dides linked to a polystyrene resin [62] and of Merrifield resin-linked halobenzoates
involving various organotin substrates [63] have been reported. Hermkens and Van
Tilborg [64] studied reactions of a Rink amide-bound 4-chloropyrimidine moiety
with various organotins; the conditions used were however forcing in the extreme
(10 equiv. organotin/PdCl2(PPh3)2/PPh3/CuI/LiCl (4.5 equiv.)/DIPEA (2.5 equiv.)/
DMF/125 hC).
Three-component coupling reactions on a Rink amide resin using both strategies

have been described [65]: either the aryl bromide or the organotin functionality was
immobilized on the resin and then allowed to react with either an aryltin or an aryl
bromide in the presence of carbon monoxide to give diaryl ketones.
The polymer support does not necessarily have to be insoluble in the reaction

medium. Thus, Sieber et al. [66] used poly(ethyleneglycol) as a soluble polymer
matrix: an iodobenzoate moiety linked to the support was allowed to react with
tributylphenyltin to determine optimum conditions (PdCl2(PPh3)2 (10%)/LiCl
(10 equiv.)/DMF/80 hC). Precipitation into ether allows the removal of side
products, excess reagents and organotin byproducts, leaving the polymer which
is recovered in 99% yield. Similar work has been carried out in an aqueous medi-
um [67].
Coupling on a polymeric support can of course readily be applied to library

building via combinatorial techniques. Several groups have reported work of this
type: thus, Havranek and Dvorak [68] have carried out repeated coupling of 3-sub-
stituted 3-(tributylstannyl)allyl alcohols with substrates linked to a Tenta Gel S OH
resin to obtain a 21 q 21 library of skipped dienes and a 21 q 21 q 21 library of
skipped trienes.
In a completely different approach to reactions on a solid support, Villemin and

Caillot [69] ground the catalyst, Pd(OAc)2, with KF on alumina and used the sup-
port thus formed to carry out coupling in the absence of solvent using microwave
heating; these included reactions involving aryl iodides and either tetramethyltin or
tributylvinyltin; the organotin byproduct remained on the support.

3.2.2.5 Other Advances in Methodology

Solution-phase combinatorial synthesis
Boger et al. [70] constructed mixtures containing 64980 iminodiacetic acid dia-
mides; functionalized diamide precursors were dimerized by means of reactions
with bis(tributylstannyl)acetylene using Pd(PPh3)4 as the catalyst and BHT
as an additive to give product libraries suitable for probing protein-protein inter-
actions.
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Reactions catalytic in tin
Maleczka et al. have published several papers in this area. They first [71] developed
a one-pot hydrostannylation/Stille coupling protocol for reactions between 1-al-
kynes and bromostyrene to give 1,3-dienes. A combination of Bu3SnCl (catalytic
amount), PMHS and aqueous sodium carbonate (to convert the chloride to
TBTO which reacts with PHMS to give Bu3SnH in situ) in combination with
Pd2dba3 and trifurylphosphine leads to diene formation. Use of Me3SnCl instead
of the tributyltin chloride [72] improves yields drastically (to up to 90%). Further
improvement is obtained in the third protocol reported [73], which was used to pre-
pare (E)-alkenes and dienes in shorter reaction times: sodium carbonate is replaced
by aqueous KF and catalytic tetrabutylammonium fluoride, which are suggested to
render both PMHS and the intermediate trimethylstannylalkene “hypercoordinate”
(Scheme 3-10).

Microwave heating has also been used by this group to accelerate one-pot hydro-
stannylation/Stille coupling reactions [74], which are carried out in a sealed
tube.

Cascade processes
Grigg et al. have continued to develop cascade reactions involving palladium-cata-
lyzed hydrostannylation-cyclization-anion capture processes. Thus [75], starting
from O- and N-a,v-enyne derivatives of 2-iodoaryl ethers and 2-iodoarylamides
and Bu3SnH, the hydrostannylation (at 25 hC) was followed (at 100–110 hC) by
5-exo-trig cyclization and finally an intramolecular sp3-sp2 Stille coupling to give
a wide range of bicyclic spiro- and bridged-ring heterocycles (Scheme 3-11).
Use of a “zipper molecule” with aryl iodide and double bond functionalities [76]

results in an increase in molecular complexity, the overall sequence resulting in the
formation of five bonds, five stereocenters, two rings, and a tetrasubstituted carbon
center.

134 3 Organotin Reagents in Cross-Coupling Reactions

OH

Br

OTBDPS

OH

OTBDPS+

Scheme 3-10 Conditions: 6 mol% Me3SnCl, aq. KF, cat. TBAF, PMHS, PdCl2(PPh3)2 (1 mol%),
Pd2dba3 (1 mol%), tris(2-furyl)phosphine (4 mol%), ether, 37 hC, 11 h. Yield 72% [73].

I

O

O

O

N Bn

O

N

Bn

56%

Scheme 3-11 Conditions: a) Bu3SnH, Pd(OAc)2, Ph3P, toluene, 0 hC, 5 min; b) Warm to room
temperature; c) 100 hC, 16 h; d) aq. KF [75].



In a further development [77], the “zipper molecule” with an aryl iodide func-
tionality was bound to a Wang resin; Suzuki chemistry was also used, and three
small libraries each of 16 compounds were prepared.

Synthesis of 11C-labeled molecules
The use of 11C-labeled methyl iodide in Stille coupling reactions has become a use-
ful, rapid method for preparing substances which can be used for medical applica-
tions in positron emission tomography (PET). Thus, Bjorkman et al. [78] have pre-
pared a prostaglandin F2a analog in a synthesis time of 30 min from the end of
radionuclide preparation. The same team [79] synthesized labeled tolylisocarbacy-
clins according to two different protocols; these were used as precursors for PET
tracers destined for studies in a living human brain. Tarkiainen et al. [80] labeled
a selective ligand for the serotonin transporter; again total synthesis time, includ-
ing HPLC purification, was 30 min.

3.3
Natural Product Synthesis

Stille reactions are finding increasing use in natural product synthesis, using both
intermolecular and the more attractive intramolecular reaction modes. The indivi-
dual coupling which is made the most use of is that between vinyltins and vinyl
halides to form 1,3-dienes.
We shall first discuss intramolecular couplings and then intermolecular pro-

cesses, which we shall classify according to the coupling partners involved.

3.3.1
Intramolecular Couplings

The intramolecular coupling between a vinyltin moiety and a vinyl iodide moiety
has to be called a “success story” in Stille coupling chemistry. It has been applied
recently to ring sizes with between 10 and 24 atoms, with reported yields lying be-
tween 30 and 92%. The protocols tend to be similar, and normally involve the use
of Pd2dba3 in a dipolar aprotic solvent such as DMF or NMP. In the majority of
cases, triphenylarsine is used as a co-ligand. DIPEA is often used as an additive.
Pattenden and colleagues have been particularly active in this area. The 19-mem-

bered thiazole-based bis-lactone core of pateamine [81] was first synthesized, and
later [82] a total synthesis of (–)-pateamine was reported; here, side-chain construc-
tion involved an intermolecular vinyltin/vinyl iodide coupling. There followed a
further total synthesis, that of the 23-membered 14,15-anhydropristinamycin
IIB, a member of the virginiamycin family [83]. Ring closure to give the 16-mem-
bered macrolide rhizoxin D [84] used a similar protocol. Finally, we mention the
total synthesis of the 20-membered presumed amphidinolide A and its diastereo-
mer in 21 steps [85]; again, inter- and intramolecular Stille couplings were used.
Ring closure involved two C10-subunits, one bearing two terminal vinyltin moi-
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eties, the other a vinylic iodide and an allylic acetate terminus. The vinyl-vinyl cou-
pling was first carried out using the by now standard protocol, and was followed by
what is probably the first example of an intramolecular vinyl-alkyl coupling, which
required lithium chloride as an additive.
Smith has carried out the first total synthesis of (–)-macrolactin A [86], an effec-

tive anti-HIV-1 agent in vitro which contains a 24-membered macrolide ring, and
the related (þ)-macrolactin E and (–)-macrolactinic acid [46, 86]; intramolecular
Stille reactions were also used for constructing diene units prior to cyclization.
Hodgson et al. [87] synthesized a 10-membered dienone ring in 96% yield by an

intramolecular vinyl-vinyl coupling, one of the double bonds forming the diene
unit being exocyclic.
Nicolaou et al. [88] used an inventive strategy (Scheme 3-12) involving a building

block with two terminal vinylic iodide moieties, which differ in reactivity, as part of
a total synthesis of sanglifehrin.
Thomas et al. [89] prepared two 17-membered macrocyclic tetraenes which are

possible precursors to the natural product lankacidin C; in this case, a trisubsti-
tuted vinyl iodide was involved and the amount of Pd2dba3 required was relatively
high (30 mol%).
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Toshima et al. [90] reported a highly stereoselective total synthesis of the macro-
lide antibiotic concanamycin F; again, intermolecular and intramolecular vinyl-
vinyl couplings were used. While LiCl was used as an additive in the former, it
was replaced by DIPEA in the latter.
In a recent publication [47], Toshima et al. reported the use of PdCl2(MeCN)2 in

an intramolecular vinyl-vinyl coupling to provide a 20-membered ring precursor to
the macrolide antibiotic apoptolidin; LiCl and Ph2PO2NBu4 were used as additives.
Finally, mention must be made of a strategy [91] for an intramolecular aryl-

aryl coupling leading to plagiochin A and D: the precursors for both macrocyclic
bis(bibenzyls) bear terminal bromoarene moieties, which can undergo reaction
with hexamethylditin and Pd(PPh3)4. This reaction leads to intermediates in
which one of the Br atoms has been replaced by an SnMe3 moiety, and further
heating gives the coupling product (Scheme 3-13). This procedure can be carried
out either stepwise or in one step; yields in all cases are however only moderate
(17–44%).

3.3.2
Intermolecular Couplings

3.3.2.1 Vinyl-Vinyl Couplings
There are many reports on intermolecular couplings between vinyltins and vinyl
iodides in the recent literature; some of these use the same type of protocol as
that discussed above for the intramolecular variant, but several other catalysts
have been used successfully, for example Pd(PPh3)4, PdCl2(PPh3)2, PdCl2(MeCN)2,
PdCl2(dppf), and PdCl2(PhCN)2. The list of additives which have been used is cor-
respondingly long.
Nonconventional approaches have been used: thus, Panek and Masse [92] used

the reaction between E-bis(tributylstannyl)ethene and a macrocycle precursor bear-
ing terminal vinyl iodide moieties in a one-pot coupling-macrocyclization (Scheme
3-14).
A stepwise use of the same organotin in a synthetic approach to taxol was

reported by Delaloge et al. [93]; the coupling partner in the second step was a
spirocyclic vinyl triflate.
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Macrocyclization via dimerization which involves a double cross-coupling is also
a highly unusual process: Paterson and Man [94] reported a copper(I) thiophene-2-
carboxylate-mediated reaction (in other words, not strictly a Stille coupling) to give
a 16-membered macrodiolide. The protocol used was devised by Allred and Liebes-
kind [95]; although it was mentioned in the First Edition of this book, no other
authors appear to have made use of it to date.
A vinyl-vinyl coupling has been made use of in an elegant manner to form an

enyne. In studies on the trans-chlorocyclopropyldienyne side chain of callipeltoside
A, Olivo et al. [96] reacted a dibromovinylcyclopropane derivative with the required
vinyltin; the coupling was immediately followed by dehydrobromination (Scheme
3-15); Trost et al. [97] later used this method in a total synthesis of callipeltoside A.
The more conventional vinyl-vinyl coupling methodology has been used in a

total synthesis of stipiamide [98], for the completion of the side chain in a total
synthesis of (–)-pateamine A [99], and in attaching the tetraenyl moiety (from
the tin component) in syntheses of retinoic acid and some ring-modified analogs
thereof [100].
A catalyst system first used by Negishi et al. [101] a quarter of a century ago

(PdCl2(PPh3)2/Dibal-H) was employed [102] in the completion of the lower side
chain in (þ)-manumycin A. A total synthesis of the manzamine alkaloid ircinal
A was reported [103] in which the vinyl-vinyl coupling was followed by a sponta-
neous intramolecular Diels-Alder reaction (Scheme 3-16).
Meyers et al. [104] used a vinyl-vinyl coupling, which proceeded in 100% yield, in

a synthesis designed to afford the 24-membered macrocycle viridenomycin; the
final ring closure was, unfortunately, not successful. Hanessian and co-workers
[105] reported a total synthesis of the 16-ring macrolide bafilomycin A1. In a
total synthesis of (þ)-crocacin C, Dias and de Oliveira [106] constructed an
(E,E)-dienamide moiety via a vinyl-vinyl coupling, and Feutrill et al. incorporated
such a coupling in the first asymmetric synthesis of crocacin D [107].
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A key step in the formal total synthesis of the marine metabolite (þ)-calyculin A
reported by Barrett and co-workers [108] involves the construction of the cyanote-
traene unit via a dienyl iodide/dienyltin coupling, the latter being itself derived
from bis-(tributylstannyl)ethene. Final assembly of the 25-carbon chain (containing
12 stereocenters) of bafilomycin V1 by Marshall and Adams [109] involved an
acetylene-derived vinyltin and a vinyl iodide of similar complexity.
Paquette et al. [110] reported a highly convergent three-component, 64-step total

synthesis of the potent immunosuppressive agent (–)-sanglifehrin A, with the
penultimate step involving a vinyl-vinyl coupling.
Sinz and Rychnovsky [111] carried out a total synthesis of the 36-membered

macrolide dermostatin A, which contains an acid- and light-sensitive polyene
sequence; this was constructed from a vinyl iodide and a stannyl tetraenol which
was used in excess (4:1). A (2E, 4Z, 6E)-conjugated triene system was obtained
in 95% yield with 90% geometrical purity as part of a total synthesis of two
so-called AK-toxins [112].
In an interesting synthesis of b-carotin and the closely-related (3R,3lR)-zeax-

anthin, three building blocks (C14, C12, C14) were linked together by means of a
Stille reaction in which the C12 unit was an a,v-bis(tributylstannyl)pentaene [113].
Similar Stille-coupling-based strategies for the construction of himbacine ana-

logs have been reported by Van Cauwenberge et al. [114] and Wong et al. [115].
Finally, in this section a report which shows just how effective a Stille coupling

can be under ideal conditions: during the course of a synthesis of analogs of 9-cis-
retinoic acid, Otero et al. [116] carried out a vinyl-vinyl coupling which proceeded in
yields between 75 and 95%, with reaction times of 5 min at room temperature
being achieved.

3.3.2.2 Other Couplings Involving Vinyltins
Br�ckner et al. [117] used a coupling between vinyltins and butenolide triflates in
the synthesis of analogs of the antibiotics lissenolide and tetrenolin. Smith and
co-workers [118] used a coupling between a vinyltin and an oxazole triflate as a
key step in the 27-step total synthesis of the antiproliferative agent (–)-phorboxazole
A. Buynak et al. [119] used a number of coupling strategies involving vinyl and
organotins bearing other functionalities (aryl, 2-pyridyl, vinyl) as well as hexa-
methylditin in the synthesis of 7-[(E)-alkylidene]cephalosporins, which are
potential enzyme inhibitors.
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Kanekiyo et al. [120] used couplings between vinyl or alkynyltins and organylio-
dides in the total syntheses of three b-carboline alkaloids, while Feutrill et al. [121]
made use of couplings between either a vinyltin and an aryl bromide or an allyltin
and an aryl triflate in the synthesis of 12-membered unsaturated benzolactones
present in the so-called salicylhalamides, which are highly cytotoxic marine meta-
bolites.
During the course of the synthesis of an analog of the antibiotic medermycin,

Brimble and Brenstrum [122] converted an aryl bromide functionality to an aryl
methyl ketone moiety by coupling the former with a-ethoxyvinyltributyltin and
then carrying out an acid hydrolysis. Shipe and Sorensen [123] used a coupling
reaction between a vinyltin and an allylic acetate as a key step in a convergent syn-
thesis of the tricyclic carbon framework of the guanacastepene family of natural
products.
A report of an unusual double coupling between a hexacyclic species bearing two

aryl iodide moieties and a highly sterically congested vinyltin was published by
Overman and co-workers [124]; this formed part of the total synthesis of the poly-
pyrrolidinoindoline alkaloids quadrigemine C and psycholeine.

3.3.2.3 Couplings of Heterocyclic Organotins
Richecour and Sweeney [125, 126] used a coupling between a stannylfuranone and
a vinyl iodide in a highly enantioselective total synthesis of the 2(5H)-furanone,
hamabiwalactone B. Nicolaou and co-workers [127, 128] reported the first total
synthesis of epothilone E and analogs with modified side chains; the latter (thia-
zol-4-yl, 2-furyl, 2-thienyl, 3-pyridyl, Ph) were derived from the organotin species
involved in the couplings.
A stannylpyridine was made use of in the key step of the synthesis of the non-

opiate alkaloid (e)-epibatidine [129]. Steglich and co-workers [130] prepared the
marine alkaloid didemnimide C by a coupling (Scheme 3-17) between a stannyli-
midazole and a maleimide.
Pattenden et al. [131] carried out a total synthesis of a bis-deoxylophototoxin (the

probable biological precursor of the neurotoxin lophotoxin) which proceeded via a
coupling between a highly functionalized vinyl iodide and a trisubstituted stannyl-
furan.
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3.3.2.4 Other Intermolecular Couplings
A reaction between an allyltin and an allyl halide was used in the total synthesis of
(e)-A80915G, a member of the napyradiomycin family of antibiotics [132]. The key
step in the total synthesis reported by Bringmann and G�nther [133, 134] of dion-
cophylline B, a naphthylisoquinoline alkaloid, was a biaryl coupling.
Alkynyltins served as coupling partners in the total synthesis of (þ)- and (–)-fur-

ocaulerpin [135] and (–)-ichthyothereol [136].
Two unusual stannyl coupling partners also deserve mention: in the total synthe-

sis of the marine natural product eleutherobin reported by Danishefsky and co-
workers [137], a nortriterpenoid tricycle (containing a vinyl triflate functionality)
was coupled with a trimethylstannylmethyl derivative of arabinose. The key step
in the synthesis of a carbapenem active against methicillin-resistant Staphylococcus
aureus was the cross-coupling of an enol triflate and an amino-substituted sp3

carbon center bound to a stannatrane moiety [138].

3.4
Organic Synthesis

The distinction between organic synthesis and natural product synthesis is to some
extent artificial, but an attempt has been made to include molecules in this section
which are of synthetic interest, without being natural products or analogs thereof.
The coupling reactions discussed will be classified as in the previous section; this

may well be useful from a retrosynthetic as well as a systematic point of view. Pub-
lications involving the use of various types of organotin will however be mentioned
only once.

3.4.1
Vinyl-Vinyl Couplings

Few intramolecular reactions of this type have been reported, but Piers et al. [139]
have shown that it is possible to use Stille coupling to form five-membered rings
which link a bicyclic system, and in doing so convert it to a tricyclic system
(Scheme 3-18).
Marsault and Deslongchamps [140] have employed vinyl-vinyl coupling in the

formation of macrocycles as well as of tricyclic systems in high yields and of
high purity. The aim of this work was to increase the efficiency of the transannular
Diels-Alder reaction to form tri- and tetracycles; another type of combination of a
Stille and a Diels-Alder reaction has been reported by Skoda-F�ldes et al. [141], who
coupled steroidal iodoalkenyl substrates with vinyltributyltin in the presence of

1413.4 Organic Synthesis

(CH2)n

OSO2CF3

RO2C

SnMe3

(CH2)n

RO2C

Scheme 3-18 n ¼ 1, R ¼ Me: 80%;
n ¼ 2, R ¼ Et: 99%; n ¼ 3, R ¼ Me:
74%. Conditions: Pd(PPh3)4, CuI,
THF or NMP [139].



dienophiles. The products were novel pentacyclic steroids, which in some cases
were formed in high yields and with high stereoselectivity.
The high tolerance of Stille couplings to the presence of reactive functional

groups is illustrated by work published by Dussault and Eary (Scheme 3-19)
[142], who coupled vinyltins bearing a peroxide functionality with vinyl as well
as allyl, acyl, and alkynyl halides.
Shen and Wang [143] have carried out reactions between 1,1-dibromo-1-alkenes

and vinyl, furyl, or aryltins. The nature of the product depends on the reaction con-
ditions: (Z)-bromoalkenes are generally formed when the reaction is run in toluene
or dioxane with tris(2-furyl)phosphine as the ligand, and these can be converted in
a one-pot procedure to trisubstituted alkenes. However, under appropriate condi-
tions (DMF, tris(4-methoxyphenyl)phosphine as ligand) internal alkynes can be
prepared in high yields under very mild reaction conditions.
3l-Spirosultone nucleosides can be prepared [144] by means of couplings invol-

ving vinyl-, allyl-, and aryltins.

3.4.2
Other Couplings Involving Vinyltins

A sequential reaction leading directly from an azabicyclic to a diazatricyclic system
has been reported by Hume and Nagata (Scheme 3-20) [145].
Paley et al. [146] have achieved the preparation of a series of enantiomerically

pure 1- and 2-sulfinyldienes starting from vinyltins and halovinyl sulfoxides. Reac-
tions involving vinyl, 2-furyl, and 1-methyl-3-indolyltins were used for the func-
tionalization of b-lactam rings [147]. Stereoselective construction of conjugated
trienoic acids via two successive Stille couplings was reported by Thibonnet et al.
[148].
Li et al. [149] have prepared ribonucleotide reductase inhibitors by couplings of

vinyltributyltin with substituted 2-chloropyridines or the corresponding triflates.
Quayle et al. [150] have carried out sequential couplings starting from 1,1-bis(tribu-
tylstannyl)-1-alkenes to afford (E)-vinylstannanes and thence defined trisubstituted
alkenes. However, in certain cases involving bulky electrophiles butyl migration is
observed.
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Dykstra and Dinnino [151] have prepared alkenyl- and alkynyl-functionalized car-
bapenems starting from the corresponding organotins. Littke and Fu [152] reported
a general method for the Stille cross-coupling of aryl chlorides; vinyl, phenyl, and
butyl groups were transferred from tin, the catalyst system used being Pd2dba3/
tBu3P/CsF.
Sato and Narita [153] synthesized acetyl- and propionylpyrazines by couplings

between bromopyrazines and tributyl(1-ethoxyalkenyl)tins and subsequent hydro-
lysis; CuI was used as an additive. Xu et al. [154] carried out syntheses of non-
nucleoside reverse transcriptase inhibitors both in solution and on a Wang resin
support using couplings between vinyltins and aryl iodides or aryltins and vinyl
iodides.
Couplings involving stannylenamines [155] and stannylenamides [156] have also

been reported recently.
Finally, some less conventional approaches to the use of vinyltins: Paulon et al.

[157] have carried out Pd-catalyzed trimerization reactions of oligocyclic alkenes
“under Stille or Grigg reaction conditions”. Interestingly, the direct reaction
between molecules containing the 1,2-dibromoalkene moiety and hexabutylditin
gives only the anti-cyclotrimer, while trimerization of the corresponding pre-
formed 1-bromo-2-trialkylstannylalkene gives a mixture of syn and anti isomers
(Scheme 3-21).
Beaudry and Trauner [158] report a cascade Stille coupling/electrocyclization be-

tween a dienylstannane and a dienyl iodide as part of an approach to the immuno-
suppressants SNF3345 C and SNF4435 D (Scheme 3-22).
The reactions between acyl chlorides and an O-stannyl ester-functionalized vinyl-

tin [159] also involve a subsequent cyclization to give a-pyran-2-ones in good yields
(Scheme 3-23).

3.4.3
Couplings of Aryltins

The use of fluorous tin reagents is still not common, but one example of the trans-
fer of the phenyl group from tris[(perfluorohexyl)ethyl]phenyltin in a biaryl cou-
pling has been reported [160]. Aryl transfer has also been used in the synthesis
of 5,8-disubstituted a-tetralones [16], of bis-C-glycosylated diphenylmethanes
[162], of C-glycosylated biphenyls [163], and of 8-substituted tetracycline derivatives
[164] (here alkynyl transfer was also reported).
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Reactions between sterically congested arylstannanes and 2-bromonaphthoqui-
nones were reported by Echavarren et al. [165], while Albrecht and Williams
[166] synthesized the biaryl moiety of the TMC-95 natural products by Stille cou-
pling and Gundersen et al. [167] prepared a series of 6-arylpurines and studied
their antibacterial activity.
Okujima et al. [168] prepared 6-tributylstannylazulene (the first organotin

azulene) from 6-bromoazulene and hexabutylditin; coupling with aryl and azulenyl
halides was successful. Scott and Soderberg [169] used a Stille coupling between
aryltributyltins and iodocyclohexenones in a novel synthesis of carbazolones.

3.4.4
Couplings of Heterocyclic Organotins

Carbonylative coupling between a protected 1-stannylglucal derivative and 5-bromo-
7-oxabicyclo[2.2.1]hept-5-en-2-yl derivatives was reported by Jeanneret et al. [170];
vinyl and 2-furyl groups could also be transferred from tin to this bicyclic system.
Kelly et al. [171] synthesized quater- and quinquepyridyls by Stille coupling. 2-Tri-
methylstannylpyrroles underwent coupling with bromobenzene and 1,4-dibromo-
benzene, as shown by Dijkstra et al. [172].
Fan and Haseltine [173] prepared novel 1,3,5-tripyridylbenzenes using a three-

fold Stille coupling involving stannylpyridines. The latter were employed by Ro-
mero-Salguero and Lehn [174] in reactions leading to ditopic bidentate ligands,
and thence to linear tetradentate ligands with four pyridine and two pyridazine
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rings. Lam et al. [175] used pyridyltins in the synthesis of phenol-bridged dinu-
cleating phenanthroline-pyridine ligands. Jones and Glass [176] used reactions of
2-pyridyltins in the construction of bis-tridentate metal ligands containing pyridine
and pyrimidine rings. Michl and co-workers [177] synthesized 5-brominated and
5,5l-dibrominated 2,2l-bipyridines and 2,2l-bipyrimidines, which can be used in
the preparation of metal-complexing molecular rods, via couplings of stannylpyri-
dines.
Mabon et al. [178] carried out coupling reactions between 3,4-bis(tributylstannyl)-

2(5H)-furanone and various organoiodides, the 4-stannyl group being selectively
replaced. Clapham and Sutherland [179] coupled 4-stannyloxazoles with various
electrophiles, while Alvarez et al. [180] synthesized 5-arylpyrrolo[1,2-c]pyrimidin-
1(2H)-ones by replacing a trimethylstannyl moiety by aryl residues.
Baxter [181] has reported the preparation of conjugatively bridged bis- and tris-

5-(2,2l-bipyridines) of nanoscopic dimensions (length up to 350 nm) via Stille
coupling reactions involving 2-trimethylstannylpyridines and bis (tributylstannyl)-
ethyne (Scheme 3-24).

3.4.5
Couplings of Alkynyltins

Godt [182] coupled arylbutadiynylstannanes with substituted aryl iodides. Saal-
frank et al. [183] allowed stannylalkynes or bis(trimethylstannyl)alkyne to react
with bromoallenes to afford conjugated alkynylallenes or diastereomeric yne-
diallenes.
Diederich et al. [184] synthesized a novel fully reversible, light-driven molecular

switch by a cross-coupling between a stannylated tetraethynylethene and a 3-iodo-
1,1l-binaphthyl derivative (Scheme 3-25).
Palmer et al. [185] prepared a stable dehydro[14]annulene by a reaction of a

1-silyl-2-stannylethyne and a bromoarene moiety. Lukevics and co-workers [186]
synthesized unsymmetric diynes by reacting alkynylstannanes with terminal
bromoalkynes.
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3.4.6
Couplings of Miscellaneous Organotins

Bach and Kr�ger [187] have used Stille couplings in the preparation of 2,3-di- and
2,3,5-trisubstituted furans: regioselective replacement of the bromine in 2-position
of the 2,3-dibromofuran moiety by an allyl group was observed, followed by repla-
cement of the remaining bromine in the 3-position by a methyl group originating
from the relatively unreactive tetramethyltin.
Reactions between allenylstannanes and b-iodovinylic acids lead selectively to

a-pyrones [188].
Bach and Heuser [189] have prepared 2l-substituted 4-bromo-2,4l -bithiazoles by

regioselective cross-coupling involving transfer of a series of groups, mainly alkyl,
from tin to the thiazole moiety.
Olivera et al. have carried out intramolecular couplings involving the use of

hexamethylditin; in one case [190] 4,5-bis(2-halopyrimidines) and the ditin under-
went a cascade stannylation-biaryl coupling, while in the other [191] phenan-
thro[9,10-d]pyrazoles and phenanthro[9,10d]isoxazoles were prepared using a
similar methodology (Scheme 3-26). In both cases, the reactions were carried
out in heavy-wall sealed pressure tubes to avoid dehalogenation.
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3.5
Polymer Chemistry

A very considerable body of work on polymeric (and oligomeric) materials has been
published in the past few years, but a closer look reveals that the majority of it deals
with systems based on the thiophene nucleus, either alone or in combination with
other repeating units. Pyrrole and furan moieties have also been used in polymer
formation. A further group of papers deals with polyphenylenevinylene and related
systems.

3.5.1
Materials Based Solely on Thiophene (or Selenophene) Units

Regioregular head-to-tail polythiophenes can be prepared by Stille reactions of thio-
phenes bearing bromine and trimethylstannyl substituents in positions 2 and 5;
this approach was used by McCullough et al. [192] and Goto and colleagues
[193]. Functionalization of the thiophene moiety in position 3 leads to variations
in the properties of the polymer obtained: thus, the latter authors used oxazolin-
2-yl residues separated from the thiophene ring by an ethyl or a p-phenylene
spacer. Stepwise synthesis involving a second monomer with silyl and stannyl sub-
stituents in positions 2 and 5 introduces end groups and makes possible the forma-
tion of defined oligomers [194].
Iraqi and Barker [195] have prepared thiophene polymers bearing 3-hexyl substi-

tuents, while Moreau and co-workers [196] used 3-octyl substituents to prepare
poly(4-octylbithiophene) starting from the corresponding tributylstannyl-substi-
tuted monomer. Ewbank et al. prepared amine-functionalized polythiophenes
(in a CuO-co-catalyzed coupling) [197, 198].
Solid-phase synthesis of thiophene oligomers on a (polystyrene/divinylbenzene)

Merrifield resin has been described by Malenfant et al. [199]. The same group [200]
used Stille reactions of 4-octyl-2-trimethylstannylthiophene and 5-trimethylstan-
nyl-2,2l-bithiophene to construct a series of asymmetric oligothiophenes to serve
as model compounds for solid-phase synthesis.
An organometallic functionalization has been reported by Higgins et al. [201],

who carried out Stille couplings between 1,1l-bis(tributylstannyl)ferrocene and
5-iodooligothiophenes to give 1,1l-bis(5-oligothienyl)ferrocenes which were then
polymerized.
A different approach to oligothiophenes was reported by Van Keuren et al. [202],

who coupled 2,5-bis(trimethylstannyl)thiophene (and other stannylthiophenes)
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with 5,7-dibromo-2,3-didecylthieno[3,4]bipyrazine under controlled conditions.
Hicks and Nodwell [203] prepared a series of oligothiophenes with 2-mesitylthio
substituents by coupling 2-stannylthiophenes with 2-bromo-5-mesitylthio-thio-
phenes. 3,4-Ethylenedioxy-substituted thiophene rings were also used.
Ng et al. [204] prepared a homologous series of regioregular oligo(3-alkyl)thio-

phenes via an alternating sequence of bromination and Stille cross-coupling.
The tin building block involved was a bithiophene with terminal tributylstannyl
and trimethylsilyl groups.
Malenfant et al. [205] synthesized a conducting polythiophene with aliphatic

ether dendritic solubilizers: 2,5-bis(trimethylstannyl)thiophene was coupled with
second- and third-generation dendrimer-oligothiophene dibromide hybrid macro-
monomers.
Post-functionalization of polythiophenes is another interesting approach: thus,

Li et al. [206] brominated poly(3-hexylthiophene) and used the resulting polymer
for cross-coupling with tributyltin compounds containing aryl, thiophene, furyl,
vinyl, or alkynyl groups; a similar procedure was used later by Holdcroft et al. [207].
Conducting polymers containing tungsten-capped calixarenes were reported

by Vigalok and Swager [208], the organotin species involved in the preparation
of the monomers being 2-tributylstannyl-3,4-ethylenedioxythiophene. Xia et al.
[209] have prepared dendritic thiophene derivatives using Kumada, Stille and
Suzuki coupling methods.
Selenophenes do not appear to have been the subject of much interest, though

the first examples of oligoselenophenes were first reported several years ago by
Nakanishi et al. [210].

3.5.2
Materials Based on Thiophene in Combination with Other Repeating Units

Hucke and Cava [211] synthesized a series of mixed thiophene/furan oligomers
consisting of up to 11 rings starting from 2-trialkylstannylfuran and -thiophene.
Mello et al. [212] reported the formation of Langmuir and Langmuir-Blodgett
films from a semi-amphiphilic N-hexylpyrrole-thiophene AB copolymer; the start-
ing materials were 1,5-dibromothiophene and 1,5-bis(trimethylstannyl)-N-hexyl-
pyrrole. Langmuir films were also prepared by Dhanabalan et al. [213] from poly-
mers of the type (ABAC)n and (ABAA)n; the unit ABA was formed from N-dode-
cyl-2,5-bis(trimethylstannylthienyl)pyrrole, the second unit being 2,5-thienylene,
p-phenylene or dioctyloxy-p-phenylene.
Van Mullekom et al. [214] prepared three series of alternating donor-acceptor-

substituted co-oligomers using 2-trimethylstannylthiophene and N-tBoc-2-tri-
methylstannylpyrrole as electron-rich starting materials, and bromosubstituted
quinoxaline or 2,1,3-benzothiadiazole as the electron-poor component. Nurulla
et al. [215] co-polymerized 2,5-bis(trimethylstannyl)thiophene or 5,5l-bis(trimethyl-
stannyl)-2,2l-bithiophene with 2-decyl-4,7-dibromobenzimidazole or N-methyl-
2-decyl-4,7-dibromobenzimidazole and [216] prepared copolymers of thiophene
and various 2-alkyl-4,7-dibromobenzimidazoles.
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Trouillet et al. [217] were able to obtain soluble copolymers starting from a
bis-stannyl-substituted 3-octylthiophene tetramer and 5,5l-dibromo-2,2l-bipyri-
dine, either alone or (perhaps more interestingly) as its Ru(II) complex
(Ru(bipy)3

2þ).
Aromatic building blocks have also been used: thus, Saadeh et al. [218] prepared

poly(2,5-pentylphenylene-co-furan) and poly(2,5-pentylphenylene-co-thiophene)
starting from 2,5-tributylstannylfuran and -thiophene. Devasagayaraj and Tour
[219] prepared a donor/acceptor/passivator polymer with sequential electron-rich
N,Nl-dimethyl-3,4-diaminothiophene, electron-deficient 3,4-dinitrothiophene and
passivating phenylene repeat units. Bras et al. [220] synthesized conjugated gels
based on thiophene units derived from thiophene and oligothiophene units bear-
ing chloro and tributylstannyl moieties on the one hand and 1,3,5-tribromoben-
zene on the other.
Poly(p-phenylene-co-2,5-thiophenylene) polymers were prepared by Song and

Shim [221] and Forster et al. [222]. Saadeh et al. [223] extended the methodology
by using more complex p-dibromoaromatics and two bromoaromatic moieties
linked by a spacer. Vigalok et al. [224] reported the formation of conducting poly-
mers of tungsten (VI)-oxo calixarenes substituted by bithiophene groups; the Stille
chemistry involved was the reaction of 2-tributylstannylbithiophene with bromo-
arene functionalities of the tungsten calixarene complex.
Reactions carried out by Loewe and McCullough [225] between (E)-bis(tributyl-

stannyl)ethene and 2,5-dibromo-3-dodecylthiophene led to a polymer which was
at least 90% regioregular.
It is also possible to incorporate silole units into the copolymer chain, as was

shown by Lee et al. [226] who reacted 2,5-dibromosilole with 2-stannylethylenedio-
xythiophene derivatives.

3.5.3
Materials Based on Pyrrole and Furan

Groenendaal et al. [227] have prepared a series of donor-oligopyrrole-acceptor mo-
lecules by an initial reaction between p-nitrobromobenzene and N-tBoc-2-tri-
methylstannylpyrrole followed by bromination with NBS and a further cross-cou-
pling with p-trimethylstannylanisole; oligomers with up to four pyrrole units
were isolated. Dhanabalan et al. [228] synthesized an alternating copolymer with
N-dodecylpyrrole and 2,1,3-benzothiadiazole units starting from the distannylpyr-
role; this work was later extended [229] to include incorporation of p-phenylene
units.

3.5.4
Polyphenylenevinylene and Related Materials

The basic chemistry involved here is the reaction between (E)-bis(tributylstannyl)-
ethene and a substituted 1,4-dibromobenzene moiety, the nature of which deter-
mines the polymer properties. Examples have been provided by Chiavarone et al.
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[230], who incorporated a 2,5-O(CH2)12O bridge, and by Naso et al., who used
various substituents [231] as well as starting from 2,3,5,6-tetrafluoro-1,4-diiodoben-
zene [232]. A pyridopyrazine substituent was introduced by Jonforsen et al. [233],
while the same group synthesized poly(quinoxaline vinylene)s and poly(pyridopyr-
azine vinylene)s [234].

3.5.5
Other Materials

Bromine-containing polyether dendrimers were functionalized by Groenendaal
and Frechet [235] using coupling reactions of 2-trimethylstannylthiophene and
2-trimethylstannylpyridine. 4-Tributylstannyl-2,6-oligopyridines and 4-bromo-2,6-
ologopyridines can undergo cross-coupling to yield branched oligopyridines with
8 to 14 pyridine units, as shown by Pabst and Sauer [236].
Stille coupling of dihaloarenes and a bis(tributylstannyl)aromatic species has

been used by Bouachrine et al. [237] to prepare conjugated polymers functionalized
by chelating subunits such as a dibenzo-18-crown-6 ether or 2,2l-bipyridyl. Morin
et al. [238] have synthesized poly(N-alkyl-2,7-carbazoles).

3.6
Inorganic Synthesis

Many chemists regard organotin compounds themselves as being inorganic, but
this section will almost without exception not involve their synthesis. It seems
only logical to organize this section, as above, in terms of the organotin substrate
involved.

3.6.1
Couplings of Vinyltins

The synthesis of heterobimetallic sesquifulvalene and hydrosesquifulvalene man-
ganese(I) chromium(0) complexes was reported by Tamm et al. [239]; it involved
the reaction between cycloheptatrienyltrimethyltin and (iodocyclopentadienyl)tri-
carbonylmanganese with subsequent chromium functionalization. Elaboration of
(fluoroaryl)tricarbonylchromium complexes by reaction with vinyltributyltin was
described by Wilhelm and Widdowson [240].
Coupling reactions of 1,1-bis-stannyl-1-alkenes carried out by Quayle et al. have

already been referred to in the “organic” section [150]. Closely related chemistry
has been reported by Kang et al. [241], who successfully coupled (Z)-1,2-bis(tri-
methylstannyl)alkenes with hypervalent iodonium salts using 5% PdCl2 as catalyst
at room temperature in DMF. When a 1:1 ratio was used, the tin in the 1-position
was replaced selectively, while the use of two equivalents of the iodonium salts
afforded trisubstituted alkenes. Carbonylative couplings were also possible, and
the palladium could be replaced by 5% CuBr.
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David-Quillot et al. [242] prepared (E)-aryl- or heteroarylvinylgermanes starting
from (E)-1-tributylstannyl-2-trialkyl (or triphenyl)germylethenes and organohalo-
gens, while Hoshi et al. [243] replaced the stannyl moiety in (E)-1-(tributylstan-
nyl)-1-(trimethylstannyl)-1-alkenes by a phenyl group; though this alkene can be
considered as clearly sterically congested, the product yield (using conditions ear-
lier described by Corey et al. [244]) was 93%.

3.6.2
Couplings of Aryltins

The aryltins discussed in this section are all derivatives of ferrocene, which have
been the object of much study by Ma et al. These authors have carried out reactions
of tributylstannylferrocene with bromopyridines [245], bromothiophenes [246], and
other haloheterocycles [247] as well as of a diaminomethyl-substituted stannylferro-
cene [248]. Similar reactions of bis(tributylstannyl)ferrocene with heterocyclic bro-
mides have also been reported [249–251]. Bis(trimethylstannyl)ferrocene has been
allowed to undergo coupling with enantiopure 2,2l-diiodo-1,1l-binaphthyl [252].
The yield, however, was poor and the enantiomeric excess zero; the main product
(46%, 0% e.e.) was that of methyl transfer to the binaphthyl moiety.

3.6.3
Couplings of Heterocyclic Organotins

Pabst et al. [253] used a coupling of the type heteroaryltin/heteroaryl bromide
to prepare a dimeric tris(2,2l-bipyridine)Ru(II) complex. Constable et al. [254]
reported couplings between uncomplexed 6-stannyl-2,2l-bipyridine with tetra-
kis(4-bromophenyl)methane and of a 6(4-stannylphenyl)-2,2l-bipyridine with
1,3,5-trichlorotriazine; these were carried out with the goal of preparing metallo-
dendrimers containing ruthenium.
Rose-M�nch and colleagues [255] reacted the tricarbonylchromium complex of

chlorobenzene with a 2-tributylstannylthiophene to form an intermediate used
for the synthesis of organochromium/organoiron dipoles. The same group [256]
coupled the same type of organotin with (h5-(1-chloro)(4-methoxy)cyclohexadienyl)-
tricarbonyl manganese, the product subsequently undergoing aromatization to give
the cationic arene complex.

3.6.4
Couplings of Alkynyltins

Hartbaum and Fischer synthesized complexes of tungsten and molybdenum by
reacting a complex containing an ethynyltin moiety with an iododialkynylsilane
[257] (Scheme 3-27) and with complexes of the type HalMLn with M ¼ Fe, Ru,
Mn, Re [258].

1513.6 Inorganic Synthesis



In an extension of work referred to above, Rousset et al. [259] prepared (E)-5-
(tributylstannylmethylidene)-5H-furan-2-ones from tributylstannylethyne and
O-tributylstannyl 3-iodopropenoate derivatives.
LoSterzo et al. have published several papers in this area, and LoSterzo has given

a personal account of much of his research [260]. Thus, this group used the Stille
coupling to label steroids with the ethynylcyclopentadienyltricarbonylmanganese
moiety (via steroidal triflates) [261]. Coupling of diiodobenzene or -thiophene
with tributylstannylethyne yields bis(stannylethynyl) derivatives, which can be
allowed to react further in a one-pot procedure with either aromatic diiodides or
iron or platinum iodides to form acetylenic and metallaacetylenic polymers in
high yields (degree of polymerization, DP, 3–9) [262]. The same methodology (“ex-
tended one pot”) used a series of coupling reactions, starting from 2,5-diiodothio-
phene and tributylethynyltin, to form palladium-ethynylthiophene oligomers [263].
In a further modification [264], platinum-connected 1,4-diethynylbenzene deriva-

tives (Scheme 3-28), and analogous rigid-rod compounds with other aromatic or
thiophene moieties incorporated, were prepared.
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3.7
Conclusions

In spite of their known toxicity, organotin compounds are still invaluable in cross-
coupling reactions because of the large variety of residues on tin that can be trans-
ferred. The main advantage of organotins over derivatives of other elements is the
ease of their preparation and their stability once prepared.
The advances in methodology described above will certainly contribute to the

development of Stille-type chemistry, and in the years ahead we can expect a
further rapid expansion in its use.

3.8
Experimental Procedures

3.8.1
Spirocycle A (Scheme 3-11) [75]

A mixture of palladium acetate (11 mg, 0.05 mmol), triphenylphosphine (26 mg,
0.1 mmol) and the alkyne (0.5 mmol) in toluene (5 mL) was stirred at 0 hC
under nitrogen whilst tributyltin hydride (160 mg, 0.5 mmol, 0.148 mL) was
added dropwise over 5 min. The reaction mixture was then allowed to warm to
room temperature over 1 h before being heated at 100 hC for 16 h. After cooling
to room temperature, a saturated aqueous solution of potassium fluoride (5 mL)
was added and the mixture stirred for 1 h, filtered, the organic phase dried
(Na2SO4), filtered and the filtrate evaporated. The residue was purified by column
chromatography (SiO2) eluting with mixtures of ether:petroleum ether. The spiro-
cyclic product was obtained in 67% yield as colorless needles from petroleum
ether/ether, m. p. 85–86 hC.

3.8.2
tert-Butyl 3-[1-Methyl-4-(3-methyl-3H-imidazol-4-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-
3-yl]indole-1-carboxylate (Scheme 3-17) [130]

A solution of 5-tributylstannyl-1-methyl-1H-imidazole (3.0 g, 8 mmol), the bromo-
(indolyl)maleimide (1.65 g, 4 mmol), and tetrakis(triphenylphosphine)palladium(0)
(96 mg, 0.08 mmol) in toluene (100 mL) was heated at 110 hC for 20 h. After evapora-
tion of the solvent, the product was purified by repeated flash chromatography on
silica gel (CHCl3/CH3OH ¼ 10:1 and EtOAc/PE ¼ 7:1). The product was a dark
orange solid (1.19 g, 72%), m. p. 82–84 hC.
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3.8.3
4,4l -Bis[5-ethynyl(5l-methyl-2,2l-bipyridyl)]1,1l-biphenyl (Scheme 3-24) [181]

2-Trimethylstannyl-5-methylpyridine (80 mg, 1.88 q 10–4 mol), the bridged bis-
(2-chloropyridine) (270 mg, 1.05 q 10–3 mmol), and Pd(PPh3)4 (23 mg, 1.99 q

10–5 mmol) in 8 mL of DMF were heated at 150 hC for 48 h. Upon cooling to am-
bient temperature, a solid formed which was isolated by filtration under vacuum,
washed with DMF, and twice recrystallized from 4-mL portions of boiling DMF to
yield 40 mg (40%) of the product (m. p. i 320 hC) after drying under vacuum as a
khaki-yellow powder.

3.8.4
Pentacarbonyl[1-dimethylamino-7-trimethylsilyl-2,4,6-heptatriynylidene]tungsten
(Scheme 3-27) [258]

A solution of 1-dimethylamino-3-(tributylstannyl)propynylidenepentacarbonyl-
tungsten (3.47 g, 5.00 mmol), ICaC–CaCSiMe3 (1.24 g, 5.00 mmol), and
[Cl2Pd(MeCN)2] (130 mg, 0.50 mmol) in 20 mL toluene was stirred at room tem-
perature for 10 h. The solvent was removed in vacuo. The remaining dark
brown residue was dissolved in 60 mL THF and filtered with 150 mL THF:CH2Cl2
(1:1) through a 10-cm layer of silica. The solvent of the filtrate was removed in
vacuo, the residue dissolved in 40 mL pentane, and chromatographed at –40 hC
on silica. With pentane:CH2Cl2 (9:2) a red-orange band was eluted. Removal of
the solvent in vacuo afforded 130 mg (5%) of the product as a red powder.

Abbreviations

dba dibenzylideneacetone
Dibal-H diisobutylaluminum hydride
DIPEA diisopropylethylamine (H�nig’s base)
DMF N,N-dimethylformamide
dppe 1,2-bis(diphenylphosphino)ethane
dppf 1,1l-bis(diphenylphosphino)ferrocene
MEM methoxymethyl
NBS N-bromosuccinimide
PMHS poly(methylhydrosiloxane) (MeHSiO)n
TBAF tetrabutylammonium fluoride
TBDPS t-butyldiphenylsilyl
tBoc t-butoxycarbonyl
TBTO tetrabutyltin oxide
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4
Organosilicon Compounds in Cross-Coupling Reactions

Scott E. Denmark and Ramzi F. Sweis

4.1
Introduction

4.1.1
Background of Silicon-Based Cross-Coupling Reactions

Silicon, an element widely used in many facets of organic chemistry [1], was not
effectively employed in cross-coupling reactions until sixteen years after the first
reported transition metal-catalyzed coupling reactions by Corriu, Kumada, and
Tamao [2]. Most early developments in this field were achieved through the use
of organoboron (1979) [3], organozinc (1977) [4], and organotin (1977) [5] coupling
partners (Scheme 4-1).
Environmentally benign and of low molecular weight, silicon possesses many

properties that make it an ideal donor of organic groups in a cross-coupling reac-
tion. However, despite its location in Group 14 of the Periodic Table, along with tin
of similar electronegativity (1.9 to 1.96 for tin) [6], tetracoordinate organosilanes are
not capable of transferring one of the attached organic groups to palladium, as is
possible with tetracoordinate organostannanes [7]. To overcome this limitation, sev-
eral research groups have provided the framework upon which modern organosi-
licon-cross-coupling is based, namely, the use substituted organosilicon com-
pounds that are capable of expanding their valency [8]. Through the addition of
an appropriate silicophilic nucleophile, an in-situ-generated pentacoordinate
silane can effectively transfer an unsaturated organic group (Scheme 4-2). This

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN 3-527-30518-1
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I, Br, Cl, OTf
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SnR3, BR2 or B(OR)2, ZnRM = X =

Scheme 4-1 Generalized formulation of palladium-catalyzed cross-coupling reactions.



feature allowed for the rapid development of silicon-cross-coupling methods which
continues today.
The current advanced state of organosilicon coupling has now become a practi-

cal, viable, and – in some cases – superior, cross-coupling method compared to the
more commonly employed organoboron and -tin couplings. The early develop-
ments and exemplification of organosilicon-cross-coupling were thoroughly re-
viewed by Hiyama in the first edition of this book [9]. This review will present a
brief account of the early discoveries and advances, as well as a thorough overview
of the recent progress in this field. The relevant literature published during the
first half of 2003 will be covered.

4.1.2
Discovery and Early Development Work

One of the earliest reports of silicon cross-coupling by Kumada and Tamao involved
the use of the dipotassium salt of pentafluorostyrylsilicate 1 (Scheme 4-3) [10].
Despite the harsh conditions employed, this reaction provided the first indication
that higher valent silanes could become viable donors in palladium-catalyzed cross-
coupling reactions. This concept was further reinforced in a finding by Hosomi
et al. that a pentacoordinate silane, sodium alkenylbis(catecholato)silicate 3, could
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effectively undergo coupling with several aryl iodides, albeit at elevated tempera-
tures (Scheme 4-3) [11].
The use of penta- and hexacoordinated silanes illustrated what was required

to polarize the carbon-silicon bond sufficiently for successful cross-coupling. Yet
the technology at this stage was very limited in substrate scope and reaction effi-
ciency. Beginning in 1988, several reports by Hiyama and Hatanaka demonstrated
that such limitations could be overcome through the use of an additive to generate
the requisite pentacoordinate siliconate moieties in situ (Scheme 4-4) [12]. By em-
ploying stable and easily synthesized tetracoordinate silanes, the substrate scope
could be significantly expanded. Nucleophilic fluoride sources were found to be
the additive of choice due to the high enthalpy (159 kcal mol–1) of a Si-F bond
[13]. Yet this was not sufficient in all cases. Whereas vinyltrimethylsilane readily
coupled in the presence of a fluoride source [tris(dimethylamino)sulfonium
difluorotrimethylsilicate or TASF], other alkenyltrimethylsilanes such as (1-octenyl)
trimethylsilane did not [14]. It was reasoned that this failure was due to the reduced
polarity of the carbon-silicon bond because of the additional substitution on the
alkene. The problem was overcome through the use of the corresponding fluorosi-
lanes 7 and 8, which possessed more polarized carbon-silicon bonds (Scheme 4-4).
This finding clearly demonstrated that the addition of a nucleophilic fluoride
source was not sufficient to promote all organosilane cross-coupling, but that
polarized silane precursors such as fluorosilanes would have to be employed.
Tamao and coworkers demonstrated that alkoxysilanes 10 and 11 (Scheme 4-3) ex-
hibited similar reactivity to Hiyama’s fluorosilanes with tetra-n-butylammonium
fluoride (TBAF) as the promoter [15].

1654.1 Introduction

Me(3-n)Si

n-C4H9 n-C4H9

(EtO)n

Me3Si

I
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6
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9
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n=1, 7 10 h, 74%
n=2, 8 48 h, 81%

TBAF (1.5 equiv.)

[(η3-allyl)PdCl]2 (2.5 mol%)

THF, 50 oC, 5 h

12
n=1, 10 95%
n=2, 11 96%

Scheme 4-4 Early examples of effective silicon-cross-coupling systems.



Numerous reports highlighting several permutations of the fluorosilane cross-
coupling with aryl, alkenyl, and even alkyl halides were published in the following
years after these initial developments [16]. As shown in Chart 4-1, this body of
work encompassed a wide range of fluorosilane precursors, electrophiles, and
even documented multicomponent permutations. This provided a glimpse into
the prodigious potential of organosilicon cross-coupling, and therefore suggested
that its continued refinement could match the efficiency, selectivity, and versatility
of the more actively studied Suzuki-Miyaura coupling of organoboron compounds
and the Stille-Migita-Kosugi coupling of organotin compounds.

4.2
Modern Organosilicon-Cross-Coupling

As a result of intensive investigation into many permutations of transition metal-
catalyzed cross-coupling and its growing popularity in organic synthesis, the
impetus behind modern research in this area has shifted from the exploratory
phase of 10–20 years ago to that of an optimization phase. The existence of the
organotin, -boron, -zinc, -copper, and -silicon cross-coupling methods provides
the synthetic chemist with many options from which to consider a cross-coupling
reaction. The question of which process constituted the superior method did not
have a clear and distinct answer. The characteristics of a truly superior cross-
coupling system can be summarized as the following:

1. Diverse and readily accessible methods to install the coupling substrate func-
tionality from commercially available starting materials.

2. Easily activated, high-yielding coupling under mild conditions.
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3. Minimal byproduct generation, preferably by employing low molecular-weight
donors.

4. Excellent functional group compatibility.
5. General stability of the cross-coupling substrates.
6. Low toxicity of precursors, substrates, and generated byproducts.

These constraints posed many difficult challenges to those developing silicon-
based cross-coupling because the standard by which any advancement would be
judged was the Stille and Suzuki coupling methods that, to date, were the most
commonly employed. Despite the fact that these venerable methods embody
several of the characteristics of an ideal cross-coupling, there was still room for
improvement, and silicon-based cross-coupling methods have recently been
engineered to address these shortcomings [17].

4.2.1
Organosiletanes

In view of the accepted dogma that the generation of a pentacoordinated siliconate
is a prerequisite to successful cross-coupling, a more reactive organosilicon cross-
coupling system was developed by employing siletanes (silacyclobutanes) as the
nucleophilic coupling partner. The use of siletanes is based on previous work on
the aldol addition reaction that manifested the enhanced Lewis acidity of siletanes
compared to simple trialkylsilanes [18]. This property – known as “strain release
Lewis acidity” – has its origins in the difference in coordination geometry between
four-coordinate (tetrahedral) and five-coordinate (trigonal bipyramidal) silicon spe-
cies (Scheme 4-5). Thus, the angle strain in a four-coordinate siletane (79h versus
109h) is significantly relieved upon binding a fifth ligand to produce a trigonal
bipyramidal species (79h versus 90h) in which the siletane bridges an apical and
an equatorial position [19]. Thus, the propensity of the siletane toward activation
as the siliconate complex is enhanced and hence the ate complex is activated to
transfer a group in the key transmetallation.
Silacyclobutanes (E)-13 and (Z)-13 are readily synthesized in geometrically

homogeneous form in one or two steps from commercially available precursors
(Scheme 4-6). In addition, they are easy to handle as they are air-stable and can
be purified by simple distillation. These substrates undergo cross-coupling reac-
tions with aryl halides when promoted by an activator in the presence of a palla-
dium catalyst (Scheme 4-7) [20]. The use of TBAF as the nucleophilic activator
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Scheme 4-5 The concept of “strain release
Lewis acidity.”



is most effective, whereas other fluoride activators (TASF, tetra-n-butylammonium
triphenyldifluorosilicate – TBAT, and KF) are incapable of promoting the reaction.
A survey of catalysts reveals the “ligandless” palladium(0) source, Pd(dba)2 or
Pd2(dba)3, to be superior to other palladium sources. The reactions are remarkable
for the extremely mild conditions employed (ca. 10 min at ambient temperature) to
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Scheme 4-7 Coupling of (E)- and (Z)-heptenylsiletanes to aryl and alkenyl iodides.



cross-couple with a variety of alkenyl and aryl iodides. This high reactivity is not
affected by the electronic environment at the aryl iodides. In addition, the high
stereoselectivity with respect to the olefin configuration in the coupling is notable
(greater than 98% in most cases). Even in coupling to alkenyl iodides, the olefin
configuration of both coupling partners is highly conserved.
The scope of transferable groups can be extended to simple vinyl and propenyl

moieties (Scheme 4-8) [21]. In certain cases wherein the reaction times are longer,
the use of triphenylarsine is added to prevent precipitation of the catalyst when
turnover is slow. The generality of the electrophilic substrate is found to reflect
that of the alkenylations in Scheme 4-7.

The synthesis of unsymmetrical biaryls remains an active area of organic synthe-
sis [22]. Accordingly, mild biaryl coupling was also investigated by use of the sile-
tane moiety (Scheme 4-9) [23]. However, heteroatom substitution on the silicon
atom of the siletane is necessary to enhance the polarity and thus reactivity of
the sp2 carbon-silicon bond. The starting siletanes are easily synthesized from
aryl Grignard reagents and 1,1-dichlorosiletane. Unlike the coupling reactions
with alkenyl siletanes, the biaryl couplings are slow at room temperature, and
therefore, the reactions are run in THF under reflux. Addition of tri-t-butylphos-
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phine is necessary to suppress competing homocoupling of the aryl iodide. Most of
the biaryl coupling reactions are complete within 1 h, independent of the electronic
nature of the iodides. Steric factors reduce the rate of coupling, but even 2,2l-di-
methylbiphenyl (31) is readily prepared by this method.
The unique characteristics of each siletane coupling system (aryl, vinyl, alkenyl)

required optimization of catalyst, ligand, temperature, and solvent. A mild and
highly efficient siletane cross-coupling method that is compatible with a variety
of substrates with varying electronic and steric demands was achieved for all sys-
tems investigated. The ease of siletane incorporation, stability, and high coupling
reactivity was, when initially disclosed, a significant advance in the field of silicon
cross-coupling chemistry.

4.2.2
Organosilanols

In the course of studying the organosiletane cross-coupling reactions, it was noted
that a significant amount of heat is generated when combining the siletane with
the TBAF solution. Isolation of the products of this mixture revealed that two com-
pounds are generated: the silanol (E)-32 and disiloxane (E)-33 (Scheme 4-10) [24].
These products are clearly derived from ring opening of (E)-13 by the combined
action of TBAF and water (from the crystal hydrates in commercial TBAF · 3H2O).
These products were subsequently evaluated as cross-coupling substrates with
successful results. This finding contradicted the hypothesized source of siletane
coupling efficiency, namely, strain-release Lewis acidity. Ironically, although the
initial hypothesis was shown to be false, the recognition that silanols and disilo-
xanes could react with equal efficiency allowed for an expanded set of substrates
to be examined for new silicon cross-coupling methods.

4.2.2.1 Tetrabutylammonium Fluoride (TBAF)-Promoted Coupling
An organosilanol cross-coupling system, developed by Denmark et al., was devised
and developed on the basis of insights obtained in organosiletane coupling. In this
system, alkenyldimethylsilanols (E)-32 and (Z)-32, along with two analogs, diiso-
propylsilanols (E)-34 and (Z)-34 were employed.
The heptenylsilanols (E)-32 and (Z)-32 are synthesized from established proce-

dures as outlined in Scheme 4-11 [25]. In both cases, reaction of the appropriate
alkenyllithium agent with hexamethylcyclotrisiloxane (D3) produces the desired

170 4 Organosilicon Compounds in Cross-Coupling Reactions

Si
n-C5H11 Me n-C5H11

Si
Me

OH

Me

n-C5H11
Si

Me

O

Me

Si
Me

Me

n-C5H11

TBAF (1.0 equiv.)
+

(E)-32,  42% (E)-33,  45%(E)-13

Scheme 4-10 Ring-opening products from a mixture of TBAF and heptenylsiletane (E)-13.



dimethylsilanol in good yield and high geometrical purity to a variety of aryl and
alkenyl iodides (Scheme 4-11).
The preparation of 1-heptenyldiisopropylsilanols (E)-34 and (Z)-34 illustrates two

other methods for the synthesis of silanols, both of which employ chlorodiisopro-
pylsilane (Scheme 4-12). In the former case, the silicon group is installed by
platinum-catalyzed hydrosilylation of 1-heptyne, followed by alkaline hydrolysis.
In the latter case, chlorodiisopropylsilane serves as an electrophile in a reaction
with the lithioalkene to afford the intermediate (1-heptenyl)diisopropylsilane in
95% yield. This, in turn, is converted to the (Z)-34 by chlorination and mild hydro-
lysis.

A few notable advantages of organosilanols are: (1) their ability to be synthesized
by multiple methods in geometrically homogenous form; (2) their stability and
ease of handling; and (3) the ability to modify the spectator group on the silicon
to modulate reactivity and/or suppress side reactions. Not surprisingly, the cross-
coupling reactions of the silanols are just as rapid and high yielding as the pre-
viously reported siletane couplings, albeit with marginally lower stereoselectivities
(Scheme 4-13) [26]. Both electron-rich and electron-poor aryl iodides react with
equal facility. The cross-coupling of the isopropylsilanols (E)-34 and (Z)-34, how-
ever, afford higher stereoselectivities and display similar reaction times, although
in slightly lower yields.
The extension of this method to more highly substituted substrates has also been

demonstrated. Substituted alkenylsilanols (E)-36 and (Z)-36, could be synthesized
in high-yielding sequences and undergo cross-coupling with a variety of aryl
iodides (Scheme 4-14) [27]. Most of the reactions proceed smoothly using the
same mild conditions as previously employed, in spite of the rates being generally
lower than observed with silanols (E)-32 and (Z)-32. Interestingly, (Z)-36 coupled at
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consistently lower rates than (E)-36. Clearly, increased substitution on the alkenyl-
silanols attenuates reactivity, but this is significant only in the cases involving the
Z-isomers. Reactions with (Z)-36 also produce small amounts of dimers arising
from homocoupling of the aryl iodide. This problem is overcome by the portion-
wise addition of the electrophile. In general, these coupling reactions tolerate
several functional groups and the rates are generally independent of steric and
electronic factors (cf. Scheme 4-14 for reaction times). Overall, these reactions
highlight the use of (E)-36 and (Z)-36 as useful stereodefined alkenylating agents.
In addition, the products represent stereodefined trisubstituted allylic alcohols, the
syntheses of which are otherwise not trivial.
Simple alkenyl groups and unsaturated units bearing a pendant heteroatom such

as an a-alkoxy group can be effectively transferred from a silanol moiety. Silanols
containing a-alkoxyalkenyl groups are readily synthesized from the corresponding
enol ethers [28]. For example, 2-(5,6-dihydro-4H-pyranyl)dimethylsilanol 41 is pro-
duced by lithiation of pyran and trapping with hexamethylcyclotrisiloxane (D3)
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(Scheme 4-15). This silanol undergoes cross-coupling with several aryl and alkenyl
iodides with the same facility, mildness, and functional group compatibility as the
silanols previously mentioned. In all these cases, though, the catalyst used is
[(allyl)PdCl]2 instead of Pd(dba)2, primarily for ease of product purification. The
higher efficiency of the silicon- compared to tin-based cross-coupling process is illus-
trated by the synthesis of 46. This compound was made previously by a Stille cou-
pling which required 2 h in refluxing acetonitrile to give the same final yield [29].
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The cross-coupling reactions of aryl- and alkenylsilanols are adequate replace-
ments for the analogous Stille and Suzuki reactions. Yet the scope of organosila-
nol coupling extends beyond this. It has also been shown that the use of alkynyl-
silanols presents a viable alternative to the classic Sonogoshira-type couplings of
alkynes.
The coupling reaction of alkynyltrimethylsilanes using a palladium/copper(I) co-

catalyst system has been reported and thoroughly studied [30]. However, the cross-
coupling of alkynylsilanols in the presence of TBAF proceeds under still milder
conditions (Scheme 4-16) [31]. Dimethyl(phenylethynyl)silanol, 48, undergoes
successful cross-coupling with a variety of aryl iodides. With only one equivalent
of TBAF at 60 hC, the reactions are generally high yielding and complete within
a few hours. This method is general, in that other alkynylsilanols containing a
variety of pendant groups also successfully react in the same fashion.
One of the most appealing aspects of conventional cross-coupling systems is the

scope of employable electrophiles. The use of triflates, derived from phenol and
enol moieties, in the Stille and Suzuki coupling reactions effectively expanded
their scope beyond halides [32]. Similar success has recently been achieved in sila-
nol-cross-coupling. Organotriflates can react with organosilanols when promoted
by a nucleophilic fluoride source (Scheme 4-17) [33, 34]. Essential to the success
of this reaction is the use of biphenyl(di-t-butyl)phosphine as the ligand an palla-
dium [35]. However, the susceptibility of triflates to undergo hydrolysis in the pres-
ence of a nucleophilic promoter severely hampers this process. Remarkably, the ad-
dition of water attenuates the nucleophilicity of TBAF and TMAF (tetramethylam-
monium fluoride) such that the triflate (or nonaflate – ROSO2n-C4F9) remains in-
tact, thereby allowing the cross-coupling reaction to proceed at room temperature
and in generally high yields [36]. The amount of water added is dictated by the elec-
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tronic properties of the triflate, with electron-deficient aryl triflates, (E)- and (Z)-15,
requiring significantly more water to suppress side-product formation from triflate
hydrolysis.

4.2.2.2 Non-Fluoride-Promoted Coupling
Despite the success of the TBAF-promoted coupling reactions of organosilanes, it
was recognized that certain incompatibilities can arise from the use of a fluoride
promoter. For example, the fluoride ion would be incompatible in complex mole-
cule synthesis wherein one of the coupling partners might contain silyl protective
groups. In recent years, therefore, many research groups have actively sought an
adequate replacement for fluoride as the nucleophilic promoter in silicon based
cross-coupling. Through optimization and evaluation, a promoter scope that rivals
that of organoboron coupling has been developed.
In the first organosilanol cross-coupling system developed by Mori et al., silver(I)

oxide was reported to be a highly effective activator that promoted the coupling of
aryl silanol 56 to a variety of aryl iodides (Scheme 4-18) [37]. The arylsilanols are
prepared by lithiation of an aryl halide followed by trapping with hexamethylcyclo-
trisiloxane (D3) (cf. Scheme 4-11). The common silicon coupling promoter, TBAF,
is ineffective in this method. The ability of silver oxide to promote this coupling is
attributed to two different roles. The first is nucleophilic activation of the silane
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through association with the oxygen of silver oxide, and the second is the ability of
silver to assist in halide abstraction from palladium, thereby aiding transmetalla-
tion [38]. Alkenylsilanols are also employed with similar success. The range of
aryl iodides compatible under the reaction conditions is good, with electron-poor
iodides generally giving much lower yields (58). It is noteworthy that the iodide
is exclusively preferred as the group for cross-coupling, even in the presence of
a bromide and triflate (59, 60).

The long reaction times and elevated temperatures required for this method,
however, prompted further investigation into coupling partners other than a sim-
ple silanol. In light of the beneficial role of hydroxyl group substitution on silicon
for successful cross-coupling, it was hypothesized that a silicon precursor contain-
ing more than one hydroxyl group per silicon atom can exhibit even greater reac-
tivity. Aryl- and alkenylsilanediols and -triols are easily synthesized from the corre-
sponding chlorides (through hydrolysis), and undergo similar cross-coupling reac-
tions. The comparison of silanol 56, silanediol 61, and silanetriol 62 demonstrates
the higher coupling efficiency associated with 61 and 62 relative to the simple
silanol (Scheme 4-19). The clean synthesis of such polyols, however, is not always
possible. Many liquid silanediols and triols are used directly from the hydrolysis
mixture of the corresponding chlorides as purification of these compounds is
difficult.
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Whereas the use of a stoichiometric amount of silver oxide to promote the cou-
pling reactions of organosilanols avoids the problems associated with fluoride
activation, the conditions generally require elevated temperatures and long reaction
times. An alternative promoter is another silyloxide, which is believed to be capable
of serving both as a base and a nucleophile to generate an active pentacoordinate
silicate has been reported. The inexpensive and soluble agent, KOSiMe3, effectively
promotes the coupling of both silanols (E)-32 and (Z)-32 at acceptable rates with a
variety of aryl iodides at room temperature (Scheme 4-20) [39].

A survey of coupling partners shows this to be a very general method that toler-
ates several functionalities and proceeds readily at room temperature. Unlike most
TBAF-promoted reactions however, the Z isomer of the silanol reacts at a much
lower rate than the E isomer. In general, electron-deficient aryl iodides couple
faster than their electron-rich counterparts. The synthetic potential of this new
method of activation is clearly demonstrated in the synthesis of (E)- and (Z)-64.
The coupling reaction occurs cleanly in the presence of a TBS-protected alcohol,
without any observable deprotection. Thus, not only is the compatibility with
silyl protective groups established, the concept of employing the silanol moiety
as a prosthetic group for controlled carbon-carbon bond formation and a silanolate
as an activator is also achieved through this fluoride-free method.
An alternative to the silver oxide-promoted coupling of arylsilanols has been

developed (Scheme 4-21) [40]. In this system, cesium carbonate is the promoter
of choice, presumably functioning by deprotonation to generate a cesium silano-
late. As in the fluoride-promoted coupling reaction of silanols with triflates,
water is essential for the success of this reaction. The added water may increase
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the solubility of the base or disfavore the silanol to disiloxane conversion (the latter
being unreactive in this system). The optimal hydration level is determined to be
three moles of water per mole of cesium carbonate. [(Allyl)PdCl]2 is the most effec-
tive catalyst, with triphenylarsine as the ligand when aryl iodides are used, or
diphenylphosphinobutane (dppb) when aryl bromides are employed. The reaction
is general, and gives consistent results for a variety of aryl iodides and bromides,
with aryl iodides generally coupling at higher rates. Even sterically congested sub-
strates react well under these conditions (57) albeit at longer reaction times. In the
cross-coupling reaction with iodides, small amounts of homocoupling products of
the iodide are formed during the reaction, but these are generally minimal (6% or
less) with proper choice of the catalyst ligand selection.
All of the cross-coupling reactions described thus far require a nucleophilic pro-

moter such as TBAF, Ag2O, or KOSiMe3. In the absence of such a promoter, how-
ever, a Heck-type process occurs between aryl- or alkenylsilanols and electron-defi-
cient alkenes (Scheme 4-22) [41]. This system, which employs Pd(OAc)2 (10 mol%)
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as the catalyst, involves a silicon-palladium transmetallation as the first step. In ad-
dition, Cu(OAc)2 and LiOAc are used to re-oxidize the resultant palladium(0) spe-
cies, which is a necessary byproduct of the Heck-type process. This halogen-free
method works best with silanols; PhMe2SiOMe, PhSiMe3, and PhMe2SiCl are
much less effective than PhSiMe2OH in direct comparisons. (These comparisons
are conducted with a stoichiometric amount of Pd(OAc)2 and therefore without
Cu(OAc)2 or LiOAc as stoichiometric oxidants.) It is intriguing to note that phenyl-
trifluorosilane exhibits similar reactivity to the silanol, thereby demonstrating that
a single hydroxyl group on the silicon atom may be as effective as three fluorine
atoms in activating the Si-C bond for cleavage.

Clearly, the promoter-less coupling discussed previously follows a pathway that is
mechanistically distinct from all the other reported palladium-catalyzed silanol
cross-couplings, namely, that of a Heck-type process. Another use of organosilanols
in coupling reactions that proceed by a unique pathway has been reported by
Sames et al. [42] In studies with the ortho-t-butylaniline substrate 75 (arising
from related work on the synthesis of the teleocidin class of natural products), a
novel carbon-carbon bond-forming reaction was developed that involves the
cross-coupling reactions with an organosilanol from a C-H bond activation
(Scheme 4-23). Sames and colleagues proposed that an imine or pyridine (80) di-
rects the site of C-H activation by palladium(II), resulting in an alkylpalladium in-
termediate which is incapable of b-hydride elimination. Interestingly, the resulting
transmetallation with the silanol to give the coupling product requires no activa-
tion, indicating that the C-H activation step is not the only mechanistically distinct
feature of this reaction. Optimal yields are achieved with Cu(OAc)2 (2 equiv.) and
benzoquinone (4 mol%) which are used to oxidize the palladium(0) byproduct of
this coupling process to regenerate the active palladium(II) species. This coupling
works equally well for both aryl- (76) and alkenyl-silanols (78). Finally, both
PhB(OH)2 and PhSnBu3 fail to react under these conditions, thereby highlighting
the importance of silicon in this particular system.
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4.2.3
Organosiloxanes

The ability of an oxygen substituent on the silicon atom to enhance reactivity
prompted investigation into other classes of organosilane substrates possessing
this structural feature. Di- and polysiloxanes, which constitute dimers of organo-
silanols and oligomers of silanediols and silanetriols, have been successfully
employed in many cross-coupling reactions. The commercial availability of several
inexpensive polyvinylsiloxanes makes these reagents ideal for simple vinylation of
aryl and alkenyl halides. Three classes of such siloxanes, cyclooligodisiloxanes
(83, 84), an orthosiliconate (85), and hexavinyldisiloxane (86), are suitable for
the delivery of vinyl groups (Scheme 4-24) [43]. Polysiloxanes, 83–85 all undergo
efficient cross-coupling with 4-iodoacetophenone within 10 min. Polysiloxane 84
displays good reactivity and generality with a wide range of aryl and alkenyl
electrophiles. Unlike the reactions of alkenylsilanols, this coupling is slower
with electron-rich iodides and requires 3.0 equiv. of TBAF for the reaction to
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go to completion (with 88, 90). In addition, steric effects are apparent; reaction
times are significantly longer for substrates bearing ortho substituents (to form
90 and 91).
The low cost of the precursors, combined with the high facility of the vinylations,

illustrate their superiority over tin-based methods [44]. Although the preparative
advantages of commercially available siloxanes are clearly demonstrated, the
number of structurally diverse precursors is obviously limited. This shortcoming
is addressed through the development of a general method for the custom prepara-
tion of alkenyldisiloxanes from simple, readily available starting materials.
The synthesis of alkenyldisiloxanes is achieved in a manner analogous to the

synthesis of E-alkenylsilanols by the well-established, platinum-catalyzed hydrosily-
lation of alkynes (Scheme 4-25). In this case, however, a readily available dihydri-
dodisiloxane is employed as the precursor. The combination of the hydrosilylation
step with a subsequent, cross-coupling step avoids the need to isolate the inter-
mediate disiloxane. This newly developed “one-pot” hydrosilylation/cross-coupling
thus provides hydroarylation products directly from terminal alkynes.
Two general methods that employ this “one-pot” procedure have been developed.

The first uses (tBu3P)Pt(0)(DVDS) (DVDS ¼ 1,3-divinyl-1,1,3,3-tetramethyldisilox-
ane) as the hydrosilylation catalyst in combination with tetramethyldisiloxane (92)
and a variety of alkynes (Scheme 4-25) [45]. The hydrosilylation and subsequent
cross-coupling reaction promoted by TBAF proceeds at room temperature. In addi-
tion, despite highly variable reaction times, the yields and stereoselectivities are
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exceptional. The hydrosilylation of alkynes can be cleanly conducted in the pres-
ence of a free hydroxyl group (93–96), and even in the presence of a pendant
alkene (97, 98). In all cases, the major isomer is formed with greater than 99%
geometrical purity.
The second general method consists of using various cyclic and non-cyclic poly-

siloxanes with either TBAF or Ag2O as the activator [46]. Poly(phenylmethylsilox-
ane) (99) serves as a very convenient phenylating source for biaryl synthesis in
the presence of Ag2O (Scheme 4-26). TBAF is also an effective promoter and
works well with a phosphine-free catalyst, Pd2(dba)3 · CHCl3. The reaction is gen-
eral, and comparable in yields to silanol cross-coupling.
In addition, poly(alkenylmethylsiloxanes) can be custom-made in quantitative

yields by the hydrosilylation of alkynes with poly(methylhydroxysilane) (PMHS)
in the presence of (n-Bu4N)2PtCl6 (Scheme 4-27). The resulting polysiloxanes are
stable at room temperature under aerobic conditions for months, and can be used
for the subsequent cross-coupling reaction without further purification. The cou-
pling of siloxanes 100 and 101 with several different aryl iodides provides conveni-
ent access to products previously synthesized from silanols. Electron-rich (102,
105), electron-deficient (107), and even sterically encumbered aryl iodides (104)
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react equally well. In general, the use of polysiloxanes in this fashion streamlines
intermediate purification steps involved when employing other silicon reagents.
The commercial availability of vinylating reagents in combination with novel

one-pot approaches to synthesize coupling products from alkynes, render the
use of polysiloxanes in cross-coupling chemistry very attractive. This is particularly
applicable to synthesis on a large scale, or where intermediate steps of purification
can be cumbersome. This class of organosilane coupling partners clearly shows
superiority, both in cost and efficiency, when compared to other non-silicon-
based-coupling reactions.
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4.2.4
Organosilyl Ethers

The use of alkenylsilyl ethers in palladium-catalyzed cross-coupling reactions has
long been known. In fact, only a year after Hiyama’s landmark report on the
TBAF-promoted coupling reactions of vinyltrimethylsilane, Tamao and Ito capita-
lized on the use of alkoxy-substituted silanes as viable components for such reac-
tions (cf. Scheme 4-4). The generality of the silyl ether coupling added a useful
class of organosilicon substrates that are complementary to the fluorosilanes devel-
oped by Hiyama et al. These studies showed that other heteroatom-based units,
namely alkoxy groups, on the silane could be equally beneficial in rendering the
organosilane suitable for cross-coupling.
The main advantage of using silyl ethers in cross-coupling reactions is the ability

to incorporate them into molecules by a number of methods. Cyclic silyl ethers, as
a class, nicely illustrate this attribute. The well-known hydrosilylation of alkynes to
form vinylsilanes can easily be rendered intramolecular by attachment of the silane
as, for example, a homopropargyl silyl ether to form an oxasilacyclopentane 108
(Scheme 4-28) [47]. In this structure, the double-bond geometry is defined by
the stereochemical course of hydrosilylation and the ether tether defines the loca-
tion of the silicon atom with respect to the alkene. Thus, the silicon-oxygen bond in
this molecule serves to direct the hydrosilylation, as well as to activate the silicon
for cross-coupling.
Silyl ether 108 undergoes cross-coupling with a range of aryl iodides (Scheme

4-28). The reaction times are generally longer than those observed with simple
alkenylsilanols and disiloxanes, but are similar those of the trisubstituted alkenyl-
silanols previously described (cf. Scheme 4-14). The lower rate of cross-coupling
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often leads to formation of homocoupling byproducts, which can be minimized by
the portionwise addition of the electrophile. Two noteworthy features of these reac-
tions are the absence of any significant electronic or steric effects on the rate of
coupling, and the high stereoselectivity of the process. The facile formation and
high reactivity of these silicon-containing substrates bodes well for the use of
other methods of synthesizing cyclic silyl ethers for incorporation into designed
cross-coupling partners.
The silyl ether tether used in this example leads to homoallylic alcohols as the

products of the coupling reaction. Allylic alcohols, on the other hand, can not be
easily accessed by this method, because the tether would have to be shortened
by one methylene unit, resulting in the formation of a cyclic silyl ether. In a related
system designed to address this limitation, silyloxy-silyl ethers are employed as
coupling substrates to allow allylic alcohols to be obtained as coupling products
from relatively unstrained cyclic substrates (Scheme 4-29). In this system, proce-
dures for both syn- and anti-hydrosilylations are optimized, which generate comple-
mentary cyclic E- and Z-silyl ethers as coupling precursors [48]. Disiloxane 113 is
used as the precursor to cyclic silyl ether (E)-114 via a platinum-catalyzed hydro-
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silylation. This same precursor generates the corresponding Z isomer by an anti-
hydrosilylation under catalysis by a ruthenium complex. Both of these substrates
undergo reaction with a variety of aryl iodides to generate stereodefined trisubsti-
tuted allylic alcohols as the products. The reaction of (E)-114 is completely stereo-
selective, affording only the Z products, whereas (Z)-114 gives mostly E products
(with I3% of the undesired Z products). This work highlights the utility of the
hydrosilylation methods to access stereodefined silicon-coupling precursors. By
harnessing the stereoselectivity of silicon cross-coupling, stereodefined, functiona-
lized allylic alcohols are readily accessed.
The preceding methods for intramolecular incorporation of a silicon unit all

involve the addition of a hydrogen and silicon atom on an alkyne. An alternative
constructive incorporation of a silicon moiety is the intramolecular silylformylation
reaction [49]. This well-established procedure for the net addition of both a carbon
and a silicon group to an alkyne has been successfully developed and employed
with silicon (Scheme 4-30) [50]. The rhodium-catalyzed silylformylation of a simple
alkyne proceeds under 150 psi of CO to give cyclic silyl ether 118 in 72% yield.
This silyl ether undergoes cross-coupling with a variety of aryl iodides in moderate
to good yields at room temperature. In all cases, a small (I11%) amount of the
iodide homocoupling product is also detected. As in other reported silicon cross-
coupling systems, the addition of water to the promoter has a salutary effect on
coupling rate. Unlike the cross-coupling of cyclic silyl ethers described above,
the rate of coupling of 118 is low at room temperature, most likely due to the elec-
tron-withdrawing formyl group. The addition of copper(I) iodide (presumably to
enable a preliminary silicon to copper transmetallation) is essential for the
coupling to proceed under mild conditions. In addition, small amounts of a hydro-
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silane are necessary to initiate and promote the coupling. This was initially discov-
ered by the observation that trace impurities of hydrosilanes in silyl ether 118 were
actually necessary for a successful coupling! The role of the hydrosilanes may be to
reduce the palladium(II) catalyst to an active palladium(0) species. The final con-
ditions for this unique coupling result from detailed optimization, and illustrate
the compatibility of this coupling with aldehydes. This example features the ability
of electron-deficient silanes to participate smoothly in cross-coupling reactions.
The use of intramolecular hydrosilylation and silylformylation highlights how a

pendant functional group (homopropargyl or propargyl alcohol) can be used to
install a silicon moiety into a substrate for cross-coupling. This method generally
provides an exocyclic alkenyl silyl ether. By employing ring-closing metathesis
(RCM) [51], cyclic silyl ethers in which the alkenyl unit resides within the ring
can be generated (Scheme 4-31). The olefin geometry in this coupling substrate
is fixed in the Z-configuration in small- to medium-sized rings. This method offers
another route by which Z-allylic or -homoallylic alcohols can be obtained by cross-
coupling.

The power and generality of RCM for the synthesis of carbo- and heterocyclic
rings of various sizes has been amply demonstrated in recent years. In this var-
iant, however, the RCM reaction serves to define the olefin geometry and set the
stage for inter- or intramolecular cross-coupling. Thus, silyl ethers 124–128 of
various ring sizes are first prepared by RCM (Scheme 4-31) [52]. Unfortunately,
only the sterically less sensitive and more reactive molybdenum-based catalyst,
[(CF3)2MeCO]2Mo(¼CHCMe2Ph)(¼NC6H3-2,6-iPr2), effects the ring closure for
these silyl ethers.
The cross-coupling reaction of the cyclic silyl ethers 124–128 with aryl iodides

having various functional groups and electronic properties is successful (Scheme
4-32). Aryl halides bearing electron-withdrawing and electron-donating groups
exhibit similar reactivity. In addition, the absence of other isomers illustrates
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the high selectivity of the cyclic silyl ether approach in the synthesis of cross-cou-
pling products with Z-alkene geometry. This process exhibits an excellent scope
with regard to the tether length (that is, silyl ether ring size) and substituents
on the alkene, both in the RCM step and the subsequent cross-coupling step. A
substituent at the a-position of silyl ether 127 retards the rate significantly, but
the yields of all these reactions are satisfactory.
An intramolecular version of this process has also been developed [53]. A series

of cyclic silyl ether substrates bearing a tethered electrophile undergo the cross-
coupling reaction to produce medium-size rings (Scheme 4-33). By this method,
9-, 10-, 11-, and 12-membered cycloalkadienes can easily be synthesized. This
is significant because the synthesis of rings of this size – particularly with a
1,3-cis-cis-diene unit – is challenging due to the unfavorable entropic and enthalpic
factors associated with such a transformation [54].
The application of the RCM approach to create a range of cyclic silyl ethers

successfully expands the scope of reactions utilizing the temporary silicon tether
approach, and the novel concept of heteroatom activation of the silicon from the
coupling substrate itself. Thus, in cases where homoallylic alcohols or medium-
sized rings are the desired products, the aforementioned methods offer a facile
and direct route for their synthesis.
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Despite the diversity of organosilyl ether cross-coupling systems, all of the afore-
mentioned examples are similar in one aspect: they employ alkenylsilyl ethers. Ar-
ylsilyl ethers (specifically, aryl orthosiliconates), however, have played a significant
role in biaryl synthesis.
One of the first general studies of arylsilyl ethers in cross-coupling reactions was

reported by DeShong et al. [55]. Phenyltrimethoxysilane 139 efficiently reacts with
several aryl halides in the presence of Pd(OAc)2/PPh3 (Scheme 4-34). (If homocou-
pling of the aryl halide is problematic, the use of tri-o-tolylphosphine in place of
triphenylphosphine is suggested.) In general, the coupling to aryl bromides is
high-yielding for both electron-rich and electron-deficient arenes (27, 100). Hetero-
cyclic bromides are also viable substrates for this reaction (141–143).
The cross-coupling of arylsilyl ethers with aryl chlorides is also possible, albeit

in much lower yield than the corresponding reactions with aryl bromides (B,
Scheme 4-34). For this reaction, it is necessary to employ a different phosphine
ligand, 2-(dicyclohexylphosphino)biphenyl, which is well known to activate aryl
chlorides in other palladium-catalyzed coupling reactions [35]. The reaction of
139 proceeds rapidly in good yields with several different types of aryl halides.
Soon after DeShong’s report on the use of aryl orthosiliconates, Nolan et al.

reported a modification that employs Pd(OAc)2 and an imidazolium salt as the
ligand (Scheme 4-35) [56]. In this system, 139 reacts both with aryl bromides
as well as with electron-deficient and heterocyclic aryl chlorides (100, 141). Unfor-
tunately, the coupling to electron-rich aryl chlorides is generally low-yielding
(140, 27). The substrate scope is comparable to those of previous reports, and
generally, two or more equivalents of silyl ether are needed. A key advantage of
this system, however, is the low catalyst loading required (3 mol% of palladium
and the ligand).
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Protiodesilylation of the starting material is occasionally encountered in the cou-
pling reactions of aryl-silanes with a nucleophilic promoter. This side-reaction can
be suppressed by the use of a stoichiometric amount of a copper(I) salt to promote
the cross-coupling of arylsilyl ethers with iodoarenes (Scheme 4-36) [57]. The pre-
ferred salt is CuOC6F5, generated in situ by mixing CuI and NaOC6F5, to effectively
promote this reaction. Unlike other arylsilyl ether cross-coupling reactions wherein
a trialkoxysilane is used, the mono-methoxysilane reacted much more efficiently
than either the di- or trimethoxysilane. Despite the harsh conditions used, this is
an impressive fluoride- and palladium-free reaction.
Alkyl-alkyl cross-coupling reactions have historically been the most difficult to

realize. Among the many obstacles to the effective development of such a system
are the lower reactivity of alkyl groups relative to alkenyl and aryl groups, as well as
side processes such as b-hydride elimination that are accessible with alkyl sub-
strates. Recent reports by Fu et al. have disclosed successful alkyl cross-coupling
protocols that employ the Stille [58] and Suzuki [59] reactions. In an analogous
fashion, a coupling system with aryl orthosiliconates and alkyl bromides and
iodides has also been developed [60]. The optimal conditions employ PdBr2
(4 mol%) and (tBu)2MeP (10 mol%) as the catalyst and ligand respectively in
the presence of 2.4 equiv. of TBAF (Scheme 4-37). The coupling takes place at
room temperature, and yields are moderate to good in most cases. The substrate
scope encompasses a wide range of electrophiles and silanes; electron-deficient
orthosiliconates (151) provide the lowest yield of coupling product. The reaction
is also tolerant of a variety of functional groups, and even sterically demanding
substrates (152) react under these mild conditions.
The breadth of organosilyl ether cross-coupling now rivals that of organosilanols.

There are, however, a few limitations; most notably that some of these systems –
particularly in biaryl synthesis – require a large excess of organosilane relative to
the electrophile employed. In spite of this, organosilyl ethers are a useful class
of substrates because of the ease of synthesis of many of the precursors, as well
as their stability and high reactivity.
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4.2.5
Organopyridyl- and Organothiophenylsilanes

All of the aforementioned variants of silicon cross-coupling have highlighted the
activating ability of oxygen substitution on the silicon. The advantages of silanols,
silyl ethers, and siloxanes over other classes of organosilicon precursors such as
chloro- and fluorosilanes is their relative stability, reactivity, and ease and low
cost of synthesis. These advantages do not represent infallible systems because
all of the aforementioned silane precursors are susceptible to nucleophilic attack,
and their stability towards other reactions has not been demonstrated (that is,
wherein a silane moiety is installed in a heavily functionalized substrate, and
then carried through several functional group manipulations of a multi-step
synthesis). Potential incompatibilities of different reaction systems with -SiR2O-
units have prompted investigation into other classes of reactive silane precursors
for cross-coupling. Heterocycle-substituted silanes, although not members of the
general class of oxygen-substituted silanes, are surrogates of silanols and have
revealed new avenues of cross-coupling chemistry previously not available.
The utility of alkenyl-pyridylsilanes in palladium-catalyzed reactions was

first recognized in a slightly different arena. 2-Pyridyldimethyl(vinyl)silane (154)
(synthesized from the 2-pyridyldimethylsilane and an alkenyllithium reagent) is
effective for the Heck reaction with aryl and alkenyl iodides [61]. The process of
carbopalladation of vinylsilanes under typical Heck reaction conditions generally
leads to silicon-carbon bond cleavage. However, the pyridylsilane 154 is stable
under these reaction conditions. It is believed that the nitrogen of the pyridine
ring stabilizes the intermediate either by a complex-induced proximity effect
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(CIPE), or by coordinating to the palladium to promote the carbopalladation step
(Scheme 4-38) [62].
The Heck reaction with a variety of aryl iodides is achieved under mild conditions

using Et3N, and Pd2(dba)3 · CHCl3/tri-(2-furyl)phosphine as the catalyst system
(Scheme 4-39). In all cases, the yields are exceptional and the preference for the
trans product is high (99%). The Heck coupling proceeds with only 1 mol% of
the catalyst, even for sterically demanding substrates such as 157. Most noteworthy,
however, is that the coupling to a 1,2-disubstituted vinylsilane proceeds with high
regio- and stereoselectivity for the trans isomer. This lends strong support to the
hypothesis of a CIPE effect of the pendant pyridyl ring.
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A completely different reaction manifold can be activated by the use of TBAF to
promote cross-coupling at the silicon-bearing carbon [63]. Mixing TBAF with
pyridyldimethyl(alkenyl)silanes results in the cleavage of the pyridyl group and
formation of the corresponding silanol, presumably from the water contained in
commercial TBAF · 3H2O. Thus, the 2-pyridylsilane also serves as a masked sila-
nol. The TBAF-promoted cross-coupling of several pyridyldimethyl(alkenyl)silanes
has been reported, thereby showing that two different coupling pathways are acces-
sible when using this type of silane (Scheme 4-40).

The TBAF-promoted coupling of pyridylsilanes to alkenyl and aryl iodides works
equally well to form (E)-165 and (E,Z)-166. As with previously reported coupling re-
actions of silanols, the reactions employing 2-pyridylsilanes are also compatible with
several functional groups, including an ester ((E,Z)-166) and a phenol ((E)-169).
The successful implementation of two distinct cross-coupling pathways from a

single starting material clearly suggests their combination in a one-pot procedure.
The sequential carbometallation/transmetallation/cross-coupling of alkenylpyri-
dyl(butenyl)silane (E)-170 generates, in a complete regio- and stereoselective fash-
ion, two new carbon-carbon bonds (Scheme 4-41). This impressive sequence
provides access to extended conjugated systems consisting of trisubstituted alkenes
in a simple one-pot/two-step procedure.
The utility of 2-pyridylsilanes to direct two types of coupling reactions widens the

scope of organosilicon-cross-coupling, both experimentally and conceptually, as it
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represents a new class of organosilanes that are not dependent on the more com-
mon methods of simple heteroatom substitution.
Another class of heterocycle-substituted organosilanes that are effective cross-

coupling substrates are 2-thienylsilanes (Scheme 4-42) [64]. In a fashion similar
to 2-pyridylsilanes, these substrates are believed to form the corresponding silanols
in the presence of TBAF · 3H2O. Both (E)- and (Z)-alkenyldimethyl(2-thienyl)si-
lanes (174) are readily accessible from 173 by hydrosilylation of alkynes. These
substrates undergo room-temperature cross-coupling reactions with several aryl
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iodides and even aryl bromides. The excellent yields reflect the high efficiency of
this procedure.
In addition to heterocyclic silanes, Trost et al. have recently reported the use of

another type of silane that can serve as a more robust alternative to the more com-
monly used classes of oxygen-substituted silanes [65]. The benzyldimethylsilyl unit
can also serve as a surrogate for the corresponding silanol because, in the presence
of TBAF · 3H2O, the benzyl group is rapidly cleaved, presumably generating the
corresponding silanol. This moiety is capable of transferring alkenyl groups in a
cross-coupling reaction. Another important advantage of the benzyldimethylsilyl
group is that it can be installed by either hydrosilylation or Alder-ene reaction
(Scheme 4-43). The coupling reaction proceeds at room temperature, is tolerant
of a variety of functional groups, and yields stereodefined products in moderate
to good yields for a variety of substrates (Scheme 4-44). The robust nature
of the benzyldimethylsilyl group is highlighted by its stability to conditions of
silyl-protective group removal (t-butylphenylsilyl; TBDPS) of a primary alcohol
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(buffered conditions; TBAF/AcOH). This surrogate of a silanol, together with the
heterocyclic silanes, represents a growing class of useful coupling substrates that
possesses the high coupling reactivity of oxygen-substituted silanes, but that also
displays greater stability and robustness for a broader range of synthetic applica-
tions.

4.2.6
Organosilyl Hydrides

Silyl hydrides, like the heterocyclic and benzylic silanes discussed above, are useful
surrogates for silanols. During the course of their studies in pyranylsilanol cou-
plings (cf. Scheme 4-15), Denmark et al. discovered that hydrosilanes, in the pres-
ence of TBAF, couple just as readily as the cognate silanols (Scheme 4-45) [26]. A
silanol is most likely generated in situ, by fluoride-catalyzed oxidative hydrolysis
which generates hydrogen from the water in TBAF · 3H2O [66].
Unlike silanes 190 and 191, silyl hydride 192 suffered rapid protiodesilylation in

the presence of TBAF, releasing dihydrofuran. Replacement of the TBAF solution
with tetrabutylammonium hydroxide solution in MeOH (3.0 equiv.) allows the cou-
pling reaction to proceed smoothly to 195.
The rapid growth of usable silicon precursors for cross-coupling is a testament to

the versatility of this method. There are now several avenues to incorporate differ-
ent types of active silicon subunits into a molecule. Unlike other conventional
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cross-coupling methods, organosilicon cross-coupling does not reflect one specific
type of unit that directs the site of reaction. Rather, a silicon atom with pendant
silyloxy, alkoxy, hydroxyl, pyridyl, thienyl, benzyl, or even hydrido groups is a usable
and effective cross-coupling subunit. As will be discussed in the following section,
however, all of these different precursors may react according to a common
mechanism. Indeed, the high reactivity and stereoselectivity exhibited in many
of these systems, particularly with fluoride activation, strongly suggests this.

4.3
Mechanistic Studies in Silicon-Based Cross-Coupling Reactions

4.3.1
The Pentacoordinate Silicon

The reigning dogma in the field of silicon-based cross-coupling is the necessity to
generate a pentacoordinated siliconate as a prerequisite for a successful coupling.
This is not an unreasonable scenario because it is well known that silicon can
readily expand its valency [8]. The unique structural and reactivity characteristics
of penta- and hexacoordinate silanes have even been documented in thorough re-
views. Although there is no direct evidence for an “activation” step preceding a
cross-coupling when a tetracoordinate silane is employed in the presence of a
nucleophilic promoter, there are ample experimental data available that lend sup-
port to this contention [67].
Indirect evidence for an activation step is found in the ability of pre-synthesized,

stable, pentacoordinate silanes to transfer an organyl group onto palladium.
Two examples are the use of catecholsilanes for alkenyl transfer and the use of
TBAT (tetra-n-butylammonium triphenyldifluorosilicate) as a phenylating reagent
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(Figure 4-1) [10, 68]. Yet there are also indications from earlier work with fluoride-
activated fluorosilanes of how pentacoordinate silanes could play a role in the reac-
tion.
An early observation in the development of fluorosilane cross-coupling noted the

affect of heteroatom substitution at the silicon on the facility of coupling. In the
cross-coupling reactions between (1-octenyl)silyl fluorides and 1-iodonaphthalene,
it was determined that fluoride substitution on silicon was essential for the reac-
tion to proceed (Scheme 4-46). The reactivity of the silane decreased with increas-
ing numbers of fluoride atoms, however, such that trifluorosilane (E)-198 is com-
pletely unreactive [13]. In a related experiment with alkoxysilanes, a similar effect is
observed, with trialkoxysilane (E)-199 displaying reduced, albeit not completely
attenuated, reactivity [14].

These observations were rationalized by the assumption that a pentacoordinate
silane is necessary for the cross-coupling. Both mono- and difluorosilanes are effi-
cient fluoride ion acceptors (from TASF), thereby accessing a pentacoordinate state
(Scheme 4-47). The remaining coordination site on silicon would presumably be
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occupied by the halide from the arylpalladium halide complex to allow for a four-
centered transmetallation transition state. This last coordination site would not be
accessible with a trifluorosilane because it would readily accept two fluoride ions
from the promoter, forming an unreactive coordinatively saturated siliconate,
and thereby leaving no site for palladium halide complexation.
Despite much speculation over the years and indirect evidence, a clear mechan-

istic picture, supported by experimental evidence (kinetics, reactive intermediates,
calculations), is still lacking. Very recently, however, a number of investigations
including quantitative evaluation of substituent effects, rate equation, and spectro-
scopic identification of intermediates have provided crucial insights into the
mechanistic details of these important reactions.

4.3.2
Substituent Steric Effects

In all of the aforementioned organosilicon cross-coupling systems, only one substi-
tuent on silicon is transferred, whereas the remaining are simply “spectator”
groups that do not participate directly in the coupling event. This does not mean
that they exhibit no influence on the rate or selectivity of cross-coupling. For exam-
ple, it was noted by Denmark et al. that isopropyl spectator groups significantly
reduce the amount of undesired regioisomers in alkenylsilanol coupling compared
to methyl groups (cf. Scheme 4-13) [69]. This observation prompted a thorough
investigation of both steric and electronic effects of silicon substituents on such
couplings.
A series of silanols and silyl ethers with varying degrees of heteroatom substitu-

tion were synthesized, and their relative efficiencies of coupling to three aryl iodides
were elucidated (Scheme 4-48). This was done by running competition experiments
of all possible pairwise mixtures of these silanes. To differentiate the coupling
products and to evaluate the relative efficiencies of coupling, different transferable
groups (pentenyl versus heptenyl) were employed. The choice of these was dictated
by the necessity to keep the electronic and steric properties of the transferable
group as close as possible, so that these properties of the spectator groups could
be evaluated independently. Two methods of activation were also evaluated, with
relative rates of coupling of the silane established for both TBAF- and KOSiMe3-
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promoted couplings. The results of this comprehensive quantitative evaluation
proved informative.
Three different aryl iodides were employed (4-MeOC6H4I, 4-MeCOC6H4I, and

2-MeC6H4I) to evaluate electronic and steric contributions from the coupling part-
ner. Steric and electronic factors on the aryl iodide had no effect on influencing the
relative reactivity of the different silanes, regardless of the method of activation.
The size of the silicon substituents has little influence on the rate of coupling

when TBAF is used as the promoter (for example, similar efficiencies are seen
with SiMe2OH, SiPh2OH, SiEt2OH, and Si(iPr)2OH groups). However, the t-
butyl-substituted silane is significantly less efficient (Scheme 4-48). The electronic
contribution to the rate of coupling is also modest; little difference is observed
among SiMe(CH2CH2CF3)OH, SiPh2OH, and SiMe2OH groups. The trend of de-
creasing efficiency observed for increasing alkoxy-substitution is similar to that
noted by Tamao (cf. Scheme 4-43). It is also noteworthy that SiMe2(OEt) and Si-
Me2OH groups reacted with similar efficiencies.
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In contrast to the TBAF-promoted coupling, the KOSiMe3-promoted reaction
reveals dramatically different results. Steric factors have a significant impact on
relative efficiencies, with the Si(iPr)2OH group exhibiting less than a 20-fold
lower efficiencies of coupling compared to the SiMe2OH group. The increased
steric demand of the alkyl groups seemingly reduces the efficiency of either activa-
tion or transmetallation steps of the coupling mechanism. Once again, as was seen
with TBAF-promoted reactions, electronic factors are not insignificant. Interest-
ingly, the silanes with the SiPh2OH group couple at almost four times more effi-
ciently than those with the SiMe2OH group. The SiMe(CH2CH2CF3)OH group
enhances the rate almost twofold relative to the SiMe2OH group. The slightly elec-
tron-withdrawing group on the silicon can perhaps stabilize any negative charge
build-up on the silane when accessing a pentacoordinate state.
The divergence of steric and electronic effects between the two promoters em-

ployed clearly suggests the operation of different mechanisms for the two systems.
This issue has been addressed through kinetic studies discussed in the following
section.

4.3.3
Convergence of Mechanistic Pathways

The high rate, selectivity, and generality of siletane coupling reactions is surprising
(see Scheme 4-7). However, the observation of significant heat generation when
combining an organosiletane with the TBAF solution provided a key insight [70].
The origin of this exotherm is the siletane ring opening, resulting in the formation
of two compounds; silanol (E)-200 and disiloxane (E)-201 (Scheme 4-49). The ring
opening of (E)-13 could be understood as the combined action of TBAF and water
(from the crystal hydrates in commercial TBAF · 3H2O). The heat generated re-
flects the 26 kcal mol–1 of ring strain energy in the siletane [71].

The destruction of the siletane ring upon exposure to TBAF · 3H2O clearly elimi-
nates the hypothesis of strain-release Lewis acidity as the reason behind the facility
of this coupling. The crucial question is whether a silanol, disiloxane, or even a
related fluorosilane (as developed by Hiyama) is the actual species responsible
for the cross-coupling. This question could be addressed by independent synthesis
and testing of all three compounds (32, 202, and 203) – the dimethyl analogs of the
three most likely candidates for that putative reactive intermediate. Strikingly, all
three are competent coupling partners with 4-iodoacetophenone, and give compar-
able yields of coupling products after 10 min (Scheme 4-50).
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The similarity of reaction rates and yields could be explained by either intercon-
version of these species to one another, or conversion of each of them to a more
advanced, common reactive intermediate. 1H-NMR analysis of a mixture of
TBAF with either siletane 13, silanol 32, disiloxane 202, or fluorosilane 203
shows only two species that are formed almost immediately. One is identified as
the disiloxane of the corresponding silanol, and the other species an unknown
compound 204 (or 205) containing both silicon and fluorine as determined by
29Si and 19F-NMR (Scheme 4-51). Moreover, the ratio of 204 (205) to disiloxane in-
creased with TBAF stoichiometry; under typical conditions for cross-coupling the
ratio is heavily in favor (i10:1) of 204 (205).

Attempts to isolate 204 and 205 provide only the silanols 200 or 32. The sign and
magnitude of the 29Si-NMR chemical shift is indicative of tetracoordinate silicon
species [72], yet it does not match any of the previously synthesized tetracoordinate
silanes. The possibility that 204 and 205 are oligomers was eliminated by a 29Si-
NMR crossover experiment [70]. Structural possibilities that remained for 204
and 205 required that they be monomeric and tetracoordinate. The tetrabutylam-
monium silyloxide salt (E)-206 and a TBAF hydrogen bond complex (E)-205
were proposed (Figure 4-2). The silyloxide salt is ruled out by independent synthe-
sis of the corresponding tetramethylammonium salt, the 29Si-NMR chemical shift
(–26.23 ppm) of which does not correspond to that for 206. Because compound
(E)-205 contains a hydrogen-bonded fluorine atom, 19F-NMR analysis of a sample
generated from (E)-32 and TBAF should display the presence of fluorine at a reso-
nance different from that of TBAF. At room temperature, the spectrum displays
only a single resonance at –117.7 ppm. Cooling the solution to –95 hC, however,
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allows the observation of two signals, one at –113.2 ppm for TBAF and one at
–150.8 ppm, which is very close to the chemical shift for bifluoride (FHF–) at
–148 ppm [73].
Although indirect, all of the available data are consistent with structure (E)-205

(a hydrogen-bonded complex between an organosilanol and TBAF) as the best fit
for the reaction component in question. Subsequent kinetic analyses discussed in
the following section reveal the role of this intermediate in the cross-coupling
pathway.
These mechanistic studies disproved the rationale for the ability of siletanes to

couple so mildly, and they uncovered an unexpected intermediate in the reaction
pathway.
Most significant, however, is that the observation of a common intermediate

among silanol-, disiloxane-, and fluorosilane-cross-coupling reactions signifies
that these systems, which encompass the vast majority of documented organosilicon
cross-coupling systems to date, likely react according to a common mechanism.

4.3.4
Kinetic Analysis and Mechanistic Implications

The kinetics of two organosilanol cross-coupling systems have recently been inves-
tigated. In the TBAF-promoted coupling of (E)-32 with 2-iodothiophene, the overall
rate equation is as follows [74]:

rate ¼ kobs[SiOH]2[TBAF]n (1)
kobs ¼ k[Pd]1

n ¼ 1 at TBAF/SiOH I 2 and n ¼ –1 at TBAF/SiOH i 2

The implications of this equation are detailed below in the context of the basic
three-step catalytic cycle for palladium-catalyzed cross-coupling reaction [5f ] involv-
ing: (1) oxidative insertion of palladium(0) into an alkyl halide; (2) transmetallation
of the transferable group from the donor moiety onto palladium; and (3) reductive
elimination of the resultant organopalladium species to give the coupled product
and regenerate the palladium(0) catalyst.
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The first-order rate-constant dependence on palladium concentration is consis-
tent with a mononuclear palladium entity participating in each turnover of the
catalytic cycle. This is similar to the kinetic result obtained for organotin-based
cross-couplings [5]. It is noteworthy that the rate dependence on the catalyst con-
centration, manifested in the rate constant, eliminates the possibility that simple
fluoride activation of the silanol (which does not involve palladium) could be turn-
over limiting.
The zero-order behavior in 2-iodothiophene also finds analogy in the mechanism

of organotin cross-coupling [75]. This is interpreted as a rapid and irreversible oxi-
dative insertion step of the palladium(0) under the reaction conditions. The facility
of this process has been well documented, and the predominant use of iodides
in many of the early reports of cross-coupling chemistry has its origin in this
behavior.
Thus, the remaining possibilities are that either transmetallation or product-

forming reductive elimination could be the rate-determining step of this reaction.
The positive correlation between the rate and silanol concentration strongly sup-
ports the conclusion that transmetallation is turnover limiting, as it is in organo-
tin-based coupling reactions. In particular, the unique second-order dependence
on silanol concentration indicates that two silicon-based entities participate in
the turnover limiting transmetallation step. NMR-spectroscopic studies revealed
the rapid formation of a disiloxane from two molecules of silanol in the presence
of TBAF. Therefore, this suggested that the second-order dependence is due to
such a disiloxane, not a silanol, undergoing transmetallation. The data obtained
thus far indicate that oxidative insertion of the palladium into the aryl iodide
and disiloxane formation precedes a turnover limiting transmetallation step.
The striking divergence of rate dependence on fluoride concentration provided

an interesting insight. A change in slope of this nature is usually indicative of a
change in mechanism. Previous 29Si-NMR spectroscopic studies suggested that a
hydrogen-bonded silanol-TBAF complex was a thermodynamically stable inter-
mediate formed by the interaction of TBAF · 3H2O with nearly any silafunctiona-
lized precursor (cf. Figure 4-2). If such a complex were formed, then the process of
conversion to a pentacoordinated fluoride-activated disiloxane would release one
molecule of TBAF for every two molecules of complex initially present (Figure
4-3). This mode of transmetallation is consistent with an inverse dependence of
fluoride on the coupling rate, since one molecule of TBAF must dissociate prior
to the rate-determining transmetallation step.
It is crucial to note that a rate equation reveals information regarding the

mechanistic pathway from the lowest energy species to the highest transition state.
Hence, the inverse order dependence of TBAF lends further support to the exis-
tence of 205. There is, however, a region where first-order dependence on TBAF
is observed. Three discrete species, (E)-32, disiloxane 202, and (E)-205, are known
to be in equilibrium in the reaction mixture (cf. Scheme 4-48). It has also been
observed that the predominant species in solution is dependent on the TBAF/sila-
nol ratio. At low TBAF equivalents, silicon is mostly in the form of disiloxane. At
higher TBAF loadings however, the predominant species becomes (E)-205.
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Direct formation of disiloxane from (E)-32 and resultant fluoride activation
would be consistent with second-order behavior in silanol, and first-order behavior
in TBAF (Figure 4-4). Hence, the TBAF/silanol ratio in solution dictates whether
the prevalent pathway towards transmetallation involves 205, or not.
It should be emphasized that the results of these kinetic studies do not represent

only the TBAF-promoted coupling of alkenylsilanols. Analyzed in the context of the
spectroscopic studies and reported observations – which reveal that siletanes, sila-
nols, and fluorosilanes, silyl hydrides, and heterocyclic silanes all form related spe-
cies when mixed with TBAF – the mechanism deduced by the kinetic studies likely
represents the mechanism of cross-coupling of all of these species. These mechan-
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istic results are therefore relevant to a significant body of work, encompassing
everything from the early fluorosilane cross-coupling systems to the more recently
developed TBAF-promoted coupling of pyridyl-, thienyl-, and benzylsilanes.
The kinetic analysis of the fluoride-free coupling of silanolate Kþ(E)-32– to

2-iodothiophene has also been studied in similar detail (Scheme 4-53) [76]. This
system is representative of the KOSiMe3-promoted cross-coupling of silanols
(cf. Scheme 4-20). The derived rate equation is as follows:

rate ¼ kobs[R3SiOH]n (2)
kobs ¼ k[Pd]1

n ¼ 1 when R3SiOK/Pd I 20/1
n ¼ 0 when R3SiOK/Pd i 20/1

The zeroth order rate dependence on 2-iodothiophene and the first-order depen-
dence of the rate constant on palladium concentration are straightforward to inter-
pret. As in the kinetic analysis of the TBAF-promoted system, these data are
consistent with a fast and irreversible oxidative insertion of the palladium into
the aryl iodide bond. Thus, the oxidative addition step is not interpreted to be
the turnover limiting step (TLS) of this coupling.
The results of varying silanolate concentration show two regions with distinct

slopes. This can be interpreted either as a change in mechanism, or a switch in
the turnover limiting step of the same mechanism. It is immediately apparent
that the mechanism diverges from that of TBAF-promoted reaction. A change to
zero-order behavior in silanolate is evidence of an intramolecular transmetallation
step. The proposed mechanism for this fluoride-free system is therefore shown in
Figure 4-5.
The region of low silanolate concentration (below 1 equiv. with respect to iodide)

shows first-order behavior. This can be interpreted as either turnover limiting for-
mation of i; this slope then levels, implicating a zero-order regime at higher con-
centrations. This lends support to a turnover limiting intramolecular transmetalla-
tion from i. This is due to the fact that the concentration of palladium catalyst
(0.05 equiv.) is static throughout the course of the reaction. Therefore, a turnover
limiting intramolecular process involving this catalyst should exhibit a rate behav-
ior which is independent of the silanolate concentration.
The analysis of silanolate order with a stoichiometric amount of palladium with

respect to 2-iodothiophene also revealed a first-order dependence of reaction rate
on silanolate concentration. This critical experiment rules out the possibility that
an activated complex involving another molecule of silanolate (with i to generate
a pentacoordinate silicon) is formed. In this latter case, second-order behavior
would have been expected.
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These results are very surprising because the reigning dogma in silicon-based
cross-coupling reactions is that transmetallation to an arylpalladium unit requires
prior activation as a pentacoordinate siliconate. In fact, the addition of nucleophilic
activators in all published organosilane cross-coupling systems is aimed toward
such nucleophilic activation. This illustrates the importance of the silicon-oxy-
gen-palladium linkage because it allows for an otherwise unfavorable transforma-
tion to occur. The divergence of the mechanism from that of fluoride activation,
wherein an intermolecular transmetallation from a fluoride-activated disiloxane
is found to be turnover limiting, is remarkable because two equally efficient
room temperature coupling systems can operate via different mechanisms.
The combination of spectroscopic studies and kinetic analysis has provided an

invaluable insight into the mechanism of silicon-based cross-coupling reactions.
Interestingly, several different silicon precursors can operate under a common me-
chanistic regime. However, a change in the promoter employed causes a change in
the mechanism reflecting radically different modes of transmetallation.

4.4
Applications to Total Synthesis

The utility of silicon-cross-coupling has only recently been applied in the synthesis
of structurally novel and useful products. Hiyama et al. employed a hydrosily-
lation/chlorosilane cross-coupling approach (alkenyl-aryl) for the synthesis of
NK-104, an artificial HMG-CoA reductase inhibitor (Scheme 4-54) [77].
More recently, the first total synthesis of (þ)-brasilenyne, an antifeedant isolated

from the sea hare (Aplysia brasiliana) by Fenical in 1979, was reported [78]. This
report makes novel use of the cyclic silyl ether-generating ring-closing metath-
esis/cross-coupling sequence. The synthesis of (þ)-brasilenyne is achieved from
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l-malic acid in 19 steps and 5.1% overall yield. The key step, an intramolecular
cross-coupling, proceeds at room temperature in 61% yield to set the unusual
1,3-cis-cis-diene unit in the nine-membered cyclic ether (Scheme 4-55).

4.5
Summary and Outlook

The progress achieved in organosilicon cross-coupling over the past five years –
particularly in the types of employable silicon precursors for cross-coupling and
the methods available to incorporate silicon into organic molecules – reflects the
constantly increasing applicability of this method in organic synthesis. The
scope of usable substrates and promoters is extensive and rivals – if not surpasses
– the range of boron and tin precursors known. Although there has been impress-
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ive progress in the expanding the range of unsaturated donors and methods to in-
corporate silicon into substrates, the development of efficient alkylsilane donors is
needed. In addition, the scope of electrophiles is somewhat less thoroughly stud-
ied. Future investigations will likely address these current limitations, as well as
highlight applicability to more synthetic endeavors. In addition, mechanistic stud-
ies have provided valuable information about the cross-coupling reaction pathway
taken by different organosilicon substrates under different modes of motivation.
Further studies are warranted to obtain relevant insight into systems wherein
the current conclusions regarding the mechanism are not directly applicable. Pre-
mier among the mechanistic questions is a detailed picture of the transmetallation
event from silicon to palladium. Finally, the combination of silicon-based cross-
coupling with other valuable transformations such as ring-closing metathesis
and C-H activation presage important new directions in this field. The impressive
developments of the past five years provide a tantalizing glimpse into the untapped
potential of this exciting field of research.

4.6
Experimental Procedures

4.6.1
TBAF-Promoted Palladium-Catalyzed Cross-Coupling Reaction of Alkenylsilanes with
Aryl or Alkenyl Halides (Scheme 4-13). (1E)-1-Heptenylbenzene (E)-14) [26]

Tetrabutylammonium fluoride (631 mg, 2.0 mmol, 2.0 equiv.) was dissolved in an-
hydrous THF (2 mL) at room temperature under an atmosphere of dry nitrogen.
The silanol (201 mg, 1.2 mmol, 1.2 equiv.) was added neat and the mixture stirred
for 10 min at room temperature. Iodobenzene (112 mL, 1.0 mmol) was added to
the mixture, followed by Pd(dba)2 (29 mg, 0.05 mmol, 0.05 equiv.), and the mixture
stirred at room temperature for 10 min. The reaction mixture was then filtered
through a short silica gel column (20 g). The plug was washed with diethyl
ether (100 mL), and the solvent evaporated. Purification by column chromatogra-
phy (RP-C18, MeOH/H2O, 9/1) and Kugelrohr distillation afforded 159 mg
(91%) of (E)-14 as a colorless oil.

4.6.2
Palladium-Catalyzed Cross-Coupling of (4-Methoxyphenyl)dimethylsilanol with 4-Sub-
stituted Aryl Iodides (Scheme 4-21). 4-Carbethoxy-4l -methoxybiphenyl (65) [40]

Anhydrous cesium carbonate (651 mg, 2.0 mmol, 2.0 equiv.) was suspended in an-
hydrous toluene (1.0 mL) at room temperature in a 5-mL, round-bottomed flask
with a magnetic stir bar and fitted with a reflux condenser and an argon inlet adap-
ter. To this suspension was added dropwise H2O (108 mL, 6.0 mmol, 6.0 equiv.),
and the resulting slurry was stirred for 10 min. Ethyl 4-iodobenzoate (276 mg,
1.0 mmol, 1.0 equiv.), and the arylsilanol (218 mg, 1.2 mmol, 1.2 equiv.) were
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then added, followed by [allylPdCl]2 (18.3 mg, 0.05 mmol, 0.05 equiv.), and triphe-
nylarsine (30.6 mg, 0.1 mmol, 0.1 equiv.). The flask was then purged with argon
and placed in a 90 hC oil bath for 8 h. The reaction was monitored by GC analysis
at certain intervals until completion. Sampling of the reaction was performed by
removing 10-mL aliquots of the mixture via a syringe. Each aliquot was filtered
through a small plug of silica gel and eluted with 5 mL ethyl acetate. The aliquot
was then analyzed by GC. On completion, the reaction was cooled to room tem-
perature, treated with H2O (10 mL) and extracted with ethyl acetate (3 q 10 mL).
The combined organic layers were washed with brine (10 mL), dried (MgSO4), and
concentrated in vacuo. The crude product was further purified by column chroma-
tography (SiO2) (hexane/EtOAc, 20/1) to afford the corresponding product which
was further purified by recrystallization (EtOH) to afford 160 mg (87%) of 65 as
a colorless solid.

4.6.3
One-Pot Sequential Hydrosilylation/Cross-Coupling Reaction (Scheme 4-25).
(E)-5-(4-Methoxyphenyl)-4-penten-1-ol (96) [45]

To a solution of 1,1,3,3-tetramethyldisiloxane (121 mg, 0.90 mmol, 1.8/2 equiv.) in
0.2 mL THF was added tBu3P-Pt(0) complex (25 mL). 4-Pentyn-1-ol (151 mg,
1.8 mmol, 1.8 equiv.) was then slowly added with external cooling with a water
bath (the temperature of the reaction mixture was not allowed to exceed 30 hC).
The hydrosilylation mixture was stirred at room temperature for 30 min after com-
plete addition of the alkyne. A solution of TBAF (2.0 mL, 1.0 M in THF, 2.0 equiv.)
was added to above solution. After 10 min, 4-iodoanisole (234 mg, 1.0 mmol,
1.0 equiv.) and Pd(dba)2 (29.0 mg, 5.0 mol%) were added sequentially. A strong
exotherm was observed. The reaction was monitored by GC or GC-MS. When
the halide had been consumed (60 min), ether (10 mL) was added and the mixture
stirred for an additional 5 min. The mixture was filtered through a short column of
silica gel, which was then eluted with ether (100 mL). The combined eluates were
concentrated by rotary evaporation and vacuum drying to give the crude product;
this was purified by silica gel chromatography (pentane/EtOAc, 2/1) to afford
170 mg (89%) of the product 96, as colorless solid.

4.6.4
Palladium-Catalyzed Cross-Coupling of Phenyltrimethoxysilane
with Aryl Iodides (Scheme 4-34). 4-Acetylbiphenyl (65) [55b]

To a solution of 0.201 mg (1.01 mmol) 4-bromoacetophenone, 24 mg (0.107 mmol)
Pd(OAc)2, and 55 mg (0.210 mmol) Ph3P in 10 mL DMF was added 419 mg
(2.11 mmol) phenyltrimethoxysilane. Then, 2.1 mL (2.1 mmol) TBAF solution
was added to the reaction mixture via a syringe. The reaction mixture was degassed
to remove oxygen by one freeze-pump-thaw cycle. The resulting orange solution
was heated at 90 hC, and after 5 h the reaction mixture had turned black. The
reaction mixture was heated for a total of 24 h at 90 hC. The resulting black
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suspension was quenched by the addition of 50 mL water; the aqueous layer was
extracted with 4 q 50 mL Et2O, and the combined organic layers were dried
over MgSO4 and concentrated in vacuo. Purification of the residue by flash
chromatography (30 mm, 14 cm, 0–10% Et2O/pentane) gave 171 mg (86%) of
4-acetylbiphenyl. TLC Rf 0.41 (25% Et2O/pentane).

4.6.5
One-Pot Sequential Mizoroki-Heck/Cross-Coupling Reaction (Scheme 4-41).
(E)-4-[2-(4-Acetylphenyl)-1-butylethenyl]benzoic Acid Ethyl Ester (171) [63a]

To a solution of Pd(OAc)2 (4.3 mg, 0.02 mmol, 10 mol%), tri-2-furylphosphine
(5.1 mg, 0.02 mmol, 10 mol%), triethylamine (32.7 mg, 0.32 mmol), and 4-iodo-
benzoic acid ethyl ester (75.2 mg, 0.27 mmol) in THF (0.9 mL) was added 1
(65.7 mg, 0.30 mmol) under argon, and the reaction mixture was stirred at 60 hC
for 3 h. After cooling the reaction mixture to room temperature, 4-iodoacetophe-
none (48.2 mg, 0.20 mmol) and tetrabutylammonium fluoride (0.46 mmol, 1.0 M
in THF) were added, and the mixture was stirred at 60 hC for 14 h. The catalyst was
removed by filtration through a short silica gel pad (EtOAc). The filtrate was eva-
porated, and the residue chromatographed on silica gel (hexane/EtOAc ¼ 10/1)
to afford 171 (48.6 mg, 71%) as a colorless oil.

Abbreviations

AcOH acetic acid
Ag2O silver(I) oxide
[(allyl)PdCl]2 allylpalladium(II) chloride dimer
CIPE complex-induced proximity effect
Cu(OAc)2 copper(II) acetate
CuOC6F5 copper(I) pentafluorophenoxide
CuI copper iodide
D3 hexamethylcyclotrisiloxane
dppb diphenylphosphinobutane
DVDS 1,3-divinyl-1,1,3,3-tetramethyldisiloxane
Et3N triethylamine
KOSiMe3 potassium trimethylsilanolate
LiOAc lithium acetate
NaOC6F5 sodium pentafluorophenoxide
(nBu4N)2PtCl6 bis(tetra-n-butylammonium) hexachloroplatinate
PdBr2 palladium bromide
Pd(dba)2 bisdibenzylideneacetone palladium
Pd2(dba)3 tribenzylideneacetone bispalladium
Pd(OAc)2 palladium(II) acetate
PhB(OH)2 phenylboronic acid
PhMe2SiOMe dimethylmethoxyphenylsilane
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PhMe2SiCl dimethylchlorophenylsilane
PMHS poly(methylhydroxysilane)
PhSiMe3 phenyltrimethylsilane
PhSiMe2OH phenyldimethylsilanol
PhSnBu3 tri-n-butylphenyltin
PPh3 triphenylphosphine
RCM ring-closing metathesis
TASF Tris(dimethylamino)sulfonium difluorotrimethylsilicate
TBAF tetra-n-butylammonium fluoride
TBAT tetra-n-butylammonium triphenyldifluorosilicate
TBDPS t-butylphenylsilyl
TBS t-butyldimethylsilyl
t(Bu)2MeP bis(di-t-butyl)methylphosphine
tBu3P tri-t-butylphosphine
THF tetrahydrofuran
TMAF tetramethylammonium fluoride
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5
Cross-Coupling of Organyl Halides with Alkenes:
the Heck Reaction

Stefan Br�se and Armin de Meijere

5.1
Introduction

The carbopalladation of an alkene by an organylpalladium halide is the essential
step in one of the major contemporary metal-catalyzed C-C-coupling reactions.
About 35 years ago, a Japanese and an American group almost simultaneously
designed and executed palladium-mediated coupling reactions of aryl and alkenyl
halides with alkenes [1]. In subsequent investigations, Richard Heck and his group
developed this reaction into a catalytic transformation and started to demonstrate
its usefulness as well as its rather broad scope. The real push to utilize this power-
ful C–C bond-forming process, however, started only around the mid-1980s, and by
now an impressive number of publications has established the meanwhile so-
called Heck reaction [2] as an indispensable method in organic synthesis [3]. The
applications range from the preparation of hydrocarbons, novel polymers and
dyes to new advanced enantioselective syntheses of natural products and biologi-
cally active non-natural compounds. The more or less simultaneous developments
of mechanistically related variants, namely the Suzuki, Stille, Hiyama, Kumada
and Negishi coupling reactions (see Chapters 2, 3, 4, 12 and 15 in this book,
respectively) of metallated alkenes and arenes with aryl and alkenyl halides or
the metal-catalyzed formation and cycloisomerization of enynes have drawn profit
from the improvement of and mechanistic insights into the Heck reaction. This, of
course, also applies vice versa. Using only a catalytic amount of a palladium(0) com-
plex or a precursor to a palladium species, the Heck reaction can bring about
unprecedented structural changes, particularly when conducted intramolecularly.
The full potential of this palladium-catalyzed process is still being further explored,
as demonstrated by a total of 2400 relevant publications during the past 10 years,
and a continuous annual growth in publications of 15% per year. Therefore, it is
appropriate to say that the Heck reaction is one of the true “power tools” in
contemporary organic synthesis [4], competing favorably with the Diels-Alder
reaction (25 000 references), olefin metathesis (1500 references), Wittig reaction
(15 000 references), or Claisen rearrangement (15 000 references).
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In this chapter, an attempt is made to summarize the current state of under-
standing the basics of the mechanism, to provide an overview over the diverse
and sometimes mysterious compositions of applicable catalyst “cocktails”, and to
review important recent developments and applications of this reaction principle.

5.2
Principles

5.2.1
The Mechanism

Even at an early stage in the evolution of the Heck reaction into a facile method for
the preparation of alkenyl- and aryl-substituted alkenes, reasonable concepts for the
mechanism emerged, which could serve at least as working hypotheses. By now,
many mechanistic details have been worked out by experimental means such as
kinetic [5, 6] and electrochemical measurements under various conditions.
A coordinatively unsaturated 14-electron palladium(0) complex, usually coordi-

nated with weak donor ligands (mostly tertiary phosphanes), has meanwhile
been proved to be the catalytically active species [7]. This active complex is always
generated in situ, e. g., from tetrakis(triphenylphosphane)palladium(0) which exists
in an equilibrium with tris(triphenylphosphane)palladium(0) and free triphenyl-
phosphane in solution. The endergonic loss of a second phosphane ligand [8]
leads to the catalytically active bis(triphenylphosphane)palladium(0). However, pal-
ladium(II) complexes or salts such as bis(triphenylphosphane)palladium dichloride
or palladium acetate, which are easily reduced (e. g., by triarylphosphanes, see
below) in the reaction medium, are more commonly employed for convenience,
as they are inherently stable towards air. The mechanistic situation is a bit more
complicated with palladium acetate in that anionic acetoxypalladium species
Pd(PPh3)n(AcO

–) (n ¼ 2, 3) are formed in the presence of acetate ions [7], and
these actually participate in the oxidative addition step and the following coupling
reaction.
In the first step of the sequence (A in Scheme 5-1), a haloalkene or haloarene is

commonly assumed to add oxidatively to the coordinatively unsaturated palla-
dium(0) complex, generating a s -alkenyl- or s-arylpalladium(II) complex [9]. As
the electrophilicity of this complex is enhanced, it more readily accepts an alkene
molecule in its coordination sphere, probably by exchange for another ligand.
If the alkenyl (aryl) residue and alkene ligand on palladium are in a cis-orienta-

tion, rotation of the alkene can lead to its in-plane coordination, and subsequent
syn-insertion of the s -alkenyl- or s-aryl-palladium bond into the C¼C double
bond occurs to yield a s-(b-alkenyl)- or s-(b-aryl)alkylpalladium complex via a
four-centered transition state (B).
In the next step, the product-yielding b-hydride elimination (step D) can occur

only after an internal rotation (step C) around the former double bond, as it
requires at least one b-hydrogen to be oriented synperiplanar with respect to the
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halopalladium residue. In some cases, anti-elimination was made possible by suit-
able substrates or conditions, leading to a E1cb mechanism type [10,11]. The sub-
sequent syn-elimination yielding an alkene and a hydridopalladium halide is, how-
ever, reversible, and therefore the thermodynamically more stable (E)-alkene is
generally obtained when the coupling reaction is performed with a terminal
alkene. Reductive elimination of HX from the hydridopalladium halide, aided by
the added base, regenerates the active catalyst and thereby (step E) completes
the catalytic cycle.
This mechanism has not been proved in all details, and especially the rate-deter-

mining step has not been identified unequivocally in all cases. Frequently, the
oxidative addition has been assumed to be rate-determining, however, in certain
cases it has been doubted [12] or even disproved experimentally [6].

5.2.2
The Catalysts

Commercially available palladium salts and complexes in the presence of various
ligands are most frequently used as catalysts. The first choice is often the air-stable
and relatively inexpensive palladium acetate, though several other published
variants may be preferable in certain applications. It is commonly assumed that
the palladium(II) species is reduced in situ by the solvent, the alkene [13], the
amine [14] or the added ligand (frequently a phosphane, which is oxidized to a
phosphane oxide) [15]. In some cases, highly dispersed elemental palladium on
charcoal can be applied. In the case of alkenyl or aryl bromides, phosphanes are
necessary to avoid precipitation of palladium black (cf., however, Section 5.2.4),

2195.2 Principles
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Scheme 5-1 Mechanism of the Heck
reaction [7].



whereas iodides have been reported to be less reactive in the presence of
phosphanes. Triflates have been found to be more reactive in the presence of chlor-
ide ions, as the chloride ligand is more easily removed from palladium than the
triflate ion [16]. However, this has also become questionable, because successful
coupling reactions of alkenyl triflates have been performed in the absence of
chloride ions [17].
It was shown that palladacycles 1 [3c,18] prepared from palladium(II) acetate and

tris(o-tolyl)- or trimesitylphosphane, are excellent catalysts for the Heck coupling of
triflates and halides including certain aryl chlorides. In this case, the possible in-
volvement of oxidation states þII and þIV in the catalytic cycle has been consid-
ered [19]. Similarly, other palladacycles such as 2 [20], 3 [21e,h] or 6 [22] have
been used in Heck reactions (Figure 5-1) [18,21]. It has been proposed that, at
least for NC palladacycles, the reaction proceeds through the classical phos-
phine-free Pd(0)/Pd(II) catalytic cycle, and that the active catalysts are actually
slowly formed palladium clusters [23].
A promising new class of highly active catalysts are palladium complexes of

nucleophilic carbenes such as 4, 5, or 10 [24–27]. The first example of a successful
coupling of the notoriously unreactive chloroarenes was reported by Herrmann
et al. [28]. The phosphanes which are used as ligands in many catalyst cocktails
for the Heck reaction, undergo P-C cleavage at the higher temperatures required
for the coupling of, for example, chlorides. The palladium complexes 10a,b are
thermally considerably more stable than palladium complexes with triorganylphos-
phane ligands. In addition, the Pd0-carbene complex 10b has an extremely high
activity with long-term stability in the Heck reaction: with only 4 q 10–4 mol%
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of catalyst, the bromoarene 7 could be completely converted to the cinnamate 9 in
43 h [28].
Alternatively, sterically highly congested phosphanes such as tBu3P [29], diada-

mantylalkylphosphanes [30], bulky secondary phosphanes [31] or (bulky) bidentate
phosphanes (e. g., dippb or even dppe) [32a�d] are also suitable for coupling of
chloroarenes. In particular, polymer-bound ligands [33,34] or inorganic solid-sup-
ported palladium metal [33] have been frequently used for the ease of regeneration
of the catalyst. With solid-supported palladium catalysts, the reaction proceeds
presumably in the liquid phase [35, 36].
In some cases, quite stable palladium(0) complexes such as dibenzylideneace-

tonepalladium [Pd(dba)2, Pd2(dba)3, or Pd2(dba)3 · CHCl3] can be utilized advanta-
geously, especially when the substrate is sensitive towards oxidation.
In essence, many palladium(0) precursors which are either conventional or

newly designed, such as phosphane-free complexes [37] might be suitable for
a successful and efficient carbopalladation reaction. At a higher temperature,
many palladium complexes and ligand-free palladium(0) precursors [37] decom-
pose, forming nanoparticles [38]. It has been disputed whether in many cases
the nanoparticles having an accurate size are the active catalysts for Heck reactions
and other palladium-catalyzed processes [39,40]. Since smaller particles would
aggregate at higher concentration, this ought to be the rational for highly active
“homeopathic” doses [41] of palladium.

2215.2 Principles

Table 5-1 Various palladium catalysts applied in the Heck reaction[a].

Palladium catalyst Apply for Remarks Ref.

Pd(OAc)2 All systems Most frequently
employed,
inexpensive

Cf. [3]

Pd(OTfa)2 Coupling of benzoic acids [42] Air-stable [43]

PdCl2 Coupling of aryl or vinyl
arenecarboxylates [44]

Least expensive
Pd salt

[68a]

R X

CO2Bu

R

9

CO2Bu

7 8

10a or 10b

NaOAc, DMA

125–140 °C, 3–96 h

>99% conversion
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X R Cat. mol%

Br COMe 4 x 10–4

Cl NO2 0.1

Time [h]
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36
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Scheme 5-2 Highly efficient catalysts for the Heck reaction [28].
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Table 5-1 (continued)

Palladium catalyst Apply for Remarks Ref.

[Pd(acac)2] Aryl halides Air-stable [36]

[Pd2(dba)3 ·CHCl3] Aryl iodides Limited air stability [45]

[Pd2(dba)3] Alkenyl triflates Limited air stability [46,47]

[Pd(dppb)] Aryl iodides From [Pd2(dba)3]
and dppb

[45,46]

Palladacycles 1 Chloride as leaving group Air-stable [19a]

Nucleophilic carbene
palladium complexes

Air-stable [20,24–28]

Palladium on charcoal
(Pd/C) [b]

a) Aroyl chlorides as
substrates
b) Diazonium salts
c) Aryl halides, e. g., chlorides

Inexpensive, highly
active

a) [48a]

b) [49]
c) [50,51]

Palladium on other solids
(SiO2, zeolites [52])[b]

Aryl iodides Air-stable [36]

Palladium black Aryl iodides Air-stable [36]

[Pd(PPh3)4] a) Alkenyl triflates
b) Aryl iodides

Air-sensitive
Air-sensitive

a) [53]
b) [54,55]

[Pd(PPh3)2(OTfa)2] Aryl iodides Air-stable [56]

[Pd(PPh3)2Cl2] Aryl triflates Air-stable [57]

[Pd(PhCN)2Cl2] Arenesulfonyl chlorides Air-stable, soluble
form of PdCl2

[58]

[Pd(MeCN)2Cl2] Aryl bromides, alkenyl
triflates

Air-stable, soluble
form of PdCl2

[59,60]

Pd-Clusters Aryl iodides, bromides,
chlorides

Air-stable [61]

Pd-Colloids Activated aryl bromides Air-stable [62a]

Pd-Graphite[b] Aryl iodides,
polycondensation

Air-stable [56b]

Palladium on:
a) derivatized
polystyrenes
b) derivatized clays

Aryl halides Air stable

Air stable

a) [63a–c]

b) [63d]
Complexes with
polymer-bound ligands

Recycling of ligand/
metal

[64]

[a] For other metals used in Heck-type reactions, see e. g. [65].
[b] In the case of solid-supported palladium catalysts, the reaction proceeds in the liquid phase [35a,36].



Initially, only dipolar aprotic solvents such as dimethylformamide (DMF), N-
methylpyrrolidinone (NMP), dimethylsulfoxide (DMSO), acetonitrile (MeCN) and
anisole were common. However, the presence of water has been found to acceler-
ate certain Heck reactions [66,67], and consequently the development has gone to
water-soluble triarylphosphane ligands (e. g., triphenylphosphane-m-trisulfonic
acid sodium salt (TPPTS) [68a]) with which many alkene arylations superbly
succeed in aqueous solvent mixtures [69]. More recently, ionic liquids (molten
low melting ammonium salts) [25,27,70–74] and supercritical CO2 [75] have
been found to be superb solvents for Heck reactions. A puzzling finding is that
nucleophilic carbenes are formed even in the presence of the ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) [76].
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Table 5-2 Most common solvents for the Heck reaction.

Solvent Remarks Example for catalytic systems Ref.

DMF Standard solvent Pd(OAc)2, NEt3, PPh3 [3]

DMA Higher boiling point
than DMF

1a, base (aryl chloride) [19a,45,77b]

NMP More stable at elevated
temp. than DMF

[78]

MeCN Common solvent [Pd(PPh3)4], NEt3 (aryl iodide) [54]
DMSO Pd(OAc)2, (S)-BINAP, Bu4NOAc [79]

MeOH or EtOH For diazonium salts Pd/C, 60 hC, 12 h [49]

tBuOH [Pd2(dba)3], BINAP, K2CO3 [78]

THF [Pd(PPh3)4], LiCl, Li2CO3

(for alkenyl triflates)
[Pd(OAc)2], BINAP, PMP
(for aryl triflates)

[53]

[80]

Dioxane Pd(OAc)2, BINAP, K2CO3 [78]

Benzene Pd(OAc)2, NEt3, Bu4NBr, r. t., 163 h
(aryl iodide)

[81]

Toluene High boiling, nonpolar [Pd(PPh3)2(OTfa)2], pentamethyl-
piperidine (PMP), 110 hC

[56,77a,82]

m-Xylene High boiling, nonpolar [Pd(PhCN)2Cl2], K2CO3,
BnOct3NCl, 140 hC, 4 h
(aryl sulfonylchloride)

[58]

Mesitylene High boiling, nonpolar Pd(OAc)2, BINAP, K2CO3 [78]

Anisole High boiling, nonpolar [Pd(PPh3)4], KOtBu [83]

CHCl3 [78]

ClCH2CH2Cl [Pd2(dba)3], (R)-BINAP, K2CO3,
tBuOH, 60 hC

[78,83]

NEt3 Acts as a base Pd(OAc)2, PPh3, reflux
(aryl iodides)

[84]

iPrCN Pd(OAc)2, BnEt3NBr, KOAc, 90 hC
(aryl iodides)

[85]



5.2.3
The Alkenes

Usually, monosubstituted or 1,1-disubstituted alkenes were used in the Heck reac-
tion because of their increased reactivity. The coupling of ethylene to a variety of
bromoarenes is an elegant approach to substituted styrenes, and the two-fold coup-
ling of ethene can even produce stilbenes such as 12-SO3H, which was commonly
used as a laser dye, in good yields. The ratio between formed styrene and stilbene
depends on the ethylene excess, which can be controlled by the applied pressure
(Scheme 5-3) [92]. Oligovinylarenes can be prepared from 1,2- (cf. Scheme 5-13),
1,4-dibromoarenes [93,94], 1,3,5-tribromobenzene and 1,2,4,5-tetrabromobenzene
[95].

Although Heck reactions with tetrasubstituted alkenes are known, their exam-
ples are still rare [96–99]. One trend-setting observation was that tetrasubstituted
alkenes with a conjugated carbonyl group have a sufficiently increased reactivity.
Such coupling reactions permit a rapid access to skeletons with quaternary carbon
centers (Scheme 5-4).
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R Br +

Pd(OAc)2

P(o-Tol)3, NEt3

MeCN, 125 °C

R

R

R = H:

R = SO3H: 72%

66%

1.5 bar

in NMP

11-R

12-R Scheme 5-3 Two-fold Heck coupling
with ethene to yield stilbene deriva-
tives [92].

Table 5-2 (continued)

Solvent Remarks Example for catalytic systems Ref.

H2O Neat [86], superheated
(260 hC) [87] or in
mixtures with e. g.,
HMPA [66c], DMF
[66,67] or MeCN [66d]

Pd(OAc)2, TPPTS, K2CO3,
DMF/H2O

[66,68]

No solvent Alkene acts as solvent Pd(OAc)2, TBABr, K2CO3

(acrylates)
[88]

Molten salts/
ionic liquids

Equivalent to condi-
tions without solvents

Pd(PPh3)Cl2, TBABr, 100 hC,
6-43 h (aryl halides, acrylates)

[25,70,72]

Supercritical
carbon dioxide

Prevents isomerization
of the double bond [89]

Pd(OTfa)2, P(2-furyl)3, iPr2EtN;
Pd(OTfa)2 or Pd(F6-acac)2] and
fluorinated phosphanes [90]

[91]



On the other hand, methylenecyclopropane derivatives with tetrasubstituted
double bonds are outstandingly reactive in intramolecular Heck reactions and
the particularly strained bicyclopropylidene (16) [100] in its reactivity even sur-
passes styrene and methyl acrylate, as demonstrated in an interesting cascade
reaction of the three partners iodobenzene, bicyclopropylidene (16) and methyl
acrylate. Even when all three components were mixed with the palladium catalyst
in one pot, reaction between iodobenzene and bicyclopropylidene occurs first,
and only the reactive diene 17, which is formed after a cyclopropylcarbinyl- to
homoallylpalladium halide rearrangement, traps the acrylate in a Diels-Alder reac-
tion to give the spiro[2.5]octenecarboxylate 18 as the vastly predominating product
(Scheme 5-5) [101,102]. This domino Heck-Diels-Alder reaction can be performed
two-fold on 1,4-diiodobenzene, three-fold on 1,3,5-tribromo- or 1,3,5-triiodoben-
zene, and even four-fold on 1,2,4,5-tetraiodobenzene [101b].
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Early investigations dealing with intermolecular arylations of unsymmetrically
donor-substituted alkenes often revealed only poor regioselectivities, especially
for acyclic enol ethers. However, suitable conditions have since been developed
for both the selective a- and b-arylation of enol ethers and enamides [103]. While
b-selectivity is achieved with modified alkenyl ethers (e. g., 2-(diphenylphospha-
noethyl) ethenyl ether [104] or [2-(dimethylamino)ethoxy]ethene [105]), selective
a-coupling can be achieved by using electron-rich aryl halides [106], alkenyl triflates
[107], bidentate ligands [103,106,108] and in the presence of silver triflate or thal-
lium(I) acetate [108]. A density functional method using different catalyst models
has been used to explain these results [109].
In probing the relative reactivities of alkynes and alkenes, a preference for the

addition across the triple-bond has been observed (cf. e. g. Scheme 5-18) [101].
When allylsilanes such as 24 were cyclized by an intramolecular Heck reaction,
b-silyl-group elimination can occur to predominantly give the desilylated 26
along with the silyl-substituted 25 (Scheme 5-6) [110a].
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I

MeO

H
SiMe3

H

MeO MeO

[Pd2(dba)3], (S)-BINAP

Ag3PO4, DMF

80 °C, 24 h

92%

17 : 8324 25 (90% e. e.)

+

SiMe3

26

Scheme 5-6 Silane-terminated intramolecular Heck reaction [110].

Table 5-3 Various types of alkenes in the Heck reaction, according to substitution pattern.

Alkene Type Intermolecular [Ref.] Intramolecular [Ref.]

Ethene 0 [92,111] �
1-Substituted I (a,b) [a] [2] (b), [57] (b) [112]

1,1-Substituted IIG (a,b) [113] (b), [114] (b) [115]

1,2-Disubstituted (E) IIE (a,b) [2] (b), [116] (a),
[117,118] (b)

[119a]

1,2-Disubstituted (Z) IIZ (a,b) [2] (b), [85,118,120] [121]

Trisubstituted (1,1-sym) IIIS (a,b) [122] [119]

Trisubstituted (E) IIIE (a,b) [123] (b), [124] (b) [56], [77a,b,d] (a)

Trisubstituted (Z) IIIZ (a,b) [123] (a) [45a,56,125] (b),
[126] (a)

Tetrasubstituted (sym) IVS (a,b) [96,101,48c] (a) [101] (a)
Tetrasubstituted (E) IVE (a,b) [127]

Tetrasubstituted (Z) IVZ (a,b) [97b,98,99]

[a] Attack at the more highly substituted end (according to CIP rule) is referred to as a.



5.2.4
Effects of Bases, Ligands, and Additives

Thus, the regioselectivity of Heck reactions with unsymmetrical alkenes can favor-
ably be manipulated by appropriate variations of the “catalyst cocktail”; for exam-
ple, the best conditions for the coupling of bromobenzene with t-butyl acrylate
in the presence of the Pd[(oTol)3P]2Cl2 were found to be with potassium carbonate
in ethanol at 80 hC. This is unusual for this kind of catalyst system. The active cat-
alyst is actually believed to be nanodispersed palladium metal generated by reduc-
tion of the catalyst precursor by ethanol under basic conditions [150].
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Table 5-4 Various alkenes in the Heck reaction, according to type of substituent.

Substituent Preferred site
of attack

Intermolecular [Ref.]
(Type)

Intramolecular [Ref.]
(Type)

Alkyl b [113] (IIGb), [123] (IIZa,b) [115] (IIG)

Alkenyl b [128] (Ib), [129] (Ib), [130] (Ia) [131b] (IIEb), [56] (IIIZa)

Alkylidene
(allenes)

central [132] [133]

Oxo (ketenes) a [48c] (IVSa)

(Het)aryl b [92]

Carbonyl b (a) [93] (Ib), [19b] (IIGb) [56] (IIIZb), [77a,b,d]
(IIIEa)

Nitril b [123] (IIIbZ), [66b] (Ib), (117b) [IIbE]

SiR3 [134] (I)
(elimination of SiR3 possible)

Sn Stille coupling occurs (see Chapter 3)

OR a [48,104] (Ib), [105] (Ia,b), [123]
(IIIZb), [135a] (IIZa), [124] (IIIZa),
[65] (Ib) (with vinyl acetate to yield
stilbenes), [136] (IIZ), [135b,137]
(ketene acetals)

SR b [138a] (Ib) [138b,c] (IIIbE)
(alkenyl sulfones)

S(O)R b [118] (IIbEZ)

NR2 [139] (Ib), [140] (IIZa), [141] (IIGb),
[142] (enamides)

[143]

NO2 b [144] (IIEb) [145]

B(OR)2 [146] (Ib) (competing Suzuki
reaction possible: see Chapter 2)

PR2 b [147] (Ib) (phosphonates), [148] (Ib)
(phosphane oxides)

Halide (F) a [149] (bromoethene and iodoethene
react via insertion)

M (M ¼ Li,
Mg, Zr, Al, etc.)

a Cross-coupling possible [2]



The impact of silver(I) and thallium(I) salts [151] on Pd-catalyzed reactions ex-
tends beyond just increasing regioselectivities and enhancing reaction rates
[152]. Without these additives, the arylation of allyl alcohols 27 afforded aldehydes
and ketones 30, rather than the b-arylallyl alcohols 33. Apparently, the b-hydride
elimination in the intermediate 28 is faster in the direction leading to enol 31
(Scheme 5-7). Alternatively, b-hydride elimination to give the allyl alcohol 33
followed by readdition of the hydridopalladium species to the double bond and
subsequent b-hydride elimination to give the more stable enol 31 would explain
the facts. This type of isomerization consisting of a sequence of b-hydride elimina-
tion, readdition and recurring elimination is not restricted to allyl alcohols
(cf. Schemes 5-28, and 5-29).

On the other hand, on simple switching from triethylamine to potassium carbo-
nate as the base, the products can also be changed from carbonyl compounds 36 to
allyl alcohols 35 [153].

A major achievement was the discovery that Heck reactions are greatly acceler-
ated in the presence of quaternary ammonium salts as phase-transfer catalysts
and solid bases [“Jeffery” conditions: Pd(OAc)2, MHCO3 (M ¼ K, Na), nBu4NX
(X ¼ Br, Cl), DMSO or DMF] [154]. Under these conditions, iodoarenes and
iodoalkenes can be coupled to alkenes at room temperature. The major role of
the tetraalkylammonium salts apparently lies in enhancing the regeneration of
the zerovalent palladium catalyst [155].
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Table 5-5 Some additives and special reaction conditions for the Heck reaction (HR).

Additives
and reagents

Apply for Effect Example
[Ref.]

Bases
All types of reactions Regeneration of Pd0 [3]

TEA, EDA [48], NEM
[48], BDA [48]

Simple HR Bases [3]

PMP Aryl iodides or
triflates for trisubsti-
tuted dienes

Hindered base [45,56,80]

Sec. or prim. amines Dienes Primary attack resulting
in a p-allyl complex

[3]

Dicyclohexylamine or
Methyl(dicyclohexyl-
amine)

a) Phosphane-free
conditions
b) Increase of e. e.

a) [156]

b) [157]

Proton sponger (Enantioselective) HR Excellent base, increase of
e. e. and/or yields [77a]

[158]

DABCO a) Reductive HR
b) Acid-sensitive
alkenyl triflates
c) anti-Elimination

Strong base, increase of
yield

a) [159]
b) [59]

c) [11]

K2CO3, Na2CO3 Spirocyclization Base [115]

K2CO3 Soluble base in DMF/H2O [67]

Cs2CO3 Aryl chlorides With P(tBu)3 [29]

KOtBu Strong base [83]

Cs pivaloate Biaryl iodides 1,4-Palladium migration [160]

NaOAc, KOAc a) Enantioselective HR
b) Spirocyclization

a) Stabilization of Pd0 a) [78]
b) [115]

CaCO3 Enantioselective HR Base, increase of e. e. with
Ag3PO4

[161]

NaCO2H/HCO2H Reductive HR [162]

Reagents
Boranes
(e. g., NaBPh4)

Alkylation (phenylation)
through anion capture

[163a]

Stannanes
(e. g., PhSnBu3)

Allyl complexes as in-
termediates

Phenylation through
transmetallation

[133]

Bu3SnH Stille-Heck cascade on
enynes

Hydrostannylation [164]

Zincates
(e. g., PhZnCl)

Alkylation (phenylation)
through anion capture

[163a]

Zn/ZnCl2 Alkenylation/arylation
through anion capture

[163c]

Zirconates [e. g.,
(1-hexenyl)ZrCp2Cl]

Alkylation through
transmetallation

[165]

KCN Cyanation through anion
capture

[166]
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Table 5-5 (continued)

Additives
and reagents

Apply for Effect Example
[Ref.]

CO Carbonylation (Reversible) insertion of
CO

[167]

[18]-Crown-6 Cyanation reaction Coordination of the
counter ion

[166]

Ligands
Monodentate phos-
phanes [PPh3, P(oTol)3
(TOTP), P(oFuryl)3
(TFP) P(C6F5)3]

Bromide as leaving
groups

Stabilization of Pd0 [168a]
[43]

P(tBu)3 or
P(tBu)3 ·HBF4

(air-stable) [169]

Excellent for
unreactive aryl
bromides

[11,29,170]

Diadamantylalkyl-
phosphanes

Excellent for aryl
chlorides

[30]

Secondary phosphanes
(HPtBu2, HPAd2)

Excellent for aryl
chlorides

Stability towards oxygen,
cheaper than tertiary
phosphanes

[31]

Chiral phosphanes
(see Table 5-8)

Enantioselective HR
(Section 5.1.5.)

Bidentate
phosphanes Alkenyl ethers Enhanced a-selectivity [103,104,108]
a) dppm Biaryl iodide 1,4-Palladium migration [160]
b) dppe Aryl bromides Increased yield [77c,d,171]
c) dppp a) Aryl triflates

b) Aryl bromides
a) Increased yield with
TlOAc, reversed regio-
selectivity (b) with allyl
alcohols
b) Increased yield

a) [172]
b) [77a,173]

d) dppb Alkenyl triflates Increased yield [45,46]
e) dppf Aryl triflates Reversed regioselectivity [172a]
f) dippb Aryl chlorides Enhanced reactivity [32a]
g) dcpe Aryl bromides with

trisubstituted alkenes
Sterically congested ligand
leads to increased yield

[77b]

h) Polymer-bound
ligands

Aryl iodides Recyclable, increased
stability

[174]

1,10-Phenanthroline
derivatives

Aryl triflates,
Zbromides, Ziodides

Stabilization of Pd0, allows
coupling at 40 hC (alkenyl
ethers)

[175]

Isoquinoline Aryl or vinyl arene-
carboxylates

Stabilization of Pd0 [44]

tBuOH (cat.) Enantioselective HR
(alkenyl triflates)

Increased yield [78]

1,2-Diols (cat.)
(e. g., pinacol)

Enantioselective HR
(alkenyl triflates)

Stabilization of Pd0,
increased yield

[78]
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Table 5-5 (continued)

Additives
and reagents

Apply for Effect Example
[Ref.]

Bu3N(CH2CH2)Br Decarbonylative HR of
vinyl esters

[176]

Pincer ligands Aryl halides
(chlorides, bromides,
iodides)

High turnover number [20]

Phosphinous acids Hetaryl halides Stablilization with
palladium complexes

[177]

Salts
a) LiCl

b) LiCl, NaCl, KCl

a) Aryl triflates or
arenecarboxylates

b) Aryl iodides

a) Increased Pd-OTf bond
cleavage, stabilization of
Pd0

b) Increased yield with
Pd/C (free NH on alkene
necessary)

a) [16a-c,44,53]

b) [16d]

NaBr Alkenyl triflates in
HR with asymmetric
induction

Prevented counter-ion
exchange, increased e. e.

[79]

NiBr2/NaI Aryl chlorides Increased yield due to
in-situ formation of aryl
iodides

[32e]

Phase transfer catalysts
a) Bu4NX (X ¼ Cl, Br)
[TBACl, TBABr], solid
base
b) BnEt3NBr
BnOct3NCl
Pr4NBr
Et4NCl
c) TBABr, HDTAB

d) Bu4NOAc

a) Alkenyl and aryl
iodides

b) Various systems

c) Aryl iodides

d) Aryl iodides

a) Coupling at r. t.

b) Increased yields

c) Molten salts as reaction
medium
d) Solvolysis of highly
reactive palladium
complexes

a) [154]

b) [85]
[58]
[178]
[163b]
c) [72]

d) [7,179]

Me3SiCl Carbonylation
reaction

Rate enhancement [167d]

Silver salts
Ag2CO3 Aryl halides

Arenecarboxylic acids
Base, suppressed double
bond migration [98]
Oxidant

[77,180]
[42]

Ag3PO4 a) Aryl iodides,
triflates
b) Aryl bromides

a) Base

b) No phosphanes needed

a) [45]

b) [127]

AgNO3 a) Alkenyl- and
allylsilanes
b) Cyclic alkenes

a) Suppressed desilylation
b) Suppressed double
bond migration

a) [134,181]

b) [98]



5.2.5
The Leaving Groups

The Heck coupling can be used to bind alkenyl, aryl, allyl [196], benzyl [1b,197],
methyl, certain alkyl [48d,198a], alkoxycarbonylmethyl, alkynyl [199], silyl [198b]
and carborane [200] fragments to a variety of alkenes. The nature of the leaving
group greatly affects the reaction rate: aryl iodides react faster than bromides (e. g.,
[201]), and aryl chlorides are the least reactive. However, increasingly advanced cat-
alysts (and especially ligands) have been developed in recent years which make the
coupling of aryl chlorides possible. The apparent reactivity grading of the halides
has been taken to indicate that the oxidative addition of the haloarene (haloalkene)
to palladium(0) is the rate-determining step [202]. The order of reactivities has been
determined by electrochemical measurements to be: PhI ii (PhCO)2O i PhOTf
i PhBr (i PhCl) [203]. Yet, even the cross-coupling of low-cost chloroarenes using
specially designed palladium catalysts, allowing high turnover rates, has been
investigated in particular in recent years [19a,40,51,70,204] (see above).
It had been shown previously that chloroarenes can be activated for oxidative

addition onto palladium(0) catalysts through the formation of the corresponding
tricarbonylchromium complexes [205], as the (CO)3Cr group exerts a strong elec-
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Table 5-5 (continued)

Additives
and reagents

Apply for Effect Example
[Ref.]

AgOAc a) Allyl alcohols
b) Terminal aliphatic
alkenes

Suppressed double bond
migration

a) [152]
b) [182]

AgOTf Asymmetric HR [161]

Silver-exchanged zeolite Asymmetric HR,
alkenyl iodides

Increased e. e. [183]

Ag2O Asymmetric HR Increased e. e. [184]

Thallium salts
Tl2CO3 Alkenyl halides Base, suppressed double

bond migration
[97b,180]

TlOAc Aryl halides Base, suppressed double
bond migration

[77c,97b,185]

Others
Solid support a) Combinatorial

synthesis of libraries
b) Macrocyclization

a) Formation of libraries
possible
b) Prevented dimerization

a) [102,186–190]

b) [189]

Molecular sieves Asymmetric HR Improved e. e., yield
(3�A i 4�A, 5�A)

[191]

High pressure Alkenyl chlorides
and other

Remarkable rate
enhancement

[140,192]

Microwave irradiation Aryl iodides, bro-
mides, and triflates

Dramatic rate
enhancement

[74,193–195]



tron-withdrawing effect on the arene moiety [206]. This activation can also be
achieved with catalytic amounts of hexacarbonylchromium, since the starting
materials and the products are exchanging the tricarbonylchromium fragment at
elevated temperatures [205b]. Alternatively, the coupling of chloroarenes can be
enhanced by addition of nickel(II) salts which leads to an in-situ conversion of
the aryl chlorides to the corresponding iodides [32e].
Heck-type cross-coupling reactions can also be performed with aryldiazonium

salts [207–209] (frequently called the Matsuda reaction), N-nitroso-N-arylaceta-
mides [210] and hypervalent iodo compounds [211] at room temperature.
Alkenyl perfluoroalkanesulfonates have gained importance as substitutes for

haloalkenes – at least in laboratory-scale preparations – as they are easily obtained
from the corresponding carbonyl compounds [212, 213]. Many successful reactions
with alkenyl trifluoromethanesulfonates (alkenyl triflates) took advantage of this
leaving group, and alkenyl nonafluorobutanesulfonates have been found to be
even more reactive [213]. Even dienediol bisnonaflates can be prepared and coupled
[213] (Scheme 5-58). The previously observed inhibition of the overall coupling
reaction following facile oxidative addition of an alkenyl triflate to palladium(0)
can be prevented by adding lithium chloride to the reaction mixture. Aryl iodides,
however, are more reactive than the corresponding triflates (e. g., [43]) [9]. New sub-
stitutes for alkenyl triflates are the corresponding tosylates [214] and phosphates,
the latter having been successfully applied in the total synthesis of (þ)-cytisine
[215]. It is noteworthy that in the case of tosylates as coupling partners, an equimo-
lar ratio of palladium(II) acetate and the added phosphine ligand is beneficial.
Alkenyl mesylates appear to be less suitable for Heck reactions [214].
The coupling reaction can be accelerated by applying high pressure [6, 140, 192,

216–218]. Starting with the 2-chlorocyclohexenylnonaflate 37 prepared in one step
from chlorocyclohexanone [219], the first Heck coupling with methyl acrylate is
achieved in 96% yield at 60 hC and ambient pressure. The chlorine in the product
38 can be substituted by a styryl group at 60 hC and 10 kbar to give the hexatriene
39 (Scheme 5-9) [192].

The influence of high pressure on the Heck reactions of selected alkenyl and aryl
halides, respectively, i. e. 1-iodocyclohex-1-ene, iodobenzene, bromobenzene, with
alkyl acrylates has been investigated and the activation parameters of these reac-
tions determined [6]. Two different catalyst cocktails were used in this study, the
classical system [Pd(OAc)2, NEt3, PPh3] and the one reported by Herrmann, Beller
et al. [19] (1a). The temperature-dependent and the pressure-dependent rate coeffi-
cients both follow the order: Ph-I/Pd(OAc)2i 1-iodocyclohexene/Pd(OAc)2iPh-I/1a
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Scheme 5-9 Acceleration of a Heck reaction by high pressure [6,192,219]. Nf ¼ C4F9SO2.



iPh-Br/1a, and the activation enthalpies aswell as the activationentropies exhibit the
trend 1-iodocyclohexene/Pd(OAc)2 I Ph-I/Pd(OAc)2 I Ph-I/1a I Ph-Br/1a. The
absolute values of the activation volumes, which were ascertained from the pres-
sure-dependent rate coefficients, increase as follows: 1-iodocyclohexene/Pd(OAc)2
IPh-I/Pd(OAc)2zPh-I/1aIPh-Br/1a. Under high pressure, the lifetime of the active
palladium catalyst and thereby the turnover numbers are greatly enhanced [140].
Some of the latest developments in terms of substrates for Heck reactions are

nitrophenyl benzoates [44], acyl benzoates (mixed anhydrides) [220], and substi-
tuted benzoic acids [42]. In the latter cases, the leaving groups are carbon dioxide
and carbon monoxide, respectively. A variety of alkenes has been coupled with
these substrates. Whereas esters and anhydrides presumably react in a catalytic
cycle like that of the classical Heck reaction [221], arenecarboxylic acids, when
treated with an equimolar amount of a silver salt as reoxidant appear to undergo
a nonclassical Heck reaction, as demonstrated by the coupling with 2-cyclohexen-
one to give a 3-arylcyclohexenone.
New classes of substrates for ruthenium- [222], rhodium- [223] and palladium-

catalyzed Heck-type reactions are areneboronic acids [222–225], arylstannanes
[226] and arylsilanols [227] which, under oxidative or nonoxidative [224] conditions,
undergo coupling with electron-deficient alkenes.
The Heck reaction can also be drastically accelerated under microwave irradia-

tion (typically 3�4 min reaction time at room temperature, compared to a few
hours at elevated temperatures). In these cases, DMF [193] or ionic liquids [74]
have proved to be excellent solvents.
The Heck reaction is compatible with a variety of substituents, and only strong

oxidizing agents such as quinones or TCNE are not tolerated.
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Table 5-6 Leaving groups in alkenyl and aryl derivatives[a].

Leaving group Remarks Preferred catalytic systems Ref.

Cl Least expensive halide,
but poor leaving group

a) On arenes: Pd(OAc)2, dippb,
NaOAc, DMF, 150 hC, 24 h
b) On alkenes: 10 kbar

a) [19,32a]

b) [192]

Br Quite good Pd(OAc)2, PPh3, NEt3, DMF [3]

I Excellent, but expensive Pd(OAc)2, PPh3, NEt3, DMF [3]

COCl Inexpensive, better than
iodides [228]

a) Arylation: Pd(OAc)2,
NEM, xylene
b) Aroylation/acylation:
Pd(OAc)2, NEt3

a) [48a,c]

b) [48b,d]

CO2H Very inexpensive, better
than iodides

Pd(OTfa)2, Ag2CO3, 5%
DMSO/DMF, 120 hC

[42]

CO2(CO)R Cheap PdCl2, NaBr, NMP, 160 hC [220,221]

CO2(CO)OtBu In situ from acids, cheap PdCl2, LiCl, g-picoline [229]

CO2C6H4NO2 Cheap, salt/base PdCl2, LiCl, isoquinoline,
NMP, 16 h, 160 hC

[44]

CO2C(CH3)¼CH2 Cheap, salt/base PdCl2, Bu3N(CH2CH2OH)Br,
NMP, 16 h, 160 hC

[176]
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Table 5-6 (continued)

Leaving group Remarks Preferred catalytic systems Ref.

OTf Sometimes excellent, less
reactive than iodides

a) On alkenes: [Pd(PPh3)4],
LiCl, Li2CO3, THF, reflux
b) On arenes: [Pd(PPh3)2Cl2],
NEt3, DMF, acrylates, 90 hC

a) [53]

b) [57]

ONf Excellent leaving group Pd(OAc)2, PPh3, NEt3, DMF [192,213,219,
230]

OSO(CF2)2O-
(CF2)2H

Excellent leaving group [Pd(PPh3)2Cl2], NEt3, DMF,
90 hC

[57b]

OP(O)Et2 Good leaving group Pd(OAc)2, P(oTol)3, NEt3,
MeCN, 60 hC, 24 h

[215]

OTs Pd(OAc)2, PPh3 (1:1), NEt3,
DMF/DMA, 90–105 hC,
30 min–2.5 h

[214]

OH After in-situ conversion
into OSO2R

H(CF2)O(CF2)2SO2F,
[Pd(PPh3)2Cl2], NEt3, DMF,
80 hC, 24 h

[231]

NH2 After in-situ conversion
into NaNþ

Pd(OAc)2, BuONO, AcOH,
CH2Cl2, 20–30 hC

[232]

NaN Excellent [Pd(dba)2], MeCN, 25 hC
(alkenylsilanes)

[207]

[Pd(dba)2], MeCN, 40 hC, I 1 h
(alkenes)

[210]

[Pd(PPh3)4], PhH, 120 hC [233]

IPhþX–

(X ¼ BF4, OTs)
Mild conditions Pd(OAc)2, DMF, NaHCO3, r. t. [211]

SO2Cl On arenes: [Pd(PhCN)2Cl2],
K2CO3, BnOct3NCl, m-xylene,
140 hC, 4 h

[58]

H Arenes
a) regioselectivity as in
electrophilic aromatic
substitution
b) C-H activation
c) Carbopalladation of
alkynes with phenols

a) Pd(OAc)2, HOAc, AgOAc or
Cu(OAc)2, O2, reflux, 8 h
b) Pd(OAc)2, HOAc/toluene,
TsOH, benzoquinone, O2,
reflux, 8 h
c) Pd2(dba)3, 10% NaOAc,
HCOOH, 25 hC

a) [234]

b) [235]

c) [236]

BiPh3
þ BF4

– Alkenes Pd(OAc)2, Na2CO3, DMF, r. t.,
1.5 h (acrylates)

[237]

HgX (X¼Br, Cl) Toxic! cat. PdCl2, PhHgCl, CuCl2,
THF, r. t.

[238]

XPhn (X¼P, As,
Sb, Bi, Te, Se),
ArX (X ¼
B(OH)2, Si-
Me2OH, SnR3)

From XPhnþ1 to yield
styrenes

Stoich. Pd(OAc)2, MeCN,
50 hC, 5 h (acrylates, alkenes);
cat. Pd(OAc)2, Cu(OAc)2,
CH2Cl2, r. t.

[222–227,239,
240]

[a] The leaving groups on allyl derivatives may vary: Ac, RO2CO [167].
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5.2.6
Structural Requirements in Intramolecular Cyclizations

For the design of natural products syntheses, a predictability of the regioselectivity
is required. However, all ring sizes from three- to nine-membered are attainable,
either by exo-trig for 3- (Scheme 5-10) to nine- or endo-trig cyclizations for six- to
nine-membered rings (Scheme 5-11). Applications towards the construction of lar-
ger rings (sizes 13�24) have been demonstrated using solid support in combina-
torial syntheses (cf. Scheme 5-76) [190], by employing slow addition of the sub-
strate and/or the high dilution principle [189].
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Scheme 5-10 A 3-exo-trig ring closure occurring in a cascade cyclization [241]. A: Pd(OAc)2
(3–5 mol%), PPh3 (12–20 mol%), Ag2CO3, MeCN, 80–130 hC.
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Scheme 5-11 7-, 8-, and
9-endo-trig ring closures [143].

Table 5-7 Examples of ring sizes achieved in intramolecular Heck reactions.

Ring size endo-trig (dig) [Ref.] exo-trig (dig) [Ref.]

3 [241] [a]

4 [213,242,243]

5 [244, 245] [115,185,243,246–248]

6 [80, 247a, 249] [115,121,243,247a,250–252]

7 [143, 253–255] [178,256,257c,258]
8 [143, 250a, 256a, 259] [257]

9 [143] [133][b]

10�15 [260] (12), [133] (13) [133] (11,12)[b], [164] (12�15)[c]

16�19 [261] (16), [262] (16, 18) [133] (18)[b], [164] (16,17)[c]

i19 [133] (21), [262] (20, 22), [189] (20–24), [55] (20) [55] (19)

[a] The formation of three-membered rings is reversible: Cf. ref. [250c].
[b]With allenes as alkenes.
[c] Heck-Stille cascade.



5.3
Cascade Reactions and Multiple Couplings

Cascade reactions provide valuable avenues especially for the construction of
various carbo- and heterooligocyclic systems with three, four or more annelated
rings [263]. The Heck reaction has been employed successfully in various inter-
inter-, intra-inter- as well as all-intramolecular reaction cascades [3d].
In the insertion step of the Heck reaction (see Scheme 5-1) a new metal-carbon

bond is formed which, in principle, can undergo any of the typical reactions of a
s -M-C bond (Scheme 5-12), if the b-hydride elimination is not too fast. When the
b-hydride elimination is totally suppressed, the alkylpalladium species can undergo
a number of reactions with the formation of new C-C bonds. With an appropriate
choice of substrates, these transformations can occur as a sequence of events in a
single synthetic operation.

5.3.1
Heck Cascades Involving Csp2 Centers

For example, ortho-bromostyrenes 46 (X ¼ Br), under palladium catalysis, yield
substituted indanes 45. In this case, careful variation of the conditions is necessary
to prevent the b-hydride elimination in the alkylpalladium intermediate 48 to yield
o-dialkenylarenes 47 (Scheme 5-13) [93]. This reaction mode plays a dominant role
in the attempted six-fold Heck coupling of hexabromobenzene with styrenes yield-
ing complex mixtures of various isomers of the six-fold coupling product. The
analogous six-fold Suzuki and Stille coupling reactions with alkenylboronates
and alkenylstannanes, respectively, gave the corresponding pure hexakisalkenyl-
benzene derivatives in high yields [264, 265]. Even an eight-fold Suzuki coupling
of octabromonaphthalene with an alkenylboronate has recently been achieved
[265].
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The analogous o-bromostilbenes 49-R, under Jeffery conditions, undergo dimer-
ization with cyclization to give 9,10-bis(arylmethylene)dihydroanthracenes 50-R in
high yields (Scheme 5-14).

In trying to elucidate scope and limitations of a recently developed domino se-
quence consisting of an intramolecular and a subsequent intermolecular Heck
Diels-Alder reaction [119], 2-bromo-1,6-dienes of type 54 with methylenecyclopro-
pane end groups (Scheme 5-15, Scheme 5-19) have been used successfully. When
R ¼ H, such compounds react in the usual way to give 1,2-dimethylenecyclo-
alkanes 53, which undergo cycloaddition with dienophiles like methyl acrylate to
yield products of type 57 (Scheme 5-15) [119a]. However, when the double bond
in 54 is tetrasubstituted, e. g., when R ¼ Me, a sequence of (n–1)-exo-trig, 3-exo-trig
and two consecutive cyclopropylcarbinyl to homoallylpalladium rearrangements,
overall formally an n-endo-trig cyclization with a subsequent cyclopropylcarbinyl- to
homoallylpalladium rearrangement, occurs to yield dendralenes of type 55 [101a].
Under the conditions of the cycloisomerization reaction [267] (see below, Section
5.1.4.), the 1,6- 56a-Me and 1,7-enyne 56b-Me gave the dendralenes 55a (n ¼ 6) and
55b (n ¼ 7) in 78 and 100% yield, respectively. In the presence of iodobenzene
under Heck conditions the enyne 56a-Me gave the (Z)-phenyl-substituted dendra-
lene 51a (45%) together with the phenyl-substituted enyne 52a (42%).
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Starting from 1,6-octadienes 60 with two leaving groups in the 2- and 8-position,
the palladium-catalyzed transformation proceeds by a sequence of 5-exo-trig and
3-exo-trig cyclization eventually leading to bicyclic vinylcyclopropanes 62 by elim-
ination of a palladium salt from the intermediate 61 (Scheme 5-16) [268, cf. 242,
269]. Starting from propargyl carbonates 63 with a pentenyl tether, the vinylcyclo-
propane derivative 62 could be obtained in 68% yield, when the catalyst cocktail
contained 2 equiv. of sodium formate and 1 equiv. of Et4NBr. Without the latter
being present, the interesting dehydrodimer 64 was formed in 36% yield. Hete-
roring-annelated vinylcyclopropane derivatives similar to 62 were also obtained
by the domino cyclization-anion capture methodology as reported by Grigg et al.
[270].
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5.3.2
Heck-Reaction Cascades Involving Csp2 and Csp Centers

The palladium-catalyzed domino assembly of norbornene (65), the cis-alkenyl
iodide 66 and a terminal alkyne or cyanide reported by Torii, Okumoto et al.
[271], provides an example for a sequence of oxidative addition, intermolecular
double bond insertion, and interception of a copper acetylide or potassium cyanide.
These reactions with acetylenes have been performed in good yields in the pres-
ence of diethylamine, tetra-n-butylammonium chloride, and catalytic amounts of
palladium acetate, triphenylphosphane, and copper(I) iodide. Remarkably, they
are characterized by complete inversion of the cis-configuration of the alkenyl io-
dide and a high degree of discrimination for the enantiotopic ends of the double
bond in norbornene. To account for that, intermediate formation of a cyclopropyl-
carbinylpalladium species by 3-exo-trig cyclization in 67 and subsequent cyclorever-
sion to a new homoallylpalladium intermediate as the direct precursor to 68 and 69
has been assumed. Thus, the products 68 and 69 are formed virtually with com-
plete stereoselectivity (Scheme 5-17).
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Scheme 5-17 Three-component couplings with norbornene as one partner [271].

Scheme 5-18 The key step of an elegant synthesis of 1a,25-dihydroxyvitamin D3 (calcitriol) [272].



Purely intramolecular cascade reactions using triple bonds as a kind of relais
station are well known (Schemes 5-10, 5-16, 5-20, 5-21, 5-22, and 5-24). An inter-
intramolecular variant was developed as an elegant access to calcitriol (72) (Scheme
5-18) [272].

5.3.3
Cascades Consisting of Heck and Subsequent Cycloaddition
or Electrocyclization Reactions

5.3.3.1 Heck-Diels-Alder Cascades
An interesting possibility for the construction of bicyclic systems containing one
six-membered ring arises when an intramolecular Heck reaction or palladium-
catalyzed enyne cycloisomerization [267] to give a vicinal exodimethylenecycloalkane
is immediately followed by a Diels-Alder reaction (Scheme 5-15, Scheme 5-19). This
sequence is normally conducted in two steps, but may also be performed in a one-
pot procedure without isolating the intermediate diene, by adding the external die-
nophile right after the palladium-catalyzed cyclization has occurred [119]. This
intra-intermolecular sequence consisting of a Heck and a Diels-Alder reaction
can also be performed with the dienophile being present in the mixture from
the beginning, as long as the dienophile is not a strong oxidant (like benzoquinone
or TCNE) that would oxidize the catalyst [119]. In addition to common dienophiles
and diene starters, three-membered strained cyclopropene and methylenecyclopro-
pane derivatives have also been used leading to spiro- and bicyclic systems like 57
(Scheme 5-15), 75 or 76 (Scheme 5-19, Procedure 5.10.4), respectively [119a]. Even
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heteroatom containing 2-bromo-1,6-dienes 73 react smoothly in the presence of
dienophiles to give heterocycles as well as 74 in good yields (X ¼ O, NR, Scheme
5-19) [119,273]. Palladium-catalyzed 1,6-enyne cycloisomerizations [267] (see
below, Section 5.1.4.) can also be adopted for this one-pot procedure. However, it
should be kept in mind that homologous bromodienes can be cyclized, whereas
the corresponding cycloisomerization of homologous 1,7- or higher eneynes fails
(cf. Scheme 5-15, the enyne 56a-H gave no diene 56).
An interesting sequence of two consecutive Heck-type cyclizations and a subse-

quent Diels-Alder addition was observed, when the methoxycarbonyl-substituted
2-bromotrideca-1,11-dien-6-yne (E/Z)-77 was treated with a typical palladium cata-
lyst [274]. The cyclization of dienyne 77 at 80 hC gave two diastereomeric trienes
(E/Z)-78. At higher temperature (130 hC), an intramolecular Diels-Alder reaction
of only the (E)-isomer (E)-78 occurred to give the tetracyclic 79, whereas (Z)-78
remained as such, probably due to steric interference of the methoxycarbonyl
group.

5.3.3.2 Heck-6p -Electrocyclization Cascades
While inter- and intramolecular Diels-Alder reactions normally require electron-
deficient dienophiles, the 6p -electrocyclization proceeds with a large variety of
substituents on a hexatriene. In one such approach, the intramolecular Heck-
type reaction of a 2-bromo-1-en-(v–1)-yne 80 is used as a trigger to initiate an
intermolecular Heck coupling with an alkene to form the conjugated 1,3,5-hexa-
triene 81 which eventually cyclizes in a 6p -electrocyclic process (Scheme 5-21)
[275]. In many cases, aromatization of the primarily formed cyclohexadiene 82
occurs to yield carbo- and heterobicyclic compounds of type 85 [275a]. But with
alkyl ethenyl ethers, the cyclohexadienes 83 can be obtained in moderate yields
[275b].
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With a 2-bromo-1,6-enyne 86 as a starter and the more reactive bicyclopropy-
lidene (16) as an interceptor, the sequential action proceeds with a cyclopropyl-
methyl- to homoallylpalladium rearrangement and subsequent b-hydride elimina-
tion to yield cross-conjugated tetraenes 87. The latter undergo 6p -electrocyclization
at elevated temperature (130 hC) to furnish the spirocyclopropanated biyclonona-
diene derivatives 88 (Scheme 5-22) [276].
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For the construction of highly condensed oligocyclic skeletons, the cascade
consisting of two intramolecular Heck-type reactions and a 6p -electrocyclization
as performed with the 2-bromododeca-1,11-dien-6-ynes (E)- and (Z)-89 to yield
tetracycles cis- and trans-90, respectively, is particularly elegant (Scheme 5-23)
[274].

5.3.4
Heck Reactions Combined with other Cross-Coupling Processes

The first reported cascade consisting of a Suzuki cross-coupling and an asymmetric
Heck reaction [277] was applied in an elegant access to halenaquinone, the oxida-
tion product of halenaquinol 93, a marine natural product which possesses antibio-
tic, cardiotonic, and protein kinase inhibitory activities. Starting from the dihydro-
xynaphthalene bis-triflate 91, the intermolecular Suzuki coupling with the appro-
priately substituted borane to give the monotriflate 93 is followed by an enantiose-
lective intramolecular Heck-type 6-exo-trig cyclization to give 92 as the precursor to
93 (Scheme 5-24).
Another intriguing cascade of an intramolecular Heck-type followed by an in-

termolecular Stille coupling produces the dienyne 98 starting from the enyne
96 and the stannane 97 [278] (Scheme 5-25). The reversed sequence of a
Stille-type followed by a Heck reaction has also been applied. It is also possible
to terminate such a sequence after transmetallation from a zincate [163a,c],
either added to the reaction mixture [163a] or generated in situ from an iodoalkene
[163c].
A newly developed cascade reaction for the construction of highly functionalized

cyclohexadiene systems starts from 2-bromocyclohexenol triflates like 99, which
are readily accessible from the corresponding a-bromoketones (cf. Scheme 5-9)
[279]. Such bromoenol triflates undergo a perfectly chemoselective Stille coupling
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with an alkenylstannane such as 103 replacing the triflate leaving group only, to
give a 1-bromo-1,3-butadiene derivative such as 100, and this subsequently per-
forms a Heck coupling with, for example, an alkyl acrylate to complete a 1,3,5-
hexatriene system such as 101. The latter, upon heating in decalin at 205 hC, under-
goes a completely diastereoselective 6p -electrocyclization to furnish the tetracyclic
system 102, a protected steroid analogue with a cyclohexadiene B-ring, yet with a
cis-junction of the C and D rings. The analogous tetracyclic compound with a
trans-C,D-junction has been prepared along the same route starting with the corre-
sponding trans-configured analogue of 103 [279b] (Scheme 5-26).
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5.3.5
Palladium-Catalyzed Reactions Involving Nucleophilic Substrates

The s -complexes generated by oxidative addition of haloarenes and haloalkenes to
palladium(0) are electrophilic at the metal-substituted center, and can therefore
react with nucleophiles other than alkenes, especially with enolate and homoeno-
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late ions to form new C-C bonds [280,281]. This reaction mode has been termed
“anion capture” [282].
With this notion in mind, an elegant synthesis of the sesquiterpene (e)-D9(12)-

capnellene rac-109 was developed (Scheme 5-27). Thus, biscyclization of the cyclo-
pentene derivative 104 gave the tricycle 106 (with 105 as a byproduct) which was
converted to the target molecule 109 in three further steps [168a]. The enantiomeri-
cally pure product (–)-109 was obtained starting from 107 employing an enantiose-
lective coupling with an appropriately substituted sodiomalonate [79a]. After inser-
tion of the palladium into the carbon–oxygen bond of the trienyl triflate 107, the
(S)-BINAP ligand on the palladium led to selective coordination to one of the en-
antiotopic double bonds with subsequent cyclization to give the intermediate p-allyl
complex 111. This was regio- and stereoselectively trapped by the nucleophile.
Further elaboration of 108 gave the natural product in good optical purity.
Palladium-catalyzed substitutions of allylic esters 116, which proceed via inter-

mediate p-allylpalladium complexes such as 117, are well established [283]. In con-
trast, the reactions proceeding through p-allylpalladium intermediates, generated
by addition of the palladium s-complex intermediates from haloarenes, halo-
alkenes, or corresponding triflates, to allene and substituted allenes 118 (Scheme
5-28), have scarcely been tapped [132].
The s -allylpalladium intermediate 122a, which must be formed upon coupling of

1,3-dicyclopropyl-1,2-propadiene (121), with e. g., iodobenzene under palladium
catalysis, rapidly undergoes rearrangement to the homoallylpalladium species
122b and subsequent b-hydride elimination to yield the 1,3,5-hexatriene 123.

This in turn undergoes [4þ2] cycloaddition with an added dienophile to furnish
the 3-(2-cyclopropyl-1-phenyl)cyclohexene derivatives 125 as a mixture of trans,-
trans- and cis,trans-diastereomers (Scheme 5-29).
Negishi et al. demonstrated the carbopalladation mode of an allene to be feasible

for an intramolecular approach to medium and large rings [133]. The new C-C
bond is formed at the central carbon atom of the allene moiety to give a p-allyl-
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palladium complex, which in turn can be trapped by a variety of nucleophiles
(arylstannanes to give arylated products, malonates, phenols, amines, etc.)
(Scheme 5-30). The yields are remarkably good without using sophisticated nucleo-
phile delivery techniques.

Early findings by Heck et al. revealed that coupling reactions of haloalkenes 113
with alkenes 112 in the presence of secondary amines gave allylamines [128a, 284]
(Scheme 5-28: 119/120; Nu ¼ NR2). Based on this observation, inter-inter- as well
as intra-intramolecular cascade reactions [285] (Scheme 5-31), the latter ones lead-
ing to a variety of bicycles [286] (Scheme 5-32), were developed.
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Pyrrolidine derivatives 137 are accessible by a cascade carbopalladation of a diene
136 and intramolecular trapping of the intermediate p-allylpalladium complex by a
secondary amine moiety. In this case, an efficient enantiocontrol has been achieved
using chiral phosphane ligands (Scheme 5-33) [287].

Similar three-component reactions can also be carried out with bicyclopropyli-
dene (16) as an alkene partner. After carbopalladation with, for example, phenylpal-
ladium iodide across its double bond, rapid ring opening of the resulting (1-cyclo-
propylcyclopropyl)palladium to a 3-cyclopropylidene-3-phenylpropylpalladium spe-
cies occurs; subsequent rearrangement to a p-allylpalladium and its trapping with
a primary or secondary amine then yields an allylamine 138a with a cyclopropyli-
dene end group (Scheme 5-34) [288]. Similarly, this three-component reaction with
bicyclopropylidene (16) has been performed with o-iodobenzyl alcohol to give a
cyclopropylidene-substituted benzodihydropyran derivative. It is interesting to
note, that even an ortho-positioned amide nitrogen is nucleophilic enough for an
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intramolecular attack [288]. This transformation is related to the three-component
reaction leading to 1l-arylallylidenecyclopropane derivatives (see Scheme 5-5) [101].
With vinyl iodide as a coupling partner in this new three-component reaction, ami-
noethyl-substituted allylidenecyclopropanes 138b can be prepared in up to 75%
yield, and these can be further transformed by [4þ2] cycloadditions, e. g., to 139
[289].

Since hydroxy groups do not interfere with palladium catalysts, the termination
of carbopalladation cascades by oxygen nucleophiles has been employed in various
cases. As discussed above, the palladium-catalyzed couplings of alkenyl halides
with alkenes can give rise to the formation of p-allylpalladium complexes which
can then be attacked by internal nucleophiles including hydroxy groups to yield
various oxacyclic systems (Scheme 5-35) [290].
An analogous sequence of an enyne cycloisomerization and subsequent coupling

with a stabilized enolate has been employed (Scheme 5-36) [291]. In this case,
variation of the appropriate ligand (e. g., switching from dppp to the 1,3-bis(diaryl-
phosphano)propane derivative 148) for the palladium can lead to different ring
sizes.
Given the tremendous variety of naturally occurring heterocyclic compounds, the

development of elegant and efficient routes to the appropriately substituted ring
systems is a formidable task. o-Amino- and o-hydroxysubstituted iodoarenes like

250 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

+
Br

Pd(OAc)2, nBu4NCl

DMF, 80 °C, 72 h

O O
+

142 (56%) 143 (11%)

OH

140 141

Scheme 5-35 Intramolecular termination
of carbopalladation cascades by oxygen
nucleophiles [290].

MeO2C

MeO2C

MeO2C

MeO2C

144

146

THF, 70 °C

Pd(OAc)2 (5 mol%)

59%

dppp (5 mol%)
SO2Ph

O

+ SO2Ph
O

SO2Ph

O
MeO2C

MeO2C

147THF, 70 °C

Pd(OAc)2 (5 mol%)

86%

148 (5 mol%)

(2-MeOC6H4)2P P(C6H4-2-OMe)2

148

145

Scheme 5-36 An intra-intermolecular cascade reaction involving a stabilized enolate.



154 -XH (X ¼ O, NR) can undergo a vast array of reactions with 1,2-, 1,3- and 1,4-
dienes as well as ethenylcyclopropanes, when treated with an appropriate palla-
dium catalyst [120,132d,f,292]. Several of these reactions which lead to substituted
dihydrobenzofurans and dihydroindoles 150, 152, 155, 159, also proceed via inter-
mediate p-allylpalladium complexes (Scheme 5-37).

o-Iodoamino- and o-iodohydroxyarenes like 154 -XH also react with various
alkynes [293], alkenes [294], and enol triflates with or without incorporation of
carbon monoxide to yield versatile heterocyclic compounds (Scheme 5-37).

a,b-Unsaturated or a-aryl esters with a b- or ortho-leaving group (bromo, iodo,
trifluorosulfonyloxy) undergo coupling with alkynes to give 2-pyrone or isocoumar-
ine derivatives, respectively, in good yields (Scheme 5-38) [295].
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5.3.6
Heck-Aldol and Heck-Michael Cascades

The intermolecular coupling of homoallyl alcohols with o-bromoacetophenone
(163) or o-bromostyryl ketones 165 gave dihydro- 164 and tetrahydronaphthalene
derivatives 166 in a sequence of Heck and aldol or Heck and Michael reactions
(Scheme 5-39, Scheme 5-40) [296]. After addition of the initially formed arylpalla-
dium species to the homoallyl alcohols, elimination/isomerization yield carbonyl
compounds which, under the reaction conditions, undergo intramolecular aldol
reactions or Michael additions.
The two-fold coupling product of 1,2-diiodobenzene (167) with allyl alcohol, a

1,8-dicarbaldehyde 168, readily underwent an intramolecular aldol condensation
under the reaction conditions to yield 5,6-benzocycloheptenecarbaldehyde (169)
(Scheme 5-40) [297].
Monoprotected 3-hydroxyindan-1-ones 172 have been prepared in moderate to

good yields by a new domino Heck-Aldol annelation reaction involving salicylalde-
hyde triflates and commercially available 2-hydroxyethyl vinyl ether (Scheme 5-41).
In this one-pot transformation, which proceeds in the presence of a palladium
catalyst with a bidentate ligand, two new rings are formed [298].
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An interesting new mode was discovered in the reaction of the enol ether 173
under Heck-type conditions. In the presence of both [Pd(PPh3)4] and a base, the
allyl alkenyl ether 173 underwent a Pd0-catalyzed 1,3-allyl shift and an intramole-
cular Heck arylation to give the spiroindane 174 (Scheme 5-42). Mechanistic inves-
tigations suggest that the 1,3-allyl shift proceeds by first forming the p-allylpalla-
dium enolate intermediate 175 which by recombination yields 176, and this in
turn undergoes a 5-exo-trig cyclization [299].

5.3.7
C-H Activation in Heck-Type Processes

Cascade reactions are often triggered when a syn-b-hydride elimination cannot take
place, e. g., in a cycloalkyl- or neopentylpalladium intermediate. Such systems then
seek an alternative reaction mode, in particular, C-H activation often plays a major
role [300, 301].
In such situations, even the insertion into aryl C-H bonds can occur, for exam-

ple, in the coupling of aryl halides 177-X with norbornene (65). Thus, upon reac-
tion of iodo- or bromoarenes 177-X with norbornene (65) (in the presence of
[Pd(PPh3)4], KOtBu, and anisole at 110 hC), Catellani and Chiusoli et al. obtained
the norbornane-annelated 9,10-dihydrophenanthrenes 178a and 178b (Scheme
5-43) [83,302]. However, under different reaction conditions [Pd(OAc)2, K2CO3,
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nBu4NBr, DMF, 80 hC] the norbornane-annelated 4-aryl-9,10-dihydrophenan-
threnes 179 were formed almost exclusively, apparently from three molecules of
177-Br and one molecule of norbornene (65) [303]. The diversion of these two re-
actions is likely to occur only after the first three identical steps. ortho-C-H activa-
tion must occur twice in the formation of 179.
Under yet another set of conditions [Pd(PPh3)4, K2CO3, DMF, 80 hC], intermedi-

ate 181 – which is formed via a palladacycle intermediate 180 and is common to
the formation of 178a,b and 179 – reacts with norbornene (65) to afford the ben-
zocyclobutene derivative 182 [304]. In recent years, Catellani et al. have developed
this chemistry of palladium-catalyzed coupling reactions involving norbornene,
aryl halides, halostyrenes, alkenes, amines, carbon monoxide each combination
under appropriate conditions selectively leading to one of a multitude of interest-
ing oligofunctionalized aromatic compounds. During the course of this work, these
authors have gathered conclusive evidence for rigorous mechanistic rationaliza-
tions for the results presented in Scheme 5-43 and the new developments [305].
A new three-component reaction incorporating an aryl iodide, an aryl bromide

and an acrylate to give ortho-aryl-substituted cinnamates 183, recently also devel-
oped by Catellani et al. [306] (Scheme 5-44) proceeds only in the presence of nor-
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bornene and involves an intermediate norbornylpalladium complex and pallada-
tion of an arene ring.
The same type of inter-intramolecular coupling cascade with formation of a

six-membered ring as in 178/179 can be performed under Jeffery conditions
[Pd(OAc)2, K2CO3, Bu4NBr, DMF, 80 hC] with norbornene (65) and haloalkenes
such as b-bromostyrene yielding 184 (45% isolated) (Scheme 5-45) [303d]. The
same reaction between [2.2]paracyclophan-1-ene 185-H and its 1-bromo derivative
185-Br or the benzo analogues benzo-185-H and benzo-185-Br, however, appar-
ently follows a different mode, most probably via a palladacycle intermediate
[307] to give tris[2.2]paracyclophane-annelated bicyclo[3.3.0]octa-2,6-diene 186 or
tribenzo-186 in remarkable yields of 66 and 52%, respectively [303e]. The latter
is an interesting C60H38 hydrocarbon, however, the more interesting D3h-symmetric
C60H36 hydrocarbon tribenzo-187 just like the parent trifoliaphane 187 could be

2555.3 Cascade Reactions and Multiple Couplings

H

H

H

H
H Ph

184

185-H

185-Br

186

65

+ 2

Br

Ph

A

+ 2
A

Br

45%

parent:

Ph

tribenzo: 52%

66%

141

187

B B

189188a (72%) 188b (37%)

Scheme 5-45 Inter-intramolecular alkenyl-alkene and aryl-alkene coupling cascades involving
C-H activation [96,303d,e]. A : Pd(OAc)2, K2CO3, nBu4NBr, DMF, 80 hC, 24 h. B : Like A , but
100 hC for 7 and 21 days, respectively.



obtained in remarkably good yields (69 and 48% overall) by palladium-cata-
lyzed two-fold coupling of 1,2-dibromo-9,10-benzo[2.2]paracyclophane-1-ene with
9,10-benzo[2.2]paracyclophane-1-magnesium bromide – or the corresponding
parent [2.2]paracyclophane derivatives – leading to a 1,3,5-hexatriene with one cen-
tral and two terminal [2.2]paracyclophane units, which underwent 6p -electrocycli-
zation under the coupling conditions and formal oxidation upon subsequent treat-
ment with bromine [308].
The formation of the interesting propellanes 188a,b with their hexaarylethane

substructures from the hexacyclic hydrocarbon 189 with a central tetrasubstituted,
but strained double bond, and iodobenzene or 1-iodonaphthalene under palladium
catalysis, as reported by Dyker et al. [96] also proceeds via palladacycle intermedi-
ates.

Palladacycles are presumably also involved in the observed formal translocation
of the attached group during Heck-type coupling of unsymmetrically substituted
2-bromobiaryls (Scheme 5-46). It is puzzling that these relocations are more or
less restricted to 4-aryl-3-bromopyridines as well as 4-(2l-bromoaryl)pyridines
[309] and can be switched “on” and “off” using different catalysts [160].
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An unusual C-H activation on ortho-methoxy groups was observed by Dyker et al.
in the reaction of methoxyiodoarenes like 193 leading elegantly to 6H-dibenzo[b,d]
pyrans like 194 (Scheme 5-47) [310,311]. Under the same conditions, 2-tert-butyl-
iodobenzene (195) with various aryl halides gave the benzocyclobutene derivatives
196, the formation of which also involves an alkyl C-H activation [310e].

5.3.8
Heck Reactions with Subsequent Incorporation of Carbon Monoxide

Aryl-, alkenyl- and alkynylpalladium species readily undergo carbonylation reac-
tions because carbon monoxide as a loosely bound ligand can reversibly insert
into any palladium-carbon bond [167]. Thus, 2-allyl-1-iodocyclopentene (197),
under palladium catalysis, reacts with carbon monoxide in two modes, depending
on the excess of carbon monoxide and the catalyst cocktail [167a]. With a slight ex-
cess (1.1 atm of CO) in the presence of [Pd(PPh3)4] in tetrahydrofuran, 197 cyclized
with one CO insertion to yield 3-methylenebicyclo[3.3.0]oct-1(5)-en-2-one (203),
and under 40 atm of CO with [Pd(PPh3)2Cl2] in benzene/acetonitrile/methanol,
gave methyl 2-{3l-(2l-oxobicyclo[3.3.0]oct-1l(5l)-enyl)}acetate (198) after two CO
insertions (Scheme 5-48).

The intermolecular Heck cross-coupling of o-iodo-N-tosylaniline (202) with bicy-
clopropylidene (16) also proceeds with incorporation of two molecules of carbon
monoxide to yield the interesting spiroheterocycle 203, and thus constitutes a for-
mal four-component queuing cascade [312].
Even more impressive is the carbonylative cascade starting from the trienylio-

dobenzene derivative 204 [167b]. Under appropriate conditions, even the tetra-
cycle 206 with incorporation of four CO, was formed, albeit in low yield
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(Scheme 5-49). This is quite remarkable, as it involves the formation of seven
new carbon–carbon bonds in a single operation.
Heck reactions with subsequent reduction (“hydride-ion capture”) [159,162,313]

also have become valuable methods for the construction of various carbo- and het-
erocyclic skeletons. Such a reaction comes about, when the syn-addition of an aryl-
or alkenylpalladium species onto a multiple bond leads to an intermediate which
does not or cannot undergo a rapid syn-b-hydride elimination (Scheme 5-50) [162].

5.3.9
The Heck Coupling in Combination with other Reactions

Since the Heck reaction is quite robust to the presence of various electrophilic and
nucleophilic functional groups and reagents, its combination with other reaction
types is very appealing. The one-pot performance of a Heck reaction and a catalytic
hydrogenation is definitely one of the most useful approaches to b-aryl-substituted
esters and nitriles (see Section 5.8).
The Hartwig-Buchwald arylation of amines can also be favorably combined with

the Heck reaction [314]. For example, the intramolecular palladium-catalyzed
N-arylation of immobilized dehydrohalophenylalaninate was found to proceed
smoothly to form indolecarboxylates. The method was successfully combined
with the Heck reaction to constitute a one-pot indole synthesis in the form of a
palladium-catalyzed cascade C,N-arylation reaction [315] (Scheme 5-51).
An interesting combination is that of a Heck coupling with an enantioselective

dihydroxylation reaction. To achieve this, a bifunctional catalyst consisting of active
palladium and osmium species anchored on silica gel through a mercaptopropyl
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spacer and a cinchona alkaloid, respectively, was prepared and applied using N-
methylmorpholine N-oxide as a co-oxidant. This domino process of alkene forma-
tion and subsequent dihydroxylation afforded diols of type 212 in excellent yields
and high enantiomeric excesses [316] (Scheme 5-52).

5.3.10
Multiple Heck Couplings

The feasibility of multiple couplings had already been demonstrated by Heck him-
self [1, 317]. Such reactions have later been improved [318] and further developed
to conveniently prepare starting materials for various carbo- and heterocyclic fra-
meworks [318, 319]. For example, the two-fold coupling of 1,2-dihalocycloalkenes
yields (E,Z,E)-1,3,5-hexatrienes 214 [318] which readily undergo 6p -electrocycliza-
tion to yield ring-annelated cyclohexa-1,3-dienes. The trienes 214, however, can
also be used as precursors for larger rings; for example, the epoxides 217, easily
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accessible by treatment of the hexatrienes 214 with peracids or dimethyldioxirane,
rearrange smoothly to the bridgehead-bridgehead dienes 218 [320]. Alternatively,
palladium(0)-catalyzed reduction of the diethenylepoxides 217 leads to 1,5-hexa-
dien-3-ols which readily undergo an anionic oxy-Cope rearrangement to give the
ring-enlarged ketones 216 diastereoselectively (Scheme 5-53) [219,321].
The strategy of a vicinal two-fold Heck reaction was applied on tetrabromo[2.2]

paracyclophanediene 219. After its four-fold coupling with styrene (220-H) or sub-
stituted styrenes 220-R, the products 221 can be 6p -electrocyclized with subse-
quent aromatization (cf. Scheme 5-21) to the benzoannelated [2.2]paracyclophane-
dienes 222, molecules with eight orthogonal biphenyl moieties (Scheme 5-54)
[322a].

The Heck-reaction/6p -electrocyclization sequence can also be performed on 2-al-
kenyl-1-halocycloalkenes leading to unsymmetrically substituted cyclohexadiene-
annelated ring systems or their dehydrogenation products such as the 2-nitroethe-
nyl steroid 225 (Scheme 5-55) [323].
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Double and even triple Heck-Diels-Alder cascade reactions involving 1,4-diiodo-
or 1,3,5-triiodobenzene, respectively, and bicyclopropylidene (16) have been accom-
plished (cf. Scheme 5-5) [101b]. The efficiency of these sequences, in which each
carbopalladation across the highly strained alkene is followed by a cyclopropyl-
methyl to homoallyl rearrangement with concomitant b-hydride elimination to
yield an allylidenecyclopropane which subsequently undergoes a smooth [4þ2]
cycloaddition (see above, Scheme 5-5), is quite remarkable [101b].
2,5-Dihalothiophenes are also excellent substrates for two-fold Heck couplings,

even with 1,1-dimethylallene, the products of which can subsequently undergo a
twofold Diels-Alder reaction [324]. Even four-fold Heck reactions applying a tetra-
diazonium salt with a tetraphenylmethane framework have been demonstrated
with various alkenes to yield the corresponding four-fold coupled tetraarylmethane
derivatives (Scheme 5-56) [325].
Multiple palladium-catalyzed couplings, for example, of dihaloarenes with dial-

kenylarenes, have also been used to prepare new types of oligomers with extended
p-systems [326–328], some of which have liquid crystalline properties [329,330].
For example, 9,10-dibromoanthracene (229) and 9,10-bisbutadienylanthracene
(228) gave oligomers 230 with an average degree of polymerization of n ¼ 12
(Scheme 5-57). These oligomers can also be constructed from the bifunctional
monomer 231. The analogous coupling of 2,2l-diethenylbiphenyl (232) with p-di-
bromobenzene (233) led to oligomeric stilbenes 234 with an average degree of poly-
merization of n ¼ 15.
For good yields in such vicinal multifold couplings, it may be essential to use the

protocol of Jeffery [154, 155]. Employing this, the three- and even four-fold vicinal
couplings of oligohaloarenes can be achieved without problems [219,318b,d].
Recently, multifold Heck couplings were performed on bisporphyrins [331].
The treatment of the dienediol bisnonaflate 235 containing an (v�1)-alkenyl

substituent with the typical Heck catalyst cocktail in the presence of an external
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alkene such as an acrylate gives rise to the formation of the bicyclic tetraene 236 by
an intramolecular followed by an intermolecular Heck coupling (Scheme 5-58)
[213]. This reaction can be performed using chiral catalysts to achieve asymmetric
induction with up to 30% e. e. (cf. Scheme 5-69).

5.4
Related Palladium-Catalyzed Reactions

The palladium-catalyzed cross-coupling reactions of boronates as well as boranes
(Suzuki coupling) and stannanes (Stille coupling) which are mechanistically re-
lated to the Heck reaction in the initial oxidative addition step, are discussed in
Chapters 2 and 3.
During the mid-1980s, Trost et al. [267] developed an ingeniously simple

palladium-catalyzed cycloisomerization of enynes. The atom economy [332] of
this reaction equals that of the Diels-Alder reaction. The cycloisomerization
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of 1,6- and 1,7-enynes 237 (n ¼ 5, 6) to 1,2-dimethylenecycloalkanes 243 (or
1-ethenyl-2-methylenecycloalkanes 244) is performed by using either palladium(II)
acetate and ligands like triarylphosphanes, triarylstibanes, chiral phosphanes (to
yield nonracemic products, cf. e. g. [267g]) or BBEDA [267] or palladium(0) com-
plexes, ligands, and acetic acid or other carboxylic acids including chiral ones
[267f ]. The catalytic cycle may involve both Pd0/PdII or PdII/PdIV oxidation states
(Scheme 5-59).
This reaction has been applied as a key step in the synthesis of a number

of natural products, for example, (–)-merulidial (249) and (�)-sterepolide (250)
(Scheme 5-60) [333].
It has also been extended to remarkable cascade reactions such as the “Pd-zipper”

converting oligoenynes 251 to dialkylideneoligospiranes 252 (Scheme 5-61) [334].
Thus, the heptaenyne 251c can be cyclized to give the hexaspiro compound 252c

as a 3:1 mixture of only two out of 32 possible diastereomers in outstandingly good
yield. This is one of the most impressive examples for selectivity in ring-forming
reactions in view of the fact that the s -alkenylpalladium complex formed from
251c, has the choice between six electronically equivalent double bonds.
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Although comparable with the Heck reaction in terms of the catalytic cocktail,
the recently developed conversions of aryl bromides to arylamines (Hartwig-Buch-
wald reactions) proceed by a different mechanism (see Chapter 13).
Surprisingly, haloarenes such as iodobenzene (177a-I) or 2-bromothiophene

(256) can undergo reductive dimerization under Heck conditions without adding
a special reducing agent (Scheme 5-62). Generally, the biaryls and heterobiaryls
are formed in good yields [335], and under appropriate conditions [335a–c] it is
not necessary to add triphenylarsane as claimed in this context [335e]. The forma-
tion of biaryls as side-products in Heck reactions is frequently observed especially
with iodoarenes when unreactive alkene components are employed [96, 101]. An-
other possible side reaction is the reduction of the aryl or alkenyl halide to the cor-
responding hydrocarbon [317b]. However, these byproducts usually were found
only in cases of highly reactive catalyst cocktails and thus rarely caused a serious
problem.
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Under palladium catalysis, o-bromobenzeneboronic acid (261) can be coupled
with 1-bromonaphthalene (260) (Scheme 5-63) or other oligocyclic bromoarenes
containing peri-positioned hydrogens to furnish indeno-annelated polycyclic aro-
matic hydrocarbons 262 in a single operation in moderate to very good yields [336].

5.5
Enantioselective Heck-Type Reactions

Asymmetric synthesis has become the most relevant route to enantiomerically
pure compounds, and transition metal-induced reactions are increasingly impor-
tant in the array of methods for the enantioselective construction of new asym-
metric centers. Catalytic processes, in which chiral information is transferred
from a small fraction of a chiral auxiliary in the catalyst to a large fraction of the
prochiral substrate, are rapidly developing into extremely valuable methods.
Among the established methods, however, are only a few for the catalytic enantio-
selective formation of carbon-carbon bonds. An ordinary Heck reaction – that is,
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the coupling of an aryl or alkenyl derivative with an alkene – does not form a new
center of chirality. With cyclic alkenes, however, the stereoselective syn-b-hydride
elimination after the syn-addition of the organopalladium species to the double
bond, leads to the formation of non-conjugated dienes [337]. With chiral ligands
on the palladium catalyst, the new stereogenic center can be formed in an enantio-
selective way [338].
A model reaction is the asymmetric arylation of dihydrofuran 263 [339,340]

(Scheme 5-64). Whereas coupling of 263 with iodoarenes gave only low enantio-
meric excesses in the presence of the C2-symmetric ligand (R)-2,2l-bis(diphenyl-
phosphanyl)-1,1l-binaphthyl [(R)-BINAP, (R)-273)], its coupling with phenyl tri-
flate, however, afforded (R)-2-phenyl-2,3-dihydrofuran [(R)-264] in up to 71%
yield with up to 93% enantiomeric excess. In the reaction with iodobenzene, the
BINAP ligand apparently reversibly dissociates from the intermediate phenylpalla-
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Scheme 5-64 Ligand-induced asymmetric Heck coupling of 2,3-dihydrofuran [340–347].



dium iodide complex to a certain extent. In contrast, when phenyl triflate is em-
ployed in the coupling, the labile triflate ligand dissociates more easily from the
intermediate 269, thus generating the cationic complex 271. In this, the BINAP
ligand is much more tightly bound, and asymmetric induction is possible during
the addition step leading to 272.
Quite interestingly, the minor product 2-phenyl-2,5-dihydrofuran (265) has the

opposite configuration, i. e. (S)-265, compared to that of (R)-264. However, this
compound is produced with a significantly lower enantiomeric excess. It is possible
that this is caused by a kinetic resolution effect in the alkene complex 270; the
p-bound hydridopalladium moiety in complex 270 could add again to the double
bond. An influence of the used base is also noteworthy, and the highest enantio-
meric excess was achieved with 1,8-bis(bisdimethylamino)naphthalene (“proton
sponge”).
A different case arose with the use of the tert-butyldihydrooxazole 266 as a ligand

on palladium [341]. In this case, a rapid dissociation of the complex 270 gives only
265 with an especially high enantiomeric excess.
The enormous potential of intramolecular Heck reactions has been demon-

strated impressively in elegant syntheses of even the most complicated natural
product skeletons. The intramolecular Heck reaction on the non-chiral iodoalkenes
274 and the corresponding alkenyl triflates 277 with their pairs of enantiotopic
double bonds in the cyclohexa-1,4-diene moieties, applying catalysts with chiral
ligands, gave tetrahydronaphthalenes 279, or hydrindanes from precursors such
as 274, 277 or corresponding precursors with one less carbon in the tether
[183f ], with excellent enantioselectivities. Complementary to the asymmetrically in-
duced intermolecular arylation with triflates (Scheme 5-64), reasonable asym-
metric inductions in intramolecular reactions were also achieved with iodides
upon the addition of silver salts to promote the formation of cationic intermediates
such as 276 [45b,78,183] (Scheme 5-65).
Other asymmetric intramolecular Heck reactions using two enantiotopic double

bonds gave similarly good results [157,342]. The desymmetrization of the 2-substi-
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tuted benzyloxyhexahydronaphthalene derivative 281-X gave the tetracycle 282 with
good enantioselectivities [342] (Scheme 5-66). Thus, the Heck reaction with iodides
281-I, bromide 281-Br and triflate 281-OTf under different conditions led to the for-
mation of 282 with different results. The usual ligands for asymmetric Heck reac-
tions, BINAP or the oxazoline 266 led to very low enantioselection or no conversion
at all. Other ligands, e. g., PHANEPHOS, were either not active or produced prod-
ucts with a low stereoinduction. The use of the hydrogenation catalyst JOSIPHOS
283 gave remarkably high enantiomeric excesses (up to 83% e. e.). In addition, the
use of the 282-Br gave a higher enantiomeric with decreased yield than the use of
281-I. The addition of 3 equiv. of LiCl to 281-I led to an almost racemic product.
The change from a bromide to a triflate or nonaflate leaving group gave neither
a significant change in yield nor in enantiomeric excess. The use of a silver salt,
which is known to have positive effects on conversion rates and stereoinduction,
had no significant influence on the product ratio but made work-up more difficult.
Other bases than Et3N had no beneficial effects in this reaction.
The asymmetric induction in the formation of 282 stems from a differentiation

of two enantiotopic double bonds in the same molecule. The intramolecular discri-
mination between the two enantiofaces of the same double bond (cf. Scheme 5-64
for the intermolecular version) has also been achieved, for example, with the asym-
metric construction of quaternary carbon centers in the preparation of spiro-
oxindoles 285 from 284 (Scheme 5-67). It is particularly noteworthy that either
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of the two product enantiomers could be obtained selectively by careful adaptation
of the reaction conditions, yet with exactly the same enantiomer of the chiral phos-
phane ligand [184].
This methodology has been utilized by Overman et al. in their elegant total

syntheses of various natural products, such as quadrigemine C [343], psycholeine
[343] and other molecules of this type (see Table 5-9).
It has been shown that one of the main disadvantages of the Heck reaction,

namely the low selectivity in the elimination of the LnPd-H species to form the dou-
ble bond in the last step of the catalytic cycle, can be overcome by using allylsilanes
as terminating alkenes. This allowed the selective formation of tertiary stereogenic
centers starting from acyclic alkenes for the first time (see Scheme 5-6). However,
the use of this procedure for the synthesis of chiral heterocyclic compounds such
as benzazepines and tetrahydroisoquinolines 286 with BINAP (273) as a ligand
was rather disappointing in view to its low enantioselectivity [110a]. By contrast,
employing the novel chiral ligands 288 and 289 [344], Tietze et al. were able to
obtain the heterocycles 287 with up to 92% e. e. (Scheme 5-68) [345].
Asymmetrically induced Heck reactions can also be performed with substrates

containing two enantiotopic leaving groups. Starting from dimedone, novel cyclo-
hexa-1,4-diene-1,5-diol bis(nonafluorobutanesulfonates) such as 235 have been
prepared and cyclized under palladium catalysis to cleanly give bicyclo[4.2.0]octa-
dienes 290 and bicyclo[4.2.0]octenones, respectively, by an unprecedented 4-exo-
trig process (Scheme 5-69, cf. Scheme 5-58). In the presence of a chiral phosphane
ligand, the products could be obtained with modest enantiomeric excesses (up to
52% e. e.) [213].
These and other enantioselective Heck reactions [346] were performed with a

variety of chiral ligands (Table 5-8 and Figure 5-2). Particularly high enantioselec-
tivities could so far be achieved with BINAP (accessible in both enantiomeric
forms), oxazoline derivatives (preferably the bulky 266), PHANEPHOS 304 or
TMBTP as ligand. The latter is easily obtained as the (S)-enantiomer.

2695.5 Enantioselective Heck-Type Reactions

Scheme 5-68 Intramolecular asymmetric Heck reactions [345].
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Table 5-8 Some chiral ligands used in asymmetric Heck reactions [347] (see Figure 5-2).

Ligand Ref. Example (Type[a], e. e., yield)

BINAP (273) [348a] [159] (A, 11, 70), [45a] (B, 95, 84), [78]
(B, 95, 78), [349] (B, 95, 62)

Tol-BINAP (Tol-273) [343] (B, 90, 62)

tBu-Oxazoline (266) [347] [347] (C, 153, 145)

JOSIPHOS“,4> (283) [342] (B, 83, 65)

(þ)-TMBTP (288) [345] (B, 92, 73)

(R)-BITIANP (289) [345] (B, 91, 67), [344] (C, 90, 85)

Norphos (291) [350] [159] (A, 43, 94)

BCPM (292b) [347] [78c] (B, 30, 17)

BPPM (292a) [347] [159] (A, 63, 23), [79c] (B, 58, 61)

BPPFA (293) [347] [79c] (B, 26, 68), [183b] (B, 45, 79)

BPPFOAc (294) [347] [183b] (B, 52, 62)

BPPFOH (295) [351] [183] (B, 94, 86)

MOD-DIOP (296b) [347] [159] (A, 7, 54), [183b] (B, 43, 32)

(R,R)-DIOP (296a) [348b] [78c] (B, 5, 17), [79c] (B, 11, 63)

Ms-Valphos (297) [159] [159] (A, 74, 81)

Ms-Phenophos (298) [159] [159] (A, 60, 89)

Ms-t-Leuphos (299) [159] [159] (A, 62, 75)

PMO-Ms-Valphos (300) [159] [159] (A, 63, 85)

PCl-Ms-Valphos (301) [159] [159] (A, 68, 94)

Bs-Valphos (302) [159] [159] (A, 61, 66)

NMe-Ms-Valphos (303) [159] [159] (A, 5, 62)

PHANEPHOS (304) See Scheme 5-69

Pyridine 305 [352] (C, 97, 99)

Oxazolineferrocenes 306 [353] (C, 98, 99), [354] (C, 97, 76)

Phosphinamide 307 [157] (B, 96, 70–75)

(R)-MeO–BIPHEP (308) [345] (B, 28, 56)

(þ)-BIPI ligands (309) [355] (B, 87, 50)

[a] A: Reductive, intermolecular; B: intramolecular; C: intermolecular.
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5.6
Syntheses of Heterocycles, Natural Products and other Biologically Active Compounds
Applying Heck Reactions

Since most biologically active compounds – both natural and non-natural products
– contain heterocyclic substructures, intramolecular C-C bond-forming processes
including Heck reactions have been applied to accomplish heterocyclization [356,
357].
Nitrogen heterocycles such as b- and g-carbolines [358,359], isoquinolines [360,

361], indoles [245], oxindoles [80], pyrrolidines [273], and indolo[2,1-b]isoquino-
lin-7(5H)-ones [362], indolizidinones [363], quinolizidinones [363] and benzoazepi-
nones [363] have been prepared using Heck reactions as the heterocycle-forming
step (Figure 5-3; see also Scheme 5-37).

The palladium-catalyzed cross-coupling of readily available N-tert-butyl-2-(1-alky-
nyl)benzaldimines 318 with aryl, allyl, benzyl, alkenyl, as well as alkynyl halides,
provides a valuable new route to 3,4-disubstituted isoquinolines with aryl, allyl,
benzyl, 1l-alkenyl, and 1l-alkynyl substituents, respectively, in the 4-position
(Scheme 5-70). This transformation involves a carbopalladation of the triple
bond in 318 with concomitant attack by the imine moiety and subsequent loss
of the tert-butyl group as isobutene [361].
Applications of the Heck reaction in natural product syntheses were rather lim-

ited during the first 20 years, despite the great potential of this reaction for the
arylation and alkenylation of alkenes on a wide scope. However, during the past
15 years, efficient syntheses of natural products and non-natural biologically active
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compounds employing the Heck reaction as one of the key steps were accom-
plished in large numbers [338c].
One of the most remarkable applications is the one reported for the construction

of the skeleton of taxol (322) [364] by an 8-exo-trig cyclization of the enol triflate 320
[257a,b] (Scheme 5-71). The ring closure of the eight-membered ring to complete
the rigid and compact tricyclic system is not trivial [125]. The application of a metal
such as palladium probably brings in a certain template effect by precoordination
of the freely rotating allyl group in 320 and thereby an association with the steri-
cally congested trimethylcyclohexene moiety in the molecule.
Since the Heck reaction tolerates a variety of functionalities, extensive use of pro-

tecting groups is not necessary, and thus many highly functionalized target mole-
cules can be assembled in just a few highly efficient steps. The frequently em-
ployed elevated reaction temperatures which may be detrimental to the yield,
can be avoided, if necessary, by an appropriate choice of special additives and/or
leaving groups (cf. Sections 5.2.4. and 5.2.5.)
Overman et al. have demonstrated the feasibility of a chiral ligand to achieve

asymmetric induction in an elegant enantioselective synthesis of (þ)- and (�)-phy-
sostigmine (326) (Scheme 5-72) [45a]. An intramolecular Heck reaction of the aryl
iodide 323 proceeds smoothly, even though a trisubstituted double bond is being
attached by the aryl moiety. This methodology thus allows one to construct qua-
ternary carbon centers in a stereoselective manner [80,365].
A new total synthesis of morphine 329 employing a palladium-catalyzed coup-

ling as a key step started from the hydroisoquinoline derivative 327 to give dihy-
drocodeinone 328 (Scheme 5-73). This transformation constitutes a cascade of an
intramolecular Heck carbopalladation and subsequent heterocyclization. The initi-
ally formed arylpalladium iodide species attacks the bridgehead position of the
diene functionality in 327 to form a p-allylpalladium complex which is trapped
by the internal nucleophilic phenol moiety (cf. Scheme 5-28).
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Since the starting diene 327 can be prepared in both enantiomeric forms em-
ploying an asymmetric reduction of a ketone, this sequence allows one to prepare
both the natural morphine and its unnatural enantiomer.
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Table 5-9 Syntheses of important natural products and biologically active compounds applying
the Heck reaction.

Natural product Reaction type Ref.

Variety of natural and
unnatural amino acids

Different approaches Cf. [366]

Aflatoxin B1 347 Intramol. reductive HR of an aryl bromide [60]

Anthramycin methyl ester Intermol. HR of an alkenyl triflate [59]

(e)-Aphidicolin Intramol. HR of an alkenyl bromide [367]

Argemonine Intramol. HR of an aryl halide [368]

Artepillin Intermol. HR of an aryl iodide [369]

Asperazine Intramol. HR of an aryl iodide [370]

(e)-Aurantioclavine Intermol. HR of an aryl iodide [371]

2-Azachrysenes Intermol. HR of an aryl iodide [372]

Aziridinomitosene model Intramol. HR of an aryl bromide [245]
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Table 5-9 (continued)

Natural product Reaction type Ref.

Baclofen and homobaclofen Intermol. HR of an aryldiazonium salt [373]

Balanol 351 analogue Intramol. HR of an aryl iodide [374]

2-Benzazepine analogue Intermol. HR of an aryl bromide [375]

Bisabolone sesquiterpenes Intramol. HR of an aryl iodide [340a]

(e)-7-epi-b-Bulnesene Intramol. HR of an alkenyl iodide [254]

(�)-Callystatin 356 Intermol. HR of an alkenyl iodide [182]

(S)-Camptothecin 337 Intramol. HR of a hetaryl halide [376,377]

(�)-D9(12)-Capnellene 109 Asymm. intramol. HR with subsequent
p-allylpalladium trapping

[79a,168a]

Carbomycin B model Intramol. HR of an alkenyl iodide [261]

(e)-CC-1065 (CPI) 338 Intermol. HR of an aryl iodide [378]

(�)-Cephalotaxin Intermol. HR of an alkenyl iodide or
bromide

[379]

Chanoclavine Intramol. HR of an aryl bromide [380]

Chelerythrine Intramol. Heck-type biaryl synthesis [381]

(e)-Clavicipitic methyl esters Intermol. HR of an aryl bromide [382]

(�)-Codonopsinine Intermol. HR of an aryldiazonium salt [209]

(þ)-d-Coniceine Asymm. intramol. HR of an alkenyl iodide [183a,b]

CP-122,288 Intermol. HR of an aryl bromide [383]

CP-225,917 and CP-263,114 Intramol. HR of an iodofuran [258]

(R,R)-Crinan 339 Intramol. HR of an aryl halide [250b]

Cyathin diterpenoid model Intramol. HR of an alkenyl triflate [384]

(e)-Cytisine Intramol. HR of an alkenyl triflate or
phosphate

[215]

Deethylhomocatharanthine Asymm. intramol. HR with subsequent
p-allylpalladium trapping

[259b]

(e)-Dehydrolennoxamine Intramol. HR of an aryl iodide [385]

(e)-Dehydrotubifoline 340 Intramol. HR of an alkenyl halide [386]

(þ)-7-Demethyl-2-methoxy-
calamene 330

Asymm. intramol. HR of an alkenyl iodide [110b,387]

Diazonamide model Intramol. HR of an aryl iodide [260]

(þ)-1,2-Diepilentiginosine
and (þ)-lentiginosine 333

Asymm. intramol. HR of an alkenyl iodide [388]

(þ)-1a,25-Dihydroxyvitamin
D3 72)

Intramol. HR of an alkenyl halide or triflate [272,389–391]

(e)-Duocarmycin SA 341 Intramol. HR of a hetaryl bromide [392]

Dynemycin A intermediate Intramol. HR of an aryl bromide [393]

Ecteinascidin 743 Intramol. HR. of an aryl iodide [394]

(e)-Epibatidine and (e)-
homoepibatidine

Reductive intermol. HR of a hetaryl iodide [395]

(e)-6a-Epipretazettine and
(e)-tazettine 346

Intermol. HR of an aryl iodide [396]



276 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

Table 5-9 (continued)

Natural product Reaction type Ref.

(�)-Eptazocine 331 Asymm. intermol. HR of an aryl triflate [125]

Ergot alkaloids (seco-C/D
ring analogues)

Intramol. HR of hetaryl halides [397]

(e)-FR 900482 342 Intramol. HR of an aryl iodide [54]

Furaquinocin A, B, E 358a–c Intramol. reductive HR of an aryl iodide [398]

G-2N, G-2A Intermol. HR of an aryl bromide [43]

(�)-Galanthamine 350 Intermol. HR of an aryl bromide [77]

(e)-Gelsemine Intramol. HR of an aryl halide [127c]

(þ)-Gelsedine Intramol. HR of an aryl bromide [399]

(�)- Gephyrotoxin 209D 332 Asymm. intramol. HR of an alkenyl iodide [388]
Halenaquinone and
halenaquinol 93

Asymm. intermol. HR-Suzuki cascade [277]

6-epi-(–)-Hamigeran B 352 Intramol. HR of an aryl triflates [400]

Herbertenediol 349 and
mastigophorenes A

Intermol. HR of an aryliodide [126]

Hodgkinsine 354 Asymm. intramol. HR [401]

Idiospermuline Intramol. HR [402]

Iejimalides (subunit) Intermol. HR of an alkenyl bromide [114]

Indolizidine derivatives:
(þ)-5-epiindolizidine 167B
and indolizidine 223AB

Asymm. intramol. HR of an alkenyl iodide [183,403]

Infractine Intermol. HR of a hetaryl triflate [404]

b-Ionone Intermol. HR of an alkenyl triflate [405]

Irisquinone and maesanin Intermol. HR of an aryl bromide [406a]

Lamellarin-G-trimethyl
ether

Intramol. HR of an aryl bromide [405b]

Laposiodiplodin Intermol. HR of an aryl triflate [407]

(�)-Laurequinone Intramol. HR of an aryl iodide [408]

LTD4 Antagonists L-699,392
and L-708,738

Intermol. HR of aryl iodides [409]

Lycoramine Intramol. HR of an aryl iodide [179]

(þ)-g-Lycorane and 2-epimer Intermol. HR of an aryl bromide [410,411]

(þ)-Lycoricidine 343 Intramol. HR of an aryl halide [171,412–414]

(e)-Magallasine Intramol. HR of an aryl bromide [185]

(e)-Maritidine 357 Intramol. HR of an aryl iodide [415]

(e)-Maxonine Intramol. HR of an aryl bromide [416]

7-Methoxymitosene Intramol. HR of an aryl bromide [417]

(�)- and (þ)-Morphine 329
and dihydrocodeinone

Intramol. HR of an aryl iodide with
subsequent p-allylpalladium trapping

[56]

(e)-Munduserone Intramol. HR of an aryl iodide [418]

Nabumetone Intermol. HR of an aryl bromide [419]
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Table 5-9 (continued)

Natural product Reaction type Ref.

Neocarcinostatin chromo-
phore model

Intramol. HR of an alkenyl bromide [278]

Ningalin C Intermol. HR of an aryl bromide [420]

Nor- and homo-DDATHF Intermol. HR of an aryl iodide [421]

(�)-Oppositol 334 and
(�)-prepinnaterpene 335

Asymm. intramol. HR of an alkenyl triflate [183]

(e)-Oxerine Intramol. HR of an hetaryl bromide [248]

Pellitorine Intermol. HR of an alkenyl iodide [88]

Perophoramidine Intramol. HR of an aryl iodide [422]

(þ)- and (�)-Physostigmine
326

Asymm. intramol. HR of an alkenyl iodide [45]

Phthoxazolin A Intermol. HR of an alkenyl iodide [423]

(þ)-Phorbol Intramol. HR of an alkenyl iodide [424]

Plicatin B Intermol. HR of an aryl bromide [425]

Podophyllotoxin (derivative) Intermol. HR of an aryl bromide [426]

Prostaglandin analogue
(Beraprost intermediate)

Intermol. HR of an benzyl halide [197f ]

Psycholeine Intramol. asymm. HR of an aryl triflate [343]

Quadrigemine C Intramol. asymm. HR of an aryl triflate [343]

(þ)-Ratjadone Intermol. HR of an alkenyl iodide [182]

Saponaceolide Intramol. HR of an alkenyl bromide [427]

Scopadulcic acid A and B 344 Intramol. HR of an aryl iodide [428]

Steroid and D-homosteroid
backbone

Intermol. HR of an alkenyl bromide [429] (Cf. [46])

Steroid model Intermol. HR of an alkenyl triflate [430]

Streptonigrin quinoline-5,8-
quinone moiety

Intermol. HR of an aryl iodide [431]

Strychnine 345 Intermol. HR of an alkenyl iodide [432b,433]

2-Styrylbenzoic acid Intermol. HR of an aryl iodide [372]

Suberenol Intermol. HR of an aryl bromide [434]

(e)-Tabersonine and (e)-D18-
dehydrotabersonine 359

Intramol. reductive HR [435]

(e)-Tangutorine 348 Intermol. HR of an aryl bromide [436]

Taxol 322 Intramol. HR of an aryl iodide/ triflate [257a,b]

(e)-cis-Trikentrin A Intermol. HR of an aryl bromide [117]

(�)-Tubofoline Intramol. HR of an aryl bromide [433]

(þ)-Vernolepin 278 Asymm. intramol. HR of a alkenyl triflate [78]

(e)-Wortmanin Intramol. HR of an aryl triflate [437]

(þ)-Xestoquinone 336 (Asymm.) Intramol. HR of an aryl triflate
(bromide)

[438]

(þ)-Zearalenone 360 Intermol. HR of an aryl triflate [407]

Zoanthenol Intramol. HR of an aryl triflate [439]
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5.7
Carbopalladation Reactions in Solid-Phase Syntheses

Starting with the preparation of oligopeptides and oligosaccharides, initiated by
Merrifield in 1963 [440], solid-phase organic synthesis (SPOS) has more recently
become a cornerstone in the combinatorial generation of libraries of “drug-like”
small organic molecules [441]. Hence, during the past decade several research
groups in academia and industry have made extreme efforts to adopt transforma-
tions, which were originally developed for liquid-phase operations, to be carried out
on a solid support. As a result of this, multiple parallel synthesis in a combinatorial
manner has emerged as an indispensable routine to speed up the discovery of bio-
logically active compounds for medicinal and agrochemical applications. In this
context, palladium-catalyzed transformations are among the most versatile tools
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Figure 5-4 Some biologically active compounds prepared applying Heck reactions with asym-
metric induction. (The dashed lines indicate bonds formed by palladium-catalyzed coupling.)



due to their tolerance of a variety of functional groups and their potential applic-
ability to build up complex structures in a minimum number of operational
steps. The advantages of solid-phase transformations such as the avoidance of
tedious work-up procedures are particularly valuable for palladium-catalyzed
homogeneous reactions, because the soluble palladium catalyst can be easily re-
moved by washing processes. A quasi high-dilution effect, high yields by employ-
ing excess of reagent, amenability to automatization and the non-interference of
various functionalities in the building blocks on solid supports are additional bene-
fits of solid-phase chemistry. The Heck reaction is one of the most efficient trans-
formations for C-C bond connections on the solid phase. Over the past few years,
this reaction has become one of the most powerful tools to bring about complex
structural changes, particularly when conducted intramolecularly. Due to the
mild conditions employed and the tolerance of many functional groups, the
Heck reaction has been successfully adapted on a broad scope to organic synthesis
on the solid phase [442].
Heck reactions on solid supports have been extensively applied due to the easy

accessibility of starting materials such as polymer-bound haloalkenes or haloarenes
and alkenes. The most frequently used reaction conditions are either the standard
Heck conditions [Pd(OAc)2, PPh3 or P(oTol)3, DMF, 80 to 100 hC, 2 to 24 h] [3] or
the protocol developed by Jeffery [Pd(OAc)2, PPh3, Bu4NCl, K2CO3, DMF, 20 to
80 hC] [155]. The yields obtained under Jeffery conditions were frequently enhanced
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by the addition of 10% of water to the reaction mixture. In some cases,
Pd2(dba)3 · CHCl3 was found to be far more effective than Pd(OAc)2 [443]. The
Heck reaction was performed on immobilized aryl halides, mostly iodides, or aryl-
iodonium salts with soluble alkenes [102,186,187,444–451] or on immobilized
alkenes with soluble aryl halides [187,452–457]. When performed on the same
type of resin and with the same catalyst system, the immobilization of the aryl
iodide appears to be more beneficial than that of the alkene [187].
Although all types of triazene-linked haloarenes underwent Heck, Suzuki and

Sonogashira reactions without any problems, the Suzuki reactions failed with
ortho-halo-substituted anilines [458] (Scheme 5-74).

An enzyme-labile, so-called safety catch linker 367 was used successfully in
various palladium-catalyzed cross-coupling reactions [459]. The linker 367, which
releases a hydroxy or an amino functionality upon enzymatic cleavage of its
phenylacetamide moiety and subsequent rapid lactam formation, was attached to
a soluble POE 6000 polymer, and its free phenyl acetic acid moiety was trans-
formed to a m-iodobenzyl ester. The thus immobilized m-iodobenzyl alcohol was
Heck-coupled with tert-butyl acrylate, and the coupling product 369 was cleaved
off the solid support with penicillin G acylase under very mild conditions (pH 7,
37 hC) (Scheme 5-75).
The main advantage of carrying out intramolecular Heck reactions on a solid

support is the virtual high dilution of the starting material, leading to a significant
increase of the yield. The first use of this principle was reported in 1995 for the
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Scheme 5-74 Comparison of palladium-catalyzed cross-coupling reactions with polymer-bound
aryl halides, attached on different linkers [458].



synthesis of 20- to 24-membered macrocyclic ring systems 371 (Scheme 5-76)
[189].
Similarly, a 20-membered ring of a tetrapeptide derivative containing a 3-substi-

tuted cinnamic acid template was closed on a solid support [460]. This method-
ology was also applied in the synthesis of a small library (15 examples) of cyclic
RGD mimics having a diverse array of amino acids, with a variety of ring sizes
[461].
Besides the preparation of macrocycles, cyclizations to give heteroatom-contain-

ing five-, six- and seven-membered rings have been investigated [188, 462–466].
Thus, the construction of indoles, benzofurans, dihydroisoquinolines and benzaze-
pines has been reported. Starting from aryl iodides with appropriate alkenyl or,
under reductive conditions, alkynyl ethers, smooth cyclizations occur under stan-
dard conditions.
Intermolecular carbopalladation of a triple bond as in 372 by an in-situ formed

organopalladium triflate and subsequent intramolecular nucleophilic trapping
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gives rise to indoles 373 (Scheme 5-77) [467]. The versatility of this approach
derives from the fact that the triflate may be varied in a wide range.
An interesting sequential reaction, consisting of an intermolecular alkene carbo-

metallation and subsequent intermolecular alkyne cross-coupling, has been re-
ported (Scheme 5-78) [468]. Starting from an immobilized tropane framework
374, stoichiometric carbopalladation yields a stable organopalladium intermediate
375 which, in the presence of copper(I) iodide, undergoes coupling with an added
terminal acetylene.

In order to demonstrate an application of halo-substituted indoles formed by
reaction of a nitroarene with a Grignard reagent (the so-called Bartoli reaction)
on solid supports, a subsequent Heck reaction was performed [469]. First, the
resin-bound o-bromonitrobenzene 376 was converted to the resin-bound bromo-
indole 377 with 2-butenyl-2-magnesium bromide. Subsequent reaction of 377
with 1-octene under optimized Heck conditions (Pd(OAc)2, PPh3, NEt3, DMF,
24 h, 105 hC) provided the resin-bound coupling products 378 which, upon cleav-
age under basic conditions [470] furnished the alkenylated indoles 379 as a mixture
of two regioisomers ((E)-1-octenyl and 2-octenyl) [442] in a 1:1 ratio in 18% overall
yield with a purity of 96% (Scheme 5-79).
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Multi-component reactions (MCR) are particularly feasible for combinatorial syn-
thesis. The advantage of conducting an MCR on a solid support lies in the ease of
removal of non-polymer-bound reagents and impurities. A three-component reac-
tion yielding highly diverse products using an aryl halide, a non-conjugated diene
381, and an appropriate nucleophile (mostly an amine), has been carried out using
immobilized amines on a solid phase 380 (Scheme 5-80) [455]. The advantage of
this procedure in comparison with the use of immobilized aryl halides is that
any possible byproducts formed from aryl halides, such as simple Heck-coupling
products, remain in solution and can be removed by washing processes. The yields
of this three-component reaction are quite good, and the purities of the obtained
products 382 are moderate to good. The diversity in using different starting mate-
rials (11 different aryl halides and five different resin-bound amines) makes it a
very attractive approach to a library of compounds of type 382.

The reactions of bicyclopropylidene (16) with aryl halides under Heck conditions
give rise to the formation of 1-arylallylidenecyclopropanes, which in turn can react
with dienophiles in a Diels-Alder mode (see Scheme 5-5). This new three-compo-
nent reaction has also been conducted on a solid support using the versatile
triazene T1 linker (Scheme 5-81) [102,471]. Heck coupling of an immobilized
iodoarene 383 with bicyclopropylidene (16) in the presence of an acrylate forms
a polymer-bound 4-arylspirooctenecarboxylate 384. Alternatively, the iodoarene
383 could first be transformed into a polymer-bound cinnamate 385 by palla-
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dium-catalyzed coupling with an acrylate. The polymer-bound cinnamate can then
act as a dienophile for the Heck-coupling products of bicyclopropylidene and aryl
iodides to give the polymer-bound spirooctene derivatives of type 387. The latter
transformation was conducted under high pressure, which facilitates both the
Heck coupling and the Diels-Alder reaction. The triazene moieties upon cleavage
with acid first yield diazonium salts, which in turn can be involved in Heck reac-
tions with various alkenes to give the additionally substituted spirooctenes 386 and
388 in good yields and excellent purities. When palladium on charcoal is employed
for this transformation, the same catalyst may also serve for a subsequent catalytic
hydrogenation of the double bond in the alkene-coupled product [101b,471].
The cross-coupling of aryl iodides containing a potentially nucleophilic ortho sub-

stituent (amino or hydroxy) with alkynes provides an elegant and straightforward
access to substituted indoles and benzofurans (for reviews, see Refs. [472,473]).
This sequential reaction, involving the carbometallation of a triple bond and sub-
sequent nucleophilic displacement of the metal, has frequently been used to pre-
pare benzoannelated heterocycles, and various reaction conditions have been
reported [474–484]. While terminal alkynes were mostly coupled in the presence
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of a copper co-catalyst [480–482], internal alkynes were successfully converted
under copper-free conditions [483, 484]. In most cases, the more sterically demand-
ing group on the triple bond (tBu, SiMe3 i Ph i CO2Et, Et, CH2CH2R, Me) will be
found in the 2-position of the indole or benzofuran, thus the substitution pattern
in the product can be predicted. Since trimethylsilyl substituents are readily remov-
able from the indole core, trimethylsilylalkynes serve as surrogates for terminal
alkynes; however, they react with the opposite regioselectivity [483,484]. The nitro-
gen atom of the iodoaniline may either be unprotected, acylated or even attached in
the form of an aminal to a solid support [483]. The coupling of 1,3- and 1,4-dienes
with aryl halides having a nucleophilic ortho substituent such as an amino or hy-
droxy group was developed in the liquid phase by Larock et al., and is one of the
most versatile heteroannelation reactions. Similarly, the reaction of an immobilized
aminoiodoarene on a solid support with a 1,3-butadiene or 1,4-pentadienes led to
the formation of polymer-bound dihydroindoles, dihydrobenzofurans, tetrahydro-
quinolines and tetrahydrobenzopyrans, respectively, which were cleaved off by
treatment with trifluoroacetic acid [474] (Scheme 5-82).

5.8
The Heck Reaction in Fine Chemicals Syntheses

The Heck reaction is well-suited for the production of fine chemicals [485,486]. In
most cases, heterogeneous palladium catalysts have been used for this purpose.
Yet, as of October 1998, the second-largest plant using Heck chemistry had an out-
put of only 20 metric tons per year [487]. Five or more commercial products have
recently been produced on a scale of more than tons per year. Sodium 2-(3,3,3-tri-
fluoropropyl)benzenesulfonate, a key intermediate for the sulfonylurea herbicide
Prosulfuronr, was prepared in the Central Research Laboratories of Ciba-Geigy
by the three-step sequence of diazotation, Matsuda arylation with the 2-sulfonato-
benzenediazonium salt of 3,3,3-trifluoropropene and subsequent hydrogenation
[207]. Various attempts to find a classical synthetic method such as a Friedel-Crafts
alkylation of benzenesulfonic acid, all failed. A process was developed starting with
2-aminobenzenesulfonic acid and ending with sodium 2-(3,3,3-trifluoropropyl)
benzenesulfonate without isolation of the diazonium or alkene intermediates,
producing only 2 kg of waste per kg product over all three consecutive synthetic
steps. The yield over these three steps is 93%, i. e., an average of 98% per step.
The solvent had to be compatible with three different chemical reactions, had to
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have high dissolving power for trifluoropropene, and had to be easily regenerated.
Pentan-1-ol showed all of these properties to a high degree. The cost and separa-
tion of the Pd catalyst was another crucial factor. After careful optimization of
the reaction conditions, catalyst loading for the arylation could be lowered to
0.5–1.5% and the catalyst precursor Pd(dba)2 was prepared from readily available
PdCl2. The most crucial idea, however, was to add charcoal after completion of the
arylation reaction, in order to produce in situ a heterogeneous hydrogenation cat-
alyst that on the one hand is able to catalyze the hydrogenation of the C¼C double
bond and on the other hand allows the palladium to be efficiently recovered from
the reaction mixture by simple filtration. By linking homogeneous and heteroge-
neous catalysis, and by using a one-pot procedure for three consecutive steps, it
was possible to develop an economically and ecologically feasible process for the
production of Prosulfuron 394 (Scheme 5-83) [488].

The sunscreen agent 2-ethylhexyl p-methoxycinnamate has been produced on a
pilot plant scale by a Heck cross-coupling of p-methoxyphenyl iodide with 2-ethyl-
hexyl acrylate using palladium on charcoal as a catalyst [489]. Naproxen, a member
of the arylacetic acid group of nonsteroidal anti-inflammatory drugs (NSAIDs), is
produced by the Albemarle Corporation by a Heck reaction of 2-bromo-6-metho-
xynaphthalene with ethylene, followed by carbonylation of the product [490]. Mono-
mers for coatings are produced by a Heck coupling on 2-bromobenzocyclobutene
[491]. A key step in the production of montelukast sodium (Singulairr), a leuko-
triene receptor antagonist for the treatment of asthma in children and adults,
also makes use of the Heck reaction by way of coupling an allyl alcohol with methyl
2-iodobenzoate to give a (2-arylethyl) alkyl ketone.
The high cost of palladium has greatly stimulated the development of more

active palladium catalysts, in particular for the production of fine chemicals.
Along these lines, ligandless catalysts, which are suitable for reactive substrates,
were used on production scale. Palladacycles (e. g., the one prepared by heating
palladium acetate with tris-o-tolylphosphane) are much more stable than simple
palladium phosphane complexes and can be used at higher temperatures. The
same effect has been achieved with so-called pincer ligands. Bulky ligands lead
to coordinatively unsaturated palladium complexes, which are highly active for
the Heck reaction. The reuse of palladium catalysts plays a pivotal role to cut
costs. While the immobilization of catalysts by solid-supported ligands due to
leaching and reduced activity is less attractive, ligandless palladium catalysts for
the Heck reaction can be precipitated permanently on carriers.
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5.9
Conclusions

By now, a more or less well-experimentally corroborated mechanism of the palla-
dium-catalyzed arylation and alkenylation of alkenes – the so-called Heck reaction
– has been established, although the individual steps are far from being completely
understood. The ever-growing insight into the factors controlling these reactions
has contributed significantly to the rapidly proceeding and ever-increasing develop-
ment and improvements of the methods. Numerous related procedures have
emerged from the classic Heck reaction. Chemoselective, regioselective and stereo-
selective couplings are now possible with the appropriate catalyst cocktail. Indeed,
even ligand-controlled enantioselective intramolecular couplings of highly functio-
nalized aryl and alkenyl derivatives with unsymmetrical and oligosubstituted
alkenes, cycloalkenes, and unsaturated heterocycles are possible. Two-, three- and
even multifold couplings proceed with astonishing yields, both inter- and intramo-
lecularly. The vast number of applications of the Heck reaction in the synthesis of
natural and non-natural biologically active compounds as well as theoretically inter-
esting molecules, as a key C-C-bond-forming step provides convincing evidence for
its importance as a real power tool in modern organic synthesis.

5.10
Experimental Procedures

5.10.1
Dipotassium (E)-4,4l -Diphenylstilbene-4L,4lL -disulfonate (Stilbene I) (12-SO3K)

Typical procedure for the Heck reaction of aryl bromides with ethene [92]: A 1-L glass
autoclave was charged with a magnetic stirring bar as well as a mixture of 4l -bro-
mobiphenyl-4-sulfonic acid (11-SO3H) (172 g, 0.55 mol), sodium 3-(diphenylphos-
phanyl)benzenesulfonate (3.78 g, 10.4 mmol), and demineralized water (174 mL).
The autoclave was cooled with ice-water, while triethylamine (189 mL, 1.36 mol)
was added slowly with manual stirring until the solids had dissolved. The solution
was purged with nitrogen for 10 min under stirring at r. t., Pd(OAc)2 (1.24 g,
5.5 mmol) was added, the autoclave was closed with its nitrogen atmosphere, filled
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with ethene up to a pressure of 1.4–1.5 bar with intensive magnetic stirring for
10 min, and the ethene pressure was then released under a well-working hood.
This cycle of filling with 1.4–1.5 bar of ethene and releasing was repeated twice,
and finally the autoclave was filled with ethene to a pressure of 1.4–1.5 bar,
then heated at 100 hC in an oil bath with vigorous stirring. During the first 24 h,
ethene had to be added every 2–3 h, but later every 12 h. After 72 h the autoclave
was cooled to r. t., and the remaining ethene blown off with care. The reaction mix-
ture was transferred into a 1-L flask, and the autoclave washed with small amounts
of water and methanol. The solvent was removed under reduced pressure (20 Torr)
in a rotary evaporator at 60–80 hC, the warm residue was dissolved in 1.5 L metha-
nol, and 20 g powdered charcoal was added. After 10 min under reflux, the solution
was filtered twice through the same filter. Methanol was evaporated under reduced
pressure, and the warm residue dissolved again in 300 mL methanol. To this solu-
tion were added carefully 300 mL acetone and ca. 250 mL triethylamine, and the
clear solution was cooled to between –20 and –30 hC. The triethylammonium
salt of the stilbene crystallized together with a small amount of triethylammonium
hydrobromide; this was filtered off after 30 min and washed with 100 mL of a
cooled (–30 hC) methanol:acetone mixture (1:1). The solid was recrystallized
twice from a methanol:acetone:triethylamine mixture (3:3:2, more triethylamine
led to the formation of an oil), and dried in a rotary evaporator at 70 hC under
reduced pressure (20 Torr) to give 119.9 g of the bis(triethylammonium) salt
12-SO3H·NEt3 as a light yellow hygroscopic powder.
To a solution of this salt in 500 mL hot demineralized water was added dropwise

with swirling 200 mL of a saturated aqueous solution of potassium chloride. The
mixture was kept at r. t. for 30 min and filtered. The solid was washed with 20 mL
saturated potassium chloride and twice with 50 mL water, dried, then treated for
10 min with 400 mL boiling-hot water, and re-filtered while hot. (At this stage
the solid should be slightly yellow or colorless, otherwise this procedure has to
be repeated.) The product was washed with 100 mL cold methanol, 100 mL acetone
and 100 mL pentane and dried at r. t. in vacuo (20 Torr), then at 80–100 hC
(0.01 Torr) to yield 81.5 g (52% based on consumed starting material) of Stilbene I
(12-SO3K) as a colorless or slightly yellow powder.

5.10.2
trans-4-Acetylstilbene (395a)

General procedure for the coupling of styrenes with bromo- and chloroarenes [19]: In a
100-mL three-necked flask equipped with a reflux condenser, stirring bar and inter-
nal thermometer were placed under a stream of nitrogen bromoacetophenone
(7a-Br) (5.0 g, 25 mmol) [or 4-chloroacetophenone (7a-Cl) (3.3 mL, 3.9 g,
25 mmol) plus nBu4NBr (1.64 g, 5 mmol)], styrene (4.3 mL, 3.9 g, 37 mmol),
2,6-di-tert-butylphenol (20 mg, as a radical scavenger), NaOAc (2.5 g, 30 mmol),
and N,N-dimethylacetamide (50 mL). To the well-stirred suspension was added
12 mg (0.1 mol%) of the palladacycle 1a, and the mixture was heated at 130 hC
for 24 h (54 h with chloroacetophenone). After the reaction mixture had cooled
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to r. t., it was poured into ice-water (200 mL). The precipitate was collected on a
filter, carefully washed with water, and recrystallized from acetone:water to yield
4.9 g (89%) of 395a (3.8 g, 69% from chloroacetophenone 7a-Cl).
The same procedure can be applied for trans-4-fluorostilbene (395c) (93%),

trans-4-methylstilbene (395d) (65%), trans-4-methoxystilbene (395e) (69%),
trans-4-fluoro-4l -methoxystilbene (85%), trans-4,4l -dimethoxystilbene (30%)
from the corresponding bromoarenes and trans-4-cyanostilbene (395f) (48%)
from 4-chlorobenzonitrile (7f-Cl).

5.10.3
Methyl 3-(E)-{2-[2-(E)-methoxycarbonylethenyl]cyclopent-1-enyl}acrylate (397b)

Typical procedure for the Heck reaction of dibromoalkenes with alkenes [219, 318]: A
mixture consisting of 1,2-dibromocyclopentene (396) (1.30 g, 5.75 mmol), methyl
acrylate (2.48 g, 28.8 mmol), NEt3 (3.2 mL, 23 mmol), and DMF (60 mL) was
placed in a thick-walled Pyrexr bottle [492] equipped with a magnetic stirring
bar. The solution was purged with nitrogen, then Pd(OAc)2 (129 mg,
0.575 mmol) and PPh3 (377 mg, 1.44 mmol) were added. After heating with
stirring at 100 hC for 35 h and cooling to r. t., the mixture was added to CH2Cl2
(200 mL) and washed five times with water (80 mL each). The aqueous layer
was extracted back once with CH2Cl2 (100 mL) and the combined organic layers
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were dried with MgSO4. The solvent was evaporated in vacuo and the residue
purified by column chromatography on silica gel (column 3 q 30 cm, petroleum
ether:EtOAc, 4:1) to yield 980 mg (72%) of 397b.
The same procedure can be applied for the two-fold coupling of 1,2-dibromo-

cyclopentene (396) as well as 1,2-dibromocyclohexene (213) with other acrylates,
styrene and substituted styrenes. For the coupling with ethenylsilanes, far better
yields were obtained from 1,2-diiodocycloalkenes [493].

5.10.4
Diethyl 4l -Chloro-4l -methoxycarbonylspiro[cyclopropane-1,3l-bicyclo[4.3.0]non-
1l(6l)-ene]-8l,8l-dicarboxylate (76)

General procedure for a domino Heck-Diels-Alder reaction [119]: To a solution of
diethyl allyl(2-bromallyl)malonate (398) [494] (640 mg, 2.01 mmol) in acetonitrile
(16 mL) in a screw-capped Pyrexr bottle were added Pd(OAc)2 (14 mg, 3 mol%),
PPh3 (42 mg, 8 mol%), silver carbonate (665 mg, 2.41 mmol), and methyl 2-
chloro-2-cyclopropylideneacetate (399) (354 mg, 2.41 mmol) [495]. The solution
was purged with argon, and then stirred in the sealed bottle at 90 hC bath tempera-
ture for 2 h. The reaction mixture was cooled to r. t. and filtered through a bed of
charcoal and Celite, and the solvent removed under reduced pressure. The residue
was purified by chromatography on silica gel (25 g, column 1.5 q 30 cm, light
petroleum:ether, 4:1) to give 572 mg (74%) of 76.

5.10.5
(R)-2-Cyclohexenyl-2,5-dihydrofuran (401)

General procedure for an intermolecular enantioselective Heck reaction [341]:
[Pd2(dba)3 · CHCl3] (77.5 mg, 0.067 mmol) and (–)-(S)-273 (104.6 mg, 0.270 mmol)
were placed under argon in an ampoule equipped with a magnetic stirring bar and
a Young valve and treated with a solution of 1-cyclohexenyl triflate (400) (1.048 g,
4.55 mmol) and n-tridecane (424 mg, 2.3 mmol) as internal standard in Ar-satu-
rated benzene (10 mL), followed by 2,3-dihydrofuran (263) (1.35 mL, 17.9 mmol),
N,N-diisopropylethylamine (1.57 mL, 9.17 mmol), and Ar-saturated benzene
(40 mL). The ampoule was sealed under argon and the mixture stirred at 24 hC
(red solution, precipitation of N,N-diisopropylethylammonium triflate) until the
reaction was complete according to GC analysis. The reaction mixture was diluted

2915.10 Experimental Procedures

Br

Pd(OAc)2 (3 mol%)

PPh3 (8 mol%)

Ag2CO3 (2.4 equiv.)

MeCN, 90 °C, 2 h
EtO2C

EtO2C

EtO2C

EtO2C

ClMeO2C

398 399 76

+

CO2Me

Cl

74%



with pentane (ca. 150 mL), and the resulting red suspension was filtered through a
2-cm layer of silica gel (f ¼ 7 cm). Further elution with Et2O and concentration
gave a red oil which was purified by flash chromatography (silica gel, 4 q 25 cm,
n-pentane:CH2Cl2, 1:1) followed by Kugelrohr distillation (125 hC, 12 kPa) to afford
269 mg (92%) of 401.

5.10.6
6-Methoxy-1-(S)-ethenyl-1,2,3,4-tetrahydronaphthalene (26)

General procedure for a silane-terminated intramolecular enantioselective Heck reaction
[110a,b]: A mixture of [Pd2(dba)3 · CHCl3] (0.025 mmol, 2.5 mol%) and (S)-BINAP
(0.07 mmol, 7 mol%) in degassed DMF (0.1 M) was slowly heated to 55 hC under
argon with vigorous stirring to attain a homogeneous system (10 min). Then,
Ag3PO4 (1.1 mmol) and 1-iodo-4-methoxy-2-[6-(Z)-trimethylsilylhex-4-enyl]ben-
zene (24) (1.0 mmol) were added, and the reaction mixture was heated at 80 hC
for about 48 h. After completion of the reaction (TLC), the mixture was diluted
with diethyl ether, filtered through silica gel, and washed with water. The organic
phase was separated and the aqueous phase extracted with diethyl ether (2 q

20 mL). The combined organic phases were washed with brine, dried over
Na2SO4, and concentrated in vacuo. The crude product was purified by flash chro-
matography using petroleum ether:diethyl ether (150:1) to afford 92% of a mixture
of 25 and 26 as a colorless oil (90% e. e.).

5.10.7
10,11-Benzo-13-oxatricyclo[7.4.1.01,6]tetradeca-3,7-diene-6-carbonitrile (282)

General procedure for an enantioselective Heck reaction by desymmetrization: In a dry
reaction vessel with a magnetic stirring bar was placed 50–100 mg of a substituted
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tetrahydro-4H-naphthaline-4a-carbonitrile 281 with 10 mol% palladium dibenzyli-
dene-acetone and 3 equiv. of a phosphane ligand. The vessel was closed, and the air
in it was totally replaced by argon. To the reaction mixture was added 15 mL of
anhydrous DMF and 3 equiv. of triethylamine, and this mixture was heated at
65–75 hC for 12–48 h. The reaction was monitored by TLC. When all of the start-
ing material was consumed, the reaction mixture was allowed to cool to ambient
temperature and then mixed with 50 mL water. The aqueous phase was extracted
with diethyl ether (2 q 50 mL), the combined organic phases were dried over
MgSO4, and the diethyl ether was removed in a rotary evaporator. The crude
product was purified by chromatography on silica gel. The enantiomeric excess
was determined by HPLC or GC on chiral stationary phases.
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Abbreviations and Acronyms

Ac Acetyl
acac Acetylacetonate
BBEDA 1,2-Bisbenzylideneaminoethene
BDA Benzyldimethylamine
BINAP 2,2l-Bis(diphenylphosphanyl)-1,1l-binaphthalene (272a)
Bn Benzyl
BPPFA N,N-Dimethyl[1,2-bis(diphenylphosphanyl)ferrocenyl]ethyla-

mine (293)
BPPFOH N,N-Dimethyl[1,2-bis(diphenylphosphanyl)ferrocenyl]ethanol

(295)
BPPFOAc N,N-Dimethyl[1,2-bis(diphenylphosphanyl)ferrocenyl]ethyl

acetate (294)
BPPM tert-Butyl (S,S)-4-diphenylphosphano-2-diphenylphosphano-

methyl-1-pyrrolidinecarboxylate (292a)
BCPM tert-Butyl (S,S)-4-dicyclohexylphosphano-2-diphenylphosphano-

methyl-1-pyrrolidinecarboxylate (292b)
BOC tert-Butoxycarbonyl
Cy Cyclohexyl
Cp Cyclopentadienyl
DABCO Diaza[2.2.2]bicyclooctane
DBU Diazabicycloundecane
dcpe 1,2-Bis(dicyclohexylphosphano)ethane
dba Dibenzylideneacetone
DMF N,N-Dimethylformamide
DMA (DMAC) N,N-Dimethylacetamide
DMSO Dimethylsulfoxide
DIOP 2,3-O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphospha-

nyl)butane (296a)
dippb 1,4-Bis(diisopropylphosphano)butane
dppb 1,4-Bis(diphenylphosphano)butane
dppe (DIPHOS) 1,2-Bis(diphenylphosphano)ethane
dppf 1,1l-Bis(diphenylphosphano)ferrocene
dppp 1,3-Bis(diphenylphosphano)propane
EDA ethyldiisopropylamine
e. e. Enantiomeric excess
HDTBPB Hexadecyltributylphosphonium bromide
HMPA Hexamethylphosphoric acid triamide
HR Heck reaction
KHMDS Potassium hexamethyldisilylamide
mCPBA meta-Chloroperbenzoic acid
MCR Multi-component reaction
NEM N-Ethylmorpholine
Nf Nonafluorobutanesulfonyl
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NMP N-Methylpyrrolidone
Norphos 2,3-Bis(diphenylphosphanyl)bicyclo[2.2.1]hept-5-ene (291)
PHAL 1,4-Phthalazindiyl diether
PHANEPHOS 13,15-Bis(diphenylphosphanyl)tricyclo[8.2.2.24,7]hexadeca-

1(13),4(16),5,7(15),10(14),11-hexaene
PMB (MPM) p-Methoxybenzyl
PMP 2,2,5,5,6-Pentamethylpiperidine
Proton sponger 1,8-Bis(dimethylamino)naphthalene
PTC Phase-transfer catalysis (catalyst)
r. t. room temperature
TBABr Tetrabutylammonium bromide
TBACl Tetrabutylammonium chloride
TBAF Tetrabutylammonium fluoride
TBDMS (TBS) tert-Butyldimethylsilyl
TBPS (TBDPS) tert-Butyldiphenylsilyl
TCNE Tetracyanoethene
TEA Triethylamine
TES Triethylsilyl
Tf Trifluoromethanesulfonyl
Tfa Trifluoroacetyl
TFA Trifluoroacetic acid
TFP Tris(o-furyl)phosphane
THF Tetrahydrofuran
TIPS Trisisopropylsilyl
Ts Tosyl (p-tolylsulfonyl)
Tol Tolyl
TOTP (POT) Tris(o-tolyl)phosphane
TPPTS Triphenylphosphane m-trissulfonate sodium salt

2955.10 Experimental Procedures



296 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

References

[1] (a) T. Mizoroki, K. Mori, A. Ozaki,
Bull. Chem. Soc. Jpn. 1971, 44, 581;
(b) R F. Heck, J. P. Nolley, Jr., J. Org.
Chem. 1972, 37, 2320–2322.

[2] The alkynylation of aryl and alkenyl
halides, frequently also considered as
Heck reactions, is described in
Chapter 6. Although Heck et al. were
among the first investigators of this
reaction [H. A. Dieck, R. F. Heck,
J. Organomet. Chem. 1975, 93,
259–263], the drastically improved
conditions using copper salts as
co-catalysts were developed by other
research groups, cf. Chapter 6.

[3] (a) R. F. Heck, Acc. Chem. Res. 1979,
12, 146–151; (b) R. F. Heck, Org.
React. 1982, 27, 345–390; (c) A. de
Meijere, F. E. Meyer, Angew. Chem.
1994, 106, 2473–2506; Angew. Chem.
Int. Ed. Engl. 1994, 33, 2379–2411; (d)
J. Dupont, M. Pfeffer, J. Spencer, Eur.
J. Inorg. Chem. 2001, 1917–1927;
(e) M. Albrecht, G. van Koten, Angew.
Chem. 2001, 113, 3866–3898; Angew.
Chem. Int. Ed. 2001, 40, 3750–3781;
(f) I. P. Beletskaya, A. V. Cheprakov,
Chem. Rev. 2000, 100, 3009–3066 ;
(g) A. de Meijere, S. Br�se, J. Orga-
nomet. Chem. 1999, 576, 88–110;
(h) S. Br�se, A. de Meijere in Orga-
nopalladium Chemistry for Organic
Synthesis (Ed.: E. Negishi, A. de Mei-
jere), John Wiley, Hoboken, N. J.
2002.

[4] Cf. K. C. Nicolaou, E. J. Sorensen,
Classics in Total Synthesis, VCH,
Weinheim, 1995.

[5] (a) T. Rosner, A. Pfaltz, D. G. Black-
mond, J. Am. Chem. Soc. 2001, 123,
4621–4622; (b) T. Rosner, J. Le Bars,
A. Pfaltz, D. G. Blackmond
J. Am. Chem. Soc. 2001, 123,
1848–1855.

[6] M. Buback, T. Perkovic, S. Redlich,
A. de Meijere, Eur. J. Org. Chem.
2003, 2375–2382.

[7] For reviews see: (a) C. Amatore,
A. Jutand, J. Organomet. Chem. 1999,
576, 254–278; (b) C. Amatore, A. Ju-

tand, Acc. Chem. Res. 2000, 33,
314–321.

[8] J.-F. Fauvarque, F. Pfl�ger, M. Trou-
pel, J. Organomet. Chem. 1981, 208,
419–427.

[9] For the mechanism of the oxidative
addition, see: (a) C. Amatore,
F. Pfl�ger, Organometallics 1990, 9,
2276–2282; (b) A. Jutand, A. Mosleh,
Organometallics 1995, 14, 1810–1817;
(c) P. Cianfriglia, V. Narducci,
C. L. Sterzo, E. Viola, G. Bocelli,
T. A. Kodenkandath, Organometallics
1996, 15, 5220–5230; (d) C. Amatore,
E. Carr�, A. Jutand, Y. Medjour,
Organometallics 2002, 21, 4540–4545.

[10] Examples for anti-eliminations:
(a) G. K. Friestad, B. P. Branchaud,
Tetrahedron Lett. 1995, 36, 7047–7050,
and references cited therein;
(b) M. Ikeda, S. A. A. El Bialy,
T. Yakura, Heterocycles 1999, 51,
1957–1970; (c) K. M. Shea, K. L. Lee,
R. L. Danheiser, Org. Lett. 2000, 2,
2353–2356; (d) K. Maeda, E. J. Far-
rington, E. Galardon, B. D. John,
J. M. Brown, Adv. Synth. Catal. 2002,
344, 104–109.

[11] M. Lautens, Y.-Q. Fang, Org. Lett.
2003, 5, 3679–3682.

[12] This might especially be the case in
the coupling of tetrasubstituted
alkenes, cf. Section 5.2.3.

[13] B. M. Trost, D. J. Murphy, Organo-
metallics 1985, 4, 1143–1145.

[14] R. McCrindle, G. Ferguson, G. J. Ar-
senault, A. J. McAlees, J. Chem. Soc.
Chem. Commun. 1983, 571–572, and
references cited therein.

[15] (a) C. Amatore, A. Jutand, M. A.
M’Barki, Organometallics 1992, 11,
3009–3013; (b) T. Hayashi, A. Kubo,
F. Ozawa, Pure Appl. Chem. 1992, 64,
421–427.

[16] (a) W. J. Scott, M. R. Pe�a, K. Sw�rd,
S. J. Stoessel, J. K. Stille, J. Org. Chem.
1985, 50, 2302–2308; (b) for a dis-
cussion of this chloride effect see:
C. Amatore, M. Azzabi, A. Jutand,
J. Am. Chem. Soc. 1991, 113, 8375–



297References

8384; (c) C. Amatore, A. Jutand,
A. Suarez, ibid. 1993, 115, 9531–9541;
(d) for an application to aryl iodides
see: C. A. Merlic, M. F. Semmelhack,
J. Organomet. Chem. 1990, 391, C23–
C27; (e) for a review see: K. Fagnou,
M. Lautens, Angew. Chem. 2002, 114,
26–49; Angew. Chem. Int. Ed. 2002,
41, 26–47.

[17] T. L. Draper, T. R. Bailey, Synlett 1995,
157–158.

[18] Review: R. B. Bedford, Chem. Com-
mun. 2003, 1787–1796.

[19] (a) W. A. Herrmann, C. Broßmer,
K. �fele, C.-P. Reisinger, T. Prier-
meier, M. Beller, H. Fischer, Angew.
Chem. 1995, 107, 1989–1992; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1844–
1848; (b) for an application see:
M. Beller, T. H. Riermeier, Tetrahe-
dron Lett. 1996, 37, 6535–6538; (c) for
further elucidation see: M. Beller,
T. H. Riermeier, S. Haber, H.-J. Klei-
ner, W. A. Herrmann, Chem. Ber.
1996, 129, 1259–1264; (d) W. A.
Herrmann, C. Broßmer, C.-P. Rei-
singer, T. H. Riermeier, K. �fele,
M. Beller, Chem. Eur. J. 1997, 3, 1357–
1364; (e) for an intramolecular biaryl
coupling with 1 see: D. D. Hennings,
S. Iwasa, V. H. Rawal, J. Org. Chem.
1997, 62, 2–3; (f) the particularly high
turnover numbers achievable with the
combination of Pd(OAc)2 and P(oTol)3
had already been recognized much
earlier without proving the structure
of the responsible Pd species:
A. Spencer, J. Organomet. Chem. 1983,
258, 101–108.

[20] (a) I. G. Jung, S. U. Son, K. H. Park,
K.-C. Chung, J. W. Lee, Y. K. Chung,
Organometallics 2003, 22, 4715–4720;
(b) E. D�ez-Barra, J. Guerra,
V. Hornillos, S. Merino, J. Tejeda,
Organometallics 2003, 22, 4610–4612.

[21] Other examples: (a) M. Ohff, A. Ohff,
D. Milstein, Chem. Commun. 1999,
357–358; (b) D. Zim, A. S. Gruber,
G. Ebeling, J. Dupont, A. L. Monteiro,
Org. Lett. 2000, 2, 2881–2884;
(c) D. E. Bergbreiter, P. L. Osburn,
A. Wilson, E. M. Sink, J. Am. Chem.
Soc. 2000, 122, 9058–9064;
(d) M. P. Munoz, B. Mart�n-Matute,

C. Fernandez-Rivas, D. J. Cardenas,
A. M. Echavarren, Adv. Synth. Catal.
2001, 343, 338–342; (e) D. A. Alonso,
C. N�jera, M. C. Pacheco, Adv. Synth.
Catal. 2002, 344, 172–183;
(f) D. Morales-Morales, R. Redon,
C. Yung, C. M. Jensen, Chem. Com-
mun. 2000, 1619–1620; (g) D. A. Albis-
son, R. B. Bedford, P. N. Scully,
Tetrahedron Lett. 1998, 39, 9793–9796;
(h) D. Alonso, C. N�jera,
M. C. Pacheco, Org. Lett. 2000, 2,
1823–1826.

[22] A. Schnyder, A. F. Indolese,
M. Studer, H.-U. Blaser, Angew. Chem.
2002, 114, 3820–3823;
Angew. Chem. Int. Ed. 2002, 41, 3668–
3671.

[23] I. P. Beletskaya, A. N. Kashin,
N. B. Karlstedt, A. V. Mitin,
A. V. Cheprakov, G. M. Kazankov,
J. Organomet. Chem. 2001, 622,
89–96.

[24] For a review, see: A. C. Hillier,
G. A. Grasa, M. S. Viciu, H. M. Lee,
C. L. Yang, S. P. Nolan, J. Organomet.
Chem. 2002, 653, 69–82.

[25] K. Selvakumar, A. Zapf, M. Beller,
Org. Lett. 2002, 4, 3031–3033.

[26] (a) J. A. Loch, M. Albrecht, E. Peris,
J. Mata, J. W. Faller, R. H. Crabtree,
Organometallics 2002, 21, 700–706;
(b) D. S. McGuinness, M. J. Green,
K. J. Cavell, B.W. Skelton, A. H.White,
J. Organomet. Chem. 1998, 565,
165–178; (c) A. A. D. Tulloch,
A. A. Danopoulos, R. P. Tooze,
S. M. Cafferkey, S. Kleinhenz,
M. B. Hursthouse, Chem. Commun.
2000, 1247–1248.

[27] V. Calo, A. Nacci, A. Monopoli,
L. Lopez, A. di Cosmo, Tetrahedron
2001, 57, 6071–6077.

[28] W. A. Herrmann, M. Elison, J. Fischer,
C. K	cher, G. R. J. Artus,
Angew. Chem. 1995, 107, 2602–2605;
Angew. Chem. Int. Ed. Engl. 1995, 34,
2371–2374.

[29] A. F. Littke, G. C. Fu, J. Org. Chem.
1999, 64, 10–11.

[30] A. Ehrentraut, A. Zapf, M. Beller,
Synlett 2000, 1589–1592.

[31] A. Schnyder, T. Aemmer,
A. E. Indolese, U. Pittelkow,



298 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

M. Studer, Adv. Synth. Catal. 2002,
344, 495–498.

[32] (a) Y. Ben-David, M. Portnoy,
M. Gozin, D. Milstein, Organometal-
lics 1992, 11, 1995–1996;
(b) J. B. Davison, N. M. Simon,
S. A. Sojka, J.Mol. Cat. 1984, 22, 349–
352; (c) A. Spencer,
J. Organomet. Chem. 1984, 270,
115–120; (d) M. Portnoy, Y. Ben-
David, D. Milstein, Organometallics
1993, 12, 4734–4735; (e) J. J. Bozell,
C. E. Vogt, J. Am. Chem. Soc. 1988,
110, 2655–2657.

[33] Review: A. Biffis, M. Zecca, M. Basato,
J. Mol. Cat. A 2001, 173, 249–274.

[34] Recent examples: (a) P.-W. Wang,
M. A. Fox, J. Org. Chem. 1994, 59,
5358–5364; (b) M. R. Buchmeiser,
K. Wurst, J. Am. Chem. Soc. 1999,
121, 11101–11107; (c) V. Chandra-
sekhar, A. Athimoolam, Org. Lett.
2002, 4, 2113–2116; (d) M. Dell’Anna,
P. Mastrorilli, F. Muscio, C. F. Nobile,
G. P. Suranna, Eur. J. Inorg. Chem.
2002, 1094–1099; (e) J. Schwarz,
V. P. W. B	hm, M. G. Gardiner,
M. Grosche, W. A. Herrmann,
W. Hieringer, G. Raudaschl-Sieber,
Chem. Eur. J. 2000, 6, 1773–1780.

[35] (a) A. Biffis, M. Zecca, M. Basato,
Eur. J. Inorg. Chem. 2001, 1131–1133;
(b) I. W. Davies, L. Matty,
D. L. Hughes, P. J. Reider, J. Am.
Chem. Soc. 2001, 123, 10139–10140.

[36] A. F. Shmidt, L. V. Mametova,
Kinet. Katal. 1996, 37, 431–433;
engl. transl. Kinet. Catal. 1996, 37,
406–408.

[37] Recent example: C. S. Consorti,
M. L. Zanini, S. Leal, G. Ebeling,
J. Dupont, Org. Lett. 2003, 5, 983–
986.

[38] C. Rocaboy, J. A. Gladysz, New
J. Chem. 2003, 27, 39–49.

[39] (a) V. Calo, A. Nacci, A. Monopoli,
A. Detomaso, P. Iliade, Organometal-
lics 2003, 22, 4193–4197; (b) V. Kogan,
Z. Aizenshtat, R. Popovitz-Biro,
R. Neumann, Org. Lett. 2002, 4,
3529–3532.

[40] B.M. Choudary, S. Madhi,
N. S. Chowdari, M. L. Kantam,

B. Sreedhar, J. Am. Chem. Soc. 2002,
124, 14127–14136.

[41] A.H. M. de Vries, J. M. C. A. Mulders,
J. H. M. Mommers, H. J. W. Hende-
rickx, J. G. de Vries, Org. Lett. 2003, 5,
3285–3288.

[42] A.G. Myers, D. Tanaka,
M. R. Mannion, J. Am. Chem. Soc.
2002, 124, 11250–11251.

[43] T. R. Kelly, W. Xu, Z. Ma, Q. Li,
V. Bhushan, J. Am. Chem. Soc. 1993,
115, 5843–5844.

[44] L. J. Gooßen, J. Paetzold, Angew.
Chem. 2002, 114, 1285–1289; Angew.
Chem. Int. Ed. 2002, 41, 1237–1241.

[45] (a) A. Ashimori, T. Matsuura,
L. E. Overman, D. J. Poon,
J. Org. Chem. 1993, 58, 6949–6951;
(b) L. E. Overman, D. J. Poon,
Angew. Chem. 1997, 109, 536–538;
Angew. Chem. Int. Ed. Engl. 1997, 36,
518–521.

[46] S. Laschat, F. Narjes, L. E. Overman,
Tetrahedron 1994, 50, 347–358.

[47] W. Deng, M. S. Jensen, L. E. Overman,
P. V. Rucker, J.-P. Vionnet,
J. Org. Chem. 1996, 61, 6760–6761.

[48] (a) C.-M. Andersson, A. Hallberg,
J. Org. Chem. 1988, 53, 235–239;
(b) C.-M. Andersson, A. Hallberg,
Tetrahedron Lett. 1987, 28, 4215–4216;
(c) T. Mitsudo, M. Kadokura, Y. Wata-
nabe, J. Org. Chem. 1987, 52, 3186–
3192; (d) K. Hori, M. Ando, N. Taka-
ishi, Y. Inamoto, Tetrahedron Lett.
1987, 28, 5883–5886.

[49] M. Beller, K. K�hlein, Synlett 1995,
441–442.

[50] (a) R. G. Heidenreich, K. Kohler,
J. G. E. Krauter, J. Pietsch, Synlett
2002, 1118–1122; (b) K. Kohler,
R. G. Heidenreich, J. G. E. Krauter,
M. Pietsch, Chem. Eur. J. 2002, 8,
622–631.

[51] S. Mukhopadhyay, G. Rothenberg,
A. Joshi, M. Baidossi, Y. Sasson,
Adv. Synth. Catal. 2002, 344, 348–354.

[52] K. Kohler, M. Wagner, L. Djakovitch,
Catal. Today 2001, 66, 105–114.

[53] S. Liang, L. A. Paquette, Acta
Chem. Scand. 1992, 46, 597–605.

[54] J. M. Schkeryantz, S. J. Danishefsky,
J. Am. Chem. Soc. 1995, 117,
4722–4723.



299References

[55] 19-endo-trig: X. Geng, M. L. Miller,
S. Lin, I. Ojima, Org. Lett. 2003, 5,
3733–3736.

[56] (a) C. Y. Hong, L. E. Overman,
Tetrahedron Lett. 1994, 35, 3453–3456;
(b) C. Y. Hong, N. Kado,
L. E. Overman, J. Am. Chem. Soc.
1993, 115, 11028–11029.

[57] (a) E. D. Edstrom, Y. Wei, J.Org. Chem.
1994, 59, 6902–6903; (b) Q.-Y. Chen,
Z.-Y. Yang, Tetrahedron Lett. 1986, 27,
1171–1174.

[58] M. Miura, H. Hashimoto, K. Itoh,
M. Nomura, Tetrahedron Lett. 1989,
30, 975–976.

[59] M. R. Pe�a, J. K. Stille, J. Am. Chem.
Soc. 1989, 111, 5417–5424.

[60] B.M. Trost, F. D. Toste,
J. Am. Chem. Soc. 2003, 125, 3090–
3100.

[61] (a) M. T. Reetz, R. Breinbauer,
K. Wanninger, Tetrahedron Lett. 1996,
37, 4499–4502; (b) M. T. Reetz,
G. Lohmer, Chem. Commun. 1996,
1921–1922.

[62] (a) M. Beller, H. Fischer, K. K�hlein,
C.-P. Reisinger, W. A. Herrmann,
J. Organomet. Chem. 1996, 520, 257–
259; (b) T. H. Galow, U. Drechsler,
J. A. Hanson, V. M. Rotello,
Chem. Commun. 2002, 1076–1077.

[63] (a) C.-M. Andersson, K. Karabelas,
A. Hallberg, C. Andersson,
J. Org. Chem. 1985, 50, 3891–3895;
(b) M. Terasawa, K. Kaneda,
T. Imanaka, S. Teranishi, J. Orga-
nomet. Chem. 1978, 162, 403–414;
(c) Z. Zhuanggyu, P. Yi, H. Houwen,
K. Tsi-yu, Synthesis 1991, 539–542;
(d) B. M. Choudary, M. R. Sarma,
Tetrahedron Lett. 1990, 31, 1495–
1496.

[64] Examples: (a) D. E. Bergbreiter,
P. L. Osburn, C. Li, Org. Lett. 2002, 4,
737–740; (b) Y.-C. Yang, T.-Y. Luh,
J. Org. Chem. 2003, 68, 9870–9873;
(c) for a review: S. Br�se,
F. Lauterwasser, R. E. Ziegert,
Adv. Synth. Catal. 2003, 345, 869–929.

[65] Platinum: R. J. Hinke, P. J. Stang,
A. M. Arif, Organometallics 1993, 12,
3510–3516.

[66] Water-promoted Heck reactions:
(a) N. A. Bumagin,N. P. Andryukhova,

I. P. Beletskaya, Izv.Akad.Nauk.SSSR,
Ser. Khim. 1988, 1449–1450;
Bull. Acad. Sci. USSR, Div. Chem.
Sci. 1988, 37, 1285; (b) N. A. Bumagin,
N. P. Andryukhova, I. P. Beletskaya,
Metallorg. Khim. 1989, 2, 893–897;
(c) N. A. Bumagin, N. P. Andryukhova,
I. P. Beletskaya, Dokl. Akad. Nauk.
SSSR 1990, 313, 107–109;
Dokl. Chem. 1990, 313, 183–185;
(d) T. Jeffery, Tetrahedron Lett. 1994,
35, 3051–3054.

[67] K. S. A. Vallin, M. Larhed, A. Hall-
berg, J. Org. Chem. 2001, 66, 4340–
4343.

[68] (a) S. Lemaire-Audoire, M. Savignac,
C. Dupuis, J.-P. Gen
t, Tetrahedron
Lett. 1996, 37, 2003–2006; (b) A. I.
Casalnuovo, J. C. Calabrese, J. Am.
Chem. Soc. 1990, 112, 4324–4330.

[69] For a review, see: (a) A. Lubineau,
J. Auge, Y. Queneau, Synthesis 1994,
741–760; (b) J.-P. Gen
t, E. Blart,
M. Savignac, Synlett 1992, 715–717.

[70] V. P. W. B	hm, W. A. Herrmann,
Chem. Eur. J. 2000, 6, 1017–1025.

[71] For a review, see: P. Wasserscheid,
W. Keim, Angew. Chem. 2000, 112,
3926–3945; Angew. Chem. Int. Ed.
2000, 39, 3772–3789.

[72] D. E. Kaufmann, M. Nouroozian,
H. Henze, Synlett 1996, 1091–1092.

[73] Recent examples: (a) S. Bouquillon,
B. Ganchegui, B. Estrine, F. H�nin,
J. Muzart, J. Organomet. Chem. 2001,
634, 153–156; (b) S. B. Park, H. Alper,
Org. Lett. 2003, 5, 3209–3212.

[74] K. S. A. Vallin, P. Emilsson, M. Lar-
hed, A. Hallberg, J. Org. Chem. 2002,
67, 6243–6246.

[75] For a review see: W. Leitner, Acc.
Chem. Res. 2002, 35, 746–756.

[76] C. J. Mathews, P. J. Smith, T. Welton,
A. J. P. White, D. J. Williams, Orga-
nometallics 2001, 20, 3848–3850.

[77] (a) B.M. Trost, W. Tang, Angew. Chem.
2002, 114, 2919–2921; Angew. Chem.
Int. Ed. 2002, 41, 2795–2797;
(b) B. M. Trost, F. D. Toste,
J. Am. Chem. Soc. 2000, 122, 11262–
11263; (c) C. Guillou, J.-L. Beunard,
E. Gras, C. Thal, Angew. Chem. 2001,
113, 4881–4882; Angew. Chem. Int. Ed.
2001, 40, 4745–4746; (d) Model



300 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

studies towards galanthamine:
P. J. Parsons, M. D. Charles,
D. M. Harvey, L. R. Sumoreeah,
A. Shell, G. Spoors, A. L. Gill,
S. Smith, Tetrahedron Lett. 2001, 42,
2209–2211.

[78] K. Ohrai, K. Kondo, M. Sodeoka,
M. Shibasaki, J. Am. Chem. Soc. 1994,
116, 11737–11748.

[79] T. Ohshima, K. Kagechika, M. Adachi,
M. Sodeoka, M. Shibasaki, J. Am.
Chem. Soc. 1996, 118, 7108–7116.

[80] A. B. Dounay, K. Hatanaka,
J. J. Kodanko, M. Oestreich,
L. E. Overman, L. A. Pfeiffer,
M. M. Weiss, J. Am. Chem. Soc. 2003,
125, 6261–6271.

[81] P. J. Harrington, K. A. DiFiore,
Tetrahedron Lett. 1987, 28, 495–498.

[82] K. Kondo, M. Sodeoka, M. Shibasaki,
Tetrahedron: Asymmetry 1995, 6,
2453–2464.

[83] M. Catellani, G. P. Chiusoli, J. Orga-
nomet. Chem. 1985, 286, C13–C16.

[84] L.-F. Huang, W.-S. Zhou,
J. Chem. Soc. Perkin Trans. 1 1994,
3579–3585.

[85] T. Mandai, S. Hasegawa, T. Fujimoto,
M. Kawada, J. Nokami, J. Tsuji, Syn-
lett 1990, 85–86.

[86] N. A. Bumagin, P. G. More, I. P. Be-
letskaya, J. Organomet. Chem. 1989,
371, 397–401.

[87] P. Reardon, S. Metts, C. Crittendon,
P. Daugherity, E. J. Parsons, Organo-
metallics 1995, 14, 3810–3816.

[88] T. Jeffery, Synth. Commun. 1988, 18,
77–84.

[89] N. Shezad, A. A. Clifford, C. M. Ray-
ner, Tetrahedron Lett. 2001, 42,
323–325.

[90] N. Shezad, R. S. Oakes, A. A. Clifford,
C. M. Rayner, Tetrahedron Lett. 1999,
40, 2221–2224.

[91] (a) D. K. Morita, D. R. Pesiri,
S. A. David, W. H. Glaze, W. Tumas,
Chem. Commun. 1998, 1397–1398;
(b) B. M. Bhanage, Y. Ikushima,
M. Shirai, M. Arai, Tetrahedron Lett.
1999, 40, 6427–6430; (c) Y. Kayaki,
Y. Noguchi, T. Ikariya, Chem.
Commun. 2000, 2245–2246;
(d) L. K. Yeung, C. T. Lee,
K. P. Johnston, R. M. Crooks,

Chem. Commun. 2001, 2290–2291;
(e) T. R. Early, R. S. Gordon,
M. A. Carroll, A. B. Holmes,
R. E. Shute, I. F. McConvey,
Chem. Commun. 2001, 1966–1967;
(f) R. S. Gordon, A. B. Holmes,
Chem. Commun. 2002, 640–641.

[92] J. R�mper, V. V. Sokolov, K. Rauch,
A. de Meijere, Chem. Ber./Recueil
1997, 130, 1193–1195.

[93] (a) S. Br�se, J. R�mper, K. Voigt,
S. Albecq, G. Thurau, R. Villard,
B. Waegell, A. de Meijere,
Eur. J. Org. Chem. 1998, 671–678;
(b) for an optimized preparation of
o-dialkenylbenzene derivatives, see
Ref. [318].

[94] H. Detert and E. Sugiono,
J. Prakt. Chem. 1999, 341, 358–362.

[95] J. R�mper, Dissertation, Universit�t
G	ttingen, 1994.

[96] (a) G. Dyker, J. K	rning, P. G. Jones,
P. Bubenitschek, Angew. Chem. 1993,
105, 1805–1807; Angew. Chem. Int.
Ed. Engl. 1993, 32, 1733–1735;
(b) G. Dyker, J. K	rning,
P. Bubenitschek, P. G. Jones, Liebigs
Ann./Recueil 1997, 203–209.

[97] (a) R. Grigg, V. Sridharan,
P. Stevenson, T. Worakun,
J. Chem. Soc. Chem. Commun. 1986,
1697–1699; (b) R. Grigg,
V. Loganathan, V. Santhakumar,
V. Sridharan, A. Teasdale, Tetrahedron
Lett. 1991, 32, 687–690.

[98] M.M. Abelman, T. Oh, L. E. Overman,
J. Org. Chem. 1987, 52, 4130–4133.

[99] P. Nilsson, M. Larhed, A. Hallberg,
J. Am. Chem. Soc. 2003, 125, 3430–
3431.

[100] Bicyclopropylidene (16) is readily
available in three simple steps:
(a) A. de Meijere, S. I. Kozhushkov,
T. Sp�th, N. S. Zefirov, J. Org. Chem.
1993, 58, 502–505; (b) A. de Meijere,
S. I. Kozhushkov, T. Sp�th, Org. Synth.
2000, 78, 142–151.

[101] (a) S. Br�se, A. de Meijere,
Angew. Chem. 1995, 107, 2741–2743;
Angew. Chem. Int. Ed. Engl. 1995, 34,
2545–2547; (b) H. N�ske, S. Br�se,
S. I. Kozhushkov, M. Noltemeyer,
M. Es-Sayed, A. de Meijere,
Chem. Eur. J. 2002, 8, 2350–2369.



301References

[102] A. de Meijere, H. N�ske, M. Es-
Sayed, T. Labahn, M. Schroen,
S. Br�se, Angew. Chem. 1999, 111,
3881–3884; Angew. Chem. Int. Ed.
1999, 38, 3669–3672.

[103] G. D. Daves, Jr., A. Hallberg, Chem.
Rev. 1989, 89, 1433–1445.

[104] D. Badone, U. Guzzi, Tetrahedron Lett.
1993, 34, 3603–3606.

[105] (a) C.-M. Andersson, J. Larsson,
A. Hallberg, J. Org. Chem. 1990, 55,
5757–5761; (b) M. Larhed, C.-
M. Andersson, A. Hallberg, Tetrahe-
dron 1994, 50, 285–304.

[106] A. Hallberg, L. Westfeldt, B. Holm,
J. Org. Chem. 1981, 46, 5414–5415.

[107] (a) E. Bernocchi, S. Cacchi,
P. G. Ciattini, E. Morera, G. Ortar,
Tetrahedron Lett. 1992, 33, 3073–3076;
(b) W. Cabri, I. Candiani, A. Bedeschi,
R. Santi, Tetrahedron Lett. 1991, 32,
1753–1756.

[108] W. Cabri, I. Candiani, A. Bedeschi,
S. Penco, R. Santi, J. Org. Chem. 1992,
57, 1481–1486.

[109] H. von Schenck, B. �kermark,
M. Svensson, J. Am. Chem. Soc. 2003,
125, 3503–3508.

[110] (a) L. F. Tietze, R. Schimpf,
Angew. Chem. 1994, 107, 1138–1139;
Angew. Chem. Int. Ed. Engl. 1994, 33,
1089–1091; (b) L. F. Tietze,
T. Raschke, Liebigs Ann. 1996, 1981–
1987; (c) L. F. Tietze, K. Heitmann,
T. Raschke, Synlett 1997, 35–37;
(d) L. F. Tietze, K. Kahle, T. Raschke,
Chem. Eur. J. 2002, 8, 401–407.

[111] L. Snyder, W. Shen, W. G. Bornmann,
S. J. Danishefsky, J. Org. Chem. 1994,
59, 7033–7037.

[112] A. Ali, G. B. Gill, G. Pattenden,
G. A. Roan, T.-S. Kam, J. Chem. Soc.
Perkin Trans. 1 1996, 1081–1093.

[113] A. J. Chalk, S. A. Magennis,
J. Org. Chem. 1976, 41, 1206–1209.

[114] M. Cottard, N. Kann, T. Rein,
B. �kermark, P. Helquist, Tetrahedron
Lett. 1995, 36, 3115–3118.

[115] R. Grigg, P. Fretwell, C. Meerholtz,
V. Sridharan, Tetrahedron 1994, 50,
359–370.

[116] G.-q. Shi, X.-h. Huang, F. Hong,
J. Chem. Soc. Perkin Trans. 1 1996,
763–765.

[117] (a) P. Wiedenau, B. Monse,
S. Blechert, Tetrahedron 1995, 51,
1167–1176; (b) J. Masllorens,
M. Moreno-Ma�as, A. Pla-Quintana,
R. Pleixats, A. Roglans, Synthesis
2002, 1903–1911.

[118] I. Alonso, J. C. Carretero, J. Org. Chem.
2001, 66, 4453–4456.

[119] (a) K. H. Ang, S. Br�se, A. G. Steinig,
F. E. Meyer, A. Llebaria, K. Voigt, A. de
Meijere, Tetrahedron 1996, 52, 11503–
11528; (b) F. E. Meyer, K.-H. Ang,
A. G. Steinig, A. de Meijere, Synlett
1994, 191–193.

[120] N. A. Cortese, C. B. Ziegler, Jr.,
B. J. Hrnjez, R. F. Heck, J. Org.
Chem. 1978, 43, 2952–2958.

[121] A.K. Mohanakrishnan,
P. C. Srinivasan, Tetrahedron Lett.
1996, 37, 2659–2662.

[122] J. B. Melpolder, R. F. Heck,
J. Org. Chem. 1976, 41, 265–272.

[123] R. C. Larock, E. L. Yum, H. Yang,
Tetrahedron 1994, 50, 305–321.

[124] S. Hillers, O. Reiser, Synlett 1995,
153–154.

[125] T. Takemoto, M. Sodeoka, H. Sasai,
M. Shibasaki, J. Am. Chem. Soc. 1993,
115, 8477–8478.

[126] (a) Y. Fukuyama, Y. Kiriyama,
M. Kodama, Tetrahedron Lett. 1996,
37, 1261–1264; (b) Y. Fukuyama,
K. Matsumoto, Y. Tonoi, R. Yokoyama,
H. Takahashi, H. Minami,
H. Okazaki, Y. Mitsumoto, Tetrahe-
dron 2001, 57, 7127–7135.

[127] A. Madin, C. J. O’Donnell, T. Oh,
D. W. Old, L. E. Overman, M. J. Sharp,
Angew. Chem. 1999, 111, 3110–3112;
Angew. Chem. Int. Ed. 1999, 38, 2934–
2936, and references cited therein.

[128] (a) F. G. Stakem, R. F. Heck,
J. Org. Chem. 1980, 45, 3584–3593;
(b) B. A. Patel, J. E. Dickerson,
R. F. Heck, J. Org. Chem. 1978, 43,
5018–5022.

[129] T. Jeffery, Tetrahedron Lett. 1992, 33,
1989–1992.

[130] A. Deagostino, C. Prandi,
P. Venturello, Org. Lett. 2003, 5,
3815–3817.

[131] (a) B. Burns, R. Grigg,
P. Ratananukul, V. Sridharan,
P. Stevenson, S. Sukirthalingam,



302 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

T. Worakun, Tetrahedron Lett. 1988,
29, 5565–5568; (b) B. Burns, R. Grigg,
P. Ratananukul, V. Sridharan,
P. Stevenson, T. Worakun, Tetrahe-
dron Lett. 1988, 29, 4329–4332;
(c) R. Grigg, V. Sridharan,
S. Sukirthalingam, T. Worakun, Tet-
rahedron Lett. 1989, 30, 1139–1142.

[132] (a) I. Shimizu, J. Tsuji, Chem. Lett.
1984, 233–236; (b) M. Ahmar,
B. Cazes, J. Gore, Tetrahedron Lett.
1984, 25, 4505–4508; (c) B. Gazes,
Pure Appl. Chem. 1990, 62, 1867–
1878; (d) R. C. Larock, N. G. Berrios-
Pe�a, C. A. Fried, J. Org. Chem. 1991,
56, 2615–2617; (e) L. Besson, J. Bazin,
J. Gore, B. Cazes, Tetrahedron Lett.
1994, 35, 2881–2884; (f) R. C. Larock,
J. M. Zenner, J. Org. Chem. 1995, 60,
482–483.

[133] S. Ma, E. Negishi, J. Am. Chem. Soc.
1995, 117, 6345–6357.

[134] K. Karabelas, A. Hallberg, J. Org.
Chem. 1986, 51, 5286–5290.

[135] (a) R. C. Larock, W. H. Gong, J. Org.
Chem. 1990, 55, 407–408;
(b) T. Sakamoto, Y. Kondo,
K. Matsumoto, H. Yamanaka,
J. Chem. Soc. Perkin Trans. 1 1994,
235–236.

[136] (a) R. N. Farr, R. A. Outten,
J. C.-Y. Cheng, G. D. Daves, Jr., Or-
ganometallics 1990, 9, 3131–3156;
(b) G. D. Daves, Jr., Acc. Chem. Res.
1990, 23, 201–206.

[137] C. Carfagna, A. Musco, G. Sallese,
R. Santi, T. Fiorani, J. Org. Chem.
1991, 56, 261–263.

[138] (a) B. M. Trost, Y. Tanigawa,
J. Am. Chem. Soc. 1979, 101, 4743–
4745; (b) Z. Jin, P. L. Fuchs, Tetra-
hedron Lett. 1993, 34, 5205–5208;
(c) S. W. Lee, P. L. Fuchs, Tetrahedron
Lett. 1993, 34, 5209–5212.

[139] (a) C. B. Ziegler, Jr., R. F. Heck,
J. Org. Chem. 1978, 43, 2949–2952;
(b) C. A. Busacca, R. E. Johnson,
J. Swestock, J. Org. Chem. 1993, 58,
3299–3303.

[140] S. Hillers, S. Sartori, O. Reiser,
J. Am. Chem. Soc. 1996, 118, 2087–
2088, and references cited therein.

[141] A.-S. Carlstr	m, T. Frejd, J. Org. Chem.
1991, 56, 1289–1293.

[142] K. S. A. Vallin, Q. Zhang, M. Larhed,
D. P. Curran, A. Hallberg, J. Org.
Chem. 2003, 68, 6639–6645.

[143] S. E. Gibson, N. Guillo, R. J. Middle-
ton, A. Thuilliez, M. J. Tozer,
J. Chem. Soc. Perkin Trans. 1 1997,
447–455.

[144] K. Yamamura, S. Watarai, Bull. Chem.
Soc. Jpn. 1975, 48, 3757–3758.

[145] S. E. Denmark, M. E. Schnute,
J. Org. Chem. 1995, 60, 1013–1019.

[146] (a) A. R. Hunt, S. K. Stewart,
A. Whiting, Tetrahedron Lett. 1993, 34,
3599–3602; (b) S. K. Stewart,
A. Whiting, Tetrahedron Lett. 1995, 36,
3925–3228; (c) S. K. Stewart,
A. Whiting, J. Organomet. Chem.
1994, 482, 293–300.

[147] Y. Xu, X. Jin, G. Huang, Y. Huang,
Synthesis 1983, 556–558.

[148] K. M. Pietrusiewicz, M. Kuznikowski,
M. Koprowski, Tetrahedron Asymm.
1993, 4, 2143–2146.

[149] W. Heitz, A. Knebelkamp, Macromol.
Chem. Rapid Commun. 1991, 12,
69–75.

[150] Carried out by researchers at Cynora
GmbH, Herzogenrath, Germany.

[151] R. Grigg, V. Loganathan, S. Sukirt-
halingam, V. Sridharan, Tetrahedron
Lett. 1990, 31, 6573–6576.

[152] (a) T. Jeffery, Tetrahedron Lett. 1991,
32, 2121–2124; (b) T. Jeffery, J. Chem.
Soc. Chem. Commun. 1991, 324–325;
(c) T. Jeffery, Tetrahedron Lett. 1993,
34, 1133–1136.

[153] S.-K. Kang, K.-Y. Jung, C.-H. Park,
E.-Y. Namkoong, T.-H. Kim, Tetrahe-
dron Lett. 1995, 36, 6287–6290.

[154] (a) T. Jeffery, Tetrahedron Lett. 1985,
26, 2667–2670; (b) T. Jeffery, J. Chem.
Soc. Chem. Commun. 1984, 1287–
1289.

[155] T. Jeffery, Tetrahedron 1996, 52,
10113–10130.

[156] C. Gurtler, S. L. Buchwald,
Chem. Eur. J. 1999, 5, 3107–3112.

[157] R. Imbos, A. J. Minnaard, B. L. Ferin-
ga, J. Am. Chem. Soc. 2002, 124, 184–
185.

[158] F. Ozawa, A. Kubo, T. Hayashi, Tet-
rahedron Lett. 1992, 33, 1485–1488.

[159] (a) S. Sakuraba, T. Okada,
T. Morimoto, K. Achiwa,



303References

Chem. Pharm. Bull. 1995, 43, 927–
934; (b) S. Sakuraba, K. Awano,
K. Achiwa, Synlett 1994, 291–292.

[160] (a) M. A. Campo, R. C. Larock, J. Am.
Chem. Soc. 2002, 124, 14326–14327;
(b) M. A. Campo, Q. Huang, T. Yao,
Q. Tian, R. C. Larock, J. Am. Chem. Soc.
2003, 125, 11506–11507.

[161] Y. Sato, M. Sodeoka, M. Shibasaki,
Chem. Lett. 1990, 1953–1954.

[162] D. L. Comins, S. P. Joseph, Y.-M.
Zhang, Tetrahedron Lett. 1996, 37,
793–796.

[163] (a) R. Grigg, S. Sukirthalingam,
V. Sridharan, Tetrahedron Lett. 1991,
32, 2545–2548; (b) A. Brown,
R. Grigg, T. Ravishankar,
M. Thornton-Pett, Tetrahedron Lett.
1994, 35, 2753–2756; (c) C.-S. Li,
D.-C. Jou, C.-H. Cheng, Organo-
metallics 1993, 12, 3553–3560.

[164] A. Casachi, R. Grigg, J. M. Sansano,
D. Wilson, J. Redpath, Tetrahedron
Lett. 1996, 37, 4413–4416.

[165] E. Negishi, Y. Noda, F. Lamaty,
E. J. Vawter, Tetrahedron Lett. 1990, 34,
4393–4396.

[166] R. Grigg, V. Santhakumar, V. Srid-
haran, Tetrahedron Lett. 1993, 34,
3163–3164.

[167] (a) E. Negishi, H. Sawada, J. M. Tour,
Y. Wei, J. Org. Chem. 1988, 53, 913–
915; (b) C. Cop�ret, S. Ma, E. Negishi,
Angew. Chem. 1996, 108, 2255–2257;
Angew. Chem. Int. Ed. Engl. 1996, 35,
2125–2126; (c) E. Negishi, C. Cop�ret,
T. Sugihara, I. Shimoyama, Y. Zhang,
G. Wu, J. M. Tour, Tetrahedron 1994,
50, 425–436; (d) K. Orito, M. Miya-
zawa, H. Suginome, Synlett 1994,
245–246; (e) B. A. Markies,
P. Wijkens, A. Dedieu, J. Boersma,
A. L. Spek, G. van Koten, Organo-
metallics 1995, 14, 5628–5641;
(f) R. Grigg, H. Khalil, P. Levett,
J. Virica, V. Sridharan, Tetrahedron
Lett. 1994, 35, 3197–3200; (g) R. Grigg,
V. Sridharan, Tetrahedron Lett. 1993,
34, 7471–7474; (h) E. Negishi, S. Ma,
J. Amanfu, C. Cop�ret, J. A. Miller,
J. M. Tour, J. Am. Chem. Soc. 1996,
118, 5919–5931.

[168] (a) G. Balme, D. Bouyssi, Tetrahedron
1994, 50, 403–414; (b) D. Bouyssi,

J. Gore, G. Balme, Tetrahedron Lett.
1992, 33, 2811–2814.

[169] M. R. Netherton, G. C. Fu, Org. Lett.
2001, 3, 4295–4298.

[170] (a) A. F. Littke, G. C. Fu,
J. Am. Chem. Soc. 2001, 123, 6989–
7000; (b) J. P. Stambuli, S. R. Stauffer,
K. H. Shaughnessy, J. F. Hartwig,
J. Am. Chem. Soc. 2001, 123, 2677–
2678.

[171] N. Chida, M. Ohtsuka, S. Ogawa,
J. Org. Chem. 1993, 58, 4441–4447.

[172] W. Cabri, I. Candiani, A. Bedeschi,
R. Santi, J. Org. Chem. 1992, 57,
3558–3563.

[173] D. L. Boger, P. Turnbull, J. Org. Chem.
1998, 63, 8004–8011.

[174] P.-W. Wang, M. A. Fox, J. Org. Chem.
1994, 59, 5358–5364.

[175] (a) W. Cabri, I. Candiani, A. Bedeschi,
R. Santi, J. Org. Chem. 1993, 58,
7421–7426; (b) W. Cabri, I. Candiani,
A. Bedeschi, R. Santi, Synlett 1992,
871–872.

[176] L. J. Gooßen, J. Paetzold, Angew.
Chem. 2004, 116, in press; Angew.
Chem. Int. Ed. 2004, 43, 1095–
1098.

[177] C. Wolf, R. Lerebours, J. Org. Chem.
2003, 68, 7077–7084.

[178] L. F. Tietze, R. Schimpf, Synthesis
1993, 876–880.

[179] E. Gras, C. Guillou, C. Thal, Tetrahe-
dron Lett. 1999, 40, 9243–9244.

[180] H. Bienayme, C. Yezeguelian, Tetra-
hedron 1994, 50, 3389–3396.

[181] (a) K. Karabelas, C. Westerlund,
A. Hallberg, J. Org. Chem. 1985, 50,
3896–3900; (b) K. Karabelas,
A. Hallberg, Tetrahedron Lett. 1985,
26, 3131–3132.

[182] (a) Callystatin-A: M. Kalesse, M. Quit-
schalle, C. P. Khandavalli, A. Saeed,
Org. Lett. 2001, 3, 3107–3109;
(b) M. Kalesse, K. P. Chary, M. Quit-
schalle, A. Burzlaff, C. Kasper,
T. Scheper, Chem. Eur. J. 2003, 9,
1129–1136 (c) Ratjadone: U. Bhatt,
M. Christmann, M. Quitschalle,
E. Claus, M. Kalesse, J. Org. Chem.
2001, 66, 1885–1893.

[183] Y. Sato, M. Mori, M. Shibasaki,
Tetrahedron: Asymmetry 1995, 6,
757–766.



304 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

[184] A. Ashimori, L. E. Overman, J. Org.
Chem. 1992, 57, 4571–4572.

[185] R. Yoneda, Y. Sakamoto, Y. Oketo,
K. Minami, S. Harusawa, T. Kurihara,
Tetrahedron Lett. 1994, 35, 3749–3752.

[186] M. Hiroshige, J. R. Hauske, P. Zhou,
Tetrahedron Lett. 1995, 36, 4567–4570.

[187] K.-L. Yu, M. S. Deshpande, D. M. Vyas,
Tetrahedron Lett. 1994, 35, 8919–8922.

[188] W. Yun, R. Mohan, Tetrahedron Lett.
1996, 37, 7189–7192.

[189] 20- to 24-endo-trig cyclizations:
M. Hiroshige, J. R. Hauske, P. Zhou,
J. Am. Chem. Soc. 1995, 117, 11590–
11591.

[190] Handbook of Combinatorial Chemistry
(Eds.: K. C. Nicolaou, R. Hanko,
W. Hartwig), Wiley-VCH, Weinheim,
2002.

[191] Y. Koga, M. Sodeoka, M. Shibasaki,
Tetrahedron Lett. 1994, 35, 1227–1230.

[192] K. Voigt, U. Schick, F. E. Meyer, A. de
Meijere, Synlett 1994, 189–190.

[193] M. Larhed, A. Hallberg, J. Org. Chem.
1996, 61, 9582–9584.

[194] A. D�az-Ortiz, P. Prieto, E. V�zquez,
Synlett 1997, 269–270.

[195] For a review: M. Larhed, C. Moberg,
A. Hallberg, Acc. Chem. Res. 2002, 35,
717–727.

[196] The intramolecular HR on allylic
substrates is called pallada-ene-reac-
tion: for a review see: (a) W. Oppolzer
in Comprehensive Organic Synthesis
(Eds.: B. M. Trost, I. Fleming), Vol. 5,
Pergamon Press, Oxford, 1991,
29–61; (b) W. Oppolzer, R. J. DeVita,
J. Org. Chem. 1991, 56, 6256–6257;
(c) W. Oppolzer, H. Bienayme,
A. Genevois-Borella, J. Am. Chem. Soc.
1991, 113, 9660–9661; (d) E. Negishi,
S. Iyer, C. J. Rousset, Tetrahedron Lett.
1989, 30, 291–294.

[197] Heck reaction on benzyl halides:
(a) Y. Pan, Z. Zhang, H. Hu, Synth.
Commun. 1992, 22, 2019–2029;
(b) Y. Pan, Z. Zhang, H. Hu, Synthesis
1995, 245–247; (c) L. Wang, Y. Pan,
X. Jiang, H. Hu, Tetrahedron Lett.
2000, 41, 725–727; (d) P. Kumar,
Org. Prep. Proc. Int. 1997, 29,
477–480; (e) K. Higuchi, K. Sawada,
H. Nambu, T. Shogaki, Y. Kita,
Org. Lett. 2003, 5, 3703–3704.

[198] For the coupling of 1-bromoadaman-
tane with styrenes see: (a) S. Br�se,
B. Waegell, A. de Meijere, Synthesis
1998, 148–152; (b) H. Yamashita,
T. Kobayashi, T. Hayashi, M. Tanaka,
Chem. Lett. 1991, 761–762.

[199] (a) T. Jeffery, Synthesis 1987, 70–71;
(b) M. Weigelt, D. Becher, E. Poetsch,
C. Bruhn, D. Strohl, D. Steinborn,
J. Prakt. Chem. 1999, 341, 477–486.

[200] L. Eriksson, K. J. Winberg, R. T. Claro,
S. Sj	berg, J. Org. Chem. 2003, 68,
3569–3573.

[201] N. Yoshioka, P. M. Lahti, T. Kaneko,
Y. Kuzumaki, E. Tsuchida, H. Nishide,
J. Org. Chem. 1994, 59, 4272–4280.

[202] (a) J. F. Fauvarque, A. Jutand, Bull.
Soc. Chim. Fr. 1976, 765–770;
(b) J. F. Fauvarque, A. Jutand,
J. Organomet. Chem. 1977, 132, C17–
C19; (c) J. F. Fauvarque, A. Jutand,
ibid. 1979, 177, 273–281; (d) J. F. Fau-
varque, A. Jutand, ibid. 1981, 209,
109–114; (e) M. Kumada, Pure Appl.
Chem. 1980, 52, 669–679; (f) J. K. Stille,
Angew. Chem. 1986, 98, 504–519;
Angew. Chem. Int. Ed. Engl. 1986, 25,
508–524; (g) P. Fitton, E. A. Rick,
J. Organomet. Chem. 1971, 28, 287–
291; (h) D. R. Coulson, J. Chem. Soc.
Chem. Commun. 1968, 1530–1531.

[203] A. Jutand, S. Negri, J. G. de Vries,
Eur. J. Inorg. Chem. 2002, 1711–1717.

[204] For a review see: (a) N. J. Whitcombe,
K. K. Hii, S. E. Gibson, Tetrahedron
2001, 57, 7449–7476. For a recent
example see: (b) C. S. Consorti,
M. L. Zanini, S. Leal, G. Ebeling,
J. Dupont, Org. Lett. 2003, 5,
983–986.

[205] (a) W. J. Scott, J. Chem. Soc. Chem.
Commun. 1987, 1755–1756;
(b) S. Br�se, Tetrahedron Lett. 1999,
40, 6757–6759.

[206] M. Semmelhack in Comprehensive
Organic Synthesis (Eds: B. M. Trost,
I. Fleming), Vol. 4, Pergamon Press,
Oxford, 1991, pp. 517–549.

[207] (a) K. Kikukawa, T. Matsuda,
Chem. Lett. 1977, 159–162;
(b) K. Kikukawa, K. Ikenaga, K. Kono,
K. Toritani, F. Wada, T. Matsuda,
J. Organomet. Chem. 1984, 270, 277–
282; (c) W. Yong, P. Yi, Z. Zhuangyu,



305References

H. Hongwen, Synthesis 1991, 967–
969, and references cited therein.

[208] For recent examples for the coupling
of diazonium salts see: K. Selvakumar,
A. Zapf, A. Spannenberg, M. Beller,
Chem. Eur. J. 2002, 8, 3901–3906.

[209] E.A. Severino, C. R. D. Correia,
Org. Lett. 2000, 2, 3039–3042.

[210] K. Kikukawa, M. Naritomi, G.-X. He,
F. Wada, T. Matsuda, J. Org. Chem.
1985, 50, 299–301.

[211] R. M. Moriarty, W. R. Epa, A. K.
Awasthi, J. Am. Chem. Soc. 1991, 113,
6315–6317.

[212] K. Ritter, Synthesis 1993, 735–762.
[213] S. Br�se, Synlett 1999, 1654–1656.
[214] X. Y. Fu, S. Y. Zhang, J. G. Yin,

T. L. McAllister, S. A. Jiang,
C. H. Tann, T. K. Thiruvengadam,
F. C. Zhang, Tetrahedron Lett. 2002,
43, 573–576.

[215] J. W. Coe, Org. Lett. 2000, 2, 4205–
4208.

[216] For a recent comprehensive review,
see: High Pressure Chemistry. Syn-
thetic, Mechanistic, and Supercritical
Applications (Eds. R. van Eldik,
F.-G. Kl�rner), Wiley-VCH, Wein-
heim, 2002.

[217] Cf. B. M. Trost, J. R. Parquette,
A. L. Marquart, J. Am. Chem. Soc.
1995, 117, 3284–3285.

[218] T. Sugihara, M. Takebayashi, C. Ka-
neko, Tetrahedron Lett. 1995, 36,
5547–5550.

[219] K. Voigt, P. von Zezschwitz,
K. Rosauer, A. Lansky, A. Adams,
O. Reiser, A. de Meijere, Eur. J. Org.
Chem. 1998, 1521–1534.

[220] M. S. Stephan, A. J. J. M. Teunissen,
G. K. M. Verzijl, J. G. de Vries,
Angew. Chem. 1998, 110, 688–690;
Angew. Chem. Int. Ed. 1998, 37,
662–664.

[221] A. F. Shmidt, V. V. Smirnov,
Kinet. Catal. 2002, 43, 195–198.

[222] E. J. Farrington, J. M. Brown,
C. F. J. Barnard, E. Rowsell,
Angew. Chem. 2002, 114, 177–179;
Angew. Chem. Int. Ed. 2002, 41,
169–171.

[223] M. Lautens, A. Roy, K. Fukuoka,
K. Fagnou, B. Mart�n-Matute, J. Am.
Chem. Soc. 2001, 123, 5358–5359.

[224] C. S. Cho, S. Uemura, J. Organomet.
Chem. 1994, 465, 85–92.

[225] X. Du, M. Suguro, K. Hirabayashi,
A. Mori, T. Nishikata, N. Hagiwara,
K. Kawata, T. Okeda, H. F. Wang,
K. Fugami, M. Kosugi, Org. Lett. 2001,
3, 3313–3316.

[226] K. Hirabayashi, J. Ando, Y. Nishihara,
A. Mori, T. Hiyama, Synlett 1999,
99–101.

[227] (a) K. Hirabayashi, J.-i. Ando,
J. Kawashima, Y. Nishihara, A. Mori,
T. Hiyama, Bull. Soc. Chem. Jpn. 2000,
73, 1409–1417; (b) K. Hirabayashi,
Y. Nishihara, A. Mori, T. Hiyama,
Tetrahedron Lett. 1998, 39, 7893–
7896.

[228] H.-U. Blaser, A. Spencer, J. Organo-
met. Chem. 1982, 233, 267–274.

[229] L. J. Gooßen, J. Paetzold, L. Winkel,
Synlett 2002, 1721–1723.

[230] I.M. Lyapkalo, M. Webel, H.-
U. Reissig, Synlett 2001, 1293–1295.

[231] Q.-Y. Chen, Y.-B. He, Synthesis 1988,
896–897.

[232] M. Beller, H. Fischer, K. K�hlein,
Tetrahedron Lett. 1994, 35, 8773–8776.

[233] N. Kamigata, T. Fukushima, A. Satoh,
M. Kameyama, J. Chem. Soc. Perkin
Trans 1 1990, 549–553.

[234] Y. Fujiwara, I. Moritani, S. Danno,
R. Asano, S. Teranishi, J. Am. Chem.
Soc. 1969, 91, 7166–7169.

[235] M. D. K. Boele, G. P. F. van Strij-
donck, A. H. M. de Vries, P. C. J. Ka-
mer, J. G. de Vries, P. W. N. M. van
Leeuwen, J. Am. Chem. Soc. 2002,
124, 1586–1587.

[236] B.M. Trost, F. D. Toste, K. Greenman,
J. Am. Chem. Soc. 2003, 125, 4518–
4526.

[237] Y. Matano, M. Yoshimune, N. Azuma,
H. Suzuki, J. Chem. Soc. Perkin Trans.
1 1996, 1971–1977.

[238] B.M. Trost, K. Burgess, J. Chem. Soc.
Chem. Commun. 1985, 1084–1086.

[239] T. Kawamura, K. Kikukawa, M. Takagi,
T. Matsuda, Bull. Chem. Soc. Jpn.
1977, 50, 2021–2024.

[240] K. Kikukawa, T. Matsuda, J. Organo-
met. Chem. 1982, 235, 243–252.

[241] (a) F. E. Meyer, P. J. Parsons, A. de
Meijere, J. Org. Chem. 1991, 56, 6487–
6488; (b) F. E. Meyer, J. Brandenburg,



306 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

P. J. Parsons, A. de Meijere,
J. Chem. Soc. Chem. Commun. 1992,
390–392; (c) F. E. Meyer, H. Hen-
niges, A. de Meijere, Tetrahedron
Lett. 1992, 33, 8039–8042;
(d) F. E. Meyer, A. de Meijere,
unpublished results.

[242] R. Grigg, V. Sridharan, S. Sukirt-
halingam, Tetrahedron Lett. 1991, 32,
3855–3858.

[243] N. E. Carpenter, D. J. Kucera,
L. E. Overman, J. Org. Chem. 1989,
54, 5846–5848.

[244] 5-endo-trig: H. Iida, Y. Yuasa, C. Kiba-
yashi, J. Org. Chem. 1980, 45, 2938–
2942.

[245] (a) J. P. Michael, C. B. de Koning,
R. L. Petersen, T. V. Stanbury, Tetra-
hedron Lett. 2001, 42, 7513–7516;
(b) K. Koerber-Pl�, G. Massiot, Synlett
1994, 759–760.

[246] B. Møller, K. Undheim, Tetrahedron
1998, 54, 5789–5804.

[247] 5-exo-trig: (a) R. Grigg, V. Sridharan,
P. Stevenson, S. Sukirthalingam,
T. Worakun, Tetrahedron 1990, 46,
4003–4018; (b) D. Wensbo, U. Annby,
S. Gronowitz, Tetrahedron 1995, 51,
10323–10342; (c) T. J. Katz,
A. M. Gilbert, M. E. Huttenloch,
G. Min-Min, H. H. Brintzinger,
Tetrahedron Lett. 1993, 34, 3551–3554.

[248] J. Zhao, X. Yang, X. Jia, S. Luo, H. Zhai,
Tetrahedron 2003, 59, 9379–9382.

[249] 6-endo-trig: J. W. Dankwardt,
L. A. Flippin, J. Org. Chem. 1995, 60,
2312–2313.

[250] 6-exo-trig: (a) C. Liljebris, B. Resul,
U. Hacksell, Tetrahedron 1995, 51,
9139–9154; (b) R. Grigg, V. Santha-
kumar, V. Sridharan, P. M. Thornton-
Pett, A. W. Bridge, Tetrahedron 1993,
49, 5177–5188; (c) S. Owczarczyk,
F. Lamaty, E. J. Vawter, E. Negishi,
J. Am. Chem. Soc. 1992, 114, 10091–
10092; (d) C. M. Huwe, S. Blechert,
Tetrahedron Lett. 1994, 35, 9537–9540;
(e) L. F. Tietze, O. Burkhardt, Syn-
thesis 1994, 1331–1336.

[251] S. Kirschbaum, H. Waldmann, Tetra-
hedron Lett. 1997, 38, 2829–2832.

[252] M. M. Abelman, N. Kado, L. E. Over-
man, A. K. Sarkar, Synlett 1997, 1469–
1471.

[253] 7-endo-trig: R. Grigg, V. Santhakumar,
V. Sridharan, P. Stevenson, A. Teas-
dale, P. M. Thornton-Pett, T. Worakun,
Tetrahedron 1991, 47, 9703–9720.

[254] E. Negishi, S. Ma, T. Sugihara,
Y. Noda, J. Org. Chem. 1997, 62,
1922–1923.

[255] S. E. Gibson, R. J. Middleton, J. Chem.
Soc. Chem. Commun. 1995, 1743–
1744.

[256] 7-exo-trig: (a) D. C. Horwell, P. D. -
Nichols, G. S. Ratcliffe, E. Roberts,
J. Org. Chem. 1994, 59, 4418–4423;
(b) Y. Zhang, E. Negishi, J. Am.
Chem. Soc. 1989, 111, 3454–3456.

[257] S. J. Danishefsky, J. J. Masters,
W. B. Young, J. T. Link, L. B. Snyder,
T. V. Magee, D. K. Jung, R. C. A. Isaacs,
W. G. Bornmann, C. A. Alaimo,
C. A. Coburn, M. J. Di Grandi,
J. Am. Chem. Soc. 1996, 118, 2843–
2859, and references cited therein.

[258] O. Kwon, D.-S. Su, D. Meng, W. Deng,
D. C. D’Amico, S. J. Danishefsky,
Angew. Chem. 1998, 110, 1981–1983;
Angew. Chem. Int. Ed. 1998, 37,
1877–1880.

[259] 8-endo-trig: (a) J. H. Rigby,
R. C. Hughes, M. J. Heeg, J. Am.
Chem. Soc. 1995, 117, 7834–7835;
(b) R. J. Sundberg, R. J. Cherney,
J. Org. Chem. 1990, 55, 6028–6037.

[260] J. Li, S. Jeong, L. Esser, P. G. Harran,
Angew. Chem. 2001, 113, 4901–4906;
Angew. Chem. Int. Ed. 2001, 40,
4765–4770.

[261] 16-endo-trig: F. E. Ziegler, U. R. Cha-
kraborty, R. B. Weissenfeld, Tetrahe-
dron 1981, 37, 4035–4040.

[262] 16- to 22 endo-trig: M. J. Stocks,
R. P. Harrison, S. J. Teague, Tetrahe-
dron Lett. 1995, 36, 6555–6558.

[263] (a) L. F. Tietze, Chem. Rev. 1996, 96,
115–136; (b) P. J. Parsons,
C. S. Penkett, A. J. Shell, Chem. Rev.
1996, 96, 195–206; (c) A. Heumann,
M. R�glier, Tetrahedron 1996, 52,
9289–9346, and references cited
therein.

[264] P. Prinz, A. Lansky, T. Haumann,
R. Boese, M. Noltemeyer, B. Knieriem,
A. de Meijere, Angew. Chem. 1997,
109, 1343–1346; Angew. Chem. Int.
Ed. Engl. 1997, 36, 1289–1292.



307References

[265] B. Stulgies, P. Prinz, J. Magull,
K. Rauch, K. Meindl, A. de Meijere,
Chem. Eur. J. 2004, submitted.

[266] A. de Meijere, Z. Z. Song, A. Lansky,
S. Hyuda, K. Rauch, M. Noltemeyer,
B. K	nig, B. Knieriem, Eur. J. Org.
Chem. 1998, 2289–2299.

[267] (a) B.M. Trost, M. Lautens,
J. Am. Chem. Soc. 1985, 107, 1781–
1783; (b) B. M. Trost, Acc. Chem. Res.
1990, 23, 34–42; (c) B. M. Trost,
Janssen Chim. Acta 1991, 9, 3–10;
(d) B. M. Trost, G. J. Tanoury,
M. Lautens, C. Chan,
D. T. MacPherson, J. Am. Chem. Soc.
1994, 116, 4255–4267; (e) B. M. Trost,
D. L. Romero, F. Rise, J. Am. Chem.
Soc. 1994, 116, 4268–4278;
(f) B. M. Trost, D. C. Lee, F. Rise,
Tetrahedron Lett. 1989, 30, 651–654;
(g) B. M. Trost, B. A. Czeskis, Tetra-
hedron Lett. 1994, 35, 211–214;
(h) A. Goeke, M. Sawamura, R. Ku-
wano, Angew. Chem. 1996, 108, 686–
687; Angew. Chem. Int. Ed. Engl. 1996,
35, 662–663.

[268] A.G. Steinig, A. deMeijere,Eur. J. Org.
Chem. 1999, 1333–1344.

[269] W. Oppolzer, A. Pimm, B. Stammen,
W. E. Hume, Helv. Chim. Acta 1997,
80, 623–639.

[270] R. Grigg, R. Rasul, J. Redpath,
D. Wilson, Tetrahedron Lett. 1996, 37,
4609–4612.

[271] (a) S. Torii, H. Okumoto, T. Kotani,
S. Nakayasu, H. Ozaki, Tetrahedron
Lett. 1992, 33, 3503–3506; (b) S. Torii,
H. Okumoto, H. Ozaki, S. Nakayasu,
F.-L. Liao, S.-L. Wang, T. Tadokoro,
T. Kotani, Tetrahedron Lett. 1992, 33,
3499–3502.

[272] B.M. Trost, J. Dumas, M. Villa, J. Am.
Chem. Soc. 1992, 114, 9836–9845.

[273] (a) K. H. Ang, S. Br�se, A. G. Steinig,
F. E. Meyer, A. Llebaria, K. Voigt, A. de
Meijere, Tetrahedron 1996, 52, 11503–
11526; (b) L. Bhat, A. G. Steinig,
R. Appelbe, A. de Meijere,
Eur. J. Org. Chem. 2001, 1673–1680.

[274] H. Henniges, F. E. Meyer, U. Schick,
F. Funke, P. J. Parsons, A. de Meijere,
Tetrahedron 1996, 52, 11545–11578.

[275] (a) P. J. Parsons, M. Stefanovic,
P. Willis, F. E. Meyer, Synlett 1992,

864–866; (b) H. Henniges, Disserta-
tion, Universit�t G	ttingen, 1994.

[276] A. de Meijere, M. Schelper, M. Knoke,
B. Yucel, H. W. S�nnemann,
R. P. Scheurich, L. Arve, J. Organomet.
Chem. 2003, 687, 249–255.

[277] A. Kojima, T. Takemoto, M. Sodeoka,
M. Shibasaki, J. Org. Chem. 1996, 61,
4876–4877.

[278] J.M. Nuss, B. H. Levine,
R. A. Rennels, M. M. Heravi, Tetra-
hedron Lett. 1991, 32, 5243–5246.

[279] H.W. S�nnemann, A. de Meijere,
Angew. Chem. 2004, 116, 913–915;
Angew. Chem. Int. Ed. 2004, 43,
895–897.

[280] D. Bouyssi, G. Balme, G. Fournet,
N. Monteiro, J. Gore, Tetrahedron Lett.
1991, 32, 1641–1644.

[281] For an interesting application of a
cyclopropanolate as a homoenolate in
a Heck-type arylation see: F. A. Khan,
R. Czerwonka, H.-U. Reissig, Synlett
1996, 533–535.

[282] R. Grigg, V. Sridharan, Pure Appl.
Chem. 1998, 70, 1047–1057.

[283] For reviews see: (a) B. M. Trost,
Angew. Chem. 1989, 101, 1199–1219;
Angew. Chem. Int. Ed. Engl. 1989, 28,
1173–1192; (b) G. Consiglio,
R. M. Waymouth, Chem. Rev. 1989,
89, 257–276; (c) B. M. Trost, D. L.
van Vranken, Chem. Rev. 1996, 96,
395–422.

[284] (a) C. K. Narula, K. T. Mak, R. F. Heck,
J. Org. Chem. 1983, 48, 2792–2796;
(b) L. Shi, C. K. Narula, K. T. Mak,
L. Kao, Y. Xu, R. F. Heck, ibid. 1983,
48, 3894–3900; (c) B. A. Patel,
R. F. Heck, ibid. 1978, 43, 3898–3903.

[285] (a) R. C. Larock, C. Tu, Tetrahedron
1995, 51, 6635–6650; (b) C. S. Nylund,
J. M. Klopp, S. M. Weinreb, Tetrahe-
dron Lett. 1994, 35, 4287–4290.

[286] (a) C. S. Nylund, D. T. Smith,
J. M. Klopp, S. M. Weinreb, Tetrahe-
dron 1995, 51, 9301–9318;
(b) G. D. Harris, Jr., R. J. Herr,
S. M. Weinreb, J. Org. Chem. 1992,
57, 2528–2530.

[287] D. Flubacher, G. Helmchen, Tetrahe-
dron Lett. 1999, 40, 3867–3868.

[288] H. N�ske, M. Noltemeyer, A. de
Meijere, Angew. Chem. 2001, 113,



308 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

3509–3511; Angew. Chem. Int. Ed.
2001, 40, 3411–3413.

[289] M. Schelper, Dissertation, Universit�t
G	ttingen, 2003. Cf. Ref. [276].

[290] R. C. Larock, H. Yang, P. Pace,
K. Narayanan, C. E. Russell, S. Cacchi,
G. Fabrizi, Tetrahedron 1998, 54,
7343–7356.

[291] B.M. Trost, L. Zhi, K. Imi, Tetrahe-
dron Lett. 1994, 35, 1361–1364.

[292] (a) J. M. O’Connor, B. J. Stallman,
W. G. Clark, A. Y. L. Shu, R. E. Spada,
T. M. Stevenson, H. A. Dieck,
J. Org. Chem. 1983, 48, 807–809;
(b) R. C. Larock, N. G. Berrios-Pe�a,
C. A. Fried, E. K. Yum, C. Tu,
W. Leong, J. Org. Chem. 1993, 58,
4509–4510; (c) R. C. Larock,
E. K. Yum, Synlett 1990, 529–530;
(d) R. C. Larock, C. A. Fried,
J. Am. Chem. Soc. 1990, 112, 5882–
5884; (e) R. C. Larock, N. Berrios-
Pe�a, K. Narayanan, J. Org. Chem.
1990, 55, 3447–3450; (f) R. C. Larock,
E. K. Yum, Tetrahedron 1996, 52,
2743–2758; (g) T. Jeschke, D. Wensbo,
U. Annby, S. Gronowitz, L. A. Cohen,
Tetrahedron Lett. 1993, 34, 6471–6474;
(h) S. Torii, H. Okumoto, L. H. Xu,
M. Sadakane, M. V. Shostakovsky,
B. Ponomaryov, V. N. Kalinin, Tetra-
hedron. 1993, 49, 6771–6784;
(i) S. Cacchi, G. Fabrizi, F. Marinelli,
Synlett 1996, 997–998; (j) S. Padma-
nabhan, K. V. Gavaskar, D. J. Triggle,
Synth. Commun. 1996, 26, 3109–3116;
(k) A. Arcadi, S. Cacchi, M. Del Ro-
sario, G. Fabrizi, F. Marinelli, J. Org.
Chem. 1996, 61, 9280–9288;
(l) C. Moinet, J.-C. Fiaud, Synlett
1997, 97–99.

[293] R. C. Larock, E. K. Yum, M. D. Refvik,
J. Org. Chem. 1998, 63, 7652–7662.

[294] M. Catellani, A. Del Rio,
Russ. Chem. Bull. 1998, 47, 928–931;
Izv. Akad. Nauk Ser. Khim. 1998, 47,
957–960.

[295] (a) R. C. Larock, X. J. Han,
M. J. Doty, Tetrahedron Lett. 1998, 39,
5713–5716; (b) R. C. Larock,
M. J. Doty, X. J. Han, J. Org. Chem.
1999, 64, 8770–8779.

[296] (a) G. Dyker, P. Grundt, Tetrahedron
Lett. 1996, 37, 619–622. Cf.

(b) G. Dyker, H. Markwitz, Synthesis
1998, 1750–1754.

[297] G.Dyker and A. Th	ne, J. Prakt. Chem.
1999, 341, 138–141.

[298] A. Bengtson, M. Larhed, A. Hallberg,
J. Org. Chem. 2002, 67, 5854–5856.

[299] S. P.Watson, G. R. Knox, N.M.Heron,
Tetrahedron Lett. 1994, 35, 9763–
9766.

[300] For a review see: V. Ritleng, C. Sirlin,
M. Pfeffer, Chem. Rev. 2002, 102,
1731–1769.

[301] Recent examples: S. M. A. Rahman,
M. Sonoda, K. Itahashi, Y. Tobe,
Org. Lett. 2003, 5, 3411–3414.

[302] For a review see: M. Catellani,
G. P. Chiusoli, Gazz. Chim. Ital.
1993, 123, 1–7.

[303] (a) O. Reiser, M. Weber, A. de Mei-
jere, Angew. Chem. 1989, 101, 1071–
1072; Angew. Chem. Int. Ed. Engl.
1989, 28, 1037–1038; (b) K. Albrecht,
O. Reiser, M. Weber, A. de Meijere,
Synlett 1992, 521–523; (c) K. Albrecht,
O. Reiser, M. Weber, B. Knieriem,
A. de Meijere, Tetrahedron 1994, 50,
383–401; (d) K. Albrecht, A. de Mei-
jere, Chem. Ber. 1994, 127, 2539–
2541; (e) A. de Meijere, K. Rauch,
K. Albrecht, M. Noltemeyer,
T. Labahn, to be published.

[304] M. Catellani, G. P. Chiusoli,
C. Castagnoli, J. Organomet. Chem.
1991, 407, C30–C33.

[305] For reviews see: (a) M. Catellani,
Synlett 2003, 298–313; (b)M. Catellani,
Pure Appl. Chem. 2002, 74, 63–68.

[306] (a) M. Catellani, F. Frignani,
A. Rangoni, Angew. Chem. 1997, 109,
142–145; Angew. Chem. Int. Ed. Engl.
1997, 36, 119–122; (b) F. Faccini,
E. Motti, M. Catellani,
J. Am. Chem. Soc. 2004, 126, 78–79.

[307] For a review on “Palladacycles as Re-
active Intermediates”, see: G. Dyker,
Chem. Ber./Recueil 1997, 130, 1567–
1578.

[308] A. de Meijere, B. K	nig, Synlett 1997,
1221–1232.

[309] G. Karig, M. T. Moon, N. Thasana,
T. Gallagher, Org. Lett. 2002, 4, 3115–
3118.

[310] (a) G. Dyker, Angew. Chem. 1992, 104,
1079–1081;Angew.Chem. Int. Ed. Engl.



309References

1992, 31, 1023–1025; (b) G. Dyker,
J. Org. Chem. 1993, 58, 234–238;
(c) G. Dyker, Tetrahedron Lett. 1991,
32, 7241–7242; (d) G. Dyker,
Chem. Ber. 1994, 127, 739–742;
(e) G. Dyker, Angew. Chem. 1994, 106,
117–119; Angew. Chem. Int. Ed. Engl.
1994, 33, 103–135.

[311] For another type of C–H activation
see: G. Dyker, F. Nerenz, P. Siemsen,
P. Bubenitschek, P. G. Jones,
Chem. Ber. 1996, 129, 1265–1269.

[312] M. von Seebach, R. Grigg, A. de
Meijere, Eur. J. Org. Chem. 2002,
3268–3275.

[313] (a) B. Burns, R. Grigg, V. Sant-
hakumar, V. Sridharan, P. Stevenson,
T. Worakun, Tetrahedron 1992, 48,
7297–7320; (b) B. Burns, R. Grigg,
V. Sridharan, T. Worakun, Tetrahedron
Lett. 1988, 29, 4325–4328.

[314] S. D. Edmondson, A. Mastracchio,
E. R. Parmee, Org. Lett. 2000, 2,
1109–1112.

[315] K. Yamazaki, Y. Nakamura, Y. Kondo,
J. Chem. Soc. Perkin Trans. 1 2002,
2137–2138.

[316] B.M. Choudary, N. S. Chowdari,
S. Madhi, M. L. Kantam,Angew. Chem.
2001, 113, 4755–4759; Angew. Chem.
Int. Ed. 2001, 40, 4619–4623.

[317] (a) J. E. Plevyak, R. F. Heck,
J. Org. Chem. 1978, 43, 2454–2456;
(b) W. Tao, S. Nesbitt, R. F. Heck,
J. Org. Chem. 1990, 55, 63–69.

[318] (a) A. Lansky, O. Reiser, A. de Mei-
jere, Synlett 1990, 405–407;
(b) A. Lansky, Dissertation, Universi-
t�t G	ttingen, 1992; (c) cf. Ref. [219];
(d) for the utilization of compounds
like 47 with R1,R2 ¼ CO2Me and
214b,c in Michael addition cascades
to yield indane and tetrahydroindane
derivatives, respectively, see: K. Voigt,
A. Lansky, M. Noltemeyer,
A. de Meijere, Liebigs Ann. 1996, 899–
911.

[319] (a) A. J. Amoroso, A. M. W. C.
Thompson, J. P. Maher, J. A. McCle-
verty, M. D. Ward, Inorg. Chem. 1995,
34, 4828–4835; (b) A. J. Amoroso,
J. P. Maher, J. A. McCleverty,
M. D. Ward, J. Chem. Soc. Chem.
Commun. 1994, 1273–1275;

(c) B. K	nig, H. Zieg, P. Bubenit-
schek, P. G. Jones, Chem. Ber. 1994,
127, 1811–1813; (d) Z. Z. Song,
H. N. C. Wong, Y. Yang, Pure Appl.
Chem. 1996, 68, 723–726.

[320] P. von Zezschwitz, K. Voigt,
A. Lansky, M. Noltemeyer, A. de
Meijere, J. Org. Chem. 1999, 64,
3806–3812.

[321] P. von Zezschwitz, K. Voigt,
M. Noltemeyer, A. de Meijere,
Synthesis 2000, 1327–1340.

[322] (a) O. Reiser, S. Reichow, A. de Mei-
jere, Angew. Chem. 1987, 99, 1285–
1286; Angew. Chem. Int. Ed. Engl.
1987, 26, 1277–1278; (b) O. Reiser,
B. K	nig, K. Meerholz, J. Heinze,
T. Wellauer, F. Gerson, R. Frim,
M. Rabinovitz, A. de Meijere,
J. Am. Chem. Soc. 1993, 115, 3511–
3518; (c) B. K	nig, B. Knieriem,
A. de Meijere, Chem. Ber. 1993, 126,
1643–1650; (d) G. C. Bazan,
W. J. Oldham, R. J. Lachicotte,
S. Tretiak, V. Chernyak, S. Mukamel,
J. Am. Chem. Soc. 1998, 120, 9188–
9204.

[323] T. Thiemann, M. Watanabe, S. Mata-
ka, New J. Chem. 2001, 25, 1104–
1107.

[324] R. Grigg, S. Brown, V. Sridharan,
M. D. Uttley, Tetrahedron Lett. 1998,
39, 3247–3250.

[325] S. Sengupta, S. K. Sadhukhan, Tetra-
hedron Lett. 1998, 39, 1237–1238.

[326] Review: U. Scherf, K. M�llen,
Synthesis 1992, 23–38.

[327] (a) Z. Peng, L. Yu, J. Am. Chem. Soc.
1996, 118, 3777–3778; (b) M. Pan,
Z. Bao, L. Yu, Macromolecules 1995,
28, 5151–5153; (c) M. Bochmann,
J. Lu, R. D. Cannon, J. Organomet.
Chem. 1996, 518, 97–103; (d) Z. Bao,
Y. Chen, L. Yu, Macromolecules 1994,
27, 4629–4631.

[328] H. Okawa, T. Wada, H. Sasabe, Synth.
Met. 1997, 84, 265–266.

[329] T. Maddux, W. Li, L. Yu,
J. Am. Chem. Soc. 1997, 119, 844–
845.

[330] W. Heitz, Pure Appl. Chem. 1995, 67,
1951–1964.

[331] R. Gauler, N. Risch, Eur. J. Org. Chem
1998, 1193–1200.



310 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

[332] (a) B.M. Trost, Science 1991, 254,
1471–1477; (b) B. M. Trost,
Angew. Chem. 1995, 107, 285–307;
Angew. Chem. Int. Ed. Engl. 1995, 21,
259–281; (c) B. M. Trost,
Acc. Chem. Res. 2002, 35, 695–705.

[333] (a) B.M. Trost, J. Y. L. Chung, J. Am.
Chem. Soc. 1985, 107, 4586–4588;
(b) B. M. Trost, P. A. Hipskind,
Tetrahedron Lett. 1992, 33, 4541–4544;
(c) B. M. Trost, P. A. Hipskind,
J. Y. L. Chung, C. Chan, Angew. Chem.
1989, 101, 1559–1561; Angew. Chem.
Int. Ed. Engl. 1989, 28, 1502–1504.

[334] (a) B.M. Trost, Y. Shi, J.Am.Chem. Soc.
1991, 113, 701–703; (b) B. M. Trost,
Y. Shi, ibid. 1993, 115, 9421–9438.

[335] (a) M. Weber, K. Albrecht, A. de
Meijere, unpublished results;
(b) M. Weber, Dissertation, Universi-
t�t Hamburg, 1992; (c) K. Albrecht,
Dissertation, Universit�t G	ttingen,
1992; (d) M. D. Cliff, S. G. Pyne,
Synthesis 1994, 681–682;
(e) M. Brenda, A. Knebelkamp,
A. Greiner, W. Heitz, Synlett 1991,
809–810.

[336] H.A. Wegner, L. T. Scott, A. de Mei-
jere, J. Org. Chem. 2003, 68, 883–887.

[337] R. C. Larock, W. H. Gong, B. E. Baker,
Tetrahedron Lett. 1989, 30, 2603–
2606.

[338] For reviews see: (a) M. Shibasaki,
Adv. Met.-Org. Chem. 1996, 5, 119–
152; (b) M. Shibasaki, F. Miyazaki, in
Handbook of Organopalladium
Chemistry for Organic Synthesis
(Ed.: E. Negishi, A. de Meijere), John
Wiley, Hoboken, N. J. 2002,
pp. 1283–1315; (c) A. B. Dounay,
L. E. Overman, Chem. Rev. 2003, 103,
2945–2963.

[339] (a) F. Ozawa, A. Kubo, T. Hayashi,
J. Am. Chem. Soc. 1991, 113, 1417–
1419; (b) T. Hayashi in Organic Syn-
thesis in Japan – Past, Present, and
Future (Ed.: R. Noyori), Tokyo Kagaku
Dozin: Tokyo, 1992, pp. 105–112;
(c) F. Ozawa, A. Kubo, Y. Matsumoto,
T. Hayashi, E. Nishioka, K. Yanagi,
K. Moriguchi, Organometallics 1993,
12, 4188–4196; (d) F. Ozawa,
Y. Kobatake, T. Hayashi, Tetrahedron
Lett. 1993, 34, 2505–2508.

[340] For the use of other cyclic alkenes in
the intermolecular HR: dihydrodiox-
epins: (a) S. Takano, K. Samizu,
K. Ogasawara, Synlett 1993, 393–394;
(b) dioxenes: T. Sakamoto, Y. Kondo,
H. Yamanaka, Tetrahedron Lett. 1992,
33, 6845–6848; (c) cycloalkenes:
cf. Ref. [341].

[341] O. Loiseleur, P. Meier, A. Pfaltz,
Angew. Chem. 1996, 108, 218–220;
Angew. Chem. Int. Ed. Engl. 1996, 35,
200–202.

[342] (a) M. E. P. Lormann, Dissertation,
2003, Universit�t Bonn;
(b) M. E. P. Lormann, M. Nieger,
S. Br�se, Chem. Commun., in
preparation.

[343] A.D. Lebsack, J. T. Link,
L. E. Overman, B. A. Stearns,
J. Am. Chem. Soc. 2002, 124, 9008–
9009.

[344] L. F. Tietze, K. Thede, F. Sannicol�,
Chem. Commun. 1999, 1811–1812.

[345] L. F. Tietze, K. Thede, R. Schimpf,
F. Sannicol�, Chem. Commun. 2000,
583–584.

[346] (a) P. Nilsson, H. Gold, M. Larhed,
A. Hallberg, Synthesis 2002, 1611–
1614; (b) Y. Nakamura, S. Takeuchi,
S. Zhang, K. Okumura, Y. Ohgo,
Tetrahedron Lett. 2002, 43, 3053–3056;
(c) X.-Y. Wu, H.-D. Xu, F.-Y. Tang,
Q.-L. Zhou, Tetrahedron Asymm. 2001,
12, 2565–2569; (d)G.H. Bernardinelli,
E. P. K�ndig, P. Meier, A. Pfaltz,
K. Radkowski, N. Zimmermann,
M. Neuburger–Zehnder, Helv. Chim.
Acta 2001, 84, 3233–3246; (e) K. K.Hii,
T. D. W. Claridge, J. M. Brown,
A. Smith, R. J. Deeth, Helv. Chim.
Acta 2001, 84, 3043–3056;
(f) S. R. Gilbertson, D. Xie, Z. Fu,
J. Org. Chem. 2001, 66, 7240–7246;
(g) P. Dotta, A. Magistrato,
U. Rothlisberger, P. S. Pregosin,
A. Albinati, Organometallics 2002, 21,
3033–3041.

[347] H. Brunner, W. Zettlmeier, Handbook
of Enantioselective Catalysis with
Transition Metal Compounds, VCH,
Weinheim, 1993.

[348] (a) A. Miyashita, A. Yasuda, H. Takaya,
K. Toriumi, T. Ito, T. Souchi, R. No-
yori, J. Am. Chem. Soc. 1980, 102,



311References

7932–7934; (b) H. B. Kagan, T.-P.
Dang, J. Am. Chem. Soc. 1972, 94,
6429–6433; (c) T. Hayashi, T. Mise,
M. Fukushima, M. Kagotani, N. Na-
gashima, Y. Hamada, A. Matsumoto,
S. Kawakami, M. Konishi, K. Yama-
moto,M.Kumada,Bull.Chem.Soc. Jpn.
1980, 53, 1138–1151.

[349] K. Kondo, M. Sodeoka, M. Shibasaki,
J. Org. Chem. 1995, 60, 4322–4323.

[350] H. Brunner, W. Pieronczyk,
B. Sch	nhammer, K. Streng, J. Bernal,
J. Korp, Chem. Ber. 1981, 114,
1137–1149.

[351] T. Hayashi, T. Mise, M. Kumada,
Tetrahedron Lett. 1976, 4351–4354.

[352] W. J. Drury, III, N. Zimmermann,
M. Keenan, M. Hayashi, S. Kaiser,
R. Goddard, A. Pfaltz, Angew. Chem.
2004, 116, 72–76; Angew. Chem. Int.
Ed. 2004, 43, 70–74.

[353] T. Tu, W.-P. Deng, X.-L. Hou, L.-X.
Dai, X.-C. Dong, Chem. Eur. J. 2003,
9, 3073–3081.

[354] T. Tu, X.-L. Hou, L.-X. Dai, Org.
Lett. 2003, 5, 3651–3653.

[355] C.A. Busacca, D. Grossbach, R. C. So,
E. M. O’Brien, E. M. Spinelli,
Org. Lett. 2003, 5, 595–598.

[356] G. Dyker, in Handbook of Organopal-
ladium Chemistry for Organic Synthe-
sis, Vol. 1 (Eds.: E.-i. Negishi, A. de
Meijere), John Wiley, Hoboken, 2002,
pp. 1255–1282.

[357] For a review see: G. Balme, E. Boss-
harth, N. Monteiro, Eur. J. Org. Chem.
2003, 4101–4111.

[358] H. Zhang, R. C. Larock, Org. Lett.
2002, 4, 3035–3038.

[359] J.M. Harris, A. Padwa, Org. Lett. 2003,
5, 4195–4197.

[360] Q. Huang, R. C. Larock, Tetrahedron
Lett. 2002, 43, 3557–3560.

[361] G. Dai, R. C. Larock, J. Org. Chem.
2003, 68, 920–928.

[362] A. Garc�a, D. Rodr�guez, L. Castedo,
C. S�a, D. Dom�nguez, Tetrahedron
Lett. 2001, 42, 1903–1905.

[363] L. S. Santos, R. A. Pilli, Synthesis
2002, 87–93.

[364] The name “taxol” has been protected
as a registered trademark. The
generic name of compound 322 is
“paclitaxel”. For a review see:

K. C. Nicolaou, W.-M. Dai, R. K. Guy,
Angew. Chem. 1994, 106, 38–69;
Angew. Chem. Int. Ed. Engl. 1994, 33,
15–44.

[365] For reviews see: (a) L. E. Overman,
M. M. Abelman, D. J. Kucera,
V. D. Tran, D. J. Ricca, Pure Appl.
Chem. 1992, 64, 1813–1819;
(b) L. E. Overman, Pure Appl. Chem.
1994, 66, 1423–1430.

[366] G. T. Crisp, P. T. Glink, Tetrahedron
1992, 48, 3541–3556.

[367] M. Toyota, Y. Nishikawa,
K. Fukumoto, Tetrahedron 1994, 50,
11153–11166.

[368] S. Ruchirawat, A. Namsa-aid, Tetra-
hedron Lett. 2001, 42, 1359–1361.

[369] Y. Uto, A. Hirata, T. Fujita, S. Takubo,
H. Nagasawa, H. Hori, J. Org. Chem.
2002, 67, 2355–2357.

[370] S. P. Govek, L. E. Overman, J. Am.
Chem. Soc. 2001, 123, 9468–9469.

[371] L. S. Hegedus, J. L. Toro, W. H. Miles,
P. J. Harrington, J. Org. Chem. 1987,
52, 3319–3322.

[372] C. Pampin, J. C. Estevez, L. Castedo,
R. J. Estevez, Tetrahedron Lett. 2002,
43, 4551–4553.

[373] M. J. S. Carpes, C. R. D. Correia,
Tetrahedron Lett. 2002, 43, 741–744.

[374] B. Laursen, M.-P. Denieul,
T. Skrydstrup, Tetrahedron 2002, 58,
2231–2238.

[375] W.H. Miller, K. A. Newlander,
D. S. Eggleston, R. C. Haltiwanger,
Tetrahedron Lett. 1995, 36, 373–376.

[376] D. L. Comins, M. F. Baevsky,
H. Hong, J. Am. Chem. Soc. 1992,
114, 10971–10972.

[377] F.G. Fang, S. Xie, M. W. Lowery,
J. Org. Chem. 1994, 59, 6142–6143.

[378] (a) L. F. Tietze, T. Grote, J. Org. Chem.
1994, 59, 192–196;
(b) L. F. Tietze, W. Buhr,
Angew. Chem. 1995, 107, 1485–1487;
Angew. Chem. Int. Ed. Engl. 1995, 34,
1366–1368.

[379] (a) L. F. Tietze, H. Schirok,
J. Am. Chem. Soc. 1999, 121, 10264–
10269; (b) L. F. Tietze, W.-R. Krahnert,
Chem. Eur. J. 2002, 8, 2116–2125;
(c) M. Ikeda, K. Hirose, S. A. A. El
Bialy, T. Sato, T. Yakura, S. M. M.
Bayomi, Chem. Pharm. Bull. 1998, 46,



312 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

1084–1089; (d) S. A. A. El Bialy,
M. A. Ismail, L. M. Gad, A. M. M.
Abdelal, Med. Chem. Res. 2002, 11,
293–300.

[380] Y. Yokoyama, K. Kondo, M. Mitsu-
hashi, Y. Murakami, Tetrahedron Lett.
1996, 37, 9309–9312.

[381] T. Harayama, T. Akiyama, H. Aka-
matsu, K. Kawano, H. Abe, Y. Takeu-
chi, Synthesis 2001, 444–450.

[382] P. J. Harrington, L. S. Hegedus,
K. F. McDaniel, J. Am. Chem. Soc.
1987, 109, 4335–4338.

[383] J. E. Macor, R. J. Ogilvie, M. J. Wythes,
Tetrahedron Lett. 1996, 37, 4289–4291.

[384] C. Thominiaux, A. Chiaroni, D. Des-
maele, Tetrahedron Lett. 2002, 43,
4107–4110.

[385] G. Kim, J. H. Kim, W.-j. Kim,
Y. A. Kim, Tetrahedron Lett. 2003, 44,
8207–8209.

[386] V.H. Rawal, C. Michoud,
R. F. Monestel, J. Am. Chem. Soc.
1993, 115, 3030–3031.

[387] L. F. Tietze, T. Raschke, Synlett 1995,
597–598.

[388] S. Nukui, M. Sodeoka, H. Sasai,
M. Shibasaki, J. Org. Chem. 1995, 60,
398–404.

[389] C. Chen, D. Crich, Tetrahedron 1993,
49, 7943–7954.

[390] S. Hatakeyama, H. Irie, T. Shintani,
Y. Noguchi, H. Yamada, M. Nishi-
zawa, Tetrahedron 1994, 50, 13369–
13376.

[391] H. Yokoyama, T. Takahashi, Tetrahe-
dron Lett. 1997, 38, 595–598.

[392] (a) H. Muratake, I. Abe, M. Natsume,
Tetrahedron Lett. 1994, 35, 2573–2576;
(b) H. Muratake, K. Okabe,
M. Takahashi, M. Tonegawa,
M. Natsume, Chem. Pharm. Bull.
1997, 45, 799–806.

[393] T. Okita, M. Isobe, Tetrahedron 1994,
50, 11143–11152.

[394] A. Endo, A. Yanagisawa, M. Abe,
S. Tohma, T. Kan, T. Fukuyama,
J. Am. Chem. Soc. 2002, 124, 6552–
6554.

[395] (a) S. C. Clayton, A. C. Regan, Tetra-
hedron Lett. 1993, 34, 7493–7496;
(b) Y.-H. Kim, D.-Y. Won, C.-Y. Oh,
K.-Y. Lee, J.-H. Jeong, Y.-H. Jung,

W.-H. Ham, Arch. Pharm. Res. 1999,
22, 435–436.

[396] M.M. Abelman, L. E. Overman,
V. D. Tran, J. Am. Chem. Soc. 1990,
112, 6959–6964.

[397] A.V. Kalinin, B. A. Chauder, S. Rakhit,
V. Snieckus, Org. Lett. 2003, 5, 3519–
3521.

[398] (a) B.M. Trost, O. R. Thiel, H.-C. Tsui,
J. Am. Chem. Soc. 2002, 124, 11616–
11617; (b) B. M. Trost, O. R. Thiel,
H.-C. Tsui, J. Am. Chem. Soc. 2003,
125, 13155–13164.

[399] W.G. Beyersbergen van Henegou-
wen, R. M. Fieseler, F. P. J. T. Rutjes,
H. Hiemstra, Angew. Chem. 1999,
111, 2351–2355; Angew. Chem. Int. Ed.
1999, 38, 2214–2217.

[400] G. Mehta, H. M. Shinde, Tetrahedron
Lett. 2003, 44, 7049–7053.

[401] J. J. Kodanko, L. E. Overman, Angew.
Chem. 2003, 115, 2632–2635; Angew.
Chem. Int. Ed. 2003, 42, 2528–2531.

[402] L. E. Overman, E. A. Peterson, Angew.
Chem. 2003, 115, 2629–2632; Angew.
Chem. Int. Ed. 2003, 42, 2525–2528.

[403] K. Kiewel,M. Tallant, G. A. Sulikowski,
Tetrahedron Lett. 2001, 42, 6621–6623.

[404] F. Bracher, D. Hildebrand, Pharmazie
1995, 50, 182–183.

[405] T. Breining, C. Schmidt, K. Polos,
Synth. Commun. 1987, 17, 85–88.

[406] (a) J. S. Yadev, V. Upender, A. V. R. Rao,
J. Org. Chem. 1992, 57, 3242–3245;
(b) A. Heim, A. Terpin, W. Steglich,
Angew. Chem. 1997, 109, 158–159;
Angew. Chem. Int. Ed. Engl. 1997, 36,
155–156.

[407] A. F�rstner, O. R. Thiel, N. Kindler,
B. Bartkowska, J. Org. Chem. 2000,
65, 7990–7995.

[408] H. Takahashi, Y. Tonoi, K. Matsumoto,
H. Minami, Y. Fukuyama, Chem. Lett.
1998, 485–486.

[409] (a) A.O. King, E. G. Corley,
R. K. Andersson, R. D. Larsen,
T. R. Verhoeven, P. J. Reider,
Y. B. Xiang, M. Belley, Y. Leblanc,
M. Labelle, P. Prasit, R. J. Zamboni,
J. Org. Chem. 1993, 58, 3731–3735;
(b) D. R. Sidler, J. W. Sager,
J. J. Bergan, K. M. Wells,
M. Bhuparthy, R. P. Volante, Tetrahe-
dron Asymm. 1997, 8, 161–168.



313References

[410] H. Yoshizaki, H. Satoh, Y. Sato,
S. Nukui, M. Shibasaki, M. Mori,
J. Org. Chem. 1995, 60, 2016–2021.

[411] A. Padwa, M. A. Brodney, S. M. Lynch,
J. Org. Chem. 2001, 66, 1716–1724.

[412] M.C. McIntosh, S. M. Weinreb,
J. Org. Chem. 1993, 58, 4823–4832.

[413] T. Hudlicky, H. F. Olivo, J. Am. Chem.
Soc. 1992, 114, 9694–9696.

[414] S. F. Martin, H.-H. Tso, Heterocycles
1993, 35, 85–88.

[415] C. Bru, C. Thal, C. Guillou, Org. Lett.
2003, 5, 1845–1846.

[416] T. R. Kelly, W. Xu, J. Sundaresan,
Tetrahedron Lett. 1993, 34, 6173–6176.

[417] J. R. Luly, H. Rapoport, J. Org. Chem.
1984, 49, 1671–1672.

[418] P.C. Amos, D. A. Whiting, J. Chem.
Soc. Chem. Commun. 1987, 510–511.

[419] M. Aslam, V. Elango, K. G. Davenport,
Synthesis 1989, 869–870.

[420] A. Namsa-aid, S. Ruchirawat,
Org. Lett. 2002, 4, 2633–2635.

[421] C. Shih, G. B. Grindey, E. C. Taylor,
P. M. Harrington, Bioorg. Med. Chem.
Lett. 1992, 2, 339–342.

[422] G.D. Artman, III, S. M. Weinreb,
Org. Lett. 2003, 5, 1523–1526.

[423] N. Henaff, A. Whiting, Tetrahedron
2000, 56, 5193–5204.

[424] K. Lee, J. K. Cha, J. Am. Chem. Soc.
2001, 123, 5590–5591.

[425] R. W. Bates, C. J. Gabel, Tetrahedron
Lett. 1993, 34, 3547–3550.

[426] H. Ishibasi, K. Ito, T. Hirano,
M. Tabuchi, M. Ikeda, Tetrahedron
1993, 49, 4173–4182.

[427] B.M. Trost, J. R. Corte,
M. S. Gudiksen, Angew. Chem. 1999,
111, 3945–3947; Angew. Chem. Int. Ed.
1999, 38, 3662–3664.

[428] (a) L. E. Overman, D. J. Ricca,
V. D. Tran, J. Am. Chem. Soc. 1993,
115, 2042–2044; (b) D. J. Kucera,
S. O’Connor, L. E. Overman,
J. Org. Chem. 1993, 58, 5304–5306;
(c) L. E. Overman, D. J. Ricca,
V. D. Tran, J. Am. Chem. Soc. 1997,
119, 12031–12040; (d) M. E. Fox, C. Li,
J. P. Marino Jr., L. E. Overman,
J. Am. Chem. Soc. 1999, 121, 5467–
5480.

[429] (a) L. F. Tietze, T. N	bel, M. Spescha,
Angew. Chem. 1996, 108, 2385–2386;

Angew. Chem. Int. Ed. Engl. 1996, 35,
2259–2261; (b) L. F. Tietze, S. Peter-
sen, Eur. J. Org. Chem. 2000,
1827–1830; (c) L. F. Tietze,
J. M. Wiegand, C. Vock,
J. Organomet. Chem. 2003, 687,
346–352; (d) L. F. Tietze,
K. M. Sommer, G. Schneider,
P. Tapolcs�nyi, J. W	lfling, P. M�ller,
M. Noltemeyer, H. Terlau, Synlett
2003, 1494–1496; (e) L. F. Tietze,
J. W. Wiegand, C. Vock, J. Organo-
met. Chem. 2003, 687, 346–352.

[430] T. Flessner, V. Ludwig, H. Sieben-
eicher, E. Winterfeldt, Synthesis 2002,
1373–1378.

[431] A. Goddard, J. M. Fourquez,
R. Tamion, F. Marsais, G. Qu�guiner,
Synlett 1994, 235–236.

[432] (a) V. H. Rawal, C. Michoud, Tetrahe-
dron Lett. 1991, 32, 1695–1698;
(b) V. H. Rawal, S. Iwasa, J.Org. Chem.
1994, 59, 2685–2686.

[433] M. Mori, M. Nakanishi, D. Kajishima,
Y. Sato, J. Am. Chem. Soc. 2003, 125,
9801–9807.

[434] J. Reisch, H. M. T. B. Herath,
N. S. Kumar, Liebigs Ann. Chem. 1990,
931–933.

[435] M.E. Kuehne, T. Wang, P. J. Seaton,
J. Org. Chem. 1996, 61, 6001–6008.

[436] S. Luo, C. A. Zificsak, R. P. Hsung,
Org. Lett. 2003, 5, 4709–4712.

[437] T. Mizutani, S. Honzawa, S.-Y. Tosaki,
M. Shibasaki, Angew. Chem. 2002,
114, 4874–4876; Angew. Chem. Int. Ed.
2002, 41, 4680–4682.

[438] (a) S. P. Maddaford, N. G. Andersen,
W. A. Cristofoli, B. A. Keay, J. Am.
Chem. Soc. 1996, 118, 10766–10773;
(b) F. Miyazaki, K. Uotsu, M. Shiba-
saki, Tetrahedron 1998, 54, 13073–
13078.

[439] G.Hirai, Y. Koizumi, S. M.Moharram,
H. Oguri, M. Hirama, Org. Lett. 2002,
4, 1627–1630.

[440] R. B. Merrifield, J. Am. Chem. Soc.
1963, 85, 2149–2154.

[441] L. A. Thompson, J. A. Ellman, Chem.
Rev. 1996, 96, 555–600.

[442] S. Br�se, J. H. Kirchhoff, J. K	bber-
ling, Tetrahedron 2003, 59, 885–939.

[443] S. Hanessian, F. Xie, Tetrahedron Lett.
1998, 39, 737–740.



314 5 Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction

[444] I. E. Pop, C. F. Dhalluin, B. P. D�prez,
P. C. Melnyk, G. M. Lippens,
A. L. Tartar, Tetrahedron 1996, 52,
12209–12222.

[445] K.A. Beaver, A. C. Siegmund,
K. L. Spear, Tetrahedron Lett. 1996, 37,
1145–1148.

[446] B. Ruhland, A. Bombrun,
M. A. Gallop, J. Org. Chem. 1997, 62,
7820–7826.

[447] S. Br�se, D. Enders, J. K	bberling,
F. Avemaria, Angew. Chem. 1998, 110,
3614–3615; Angew. Chem. Int. Ed.
1998, 37, 3413–3415.

[448] M. Lormann, S. Dahmen, S. Br�se,
Tetrahedron Lett. 2000, 41, 3813–3816.

[449] S. Berteina, S. Wendeborn,
W. K.-D. Brill, A. De Mesmaeker,
Synlett 1998, 676–678.

[450] (a) F. Stieber, U. Grether,
H. Waldmann, Angew. Chem. 1999,
111, 1142–1145; Angew. Chem. Int. Ed.
1999, 38, 1073–1077; (b) F. Stieber,
U. Grether, H. Waldmann,
Chem. Eur. J. 2003, 9, 3270–3281.

[451] C. Vanier, F. Lorg�, A. Wagner,
C. Mioskowski, Angew. Chem. 2000,
112, 1745–1749; Angew. Chem. Int. Ed.
2000, 39, 1679–1683.

[452] S.-K. Kang, S.-K. Yoon, K.-H. Lim,
H.-J. Son, T.-G. Baik, Synth. Comm.
1998, 28, 3645–3655.

[453] B. A. Kulkarni, A. Ganesan,
J. Comb. Chem. 1999, 1, 373–378.

[454] C.G. Blettner, W. A. K	nig,
W. Stenzel, T. Schotten, Tetrahedron
Lett. 1999, 40, 2101–2102.

[455] Y. Wang, T.-N. Huang, Tetrahedron
Lett. 1999, 40, 5837–5840.

[456] Y. Kondo, K. Inamoto, T. Sakamoto,
J. Comb. Chem. 2000, 2, 232–233.

[457] T. R. Early, R. S. Gordon, M. A. Carroll,
A. B. Holmes, R. E. Shute, I. F.
McConvey, Chem. Commun. 2001,
1966–1967.

[458] (a) K. Knepper, S. Vanderheiden,
S. Br�se, to be published; (b) C. Gil,
A. Schw	gler, S. Br�se, J. Comb. Chem.
2004, 6, 38–42.

[459] U. Grether, H. Waldmann, Chem.
Eur. J. 2001, 7, 959–971.

[460] K. Akaji, Y. Kiso, Tetrahedron Lett.
1997, 38, 5185–5188.

[461] K. Akaji, K. Teruya, M. Akaji,
S. Aimoto, Tetrahedron 2001, 57,
2293–2303.

[462] D.A. Goff, R. N. Zuckermann,
J. Org. Chem. 1995, 60, 5748–5749.

[463] H.-C. Zhang, B. E. Maryanoff,
J. Org. Chem. 1997, 62, 1804–1809.

[464] V. Arumugam, A. Routledge, C. Abell,
S. Balasubramanian, Tetrahedron Lett.
1997, 38, 6473–6476.

[465] S. Berteina, S. Wendeborn, A. De
Mesmaeker, Synlett 1998, 1231–1233.

[466] G. L. Bolton, J. C. Hodges,
J. Comb. Chem. 1999, 1, 130–133.

[467] M.D. Collini, J. W. Ellingboe, Tetra-
hedron Lett. 1997, 38, 7963–7966.

[468] J. S. Koh, J. A. Ellman, J. Org. Chem.
1996, 61, 4494–4495.

[469] K. Knepper, S. Br�se, Org. Lett. 2003,
5, 2829–2832.

[470] S. Dahmen, S. Br�se, in Handbook of
Combinatorial Chemistry (Eds.:
K. C. Nicolaou, R. Hanko, W. Hart-
wig), Wiley-VCH, Weinheim, 2002,
pp. 59–169.

[471] S. Br�se, M. Schroen, Angew. Chem.
1999, 111, 1139–1142; Angew. Chem.
Int. Ed. 1999, 38, 1071–1073.

[472] R. C. Larock, J. Organomet. Chem.
1999, 576, 111–124.

[473] S. Br�se, C. Gil, K. Knepper, Bioorg.
Med. Chem. 2002, 10, 2415–2437.

[474] Y. Wang, T. N. Huang, Tetrahedron
Lett. 1998, 39, 9605–9608.

[475] H.-C. Zhang, H. Ye, A. F. Moretto,
K. K. Brumfield, B. E. Maryanoff,
Org. Lett. 2000, 2, 89–92.

[476] T. Y. H. Wu, S. Ding, N. S. Gray,
P. G. Schultz, Org. Lett. 2001, 3,
3827–3830.

[477] H.-C. Zhang, H. Ye, K. B. White,
B. E. Maryanoff, Tetrahedron Lett.
2001, 42, 4751–4754.

[478] G. Xu, T. L. Loftus, H. Wargo,
J. A. Turpin, R. W. Buckheit Jr.,
M. Cushman, J. Org. Chem. 2001, 66,
5958–5964.

[479] R. Grigg, W. S. MacLachlan,
D. T. MacPherson, V. Sridharan,
S. Suganthan, Tetrahedron 2001, 57,
10335–10345.

[480] H.-C. Zhang, K. K. Brumfield,
L. Jaroskova, B. E. Maryanoff, Tetra-
hedron Lett. 1998, 39, 4449–4452.



315References

[481] M.C. Fagnola, I. Candiani,
G. Visentin, W. Cabri, F. Zarini,
N. Mongelli, A. Bedeschi, Tetrahedron
Lett. 1997, 38, 2307–2310.

[482] D. Fancelli, M. C. Fagnola,
D. Severino, A. Bedeschi, Tetrahedron
Lett. 1997, 38, 2311–2314.

[483] H.-C. Zhang, K. K. Brumfield,
B. E. Maryanoff, Tetrahedron Lett.
1997, 38, 2439–2442.

[484] A. L. Smith, G. I. Stevenson,
C. J. Swain, J. L. Castro, Tetrahedron
Lett. 1998, 39, 8317–8320.

[485] J. G. de Vries, Can. J. Chem. 2001, 79,
1086–1092.

[486] M. Beller, A. Zapf in Organopalladium
Chemistry for Organic Synthesis
(Eds.: E.-i. Negishi, A. de Meijere),
John Wiley, Hoboken, N. J., 2002,
pp. 1209–1222.

[487] A. Eisenstadt, Chem. Ind. 1998, 75,
415–427.

[488] (a) http://www.solvis.com/E/main/
services/solutionpackages/liganden/
catalysis/catalytic/case/aromatic.
html; (b) P. Baumeister, G. Seifert,
H. Steiner, (Ciba-Geigy). Eur. Pat.
Appl. 1994 EP 584043.

[489] D.C. Caskey (Mallinckrodt), 1990
[PCT Int. Appl. WO 9010617].

[490] (a) http://www.albemarle.com/
core_heck_right.htm; (b) T.-C. Wu
(Albemarle Corp., USA). US
5,536,870, CA: 125:142245.

[491] R. A. de Vries, P. C. Vosejpka,
M. L. Ash, Chem. Ind. 1998, 75,
467–478.

[492] The authors suggest to run Heck
reactions in sealed Pyrexr bottles to
insure reproducible results, but cau-
tion: in view of two explosions in the
authors’ lab (one with bromobenzal-
dehyde [ formation of CO], the other
with Pd/C [ formation of H2?]), care-
ful handling is advised.

[493] Prepared from the corresponding 1,2-
dibromocycloalkenes adopting the
published procedure by: H. Suzuki,
M. Aihara, H. Yamamoto, Y. Taka-
moto, T. Ogawa, Synthesis 1988,
236–238.

[494] Prepared by reaction of diethyl allyl-
sodiomalonate, from diethyl allylma-
lonate (1.0 M) and NaH in THF, and
2,3-dibromoprop-1-ene, aqueous
work-up and flash chromatography.

[495] T. Liese, F. Seyed-Mahdavi, A. de
Meijere, Org. Synth. 1990, 69,
148–153.



6
Cross-Coupling Reactions to sp Carbon Atoms

Jeremiah A. Marsden and Michael M. Haley

6.1
Introduction

Alkyne cross-coupling reactions have seen incredible growth over the past quarter
century, proving their worth as an important tool for organic synthesis. Examples
of the varied applications for alkyne couplings include the preparation of pharma-
ceuticals, complex natural products, and advanced materials such as molecular
wires and sensors. The rigidity and electron-rich nature of the alkyne moiety are
not only structurally appealing but also provide a point of unsaturation for further
derivatization and/or transformation. Of the many synthetic advancements made
since the initial cross-coupling of an alkynylcopper and a haloarene by Stephens
and Castro four decades ago, one of the most important has been the utilization
of palladium as a catalyst. Pd is currently favored in the vast majority of modern
sp cross-couplings. The Pd-catalyzed reaction of a terminal alkyne with its coupling
partner in the presence of a Cu co-catalyst and an amine base is the most widely
used cross-coupling technique, and is known as the Sonogashira reaction. Over the
past 15–20 years, countless derivations have been seen with respect to the alkyne,
with a greater emphasis on the use of alkynylmetal reagents. While arguably no
single alkynylmetal shows superiority, each has shown its worth in specific exam-
ples, and for more demanding cross-couplings, more reactive alkynylmetals are
often necessary. Numerous reviews have been written on the subject of cross-cou-
pling to sp carbon atoms [1]; nevertheless, our goal is to cover the major develop-
ments in the field, to describe recent examples of sp couplings, and to highlight
sophisticated, new modifications to the methodology.
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6.2
Alkynylcopper Reagents

6.2.1
Stephens-Castro Reaction

The first example of cross-coupling between sp and sp2 carbon atoms was reported
in 1963 by Stephens and Castro [2]. The reaction involves the formation of an inter-
nal acetylene from a copper(I) acetylide and a phenyl or vinyl halide (Scheme 6-1).
By heating para or ortho-substituted iodoarenes with cuprous phenylacetylide in a
solution of pyridine, the original preparation provided a variety of substituted
tolanes in 75–99% yield. It was found that nucleophilic substituents ortho to the
halogen might induce cyclization, affording heterocycles such as indoles, benzo-
furans, and phthalides [2b, 3]. The authors also noticed that with more electron-
donating groups on the haloarenes, increased temperatures were necessary to
effect cross-coupling. This trend in reactivity is valid for all alkynyl cross-couplings.
Hence, phenyl and vinyl halides possessing highly electron-withdrawing substitu-
ents are the most reactive. In further studies the reaction proved applicable to
bromo- and chloroarenes as well as iodoarenes, with the trend in reactivity being
I i Br i Cl [4]. The utility of the reaction for the preparation of haloolefins [5]
as well as halogen-substituted heterocycles such as furans, thiophenes [6], and
pyrazoles [7] has also been reported.

A modification to the original Stephens-Castro protocol involves generation of
the alkynylcopper moiety in situ from the corresponding terminal acetylene,
thus avoiding isolation of the relatively unstable (and sometimes explosive) Cu-
acetylide. This alteration has been shown to work at 120 hC either with a stoichio-
metric amount of CuI in HMPA [8], or with a catalytic 2:1 ratio of CuI and PPh3

employing K2CO3 as a base in the reaction [9] (Scheme 6-2).
Because of the discovery of simple and more efficient catalytic sp cross-coupling

procedures, the Stephens-Castro reaction is not widely used today, but a few recent
examples have been reported [7, 10–13]. One illustration is the synthesis of the
anti-aromatic dehydrobenzo[12]annulene (DBA) 1 (Scheme 6-3) [12]. Cyclotrimeri-
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R-X Cu R' R R' CuX
pyridine

R = aryl, alkenyl R' = aryl, alkyl X = I, Br

80–120 oC

Scheme 6-1
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DMF or DMSO, 120 oC

Scheme 6-2



zation of 2, which incorporates both the Cu-acetylide and halogen substituents in a
single reagent, gave annulene 1 in modest 48% yield.
Another recent, noteworthy example of a modified Stephens-Castro hetero-cou-

pling was a key step in the total synthesis of epothilone D (3), a natural product
with reported anti-cancer properties (Scheme 6-4) [13]. The alkynylcopper was
generated in situ from terminal alkyne 4 using Et3N and CuI. The resultant
Cu-acetylide was then cross-coupled with allyl bromide 5, yielding dienyne 6.
This reaction was unusual in that the coupling partner was an allyl halide.

6.2.2
Sonogashira Reaction

The most significant contribution to the field of alkyne cross-coupling was the
innovation of palladium as a catalyst. Developments made by three separate groups
in 1975 demonstrated its importance to the protocol. The groups of Cassar and
Heck showed independently that aryl and vinyl halides cross-couple with terminal
acetylenes using a Pd-complex and a base. These procedures resembled an alkyne
extension of the well-known Heck reaction [14]. Later that year, Sonogashira and
Hagihara found that the reaction proceeded more smoothly and under milder con-
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ditions by employing CuI as a co-catalyst with an amine base as solvent/reactant
(Scheme 6-5) [15]. This latter development is akin to a Pd-catalyzed Stephens-Cas-
tro cross-coupling, and is now referred to as the Sonogashira reaction. This proce-
dure is currently the most commonly used method for alkyne cross-coupling due
to the simplicity of starting material preparation, mild coupling conditions, and the
ability to tolerate a large variety of functional groups. A tremendous number of
modifications have been reported to improve yields, to create even milder coupling
conditions for unactivated organic electrophiles, and to overcome some of the
limitations of the reaction such as formation of homo-coupled byproducts and dif-
ficulties with the cross-coupling of alkynes bearing electron-withdrawing groups.
The most widely investigated element of the reaction is the Pd catalyst. In recent
years, a significant number of refined, highly active catalysts have been reported,
which allow for milder reaction conditions and the ability to cross-couple in diffi-
cult situations (vide infra).

6.2.2.1 Mechanism
The traditionally accepted mechanistic pathway of the Sonogashira reaction is simi-
lar to that originally proposed by Sonogashira and Hagihara (Scheme 6-6a) [15];
however, there has been evidence from recent studies of cross-coupling reactions
that suggest a more complex mechanism involving a pentacoordinated anionic
Pd species (Scheme 6-6b) [16]. Typically 2–5 mol% Pd is used along with generally
twice this amount of CuI co-catalyst. In many cases a smaller amount of Pd can be
utilized, and the reaction can also proceed without CuI. The classical and most
widely used catalysts for the reaction are [Pd[II](PPh3)2Cl2] and [Pd[0](PPh3)4].
The active catalytic complex is still the subject of some debate, but is classically
thought be the coordinatively unsaturated 14-electron [Pd[0]L2] (7) [15]. In the pres-
ence of anions and halides, however, new results point to anionic [(Pd[0]L2X)

–] (8)
as the active catalytic species [16]. In the ‘textbook’ catalytic cycle [Pd(PPh3)2] is
thought to form by dissociation of two PPh3 ligands from [Pd(PPh3)4] (Scheme
6-6a). Alternatively, generation of 7 from Pd[II] proceeds via transmetallation of
an alkynyl copper, which is generated by the reaction of the amine base and
CuI, followed by reductive elimination of the dialkynylPd[II] species 9 to give 7
and 1,3-butadiyne 10. Compound 10, which is formed by the reduction of the
Pd[II] complex, is also a common by-product that plagues Sonogashira reactions,
and sometimes is the major acetylene-containing product. Although this dimeriza-
tion is often detected even when a Pd[0] catalyst is used, it can be minimized by the
careful purging of oxygen from the solvents and by running the reaction under an
inert atmosphere. If desired, however, diyne 10 can be prepared catalytically and in
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high yields if no organic electrophile is present and if a suitable oxidant is em-
ployed [17]. Upon formation of the active Pd[0] catalyst 7, oxidative addition of
the aryl or vinyl halide occurs providing Pd[II] complex 11. This step is critical
for the catalytic process, and a number of new catalysts have been designed for
its enhancement. Transmetallation with the Cu-acetylide next gives 12, and finally
reductive elimination follows to afford the cross-coupled product as well as to
regenerate the active catalyst.
Amatore and Jutand have more recently established that halides from ArX and

Pd[0] precursors may play a more crucial role in the catalytic cycle and that the
main intermediate Pd[0] complex may actually be the halide-ligated anionic
[(Pd[0]L2X)

–] (8) (Scheme 6-6b) [16]. This active Pd species is similarly formed by
reduction from Pd[II]L2Cl2 by transmetallation/reductive elimination steps fol-
lowed by association of one of its initially attached chloride ions. From Pd[0]L4, 8
is produced by dissociation of two phosphine ligands followed by association of
X– presumably from RlX generated after one complete standard catalytic cycle
(Scheme 6-6a) or from CuI present in solution. Oxidative addition of a vinyl or
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aryl halide next gives the pentacoordinated Pd[II] species 13, which is in fast uphill
equilibrium with the neutral solvent-coordinated complex RlPdXSL2 (14). Addition
of the copper acetylide to this species completes the transmetallation process and
gives the anionic complex 15 in which R and the acetylene are adjacent and in good
position for reductive elimination providing the alkyne product and the active Pd
complex 8.
There are many variables that dictate the overall efficiency of the catalytic cycle,

including ligand(s), amine base, copper salt, solvent, other “additives”, and the
electronic and steric characteristics of the organic electrophile and alkyne. Elec-
tron-deficient organohalides are again more reactive to cross-coupling than elec-
tron-rich, while the opposite is true for the alkyne [18]. The general reactivity
order of the sp2 species is vinyl iodide j vinyl triflate i vinyl bromide i vinyl
chloride i aryl iodide i aryl triflate j aryl bromide ii aryl chloride [1]. Aryl
iodides are the most commonly used organohalides under Sonogashira conditions,
and usually react at room temperature. Until only recently, cross-coupling to
unactivated aryl bromides typically required temperatures in excess of 80 hC. In
the past ten years, a large amount of research has been devoted to the design of
highly active catalysts, allowing milder reaction conditions and the ability to
cross-couple to aryl bromides at room temperature as well as to typically inert
aryl chlorides.
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6.2.2.2 Sonogashira Catalysts
The majority of cross-couplings proceed smoothly using the standard
[Pd(PPh3)2Cl2] or [Pd(PPh3)4] catalysts. There is usually little difference in the reac-
tivity between these two catalysts, but in the authors’ experience, freshly prepared
[Pd(PPh3)4] has shown modest improvements in yield and shorter reaction times
for bromoarenes than [Pd(PPh3)2Cl2]. Freshly prepared [Pd(PPh3)4] is a bright-
yellow crystalline solid, which darkens over time and with exposure to air and tem-
peratures above 0 hC, decreasing catalyst reactivity in many cases [19]. [Pd(PPh3)4]
is commercially available, though the quality of material varies greatly among
chemical suppliers. Another advantage of [Pd(PPh3)4] is that the reductive elimina-
tion step required of [Pd(PPh3)2Cl2] to form 7 is avoided, so very little or none of
dimer 10 is formed (Scheme 6-6a). [Pd(PPh3)2Cl2] has the benefit of air and tem-
perature stability and is less expensive than [Pd(PPh3)4], yet will always produce at
least an equivalent amount of 10. Relevant examples of the Sonogashira cross-
coupling with a variety of different compounds and conditions via these catalysts
are shown in Table 6-1.
In more demanding situations, highly active or specialized catalysts are often

needed. The bulk of recent research in this area has focused on new ligands for
the Pd center, typically to facilitate oxidative-addition of the haloarene component
to the Pd center. While a large variety of phosphine ligands have received the most
attention, there have been many other recent developments using carbene and
amine ligands. Nevertheless, the majority of Sonogashira cross-couplings reported
in the last ten years still utilize the original [Pd(PPh3)2Cl2] or [Pd(PPh3)4] catalysts
with typically excellent results.
In the small-scale organic laboratory, homogeneous catalysts are the simplest

systems to use, and usually produce very good results. However, from an industrial
standpoint and for larger scale needs, it is desirable to recover the expensive Pd
metal and/or to have high catalyst turnover numbers (TON). For these reasons,
a number of groups have focused their research on heterogeneous catalyst systems
such as polymer-, alumina-, silica-, or carbon-bound complexes in order to recover
the valuable catalysts. Air-stable Pd[0] complexes are also of interest, as well as
aqueous-phase catalysts and Cu- and amine-free reactions. The following sec-
tions will provide an overview on many of the recent advancements in these two
fields.

Homogeneous catalyst developments

The most commonly utilized ligands for Pd complexes in the Sonogashira reaction
are phosphines. Of the phosphines, PPh3 is the most universally used because it is
relatively inexpensive and works well in the majority of cases. Nonetheless, other
Pd catalysts with bidentate ligands, such as [Pd(dppe)Cl2], [Pd(dppp)Cl2], and
[Pd(dppf)Cl2], have also been employed. More recent work in the field has focused
on electron-rich and/or bulky phosphine ligands as these have been shown to
facilitate oxidative-addition to aryl halides. This step is essential for alkyne cross-
coupling to occur with deactivated bromoarenes and chloroarenes. This greater
reactivity also translates into use of milder conditions for thermally sensitive com-
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[Pd(PPh3)2Cl2]
CuI

Et2NH
r.t., 3 h

85 [15a]

[Pd(PPh3)2Cl2]
CuI

Et2NH
r.t., 6 h

90 [15a]

[Pd(PPh3)2Cl2]
CuI

Et2NH
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80 [15a]

[Pd(PPh3)2Cl2]
CuI

Et3N, 60 °C 95 [20]

[Pd(PPh3)2Cl2]
CuI

Et3N, 40 °C 83 [21]

[Pd(PPh3)2Cl2]
CuI

Et3N, r.t. 92 [21]

[Pd(PPh3)4]
CuBr2

Et3N, r.t., 5 h
92 [18a]
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CuBr2
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[Pd(PPh3)2Cl2]
CuI

Et2NH
80 °C, 10 h

35 [22]

[Pd(PPh3)4]
CuI

Et3N, PhMe
110 °C, 2 h

79 [23]

[Pd(PPh3)2Cl2]
CuI

Et3N
100 °C, 72 h

28 [24]
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61 [25]
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Table 6-1 Examples of Sonogashira reactions using [Pd(PPh3)2Cl2] or [Pd(PPh3)4] catalysts.

Catalyst RX Alkyne Conditions Yield
(%)
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[Pd(PPh3)2Cl2]
CuI

Et3N, DMF
90 °C, 3 h

91 [26]

[Pd(PPh3)2Cl2]
CuI

Et2NH
r.t., 3 h

99 [15a]

[Pd(PPh3)2Cl2]
CuI

Et3N
120 °C, 12 h

80 [27]

[Pd(PPh3)2Cl2]
CuI

Et3N, THF
r.t., 8 h

67 [28]
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CuI

Et3N
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84 [27]
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63 [32]
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CuI

Et3N, r.t. 85 [33]

[Pd(PPh3)2Cl2]
CuI

Et2NH
r.t., 3 h

91 [15a]

[Pd(PPh3)4]
CuI

Et2NH, r.t. 32 [34]
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45 min
42 [35]
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pounds. Table 6-2 illustrates several of the newly developed catalytic systems using
bulky phosphines such as P(tBu)3, PCy3, and (1-Ad)2PBn. The catalysts are most
often generated in situ by combining two equivalents of phosphine with a weakly
ligated Pd source such as Pd(OAc)2, [PdCl2(PhCN)2], or [Pd2(dba)3]. To avoid the
coordinating properties of some of these precatalysts, Pd compounds such as
Na2[PdCl4] and PdCl2 have also been examined. Similar to other previously
known, bulky phosphines (e. g., P(otol)3), the coupling reaction has been shown
to proceed through a monoligated Pd[0]L complex [43]. For example, oxidative
addition using [Pd[P(otol)3]2] gives the dimeric arylpalladium species 16 (Scheme
6-7).
A few examples of the Sonogashira reaction in aqueous media have been re-

ported [50, 51]. The main advantages of this approach are the ease of product iso-
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[Pd(PPh3)4]
CuI

Et2NH, r.t. 78 [36]

[Pd(PPh3)2Cl2]
CuI
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[Pd[P(o-tol)3]2]
CuI

Et3N, NMP
60 °C

30 [20]

[Pd[P(o-tol)3]2]
CuI

i-Pr2NEt
DMF, TBAI

–20 °C
39 [44]

[Pd(PhCN)2Cl2]
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94 [45a]
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–20 °C
98 [44]
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PdCl2, AsPh3, CuI piperidine, r.t. 75 [49]
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Table 6-2 Examples of highly active phosphine ligands in the Sonogashira reaction.
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lation and recovery of catalyst, which is important from an industrial standpoint.
Using guanidino phosphines 17 and 18, reaction between two anionic species
has been carried out (Scheme 6-8) [51a]. Under basic conditions in H2O/MeCN
(7:3), p-iodobenzoate (19) cross-coupled with propiolate ion (20) to furnish phenyl-
acetylene 21 in nearly quantitative yield. Identical conditions with the well-known
and industrially-used water-soluble phosphine tppts (22) or with only Pd(OAc)2
gave inferior results.

Using water-soluble phosphine ligands for cross-coupling to biologically relevant
substrates is another area under investigation, as the mild aqueous conditions can
protect the fragile tertiary structure of the compounds. Schmidtchen et al. have re-
cently proved this methodology applicable to the synthesis of a conjugated peptide-
biotin derivative (Scheme 6-9) [51b]. Biotinylglutamoylpropargylamide (23), a
water-soluble biotin derivative, was cross-coupled with Pro(p-I-Phe)-bradykinin
(24), a multifunctional, free and unprotected peptide in aqueous 3-[tris(hydroxy-
methyl)methylamino]-1-propanesulfonic acid (TAPS) buffer (pH 8.3) using ligand
17 with Pd(OAc)2 to give 25 in 75% yield. The native structure and function of the
protein remained intact under these mild reaction conditions.
N-Heterocyclic carbene (NHC) ligands have received considerable attention re-

cently as “phosphine mimics” in Sonogashira and numerous other metal-mediated
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reactions. Because of the large steric bulk and electron-rich character of the ligand,
NHCs show great promise in highly active catalyst systems. The primary advantage
of NHC ligands is that they do not easily dissociate from the metal center and have
a strong s -donor character. Although initial studies required elevated temperatures
and activated bromoarenes, some recent examples have demonstrated efficient
cross-coupling through milder conditions and with deactivated bromoarenes
(Table 6-3).
Catalytic activity in the Sonogashira reaction has also been demonstrated by a

variety of palladacycles (Table 6-4). Herrmann reported using only 0.1 mol% of
an sp3-metallated phosphine palladacycle with no CuI co-catalyst to cross-couple
alkynes with bromoarenes at 90 hC [57]. This catalyst proved to be very robust at
high temperatures, and showed high TONs. Oxime palladacycles by N�jera et al.
displayed reasonable cross-coupling yields with iodo- and bromoarenes at elevated
temperatures, again without the use of CuI or an amine base [58]. The N�jera
group has also demonstrated similar reactivity with a di-(2-pyridyl)methylamine-
based palladacycle, which is water-soluble and capable of cross-coupling in aqueous
media [59]. Eberhard’s phosphinito pincer palladacycle exhibited catalysis with
chloroarenes at high temperature (160 hC). Although yields were poor, replacement
of CuI with ZnCl2 [60], resembling an in-situ Negishi cross-coupling, improved
yields considerably.

Heterogeneous catalyst developments

The advantages that heterogeneous catalytic systems display for cross-coupling re-
actions have drawn a great deal of recent interest. The most obvious benefit is the
ease of separation and thus recovery of the solid-supported Pd catalyst. The expen-
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Table 6-3 Examples of N-heterocyclic carbene ligands in the Sonogashira reaction.
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Table 6-4 Examples of palladacycles in the Sonogashira reaction.
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sive catalyst can be reused in these types of systems, which is advantageous for in-
dustrial or large-scale applications. In most cases there is also no need for catalyst
ligands, which can often be air-sensitive and difficult to handle. Typical heteroge-
neous systems are supported on either an activated solid or a polymer matrix. In
some instances, solid-supported Pd catalysts exhibit greater air and temperature
stability over traditional homogeneous Pd complexes.
There have been several reports of the Sonogashira reaction using Pd/C as the

metal source. These reactions displayed yields and conditions comparable to,
and in some cases, better than standard Pd catalysts (Table 6-5). Most of these pro-
cedures still use an amine base, CuI as co-catalyst, and inexpensive PPh3 as ligand.
While Pd/C is heterogeneous, the active catalyst is most likely homogeneous PPh3-
ligated Pd[0] formed by Pd leaching from the solid support. In fact, [Pd(PPh3)4] can
be isolated when the reaction conditions are repeated in the absence of any aryl
halide or acetylene [61]. This active catalytic system requires only a small amount
of Pd leached into the solution to proceed (1.8% observed by atomic absorption
measurements), which allows for recovery and reuse of the Pd/C without signifi-
cant loss of bound Pd metal [62]. Upon recycling of the Pd/C, cross-coupling
indeed occurred, although the catalytic activity decreased with each successive
use. Pd/C has also been used to cross-couple iodobenzene with phenylacetylene
in the absence of PPh3 and CuI [63].

332 6 Cross-Coupling Reactions to sp Carbon Atoms

Table 6-4 (continued)

Catalyst RX Alkyne Conditions Yield
(%)

Ref.



3336.2 Alkynylcopper Reagents
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Microwave irradiation has also been reported to increase activity and shorten
reaction times for sp carbon cross-couplings [68]. Kabalka et al. reported a novel
solid-state method for the Sonogashira reaction of iodoarenes using alumina and
microwave irradiation [69]. Pd powder was mixed with a commercially available
alumina/KF mixture along with CuI and PPh3. This solventless, reusable, catalytic
system exhibited cross-coupling between a variety of iodoarenes and alkynes in
good to excellent yields with very short reaction times and in an open flask in
the microwave (Scheme 6-10). Also, since alumina absorbs little microwave energy,
the increase in temperature of the reaction mixture was minor. This work effec-
tively demonstrates a novel, air-stable, environmentally friendly adaptation to the
Sonogashira reaction.
Heterogeneous polymer-supported catalysts have also attracted considerable in-

terest. Catalysts such as 26 containing a triazene-bound Pd on a Merrifield resin
[70] and 27 containing a phosphine-bound Pd on a PS-PEG resin [71] have both
shown catalytic activity for the cross-coupling of iodoarenes with alkynes at moder-
ate temperatures (Figure 6-1). MeOPEG-supported bulky and/or electron-rich
phosphines such as 28 and 29 have also shown efficient cross-coupling to bromoar-
enes and chlorobenzene [72]. These catalysts share the benefits of the above men-
tioned heterogeneous complexes.
Another interesting polymeric catalyst active in the Sonogashira reaction was

formed by ring-opening metathesis polymerization [73]. The bis(pyrimidine)-
based Pd-bound polymer 30 was made by ROMP of norbornene 31 using the cat-
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alyst [Mo(¼N-Arl)(¼CHCMe2Ph)(OR)2] with diene 32 as a cross-linker and PdCl2
as the source of Pd (Scheme 6-11). This reaction yielded polymer particles with
a mean diameter of 20–40 mm that catalyze cross-coupling of phenylacetylene
with iodo-, bromo-, and chlorobenzene at 65 hC in 98%, 68%, and 65% yields,
respectively, with an extremely low catalyst loadings (0.004–0.007 mol% Pd) and
no need for CuI as co-catalyst.

6.2.2.3 Amine Bases
The amine base is another crucial element of the Sonogashira reaction. Et3N,
Et2NH, and iPr2NH are the most widely used bases, and show good results in
most circumstances, although success can be highly substrate-dependent. Stronger
bases such as piperidine and pyrrolidine are also commonly used, and frequently
show a notable increase in reaction rate. This may be rationalized by assuming that
the acetylide is the active alkyne coupling partner. Linstrumelle has reported that
stronger bases considerably increase yield and reaction rate when no CuI co-cata-
lyst is used in the reaction [74] (Table 6-6). Another study describes the reaction
rate decreasing in the order of BuNH2 i Et3N i iPr2NH i Et2NH i K2CO3

for the cross-coupling of trimethylsilylacetylene (TMSA) with iodopyridone 33
(Scheme 6-12) [75]. Brandsma describes better results using iPr2NH over piperi-
dine and Et3N in other instances [1c]. H�nig’s base (iPr2NEt) has also produced
excellent results for cross-couplings in many cases [76]. Since reactivities can
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Table 6-6 Amine bases in the Sonogashira reaction.
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vary by substrate and conditions to such an extent, employing the proper amine is
usually a matter of preference and should be tailored by experience along with trial
and error.

6.2.2.4 Solvents and Additives
In the original Sonogashira protocol, the amine base functioned not only as a
reactant but also as the solvent. Later reports describe reaction rate and yield im-
provements using a mixture of amine with other solvents, most notably THF. A
detailed report by Krause compares yields and reaction times with and without
THF (Table 6-7) [77]. With THF as a co-solvent, yields were typically higher than
with only Et3N, and reaction conditions were milder. The authors also found it
unnecessary to degas the solvent if a slow addition of the alkyne is performed,
as shown by the very low yield of byproduct 10. Several other groups have also
used THF as a co-solvent with beneficial results [1c, 28, 78]. Other common co-sol-
vents include DMF [26, 44, 56, 79], NMP [20, 35, 58, 59], benzene [34, 41, 48, 80],
and toluene [23, 47, 81]. To the best of the authors’ present knowledge, there is no
detailed explanation for reaction improvements due to solvent effects, although in
many cases an increase in the solubility of catalysts, reactants, and products seems
to be a major factor.
The use of various additives has been explored in the Sonogashira reaction with

hopes to increase yield and reaction rate. Ammonium and silver salts have shown
the most promise for this purpose. Mori et al. found that by using two equivalents
of either TBAF or TBAOH, activation of the cross-coupling with either electron-
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withdrawing or -donating substituted iodoarenes occurred, providing excellent
yields in short reaction times [82]. The reaction of 1-octyne with p-iodoanisole
gave the cross-coupled product in much higher yield than with standard amine
bases (Scheme 6-13). Using TBAOH as an activator, room temperature cross-cou-
pling to bromoarenes was also possible. TBAI is an essential additive for the low-
temperature cross-couplings (–20 hC) described by Yamaguchi, while other amine
salts such as TOAI, TEAI, and BTEACl were less effective [44]. TBAOAc has
also been used to accelerate the reaction using a palladacycle as catalyst [58].
BTEACl has been reported to facilitate the reaction by acting as a phase transfer
catalyst in aqueous NaOH and benzene under otherwise typical Sonogashira con-
ditions [34].
Mori has also reported the use of Ag2O in place of CuI, but only with modest

results [82b]. In another paper, silver salts such as AgI, AgNO3, Ag2CO3, and
AgOTf, when substituted for CuI, improved cross-coupling yields of vinyltriflates
(34) with epoxide-bearing alkynes (35) (Scheme 6-14) [83]. The proportions of
the reagents also had a crucial affect on the yield, with 10 mol% [Pd(PPh3)4]
and 20 mol% AgI providing the best results.
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6.2.2.5 Silane Protecting Groups and In-Situ Protodesilylation/Alkynylation
Trialkylsilanes are commonly used as protecting groups for terminal alkynes as
many alkynylsilanes are commercially available, such as TMSA, triethylsilylacety-
lene (TESA), and triisopropylsilylacetylene (TIPSA). TMSA can easily be cross-
coupled with haloarenes using the Sonogashira reaction and deprotected at will
by treatment with aqueous or methanolic KOH or K2CO3, or with a fluoride source
such as KF or TBAF, to give the terminal acetylene (Scheme 6-15) [21]. An addi-
tional haloarene can then be cross-coupled to form symmetrical or asymmetrical
internal alkynes. Iterative Sonogashira syntheses by this route require systematic
silane deprotection/cross-coupling to afford larger phenylacetylene and ethynylene
systems [84]. There have been recent reports, however, of increased overall yields
for deprotection/cross-coupling by removing the TMS group in situ with aqueous
or methanolic KOH or K2CO3 under otherwise standard cross-coupling conditions
[85]. Since the deprotection of the TMS group has a similar reaction rate to the
cross-coupling sequence, the amount of free alkyne in solution is minimized,
thereby reducing the formation of homo-coupled diyne byproduct. Alkynylsilanes
can also be used for direct cross-coupling to haloarenes (see Section 6.6).

The more bulky TIPS group requires a fluoride ion for deprotection as it is inert
to the basic conditions used for removal of TMS and TES groups. Larger or more
complex phenylacetylenes and nanoarchitectures can be made by using a combina-
tion of silane protecting groups with different reactivities, such as TIPS and TMS.
One pertinent example by Haley et al. is the synthesis of DBA 36 (Scheme 6-16)
[86]. The TMS group on triyne 37 is selectively deprotected by aqueous KOH
and then cross-coupled in situ to diiodobenzene, forming polyyne 38. This two-
step process avoids the handling of the terminal phenylbutadiyne, which exhibits
low stability in concentrated solution or in the neat state. The TIPS group is then
later removed by TBAF, and the resultant phenylacetylene is intramolecularly
homo-coupled under Glaser conditions [87] to afford the annulene.
Another report of an in-situ protodesilylation/alkynylation technique allows

formation of symmetrical or asymmetrical diphenylacetylenes from TMSA and
haloarenes by a one-pot procedure [88]. In the reaction for symmetrical com-
pounds, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) first performs the typical role
of an amine base to give the silylethynylarene cross-coupled product, then pro-
motes deprotection of the TMS moiety and further cross-coupling of the resultant
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terminal alkyne to a second equivalent of haloarene (Scheme 6-17). Unsymmetri-
cal systems were also formed in one pot by an initial cross-coupling without DBU
to give the silylethynylarene, followed by subsequent addition of DBU and a differ-
ent haloarene. Deprotection as above and a second alkynylation sequence furn-
ished the unsymmetrical diarylacetylenes in very good overall yields.

6.2.2.6 Acyl Chloride Cross-Coupling
Terminal alkynes also combine efficiently with a variety of acyl chlorides under
typical Sonogashira conditions to form alkynylketones [89]. The cross-coupling
can proceed with or without Pd catalysts, and gives good yields in their absence
[90]. Microwave irradiation using doped KF/Al2O3 has been shown to greatly accel-
erate the reaction [91]. Crisp and coworkers effectively demonstrated the selectivity
of this cross-coupling using a 2-furoyl chloride (39) (Scheme 6-18) [92]. With only
one equivalent of alkyne 40, and by keeping the reaction temperature at 0 hC, cou-
pling selectively occurred at the acyl halide to give monoyne 41, retaining the
5-bromo functionality. By using an excess of alkyne and running the reaction at
room temperature, cross-coupling occurred at both positions giving diyne 42.
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6.2.2.7 Applications of the Sonogashira Reaction
There are numerous applications to the Sonogashira reaction, ranging from the
synthesis of natural products to the construction of non-natural, technologically ad-
vanced materials. An arylalkyne not only provides a rigid molecular framework for
unique structural shape and geometry, but also provides a point of unsaturation
which can be utilized in further synthetic transformations.
Many natural products contain alkyne moieties, and the Sonogashira reaction

has often been used in their syntheses. Enediynes are an important class of an-
ticancer antibiotics [93]. The active functionality is the 1,5-diyne-3-ene core,
which has the ability to generate sp2 carbon radicals that cleave DNA through a
Bergman cyclization [94]. This enediyne functionality is commonly constructed
using the Sonogashira protocol, which is elegantly exemplified in the construction
of dynemicin A system 43 by Schreiber et al. [95]. Intramolecular cross-coupling of
44 gave tricyclic intermediate 45, which sets the conjugated 1,3-diene up for a
transannular Diels-Alder reaction with the trans-enoate moiety, providing 43 in
one step (Scheme 6-19). Three rings and four contiguous stereocenters are formed
in this remarkable one-pot reaction.
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Another recent example of a natural product synthesis utilizes Sonogashira
cross-coupling for the attachment of two major units in the synthesis of antitumor
antibiotic FR900482 (46), isolated from Streptomyces sandaenisis (Scheme 6-20) [96].
Acetylene 47 was cross-coupled with triflate 48 to give 49. In this example, the
alkyne functionality is not retained throughout the synthesis. Instead, conjugate
addition of pyrrolidine to the o-nitroarylacetylene (49) afforded intermediate 50,
which formed ketone 51 after hydrolysis with AcOH/H2O. This precursor was
then converted to the natural product 46 after several additional transformations.
Alkyne cross-coupling is widely used for construction of conjugated materials

with potential utilization in electronic and photonic devices as well as many
other technologically applicable materials [85, 97]. Because of the extensive conju-
gation in phenylacetylene and polyyne oligomers and polymers, these systems
often act as organic semiconductors. Applications for such materials include non-
linear optics, polarizers for liquid crystal displays, light-emitting diodes, and detec-
tion of explosives. A very unique poly(phenyleneethynylene) (PPE) sensor (52) was
prepared by polymerization through Sonogashira cross-coupling of diethynylpen-
tiptycene (53) with diiodoarene 54 (Scheme 6-21) [98]. A thin film of the resultant
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highly porous, shape-persistent polymer could detect trace amounts of 2,4,6-trini-
trotoluene (TNT) by fluorescence quenching.
Alkyne cross-coupling is also an important tool in the assembly of unique

nanoarchitectures used as molecular devices. In an elaborate synthesis comprised
mainly of Sonogashira reactions, the Moore group constructed macrocycle 55,
which acts as a “molecular turnstile” based on the rigid outer framework and
the rotation of the central spindle (Scheme 6-22) [99]. Starting from trihaloarene
intermediate 56, the first alkyne was cross-coupled to the more labile iodo posi-
tion, giving 57. The second alkyne (58) was then attached to only one bromo po-
sition by careful control of stoichiometry. A third Sonogashira reaction to the re-
maining bromoarene afforded intermediate 59. Selective deprotection of the TMS
group and subsequent cross-couplings to diiodoarene 60 afforded precursor 61,
which formed the final assembly after further silane deprotection, triazene to
iodide conversion, and intramolecular Sonogashira hetero-coupling. This reaction
sequence exemplifies strategic control of alkyne cross-coupling by bromoarene
reactivity, selective protodesilylation, and use of the triazene functionality as a
masked iodoarene.
The Sonogashira reaction is frequently used for linking porphyrin units to-

gether to create larger multi-porphyrin rods, stacks, or other “light-harvesting” as-
semblies. An interesting example is the synthesis of “tripodaphyrin” 62, which
consists of porphyrins connected to a central methane unit by phenylacetylene
rods (Scheme 6-23) [100]. Iodoporphyrin 63 and tetraarylmethane 64 were con-
nected to give 65. Next, the silanes were removed via base, and the resultant
alkynes attached to the porphyrin-terminated iodoarene 66, giving the final tetra-
hedral scaffold 62.

3436.2 Alkynylcopper Reagents

HH

OC14H29

OC14H29

II

OC14H29

H29C14O

i-Pr2NH

53

54

[Pd(PPh3)4], CuI

n

52 Scheme 6-21



An unusual cross-coupling under Sonogashira conditions occurs between an
alkyne and a halocubane. Instead of the expected alkynylcubane products, the
reaction of a variety of substituted iodocubanes 67 with alkyl or phenylacetylenes
68 gave substituted alkynylcyclooctatetraenes 69 in modest yields [101] (Scheme
6-24). Synthesis of the alkynylcubanes is only possible through an alternate
route starting from cubyl methyl ketones [101].
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6.2.3
Cadiot-Chodkiewicz Reaction

Alkynylcopper species can cross-couple to haloalkynes with or without Pd catalysts
to give conjugated 1,3-butadiynes. Many natural products and novel materials con-
tain butadiyne or longer linear alkyne units. Either symmetric or asymmetric poly-
ynes can be made in this manner, yet this procedure is most useful for asymmetric
hetero-couplings, whereas the Cu-mediated homo-coupling of alkynes by Glaser or
Hay conditions [87] is useful for symmetrical couplings. This latter route, however,
gives mixtures of products if dissimilar alkynes are used. As before, the alkynylcop-
per can either be isolated initially or generated in situ from the terminal alkyne.
The cross-coupling of an alkynylcopper with a haloalkyne takes place in a pyri-

dine solution at room temperature, and is typically an exothermic reaction forming
1,3-diynes (Scheme 6-25). This reaction is analogous to the Stephens-Castro reac-
tion, and a few examples have been reported and are highlighted in Table 6-8.
Although there are cases in which the use of a cuprous acetylide rather than a
terminal acetylene is preferred, the use of a terminal acetylene is much easier
and, as described below, more commonly used [102].
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haloalkynes.
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The reaction between a terminal alkyne and a haloalkyne using a catalytic
amount of Cu[I] salt in an amine base was reported in 1957, and is known as
the Cadiot-Chodkiewicz reaction (Scheme 6-26) [106]. A small amount of
NH2OH·HCl is also often added as a reducing agent. The unsymmetrical 1,3-bu-
tadiyne 70 is the major product from the reaction, although the symmetrical diyne
71 is also observed as a common side product due to homo-coupling of the haloalk-
yne. This byproduct is minimized by using catalytic copper salt, using the proper
amine base, and adding the bromoalkyne slowly to the reaction. Table 6-9 gives re-
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cent pertinent examples, while more classical examples can be found in the origi-
nal review by Cadiot and Chodkiewicz [106c].
1-Bromoalkynes give the best results for the procedure, but iodo and chloro de-

rivatives have also been used. 1-Iodoalkynes are more strongly oxidizing toward the
copper ion, and often favor byproduct 71. 1-Chloroalkynes have a lower reactivity,
although there are instances of chloroalkynol cross-couplings [106]. The reactivity
of the terminal alkyne is similar to that described for the Sonogashira reaction.
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Table 6-9 (continued)
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Generally, arylacetylenes provide better results than alkylacetylenes. Less acidic
alkynes have also been shown to produce larger quantities of 71 [119].
The amine base has a large effect on the efficiency of the reaction. Typically,

reactivity decreases as follows: cyclic secondary i primary i secondary i tertiary
[106c, 119]. Pyrrolidine has demonstrated some of the highest cross-coupling
yields, and can even affect the cross-coupling of 1-iodoacetylenes and less acidic
alkylacetylenes. Co-solvents can be employed to facilitate solubility if needed,
and commonly include MeOH, EtOH, THF, DMF, and NMP.
Pd co-catalysts have recently been incorporated into the Cadiot–Chodkiewicz re-

action and give modest yield improvements and demonstrate efficient hetero-cou-
pling of 1-iodoalkynes and 1-chloroalkynes (Table 6-10). In most cases, very little
homo-coupling was observed by this variation of the protocol. Rigorous exclusion
of oxygen was found unnecessary. A considerable amount of homo-coupled bypro-
duct was observed for the Pd-catalyzed cross-coupling of ethynylsaccharides, how-
ever [120].
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Table 6-10 Examples of Pd catalysts in the Cadiot–Chodkiewicz reaction.
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6.3
Alkynyltin Reagents

6.3.1
Stille Reaction

The cross-coupling of an organic electrophile with an organotin reagent is com-
monly known as the Stille reaction. Many comprehensive reviews have been writ-
ten on the subject [124]. Organostannanes possess some beneficial properties that
other similar organometallics do not. They tolerate a variety of functional groups
that are often reactive to other organometals, eliminating the need for protective
groups, and they are typically water- and air-stable, allowing trouble-free isolation
and storage. Many organostannane reagents are also commercially available. One
drawback to these compounds, however, is their high toxicity, so care should be
used in their handling. Tin reagents containing more alkyl groups and smaller
alkyl chains show an increased toxicity [125]. For this reason, Bu3SnR is more
often used than Me3SnR. A common problem with Bu3SnR, however, is the diffi-
culty in the removal of Bu3SnX formed in the reaction as it is soluble in most com-
mon organic solvents, has low volatility, elutes with nonpolar solvents, and tends to
“streak” heavily under column chromatography. Me3SnX, on the other hand, is
water-soluble and rather volatile, thus allowing easy removal.
Although the first Pd-catalyzed organotin hetero-couplings were published in the

late 1970s [126], other than a few scattered examples, work focusing on the cross-
coupling of alkynyltins was not reported until the mid 1980s [127]. Alkynyltins are
the most reactive organotin reagents, which make them particularly useful for
cross-coupling [128]. In many instances where the preparatively simpler Sonoga-
shira reaction is not successful, alkynylmetal couplings such as the Stille reaction
give better results, such as with alkynes substituted with electron-withdrawing
groups [129]. Base-sensitive compounds, which may degrade under the conditions
used in the Sonogashira coupling, are often safe with the Stille reaction’s neutral
conditions. For example, cyclopentadienyl and other organometallic halides that
are frequently sensitive to amine bases effectively cross-couple using this method-
ology. The Stille reaction also often gives superior results for the cross-coupling of
organotriflates.
The general protocol for alkynylstannane cross-coupling is outlined in Scheme

6-27, where the organic electrophile and tin alkyne react to form acetylene using
a Pd catalyst. The mechanism is analogous to the Sonogashira cross-coupling, lack-
ing generation of the metal-alkyne (see Scheme 6-6a). Both oxidative-addition of
the organic electrophile to the Pd catalyst and the final reductive-elimination are
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thought to be faster than transmetallation [130] which, though still not well under-
stood, has been determined as the rate-limiting step [128].
Preparation of alkynyltin reagents is typically achieved by lithiation of the corre-

sponding terminal acetylene or by formation of the alkynyl Grignard reagent,
followed by transmetallation with trialkyltin chloride [127, 131]. This can be
done in the same pot before addition of the organic electrophile, or the typically
stable alkynylstannane can be isolated beforehand. Alternatively, the alkynyltin spe-
cies can be generated by reacting a terminal acetylene with R3SnNRl2 (R ¼ Me,
Bu; Rl ¼ Me,Et) [127]. Facile exchange of the trialkyltin with the terminal hydrogen
atom occurs; the resultant volatile amine is removed in vacuo and the residual
alkynyltin can then be reacted immediately.
The reactivity order for organic electrophiles is analogous to the Sonogashira

reaction (see Section 6.2.2.1), although organotriflates are in many cases more re-
active than organobromides if a suitable additive such as LiCl is added. The cross-
coupling of alkynylstannanes works well with vinyl- and aryl halides as well as
many interesting heteroaryl halides and organometallic halides. Table 6-11 illus-
trates examples of typical Stille reactions involving alkynyltins. A comprehensive
list of examples following the Stille protocol can be found in a 1997 review by
Farina [124b].
Typical catalysts used in the Stille cross-coupling are [Pd(PPh3)2Cl2], [Pd(PPh3)4],

[BnPdCl(PPh3)2], and [Pd(MeCN)2Cl2]. Various other catalysts and ligands have also
been employed, as shown in Table 6-11. Such catalysts include [Pd(dppf)Cl2],
[Pd2(dba)3], [Pd(dppb)Cl2], or [Pd(dppp)Cl2]. It has been reported that excess PPh3

actually slows down the coupling process, suggesting that coordinatively unsatu-
rated “[Pd(PPh3)2]” acts as the active catalyst, and unique Pd(II) species have
been used to facilitate its generation in situ [156]. To expand on this principle
the “ligandless catalyst” systems such as [(h3-C3H5PdCl)2], [Pd(MeCN)2Cl2], and
LiPdCl3 have shown higher TON values and cross-couplings at milder tempera-
tures than the typical Pd catalysts by generation of RPd(solvent)2 type complexes
in situ [157].
A number of newer catalyst systems have provided dramatic rate improvements

in the Stille reaction of alkynyltins with haloarenes. These include Farina’s tri(2-
furyl)phosphine used in conjunction with [Pd2(dba)3] or other Pd sources, as
well as AsPh3, which show rates of up to 103 times those of PPh3 [158]. A recently
described system is iminophosphine-Pd catalyst 72 prepared in two steps from 2-
diphenylphosphinobenzaldehyde (Scheme 6-28) [159]. Remarkable yield improve-
ments were seen over using tri(2-furyl)phosphine, dppp, or PPh3 as ligands for
the cross-coupling of alkynyltin 73 with iodoarene 74. Fu has also recently dis-
closed that P(tBu)3 with [Pd2(dba)3] efficiently catalyzes the reaction between alky-
nylstannanes and aryl bromides at room temperature [160].
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Table 6-11 Examples of Stille alkynyltin cross-couplings with organohalides.

Organohalide Alkynylstannane Conditions Yield
(%)

Ref.
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Organohalide Alkynylstannane Conditions Yield
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6.3.2
Organotriflates in the Stille Reaction

Organotriflates are important electrophiles in Stille reactions due to their simple
preparation from readily available phenols and ketones. Examples of alkynyltin
cross-couplings with organotriflates are listed in Table 6-12. The addition of Li
salts is typically necessary for a reaction to occur, with at least one equivalent of
LiCl giving the best results. It is hypothesized that the LiCl provides chloride as
a ligand for the Pd catalyst to facilitate the transmetallation step of the reaction
[161]. Vinyl and aryl triflates readily react under somewhat mild conditions in sol-
vents such as THF, NMP, dioxane, and DMF. The use of P(2-furyl)3, P(otol)3, and
AsPh3 ligands with [Pd2(dba)3] have increased product yields respectably [162].
Whereas the first two ligands required the use of LiCl, this additive was unneces-
sary with AsPh3, which gave good yields in its absence. When polar solvents such
as NMP are used, LiCl is again often unnecessary [124b]. Many other additives have
been used in the Stille procedure and have shown modest improvements in cross-
coupling rate and yield, and include stoichiometric ZnCl2 [158b], CuO [171], Ag2O
[171], Et4NCl [129b, 139], and catalytic CuI [172]. Transmetallation of the metal ions
with the Sn species or ligation of the halides to the catalyst is theorized as the rate-
improving process.
Alkynylstannanes can cross-couple with a variety of other functional groups

through the Stille reaction (Table 6-13). Coupling to acyl chlorides is a well-
known procedure under Stille conditions, and alkynylketones are afforded in re-
spectable yields. Other reports include alkynyltin cross-couplings with a-ha-
loethers, alkenyl(phenyl)iodonium salts, alkynyl halides, and allyl halides. Alkynyl-
stannanes have also been shown to cross-couple with iron halides through Stille
conditions effectively forming iron-carbon bonds.
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Organotriflate Alkynylstannane Conditions Yield
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[PdBn(PPh3)2Cl], Cul

Table 6-13 Unusual alkynyl Stille cross-couplings

Electrophile Stannane Conditions Yield
(%)

Ref.



6.3.3
Applications of the Stille Reaction

The use of alkynylmetals such as alkynylstannanes is an excellent method for the
preparation of functionalized terminal acetylenes, which is difficult through the
Sonogashira reaction and usually requires protection/deprotection steps [21, 84].
Since the alkynyltin is the reactive sp species under Stille conditions, cross-cou-
pling occurs solely at this position and not at the terminal acetylene (Figure 6-2).
Protection/deprotection steps can be avoided under Sonogashira conditions by
using acetylene gas, but a mixture of further cross-coupling and alkyne dimeriza-
tion products are seen, given that the terminal acetylene is the reactive species
under these conditions [180]. Ethynyltributylstannane is also a commercially avail-
able material, so its preparation is unnecessary.
Due to its mild coupling conditions and excellent chemoselectivity, the Stille

reaction has often been used for the synthesis of natural products. A remarkable
application of this nature was reported by Danishefsky in the synthesis of a dyne-
micin A system 75 (Scheme 6-29) [181]. After a number of failed Sonogashira
reactions of the terminal acetylene precursor 76, iodination of 76 and subsequent
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cross-coupling of iodoalkyne 77 with bis-stannylethylene 78 furnished an 80%
yield of 75. This route has proven to be a very resourceful method for construction
of cyclic enediyne systems.

6.4
Alkynylzinc Reagents

6.4.1
The Negishi Protocol

Alkynylzinc reagents typically show a higher intrinsic reactivity for cross-coupling
than alkynylstannanes, although the Sn derivatives show comparable reactivity
under newer sophisticated procedures. Alkynylzinc protocols, however, are still
less commonly used than either Sonogashira or Stille procedures. Although Zn
reagents display a higher nucleophilicity than Sn ones, reasonably good chemo-
selectivity is still observed [182]. Zn reagents are also easy to remove from the re-
action mixture due to their high water solubility. Like alkynylstannanes, alkynyl-
zincs can easily be used to provide terminal alkynes without the need for protec-
tion/deprotection steps (Figure 6-2) [180]. A major drawback to Zn reagents is
their high water and air sensitivity, which prevents isolation and storage and neces-
sitates strictly anhydrous conditions for their use. Alkynylzinc reagents, neverthe-
less, remain a powerful tool for C-C bond formation.
During the late 1970s, the Negishi group experimented with the Pd- and Ni-cat-

alyzed cross-coupling of a variety of organometal reagents [183]. During this course
of study, they found that alkynylzincs gave superior product yields and increased
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reaction rates over other alkynylmetals. Pd catalysts were also found superior to Ni.
The cross-coupling of organozinc reagents with organic electrophiles is now com-
monly referred to as the Negishi reaction. Al and Zr couplings are also often asso-
ciated with Negishi and will be discussed in a later section. Several reviews have
been written on the subject since its initial discovery [184]. Negishi established
the applicability of Zn to alkyne cross-coupling early on with a variety of substi-
tuted alkynylzinc reagents, which cross-coupled efficiently with aryl or vinyl halides
yielding the hetero-coupled products in good yields and with high selectivity [185]
(Scheme 6-30).
Alkynylzinc reagents are normally prepared in situ before the addition of catalyst

and organic electrophile from their alkynyllithium or alkynyl Grignard precursors
with anhydrous ZnBr2 or ZnCl2 at low temperature [184e]. Again, the most typical
Pd catalysts are [Pd(PPh3)4] and [Pd(PPh3)2Cl2], although in the case of the latter,
early reports often called upon reducing agents such as iBu2AlH for in-situ ge-
neration of the active Pd[0] catalyst. Other Pd catalysts showing higher activity
are [Pd(dppf)Cl2], [Pd(DPEphos)Cl2], and [Pd[P(2-furyl)3]2Cl2]. Pd catalysts were
shown to possess a slightly lower cross-coupling reactivity than Ni catalysts; how-
ever, they displayed remarkable improvements in yield and selectivity [184]. The
catalytic cycle for the Negishi reaction is analogous to that of the Stille, which pro-
ceeds through the standard cycle of oxidative-addition of the organic electrophile,
followed by transmetallation of the alkynylzinc species, and a final reductive elim-
ination to give the cross-coupled product (see Scheme 6-6).
The Negishi protocol should be considered over other alkynyl cross-couplings in

demanding situations where other methods have failed. In cases involving elec-
tron-withdrawing groups conjugated with the alkyne, alkynylzinc reagents have
been reported to proceed where typical Sonogashira procedures falter [184e]; how-
ever, a two- to three-fold excess of the alkynylzinc reagent is often needed to effec-
tively afford cross-coupling. Although early papers reported the cross-coupling to
proceed with only vinyl and aryl iodides or activated bromides, more recent proce-
dures include efficient cross-couplings with unactivated bromides, vinyl- and aryl
chlorides, acyl chlorides, triflates, and nonaflates. Also, addition of ZnCl2 as a
co-catalyst has been shown effectively to cross-couple aryl halides with terminal
alkynes [60, 186]. A variety of representative alkynylzinc cross-couplings is
shown in Table 6-14.
An exceptional example of the difference in reactivity between the Sonogashira

cross-coupling of terminal alkynes and the cross-coupling of alkynylzinc reagents
was recently demonstrated by Tobe in the synthesis of hexaethynylarene 79
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RX Alkynylzinc Conditions Yield
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(Scheme 6-31) [205]. The initial Sonogashira coupling of TMSA in refluxing THF
occurred at the more reactive iodo positions of arene 80, with no coupling observed
at the chloro positions. The slightly electron-withdrawing character of the alkyne
groups in the product 81 was enough to activate the C-Cl bond so that cross-cou-
pling was possible through Negishi conditions using 20 equiv. of alkynylzinc 82.
After four days in refluxing THF, hexaethynylarene 79 was isolated in 43% overall
yield for the two steps. It should be noted however, that the Sonogashira cross-cou-
pling using 5.2 equiv. of phenylacetylene with arene 80 did give 33% yield of tetra-
coupled product after two days under reflux.
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6.4.2
Alternative 1,3-Butadiyne Synthesis

The Negishi group has also employed organozinc chemistry for an alternative syn-
thesis of various conjugated 1,3-diynes [206]. The method involves initial cross-cou-
pling of an in-situ-generated alkynylzinc to the iodo position of (E)-dihaloethene 81
(Scheme 6-32) [206a]. Treatment of the resultant haloalkene 82 with base (BuLi for
X1 ¼ Cl, LDA for X1 ¼ Br) followed by ZnBr2 and addition of an organic electro-
phile with [Pd(PPh3)4] induces a second cross-coupling to give diyne 83. This
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method has the benefit of allowing no possibility for homo-coupled products such
as commonly seen under Cadiot-Chodkiewicz conditions (see Scheme 6-26) [106].

6.5
Alkynylboron Reagents

6.5.1
The Suzuki Reaction

The cross-coupling of organoboron reagents with organic electrophiles in the pres-
ence of a base and Pd catalyst is commonly known as the Suzuki reaction, and has
been established as a powerful tool for C-C bond formation over the past 20 years
[207]. Organoboron reagents show a number of advantageous properties over other
organometals [208]. Like organozincs, organoborons have a much lower toxicity
than organostannane reagents. In addition, they have the advantage of water and
air stability, so that isolation and storage is possible. Organoboron reagents tolerate
many functional groups, show insignificant effects due to steric hindrance, and are
easily separable from the reaction mixture.
Alkynylboranes are stronger Lewis acids than alkyl-, alkenyl-, or arylboranes, and

thus have been used for a number of synthetic transformations such as enantiose-
lective addition to enones [209] and aldehydes [210] to give propargylic alcohols,
Diels-Alder cycloadditions [211], enyne [212] and enynone [213] synthesis, and pre-
cursors to vinylboronates [207]. However, because alkynylboranes are easily hydro-
lyzed, they have been utilized far less in cross-coupling reactions because of the
base necessary for the transformation. Nevertheless, there have been a few recent
reports describing alkynylboron reagents which give cross-coupled products and
are stable under cross-coupling conditions. These reagents include alkynylborates,
alkynylborinates, alkynylboronic esters, and alkynyltrifluoroborates.

6.5.2
9-Alkynyl-9-BBN Cross-Couplings

Until recently, there had been only one report in 1979 of the successful use of
alkynylboron reagents in cross-coupling reactions (Table 6-15) [183]. Some 16
years later, the groups of Soderquist [214] and F�rstner [215] independently re-
ported that alkynylborates prepared from 9-methoxy-9-borabicyclo[3.3.1]nonane
(9-OMe-9-BBN) effectively cross-couple with a variety of bromoalkenes and -arenes
using a Pd catalyst under base-free conditions. Suzuki had previously described
success with the cross-coupling of 9-alkyl and 9-alkenyl-9-BBN derivatives pre-
pared by hydroboration of alkenes and alkynes under basic conditions [207]. The
active nucleophile is most likely the borate formed from reaction of the borane
and base. Soderquist and F�rstner avoided using basic conditions and the forma-
tion of the unstable alkynylborane by generating the more stable alkynylborate 84
in situ from alkynylmetals and 9-OMe-9-BBN (85) (Scheme 6-33). Addition of
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Table 6-15 Examples of Suzuki alkynylboron cross-couplings.

RX Alkynylboron Conditions Yield
(%)

Ref.
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RX Alkynylboron Conditions Yield
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[Pd(PPh3)4] or [Pd(dppf)Cl2] and a variety of bromoalkenes or arenes gave the cross-
coupled products in moderate yields (Table 6-15). The cross-coupling proceeds
mechanistically by the characteristic pathway of oxidative-addition, transmetalla-
tion, and reductive-elimination affording the product while regenerating the active
catalyst. Soderquist and coworkers have also developed alkynylborinates 86, de-
signed for cross-coupling, which allow easier isolation than their 9-BBN counter-
parts 84 [216].

6.5.3
Alkynyl(trialkoxy)borate Cross-Couplings

There have been a few reports of the successful Suzuki cross-coupling of alkynyl-
boronic esters and alkynyl(trialkoxy)borates. F�rstner and coworkers have cross-
coupled ethynyl(trimethoxy)borates with a variety of haloarenes in moderate yields
using Pd(dppf)Cl2 in refluxing THF (Table 6-15) [217]. The Colobert group later
described the in-situ formation of alkynyl(triisopropoxy)borates (87) from alkynyl-
lithium precursors, that cross-coupled with a variety of bromoarenes and alkenes
using Pd(PPh3)4 to give the internal acetylene products (Scheme 6-34; Table 6-15)
[218]. The group found the reaction to be quite solvent-dependent, with a 10:1
ratio of DME/THF affording the best results. The analogous alkynylboronic ester
isolated beforehand gave poorer yields. Oh and Jung similarly reported the cross-
coupling of 87 with bromo- and iodoarenes (Scheme 6-34) [219]. They found
that the lithium alkynyl(triisopropoxy)borates were quite stable upon work-up
and refrigerated storage for several months. Interestingly, they discovered that
CuI as a co-catalyst with [Pd(PPh3)4] in DMF increased product yields (Table 6-15).
Alkynyl(trimethoxy)borates have also been reacted with allyl carbonates by the
Deng group using [Ni(dppe)Cl2] as catalyst (Table 6-15) [220].
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6.5.4
Alkynyltrifluoroborate Cross-couplings

More recently, Molander et al. have reported that potassium alkynyltrifluoroborates
88 give moderate to good yields of hetero-coupled products with an array of aryl-
and heteroaryl halides and triflates (Scheme 6-35) [221]. Compounds based on
88 are prepared by reacting alkynyllithium reagents with 1.5 equiv. B(OMe)3, fol-
lowed by addition of 6 equiv. KHF2. These alkynylborates have the advantage of
air and moisture stability as well as increased atom economy. Careful control of sol-
vent, base, and catalyst was found necessary for the reaction with a 20:1 ratio of
THF :H2O, 3 equiv. Cs2CO3, and 9 mol% [Pd(dppf)Cl2] giving the best yields of
cross-coupled product (Scheme 6-35). Interestingly, these authors found the reac-
tivity order for the cross-coupling to be OTf i Br i I z Cl, which is quite different
from most cross-coupling reactions.

6.6
Alkynylsilicon Reagents

6.6.1
Alkynylsilane Cross-Couplings

Organosilicon reagents are readily available, inexpensive, and robust. Their use in
acetylene chemistry has classically been limited to protective groups for terminal
acetylenes (see Section 6.2.2.5). Indeed, alkynylsilanes are stable to the amine
base used in the Sonogashira reaction, and will not react under normal Pd-
mediated cross-coupling conditions due to the low polarization of the C-Si bond.
However, this bond can be activated by fluoride ion to effect cross-coupling
[222]. Alkynylsilanes have also been reported to efficiently cross-couple in the pres-
ence of additives such as Cu and Ag salts. The unique ability of alkynylsilanes to
serve both as a protective group and a cross-coupling reagent make them powerful
tools for the synthesis of unsymmetrical diarylacetylenes and extended p-electronic
molecules. The standard three-step process for making these systems using Sono-
gashira chemistry involving cross-coupling of TMSA, followed by protodesilylation,
then a final cross-coupling can be circumvented by this route, and one-pot reac-
tions are also possible.
Much of the organosilicon cross-coupling chemistry has been developed by

Hiyama, who reported the activation of alkenyl, allyl, and alkynyltrimethylsilanes
by fluoride ion in 1988 [223]. A slight excess of tris(diethylamino)sulfonium
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difluorotrimethylsilicate (TASF) provides a fluoride ion which forms pentacoordi-
nated silicate 89 from alkynylsilane 90. This new silicate easily undergoes transme-
tallation with Pd catalysts (Scheme 6-36). Cross-coupling occurs with an assort-
ment of haloarenes and alkenes in excellent yields (Table 6-16). This methodology
has the benefits of mild reaction conditions, low or no detectable diyne byproduct,
and good stereospecificity and regioselectivity.
More recently, alkynylsilanes were reported to cross-couple with aryl, alkenyl,

and alkynylhalides and triflates with catalytic CuCl and [Pd(PPh3)4] in DMF
[224]. Instead of activation of the alkynylsilane by fluoride ion, transmetallation
with Cu to form Cu-acetylide 91 is considered the activation step (Scheme 6-36).
Compound 91 then reacts as in the Sonogashira reaction, and consequently has
been referred to as the “sila-Sonogashira-Hagihara” coupling. A number of inter-
nal acetylenes were constructed by this tactic (Table 6-16). Hosomi has actually iso-
lated many of the Cu-acetylides formed from alkynylsilanes and CuCl, and has sub-
sequently applied these intermediates in the cross-coupling with acid chlorides
[225]. The reaction is also applicable to the synthesis of 1,3-diynes from aryl(chlor-
o)ethynes, which often fail under Cadiot-Chodkiewicz conditions [226]. Higher
yields were achieved in the absence of Pd catalyst for this procedure. By using
CuCl, Et3N, or Bu3N, and by substituting 1,3-dimethylimidazolidin-2-one (DMI)
for DMF, Marshall et al. were able to cross-couple alkynylsilanes with vinyl and
aryl halides [227]. They reported that, again, in the absence of Pd catalysts, higher
yields were obtained, with no homo-coupled alkyne as is seen in the presence of Pd
catalysts.
The cross-coupling of alkynylsilanes has also been achieved using Ag salts, as

demonstrated by Mori utilizing bis(TMS)alkynes with iodoarenes, Ag2O, and
[Pd(PPh3)4] (Table 6-16) [228]. Using a combination of AgI and TBAF with
[Pd(PPh3)4], Pale and co-workers were able to cross-couple a variety of alkynylsi-
lanes with vinyl triflates [229]. Silanes as bulky as TIPS efficiently reacted with
the vinyl triflates. Similarly, alkynylsilanols have been reported to hetero-couple
with iodoarenes using TBAF or Ag2O as additives [230]. The Nolan group has
also used their imidazolium ligands (see Table 6-3) to afford cross-coupling be-
tween TMS-acetylenes and bromo- and chloroarenes [231].
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6.6.2
One-Pot Two-Fold Cross-Couplings

The significance of the alkynylsilicon methodology is most aptly demonstrated in
one-pot reactions that would typically require two cross-coupling steps along with a
silane deprotection step. Sequential Sonogashira and CuCl activated cross-coupling
was reported by Nishihara and Hiyama [224]. This procedure is similar to the
method described previously using DBU as a base for silane deprotection (see
Scheme 6-17) [87]. Both cross-couplings proceed through Sonogashira conditions,
with a Cu-acetylide generated in each case.
In another one-pot reaction, sequential Stille and TSAF activated cross-coupling

were reported by Hiyama [234]. This procedure lacks any copper or amine base, so
is truly unlike the Sonogashira cross-coupling. Initial Stille coupling occurred at
the trimethylstannyl group of 92 with vinyliodide 93 giving intermediate 94 in
which the trimethylsilyl group is still intact (Scheme 6-37). Addition of TASF
and the second vinyliodide (95) then furnished asymmetrical alkyne 96 through
the above-mentioned silicate cross-coupling. An assortment of functionalized
dienynes was constructed by this method.
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Ag2O
[Pd(PPh3)4], THF

60 °C, 5 h
99 [228]

AgI, TBAF
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75 [229]

Ag2O
[Pd(PPh3)4], THF

60 °C, 2 h
78 [230]
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[Pd(PPh3)4], THF

60 °C, 2 h
90 [230]
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6.7
Alkynylmagnesium Reagents

Alkynylmagnesium and alkynyllithium reagents are typically used for the prepara-
tion of other alkynylmetals such as alkynylstannanes, -zincs, and -borons. Alkynyl-
magnesium reagents do however show a moderate reactivity for cross-coupling,
and in many cases their direct cross-coupling can be attempted before conversion
to further alkynylmetals such as alkynylzinc or tin. On the other hand, alkynyl-
lithium reagents are generally not applicable to metal-mediated cross-couplings.
Due to their high nucleophilicity, poisoning of the catalyst is typically seen and
palladate complexes such as [Li2Pd(CaCR)4] have been observed [235].
The Pd-catalyzed cross-coupling of alkynyl Grignard reagents was reported as

early as 1978 by the groups of Linstrumelle [236] and Negishi [183]. These reagents
effectively cross-couple with vinyl and aryl iodides at room temperature, displaying
an intrinsic reactivity which is nearly as high as other alkynylmetals such as those
containing Zn or Sn. The Hayashi group has recently reported alkynyl Grignard
reagents which efficiently cross-couple with aryltriflates in high yields at room tem-
perature [237]. The main drawback to alkynylmagnesium reagents is their low che-
moselectivity. Due to their high nucleophilicity, they show poor compatibility with
groups such as carbonyl and nitro; therefore, their general use in cross-coupling
reactions is somewhat limited. Alkynylmagnesium reagents do possess the bene-
fits that they are often commercially available, or are otherwise easily prepared.
Terminal alkyne synthesis is possible via this route, and the magnesium salt can
be easily removed from the reaction.
The cross-coupling of alkynyl Grignard reagents with vinyl iodides can be achiev-

ed in good yield at room temperature using [Pd(PPh3)4] as a catalyst (Table 6-17)
[236]. Stereoselectivities in this report were all greater than 97%. Lower – though
still acceptable – yields were reported when the cross-coupling was attempted with
aryl iodides at room temperature with the same catalyst [180, 183]. This procedure
has also been successfully employed with iodothiophenes for the synthesis of
antifungal and nematicidal agents [238]. Furthermore, using a Ni catalyst
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Table 6-17 Examples of alkynylmagnesium cross-couplings.

RX Alkynylmagnesium Conditions Yield
(%)

Ref.



[Ni(PPh3)2Cl2], a unique cross-coupling of alkynylmagnesium reagents with vinyl-
carbamates was reported to give enyne products in moderate yields [239].
More recently, excellent yields were reported in the cross-coupling of alkynyl

Grignard reagents with aryltriflates [237]. A catalyst screening was performed by
Hayashi with an array of phosphine and b-(dimethylaminoalkyl)phosphine-ligated
Pd catalysts [241]. Whereas typical phosphine ligands gave very low yields, near-
quantitative yields for alkynylmagnesium cross-couplings were achieved with
dichloro[(2-dimethylamino)propyldiphenylphosphine]palladium ([PdCl2(alaphos)],
97) (Scheme 6-38). Using this catalyst, the cross-coupling of Mg-acetylides is
highly selective for aryltriflates over aryl bromides. Phenylethynylmagnesium bro-
mide (98) cross-coupled selectively at the triflate position of 4-bromophenyl triflate
(99) giving 100 in 96% yield. Addition of 1 equiv. LiBr was found to give a slight
increase in yield. High yields of the cross-coupled product were also obtained with
sterically hindered aryl triflates and iodoarenes with the reactivity order established
I i OTf i Br (Table 6-17).
The cross-coupling of alkynylmagnesiums with haloalkynes to give unsymmetri-

cal butadiynes was reported in 1954 [243]. Alkynyl Grignard reagents in an Et2O
solution reacted with 1-iodoalkynes with either catalytic CuCl or CoCl to give the
hetero-coupled diynes in low to moderate yields.

6.8
Other Alkynylmetals

Superior alternatives or reactions complementary to the widely used Sonogashira
and related alkynylmetal cross-couplings have long been a synthetic goal, with
hopes to overcome some of the intrinsic problems of the previously mentioned
reactions and to provide a secondary coupling procedure for less-reactive electro-
philes. Therefore, a variety of other alkynylmetal reagents have been investigated
for potential cross-coupling capability. A screening of alkynylmetals in 1978 by
Negishi suggested that the most applicable metals may be limited to Zn, Sn, B
and, to a lesser extent, Al [183]. During the past 25 years, significant developments
in ligands, catalysts, and reaction conditions, among other variables, have enabled
efficient cross-coupling of several other alkynylmetals.
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Like boron, Group 13 organometallics such as alkynylaluminum reagents have
shown some promise for cross-coupling ability. In 1980, Oshima reported moder-
ate yields from the cross-coupling of alkynylaluminum reagents of the form
[RCaCAlEt2] with enol phosphates catalyzed by [Pd(PPh3)4] (Table 6-18) [244]. A
few years later, the same group described similar reagents providing alkynylke-
tones from acyl chlorides in an analogous procedure [245]. More recently, Blum
and Molander reported high yields from the cross-coupling of sodium tetraalkyny-
laluminates (101) with aryl bromides (Figure 6-3) [246]. The aluminates were easily
prepared from terminal alkynes and NaAlH4 and were usually air- and moisture-
stable solids, although isolation was not necessary. In-situ generation of 101 effec-
tively gave cross-coupled products from a variety of aryl bromides catalyzed by
[Pd(PPh3)2Cl2] in refluxing THF or DME. The reaction is chemoselective for the
bromo functionality, leaving triflates, carbonyl, and other sensitive groups un-
touched. Homo-dimerization of the alkyne, which typically plagues the Sonoga-
shira reaction, was also not observed.
Sarandeses has recently described another Group 13 organometallic species,

trialkynylindium (102), that efficiently cross-couples with aryl iodides, activated
aryl bromides and triflates, vinyl triflates, benzyl bromides, and acyl chlorides
(Table 6-18) [247]. The trialkynylindium species is prepared in situ from the corre-
sponding alkynyllithium or Grignard reagent and InCl3. All three of the groups
attached to the In center are transferable to the electrophile, so that only
0.34 equiv. of [(RCaC)3In] is required in the reaction. In most cases, excellent
yields of cross-coupled products are achieved with only 1 mol% [Pd(PPh3)2Cl2]
or [Pd(PPh3)4] catalyst, whereas more demanding electrophiles demonstrate better
yields using [Pd(dppf)Cl2].
Similar to alkynylsilicon, alkynylgermanium reagents are unreactive to cross-

coupling without some form of activation. In order to activate tetracoordinated ger-
mane, Kosugi et al. prepared 1-aza-5-germa-5-alkynylbicyclo[3.3.3]undecane 103a
[248]. Transannular coordination of the nitrogen to germanium was hoped to acti-
vate the organocarbagermatrane for cross-coupling. These alkynylgermanium re-
agents were prepared by hydrozirconation of triallylamine followed by transmetal-
lation with GeCl4 and further reaction of the resultant complex with alkynyllithium
or Grignard reagents. Compound 103a (R ¼ Ph) did indeed give a moderate yield
of cross-coupled product with 4-bromotoluene catalyzed by [Pd2(dba)3] and
PPh(otol)2, although elevated temperatures were required (Table 6-18). Expanding
on this concept, Faller later reported alkynylgermatranes 103b to cross-couple with
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iodoarenes if the complexes were activated toward transmetallation by TBAF [249].
The alkynylgermatranes were readily prepared from the corresponding alkynylger-
manium trichlorides. The best yields of hetero-coupled products with a variety of
substituted iodoarenes were achieved using the bulky 2-P(tBu)2-biphenyl ligand
with [Pd(dba)2] in refluxing THF with no detection of homo-coupled product. No
iodogermatrane was observed in the reaction mixture, while fluorogermatrane
and free iodide were, suggesting that either reductive elimination of a GeI complex
was not taking place or that a fluoride displaced the iodide after reductive-elimina-
tion.
Alkynylsilver reagents have been reported to cross-couple with organotriflates. As

mentioned earlier, Ag2O and AgI salts in combination with terminal alkynes or
alkynylsilanes and Pd catalysts (see Sections 6.2.2.4 and 6.6.1) gave moderate yields
of cross-coupled products [83, 228–230]. Pale has furthermore noted the generation
of Ag-acetylides beforehand, and their reaction to form cross-coupled products with
vinyl triflates, albeit in low to moderate yields (Table 6-18) [250]; however, by using
a large amount of [Pd(PPh3)4] (0.5 equiv.), yields were improved by 68%. Yields
were also very solvent-dependent and varied greatly by coupling reagents.
Alkynylmanganese reagents, similar in form to [RCaCMgX] and [RCaCZnX],

have also given high yields of cross-coupled product with an activated arylbromide
(Table 6-18) [251]. Among the variety of catalysts tried, [Pd(dppp)Cl2] was the only
catalyst to give good yields in the reaction. The group also observed a reversal of
typical cross-coupling reactivity (for the Ar-Ar cross-coupling), in that iodoarenes
were less reactive than bromoarenes.

6.9
Concluding Remarks

After a slow start, cross-coupling reactions to sp carbon atoms have experienced
rapid development over the past quarter-century. The key discovery in 1975 was
the use of palladium complexes to catalyze the reaction between a terminal acety-
lene and a haloarene. Since then, important advances have been made each decade,
with the 1980s and early 1990s devoted to exploration of alkynylmetal species, and
the late 1990s/early 2000s dedicated towards preparation of “hotter” catalysts pos-
sessing bulky, electron-rich ligands. What will the next 25 years hold for this field?
It is difficult to predict, especially as we still do not fully understand the mechan-
istic pathway(s) of the Sonogashira chemistry discovered over 25 years ago. One
thing is certain however: the modern synthetic methods described within this
chapter have helped to revolutionize the construction of sp-containing carbon-
carbon bonds in molecules, making the preparation of complex natural products,
important pharmaceuticals, and advanced organic materials a much simpler
process.
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6.10
Experimental Procedures

6.10.1
N,N-Dibutyl-3-[(triisopropylsilyl)ethynyl]-4-[4-(trimethylsilyl)-1,3-butadiynyl]aniline
(104)

A typical procedure for the Sonogashira cross-coupling of a terminal alkyne with
an iodoarene is depicted in Scheme 6-39 [252]. A round-bottomed flask was
charged with iodoarene 105 (5.11 g, 10 mmol), iPr2NH (100 mL), and THF
(50 mL). After degassing the solution by bubbling Ar for 30 min, (trimethylsilyl)-
butadiyne (106) (1.34 g, 11 mmol), [Pd(PPh3)4] (210 mg, 0.30 mmol), and CuI
(114 mg, 0.60 mmol) were added and the reaction stirred under a N2 atmosphere
at room temperature for 12 h. Upon completion, the mixture was concentrated in
vacuo and then diluted with CH2Cl2 (200 mL). This crude solution was filtered
through a thin cake of silica gel using CH2Cl2 and the solvent was removed in
vacuo. The resultant residue was purified by column chromatography on silica
gel (10:1 hexanes/CH2Cl2) to yield 104 (4.63 g, 92%) as a yellow oil.

6.10.2
Sonogashira Cross-Coupling of a Terminal Alkyne with a Bromoarene

Scheme 6-40 illustrates a typical procedure for the Sonogashira reaction between a
terminal alkyne and a bromoarene [253]. A round-bottomed flask was charged with
dibromoarene 107 (587 mg, 0.66 mmol), terminal alkyne 108 (655 mg, 1.7 mmol),
iPr2NH (50 mL), and THF (50 mL). After the solution was degassed by three
freeze-pump-thaw cycles, [Pd(PPh3)4] (38 mg, 0.03 mmol) and CuI (13 mg,
0.06 mmol) were added and the reaction mixture was heated at reflux under a
N2 atmosphere for 16 h. Upon completion, the reaction was cooled, concentrated
in vacuo, and diluted with CH2Cl2 (200 mL). The crude mixture was filtered
through a thin cake of silica gel using CH2Cl2 and the solvent was removed in
vacuo. The residue was purified by column chromatography on silica gel (3:1 hex-
anes/CH2Cl2) to yield 109 (857 mg, 86%) as a red gum.
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6.10.3
4-Methoxytolane (110)

A general procedure for the room-temperature cross-coupling of a terminal alkyne
with a bromoarene using a highly active catalyst system is shown in Scheme 6-41
[45b]. A Schlenk tube was charged with [Pd(PhCN)2Cl2] (12 mg, 0.03 mmol), CuI
(3.9 mg, 0.02 mmol) and [(tBu)3PH]BF4 (19 mg, 0.065 mmol), evacuated and
refilled with Ar (five cycles). Dioxane (1.0 mL), iPr2NH (166 mg, 1.2 mmol), 4-bro-
moanisole (127 mg, 1.0 mmol), and phenylacetylene (127 mg, 1.2 mmol) were
added, and the Schlenk tube was sealed and stirred at room temperature for 2 h.
Upon completion, the reaction mixture was diluted with EtOAc (5 mL), filtered
through a thin cake of silica gel using EtOAc, and purified by column chromato-
graphy on silica gel (1% Et2O in hexanes) affording 110 (201 mg, 96%) as a
brown solid.
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6.10.4
5-Triethylsilylpenta-2,4-diyn-1-ol (111)

Scheme 6-42 represents a general procedure for the Cadiot-Chodkiewicz reaction
between a terminal alkyne and a 1-bromoalkyne [107]. A flask was charged with
CuCl (6.0 mg, 0.06 mmol) and 30% aqueous BuNH2 (2.5 mL), forming a blue so-
lution. A few crystals of NH2OH·HCl were added to form a colorless solution con-
taining Cu(I) salt. TESA (505 mg, 3.6 mmol) was added to the solution, and the
yellow acetylide suspension was immediately cooled with an ice bath. 3-Bromo-
2-propyn-1-ol (112) (405 mg, 3.0 mmol) was added and the ice bath removed.
The reaction mixture was stirred at room temperature for 30 min, and more
NH2OH·HCl was added throughout to prevent the formation of a green or
blue solution. Upon completion, the product was extracted with Et2O (3 q

20 mL), dried (MgSO4), and concentrated in vacuo. The crude product was purified
by column chromatography on silica gel (9:1 hexanes/EtOAc) to give 111 (552 mg,
95%) as a light yellow oil.

6.10.5
1-Methoxy-3-(methoxymethyl)-2-(phenylethynyl)benzene (113)

A general Stille cross-coupling between an alkynylstannane and an aryl triflate is
shown in Scheme 6-43 [166]. A round-bottomed flask was charged with triflate
114 (150 mg, 0.50 mmol), LiCl (171 mg, 4.2 mmol), PPh3 (79 mg, 0.30 mmol),
[Pd(PPh3)2Cl2] (37 mg, 0.06 mmol), and DMF (4.5 mL). Tributyl(phenylethynyl)-
stannane (587 mg, 1.5 mmol) was added in two portions along with a crystal of
inhibitor (2,6-di-t-butyl-4-methylphenol). The reaction mixture was heated at
120 hC under an Ar atmosphere for 5.5 h. Upon completion, the reaction mixture
was cooled and diluted with H2O (25 mL) and Et2O (25 mL). The organic phase was
washed with 1.5 N HCl (6 q 20 mL), saturated KF solution (5 q 20 mL), and dried
(Na2SO4). The solvent was removed in vacuo and the resultant residue suspended
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in EtOAc and filtered. The crude material was purified by column chromatography
on silica gel (hexanes/EtOAc) to yield 113 (71 mg, 56%) as an oil.

6.10.6
2-Ethynyl-p-xylene (115)

A representative cross-coupling procedure of an alkynylzinc with an iodoarene by
the Negishi protocol is shown in Scheme 6-44 [180]. A solution of [HCaCZnBr]
was prepared by the reaction of [HCaCMgBr] (6.0 mL, 0.5 M solution in THF,
3.0 mmol) with dry ZnBr2 (675 mg, 3.0 mmol) dissolved in 5 mL THF in a
flame-dried, 50-mL round-bottomed flask. 2-Iodo-p-xylene (464 mg, 2.0 mmol)
and [Pd(PPh3)4] (115 mg, 0.1 mmol) were added under an Ar atmosphere, and
the reaction mixture was stirred at room temperature for 3 h. Upon completion,
the reaction was quenched with aqueous NaCl, extracted with Et2O, dried
(MgSO4), and concentrated in vacuo. Purification by column chromatography on
silica gel (hexanes) afforded 115 [254] (220 mg, 85%).

6.10.7
4-(1-Hexyn-1-yl)benzyl alcohol (116)

A representative Suzuki cross-coupling of a potassium trifluoroborate with a bro-
moarene is shown in Scheme 6-45 [221]. Potassium (1-hexyne-1-yl)trifluoroborate
(117) (94 mg, 0.50 mmol), 4-bromobenzyl alcohol (94 mg, 0.50 mmol),
[Pd(dppf)Cl2] · CH2Cl2 (36 mg, 0.045 mmol), and Cs2CO3 (489 mg, 1.5 mmol)
were added to a flask containing THF (5 mL) and degassed H2O (0.25 mL)
under Ar. The reaction mixture was heated at reflux for 12 h to completion, cooled,
and diluted with H2O (10 mL). The solution was extracted with Et2O, the organic
layer washed with 1 M HCl and brine, and then dried (MgSO4). The solvent was
removed under vacuum and the residue purified by column chromatography on
silica gel (3:1 hexanes/EtOAc) to give 116 (71 mg, 76%) as a colorless oil.
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6.10.8
4,4l -Bis(trifluoromethyl)tolane (118)

Scheme 6-46 demonstrates a general procedure for the synthesis of symmetrical
bisarylethynes by from iodoarenes and TMSA [88]. A flame-dried, round-bottomed
flask was purged with Ar and charged with [Pd(PPh3)2Cl2] (16.8 mg, 0.048 mmol),
CuI (15.2 mg, 0.080 mmol), and iodoarene 119 (218 mg, 0.80 mmol). The flask was
sealed with a rubber septum and dry, Ar-sparged benzene (4.0 mL) and DBU
(718 mL, 4.8 mmol) were added by syringe and the solution was purged by bubbling
Ar. Ice-chilled TMSA (57 mL, 0.40 mmol) and distilled H2O (5.8 mL, 0.32 mmol)
were then added and the reaction mixture stirred in the dark for 18 h. Upon com-
pletion, the reaction mixture was diluted with Et2O and H2O (50 mL each), the or-
ganic phase washed with 10% aqueous HCl (3 q 75 mL) and saturated aqueous
NaCl (75 mL), and dried (MgSO4). The solvent was removed in vacuo and the
crude product purified by column chromatography on silica gel (hexanes) to pro-
vide 118 (116 mg, 93%).

6.10.9
2-Bromo-6-(phenylethynyl)naphthalene (120)

Scheme 6-47 shows a representative procedure for the cross-coupling of alkynyl-
magnesium reagents with aryltriflates using a novel Pd catalyst [237]. To a mixture
of triflate 121 (71 mg, 0.20 mmol), dichloro[(2-dimethylamino)propyldiphenylpho-
sphine]palladium ([Pd(alaphos)Cl2], 97) (4.4 mg, 0.010 mmol), and LiBr (17.2 mg,
0.20 mmol) in Et2O (1 mL) was added (phenylethynyl)magnesium bromide (290 mL,
1.4 M, 0.4 mmol) in 2:1 Et2O/PhMe (3 mL) at room temperature. The reaction mix-
ture was stirred at 30 hC for 30 min to completion, quenched with H2O, and ex-
tracted with Et2O (100 mL). The organic phase was washed with saturated aqueous

384 6 Cross-Coupling Reactions to sp Carbon Atoms

F3C CF3

[Pd(PPh3)2Cl2]

118

IF3C
CuI, DBU

119

TMSA

93%

PhH, H2O

Scheme 6-46

OTf

Br

PhBrMg

121

Br

Ph

120

[Pd(alaphos)Cl2]

LiBr, Et2O, PhMe

95%

Scheme 6-47



NaCl (2 q 20 mL), dried (MgSO4), and concentrated under vacuum. The crude ma-
terial was purified by preparative TLC (silica gel, 3:1 hexanes/benzene) to give 120
(57 mg, 95%).
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Abbreviations and Acronyms

Ad adamantyl
alaphos (2-dimethylamino)propyldiphenylphosphine
BBN borabicyclo[3.3.1]nonane
Boc tert-butoxycarbonyl
BTEACl benzyltriethylammonium chloride
Cp* pentamethylcyclopentadienyl
Cy cyclohexyl
dba dibenzylideneacetone
DBA dehydrobenzoannulene
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane
DMA N,N-dimethylacetamide
DME 1,2-dimethoxyethane
DMF dimethylformamide
DMI 1,3-dimethylimidazolidin-2-one
DMSO dimethylsulfoxide
DPEphos Bis(2-diphenylphosphinophenyl) ether
dppb bis(diphenylphosphino)butane
dppe bis(diphenylphosphino)ethane
dppf bis(diphenylphosphino)ferrocene
dppp bis(diphenylphosphino)propane
HMPA hexamethylphosphoric acid triamide
LDA lithium diisopropylamide
MOM methoxymethyl
MW microwave
Nf nonafluorobutanesulfonyl (nonaflyl)
NHC N-heterocyclic carbene

3856.10 Experimental Procedures



NIS N-iodosuccinimide
NMP N-methylpyrrolidinone
OTf trifluoromethanesulfonate
otol ortho-tolyl
PEG polyethylene glycol
PPE poly(phenyleneethynylene)
PS polystyrene
ROMP ring-opening metathesis polymerization
r. t. room temperature
TAPS 3-[tris(hydroxymethyl)methylamino]-1-propanesulfonic acid
TASF tris(diethylamino)sulfonium difluorotrimethylsilicate
TBAF tetrabutylammonium fluoride
TBAI tetrabutylammonium iodide
TBAOAc tetrabutylammonium acetate
TBAOH tetrabutylammonium hydroxide
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
TEAI tetraethylammonium iodide
TESA triethylsilylacetylene
Tf trifluoromethanesulfonyl
THF tetrahydrofuran
THP tetrahydropyranyl
TIPS triisopropylsilyl
TIPSA triisopropylsilylacetylene
TMS trimethylsilyl
TMSA trimethylsilylacetylene
TOAI tetraoctylammonium iodide
TON turn-over-number
tppts triphenylphosphine trisulfonate trisodium salt

386 6 Cross-Coupling Reactions to sp Carbon Atoms

References

[1] Inter alia: (a) V. N. Kalinin, Synthesis
1992, 413–432; (b) R. Rossi, A. Car-
pita, F. Bellina, Org. Prep. Proced. Int.
1995, 27, 127–160; (c) L. Brandsma,
S. F. Vasilevsky, H. D. Verkruijsse,
Application of Transition Metal Cata-
lysts in Organic Synthesis; Springer-
Verlag: Berlin, 1997, pp. 179–225;
(d) E. Negishi, L. Anastasia, Chem.
Rev. 2003, 103, 1979–2017.

[2] (a) R. D. Stephens, C. E. Castro, J. Org.
Chem. 1963, 28, 2163; (b) R. D. Ste-

phens, C. E. Castro, J. Org. Chem.
1963, 28, 3313–3315.

[3] C. E. Castro, E. J. Gaughan,
D. C. Owsley, J. Org. Chem. 1966, 31,
4071–4078.

[4] R. G. R. Bacon, H. A. O. Hill,
Quart. Rev. 1965, 19, 95–125.

[5] J. Burdon, P. L. Coe, C. R. Marsh,
J. C. Tatlow, Chem. Commun. 1967,
1259–1260.

[6] R. E. Atkinson, R. F. Curtis, G. T. Phil-
lips, Chem. Ind. 1964, 2101–2102.



387References

[7] E. V. Tretyakov, D. W. Knight,
S. F. Vasilevsky, J. Chem. Soc., Perkin
Trans. 1 1999, 3713–3720.

[8] T. Ogawa, K. Kusume, M. Tanaka,
K. Hayami, H. Suzuki, Synth. Com-
mun. 1989, 19, 2199–2207.

[9] (a) K. Okuro, M. Furuune, M. Miura,
M. Nomura, Tetrahedron Lett. 1992,
33, 5363–5364; (b) K. Okuro,
M. Furuune, M. Enna, M. Miura,
M. Nomura, J. Org. Chem. 1993, 58,
4716–4721.

[10] D. Solooki, V. O. Kennedy,
C. A. Tessier, W. J. Youngs, Synlett
1990, 427–428.

[11] R. S. Coleman, R. Garg, Org. Lett.
2001, 3, 3487–3490.

[12] (a) D. Solooki, J. D. Ferrara,
D. Malaba, J. D. Bradshaw,
C. A. Tessier, W. J. Youngs,
Inorg. Synth. 1997, 31, 122–128;
(b) I. D. Campbell, G. Eglinton,
W. Henderson, R. A. Raphael,
Chem. Commun. 1966, 87–89.

[13] J. D. White, R. G. Carter, K. F. Sun-
dermann, M. Wartmann, J. Am.
Chem. Soc. 2001, 123, 5407–5413.

[14] (a) L. Cassar, J. Organomet. Chem.
1975, 93, 253–257; (b) H. A. Diek,
R. F. Heck, J. Organomet. Chem. 1975,
93, 259–263.

[15] (a) K. Sonogashira, Y. Tohda,
N. Hagihara, Tetrahedron Lett. 1975,
16, 4467–4470; (b) K. Sonogashira in
Handbook of Organopalladium Chem-
istry for Organic Synthesis (Ed.:
E. Negishi), Wiley: New York, 2002,
pp. 493–529; (c) K. Sonogashira,
J. Organomet. Chem. 2002, 653,
46–49; (d) R. R. Tykwinski, Angew.
Chem. Int. Ed. 2003, 42, 1566–1568.

[16] (a) C. Amatore, A. Jutand in Hand-
book of Organopalladium Chemistry for
Organic Synthesis (Ed.: E. Negishi),
Wiley: New York, 2002, pp. 943–972;
(b) C. Amatore, A. Jutand,
Acc. Chem. Res. 2000, 33, 314–321.
(c) C. Amatore, A. Jutand, F. Khalil,
M. A. M’Barki, L. Mottier, Organo-
metallics 1993, 12, 3168–3178;
(d) V. Grosshenny, F. M. Romero,
R. Ziessel, J. Org. Chem. 1997, 62,
1491–1500.

[17] (a) Q. Liu, D. J. Burton, Tetrahedron
Lett. 1997, 38, 4371–4374; (b) R. Rossi,
A. Carpita, C. Bigelli, Tetrahedron Lett.
1985, 26, 523–526; (c) A. Lei, M. Sri-
vastava, X. Zhang, J. Org. Chem. 2002,
67, 1969–1971.

[18] (a) R. Singh, G. Just, J. Org. Chem.
1989, 54, 4453–4457; (b) W. B. Austin,
N. Bilow, W. J. Kelleghan, K. S. Y. Lau,
J. Org. Chem. 1981, 46, 2280–2286.

[19] D. R. Coulson, Inorg. Synth. 1972, 13,
121–124.

[20] W. B. Wan, M. M. Haley, J. Org. Chem.
2001, 66, 3893–3901.

[21] S. Takahashi, Y. Kuroyama, K. Sono-
gashira, N. Hagihara, Synthesis 1980,
627–630.

[22] A. Kasahara, T. Izumi, I Shimzu,
M. Satou, T. Katou, Bull. Chem. Soc.
Jpn. 1982, 55, 2434–2440.

[23] K. Sanechika, T. Yamamoto, A. Ya-
mamoto, Bull. Chem. Soc. Jpn. 1984,
57, 752–755.

[24] R. Diercks, K. P. C. Vollhardt, J. Am.
Chem. Soc. 1986, 108, 3150–3152.

[25] T. Sakamoto, Y. Kondo, H. Yamanaka,
Chem. Pharm. Bull. 1985, 33, 626–
633.

[26] Q. Chen, Z. Yang, Tetrahedron Lett.
1986, 27, 1171–1174.

[27] T. Sakamoto, M. Shiraiwa, Y. Kondo,
H. Yamanaka, Synthesis 1983, 312–
314.

[28] T. L. Draper, T. R. Bailey, J. Org. Chem.
1995, 60, 748–750.

[29] D. E. Ames, M. I. Brohi, J. Chem. Soc.
Perkins. Trans. 1 1980, 1384–1389.

[30] T. Sakamoto, Y. Kondo, H. Yamanaka,
Chem. Pharm. Bull. 1982, 30, 2410–
2416.

[31] I. Mangalagiu, T. Benneche, K. Und-
heim, Acta Chem. Scand. 1996, 50,
914–917.

[32] M. J. Chapdelaine, P. J. Warwick,
A. Shaw, J. Org. Chem. 1989, 54,
1218–1221.

[33] D. Villemin, E. Schigeko, J. Organo-
met. Chem. 1985, 293, C10–C12.

[34] R. Rossi, A. Carpita, M. G. Quirici,
M. L. Gaudenzi, Tetrahedron 1982, 38,
631–637.

[35] G. C. Nwokogu, J. Org. Chem. 1985,
50, 3900–3908.



388 6 Cross-Coupling Reactions to sp Carbon Atoms

[36] T. Jeffery-Luong, G. Linstrumelle,
Synthesis 1983, 32–34.

[37] A. L�ffler, G. Himbert, Synthesis 1990,
125–126.

[38] V. Ratovelomanana, A. Hammoud,
G. Linstrumelle, Tetrahedron Lett.
1987, 28, 1649–1650.

[39] A. Arcadi, S. Cacchi, F. Marinelli,
Tetrahedron Lett. 1989, 30, 2581–2584.

[40] W.-M. Dai, J. Wu, Tetrahedron 1997,
53, 9107–9114.

[41] G. T. Crisp, Synth. Commun. 1989, 19,
307–316.

[42] L. Brandsma, H. G. M. van den
Heuvel, H. D. Verkruijsse, Synth.
Commun. 1990, 20, 1889–1892.

[43] F. Paul, J. Patt, J. F. Hartwig, J. Am.
Chem. Soc. 1994, 116, 5969–5970.

[44] K. Nakamura, H. Okubo, M. Yama-
guchi, Synlett 1999, 549–550.

[45] (a) T. Hundertmark, A. F. Littke,
S. L. Buchwald, G. C. Fu, Org. Lett.
2000, 2, 1729–1731; (b) M. R. Nether-
ton, G. C. Fu, Org. Lett. 2001, 3,
4295–4298.

[46] V. P. W. B�hm, W. A. Herrmann,
Eur. J. Org. Chem. 2000, 3679–3681.

[47] A. K�llhofer, T. Pullman, H. Plenio,
Angew. Chem. Int. Ed. 2003, 42,
1056–1058.

[48] J. Uenishi, K. Matsui, H. Ohmiya,
J. Organomet. Chem. 2002, 653,
141–149.

[49] M. Alami, B. Crousse, F. Ferri,
J. Organomet. Chem. 2001, 624,
114–123.

[50] (a) F. Jo�, �. Kath�, J. Mol. Catal. A
1997, 116, 3–26; (b) A. L. Casalnuovo,
J. C. Calabrese, J. Am. Chem. Soc.
1990, 112, 4324–4330; (c) N. A. Bu-
magin, L. I. Sukhomlinova, E. V. Luzi-
kova, T. P. Tolstaya, I. P. Beletskaya,
Tetrahedron Lett. 1996, 37, 897–900;
(d) M. Safi, D. Sinou, Tetrahedron Lett.
1991, 32, 2025–2028; (e) J. P. Genet,
E. Blart, M. Savignac, Synlett 1992,
715–717; (f) N. A. Bumagin, V. V. By-
kov, I. P. Beletskaya, Izv. Akad. Nauk.
Ser. Khim. 1990, 2665–2669.

[51] (a) H. Dibowski, F. P. Schmidtchen,
Tetrahedron Lett. 1998, 39, 525–528;
(b) H. Dibowski, F. P. Schmidtchen,
Angew. Chem. Int. Ed. 1998, 37,
476–478; (c) A. Hessler, O. Stelzer,

H. Dibowski, K. Worm, F. P. Schmidt-
chen, J. Org. Chem. 1997, 62, 2362–
2369; (d) H. Dibowski, F. P. Schmidt-
chen, Tetrahedron 1995, 51, 2325–
2330.

[52] (a) C. Yang, S. P. Nolan, Organo-
metallics 2002, 21, 1020–1022;
(b) A. C. Hillier, G. A. Grasa,
M. S. Viciu, H. M. Lee, C. Yang,
S. P. Nolan, J. Organomet. Chem.
2002, 653, 69–82.

[53] W. A. Herrmann, C.-P. Reisinger,
M. Speigler, J. Organomet. Chem.
1998, 557, 93–96.

[54] D. S. McGuinness, K. J. Cavell,
Organometallics 2000, 19, 741–748.

[55] J. A. Loch, M. Albrecht, E. Peris,
J. Mata, J. W. Faller, R. H. Crabtree,
Organometallics 2002, 21, 700–706.

[56] R. A. Batey, M. Shen, A. J. Lough,
Org. Lett. 2002, 4, 1411–1414.

[57] (a) W. A. Herrmann, C.-P. Reisinger,
K. �fele, C. Broßmer, M. Beller,
H. Fischer, J. Mol. Catal. A 1996, 108,
51–56; (b) W. A. Herrmann,
V. P. W. B�hm, C.-P. Reisinger,
J. Organomet. Chem. 1999, 576,
23–41.

[58] (a) D. A. Alonso, C. N�jera,
M. C. Pacheco, Tetrahedron Lett. 2002,
43, 9365–9368; (b) D. A. Alonso,
C. N�jera, M. C. Pacheco, Org. Lett.
2000, 2, 1823–1826.

[59] C. N�jera, J. Gil-Molt�, S. Karlstr�m,
L. R. Falvello, Org. Lett. 2003, 5,
1451–1454.

[60] M. R. Eberhard, Z. Wang, C. M. Jen-
sen, Chem. Commun. 2002, 818–819.

[61] M. A. De la Rosa, E. Velarde, A. Guz-
m�n, Synth. Commun. 1990, 20,
2059–2064.

[62] Z. Nov�k, A. Szab�, J. R�p�si,
A. Kotschy, J. Org. Chem. 2003, 68,
3327–3329.

[63] R. G. Heidenreich, K. K�hler,
J. G. E. Krauter, J. Pietsch, Synlett
2002, 1118–1122.

[64] Y. Mori, M. Seki, J. Org. Chem. 2003,
68, 1571–1574.

[65] (a) L. S. Bleicher, N. D. P. Cosford,
Synlett 1995, 1115–1116; (b) L. S. Blei-
cher, N. P. D. Cosford, A. Herbaut,
J. S. McCallum, I. A. McDonald,
J. Org. Chem. 1998, 63, 1109–1118.



389References

[66] R. W. Bates, J. Boonsombat, J. Chem.
Soc., Perkin Trans. 1 2001, 654–656.

[67] M. P. L�pez-Deber, L. Castedo,
J. R. Granja, Org. Lett. 2001, 3,
2823–2826.

[68] (a) M. Erd�lyi, A. Gogoll, J. Org. Chem.
2001, 66, 4165–4169; (b) P. Lidstr�m,
J. Tierney, B. Wathey, J. Westman,
Tetrahedron 2001, 57, 9225–9283;
(c) O. S. Miljanic, K. P. C. Vollhardt,
G. D. Whitener, Synlett 2003, 29–34.

[69] (a) G. W. Kabalka, L. Wang, V. Nam-
boodiri, R. M. Pagni, Tetrahedron Lett.
2000, 41, 5151–5154; (b) G. W. Ka-
balka, L. Wang, R. M. Pagni, Tetrahe-
dron 2001, 57, 8017–8028.

[70] S. Br�se, S. Dahmen, F. Lauterwasser,
N. E. Leadbeater, E. L. Sharp, Bioorg.
Med. Chem. Lett. 2002, 12, 1849–1851.

[71] Y. Uozumi, Y. Kobayashi, Heterocycles
2003, 59, 71–74.

[72] A. K�llhofer, H. Plenio, Chem. Eur. J.
2003, 9, 1416–1425.

[73] (a) M. R. Buchmeiser, T. Schareina,
R. Kempe, K. Wurst, J. Organomet.
Chem. 2001, 634, 39–46;
(b) M. R. Buchmeiser, Bioorg.
Med. Chem. Lett. 2002, 12, 1837–1840.

[74] M. Alami, F. Ferri, G. Linstrumelle,
Tetrahedron Lett. 1993, 34, 6403–6406.

[75] I. N. Houpis, W. B. Choi, P. J. Reider,
A. Molina, H. Churchill, J. Lynch,
R. P. Volante, Tetrahedron Lett. 1994,
35, 9355–9358.

[76] A. J. Boydston, M. M. Haley,
R. V. Williams, J. R. Armantrout,
J. Org. Chem. 2002, 67, 8812–8819.

[77] S. Thorand, N. Krause, J. Org. Chem.
1998, 63, 8551–8553.

[78] (a) J. A. Marsden, J. J. Miller,
M. M. Haley, Angew. Chem. Int. Ed.
2004, 43, 1694–1697; (b) D. V. Ko-
synkin, J. M. Tour, Org. Lett. 2001, 3,
993–995; (c) K. R. Buszek, Y. Jeong,
Synth. Commun. 1994, 24, 2461–2472;
(d) M. W. Miller, C. R. Johnson,
J. Org. Chem. 1997, 62, 1582–1583;
(e) N. A. Bumagin, A. B. Ponomarev,
I. P. Beletskaya, Bull. Acad. Sci. USSR
Div. Chem. Sci. 1984, 33, 1433–1438.

[79] (a) I. Saito, K. Yamaguchi, R. Nagata,
E. Murahashi, Tetrahedron Lett. 1990,
31, 7469–7472; (b) G. Galambos,
C. Sz�ntay Jr., J. Tam�s, C. Sz�ntay,

Heterocycles 1993, 36, 2241–2245;
(c) N. Sato, A. Hayakawa, R. Takeuchi,
J. Heterocyclic Chem. 1990, 27, 503–
506; (d) B. Nandi, N. G. Kundu,
Org. Lett. 2000, 2, 235–238;
(e) N. A. Powell, S. D. Rychnovsky,
Tetrahedron Lett. 1996, 37, 7901–7904.

[80] (a) V. Ratovelomana, G. Linstrumelle,
Synth. Commun. 1981, 11, 917–923;
(b) K. C. Nicolaou, T. Ladduwahetty,
I. M. Taffer, R. E. Zipkin, Synthesis
1986, 344–347.

[81] R. Boese, J. R. Green, J. Mittendorf,
D. L. Mohler, K. P. C. Vollhardt,
Angew. Chem. Int. Ed. Engl. 1992, 31,
1643–1645.

[82] (a) A. Mori, T. Shimada, T. Kondo,
A. Sekiguchi, Synlett 2001, 649–651;
(b) A. Mori, J. Kawashima, T. Shi-
mada, M. Suguro, K. Hirabayashi,
Y. Nishihara, Org. Lett. 2000, 2,
2935–2937.

[83] P. Bertus, P. Pale, Tetrahedron Lett.
1996, 37, 2019–2022.

[84] (a) Y. Zhao, K. Campbell,
R. R. Tykwinski, J. Org. Chem. 2002,
67, 336–344; (b) U. H. F. Bunz,
Chem. Rev. 2000, 100, 1605–1644;
(c) J. S. Moore, Acc. Chem. Res. 1997,
30, 402–413; (d) J. Zhang, J. S. Moore,
Z. Xu, R. A. Aguirre, J. Am. Chem. Soc.
1992, 114, 2273–2274; (e) K. P. Bald-
win, J. D. Bradshaw, C. A. Tessier,
W. J. Youngs, Synlett 1993, 853–855.

[85] D. A. Shultz, K. P. Gwaltney, H. Lee,
J. Org. Chem. 1998, 63, 4034–4038.

[86] M. M. Haley, S. C. Brand, J. J. Pak,
Angew. Chem. Int. Ed. Engl. 1997, 36,
836–838.

[87] For a recent review of alkyne homo-
couplings, see: P. Siemsen, R. C. Li-
vingston, F. Diederich, Angew. Chem.
Int. Ed. 2000, 39, 2632–2657.

[88] M. J. Mio, L. C. Kopel, J. B. Braun,
T. L. Gadzikwa, K. L. Hull, R. G. Bris-
bois, C. J. Markworth, P. A. Grieco,
Org. Lett. 2002, 4, 3199–3202.

[89] (a) Y. Tohda, K. Sonogashira, N. Ha-
gihara, Synthesis 1977, 777–778;
(b) M. L. Edwards, D. M. Stemerick,
P. S. Sunkara, J. Med. Chem. 1990, 33,
1948–1954; (c) A. J. Luxen,
L. E. E. Christiaens, M. J. Renson,
J. Organomet. Chem. 1985, 287, 81–85.



390 6 Cross-Coupling Reactions to sp Carbon Atoms

[90] C. Chowdhury, N. G. Kundu, Tetra-
hedron 1999, 55, 7011–7016.

[91] J. Wang, B. Wei, D. Huang, Y. Hu,
L. Bai, Synth. Commun. 2001, 31,
3337–3343.

[92] G. T. Crisp, A. I. O’Donoghue,
Synth. Commun. 1989, 19, 1745–1758.

[93] (a) K. C. Nicolaou, W.-M. Dai,
Angew. Chem. Int. Ed. Engl. 1991, 30,
1387–1416; (b) K. C. Nicolaou,
A. L. Smith in Modern Acetylene
Chemistry (Eds.: F. Diederich,
P. J. Stang), VCH: Weinheim, 1995,
pp. 203–283.

[94] (a) R. R. Jones, R. G. Bergman,
J. Am. Chem. Soc. 1972, 94, 660–661;
(b) T. P. Lockhart, P. B. Comita,
R. G. Bergman, J. Am. Chem. Soc.
1981, 103, 4082–4090.

[95] J. A. Porco Jr., F. J. Schoenen,
T. J. Stout, J. Clardy, S. L. Schreiber,
J. Am. Chem. Soc. 1990, 112,
7410–7411.

[96] M. Suzuki, M. Kambe, H. Tokuyama,
T. Fukuyama, Angew. Chem. Int. Ed.
2002, 41, 4686–4688.

[97] For recent reviews: (a) P. F.H. Schwab,
M. D. Levin, J. Michl, Chem. Rev.
1999, 99, 1863–1933; (b) J. K. Young,
J. S. Moore in Modern Acetylene
Chemistry (Eds.: F. Diederich,
P. J. Stang), VCH: Weinheim, 1995,
pp. 415–442; (c) J. M. Tour, Chem. Rev.
1996, 96, 537–553; (d) Topics in
Current Chemistry (Carbon Rich
Compounds II) (Ed.: A. de Meijere),
Springer: Berlin, 1999, vol. 201;
(e) R. R. Tykwinski, F. Diederich,
Liebigs Ann./Recueil 1997, 649–661.

[98] J.-S. Yang, T. M. Swager, J. Am. Chem.
Soc. 1998, 120, 5321–5322.

[99] T. C. Bedard, J. S. Moore, J. Am. Chem.
Soc. 1995, 117, 10662–10671.

[100] (a) O. Mongin, A. Gossauer, Tetra-
hedron Lett. 1996, 37, 3825–
3828. (b) O. Mongin, A. Gossauer,
Tetrahedron 1997, 53, 6835–6846.

[101] P. E. Eaton, D. St�ssel, J. Org. Chem.
1991, 56, 5138–5142.

[102] R. F. Curtis, J. A. Taylor, Tetrahedron
Lett. 1968, 9, 2919–2920.

[103] J. A. Miller, G. Zweifel, Synthesis
1983, 128–130.

[104] Y. Rubin, T. C. Parker, S. I. Khan,
C. L. Holliman, S. W. McElvany,
J. Am. Chem. Soc. 1996, 118,
5308–5309.

[105] B. Bartik, R. Dembinski, T. Bartik,
A. M. Arif, J. A. Gladysz, New J. Chem.
1997, 21, 739–750.

[106] (a) W. Chodkiewicz, P. Cadiot, Compt.
Rend. Hebd. Seances Acad. Sci. 1955,
241, 1055–1057; (b) W. Chodkiewicz,
Ann. Chim. Paris 1957, 2, 819–869; (c)
P. Cadiot, W. Chodkiewicz in Chem-
istry of Acetylenes (Ed.: H. G. Viehe),
Marcel Dekker: New York, 1969,
pp. 597–647.

[107] J. P. Marino, H. N. Nguyen, J. Org.
Chem. 2002, 67, 6841–6844.

[108] B. N. Ghose, Synth. React. Inorg.
Met.-Org. Chem. 1994, 24, 29–52.

[109] H. Hopf, N. Krause, Tetrahedron Lett.
1985, 26, 3323–3326.

[110] H. A. Stefani, P. H. Menezes,
I. M. Costa, D. O. Silva, N. Petragnani,
Synlett 2002, 1335–1337.

[111] H. Yun, S. J. Danishefsky, J. Org.
Chem. 2003, 68, 4519–4522.

[112] G. Zheng, W. Lu, J. Cai, J. Nat. Prod.
1999, 62, 626–628.

[113] D. Grandjean, P. Pale, J. Chuche,
Tetrahedron 1993, 49, 5225–5236.

[114] B. W. Gung, H. Dickson, Org. Lett.
2002, 4, 2517–2519.

[115] R. Ziessel, J. Suffert, Tetrahedron Lett.
1996, 37, 2011–2014.

[116] A. de Meijere, S. I. Kozhushkov,
Chem. Eur. J. 2002, 8, 3195–3202.

[117] M. L. Bell, R. C. Chiechi, C. A. John-
son, D. B. Kimball, A. J. Matzger,
W. B. Wan, T. J. R. Weakley,
M. M. Haley, Tetrahedron 2001, 57,
3507–3520.

[118] W. Steffen, M. Laskoski, G. Collins,
U. H. F. Bunz, J. Organomet. Chem.
2001, 630, 132–138.

[119] M. Alami, F. Ferri, Tetrahedron Lett.
1996, 37, 2763–2766.

[120] J. Alzeer, A. Vasella, Helv. Chim. Acta
1995, 78, 177–193.

[121] J. Wityak, J. B. Chan, Synth. Commun.
1991, 21, 977–979.

[122] G. C. M. Lee, B. Tobias, J. M. Holmes,
D. A. Harcourt, M. E. Garst, J. Am.
Chem. Soc. 1990, 112, 9330–9336.



391References

[123] C. Amatore, E. Blart, J. P. Gen	t,
A. Jutand, S. Lemaire-Audoire,
M. Savignac, J. Org. Chem. 1995, 60,
6829–6839.

[124] (a) J. K. Stille, Angew. Chem. Int. Ed.
Engl. 1986, 25, 508–524; (b) V. Farina,
V. Krishnamurthy, W. J. Scott, Org.
React. 1997, 50, 1–652; (c) T. N. Mit-
chell, Synthesis 1992, 803–815;
(d) T. N. Mitchell in Metal-catalyzed
Cross-coupling Reactions (Eds.:
F. Diederich, P. J. Stang), VCH:
Weinheim, 1998, pp. 167–202;
(e) M. Kosugi, K. Fugami in Hand-
book of Organopalladium Chemistry for
Organic Synthesis (Ed.: E. Negishi),
Wiley: New York, 2002, pp. 263–283.

[125] M. Pereyre, J.-P. Quintard, A. Rahm,
Tin in Organic Synthesis, Butter-
worths: London, 1987.

[126] (a) M. Kosugi, Y. Shimizu, T. Migita,
Chem. Lett. 1977, 1423–1424;
(b) M. Kosugi, Y. Shimizu, T. Migita,
J. Organomet. Chem. 1977, 129, C36–
C38; (c) M. Kosugi, K. Sasazawa,
Y. Shimizu, T. Migita, Chem. Lett.
1977, 301–302; (d)
D. Milstein, J. K. Stille, J. Am. Chem.
Soc. 1978, 100, 3636–3638.

[127] J. K. Stille, J. H. Simpson, J. Am.
Chem. Soc. 1987, 109, 2138–2152.

[128] J. W. Labadie, J. K. Stille, J. Am.
Chem. Soc. 1983, 105, 6129–6137.

[129] (a) T. Sakamoto, F. Shiga, A. Yasuhara,
D. Uchiyama, Y. Kondo, H. Yama-
naka, Synthesis 1992, 746–748;
(b) T. Sakamoto, A. Yasuhara,
Y. Kondo, H. Yamanaka, Chem.
Pharm. Bull. 1994, 42, 2032–2035.

[130] (a) A. L. Casado, P. Espinet,
A. M. Gallego, J. M. Martinez-Ilar-
duya, Chem. Commun. 2001, 339–340;
(b) A. L. Casado, P. Espinet,
A. M. Gallego, J. Am. Chem. Soc.
2000, 122, 11771–11782;
(c) A. L. Casado, P. Espinet, J. Am.
Chem. Soc. 1998, 120, 8978–8985.

[131] L. Brandsma, Preparative Acetylenic
Chemistry (2nd Ed.), Elsevier: Am-
sterdam, 1988.

[132] J. S. Xiang, A. Mahadevan, P. L. Fuchs,
J. Am. Chem. Soc. 1996, 118, 4284–
4290.

[133] G. Pri�, M. Abarbri, J. Thibonnet,
J.-L. Parrain, A. Duch	ne, New
J. Chem. 2003, 27, 432–441.

[134] C. Mukai, N. Miyakoshi, M. Hanaoka,
J. Org. Chem. 2001, 66, 5875–5880.

[135] A. E. Graham, D. McKerrecher,
D. H. Davies, R. J. K. Taylor, Tetra-
hedron Lett. 1996, 37, 7445–7448.

[136] P. Le M�nez, V. Fargeas, I. Berque,
J. Poisson, J. Ardisson, J. Org. Chem.
1995, 60, 3592–3599.

[137] E. Antonelli, P. Rosi, C. Lo Sterzo,
E. Viola, J. Organomet. Chem. 1999,
578, 210–222.

[138] X.-S. Ye, H. N. C. Wong, J. Org. Chem.
1997, 62, 1940–1954.

[139] T. Sakamoto, A. Yasuhara, Y. Kondo,
H. Yamanaka, Synlett 1992, 502.

[140] N. Minakawa, Y. Sasabuchi, A. Kiyo-
sue, N. Kojima, A. Matsuda, Chem.
Pharm. Bull. 1996, 44, 288–295.

[141] M. Kosugi, T. Sakaya, S. Ogawa,
T. Migita, Bull. Chem. Soc. Jpn. 1993,
66, 3058–3061.

[142] A. M. Boldi, J. Anthony, C. B. Knobler,
F. Diederich, Angew. Chem. Int. Ed.
Engl. 1992, 31, 1240–1242.

[143] M. Hirama, K. Fujiwara, K. Shigema-
tu, Y. Fukazawa, J. Am. Chem. Soc.
1989, 111, 4120–4122.

[144] D. E. Rudisill, J. K. Stille, J. Org. Chem.
1989, 54, 5856–5866.

[145] K. Miyawaki, F. Ueno, I. Ueda,
Heterocycles 2001, 54, 887–900.

[146] D. A. Siesel, S. W. Staley, Tetrahedron
Lett. 1993, 34, 3679–3682.

[147] R. Faust, B. G�belt, Tetrahedron Lett.
1997, 38, 8017–8020.

[148] Y. Ito, M. Inouye, M. Murakami,
Tetrahedron Lett. 1988, 29, 5379–
5382.

[149] Y. Rubin, C. B. Knobler, F. Diederich,
J. Am. Chem. Soc. 1990, 112, 1607–
1617.

[150] P. Le Floch, D. Carmichael, L. Ricard,
F. Mathey, J. Am. Chem. Soc. 1993,
115, 10665–10670.

[151] L. R. R. Wang, T. Benneche, K. Und-
heim, Acta Chem. Scand. 1990, 44,
726–732.

[152] K. Tamao, S. Yamaguchi, M. Shiro,
J. Am. Chem. Soc. 1994, 116, 11715–
11722.



392 6 Cross-Coupling Reactions to sp Carbon Atoms

[153] U. H. F. Bunz, V. Enkelmann,
J. R�der, Organometallics 1993, 12,
4745–4747.

[154] C. Lo Sterzo, J. K. Stille, Organome-
tallics 1990, 9, 687–694.

[155] S. L. Ingham, M. S. Khan, J. Lewis,
N. J. Long, P. R. Raithby, J. Organomet.
Chem. 1994, 470, 153–159.

[156] W. J. Scott, J. K. Stille, J. Am.Chem. Soc.
1986, 108, 3033–3040.

[157] I. P. Beletskaya, J. Organomet. Chem.
1983, 250, 551–564.

[158] (a) V. Farina, S. R. Baker, D. A. Be-
nigni, C. Sapino, Jr., Tetrahedron Lett.
1988, 29, 5739–5742; (b) V. Farina,
S. R. Baker, D. A. Benigni, S. I. Hauck,
C. Sapino, Jr., J. Org. Chem. 1990, 55,
5833–5847; (c) V. Farina, B. Krishnan,
J. Am. Chem. Soc. 1991, 113,
9585–9595.

[159] E. Shirakawa, H. Yoshida, H. Takaya,
Tetrahedron Lett. 1997, 38, 3759–3762.

[160] A. F. Littke, L. Schwarz, G. C. Fu,
J. Am. Chem. Soc. 2002, 124, 6343–
6348.

[161] (a) A. M. Echavarren, J. K. Stille,
J. Am. Chem. Soc. 1987, 109, 5478–
5486; (b) W. J. Scott, J. K. Stille, J. Am.
Chem. Soc. 1986, 108, 3033–3040;
(c) W. J. Scott, G. T. Crisp, J. K. Stille,
J. Am. Chem. Soc. 1984, 106, 4630–
4632.

[162] V. Farina, B. Krishnan, D. R. Marshall,
G. P. Roth, J. Org. Chem. 1993, 58,
5434–5444.

[163] R. A. Gibbs, U. Krishnan, J. M. Do-
lence, C. D. Poulter, J. Org. Chem.
1995, 60, 7821–7829.

[164] Y. Ogawa, M. Maruno, T. Wakamatsu,
Synlett 1995, 871–872.

[165] J. E. Baldwin, S. J. Bamford,
A. M. Fryer, M. P. W. Rudolph,
M. E. Wood, Tetrahedron 1997, 53,
5233–5254.

[166] J. M. Sa�, G. Martorell, A. Garc
a-
Raso, J. Org. Chem. 1992, 57, 678–
685.

[167] M. L. Falck-Pedersen, K. Undheim,
Acta Chem. Scand. 1998, 52, 1327–
1332.

[168] G. T. Crisp, S. Papadopoulos,
Aust. J. Chem. 1988, 41, 1711–1715.

[169] G. T. Crisp, S. Papadopoulos,
Aust. J. Chem. 1989, 42, 279–285.

[170] A. M. Gilbert, W. D. Wulff, J. Am.
Chem. Soc. 1994, 116, 7449–7450.

[171] S. Gronowitz, P. Bj�rk, J. Malm,
A.-B. H�rnfeldt, J. Organomet. Chem.
1993, 460, 127–129.

[172] (a) V. Farina, S. Kapadia, B. Krishnan,
C. Wang, L. S. Liebeskind, J. Org.
Chem. 1994, 59, 5905–5911;
(b) L. S. Liebeskind, R. W. Fengl,
J. Org. Chem. 1990, 55, 5359–5364.

[173] M. W. Logue, K. Teng, J. Org. Chem.
1982, 47, 2549–2553.

[174] P. Mazur, K. Nakanishi, J. Org. Chem.
1992, 57, 1047–1051.

[175] R. K. Bhatt, D.-S. Shin, J. R. Falck,
C. Mioskowski, Tetrahedron Lett. 1992,
33, 4885–4888.

[176] J. H. Ryan, P. J. Stang, J. Org. Chem.
1996, 61, 6162–6165.
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Carbometallation Reactions

Ilan Marek, Nicka Chinkov, and Daniella Banon-Tenne

7.1
Introduction

Since the first carbometallation reaction was discovered in the pioneering studies
of Ziegler and B�hr, and published in Berichte der Deutschen Chemischen Gesellschaft
in 1928 [1] (see Figure 7-1), an ever increasing number of additions of organome-
tallics to carbon-carbon multiple bonds has been reported. Excellent reviews and
chapters have been published in this field [2], but during the past decade consider-
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Figure 7-1 Facsimile of the original paper by Ziegler and B�hr in Berichte der Deutschen
Chemischen Gesellschaft, 1928.



able progress has been made and new families of organometallic derivatives have
been found to be useful for the carbometallation reactions.
A carbometallation reaction is defined by the addition of a carbon-metal bond of

an organometallic 1 across a carbon-carbon multiple bond 2, leading to a new
organometallic 3, in which the newly formed carbon-metal bond can be used for
further transformations (Scheme 7-1).

To be synthetically useful, the newly formed organometallic 3 must have a reac-
tivity different from that of 1 in order to avoid the polymerization of the carbome-
tallated product. Therefore, the carbometallation ability of 1 must be higher than
that of 3 at the exception of intramolecular carbometallation reactions.
By no means does this chapter aim at cataloguing all the examples recently pub-

lished, but will rather focus on the most prominent recent advances in this field,
both from our own and from other groups (from 1997 until the present time, since
previous carbometallation reactions were reported in the first edition) [3].

7.2
Carbometallation Reactions of Alkynes

7.2.1
Intermolecular Carbometallation Reactions

The past few years have seen an impressive number of successful intermolecular
carbometallation reactions of alkynes, which were previously largely restricted to
the carbocupration reactions [2a]. As an illustrative example, the addition of
vinyl and alkynyl Grignard reagents to propargyl alcohols 4 was reinvestigated
and found to be a powerful method for the preparation of metallated dienes in a
single-pot operation [4]. This reaction proceeds via the intermediate magnesium
chelate 5 (Scheme 7-2).
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R2 R3
R2

R1

R3

M
R1M +

1 2 3
Scheme 7-1
Definition of the carbometallation reaction.
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4a R = Me
4b R = TMS
4c R = Ph

C6H12, reflux

5    80%
   78%
   86%

Scheme 7-2 Addition of
vinylmagnesium chloride
to propargyl alcohols [4].



This addition, formally resulting from an anti-addition of the Grignard reagent
[5], is in contrast to the normal syn-addition usually observed [2]. This carbometal-
lation reaction was extended to the synthesis of enynes by addition of trimethyl-
silylethynylmagnesium chloride to various slightly activated propargyl alcohols,
such as 6 and 7 (Scheme 7-3).

The versatility and scope of this carbometallation was illustrated by the synthesis
of substituted furans, when the intermediate 5 was reacted with dimethylforma-
mide (Scheme 7-4) [6].

Although the chemical yields were modest in some cases, the sequence led
directly to the trisubstituted furans, in which four new bonds were created during
the reaction. This magnesium-mediated carbometallation reaction has been
extended to more complex systems in a straightforward manner, such as the A-B
ring building blocks of the taxanes (Scheme 7-5) [7].
An alternative to this magnesium-mediated carbometallation of alkynes is the

nickel-catalyzed addition of dialkylzincs to alkynes [8]. Remarkably, this addition
proceeds with complete syn-stereoselectivity and excellent regioselectivity (Scheme
7-6).
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Interestingly, not only dialkylzinc, but also diphenylzinc can be added to substi-
tuted phenylacetylenes. With silylated phenylacetylene, the opposite regioisomer is
obtained selectively, i. e., the organic group adds at the a-position to the phenyl ring
(Scheme 7-7) [9].
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It should be noted, that the successful introduction of methyl and phenyl groups
on the alkyne overcomes the main limitation of the carbocupration reaction [2a].
The carbozincation can also be efficiently applied to alkynes bearing heterocyclic
substituents. Thus, 2-thienyl-5-pyrimidinyl-, 2-pyridyl-substituted alkynes add
diethyl- or diphenylzinc with complete regio- and stereoselectivity; this affords,
after quenching with electrophiles, tri- or tetrasubstituted alkenes in good overall
yields [9].
The mechanism of the carbozincation can best be rationalized by assuming that

the zinc reagent R2Zn undergoes a transmetallation with Ni(acac)2 to generate an
alkylnickel species, RNi(acac). Then, after complexation with the substituted phe-
nylacetylene, a carbonickelation occurs affording the alkenylnickel intermediate 8
(Scheme 7-8). By a subsequent transmetallation reaction with RZn(acac), the car-
bozincation product 9 is obtained and the catalyst is regenerated.

The synthesis of diastereomerically pure oligosubstituted alkenes in a one-pot
operation was recently investigated by using the formation of sp2 gem-bismetallic
compounds [10]. If an internal chelation by a Lewis-base functional group is pos-
sible, the difference in reactivity of the two carbon-metal bonds toward two differ-
ent electrophiles leads to a unique geometrical isomer of the alkene (Scheme 7-9).
The internal chelation of the oxygen atom to the metal residue Zn1R in 10 de-

creases the reactivity of the latter toward the first electrophile (such as phenylsul-
fonyl halide or phenylsulfonyl cyanide), and thus the nonchelated metal Zn2R
reacts preferentially with this electrophile (Scheme 7-9) [11]. The reactivity of the
remaining metal Zn1R can be increased by transmetallation with an organocuprate
[10]. Recent computational studies have established that only zinc was present in
the bismetallic structure [12]. In the case of halozinc carbenoids (as 11 in Scheme
7-9), the alkylation of Zn1R requires higher temperatures and the corresponding
zinc carbenoid undergoes an interesting Fritsch-Buttenberg-Wiechell (FBW) rear-
rangement [13]. Indeed, chlorocarbenoids can act as common nucleophiles, as elec-
trophiles toward organometallic nucleophiles [14], but also as a source of alkyne via
the FBW rearrangement (Scheme 7-10).
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This rearrangement, known in the literature since 1894 [13], is used as an effi-
cient synthetic approach to alkynes, when the migrating group (R1 or R2) is a
hydrogen [15], a heteroatom [16] or an aryl moiety [17]. However, when R1 or R2

is an alkyl group, the yields of alkynes are very low (I10%) due to competitive
C-H insertion reactions [18].
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However, in the alkylidene zinc carbenoid 11, generated from the 1,1-dizincoalk-
ene 10, rearranges cleanly in 70% yield, just by warming the reaction mixture to
room temperature, into the disubstituted alkyne 12 (Scheme 7-11) [19].

The diastereoselectivity of the carbometallation step [20] was investigated by the
addition of a substituted allylorganometallic, such as crotyl zinc bromide (prepared
in situ by the addition of crotylmagnesium bromide to zinc bromide) across the
secondary metallated propargylic ether (Scheme 7-12) [19].
Whilst a moderate stereoselectivity is observed for the crotylmetallation of 13

(formation of 16 after hydrolysis with a diastereomeric ratio of 70:30), the replace-
ment of the tert-butoxy by a methoxy ethoxymethoxy group (OMEM), as in 14,
raises the diastereoselectivity to 92:8 with a 60% yield of 17 (Scheme 7-12). By
this carbometallation strategy, two stereogenic centers and a bismetallated exo-
methylene moiety were created with a rather good diastereoselectivity.

The question of the fate of a chiral sp3 carbon center as a migrating group in the
FBW rearrangement was then raised. To answer this question, 15a,b were treated
with PhSO2Cl, as described above (see Scheme 7-9), and the resulting carbenoids
18a,b (Scheme 7-13) were warmed to room temperature. A clean rearrangement
took place to lead to the enyne ethers 19 and 20 with the same diastereoselectivity
as was obtained for the intermediate 15a,b [19].
Starting from 15b (R1 ¼ MEM), the obtained ether 20 displays a 92:8 diastereo-

meric ratio, similar to the hydrolyzed product 17 (Scheme 7-12). From this study it
can be concluded, that the migration occurs with complete retention of configura-
tion of the migrating group. Moreover, by chemical correlations, it was also shown
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that the FBW rearrangement occurs via the zinc carbenoids with complete reten-
tion of configuration at the migrating atom. The last question which had to be
addressed was the identity of the migrating carbon. To examine further the migra-
tion of an a-heterosubstituted alkyl versus an allyl group, the labeled 21 was pre-
pared from a-tert-butoxyheptanal and 13CBr4 (Scheme 7-14). Then, 21 was con-
verted into 1-lithio-3-tert-butoxy-1-octyne by a first FBW rearrangement and was
submitted in situ to the carbometallation procedure to afford the vinylidene gem-
bismetallic species 22. By selective chlorination (see Scheme 7-9), the correspond-
ing chlorocarbenoid 23 was formed (as demonstrated by its hydrolyzed product 24)
and by just warming the mixture to room temperature, the second FBW rearrange-
ment occurred. A 13C-NMR study disclosed that only the enyne 25 was formed, in-
dicating the exclusive migration of that alkoxymethyne moiety which was located
trans to the chlorine in 23 (Scheme 7-14) [21].

However, this FBW rearrangement for zinc carbenoids strongly depends on the
migrating abilities of the groups, whatever the configuration of the carbenoid. Se-
lective migrations of the alkoxymethyne moiety were observed only in specific
cases [21].
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The allylmetallation of alkynes can also proceed with activated allylzirconocene
derivatives. The allylzirconium species, generated by hydrozirconation of allenes,
undergo regioselective a-addition to 1-alkynes in the presence of organoaluminum
reagents, among which methylaluminoxane (MAO) is particularly effective
(Scheme 7-15) [22]. Two regioisomers 26 and 27 were obtained in a ratio of 13:1.
MAO presumably abstracts the chlorine atom from the zirconium to form an

allylzirconocene cation, which coordinates the alkyne triple bond. The subsequent
migratory insertion is regioselective, as it is found that the new bond is mainly
formed between the a-carbon of the allylzirconium species and the internal carbon
of the terminal alkyne.
The regioselectivity of the reaction can be increased with the steric bulk of the

alkyne substituents (compare Schemes 7.15 and 7.16).

When 1-iodoalkynes are reacted with allylzirconocene chloride in the presence of
a catalytic amount of MAO, disubstituted alkynes are formed (Scheme 7-17) [23].
Although, at first sight, this might appear to be a simple substitution reaction,

the alkyne is, in fact, formed by a carbometallation reaction followed by a FBW
rearrangement of a zirconocene carbenoid intermediate. Evidence was provided
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by an experiment with a 13C-labeled iodoalkyne, showing that the naphthyl group
migrates during the reaction sequence (Scheme 7-18) [23].
Allylgallation reactions of silylalkynes or 1-alkynes were also found to take place

upon treatment of allylsilanes with GaCl3 at room temperature (Scheme 7-19) [24].
Although silylalkynes undergo self-dimerization in the presence of GaCl3 [25],

the regioselective cross-coupling reaction with allylsilanes is more rapid. Primary
and secondary aliphatic alkynes as well as aromatic alkynes, react similarly.

Unactivated terminal alkynes undergo efficient hydroallylation in a Markovnikov
sense upon treatment with allyl bromide and indium metal in THF at room tem-
perature, and subsequent hydrolysis [26].
Triallylmanganate and tetraallylmanganate also add to the triple bond of

propargyl and homopropargyl alcohols and derivatives to give monoallylated
products. Among several stoichiometric reagents such as allylmanganese chloride
[(allyl)MnCl)], diallylmanganese [(allyl)2Mn], triallylmanganate [(allyl)3MnMgCl]
and tetraallylmanganate [(allyl)4Mn(MgCl)2] with the methyl ether of 3-pentyn-1-ol,
tetraallylmanganate proved to be the best reagent in terms of yield (80% after
hydrolysis; Scheme 7-20) [27].
The allylmanganation of alkynes is oxygen-assisted, and classical dialkylalkynes

such as 6-dodecyne were completely recovered even after heating the mixture in
refluxing THF for 10 h.
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The treatment of allylic alcohols with a triallylmanganate also gave the allylated
products in good yields (particularly when HMPA was added as a co-solvent) [27].
However, the large excess of allyl groups necessary for the allylmanganation reac-
tion (three to four allyl moieties for one Mn salt), represents a major drawback of
this method. Hence, the mangano-catalyzed allylmagnesiation reaction was suc-
cessfully developed [27]. Treatment of an ethereal solution of the homopropargyl
ether 30 with 1.5 equiv. allylmagnesium bromide in the presence of 3 mol%
MnI2 for 3 h led to the monoallylated product 31 in 83% yield after hydrolysis.
The intermediary alkenylmagnesium compound could be trapped by electro-

philes such as allyl bromide or aldehydes. The syn addition of the allylmetal deri-
vative was also confirmed.
The transmetallation reactions between hexabutylditin and organomanganate

complexes were found to give the stannylmanganate derivative 32 (Scheme 7-22).
The resulting reactive mixed manganate [Bu3Sn(Me)3MnLi2] has proved to have
high trans-addition selectivity toward propargyl alcohols and gave the correspond-
ing Z-alkenylstannane 33 in 60% yield after hydrolysis. Deuterolysis of the reac-
tion mixture afforded the corresponding deuterated product 33 (Scheme 7-22) [28].

Though the intermediary stannylmanganate was successfully trapped with
CH3COOD, it could not be coupled with various other electrophiles, such as
allyl bromide; the only product that could be obtained was the methylated form
(probably from a reductive elimination with one of the methyl groups attached
to the manganese atom).
Silylmagnesiation [29] and phenylmagnesiation [30] of alkynes, catalyzed by

manganese(II) chloride, regio- and stereoselectively lead to the carbometallated
product by a syn addition.
The intermolecular carbolithiation reaction of alkynes is limited practically, as

the vinyllithium intermediates produced tend to isomerize easily. However, a
major improvement was recently found in that iron can catalyze the regio- and
stereoselective carbolithiation reaction of alkynes. Indeed, homopropargyl ethers
react with butyllithium and a catalytic amount of FeCl3 in Et2O or toluene to
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yield e. g. 34 as a single isomer and in excellent yield, as determined by its deuter-
olysis product (Scheme 7-23) [31].
The postulated vinyllithium intermediate 34 further reacted with electrophiles,

such as chlorosilanes, aromatic and aliphatic aldehydes, and even ketones to give
the tetrasubstituted functionalized alkenes as single isomers.
Recent computations have shown that the addition of tert-butyllithium (tBuLi) to

trichlorovinylsilane in the presence of alkynes leads to the corresponding silahe-
terocycles in a carbometallation-elimination sequence [32].
Several other metals can promote the carbometallation reactions of alkynes,

such as triphenylcarbenium tetrakis(pentafluorophenyl)borate (Scheme 7-24) [33].
[(C6H5)3C]

þ[B(C6F5)4]
– was found to be the catalyst of choice for the alkylzirconation

of alkynes, whereas the allylzirconation of 1-alkynes was promoted by the addition
of methylaluminoxane (MAO) (see Scheme 7-15).

Various alkyl groups on the alkylzirconium and alkyne can be combined, and the
regioselectivity is usually in favor of the branched products (Scheme 7-24). The
reaction was proved to be applicable to internal alkynes, giving trisubstituted
alkenes in high yields [34]. Carbozirconations, as the great majority of the synthe-
tically useful carbometallation reactions of alkynes, are syn-addition processes.
However, a novel strategy for achieving a net anti-carbometallation of homopropar-
gyl alcohols, and even some higher homologues, was disclosed. Specifically, treat-
ment of 3-butyn-1-ol with Me3Al and 25% of Cp2ZrCl2 in CH2Cl2 at 23 hC pro-
duced the expected syn-methylalumination product 35 [35]. Upon refluxing the re-
action mixture for 72 h, a complete reversal of the stereochemistry from i98% E
to i98% Z took place to produce, after iodinolysis, a 60% yield of vinyliodide 36
(Scheme 7-25) [35].
Similarly, 1- and 2-methyl-substituted homopropargyl alcohols were converted to

their Z isomers upon heating under reflux for 72 h. It is important to note that, in
the absence of the homopropargyl hydroxyl group, the E to Z isomerization does
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not occur. The isomerization of (E)-35 must therefore be chelation-controlled, and
an alternative Lewis acid-induced chelation-controlled reaction mode was
postulated (Scheme 7-26).

Substitution of the terminal alkynyl hydrogen by a Si or a Ge group not only
accelerates the stereoisomerization, but also expands the scope of the reaction: a
series of v-(trimethylsilyl)alkynols was treated under these carbometallation-iso-
merization conditions and the E/Z ratio was found to be dependent on the length
of the alkyl chain tethers (Scheme 7-27) [36].
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These results reinforce the view that the high E/Z ratios observed with the C4

and C5 v-alkynols must be chelation-controlled and involve the formation of six-
and seven-membered rings, respectively. This strategy was recently used for the
synthesis of stereo- and regio-defined isoprenoids, containing 1,5-diene moieties
[37]. The available data clearly indicate that the Zr-catalyzed carboalumination is
multi-mechanistic and that the mechanism strongly depends on a number of para-
meters, such as the nature of R of R3Al, the number and nature of other substitu-
ents and the solvent used [38]. Moreover, it has recently been shown that the reac-
tion with Et3Al and Cp2ZrCl2 proceeds via cyclic intermediates and produces cyclic
products (Scheme 7-28) [39].

During the past decade, carbometallation reactions with dialkylzirconocene
complexes have undergone a tremendous evolution. These achievements have
triggered an avalanche of interest and many elegant applications described in
the literature corroborate the notion that zirconocene-based syntheses of complex
targets may clearly outperform more conventional approaches. In this chapter,
only basic knowledge will be provided, and readers interested in this field will
find a comprehensive overview in a recently published book [40]. In situ-generated
dialkylzirconocenes such as Cp2Zr(nBu)2, Cp2ZrEt2 and Cp2Zr(tBu)(iBu) are ther-
molyzed to afford zirconocene-alkene complexes. In the cases of Cp2Zr(nBu)2
and Cp2Zr(tBu)(iBu), the generated Cp2Zr-alkene complexes tend to act as a
“Cp2Zr” equivalent, since the initially generated alkene is often replaced by another
p-bond-containing compound. In the presence of alkynes, complexes of the latter
can be formed (Scheme 7-29) [41].

On the other hand, Cp2Zr(ethylene), generated from Cp2ZrEt2, can serve as a
building block, as the ethylene moiety is often incorporated in the final organic
products [41]. Moreover, Cp2Zr(ethylene) is also a very useful reagent for the pre-
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paration of unsymmetrical zirconacyclopentadienes, as two different alkynes can
be coupled selectively via zirconacyclopentenes 37 (Scheme 7-30).
The regiochemistry of the alkyne can be controlled by the nature of the substi-

tuents. With a trimethylsilyl-substituted alkyne, the trimethylsilyl groups are
placed in a-positions of zirconacyclopentadienes with excellent selectivity. With a
phenyl-substituted alkyne, regioselective reactions are usually observed, although
in some cases, a mixture of isomers may be formed (Figure 7-2) [41].

Zirconacyclopentadienes 38 as well as zirconacyclopentenes 37 react selectively
with electrophiles, with or without a transmetallation step, to give, in a single-
pot operation, functionalized dienes (Scheme 7-31) [42].
The reaction of a zirconacyclopentadiene with a third alkyne leads, in the pres-

ence of a stoichiometric amount of NiBr2(PPh3)2, to a single hexasubstituted ben-
zene derivative (Scheme 7-32) [52].
Zirconacyclopentenes also react selectively with electrophiles, with loss of ethy-

lene, to give functionalized molecules (Scheme 7-33).
As for low-valent zirconocene complexes, the generation of divalent titanium

complexes and their utilization for intermolecular carbometallation reactions of
alkynes has also attracted considerable interest over the past few years. Major
aspects have been summarized in a recent monograph [40], and only a few repre-
sentative examples will be described in this chapter. Several divalent titanium com-
plexes have been widely used for this purpose and among these complexes, (h2-pro-
pene)Ti(OiPr)2 39, readily prepared from Ti(OiPr)4 and 2 equiv. of isopropylmagne-
sium halide has been found recently to be of significant practical value. Syntheti-
cally useful reactions, mediated by 39 can be classified into two categories: (1) the
generation of titanium-alkyne complexes and further synthetic applications
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(Scheme 7-34, path A), including the intramolecular nucleophilic acyl substitution
reaction of unsaturated esters; and (2) the generation of propargyl- or allenyltita-
niums and their use as propargylating (or alternatively allenylating) reagents
(Scheme 7-34, path B).
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Most of the cases described in path A of Scheme 7-34 referred to the treatment of
an internal alkyne 40 with 39 to give the corresponding titanacyclopropene 41,
which reacts in situ with a variety of electrophiles, including two different electro-
philes in consecutive order (Scheme 7-35).

Hydrolysis (deuteriolysis) of the titanium-alkyne complex 41 provides the corre-
sponding alkene (1,2-deuterioalkene) exclusively with the cis configuration, thus
providing a convenient one-pot method for preparing cis-1,2-dideuterioalkenes
from acetylenic derivatives [56].
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The titanium-alkyne complexes react with aldehydes, ketones [57] and imines
[58] to afford oxa- and azatitanacycles, respectively (Scheme 7-36).
The titanium-carbon bond remaining in the oxa- and azatitanacycle inter-

mediates can react with one more electrophile (Eþ). For a titanium complex
arising from any unsymmetrical alkyne, the reaction may form two regio-
isomers. Representative examples for the reactivity of unsymmetrical alkyne are
given in Scheme 7-37 [40].

The titanium-alkyne complexes generated from an E- or Z-enyne and 39 react
with aldehydes, ketones, and imines at the remote olefinic carbon in a regioselec-
tive and stereoselective manner to give the corresponding allenyltitanium com-
pounds which, upon hydrolysis, afford allenes regio- and stereoselectively (Scheme
7-38) [59].
Although terminal alkynes per se do not form stable titanium-alkyne complexes

in reactions with 39, terminal alkynes having a keto carbonyl group at the g- or
d-position in reactions with 39 and subsequently with electrophiles form 2-methy-
lenecyclobutanols and -cyclopentanols apparently via titanium complexes of the
respective alkynes (Scheme 7-39) [60].
In addition to the above electrophiles, the alkyne-titanium complexes react regio-

selectively with other acetylenes, providing the corresponding titanacyclopenta-
dienes [61]. Especially noteworthy is the highly regioselective cross-coupling
reaction of unsymmetrical and terminal acetylenes, which is illustrated in Scheme
7-40 [62].
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Titanacyclopentadiene intermediates, generated from two unsymmetrical acety-
lenes, have been shown to react with ethynyl p-tolylsulfone to afford an aryltita-
nium compound (Scheme 7-41) [63].
It should be noted that the reaction achieved a highly chemo- and regioselective

trimerization of three different unsymmetrical alkynes. The reaction also opens up,
for the first time, a direct synthesis of aryltitanium compounds from three acety-
lenes and a metal constituent.
Titanium-alkyne complexes react with propargyl carbonates via a regioselectively

formed titanacycle, with subsequent b-elimination. The reaction, therefore, pro-
vides a convenient method for the preparation of titanated vinylallenes, which un-
dergo facile, unidirectional electrocyclization to give cyclobutene derivatives under
extremely mild reaction conditions (Scheme 7-42) [64].
The p-alkynyltitanium intermediates, shown in the schemes described above,

have a highly strained titanacyclopropene structure, and the relief of the strain

414 7 Carbometallation Reactions

CO2t-Bu

C6H13 C6H13

Ti(OiPr)2

CO2tBu

C6H13

H13C6

SO2Tol

CO2tBu
TiX3H13C6

C6H13

PhCHOI2H+(D+)

CO2tBu
IH13C6

C6H13

CO2tBu
H(D)H13C6

C6H13

H13C6

C6H13

O

Ph

O

+
39

X3 = (OiPr)2(O2STol)

98%D

57% 56% 49%

Scheme 7-41 Chemo- and
regioselective formation of an
aryltitanium compound and its
further reactions with electro-
philes [63].

Bu

Bu

Ti(OR)3

Bu

Bu

OCO2Et

•
Ti(OR)3

Bu
Bu

Bu Bu
H(D)

Bu Bu
Ti(OR)3

H+(D+)

39

–50 °C

–50 °C  r. t.

or even 0 °C!
47%

(97% D)

Scheme 7-42 Formation of
cyclobutene derivative via a
titanated vinylallene [64].



by an intramolecular nucleophilic acyl substitution reaction is a powerful method
for the preparation of functionalized metallated carbocycles (Scheme 7-43) [65].
An elegant application was recently reported with the synthesis of allopumilio-

toxin 267A; this is one component of the toxic skin secretion of certain neotropical
frogs, and displays significant cardiotoxic activity (Scheme 7-44) [66].
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The titanium-propene complex 39 reacts with propargyl alcohol derivatives to
provide synthetically useful propargyl- or allenyltitanium compounds. The reaction
of 39 with secondary propargyl phosphates and tertiary propargyl carbonates
(Scheme 7-45) proceeds with excellent stereoselectivity, and although the sense
of stereoselectivity differs in the two cases, it provides a practical and general
method for synthesizing enantiomerically enriched chiral allenyltitaniums, starting
from easily accessible optically active propargyl alcohol derivatives [67].

7.2.2
Intramolecular Carbometallation Reactions

The enantioselective deprotonation of carbamate esters from primary alkanols with
the chiral base s-butyllithium/(–)-sparteine and the subsequent stereoselective elec-
trophilic substitution of the carbanionic intermediate by external electrophiles re-
presents a powerful tool for the synthesis of enantioenriched secondary alkanols
[68]. An extension of this method is the employment of carbon-carbon multiple
bonds as internal electrophiles, corresponding to an intramolecular carbolithiation.
Therefore, the combination of the concepts of enantioselective deprotonation (path
A, Scheme 7-46) and intramolecular carbolithiation (path B, Scheme 7-46) has led
to an increasing interest in the synthetic community [69].
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When 6-phenyl-5-hexynyl carbamate 42 was deprotonated enantioselectively
with s-BuLi/sparteine at –78 hC, followed by the carbocyclization step, a mixture
of the starting material 42, the allene 43, and the desired cyclopentane 44 was ob-
tained in moderate yield (Scheme 7-47).

The low yield of 44 is due to the relatively high acidity of the propargylic protons
at C4 competing with the kinetic acidity of the activated protons at C1 a. to the car-
bamate moiety. However, following previous observations [70], the blocking of the
deprotonation in the propargylic position could be achieved by the introduction of a
large substituent, such as N,N-dibenzylamino, trityloxy, or silyloxy groups and with
the use of a sterically hindered base, such as sBuLi/sparteine. Therefore, racemic
and chiral 45, 46 and 47 were prepared for this study [71] (Scheme 7-48).
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The enantioselective deprotonation of chiral 45–47 and the carbocyclization re-
action were performed using the above-mentioned conditions, and the correspond-
ing cis-2,5-disubstituted alkylidenecyclopentanes 48–50 were obtained in diastereo-
merically pure form as single products in good yields (see Scheme 7-48). The dia-
stereomeric ratios of the functionalized cyclopentanes 48–50 directly corresponded
to the enantiomeric ratios (e. r. ¼ 99:1 to 95.5 for 45, 46 and 47, respectively) of
each individual cyclization precursor 45, 46, and 47 [71]. Nevertheless, since only
the (S)-configured precursors were cyclized in the presence of the chiral ligand
(–)-sparteine, the enantiomeric (R)-configured precursor ent-46 was also prepared
and submitted to this enantioselective deprotonation-carbometallation sequence
(Scheme 7-49).

Under these standard conditions, the trans-disubstituted benzylidene cyclopen-
tane 49 was obtained in quantitative yield. Thus, the chiral base sBuLi/sparteine
selectively abstracts the pro-S-proton independently of the configuration of the pro-
pargylic stereocenter. The very high diastereoselectivity observed was rationalized
with a chair-like transition state, in which 1,3-diaxial interactions play a primordial
role (Scheme 7-50).
When this enantioselective deprotonation-carbometallation protocol was applied

to trimethylsilyl-substituted alkyne derivatives such as 51, the cis-2,5-disubstituted
methylenecyclopentane derivative 52 was obtained in 70% yield with a d. r. i95/5
(e. r. of 51 ¼ 99/1). Thus, 52 is formed by an intramolecular reaction of the vinyl-
lithium on the carbamic ester group (OCby) (Scheme 7-51).
The 5-exo-dig carbocyclization reaction of alkynylalkylcarbamates was also per-

formed on enantiomerically enriched a-lithiated 4-substituted 5-hexynyl carbamate
53. Indeed, the lithiodestannylation of 53 (1S,4R,S) with nBuLi at low temperature,
followed by the asymmetric 5-exo-dig ring closure provided the cis- and trans-cycli-
zation products in a ratio of 50:50 after substitution with different electrophiles
(Scheme 7-52) [72].
All cis- and trans-2,5-disubstituted methylenecyclopentane derivatives 55 to 57

were isolated with high enantiomeric excesses, and the two diastereomers were
easily separated by flash chromatography. 5-Exo-dig cyclization usually proceeds
in a syn-addition across the alkyne, but in this case, a formal anti-addition was ob-
served.
In light of the facile 5-exo-dig cyclization of simple acetylenic alkyllithiums [3],

the 5-exo-cyclization of a tethered benzynylalkyllithium was investigated [73].

418 7 Carbometallation Reactions

Ph
OTr

OCby

Et2O
OCby

Ph

TrO

ent-46 (e. r. = 5/95) trans-49 (d. r. = 5/95)

sBuLi, (−)-sparteine

99%

Scheme 7-49 Enantioselective deprotonation-carbometallation sequence applied to the (R)-en-
antiomer of 46 (see Scheme 7-48) [71].



4197.2 Carbometallation Reactions of Alkynes

PGO

H

Ph
Li

H

O NR2

O

OCby

Ph

PGO

Li

H

H

PGO Ph

O
NR2

O
H O

NR2

Ph

H

Li

OPG

H

H

O

NR2

Ph

H

Li

H

PGO

H
Li

H

H

Ph

O
NR2

O

OPG

O

H

RN2

O

H

PGO

Ph
Li

4R

4S

OCby

Ph

PGO

OCby

Ph

PGO

*
sBuLi, sparteine

Et2O, –78 oC

1,3-diaxial interaction

1,3-diaxial interaction

5-exo-dig syn-addition

MeOH, 

–78 oC to r. t.

trans

5-exo-dig syn-addition

cis

MeOH, 

–78 oC to r. t.

Scheme 7-50 Mechanism of the carbocyclization [71].

SiMe3

OCby

Bn2N
OBn2N

LiMe3Si
N

O

O

OHBn2N

OCbyMe3Si

(e. r. = >99:1)

1) enantioselective 
    deprotonation
2) 5-exo-dig
    syn addition

intramolecular
C-carbamoylation

(d. r. = > 95/5)

70%

51

52

Scheme 7-51 Deprotonation-carbamoylation sequence of a TMS-substituted alkyne.



This new five-step, one-pot synthetic sequence was used for the preparation of 4-
substituted indanes by cyclization of the tethered 3-benzynylpropyllithium deriva-
tive (Scheme 7-53).
The rapid lithium-iodine exchange on 3-(2l-fluorophenyl)propyl iodide was

easily accomplished by the classical procedure [74], and in order to avoid the self-
lithiation by intermolecular proton transfer between two molecules of 3-(2-fluoro-
phenyl)propyllithium 58, an equimolar quantity of THF was added in the second
step. Thus, the hydrogen-lithium exchange occurs to give the ortho-lithiated prod-
uct, and by loss of LiF, the tethered benzenylpropyllithium was formed. A 5-exo-
dig-cyclization gives the corresponding 4-indanyllithium (Scheme 7-53). Isomeri-
cally pure 3-substituted benzocyclobutenes or 5-substituted tetralins were obtained
from the corresponding a-(2-fluorophenyl)v-iodoalkane involving the same five-
step, one-pot procedure with the 4- or 6-exo-cyclization of a tethered benzenylalk-
yllithium [73]. An extension of this methodology was recently described for the pre-
paration of regioselectively substituted functionalized heterocyclic derivatives [75].
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The reaction of N-(2-bromoallyl)-N-methyl-2-fluoroaniline 59 with an excess of tert-
butyllithium in THF at low temperature and further treatment with different elec-
trophiles gave the 4-functionalized 1,3-dimethylindoles 60 in moderate to good
yields (Scheme 7-54).

The mechanism can be formulated as a sequence of: (1) halogen-metal exchange
with formation of N-(2)-lithioallylamines; (2) ortho-metallation with respect to the
fluorine with the additional equivalents of tBuLi; (3) elimination of LiF to produce
the benzyne intermediate; (4) carbocyclization to give the C(4)-lithiated 3-methyle-
neindoline derivative; (5) functionalization with different electrophiles; and (6) iso-
merization of the indoline to the functionalized indole on work-up. Several other
heterocycles were prepared by this methodology (Scheme 7-55) [76].

3-Vinylbenzofuranes, 3-vinylfuropyridines and 3-vinylindoles were also easily
prepared by a 5-exo-dig-cyclization reaction followed by a lithium-ethoxide elimina-
tion (Scheme 7-56; paths A and B) [77].
The putative exocyclic allene rearranged in this basic medium to 3-vinylbenzo-

furan and 3-vinylfuropyridines. When the same sequence was applied to the pro-
pargyl aldehyde acetal of N-Boc-2-iodoanilinyl residue at the other propylic posi-
tions, a complex mixture of products was obtained. On the other hand, the desired
ring closure could be effected on the corresponding alkoxyallene (Scheme 7-56,
path C) in 75% yield, but gave a mixture of two diasteromers [77].
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2-Substituted indoles could also be prepared by cyclization of heteroatomic nu-
cleophiles adding to triple bonds, mediated by a potassium or a cesium base in
N-methylpyrrolidinone (NMP; Scheme 7-57).

The scope of this reaction is broad, since R1 can be an alkyl, aryl, H, hydroxyl,
acetal, additional amino, alkynyl and even a nitro group, whereas R2 can be alkyl,
halide or trifluoromethyl groups [78].
The addition of dialkylzinc to v-iodoalkynes in the presence of catalytic amounts

of Ni(acac)2 in THF/NMP mixtures leads to the cyclic products in moderate yields
as single diastereomers (Scheme 7-58) [9].
These results may be explained by assuming that diethylzinc reacts with

Ni(acac)2 generating a nickel(0) species, which undergoes an oxidative addition
to 61, providing a nickel(II) complex 62, which coordinates to the triple bond.
After syn-carbonickelation, leading to the alkenylnickel 63, a reductive elimination
occurs, furnishing the products 64 and 65, respectively.
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Most of the intramolecular carbometallations of alkynes are derived from sp3-or-
ganometallic derivatives and only few examples of carbocyclizations of silyl enol
ethers were reported [79]. These reactions proceed through electrophilic activation
of the alkyne by the Lewis acid, enabling it to react with the modestly nucleophilic
silyl enol ether moiety. Therefore, the carbocyclization of butyl- 66 and phenyl-
substituted 67,68 alkynylalkyl silyl enol ethers proceeded smoothly to give the
b,g-unsaturated ketones 69–71 in 80%, 75% and 76% yields, respectively (Scheme
7-59) [80].

It should be pointed out that in all cases the carbocyclizations proceeded exclu-
sively in an endo-fashion, and no traces of the exo-cyclization were detected. To ex-
plain the observed results, it has been suggested that the coordination of the Lewis
acid to the triple bond of 72 would form zwitterionic intermediate 73 (Scheme 7-60).
The vinyl cation moiety of 73 would then react with the double bond of the silyl
enol ether moiety at the most nucleophilic terminal position in an anti-fashion
affording the endo-cyclization product 74. The elimination of TMSCl from 74
would then form the vinyl metal derivative 75, which can be trapped with different
electrophiles (Scheme 7-60) [80].
Intramolecular carbozirconation [40] and carbotitanation [40] reactions were

recently described in detail, and will not be addressed in this chapter.
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7.3
Carbometallation Reactions of Alkenes

7.3.1
Intramolecular Carbometallation Reactions

The formation of ring systems by intramolecular carbometallation of alkenes is
usually easier for the formation of five than for six-membered rings. However, re-
cent reports have shown that the cyclization of N-allyl-N-(2-lithioallyl)amines pro-
ceeds via 5-exo- or 6-endo-carbocyclization according to the substituents bound to
the nitrogen atom.
Treatment of N-allyl-N-(2-bromoallyl)amines 76 with 2 equiv. of tBuLi at –78 hC

afforded the vinyllithium derivatives 77a,b, which undergo the intramolecu-
lar addition at 0 hC in the presence of N,N,Nl,Nl-tetramethylethylenediamine
(TMEDA) (Scheme 7-61). When the reaction was carried out with 77a, methylene-
pyrrolidine 78a was obtained as the only product after deuterolysis. However, the
reaction of 77b under the same conditions, led only to minor amounts of pyrroli-
dine derivative 78b rather than to the 2-methylene-4-pentenylamine 79b [81].

Products 79 can be obtained by a 6-endo-trig-cyclization via the organolithium
compounds 82, which immediately undergo a b-elimination to give the lithium
amides Li-79, which furnish 79 after hydrolysis (Scheme 7-62).
In order to explain these results, a simple reversion of the kinetically favored 5-

exo-product 80 to the starting vinyllithium 81 was suggested, followed by a 6-endo-
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closure and an irreversible b-elimination of the functionalized organolithium 82.
To gain more insight into this reversible carbocyclization, D2O was added to 81
(R ¼ Ph, R1¼ Me) after 40 min at 0 hC, and a 3:2 mixture of deuterated compounds
corresponding to intermediates 81 and 80 was obtained. However, when the mix-
ture was stirred at 0 C for 2 h, followed by quenching with D2O and further hydro-
lysis, the amide 79 (R ¼ Ph, R1 ¼ Me) was the only compound detected. This result
shows that the initial 5-exo-trig-cyclization is reversible in this particular case.
When 81 is treated with CuCN, the corresponding vinylcopper undergoes prefer-

entially the 5-exo-trig-cyclization, whatever the nature of the substituent on the
nitrogen atom [82]. Interestingly, treatment of N,N-bis-(2-bromoallyl)amines 83
with 4 equiv. of tBuLi in Et2O at –78 hC gave the dianion 84, characterized by
deuterolysis to yield the dideuterated amines 85 (Scheme 7-63). The dianion 84
afforded 3,4-bis-(lithiomethyl)dihydropyrrole 86 after addition of TMEDA. This
unusual carbometallation could be explained by assuming first an intramolecular
carbolithiation of one vinyl moiety by the other one, affording methylenepyrroli-
dine derivatives 86. These intermediates could undergo an allylic rearrangement
to give the dilithiated compounds 87 [83].

The synthetic scope of this new carbocyclization can be extended to the prepara-
tion of 3,4-difunctionalized pyrroles 88 (Scheme 7-64) [83b].
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When the same concept is used on 2-bromo-N-(2-bromoallyl)anilines 89, the dia-
nions 90 also undergo the carbocyclization reaction, in the presence of TMEDA, to
give the corresponding indoles 91 [83]. The formation of the indole nucleus is also
explained by the carbometallation of the vinyllithium moiety by the aryllithium in
the dianions 90 (Scheme 7-65).

In this particular case, since an allylic rearrangement could involve the loss of
aromaticity, elimination of lithium hydride takes place affording 3-(lithiomethyl)in-
dole 91.
When allyl-o-bromoaryl ethers 92 are treated with tBuLi in Et2O, the correspond-

ing organolithiums 93 undergo a carbometallation reaction followed by a 1,3-elim-
ination giving the cyclopropanes 94 (Scheme 7-66) [84].

High trans-diastereoselectivity is observed for 94 when substituted alkenes such
as E-92b or Z-92b are used as starting materials (R1 ¼ H, R2 ¼ SiMe3). Moreover,
both organolithium compounds E-93 and Z-93 led to the same trans-1,2-disubsti-
tuted cyclopropane 94 by epimerization of the sp3-organolithium compound 95,
before the 1,3-elimination (Scheme 7-67) [84].
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When the reaction is performed in the presence of a chiral diamine such as
(–)-sparteine instead of achiral TMEDA, moderate to good enantiomeric excesses
were obtained for the cyclopropane (particularly when non-polar solvents were
used; for instance in toluene, the enantiomeric excess reached 80%). The creation
of racemic quaternary center by the cyclization of various stable aryllithiums was
recently studied and, although kinetically slow, this reaction is thermodynamically
a favorable process. This cyclization affords diastereomerically pure cis-fused prod-
ucts when the methylenecycloalkane has a five- or six-membered ring, but is vir-
tually nonstereoselective when the methylenecycloalkane has a seven-membered
ring (Scheme 7-68) [85a].

Aryllithiums, prepared by bromine-lithium exchange from chiral 2-(o-bromo
phenyl)-substituted perhydro-1,3-benzoxazines, also participate in the intramolecu-
lar 6-exo-carbocyclization with unactivated double bonds attached to the nitrogen
substituent of the heterocycle [85b].
Reductive lithiation of phenyl thioethers greatly extends the versatility of the

cyclizations of sp2-organolithium compounds; when aromatic radical anions
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such as lithium 1-dimethylaminonaphtalenide (LDMAN) or 4,4l -di-tert-butylbiphe-
nylide (LDBB) react with vinyl phenyl thioether 96, the corresponding vinyllithium
is quantitatively obtained. This then undergoes the carbolithiation reaction to give
the cyclopentenylmethyllithium precursor of 97, which is itself readily produced
from 96 (Scheme 7-69) [86].
When the alkene linkage is exo to the five-membered ring, such as in the cycli-

zation of 98, an excellent diastereoselectivty is observed [86]. 1-Methoxy-4-pheny-
lalkenyllithiums 100 bearing a v-double bond, possess a high propensity to pro-
duce stereoselectively the carbocyclized product. Trapping the reaction mixture
with an electrophile leads, after treatment with acid, to the cis-difunctionalized
cyclopentyl derivative 102 (Scheme 7-70) [87].

This carbocyclization can also be achieved by using a substoichiometric amount
of tBuLi, since the carbocyclization product 101 can react with 99 to give back the
initial 1-methoxy-benzyllithium 100 and thus 102 (E ¼ SeMe). This reaction has
also been extended successfully to the homologous 1-methoxy-1-methylseleno-1-
phenylhept-6-ene which cyclizes to a six-membered ring with complete stereocon-
trol [87].
The v-styrenylbenzyllithium 103 provides, after carbocyclization, 1-aryl-2-benzyl-

cyclopentanes with very high stereocontrol; the trans-product 104 is produced when
the reaction is carried out in THF at –78 hC or in Et2O at –60 hC, whereas its cis-
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diastereomer 105 is generated when the reaction is carried out in ether at 0 hC
(Scheme 7-71) [88].
This reaction occurs under kinetic control. The stereochemistry of the intramo-

lecular carbolithiation reaction of vinyl sulfides with benzylic organolithium com-
pounds has been found to be stereoselective with regard to the formation of the
new carbon-carbon bond, and non-stereoselective with regard to the formation of
the new carbon-lithium bond [89].
An alternative and potentially useful method for the production of benzyl-

lithiums should be the addition of organolithiums to styrene. Although the anionic
polymerization of styrene and its derivatives upon treatment with organolithiums
is a well-known process, it was found to be solvent-dependent [90, 91]. Therefore,
homo- and bishomoallyllithiums, prepared by reductive lithiation of the corre-
sponding phenyl thioethers in Et2O with LDMAN [92], are added to a-methylstyr-
ene and give the corresponding cyclic product via sequential intermolecular/intra-
molecular carbolithiation reactions. These addition/cyclization reactions lead to a
large family of diversely substituted cyclopentyl- and cyclohexylmethyllithiums in
a single-pot operation (Scheme 7-72) [92].
Recent reinvestigations of the lithium-ene cyclization have provided evidence of

misassignment of structure in the previously reported case [93]. Indeed, it could be
shown that the cyclization of methylallyllithium 107 (generated by reductive lithia-
tion of 106 using LDBB) occurred completely at ambient temperature to give, in
77% yield after reaction with bis-(p-methoxyphenyl)-disulfide, the cyclic thioether
110, which was not obtained from an electrophilic capture of 108 but from the rear-
ranged allyllithium 109 (Scheme 7-73) [94].
This result indicates that this lithium-ene cyclization is a thermodynamically

favorable process. However, when the same reaction was applied to non-substi-
tuted allyllithiums, the cyclized organolithium could not be trapped by an external
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electrophile in THF, as it removed a proton from the solvent and furnished, with
an excellent yield, the cyclized product (Scheme 7-74).
This cyclization occurs at low temperatures (as compared to the magnesium-ene

cyclization) but, due to the greater basicity of the resulting organolithium, the
cyclized organolithium readily abstracts a proton, either in an intramolecular man-
ner to produce an allyllithium, if an allylic methyl group is nearby (Scheme 7-73),
or intermolecularly from THF (Scheme 7-74) [94]. On the other hand, if a leaving
group is present in the molecule, the cyclized organolithium can undergo an elim-
ination reaction [95]. A typical example is the deprotonation and cyclization of the
allylic thioether 111. A transmetallation step with LiBr is first necessary to lead to
the allyllithium 112, which undergoes the lithium-ene cyclization followed by the
intramolecular displacement of the thiophenoxylate ion [96]. Ring-annelated vinyl-
cyclopropanes are easily prepared using this methodology (Scheme 7-75).

Six-membered rings are also easily prepared by this sequence of lithium-ene
cyclization and 1,3-elimination.
To provide one more functionality, an allylic hydroxyl group was introduced into

the enophile such as in 113a,b and in 115a,b (Scheme 7-76).
Not only were the cyclizations of 113a,b and 115a,b greatly facilitated by the oxy-

anionic group, but they also proceeded in high yields and were completely stereo-
selective, even in the case of 115b, in which a a,b-disubstituted alkene was used
[95].
If activation by allylic oxyanionic groups proves to be general in intramolecular

carbometallation, the latter would obviously become very useful. Therefore, the
magnesium-ene cyclization in the presence of an allylic oxyanionic group was stud-
ied [97]. The conjugate base of 117 was subjected to reductive lithiation by LDMAN
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in dimethyl ether as shown above (Scheme 7-72), and then transmetallated with
MgBr2 in diethyl ether. The cyclic product was formed at room temperature, and
trapped with an electrophile such as diphenyl diselenide, to give 118 in 64%
yield (Scheme 7-77) [97].

However, it has been determined that significant stereochemical inhomogeneity
had occurred, which was attributed to the presence of lithium salt in the reaction
mixture [94]. The reductive magnesiation of allyl phenyl sulfides was therefore
developed and tested first in a classical magnesium-ene reaction (Scheme 7-78).

This positive result led the authors to attempt the reductive magnesiation of
117 in the absence of lithium ions, hoping to maximize the degree of cis-stereo-
selectivity and to minimize proton transfer from the solvent to the cyclized orga-
nometallic.
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The alcohol 117 was deprotonated with MeMgBr in THF, and the conjugated
base was subjected to reductive magnesiation in the presence of 1 equiv. of anthra-
cene under reflux (Scheme 7-79).

The results indicate that the absence of lithium ions did indeed increase the
stereoselectivity; the all-cis-configured alcohol 119a accounted for 95% of the cycli-
zation products. Moreover, the proton transfer from the solvent was suppressed;
118 could be isolated in 78% yield, when the cyclized organometallic was trapped
with diphenyl diselenide (only 3% of the protonated product 119 was detected)
[97].
Zinc-ene cyclizations have also been used as key steps in natural products syn-

thesis, but their applications were limited due to the difficulties encountered in
the preparation of the starting allylic metal reagents. The use of homoallylic alco-
hols as masked allylzinc reagents allows now a straightforward preparation of pre-
cursors for the zinc-ene reaction (Scheme 7-80) [98].
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When the 3-(5-pent-1-enyl)cyclohexenyl tert-butyl ketone 120 was treated with
n-butyllithium at 0 hC in THF, the corresponding tertiary lithium alcoholate was
formed and, after cooling to –78 hC, zinc chloride was added. The zinc alcoholate
subsequently underwent a fragmentation reaction upon slow warming to room
temperature, to give the allylzinc intermediate 121, which reacted with the remote
double bond. The cyclic product 122 is first transmetallated with CuCN, 2 LiCl, and
then treated with benzoyl chloride or ethyl 2-(bromomethyl)acrylate, to give 1-sub-
stituted spiro[4.5]dec-6-ene derivatives 123 and 124 in 60% and 72% yields,
respectively. Only one diastereomer was obtained in each case [98].
The methylallylchromate species, easily generated by mixing chromium trichlor-

ide and methylallylmagnesium chloride in a 1:4 molar ratio, were added to allyl
non-2-yn-1-yl ethers 125a–c or amine 126 in THF at 0 hC (Scheme 7-81) [99].

The addition of DCl/D2O afforded the labeled product with 90% deuterium in-
corporation at the methyl group. It has been proved to be crucial to employ the ate-
type chromium reagent 127 for successful cyclization, since trimethylallylchromium
afforded 128a in only 12% yield. The reaction of 125b provided 128b as a single dia-
stereomer. The amount of chromium chloride can also be reduced to 2 mol% if the
reaction is performed in THF at 40 hC; 128a is thus obtained in 80% yield after
hydrolysis, but can also be trapped with different electrophiles (Scheme 7-82).
As described above (see Scheme 7-20), homopropargylic alcohols and derivatives

react with a tetraallylmanganate or triallylmanganate to provide monoallylated
products in good yields with high regio- and stereoselectivities. When the electro-
phile was an enophile moiety present in the same carbon skeleton, a 5-exo-trig-
cyclization led to the corresponding carbocycle in only 27% yield [27]. However,
when the same reaction was applied to diynes, carbometallated products were
obtained according to the nature of the substrate [100].
As reported in the first edition of this book, (a-aminomethyl)lithiums, generated

by tin-lithium exchange from the stannane 130, react intramolecularly with an un-
activated alkene to give the substituted pyrrolidine derivative 131 [3]. More recently,
the versatility of this anionic cyclization was extended by preparing oligosubsti-
tuted pyrrolidines and by exploring the stereoselectivity of the cyclization. There-
fore, treatment of the stannanes 132a,b,c with 2 equiv. of nBuLi in THF, gave
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the pyrrolidines 133a,b,c after quenching with methanol. Only the cis-isomer of
133a was isolated under these conditions (Scheme 7-83) [101].

In contrast, 132b,c did not undergo transmetallation under these conditions. The
transmetallation was achieved only in a mixture of hexane-Et2O as solvent at room
temperature. Under these new conditions, all three stannanes 132a,b,c cyclized in
good yields and with a preference for the cis-isomer of the 2,4-disubstituted N-ben-
zyl pyrrolidines 133a,b,c.
When cis-134 and trans-134 were transmetallated using nBuLi (4 equiv.) in hex-

ane-Et2O-THF (4/1/1) as solvent (–78 hC to room temperature), both isomers led to
the same exo-2-methyl-7-azabicyclo[2.2.1]heptane 135. As only the exo-isomer 135
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was isolated, the organolithium species derived from the trans-isomer 134 must
have epimerized to the cis-isomer before cyclization (Scheme 7-84) [102].
Transmetallation of the stannane 136 in the same mixture of solvents (hexane-

Et2O-THF) led first to the a-amino-organolithium compound and then to the cyclic
products at room temperature. Two major products, the desired bicyclic amine 137
(22%) and the pyrrolidine 138 (32%) were isolated using these reaction conditions.
The product 138 arises from the monocyclization reaction, and variation of the con-
ditions did not improve this result. It appears that, although monocyclization to the
pyrrolidine ring occurs easily, the second cyclization is slow and the organolithium
species can abstract a proton from THF, which prevents the intermediate from un-
dergoing the second cyclization (Scheme 7-85) [103].
Because of the poor yield achieved in the preparation of the ring system 137, an

alternative route utilizing 139 as starting material was studied. Under modified
conditions, the desired 2-azabicyclo[2.2.1]heptane 137 was obtained in 60%
yield, by the expected tin-lithium exchange-epimerization-cyclization sequence.
Moreover, it appears that the cyclization of 139 favors a boat-shaped transition
state. Finally, when the same sequence was applied to 140, followed by addition
of TMEDA, the picrate salt of 4-methyl-1-azabicyclo[2.2.1]heptane 141 was obtain-
ed in 60% yield [103].
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Several different intramolecular carbolithiations of chiral (a-aminoorgano)-
lithium species were described and the enantioselectivities of this process were cor-
related with the size of the rings created [104].
Recently, the intramolecular reaction of silyllithium reagents with alkenes was

reported as a new route to cyclopropylsilanes [105]. Moreover, when enantioen-
riched (E-S)-142 (98% e. e.) was treated with nBuLi in THF at 0 hC, the correspond-
ing silylcyclopropane 143 was obtained in 79% yield with 98% e. e.. Under the
same reaction conditions, (Z,S)-142 gave the same stereoisomer 143 with identical
yield and enantiomeric excess (Scheme 7-86) [106].

The stereochemical course could be rationalized by an intramolecular syn-lithio-
silylation followed by a cyclopropanation reaction of the configurationally labile
benzylic organolithium in the oxasilacyclobutanes (Scheme 7-87). The cyclopropa-
nation step takes place from a conformation avoiding steric interaction between the
phenyl residue and the mesityl groups.

Low-temperature lithium-iodine exchange between a primary alkyl iodide and
2 equiv. tBuLi in a solvent system containing diethyl ether affords the correspond-
ing primary alkyllithium irreversibly, and in virtually quantitative yield [107]. This
clean exchange therefore led to the development of the intramolecular carbolithia-
tion reactions of saturated alkyllithium derivatives [3]. When the exchange is con-
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ducted using a less reactive organolithium, an equilibrium favoring the more
stable organolithium is rapidly established [108]. Therefore, the isomerization of
6-iodo-1-hexene to (iodomethyl)cyclopentane in a variety of solvents with either
MeLi or PhLi, was achieved [109]. This transformation, originally supposed to be
mediated by a reversible lithium-iodine exchange process, in fact involves a radi-
cal-mediated atom transfer process [110]. The same trend was found for unsatu-
rated secondary and tertiary alkyl iodides [111]. When 6-chloro-1-hexene 144 was
treated with lithium powder and a catalytic amount of 4,4l -di-tert-butylbiphenylide
(DTBB, 5 mol%) in THF at –30 hC, the corresponding cyclopentyl derivative 145
was obtained in excellent yield (Scheme 7-88).

When the reaction was applied to the tertiary derivative 144 (R ¼ Me), it was
found that either in Barbier conditions at 0 hC (76%), or at –30 hC in a two-step
process (75%), the expected cyclic product 145 (R ¼ Me) was the only one isolated
after reaction with 3-pentanone [112].
Reductive lithiation of 1,4- or 1,5-bis(phenylthio)-1-alkenes with a stoichiometric

amount of aromatic radical-anion, results in replacement with a lithium atom of
only that phenylthio group which is attached to the sp3-carbon atom. The resulting
carbanion executes an intramolecular nucleophilic addition to the vinyl sulfide
group at –78 hC, leading to a phenylthio-substituted cyclopropyl- or cyclobutylcarbi-
nyllithium (Scheme 7-89) [113].

The effect of an alkyl group placed at the terminal alkene carbon atom on the
ease of the cyclization was studied for 1,4- or 1,5-bis(phenylthio)-1-alkenes 146
(R ¼ Me, n ¼ 1 and 2). Both uncyclized (6%) and cyclized products (75%) were
present in the reaction mixture. The methyl substituent at the double bond thus
slows down the carbocyclization in comparison to 146 (R ¼ H, n ¼ 1). When a pri-
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mary rather than a more reactive tertiary carbanion was used in the cyclization to a
four-membered ring, the ring closure was also less favorable [113].
As discussed above [95, 97] (Schemes 7-76 and 7-79), an allylic oxyanion group

greatly accelerates the lithium-ene cyclization. The same activation was found for
unconjugated alkyllithiums since the cyclization of primary as well as tertiary alkyl-
lithiums occurs in THF at –78 hC (Scheme 7-90).

Moreover, a single isomer was isolated in all these four cases (oxygen function
and function derived from the CH2Li group are on opposite sides of the cyclopen-
tane ring) [95]. Even cyclobutanols can be prepared by this method.
High stereoselectivity in the carbocyclization reaction can also be achieved by a

judicious choice of starting materials; whereas 148 led to 149 and 150 in a 2:1 ratio,
2-(2-iodo-1-methyl)-styrene 151 reacted with a much better diastereoselectivity
(12:1) and gave an excellent yield (Scheme 7-91) [114].

A wide variety of (S)-configurated (a-carbamoyloxy)alkyllithium derivatives are
accessible by (–)-sparteine-mediated deprotonation [115]. Therefore, 6-phenyl-5-
hexenyl carbamates 152a,b could be regioselectively deprotonated, and then stereo-
selectively undergo nucleophilic cycloalkylation to form the appropriate cyclopenta-
nol derivatives. The cyclization shows complete 5-exo-trig selectivity and leads with
high diastereoselectivity to the trans-1,2-disubstituted cyclopentanes 154 via inter-
mediates 153 (Scheme 7-92) [116].
When the electrophilic attack at the benzylic carbanionic center proceeds on the

(E)-isomer of 152a,b, the same product 154 is obtained. Therefore, the resulting
153 is presumably thermodynamically more stable due to the equatorial position
of the phenyl substituent within the bicyclic chelate [117]. These sequential enan-
tioselective deprotonation-carbocyclization reactions have been extended to the pre-
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paration of heterocycles. As the (–)-sparteine-mediated deprotonation of racemic 2-
(carbamoyloxy)methyl-N-cinnamylpiperidine 155 is an efficient method to obtain
enantioenriched (a-carbamoyl)alkyllithium by kinetic resolution, the subsequent
diastereoselective anionic 5-exo-trig-cyclization was studied (Scheme 7-93).

The use of 0.80 equiv. of (–)-sparteine, 0.75 equiv. of s-BuLi with a reaction time
of 22 h gave 156 in a yield of 86% (based on rac-155) with high diastereoselectivity
and an enantiomeric excess of 95%. Under these conditions, (S)-(–)-155 was recov-
ered in 46% yield and 63% e. e. [118]. These optimized conditions were used for
trapping the intermediate benzylic anion with different electrophiles [118].
When enantio-defined stannane (R)-158 was treated with nBuLi (5 equiv.) in

THF at –78 hC, followed by hydrolysis, a 7/1 mixture of two retention products
(2S,3R)-trans-159 and (2S,3S)-cis-159 was obtained (Scheme 7-94).
The stereochemical outcome provides conclusive proof that this cyclization pro-

ceeds with complete retention of configuration at the Li-bearing carbanion center,
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since the Sn to Li transmetallation proceeds with complete retention of configura-
tion [119].
The formation of enantioenriched indene-derived bicyclic alcohols and tricyclic

cyclopropanes via (–)-sparteine-mediated deprotonation of a racemic 3-(indenyl)-
alkylcarbamate was also reported [120]. Several other cycloalkylation reactions by
(–)-sparteine-mediated deprotonation, which were also reported, are mechanis-
tically more related to SN2

l processes and will therefore not be described in this
chapter [121].
Returning to the preparation of substituted pyrrolidines by cyclization of (a-ami-

no)organolithium species onto unactivated alkenes, the influence of a chiral ligand
attached to the nitrogen was investigated [101].
Transmetallation and cyclization using nBuLi was effective in either THF or hex-

ane-Et2O, and resulted in good yields of the corresponding pyrrolidines, but with
low to moderate diastereomeric excesses (58% maximum) (Scheme 7-95) [122].

Similarly, the cyclization of the stannane 130 (see Scheme 7-83) in the presence
of (–)-sparteine led to the pyrrolidine with low enantiomeric excess [122].
As it had been recently reported that (–)-sparteine can serve as a promoter for the

enantioselective carbolithiation of cinnamyl derivatives by adding organolithium
compounds [123], the enantioselective intramolecular carbolithiation of 2-(N-allyl-
N-benzyl)aryllithiums in the presence of the chiral diamine (–)-sparteine was stud-
ied [124]. When toluene was used as solvent, a high enantioselectivity was achieved
at low temperature (Scheme 7-96).
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A variety of aryl-substituted N-allyl-N-benzyl-2-bromoanilines was tested under
these conditions, and good yields and enantiomeric excesses were uniformly ob-
tained (4-OBn: 80% with 87% e. e.; 5-OBn: 86% with 88% e. e.; 4-Me: 90%
with 89% e. e.; 4 -F: 80% with 90% e. e.). Independently, the enantioselective carbo-
lithiation of 2-(N,N-diallylamino)phenyllithium was also investigated, and the
same results were obtained; at low temperature in a mixture of pentane-Et2O as
solvent, 1-allyl-3-methylindoline was obtained in 69% yield with an enantiomeric
ratio of 93/7 (Scheme 7-97) [125].

It should be noted that at least 2 equiv. of (–)-sparteine must be added to the re-
action mixture to effect rapid enantioselective cyclization of the aryllithium. The
generation of the aryllithium by lithium-bromine exchange is accompanied by
the formation of a full equiv. of LiBr, and this salt effectively removes a full
equiv. of the diamine ligand by preferential complexation with (–)-sparteine, as in-
itially reported for the enantioselective carbolithiation of styrenyl derivatives [123].
The enantioselectivity of the reaction is strongly dependent on the structure of

the starting material. When 2-bromo-1-(3-butenyl)benzene 162 is submitted to
the sequence bromine-lithium exchange and enantioselective carbolithiation, the
protonation of the resulting (1-indanyl)methyllithium product gave a 76% yield
of (S)-(–)-1-methylindane 163 with an e. e. of 42%. However, when the same experi-
mental conditions were applied to 1-(2-iodoethyl)-2-vinyl benzene 164, the cyclo-
isomerization led to the same methylindane in 69% yield but only with 4% e. e.
(Scheme 7-98) [125].

The cyclization of even simpler substrates may be conducted in an enantioselec-
tive fashion in the presence of (–)-sparteine. As illustrated below, the vinyllithium
of 165 undergoes a moderately enantioselective cyclization when stirred at 0 hC
(e. e. ¼ 40%) (Scheme 7-99) [125].
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Despite a recent surge of publications on Ti(II)- and Zr(II)-promoted carbon-
carbon bond formation involving alkenes and alkynes, which have recently been
reviewed in a monograph [40], those that are catalytic in titanium were rare.
However, a novel trimetallic reagent system consisting of Et2Zn, XTi(OiPr)3
(0.1 equiv.) and an alkylmagnesium halide (0.2 equiv.), such as EtMgBr or iPrMgCl,
reacts with various enynes 166 to produce the corresponding cyclic organozinc de-
rivatives 167. Reactions of 167 with electrophiles provide the corresponding func-
tionalized products, while treatment of 167 with bromomethyl methyl ether pro-
vides in good yields the corresponding 1-alkenylbicyclo[n.1.0]alkenes 168, in
which n is 3 or 4 (Scheme 7-100) [126].

7.3.2
Intermolecular Carbometallation Reactions

Organolithium addition to styrene and its derivatives, followed by electrophilic
trapping, has also been investigated in the presence of (–)-sparteine. With styrene,
enantiomeric excesses of up to 30% were observed, whereas with 2-substituted
styrenes, nBuLi addition followed by carboxylation gave a range of 2-arylheptanoic
acids with e. e. values up to 72% (Scheme 7-101) [127].
When 2-benzyloxystyrene 169 was treated with an organolithium derivative, the

carbometallation occurred readily at low temperature. However, by warming the re-
action mixture to room temperature before work-up, the new product 171, appar-
ently arising by C-benzylation in the intermediate organolithium 170 by an intra-
molecular process, was obtained in 72% yield (Scheme 7-102) [91].
The same trend was observed with o-allyloxy compounds but not with the o-

methoxy analogue. (o-Vinylphenyl)oxazolines 172a,b also react with alkyllithiums
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to give the benzylic organolithium derivative which, after oxidation with MoOPH
and subsequent acidic hydrolysis with aqueous oxalic acid afforded phthalides
173 (Scheme 7-103) [128].

It is noteworthy that the addition of LiBr improves the yield of the reaction.
When the oxazoline is closer to the reacting center such as in 2-(3-phenyl-2-pro-
pen-1-yl)oxazoline 174, a cascade carbolithiation-cyclization sequence leads to the
corresponding substituted cyclobutanones 176 (Scheme 7-104) [129].
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The lower yields of 176 with R ¼ Me and Ph are attributed to the formation of
side-products arising under the more forcing conditions required for the reaction
(room temperature, overnight). Encouraged by these results, a new cascade inter-
molecular-intramolecular carbolithiation was designed. This procedure employs or-
ganolithium reagents as difunctional, conjunctive reagents and presents a versatile
anionic formal [3þ2] cycloaddition approach to substituted cyclopentanes (Scheme
7-105) [130].

The formation of (E)-configured alkylidenecyclopentane (Scheme 7-105) (when
E ¼ H) is consistent with the accepted syn-carbolithiation mechanism. However,
when a mixture of diethyl ether and THF (3/1) was employed, the corresponding
Z-isomer was surprisingly obtained as the major product (Scheme 7-106).

These reactions can also be carried out with nonterminal alkenes (Scheme 7-107).
Thus, reaction of the homopropargyllithium reagent 177 with (E)-b-methylstyrene
178 in diethyl ether/THF, followed by protonation, produced the cyclized adduct
179 in 50% yield as a single diastereomer with a trans-relationship between the
substituents on the carbocycle (Scheme 7-107) [130].
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The high diastereoselectivity observed for the reaction between benzylic organo-
lithium derivatives and electrophiles has been addressed for cinnamyl alcohols
[131] as well as for secondary and tertiary cinnamyl amines [132]. However, the dia-
stereoselectivity in the carbolithiation of cinnamylmethylether with either tBuLi,
benzyllithium or alkyllithium was only recently investigated and found to be
quite good, as proved by the products obtained upon subsequent treatment with
three different electrophiles [133], confirming earlier results [132]. The selectivity
in the addition of tBuLi to a-methylcinnamyl methyl ether 180 was examined
using the conditions developed for the carbolithiation of primary cinnamyl ethers
(Scheme 7-108).

After hydrolysis (E ¼ H), a single diastereoisomer of 182 was found. Deutera-
tion, carboxylation and thiomethylation gave diastereomeric ratios similar to
those observed in the reaction of the primary cinnamyl methyl ether.
As the carbolithiation of cinnamyl derivatives proceeds efficiently [134], whereas

the addition of alkyllithiums to cinnamaldehydes led only to 1,2-adduct (addition to
the aldehyde), the in-situ transformation of the aldehyde into a good chelating
group such as an a-aminoalkoxide was considered (Scheme 7-109) [135].

When N,N,Nl-trimethylethanediamine 184 was added to cinnamaldehyde 183 in
diethyl ether at –40 hC, followed by warming to 0 hC, the corresponding lithium
a-aminoalkoxide 185 was obtained. Further addition of nBuLi led to an addition
product 186, as seen from hydrolysis to the alkylated aldehyde 187.
Various organolithium reagents with primary (except MeLi), secondary, and ter-

tiary alkyl groups can be used as well as a salt-free vinyllithium reagent. When elec-
trophiles are added to 186, excellent diastereoselectivies are observed.
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When chiral N,N,Nl-trimethyl-1,2-diphenylethylenediamine 188 was used to
convert cinnamaldehyde to the corresponding lithium alkoxyamide 189, a regio-
and diastereoselective carbolithiation reaction with added alkyllithium occurred
in Et2O to give, after mild hydrolysis, the expected aldehydes, with excellent enan-
tiomeric excesses (Scheme 7-112) [136].
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When methyl iodide is added to 190, the aldehyde 192 is obtained in good yield
and with good diastereo- and enantiomeric excesses. The phenyl group present in
the starting cinnamaldehyde was not compulsory, and could be replaced by other
anion-stabilizing residues such as trimethylsilyl groups. Therefore, b-trimethylsily-
lacrolein can be submitted to the amidation-carbolithiation sequence, and leads to
the carbometallated product with 92% e. e. of unknown absolute configuration in
82% yield (Scheme 7-113) [136].

Reaction of styrene derivatives with the silylcuprate reagent PhMe2SiCuCNLi
proceeds smoothly at –30 hC to give an organocopper intermediate, which was
trapped by allyl diphenyl phosphate 193 to give 194a in 73% yield (R ¼ H)
(Scheme 7-114) [137].

Although this silylcupration of substituted styrenes and subsequent carbocupra-
tion by the adducts of allyl diphenyl phosphate afforded products 194b–d in mod-
erate yields, styrenes substituted at the double bond (such as a-methylstyrene,
(E)-b-methylstyrene, indene and (E)-stilbene) were not sufficiently reactive enough
to give any product.
Alkyl, aryl and vinyl Grignard reagents were added to substituted 4-vinylpyri-

dines under Ni(acac)2 catalysis to give the carbometallated products 195a–c in
good yield (Scheme 7-115) [138].
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Phenylzincate reagents also add to vinylpyridine in the presence of Ni(acac)2.
Higher temperatures are usually required and, as a consequence, significant
amounts of biphenyl are produced, necessitating the use of more than 2 equiv.
Ph3ZnMgCl [138].
As reported in the first edition, the additions of organolithium and organomag-

nesium derivatives to vinylsilanes are well known and used for the generation of
useful a-silylcarbanions [3]. However, various limitations were associated with
these carbometallation reactions such as: (1) activating groups on silicon are
usually needed for the addition; (2) substitutions at the silicon atom are often ob-
served as side reactions; and (3) primary alkyl Grignard reagents are not applicable
in the reaction. Therefore, a new removable directing group was necessary for the
carbometallation reaction of vinylsilanes, and 2-pyridyldimethylvinylsilane 196 was
found to be an excellent candidate.
When 196 was treated with primary, secondary, phenyl and allyl Grignard re-

agents in ether, the electrophilic trapping products 197a–g derived from the corre-
sponding a-silylorganomagnesium compounds were isolated in excellent yields
(Scheme 7-116) [139].

Compared to reactions with vinylsilanes described in the first edition, these
reactions clearly indicate the enhanced reactivity of 196. It was assumed that
this carbometallation was facilitated by a template effect between 196 and
RMgX. This assumption was further supported by the observation of a dramatic
solvent effect: weakly coordinating solvents such as ether favor this reaction,
whereas strongly coordinating solvents such as THF disfavor it.
Although addition of Grignard reagents to the cyclopropenone acetal 198 did not

take place at low temperature, and gave a complex mixture at higher temperature,
the addition of a catalytic amount of FeCl3 (3–5 mol%) promoted the addition
(Scheme 7-117) [140].
The reactions of phenyl, vinyl and alkyl Grignard reagents under these condi-

tions, and subsequent protonation, afforded the substituted cyclopropanone acetals
200 in excellent yields. The intermediate 199 can also be trapped with carbon elec-
trophiles, and the configuration of the final product was always cis (due to the syn-
carbometallation).
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Organozinc reagents also took part in the iron-catalyzed reaction of 198 under
similar conditions. The reaction with diethylzinc and diphenylzinc at –25 hC pro-
ceeded under iron catalysis conditions to give 200 with R1 ¼ Et and R1 ¼ C6H5

in 73 and 91% yield, respectively [140]. The iron catalysis also operated in alkylative
ring-opening reactions of 7-oxabicyclo[2.2.1]heptane derivatives 201 and 203
(Scheme 7-118). The addition of PhMgBr to 201 and 203 took place at ambient
temperature to give the corresponding substituted cyclohexenols 202 and 204 in
62 and 55% yield, respectively.

Exploration of the possibility to perform this type of reaction in an enantiocon-
trolled mode led to a new ternary catalytic system. Addition of dialkylzinc to 198
proceeded with 89–92% e. e. in the presence of (R)-p-Tol-Binap (7.5 mol%),
FeCl3 (5 mol%) and TMEDA in toluene/tetrahydropyran solution.

Chiral cyclopropanone acetals containing a quaternary center of chirality were
prepared by enantioselective allylzincation reaction of substituted cyclopropenone
acetals 205a (R1 ¼ Et) and 205b (R1 ¼ Ph). Addition of a chiral allylzinc reagent
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bearing the anionic bisoxazoline ligand derived from (S)-(þ)-2-phenylglycinol
(BOX) gave the corresponding 2,2-disubstituted cyclopropanone acetals in excellent
yields with high enantioselectivities (Scheme 7-119) [141].
The additions of substituted (alkoxyalkyl)lithium and zinc reagents to cyclopro-

penone acetal 198 also takes place smoothly, but the pathway of product formation
depends on the metal [142]. The (alkoxyalkyl)zinc reagents add to the cycloprope-
none in such a manner that the a-carbon attached to the alkoxy group becomes
bound to the alkene. The regioselectivity of the (alkoxyallyl)zincation depends on
the allyl substituents, yet the diastereoselectivity for the newly formed carbon-car-
bon bond was excellent and the configuration of the double bond in the product
was always exclusively cis (Scheme 7-120).

On the other hand, the regioselectivity of the (alkoxyallyl)lithiation depends on
the substituents R1 and R2, while the diastereoselectivity remains high throughout
(i97%) [142]. Theoretical studies supported this conjecture by revealing that a
(hydroxylallyl)lithium species of p-allylmetal nature can react with the cycloprope-
none acetal via two [2þ2]-type four-centered transition states of similar energies,
leading to a- and g-adducts, while the zinc species of s-allylmetal nature reacts
via a single [2þ4]-type six-centered transition state leading to an a-adduct [143].
Allylindianation of homoallyl alcohols (easily prepared by treatment of allylin-

dium sesquihalides with conjugated aldehydes and ketones) gives via a domino car-
bometallation-elimination sequence the vinylcyclopropanes in yields of 40–60%
[144, 145]. Much better yields and selectivities were found in the allylmetallation
of various vinyl Grignard reagents. Indeed, very high diastereoselection was obtain-
ed during the addition of a vinylzinc bromide to a (Z)- or (E)- vinylmetal reagent,
and the results were extensively discussed in several chapters and reviews [3, 146–
148]. More recent theoretical calculations have led to a better understanding of the
reaction [12]. The allylzinc bromide and the vinyllithium reagent first form a very
stable complex due to a square-planar arrangement of the Li-C-Zn-Br atoms. This –
via a transition state – leads to a higher-energy lithio-zinca adduct, which gives the
trimer or tetramer of a 1,1-dizinca compound [12b,c] (Scheme 7-121). These calcu-
lations clearly show that, whatever the initial reagents are, the initial stable com-
plex is formed exothermally.
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Also of interest is the fact that the crotylzinc reagent, which is prone to metallo-
tropy, reacts preferentially in a cisoid form. Therefore, when the vinylmetal partner
is heterosubstituted (XR ¼ OR, NR2, SR) at its allylic position, an excellent facial
selectivity is observed; the incoming crotyl moiety reacts on the face anti to the
R1 group (Scheme 7-122) [20c].

When the allylic carbon of the 2-vinylmetal partner is primary, profound selectiv-
ity was induced by the introduction of a chiral appendage. Thus, a 1-naphthyl ethyl
substituent on the nitrogen in 207 promotes a facial preference, which is also at-
tributed to a p-stacking between the aryl group and the vinylmetal, and a diaster-
eomeric ratio of 96/4 was obtained for 208 (Scheme 7-123) [149].
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In the same way, (Z)-b-iodoacrolein can be derivatized to a C2-symmetric amine
[150] and submitted to the allylmetallation reaction. A single isomer was obtained
(Scheme 7-124) [151].
In vinyllithiums derived from homoallylic ethers, the chiral center is more re-

mote (g to the metal), but still excellent asymmetric induction is observed [152].
Now, if the secondary homoallylic ether has a substituent in the allylic position,
either syn or anti to the homoallylic substituent, a matched or mismatched diaster-
eomer is created in the carbometallation reaction. As expected, the matched isomer
209 undergoes the crotylmetallation diastereoselectively anti to both substituents
(path A, Scheme 7-125). More surprisingly, the mismatched isomer 210 is also dia-
stereoselectively carbometallated with allylzinc bromide to give the product 211
with a diastereomeric ratio of 96/4. After chemical correlations, it has been
found that the allyl group adds syn to the allylic methyl substituent and anti to
the homoallylic butyl group (path B, Scheme 7-125).

This unexpected result has been further rationalized by the addition of the allyl-
zinc halide anti to the butyl group via a six-membered heterocyclic transition struc-
ture which behaves like an analogous six-membered carbon cycle. The allylzinc
adds axially, anti to the pseudo-equatorial n-butyl group (Scheme 7-126) [153].
This mechanistic interpretation applies to cases in which the allylic and homo-

allylic substituents belong to a cyclohexane [153].
When a metallated allyl ethyl ether is transmetallated to the allylzinc derivative

212, and this is in turn added to the g-alkoxyvinyllithium 213, in the presence of
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excess magnesium bromide, carbometallation occurs diastereoselectively, and is
succeeded by an elimination reaction to give the trans-2-vinyl-substituted secondary
cyclopropylcarbinols 214 having three well-defined stereocenters with syn-config-
uration (Scheme 7-127) [154].

The lithiated allylsilane 215 is also an interesting precursor for carbometallations
as the resulting carbon-silicon bond can be used for further functionalization.
When 215 is added to 213, also in the presence of an excess of ZnBr2 and
MgBr2 to speed up the reaction, the syn-isomer 216 is formed in 70% yield
(Scheme 7-128) [155].

Taking advantage of this methodology, a new approach to serricornin has been
developed [155].
The development of zirconium-catalyzed carbomagnesiation of terminal and cyc-

lic disubstituted allylic alcohols and ethers found new applications in recent years
[156]. However, despite the demonstrated utility of catalytic carbomagnesiation in
stereoselective synthesis, a number of limitations remain. A notable shortcoming
is that alkyl Grignard reagents other than ethylmagnesium halides are less efficient
or even fail to participate in catalytic carbomagnesiation. To address this problem,
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an efficient electrophilic zirconium-catalyzed carbomagnesiation was developed
(Scheme 7-129) [157].
The mechanism of this zirconium-catalyzed electrophilic carbomagnesiation can

be rationalized (see Scheme 7-130) [158].

A potential advantage of the Zr-catalyzed electrophilic alkylation is that it may be
carried out in an intramolecular manner, which would provide a unique catalytic
route to carbo- and heterocyclic structures (Scheme 7-131) [159].
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The Zr-catalyzed enantioselective alkylalumination of mono-substituted alkenes
led to the carbometallated product with moderate to good enantioselectivities
[160]. This catalyzed reaction was found to be greatly accelerated by the presence
of water and therefore methylalumination of terminal alkenes has been achieved
in good yields, and with good to high enantioselectivities (Scheme 7-132) [161].

An even broader approach based on the cascade hydroalumination-alkylalumina-
tion reactions of alkenes was reported (Scheme 7-133) [162].
Isobutylaluminoxane (IBAO), generated by treating iBu3Al with H2O (1 equiv.)

also significantly accelerates the Zr-catalyzed carbometallation, but it does not sig-
nificantly affect the enantioselectivity of the reaction. The improvement in e. e.
from 80 to 90–93% is almost entirely a result of the shift from methylalumination
to isobutylalumination rather than due to the aluminoxanes.
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7.4
Zinc-Enolate Carbometallation Reactions

Zinc-induced additions of enolate derivatives across unactivated double bonds con-
stitutes one of the most recent fields of research in the area of carbometallation.
Therefore, a specific subchapter will describe the recent achievements in the
intra- and intermolecular carbometallation with zinc-enolate derivatives.
The first intramolecular carbometallation reaction with a metal enolate of an

unfunctionalized or nonstrained double bond was reported only in 1997 [163].
N-Methyl-N-(but-3-enyl)glycinate methyl ester 217 was cleanly metallated by treat-
ment with 1.5 equiv. LDA in Et2O at –40 hC, but after several hours of stirring
at room temperature no cyclization of the corresponding lithium aminoenolate
217-Li was observed. However, addition of 1.5 equiv. zinc bromide salt to
217-Li led to the zinc aminoenolate 217-Zn, resulting in a virtually quantitative
5-exo-trig-cyclization after 1 h at room temperature to give the cyclic product
218-Zn (Scheme 7-134).

Hydrolysis of the reaction mixture afforded 218 in 70% isolated yield as a single
diastereomer with cis-configuration. The formation of a new functionalized organo-
metallic species was checked by iodinolysis and by reaction with allyl bromide after
transmetallation of the resulting organozinc bromide to an organocopper reagent
[164] (Scheme 7-135).

As the (Z)-configuration of the zinc enolate is imposed by an intramolecular
Zn-N chelation [165], the relative cis-configuration of 218-Zn was attributed to a
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chair-like transition state, in which the zinc (Z)-a-aminoenolate was in the plane
parallel to that of the olefinic residue [166] (Scheme 7-136).
By this simple strategy, several tri- and tetra-substituted pyrrolidines were easily

prepared and the diastereoselectivity of the carbocyclization was studied in detail
[167]. When the N-(R)-1-(phenylethyl)-N-(but-3-enyl)glutamate methyl ester 221
was submitted to this metallation-transmetallation-cyclization sequence, the chiral
cyclic organozinc bromide was diastereoselectively formed and after hydrolysis, the
chiral b-methylproline derivative 222 was obtained as a virtually pure cis-diastereo-
mer (d. r. ¼ 98/2) in 93% yield (Scheme 7-137) [167].

After hydrogenolysis, the secondary amine 223 was obtained with 96% e. e. [163b].
Interestingly, the enantioselectivity of this carbocyclization fell to 50% when the re-
action was performed with only 1 equiv. zinc salt. Moreover, when the aromatic ring
of the chiral inductor was replaced by a cyclohexyl ring, no diastereoselection was
observed. In view of these results, the authors have postulated a p-chelation be-
tween the aromatic ring and the zinc aminoenolate in the transition state (see
Scheme 7-137). As some p-chelations between organozinc derivatives and unsatu-
rated systems are well known in the literature [168], the excess of zinc salt, which
is necessary for the high diastereoselection, should act as a tether between the aro-
matic ring and the zinc aminoenolate, as depicted in Scheme 7-137. Therefore, the
chiral inductor adopts a position in which the methyl group bound to the chiral cen-
ter has a lowered eclipsing strain with the two hydrogens in the a-position, when
one face of the carbon-carbon double bond is concerned rather than the other.
Several modified chiral amino-acids used as probes in structure-activity relation-

ship studies of biologically active peptides, such as 3-prolinomethionines [169],
3-prolinoglutamic acid and 3-alkyl-substituted prolines [170] were easily prepared
by this methodology (Scheme 7-138).
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The zinc aminoenolate carbocyclization has also been applied to solid-phase or-
ganic synthesis, allowing the preparation of libraries of 3-substituted proline deri-
vatives [171].
When this metallation-transmetallation-cyclization was tested on the analogous

b-(N-allyl)-amino ester, a reverse addition (dropwise addition of the lithium enolate
to an ethereal zinc bromide solution) led to a smooth carbocyclization reaction to
give, after hydrolysis or reaction with different electrophiles, the corresponding
substituted methyl pyrrolidine-3-carboxylates in good yields (Scheme 7-139) [172].
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Surprisingly, the stereoselectivity of the carbocyclization in these cases is differ-
ent from that of the cyclization of a-(N-homoallyl)amino ester enolates described
above in Scheme 7-136. A reasonable explanation for the zinc-enolate cyclization
of the b-amino ester could involve a carbon-centered enolate, as for the simple Re-
formatsky reagent [173], rather than an oxygen-centered enolate, as proposed in the
case of an a-amino ester. Therefore, the group R should adopt a pseudo-equatorial
position and the methoxycarbonyl group a pseudo-axial position, on the basis of
their steric hindrance and a possible additional chelation with an external zinc spe-
cies complexed to the nitrogen atom (Scheme 7-140).

An alternative and elegant method for the preparation of substituted pyrrolidines
was recently published and consists of a domino 1,4-addition-carbocyclization on
different Michael acceptors, such as 226, with a mixed copper-zinc reagent or
with a triorganozincate-zinc salt combination [174]. Indeed, the 1,4-addition of
triorganozincate reagents to a,b-unsaturated esters 226 led to the corresponding
lithium enolzincate 227, which underwent a subsequent carbocyclization reaction
by treatment with ZnBr2 (3 equiv.) to give, after hydrolysis, the methylpyrrolidine-
3-carboxylate 228 in 55% yield as a single diastereomer (Scheme 7-141).

Even more interestingly, the reaction with RCu(CN)ZnBr,LiBr (prepared from
nBuLi or PhLi and a mixture of ZnBr2 and CuCN in diethyl ether) easily gave
the cyclic product in good yield, with moderate to excellent stereoselectivities de-
pending on the nature of the R group (Scheme 7-142) [174].
The diastereoselectivity can be improved either by using an excess of zinc salt

during the preparation of the organocuprate, nBuCu(CN)ZnBr, LiBr (d. r. 93/7),
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or by using aryl- or vinyl-organometallic reagents (such as PhCu(CN)ZnBr, LiBr).
In all cases, the carbometallated product can be functionalized with various electro-
philes [174].
N,N-dimethylhydrazones of v-alkenyl ketones also undergo carbocyclization upon

deprotonation and transmetallation into BuZn(II) cation (see Scheme 7-143) [175].
However, the diastereoselectivity of this carbocyclization (cis/trans ¼ 88/12) is

lower than the diastereoselectivity of the intramolecular carbometallation of the
zinc enolate, described above (see Scheme 7-135; d. r. i99/1).

A 6-exo-trig-cyclization of a 6-heptenylmetal to a (cyclohexylmethyl)metal is
usually much slower than the analogous 5-exo-trig-cyclization, and therefore
fewer examples are known for this transformation [2,3,134]. However, cyclization
of the zincaminoenolate has been successfully applied to the formation of six-
membered rings, as a new access to oligosubstituted piperidine derivatives
(Scheme 7-144) [176].
After metallation in Et2O and transmetallation with zinc bromide, the corre-

sponding (Z-)-zincaminoenolate cyclizes at room temperature to give the metal-
lated piperidines 232-Zn.
Hydrolysis, iodinolysis or allylation of the reaction mixture after an eventual

transmetallation step, afforded the functionalized piperidines 233 to 235 in 66,
81, and 65% yields, respectively. In all cases, only the cis-isomer was detected.
The stereoselectivity has been explained by a chair-like transition state in which
the electrophilic double bond occupies a pseudo-axial position (the zinc (Z)-a-ami-
noenolate and the double bond are gauche to each other), as depicted in Scheme
7-144 [176].
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The study of the stereochemical influence of substituents on the starting linear
substrates on the carbocyclization reaction has been performed in detail, and the
stereochemical outcome of this carbocyclization has been found to be mainly con-
trolled by the presence or absence of a substituent in the homoallylic position [176].
Although much slower, the 6-exo-trig-cyclization of an a-zincated ketone hydra-

zone led to the cyclic derivative in good yield with a diastereoselectivity of 91/9
[175]. The addition reaction of an a-zinc hydrazone to, e. g., unsubstituted ethylene,
was performed under pressure for four days at 35 hC, and led to the carbometal-
lated intermediate 237-ZnBu which, upon hydrolysis (or deuterolysis) gave the
product 237 in 88% yield (Scheme 7-145) [177].
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The a-zinchydrazone 237-ZnBu does not isomerize to the more stable isomer
such as 238-ZnBu. Here again, the use of the substituted species 236-ZnBu is cri-
tical, as under the same reaction conditions 236-ZnBr afforded 237 in lower yields
(22%) [177]. The trapping of 237-ZnBu with carbon electrophiles provided a one-
pot, three-component coupling reaction.
Aliphatic olefins such as 1-octene as well as aromatic olefins (styrene, p-methoxy-

styrene and o-trifluoromethylstyrene) also took part, albeit slowly, and gave lower
yields. On the other hand, vinylsilane [178] and vinylstannane [179] reacted readily
with a-zincated hydrazones, to give the carbometallated products.
The SAMP-hydrazone [177], which was prepared from cyclohexanone and

the enantiomerically pure SAMP-hydrazine, also reacted with excess ethylene to
form the allylated product in moderate yield and with a d. r. of 82/18 (Scheme
7-146).

Zinc enolates and a-zincated hydrazones react with the cyclopropenone acetal in
a highly diastereoselective manner, to give a b-cyclopropanonyl-carbonyl derivative
(Scheme 7-147) [180].

This carbometallation reaction takes place in a cis-manner with a generally high
level of 1,2-diastereoselectivity for the newly formed C-C bond. The reaction with
an enantiomerically pure hydrazone can be useful in synthetic terms, as the
level of selectivity is between 87 and 98% (Scheme 7-148).
Not unexpectedly for the intermolecular carbometallation reactions, unactivated

alkenes are rather poor electrophiles towards enolates, and good yields are obtained
only with slightly activated [178, 179] or strained alkenes [180]. On the other hand,
the addition of delocalized organometallics such as allyl- or propargylzinc deriva-
tives to vinylmagnesium halide, proceeds very smoothly at low temperature [10].
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A similar pattern was found for the reaction between the zincated hydrazone 236-
ZnBr and a vinyl-Grignard reagent, which easily takes place at 0 hC within 1 h, to
give the bismetallated hydrazone intermediate 244 in near-quantitative yield
(Scheme 7-149) [181].
The bismetallated species 244 can also react either with benzaldehyde to give the

olefination product 247, or with two different electrophiles, such as MeSSMe fol-
lowed by allyl bromide to furnish 246 (Scheme 7-150).
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Substituted vinyl Grignard reagents have so far been found to react very slug-
gishly with the a-metallated N,N-dimethylhydrazones.
When the enantiomerically pure cyclohexanone imine 248, prepared by conden-

sation of cyclohexanone and the methyl ether of (S)-valinol, was first deprotonated
with 1 equiv. mesityllithium at 0hC in ether, transmetallated with ZnCl2, and the
resulting intermediate finally treated with methyllithium, the corresponding chiral
zinc enamide 249 was formed. The diethyl ether was then replaced with hexane,
and the reaction mixture stirred under an ethylene atmosphere (20 atm) at 40 hC
for 24 h. After hydrolysis, 2-ethylcyclohexanone 250 was obtained in good yield
and with high enantiomeric excess (Scheme 7-151) [182].

7.5
Carbometallation Reactions of Dienes and Enynes

The treatment of isoprene 251 with PhMe2SiMgMe in the presence of a catalytic
amount of manganese dichloride, followed by the addition of iodomethane,
afforded 4-(dimethylphenylsilyl)-2,3-dimethyl-1-butene 252 as the main product.
The same type of reaction was achieved with 1,3-butadiene, as well as 2,3-di-
methyl-1,3-butadiene (Scheme 7-152) [183].

The organometallics PhMe2SiLi and PhMe2SiMgMe did not react with isoprene
in the absence of manganese(II) chloride. On the other hand, silylcupration reac-
tions of 1,3-dienes with the cyanocuprate reagent PhMe2SiCuCNLi produced a s -
(silyl-(Z)-alken-1-yl)copper complex, obtained from an overall 1,4-silylcupration
across the 1,3-diene system (Scheme 7-153) [184].
The regioselectivity of this copper intermediate reacting with electrophiles de-

pends heavily on the nature of the electrophile. Indeed, different electrophiles
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can give different regiochemistries, i. e. SE2 or SE2
l substitution products (Scheme

7-154).
With carbon dioxide as electrophile, the 1,2-addition product was formed exclu-

sively. With water and acetyl chloride, mixtures of 1,2- and 1,4-addition products
were obtained, with the ratio between them being independent of the reaction tem-
perature. However, with allyl phosphate or methyl iodide as quenching electro-
philes, 1,4-adducts were usually obtained.
A single isomer was obtained in each case when diphenylzinc, in the presence of

10 mol% Ni(acac)2, was reacted with 1,3-butadiene and an aldehyde at room tem-
perature (Scheme 7-155) [185].

The same stereoselectivities were observed for the reactions with isoprene. As
described above, allylation of carbonyl compounds is nowadays an important syn-
thetic transformation, and indium has emerged as a new partner in these reac-
tions. In this respect, a new diastereo- and regioselective bismetallic cascade reac-
tion involving the palladium-catalyzed cyclization of an aryl iodide with attack on a
proximate 1,3-diene unit to generate a p-allylpalladium(II) complex was developed
[186]. Subsequent transmetallation with indium furnished a nucleophilic allylin-
dium species which then underwent Barbier-type addition to aldehydes, affording
homoallylic alcohols with three contiguous stereogenic centers (Scheme 7-156)
[187].
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Enantioenriched organolithium derivatives, generated by the asymmetric depro-
tonation of a carbamate 254 with the chiral base sBuLi/(–)-sparteine, undergo
smooth intramolecular conjugate addition reactions to dienes, in high yields
(Scheme 7-157) [188].

In close analogy, the enynyl-substituted carbamate 257, upon treatment with
sBuLi in the presence of (–)-sparteine, cleanly cyclized to the allenyllithium 258.
However, quenching with MeOH gave a mixture of two diastereomeric allenes
259 in high yield (Scheme 7-158) [188].
Even non-activated dienes such as hexa-1,3-diene, can be carbometallated with

n-hexyllithium in the presence of TMEDA in hexane to afford a mixture of
regio- and stereoisomers of 3- and 4-dodecenes (Scheme 7-159) [189]. In Et2O as
solvent, only polymers were formed.
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Starting from nona-1,3-diene, the addition of nBuLi, in the presence of (–)-spar-
teine led to a symmetrical allyllithium, the carboxylation of which gave the corre-
sponding acid with 30% e. e. (Scheme 7-160) [189].
When dienols were used as starting materials, higher enantiomeric excesses

were achieved (see Scheme 7-161).
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When 260 was submitted to the enantioselective carbometallation reaction, fol-
lowed by acidic hydrolysis of the allyllithium intermediate, two isomeric alkenes
261 and 262 were obtained in a ratio of 70/30, with an e. e. of 53%. When
ZnBr2 was added to the allyllithium prior to hydrolysis, the regioselectivity of
the protonation 261/262 was raised to 92/8.
Dienes 263a,b also undergo such carbometallation reaction with good enantio-

meric excesses [189].
This concept was used for the catalytic enantioselective synthesis of vinylcyclo-

propanes (Scheme 7-162) [190].

Indeed, the addition of alkyllithiums (R1 ¼ nBu, nHex) in hexane in the presence
of 10 mol% (�)-sparteine at –10 hC led to the allylic organolithium derivatives
266a–d as mixtures of cis- and trans-diastereoisomers. Once the carbolithiation
step is over, a rapid warming of the reaction mixture to room temperature leads
to the formation of the vinylcyclopropanes with moderate to good enantiomeric
excesses.

7.6
Carbometallation Reactions of Allenes

Silylcupration of allenes has emerged as a new tool for the synthesis of allyl- and
vinylsilanes [191], and the scope of the reaction as well as its synthetic applications
have recently been reviewed [192]. Addition of the silicon-copper bond across one
of the double bonds of allenes occurs syn-stereospecifically, and the adducts, by re-
action with electrophiles, lead to a large variety of functionalized molecules. More
recently, it has been shown that phenyldimethylsilylcopper, prepared from phenyl-
dimethylsilyllithium and CuCN, reacts with 1,2-propadiene with the opposite
regiochemistry compared to that of the corresponding higher-order silylcuprate
reagent (Scheme 7-163) [193].
When 267 was treated with an a,b-unsaturated aldehyde or ketone in the pres-

ence of BF3 · Et2O, the corresponding oxoallylsilanes were obtained in good yields
[194–196]. When phenyldimethysilylcopper was added to 1- and 1,1-disubstituted
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allenes, the corresponding vinylcopper was also obtained and found to undergo
SN2l reactions with allyl phosphates [197].

7.7
Conclusions

The importance of the carbometallation reactions in organic synthesis has been re-
cognized during the past two decades, but more particularly in the past few years.
The ever-growing number of new methodologies for the 1,2-dialkyl-functionaliza-
tion of nonactivated carbon–carbon double and triple bonds attests to this interest.
Excellent stereoselectivities are achieved in the creation of (E)- or (Z)-vinylmetals
from alkynes, and in the preparation of erythro or threo structures from alkenes.
However, the enantioselective transformation of alkenes into chiral 1,2-dialkyl-sub-
stituted alkanes continues to be one of the most difficult challenges in synthetic
organic chemistry, and there is no doubt that during the next few years several
new enantioselective carbometallation reactions of alkenes will be developed.

7.8
Experimental Procedures

7.8.1
(E)-2-Allyl-1-bromo-3-(tert-butoxy)-1-chlorohex-1-ene (Scheme 7-9)

To a cooled (0 hC) solution of 3-(tert-butoxy)hex-l-yne (309 mg, 2 mmol) in anhy-
drous Et2O (10 mL) was added dropwise nBuLi (1.6 M solution in hexane,
1.6 mL, 2.6 mmol, 1.3 equiv.). The mixture was allowed to warm to room tempera-
ture. After an additional stirring, a pale yellow suspension was obtained. To this
solution was added dropwise at –30 hC a solution of allylmagnesium bromide
(1.38 M solution in Et2O, 1.9 mL, 2.6 mmol, 1.3 equiv.; the solution turned gray)
and at –10 hC a solution of ZnBr2 (1 M solution in Et2O, 2.6 mL, 2.6 mmol,
1.3 equiv.). The resulting solution mixture was stirred at –10 hC for 0.5 h, and a
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yellow solution of 10 was obtained. The mixture was then cooled to –50 hC, and a
solution of TsBr (0.94 mL, 4 mmol, 2 equiv.) in Et2O (10 mL) was added. After an
additional 15 min of stirring at this temperature, a solution of NCS (0.55 g, 4 mmol,
2 equiv.) in CH2Cl2 (20 mL) was added. After 2 h of stirring at –30 hC, the mixture
was hydrolyzed with a 1 N solution of HCl. The mixture was then allowed to warm
to room temperature. The aqueous layer was extracted with Et2O (2 q 20 mL). The
combined extracts were stirred for 4 h in the presence of aqueous Na2S. The new
aqueous layer was extracted with Et2O (2 q 10 mL). After the usual work-up, flash
chromatography of the crude product on silica gel (eluent: cyclohexane) yielded
70 mg (60%) of the title compound.

7.8.2
(E)-4-Methyl-3-deuterio-3-octenyl benzyl ether (Scheme 7-23)

A flask was charged with a solution of Fe(acac)3 in toluene (0.025 M, 0.025 mmol,
1.0 mL), toluene (4 mL) and substrate (0.5 mmol) and then cooled to –40 hC. A so-
lution of nBuLi in hexane (1.5 M, 1.5 mmol) was added to the mixture. The reac-
tion temperature was immediately raised to –20 hC, and the mixture was stirred at
–20 hC for 2 h. The reaction was quenched with DCl/D2O. The reaction mixture
was diluted with saturated NH4Cl solution. After extraction with ether (3 q

10 mL), washing the combined organic layer with saturated NaHCO3, drying
over MgSO4 and evaporation of the solvents, the residue was subjected to chroma-
tography on silica gel (eluent, hexane:ethyl acetate, 30:1) to furnish the pure prod-
uct in 96% yield.

7.8.3
Carbocyclization of 3,7-dimethyl-6-phenylithio-1,7-octadien-3-ol 117 to the
trisubstituted cyclopentanol 118 (Scheme 7-77)

To a stirred solution of 3,7-dimethyl-6-phenylithio-1,7-octadien-3-ol 117 (1.1 g,
4.2 mmol) in anhydrous ether (15 mL) kept at –78 hC, was added via syringe
MeLi (1.1 M in ether, 4.2 mL, 4.6 mmol). After 10 min, the reaction mixture
was cannulated into an LDMAN solution [ formed with polished lithium (80 mg,
11.5 mmol), N,N-dimethyl-l-naphthylamine (2.06 g, 12 mmol) and anhydrous
Me2O (20 mL) for 5 h at –70 hC with stirring] at –70 hC. After 10 min, a solution
of anhydrous MgBr2 (20 mmol in 60 mL of ether [taken from a solution formed
by stirring Mg (1.2 g, 50 mmol) with 1,2-dibromoethane (5.64 g, 30 mmol) in
refluxing ether (90 mL) for 4 h] was added via syringe. After 1 h at –30 hC, the
reaction mixture was warmed to and maintained at room temperature for 1.5 h.
Diphenyl diselenide (2.81 g, 9 mmol) was added, and the mixture was stirred for
2 h before water (60 mL) was added. The separated organic phase was washed
with 1 N aqueous NaOH (2 q 60 mL) and water (60 mL), and then dried over an-
hydrous K2CO3. Evaporation of the solvents and column chromatography (eluent,
hexane:ethyl acetate, 7:1, 0.5% NEt3) gave the cyclized selenide 118 (380 mg, 64%)
as an oil.
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7.8.4
(–)-(1R,2R)-2-[(1S)-1-Phenyl-1-(trimethylsilyl)methyl]cyclopentyl-2,2,4,4-tetramethyl-
1,3-oxazolidine-3-carboxylate 154 (Scheme 7-92)

At –78 hC, a solution of 152a (331 mg, 1 mmol) in Et2O (3 mL) was treated with
sBuLi (1.15 mL, 1.5 mmol, 1.5 equiv., 1.3 M) in the presence of (–)-sparteine
(352 mg, 1.5 mmol, 1.5 equiv.). The mixture was stirred at this temperature for
2 h. Me3SiCl (0.32 mL, 1.5 mmol, 1.5 equiv.) was then added at this temperature.
The mixture was stirred for an additional 5 h at –78 hC before warming to ambient
temperature and quenching the reaction with H2O (5 mL). The crude product was
purified by flash chromatography (eluent, ether:hexane, 1:10), yielding 154 with
E ¼ SiMe3 (129 mg, 32%, d. r. 98/2).

7.8.5
(2S*,3R*)-1,3-Dimethyl-2-methoxycarbonyl-N-methylpyrrolidine 218 (Scheme 7-134)

A solution of 217 (157 mg, 1 mmol) in anhydrous ether was cooled to –40 hC while
LDA (2 M in THF/heptane, 1.5 mmol, 0.75 mL) was added dropwise. The reaction
mixture was then allowed to warm to 0 hC for 10 min and cooled to –40 hC while
zinc bromide (1 M in ether, 1.5 mL, 1.5 mmol) was added dropwise. The reaction
mixture was allowed to warm to room temperature for 30 min. The cyclized prod-
uct 218-Zn was then cooled to 0 hC while a solution of NH4Cl/NH4OH (2/1) was
added slowly. Ether was added, and the mixture was stirred for at least 3 h with
a few crystals of Na2S.9H2O, in order to remove traces of zinc salts. The layers
were separated, the aqueous being extracted with ether. The combined extracts
were washed with brine, dried over MgSO4 and concentrated. The crude material
was purified by chromatography on silica gel (eluent, dichloromethane:methanol,
90:10) to give 109 mg (70%) of the title compound 218.

7.8.6
Methyl-(3R*,4S*)-1,3-dibenzyl-4-methylpyrrolidine-3-carboxylate 229 (Scheme 7-142)

An ethereal solution of zinc bromide (4 mL, 1 N in Et2O, 4 mmol) and subse-
quently a solution of PhLi·LiBr (3.2 mL, 1.27 N in Et2O, 4 mmol) were added drop-
wise to a suspension of copper cyanide (360 mg, 4 mmol) in Et2O (7 mL) at –10 hC.
The reaction mixture was stirred at 0 hC for 1 h, and a solution of methyl-2-[(N-
allyl-N-benzylamino)methyl]acrylate 226 (490 mg, 2 mmol) in Et2O was added
dropwise at 0 hC. The cold bath was removed, and the biphasic mixture was stirred
at room temperature for 2 h. The reaction was quenched with an aqueous solution
of NH4Cl/NH4OH (2/1). The layers were separated, the aqueous one being ex-
tracted three times with ethyl acetate. The combined organic layers were washed
with brine, dried over MgSO4, and the solvents evaporated under reduced pressure.
The residue was purified by chromatography on silica gel (eluent, cyclohexa-
ne:ethyl acetate, 8:2) to give 142 (356 mg, 55%) as a yellow oil.
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8
Palladium-Catalyzed 1,4-Additions to Conjugated Dienes

Jan-E. B�ckvall

8.1
Introduction

Additions to nonactivated olefins and dienes are important reactions in organic
synthesis [1]. Although cycloadditions may be used for additions to double bonds,
the most common way to achieve such reactions is to activate the olefin with an elec-
trophilic reagent. Electrophilic activation of the olefin or diene followed by a nucleo-
philic attack at one of the sp2 carbons leads to a 1,2- or 1,4-addition. More recently,
transition metals have been employed for the electrophilic activation of the double
bond [2]. In particular, palladium(II) salts are known to activate carbon-carbon
double bonds towards nucleophilic attack [3], and this is the basis for the Wacker
process for industrial oxidation of ethylene to acetaldehyde [4]. In this process the
key step is the nucleophilic attack by water on a p-ethylenepalladium complex.
Addition to conjugated dienes constitutes a special class of reactions, and in

these it is of great importance to control the regioselectivity towards 1,2- or 1,4-ad-
dition. With classical electrophilic reagents it is difficult to control the regioselec-
tivity, and mixtures of 1,2- and 1,4-regioisomers are often formed. With the use
of transition metals, highly regioselective additions to conjugated dienes can be
obtained [5]. From a synthetic point of view, it is of great importance if these addi-
tions are catalytic with respect to the metal. One metal that has been used success-
fully in this respect is palladium, and several reviews have been produced which
include palladium-catalyzed additions to conjugated dienes [5–10]. This chapter
will deal with palladium-catalyzed reactions leading to selective bis-couplings in
the 1- and 4-position of 1,3-dienes.
Palladium-catalyzed 1,4-additions to conjugated dienes can be divided into two

classes: (1) nonoxidation reactions; and (2) oxidation reactions. In the former
type of reaction, a palladium(0) catalyst is employed, and the first step in the cata-
lytic cycle is often an activation of one of the reactants by its oxidative addition to
Pd(0). In the second type of reaction, a palladium(II) complex is the active catalyst,
and this oxidizes the substrate diene under formation of Pd(0). Reoxidation of
Pd(0) to Pd(II) by an oxidant regenerates the active catalyst.

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN 3-527-30518-1



8.2
Palladium(0)-Catalyzed Reactions

These reactions are nonoxidation reactions, and can be divided into several sub-
classes. The active catalyst is a palladium(0) complex, such as Pd(PPh3)4, or
some analogous phosphine complex. Such palladium(0) phosphine complexes
may also be generated in situ from Pd(0)(dba)2 (dba ¼ dibenzylidenacetone) þ
phosphine or from Pd(OAc)2 þ phosphine. In the latter case, Pd(II) is reduced
to Pd(0) by the phosphine [11]. A common feature of the palladium(0)-catalyzed
additions to conjugated dienes is that they begin with an oxidative addition of a
species such as H-Nu or RX to palladium(0) to give a palladium(II) hydride com-
plex or an organometallic R-Pd(II) complex, respectively. These complexes subse-
quently react with the conjugated diene in a migratory insertion reaction to give
an intermediate p-allylpalladium complex.

8.2.1
Addition of H-Nu

This reaction constitutes a special type of process in which a hydrogen and a
nucleophile are added across the diene, with formation of a carbon-hydrogen
bond in the 1-position and a carbon-Nu bond in the 4-position. Some examples
of such reactions are hydrosilylation [12–18], hydrostannation [19, 20], hydroami-
nation [21, 22], and addition of active methylene compounds [21a, 23, 24]. These
reactions are initiated by an oxidative addition of H-Nu to the palladium(0) catalyst,
which produces a palladium hydride species 1 where the nucleophile is coordi-
nated to the metal (Scheme 8-1). The mechanism commonly accepted for these
reactions involves insertion of the double bond into the palladium-hydride bond
(hydride addition to the diene), which gives a p-allylpalladium intermediate.
Now, depending on the nature of the nucleophile (Nu), the attack on the p-allyl
complex may occur either by external trans-attack (Scheme 8-1; path A) or via a
cis-migration from palladium to carbon (path B).
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8.2.1.1 1,4-Hydrosilylation
Palladium-catalyzed hydrosilylation of terminal 1,3-dienes proceeds with high
1,4-regioselectivity. For example, both butadiene and isoprene react with HSiCl3
in the presence of Pd(PPh3)4 to give the 1,4-hydrosilylation product (Eq. (1)) [12].
Hydrosilylation of cyclic dienes also worked well to give allylic silanes. Thus,

palladium-catalyzed hydrosilylation of 1,3-cyclopentadiene and 1,3-cyclohexadiene
afforded the corresponding allylsilanes in good yields [13, 14].
Early studies on palladium-catalyzed asymmetric hydrosilylation of cyclic conju-

gated dienes employing menthyl-, neomenthyl-diphenylphosphine, and ferroceny-
laminophosphine ligands gave low enantiomeric excesses of the corresponding
allylsilane [13].
Different ligands have been employed in the asymmetric hydrosilylation of

(E)-1-phenylbutadiene to give the allylsilane 3 via intermediate 2 [15]. The use of
a chiral ferrocenylphosphine ligand gave 64–66% e. e. [15a,b], whereas the use
of a chiral binaphthol derivative furnished 3 in 66% e. e. [15c]. Interestingly, the
1,4-addition product 3 had (Z)-configuration. This is a common phenomenon in
palladium-catalyzed hydrosilylation. The configuration of the product from buta-
diene in Eq. (1) (R¼H) had later been determined and shown to be exclusively
Z [16]. In accordance with these findings, palladium-catalyzed hydrosilylation of
1-vinyl-1-cyclohexene with HsiMeCl2 gave (Z)-1-ethylidene-2-(dichloromethylsilyl)
cyclohexane [17].
The high selectivity for formation of (Z)-alkenes in palladium-catalyzed hydro-

silylation can be attributed to the formation of a cisoid complex of type 2 (Eq. (2))
which, after hydride addition, undergoes a reductive elimination which is faster
than syn-anti isomerization [5].

A significant improvement was accomplished in the asymmetric palladium-
catalyzed 1,4-hydrosilylation of cyclic 1,3-dienes with the use of the chiral ligand
(R)-MOP-phen (Scheme 8-2) [18]. Thus, hydrosilylation of cyclopentadiene gave
4 in 99% yield with an enantiomeric excess of 80%, which is the highest reported
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e. e. value for Pd-catalyzed hydrosilylation of 1,3-dienes. With 1,3-cyclohexadiene,
the yield of the allylsilane 5 was high, but the e. e. was moderate. In the latter
study [18], it was demonstrated that the hydrosilylation of cyclic dienes is indeed
a 1,4-syn-addition. Reaction of 1,3-cyclohexadiene with DSiF3Ph in the presence
of the catalyst afforded exclusively 1-deuterio-4-(phenyldifluorosilyl-2-cyclohexene
(7). This is consistent with a fast reductive elimination (vide supra) from the p-
allyl intermediate 6 to give 7 before isomerization by a so-called apparent p-allyl
rotation occurs [25].

8.2.1.2 1,4-Hydrostannation
The reaction of isoprene with tributyltin hydride in the presence of catalytic
amounts of Pd(PPh3)4 gave the 1,4-hydrostannation product 8 with high regio-
and stereoselectivity (Eq. (3)) [19]. The Z configuration can be explained in the
same way as for the hydrosilylation (cf. Eq. (2)).

Palladium-catalyzed hydrostannation of isoprene was used for the in-situ genera-
tion of allylstannane 9, which was trapped by an aldehyde to give the alcohol 10
(Eq. (4)) [20]. It was suggested that an intermediate HPdSn(OAc)Cl2 is formed.
The authors proposed two mechanisms for the hydrostannation: one according
to Scheme 8-1, where Nu ¼ Sn(OAc)Cl2; and another where the double bond in-
serts into the palladium-tin bond, followed by reductive elimination from a p-allyl-
palladium hydride.
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8.2.1.3 1,4-Hydroamination
Palladium-catalyzed 1,4-hydroamination of conjugated dienes is usually accompa-
nied by large amounts of 2:1 telomerization products [21, 22]. It was shown that
the use of an amine hydrochloride as a co-catalyst increased the selectivity for
the 1,4-hydroamination product [23]. Thus, butadiene and 2,3-dimethylbutadiene
produced a fair yield in the palladium-catalyzed 1,4-hydroamination (Eq. (5)).
High-yielding palladium-catalyzed 1,4-hydroaminations of 1,3-dienes with ani-

lines have more recently been reported by two groups (Eq. (6)) [26].

The reaction also works well with acyclic dienes to give hydroamination products
in high yields. In one of the studies, trifluoroacetic acid was used in catalytic
amounts to increase the rate of the reaction [26a]. In the latter study, the use of
chiral ligands in the hydroamination of 1,3-cyclohexadiene afforded products
with up to 95% e. e..

8.2.1.4 Addition of Active Methylene Compounds
The palladium(0)-catalyzed reaction of 1,3-dienes with active methylene com-
pounds to give 1,4-addition of a hydrogen atom and a stabilized carbanion is com-
plicated by the formation of 2:1 telomerization products [27]. It was found by Hata
et al. [21a] that bidentate phosphines such as 1,2-(diphenylphosphino)ethane favor
formation of the 1:1 adduct. More recent studies by Jolly have shown that the use
of more s-donating bidentate phosphines on palladium gave high selectivity for
1:1 adduct [23]. For example, 1,3-butadiene reacted with 11 to give the 1,4-addi-
tion product 12 in 82% yield, together with 18% of the 1,2-addition product
13 (Eq. (7)).
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The reaction of 2,3-dimethylbutadiene with 2-methylacetylacetate 14 gave an
excellent yield of a single 1,4-addition product (Eq. (8)). It was suggested that
the reaction proceeds via a p-allylpalladium intermediate formed by Pd-H addition
to the diene, followed by nucleophilic attack by the carbanion (cf. Scheme 8-1). It is
likely that the reaction proceeds via path A (Scheme 8-1); that is, via an external
nucleophilic attack by the carbanion.
In a related study, Trost and Zhi [24] showed that the use of 1,3-(diphenylpho-

sphino)propane (dppp) as a ligand on palladium also led to a high selectivity for
1,4-addition of active methylene compounds to 1,3-dienes. For example, 2,3-di-
methylbutadiene gave an excellent yield with a number of active methylene com-
pounds (Eq. (9)). Interestingly, the reaction temperature is of importance for the
1,4-selectivity. Thus, in the reaction of (PhSO2)2CH2 with isoprene employing
the Pd(0)-dppp system, the ratio between the desired 1,4-addition product and
the telomerization product was 73:27 at 70 hC, but this increased to 95:5 at
100 hC. Cyclic dienes also gave excellent yields of the 1,4-addition products (Eq. (10)).

8.2.1.5 1,4-Hydrosulfonation
Palladium-catalyzed addition of phenylsulfinic acid to butadiene and isoprene gave
mainly 1,2-addition products. From butadiene, 1,2- to 1,4-addition products in a
4:1 ratio were obtained in high yield (Eq. (11)) [28]. It was later shown that the
1,2-addition product is the kinetic product and that prolonged reaction time in-
creased the amount of 1,4-addition product [28b].
1,3-Cyclohexadiene afforded the allylsulfone 15 in 90% yield in a similar hydro-

sulfonation reaction (Eq. (12)) [29]. In this case, it was necessary to employ triphe-
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nylphosphite as the ligand, since the use of triphenylphosphine led to a slow reac-
tion and resulted in only a modest yield of 15.
The use of PhSO2Na in the palladium(0)-catalyzed (Pd(PPh3)4) reaction of iso-

prene in DMF afforded exclusively the 1,4-addition product in 94% yield [30].
The regioisomer obtained was the 1-phenylsulfonyl-3-methyl-2-butene.

8.2.1.6 1,4-Hydrosulfenation and 1,4-Hydrothiocarbonylation
Palladium-catalyzed reaction of isoprene with thiophenol in the presence of CO
gave, depending on the solvent, either a thiocarbonylation product (16a) or a prod-
uct in which a 1,4-addition of sulfur and a hydrogen had occurred (16b) [31]. The
reaction was optimized for the formation of the thiocarbonylation product (in
CH2Cl2) to give 1,4-addition products in good yields.

8.2.1.7 1,4-Hydroboration
Palladium-catalyzed hydroboration of acyclic conjugated dienes gave 1,4-addition
products with high regioselectivities [32]. Catecholborane reacted with a number
of 1,3-dienes in the presence of Pd(PPh3)4 to give allylic boronates, which were
quenched by benzaldehyde to give homoallylic alcohols 17 as single diastereo-
isomers in each case (Eq. (13)). Isolation of the 1,4-hydroboration adducts from
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butadiene and isoprene in 87 and 90% yields was carried out in an independent
experiment, and it was shown that the allylic boronates were exclusively (E)-config-
uration. A mechanism according to Scheme 8-1 (Nu ¼ -B(cathecol)) was suggested
for the 1,4-hydroboration step.

8.2.1.8 1,4-Hydrocyanation
Palladium-catalyzed hydrocyanation of olefins has been reported [33]. However, the
corresponding reaction with conjugated dienes have not been explicitly mentioned.
The analogous nickel-catalyzed hydrocyanation of conjugated dienes has been
described [34], and is the basis for the commercial adiponitrile process. In this
case, it has been shown [35] that the overall addition of HCN to the 1,3-diene
occurs with cis stereoselectivity, consistent with path B in Scheme 8-1.

8.2.2
1,4-Coupling with a Carbanion Equivalent and Another Nucleophile

The addition of a nonstabilized carbon nucleophile and another nucleophile to a
conjugated diene has similarities to the addition of H-Nu (cf. Section 8.2.1). The
formation of RPdX (18) by oxidative addition of RX and Pd(0) corresponds to
the generation of a palladium-hydride species in the H-Nu addition (Scheme 8-3).
Insertion of the diene into the Pd-R bond produces a p-allylpalladium intermedi-

ate which reacts with the nucleophile to give the 1,4-addition product. The R group
in these reactions is typically an aryl or a vinyl, and the X group in RX is in most
cases a halide or a triflate.
Although 2:1 telomerization reactions can be considered as a special case of

1,4-addition to a conjugated diene by a carbon and a nucleophile (Eq. (14)),
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these reactions will not be covered in this chapter, and the reader is advised to con-
sult refs. [8] and [27] for further details on this matter. An intramolecular version of
this reaction will be discussed in Section 8.2.2.3.

8.2.2.1 1,4-Carboamination
The palladium-catalyzed 1,4-addition of a carbon and a nitrogen function to conju-
gated dienes has been achieved by the use of a free amine to trap the p-allyl inter-
mediate obtained by carbopalladation of the diene (cf. Scheme 8-3) [36, 37]. In
these reactions, it is necessary to use phosphines in order to facilitate the nucleo-
philic attack on the intermediate p-allylpalladium complex. In the absence of phos-
phine, mainly elimination to diene occurs. It was found that various aryl bromides
and amines react with conjugated dienes in the presence of Pd(OAc)2/triaryl-
phosphine (which generates a Pd(0)-phosphine complex in situ [11]) to give 1,4-car-
boamination products. Morpholine and piperidine gave good results, but the use of
diethylamine gave mainly elimination to a diene. A few representative examples
are given in Eqs. (15) and (16).

The elimination to a diene is a competing pathway in all these reactions. If
triethylamine is employed as the amine, and/or the 1,3-diene has an electron-with-
drawing group in the 1-position, then diene formation predominates. For example,
(E,E)-2,4-pentadienoic acid reacted with aryl bromides in the presence of triethyl-
amine and the palladium catalyst to give (E,E)-5-aryl-2,4-pentadienoic acid in good
yield. The propensity for elimination to a diene was later developed into a 1,4-dia-
rylation of 1,3-dienes (Eq. (17)) [38]. This is formally a palladium-catalyzed 1,4-ad-
dition of two carbon functions to the 1,3-diene, but it occurs in two steps and can
be considered as a two-fold Heck arylation.
The 1,4-carboamination has been extended to the use of vinyl bromides [39–41].

The use of morpholine or piperidine as the external nucleophile led to a 1,4-addi-
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tion to the 1,3-diene via a p-allylpalladium intermediate. An example that leads to a
carbocyclization via a vinylpalladation is shown in Eq. (18).
Analogous reactions in which the vinylpalladium is generated from arylpallada-

tion of an acetylene (ArI þ Pd(0)), intramolecular insertion of a diene and subse-
quent amine attack were reported by Xie and Lu [42].
Related palladium-catalyzed 1,4-additions of a carbon and an amine via a carbo-

cyclization of 19 was reported by Grigg et al. (Eq. (19)) [43, 44]. In this case, the
spirocyclic compound 20 was formed.

The reaction has also been applied in another intramolecular version in which a
cyclization occurs in the amination step (Scheme 8-4) [45]. With the use of chiral
ligands, an enantioselectivity of up to 80% e. e. was obtained. For example, with
ligand 21, the dieneamine 22 and aryl triflates 23a and 23b gave the corresponding
products, 24a and 24b in 70 and 77% e. e., respectively.
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8.2.2.2 1,4-Addition of a Carbon Nucleophile (Aryl or Vinyl)
and a Stabilized Carbanion

The use of a stabilized carbanion as an external nucleophile in the arylation or
vinylation of conjugated dienes leads to a 1,4-addition of two carbon atoms. This
was first demonstrated by Dieck et al. [40] in 1983, who showed that 1-bromo-2-
methylpropene and sodium dimethyl malonate reacted with isoprene in the pres-
ence of a palladium catalyst to give a 1,4-adduct in moderate yield (22%).
This type of reaction was later studied in more detail using various aryl halides

instead of vinyl halides [46]. The reactions were run with 1,3-butadiene employing
several different stabilized carbon nucleophiles. Some examples are given in Eqs.
(20) and (21).
Cyclization reactions by coupling of an aryl group and a stabilized carbon nucleo-

phile to the 1,4-positions of a diene were reported by Grigg et al. [43]. The reaction
proceeds via a spirocyclic p-allyl intermediate. Diethyl malonate and dicyano-
methane were used as the stabilized carbanion carbon nucleophiles. In one exam-
ple, the spirocyclic compound 25 was obtained from 19 in 60% yield (Eq. (22)).
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Mycophenolic acid was synthesized by a three-component coupling between
lactone 26, isoprene and dimethyl malonate (Eq. (23)) [47]. The reaction proceeds
by the usual mechanism, with oxidative addition of the aryl halide to Pd(0) and
subsequent insertion of isoprene into the Pd-aryl bond to give a p-allyl complex
followed by nucleophilic attack by the malonate carbanion. Compound 27 was sub-
sequently transformed to mycophenolic acid.
Related reactions of nonconjugated dienes (e. g., 1,4-dienes) underwent a similar

coupling reaction with aryl iodides and stabilized carbon nucleophiles [48]. In these
reactions, the initial arylpalladium adduct isomerizes to a p-allylpalladium complex
which is attacked by the carbon nucleophile.

8.2.2.3 1,4-Addition of Carbon and Oxygen
Intramolecular reactions of allylic acetates with conjugated dienes catalyzed by
Pd(0) lead to a 1,4-addition of a carbon and an oxygen to the diene. The reaction,
which is formally an isomerization, involves two different p-allyl complexes
(Scheme 8-5) [49]. Reaction of 28 in the presence of the Pd(0) catalyst
Pd2(dba)3 · CHCl3 (dba ¼ dibenzylidenacetone) and LiOAc/HOAc in acetonitrile
under reflux produces the cyclized isomer 31 in 62% yield. The double bond
had exclusively (E)-configuration, while the configuration on the ring was a mix-
ture of cis and trans. Oxidative addition of the allylic acetate to the Pd(0) species
gives the intermediate p-allyl complex 29. Subsequent insertion of a diene double
bond into the allyl-palladium bond produces another p-allyl intermediate 30, which
is subsequently attacked by acetate to give the product 31.
In a related reaction, tetraenes 32 underwent carbocyclization to give allylic

ethers 33 (Eq. (24)) [50]. The reaction can be considered as an intramolecular
telomerization reaction, and leads to the 1,4-addition of a carbon and an oxygen
nucleophile to one of the dienes. The reaction involves a p-allyl intermediate,
which is subsequently attacked by the oxygen nucleophile.
The use of the terminally hydroxy-substituted tetraene substrate 34 in this reac-

tion made it possible to determine the stereochemistry of the overall 1,4-addition of
the carbon and oxygen functions to the diene (Eq. (24)) [51]. Palladium-catalyzed
reaction of 34 in THF under reflux afforded product 36 in which a net anti
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1,4-addition had occurred. The stereochemistry was consistent with an intermedi-
ate p-allyl complex 35, in which carbon and palladium have added to the upper
diene in a syn fashion. Intramolecular attack by the hydroxy group from the face
opposite to that of palladium would give the product observed. In this reaction,
an interesting 1,2-stereoinduction by the methyl group occurred.
In a reaction similar to those detailed in Eqs. (19) and (22), Grigg et al. [43, 44]

also employed lithium acetate as an oxygen nucleophile in place of the amine and
stabilized carbon nucleophile, respectively, as presented in these equations. This
led to a 1,4-addition of carbon and oxygen to the conjugated diene.
Palladium(0)-catalyzed reactions of allenic dienes 37 in acetic acid afforded allylic

acetates 38 (Scheme 8-6) [52]. This reaction is reminiscent of telomerizations, and
a mechanism via a palladacycle rearranging to a p-allyl complex was inferred as
being likely. A pathway via a palladium hydride can, however, not be excluded.
Larock et al. [53] have studied the palladium-catalyzed arylation of 1,3-dienes

followed by intramolecular attack by an oxygen nucleophile. o-Iodophenols and
o-iodobenzyl alcohol were used as substrates. These reactions, which essentially
are annelation reactions, lead to a 1,2-addition to the conjugated dienes, and will
not be discussed further here. Amides were also used as nucleophiles in these
reactions.
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8.2.2.4 1,4-Carbosilylation
In the previous section, the hydrosilylation of conjugated dienes was discussed.
The analogous 1,4-addition of a carbon and silicon unit instead of a hydrogen
and silicon was developed using an acid chloride and an organodisilane in a
Pd(0)-catalyzed reaction [54]. The acid chloride undergoes a decarbonylation, and
this results in an overall 1,4-addition of the remaining carbon unit and silicon
to the conjugated diene. Three different dienes, 1,3-butadiene, isoprene and 2,3-di-
methylbutadiene were employed. Some examples are given in Eqs. (26)–(28), and
the proposed mechanism is shown in Scheme 8-7. Attempts to use an aryl iodide
as a direct source for the arylpalladation intermediate gave poor results; for exam-
ple, iodobenzene gave only 8% yield with butadiene and Me3SiSiMe3. The corre-
sponding reaction with bromobenzene furnished 40% of the desired 1,4-addition
product.
In the proposed mechanism, the ArPdCl generated by decarbonylation of the

s -acylpalladium complex reacts with the diene to give a p-allylpalladium inter-
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mediate. Reaction of this intermediate with the disilane replaces the chloride by
trimethylsilane, and subsequent reductive elimination gives the product. In me-
chanistic studies, the chlorodimer 39 corresponding to the p-allylpalladium
chloride intermediate in Scheme 8-7 was prepared and allowed to react with
Me3SiSiMe3. This led to Me3SiCl (characterized by 29Si NMR) and 1-phenyl-
4-trimethylsilyl-2-butene (Eq. (29)).
It was also demonstrated that organosilylstannanes can be used as the trimethyl-

silyl anion source. In this case, the acid chlorides gave poor results and it was
found that aryl iodides were suitable substrates. Reaction of 1,3-butadiene with
PhI and Bu3SnSiMe3 gave the 1,4-carbosilylation product in 50% yield as an E/Z
mixture of 84:16. The use of phenyl triflate as the aryl source did not give the
desired 1,4-addition product, but afforded the 2:1 telomerization product from
two molecules of diene and one trimethylsilyl group in good yield.

8.3
Palladium(II)-Catalyzed Reactions

Palladium(II)-catalyzed 1,4-additions to conjugated dienes also involve the forma-
tion of a p-allylpalladium intermediate. All known reactions of this type are oxida-
tion reactions.

8.3.1
1,4-Addition of Two Nucleophiles

The 1,4-addition of two nucleophiles to 1,3-dienes is an oxidation reaction, and
involves nucleophilic attacks on p-diene- and p-allyl-palladium complexes. The
principle and mechanism of this reaction are given in Eq. (30) and Scheme 8-8,
and the reaction is exemplified with p-benzoquinone as the oxidant.
The nucleophilic attack on the p-diene complex occurs in the 1-position of the

diene, and produces a p-allylpalladium complex. The second nucleophile then
attacks the p-allylpalladium intermediate in a regio- and stereoselective manner
to produce the 1,4-oxidation product and Pd(0). Coordination of p-benzoquinone

494 8 Palladium-Catalyzed 1,4-Additions to Conjugated Dienes

Me3SiSiMe3+ Ph

SiMe3

(29)
Ph

PdCl/2

+ Me3SiCl

39

Equation 8-29

Y

X
+ X

–
+ Y

–
cat. Pd(II)

oxidation

X = OAc,O
2
CR, OR

Y = Cl, OAc, O
2
CR, OR

(30)

Equation 8-30



to palladium in the p-allylpalladium intermediate induces the nucleophilic attack.
The Pd(0)-benzoquinone formed in the process undergoes an intramolecular redox
reaction to give Pd(II) and hydroquinone. Depending on the nature of the nucleo-
phile, the second attack may occur either in a trans-mode by a free nucleophile, or
in a cis-fashion by a coordinated nucleophile. Different oxidants have been tried in
an attempt to obtain catalytic conversions, though 1,4-benzoquinones have been
mostly used as they are associated with high stereo- and regioselectivity. Another
advantage with benzoquinone as the oxidant is that the corresponding hydroqui-
none obtained can be reoxidized by air or molecular oxygen (vide infra). In the latter
case, the quinone is used in catalytic amounts only. The principles for such aerobic
oxidations are discussed below.

8.3.1.1 1,4-Diacyloxylation
In the 1,4-diacyloxylation, two carboxylate anions are added in a 1,4-fashion to a
conjugated diene in an oxidative process involving the removal of two electrons.
The catalyst employed is a palladium(II) salt, usually Pd(OAc)2. The 1,4-diacyloxy-
lation may be an intermolecular or an intramolecular process. In the latter case the
result is a lactonization. In most cases the stereochemistry of the 1,4-addition of
the two carboxylates to the 1,3-diene can be controlled to give either a 1,4-cis or
1,4-trans adduct.

Intermolecular 1,4-diacyloxylation

In the intermolecular 1,4-diacylaoxylation, two carboxylate anions react with the
diene in the presence of a palladium(II) catalyst and an oxidant, according to
Eq. (31).
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One example of such a reaction was reported in 1971 by Brown and Davidson
[55], who studied oxidation reactions of 1,3- and 1,4-cyclohexadiene. These authors
observed that reaction of 1,3-cyclohexadiene with p-benzoquinone in acetic acid in
the presence of catalytic amounts of Pd(OAc)2 produced 1,4-diacetoxy-2-cyclohex-
ene of unknown configuration. At the time, Brown and Davidson were uncertain
about the mechanism, and suggested possible involvement of radicals. A related
palladium-catalyzed 1,4-diacetoxylation of butadiene employing O2 as an oxidant
and a heterogeneous Pd-Te catalyst has been developed and commercialized by
Mitsubishi Chemicals [56].
In 1981, a stereoselective palladium-catalyzed 1,4-diacetoxylation of conjugated

dienes was reported [57–59]. By ligand control, it was possible to direct the reaction
to either 1,4-trans- or 1,4-cis-diacetoxylation (Scheme 8-9).
The crucial ligand which dramatically changes the stereochemical outcome of

the reaction is Cl–. Thus, in the absence of chloride ligands, a 1,4-trans-diacetoxyla-
tion occurs, whereas in the presence of a catalytic amount of chloride ions a 1,4-cis-
diacetoxylation takes place. An explanation of these results is that, in the absence of
chloride ions, the counterion to palladium is acetate, which can migrate from the
metal to carbon. Addition of lithium chloride, even in catalytic amounts, results in
displacement of the acetate on palladium by chloride due to the very strong palla-
dium chloride bond. In this case only external trans-attack by the acetate will be
possible. This mechanism has been confirmed by mechanistic studies on isolated
p-allylpalladium complexes [60]. Thus, it was found that treatment of complex 40
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with silver acetate and subsequent reaction with p-benzoquinone (BQ) in acetic
acid afforded allylic acetate 41 with trans-configuration via a cis-migration (Scheme
8-10). Treatment of complex 40 with BQ in acetic acid gave the cis product 42 by
external trans-attack.
The migration of acetate from palladium to carbon most likely proceeds via a

s -allylpalladium complex (Eq. (32)) [57b, 61]. In such a process, it is not the oxygen
coordinated to palladium that attacks the allyl carbon, but rather the carbonyl oxy-
gen [60]. A migration reaction of this type is most likely a frontier orbital-controlled
process, and this requires a reasonably high energy of the filled orbital that inter-
acts with the p* of the p-system of the ring [62]. The filled orbital of the carbonyl
oxygen has a much higher energy than the orbital of the palladium-oxygen bond
[60, 62, 63]. Thus, attack by the oxygen coordinated to palladium is unlikely.

The s-allyl mechanism was supported by the fact that the p-allyl complex 43 is
quite unreactive with respect to cis-migration, whereas complex 44 reacts rapidly in
the same process (Scheme 8-11) [61]. The low reactivity of the p-allyl complex 43
can be explained by the unfavored conversion of this isomer to its s -allyl complex
because of the change of the substituent R from an equatorial to an axial position.
For complex 44, on the other hand, formation of the s -allyl complex should be
facile because the R group will become equatorial in this complex.
A number of dienes undergo the 1,4-diacetoxylation. For example, 6-, 7-, and 8-

membered rings work well, but cyclopentadiene gave a moderate yield of diacetox-
ylation product due to competing Diels-Alder reaction between cyclopentadiene
and p-benzoquinone. For 6-substituted 1,3-cycloheptadienes, a high diastereoselec-
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tivity was obtained with the two acetates adding anti with respect to the 6-substi-
tuent (Eq. (33)) [57b].
Although acyclic dienes in general gave lower yields than the cyclic ones, the 1,4-

stereocontrol obtained for internal conjugated dienes is of synthetic interest. For
example, (E,E)- and (E,Z)-2,4-hexadiene was stereoselectively transformed to the
d,l- and meso-1,4-diacetate, respectively (vide infra).

The reaction was also performed in acetone in the presence of 5–10 equivalents
of a carboxylic acid [58]. In this way, solid carboxylic acids can be used. A number
of different dicarboxylates were prepared in this manner from acetic acid, trifluor-
oacetic acid, pivalic acid, and benzoic acid. An example where the cis- and trans-1,4-
dibenzoates from 1,3-cyclohexadiene was obtained stereoselectively is shown in
Scheme 8-12.
The catalytic cycle of the palladium-catalyzed diacyloxylation follows the cycle

depicted in Scheme 8-8 (X– ¼ RCOO–, Y– ¼ RlCOO–). The coordination of a qui-
none in the p-allylpalladium intermediate was demonstrated by NMR studies,
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including T1 measurements [64]. Attack by the second nucleophile results in the
formation of the 1,4-addition product and a palladium(0)-benzoquinone complex.
In an independent mechanistic study it was shown that such Pd(0)-benzoquinone
complexes, which are stable under neutral conditions (pH 7), react with weak acids
to give hydroquinone and the palladium(II) salt of the acid (Eq. (34)) [65].

In the catalytic cycle of the palladium-benzoquinone-based 1,4-oxidation of 1,3-
dienes, benzoquinone is reduced to hydroquinone. The diacetoxylation reaction is
conveniently performed with p-benzoquinone in catalytic amounts employing
MnO2 as the stoichiometric oxidant. In this process, the hydroquinone formed
in each cycle (cf. Scheme 8-8) is reoxidized to p-benzoquinone by MnO2. For exam-
ple, the catalytic reaction of 1,3-cyclohexadiene using catalytic amounts of both
Pd(OAc)2 and p-benzoquinone with stoichiometric amounts of MnO2 in acetic
acid in the presence of lithium acetate afforded a 93% yield of trans-1,4-diace-
toxy-2-cyclohexene (i91% trans) [57]. The corresponding reaction in the presence
of lithium chloride gave cis-1,4-diacetoxy-2-cyclohexene in 79% yield (i96% cis).
A 1,4-acetoxytrifluoroacetoxylation of 1,3-dienes was achieved in the presence of

trifluoroacetic acid and lithium trifluoroacetate [66]. For cyclic dienes the relative
yield of unsymmetrical 1,4-addition product is high (94–95% or better). For exam-
ple, palladium-catalyzed oxidation of 1,3-cyclohexadiene under these conditions
gave 45 in 67–75% yield (Eq. (35)). The reaction was recently improved and also
extended to 1,4-alkoxy-trifluoroacetoxylation [60b].

4998.3 Palladium(II)-Catalyzed Reactions

85% (>93% cis)

recryst. 65% (>99% cis)

O2CPhPhCO2O2CPhPhCO2

97% (trans:cis=20:80)

purified 70% (>97% trans)

acetoneacetone

cat. Pd(OAc)2

PhCOOH, BQ

cat. Pd(OAc)2

PhCOOH, BQ

PhCOOLi

Scheme 8-12

O

O

+ 2 RCOOH

OH

OH

+
Pd

OOCR

OOCR

Pd (34)
0 II

Equation 8-34

cat. Pd(OAc)
2

CF
3
COOH/LiOOCCF

3

MnO
2
/cat. p-benzoquinone

45

CF3COO OAc (35)

67–75%

HOAc, r. t.

Equation 8-35



The reaction proceeds via the same trans-4-acetoxy-(h3-(1,2,3)-cyclohexenyl)palla-
dium complex (46) as that involved in the 1,4-diacetoxylation (cf. Scheme 8-9). The
reaction is performed under conditions favoring cis-migration from palladium to
carbon in the p-allylpalladium intermediate (absence of strongly coordinating
ligands such as Cl–). At this low pH, the only counterion to palladium will be tri-
fluoroacetate (acetate anions will be protonated by the trifluoroacetic acid). As a
consequence, the migrating carboxylate will be trifluoroacetate, which explains
the formation of the unsymmetrical product. The migration via the s -allyl complex
is depicted in Figure 8-1. In the seven-membered ring (47), a cis-migration is un-
favored due to steric interactions between the allylic pseudoaxial proton and the
CF3 group in the s -allyl complex. Accordingly, 1,3-cycloheptadiene did not give
the trans-adduct under the conditions used for the six-membered ring (cf. Eq.
(35)), but afforded 58% cis-1-acetoxy-4-trifluoroacetoxy-2-cycloheptene (i96% cis)
via external attack by CF3COO–.

The use of p-benzoquinone (BQ) in catalytic amounts (as mentioned above), to-
gether with a stoichiometric oxidant, makes the 1,4-diacyloxylation more syntheti-
cally useful. The principle of the reaction is shown in Scheme 8-13.
In one procedure, as mentioned above, MnO2 was employed as the oxidant to

reoxidize the hydroquinone to benzoquinone. In another study, it was shown
that the hydroquinone can be recycled electrochemicallly by anodic oxidation
[67]. The reaction is carried out in acetic acid with LiClO4 as electrolyte with cata-
lytic amounts of both Pd(OAc)2 and p-benzoquinone employing a membrane-sepa-
rated cell.
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A reoxidation of the catalytic amounts of hydroquinone (HQ) to benzoquinone
(BQ) in Scheme 8-13 by molecular oxygen was realized by the use of an oxygen-
activating metal macrocyclic complex as co-catalyst [59, 68–71]. This leads to a
mild biomimetic aerobic oxidation which is now based on a triple catalytic system
(Scheme 8-14). With this system, 1,3-cyclohexadiene is oxidized to trans-1,4-diace-
toxy-2-cyclohexene at room temperature in 85–89% yield (i91% trans) [68]. With
the use of 2-phenylsulfonyl-1,4-benzoquinone as quinone, the trans-selectivity of
this process was i97% [59].
The success of this triple catalytic system relies on a highly selective kinetic con-

trol. From a thermodynamic point of view, there are ten possible redox reactions
that could occur in this system. However, the energy barrier for six of these (O2

þ diene, O2 þ Pd(0), etc.) are too high, and only the kinetically favored redox reac-
tions shown in Scheme 8-14 occur. A likely explanation for this kinetic control is
that the barrier is significantly lowered by coordination. Thus, diene coordinates to
Pd(II), BQ coordinates to Pd(0), HQ coordinates to (MLm)ox, and O2 coordinates to
MLm. In a related system for aerobic oxidation, a heteropolyacid was employed in
place of the metal macrocyclic complex (MLm) as oxygen activator and electron
transfer mediator [72]. Recent immobilization of the macrocylic complex in Zeo-
lite-Y, led to efficient reoxidation of the hydroquinone in the palladium-catalyzed
1,4-diacetoxylation [73].

By building the quinone molecule into the macrocycle, a more efficient palla-
dium-catalyzed aerobic 1,4-oxidation was developed [69]. Thus, with catalytic
amounts of 48 and Pd(OAc)2, 1,3-cyclohexadiene was oxidized to 1,4-diacetoxy-2-
cyclohexene at more than twice the rate achieved with a system having quinone
and porphyrin as separate molecules. The trans selectivity with quinone-porphyrin
48, however, was moderate (trans/cis ¼ 70/30).
The low trans-selectivity and increased propensity for 1,4-cis-addition is thought

to arise from a direct interaction with the metal-porphyrin peroxo complex similar
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to that suggested for the 2,5-dimethoxyphenyl derivatives shown below (Scheme
8-15). It was shown that the 2,5-dimethoxyphenyl derivative worked in the aerobic
oxidation, even without p-benzoquinone being present [70]. Interestingly, in this
case the 1,4-cis-addition product predominates. It was proposed that the p-allylpal-
ladium complex is activated as shown in Scheme 8-15.
An asymmetric catalytic 1,4-diacetoxylation was achieved by the use of a chiral

benzoquinone as a ligand [74].

Intramolecular 1,4-diacyloxylation

An intramolecular variant of the palladium-catalyzed 1,4-diacetoxylation was devel-
oped by utilizing dienes with a carboxyl group in the side chain (Scheme 8-16) [75,
76]. Also in this case the stereochemistry of the 1,4-addition can be controlled by
variation of the ligand environment. Thus, in the absence of chloride a trans-acet-
oxylactonization takes place, whereas in the presence of a catalytic amount of chlor-
ide a cis-acetoxylactonization occurs. The catalytic intermediate was isolated and
stereochemically assigned as its bipyridyl complex 49 [76]. In the stereochemical
assignment, bipyridyl was utilized as a reporter ligand. An NOE between the
bridgehead proton and the a-proton of the bipyridyl ligand confirmed the config-
uration assigned (i. e., palladium trans to oxygen).
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Synthetic applications

The stereocontrol associated with the palladium-catalyzed 1,4-diacetoxylation is
useful in synthetic applications. An example is the cis-1,4-diacetoxylation of 5-car-
bomethxy-1,3-cyclohexadiene and subsequent transformation of the diacetate to
shikimic acid (Eq. (36)) [57b].

In a synthesis of the Prelog-Djerassi lactone, a highly diastereoselective 1,4-dia-
cetoxylation afforded intermediate 50 (Scheme 8-17) [77]. Subsequent transforma-
tions which include dimethylcuprate addition, oxidative cleavage of the double
bond and lactonization afforded the target molecule.
Palladium-catalyzed 1,4-diacetoxylation of diene 51 under chloride-free condi-

tions stereoselectively afforded diacetate 52, which was transformed into monoace-
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tate 53 (Eq. (37)) [78]. The latter compound was used in a ruthenium-catalyzed
transformation.
Meso diacetates obtained from 1,4-diacetoxylation of conjugated dienes have been

used for enzyme hydrolysis in enantioselective transformations [79–85]. In an ap-
plication towards the carpenter bee pheromone (Scheme 8-18) [79], the meso-diace-
tate 54, obtained from stereoselective 1,4-diacetoxylation of (E,Z)-2,4-hexadiene,
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was enzymatically hydrolyzed to hydroxyacetate 55 with 92% e. e.. By taking advan-
tage of the different reactivities of allylic leaving groups in Pd(0)-catalyzed allylic
couplings, both enantiomers of cis-2-methylhexanolide (57) were obtained along
an enantiodivergent route. The anion of (phenylsulfonyl)nitromethane was em-
ployed as nucleophile in the Pd(0)-catalyzed allylic substitution reactions, and
served as a carboxy anion equivalent. Reaction of the hydroxyacetate (þ)-55 gave
(2S,5R)-56, whereas reaction of the carbonate of the same hydroxyacetate and sub-
sequent hydrolysis afforded (2R,5S)-56. The two enantiomers were subsequently
transformed into lactones (–)-57 and (þ)-57, respectively.
In a similar manner the diacetates from cyclic dienes were enzymatically hydro-

lyzed and transformed to the enantiomers of cycloalkadienyl acetic acids (R)- and
(S)-58 (Scheme 8-19) [80]. The cycloheptadienylacetic acids from the cyclohexenyl
diacetate were subsequently used in intramolecular cis- and trans-1,4-acetoxylacto-
nization (cf. Scheme 8-16), leading to four different isomers of enantiomerically
pure lactones.
The enantiomerically pure monoacetate (n ¼ 1) of Scheme 8-19 was employed in

combination with palladium-catalyzed reaction for enantiodivergent synthesis of
cis- and trans-4-amino-2-cyclohexenol [81].
Synthesis of six-membered ring prostanoids via the diacetate (n ¼ 1) and the en-

antiomerically pure monoacetate (n ¼ 1) of Scheme 8-19 has been reported [82].
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In a synthesis of tropane alkaloids 65, the strategy started with diastereoselective
1,4-diacetoxylation of diene 59 (Scheme 8-20) [83]. The diacetate 60 obtained was
converted to diol 61 and subjected to an enzymatic transesterification to give hydro-
xyacetate 62 with 98% e. e.. Hydroxyacetate 62 was transformed into acetal 63, by a
selenium-based [2, 3]-sigmatropic rearrangement. The acetal 63 was transformed
into the target tropane alkaloid 65 via ketone 64. By changing the reactivity of
the allylic oxygen functions in the enantiomerically pure monoacetate 62, the
enantiomer of 65 was also obtained.
A short synthesis of Conduritol C was achieved utilizing the diacetoxylation re-

action (Scheme 8-21). In this way, racemic Conduritol C was obtained, which
was transformed via enzymatic kinetic resolution into enantiomerically pure (–)-
Conduritol C (49%, i99.5% e. e.) and (þ)-Conduritol C (48%, i99.5% e. e.) [86].
Additional examples on the use of the palladium-catalyzed 1,4-diacetoxylation

including enzymatic transformations can be found in refs. [84, 85, 87, 88].

8.3.1.2 1,4-Haloacyloxylation
Palladium-catalyzed reactions of conjugated dienes in the presence of a halide
anion can be controlled to selectively give 1-acyloxy-4-halo-2-alkene under appro-
priate reaction conditions. The catalyst for this system is a palladium(II) salt,
usually Pd(OAc)2 or Li2PdCl4. The reaction may be either intermolecular or intra-
molecular. In most cases, this transformation is stereoselective and provides a
1,4-cis-adduct of the diene. The products obtained from these reactions are useful
synthetic intermediates since they have two allylic leaving groups with a large
difference in reactivity (vide infra Section 8.3.1.2.3).

Intermolecular 1,4-haloacyloxylation

In intermolecular 1,4-haloacyloxylation, a carboxylate anion and a halide anion (X–)
are added to a conjugated diene in the presence of a palladium(II) catalyst and an
oxidant (Eq. (38)).
The reaction conditions are similar to those employed in the diacetoxylation

reaction, the difference being that the halide concentration (usually Cl–) has
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been increased. Thus, palladium-catalyzed oxidation of 1,3-dienes with p-benzoqui-
none in the presence of lithium chloride and lithium acetate gives 1-acetoxy-4-
chloro-2-alkenes [89]. For example, 1,3-cyclohexadiene and 1,3-cycloheptadiene
afforded the corresponding chloroacetates 66a and 66b in good yields and with
i98% cis-selectivity (Eq. (39)). 1,3-Cyclooctadiene gave a 61% yield of acetoxychlor-
ination product (i98% cis), but in this case a 3:1 mixture of 1,4- and 1,2-addition
products was formed. A number of substituted cyclic conjugated dienes were
found to work well, and in all cases tried the reaction proceeded with i97–98%
cis-addition [58, 89–92].

Acyclic dienes also afforded a regioselective 1,4-acetoxychlorination. For dialkyl-
substituted dienes the reaction was stereoselective and gave exclusively the (E)-1,4-
syn-addition product (Eq. (40)) [89, 93, 94]. Thus, (E,E)-2,4-hexadiene gave the
(R*,R*)-diastereoisomer, whereas (E,Z)-2,4-hexadiene afforded the (R*,S*)-dia-
stereoisomer [89, 91].

The chloroacetoxylation proceeds via the same type of intermediate as that in-
volved in the palladium-catalyzed 1,4-diacetoxylation; that is, via a 4-acetoxy-
1,2,3-p-allylpalladium intermediate (cf. Scheme 8-9). The high selectivity for un-
symmetrical product (usually i98%) is remarkable. Since chloride anion is the
strongest nucleophile of the two present (Cl– and AcO–), 4-chloro-p-allyl-palladium
intermediate 68 is initially formed (Scheme 8-22). However, the chloride in the
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4-position is rapidly exchanged for acetate to give a more stable p-allyl intermediate
69, which leads to product. The presence of intermediate 68 was confirmed by its
trapping by a faster oxidant (isoamyl nitrite) than p-benzoquinone (BQ), which
furnished 1,4-dichloro-2-alkene [89, 95]. In the case of 1,3-cyclohexadiene this
product was cis-1,4-dichloro-2-cyclohexene [95].
The haloacyloxylation of cyclic dienes can also be performed in acetone in the

presence of 2 equiv. of LiCl and 5–10 equiv. of the appropriate carboxylic acid.
In this way, a number of different chlorocarboxylates were obtained from 1,3-cyclo-
hexadiene (Eq. (41)) with high regio- and stereoselectivities (i98% cis, i98% 1,4)
[58].

The use of LiBr in place of LiCl as the halide nucleophile in acetone resulted in a
1,4-bromoacetoxylation with poor stereoselectivity [58]. A change of the solvent to
ethyl acetate improved the stereoselectivity, and gave a 65% yield of the 1,4-bro-
moacetate with a cis:trans ratio of 89:11 and a selectivity for 1,4-addition of 92%.

Intramolecular 1,4-haloacyloxylation

The use of dienylcarboxylic acids (cf. Subsection 8.3.1.1; intramolecular diacyloxyla-
tion) under the conditions for haloacyloxylation in acetone resulted in a highly
stereoselective chlorolactonization (Eqs. (42) and (43)) [76]. The reaction proceeds
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with i98% 1,4-cis-addition, and involves the same lactone p-allyl complex as was
involved in the intramolecular diacyloxylation.

Synthetic applications of 1,4-haloacyloxylation

As mentioned above, the products from the palladium-catalyzed 1,4-haloacyloxyla-
tion are useful synthetic intermediates because of their two different allylic leaving
groups. In particular, 1,4-chloroacetates have been used in a number of stereo- and
regioselective transformations. The principle for their use as multi-coupling re-
agents is shown in Scheme 8-23. Sequential substitution of the chloro and acetoxy
groups in a stereo- and regioselective manner leads to a useful functionalization of
the original diene unit.
By the use of the chloroacetate from isoprene, two enolate nucleophiles were

selectively coupled to the 1- and 4-positions via allylic substitution reactions, and
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the product was subsequently transformed to the Monarch butterfly pheromone
(Eq. (44)) [96].
The allylic chloride offers a useful dual control of stereoselectivity in the allylic

substitution since the chloride can be replaced with either retention (by a Pd(0)-cat-
alyzed reaction) or inversion (by a normal SN2 reaction or Cu(I)-catalyzed reaction).
This was used in cyclic systems to achieve stereoselective cis- and trans-annulation
reactions [97, 98]. The reaction starts with the transformation of 1,3-cycloalkadiene
to cis- and trans-70 via chloroacetate 66 (Scheme 8-24) [89, 99]. Subsequent trans-
formation of cis- and trans-70 to cis- and trans-71, respectively, followed by an intra-
molecular palladium-catalyzed allylic substitution (syn) afforded the cis- and trans-
annelated products [97].
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In another approach, the cyclization was carried out via a metalloene reaction
(Scheme 8-25) [98]. In this case, the cyclization occurred with anti stereochemistry.
The chloroacetoxylation approach was also used for the stereoselective synthesis

of tropine and pseudotropine employing a sulfonamide as the nucleophile [91].
Using the same approach, scopine and pseudoscopine were synthesized (Scheme
8-26) [92]. The chloroacetoxylation of 6-benzyloxy-1,3-cycloheptadiene was highly
diastereoselective, and produced only the diastereoisomer 73 shown. Transforma-
tion of the chloroacetate 73 to 74 was realized by a Pd(0)-catalyzed substitution
of the chloride by a sulfonamide, which occurred with retention of configuration.
Reaction of the allylic chloride with the sulfonamide salt in DMSO-water at 80 hC
afforded the inversion product 75. Subsequent stereoselective epoxidation, cycliza-
tion, and deprotection afforded the target molecules scopine and pseudoscopine.
The synthesis of (e)-Epibatidine 76b and analogues thereof was realized by

regioselective chloroacetoxylation of 2-aryl-1,3-cyclohexadiene [100]. Subsequent
stereoselective substitution of the chlorine atom by tosylamide with either reten-
tion or inversion provided both stereoisomers of the aminoalcohol derivative
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(Scheme 8-27). Highly stereoselective hydrogenation of the allylic amides gave the
requisite stereoisomers for synthesis of the exo- and endo- isomers 76 and 77,
respectively.
Acylic syn-1,4-chloroacetates were used in a similar sulfonamide substitution-

cyclization sequence for their transformation to stereodefined 2,5-disubstituted
pyrrolidines (Scheme 8-28) [94]. Some of these 2,5-disubstituted pyrrolidines are
ant venom pheromones, and are also found in the skin of frogs.

A copper-catalyzed SN2l nucleophilic substitution of the chloride in a cyclic
chloroacetate by butylmagnesium bromide was employed in a synthesis towards
perhydrohistrionicotoxin (Eq. (45)) [80]. Histrionicotoxins are found in South
American “dart-poison” frogs of the Dendrobatid family. Palladium-catalyzed chlor-
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oacetoxylation of the 2-substituted diene 78 gave a highly regio- and stereoselective
1,4-addition product in which the chloride is ultimately located in the 1-position.
Copper-catalyzed reaction of the chloroacetate 79 with butylmagnesium bromide
afforded 80 in a completely selective SN2l-type substitution. Subsequent elabora-
tion of the side chain followed by iodoamination and removal of iodine and protec-
tive groups afforded the target molecule, depentylperhydrohistrionicotoxin, 81.
Transformation of the chloroacetate 66a from 1,3-cyclohexadiene to amide 82

followed by a Pd(0)-catalyzed cyclization afforded products 83 [100] and 84 (Scheme
8-29) [101]. The product formation is dependent on the substitution pattern. Both
reactions proceeded via a similar intermediate. When R1 ¼ Me and R2 ¼ H, b-elim-
ination cannot occur and a cyclization takes place instead, by insertion of the
double bond into the intermediate palladium-carbon bond.
An analogous reaction was performed via the carbon analogue of 82 (NTs is

CH(CO2Me)2 to give the corresponding tricyclic system. In the latter case, the in-
termediate organopalladium species was trapped by tetraphenyl boranate or hy-
dride (from HCOOH) [102–104].

The corresponding propargylamides prepared from the chloroacetate 66a derived
from 1,3-cyclohexadiene, were cyclized in an analogous manner [104, 105].
The metalloene reaction of the synthetic intermediates 72 in Scheme 8-25, when

combined with a carbonylation reaction, afforded cyclized esters [106].
A stereocontrolled synthesis of polyfused ring systems utilizing the chloroace-

toxylation approach is shown in Scheme 8-30 [107]. The use of sequential allylic
substitution of the chloroacetates afforded key intermediate 85. Subsequent palla-
dium-catalyzed sequential metalloene-Heck insertion reactions afforded polyfused
ring systems 86 and 87.
The high regio- and stereocontrol of the chloroacetoxylation reaction makes it

useful in organic synthesis. This was shown in a formal total synthesis of (e)-Pan-
cracine, in which a chloroacetoxylation of 1,3-cyclohexadiene and subsequent

5138.3 Palladium(II)-Catalyzed Reactions

Cl

AcO

N
H

H

Ts

Pd(0)

N
H

H
Me

H
via

R = Me1

R = H2

R = H1

R = Me2

66a 82

84

83

N

AcO

Ts

R1
R2

Pd(0)

N

Pd

R2

R1

Scheme 8-29



Pd(0)-catalyzed amination of the chloroacetate 88 with p-methoxybenzylamine
(PMB-NH2) to afford aminoacetate 89 were utilized (Scheme 8-31) [108]. The latter
compound was converted to 90, which was subsequently transformed to (e)-Pan-
cracine by a stereoselective radical cyclization.
Additional examples in which chloroacetates from acyclic dienes have been used

include synthesis of pentadienylamines [109], dienylsulfones [110], a-methylenecy-
clopentenones [111], marine natural products [112], and the carpenter bee phero-
mone [93]. Some additional synthetic applications of the chloroacetoxylation of cyc-
lic dienes are given in refs. [113–117]. The chloroacetoxylation was also used to pre-
pare a number of starting materials for the intramolecular reactions discussed in
this chapter.
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8.3.1.3 1,4-Addition of an Alkoxide and Another Oxygen Function or a Halide
Palladium(II)-catalyzed 1,4-additions to conjugated dienes where at least one alkox-
ide function is added require the presence of an alcohol function. In all cases
known so far, this involves an alkoxypalladation of the conjugated diene to give
an intermediate 4-alkoxy-1,2,3-p-allylpalladium complex. Subsequent nucleophilic
attack on the p-allyl intermediate by a second oxygen nucleophile or a halide gives
the product. The second nucleophile may be an alcohol (alkoxide) and in this case a
1,4-dialkoxylation is obtained.

Intermolecular 1,4-addition

A palladium-catalyzed 1,4-dialkoxylation of conjugated dienes was achieved when
the 1,4-oxidation was performed in an alcohol as the solvent [118]. In this case,
it is necessary to run the reaction in the presence of a catalytic amount of a strong
acid such as methanesulfonic acid or perchloric acid. Cyclic dienes underwent a
highly stereoselective 1,4-cis-addition of the two alkoxy groups (Eq. (46)). The
same type of reaction of acyclic conjugated dienes also proceeded in a 1,4-
syn-addition. Thus, (E,E)-2,4-hexadiene gave the (E)-(2R*,5R*)-dimethoxy-3-hexene;
the mechanism involved is depicted in Scheme 8-32.
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The added acid most likely plays several roles. First, the acid is necessary for the
redox transformation of Pd(0)-benzoquinone to Pd(II) þ hydroquinone in the cata-
lytic cycle [65]. Second, the acid will lead to the formation of a cationic p-allylpal-
ladium intermediate which will facilitate coordination of benzoquinone. Third, the
acid will protonate the oxygen of the coordinated benzoquinone, and in this way
the quinone becomes more electron-withdrawing. It was found that the rate of
the reaction increased with the amount of acid, and that there was a linear increase
in the range of 0 to 30 mol% of acid; however, adding too much acid catalyzed the
destruction of benzoquinone. The stereochemistry of the dialkoxylation is consis-
tent with a trans-alkoxypalladation [119] of the diene to give p-allyl intermediate
91, followed by external trans-attack of alcohol to give the cis-dialkoxy compound
92 (Scheme 8-32).
Palladium-catalyzed 1,4-alkoxy-trifluoroacetoxylation [60b] and other 1,4-alkoxy-

acyloxylations were developed by the use of a carboxylic acid and an alcohol as
nucleophiles. A 1,4-alkoxy-acyloxylation was achieved by the use of 5 mol%
Pd(OAc)2 and 2.5 mol% H2SO4, together with 2.6 equiv. of acid and 4 equiv. of
alcohol (Scheme 8-33) [120].
An asymmetric version of the 1,4-dialkoxylation was reported using chiral ben-

zoquinone ligands [121]. An enantioselectivity of up to 54% e. e. was obtained.

Intramolecular 1,4-addition

Palladium-catalyzed reaction of dienylalcohol 93 in acetone in the presence of
acetic acid and benzoquinone resulted in an intramolecular 1,4-oxyacetoxylation
(Scheme 8-34) [122]. The stereochemistry of the reaction can be controlled by slight
variation of the ligand environment. Thus, under chloride ion-free conditions a
trans-oxyacetoxylation occurs. In most cases this reaction was highly stereoselective
(i98% trans-addition), except in one case for m ¼ n ¼ 2 in Scheme 8-34, in which
the trans/cis ratio was 75/25. When the reaction was run in the presence of a cata-
lytic amount of chloride, the stereochemistry was reversed, and a 1,4-cis-oxyaceto-
xylation took place. The effect by the chloride is the same as discussed above – that
is, to block the coordination of acetate so that cis-migration by acetate cannot
occur.
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With a stoichiometric amount of LiCl present the palladium-catalyzed reaction of
dienylalcohol 93 underwent a highly regio- and stereoselective 1,4-cis-oxychlorina-
tion. In all cases the stereoselectivity was i98%.
If the side chain with the nucleophile is located in the 1-position of the conju-

gated diene, a spirocyclization is achieved in a highly stereo- and regioselective
1,4-addition (Scheme 8-35) [123, 124]. Thus, palladium-catalyzed oxidation of die-
nylalcohols 94 in acetone-acetic acid without chloride ligands gave spiroethers 95 in
good yields by a 1,4-trans-addition. In the presence of 1.8 equiv. LiCl, a highly
stereoselective cis-1,4-oxychlorination took place to give spiroethers 96, and the re-
actions were shown to proceed via a common oxaspirocyclic p-allyl intermediate.
Intramolecular dialkoxylation of 1- and 2-substituted 1,3-cyclohexadienes has

also been reported [125].

Synthetic applications

In several syntheses towards naturally occurring furanoid terpenes, the intramole-
cular oxyacetoxylation was applied as a key step [126]. For example, in the synthesis
of marmelo oxides A and B, 3,3-dimethylacroleine was transformed to dienol 97,
which was subjected to a palladium-catalyzed 1,4-oxidation (Scheme 8-36). This
afforded the cyclized product 98 as a mixture of cis- and trans-isomers (1:1) The
reaction was highly 1,4-regioselective (98% 1,4-addition) and gave only the (E)-ole-
fin (i98% E). Subsequent regioselective palladium-catalyzed 1,2-elimination of
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acetic acid afforded marmelo oxide A (cis) and B (trans) as a 1:1 mixture in 84%
yield. Interestingly, this mixture is the one which occurs naturally.
In another application, theaspirone and vitispirane were synthesized utilizing a

palladium-catalyzed oxaspirocyclization (Scheme 8-37) [127]. Readily available
b-ionone was transformed to the dienylalcohol 99 in 66% overall yield. Palla-
dium-catalyzed oxaspirocyclization of 99 in water-acetic acid (4:1) afforded the
allylic alcohol 100 as a mixture of isomers. Subsequent oxidation of 100 gave theas-
pirone as a 1:1 mixture of cis- and trans-isomers. Interestingly, when the cyclization
step was performed with stoichiometric amounts of palladium(II), the product was
a 93:7 mixture of the trans- and cis-isomers of theaspirone.
Palladium-catalyzed intramolecular lactonization was used as a key step in the

enantioselective synthesis of paeonilactones A and B (Scheme 8-38) [128]. Intra-
molecular 1,4-diacyloxylation of the cyclohexadienylacetic acid 101 afforded 102,
which was hydrolyzed to 103; this in turn was transformed to 104 in a Mitsunobu
reaction. Hydrolysis of 104 to 105 and stereoselective alkylation afforded 106,
which was converted to paeonilactone A.
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8.3.1.4 1,4-Oxyamination and 1,4-Chloroamination
In these reactions, the nitrogen nucleophile is typically an amide, carbamate or a
sulfonamide. Because of the low nucleophilicity of such nitrogen functions, no
intermolecular 1,4-addition involving C-N bond formation is known. In all cases
reported, the carbon-nitrogen coupling takes place in an intramolecular aminopal-
ladation.

Intramolecular 1,4-oxyamination and 1,4-chloroamination

Palladium-catalyzed oxidation of dienylcarboxamides 107 in acetone in the pres-
ence of acetic acid gives oxyamination products in stereoselective reactions
(Scheme 8-39) [129]. Depending on the reaction conditions, it was possible to
achieve trans- or cis-1,4-oxyamination by choice. As with the other Pd(II)-catalyzed
1,4-additions, Cl– (from LiCl) is used as a steering ligand to control the stereo-
chemistry. When the chloride concentration is increased, a cis-1,4-chloroamination
takes place.
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Synthetic applications

The intramolecular 1,4-chloroamination of 108 was applied to the synthesis of
amaryllidaceae alkaloids a- and g-lycorane (Scheme 8-40) [130]. The hexahydroin-
dole 109 obtained was transformed to the target alkaloid a-lycorane by a copper-cat-
alyzed reaction with 3,4-(methylenedioxy)phenylmagnesium bromide, followed by
hydrogenation, Bischler-Napieralski cyclization, and LiAlH4 reduction. When the
Bischler-Napieralski cyclization was carried out before the hydrogenation, g-lycor-
ane was the sole product.

8.3.1.5 Intramolecular 1,4-Additions with C-C Bond Formation
In the palladium-catalyzed 1,4-oxidation of conjugated dienes described so far, only
heteroatom nucleophiles have been employed. There is an intrinsic problem in
using free carbanions in an oxidation reaction, as the oxidant can readily remove
an electron and oxidize the carbanion to a radical. Furthermore, in the procedure
associated with the best selectivity – that is, the benzoquinone-based process – acid
is required to reconvert the Pd(0)-(benzoquinone) complex to Pd(II) and hydroqui-
none.
The problem with free carbanions was circumvented by the use of masked car-

bon nucleophiles via vinyl palladation or the use of an allylsilane or allene (see the
next three subsections). In another approach, the oxidation system was changed to
comply with nonacidic conditions (see the fourth subsection below).

C-C bond formation via vinylpalladation

As described above in the Pd(0)-catalyzed reactions, carbon-carbon bonds can be
created by the insertion of an olefin into a palladium-vinyl bond (vinylpalladation).
This approach has been applied in palladium(II)-catalyzed exchange reactions of
alkenes by generating the vinylpalladium species from chloropalladation of an
acetylene [131, 132]. This technique to generate a vinylpalladium intermediate
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was later applied to the palladium-catalyzed 1,4-oxidation of conjugated dienes
[133]. Thus, the use of substrate 110 in a palladium(II)-catalyzed oxidation in the
presence of LiCl afforded 113 in 65% yield (Eq. (47)). The reaction is an overall
1,4-trans-carbochlorination, and proceeds via chloropalladation of the acetylene to
give the vinylpalladium intermediate 111, which in turn reacts in a migratory in-
sertion reaction to produce the p-allyl complex 112. Subsequent chloride attack
on 112 anti to palladium accounts for the product. The chlorodimer of the pro-
posed p-allylpalladium intermediate was isolated and fully characterized. The
chloromethylene function in 113 occurred as a mixture of (E)- and (Z)-isomers
(Z:E ¼ 1.5:1), indicating that chloropalladation of the acetylene is a nonstereoselec-
tive process [131, 134].

In another example, dienyne 114 was oxidized employing the same procedure to
give 115 (Eq. (48)). Also in this case a 1,4-trans-addition took place and, interest-
ingly, the chloropalladation was apparently more stereoselective with this substrate.
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C-C bond formation with the use of an allylsilane

By using an allylsilane as a masked carbanion, it was possible to achieve C-C bond
formation in intramolecular 1,4-oxidation of 1,3-dienes [135]. Reaction of the cyclo-
hexadienyl-substituted allylsilane 116 under the usual reaction conditions for 1,4-
oxidation, afforded the cyclized product 118 (Eq. (49)).

Interestingly, the 1,4-carbochlorination occurs syn in contrast to that via the
vinylpalladation in Eq. (49), which occurs anti. An explanation for this difference
is that the allylsilane attacks the palladium-diene complex anti, leading to a
trans-carbopalladation of the double bond. This is the first example of nucleophilic
attack by an allylsilane on an alkene coordinated to a metal. Direct evidence for a
trans-carbopalladation was provided by the isolation of the proposed p-allyl inter-
mediate of Eq. (51) as its chlorodimer 117a from reaction of 116 with Li2PdCl4
in the absence of benzoquinone (Eq. (50)) [135b]. The trans relationship between
palladium and the carbon that had attacked the diene was established by the repor-
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ter ligand technique used for 49 in Section 8.3.1.1, “Intramolecular 1,4-diacetoxyla-
tion”.
In the reaction of (E)-allylsilane 116, the product 118 was a 3:1 mixture of a-vinyl

and b-vinyl isomers. When the corresponding (Z)-allylsilane isomer of 116 was
cyclized under the same conditions, a reversed a-vinyl:b-vinyl ratio of 1:3 was ob-
tained. In both cases the 1,4-addition was exclusively syn.
Two additional examples for the use of allylsilane-based 1,4-cis-carbochlorination

are presented in Eqs. (51) and (52) [135b]. In each case, a highly stereoselective 1,4-
cis-addition to the conjugated diene took place. 6-endo-trig-Cyclization of allylsilane
119 furnished product 120 (Eq. (51)). Interestingly, for the methyl-substituted allyl-
silane 121, a stereoselective attack by the allylsilane occurred to give i94% of
the a-vinyl product 122 (Eq. (52)). Thus, the relative configurations between four
stereogenic centers are established in a single operational step.

C-C bond formation via the use of an allene

Palladium-catalyzed allenyl-substituted conjugated dienes 123 with the use of pal-
ladium acetate as the catalyst and benzoquinone as the oxidant afforded products
124 by a carbocylization (Eq. (53)) [136].

The reaction is highly regio- and stereoselective, and occurs with 1,4-trans-car-
boacyloxylation. The reaction was initially run in acetic acid as solvent [136a] and
acetate as the nucleophile, but was later extended to the use of various carboxylic
acids as nucleophiles in an organic solvent (e. g., acetone) [136b]. The reaction was
run in differently substituted substrates, and generally good yields were obtained.
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The transformation may start with an external attack by the allene to give the
p-allylpalladium complex 125, followed by cis-migration of acetate from palladium
to carbon (path A, Scheme 8-41) or by the formation of a dienylpalladium complex
126 followed by insertion of the diene into the Pd-C bond to give p-allyl complex
127 and subsequent trans attack by acetate (path B, Scheme 8-41). Recently, the
former pathway was demonstrated in a stoichiometric reaction in the presence
of chloride ions in which 128 and 129 gave p-allyl complexes 130 and 131, respec-
tively (Eq. (54)) [137].
The configuration of the latter complexes was determined by the use of reporter

ligands (cf. 49 in Section 8.3.1.1, “Intramolecular 1,4-diacetoxylation”) and by trans-
formation to allylic acetates. It is unclear whether the catalytic reaction in the
absence of chloride proceeds via a trans-carbopalladation, as the seven-membered
ring compound 129 gave the trans-fused bicyclo[5.3.0]octadienyl derivative in the
catalytic reaction.

C-C bond formation via the use of stabilized carbanions

With a change of the oxidation system, it has been possible to obtain a 1,4-addi-
tion of a stabilized carbanion and an acetate anion in an intramolecular reaction
[138]. The stabilized carbanions employed have a low pKA so that LiOAc is suffi-
ciently basic to generate the carbanion from the neutral compound. Reaction of
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conjugated diene 132 with molecular oxygen in DMSO in the presence of LiOAc
produced a 57:43 mixture of 133 and 134 (Eq. (55)) in a moderate yield (50%)
[138, 139]. The configurations of the products 133 and 134 were unambiguously
assigned by NMR spectroscopy using NOE measurements. Again, the relative con-
figurations of four stereogenic centers are created in a single operational step.
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9
Cross-Coupling Reactions via p-Allyl Metal Intermediates

Uli Kazmaier and Matthias Pohlman

9.1
Introduction

p-Allyl metal complexes play an important role in modern organic synthesis.
Among the different metals used, palladium takes a dominant role, but other
metals – especially later transition metals such as Ni, Mo, Ir, and Rh – enlarge
the synthetic potential of p-allyl-intermediates [1]. In modern organic synthesis,
catalytic processes are becoming increasingly important, and therefore this review
will focus on this topic.
p-Allyl metal complexes can be obtained by several different protocols (Scheme

9-1). The most popular are oxidative additions of allylic substrates to metal(0) com-
plexes (protocol a), a process which can occur via a metal alkene complex or via a
s -allyl intermediate (s -p-s isomerization). Another approach starts from allyl
Grignard and related reagents, which can be transmetallated with transition
metal salts (protocol b). If conjugated dienes are used, then p-allyl complexes are
formed either by hydrometallation (protocol c) or by nucleophilic attack on a
metal diene complex [2].
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The p-allyl complexes can react with several types of nucleophiles, giving rise to
the corresponding substitution product (protocol d). O- and N-nucleophiles, as well
as soft carbon nucleophiles, attack the p-allyl complex directly at the allylic posi-
tion, while hard C-nucleophiles react via transmetallations (protocol e) [3]. If the
nucleophilic attack occurs under an atmosphere of CO, insertion of CO can
occur, yielding carbonyl compounds (protocol f) [4]. Reaction with metal hydrides
or other hydride sources results in a reduction of the p-allyl complex to an alkene
(protocol g) [5]. If no nucleophile is present, or if the reaction is carried out in the
presence of base, a proton can be cleaved off under formation of a diene (protocol
h) [6]. Alkenes and alkynes can also insert into allyl metal bonds (protocol i), a
scheme which is used preferentially for cyclizations [7]. Cyclizations can also
occur, if the p-allyl metal complex contains an internal nucleophilic center. This
chapter focuses on C-C-coupling reactions via these p-allyl intermediates.

9.2
Palladium-Catalyzed Allylic Alkylations

9.2.1
Mechanistic Aspects

9.2.1.1 Formation and Reactions of p-Allyl Complexes
The allylic position of an alkene is activated towards nucleophilic attack after conver-
sion either of the alkene itself or a suitable precursor into a p-allylpalladium com-
plex. These complexes can be generated in stoichiometric or catalytic amounts, pre-
ferentially from alkenes with an anionic leaving group in the allylic position [2]. Two
different pathways are discussed for the formation of the p-allyl complexes (Scheme
9-2): a) Oxidative addition of the allylic C-X bond to Pd(0), giving rise to a s -allylpal-
ladium complex A. The corresponding p-allylpalladium complex C is then formed
via s -p isomerization [2c]; b) The same complex can also be created via coordination
of the alkene to Pd(0) (B) and an internal SN1-type nucleophilic attack of the elec-
tron-rich Pd at the allylic position [8]. The allyl complexes C are rather stable and
can be isolated in many cases. As a consequence of their stability, these neutral com-
plexes are relatively inert towards nucleophilic attack [9]. However, by replacing the
anionic leaving group by neutral ligands, in general phosphanes, cationic complexes
D can be formed which undergo reaction with various types of nucleophiles [10].
Heteronucleophiles and soft carbanions attack from the face opposite to the metal
with clean inversion, resulting in net retention (two inversions) for the overall pro-
cess. Pd(0) dissociates from the alkene complex E formed, under formation of the
substitution product and coordination to another substrate molecule, starting the
next catalytic cycle. If hard carbanions such as main group organometallics are
used as nucleophiles, then transmetallation occurs. Reductive elimination of the
p-allyl-s -alkyl complex F results in the coupling product. In this case, the nucleo-
phile is delivered from the same side as the metal. Retention of configuration is
therefore observed for this step, leading to overall inversion.
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Finally, the p-allylpalladium complexes D can undergo CO insertion (in a CO at-
mosphere) under formation of an acylpalladium complex G, which then is attacked
by the nucleophiles discussed.

9.2.1.2 Regioselectivity
With unsymmetrical p-allyl-Pd complexes, attack of the nucleophile usually occurs
at the less substituted position, but the regioselectivity is strongly dependent on the
structural features of the substrate and the reaction conditions [2]. Other metals,
such as Ir [11], Ru [12], Rh [13], Mo [14] or W [15] show the opposite regioselectivity,
which is especially interesting for asymmetrically catalyzed reactions. However,
with Pd-catalysts reactions may also occur at the sterically more hindered position.
For example, using the allylic acetates 1 and 2 (Scheme 9-3), the alkylation of sta-
bilized C-nucleophiles preferentially gives rise to 3, while the attack at the less hin-
dered position (providing 4) plays only a minor role [16]. The reactions most likely
proceed via a SN1-type transition state.
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This indicates, that the regioselectivity can be influenced by “tuning the reaction
mechanism” (Scheme 9-4) [17]. If the nucleophile attacks in a SN2-type fashion,
attack should occur at the sterically less hindered position (A). On the other
hand, if the reaction proceeds via a cationic transition state (SN1-type), the opposite
regioselectivity can be expected (B). This transition state B can be favored by elec-
tron-withdrawing groups in the ligands; for example, phosphines can be replaced
by phosphites [18]. Very good results are obtained with unsymmetrical ligands
(Scheme 9-5), such as the phosphitoxazolines L1 [17] or sterically demanding
monophosphines L2 [19]. The steric hindrance favors transition state C (Scheme
9-4), where the substituent on the allyl fragment is located trans to the bulky
phosphorus ligand. Nucleophilic attack on the p-allyl system preferentially occurs
trans to the P-atom [20], giving rise to the sterically more hindered product
(Scheme 9-5). With chiral ligands, a good chirality transfer can be observed.
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9.2.2
Stereochemical Aspects

The stereochemical course of the Pd-catalyzed allylic substitution has been studied
extensively [21]. The first step – the attack of Pd(0) on a chiral allylic substrate –
occurs from “the backside” under inversion of the configuration. The nucleophilic
attack of O-, N-, and soft C-nucleophiles on the p-allyl complex again occurs from
the anti face, and therefore overall retention of configuration is observed. In most
cases, symmetrical nucleophiles such as malonates or disulfones are used to avoid
a major problem of this reaction: the formation of a second stereogenic center in
the “nucleophile moiety” of the product. Using unsymmetrical C-nucleophiles
such as b-ketoesters [22] or imines of amino acid esters [23], mixtures of diastereo-
mers are usually obtained. For example, reaction of the allylic acetate 5 with the
unsymmetric nucleophile 6 gives the substitution products 7 in a 1:1 ratio [24]
because of the configurational lability of the allylated nucleophile (Scheme 9-6).
Thus, considerably better results are obtained with alkylated derivatives [25], or

with less acidic nucleophiles such as ester enolates (Scheme 9-7). For example,
allylation of “cyclic malonate” 8 with 9 provides 10 as a single stereoisomer [26],
while the attack of a chelated enolate obtained from 11 on allylic carbonate 12
gives rise to g,d-unsaturated amino acid derivative 13 (see Scheme 9-7) in a highly
stereoselective fashion [27].
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9.2.2.1 Substrate-Controlled Stereoselective Reactions
In general, the chiral information of the allylic substrate is completely transferred
into the product (Scheme 9-8). Reaction of chiral allylic acetate 14 with sodium
malonate in the presence of catalytic amounts of Pd(0) (1 mol%) provides the sub-
stitution product 15 preferentially and with the same enantiomeric excess [21e].
The minor product 16 is obtained by attack of the nucleophile at the other allylic
position. Interestingly, if the reaction is carried out with stoichiometric amounts of
palladium, the e. e. in the substitution product is significantly lower. This is also
true, if the p-allylpalladium complex 17 is isolated and subsequently reacted
with the nucleophile. Clearly, epimerization occurs under these conditions (see
below).

As already mentioned, hard C-nucleophiles such as main group organometallics
react via transmetallation and transfer of the nucleophile from the side of the pal-
ladium onto the allyl fragment. In this case, overall inversion of configuration is
observed [28], although some epimerization may occur (Scheme 9-9).

9.2.2.2 Epimerization
Usually, epimerization can be suppressed in catalytic allylic alkylations, but if
nucleophilic attack is not fast enough, then several processes for stereoscrambling
become competitive.
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Epimerization via Pd-Pd-Exchange

This epimerization occurs preferentially if stoichiometric or high amounts of
Pd-catalyst are used. The optically active p-allylpalladium complex (A) can be
attacked by excess of Pd(0) catalyst (Scheme 9-10). In this case, the Pd(0) acts as
a nucleophile and attacks the p-complex from the anti face giving rise to the enan-
tiomeric p-allyl complex ent-A [29]. This mechanism might explain the fall in the
optical purity described in Scheme 9-8 (14 p 17 p 15).

Epimerization via Acetate-Coordination

This epimerization occurs preferentially if chiral allyl acetates B are used as sub-
strates (Scheme 9-11). After nucleophilic attack of Pd(0) on the acetate under inver-
sion (C), the liberated acetate can coordinate to the palladium (D) and can be re-
transferred to the allyl fragment, this time not from the anti but from the syn
face. This mechanism results in a racemization of the starting material, and
might explain the fall in optical purity as observed in the conversion 14 p 18
(see Scheme 9-9).

p-s -p isomerization

In addition, terminal alkenes can epimerize via p-s -p isomerization (Scheme 9-12).
This isomerization is an important mechanistic feature in p-allylpalladium chem-
istry and results in a rapid interconversion of p-allyl complexes into s -complexes,
and vice versa. On the stage of the s -allyl complex, rotations around s -bonds are
possible, and therefore the thermodynamically most stable complexes are formed.
If chiral allylic substrates are used with a terminal alkene moiety, this isomeriza-
tion results in a loss of stereogenic information.
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This is a general problem with this type of substrates, and chirality transfer is
only observed for 1,3-disubstituted p-allyl complexes, which cannot racemize by
this pathway. However, the isomerization might cause other consequences, de-
pending on the substrate structure. No effect is observed with (E)-allylic substrates
such as 14 (see Scheme 9-8), because the most stable syn/syn-complex is formed
directly. The situation is quite different if (Z)-configured substrates such as 19
are used (Scheme 9-13). In this case, the anti/syn-complex A is formed. The syn/
anti terminology is used to describe the orientation of the substituents at the
allyl moiety relative to the H-atom at the central carbon atom. Reactions of A
with nucleophiles would provide the (Z)-configured products 20 (attack a) or the
(E)-configured product 21 (attack b) [30]. However, in general product 20 is not
obtained. Instead, the p-s -p isomerization causes a rapid interconversion of the
p-complexes via rotation of the s -complexes B and C, normally preferring the
syn/syn-complex D, which gives rise to (E)-substitution products 22 and/or 21.
Exceptions can only be observed if steric interactions either between the substi-

tuents in the allyl substrate [31] or between the allyl moiety and the ligands [32]
destabilize the syn/syn-complex. However, selective palladium-catalyzed conver-
sions of (Z)-allyl substrates with retention of the olefin geometry remain an un-
solved problem [33]. A transfer of the (Z)-configuration from the allyl substrate
to the product would only be possible if one could run the reaction at temperatures
(below –60hC) where isomerization reactions do not yet take place. These can only
be obtained with highly reactive nucleophiles such as chelated ester enolates, but
not with the generally used stabilized soft C-nucleophiles [34].
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9.2.2.3 Ligand-Controlled Stereoselective Allylation
Although the chirality transfer works very well in the case of unsymmetrical 1,3-
disubstituted allylic substrates, problems arise if the substrates have two identical
substituents either on both sides of the allyl fragment or on one side [35].
If 1,3-disubstituted substrates such as A or ent-A are used, symmetrical p-allyl-

palladium complexes (meso-complex) are formed which can react with nucleophiles
at both allylic positions with the same probability (Scheme 9-14). Therefore, the
chiral information of the substrates is lost, and the stereochemical outcome of
the reaction can be controlled by chiral ligands (L*) on the palladium.

Enantiomeric substitution products can be obtained from enantiomeric ligands
with the same rate of selectivity. In general, this is true in most cases, but some-
times different e. e.-values are observed, depending on the ligand or the leaving
group used. This memory effect can only be explained if the substitution does
not proceed via a fully symmetrical p-allyl complex, but a close ion pair mechanism
[36].
Ionization of substrates B or C, both result in the formation of the 1,1-disubsti-

tuted p-allyl complexes, which can interconvert via p-s -p-isomerization (Scheme
9-15). In this case, the reaction also can be controlled by chiral ligands. A high en-
antiomeric excess can be expected if the equilibrium is rapid, which is especially
true if R ¼ H, due to a low degree of steric congestion, and R ¼ Ph because of
p-benzyl participation. This is the reason, why chiral allylic substrates with term-
inal double bonds (C, R ¼ H) in general lose their chiral information.
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A third possibility is the use of meso-substrates with the leaving group in the mir-
ror plane (D) or substrates bearing two enantiotopic leaving groups (E–G). In these
cases, a chiral palladium-ligand complex must differentiate between the two enan-
tiotopic faces of the alkene (D), or the two leaving groups, resulting in a chiral
p-allylpalladium complex, which is then attacked by the nucleophile in a more
or less regioselective fashion (Scheme 9-16). This overall process results in a
desymmetrization of the allylic compound.

Reactions via meso-p-allylpalladium complexes

Enantioselective alkylation of a meso-p-allyl complex requires a regioselective attack
of the carbanion at one of the diastereomeric p-allyl termini. Common substrates
are 1,3-dialkylated or diarylated allylic acetates or carbonates such as 23 and 24
(Scheme 9-17). In general, the best results are obtained with the diphenyl substrate
24, which gives the highest yields and stereoselectivities. Therefore, this substrate
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is used for the development of new ligands. Their number is immense in the
meanwhile. A few examples of commonly used types of ligands are shown in
Figure 9-1, and further examples will be found in specialized reviews on this
topic [35]. In by far the most cases, malonates or substituted malonates are used
as nucleophiles, to avoid the problem of a second stereogenic center in the “nucleo-
phile moiety”. An overview over the results obtained is provided in Table 9-1.
The first investigations were carried out on dimethyl-substituted p-allylpalladium

complexes in the presence of DIOP [40a] or Prolophos (L3) [41]. With these ligands
the substitution product 25 was obtained with low optical purity (z 20% e. e.). A
breakthrough was achieved by the introduction of the 2-(2-diphenylphosphinophe-
nyl)-4,5-dihydrooxazoles (PHOX) L4 as a new class of ligands [42, 43], and the C2

symmetric diphosphine ligand L6 [40b].
By far the most ligands are investigated with the diphenyl-substituted substrate

24. The PHOX-ligands (L4) discussed are superior to most other ligands. Good
results are also obtained with the P,S-ligand L5 [38], Chiraphos (L7) [44] and the
phosphinocarboxylic acid L8 [45], but even higher enantioselectivities are obtained
with the C2-symmetric dihydroxyoxazol ligands L9 [46b] and the P,N-ligand L12
[46a]. The results of X-radiographic and NMR studies indicate that steric repulsion
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between a phenyl group on the allyl moiety and the substituent in the chiral ligand
enforces preferential attack at this more crowded terminus, since strain energy is
relieved in the alkylation transition state.
With the recyclable polymer-bound ligand L13 the allylic alkylation can be carried

out also in aqueous solution, and surprisingly the catalyst is even more reactive in
water than in organic solvents [47]. The corresponding palladium complex can be
recovered by simple filtration, and can be reused without significant loss of activity.
In contrast especially to these diphenyl-substituted allylic substrates, the results

obtained with cyclic substrates 27 were disappointing initially (Scheme 9-18). For
example, if cyclohexenylacetate 27b was reacted with dimethyl malonate in the
presence of the PHOX-ligand L4b, no enantioselectivity was observed at all
(Table 9-2) [43].
The results of NMR studies indicated that, in solution a mixture of exo- and endo-

complex in a 1.8:1 ratio is formed. Obviously, the substituents in the ligand are not
able to differentiate sufficiently between these two diastereomeric complexes.
Based on these findings, a new type of PHOX-ligand L14 was designed, bearing
a 2-biphenyl (2-Bp) substituent on the phosphor atom (Figure 9-2) [48].
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Table 9-1 Allylic alkylations in the presence of chiral ligands

Substrate Ligand R R1 Base e. e. (%) Configuration Ref.

23 L3 H NaH 20 (S) [41]
L4a, Ph H BSA 50 (S) [42a]
L4b iPr H BSA 62 (S) [37]
L4c tBu H BSA 71 (S) [42a]
L5 H BSA 65 (S) [38]
L6 H NaH 74 (S) [40b]
L6 CH3 NaH 87 (S) [40b]

24 L3 H NaH 30 (R) [41]
L4a Ph H BSA 99 (S) [42a]
L4b iPr H BSA 98.5 (S) [42a,b]
L5 H BSA 98 (S) [38]
L7 H NaH 90 (R) [44]
L8 H NaH 85 (R) [50b]
L9 H BSA 97 (S) [46b]
L10 H BSA 95 (R) [46b]
L11 H BSA/NaH 99 (S) [39]
L12 H NaH 98 (R) [46a]
L13 H Li2CO3 91 (S) [47]



The biphenyl group was chosen with the hope that this enlarged substituent
might interact with the p-allyl fragment, resulting in a differentiation of the two
possible diastereomeric complexes. And indeed, X-radiographic structure analysis
of a corresponding cyclohexenyl-palladium complex confirmed, that in the crystal
a conformer a is found in which the phenyl ring of the biphenyl group is located
directly above the allylic moiety, as shown in Figure 9-3.
Nevertheless, results were still not satisfactory. Careful NMR investigations indi-

cated that in solution several conformers exist, including the unfavorable confor-
mer b with the crucial phenyl group rotated away from the allylic moiety. In
order to destabilize conformers of this type, the cymantrene-based ligand L15
was conceived [49], where this rotation is blocked by the manganese carbonyl com-
plex, and indeed, high enantioselectivities were obtained (Table 9-2).
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Table 9-2 Allylic alkylations with cyclic substrates 27

Ligand Substrate Base e. e. (%) Configuration Ref.

L4b 27b NaH 0 – [24]
L8 27b NaH 68 (R) [45]
L14 27b BuLi 51 (R) [48]
L14 27c BuLi 83 (R) [48]
L15 27b NaH 93 (R) [49]
L15 27c NaH i99 (R) [49]
L16 27b BuLi 98 (S) [51]
L16 27c BuLi 98 (S) [51]
L17 27a NaH 98 (S) [52]
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The chiral phosphinocarboxylic acid ligand L8 also exhibits good enantioselectiv-
ities [50]. Since the corresponding methyl ester only gives low enantiomeric excess,
the free carboxylic acid is crucial for the success of the reaction. It is probable that a
similar mode of action might explain the excellent selectivities obtained with ligand
L16 [51]. Both enantiomers can be obtained starting from (þ)- and (–)-pinene.
Excellent selectivities are also obtained with bis-2-diphenylphosphinobenzamide
ligand L17 [52].

Allylations via symmetrically 1,1-disubstituted p-allylpalladium complexes

Substrates with two identical substituents at one allyl terminus (a nonstereogenic
center) are also interesting candidates for ligand-controlled allylations. For these
reactions, either chiral or achiral substrates can be used. If achiral substrates
such as A are investigated, the chiral catalyst can differentiate between the two
enantiotopic faces of the alkene (Scheme 9-19). On the other hand, if substrates
such as B are used as starting materials, the initially formed p-allyl complex
must isomerize rapidly to ensure that the chiral information of the substrate is
completely lost during the reaction and that the stereochemical outcome of the
alkylation is only controlled by the chiral ligand.

Especially suitable in this respect are aryl-substituted substrates, because the aryl
ring can participate in the “s -complex”, as shown for the triphenylated intermedi-
ate C (Figure 9-4). This complex isomerizes 1000-fold faster in comparison with
the corresponding trimethylated complex.
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Therefore, 1,1-diphenylated allylic compounds 29 and 30 are the most examined
substrates of this class (Scheme 9-20), providing products 31. Initial investigations
conducted in the presence of Chiraphos L7 gave high e. e. values which were inde-
pendent of the substrate used [53]. In this case, the optical yield does not depend
on the substrate used (29 or 30) (Table 9-3). The best results to date are obtained in
the presence of the PHOX-ligands such as L4b.

From a synthetic viewpoint – for example, for natural product synthesis – term-
inal alkenes such as 32 (Scheme 9-21) are even more attractive, although the
regioselectivity of the nucleophilic attack is the limiting factor, because attack at
the less hindered position is preferred. However, as mentioned previously, the
regioselectivity can be changed by switching to other metals or by using sterically
demanding nucleophiles or phosphites [18] (see Section 9.2.1.2). Some currently
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Table 9-3 Allylic alkylations with 1,1-diphenylated allylic substrates

Substrate Nucleophile Ligand e. e.
(%)

Yield
(%)

Configuration Ref.
E1 E2

29a COOMe COOMe L7 84 100 (R) [53]
30a COOMe COOMe L7 84 100 (R) [53]
30b COOMe COOMe L7 65 96 (R) [53]
29a COOMe COOMe L4b 99 88 (S) [54]
30a COOMe COOMe L4b 99 88 (S) [54]
30a COOMe CN L4b 96 74 (S) [55]
30b COOMe COOMe L4b 95 95 (S) [55]
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used ligands are shown in Figure 9-5, and the results obtained with these are sum-
marized in Table 9-4.
The monodentate ligand (R)-MeO-MOP (L2) was investigated in several allylic

substitutions [19]. It is noteworthy that the reaction catalyzed by palladium/PPh3

requires 2 equiv. phosphane (to Pd) for the allylation to proceed smoothly, giving
rise to linear product 35 preferentially. With 1 equiv. the reaction stopped at
60% conversion. On the other hand, ligand L2 gave the branched isomer 34
with good regioselectivity under the same conditions. In this case, the ratio phos-
phine/Pd affects neither the catalytic activity nor the regioselectivity.
Another class of ligands was developed starting from the phosphinoxazolines

(PHOX) ligands (vide infra). The idea was to increase the SN1-character of the reac-
tion (see Section 9.2.1.2) by increasing the electrophilic nature of the Pd by using
less electron-donating ligands such as L18. In addition, several phosphitoxazolines
were investigated (up to 84% e. e.). The stereochemical outcome of the reaction was
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Table 9-4 Allylic alkylations of terminal p-allyl complexes

Substrate Ligand R Base Ratio
34/35

e. e.
(%)

Yield
(%)

Configuration Ref.

32 L2 Me NaH 79/21 68 99 (S) [19]
33 L18 H BSA/KOAc 47/53 84 87 (S) [17]
33 L19 H BSA/KOAc 63//37 81 75 (S) [17]
33 L1 H BSA/KOAc 76/24 90 86 (S) [17]
32 L1 H BSA/KOAc 66/34 88 82 (S) [17]
33 L20 H BSA/KOAc 84/16 94 95 (S) [56]
33 L21 H BSA/KOAc 95/5 95 98 n. r. [57]
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mainly controlled by the stereogenic center of the oxazoline ring (L19), but intro-
duction of additional stereogenic centers in the ligand resulted in higher selectiv-
ities in the “matched case”. The (S,S)-ligand L1 gave the overall best results. The
selectivities could even be improved by increasing the steric demand of the aryl
substituent in the allyl substrate, while the position of the leaving group had no
significant influence on the results obtained. Alkyl-substituted allylic substrates
are less suitable. Further improvements were observed by introducing the bis(N-to-
sylamino)phosphine ligand L20 [56] and especially the ferrocene P,N-ligand (L21),
which is the best one for this purpose to date [57]. The problem of regioselectivity
can be overcome if the allylic alkylation is performed not in an inter- but rather an
intramolecular fashion. In this case, the formation of the “preferred ring size” can
direct the nucleophilic attack to the sterically more hindered position [58, 59].

Allylic alkylations with meso substrates

If meso compounds are used as substrates, one can distinguish between three mis-
cellaneous scenarios of enantiodifferentiation. In substrates of type A (Figure 9-6),
the palladium atom will test out both faces of the olefin, and the enantiodifferen-
tiating step is the formation of the alkene palladium complex. The situation is
quite different if meso-diesters B are used. In this situation, the palladium atom
coordinates to the alkene from the face opposite to both leaving groups, and the
stereocontrolling step is the differentiation between these two enantiotopic leaving
groups. Geminal diesters C involve both, enantioface complexation and ionization
in the enantiodiscriminating step.

Enantioselective alkylation of meso-ester 36 occurs regioselectively at the sterically
least hindered position, giving rise to axially chiral product 37 (Scheme 9-22). (R)-
Binap (L22) has been found to yield the highest e. e. compared to a wide range of
other ligands, while dioxane is the solvent of choice [60]. The most striking fact is
that the trans- and cis-substrate diastereomers give rise to different e. e. values with
the same chiral phosphine, indicating that isomerization of the p-allylpalladium
complex is not fast compared to nucleophilic attack.
Ionization of the leaving group is the stereocontrolling step in the reaction of

meso-diester 38 with several nucleophiles such as the lithium salts of nitromethyl-
phenylsulfone 39 (Scheme 9-23). Substitution occurs on the chiral p-allyl complex
with inversion of the configuration regioselectively at the allylic terminus distant to
the electron-withdrawing ester group. Subsequent intramolecular O-alkylation
yields the cyclization product 40. The best results were obtained with C2-symmetric
ligands, while the previously described ligand L17 (see Figure 9-1) proved superior
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to all others [61]. Since the enantiodiscrimination occurs only in the ionization
step, the results obtained are almost independent of the nucleophile used [62].
Geminal dicarboxylates convert the problem of asymmetric addition to the enan-

tiotopic faces of an aldehyde into asymmetric ionization of enantiotopic leaving
groups [63]. As in the other examples described, the ligand L17 proved superior
to other ligands, especially with regard to enantioselectivity. For example, if the dia-
cetate 41 (Scheme 9-24), obtained from (E)-cinnamaldehyde, was reacted with di-
methyl methylmalonate, the reaction gave the desired product 42 as a single regio-
isomer in high yield and enantiomeric excess. No double substitution was observed.
The high e. e. values obtained with ligand L17 or with the enantiomeric ligand ent-
L17 can be explained by a counterclockwise or clockwise rotation of the ligand with
respect to the substrate [64]. With other alkyl-substituted substrates the regio-
selectivity was a little worse, but still i90% for substitution at the oxygenated
allyl terminus. This regioselectivity observed is primarily reflective of the strong
electronic effect of an oxygen atom that stabilizes the a-cation through resonance,
favoring nucleophilic attack at this carbon. The scope and limitation of this process
was evaluated with a wide range of C- and heteronucleophiles. The e. e. values ob-
tained for the first allylation step are about 90% in most cases [65].
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9.2.3
Substrates for Allylic Alkylations

p-Allyl complexes can be prepared stoichiometrically with palladium(II) starting
from alkenes [66] and dienes [67] or – which is by far the most interesting method
– catalytically with palladium(0) from allylic derivatives with a generally anionic
leaving group. Suitable substrates are shown in Figure 9-7.

9.2.3.1 Allylic Alkylations under Basic Conditions

Allyl esters

Allylic esters are used as main substrates for palladium-catalyzed allylic alkylations.
Under these substrates, acetates play a dominant role, though other esters can also
be used. In general, the reactivity of the allylic substrate correlates with the acidity
of the carboxylic acid. For example, allylic trifluoroacetates are much more reactive
than acetates. The great popularity of the carboxylates results from the fact, that
these are notoriously bad leaving groups in comparison to, for example, either
halides or tosylates. In general, allylic esters do not participate in substitution reac-
tions, but they react very well via p-allyl-intermediates if transition metals are
added.
With allylic esters, the reactions are carried out under basic conditions. Tertiary

amines or NaH are commonly used as bases, but basic alumina or KF on alumina
are also quite attractive, because these can easily be removed by simple filtration
[73]. With N,O-bis(trimethylsilyl)acetamide (BSA), the reactions can be carried
out under near-neutral conditions, because the actual base is generated from the
liberated carboxylate, and therefore only catalytic amounts of base are present in
the reaction [74]. If optically active allylic carboxylates are used, the reaction pro-
ceeds with overall retention (double inversion) with stabilized, soft C-nucleophiles,
while unstabilized carbanions react under inversion (Scheme 9-25). Substrates
with (Z)-olefin geometry in general undergo p-s-p isomerization, which is faster
than substitution by the nucleophile [75]. Therefore, the (S)-configured (E)-sub-
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strate 14 and the (R)-configured (Z)-acetate 19 both give rise to the same substitu-
tion products, independently of whether soft or hard nucleophiles are used [76].
The intramolecular allylation of soft C-nucleophiles with allylic acetates is a good
protocol for the synthesis of ring structures of different size [77]. Several examples
of this are outlined throughout this review.
Interesting observations are made if silylated allylic acetates are used as sub-

strates [78]. Comparative experiments indicated that a-silylated acetates are much
more reactive in comparison to b-silylated acetates. Therefore, silylated substrates
such as 43 undergo regioselective substitution at the acetate vicinal to the silyl sub-
stituent (Scheme 9-26) [79]. Since it is known that carbonates are better leaving
groups than acetates, silylated substrate 43b serves as an interesting example to
investigate the influence of the silyl group. Under neutral conditions, no reaction
was observed, yet surprisingly, in the presence of base, substitution occurred at the
position of the acetate group, and not as expected at the carbonate position [21].

Allyl phosphates

Allylic phosphates can also be used as substrates, while phosphates are in general
more reactive in comparison with acetates [80]. The higher reactivity of the phos-
phates in comparison with acetates allows a stepwise substitution of allylic sub-
strates such as 45 (Scheme 9-27). The phosphate group was replaced first under
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double-bond isomerization, and the remaining acetate 46 can be subjected to a
second allylation step, giving rise to the disubstituted product 47.

Allyl halides

Allyl chlorides belong to the most reactive allylic substrates and, as such, should
not be prone to epimerization on the stage of the p-allyl-Pd complexes. Therefore
chemoselective substitutions are possible with allylic halides/acetates [81]. If halo-
genated dienes such as bromide 48 are used (Scheme 9-28), then the protocol gives
access to substituted allenes 49 [82].

9.2.3.2 Allylic Alkylations under Neutral Conditions
Reactions which proceed under neutral conditions are highly desirable, and several
allylic substrates meet this requirement.

Allyl carbonates and carbamates

Allylic carbonates are the most reactive of these derivatives [83]. Oxidative addition
of the allyl carbonate A is followed by decarboxylation to afford the positively
charged p-allylpalladium complex B and alkoxide which acts as base for the depro-
tonation of the nucleophile (Scheme 9-29). The in-situ formation of the alkoxide,
which is a poor nucleophile, is the reason why no additional base has to be
used. In addition, the decarboxylation makes formation of the p-allyl complex an
irreversible process, in contrast to the reactions of acetates.

Allylic carbamates behave in a similar manner, and can also be used under neu-
tral conditions [69]. Allylic carbonates are more reactive than acetates, and there-
fore, chemoselective reactions are possible [83]. Since allylation with allyl carbo-
nates proceeds under relatively mild neutral conditions, this protocol finds wide
applications for the allylation of labile compounds, and is sensitive towards acids
and bases [84]. Allylic alkylation of C-nucleophiles with carbonates such as 50
(Scheme 9-30), followed by hydrolysis, is a good method for “acetonation” (51)
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[85]. If silylated allylic carbonates such as 52 are used, then the nucleophilic attack
of 53 occurs preferentially at the allyl terminus opposite to the silyl group [86]. The
silyl group in 54 can subsequently be removed under acidic conditions, giving rise
to 55. Overall, substitution takes place at the sterically more hindered position.

From a synthetic viewpoint, interesting substrates are stannylated carbonates
such as 56 (Scheme 9-31), which can easily be obtained by molybdenum-catalyzed
hydrostannation of propargyl esters in a highly regioselective fashion [87]. Reaction
with highly reactive nucleophiles, such as chelated enolates of amino acid esters
11, gives rise to stannylated amino acids 57 [88], which can be further modified
by various palladium-catalyzed cross-coupling reactions [89].

Vinyl epoxides

Vinyl epoxides (vinyl oxiranes) are highly efficient substrates which can also be
reacted under neutral conditions (Scheme 9-32). The carbon-oxygen bond in 58
is easily cleaved with Pd(0) by oxidative addition under formation of the p-allylpal-
ladium complex 59. This cleavage generates an alkoxide, which in turn deproto-
nates the nucleophile. Nucleophilic attack occurs preferentially at the allylic posi-
tion away from the remaining hydroxy group, giving rise to the 1,4-substituted
product 60 [90]. The allylic alcohol thus formed is a good substrate (after acylation)
for further palladium-catalyzed transformations.
Similar to allylic carbonates, vinyl epoxides are also more reactive in comparison

with allylic acetates. In substrates containing both structural features, only the
vinyloxirane moiety reacts chemoselectively under neutral conditions, and the
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1,4-adduct is formed preferentially [91]. The stereochemical outcome of intramole-
cular reactions was investigated with substrates such as 61. Palladium attacks the
double bond from the face opposite to the oxirane ring (1. inversion). Nucleophilic
attack occurs under inversion, and overall a syn-SN2’-type reaction is observed. The
relative configuration of the product (62 or 63) depends on both, the geometry of
the epoxide and the geometry of the double bond (Scheme 9-33). Changing either
of the geometries leads to the opposite diastereomer [92].

9.2.4
Nucleophiles used in Allylic Alkylations

9.2.4.1 Reaction with Stabilized, “Soft” Nucleophiles
p-Allylpalladium complexes can be regarded as “soft” electrophiles, and react most
smoothly with “soft” nucleophiles. Representative examples (and their references)
are shown in Figure 9-8. Typically, active methylene compounds activated by two
electron-withdrawing groups are allylated by the palladium-catalyzed reaction. In
general, carbonyl, sulfonyl, cyano, and nitro groups and combinations thereof
are used for activation. Nitroalkanes alone are sufficiently acidic to be deprotonated
and to function as a nucleophile. Other very suitable and popular nucleophiles in-
clude iminoesters and azlactones, because they provide amino acid derivatives.
This group of nucleophiles will be discussed in further detail.
By far the most often used nucleophiles are malonates, which can be deproto-

nated by the alkoxide formed in the reaction of allyl carbonates, or by additional
base such as NaH. This standard nucleophile was applied to all types of allylic
alkylations, and many applications are reported in this chapter. The nucleophilic
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species can also be generated by 1,4-addition (e. g., of alkoxides, generated from
carbonates) onto alkylidene malonates in an inter- as well as an intramolecular
fashion [111]. The substitution products can be subjected to a thermal decarboxyla-
tion, giving rise to carboxylic acids or esters [112]. Therefore, in combination with
this decomposition, malonates can also be used as surrogates for ester enolates
[113], which generally cannot be used as nucleophiles in allylic alkylations (see Sec-
tion 9.2.4.2).
Reactions with b-keto esters in general are not as easy as those with malonates

for several reasons. In contrast to the symmetrical malonates, reactions of b-keto
esters, as well as all other unsymmetric nucleophiles, generate a stereogenic center
which is configurationally labile (if a-CH is present), giving a mixture of stereoi-
somers. Also, one must consider the possibility of C- versus O-allylation, whilst
products with different ring sizes may be obtained by intramolecular processes
[114].
If nucleophiles activated by one or two sulfonyl groups are used, the sulfonyl re-

sidues can be removed afterwards under reductive conditions [115], or by elimina-
tion [116]. Nitrocompounds can easily be reduced to the corresponding amines
[108], which is especially interesting for natural product synthesis.
From this viewpoint, the imines of amino acids 64 (Scheme 9-34) as well as azlac-

tones 66 (Scheme 9-35) are interesting candidates, as they provide an easy access to
g,d-unsaturated amino acids. Asymmetric versions with imines are possible to ob-
tain, for example, by using chiral auxiliaries in the ester moiety [117], chiral ligands
[118] or chiral phase transfer catalysts (PTC) [119]. Interestingly, the e. e. values ob-
tained under PTC are better, with up to 96% e. e. being obtained under optimized
conditions in the allylation with cinnamyl acetate 32, while the selectivity with the
regioisomer 33 was little worse. Surprisingly, the yield was dramatically lower, be-
cause with the latter substrate the other regioisomer (attack at the phenyl-substi-
tuted terminus) was also formed [120]. The yield of 65 could be increased by
using the chiral monodentate ligand (R)-MeO-MOP (L2), which surprisingly pro-
vided the linear product and not the branched one as expected (see Section 9.2.1.2).
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The major problem with stabilized nucleophiles with regard to stereoselectivity
results from the configurational lability of the substitution product. Even if the
allylation proceeds in a highly stereoselective fashion, subsequent epimerization
of the newly generated stereogenic center wastes all efforts. This problem can be
circumvented by using alkylated nucleophiles such as azlactone 66. In the presence
of chiral ligand L17, the substitution product 67 was obtained in excellent yield and
selectivity. A wide range of substrates and azlactones was investigated, and the
products were converted to several a-alkylated amino acids [121]. Besides allylic
acetates and carbonates, gem diacetates can also be used for this purpose, as illus-
trated in an excellent synthesis of Sphingofungin F based on this approach [122].

9.2.4.2 Reaction with Enolates and Derivatives
Nonstabilized enolates from ketones and esters often cause problems, and the
developments and improvements made with these interesting nucleophiles are
summarized in a little more detail [123].

Ketone enolates

Allylic alkylation of simple enolates, such as that from acetophenone, with allyl
acetate give the dialkylated product preferentially [124], whilst for sterically more
demanding cyclic acetates monosubstitution is observed, though in moderate
yield [125]. Similar results are obtained with the less-reactive silyl enol ethers,
but herewith the reaction cannot be extended to substituted allyl acetates. A break-
through brought a variation of the counterion of the enolate. Switching to tributyl-
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tin enolates such as 68 led to a remarkably rapid and clean monoalkylation with
high regioselectivity (Scheme 9-36) [124]. Alkylation generally occurs at the steri-
cally less hindered position of the allyl fragment, and the (E)-configured product
70 is obtained preferentially independently of the olefin geometry of the starting
allylic acetate 69 [126].
The effect of the countercation was carefully investigated. Good results are also

obtained with boron and zinc enolates, whilst a wide range of other counterions
gave unsatisfying results or did not show any reaction at all [127]. The enolates
can also be created in situ, for example by copper-catalyzed addition of alkylzinc
reagents to a,b-unsaturated ketones [128], or from allyl b-ketocarboxylates such
as 71 [129]. Subsequent decarboxylation gives rise to allylated ketone 72. If optically
active allylic substrates were used, the reactions proceeded with net retention, as
with stabilized nucleophiles [130]. Chirality can also be induced by the use of chiral
ligands such as L17, as shown for the allylation of ketone 73 to 74 (Scheme 9-37)
[131]. Similar results are also obtained with ferrocene-based ligands [132].

Ester enolates

A quite different situation is that when ester enolates are used as nucleophiles. The
yields obtained are generally low, and it is assumed that nonstabilized carbanions
attack the metal in preference to the allyl group [133], resulting in reduction of the
complex rather than alkylation. However, the addition of HMPA to this reaction
completely suppresses reduction and permits the alkylation to proceed also with
nonstabilized carbanions [134]. For example, treatment of p-allylpalladium chloride
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(75) with the enolate of methyl cyclohexanecarboxylate (76) (stoichiometric reac-
tion) under standard conditions (PPh3, THF) led to only a very low yield of the
allylated product 77 (Scheme 9-38). Repeating the reaction in the presence of
HMPA and triethylamine (replacing the PPh3) gave rise not to the “expected” ally-
lation product 77 but to the cyclopropane derivative 78 in good yield. Labeling stud-
ies indicated that the carbanion attacks the central carbon of the p-allyl complex.
This is in sharp contrast to the attack of stabilized nucleophiles and the observa-
tions made with ketone enolates.

Interestingly, CO has a positive effect on the yield of the reaction, although it is
not incorporated [135]. It is observed, that the combination TMEDA/CO is superior
to HMPA/NEt3 under the same reaction conditions. Under these conditions not
only sterically hindered ester enolates can be reacted, but also deprotonated
amides, lactams, ketones and sulfones, as well as Evans-enolates [136]. Tertiary
anions give the best results.
In contrast, a-allylated products were obtained if ester enolates 76 were reacted

with vinyl epoxides (79), though the yields varied depending on the vinyl epoxide
used (Scheme 9-39) [137]. As usual, nucleophilic attack occurs at the sterically less
hindered position, yielding a E/Z-isomeric mixture of 80. Similar results are ob-
tained with silyl ketene acetals in the presence of bidentate phosphine ligands
[138].

The great importance of nonproteinogenic amino acids including a-substituted
derivatives led to an investigation of modified amino acid ester enolates as nucleo-
philes in the palladium-catalyzed allylic alkylation (Scheme 9-40). Chiral pyrazi-
none derivative 81, obtained from (R)-valine and (S)-alanine, was introduced as a
new chiral auxiliary for the synthesis of g,d-unsaturated amino acids via palla-
dium-catalyzed allylation [139]. Pyrazinone 81 underwent highly regio- and diaster-
eoselective allylations (95–99% d. s.) to 83 under neutral conditions if allylic carbo-

5579.2 Palladium-Catalyzed Allylic Alkylations

Pd

Cl
2

PPh3

THF, r.t.

20%

COOMe

HMPA, NEt3

THF, −78°C

COOMe

75 7677 78

MeO OLi

Scheme 9-38 Allylic alkylations of ester enolates.

O
OMe

OLi

[Pd(OAc)2], dppe

THF, r.t.
COOMe

OH

76%

75% E

7679 80

Scheme 9-39 Allylation of ester enolates with vinyl epoxides.



nates 82 were used as substrates. The alcoholate liberated is clearly sufficiently
basic to deprotonate the auxiliary, indicating that 81 forms a (partly) stabilized
anion. The free amino acid could be obtained under relatively drastic conditions
(6 N HCl, 150 hC).
Similar amino acids, even without a a-methyl group can be synthesized if che-

lated amino acid ester enolates are used. These enolates were found to give espe-
cially good results in various types of standard enolate reactions including alkyla-
tions, aldol reactions, or Michael additions [140]. Chelation causes a marked en-
hancement of thermal stability without having any negative influence on the reac-
tivity of these enolates, and due to the fixed enolate geometry, their conversions
often proceed with a high degree of stereoselectivity. Stabilization of the enolate
by chelation should also diminish the tendency of the enolate to coordinate to
the palladium – perhaps a solution of the ‘enolate problem’?
If amino acid esters such as 11 are deprotonated with excess LHMDS in the pres-

ence of zinc chloride, the resulting chelated ester enolate 84 can be trapped, for
example, with dimethyl allyl carbonate in the presence of Pd(0) (Scheme 9-41).
In general, the best results were obtained with allylpalladium chloride in the pres-
ence of triphenylphosphine. As a result of the high reactivity of the chelated eno-
lates, the allylation already takes place under very mild conditions at –78 hC, giving
rise to the desired monoallylated amino acid derivative 85 in a highly stereoselec-
tive fashion. The racemic, but diastereomerically pure anti-product 85 is accessible
after a single crystallization step. Most common N-protecting groups can be used
with comparable success, although the TFA-derivative in general gives the best
selectivities [141].
In order to enlarge the potential of this approach, an asymmetric version is

desirable. Depending on the allylic substrate used, two different strategies can
be applied. Substrates such as 24 with two identical substituents at both allyl ter-
mini form symmetrical, achiral p-allylpalladium complexes, and therefore the
stereochemical outcome of the reaction can be controlled via chiral ligands on
the palladium. In order to assess the scope of ligand-directed asymmetric allyla-
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tions with chelated enolates, a representative set of substrates was investigated
(Scheme 9-42) [142]. High levels of selectivity were achieved with 1,3-diphenylallyl
acetate (24) as substrate; especially with the PHOX ligand L4b (see Figure 9-1) a
diastereoselectivity of up to 95:5 in favor of the anti isomer 86 and e. e.-values of
up to 94% could be obtained. Allylic alkylations of cyclic substrates such as cyclo-
hexenyl acetate (27b) led to the cyclohexenyl-glycine derivative 87. The chiral ligand
L15 gives an almost 1:1 diastereomeric mixture, while with L16 the syn product is
formed preferentially. e. e.-Values of up to 93% can be obtained with these ligands,
which is remarkable for such cyclic systems.
On the other hand, the allylic substitutions with chiral allyl substrates (such as

12) proceeded cleanly and with good yields (Scheme 9-43). The only regioisomers
obtained were those with the double bond in conjugation to the phenyl ring. The
diastereoselectivities of the reaction were high, depending on the substitution
pattern at the allyl moiety, and the diastereoselectivities obtained with the acetates
were a little worse in comparison to those from the carbonates. The chirality could
be transferred almost completely from allyl derivative 12 to product 13.
Since the palladium-catalyzed allylic substitution with chelated ester enolates

already proceeds at –78 hC, these enolates provide a good chance to circumvent a
nearly unsolved problem in palladium-catalyzed allylic alkylations: the p-s -p-iso-
merization. Reactions of (Z)-substrates with the chelated enolate 84 gave interest-
ing results. The reaction with the (Z)-carbonate 88 (97% e. e.) almost exclusively
yielded the desired (Z)-substitution product 89 (Z/E: i 99/1). The outstanding
selectivities (98% d. s., 97% e. e.) observed even surpassed the very good results
of the reaction with the (E)-carbonate 12. In contrast, the reaction with the corre-
sponding acetate furnished a (E/Z)-mixture in a very low yield. The selectivities
were markedly worse than those obtained with the carbonate.
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This difference in product formation may be explained by the higher reactivity of
the allyl carbonates. Because these substrates already react at –78 hC, p-s -p-isomer-
ization clearly does not occur. In contrast, the reaction of the acetates takes place at
a higher temperature during the warm-up. Simultaneously, the isomerization is
setting in, and a partial conversion of the primarily formed anti/syn-complex
into the more stable syn/syn-complex can be observed (see Scheme 9-13).
If the p-s -p-isomerization can be suppressed as in this case, further interesting

questions arise: What would happen to allylic substrates with (Z)-configuration
and the same substituents at the allyl moiety (90)? In principle, there are two dif-
ferent reaction pathways, because the anti/syn p-allyl complex formed as an inter-
mediate has two different allylic termini (Scheme 9-44). Nucleophilic attack (at a;
anti position) would provide a product 91 with (E)-configuration of the double
bond, whereas the attack (at b; syn position) would lead to a (Z)-double bond
(92). Hence the question, which position is the more reactive – syn or anti?

The clarification of this question is of major interest, because symmetrically sub-
stituted allyl derivatives are normally used in asymmetric catalyzed reactions. Irre-
spective of the configuration of the starting material, achiral syn/syn p-allylpalla-
dium complexes are generally formed, and the nucleophilic attack on complexes
of this type can be controlled, for example, by chiral ligands. Therefore, if enantio-
merically pure allyl substrates are used, the chiral information is lost during the
reaction. However, if it were possible to suppress the p-s-p-isomerization during
the reaction of (Z)-configured substrates, and if one of the two allylic positions
is pronouncedly more reactive than the other one, then it should be possible
also to generate optically active compounds with these substrates.
And indeed, the reaction with chiral allyl substrate 93 provided the chiral (E)-con-

figured substitution product 85 exclusively in a very good yield (Scheme 9-45). Also
in this case the selectivities, with which the anti-products were formed, were excel-
lent. Moreover, the almost complete transfer of chirality shows that the reaction
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proceeds via the anti/syn-complex and not via the syn/syn-complex, which would
inevitably lead to racemization.

9.2.4.3 Reaction with Hard Nucleophiles
In contrast to soft carbanions or enol derivatives, organometallic reagents generally
attack the metal of a p-allyl complex. Since subsequent C-C bond formation occurs
via reductive elimination, retention of configuration is observed for this last step of
the reaction, giving overall inversion. Zn, B, Al, Sn, and Si compounds are the
most widely used organometallics for these cross-coupling reactions [143]. In gen-
eral, transmetallation is the rate-determining step, and sp2 carbons are transferred
more easily than sp3 carbons. Therefore, arylations and vinylations are much more
popular than alkylations.

Arylations

Arylations, and especially phenylations, can be carried out with a wide range of
phenyl derivatives of zinc [144], tin [145], magnesium [146], or boron [147]. Typi-
cally, overall inversion is observed if chiral substrates such as 94 are used [148],
but under special circumstances retention of configuration is also possible
(Scheme 9-46). For example, if diphenylphosphinylacetates 96 are used as leaving
groups, the phosphinyl moiety directs the palladium to the same face of the double
bond where the leaving group is located, and the p-allyl complex is formed under
retention [149].

Vinylations

Hydrometallation of alkynes gives rise to vinyl metal compounds which can be
coupled via palladium-catalyzed allylic alkylation. Therefore, vinyl zirconium
[150] and tin reagents [145] play a dominant role, but other metals such as alumi-
num [151] or zinc [152] can also be used. For example, vinylzinc reacts with acetate
97 adjacent to the ring oxygen (Scheme 9-47) in a highly stereoselective fashion
[144a]. If diacetates such as 41 are used as substrates, vinylation provides a ter-
minal allylic acetate, which can undergo a second vinylation, and triene 99 is ob-
tained in high yield. In contrast, with allylstannanes the reaction stops after the
first cross-coupling step [153].
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9.2.4.4 Carbonylations
Carbonylation of various allylic compounds in alcohols gives b,g-unsaturated
esters, but in general allylic compounds are less reactive than aryl or vinyl halides.
However, with the most reactive derivatives such as carbonate 100 the carbonyla-
tion proceeds under rather mild conditions, giving rise to 101 (Scheme 9-48)
[154]. The same is true if allyl chlorides are used [155]. In the presence of an addi-
tional double bond (such as in 102), the carbonylation is followed by an intramo-
lecular insertion of the double bond into the Pd-acyl bond, affording the cyclopen-
tenone derivative 103 [156]. In the presence of Bu3SnH, the Pd-acyl intermediate
obtained from 104 can be reduced to give the corresponding aldehydes (105)
[157], while with other organometallics the corresponding ketones are formed
[158]. If allylic phosphates are used, the best results are obtained under pressure
and in the presence of amines [159]. In the presence of chiral ligands, asymmetric
carbonylations are possible with high enantiomeric excess [160].
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9.3
Allylic Alkylations with Other Transition Metals

Although palladium is the most important transition metal for allylic alkylations,
several others can be used, and these are discussed below in alphabetical order.
From a mechanistical point of view, they react generally as discussed for the palla-
dium complexes, although they show different reactivities and selectivities.

9.3.1
Iridium

During the past few years, the chemistry of iridium has developed dramatically and
the improvements made have been summarized in a recent review [161].
Mechanistically, iridium complexes behave similar to the corresponding palla-

dium analogs, but show several specialties. For example, nucleophilic attack on a
terminal p-allyliridium complex (A) formed from 106 (R ¼ nPr) or 108 occurs at
the sterically more hindered position, giving rise to the branched products 107
and 110 preferentially [162a] (Scheme 9-49). The best results are obtained with
P(OPh)3, and NMR studies indicate that a monophosphite complex A is formed
with the phosphite trans to the substituted allylic terminus. A SN1-type transition
state is favored by the electron-withdrawing properties of P(OPh)3, as discussed
in Section 9.2.1.2. The same is true if dienylacetates (108 or 109) are used, while
the position of the leaving group has no influence on the regioselectivity [162b].
The regioselectivity is even higher if quaternary centers are formed, supporting

the SN1-type process. In this respect, iridium is superior to all other transition me-
tals. The high preference for substitution at the sterically more hindered position
predestines iridium for allylations in the presence of chiral ligands (Scheme 9-50).
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The influence of mono- as well as bidentate ligands (Figure 9-9) was investigated,
and provided rather interesting results (Table 9-5) [163, 164].
A significant memory effect was observed. Even in the presence of achiral

P(OPh)3 the chiral information could be partly preserved. Therefore, if rac-32
was used as substrate the e. e. values obtained are significantly lower than in com-
parable experiments starting from achiral 33. Clearly, p-s -p-isomerization in the
case of iridium complexes is significantly slower compared to the analog palladium
complexes [163]. An interesting effect was also observed in the presence of ligand
L24. While with ZnEt2 the e. e. values obtained were only moderate, a dramatic in-
crease was observed if BuLi was additionally used as base, illustrating the strong
effect of the counterion [164].

A similar chiral phosphite ligand L26 was used in combination with a chiral
phase transfer catalyst for the allylic alkylation of iminoesters (Scheme 9-51).
The branched isomers 112 are obtained exclusively with good stereoselectivity,
while the best results are obtained with allylic phosphate 111 [165].
The suppressed p-s -p-isomerization is another important feature of p-allyliri-

dium complexes, because this allows the allylic alkylation of (Z)-substrates such
as 113 under retention of the olefin geometry. Interestingly, (Z)-substrates also
show a complete regioselectivity in comparison to (E)-configured allylic com-
pounds because here the unbranched substitution product 114 is formed almost
exclusively [166].
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Table 9-5 Asymmetric allylic alkylations with iridium complexes

Substrate Ligand Base Yield
(%)

Ratio
34:35

e. e.
(%)

Configuration Ref.

(R)-32 P(OPh)3 NaH 98 95:5 56 (S) [163b]
rac-32 L23 NaH 98 92:8 8 (S) [163b]
33 L23 NaH 99 98:2 37 (R) [163b]
33 L24 ZnEt2 40 84:16 20 (S) [164]
33 L24 BuLi/ZnEt2 99 93:7 96 (S) [164]
rac-32 L25 NaH 99 95:5 15 (S) [163b]
33 L25 NaH 99 95:5 91 (R) [163a]

O
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P OAr

O

O

P NMe2
P N

O

F3C 2

L25L23 L24

Figure 9-9 Ligands for iridium-catalyzed allylic alkylations.



9.3.2
Iron

Cationic [(allyl)Fe(CO)4] complexes are found to be regio- and stereoselectively
attacked by various types of nucleophiles, including stabilized enolates and organo-
metallics [167]. In principle, the allylic alkylation can also be carried out with cata-
lytic amounts of [Fe2(CO)9], but the reactions are relatively slow and show only
moderate regioselectivity. However, if the reactions are carried out at room tem-
perature the (Z)-olefin geometry can be preserved during substitution, illustrating
that p-s -p-isomerization is also slow in this case [168]. In general, allylic alkylations
are carried out with stoichiometric iron complexes.
If acceptor-substituted allyl substrates such as 115 are used, nucleophilic substi-

tution of the leaving group proceeds regioselectively and under net retention of the
configuration (Scheme 9-52). A wide range of hetero- as well as C-nucleophiles can
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be used, providing good yields and selectivities [169]. With iron carbonyls, the
alkene complex 116 can be isolated and purified by crystallization. Treatment of
this neutral alkene complex with HBF4 gives rise to the cationic p-allyliron complex
117, which can be reacted with nucleophiles such as silylenolether 118 to give a
substituted iron-alkene complex, which is cleaved oxidatively to 119. Similar reac-
tions are obtained with iron carbonylnitrosyl complexes [170].

9.3.3
Molybdenum

Molybdenum and tungsten complexes behave very similarly, in that both provide
nucleophilic attack preferentially at the sterically more hindered position. However,
the regioselectivity depends heavily on the remaining ligands on the metal. In
principle, Mo(CO)6 can be used as the catalyst, but better results are obtained
with mixed isonitrile/CO complexes such as [Mo(CNR)4(CO)2] [171]. These
complexes show a higher reactivity as well as stability, because the isonitrile ligand
dissociates more easily and stays in solution, regenerating the catalyst. In the
presence of chiral ligands (Figure 9-10) high regio- and well as stereoselectivities
can be obtained, even with critical substrates such as 120. In principle, three
different products can be obtained via p-complex equilibrium – an isomerization
that clearly does not occur because 121 is formed with excellent regioselectivity
(Scheme 9-53) [172].

Ligand ent-L27 is also suitable for allylic alkylations of imines and azlactones
such as 122, giving rise to b-branched amino acid derivatives 123 and 124 [173].
Similar ligands can be used for microwave-accelerated allylations [174].
Stoichiometric allyl-nitrosyl molybdenum complexes 125 undergo nucleophilic

substitution with a wide range of organometallics including metallated sugar deri-
vatives 126 providing, for example, C-glycosides 127 (Scheme 9-53) [175]. On the
other hand, similar complexes also react with aldehydes, giving rise to homoallylic
alcohols [176].
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9.3.4
Nickel

p-Allylnickel complexes can be obtained from Ni(0) species such as [Ni(CO)4] or
[Ni(COD)2], but they behave differently from palladium complexes. While palla-
dium complexes are easily attacked by nucleophiles, the corresponding nickel com-
plexes themselves can act as nucleophiles and react with a wide range of electro-
philes. The most popular such reactions are the coupling of allyl halides (128)
with alkyl and aryl halides (129), for example to 130, whilst a wide range of func-
tionalities are tolerated, making this protocol a synthetically valuable tool [180]
(Scheme 9-54).
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a,b-Unsaturated carbonyls such as 131 also react with Ni(0) in the presence of
chlorosilanes, giving complexes 132 (Scheme 9-55) that can be coupled with
both electrophiles [181] as well as nucleophiles to 133 [182]. Soft [183] as well as
hard [184] nucleophiles also react in the presence of Ni in typical allylic alkylations
with a wide range of allylic substrates.

9.3.5
Platinum

Few examples of platinum-catalyzed allylations have been reported to date, but in-
terestingly, p-allylplatinum complexes show a high tendency for nucleophilic attack
at the central position of the allyl fragment [185]. For example, if allylic acetate 134
is reacted with b-ketoesters or 1,3-diketones, furan derivative 135 is obtained in
high yield, whereas with malonates the “normal” substitution product is obtained
(Scheme 9-56). This unexpected product formation can be explained by a nucleo-
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philic attack at the central position of the p-allylplatinum complex 136, giving rise
to platinacyclobutane 137. The elimination of chloride, followed by deprotonation
by the excess nucleophile, which serves as a base, affords the 2-alkylated p-allylpla-
tinum complex 138. A subsequent enolate O-cyclization provides furan derivative
135.

9.3.6
Rhodium

Wilkinson’s catalyst can be modified in situ to furnish a catalytically active species
that facilitates the allylic alkylation of a wide range of allylic substrates, favoring the
more substituted product [186]. Interestingly, rhodium shows a strong memory
effect, and nucleophilic attack occurs preferentially at the position where the leav-
ing group was located. If chiral substrates such as 139 are used, almost complete
chirality transfer is observed (140) (Scheme 9-57). Clearly, p-s -p-isomerization does
not play a significant role, and most likely s-allylrhodium complexes are responsi-
ble for this interesting reaction behavior [187]. a-Allylated ketones and esters can be
obtained from silylenolethers and silylketenacetals [188], or from allyl b-keto car-
boxylates via decarboxylation [189].

9.3.7
Ruthenium

Comparable with nickel complexes, p-allylruthenium complexes also can act as
electrophiles and as nucleophiles [190]. Ru(0) complexes show different reactivity
and selectivity compared with palladium complexes, while the ligands have a
strong influence (Scheme 9-58). For example, the (h4 -1,5-cyclooctadiene)(h6-1,3,5-
cyclooctatriene) complex [Ru(cod)(cot)] is highly reactive, providing the branched
products 141 and 142, whilst with the less-reactive [RuH2(PPh3)2] nucleophilic
attack occurs at the less sterically hindered position (143) [191]. With the planar
chiral ruthenium complexes 144, high e. e.-values and yields are obtained [192].
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9.3.8
Tungsten

p-Allyltungsten complexes behave very similarly to the related molybdenum spe-
cies, and nucleophilic attack occurs preferentially at the sterically more hindered
position. The reactivity and selectivity strongly depend on the ligands on the
metal [193], while with chiral ligands such as the Phox-ligand L4 high e. e.-values
can be obtained. The corresponding chiral complex 145 is obtained easily by ligand
exchange from [W(CO)3(MeCN)3], and provides e. e.-values of up to 96% in the
alkylation of cinnamylphosphates 146 (Scheme 9-59) [194].
Comparable with Mo complexes, tungsten complexes can also act as nucleo-

philes in reactions with aldehydes.

An interesting synthetic application of p-allyltungsten complexes is shown in
Scheme 9-60. Treatment of propargylic halide 147 with CpW(CO3)Na yields a
highly reactive h1-propargyl complex 148. Elution of this species through a column
of silica gel introduces intramolecular alkoxycarbonylation, giving rise to syn-p-allyl
complex 149. Subsequent treatment of 149 with NOBF4 and LiCl generates an allyl
anion equivalent which can be trapped by aldehydes, yielding a-methylenebutyro-
lactones 150 [195].
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9.4
Experimental Procedures

9.4.1
(2S,3S) tert-Butyl (E)-3-methyl-5-phenyl-2-(trifluoroacetyl)amino-4-pentenoate (13)
(Scheme 9-7)

A solution of LHMDS, obtained from HMDS (111 mg, 0.69 mmol) and 1.6 M BuLi
(0.39 mL, 0.625 mmol) in THF (1 mL) was prepared at –20 hC. This solution was
cooled to –78 hC before being added to a solution of the protected amino acid ester
11 (57 mg, 0.25 mmol) in THF (1 mL). After 20 min at –78 hC, a solution of ZnCl2
(38 mg, 0.275 mmol) in THF (1 mL) was added under vigorous stirring. After
30 min, a solution of [allylPdCl]2 (1 mg, 2.5 mmol, 1 mol%), PPh3 (3 mg,
11.3 mmol, 4.5 mol%), and the allylic carbonate 12 (0.5 mmol) in THF (3 mL)
was added. The solution was stirred and warmed up to room temperature in the
cooling bath overnight. The solution was diluted with diethyl ether and hydrolyzed
with 1 N KHSO4 solution. After drying of the organic layer and evaporation of the
solvent, the crude product was purified by silica gel column chromatography (hex-
anes/ethyl acetate, 9/1) giving rise to 13 as a colorless solid in 73% yield. Ratio
anti/syn 91:9. Recrystallization from diethyl ether/hexanes provided a diastereo-
merically pure white powder.

9.4.2
2-Acetonyl-2-methyl-1,3-cyclopentanedione (51) (Scheme 9-30)

A mixture of 2-methyl-1,3-cyclopentadienone (1.0 g, 8.9 mmol), allyl carbonate 50
(1.8 g, 13.0 mmol), triphenylphosphine (2.3 g, 8.9 mmol), DBU (2.0 g, 13.0 mmol),
and PdCl2 (80 mg, 0.45 mmol) in THF (100 mL) was heated under reflux for 18 h.
After removal of the solid material by filtration and evaporation of the solvent, 1%
aq. H2SO4 (2 mL) and dioxane (2 mL) were added to the residue, and the solution
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was stirred at 60 hC for 2 h. The product was extracted with CH2Cl2 and dried
(MgSO4). The acetonylated product 51 was isolated in 88% yield as a colorless
oil by Kugelrohr distillation (bp0.1: 110 hC).

9.4.3
(2S) tert-Butyl (E)-2-[(diphenylmethylene)amino]-5-phenyl-4-pentenoate (65)
(Scheme 9-34)

To a suspension of phase-transfer catalyst (50.0 mg, 0.169 mmol), 64 (10.6 mg,
0.169 mmol), [PdCl(C3H5)]2 (5.4 mg, 0.015 mmol), and triphenylphosphite
(21.0 mg, 0.677 mmol) in toluene (0.28 mL) were successively added a solution
of cinnamyl acetate (30 mg, 0.169 mmol) in toluene (0.56 mL) and an aqueous
50% KOH solution (66.4 mg, 0.591 mmol) at 0 hC under an argon atomsphere.
After being stirred vigorously at 0 hC for 7 h, the mixture was diluted with diethyl
ether (15 mL). The organic phase was washed with saturated aqueous NaHCO3

(3 q 5 mL) and saturated aqueous NaCl (5 mL). The extract was dried over
Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by
silica gel column chromatography (hexanes/ethyl acetate, 300/1) to give 65 in
89% yield.

9.4.4
(5E)-PGE2 Methyl ester (72) (Scheme 9-37)

Tetrakis(triphenylphosphine)palladium(0) (13 mg, 0.0112 mmol) was added to a so-
lution of the TBDMS-protected ester 71 (143 mg, 0.224 mmol) in N,N-dimethylfor-
mamide (1 mL) under an argon atmosphere, and the reaction mixture was stirred
at 50 hC for 30 min. Saturated aqueous NaCl (30 mL) was added, and the resulting
mixture extracted with ethyl acetate (4 q 50 mL). The separated organic layer was
washed with saturated aqueous NaCl, dried (MgSO4), and concentrated in vacuo.
Purification of the crude product (136 mg) by silica gel column chromatography
(hexanes/ethyl acetate, 19/1 up to 4/1) gave the bis-silyl ether of (5E)-PGE2 72 in
64% yield.
A stirred solution of the bis-silyl ether (51 mg, 0.086 mmol) in acetonitrile (3 mL)

was treated with hydrogen fluoride-pyridine (0.1 mL) at room temperature for 3 h.
The reaction mixture was neutralized with saturated aqueous NaHCO3, and ex-
tracted with ethyl acetate (4 q 50 mL). The combined extracts were washed with
saturated aqueous NaCl, and dried over MgSO4. Removal of the solvents in
vacuo left a crude product, which was purified by silica gel column chromatography
(hexanes/ethyl acetate, 1/1 up to 1/4) to give (5E)-PGE2 methyl ester (R ¼ H) 72 in
85% yield.
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9.4.5
Methyl (2R,3S)-2-Benzoylamino-2-methyl-3-phenyl-4-pentenoate (124) (Scheme 9-53)

The catalyst is very sensitive to oxygen, and thus thorough degassing must be
carried out. Freshly distilled THF was further degassed with argon before use.
The test tube containing [Mo(CO)3C7H8] (2.8 mg, 0.01 mmol) and (S,S)-ligand
ent-L27 (4.9 mg, 0.015 mmol) was evacuated and flushed with argon three times,
at which point 0.3 mL THF was added. The resulting mixture was heated with stir-
ring at 60 hC for 5–10 min under argon until the purple-black color of active cata-
lyst was seen. A second test tube containing azlactone 122 (37 mg, 0.21 mmol) was
evacuated and flushed with argon three times, at which point 0.5 mL THF was
added, followed by dropwise addition of LiHMDS (1 M in THF) (0.2 ml,
0.2 mmol) with stirring at room temperature. The resulting nucleophile was stirred
for 5 min and added as such to the active catalyst, followed by addition of allyl car-
bonate (19.2 mg, 0.1 mmol). Additions were made via a syringe at 60 hC, and the
resulting mixture was heated at THF reflux (oil bath temperature 75 hC) for 3 h
(TLC showed that all the carbonate had been consumed).
The reaction mixture was opened to the air and 1–2 equiv. K2CO3 in anhydrous

MeOH was added. The mixture was stirred at room temperature until TLC showed
no more azlactone adduct 123. The mixture was then taken up with 10 mL CH2Cl2,
after which water (5 mL) was added. The layers were separated, and the aqueous
layer was extracted with CH2Cl2 (3 q 10 mL). The combined organic layers were
washed with saturated aqueous NaCl (10 mL), dried over MgSO4, and the solvent
removed in vacuo. Flash chromatography (hexanes/ethyl acetate, 9/1) gave 29.8 mg
(92%) of the branched product 124.

9.4.6
4-Ethoxycarbonyl-5-methyl-3-methylene-2-phenyl-2,3-dihydrofuran (135)
(Scheme 9-56)

Ethyl acetoacetate (260 mg, 2.0 mmol) was added to a suspension of NaH (60 wt.%
in mineral oil, 80 mg, 2.0 mmol) in THF (10 mL) at 0 hC. The mixture was stirred
at room temperature for 30 min, at which time [Pt(C2H4)(PPh3)2] (74.7 mg,
0.1 mmol) was added. 2-Chloroallyl acetate 134 (134.5 mg, 1.0 mmol) was added,
and the flask then immersed in an oil bath at 80 hC. The reaction was monitored
by analytical GC, and after 2 h the substrate had been completely consumed.
The reaction mixture was then cooled to room temperature, and water (10 mL)
was added. The resulting solution was extracted with diethyl ether, and the com-
bined organic layers dried over MgSO4 and concentrated in vacuo to give a yellow
oil. The residue was subjected to silica gel column chromatography (hexanes/ethyl
acetate, 10/1) to give 135 as a white solid in 76% yield; m. p. 56–58 hC.
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Abbreviations

Ac acetyl
bp biphenyl
BSA N,O-bis(trimethylsilyl)acetamide
Bz benzoyl
CAN cerium ammonium nitrate
Chiraphos 2,3-bis(diphenylphosphino)butane
cod 1,5-cyclooctadiene
cot 1,3,5-cyclooctatriene
Cp cylopentadienyl
dba dibenzalacetone
DIOP 2,2-dimethyl-4,5-bis[(diphenylphosphino)methyl]dioxolane
dppe bis(diphenylphosphino)ethane
d. r. diastereomeric ratio
d. s. diastereoselectivity
E methoxycarbonyl
e. e. enantiomeric excess
Et ethyl
HMPA hexamethyl phosphoric acid triamide
iPr isopropyl
L ligand
LDA lithiumdiisopropylamide
LHMDS lithium hexamethyldisilazide
Me methyl
MOP 2-diphenylphosphino-1,1l-binaphthyl
Nu nucleophile
Ph phenyl
Phox 2-(2-diphenylphosphinophenyl)-4,5-dihydrooxazoles
Prolophos 1-diphenylphosphanyl-2-[(diphenylphosphanyl)-methyl]-pyrrolidine
PTC phase transfer catalyst
TBDMS tert-butyldimethylsilyl
tBu tert-butyl
TFA trifluoroacetyl
TMEDA tetramethyl ethylenediamine
Ts tosyl
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k, D. J. Mansfield, P. Koč
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10
Palladium-Catalyzed Coupling Reactions of Propargyl Compounds

Jiro Tsuji and Tadakatsu Mandai

10.1
Introduction

Although propargyl compounds are 2-alkynyl derivatives, Pd-catalyzed reactions of
propargyl compounds – particularly their alcohols, esters, and halides – are
mechanistically different from those of simple alkynes, except for a few cases.
Therefore, the Pd-catalyzed reactions of propargyl compounds should be treated
independently from those of simple alkynes. Propargyl compounds undergo
several types of Pd-catalyzed transformations [1]. In many cases, allene derivatives
(1,2-dienes) are formed from propargyl compounds, and these highly unsaturated
products are susceptible to palladium catalysis, undergoing further – sometimes
complex – transformations. Thus, careful selection of reaction conditions and
isolation methods in the reactions of propargyl compounds are required. Since pro-
pargyl alcohols 1 are easily prepared by the reaction of terminal alkynes with
carbonyl compounds (Scheme 10-1), the Pd-catalyzed transformations of various
propargyl compounds derived from propargyl alcohols have high synthetic value.

10.2
Classification of Pd-Catalyzed Coupling Reactions of Propargyl Compounds

Complex formation by stoichiometric reactions of propargyl chlorides 2 and 4 with
Pd(PPh3)4 have been studied, and s -allenylpalladium complex 3 as well as propar-
gylpalladium complex (or s-prop-2-ynylpalladium complex) 5 have been isolated as
yellow powders (Scheme 10-2) [2]. The complex 3 is formed by SN2l type displace-
ment of chlorine with Pd(0). The latter 5 is generated by direct oxidative addition,
and formed when a bulky group such as trimethylsilyl or t-butyl is attached to the
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alkyne terminal. It is reasonably expected that Pd(0)-catalyzed reactions of various
propargyl compounds should proceed by the formation of either 3 or 5 as inter-
mediates. Recently, Kurosawa proposed the formation of h3-propargyl complexes
6 from propargyl chlorides [3].
Pd(0)-catalyzed coupling reactions of propargyl compounds so far discovered can

be classified, from a mechanistic viewpoint, into three types, I, II, and III. Allenyl-
palladium complex 7 undergoes three types of transformation depending on the
reactants. The type I reactions proceed by insertion of unsaturated bonds of
alkenes, alkynes, and CO to the s -bond between Pd and an sp2 carbon atom in
7 (Scheme 10-3). Heck-type couplings, carbonylations and other reactions are
expected to occur via intermediates 8, 9, and 10. Allene derivatives are formed
by these reactions.

The type II reactions occur by transmetallation of 7. Hard carbon nucleophiles
MR (M ¼ main group metals) such as Grignard reagents and metal hydrides
MH undergo the transmetallation with 7 to generate 11 (Scheme 10-4). Subse-
quent reductive elimination gives allenes 12 as a final product.
The type III reactions take place by the attack of a nucleophile at the sp-carbon of

7. Reactions of soft carbon nucleophiles such as b-keto esters and malonates, as well
as oxygen nucleophiles, belong to this type. The attack of a nucleophile generates
13, which is regarded as a Pd-carbene complex 14. The intermediate 13 picks up a
proton from an active methylene compound, and the p-allylpalladium complex 15
is formed, which further reacts with another nucleophile; hence, two nucleophiles
are introduced to provide alkenes 16 (Scheme 10-5).
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Most of the Pd(0)-catalyzed reactions of propargyl compounds can be understood
by the formation of 7, and belong to reaction types I, II, and III.
Several propargyl derivatives such as acetates, phosphates, mesylates, and carbo-

nates can be used for Pd-catalyzed reactions, but these have different reactivities.
Propargyl carbonates 17 are the most reactive, and undergo various Pd-catalyzed
reactions smoothly, especially under neutral conditions. The high reactivity of
allylic carbonates is well known [4]. The reaction of 17 with Pd(0) provides allenyl-
palladium complex 18, the methoxide group of which serves as a base (Scheme
10-6). Therefore, most extensive studies on propargyl compounds have been car-
ried out with propargyl carbonates as convenient substrates. 2-(1-Alkynyl)oxiranes
19 also undergo facile reactions with Pd(0) catalysts under neutral conditions by
forming palladium complexes 20 as intermediates (Scheme 10-7). These reactions
proceed under neutral conditions. Halides, acetates, and mesylates are used mainly
in type II reactions in the presence of bases.
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10.3
Reactions with Insertion into the sp2 Carbon Bond of Allenylpalladium Intermediates
(Type I)

10.3.1
Reactions of Alkenes: Formation of 1,2,4-Alkatrienes

Reaction of 17 with alkenes 21 offers a novel synthetic method for 1,2,4-alkatrienes
23. Smooth insertion of the alkene 21 into the allenylpalladium bond generates 22,
and subsequent elimination of a b-hydride affords 23 [5]. The reaction proceeds
smoothly in DMF at 70 hC with Pd(OAc)2 and PPh3 as the catalyst. Addition of
KBr and Et3N is important. The reaction of methyl acrylate with 24 affords 25 in
good yield (Scheme 10-8).

Intramolecular reactions proceed smoothly. The propargyl carbonate 26 provides
the unique dimeric product 29 via generation of 27 and its 3-exo-trig-cyclization
product 28 (Scheme 10-9) [6].

The palladium-catalyzed reaction of the propargyl formate 30 generates the alle-
nylpalladium hydride complex 31, the reaction of which affords two types of prod-
ucts 34 and 36. Bicyclo[3.1.0]hexane 34 is provided through intramolecular 3-exo-
trig-carbopalladation, followed by reductive elimination. Cyclopentane 36 is formed
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by reductive elimination of 31 producing enallene 35, which subsequently under-
goes palladium-catalyzed cyclization to 36 [6].
The azabicyclo[3.1.0]hexane 41 is provided by a Pd-catalyzed transformation of 37.

The reaction initially generates the allenylpalladium complex 38, which undergoes
5-exo-trig- and 3-exo-trig cyclizations to afford 39. Transmetallation of 39 with tribu-
tylthiophenylstannane 40 followed by reductive elimination affords 41 diastereose-
lectively (Scheme 10-11) [7,8]. The synthesis of (–)-a-thujone has been achieved by
employing a diastereoselective domino cyclization of the chiral carbonate 42, fol-
lowed by trapping with dimethylzinc to give 43 as a key reaction (Scheme 10-12) [9].
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The domino cyclization of propargyl carbonate 44 with two triple bonds proceeds
smoothly to yield 48 in surprisingly high yield (82%) (Scheme 10-13). The reaction
pathway involves the successive 6-exo-dig- and 5-exo-dig-cyclizations of 45 leading
to 46 followed by 6-exo-trig-cyclization affording 47. Finally, 48 is released from
47 with regeneration of the Pd(0) species [10].

Internal alkynes react with propargyl carbonates smoothly. The Pd-catalyzed
reaction of o-alkynylphenol 49 with 50 provides benzo[b]furan 53 under neutral
conditions (Scheme 10-14). Attack of a phenoxide anion on the triple bond from
the opposite side of the allenylpalladium species 51 generates the allenylpalladium
intermediate 52, from which the final product 53 is produced via reductive elimi-
nation [11].
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The allenyl-substituted benzo[b]furan 55 has been prepared by a Pd-catalyzed
transformation of 54 (Scheme 10-15). The isomer 56 was obtained as a minor
product [12]. This reaction may proceed intramolecularly via the formation of a
phenoxyallenyl- and/or a phenoxypropargylpalladium species.

The propargyl carbonate 57 undergoes an interesting reductive coupling via the
propargylpalladium complex 58 to give allene 60 as the major product and 1,5-
diyne 61 as the minor one. The reaction is rationalized by insertion of the triple
bond of 57 to 58 to furnish the vinylpalladium complex 59, followed by b-carbonate
elimination to afford 60 (Scheme 10-16) [13].

10.3.2
Carbonylations

10.3.2.1 Introduction
Propargyl compounds undergo facile Pd-catalyzed mono- and dicarbonylations de-
pending on the reaction conditions [14]. Carbonylation of propargyl alcohols has
been carried out under somewhat harsh conditions to afford mainly dicarbonyla-
tion products [15]. More recently, it has been found that facile monocarbonylation
of propargyl carbonates proceeds under milder conditions [16]. The mono- and
dicarbonylations of propargyl carbonate 62 in an alcohol can be understood by
the following mechanism. First, CO insertion into the allenylpalladium inter-
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mediate generates acylpalladium complex 63 which reacts with the alcohol to give
2,3-alkadienoate 64. Under certain conditions, isomerization of 64 to 2,4-dienoate
65 takes place (Scheme 10-17). Carbonylation of 62 under mild conditions stops at
this stage. Under high pressure of CO, or in the presence of an activating group on
the substrate (for example, R3 ¼ CO2Me), further attack of CO at the sp-carbon of
64 occurs to give diester 66 (Scheme 10-17).

10.3.2.2 Preparation of 2,3-Alkadienoates and Their Derivatives
by Monocarbonylation

The terminal allenic ester 68 is obtained in good yield from 67. The tertiary propar-
gyl carbonate 69 with a terminal acetylenic bond is most reactive and gives the
ester 70 in high yield (Scheme 10-18) [16].
Carbonylation of propargyl acetate 71 gives 2,3-alkadienoic acid 72, which is car-

ried out under mild conditions (1 atm, 55 hC) in a two-phase system of aqueous
NaOH and 4-methyl-2-pentanone in the presence or absence of Bu4NBr [17]. Carbo-
nylation of 73 in MeOH in the presence of Et3N or Et2NH under pressure (20 atm)
at 45 hC affords methyl 2,3-butadienoate (74) in 85% yield (Scheme 10-19) [18].
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The intermediate allenic acid 76, generated by carbonylation of the chiral propar-
gyl mesylate 75, is converted stereoselectively to butenolide 77 by the treatment
with AgNO3 as a catalyst. Racemization occurs by carbonylation of the correspond-
ing propargyl carbonate [19]. Carbonylation of the trifluoroacetate 78 affords the
allenic acid 79, which is similarly converted to the butenolide 80 (Scheme 10-20)
[20]. Carbonylation of the mesylate 81 to give the ester 82 proceeds with net inver-
sion of configuration (Scheme 10-20) [21].

Propargyl alcohols are less reactive than their esters, and their carbonylation has
been carried out under somewhat harsh conditions. Carbonylation of propargyl al-
cohol 83, catalyzed by a cationic Pd complex in THF, gives the 2,3-alkadienoic acid
84 and 2(5H)-furanone 85 in high yields in a ratio of 83:17 within 1 h. The com-
pound 84 is readily converted into furanone 85 by treatment with p-toluenesulfonic
acid [22,23]. Similarly, the carbonylation of propargyl alcohol 86 at 95 hC under
pressure of CO (40 atm) and H2 (14 atm) in dichloromethane under neutral con-
ditions with the use of dppb as a ligand affords 2(5H)-furanone 87 (Scheme 10-21).
It has been claimed that H2 is required for this reaction [24].
Carbonylation of 88 in the presence of thiophenol gives rise to 3-phenylthiobut-

enolide 89 in high yield [25]. Similarly, 3-phenyselenobutenolide 91 is obtained
from 90 in the presence of diphenyl diselenide (Scheme 10-22) [26].
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10.3.2.3 Preparation of Triesters by Dicarbonylation
By introduction of an ester group at the acetylenic terminus of propargyl carbo-
nates, facile dicarbonylation becomes a main pathway. That is, vicinal dicarbonyla-
tion to afford triesters 95, rather than the monocarbonylation, occurs by the carbo-
nylation of 93, demonstrating that the ester group has a strong activating effect
[27a]. Propargyl carbonates 93 are readily available from 92. The dicarbonylation
of 93 proceeds very smoothly under 1 atm of CO at room temperature to give tri-
esters 95. The isolation of 94 is impossible in most cases since they are extremely
susceptible to the carbonylation conditions (Scheme 10-23). Hydrolysis of 95
affords the dicarboxylic acid 96.

Exceptionally, the monocarbonylation product 98 from the cyclododecyl deriva-
tive 97 can be isolated when the reaction is stopped after 2 h. Further carbonylation
of 98 gives 99 (Scheme 10-24). Bidentate ligands such as dppp and dppf are the
most effective ones for the dicarbonylation [27b].
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These transformations can be rationalized by the following mechanism (Scheme
10-25). The geminal allene diester 100 may be susceptible to Michael-type addition
of a Pd(0) species to the sp-carbon, resulting in the formation of palladacyclo-
propane 101. Insertion of CO into 101 and methanolysis affords the triester 102.
The alkene configuration of 102 is exclusively E. The high stereoselectivity can
be rationalized by assuming that a nucleophilic attack of the Pd(0) species on
the sp-carbon in 101 takes place from the less hindered side of the smaller alkyl
substituent (RS).

10.3.2.4 Dicarbonylation of Propargyl Chlorides and Alcohols
Dicarbonylation products are obtained by the carbonylation of propargyl halides
and alcohols under high pressure of CO. Dimethyl itaconate (104) is provided by
PdCl2 or Pd on charcoal-catalyzed carbonylation of propargyl chloride (103) in
MeOH at room temperature under 100 atm of CO. The primary product appears
to be 74, which is carbonylated further [15]. As a supporting evidence, formation
of diethyl itaconate (106) in 64% yield by the carbonylation of 105 in EtOH at
room temperature under high pressure has been confirmed (Scheme 10-26).
Propargyl alcohols are less reactive than their esters, and their carbonylation has

been carried out under somewhat harsh conditions (100 hC, 100 atm) [15]. Carbony-
lation of 90 in MeOHwithout a phosphine ligand proceeds in the presence of HCl to
afford diester 104 as the main product and trimethyl aconitate (107) as the minor
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product (Scheme 10-27). PdCl2 or Pd/C are active catalysts [15]. Dicarbonylation in
aprotic solvents yields acid anhydrides. Teraconic anhydride (110) is obtained by
the dicarbonylation of 108, which may proceed via the allene carboxylic acid 109.

Under these reaction conditions, 90 may be converted to the propargyl chloride
103. Thus, Pd-catalyzed carbonylation of 90 proceeds via 74 as a primary product to
give 104 as the dicarbonylation product. Formation of 107 is rationalized as occur-
ring by the oxidative dicarbonylation of a triple bond with a Pd(II) species, followed
by the Pd(0)-catalyzed allylic carbonylation. As a supporting evidence, 107 is obtain-
ed selectively in 65% overall yield by the Pd-catalyzed two-step carbonylation of 90.
The first step is the oxidative dicarbonylation of the triple bond using PdI2 under
oxygen atmosphere to give hydroxymethylfumarate (111), and its allylic alcohol
moiety is carbonylated further to give 107. The b-lactone 113 is obtained when
112 undergoes dicarbonylation under similar oxidative conditions (Scheme 10-28)
[28]. It is known that fumarate and maleate are obtained by the oxidative dicarbo-
nylation of acetylene with PdCl2 [29].
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Carbonylation of dicarbonate 114 at 50 hC offers a simple method for the pre-
paration of diethyl buta-1,3-diene-2,3-dicarboxylate 115. (Scheme 10-29) [30]. Car-
bonylation of diol 116 in EtOH containing HCl (5%) affords 118. The transforma-
tion is explained by the Pd(0)-catalyzed dicarbonylation to give 117 and subsequent
elimination of water to give 118 (Scheme 10-30) [15].

The sequential Pd(0)-catalyzed carbonylation and Pd(II)-catalyzed oxidative car-
bonylation in aprotic solvents yields acid anhydrides and, in some cases, lactones.
Fulgide 119 was obtained in 49% yield by palladium-catalyzed dicarbonylation of
116 in benzene. In addition, dilactone 120 was obtained as the byproduct (14%).
This dilactone is the product of the oxidative dicarbonylation and bislactonization
[15]. The fulgide-forming reaction has been improved by the use of Pd(OAc)2 as a
catalyst in the presence of iodine (Pd:I2 ¼ 1:1) instead of HCl. When PdCl2(PPh3)2
was used as the catalyst, furanone 121 was obtained in 61% yield by monocarbo-
nylation (Scheme 10-31) [31].

59710.3 Reactions with Insertion into the sp2 Carbon Bond of Allenylpalladium Intermediates (Type I)

OCO2EtEtO2CO
CO2EtEtO2C

114

Pd(OAc)2, PPh3
+   CO

EtOH, 50 °C

115
(10 atm)

70% Scheme 10-29 [30]

Me

OH

Me
Me

HO

Me
   CO

EtO2C

Me
MeHO

•
Me

Me

EtO2C Me

MeHO
CO2Et

Me

Me

Me

Me
EtO2C

CO2Et

117 118

EtOH, 100 °C

PdCl2, HCl

116
(100 atm)

+

53%

Scheme 10-30 [15]

CO

Me
Me

OH

Me
Me

HO

CO

PdCl2(PPh3)2, PhH

CO

O

Me

Me
O

Me
Me

OH

Me

Me

O

O

O
Me

Me

Me

Me O

O

O
Me

Me

O

O

O

O
Me

Me

Me Me
116

119 120

PdCl2, PhH

100 °C
+

61%
121

116

119

86%

 Pd(OAc)2, I2+
PhH,  90 °C

90 °C

(49%) (14%)

+
(100 atm)

(80 atm)

(70 atm)

Scheme 10-31 [31]



10.3.2.5 Preparation of a-Alkenylidene-g-lactones
a-Alkenylidene-g-lactone 123 was prepared by carbonylation of the propargyl carbo-
nate 122 at room temperature under 1–10 atm of CO in good yields (Scheme 10-32)
[32]. Bidentate ligands, particularly dppp and dppf, were found to be the best
ligands in this respect.

10.3.2.6 Preparation of a-Alkenylidene-b-lactams
a-Alkenylidene-b-lactams were prepared by the carbonylation of 4-protected amino-
2-alkynyl methyl carbonates [33]. For example, a-alkynyl-b-lactam 125 was obtained
as the sole product by the carbonylation of p-tosylamide 124 in the presence of a
base. Formation of an a-vinylidene isomer was not observed. On the other hand,
the carbonylation of benzylamine 126 afforded a-vinylidene-b-lactam 127 (Scheme
10-33). The carbonylation was carried out in THF or MeCN as solvents at 50 hC
under 1–10 atm of CO. The cyclic phosphite 128 was the ligand of choice. Carbo-
nylation of propargylamine 129 takes place under the harsh conditions to give 2,3-
alkadienamide 130 (Scheme 10-33) [34].
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10.3.2.7 Carbonylations in the Presence of Active Methylene
and Methyne Compounds

The acylpalladium complex as an intermediate of the carbonylation can be trapped
by active methylene compounds to give allenyl ketones without forming a methyl
ester. The results show that these carbanions are more reactive toward an acylpal-
ladium intermediate than a methoxide anion [35]. The triketone 133 was obtained
by the carbonylation in the presence of cyclohexane-1,3-dione (132) (Scheme 10-34).
The carbonylation proceeds under CO (1 atm) at 50 hC.
Carbonylation of the propargyl carbonate 134 in the presence of indolylboranate

135 gave the allenyl ketone 136, which, without isolation, underwent 1,4-addition
to the allenyl ketone to afford cyclopenta[b]indole 137 (Scheme 10-35) [36].

10.3.2.8 Domino Carbonylations, Diels-Alder and Ene Reactions
2-Vinyl-2,3-dienoates formed by the carbonylation of propargyl carbonates are
highly reactive, and undergo further reactions with an internal double bond. As
an example, the carbonylation of 138 gave the allenyldiene ester 139 which under-
went an intramolecular Diels-Alder reaction to give the tricyclic compound 140
(Scheme 11-36) [37]. As a ligand, dppp was most effective. The intramolecular
Diels-Alder reaction proceeds under surprisingly mild conditions, showing that
the trisubstituted allene system is unexpectedly reactive towards the [4þ2] cycload-
dition.
Palladium-catalyzed carbonylation of the 1,6-enyne 141 bearing a terminal iso-

propenyl group gave rise to the spiroannelated cyclohexadiene 144 instead of a
triester as shown in Scheme 10-23. Allenyl diester 142 initially formed underwent
an ene reaction with the proximal 2-propenyl unit to yield an unisolable 4-methyl-
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enecyclohexene derivative 143, which isomerized to the 1,3-cyclohexadiene 144 in
70% yield (Scheme 10-37) [38]. In sharp contrast, the carbonylation of the
1,6-enyne 145 yielded the five-membered ring 147 having an isopropenyl sub-
stituent, via the intermediate 146.

10.3.2.9 Preparation of 4-Oxocyclopent-2-enecarboxylates
An attempted intermolecular Diels-Alder reaction of the in-situ-formed carbonyla-
tion product of 148 in the presence of various alkenes as dienophiles under 5 atm
of CO at room temperature did not take place, but provided entirely different prod-
ucts. The 4-oxocyclopent-2-enecarboxylate 149 was formed unexpectedly by the
incorporation of two molecules of CO in 82% yield at 50 hC under 1 atm of CO
(Scheme 10-38) [39].
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Additional experimental evidence provided some important clues concerning the
mechanism of this transformation. In one case, the most likely intermediate, the
2-vinyl-2,3-dienoate 151 was isolated (64%) along with the oxocyclopentenecar-
boxylate 152 (22%) after 4 h of exposure of 150 to the carbonylation conditions.
Upon extended exposure of 151 to the same conditions, it was converted to 152,
thus indicating that 151 is indeed the precursor to 152 (Scheme 10-39).
The proposed reaction mechanism is as follows. The initially formed 2-vinyl-2,3-

dienoate 153 may be susceptible to a Michael-type addition of a Pd(0) species to the
sp-carbon to give a palladacyclopentene 154. This then undergoes CO insertion to
furnish an acylpalladium 155 which, upon reductive elimination, affords the oxo-
cyclopentenecarboxylate 156. Finally, the latter isomerizes to the thermodynami-
cally more stable isomer 157 (Scheme 10-40).
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10.4
Transformations via Transmetallation of Allenylpalladium Intermediates and Related
Reactions (Type II)

10.4.1
Reactions with Hard Carbon Nucleophiles

Reactions of propargyl halides, acetates and phosphates with hard carbon nucleo-
philes MR (M ¼ main group metals such as Mg, Zn, B, Si) under palladium cat-
alysis give allenyl derivatives [40]. Octylmagnesium chloride reacts with 3-chloro-1-
butyne (158) to give 2,3-dodecadiene (159) (Scheme 10-41) [41]. Reaction of
PhZnCl with propargyl acetate 160 gives 1,2-diene 163 in high yield [42–44].
The transformation can be rationalized with a transmetallation of the allenylpalla-
dium intermediate 161 with PhZnCl to generate allenyl(phenyl)palladium inter-
mediate 162 which undergoes a reductive elimination to afford 163. anti-Stereose-
lectivity was observed in the reaction of (R)-(–)-1-phenyl-1-trifluoroacetoxy-2-pro-
pyne (164) with PhZnCl to produce levorotatory allene (R)-165. The ratio of anti-
to syn-1,3-substitution was 82:18. The observed anti-stereoselectivity is rationalized
by assuming that an allenylpalladium species is formed with inversion of config-
uration, while the transmetallation and the ensuing reductive elimination proceed
with retention of configuration [44]. Similarly, the reaction of the chiral propargyl
mesylate 166 with PhZnCl proceeded with complete retention of configuration to
give 167 (Scheme 10-41) [45].

Reaction of propargyl bromide 168 with gem-(diiodozinc)ethane in the presence
of allyl bromide generates organozinc intermediates 170 and 171 via 169. Then 171
is trapped by allyl bromide to afford the triene 172 (Scheme 10-42) [46].
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Organoboranes also react with propargyl carbonates. Usually, the addition of a
base is indispensable for the Pd-catalyzed reactions of organoboranes with aryl,
alkenyl, and allyl halides. But the reaction of organoboranes with methyl propargyl
carbonates proceeds without addition of a base, because a methoxide as a base is
generated in situ from the carbonate. For example, 1,2,4-alkatriene 175 is obtained
by the reaction of alkenylborane 174 with propargyl carbonate 173 under neutral
conditions (Scheme 10-43) [47].
The a-allenylenamine 177 can be prepared by the coupling of a-stannylenamide

176 with propargyl bromide. AsPh3 as a ligand and CuCl as an additive were used
(Scheme 10-44) [48].

The cyanoallene 179 was prepared by the reaction of carbonate 178 with tri-
methylsilyl cyanide. In the presence of an excess of trimethylsilyl cyanide, the
dicyanated product 181 was obtained in high yield (Scheme 10-45) [49]. Treatment
of the enantiomerically pure (R)-disilanyl ether 182 with a Pd catalyst coordinated
by the sterically demanding isonitrile 185, generated allenylsilane 183, which could
be trapped with cyclohexanecarbaldehyde to give the syn-homopropargyl alcohol
184 with 93.3% e. e. and high diastereoselectivity (Scheme 10-45) [50].
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The Pd-catalyzed reaction of propargyl benzoate 186 in the presence of Et2Zn
affords homopropargyl alcohol 187 in good yield (Scheme 10-46) [51]. Further stud-
ies on the reaction of chiral propargyl mesylates with Et2Zn have been carried out
[52]. The intermediate allenylpalladiums 188 react with Et2Zn to yield nucleophilic
allenylzinc reagents 189, which attack carbonyl groups to give homopropargyl alco-
hols 191. The high diastereoselectivities observed in this transformation can be
explained with the coordination of an aldehyde to zinc from the less-hindered
side, as shown in transition structure 190 (Scheme 10-46).

Under carefully controlled conditions, the reaction proceeds with excellent dia-
stereoselectivity. Addition of the allenylzinc reagent derived from the (R)-mesylate
193 to (R)-aldehyde 192 proceeds at –20 hC to give the anti,anti-configurated prod-
uct with a stereo triad 194 in 70% yield with a small percentage of the anti,syn-iso-
mer [53]. In an intramolecular version of this transformation, the propargyl benzo-
ate 195, in the presence of Et2Zn and a Lewis acid, attacks a proximal carbonyl
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group to afford cyclopentanol 196 with high diastereoselectivity (Scheme 10-47).
The most effective Lewis acid was found to be [Yb(Otf)3], and a very effective cat-
alyst was Pd(OAc)2/PBu3 [54].
Allenylindium derivatives, prepared by transmetallation of allenylpalladium in-

termediates with indium iodide, are used for the addition to aldehydes to afford
homopropargyl alcohols. Addition of the transient allenylindium reagent from
chiral propargyl mesylate 197 to cyclohexanecarbaldehyde produced the anti-stereo-
isomer 198 with high selectivity upon use of Pd(dppf)Cl2 as a catalyst [55], but
Pd(OAc)2/PPh3 was found to be a superior catalyst to Pd(dppf)Cl2 in the reaction
of propargyl mesylate 199 with cyclohexanecarbaldehyde to give the anti-isomer
200 with higher selectivity [56].
An allenylindium reagent bearing a protected amino group was obtained from

the aziridine 201, and diastereoselective addition of the allenylindium species to
acetaldehyde afforded the 1,3-amino alcohol 202 bearing three stereogenic centers
in good yield (Scheme 10-48) [57].
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10.4.2
Reactions of Terminal Alkynes: Formation of 1,2-Alkadien-4-ynes

1,2-Dien-4-ynes 207 can be prepared in good yields by Pd-catalyzed coupling of
propargyl derivatives 203 such as carbonates, acetates, and halides with terminal
alkynes 204 in the presence of a catalytic amount of CuI as a co-catalyst. Addition
of CuI is not necessary when metal acetylides are used. The reaction proceeds
rapidly at room temperature within 30 min [58]. The reaction path is as follows.
Reaction of CuI with 204 affords the copper acetylide 205, which undergoes trans-
metallation with the allenylpalladium 7 to form allenyl(alkynyl)palladium species
206. Reductive elimination of 206 gives the allenylalkyne 207. Coupling of 208
with the protected propargyl alcohol 209 gave rise to 1,2-dien-4-yne 210 at room
temperature in 85% yield (Scheme 10-49).

In addition to propargyl carbonates, propargyl chlorides, acetates and tosylates react
with terminal alkynes in the presence of Et3N or iPr2NH. The 1,2-alkadiene-4-yne 212
was obtained in 91% yield by the reaction of 211 with 1-heptyne in iPr2NH. The cou-
pling of propargyl acetate 213 with 1-heptyne was possible in the presence of 3 equiv.
of ZnCl2, with or without the use of CuI, to give 214 (Scheme 10-50) [59].
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Various metal acetylides were used for smooth coupling with propargyl halides,
acetates and 2-(1-alkynyl)oxiranes to give 2,3-alkadien-5-yn-1-ols [43, 60]. To
demonstrate the synthetic applicability, unstable 2,3-octadiene-5,7-diyn-1-ol (218),
a fungal metabolite, has been synthesized by coupling of the alkynylzinc reagent
215 with 216, leading to alcohol 217, followed by desilylation (Scheme 10-51)
[60].

The 4-(allenylmethylene)-g-butyrolactone 222 was obtained by coupling the di-
methylpropargyl acetate 219 with 4-pentynoic acid (220) in the presence of KBr
using tri(2-furyl)phosphine (TFP) as a ligand. Oxypalladation of the triple bond
of 220 with an allenylpalladium species and the carboxylate as shown in 221
must have been the first step, and the subsequent reductive elimination afforded
lactone 222 (Scheme 10-52). The (E)-configurated double bond was formed
because the oxypalladation is a trans-addition [61].
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10.5
Reactions with Attack of Soft Carbon and Oxo Nucleophiles on the sp-Carbon
of Allenylpalladium Intermediates (Type III)

10.5.1
Reactions with Soft Carbon Nucleophiles

Reactions which proceed by an attack of a nucleophile at the sp-carbon of an alle-
nylpalladium complex have been classified as type III. In contrast to the facile
Pd(0)-catalyzed reactions of allylic esters with soft carbon nucleophiles via p-allyl-
palladium intermediates, propargyl esters – under palladium catalysis – are less
reactive towards soft carbon nucleophiles. No reaction of soft carbon nucleophiles
occurs with propargyl acetates. However, soft carbon nucleophiles such as b-keto
esters and malonates react under neutral conditions with propargyl carbonates
using dppe as a ligand for the palladium catalyst [62].
Methyl 2-propynyl carbonate (223) reacts with 2 equiv. of malonate to give 2,3-

disubstituted propenes 228 and 229 under neutral conditions in boiling THF.
The carbanion 224 attacks the sp-carbon of the allenylpalladium intermediate to
furnish 225, which picks up a proton from dimethyl malonate to form the p-allyl-
palladium intermediate 227. Intermediate 225 can also be described as a palla-
diumcarbene complex 226. Then, 224 attacks 227 to give 228 which isomerizes
to 229 (Scheme 10-53) [62, 63]. Thus, 223 has two reaction sites for the attack of
nucleophiles.

Methyl acetoacetate reacts with propargyl carbonate 223 in a 1:1 ratio in THF at
room temperature, giving an entirely different product. At first, C-alkylation in 230
takes place to generate the p-allylpalladium intermediate 231, which is then
attacked intramolecularly by the oxygen nucleophile of the enolate to give the
methylenedihydrofuran 232 in 88% yield under neutral conditions. This product
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232 was found to be unstable, and isomerized to the stable furan derivative 233
under slightly acidic conditions (Scheme 10-54) [62, 63].

Similarly, the reaction of 3-oxoglutarate 234 with 223 afforded the furan 235 in
good yield. The formation of a substituted furan has been applied to the synthesis
of a phenylthiomethyl-substituted furan and used for syntheses of natural products
such as Neoliacine [64].
The reaction of 223 with the b-keto ester 236 afforded the cyclobutane 237 by

double C-alkylation and 3-methylenedihydropyran derivative 238 by a sequence
of C- and O-alkylations in 52 and 45% yield, respectively. The compound 237 is
a product of a reversible reaction, and 33% of 237 is converted to 238 by treatment
with the same catalyst (Scheme 10-55) [65].

The Pd-catalyzed reactions of 2-alkenyloxiranes 239 with soft carbon nucleo-
philes can proceed along two cyclization pathways to give either 243 or 244, de-
pending on the substituents [63, 66]. At first, the allenylpalladium 240 is generated,
and this is then converted to two kinds of p-allylpalladium complexes, 241 and 242,
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respectively. When R2 is not H, the enolate oxygen attacks the more substituted end
to give the furan 243. When R2 is H, furan 244 is obtained (Scheme 10-56).

The 2-alkynyloxirane 245 reacted with methyl acetoacetate in the presence of
Pd2(dba)3 and dppe in anhydrous THF at 60 hC to give the hydroxylmethyldihydro-
furancarboxylate 246 in 82% yield. The double bond had (E)-configuration as the
reaction proceeded via the p-allylpalladium intermediate 241, in which R1 ¼ Ph
prefers to adopt the syn-orientation for steric reasons. In addition, the observation
that the furan 248 formed from 247 cyclizes to give dihydrofurolactone 249 sup-
ports the (E)-configuration of the exo-double bond in 248 (Scheme 10-57).
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10.5.2
Reaction with Oxo Nucleophiles

The propargyl carbonate 250 bearing a hydroxyl group at C-5 undergoes cyclization
by attack of the hydroxyl group on the sp-carbon of the allenyl system 251. The in-
termediate p-allylpalladium complex 252 undergoes b-elimination to give the diene
253, which is converted to the more stable furan 254 as a final product in 80%
yield [68]. DBU was found to be the base of choice. Similarly, dihydropyrans 256
and 257 were formed from 6-hydroxy-substituted propargyl carbonates 255
(Scheme 10-58) [68,69].

The furan 259 was obtained by an intramolecular reaction of the propargyl
benzoate 258 with the enolate anion of the b-keto ester moiety in 258 in the pres-
ence of Pd(OAc)2 and dppf as a ligand (Scheme 10-59). This transformation was
applied to the synthesis of the C(1)-C(18) segment of lophotoxin [70]. Reaction
of the carbonate 260 with p-methoxyphenol under CO2 atmosphere afforded the
cyclic carbonate 264. The allenylpalladium intermediate 261 initially formed
appears to be converted to the p-allylpalladium intermediate 262 by attack of
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p-methoxyphenol on the sp-carbon of 261. Then, the reaction of carbon dioxide with
262 generates 263, which attacks the p-allylpalladium terminal to form the cyclic
carbonate 264 (Scheme 10-60) [71].

1,4-Benzodioxines 267 and 268 were prepared by the reaction of propargyl carbo-
nates 17 with catechol (265), which attacks either side of the p-allylpalladium inter-
mediate 266 (Scheme 10-61).

Reaction of the propargyl carbonate 223 with catechol (265) gave methyleneben-
zodioxin 269. The propargyl carbonate 270 afforded benzodioxin 271, and a mix-
ture of 273 and 274 in a ratio of 22:78 was obtained from 272 (Scheme 10-62).
In these reactions, the use of dppb as a ligand provided the highest yields [72].
Reaction of the propargyl mesylate 275 with aniline proceeded without a catalyst

to afford the propargylamine 276 with inversion of configuration. On the other
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hand, the Pd-catalyzed reaction of 275 gave 277 with retention of configuration
(Scheme 10-63) [73].

In intramolecular amination reactions, an amino group attacks either an sp2 or
the sp carbon of an allenylpalladium intermediate, depending on the ligands used.
Carbapenam skeletons were prepared by intramolecular attack of amines (Scheme
10-64). Treatment of the propargyl phosphate 278 with Pd2(dba)3 and dppf afforded
carbapenam skeletons 281 and 282 in high yields. In this transformation, the
lactam nitrogen attacks the sp carbon of the s -allenylpalladium complex 279 to
generate the p-allylpalladium intermediate 280.
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The Pd-catalyzed reaction of the propargyl benzoate 283 provides the allenylpal-
ladium species 284. The b-lactam nitrogen then attacks the allenyl moiety of 284 in
either of two ways, depending on the phosphine ligands used. When P(oTol)3 is
applied as a ligand, the carbapenam 286 is formed via ligand exchange on palla-
dium with the lactam nitrogen, followed by reductive elimination from 285. The
use of dppf as a ligand dramatically changes the reaction pathway, and the nitrogen
attacks the sp carbon of 284 to produce the p-allylpalladium species 287 leading to
the carbacepham skeleton 288 (Scheme 10-65).
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Upon treatment of the propargyl benzoate 289 with Pd2(dba)3 and dppf in the
presence of N-methyltosylamide, the allenylpalladium species 290 is generated.
The proximal amino group then attacks the sp carbon to furnish the p-allylpalla-
dium intermediate 291. Finally, N-methyltosylamide attacks 291 to give the azepine
292 in 95% yield (Scheme 10-66). The six-membered heterocycles 293 and 294
were obtained from 289 when P(oTol)3 was used [75].

10.6
Experimental Procedures

10.6.1
Reaction of Carbonate with Alkenes (Scheme 10-8) [5]

A mixture of the propargyl carbonate 24 (0.5 mmol), methyl acrylate (1.5 mmol),
Et3N (1.0 mmol), KBr (1 mmol), Pd(OAc)2 (5 mol%), PPh3 (10 mol%), and
water (0.1 mL) in DMF (3 mL) was stirred at 70 hC for 1 h. After the usual
work-up, the 1,2,4-triene 25 was isolated by column chromatography (71%).

10.6.2
Domino Carbonylation-Diels Alder Reaction (Scheme 10-36) [35]

A mixture of Pd2(dba)3 (5 mol%) and dppp (20 mol%) was dissolved in benzene
(1 mL), and the solution was stirred under argon at room temperature for a few
minutes. A solution of the propargyl carbonate 138 (0.5 mmol) in benzene/
MeOH (1 mL each) was added and a rubber balloon, filled with CO, was attached.
After heating at 50–60 hC for 6 h, the reaction mixture was passed through Florisil,
eluting with diethyl ether, and the combined solution was concentrated. The resi-
dual oil was purified by chromatography (silical gel, n-hexane:ethyl acetate, 15:1) to
give the tricyclic compound 140 as an oil in 83% yield.

10.6.3
Reaction of a Propargyl Carbonate with an Alkyne (Scheme 10-49) [54]

A solution of the propargyl carbonate 208 (365 mg, 1.06 mmol) and the protected
propargyl alcohol 209 (148.4 mg, 1.06 mmol) in THF (2 mL) was added to a disper-
sion of CuI (20.2 mg, 0.106 mmol), LiCl (89.9 mg, 2.12 mmol), Et2NH (2.19 mL,
21.2 mmol), and Pd(PPh3)4 (62 mg, 0.053 mmol) in THF (3 mL) at 25 hC. The mix-
ture was stirred for 30 min and then diluted with hexane (30 mL). After the usual
work-up, the 1,2-alkadien-4-yne 210 was isolated by column chromatography as a
pale yellow oil (306 mg, 71%) as an inseparable mixture of four diastereomers.
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10.6.4
Furan Formation by the Reaction of a Propargyl Carbonate with Methyl Acetoacetate
(Scheme 10-54) [62]

Pd2(dba)3 · CHCl3 (52 mg, 0.1 mmol) and dppe (80 mg, 0.2 mmol) were placed in a
30-mL, two-necked flask which was flushed with argon. THF (2 mL) was added to
dissolve the catalyst. Then, a solution of the propargyl carbonate 223 (228 mg,
2 mmol) and methyl acetoacetate (232 mg, 2 mmol) in THF (3 mL) was added,
and the mixture stirred at room temperature for 4 h. The reaction mixture was
filtered through Florisil. The furan 233 (272 mg, 88%) was isolated by column
chromatography on alumina.

Abbreviations

dba dibenzylideneacetone
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppf 1,1l-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
Naph naphthyl
TFP tris(2-furyl)phosphine
TMS trimethylsilyl
Tol p-tolyl
Ts p-toluenesulfonyl
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11
Carbon-Carbon Bond-Forming Reactions Mediated
by Organozinc Reagents

Paul Knochel, M. Isabel Calaza, and Eike Hupe

11.1
Introduction

The chemo-, regio-, and stereoselective formation of new carbon-carbon bonds is
one of the major goals of organic chemistry. Organometallic reagents (R1M) are
particularly well suited for such reactions since the polarity of the carbon-metal
bond of these reagents confers a nucleophilic character to the carbon atom
bound to the metal and allows reactions with a variety of carbon-centered electro-
philes (R2X) furnishing products of the type R1-R2. Some of the first organometallic
species used by organic chemists for performing this task were organozinc com-
pounds (R2Zn or RZnX) [1]. However, these were soon replaced by the more reac-
tive organomagnesium and organolithium reagents. The increased reactivity of
these latter two classes of organometallics were very beneficial to organic synthesis,
and led to an explosive development. However, it soon became clear that this in-
creased reactivity had some drawbacks, such as a low chemoselectivity. Also, it
only allowed introduction of R1 groups bearing relatively few functionalities. The
high reactivity of carbon-magnesium or carbon-lithium bonds precludes the pres-
ence of many organic functionalities in these organometallics.
The first solutions to these problems were found between 1970 and 1980, by

performing transmetallation reactions of organomagnesiums and organolithiums
with copper [2] or titanium [3] salts, leading to highly chemoselective reagents.
Unfortunately, since these transition-metal organometallics were prepared from
lithium or magnesium reagents, still no “highly” functionalized titanium or copper
organometallics could be prepared. However, it was soon noticed that organozincs
– although very unreactive towards most organic electrophiles – smoothly undergo
transmetallations [4,5] with a variety of transition-metal salts or complexes leading
to new transition-metal compounds which then react with a range of organic elec-
trophiles due to the presence of d-orbitals on the metals which allow new reaction
pathways that are not available to main-group organometallics (Scheme 11-1) [6,7].
A major part of this chapter will show the synthetic applications of these trans-

metallation reactions for the performance of cross-coupling reactions. After a short
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description of the preparation of organozinc halides (RZnX) and diorganozincs
(R2Zn), the utility of these reagents for forming new carbon-carbon bonds will
be presented. Emphasis will be placed on reactions having a good generality and
high synthetic potential. Experimental procedures will be given for some of the
most significant reactions.

11.2
Methods of Preparation of Zinc Organometallics

Polyfunctional organozinc halides are best prepared by the direct insertion of zinc
(applied as zinc dust) into the carbon-iodine bond of alkyl iodides. This method
allows one to prepare organozinc iodides bearing almost all possible organic func-
tionalities, with the exception of nitro, azido, and hydroxy groups. With primary
alkyl iodides, the insertion reaction is usually performed by adding a concentrated
solution (3 M) of the alkyl iodide in THF to a suspension of zinc dust (around
325 mesh, ca. 3 equiv.) in THF at 40 hC. The zinc dust is treated with 1,2-dibro-
moethane and chlorotrimethylsilane (TMSCl) prior to the halide addition [5,8,9].
Secondary alkyl iodides react with zinc dust even at 25 hC [5,9,10], whereas benzylic
bromides undergo an optimal insertion reaction at 0 hC [11]. The insertion of zinc
into Csp2-I bonds is usually less straightforward, and may require longer reaction
times, higher temperatures, or the use of a polar solvent [12]. The polyfunctional
zinc reagents 1–5 have been prepared in high yields using these procedures
(Scheme 11-2).
Alternatively, more reactive zinc powder prepared by the reduction of zinc ha-

lides (Rieke zinc) can be used when starting with the less reactive aryl iodides or
bromides, but also with secondary and tertiary alkyl bromides [16–18].
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Diorganozincs (R1
2Zn) are more reactive than organozinc halides [7,19] and un-

dergo transmetallation reactions more readily. They are important for the perfor-
mance of catalytic asymmetric additions to various aldehydes, making possible
the general preparation of polyfunctional secondary alcohols with high enantio-
selectivity [20,21]. Two general methods have been developed in our laboratory
for the preparation of these zinc reagents (Scheme 11-3). The first involves an
iodine-zinc exchange reaction [22], and this is suitable for primary or secondary
alkyl iodides. It requires a catalytic amount of CuX and Et2Zn or iPr2Zn as starting
materials. The second method involves a boron-zinc exchange, and starts with
functionalized olefins which are hydroborated with Et2BH [23] and treated in a
second step with Et2Zn or iPr2Zn [23,24].

Under these conditions, a broad range of new polyfunctional dialkylzincs such as
6–9 have been prepared. The boron-zinc exchange proceeds under significantly
milder conditions (0 hC instead of 50 hC) for primary alkyl derivatives and requires
only a few minutes compared with the several hours which are necessary in the
case of the iodine-zinc exchange [27].
Remarkably, it was found that the use of diisopropylzinc (iPr2Zn) considerably

facilitates the boron-zinc and iodine-zinc exchange with primary and secondary
substrates allowing the preparation of secondary dialkylzincs. When the reaction
is performed at low temperature (–10 hC), the boron-zinc exchange occurs with
several systems with retention of the configuration [28], allowing for the first
time a diastereoselective synthesis of nonstabilized secondary alkyl organometallics
(Scheme 11-4) [29].
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These secondary organozinc reagents can also be prepared in enantiomerically
enriched form. Thus, the hydroboration of phenylcyclopentene 10 with monoisopi-
nocampheylborane [(–)-IpcBH2; 99% e. e.] [30] provides, after recrystallization, the
chiral borane 11 with 94% e. e. Treatment of 11 with diethylborane to remove the
Ipc group (50 hC, 16 h) followed by the addition of iPr2Zn provides the configura-
tionally stable mixed diorganozinc reagent 12 which, in the presence of CuCN ·
2LiCl and allyl bromide, furnishes the alkylated product 13 (Scheme 11-5) [31].

Interestingly, this reaction sequence can be extended to open-chain alkenes. The
(Z)-styrene (Z)-14 furnishes the anti product (anti-15) with high diastereoselectivity
(syn:anti ¼ 8:92) under these conditions. The asymmetric hydroboration enantiose-
lectivity of these open-chain organoboranes lies between 46 and 47% e. e. (Scheme
11-6) [31]. Several other electrophiles react with the intermediate zinc-copper re-
agents with retention of configuration [31a].

It is also possible to perform stereoselective palladium(0)-catalyzed cross-coup-
ling reactions. Thus, the palladium(0)-catalyzed alkenylation of 1-methylindene
(16) by the hydroboration/boron-zinc exchange sequence provides trans-indane de-
rivative 17 with 99:1 trans:cis selectivity. Similarly, the palladium(0)-catalyzed acyla-
tion of styrene (Z)-14 furnishes the anti-ketone 19 (anti:syn ratio ¼ 90:10; 88% e. e.)
via the zinc reagent anti-18 (Scheme 11-7).
The hydroboration/boron-zinc exchange sequence allows one to perform conju-

gate additions with an umpolung [32] of reactivity. Whereas a,b-unsaturated car-
bonyl compounds react with a nucleophile, the reaction of a protected Michael
acceptor with an electrophile can be envisioned [33]. Thus, the unsaturated acetal
20 is hydroborated with (–)-IpcBH2 and converted by the addition of iPr2Zn into
the optically active diorganozinc reagent 21 (91% e. e.). Its reaction, after transme-
tallation to the corresponding copper reagent, with a variety of different electro-
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philes affords the desired products 22–24 with excellent selectivities and in
46–52% overall yields (Scheme 11-8) [33].
The zinc reagent 21 shows a high configurational stability after transmetallation

and reaction with various alkynyl bromides. Reaction with allyl bromides or propar-
gyl bromide leads to small amounts (3–6%) of the undesired cis product, but the
alkynylated products 23a-b were obtained with selectivities of j99:1 and in accep-
table overall yields (see Section 11.7.1; Scheme 11-8). To demonstrate the validity of
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the umpolung procedure, the functionalized alkyne 23a was deprotected by treat-
ment with dilute aqueous HCl furnishing the free trans-aldehyde 25 as one diaster-
eoisomer with 88% e. e. and in 93% yield (42% overall yield starting from the
unsaturated acetal 20) (Scheme 11-8). An extension to open chain systems is
also possible. Thus, the protected exo-alkylidene enone 26 was hydroborated with
(–)-IpcBH2 affording, after further treatment with Et2BH and iPr2Zn, the optically
active secondary alkylzinc reagent 27 with 76% e. e.. After transmetallation with
Cu(I) and allylation, the desired products 28a-b were obtained with excellent dia-
stereoselectivities (j94:6) (Scheme 11-9) [33].

Substrate-controlled hydroboration is a useful reaction for performing diastereo-
selective syntheses [34]. One major drawback of these reactions is that the resulting
chiral organoboranes are usually not reactive enough to participate in new carbon-
carbon bond formations. The boron-zinc exchange allows one to convert usually
unreactive organoboranes to more reactive organozinc reagents which, in the pres-
ence of appropriate catalysts, are efficiently used for the formation of new carbon-
carbon bonds. Thus, the trisubstituted alkene 31, obtained after diastereoselective
reduction according to Luche [35] and protection of 29 [36], is diastereoselectively
hydroborated (d. r. (1,2) ¼ 97:3) by using CH2Cl2 as a co-solvent. Further conversion
to the corresponding diorganozinc reagent and Cu(I)-mediated reaction with propio-
nyl chloride (d. r. (2,3) ¼ 94:6) leads to the desired product 33 which is obtained in
59% overall yield. It is possible to generate a chiral diorganozinc reagent with the
control of four stereogenic centers (see Section 11.7.2; Scheme 11-10) [37].
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Most published procedures for substrate-controlled diastereoselective hydrobora-
tions use sterically encumbered hydroborating reagents. Fleming and Lawrence
have reported excellent diastereoselectivities for the hydroboration of the chiral
allyl silane 34 using 9-BBN-H [38]. The hydroboration of 34 under Fleming’s con-
ditions followed by a boron-zinc exchange affords the corresponding zinc reagent
35, which readily reacts with a variety of different electrophiles. The desired prod-
ucts 36–38 are obtained in good yields and with excellent diastereoselectivities
(Scheme 11-11) [39,40].

Similarly, Burgess and Ohlmeyer have shown that protected chiral allylic amines
such as 39 can be hydroborated with 9-BBN-H yielding, after oxidative work-up, the
corresponding amino alcohol with a selectivity of i96:I4 [41]. Hydroboration of
39 under Burgess’s conditions leads to a triorganoborane that is then converted
to the corresponding zinc organometallic 40, which by the reaction with different
electrophiles provides the desired functionalized amines 41–43 in good overall
yields and with excellent diastereoselectivities (see Section 11.7.3; Scheme 11-12)
[40].
A boron-zinc exchange reaction is also possible after rhodium-catalyzed hydro-

borations with catecholborane [39, 40]. The silyl-protected 2-methylenecyclohexa-
nol 44 is hydroborated with catecholborane under catalysis of Rh(PPh3)3Cl accord-
ing to a procedure described by Evans [42]. Treatment with iPr2Zn leads to the dior-
ganozinc compound 45, which can then be allylated yielding 46a-b in 52 and 46%
overall yield (see Section 11.7.4; Scheme 11-13) or trapped with 1-bromopentyne
yielding the alkyne 47 in 49% overall yield (Scheme 11-13). The diastereoselectiv-
ities obtained for the products 46a-b and 47 are the same as described by Evans for
the corresponding alcohol obtained after oxidative work-up of the intermediate
boronic ester [42].
This example demonstrates that the scope of substrate-controlled diastereoselec-

tive hydroborations can be considerably enhanced by performing a B-Zn exchange
sequence.
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Silicon-boron exchanges can also be performed. Arylboranes of type ArBCl2 are
easily available by a silicon-boron exchange of arylsilanes with BCl3 [43]. Thus,
starting from the aromatic 1,4-disilane 48, the arylborane 49 is obtained by adding
BCl3. Transmetallation of 49 to the corresponding zinc reagent 50 with iPr2Zn is
quantitative after 2 h at 25 hC. Further transmetallation of 50 with Cu(I) and sub-
sequent reaction with propargyl bromide or propionyl chloride leads to the desired
aromatic products 51 and 52 in 73 and 72% yield by a one-pot procedure (see Sec-
tion 11.7.5; Scheme 11-14) [44].
It is possible to treat the disilane 48 with BCl3 yielding the mixed B-Si-aryl deri-

vative 49. Its treatment in a one-pot procedure with ICl allows the regio- and che-
moselective exchange of the second Si-functionality to iodine furnishing the iodo-
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arylboron derivative 53, which is then transmetallated, via a chemoselective boron-
zinc exchange to the zinc reagent 54. The arylzinc reagent 54 can be trapped, after
transmetallation to Cu(I), with a variety of different electrophiles providing the
desired products 55–56 in acceptable overall yields (Scheme 11-15) [44].
The aromatic disilane 57 can be similarly functionalized twice by a double Si-B

exchange yielding the aromatic diborane 58, which is then easily converted into the
corresponding bis-diorganozinc reagent 59 by addition of iPr2Zn. After Cu(I)-
mediated reaction with 1-bromo-2-trimethylsilylacetylene, the desired product 60
is obtained in good overall yield (68%, one-pot procedure) (Scheme 11-16) [44].
A few less-general methods are available for the preparation of zinc organome-

tallics. Thus, organozinc halides can also be obtained from the alkyl mesylates in
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the presence of sodium bromide and iodide in N,N-dimethylpropyleneurea
(DMPU) [45] using zinc dust [46] or by an iodine-lithium exchange performed
on functionalized alkenyl or aryl iodides followed by a transmetallation with zinc
bromide [47] (Scheme 11-17). A less general preparation of organozinc halides in-
volves the treatment of diorganomercurials with zinc dust in the presence of zinc
bromide [48] (Scheme 11-17).

Finally, some transition-metal (Ni, Mn)-catalyzed iodine- or bromine-zinc ex-
change reactions using Et2Zn constitute a convenient approach to organozinc
halides under mild reaction conditions [48,49] (Scheme 11-18).
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Diorganozincs can be obtained by the hydrozincation of alkenes using diethyl-
zinc and a catalytic amount of Ni(acac)2. The resulting diorganozincs are well
suited for applications in asymmetric synthesis [49,50] (Scheme 11-19).
The presence of a heteroatom in the alkene at an allylic or homoallylic position

considerably stabilizes the zinc organometallic compound obtained after the hydro-
zincation of the alkene. Thus, allylic alcohols and amines are especially well suited
as substrates for this hydrozincation procedure.

11.3
Uncatalyzed Cross-Coupling Reactions

Many organometallic zinc species are too unreactive to undergo cross-coupling
reactions with carbon nucleophiles. This general statement is not valid for allylic
organometallic reagents which smoothly react with several electrophiles, such as
carbonyl compounds [51,52], nitriles [53,54], or triple bonds [55] (Scheme 11-20).

Allylic zinc reagents undergo cross-coupling reactions with reactive halides, lead-
ing to 1,5-dienes. Usually, the new carbon-carbon bond is formed from the more
substituted end of the allylic system (Scheme 11-21) [56]. A very reactive and selec-
tive carbon electrophile such as tosyl cyanide (TsCN) [57] reacts with various orga-
nozinc halides affording polyfunctional nitriles in good yields (see Section 11.7.6;
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Scheme 11-22) [58]. The reaction can be used to convert 1,1-bismetallic reagents of
zinc and magnesium, such as 62, to unsaturated nitriles, such as 63 (Scheme 11-23)
[58]. The regioselectivity of the reaction of benzylzinc bromide with TsCN affords
o-methylbenzonitrile (64), whereas the reaction of the corresponding zinc-copper
derivatives provides the benzyl cyanide 65 (Scheme 11-24).
The reactivity of diorganozincs can be increased by performing the reaction in a

polar solvent. Thus, it was found that NMP is especially well suited and allows the
performance of Michael addition reactions with a variety of double bonds bearing
electron-withdrawing groups such as enones, alkylidenemalonates, or nitroalkenes
(Scheme 11-25) [59]. One equivalent of NMP is sufficient to promote the addition
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reaction but the presence of Me3SiCl is mandatory. With regard to the addition to
enones, a range of b-monosubstituted enones can be used, but b-disubstituted
enones undergo the Michael addition only reluctantly (see Section 11.7.7; Scheme
11-26).

11.4
Copper-Catalyzed Cross-Coupling Reactions

11.4.1
Cross-Coupling Reactions with Allylic and Related Reactive Halides

Whereas the direct cross-coupling reactions of zinc organometallics with organic
electrophiles is of limited utility, the scope of these reagents after transmetallation
with the THF-soluble copper salt CuCN· 2LiCl [5] is greatly enhanced [7,19]. A
broad range of electrophiles reacts with zinc-copper species RCu(CN)ZnX in
good to excellent yields. The same reactions as with lithium- or magnesium-deriv-
ed copper compounds [2] are possible, with a few exceptions like the opening of
epoxides (Scheme 11-27).
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Cross-coupling reactions with allylic halides are especially high yielding reac-
tions. They occur with high SN2l selectivity, in contrast to the corresponding
Pd(II)- or Ni(II)-catalyzed reactions which give the SN2 product (Scheme 11-28)
[60–62].

The high SN2l selectivity makes it possible to perform multiple allylic substitu-
tion reactions with excellent results. Thus, the reaction of various 2-substituted
1,3-dichloropropenes such as 67 with organozinc-copper compounds provides
only products such as 68 obtained after two successive SN2l reactions (Scheme
11-29) [63].
Bimetallic reagents such as 69 and 70 can be smoothly allylated under mild con-

ditions, leading to polyfunctional products (Scheme 11-30) [64,65].
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A quinidine alkaloid derivative containing a vinyl group, such as 71, has been
readily allylated in a sequence of a hydroboration, boron-zinc exchange, and cop-
per(I)-catalyzed allylation, leading to the alkaloid derivative 72 (see Section
11.7.8; Scheme 11-31) [66].
Besides allylic halides, propargylic halides or sulfonates show a similarly high

reactivity, providing allenes (Scheme 11-32) [62,66,67].

Copper-catalyzed reactions of functionalized diorganozincs with chiral allylic
reagents proceed with high anti-stereoselectivity [68] and very high regioselectivity,
especially if a polar co-solvent such as N-methylpyrrolidinone (NMP) is added.
Thus, the reaction of the chiral allylic phosphate 73 [69] with a functionalized
alkylzinc reagent such as EtO2C(CH2)3ZnI in the presence of CuCN· 2LiCl in a
3:1 THF:NMP mixture provides the SN2l-substitution product 74 in 68% yield
with 94% e. e., showing a perfect transfer of the chiral information. The vinylic
iodide 74 reacts with n-butyllithium (1.2 equiv.) at –70 hC in the presence of
TMSCl furnishing the bicyclic enone 75 in 75% yield and with 93% e. e. (see Sec-
tion 11.7.9; Scheme 11-33) [70].

This reaction can also be extended to open-chain systems. In this case, chiral
allylic alcohols have been converted into pentafluorobenzoates which proved to
be perfect leaving groups. Whereas both (E)- and (Z)-allylic pentafluorobenzoates
undergo the SN2l-substitution, in the case of (E)-substrates of type 76, two confor-
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mations 76A and 76B are available for an anti-substitution providing, besides the
major trans-product (trans-77), also ca. 10% of the minor product cis-77 (Scheme
11-34). By using the (Z)-allylic pentafluorobenzoates, only trans-substitution prod-
ucts are produced since the conformation 76C leading to a cis-product is strongly
disfavored due to allylic 1,3-strain [34b]. Thus, the cis-allylic pentafluorobenzoates
(R,Z)-78 reacts with Pent2Zn, furnishing only the trans-SN2l-substitution product
(R,E)-79 in 97% yield and with 93% e. e. [71] (see Section 11.7.10; Scheme 11-34).
Interestingly, this substitution reaction can be applied to the stereoselective

assembly of chiral quaternary centers. The reaction of the trisubstituted allylic pen-
tafluorobenzoates (E)- and (Z)-80 undergo readily a substitution reaction at –10 hC
with Pent2Zn, furnishing the enantiomeric products (S)- and (R)-81 in 94% e. e..
The ozonolysis of (R)-81 gives, after reductive work-up, the chiral aldehyde (S)-
82 in 71% yield and with 94% e. e. (Scheme 11-35). The anti-selectivity is observed
with a wide range of diorganozincs such as primary and secondary dialkylzincs, as
well as diaryl- and dibenzylzinc reagents [71]. This approach has been applied to an
enantioselective synthesis of (þ)-ibuprofen 83 (Scheme 11-36).
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Allylic substitutions using organozinc reagents can also be performed using a
chiral catalyst [72]. The use of a modular catalyst is an especially versatile strategy,
and has been applied to the stereoselective preparation of quaternary centers [73].
In the presence of 10 mol% of the modular ligand 84, highly enantioselective sub-
stitutions of allylic phosphates like 85, leading to the fish deterrent sporochnol (86:
83% yield, 90% e. e.), have been performed. Sterically highly congested diorgano-
zincs such as dineopentylzinc react enantioselectively with allylic chlorides in the
presence of the chiral ferrocenylamine 87, with up to 98% e. e. [74] (see Section
11.7.11; Scheme 11-37).
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11.4.2
Cross-Coupling Reactions with Alkynyl, Alkenyl, and Aryl Halides

Polyfunctional zinc-copper reagents react efficiently with 1-bromo- or 1-iodoalk-
ynes to furnish functionalized alkynes in good yields. The reaction proceeds at
low temperature (–65 to –55 hC), and has been applied in the preparation of pher-
omones (Scheme 11-38) [75] and polyfunctional acetylenic ethers [76].

The procedure has been successfully applied to conjugated systems such as bro-
moenyne 88, leading to substrates such as 89 which are susceptible to undergoing
cyclization reactions (Scheme 11-39; see Section 11.7.12) [75].

The extension of this cross-coupling to iodoalkenes is also possible. If the iodo-,
bromo-, or chloroalkene is further conjugated with an electron-withdrawing group,
a facile substitution according to an addition-elimination mechanism is observed.
Typically, 3-iodo-2-cyclohexen-1-one 90 [77] reacts with a zinc-copper reagent such
as 91 to furnish the expected cross-coupling product 92 (see Section 11.7.13;
Scheme 11-40) [13].
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This addition-elimination reaction can be applied to the preparation of squaric
acid derivatives. Thus, the treatment of 3,4-dichlorocyclobutene-1,2-dione 93
with two different zinc-copper reagents furnishes polyfunctional squaric acid deri-
vatives like 94, provided that the first zinc-copper reagent bears a secondary or ter-
tiary alkyl group (Scheme 11-41) [78].

By using mixed diorganozinc reagents of the type FG-RZnMe [79], a catalytic ad-
dition-elimination can be performed with a wide range of b-keto-alkenyl triflates.
Thus, the penicillin derivative 95 reacts with the mixed copper reagent 96 to pro-
vide the desired product 97 in excellent yield (Scheme 11-42) [80].

The cross-coupling reaction with nonactivated iodoalkenes proceeds well only by
using a polar solvent such as NMP or DMPU [45] and elevated reaction tempera-
tures (60 hC, 12 h). The compatibility of the zinc-copper reagents with these harsh
conditions shows the remarkable thermal stability of zinc-copper organometallics.
The cross-coupling reaction occurs with complete retention of the configuration of
the double bond, and allows the stereospecific synthesis of highly functionalized
alkenes such as 98 (see Section 11.7.14; Scheme 11-43) [81].
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11.4.3
Cross-Coupling Reactions with Alkyl Halides

Alkyl halides are unreactive towards zinc-copper reagents under standard reaction
conditions. However, by using a polar solvent such as DMPU [45] and a new
copper species of type 99 (R2Cu(CN)(MgX)2 ·Me2Zn), a smooth coupling reaction
is observed at 0 hC [82]. This method tolerates the presence of many functional
groups, and can be extended to coupling reactions with benzylic bromides [82].
It displays a high chemoselectivity that makes it possible to couple substrates bear-
ing a primary nitro group. For example, the alkyl iodide 100 leads to the polyfunc-
tional nitroalkene 101 without the formation of appreciable amounts of zinc nitro-
nate (resulting from a deprotonation of 100 by the organozinc-copper reagent; see
Section 11.7.15; Scheme 11-44) [82].
Remarkably, the methyl group is not transferred in these cross-coupling reac-

tions. Interestingly, the reaction can be extended to secondary alkylzinc derivatives
(Scheme 11-45) [82].

11.4.4
Acylation Reactions

The reaction of zinc-copper reagents with acid chlorides has a remarkable general-
ity [7, 19], and has found many applications in synthesis (Scheme 11-46) [16,83–
88]. The treatment of silyl-protected o-aminated benzylic zinc-copper derivatives
such as 102 with an acid chloride leads to a 2-substituted indole 103 [87]. Aromatic
and heterocyclic zinc compounds provide polyfunctional aromatic or heterocyclic
ketones like 104 (see Section 11.7.16; Scheme 11-47) [84].
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11.5
Transition Metal-Catalyzed Cross-Coupling Reactions

11.5.1
Palladium- and Nickel-Catalyzed C-C Bond-Forming Reactions

11.5.1.1 Additions to Unactivated Double Bonds
The iodine-zinc exchange of an alkyl iodide with Et2Zn is promoted by the addition
of small amounts of copper(I) salts such as CuCN or CuI. Although the exact rea-
son for this copper catalysis is not known, it has been speculated that the presence
of copper(I) salts promotes a radical chain-reaction resulting in the formation of a
dialkylzinc species (Scheme 11-48) [22b]. Similarly, the addition of other transition
metals such as nickel and palladium salts promotes radical reactions.
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These reactions were found to be preparatively very useful as they allow the per-
formance of radical cyclization reactions but lead to an organozinc halide as the
final product (Scheme 11-49) [89–94]. The treatment of an unsaturated alkyl halide
105 (X ¼ Br, I) with a palladium(0) or nickel(0) complex produces, by a one-elec-
tron transfer [95], a paramagnetic nickel(I) or palladium(I) salt MLn(X) (M ¼ Ni,
Pd) and a radical 106 which undergoes a smooth cyclization reaction and produces,
after recombination with the transition-metal moiety, the nickel(II) or palla-
dium(II) species 107. After transmetallation with a zinc(II) salt, a stable organozinc
cyclopentylmethyl derivative of type 108 is produced.
The overall reaction makes it possible to perform intramolecular carbozincations

[89–94,96] via a radical cyclization. This useful preparation of cyclopentylmethyl-
zinc derivatives proceeds with excellent stereoselectivity, and allows the assembly
of quaternary centers. After cyclization, the zinc organometallic can be transmetal-
lated with CuCN· 2LiCl, and it subsequently reacts with a broad range of electro-
philes such as acid chlorides, allylic and alkynyl halides, ethyl propiolate, 3-iodo-2-
cyclohexen-1-one, and nitroalkenes such as nitrostyrene, leading to products of
type 109 (see Section 11.7.17; Scheme 11-50) [89,94].

The cyclization is highly stereoselective according to Beckwith’s radical cycliza-
tion rules [97]. Thus, the allylic benzyl ether 110 (a 1:1 mixture of diastereoisomers)
undergoes a smooth stereoconvergent cyclization in the presence of Et2Zn (2 equiv.)
and PdCl2(dppf) (2 mol%) through a radical intermediate 111 which adopts a con-
formation such that all substituents are in pseudo-equatorial positions. After allyla-
tion with ethyl 2-(bromomethyl)acrylate, the cyclopentane derivative 112 is obtain-
ed with i99:1 trans-selectivity for substituents at positions 1 and 2 and 95:5 cis-
selectivity for the substituents at positions 2 and 3 (Scheme 11-51).
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Multiple cyclization reactions are possible, as well as preparation of heterocycles
(Scheme 11-52) [89–94]. Several natural products, such as (þ)-methyl epijasmo-
nate (113) (Scheme 11-53) [93] and the antitumor antibiotic (–)-methylenolactocin
114 [92, 98] (Scheme 11-54) have been prepared using this method.
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11.5.1.2 Addition to Unactivated Triple Bonds: Nickel-Catalyzed Carbozincation
The addition of organometallics to internal alkynes is rare [99–101], and proceeds
with moderate stereoselectivity [100]. In the presence of a nickel catalyst such as
Ni(acac)2, it is possible to add diorganozincs to substituted phenylacetylenes.
This recently reported reaction proceeds with high stereoselectivity (i99%
syn-addition) and is often highly regioselective. The resulting alkenylzinc organo-
metallics can be quenched with several types of electrophiles (Scheme 11-55)
[102].
Remarkably, this carbozincation procedure works well at low temperature, and

even allows an efficient addition of the relatively unreactive Me2Zn. It was soon
found that diarylzincs undergo the addition even more readily, and this reaction

642 11 Carbon-Carbon Bond-Forming Reactions Mediated by Organozinc Reagents

Me3Si Pent

OH
N(H)Tf

N(H)Tf

Me3Si
CHO

1) Pent2Zn, Ti(OiPr)4

 (92% e.e.)
8 mol%

BuO

NBS, CH2Cl2
88% OPent OBu

Br
SiMe3

1) Et2Zn, LiI, Ni(acac)2, THF, 40 °C

2) O2, TMSCl, THF, −5 °C

OPent OBu

C
SiMe3O

O

ZnX

O

OHC

Pent OBu
O

HO2C

Pent O O

HO2C

Pent O

Jones reagent

acetone
0 °C, 15 min

90% 114
(−)-methylenolactocin

70%

55%

Scheme 11-54 [98]

Me3Si Ph

Ph Ph

Me Ph

CO2Et
Br

H

PhMe

Pent

H

SiMe3Ph

Me

PhPh

Et
CO2Et

Pent2Zn, THF, NMP

-35 °C, 20 h

(E : Z >99 : 1)

1) Et2Zn, THF, NMP,
     Ni(acac)2 (25 mol%)

2) CuCN·2LiCl

3) (Z : E = >98 : 2)

Me2Zn, THF, NMP, Ni(acac)2 cat

-35 °C, 4 h
64%

(Z : E = 98 : 2)

67%

71%

Scheme 11-55 [102]



has been used to prepare (Z)-tamoxifen 115, a commercial antitumor drug
(Scheme 11-56) [102].
The carbometallation can be performed intramolecularly, leading in this case to

an unsaturated diorganonickel species of type 116, which undergoes a rapid reduc-
tive elimination to furnish oligofunctional alkylidenecyclopentane derivatives of
type 117 (Scheme 11-57). The syn-addition is proven by using a phenyl-substituted
acetylenic iodide such as 118 [102].

11.5.1.3 Catalytic Csp3-Csp3 Cross-Coupling Reactions and Related Ni-Catalyzed
Cross-Coupling Reactions

The performance of Csp3-Csp3 cross-coupling reactions using catalytic amounts of
a transition metal remains a major problem in organic synthesis. Whereas the use
of organocuprates makes it possible to perform these cross-couplings with stoichio-
metric amounts of copper(I) organometallics [2], the use of catalytic amounts of
transition metal salt remains a challenge. The difficulty in performing such a reac-
tion lies in the reductive coupling, which is slow with unsaturated diorganometallic
intermediates such as R1-M-R2 (Scheme 11-58).
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By removing electron density from the metal center, such reductive eliminations
should be made easier [103–105]. Thus, it was observed that, whereas the unsatu-
rated alkyl bromide 119 undergoes a smooth cross-coupling reaction with Et2Zn in
the presence of Ni(acac)2 leading to 121, the corresponding saturated alkyl bromide
120 does not undergo the cross-coupling reaction, but instead produces the bro-
mide-zinc exchange product 122 (Scheme 11-58) [106].
This behavior can be rationalized by assuming that the remote double bond co-

ordinates to the nickel center. Although a double bond coordinated to a metal cen-
ter acts as a s -donor, it is also a p-acceptor and therefore removes electron density
from the metal center and facilitates the reductive coupling reaction. The reductive
elimination does not occur if the coordination to the double bond is too weak, or if
it is prohibited due to steric hindrance. Instead, a ligand exchange reaction occurs,
leading to the transmetallation product (Scheme 11-59) [106].
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The synthetic applications can be greatly extended by using the polar co-solvent
NMP, which makes it possible to couple a variety of polyfunctional zinc organome-
tallics with alkyl iodides such as 123 bearing a remote double bond, leading to
cross-coupling products such as 124 (see Section 11.7.18; Scheme 11-60) [106].
The addition of a ligand such as m- or p-trifluoromethylstyrene or 4-fluorostyr-

ene in a catalytic amount allows the performance of cross-coupling reactions be-
tween Csp3-Csp3 centers with an excellent generality. Thus, functionalized diorga-
nozincs [107] and organozinc halides [108] undergo smooth cross-coupling reac-
tions under mild conditions. If organozinc iodides are used, the cross-coupling
reaction has to be performed in the presence of Bu4NI (3 equiv.). Under these con-
ditions, a complete conversion occurs within 30 h at –5 hC to 0 hC.
Secondary organozincs like 125 obtained by the hydroboration of norbornene fol-

lowed by a B/Zn exchange reaction with retention of configuration leads to exo-126
in 61% yield [108] (Scheme 11-61). Besides being applicable for alkylzinc reagents,
this reaction can be extended to benzylic organozinc reagents [109]. The presence
of Bu4NI in large excess (3 equiv.) dramatically accelerates the cross-coupling reac-
tion. Thus, the functionalized benzylic zinc reagent 127 reacts with 3-iodopropyl
phenyl ketone in THF:NMP at –35 hC to –10 hC to furnish the functionalized
ketone 128 in 74% yield (Scheme 11-62). Arylzinc reagents obtained by transme-
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tallation reactions either from aryllithiums or arylmagnesium halides also undergo
– under standard conditions in the presence of 4-fluorostyrene (20 mol%) or 4-tri-
fluoromethylstyrene (20 mol%) – the expected cross-coupling reaction, leading
to polyfunctionalized aromatic products of type 129 in satisfactory yield (see
Section 11.7.19; Scheme 11-62) [110]. Applications of these Ni-catalyzed cross-cou-
plings on the solid phase have been performed [111].
In the presence of the appropriate Ni-catalyst, a range of functionalized organo-

zinc reagents undergo cross-coupling reactions. The preparation of the nickel cata-
lyst is especially important, and the treatment of (Ph3P)2NiCl2 with PPh3 (2 equiv.)
and nBuLi (2 equiv.) produces in situ a very reactive catalyst which allows one to
perform the cross-coupling between various functionalized alkylzinc reagents
with aryl chlorides and aryl triflates leading to products of type 130 or 131 in
good yields (Scheme 11-63) [112].

646 11 Carbon-Carbon Bond-Forming Reactions Mediated by Organozinc Reagents

Ph
I

O

CN

ZnBr

F3C

Bu4NI (3 equiv.)

CN

ZnBr

I OEt

O

F3C

OEt

NC

O

CN

Ph

O

Ni(acac)2 (10 mol%)

(20 mol%)

THF : NMP 
 –35 to –10 ºC , 16 h

127 128  (74%)

Ni(acac)2 (10 mol%)

(20 mol%)

THF : NMP (2 : 1)
–14 ºC , 12 h

129  (74%)

+

+

Scheme 11-62 [110]

MeO

PivO

EtO2C

Cl

MeO

EtO2C

IZn(CH2)4OPiv

OTfTBSO

OHC

CN
IZn(CH2)3CN

ZnCl

CH3

CH3

CN

OHC

Cl

Cl

CN

PivO

TBSO

Ni(0), LiCl, THF Ni(0) (5 mol%)

130  81% 131

Ni/C, PPh3

THF, ∆

132

5% Ni/C, PPh3

THF, 60 ºC , 16 h

133

+

+

79%

80%

92%
Scheme 11-63 [112,113]



The use of nickel(0) on charcoal (“Ni/C”) is an efficient heterogeneous catalyst
for the cross-coupling of chloroarenes and functionalized organozinc compounds.
The reaction shows an excellent chemoselectivity, and the reaction of 4-chloroben-
zaldehyde with 3-cyanopropylzinc iodide provides the desired product 132 in 80%
yield. Arylzinc halides similarly undergo cross-coupling reactions with 2-chloro-
benzonitrile in THF at 60 hC, leading to the expected biaryl 133 in 92% yield
(see Section 11.7.20; Scheme 11-63) [113].

11.5.1.4 Palladium-Catalyzed Cross-Coupling between Polyfunctional Unsaturated
Substrates

The presence of an unsaturation close to the transition-metal center considerably
facilitates the reductive elimination step. Alkenyl or aryl iodides readily react
with a variety of zinc organometallics (Negishi reaction) [4, 114]. When polyfunc-
tional aryl or alkenyl zinc reagents are used, optimal reaction conditions are obtain-
ed by using bis(dibenzylidene-acetone)palladium(0) (Pd(dba)2) [115] (4 mol%) and
tris(o-furyl)phosphine (TFP) [116] or triphenylphosphine (TPP) as a ligand. Under
these conditions, the reaction is complete within a few hours at ambient tempera-
ture. Thus, the aryl bromide 134 undergoes a cross-coupling reaction with a func-
tionalized alkenyl iodide, furnishing the polyfunctional styrene 135 (see Section
11.7.21; Scheme 11-64) [117].
Attempts to apply these reaction conditions to the cross-coupling between alke-

nyl or arylzinc derivatives with aryl triflates were disappointing. However, in the
presence of 1,1-(diphenylphosphino)ferrocene (dppf) [118], the cross-coupling reac-
tion occurred at 60 hC with satisfactory yields, leading to biphenyls such as 136 (see
Section 11.7.22; Scheme 11-65) [117].
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Selective palladium(0)-catalyzed arylation can be performed with aryl iodides
bearing a triflate function using an appropriate palladium catalyst. Under these
conditions, aromatic iodotriflates such as 137 can play the role of multi-coupling
reagents [119]. Thus, the reaction of 137 with a functional arylzinc bromide
provides the functionalized biphenyl triflate 138 (see Section 11.7.23; Scheme 11-66)
[120].
By using dppf as a ligand, these biphenyl triflates can be selectively converted to

a terphenyl such as 139 (see Section 11.7.24; Scheme 11-66) [120]. The Negishi
cross-coupling reaction has found considerable applications in recent years, and
has proved to be one of the most versatile method for performing transition
metal-catalyzed cross-coupling reactions. By using very basic and sterically encum-
bered phosphines such as tBu3P, a range of aryl and alkenyl chlorides undergo the
cross-coupling reaction under very mild reaction conditions (Scheme 11-67) [121].
The Negishi cross-coupling reaction is perfectly well suited for performing cross-

coupling reactions with heterocycles. Thus, the readily available pyridylzinc reagent
140 undergoes a cross-coupling reaction with a range of halides, leading to bromo-
pyridines of type 141. These heterocycles can be used for a second reaction with a
different organometallic reagent to afford 2,3-diarylated pyridines of type 142

648 11 Carbon-Carbon Bond-Forming Reactions Mediated by Organozinc Reagents

OTf

I

ZnBr

Cl Cl

OTf
Pd(dba)2 (1.3 mol%)
TFP (4 mol%)

138  78%137

THF, 25 °C, 1.5 h
78%

CN

OTf

ZnBr

OMe

CN

OMe
Pd(dba)2 (5 mol%)
dppf (5 mol%)

139

THF, 65 °C, 30 h
89%

Scheme 11-66 [120]

Cl
ClZn

Cl

Me
BuZnCl

Me

Bu

Pd(PtBu3)2 (2 mol%)

THF, NMP
 100 °C , 12 h

96%

Pd(PtBu3)2 (2 mol%)

THF, NMP
 100 °C , 12 h

83%

+

+

Scheme 11-67 [121]



(Scheme 11-68) [122]. Complex iodo-substituted heterocycles can be prepared
according to numerous methods. The [3þ2]-dipolar cycloaddition of iodoacetylene
with 2-pyridyl oxime chloride in the presence of Et3N provides the iodoisoxazole
143 in 90% yield. The Pd-catalyzed cross-coupling of this compound with 2-thie-
nylzinc chloride furnishes the heterocyclic system 144 in 94% yield (Scheme
11-68) [123].
Especially interesting is the application of the Negishi cross-coupling reaction for

the preparation of carotenoids. The cross-coupling of 1-bromo-2-iodoethylene with
an alkynylzinc bromide provides the alkenyl bromide 145 in 81% yield. Its cross-
coupling with the (E)-alkenylaluminum reagent 146 obtained by a Zr-mediated
methylalumination reaction affords the alkyne 147, in 70% yield (Scheme 11.69)
[124].
The methylalumination of 147 with Me3Al and Cl2ZrCp2 followed by a transme-

tallation of the intermediate aluminum reagent to the corresponding organozinc
species allows one to perform a double cross-coupling reaction with (E)-1-bromo-
2-iodoethylene leading to b-carotene 148 in 68% yield (i99% isomeric purity)
(see Section 11.7.25; Scheme 11-69) [124]. Significant extensions of the Negishi
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cross-coupling procedure have been reported. It was found that thiomethyl-substi-
tuted heterocycles react readily with benzylic zinc reagents in the presence of cata-
lytic amounts of Pd(PPh3)4 (1 mol%) [125].
Although Negishi-type cross-coupling reactions with aryl triflates proceed

very well, the preparation of aryl triflates – and especially their purification
– is often difficult. The aryl triflates can be replaced by aryl nonaflates
(ArOSO2(CF2)3CF3¼ArONf), which have an excellent stability on silica gel and
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can be readily prepared and purified using chromatography. They undergo Negishi
cross-coupling reactions under mild conditions (Scheme 11-70) [126]. Aryl and
alkenyl nitriles can be prepared in high yields from the corresponding organic bro-
mides and Zn(CN)2 using palladium-catalyzed reactions under microwave irradia-
tion. The resulting nitriles can be converted to phenyltetrazoles by treatment with
sodium azide in DMF. A one-pot procedure combining the two reactions is possi-
ble (see Section 11.7.26; Scheme 11-71) [127].

11.5.2
Cobalt-, Manganese- and Iron-Catalyzed Cross-Coupling Reactions

11.5.2.1 Carbonylations and Acylations
The reaction of cobalt(II) salts with organo-lithiums or -magnesiums leads to a
rapid decomposition, even at low temperature, to provide homocoupling products.
These transmetallations have therefore found limited applications in organic syn-
thesis [128]. It was recently reported that the reaction of organozinc compounds
with cobalt(II) bromide in mixtures of ether and NMP produces blue solutions
of organocobalt intermediates which have a half-life of ca. 40 min at –10 hC. Simi-
larly, the reaction of iron(III) chloride with diorganozincs furnishes a gray solution
of an organometallic species having an even longer half-life (2.5 h at –10 hC). These
new transition-metal organometallics have interesting synthetic properties, and
organocobalt species prepared in this way undergo a smooth carbonylation at
25 hC, furnishing symmetrical ketones in moderate to good yields [129]. Thus,
starting from b-pinene, the C2-symmetrical ketone 149 is obtained in 48% overall
yield (Scheme 11-72) [91]. Chiral bicylic ketones such as 150 can be prepared in
similar manner.
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Finally, this mild carbonylation method is well-suited for the preparation of poly-
functional symmetrical ketones such as 151 (see Section 11.7.27; Scheme 11-73)
[129].
Not only are stoichiometric reactions, mediated by CoBr2, possible, but catalytic

reactions can also be performed. Catalytic acylation of diorganozincs with acid
chlorides in the presence of CoBr2 (10 mol%) is a very rapid reaction in NMP/
ether mixtures, furnishing unsymmetrical ketones such as 152 (see Section
11.7.28; Scheme 11-74) [130].

11.5.2.2 Cobalt-Catalyzed Cross-Coupling Reactions
Allylic chlorides react with organozinc halides or diorganozincs in the presence of
catalytic amounts of CoBr2 [130]. These reactions lead to the SN2 cross-coupling
product with retention of the double bond configuration. The reaction proceeds
equally well with allylic phosphates (Scheme 11-75) [130].
Finally, cross-coupling reactions of alkenyl iodides with diorganozincs in the

presence of cobalt salts furnish the expected cross-coupling products (Scheme
11-76) [131].

652 11 Carbon-Carbon Bond-Forming Reactions Mediated by Organozinc Reagents

Cl
ZnI

Cl Cl

O
CoBr2, CO bubbling

THF : NMP (ca. 6 : 4)
25 °C, 3 h

56%
151

Scheme 11-73 [129]

PivO
I

PivO Hept

O

152

1) Et2Zn, 55 °C
2) CoBr2, ether : NMP
3) HeptCOCl, –10 °C, 0.5 h

78%

Scheme 11-74 [130]

Cl Pent2Zn

CoBr2 (10 mol%)
THF, −10 °C, 1 h

90%
(>98% E)

Cl

Pent2Zn

CoBr2 (10 mol%)
THF, −10 °C, 1 h

90%
(>98% Z) Scheme 11-75 [130]



11.5.2.3 Manganese- and Copper-Catalyzed Radical Cyclizations
Transmetallation of zinc organometallics with manganese(II) salts does not occur,
and cannot be used to produce functionalized organomanganese compounds. The
reaction of unsaturated alkyl bromides furnishes, in the presence of a mixed
metal-salt system composed of copper(I) chloride and manganese(II) bromide
[48], cyclization products in satisfactory yields (see Section 11.7.29, Scheme 11-77)
[132].

11.6
Conclusions

The cross-coupling reactions between various polyfunctional organozinc deriva-
tives and a range of electrophiles provide expeditious access to numerous polyfunc-
tional molecules. The functional group compatibility allows an unusual amount of
diversity for the organometallic reagent. After transmetallation by the addition of
catalytic quantities of transition metal salts [Cu(I), Pd(II), Ni(II), Co(II), Co(III),
Fe(III), Mn(II)], smooth cross-coupling reactions can be performed, with high
yields. The applications of organozinc compounds range from asymmetric synthe-
sis to the preparation of biologically relevant molecules, and of new materials as
well as to combinatorial chemistry. It can be predicted that broader applications
will be developed in the future.
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11.7
Experimental Procedures

11.7.1
{[(1R*,2S*)-2-(1,3-Dioxolan-2-yl)cyclohexyl]ethynyl}(trimethyl)silane (23a)
(Scheme 11-8)

A flame-dried 25-mL flask equipped with a magnetic stirring bar, an argon
inlet and a septum was cooled to –25 hC and charged with freshly prepared
(–)-IpcBH2 (1.1 mL, 1.1 mmol, 1.1 equiv., 1 M solution in THF). The protected
alkene 20 (154 mg, 1.0 mmol, 1.0 equiv., 1 M in THF) was added dropwise over
a period of 1 h. Stirring at this temperature was continued for 48 h. After pumping
off the volatiles (0.1 mmHg, 25 hC, 2 h), Et2BH (0.69 mL, 5.0 mmol, 5 equiv., 7.3 M
in Me2S) was added, and the resulting mixture was stirred for 16 h at 50 hC. After
pumping off the volatiles (0.1 mmHg, 25 hC, 2 h), iPr2Zn (1.0 mL, 5.0 mmol,
5 equiv., 5.0 M in Et2O,) was added and the mixture was stirred 5 h at 25 hC.
The volatiles were pumped off (0.1 mmHg, 25 hC, 0.5 h), the gray-black residue
was diluted with THF (3 mL) and cooled to –78 hC. A freshly prepared solution
of CuCN· 2LiCl (1.5 mL, 1.5 mmol, 1.5 equiv., 1 M in THF) was slowly added
over 40 min via a syringe pump, and the mixture was stirred for 30 min at
–78 hC. Then, a solution of 1-bromo-2-trimethylsilylacetylene (885 mg, 5 mmol,
5 equiv.) in THF (1 mL) was slowly added (40 min) via syringe pump. After stirring
for 30 min at –78 hC, the mixture was allowed to warm to –40 hC and stirred at this
temperature for 16 h. The reaction mixture was then poured into a saturated aque-
ous NH4Cl solution (150 mL) containing NH3 (aq.) (2 mL, 30% in H2O). After ex-
traction with Et2O (3 q 100 mL) the combined organic phases were dried over
MgSO4. The solvent was removed and the crude product purified by column chro-
matography (SiO2, hexanes/Et2O, 19:1) affording 23a as a colorless oil (116 mg,
46%).

11.7.2
1-[(1S*, 4aS*, 8S*, 8aS*)-8-(ethoxymethoxy)decahydro-1-naphthalenyl]-1-propanone
(33) (Scheme 11-10)

A flame-dried 25-mL flask equipped with a magnetic stirring bar, an argon inlet
and a septum was charged with 1-(ethoxymethoxy)-1,2,3,4,4a,5,6,7-octahydro-
naphthalene 31 (0.210 g, 1 mmol) in CH2Cl2 (2 mL). Et2BH (0.4 mL, 7.3 M in
Me2S, 3 equiv.) was slowly added and the resulting mixture was stirred for 48 h
at 25 hC. After pumping off the excess volatiles (0.1 mmHg, 25 hC, 2 h), iPr2Zn
(0.6 mL, 5 M in Et2O, 3 equiv.) was added and the mixture stirred for 5 h at
25 hC. The boron-zinc exchange was ca. 80% complete as monitored by GC anal-
ysis of oxidized aliquots (aqueous 3 M NaOH/aqueous 30% H2O2). The excess
volatiles were pumped off (0.1 mmHg, 25 hC, 0.5 h), and the gray-black residue
was diluted with THF (2.5 mL) and cooled to –78 hC. A freshly prepared solution
of CuCN· 2LiCl (0.7 mL, 1 M in THF, 0.7 equiv) was added over 1 h. The mixture
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was stirred for 30 min at –78 hC. Then, allyl bromide (0.363 g, 3 mmol, 3 equiv.) in
anhydrous THF (1 mL) was slowly added (40 min). After stirring for 1 h at –78 hC,
the mixture was allowed to warm to room temperature overnight. It was then
poured into a saturated aqueous NH4Cl solution (150 mL) containing NH3 (aq.)

(2 mL, 30% in H2O). After extraction with Et2O (3 q 100 mL), the combined or-
ganic phases were dried over MgSO4. The solvent was removed and the crude prod-
uct purified by column chromatography (SiO2, pentane:Et2O ¼ 98:2) affording 33
as a colorless oil (0.164 g, 0.65 mmol, 65%) and as a diastereomeric mixture: d. r.
(1,2) ¼ 97:3 and d. r. (2,3) i98:2 (GC-MS analysis).

11.7.3
N-Benzyl-N-(1-isobutyl-2-methyl-5-hexenyl)-4-methylbenzene-sulfonamide (41)
(Scheme 11-12)

A flame-dried 25-mL flask equipped with a magnetic stirring bar, an argon inlet
and a septum was cooled to 0 hC and charged with the alkene 39 (0.186 g,
0.5 mmol, 1.0 equiv.) in THF (1.9 mL) at –78 hC; 9-BBN-H (3 mL, 1.5 mmol,
3 equiv., 0.5 M solution in THF) was added dropwise over a period of 1 h. The re-
action mixture was allowed to warm up to 25 hC overnight. After pumping off the
volatiles (0.1 mmHg, 25 hC, 2 h), iPr2Zn (0.5 mL, 2.5 mmol, 5 equiv., 5.0 M in
Et2O) was added and the mixture stirred for 5 h at 25 hC. The volatiles were
pumped off (0.1 mmHg, 25 hC, 0.5 h), and the gray-black residue was diluted
with THF (2 mL) and cooled to –78 hC. A freshly prepared solution of CuCN·2LiCl
(0.75 mL, 0.75 mmol, 1.5 equiv., 1 M in THF) was slowly added over 40 min via a
syringe pump, and the mixture was stirred for 30 min at –78 hC. Then, a solution
of allyl bromide (0.212 g, 1.75 mmol, 3.5 equiv.) in THF (1 mL) was slowly added
over 40 min via a syringe pump. The reaction mixture was allowed to warm up to
25 hC overnight. It was then poured into a saturated aqueous NH4Cl solution
(150 mL) containing NH3 (aq.) (2 mL, 30% in H2O). After extraction with Et2O
(3 q 100 mL), the combined organic phases were dried over MgSO4. The solvent
was removed and the crude product purified by column chromatography (SiO2)
affording 41 as a colorless oil and a diastereomeric mixture of i96:4 (quant.
13C-NMR), (0.159 g, 77%).

11.7.4
{[2-(3-Butenyl)cyclohexyl]oxy}(tert-butyl)dimethylsilane (46a) (Scheme 11-13)

A flame-dried 25-mL flask equipped with a magnetic stirring bar, an argon inlet
and a septum was charged with RhCl(PPh3)3 (14 mg, 0.03 equiv., 0.015 mmol).
THF (2 mL) was added and the mixture stirred for 10 min at rt. The alkene 44
(0.113 g, 0.5 mmol, 1.0 equiv.) was added and the mixture cooled to 0 hC. Catechol-
borane (0.180 g, 1.5 mmol, 3 equiv.) was added and the solution was allowed to
warm up to r. t. and stirred for 6 h. After pumping off the volatiles (0.1 mmHg,
25 hC, 3 h), iPr2Zn (1.6 mL, 8.0 mmol, 16 equiv., 5.0 M in Et2O) was added in
two portions and the mixture was stirred for 36 h at 25 hC. The volatiles were
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pumped off (0.1 mmHg, 25 hC, 0.5 h, co-evaporation with 2 q 1 mL THF), and the
gray-black residue was diluted with THF (2 mL) and cooled to –78 hC. A freshly
prepared solution of CuCN· 2LiCl (0.75 mL, 0.75 mmol, 1.5 equiv., 1 M in
THF) was slowly added over 40 min via a syringe pump, and the mixture was
stirred for 30 min at –78 hC. Then, allyl bromide (0.303 g, 2.5 mmol, 5.0 equiv.)
in THF (1 mL) was slowly added (40 min) via a syringe pump. The reaction mix-
ture was allowed to warm up to 25 hC overnight, and then poured into a saturated
aqueous NH4Cl solution (150 mL) containing NH3 (aq.) (2 mL, 30% in H2O). After
extraction with Et2O (3 q 100 mL), the combined organic phases were dried over
MgSO4. The solvent was removed and the crude product purified by column chro-
matography (pentane). The desired product 46a was obtained as a diastereomeric
mixture with a ratio of i94:6 (GC-MS) (70 mg, 52%).

11.7.5
1-(4-Iodophenyl)-1-propanone (56) (Scheme 11-15)

To 1,4-bis(trimethylsilyl)benzene (1.0 mmol, 222 mg) in CH2Cl2 (1.5 mL) at 0 hC
was added BCl3 (3.0 equiv., 3.0 mmol, 3 mL, 1 M in CH2Cl2). The reaction mixture
was stirred at r. t. for 10 h. After pumping off the volatiles (0.1 mmHg, 25 hC,
30 min), CH2Cl2 (2 mL) was added and the reaction mixture was cooled to 0 hC.
After addition of ICl (1.0 equiv., 1.0 mmol, 162 mg) the reaction mixture was
stirred for 16 h at 25 hC. After pumping off the volatiles (0.1 mmHg, 25 hC,
30 min), iPr2Zn (3.0 equiv., 3.0 mmol, 0.5 mL, 6.0 M in Et2O) was added carefully
and the mixture was stirred for 2 h at 25 hC. The volatiles were pumped off
(0.1 mmHg, 25 hC, 0.5 h), the residue was diluted with THF (2 mL) and cooled to
–30 hC. A freshly prepared solution of CuCN· 2LiCl (1.0 equiv., 1.0 mmol, 1.0 mL,
1M in THF) was slowly added over 10 min and the mixture was stirred for 10 min at
–30 hC. Propionyl chloride (3.0 equiv., 3.0 mmol, 278 mg) in THF (1 mL) was added
slowly (10 min). The mixture was allowed to warm up to r. t. and stirred at this tem-
perature for 3 h. The reaction mixture was then poured into a saturated aqueous
NH4Cl solution (150 mL) containing NH3(aq) (2 mL, 30% in H2O). After extraction
with Et2O (3 q 100 mL), the combined organic phases were dried over MgSO4.
The solvent was removed and the crude product purified by column chromatogra-
phy (SiO2) affording 56 as a colorless oil (140 mg, 54%).

11.7.6
(E)-6-Chloro-2-hexenenitrile (61) (Scheme 11-21)

A three-necked flask was charged with 5-chloro-1-iodo-1-pentene (1.8 g, 6.0 mmol)
in THF (5 mL), cooled to –100 hC (liquid N2/ether bath), and nBuLi (6.3 mmol,
1.6 M in hexane) was added over 4 min. The resulting colorless solution was stirred
at 0 hC for 2 min and cooled back to –78 hC. p-Toluenesulfonyl cyanide (0.90 g,
5.0 mmol) in THF (5 mL) was added and the reaction mixture was warmed to
r. t. and stirred for 3 h. After the usual work-up and evaporation of the solvents,
the crude residue obtained was purified by flash chromatography (hexane/ether,
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10:1) yielding the unsaturated nitrile 61 (466 mg, 72%) as a clear oil (100% (E)
according to GLC analysis and 13C-NMR spectrum).

11.7.7
(3-Myrtanyl)cyclopentanone (66) (Scheme 11-26)

A 25-mL two-necked flask was charged with b-pinene (1.36 g, 10 mmol), and
diethylborane (2.0 g, 10 mmol) in ether was added at 0 hC. The resulting solution
was stirred for 15 min, allowed to warm to 25 hC, and further stirred for an addi-
tional 1-h period. It was then cooled to 0 hC, and the solvents were removed by
applying high vacuum (0.1 mmHg) for 15 min at 0 hC, and for 30 min at r. t..
The reaction mixture was cooled to 0 hC and Et2Zn (2 mL, 20 mmol) was added.
The reaction mixture was stirred for 10 min at 0 hC, and for 20 min at r. t.. It
was again cooled to 0 hC, and the solvents were removed as described above. The
resulting zinc reagent was diluted with THF (3 mL) and was ready to use. A
50-mL, three-necked flask was charged with THF (2 mL) and NMP (3 mL) and
cooled to –30 hC. 2-Cyclopenten-1-one (410 mg, 5 mmol) and chlorotrimethylsilane
(500 mg, 5 mmol) were added, followed by bis(myrtanyl)zinc (3 mL of the above
prepared solution, 5 mmol). The resulting reaction mixture was stirred for 3 h
at –30 hC and then poured into an aqueous 10% HCl solution (20 mL) in THF
(20 mL), stirred for 15 min, and was worked-up as usual after evaporation of
the solvents. The crude residue was purified by flash chromatography (hexane/
ether, 95:5) providing (3-myrtanyl)cyclopentanone 66 (869 mg, 79%) as a color-
less oil.

11.7.8
Quinidine Derivative (72) (Scheme 11-31)

Diethylborane (4 mmol) prepared by mixing borane dimethyl sulfide complex
(101 mg, 1.33 mmol, 1.1 equiv.) and triethylborane (261 mg, 2.66 mmol, 2 equiv.)
at 25 hC was added at 0 hC to a solution of the alkaloid 71 (1.35 g, 4 mmol) in ether
(8 mL), and the mixture was stirred at 40 hC for 12 h to produce a white suspen-
sion. All the solvents were pumped off at 40 hC (0.2 mmHg) during 6 h, yielding
the diethylborane adduct as a white powder (1.63 g, 4 mmol). Et2Zn (8.0 mmol, ca.
0.8 mL, 2 equiv.) was added at 25 hC to a suspension of the intermediate diethylbor-
ane derivative (1.63 g, 4 mmol, 1 equiv.) in CH2Cl2 (5 mL). After 10 min of stirring,
the white suspension turned into a clear orange solution. The solvent, the excess
diethylzinc, and the triethylborane formed were removed under vacuum at 25 hC
(0.2 mmHg, 2 h). The entire procedure [CH2Cl2 (5 mL), Et2Zn (1 mL), then pump-
ing off solvent] was repeated to ensure complete conversion to the diorganozinc
compound. Traces of remaining Et2Zn were removed by evaporating twice the
added toluene (5 mL) and finally with CH2Cl2 (5 mL) at 40 hC (0.2 mmHg, 6 h),
giving an orange foam of the intermediate zinc reagent. A suspension of copper(I)
cyanide (36 mg, 0.4 mmol, 0.1 equiv.), lithium chloride (34 mg, 0.8 mmol,
0.2 equiv.), allyl bromide (4.84 g, 40 mmol, 10 equiv.) and THF (1 mL) was
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added at –80 hC to a solution of the diorganozinc compound (2 mmol, 0.5 equiv.),
in THF (8 mL). The cooling bath was removed and the reaction mixture allowed to
warm slowly to r. t.. After the usual work-up, the solvents were evaporated and the
remaining volatile compounds removed at 50 hC (0.2 mmHg, 3 h). The crude prod-
uct was purified by flash chromatography (ether/THF, 4:1) yielding the desired
product 72 as a yellow foam (1.44 g, 95%).

11.7.9
(S)-4-(2-Iodo-2-cyclohexen-1-yl) ethylbutanoate (74) (Scheme 11-33)

3-Ethoxycarbonylpropylzinc iodide was freshly prepared by treatment of 3-ethoxy-
carbonylpropyl iodide (0.726 g, 3.0 mmol, 1.0 equiv.) with activated Zn foil (0.6 g,
9.0 mmol, 3.0 equiv.) in THF (2 mL) at 48 hC for 4.5 h. After insertion of Zn was
complete (monitored by GC analysis of hydrolyzed aliquots), the resulting solution
was titrated with sodium thiosulfate. A flame-dried 25-mL flask equipped with a
magnetic stirring bar, an argon inlet, and a septum was charged with a solution
of CuCN· 2LiCl (1 M solution in THF; 1.0 mL, 1.0 mmol, 2.0 equiv.) and cooled
to –30 hC. The freshly prepared alkylzinc halide reagent (1.5 M solution in THF,
0.66 mL, 1.0 mmol, 2.0 equiv.) was added dropwise and the resulting mixture
was stirred for 0.5 h at –30 hC. Then, (R)-2-iodo-2-cyclohexen-1-yl diethylphosphate
73 (94% e. e.; 0.180 g, 0.5 mmol, 1.0 equiv.) was added dropwise as a solution in
NMP (sufficient to give an overall ratio of THF:NMP ¼ 3:1) and the reaction mix-
ture was allowed to stir for 12 h while warming up to 25 hC. Saturated aqueous
NH4Cl solution (20 mL) was added, followed by 25% aqueous ammonia solution
(1 mL); the reaction mixture was then stirred at 25 hC until the copper salts had
dissolved. The mixture was extracted with Et2O (3 q 20 mL). The combined ex-
tracts were washed with brine and dried over Na2SO4. Evaporation of the solvents
and purification by column chromatography (SiO2, pentane/Et2O, 20:1) afforded 74
as a colorless oil (94% e. e., 0.110 g, 68%).

11.7.10
(5E, 7R)-7-methyl-5-dodecene ((R,E)-79) (Scheme 11-34)

A flame-dried 25-mL flask equipped with a magnetic stirring bar, an argon inlet,
and a septum was charged with a solution of CuCN· 2LiCl (1 M solution in
THF; 0.6 mL, 0.6 mmol) and cooled to –30 hC under an argon atmosphere.
NMP was added as a co-solvent (overall ratio of THF:NMP ¼ 2:1). Pent2Zn
(5.1 M solution in THF, 0.24 mL, 1.2 mmol) was added dropwise, and the resulting
mixture was stirred for 0.5 h at –30 hC. The pentafluorobenzoate ester (R,Z)-4
(160 mg, 0.5 mmol, 95% e. e.) was then added dropwise as a solution in THF
(0.8 mL) and the reaction mixture was allowed to warm to –10 hC and stirred for
2.5 h. Water (20 mL) was added, followed by 25% aqueous ammonia solution
(2 mL); the reaction mixture was then stirred at 25 hC until the copper salts had
dissolved. The mixture was extracted with Et2O (3 q 20 mL). The combined ex-
tracts were washed with brine and dried over MgSO4. Evaporation of the solvents
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and purification by column chromatography (SiO2, pentane) afforded the desired
alkene (R,E)-79 as a colorless liquid (88 mg, 97%, 93% e. e.).

11.7.11
[(1-R)-1-neopentyl-2-propenyl]benzene (Scheme 11-37)

To a cooled (–30 hC) solution of CuBr · SMe2 (4.11 mg, 0.02 mmol) and the ligand
87 (68.2 mg, 0.20 mmol) in THF (5 mL) was added dineopentylzinc (2.40 mmol) in
THF and cinnamyl chloride (0.31 g, 2.00 mmol) simultaneously over a period of
3 h. After the usual work-up, the crude residue was purified by column chromato-
graphy (SiO2, pentane). Evaporation of the solvents furnished the desired product
as a colorless oil (309 mg, 82% yield, 96% e. e.).

11.7.12
6-Chloro-1-cyclohexenyl-1-hexyne (89) (Scheme 11-39)

A THF solution of 4-chlorobutylzinc iodide (7 mmol, 1.4 equiv.) prepared in over
90% yield from 4-chloro-1-iodobutane [40 hC, 2 h, then 23 hC, 10 h] was added
at –10 hC to a solution of CuCN· 2LiCl (7 mmol) in THF (7 mL). After 5 min at
0 hC, the yellow-green solution was cooled to–78 hC and the 1-bromoalkyne
88 (925 mg, 5 mmol) in THF was slowly added. The reaction mixture was stirred
for 18 h at –65 hC. After the usual work-up and purification by flash chromatogra-
phy (SiO2, hexane), the pure enyne 89 was obtained (800 mg, 81%).

11.7.13
3-(4-Pentynyl)-2-cyclohexen-1-one (92) (Scheme 11-40)

A dry, three-necked 100-mL flask was charged with zinc dust (3.27 g, 50 mmol) and
flushed with argon. After zinc activation with 1,2-dibromoethane and chlorotri-
methylsilane as reported previously, a THF solution of 4-pentenyl iodide (4.46 g,
23 mmol) in THF (8 mL) was added slowly. The temperature was maintained
below 40 hC during the addition. After 0.5–1 h of stirring at 25 hC, the reaction
was complete, as indicated by GLC analysis. After the addition of 10 mL anhydrous
THF, the excess of zinc was allowed to settle for 1 h. One half of this solution (ca.
10 mmol) was transferred via a syringe to a solution of CuCN (0.90 g, 10 mmol)
and LiCl (0.84 g, 20 mmol), dried for 1 h under vacuum at 140 hC) in THF
(10 mL) at –20 hC. A dark-red solution of the zinc-copper reagent 91 was immedi-
ately formed. The reaction mixture was cooled to –60 hC after 5 min of stirring and
3-iodo-2-cyclohexen-1-one (1.55 g, 7 mmol, 0.7 equiv.) was added. The reaction
mixture was stirred for 1 h at –30 hC and then slowly warmed to 0 hC (1–2 h)
and worked-up as usual. The resulting crude oil was purified by flash chromatogra-
phy (CH2Cl2/ether/hexane, 1:1:5), and afforded analytically pure cyclohexenone
derivative 92 (1.0 g, 88%).
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11.7.14
(E)-10-Pivaloylxy-5-decenenitrile (98) (Scheme 11-43)

To a suspension of zinc dust (1.3 g, 20 mmol, -325 mesh; Aldrich) previously acti-
vated with 1,2-dibromoethane (3 mol%) and chlorotrimethylsilane (1 mol%) in
THF (3 mL) was added 4-iodobutyl pivalate (2.84 g, 10 mmol) in THF (1 mL).
The reaction mixture was stirred for 4 h at 25–35 hC. THF (3 mL) was added
and the excess of zinc powder allowed to settle. The solution of the alkylzinc iodide
(ca. 8 mmol) was transferred via a syringe to an NMP solution (10 mL) of CuCN
(0.89 g, 10 mmol) and LiCl (0.85 g, 20 mmol) at 0 hC. After 5 min, 6-iodo-5-hexe-
nenitrile (1.1 g, 5 mmol) was added and the reaction mixture was stirred at 60 hC
overnight. GLC analysis of a hydrolyzed reaction aliquot showed that no alkenyl
iodide was left. The reaction mixture was cooled to 25 hC and poured into a mixture
of ether (100 mL) and a saturated aqueous NH4Cl solution (25 mL). The aqueous
phase was extracted with ether (2 q 30 mL), and the combined organic phase was
washed with brine (2 q 30 mL), dried over MgSO4 and concentrated. The crude
residue was purified by chromatography (hexanes/ether, 3:1) affording the pure
product 98 (1.09 g, 87%); 100% (E) by GC and by 1H- and 13C-NMR analyses.

11.7.15
10-Nitro-9-phenyldecyl acetate (101) (Scheme 11-44)

A three-necked flask equipped with a stirring bar, a rubber septum, and an argon
inlet was charged with CuCN (5 mg) and 4-iodobutyl acetate (2.42 g, 10 mmol),
Et2Zn (2.0 mL, 20 mmol) was added, and the reaction mixture was stirred for
5 h at 50 hC. The excess Et2Zn and the EtI formed were removed under vacuum
(0.1 mmHg, 50 hC, 1.5 h), and anhydrous THF (5 mL) was added with stirring.
The suspension was allowed to settle, and the supernatant liquid was transferred
to a THF solution of Me2Cu(CN)(MgCl)2 (5 mmol, 1 M solution) at –50 hC. The
resulting solution was warmed to 0 hC and then cooled to –78 hC, and DMPU
(5 mL) was added, followed by 6-iodo-1-nitro-2-phenylhexane (100; 1.00 g,
3.0 mmol). The reaction mixture was allowed to warm slowly to 0 hC and stirred
for 2 h. After work-up, drying over MgSO4, and evaporation of the solvents, the re-
sidual oil was purified by flash column chromatography (hexane/ether, 4:1), yield-
ing the functionalized nitroalkene 101 (0.80 g, 83%) as a clear oil.

11.7.16
2,5-Dibenzoylthiophene (104) (Scheme 11-47)

A 100-mL three-necked flask equipped with an argon inlet, a glass stopper and a
septum cap was charged with graphite (1.65 g, 137 mmol) and heated to 160 hC.
Potassium (0.67 g, 17.1 mmol) was added in small pieces under a steady stream
of argon with vigorous stirring, resulting in the formation of bronze-colored C8K
within 15 min, as a fine powder. A second three-necked flask was charged with
zinc chloride (1.17 g, 8.6 mmol) which had been dried at 140 hC for 2 h under
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vacuum. After cooling to 25 hC, THF (10 mL) was added, affording a solution to
which AgOAc (140 mg, 0.85 mmol) was added. The resulting heterogeneous slurry
was transferred at 25 hC with a syringe to the previously prepared C8K with vigor-
ous stirring (alternatively, a mixture of ZnCl2 and AgOAc can be added as a solid to
a suspension of C8K in THF). A slightly exothermic reaction occurred. After 1 h of
stirring, 5-benzoyl-2-iodothiophene (900 mg, 2.9 mmol) was added as a solid. GC
analysis of an iodolyzed and hydrolyzed reaction aliquot indicated that a complete
insertion had occurred after a reaction time of 15 min. The excess zinc/silver-gra-
phite was allowed to settle for 1–2 h, and the supernatant solution of the zinc re-
agent was then transferred to a THF (2 mL) solution of CuCN (0.26 g, 3.0 mmol)
and LiCl (0.24 g, 5.7 mmol) at –60 hC. The solution was allowed to warm to –10 hC
and then stirred for 0.5 h before cooling back to –60 hC. Benzoyl chloride (0.30 g,
2.14 mmol, 0.75 equiv.) was added and the reaction mixture was warmed to –10 hC,
stirred for ca. 14 h at –10 hC, and worked-up in the usual way. The crude light-
brown residue was purified by flash chromatography (hexane/ether, 10:1, then
hexane/chloroform, 5:1) affording 470 mg (76%) of analytically pure 2,5-diben-
zoylthiophene (104).

11.7.17
1-Butyl-1-(3-nitro-2-phenylpropyl)cyclopentane (109) (Scheme 11-50)

A three-necked flask equipped with a magnetic stirring bar, a thermometer and a
gas inlet was charged with PdCl2(dppf) (0.07 g, 2 mol%) in THF (5 mL) and cooled
to –78 hC. 2-Butyl-6-iodohexene (1.33 g, 5 mmol) and Et2Zn (1 mL, 1.23 g,
10 mmol) were added. The mixture was warmed to 25 hC and stirred for 4 h.
The solvent and excess of Et2Zn were removed under vacuum (0.1 mmHg,
25 hC, 1 h). After addition of THF (5 mL) and cooling of the mixture to –40 hC,
CuCN· 2LiCl (5 mmol) in THF (5 mL) was added and the reaction mixture
warmed to 0 hC (5 min) and cooled to –78 hC. Nitrostyrene (1.12 g, 7.5 mmol) in
THF (3 mL) was added, and the reaction mixture was slowly warmed to 0 hC
and stirred for 2 h. After the usual work-up, the residual oil was purified by
flash column chromatography (hexane/ether, 9:1), to yield 109 as a clear oil
(1.16 g, 81%).

11.7.18
Ethyl 12-Acetoxy-2-decanoate (124) (Scheme 11-60)

A 50-mL two-necked flask equipped with an argon inlet and a rubber septum was
charged with Ni(acac)2 (116 mg, 0.045 mmol, 7.5 mol%). The flask was cooled to
�40 hC, and THF (2.5 mL), NMP (1.5 mL), and the alkyl iodide 123 (1.69 g, 6 mmol,
1.0 equiv.) were successively added by syringe. The reaction mixture was cooled to
–78 hC, and a solution of di(5-acetoxypentyl)zinc (3.38 mg, 12 mmol, 2 equiv.) in
THF (2 mL), prepared from 5-iodopentyl acetate (6.14 g, 24 mmol) and Et2Zn by
an iodine-zinc exchange reaction, was slowly added. The reaction mixture was
allowed to warm to –35 hC and stirred for 15 h at this temperature. Excess Et2Zn
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was quenched with saturated aqueous NH4Cl solution. After the usual work-up,
the resulting crude oil obtained after evaporation of the solvents was purified by
column chromatography (hexane/ether, 20:1 to 5:1), affording the functionalized
acrylate 124 (1.33 g, 78%) as a colorless oil.

11.7.19
Ethyl 3-(4-cyanophenyl)propionate (129) (Scheme 11-62)

A dry 100-mL three-necked flask, equipped with an argon inlet and a stirring bar,
was charged with Ni(acac)2 (520 mg, 2 mmol) and evacuated for 10 min before
being flushed with argon. THF (6.7 mL), NMP (3.3 mL), 4-fluorostyrene
(496 mg, 4 mmol) and ethyl 3-iodopropionate (4.56 g, 20 mmol) were successively
added; the flask was then equipped with an internal thermometer. The reaction
mixture was cooled to –60 hC before slowly adding the zinc reagent with a syringe
through a large-diameter cannula. After complete addition, the reaction mixture
was allowed to warm to –14 hC in a cryostat. The conversion was complete within
12–15 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (15 mL) and allowed to warm to r. t.. The resulting reaction mix-
ture was extracted with diethyl ether (7 q 150 mL), after which the ethereal extracts
were combined, dried over magnesium sulfate, and evaporated to dryness by rotary
evaporation at 40 hC under atmospheric pressure. The resulting yellow oil was pur-
ified by column chromatography, and afforded ethyl 3-(4-cyanophenyl)propionate
129 as a pale yellow oil (3.01 g, 74%).

11.7.20
3l-Methylbiphenyl-2-carbonitrile (133) (Scheme 11-63)

To a flame-dried, 25-mL round-bottomed flask equipped with an argon inlet and a
stirring bar was added Ni(II)/C (171 mg, 0.369 mmol/g, 0.063 mmol) and triphe-
nylphosphine (66 mg, 0.252 mmol) under argon at r. t.. Anhydrous THF (1.8 mL)
was added, and the slurry was stirred for 20 min. nBuLi (48 mL, 2.6 M in hexane,
0.126 mmol) was added dropwise with swirling. After 5 min, 2-chlorobenzonitrile
(143 mg, 1.25 mmol) was added. After the mixture had been cooled to –78 hC, the
zinc reagent (prepared from m-tolylmagnesium chloride (2.0 mL, 1.0 M, 2.0 mmol)
and zinc chloride (anhydrous; 273 mg, 2.0 mmol) at r. t. for 20 min) containing
lithium chloride (85 mg, 2.0 mmol) was then added slowly via a cannula. The mix-
ture was warmed to r. t. over a 30-min period and then finally heated under reflux
for 16 h. The crude reaction mixture was then filtered through a pad of Celite, and
the filter cake further washed with THF (30 mL). The solvent was removed on a
rotary evaporator, and the resulting oily residue was purified by chromatography
on silica gel (hexane/ethyl acetate, 20:1) affording 133 as a pale yellow oil in
92% yield.
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11.7.21
(E)-4-(5-Chloro-1-pentenyl)benzonitrile (135) (Scheme 11-64)

A three-necked flask equipped with a thermometer, a gas inlet, and an addition
funnel was charged with 4-bromobenzonitrile (1.09 g, 6.0 mmol) and nBuLi
(3.91 mL, 6.2 mmol, 1.6 M in hexane) was added over a period of 4 min. A preci-
pitate formed immediately, and the reaction mixture was stirred for 30 min at this
temperature. A THF solution (3 mL) of ZnBr2 (1.35 g, 6 mmol) was slowly added
and the mixture was warmed up to 0 hC for 5 min. After cooling back to –20 hC,
bis(dibenzylideneacetone)palladium(0) (0.13 g, 0.24 mmol, 4 mol%), TPP (0.25 g,
0.96 mmol, 16 mol%), and (E)-5-chloro-1-iodopentene (1.15 g, 5 mmol) in THF
(5 mL) were added. The reaction mixture was stirred for 5 h at 25 hC and diluted
with ether (10 mL). The organic phase was worked-up, leading to a crude product
which was purified by flash chromatography, thus affording the benzonitrile deri-
vative 135 (0.76 g, 74%) as a clear oil.

11.7.22
4-Chlorobiphenyl (136) (Scheme 11-65)

To a solution of Pd(dba)2 (163 mg, 0.3 mmol, 5 mol%) in THF (4 mL) was added
dppf (125 mg, 0.3 mmol, 5 mol%) at 0 hC. After a few minutes, phenyl triflate
(0.91 g, 4 mmol) was added, followed by a solution of 4-chlorophenylzinc bromide
(6 mmol) in THF/hexane prepared as described for 4-cyanophenylzinc bromide
above. The reaction mixture was heated to 60 hC for 1.5 h; then, after cooling to
r. t., it was worked-up as usual and the crude residue obtained after evaporation
of the solvents was purified by flash chromatography (hexane) affording the bi-
phenyl 136 (695 mg, 92%) as a clear oil.

11.7.23
(4l -Chloro-3-trifluoromethanesulfonyloxy)biphenyl (138) (Scheme 11-66)

In a dry, three-necked round-bottomed flask equipped with an argon inlet, rubber
septum, and thermometer, Pd(dba)2 (35 mg, 0.06 mmol, 1.3 mol%) and tri(o-fur-
yl)phosphine (28 mg, 0.12 mmol, 2.6 mol%) were dissolved in THF (2 mL). After
the wine-red color had disappeared (4 min at r. t.), the solution was cooled to 0 hC,
and 3-iodophenyl triflate (1.41 g, 4 mmol) was added followed by 4-chlorophenyl-
zinc bromide (12 mL, 0.5 M solution in 2:1 THF/hexane, 1.5 equiv.). The reaction
mixture was allowed to warm to 25 hC and then stirred for 1.5 h. After aqueous
work-up with saturated NH4Cl solution and brine and extraction with ethyl acetate,
the combined organic layers were dried over MgSO4 and concentrated under va-
cuum. The crude product was purified by flash chromatography (hexane/ether,
98:2), yielding the desired biphenyl 138 (1.06 g, 78%) as a colorless oil.
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11.7.24
4L -Cyano-4-methoxy-1,1l,2l,1L-terphenyl (139) (Scheme 11-66)

To a solution of Pd(dba)2 (72 mg, 0.12 mmol, 5 mol%) and dppf (68 mg,
0.12 mmol, 5 mol%) in THF (2 mL) was added 4-cyano-(trifluoromethanesulfonyl-
oxy)biphenyl (0.67 g, 4 mmol) at 0 hC, followed by a solution of 4-methoxyphenyl-
zinc bromide (1.2 mL, 0.5 M in 2:1 THF/hexane, 3.0 equiv.). The reaction mixture
was heated at 65 hC for 30 h. After the usual work-up as described above (Section
11.7.13) and purification by flash chromatography (hexane/ethyl acetate, 98:2),
the desired terphenyl 139 (0.53 g, 89%) was obtained as a white solid (m. p. 95–
96 hC).

11.7.25
b-Carotene (Scheme 11-69)

To a slurry of Cp2ZrCl2 (207 mg, 0.71 mmol) in 4 mL of 1,2-dichloroethane was
added Me3Al (0.13 mL, 1.42 mmol) at r. t.. To the lemon-yellow solution thus ob-
tained was added dropwise 1-(E,E,E)-3-methyl-1,3,5-octatrien-7-ynyl)-2,6,6-tri-
methyl-1-cyclohexene (170 mg, 0.71 mmol) in 1,2 dichloroethane (2 mL) at 0 hC.
After the mixture had been stirred for 20 h at r. t., volatile compounds were evapo-
rated at reduced pressure (maximum 50 hC, 0.3 mmHg), and anhydrous THF
(2 mL) was added. In another flask, Pd2(dba)3 (16 mg, 0.018 mmol) was dissolved
in DMF (3 mL) to which TFP (16 mg, 0.071 mmol) was added at 0 hC. After 10 min,
the clear pale-green solution thus obtained was treated with (E)-1-bromo-2-io-
doethylene (84 mg, 0.36 mmol). After an additional 5-min period, the alkenylalane
obtained above was transferred via a cannula to this solution at 0 hC, and this was
followed by addition of ZnCl2 (96 mg, 0.71 mmol) in THF (0.5 mL). After stirring
at r. t. for 5 h, the reaction mixture was quenched with water, and the resultant mix-
ture extracted with ether, washed with brine, dried over MgSO4, and concentrated.
Purification by column chromatography (neutral alumina, pentane) afforded b-car-
otene (129 mg, 68%, i99% isomerically pure by 13C- NMR spectroscopy) as a red
solid.

11.7.26
5-Phenyltetrazole (Scheme 11-71)

A dried, heavy-walled Pyrex tube was charged with bromobenzene (10.5 mL,
0.1 mmol), Zn(CN)2 (11.7 mg, 0.1 mmol), and Pd(PPh3)4 (11.6 mg, 10 mmol) in
DMF (1 mL). The reaction mixture was flushed with nitrogen and the screw-cap
tightened thoroughly before mixing with a Whirlimixer. The reaction mixture
was exposed to microwave irradiation (60 W) for 2 min. The reaction tube was al-
lowed to reach r. t.. Thereafter, the tube was charged with NaN3 (78 mg, 1.2 mmol)
and NH4Cl (64 mg, 1.2 mmol). The reaction mixture was flushed with nitrogen
and the screw-cap tightened thoroughly before mixing with a Whirlimixer. The re-
action mixture was once again exposed to microwave irradiation (20 W) for 15 min.
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The reaction tube was allowed to reach r. t. before the reaction mixture was diluted
with saturated NaHCO3 (60 mL) and washed with EtOAc. The water phase was
acidified to pH I1 with concentrated HCl and extracted with CHCl3. The com-
bined organic phase was dried, and the solvent removed under reduced pressure
to give pure 5-phenyltetrazole (14 mg, 96%).

11.7.27
Di(4-chlorobutyl) ketone (151) (Scheme 11-73)

A THF (25 mL) solution of 4-chlorobutylzinc iodide (25 mmol) prepared from
1-iodo-4-chlorobutane (5.59 g, 25 mmol) and zinc dust (3.25 g, 50 mmol) was
added dropwise to CoBr2 (4.10 g, 18.8 mmol) in NMP (15 mL) at 0 hC while CO
was bubbled through the reaction mixture. After completion of the addition, the
reaction mixture was stirred for 3 h at 25 hC with continuous bubbling of CO
and an additional 2 h without CO bubbling. The reaction mixture was poured
into hexane (200 mL) and stirred for 2 h in order to decompose any cobalt carbonyl
complexes formed as intermediates. The hexane layer was separated and the resi-
due treated with brine (30 mL) and extracted with ether (2 q 50 mL). The com-
bined organic layers were washed with brine (2 q 30 mL) and dried over
MgSO4. After evaporation of the solvents, the crude residue was purified by
flash chromatography (hexane/ether, 95:5) providing di(4-chlorobutyl) ketone 151
(1.48 g, 56%) as a clear oil.

11.7.28
5-Oxododecyl Pivalate (152) (Scheme 11-74)

Stage 1: A 50-mL three-necked flask was charged with 4-iodobutyl pivalate (8.52 g,
30 mmol), CuI (60 mg, 0.3 mol%), and Et2Zn (4.5 mL, 40 mmol, 1.3 equiv.). The
reaction mixture was warmed to 55 hC (oil-bath temperature) and stirred for 14 h.
The volatiles were removed under vacuum (55 hC, 0.1 mmHg, 2 h). Decane (10 mL)
was added and then distilled off under vacuum (1 h) in order to remove traces of
Et2Zn. This last operation was performed twice. The resulting zinc reagent was
diluted in ether (10 mL) and was ready to be used.
Stage 2: A 50-mL three-necked flask was charged with CoBr2 (218 mg, 1 mmol)

in NMP (4 mL) and ether (2 mL). The reaction mixture was cooled to –10 hC and
n-octanyl chloride (1.62 g, 10 mmol) was added, followed by bis(4-pivaloxybutyl)-
zinc (4 mL of the solution prepared in Stage 1, 10 mmol). The resulting deep-
blue solution was stirred for 0.5 h at –10 hC and worked-up as usual. After evapora-
tion of the solvents, the crude residue was purified by flash chromatography (hex-
ane/ether, 95:5), thus providing the ketone 152 (2.2 g, 78%) as a colorless oil.
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11.7.29
cis-Bicyclo[4.3.0]nonan-1-ol (154) (Scheme 11-77)

A 20-mL three-necked flask was charged with MnBr2 (53 mg, 0.25 mmol), CuCl
(15 mg, 0.15 mol%), and DMPU (4.5 mL). Diethylzinc (1.0 mL, 10 mmol) was
added at 25 hC, resulting in the formation of a black solution. The bromoketone
153 (1.1 g, 5 mmol) was added, and the reaction mixture was heated at 60 hC for
0.5 h. The reaction mixture was cooled back to 25 hC and worked-up as usual,
affording after purification by flash chromatography (hexane/AcOEt, 9:1) the
desired bicyclic alcohol 154 (575 mg, 82%) as a clear oil.

Abbreviations

Ac acetyl
acac acetylacetonate
Bn benzyl
Boc tert-butyloxylcarbonyl
COD 1,4-cyclooctadiene
dba dibenzylideneacetone
DMF dimethylformamide
DMPU N,N-dimethylpropyleneurea
dppf 1,1l-bis(diphenylphosphino)ferrocene
Et ethyl
Fc ferrocenyl
FG functional group
Hept heptyl
Hex hexyl
Me methyl
NMP N-methylpyrrolidinone
Pent pentyl
Piv pivaloyl
r. t. room temperature
TBDMS tert-butyldimethylsilyl
Tf trifluoromethansulfonyl (triflyl)
TFP tris(o-furyl)phosphine
THF tetrahydrofuran
TIPS triisopropylsilyl
TMSCl trimethylsilyl chloride
Ts tosyl (p-toluenesulfonyl)
TPP triphenylphosphine
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12
Carbon-Carbon Bond-Forming Reactions Mediated
by Organomagnesium Reagents

Paul Knochel, Ioannis Sapountzis, and Nina Gommermann

12.1
Introduction

Organomagnesium derivatives are key organometallic reagents for organic synthe-
sis. Since their first synthesis disclosed by Grignard [1], numerous applications for
the elaboration of complex organic molecules have been reported. Although orga-
nomagnesium reagents undergo substitution reactions only sluggishly, it was soon
recognized that transition-metal catalysts allow the performance of a wide range of
substitutions. The pioneering studies of Kharasch and Fuchs [2] have opened new
synthetic avenues for Grignard reagents. Kumada and colleagues [3] and Corriu
and Masse [4] have demonstrated the synthetic utility of nickel cross-coupling reac-
tions [5–7]. Most cross-coupling reactions have been performed with unfunctiona-
lized Grignard reagents, since no general method for preparing polyfunctional
organomagnesium reagents was available. At the end of the 1990s, it became
clear that the carbon-magnesium bond is compatible with a number of sensitive
electrophilic functional groups [8]. The halogen-magnesium exchange reaction
was found to be a general method for preparing a range of functionalized organo-
magnesium compounds [9]. In this chapter, we propose to describe the scope and
limitations of the preparation of polyfunctional organomagnesium species and
show their use for forming new C-C and C-N bonds.

12.2
Preparation of Polyfunctionalized Organomagnesium Reagents
via a Halogen-Magnesium Exchange

Although first discovered during the early 1930, the halogen-magnesium exchange
has recently experienced a renaissance. This reaction had allowed, for the first
time, a general approach to magnesium carbenoids [10]. Villi�ras et al. found
that the reaction of iPrMgCl with CHBr3 at –78 hC furnishes the corresponding
magnesium carbenoid 1 which could be trapped with various electrophiles, leading
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to products of type 2 (Scheme 12-1). These pioneering studies opened the way to
the systematic study of magnesium carbenoids [11]. It was found that 1,4-dibromo-
2,3,5,6-tetrafluorobenzene (3) is readily converted to the corresponding 1,4-dimag-
nesium species 4 with EtMgBr (Scheme 12-1) [12]. Similarly, Furukawa et al. have
shown that 2-iodopyridine leads to the corresponding Grignard reagent within 0.5 h
upon reaction with EtMgBr at 25 hC [13].
Interestingly, perfluoroalkyl iodides like 5 undergo an iodine-magnesium ex-

change at –78 hC leading to the perfluorinated Grignard reagent 6 which reacts
well with carbonyl compounds (Scheme 12-1) [14].
These early results indicated the synthetic potential of the halogen-magnesium

exchange reaction [15]. The reactivity of carbon-magnesium bonds are strongly
dependent on the reaction temperature, with only reactive electrophiles like alde-
hydes and most ketones reacting rapidly at temperatures below 0 hC. Performing
the halogen-magnesium exchange at temperatures below 0 hC has the potential
for the preparation of magnesium organometallics bearing reactive functional
groups.

12.2.1
Preparation of Functionalized Arylmagnesium Reagents

Functionalized aryl iodides react readily with iPrMgBr in THF below 0 hC, leading
to a range of functionalized arylmagnesium iodides [16]. Sensitive carbonyl groups
and analogues like nitriles, esters or amides are well tolerated. Typically, the treat-
ment of methyl 4-iodobenzoate (7) with iPrMgBr in THF at –20 hC for 1 h pro-
duces the functionalized Grignard reagent 8 which is stable for several hours
below –10 hC, but reacts smoothly with aldehydes at –20 hC, leading to the expected
alcohols 9a-b in 72–83% yield (Scheme 12-2) [17].
A wide range of basic nitrogen functionalities are compatible with the iodine-

magnesium exchange. Thus, the functionalized iodoquinoline 10 is converted at
–30 hC in 10 min to the corresponding magnesium reagent 11. Transmetallation

672 12 Carbon-Carbon Bond-Forming Reactions Mediated by Organomagnesium Reagents

HCBr3

F
Br

F

F
Br

F

iPrMgCl

EtMgBr

HBr2CMgCl

CFI
F3C

F3C EtMgBr
CF-MgBr

F3C

F3C

Me3SiCl

F
MgBr

F

F
MgBr

F

Me Et

O

HBr2C-SiMe3

Me
CF3

Et OH

CF3F

–78 °C, 15 min
  93%

ether, –78 °C

2

3 4

5 6
55%

–78 °C

1
 90%

Scheme 12-1 Bromine-magnesium exchange of polyhalogenated compounds [10–14].



with CuCN·2LiCl [18] and reaction with allyl bromide furnishes the allylated
quinoline 12 in 78% yield (Scheme 12-3) [19]. Similarly, the diallylaniline 13 is
allylated via the intermediate Grignard reagent 14, leading to the functionalized
aniline derivative 15 in 81% yield (Scheme 12-3).

The Br/Mg exchange reaction, although slower than the I/Mg exchange, is suffi-
ciently fast below 0 hC for the preparation of Grignard reagents bearing sensitive
functional groups. The exchange rate depends strongly on the electron-density of
the aromatic ring. Thus, whereas bromopentafluorobenzene undergoes a complete
Br/Mg exchange at –78 hC within 0.5 h, 1-bromo-2,4,5-trifluorobenzene requires
1 h at –10 hC for full conversion to the corresponding magnesium reagent [20].
Polyfunctional aromatic bromides such as 16 [21] and 19 [20] (Scheme 12-4) bear-
ing at the ortho-position a chelating group, rapidly undergo the Br/Mg exchange.
The chelating group complexes iPrMgBr prior to the Br/Mg exchange, and this
facilitates the exchange by making it an intramolecular reaction. Thus, the dibro-
mide 16 undergoes a chemoselective Br/Mg exchange leading only to the reagent
17 magnesiated ortho to the amidine functionality. After the addition to 2-butyl-
acrolein, the allylic alcohol 18 is formed in 68% yield [21]. A chelating oxygen func-
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tional group, such as an ethoxymethoxy group at an ortho position, as in the bro-
mide 19, enhances the Br/Mg exchange rate and allows the preparation of the mag-
nesium derivative 20 at –30 hC within 2 h. In the presence of a catalytic amount of
CuCN· 2LiCl (10 mol%), the arylmagnesium reagent 20 can be allylated, leading
to the aromatic nitrile 21 in 80% yield (Scheme 12-4) [21].
Incorporating electrophilic functional groups in the ortho-position to the carbon-

magnesium bond allows two sequential bond formations leading to ring closure
(Scheme 12-5). Reacting the benzylic chloride 22 with iPrMgBr in THF (–30 hC,
1 h) furnishes the corresponding Grignard reagent 23 which reacts at –10 hC
with phenyl isocyanate leading to the functionalized N-arylphthalimide derivative
24 in 75% yield (Scheme 12-5) [22].

Cyclizations can be achieved with functionalized arylmagnesium reagents such
as 25 or 27 bearing a more remote leaving group like a tosylate or an allylic acetate.
In both cases, a stereoselective substitution reaction is observed (Scheme 12-6)
[23]. The SN2 ring closure of 25 is catalyzed by CuCN· 2LiCl [18], and proceeds
with complete inversion of configuration leading to 26 without eroding the original
enantiomeric excess of 60% e. e.. An anti-SN2l substitution is observed with 27,
providing the cis-tetrahydrocarbazole 28 in quantitative yield. In this case, the
Grignard reagent undergoes the ring closure in the absence of a catalyst [23].
iPrMgCl is the magnesium reagent of choice for performing a halogen-magne-

sium exchange. However, in some cases, the use of more or of less reactive orga-
nomagnesium compounds is advantageous. Thus, cyclohexylmagnesium chloride
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performs a Br/Mg exchange at 40 hC on the bis-(2,5-dibromophenyl) 3,5-cyclopent-
1-enyl diether 29 with a subsequent copper-catalyzed syn-SN2l-substitution reaction
furnishing the benzofuran derivative 30 in 70% yield [15d]. In the search for a po-
tent farnesyl protein transferase inhibitor synthesis, the polyfunctional amide 31
needed to be converted into the tricyclic product 32. This was achieved via an io-
dine-magnesium exchange reaction using 5-methyl-2-methoxyphenylmagnesium
bromide in a THF:dioxane mixture. The reaction was complete within 30 min at
–20 hC, leading to the cyclized product 32 in 78% yield (Scheme 12-7) [24].

The generation of polyfunctional organomagnesium reagents on a resin can be
readily achieved by using an iodine- or bromine-magnesium exchange [8]. Various
functionalized iodobenzoic acids have been attached to Wang resins through a car-
bonyl group. The immobilized ester of type 33, when treated with an excess of
iPrMgBr at –30 hC for 15–30 min, generates the corresponding arylmagnesium
compound 34, which can be quenched successfully with a range of electrophiles,
in high yields. The resulting adducts are released from the resin by reaction
with trifluoroacetic acid, leading for example to the acid 35 (Scheme 12-8). This
method has an excellent generality, and the yields and HPLC-purities of products
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obtained via immobilized organomagnesium reagents prepared by a halogen-mag-
nesium exchange are usually excellent, and allows their application in combinator-
ial chemistry [25,26].
Oshima et al. have shown that, besides alkylmagnesium halides, lithium trialk-

ylmagnesiates (R3MgLi) readily undergo iodine- or bromine-magnesium exchange
reactions [27,28]. Lithium trialkylmagnesiates are prepared by the reaction of an
organolithium (RLi; 2 equiv.) with an alkylmagnesium halide (RMgX; 1 equiv.)
in THF at 0 hC. Either 1 equiv. or 0.5 equiv. of the lithium magnesiate (Bu3MgLi),
relative to the aromatic halide (X ¼ I or Br), can be used, showing that two of the
three butyl groups undergo the exchange reaction. Thus, the reaction of 3-bromo-
benzonitrile 36 provides the lithium diarylbutylmagnesiate 37, which is allylated
in the presence of CuCN· 2LiCl [18] leading to the nitrile 38 in 85% yield
(Scheme 12-9).

Compared to the halogen-magnesium exchange performed with iPrMgBr,
lithium trialkylmagnesiates undergo the exchange reaction more readily and are
less sensitive to the electron density on the aromatic ring. Importantly, trialkylmag-
nesiates react more rapidly with aryl bromides than does iPrMgCl. However, the
resulting lithium triorganomagnesiates of type 37 are more sensitive to the pres-
ence of electrophilic functional groups displaying a reactivity, which is intermediate
between that of organolithium and organomagnesium species. This higher reactiv-
ity limits the number of functional groups usually tolerated with these reagents.
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The presence of an extra butyl group in 37 may also compete in reacting with elec-
trophiles. However, Bu3MgLi is an excellent reagent for preparing functionalized
biaryls of type 41. Thus, lithium tributylmagnesiate induced bromine-magnesium
exchange of the amide 39 provides the magnesiate species 40 which undergoes a
smooth titanium-mediated homo-coupling reaction leading to the biphenyl deriva-
tive 41 in 72% yield (Scheme 12-9) [29].

12.2.2
Reactions of Nitroarene Derivatives with Organomagnesium Reagents.
A Procedure for the N-Arylation of Aryl and Heteroaryl Magnesium Reagents

The reaction of nitroarenes with Grignard reagents was first investigated in pio-
neering studies conducted by Wieland et al. in 1903 [30]. Several reactions between
nitroaromatics and organometallics have also been carefully investigated by Bartoli
et al. [31]. Due to the high electrophilicity of the nitro functionality, organometallics
can trigger either nucleophilic attacks or electron-transfer reactions. However, it
has been shown that ortho-lithiated nitrobenzene is stable at very low temperature
[32]. Interestingly, the corresponding zinc and copper species obtained by trans-
metallation with zinc or copper(I) salts, exhibit excellent stability and show,
under appropriate reaction conditions, no tendency to undergo electron-transfer
reactions [33].
A broad range of functionalized arylmagnesium compounds bearing a nitro

function in the ortho-position can be prepared by an iodine-magnesium exchange
[34]. Thus, the nitro-substituted aryl iodides 42 and 45 undergo a smooth I/Mg ex-
change with phenylmagnesium chloride within a few minutes at –80 hC or –40 hC,
leading to the expected Grignard reagents 43 and 46. After the addition of benzal-
dehyde, the benzylic alcohols 44 and 47 are obtained respectively in 94 and 90%
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yield [34]. A dinitrophenyl iodide such as 48 can also be smoothly converted to the
corresponding magnesium reagent, without the occurrence of electron-transfer re-
actions.
Transmetallation of the Grignard reagent 43 with CuCN· 2LiCl [18] furnishes

the correspondding copper reagent 51 which can be trapped by various electro-
philes such as acyl halides or allylic halides, thereby affording products of type
52 (Scheme 12-11) [34]. These results indicate that, contrary to general belief, a
one-electron transfer reaction between nitro groups and organometallics (especially
organomagnesium compounds) is less favorable than the halogen-magnesium
exchange reaction. Palladium(0)-catalyzed Negishi-cross-coupling [35] can be per-
formed by converting the magnesium reagent to the corresponding zinc reagents.
The nitro-substituted arylmagnesium species 54 is best prepared using the steri-
cally encumbered mesitylmagnesium bromide 53. Thus, the reaction of the zinc
derivative of 54 with ethyl p-iodobenzoate (THF, –40 hC to r. t., 3 h) using
[Pd(dba)2] (5 mol%; dba ¼ dibenzylideneacetone) and tri-o-furylphosphine (tfp)
(10 mol%) [36] provides the biaryl 55 in 73% yield (Scheme 12-11) [34]. The
ortho-relationship between the carbon-magnesium bond and the nitro function is
essential for a clean and fast exchange reaction. Meta- and para-substituted iodoni-
troarenes lead to unselective reactions with addition of the organometallic species
to the nitro group. The o-nitro-substitution pattern facilitates the I/Mg exchange by
precomplexation of the Grignard reagent to the nitro function prior to I/Mg
exchange.

In the absence of sterically encumbered substituents, phenylmagnesium
chloride reacts with nitroarenes [30,31]. This reaction proceeds according to the
mechanism originally proposed by K�brich et al. (Scheme 12-12) [32a]. The aryl-
magnesium reagent (58) adds first to the oxygen of the nitroarene (56) furnishing
the adduct (59) which eliminates one equivalent of a magnesium phenolate
(Ar1OMgCl) providing the arylnitroso derivative 60. The addition of a second equi-
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valent of Ar1MgCl to 60 furnishes the magnesium salt of a diarylhydroxylamine
(61). Diarylhydroxylamines are air-sensitive and difficult to isolate in pure form.
To make this reaction preparatively interesting, a subsequent reduction with

FeCl2/NaBH4 is required to provide the diarylamine 57 (Scheme 12-12) [37]. The
method allows arylation of nitrobenzene derivatives, and therefore is ideal for pre-
paring a range of functionalized diarylamines such as 62–70 (Scheme 12-13) [38].
This reaction complements recently developed palladium(0)-catalyzed amination
reactions [39] and related procedures applying copper(I) [40] or nickel(0)catalysis
[41]. As indicated above, the mild reaction conditions are compatible with a
range of functional groups.
The Grignard reagent can bear electron-withdrawing groups, as for example in

62, 63, 66, 68 and 69, or electron-donating groups as in 64 and 70. The same
feature is true for the nitroarene. Interestingly, sensitive functions like an iodine,
bromine or triflate [38] group can be present in either reaction partner, which
is a difficult requirement for transition metal-catalyzed amination procedures
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[39–41]. As shown in the mechanistic pathway described in Scheme 12-12, 2 equiv.
of the arylmagnesium compound are required to produce amines of type 61. The
reaction of heterocyclic nitroarenes provides functionalized heterocycles such as
71 in 64% yield (Scheme 12-14) [38].

12.2.3
Preparation of Functionalized Heteroarylmagnesium Reagents

A variety of functionalized heterocyclic Grignard reagents can be prepared using
an iodine- or bromine-magnesium exchange reaction [20,42]. The electronic
nature of the heterocycle influences the halogen-magnesium exchange rate,
and electron-poor heterocycles react faster in the halogen-magnesium exchange
reaction. Also, electron-withdrawing substituents strongly accelerate the ex-
change. 2-Chloro-4-iodopyridine 72 reacts with iPrMgBr at –40 hC within 0.5 h
[20,43], furnishing selectively the magnesium species 73 which adds to hexanal
leading to the alcohol 74 in 85% yield. If, instead of a pyridine, a pyrimidine deri-
vative such as 75 is used, a selective iodine-magnesium exchange occurs at –80 hC
within 10 min, providing the organomagnesium compound 76. Subsequent reac-
tion of 76 with allyl bromide in the presence of CuCN· 2LiCl [18] gives the 2-allyl-
pyrimidine 77 in 81% yield [20]. Although a chlorine-magnesium exchange is a
very slow reaction, the presence of four chlorine atoms in tetrachlorothiophene
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78 accelerates this exchange (25 hC, 2 h), leading to the magnesiated heterocycle 79
that reacts with ethyl cyanoformate to give the thienyl ester 80 in 78% yield
(Scheme 12-15) [20b]. A range of functionalized iodinated heterocycles have
been magnesiated using an iodine-magnesium exchange, thereby allowing a
rapid synthesis of polyfunctionalized heterocycles [44,45]. Thus, the protected
iodopyrrole 81 undergoes an iodine-magnesium exchange at –40 hC within 1 h,
leading to the magnesiated pyrrole 82 that reacts with DMF to furnish the formyl
derivative 83 in 75% yield [46]. 4-Iodo-3-ethoxy-5-methylisoxazole (84) is converted
to the corresponding Grignard reagent 85, which reacts directly with PhCOCl
giving the ketone 86 in 77% yield [47].
4-Iodopyrazoles such as 87 are also converted at 0 hC into the intermediate orga-

nomagnesium reagents like 88. Subsequent reaction of 88 with DMF furnished the
formylated derivative 89 in 88% yield (Scheme 12-16) [48].

The preparation of functionalized uracils is of interest due mainly to the poten-
tial biological activities of this important class of heterocycles [49]. Starting from
various protected 5-iodouracils such as 90, treatment with iPrMgBr (–40 hC,
45 min) leads to the formation of the corresponding magnesium compound 91
which can be trapped by various electrophiles such as aldehydes, ketones and
acid chlorides, and in the case of the imminium salt 92 [50,51] this trapping
leads to the addition product in 85% yield (Scheme 12-17) [52]. Various magne-
siated imidazoles such as 95 or antipyrines such as 96 react with the imminium
reagent 92, thereby affording the aminomethylated products 94 and 97 in satisfac-
tory yield [53].
Polyhalogenated substrates usually undergo a selective, single halogen-magne-

sium exchange (Scheme 12-18). After a first magnesiation, the electron density
of the heterocycle increases to such an extent that a subsequent second exchange

68112.2 Preparation of Polyfunctionalized Organomagnesium Reagents

N
O

I OEt

Me

N

I

NC

OEtEtO

iPrMgCl

iPrMgBr

N
N

I

OBn

iPrMgBr
N

N

BrMg

OBn

N

MgCl

NC

OEtEtO

N
O

BrMg OEt

Me

DMF

PhCOCl

N
N OBn

O
H

NNC

OEtEtO

O

H

N
O

OEt

Me

O
Ph

–40 °C, 1 h

1) DMF

2) H2O
75%

–30 °C to 0 °C
1 h

81 82 83

84 85 86

0 °C, 1 h

87 88 89

77%

88%

Scheme 12-16 Magnesiation of five-membered heterocycles [44–48].



is very slow. This behavior is very general, with a high chemoselectivity for the
Br/Mg exchange being observed. Starting from the tribromoimidazole 98 [54],
the first exchange reaction occurs at position 2 leading, after a copper-catalyzed
allylation, to the 4,5-dibromoimidazole 99. Treatment of 99 with a second equiva-
lent of iPrMgBr occurs now only in position 5, since the intermediate Grignard re-
agent is stabilized by chelation. After quenching with ethyl cyanoformate (–40 to
25 hC, 2 h) the corresponding 4-bromo-5-carbethoxyimidazole 100 was obtained
in 55% yield (Scheme 12-18) [20]. The presence of chelating groups strongly influ-
ences the regioselectivity of the Br/Mg exchange. Thus, the dibromothiazole 101
undergoes a selective exchange at position 3 due to the chelating effect of the carb-
ethoxy group, leaving the bromide in position 2 unaffected. The reaction of the in-
termediate Grignard reagent 102 with Me3SiCl provides the expected product 103
in 67% yield (Scheme 12-18) [20b].
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This selectivity has been used to convert 4,5-diiodoimidazoles to the correspond-
ing 4-iodoimidazole using an I/Mg exchange followed by a protonation [55]. Simi-
larly, 2,5-dibromopyridine has been selectively exchanged with iPrMgX to generate
the mono-magnesium species [20,56]. The use of the magnesiate species Bu3MgLi
proves to be advantageous for performing this exchange reaction as it leads to the
ate complex 104 which reacts rapidly with DMF, furnishing the aldehyde 105 in
94% yield [57]. The use of magnesiate reagents for preparing various pyridylmag-
nesium species generally requires 1 equiv. of BuMe2MgLi [28].

12.2.4
Preparation of Functionalized Alkenylmagnesium Reagents

Alkenyl iodides react with iPrMgBr or iPr2Mg leading to an I/Mg exchange. How-
ever, this exchange reaction is slower than that with aryl iodides. Thus, (E)-iodooct-
ene only undergoes the exchange reaction at 25 hC, and the reaction requires 18 h,
thereby precluding the presence of functionality at a remote position in iodoalk-
enes [58]. However, the presence of a chelating heteroatom or of an electron-with-
drawing functionality directly linked to the double bond greatly enhances its pro-
pensity for undergoing the iodine-magnesium exchange. Thus, the functionalized
(Z)-allylic ether 106 reacts at –78 hC with iPrMgBr, providing the corresponding al-
kenylmagnesium reagent 107. Allylation of 107 with PhCHO gives the (Z)-alcohol
108 in 87% yield (Scheme 12-19) [58]. Similarly, the resin-attached allylic ether 109
reacts smoothly with iPrMgBr in THF:NMP (40:1) within 1.5 h at –40 hC, leading to
the desired Grignard reagent. In the absence of NMP, the exchange reaction occurs
considerably more slowly. Quenching with benzaldehyde, and cleavage from the
resin with TFA in CH2Cl2, provides the dihydrofuran 110 in 97% purity [26b,58].

The presence of an electron-withdrawing group attached to the double bond
considerably facilitates the iodine-magnesium exchange reaction. A range of b-io-
doenoates such as 111 are converted to the corresponding Grignard reagent 112
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(–20 hC, 0.5 h) leading, after the reaction with an allylic bromide in the presence of
CuCN· 2LiCl, to the (E)-enoate 113 and demonstrating a high configurational sta-
bility of the intermediate alkenylmagnesium species 112 [59]. Whereas alkenyl-
magnesium compounds bearing a b-leaving group such as a halide, alkoxide are
elusive reagents [60], the incorporation of the leaving group into a ring system
leads to more robust reagents. The reaction of 5-iodo-1,3-dioxin-4-one (114) with
iPrMgCl at –30 hC furnished the desired Grignard reagent 115, which proved to
have a half-life of ca. 2 h at –30 hC. After transmetallation with ZnBr2, 115 under-
goes a smooth Negishi cross-coupling with 2-methyl-3-iodo-1-cyclohexenone (116),
leading to the enone 117 in 55% yield (Scheme 12-20) [61, 62]. The preparation of
related carbonyl-containing alkenylmagnesium reagents has been reported by
Hiemstra in the course of synthetic studies toward the synthesis of Solanoeclepin
A [63, 64]. The treatment of the cyclic alkenyl iodide 118 with iPrMgCl in THF at
–78 hC furnished the desired Grignard reagent 119, which reacted with acrolein in
the presence of catalytic CuBr ·Me2S in THF:HMPA in the presence of TMSCl to
furnish the Michael adduct 120 in 89% yield (Scheme 12-21) [64].

If the sp2 carbon atom bears an electron-withdrawing group and a bromine
atom, a very rapid Br/Mg exchange reaction is usually observed (–40 hC,
15 min to 1 h). This behavior is very general for alkenyl bromides of type 121
(Y ¼ CN, SO2Ph, CO2tBu and CONEt2) that react readily with iPrMgBr to afford
Grignard reagents of type 122. Reaction of 122 with electrophiles is not always
stereoselective [65], producing a mixture of diastereoisomers of type 123, although
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this method provides 123a-d an efficient synthesis of tri- and tetrasubstituted
alkenes (Scheme 12-22) [66,67].
Remarkably, the conjugate addition of various Grignard reagents to the alkynyl

cyanide 124 generates the stabilized and unreactive cyclic magnesium chelate
125 which, after protonation, furnishes the polyfunctionalized nitrile 126. Fleming
has shown that a more reactive cyclic organomagnesium reagent of type 125 is ob-
tained by generating an intermediate magnesiate species 127. This magnesiate spe-
cies now reacts with PhCHO, leading to the allylic diol 128, with complete reten-
tion of the double bond configuration in 60% yield (Scheme 12-23) [68].

The I/Mg exchange on 2-iodo-4-chloro-1-butene 129 provides a functionalized
alkenylmagnesium species 130 which reacts with high diastereoselectivity with
the magnesiated unsaturated nitrile 131, providing the interesting bicyclic product
132 in 62% yield (Scheme 12-24) [68].
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12.2.5
Preparation of Functionalized Alkylmagnesium Reagents

Although the preparation of polyfunctional alkylmagnesium reagents may be envi-
sioned, only a few examples have been reported [69]. The difficulties arise from the
higher reactivity of the resulting alkylmagnesium compounds compared to alkenyl-,
aryl- or heteroarylmagnesium species. The rate of the iodine-magnesium exchange
also appears to be slower. However, a range of polyfunctional cyclopropylmagne-
sium compounds can be prepared using the iodine-magnesium exchange [70].
Thus, ethyl cis-2-iodocyclopropane carboxylate (cis-133) and the corresponding
trans-isomer (trans-133) are readily converted to the corresponding Grignard re-
agents (cis-134 and trans-134). The formation of the magnesium organometallics
134 is stereoselective, and their reaction with benzoyl chloride furnishes, after a
transmetallation with CuCN· 2LiCl [18], the expected cis- and trans-1,2-ketoester
135 with retention of configuration [71,72] in 73 and 65% yield, respectively
(Scheme 12-25) [70].

12.2.6
Application of Functionalized Magnesium Reagents in Cross-Coupling Reactions

The availability of functionalized Grignard reagents considerably enhances the
scope of these reagents for performing cross-coupling reactions. Especially interest-
ing are arylmagnesium reagents bearing amino groups [17,73]. A range of 2-ary-
lated-1,4-phenylenediamines of type 137 can be prepared starting from the bis-
imine 136, with the I/Mg exchange being complete within 3 h at –10 hC. After
transmetallation to the zinc reagent with ZnBr2, bis(dibenzylideneacetone)palla-
dium ([Pd(dba)2]; 5 mol%), tri-o-furylphosphane (TFP; 10 mol%) and 5-bromo-
2-carbethoxyfuran (137) are added. The cross-coupling reaction is usually complete
after 16 h at 25 hC, leading to the 1,4-phenylenediamine 138 in 52% yield (Scheme
12-26) [73].
Nitro-group-containing Grignard reagents such as 139 prepared by an iodine-

magnesium [34] exchange in THF with mesitylmagnesium bromide 54, smoothly
undergo Negishi cross-coupling reactions leading to polyfunctionalized nitroarenes
like 140. The mesityl iodide 141 generated in the iodine-magnesium exchange re-
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action is unreactive under the conditions used in these cross-couplings (Scheme
12-26) [74]. Functionalized Grignard reagents such as 143 directly undergo cross-
coupling reactions with various 2-halopyridines of type 142 in the presence of
Pd(0) catalysts. These remarkably rapid cross-coupling reactions require the pres-
ence of a Pd(0) complex, and therefore are not direct addition-elimination reactions
of the Grignard reagent. In the absence of Pd(0), no reaction is observed. The cor-
responding arylzinc reagents also react more slowly. These reactions may proceed
via the formation of an organopalladate [75] of the type ArPdL2

(–) MgX(þ), which
would undergo a fast addition-elimination reaction with the 2-chloropyridine deri-
vative 142, leading to the functionalized pyridine 144 in 87% yield (Scheme 12-27)
[76]. This reaction can be extended to several haloquinolines [77].
Qu�guiner et al. found an interesting selectivity [76] in the cross-coupling of bro-

mosulfone 146. Thus, PhMgCl reacts with the disubstituted pyridine 146 by direct
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substitution of the phenylsulfonyl group, leading to the bromopyridine 145 in 77%
yield (Scheme 12-27). However, under palladium catalysis the preparation of
highly functionalized biaryls of type 147 and 150 is possible [78]. Thus, the poly-
functional zinc reagent 149, obtained from the iodide 148 by a I/Mg exchange
and subsequent transmetallation, reacts readily in the presence of the palladium
catalyst [Pd(tBu3P)2] [79] under mild conditions furnishing the biaryl 150 in 87%
yield (Scheme 12-28).
The cross-coupling of functionalized arylzinc compounds, obtained by transme-

tallation of the corresponding magnesium reagents, can be accomplished by using
Ni(acac)2 (10 mol%) as the catalyst in the presence of 4-trifluoromethylstyrene or
4-fluorostyrene as promoter of the reductive elimination step. Under these condi-
tions, the Grignard reagent 151 reacts with the iodothioacetal 152, providing the
desired cross-coupling product 153 in 72% yield (Scheme 12-29) [80].

An alternative to this Ni-catalyzed reaction is the corresponding copper-mediated
reaction. In this case, the functionalized arylmagnesium species is transmetallated
to the corresponding arylcopper reagent with CuCN· 2LiCl [18] and trimethylphos-
phite (1.9 equiv.) (Scheme 12-30). This last additive confers an excellent stability

688 12 Carbon-Carbon Bond-Forming Reactions Mediated by Organomagnesium Reagents

Pd(tBu3P)2(10 mol%)

I
OBn

O

O
SiMe3

BnO
O

O

N CHOCbz

SiMe3

ZnBr
OBn

O

O
SiMe3

N

I CHO

Cbz

1) iPrMgCl, 
    THF, –30 °C

2) ZnBr2

148 149

150
 r.t.

87%

Scheme 12-28 Pd-catalyzed cross-coupling of a highly functionalized arylzinc reagent [78].

CF3

1) ZnBr2

2)

    Ni(acac)2 (10 mol%)

(1 equiv.)

    –15 °C, 2 h

152CO2Et

MgBr

S S

I

SS

CO2Et

151 153

72%

Scheme 12-29 Ni-catalyzed cross-
coupling between functionalized
Grignard reagents and functionalized
alkyl iodides [80].



to the copper reagent, which can be handled at room temperature under these con-
ditions. Thus, the reaction of the magnesium species 8 with CuCN· 2LiCl [18] and
P(OMe)3 furnishes the stable arylcopper 154, which undergoes a smooth cross-
coupling reaction with functionalized alkyl iodides such as the iodopivalate 155
leading to the substitution product 156 in 89% yield [80].
Interestingly, reactive benzyl halides undergo the cross-coupling reaction in the

presence of a catalytic amount of CuCN· 2LiCl [18] leading to diphenylmethane
derivatives such as 157 (Scheme 12-30) [81]. Due to the low cost and low toxicity
of iron(III) salts, these complexes have been used with success in several cross-
coupling procedures [82–84]. Functionalized arylmagnesium species undergo effi-
cient cross-coupling reactions with polyfunctionalized alkenyl iodides such as 159
in the presence of Fe(acac)3 (5 mol%), leading to the styrene derivatives of type 160
in 69% yield. Remarkably, the cross-coupling reaction is complete at –20 hC within
15–30 min (Scheme 12-31) [85]. The arylmagnesium compound can bear various
electrophilic functions like a nonaflate [86] (see Grignard reagent 161). The
iron(III)-catalyzed cross-coupling reaction still proceeds with a good yield, leading
to the highly functionalized nonaflate 162 in 73% yield (Scheme 12-31) [85].
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12.3
Conclusions

The halogen-magnesium exchange reaction has opened new perspectives in or-
ganic synthesis. Many more functional groups than previously thought, are compa-
tible with magnesium organometallics. The mild conditions required for perform-
ing a halogen-magnesium exchange were the key for assuring a high functional
group tolerance. This again places Grignard reagents in a central position for or-
ganic synthesis, and opens fascinating new perspectives [87]. Cross-coupling reac-
tions with functionalized organomagnesium reagents make possible the prepara-
tion of a range of new polyfunctional organic molecules.

12.4
Experimental Procedures

12.4.1
Ethyl 8-allyl-4-methyl-2-{[(trifluoromethyl)sulfonyl]oxy}-6-quinolinecarboxylate (12)
(Scheme 12-3)

To a mixture of the iodoquinoline derivative 10 (3.42 g, 7.0 mmol) and tetradecane
(3 drops, internal standard) in THF (7 mL) at –30 hC, iPrMgCl (0.94 M, 8.2 mL,
7.7 mmol) was added within 10 min at –30 hC. Following the addition of
CuCN· 2LiCl (1.0 M, 7.7 mL, 7.7 mmol), allyl bromide (2.54 g, 21.0 mmol) was
added. The cooling bath was removed and the reaction mixture was stirred at
r. t.. The reaction was complete after 1 h, and was quenched with aqueous satu-
rated NH4Cl solution (5 mL). The mixture was poured into half-saturated NH4Cl
solution and extracted with EtOAc (3 q 100 mL), the combined organic phases
were washed with brine (25 mL), dried (MgSO4), and purified by flash chromato-
graphy (pentane/ethyl acetate ¼ 93:7) yielded 12 (2.16 g, 77%) as an orange solid.

12.4.2
Ethyl 4l -cyano-2l-nitro[1,1l-biphenyl]-4-carboxylate (55) (Scheme 12-11)

A dry and argon-flushed 25-mL flask, equipped with a magnetic stirring bar and a
septum, was charged with 4-iodo-3-nitrobenzonitrile (411 mg, 1.5 mmol). Anhy-
drous THF (6 mL) was added, and the mixture cooled to –40 hC. Mesitylmagne-
sium bromide 53 (1.3 mL, 1.7 mmol, 0.7 M in THF) was added dropwise. The
I/Mg exchange was complete after 10 min (checked by GC analysis of reaction
aliquots), and ZnBr2 (1.7 mL, 1.7 mmol, 1 M in THF) was added to the magne-
siated benzonitrile 54. Another dry, two-necked flask equipped with a magnetic stir-
ring bar and a septum was charged with bis(dibenzylideneacetone)palladium(0)
([Pd(dba)2]) (43.5 mg, 5 mol%) and tri-o-furylphosphine (TFP) (37.0 mg,
10 mol%), followed by THF (2 mL). The initial red color disappeared after
2 min, leading to a yellow solution, and ethyl-4-iodobenzoate (621 mg, 1.5 mmol)
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was added. This solution was added via a cannula after 10 min of stirring the re-
action mixture at –40 hC, and the cooling bath was removed. The reaction mixture
was stirred for 3 h at room temperature, treated with ethanol (2 mL) and poured
into water (25 mL). The aqueous phase was extracted with ethyl acetate (3 q

40 mL), the collected organic phases were washed with brine (30 mL), dried
(Na2SO4), and vacuum-concentrated. Purification by flash chromatography (pen-
tane/ethyl acetate ¼ 6:1) yielded ethyl 4l -cyano-2l-nitro[1,1l-biphenyl]-4-carboxy-
late (55) as a pale yellow solid (325 mg, 73%).

12.4.3
Preparation of N-(4 -iodophenyl)-1,3-benzothiazol-5-amine (71) (Scheme 12-14)

In a dry and argon-flushed 25-mL flask, equipped with a magnetic stirring bar and
a septum, 1,4-diiodobenzene (1.14 g, 3.45 mmol) was dissolved in anhydrous THF
(8 mL), cooled to –20 hC and iPrMgCl (4.2 mL, 3.6 mmol, 0.85 M in THF) was
added dropwise. The I/Mg-exchange was complete after 30 min (indicated by
GC analysis of reaction aliquots) and 6-nitro-benzothiazole (270 mg, 1.5 mmol)
was added. After 2 h of stirring at –20 hC, the reaction was quenched with ethanol
(1 mL), and FeCl2 (378 mg, 3 mmol) and NaBH4 (57 mg, 1.5 mmol) were added.
After 2 h stirring at r. t., the reaction mixture was poured into water (25 mL). The
aqueous phase was extracted with diethyl ether (3 q 40 mL). The organic fractions
were washed with 2 M NaOH, brine (30 mL), dried (Na2SO4), and concentrated in
vacuo. Purification by flash chromatography (pentane/ethyl acetate ¼ 2:1) yielded
the amine 71 as a yellow solid (337 mg, 64%).

12.4.4
6-Bromo-2-formylpyridine (102) (Scheme 12-18)

Anhydrous toluene (45.3 kg) and nBuLi (1.63 M in hexane, 1.23 kg, 2.97 mol) were
charged to a 800-L reactor and cooled to –10 hC. nBuMgCl (1.95 M in THF, 26.9 kg,
54.6 mol) was added over 30 min, while maintaining the temperature at –10 to
0 hC, and the mixture was stirred at –10 hC for 30 min. A solution of 2,6-dibromo-
pyridine (34.92 kg, 144.8 mol) in toluene (30.2 kg), was added dropwise over a pe-
riod of 1 h while keeping the temperature of the mixture below –5 hC. The result-
ing suspension was stirred at –10 hC for 2.5 h. The mixture was transferred via a
cannula to a cooled solution (–10 hC) of DMF (14.0 kg, 188.9 mol) in toluene
(43.2 kg) while maintaining the temperature below 10 hC. The solution was allowed
to stand at –5 to –10 hC for 30 min and then transferred via a Teflon cannula to an
aqueous citric acid solution (56.6 kg in 105 L water) while maintaining the tem-
perature of the mixture below 20 hC. After stirring the mixture below 20 hC for
10 min, the organic layer was separated and washed with water (105 L). The or-
ganic layer was concentrated to ca. 130 L, in vacuo, and then used in the next
step. HPLC analysis showed that the desired product 102 was obtained in 91%
assay yield (25.0 kg).
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12.4.5
2,2-Dimethyl-5-(2-methyl-3-oxo-cyclohex-1-enyl)-6-phenyl-[1, 3]dioxin-4-one (116)
(Scheme 12-20)

A solution of iPrMgCl (0.37 mmol) in THF (1.62 M, 0.23 mL) was added dropwise
over 5 min to a solution of 114 (113 mg, 0.34 mmol) in THF (3 mL) at –30 hC
under argon. The resulting solution was then stirred for 30 min, and ZnBr2
(0.41 mmol) in THF (1.2 M, 0.34 mL) was added. The reaction mixture was allowed
to warm to r. t.. Another dry, three-necked flask equipped with an argon inlet, sep-
tum and thermometer was charged with [Pd(dba)2] (8.1 mg, 5 mol%) and TFP
(6.6 mg, 10 mol%), followed by THF (1 mL). The initial red color disappeared
after 2 min, leading to a yellow solution. 117 (66.1 mg, 0.28 mmol) was added, fol-
lowed by the organozinc compound. The reaction mixture was heated under reflux
for 12 h, worked-up by pouring it into aqueous saturated NaCl solution (10 mL),
and then extracted with ether. The crude residue was purified by column chroma-
tography on silica (pentane/ether ¼ 3:1) to give 116 (48 mg, 55%).

12.4.6
5-[2,5-bis[[(E)-phenylmethylidene]amino]phenyl]-2-furanecarboxylic acid Ethyl Ester
(138) (Scheme 12-26)

A dry and argon-flushed 10-mL flask, equipped with a magnetic stirring bar, was
charged with 136 (410 mg, 1 mmol) in anhydrous THF (1 mL) and cooled to
–10 hC. iPrMgBr (3.3 mL, 0.6 M in THF, 2 mmol) was added slowly. After 1 h,
the exchange was complete (checked by TLC analysis) and ZnBr2 (0.8 mL, 1.5 M
in THF, 1.1 mmol) was added. The reaction mixture was allowed to warm to
r. t.. Another dry and argon-flushed 10-mL Schlenk flask, equipped with a mag-
netic stirring bar, was charged with [Pd(dba)2] (29 mg, 0.05 mmol) and TFP
(23 mg, 0.10 mmol) in anhydrous THF (1 mL). After formation of the active cata-
lyst, ethyl 5-iodo-2-furoate 137 (153 mg, 0.7 mmol) was added, followed by the zinc
reagent. The reaction mixture was stirred at r. t. for 16 h, then quenched with aque-
ous saturated NH4Cl solution (2 mL), poured into water (50 mL), and extracted
with ether (3 q 40 mL). The combined organic fractions were washed with
brine (70 mL), dried (Na2SO4) and concentrated in vacuo. The crude product was
purified by flash chromatography (pentane/ether/TEA ¼ 20:1:2) to yield 138 as a
yellow oil (153 mg, 52%).

12.4.7
Ethyl-6-(4-cyanophenyl)nicotinate (144) (Scheme 12-27)

iPrMgCl (0.6 mL, 2 M in ether, 1.2 mmol) was added to a solution of 4-iodoben-
zonitrile (275 mg, 1.2 mmol) in THF (4 mL) at –40 hC under argon, and the mix-
ture was stirred for 40 min, leading to the functionalized arylmagnesium chloride
143. The resulting mixture was transferred into a solution of 142 (186 mg, 1 mmol),
bis(dibenzylideneacetone)palladium(0) ([Pd(dba)2]) (29 mg, 0.05 mmol, 5 mol%),
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and 1,1l-bis(diphenylphosphino)ferrocene (dppf) (28 mg, 0.05 mmol, 5 mol%) in
THF (2 mL) at –40 hC. Stirring was continued at this temperature for 6 h, followed
by quenching using aqueous saturated NH4Cl solution (5 mL). Extraction with
diethyl ether, drying over MgSO4 and solvent removal afforded a crude solid,
which was purified by flash chromatography on silica (elution with CH2Cl2) afford-
ing the pure product 144 as a colorless solid (219 mg, 87%).

12.4.8
Phenyl 6-phenylpyridine-2-sulfone (147) (Scheme 12-27)

Bis(dibenzylideneacetone)palladium(0) ([Pd(dba)2]) (29 mg, 0.05 mmol), 1,1l-bis(di-
phenylphosphino)ferrocene (dppf) (27 mg, 0.050 mmol) and, 10 min later, the
bromo-compound 146 (298 mg, 1.0 mmol) were added to anhydrous THF
(3 mL). After stirring for 30 min at r. t., a solution of PhMgCl (1.2 mmol) in
THF (0.60 mL) was added dropwise at –40 hC. After stirring for 12 h at r. t., the
reaction was quenched with an aqueous saturated NH4Cl solution (5 mL). Extrac-
tion with diethyl ether, drying over MgSO4, and solvent removal afforded the crude
product which was purified by column chromatography (CH2Cl2/Et2O ¼ 90:10)
affording 147 as a solid (209 mg, 71%).

12.4.9
Ethyl 3-[(2-methyl-1,3-dithiolan-2-yl)ethyl]benzoate (153) (Scheme 12-29)

A three-necked flask equipped with a thermometer, a gas inlet and an addition fun-
nel was charged with ethyl 3-iodobenzoate (3.45 g, 12.5 mmol) in anhydrous THF
(20 mL). The reaction mixture was cooled to –40 hC and iPrMgBr (1 M in THF,
12.9 mL) was added within 10 min. After 0.5 h, the formation of the arylmagne-
sium reagent was complete (as checked by iodolysis and hydrolysis of reaction ali-
quots). The reaction mixture was cooled to –78 hC, a THF solution of ZnBr2 (2.81 g,
6.25 mL, 12.5 mmol) was added, and the reaction mixture was allowed to warm to
r. t.. The milky suspension was treated with 1,4-dioxane and stirred for 2 h, leading
to a heavy precipitate which was filtered under argon. The filtrate was concentrated
to give a 1.2 M solution. A second two-necked flask equipped with an argon inlet
and a septum was charged with Ni(acac)2 (128 mg, 0.5 mmol, 10 mol%), 4-(tri-
fluoromethyl)styrene (5 mmol, 0.75 mL) and 152 (1.37 g, 5 mmol) and cooled to
–78 hC. The solution of the arylzinc reagent was added, and the reaction mixture
was warmed to –15 hC and stirred for 5 h. The reaction mixture was worked-up
as usual and afforded, after flash-chromatographical purification (hexane/ether),
the desired product 153 (1.067 g, 72%).
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12.4.10
Methyl 4-(4-pivaloyloxybutyl)benzoate (156) (Scheme 12-30)

Methyl 4-iodobenzoate (655 mg, 2.5 mmol) was dissolved in anhydrous THF
(2.5 mL) under argon, cooled to –25 hC, and iPrMgBr (5.1 mL, 0.54 M in THF,
2.75 mmol) was added slowly over 5 min, keeping the temperature below
–20 hC. The reaction mixture was stirred for 30 min at –20 hC until exchange
was complete (as indicated by TLC or GC). A solution of CuCN· 2LiCl (2.75 mL,
1 M in THF, 2.75 mmol) was then added, again keeping the temperature below
�20 hC, and on completion of the addition the reaction mixture was warmed up
to r. t. within 30 min. Trimethyl phosphite (596 mg, 4.8 mmol) was added, and
the clear solution was stirred for an additional 5 min. The iodide 155 was then
added (568 mg, 2 mmol, 0.8 equiv.) using a syringe, and the reaction mixture
stirred at this temperature until all the alkyl iodide was consumed (as indicated
by TLC or GC). The reaction was quenched with aqueous saturated NH4Cl solution
(2 mL) and poured into water (50 mL). The aqueous phase was extracted with ethyl
acetate (3 q 50 mL), and the combined organic phases were washed with water
(50 mL) and dried over MgSO4. After removal of the solvents in vacuo, the residue
was purified by flash column chromatography (CH2Cl2/pentane ¼ 2:1). Product
156 was obtained as a pale yellow oil (520 mg, 89%).

12.4.11
4-[(1E)-5-[(phenylmethyl)[(trifluoromethyl)sulfonyl]amino]-1-pentenyl] benzoic acid
ethyl ester (160) (Scheme 12-31)

Ethyl 4-iodobenzoate (384 mg, 1.4 mmol) was placed in a dry argon-flushed 50-mL
flask equipped with a rubber septum and magnetic stirring bar. Anhydrous THF
(3.0 mL) was added, and the solution was cooled to –20 hC. iPrMgBr (6.0 mL,
0.55 M in THF, 3.3 mmol) was then added slowly and the reaction mixture was
stirred at this temperature until the exchange reaction was complete (checked by
TLC). The resulting suspension was then transferred dropwise via a cannula
into another dry argon-flushed Schlenk flask containing a solution of iron(III)
acetylacetonate (18 mg, 5.1 mmol) and iodosulfonamide 159 (433 mg, 1.0 mmol)
in anhydrous THF (2.0 mL) with stirring at –20 hC. After the reaction was complete
(checked by TLC and GC), methanol (3 mL) and water (30 mL) were added and the
reaction mixture was extracted with ethyl acetate (3 q 30 mL). The combined or-
ganic phases were washed with brine (30 mL), dried over MgSO4, and concentrated
in vacuo. The residue was purified by flash column chromatography (pentane/ethyl
acetate ¼ 98:2) providing product 160 (314 mg, 0.69 mmol; 69%) as a colorless oil.
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13
Palladium-Catalyzed Aromatic Carbon-Nitrogen Bond Formation

Lei Jiang and Stephen L. Buchwald

13.1
Introduction

Aromatic amines are important in a variety of fields both for their function [1], and
also to serve as intermediates for the preparation of other important molecules,
particularly heterocycles [2]. Many useful techniques exist for the preparation of
aniline derivatives. A partial list includes electrophilic methods such as nitration
followed by reduction [3], nucleophilic aromatic substitution [4], benzyne processes
[5], and Ullmann-type methods [6]. The importance of these processes cannot be
overestimated. Nonetheless, it was desirable to have a general method that could
be employed to convert a single substrate directly into a range of aromatic amines
under mild conditions. The advent of palladium (Pd)-catalyzed cross-coupling
reactions for the formation of C-C bonds pioneered by Kumada [7], Corriu [8], Stille
[9], Negishi [10], Sonogashira [11], Miyaura [12] and Suzuki [13] stimulated the
search for analogous cross-coupling methods for the formation of aromatic C-N
bonds.
The early development of Pd-catalyzed C-N bond-forming processes has been

documented previously [14], and thus will be described only briefly. The first pro-
tocol for Pd-catalyzed C-N bond formation was reported by Migita and Kosugi in
1983 (Scheme 13-1) [15]. The method required the use of a stoichiometric quantity
of a tin amide, and this – together with the hydrolytic sensitivity of such reagents –
limited the application of their protocol. A year later, while working on the total
synthesis of lavendamycin [16], Boger and Panek reported on intramolecular arom-
atic C-N bond-forming processes mediated by a stoichiometric quantity of a Pd
complex. In 1994, Buchwald and Guram modified Migita’s procedure to allow for
a relatively general means for the in-situ generation of aminostannanes [17] which,

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN 3-527-30518-1

Br Bu3Sn NEt2 NEt2 Bu3Sn Br
R R

+
1 mol% [(o-Tol)3P]PdCl2

toluene, 100 °C, 3 h
+

16–81%

Scheme 13-1



nonetheless, still required a stoichiometric quantity of diethylamino tributyltin.
Based on these preliminary results and further mechanistic studies, Buchwald
[18] and Hartwig [19] independently disclosed tin-free methods for the Pd-catalyzed
formation of aromatic C-N bonds. This technique has now evolved into one of
the most important modern cross-coupling processes [14]. Recently, improved
versions of the Cu-catalyzed Goldberg-type and Ullmann-type processes have
been disclosed [20] which are complementary to their Pd counterpart. When com-
bined, these C-N bond-forming protocols have become routinely practiced by che-
mists both in industrial and academic laboratories. Due to space limitations, this
chapter will cover only Pd-catalyzed C-N bond-forming processes. Methodologies
that employ catalysts based on other metals (particularly copper [6, 20] and nickel
[21]) that are capable of effecting aromatic C-N bond formations will not be in-
cluded.
This chapter consists of three main sections. The first section describes the

current mechanistic viewpoint of this transformation. By discussing the reaction
mechanism, it is hoped that the reader will be provided with a conceptual frame-
work for both ligand design and selection of reaction conditions. In the second
section some general features of this transformation will be presented. Sub-
sequently, selected examples based on the nature of the nitrogen nucleophiles em-
ployed will be detailed. Within the description of the chemistry of each nucleo-
phile, the effect of electronic and steric properties of the aryl or heteroaryl halides
or sulfonates will be considered. An attempt will also be made to point out the
functional group limitations in various protocols.

13.2
Mechanistic Studies

During the past decade, several kinetic and mechanistic studies have been reported
that have attempted to rationalize the effects of different ligands and additives on
the Pd-catalyzed aryl amination reactions [22]. A catalytic cycle consisting of four
basic steps including: oxidative addition of the aryl halide; association of amine;
dehydrohalogenation; and reductive elimination of product is generally accepted
(Scheme 13-2). The order of these steps, however, may vary. For example, while
the most conventional mechanism involves initial oxidative addition of the aryl
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halide to a LPd or L2Pd complex, an alternative pathway that involves the binding
of a nucleophile to the Pd(0) species prior to oxidative addition (Schemes 13-4 and
13-6) has also been proposed. Two representative studies will be discussed in
detail; various precatalysts and reaction conditions have been used to conduct
these kinetic experiments, and different catalytic cycles have been proposed.
Recently, Buchwald and Blackmond reported a mechanistic study of the

Pd(BINAP)-catalyzed arylation of primary and secondary amines (Scheme 13-3)
[23]. By monitoring the reaction with reaction calorimetry, the kinetics of the react-
ion could be examined under synthetically relevant conditions.
A number of precatalysts including Pd2(dba)3/BINAP, (dba)Pd(BINAP), (p-tol-

yl)(Br)Pd(BINAP), and Pd(BINAP)2 were examined for the reaction of N-methyl-
piperazine and bromobenzene. Using Pd2(dba)3/BINAP, a significant induction
period was observed. This induction period can be attributed to the slow conver-
sion of the catalyst precursor into the active form. The presence of the induction
period can mask the true kinetics of the reaction, and lead to a false interpretation
of kinetic data. According to the kinetic data, the reaction rate exhibited a positive-
order dependence on both aryl bromide and secondary amine and a zero-order
dependence on the base (NaOt-Am) concentration. It was also determined that
Pd(BINAP)2 was not, as had been previously suggested [22], involved in the catal-
ytic cycle. Blackmond had previously cast doubt on the intermediacy of this spe-
cies [24].
Besides the route involving the oxidative addition of the aryl halide to a

Pd(BINAP) species (Scheme 13-4), an additional pathway consisting of amine
association to the Pd(BINAP) species prior to oxidative addition was suggested.
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This was supported by a positive-order dependence of the reaction rate on the
amine concentration and the higher reaction rate obtained by longer premixing
times with amine, base, and precatalyst. Accordingly, a mechanistic scenario for
Pd-catalyzed C-N bond formation was proposed to account for these observations
as shown in Scheme 13-4. The competition between amine and aryl bromide
for the Pd(BINAP) species permits these two separate catalytic cycles with relative
ratio of amine to aryl bromide dictating the contribution of each cycle.
Hartwig carried out a mechanistic study of the Pd/tBu3P-catalyzed amination of

p-chlorotoluene with N-methylaniline (Scheme 13-5) [25]. The kinetic measure-
ments were made from reactions that were monitored in a NMR tube using a
large excess of p-chlorotoluene and NaOCEt3. These authors suggested that oxida-
tive addition was rate-limiting, as the reaction showed a first-order dependence of
reaction rate on aryl chloride. Further deconvolution of the kinetic data suggested
two catalytic cycles. Pathway A is comprised of the oxidative addition of the aryl
halide to [t-Bu3P]Pd (I) followed by the amine association, deprotonation (with
loss of NaCl), and reductive elimination to afford the product and regenerate I.
This pathway predicts a zero-order dependence of the reaction rate on the concen-
tration of base, which was observed when NaOCEt3 was used. The competing re-
action cycle, anionic pathway B, consists of the association of a base or an anion
to [tBu3P]Pd to form intermediate II preceding the oxidative addition of aryl halide.
Subsequent amine-base (or amine-anion) exchange is followed by reductive elimi-
nation to complete the catalytic cycle. With this anionic pathway, a first-order de-
pendence on base (or anion) should be obtained; a positive-order dependence on
NaOtBu or NaO(2,4,6-tBu)3C6H5 suggested the presence of pathway B. The relative
contribution of the two pathways depends on the binding ability of the anion pres-
ent. Further support for the proposed mechanism was provided by examining the
effect of the addition of different halides on the reaction rates. The inclusion of
tetraoctylammonium chloride had no measurable effect on the reaction rates,
while in the presence of the corresponding ammonium bromide, a rate accelera-
tion even more pronounced than that observed in the presence of added alkoxides
was seen. The different behavior manifested in the presence of Br– compared to
that seen with Cl– was attributed to the different binding abilities of the halides
to I.
It is important to point out that, in each of these investigations, a pathway in

which a nucleophile binds to a Pd(0) species prior to oxidative addition was pro-
posed. Both mechanistic studies described above also suggested that the initial dis-
sociation of a ligand from a L2Pd species to generate a catalytically active L1Pd
intermediate was occurring, the possibility of this was first suggested by Hartwig
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several years ago [26]. Therefore, it is important to point out that the L/Pd ratio can
be critical to the success of this reaction, and that the addition of excess ligand may
retard the reaction rate. However, if an insufficient quantity of ligand is present,
catalyst deactivation may occur.

13.3
General Features

It is important to realize that Pd-catalyzed C-N bond-forming reactions are differ-
ent from the better-studied C-C cross-coupling processes. The diversity in the
nature of nitrogen nucleophiles employed is much greater than, for example,
that between different boronic acids. This can be readily appreciated if one com-
pares primary alkylamines, cyclic and acyclic secondary amines, anilines, diaryl-
amines, amides and nitrogen heterocycles. Moreover, an amine is more likely
than an arylboronic acid or a trialkyltin reagent to bind (sometimes more than
one at a time) to the Pd center of an intermediate complex. Since the original
reports of tin-free procedures, myriad protocols using a wide array of ligands,
metal precatalysts, bases, and solvents have been reported. This has, in many
instances, left the synthetic chemist feeling overwhelmed. Therefore, we feel it is
important to discuss the general aspects of the precatalysts, ligands, and bases
as well as solvents used for this transformation.
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13.3.1
Precatalyst

Two types of precatalysts are primarily used for Pd-catalyzed C-N bond-forming
processes, namely Pd(OAc)2 and Pd2(dba)3 (or Pd(dba)2). In Pd(OAc)2, the Pd is
in the þ2 oxidation state, and therefore it needs to be reduced to Pd(0) prior to
the initiation of the catalytic cycle. In general, the reducing agent is the amine sub-
strate; amines possessing a b-hydrogen are efficient in this regard. In other cases,
for example, with aniline or amide substrates lacking a b-hydrogen, the process
may be slow. A catalytic quantity of phenylboronic acid [27], or a more reducing
amine (e. g., Et3N, iPr2NH) can be added if necessary, to facilitate reduction. The
use of Pd2(dba)3, which is a source of Pd(0), does not require prereduction to
take place. In some cases, however, the presence of the dba ligand can inhibit or
facilitate the desired transformation [23, 28].

13.3.2
Ligand

The nature of the ligand plays a key role in Pd-catalyzed C-N bond-forming pro-
cesses. Electron-rich ligands will increase the electron density around a Pd center,
thereby facilitating the oxidative addition step. Bulky ligands will shift the equili-
brium between LPd and L2Pd in favor of LPd, which is believed to be the active
species in the catalytic cycle. Moreover, sterically encumbered ligands will also
accelerate the rate of reductive elimination step. However, simply increasing the
steric bulk may lead to a situation where the binding of the ligand to Pd is ineffect-
ive and precipitation of Pd black occurs.
The evolution of ligands used for Pd-catalyzed C-N bond formation has experi-

enced four stages (Figure 13-1). In the first stage, o-Tol3P – the ligand that was
used by Migita and Kosugi in their pioneering studies on the coupling of an ami-
nostannane with aryl bromides – was employed in the initial work of Buchwald
and Hartwig. Subsequently, it was found that by utilizing chelating ligands, such
as BINAP [29] (initially enantiomerically pure, subsequently in racemic form) or
DPPF [30], the substrate scope and efficiency of the transformation could be signif-
icantly improved. Additionally, two ligands developed by Van Leeuwen [31], Xant-
phos (4) [32] and DPEPhos (5) [33], produced catalysts that have exhibited excellent
activity for certain type of substrates. The discovery of 2l-dimethylamino-2-dicyclo-
hexylphosphinobiphenyl (12b) [34] provided the first example of a new class of
ligands that allowed the use of unactivated aryl chlorides and aryl bromides
under mild conditions, even at room temperature. Subsequently, structurally simp-
ler ligands 2-dicyclohexyl- (19a) and 2-di-t-butylphosphino biphenyl (21a) and their
derivatives were prepared [35]. This class of biphenyl ligands could handle a wide
array of substrates for C-N bond formation [36]. Moreover, a practical and efficient
one-step protocol was developed to prepare the more highly substituted biaryl
ligands that allowed flexible manipulation of the substituents in the non-phos-
phine-containing benzene ring (Scheme 13-7) and for their preparation on
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multi-kilogram scale [37]. Significantly, all biaryl ligands synthesized to date are air-
and moisture-stable.
The use of the biarylphosphine ligands for the C-N coupling process has been

demonstrated on a 70-kg scale by workers at Rhodia Pharmaceutical Solutions
[38]. This, combined with the recent preparation of nearly 100 kg of the ligands,
augurs well for their use in commercial ventures [38].
Koie et al. at Tosoh were the first to study tBu3P (20) as a supporting ligand for

the amination reaction [39], and showed that it could be used to effect the coupling
of unactivated aryl chlorides and enjoyed a general substrate scope. Hartwig sub-
sequently modified the Tosoh method. In particular, he demonstrated that by
adjusting the 20/Pd ratio [40], the amination reaction could be conducted under
milder conditions. Heterocyclic carbene ligands such as 8a and 8b have also
been used in C-N bond forming processes [41], but they are less general than
12a, 19a, 20, and 21a. One reason for this is their need to employ a strong base,
which limits the functional group tolerance of the catalytic system.
The third-generation ligands (8–21) were the standard bearers until the recent

preparation and study of 2l,4l,6l-triisopropyl-2-dicyclohexylphosphinobiphenyl,
XPhos, 22a. The kinetics of the amination of an aryl chloride using 22a showed
that this bulky electron-rich ligand is the most active and the most stable of the
biphenyl ligands studied to date [42]. As shown in Figure 13-2, with p-chlorotol-
uene and morpholine as prototypical substrates, the amination reaction catalyzed
by 22a/Pd was much faster than those with catalysts derived from 19b-d. Due to
its recent discovery, a detailed study of the scope of application of 22a has not
yet been undertaken. However, for the limited cases that have been studied so
far, no example has been seen where 22a is less effective than any of the third-gen-
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eration ligands, including 19a and 21a. Thus, for the cases described below utiliz-
ing 19a and 21a, the reader should consider 22a as the first choice to investigate.
A variety of “single-component” precatalysts have also been employed, as shown

in Figure 13-3. These have the advantage that a predetermined ratio of L:Pd is
already attained. Their use is also of convenience for derivatizing via a high-
throughput screening approach.

13.3.3
Nature of the Base

The selection of the correct base is crucial for the success of C-N coupling pro-
cesses. This is particularly true with respect to functional group tolerance and
reaction rate. Reactions that utilize relatively strong bases such as NaOtBu are
invariably faster than those that utilize milder bases. This is presumably due to
the fact that deprotonation of the Pd-bound amine becomes rate-limiting when
weaker bases are employed. The use of NaOtBu (or other strong bases) is currently
required for processes that are carried out at room temperature and those carried
out with low quantities of catalyst (much below 0.5%). An economical alternative
to NaOtBu is the use of KOH (or NaOH) either as an aqueous solution or in solid
form in other solvents such as toluene and tBuOH. The first reported use of
hydroxide bases in amination reactions came from Boche [50]. Subsequently,
Nolan [51], Hartwig [52], and Buchwald [27, 47] have extended these findings.
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Buchwald’s introduction of Cs2CO3 as an alternative base [53] was significant in
terms of increased functional group compatibility. This base is particularly effective
when chelating ligands such as BINAP, Xantphos or DPEphos are used. Later,
Buchwald found that K3PO4 was an excellent base [34] for use with the biaryl
ligands, and it was subsequently used with tBu3P [40] but not, for the most part,
with chelating ligands. Recently, Buchwald has found that in some cases the use
of K2CO3 in tBuOH is effective. It is important to note that when one considers
functional group compatibility, it is the combination of the base and the nitrogen
nucleophile that is responsible for side reactions. For example, while the reactions
of many functionalized substrates work well with an aniline employing NaOtBu
as base, this does not mean that the reaction will work with an N-alkyl amine in
combination with the same base.

13.3.4
Solvent

Pd-catalyzed carbon-nitrogen coupling reactions are air-sensitive and need to be
carried out in deoxygenated solvents. Toluene, the most popular solvent for this
transformation, has been dried through the use of dry-stills. Other solvents or
co-solvents, such as tBuOH, DME, dioxane, DMF, and NMP can often be used dir-
ectly from commercially available SureSealr bottles from Aldrich without further
degassing; toluene of this quality should also be fine. The degree of scrupulousness
that is necessary depends on the rate of a specific reaction. A relatively slow react-
ion (e. g., 24 h) would be expected to be more sensitive than a faster one and there-
fore require greater care. Similarly, the lower the quantity of catalyst that is em-
ployed, the more sensitive the reaction will be to solvent impurity.

13.3.5
Reaction Temperatures

In general, amination reactions have been carried out at temperatures between
room temperature and 120 hC, although in a few instances the use of reaction
temperatures as high as 150 hC have been reported. A combination of thermal sen-
sitivity of the substrates and/or products, the reaction’s efficiency toward product
formation, and the convenience of running the reaction (minimization of reaction
time vs. ease of setup for high throughput screening applications) leads the
chemist to use a particular set of reaction temperatures and conditions.

13.3.6
Use of a Glovebox

In the present authors’ studies, a conscious decision was made not to employ a
glovebox to either set up or run reactions. However, bulk quantities of hygroscopic
bases (NaOtBu, Cs2CO3) are stored in a glovebox, with small quantities (2–3 g)
being removed and used for a two- to three-week period and stored in a desiccator.
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The chemist is warned to read very carefully the experimental procedures (usually
in the supporting information) to identify whether the reaction has been set up or
conducted in a glovebox. Attempts to utilize the described reaction condition with-
out employing a glovebox may affect the efficiency of the procedure. This is
expected to be particularly true for difficult substrate combinations, or when
small quantities of catalyst are employed.

13.4
Palladium-Catalyzed C-N Bond Formation

13.4.1
Arylation with Amines

13.4.1.1 Ammonia Equivalents
The use of ammonia as the nucleophilic component in Pd-catalyzed amination
reactions has not been reported. Fortunately, alternate means to meet the needs
of the synthetic chemists have been developed. Buchwald first reported the use
of benzophenone imine as an ammonia surrogate in Pd-catalyzed C-N bond for-
mations (Scheme 13-8) [54], and showed that it could be successfully coupled
with a variety of aryl bromides, iodides, and triflates; the resulting imine coupling
products were conveniently cleaved to the corresponding primary anilines in good
yields. With NaOtBu as a base, BINAP, 1, was an efficient ligand for this
transformation. Substrates which are prone to base hydrolysis, such as 4-carbo-
methoxyphenyl triflate, were also effectively coupled to benzophenone imine
using Cs2CO3 as base.

Prashad found that other alkoxides were also effective bases in the coupling of
benzophenone imine [55]. For example, treatment of 4-t-butylbromobenzene
with benzophenone imine in the presence of NaOiPr at 80 hC followed by acid
hydrolysis afforded 4-t-butylaniline in 96% yield (Scheme 13-9). Replacing NaOiPr
with NaOMe gave the desired product in only slightly diminished yield. As shown
in Scheme 13-9, in one example where the use of mild bases was inefficient,
switching to NaOMe gave the product in good yield.
A catalyst derived from Arduengo’s heterocyclic carbene [56] (8a) was shown to

effect the amination of aryl chlorides with benzophenone imine at 80 hC with
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KOtBu as base [51]. Primary anilines were obtained in high yield upon hydrolysis.
However, the need to use a strong base in these procedures limited the functional
group compatibility of this protocol. Commercially available 19a also proved to be
an excellent ligand for the amination of aryl chloride (Scheme 13-10).

With the discovery of XPhos, 22a, the efficient coupling between benzophenone
imine and aryl benzenesulfonates was realized for the first time (Scheme 13-11)
[27]. A catalyst derived from this ligand was demonstrated to have a broad substrate
scope for the amination of aryl sulfonates.

Several applications of the use of benzophenone imine as an ammonia equiva-
lent have appeared. For example, Singer and Buchwald synthesized the amino-
BINOL precursor using a catalyst derived from DPEphos (5) [Scheme 13-12,
Eqn. (1)] [57]. Lemi�re prepared the aminoflavone in 50% yield (two steps) employ-
ing the Pd/BINAP protocol [Scheme 13-12, Eqn. (2)] [58]. This example is notable
in that the presence of a free phenol in the triflate substrate was well tolerated.
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The benzophenone imine protocol has proved to be reliable; Merck chemists uti-
lized it on moderate scale (Scheme 13-13) [59]; in this case, 3.6 kg of product was
isolated in 86% yield with DPPF as the supporting ligand.

In the preparation of a selective 5-HT1F receptor agonist, Filla and Mathes [60]
installed the 6-amino group at the end of their synthetic sequence. Employing
the original BINAP protocol, the desired product was isolated in 88% yield over
two steps (Scheme 13-14).

Hartwig [61] reported the use of LHMDS as the ammonia equivalent for the cou-
pling of m- or p-substituted aryl halides (Br and Cl). Screening various ligands
using a 1:1 ratio of L:Pd revealed that tBu3P, 20, was effective (Scheme 13-15).
In the presence of 2–5 mol% Pd(dba)2/20, aryl bromides and chlorides bearing
sensitive functional groups were coupled with LHMDS at room temperature.
The reaction also proceeded at low catalyst loading (0.2–1 mol%) at 70–90 hC.
One limitation of this protocol is that aryl halides bearing ortho-substituents
were not viable substrates.
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Using a L:Pd ratio of 2:1, Buchwald demonstrated that other ligands such as 5,
19a, and 21a were efficient for the coupling of LHMDS [62]. For example, with 5 as
supporting ligand, N,N-diethyl-4-aminobenzamide was prepared from the corre-
sponding bromide in near-quantitative yield. In order to expand the method to
o-substituted aryl halides, triphenylsilylamine was used as the ammonium surro-
gate (Scheme 13-16). It was also found that LiNH2 could be used to obtain di-
or tri-arylamine products in a one-pot protocol, with 21a serving as the most
efficient ligand.
Other reagents have also been reported as ammonia equivalents in Pd-catalyzed

C-N bond-forming reactions. For example, the use of allylamine [63] and a Ti
N2-fixation complex [64] have also been described.

13.4.1.2 Primary Aliphatic Amines
Early examples of the coupling of primary alkylamines with electron-neutral aryl
bromides and m- or p-substituted aryl iodides employing o-Tol3P as a ligand
often yielded a significant quantity of the reduced arene product [65]. Racemization
was observed when the coupling of enantiomerically pure a-methylbenzylamine
was used [66]. Both results can be attributed to competing b-hydride elimination
processes, although the reasons for arene formation are more complex. The
other major side product in the arylation of primary amines was the bis-arylation
product. This undesired process could be mitigated by employing an excess (up to
2 equiv.) of the primary amine. In order to circumvent the b-hydride elimination
pathway, Buchwald examined the effect of other ligands and found that use of
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BINAP, 1, could significantly alleviate the amount of arene formation, thereby im-
proving the yield of the desired products [29]; a comparison of the yield of prod-
uct formed with various ligands is shown in Table 13-1. It is important to note
that the efficiency of BINAP is not solely due to the fact that it is a chelating
bisphosphine. As shown below, various N-alkylanilines were prepared from the
corresponding aryl bromides and primary alkylamines in good yield using a
low catalyst loading.

In addition, with 1 as a supporting ligand, (R)-a-methyl benzylamine and 4-bromo-
biphenyl were coupled to give the desired product in 86% yield without erosion of
optical activity (i99% e. e.) [66]. Typically, NaOtBu was the base of choice, although
the use of other strong bases has also been reported. However, certain functional
groups, particularly aryl triflates, were not compatible with the use of strong bases.
Buchwald and �hman [67] discovered that the use of Cs2CO3, a weaker base, would
allow for the coupling of substrates containing these sensitive groups.
Catalysts derived from DPPF [30] have also provided better results than that from

the o-Tol3P on the arylation of primary alkylamines in certain situations. As shown
below, N-alkylanilines were synthesized from primary alkylamines and electron-
deficient or ortho-substituted aryl bromides, as well as aryl triflates [68].
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Procedures employing BINAP as a ligand have been shown to be more efficient
than those with DPPF and DPPP for the amination of halothiophenes with
primary alkylamines. Luker [69] demonstrated that with Cs2CO3 as a base, various
primary alkylamines could be coupled with 3-halothiophene-2-carboxylic acid
methyl esters in good yield.

Mangeney prepared a new set of nitrogen-containing ligands using a Pd/1-catal-
yzed amination protocol [70]. N,Nl-diaryl-1,2-diphenyl-1,2-diaminoethanes were
synthesized in excellent yield. No meso-products were detected by 1H-NMR, indicat-
ing that no epimerization had occurred.
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In the synthesis of the nonsedating antihistaminic norastemizole (Scheme 13-21),
Senanayake reported the observation of a high level of chemoselectivity between a
primary amino and a secondary amino group in the coupling of chlorobenzimida-
zole (III) [71] employing the original Pd/1 reaction conditions. In contrast, under
thermolytic conditions, the selectivity was reversed and the more nucleophilic sec-
ondary amine was arylated, with good selectivity.

Chida reported the construction of a N-glycosidic linkage via the Pd/1-catalyzed
reaction between O-benzyl-b-d-mannopyranosylamine (VI) and chloropurine (VII)
[72]. Anomerization (thermal) of the glycoside occurred under the reaction condit-
ions to give the thermodynamically more stable b-anomer. This efficient coupling
paved the way for the first total synthesis of nucleoside antibiotic spicamycin con-
geners-SPM VIII.

In order to study the molecular mechanism of the antitumor activity of kinamy-
cins [73], Dmitrienko synthesized a structurally simplified analogue of kinamycin
involving a Pd-catalyzed C-N bond-forming process. Utilizing the Pd/1 catalyst sys-
tem, benzylamine was coupled with an aryl bromide to give the secondary amine
VIII and debenzylated product IX in a combined 95% yield. VIII was subsequently
debenzylated to afford IX.
Owing to their higher stability, aryl nonaflates are attractive alternates to aryl

triflates. The first general study of the Pd-catalyzed amination of nonaflates has
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recently been carried out [74]. With DPEPhos, 5, as the supporting ligand, the ami-
nation of methyl 2-[(nonafluorobutanesulfonyl)oxy]benzoate with hexylamine was
realized (Scheme 13-24). This coupling of a primary alkylamine with an o-halo-
(or sulfonato-) benzenecarboxylate ester has, to our knowledge, never been accomp-
lished [75].

A series of P,O and P,N ligands were synthesized by Guram and examined for
their utility in Pd-catalyzed aminations [76]. Among these ligands, 10b proved to
be especially useful since, when combined with Pd(OAc)2, it efficiently catalyzed
the amination of aryl chlorides, bromides, and iodides. As shown below, 2-chloro-
anisole – an electron-rich ortho-substituted aryl chloride – was coupled with octyl-
amine to furnish the product in good yield.

Recently, the use of the sterically encumbered, electron-rich ligand Q-Phos 14
[77] was shown to be efficient for the coupling of primary alkylamines with aryl
chlorides (Scheme 13-26). For base-sensitive substrates, weaker bases such as
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K3PO4, could be used. Catalyst systems derived from imidazolium salt 8a and 8b
could also be employed to effect the amination of aryl chlorides with NaOt-Am
as a base to give the desired N-alkylanilines in good yields [41, 51]. 4-Chlorotol-
uene, however, was the only aryl halide described in this study. Attempts to sub-
stitute weaker bases for NaOt-Am were not successful; decomposition of the cata-
lyst was observed.
The use of aqueous hydroxide in amination processes was first reported by

Boche [50], who also studied the reaction under two-phase conditions. Nolan re-
ported the use of a hydroxide base in reactions that utilize a carbene ligand [51].
Hartwig subsequently reported a protocol where solid or aqueous alkaline hydrox-
ides were used as bases [52]. In latter study, cetyltrimethylammonium bromide was
used as a phase-transfer agent, and Pd[PtBu3]2 as a catalyst (Scheme 13-27). Good
yields were realized in a number of instances; however, the combination of aque-
ous potassium hydroxide and a primary alkylamine was not compatible with
methyl or ethyl esters. With an air-stable, one-component palladacycle catalyst
derived from 21a [47], Buchwald found that the use of a phase-transfer reagent
was unnecessary. As shown below, the reaction of 2-chloroanisole and benzylamine
occurred at 90 hC to give the N-benzyl-2-methoxyaniline in excellent yield.

Recently, Verkade reported the use of bicyclic triaminophosphine (16) as a new
class of ligand for Pd-catalyzed amination reactions [78]. The catalyst based on
this interesting ligand has demonstrated the ability to conduct the reaction be-
tween primary alkylamines and aryl chlorides.

The discovery and commercial availability of 12b led to the development of pro-
cedures with greatly expanded substrate scope for the arylation of primary alkyl-
amines [34, 79]. The highly active catalyst derived from this ligand could effect
the reaction of primary alkylamines with aryl bromides at room temperature,
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and of aryl chlorides at 100 hC. Employing weaker bases, ester groups, meta or para
(not ortho) to the leaving group are compatible with the reaction conditions.
The catalyst derived from the simple biaryl ligand 21a showed higher activity for

the arylation of primary alkylamines relative to 12b (Scheme 13-30) [36]. For
example, reactions between aryl chlorides and primary alkylamines occurred at
room temperature. As for functionalized substrates, 19a provided better results
and, using a combination of the weak base K3PO4 and primary alkylamine, func-
tionalized aryl chlorides were successfully coupled at 100 hC.

The amination of aryl tosylates is more challenging than that of aryl triflates be-
cause aryl tosylates undergo oxidative addition significantly more slowly than the
corresponding aryl triflates. Before the introduction of XPhos, 22a, only one
example of the amination of a tosylate with an aliphatic primary amine was
reported [80]. Using Solvias’ ligand 13 [81], hexylamine was combined with p-
tolyl tosylate to give the desired product in 83% yield (Scheme 13-31). This catalyst
system could also be used for the coupling of primary alkylamines and aryl
chlorides at 110 hC.
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Catalysts derived from the biaryl ligand XPhos, 22a, have been shown to possess
an excellent level of stability and selectivity in the reaction of primary alkylamines
with aryl chlorides or bromides bearing sensitive functional groups (Scheme 13-32)
[27]. Moreover, using 22a it was possible, with good generality, to effect the aminat-
ion of aryl benzenesulfonates with primary aliphatic amines.

13.4.1.3 Cyclic Secondary Alkylamines
Cyclic secondary alkylamines are among the easiest substrates for amination reac-
tions, most likely due to the fact that they are less prone to b-H elimination and
less bulky compared to their acyclic counterparts. Most catalysts reported to date
that are effective in the C-N bond-forming processes allow the coupling of aryl hal-
ides with cyclic secondary amines to occur, including those derived from the first-
and second-generation ligands (o-Tol3P [18], BINAP 1 [29c], and DPPF 2 [30]). The
use of ligand 1 was generally more effective than o-Tol3P, as lower levels of arene
formation were observed. Catalysts derived from 2 have been reported to be effect-
ive for the amination of aryl triflates (Scheme 13-33) [69].

While NaOtBu was generally employed as the base for the reactions, other strong
bases such as NaOMe and NaOiPr have also been employed [55] in combination
with Pd/1 to give, in some instances, comparable yields of the desired products.
When base-sensitive functional groups were present, weaker bases were generally
employed.
An application that demonstrated the utility of Pd-catalyzed amination is found

in Tanoury’s highly convergent synthesis of the antifungal, hydroxyitraconazole
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(Scheme 13-34) [82]. The construction of two key C-N bonds between aromatic
units and piperidine was realized with the Pd/1 system. In particular, in the last
step, two highly functionalized heterocyclic pieces were coupled to give the desired
product in 81% yield [83]. Removal of the silyl group with TBAF furnished enan-
tiomerically pure hydroxyitraconazole in 91% yield which had an e. e. i99%.
In the synthesis of the analgesic cyclozine [84], Wentland found that the pyrro-

lidine unit could be concatenated to the aromatic ring via Pd-catalyzed C-N bond
formation from the corresponding aryl triflate X.

Ferrocene-based monophosphine 7a, was also a useful ligand for the arylation of
cyclic amines, as well for that of the acyclic secondary amines [53]. It was during
the course of the study of this ligand that Cs2CO3 was found to be a suitable
base for aryl bromides and triflates bearing base-sensitive groups such as cyano,
alkoxycarbonyl and nitro, as well as enolizable ketones. The discovery of the use
of weaker bases (compared to metal alkoxides) dramatically impacted on the sub-
strate scope for Pd-catalyzed C-N bond-forming processes, and their use has been
embraced by other workers in this field [85].
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Guram also reported the use of the tri-aryl P,O ligand 10a for the arylation of
cyclic amines [76]. With as little as 1 mol% catalyst (Pd/10a), 4-bromobenzophen-
one was allowed to react with piperidine to give the amination product in good
yield (Scheme 13-27). Replacing the diphenylphosphine group (10a) with the
more electron-donating dicyclohexylphosphino moiety (10b) allowed the coupling
of aryl chlorides with morpholine to proceed at 105 hC.

Nolan reported that the unsaturated heterocyclic carbene 8a/Pd system could
successfully catalyze the reaction between aryl bromides (as well as aryl chlorides)
and cyclic secondary amines at 80 hC (Scheme 13-38) [41a]. Hartwig found that the
same reaction could be conducted at room temperature in the presence of the more
active catalyst derived from the saturated carbene 8b [41b].

Trudell reported the arylation of 7-azabicyclo[2,2,1]heptane with heteroaryl ha-
lides in the presence of a Pd bis-imidazol-2-ylidene complex [86].

The chemoselective amination of piperazine was achieved by the Tosoh group
using tBu3P, 20, as a ligand (Scheme 13-40) [39]. In order to obtain high yields
of the monoarylation product, a six-fold excess of piperazine was employed.
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Hartwig carried out a more detailed study [40] on the Tosoh system, and found
that the efficient coupling of cyclic secondary amines and aryl bromides could be
performed at room temperature when a Pd:20 ratio of 1:0.8 was used (Scheme
13-41). The amination of aryl chlorides proceeded at 70 hC with this system. Sub-
strates bearing a variety of functional groups were tolerated with this catalytic sys-
tem when weak bases were employed.

The catalyst derived from 12b demonstrated a broader substrate scope than that
from 1 [34]. Aryl chlorides as well as bromides could be used with this supporting
ligand (Scheme 13-42). Pd2(dba)3/12b can effect the cross-coupling of morpholine
and methyl 4-bromobenzoate in the presence of K3PO4. When stronger bases were
used, a substantial amount of byproduct produced by ester cleavage was observed.
Substrates bearing enolizable carbonyl groups (e. g., 4-bromoacetophenone) could
also be coupled with morpholine using Cs2CO3 as base, without undesired side re-
actions such as aldol processes.

Catalysts derived from the bulky, electron-rich ligands 19a and 21a have demon-
strated even higher catalytic activities (but not better catalyst longevity or scope) for
amination reactions [36]. These ligands can be used to effect the amination of a
variety of aryl bromides as well as aryl chlorides at room temperature. For example,
in the presence of NaOtBu, electron-rich 4-bromoanisole coupled with morpholine
at room temperature to afford the desired product in 83% yield (Scheme 13-43).
Substrates containing unprotected hydroxyl, phenol, or primary and secondary

amide functional groups are problematic under most amination conditions. This
is presumably due, in some instances, to the strong binding affinity of the depro-
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tonated species towards Pd(II). A recently reported protocol [87] employing a comb-
ination of LHMDS and 12b (or 19a) demonstrated expanded functional group tol-
erance (Scheme 13-44). In particular, free hydroxyl, secondary amide and enoliz-
able ketones are tolerated under these reaction conditions.

Dobler [88] employed the Pd-catalyzed amination protocol as a key step in the
total synthesis of rocaglamide analogues (Scheme 13-45). Several ligands were
examined, and only the Pd/12b catalyst system allowed the coupling of the highly
functionalized aryl bromide XI with morpholine to give the product in even
moderate yield.

Using pyrrolidine and 4-t-butylphenyl tosylate as a prototypical substrate combi-
nation, Buchwald carried out a comparative study of various ligands that demon-
strated the high efficiency that ligand 22a possesses (Scheme 13-46) [27]. The
size of the dialkylphosphino group and the substituents at the 2- and 6-positions
of the bottom ring were key. For example, substituting the two isopropyl groups in
22a with methyl groups as in 23a provided a ligand that was inefficient for this
transformation. With the bottom ring as 2,4,6-triisopropylphenyl held constant,
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the effect of varying the size of the PR2 moiety was examined. Neither the ligand
with the smallest group (Et2P, 22c) nor the largest group (tBu2P, 22b) was as effic-
ient as 22a. Now commercially available 22a [89] has proven to be the most general
ligand for the amination of arenesulfonates. Interestingly, it was discovered that
reactions of benzenesulfonates, in many instances, provided higher yields and/or
proceeded with shorter reaction times than the corresponding tosylates.

13.4.1.4 Acyclic Aliphatic Secondary Amines
Acyclic aliphatic secondary amines are more challenging substrates for aromatic
amination processes as they are sterically more demanding and more prone to
b-H elimination than cyclic dialkylamines. The level of steric encumbrance of
the substrates can be extremely important to the success of a particular outcome.
For example, the coupling of ortho-substituted aryl halides with dialkylamines re-
mains a challenge to date. In most cases, N-methylaniline is an excellent substrate,
whereas the arylation of other alkyl arylamines or dialkylamines could be proble-
matic. Success with this particular amine does not necessarily presage success
with any other amine nucleophiles. Therefore, protocols that only show results
using N-methylaniline will not be discussed at this point.
The initial catalytic system based on o-Tol3P was somewhat effective for the ary-

lations of dialkylamines [18], whereas catalysts based on chelating ligands were
much poorer [29c]. An exception was the amination of the aryl triflate XII with
the smallest amine in this class, dimethylamine, using Pd/1 to provide the mor-
phine derivatives in 91% yield [90].
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A study of the efficiency of different ligands revealed that 7a and 7b [91] were
superior to either 1 or 2 for the arylation of acyclic secondary amines, with both rate
enhancements and higher yields being observed (Scheme 13-48). Using Pd/7a,
even electron-rich aryl bromides could be coupled with acyclic dialkylamines in
good yield.

The first amination of an aryl chloride was reported by Beller, who discovered
that palladacycle derived from o-Tol3P was able to catalyze the arylation of acyclic
secondary amines with activated chlorides in the presence of added LiBr (Scheme
13-49) [43]. The formation, in some cases, of substantial amounts of regioisomeric
products indicated the presence of a competing benzyne pathway.

The carbene ligand derived from the imidazolium salt 8a provided a catalyst that
was active enough to effect the Pd-catalyzed coupling of dibutylamine and aryl
chlorides at 80 hC (Scheme 13-50) [41a].
Recently, Hartwig reported that the arylation of acyclic dialkylamines could be

efficiently carried out using Q-Phos, 14 (Scheme 13-51) [77]. While the reaction
of para-substituted aryl halides with dialkylamines afforded products in good
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yield, the amination of the ortho-substituted aryl halides was troublesome, and
large amounts of arene product were observed. It should be noted that, at present,
no system is available for the efficient catalysis of this type of substrate combinat-
ion.
The P,O ligand, 10b, developed by Guram was equally effective for the coupling

of aryl halides and dialkylamines (Scheme 13-52) [76]. Unfortunately, only the re-
actions of simple aryl halides were reported, although the amination of electron-
neutral aryl chlorides proceeded with good yield.

Hartwig has shown that the Pd/20 system could effectively catalyze the amina-
tion of simple aryl chlorides, as well as aryl bromides, with acyclic secondary alkyl-
amines, even at room temperature (Scheme 13-53) [40]. Moreover, the reactions be-
tween hetero-aromatic aryl halides and acyclic dialkylamines were realized at a
temperature between 50–150 hC, although the use of Pd(O2CCF3)2 was necessary
[92]. In some instances, up to a five-fold excess of the heteroaryl halide was used.
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Recently, the Yale group also reported that Mingos-type Pd(I) dimer complexes
[93], [(PdBrL)2], were active catalysts for the reaction of various aryl chlorides and
dialkylamines at room temperature in minutes (Scheme 13-54) [46]. However,
the scope of this catalytic system was narrower than those previously described
that employed biphenylphosphines (12b, 19a, 21a) and tBu3P, 20, as primary
amines and diarylamines gave no reaction at room temperature.

In light of the recent focus on the aromatic C-H functionalization processes,
Bedford devised an ingenious one-pot amination/C-H functionalization sequence
for the synthesis of carbazoles from aryl halides and N-alkyl-2-chloroanilines
(Scheme 13-55) [94]. The optimized reaction conditions included the use of
Pd(OAc)2/20 as catalyst and NaOtBu as base. It is important to note that the key
C-H functionalization step was precedented by the investigations of Sakamoto [95].

The aminophosphine 12b proved to be an excellent supporting ligand for the
coupling of acyclic secondary alkylamines. The catalyst system derived from this
ligand is active enough to allow the arylation of acyclic dialkylamines with aryl hal-
ides (including iodides, bromides, and chlorides) to proceed at room temperature
(Scheme 13-56) [36]. Due to the mild reaction conditions, a broad range of sub-
strates including electron-rich, electron-neutral, and electron-poor aryl bromides
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could be successfully coupled in good yield. For example, as shown in Scheme
13-56, the reaction of 4-chloroanisole with dibutylamine occurred at 80 hC in excel-
lent yield. The simple biphenyldialkylphosphines (19a and 21a) were also able to
effect the amination of various aryl halides at room temperature. The use of ligand
19a was more effective than ligand 21a for the arylation of acyclic secondary
amines. The reactions of aryl chlorides as substrates often gave better yields
than those of aryl bromides.
An unusual application of Pd-catalyzed C-N bond formation employing this par-

ticular catalytic system was reported by Seeberger and Buchwald, where C-N bond
formation was used as an integral component of protecting group cleavage [96]. As
shown in Scheme 13-57, Pd-catalyzed coupling of N-methylaniline with the 4-
bromobenzyl ether afforded an electron-rich benzyl ether that can be easily cleaved
by acid treatment. This strategy also offered the possibility of selective removal of
protecting groups by taking advantage of the different reactivity of 4-chloro-, 4-
bromo-, and 4-iodobenzyl groups in the Pd-catalyzed C-N bond-forming step.

XPhos, 22a, despite its relative youth, has shown high reactivity and generality in
Pd-catalyzed C-N bond-forming processes [27]. With different bases and solvent
combinations (Scheme 13-58), various acyclic dialkylamines were coupled with
aryl bromides, aryl chlorides, and aryl tosylates, including those that possessed
potentially problematic functional groups.
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13.4.1.5 Primary Anilines
Primary anilines are among the most easily coupled substrates, and their reactions
enjoy a high level of functional group compatibility. However, similar to what is
observed for primary alkylamines, double arylation can be a competing pathway.
A slight excess of amine relative to aryl halide is generally employed in order to
mitigate this side reaction. The initial o-Tol3P/Pd catalyst was moderately effective
for the arylation of primary anilines [18], while that derived from 1 was more reli-
able and enjoyed a broad substrate scope (Scheme 13-59) [29c].

Catalysts derived from other chelating phosphines, particularly DPPF, could also
efficiently catalyze the arylation of anilines. Employing this catalyst system in com-
bination with NaOtBu, aryl bromides, iodides [30], and triflates [68] were seen to be
viable substrates for amination reactions.

The amination of 4-chloro-3(2H)-pyridazinones with anilines was realized using
Pd(OAc)2/1 along with the weak base Cs2CO3 (Scheme 13-61) [97]. The selection of
base is extremely important, as the use of NaOtBu failed to give the desired prod-
ucts. Moreover, an excess of base was necessary in order to conduct the reaction
with low catalyst loading.
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Employing Pd/1, Brookhart and Hicks [98] reported the amination of the homo-
aromatic 2-triflatotropone with a wide variety of anilines including electron-defic-
ient as well as sterically congested ones (Scheme 13-62). Attempts to effect thermal
nucleophilic substitution yielded only a trace amount of product.

The Pd/1 system has also found wide application in the area of polymer synthe-
sis. Using 1,3-dibromobenzene and 1,3-diaminobenzene as monomers, Kanbara
prepared poly(imino-1,3-phenylene) in excellent yield with Pd2(dba)3/1 as catalyst
(Scheme 13-63) [99]. By employing the same catalyst combination, Buchwald
was also able to synthesize well-defined, end-functionalized oligoanilines [100].

The Pd/1-catalyzed combination of aryl bromide XIV and aniline XV was the key
step in Kamikawa’s synthesis of phenazine derivatives (Scheme 13-64) [101], and
the coupling occurred smoothly to provide the amination product in near-quantitat-
ive yield.
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Buchwald reported that the Pd(OAc)2/DPEphos (5) system could efficiently
accomplish the arylation of anilines with aryl bromides (Scheme 13-65) [33].
This system was at least as active as Pd(OAc)2/1, and is more active than the
Pd(OAc)2/2 system for this transformation. It was particularly effective for steri-
cally encumbered substrate combinations.

For the amination of nonaflates, Buchwald found that a catalyst derived from 4
gave excellent results [74]. As shown in Scheme 13-66, the cross-coupling of 2-
methoxycarbonyl-phenyl nonaflate with aniline afforded the desired product in
88% yield at 105 hC.

Guram reported that 10b was an effective ligand for the amination of aryl brom-
ides as well as aryl chlorides (Scheme 13-67) [76]. This highly active catalyst also
allowed coupling between sterically hindered anilines and sterically hindered aryl
chlorides.
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Verkade demonstrated that the bicyclic triaminophosphine P[N(iBu)CH2CH2]3N
(16) could be used as a supporting ligand for the amination of aryl chlorides with
anilines (Scheme 13-68) [78].

With saturated (8b) [41b] and unsaturated carbenes 8a [41a] as ligands, the amin-
ation of aryl chlorides could also be carried out at room temperature or with heat-
ing, respectively (Scheme 13-69). Nolan reported the synthesis of an air-stable com-
plex [Pd(8a)Cl2]2, and found that this complex was able to catalyze the arylation of
anilines [48].

The combination of Pd(dba)2 and Q-Phos, 14, was also a successful catalyst for
the arylation of anilines [77]. As shown below, the amination of aryl bromides
was carried out at 70 hC in high yield using 2 mol% of a Pd catalyst.
Employing NaOtBu as base, the coupling of aryl chlorides and anilines could be

achieved at room temperature using Pd/20 [40]. In addition, Hartwig reported that
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using this catalytic system, amination reactions could be carried out under biphasic
conditions with aqueous alkaline hydroxides as bases and cetyltrimethylammon-
ium bromide as a phase-transfer catalyst (Scheme 13-71) [52]. Sodium and potas-
sium hydroxide gave similar results. For the arylation of anilines, a variety of funct-
ional groups could survive under these biphasic conditions with the combination
of anilines and hydroxide bases. Interestingly, with 22a as a ligand [27], Buchwald
found that the amination reaction could be carried out with KOH in H2O in the
absence of a phase-transfer catalyst.

With the introduction of ligand 12b, the amination of functionalized aryl chlor-
ides was realized using the weaker base, K3PO4 [34, 36]. Moreover, with stronger
bases, the reaction of aryl chlorides as well as aryl bromides with anilines could
be conducted at room temperature with 1 mol% catalyst loading (Scheme 13-72).
It was also discovered that the use of LHMDS extended the functional group com-
patibility of this system [87].

The catalysts formed from biphenyl ligands 19a and 21a and Pd2(dba)3 were
highly effective and enjoyed a broad substrate scope, as electron-rich, electron-neut-
ral, and electron-poor aryl chlorides were efficiently coupled with anilines with
high turnover numbers [36].
An application of this highly active catalytic system was reported by Harris and

Buchwald in the synthesis of triarylamines [102]; these authors exploited the differ-
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ence in reactivity of aryl chlorides and aryl bromides in devising a one-pot synthe-
sis of triarylamines. Simply heating the mixture of an aryl chloride, an aryl brom-
ide and an aniline in the presence of Pd/21-catalyst and NaOtBu afforded the
desired triarylamine in excellent yield. For example (Scheme 13-74), heating a
mixture of 3-aminoaniline, 4-bromo-t-butylbenzene (2 equiv.), 4-chlorotoluene
(2 equiv.), base and the catalyst resulted in the formation of four C-N bonds to pro-
vide the desired triarylamine in 95% yield.

Hartwig disclosed the first example of the coupling of an aryl tosylate with an
aniline using a catalyst derived from 15 (Scheme 13-75) [78]. Only one example
of the amination of 4-cyanophenyl tosylate with aniline was reported. The use of
sterically hindered sodium 2,4,6-tri-t-butylphenoxide as the base was critical to
the success of this reaction.
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Buchwald recently discovered that the Pd/22a system was a more general catalyst
for the arylation of tosylates [27]. Excellent yields were obtained in the coupling of a
variety of nitrogen nucleophiles and aryl benzenesulfonates or aryl tosylates using
this catalyst system.

Besides the aryl tosylates, Pd/22a was very efficient for the amination of functio-
nalized aryl halides [27]. Particularly noteworthy was that the amination reaction
could be carried out with substrates containing free amino, free amido, and even
free carboxylate. An example carried out in aqueous KOH was also reported.
Note that in the case of XVI the aniline group with more acidic proton was selec-
tively coupled.

The complementary results seen for Pd-catalyzed and Cu-catalyzed C-N bond-
forming processes were exemplified in the highly chemoselective arylation of a
compound that contained a primary alkylamine and a primary arylamine [27].
As shown below, with Pd/22a, C-N bond formation occurred almost exclusively
at the aniline nitrogen, whereas, the selectivity was reversed when CuI/N,Nl-
dimethyl-1,2-cyclohexyldiamine was used as the catalyst.
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13.4.1.6 Diarylamines
Due to their lower nucleophilicity, the arylation of diarylamines is generally slower
than that of primary arylamines. As such, the selective monoarylation of anilines
can be achieved. Aimed at generating new materials, considerable effort has
been devoted to the preparation of triarylamines. By employing o-Tol3P or DPPF
as the ligand (Scheme 13-79), Hartwig reported the synthesis of dendrimeric
triarylamines [103].

Nishiyama and Koie disclosed the efficient coupling of aryl bromides with diary-
lamines using tBu3P/Pd(OAc)2 (Scheme 13-80) [104]. The efficiency of this protocol
was exemplified by the synthesis of hole-transport materials XIX-XXI from poly-
brominated aromatic compounds and diarylamines with only 0.025 mol%
Pd(OAc)2 used.

By lowering the ratio of L:Pd to 1:1, Hartwig found that enhanced reaction rates
could be achieved with 20. With this system, the amination of aryl chlorides with
diarylamines proceeded at room temperature [40, 105].
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The arylation of diarylamines with heteroaromatic halides was first reported by
Watanabe [106] using the Pd/20 catalytic system (Scheme 13-82). In this way, a
variety of thiophene-containing triarylamines were synthesized, and high turnover
numbers were realized in many of these examples. Later, using the same catalytic
system, Hartwig found that this protocol could also be used for the cross-coupling
between bromofurans and diarylamines to give the triarylamines in moderate to
good yields [92].

Buchwald also reported that the Pd/21 system was capable of performing the ar-
ylation of diarylamines with aryl bromides and chlorides at room temperature [36].
The catalyst derived from the sterically more congested XPhos, 22a, allowed the
first amination of aryl benzenesulfonates with diarylamines [27].

13.4.2
Arylation with Amides

The reactivity of amides in Pd-catalyzed coupling processes is quite different from
that of amines, presumably due to the differences in their pKa values. Shakespeare
first reported the intermolecular arylation of amides in 1999 [107]. Using the Pd/
DPPF system, the arylation of lactams were realized as shown in Scheme 13-84.
With the exception of 2-pyrrolidinone, other lactams could only be coupled with
electron-poor aryl bromides.
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A more efficient and general system based on Xantphos, 4, for Pd-catalyzed
amidation was reported by Yin and Buchwald (Scheme 13-85) [32]. The optimal
conditions required the use of dioxane as solvent and Cs2CO3 as base. Ester,
nitro, and cyano groups were compatible with the reaction conditions. Enolizable
ketones were problematic substrates for C-N bond formation of this sort, as prod-
ucts derived from the a-arylation of ketones were generally isolated as the major
product. Primary amides, acyclic secondary amides, lactams of various ring size
and formamides could be successfully arylated with electron-poor and electron-
neutral aryl bromides (Scheme 13-85). For electron-rich aryl halides, byproducts
arising from the exchange of the phenyl group of 4 with the aryl group of the prod-
uct were observed [108]. The catalyst loading and the concentration of the reaction
mixture were crucial to the success of the reaction as more phenyl exchange side
product arising from 4 was seen with increased quantities of catalyst.

XPhos 22a allowed the coupling of simple amides with aryl arenesulfonates for
the first time [27]. The arylation of lactams, primary amides, and N-methylforma-
mide proceeded smoothly with K2CO3 as a base in tBuOH (Scheme 13-86), though
other solvents such as toluene or dioxane provided less satisfactory results. The
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addition of a catalytic quantity of phenylboronic acid in these reactions was import-
ant to ensure complete reduction of the Pd(II) precatalyst to Pd(0). The application
of other ligands including 13, 15, and 20 that were able to effect the amination of
tosylates, was not efficient for this transformation, and none of these provided
more than a 4% yield of the desired product.
An interesting interplay between Pd and Cu catalysts was observed when amino-

benzamides were used as nucleophiles [27]. With CuI/N,Nl-dimethylethylenediam-
ine as catalyst, the arylation reactions occurred exclusively at the amido moiety. In
contrast, when the combination Pd/22a was employed, the amino nitrogen was se-
lectively arylated.

13.4.3
Arylation with Carbamates

Hartwig first reported the Pd-catalyzed arylation of carbamates using tBu3P, 20, as
ligand (Scheme 13-88) [40]. The optimal reaction conditions involved a 2:1 ratio of
L:Pd, and this worked well for electron-deficient and electron-neutral aryl brom-
ides. However, for electron-rich aryl bromides the yield of product was lower.
The use of sodium phenoxide as the base was crucial to the success of this reaction.

The Pd/Xantphos, 4, system that was effective for the arylation of amides was
also effective for the arylation of carbamates [32]. As shown in Scheme 13-89,
both cyclic and acyclic carbamates were efficiently arylated with functionalized
aryl bromides.
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Recently, Cacchi et al. reported the arylation of oxazolidinones through Pd-catal-
yzed C-N bond formations using 4 as the supporting ligand [109]. These authors
determined that the choice of ligand and base was dependent on the electronic na-
ture of the aryl bromides, as shown in Scheme 13-90. For aryl bromides bearing
enolizable ketones, products derived from ketone arylation processes were isolated.

Ghosh et al. examined the effects of various ligands on the arylation of oxazoli-
dinones using aryl chlorides [110]. It was found that in most cases, catalysts derived
from the chelating ligand BINAP, 1, DPPF, 2, Xantphos, 4, and DPEphos, 5, were
markedly less efficient than those from 12b, 19a, and 21a. Particularly noteworthy
was the finding that aryl chlorides bearing enolizable ketones were successfully
used as substrates.

The general utility of XPhos, 22a, has been demonstrated here again [27], as
Buchwald and Huang reported the first coupling between an aryl tosylate and a
carbamate with Pd/22a (Scheme 13-92).
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An interesting example of Pd-catalyzed arylation of a carbamate with an aryl
bromide was reported by Madar et al. [111]. In their study towards the synthesis
of antibacterial agents, these authors found that BINAP, 1, was an efficient ligand
for the arylation of oxazolidinones. This protocol was applied to the total synthesis
of a known antibacterial Dup-721, as shown below.

13.4.4
Arylation with Sulfonamides and Sulfoximines

In addition to amides and carbamates, sulfonamides were effectively coupled with
aryl bromides using Xantphos, 4, as the ligand [32]. Both primary and secondary
sulfonamides were successfully arylated at 120 hC and with Cs2CO3 as base.

Bolm et al. reported the Pd catalyzed N-arylation of sulfoximines with electron-
neutral and electron-deficient aryl bromides and aryl iodides with chelating ligands
[112], namely BINAP, 1, tol-BINAP, and DPEphos, 5 (Scheme 13-95). Although
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aryl bromides were effectively coupled, aryl iodides required the addition of lithium
and silver salts.
Based on Bolm’s result, Harmata reported a clever one-pot transformation invol-

ving C-N bond formation followed by an intramolecular condensation to yield
benzothiazines, as shown in Scheme 13-96 [113].

13.4.5
Arylation with Ureas

Beletskaya found that coupling reactions between electron-deficient aryl halides
and ureas could be accomplished with XantPhos, 4, as the supporting ligand
with Pd2(dba)3 [114]. When N-phenylurea was used as a substrate, N-aryl-Nl-
phenylureas were isolated as the major products.

Employing the same catalytic system, Buchwald reported the arylation of cyclic
ureas with electron-neutral aryl bromides to give the symmetrical products in ex-
cellent yield [32].
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In their study on the arylation of oxazolidinones [111], Madar discovered that the
Pd2(dba)3/1 system could be used to catalyze the coupling between ureas and elect-
ron-deficient aryl bromides, as shown below. Noteworthy is the selective substitut-
ion of the bromide in the presence of the fluoride at the 2-position.

13.4.6
Arylation with Heterocycles

The scope of Pd-catalyzed C-N bond formation between heterocycles and aryl
halides has so far been limited. In most instances, only simple examples have
been employed as substrates. With the resurgence of interest in the Ullmann-
type coupling reactions over the past ten years [20], use of the traditional Ullmann
reaction has been greatly expanded. Milder reaction conditions have been discov-
ered, mainly due to the emergence of new ligands for such processes. Conse-
quently, the reader is encouraged to consult references related to this chemistry
[115].

13.4.6.1 Indoles
One major challenge encountered in the arylation of indoles is the control of
regioselectivity between N-arylation and C-arylation. Hartwig first reported the
arylation of indoles using Pd/1 and Pd/2 [116]. With these, only aryl bromides bear-
ing a para-electron-withdrawing group could be efficiently coupled with indole.

Subsequently, milder reaction conditions for the arylation of indole were discov-
ered by employing the Pd(OAc)2 and t-Bu3P, 20, system (Scheme 13-101). With this
catalyst system, Watanabe disclosed that the arylation of indole could proceed with
electron-rich, electron-neutral, and electron-deficient aryl bromides [117].
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Using the same catalytic system, but with a Pd:20 ratio of 1:0.8 (Scheme 13-102),
Hartwig found that aryl chlorides as well as aryl bromides could be coupled with
indoles in a shorter reaction time than with the original system [40]. When most
ortho-substituted aryl bromides were used, a mixture of N-arylated, C-arylated,
and diarylated products were formed.

Buchwald found that the coupling of aryl halides and triflates with indoles exhib-
ited a strong ligand-dependence [118]. For example, a catalyst derived from either
the binaphthyl ligand 18 or the biphenyl ligand 12b worked well for the coupling of
aryl triflates with indoles lacking substituents at the 2- and/or 7-positions (Scheme
13-103). In addition, Pd/18 was also effective for the coupling with o-substituted
aryl halides. For the arylation of 2- and/or 7-substituted indoles, either 9 or 21a
was used in combination with Pd2(dba)3.
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Using the unsaturated carbene 8a as the supporting ligand and NaOH as
base [51], Nolan reported the N-arylation of indoles with aryl bromides
(Scheme 13-104). Other bases such as KOtBu, K3PO4 were not effective. Note-
worthy was the efficiency for the coupling with the hindered substrates, as
shown in Scheme 13-104.

XPhos, 22a, was used in the first demonstration of the coupling of a nitrogen
heterocycle [27], in this case indole, with an aryl tosylate. Another interesting result
with 22a was seen when 5-aminoindole was used as the nucleophile, and selective
arylation either at the amino or the indole nitrogen was accomplished simply by
switching between a Cu catalyst and a Pd catalyst, as shown in Scheme 13-105.

13.4.6.2 Pyrroles
Very few studies have been conducted on the N-arylation of pyrroles, and only stud-
ies with pyrrole have been described. There appear to be no reports on the coupling
of o-substituted aryl halides with simple pyrrole, but in those which do exist the
pyrrole exhibited similar reactivity to indole. Hartwig reported the arylation of pyr-
role with electron-deficient aryl bromides using DPPF, 2, as supporting ligand and
Cs2CO3 as base (Scheme 13-106) [116]. For electron-neutral or electron-rich aryl
bromides, the use of the stronger base, NaOtBu, was required.
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Watanabe, by using 20, was able to effect the coupling between pyrrole and elect-
ron-neutral aryl bromides with Rb2CO3 as base [117], and applied this protocol to
the synthesis of triazole derivatives. As shown in Scheme 13-107, 4,4l,4L -tris(N-pyr-
rolyl) triphenylamine was prepared from pyrroles and tris(4-bromophenyl) amine
in 65% yield.

13.4.6.3 Other Heterocycles
The protocol described for the arylation of pyrroles using Pd/2 was also applied to
the arylation of carbazole (Scheme 13-108) [116]. Electron-deficient aryl bromides
reacted with carbazole to give the desired products in 97% yield.

Using the Pd/20 catalyst system, Watanabe found that the arylation of carbazoles
enjoys a broader substrate scope than that of pyrrole [117]; consequently, electron-
poor and electron-neutral aryl bromides, as well as activated aryl chlorides, were
successfully coupled.
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Recently, in a study related to multi-drug resistance and P-glycoprotein binding,
Andrus et al. [119] reported an alternate route to the known antihypertension agent
iodoazidoaryl prazosin (IAAP) that involved a Pd-catalyzed amination reaction.
These authors also reported the coupling of imidazole with 4-amino-2-chloroquin-
azoline in the presence of the Pd/8b system.

13.4.7
Amination with Other Nitrogen Sources

Since the discovery of the Pd-catalyzed C-N bond-forming processes, a plethora of
nitrogen nucleophiles has been employed. Buchwald first reported the cross-coup-
ling reactions of aryl halides or triflates with benzophenone hydrazone and applied
this reaction to a one-pot, modified Fisher indole synthesis (Scheme 13-111) [120].
Both BINAP, 1, and Xantphos, 4, were used as ligands for this transformation; 4
gave slightly better results. A sequential Pd-catalyzed arylation of benzophenone
hydrazone to give N-arylhydrazone, followed by treatment with various ketones
under acidic conditions, afforded various 2-substituted indoles in good yield. A
modification of this protocol was used to access N-aryl- or N-alkylindoles.
In search of active neuropeptide Y5 antagonists for the treatment of obesity,

Block et al. [121] applied this indole synthesis to the preparation of carbazoles.
Using 1 as a ligand, the desired indole was isolated and further subjected to
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alkylation and aromatization to provide the desired substituted carbazole in good
yield.
The Pd-catalyzed arylation of benzophenone hydrazones has also been applied to

the synthesis of pyrrazoles. With 1 as a ligand, Wang et al. [122] disclosed a two-
step synthesis of N-arylpyrrazoles from an aryl bromide, benzophenone hydrazone,
and a b-amino-a,b-unsaturated ketone.

The arylation of t-butylcarbazate with aryl bromides has also been demonstrated
[123]. With DPPF, 2, as the ligand, C-N bond formation occurred mostly at the less
substituted nitrogen atom [124]. N,Nl-Bisarylation products were also observed as a
minor byproduct. However, only electron-deficient aryl bromides were used suc-
cessfully as substrates.

In the presence of 12b, vinylogous amides have also been used as nucleophiles
in Pd-catalyzed cross-coupling reactions [125]. This process is applicable to a wide
variety of aryl bromides or chlorides, including heterocyclic halides. In addition,
this methodology was extended to a one-pot synthesis of polycyclic heterocycles.
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Yin et al. reported the arylation of a series of heteroaryl amines using Xantphos,
4, as a supporting ligand and NaOtBu as base [126]. In cases where functional
group compatibility was an issue, Cs2CO3 was used. For example, the reaction be-
tween 3-methyl-2-aminopyridine and 2-bromotoluene occurred to give the desired
product in 95% yield.

13.4.8
Intramolecular Processes

Intramolecular Pd-catalyzed C-N bond-forming processes have been widely
employed in organic synthesis, particularly in the synthesis of nitrogen-contain-
ing heterocycles. Owing to the space limitation, only a few selected examples
will be described herein. The first tin-free Pd-mediated C-N bond formation was
reported by Boger [16] as part of the total synthesis of lavendamycin. As shown
in Scheme 13-117, the intramolecular amination mediated by stoichiometric Pd
proceeded in 84% yield. Attempts to render this transformation catalytic were
unsuccessful.

Abouabdellah and Dodd [127] reported the preparation of a series of pharmaceut-
ically interesting a-carbolines employing Pd-catalyzed intramolecular amination as
a key step (Scheme 13-118). Their initial attempts to effect direct Michael-additions
failed to provide any product, prompting them to examine the Pd-catalyzed coup-
ling reaction. By employing Pd2(dba)3/1 as the catalyst, the desired a-carboline was
isolated in 51% yield.

74913.4 Palladium-Catalyzed C-N Bond Formation

Br NH
Ar

S
HN

t-Bu

EtO2C

N
NHN

N Et
N N

N
Me

MeHN

CO2Me

ArNH2

R R

HN

N
Me

Me

+
cat. Pd2(dba)3/4

 Cs2CO3, dioxane, 100 °C

95% 86% 91% 85%

Scheme 13-116

Me

Br

MeO2C

MeO2C

N

H2N
N
H

Me
MeO2C

MeO2C

1.5 equiv. (PPh3)4Pd

THF, 80 °C

84%N

Scheme 13-117



Another application of an intramolecular amination process was Coleman’s
approach to the synthesis of the mitomycin core ring system (Scheme 13-119)
[128]. Utilizing 1 as the ligand in combination with a weak base, the tricyclic
ring system XXIII was formed in 44% yield, with the low yield being attributed
to the air-sensitivity of the dihydroindole product.

In Snider’s total synthesis of fumiquinazolines A, B, and I [129], the imidazoind-
olone unit was formed via a Pd-catalyzed cyclization of an iodoindole carbamate.
The key cyclization step yielded the desired product in 64% yield.

A detailed study of Pd-catalyzed intramolecular amidation was reported by Yang
and Buchwald [130]. Using a combination of 4, 5, as well as 7a, five-, six-, and
seven-membered rings were efficiently formed from secondary amides or second-
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ary carbamates. Particularly noteworthy was the formation of the seven-membered
rings which proved problematic in earlier reports with the Pd/BINAP system
[131].

The intramolecular cyclization between a hydrazide and an aryl bromide was
achieved using ligand 5 [132] to access a variety of indolo[1,2-b]indazoles in good
yield.

Rogers [133] reported an improved route for the construction of the heterobenz-
azepine ring system which involved a Pd-catalyzed intramolecular cyclization re-
action. Both oxazepine and thiazepine were prepared using ligand 20, as shown
in Scheme 13-123. To demonstrate the scalability of this transformation, the reac-
tion was performed with 127 mmol of the thioether substrate to afford 19.5 g of
thiazepine.

The use of guanidines as nucleophiles in intramolecular coupling processes was
achieved by Evindar and Batey [134]. The cyclization between guanidines and aryl
bromides was conducted with either a Pd or a Cu catalyst. In most cases reported,
both catalysts gave comparable yields (Scheme 13-124). However, when R3 ¼ H,
the Cu catalyst was superior to the Pd catalyst in terms of both reaction rate and
yield.
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13.5
Vinylation

The formation of enamines by an analogous route to that used for aromatic C-N
bond formation was first reported by Barluenga [135]. In his report, cyclic and
acyclic secondary amines were effectively coupled with di-substituted as well as
tetra-substituted alkenyl bromides to give the desired enamines in good yield.

Willis and Brace reported the amination of vinyl triflates in the presence of
Pd(OAc)2 and 1 [136], with both Cs2CO3 and KOtBu serving as effective bases.
Only cyclic secondary amines were reported as substrates. Owing to the diffi-
culties that these authors encountered in isolating the unstable enamines, an
in-situ reduction was performed to provide the corresponding tertiary amine
products.

The vinylation of indole using XPhos (22a) as ligand with cyclohexenyl tosylate
was recently accomplished in near-quantitative yield [27].
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In the synthesis of carbapenems [137], Kozawa and Mori reported a Pd-catalyzed
intramolecular cyclization of a lactam and a vinyl bromide (Scheme 13-128). These
authors found that employing DPEphos, 5, as a ligand provided better results than
when BINAP, 1, was used. The corresponding vinyl iodide was also successfully
coupled.

13.6
Amination On Solid Support

Combinatorial chemistry has shown promising potential for drug discovery and/or
lead optimization, and therefore it is important to apply Pd-catalyzed amination
processes on solid supports [138]. Willoughby and Chapman were able to effect the
amination of resin-bonded aryl bromide with aniline substrates (Scheme 13-129,
Eqn. 1) [139]. Weigand and Pelka [140] reported that Pd-catalyzed C-N bond format-
ion between aryl bromides and anilines that were immobilized on a Rink resin
(Scheme 13-129, Eqn. 2). While the reaction with electron-poor aryl bromides pro-
ceeded smoothly, electron-rich aryl halides failed to react. The use of a solvent mix-
ture (dioxane:tBuOH ¼ 1:1) helped to enhance selectivity favoring monoarylation.
Ligand 20 has also found application in solid-phase synthesis [141]. A one-pot

indole synthesis was realized by Kondo on REM resin with methyldicyclohexyla-
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mine as a base. This intermolecular Heck/intramolecular amidation cascade pro-
ceeded smoothly at 100 hC to afford the desired product in good yield. However,
only a moderate yield was obtained when the corresponding aryl triflate was used.

13.7
Conclusion

Pd-catalyzed C-N bond-forming reactions are powerful tools for use in synthetic or-
ganic chemistry. Tremendous progress has been realized in recent years to allow
these processes to be part of the everyday repertoire of synthetic chemists. Never-
theless, the chemistry is still in its infancy, and future studies should be directed at
developing more general ligands that can be used to carry out the transformation
under mild reaction conditions. In particular, the concept of a coupling reaction
being run with a simple substrate combination (e. g., morpholine with p-chloro-
anisole) and small quantities of catalyst being viewed as significant is no longer
applicable. Rather, the development of catalysts which are able to tolerate sub-
strates containing multiple heteroatoms, or where both substrates are sterically
encumbered, are among the future goals for this facet of chemical synthesis.

13.8
Representative Experimental Procedures

13.8.1
Amination Employing BINAP, 1, as a Ligand:
Preparation of N-methyl-N-(2,5-xylyl)piperazine (Scheme 13-33) [29c]

ASchlenk flask was charged with 2,5-dimethylbromobenzene (1.0mmol),N-methyl-
piperazine (1.2 mmol), sodium tert-butoxide (1.4 mmol), tris(dibenzylideneaceto-
ne)dipalladium(0) (0.0050 mmol), BINAP (0.01 mmol), and toluene (2 mL) under
argon. The flask was immersed in an oil bath and heated at 80 hC with stirring
until the starting material had been completely consumed as judged by GC analy-
sis. The mixture was allowed to cool to r. t., taken up in ether (15 mL), filtered, and
concentrated. The crude product was then purified further by flash chromatogra-
phy on silica gel to give 199 mg (98%) of the title compound as a colorless oil.
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13.8.2
Amination of a Functionalized Aryl Halide with a Weak Base Employing 21a as a Li-
gand: Preparation of 4-Methoxy-4l -nitrodiphenylamine (Scheme 13-73) [36]

An oven-dried, resealable Schlenk flask was evacuated and back-filled with argon.
The flask was charged with Pd2(dba)3 (4.6 mg, 0.005 mmol, 1 mol% Pd), 21a
(7.0 mg, 0.02 mmol, 2 mol%), and K3PO4 (297 mg, 1.4 mmol). The flask was evac-
uated, back-filled with argon, and capped with a rubber septum. DME (2 mL),
4-chloronitrobenzene (1.0 mmol), and 4-aminoanisole (1.2 mmol) were added
through the septum. The septum was removed, and the flask sealed with a Teflon
screw-cap. The mixture was heated at 100 hC with stirring until the starting aryl
halide had been completely consumed, as judged by GC analysis. The mixture
was cooled to r. t., diluted with ether or 1/1 ether/ethyl acetate (40 mL), filtered
through Celite, and concentrated in vacuo. The product was purified by recrystal-
lization from toluene/ethanol rather than chromatography to give 222 mg (91%) of
the title compound as an orange solid.

13.8.3
Amination Reaction Employing 20 as a Ligand: Preparation of N-(2-Tolyl)diphenyla-
mine (Scheme 13-81) [40]

In a drybox, 2-bromotoluene (188 mg, 1.10 mmol), diphenylamine (169 mg,
1.00 mmol), Pd(dba)2 (0.01 mmol), 20 (1.6 mg, 0.008 mmol, 0.8 equiv./Pd), and
sodium tert-butoxide (144 mg, 1.50 mmol) were weighed directly into a screw-
cap vial. A stirring bar was added, followed by 1.5 mL toluene to give a purple mix-
ture. The vial was removed from the drybox, and the mixture stirred at r. t.. After
4 h, the reaction mixture was adsorbed onto silica gel and chromatographed with
2.5% ethyl acetate/hexane to give 247 mg (95%) of N-(2-tolyl)diphenylamine as a
colorless oil that crystallized to a white solid.

13.8.4
Amination Reaction Employing Imidazolium Salt 8a as a Ligand:
Preparation of 4-Methoxylphenylaniline (Scheme 13-69) [51].

Under an atmosphere of argon, 1,4-dioxane (3 mL), KOtBu (168 mg, 1.5 mmol),
4-chloroanisole (1.0 mmol), and aniline (1.2 mmol) were added in turn to a
Schlenk tube charged with Pd2(dba)3 (10 mg, 0.01 mmol), 8a (17 mg, 0.04 mmol
or 8 mg, 0.02 mmol), and a magnetic stirring bar. The Schlenk tube was placed
in a 100 hC oil bath and the contents stirred for 3–30 h. The mixture was then al-
lowed to cool to r. t.. The mixture was diluted with water, and then extracted with
diethyl ether. The extracts were combined, washed with saturated saline solution,
and then dried over MgSO4. The solvent was removed under vacuum, and the
residue was purified by flash chromatography (hexane/ethyl acetate, 10:1) to give
the desired product in 91% yield.

75513.8 Representative Experimental Procedures
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14
The Directed ortho-Metallation Cross-Coupling Nexus.
Synthetic Methodology for the Formation of Aryl-Aryl
and Aryl-Heteroatom-Aryl Bonds

Eric J.-G. Anctil and Victor Snieckus

14.1
Introduction

Although transmetallation is an established and common practice in synthetic
chemistry, connecting this transformation to the directed ortho metallation
(DoM) reaction for Li-B exchange (1 p 2, Scheme 14-1) in 1985 provided the
first opportunity to take advantage of the then recently disclosed Suzuki-Miyaura
reaction [1], p 3 for the construction of biaryls with assured regiochemistry [2].
In the context of the dramatically different face of synthetic chemistry today –

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
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Scheme 14-1 The DoM-Suzuki-Miyaura synthetic link.

Table 14-1 Prominent transition metal-catalyzed cross-coupling reactions for the aryl-aryl bond

Met LG
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ZnX

B(OH)2

SnR3

SnR3, (Ln = solv)

SiRF2

Br, I

Ar
1
Met              + Ar

1
- Ar
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NiLn or PdLn

Br, I

Br, I

OTf

I

I

Corriu

Kumada

Negishi

Suzuki

Migita, Stille

Beletskaya

Hiyama

1972

1972

1977

1981

1977-78

1981 (1983)

1989

Investigator Yr Ref.

[4]

[5]

[6]

[1]

[7,8]

[9]

[10]

 Ar
2
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which in the large part is due to discoveries in transition metal-catalyzed cross-cou-
pling reactions made during in the past 30 years [3] – this simple concept was read-
ily extended to the related, and now widely recognized, Kumada-Corriu-Tamao,
Negishi, and Migita-Stille reactions (Table 14-1). Subsequently, these reactions
have opened new doors for aryl-aryl bond formation, and hence have led to the de-
velopment of general regioselective synthetic methods for polysubstituted biaryls
and heterobiaryls (4 p 5 p 6; Scheme 14-2) [11].

The regioselective halogen and triflate introduction by DoM allows extension of
the Ar-Arl (Scheme 14-2) to Ar-O and Ar-N (Scheme 14-3) bond-forming reactions.
Thus 7, X ¼ hal, OTf undergo regioselective cross-coupling with 8, Z ¼ O [12], S
[12], NR [12, 13] partners and hence establishes routes to ArZArl (9) derivatives by
the traditional Ullmann protocol which has been rendered synthetic chemist user-
friendly by the investigations of Hartwig [14] and Buchwald [15].
To further advance the ArZArl construct, the recent findings [16] that organobor-

ons cross-couple with phenols and anilines invites further experimentation. The
initial report on the Directed remote Metallation (DreM) reaction which, like
DoM, is of the late 1980s vintage [17], provided an adjunct, synthetically useful
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Scheme 14-3 Ullmann-Buchwald-Hartwig links to DoM.



link (Scheme 14-4). Thus, in the Ar-Arl context (10), fluorenones (11) and polysub-
stituted biaryls (12) may be targeted and, in the ArZArl motif (13), a rich harvest of
heterocycles (14–16) may be obtained [11b, 18].
The rational C-C bond-forming DoM-cross-coupling, and the ancillary C-O and

C-N cross-coupling and DreM links, allow starting points in various carbon- and
heteroatom-based DMGs (Scheme 14-2), of yet unrecognized limitation, possibility
of functional group incorporation in pre- or post-cross-coupling events, and cir-
cumvention of harsh, non-regioselective classical methods for the construction of
Ar-Ar and Ar-Z-Arl (Z ¼ O, N, S, P) motifs [19]. In a broader context, extensions
to unrelated, and as yet minimally explored, transition metal-catalyzed reactions
(e. g., Heck, Sonogashira, Ullmann, Hartwig-Buchwald, Grubbs) are readily envi-
saged. Perhaps most significantly, the utility of the combined DoM-cross-coupling
protocol in process research and development is being increasingly demonstrated
[20].
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14.2
The Aim of this Chapter

The aim of this chapter is to provide cogent illustrations of the concepts enunciated
in Schemes 14-2 to 14-4, as extracted from the current synthetic literature. In this
increasing world of over-specialization, it is possible that to focus on studies from
the present authors’ laboratories may be absolved; nevertheless, the choice of exam-
ples to be discussed will target objectivity in terms of their synthetic value.

14.3
Synthetic Methodology derived from the DoM-Cross-Coupling Nexus

14.3.1
DoM-C-C Cross-coupling Methodology for Biaryls and Heterobiaryls

In all cross-coupling strategies, two modes of partnerships of the ArMet and ArLG
substrates may be established. For Ar-Ar cross-coupling protocols, this translates
into the overall reaction, 17 þ 18 p 19 (Scheme 14-5), in which the X and Ygroups
may be inverted. The choice will be dictated by the availability of starting materials
and/or intermediates, the relative rates of the cross-coupling process as a function
of substituents, steric effects, and competitive side reactions such as protodemetal-
lation of ArMet, hydrogenolysis of ArLG, homocoupling of either or both partners,
and other side reactions.

14.3.1.1 Li p Boron Transmetallation: the Suzuki-Miyaura Cross-Coupling [21]
Mechanistic knowledge of the Suzuki-Miyaura reaction is far from complete
[21c, 22]. Although base is obligatory, and phenylboronic acids are known to
form borates at high pH, evidence is not available for the RB(OH)3

– intermediate.
Especially intriguing, compared with other cross-coupling processes, is the trans-
metallation step.
Although heteroaromatic DoM-Suzuki-Miyaura cross-coupling reactions may be

problematic due to instability or to the uncharacterizability of boronic acid cou-
pling partners, promising solutions have been accumulating in the recent litera-
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ture. Division according to p-excessive and p-deficient heteroaromatics is followed,
and discussion is limited to systems in which true DoM chemistry is used to gen-
erate ArMet and/or ArLG systems, thus excluding cases of using the inherent C-2
acidity of p-excessive heteroaromatics for the generation of these species. Examina-
tion of the tabular data confirms that the strategy for both p-excessive and p-defi-
cient systems is still at the early stages of development, both for simple and ben-
zocondensed systems.
Practical advantages and disadvantages of the Suzuki-Miyaura protocol over

other Ar-Ar cross-coupling methods to be discussed are generally appreciated by
synthetic chemists (Table 14-2). Nevertheless, this cross-coupling reaction – as
others – may still be relegated partially to an art, requiring empirical observation,
preferably by parallel synthesizer technology, of catalyst, ligand, base, temperature
and solvent variation to establish optimum conditions. The purity of the arylboro-
nic acid 22 derived from 20 in the Li p B transmetallation, often uncertain either
as prepared or purchased, may be ascertained by formation of the usually crystal-
line and stable diethanolamine adduct 21 (Scheme 14-6) [2] or, with less certainty
of these properties, pinacolates 23 [23] and undoubtedly other boronates yet to be
tested [24]. Current practice, however, is to use hastily the crude 22 in the cross-
coupling reaction. An alternative route [25] to 22 by ipso-borodesilylation of arylsi-
lanes of 25 deserves broader exploration. Of additional synthetic value may be the
ipso-bromodesilylation of 25, which provides 24 poised for modification by unre-
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Table 14-2 The Suzuki-Miyaura Ar-Ar cross-coupling reaction

B

O
B

O

B
OAr Ar

Ar

Ar B

O
O

N

H

Advantages

• ArB(OH)2 prep

  ArLi, ArMgX, ArSiMe3 (ipso),                          / Pd
o

• ArB(OH)2, ArBF3

-
X

+
  air- stable, low toxicity 

(ecofriendly), storage OK

• Anhydrous conditions unnecessary

• LG diversity I  > OTf > Br >>Cl, OMs, OTs

• Base flexibility Na2CO3, K2CO3, Cs2CCO3, 

  Ba(OH)2

• FG compatibility, e.g. CO2R, CN,   CHO, NH2, NO2

Disadvantages

• Structural intergrity, purity? ArB(OR)2,

   ArB(OH)OR, Ar2BOH,

• Steric

• Handling, crystallization:

• Protodeboronation →  ArH

• FG incompatibility, e.g.   CO2H, OH

O

B

O

Ar

diethanol amine adduct 

No XCoupl

pinacolate

XCoupl OK

ArLG + Ar'B(OH)2

Pd
o

Ar-Ar'

B B

O

O O

O



lated chemistry before the regeneration of the ortho-lithiated species, by diffusion
controlled rate metal-halogen exchange processes, for other electrophile quenching
experiments. This concept of 24 serving as an ortho-lithio surrogate has also not
been adequately generalized [26].
Selected examples of the DoM-Suzuki-Miyaura cross-coupling sequence (Tables

14-3 and 14-4) provide some appreciation of its scope for biaryl synthesis. Thus,
for carbon-based DMGs (Table 14-3): (1) benzamide ortho-boronic acids (entries
7–16) have received by far the most attention with additional cases from benzoates
(entries 5–6) and benzonitriles (entries 2–4); (2) the scope of substitution patterns
on the DMG1-containing arylboronic acid partner has been inadequately explored
(e. g., entries 10–14); (3) variation of substituents on the DMG2-containing arylLG
partner has been more widely tested with OR, NO2, F, Cl, and OMOM being com-
patible with the cross-coupling conditions (entries 4, 6–9, 11–14, 16); (4) benzoate
ortho-boronic acids, resulting from milder ortho-metallation using LiTMP [28], pro-
vide somewhat lower yields of cross-coupling products (entries 5–6) while benzo-
nitrile ortho-boronic acids provide diverse functionality and substitution patters
(entries 2, 3, and 4); (5) more variation in substituents on the DMG2 arylLG partner
compared to the corresponding DMG1 arylboronic acid system has been explored.
For heteroatom-based DMGs (Table 14-4): (1) likely due to synthetic advantage for
C-C bond formation to ortho to amino and alkoxy groups, exploration of DMG1 ¼
NHBoc and OMe arylboronic acids has been significantly tested (entries 1–4 and
5–6); (2) surprisingly, the synthetic more valuable corresponding DMG1

¼ OCONEt2 and OMOM cases have received less attention (entries 11–12 and
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8–10); and (3) with one exception (entry 20) a relative large number of DMG2 ¼
P(O)R2 arylLG derivatives provide evidence of useful cross-coupling chemistry
with, however, the negative aspect that further P-substituent modification is diffi-
cult (entries 17–20 and 21–23).
The DoM-cross-coupling sequence represents a significant entry into chiral

BINOL and BIPOL ligands (Table 14-5). Thus, in representative examples, 3,3l-di-
halobinaphthols and biphenyls, which are readily available by dianionic DoM chem-
istry, provide corresponding diaryl and diheteroaryl systems which may have poten-
tial utility for testing new ligand-metal combinations for asymmetric synthesis.
An examination of Table 14-6 leads to the clear conclusion that considerably less

data are available on the synthesis of Ar-HetAr derivatives based on the DoM-cross-
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Table 14-3 Selected DoM-Suzuki-Miyaura cross-coupling forming Ar-Ar. Carbon-based DMGs

Entry Conditions Yield (%) Ref.DMG
1

DMG
2

B(OH)2 LG

DMG
1

+

Conditions

DMG
1

DMG
2

DMG
2

G
1

G
1

G
2 G

2

G
1
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1

2
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8
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15

16
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Et

CO2Et
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CONEt2
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CONiPr2
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2

Br
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Br

I

I

Br

Br

Br

Br

Br

Br
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I

I

Br
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[Pd(PPh
3
)
4
]
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3
)
4
]

K2CO3 aq./PhMe/EtOH
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3
)
4
]
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3
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4
]
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[Pd(PPh
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4
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[Pd(PPh
3
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4
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2
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Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3/PhH

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

60

53

91

84

72

72

79

85

70

86

85

50

78

78

95

85

[27]

[28]

[28]

[28]

[28]

[28]

[25b]

[25a]

[29]

[25b]

[30]

[30b]

[25b]

[25a]

[2,31]

[2]

H

H

H

H

H

H

H

H

H

3-Ph

3-OMe

3-Oi Pr

5-OMe

6-OMe

H

H

CO2H

H

CHO

H

F

H

H

H

OMe

H

OMOM

OMe

OMe

H

H

OMe

H

H

H

3-NO2

H

4-NO2

2-NO2

2-Me

4-Cl

2-Me

4,5-diOMe

H

4-OMe

3-OMe

4-Oi Pr

2-Me

2-Me

H

4-OMe



768 14 The Directed ortho-Metallation Cross-Coupling Nexus

Table 14-4 SelectedDoM-Suzuki-Miyaura cross-coupling forming Ar-Ar. Heteroatom-basedDMGs

Entry Conditions Yield (%) Ref.DMG
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DMG
2

B(OH)2 LG

DMG
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+
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Br

Br

I

I

CHO

H

CHO

CONMe2

NHAc

P(O)t-Bu2

H

H

OCONEt2

H

H

SO2NEt2

CN

H

H

H

P(O)t Bu2

P(O)t Bu2

4-NO2

H

R

4-NO2

H

H

2-Cl

H

H

H

H

3-Me

3-NO
2

H

H

3-NO2

H

H

[Pd(PPh
3
)
4
]

Na
2
CO

3
 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

K3PO4/DMF

[Pd(PPh
3
)
4
]

K3PO4/dioxane

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./PhMe

[Pd(PPh
3
)
4
]

K
3
PO

4
/DMF

[Pd(PPh
3
)
4
]

Na2CO3 aq./PhMe

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

K3PO4/DMF

[Pd(PPh
3
)
4
]

K2CO3/PhMe/EtOH

[Pd(PPh
3
)
4
]

K2CO3/PhMe/EtOH

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME

[Pd(PPh
3
)
4
]

K3PO4/dioxane

K3PO4/dioxane

[Pd(PPh
3
)
4
]

89
a

44

69
a

67
a

90
b

95

40
c

90

87

45
d

52

87

86

94

78

52

90

81

[32]

[32]

[32]

[32]

[33]

[34]

[35]

[31]

[31]

[35]

[31]

[33]

[28]

[28]

[36]

[36]

[37]

[37]

19

20

21

22

23

H

H

H

H

H

H

I

I

I

P(O)t Bu2

P(O)t Bu2

P(O)Ph2

P(O)Ph2

P(O)Ph2

H

H

H

H

H

[Pd(PPh
3
)
4
]

K3PO4/dioxane

[Pd(PPh
3
)
4
]

K3PO4/dioxane

[Pd(PPh
3
)
4
]

K3PO4/dioxane

[Pd(PPh
3
)
4
]

K3PO4/dioxane

[Pd(PPh
3
)
4
]

K3PO4/dioxane

67

0

83

75

71

[37]

[37]

[37]

[37]

[37]

1-naphthylboronic acid

1-naphthylboronic acid

a
 Isolated yields of the condensation products, phenanthridine.

  b
 From dioxaborolane instead of boronic 

acid.
  c 

Yields of the pure coupled and bis-demethylated products.  
d 

Overall yields for the pure DoM - 

Boron quench - Cross coupling sequence products.  R = 4,5-catechol
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Table 14-5 DoM-Suzuki-Miyaura cross-coupling sequence for construction of BINOLs and
BIPOLs

Entry Conditions Yield (%) Ref.RB(OH)2 R'X Product

MOMO

MOMO

MOMO

MOMO

ArBr

Br Ar

Et2NOCO

I

Et2NOCO

I

Et2NOCO

R

Et2NOCO

R

[Pd(PPh
3
)
4
]

aq. Na2CO3 

DME

R-B(OH)21
82

76
[38]

R = Ph

R = 2-pyridyl

2 Ar-B(OH)2
82

76
[39]

R = Ph

R = 2-naphthyl

[Pd(PPh
3
)
4
]

aq. Na
2
CO

3
 

DME

Table 14-6 Selected DoM-Suzuki-Miyaura cross-coupling forming Ar-5-HetAr systems

Entry Conditions Yield (%) Ref.

2

3

4

B(OH)2

Me

Cl
[Pd(PPh

3
)
4
]

aq. Na2CO3 

DME

88 [43]

1

S
Br

B(OH)2

CONPr
i

2 [Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

92 [2]

5

RB(OH)2 R'X

O

Et2NOC

Br

N

Boc

Br

MeO

OCONEt2

B(OH)2

[Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

60 [42]

N

CONEt2

TMS

I

[Pd(PPh
3
)
4
]

K3PO4

DMF

B(OH)
2

G
1

G
2

[23b]

G
1
 = G

2 
= H             

G
1 

= 2-OMe, G
2
 = H     

G
1
 = 2-F, G

2
 = H          

G
1
 = 3-OMe, G

2
 = 4-OMe

MeO

OCONEt2

B(OH)2

O

Br

34

[Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

[42]

Product

N

CONEt2

TMS

Ph

G
1

G
2

90

70

82

99

N

Boc

MeO

Et2NOCO

O

Et2NOC

Me

Cl

O

MeO

Et
2
NOCO

CONPr
i

2

S

ArB(OH)
2
 - HetArLG



coupling nexus. Thus, in the ArB(OH)2-5-ring HetArLG cross-coupling series (en-
tries 1–9), indoles, furans, and thiophene systems have been tested but only a
sparse number of less-conventional heterocycles have received attention. The pic-
ture here may be incomplete in view of the significant amount of this type of
chemistry that is being pursued in the pharmaceutical industry. In the inverted
HetArB(OH)2-ArLG series (entries 10–11), recent studies on indoles have high-
lighted the potential of the DoM-cross-coupling methodology in this under ex-
plored area. Turning attention to the ArB(OH)2-6-ring HetArLG group (Table
14-7) shows the not surprising dominance of pyridines (entries 1–8), some of
which bear dihalogen substitution patterns that provide cross-coupling selectivity
and hence interesting azabiaryls for further manipulation (entries 3, 7). The few
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Table 14-6 (Contd.)

Entry Conditions Yield (%) Ref.RB(OH)2 R'X Product

6

7
B(OH)2

OMe N

N

MeO

Br

Ph

[Pd(PPh
3
)
4
]

Na2CO3

EtOH/H2O

91 [44]

MeO

OCONEt2

B(OH)2

S

Br

86

[Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

[42]

S

MeO

Et
2
NOCO

N

N

MeO

Ph

OMe

N

Boc

10

B(OH)2

I
[Pd(PPh

3
)
4
]

aq. Na2CO3 

PhMe

DMG = H, G = H

DMG = OMe, G = H

DMG = OCONEt2, G = 3-OMe

DMG

G

[42]

11

N

CONEt2

TMS

(OH)2B

12

Br

94 [23b]

[Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

Br

O

HOH2C

TBS

B(OH)2 [Pd(PPh
3
)
4
]

aq. Na
2
CO

3
 

DME

68 [46]

B(OH)2

DMG

[45]G
1

[Pd(PPh
3
)
4
]

Na2CO3/PhMe

EtOH/H2O

N

N
N

N

Bn

Br

G
1
 = H, DMG = CON

i
Pr2   88

G
1
 = H, DMG = OMe         96

N

S
BrB(OH)2

CONPr
i

2 [Pd(PPh
3
)
4
]

aq. Na2CO3 

PhMe

87 [2]

9

8

CONPr
i

2

N

S

DMG

G
1

N

N
N

N

Bn

N

Boc

34

87

54

DMG

G

N

CONEt2

TMS

Ph

O

HOH2C

TBS

Ph

HetArB(OH)2 - ArLG



77114.3 Synthetic Methodology derived from the DoM-Cross-Coupling Nexus

Table 14-7 Selected DoM-Suzuki-Miyaura cross-coupling forming Ar-6-HetAr systems

1

2

3

4

5

CON
i
Pr2

N
B(OH)2

Br
80 [2]

OCONEt2

CON
i
Pr2

NB(OH)2

Br

80 [2]

OCONEt2

[Pd(PPh
3
)
4
]

aq. Na2CO3

DME

6

7

Entry Conditions Yield (%) Ref.RB(OH)
2 R'X Product

[Pd(PPh
3
)
4
]

aq. Na2CO3

DME

CON
i
Pr2

B(OH)2 N

I NH2

F

[Pd(PPh
3
)
4
]

K2CO3/PhMe

EtOH

99 [47]

Ph

DMG [Pd(PPh
3
)
4
]

aq. Na2CO3

DME

DMG = CONEt2

DMG = OMOM

DMG = OCONEt2

[25b,31]

N
B(OH)2

Br

N

B(OH)2

CONH
t
Bu

[Pd(PPh
3
)
4
]

Na
2
CO

3
 aq.

EtOH/PhME

OMe

OMe

Br
94 [48]

NTfO

Me

B(OH)2

CON
i
Pr2MeO

[Pd(PPh
3
)
4
]

aq. Na2CO3

PhMe

87 [49]

CON
i
Pr2

N

OCONEt2

CON
i
Pr2

N OCONEt2

CON
i
Pr2

N

NH2

F

N

OMe

OMeNHPiv

Ph

DMG

N

N

MeCON
i
Pr2MeO

80

73

87

Ar(BOH)2 - HetArLG

[Pd(PPh
3
)
4
]

K2CO3/PhMe/H2O
[47]

N

INHPiv

B(OH)2 X

X = Cl or F, 99

NHPiv

NX

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME
70 [49]

N

BrOMe

B(OH)2

Ac

OMe

N

Ac8

OMe

B(OH)
2

N N

I

SMe

Cl

[Pd(PPh
3
)
4
]

THF
75 [50]

9

OMe

N N

Cl



entries of heterocycles such as quinolines (entry 4), pyrimidines (entries 9–10), and
pyrones (entry 11) are perhaps harbingers of generalizations. The brevity of the in-
verted HetArB(OH)2-ArLG list (entries 13–15) is undoubtedly due to the difficul-
ties in instability and handling of the pyridine boronic acid derivatives [53a,56].
The HetArB(OH)2-HetArLG series (Table 14-8), undoubtedly for similar reasons,
is short and perhaps underscores our lack of appreciation of heterocyclic organo-
boron compounds.
Extension of the DoM-Suzuki-Miyaura protocol to teraryls and higher-order poly-

aryls also affords molecules that, due to the regioselectivity dictated by DoM, are of
interesting architecture and not available by conventional routes [57]. Thus, taking
advantage of the I i Br LG reactivity difference, sequential coupling of 26 (Scheme
14-7) with arylboronic acids 27 and 28, even without additional catalyst in the
second step, leads to modest to good yields of teraryls 29 which may clearly be
further subjected to DoM chemistry.
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Table 14-7 (Contd.)

11

12

13

14

15

Entry Conditions Yield (%) Ref.RB(OH)2 R'X Product

O
i
Pr

B(OH)2

N

NCl

OBn

PdCl2(dppb)

NaHCO3/PhMe/H2O
66 [51]

OMe

B(OH)2

OMe O

Br

O

OBn

Me

[Pd(PPh
3
)
4
]

Na2CO3 aq./DME
21 [52]

10

N

N

OBn

O
i
Pr

O

O

OBn

Me

OMe

OMe

[Pd(PPh
3
)
4
]

aq. Na2CO3/EtOH

PhMe

96 [47]

B(OH)2
N

PivHN

I
F

F

NPivHN

HetAr(BOH)2 - ArLG

N

DMG

B(OH)
2

I

[Pd(PPh
3
)
4
]

aq. Na2CO3

PhMe

[53]

DMG = CONEt2

DMG = F

DMG = Cl

Pd(OAc)2

P(o-Tol)3/Et3N

DMF

[54]

AcHN

IN

B(OH)2

ClCl

83

[Pd(PPh
3
)
4
]

aq. Na2CO3/EtOH

PhMe

[47]99

N

NHPiv

BR2

I

73

30

63

N

DMG

Ph

N

NHPiv

Ph

N ClCl

AcHN
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Table 14-8 Selected DoM-Suzuki-Miyaura cross-coupling forming HetAr-HetAr systems

NN

H

BrEt2NOCO

B(OH)2

[55]19
[Pd(PPh

3
)
4
]

THF

O

N

HO

TMS

B(OMe)2 Br
[Pd(PPh

3
)
4
]

DME
71 [46b]1

2

N

N

N

S

N

N

B(OH)
2

Br

EtO

OMe

B(OH)
2

B(OH)2

Br

MeO

Br NO2

Br

Br

[PdCl
2
(PPh

3
)
2
]

CsCO3

dioxane

[PdCl
2
(PPh

3
)
2
]

CsCO3

dioxane

[PdCl
2
(PPh

3
)
2
]

CsCO3

dioxane

[56]

[56]

[56]

3

4

5

44

77

50

Entry Conditions Yield (%) Ref.RB(OH)2 R'X Product

O

HO

TMS

N

N

H

Et2NOCO

N

N
Br

EtO

S
NO2

N

N OMe

N

N
Br

MeO

I
X

R1
R2

B(OH)2
(HO)2B

R3 R4

R1
R2

R3 R4

[Pd(PPh
3
)
4
]

Na2CO3 / DME
reflux /  12 - 18 h

DME
reflux / 12 - 18 h

X

p-Br

m-Br

p-Br

p-Br

p-Br

m-Br

R1

H

H

H

TMS

H

H

R2

Me

Me

CONiPr2

CONiPr2

CONiPr2

CONiPr2

R3

H

H

CONiPr2

CONiPr2

H

H

R4

H

H

TMS

H

CH2OMe

CH2OMe

Yield. (%)

79

77

43

47

63

61

26

27 28

29

Scheme 14-7 DoM-Suzuki-Miyaura cross-coupling sequence for construction of teraryls.



In an alternative 2:1 cross-coupling motif, meta-related quinquearyls 30 (Scheme
14-8) may be readily prepared from the combination of 2,6-disubstituted DMG
substrates 31 with biarylboronic acids 32 [58].
Solid-support Suzuki-Miyaura cross-coupling in conjunction with solution-phase

DoM chemistry has been achieved [23c].

14.3.1.2 Li p Magnesium Transmetallation: Kumada-Corriu-Tamao Cross-Coupling
This venerable reaction, which led to the deluge of cross-coupling methods [3a] en-
joys reasonable utility, detracted mainly by a chemoselectivity handicap – that is,
the incompatibility of Grignard reagents with a number of functional groups
(e. g., CHO, COR, CO2R, CN, NO2) and, although not noted widely, a propensity
for homocoupling competition. The recent advances in the technology for genera-
tion of Grignard reagents [59] and deeper mechanistic insight [60] may overcome
this deficiency. Although, of all the ArMet coupling partners, Grignards are the
most readily available commercially, they also constitute the most moisture-sensi-
tive reagents.
Tables 14-9 and 14-10 present a potpourri of DoM-Kumada-Corriu-Tamao-deriv-

ed biaryl and heterobiaryl syntheses which demonstrate the scope of DMGs and
the prevalence of Ni(0) catalysis. In the Ar-Ar bond-forming series (Table 14-9),
the lack of functional group complexity in either ArMgX and ArLG coupling part-
ner and the impact of steric effects (entry 7) is noted; equally uninformative is the
current short list of HetArMgX-HetArLG cross-coupling reactions (Table 14-10).
The attempt to generate and use the ortho-NHBoc phenyl Grignard reagent for
simple cross-coupling reactions [68a] underscores the potential great stability of
such complexes due to coordination effects.
Although discovered and assessed in scope and limitation over a decade ago [63,

68], the aryl O-carbamate cross-coupling partner for the Kumada-Corriu-Tamao
reaction has not seen wide-scale application, although its preparation from phenols

774 14 The Directed ortho-Metallation Cross-Coupling Nexus

R2

R1

DMG

R2

R1

X
DMG

X R1

R2

B(OH)2

DMG

CONEt2
CONEt2
NH2
CN
OMOM

X

Br
I

Br
I

Br

R1

H
H
H

CH2OMe
H

R2

H
H
H
H

OMOM

Yield. (%)

44
69
67
85
86

30

31 32

Scheme 14-8 DoM-Suzuki-Miyaura cross-cou-
pling sequence for construction of quiniquearyls.



(which are more readily available than the corresponding aryl halides) and the po-
sition of the O-carbamate as the most powerful in the hierarchy of DMGs [69]
bodes well for synthetic application. The conceptual 1,2-dipole synthetic equiva-
lent, 33 p 34 a 35 (Scheme 14-9) has been reasonably tested using simple,
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Table 14-9 Selected DoM-Kumada-Corriu-Tamao cross-coupling forming Ar-Ar systems

MgBr

I

F

[Pd(Ph)I(PPh3)2

THF
34 [61]

I

MeO

Me

MgBr
[NiCl2(dppp)]

THF
[62]93

MgCl

OMe I

Me(TMS)N

[Pd(PPh
3
)
4
]

THF
[65]66

MgBr

OMe

iPr

Me

I

MeO

OMe

[NiCl2(dppp)]

THF
10 [62]

MgBr

tBuO2S

iPr2NOC

[NiCl2(dppp)]

THF
92 [64]

MgCl

TfO

TMS

CONEt2

[NiCl2(dppp)]

THF
70 [63]

MgBr

OMe Br

NMe
2

[Pd(PPh
3
)
4
]

THF
62 [65]

1

2

3

4

5

6

7

8

Entry Conditions Yield (%) Ref.RMgX R'X Product

MgBr

OMe

OMe

I

[NiCl2(dppp)]

THF
88 [62]

Ph

F

Ph

MeO

Me

TMS

Ph

CONEt2

Ph

iPr2NOC

OMe

Me(TMS)N

OMe

NMe2

OMe

OMe

OMe

iPr

Me

MeO

OMe

Ph

]

OCONEt2

G E2
+

E1
+

a
b

a

R

G

E1

E2

Aryl 1,2-Dipole
Synthetic Equivalenta

b

via DoM

via cross-coupling

R MgX
δ+δ -

3433
35

Scheme 14-9 Kumada-
Corriu-Tamao cross-coupling
combination for polysubsti-
tuted aromatic synthesis.



though not necessarily always aromatic, Grignard reagents, and these have been
compared with the corresponding OTf-Grignard cross-coupling processes (Table
14-11) [70]. Latitude has also been taken to include examples which, although
not derived from the DoM process, embody such potential (entries 6 and 7).
Aspects to be gleaned are the steric effect of OCONEt2 over OCONMe2 groups
(entry 1), more efficient cross-coupling for OTf over OCONEt2 in sterically encum-
bering situations (entry 3), successful coupling of an ArOTf with a Grignard con-
taining b-hydrogens (entry 4), a reaction not achievable with the corresponding
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Table 14-10 Selected DoM-Kumada-Corriu-Tamao cross-coupling forming Ar-HetAr and
HetAr-HetAr systems

S
MgBr

I

NC

73 [66]
[Pd(PPh

3
)
4
]

THF
1

MgBr

N

N
Br

OMe

CH3

CH3
15 [44]

[Pd(PPh
3
)
4
]

Et2O
2

3

N

N

Me

MgBr

Br

[67]
[PdCl2(dppb)2

THF

2-Br = 71

3-Br = 66

Entry Conditions Yield (%) Ref.RMgX R'X Product

NC

S

N

N
Ph

OMe

CH3

CH3

N

N

Me
]

OCONEt2 OCONEt2

OCONEt2

OCONEt2
OCONEt2

CONEt2

CONEt2

E1

CONEt2

CONEt2
E2

CONEt2

Ar

Ph
CONEt2

E1

H
CONEt2

E2

1. s-BuLi / TMEDA

2.  ClCONEt2
(85%)

1.  RLi

2.  E1
+

(45 – 83%)

E1 = B(OH)2

Pd0  /  Na2CO3

ArBr

E1 = CONEt2
1.  RLi
2.  E2

+

Ar = 4-NO2C6H4 (64%)
     = 3-MeOC6H4 (81%)

E1 = Me, Et, CHO, 
        PhCH(OH), SCSNEt2
        TMS, I, OH

E2 = Me (55%)
     = CHO (36%) 

THF / –78 °C

36 37

38

41 42

3940

PhMgX
Ni(acac)2
Et2O/rt

(50%)

i-PrMgBr
Ni(acac)2
Et2O/rt

Scheme 14-10 O-Arylcarbamate-DoM-Kumada-Corriu-Tamao cross-coupling pathways for poly-
substituted naphthalenes.



OCONEt2 derivative, and, perhaps most significantly, the survival of heterocyclic
rings to nucleophilic attack by Grignards (entries 7–9). The corresponding
SCONEt2-Grignard cross-coupling process (entries 10–12) requires definition of
scope and limitations. Taking advantage of the observation that longer-chain
alkyl Grignards promote b-hydride-induced reductive cleavage (entry 4), and exten-
sion of this cross-coupling reaction to naphthalenes allows formulation of regio-
selective routes to polysubstituted naphthalenes. Thus, the O-carbamate 36
(Scheme 14-10), upon metallation and treatment with ClCONEt2, affords 37
which upon a second DoM reaction and electrophile quench leads to 38. Com-
pound 38 may be taken in cross-coupling directions with selected Grignard re-
agents to give the 1,2,3-trisubstituted naphthalene 40 and, by b-hydride elimination
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Table 14-11 Grignard with O-Carbamates, triflates and S-carbamates cross-coupling reactions

CONEt2

Z

TMS

CONEt2

TMS

TMSClMgCH2TMS

1

44

73

Z = OCONEt2

Z = OTf

[63]

CONEt2

TMS

OTf

CONEt2

TMS

R

RMgX
70

a

65
a

[63]

R = Ph

R = n-Bu

Ph

OZ

Ph

TMS
ClMgCH2TMS

40

81

12

Z = CONEt2

Z = CONMe2

Z = Tf

[63]

2

3

CONEt2

OCONEt2

CONEt2

TMS

ClMgCH2TMS 55 [63]

4

5

6

N

Z

N

Ph

PhMgCl

Z = 2-OCONEt2

Z = 3-OCONEt2

Z = 3-OTf

Z = 4-OCONEt2

30-80

72

65

81

7

ArZ

RMgX (2 equiv.)

Ni(acac)2 (5 mol%)

Et2O/0
o
C

Ar R

Entry Yield (%) Ref.ArZ ProductRMgX

[63]

N

TBS

N

TBS

N

TBS

N

TBS

CONEt2

TMS
Et2NOCO

CONEt2

TMSCH
2
MgCl 59 [70a]

Et2NOCO R

RMgX
R = CH2TMS

R = Ph

89

59
[70b]

N

TMS

OCONEt2

N

TMS

TMSClMgCH2TMS 72 [63]8



using iPrMgX, the 2,3-disubstituted derivative 39 with the proviso, in both cases,
that the introduced E1 electrophile is compatible with the Grignard reagent or is
appropriately protected.
A different contiguous trisubstituted pattern resulting from boron introduction

in the second metallation step from 38, X ¼ B(OH)2 leads to mixed aryl-naphthyl
systems 41, while a further DoM reaction-electrophile quench sequence on 38, E ¼
CONEt2 affords 1,2,3,4-tetrasubstituted naphthalene (albeit in low yield) for the
two derivatives 42 investigated to date [71]. The conceptual elements 36a and
36b (Scheme 14-11) inherent in the above transformations are considered for prof-
itable exploitation perhaps not only in the Kumada-Corriu-Tamao cross-coupling
connection.
The salient work of Wenkert and Julia [36, 64, 73] on aryl sulfide, sulfoxide, and

sulfone derivative-Grignard cross-coupling may be advanced to S-aryl carbamates
(Table 14-11, entries 10–12) for which more vigorous conditions than those used
for the O-aryl carbamates are required [72]. Thus, the S-arylcarbamate 45 (Scheme
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Table 14-11 (Contd.)

ArZ

RMgX (2 equiv.)

Ni(acac)2 (5 mol%)

Et2O/0
o
C

Ar R

Entry Yield (%) Ref.ArZ ProductRMgX

[63]
NMe2NOCO

TMS

N

TMS

TMSClMgCH
2
TMS 769

10

SCONEt2

R

TMS

R

TMSCH2MgCl

N

SCONEt2

N

Ph

PhMgCl

SCONEt2
TMS

TMSCH2MgCl 87
b

55

R = Me

R = Ph

R = OMe

R = F

R = TMS

88

79

62

45

70

[71]

[72]

[72]

11

12

a
 NiCl

2
(PPPh

3
)
2
 was used as catalyst

 b
 NiCl

2
(PEt

3
)
2
 was used as catalyst

DMG1OCONEt2 1

2

34

+DMG2

+DMG3

+E2
+E1

? 36b36a

Ni(0), iPrMgX

[H-]

Ni(0), RMgX

DMG+

E+ Scheme 14-11 Conceptual O-aryl-
carbamate-DoM-Kumada-Corriu-
Tamao cross-coupling pathways.



14-12) constitutes, via the DoM-cross-coupling synthetic link, another 1,3-dipole
equivalent, although it does not enjoy the DMG property of the O-arylcarbamate
33 (Scheme 14-9). A direct DoM route to ortho-substituted S-arylcarbamates 45
has not yet been achieved, thus requiring the sequence 43 p 44 p 45. The latter
may then participate in Grignard cross-coupling to give 46, or it may undergo
hydrolysis under much milder conditions than those needed for the O-carbamate
counterpart, to give ortho-substituted thiophenols 47 [74]. Oxidative complications
in direct electrophilic aromatic substitution reaction to obtain 47 render the present
route of potential synthetic value for polysubstituted thiophenols.
Consideration of qualitatively similar cross-coupling reactivity allows extension

of the Kumada-Corriu-Tamao reaction to sulfonamide leaving groups and provides
yet another 1,2-dipole synthetic equivalent (Scheme 14-13; Table 14-12). Successful
only on tertiary and not secondary sulfonamides, the reaction 48 p 49 not only
constitutes a viable synthetic route to biaryls but also, by virtue of the iPrMgX-
induced hydrodesulfamoylation reaction 48 p 50, provides a potentially general
route to meta-substituted aromatics, conceptualized by 51 and 52, which are not
available by direct electrophilic substitution [75]. Substituent effects are evident
in comparisons of entries 1 and 5 and entries 16 and 17.
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O NEt2

S

1. 2.2 equiv.
    sBuLi / TMEDA
    THF / –78°C

2. E+

(66 – 85%)
E = D, Me, CONEt2, PhCH(OH), TMS, SPh, I

O NEt2

S
E

Ph2O

reflux

(81 – 91%)
for E = CONEt2, TMS

S NEt2

O
E

R

E

KOH
MeOH/THF

SH

E
47

RMgX

Ni0

43 44
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Scheme 14-12 Newman-Kwart
O-arylthiocarbamate rearrangement
to S-arylthiocarbamate.

SO2NEt2
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49 48 50

iPrMgX
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Et2O
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+
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+

G

E1

E2

R MgX
δ+δ -

5251

Scheme 14-13 Arylsulfonamide-
Grignard cross-coupling to biaryls
and hydrodesulfamoylation to
meta-substituted aromatics.



14.3.1.3 Li p Sn Transmetallation: Migita-Stille Cross-Coupling [3b,21b]
Owing to the careful and comprehensive work of Stille and, more recently, by Ama-
dore and Jutand [76], the Migita-Stille cross-coupling enjoys the position of the
most mechanistically understood of the named cross-coupling processes [22a].
Nevertheless, there is no ideal catalytic system, and the fact that each reaction
requires individual optimization is the didactic statement. Furthermore, additives
such as copper and other metal salts have a considerable impact on the synthetic
viability [77]. The high toxicity of organotins notwithstanding, the use of the Mi-
gita-Stille reaction in heteroaryl synthesis surpasses all other named cross-coupling
processes, perhaps owing to ease of purification, stability to oxygen and moisture,
and long shelf-life of stannylated heterocycles compared to the corresponding boro-
nated systems.
Table 14-13 delineates the Migita-Stille cross-coupling processes which are

linked to the DoM tactic. Yields are good to excellent, with the exception of
cases which bear multiple oxygen substitutions in both cross-coupling partners
(entries 7 and 8). Although systematic investigation is not evident, dependable
cross-coupling has also been achieved in diverse classes of 5- and 6-ring hetero-
cycles (Table 14-14). The higher stability of heterocyclic stannanes, combined
with the potential for their isolation and purification, have provided greater depen-
dence on the Migita-Stille reaction compared to the Suzuki-Miyaura, Kumada-
Corriu-Tamao, and Negishi protocols for the construction of unusual hetero-
biaryl derivatives.
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Table 14-12 Selected arylGrignard sulfonamides cross-coupling and reduction reactions

SO2NEt2

4.5 equiv RMgX

5 mol% Ni(acac) / dppp

PhMe / reflux

G G

R

Entry Yield (%)
a

RMgXG

XCoupl Reduction

Entry Yield (%)
a

G

XCoupl

Redution SO2NEt2

G

H

G

2.25 equiv i Pr
2
Mg

5 mol% Ni(acac)2

 Et2O / rt

H

2-Me

2-CONEt2

2-N(Me)Ph

4-N(Me)Ph

2-OMe

2-OBn

2-OiPr

2-TMS

2-(p-MeO-C6H4)

(74)

(74)

60(64)

53

18

(97)

68

(18)

(48)

90

10

11

12

13

14

15

16

17

18

19

1

2

3

4

5

6

7

8

9

2-OMe

2-OMe

4-OMe

2-(p-MeO-C6H4)

4-(p-MeO-C6H4)

2-Me

4-Me

2-TMS

4-TMS

Me

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

91

(87)

(80)

77

10

63

89

(54)

53 (60)

a
 parenthesis indicates yields by GC analysis.
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Table 14-13 Selected DoM-Migita-Stille Ar-Ar cross-coupling reactions

Entry Conditions Yield (%) Ref.

SnBu3

DMG

G
1

LG

G
4

G
3

G
4

G
3

G
1

+
Conditions

DMG G
1

G
3

G
4

LG

1

2

3

4

5

6

7

8

9

2-OMe 6-CH2OMeH H OTf [PdCl2(PPh3)2

PPh3/LiCl/DMF

79 [78]

2-OMe 6-OMeH H OTf

PPh
3
/LiCl/DMF

74 [78]

2-OMe 6-CO2MeH H OTf

PPh3/LiCl/DMF

87 [79]

NHBoc H Br 2-Cl H

PhMe

74 [80]

OMe H OTf 2-Me 5-Me

LiCl/CuBr

94 [81]

G
2

G
2

G
2

H

H

H

H

H

OMe 4-OMe OTf 25 [81]6-Me 2-OMe 6-OMe

P(o-Tol)3/LiCl/CuBr

OMe 3-OMe 4-OMe

OMe 3-OMe 4-OMe

OMe 3-OMe 4-OMe

OTf 4-NO22-Et [Pd(PPh
3
)
4
]

CuI/LiCl/NMP

77 [82]

[82]

[82]

I

I

2-Me

2-Me 4-OMs

4-NO2 [Pd(PPh
3
)
4
]

CuI/NMP

[Pd(PPh
3
)
4
]

CuI/NMP

51

33

DMG

]

[PdCl2(PPh3)2
]

[PdCl2(PPh3)2
]

[PdCl2(PPh3)2
]

[PdCl2(PPh3)2
]

[PdCl2(PPh3)2
]

Table 14-14 Selected DoM-Migita-Stille Ar-HetAr and HetAr-HetAr cross-coupling reactions

1

2

3

1

Entry Conditions Yield (%) Ref.

SnMe3

NHBoc

NCl

I
[54]81

[Pd(PPh
3
)
4
]

CuI/dioxane

Et
4
NCl/K

2
CO

3

DMF

SnMe3

N

NBr

Me

Cl Me

[83]73

[PdCl
2
(CH

3
CN)  ]

2

LiCl/dioxane

N

N

N

N
SMe

F

ClSnBu3

NHPiv

MeS

Cl

PivHN

82 [84]

Cl

N

NPh

Me

Cl Me

NCl

Cl

NHBoc

1

RnSnR'3 R''X Products

[PdCl2(PPh3)2
]
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Table 14-14 (Contd.)

Entry Conditions Yield (%) Ref.RnSnR'3 R''X Products

N

DMG

SnBu3

X

DMG XG
1

G
2

G
1

G
2

4

[85]

[86]

[87]

[88]

[87]

[87]

[87]

CH2CO2Me

H

H

H

H

H

(CH2)2NH2

[Pd(PPh
3
)
4
]/Et3N/MeCN

[PdCl2(PPh3)2]/EtOH

[Pd(PPh
3
)
4
]/DMF

[PdCl2(PPh3)2]/THF

[PdCl2(PPh3)2]/THF

[PdCl2(PPh3)2]/THF

[Pd(PPh
3
)
4
]/DMF

5

N

Cl

Cl

SnMe3

Br

AcHN NO2

[Pd(PPh
3
)
4
]

CuI/dioxane
81 [54]

6

7

O
tBuO SnBu3

Br

F3C

[89]90

S
SnBu3

I

MeO2C

[PdCl
2
(PPh

3
)  ]
2

THF
81 [90]

N

DMG

G
1

G
2

H

COO
-

SEM

SEM

SEM

Boc

SEM

Br

I

I

OTf

Br

Br

I

Ac

H

H

Me

CN

CN

NO2

81

80

98

66

96

66

86

O
tBuO

F3C

MeO2C

S

AcHN NO2

N

Cl

Cl

[Pd(Bn)Cl(PPh3)  ]2

DMF

9

S

N
OMe

SnMe3

Br

[Pd(PPh
3
)
4
]

DMF
67 [92]10

N

SEM

SnBu3

N

N
I

O

O

Me

Me

[Pd(PPh
3
)
4
]

DMF
92 [87]

8

N

N

MOM
N

H

EtO2CPhS SnBu3

I

DMF
70 [91]

N

H
EtO2C

N

N

MOM

PhS

N

SEM N

N

O

O

Me

Me

N

S OMe

[PdCl2(PPh3)2
]



14.3.1.4 Li p Zn Transmetallation: Negishi Cross-Coupling
As for Grignard reagents, the nontolerance by organozincs of moisture is by far
compensated by compatibility, owing to their weak basicity and nucleophilicity,
to a variety of functional groups: CHO, COR, CO2R, CONR2, CN, NO2. Also paral-
lel to Grignards, the zinc reagents may be generated by transmetallation of Li with
commercially available ZnX2 or by activated Zn insertion, although the former pro-
cess is mostly applied in DoM-connected procedures. Although the Suzuki-
Miyaura reaction is still the most widely used, the Negishi cross-coupling protocol
has increased in use during recent years.
Functional group compatibility in DoM-Negishi cross-coupling sequences is

clearly evident in Table 14-15, entries 1, 2 and 8 for a variety of DMGs and both
bromide and triflate ArLG partners. A less-investigated aspect is the heteroaryl con-
struct (Table 14-16), although non-DoM-related Negishi cross-coupling procedures
have been reasonably established, for example, for pyridines (entries 2, 4, and 7)
[100] and indoles (entry 7) [101].
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Table 14-15 Selected DoM-Ar-Ar Negishi cross-coupling reactions

ZnX

DMG

G
1

LG

G
4

G
3

G
4

G
3

G
1

+
Conditions

G
2

G
2

G
5

G
5

DMG

1

2

3

4

5

6

7

8

OMe H H Br 2-CN H H [PdCl2(PPh3)  ]2

DMF

65 [94]

CONMe2 H H OTf 3-CO2Me H H [Pd(PPh
3
)
4
]

THF

81 [93]

Ox H H I 3-NO2 H H [Pd(PPh
3
)
4
]

THF

54 [93]

OMOM H H OTf 3-OCONEt2 H H Ni(acac)2

iPrMgBr/THF

57 [95]

4-OMe OTf 3-NO2

[93]

[93]

78

85

THF

CONEt2 H H H

Ox H H OTf H H4-CF3 [Pd(PPh
3
)
4
]

THF

Ox H H I 2-Me H H [Pd(PPh
3
)
4
]

THF

66 [93]

OCONEt2 6-OMe H OTf 3-OCONEt2 H H Ni(acac)2/PPh3

DIBAL/THF

65 [95]

Entry Conditions Yield (%) Ref.G
1

DMG G
2

LG G
5

G
3

G
4

Ox  =

N

O

[Pd(PPh
3
)
4
]
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Table 14-16 Selected DoM-Ar-HetAr and HetAr-HetAr Negishi cross-coupling reactions

1

N

N

OMe

Br

Ph

ZnCl

[44]45
[Pd(PPh

3
)
4
]

THF

3

N

TfO

Ox

ZnCl

[Pd(PPh
3
)
4
]

THF

4

54 [93]

5

Ni(acac)2

PPh3/MeMgBr

THF

94

89
[95]

N

ZnCl

CON
i
Pr2

LG

N

N
N

DMG

ZnClG

I

6

7

[Pd(PPh
3
)
4
]

THF

DMG = MOM, G = H

DMG = SO2NEt2, G = H

DMG = MOM, G = SPh

93

60

58

[99]8

Entry Conditions Yield (%) Ref.ProductR-ZnX R'-X

[Pd(PPh
3
)
4
]

THF

O
OxTMS

ZnCl

I

CO2Me

86 [97]

S
Ox

ZnBr

[Pd(PPh
3
)
4
]

THF
81 [97]

2

I

NN

H

BrEt2NOCO

ZnCl

[98]90
[Pd(PPh

3
)
4
]

THF

ZnCl

OMOM

2

NLG

G

[Pd(PPh
3
)
4
]

THF
[96]

N

N

OMe

Ph

Ph

CON
i
Pr2

N LG = Br

LG = OTf

N

Ox

OMOM

2

N

G

O
OxTMS

CO2Me

LG = Br, G = H

LG = Br, G = 3-Me

LG = I, G = 3-OC6H13

68

41

42

S
Ox

Ph

N

H

Et2NOCO

N

N

N

DMG

G

N



14.3.2
Comparison of Named C-C Cross-Coupling Reactions in the DoM Context

With some exceptions [102], systematic studies into comparisons of efficacy for the
Suzuki-Miyaura, Migita-Stille, Negishi, and Kumada-Corriu-Tamao technologies
for Ar-Ar bond formation are not available. With regard to DoM, a single compre-
hensive study (Table 14-17) [68a,103] detailed the synthetic advantage of the Su-
zuki-Miyaura and Negishi protocols. Thus, coupling of aryl triflates bearing ester
(entry 1), NHBoc (entry 7) groups with ArMgX partners failed and provided only
modest yields with fluoro (entry 13) and O-carbamate (entry 10) -containing aro-
matics. In contrast, ArZnX and ArB(OH)2 provided good to excellent yields of
biaryls, with the exception of the triflate from an N-Boc aniline (entry 8), which
failed – perhaps owing to the presence of the acidic N-H.

14.3.2.1 Directed Remote Metallation (DreM) Connections
Over 15 years ago, the complex-induced proximity effect (CIPE) heuristic suggested
[104] that strong coordination effects of organometallic donor reagents be rationa-
lized in enhancement of acidity at remote, nonthermodynamic sites, and this has
been translated into DreM strategies for the synthesis of condensed aromatics and
heteroaromatics which originate from the readily constructed DoM-cross-coupling-
derived intermediates 53 (Scheme 14-14). Thus 53, which originates predomi-
nantly from the Suzuki-Miyaura cross-coupling tactic, is at the hub of the Ferris
wheel to fluorenones 54, polysubstituted biaryls 55, 9-phenanthrols 56, and 9-ami-
nophenanthrenes 57, including a variety of heteroaromatic analogues. Synthetic
utility towards bioactive molecules and natural products and extension to tandem
DreM processes are feasible, and further development and generalization is antici-
pated in this respect [105].

78514.3 Synthetic Methodology derived from the DoM-Cross-Coupling Nexus

Table 14-17 Qualitative comparison among combined DoM-Suzuki-Miyaura, Corriu-Kumada-
Tamao, and Negishi cross-coupling processes

Entry Yield (%)Met DMG Entry Yield (%)Met DMG

CO2R

CO2R

CO
2
R

CONEt2

CONEt2

CONEt2

NHBoc

NHBoc

NHBoc

OCONEt2

OCONEt2

OCONEt2

F

F

F

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

MgBr

ZnCl

B(OH)
2

MgBr

ZnCl

B(OH)2

MgBr

ZnCl

B(OH)2

MgBr

ZnCl

B(OH)2

MgBr

ZnCl

B(OH)2

-

96

40

78

85

66

-

-

79

23

92

97

48

95

86

O

O

O

O

TfO

Met

+
Ni

0
 or Pd

0
 cat

solv /  temp

DMG

DMG

Cat Cat

-

A

E

C

A

D

-

-

D

B

A

D

C

A

D

Cat:  A = Ni(acac)2 / PPh3 / MeMgBr / THF; B = [NiCl2(dppe)] / THF; C = Ni(acac)2 / THF; D = [Pd(PPh
3
)
4
] /

DME / EtOH / 2M Na2CO3; E = [Pd(PPh
3
)
4
] / DME / 2M Cs2CO3



14.3.3
DoM C-N, C-O and C-S Cross-Coupling: Methodology for Ar-Z-Ar Systems

Synthetic routes to Ar-Z-Ar systems, which traditionally were derived from classical
Ullmann, Ullmann-Gomberg, and related reactions [19], have been considerably
advanced by the development of new conditions for the traditional processes,
new coupling partners, and, most significantly, Pd and Ni rather than Cu catalytic
procedures [14,15]. The future significance of the C-N, C-O and C-S cross-coupling
methodologies is anticipated, based on evolving mechanistic knowledge [106].
The DoM connection in the context of the synthesis of Ar-Z-Ar systems (Scheme

14-15) assumes both direct substitution, 58 p 60 (for Z ¼ SO2 [107], P(O)Ar [108])
and Cu- or Pd-mediated cross-coupling, 58 p 59 p 60 (for Z ¼ O, NR) modes.
While the routes to 60, Z ¼ SO2, P(O)Ar have not been tested in metal-catalyzed
reactions, classical [109] and modern [110] Ullmann-type conditions applied to
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O

OH

NR2

O
SiR3

G2 G1 G2

DMGPG

G1 G2

Z

cross-coupling

HO

G1

G1

G2

H2N

G1 G2

56 57

RLi or
LDA

DMG = CONR2
PG = H   
Z = H

DMG = OCONR2
PG = SiR3 
Z = H

DMG = CN, CH=NOMe,
             CH=NNMe2
PG = H
Z = H

DMG = CONR2
PG = H   
Z = CH3

LDA

LDA
Et2NLi

54

55

53

Scheme 14-14 Directed remote Metallation (DreM) strategies to condensed aromatics and
heteroaromatics.

58 59
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G DMG

Li

G DMG

X

G DMG

Z

X2

for Z = SO2, P(O)Ar

FSO2Ar or
ClP(O)Ar2

X = Br, I
for Z = NR, O, S

ArZH

Cu0 or Pd0

Scheme 14-15 DoM-C-N, C-O
and C-S bond-forming sequences
to substituted Ar-Z-Arl systems.
Z ¼ SO2, P(O)Ar, O, NR.



the cross-coupling of phenols with ortho-halo DMG systems provides a series of
diaryl ethers in reasonable yields (Table 14-18), while the Buchwald-Hartwig tech-
nology affords diarylamines in overall smooth and high-yielding reactions (Table
14-19) [111]. In the former series (Table 14-18), even arylthiols undergo Ull-
mann-cross-coupling (entry 12) – a somewhat rare observation in the Ullmann
literature. In view of the ready availability of ortho-DMG arylboronic acids, the
new N-thioimide-ArB(OH)2 cross-coupling reaction may advance this area [112].
For the same reason, a further influence on synthesis may result from the recent
findings that ArBF3

–Kþ derivatives undergo Cu-catalyzed cross-coupling with phe-
nols [113], and that ArB(OH)2 undergoes cross-coupling with both phenols and an-
ilines [16].
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Table 14-18 DoM-Ullmann synthesis of aryl ethers

Entry Yield (%)

[CuPF6(MeCN)  ]4

Cs2CO3/PhME

reflux
Z

DMG

LG

DMG

+

HZ
G

1

G
2 G

1
G

2

G
1

DMG LG Z G
2

CONHEt

CONHEt

CONHEt

CONHEt

CONEt2

CONEt2

CONEt2

COOH

NHBoc

OMOM

SO2NHEt

SO2NHEt

SO2NEt2

NH

O

O

O

S

O

O

O

O

O

O

S

O

3-Me

3-Me

3-Me

H

2-Me

4-F

4-OMe

3-Me

3-Me

3-Me

3-Me

2-CO2H

H

37

58

92

97

74

77

77

43

25

30

75

65

76

I

Cl

Br

I

I

I

I

Br

Br

I

I

I

I

1

2

3

4

5

6

7

8

9

10

11

12

13

H

H

H

H

H

H

H

H

H

H

H

4-Me

4-Me

Table 14-19 DoM Buchwald-Hartwig synthesis of N,N-dialkylanilinobenzamides

Entry Yield (%)

Br

CONR2

CONR2

N

H

H2N

+

[Pd(dba)  ]2

BINAP

NaOtBu / PhMe

G
2

G
2

G
1

G
1

G
1

G
2

R Entry Yield (%)G
1

G
2

R

1

2

3

4

5

Me

Et

i-Pr

Et

Et

Et

Et

Et

3-OMe

3-OMe

3-OMe

H

3,5-diOMe

H

H

H

H

H

6-OMe

4,5-diOMe

H

4-OMe

2-OMe

60

53

81

6

7

8

68

60

83

81

93

NH2



14.3.3.1 DreM Connection
As with the DreM link to the DoM-cross-coupling discussed in Ar-Ar bond forma-
tion context (see Section 14.3.1.1), the corresponding connections for Ar-Z-Ar sys-
tems open new avenues for anionic aromatic chemistry (Scheme 14-16). Thus [105],
from all of the heteroatom-bridged biaryls, 60, DMG ¼ CONR2, derived either by
direct electrophile quench or by cross-coupling sequences (Scheme 14-15), LDA-
mediated reactions lead to acridones, xanthones, thioxanthones, and dibenzopho-
sphorinones 61, while from the corresponding O-carbamates, 60, DMG ¼
OCONR2 but only in the Z ¼ SO2 and P(O)Ar series, and in the PG ¼ OMe
and SiR3 derivatives, a sequential ring-to-ring carbamoyl migration-anionic cycliza-
tion leads to substituted thioxanthones and dibenzophosphorinones (62). The tolyl
derivatives 63, R ¼ Me in all of the heteroatom-bridged series undergo a different
DreM process to furnish dibenzazepinones, dibenzoxepinones, dibenzothioxepi-
nones, and dibenzphosphorinones (64), reactions which still remain unoptimized
and ungeneralized.
Other potentially useful reactions which are similarly unexplored involve the

lateral metallation cyclization to oxindoles, 63 p 65, the N-to-ortho C carbamoyl
migration to anthranilamides, 63 p 66, and the thereby facilitated further DoM
chemistry to produce 67 – all substances which may be further used in cross-cou-
pling reactions, for example E ¼ hal, B(OR)2 [114].This anionic aromatic chemistry
has complementarity to Friedel-Crafts reactions (for 62 and 67) and also synthetic
consequences for a variety of heterocyclic frameworks represented in the structures
of Scheme 14-16.
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N
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Z

Z

O

Z

O G1

G2

DMG
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Z
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61
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PG
OH

PG

Z = NR, O, SO2, P(O)

Z
R

63

Z = SO2, P(O)Ar
DMG = OCONR2
PG = OMe, SiR3

LDA
LDA
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DMG = CONR2
PG = H

O
R2N

LDA
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PG = H

O
R2N

NEt2O

1. LDA
2. MeI

Z = NCONEt2
R = H
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N
Me

O
R2N

NEt2O

E

1. sBuLi/TMEDA

2. E+

Z = NBoc
R =CH3

LDA

N

R2N
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14.4
Applications of DoM in Synthesis

While the individual application of DoM and all of the named cross-coupling stra-
tegies for the construction of bioactive molecules and natural products is ascer-
tained by even a cursory perusal of the current literature, their use in combination
could enjoy increased and broader attention. The dictum “larger than the sum of
individual parts” may be adapted in such work in terms of the opportunities that
are presented owing to: (1) DoM regioselectivity; (2) pre- and post-DoM modifica-
tion to achieve specific substitution patterns in aromatics; (3) DoM-derived regio-
selective cross-coupling, post-cross-coupling modification by DoM; (4) interconnec-
tion at all stages, but especially post- DoM-cross-coupling with other useful syn-
thetic reactions; and finally (5), which is not discussed here [105], DreM links.
To illustrate the DoM-cross-coupling nexus in service of targeted synthesis, a

hopefully cogent selection of bioactive molecule, natural product, and organic ma-
terial syntheses are presented in this section.

14.4.1
Synthesis of Bioactive Molecules

14.4.1.1 DoM-Cross-Coupling Tactics involving Ar-Ar Bond Formation
In the search for mimics of the antimitotic alkaloid, Rhazinilam (75, Scheme 14-17),
a DoM-Stille cross-coupling tactic was pursued [115]. Thus, metallation of the ben-
zodioxene 68 followed by stannylation affords 69 which, upon Stille cross-coupling
with the 2-halo-N-Boc aniline 70 gives derivatives 71 in modest to good yields. In
an alternate series, cross-coupling of the 2-stannylated aniline 73 with the simple
bromobenzene 72 leads to the biaryls 74 in low to modest yields, complicated by
the formation also of the dimer from aniline 73 by homocoupling, presumably
due to steric effects. These sequences demonstrate the use of inverted ArMet
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and ArLG partners 70 and 73, both of which are derivable by DoM and amenable to
structural generalization.
A DoM-Suzuki-Miyaura cross-coupling combination was established [116] for the

construction of dibenzopyranones 79 (Scheme 14-18), a condensed heterocyclic
class represented in bioactive as well as naturally occurring molecule domains.
Thus, cross-coupling of the DoM-derived benzamide boronic acid 76 with bromo-
benzenes 77, which may also be prepared by DoM chemistry, furnishes biaryls 78
which, under either HCl or BBr3/HOAc conditions, produce the methyl ether or
free phenol dibenzopyranones 79, respectively. The establishment of regiochemis-
try by DoM in the thereby derived biaryls 80 and hence, unusually substituted
dibenzopyrans 81, is a valuable aspect of this route which leads to antimutagenic
ellagic acid congeners, its metabolite, 82, “castorium” a component of the scent
gland of the Canadian beaver, 83, as well as an assortment of heterocyclic analo-
gues. The remote anionic Fries approach 80 (see Section 14.3.1.1) to the same sys-
tems shows advantages (in 81, compare a: anionic Fries versus b: direct cross-coup-
ling) in overall yields (oy), presumably due to a less sterically encumbered cross-
coupling event, has also been demonstrated [116, 117].
The benefit of testing at least two of the named cross-coupling methodologies in

order to achieve optimum results has been clearly illustrated in the synthesis of
heterocyclic annelated ortho-naphthoquinones 87 (Scheme 14-19). Thus, a compar-
ison of Suzuki-Miyaura and Negishi cross-coupling reactions of the furan and thio-
phene amides 85 with simple bromotoluenes 84 shows advantages of the latter,
presumably due to protodeboronation of heterocyclic boronic acid partner. A
DreM (see Section 14.3.1.1) reaction followed by oxidation affords the target mole-
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cules 87, some of which show antimalarial/antitumor properties. Pyrido-fused
ortho-naphthoquinones (91) were also prepared by this methodology [43].
Potentially derivable by DoM chemistry [118], the ortho-bromoarylsulfonamide 92

(Scheme 14-20) has been shown to undergo smooth Stille cross-coupling with the
para-tolylstannane 93 to give the biaryl 94 which, upon further modification, leads
to 95, an angiotensin AII antagonist of potential use as an antihypertensive agent
[119]. The sulfonamide is envisaged as a tetrazole surrogate in this class of drug
indication.
The aryltetrazole has become a recognizable moiety in new drug candidates as a

result of its presence in the commercial antihypertensive drug, Losartanr [120]. As
in the commercial metric-ton synthesis, the preparation of the analogue 98 relies
on the DoM reaction to give the boronic acid 96 (Scheme 14-21) which, upon
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Suzuki-Miyaura cross-coupling with 97, followed by detrytilation, affords 98. The
ortho-substituted biaryl motif in 98 is also noted in 101 which is obtained by a Stille
cross-coupling of the stannane 99 with ortho-bromobenzonitrile (100). Benzoni-
triles are converted into aryl tetrazoles, hence the connection between 98 and
102 [121]. Higher substituted derivatives of the prototype compound 98 may be
available by using an in situ DoM silylation-ipso-halodesililyation method [26].
DoM-Suzuki-Miyaura cross-coupling strategies also dominate the synthesis of

the potential angiotensin II antagonists 108, 109, and 110 (Scheme 14-22). The
simple but key pyridine esters 105 and 106 – but not 104 – are prepared by
using the rich metallation chemistry of halopyridines [122]; their cross-coupling
with the simple arylboronic acid 103 affords the isomeric heterobiaryls 107
which, by obvious modification are transformed into the potential drug candidates
[123]. The fact that LiCl is required for the Suzuki-Miyaura cross-coupling of the
triflate 104 is unusual feature which is a common practice in the Stille cross-cou-
pling reaction.
A DoM-Stille connection was established for the synthesis of 115, and also un-

dertaken for potential demonstration of angiotensin II antagonist activity (Scheme
14-23). Thus, the stannylated imidazole 111, derived by virtue of the OSEM DMG,
undergoes cross-coupling with the aryl triflate 112 under standard Stille conditions
to afford 113 which is further converted by conventional reactions into 115 [124].
Inversion of the cross-coupling partners in 111 and 112, tested in related systems,
was shown to proceed in higher yields.
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14.4.1.2 DoM-Cross-Coupling Tactics involving Ar-Z-Ar Bond Formation
Comprehensive studies of DoM- cross-coupling methods for the construction of
Ar-Z-Ar (Z ¼ heteroatom) systems are not obvious in the current literature,
although ongoing and concealed activities by medicinal and process chemists
will undoubtedly change this situation in the future. Advantage may be taken of
classical and modern Ullmann and Buchwald-Hartwig methods to prepare diaryla-
mines, diarylsulfones, diarylphosphine oxides and diarylethers which, using DreM
tactics, may be converted into acridones, thioxanthones, dibenzophosphorinones,
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and xanthones respectively, structural types of which are known to exhibit a variety
of biological activities [11b]. In the context of diarylamines, the DreM method has
been applied to the synthesis of the dibenzazepinone, oxcarbazepine (Trileptalr)
[125].

14.4.2
Synthesis of Natural Products

14.4.2.1 Suzuki-Miyaura Cross-Coupling
The compact structure of eupolauramine (120, Scheme 14-24), a biogenetically
unusual azaphenthrene alkaloid isolated from Eupomalia laurina, serves as a typi-
cal application of combined DoM-Suzuki-Miyaura cross-coupling and DreM con-
cepts [126]. Thus, the pyridinediamide 116, obtained by C-3 metallation-carbamoy-
lation of the respective, readily available nicotinamide, undergoes cross-coupling
with the simple arylboronic acid 117 to give azabiaryl 118 in high yield. Remote
tolyl methyl deprotonation-cyclization (DreM) affords the azaphenanthrene 119
which, by further manipulation, including a Weinreb amide synthesis step, effi-
ciently leads to eupolauramine (120) [127].
The marine alkaloids constitute a rich arena for innovative DoM-cross-coupling

approaches, and an opportunity which has as yet been rarely taken [128]. In these
systems, a predominant motif, the benzo[c][2,7]naphthyridinone has been ap-
proached by both ArMet þ ArlLG and ArlMet and ArLG approaches (Schemes
14-25 and 14-26). Thus, 4-chloronicotinate 121 (Scheme 14-25) and the ortho-boro-
nic acid N-Boc aniline 122, both derived by DoM chemistry, undergo smooth cross-
coupling with concomitant lactamization to afford 125 in good yield. Alternatively,
cross-coupling of the bromonicotinate N-oxide 123 with the same boronic acid 122
provides the analogous tricyclic 124 which, upon deoxygenation, leads to the same
benzonaphthyridinone 125 [129].
The hydrolytic instability of the bromonicotinate corresponding to 121 to the

standard Suzuki-Miyaura conditions necessitated the use of the N-oxide. Inversion
of the cross-coupling partners was used for the construction of the alkaloid amphi-
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medine (132, Scheme 14-26). Cross-coupling of ortho-iodoaniline (126) with the
4-(9-BBN)-nicotinamide 127, obtained by an appropriate DoM procedure, afforded
the azabiaryl 128 in modest yield. Unsuccessful acid-catalyzed cyclization of 128
necessitated change to basic conditions which leads, after triflation, to 129. A Stille
cross-coupling with the 4-stannylated pyridine 130 affords 131, the conversion of
which into amphimedine 132 has been previously established [130].
The synthesis of the tetracyclic fragment 138 of the important antitumor alka-

loid, 20-S-camptothecin (139) (Scheme 14-27) is initiated by an anionic ortho-
Fries rearrangement of the quinoline-O-carbamate 133 which leads, after triflation,
to 134. Negishi cross-coupling with the readily prepared pyridyl zinc 135 proceeds
in high yield to afford the heterobiaryl 136. Further conventional manipulation pro-
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ceeding via 137 leads to the A/B/C/D ring fragment 138 of 20-S-camptothecin (139)
[131,142].
The structure of vancomycin 143 (Scheme 14-28), the complexity of which is

due, among other aspects, to multiple atropisomeric chirality, has attracted intense
synthetic interest [132]. An early, simple but useful example involves the cross-cou-
pling of 140 with a brominated aromatic dipeptide 141 to give the polyfunctiona-
lized biaryl 142 [133].
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14.4.2.2 Stille Cross-Coupling
Stille cross-coupling plays a prominent role in the construction of kinafluorenone
147, a precursor of kinamycins isolated from Streptomyces murayamaensis (Scheme
14-29) and phenanthroviridin aglycone 151 (Scheme 14-30). Thus, the bromoju-
glone derivative 144 (Scheme 14-29) undergoes cross-coupling with the highly hin-
dered stannylated benzamide 145, obtained by a DoM procedure, affording 146 in
excellent yield. Reductive methylation followed by an LDA-induced cyclization
according to the DreM concept affords kinafluorenone 147 [134].
Starting with the same juglone derivative 144 (Scheme 14-30) and a similar stan-

nylated benzamide (148), the product 149 is obtained by cross-coupling and, upon
oxidative ammonolysis followed by two deprotection steps, furnishes product 151
in low yields [135]. Both 147 and 151 exhibit antibiotic activity, while 151 is an an-
ticarcinogen that has the distinction of being first reported in the patent literature.
A study of the synthesis of grossularines I (159) and II (160) (Scheme 14-31),

constituting antitumor marine alkaloids isolated from the tunicate Dendrodoa gros-
sularia, is instructive in terms of different modes of heterocyclic ring assemblage
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and the finer elements of cross-coupling. Thus, the cross-coupling of ortho-stanny-
lated N-Boc aniline 152 with the imidazolopyridine 153 proceeds, as expected on
the basis of halo reactivity, to give product 154 albeit under special Ag2O conditions
and in low yield. Taking advantage of nucleophilic heteroaromatic substitution (see
also Scheme 14-35, 181), NaH treatment leads to the indoloannelated product 155
[54]. In an alternate approach, in which the a-carbazole ring construction is a key
step, the simple iodoindole 156 is subjected to cross-coupling with the stannylated
imidazole 157, obtained by SEM-mediated DoM chemistry, to give product 158 in
high yields under two catalytic conditions. Further manipulation including an
interesting carbonylative coupling in the final steps leads in high yield to the
marine natural products 159 and 160 [136].
The fundamental Stille cross-coupling tactic received a test of considerable steric

hindrance in the synthesis of isoschumanniophytine 164 (Scheme 14-32), one of
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two unique compounds isolated from the bark of Schummaniophyton problemati-
cum. Thus, the conventionally constructed benzopyrone 162 undergoes coupling
with the stannylated nicotinate 161 to give product 163 in low yield. Catalytic
debenzylation followed by hydrolysis-cyclization leads, in modest yield, to isoschu-
manniophytine 164, used in the prophylaxis and treatment of infections by HIV
and herpes simplex virus [137].
The construction of the indolocarbazole 170 (Scheme 14-33) originating from a

mushroom source, begins by taking advantage of a widely used indole C-2 DoM
reaction to give the starting stannylated derivative 165 which, upon cross-coupling
with the 4-bromoindole 166 affords the bis-indole 167 in modest yield. Deprotec-
tion with base leads to 168 which is subjected to a Grignard-induced double addi-
tion-elimination sequence with dibromomaleimide (169) to give the natural prod-
uct 170 [138].
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14.4.2.3 Negishi Cross-Coupling
Magnolol 174 (Scheme 14-34), a simple antiviral biaryl biphenol isolated from the
bark of Magnolia officinalis, is readily constructed by the Negishi cross-coupling of
171 with its corresponding iodide 172, both readily obtained by DoM and transme-
tallation or iodination reactions to yield 173 which, upon simple hydrolysis, affords
the natural product 174 [139].
The construction of the indolocarboline alkaloid, eudistomin U 180, is instruc-

tive not only from the DoM-Negishi cross-coupling strategy perspective but also
from the point of view of an additional synthetic link to nucleophilic aromatic sub-
stitution (Scheme 14-35) [140]. The DoM regimen is showcased in the construction
of the azabiaryl 177, which is derived from a Suzuki-Miyaura cross-coupling of 175
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isolated from Lissoclium fragile.



with the dihalopyridine 176, with both partners also originating from DoM chem-
istry. Taking advantage of the higher pyridine ring C-H acidity compared to that of
benzene, metallation followed by Zn transmetallation and cross-coupling with the
bromoindole 178, not derived by DoM, affords the interesting azateraryl 179. In
spite of the C-3 orientation of the fluoro substituent in the pyridine ring, an intra-
molecular nucleophilic substitution reaction is achieved, together with desulfonyla-
tion, under vicious conditions, to afford the natural product 180 [141].

14.4.3
Synthesis of Organic Materials

While metallation-cross-coupling strategies dominate in the construction of mate-
rials for the investigation of conduction, liquid crystal, transistor, fluorescence,
electroluminescence, ion receptor, cluster catalysis, among other properties, the
application of the DoM connection has not been widely tested. As is evident
from the discussion relating to the synthesis of bioactive molecules and natural
products (vide supra), DoM-cross-coupling synthetic design may lead to the provi-
sion of new molecules with unusual – and perhaps also useful physical and chem-
ical – properties due to derived electronic and steric factors.
Oligothiophenes constitute a very large and diverse class of materials which have

been studied largely for their properties shown in electrically conducting materials,
electrooptical and electronic devices, and highly organized molecular assemblies.
The DoM-Stille cross-coupling strategy has been demonstrated in the synthesis
of 187 (Scheme 14-36). Thus, cross-coupling of the iodothiophene, derived by
DoM chemistry, with the stannylated counterpart leads to 185. Further metallation
by taking advantage of the inherent high C-2 acidity of thiophene and stannylation
leads to 186. The latter then undergoes 2:1 cross-coupling to give the pentathio-
phene 187 [143].
In several synthetic endeavors to produce ion receptor molecules, the simple

tetra-aryl triphenol 190, the more complex quinoline-containing derivative 196,
and the related 200 have been prepared by DoM-Negishi cross-coupling strategies
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(Schemes 14-37 and 14-38). In the Negishi approach (Scheme 14-37), the 1:3
cross-coupling reaction between 188 and 189, with the latter being derived in situ
by DoM-transmetallation, affords (after hydrolysis) the target molecule 190 in
good yield. In a more interesting and demanding synthesis, the dibromo-
diMOM aromatic 192 undergoes clean 1:2 cross-coupling with phenylboronic
acid 191 to afford 193 which, upon DoM – zinc transmetallation followed by a
further 1:2 cross-coupling and hydrolysis, gives the structurally interesting 196
[144]. The synthesis of the 5-(dimethylamino)quinoline analogue 200 (Scheme
14-38) is initiated by use of the readily available 2-OMOM biaryl 198, which is sub-
jected to DoM-boronate conditions to give the corresponding boronic acid 199. 1:2
cross-coupling with 197 followed by a nitro group reduction and reductive amina-
tion affords a good yield of the designed molecular receptor 200 [144].
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14.5
Conclusions and Prognosis

The combination of directed ortho metallation (DoM) and transition metal-cata-
lyzed Suzuki-Miyaura, Kumada-Corriu-Tamao, Stille, and Negishi cross-coupling
reactions provides a useful methodology for the synthesis of polysubstituted aro-
matics and heteroaromatics, and a valuable strategy for the construction of corre-
sponding bioactive molecules and natural products. The aim of this review was to
provide a noncomprehensive survey of the DoM-cross-coupling link from which
the following aspects would be, to various degrees, appreciated.

14.5.1
Synthetic Methodology

x The DoM-cross-coupling connections that can be favorably established using
Li for B, Mg, Sn, and Zn transmetallation starting points in the context of the
various carbon- (and heteroatom-) based directed metallation groups (DMGs)
in both aromatic and heteroaromatic systems.

x DoM-cross-coupling methodologies for Ar-Ar and Ar-Z-Ar (Z ¼ NR, O, S) bond
motifs, as well as for HetAr systems, is the focus of this review.

x A sojourn into the DoM-cross-coupling link to directed remote metallation
(DreM) is taken, albeit briefly in view of recent more extensive reviews on this
topic [11b, 18].

x Tabular surveys are provided of selected synthetically useful cases, starting with
biaryls, through to polyaryls, and considering heteroaryls in order of p-excessive
and p-deficient systems.

x Convenience, stability, side reactivity factors of various ArMet (Met ¼ B, Mg, Sn,
Zn) species are considered.

x Qualitative relative rates of cross-coupling of various ArLG (LG ¼ halogen, OTf,
as well as newer OCONR2 and SO2NR2) are considered in the context of the
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currently incomplete mechanistic pictures for both DoM and cross-coupling reac-
tions.

x Impact of steric effects and functional group compatibility for the named cross-
coupling reactions are illustrated and compared as attainable from the current
literature.

x Experimental. Selected experimental procedures for the preparation of the repre-
sentative Ar-Ar and Ar-Z-Ar derivatives are provided in Section 14.6.

14.5.2
Synthetic Application

x Advantages gained from the use of the DoM-cross-coupling synthetic link are
delineated: regioselectivity, brevity, and efficiency derived from both DoM and
cross-coupling component reactions; pre- and post- DoM substituent introduc-
tion; interconnections, at all stages, with other synthetic methods; including
the DreM connection.

x The DoM-cross-coupling strategies are illustrated by selected examples from the
bioactive molecule, natural product, and, in small part, material science literature
with attempts to enlighten how detection of DMGs and Ar-Ar and Ar-Z-Ar bonds
in both simple and complex aromatic or heteroaromatic frameworks may lead to
advantageous retrosynthetic analyses compared to alternative, many times, elec-
trophilic substitution-based tactics.

14.5.3
Prognosis

Some 15 years have passed since the earliest DoM-cross-coupling sequence was
reported [2]. Based on the discussions in this chapter, additional opportunities in
synthetic methodology and applications are now evident, and further evolution
of this strategy to achieve broader generality is anticipated. Whilst the coverage
herein has been limited to connections to the Suzuki-Miyaura, Kumada-Corriu-
Tamao, Migita-Stille, and Negishi Ar-Ar and Ar-Z-Ar bond-forming processes,
links to other transition metal-catalyzed reactions, already indicated by preliminary
studies, are ripe for development. Thus, the “departures” from the main DoM-
cross-coupling terminal towards Heck, Sonogashira, Grubb metathesis, SRN1
and, generally, nucleophilic aromatic substitution, carbonylative cross-coupling,
ipso-Eþ-induced desilylation, and …. “gates” are clearly ready for exploration and
exploitation. Furthermore, cascade and/or domino processes, whereby selective
transition metal tuning to influence rates of various combinations of couplings
[145], will influence the thinking of organic chemists in their quest for increased
efficiency, selectivity, and, not the least, environmental stewardship.
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14.6
Selected Experimental Procedures

14.6.1
DoM-Suzuki-Miyaura Cross-Coupling for the Preparation
of Benzo[c][2,7]naphthyridinone (125, Scheme 14-25).

A solution of NBoc aniline (1.8 g, 10 mmol) in anhydrous THF (40 mL) at –78 hC
under argon, was treated with tBuLi (1.7 M solution in pentane, 14 mL, 24 mmol),
and the solution was stirred for 15 min. The mixture was warmed to –20 hC and
stirred for 2 h, after which trimethylborate (4.3 mL, 38 mmol) was added and
the reaction mixture allowed to warm to ambient temperature. The reaction mix-
ture was cooled to 0 hC and acidified to pH 6.5 by the addition of 10% aqueous
HCl. The aqueous phase was separated and extracted with CH2Cl2, the extracts
were combined with the initial THF solution, and the combined extract was
washed with brine (20 mL), dried (MgSO4), and evaporated. The crude boronic
acid 122 produced as a colorless powder was used without purification in cross-cou-
pling reactions.
A heterogeneous mixture of 4-chloropyridine 121 (1.4 g, 8 mmol), [Pd(PPh3)4]

(0.4 g, 0.4 mmol), 2 M aqueous Na2CO3 (7.7 mL), and boronic acid 122 (4.2 g,
18 mmol) in DME (80 mL) was refluxed under nitrogen for 8 h. The reaction mix-
ture was cooled and partially evaporated in vacuo. Addition of benzene (20 mL) and
filtration gave 1.1 g (70%) of 125.

14.6.2
DoM-Kumada-Corriu-Tamao Cross-Coupling for the Preparation
of N,N-diethyl-2-trimethylsilyl-3-phenylbenzamide (Table 14-9, entry 3).

To a solution cooled at 0 hC of N,N-diethyl-3-trifluoromethanesulfonyloxy-2-trime-
thylsilylbenzamide (350 mg, 0.88 mmol) and [NiCl2(dppp)] (30 mg, 0.055 mmol)
in THF (10 mL) was added PhMgBr (0.60 mL, 3.0 M, 1.80 mmol). After 7 h, the
reaction was treated with aqueous saturated NH4Cl (10 mL) and extracted with
ether (2 q 10 mL). The combined organic layers were dried over Na2SO4, filtered
and concentrated in vacuo. The residue was the purified by flash chromatography
(3:1 hexane:EtOAc) and afforded the N,N-diethyl-2-trimethylsilyl-3-phenylbenza-
mide (200 mg, 70%) as a colorless oil.

14.6.3
DoM-Migita-Stille Cross-Coupling for the Preparation
of oligothiophene 185 (Scheme 14-36).

A flask was charged with compound 184 (1 g, 4 mmol), 183 (1.35 g, 2.04 mmol),
200 mg of tetrakis(triphenylphosphine)palladium(0), and toluene (15 mL). The
reaction mixture was first purged with argon for 20 min, and then heated to
100–110 hC overnight before being poured into saturated NH4Cl solution. The
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aqueous layer was extracted with ether (2 q10 mL), and the organic extracts were
washed with saturated NH4Cl solution and dried over Na2SO4. The solvent was
removed by rotary evaporation, and the residue purified by flash chromatography
(1% ethyl acetate in hexane) to provide 320 mg (51%) of 185 as yellow crystals.

14.6.4
DoM-Negishi Cross-Coupling in the Preparation
of 5,5l-Diallyl-2,2l-bis(methoxymethoxy)biphenyl 173 (Scheme 14-34).

4-Allyl-2-iodophenyl methoxymethyl ether (172). A solution of 2.02 g (11.3 mmol)
of 4-allyl-2-phenyl methoxymethyl ether in 10 mL THF was treated at –78 hC with
10 mL (17.0 mmol of a 1.7 M solution in hexane) of tert-butyllithium. After being
stirred at –78 hC for 2 h, the mixture was treated with a solution of iodine (4.32 g,
17.0 mmol) in 15 mL THF. The mixture was stirred for 30 min, allowed to warm to
r. t., poured into 10 mL of 20% aqueous Na2SO3, and extracted three times with
10 mL of ether. The combined extract was washed with saturated NH4Cl solution,
dried over sodium sulfate, and the solvent was removed in vacuo. The crude prod-
uct was purified by chromatography (hexane-EtOAc, 95:5) to give 3.1 g (90%) of
aryl iodide 172.
5,5l-Diallyl-2,2l-bis(methoxymethoxy)biphenyl (173). A solution of tert-butyl-

lithium in hexane (0.88 mL of a 1.7 M solution, 1.5 mmol) was added to 178 mg
(1.0 mmol) of 172 in 1 mL THF at –78 hC. After 2 h, the mixture was warmed to
–10 hC and transferred via a cannula to 1.0 mL (1.0 mmol, 1.0 M solution in ether)
of zinc chloride at r. t.. The mixture was stirred for 1 h. The palladium catalyst was
prepared in a separate flask by treating 22 mg (0.033 mmol) of [PdC12(PPh3)2] in
1.0 mL THF with 0.066 mL (0.066 mmol) of DIBALH (1 M solution in hexane). To
this catalyst solution was added 213 mg (0.70 mmol) of a solution of aryl iodide 172
in 2 mL THF, and the supernatant solution of the arylzinc chloride prepared above.
The mixture was stirred for 2 h at r. t., and the reaction was then quenched with
5 mL saturated ammonium chloride solution. The aqueous layer was extracted
with three 10-mL portions of ether. The combined extract was washed once with
brine and dried over sodium sulfate. After removal of the solvent in vacuo, the
crude product was purified by chromatography (hexane-EtOAc, 95:5) to give
169 mg (68%) of biaryl 173.

14.6.5
DoM-Ullmann Cross-Coupling. Synthesis of Ar-X-Arl (X ¼ O, N, S) under
Modified Ullmann Reaction Conditions (General procedure; Table 14-18).

A 0.5 M toluene/xylene solution of 2-halobenzamide, 1.5 equiv. of phenol (thiophe-
nol or aniline), 2 equiv. of Cs2CO3 and 5 mol% of Cu(I)-catalyst was refluxed with
intensive stirring for 19–48 h, monitoring the progress by GC. The reaction mixture
was cooled to r. t. and filtered through a paper filter. The filter was washed with a
sufficient amount of EtOAc and the filtrate was concentrated in vacuo. The pure
product was isolated by Kugelrohr distillation or column chromatography.
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14.6.6
Typical Buchwald-Hartwig Cross-Coupling Procedure.
Synthesis of N,N-diethyl-N-phenylanthranilamide (Table 14-19, entry 4).

A thick-walled screw-cap glass tube was charged with a mixture of N,N-diethyl
2-bromobenzamide (505 mg, 1.97 mmol), aniline (0.21 mL, 2.30 mmol), NaOtBu
(266 mg, 2.77 mmol), [Pd2(dba)3] (5 mg, 0.006 mmol), BINAP (11 mg, 0.017 mmol)
and toluene (5 mL) under N2 atmosphere. The tube was sealed and heated (90–
100 hC) with stirring for 21 h, and then cooled to r. t.. The addition of aqueous
NH4Cl and a standard work-up, followed by flash column chromatography (10%
EtOAc/hexane) afforded N,N-diethyl-N-phenylanthranilamide (426 mg, 81%).

Abbreviations

Ac acetyl
acac acetylacetonate
Ar aryl
bn benzyl
Boc tert-butoxycarbonyl
dba dibenzylideneacetone
DME 1,2-dimethoxyethane
DMF N,N-dimethylformamide
DMG directed metallation group
DoM directed ortho-metallation
dppp 1,3-bis(diphenylphosphino)propane
DreM directed remote metallation
FG functional group
LDA lithium diisopropylamide
LiTMP lithium tetramethylpiperidide
MOM methoxymethyl
PG protecting group
Piv pivaloyl
Pyr pyridine
r. t. room temperature
TBS tert-butyldimethylsilyl
TMEDA tetramethylethylenediamine
TMS trimethylsilyl
Tf triflate
THF tetrahydrofuran
THP tetrahydropyranyl
Ts 4-toluenesulfonyl
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15
Palladium- or Nickel-Catalyzed Cross-Coupling with
Organometals Containing Zinc, Aluminum, and Zirconium:
The Negishi Coupling

Ei-ichi Negishi, Xingzhong Zeng, Ze Tan, Mingxing Qian, Qian Hu,
and Zhihong Huang

15.1
Introduction and General Discussion of Changeable Parameters

This chapter is a sequel to Chapter 1 in Metal-Catalyzed Cross-Coupling Reactions [1]
which, in its First Edition, was published in 1998. This part of the Pd- or Ni-cata-
lyzed cross-coupling process has received an enormous amount of attention among
synthetic chemists, and its scope has expanded very significantly since the first edi-
tion was published. In both The Merck Index, 13th edition [2] and Organic Syntheses
Based on Name Reactions, 2nd edition, by Hassner and Stumer [3], the topic of this
chapter is listed as Negishi coupling, along with Suzuki and Stille couplings as well
as Heck and Trost-Tsuji reactions. The Merck Index also lists the Buchwald-Hartwig
amination reaction. Consequently, the use of these names has been widely prac-
ticed and, for the sake of convenience, is fully justified in this chapter.
In this chapter, a brief overview of the early history of Pd-catalyzed cross-coup-

ling during the 1970s and a discussion of some of the basic aspects and para-
meters of Pd-catalyzed cross-coupling will be followed by a series of special topics
of the current and future interest centered around Negishi coupling. As deemed
appropriate, the corresponding Ni-catalyzed cross-coupling reactions will also be
discussed. As it is not practical to try to cover the subject in an exhaustive manner,
the presentation in this chapter is rather selective. For a more thorough discussion
of Pd-catalyzed cross-coupling, as of a few years ago, the reader is referred to Part
III of the Handbook of Organopalladium Chemistry for Organic Synthesis [4]. For dis-
cussions of more recent results, several recent reviews on specific topics cited
throughout this book may be consulted. Within the area covered by this chapter,
for example, a comprehensive review on Pd-catalyzed alkynylation was published
in 2003 [5].

Metal-Catalyzed Cross-Coupling Reactions, 2nd Edition. Edited by Armin de Meijere, Fran�ois Diederich
Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN 3-527-30518-1



15.1.1
Genesis and Early Developments of Pd-Catalyzed Cross-Coupling

The early history of the discoveries and developments of Ni- and Pd-catalyzed
cross-coupling has been documented in a special issue of the Journal of Organome-
tallic Chemistry, published in 2002 [6], and in particular a chapter entitled “A Gen-
ealogy of Pd-Catalyzed Cross-coupling” by one of the present authors (E. N.) [7]
included the following discoveries and developments which were made during
the period between 1975 and 1978.

1. Following the discovery of the Ni-catalyzed cross-coupling of organomagnesium
derivatives in 1972 by Tamao, Sumitani, and Kumada [8] as well as by Corriu
and Masse [9], a few groups led by Murahashi [10], Fauvarque [11], and Ishikawa
[12] seemingly independently reported the Pd-catalyzed version of Grignard
cross-coupling between 1975 and 1976.

2. Negishi, on the other hand, reported in 1976 that both Ni- and Pd-catalyzed
cross-coupling could be achieved with organoaluminums used in place of orga-
nomagnesiums [13,14] (Scheme 15-1).

3. During the period 1976 to 1978, the Negishi group made the following critical
findings that have led to a number of significant subsequent discoveries and
developments, including:

x The first systematic screening and discovery of Pd- or Ni-catalyzed cross-coupling
reactions of organometals containing Al, B, Zn, and Zr [13–21], which clearly
established the generality of Pd- or Ni-catalyzed cross-coupling with respect to
the metal countercation (M) of the organometallic reagents (R1M) (Schemes
15-2 and 15-3).

x The first demonstration of Pd- or Ni-catalyzed hydrometallation–cross-coupling
[13,14,16,18,20,21] and carbometallation–cross-coupling [21] domino processes
(Scheme 15-3).

x The first demonstration of double metal catalysis [21] with the use of second cat-
alysts, such as ZnCl2 and ZnBr2 (Scheme 15-4).
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With almost ten papers published by the Negishi group during this period [13–21],
the basic foundation of the currently known Pd-catalyzed cross-coupling was rea-
sonably well established.
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15.1.2
An Overview of Recent Developments, and the Current Scope

All Pd-catalyzed carbon-carbon cross-coupling reactions can be represented by the
general equation shown in Scheme 15-5.
For any given combination of R1 and R2, there are several parameters that can be

changed and optimized, such as: (i) metal countercation (M); (ii) leaving group (X);
(iii) Pd catalyst (PdLn); (iv) additive or co-catalyst; (v) solvent; and (vi) others includ-
ing temperature, time, concentration, and mode of addition. Thus, the main goal
of the synthetic chemist is to identify the optimal set of these parameters for a
given synthetic task.

15.1.2.1 Metal Countercations
The first systematic screening of metal countercations reported in 1978 [18] em-
ployed various alkynylmetals as nucleophiles, and identified Zn, B, and Sn as
three superior metals. This was despite Zn having already been shown to be a
superior countercation in 1977 [15,17], when a couple of reports were also publish-
ed on the Pd-catalyzed reaction of allylstannanes with aryl iodides [22,23]. It is
noteworthy that these are the three most widely used metals today, and they corre-
spond to Negishi, Suzuki, and Stille couplings, respectively. As discussed earlier, Al
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[13,14] and Zr [16,20] had been shown previously to be superior metal counterca-
tions of the respective alkenylmetals. These earlier studies also suggested that
many other metals might be able to serve as metal countercations in Pd-catalyzed
cross-coupling.
Even if all elements with atomic numbers higher than 83 as well as Tc and Pm

are excluded for their radioactive property (except in the cases of Th, Pa, and U),
there are 81 elements, of which H, C, and 18 group 15–18 elements may conveni-
ently be considered as nonmetals. The remaining 61 metallic elements may be
classified into 24 main group metals, 23 d-block transition metals, and 14 lantha-
nides including La. Of the 10 nonradioactive groups 1 and 2 metals, only Mg was
shown during the 1970s to be of considerable utility in Pd-catalyzed cross-coupling
[10–12,15,24–26]. Even so, the synthetic use of Mg has been limited by its gen-
erally low chemoselectivity and surprisingly low reactivity under Pd-catalysis con-
ditions. Perhaps more surprising is the inability of organolithium compounds to
participate widely in Pd-catalyzed cross-coupling [10,18,27,28], even though this
has been shown to occur only in certain special cases [29]. Although further
investigation is necessary, the inability of organolithium compounds to undergo
Pd-catalyzed cross-coupling vis-�-vis their high reactivity under stoichiometric
conditions may tentatively be interpreted in terms of catalyst inactivation or decom-
position, i. e., “catalyst poisoning.” The other members of groups 1 and 2 metals
may also suffer from similar difficulties, and Be is known to be inherently toxic.
Hence, organometals containing groups 1 and 2 metals will most probably
continue to serve mainly as the first-generation organometals to be converted to
other second-generation organometals for Pd-catalyzed cross-coupling. Otherwise,
Mg may well be the only member of major synthetic utility.
By contrast, several of the twelve groups 12–14 metals, i. e., Zn, B, Al, and Sn,

have been shown to be very useful in Pd-catalyzed cross-coupling, as discussed
above. The heavier members of groups 12–14 metals, i. e., Cd, Hg, Tl, and Pb as
well as Sn, are associated with a variety of toxic properties, and this should limit
their synthetic utility. Organosilanes themselves are considered to be some of
the least reactive organometals in Pd-catalyzed cross-coupling, and indeed, silyl
groups are often used to protect various functional groups during the catalytic pro-
cess. Nonetheless, a variety of methods for the selective activation of organosilanes
has been devised to achieve Pd-catalyzed cross-coupling [30]. These reactions are
discussed in Chapter 4, and will not be discussed at this point. Although signifi-
cantly more expensive, Ge might be expected to show reactivities similar to
those of Si, but very little appears to be known in this respect [30,31].
More than 20 years after the first systematic metal countercation screening [18],

indium has recently emerged as a potentially useful metal in Pd-catalyzed cross-
coupling. The Pd-catalyzed cross-coupling of R3In reported in 1999 by Sarandeses
[32] appears to be the seminal contribution. In addition to a series of papers from
Sarandeses’ group [32–34], those reported by others including Blum [35–37],
Oshima [38–40], Lee [41–45], Fiaud [46], and Minehan [47] have also contributed
to establish Pd-catalyzed organoindium cross-coupling as a potentially attractive
and useful reaction, as indicated by the results summarized in Scheme 15-6.
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Although several of its neighboring elements are considered to be inherently
toxic, In does not appear to be associated with any serious toxicity problems.
The main drawback, however, is its relatively high cost, which appears to be
about five to ten times that of ZnCl2 on an equivalent basis. In this context, a recent
finding in the authors’ group that InCl3 can serve as a better co-catalyst than ZnCl2
or ZnBr2 in promoting Pd-catalyzed cross-coupling of alkenylmetals containing Al
or Zr [48] is noteworthy, and this reaction will be further discussed later. In view of
the superior reactivity of In, it might appear worthwhile to investigate the Pd- or
Ni-catalyzed cross-coupling of comparably priced organogallium compounds. At
present, however, relatively little is known about the reaction [30,35–37], and pre-
liminary results obtained in the authors’ laboratories have not proved to be en-
couraging [48].
Little, if any, appears to be known about the Pd- or Ni-catalyzed cross-coupling of

organometals containing group 3 metals including Sc, Y, and lanthanides. There
does not appear to be any firm reason for categorically ruling them out, however.
A round of systematic screening of at least some reasonably priced members might
prove to be fruitful.
Of 23 d-block transition metals excluding radioactive Tc, a few (i. e., Zr and Cu)

have been shown not only to participate in Pd- or Ni-catalyzed cross-coupling but
also to offer some unique advantages that stem from their ability to undergo hydro-
zirconation [16,18,20,21] and carbocupration [49,50], respectively. A few other
transition metals, such as Mn [51] and Ag [52,53], have been shown to undergo
Pd-catalyzed cross-coupling, though additional positive and persuasive results
would be needed to demonstrate their potential synthetic utility. In this context,
the high costs of Ag compounds would pose a considerable barrier to their wide-
spread use. This limitation also applies to the majority of the other d-block transi-
tion metals, except for several relatively inexpensive members such as Ti and Fe.
In summary, the current scope of Pd-catalyzed cross-coupling with respect to

metal countercation (M) may be indicated as shown in Table 15-1. In the follow-
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Table 15-1 Scope of Pd-catalyzed cross-coupling with respect to metal countercations (as of 2003)

 Li  B

Mg Al Si

Mn Cu  Zn Ga? Ge?

Zr In SS n

                Scope                    Use

Metal
countercation

Widely
applicable

Relatively
limited

Widely
used

Moderately
used

Not yet
widely used

Comments and
concerns

Category I

Zn X X x Generally the most
reactive.

B X X x One of the most
chemoselective.

Category II

Sn X X x Toxicity is a major
concern.

Category III

Cu

Catalytic
(Sonogashira)
Stoichio-
metric

X X x Limited to alkyny-
lation

X X x Carbocupration-
cross-coupling
tandem promising.Category IV

Mg X X x If satisfactory, it
should be
considered first.

Category V

Al X X x Specialty metals
for alkenylation via

Zr X X hydro- and carbo-
metallation.

Category VI

Si X X x Low intrinsic
reactivity may limit
its scope.

In X X x High cost is
limiting.

Mn X X x Promising.
Others

 Li X X x Mainly to be trans-
metallated to other
organometals

 Ga x Little is known
about Ga or Ge.

 Ge



ing sections, attention will be mainly focused on the Pd-catalyzed cross-coupling
reactions of organometals containing Zn, Al, and Zr – that is, the Negishi cou-
pling.

15.1.2.2 Leaving Groups (X)
During the 1970s, Pd-catalyzed cross-coupling was mostly performed with organic
iodides, and less frequently with bromides. Organic chlorides were rarely used, and
the use of fluorides was probably never reported. In the 1980s, the use of alkenyl
chlorides as well as phosphates and sulfonates of phenols and enols were reported,
as indicated by the results shown in Scheme 15-7.

In each example in Scheme 15-7, PPh3 was used as a ligand in the Pd catalyst.
Despite some favorable results, such as those shown in Scheme 15-7, the use of
organic chlorides, phosphates, and even sulfonates (with the notable exceptions
of triflates and higher fluoroalkylsulfonate derivatives) remained a generally diffi-
cult task. Over the past few years, however, a variety of “nonconventional” phos-
phines and other ligands, including sterically encumbered trialkylphosphines,
such as tBu3P and Cy3P [57], variously substituted Pybox ligands represented by
1 [58], and N-heterocyclic carbenes (NHC) represented by 2 [59] have made it
feasible to use generally and satisfactorily organic chlorides including even alkyl
chlorides [58] in the Pd- or Ni-catalyzed cross-coupling. With Ni(acac)2-NHC
(R ¼ 2,6-diisopropylphenyl) as a catalyst, even aryl fluorides were successfully
cross-coupled with arylmagnesium bromides [60]. The use of these “nonconven-
tional” ligands will be extensively discussed throughout this chapter.

It should be emphasized at this point that the reactivity of R-X bonds signifi-
cantly depends not only on the leaving group (X) itself but also on the organic
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group (R). One of the earliest examples which pointed eloquently to the signifi-
cance of the organic group is shown in Eq. (1) of Scheme 15-8. The alkenyl-I
bond is at least 100 times as reactive as the alkyl-I bond in this reaction [61]. In
contrast to the relatively unreactive homoallyl iodide in Eq. (1), R-X bonds contain-
ing allyl and propargyl groups are substantially more reactive than alkenyl and aryl
electrophiles. In fact, not only allylic chlorides but all oxygenated allylic derivatives
including acetates and other carboxylates, free allylic alcohols protected in the form
of alkoxyalanes, phosphates, and even trialkylsilyl derivatives tested in the authors’
laboratories participated in the Pd-catalyzed reaction with alkenylalanes and aryl-
zinc chlorides [62], as shown in Eq. (2). Similarly noteworthy are the highly con-
trasting reactivity profiles displayed by propargyl and allenyl derivatives having
the same carbon framework and leading to the formation of the identical cross-coup-
ling products [63] (Eqs. (3) and (4) in Scheme 15-8). These results clearly indicate
that propargyl derivatives are much more reactive than the corresponding allenyl
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derivatives and suggest that the allenyl derivatives must act more like alkenyl deri-
vatives rather than allyl derivatives.
With all other things being equal or comparable, the approximate order of reac-

tivity of various carbon groups may tentatively be summarized as shown below
(Scheme 15-9). Acyl derivatives are less reactive than allyl or propargyl but more
reactive than alkenyl.

With due considerations of (i) carbon group, (ii) ligand and Pd complexes, (iii)
additive and co-catalyst, and (iv) solvent, the order of reactivity of various halogen
and oxygenated leaving groups may tentatively be ranked as shown in Scheme
15-10. Organic fluorides are generally less reactive than the corresponding
chlorides. The reactivity of sulfonates and phosphates can vary depending on
their structural details. Consequently, these groups may not be readily ranked in
Scheme 15-10.

Some other nonmetals, notably S, N, and even C, have served as key atoms in
leaving groups. A few representative examples are shown in Scheme 15-11.

15.1.2.3 Ligands (L) and Pd Complexes (PdLn)
Over the past few years, a number of significant discoveries and developments that
had previously been considered to be impossible have now been made in Pd- or Ni-
catalyzed cross-coupling. In many cases, these new discoveries and developments
were made through the consideration and use of “nonconventional” phosphines
and other ligands. Since the number of conceivable ligands is literally endless,
activities in this area may be expected to continue and grow in the future. In this
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subsection, both conventional and “nonconventional” ligands and/or Pd complexes
containing them will be listed as menus for use in synthesis and as stimuli for
further research activities. Their applications will be found throughout this chapter.
In a recent review [67], a number of conventional phosphines and other ligands

as well as their Pd complexes were catalogued, and a list of 10 phosphines shown
in Table 15-2 was presented as a menu to be used for Pd-catalyzed reactions,
including cross-coupling.
For most of the desired cross-coupling reactions, the menu presented in Table

15-2 would provide a reasonable starting point. For handling various demanding

tasks of Pd- or Ni-catalyzed cross-coupling, and especially those cases with organic
chlorides including alkyl chlorides [58, 69], it is desirable to add other “nonconven-
tional” phosphines and N-containing ligands, as shown in Table 15-3 [58, 59, 68,
69].
Some of the “nonconventional” ligands listed in Tables 15-2 and 15-3 have re-

cently been shown to exhibit not only rate acceleration but also remarkable abilities
to alter stereoselectivity profiles, as detailed later [70–73]. Although these new
ligands have made it possible to achieve various Pd- or Ni-catalyzed cross-coupling
reactions that had until recently been considered very difficult or even impossible,
they nevertheless have also been associated with some undesirable features. Their
relative instability and high costs are two major concerns to be overcome. Since the
cost-related problem in catalysis can be overcome by raising the turnover number
(TON), which, in turn, depends on the stability of ligands and catalysts under cata-
lytic conditions, both of the two problems mentioned above may be interrelated.
Although relatively few investigations have been carried out on this subject, the
preparation and use of phosphinous acids and their Pd complexes by Li [74] repre-
sent a step in the right direction. Many additional studies would be required to
achieve overall optimization of various parameters including scope, rate, selectivity,
cost, and safety.
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Table 15-2 A list of representative phosphines for Pd-catalyzed reactions

Monodentate Phosphines Bidentate Phosphines

PPh3 (Referrence phosphine) Ph2P(CH2)2PPh2      (dppe)

PtBu3 Ph2P(CH2)3PPh2      (dppp)

PCy3 Ph2P(CH2)4PPh2      (dppb)

PTol3 (TTP)

Fe

PPh2

PPh2

(dppf)

P(2-Furyl)3 (TFP) iPr2P(CH2)3PiPr2     (dippp)

O

PPh2
PPh2

(DPEphos)



15.1.2.4 Additives and Co-Catalysts
A systematic screening of various metal salts including ZnCl2 reported in 1978 [21]
(Scheme 15-4) represents the first deliberate use of additives or co-catalysts. In this
study, it was noted that alkenylzincs generated in situ by treating alkenylmetals
containing Li or Mg with ZnCl2 were significantly more reactive than the parent
alkenylmetals and the corresponding organometals containing Al or Zr in the
Pd- or Ni-catalyzed reactions. Furthermore, in cases in which sterically encum-
bered alkenylmetals containing Al or Zr failed to undergo the desired Pd- or Ni-cat-
alyzed cross-coupling, addition of anhydrous ZnCl2 accelerated such reactions as
much as several thousand-fold or more. Significantly, these reactions were
shown to be catalytic with respect to the added ZnCl2. Although no detailed me-
chanistic studies were performed, it was thought that alkenylmetals containing
Al or Zr would undergo reversible transmetallation with ZnCl2 to generate equili-
brium quantities of more reactive alkenylzincs.
During the early 1980s, zinc salts were shown to be similarly effective in promot-

ing the Pd-catalyzed cross-coupling of alkenylcoppers [49, 50]. Likewise, some Pd-
catalyzed cross-coupling reactions of organotins were shown to be accelerated by

826 15 Palladium- or Nickel-Catalyzed Cross-Coupling: The Negishi Coupling

Table 15-3 A list of additional “non-conventional” ligands
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the addition of LiCl [75]. It was also noted between 1976 and 1978 that, whereas
alkynylborates generated in situ by treating alkynyllithiums with trialkylboranes
would undergo a slow but high-yielding Pd-catalyzed cross-coupling [18], alkenyl-
boranes generated by hydroboration of alkynes would not [13,14]. Several years
later, it was found that alkenylborates generated in situ by treating alkenyllithiums
with trialkylboranes would undergo the desired cross-coupling in a manner similar
to that of alkynylborates [76]. These results strongly suggested the desirability of
using organoborates rather than organoboranes. In the intervening years, it was re-
ported that the Pd-catalyzed cross-coupling with alkenylboranes could be achieved in
the presence of bases, such as NaOEt, which presumably convert boranes into bo-
rates [77]. These early investigations clearly pointed to beneficial effects of additives,
such ad ZnCl2, LiCl, and NaOEt, which could be either stoichiometric or catalytic.
In principle, additives or co-catalysts may activate organometals (R1M), organic

halides (R2X), and/or Pd catalysts (PdLn), and they may be predominantly acidic,
basic, or neutral. Although solvents, typically used in large excess, would not be
called additives, many of them – especially polar solvents including DMF, NMP,
amines, alcohols, and water – can significantly interact with organometals, organic
halides, and Pd catalysts and can effectively serve as “additives”. It is therefore
advisable to consider additives including co-catalysts and solvents as the fourth
and fifth parameters and attempt to optimize them, especially in cases where
the desired cross-coupling is sluggish.
In Pd- or Ni-catalyzed cross-coupling reactions of organometals containing Al,

Zr, and Cu, anhydrous ZnCl2 and ZnBr2 have proved to be two of the most effective
co-catalysts. In fact, the widely observed rate acceleration by the addition of stoi-
chiometric amounts of anhydrous ZnCl2 or ZnBr2 to organometals containing
Li, Mg, and some other groups 1 and 2 metals may be interpreted in terms of
effects of ZnCl2 or ZnBr2 as stoichiometric additives.
Until recently, no other metal compounds had been as effective as Zn salts in

promoting the Pd-catalyzed cross-coupling of organometals containing groups 1
and 2 metals, Al, Zr, and Cu. Some 25 years after the discovery of beneficial effects
of Zn salts as additives and co-catalysts, however, InCl3 has recently been shown to
be an effective co-catalyst that is superior to ZnBr2 or ZnCl2 in promoting the Pd-
catalyzed cross-coupling reactions of alkenylmetals containing Al or Zr [48].
Although organoindiums have proved to be a widely favorable class of organome-
tals in Pd-catalyzed cross-coupling, they themselves do not appear superior to orga-
nozincs. Thus, the favorable effects of InCl3 on the Pd-catalyzed cross-coupling of
alkenylmetals containing Al or Zr must be synergistic. Although further detailed
comparisons are desirable, the results summarized in Scheme 15-12 [48] support
the claims made above. The results observed with alkenylzinc derivatives pre-
formed in situ by successively treating the corresponding alkenyl iodides with
2 equiv. of tBuLi and 0.5–1.0 molar equiv. of anhydrous ZnBr2 are almost as
good as those observed in InCl3-co-catalyzed direct cross-coupling of alkenylmetals
containing Al or Zr generated via either hydrometallation or carbometallation of
alkynes. However, the latter is operationally much simpler and more convenient.
The use of GaCl3 in place of InCl3 was much less effective.
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In the reactions shown in Scheme 15-12, a novel – if puzzling – catalyst system
(Cat. A) consisting of 1% Cl2Pd(DPEphos), 2% DIBAH, and 2% P(2-Furyl)3 (TFP)
was shown to be uniquely satisfactory. At this point, no clear mechanistic rationa-
lization can be presented, but this may well represent the first demonstration that
catalyst systems containing two different phosphines can be beneficial in Pd-cata-
lyzed cross-coupling. Indeed, this catalyst system has also been shown to be
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uniquely effective in the selective monoarylation of (E)-ICH¼CHBr, as shown in
Scheme 15-13. The omission of TFP or the use of other Pd complexes including
Pd2(dba)3-TFP and Pd2(dba)3-dppf led to I20% yields of the desired product [48].
Although additives used in the past have been mostly metal salts and organome-

tals, a variety of other types of compounds capable of interacting with R1M, R2X
and/or Pd catalysts can serve as effective additives. N-Methylimidazole (NMI),
for example, has been shown to be an effective additive in the Pd-catalyzed reaction
of organozincs with primary alkyl halides [57]. Since it is readily conceivable that
any stoichiometric or catalytic additives capable of interacting with R1M, R2X
and/or Pd catalysts will affect, either positively or negatively, the kinetic profile
of the reaction, the main task of synthetic chemists is to test such additives and
identify those leading to favorable results. It may therefore be predicted that
many additional and beneficial additives and co-catalysts will be found in the
future.

15.1.2.5 Solvents
At least 20 solvents have been used for various Pd-catalyzed cross-coupling reac-
tions. Inasmuch as Pd catalysts and organometals (R1M) can readily and signifi-
cantly interact with donor solvents, such solvents should, in many cases, be con-
sidered as ligands or additives rather than mere liquid media for dissolving the
reactants and catalysts. One frequently encountered question is which solvent
should be chosen first for a given case of Pd-catalyzed cross-coupling. In the Pd-
or Ni-catalyzed cross-coupling with organometals containing Zn, Al, and Zr as
well as Mg, it is not unreasonable to consider first THF, as this solvent has
been very satisfactory in a large number of cases. Likewise, it may be worth con-
sidering some or all of the solvents listed in Table 15-4, especially in cases in
which the desired cross-coupling in THF is unsatisfactory.
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If it is desirable to accelerate a Pd-catalyzed cross-coupling reaction in THF,
more polar solvents shown to the right of THF may be considered, although orga-
nometals containing Zn, Al, Zr, and Mg are generally not compatible with alcohols,
phenols, and water. In general, polar aprotic solvents, such as DMF, DMA, and
NMP, have been more favorable than THF in many cases of sluggish reactions. It
is very important, however, to note that rate acceleration and product yields are
just two of the several important factors in the Pd-catalyzed cross-coupling.
Selectivities of various kinds, catalyst turnover numbers (TON), etc. must also be
considered to globally optimize the reaction parameters. In a recent study on Pd-cat-
alyzed selective disubstitution of 1,1-dibromoalkenes, for example, it was necessary
to use ether or even toluene in place of THF to attain high stereo- and chemoselec-
tivities in some cases, as shown in Scheme 15-14 [72, 73]. It is clearly advisable to
consider the entire range of solvents including those shown in Table 15-4.

15.1.2.6 Turnover Number (TON)
Catalyst turnover numbers (TON) are not the sixth parameter to be optimized, as
they represent some consequences of selection of various parameters discussed
above. Nevertheless, TONs are discussed here, as their determination requires
some deliberate planning and experimentation. If one arbitrarily chooses 5 mol%
for the amount of a catalyst, the maximum TON is 20. In the past, Pd-catalyzed
cross-coupling has been mostly performed with 1–5 mol% of Pd catalysts, limiting
the TON range to 0 to 102, and evaluation of various protocols and procedures has
been made mostly by comparing product yields with a range of 0–100%. It is, how-
ever, much more meaningful additionally to compare TONs as well as turnover
rates (TORs) in some cases. One reason is that it is highly desirable in most
cases to attain TONs of at least 103, preferably 104–105 or even higher for reasons
of economy. Another reason for determining TONs is that critical comparison of
competing protocols and procedures can be made in a much more accurate and
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unequivocal manner than mere comparison of product yields, yet very little effort
has been made to adopt TONs as a criterion for comparison.
It has recently been observed in the authors’ group [78] that TONs of 105–106

may be attainable in the reaction of nHexCaCZnBr with PhI, provided that chelat-
ing phosphine-containing catalysts, such as Cl2Pd(dppf) and Cl2Pd(DPEphos), are
used. On the other hand, monodentate ligands, such as PPh3 and TFP led to TONs
of up to 103–104. At the maximum TON level set at 105, the product yields observed
with Cl2Pd(dppf), Cl2Pd(DPEphos), PPh3, and Pd(tBu3P)2 were 99, 62, 0, and 0%,
respectively (Table 15-5). Provided that all of these experiments were properly exe-
cuted, their comparative evaluation is unmistakable. Although many additional
comparative data are desirable, it may tentatively be stated as a working hypothesis
that bidentate or chelating phosphines with suitable tethers might be one key to
attaining high TONs. As the protocols and procedures for Pd-catalyzed cross-coup-
ling become increasingly complex and expensive to attain various desirable goals,
it will be increasingly important to attain simultaneously high TONs. Thus, for ex-
ample, even if a “designer” catalyst costs 102 times as much as the least expensive
phosphine, most probably PPh3, the use of the former would be readily justified,
provided that it could lead to TONs that are 102 times as high as those attainable
with PPh3.
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Table 15-5 Determination of turnover number (TON) for the Pd-catalyzed
reaction of 1-octynylzinc bromide with iodobenzene

ZnBrnHex + I
Pd cat.

23 
o
C

nHex

1.2 equiv.

Catalyst Quantity
(mol%)

Yield (%) TON

Pd(PPh3)4 5.0 97 1.94q101

0.1 96 0.96q103

0.001 0 –

Pd(tBu3P)2 5.0 80 1.6q101

0.1 0 –

Cl2Pd(DPEphos) 5.0 80 1.6q101

0.1 82 0.8q103

0.001 62 0.62q105

Cl2Pd(dppf) 5.0 99 1.98q101

0.1 99 0.99q103

0.001 99 0.99q105

0.0001 70 0.7q106



15.2
Recent Developments in the Negishi Coupling and Related Pd-
or Ni-Catalyzed Cross-Coupling Reactions

In this section, some of the noteworthy recent developments made mainly during
the past few years in Pd- or Ni-catalyzed cross-coupling involving Zn, Al, and Zr
(Negishi coupling) will be discussed according to the cross-coupling carbon groups,
i. e., R1 and R2. For the sake of convenience, the cross-coupling reaction of an aryl-
metal with an alkenyl electrophile, for example, is termed an aryl-alkenyl coupling.
Conversely, the cross-coupling reaction of an alkenylmetal with an aryl electrophile
is termed an alkenyl-aryl coupling. The topics to be covered in this section are di-
vided into the five subsections indicated in Table 15-6, and their comprehensive dis-
cussion as of a few to several years ago may be found in those chapters inHandbook
of Organopalladium Chemistry for Organic Synthesis indicated in Table 15-6 [79–93].
Additionally, a large number of natural products synthesized by applying Pd-cat-

alyzed cross-couplings are listed in Chapter III.2.18 [94] of the same Handbook.
Several topics of the Negishi coupling are not discussed in this chapter, and the
reader is referred to those chapters in the Handbook indicated below. They include
acylation (Chapter III.2.12.1 [90]), cyanation (Chapter III.2.14.1 [96]), a-substitution
of metal enolate (Chapter III.2.14.1 [96]. See also Chapter V.2.1.4 [97]), asymmetric
cross-coupling (Chapter III.2.16 [98]), mechanistic aspects (Chapter III.2.19 [99]),
and homo-coupling (Chapter III.2.20 [100]).

15.2.1
Aryl-Aryl Coupling

An overview of this topic dealing with various kinds of arylmetals as of a few to
several years ago was presented in Chapter III.2.5 [79], as well as in a significant
part of Chapter III.2.7 [80] and nearly all of Chapter III.17.2 [81] of Ref. [4]. Addi-
tionally, about 20 examples of the Pd-catalyzed aryl-aryl coupling employed in
natural products syntheses are listed in Chapter III.2.18 [94] of the Handbook. In
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Table 15-6 Detailed discussions of various Pd-catalyzed cross-coupling reactions

Subsection No. Cross-coupling type Chapter in Ref. [4]

15.2.1 Aryl-aryl coupling III.2.5 [79], III.2.7 [80], III.2.17.2 [81].

15.2.2 Aryl-alkenyl, alkenyl-aryl, III.2.6 [82], III.2.17.1 [83], III.2.17.2 [84],
and alkenyl-alkenyl couplings III.2.13.2 [85], III.2.14.2 [86], III.2.15 [87].

15.2.3 Alkynylation with alkynylmetals III.2.8.2 [88], III.2.7 [80], III.2.9 [89],
III.2.12.1 [90],
III.2.14.2 [86], III.2.15 [87]. See also [5].

15.2.4 Alkylation III.2.11.1 [92], III.2.11.2 [93], III.2.14.2 [86].

15.2.5 Allylation, propargylation, III.2.9 [89], III.2.10 [91].
and benzylation



addition to Mg, Zn, B, and Sn, several other metals including Al [79], In [32], Si
[30], and Mn [51] have been shown to participate in the Pd-catalyzed aryl-aryl coup-
ling. As the desired biaryls Ar1-Ar2 can be obtained by cross-coupling either be-
tween Ar1M and Ar2X or between Ar1X and Ar2M, it is important to consider
both combinations before any negative conclusions will be drawn.
For the selection of an optimal protocol, the following guidelines might be con-

sidered. If one or the other arylmagnesium derivative should prove to be very
satisfactory in the presence of either Pd or Ni catalysts, then Mg should be the
first choice, because Grignard reagents are among the most easily prepared and
least expensive arylmetals. If Mg should prove to be less than satisfactory, then
Zn and B may be considered and compared. In cases in which aryllithiums or
arylmetals containing Zn or B are directly and/or readily available from organic
aryl derivatives, Zn and B may be considered first. Although Sn has been widely
used in the past, its use must be carefully justified because of related toxicity
and technological concerns for Sn compounds. Even in those cases in which
Mg, Zn, and B should prove unsatisfactory, it is possible that other metals, such
as those indicated above, might prove to be satisfactory. In a recent comparative
study on the synthesis of a heterocyclic biaryl 3 [101], both Zn and Sn were
found to be satisfactory on a small scale (I50 g), whereas Mg, B, and Si were un-
satisfactory. On a larger scale (i50 g), however, the Sn reaction proved to be more
satisfactory than the Zn reaction. At this point, it is still difficult to predict accu-
rately the relative merits and demerits of various competing protocols, which are
constantly changing, as different factors are optimized. The following recent devel-
opments are noteworthy.

15.2.1.1 Aryl-Aryl Coupling of Aryl Chlorides, Fluorides, and Cyanides
Until recently, Pd- or Ni-catalyzed aryl-aryl coupling involving Zn or Mg was per-
formed mostly with aryl iodides and bromides. Over the past few years, however,
Pd- or Ni-catalyzed reactions of aryl chlorides [102–106] and even fluorides [60]
with arylmetals containing Zn [102, 105] and Mg [60, 102–104, 106, 107] have
been found satisfactory under various optimized conditions. Some representative
results are summarized in Scheme 15-15. These results clearly point to advantages
in the use of “nonconventional” ligands, such as tBu3P and NHCs 2. Also note-
worthy is the use of an ionic phosphine ligand 4 in the Pd-catalyzed reaction of
arylzinc bromides with aryl iodides [108]. In addition to aryl chlorides and fluor-
ides, aryl cyanides have also been shown to participate in the Ni-catalyzed aryl-
aryl coupling with arylmagnesium derivatives [66, 109]. Addition of Li bases,
such as LiOtBu appears to be essential.
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15.2.1.2 Heteroaryl-Containing Biaryls via Pd-Catalyzed Aryl-Aryl Coupling
with Heteroaryl Reagents

Heteroaryl-containing biaryls have become increasingly important as components
of a number of natural products and non-natural compounds of biological and
medicinal interest, and Pd- or Ni-catalyzed aryl-aryl coupling involving arylzinc
derivatives has emerged as one of the most favorable routes to these compounds
along with related aryl-aryl coupling reactions of arylmetals containing B, Sn, and
Mg. In general, arylzincs tend to be significantly more reactive than the other aryl-
metals under Pd-catalyzed conditions. However, there are a number of exceptions to
this generalization. Although not yet well-established, electron-donating hetero-
atoms, such as N and S, in heteroaryl reagents may significantly interact not only
with Pd catalysts but also with arylzinc derivatives. Such interactions may have
either favorable or unfavorable effects on the desired cross-coupling, and it appears
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desirable to avoid or cope with unfavorable effects due to strongly interacting
heteroatoms. Some of the recently reported examples of Pd-catalyzed syntheses of
heteroaryl-containing biaryl with arylzinc reagents are presented below. Those ex-
amples involving the use of heterocycles containing one heteroatom are shown in
Scheme 15-16, and the others are shown in Scheme 15-17. It appears reasonable
to state that the Pd- or Ni-catalyzed syntheses of heteroaryl-containing biaryls with
arylzinc derivatives is widely applicable. In some cases, it is more direct and
more satisfactory than the B route.

15.2.1.3 Miscellaneous Biaryls and Related Compounds
The Pd-Zn procedure has been satisfactorily applied to the synthesis of chiral
ferrocene-containing biaryls [118] (Scheme 15-18). A novel C-B bond formation
via a Pd-catalyzed cross-coupling reaction of iodocarboranes with various types of
organozincs has been reported recently [119]. In this study, the other methods in-
volving Mg, B, and Sn were found to be unsatisfactory. Two reports [120–122] on
the Pd-catalyzed C-B bond formation through the use of diboronic esters, but not
Zn reagents, have also been made.

15.2.1.4 Natural and Non-Natural Biaryls of Biological and Medicinal Interest
Biaryls of biological and medicinal interest synthesized over the past decade or so
via Pd-catalyzed arylzinc cross-coupling include biphenomycin B [123], xenalepin
[124], magnolol [125], (–)-monoterpenylmagnolol [125], and korupensamines A
and B [126] in addition to eupomatenoid-15 [110] and cystine [113] shown in
Scheme 15-16, PDE472 [116] and tasosartan [117] shown in Scheme 15-17, as
well as losartan [117]. Also noteworthy is the synthesis of diazonamide-related
biaryls [112] shown in Scheme 15-16.
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15.2.2
Aryl-Alkenyl, Alkenyl-Aryl, and Alkenyl-Alkenyl Coupling Reactions

The Pd-catalyzed aryl-alkenyl, alkenyl-aryl, and alkenyl-alkenyl coupling reactions
known as of a few to several years ago were comprehensively discussed and sum-
marized in Chapters III.2.6 [82] and III.2.17.1 [83] as well as significant portions of
Chapters III.2.12.2 [84], III.2.13.2 [85], III.2.14.2 [86], and III.2.15 [87] of Part III of
Handbook of Organopalladium Chemistry for Organic Synthesis [4]. Additionally, close
to 100 examples of natural products syntheses involving these alkenylation reac-
tions are listed in Chapter III.2.18 [94].
The alkenyl-aryl and alkenyl-alkenyl coupling reactions require alkenylmetals,

and those containing Zn and B have emerged within the past decade or so as
the two most generally applicable and satisfactory alkenylmetals. Nevertheless,
some other metals – mainly Al, Zr, and Cu as well as In, Si, and Sn – have dis-
played some unique advantages associated with each metal, including those indi-
cated in Table 15-7. In fact, Sn had until recently been very widely used despite
its toxicity and some technical concerns. In recent years, however, it has been
shown repeatedly that the synthetic scope of the Pd-catalyzed cross-coupling of
alkenyltins is considerably more limited than those of alkenylmetals containing
Zn and B, as detailed later.
Since most of the metals mentioned above participate in hydrometallation, one

may question the uniqueness associated with each metal. In this context, the fol-
lowing details summarized in Table 15-7 should be noted. In general, hydro-
boration displays the broadest scope with respect to alkene and alkyne struc-
tures, including their substitution patterns, while hydrozirconation is the most
selective, cleanest, and satisfactory in cases where conjugated enynes and oligo-
enynes are used. Another advantage of Zr over B and Al is the relative ease with
which a high level of regioselectivity can be attained through equilibration in
cases where unsymmetrically substituted internal alkynes, especially 2-alkynes,
are used. Although more limited in scope than those of B and Zr, hydroalumina-
tion is generally more economical than the others, and the synthesis of alkenyl
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halides via hydrometallation of alkynes is more facile and economical with Al than
with B or Zr. The usefulness of Al or Zr in the Pd- or Ni-catalyzed cross-coupling
has been significantly enhanced by the use of Zn and In salts as co-catalysts, as
discussed earlier. The Pt-catalyzed hydrosilation may be of broad synthetic
applicability, but its usefulness in the Pd-catalyzed cross-coupling still lags behind
that of B, Al, or Zr. Hydrostannation is capricious in that it may undergo selective
syn and anti as well as stereorandom additions depending on substrate structures
and other factors. In cases where the selectivity and other aspects are satisfactory, it
can offer unique advantages that may not be readily matched with other metals.
The Zr-catalyzed carboalumination [127] and carbocupration[128] are the two

most extensively developed syn-carbometallation reactions. The former is particu-
larly useful in the single most important case of the synthesis of Me-branched
E-trisubstituted alkenes, while the latter provides a satisfactory route to Z-di- and
trisubstituted alkenes. The carbometallation–cross-coupling domino processes
involving the above-mentioned reactions can be significantly promoted with Zn
and/or In salts.
In this subsection, some of the noteworthy developments in those Pd-catalyzed

alkenylation reactions that involve Zn, Al, and Zr reported over the past five to ten
years will be highlighted, with emphasis placed on applications to highly demand-
ing cases of alkenyl-alkenyl coupling, especially those employed in the synthesis of
natural products.
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Table 15-7 Some unique advantages associated with various metals in the Pd-catalyzed
alkenylation

Metal Unique Advantages

Zn x Generally most reactive under Pd-catalyzed conditions.
x Zn salts can serve as co-catalysts.

B x Hydroboration is the syn-hydrometallation of the broadest scope.

Al x Synthesis of alkenyl halides and hydroalumination-cross-coupling domino process
most facile and economical (promoted with Zn and In co-catalysts).

x Zr-catalyzed carboalumination most satisfactory for Me-branched E-trisubstituted
alkene syntheses (promoted with Zn and In co-catalysts).

Zr x Hydrozirconation-cross-coupling domino process most selective and satisfactory
with internal alkynes and conjugated enynes (promoted with Zn and In co-catalyst).

Cu x Carbocupration-cross-coupling domino process is an attractive route to Z alkenes
(promoted with Zn co-catalysts).

In x anti-Hydroindation-cross-coupling domino process promising.

Si x syn-Hydrosilation(Pt-catalyzed)–cross-coupling domino process promising.

Sn x Selective syn- or anti-hydrostannation can be uniquely advantageous.

x Ability to defer cross-coupling until completion of other Pd-catalyzed processes,
such as carbopalladation and carbonylation, under one set of conditions is
advantageous.



15.2.2.1 Iterative Hydrometallation–Cross-Coupling and Carbometallation–Cross-
Coupling Domino Processes Involving the Use of (E)-ICH¼CHBr
and (E)-BrCH¼CHCaCSiR3

A practical and satisfactory synthesis of (E)-ICH¼CHBr from acetylene, IBr, and
HBr was reported in 2000 [129], and it is now commercially available (Aldrich).
Its Pd-catalyzed alkynylation with alkynylzincs (vide infra) provides (E)-1-bromo-
enynes including (E)-BrCH¼CHCaCSiMe3 and (E)-BrCH¼CHCaCSiMe2tBu
[129, 130]. These haloalkene derivatives have proved to be very convenient two-
and four-carbon building blocks in oligoene and oligoenyne syntheses via Pd-cata-
lyzed alkenyl-alkenyl coupling [129–131]. Some representative examples are shown
in Scheme 15-19. As alluded to earlier, hydrozirconation was almost 100% regio-
selective and high-yielding (ca. 95%) in those cases shown in Scheme 15-19,
whereas hydroboration with dialkylboranes produced minor amounts (5–10%)
of regioisomers. Hydroalumination with DIBAH under widely used conditions
was accompanied by terminal alumination of enynes to a considerable extent,
and was unsatisfactory.
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15.2.2.2 Internal Alkyne Hydrozirconation–Cross-Coupling Domino Process
Regioselective hydrozirconation of internal alkynes in the presence of an excess of
HZrCp2Cl [132] and alkenyl-alkenyl coupling co-catalyzed with Pd complexes and
anhydrous Zn salts [21] have been combined to develop a very useful procedure for
the synthesis of conjugated dienes containing trisubstituted alkene moieties [133].
This protocol has been successfully applied to stereoselective syntheses of various
natural products or their fragments, as shown in Scheme 15-20.

15.2.2.3 Pd-Catalyzed Aryl-Alkenyl and Alkenyl-Alkenyl Coupling Reactions
with 1,1-Dihalo-1-alkenes

trans-Selective monosubstitution of 1,1-dihalo-1-alkenes containing Cl or Br was
first performed in 1987 by using mostly arylmagnesium reagents and Cl2Pd(dppb)
as a catalyst. The products yields were generally excellent (80–98%), and the
stereoselectivity was almost 100% [54]. The second arylation also proceeded in
65–81% yields to give triaryl-substituted alkenes. Since then, trans-selective mono-
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arylation and/or monoalkenylation have been achieved with organometals contain-
ing Zn [141–143], B [144, 145], Zr [142], and Sn [146]. As discussed later, trans-
selective monoalkynylation under the Sonogashira conditions has also been re-
ported recently [147, 148], so the trans-selective monosubstitution step has been
reasonably well established. On the other hand, the scope of the second substitu-
tion has been mainly limited to arylation [54, 146], as well as a few examples each
of alkenylation [146, 147], alkynylation [141, 147], and alkylation [54, 146, 147],
including only one example of methylation of a bromostilbene derivative [146].
In view of the potential significance of stereoselective domino disubstitution of
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1,1-dihalo-1-alkenes – especially those involving methylation and higher alkylation
in the second step for stereoselective syntheses of trisubstituted alkenes repre-
sented by 6 – a systematic investigation of the Pd-catalyzed domino disubstitution
with special emphasis on the second alkylation (Scheme 15-21) has recently been
conducted [70–73].
The experimental results for the second substitution have turned out to be noth-

ing but unexpected. The most unexpected of all is near-complete stereoisomeriza-
tion in the second substitution of 2-bromo-1,3-dienes in cases where various con-
ventional and even some recently developed phosphines were used, as represented
by the results shown in Scheme 15-22 [71]. Although mechanistic details are not
clear, the observed isomerization to the extent of j95–97% must stem from the
unique arrangement in the 2-bromo-1,3-diene framework, which simultaneously
is both alkenylic and allylic. In this context, it is instructive to note that the corre-
sponding reaction of 2-bromo-1-en-3-ynes undergoes synthetically unattractive par-
tial stereoisomerization [70]. Despite mechanistic puzzles that remain to be solved,
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the transformation shown in Scheme 15-22 provides a selective and attractive
method for the synthesis of conjugated (Z,E)-dienes containing an adjacent chiral
center that are otherwise difficultly accessible. The second pleasantly surprising
and synthetically important finding is that, despite those results presented
above, both full and partial stereoisomerization can be completely suppressed
through the use of either Pd-phosphine complexes containing tBu3P and some
other bulky alkylphosphines or NHC (2) [70–73], as eloquently represented by
the results shown in Scheme 15-22 [73]. These results clearly indicate that some
of the more recently introduced “nonconventional” ligands not only accelerate a
number of Pd- or Ni-catalyzed cross-coupling reactions, but also significantly affect
the course of these cross-coupling reactions including stereochemistry. Further-
more, these “nonconventional” ligands have vastly widened synthetic options, as
exemplified above by their ability to provide selectively either (E,E)- or (Z,E)-iso-
mers, as desired.

15.2.2.4 a -Arylation and a-Alkenylation of a-Halo-a,b-unsaturated Enones
and Related Carbonyl Derivatives

Despite extensive studies on a-alkylation of enolates, the corresponding a-arylation,
a-alkenylation and a-alkynylation had until recently been difficult synthetic tasks.
In order to achieve these goals with good control of regiochemistry, degree of sub-
stitution, and other desirable features, some indirect routes involving Pd-catalyzed
a-substitution reactions of the corresponding a-halo-a,b-unsaturated enones and
related derivatives were considered by the authors’ group. The initially developed
protocol involving Pd-catalyzed a-substitution of carbonyl-protected a-haloenones
(Protocol I) [149] was superceded by a more direct protocol involving Pd-catalyzed
direct a-substitution of unprotected a-iodoenones (Protocol II) [150]. This reaction
has indeed proved to be widely applicable. In more demanding cases, such as that
shown in Scheme 15-23, the use of Pd(dba)2-TFP and DMF was s2hown to be par-
ticularly effective [150].
The seminal development with alkenyl- and arylzincs published in 1991 [150]

was soon followed by other related developments with organotins [151] and orga-
noboranes [152]. The Pd-catalyzed reaction of a-zinco-a,b-unsaturated enones
with aryl and alkenyl halides was also developed [153]. Particularly attractive was
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the development of the Pd-catalyzed a-alkynylation of a-iodoenones either with
alkynylmetals containing Sn [154] or Zn [155] or with alkynes themselves under
the Sonogashira conditions [156], as discussed later in Section 15.2.3.
In some highly delicate and demanding cases, the use of carbonyl-reduced a-

iodoenones, namely b-iodoallyl alcohol derivatives, proved to be more satisfactory
than the use of a-iodoenones [157–159]. This indirect protocol (Protocol III) has
been successfully applied to the synthesis of nakienones A [158] and B [157]
(Scheme 15-24) as well as carbacyclin [159].
Many studies on the use of a-halo-a,b-unsaturated esters and amides have also

been conducted [86]. Among those permitting stereo- and regioselective syntheses
of trisubstituted alkenes via Pd-catalyzed cross-coupling with alkenyl- and aryl-
zincs, the following reactions shown in Scheme 15-25 are particularly noteworthy.
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15.2.2.5 Recent Developments in the Pd-Catalyzed Alkenylation
and Arylation Promoted by Zn and In

The beneficial effects of Zn (Zn effects) in the stoichiometric activation of organo-
metals containing Li, Mg, and other group 1 and 2 metals as well as in either stoi-
chiometric or catalytic activation of organometals containing Al, Zr, and Cu have
been repeatedly discussed in this chapter. Also developed recently was the Pd-In
co-catalyzed cross-coupling reaction of organometals containing Al and Zr (see
Scheme 15-12).
Mainly during the past decade, even the Pd-catalyzed cross-coupling reactions of

organoboranes [162] and organotins [163, 164] have also been promoted by the ad-
dition of Zn salts (Scheme 15-26). The results strongly point to the superior reac-
tivity of Zn relative to B or Sn, and some studies have explicitly presented compara-
tive results supporting this statement.
Some additional results revealing relative reactivities of metal countercations are

shown in Scheme 15-27. The results presented above may be summed up by stat-
ing that the Pd-catalyzed cross-coupling reactions of most of the frequently used
organometals may be profitably promoted by Zn salts, while InCl3 has recently
been shown to be a more effective co-catalyst than ZnBr2 or ZnCl2 in some
cases (Scheme 15-28).

846 15 Palladium- or Nickel-Catalyzed Cross-Coupling: The Negishi Coupling

Et

H B

Et

3

3 Et2Zn

hexanes

dioxane
Et

H ZnEt

Et

ArI

cat. Pd(PPh
3
)
4

ref. [162]

Et

H Ar

Et

77-87%

SnBu3

SPh

OTBS
1) BuLi

2) ZnBr2 ZnBr

SPh

OTBS

TfO

cat. Pd(PPh3)4

SPh

OTBS

85%

Bu3Sn
SnBu

3

1) BuLi

2) ZnBr2

Bu
3
Sn

ZnBr

CO2Me
Br

cat. Pd(PPh3)4

Bu3Sn
CO2Me

95%

ref. [164]

ref. [163]

Scheme 15-26



84715.2 Recent Developments in the Negishi Coupling

Br
BBr2

HH

BBr3

R
BX2

RZnCl, THF

cat. Cl
2
Pd(PPh

3
)
2

ref. [165]

PhI

LiOH

R

61  89% (>97% E)

nBu B(OR)2

HZrCp2Cl

B(OR)2

ZrCp2Cl

nBu

H

Br

cat. Pd(PPh3)4

ref. [166]
BX2nBu

H

PhI, NaOEt, EtOH

cat. Pd(PPh3)4

PhnBu

H

84% overall

I

OTBS

+

R

M

cat. PdLn

PdLn

ref. [167]

R

OTBS

M Yield (%)

ZnBr 95

SnMe3 <33

SnBu
3  0

ZrCp2Cl

H

H

R
1

+

R
2

H

Bu3Sn

Br
cat. Pd(PPh3)4

ref. [168]

40 
o
C

H

H

R
1

Bu3Sn

H

R
2

58-80%

Ph

R = C8H17

Scheme 15-27

R
1
Li

R
1
MgX

R
1
Cu

R
1
AlX2

R
1
ZrCp2Cl

R
1
ZnX

R2X

cat. PdLn
R

1
R

2

Previously known.

R
1
BX2

R
1
SnX3

R
1
ZnX

R
2
X

cat. PdLn
R

1
R

2

Recently reported.

R
1
AlX2

R
1
ZrCp2Cl

R
1
InX2

R
2
X

cat. PdLn
R

1
R

2

Also reported recently. Scheme 15-28



15.2.2.6 Synthesis of Natural Products and Non-Natural Compounds of Biological
and/or Medicinal Interest via Pd-Catalyzed Aryl-Alkenyl and Alkenyl-Aryl
Coupling Reactions

A dozen or more examples of the syntheses of complex natural and non-natural
compounds of biological and/or medicinal interest involving Pd-catalyzed alke-
nyl-alkenyl coupling are shown in this section. The number of syntheses involving
the use of Pd-catalyzed aryl-alkenyl and alkenyl-aryl couplings with organozincs is
still rather modest. Nevertheless, the following examples (Scheme 15-29) indicate
that these are indeed promising and potentially attractive, and many additional
examples may be anticipated.
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15.2.3
Pd-Catalyzed Alkynylation

Alkynes contain highly strained, unstable, and reactive CaC bonds and are indeed
among the most reactive classes of organic compounds toward “soft” late transition
metal complexes, such as those containing Cu, Ag, Ni, and Pd. Along with many
synthetically useful reactions that are catalyzed by these late transition metals,
alkynes can also readily undergo many other reactions that may be unwanted in
a given synthetic task. One such reaction that can interfere with the desired alky-
nylation via cross-coupling is alkyne cyclotrimerization leading to the formation of
arenes and other alkyne oligomers. This is indeed one of the main reasons why Ni
complexes are generally inferior to Pd complexes and have therefore been rarely
used, at least in the past, for alkynylation. Explosiveness is another potentially ser-
ious concern in dealing with alkynyl derivatives of transition metals. Although this
matter has rarely been a serious concern in academia, where the scale of operation
is generally very small, it should be carefully investigated for any large-scale opera-
tions.
Until about 30 years ago, the formation of a bond between a CaC bond and an

unsaturated carbon group had been performed mainly by Cu-promoted reactions
represented by the Castro-Stevens reaction [173]. Today, alkynes containing such
a bond are mostly prepared by one of the two types of the Pd-catalyzed alkynyla-
tions, namely: (i) Heck-type alkynylation, especially the Sonogashira version that
employs Pd-Cu catalyst combinations [174], and (ii) cross-coupling using stoichio-
metric preformed alkynylmetals [88]. According to the definition of the Pd-cata-
lyzed cross-coupling shown in Scheme 15-5, Heck-type alkynylations may not be
classified as Pd-catalyzed cross-coupling reactions, though this is largely a matter
of semantics. Although attention in this section is mainly focused on the cross-cou-
pling reactions of preformed alkynylmetals, critical comparison between the two
types of Pd-catalyzed alkynylation has become increasingly significant, and due
attention will be paid to this matter.
Both of the Pd-catalyzed alkynylation protocols were discovered during the peri-

od from 1975 to 1978. Heck [175] and Sonogashira [176] independently reported in
1975 their own versions shown in Eqs. (1) and (2), respectively. In many less-de-
manding cases, both protocols may be comparably satisfactory. In such cases,
the simpler and less-involved Heck protocol should be favored. The Sonogashira
protocol, however, has been shown to be of wider applicability than the Heck pro-
tocol. A report on the Pd-catalyzed alkynylation with alkynylsodiums [179] appears
to be the first to describe the Pd-catalyzed alkynylation represented by Eq. (3) of
Scheme 15-30, but this reaction has hardly been used. In view of the demonstrated
inability of alkynyllithiums to undergo useful Pd-catalyzed alkynylation [28], other
alkali metals including Na might also be expected to suffer from similar difficul-
ties.
A systematic survey of various alkynylmetals conducted by the authors’ group

shown earlier in Scheme 15-2 [18] identified Zn, B, and Sn to be the three most
satisfactory metals in the Pd-catalyzed alkynylation, and various representative
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examples of the Pd-catalyzed reactions of alkynylzincs with alkenyl halides [17] and
aryl halides [19] were reported in 1977 and 1978, respectively. In the metal-screen-
ing study mentioned above [18], Mg and Al were also shown to undergo Pd-cata-
lyzed alkynylation, but attempts to use Si and Zr were unsuccessful. In the mean-
time, the use of alkynylmagnesium derivatives was reported also by Linstrumelle
[24]. More recently, a number of procedures involving activation of alkynylsilanes
either via silicate formation or transmetallation into other alkynylmetals have
been devised [5, 30]. Other promising metal countercations reported recently in-
clude Mn [51] and In [32]. At the present time, however, the Pd-catalyzed alkynyla-
tion with organozincs appears to be the protocol of widest synthetic utility among
those that are represented by Eq. (3) of Scheme 15-30. A number of recent studies
have further demonstrated that the alkynylzinc protocol is of considerably wider
synthetic scope than even the Sonogashira alkynylation, as detailed below. Also
noteworthy in this context are an increasing number of reports describing in-
situ conversion of terminal alkynes into alkynylzincs in a manner similar to that
of alkynylcoppers in the Sonogashira reaction [180–184]. In the following
discussions of this subsection, attention will be focused on recent developments
in the Pd-catalyzed alkynylation with alkynylzincs. For the other protocols and
additional details of the alkynylzinc reaction, the reader is referred to Chapters
III.2.8.1 [174], III.2.8.2 [88], parts of III.2.4 [30], III.2.7 [80], III.2.14.2 [86], and
III.2.18 [94] of Ref. [4] as well as a very recent updating review on the Pd-catalyzed
alkynylation [5].
The current scope of the Pd-catalyzed alkynylation with alkynylzincs is shown in

Scheme 15-31. Some seminal and/or otherwise important works are referenced in
the scheme. Essentially all types of unsaturated carbon electrophiles are shown to
participate in the Pd-catalyzed alkynylation, but alkyl electrophiles are not shown,
because little is known about them. For their alkynylation, alkynylmetals contain-
ing Li and Mg used either without catalysts or with Cu catalysts, such as Li2CuCl4,
should be considered. Similarly, alkynylation of allyl and benzyl electrophiles may
be more satisfactorily achieved by the Cu-catalyzed Grignard cross-coupling.
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In many less-demanding cases of Pd-catalyzed alkynylation, most of the ten to a
dozen protocols discussed above (including the Heck and Sonogashira protocols)
would be satisfactory, and various factors including overall convenience, economy,
and safety may prove to be more important than minor differences in chemical
yields. In this context, the significance of TONs discussed earlier (see Table 15-5)
should be re-emphasized, as TONs might prove to be a decisive factor in choosing
one protocol over another.
Some notable aspects and features of the Pd-catalyzed alkynylzinc reactions with

various unsaturated electrophiles are highlighted in the following discussions.

15.2.3.1 Direct Synthesis of Terminal Alkynes
As has been well documented [176, 187], direct ethynylation without protection and
deprotection cannot be satisfactorily performed by the Sonogashira reaction, as it
tends extensively to produce disubstituted alkynes. On the other hand, the Zn,
Mg, and Sn protocols have been shown to be satisfactory [187], but Zn is the
most widely applicable and dependable [17, 186, 187]. The others tend to be slug-
gish in demanding cases, leading to the formation of unwanted disubstitution
products and/or low product yields [186, 187] (Scheme 15-32).
The Pd-catalyzed direct ethynylation using ethynylmetals containing Zn or Mg

has been exploited in devising highly efficient syntheses of natural products, such
as freelingyne [194] and xerulin [129] (Scheme 15-33; see also Scheme 15-19). It
should be noted that none of the several alkynylations – with the significant excep-
tion of the final lactone formation – can be satisfactorily performed by the Sonoga-
shira reaction due to extensive side reactions. Some other serious limitations asso-
ciated with the Sonogashira reaction include difficulties in the use of electron-de-
ficient alkynes and sterically demanding electrophilic cross-coupling partners. The
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alkynylzinc protocol, on the other hand, can readily accommodate a variety of elec-
tron-deficient alkynes with no major difficulties [182, 183] and cope with various
sterically demanding cases, as shown in Scheme 15-32 [187]. For further discus-
sions of these topics, the reader is referred to a recent review [5].

15.2.3.2 Pd-Catalyzed Alkynylation of 1,1- and 1,2-Dihaloalkenes.
Pd-Catalyzed Route to Conjugated Diynes

In the xerulin synthesis shown in Scheme 15-33, (E)-ICH¼CHBr was used three
times as a two-carbon building block. Over the past 20–25 years, the Pd-catalyzed
mono-alkynylation reaction of (E)-ClCH¼CHCl [195], (E)-ICH¼CHCl [189, 190],
and (E)-ICH¼CHBr [129–131,142,183,190] have been shown to proceed cleanly,
with high yields in many cases. With (E)-ICH¼CHBr, however, the Sonogashira
reaction is not satisfactory [183]. Since the products of monoalkynylation of (E)-
ICH¼CHBr are sufficiently reactive in various second Pd-catalyzed cross-coupling
reactions, these bromoenynes, especially (E)-BrCH¼CHCaCSiMe3, have been
shown to be useful reagents and intermediates for the synthesis of carotenoids
[130], retinoids [130] and other conjugated oligoenes [131] and oligoenynes [129]
as shown in Schemes 15-19, 15-22, and 15-33.
Caution should be heeded here that the Pd-catalyzed mono-substitution of (E)-

ICH¼CHBr with other classes of organozincs and other organometals has been
much more capricious than the well-behaving alkynylation, and these reactions
are currently under intensive investigation.
Another important application of the Pd-catalyzed alkynylation of 1,2-dihaloethy-

lenes is the synthesis of conjugated diynes that has, in the past, been most fre-
quently achieved by the Cadiot-Chodkiewicz reaction [196]. While the reaction is
broadly applicable, it is often not sufficiently selective, producing significant
amounts of undesired homo-coupled diynes. Similarly, the Pd-catalyzed reaction
of alkynylmetals containing Zn and other metals with 1-halo-1-alkynes produces,
more often than not, mixtures of the cross-coupled and two homo-coupled diynes,
although some clean diyne formations have been reported [183]. In marked con-
trast, the Pd-catalyzed conjugated diyne synthesis via 1-halo-1-en-3-ynes is gener-
ally 100% “pair”-selective and hence higher-yielding than either the Cadiot-Chod-
kiewicz reaction or the Pd-catalyzed alkynyl-alkynyl reaction. All of these protocols
require roughly comparable amounts of synthetic efforts (Scheme 15-34). So, the
Pd-catalyzed alkynyl-alkenyl coupling route is a distinctly superior choice in cases
in which cross-homo-scrambling in the Cadiot-Chodkiewicz and other alkynyl-alky-
nyl coupling reactions is a serious side reaction.
A more economical synthesis of conjugated diynes was recently devised by

replacing relatively expensive 1,2-dihaloethylenes with vinylidene dichloride
[188]. Interestingly, the Sonogashira reaction has turned out to be considerably
more satisfactory than the organometallic protocols for selective monoalkynylation
of vinylidene dichloride. The products of monoalkynylation are in-situ converted
into 1,3-diynylzincs that can be directly used for the second cross-coupling [188]
(Scheme 15-35).
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Except for the rather isolated example of selective monoalkynylation of vinyl-
idene dichloride discussed above, the Pd-catalyzed monoalkynylation of 1,1-di-
halo-1-alkenes, where halogens are Br or Cl, can be satisfactorily achieved with
either the Sonogashira [147] or the Negishi coupling [70]. In the great majority
of cases, the reaction is j98% trans-selective. Dialkynylation is a more serious
and frequently encountered side reaction. It is possible that small amounts of
cis-monoalkynylation products underwent second trans-alkynylation to deplete
the undesired cis-monoalkynylation products through the formation of dialkynyla-
tion products. This can, however, be alleviated by the use of Cl2Pd(DPEphos) or
Cl2Pd(dppf) as a catalyst. In the monoalkynylation of 1,1-dibromo-1-alkenes,
both Sonogashira and Negishi coupling are generally satisfactory, provided that
the above-mentioned catalysts containing bidentate phosphines are used. With
1,1-dichloro-1-alkenes, however, the Sonogashira protocol was shown to be much
less satisfactory (Scheme 15-36]. In view of the significant difference between
vinylidene dichloride and 2-substituted 1,1-dichloro-1-alkenes, however, further
clarification of this point appears to be desirable.
As in the cases of the Pd-catalyzed alkenylation-alkylation domino process [71,

73] (Scheme 15-22), the stereochemistry of the second alkylation under Pd-cata-
lyzed or, for that matter, under any other conditions [197] has proved to be rather
capricious. Here again, however, bulky alkylphosphines, tBu3P in particular, came
to the rescue, and the second alkylation with Me2Zn and Et2Zn proceeded cleanly
to give the desired disubstitution products of j98% (E) in excellent yields [70].
However, clean inversion of configuration has not been achieved in the alkynyla-
tion-alkylation domino process.
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In a recent synthesis of 6,7-dehydrostipiamide, conversion of 7 into another key
intermediate 8 has been achieved in two different ways. The use of the Pd-catalyzed
alkynylation-alkylation domino process has proved to be the more convenient and
satisfactory of the two [198] (Scheme 15-37). The other required intermediate 9 was
prepared in two steps from (E)-BrZnCH¼CHCaCSiMe3 and (E)-BrCH¼CH(Me)
COOEt by Pd-catalyzed alkenyl-alkenyl coupling, followed by desilylation with
TBAF in 90% yield.

15.2.3.3 a-Alkynylation of a-Halo-a,b-unsaturated Carbonyl Derivatives
A logical and significant extension of the development of Pd-catalyzed a-arylation
and a-alkenylation of a-iodoenones discussed in Section 15.2.2 is that of the corre-
sponding a-alkynylation, which has indeed been shown to be feasible by the use of
Stille [154], Sonogashira [156], and Negishi [155] coupling reactions. This is a very
significant development, as there was no satisfactory alternative prior to this devel-
opment. All of the three alkynylation procedures have been applied to the synthesis
of harveynone and tricholomenyn A [154b, 155, 156] (Scheme 15-38). Although no
rigorous comparisons have been conducted, the data summarized in Scheme 15-42
suggest that the use of preformed alkynylmetals containing Zn or Sn would lead to
more favorable results than the Sonogashira protocol. The Zn procedure has also
been applied to the a-alkynylation of a-bromo-a,b-unsaturated esters [199] (Scheme
15-39).
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15.2.3.4 b -Alkynylation of b-Halo-a,b-unsaturated Carbonyl Derivatives
In contrast to the a-substitution of a-halo-a,b-unsaturated carbonyl derivatives,
which generally is inherently difficult, the corresponding b-substitution of b-halo-
a,b-unsaturated carbonyl derivatives, which may be conveniently termed conjugate
substitution [87], is a fundamentally favorable process [5]. The reaction of 1-hexynyl-
zinc chloride shown in Scheme 15-40 and reported in 1977 [17] appears to be the
first example of the Pd-catalyzed b-alkynylation. Additional examples have since
been reported by using the Zn protocol [200] and the Sonogashira reaction [201,
202]. A recent synthesis of salicylihalamide A and B [203] employed the Zn proto-
col (Scheme 15-40).
The reaction of terminal alkynes with (Z)-2-propenoic acid under the Sonoga-

shira reaction conditions was reported to give (Z)-g-alkylidenebutenolides along
with a-pyrones [204] (Scheme 15-41). On the other hand, the corresponding reac-
tion of alkynylzincs would merely produce the expected cross-coupling products
[205] (Scheme 15-41).
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The cross-coupling–lactonization domino process has provided an unprece-
dented, highly efficient one-pot procedure for the synthesis of biologically impor-
tant (Z)-g-alkylidenebutenolides [206]. After optimization of several reaction para-
meters, this has been applied to the synthesis of a wide range of naturally occur-
ring (Z)-g-alkylidenebutenolides, such as goniobutenolide A [207], rubrolides A,
C, D, and E [208] (Scheme 15-42), freelingyne [194] (cf. Scheme 15-33), and xerulin
[129] (cf. Scheme 15-19).
The inability of the alkynylzinc reaction to induce the same domino process has,

in fact, turned out to be a blessing in disguise. Enynoic acids obtainable in high
yields by this reaction can now be selectively converted into either five- or six-mem-
bered lactones by the use of a catalytic amount of either Ag2CO3 [209] or ZnBr2,
respectively, with j95% selectivity. With enynoic acids derived from alkyl-substi-
tuted 1-alkynes, the cross-coupling–lactonization domino process has exhibited
rather low regioselectivity figures [209] (Scheme 15-43). It does appear that succes-
sive application of the Negishi coupling and a Ag-catalyzed lactonization in two se-
parate steps would be generally the best route to (Z)-g-alkylidenebutenolides [210],
except for cases in which the domino process under Sonogashira conditions proves
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to be high-yielding and highly selective (Scheme 15-43). The Ag-catalyzed enynoic
acid cyclization procedure has been successfully applied to the synthesis of lissocli-
nolide [142].

15.2.4
Pd- or Ni-Catalyzed Alkylation

Alkyl halides and related electrophiles lacking a b,g-unsaturated alkyl group are
among the least reactive carbon groups with regard to oxidative addition to Pd,
Ni and other late transition metals. On the other hand, allyl, propargyl, and benzyl
electrophiles are among the most reactive toward those transition metals men-
tioned above (Scheme 15-9). This striking contrast must be largely attributable
to the absence of a b,g-unsaturated bond in the former and its presence in the lat-
ter, strongly pointing to the significance of p-bonds in the b,g-position. Despite the
major difference in reactivities, all of these “alkyl” groups do share some common
fundamental properties. In their orbital-controlled oxidative addition to late transi-
tion metals including Pd and Ni, they all must undergo Walden inversion, while
alkenyl electrophiles discussed in preceding sections generally undergo oxidative
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addition with retention with some notable exceptions, such as those shown in
Scheme 15-22 [71]. With aryl, alkynyl, and acyl electrophiles, oxidative addition
with retention is the only available option. Most of the alkyl derivatives are asso-
ciated with another difficulty to be either avoided or overcome. In cases where
alkyl groups contain one or more b-hydrogen atoms, their transition metal deriva-
tives can often undergo facile b-dehydrometallation in which b-agostic interaction
(or hyperconjugation) is thought to play a key role. This reaction can seriously in-
terfere with Pd- or Ni-catalyzed cross-coupling with alkyl derivatives, as shown in
Scheme 15-44 [210].

15.2.4.1 Discovery and Development of Pd-Catalyzed Alkylation with Alkylzincs
Although potentially more difficult than the Pd- or Ni-catalyzed cross-coupling
reactions of unsaturated organic reagents, the discussion presented above does
not rule out the possibility for Pd- or Ni-catalyzed cross-coupling according to
the mechanisms shown in Scheme 15-44. After all, most of the chemical issues
are matters of relative rates of various possible chemical processes. Fast reductive
elimination processes coupled with slow b-elimination processes can favor
cross-coupling over b-elimination. Closely related is the residence time of any
transition metal alkylderivative. The shorter the time, the more favorable the
desired cross-coupling would be. On this basis, Protocol I involving alkyl-alke-
nyl coupling should be more favorable than Protocol II involving alkenyl-alkyl
coupling. As proposed earlier, the word before a hyphen represents the corre-
sponding organometal, and that shown after a hyphen the corresponding elec-
trophile. Indeed, until recently, essentially all reported cases were examples of Pro-
tocol I.
In 1979, two independent studies on Pd-catalyzed alkylation with alkylzincs were

disclosed at the ACS Spring Meeting [211]. One was published in the same year,
and the other in 1980. This reaction was soon applied to the stereoselective syn-
theses of terpenoids, such as farnesol [211(b)], dendrolasin [212], and mokupalide
[211(b), 212] (Scheme 15-45).
The applicability of the Pd-catalyzed alkylation with alkylzincs even in the syn-

thesis of tetrasubstituted alkenes has been demonstrated [213] and applied to the
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synthesis of both (E)- and (Z)-g-bisabolenes with j98% stereoselectivity [214]
(Scheme 15-46).
Although several other metals including Mg, B, Al, In, Sn and even Si [30] have

been shown to participate in Pd-catalyzed alkylation, their current scopes (with the
notable exception of B) are mostly limited to the use of alkylmetals containing Me,
Et, and simple alkyl groups [92]. It is not unreasonable to state that the Pd-cata-
lyzed alkylation represented by Protocol I (Scheme 15-44) is most satisfactorily
achieved by using Zn or B at the present time [92]. The latter offers an advantage
of being able to directly provide alkylboranes via alkene hydroboration. Similar
advantages have also been observed with Al and Zn in their carboalumination-
cross-coupling [215] and carbozincation-cross-coupling [216] domino processes,
respectively (Scheme 15-47). It is, however, desirable to further develop these pro-
mising reactions.
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Another advantage that alkylzincs and, for that matter, any other types of orga-
nozincs offer is their chemoselectivity, which has often been very much under-
appreciated. The following examples clearly indicate that even alkylzinc reagents
themselves may contain acyl [217], ester [218, 219], amino acid ester [220], nitrile
[221], and fluoroalkyl [222] groups (Scheme 15-48). A highly stereoselective synthe-
sis of allylsilanes by Pd- or Ni-catalyzed alkyl-alkenyl coupling is also noteworthy
[223]. For additional discussions of various methods of preparation and use of func-
tionalized organozincs, the reader is referred to two monographs [224, 225] and
other extensive reviews [226, 227].
All examples of the Pd- or Ni-catalyzed alkylations presented above involve the

use of aryl and alkenyl electrophiles containing I, Br or OTf, except for an acyl
chloride shown in Scheme 15-47. One recent promising and potentially important
development is the use of aryl and alkenyl chlorides in conjunction with Pd(tBu3P)2
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[228]. Also noteworthy is that the Ni-catalyzed alkylation of p-chlorobenzonitrile
with alkylzincs proceeds in excellent yields [229] (Scheme 15-49). In view of the
relatively high temperatures (80–100 hC) at which these reactions are performed,
their further improvement is very desirable. An even more striking methodological
development is the use of alkyl halides (Protocol II in Scheme 15-44) in the Pd- or
Ni-catalyzed alkylation with organozincs. This topic will be discussed later in this
section.
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15.2.4.2 Applications of the Pd-Catalyzed Alkylation with Alkylzincs
to Natural Product Syntheses

In addition to relatively simple terpenoids, such as farnesol [211(b)], dendrolasin
[212], mokupalide [211(b), 212], and (E)- and (Z)-g-bisabolenes [214], discussed ear-
lier, twenty or more complex natural products have been synthesized by using the
Pd-catalyzed alkyl-alkenyl coupling with alkylzincs. Some of the earlier results
including those indicated above were described in a few pertinent sections [92–
94] of Handbook of Organopalladium Chemistry for Organic Synthesis [4]. Applications
to the syntheses of complex natural products have been reported mostly over the
past few years. In Table 15-8, most, if not all, of the examples known at this
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Table 15-8 Natural products synthesized via Pd-catalyzed alkylation

Natural product Structure Major author Ref.

(2E,6E)-farnesol

            OH

E. Negishi [211b]

(2Z,6E)-farnesol

            

OH

E. Negishi [61]

(2E,6Z)-farnesol

             

OH

E. Negishi [61]

(2Z,6Z)-farnesol

            OH

E. Negishi [61]

(2E,6Z,10E)-

geranyl geraniol

OH

E. Negishi [61]
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Table 15-8 (continued)

Natural product Structure Major author Ref.

       

dendrolasin

          (Scheme 15-49)

O

E. Negishi [212]

mokupalide

(Scheme 15-49) 

O

O E. Negishi
[211b,

212]

(E)-γ-bisabolene
      

(Scheme 15-50) E. Negishi [214]

(Z)-γ-bisabolene

     

(Scheme 15-50) E. Negishi [214]

menaquinone-3

        

O

O

E. Negishi [61]

coenzyme Q3

         

O

O

MeO

MeO

E. Negishi [61]

coenzyme Q10

              

O

O

MeO

MeO

9 E. Negishi
[61,

231]

(+)-casbene                                    A J. E. McMurry [232]

ageline A

      

N NMeCl

N

NH2N

+ T. Tokoroyama [233]

yellow seale

pheromone

           
OAc

J. G. Millar [234]

(+)-amphidinolide J                                  B D. R. Williams [235]

brevetoxin A                                  C K. C. Nicolaou [236]

(+)-pumiliotoxin A

             

N

H OH

OH C. Kibayashi [237]

(+)-pumiliotoxin B

             

N

H OH

OH

OH

C. Kibayashi [237]



time are listed in a more or less chronological manner. For examples of natural
products synthesized by Pd-catalyzed alkylation with alkylboranes, the reader is
referred to an extensive recent review by Danishefsky [230].
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Table 15-8 (continued)

Natural product Structure Major author Ref.

(+)-discodermolide                                 D A. B. Smith III
[238]

[239]

mycolactones A

and B
                                E Y. Kishi [240]

oleandolide                                 F J. S. Panek [241]

epothilone A                                 G K. H. Altmann [242]

delactonmycin
HO2C

O OH

R. A. Pilli [243]

borrelidin                                 H J. P. Morken [244]

scyphostatin

NH

O

OH

O

O

OH

T. Katoh

E. Negishi

[245]

[246]

O

O

OH

HO
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O OH   O

NH2

O
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OO

H

H
H

H

O

O

O

O

H

H

H

H

H
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For the highly selective synthesis of 1,5-diene-containing terpenoids, develop-
ment of the efficient and selective procedures for preparing (E)- and (Z)-1,4-
diiodo-2-methyl-1-butenes as (E)- and (Z)-isoprene building blocks shown in
Scheme 15-50 was crucially important. With these procedures, 1,5-diene-contain-
ing terpenoids of practically any stereochemical combinations can be prepared
by an iterative one-pot metallation-cross-coupling process that is both high-yielding
and highly stereoselective. The stereoselectivity level for each of the (E) and (Z) iso-
prene units are j99 and ca. 98%, respectively. This method represents a substan-
tial improvement not only over conventional methods involving capricious allyl-
allyl coupling but also over the two-step protocol shown in Scheme 15-45.
Although both (E) and (Z) alkene units can be constructed selectively and satisfac-
torily, there are some notable differences between E and Z isomers, the former
syntheses being more favorable in a few critical respects than the latter.
The Pd-catalyzed alkylation of (E)-2-iodo-2-alkenes with isoalkylzinc derivatives

has been successfully applied to the synthesis of complex natural products includ-
ing discodermolide [238], mycolactones A and B [240], and borrelidin [244]. In
these demanding cases, the use of one extra equivalent of tBuLi in the metallation
of isoalkyl iodide has been reported to be beneficial [238]. Presumably, isoalkyl(t-bu-
tyl)zincs are generated as superior alkylzinc reagents. Even so, the yield of the
desired isoalkyl-alkenyl coupling has often been modest. Further optimization of
a few reaction parameters, such as ligands and solvents, appears to be desirable.
For example, in a recent synthesis of the scyphostatin side chain, a closely related
cross-coupling reaction was achieved in 94% yield by using Cl2Pd(DPEphos) [246],
which might therefore prove to be a superior catalyst than those used in the past in
many other cases.
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15.2.4.3 Pd-Catalyzed Alkylation with Alkyl Electrophiles
Although some scattered examples of Pd- or Ni-catalyzed cross-coupling reactions
with alkyl electrophiles have been known for 10 or more years, relatively little
attention had been paid to them until recently. In 1995, Knochel reported that var-
ious organozinc reagents would undergo Ni-catalyzed cross-coupling with primary
alkyl iodides and bromides [247]. In a series of subsequent papers [248–251], the
following noteworthy features were demonstrated. The most noteworthy is that
addition of m- and p-CF3-substitutued styrenes [248, 249], as well as p-fluorostyrene
[250, 251] accelerates the desired cross-coupling reaction (Scheme 15-51). As might
be expected, the reaction is compatible with a wide range of functional groups.
More recently, Fu et al. have reported that the Pd-catalyzed reaction of various

organozincs with primary alkyl iodides, bromides, tosylates, and even chlorides
can proceed well with PCyp3 as a phosphine [69]. Even more striking is that,
with a catalyst system consisting of 4% Ni(cod)2 and 8% sBu-Pybox 1 used in con-
junction with DMA as a solvent, even secondary alkyl bromides and iodides can
undergo alkyl-alkyl coupling with alkylzinc reagents [58] (Scheme 15-52). Similar
studies of the Pd-catalyzed reaction of alkyl chlorides with Grignard reagents
were also reported by Beller [252].
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The results shown in Schemes 15-51 and 15-52 are not only striking but poten-
tially useful. Clearly, a new chapter in Pd- or Ni-catalyzed cross-coupling has been
opened. In this context, however, it should be clearly noted that either stoichio-
metric organocopper reactions or Cu-catalyzed reactions of Grignard reagents
with alkyl halides and sulfonates [253] must still be viewed as the current bench-
mark, with which any new methods including those described above must be care-
fully compared to establish their pros and cons relative to the Cu-based methods.
Further delineation of the scope and limitations of these new reactions is therefore
highly desirable.

15.2.5
Pd-Catalyzed Cross-Coupling Using Benzyl, Allyl, and Propargyl Derivatives

As discussed earlier, benzyl, allyl, and propargyl derivatives that contain b,g-unsa-
turated carbon-carbon bonds can readily interact with Pd complexes, and they can
indeed participate in a wide variety of Pd-catalyzed cross-coupling and related reac-
tions. A large number of examples of these reactions known as of a few years ago
have been comprehensively documented in Chapters III.2.9 [89], III.2.10 [91],
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III.2.16 [98], III.2.18 [94], and V.2.1.4 [97]. Although no extensive duplication is in-
tended here, a brief summary of various possible protocols should be useful to
minimize and clarify potential confusions associated with them. It is important
to note that the organozinc-based methods are usually either the most satisfactory
or among the most satisfactory options.
The Pd-catalyzed cross-coupling between an unsaturated group, i. e., aryl, alke-

nyl, or alkynyl, and a b,g-unsaturated alkyl group, i. e., benzyl, allyl, or propargyl,
provides nine different combinations of cross-coupling that may be carried out
in 18 different organometal-electrophile combinations. Collectively, they can pro-
duce six different kinds of cross-coupling products. Each of the 18 processes is ex-
pected to display its own scope and limitations, and it is important to know the
merits and demerits among either two or four available options for the synthesis
of a given compound. To this end, the following summary should prove to be use-
ful.

15.2.5.1 Benzyl-Aryl and Aryl-Benzyl Couplings
Both of these reactions produce diarylmethanes, and the first examples of the Pd-
catalyzed benzyl-aryl coupling were reported in 1977 [17]. In many cases, however,
Ni catalysts were similarly effective. Both types of reactions have since been suc-
cessfully employed in a variety of cases, including those involving heteroaryl
groups, as shown in Scheme 15-53. One recent example of benzyl-aryl coupling
with benzylmanganese chloride is also noteworthy [259].

15.2.5.2 Synthesis of Allylated Arenes via Aryl-Allyl, Allyl-Aryl, Alkenyl-Benzyl,
or Benzyl-Alkenyl Couplings

Synthesis of allylated arenes via Pd-catalyzed cross-coupling has been achieved by
all four processes indicated above. Although the Pd-catalyzed reaction of allyl(tribu-
tyl)stannane with bromobenzene was reported in 1977 as the first Pd-catalyzed C-C
coupling reaction of organotins [22], the allyl-aryl coupling protocol has not since
been widely used for the synthesis of allylated arenes. In fact, allylmetals contain-
ing more electropositive metals, such as Zn, do not appear to be well-suited for Pd-
catalyzed cross-coupling. Catalyst poisoning due to their intrinsically high reactivity
may be suspected, although this point needs to be further clarified. For the Pd-cat-
alyzed cross-coupling reaction of allyltins, a mechanism involving carbopalladation
followed by destannylpalladation should be considered as a likely pathway.
Unlike the Pd-catalyzed allyl-aryl coupling, which appears to be limited with re-

spect to metal countercations, the corresponding aryl-allyl coupling is widely obser-
vable with various metals including Zn and Mg. At present, Zn appears to be
superior to the others in that arylzincs are not only more reactive than the others
under the Pd- or Ni-catalyzed conditions but also readily available from both direct
and indirect zincation. Direct zincation is attractive, since it can tolerate various
heterofunctional groups that are sensitive to organometals containing Li, Mg,
and other electropositive metals. Recent developments of direct syntheses of aryl-
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zinc reagents through the use of I2 [229] or Me3SiCl [260] as promoters are note-
worthy.
The main potential drawback of the aryl-allyl coupling is regiochemical and

stereochemical isomerization of allyl groups. For strictly regio- and stereoselective
construction of allylated arenes, benzyl-alkenyl and alkenyl-benzyl couplings
should be considered. In cases where appropriate alkenylmetals are readily gener-
ated by regio- and stereoselective hydrometallation, carbometallation, and other re-
lated addition reactions of alkynes, the alkenyl-benzyl coupling process is opera-
tionally simpler and hence potentially more favorable than benzyl-alkenyl coupling.
One seminal and/or representative example each of the four protocols discussed
above are shown in Scheme 15-54.
The benzyl-alkenyl coupling processes have been successfully applied to the syn-

thesis of coenzyme Qn and menaquinones-n [61, 231, 263, 264], where n is an in-
teger, such as 3 and 10 (Scheme 15-55). Both Pd [61, 262] and Ni [231, 263, 264]
catalysts have been shown to be highly satisfactory, despite some conflicting com-
parative figures and results [262, 231]. Further critical comparison may be desir-
able, if the apparent discrepancy is to be resolved.
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15.2.5.3 Synthesis of 1,4-Dienes via Alkenyl-Allyl and Allyl-Alkenyl Couplings
Alkenylmetals containing Zn, Al, or Zr can undergo Pd-catalyzed reactions with
allyl electrophiles to give 1,4-dienes [62, 261, 265], while little is known about
the Pd-catalyzed allyl-alkenyl coupling reaction of allylmetals containing Zn, Al,
or Zr. Here again, possible catalyst poisoning may be suspected. One of the proto-
typical examples of alkenyl-allyl coupling is a highly selective one-step conversion
of geranyl and neryl chlorides to (E,E)- and (E,Z)-a-farnesenes [261] (Scheme 15-56).

In general, both regio- and stereochemistry can be almost fully retained in cases
where g,g-disubstituted allylic electrophiles are used. In the corresponding reac-
tions of g-monosubstituted allylic electrophiles, the desired cross-coupling is
usually accompanied by regio- and stereochemical scrambling to varying degrees
[62]. Since the alkenyl-allyl coupling process is the only realistic Pd-catalyzed
cross-coupling route to 1,4-dienes, optimization of various parameters in this reac-
tion, especially ligands, additives, and solvents, might prove to be very fruitful.
Even at the current level of perfection, the Pd-catalyzed reaction of an alkenylzinc
chloride with a g-monosubstituted allylic bromide has been successfully applied to
the synthesis of some natural products, such as hennoxazole A [266] (Scheme
15-57). Further refinement of the Pd-catalyzed alkenyl-allyl coupling appears to
be highly desirable.
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15.2.5.4 Pd-Catalyzed Alkynyl-Benzyl, Benzyl-Alkynyl, Aryl-Propargyl,
and Propargyl-Aryl Couplings

Until recently, little – if any – had been known about Pd-catalyzed alkynyl-benzyl
and benzyl-alkynyl couplings. The Pd-catalyzed reaction of alkynylindiums with
benzyl bromide reported in 1999 [32] (see Scheme 15-6) has provided a very pro-
mising method for Pd-catalyzed alkynyl-benzyl coupling. Earlier attempts by the
authors’ group with alkynylzincs, benzyl bromide, and Pd(PPh3)4 were met with
disappointingly low product yields. However, a recent reinvestigation with the
use of Cl2Pd(DPEphos) has shown that the Pd-Zn procedure is not only highly
satisfactory but is also superior to the Pd-In procedure, exhibiting a TON of
about 8000 versus 3000 for In [193]. It should also be noted that, under the Sono-
gashira alkynylation conditions using 5% Pd(PPh3)4 or Cl2Pd(PPh3)2, 10% CuI,
and either Et2NH or Cs2CO3, the corresponding alkynyl-benzyl coupling reaction
did not produce the desired product in more than 8% yield, the major byproduct
being the alkyne homodimer [193]. It should also be pointed out that the prepara-
tion of alkynyl halides and related alkynyl electrophiles is almost always more in-
volved and cumbersome than that of alkynylmetals. So, there does not appear to be
any incentive for developing Pd-catalyzed benzyl-alkynyl coupling procedures.
The Pd-catalyzed reaction of PhZnCl with propargylic acetates and related elec-

trophiles has produced Ph-substituted allenes, which proceeded with inversion at
the propargylic carbon atom [267, 268] (Scheme 15-58). This reaction promises
to provide a useful and selective route to stereodefined allenes. Little, if any,
appears to be known about the Pd-catalyzed propargyl-aryl coupling.

15.2.5.5 Pd-Catalyzed Alkynyl-Allyl, Allyl-Alkynyl, Alkenyl-Propargyl,
and Propargyl-Alkenyl Couplings

These reactions can, in principle, lead to the formation of 1,4-enynes and/or con-
jugated enallenes. Although the currently available data are still rather scarce, the
examples shown in Scheme 15-59 suggest that either enallenes or 1,4-enynes may
be obtained selectively by using either propargylic electrophiles or propargylmetals,
but it is premature to present any generalized statement based on the available
data. Little, if any, appears to be known about Pd-catalyzed alkynyl-allyl and allyl-
alkynyl couplings.

15.2.5.6 Pd-Catalyzed Alkynyl-Propargyl and Propargyl-Alkynyl Couplings
These reactions can, in principle, produce 1,4-diynes and/or allenynes. As indi-
cated earlier in Scheme 15-8, the Pd-catalyzed alkynyl-propargyl and alkynyl-allenyl
coupling reactions generally produce allenynes rather than 1,4-diynes [63]. The
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results shown in Scheme 15-8 also indicate that Mg, Zn, Cu, and Ag can produce
the desired allenynes in excellent yields, but Zn is the most versatile with respect to
leaving groups and most satisfactory. This reaction has been applied to the synthe-
sis of 2,3-octadiene-5,7-diyn-1-ol, a metabolite from fungus Cortinellus berkeleyanus
[63] (Scheme 15-60). There does not appear to be any reported example of the
Pd-catalyzed propargyl-alkynyl coupling.

15.2.5.7 Pd-Catalyzed Cross-Coupling Reactions Between a Benzyl-, Allyl-,
or Propargylmetal and a Benzyl, Allyl, or Propargyl Electrophile

These reactions were exhaustively surveyed recently [91]. With the exception of the
use of benzylzinc derivatives in benzyl-allyl and benzyl-benzyl coupling reactions
[270], essentially all of the reported examples involve the use of allyltins and alle-
nyltins that can be generated from propargylmetals. Most of the reactions are
nonselective and/or low-yielding. Here again, virtual absence of the use of allyl-
and propargylmetals containing Zn and other relatively electropositive metals
might be linked with possible catalyst poisoning. In this context, it is important
to notice that the desired products of these reactions are those that can be satisfac-
torily prepared with strict control of regio- and stereochemistry through the use of
homoallyl-, homobenzyl-, and homopropargylmetals in conjunction with aryl and
alkenyl electrophiles, as discussed in Section 15.2.4. However, the use of alkynyl
halides in these reactions may not have been reported.
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15.3
Summary and Conclusions

It was just a few years ago that Pd-catalyzed cross-coupling reactions were systema-
tically and comprehensively discussed and summarized [4]. However, even before
these surveys and reviews appeared in the market, it had already become abun-
dantly clear that many of the chapters would have to be urgently updated and
revised. This chapter has been written partially to fulfill this goal. In Handbook
of Organopalladium Chemistry for Organic Synthesis [4], the overall scope of the
Pd-catalyzed carbon-carbon cross-coupling was summarized as reproduced in
Table 15-9. It indicates that most of all conceivable classes of the Pd-catalyzed
cross-coupling reactions have been explored and well-developed with two notable
exceptions, namely (1) those between an allyl-, benzyl-, or propargylmetal and an
allyl, benzyl, or propargyl electrophile (Section 15.2.5), and (2) those involving
the use of “ordinary” alkyl halides and related electrophiles. As discussed in Sec-
tion 15.2.4, the latter may no longer be viewed as being categorically unfavorable.
In this chapter, Pd-catalyzed acylation [90], cyanation [95] and a-substitution of

enolates [96] are not systematically discussed in order to keep this chapter within
a reasonable length, and consequently some notable topics and examples may have
been excluded. For example, the Pd-catalyzed acylation of organozincs [192] has
been recognized as one of the most general and satisfactory methods of organome-
tallic acylation reactions, which is compatible with many heterofunctional groups,
as eloquently demonstrated by a recent synthesis of amphidinolides T1, T3, T4,

87715.3 Summary and Conclusions

Table 15-9 Classification and current status of Pd-catalyzed cross-coupling reactions

V.2III.2.14.1V.2III.2.14.1

                   III.2.13.1(b)                 III.2.13.1(a)

III.2.11.1 and III.2.11.2Alkyl M

III.2.10III.2.9(b)

III.2.8(a)

III.2.6

III.2.7

III.2.12.1                      III.2.9(a)III.2.8(b)III.2.6

III.2.7

III.2.6

III.2.5

III.2.7
ArM

RCOXAlkyl XArX
     R2

X

R
1
M

M

Ar

M

M

M

M

N C M

C C OH

X

X
X

Ar

X X

(a) The numbers in the frames indicate the pertinent sections. Bold-line frame: generally favorable
and not highly demanding; broken-line frame: generally unfavorable; solid-line frame: others.

(b) Copied from Handbook of Organopalladium Chemistry for Organic Synthesis [4], p. 222.



and T5 [271] (Scheme 15-61). For these topics known as of a few years ago, the
reader is referred to the pertinent chapters in Handbook of Organopalladium Chem-
istry for Organic Synthesis cited above.
At present, there are approximately ten to a dozen protocols for Pd- or Ni-cata-

lyzed cross-coupling reactions classified according to the metal countercations,
and each appears to be capable of offering its own unique advantages. Even so,
those involving the use of Zn and B may now be considered to be the two most
versatile and satisfactory protocols with which the others are to be compared.
Organotins have also been shown to be widely applicable. Moreover, they have dis-
played many unique features that cannot be readily matched by other organome-
tals. In many cases where Sn competes with other metals, however, Sn has
often been shown to be less satisfactory than Zn or B, and its toxicity is a major
concern that should not be overlooked.
Another notable advantage that Zn offers is its ability to promote the Pd- or

Ni-catalyzed cross-coupling reactions of other organometals containing Al, Zr,
Cu, Sn and even B (see Scheme 15-26). With either stoichiometric or catalytic
amounts of Zn, a wide variety of Pd-catalyzed cross-coupling reactions including
aryl-aryl coupling (Section 15.2.1), alkenylation (Section 15.2.2), alkynylation (Sec-
tion 15.2.3), alkylation (Section 15.2.4), as well as allylation, propargylation, and
benzylation (Section 15.2.5) can now be satisfactorily performed.
In the meantime, efforts to search for additional superior metal countercations

are being continued. Among main group metals, In has recently been identified
as a very promising metal. Aside from some unique advantages, such as the
anti-hydroindation-cross-coupling domino process [39] (Scheme 15-6), however,
its straightforward cross-coupling reactions have not yet generated those kinds of
results that urge its use in preference to Zn or B, especially in view of its relatively
high cost. In this context, it is noteworthy that In has been shown to be distinctly
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superior to Zn as a co-catalyst for promoting some hydrometallation-cross-coupling
domino processes of Al and Zr [48] (Scheme 15-13). This promising lead is being
pursued further. Although Si is intrinsically one of the least reactive metals, var-
ious procedures developed recently for promoting its Pd- or Ni-catalyzed cross-cou-
pling have made it a respectable countercation component. Moreover, its useful-
ness may be predicted to increase with time. If its ability to serve as a key element
in various protecting groups could be tightly coupled with superior cross-coupling
processes, it would prove to be uniquely advantageous in such cases.
Among d-block transition metals as well as the group 3 metals and lanthanides,

Mn seems promising in addition to Zr and Cu, the unique advantages of which
have already been demonstrated and established. Clearly, additional studies with
Mn that would demonstrate its superiority and/or unique advantages are desirable.
One question raised by synthetic chemists with increasing frequency is which

protocol should be used for a given synthetic task. In this context, objective and
wholesome comparison of various available protocols has become increasingly sig-
nificant. Mere presentation of an assortment of j80–90% product yields and/or
differences in yield by 10 or even 20% may no longer be considered as reliable
bases for comparison. For this and other important reasons, TONs should be care-
fully determined, at least for some representative cases in addition to yield figures.
After all, most – if not all – processes catalyzed by expensive transition-metal com-
plexes should eventually be developed such that they display TON of 104–105 or
higher, even though cross-coupling generating C-C bonds may well be collectively
much more demanding than C-H and C-O bond formation in reduction and oxida-
tion, respectively.

15.4
Representative Experimental Procedures

15.4.1
(3E,5Z,7R)-8-(t-Butyldiphenylsilyloxy)-5,7-dimethyl-1-trimethylsilyl-3,5-octadien-1-yne
(Scheme 15-22) [71].

To a mixture of (3E,5Z,7R)-5-bromo-8-(t-butyldiphenylsilyloxy)-7-methyl-1-trime-
thylsilyl-3,5-octadien-1-yne (526 mg, 1 mmol) and Cl2Pd(DPEphos) (36 mg,
0.05 mmol) in THF (4 mL) was added Me2Zn (1.0 mL, 2.0 M in toluene,
2 mmol) at 23 hC. The resultant mixture was stirred at room temperature and
the reaction progress monitored by GLC analysis. After 20 h, the analysis indicated
that the starting material had been completely consumed and that the title com-
pound was formed in quantitative yield, with no indication of the formation of
the configuration-retained E,E isomer or other byproducts in more than trace quan-
tities. The reaction mixture was treated with aqueous NH4Cl, extracted with ether
(5 mL), washed with aqueous NaHCO3, dried over MgSO4, filtered, and concen-
trated. Flash chromatography (silica gel, hexane:ethyl acetate, 99:1) afforded the
title compound (419 mg, 91%, stereoisomeric purity j97%) as an oil.
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15.4.2
(3E,5E,7R)-8-(tert-Butyldiphenylsilyloxy)-5,7-dimethyl-1-trimethylsilyl-3,5-octadien-1-yne
(Scheme 15-22) [73].

To a mixture of (3E,5Z,7R)-5-bromo-8-(tert-butyldiphenylsilyloxy)-7-methyl-1-trime-
thylsilyl-3,5-octadien-1-yne (263 mg, 0.5 mmol) and Pd(tBu3P)2 (5.1 mg, 0.01 mmol)
in THF (4mL) was addedMe2Zn (0.25 mL, 2.0M in toluene, 0.5 mmol) at 23 hC. The
resultant mixture was stirred at 23 hC and the reaction progress monitored by GLC
analysis. After 1 h, the analysis indicated that the starting material had been com-
pletely consumed, and that the title compound was formed in quantitative yield.
The reaction mixture was treated with aqueous NH4Cl, extracted with ether
(5–10 mL), washed with aqueous NaHCO3, dried over MgSO4, filtered, and concen-
trated. Flash chromatography (silica gel, hexane) afforded the title compound
(438 mg, 95%, stereoisomeric purity j98%) as an oil.

15.4.3
Ethyl (E,E)-2-Methyl-2,4-heptadien-6-ynoate (9) (Scheme 15-37) [183].

(i) (E)-1-Bromo-4-trimethylsilyl-1-buten-3-yne
To a solution of (trimethylsilyl)acetylene (2.8 mL, 20 mmol) in THF (30 mL) was
added via a syringe MeMgBr (8 mL of 3 M ethereal solution, 24 mmol). After
the reaction mixture had been stirred at r. t. for 3 h, a solution of anhydrous
ZnBr2 (5.85 g, 26 mmol) in THF (10 mL) was added at 0 hC. The mixture was stir-
red at 0 hC for 30 min and added via a cannula to a solution of (E)-1-bromo-2-
iodoethylene (5.12 g, 22 mmol) and Pd(PPh3)4 (0.46 g, 0.02 equiv.) in THF
(15 mL). The resultant mixture was stirred at r. t. for 10 h, treated with aqueous
NH4Cl, and extracted with pentane. The pentane fraction was washed with aque-
ous NaHCO3 and brine, dried over MgSO4, and distilled to afford 3.29 g (81%)
of the title compound of j98% isomeric purity as a colorless liquid: b. p. 72–
74 hC (15 mmHg).

(ii) Ethyl (E,E)-2-methyl-7-trimethylsilyl-2,4-heptadien-6-ynoate
To a solution of (E)-1-bromo-4-trimethyl-1-buten-3-yne (487 mg, 2.4 mmol) in
THF (3 mL) was added tBuLi (2.82 mL of 1.7 M solution in hexane, 4.8 mmol)
at –78 hC. The solution was stirred for 1 h at –78 hC. To this was added via a
cannula a solution of anhydrous ZnBr2 (540 mg, 2.4 mmol) in THF (2 mL). The
mixture thus obtained was stirred for 5 min at –78 hC, warmed to 0 hC over
25 min, and added via a cannula to a mixture of PdCl2(PPh3)2 (70 mg, 0.1 mmol),
DIBAH (0.2 mL, 1.0M in hexane, 0.2 mmol), and ethyl (E)-3-bromo-2-methyl-2-pro-
penoate (386 mg, 2 mmol) in THF (2 mL) at 0 hC. After stirring at 23 hC for 4 h, the
reaction mixture was treated with water, extracted with ether, dried over MgSO4,
filtered, and concentrated. Flash chromatography (silica gel; pentane:EtOAc, 95:5)
afforded 448 mg (95%) of the title compound, which was j98% (E,E), by 13C-
and 1H-NMR analysis.
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(iii) Ethyl (E,E)-2-methyl-2,4-heptadien-6-ynoate (9)
To a solution of ethyl (E,E)-2-methyl-7-trimethylsilyl-2,4-heptadien-6-ynoate
(354 mg, 1.5 mmol) was added TBAF (1.7 mL, 1.0 M in THF, 1.7 mmol) at –
78 hC. After 30 min, the flask was gradually warmed to 0 hC. After 30 min at
0 hC, the reaction mixture was quenched with water, extracted with ether (5 mL),
dried over MgSO4, filtered, and concentrated. Flash chromatography (silica gel;
pentane:EtOAc, 95:5) afforded 234 mg (95%) of the title compound, which was
j98% (E,E), by 13C- and 1H-NMR analysis.

15.4.3
Ethyl (2E,4E,8E,10E,12R,13R,14E,16S)-13-(tert-Butyldimethylsilyloxy)-2,10,12,14,16-
pentamethyl-18-phenyl-octadeca-2,4,8,10,14-pentaen-6-ynoate (Scheme 15-37) [198].

To iPr2NH (53 mL, 39 mg, 0.38 mmol) in THF (2 mL) cooled to –78 hC was added
nBuLi (0.15 mL, 2.5 M in hexane, 0.38 mmol). The resultant solution was stirred at
–78 hC for 20 min and added dropwise via a cannula to a solution of ethyl (E,E)-2-
methyl-2,4-heptadien-6-ynoate (63 mg, 0.38 mmol) in THF (1 mL) at –78 hC. After
the reaction mixture had been stirred at –78 hC for 20 min, anhydrous ZnBr2
(87 mg, 0.38 mmol) in THF (1 mL) was added. The mixture thus obtained was
stirred at –78 hC for 5 min, warmed to 0 hC over 10 min, and added via a cannula
to (1E,3E,5R,6R,7E,9S)-6-(tert-butyldimethylsilyloxy)-1-iodo-11-phenyl-3,5,7,9-tetra-
methyl-undeca-1,3,7-triene (174 mg, 0.32 mmol) in THF (1 mL) premixed with a
solution of Pd(PPh3)Cl2 (11 mg, 0.016 mmol) and DIBAH (0.032 mL, 1.0 M in hex-
ane, 0.032 mmol) in THF (1 mL). The resultant mixture was stirred at 23 hC for 3 h,
quenched with aqueous NH4Cl, filtered through Celite, washed, and extracted with
ether (5 mL). The combined organic layers were dried over MgSO4, filtered, and
concentrated. Flash chromatography (silica gel; ethyl acetate:hexane, 1:99) afforded
the title compound (175 mg, 94%) as a colorless oil. 13C- and 1H-NMR spectra
indicated that the product was j98% isomerically pure.
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15.4.4
Menaquinone-3 (Scheme 15-55) [61]

To a solution of Me3Al (0.17 g, 2.4 mmol) and Cl2ZrCp2 (0.15 g, 0.5 mmol) in 1,2-
dichloroethane (2 mL) was added at 23 hC (6E)-6,10-dimethyl-5,9-undecadien-1-yne
(211 mg, 1.2 mmol). The reaction mixture was stirred for 4 h at 23 hC. To this
reaction mixture were successively added at 0 hC THF (10 mL), 2-chloromethyl-
3-methyl-[1,4]-naphthoquinone (0.22 g, 1 mmol), and Pd(PPh3)4 (23 mg,
0.02 mmol). The reaction mixture was stirred for 1 h at 23 hC, diluted with
ether, quenched with 1 M HCl, and extracted with Et2O (10 mL). The combined
organic layers were dried over MgSO4, and concentrated in vacuo. Flash column
chromatography (hexane:ethyl acetate, 10:1) afforded 0.335 g (89%) of the title
compound as a yellow oil. 13C-NMR analysis indicated the compound was of
j98% stereoisomeric purity.

15.4.5
(E)-4-Methyl-3-decen-2-one [192]

To 2.52 g (10 mmol) of the (E)-2-methyl-1-octenyl iodide (j99% E) in 10 mL of
diethyl ether were added sequentially nBuLi (4.8 ml of 2.3 M solution in hexane,
–78 hC) and anhydrous ZnCl2 (1.5 g, 11 mmol, –78 hC to 0 hC) in THF. After re-
moval of the solvents at reduced pressure, THF (10 mL), AcCl (0.94 g, 12 mmol),
and a mixture of Cl2Pd(PPh3)2 (0.08 g, 0.1 mmol) and iBu2AlH (0.04 mL, 0.2 mmol)
in 4 mL of benzene were added at 0 hC, and the reaction mixture was stirred for
30 min at 0 hC. Acidification (3 M HCl), extraction (hexane; 20–30 mL), washing
(aq. NaHCO3), drying (MgSO4), and distillation provided 1.30 g (77%) of (E)-4-
methyl-3-decen-2-one (E/Z ¼ 99/1): b. p. 55–57 hC (0.5 mmHg).
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A
(e)-A80915G 141
accelerating effect of water 71
1,4-acetoxytrifluoroacetoxylation of

1,3-dienes 499
acetylenes, terminal 358
acid chlorides 640
acridones 788, 793
activation volumes 234
acyl benzoates 234
acyl chloride cross-coupling 340
acyl chlorides 355
acylations 651
acylpalladium complex 533
syn-addition 219, 397, 643
addition to unactivated triple bonds 642
addition to unactivated double bonds 639
addition-elimination mechanism 636
additives (see also cocatalysts) 129, 227,

826 ff.
– Bu4NI 869
– DMI 820
– K2CO3 871
– LiCl 827
– LiOtBu 824, 833
– Na2CO3 836
– NaOEt 827, 847
– NMI 829, 869
– Z6H4CH=CH2, Z=m-CF3, p-CF3, p-F 869
adiponitrile process 486
aerobic 1,4-diaretoxylation 501
aerobic oxidations 495, 502
aflatoxin B1 274
AgNO3 593
AII antagonists 791
aldehydes 127
aldol 252
aldol condensation 252
1,2-alkadiene-4-ynes 606, 615
2,3-alkadien-5-yn-1-ols 607

2,3-alkadienamide 598
2,3-alkadienoates 592
2,3-alkadienoic acid 592 f.
alkaloids 633, 794
1,2,4-alkatrienes 588, 603
(E)-alkenes 134
alkenyl-alkenyl (sp2-sp2) coupling 87
alkenyl-alkynyl coupling 89
alkenyl-allyl cross-coupling 90
1-alkenylbicyclo[n.1.0]alkenes 443
1-alkenylborinic acids 43
cis-1-alkenylboron 43
alkenylboronates 237
(Z)-1-alkenylboronates 43
1-alkenylboronic esters 47
alkenyl bromides 684
alkenyl chlorides 648
(Z)-alkenyldimethyl(2-thienyl)silanes 195
alkenyldimethylsilanols 170
alkenyldisiloxanes 181
alkenyl halides 210
a-alkenylidene-b-lactams 598
a-alkenylidene-g-lactones 598
alkenyl iodides 683
– (Z)-allylic ether 683
– (E )-iodooctene 683
alkenylmagnesium compounds 684
– carbonyl-containing 684
alkenyl mesylates 233
alkenyl nonafluorobutanesulfonates 233
2-alkenyloxiranes 609
s -alkenylpalladium 263
alkenyl(phenyl)iodonium salts 355
alkenyl-pyridylsilanes 192
alkenylsilanediols 176
alkenylsilanes 210
alkenylsilanols 171, 174, 176, 178 f., 204, 206
alkenylsilyl ethers 184, 189
alkenylstannanes 237, 245
alkenyl triflates 226
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alkenyl trifluoromethanesulfonates 233
alkenyltrimethylsilanes 165
alkenylzinc organometallics 642
alkoxo organopalladium complexes 28
alkoxoboranes 20
1,4-alkoxy-acyloxylation 516
1,4-alkoxy-trifluoroacetoxylation 499
(alkoxyalkyl)lithium 451
(alkoxyalkyl)zinc 451
(alkoxyallyl)lithiation 451
alkoxysilanes 199
g-alkoxyvinyllithium 453
9-alkyl-9-BBN 83
alkyl-alkyl coupling 86
alkyl-alkyl cross-coupling 191
alkylalumination 456
2-alkylcarbapenems 85
alkylidene enone 624
alkylidene zinc carbenoid 401
(Z)-g-alkylidenebutenolides 858 f.
alkylidenecyclopentanes 418, 445
7-[(E)-alkylidene]cephalosporins 139
alkylmagnesium halide 443
alkylnickel species 399
alkylpalladium intermediate 179
5-alkylresorcinols 85
alkylzinc reagents 646
alkylzirconation 406
alkylzirconium 406
alkyne cross-coupling 317 ff.
– acyl chloride cross-coupling 340
alkynes 128, 400
1-alkynes 134
2-(1-alkynyl)oxiranes 587, 607
alkynylallenes 145
alkynylalkylcarbamates 418
alkynylalkyl silyl enol ethers 423
alkynylaluminum reagents 376
alkynylborates 365
alkynylborinates 368
1-alkynylboronates 52
alkynylboron reagents 365
alkynylboronic esters 368
1-alkynylboronic esters 44
alkynylcopper reagents 318 ff.
alkynylcubanes 344
alkynylcyclooctatetraenes 344
alkynylgermanium reagents 376
alkynyl halides 355, 640
alkynylindium reagents 376
a-alkynyl-b-lactam 598
alkynyllithium reagents 373
alkynylmagnesium reagents 373
alkynylmanganese reagents 379

2-alkynyloxirane 610
o-alkynylphenol 590
alkynylsilanols 174
alkynylsilicon reagents 369
alkynylsilver reagents 379
alkynylstannanes 13, 145
alkynyltin reagents 350
– preparation 351
– Stille reaction 350
alkynyltins 131, 140
p-alkynyltitanium 414
alkynyl(trialkoxy)borates 368
alkynyltrifluoroborates 102, 369
alkynyltrimethylsilanes 174
alkynylzinc reagents 359
– preparation 360
allenes 128, 247, 412, 469, 875
allenyl-substituted benzo[b]furan 591
allenylalkyne 606
a-allenylenamine 603
allenylindium 605
allenyllithium 467
4-(allenylmethylene)-g-butyrolactone 607
– allyl carbonates 368
– aryl chlorides 360
– Cadiot-Chodkiewicz reaction 346
– Negishi reaction 359
– Sonogashira reaction 319
– Stephens-Castro reaction 318
– Stille reaction 350
– Suzuki reaction 365
s -allenylpalladium 585
allenylpalladium complex 586, f., 608
allenylpalladium hydride 588
allenylpalladiums 586 ff., 590 f., 602, 604,

606 f., 608 f., 611, 613 ff
allenylstannanes 146
allenyltitaniums 410, 412
allenynes 875
allopumiliotoxin 267A 415
(h3-allyl)palladium complexes 6, 12,

22–23, 253, 257, 516
– epimerization 536
b-(N-allyl)-amino ester 459
(E)-2-allyl-1-bromo-3-(tert-butoxy)-1-

chlorohex-1-ene 470
allyl chlorides 127
p-allyl complexes 247, 532 ff., 538, 560
– anti/syn- 538, 560
– C-C-coupling reactions 532
– insertion 532
– meso- 540
– palladium 532
– reduction 532
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– substitution 532
– syn/syn- 538, 560
– symmetric 539
s -allyl complex 537
allyl halides 141, 355
p-allyl metal complexes 531 ff.
allyl stannanes 12
[(allyl)PdCl]2 173, 178
p-allyl-intermediates 531 ff.
allylboronic esters 48, 52
allylgallation 404
allylic alkylations 550
– asymmetric 539
– intramolecular 550
– iridium-catalyzed 563 ff.
– iron-catalyzed 565
– molybdenum-catalyzed 566
– nucleophiles 553
– palladium-catalyzed 532
– phase transfer 555
– platinum-catalyzed 568
– regioselectivity 533, 563
– rhodium-catalyzed 569
– ruthenium-catalyzed 570
– stereoselectivity 535
– substrates 549 ff.
– tungsten-catalyzed 570
– under basic conditions 549
– under neutral conditions 551
allylic carbonates 552
allylic oxyanion group 439
allylic rearrangement 425
allylic substitutions 635
allylic substrates 549, 551, 560
– acetates 549
– allyl carbonates 560
– allylic esters 549
– arylations 561
– carbamates 551
– carbonates 551
– carbonylations 562
– chiral 559
– cyclic 559
– 1,3-disubstituted 558
– halogenated 551
– phosphates 550
– silylated 550, 552
– stannylated 552
– stepwise substitution 550
– trifluoroacetates 549
– vinyl epoxides 552
– vinyl oxiranes 552
– vinylations 562
allylidenecyclopropanes 250

allylindianation 451
p-allyliridium complexes 563
p-allyliron complex 566
allyllithiums 429, 469
allylmagnesium bromide 470
p-allylmetal 451
allylmetallation 403, 453
p-allylnickel complexes 567
allylorganometallic 401
p-allylpalladium(II) 466
p-allylpalladium complexes 248, 250, 532
p-allylpalladium enolate 253, 497
s -allylpalladium intermediates 247
p-allylpalladium intermediates 247
p-allylplatinum complexes 568
p-allylruthenium complexes 569
allylsilanes 226, 269, 404
allyltins 127, 140 f.
allyltriphenyltin 131
p-allyltungsten complexes 570
allylzinc 434
allylzirconation 403
allylzirconium 403
allylzirconocene 403
aloperine 85
(þ)-aloperine 89
14,15-anhydropristinamycin IIB 135
amidation-carbolithiation sequence 448
amido arylpalladium complexes 27
amido or alkoxo intermediates 28
amination 9, 25
amino acids 133
aminoenolate 461
(a-aminomethyl)lithiums 434
a-amino-organolithium 436
– a-alkylated 555
– b-branched 566
– stannylated 552
– g,d-unsaturated 535, 554, 557 ff.
aminomethylated products 681
aminomethylation 682
9-aminophenanthrenes 785
amphidinolide A 135
amphimedine 795
angiotensin 791
angiotensin II antagonists 792 f.
angiotensin II receptor antagonist 92
anion capture 246
anionic Fries approach 790
anionic palladium(0) species 59
anionic pathway 702
ant venom pheromones 512
anthranilamides 788
anti-addition 397
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anti-stereoselectivity 633
antihypertensive drug, Losartanr 791
antitumor alkaloid 795
antitumor antibiotic 641
antitumor marine alkaloids 797
(e)-aphidicolin 274
apoptolidin 89
apparent p-allyl rotation 482
arcyriacyanin A 799
arene-Cr(CO)3 complex 93
areneboronic acids 234
arenecarboxylic acids 234
argemonine 274
ArN2BF4 57
aromatic C-H functionalization 727
artepillin 274
b-arylallyl alcohols 228
1-aryl-2-benzylcyclopentanes 428
1-arylallylidenecyclopropanes 284
N-arylation 106, 677
aryl bromides 129, 133, 140, 620
O-aryl carbamates 778
aryl chlorides 7 ff., 189, 220, 232, 646
aryl ethers 787
aryl halides 132
aryl iodides 127, 129, 143, 145, 178, 186,

201, 620
aryl nonaflates 650
aryl orthosiliconates 189
aryl triflates 8, 131, 140, 175, 646, 650
aryl-alkenyl coupling 100
aryl-aryl interchange 9
– between palladium-

and phosphine-bound aryls 77
aryl-benzyl coupling 102
aryl-heteroatom-aryl bonds 761
1l-arylallylidenecyclopropane derivatives 250
arylations 561
– of amines 258
– of a-bromoacetates or amides 102
– of 1,1-dibromoalkene 100
– of glycals 102
O-arylation of phenols and N-hydroxy-

phthalimide 106
arylboranes 626
arylboronic acids 20, 30, 765
arylboronic esters 47
arylbutadiynylstannanes 145
O-arylcarbamate-DoM-Kumada-Corriu-Tamao

cross-coupling 776
S-arylcarbamate 778
3-arylcyclohexenone 234
aryl-Grignard sulfonamides

cross-coupling 780

aryllithium 442
arylpalladation of an acetylene 488
arylpalladium 208
arylpalladium halide 200
6-arylpurines 144
arylsilanediols 176
arylsilanes 191, 626
arylsilanols 174 f., 177 ff.
arylsilyl ether 191
arylsulfonamide-Grignard cross-coupling 779
aryltetrazole 791
S-arylthiocarbamate 779
O-arylthiocarbamate rearrangement 779
aryltins 133, 142 f.
aryltitanium 414
aryltributyltins 144
aryltrimethyltins 131
arylzinc 648
arylzinc reagent 688
asperazine 274
(þ)-aspicilin 85
asymmetric cis-dihydroxylation 259
asymmetric catalytic 1,4-diacetoxylation 502
asymmetric deprotonation 467
asymmetric Heck reactions 270
asymmetric hydroboration 622
asymmetric induction 267
atropisomers 94
(e)-aurantioclavine 274
axially chiral biaryls 95
aza-C-disaccharides 85
azabiaryls 770
azabicyclo[3.1.0]hexane 589
1-azabicyclo[2.2.1]heptane 436
2-azabicyclo[2.2.1]heptane 436
7-azabicyclo[2.2.1]heptane 435
azapalladacycle 126
azaphenthrene alkaloid 794
azatitanacycles 412
azepine 615
aziridine 605

B
B-allyl-9-BBN 102
Ba(OH)2 71
bafilomycin A1 138
(–)-bafilomycin A 89
bafilomycin V1 139
Barbier conditions 438
Bartoli reaction 283 f.
9-BBN 43
9-BBN-H 625
BCl3 626
benzazepines 269
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benzenylpropyllithium 420
benzoazepinones 272
benzocyclobutene derivatives 254, 257
benzocyclobutenes 420
5,6-benzocycloheptenecarbaldehyde 252
benzolactones 140
1,4-benzodioxines 612
benzophenone imine 709
benzoquinone 179
benzo[b]furan 590
benzo[c][2,7]naphthyridinone 805
benzylboronic esters 48
benzyldimethylsilyl 196
benzylic organolithium 429
benzylic organozinc reagents 645
benzylic zinc reagents 650
benzylic zinc-copper derivatives 638
benzyllithium 446
benzylsilanes 207
N-benzyl pyrrolidines 435
benzyne 421, 699, 725
3-benzynylpropyllithium 420
Bergman cyclization 341
1,3-betadiynes 370
biaryl biphenol 800
biaryl coupling 143
biaryl synthesis 764, 766
biaryls 169, 764, 779
bicyclic product 685
bicyclopropylidene 225, 243, 249, 257,

261, 284
bicyclo[3.1.0]hexane 588
bicyclo[3.3.0]octa-2,6-diene 255
bicyclo[4.2.0]octenones 269
bidentate phosphanes 230
bimetallic reagents 632
BINAP 247, 269 ff., 710
BINOL 767, 769
bioactive molecules 789
biomimetic aerobic oxidation 501
biphenyl ligand, XPhos 706
biphenyl triflate 648
biphenyl(di-t-butyl)phosphine 174
biphenyls 647
(o-biphenyl)PCy2 61
BIPOL 767, 769
bipyridine derivatives 82
bis(h1-allyl)palladium diphosphine

complexes 23
bis(h3-allyl)nickel(II) complex 11
bis(h3-allyl)palladium complexes 23
bis(p-allyl)palladium 127
9,10-bis(arylmethylene)dihydro-

anthracenes 238

9,10-bisbutadienylanthracene 261
1,2-bisborylalkanes 44
1,1-bisborylalkenes 52
cis-1,4-bisboryl-2-alkenes 44
2,3-bisboryl-1-propene 44
2,5-bis(boryl)pyrrole, -furan,

and -thiophene 50
1,4-bis(diphenylphosphino)butane 616
1,2-bis(diphenylphosphino)ethane 616
1,1l-bis(diphenylphosphino)ferrocene 616
1,3-bis(diphenylphosphino)propane 616
4,5-bis(2-halopyrimidines) 146
bishomoallyllithiums 429
bislactonization 597
bis-(lithiomethyl)dihydropyrrole 425
bismetallated hydrazone 464
1,1-bismetallic reagents 630
1,1-bis-stannyl-1-alkenes 150
bis-stannylethene 127
1,1-bis(tributylstannyl)-1-alkenes 142
1,1l-bis(tributylstannyl)ferrocene 147
a,v-bis(tributylstannyl)pentaene 139
1,3-bis(thiophene)boronic ester 82
2,2l-bipyridine (bpy) 49
2,5-bis(trimethylstannyl)thiophene 147 f.
1,8-bis(bisdimethylamino)naphthalene 267
bis(tributylstannyl)acetylene 133
bis-(tributylstannyl)ethene 139
E-bis(tributylstannyl)ethene 137, 149
bis (tributylstannyl)ethyne 145
bis(tributylstannyl)ferrocene 151
(Z)-1,2-bis(trimethylstannyl)alkenes 150
bis(trimethylstannyl)alkyne 145
bis(trimethylstannyl)ferrocene 151
bis(triphenylphosphane)palladium 218
bis(pinacolato)diboron (pin2B2) 43, 49
bisporphyrin receptor 93
borodesilylation route 766
boron-zinc exchange 621, 625, 633
boronic acids 29
boroxine 45
g-borylallylboron compound 51
(þ)-brasilenyne 208
Br/Mg exchange reactions 682
– regioselective 682
bromine-magnesiate exchange 676
bromine-magnesium exchange,

polyhalogenated compounds 672
(Z)-bromoalkenes 142
ortho-bromoarylsulfonamide 791
1-bromo-2-trialkylstannylalkene 143
2-bromonaphthoquinones 144
4-bromoacetophenone 211
6-bromoazulene 144
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2-bromo-1,6-enyne 243, 245, 287
2-bromo-1-buten-3-ynes, Pd-catalyzed,

cross-coupling of 855, 880
2-bromo-1,3-dienes, Pd-catalyzed 830, 842 ff.
– cross-coupling of 856, 879
bromoalkynes 145
bromoallenes 145
bromoarene 137
bromobenzene 144
o-bromobenzeneboronic 265
2-bromocyclohexenol triflates 244
bromoindole 283
bromopyrazines 143
bromostyrene 134
2-bromothiophene 264
Bu4NBr 592
Buchwald-Hartwig technology 787
bulky phosphines 6
1,3-butadiene 466
2,3-butadienoate 592
1,3-butadiynes 364
butenolide 593
butenolide triflates 139
2-butenyl-2-magnesium bromide 283
tert-butyldihydrooxazole 267
tri-t-butylphosphine 169
B/Zn exchange 645

C
C-H activation 179, 253, 256
C-H borylation 49
Cadiot-Chodkiewicz reaction 346 ff., 853 f.
– amine base 349
– Pd co-catalysts 349
– reactivity order 348
calcitriol 241
calixarenes 148 f.
callipeltoside A 138
callystatin A 85
caloporoside 85
(þ)-calyculin A 139
20-S-camptothecin 795 f.
(e)-D9(12)-capnellene 247
carbacepham 614
carbacyclin 85
carbamate 416, 418
(a-carbamoyloxy)alkyllithium 439
carbapenam 99, 614
carbapenam skeletons 613
carbene complex 220
carbenoids 399
1,4-carbochlorination 522
carbocupration 396, 399
carbocyclization 417, 438, 488, 490

5-exo-dig carbocyclization 418
b-carboline alkaloids 140
carbolines 272
carbolithiation 405, 446 f.
carbolithiation-cyclization sequence 444
carbomagnesiation 685
carbometallation 283, 395, 443, 457, 465
– carbocupration 861 f.
– Zr-catalyzed carboalumination 823, 828,

839, 841, 848, 861 f.
– Zr-catalyzed carbozincation 839
carbometallation-cross-coupling domino

process 816, 840 ff., 861 f., 873, 874
– with (E)BrCH=CHC=CsiR3 841
carbometallation/transmetallation 194
carbon monoxide 257
syn-carbonickelation 422
carbonickelation 399
carbonylations 237, 257, 562, 651 f.
carbonylative cascade 257
carbonylative cross-coupling 103
carbopalladation 192, 217, 487
carbotitanation 423
carboxy anion equivalent 505
carboxylation 443, 446
carbozincation 399, 642
carbozirconations 406, 423
b-carotin 139
carotenoids 649
Carpenter bee pheromone 504, 514
cascade and/or domino processes 804
cascade carbopalladation 249
cascade cycloalkylation 101
cascade intermolecular-intramolecular

carbolithiation 445
cascade reactions 134, 237, 253
cascade stannylation-biaryl coupling 146
cascade Stille coupling/electrocyclization 143
Castro-Stevens reaction 849
catalyst deactivation 703
catalyst turnover numbers 323
catalytic cycle 126
catalyzed hydroboration 41
catechol 612
catecholborane (HBcat) 43
catecholsilanes 198
cationic p-allylpalladium intermediate 516
cationic intermediates 267
cationic palladium 57
cesium bases 71
cesium carbonate 210
chelating diphosphine 129
p-chelation 458
chemoselective Br/Mg exchange 673
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chiral allenyltitaniums 416
chiral biaryls 93
chiral ligands 534, 539, 541, 563, 566
– asymmetric 534
– (R)-Binap 547
– bis-2-diphenylphosphinobenzamide 544
– chiraphos 541
– DIOP 541
– monophosphines 534
– phosphinocarboxylic acid 544
– phosphines 534
– phosphinoxazolines 546
– phosphites 534
– phosphitoxazolines 534, 546
– PHOX 541, 570
– Prolophos 541
chiral phase transfer catalyst 564
chiral phosphanes 230
chiral polymers 99
chiral sensory materials 93
chirality transfer 534, 538
chloroacetoxylation 507
chloroacetoxylation approach 511
chloroalkene 636
1,4-chloroamination 519
chloroarenes 220, 232, 289
chlorobenzene 151
3-chloro-1-butyne 602
chlorocarbenoids 399
trans-chlorocyclopropyldienyne 138
chlorodiisopropylsilane 171
chloromethylated macroporous resin 133
chloropalladation of the acetylene 521
2-chloropyridines 142, 687
4-chloropyrimidine 133
chlorothricin 89
(–)-chlorothricolide 89
chromium trichloride 434
ciguatoxin 85
cine-substitution 21, 127, 131
cinnamates 254
cinnamyl alcohols 446
cinnamylmethylether 446
Cl2ZrCp2 649
clinic acid 89
CoBr2 652
cocatalysts (see also additives) 816, 836 ff.
– InCl3 820, 828, 839, 846
– GaCl3 827
– Zn effects 846
– ZnBR2 816, 828, 836, 839
– ZnCl2 816, 818, 837, 839 ff., 852
collagenase 1 and gelatinase A and B 107
combinatorial chemistry 676, 753

combinatorial synthesis 284, 676
combinatorial techniques 133
complex-induced proximity effect (CIPE) 785
concanamycin F 137
conduritol C 506
conjugate substitution 857, 861
conjugated enallenes 875
conjugated materials 342
coordination of a quinone 498
coordination of benzoquinone 516
copper 2-thiophenecarboxylate 73
copper acetylide 240, 318
– in situ generated 319
copper effect 19
copper nanocluster 64
copper(I) thiophene-2-carboxylate 103, 138
copper-catalyzed arylation 24
copper-catalyzed couplings 19
copper-catalyzed formation of C-X bonds 29
copper/palladium mixed nanocluster 64
copper-promoted C-N bond cross-

coupling 105
coupling reactions of organotrifluo-

roborates 74
couplings 261
(þ)-crocacin C 138
crocacin D 138
cross-coupling 1, 318, 561
– copper-mediated 688
– Cu-mediated 689
– iron(III)-catalyzed 689
– nickel-catalyzed 567, 688
– nitrogen-functionalized Grignard

reagents 687
– palladium-catalyzed 647, 649, 688
– polyfunctional unsaturated substrates 647
cross-coupling-lactonization domino

process 858 f.
cross-coupling cascade 258
cross-coupling reactions 47, 531 ff.,

645, 686
– alkenyl 636
– alkyl halides 638
– alkynyl 636
– alkynylsilane 369
– allylic and related reactive halides 631
– application 686
– aryl halides 636
– cobalt-catalyzed 651 f.
– copper-catalyzed 631
– Csp3-Csp3 643
– functionalized magnesium reagents 686
– iron-catalyzed 651
– manganese- 651
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– Ni-catalyzed 643
– of 1-alkenylboron compounds 87
– of diborons 47
– of organoboron compounds 41
– of organotrifluoroborates 75
crotylmetallation 401, 453
crotylzinc 452
Cu(I)-mediated reaction 624
Cu(OAc)2 179
Cu-catalyzed C-N bond-formation 735, 739,

751
CuCN·2LiCl 622, 674 ff.
CuI 606, 615
(þ)-curacin A 89
cyanocuprate 465
2-cyanophenylboronic acid 71
cyclic alkenyl iodide 684
cyclic alkenylboronic esters 51
cyclic associative transmetallation 15
cyclic organomagnesium reagent 685
cyclic silyl ether 188
cyclic transmetallation 13
cyclizations 675
5-exo-dig-cyclization 420 f.
5-exo-trig cyclization 134
5-exo-trig-cyclization 440
5-exo-trig-cyclization 425, 457, 461
6-endo-trig-cyclization 424
6-exo-cyclization 127
6-exo-trig-cyclization 461
7-endo-cyclization 127
[3þ2] cycloaddition 445
[4þ2] cycloaddition 247, 261
cycloalkadienes 188
cyclobutanols 439
cyclobutene 414
cyclobutylcarbinyllithium 438
1,3-cyclohexadienes 600
cycloheptatrienyltrimethyltin 150
cyclohexa-1,3-dienes 259
cyclohexadiene 242
cyclohexane-1,3-dione 599
cyclohexanecarbaldehyde 603, 605
cyclohexanone imine 465
cyclohexylmagnesium chloride 674
cyclohexylmethyllithiums 429
cycloisomerization 238, 241 f., 262
cyclooligodisiloxanes 180
cyclopentane 417
cyclopentanol derivatives 439
cyclopenta[b]indole 599
cyclopentenylmethyllithium 428
cyclopropanation 437
cyclopropanes 426, 441, 557

cyclopropanone acetals 449 f.
cyclopropene 241
cyclopropenone acetal 449, 451, 463
cyclopropylboronic acids 85 f.
cyclopropylcarbinols 454
cyclopropylcarbinylpalladium 240
cyclopropylmagnesium compounds 686
– stereoselective 686
cyclopropylmethyl- to homoallylpalladium

rearrangement 243
cyclopropylsilanes 437
l-cysteine 107

D
DBU 339, 611, 616
deamination 80
decarbonylation 492
decarboxylation 551
dehalogenation 80
dehydrobenzo[12]annulene 318
dehydrobromination 138
dehydrogenation 80
dehydro[14]annulene 145
dendrimers 93, 150
dendritic thiophene derivatives 148
depentylperhydrohistrionicotoxin 513
dermostatin A 139
deuteration 446
1,4-diacetoxylation 497
– of conjugated dienes 496
1,4-cis-diacetoxylation 496, 502, 510, 517,

519, 524
1,4-trans- or 1,4-cis-diacetoxylation 496,

502, 516, 519, 521 ff.
di(adamanthyl)phosphine 61
diadamantylalkylphosphanes 221
dialkylalkynes 404
dialkylzirconocenes 408
5,5l-diallyl-2,2l-bis(methoxymethoxy)

biphenyl 806
diallylmanganese 404
dianions 426
diarylamines 679, 793
– mechanism 679
diarylethers 793
diarylhydroxylamines 679
diarylphosphine oxides 793
diarylsulfones 793
diarylzincs 398, 642
diastereoselective 1,4-diacetoxylation 506
diastereoselective hydroborations,

substrate-controlled 625
diastereoselectivities 624
1,8-diazabicyclo[5.4.0]undec-7-ene 616
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diazonium salts 285
dibenzazepinones 788, 794
dibenzo-18-crown-6 150
dibenzophosphorinones 788, 793
dibenzopyranones 799
dibenzothioxepinones 788
dibenzoxepinones 788
dibenzo[b,d]pyran-6-ones 790
dibenzphosphorinones 788
diboration 43
cis-1,2-diborylalkenes 43
1,1-dibromo-1-alkenes 142
1,2-dibromoalkene 143
9,10-dibromoanthracene 261
1,4-dibromoarenes 224
1,4-dibromobenzene 144
2,3-dibromofuran 146
2,5-dibromo-3-dodecylthiophene 149
2,5-dibromosilole 149
dibromovinylcyclopropane 138
2-(di-t-butylphosphino)biphenyl 61
4,4l -di-tert-butylbiphenylide (LDBB) 428, 438
4,4l -di-(t-butyl)-2,2l-bipyridine (dtbpy) 49
dicarbonylations 591, 594 ff.
1,1-dichlorosiletane 169
dicyclohexylborane 43
2-(dicyclohexylphosphino)biphenyl 189
didemnimide C 140
cis-1,2-dideuterioalkenes 411
Diels-Alder reaction 138, 141, 599 f.
1,3-dienes 133 ff.
1,4-dienes 873, 874
1,5-dienes 408, 861, 862, 864 f.
dienes 134, 396, 409, 469
dienes, trienes, and further

conjugated polyenes 88
dienols 468
dienyne 77 242
2,2l-diethenylbiphenyl 261
N,N-diethyl-2-trimethylsilyl-3-phenyl-

benzamide 805, 807
diethyl buta-1,3-diene-2,3-dicarboxylate 597
diethyl itaconate 595
diethylamine 131
diethylborane 622
diethylzinc 450
1,1-dihalo-1-alkenes, Pd-catalyzed

monosubstitution of 830, 841
– vinylidene dichloride 853 f.
dihaloborane 43
1,2-dihalocycloalkenes 259
(E)-1,2-dihaloethylenes, Pd-catalyzed

monosubstitution of (E)-1-iodo-2-bromo-
ethylene 828 f., 840 f., 852 ff., 880

2,5-dihalothiophenes 261
DiHETE 89
5,6-dihydrocineromycin B 85
dihydridodisiloxane 181
dihydrobenzofurans 251, 286
dihydrocodeinone 273
dihydrofurolactone 610
dihydroindoles 251, 286
9,10-dihydrophenanthrenes 253
dihydropyrans 611
diiodobenzene 152, 252
gem-(diiodozinc)ethane 602
dimerizations 79, 138
dimerization of arylboronic acids 104
1-dimethylaminonaphtalenide (LDMAN) 428
2,2l-dimethylbiphenyl 170
N,Nl-dimethyl-3,4-diaminothiophene 149
dimethyl itaconate 595
1,2-dimethylenecycloalkanes 263
N,N-dimethylhydrazone 462
N,N-dimethylhydrazones 461
dimethylindoles 421
(2S*,3R*)-1,3-dimethyl-2-methoxycarbonyl-

N-methylpyrrolidine 472
3,7-dimethyl-6-phenylithio-1,7-octadien-

3-ol 471
dimethylzinc 589
3,4-dinitrothiophene 149
1,4-diodo-2-methyl-1-butenes E and Z 868
dioncophylline B 141
diorganomercurials 628
diorganonickel 643
diorganozinc 620 ff.
diphenyl diselenide 593
diphenylacetylene asymmetric 339
diphenylphosphinobutane (dppb) 178
diphenylzinc 398 f., 450
dipolar aprotic solvent 135
[3þ2]-dipolar cycloaddition 649
directed ortho metallation 761
directed ortho-metallation cross-coupling

nexus 761
directed remote metallation (DreM)

785–786
disiamylborane 43
disiloxane 202, 205
dissociative 14
disubstituted alkyne 401
b-disubstituted enones 631
trans-1,2-disubstituted cyclopentanes 439
trans-1,2-disubstituted cyclopropanes 426
divalent titanium complexes 409
1,3-divinyl-1,1,3,3-tetramethyldisiloxane 181
1,4-diynes 875
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N,N-dialkylanilinobenzamides 787
1,1-dizinca compound 451
1,1-dizincoalkene 401
2,3-dodecadiene 602
DoM 762
DoM Buchwald-Hartwig synthesis 787
DoM-Ar-HetAr and HetAr-HetAr Negishi

cross-coupling reactions 784
DoM-C-C cross-coupling Methodology 764
DoM-cross-coupling Nexus 762, 764
DoM-cross-coupling synthetic 804
DoM-Kumada-Corriu-Tamao

cross-coupling 775 f., 805
DoM-Migita-Stille Ar-Ar cross-coupling

reactions 781
DoM-Migita-Stille cross-coupling 805
DoM-Negishi cross-coupling 806
DoM-Suzuki-Miyaura cross-coupling 767,

769, 771
DoM-Ullmann cross-coupling 806
DoM-Ullmann synthesis 787
domino carbonylations 599
domino cyclization 590
domino Heck-Diels-Alder reaction 225
double cross-coupling 138
double metal catalysis, see cocatalysis
dppb 61, 593, 612, 616
dppe 608, 610, 616
dppf 61, 594, 598, 611, 613 f., 616, 729
dppp 61, 594, 598 f., 615 f.
dragmacidin D 93
DreM O-carbamate pathways 790
DreM strategies 788
dual control of stereoselectivity 510
(þ)-dynemicin 99
dynemicin A 341, 358

E
effect of bases 71
– for aryl-aryl coupling 72
– on selectivity 79
– for alkenyl-alkenyl coupling 73
effect of microwave irradiation 75
effect of water 70
electrocyclization 241 ff., 245, 259
electroluminescent devices 93
eleutherobin 141
b-elimination 425
syn-elimination 219
1,3-elimination 426
enamides 226
enamines 752
enantiodifferentiation 547
p-enantiofacial differentiation 274

enantiomeric excess 267
enantioselective allylzincation 450
enantioselective carbolithiation 442
enantioselective deprotonation 416 ff.
enantioselective Heck reaction 291 f., 265
enantioselective synthesis 273
enantiotopic double bonds 268
endo-fashion 423
endo-trig cyclizations 236
ene reactions 599
enediynes 341, 359
enol ethers 226, 253
enol triflate 141
enolates
– chelated 535
– ester 535
enyne cycloisomerization 250
enynes 89, 242, 397, 443
1,4-enynes 875
enynyl-substituted carbamate 467
enzymatic hydrolysis 505
(e)-epibatidine 140, 511
epimerization 537, 555
– of chiral allyl acetates 537
– via acetate-coordination 537
– via Pd-Pd-Exchange 537
– via p-s-p isomerization 537
epothilone A 84
epothilone B 84
epothilone D 319
epothilone E 140
ester enolates 460
estradiol 132
Et2Zn 604, 621
1-ethenyl-2-methylenecycloalkanes 263
ethenylboronate 51
ethenylcyclopropanes 251
a-ethoxyvinyltributyltin 140
ethyl propiolate 640
ethynyltributylstannane 358
EtMgBr 672
eudistomin 800
eudistomin U 800
eupolauramine 794
3-exo-trig 236, 239, 244, 269, 273
exodimethylenecycloalkane 241

F
ferrocene 151
ferrocenylamine 635
Fisher indole synthesis 747
fluorenones 763, 785
fluoride salts 74
fluorosilanes 165 f., 184, 192, 199, 203, 207
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fluorous biphasic systems 129–130
fluorous tin reagents 143
formation od arene 712 ff.
(þ)-fostriecin 89
FR900482 342
fragmentation 434
free-phosphine palladium nanoparticles

62
Fritsch-Buttenberg-Wiechell 399
frontier orbital-controlled process 497
fulgide 597
fumarate 596
functionalized alkenes 406
functionalized alkenylmagnesium

reagents 683
– preparation 683
functionalized alkylmagnesium

reagents 686
functionalized alkylzinc reagent 633
functionalized arylmagnesium

compounds 677
– nitro function 677
functionalized arylmagnesium

reagents 672, 674
– benzylic chloride 674
– chloromethyl-substituted 674
– ester group-containing 673
– ethoxymethoxy group 674
– immobilized 676
– nitrogen functional groups 673
functionalized heteroarylmagnesium

reagents 680
– 4-iodopyrazoles 681
– iodopyrrole 681
– pyridine 680
– pyrimidine 680
– tetrachlorothiophene 680
– uracils 681
functionalized heterocycles 680
– pyridine 680
– pyrimidine 680
fungal metabolites 796
furan 147, 611
furans
– substituted 397
furanoid terpenes 517
furanone 593, 597
2(5H)-furanone 593
furaquinocin 280
(þ)-furocaulerpin 141
(–)-furocaulerpin 141
2-furyltributyltin 129
tri-(2-furyl)phosphine 193, 212, 607

G
glycomimetic compounds 85
glycosides of arylphosphines 67
glyoxal bis(methylphenylhydrazone) 62
Goldberg reaction 700
graphite-like ribbon 99
Grignard reagents 11, 22, 397, 448 f.,

465, 586, 671
grossularines I 798
Grubbs 763
guanacastepene 140

H
halenaquinol 244
(þ)-halichlorine 85
halide effect 702
haloacyloxylation 508
haloalkenes 247
haloalkynes 346
haloarenes 247
halogen-magnesium exchange 671
haloquinolines 687
halovinyl sulfoxides 142
hamabiwalactone B 140
Hartwig-Buchwald-Heck cascade 259
Heck 1, 132, 246, 252, 763
Heck condition 280
Heck coupling reactions 258
Heck reaction, mechanism 288
Heck reaction-6p -electrocyclization

cascades 242, 260
Heck reactions 3, 6 f, 217, 754
Heck-aldol annelation 252
Heck-carbonylation 257
Heck-Diels-Alder cascades 238, 241
Heck-Diels-Alder reaction 285, 291
Heck-reaction/6p -electrocyclization 242, 260
Heck-Stille cascade 245
Heck-type alkymylation 849
Heck-type couplings 586
heterobenzylic sulfonium salts 131
heterobiaryl derivatives 780
heterobiaryls 764
heterocycle 680
– benzothiazine 742
– carbazole
– – formation of 747
– – N-arylation of 746
– carbazole, formation of 727
– indole, formation of 747, 754
– indole, vinylation of 752
– oxazepine 751
– pyrrazole, formation of 748
– pyrrole 745
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– thiazepine 751
heterocycles 272, 421, 648, 681, 743
– antipyrines 681
– a-carbolines 749
– five-membered 681
– indoles 743
– – C-arylation 743, 743 ff.
N-heterocyclic carbenes 10, 23 f., 61, 328
heterocyclic magnesium reagents 682
– 4,5-dibromoimidazole 682
– 2,5-dibromopyridine 683
– dibromothiazole 682
– 4,5-diiodoimidazoles 683
– tribromoimidazole 682
(1-heptenyl)diisopropylsilane 171
1-heptenyldiisopropylsilanols 171
1-heptyne 606
heterocyclization 251, 273
heterogeneous catalyst 329
hexa-1,3-diene 467
hexabutylditin 143–144
hexacoordinated silanes 165, 198
hexakisalkenylbenzene derivatives 237
hexamethylcyclotrisiloxane 170, 172, 175
hexamethylditin 137, 146
hexasubstituted benzene 409
1,3,5-hexatrienes 242
(E,Z,E)-1,3,5-hexatrienes 259
hexavinyldisiloxane 180
n-hexyllithium 467
high dilution principle 236
high pressure 232–233
high-dilution conditions 85
higher-order silylcuprate 469
himbacine 139
histrionicotoxins 512
Hiyama 1
Hiyama Reaction 20
hollow palladium spheres 64
homoallylpalladium 238, 240
homocoupling 9, 170, 172, 178, 185,

189, 265
homocoupling products 76
homogeneous catalyst 323
homopropargyl alcohols 406
homopropargyl silyl ether 184
homopropargyllithium 445
H�nig’s base 131
b-hydride elimination 179, 191, 218, 237, 712,

724
syn-b-hydride elimination 258, 266
hydride-ion capture 258
hydridopalladium halide 219
hydroallylation 404

hydroboration 41, 622
hydrodesulfamoylation 779
b-hydrogen elimination 28 f.
hydrolytic B-C bond cleavage 71, 80
hydrometallation 531, 561, 838 f.
– hydroboration 838 f.
– anti-hydroindation 820, 839, 878
– hydrosilation 839
– hydrostannation 839
– hydrozirconation 817 f., 828, 838 f.,

840 ff., 847
hydrometallation-cross-coupling domino

process 816, 820, 840 f.
– with (E)-BrCH=CHC=CSiR3 840
– with internal alkynes 841 f.
hydronaphthalene derivative 268
hydrosesquifulvalene 150
hydrosilylation of alkynes 182, 184
hydrosilylations 185
hydrostannation, molybdenum-catalyzed

552
(5Z,8Z,10E,12R,14Z)-12-hydroxy-5,8,10,14-

icosatetraenoic acid 89
hydroxylmethyldihydrofurancarboxylate

610
hydroxymethylfumarate 596
hydrozincation 629
hydrozirconation of allenes 403
hypervalent iodonium salts 150
hypervalent organotin species 131
hypervalent tin species 130

I
(þ)-ibuprofen 634
(–)-ichthyothereol 141
imidazolopyridine 798
imines 127
imminium reagent 681
imminium salt 681
immobilized alkenes 281
immobilized aminoiodoarene 286
immobilized aryl halides 281
immobilized iodoarene 284
in-situ preparation of air-sensitive

nickel(0) species 68
in-situ protodesilylation/alkynylation 339
indanes 237
4-indanyllithium 420
indium iodide 605
indolecarboxylates 258
indoles 272, 283
indolizidinones 272
indolocarbazole 799
indolocarboline alkaloid 800
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indolo[2,1-b]isoquinolin-7(5H)-ones 272
indolylboranate 599
induction period 701
insertion
– of alkene 532
– of alkyne 532
– of CO 532
– of zinc 620
inter-intermolecular cascade reactions 248
intermolecular carbometallation 463
intermolecular couplings 137
intermolecular transmetallation 208
internal alkynes 339, 411, 642
intra-intramolecular cascade reactions 248
intramolecular addition 424
intramolecular aminopalladation 519
Intramolecular asymmetric Heck

reaction 269
intramolecular B-alkyl coupling 85
intramolecular carbolithiations 416, 437
intramolecular carbometallation 424, 431,

457, 461
intramolecular couplings 93, 135
intramolecular hydrosilylation 187
intramolecular nucleophilic acyl

substitution reaction 410
intramolecular redox reaction 495
intramolecular telomerization reaction 490
inversion 532, 561
iodine- or bromine-zinc exchange,

(Ni, Mn)-catalyzed 628
iodine-magnesium exchange, perfluoroalkyl

iodides 672
iodine-zinc exchange 621
(Z)-b-iodoacrolein 453
4-iodoacetophenone 131, 180
v-iodoalkynes 422
4-iodoanisole 211
iodoarenes 264
2-iodoarylamides 134
2-iodoaryl ethers 134
iodobenzene 210
4-iodobenzoic acid ethyl ester 212
3-iodo-2-cyclohexen-1-one 640
iodocyclohexenones 144
(iodocyclopentadienyl)tricarbonyl-

manganese 150
a-iodoenones 131
iododialkynylsilane 151
o-iodo-N-tosylaniline 257
2-iodothiophene 204 f.
iodotriflates 648
b-iodovinylic acids 146
ion-receptor molecules 802

ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM BF4) 129

ionic liquids 129, 223 f.
ionization 547
– asymmetric 548
ionophoric poly(phenylene-dithiophene)s 99
(–)-IpcBH2 622
ipso-borodesilylation 765
ipso-bromodesilylation 765
ipso-coupling 68, 82
ipso-substitution 127
ircinal A 138
iron complexes 565
iron(III) chloride 651
iron-catalyzed reaction 450
[Ir(X)(COD)]2 (X ¼ Cl, OMe) 49
isobutylaluminoxane 456
isocoumarine derivatives 251
isomerization 4, 407, 531, 537, 537 ff.,

549, 551, 559
– of iridium complexes 564
– of palladium complexes 537
– of rhodium complexes 569
– trans-to-cis 2 f.
isonitrile complexes 566
isoprene 466
isopropylsilanols 171
isoquinolines 272
isoschumanniophytine 798 f.
isoxazoleboronic esters 52

J
Jeffery condition 228, 238, 255, 280
JOSIPHOS 270 f.
juglone derivative 797

K
b-keto esters 554, 586, 608 f., 611
kinafluorenone 797
kinamycins 797
kinetic control 501
kinetic investigations 128
KOSiMe3 202
Kumada 1
Kumada coupling 7
Kumada-Corriu-Tamao 762
Kumada-Corriu-Tamao cross-coupling 774

L
11C-labeled methyl iodide 135
11C-labeled molecules 135
b-lactam 142, 614
b-lactone 596
Langmuir films 148
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Langmuir-Blodgett films 148
lankacidin C 136
leaving, enantiotopic 548
leaving groups 232, 234, 822 ff.
– bromides 822 ff.
– chlorides 822
– CN 824
– iodides 822 ff.
– ionization 547
– N2

þBF4
� 824

– OAlMe2 823
– Oac 823
– OsiMe3 823
– phosphates (OPO(OR)2) 822
– reactively order of 824
– SO2Ph 824
– triflates (TfO) 822
(–)-lepadins A, B, and C 89
Lewis acidity 170
Li p boron transmetallation 764
Li p magnesium transmetallation 774
Li p Sn transmetallation 780
Li p Zn transmetallation 783
ligand 704
N-ligands 61
– aryl triflates, amination of 709
– bicyclic triaminophosphine 732
– BINAP 704, 711, 713 ff., 719 ff, 729, 741 ff.,

747 ff.
– biphenyl ligand 704 ff., 706, 737, 740, 744
– – 2-di-t-butylphosphino biphenyl 704,

712, 733
– – di-t-butyphosphino biphenyl 722 ff., 728
– – 2-dicyclohexylphosphine biphenyl 710
– – 2-dicyclohexylphosphino biphenyl 704,

712, 722 ff., 728
– – 2-dicyclohexylphosphino diphenyl 733
– – 2l-dimethylamino-2-dicyclohexylphos-

phinobiphenyl 704 ff., 717, 722 ff., 727,
733, 748

– – preparation of 704 ff.
– – XPhos 710, 718, 728, 735, 737 f., 740,

745, 752
– cymantrene 543
– DPEPhos 704, 710, 712, 716, 741, 750 ff.,

753
– DPPF 704, 713 ff., 719, 737, 743, 745, 748
– ferrocene-based ligand 720
– heterocyclic carbene 717, 721
– heterocyclic carbene ligand 706, 709, 732,

745
– intramolecular 749 ff.
– other ferrocene based ligand 718, 725, 734,

750

– P,N ligands 716
– P,O ligands 716, 721, 726, 731
– Q-Phos 716, 725, 732
– tri-t-butylphosphine 706, 711, 726, 732,

736, 739, 743, 746
– Xantphos 704, 731, 739, 742, 747, 749 f.
ligand control in Pd-catalyzed

1,4-diacetoxylation 496
ligand, size of 723
ligand-free palladium(0) 221
ligandless catalyst 351
ligandless conditions 9
ligands, including PPh3

– non-phosphine ligand
– – AsPh3 814
– – N-heterocyclic carbenes 822, 826,

834, 844
– – P(iRO)3 834
– – Pybox 822, 826, 869
– phosphines, bidentate 825
– – dippp 825
– – dppb 825
– – dppe 825
– – dppf 820, 823, 825, 836
– – dppp 825
– – DPEphos 825
– phosphines, monodentate 825
– – o-dialkylphosphinobiphenyls 826
– – PtBu2Me 826
– – PtBu3 822, 825, 844, 854 ff.
– – PCy3 822, 825
– – PCyp3 826, 869
– – P(2-furyl)3(TFP) 820, 825, 828 f.,

836, 841, 843 f., 857, 868, 878
– – PiPr3 826
– – PTol3 (TTP) 825, 837
ligands, rotation 548
liquid crystal materials 96
lissenolide 139
lithiated allylsilane 454
lithiodestannylation 418
syn-lithiosilylation 437
lithium alkoxyamide 447
lithium a-aminoalkoxide 446
lithium hydride 426
lithium trialkylmagnesiates 676
– lithium magnesiate 676
– triorganomagnesiates 676
lithium-ene 439
lithium-ene cyclization 429
lithium-ethoxide elimination 421
lithium-iodine exchange 437 f.
lophotoxin 140, 611
losartan 92
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C15 lupinine alkaloids 89
a- and g-lycorane 520

M
macrocyclic oligophenylene 93
macrocyclization 138, 282
macrodiolide 138
(–)-macrolactin A 136
(þ)-macrolactin E 136
(–)-macrolactinic acid 136
(þ)-manumycin A 138
magnesium carbenoids 671
magnesium-ene cyclization 431
magnesium-ene reaction 432
magnolol 800
maleate 596
maleimide 140
malonates 586, 608
– nucleophiles 553
manganese dichloride 465
mangano-catalyzed allylmagnesiation 405
Marine alkaloids 795, 798, 800
marmelo oxides A and B 517
masked allylzinc 433
matched isomer 453
Me3Al 649
medermycin 140
memory effect 539, 564, 569
Merrifield resin 133, 147
(–)-merulidial 263
mesitylmagnesium bromide 678
metal countercations 818 gg., 878 f.
– in aryl-alkenyl, alkenyl-anyl,

and alkenyl-alkenyl couplings 838 f.
– in aryl-aryl coupling 826
– in Pd-catalyzed alkylation 867
– in Pd-catalyzed alkynylation 849 f.
– in Pd-catalyzed cross-coupling with benzyl,

allyl, and propargyl derivatives 810, 816
metallated carbocycles 415
metallo-dendrimers 151
metalloene-Heck insertion 513
metallotropy 452
1-methoxy-benzyllithium 428
4-(methoxyphenyl)dimethylsilanol 210
p-methoxyphenol 611 f.
p-methoxyphenyltributyltin 128
p-methoxystyrene 463
9-methoxy-9-BBN 83
methyl acetoacetate 608, 610, 616
methyl acrylate 588, 615
(þ)-methyl epijasmonate 641
methylallyllithium 429
methylalumination 406, 456

methylboroxine 85
(E)-4-methyl-3-deuterio-3-octenyl benzyl

ether 471
methyl-(3R*,4S*)-1,3-dibenzyl-4-

methylpyrrolidine-3-carboxylate 472
methylenebenzodioxin 612
methylenecycloalkane 427
2-methylenecyclobutanols 412
4-methylenecyclohexene 599
methylenecyclopentane derivatives 418
methylenecyclopropane 225, 241
methylenedihydrofuran 608
3-methylenedihydropyran derivative 609
methylenepyrrolidine 424
(–)-methylenolactocin 641
methylindane 442
1-methyl-3-indolyltins 142
5-methyl-2-methoxyphenylmagnesium

bromide 675
methyl 2-propynyl carbonate 608
methylpyrrolidine-3-carboxylate 460
N-methylpyrrolidinone 422
(E)-b-methylstyrene 445
a-methylstyrene 429
Michael acceptor 622
Michael addition 630 f.
– copper-catalyzed 684
Michael reaction 252
microwave heating 133 f.
microwave irradiation 130, 232, 234, 334
microwave-assisted reactions 75
Migita-Stille cross-coupling 780
Migita-Stille reactions 762
migration 401 f.
– of acetate 497
mismatched isomer 453
mixed diorganozinc reagents 637
molecular devices 343
molecular photonic devices 93
molecular rods 145
molecular switch 145
molecular-scale motors 93
molybdenum complexes 566
– regioselectivity 566
monocillin I and radicicol 90
monocyclization 436
monodentate phosphines 6
monoorganotins 131
morphine 274
multi-component reactions 284
multiple couplings 237
multiple cyclization reactions 641
multiple Heck couplings 259
mycophenolic acid 490
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N
nanodispersed palladium 227
nanoparticles 221
naphthylisoquinoline alkaloid 141
naproxen 287
napyradiomycin 141
natural product synthesis 135
natural products 272
natural products and related componds,

synthesis via Pd-catalyzed cross-coupling
(Negishi coupling)

– alkenyl-alkenyl coupling via
– – amphotericin B related oligoenes 840
– – FR901464 (antitumor antibiotics) 842
– – b-carotene 841
– – g-carotene 841
– – gadain 845
– – motuporin 842
– – nakienone A and B 845
– – reveromycin B 842
– – savinine 845
– – vitamin D 847
– – xerulin 840
– aryl-aryl coupling, via 835 ff.
– – biphenomycin B 835
– – cystine 836
– – diazonamine A related biaryls 836
– – eupomatenoid-15 836
– – korupensamine A and B 835
– – losartan 835
– – magnolol 835
– – (�)-monoterpenylmagnolol 835
– – PDE 472, 837
– – tasosartan 837
– – xenalepin 835
– aryl-alkenyl and alkenyl-aryl couplings
– – phorboxazole A 848
– – tamoxifen 848
– – UB-165 848
– Pd-catalyzed acylation
– – amphidinolides T1, T3, T4,

and T5 877 f.
– Pd-catalyzed alkylation
– – ageline A 865
– – (þ)-amphidinolide J 865 f.
– – g-bisabolenes, E and Z 861 f., 865
– – borrelidin 866 f.
– – brevetoxin A 866
– – (þ)-casbene 865 f.
– – coenzyme Q3 865, 872 f.
– – coenzymes Q5,6,7 873
– – coenzyme Q10 865, 872 f.
– – coenzymes Qn (n = 5, 6, 7) 873

– – cortinellus berkeleyanus,
a metabolite of 876

– – delactomycin 866
– – dendrolasin 860 f., 865
– – (þ)-discodemolide 866
– – epothilone A 866 f.
– – farnesol (2E, 6E)-, (2Z, 6E)-, (2E, 6Z)-,

(2Z, 6Z)- 860, 864
– – a-farseneses (E, E)- and (E, Z)- 874
– – geramyl geraniol (2E, 6Z, 6E)- 864, 868
– – hennoxazole A 874
– – menaquinone-3 865, 872, f.
– – mokupalide 860, 861, 865
– – mycolactones A and B 866 f.
– – oleandolide 866 f.
– – (þ)-pumiliotoxin A and B 865
– – scyphostatin 866
– – yellow scale pheromone 865
– Pd-catalyzed alkynylation
– – 6,7-dehydrostipiamide 855 f
– – freelingyne 858
– – goniobutenoide A 858, 859
– – harveynone 855, 857
– – rubrolides A, C, D, E 858 f.
– – (�)-salicylhalamides A and B 858
– – tricholomenyn A 855, 857
– – xerulin 852, 858
Negishi 762
Negishi coupling 815 ff.
– alkenyl-alkenyl coupling 817 f., 828, 838 ff.
– alkenyl-aryl coupling 817 f., 828, 838 ff.
– aryl-alkenyl coupling 822, 829 f., 838 f.
– aryl-alkenyl, alkenyl-aryl, and alkenyl-

alkenyl couplings 840 ff.
– aryl-aryl coupling 824, 832 ff.
– biaryls, synthesis of, see aryl-aryl coupling
– Pd-catalyzed acylation 877, 882
– Pd-catalyzed alkylation 817, 818, 822 f.,

831, 849 ff.
– Pd-(or Ni)-catalyzed alkylation 818, 822 f.,

830
– Pd-catalyzed cyanation 877
– Pd-catalyzed cross-coupling using benzyl,

alkyl, and propargyl derivates 823 f., 869 ff.
– – a-arylation and a-alkenylation of

a-halo-a,b-unsaturated enones 844 f.
– – hydrometallation-cross-coupling and

carbometallation-cross-coupling domino
process 840 f.

– – internal alkyne hydrozirconation-
cross-coupling domino process 841 f.

– – internal alkylene hydrozirconation-
cross-coupling domino process 841 f.

– – of 1,1-dihalo-1-alkenes 841 f.
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– Pd-catalyzed alkylation with alkyl
electrophiles 868 f.

– – aryl-alkyl coupling 869
– – alkyl-alkyl coupling 869
– Pd-catalyzed alkynylation with alkynyl-

zincs 850
– – alkyl-acyl coupling 862 ff.
– – alkyl-alkenyl coupling 861 ff., 868
– – alkyl-aryl coupling 862
– – alkynyl-aryl coupling 852, 854 ff.,

880 f.
– – alkynyl-benzyl coupling 875
– – alkynyl-propargyl coupling 875
– – a-alkynylation and a-halo-a,b-unsaturated

carbonyl derivates 855 ff.
– – a-alkynylation of b-halo-a,b-unsaturated

carbonyl compounds 857 ff.
– – conjugated diynes, synthesis of 853
– – of 1,1 and 1,2-dihaloalkenes 853 ff.
– – oligonynes 853
– – scope of 851
– – terminal alkynes,

direct synthesis of 851 ff.
– Pd-catalyzed cross-coupling using benzyl,

allyl, and propargyl derivates 869 ff.
– – alkenyl-allyl coupling 873 f, 883
– – alkenyl-benzyl coupling 870, 872 f., 882
– – alkenyl-propargyl coupling 875 f.
– – alkyl-allyl coupling 870, 872
– – alkynyl-allyl coupling 875
– – alkynyl-benzyl coupling 875
– – alkynyl-propargyl coupling 875
– – allyl-alkenyl coupling 874 f.
– – aryl-alkyl coupling 870, 872
– – aryl-benzyl coupling 870 f.
– – aryl-propargyl coupling 875
– – benzyl-alkenyl coupling 870, 872, 875
– – benzyl-aryl coupling 875
– – propargyl-alkenyl coupling 875 f.
– – propargyl-aryl coupling 875
– Pd-catalyzed a-substitution of enolates 877
– – aryl-aryl coupling 832 ff.
– – heteroacryl-containing biaryls 834 f.
– – miscellaneous biaryls 835
– – natural and non-natural biaryls,

see natural products
– – of aryl chlorides, fluorides,

and cyanides 833 f.
Negishi cross-coupling 686, 783, 800
Negishi reaction 359, 647
– catalysts 360
– mechanism 360
Negishi-cross-coupling 678
neoliacine 609

neopentylpalladium intermediate 253
Newman-Kwart 779
Ni(acac)2 644
Ni complexes Ni(PPh3)4 817 f., 87 f.
– Cl2Ni(PMe3)2 824, 834, 864
– Ni(acac)2(þP(iPrO)3) 834, 869
– Ni(cod)2 869
nickel catalysts 68, 646
nickel(0) on charcoal 647
nickel-catalyzed addition of dialkylzincs 397
nickel-catalyzed carbozincation 642
nickel-catalyzed coupling 11
nickel–catalyzed cross-coupling reactions 69
nitriles 651
nitroalkenes 640
nitroarene derivatives 677
nitroaromatics 677
p-nitrobromobenzene 149
nitrophenyl benzoates 234
nitrosoarenes 680
nitrostyrene 640
nonaflate 174
nonterminal alkenes 445
norbornene 253, 255
norbornylpalladium complex 255
nucleophiles 553 ff., 557
– azlactones 554, 566
– chelated enolates 558
– enolates 555
– ester enolates 556
– hard 561 ff.
– imines 554, 566
– ketone enolates 555
– silyl ketene acetals 557
– stabilized 538, 555
– symmetrical 535
– unsymmetrical 535
nucleophilic attack
– by an allylsilane 522
– on p-allyl-palladium complex 494
– on p-diene complex 494

O
octabromonaphthalene 237
2,3-octadiene-5,7-diyn-1-ol 607
(1-octenyl)silyl fluorides 199
octylmagnesium chloride 602
4-octyl-2-trimethylstannylthiophene 147
olefin metathesis 51
oligo(thiophene)s 97
oligofluorenes 97
oligomers 261
oligopeptides 279
oligosaccharides 279
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oligoselenophenes 148
oligosubstituted pyrrolidines 434
oligothiophenes 76, 133, 147, 149, 801
one-pot, cross-coupling alkyne 372
one-pot coupling-macrocyclization 137
one-pot hydrostannylation/Stille

coupling 134
open associative transmetallation 17
organic materials 801
organoboron 1
organocarbagermatrane 376
organocopper 457
organocuprate 460
organomagnesium reagents 671 ff.
– preparation of 671
organopalladate 687
organosilanols 171, 179, 191
organosiletanes 167, 202
organosilicon 192
organosilicon coupling 164
organosilyl ether 191
organostannanes 1, 350
organotin reagents 125
organotins 780
organotriflates 174, 350
organozinc bromide 458
organozinc halides 620 ff.
organozinc reagents 619 ff.
– chemoselective formation 619 ff.
– regioselective formation 619 ff.
– stereoselective formation 619 ff.
– synthetic applications 619 ff.
ortholithiation 46
ortho-Fries rearrangement 795
orthopalladation 130
orthosiliconates 180, 191
7-oxabicyclo[2.2.1]heptane 450
oxapalladacycle 126
oxasilacyclobutanes 437
oxaspirocyclic p-allyl intermediate 517
oxazole triflate 139
oxazoline 444
oxcarbazepine 794
oxidative addition of ArB(OH)2 57
oxidative addition of chloroarenes 53, 69 f.
oxidative addition of haloalkanes 53, 86
oxidative additions 3 ff., 126, 531
oxidative additions mechanism 70
oxidative carbonylation 597
oxidative dicarbonylation 596 f.
oxidative homo-coupling of

arylboronic acids 104
oxime palladacycles 130
oxindoles 272

oxoallylsilanes 469
4-oxocyclopent-2-enecarboxylates 600
3-oxoglutarate 609
oxy-Cope rearrangement 260
1,4-oxyamination 519
oxyanionic groups 431
oxygen-activating metal macrocyclic

complex 501
oxygen-induced homocoupling 79
ozonolysis 634

P
P(oTol)3 614 f.
P(tBu)3 61
P-N ligands 61
paeonilactones A and B 518
palladacycles 11, 13, 61, 132, 220, 222, 254,

256, 287, 329
palladacyclopentene 601
palladacyclopropane 595
palladium 686
– bis(dibenzylideneacetone) 686
palladium catalysts 59, 221
palladium catalysts anchored on a polystyrene-

poly(ethylene glycol) graft resin 66
palladium nanoparticles 63
palladium nanoparticles in polyurea

microcapsules 65
palladium or nickel metal supported on

charcoal, Pd/C, Ni/C 64
palladium supported on hydroxyapatite 64
palladium(0)-benzoquinone complex 499
palladium(0)-catalyzed 678
palladium(0)-catalyzed 1,4-additions to

conjugated dienes
– 1,4-addition of a carbon nucleophile (aryl or

vinyl) and a stabilized carbanion 489
– addition of active methylene

compounds 483
– 1,4-addition of carbon and oxygen 490
– addition of H-Nu 480
– 1,4-carboamination 487
– 1,4-carbosilylation 492
– 1,4-coupling with a carbanion equivalent

and another nucleophile 486
– 1,4-hydroamination 483
– 1,4-hydroboration 485
– 1,4-hydrocyanation 486
– 1,4-hydrosilylation 481
– 1,4-hydrostannation 482
– 1,4-hydrosulfenation and

1,4-hydrothiocarbonylation 485
– 1,4-hydrosulfonation 484
– palladium(II)-catalyzed reactions 494
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– reactions of allenic dienes 491
palladium(0)/phosphine complexes 59
palladium(II)-catalyzed 1,4-additions to conju-

gated dienes
– 1,4-addition of an alkoxide and another

oxygen function or a halide 515
– 1,4-addition of two nucleophiles 494
– C-C bond formation via the use of an

allene 523
– C-C bond formation via

vinylpalladation 520
– C-C bond formation with the use

of an allylsilane 522
– 1,4-diacyloxylation 495
– 1,4-haloacyloxylation 506
– intermolecular 1,4-diacyloxylation 495
– intermolecular 1,4-haloacyloxylation 506
– intramolecular 1,4-additions with C-C

bond formation 520
– intramolecular 1,4-diacyloxylation 502
– intramolecular 1,4-haloacyloxylation 508
– 1,4-oxyamination and 1,4-

chloroamination 519
– synthetic applications

of 1,4-haloacyloxylation 509
palladium-(or nickel)-catalyzed cross-coupling,

with organometals containing zinc,
aluminum, and zirconium
(ct. Negishi coupling) 815 ff.

– discovery of 816
– genealogy of 816
– genesis and early history of 816
– parameters, changeable (cf. metal

counteractions, leaving groups, ligands,
Pd complexes, additives, co-catalysts,
solvents 816 ff.

– synthetic scope of 877
palladium-catalyzed 1,4-additions to

conjugated dienes 479
– C-C bond formation via the use of stabilized

carbanions 524
– palladium(0)-catalyzed reactions 480
palladium-catalyzed a-arylation 23
palladium-catalyzed aerobic 1,4-oxidation 501
palladium-catalyzed arylation of

1,3-dienes 491
palladium-catalyzed C-N bond formation 709
palladium-catalyzed cyanation 25
palladium-catalyzed 1,4-dialkoxylation 515
palladium-catalyzed intramolecular

lactonization 518
palladium-catalyzed oxaspirocyclization 518
palladium-phosphine complex anchored on

polystyrene resin 65

palladium-polyoxymetalate-KF impregnated
on alumina 65

palladium-triphenylphosphine catalyst
encapsulated in polystyrene matrixes 65

palladiumcarbene complex 608
palytoxine 73
(e)-pancracine 513 f.
[2.2]paracyclophan-1-ene 255
[2.2]paracyclophane 256
participation of phosphine-bound aryls 77
pateamine 135
(–)-pateamine A 138
PCy3 61
Pd complexes including Pd(PPh3)4
– Cl2Pd (DPEphos) (þ iBu2AlH) 828 ff, 843,

854, 856, 875, 879
– Cl2Pd(dppb) 841
– Cl2Pd(dppf) 820, 823, 831, 834, 854, 863,

868, 871
– Cl2Pd(dppp) 862
– Cl2Pd(PPh3)2 (þ iBu2AlH) 815, 817, 820,

822, 836 f., 840, 847, 852, 855 ff., 861,
863, 872

– Cl2Pd(TFP)2 845
– Pd(tBu2)2 830 f, 834, 836, 843, 855,

864, 880
– Pd(dba)2 824, 844, 857
– Pd(dba)3 834
– Pd2(dba)3 820, 836, 841, 868 f., 874, 878
– Pd(OAc)2 837
– POPd2 833 f.
Pd2(dba)3 168
Pd(0) catalysts 687
Pd(0)-benzoquinone 495, 499, 516, 520
Pd(dba)2 168, 173
Pd(IV) intermediates 11
Pd-carbene complex 586
Pd-carbene mechanism 127
Pd-catalyzed C-N bond formation 699 ff.
– acyclic dialkylamine 724
– amide 737
– amination of aryl sulfonate 718
– amination of aryl triflates 719 ff.
– amination of heterocycle 715
– amination of nonaflate 716
– ammonia equivalents 709
– amination of aryl benzenesulfonate 710
– amination of aryl triflates 713
– amination ofarylsulfonate 723, 728, 734 ff.,

737 f., 740
– biphasic condition 717, 733
– carbamate 739
– catalytic cycle 700 ff., 704
– cyclic secondary alkylamines 719
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– diarylamines 736
– DPEphos 731
– functional group tolerance 706, 707 ff.,

718 ff., 720, 722, 735, 738, 749
– glovebox 708
– heterocycle, amination of 714, 726,

737, 749
– in polymer synthesis 730
– mechanistic studiy 700 ff.
– nonaflates, amination of 731
– on solid support 753
– one-component catalyst 707, 725, 727
– other nitrogen sources 747
– phase-transfer agent 717, 733
– precatalysts 701, 704
– primary alkylamines 712
– primary aniline 729
– racemization 712 ff., 714
– reaction temperatures 708
– selective amination 715, 721, 734 f., 739
– solvent 708
– sulfonamide 741
– sulfoximine 741
– tin amide 699 ff.
– triflates, amination of 744, 752
– urea 742
– vinylation 752
– xantphos 738
Pd-H addition 484
Pd-zipper 263
Pd/C 332
penicillin derivative 637
pentacoordinated silane 163 f.
pentacoordinated silicate 177
pentacoordinated siliconate 165, 167, 198
pentacyclic steroids 142
pentafluorostyrylsilicate 164
pentahalophenyl triflate 128
4-pentyn-1-ol 211
4-pentynoic acid 607
peptides 133
perfluoroalkanesulfonates 233
perhydro-1,3-benzoxazines 427
peridinin 89
peroxopalladium(II) complex 79
PGE1 derivatives 90
Ph2IBF4 57
PHANEPHOS 269 ff.
phase transfer catalysts 231
9-phenanthrols 785
1,10-phenanthroline derivatives 230
phenanthroviridin aglycon 797
(R)-2-phenyl-2,3-dihydrofuran 266 f.
phenyl exchange 738

phenyl triflate 267
phenylacetylene 398
phenylations 561
phenyldimethylsilylcopper 469
phenylenediamines 686
phenyliodonium dipoles 131
phenylmagnesiation 405
phenylmagnesium chloride 677
phenyltetrazoles 651
phenyltrifluorosilane 179
(R)-(–)-1-phenyl-1-trifluoroacetoxy-

2-propyne 602
(–)-(1R,2R)-2-[(1S)-1-phenyl-1-(trimethylsilyl)

methyl]cyclopentyl-2,2,4,4-tetramethyl-1,3-
oxazolidine-3-carboxylate 472

3-phenylthiobutenolide 593
phenyltrimethoxysilane 189
phenylzincate 449
3-phenyselenobutenolide 593
(þ)-phorbol 277
(–)-phorboxazole A 139
phosphine ligands 59
phosphines
– bulky 326
– water-soluble 328
phthalides 444
physostigmine 274
PhZnCl 602
pinacolborane (HBpin) 48–49
pincer ligands 231
b-pinene 651
pinnanic acids 85
piperidines 461
plagiochin A and D 137
platinum catalysts 68
platinum-catalyzed hydrosilylation 171, 181
poly(alkenylmethylsiloxanes) 182
poly(ethyleneglycol) 133
poly(methylhydroxysilane) 182
poly(4-octylbithiophene) 147
poly(p-phenylene) 99
poly(phenylene)s 98
polyaryls 803
polycyclic heteroaromatics 99
polyethers 84
polyethylene glycol 5000 monomethyl

ether resin 132
polyfunctional diarylamines 679
polyfunctional nitroalkene 638
polyfunctional zinc reagents 620
polyfunctionalized alkenyl iodides 689
polymer-bound aryl halides 281
polymer-bound cinnamate 285
polymer-bound haloalkenes 280
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polymer-bound ligands 221 f.
polymer-supported catalysts 334
polymer-supported substrates 132
polymerization 396
polyoxometalate 64
polyphenylenevinylene 147
polysiloxanes 182 f.
polystyrene resin 133
polystyrene-supported aryltin 132
polystyrene-supported vinyltin 132
polysubstituted biaryls 763
polythiophenes 147 f.
polyvinylsiloxanes 180
porphyrin 93, 343
positron emission tomography 135
potassium cyanide 240
PPE 342
Prelog-Djerassi lactone 503
premixing 702
primary alkyl bromides 7
iPrMgCl 671 ff.
prolines 458
3-prolinoglutamic acid 458
3-prolinomethionines 458
1,2-propadiene 469
propargyl alcohols 396, 593
propargyl bromides 603
propargyl carbonates 414, 416
propargyl chlorides 595
h
3-propargyl complexes 586
propargyl phosphates 416
propargylpalladium complex 591
propargylzinc 463
propionylpyrazines 143
s -prop-2-ynylpalladium complex 585
prostaglandin (PG) 85
prostaglandin F2a analog 135
prosulfuron 286 f.
proteasome inhibitor 93
protecting group 728
protiodeboronation 80
proton transfer 433
iPr2Zn 621
pseudoscopine 511
pseudotropine 511
psycholeine 140, 269
a-pyran-2-ones 143
a-pyrones 146
pyridyldimethyl(alkenyl)silanes 194
2-pyridyldimethyl(vinyl)silane 192, 449
pyridylmagnesium species 683
2-pyridylsilane 194
pyridyltin 145
pyridylzinc 648

pyrimidines 772
pyrones 772
pyrrole 147
pyrrolidine-3-carboxylates 459
pyrrolidines 272, 424, 441, 458
– substituted 460

Q
quadrigemine C 140, 269, 277
quaternary ammonium salts 228
quaternary carbon centers 224
quaternary center 427, 450
quinidine alkaloid 633
quinolines 772
quinolizidinones 272
quinoneboronic esters 52
quinquearyls 774

R
racemization 537
radical anions 427
radical cyclizations 640
– copper- 653
– manganese- 653
[RBF3]K 46
RB(OH)2 44
reaction calorimetry 701
reaction rate 702 ff., 707
reactions in aqueous media 66
reactions of B-alkyl compounds 83
reactions of B-allyl and B-alkynyl

compounds 102
reactions of B-aryl compounds 91
receptor molecules 801
reduction of Pd(II) 704
reductive elimination 22, 27, 126, 422,

586, 588 ff., 602, 614
– C-N, C-O, and C-S bonds 26
reductive lithiation 427, 438
reductive magnesiation 432
Reformatsky reagent 460
regioselective 1,4-acetoxychlorination 507
regioselectivity 266, 533 ff., 548, 633
remote metallation 803
reporter ligands 502, 523, 524
resin 675
resin-bound amines 284
restrictinols 89
retention 532
– olefin geometry 538, 564
retention of configuration 402, 440
retinoic acid 138
reverse transcriptase inhibitors 143
Rh(PPh3)3Cl 625
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rhazinilam 789
rhizoxin D 135
rhodium-catalyzed hydroboration 42
ribonucleotide reductase inhibitors 142
Rieke zinc 620
ring closure 674
ring-closing metathesis 51
Rink amide 133
RO-Pd complexes 56
rutamycin B 89

S
SE2 or SE2

l substitution 466
SE2(cyclic) mechanism 128 f.
SE2(open) mechanism 129
SN2l selectivity 632
(S,S)-isodityrosine 106
S-arylation 107
(S)-zearalenone 132
safety catch linker 281
salicylhalamides 140
sanglifehrin 136
(–)-sanglifehrin A 139
scopine 511
secondary alkyl organometallics,

diastereoselective synthesis 621
selenophenes 147 f.
sepiolite 64
sequential allylic substitution 513
serotonin 135
serricornin 454
sesquifulvalene 150
sex pheromone of the melon worm 89
shikimic acid 503
silacyclobutanes 167
silaheterocycles 406
silane protecting groups 339
silanediols 176, 180
silanetriols 176, 180
silanols 192, 202
siletane 171
siletane cross-coupling 170
silicon-boron exchanges 626
silicon-cross-coupling 164
silole-2,5-diboronic acid 99
silole-thiophene copolymers 99
siloxanes 180, 192
silver salts 231, 338
silver(I) 228
1-silyl-1-borylalkenes 52
a-silylcarbanions 449
1,4-silylcupration 465
silyl enol ethers 423
silyl ethers 192

silyl hydrides 197
silylalkynes 404
silylboration 43
silylcuprate 448
silylcupration 448, 465, 469
silylcyclopropane 437
silylformylation 186 f.
silyllithium 437
silylmagnesiation 405
a-silylorganomagnesium 449
1-silyl-2-stannylethyne 145
skipped dienes 133
skipped trienes 133
SNF3345 C 143
SNF4435 D 143
Snieckus 762
sodium tetraalkynylaluminates 376
solanoeclepin A 684
solid support 232
solid-phase 459
– coupling 75
– synthesis 133, 147, 279
– reaction 97
solid-state conditions 132
solid-supported palladium catalysts 221
solution-phase combinatorial synthesis 133
solvent-less solid-phase 65
solvents including THF 829 f.
– acetone 829
– benzene 829
– tBuOH 829
– CH2Cl2 829
– CHCl3 829
– dioxane 829, 834
– DMA 829, 864, 869
– DMF 829, 837, 844, 857, 862
– DMSO 829
– ether 829 f.
– EtOAc 829
– EtOH 829, 847
– HMPA 829
– H2O 829, 837
– MeCN 824, 829
– Net3 829
– phenol 829
– pyridine 829
– toluene 829
– WMP 829, 834, 857, 864, 869
Sonogashira 1
Sonogashira alkynylation (or reaction) 319 ff.,

849, 850, 853, 857, 875
– additives 337
– amine base 335
– anionic Pd species 321
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– applications 341 ff.
– aqueous 326
– catalysts 323
– catalytic cycle 320
– N-heterocyclic carbenes 328
– heterogeneous catalyst 329
– homogeneous catalyst 323
– in-situ protodesilylation/alkynylation 339
– industrial applications 332
– mechanism 320
– microwave irradiation 334
– palladacycles 329
– phase transfer catalyst 338
– phosphine ligands 323
– polymer-supported catalysts 334
– reactivity order 322
– silane protecting groups 339
– solid-state 334
– solvents 337
sp2 gem-bismetallic 399
sp3-sp3 C-C bond formation 86
sparteine 416
(–)-sparteine 418, 440, 442 f., 467, 469
(–)-sparteine-mediated deprotonation 439,

441
sphingofungin F 85
spirocyclic p-allyl intermediate 489
spirocyclization 517
spirooctenes 285
spiro[4.5]dec-6-ene derivatives 434
3l-spirosultone nucleosides 142
sporochnol 635
square planar complex 126
squaric acid 132
Suzuki-Miyaura cross-coupling 792
stability constant 72
p-stacking 452
stannane 436
stannatrane 18, 141
stannylalkynes 145
stannylboration 43
stannylenamides 143
stannylenamines 143
stannylfuran 140
stannylfuranone 140
stannylimidazole 140
stannylmanganate derivative 405
2-stannylthiophenes 148
4-stannyloxazoles 145
Staphylococcus aureus 141
(–)-steganone 94
Stephens-Castro reaction 318
– with allyl halide 319
stepwise double-coupling 89, 93

stereocontrolled oxylactonization 503
stereoconvergent cyclization 640
stereodefined 2,5-disubstituted

pyrrolidines 512
stereoelectronic effect 42
stereoinduction 268
stereoisomerization 407
stereoselective hydrogenation 512
stereoselective ring closure 675
stereoselectivity 416
– allylic alkylation 535
– allylic substitution 535
(�)-sterepolide 263
sterically hindered biaryls 62
steroids 152, 277
stilbene I 288
stilbenes 224
Stille coupling 125, 135, 244
Stille coupling reactions 21
Stille cross-coupling 125, 797
Stille reaction 2, 126, 132, 350 f.
– additives 351
– applications 358
– AsPh3 355
– catalysts 351
– a-haloethers 355
– mechanism 350
– organotriflates 350, 355
– reactivity order 351
– tri(2-furyl)phosphine 351
Stille-Heck cascade 246
stipiamide 138
styrene 443, 463
2-substituted indoles 422
substrates
– chiral 535
– cyclic 543
– desymmetrization 540
– dicarboxylates 548
– 1,3-disubstituted 539, 544
– meso- 540, 547
1-sulfinyldienes 142
2-sulfinyldienes 142
sulfonylurea herbicide 286
supercritical carbon dioxide 129
supercritical CO2 223
supported palladium catalyst 64
Suzuki 1, 132 f.
Suzuki couplings 9
Suzuki cross-coupling 244
Suzuki reaction 6, 19, 365
– alkynyl(trialkoxy)borates 368
– alkynylborates 365
– alkynylborinates 368
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– alkynylboronic esters 368
– alkynyltrifluoroborates 369
Suzuki-Heck cascade 245
Suzuki-Miyaura 790
Suzuki-Miyaura Ar–Ar cross-coupling

reaction 765
Suzuki-Miyaura cross-coupling 764
Suzuki-Miyaura reaction 761
symmetrical biaryls 104
syn/anti terminology 538
organoboron compounds 41

T
T-shaped intermediates 16, 22
T1 measurements 499
(Z)-tamoxifen 643
TASF 199, 370
Taxolr 137, 273
TBAF 167, 170, 174 f., 177, 180 f.,

194 f., 197, 202 ff., 206
TBAT (tetra-n-butylammonium

triphenyldifluorosilicate) 198
(tBu)2POH 61
tBu3P ·HOTf 62
tedicyp 61
2:1 telomerization products 483, 486, 494
tenta gel S OH resin 133
teraconic anhydride 596
teraryls 772 f.
terrestrial alkaloids 796
tetra-n-butylammonium fluoride 165
tetraalkylammonium salts 228
tetraallylmanganate 404, 434
tetraarylmethane derivatives 261
tetrabromo[2.2]paracyclophanediene 260
1,2,4,5-tetrabromobenzene 224
tetrabutylammonium fluoride 130 f.,

134, 170, 210, 212
tetrabutylammonium hydroxide 197
tetrabutyltin 130, 132
tetracoordinate silicon 203
tetracycles 244
tetraethynylethene 145
tetrahydrobenzopyrans 286
tetrahydroisoquinolines 269
tetrahydronaphthalene 252
tetrahydroquinolines 286
tetrakis(triphenylphosphane)

palladium(0) 218
tetralins 420
tetramethylammonium fluoride 174
1,1,3,3-tetramethyldisiloxane 211
tetramethyltin 133
tetraorganotins 132

tetraphenylmethane 261
tetrenolin 139
thallium bases 71
thallium salts 228, 232
the coupling reactions of alkylboronic

acids 85
theaspirone 518
2-thienylsilanes 195
2-thienylzinc chloride 649
thioaminyl radicals 93
thiomethylation 446
thiophene/furan 147 ff.
thiophenol 593
thioxanthones 788, 793
three-component coupling 240, 490
three-component coupling reaction 463
three-component reaction 248 ff., 284
(–)-a-thujone 589
tin-lithium exchange 434, 436
titanacyclopentadienes 412, 414
titanacyclopropene 411
titanated vinylallenes 414
titanium-alkyne complexes 409, 411 f.
titanium-mediated homo-coupling 677
TMC-95 natural products 144
tri-o-tolylphosphine 189
tolylisocarbacyclins 135
tosyl cyanide 629
TPPMS 67
TPPTS 67
trans-SN2l-substitution 634
transition metal-catalyzed cross-coupling

reactions
– nickel-catalyzed C-C bond-forming 639
– palladium 639
translocation 256
transmetallation 1, 44, 54, 126, 129, 179, 186,

202, 204 f., 207, 237, 399, 531, 561, 621, 627,
644, 678

– assisted by a base 55
– to a (hydroxo)rhodium complex 55
trialkoxysilane 199
triallylmanganate 404, 434
triarylphosphines 130
triazene 285, 343
triazene T1 linker 284
1,3,5-tribromobenzene 224
tributyl(1-ethoxyalkenyl)tins 143
tributylethynyltin 152
tributylphenyltin 133
3-(tributylstannyl)allyl alcohols 133
tributylstannylethyne 152
2,5-tributylstannylfuran 149
tributylthiophenylstannane 589
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tributyltin chloride 134
6-tributylstannylazulene 144
2-tributylstannylbithiophene 149
2-tributylstannylthiophene 151
2-(tributylstannyl)thiophene 131
tributylvinyltin 133
tricarbonylchromium complexes 232
1,3,5-trichlorotriazine 151
tricoordinated, T-shaped, Pd(II) complexes 8
1,2,4-triene 615
trienoic acids 142
triethylamine and other amines 74
triflates, vinyl 2
o-trifluoromethylstyrene 463
trifluoropropene 287
trifluorosilane 199
trifoliaphane 255
trifurylphosphine 14, 134
1,3,5-triiodobenzene 261
triketone 599
Trileptalr 794
trimerization 414
trimesitylphosphane 220
trimethoxysilane 191
N,N,Nl-trimethyl-1,2-diphenylethylene-

diamine 447
N,N,Nl-trimethylethanediamine 446
trimethyl aconitate 595
trimethylallylchromium 434
v-(trimethylsilyl)alkynols 407
trimethylsilyl cyanide 603
p-trimethylstannylanisole 149
2-trimethylstannylpyridines 145, 150
2-trimethylstannylpyrroles 144
2-trimethylstannylthiophene 148, 150
5-trimethylstannyl-2,2l-bithiophene 147
triorganotin halides 131
triorganozincate-zinc salt 460
triphenylarsine 14, 135, 178, 211
triphenylcarbenium tetrakis

(pentafluorophenyl)borate 406
triphenylphosphane-m-trisulfonic

acid sodium salt 223
triphenylphosphine 127
triple catalytic system 501
1,3,5-tripyridylbenzenes 144
tris(2,4-di-tert-butylphenyl)phosphite 130
tris(2-furyl)phosphine 142
tris(4-methoxyphenyl)phosphine 142
tris(dimethylamino)sulfonium

difluorotrimethylsilicate 165
tris(triphenylphosphane)palladium(0) 218
tris-o-tolylphosphane 287
trisubstituted alkenes 142

tropane alkaloids 506
tropine 511
tungsten complexes 566
tunicate 797
turnover number (TON) 830 f., 851, 875
typical Buchwald-Hartwig cross-coupling

procedure 807

U
Ullmann reaction 699, 743, 806
Ullmann-Buchwald-Hartwig 762
Ullmann-cross-coupling 787
umpolung 622, 624
uncatalyzed cross-coupling reactions 629
unsaturated nitrile 685
unsymmetric biaryls 91

V
vancomycin 796
vancomycin aglycone 92
vinyl bromide 133
3-vinylbenzofuranes 421
vinyl halides 135
vinyl iodides 135, 137, 139 ff, 143
vinyl triflate 137, 141
2-vinyl-2,3-dienoate 601
vinyl epoxides 552, 557
3-vinylfuropyridines 421
3-vinylindoles 421
a-vinylidene-b-lactam 598
– cyclizations 553
vinyl-organometallic reagents 461
vinylations 561
vinylcopper 425, 470
vinylcyclopropanes 239, 431, 451, 469
vinyllithiums 405 f., 426, 453
vinylmagnesium 463
vinylpalladium complex 591
vinylpyridine 449
vinylsilanes 449, 463, 469
vinylstannanes 463
(E)-vinylstannanes 142
vinyltins 127, 132 f., 135, 137 ff., 140, 142 f.
vinyltributyltin 128, 131, 141 f, 150
vinyltrimethylsilane 165, 184
virginiamycin 135
viridenomycin 138
vitamin D3 derivatives 89
vitispirane 518

W
Wang resin 132, 143
water-soluble ligands 67
water-soluble phosphines 66
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Weinreb amide 794
Wheland intermediate 57
Wilkinson’s catalyst 569
Wittig-Horner-Wadsworth-Emmons

protocols 133

X
X-ray structure analysis 129
xanthones 788, 794

Y
[Yb(Otf)3] 605
yne-diallenes 145

Z
(3R,3lR)-zeaxanthin 139
Ziegler 395
zinc 461
zinc alcoholate 434
zinc aminoenolate 457–458

zinc carbenoids 402
zinc dust 620
zinc enamide 465
zinc organometallics, preparation 620
zinc powder 620
zinc reagents 623, 678
a-zincated ketone hydrazone 462
zinc-copper reagent 636
zinc-ene cyclizations 433
zinc-enolate derivatives 457
zirconacyclopentadienes 409
zirconacyclopentenes 409
zirconium-catalyzed carbomagnesiation

454–455
zirconocene carbenoid 403
zirconocene-alkene complexes 408
ZnCl2 606
Zr-catalyzed carboalumination 408
Zr-mediated methylalumination 649
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