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Preface

Asymmetric synthesis, the ability of controlling the three dimensional structure

of the molecular architecture has revolutionized chemistry in the second half of

the XXth century. This concept continues to influence the development of basi-

cally all fields of science. Amongst the various ways of creating enantiomerically

enriched products, catalytic methods (i.e. when chemical transformations are

controlled by a small amount of chiral compounds) are considered as the most

appealing. It is difficult to conceive that the impressive knowledge accumulated

in this field was gained in a relatively short period of time. New concepts and

methods are emerging continuously, allowing more selective, economically more

appealing and environmentally friendlier transformations. In this context, asym-

metric organocatalysis is a «fast lane» of the chemical highway: the progress in

the last decade has been simply spectacular.

Performing chemical transformations with a small amount of organic mole-

cules is not a novel concept: enantioselective organocatalytic transformations

were developed prior to organometallic ones. The relatively narrow scope of these

transformations, however, did not stir particular interest in the past. Nowadays

the situation is changing. The renewed interest is due to the serendipitous discov-

ery of a number of selective transformations and also to the realization of the tre-

mendous potential which is inherent to these novel forms of activations, which

are also complementary to the existing ones. After the milestone book of Berkes-

sel and Gröger (Asymmetric Organocatalysis, From Biomimetic Concepts to Applica-
tions in Asymmetric Synthesis VCH, Weinheim, 2005), this multiauthor book is

the state of the art of this rapidly evolving field. The chapters are written by

organic chemists, leaders at the forefront of research and able to provide an in-

sider’s view. I am grateful to all colleagues who agreed to contribute to this proj-

ect, despite their many other obligations and busy schedules: the result is more

than impressive.

It is the aim of this book to provide a concise and comprehensive treatment of

this rapidly evolving field, focusing on the preparative aspect of this chemistry. In

fact, the use of organocatalytic transformations in a multistep synthesis remains

scare. This book wishes to promote the application of these reactions, giving

solid synthetic evidence. Additionally, a collection of sample procedures of typical

XV



organocatalytic transformations is given in Appendix I. Despite the spectacular

advancement, there is room for further development, and it is the wish of the

Editor that this manual should be rapidly updated.

This book is suggested for graduate students as well as all organic chemists.

Paris, January 2007 Peter I. Dalko
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ICD isocupreidine

KR kinetic resolution

LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital

MBH Morita-Baylis-Hillman (reaction)

MIP molecular imprinted polymer

MS molecular sieve

MVK methyl vinyl ketone

n normal

N/A not available

NADH dihydronicotinamide adenine dinucleotide

Nap naphthyl

NCS N-chlorosuccinimide

NFSI N-fluorobenzenesulfonimide

NHC N-heterocyclic carbenes
NMP N-methylpyrrolidine

NMR nuclear magnetic resonance

NOBIN 2-amino-20-hydroxy-1,10-binaphthyl

Nu nucleophile

Oxone 2KHSO5�KHSO4�K2�SO4

PBO P-aryl-2-phosphabicyclo[3.3.0]octane
Phe (S)-phenylalanyl
PIP 2-phenyl-2,3-dihydroimidazo[1,2a]pyridine

PIQ 2-phenyl-1,2-dihydroimidazo[1,2a]quinoline

PKR parallel kinetic resolution
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PMHS polymethylhydrosiloxane

PMP p-methoxyphenyl

PNA peptide nucleic acid

PNP p-nitrophenyl
PPY 4-(pyrrolidino)pyridine

Pyr pyridine

RDS rate-determining step

rec SM recovered starting material

ROMP ring opening metathesis polymerisation

rt room temperature

s (enantio)selectivity value

sec secondary

SES (trimethylsilyl)ethansulfonyl

TADDOL trans-4,5-bis-(diphenyl-hydroxymethyl)-2,2-dimethyl-

1,3-dioxolane

TADMAP 3-(2,2-triphenyl-1-acetoxyethyl)-4-dimethylamino)pyridine

TBAF tetra-n-butylammonium fluoride

TBDPS tert-butyldiphenylsilyl
TBS tert-butyldimethylsilyl

TCA trichloroacetic acid

tert tertiary

TES triethylsilyl

TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride

TIPS triisopropylsilyl

TLC tin layer chromatography

TMG 1,1,3,3-tetramethylguanidine

TMP thymidine monophosphate

TMSCN trimethylsilyl cyanide

TOF turnover frequency

TON turnover number

Troc 2,2,2-trichloroethyl

Trt trityl (triphenylmethyl)

Ts tosyl, p-toluenesulfonyl
TS transition state

UNCA urethane-protected a-amino acid N-carboxy anhydride
VAPOL vaulted biphenantrol

VMA vinilogous Mukaiyama aldol (reaction)
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Asymmetric Organocatalysis:

A New Stream in Organic Synthesis

Peter I. Dalko

1.1

Introduction

In common with metal complexes and enzymes, small organic molecules may

promote chemical transformations. Organocatalysis provides a means of acceler-

ating chemical reactions with a substoichiometric amount of organic molecules,

which do not contain a metal element [1, 2].

Despite this rich historical past, the use of small organic molecules as chiral

catalysts has only recently been recognized as a valuable addition and/or alterna-

tive to existing, well-established, often metal-based methodologies in asymmetric

synthesis. Driven both by distinguished scientific interest, which usually accom-

panies emerging fields, and the recognition of the huge potential of this new area,

organocatalysis has finally developed into a practical synthetic paradigm [3–15].

The question must be asked, however, as to why it has taken so long for chemists

to appreciate and exploit the potential of small organic molecules as chiral cata-

lysts. Why was not the imagination of the vast majority of the chemical commu-

nity captured by the perspectives of asymmetric organocatalysis, when metal

complex-derived catalysis underwent steady development for enantioselective re-

actions?

Principally, asymmetric organocatalytic reactions were, for a long time, consid-

ered to be inefficient and limited in scope. In parallel, organometallic catalysts

provided a flexible ground for all types of reaction, and thus received dispropor-

tionate emphasis. Although today the vast majority of reactions in asymmetric ca-

talysis continue to rely on organometallic complexes, this picture is changing,

and organic catalysis is becoming an increasingly important segment of organic

chemistry, offering a number of advantages over metal-based and bioorganic

methods.

Today, reactions can be performed under an aerobic atmosphere, with wet sol-

vents; indeed, the presence of water is often beneficial to the rate and selectivity

of the reaction. The operational simplicity and ready availability of these mostly

inexpensive bench-stable catalysts – which are incomparably more robust than
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enzymes or other bioorganic catalysts – makes organocatalysis an attractive

method for the synthesis of complex structures. Unlike any earlier developed sys-

tem, organocatalytic reactions provide a rich platform for multicomponent, tan-

dem, or domino-type multistep reactions [16], allowing increases in the structural

complexity of products in a highly stereocontrolled manner. In addition, fewer

toxicity issues are often associated with organocatalysis, although this applies

only when utilizing the more notorious metals. It should also be pointed out

that little is currently known regarding the toxicity of many organic catalysts;

moreover, there is no risk of metal leakage, and no expensive recovery process is

required for waste treatment. Nowadays, increasing numbers of industrial appli-

cations are based on asymmetric organocatalytic reactions, and the environmen-

tally friendly, ‘‘green’’ aspect of this chemistry – coupled with the sustainability of

the catalysts – is considered widely for replacing standard, metal-based reactions

[17, 18].

1.2

Historical Background

The history of organocatalytic reactions has a rich past, there being evidence that

such catalysis has in the past played a determinant role in the formation of pre-

biotic key building blocks such as sugars. In this way, the reactions have led to

the introduction and widespread use of homochirality in the living word [19].

Enantiomerically enriched amino acids such as l-alanine and l-isovaline, which

may be present in up to 15% enantiomeric excess (ee) in carbonaceous meteor-

ites, were able to catalyze the aldol-type dimerization of glycolaldehyde, as

well as the reaction between glycolaldehyde and formaldehyde producing sugar

derivatives. For example, Pizzarello and Weber were able to demonstrate that

l-isovaline, which was found in the Murchison meteorite, promotes the self-aldol

reaction of glycolaldehyde in water, generating aldol products such as l-threose

and d-erythrose with up to 10.7G 1.2% and 4.8G 0.9 ee, respectively [19]. Pro-

line, the most efficient natural amino acid catalyst in aldol-type condensations

is scarcely present in meteorites. Asymmetric photolysis in interstellar clouds

may produce optically active proline, however, indicating that proline may also

have been transported to Earth [20]. The formation of sugars under prebiotic con-

ditions was amplified in a number of elegant de-novo constructions of complex,

differentiated carbohydrates by chemical synthesis [21]. It is likely, therefore,

that these aldol products were the precursor of complex molecules such as RNA

and DNA. Prebiotic RNA most likely played a central role in orchestrating a num-

ber of key biochemical transformations necessary for life, in which sugars served

as chiral templates [22]. For example, it is considered, that amino acid homochir-

ality in proteins was determined during asymmetric aminoacylation, which is the

first step in protein synthesis and thus was critical for the transition from the pu-

tative RNA world to the theater of proteins [23]. According to this concept, the se-
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lectivity (l or d) of amino acids was determined in large part by the preestablished

homochirality of RNA.

Organic molecules have been used as catalysts from the early age of synthetic

chemistry. Indeed, the discovery of the first organocatalytic reaction is attributed

to J. von Liebig, who found – accidentally – that dicyan is transformed into oxa-

mide in the presence of an aqueous solution of acetaldehyde (Scheme 1.1). Sub-

sequently, this efficient reaction found industrial application by forming the basis

of the Degussa oxamide synthesis.

Undoubtedly, the discovery of enzymes and enzyme functions had an impor-

tant impact on the development of asymmetric catalytic reactions. The first asym-

metric reaction – a decarboxylative kinetic resolution – was discovered by Pasteur

[24], who observed that the organism Penicillium glauca destroyed more rapidly

one of the enantiomers (d) from a racemic solution of ammonium tartrate. Asym-

metric decarboxylation reactions were re-examined under non-enzymatic condi-

tions by Georg Breding during the early 1900s. Breding, who had a remarkably

wide interdisciplinary interest, was motivated to find the chemical origin of en-

zyme activity observed in living organisms. In his early experiments he showed

enantiomerical enrichment in the thermal decarboxylation of optically active cam-

phorcarboxylic acid in d and l limonenes, respectively [25]. As an extension of this

work he studied this decarboxylation reaction in the presence of chiral alkaloids,

such as nicotine or quinidine, and established the basic kinetic equations of this

kinetic resolution [26]. The first asymmetric CaC bond forming reaction is attrib-

uted also to his name. This milestone achievement is related to Rosenthaler’s

work, who was able to prepare mandelonitrile by the addition of HCN to benzal-

dehyde in the presence of an isolated enzyme, emulsin [27]. Breding was also

able to perform this reaction in the presence of alkaloids as catalysts, such as the

pseudoenantiomeric quinine and quinidine (Scheme 1.2) [28]. It should be noted

Scheme 1.1 von Liebig’s oxamide synthesis.

Scheme 1.2
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that, although these studies were considered as conceptually groundbreaking, the

enantioselectivity of the reaction was less than 10%.

Although catalytic transformations gained increasing importance after the First

World War, asymmetric reactions were considered at the time to be an academic

curiosity. Of note, the determination of enantioselectivity was hampered by a lack

of methods to achieve not only efficient purification but also reliable analyses.

Hence, the presence of a chiral impurity – which often arose from the catalyst –

spoiled the determination of the correct, optical rotation-based ee-values.
Nitrogen-containing natural products such as alkaloids (in particular strych-

nine, brucine and cinchona alkaloids) and amino acids (including short oligopep-

tides) were among the first organic catalysts to be tested. The acylative kinetic

resolution of racemic secondary alcohols was initiated during the late 1920s

by Vavon and Peignier in France [29], and, independently, also by Wegler in

Germany [30]. These authors showed that brucine and strychnine were able to in-

duce enantiomeric enrichment either in the esterification of meso dicarboxylic

acids or in the kinetic resolution of secondary alcohols, albeit with low ee-values.
Also, Wolfgang Langenbeck’s contribution should be remembered, who devel-

oped reactions, which were promoted by simple amino acids, or, by small oligo-

peptides [31]. A major part of these studies were dedicated to reactions which

emulated enzyme functions by using simple amino acids or small peptides.

Not surprisingly, enamine-type reactions were among the first to be discovered.

This finding was initiated by the studies of Dakin who, in 1909, noted that in a

Knoevenagel-type condensation between aldehydes and carboxylic acids or esters

with active methylene groups, the amine catalysts could be mediated by amino

acids [32]. The reaction was extended to aldol and related transformations, and

studied systematically from the early 1930s onwards with notable success, essen-

tially with non-asymmetric systems.

The reinvestigation of Breding’s asymmetric cyanohydrin synthesis by Prelog

during the mid-1950s [33] undoubtedly promoted the concept of asymmetric syn-

thesis, and led the way to more efficient reactions. The advent of synthetically

useful levels of enantioselectivity can be dated to the late 1950s, when Pracejus

reported that methyl phenyl ketene could be converted to (�)-a-phenyl methylpro-

pionate in 74% ee by using O-acetylquinine as catalyst [34].

Scheme 1.3 Pracejus’ enantioselective ester synthesis from phenyl methyl ketene.

4 1 Asymmetric Organocatalysis: A New Stream in Organic Synthesis



This quite impressive result inspired the reinvestigation of other possible reac-

tion manifolds for the cinchona catalyst system. Bergson and Långström reported

the first Michael addition of b-keto esters to acrolein using 2-(hydroxymethyl)-

quinuclidine as catalyst [35]. Although they never determined the enantiomeric

excess, these authors noted the optical activity of their products. Wynberg and

co-workers carried out extensive studies of the use of cinchona alkaloids as chiral

Lewis-base/nucleophilic catalysts [36], and showed this class of alkaloid to be a

versatile catalyst, promoting a variety of 1,2- and 1,4-additions of a wide range of

nucleophiles to carbonyl compounds. Noteworthy, in these early studies it was

often observed that natural cinchona alkaloids were superior, in terms of both

catalytic activity and selectivity, to modified cinchona alkaloids derived from mod-

ification of the C-9 hydroxyl group. In order to rationalize this phenomenon,

Wynberg proposed that the natural cinchona alkaloids were bifunctional catalysts

utilizing both the tertiary amine and hydroxyl group to activate and orient the nu-

cleophile and electrophile, respectively, thus achieving optimum asymmetric ca-

talysis [36].

Another key event in the history of organocatalytic reaction was the discovery of

efficient l-proline-mediated asymmetric Robinson annulation reported during the

early 1970s. The so-called Hajos–Parrish–Eder–Sauer–Wiechert reaction (an in-

tramolecular aldol reaction) allowed access to some of the key intermediates for

the synthesis of natural products (Scheme 1.4) [37, 38], and offered a practical

and enantioselective route to the Wieland–Miescher ketone [39]. It is pertinent

to note, that this chemistry is rooted in the early studies of Langenbeck and in

the extensive investigations work of Stork and co-workers on enamine chemistry

[40].

This l-proline-mediated annulation received a considerable synthetic and

mechanistic interest [41]. It was demonstrated that other amino acids, such as

(R)-phenylalanine, could replace in some cases advantageously the l-proline [42].

Earlier applications in total syntheses appeared, however, as singular events, as in

Woodward’s synthesis of erythromycin (Scheme 1.5) [27]. Remarkably, in this

synthesis a racemic keto aldehyde 5 could be used for aldolization with d-proline

Scheme 1.4 The l-proline-mediated Robinson annulation.
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(6) as catalyst. All of the chiral centers of the erythronolide backbone are derived

either directly or indirectly from this rather poor reaction, which was only of 36%

ee. However, an optically pure downstream product of 7 was separated by simple

recrystallization, which made the process eminently practical (Scheme 1.5).

The late 1970s and early 1980s marked a clear turning point, with the advent

not only of more general efficient asymmetric organocatalysts but also of organo-

catalytic reactions. During this period a number of reactions which proceeded via

ion-pairing mechanisms (i.e., similar of that noted with the propos of cinchona

alkaloids) were uncovered. In addition, chiral diketopiperazines were developed

by Inoue as chiral Brønsted acids for the asymmetric hydrocyanation reactions

[43], this reaction paving the way for the efficient hydrocyanation reactions of al-

dimines developed some years later by the groups of Lipton and Jacobsen [44,

45]. The advent of efficient phase-transfer reactions dates back to the mid-1980s,

when researchers at Merck reported that substituted 2-phenyl-1-indanone sys-

tems could be alkylated with remarkably high enantioselectivity (up to 94%) in

the presence of catalytic amounts of substituted N-benzylcinchoninium halides

(50% NaOH/toluene) [46]. Mention should be made here of the chiral amine-

mediated cycloaddition reactions, which were pioneered by Kagan [47], as well

as the earliest examples of the enantioselective oxidation of chalcones using

polyamino- or resin-bonded polyamino acid under tri- and biphasic conditions,

the so-called Julià reaction [48]. Reinvestigation of the Hajos–Parrish–Eder–

Sauer–Wiechert reaction by List and Barbas during the late 1990s also opened

an avenue for a number of related transformations such as the enantioselective

intermolecular cross-aldol reactions, as well as Mannich, Michael and Diels–

Alder-type transformations, and the application of these transformations in multi-

step (domino) reactions [3, 16].

1.3

Catalysts

As metals easily form Lewis acids, organic catalysts are more prone to form

heteroatom-centered Lewis bases. Among these catalysts, the N- and P-based

Scheme 1.5 The d-proline-mediated intramolecular aldol reaction in

Woodward’s erythromycin synthesis.
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forms are the most studied, with amine catalysts being more easily available than

their phosphorus-containing counterparts, due mainly to the natural abundance.

There is no natural P-containing chiral substrate for catalytic use, and conse-

quently all of these catalysts are man-made [49]. One particular advantage of

phosphorus-based catalysts is their ability to act as both a nucleophilic and stereo-

genic reaction center. The difference in Brønsted basicity of the phosphorus atom

compared to the amine function may also be advantageous in avoiding base-

mediated secondary reactions.

It should be noted that not only the Lewis base but also typical Lewis acid roles

can be emulated by organocatalytic systems. The proton is arguably the most

common Lewis acid found in Nature, and these exist in two forms classified

by the nature of the hydrogen bond: polar covalent (RX–H) and polar ionic

(RXþH���Y�). In the former case, in asymmetric transformations the chiral infor-

mation is dictated by the chiral anion, whilst in the latter case the anion is non-

chiral and the enantioselectivity is introduced by a chiral ligand (usually an amine

base), which complexates the proton. This activation is discussed more exten-

sively in Chapter 7.

Another class of activation is related to the particular reactivity of the nitrogen,

and is referred to as aminocatalysis. Amine catalysts may give rise either to enam-

ine or iminium intermediates [50]; the former activation results in an increased

electron density at the reaction center(s), while the latter activation corresponds to

a decrease in electron density at the reaction center(s). One peculiarity of this type

of chemistry is the facile equilibrium between these two electron-rich and

electron-deficient states (i.e., the acid–base form) of the same center. It is easy to

conceive this equilibrium simply by considering protonation-deprotonation, which

on the one hand may activate the reagent and, on the other hand may contribute

to the kinetic lability of the ligand. The peculiarity of this activation is the fact

that, due to this equilibrium process, the same center may act as either a Lewis

acid or Lewis base, depending on the reaction conditions (Scheme 1.6). While

both intermediates are formed in the same mixture, the relative concentrations

of these structures is determined by the reaction conditions, leading to chemical

transformations which follow entirely different mechanistic pathways and usually

result in different products. More importantly, the same catalyst may promote

complementary nucleophile/electrophile activation (i.e., promoting reactions via

Scheme 1.6
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enamine and iminium intermediates, respectively) in the same reaction pot, in a

domino sequence [51].

Another particular area of organic catalysis is that of Lewis acid activation by a

Lewis base. This catalysis represents a powerful means of modulating the elec-

tron density of weakly electron-withdrawing centers. Such an interaction operates

under well-defined circumstances between donor and acceptor entity, and results

in a decreased electron density on the central atom in question. This chemistry is

described in greater detail in Chapter 10.

In contrast to most organometallic catalysts – which achieve catalytic activity via

a single (usually Lewis acid) function [52] – most of the currently used efficient

organocatalysts have more than one active center. The vast majority of these cata-

lysts are bifunctional catalysts, having commonly a Brønsted acid and Lewis base

center [17]. Such catalysts are able to activate both the donor and acceptor, respec-

tively, and this results not only in a considerable acceleration in reaction rate but

also in increased selectivity due to the highly organized transition state (TS).

Moreover, the fact that the reaction occurs in a confined reaction space means

that the catalyst functions as an ‘‘entropy trap’’, in the sense originally proposed

by Westheimer (‘‘. . . by overcoming the unfavorable entropy of activation usually

inherent in a chemical reaction.’’) [53]. In the transition states, hydrogen bond

interactions constitute a major driving force in the formation of specific molec-

ular and complex geometries. Thus, protein and nucleic acid secondary and

tertiary structural elements – as well as many natural and artificial host–guest

complexes – are partly based on the directive power of intra- and intermolecular

hydrogen bond formation [54]. It should be noted that Brønsted acids may also

participate actively in the chemical transformation; indeed, in many cases the

chiral proton transfer determines both the rate and selectivity of the global

process.

Although the first catalysts to be identified were naturally occurring molecules

having a rigid backbone, organocatalytic reactions have essentially evolved from

the ligand chemistry of organometallic reactions. Today, the large array of ligands

developed for metal-mediated reactions are still among the best-performing orga-

nocatalysts. Paradoxically, these ligands were considered originally exclusively to

be chiral manifolds, without realizing the benefits of the presence of the catalyti-

cally active functionalities. The main advantages of synthetic molecules over their

natural counterparts are their readily available enantiomers and easily tunable

structures. Moreover, compound classes having no naturally occurring analogues

can also be obtained. While there is no naturally occurring source of phosphorus-

containing chiral compounds for catalytic use, there is understandably an intense

synthetic activity to close the gap, and in this respect there are two complemen-

tary strategies for catalyst development:

� variation of the structure of an efficient catalyst family, usually that of a privi-

leged class [55]; and
� the generation and testing of a large number of catalysts (library), and selection

of the one(s) having the best kinetic/selectivity profile.
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The massive involvement of automatization and computation, both in the gener-

ation of novel catalyst structures and in the evaluation of the reactions, facilitates

the emergence of new catalyst structures. This approach is particularly useful

when preparing peptide-based catalysts, which fold into defined secondary struc-

tures in either organic or aqueous solution. The ‘‘oligopeptide approach’’ has

some advantages. First, the efficiency of the catalyst can be improved by varying

the nature of the amino acids using combinatorial synthetic methods. Second,

the structural simplicity of the oligopeptides contrasts with the complexity of the

enzymes and thus renders easier the mechanistic investigations. Third, the flexi-

bility of the method is of great use. It is possible to prepare a peptide sequence

that can produce, eventually, the opposite enantiomer or its diastereoisomer, a

process barely amenable with enzymes. Moreover, this oligopeptide approach

may provide the solution for the reactivity versus selectivity problem, notably

when the steric hindrance of the chiral appendage compromises the reactivity of

the catalyst. Here, the strategy consists of building a simplified version of a com-

plex chiral environment around the catalytic site, very much like that found in

enzymes, where the chiral handle is thus distant from the active site. Such artifi-

cial enzymes may comprise a short oligopeptide sequence that includes an active

site (e.g., imidazole), and a basic secondary structure, for example an a=b-turn or

a=b-hairpin. It is interesting to contemplate, that with the spectacular increase in

molecular weight and complexity of many catalyst structures, it is not only the se-

lectivity but also the kinetic profile of the catalyst that is sharply ameliorated.

1.3.1

Privileged Catalysts

Some catalysts may have the extraordinary capacity to mediate efficiently not only

one but rather a variety of seemingly unrelated chemical transformations. The term

‘‘privileged’’ chiral catalysts was coined in analogy to pharmaceutical compound

classes that are active against a number of different biological targets [55]. In-

deed, there is a steadily growing number of such organic compounds included

in this list, the details for some of which are outlined in the following sections.

1.3.1.1 Proline [7k, 56]

l-Proline is perhaps the most well-known organocatalyst. Although the natural

l-form is normally used, proline is available in both enantiomeric forms [57],

this being somewhat of an asset when compared to enzymatic catalysis [58].

Proline is the only natural amino acid to exhibit genuine secondary amine

functionality; thus, the nitrogen atom has a higher pKa than other amino acids

and so features an enhanced nucleophilicity compared to the other amino acids.

Hence, proline is able to act as a nucleophile, in particular with carbonyl com-

pounds or Michael acceptors, to form either an iminium ion or enamine. In these

reactions, the carboxylic function of the amino acid acts as a Brønsted acid, ren-

dering the proline a bifunctional catalyst.
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The high, and often exceptional, enantioselectivity of proline-mediated reac-

tions can be rationalized by the capacity of the molecule to orchestrate highly

organized transition states by an extensive hydrogen-bonding network. In all

proline-mediated reactions, proton-transfer from the amine or the carboxylic acid

group of proline to the forming alkoxide or imide is essential for charge stabiliza-

tion and to facilitate CaC bond formation in the transition state [59]. While most

of the partial steps in aminocatalytic reactions are in equilibrium, the enhanced

nucleophilicity of the catalyst can entail a number of equilibrated reactions with

electrophiles present in the medium, resulting in a low turnover number. How-

ever, this drawback can be remedied by upsetting the equilibrium by higher cata-

lyst loading, whilst the catalyst is of low cost.

Synthetic shortcomings related to proline are persistent, however. For example,

in the dimerization or oligomerization of a-unbranched aldehydes, it is difficult to

avoid competing reactions. Reactions with acetaldehyde or acetophenone afford

generally low yields and selectivity in aldol reactions. Although proline continues

to play a central role in aminocatalysis, its supremacy is being challenged either

by new synthetic analogues [60], or by more complex oligopeptides. Structural

analogues or derivatives offer better rates and selectivity in a number of reactions.

1.3.1.2 Cinchona Alkaloids [61]

The readily available and inexpensive cinchona alkaloids having pseudoenantio-

meric forms such as quinine and quinidine, or cinchonine and cinchonidine,

are among the most efficient catalysts (Scheme 1.7). The key structural feature

responsible for their synthetic utility is the presence of the tertiary quinuclidine

nitrogen, which complements with the proximal polar hydroxyl function of the

natural compound. The presence of these Lewis acidic (H-bonding) and Lewis

basic (quinuclidine nitrogen) sites makes them bifunctionally catalytic. The range

Scheme 1.7 Some cinchona alkaloids and cinchona-derived catalysts.
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of reaction types over which the cinchona alkaloids impart high enantioselectivity

is astonishing. In the past, modification of the cinchona backbone has resulted in

notorious decreases or even losses of selectivity, and consequently such deriva-

tives were disregarded as catalysts. The major event causing modified cinchonas

to become the center of attention was the development of dimeric cinchona alka-

loid ligands for the asymmetric dihydroxylation of simple olefins [62]. In fact, a

very large number and variety of derivatives offer very high levels of selectivity

over a wide diversity of reactions.

1.3.1.3 TADDOL and Derivatives [63]

TADDOL is one of the oldest, and most extraordinarily versatile, chiral auxiliaries

(Scheme 1.8). The initial design of TADDOL was driven by practical considera-

tions, mainly because it is derived from tartaric acid – the least-expensive chiral

starting material with twofold symmetry available from natural sources. The two

hydroxyl functions of the genuine molecule can act as a double hydrogen-bond

donor, allowing the formation of bidentate complexes. Moreover, these functions

can be easily substituted, giving access to a variety of derivatives.

1.3.1.4 Binaphthol Derivatives

The enantiomeric atropoisomers of 1,1 0-binaphthyl-2,2 0-diol (BINOL) and bis-

diphenylphosphonate derivatives (BINAP) are completely synthetic molecules

that have been developed to exploit the axial dissymmetry induced by the re-

stricted rotation about the biaryl bond (Scheme 1.8) [64]. During the past 15 years,

these compounds have become the most widely used ligands for both stoichio-

metric and catalytic asymmetric reactions, with many analogues and derivatives

having been developed recently.

1.4

Reaction Types

Normally, organocatalytic reactions proceed either by a much ‘‘tighter’’ or a much

‘‘looser’’ transition structure than chiral metal complex-mediated reactions. The

Scheme 1.8 Taddol and binaphthol-derived catalysts.
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former class involves compounds, which are acting as covalently (truly) bonded

reagents, with the bonding energy between catalyst and substrate exceeding

15 kcal. The latter class includes reactions via non-covalent complexes, and usu-

ally via ion pairing as dominant interactions, and encompasses interactions lower

than 4 kcal mol�1 [4].

1.4.1

Covalent Catalysis

The vast majority of organocatalytic reactions proceeds via covalent formation

of the catalyst–substrate adduct to form an activated complex. Amine-based

reactions are typical examples, in which amino acids, peptides, alkaloids and

synthetic nitrogen-containing molecules are used as chiral catalysts. The main

body of reactions includes reactions of the so-called generalized enamine cycle

and charge accelerated reactions via the formation of iminium intermediates

(see Chapters 2 and 3). Also, Morita–Baylis–Hillman reactions (see Chapter 5),

carbene-mediated reactions (see Chapter 9), as well as asymmetric ylide reactions

including epoxidation, cyclopropanation, and aziridination (see Chapter 10), and

oxidation with the in situ generation of chiral dioxirane or oxaziridine catalysts

(see Chapter 12), are typical examples.

1.4.2

Non-Covalent Organocatalysis

There are a growing number of asymmetric organocatalytic reactions, which are

accelerated by weak interactions. This type of catalysis includes neutral host–

guest complexation, or acid–base associations between catalyst and substrate.

The former case is highly reminiscent of the way that many enzymes effect reac-

tions, by bringing together reactants at an active site and without the formation of

covalent bonds. The chemistry of this organocatalysis is discussed in Chapter 13.

Weak acid–base chiral complex formation represents hydrogen bond catalysis

(see Chapter 9) and deprotonation followed by cation/anion association under

homogeneous, and also under phase-transfer conditions (see Chapter 4) [14, 65].

1.5

How This Book is Organized

The goal of this handbook is to bring together all important aspects of the rapidly

growing field of asymmetric organocatalysis. The authors have attempted this dif-

ficult task in order to provide some practical guidelines for all of those who wish

to familiarize themselves with this new domain, and also to provide useful infor-

mation to those who are contributing actively to the extraordinary evolution of

this field. The book is divided into two complementary parts:
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� ‘‘Reactions’’ (Chapters 2 to 13), which discuss the most currently used organo-

catalytic transformations and provide a scholar mechanism-based treatment of

the major reaction types.
� ‘‘Experimental Procedures’’ (Chapter 14), which gathers critically selected how-

to-do-it protocols, classified according to transformation types.
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2

Enamine Catalysis

2.1

Aldol and Mannich-Type Reactions

Fujie Tanaka and Carlos F. Barbas, III

2.1.1

Introduction

Chiral amines (both primary and secondary amines) and amino acids have been

used as catalysts for aldol reactions, Mannich-type reactions, and other reactions

that proceed through enamine intermediates. An enamine-based catalytic cycle is

shown in Scheme 2.1. The catalytic cycle includes formation of an iminium inter-

mediate between a donor carbonyl compound and the amine-containing catalyst,

the formation of an enamine intermediate from the iminium, CaC bond forma-

19

Scheme 2.1 The enamine catalytic cycle. An enamine derived from an

amine- or amino acid-catalyst can react with a variety of electrophiles.

The aldehyde and ketone reactants that form enamines and act as

nucleophiles are often described as ‘‘donors’’. Aldehyde and imine

reactants that serve as electrophiles are described as ‘‘acceptors’’ for

aldol and Mannich reactions, respectively. Ketones also serve as

acceptors for aldol reactions.



tion between the enamine and acceptor, and hydrolysis of the resulting iminium

to afford the product. Historically, (S)-proline derivatives have been used in stoi-

chiometric asymmetric enamine chemistry since the 1960s [1]. Unlike the cata-

lytic reactions that were to follow, these early reactions involved the formation

and isolation of enamines that were then reacted. Subsequently, the early 1970s

witnessed the development of the first asymmetric intramolecular aldol reactions

catalyzed by amino acids containing either primary amines, for example with

phenylalanine and alanine, or the secondary amine provided by proline [2, 3].

Although direct catalytic asymmetric aldol reactions of the intramolecular

‘‘Hajos–Parish’’ variety have been used continuously since their discovery, some-

what surprisingly the scope of this type of amino acid catalysis remained largely

unexplored until recently. In 1997, we initiated comparative studies between pro-

line catalysis and the aldolase antibody catalysts that we had created to catalyze

intermolecular aldol reactions using the enamine mechanism common to en-

zymes [4a–e]. These studies led us to determine that proline-catalyzed reactions

were analogous in many ways to the reactions catalyzed by aldolase antibodies,

and that aldolase antibodies and proline could catalyze many of the same reac-

tions, both using enamine catalysis. This new insight led us to study proline and

other amino acids and their derivatives as catalysts for intermolecular aldol reac-

tions [5, 6], and tandem Michael-aldol [43] reactions that had been well studied

with aldolase antibodies [4c–e]. With this success, in 2000 we began to view

proline as the ‘‘elusive’’ open-active site aldolase capable of generating an enam-

ine and reacting it with a wide variety of electrophiles, lacking the limitations

of scope that are imposed by the steric constraints of an enzyme’s active site.

Enamine-based direct asymmetric amine- or amino acid-catalyzed intermolecular

reactions via in-situ-generated enamine intermediates has since undergone signif-

icant development [6–8]. An attractive feature of this chemistry is that it can

afford highly enantiomerically enriched products under mild conditions, without

the requirement of preformation or isolation of enamines, or preactivation of car-

bonyl compounds; this is in contrast to approaches based on preformed enolate

equivalents such as silyl enol ethers. The amine- or amino acid-based reactions

can be performed simply by mixing reactants and a catalyst in an appropriate sol-

vent under air at room temperature. The simplicity of these reaction conditions

stand in stark contrast to reactions that use lithium amides to form enolate inter-

mediates and control the stereochemical outcome of reactions through the use of

a stoichiometric chiral auxiliary. Such approaches lack atom economy and typi-

cally require low temperatures, absolute solvents, and an atmosphere of inert

gas, such as argon or nitrogen.

2.1.2

Aldol Reactions

2.1.2.1 Aldol Reactions of Alkyl Ketone Donors

(S)-Proline (1), its derivatives, and related molecules catalyze aldol reactions of

ketone donors [6]. For example, (S)-proline, (2S,4R)-4-hydroxyproline (2), and
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5,5-dimethylthiazolinium-4-carboxylic acid (3) all similarly catalyzed aldol reac-

tions (Table 2.1) [6]. These reactions were performed by mixing a large excess of

acetone (20 vol%), an aldehyde, and the catalyst (0.2 equiv to the aldehyde) in

organic solvent, such as DMSO, at room temperature. The typical enantioselectiv-

ities of these reactions were 60–90% enantiomeric excess (ee) for arylaldehyde

acceptors (aldol electrophiles), and up to 96% ee for a,a-disubstituted aldehyde

acceptors. Although the enantioselectivities were not perfect in these reactions,

these results indicate that simple chiral amino acids can catalyze intermolecular

direct asymmetric aldol reactions via in-situ-generated enamines, a chemistry

shared with much more complex enzyme catalysts.

(S)-Proline is a natural amino acid that is non-toxic, safe, and available at low

cost. Indeed, (S)-proline is one of the few edible catalysts for asymmetric synthe-

sis. As described later in this chapter, (S)-proline is an excellent catalyst that pro-

vides high enantioselectivities for aldol reactions involving certain reactants, and

is also an effective catalyst of other reactions. Although reaction conditions using

(S)-proline can be optimized, proline is not always the best catalyst for many re-

actions. Other amino acids and small amine derivatives have also been used to

catalyze reactions in order to afford desired products in good yields with high

regio-, diastereo-, and enantioselectivities within a reasonable reaction time. The

selection of reaction conditions – for example, solvents, temperatures, concentra-

tions of reactants and of catalyst, and catalyst loading amounts – is often impor-

tant to obtain the desired results. For example, proline amide derivative 4 was

used for aldol reactions at �25 �C to afford high enantioselectivities (Table 2.2)

[9]. Other proline amide derivatives [10, 11] and proline hydrazide [12] derivatives

Table 2.1 Aldol reactions of acetone and aldehydes [6].

Entry R Catalyst Yield [%] ee [%]

1 4-NO2C6H4 1 68 76

2 2 85 78

3 3 60 86

4 i-Pr 1 97 96

5 c-C6H11 1 60 85
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have also been used at �35 �C and 0 �C, respectively, for the aldol reaction of ace-

tone and aldehydes to afford products with high enantioselectivities.

(S)-Proline-catalyzed aldol reactions involving 2-butanone afforded the products

of CaC bond formation at the methyl group, the less substituted a-position of

the ketone as the major regioisomers (Fig. 2.1) [6, 9]. The regioselectivity of the

aldol reaction of 2-butanone was reversed using a proline amide derivative as the

catalyst, as shown in Scheme 2.2 [13]. The (S)-proline-catalyzed aldol reactions

of cyclohexanone and of cyclopentanone afforded both anti- and syn-products
(anti:syn@ 2:1) with moderate enantioselectivities (63–89% ee) [6]. The selectivity

Table 2.2 Aldol reactions of acetone and aldehydes catalyzed by proline amide 4 [9].

Entry R Yield [%] ee [%]

1 4-NO2C6H4 62 99

2 Ph 68 98

3 i-Pr 75 >99

4 c-C6H11 80 99

Fig. 2.1 Products of (S)-proline 1- and 4-catalyzed aldol reactions of 2-butanone [6, 9].
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was improved using a proline amide derivative (Scheme 2.2) [13]. Proline-derived

diamine-acid combination catalysts and O-protected-4-hydroxyproline derivatives

also afforded good diastereo- and enantioselectivities for the aldol reactions of cy-

clopentanone in water [14, 15], as discussed later in this section. The aldol reac-

tions of a series of ketone donors with chloral using a proline-derived tetrazole

catalyst afforded the products with high enantioselectivities [16] (see below, later

in this section).

2.1.2.2 Aldol Reactions of a-Oxyketone Donors

Direct asymmetric aldol reactions of a-oxyketones provide concise routes to carbo-

hydrate derivatives. Guided by studies initially performed with aldolase anti-

bodies, hydroxyacetone was first studied as a donor under proline catalysis

[4b,d]. (S)-Proline catalyzed the aldol reactions of hydroxyacetone [6, 17] and of

2,2-dimethyl-1,3-dioxan-5-one (5) [18], as shown in Tables 2.3 and 2.4, respec-

tively. Reaction with hydroxyacetone provided products with CaC bond formation

at the hydroxy group-substituted a-position, with exclusive regioselectivity. In re-

actions with these oxyketones, the anti-aldol products were obtained with high

diastereo- and enantioselectivities in many cases. The configurations of the newly

generated stereocenters depended on the catalyst used for the aldol reactions, and

not on the stereochemistries of the acceptor aldehydes (Scheme 2.3). That is, (S)-
proline and (R)-proline provided either anti-diastereomer in reactions with a chi-

ral aldehyde acceptor, indicative of catalyst control in the stereochemistry-defining

step. Deprotection and reduction of the ketone group of these products afforded

expedient access to carbohydrates (Scheme 2.4) [18]. (For syn-selective cross-aldol

reactions of ketone donors and aldehyde acceptors see Chapter 14.1.1). The (S)-
proline-catalyzed reaction between 5 and pentadecenal was used for the synthesis

of phytosphingosines [19].

The regioselectivities of the aldol reactions of hydroxyacetone were reversed

from those of the proline-catalyzed reactions when small peptide catalyst 6 or 7

containing (S)-proline at the N-terminal was used, as shown in Table 2.5 [20].

Scheme 2.2 Aldol reactions using a proline amide catalyst [13].
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Table 2.4 (S)-Proline-catalyzed aldol reactions of 2,2-dimethyl-1,3-dioxan-5-one [18].

Entry R Conditionsa) Yield [%] anti:syn anti ee [%] Ref.

1 i-Pr A 97 >98:2 94 18a

2 i-Bu B 75 10:1 98 18c

3 CH2OBn A 40 >98:2 97 18a

4 CH2(OMe)2 A 69 94:6 93 18a

5 CH2OAc B 60 >15:1 98 18c

a)Conditions: A, Ketone 5 (2.3 mmol, 1 equiv.), aldehyde (2.3 mmol, 1

equiv.), (S)-proline (0.69 mmol, 0.3 equiv.), DMF (1.2 mL), 2 �C, 6

days; B, ketone 5 (0.5 mmol, 5 equiv.), aldehyde (0.1 mmol, 1 equiv.),

(S)-proline (0.02 mmol, 0.2 equiv.), DMF (0.2 mL), 4 �C, 72 h.

Table 2.3 (S)-Proline-catalyzed aldol reactions of hydroxyacetone [6, 7].

Entry R Yield [%] anti:syn anti ee [%]

1 i-Pr 62 >20:1 >99

2 c-C6H11 60 >20:1 >99

3 40 2:1 >97

4 Ph 83 1:1 80
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2.1.2.3 Aldol Reactions of Aldehyde Donors

(S)-Proline-catalyzed aldehyde donor reactions were first studied in Michael [21]

and Mannich reactions (see below), and later in self-aldol and in cross-aldol reac-

tions. (S)-Proline-catalyzed self-aldol and cross-aldol reactions of aldehydes are

listed in Table 2.6 [22–24]. In self-aldol reactions, the reactant aldehyde serves as

both the aldol donor and the acceptor; whereas in cross-aldol reactions, the donor

aldehyde and acceptor aldehyde are different.

Self-aldolization of acetaldehyde provided one-step enantioselective syntheses

of (5R)- and (5S)-Hydroxy-(2E)-hexenal using either (R)- or (S)-proline as catalysts
of the homologation of three acetaldehyde units; ee-values of up to 90% were ob-

tained [25]. Using this methodology, a series of triketides was prepared by slow

addition of propionaldehyde into acceptor aldehyde and (S)-proline in DMF, and

the isolated lactols were converted to the corresponding d-lactones [26]. The prod-

uct enantiomeric purity was typically moderate because of the isomerization

Scheme 2.4 Expedient synthesis of carbohydrates enabled by simple

manipulation of proline aldol products [18].

Scheme 2.3 (S)- and (R)-Proline-catalyzed aldol reactions of 5 [18].

2.1 Aldol and Mannich-Type Reactions 25



during the second aldol step, but these reactions are significant in terms of asym-

metric formation of carbohydrates from aldehydes in one-step and were sug-

gested to be potential pre-biotic routes to carbohydrates.

Significant for cross-aldol reactions, when an aldehyde was mixed with (S)-
proline in a reaction solvent, the dimer (the self-aldol product) was the predomi-

nant initial product. Formation of the trimer typically requires extended reaction

time (as described above). Thus, it is possible to perform controlled cross-aldol

reactions, wherein the donor aldehyde and the acceptor aldehyde are different.

In order to obtain a cross-aldol product in good yield, it was often required that

the donor aldehyde be slowly added into the mixture of the acceptor aldehyde

and (S)-proline in a solvent to prevent the formation of the self-aldol product of

the donor aldehyde. The outcome of these reactions depends on the aldehydes

used for the reactions. Slow addition conditions can sometimes be avoided

through the use of excess equivalents of donor or acceptor aldehyde – that is, the

use of 5–10 equiv. of acceptor aldehyde or donor aldehyde. In general, aldehydes

that easily form self-aldol products cannot be used as the acceptor aldehydes in

Table 2.5 Peptide 6- and 7-catalyzed aldol reaction of hydroxyacetone [20].

Entry R Catalyst Yield of A [%] ee of A [%] Yield of B [%]

1a) 4-NO2C6H4 6 82 82 18

2b) 7 76 87 21

3a) 2,6-Cl2C6H3 6 84 96 –c)

4b) 7 73 96 –c)

a)Catalyst 6 (0.2 equiv.), 4 days.
b)Catalyst 7 (0.1 equiv.), 6 days.
c)Not reported.
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cross-aldol reactions. Certain features of aldehydes typically determine whether

an aldehyde can be a donor or an acceptor in a cross-aldol reaction. For example,

a,a-disubstituted aldehydes (such as isobutyraldehyde), aldehydes possessing a

bulky substituent, and non-enolizable aldehydes (such as arylaldehydes), can

serve as acceptors and linear alkyl aldehydes can act as donors. The aldol products

of the reactions of aldehyde donors have an aldehyde group, and these types of

product often easily isomerize at the position alpha to the aldehyde. In order to

obtain high enantioselectivities for these reactions, carefully controlled reaction

conditions and work-up and purification procedures must be used.

Table 2.6 (S)-Proline-catalyzed cross-aldol reactions of aldehyde donors.a)

Entry R1 R2 Yield [%] anti:syn anti ee [%] Ref.

1 Me Et 80 4:1 99 22

2 Me i-Bu 88 3:1 97 22

3 n-Bu i-Pr 80 24:1 98 22

4 OBn CH2OCH2Ph 73 4:1 98 23

5 Me CH2OTIPS 75 4:1 99 23

6b) i-Pr 87 >100:1 >99.5 24

7b) i-Pr 89 6:1 97 24

a)TIPS ¼ triisopropylsilyl.
b)The reaction was performed in NMP instead of in DMF.

Conditions: Entry 2: A solution of donor aldehyde (2.0 mmol, 2 equiv.)

in DMF (500 mL) was added slowly over 2.5 h to a stirring mixture of

acceptor aldehyde (1.0 mmol, 1 equiv.) and (S)-proline (0.10 mmol,

0.1 equiv.) in DMF (500 mL) at 4 �C. The resulting mixture was stirred

for 16 h at the same temperature. Entry 6: A mixture of donor aldehyde

(2 mmol, 1 equiv.), acceptor aldehyde (20 mmol, 10 equiv.), and

(S)-proline (0.6 mmol, 0.3 equiv.) in N-methylpyrrolidone (NMP)

(1.0 ml) was stirred at 4 �C for 36 h.
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(S)-Proline-catalyzed cross-aldol reaction of aldehydes followed by Mukaiyama

aldol reaction sequence was used for the synthesis of prelactone B [27]. The prod-

ucts of the aldol reactions of O-protected a-oxyaldehydes are protected carbohy-

drates, and were also transformed to highly enantiomerically enriched hexose

derivatives, again through a second Mukaiyama aldol reaction (Scheme 2.5)

[28]. The products of the aldol reactions of N-protected a-aminoaldehyde donor

were easily converted to the corresponding highly enantiomerically enriched

b-hydroxy-a-amino acids and their derivatives (Scheme 2.6) [24]. (For experimen-

tal details see Chapter 14.1.1).

Although (S)-proline was an efficient catalyst for the aldol reactions of many

aldehyde donors, the (S)-proline-catalyzed aldol reactions of a,a-disubstituted

aldehyde donors were inefficient [29]. By using a fluorescence-based screening

methodology [30], pyrrolidine-derived amine and acid combination catalysts

were developed [29]. The combination catalyst 8-CF3CO2H efficiently catalyzed

the aldol reactions of a,a-disubstituted aldehyde donors to afford products con-

taining quaternary carbon centers (Table 2.7) that are typically difficult to synthe-

size [29]. The acid component of the combination catalyst is important for the re-

action: the use of 8-CF3SO3H instead of 8-CF3CO2H was also efficient for the

reaction, but the reaction with 8-CH3CO2H afforded the products with only low

enantioselectivities. For the formation of the corresponding racemic aldol prod-

ucts, pyrrolidine-CH3CO2H was an efficient catalyst [29a]. A pyrrolidine-derived

diamine-protonic acid combination was studied for the first time in the acetone

aldol reaction, but was ineffective as compared to proline [6]. Later, a series of

pyrrolidine-derived diamine-protonic acid combination catalysts were tested in

Scheme 2.5 Syntheses of carbohydrate derivatives using the (S)-proline-

catalyzed aldol reactions [26, 28].
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Scheme 2.6 Syntheses of b-hydroxy-a-amino acid derivatives using the

(S)-proline-catalyzed aldol reactions [24].

Table 2.7 Diamine 8-CF3CO2H-catalyzed aldol reactions of a,a-

disubstituted aldehyde donors to afford hydroxyaldehydes with a

quaternary carbon atom [29].

Entry R X Yield [%] anti:syn anti ee [%]

1 Me NO2 94 – 95

2 Me Br 80 – 95

3 Et NO2 96 62:38 91

4 (CH2)8CH3 NO2 93 69:31 91

5 CH2C6H4-4-t-Bu NO2 91 85:15 96

Conditions: Diamine 8 (0.05 mmol, 0.1 equiv), CF3CO2H (0.05 mmol,

0.1 equiv), donor aldehyde (1.0 mmol, 2 equiv), acceptor aldehyde

(0.5 mmol, 1 equiv), DMSO (0.5 mL). Entries 1 and 2, 12 h; entry 3,

72 h; entries 4–6, 48 h. For entry 6, donor aldehyde (5.0 mmol).
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the aldol reactions of acetone; in these cases, a,b-unsaturated products (formally

H2O-eliminated products from the aldols) formed as byproducts with the desired

aldol products (up to 93% ee) [31]. Pyrrolidine bearing a sulfonamide group also

catalyzed the aldol reactions of a,a-disubstituted aldehyde donors with high enan-

tioselectivities [32].

2.1.2.4 Aldol Reactions with Ketone Acceptors

Intermolecular aldol reactions with ketone acceptors that possess an electron-

withdrawing group are also catalyzed by (S)-proline and diamine 8-CF3CO2H, as

shown in Scheme 2.7 [33–36]. Reactions with unsymmetrical ketone acceptors

provided concise syntheses of compounds containing a quaternary (tetrasubsti-

tuted) carbon center, but these reactions are significantly more rare than their al-

dehyde counterpart and present significant challenges in terms of reactivity and

stereocontrol. Enantiomerically enriched a-hydroxy-phosphonates have also been

also prepared by (S)-proline-catalyzed reactions [35]. Aldol reactions involving an

a-ketoacid acceptor were accomplished by the use of pyrrolidine amide catalyst

containing a pyridine moiety to selectively recognize the carboxylic acid of the

Scheme 2.7 Aldol reactions with ketone acceptors [33–36].
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acceptors (Scheme 2.8) [37]. Dimerization of 2,2-dimethyl-1,3-dioxan-5-one (5)

was also catalyzed by (S)-proline [18a].

2.1.2.5 Intramolecular Aldol Reactions

(S)-Proline, its derivatives, and other amino acids, such as (S)-phenylalanine,
were used to catalyze asymmetric intramolecular aldol reactions and aldol con-

densations of meso-triketones (Scheme 2.9) [2, 3, 38–42], and these reactions

were used as key steps for the synthesis of enantiomerically enriched steroids

and other bioactive compounds. (For experimental details see Chapter 14.1.3). En-

powered with mechanistic insight into these reactions gained through studies of

aldolase antibodies [4], the classical Hajos–Parrish-type reaction was re-examined

in 2000 [43]. This study demonstrated the potential of proline to catalyze reac-

tions via both imine and enamine mechanisms, and that imine and enamine cat-

alytic pathways could be linked in a tandem or cascade reaction processes. Inter-

esting and different properties of pyrrolidine derivatives were demonstrated. For

example, one family of molecules afforded the aldol addition product, while other

pyrrolidine derivatives provided the aldol condensation products [43]. In the reac-

tion between 2-methyl-cyclohexane-1,3-dione and methylvinyl ketone, some pyr-

rolidine derivatives catalyzed the synthesis of only the Michael product via imi-

nium activation of methylvinyl ketone, while other pyrrolidine derivatives and

amino acids catalyzed the Michael addition and aldol condensation reaction, pro-

viding the Robinson annulation product in one step via a tandem imine, enamine

process [2, 43]. These results readily demonstrated that pyrrolidine derivatives

could be tuned to perform different catalytic tasks. More recently, cyspentacin

was also shown to catalyze the intramolecular aldol reactions [44]. However, cy-

spentacin-derived tetrazole afforded a different aldol product in racemic form.

Other key intermediates of bioactive compounds have also been enantioselectively

synthesized by intramolecular aldol reactions using proline derivatives as cata-

lysts (Scheme 2.10) [45].

2.1.2.6 Mechanism and Transition States of Aldol Reactions and Effects of Water

on Aldol Reactions

For the (S)-proline-catalyzed aldol reaction of acetone and 4-nitrobenzaldehyde

in DMSO, involvement of a single molecule of (S)-proline in the CaC bond-

Scheme 2.8 Aldol reaction of a ketoacid acceptor using proline amide

catalyst bearing a molecular recognition site for the carboxylic acid

of the acceptor [37].
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Scheme 2.9 Intramolecular aldol reactions: (a) [43]; (b) [2b]; (c) [44].

Scheme 2.10 Intramolecular aldol reactions to form bicyclo[3,3,1]alkanones [45].
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formation step was first supported by studies that demonstrated a liner relation-

ship between the ee-value of the catalyst (S)-proline and that of the aldol product

[6]. The proposed pathway and the most suitable transition state of the (S)-
proline-catalyzed aldol reaction of acetone and acetaldehyde are summarized in

Scheme 2.11 [6, 46–49]. The pathway includes iminium formation, enamine

formation, CaC bond formation, and hydrolysis of iminium. The anti-enamine

(s-trans-enamine) is predominately used for the CaC bond formation over the

syn-enamine (s-cis-enamine) in this proline-catalyzed reaction. The facial selectiv-

ities of the enamine and of the acceptor aldehyde are controlled by the carboxylic

acid of the (S)-proline. The methyl group of acetaldehyde is at an equatorial posi-

tion in the six-membered transition state of the CaC bond formation. In the (S)-
proline-catalyzed intramolecular aldol reaction shown in Scheme 2.9(b), computa-

tional analysis has suggested that both the enamine formation and the CaC bond

formation represent the rate-limiting steps [50]. In intermolecular aldol reactions,

it has been demonstrated experimentally that faster enamine formation contrib-

utes to faster product formation [29a].

For the aldol reactions of aldehyde donors using (S)-proline or diamine (S)-8-
CF3CO2H, the major products and the proposed most suitable transition state

that explains the stereochemistries of the products are also shown in Scheme

2.12 [8, 29a].

Although experimental support exists for one proline molecule in the transition

state of proline-catalyzed intramolecular aldol reactions was later developed [6, 51],

reaction rates and stereoselectivities are not fully explained by a simple transition-

state model. For example, the insoluble portion of the catalyst cannot participate

in the catalysis. However, when a catalyst with a low enantiopurity is used, the

solubilized portion of the catalyst can have a higher enantiopurity (i.e., racemic

Scheme 2.11 The proposed pathway and most suitable transition state

of the (S)-proline-catalyzed aldol reaction of acetone [6, 46–49].
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catalyst precipitates) or lower enantiopurity (i.e., highly enantiopure catalyst pre-

cipitates). Thus, the enantiopurity of the catalyst added to the reaction mix may

not be linearly related to the net enantioselectivity of the reaction as it is per-

formed [52]. Indeed, this mechanism lends support to the idea that homochiral

aldols and carbohydrates could have been formed prebiotically under amino acid

catalysis [26]. A further complication is the fact that the product formed in the

catalytic reaction can become involved in the reaction itself and affect the reaction

rate and/or enantioselectivity of the net reaction [53].

The existence of the enamine intermediate of proline-catalyzed reaction with

acetone as a donor was detected by mass analysis [54], but not by 1H NMR. The

formation of the presumed enamine intermediate generated from pyrrolidine-

acetic acid and isobutyraldehyde was confirmed by 1H NMR [29a]. In this study,

the enamine formation in the presence of pyrrolidine-acetic acid was observed

within 5 min, but the enamine was shown to form only very slowly in the ab-

sence of acid. In these pyrrolidine derivative–acid combination catalysts, the acid

component was shown to be important both for faster enamine formation and for

the stereocontrol in the CaC bond-forming step. These catalyst systems are essen-

tially ‘‘split-proline’’ systems that allow for the contributions of the pyrrolidine

and carboxylate functionalities of proline to be probed independently.

The use of different acid functionalities on pyrrolidine-derived catalysts has im-

proved the reaction rate of some aldol reactions. For example, pyrrolidine-based

tetrazole derivative 9 (Fig. 2.2) catalyzed many aldol reactions with rates faster

than proline, with similar stereocontrol [16, 18b, 24, 55]. The faster reaction rates

with tetrazole derivative 9 in DMSO as compared with proline were attributed to

the lower pKa of the tetrazole moiety as compared to the carboxylic acid group in

DMSO (tetrazole pKaðDMSOÞ 8.2; acetic acid pKaðDMSOÞ 12.3) [55, 56]. In addition,

tetrazole derivative 9 is more soluble than proline in many organic solvents. A

higher actual concentration of the catalyst in the solution phase of a reaction mix-

Scheme 2.12 The proposed most suitable transition states of the

(S)-proline-catalyzed and diamine 8-CF3CO2H-catalyzed aldol reactions

of aldehyde donors [29b].
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ture contributes to faster initial reaction rates. Note that catalyst 9 is not always

better than proline. Rather, the outcome of a reaction with proline or with catalyst

9 depends on the reactants: in some cases, aldol reactions with proline afforded

much higher enantioselectivity than those with tetrazole catalyst 9 [35]. In the

case of diamine-acid catalysts, as described above, the acid component (both type

and amount) also affected the outcome of the catalyzed aldol reactions [29, 31].

Phenol derivatives were also used as acid additives in pyrrolidine-catalyzed non-

asymmetric aldol reactions [57]. Amides [9, 13, 20], sulfonamides [32, 58], thioa-

mides [59], and hydroxy groups [9, 11, 60] on pyrrolidine-derived catalysts also

function as acids for aldol reactions.

In the (S)-proline-catalyzed aldol reactions, the addition of a small amount of

water did not affect the stereoselectivities [6]. However, a large amount of water

often resulted in products with low enantiomeric excess; water molecules inter-

rupt the hydrogen bonds and ionic interactions critical for the transition states

that lead to the high stereocontrol. For example, in the (S)-proline-catalyzed aldol

reaction of acetone and 4-nitrobenzaldehyde in DMSO, the addition of 10% (v/v)

water to the reaction mixture reduced the ee-value from 76% (no water) to@30%

[6]. Note that the addition of a small amount of water into (S)-proline-catalyzed
reactions often accelerates the reaction rate, and the addition of water should be

investigated when optimizing these reactions [61].

In the case of the 9-catalyzed aldol reactions of ketones and aldehyde donors

that have a high affinity for water (e.g., chloral, trifluoroacetaldehyde, aqueous

formaldehyde; or the corresponding hydrates of the aldehydes), the addition of

100–500 mol% water to the reaction mixture accelerated the reaction rate and

afforded the products with higher enantiomeric excess (Scheme 2.13) [16]. The

presence of a catalytic amount of water (20 or 50 mol%) or no addition of water

Fig. 2.2 Proline and its tetrazole derivative used for aldol reactions [55, 56].

Scheme 2.13 Aldol reaction of a ketone and chloral catalyzed by 9 [16].
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resulted in only a low conversion. The major diastereomer of the reaction of

cyclopentanone was syn; thus, different transition states from those shown in

Schemes 2.11 and 2.12 were suggested for these reactions.

Many of the above-described pyrrolidine-based catalysts (e.g., proline) are use-

ful for preparing aldol products with high diastereo- and enantioselectivities in

organic solvents, or in organic solvents with a small amount of water. However,

most of those catalysts typically either do not catalyze aldol reactions, or they cat-

alyze but afford very low or no enantioselectivities, in water, in water with surfac-

tants, or in organic solvents with a large amount of water [62]. Some proline

amide derivatives or small peptides 6 and 7 also catalyzed aldol reactions with

high enantioselectivity in aqueous media (see Table 2.5), as described above [20].

Aldol reactions that exhibit high stereocontrol in water without any organic sol-

vent were performed using 10-CF3CO2H (Table 2.8) [14]. Amine 10 has hydro-

phobic alkyl chains, and thus 10-CF3CO2H assembles with hydrophobic reactants

through hydrophobic interactions in water. As a result, it is suggested that the

transition state for the stereodefining CaC bond-forming step is similar to that

Table 2.8 Direct asymmetric aldol reactions in water [14].

Entry Catalyst X Time [h] Yield [%] anti:syn anti ee [%]

1 10-CF3CO2H NO2 24 99 89:11 94

2 10-CF3CO2H CO2Me 48 89 91:10 91

3 10-CF3CO2H H 72 46 90:10 99

4 10-CH3CO2H NO2 24 81 60:40 21

5 10 NO2 5 99 94:6 1

6 11 NO2 5 78 84:16 22

7 8 NO2 5 99 77:23 0

8 8-CF3CO2H NO2 96 0 – –

9 (S)-Proline NO2 96 0 – –

Conditions: Amine or proline (0.05 mmol, 0.1 equiv.), acid (if used,

0.05 mmol, 0.1 equiv.), cyclohexanone (1.0 mmol, 2 equiv.), and

aldehyde (0.5 mmol, 1 equiv.) in water (1.0 mL).
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formed in neat organic solvents. With the designed catalyst, the reaction is be-

lieved to occur in an hydrophobic microenvironment within the catalyst. Such

a feature allows this catalyst system to use water as a solvent and affords aldol

product diastereoselectivity and enantioselectivity similar to those obtained from

the same reaction performed in DMSO. In most cases of the aldol reactions cata-

lyzed by 10-CF3CO2H in water, use of only 1–2 equiv. of a ketone donor relative to

the acceptor aldehyde efficiently afforded the products in good yield within 1 to 3

days. In this system, the acid component of the catalyst was also an important

contributor to high enantioselectivities: Amines 10, 11, and 8 alone without acid

additive, and 10-CH3CO2H, also catalyzed the aldol reaction in water, though

the enantioselectivities were poor (Table 2.8, entries 4–7). Note that amine

8-CF3CO2H catalyzed the aldol reaction in DMSO [29b], but did not catalyze the

reaction in water (Table 2.8, entry 8) [14]. Significantly, both ketone and aldehyde

donors were shown to be effective in this system.

Aldol reactions using catalyst 12 were also performed with water without any

organic solvent (Table 2.9) [15]. In these examples, it is assumed that the reaction

occurred in the organic phase composed of reactants and the catalyst separated

from the water phase. A large excess of ketone was used in these reactions. Cata-

lysts possessing a tert-butyldimethylsilyl (TBS) or a triisopropylsilyl (TIPS) group

instead of the tert-butyldiphenylsilyl (TBDPS) group on 12 also effectively cata-

lyzed the reaction with water, but hydroxyproline 2 did not catalyze the reaction

under the same conditions; this indicated that the hydrophobic substituents of

Table 2.9 Direct asymmetric aldol reactions with water catalyzed by 12 [15].

Entry n R Time [h] Yield [%] anti:syn anti ee [%]

1 1 Ph 18 78 13:1 >99

2 1 4-NO2C6H4 5 86 20:1 >99

3 1 c-C6H11 24 76 >20:1 >99

4 0 Ph 18 74 9:1 >99

Conditions: Catalyst 12 (0.04 mmol, 0.1 equiv.), ketone (2.0 mmol,

5 equiv.), aldehyde (0.4 mmol, 1 equiv.), and water (0.13 mL).

TBDPS ¼ tert-butyldiphenylsilyl.
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the catalysts were important for the catalysis with water. The same reaction using

12, but performed neat, provided lower diastereo- and enantioselectivities than

those obtained in the reactions with water. The addition of water improved not

only the selectivity of the reactions but also the rates. Similar results were also

reported with the use of (S)-tryptophan as a catalyst of aqueous aldol reactions

[63].

2.1.2.7 Catalyst Recycling

Systems have been developed that allow the recycling of catalysts. The first

case study involved simple adsorption of proline onto silica gel [6], but the system

suffered from a loss in enantioselectivity. More recently, promising results have

been obtained with fluorous proline derivatives [64] used for aldol reactions; the

recycling of fluorous catalysts has been demonstrated using fluorous solid–liquid

extraction. Solid phase-supported catalysts through covalent bonds [65] and

through noncovalent interactions [66] were also used for aldol reactions. Proline

and other catalysts can be recycled when ionic liquids or polyethylene glycol

(PEG) were used as reaction solvents [67].

2.1.2.8 Catalyst Development Strategies

In addition to rational design strategies, the optimization of catalysts and reaction

conditions through the screening of catalyst libraries and reaction conditions is

an important strategy for the development of reactions and their catalysts. For ex-

periments involving libraries, the use of methods that can evaluate library mem-

bers quickly and simultaneously is key. For example, using fluorogenic substrates

allows progress to be detected at an early stage of the reaction on a small scale in

a high-throughput format. Examples of reaction monitoring systems are shown

in Scheme 2.14. Fluorescence-based reaction monitoring systems that use a

fluorogenic maleimide have been used to rapidly and effectively evaluate

enamine-based aldol reactions [29, 30, 68]. Fluorogenic aldehydes have also been

developed, and these aldehyde reactants are useful in the development of aldol

catalysts [69]. Better catalysts were also identified by supporting them on beads

together with a reactant substrate. When the reactions were performed with an-

other reactant that was conjugated to a dye and the remaining the dye-containing

reactant removed was by washing, beads containing active catalysts were identi-

fied by the color of the dye [70].

2.1.3

Mannich Reactions

2.1.3.1 Mannich-Type Reactions of Aldehyde Donors with Glyoxylate Imines

(S)-Proline has been used to catalyze Mannich-type reactions of enolizable car-

bonyl donors. Reactions of unmodified aldehydes and N-p-methoxyphenyl (PMP)-

protected glyoxylate imine in the presence of a catalytic amount of (S)-proline
at room temperature afforded enantiomerically enriched b-aminoaldehydes, as
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shown in Table 2.10 [71]. (For experimental details see Chapter 14.2.1). The reac-

tions afforded the (2S,3S)-syn-product as the major diastereomer, and the diaster-

eoselectivities were excellent when aldehydes with a longer alkyl chain were used.

The enantioselectivities of the syn-products were also excellent. The reactions also

proceeded efficiently in a wide range of solvents, including DMSO, Et2O, EtOAc,

and THF, and afforded the desired products in good yields with high diastereo-

and enantioselectivities. The addition of water (up to 20%, v/v) into the reactions

did not affect the enantioselectivity, although the yield was moderate in the

reaction with 20% (v/v) water. Lesser quantities of water facilitated the reaction

and increased the yield. The use of ionic liquids [bmim]BF4 and [bmim]PF6 as

solvents in these reactions provided facile product isolation, catalyst recycling,

significantly improved reaction rates (approximately 4- to 50-fold), and afforded

the products with excellent yields and diastereo- and enantioselectivities. (S)-
Proline also catalyzed the Mannich reactions of a,a-disubstituted aldehyde donors

(Table 2.11) [72].

Scheme 2.14 Reaction monitoring systems for catalyst discovery and

reaction optimization through screening.
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Table 2.10 (S)-Proline-catalyzed Mannich-type reactions of aldehyde

donors and N-PMP-protected glyoxylate imine [71a,b].

Entry R Yield [%] syn:antia) syn ee [%]

1 Me 72 1.1:1 (3:1) 99

2 i-Pr 81 >10:1 (19:1) 93

3 n-Bu 81 3:1 (>19:1) 99

4 n-Pent 81 >19:1 (>19:1) >99

5 CH2CHbCH(CH2)4CH3 89 >19:1 (>19:1) 99

Conditions: Aldehyde (0.75 mmol, 1.5 equiv.), N-PMP-protected

a-imino ethyl glyoxylate (0.5 mmol, 1 equiv.), (S)-proline (0.025 mmol,

0.05 equiv.), dioxane (5 mL), rt, 2–24 h. PMP ¼ p-methoxyphenyl.

a)Ratio after purification. Ratio of the crude product is indicated in

parentheses. Epimerization at a-position of the aldehyde of the

Mannich products occurred during work-up and silica gel column

purification.

Table 2.11 (S)-Proline-catalyzed Mannich-type reactions of a,a-disub-

stituted aldehyde donors and N-PMP-protected glyoxylate imine [72].

Entry R1 R2 Yield [%] syn:anti syn ee [%]

1 Me Ph 66 85:15 86

2 a(CH2)4a 94 – 98

3 Me 2-Thienyl 80 83:17 92

4 Me 4-MeC6H4 82 75:25 99

5 Me 4-t-BuC6H4CH2 80 60:40 >99
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Whereas the (S)-proline-catalyzed Mannich reactions afforded (2S,3S)-syn-
isomers as the major products, (3R,5R)-5-methyl-3-pyrrolidinecarboxylic acid (13)

catalyzed the reactions and afforded (2S,3R)-anti-products in good yield with

high, almost perfect, diastereo- and enantioselectivities (Table 2.12) [73]. The reac-

tion rates of the 13-catalyzed Mannich reactions were approximately two- to three-

fold faster than the corresponding (S)-proline-catalyzed reactions that afford the

syn-products. Thus, the reactions with only 0.01 or 0.02 equiv. of 13 afforded the

desired products in reasonable yields within a few hours.

Note that catalyst 13 was designed for anti-selective Mannich reactions based

on the study of proline-catalyzed Mannich reactions. Four considerations are key

for the diastereo- and enantioselectivities observed in the (S)-proline-catalyzed re-

actions (Scheme 2.15a):

1. (E)-Enamine intermediates predominate.

2. The s-trans conformation of the (E)-enamine reacts in the

CaC bond-forming transition state. The s-cis conformation

results in steric interaction between the enamine and the

substituent at the 2-position of the pyrrolidine ring.

3. CaC bond formation occurs at the re-face of the enamine

intermediate. This facial selection is controlled by proton-

transfer from the carboxylic acid to the imine nitrogen.

4. The enamine attacks the si-face of the (E)-imine. The facial

selectivity of the imine is also controlled by this proton

transfer that increases the electrophilicity of the imine.

Table 2.12 anti-Mannich-type reactions of aldehyde donors and N-PMP-

protected glyoxylate imine catalyzed by (3R,5R)-5-methyl-3-pyrrolidine-

carboxylic acid (13) [73].

Entry R 13 [equiv.] Time [h] Yield [%] anti:syn anti ee [%]

1 Me 0.05 1 70 94:6 >99

2 i-Pr 0.05 3 85 98:2 99

3 n-Bu 0.02 1 71 97:3 99

4 n-Pent 0.05 3 80 97:3 >99

Conditions of entries 1–2, and 4: Aldehyde (0.5 mmol, 2 equiv.),

N-PMP-protected a-imino ethyl glyoxylate (0.25 mmol, 1 equiv.),

13 (0.0125 mmol, 0.05 equiv.), DMSO (2.5 mL).
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In order to form the anti-products enantioselectively, the reaction face of either

the enamine or the imine must be opposite that utilized in the proline-catalyzed

reactions. In the reactions catalyzed by 13 (Scheme 2.15b), the methyl group at

5-position of the pyrrolidine ring acts to fix the conformation of the enamine and

the acid functionality at the 3-position controls the enamine and imine face selec-

tion in the transition state (Scheme 2.15b). In order to avoid steric interactions

between the substituent at the 5-position of this catalyst and the imine in the

transition state, catalyst 13 has a trans configuration for substituents at the

3- and 5-positions. Although both the 3-carboxylic acid and 5-methyl groups of

catalyst 13 were critical for excellent anti-selectivity and enantioselectivity, the re-

action with 3-pyrrolidinecarboxylic acid showed that the 3-carboxylic acid group

alone had a significant role in the stereoselection.

Whereas the (S)-proline- and 13-catalyzed Mannich reactions afforded (2S,3S)-
syn-products and (2S,3R)-anti-products, respectively, as shown in Scheme 2.15,

with high diastereo- and enantioselectivities, the (S)-pipecolic acid (14)-catalyzed

reaction afforded (2S,3S)-syn- and (2S,3R)-anti-products with moderate diastereo-

selectivities but high enantioselectivities for both the syn- and anti-products [74]

(Scheme 2.16). This was explained by computational analyses indicating that

(S)-pipecolic acid uses both the s-trans and s-cis conformations of the enamine

similarly (the energy differences: 0.2 kcal mol�1 for pipecolic acid versus 1.0

kcal mol�1 for proline) in the CaC bond-forming transition state [74]. Note

that (S)-pipecolic acid was not a catalyst for the aldol reaction of acetone and

4-nitrobenzaldehyde [6].

Proline derivatives, such as (2S,4R)-4-hydroxyproline (2), (2S,4R)-4-tert-butoxy-
proline, (2S,3S)-3-hydroxyproline [71b] and tetrazole-containing pyrrolidine 9

[75] also catalyzed the Mannich-type reactions using aldehydes as nucleophiles

via enamine intermediates, and afforded the syn-isomer as the major diaster-

eomer with high enantioselectivity at room temperature. On the other hand,

Scheme 2.15 The proposed, most suitable transition states of the

(S)-proline- and 13-catalyzed Mannich reactions [73].
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pyrrolidine derivatives possessing a 2-bulky substituent that does not have an

acid functional group, such as 15 [76], and sulfonamide-containing binaphthyl

derivative 16 [77] catalyzed the Mannich reactions and afforded the anti-isomer

as the major diastereomer with high enantioselectivity at room temperature

(Fig. 2.3). Early studies with 2-methoxymethylpyrrolidine demonstrated that it

catalyzed Mannich reactions and afforded the anti-product as the major dia-

stereomer, but the enantioselectivities of the anti-products are lower than those

seen in the more recently developed catalyst systems [78]; this indicated that

the methoxymethyl group is too small to provide the stereocontrol needed for

high selectivities.

The (S)-proline-catalyzed Mannich-type reactions that afford enantiomerically

enriched aminoaldehyde derivatives constitute efficient routes to access enantio-

merically enriched a- and b-amino acid derivatives and b-lactams [71a,b] and

enzyme inhibitors [79] (Scheme 2.17). The Mannich products obtained from the

Scheme 2.16 (S)-Pipecolic acid (14)-catalyzed Mannich reactions afford

both syn- and anti-products [74].

Fig. 2.3 Catalysts for the Mannich-type reactions of aldehydes and

glyoxylate imines that use in-situ-generated enamine intermediates and

that selectively afford (a) syn-products or (b) anti-products with high

enantioselectivities.
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(S)-proline-catalyzed reactions using unmodified aldehydes as nucleophiles retain

the aldehyde group, and the aldehyde group of the products can be used for fur-

ther transformations in the same reaction vessel. For example, one-pot Mannich-

oxime formation [71b], Mannich-allylation [71c], and Mannich-cyanation [80] re-

actions have been demonstrated (Scheme 2.18). Mannich-type reaction products

that possess an aldehyde functionality are easily epimerized during work-up and

silica gel column purification. In the one-pot Mannich-cyanation reaction se-

quence, the cyanohydrin was obtained without epimerization at the a-position of

the original aldehyde Mannich products. Thus, this one-pot sequence minimizes

potential epimerization of the Mannich products.

Scheme 2.17 Synthesis of important compounds through (S)-proline-

catalyzed Mannich reactions: b-lactam (top) [71a,b] and serine protease

inhibitor (bottom) [79].

Scheme 2.18 One-pot Mannich-oxime formation [71b], Mannich-

allylation [71c], and Mannich-cyanation [80] reactions.
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2.1.3.2 Mannich-Type Reactions of Aldehyde Donors with Other Preformed Imines

(S)-Proline also catalyzed the Mannich-type reactions of unmodified aldehydes

and N-PMP-protected imines to afford the corresponding enantiomerically en-

riched b-aminoaldehydes at 4 �C (Table 2.13) [71b]. The products were isolated

after reduction with NaBH4, though oxidation to the b-amino acid is also possi-

ble. These reactions also provided the syn-isomer as the major diastereomer

with high enantioselectivities, and proceeded well in other solvents (e.g., dioxane,

THF, Et2O). In the reaction of propionaldehyde and the N-PMP-imine of 4-

nitrobenzaldehyde in DMF, the addition of water (up to 20%, v/v) did not affect

the enantioselectivity. Similar results were obtained for the (S)-proline-catalyzed
Mannich-type reactions with the glyoxylate imine where water did not reduce

enantioselectivity [71b]. However, the enantioselectivity of the reaction of propion-

aldehyde and the N-PMP-imine of benzaldehyde in DMF was decreased by the

addition of water or MeOH [71b].

The (S)-proline-catalyzed Mannich reactions of aldehyde donors and N-PMP-

protected imines of fluorinated aldehyde, such as CF3CHO, C2F5CHO, and

PhCF2CHO, were also used for the expedient synthesis of fluorinated aminoalco-

hols [81].

2.1.3.3 Three-Component Mannich Reactions using Aldehyde Donors

(S)-Proline also catalyzed Mannich reactions in a three-component (donor alde-

hyde, 4-methoxyaniline, arylaldehyde) protocol – that is, without preformation of

imine (Table 2.14) [71b, 82]. (For experimental details see Chapter 14.2.2). This

three-component format also afforded the syn-Mannich products in good yields

with high diastereoselectivity and enantioselectivities when slow addition of do-

nor aldehyde and/or formation of the imine prior to addition of donor aldehyde

was used at a lower reaction temperature, such �20 �C. Reactivity of benzalde-

hyde and of N-PMP-imine of benzaldehyde as acceptors was compared in the

Table 2.13 (S)-Proline-catalyzed Mannich-type reactions of aldehyde

donors and preformed imines [71b].

Entry R Ar Yield [%] syn:anti syn ee [%]

1 Me 4-NO2C6H4 81 >10:1 99

2 Me 4-CNC6H4 72 7:1 98

3 Me Ph 65 4:1 93

4 Me 3-BrC6H4 89 3:1 96

5 n-Pent 4-NO2C6H4 60 >19:1 90
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(S)-proline-catalyzed reaction using propionaldehyde as donor and the results

showed that the imine reactivity was approximately sevenfold higher than that of

the aldehyde [83]. Under basic conditions, it is generally accepted that nucleo-

philic addition to an aldehyde is typically faster than addition to an aldimine, but

nucleophilic addition to an aldimine is faster than addition to an aldehyde when

protonation of the imine nitrogen occurs [83]. In the (S)-proline-catalyzed three-

component Mannich reactions in the absence of arylaldehyde, self-Mannich prod-

ucts were obtained with moderate to high diastereo- and enantioselectivities

(Scheme 2.19) [71b, 82].

Table 2.14 (S)-Proline-catalyzed three-component Mannich reactions of

aldehyde donors [71b, 82].

Entry R Ar Yield [%] syn:anti syn ee [%] Ref.

1 Me 4-NO2C6H4 87 65:1 98 71b

2 Me Ph 82 4:1 94 71b

3 n-Pent 4-NO2C6H4 87 138:1 >99 71b

4 Me 4-ClC6H4 91 >95:5 98 82

5 Me Ph 90 >95:5 98 82

Conditions: Entries 1–3: To a mixture of ArCHO (0.5 mmol),

4-methoxyaniline (0.5 mmol), and (S)-proline (0.15 mmol) in DMF

(3 mL), donor aldehyde (5.0 mmol) in DMF (2 mL) was slowly added

(0.2 mL min�1) at �20 �C. The mixture was stirred at the same

temperature for 4–10 h. The mixture was diluted with Et2O and

reduction performed by addition of NaBH4 [71b]. Entries 4 and 5:

After stirring a solution of ArCHO (1.0 mmol), 4-methoxyaniline

(1.1 mmol), and (S)-proline (0.1 mmol) in N-methyl-2-pyrrolidinone

(1.0 mL) for 2 h at rt, propionaldehyde (3.0 mmol) was added to the

mixture at �20 �C, and stirring was continued for 20 h at the same

temperature. The reaction was worked-up and reduction with NaBH4

performed without purification [82].

Scheme 2.19 (S)-Proline-catalyzed self-Mannich reactions.
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2.1.3.4 Mannich-Type Reactions of Ketone Donors

(S)-Proline was also a good catalyst for the Mannich-type reactions of ketones and

glyoxylate imines [84, 85], as shown in Table 2.15. For these Mannich reactions of

ketone donors, an excess amount of ketone donors was typically used. The reac-

tions selectively afforded syn-products with high enantioselectivities at room

temperature. In the reactions of unsymmetrical alkyl ketone donors, such as

2-butanone, the CaC bond formation occurred exclusively at the more substi-

tuted a-carbon (Table 2.15, entries 2 and 4). When the reaction was performed

using a-hydroxyketone as a donor, CaC bond formation occurred exclusively

at the hydroxy-substituted a-carbon (entries 5 and 6). For the reactions of a-

aminoketones, azidoketone afforded 1,2-diamino products and phthalimidoace-

tone afforded the 1,4-diamino product (Scheme 2.20) [86]. The regioselectivity of

the reaction of phthalimidoacetone is explained by exclusive enamine formation

through deprotonation at the methyl group, whereas enamine formation by de-

protonation at the side of the protected amino group-substituted methylene is dis-

favored due to steric hindrance.

The Mannich reactions of ketones were also performed using sulfonamide-

containing pyrrolidine 17, and afforded the products with similar regio-, diastereo-,

Table 2.15 (S)-Proline-catalyzed Mannich-type reactions of ketone

donors and glyoxylate imines.

Entry R1 R2 Yield [%] syn:anti syn ee [%] Ref.

1 H H 82 – 95 84

2 H Me 72 >19:1 >99 84

3 Me Me 47 >19:1 >99 84

4 H CH2CHbCH2 79 >19:1 >99 84

5 H OH 62 >19:1 99 84

6 Me OH 68 4:1 98 84

7 a(CH2)3a 81 >19:1 >99 84

8 aOCMe2Oa 72 97:3 99 85

Conditions: Entries 1–7: Ketone (1 mL), N-PMP-protected a-imino

ethyl glyoxylate (0.5 mmol, 1 equiv.), (S)-proline (0.1 mmol, 0.2 equiv.),

DMSO (4 mL), rt, 2–24 h. Entry 8: After stirring (S)-proline (0.3

mmol) and 2,2,2-trifluoroethanol (1 mL) for 3 min at rt, the ketone

(1.0 mmol) was added. After 15 min, the imine (1.0 mmol) was added

and the mixture stirred for 20 h at rt.
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and enantioselectivities (Scheme 2.21) to those obtained in the (S)-proline-
catalyzed reactions [87]. Other pyrrolidine-based catalysts containing sulfonamide

functionality were also used for the Mannich reactions [88]. Tetrazole-containing

catalyst 9 catalyzed the same reactions with faster reaction rates in a lower catalyst

loading (0.01–0.05 equiv.), whilst retaining high diastereo- and enantioselectiv-

ities [75].

(S)-Proline-catalyzed additions of ketones to a cyclic imine provide concise

routes to access precursors for the synthesis of indole alkaloids (Scheme 2.22)

[89].

(S)-Proline also catalyzed Mannich reactions of ketone donors in a three-

component (donor ketone, 4-methoxyaniline, aryaldehyde) protocol, as shown

in Table 2.16 [84b, 90, 91]. In these three component reactions, the CaC bond

formation occurred at both a-positions of unsymmetrical alkyl ketones (entry 3),

and the ratio of the regioisomers depended on the reactant ketones and alde-

hydes. When the reaction was performed using a ketone donor possessing an

a-hydroxy or methoxy group, CaC bond formation occurred exclusively at the

oxy-substituted a-carbon (entries 5–7); the major diastereomer was again the

syn-product. The enantioselectivities of (S)-proline-catalyzed three-component

Scheme 2.20 Mannich-type reactions of azidoketones and of phthalimidoacetone.

Scheme 2.21 Mannich-type reactions catalyzed by sulfonamide-containing pyrrolidine 17 [87].
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Scheme 2.22 (S)-Proline-catalyzed addition of ketones to a cyclic imine.

Table 2.16 (S)-Proline-catalyzed three-component Mannich reactions of ketone donors.

Entry R1 R2 R3 Yield [%] syn:anti ee [%] Ref.

1 H H 4-NO2C6H4 50 – 94 90a,b

2 H H i-Bu 90 – 93 90a,b

3 H Me 4-NO2C6H4 66 >19:1 98 84b

Me H 4-NO2C6H4 27 – 95 84b

4 Me H 1-Naphthyl 73 – 96 84b

5 H OMe 4-NO2C6H4 93 >97.5:2.5 98 90b

6 H OH 4-NO2C6H4 92 20:1 >99 90b

7 H OH Ph 83 9:1 93 90b

8 aOCMe2Oa CH(OMe)2 91 >99.5:0.5 98 91

9 aOCMe2Oa CO2Et 91 >98:2 98 91

10 aOCMe2Oa 67 >98:2 >96 91

Conditions: Entries 1 and 2: (S)-Proline (0.35 mmol), 4-methoxyaniline

(1.1 mmol), aldehyde (1.0 mmol), ketone (2 mL), DMSO (8 mL), rt, 12 h.

Entries 6 and 7: (S)-Proline (0.2 mmol), 4-methoxyaniline (1.1 mmol),

aldehyde (1.0 mmol), hydroxyacetone (1 mL), DMSO (9 mL), rt,

3–16 h. Entries 8–10: Ketone 5 (0.77 mmol), aldehyde (0.38 mmol),

4-methoxyaniline (0.42 mmol), (S)-proline (0.11 mmol for entries 8

and 10, 0.04 mmol for entry 9), DMF (1 mL), H2O (1.5 mmol for entry

8, 1.1 mmol for entry 9), 2 �C, 2–5 days.
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Mannich reactions varied from excellent to low depending on the reactants; Table

2.16 includes the results of highly enantioselective reactions. Reactions using 2,2-

dimethyl-1,3-dioxane-5-one (5) provide for concise syntheses of enantiomerically

enriched protected amino sugars (entries 8–10) [91]. In reactions using 5, the ad-

dition of 1 to 10 equiv. of H2O increased the rate and stereoselectivity of the reac-

tion.

To perform anti-selective Mannich-type reactions, (R)-3-pyrrolidinecarboxylic
acid (18) was used as a catalyst (Table 2.17) [92]. In the case of Mannich-type

reactions of aldehyde donors, (3R,5R)-5-methyl-3-pyrrolidinecarboxylic acid (13)

catalyzed the anti-selective reactions and afforded high diastereo- and enantiose-

lectivities, as described above (Table 2.12 and Scheme 2.15). Catalyst 13, how-

ever, was ineffective in the Mannich-type reactions of ketones. The 13-catalyzed

Mannich-type reaction between 3-pentanone and N-PMP-a-imino ethyl glyoxylate

was very slow. It was suggested that the low efficiency of catalyst 13 in the ketone

reaction originated from relatively slow formation of the enamine intermediate

due to steric interaction with the methyl group of the catalyst (Scheme 2.23a). In

the case of reactions with catalyst 18, anti-selectivity has been explained by the

stereo-directing effect of the acid group at the 3-position (Scheme 2.23b): when

proton transfer occurs from the acid at the 3-position of the catalyst to the imine

nitrogen, the nucleophilic carbon of enamine A is properly positioned to react

with the imine, whereas the nucleophilic carbon of enamine B is too far from

Table 2.17 anti-Mannich-type reactions of ketone donors and

N-PMP-protected glyoxylate imine catalyzed by (R)-3-pyrrolidine-

carboxylic acid (18).

Entry R1 R2 Yield [%] anti:syn anti ee [%]

1 Me Me 91 97:3 97

2 H CH2CHbCH2 85 >95:5 91

3 a(CH2)3a 96 >99:1 96

4 aCH2SCH2a 78 >99:1 99

Conditions: Ketone (5.0 mmol, 10 equiv. for entries 1 and 2, 1.0 mmol,

2 equiv. for entries 3 and 4), N-PMP-protected a-imino ethyl glyoxylate

(0.5 mmol, 1 equiv.), 18 (0.05 mmol, 0.1 equiv.), 2-PrOH (1.0 mL).
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the imine carbon to form a bond. Thus, only A advances to CaC bond formation

via transition state C, although enamine conformations A and B may have similar

free energies. Since 18 does not have an a-substituent on the pyrrolidine, neither

enamine A nor B has a disfavored steric interaction like that shown in Scheme

2.23a.
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2.2

a-Heteroatom Functionalization

Mauro Marigo and Karl Anker Jørgensen

2.2.1

Introduction

In this chapter, we will outline the application of organocatalysis for the enantio-

selective a-heteroatom functionalization of mainly aldehydes and ketones. Atten-

tion will be focused on enantioselective amination-, oxygenation-, fluorination-,

chlorination-, bromination-, and sulfenylation reactions catalyzed by chiral

amines. The scope, potential and application of these organocatalytic asymmetric

reactions will be presented as the optically active products obtained are of signifi-

cant importance, for example in the life-science industries.

Optically active molecules having a chiral carbon atom attached to a heteroatom

adjacent to a carbonyl functionality (Fig. 2.4) are of fundamental use in a large

number of fields in chemistry.

A variety of methods are available for the stereochemical construction of these

optically active a-heteroatom-substituted carbonyl compounds, and in recent years

a large number of new procedures have been developed applying asymmetric ca-

talysis to carbonyl compounds, or their equivalents, as substrates [1]. The ‘‘trick’’

to these reactions is the direct CaH to C–Het transformation, as outlined in

Eq. (1).

ð1Þ
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Fig. 2.4 Optically active compounds having a carbon–heteroatom bond

adjacent to a carbonyl functionality.



Several catalytic asymmetric approaches can be considered for the CaH to

C–Het transformation demonstrated in Eq. (1), and the use of chiral Lewis acid-

and chiral organic molecules has attracted considerable attention during recent

years.

In the following sections we will describe recent developments and applications

in the organocatalytic a-heteroatom functionalization of aldehydes and ketones

catalyzed by chiral amines [1]. Notably, the CaH to C–Het transformations asso-

ciated with amination, oxygenation, halogenation (fluorination, chlorination, bro-

mination), and sulfenylation will be outlined (Scheme 2.24).

The direct activation and transformation of a CaH bond adjacent to a carbonyl

group into a C–Het bond can take place via a variety of mechanisms, depending

on the organocatalyst applied. When secondary amines are used as the catalyst,

the first step is the formation of an enamine intermediate, as presented in the

mechanism as outlined in Scheme 2.25. The enamine is formed by reaction of

the carbonyl compound with the amine, leading to an iminium intermediate,

which is then converted to the enamine intermediate by cleavage of the CaH

bond. This enamine has a nucleophilic carbon atom which reacts with the electro-

philic heteroatom, leading to formation of the new C–Het bond. The optically

active product and the chiral amine are released after hydrolysis.

The stereochemical information on the chiral center formed by the mechanism

outlined in Scheme 2.25 is determined by the R*-substituent in the chiral amine.

Here, two types of interaction are operating, namely electronic and steric. The

electronic interaction [2] outlined to the left in Figure 2.5 seems to take place

when the R*-substituent has an acidic hydrogen atom/proton such as a carboxylic

acid or tetrazole in the 2-position of a pyrrolidine ring. The acidic hydrogen atom

in these R*-substituents interacts with a lone pair in the heteroatom Y of the in-

coming electrophile. The electrophilic addition of the heteroatom takes thus place

Scheme 2.24 Organocatalytic a-heteroatom functionalization of carbonyl compounds.
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from the same face of the chiral substituent due to this hydrogen-bonding inter-

action, leading to an approach to the Re-face of the nucleophilic enamine-carbon

atom.

The face-selectivity originating from a steric shielding is outlined to the right in

Figure 2.5. The chiral substituent in e.g. the 2-position of the pyrrolidine ring

shields the Re-face of the enamine carbon atom forcing an approach of the elec-

trophile from the opposite site (Si-face approach) of the chiral substituent.

The configuration of the chiral carbon atom formed in the a-position of the

carbonyl functionality is thus dependent on the type of interaction between the

Scheme 2.25 Mechanism for the catalytic enantioselective a-heteroatom

functionalization of aldehydes and ketones catalyzed by secondary

chiral amines.

Fig. 2.5 Electronic and steric interactions in the approach of the

electrophilic heteroatom (Het) to the nucleophilic carbon atom in the

chiral enamine intermediate.
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electrophilic heteroatom and the catalyst. This change in interaction will there-

fore give rise to the opposite absolute configuration in the optically active product

formed if the catalyst has the same absolute configuration.

A different mechanism operates in the direct a-heteroatom functionalization of

carbonyl compounds when chiral bases such as cinchona alkaloids are used as

the catalysts. The mechanism is outlined in Scheme 2.26 for quinine as the chiral

catalyst: quinine can deprotonate the substrate when the substituents have strong

electron-withdrawing groups. This reaction generates a nucleophile in a ‘‘chiral

pocket’’ (see Fig. 2.6), and the electrophile can thus approach only one of the

enantiotopic faces.

2.2.2

Direct a-Amination of Aldehydes and Ketones

The enantioselective introduction of a nitrogen atom functionality in the a-

position of aldehydes and ketones leads to optically active synthetic targets such

as a-amino acids and amino alcohols, which have great potential in many life-

science molecules [3].

The direct a-amination of aldehydes by azodicarboxylates as the electrophilic

nitrogen source can be catalyzed by, for example l-proline 3a, to give the a-

hydrazino aldehydes 4 having (R)-configuration in moderate to good yields and

with excellent enantioselectivities (89–97% ee) (Scheme 2.27) [4]. The optically

active a-hydrazino aldehydes 4 are prone to racemization, and it was found bene-

ficial to reduce them directly with NaBH4 to stereochemical stable compounds

which, by treatment with NaOH, can cyclize to form the N-amino oxazolidinones

5 in a one-pot process. The N-amino group in 5 could be cleaved with Zn/acetone

to give the oxazolidinone 6 (Scheme 2.27).

Scheme 2.26 Catalytic formation of a chiral nucleophile by an optically

active cinchona alkaloid.
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It has also been shown that the optically active a-hydrazino aldehydes 4 can be

converted directly to the a-amino acid derivatives 7 in moderate yields by oxida-

tion of the aldehyde functionality to the corresponding carboxylate with KMnO4,

followed by esterification and reductive hydrazine cleavage (Eq. 2) [4a].

ð2Þ

(For experimental details see Chapter 14.8.1). The l-proline-catalyzed direct

amination of aldehydes has been extended to also include a,a-disubstituted alde-

hydes 1 using azodicarboxylates as the electrophilic nitrogen source (Scheme

2.28) [5]. The direct a-amination of a,a-disubstituted aldehydes 1 was especially

well-suited for a-alkyl-a-aryl aldehydes, which gave the optically active products

in moderate to good yields and up to 87% ee. The aNaNa bond in 5 was cleaved

by hydrogenation using Pd/C in MeOH/AcOH, followed by treatment with

NaNO2 in AcOH/HCl.

The absolute configuration of the optically active hydrazino aldehydes 4 ob-

tained in the organocatalytic direct a-amination of aldehydes can be changed to

the formation of the S-enantiomer without changing the absolute configuration

of the organocatalyst, due to a steric-shielding, rather than to an electronic-

shielding mechanism (see Fig. 2.5). The application of (S)-2-[bis(3,5-bistrifluoro-
methylphenyl)trimethylsilanyloxymethyl]pyrrolidine 3b as the organocatalyst for

the a-amination of aldehydes 1 with diethyl azodicarboxylate 2a takes place within

Scheme 2.27 Direct enantioselective a-amination of aldehydes catalyzed

by l-proline, and further transformations to optically active

oxazolidinones. (For experimental details see Chapter 14.8.1).
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minutes at room temperature to give 4 with S-configuration in good yields and

with excellent enantioselectivities (90–97% ee) (Eq. 3) [6].

ð3Þ

Barbas and colleagues have applied the organocatalytic direct amination of al-

dehydes in a series of reports [7]. By combining acetone, various aldehydes,

dibenzyl azodicarboxylate and l-proline as the catalyst, a one-pot synthesis of

functionalized b-amino alcohols was achieved [7a]. The scope of the reaction was

found to be quite general for various aldehydes, and the optically active b-amino

alcohols were obtained in high yields with low diastereoselective control. How-

ever, excellent enantioselectivity of especially the anti-adduct was obtained.
The same authors have shown that the direct a-amination reaction could also

be used to construct the quaternary stereocenter in the enantioselective total syn-

thesis of the cell-adhesion inhibitor BIRT-377 [7b]. The l-proline-derived tetrazole

3c catalyzed the direct a-amination of 3-(4-bromophenyl)-2-methylpropanal 8 with

dibenzyl azodicarboxylate 2b to give the amino aldehyde 9 in 95% yield and with

Scheme 2.28 The direct enantioselective a-amination of a,a-

disubstituted aldehydes catalyzed by l-proline, and further

transformations to optically active oxazolidinones.
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80% ee. From the optically active a-aminated aldehyde 9, BIRT-377 was synthe-

sized by standard transformations (Scheme 2.29).

Antagonists of metabotropic glutamate receptors and G-protein-coupled recep-

tors associated with various neurodegenerate diseases have been prepared by

proline-catalyzed direct a-amination reactions (Scheme 2.30) [7c]. Both, indane

carbaldehyde 10 and analogous compounds having an ester functionality [leading

to 1-aminoindan-1,5-dicarboxylic acid (AIDA)] and or a phosphonate substituent

[(RS)-1-amino-5-phosphonoindan-1-carboxylic acid; APICA], all reacted with di-

Scheme 2.29 The application of organocatalytic enantioselective a-

amination reaction of 3-(4-bromophenyl)-2-methylpropanal 8 for the

total synthesis of the optically active cell-adhesion inhibitor BIRT-377

[7b].

Scheme 2.30 Synthesis of 1-aminoindan-1,5-dicarboxylic acid (AIDA)

and (RS)-1-amino-5-phosphonoindan-1-carboxylic acid (APICA) (known

antagonists of metabotropic glutamate and G-protein-coupled

receptors) using the l-proline-catalyzed enantioselective a-amination

reaction.
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benzyl azodicarboxylate 2b in the presence of l-proline as the catalyst and

products 11 having a quaternary stereocenter were obtained with excellent enan-

tioselectivity (99% ee). It was observed that low yield in the cleavage of the aNaNa

bond with the previously mentioned procedures was obtained. However, Barbas

and colleagues [7c] developed an alternative route based on SmI2 by first applying

a one-pot trifluoroacetylation-selective benzyloxycarbonyl deprotection protocol

giving the trifluorohydrazine, followed by aNaNa bond cleavage with SmI2.

Ketones have also been the substrate for the direct a-amination of catalyzed by l-

proline [8]. When the nitrogen source is diethyl azodicarboxylate 2a and l-proline

the catalyst, the amination reaction proceeded with excellent enantioselectivities –

for acyclic ketones in the range of 94–98% ee, while cyclohexanone gave 84% ee.
Furthermore, the reaction is highly regioselective and takes place at the more sub-

stituted carbon atom. The stereocenter formed in the a-amination of ketones was

found to be less prone to racemization compared to the related aldehydes. We

have demonstrated the synthetic utility of the optically active a-aminated ketones

by the diastereoselective reduction of the carbonyl functionality with NaBH4 to

give the corresponding syn-a-amino alcohol, while the use of Et3SiH-TiCl4 pro-

vided the corresponding anti-a-amino alcohol [8].

In order to account for the absolute configuration of the a-aminated aldehydes

and ketones using l-proline 3a and (S)-2-[bis(3,5-bistrifluoro-methylphenyl)-

trimethylsilanyloxymethyl]pyrrolidine 3b (having identical absolute configura-

tion) which leads to the formation of products with opposite absolute configura-

tion at the a-carbon stereocenter, the two transition states presented in Figure 2.6

have been proposed [6].

In the case of proline-catalyzed a-amination of aldehydes, the generally accepted

catalytic cycle presented in Scheme 2.25 does not seem detailed enough to ex-

plain some of the results obtained for this particular transformation by Black-

mond and co-workers [9]. In fact, their studies revealed product acceleration, a

positive nonlinear effect, and asymmetric amplification. These properties of the

Fig. 2.6 Proposed transition-state models for l-proline 3a (S)-2-[bis(3,5-

bistrifluoro-methylphenyl)trimethylsilanyloxymethyl]pyrrolidine

3b-catalyzed a-amination of aldehydes.
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system were suggested to be the result of the involvement of the optical active

products in a more complex catalytic cycle.

2.2.3

Direct a-Amination of a-Cyanoacetates and b-Dicarbonyl Compounds

The a-cyanoacetates 12 are optimal substrates for the approach outlined in

Scheme 2.26 due to the low pKa of the a-proton. It has been reported that

the quinidine-derived alkaloid b-isocupridine (b-ICD) can catalyze the direct a-

amination of a-cyanoacetates 12 (Eq. 4) and b-dicarbonyl compounds [10], proba-

bly by an enolate having a chiral b-ICD-Hþ counterion as the intermediate. The

a-amination of a-cyanoacetates 12 with di-tert-butyl azodicarboxylate 2c is an effi-

cient process that proceeds with only 0.5 mol% of b-ICD. The expected products

13, having a stereogenic quaternary carbon center, were isolated in excellent

yields and with excellent levels of enantioselectivity independently by the nature

of the aryl-substituent in the a-cyanoacetates, while the b-dicarbonyl compounds

give slightly lower enantioselectivty (83–90% ee).

ð4Þ

Further developments by Deng et al. on the a-amination of a-cyanoacetates 12

(Eq. 4) showed that 6 0-OH-modified cinchona alkaloids, which are accessible from

either quinine or quinidine, were also effective catalysts for the reaction leading

to optically active products in 71–99% yield and up to 99% ee [11].

2.2.4

Direct a-Oxygenation Reactions of Aldehydes and Ketones

The hydroxy group in the a-position to a carbonyl group is a common feature of

many natural and biologically active compounds. Furthermore, this functionality

is an obvious precursor in the synthesis of other important building blocks such

as diols.

The first electrophilic source of oxygen introduced for the proline-catalyzed

a-oxygenation of aldehydes and ketones was nitrosobenzene, based on the use of

this reagent in the asymmetric metal-catalyzed oxidation of tin enolates [12]. A

number of research groups, including those of Zhong [12a], MacMillan [13b],
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and Hayashi [13c], applied nitrosobenzene as the terminal oxidant reagent and

independently reported the ability of l-proline to control both the O/N-selectivity,
as well as the enantioselectivity in a variety of solvents and reaction conditions

(Scheme 2.31).

It was found that the product 15 of the organocatalytic oxidation was relatively

unstable, and was conveniently reduced in situ using NaBH4. Nevertheless, other

transformations can also be performed directly on the crude reaction mixture,

thereby maintaining the high optical purity, as reported by MacMillan and col-

leagues [13b] and later by Zhong [14a] and the group of Ley [14b]. These reac-

tions included the reductive amination and allylation of the aldehyde functional-

ity, and the formation of compounds which are the formal [4þ2]-cycloaddition

products of nitrosobenzene with a diene.

Also for this transformation, Blackmond and co-workers [15] detected a rate ac-

celeration and amplification of the enantiomeric excess.

The a-oxidation of aldehydes was later further extended to the use of ketones as

nucleophiles. In order to develop this reaction into a useful process, a consider-

able effort was made to optimize the reaction conditions as several different

problems arose; these included a lower reaction rate and yields because of the for-

mation of the di-addition product at the two enolizable carbon atoms and lower

O/N-selectivity. Hayashi et al. [16a] and Córdova et al. [16c] partly solved these

problems by using a relatively large excess of ketone and by applying the slow ad-

dition method leading to good chemical yields (44–91%), with near-enantiopure

products being obtained (96–99% ee).
The addition of nitrosobenzene to ketones catalyzed by proline has been applied

by Ramachary and Barbas in the desymmetrization of meso-cyclohexanone deriva-
tives [17].

Several research groups have tested a number of other secondary amines

(3c–f ) for this important transformation [18]. Derivative 3c was found to be a

very efficient catalyst for the a-oxidation of aldehydes and ketones, as the same

high yields and enantioselectivities could be obtained in the case of both alde-

hydes and ketones, but with a lower catalyst loading and shorter reaction times.

Scheme 2.31 Direct enantioselective a-oxidation of aldehydes using

nitrosobenzene as the oxygen donor and l-proline as the catalyst.
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Catalysts 3a and 3c–f all have the acidic proton in the group in the 2-position of

the pyrrolidine ring as the common feature (Fig. 2.7). It has been pointed out that

the role of this functionality is not only to control the enantioselectivity as in

other related proline-catalyzed reactions (see Fig. 2.5), but also to control the re-

gioselectivity of the reaction. Both Córdova and colleagues [18d] and Cheong and

Houk [19] have performed quantum mechanical computational studies in at-

tempts to understand the mechanism and to explain the greater electrophilicity

of the oxygen atom over the nitrogen atom of nitrosobenzene under these specific

reaction conditions. The investigations by Cheong and Houk [19] showed that a

higher energy for the N-anti transition state accounted for the excellent O/N-
selectivity observed (Fig. 2.8). The preferential protonation of the nitrogen atom

is a consequence of its higher basicity, and this fact leads to the electrophilic at-

tack of the enamine at the oxygen atom.

One drawback for the direct organocatalytic a-oxidation of aldehydes and ke-

tones is the use of nitrosobenzene, which is an ‘‘expensive oxygen source’’. This

has led to further investigations in order be able to use other oxidants. Recently,

Córdova et al. [20] reported that l-a-methyl proline could incorporate O2 in the

a-position of an aldehyde. The presence of tetraphenylporphyrin (TPP) as sensi-

tizer was necessary to promote the formation of singlet O2 as the electrophilic

species. Although, the enantioselectivities obtained were only moderate (54–66%

ee), this represents undoubtedly a very intriguing alternative to the use of nitroso-

benzene in this type of reaction.

An interesting method for the a-oxidation of carbonyl compounds leading to

optically active a-hydroxy carboxylic acid derivatives has recently been developed

Fig. 2.7 Catalyst structures. The acidic proton in the group in the

2-position of the pyrrolidine ring is a common feature.

Fig. 2.8 Computational rationalization of the O/N-selectivity in

l-proline-catalyzed a-oxidation of aldehydes by nitrosobenzene.
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by Lectka and co-workers, as outlined in Scheme 2.32 [21]. The method is based

on the formation of chiral, catalytically derived zwitterionic ‘‘ketene’’ enolates 17

formed from acid chloride 16 and a cinchona alkaloid, benzoylquinidine. This in-

termediate undergoes a [4þ2]-cycloaddition with o-chloroanil to give 16 in good

yields and up to 99% ee, which by methanolysis and ceric ammonium nitrate

(CAN)-oxidation affords the optically active a-hydroxyesters 20. In all the cases,

the alcoholysis/oxidation sequence proceeds in high yield, under mild conditions,

and with full preservation of the optically activity of compound 18.

2.2.5

Direct a-Oxygenation Reactions of b-Ketoesters

The direct enantioselective a-hydroxylation of activated ketones [22], specifically

cyclic b-dicarbonyl compounds, can be performed using dihydroquinine as the

chiral catalyst and simple commercially available peroxides as the oxidant. The

use of cumyl hydroperoxides led to the a-hydroxylation of b-ketoesters 21 in high

yields and moderate to good enantioselectivities (66–80% ee) (Eq. 5). These opti-

cally active alcohols (22) undergo a diastereoselective reaction to anti-diols with

excellent diastereoselectivity (99:1) using BH3-4-ethylmorpholine as the reducing

agent.

ð5Þ

Scheme 2.32 Formation of optically active a-hydroxyesters by reaction

of acid chlorides with benzoylquinidine acting a catalytic chiral

nucleophile, followed by [4þ2]-cycloaddition with o-chloroanil.
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2.2.6

Direct a-Halogenation Reactions of Aldehydes and Ketones

Organic compounds having a stereogenic Cahalogen (CaX) center are important

in various fields of science, either for use in further manipulations or because the

stereogenic CaX center has a unique property which is of specific importance for

a given molecule. The involvement of these functional groups for further stereo-

specific manipulations, together with their increasing importance in medicinal

chemistry and material sciences, have led to an increased search for catalytic

asymmetric CaX bond-forming reactions [23].

Organocatalysis has led to the development of new methods for the asymmetric

a-halogenation of carbonyl compounds leading to the formation of stereogenic

CaX centers. Hence, details of direct enantioselective fluorination, chlorination,

and bromination reactions will be presented in the following sections.

2.2.6.1 Direct a-Fluorination of Aldehydes

Various chiral amines can catalyze the direct enantioselective a-fluorination of

aldehydes. Enders and Hüttl have focused on the use of Selectfluor for the a-

fluorination of aldehydes and ketones [24a]. For the aldehydes, no enantiomeric

excess was reported using l-proline as the catalyst. In an attempt to perform di-

rect enantioselective a-fluorination of ketones, cyclohexanone was used as the

model substrate and a number of chiral amines were tested for their enantioselec-

tive properties; however, the enantiomeric excess was rather low and in the range

of 0 to 36% ee.
The other approaches to the direct enantioselective a-fluorination of alde-

hydes all used N-fluorobenzenesulfonimide (NFSI) 23 as the fluorinating

reagent. When we applied (S)-2-[bis(3,5-bistrifluoro-methylphenyl)trimethyl-

silanyloxymethyl]pyrrolidine 3b as the catalyst (Scheme 2.33) [24b], a variety of

aldehydes were a-fluorinated in a highly enantioselective manner (91–97% ee) in
MTBE as the solvent, and the corresponding a-fluoro alcohols 25 were obtained in

moderate to good yields after reduction with NaBH4 [24c,d]. The a-fluorination

reactions were based on the same catalytic concept, but using the chiral imidazo-

lidinone 3g (Scheme 2.33). Among investigations reported by the group of Barbas,

a large number of catalysts were evaluated, and under catalytic conditions (30

mol%) up to 88% ee was obtained for linear aldehydes, though the conversion

was rather low. The scope of the reaction was demonstrated for various linear

and branched aldehydes, and an equimolar amount of catalyst was needed in

order to obtain moderate to good yields of the optically active a-fluorinated com-

pounds [24c]. The a-fluorination developed by the MacMillan group used a salt of

the imidazolidinone compound (Scheme 2.33, 3g) as catalyst, and the addition of

10% i-PrOH was found to significantly improve the properties of the catalytic sys-

tem [24d]. The latter development led to a highly enantioselective a-fluorination

of linear aldehydes in moderate to high yields, with enantioselectivities in the

range of 91–99% ee.
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2.2.6.2 Direct a-Fluorination of b-Ketoesters

The direct enantioselective organocatalytic a-fluorination can also be performed

with cinchona alkaloid derivatives as catalyst under phase-transfer reaction condi-

tions [25]. The fluorination reaction by NFSI of b-ketoesters 21, readily enolizable

substrates, generated a stereogenic quaternary CaF bond in high yields and with

enantioselectivities up to 69% ee for the optically active products 26 (Eq. 6).

ð6Þ

2.2.6.3 Direct a-Chlorination of Aldehydes and Ketones

The direct enantioselective a-chlorination of aldehydes leads to important inter-

mediates 27 in organic synthesis (Scheme 2.34). This reaction was developed

independently by two groups; MacMillan et al. applied the salt of the imidazolidi-

none 3g as the catalyst, as l-proline was found to be a poor catalyst for this reac-

tion (Scheme 2.34) [26a]. Various chlorinating reagents were tested, and the per-

chlorinated quinone 28 was found to provide the best enantioselectivity. It was

Scheme 2.33 Direct enantioselective a-fluorination of aldehydes

catalyzed by (S)-2-[bis(3,5-bistrifluoro-methylphenyl)trimethyl-

silanyloxymethyl]pyrrolidine 3b and the salt of imidazolidinone

compound 3g.
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also shown that a number of linear aldehydes could successfully be a-chlorinated

in good to high yields, and with enantioselectivities in the range of 80–95% ee.
The other development for the direct enantioselective a-chlorination of alde-

hydes was reported by the present authors, and was seen to differ from the first

approach in several ways. For example, the catalysts used for the a-chlorination

reaction were the C2-symmetric (2R,5R)-diphenylpyrrolidine 3h and l-proline

amide 3i, while the electrophilic chlorinating reagent was N-chlorosuccinimide

(NCS) 29 (Scheme 2.34) [26b]. Both chiral amines were effective catalysts for the

a-chlorination reaction, and the optically active products 27 were obtained in high

yields; the use of catalyst 3h provided generally higher enantiomeric excess

(81–97% ee) than 3i (70–95% ee).
The synthetic application of the a-chloro aldehydes has been demonstrated by

the preparation of a variety of important chiral building blocks (Scheme 2.35)

[26b]. The a-chloro aldehydes could be reduced to the corresponding optically

active a-chloro alcohols in more than 90% yield, maintaining the enantiomeric ex-

cess by using NaBH4. It was also shown that optically active 2-aminobutanol – a

key intermediate in the synthesis of the tuberculostatic, ethambutol – could be

obtained in high yields by standard transformations from 2-chlorobutanol. Fur-

thermore, the synthesis of an optically active terminal epoxide was demonstrated.

The 2-chloro aldehydes could also be oxidized to a-chloro carboxylic acids in high

yields without loss of optical purity, and further transformations were also pre-

sented.

The mechanism for the a-chlorination of aldehydes catalyzed by the C2-

symmetric (2R,5R)-diphenylpyrrolidine 3h is probably different from that out-

Scheme 2.34 Organocatalytic enantioselective a-chlorination of

aldehydes. (For experimental details see Chapter 14.8.2).
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lined in Scheme 2.25, as computational studies showed no face-shielding for the

density functional theory (DFT) – optimized chiral enamine intermediate [27].

Based on experimental and theoretical investigations, it was postulated that the

reaction might proceed via an initial kinetically controlled N-chlorination of the

enamine followed by a [1,3]-sigmatropic shift leading to the energetically favor-

able catalyst-iminium-C-chlorinated intermediate.

Ketones have also been enantioselectively a-chlorinated, although the catalysts

used for the a-chlorination of aldehydes were found not to be optimal for the

functionalization of these substrates. Poor yields and moderate enantiomeric

excess were observed with, for example, (2R,5R)-diphenylpyrrolidine 3h and l-

proline amide 3i due also to poly-chlorination of the starting material [28]. A cat-

alyst screening revealed that the C2-symmetric 4,5-diphenylimidazoline 3j consti-

tutes, in combination with 2-nitrobenzoic acid as a rate-accelerating additive, an

efficient catalytic system for the a-chlorination of both cyclic and acyclic ketones

30 using NCS 29 as the chlorinating reagent (Eq. 7) [28]. The scope of the direct

enantioselective a-chlorination showed that the optically active a-chloro ketones

31 were obtained in 86–98% ee, with the highest enantioselectivity for the cyclic

ketones.

Scheme 2.35 Various transformations of optically active a-chloro aldehydes.
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Various transformations of the optically active a-chloro ketones were also pre-

sented [28]: optically active 2-chloro cyclohexanone was oxidized by a Baeyer–

Villiger oxidation to the corresponding lactone in 81% yield without reduction in

enantiomeric excess, and the ketone functionality was selectively reduced to the

corresponding syn-a-chloro alcohol with a high diastereomeric ratio.

2.2.6.4 Direct a-Chlorination of b-Ketoesters

Cinchona alkaloids have also been applied as catalysts for the direct a-

chlorination of 1,3-dicarbonyl compounds 32 using trichloroquinolinone 33 as

the chlorinating reagent for the direct approach (Eq. 8) [29]. A number of acyclic

and cyclic b-dicarbonyl compounds could be a-chlorinated in moderate to good

yield. The enantioselectivity was highly dependent on the substrate, with the cy-

clic b-ketoesters giving the highest enantioselectivity (90–96% ee), while the acy-

clic b-ketoesters and b-dicarbonyl compounds gave enantioselectivities in the

range of 51 to 89% ee. The best catalyst was benzoylquinidine, and the reaction

was further extended to include enantioselective bromination using tribromoqui-

nolinone as the brominating reagent.

ð8Þ

2.2.6.5 Direct a-Bromination of Aldehydes and Ketones

Aldehydes and ketones can also be directly a-brominated using the catalytic

concepts presented in Scheme 2.34 and Eq. (7) [30]. The easily synthesized and

air-stable 4,4-dibromo-2,6-di-tert-butyl-cyclohexa-2,5-dienone was found to be

the best reagent for the functionalization of aldehydes (enantioselectivities in

the range of 68–96% ee) and for the preparation of the optically active a-

72 2 Enamine Catalysis



bromoketones (73–94% ee). (S)-2-[Bis(3,5-bistrifluoro-methylphenyl)trimethyl-

silanyloxymethyl]pyrrolidine 3b was also found to be an efficient catalyst for the

a-bromination of aldehydes using 4,4-dibromo-2,6-di-tert-butyl-cyclohexa-2,5-
dienone as the bromination reagent [6]. Various aldehydes were a-brominated in

good yield and in 94–95% ee.

2.2.7

Direct a-Sulfenylation of Aldehydes

Optically active compounds having a free thiol functionality are interesting mole-

cules because they can serve as inhibitors of zinc-containing enzymes [31].

The direct catalytic approach to these synthetic targets was presented recently

by Wang et al. using catalyst 3e, which promoted the racemic sulfenylation of

aldehydes and ketones using commercially available electrophilic sulfur sources

[32]. Almost contemporarily, we presented the first enantioselective version of

this transformation by using 1-benzylsulfanyl-1,2,4-triazole 35 as the sulfur

source and (S)-2-[bis(3,5-bistrifluoro-methylphenyl)trimethyl-silanyloxymethyl]-

pyrrolidine 3b as the catalyst [33]. The application of these reagents for the direct

a-sulfenylation of aldehydes 1 resulted in a highly enantioselective process

(Scheme 2.36), and the absolute configuration of the products 36 was in agree-

ment with the model discussed previously for the steric-shielding intermed-

iate (see Fig. 2.5). The products of the reaction of 36 could be quantitatively

transformed into compounds 37 by reduction with NaBH4. The optically

active amino thiol precursor 38 was instead isolated after reductive amination.

Scheme 2.36 Organocatalytic enantioselective a-sulfenylation of aldehydes.
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The use of 36 was justified by the deprotection of the benzyl group that led to the

free thiol functionality using Na/NH3(l).

It should be noted that the more sterically demanding a,a-disubstituted alde-

hydes could be efficiently sulfenylated when the same catalyst was used, even if

with lower enantiomeric excess (61% ee).

2.2.8

Direct a-Sulfenylation of Lactones, Lactams, and b-Diketones

Compound 35, along with some other structurally related sulfenylating agents,

has also been found to be useful for the functionalization of 1,3-dicarbonyl com-

pounds 38 (Eq. 9). Lactones and b-dicarbonyl compounds were a-sulfenylated in

the presence of (DHQD)2PYR in high yields and moderate to good enantioselec-

tivities (51–91% ee) [34].

ð9Þ

2.2.9

Direct a-Selenation of Aldehydes and Ketones

Wang and co-workers recently developed an efficient strategy for the a-selenation

of aldehydes and ketones using the proline derivatives as catalysts; under mild

conditions, the products were obtained in good yield (Eq. 10) [35].

ð10Þ
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Even if chiral organocatalysts were used, the authors did not focus on the devel-

opment of an asymmetric version of the reaction.
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Ibrahem, A. Córdova, Angew. Chem.
Int. Ed. 2004, 43, 6532.

21 T. Bekele, M.H. Shah, J. Wolfer, C.J.

Abraham, A. Weatherwax, T. Lectka,

J. Am. Chem. Soc. 2006, 128, 1810.
22 M.R. Acocella, O.G. Mancheno, M.

Bella, K.A. Jørgensen, J. Org. Chem.

2004, 69, 8165 and references therein.

23 See, for example: (a) H. Ibrahim, A.

Togni, Chem. Commun. 2004, 1147;
(b) M. Oestreich, Angew. Chem. Int.
Ed. 2005, 44, 2324.

24 (a) D. Enders, M.R.M. Hüttl, Synlett,
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2.3

Direct Conjugate Additions via Enamine Activation

Cyril Bressy and Peter I. Dalko

2.3.1

Introduction

Small chiral organic molecules may catalyze the asymmetric addition of ketones,

and aldehydes to electron-deficient olefins, such as vinylidene acetones, nitroole-

fins, enones, and vinyl sulfones. In this chapter we will describe the inter- and

intramolecular reactions in which activation of the carbonyl compound takes

place via enamine formation.

Although asymmetric conjugate additions have over the years been dominated

by the application of chiral Lewis acids as catalysts [1, 2], more recently organo-

catalysts have been added as efficient tools [3, 4].

Chiral organic molecules may promote conjugate additions in numerous ways

(see also Chapters 3, 4 and 6). An important part of this chemistry is related to

aminocatalytic reactions [5], that is, when activation takes place either via imi-

nium intermediates (see Chapter 3) or, by activating the donors by forming enam-

ines (this Chapter).

2.3.2

Factors Determining the Stereoselectivity of the Organocatalytic Conjugate

Additions

The partial steps of the conjugate addition in aminocatalytic reactions are in dy-

namic equilibrium, and thus products are formed under thermodynamic control.

This fact is translated also in the geometry of the enamine intermediates, leading

to the product, which can be either E or Z (Fig. 2.9). The geometry of the

enamine depends on the catalyst structure and also on the substrate. Whilst pro-

line-catalyzed reactions form preferentially, with a-alkyl substituted ketones, the

E-isomer, enamines derived from pipecolic acid afford an approximate 1:1 mix-

ture of the E and Z isomers [6]. In turn, small- and medium-sized cyclic ketones

afford the E isomer.

Moreover, the relative stability and the reactivity of the rotamers such as A and

B (Fig. 2.10) have a determinant role in the facial selectivity of the addition.
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Finally, the acceptor (activated olefin) may approach the enamine by two differ-

ent ways, as depicted in Figure 2.11. Stabilizing interactions such as hydrogen

bonding, or electrostatic interactions between the catalyst and the olefin, may off-

set repulsive (steric) interactions preferring transition state I. It is considered, that

the acceptor approaches the enamine via an acyclic synclinal transition state, as

suggested by Seebach and Golinski [7].

The analysis of these simplified conditions reveals that, in conjugate additions,

there is a number of viable alternative reaction paths leading to different transi-

tion states, and rendering possible the formation of a number regio- and stereo-

isomers. Until very recently it was considered that organocatalytic reactions were

unselective, with limited scope, but this picture is rapidly changing and this

approach to chemistry is beginning to provide the first important results.

Fig. 2.9 Interconversion of the Z/E geometry of the enamines.

Fig. 2.10 Enamine-rotamers as factors of stereocontrol.
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2.3.3

Addition of Ketones to Nitroolefins and Alkylidene Malonates

2.3.3.1 Proline

Proline was among the first compounds to be tested in asymmetric conjugated

reactions, both as a chiral ligand [8] and also as an organic catalyst [3]. The ear-

liest asymmetric intermolecular Michael-type addition, in which proline catalyzed

the reaction (arguably via enamine formation) was reported by Barbas and col-

leagues [9, 10] and by List and co-workers [11]. The reaction, which proceeded

in high chemical yield (85–97%) and diastereoselectivity, albeit afforded near-

racemic products in dimethyl sulfoxide (DMSO) [11] (Scheme 2.37). The enantio-

selectivity of the addition was later ameliorated by Enders, who demonstrated that

a small amount of methanol rather than DMSO was beneficial to the enantiose-

lectivity of the addition reaction [12].

Modification of the proline structure leads to more efficient chiral pyrrolidine

catalysts, showing better selectivity and improved synthetic scope.

2.3.3.2 Pyrrolidine Amines and Pyrrolidine Amine Salts as Catalysts for

Michael-Type Addition of Ketones to Activated Olefins

A handful of catalysts having an N-containing side chain or heterocycle were de-

veloped (some are depicted in Scheme 2.38), whereupon either the free amine or

the corresponding salts were shown to promote the highly syn-selective addition

Fig. 2.11 The guiding and shielding transition states.

Scheme 2.37 The (S)-proline-catalyzed addition of cyclohexanone to nitrostyrene 3.
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of a-alkyl-substituted cyclic and acyclic ketones to nitrostyrenes (Schemes 2.38

and 2.39) [13–19]. (For experimental details see Chapter 14.9.2). The role of the

acide co-catalyst is to increase ligand instability, and this results in an overall

rate acceleration and increased conversion. The match between the catalyst and

co-catalyst is the determinant factor both for the selectivity and for the rate of

transformation. Whilst further functionalization of the pyrrolidine core may in-

crease the selectivity of the alkylation, it considerably decreases the reactivity.

Whilst the selectivity profile of the catalysts has been considerably improved dur-

ing the past few years, the selectivity of the addition has remained highly sub-

strate-dependent. Among ketone reagents, the best selectivity was notoriously ob-

tained with cyclohexanone [enantiomeric excess (ee)-values up to 99%;

diasteromeric ratio (dr) ¼ 99:1], while a considerably lower enantioselectivity can

be achieved with cyclopentanone, or with acyclic ketones. Two factors relating to

the catalyst structure – namely, the position of the heteroatom or heterocycle on

Scheme 2.38 Chiral pyrrolidine-derived catalysts for Michael-type addition

of ketones to activated olefins.

80 2 Enamine Catalysis



the side chain – are important in terms of the overall selectivity of the transforma-

tion. For example, 8b affords better diastereoselectivity and enantioselectivity

compared to 8a (Scheme 2.43). Such variation can be attributed to the difference

in rotational freedom generating increased steric volume of the tetrazole side

chain and allowing a more efficient shielding of one of the reacting faces.

Whilst in some cases near-stoichiometric amounts of reagents can be used [16],

the excess (5–10 equiv.) of ketone reagent is preconceived in order to ensure con-

venient kinetics and conversion. Reactions can be run typically at room tempera-

ture [20] in a polar aprotic solvent such as CHCl3, or in THF or i-PrOH. The pres-

ence of water was noted to be beneficial in some cases [21]. In ionic liquids, such

as in [bmim]BF4, a low (5 mol%) catalyst concentration can be applied, while the

enantioselectivity of the alkylation is modest in this solvent [22]. The ionic liquid-

derived hybrid catalyst 10, used neat with a small amount of trifluoroacetic acid

(TFA) as co-catalyst, affords quantitatively 4, though in a remarkably high dr

(syn/anti ¼ 99/1) and ee (99%). It should be noted that this catalyst can easily be

recovered by extraction, and re-used without loss of activity.

The alkylation of asymmetric acyclic ketones takes place regioselectively on

the most-substituted carbon, thus affording the syn isomers as major products.

a-Hydroxyketones showed anti selective additions similar to that observed in re-

lated aldol, and Mannich-type additions (Scheme 2.39). Such selectivity is due to

the preferred formation of the Z-enamine intermediate, stabilized by intramolec-

ular hydrogen bonding between the hydroxy group and the tertiary amine of the

catalyst [23].

Scheme 2.39 The variation of syn:anti diastereoselectivity of the conjugate

addition in the function of the substrate.
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Pyrrolidine-amine-based catalysts such as 18 and 19 can also mediate the addi-

tion of ketones to alkylidene malonates (Scheme 2.40) [14]. Aldehydes (e.g., isova-

leraldehyde) do not react with vinylidenemalonate 16 under these conditions.

2.3.3.3 Chiral Primary Amines

Alanine 20 and alanine-containing small oligopeptides showed good stereocontrol

in the addition of ketones to nitroolefins (Scheme 2.41) [24]. The l-ala-l-ala dipep-

tide 21 was more selective than the monomer 20, while the hybrid derivative 22,

mediated the addition, with an ee-value of 93% [25].

2.3.3.4 Amine/Thiourea Catalysts

The groups of Tsogoeva, Tang and Jacobsen each pioneered the development

of the bifunctional catalyst, combining the nucleophilic amine and thiourea

Scheme 2.40 The catalytic direct addition of acetone to alkylidene malonate 16.

Scheme 2.41 The addition of cyclohexanone to nitrostyrene, mediated by Cordova’s catalyst.
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Brønsted acid (Scheme 2.42) [26–28]. (For experimental details see Chapter

14.9.4). These catalysts mediate the addition of ketones to nitroalkenes at room

temperature in the presence of a weak acid co-catalyst, such as benzoic acid or

n-butyric acid or acetic acid. The acid additive allows double alkylation to be

avoided, and also increases the reaction kinetic. The Jacobsen catalyst 24 showed

better enantio- and diastereoselectivity with higher n-alkyl-ethyl ketones or with

branched substrates (ee ¼ 86–99%; dr ¼ 6/1 to 15/1), and forms preferentially

the anti isomer (Scheme 2.42). The selectivity is the consequence of the preferred

Z-enamine formation in the transition state; the catalyst also activates the ac-

ceptor, and orientates in the space. The regioselectively of the alkylation of non-

symmetric ketones is the consequence of this orientation. Whilst with small sub-

strates the regioselectivity of the alkylation follows similar patterns (as described

in the preceding section), leading to products of thermodynamic control, this se-

lectivity can also be biased by steric factors.

Catalysts similar to 24 were also developed by the Tsogoeva group (Scheme

2.42) [28], with the best results being obtained with chiral naphthylamine-based

thiourea catalysts having free NH2 functions in the side chains (e.g., 25). This

led to syn products with cyclic ketones (Scheme 2.43), whereas acyclic ketones af-

forded the anti product (Scheme 2.42).

The Tang group combined the chiral pyrrolidine core with a thiourea function

(Scheme 2.43) [29]. Optimal reaction conditions were obtained with 26 under

solvent-free conditions and in the presence of n-butyric acid as additive

(10 mol%) at 0 �C (Scheme 2.43). The high selectivity of the addition was attrib-

uted to the formation of a rigid three-dimensional H-bonded structure in the

transition state, in which the enamine was positioned at the correct distance com-

pared to the nitroolefin and allowed an addition from the Re-face of the enamine.

Scheme 2.42 The thiourea/amine catalyst-mediated addition of acyclic

ketones to nitrostyrenes.
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2.3.4

Addition of Aldehydes to Nitroolefins and Alkylidene Malonates

2.3.4.1 Aminopyrrolidine Catalysts

Aldehydes are more reactive than ketones, and may add to nitroolefins, alkylidene

malonates, or to vinyl sulfones at temperatures below those at which ketones

would react [30]. Most of the catalysts used for the addition of ketones and dis-

cussed in Section 2.3.2 were also seen to be efficient in mediating the addition

of aldehydes to nitroolefins and alkylidene malonates. The addition of equimolar

amounts of acid as co-catalyst (compared to the catalyst) is suggested in order to

avoid base-catalyzed homoaldol coupling. As noted in Section 2.3.2, pyrrolidine

catalysts promote syn-selective additions not only with ketones but also with alde-

hydes (Fig. 2.12). Interestingly, the same catalyst induces opposite selectivity with

aldehydes, compared to ketones. This fact can be rationalized by the difference in

the steric demand of the enamine forms in the transition state. As depicted in

Figure 2.12, the equilibrating conformers gives rise to product via the less-

congested transition state, thereby forming the thermodynamic product.

Scheme 2.43 The thiourea/amine catalyst-mediated addition of cyclic ketones to nitrostyrenes.

Fig. 2.12 The rationale of enantioselectivity of the pyrrolidine catalyst-

mediated additions of aldehydes to nitroolefins.
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The replacement of the pyrrolidine by morpholine, such as 5 versus 29 results

in increased efficiency of the catalyst (Scheme 2.44) [31, 32]. Hindered aldehydes,

such as 3,3-dimethylbutyraldehyde or iso-butyraldehyde are unreactive, however,

under these conditions.

Likewise, the TFA salts of diamines 6 and 19a mediate Michael addition of a,a-

disubstituted aldehydes to nitrostyrene allowing the preparation of quaternary

centers [32, 33] (Scheme 2.45). The enantioselectivity of the transformation

increases with the steric demand of the aldehyde, which results in diminished

reactivity.

Scheme 2.44 Asymmetric addition of aldehydes to nitroolefins

catalyzed by Alexakis’s aminopyrrolinines 5 and 29.

Scheme 2.45 Asymmetric addition of aldehydes to nitroolefins

catalyzed by Barbas’s aminopyrrolinines 6 and 19a.
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Due to the increased reactivity of the aldehyde, alkyl-substituted nitroolefins

can also be used as substrates. Nevertheless, these reactions are usually low-

yielding and afford moderate selectivity. Alexakis has shown, however, that the

bispyrrolidine 5-catalyzed additions may be used in multistep synthesis. The

addition of propionaldehyde 34 to nitroolefin 33 resulted an approximate 2:3

mixture of anti/syn isomers in 92% yield and in high ee (93%), allowing the asym-

metric synthesis of ð�Þ-botryodiplodin (Scheme 2.46) [23b].

The bifunctional pyrrolidine sulfonamide catalyst, 38, having basic pyrrolidine

nitrogen and Brønsted acidic sulfonamide function, mediates the addition of al-

dehydes to nitrostyrenes in high yield and selectivity (Scheme 2.47) [34]. Alkyl-

substituted nitroolefins afford, however, product in low yield and in low selectivity.

The diphenylprolinol silyl ether 45a catalyst was developed by the Hayashi’s

group for the addition of a-unbranched aldehydes to aryl and alkyl substituted

nitroolefins [35]. This catalyst, as well as the perfluoroalkyl derivative 45b [36],

Scheme 2.46 Alexakis’s synthesis of ð�Þ-botryodiplodin.

Scheme 2.47 Addition of aldehydes to nitroalkenes, catalyzed by 38.
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affords high yields, excellent diastereoselectivity, and near-perfect enantioselectiv-

ity with a broad range of aldehydes. Moreover, 45b can also be used in aqueous

media [37]. The bulky diphenylsilyloxymethyl group plays probably a double role

by promoting selective formation of the E-enamine, as well as providing efficient

shielding of the Re-face of the enamine (Scheme 2.48).

An elegant application of the 45a-mediated conjugate addition was devised by

Enders’ group (Scheme 2.49) [38]. The three-component domino reaction be-

tween aldehyde 43, nitroolefin 44 and a,b-unsaturated aldehyde 47, used in near-

stoichiometric amounts, afforded tetrasubstituted cyclohexene carbaldehydes in

good yields, in high diastereoselectivity, and in almost complete enantioselectivity.

The first step of the catalytic cycle involves the conjugate addition via enamine

formation of aldehyde 43 and the nitroolefin 44, followed by a Michael addition

between the nitroalkane and the a,b-unsaturated aldehyde 47 via an iminium

intermediate. The third step of the domino sequence is an intramolecular aldol

reaction of the enamine and a subsequent dehydration, giving rise to the poly-

functional cyclohexene 48. The overall high stereoselectivity of the transformation

is the consequence of the high selectivity of the first Michael addition. The result-

ing product presumably dictates the stereochemistry of the reaction.

2.3.4.2 Addition of Aldehydes and Ketones to Enones

When the donor and the acceptor of the conjugate addition are carbonyl com-

pounds, the amine catalyst may activate both reagents, forming the iminium

and enamine intermediates, respectively. The major mechanistic path is dictated

by the structure of the substrates and catalyst and, to a lesser extent, by the reac-

tion conditions.

The addition of ketones to chalcone was reported with the pyrroline sulfona-

mide 38 (Scheme 2.50) [39]. The selectivity of the reaction was less sensitive to

the chalcone substitution pattern than to the ketone. As in related transforma-

Scheme 2.48 The Michael addition of aldehydes on nitroolefins, catalyzed by 45a and 45b.
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Scheme 2.49 Enders’ three-component catalytic asymmetric domino reaction.

Scheme 2.50 Michael addition of cyclic ketones to the chalcone derivative 49, catalyzed by 38.
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tions, the diastereoselectivity and enantioselectivity of the addition was optimal

with cyclohexanone but less selective with cyclopentanone. Acyclic ketones such

as acetone, acetophenone, and 3-pentanone were unreactive.

In the pioneering studies of Melchiorre and Jørgensen and colleagues, a variety

of pyrrolidine-derived catalysts was tested (Scheme 2.51) [40]. Whilst modest

selectivity was obtained with proline, and unhindered prolinol derivatives, (S)-2-
(bis(phenyl)methyl)pyrrolidine derivative, 45c, allowed good conversion and enan-

tioselectivity in the addition of linear aldehydes to methyl-vinyl ketone (MVK) (ee-
values up to 85%). Cyclic enones as well as b-substituted enones afforded no, or

perhaps poor, results.

The observed small negative non-linear effect suggested the participation of

more than one catalyst molecule in the enantiodifferentiating step [40]. This fact

may be the consequence of a simultaneous activation of the nucleophile (enam-

ine formation) and the electrophile partners (iminium formation). On the basis

of a series of experimental and theoretical investigations, it was proposed that

the major reaction path, however, was addition of the vinyl ketone to the Si-face
of the enamine intermediate formed from reaction of the aldehyde with the chiral

amine catalyst. Chi and Gellman [41] observed that a lower catalyst loading al-

lowed a higher ee-value of the product – a fact explained by minimizing the com-

peting epimerization of the Michael adduct in the presence of the catalyst (see

Scheme 2.51) [41]. For the addition of ethyl-vinyl ketone, and the small increase

in steric constraint compared to MVK, the addition of a 2H-donating ability co-

catalyst such as 4-CO2Et-catechol (57) improved either the conversion or/and the

chemoselectivity of the process by minimizing formation of the self-aldol product.

Scheme 2.51 The 45d and 45e-catalyzed addition of dihydrocinnamal-

dehyde to methyl-vinyl ketone (MVK).
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MacMillan’s organocatalyst, 56a, which was used typically for electrophilic acti-

vation, was seen also to be efficient in promoting conjugate addition via enamine

formation (Scheme 2.52) [42]. The proof of the enamine pathway was furnished

by extended NMR studies. Gellman and colleagues noted an interesting depen-

dence of selectivity on the catalyst structure: improved conversion and ee-value
can occur with the spirocyclopentane derivative 56b, and by the addition of a cat-

echol derivative as acid additive (Scheme 2.52). The cyclohexane-derived catalyst

56c was unreactive, however.

Similar to intermolecular reactions, the intramolecular addition of aldehydes to

enones could be also promoted with catalyst 56a (Scheme 2.53) [43]. The cycliza-

Scheme 2.52 The organocatalyzed asymmetric addition of butyraldehyde to MVK.

Scheme 2.53 Intramolecular addition of aldehydes to enones.
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tion is highly trans-selective in forming 1,2-disubstituted cyclopentanes. More-

over, the reaction tolerates aryl and alkyl substituents on the enone, and can be

carried out with enals, as well as in the presence of heteroatoms (Scheme 2.53).

MacMillan’s catalysts 56a and 61 allowed also the combination of the domino

1,4-hydride addition followed by intramolecular Michael addition [44]. The reac-

tion is chemoselective, as the hydride addition takes place first on the iminium-

activated enal. The enamine-product of the reaction is trapped in a rapid intramo-

lecular reaction by the enone, as depicted in Scheme 2.54. The intramolecular

trapping is efficient, as no formation of the saturated aldehyde can be observed.

The best results were obtained with MacMillan’s imidazolidinium salt 61 and

Hantzsch ester 62 as hydride source. As was the case in the cyclization reaction,

the reaction affords the thermodynamic trans product in high selectivity. This

transformation sequence is particularly important in demonstrating that the

same catalyst may trigger different reactions via different mechanistic pathways,

in the same reaction mixture.

Inverse (cis) diastereoselectivity was obtained in the intramolecular Michael ad-

dition with the cysteine-derived prolinamide analog, 63 (Scheme 2.55) [45].

The desymmetrization of 4-substituted-4-(3-formylpropyl)cyclohexa-2,5-dien-1-

one 65 formed – in a single step – three contiguous stereocenters, including a

quaternary stereocenter (Scheme 2.56).

Scheme 2.54 The domino 1,4-hydride addition followed by intramolecular Michael addition.
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2.4

Conclusions

Enamine-activation is a recent addition to the arsenal of enantioselective organo-

catalytic reactions. A handful of chiral catalysts have been developed for the con-

jugate addition of ketones and aldehydes to electron-deficient alkenes. A mild

acid co-catalyst was seen to be beneficial for the conversion and selectivity of the

addition. The remarkably simple experimental conditions required undoubtedly

represent a major asset compared to metal-mediated asymmetric transforma-

tions. Whilst high levels of diastereoselectivity and enantioselectivity can be ob-

tained in selected cases – and in particular with cyclohexanone – the reactions

are usually substrate-dependent. Further studies allowing a better understanding

of the factors governing the selectivity of the reaction, as well as of the develop-

ment of more general catalysts, would clearly help when using this addition for

synthetic purposes.

Scheme 2.55 The 63-mediated intramolecular conjugate addition.

Scheme 2.56 The desymmetrization of 65 by intramolecular Michael addition.
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3

Iminium Catalysis

Gérald Lelais and David W. C. MacMillan

3.1

Introduction

The search for new catalytic approaches for the enantioselective preparation of

chiral molecules has received increasing attention during recent years. In partic-

ular, the field of organocatalysis has grown at an incredible pace, from a small

collection of chemically unique reactions to a thriving area of general concepts,

atypical reactivity, and widely applicable reactions [1–5]. This chapter will discuss

the discovery and development of one of the youngest subfields of organocatalysis,

namely iminium activation [5]. The first section will introduce the concept of imi-

nium catalysis, together with the rationale for the development of a general cata-

lyst. The following sections will discuss the various transformations where this

catalytic concept has been applied successfully, placing particular emphasis on

the mechanisms, scopes, and limitations of the corresponding reactions. Applica-

tions towards the total synthesis of complex natural products will also be ad-

dressed.

3.2

The Catalysis Concept of Iminium Activation

During the early 2000s, MacMillan and co-workers [6] introduced a new strategy

for asymmetric synthesis based upon design criteria borrowed from the area of

Lewis acid catalysis. This catalytic concept – termed iminium activation – was

founded on the mechanistic postulate that: (1) the electronic principles underpin-

ning Lewis acid activation (LUMO-lowering activation); and (2) the kinetic lability

towards ligand substitution enabling Lewis acid-catalyst turnover (Eq. 1) might

also be available with an organic compound existing in a rapid equilibrium be-

tween an electron-deficient and a relatively electron-rich state (Eq. 2). Indeed, the

MacMillan laboratory found that the reversible formation of iminium ions from

a,b-unsaturated aldehydes and amines could emulate the equilibrium dynamics
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and p-orbital electronics that are inherent to Lewis acid catalysis. Importantly, this

approach revealed the attractive prospect that chiral amines might function as

enantioselective catalysts for a large range of transformations that traditionally

employ metal salts.

ð1Þ

ð2Þ

3.3

Development of the ‘‘First-Generation’’ Imidazolidinone Catalysts

Prior to MacMillan’s studies, the iminium-catalysis strategy had never been docu-

mented. However, several established methodological investigations provided the

experimental basis for this organocatalytic approach.

First, one of the most utilized transformations in organic synthesis is repre-

sented by reductive amination [7]. In this process, an aldehyde and an amine re-

versibly combine to generate an iminium ion in equilibrium quantities that rap-

idly undergoes hydride reduction to provide the corresponding alkyl amine. Of

particular note in this equilibrium-based process is that only the iminium ion is

of sufficient electronic deficiency to undergo hydride reduction, an important

consideration with regard to LUMO-lowering activation. Second, the studies of

Jung and co-workers [8] in their Diels–Alder investigations during the late 1980s

revealed that a,b-unsaturated iminium ions are significantly more reactive as di-

enophiles than a,b-unsaturated aldehydes, acid chlorides, ketones, nitriles, or es-

ters. This is an essential criterion for the amine-catalyzed strategy in that a signif-

icant rate acceleration of the enantioselective bond-forming step must accompany

iminium ion formation. Finally, the seminal works of Grieco [9, 10] and Wald-

man [11] revealed that iminium ions generated under Mannich conditions will

undergo aza-Diels–Alder reaction with electron-rich dienes. While these reactions

incorporate the amine substrate into the Diels–Alder adducts, they do provide a

strong precedent for the initial hypothesis that electron-rich substrates will un-

dergo selective reaction with transiently generated iminium ions in the presence

of aldehyde functionalities.

In order to test the iminium-activation strategy, MacMillan first examined the

capacity of various amines to enantioselectively catalyze the Diels–Alder reaction

between dienes and a,b-unsaturated aldehyde dienophiles [6]. Preliminary experi-

mental findings and computational studies proved the importance of four objec-

tives in the design of a broadly useful iminium-activation catalyst: (1) the chiral

amine should undergo efficient and reversible iminium ion formation; (2) high
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levels of iminium geometry control and (3) selective p-facial discrimination of the

iminium ion should be achieved in order to control the enantioselectivity of the

reaction, and (4) in addition, the ease of catalyst preparation and implementation

would be essential for the widespread adoption of this catalytic technology. The

first catalyst to fulfill these requirements was imidazolidione 1 (Fig. 3.1, top).

As indicated from computational studies, the catalyst-activated iminium ion

MM3-2 was expected to form with only the (E)-conformation to avoid non-

bonding interactions between the substrate double bond and the gem-dimethyl

substituents on the catalyst framework. In addition, the benzyl group of the imi-

dazolidinone moiety should effectively shield the iminium-ion Si-face, leaving
the Re-face exposed for enantioselective bond formation. The efficiency of chiral

amine 1 in iminium catalysis was demonstrated by its successful application in

several transformations such as enantioselective Diels–Alder reactions [6], ni-

trone additions [12], and Friedel–Crafts alkylations of pyrrole nucleophiles [13].

However, diminished reactivity was observed when indole and furan heteroaro-

matics where used for similar conjugate additions, causing the MacMillan group

to embark upon studies to identify a more reactive and versatile amine catalyst.

This led ultimately to the discovery of the ‘‘second-generation’’ imidazolidinone

catalyst 3 (Fig. 3.1, bottom) [14].

Fig. 3.1 Computational studies of the first- and second-generation

imidazolidinone catalysts (1 and 3) and of the corresponding iminium

ions.
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3.4

Development of the ‘‘Second-Generation’’ Imidazolidinone Catalysts

Preliminary kinetic studies with imidazolidinone catalyst 1 suggested that the

overall rates of iminium-catalyzed processes were influenced by the efficiency of

both the initial iminium ion and the CaC bond-forming steps. With the help of

computational modeling, it was hypothesized that reduced reactivity of amine 1

in several iminium-catalyzed reactions was due to its diminished nucleophilicity

towards carbonyl addition as the participating nitrogen lone pair is positioned ad-

jacent to an eclipsing methyl group (Fig. 3.1, top). In order to overcome this un-

favorable interaction, MacMillan postulated that the replacement of the methyl

group with a hydrogen substituent would enable catalysts such as 3 to rapidly

engage in iminium formation. At the same time, replacement of the cis-methyl

group of 1 with a tert-butyl functionality as in 3 was proposed to increase imi-

nium geometry control, providing better coverage of the blocked Si-enantioface
(Fig. 3.1, bottom). Since its introduction in 2001, imidazolidinones of type 3 have

been successfully applied to a broad range of transformations, which include cy-

cloadditions [15, 16], conjugate additions [14, 17, 18], hydrogenations [19], epoxi-

dations, and cascade reactions [20, 21].

3.5

Cyloaddition Reactions

3.5.1

Diels–Alder Reactions

The Diels–Alder reaction is a valuable transformation for the construction of

complex carbocycles, and represents arguably one of the most powerful ap-

proaches in organic chemistry. In particular, catalytic enantioselective variants

have received unprecedented attention [22], representing an appealing starting

point for the development of MacMillan’s concept of iminium catalysis.

In line with the mechanistic rationale of LUMO-lowering iminium activation,

MacMillan hypothesized that intermediate 2, generated from the secondary

amine 1 and an a,b-unsaturated aldehyde, could be activated towards cycloaddi-

tion with an appropriate diene (Scheme 3.1). The Diels–Alder reaction would

form iminium ion cycloadduct 5 that, in the presence of water, would hydrolyze

to yield the enantioenriched product 6 and regenerate the chiral imidazolidinone

catalyst 1.

In 2000, the first highly enantioselective amine-catalyzed Diels–Alder reaction

was disclosed [6], in which the addition of a range of a,b-unsaturated aldehydes

(dienophiles) to a variety of dienes (symmetrical and unsymmetrical) in the pres-

ence of catalytic amounts of imidazolidinone 1 (5–20 mol%) afforded the corre-

sponding cycloadducts in good yields (72–99%), and high regio- and enantioselec-

tivities (Eq. 3). (For experimental details see Chapter 14.18.1).
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Remarkably, the presence of water showed beneficial effects on both reaction

rates and selectivities, while facilitating the iminium ion hydrolysis step in the

catalytic cycle. Computational studies suggest an asynchronous mechanism for

the reaction [23–25], where the attack of the diene to the b-carbon atom of the

iminium ion is the rate-limiting step [23], and the p,p-interaction between the

phenyl ring of the catalyst’s benzyl group and the olefinic p-system of the imi-

nium ion accounts for the selectivity of the reaction [6, 24].

Since the first publication, amine-catalyzed Diels–Alder reactions of a,b-

unsaturated aldehydes have been investigated in much detail [15, 26–33]. Catalyst

immobilization studies on solid support [26, 27], as well as in ionic liquids [29],

have shown advantages for amine recycling, while partially maintaining good

levels of asymmetric induction [34]. The use of this reaction in total synthesis

has allowed the rapid preparation of (þ)-hapalindole Q, a tricyclic alkaloid natural

product containing four contiguous stereocenters (Scheme 3.2) [28].

A limitation of MacMillan’s approach towards iminium-activated Diels–Alder

reactions has been the use of a-substituted a,b-unsaturated aldehydes as dieno-

philes. Recently, Ishihara and Nakano [31] succeeded in partially overcoming

this problem by identifying a novel primary amine organocatalyst for this type of

Scheme 3.1
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transformation, where a-acyloxyacroleins underwent exo-selective cycloaddition

with a variety of dienes in high yields and good enantioselectivity (79–92% ee;
Scheme 3.3). (For experimental details see Chapter 14.18.2).

Another important application of the iminium catalysis concept has been the

development of enantioselective Type I [15, 30] and Type II [15] intramolecular

Diels–Alder reactions (IMDA). (For experimental details see Chapter 14.18.3).

For these transformations, both catalysts 1 and 3 proved to be highly efficient, as

demonstrated by both the short and effective preparation of the marine methabo-

lite solanapyrone D via Type I IMDA (Scheme 3.4, top) and the development of

an early example of an enantioselective, catalytic Type II IMDA reaction (Scheme

3.4, bottom) [35]. Importantly, cycloadducts incorporating ether and quaternary

carbon functionalities could be efficiently produced.

An important challenge in the asymmetric catalytic Diels–Alder reaction is the

use of simple ketone dienophiles to obtain high enantioselectivity. Indeed, the

success of chiral Lewis acid-mediated Diels–Alder reactions is founded upon

the use of dienophiles such as aldehydes, esters, quinones [36–43], and bidentate

chelating carbonyls [44–47], where high levels of lone pair discrimination are

achieved in the metal association step, an organizational event that is essential

for enantiocontrol. In contrast, Lewis acid coordination to ketone dienophiles is

generally non-selective, since the participating lone pairs are positioned in similar

steric and electronic environments (Eq. 4). The ability for diastereomeric activa-

Scheme 3.2

Scheme 3.3
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tion in this case often leads to poor levels of enantiocontrol and, ultimately, has

prevented the use of simple ketone dienophiles in asymmetric Diels–Alder reac-

tions [48]. The use of amines for the corresponding organocatalytic transforma-

tion was therefore a good opportunity to complement this deficiency [16]. In this

case, the ability to perform substrate activation does not rely on specific lone pair

activation, but alternatively on selective p-bond formation (iminium geometry

control; see Eq. 5).

ð4Þ

ð5Þ

The fine-tuning of sterics and electronics governing the control of iminium ge-

ometry allowed the identification of imidazolidinone catalyst 8 to provide efficient

catalytic Diels–Alder transformations using simple ketone dienophiles (Scheme

3.5) [16]. This reaction is quite general with respect to diene structure, allowing

enantioselective access to a broad range of alkyl-, alkoxy-, amino-, and aryl-

substituted cyclohexenyl ketones. In particular, single regio- and diastereomeric

products were produced. Interestingly, whereas methyl ketones were usually

poor substrates, higher-order derivatives (R ¼ Et, Bu, i-amyl) afforded good levels

Scheme 3.4
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of enantiocontrol and high exo-selectivity. The sense of induction observed in all

cases is consistent with selective engagements of the diene substrate with the Si-
face of the cis-iminium isomer 8a [16, 25].

3.5.2

[3B2]-Cycloadditions

The 1,3-cycloaddition of nitrones to alkenes is a rapid and elegant method to pre-

pare isoxazolidines, which are important building blocks for the construction of

biologically active compounds [49]. Recently, asymmetric Lewis acid-catalyzed

nitrone cycloadditions have successfully been used for their enantioselective prep-

aration [50–52]. However, only a few examples used monodentate carbonyl com-

pounds as substrate, most likely due to the competitive coordination of nitrones

to Lewis acids [53–57]. As this problem does not occur in the realm of iminium

catalysis, MacMillan and co-workers applied the LUMO-lowering activation strat-

egy to the first organocatalytic [3þ2]-cycloaddition (Scheme 3.6) [12]. Transforma-

tion of several a,b-unsaturated aldehydes with a variety of N-alkylated nitrones in

the presence of catalytic amounts of imidazolidinone 1 afforded the correspond-

ing isoxazolidines in high yields and good diastereo- and enantioselectivities. (For

Scheme 3.5

Scheme 3.6
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experimental details see Chapter 14.19.1). The reaction appears quite general with

respect to the nitrone structure (>66% yield,>92:8 endo:exo,>91% ee). Variation in

the N-alkyl group (R ¼ Me, Bn, Allyl) is possible without loss in enantioselectiv-

ity. The reaction is also tolerant to a range of aromatic substituents on the dipole

(R1 ¼ Ph, p-Cl-Ph, p-OMe-Ph, p-Me-Ph, 2-naph, c-hex). Moreover, excellent levels

of diastereo- and enantioselectivities can be achieved with an alkyl-substituted ni-

trone (R1 ¼ c-hex, 99:1 endo:exo, 99% ee). In contrast, only limited variation of the

dipolarophile can be achieved; crotonaldehyde (R2 ¼ Me) and acrolein (R2 ¼ H)

generate cycloadducts in good yields and selectivities, but other b-substituted

enals are largely unsuccessful due to the sluggish nature of these reactions.

A polymer-supported version of catalyst 1 was also used in the nitrone cycload-

dition, with promising results [58]. The enantioselectivity of the reaction was usu-

ally comparable to what has been observed in solution, although catalyst recycling

was accompanied by substantial decrease in chemical yield.

The scope of the reaction was subsequently expanded to the 1,3-dipolar cyclo-

addition of nitrones to cyclic a,b-unsaturated aldehydes, allowing for the forma-

tion of fused bicyclic isoxazolidines (Scheme 3.7). Here, the use of catalyst 1 re-

sulted in almost no reaction, whereas a proline-based diamine (9) afforded high

levels of enantio-and diastereoselectivity [59, 60].

3.5.3

Cyclopropanations

The biological activity of many natural isolates and therapeutic agents rely on the

structural and reactivity properties of cyclopropane functionalities. Therefore, a

vast array of asymmetric methods for their preparation has been developed [61].

Among all methodologies, few examples employ organocatalysts, but worthy of

mention are the pioneering studies by Aggarwal and colleagues [62–64] and

Gaunt and colleagues [65–67], who make use of catalyst-bound ylides to perform

asymmetric cyclopropanations. Alternatively, Kunz and MacMillan have applied

the iminium-catalysis concept to effectively activate olefin substrates towards

enantioselective cyclopropanation [68]. In this context, a highly efficient protocol

was found for the conversion of a,b-unsaturated aldehydes and stabilized ylides in

Scheme 3.7
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the presence of 2-carboxylic acid dihydroindole catalyst (10) to enantioenriched

highly substituted cyclopropanes (Scheme 3.8). (For experimental details see

Chapter 14.11.1). Interestingly, the iminium ions derived from MacMillan imida-

zolidinones 1 or 3 and enals were completely inert to the sulfonium ylides used,

and more importantly, proline (normally a poor catalyst for iminium catalysis)

provided good levels of conversion and moderate enantioselectivity. Improve-

ments in both chemical yield and stereoselectivity were obtained with the dihy-

droindole catalyst 10.

In an effort to explain these atypical reactivity patterns, a mechanistic postulate

based on direct electrostatic activation (DEA) was proposed (Scheme 3.8). Indeed,

the zwitterionic iminium ions derived from catalyst 10 and a,b-unsaturated alde-

hydes enable both iminium geometry control and direct electrostatic activation of

the approaching sulfonium ylides. The combination of geometric and electronic

control seems to be essential for enantio- and diastereocontrol in the formation

of the desired cyclopropyl compound.

3.5.4

Epoxidations

Chiral asymmetric epoxidations have been intensively investigated due to the fun-

damental importance of epoxides in organic chemistry [69, 70]. Nevertheless, cat-

alytic asymmetric Lewis acid epoxidation of a,b-unsaturated aldehydes remains a

challenge to chemists. Recently, Jørgensen and co-workers developed the first

asymmetric approach to epoxides of enals, in which chiral pyrrolidine 11 was

used as catalyst and H2O2 as oxidant, thus following the concept of iminium

catalysis (Scheme 3.9) [71–73]. Importantly, reaction conditions are tolerant to a

variety of functionalities and this chemical transformation proceeds in different

solvents, with no loss of enantioselectivity. (For experimental details see Chapter

14.13.1).

From a mechanistic point of view, the first step is the formation of the iminium

ion intermediate by reaction of the a,b-unsaturated aldehyde with the chiral

Scheme 3.8
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amine. In the next step, the peroxide adds as a nucleophile to the electrophilic

b-carbon atom producing a CaO-bond and leading to an enamine intermediate.

The formation of the epoxide then takes place by attack of the nucleophilic enam-

ine carbon atom to the electrophilic peroxygen atom, followed by hydrolysis of the

iminium intermediate (Scheme 3.9).

3.5.5

[4B3]-Cycloadditions

Several laboratories are currently investigating the potential of iminium catalysis

for the asymmetric catalytic synthesis of other cycloaddition products. For exam-

ple, Harmata and co-workers recently disclosed an elegant approach for the prep-

aration of enantioenriched seven-membered rings [74]. This approach involves an

organocatalytic asymmetric [4þ3]-cycloaddition of dienes with silyloxypentadie-

nals in the presence of imidazolidinone catalyst 3. Although showing promising

prospects for the rapid synthesis of enantioenriched cycloheptanones, the scope

of the reaction has yet to be determined. So far, only the reaction of 2,5-

disubstituted furans with 4-trialkylsilylpentadienals has afforded the cycloadducts

in modest yields and promising enantioselectivity (Eq. 6). It is notable that,

among all asymmetric [4þ3]-cycloaddition reactions, this represents the first or-

ganocatalytic version.

Scheme 3.9
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3.6

1,4-Addition Reactions

3.6.1

Friedel–Crafts Alkylations

The metal-catalyzed addition of aromatic substrates to s- or p-systems, also known

as Friedel–Crafts alkylation, belongs to one of the most powerful strategies for the

formation of CaC bonds [75–77]. Nevertheless, relatively few enantioselective cat-

alytic approaches have been reported that use this reaction manifold, despite the

widespread availability of electron-rich aromatics and the chemical relevance of

the resulting products.

Based on the mechanistic rationales discussed earlier, it is clear that p-facial se-

lectivity and reaction rates of cycloaddition reactions result exclusively from the

association of imidazolidinone catalysts to the electrophilic enal component. It

is, therefore, conceivable that this platform should be amenable to a range of re-

actions of a,b-unsaturated carbonyl compounds, regardless of the nature of the

HOMO-donor component.

To further demonstrate the value of iminium catalysis, MacMillan and co-

workers undertook the development of asymmetric catalytic Friedel–Crafts alkyla-

tions that were previously unattainable using acid or metal catalysis. As such,

amine-catalyzed 1,4-additions of aromatics and heteroaromatics to a,b-unsatu-

rated aldehydes were investigated [13, 14, 17, 18]. Initial studies focused on

the use of pyrroles as substrates to generate b-pyrrolyl carbonyls (Scheme 3.10)

[13], useful synthons for the construction of a variety of biomedical agents

[78–80]. As anticipated, N-protected and N-unprotected pyrroles underwent 1,4-

addition to various a,b-unsaturated aldehydes in the presence of catalytic amounts

of imidazolidinone 1 to provide the corresponding alkylated products in high

yields and good enantioselectivity [81]. (For experimental details see Chapter

14.9.13).

Scheme 3.10
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It is important to note that products arising from 1,2-iminium additions were

not observed in these reactions, in accord with the mechanistic postulate. The

Friedel–Crafts alkylation is general with respect to the pyrrole architecture. In-

deed, variation in the N-alkyl group (R ¼ H, Me, Bn, Allyl) is possible without

loss in yield or enantioselectivity. In addition, the incorporation of substituents

at C(2)- or C(3)-pyrrole positions provides regioselective alkylations at C(5)- and
C(2)-positions, respectively. Significant variation in the steric contribution of the

olefin substituent (R3 ¼ Me, Pr, i-Pr) does not lead to any loss in yield or enantio-

selectivity. The reaction tolerates also b-aryl-substituted a,b-unsaturated aldehydes

and accommodates electron-deficient aldehydes (R3 ¼ CO2Me, CH2OBn) that do

not readily participate in iminium formation. Interestingly, the use of excess

aldehydes in the reaction with N-methyl pyrrole allows for the formation of C2-

symmetric 2,5-disubstituted pyrroles in high diastereo- and enantioselectivity.

The utility of this approach has been highlighted by the short and straightforward

preparation of (�)-ketorolac [82].

The use of other nucleophilic species to perform Friedel–Crafts alkylations to

a,b-unsaturated aldehydes has also been investigated, with success. For example,

indoles [14, 83] and anilines [18, 84] have been added to a,b-unsaturated alde-

hydes, providing 1,4-addition products in good yields and excellent enantioselec-

tivities. Again, the importance of such an approach is demonstrated by the suc-

Scheme 3.11
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cessful preparation of natural and biological relevant compounds (Scheme 3.11)

[14, 83, 84].

3.6.2

Mukaiyama–Michael Reactions

Chiral imidazolidinone catalyst 3 can also catalyze the addition of silyloxy furans

to a,b-unsaturated aldehydes to provide g-butenolides [17]. Remarkably, whereas

similar Lewis acid-catalyzed transformations give almost exclusively 1,2-addition

products (Mukaiyama–aldol reaction), the organocatalyzed variant affords only

1,4-adducts (Mukaiyama–Michael reaction), thus providing a new strategy for

the catalytic preparation of enantiomerically enriched butenolides [85]. Treatment

of 2-silyloxyfurans with a variety of a,b-unsaturated aldehydes afforded the desired

products in good enantiomeric purity with predominantly syn-selectivity. (For ex-
perimental details see Chapter 14.23.1). Significantly, the use of different reaction

conditions – namely, changing co-catalyst and solvent – provided butenolide ad-

ducts of opposite sense of diastereoinduction, while retaining high levels of enan-

tiocontrol. In a demonstration of the utility of this protocol, a four-step synthesis

of spiculisporic acid, a Penicillium spiculisporum fermentation adduct that has

found commercial application as bio-surfactant for metal decontamination pro-

cesses and fine polymer production, and its 5-epi-diastereomer have been accom-

plished (Scheme 3.12) [17].

3.6.3

Michael Reactions of a,b-Unsaturated Ketones

The Michael addition of carbogenic reagents to enones represents a challenging

transformation for iminium catalysis. Given the inherent problem of forming tet-

rasubstituted iminium ions from ketones, along with the accordant issues associ-

ated with controlling the iminium ion geometry, it is noteworthy that significant

Scheme 3.12
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progress has been made in the development of iminium catalysts for enone sub-

strates during the past decade (Scheme 3.13). The asymmetric Michael addition

to a,b-unsaturated carbonyl compounds was first catalyzed by metalloprolinates

during the 1990s [86–90]. Several years later, Kawara and Taguchi reported the

first organocatalyzed variant, in which a proline-derived catalyst (12) mediated

the addition of malonates to cyclic and acyclic enones with moderate enantiose-

lectivities (56–71% ee) [91]. Further improvements were reached by Hanessian

and co-workers, who showed that a combination of l-proline (13) and trans-2,5-
dimethylpiperazine could be used to facilitate the enantioselective addition of

nitroalkanes to cyclic enones [92]. The use of tripeptides as catalysts was also

investigated, and acceptable enantioselectivities were achieved with a trans-4-
aminoproline-based tripeptide, in the presence of the same additive [93]. Al-

though, no mechanistic interpretations have been proposed, it is likely that these

reactions proceed via an iminium mechanism. Recently, Jørgensen and col-

leagues [94–99] and others [100–103] expanded the reaction scope by careful

investigation of catalyst structure, developing organocatalyzed enantioselective

conjugate addition reactions of a variety of carbogenic nucleophiles such as nitro-

alkanes [94, 99, 100, 103], malonates [95, 101], 1,3-dicarbonyl compounds [96–98,

102], b-ketosulphones [98] and aryl ketones [97, 98] to a,b-unsaturated enones

(Scheme 3.13). (For experimental details see Chapter 14.9.1).

Scheme 3.13
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Remarkably, Jørgensen and co-workers demonstrated the effectiveness of this

approach by synthesizing, in a very rapid fashion, enantiopure biologically active

compounds such as warfarin and analogues [96]. Interestingly, some of these

examples highlighted the use of highly enantio- and diastereoselective domino

Michael–aldol reactions, furnishing optically active cyclohexanones with three or

four contiguous chiral centers [97, 98].

3.7

Transfer Hydrogenation

The hydrogen atom is the most common substituent present on stereogenic cen-

ters. Not surprisingly, therefore, the field of asymmetric catalysis has focused

great attention on the invention of hydrogenation methods during the past 50

years [104–106]. In demonstrating the importance of asymmetric hydrogena-

tions, Knowles and Noyori were awarded the 2001 Nobel Prize in chemistry ‘‘. . .

for their work on chirally catalyzed hydrogenation reactions’’ [107]. Interestingly,

while most hydrogenation methodologies rely on the use of organometallic cata-

lysts and hydrogen gas, living organisms typically use organic cofactors such as

NADH or FADH2 in combination with enzymes for similar transformations

[108]. On this basis, the use of small organocatalysts in combination with dihy-

dropyridine analogues to perform metal-free hydrogenations was a unique oppor-

tunity to challenge the LUMO-lowering activation concept in mimicking Nature.

Studies from the MacMillan group [19] evidenced the possibility of selectively re-

ducing a,b-unsaturated aldehydes of a broad steric and electronic composition

using Hantzsch ester derivatives and imidazolidinone catalyst 18, providing the

products in good yields and excellent enantioselectivities (Scheme 3.14). (For ex-

perimental details see Chapter 14.22.1). List and co-workers reported a similar

Scheme 3.14
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variant of this transformation using MacMillan’s imidazolidinone catalyst 3 [109,

110]. However, in this case, only b-aryl-b-methyl a,b-unsaturated aldehydes have

been shown to undergo enantioselective reduction.

Importantly, mixtures of E- and Z-olefin substrates could be hydrogenated with

comparable enantioselectivities, providing an enantioconvergent process; a highly

desirable yet rare feature of a catalytic asymmetric reaction. In addition, this

transformation effectively differentiates between b,b-olefin substituents of similar

steric demand (e.g., Me/Et, Ar/c-hex), furnishing hydrogenated products with

very high enantioselectivity.

3.8

Organocatalytic Cascade Reactions

3.8.1

Cascade Addition–Cyclization Reactions

Methodologies relying on cascade reactions have received increasing attention in

modern chemical synthesis [111–114]. With this in mind, the MacMillan group

investigated new approaches to expand the realm of iminium catalysis to include

the activation of tandem bond-forming processes for the rapid construction of

natural products [21]. In particular, based on mechanistic considerations, these

authors sought to explore whether indole 1,4-addition reactions might be manip-

ulated to allow the cascade formation of pyrroloindoline architectures in lieu of

substituted indole production (Scheme 3.15).

It was envisioned that the addition of an indole derived from a tryptamine to

the activated iminium ion, arising from imidazolidinone catalyst 3 and an a,b-

unsaturated aldehyde, would generate a C(3)-quaternary carbon-substituted indo-

lium ion. As a central feature this intermediate cannot undergo re-aromatization

by means of proton loss, in contrast to the analogous 3-H indole addition path-

way. As a result, 5-exo-heterocyclization of the pendant ethylamine would provide

the corresponding pyrroloindoline compounds. In terms of molecular complexity,

this cascade sequence should allow the rapid and enantioenriched formation of

stereochemically defined pyrroloindoline architecture from tryptamines and sim-

ple a,b-unsaturated aldehydes.

Bringing these theoretical considerations into practice led to the development

of an addition–cyclization cascade methodology, where tryptamines were added

to a,b-unsaturated aldehydes in the presence of imidazolidinone catalysts, provid-

ing pyrroloindoline adducts in high yields and with excellent levels of enantiose-

lectivity (Scheme 3.16) [21]. Interestingly, a large variation of enantioinduction

was observed upon modification of the reaction solvent; a high-dielectric-constant

media afforded one enantiomer, while a low-dielectric-constant solvent provided

the corresponding enantiomer. (For experimental details see Chapter 14.9.14).

The reaction appeared to be quite general with respect to the steric contribution

of the carbamate substituent of the ethylenic amine functionality (Boc, CO2Et,
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CO2allyl). In addition, the reaction could also accommodate a variety of electron-

donating groups on the indole nitrogen (Bn, Allyl, Prenyl), as well as substitution

on the aromatic ring. With regard to the a,b-unsaturated aldehyde substrate, b-

substitution allowed the formation of highly diastereo- and enantioselective pyrro-

loindolines and the reaction was seen to be general for ester-, keto-, and CH2OBz-

groups. When acrolein was used as the enal, high levels of enantioselectivities

were also observed. In these cases, enantioinduction was determined by the pref-

erence of tryptamines to react selectively from one of the indole faces.

Scheme 3.16

Scheme 3.15
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Application of the pyrroloindoline-forming protocol in natural product syn-

thesis was demonstrated by the first enantioselective synthesis of (�)-flustramine

B (Scheme 3.16) [21]. Moreover, this amine-catalyzed transformation has also

been extended to the enantioselective construction of furanoindoline frameworks,

a widely represented substructure among natural isolates of biological relevance

[21].

3.8.2

Cascade Catalysis: Merging Iminium and Enamine Activations

The synthesis of complex natural products has traditionally focused on a ‘‘stop-

and-go’’ sequence of individual reactions. However, in biological systems, molec-

ular complexity is achieved in a continuous process, where enzymatic transforma-

tions are combined in highly regulated catalytic cascade reactions [115]. With this

in mind – and given the discovery from the MacMillan group that imidazolidi-

none catalysts can enforce orthogonal modes of substrate activation in the form

of iminium (LUMO–lowering) [6, 12–19, 21] and enamine (HOMO-raising)

[116–118] catalyses (Eqs. 7–9) – extensive research investigations have been con-

ducted to translate the conceptual blueprints of biosynthesis into laboratory

‘‘cascade-catalysis’’ sequences. Specifically, several groups have succeeded in com-

bining amine-catalyzed iminium- and enamine transformations to enable rapid

access to structural complexity from simple starting materials, while achieving ex-

quisite levels of enantiocontrol [20, 119, 120].

ð7Þ

ð8Þ

ð9Þ
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As proof of concept, the MacMillan group [20] discovered that imidazolidinone

19 catalyzed the conjugate addition–chlorination cascade sequence of a diverse

range of nucleophiles and a,b-unsaturated aldehydes to give the corresponding

products with high levels of diastereo- and enantioselectivity (Scheme 3.17a).

(For experimental details see Chapter 14.23.2). Further expansion of this new cas-

cade approach allowed the invention of other enantioselective transformations,

such as the asymmetric addition of HCl and HF across trisubstituted olefin sys-

tems [20]. Similarly, Jørgensen and co-workers developed an organocatalyzed con-

jugate addition–amination sequence of thiols to enals with the intermediacy of

pyrrolidine 11 [119], affording 1,2-aminothiol derivatives with excellent enantiose-

lectivities (>99% ee; Scheme 3.17b). (For experimental details see Chapter

14.23.3). In addition, List and co-workers reported a transfer hydrogenation–in-

tramolecular Michael reaction cascade sequence, where MacMillans’ imidazolidi-

none catalyst 3�HCl gave the best selectivities (Scheme 3.17) [120].

Perhaps the most important point in these studies was the discovery that two

discrete amine catalysts could be employed to enforce cycle-specific selectivities

(Scheme 3.18) [20]. Conceptually, this achievement demonstrates that these

cascade-catalysis pathways can be readily modulated to afford a required

Scheme 3.17
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diastereo- and enantioselective outcome via the judicious selection of simple

amine catalysts.

3.9

Conclusions

Over the past six years, the field of asymmetric catalysis has bloomed extensively

– and perhaps unexpectedly – with the introduction of a variety of metal-free-

catalysis concepts that have collectively become known as ‘‘organocatalysis’’.

Perhaps more impressively, the field of organocatalysis has quickly become a fun-

damental branch of catalysis, which can be utilized for the construction of enan-

tiopure organic structures, thus providing a valuable complement to organome-

tallic and enzymatic activations. Whilst substrate scope remains an important

issue for many organocatalytic reactions, an increasingly large number of trans-

formations are now meeting the requisite high standards of ‘‘useful’’ enantiose-

lective processes. Most notably, the concept of iminium catalysis has grown

Scheme 3.18
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almost hand in hand with the general field of organocatalysis. Since the introduc-

tion of the first highly enantioselective organocatalytic Diels–Alder reaction in

2000, there has been a large expansion in this amine-catalyzed subfield. Indeed,

at the time of writing of this chapter, there exist currently over 40 discrete trans-

formations that can be performed with useful levels of enantiocontrol (b90% ee).
As such, the future for iminium catalysis and the field of organocatalysis appears

to be bright, with perhaps application to industrial processes being the next major

stage of development. One thing is certain, however – there are many new power-

ful enantioselective transformations waiting to be discovered using these novel

modes of activation.
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4

Ammonium Ions as Chiral Templates

Takashi Ooi and Keiji Maruoka

4.1

Introduction

Chiral, nonracemic quaternary ammonium salts have been emerging as a power-

ful metal-free catalyst for effecting various stereoselective bond-forming reactions

under mild conditions. This organocatalysis functions in either homogeneous or

heterogeneous system, and the reactivity and selectivity rely heavily on the three-

dimensional (3-D) structure of chiral ammonium cations and the property of

counteranions. The former homogeneous catalysis is based on the nucleophilic

or basic character of ammonium fluorides and phenoxides, while the latter heter-

ogeneous catalysis is well recognized as phase-transfer catalysis. In this chapter

we first illustrate the utility of chiral quaternary ammonium fluorides and phen-

oxides as organocatalysts for homogeneous reactions [1]. The synthetic benefits of

asymmetric phase-transfer catalysis are then described, with particular focus on

the most significant application – the asymmetric synthesis of a-amino acid deriv-

atives [2] – which is especially valuable in the utilization of chiral quaternary am-

monium salts for routine experiments in both academic and industrial labora-

tories.

4.2

Homogeneous Catalysis with Chiral Quaternary Ammonium Fluorides

4.2.1

Aldol and Nitroaldol Reactions (Preparation of Chiral Quaternary Ammonium

Fluorides)

Shioiri and co-workers systematically investigated the preparation of N-
benzylcinchonium fluoride 2a from the corresponding bromide 1a, and estab-

lished a standard procedure (Scheme 4.1) [3] which has been used repeatedly by

research groups in this field (for examples, see below). The 1H NMR analysis of

the fluoride 2a indicated no decomposition of the N-benzylcinchonium residue,
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and 19F NMR measurements in CD2Cl2 showed a peak centered at ca. �124 ppm

(using CFCl3 as an internal standard) [4]. The catalytic activity and chiral effi-

ciency of 2a were evaluated in the asymmetric aldol reaction of enol silyl ether of

2-methyl-1-tetralone (3) with benzaldehyde as included in Scheme 4.1 [3].

Further examination on the fluoride ion-catalyzed asymmetric aldol reaction of

the enol silyl ethers prepared from acetophenone (5) and pinacolone (6) with ben-

zaldehyde using 2a and its peudoenantiomer 7a revealed the dependence of the

stereochemistry of the reactions on the hydroxymethyl-quinuclidine fragment of

the catalyst (Scheme 4.2) [3, 5].

Campagne and Bluet reported the catalytic asymmetric vinylogous Mukaiyama

(CAVM) reaction of aldehydes with dienol silyl ether 8 using chiral ammonium

fluorides as an activator. For example, the CAVM reaction of isobutyraldehyde

with 8 in the presence of 2a (10 mol%) in THF at room temperature led to forma-

tion of the vinylogous aldol product 9 in 70% yield with 20% ee; moreover, the

enantiomeric excess was improved to 30% by conducting the reaction at 0 �C

(Scheme 4.3) [6].

Corey and Zhang utilized chiral quaternary ammonium fluoride 7b possessing

a 9-anthracenylmethyl group on nitrogen for the face-selective nitroaldol reaction

Scheme 4.1

Scheme 4.2 (For experimental details see Chapter 14.1.4)
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of nitromethane with protected (S)-phenylalaninal 10. This was directed toward

the practical stereoselective synthesis of amprenavir, an important second-

generation HIV protease inhibitor with a number of clinical advantages over

first-generation agents. A THF solution of (S)-N,N-dibenzylphenylalaninal (10)
was added to a mixture of 7b, nitromethane, and finely ground potassium fluo-

ride (KF) in THF at �10 �C. After stirring for 6 h, the desired nitro alcohol 11

was isolated in 86% yield with a diastereomeric ratio (dr) of 17:1, from which am-

prenavir was synthesized in a five-step sequence, as illustrated in Scheme 4.4 [7].

Scheme 4.3

Scheme 4.4 (For experimental details see Chapter 14.4.1)
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4.2.2

Trifluoromethylation

Iseki, Nagai and Kobayashi prepared cinchonine-derived ammonium fluoride

2b from the corresponding bromide, and accomplished the asymmetric trifluoro-

methylation of aldehydes and ketones with trifluoromethyltrimethylsilane

(Me3SiCF3) catalyzed by 2b (Scheme 4.5) [8]. Although the enantioselectivities

are not sufficiently high, this reaction system should offer a new access to various

chiral trifluoromethylated molecules of analytical and medicinal interest through

appropriate modifications.

4.2.3

Hydrosilylation

The hydrosilylation of carbonyl compounds with polymethylhydrosiloxane

(PMHS) or other alkoxysilanes can be catalyzed by TBAF, at high efficiency [9].

The asymmetric version of this process has been developed by Lawrence and co-

workers using chiral ammonium fluoride 7c prepared via the method of Shioiri

[10]. The reduction of acetophenone was performed with trimethoxysilane (1.5

equiv.) and 7c (10 mol%) in THF at room temperature, yielding phenethyl alcohol

quantitatively with 51% ee (R) (Scheme 4.6). A slightly higher enantioselectivity

was observed in the reduction of propiophenone. When tris(trimethylsiloxy)silane

was used as a hydride source, the enantioselectivity was increased, though a pro-

Scheme 4.6

Scheme 4.5
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longed reaction time was required. Although a significant rate acceleration was

observed with PMHS, the stereoselectivity was, unfortunately, decreased.

4.3

Homogeneous Catalysis with Chiral Quaternary Ammonium Bifluorides

4.3.1

Aldol and Nitroaldol Reactions

Although tetraalkylammonium bifluoride, R4N
þHF2

�, is expected to be more sta-

ble and easy to handle compared to the corresponding fluoride [11], it is only re-

cently that the reactivity and selectivity have been investigated in the field of

asymmetric catalysis. Corey and co-workers prepared the cinchonidine-derived bi-

fluoride 12 from the corresponding bromide by passage of a methanolic solution

through a column of Amberlyst A-26 OH� form and subsequent neutralization

with 2 equiv. of 1 N HF solution and evaporation (the modified Shioiri method).

The catalytic activity and chiral efficiency of 12 (dried in vacuo over P2O5) have

been demonstrated by the development of a Mukaiyama-type aldol reaction of

ketene silyl acetal 13 with aldehydes under mild conditions, giving mostly syn-b-
hydroxy-a-amino esters 14 as the major diastereomer, with good to excellent ee-
values (Scheme 4.7 and Table 4.1) [12]. The highest syn selectivity was observed

Scheme 4.7
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in the reaction with cyclohexanecarboxaldehyde (entry 2), while a lower diastereo-

meric ratio was generally associated with unbranched aldehydes (entries 3–6).

The nitroaldol reaction of silyl nitronates with aldehydes promoted by ammo-

nium fluorides, which was originally introduced by Seebach and Colvin in 1978

[13], is a useful method for the preparation of 1,2-functionalized nitroalkanols.

We have developed an asymmetric version of high efficiency and stereoselectivity

by using a designer chiral quaternary ammonium bifluoride 15 as catalyst; this

was readily prepared from the corresponding bromide using the modified Shioiri

method (Scheme 4.8) [14]. For example, the treatment of trimethylsilyl nitronate

16a with benzaldehyde in the presence of (S,S)-15a (2 mol%) in THF at �98 �C

Table 4.1 The chiral ammonium bifluoride 12-catalyzed asymmetric

Mukaiyama-type aldol reaction of ketene silyl acetal 13 with aldehydes.

(For experimental details see Chapter 14.1.5)

Entry R Solvent

(Hex:CH2Cl2)

Temperature

[̊ C]

Time

[h]

Yield

[%]

dr

(syn/anti)

ee [%]

(syn:anti)

1 iPr 3:1 �78 7 70 (14a) 6:1 95:83

2 cHex 3:1 �50 1 81 13:1 88:46

3 Hex 3:1 �78 2 79 3:1 89:91

4 Cl(CH2)3 5:1 �78 2 48 1:1 82:86

5 Ph(CH2)2 3:1 �78 6 64 1:1 72:86

6 iBu 5:1 �45 2 61 3:1 76:70

Scheme 4.8
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for 1 h and at �78 �C for 1 h, with subsequent hydrolysis with 1 N HCl at 0 �C,

resulted in clean formation of the corresponding nitroalkanol 17 (R ¼ Ph) in 92%

yield (anti:syn ¼ 92:8) with 95% ee (anti isomer). This asymmetric nitroaldol pro-

tocol tolerates various aromatic aldehydes to afford anti-nitroaldols selectively, as

included in Scheme 4.8.

4.3.2

Michael Reaction

The efficient homogeneous catalysis of chiral ammonium bifluorides of type 15

has been further utilized for achieving an asymmetric Michael addition of silyl

nitronates to a,b-unsaturated aldehydes. Here, chiral ammonium bifluoride 15b

bearing a 3,5-di-tert-butylphenyl group was found to be the catalyst of choice, and

the reaction of 16a with trans-cinnamaldehyde under the influence of (R,R)-15b (2

mol%) in THF at �78 �C produced the 1,4-addition product 18 predominantly

(18/19 ¼ 24:1) as a diastereomeric mixture (syn/anti ¼ 78:22) with 85% ee of the
major syn isomer (Scheme 4.9). Further, use of toluene as solvent led to almost

exclusive formation of the 1,4-adduct (18/19 ¼ 32:1) with similar diastereoselec-

tivity (syn/anti ¼ 81:19), and critical enhancement of the enantioselectivity was at-

tained (97% ee) [15].

The significant synthetic advantage of this approach is the isolation of regio-

and stereo-defined enol silyl ethers of optically active g-nitro aldehydes (Table

4.2). For example, after the reaction of 16a with trans-cinnamaldehyde, the result-

ing mixture can be directly purified by silica gel column chromatography to pro-

duce the optically active enol silyl ether 20a in 90% yield (Table 4.2, entry 1). High

Scheme 4.9
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levels of catalytic efficiency and stereoselectivity were also available in the Michael

addition of silyl nitronate 16b (entry 2). The introduction of an alkyl substituent at

the a-carbon of enals can be well accommodated, as excellent diastereo- and enan-

tiofacial differentiation have been achieved with a-methyl-trans-cinnamaldehyde

(entry 3).

This unique Michael addition protocol has been successfully extended to cyclic

a,b-unsaturated ketones such as cyclohexenone, where (R,R)-15a was suitable to

Table 4.2 Asymmetric Michael addition of silyl nitronate 16 to a,b-

unsaturated aldehydes and cyclohexenone catalyzed by chiral quaternary

ammonium bifluorides (R,R)-15. Isolation of optically active enol silyl

ethers 20 and 21.

Entry R1 (16) R2, R3

(aldehyde or

cyclohexenone)

Yield [%] dr (syn/anti) ee of major

isomer

(20 or 21) [%]

1 Me (16a) Ph, H 15b 90 83:17 (20a) 97

2 Et (16b) Ph, H 87 90:10 98

3 Me Ph, Me 90 5:95 95

4 Et cyclohexenone 15a 91 1:99 96

Scheme 4.10 (For experimental details see Chapter 14.9.9)
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allow the isolation of stereochemically homogeneous enol silyl ether 21 (entry 4

in Table 4.2). The versatility of 21 as a chiral building block was highlighted by

the stereoselective transformation to the corresponding a-bromo-g-nitro ketone

22 (Scheme 4.10) [16].

4.4

Homogeneous Catalysis with Chiral Quaternary Ammonium Phenoxides

Recently, Mukaiyama and co-workers prepared cinchona alkaloid-derived chiral

quaternary ammonium phenoxide-phenol complex 23 and used it as an efficient

organocatalyst for the tandem Michael addition and lactonization between a,b-

unsaturated ketones and a ketene silyl acetal 24 derived from phenyl isobutyrate.

This approach permits the highly enantioselective synthesis of a series of 3,4-

dihydropyran-2-ones (25), as shown in Scheme 4.11 [17].

4.5

Heterogeneous Catalysis: Chiral Phase-Transfer Catalysis

4.5.1

Pioneering Study

The development of asymmetric phase-transfer catalysis, which is based on the

use of structurally well-defined chiral catalysts to create optically active organic

Scheme 4.11 (For experimental details see Chapter 14.9.10)
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molecules from prochiral substrates, was triggered by the pioneering studies of

the Merck research group in 1984. By using the quaternary ammonium salt 1b

derived from cinchonine, the methylation of phenylindanone derivative 26 gave

the corresponding alkylated product 27 in excellent yield, with high enantiomeric

excess (Scheme 4.12) [18].

4.5.2

Monoalkylation of Glycinate Schiff Base: Asymmetric Synthesis of a-Amino Acids

Following 5 years of epoch-creating investigations by the Merck group, this type

of catalyst was used successfully for the asymmetric synthesis of a-amino acids by

O’Donnell, using tert-butyl glycinate benzophenone Schiff base 28 as a key sub-

strate [19]. Asymmetric alkylation of 28 proceeded smoothly under mild phase-

transfer conditions with N-(benzyl)cinchoninium chloride [1a (Cl)] as a catalyst

to give the alkylation product (R)-29 in good yield, and moderate enantioselectiv-

ity (Scheme 4.13). By simply switching the catalyst from the cinchonine- to the

cinchonidine-derived 30a, the absolute configuration of the product was reversed

(S), albeit with a similar degree of enantioselectivity. One important aspect of this

reaction is the selective formation of the monoalkylated product 29, without con-

comitant production of the undesired dialkylated product (this occurs as long as

the benzophenone Schiff base is employed as a starting substrate [20]). This out-

come is due to the much lower acidity of the remaining a-proton of 29 compared

to that of 28. This acidity-weakening effect is also crucial for securing the config-

urational stability of the newly created a-stereogenic center under the reaction

conditions. Further optimization with hydroxy-protected catalyst 30b (a second-

generation catalyst) enhanced the enantioselectivity to 81% ee [21]. A single re-

crystallization and subsequent deprotection of 29 afforded essentially optically

pure a-amino acids.

A significant advance in this field was made recently by two independent re-

search groups through the development of a new class of cinchona alkaloid-

Scheme 4.12
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derived catalysts bearing an N-anthracenylmethyl function (a third-generation cat-

alyst). Lygo and colleagues designed N-anthracenylmethylammonium salts 1c

and 30c, and applied them to the asymmetric phase-transfer alkylation of 28 to

synthesize a-amino acids with much higher enantioselectivity (Scheme 4.14) [22].

In contrast, Corey and co-workers prepared O-allyl-N-anthracenylmethylcincho-

nidinium salt 30d and achieved high asymmetric induction by the combined use

of solid CsOH�H2O at very low temperature, as also shown in Scheme 4.14 [23].

We designed and prepared the structurally rigid, chiral spiro ammonium salts

32 as a new C2-symmetric chiral phase-transfer catalyst (Fig. 4.1), and success-

fully applied this to the highly efficient, catalytic enantioselective alkylation of 28

under mild conditions [24]. A key finding was the significant effect of an aro-

matic substituent at the 3,3 0-position of one binaphthyl subunit of 32 (Ar) on the

enantiofacial discrimination, and (S,S)-32e was revealed as the catalyst of choice

for preparing a variety of essentially enantiopure a-amino acids by this transfor-

mation (Table 4.3).

Generally, 1 mol% of 32e is sufficient for the smooth alkylation. In the reaction

with simple alkyl halides such as ethyl iodide, the use of aqueous cesium hydrox-

Scheme 4.13

4.5 Heterogeneous Catalysis: Chiral Phase-Transfer Catalysis 131



ide (CsOH) as a basic phase at lower reaction temperature is recommended

(entry 6).

These reports have accelerated research into improvements of the asymmetric

alkylation of 28, and have resulted in the emergence of a series of appropriately

modified cinchona-alkaloid-based catalysts, as well as the elaboration of purely

Scheme 4.14

Fig. 4.1 The structurally rigid, chiral spiro ammonium salts.
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synthetic chiral quaternary ammonium salts. The performance of the representa-

tive catalysts in the asymmetric benzylation of 28 are summarized in Table 4.4, in

order to facilitate comparison for their preparative use.

While alkyl halides are typically employed as an electrophile for this transfor-

mation, Takemoto developed a palladium-catalyzed asymmetric allylic alkylation

of 28 using allylic acetates and chiral phase-transfer catalyst 30h, as shown in

Scheme 4.15 [42]. The choice of triphenyl phosphite [(PhO)3P] as an achiral pal-

ladium ligand was crucial to achieving high enantioselectivity.

Catalytic asymmetric alkylations of 28 have also been carried out with polymer-

bound glycine substrates [43], or in the presence of polymer-supported cinchona

alkaloid-derived ammonium salts as immobilized chiral phase-transfer catalysts

[44], both of which feature their practical advantages especially for large-scale syn-

thesis.

In addition, the potential synthetic utility of the asymmetric alkylation protocol

discussed in this section has been fruitfully demonstrated by its application to the

stereoselective synthesis of various biologically active natural products [45].

Table 4.3 Effect of aromatic substituent (Ar) and applicability of

32e-catalyzed phase-transfer alkylation of 28.

Entry Catalyst RX Yield [%] ee [%] (config.)

1 32a PhCH2Br 73 79 (R)
2 32b PhCH2Br 81 89 (R)
3 32c PhCH2Br 95 96 (R)
4 32d PhCH2Br 91 98 (R)
5 32e PhCH2Br 90 99 (R)
6a) 32e EtI 89 98 (R)

7 32e 80 99 (R)

8 32e 98 99 (R)

9 32e 86 98 (R)

a)With sat. CsOH at �15 �C.
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Table 4.4 Representative catalysts and their performance in the phase-

transfer-catalyzed benzylation of 28.

Entry Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

1

33

5 mol%,

50% KOH aq.,

toluene:CH2Cl2
(7:3), 0 �C

93 94 (S) 25

2

34

3 mol%,

50% KOH aq.,

toluene:CH2Cl2
(7:3), �20 �C

94 94 (S) 26

3

35

1 mol%,

50% KOH aq.,

toluene:CH2Cl2
(7:3), 0 �C

95 97 (S) 27

4

30e

10 mol%,

50% KOH aq.,

toluene:CH2Cl2
(7:3), 0 �C

90 96 (S) 28
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Table 4.4 (continued)

Entry Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

5

30f

5 mol%,

50% KOH aq.,

toluene:CH2Cl2
(7:3), 0 �C

94 96 (S) 29

6

30g

10 mol%,

25% NaOH aq.,

toluene, 0 �C

88 76 (S) 30

7

(S)-36 (Ar1 ¼ 3,5-Ph2-C6H3, Ar
2 ¼ Ph)

1 mol%,

50% KOH aq.,

toluene, 0 �C

81 95 (R) 31

8

(S,S)-37 (Ar1 ¼ Ar2 ¼ 3,5-Ph2-C6H3)

1 mol%,

50% KOH aq.,

toluene, 0 �C

88 96 (R) 32
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Table 4.4 (continued)

Entry Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

9

(S,S)-38 (Ar1 ¼ Ar2 ¼ 3,5-Ph2-C6H3)

1 mol%,

50% KOH aq.,

toluene, 0 �C

87 97 (R) 33

10

(S)-39 (Ar ¼ 3,4,5-F3-C6H2)

0.05 mol%,

50% KOH aq.,

toluene, 0 �C

98 99 (R) 34

11

(S)-40 (Ar ¼ 3,4,5-F3-C6H2)

0.01 mol%,

50% KOH aq.,

toluene, 25 �C

95 96 (R) 35

12

41

2 mol%, NaOH,

toluene, r.t.

>95 80 (R) 36

13

42

30 mol%,

1 M KOH aq.,

CH2Cl2, 0
�C

55 90 (R) 37
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Table 4.4 (continued)

Entry Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

14

43a

10 mol%,

CsOH�H2O,

toluene:CH2Cl2
(7:3), �78 �C

87 93 (R) 38

15

44

20 mol%,

50% KOH aq.,

CH2Cl2, 0
�C

>95 95 (R) 39

16

45

1 mol%,

50% KOH aq.,

toluene, 0 �C

55 58 (S) 40

17

46

1 mol%,

15 M KOH aq.,

toluene, 0 �C

89 97 (R) 41
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4.5.3

Dialkylation of Schiff Bases Derived from a-Alkyl-a-Amino Acids

Phase-transfer catalysis has made unique contributions in the development of

a truly efficient method for the preparation of non-proteinogenic, chiral a,a-

dialkyl-a-amino acids; these are often effective enzyme inhibitors and are also in-

dispensable for the elucidation of enzymatic mechanisms.

In 1992, O’Donnell succeeded in obtaining optically active a-methyl-a-amino

acid derivatives 49 in a catalytic manner through the phase-transfer alkylation of

p-chlorobenzaldehyde imine of alanine tert-butyl ester 48 with cinchonine-derived

1a as catalyst (see Scheme 4.16) [46]. Although the enantioselectivities are moder-

ate, this study is the first example of preparing optically active a,a-dialkyl-a-amino

acids by chiral phase-transfer catalysis.

Scheme 4.15 (For experimental details see Chapter 14.16.1)

Scheme 4.16
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Table 4.5 Phase-transfer-catalyzed enantioselective benzylation of aldimine Schiff bases derived

from a-alkyl-a-amino acids.a) (For experimental details see Chapter 14.15.1).

Entry Substrate (Ar, R, Ak) Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

1 p-Cl-C6H4, Me, tBu, (48) 30i 10 mol%, K2CO3/

KOH, toluene, r.t.

95 87 (S) 47

2b) Ph, Me, iPr (R,R)-TADDOL (50) 3 mol%, 50% KOH

aq., toluene, r.t.

94 94 (S) 48

3b) Ph, Me, iPr (R)-NOBIN (51) 10 mol%, 50% KOH

aq., toluene, r.t.

95 97 (S) 48

4 p-Cl-C6H4, Et, Me 41 2 mol%, NaOH,

toluene, r.t.

91 82 (S) 36, 49
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On the basis of this achievement, different types of catalysts have been designed

and evaluated with aromatic aldimine Schiff bases of a-amino acid esters (mainly

alaninate), and these are summarized in Table 4.5.

In addition to the high efficiency and broad generality, the characteristic feature

of the 32e-catalyzed asymmetric alkylation strategy is visualized by direct stereo-

selective introduction of two different side chains to glycine-derived aldimine

Table 4.5 (continued)

Entry Substrate (Ar, R, Ak) Catalyst Conditions Yield

[%]

ee [%]

(config.)

Ref.

5 p-Cl-C6H4, Me, tBu (S,S)-32e
(Ar ¼ 3,4,5-F3-C6H2)

1 mol%, CsOH�H2O,

toluene, 0 �C

85 98 (R) 50

6 p-Cl-C6H4, iBu, tBu 64 92 50

7 2-Naph, Me, tBu 30e 10 mol%, RbOH,

toluene, �35 �C

91 95 (S) 51

8 p-Cl-C6H4, Me, tBu 43a (BF4) 10 mol%, CsOH�H2O,

toluene:CH2Cl2 (7:3),

�70 �C

83 89 (R) 38b

a)The alkylation products were usually isolated as a-amino esters after

acidic hydrolysis under the following conditions: AcOH/THF-H2O

(entry 1), AcCl/MeOH (entry 4), 10% citric acid/THF (entries 5 and

6), HCl-H2O/THF (entry 7), 0.2 M citric acid/THF (entry 8).
b)The product was obtained as a-amino acid hydrochloride after

treatment with HCl-H2O.
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Schiff base 52 in one-pot under mild phase-transfer conditions. For example, the

initial treatment of a toluene solution of 52 and (S,S)-32e (1 mol%) with allyl bro-

mide (1 equiv.) and CsOH�H2O at �10 �C, and the subsequent reaction with

benzyl bromide (1.2 equiv.) at 0 �C, resulted in formation of the double alkylation

product 53 in 80% yield with 98% ee after hydrolysis. Notably, in the double alky-

lation of 52 by the addition of the halides in reverse order, the absolute configura-

tion of the product 53 was confirmed to be opposite, indicating intervention of the

chiral ammonium enolate 54 at the second alkylation stage (Scheme 4.17) [50].

Further, Jew and Park successfully applied the efficient phase-transfer catalysis

of 32e to the asymmetric synthesis of a-alkyl serines using phenyl oxazoline deriv-

ative 55a as a requisite substrate. The reaction is general, and provides a practical

access to a variety of optically active a-alkyl serines through acidic hydrolysis, as

exemplified in Scheme 4.18 [52].

4.5.4

Michael Reaction of Glycinate Benzophenone Schiff Bases

Enantioselective Michael addition of glycine derivatives by means of chiral phase-

transfer catalysis has been developed to synthesize various functionalized a-alkyl-

amino acids. Corey and colleagues utilized 30d as a catalyst for the asymmetric

Scheme 4.17

Scheme 4.18 (For experimental details see Chapter 14.15.2)
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Michael addition of glycinate Schiff base 28 to a,b-unsaturated carbonyl sub-

strates with high enantioselectivity (Scheme 4.19) [53, 54]. With methyl acrylate

as an acceptor, a-tert-butyl g-methyl ester of (S)-glutamic acid can be formed;

this functionalized glutamic acid derivative is very useful for synthetic applica-

tions because the two carboxyl groups are differentiated. Moreover, naturally oc-

curring (S)-ornithine has been synthesized as its dihydrochloride in a concise

manner by using acrylonitrile as an acceptor, as also included in Scheme 4.19

[54].

To date, this type of phase-transfer-catalyzed Michael reaction of 28 has been

investigated with either acrylates or alkyl vinyl ketones as an acceptor, under the

influence of different catalysts and bases. Typical results are listed in Table 4.6 in

order to determine the characteristics of each system.

Belokon and co-workers designed a glycine-derived nickel complex 60 and ex-

amined its asymmetric addition to methyl acrylate under phase-transfer condi-

tions. The screening of various NOBIN and iso-NOBIN derivatives in combina-

tion with NaH as a base revealed that N-pivaloyl-iso-NOBIN (62b) proved to be

highly efficient catalyst, affording the product 61 in 80% yield with 96% ee, as il-
lustrated in Scheme 4.20 [59].

Jew and Park achieved the highly enantioselective synthesis of (2S)-a-
(hydroxymethyl)glutamic acid, a potent metabotropic receptor ligand, through

the Michael addition of 2-naphthyl oxazoline derivative (55b) to ethyl acrylate

under phase-transfer conditions. As shown in Scheme 4.21, the use of Schwe-

singer base BEMP at �60 �C with the catalysis of 32e appeared to be essential

for attaining an excellent selectivity [60].

4.5.5

Aldol and Mannich Reactions

The phase-transfer-catalyzed enantioselective direct aldol reactions of a glycine

donor with aldehyde acceptors provide an ideal method for the simultaneous con-

Scheme 4.19
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Table 4.6 Catalytic enantioselective Michael addition of 28 to a,b-unsaturated carbonyl

compounds under phase-transfer conditions. (For experimental details see Chapter

14.9.11).

Entry Catalyst [mol%] Acceptor Conditions Yield

[%]

ee [%]

(config.)

Ref.

1

57 (10 mol%)

OtBu CsOH�H2O

(10 mol%),

tBuOMe,

�60 �C

73 77 (S) 55

2

43b (10 mol%)

OCH2Ph Cs2CO3

(50 mol%),

Ph-Cl, �30 �C

84 81 (S) 38

3

58 (20 mol%)

OEt KOtBu
(20 mol%),

CH2Cl2,

�78 �C

65 96 (S) 56

4 Et 76 87 (S) 56

5

59 (1 mol%)

Me Cs2CO3

(200 mol%),

Ph-Cl, �30 �C

100 75 (S) 57
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struction of the primary structure and stereochemical integrity of b-hydroxy-a-

amino acids, which are extremely important chiral units, especially from the

pharmaceutical viewpoint. Prompted by the first report from the Miller’s group

on the possibility of this approach [61], we developed an efficient, highly

diastereo- and enantioselective direct aldol reaction of 28 with a wide range of ali-

phatic aldehydes under mild phase-transfer conditions, employing 32f as a key

catalyst. Mechanistic investigations revealed the intervention of a highly stereose-

lective retro aldol reaction, which could be minimized by using a catalytic amount

of 1% NaOH aqueous solution and ammonium chloride; this led to the establish-

ment of a general and practical chemical process for the synthesis of optically

active anti-b-hydroxy-a-amino esters 63 (Scheme 4.22) [62].

Table 4.6 (continued)

Entry Catalyst [mol%] Acceptor Conditions Yield

[%]

ee [%]

(config.)

Ref.

6a)

ent-46 (1 mol%)

Me Cs2CO3

(50 mol%),

iPr2O, 0 �C

84 94 (S) 58

7a) nC5H12 60 94 (S) 58

a)Benzhydryl glycinate benzophenone Schiff base as substrate.

Scheme 4.20
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The phase-transfer-catalyzed direct Mannich reaction of 28 with a-imino ester

64 was achieved with high enantioselectivity by using 32e as catalyst (Scheme

4.23) [63]. This method enables the catalytic asymmetric synthesis of differen-

tially protected 3-aminoaspartate, a nitrogen analogue of dialkyl tartrate, the util-

Scheme 4.21

Scheme 4.22 (For experimental details see Chapter 14.1.6)
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ity of which was demonstrated by the product (syn-65) being converted into a pre-

cursor (66) of the streptolidine lactam.

A more general and highly diastereoselective Mannich-type reaction was devel-

oped by Ohshima and Shibasaki. The tartrate-derived diammonium salt 43c pos-

sessing 4-fluorophenyl substituents was identified as an optimal catalyst for the

reaction of 28 with various N-Boc imines under solid (Cs2CO3)-liquid (fluoroben-

zene) phase-transfer conditions, as exemplified in Scheme 4.24 [64]. The useful-

ness of the Mannich adduct 67b was further demonstrated by the straightforward

synthesis of the optically pure tripeptide 68.

Scheme 4.23

Scheme 4.24 (For experimental details see Chapter 14.2.3)
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4.6

Conclusions

As described in this chapter, numerous recent efforts to elaborate chiral quater-

nary ammonium salts have greatly expanded their use as asymmetric catalysts in

organic synthesis. However, the full potential of enantioselective organocatalysis

is yet to be realized in terms of general applicability. In the case of the chiral

ammonium cation, pairing with a requisite nucleophile (an anion) enhances its

nucleophilicity, which in turn facilitates subsequent bond-forming reactions with

electrophiles in a stereoselective manner. As the assembly of a chiral ion pair is

based on simple electrostatic interactions, it is not a trivial task to control pre-

cisely the direction and distance of the ion pair, and this constitutes a major diffi-

culty for their application to different types of transformation. Nevertheless, it

should be possible to solve this intrinsic problem by the molecular design of

chiral ammonium cations, so that their use as chiral templates becomes reliable

and they acquire a general strategic role in practical asymmetric synthesis. These

developments are eagerly anticipated.
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5

Organocatalytic Enantioselective Morita–Baylis–Hillman

Reactions

Candice Menozzi and Peter I. Dalko

Nucleophilic amines or alkyl phosphines can mediate the addition of electron-

deficient alkenes to reactive carbonyls such as aldehydes or ketones. This transfor-

mation, which affords functionalized allylic alcohols, is generally termed the

Morita–Baylis–Hillman (MBH) reaction (Scheme 5.1) [1, 2].

5.1

Addition of Ketones and Aldehydes to Activated Olefins

The reaction was first described by the Morita group, the discovery most likely

being a case of serendipity, by virtue of the similarity of the original experimental

procedure with that of Oda’s olefin synthesis [3, 4]. Independently, some years

later Baylis and Hillman discovered that the addition of acetaldehyde with ethyl

acrylate and acrylonitrile could be realized in the presence of catalytic amounts

of a strong Lewis nitrogen base such as 1,4-diazabicyclo[2,2,2]octane (DABCO)

[5]. While these discoveries did not arouse particular attention during the follow-

ing decade, the reaction began to receive increasing synthetic and mechanistic in-

terest from the late 1880s onwards [1]. Both substrate compatibility problems and

selectivity issues were considerably improved, though not completely solved, and

the range of olefin reagents was extended to b-unsubstituted acrylic [6], and a,b-

unsaturated thiol esters [7], acrylonitrile [8], vinyl ketones [8, 9], vinyl sulfones

[10, 11], and sulfonates [12], vinyl phosphonates [13], acrylamides [14], and acro-

lein [15] (Scheme 5.2). More recently, allenes [16], acetylenes [17] and activated
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dienes [18] were added as olefin equivalents, leading to products of more complex

skeletons. Aromatic and aliphatic aldehydes, a-keto-esters [8b, 19], fluoroketones

[20] or aldimines [21] were also seen in MBH reactions (Scheme 5.2). Although

simple ketones and disubstituted olefins are unreactive under classical condi-

tions, they can be used under higher pressure [22], or with the use of co-catalysts.

Moreover, the organic nucleophilic catalysts can be replaced by metal complexes,

which represent powerful alternatives in MBH reactions.

Historically, the most effective N-based organic catalysts were nucleophilic un-

hindered tertiary amines such as DABCO (diazabicyclo[2.2.2]octane, 1) [23], qui-

nuclidine (2), 3-hydroxy quinuclidine (3-HDQ, 3), 3-quinuclidone (4) and indoli-

zine (5) (Fig. 5.1) [24]. A direct correlation has been found between pKa and the

activity of the quinuclidine-based catalysts: the higher the pKa, the faster the rate

[25]. More recently, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 6), considered as a

hindered and non-nucleophilic base, was shown to be a better catalyst than

DABCO, or 3-HDQ [26]. The reason for the increased reactivity for this catalyst

was attributed to stabilization of the zwitterionic enolate by delocalization of the

positive charge. Other N-based catalysts such as N,N-(dimethylamino)pyridine

Scheme 5.2 Multifunctional products accessible by the MBH reaction.

Fig. 5.1 Tertiary amines used as catalysts in the MBH reaction.
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(DMAP) [27], imidazoles [28], guanidine [29], azole [30], and N-methylpiperidine

[31] were also used successfully in non-asymmetric MBH reactions.

A basic amine catalyst may promote the self-aldol reaction of the aldehyde,

having an enolizable carbonyl. This reaction can be particularly important in the

case of slowly reacting hindered aldehydes. In order to avoid this secondary reac-

tion, a number of trialkylphosphines were tested and, in non-asymmetric reac-

tions, tributylphosphine was generally found to be the most effective [32, 33].

The low reaction rates usually associated with the MBH reaction can be in-

creased either by pressure [15a, 22, 34], by the use of ultrasound [35] and micro-

wave radiation [14a], or by the addition of co-catalysts. Various intra- or inter-

molecular Lewis acid co-catalysts have been tested [26, 36, 37]; in particular,

mild Brønsted acids such as methanol [36, 57d], formamide [38], diarylureas

and thioureas [39] and water [27a, 40] were examined and found to provide an

additional acceleration of the MBH reaction rate (Table 5.1).

Typically, MBH reactions are conducted at or just below room temperature. The

rate of product formation can be increased by warming the reaction mixture

above room temperature, though the yields are usually not greater than those

achieved when the reaction is run at room temperature [41]. At elevated temper-

atures, polymerization of the acrylate becomes a viable alternative; indeed, the

formation of this byproduct makes purification of the desired MBH adducts diffi-

cult and should, if at all possible, be avoided.

The influence of solvents was extensively studied [38, 40b, 42], with reactions

shown capable of being performed in neat, or, virtually in any polar medium.

Whilst high dielectric constant oxygenated solvents such as tetrahydrofuran

(THF), 1,4-dioxane, acetone (Et2O), dimethyl sulfoxide (DMSO), and dimethyl-

formamide (DMF) are used in non-asymmetric MBH reactions, dichloroethane

(CH2Cl2) or acetonitrile are preferred for asymmetric transformations. MBH re-

Table 5.1 The effect of Brønsted acid co-catalysts on the rate of the MBH reaction.
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actions between conjugated cyclic enones with a variety of aldehydes can also be

managed in water in the presence of surfactants above their critical micelle

concentrations (CMC) [43]. Contradictory effects were found, however, in ionic

liquids [44].

5.1.1

Reaction Mechanism

Whilst the elementary steps of the reaction were postulated in the earliest publi-

cations [3], and remain (globally) even today as the core of the mechanistic dis-

cussion, the fine details of the reaction – and in particular those controlling the

asymmetric induction – have been highlighted only recently. The first critical

mechanism [15a, 45, 46], which is based on pressure-dependence data, estab-

lished a reversible Michael addition of the nucleophilic base to the activated al-

kene (Scheme 5.3). In the following step, the formed zwitterionic enolate 11

adds to the electrophile and forms a second zwitterionic adduct 13. This step

was considered to be the rate-determining step (RDS) of the reaction. Subsequent

proton transfer and release of the catalyst provides finally the desired product 14.

While many of the observed events of the MBH reaction could be included in

this scheme, the mechanism failed in some critical cases [47]. First, the mecha-

nism did not provide any clue as to why stereocontrol is so difficult in MBH reac-

tions. Privileged nucleophilic chiral catalysts [48], which in the past have usually

allowed good results in related asymmetric transformations, afforded only modest

asymmetric induction. This fact was surprising, and pointed to lack of under-

standing of the basic factors governing the selectivity of the reaction. Other obser-

Scheme 5.3 The first critical mechanism of the MBH reaction.
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vations, such as the rate acceleration by the build-up of product (i.e., the autocata-

lytic effect) [22], and also the formation of a considerable amount of ‘‘unusual’’

dioxanone byproduct, such as 23 (see Scheme 5.5) [49] in the addition of aryl al-

dehydes to acrylates warned of the limits of the discussed mechanism.

Detailed kinetic analysis showed that the RDS in the MBH reaction is not the

1,2-addition, as previously reported, but rather the proton abstraction followed by

elimination of the catalyst from intermediate 15 (Scheme 5.4) [50]. This fact di-

rects attention to the proton-donor ability of the catalyst, and has a major conse-

quence in the catalyst design. If either the Brønsted acid or the Lewis base could

be appropriately positioned on a chiral molecule, the Lewis base would react with

the substrate (Michael addition), while the acid in an asymmetric environment

would allow the chiral proton transfer. From all diastereoisomers generated in

the reactions, only the structure allowing the fastest proton-transfer would evolve

towards the product, while the other diastereoisomers generated in the reactions

would revert to starting materials. The action of the Brønsted co-catalysts is not

limited, however, to the stereo-determining protonation step. Rather, it also pro-

motes conjugate addition by binding to the zwitterionic enolate, and stabilizing

these intermediates. The Brønsted acid remains hydrogen-bonded to the resulting

enolate in the enolate-addition step to the aldehyde [51], and finally ensures effi-

cient proton transfer in the rate-determining proton abstraction step. This model

also explains the autocatalytic effect of the product. With the increase in product

concentration, the proton-transfer becomes increasingly efficient and the rate-

limiting step shifts to step 2, as in the conventional model.

Scheme 5.4 A revised mechanism, which underlines the importance of

the proton-transfer, as the rate-determining and stereo-determining steps.
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Another support for this mechanism was found in the detailed kinetic analysis

of the reaction of acrylates with aryl aldehyde, where the RDS is second order in

aldehyde and first order in the catalyst and acrylate, a fact which is in accordance

with the formation of a hemiacetal intermediate 19 (Scheme 5.5) [52]. This inter-

mediate subsequently undergoes elimination and generates 21, with liberation of

the catalyst leading either to the ‘‘normal’’ adduct 22 or, alternatively, to the diox-

anone product 23. The formation of this byproduct is favored when OaR is a

good leaving group and when the concentration in aldehyde is high.

5.1.2

Diastereoselectivity

The ease of racemization of chiral a-amino aldehydes under MBH conditions is

undoubtedly a major difficulty in studying diastereoselective reactions [53]. Epi-

merization can be essentially avoided by conducting the reaction at low tempera-

ture [54, 67], or it can be minimized at room temperature when a conformation-

ally restricted amino aldehyde, such or N-trityl-azetidine 2-(S)-carboxyaldehyde is

used [54]. The use of ultrasound also increases the rate of the MBH reaction,

avoiding racemization almost completely, even at room temperature [55]. When

adding various a-amino acid-derived aldehydes to methyl acrylate using DABCO

Scheme 5.5 An extended mechanistic model of the addition of acryl esters to aryl aldehydes.
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as catalyst at room temperature with ultrasound irradiation, the anti product was
obtained as the major isomer (Table 5.2) [55a].

Considerable effort has been devoted to the development of enantiocatalytic

MBH reactions, either with purely organic catalysts, or with metal complexes.

Paradoxically, metal complex-mediated reactions were usually found to be more

efficient in terms of enantioselectivity, reaction rates and scope of the substrates,

than their organocatalytic counterparts [36, 56]. However, this picture is actually

changing, and during the past few years the considerable advances made in orga-

nocatalytic MBH reactions have allowed the use of viable alternatives to the metal

complex-mediated reactions. Today, most of the organocatalysts developed are bi-

functional catalysts in which the chiral N- and P-based Lewis base is tethered with

a Brønsted acid, such as (thio)urea and phenol derivatives. Alternatively, these

acid co-catalysts can be used as additives with the nucleophile base.

5.1.3

Chiral Amine Catalysts

The first chiral catalysts were developed from achiral molecules such as

DABCO, quinuclidine, indolizine or pyrrolizine-derived catalysts by introducing

asymmetric functions. Hirama and co-workers examined chiral C2-symmetric

2,3-disubstituted 1,4-diazabicyclo[2.2.2]octanes such as 2,3-(dibenzoxymethyl)-

DABCO (29) as catalysts for asymmetric MBH reaction between 4-nitro-

benzaldehyde 27 and methyl vinyl ketone (MVK, 28) (Scheme 5.6) [57]. The addi-

tive function of the catalyst compared to the achiral DABCO resulted, however,

in diminished reactivity, and the reaction required high pressure in order to

Table 5.2 The diastereoselectivity of the MBH reaction in the addition of

a-substituted aldehydes to acrylates under ultrasound irradiation.
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Scheme 5.6 Asymmetric MBH reaction using chiral DABCO 29.

Scheme 5.7 Barrett’s catalysts 32 and 35 in asymmetric MBH reactions.
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ensure a reasonable reaction rate. The (S)-a-methylene-b-hydroxy-alkanone 30

was obtained in 47% ee.
The chiral pyrrolizine derivative 32 was developed by the Barrett group, and

tested in the addition of methylvinylketone (MVK) or ethylvinylketone (EVK),

and 4-nitrobenzaldehyde (Scheme 5.7) [58]. The reaction provided products in

good yield, albeit in modest enantioselectivity (ee-value 21–47%). It was observed,

that the addition of coordinating salts such as NaBF4 increased the selectivity of

the alkylation (ee-value up to 72%). The salt effect was rationalized by the forma-

tion of two possible chelate intermediates, among which the one leading to the

(R)-product was preferred for steric reasons. Of note was the fact that the struc-

tural analogue bicyclic azetidine derivative 35, having a silylated alcohol on the

lateral chain, showed increased reactivity but low enantioselectivity (ee-value up

to 26%) in similar transformation (Scheme 5.7) [59].

Natural products having chiral tertiary amine functions were tested among the

first catalysts in asymmetric MBH reactions [24, 60]. The importance of the pro-

ton donor capacity of the catalyst in the rate and selectivity of the MBH reaction

was recognized very quickly, and attention was turned to genuine a-amino alcohol

structures, such as the compounds listed in Scheme 5.8 [61]. Results were

modest, however. Apart from the earlier discussed (R)-3-HDQ, which catalyzed

the MBH reaction at atmospheric pressure (though with no enantioselectivity),

Scheme 5.8 Some natural product-derived catalysts in asymmetric MBH reactions.

5.1 Addition of Ketones and Aldehydes to Activated Olefins 159



all the other amino-alcohols required high-pressure conditions in the addition

of MVK to the cyclohexyl carboxaldehyde in CH2Cl2 [62]. Among the various

p-hydroxy-amines employed, the cinchona alkaloids displayed the highest level

of enantioselection, followed closely by ephedrine and proline derivatives. As

expected, quinine and cinchonidine gave lower but opposite enantioselectivities

to quinidine and cinchonine. The crucial role played by the p-hydroxyl function
was also noted, as the derivatization of quinidine into its O-acetyl analogue sup-

pressed enantioselectivity.

Similar observations were made in the N-methylprolinol-mediated addition of

MVK and benzaldehyde, which proceeded under atmospheric pressure in 1,4-

dioxane:water (1:1, v/v) solvent mixture at 0 �C, and afforded product in up to

78% ee [63]. The catalytic activity was also suppressed in methylating the free

hydroxyl function.

An important step in the development of asymmetric MBH reactions was the

introduction of the quinidine-derived b-isocupreidine catalyst (b-ICD) 44, by the

Hatakeyama group [64, 65]. b-ICD mediated the addition of acrylate 43 to a vari-

ety of aromatic and aliphatic aldehydes even at �55 �C in DMF, and afforded (R)-
adducts in good yields (40–58%) and excellent enantioselectivity (ee up to 99%)

(Table 5.3). The contribution of the 1,1,1,3,3,3-hexafluoroisopropyl acryl ester

(HFIPA) to the reactivity of the system deserves comment. This ester displayed

Table 5.3 Asymmetric MBH reaction of aldehydes and HFIPA (43) catalyzed by b-ICD (44).
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an almost 200-fold rate acceleration compared to methyl acrylate, under identical

reaction conditions. However, limitations were observed with bulky aldehydes

such as butyraldehyde, where dimerization of the acrylate was observed. The

enantioselectivity of the dioxanone byproduct 23 was found to be considerably

lower, or even opposite compared to the ‘‘normal’’ adduct, 45 (Table 5.3). This

fact can be rationalized by the different mechanism of the stereo-determining

proton abstraction steps of these products, as outlined in Scheme 5.5.

The sense of stereo-induction leading to the (R)-enriched adduct can be ratio-

nalized by the formation of the betaine intermediates A and B, stabilized by in-

tramolecular hydrogen bonding between the oxy anion and the phenolic hydroxyl

group (Scheme 5.9) [66]. In the following transformations, intermediate A is pre-

ferred over B, while the intramolecular protonation of the formed alcoholate of

A is configurationally more favorable: this intermediate gives rise to the (R)-
product, while B will revert to the starting material. Of note in this arrangement

is that the conformation is almost ideal for the subsequent elimination process

that is necessary for regeneration of the catalyst.

Scheme 5.9 The rationalization of stereo-induction in the b-ICD-mediated MBH reaction.
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The b-ICD catalyst (44) was used in the synthesis of epopromycin B, a plant cell

wall synthesis inhibitor [67], and also in the synthesis of mycestericin E, a potent

immunosuppressor [68].

For the synthesis of epopromycin B, precursor 47 was prepared via the addition

of (S)-N-Fmoc-leucinal, 46, to HFIPA, 43, at �55 �C (Scheme 5.10) [67]. The re-

action afforded, after methanolysis, two diastereoisomers: the syn product 49 was

obtained in 70% yield and in 99% ee, and the anti isomer 50 was obtained in 2%

yield and in 99% ee. It should be noted that the hexafluoroisopropyl group was

converted to the corresponding methyl ester in the alcoholysis step. The major

syn isomer 49 was transformed to the epoxy end-product 51.

A similar strategy was used in the synthesis of mycestericin E [68]. The con-

figuration of the chiral allylic alcohol 53 was established via a b-ICD-mediated

MBH reaction between aldehyde 52 and the hexafluoroisopropyl acrylate 43 in a

DMF/CH2Cl2 solvent mixture at low temperature (Scheme 5.11).

MVK derivatives are less reactive than the HFIPA. The b-ICD-mediated addi-

tion of activated aromatic aldehydes to MVK requires higher temperature and

longer reaction times, resulting in a lower enantioselectivity (Table 5.4) [69].

Scheme 5.10 The asymmetric MBH reaction in the synthesis of epopromycin B.
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Moreover, as highlighted in Table 5.4, the use of Brønsted or Lewis acid additives

increases the reaction rate, yield and selectivity, but these results are normally

substrate-dependent.

Although dimeric Sharpless ligands as catalysts showed impressive results in re-

lated organocatalytic transformations, they provided only limited success in asym-

metric MBH reactions (Scheme 5.12) [70]. These compounds are bifunctional cat-

alysts in the presence of acid additives: one of the two amine function of the

dimers forms a salt and serves as an effective Brønsted acid, while another ter-

tiary amine of the catalyst acts as a nucleophile. Whereas salts derived from

(DHQD)2PYR, or (DHQD)2PHAL afforded trace amounts of products in the ad-

dition of methyl acrylate 8a and electron-deficient aromatic aldehydes such as 27,

(DHQD)2AQN, 56, mediated the same transformation in ee up to 77%, albeit in

low yield. It should be noted that, without acid, the reaction afforded the opposite

enantiomer in a slow conversion.

Although cinchona-derived catalysts continue to play major role in asymmetric

MBH reactions, peptide-based catalysts are beginning to emerge as alternatives

[71, 72]. One exciting advance is the simultaneous use of a nucleophilic catalyst

(i.e., cinchona or peptide) in combination with a conveniently chosen acid, such

as proline, or proline-containing oligopeptides as co-catalyst in a MVK-based

MBH reaction (Scheme 5.13) [39, 69, 73]. In these reactions the co-catalyst accel-

erates the reaction and acts synergistically, allowing higher ee-values to be ob-

tained than in the absence of the additive. Contrary to the generally observed

fact, the configuration of the proline co-catalyst has an important effect on the

observed stereochemistry of the product [69, 71]. When pentapeptide 58 having a

Scheme 5.11 The synthesis of mycestericin E.
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Table 5.4 MBH reaction of aryl aldehydes and MVK catalyzed by b-ICD.

Scheme 5.12 (DHQD)2AQN as catalyst in the MBH reaction.
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Scheme 5.13 Dual stereocontrol in the MBH reaction.

Scheme 5.14 The aldol cycloisomerization by pipecolinic acid and NMI-

catalyzed asymmetric intramolecular MBH reaction followed by a

‘‘kinetic resolution quench’’.
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modified histidine side-chain was used in the reaction of MVK (28) and benzalde-

hyde (17) in the presence of l-proline and d-proline co-catalysts, respectively, the

reaction afforded the (R)-adduct in 78% ee, and the (S)-adduct in 31% ee, respec-
tively, showing that the influence of the proline may outset that of the peptide in

controlling the stereochemistry of the new center. In the control experience, pro-

line alone provided no product during the same time window, and N-methylimi-

dazole (NMI, 10 mol%) in the absence of proline catalyzed only a sluggish reac-

tion between MVK and the aldehyde. It should be noted that, when NMI and l-

proline were employed together, the reaction afforded a near-racemic product, in-

dicating that the influence of the l-Pro chirality without the peptide was minimal.

A modification of this system was also used in intramolecular MBH reactions

(also called as aldol cycloisomerization) [71, 74]. In this reaction, optically active

pipecolinic acid 61 was found to be a better co-catalyst than proline, and allowed

ee-values of up to 80% to be obtained, without a peptide catalyst. The inter-

molecular aldol dimerization, which is an important competing side-reaction of

the basic amine-mediated intramolecular MBH reaction, was efficiently sup-

pressed in a THF:H2O (3:1) mixture at room temperature, allowing the formation

of six-membered carbocycles (Scheme 5.14). The enantioselectivity of the reaction

could be improved via a ‘‘kinetic resolution quench’’ by adding acetic anhydride

as an acylating agent to the reaction mixture and a peptide-based asymmetric cat-

alyst such as 64 that mediates a subsequent asymmetric acylation reaction. The

non-acylated product 65 was recovered in 50% isolated yield with ee >98%.

An interesting inversion of enantioselectivity was observed in this reaction with

proline catalyst, when the catalyst was used alone, or with imidazole co-catalyst

(Table 5.5) [75]. When hep-2-enedial 66 was submitted to proline-mediated

Table 5.5 Proline-catalyzed intramolecular MBH reaction of hept-2-endial

with and without imidazole additive.
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cyclization, the l-isomer afforded the (S)-adduct (entry 1, Table 5.5), while the

d-isomer afforded the (R)-adduct (entry 2). When imidazole was added, an inver-

sion of enantioselectivity was observed (entries 3 and 4). This phenomenon war-

rants divergent reaction mechanisms operating in these transformations, with or

without imidazole.

5.1.3.1 Chiral (Thio)Urea/Amine Catalysts Systems

The simultaneous use of urea, or thiourea [76] and DABCO catalyst was intro-

duced by the Connon group for the addition of methyl acrylate and benzaldehyde

[39]. The study revealed that, although both ureas and thioureas accelerated the

reaction relative to the uncatalyzed process, urea was superior to thiourea in

terms of stability and efficiency. Chiral thiourea derivatives may offer, however,

superior enantioselectivity. It was postulated, that the catalysts operate mainly

via a Zimmerman–Traxler-type transition state 69 for addition of the resulting

enolate anion to the aldehyde (Scheme 5.15).

Cyclohexanediamine-derived amine thiourea 70, which provided high enantio-

selectivities for the Michael addition [77] and aza-Henry reactions [78], showed

poor activity in the MBH reaction. This fact is not surprising when one

considers that a chiral urea catalyst functions by fundamentally different stereo-

induction mechanisms in the MBH reaction, and in the activation of related

imine substrates in Mannich or Strecker reactions [80]. In contrast, the binaph-

thylamine thiourea 71 mediated the addition of dihydrocinnamaldehyde 74 to

cyclohexenone 75 in high yield (83%) and enantioselectivity (71% ee) (Table 5.6,

entry 2) [79]. The more bulky diethyl analogue 72 displayed similar enantio-

selectivity (73% ee) while affording a lower yield (56%, entry 3). Catalyst 73

showed only low catalytic activity in the MBH reaction (18%, entry 4).

Scheme 5.15 DABCO and urea, 68-promoted MBH reaction of

benzaldehyde and methyl acrylate.
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Under optimized conditions, 71 mediated the addition of sterically demanding

aldehydes with excellent enantioselectivity (90–94% ee) and in good yields

(63–72%) (Table 5.7, entries 2 and 5). In turn, the catalyst was less efficient in the

addition of aromatic aldehyde such as o-chlorobenzaldehyde, and produced both

lower yield (55%) and ee (60%; Table 5.7, entry 3).

The C2-symmetric chiral bis-thiourea catalyst 78 mediated the addition of cyclo-

hexanone to a range of activated aldehydes in the presence of DMAP, or imida-

Table 5.6 The chiral tertiary amine/thiourea-catalyzed MBH reaction of

dihydrocinnamaldehyde with cyclohexenone.
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zole (40%) [81]. While aromatic aldehydes afforded generally mediocre results in

terms of selectivity, better results were obtained with aliphatic aldehydes (up to

90% ee). A transition state 79, in which both the aldehyde and the enone are coor-

dinated to a thiourea group through hydrogen-bonding, was proposed (Table 5.8).

5.1.4

Chiral Phosphine-Catalyzed MBH Reactions [82]

In contrast to chiral amines, phosphorus-based chiral catalysts were less devel-

oped for asymmetric MBH transformations. As with amine-based reactions, the

selectivity of the addition in phosphine-mediated reactions depends clearly on

the nature of the complementary Brønsted acid co-catalysts used.

In the first asymmetric cycloisomerization reaction, the cyclopentenol derivative

82 was prepared from 80 in the presence of (�)-CAMP 81 (Scheme 5.16) [83].

The low asymmetric control (14% ee) was attributed to the reversibility of the cyc-

lization. It should be noted that this reaction is not suitable for the preparation of

six-membered rings.

The stereochemistry of the Michael acceptor plays an important role in the effi-

ciency of the phosphine-mediated intramolecular MBH reactions. Enones having

(Z)-alkenes (e.g., 83) afforded a higher yield in the desired product than did the

Table 5.7 Bifunctional tertiary amine/thiourea catalyst in MBH reaction

of cyclohexenone and selected aldehydes.
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Table 5.8 Chiral bis-thiourea and DMAP-mediated MBH reaction of

cyclohexenone and aldehydes.

Scheme 5.16 The first asymmetric intramolecular MBH reaction.
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(E)-isomer 85 under identical conditions (Scheme 5.17) [84]. The reason for this

difference in reactivity is most likely steric in nature, as substrates where the

b-substituent is cis to the electron-withdrawing substituent are more accessible to

the nucleophilic catalyst than are their trans counterparts.

Chiral phosphines were examined for intermolecular MBH reaction of pyrimi-

dine 5-carboxaldehyde and methyl acrylate (Table 5.9) [85]. Most of the catalysts

afforded no, or low, enantioselectivity. The best ee-value was obtained with BINAP

catalyst (Table 5.9, entry 4), which afforded product in ee-values up to 44%.

Several d-mannitol-derived phosphines have also been examined in the asym-

metric MBH reaction (Scheme 5.18) [86, 87]. Phospholane 89a catalyzed this re-

action with low conversion and low ee (19%). In the presence of the hydroxyl

phospholane 89b as catalyst, the reaction was accelerated significantly (83% in

9 h versus 29% in 70 h), while the enantioselectivity could not be ameliorated

(Scheme 5.18).

Scheme 5.17 The effect of enone stereochemistry on the rate of the

phosphine-mediated MBH reaction.

Table 5.9 Chiral phosphine-catalyzed MBH reaction of methyl acrylate

with pyrimidine 5-carboxaldehyde.

5.1 Addition of Ketones and Aldehydes to Activated Olefins 171



5.1.4.1 Phosphine/Binaphthol-Derived Catalysts

A remarkable acceleration of MBH reactions was observed in the presence of

mild cooperative catalysts consisting of tributylphosphine and phenols or naph-

thols as Brønsted acids (Table 5.10) [88–90]. The non-asymmetric addition of

Scheme 5.18 d-Mannitol-derived phospholane catalysts in asymmetric MBH reactions.

Table 5.10 The tributylphosphine and naphthol or phenol co-catalyzed

MBH reaction of dihydrocinnamaldehyde 74 and cyclopentenone 91.
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dihydrocinnamaldehyde 74 to cyclopentenone 91 was catalyzed with tributylphos-

phine (20 mol%), and afforded the corresponding MBH product 93, albeit in 23%

yield (Table 5.10, entry 1) [88]. When 10 mol% of racemic 1,1 0-bi-2-naphthol (BI-

NOL, 92a), as a Brønsted acid co-catalyst was added, the reaction afforded the

same product in quantitative yield during the same time window (entry 3). It

should be noted that neither methanol, benzoic acid nor p-toluenesulfonic acid

were efficient in this transformation (Table 5.10, entry 2); when the reaction was

catalyzed by 2-hydroxy-2 0-methoxy-1,1 0-binaphthyl (92b), or 2,2 0-dimethoxy-1,1-

binaphthyl (92c) the product 93 was formed in 80% and 24% yields, respec-

tively (Table 5.10, entries 4 and 5), indicating that the synergetic action of

both hydroxyls is beneficial to the reaction. DABCO or triphenylphosphine

as Lewis bases were inefficient and afforded no products. Phenol and p-
toluenesulfonamide, which has the same Brønsted acidity as phenol, were, in

turn, effective (Table 5.10, entry 6). The attempted asymmetric reaction with (R)-
BINOL and tributylphosphine afforded 93 in low ee (<10%) [88].

A similar system was studied a few years later by the Schaus group [89], who

compared several binaphthol-derived chiral Brønsted acids such as 92a and 94a–d

in the triethylphosphine-mediated MBH reaction between cyclohexenone and al-

dehydes. Optimized conditions were found with 2–20 mol% of chiral Brønsted

acid and an excess of triethylphosphine (200 mol%) as the nucleophilic promoter

at 0–10 �C in THF. Using PMe3 or P(n-Bu)3 in the reaction afforded 76 in yields

similar to that of PEt3, but in lower enantioselectivity (50% and 64% ee, respec-
tively). The use of only (R)-BINOL in the MBH reaction of dihydrocinnamalde-

hyde 74 and cyclohexenone 75 resulted in the formation of 76 in 16% ee. Partially
saturated BINOL derivatives such as 94a–d offered high chemical yield and enan-

tioselectivity (Scheme 5.19) [91]. Optimal results with the addition of aliphatic al-

Scheme 5.19 The achiral phosphine and chiral binaphthol-derived

Brønsted acid-catalyzed MBH reaction of cyclohexenone and

3-phenylpropionaldehyde.
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dehydes was obtained with 94c, while catalyst 94d afforded the best results with

more hindered aldehydes. Conjugated aldehydes such as benzaldehyde and cin-

namaldehyde as acceptors resulted in low yields and enantioselectivity.

5.2

Asymmetric Aza-MBH Reactions

Aldehydes of MBH reactions can be replaced by activated aldimines such as

N-tosyl, N-mesyl, N-nosyl, N-diphenylphosphinoyl, or N-SES aldimines. The addi-

tion of such aldimines to electron-deficient olefins can be mediated by nucleo-

philic tertiary N or P Lewis bases (Scheme 5.20).

While THF or CH2Cl2 are the most commonly used solvents, the solubility of

the reagents or the catalyst may dictate the use of other solvents. Reactions are

usually slow in DMF and in CH3CN when DABCO, DBU or DMAP were used

as catalysts. An often-observed byproduct of the aza-MBH reaction is a bridged

compound of type 97. This product is the result of a stepwise addition of 95 to

75 via the Mannich reaction, followed by an intramolecular conjugated addition

(Michael addition) of the formed anion to the a,b-unsaturated ketone, and thus

due to the elevated basicity of the catalyst (Scheme 5.21) [92].

Scheme 5.20 The general scheme of the aza-MBH reaction.

Scheme 5.21 Product and byproducts in the tertiary amine-catalyzed

aza-MBH reaction of 95 and 75.
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5.2.1

Reaction Mechanism

As discussed previously for the MBH reaction, the aza-MBH reaction involves

rate-limiting proton transfer in the absence of added protic species (Scheme 5.22)

[93]. In contrast to the MBH reaction, however, the aza-MBH exhibits no autoca-

talysis. Brønsted acidic additives lead to substantial rate enhancements through

acceleration of the elimination step. It has been shown that phosphine catalysts

– either alone or in combination with protic additives – may trigger epimerization

of the aza-MBH product by proton exchange at the stereogenic center. This fact

indicates that the spatial arrangement of a bifunctional chiral catalyst in this reac-

tion is crucial not only for the stereodifferentiation within the catalytic cycle but

also to prevent subsequent epimerization.

5.2.2

Chiral Amine Catalysts

5.2.2.1 Cinchona-Derived Catalysts

As in the MBH reactions, b-ICD (44) is also an efficient and remarkably general

catalyst in aza-MBH reactions [94, 95]. This catalyst promotes the addition a vari-

ety of electron-deficient olefins such as acrylates, enones, and enals with activated

aromatic aldimines. Of note, the absolute stereochemistry of the product is gener-

ally opposite compared to the analogous MBH reaction: with b-ICD catalyst

imines gives rise to (S)-enriched adducts, in contrast to aldehydes which afford

(R)-products [94]. Substitution patterns of the olefin may alter or even invert this

trend, however.

Scheme 5.22 The mechanistic model of the aza-MBH-reaction.

EWG ¼ electron-withdrawing group.
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The addition of acrylates to activated aryl imines (103) was studied by the

groups of Hatakeyama and Shi [94, 95]. In Hatakeyama’s study, various aryl di-

phenylphosphinoyl imines and HFIPA, 43, afforded in DMF at low temperature

the (S)-product (104) in yields up to 97% and high ee (Table 5.11) [94].

Similar to the addition to HFIPA, the b-ICD-mediated addition of methyl, phe-

nyl, and naphthyl acrylates to N-sulfonyl imines afforded the (S)-adduct, which is

opposite to that observed with aldehydes (Table 5.12) [95]. The best conditions

were found using either dichloromethane or acetonitrile as solvent.

The elusive addition of N-tosyl arylaldimines to acrolein, and to acrylonitrile,

was catalyzed by b-ICD, 44 (Scheme 5.23) [95]. The reaction afforded in both

cases invariably the (S)-enriched adducts. While acrylonitrile is less reactive than

Table 5.11 The b-ICD-mediated aza-MBH reaction of diphenyl-phosphinoyl

imines and HFPA.
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Table 5.12 The b-ICD-mediated aza-MBH reaction of tosyl aldimines and acrylates.

Scheme 5.23 The b-ICD-mediated aza-MBH reaction of aryl tosyl aldimines

with acrolein and acrylonitrile. EWG ¼ electron-withdrawing group.
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acrolein, the reaction required a higher temperature, and afforded products in

lower chemical yields and ee.
b-ICD mediated the addition of aryl methylbenzenesulfonamides, such as 105,

to ethyl or methyl vinyl ketones in MeCN:DMF (1:1) mixtures at a lower temper-

ature (�30 �C) [95a]. The reaction afforded products with (R) absolute configura-

tion (Table 5.13). Of note, this situation was opposite to that observed in the re-

lated aza-MBH reaction with acrylonitrile with acryl aldehyde or with acrylates.

Related N-mesyl or N-SES-protected imine afforded similar results.

5.2.2.2 Non-Natural Tertiary Amine/Phenol Catalysts

A BINOL-dimethylaminopyridine hybrid was seen to be efficient in mediating the

MBH reaction (Table 5.14) [96], with optimal reaction conditions being found as

�15 �C with a mixed solvent system consisting of toluene and cyclopentyl methyl

ether (CPME) in a 1:9 ratio. The reaction was sensitive to the structure of the cat-

alyst 112, the position of the Lewis base attached to BINOL, the substitution pat-

tern of the amino group, and the length of the spacer. It should be noted that the

bulky i-Pr substituent on the amino group showed the best selectivity and kinetic

profile (Table 5.14, entry 5) [98]. (For experimental details see Chapter 14.10.4).

Table 5.13 The b-ICD-mediated aza-MBH reaction of aryl tosyl aldimines with MVK and EVK.
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5.2.2.3 Chiral Acid/Achiral Amine

In screening thiourea catalysts for the asymmetric aza-MBH reaction, the Jacob-

sen group identified catalysts of type 114, and subsequently selected 114b for

further study due to its greater synthetic accessibility (Table 5.15) [97]. In the re-

action of various N-nosyl imines and ethyl acrylate, high enantioselectivity was

obtained by using chiral thiourea catalyst 114b and DABCO as the nucleophilic

additive (Table 5.15). As in the related aza-MBH reactions, pronounced solvent

and concentration effects were observed. Under optimized reaction conditions,

electron-donating, electron-withdrawing, and heteroaromatic substrates each

underwent reaction with methyl acrylate in high enantioselectivity, albeit with

modest chemical yield.

Table 5.14 The BINOL-dimethylaminopyridine hybrid catalyst-mediated aza-MBH reaction.
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5.2.3

Phosphine-Mediated Aza-MBH Reactions [98]

Bifunctional chiral phosphines such as 119 have been tested as catalysts in the

addition of N-tosyl aryl imines to MVK (Scheme 5.24) [99, 100]; catalyst 119a, in

having free phenolic hydroxyl groups, showed superior results. The radially sub-

stituted analogues, such as 119f and 119g, which improved the catalyst efficiency

in related organocatalytic reactions, did not significantly influence either the

chemical yield or the ee-value.
Catalyst 119a was also tested for the addition of various activated aromatic aldi-

mines with MVK and EVK at low temperature in THF as solvent (Table 5.16).

Table 5.15 Chiral thioureas 114 and DABCO-mediated aza-MBH reaction.
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The use of molecular sieves increased chemical yields. The N-mesyl and SES-

activated aldimines afforded products in similar selectivity, while Ns derivatives

decomposed under the reaction conditions. The replacement of MVK by EVK

resulted in a diminished reactivity, with longer reaction times and lower chemical

yields.

Cyclic enones such as cyclopentenone or cyclohexanone were inert under the

above-mentioned conditions. The reaction of aryl aldimines to cyclic enones can

be mediated, however, with the more nucleophilic phosphine 119f [101], although

the ee-value of the reactions is usually low (Table 5.17).

Aza-MBH reactions of alkyl or aryl acrylates, as well as acrolein, required

higher reaction temperatures than were required with MVK or EVK. While

phenyl- or naphthyl acrylates afforded products in CH2Cl2 with ee-values up to

69%, the best solvent in the addition of acrolein to activated aldimines proved to

be THF (Scheme 5.25) [100].

Scheme 5.24 Bifunctional chiral phosphines as catalysts in the aza-

MBH reaction with imines and MVK.
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Table 5.16 The 119a-mediated aza-MBH reaction of aryl tosylated imines with MVK and EVK.

Scheme 5.25 The 119a-mediated aza-MBH reaction of tosyl aryl aldimines

with phenyl acrylate and acrolein. EWG ¼ electron-withdrawing group.
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5.3

Conclusions

Asymmetric organocatalytic Morita–Baylis–Hillman reactions offer synthetically

viable alternatives to metal-complex-mediated reactions. The reaction is best

mediated with a combination of nucleophilic tertiary amine/phosphine catalysts,

and mild Brønsted acid co-catalysts: usually, bifunctional chiral catalysts having

both nucleophilic Lewis base and Brønsted acid site were seen to be the most ef-

ficient. Although many important factors governing the reactions were identified,

our present understanding of the basic factors, and the control of reactivity and

selectivity remains incomplete. Whilst substrate dependency is still considered to

be an important issue, an increasing number of transformations are reaching the

standards of current asymmetric reactions.

Table 5.17 The 119f-mediated aza-MBH reaction with of aldimines with

cyclohexenone and cyclopentenone.
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6

Asymmetric Proton Catalysis

Jeff D. McGilvra, Vijaya Bhasker Gondi, and Viresh H. Rawal

6.1

Introduction

The importance of hydrogen bonding in chemical and biological systems has

been recognized in the scientific community for many years. This ubiquitous in-

teraction is one of the central forces in Nature. Whereas individual hydrogen

bonds are relatively weak compared to covalent bonds, collectively they can be of

enormous importance. Apart from the crucial role that hydrogen bonds play in

mediating the life-sustaining properties of water, they are found to be essential

for maintaining the form and function of most biological systems [1]. Hydrogen

bonds are important for the organization and base pairing of DNA and RNA, the

secondary and tertiary structure of proteins [2], small molecule recognition [3],

and the catalytic cycles of various enzymes [4, 5]. Despite the many vital func-

tions that hydrogen bonds fulfill in biological systems, they had, until recently,

been little utilized for the promotion of chemical reactions. This omission may

have been due, in part, to the limited understanding of the reactivity-enhancing

properties associated with hydrogen bonding and the hesitation to use what is

recognizably a weak bonding interaction when other more established methods

for catalysis were already available. Over the past six years, this situation has

changed dramatically, and many enantioselective reactions have been developed

in which a chiral hydrogen bond donor serves as the catalyst. This chapter pro-

vides a summary of the progress in this rapidly expanding field.

The historical recognition of hydrogen bonding is as nebulous as the phenom-

enon itself. Records dating back to the early 1900s allude to the observation of

hydrogen bonding in various chemical systems. These interactions were referred

to by using non-specific terms such as ‘‘inner complex building’’, ‘‘weak union’’,

and ‘‘chelation’’ [6]. It was not until 1931, in Pauling’s seminal paper on the na-

ture of the chemical bond, that the term ‘‘hydrogen bond’’ was coined [7]. Even in

1936, research pioneers such as Huggins used the term ‘‘hydrogen bridge’’ [8] to

describe the phenomenon of water’s affinity to itself [9] and to carbohydrates,
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proteins, and other biological molecules [10, 11]. In Nature of the Chemical Bond,
Pauling described the hydrogen bond between a donor (AaH) and an acceptor (B)

based on the relative electronegativities of ‘‘A’’ and ‘‘B’’ [12]. The shared electrons

in the covalently bonded ‘‘AaH’’ are drawn to the more electronegative ‘‘A’’, leav-

ing the hydrogen atom partially deshielded of electrons. The hydrogen bond ac-

ceptor ‘‘B’’ typically possesses a lone pair of electrons or polarizable p electrons

to interact with the deshielded hydrogen. As only one covalent bond to the 1s or-

bital of hydrogen is optimal, the additional bonding interaction between ‘‘H’’ and

‘‘B’’ is considerably ionic in character.

Unlike covalent bonds, which have a relatively narrow distribution of energies,

lengths, and geometries within particular groupings of bonding partners, the na-

ture of hydrogen bonds can vary dramatically. Countless variations can be found

in bond strengths and geometric orientations with hydrogen bonds, even within

the same bonding partners. To simplify the matter, hydrogen bonds have been

grouped into three different categories: strong, moderate, and weak (Table 6.1)

[6]. ‘‘Strong’’ hydrogen bonds are nearly covalent in nature, having linear bond

angles, and bond distances that are shorter than the sum of the van der Waals

radii of ‘‘A’’ and ‘‘B’’. More common are hydrogen bonds that fall under the ‘‘me-

dium’’ category, and include interactions such as that between two water mole-

cules. Further down the spectrum, ‘‘weak’’ hydrogen bonds can be as weak as

van der Waals forces and can have near-perpendicular directionality with respect

to the acceptor, with bonding distances far in excess of the van der Waals radii of

the two atoms involved. The different forms of hydrogen bond interactions can be

classified under the Lewis definition of acids and bases, where the hydrogen bond

donor (A–H) is defined to be a Lewis acid, and the hydrogen bond acceptor (B), a

Lewis base. As such, hydrogen bond-catalyzed reactions represent a type of Lewis

acid-catalyzed reaction. The strength of a hydrogen bond donor is best correlated

to its pKa, although environmental factors, such as solvation, temperature, and

dielectric constants, can also affect the nature of a hydrogen bond.

Given the infinite variations in bonding patterns, hydrogen bonding is best

considered as a continuum of bonding interactions, from weak to strong. Moving

Table 6.1 Jeffrey’s classification of strong, moderate and weak hydrogen bonds [6].

Bonding strength Strong Moderate Weak

AaH � � �B interaction Mostly covalent Mostly electrostatic Electrostatic

Bond lengths (Å)

H $ B @1.2–1.5 @1.5–2.2 @2.2–3.2

A $ B @2.2–2.5 @2.5–3.2 @3.2–4.0

Bond angle AHB (�) 175–180 130–180 90–150

Bond energy (kcal mol�1) 14–40 4–15 <4
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further along this spectrum, past even strong hydrogen bonds, there is the fur-

ther possibility of full proton transfer between the hydrogen bond donor and ac-

ceptor, with the donor now being considered a Brønsted–Lowry acid (Fig. 6.1).

Viewed in this capacity, the proton is unquestionably the most widely used cata-

lyst for chemical reactions, utilized for the promotion of whole families of organic

reactions. With catalyzed enantioselective reactions, however, the traditional

Brønsted acid description may not be appropriate, particularly given the nonpolar

solvents used for such reactions. In order to transfer chirality from the catalyst

to the substrate, the chiral anion must be well ordered and, very likely, be tightly

coordinated to the conjugate acid through a strong hydrogen bond. As such, the

hydrogen bond donor can be thought of in the Lewis acid sense, capable of form-

ing ‘‘very strong’’ hydrogen bonds. Concepts such as proton affinities and acidity/

basicity associated with Brønsted acids may also be applied to systems that form

hydrogen bonds [13]. The hydrogen bond itself can be considered a ‘‘frozen’’

stage of a proton transfer reaction, where each of the three bonding categories in

Table 6.1 describes a different stage along the proton transfer spectrum.

Despite its prevalence in biological and chemical systems, hydrogen bonding

has been little used as a design principle for asymmetric catalysts. These interac-

tions can be weak and variable, such that catalyst–substrate interactions based on

hydrogen bonding are expected to be disrupted easily at ambient temperatures.

The electrostatic nature of these interactions also makes them susceptible to dif-

ferences in solvent polarity. Unlike traditional metal-based Lewis acid catalysts,

which have well-defined metal–ligand coordination geometries, hydrogen bonds

exhibit a much broader distribution of donor–acceptor geometric orientations.

Moreover, the distance between a hydrogen bond donor and acceptor is typically

longer than that observed in many metal-based Lewis acid–Lewis base complexes,

and this is expected to result in less effective chirality transfer. Similar issues of

asymmetric induction arise in conceptualizing the design of a strongly acidic

chiral catalyst, as the design must account for enantiofacial discrimination using

what is essentially an achiral Hþ in the presence of a chiral anion. Solvent effects

are particularly important for such ‘‘chiral proton’’ catalysts, since effective chiral-

ity transfer requires that the chiral counterion be held in close proximity, as a

well-organized tight-ion pair. The wide variability observed for the strength and

bonding geometries of hydrogen bonds not only provides unique challenges for

catalyst design but also offers opportunities for the discovery and development

of new concepts in catalysis.

The systematic use of hydrogen bonding for the promotion of racemic organic

reactions began most noticeably during the 1980s, and these studies are summa-

Fig. 6.1 Hydrogen bonding continuum.
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rized below. More recent developments on asymmetric catalysis of organic reac-

tions using hydrogen bonds (which forms the focus of this chapter) are presented

in Sections 6.2 to 6.16 [14–25]. In a seminal investigation, Hine and co-workers

showed that hydrogen bonding with 1,8-biphenylene diols could effectively acti-

vate epoxides to nucleophilic attack [26]. Kinetic experiments showed that both

hydroxyl groups, in their respective locations on the catalyst scaffold, were impor-

tant for achieving maximum rates of epoxide opening. Kelly and co-workers

found that achiral biphenylenediols, at 40–50 mol% catalyst loading, significantly

accelerated the Diels–Alder reaction of cyclopentadiene with various acroleins

[27]. The rate increase is ascribed to activation of the carbonyl group by the diol,

via two hydrogen bonds. Through a series of elegant co-crystallization studies, the

Etter group showed that achiral diaryl ureas form well-defined crystalline com-

plexes with a number of carbonyl-containing compounds. The stability of the

complex derives from a two-point hydrogen bond between the urea NaH bonds

and the carbonyl oxygen [28–30]. The first report on the application of Etter’s

concept of using ureas as Lewis acids was by Curran and co-workers, who showed

that the outcome of radical allylation reactions and Claisen rearrangements can

be altered by the presence of ureas and thioureas [31–33]. At about the same

time, Rawal and Eschbach examined the use of electron-deficient diaryl ureas for

the promotion of a Diels–Alder reaction between cyclopentadiene and methyl

vinyl ketone. Although the ureas clearly accelerated the cycloaddition reaction, the

rate increase was modest (<2-fold with 10% catalyst), and consequently the study

was not pursued further [34]. A thorough study on the use of Etter-type ureas for

the promotion of Diels–Alder reactions has been described by Schreiner [35]. The

use of Etter ureas has also been reported for the activation of nitrones [36]. Such

ureas and numerous related chiral modifications have provided a treasure trove of

useful catalysts for asymmetric synthesis (vide infra). Several other classes of hy-

drogen bond donors, such as guanidinium ions, alcohols, and phenols, have also

been used as catalysts to promote organic reactions [37–39]. These early reports

provide clear demonstrations of the ability of hydrogen bond donors to function

as Lewis acids and thereby promote organic reactions. The formation of a hydro-

gen bond to the electrophile (typically a carbonyl or imine), through either a one-

point or two-point interaction, increases its electrophilicity. In Frontier Molecular

Orbital terms, hydrogen bond formation leads to lowering of the LUMO energy

of the electrophile, thereby making it more reactive to the second reactant, such

as a nucleophile or a diene.

Over the past half-dozen years, many laboratories have focused their efforts

on the development of chiral hydrogen bond donors that function as catalysts for

enantioselective organic reactions. One of the earliest successes in this area

came from Jacobsen and co-workers, who reported the use of peptide-like chiral

urea-based catalysts for the hydrocyanation of aldimines and ketoimines [40, 41].

Several other laboratories have also reported highly enantioselective transforma-

tions catalyzed by a chiral hydrogen bond donor. The following sections provide

a summary of the many developments in hydrogen bond-catalyzed enantioselec-

tive reactions, along with a discussion of mechanisms and selectivity models.
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6.2

Conjugate Addition Reactions

Hydrogen bond-catalyzed asymmetric conjugate addition reactions have received

a great deal of attention dating back to 1981 and the initial investigations of

Wynberg and co-workers on the mechanism of cinchona alkaloid-catalyzed thiol

addition to cycloalkenones [42]. Asymmetric conjugate addition reactions are at-

tractive targets for catalyst development due, in part, to the numerous substituted

nucleophiles and electrophiles that are known to participate in these processes.

These reactions give rise to densely functionalized products that are readily trans-

formed into a variety of useful chiral intermediates. The conjugate additions re-

ported in this section are divided into subclasses based on the electrophile em-

ployed in the reaction, namely a,b-unsaturated carbonyl substrates, nitroolefins

and vinyl sulfones.

6.2.1

Conjugate Addition Reactions of a,b-Unsaturated Carbonyl Substrates

Hiemstra and Wynberg reported a comprehensive study on the mechanism of

the cinchona alkaloid-catalyzed 1,4-addition of aromatic thiols to cyclic enones.

In this landmark study, the authors discussed the different structural features of

the catalyst and reaction parameters that are important for optimal asymmetric

induction [42]. Catalytic quantities of cinchonidine (1), cinchonine (2) and other

alkaloid derivatives were used to promote the addition of substituted aryl thiophe-

nols to various substituted cyclic enones (Fig. 6.2). These catalyzed reactions af-

forded the corresponding thioethers in low to good enantioselectivities (5–75%).

The authors proposed that these alkaloids served as bifunctional catalysts, such

that they activated the nucleophile as well as the electrophile (Fig. 6.3). The basic

amine of the quinuclidine ring activates the thiol group via deprotonation, and

the resulting protonated ammonium, through a tight ion interaction, organizes

the thiolate nucleophile for conjugate addition. The thiolate is further ordered

through dispersion interactions between the sulfur anion and the quinoline p-

system. The authors suggested that the catalyst also activates and organizes the

enone for conjugate addition via a hydrogen bond between the hydroxyl group

and the enone carbonyl. Support for this proposition comes from the observation

that catalysts lacking the hydroxyl group gave significantly reduced product enan-

Fig. 6.2 Cinchona alkaloid catalysts for 1,4-additions of thiols to cyclic enones.
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tioselectivities. A combination of kinetics data, infra-red (IR) studies and reaction

parameter variations provided the foundation for the above model.

Chen and co-workers later reported the successful asymmetric 1,4-addition of

aryl thiols to a,b-unsaturated cyclic enones and imides using Takemoto’s elegantly

simple catalyst (3) [43]. This bifunctional amine-thiourea catalyst gives optimal

reactivity and reproducibility when used at 10 mol% loading in the presence of

freshly dried 4 Å molecular sieves (MS). This combination afforded the expected

addition products in high yields (90–99%) and moderate to good enantioselectiv-

ities (55–85% ee) for a variety of cyclic and acyclic Michael acceptors (Table 6.2).

Fig. 6.3 Wynberg’s model of bifunctional cinchona alkaloid catalysis.

Table 6.2 Bifunctional thiourea-amine-catalyzed 1,4-additions to cyclic enones.

Entry Enone/imide Temp. [̊ C] Yield [%] ee [%]

1 0 97 85

2 �40 98 75

3 �40 96 73

4 �40 90 55
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Catalyst 3 is proposed to function in a manner similar to the cinchona alkaloid

catalysts (1 and 2), with the tertiary amine providing activation for the nucleo-

philic thiol, which is held in close proximity to the thiourea-bound carbonyl

substrate.

The Chen group also demonstrated a successful conjugate addition/

asymmetric protonation of a-prochiral imide 4 using thiophenol in the pres-

ence of 10 mol% 3 (Scheme 6.1) [43]. It was hypothesized that the ammonium

group of the catalyst serves as a chiral proton source for the catalyst-stabilized

enone intermediate formed after initial 1,4-addition of the thiol (Fig. 6.4).

Soós and co-workers developed a bifunctional catalyst that combined the essen-

tial features of the catalysts used by Wynberg and Takemoto. The resultant

cinchona alkaloid-derived thiourea catalyst 7 promoted the enantioselective conju-

gate addition of nitromethane to trans-chalcones (6) to give the desired nitro-

alkane adducts in high yields (80–94%) and high enantiopurities (89–96% ee)
for the limited number of chalcone substrates studied (Scheme 6.2) [44]. Interest-

ingly, only a 10% decrease in ee-value was observed when the reaction was run

at 100 �C, though isolated yields were diminished (68% yield after 5 h at 100 �C

versus 95% yield after 48 h at ambient temperature). The absolute configuration

at C9 of the catalyst was found to be crucial for obtaining high selectivity, suggest-

ing a synergistic interplay in the spatial orientation of the thiourea–enone com-

plex and the ammonium nitronate nucleophile.

Fig. 6.4 Chen’s selectivity model for protonation of an a-prochiral imide.

Scheme 6.1 Thiourea-catalyzed asymmetric protonation of a prochiral imide.
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The Takemoto group reported the first organocatalytic enantioselective 1,4-

additions of malononitrile to acyclic a,b-unsaturated imides (9) using their thio-

urea catalyst, 3 [45]. The authors found that, while additions of malononitrile

to nitroolefins catalyzed by 3 proceeded with low enantioselectivities, the corre-

sponding additions to the less reactive a,b-unsaturated imides (9) gave the

desired adducts in high optical purities (84–92% ee) and good to high yields

(77–99%; Table 6.3). Imides possessing aromatic, heteroaromatic and aliphatic b-

substituents were employed successfully. Product enantiopurity was not highly

dependent on the electronic properties of the imide b-substituent, though the

rate of reaction was diminished for additions to electron-rich imides. A fivefold

dilution of the reaction mixture gave a 4 to 9% increase in product ee, though
the reaction time needed to be significantly increased in order to maintain high

Table 6.3 Thiourea-catalyzed additions of malononitrile to a,b-unsaturated imides.

Entry R Time [h] Yield [%] ee [%]

1 p-Cl-C6H4 72 85 89

2 p-MeO-C6H4 216 77 85

3 2-furyl 192 79 85

4 t-Bu 168 78 92

Scheme 6.2 Thiourea-catalyzed Michael additions of nitromethane to chalcones.
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product yields. Malonates and b-ketoesters were found to be unreactive under the

reported reaction conditions. (For experimental details see Chapter 14.9.5). The

observed asymmetric induction was rationalized by suggesting a ternary complex

wherein the imide carbonyls are coordinated to the thiourea through two hydro-

gen bonds, and the malononitrile enolate is associated with the ammonium

group (Fig. 6.5). The authors provided 1H NMR data in support of the proposed

interaction between the thiourea and the imide.

6.2.2

Conjugate Addition Reactions of Nitroolefins

Takemoto and co-workers also reported the use of thiourea catalyst 3 to achieve

highly enantioselective Michael additions of malonate esters to various b-

substituted nitroolefins (11) [46]. Good to high yields and ee-values were re-

ported for conjugate additions to nitroolefins possessing aromatic, heteroaro-

matic, and aliphatic b-substituents (Table 6.4). The method was effective even for

2-methylmalonate, which yielded a product having a quaternary carbon a to the

newly formed stereocenter. Similar to the model proposed for the Michael addi-

tions to imides (see Fig. 6.5), the authors suggested a mechanism wherein the

catalyst serves the dual function of activating both reaction partners: the amino

group in the catalyst deprotonates the malonate and, through coordination, holds

it in close proximity, while the thiourea moiety binds and activates the nitroolefin

through hydrogen bonds (Fig. 6.6).

The Takemoto group reported additional studies that further expanded the

scope of hydrogen bonding-catalyzed asymmetric conjugate addition reactions.

Catalyst 3 was shown to be effective for the enantio- and diastereoselective Mi-

chael reactions of prochiral 1,3-dicarbonyl compounds (13) with nitroolefins [47].

Various cyclic ketoesters were reacted with b-substituted nitroolefins at ambient

temperature in the presence of 10 mol% 3 to give the desired quaternary carbon-

containing products in high yields (76–99%), moderate to high enantioselectiv-

ities (81–99% ee for major isomer), and moderate to high diastereoselectivities

(57:43–99:1; Table 6.5). The authors reported that the acidity of the malonate

Fig. 6.5 Takemoto’s rationale for selectivity of malononitrile enolate additions.
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nucleophile, though it strongly influenced the overall rate of reaction, and had

only a minimal effect on enantioselectivity. The usefulness of this methodology

was demonstrated through the total synthesis of (R)-(�)-baclofen, a lipophilic an-

alogue of g-amino butyric acid, from 4-chlorobenzaldehyde, in six steps and 38%

overall yield.

Takemoto and co-workers have also employed catalyst 3 in a sequence involving

enantioselective double Michael reactions of g,d-unsaturated b-ketoesters (15) and

nitroolefins to give chiral 4-nitrocyclohexanone derivatives containing three con-

tiguous stereocenters [48]. Treatment of the initial acyclic Michael adducts, which

were obtained in high enantiopurities (85–92% ee), with 1,1,3,3-tetramethylguani-

dine (TMG) at 0 �C furnished the desired cyclic adducts in good yields (63–87%)

Fig. 6.6 Takemoto’s model for bifunctional thiourea catalysis.

Table 6.4 Thiourea-catalyzed 1,4-additions of diethyl malonate to nitroolefins.

Entry R Time [h] Yield [%] ee [%]

1 Ph 24 86 93

2 4-F-C6H4 12 87 92

3 2-thienyl 48 74 90

4 i-Bu 48 88 81
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and good to high diastereoselectivities (64–>99% de) for aliphatic and aromatic b-

substituted nitroolefins (Table 6.6). The utility of such adducts was demonstrated

through the total synthesis of (�)-epibatidine, wherein the enantioselective dou-

ble Michael reaction played a key role in furnishing a synthetic intermediate in

75% ee.
Modified cinchona alkaloids 18 and 19, derived from quinine and quinidine,

respectively, were utilized by Deng and co-workers for the catalytic asymmetric

Michael additions of malonates to nitroolefins [49]. These catalysts effectively pro-

moted the conjugate additions of methylmalonate to a variety of aromatic (90–

99% yield; 96–98% ee), heteroaromatic (97–99% yield; 96–98% ee) and aliphatic

(71–86% yield; 94% ee) b-substituted nitroolefins (Table 6.7). As the two alkaloids

Table 6.5 Thiourea-catalyzed diastereoselective 1,4-additions to nitroolefins.

13 R4 Temp.

[̊ C]

Time

[h]

Yield

[%]

dr

(2R/2S)

ee (major)

[%]

Ph �50 3 96 57/43 93

Ph �60 24 94 7/93 81

4-Br-C6H4 r.t. – 99 97/3 92

2-thienyl �20 – 98 99/1 90
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Table 6.6 Thiourea-catalyzed double Michael reactions of unsaturated b-ketoesters.

Entry R Temp. [̊ C] Yield [%] de [%] (16/17) ee 16 [%]

1 Me �20 87 >99 92

2 Ph �40 79 90 89

3 OMe r.t. 63 64 85

Table 6.7 Cinchona alkaloid-catalyzed Michael reactions of nitroolefins.

Entry R Catalyst Time [h] Yield [%] ee [%]

1 Ph 18 36 97 96

2 Ph 19 36 99 93

3 2-thienyl 18 36 99 98

4 2-thienyl 19 44 96 95

5 i-Bu 18 72 86 94

6 i-Bu 19 72 84 92
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have a pseudoenantiomeric relationship, it is possible to access both enantiomers

of the addition products. Slightly lower enantioselectivities were obtained with the

quinidine-derived catalyst. Based on the observation that 6 0-hydroxyquinoline-

derived catalysts gave significantly higher reaction rates and enantioselectivities

when compared to the corresponding 6 0-methoxyquinoline derivatives (75–82%

ee versus 6–24%), the authors suggested that the phenolic hydroxyl, functioning

as a hydrogen bond donor, plays a key role in the organization of the transition

state assembly. As with the other catalysts discussed so far, the cinchona-derived

compounds are believed to behave as bifunctional catalysts.

In an extension of the above investigations, the Deng group reported the use of

modified cinchona alkaloid catalysts 19a–c for the stereocontrolled creation of

adjacent quaternary and tertiary stereocenters by 1,4-additions of prochiral 1,3-

dicarbonyl compounds to prochiral b-substituted nitroolefins [50]. Catalysts 19a–

c were excellent promoters of 1,4-additions of a wide range of trisubstituted cyclic

and acyclic Michael donors (21a–d) to a range of nitroolefins bearing aryl, hetero-

aryl and aliphatic b-substituents (Fig. 6.7; Table 6.8, PHN ¼ 9-phenanthrene).

The conjugate addition products, possessing a high level of substitution, were

formed in significant yields (73–94%), ee-values (92–>99%), and diastereomeric

ratios (up to >98:2). A considerable improvement in diastereoselectivity was ob-

served on lowering the reaction temperature. The authors rationalized the ob-

served enantioselectivities by suggesting a transition-state complex in which the

nitroolefin is activated by hydrogen bonding to the phenol, with the enolate held

in close proximity by hydrogen bonds to both the ammonium and the phenol

groups (Fig. 6.8).

Ricci and co-workers have reported an expansion of the nucleophile scope for

the hydrogen bonding-catalyzed asymmetric 1,4-addition reaction using catalyst

25, synthesized from commercially available 3,5-bis-trifluoromethyl-phenyl iso-

thiocyanate and (1R,2S)-cis-1-amino-2-indanol, to catalyze the Friedel–Crafts alky-

lations of indoles [51]. Under optimized conditions, the reactions provided prod-

uct in high yields (70–88%) and good enantioselectivities (71–89% ee) for a

variety of aromatic, heteroaromatic, and aliphatic nitroolefins (Table 6.9). The re-

action of an indole substrate containing electron-withdrawing functionality gave a

similarly high ee-value, but with a significantly diminished rate of reaction (35%

yield at 72 h). The Ricci group demonstrated the synthetic potential of these

adducts through a two-step conversion of one adduct to the corresponding trypt-

amine derivative in high overall yield with no observed loss in ee-value. The au-

thors reported that the combination of an unprotected indole nitrogen and a free

Fig. 6.7 Carbon nucleophiles for Deng’s asymmetric conjugate addition reactions.
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hydroxyl on the catalyst was important for inducing high enantiofacial selectivity

for the alkylation reaction. The use of N-methylindole or catalysts lacking the in-

danone hydroxyl group gave lower conversion and enantioselectivity, indicating

the presence of a hydrogen-bonding interaction between the catalyst and the

nucleophile in addition to the hydrogen-bonding activation of the nitroolefin by

thiourea (Fig. 6.9).

Jørgensen and co-workers employed chiral bis-sulfonamide catalyst 27, a

proven ligand for metal-based asymmetric catalysis, for the Friedel–Crafts alkyla-

tions of N-methylindoles (24) using b-substituted nitroolefins [52]. Using opti-

mized conditions, 2 mol% 27 gave the desired indole alkylation products of

substituted aryl and heteroaryl nitroolefins in moderate to high yields (20–91%)

and moderate enantiopurities (13–63% ee; Scheme 6.3). Aliphatic b-substitution

Table 6.8 Modified cinchona-alkaloid-catalyzed diastereoselective 1,4-additions.

Entry 21 R Catalyst Temp. [̊ C] Time [h] Yield [%] dr ee [%]

1 a Ph 19b �60 48 94 95:5 99

2 b Ph 19c �20 63 73 91:9 >99

3 c n-pentyl 19a �20 84 78 93:7 92

4 d n-pentyl 19a �20 84 75 93:7 98

Fig. 6.8 Deng’s selectivity model for 1,4-additions of 1,3-dicarbonyl substrates.
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on the nitroolefin gave significantly lower optical purities (11–19%). In contrast

to the results reported by Ricci and co-workers using 25 (see Table 6.9), catalyst

27 gave optimal results using N-methylated indoles. Other nitrogen-protecting

groups did not garner any improved product yields or ee-values. The catalyst is

proposed to function through a single hydrogen bonding interaction between

the catalyst sulfonamide proton and the nitro group of the electrophile. The

NaCaCaN dihedral angle of the catalyst appeared to have a large effect on

observed enantiofacial selectivity.

Table 6.9 Thiourea-catalyzed Friedel–Craft alkylations of indoles.

Entry R2 R3 R Temp. [̊ C] Yield [%] ee [%]

1 H H Ph �24 78 85

2 Me H Ph �45 82 74

3 H OMe Ph �45 86 89

4 H H 2-furyl �24 88 73

5 H H n-pentyl �24 76 83

Fig. 6.9 Ricci’s selectivity model for thiourea-catalyzed Friedel–Craft alkylations.
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Connon and co-workers reported the use of cinchona alkaloid-derived thiourea

catalysts 28 and 29 (compare to Scheme 6.2) for the 1,4-additions of dimethyl

malonate to various nitroolefins [53]. Using 2 mol% of catalysts 28 or 29 in the

presence of dimethyl malonate allowed for the conversion of both electronically

activated and deactivated b-nitrostyrenes to give chiral 1,4-adducts in uniformly

high yields (91–95%) and high enantiopurities (87–99% ee), though more

electron-rich nitrostyrenes generally gave higher product enantiopurities (Table

6.10). Aliphatic nitroolefins gave slightly lower observed ee-values (75–86%). An

interesting characteristic of these cinchona-derived thiourea catalysts is the obser-

vation of an apparent synergistic co-catalytic effect of the thiourea moiety and the

quinuclidine nitrogen, moderated by the stereochemistry of the catalyst at C9.

While thiourea catalysts derived from natural cinchona alkaloids gave measurable

rate increases, reactions catalyzed by 9-epi-thiourea catalysts derived from dihy-

droquinine and dihydroquinidine exhibited significantly higher enantioselectiv-

ities and rates of reaction.

Dixon and co-workers independently reported the asymmetric hydrogen-

bonding catalyzed 1,4-additions of dimethyl malonate to nitroolefins using a

cinchonine-derived thiourea catalyst 30 [54]. Catalyst 30 gave good to high yields

(81–99%) and good to high enantioselectivities (82–97% ee) for a variety of

aromatic, heteroaromatic and aliphatic nitroolefins (Scheme 6.4). Optical purity

Scheme 6.3 Bis-sulfonamide-catalyzed Friedel–Craft reactions of indoles.

Scheme 6.4 Thiourea-catalyzed 1,4-additions of dimethyl malonate to nitroolefins.
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values were comparable to those reported by Connon (see Table 6.10), though

ee-values reported by Dixon for identical nitroolefin substrates were generally

slightly lower. Michael addition to tert-butyl b-substituted nitroolefin was not ob-

served in significant yield under the reported conditions. Rigorous purification to

remove traces of water or oxygen from the reaction solvent was not necessary to

obtain optimal results. Dixon reported observations similar to Connon regarding

the necessity of the 9-epi catalyst stereochemistry to achieve optimal levels of

enantioselectivity.

The Wang group reported the development of a new class of binaphthyl-derived

hydrogen bonding thiourea catalyst (32) for the Michael reactions of 1,3-diones

and nitroolefins [55]. The high catalytic activity of 32 allowed for the addition of

less-reactive 2,4-pentanedione nucleophiles to a variety of aryl-substituted nitro-

olefins, with catalyst loadings as low as 1 mol%. The chiral adducts were synthe-

sized in good yields (78–92%) and good to high ee-values (83–97%) for a variety

of electron-withdrawing and electron-donating nitroolefin aryl substituents (Table

6.11). Product utility was demonstrated through the conversion of select 1,4-

adducts to a-substituted-b-amino acids in four steps with retention of enantiopur-

Table 6.10 Bifunctional thiourea-catalyzed 1,4-additions to nitroolefins.

Entry R Time [h] Yield [%] ee [%]

1 4-Br-C6H4 40 94 93

2 2-thienyl 23 94 95

3 n-hexyl 69 88 86
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ities. This procedure represented the first highly enantioselective Michael reac-

tions of a 1,3-diketone nucleophile with b-nitrostyrenes. (For experimental details

see Chapter 14.9.6).

6.2.3

Conjugate Addition Reactions of Vinyl Sulfones

Deng and co-workers reported the first highly enantioselective catalytic additions

of a-cyanoacetates to vinyl sulfones catalyzed by cinchona-derived catalysts 36 and

19c, originally used for the Michael addition of malonate esters to nitroolefins

[56]. Various a-aryl a-cyanoacetates (34) were shown to react with phenylvinyl

sulfone in the presence of 20 mol% of catalysts 36 or 19c to give 1,4-adducts

bearing an all-carbon quaternary stereocenter in high yields (89–96%) and excel-

lent enantioselectivities (93–97% ee; Table 6.12). A more electrophilic 3,5-bis-

(trifluoromethyl)phenyl vinyl sulfone was used to obtain reasonable reaction rates

for the additions of less-reactive a-alkyl a-cyanoacetates in high enantiopurities

(92–94% ee), demonstrating the ability of the catalyst to tolerate electronically

diverse vinyl sulfones. Reaction enantioselectivities were strongly dependent on

catalyst structure, and highest enantioselectivities were obtained using a catalyst

having a free C6 0-OH and an aryl ether at C9. Synthetic utility of the products

was demonstrated through conversion, via a seven-step sequence, to chiral a,a-

disubstituted amino acids that previously were inaccessible via asymmetric

catalysis. (For experimental details see Chapter 14.9.12).

Table 6.11 Thiourea-amine-catalyzed Michael additions of 2,4-pentanedione.

Entry R Time [h] Yield [%] ee [%]

1 Ph 26 87 95

2 4-MeO-C6H4 36 92 97

3 4-Cl-C6H4 24 91 97

4 2,4-(MeO)2-C6H3 36 88 91
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6.3

Hydrocyanation Reactions

The hydrocyanation reactions of electrophilic aldehydes, ketones and their corre-

sponding imines gives direct access to synthetic derivatives of several important

structures, including a-hydroxy carboxylic acids, b-amino alcohols and a-tertiary

and a-quaternary-a-amino acids. The asymmetric hydrocyanation reaction pro-

vides access to chiral synthons, which have proven useful for the construction of

many structurally complex and biologically active compounds. Catalysis of these

reactions is especially attractive with respect to avoiding the cost and relative

chemical inefficiency associated with the use of chiral auxiliaries.

6.3.1

Hydrocyanation Reactions of Aldehydes

The Inoue laboratory reported the first asymmetric hydrocyanation of an alde-

hyde using a synthetic peptide, cyclo[(S)-Phe-(S)-His] (38), to give the cyanohydrin

of benzaldehyde in high optical purity (up to 90% ee at 40% conversion). The ee-
value of the product was found to diminish with increased reaction time (Scheme

6.5) [57]. The catalytic activity of 38 is presumed to arise from the bifunctional

character of the catalyst, wherein aldehyde activation occurs through hydrogen-

Table 6.12 Cinchona-derivative-catalyzed conjugate additions to vinyl sulfones.

Entry R R1 Temp. [̊ C] Time [h] Yield [%] ee [%]

1 Ph Ph �25 72 89 95

2 4-MeO-C6H4 Ph 0 70 92 94

3 4-F-C6H4 Ph �25 72 90 94

4 2-thienyl Ph �25 48 95 97

5 Allyl 3,5-(CF3)2-C6H3 0 96 76 94
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bonding with the histidine residue, while the imidazolyl moiety functions to pro-

vide the cyanide anion by deprotonating HCN. Optimization studies indicated

that high product optical purities could be obtained at higher conversions at

�20 �C using toluene as the solvent. These optimized conditions provided

cyanohydrin adducts for a variety of aromatic (57–97% yield; 78–97% ee), hetero-
aromatic (60–73% yield; 42–54% ee) and aliphatic (60–96% yield; 18–71% ee)
substrates (Table 6.13) [58]. Aromatic aldehydes bearing electron-withdrawing

functionality proved to be incompatible with catalyst 38, providing products in

low enantiopurities (quantitative yield; 4–53% ee). (For experimental details see

Chapter 14.5.1).

Studies conducted at the Danda laboratory provided further insight into the

activity of the Inoue catalyst system. Danda reported the importance of an amor-

Scheme 6.5 Synthetic peptide-promoted hydrocyanation of benzaldehyde.

Table 6.13 Synthetic peptide-promoted hydrocyanations of aldehydes.

Entry R Time [h] Yield [%] ee [%]

1 Ph 8.0 97 97

2 p-MeO-C6H4 10.0 57 78

3 p-CN-C6H4 8.0 100 32

4 furfural 8.0 60 42

5 isobutyryl 5.0 79 71

6 isovaleryl 5.0 44 18
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phous catalyst structure (versus highly crystalline 38, obtained by recrystalliza-

tion from aqueous methanol) and low reaction mixture viscosity for maintain-

ing consistently high product yields and enantiopurities [59]. The Danda group

later reported the observation of enantioselective autoinduction, where chiral

cyanohydrin product was shown to be incorporated into the active catalyst spe-

cies, promoting greater enantioselection as the reaction progressed to completion

[60].

Discussion Catalyst 38 serves as a peptide mimic of enzymes used for hydrocya-

nations of aldehydes to provide access to a range of cyanohydrins in high yields

and moderate to high enantioselectivities. Catalyst 38 was prepared in four steps

from (benzyloxycarbonyl)-(S)-phenylalanine in good overall yield [58]. Hydrogen

cyanide was produced according to literature precedent, via addition of an aque-

ous solution of sodium cyanide dropwise into dilute sulfuric acid and was stored

in a freezer [61].

Caution: Hydrogen cyanide is extremely toxic and volatile. All manipulations of

hydrogen cyanide and reactions thereof should be performed in a well-ventilated

hood and care must be taken to avoid inhalation.

6.3.2

The Strecker Reaction

The Strecker reaction is defined as the addition of HCN to the condensation prod-

uct of a carbonyl and amine component to give a-amino nitriles. Lipton and co-

workers reported the first highly effective catalytic asymmetric Strecker reaction,

using synthetic peptide 43, a modification of Inoue’s catalyst (38), which was

determined to be inactive for the Strecker reactions of aldimines (see Scheme

6.5) [62]. Catalyst 43 provided chiral a-amino nitrile products for a number of N-
benzhydryl imines (42) derived from substituted aromatic (71–97% yield; 64–

>99% ee) and aliphatic (80–81% yield; <10–17% ee) aldehydes, presumably

through a similar mode of activation to that for hydrocyanations of aldehydes

(Table 6.14). Electron-deficient aromatic imines were not suitable substrates for

this catalyst, giving products in low optical purities (<10–32% ee). The a-amino

nitrile product of benzaldehyde was converted to the corresponding a-amino acid

in high yield (92%) and ee (>99%) via a one-step acid hydrolysis.

While examining metal complexes of tridentate Schiff bases, Jacobsen and co-

workers discovered that the free ligands served as catalysts for the asymmetric

Strecker reactions of aldimines. A screen of ligand libraries, prepared through

solid-supported parallel combinatorial methods, allowed the identification of

highly effective catalysts (e.g., 45a) for the enantioselective Strecker reaction.

(Scheme 6.6) [40]. Using the Strecker reaction of N-allyl-benzaldimine as a

model, it was determined that the thiourea moiety, the steric bulk of the amino

acid derivative, and the 3-tert-butyl substitution pattern at the salicylaldehyde de-

rivative played crucial roles in the enantioselection. Although 45a was optimized

for the reaction of N-allyl-benzaldimine, it proved to be an effective catalyst for
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the hydrocyanations of a range of aromatic (65–92% yield; 70–91% ee) and ali-

phatic (70–77% yield; 83–85% ee) imines.

Further library optimization studies based on 45a, incorporating seven new

amino acids with large a-substituents and ten new salicylaldehyde derivatives,

led to the discovery of urea catalyst 45b [63]. Strecker reactions of N-allyl and N-
benzyl aldimines (46) using catalyst 45b at �70 �C showed significant improve-

ments in yields, optical purities, and scope of the cyanohydrin products obtained

(Table 6.15). In general, 45b promoted hydrocyanations of aldimine substrates

with slightly higher ee-values (þ2–4%) than the corresponding resin-bound ana-

logue 45c. However, resin-bound catalyst 45c offered an advantage in product iso-

Table 6.14 Strecker reactions of aldimines using a synthetic peptide.

Entry R Temp. [̊ C] Yield [%] ee [%]

1 Ph �25 97 >99

2 p-Cl-C6H4 �75 94 >99

3 p-MeO-C6H4 �75 90 96

4 m-NO2-C6H4 �75 71 <10

5 t-Bu �75 80 17

Scheme 6.6 Schiff base catalysts for the Strecker reactions of aldimines.

210 6 Asymmetric Proton Catalysis



lation, as pure product was isolated in essentially quantitative yield after simple

filtration, to recover the catalyst, followed by solvent removal. Recovered catalyst

was shown to retain reactivity and selectivity even after ten reaction–recovery

cycles.

The first enantioselective catalytic Strecker reaction of ketoimines to give chiral

quaternary cyanohydrins was demonstrated by the Jacobsen group using 45b

(Scheme 6.7) [41]. A series of substituted aryl and aliphatic N-benzyl methylketo-

imines (48) reacted with HCN in the presence of 45b to provide essentially quan-

titative yields of the Strecker adducts in high optical purities (70–95% ee). The ad-
ducts were crystalline, and their recrystallization from hexanes increased their

enantiopurities to >99.9% ee. The a-quaternary Strecker adducts (49) could be

converted to a-quaternary a-amino acids through formamide protection of the sec-

ondary amine, followed by sequential hydrolysis of the nitrile and the formamide,

followed by hydrogenolytic debenzylation.

In 2002, Jacobsen and co-workers reported their studies on the structural re-

quirements of their urea and thiourea catalysts for high enantioselection in the

asymmetric Strecker reaction [64]. Using a series of catalyst analogues, these

authors confirmed that the two urea hydrogen are solely responsible for sub-

strate activation. Energy minimization studies implicated an interesting bridging

hydrogen-bonding structure between the imine nitrogen and both of the urea hy-

Table 6.15 Urea-catalyzed Strecker reactions of aldimines.

Entry R R1 Yield [%] ee [%]

1 Ph allyl 74 95

2 p-MeO-C6H4 allyl 98 95

3 p-Br-C6H4 allyl 89 89

4 t-butyl allyl 75 95

5 cyclohexyl allyl 88 86

6 CH3(CH2)4 benzyl 69 78
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drogen atoms. 1H NMR titration studies using 45b and N-p-methoxybenzyl aceto-

phenone showed exclusive downfield shift of the Z-imine methyl resonance. This

result, along with the experimental observation that cyclic Z-imines and acyclic,

predominantly E-imines (capable of E–Z interconversion in solution) show an

identical sense of stereoinduction, provided evidence for exclusive binding of the

Z-imine in the catalyzed Strecker reaction. Numerous NOE experiments using

45b–imine complexes, coupled with the observed product absolute stereochemis-

try, suggested that HCN approaches the reactive complex by passing over the dia-

minocyclohexane portion of the catalyst. New catalysts incorporating bulkier

amino acids and amides were developed based on this hypothesis. Especially ef-

fective was thiourea catalyst 52 (Scheme 6.8), which gave good to excellent enan-

tioselectivities for aliphatic imines (86–97%) that had proven to be problematic

substrates for catalyst 45b (70–80% ee). Substrates that had reacted reasonably

well in the presence of 45b were transformed with near-perfect enantiocontrol

(99.3%) using catalyst 52.

Corey and co-workers reported the use of a C2-symmetric guanidine catalyst

(53) for the Strecker reactions of N-benzhydryl aldimines [65]. The catalyst is be-

Scheme 6.7 Thiourea-catalyzed Strecker reactions of ketoimines.

Scheme 6.8 Improved thiourea Strecker catalysts via rational design.
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lieved to function via hydrogen-bonding activation of the aryl imine through a

protonated guanidinium-cyanide complex to afford the (R) adduct (Scheme 6.9).

The reaction was general for substituted aryl imines (80–99% yield; 50–88% ee).
Interestingly, aliphatic N-benzhydrylaldimines were shown to give the (S)-adducts
in high yields (@95%) and good enantiopurities (63–84% ee). As might be ex-

pected, the N-methyl derivative of 53 was not an active catalyst. The benzhydryl

protecting group proved to be necessary for obtaining high enantioselectivities,

presumably due to orientational effects arising from steric and p-stacking inter-

actions in the transition state. Catalyst 53 was prepared from methyl-(R)-
phenylglycinate in nine steps, with a 24% overall yield. The guanidine catalyst

can be easily recovered from the crude reaction mixture by extraction with oxalic

acid (80–90% yield).

Scheme 6.9 Guanidine-catalyzed Strecker reactions of aldimines.

Table 6.16 Chiral ammonium trifluoroacetate-catalyzed Strecker reactions.

Entry R Time [h] Yield [%] ee [%]

1 Ph 36 95 92

2 p-MeO-C6H4 36 95 90

3 p-CN-C6H4 24 92 80

4 m-MeO-C6H4 40 96 >99

5 2-naphthyl 40 95 79
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Corey and co-workers also reported the successful Strecker reactions of N-allyl
aldimines using a cinchona alkaloid-derived chiral ammonium salt (56) [66]. Cat-

alyst 56, a stable crystalline salt, was readily prepared from dihydroquinidine in

three steps and in high yield (68% overall). Hydrocyanations of a variety of sub-

stituted aryl N-allyl aldimines were achieved using 10 mol% 56 and provided the

corresponding (S)-a-amino nitriles in high yields and generally high ee-values
(86–98% yield; 79–99% ee; Table 6.16). (For experimental details see Chapter

14.5.2). Formation of the (S)-adducts was rationalized by invoking polar ionic hy-

drogen-bonding activation of the imine by the protonated quinuclidine core, such

that the aryl imine is held within the pocket formed by the dihydroindole and qui-

noline rings of the catalyst, which are held approximately 7.5 Å apart in near-

parallel planes (Fig. 6.10). The model accounts for the observed facial selectivity

since, under the above constraints, the imine si face is blocked by the pyridazine

linker. The lower enantioselectivities observed for the Strecker reactions of ali-

phatic imines, especially those with bulky substituents, were consistent with the

proposed binding model.

6.3.3

Hydrocyanation Reactions of Ketones

Catalytic asymmetric cyanations of ketones afford the corresponding cyanohy-

drins, which serves as precursors to many useful chiral building blocks, such as

a-hydroxy acids, b-amino alcohols and others. Jacobsen and co-workers reported

the synthesis of thiourea catalyst 59, which proved effective for the promotion of

highly enantioselective cyanosilylations of a range of ketones [67]. This catalyst

was developed based on the observation that a derivative of 52 having a free

amine in place of the salicylaldehyde moiety promoted the cyanosilylation of ben-

zaldehyde (3 h, 100% conversion, 25% ee). The optimal catalyst was developed by

fine-tuning the steric demands of the secondary amide as well as the tertiary

amine. Alkyl-aryl ketones gave products in high optical purities, with only a slight

dependence on alkyl group size. Likewise, a,b-unsaturated ketones were effec-

tive substrates and gave exclusively the 1,2-adducts (Table 6.17). (For experimen-

tal details see Chapter 14.5.3). High enantioselectivities were obtained only in

Fig. 6.10 Corey’s selectivity model for the Strecker reactions of N-allyl aldimines.
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cyanosilylations of ketone substrates bearing one sp2-hybridized substituent, im-

plicating electronic rather than steric differentiation as the key element of asym-

metric induction. The Brønsted basic amine was clearly of importance in the

catalytic cycle, as analogues of 59 lacking the tertiary amine group were found

to have no catalytic activity under the reported conditions.

6.4

Mannich Reactions

The asymmetric additions of enolate or ester enolate equivalents to imines are

attractive and important routes to b-amino acid derivatives, as they represent the

coupling of two components of similar complexity by a carbon–carbon bond-

forming reaction. In continuation of their studies on nucleophilic additions to ac-

tivated imines, the Jacobsen group explored the coupling of N-Boc aldimines with

mono-silyl ketene acetals [68]. Initial studies using a urea catalyst showed prom-

ising results for the reaction of N-Boc benzaldimine and the trimethylsilyl-O,O-

acetal of isopropyl acetate (90% yield, 54% ee), though the background reaction

significantly diminished the observed product ee-value. The combined use of a

thiourea catalyst and the tert-butyldimethylsilyl ketene acetal of isopropyl acetate

served to increase the rate of the catalyzed reaction while decreasing the rate of

background reaction. Further catalyst optimization provided catalyst 62, which

was found to promote the reactions of the ketene acetal with a range of sub-

stituted aryl and heteroaryl N-Boc aldimines (61) to give the corresponding N-
protected b-amino esters in uniformly high yields (84–99%) and high optical

purities (86–98% ee; Table 6.18). (For experimental details see Chapter 14.2.4).

Table 6.17 Thiourea-catalyzed cyanosilylations of ketones.

Entry R Time [h] Yield [%] ee [%]

1 Ph 24 96 97

2 p-MeO-C6H4 48 93 95

3 p-Br-C6H4 12 94 93

4 2-naphthyl 12 98 97

5 2-thiophene 48 88 98

6 3-pentenyl 48 95 89
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The Terada group reported an enantioselective route to b-amino ketones via the

direct Mannich coupling reactions of acetyl acetone with N-Boc arylimines, cata-

lyzed by the 3,3 0-bis-aryl-substituted, BINOL-derived phosphoric acid catalyst 64

[69]. These chiral catalysts have not only strong Brønsted acidity but also a well-

defined chiral environment around the proton. The aryl substituents at the ortho

positions served the important purpose of extending the chirality of the BINOL

backbone. The size and substitution pattern of the aryl groups were important

for good enantioselectivities, with 4-(b-naphthyl)-C6H4 substitution providing

both optimal yields and enantioselectivities for a range of substrates. Catalyst 64

was found to be effective at a relatively low loading for various ortho- and para-
substituted aryl aldimines, providing b-amino ketones in short reaction times

and in uniformly high yields (93–99%) and ee-values (90–98%; Table 6.19).

Mukaiyama–Mannich reactions of substituted silyl ketene acetals catalyzed by

chiral Brønsted acids have also been reported by the Akiyama group [70]. Initial

studies utilizing a phenyl aldimine and the trimethylsilylacetal of methyl 2,2-

dimethylacetate in the presence of 30 mol% of the chiral phosphoric acid 68

gave the desired a-disubstituted-b-aminoester in essentially quantitative yield and

good enantiopurity (89% ee, entry 1; Table 6.20). Monosubstituted silyl ketene

acetals gave products in high yields (65–100%), high syn diastereoselectivities,

and good to high enantiopurities (81–96% ee) for a range of substituted aryl, het-

eroaryl, and a,b-unsaturated aldimines. The observed selectivities imply that the

protonated imine intermediate must be tightly coordinated to the chiral phos-

Table 6.18 Thiourea-catalyzed Mukaiyama–Mannich reactions of aldimines.

Entry R Temp. [̊ C] Yield [%] ee [%]

1 Ph �40 95 97

2 p-MeO-C6H4 4 91 86

3 p-F-C6H4 �30 88 93

4 2-thienyl �30 95 92

5 3-pyridyl �30 99 98
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Table 6.19 Chiral phosphoric acid-catalyzed direct Mannich reactions of aldimines.

Entry R Yield [%] ee [%]

1 Ph 99 95

2 p-MeO-C6H4 93 90

3 p-Br-C6H4 96 98

4 o-Me-C6H4 94 93

Table 6.20 Chiral Brønsted acid-catalyzed diastereoselective Mannich reactions.

Entry R1 R2 R3 R4 Yield [%] syn/anti ee [%]

1 Ph Me Me Me 98 – 89

2 Ph H Me Et 100 87:13 96

3 p-MeO-C6H4 H Me Et 100 92:8 88

4 2-thienyl H Me Et 81 94:6 88

5 PhCHbCH H Me Et 91 95:5 90

6 Ph H Ph3SiO Me 79 100:0 91

6.4 Mannich Reactions 217



phate anion, so as to greatly differentiate the prochiral faces of the imine. The

electron-withdrawing substituents on the 3,3 0-aryl groups of the catalyst likely

serve the dual purpose of creating a chiral environment about the phosphate

while also increasing the acidity of the catalyst through an inductive effect. The

o-hydroxy group of the aryl imine was critical for high enantioselection under

the reported conditions (only 39% ee, R ¼ Ph, N-benzylideneaniline).
A taddol-derived, cyclic chiral phosphoric acid catalyst (71) was reported by the

Akiyama group for the Mukaiyama–Mannich reactions of aryl aldimines [71]. Ex-

amination of various catalysts and imine aryl substituents led to the discovery of

conditions wherein 5 mol% of 71 was sufficient to promote the Mannich reac-

tions of a silyl ketene acetal with several aryl aldimines (70) to give the corre-

sponding b-amino esters in high yields (81–100%) and ee-values (85–92%; Table

6.21). The o-hydroxy aryl group on the imine nitrogen was once again critical for

obtaining high product optical purities, suggesting a two-point interaction be-

tween the imine and the phosphoric acid catalyst (Fig. 6.11).

Table 6.21 Brønsted acid-catalyzed asymmetric Mannich reactions.

Entry Ar Time [h] Yield [%] ee [%]

1 Ph 30 100 89

2 p-F-C6H4 48 95 92

3 p-Me-C6H4 48 96 92

Fig. 6.11 Akiyama’s two-point binding model for phosphoric acid catalysis.
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The Jacobsen group has reported the asymmetric Mannich reactions of acylated

isoquinolines with ester silyl enolates promoted by thiourea catalyst 74. This

process provides access to enantiomerically enriched dihydroisoquinoline build-

ing blocks with potential utility in alkaloid synthesis [72]. In these reactions, N-
acylation of the isoquinolines (73) by 2,2,2-trichloroethyl chloroformate (TrocCl)

gave highly electrophilic iminium ions, which are further activated by hydrogen

bonding with the thiourea catalyst. Nucleophilic attack by the silyl ketene acetal

gave the Troc-protected addition products in good yields (67–86%) and enantio-

selectivities (60–92% ee; Table 6.22). Optical purity of the acyl-Mannich adducts de-

pended significantly on the substituents on the pyrrole moiety in the catalyst. The

precise mode of hydrogen bonding-activation of the electron-poor acyl-iminium

ions remains unclear.

Discussion Catalyst 62 was synthesized in five steps in 86% overall yield from

commercially available starting materials, with a single chromatographic purifica-

tion [68]. The reaction as described by Jacobsen appears to be relatively insensi-

tive to dilution, reagent stoichiometry, and rate of nucleophile addition. Different

low-polarity solvents can be used with little effect on product ee-value. In highly

polar aprotic solvents, however, the ee-values were significantly lower, whereas in

protic solvents the imine rapidly decomposed. Aliphatic N-Boc imines were not

examined due to a lack of useful methods for their synthesis. The inherent elec-

trophilicity of the imine was shown to be important, with less-electrophilic N-allyl

Table 6.22 Thiourea-catalyzed acyl-Mannich reactions of substituted isoquinolines.

Entry R Yield [%] ee [%]

1 H 80 86

2 3-Me 75 92

3 5-NO2 71 71

4 6-OSO2CF3 67 83

5 7-OTBS 86 60
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and N-benzyl imines found to be unreactive under identical reaction conditions.

An attractive feature of Jacobsen’s thiourea catalysts is their tolerance of Lewis

basic substrates, such that various heteroatom-containing imines can be used.

6.5

Aza-Henry Reactions of Aldimines

The asymmetric aza-Henry (or nitro-Mannich) reaction is the addition of a nitro-

alkane anion to an imine. This reaction produces a carbon–carbon bond with

generation of up to two contiguous nitrogen-containing chiral centers. The prod-

ucts of the reactions are precursors to useful nitrogen-containing building blocks,

such as vicinal diamines and a-amino carbonyl compounds. The Takemoto group

reported the first hydrogen bonding-promoted aza-Henry reaction, using the bi-

functional, tertiary amine-containing thiourea catalyst, 78. This catalyst promoted

the direct reactions of nitroalkanes with N-phosphinoylimines (76), so as to

produce the addition products in good to high yields (57–91%) and moderate

enantioselectivities (64–76% ee) at ambient temperature (Table 6.23) [73]. Various

substituted aryl and heteroaryl aldimines, bearing electron-donating or electron-

withdrawing substituents on the imine aryl group, were effective as substrates,

giving only minimal variations in yields and enantioselectivities. Based on their

earlier studies, these authors expected the nitroalkane to coordinate to the thio-

Table 6.23 Thiourea-catalyzed aza-Henry reactions of N-phosphinoylimines.

Entry R1 R2 Yield [%] ee [%] dr (syn:anti)

1 Ph H 87 67 –

2 Ph Me 76 67 (major) 73:27

3 p-Cl-C6H4 H 85 67 –

4 2-furyl H 68 76 –

5 cinnamyl H 83 65 –

dr ¼ diastereomeric ratio.
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urea through hydrogen bonds, such that the nearby tertiary amine could deproto-

nate the acidic proton. The resulting anion, ensconced in the chiral environment

provided by the cyclohexyldiamine scaffold, was expected to participate in the

asymmetric aza-Henry reaction. Binding and modulation of nitronate anion reac-

tivity by thioureas had been reported previously [74].

Johnston and co-workers have reported the aza-Henry reactions of electron-

poor N-Boc aldimines with nitroalkanes catalyzed by quinolinium salt catalyst

80, capable of forming polar ionic hydrogen bonds [75]. A white, bench-stable

crystalline solid, catalyst 80 is the triflic acid salt of a bis-amidine ligand. The

free base was prepared as a single enantiomer in 86% yield via the palladium-

catalyzed coupling of commercially available (þ)-trans-cyclohexanediamine and

2-chloroquinoline. The aza-Henry reactions of activated imines were accom-

plished in the absence of base additives and gave adducts in moderate yields

(51–69%) and moderate to high enantiopurities (59–95% ee; Scheme 6.10). The

use of nitroethane as the nucleophile afforded addition products with two contig-

uous stereocenters in good to high diastereoselectivies (from 7:1 to 19:1, major

isomer is syn). (For experimental details see Chapter 14.4.2). Although the nature

of the catalyst–substrate complex remains to be defined, it goes without saying

that the free amine must deprotonate the nitroalkane, and that the resulting an-

ion must be tightly hydrogen-bonded to the chiral quinolinium catalyst. Hydro-

gen bonding-activation of the imine, whether by the catalyst that is coordinated

to the nucleophile or by a second bis-amidine catalyst, is also likely to be involved.

It is noteworthy that the unprotonated ligand does not enhance the rate of the re-

action above nominal background levels.

The aza-Henry reactions of BOC-activated imines can also be promoted by

acetamide-substituted catalyst 82, which was reported by the Jacobsen group.

The reactions were carried out at 4 �C using 10 mol% of the catalyst along with

Hünig’s base and powdered 4 Å MS [76]. High enantioselectivities (92–97%) were

obtained with a number of heteroaryl- and substituted-aryl aldimine derivatives,

bearing both electron-withdrawing and electron-donating substituents (Table

Scheme 6.10 Aza-Henry reactions catalyzed by polar ionic hydrogen-bonding.

6.5 Aza-Henry Reactions of Aldimines 221



6.24). Significant levels of syn diastereoselectivities (5:1 to 16:1) were observed for

all substrates, with the exception of an ortho-chloro-substituted aryl imine, which

provided only 2:1 syn selectivity. The catalyst was viable for a variety of

nitroalkanes, and afforded adducts in uniformly high enantioselectivities (92–

95% ee). The sense of enantiofacial selectivity in this reaction is identical to that

reported for the thiourea-catalyzed Strecker (see Scheme 6.8) and Mannich (see

Tables 6.18 and 6.22) reactions, suggesting a commonality in the mode of sub-

strate activation. The asymmetric catalysis is likely to involve hydrogen bonding

between the catalyst and the imine or the nitronate, or even dual activation of

both substrates. The specific role of the 4 Å MS powder in providing more repro-

ducible results remains unclear, as the use of either 3 Å or 5 Å MS powder was

reported to have a detrimental effect on both enantioselectivities and rates of

reaction.

6.6

Acyl Pictet–Spengler Reactions of Iminium Ions

The Pictet–Spengler reaction, the cyclization of an electron-rich aryl or heteroaryl

group onto an imine electrophile, is the established method for the synthesis of

tetrahydroisoquinoline and tetrahydro-b-carboline ring systems. Catalytic asym-

metric approaches to these synthetically important structures are mostly re-

stricted to asymmetric hydrogenations of cyclic imines [77, 78]. In a noteworthy

Table 6.24 Thiourea-catalyzed additions of nitroalkanes to aldimines.

Entry R1 R2 Yield [%] dr (syn:anti) syn ee [%]

1 Ph Me 96 15:1 92

2 Ph Et 99 7:1 95

3 Ph TBSOCH2 85 4:1 95

4 p-Cl-C6H4 Me 98 7:1 95

5 p-MeO-C6H4 Me 95 16:1 96

6 2-furyl Me 95 6:1 97
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contribution to the available methodology, the Jacobsen group reported a catalytic

asymmetric route to tetrahydro-b-carbolines through hydrogen bond activation

of substituted acylimine intermediates using the thiourea catalyst 84 [79]. Typi-

cally, racemic Pictet–Spengler reactions are carried out with imines using strong

Brønsted acids, often at elevated temperatures. In initial studies, these authors

found that catalyst 84 was incapable of promoting the cyclization of imines,

most likely due to the low reactivity of simple imines. On the other hand, cycliza-

tion of the more electrophilic N-acyl-imine was effectively catalyzed by the

pyrrole-derivatized thiourea 84. Such asymmetric acyl-Pictet–Spengler reactions

provided adducts in reasonable yields (65–81% over two steps) and good to high

enantioselectivities (85–95% ee; Table 6.25). (For experimental details see Chapter

14.3.1). Catalyst 84 tolerated methoxy substitution at the indole 5- or 6-position,

which is of interest given the prevalence of this substitution pattern in indole al-

kaloids. The ability of the thiourea catalyst to activate the weakly Lewis basic N-
acyliminium ion toward cyclization raises interesting questions regarding the ex-

act nature of the hydrogen-bonding interaction between the catalyst and sub-

strate.

Discussion Jacobsen’s incorporation of an unsymmetrical pyrrole subunit in

catalyst 84 played an important role in achieving the reported levels of enantio-

selectivity. Pyrroles having symmetric substitution gave significantly lower prod-

uct enantiopurities under the unoptimized conditions used during the catalyst

structure–activity studies. Catalyst 84 is reported to be recoverable in essentially

quantitative yield via column chromatography, with no loss in catalyst activity.

Table 6.25 Thiourea-catalyzed acyl-Pictet–Spengler reactions of imines.

Entry R R1 Temp. [̊ C] Yield [%] ee [%]

1 H CH(CH2CH3)2 �30 65 93

2 H n-C5H11 �60 65 95

3 H CH2CH2OTBDPS �60 77 90

4 5-OMe CH(CH2CH3)2 �40 81 93
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The enantioselectivity of the reaction was highly dependent on various reaction

parameters, such as the reaction solvent and the structure of the N-acylating
agent, and necessitated temperature optimization to suppress competing racemic

background reaction. The substrate scope is limited somewhat by the inability to

achieve high product enantiopurities using N-acyl imines derived from aryl alde-

hydes or trimethylacetaldehyde. The higher temperatures required for efficient

cyclizations of these substrates causes competing acetylation of the thiourea cata-

lyst, resulting in low product enantiopurities.

6.7

Aza-Friedel–Crafts Reactions of Aldimines

The Friedel–Crafts reaction, the electrophilic substitution of an alkenyl or aryl

hydrogen with an electrophile, is one of the most general transformations in

organic chemistry. With an imine as the electrophile, the reaction is called the

aza-Friedel–Crafts, and provides useful, nitrogen-substituted chiral compounds.

The first report of a hydrogen-bond promoted asymmetric aza-Friedel–Crafts reac-

tion came from Terada and co-workers, who showed that 2 mol% of chiral phos-

phoric acid 86 catalyzes the reactions of commercially available 2-methoxyfuran

with N-Boc aldimines (61) [80]. Under optimized conditions, the reaction gave

consistently high yields (80–95%) and enantioselectivities (86–97% ee) for a range
of aryl aldimine substrates, possessing either electron-withdrawing or electron-

donating groups (Table 6.26). (For experimental details see Chapter 14.9.15).

A slightly lower ee-value (86%) was observed for the product of the reaction with

2-furaldimine. The absolute configuration of these products was opposite to that

Table 6.26 1,2-Aza-Friedel–Craft reactions of 2-methoxyfuran and aldimines.

Entry R Yield [%] ee [%]

1 Ph 95 97

2 p-MeO-C6H4 95 96

3 m-Br-C6H4 89 96

4 o-Me-C6H4 84 94

5 2-naphthyl 93 96
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found in the Mannich reaction which the authors had earlier developed (see Table

6.19). As both processes are expected to involve substrate activation through hy-

drogen bond interaction with the chiral phosphoric acid catalyst, the difference

in the outcome is intriguing and remains to be fully understood. The potential

synthetic utility of the furan-2-ylamine products was demonstrated by the trans-

formation of one of the adducts (entry 1, Table 6.26) to the corresponding g-bute-

nolide in two steps and 86% overall yield, with negligible loss of optical purity

(96% ee).

6.8

Hydrophosphonylation Reactions of Aldimines

Nucleophilic additions of phosphites to imines provides direct access to a-amino

phosphonic acid derivatives, some of which have been found to possess useful

biological activities. Jacobsen and co-workers reported highly enantioselective syn-

theses of these compounds through the reactions of N-benzyl imines (50) with di-

(2-nitrobenzyl) phosphite (88) in the presence of a chiral thiourea catalyst 52 [81].

High yields (52–93%) and enantioselectivities (typically >90% ee) were obtained

using a broad range of aromatic, heteroaromatic, and aliphatic imines (Table

6.27). (For experimental details see Chapter 14.7.1). In general, the highest reac-

Table 6.27 Thiourea-catalyzed hydrophosphonylations of N-benzyl imines.

Entry R Temp. [̊ C] Time [h] Yield [%] ee [%]

1 Ph 4 72 87 98

2 3-pentyl 4 24 90 96

3 p-MeO-C6H4 4 48 90 96

4 m-Cl-C6H4 23 48 83 98

5 3-pyridyl 23 48 77 96
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tion rates were obtained with aliphatic imines, while electron-poor aromatic

imines typically required longer reaction times or increased reaction tempera-

tures. The hydrophosphonylation products were successfully subjected to global

benzyl deprotection under mild hydrogenolytic conditions to give a-amino phos-

phonic acids in high yields (>87%), with little or no erosion of optical purities at

the a-stereocenter.

Akiyama and co-workers reported similar transformations utilizing chiral phos-

phoric acid 68, derived from (R)-BINOL. The catalyzed additions of diisopropyl

phosphite to p-anisidine aldimines (90) took place at room temperature in m-

xylene, and provided the corresponding a-amino phosphonates (91) in generally

high yields (72–97%) with moderate to high enantioselectivities (52–90% ee) for
a range of aryl- and cinnamyl-derived aldimines (Scheme 6.11) [82]. Based on

experimental observations, the authors proposed a reaction mechanism wherein

hydrogen-bonding of the imine to the phosphoric acid hydrogen, coupled with

activation of the phosphite hydrogen by the phosphoryl oxygen of the catalyst, or-

ganizes the reactants in close proximity, allowing for the observed facial selectiv-

ities (Fig. 6.12).

Scheme 6.11 Phosphoric acid-catalyzed hydrophosphonylations of imines.

Fig. 6.12 Akiyama’s hydrophosphonylation selectivity model.
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Discussion Catalyst 52 is prepared from Boc-(L)-tert-leucine in five steps, with

a 75% overall yield [41]. Details of imine and phosphite preparation are also

provided by Jacobsen and co-workers [81]. The hydrophosphonylation reactions

as reported by Jacobsen can be carried out without any special precautions, in

unpurified commercial diethyl ether (Et2O) and under an ambient atmosphere.

A reduction in temperature was shown to have a beneficial effect on product

enantiopurities, but with a decrease in reaction rates. Unbranched aliphatic alde-

hydes were incompatible with the reaction conditions as reported, due to their

rapid decomposition prior to phosphonylation. Although phosphite ester groups

that are more electron-withdrawing than o-nitrobenzyl significantly increase the

overall reaction rates, products are obtained with diminished optical purities, pos-

sibly due to a retro-addition pathway.

6.9

Direct Alkylation Reactions of a-Diazoesters

Diazoacetates are commonly used for the formation of aziridines from imines

under Lewis or Brønsted acidic conditions – a process known as the aza-Darzens

reaction. A useful twist on the reaction is achieved if the 1,2-addition intermediate

undergoes deprotonation of the a proton prior to intramolecular aziridine forma-

tion with N2 extrusion. Such an interrupted aza-Darzens reaction accomplishes a

Table 6.28 Brønsted acid-catalyzed direct alkylations of a-diazoesters.

Entry R Yield [%] ee [%]

1 Ph 81 97

2 p-F-C6H4 74 97

3 p-Ph-C6H4 71 97

4 o-MeO-C6H4 85 91

5 m-F-C6H4 84 93
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net nucleophilic addition of the diazo compound to the imine, producing a

b-amino diazoester with a new chiral center. Terada and co-workers found that

2 mol% of an achiral phosphoric acid catalyst promoted the clean addition of

ethyl diazoacetate to the N-acylimine of benzaldehyde (70% yield, 1 h) [83]. Sig-

nificantly, the use of chiral phosphoric acid 93, also at 2 mol% loading, catalyzed

the direct alkylations of tert-butyl diazoacetate to yield substituted b-amino-a-

diazoester products (94) in good yields (62–89%) and high enantioselectivities

(91–97% ee) for a range of substituted arylaldimines (Table 6.28). (For experimen-

tal details see Chapter 14.6.1). The bulky diazoacetate ester group and the elec-

tron-donating para-dimethylamine substituent on the acyl group of 92 were im-

portant in establishing high enantiofacial selectivity. While its precise role is

unclear, it is likely that, through hydrogen bonding, the catalyst is able not only

to activate the imine to nucleophilic addition but also to lower the nucleophilicity

of the intermediate amide nitrogen that results from addition of the diazoester.

The latter interaction may account for the complete selectivity for alkylation ver-

sus aziridine formation. Terada also demonstrated the utility of the b-amino-a-

diazoester products by their conversion to chiral b-amino acids via a high-yielding

three-step process.

6.10

Imine Amidation Reactions

The addition of amide nucleophiles to activated imines provides access to a class

of unsymmetrical aminals. Such compounds have been incorporated into peptide

chains for the synthesis of retro-inverso peptide mimics, which appear to have a

range of biochemical applications [84]. These amide addition reactions typically

require a doubly activated imine, with electron-withdrawing groups at both the

carbon and nitrogen of the imine substrate. Antilla and co-workers reported an

asymmetric catalytic version of this reaction, involving the addition of sulfon-

amides to N-Boc imines [85]. Preliminary studies showed that amide additions

to N-Boc aldimines (61) using 2 mol% of an achiral phenyl phosphinic acid gave

high yields of racemic aminals. Screening of chiral catalysts and amide substrates

revealed that the amidation reactions using p-toluenesulfonamide in the presence

of the highly hindered chiral VAPOL (vaulted biphenanthrol)-derived phosphoric

acid catalyst 95 provided N,N-aminal products in high yields (88–95%) and

ee-values (87–94%) for a variety of para-substituted arylaldimines as well as

2-thienylimine (Table 6.29). (For experimental details see Chapter 14.7.2). The na-

ture of the amide nucleophile was critical, and the use of common amides, such as

acrylamide or acetamide, gave the corresponding products in low enantiopurities

(14 and 12% ee respectively, compared to 94% ee when using a sulfonamide). Cat-

alyst 95 presumably promotes asymmetric amidation by activation of the imine

substrate, and no addition product was observed under otherwise identical condi-

tions lacking the catalyst. The use of rigorously dried catalyst, imine, and sulfona-

mide was critical for obtaining reproducible ee-values for the aminal products.

228 6 Asymmetric Proton Catalysis



6.11

Transfer Hydrogenation Reactions of Imines

The catalytic, asymmetric hydrogenations of alkenes, ketones and imines are im-

portant transformations for the synthesis of chiral substrates. Organic dihydro-

pyridine cofactors such as dihydronicotinamide adenine dinucleotide (NADH)

are responsible for the enzyme-mediated asymmetric reductions of imines in

living systems [86]. A biomimetic alternative to NADH is the Hantzsch dihydro-

pyridine, 97. This simple compound has been an effective hydrogen source for

the reductions of ketones and alkenes. A suitable catalyst is required to activate

the substrate to hydride addition [87–89]. Recently, two groups have reported, in-

dependently, the use of 97 in the presence of a chiral phosphoric acid (68 or 98)

catalyst for the asymmetric transfer hydrogenation of imines.

Rueping and co-workers reported the enantioselective reductions of ketoimines

(99) using 97 and a catalytic amount of 68, originally prepared by Akiyama and

Terada [90]. In general, good ee-values (68–84%) and moderate to high yields

(46–91%) were observed for the reductions of several N-aryl-ketoimines derived

from methyl-aryl ketones (Scheme 6.12). In several instances, the ee-value of

the products could be improved to >90% upon recrystallization from methanol.

Lower reaction temperatures significantly impacted conversions. Activation of

the substrate is proposed to occur via imine protonation, generating an iminium

ion that is expected to be strongly bound to the chiral catalyst counterion.

Table 6.29 Phosphoric acid-catalyzed imine amidation reactions.

Entry R 95 [mol%] Solvent Time [h] Yield [%] ee [%]

1 Ph 5 Et2O 1 95 94

2 p-CF3-C6H4 10 toluene 20 99 99

3 p-MeO-C6H4 10 toluene 17 92 90

4 2-thienyl 10 toluene 17 94 87
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List and co-workers reported a closely related asymmetric reduction, that of

ketone-derived p-methoxyphenyl (PMP) imines (101), using 97 in the presence

of chiral Brønsted acid catalyst 98 [91]. Aryl-methyl ketoimines, possessing vari-

ous o-, m-, and p-substituents on the aryl portion, were reduced at 35 �C in high

yields (84–96%) and good to high enantioselectivities (80–93% ee; Table 6.30).

(For experimental details see Chapter 14.21.2). It is worth noting that the phos-

phoric acid catalyst, with its considerable steric demands (vs. 68), is used at only

1 mol% loading. The asymmetric reduction of an aliphatic imine gave the corre-

sponding amine product in 90% ee. The utility of the methodology was high-

lighted by the two-step conversion of acetophenone to the corresponding chiral

amine in 81% overall yield (88% ee). The imine was formed in situ in the pres-

ence of 4 Å MS and subjected to asymmetric reduction. The PMP group was

then removed under oxidative conditions to give the desired amine product.

Scheme 6.12 Phosphoric acid-catalyzed transfer hydrogenations of imines.

Table 6.30 Phosphoric acid-catalyzed transfer hydrogenations of imines.

Entry R Time [h] Yield [%] ee [%]

1 Ph 45 96 88

2 p-(NO2)-C6H4 42 96 80

3 2,6-(Me)2-C6H3 71 88 92

4 i-propyl 60 80 90
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6.12

Morita–Baylis–Hillman Reactions

The Morita–Baylis–Hillman (MBH) reaction – the reaction of an electron-

deficient alkene with an aldehyde or an imine (aza-MBH) – provides a convenient

route to highly functionalized allylic alcohols and amines. Although the reaction

is catalyzed by simple amines or phosphines, its scope is somewhat limited due

to slow reaction rates. The MBH reaction is discussed fully in Chapter 5, and con-

sequently only those contributions that clearly involve hydrogen bond interac-

tions will be described here.

In an early report, the Ikegami group showed that mild Brønsted acids such

as phenol and BINOL have dramatic rate-increasing effects on the tri-n-
butylphosphine-promoted MBH reactions of cyclic enones with aldehydes [92].

Over the past few years, several chiral hydrogen bond donor catalysts have

been developed for the asymmetric MBH and aza-MBH reactions. One of the

first practical catalytic asymmetric MBH reactions was reported by the Hata-

keyama group, who utilized b-isocupreidine (103) for the additions of 1,1,1,3,3,3-

hexafluoroisopropyl acrylate (HFIPA) to aldehydes [93]. A survey of cinchona

alkaloid-derived catalysts identified 103, which contains a rigid quinuclidine ether

moiety and a C6 0-hydroxy group, as the optimal catalyst for promoting the

addition of the electron-deficient HFIPA to a range of aryl, aliphatic, and a,b-

unsaturated aldehydes (40). The (a-methylene-b-hydroxy)ester products (104)

were obtained in moderate yields (31–58%) and high ee-values (91–99%), but

were accompanied by a dioxanone side product (105; Table 6.31). The high reac-

Table 6.31 Modified cinchona-catalyzed Morita–Baylis–Hillman reactions.

Entry R Time [h] Yield [%] (% ee)

104 105

1 p-NO2-C6H4 1 58 (91) 11 (4)

2 (E)-Ph-CHbCH 72 50 (92) –

3 (CH3)2CHCH2 4 51 (99) 18 (85)

4 cyclohexyl 72 31 (99) 23 (76)
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tion rates observed using catalyst 103, compared to those found with similar (but

unconstrained) cinchona derivatives, presumably reflects the increased catalyst

nucleophilicity achieved by restraining the steric congestion around the quinucli-

dine nitrogen. (For experimental details see Chapter 14.10.1).

Schaus and co-workers realized a novel strategy for the catalysis of MBH reac-

tions. Whereas many previous workers had used chiral nucleophilic catalysts, in

which chirality transfer takes place after formation of a covalent bond to the sub-

strate, these authors used a chiral catalyst to activate and desymmetrize the sub-

strate through noncovalent interactions. Building on the Ikegami precedent, the

authors discovered that chiral BINOL catalyst 106 and an excess of triethylphos-

phine (PEt3) promoted highly enantioselective MBH reactions of cyclohexanone

and various substituted aldehydes [94]. The catalyst not only induces asymmetry,

but also accelerates the reactions. For example, whereas the reaction of cyclohex-

anone and 3-phenylpropanal using 50 mol% PEt3 yielded only 5% of the desired

product, the use of 2 mol% (R)-BINOL afforded the desired product in 74% yield

and 32% ee, over the same reaction time. Optimum results were obtained with

H8-BINOL-derived catalysts 106a and 106b, which afforded MBH products of

cyclohexanone and aliphatic aldehydes in very good yields (70–88%) and enantio-

selectivities (82–96% ee; Table 6.32). (For experimental details see Chapter

14.10.3). Aryl and a,b-unsaturated aldehydes gave products in low conversions

(39–40% yield) and only moderate enantioselectivities (67–80% ee). Partial sat-
uration of the BINOL backbone, 3,3 0-aryl-substitution, and the diol functional-

ity were all critical for inducing high levels of enantioselectivity.

Table 6.32 BINOL-catalyzed Morita–Baylis–Hillman reactions of cyclic enones.

Entry R Catalyst Yield [%] ee [%]

1 PhCH2CH2 106a 88 90

2 hexen-3-yl 106b 72 96

3 cyclohexyl 106b 71 96

4 i-Pr 106b 82 95

5 Ph 106b 40 67
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Nagasawa and co-workers reported the use of a chiral bis-thiourea catalyst (108)

for the asymmetric MBH reactions of cyclohexenone with aldehydes [95]. Since

others had already shown that thioureas form hydrogen bonds with both alde-

hydes and enones, it was hypothesized that the inclusion of two thiourea moieties

in close proximity on a chiral scaffold would organize the two partners of the

MBH reaction and lead to enantiofacial selectivity. Initial studies showed that

the achiral 3,5-bis-(trifluoromethyl)phenyl-substituted urea increased the rate of

MBH reaction between benzaldehyde and cyclohexenone. These authors then

showed that chiral 1,2-cyclohexyldiamine-linked bis-thiourea catalyst 108, used at

40 mol% loading in the presence of 40 mol% DMAP, promoted the MBH reac-

tions of cyclohexenone with various aliphatic and aromatic aldehydes (40) to pro-

duce allylic alcohols in moderate to high yields (33–99%) and variable enantio-

selectivities (19–90% ee; Table 6.33).

The Hatakeyama group later reported the use of catalyst 103 for the asym-

metric aza-MBH reactions of HFIPA with activated aromatic imines [96]. The

aza-MBH reactions of four different diphenylphosphinoyl aryl imines (109) with

HFIPA were promoted using 10 mol% 103 and afforded the corresponding

a-methylene-b-amino acid derivatives (110) in reasonable yields (42–97%) and

moderate ee-values (54–73%; Scheme 6.13). Aliphatic imines were not suitable

substrates for the reaction due to imine lability. (For experimental details see

Chapter 14.10.3).

Table 6.33 Bis-thiourea-catalyzed Morita–Baylis–Hillman reactions of cyclic enones.

Entry R Yield [%] ee [%]

1 Ph 88 33

2 p-CF3-C6H4 99 33

3 CH3(CH2)5 63 60

4 i-Pr 67 60

5 cyclohexyl 72 90
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Sasai and co-workers reported the development of aza-MBH reactions catalyzed

by pyridine-substituted BINOL 113, which incorporated the chiral hydrogen bond

donor and the nucleophile into a single catalyst [97]. This bifunctional catalyst

positions the reaction partners in close proximity, so it was hoped that with

proper scaffold design, high enantioselectivities may be achievable. Indeed, the

aza-MBH reactions of vinyl ketones (111) and tosylimines (112), carried out using

10 mol% of 113 at �15 �C in a mixture of toluene and cyclopentyl methyl ether

(CPME), provided the expected allylic amine products (114) in high yields

(88–100%) and high enantioselectivities (87–95% ee; Table 6.34). (For experi-

mental details see Chapter 14.10.4). In this reaction, it is likely that hydrogen

bonding by the two phenol hydrogen activates the enone, which is then attacked

at the b-position by the proximal aminopyridine. The resulting intermediate

is held in a coordinated chiral environment, as required for enantioselectivity

in the subsequent aldol addition.

6.13

Cycloaddition Reactions

Cycloaddition reactions, namely those occurring through a [4pþ2p] concerted

transition state, give rise to densely functionalized adducts, with multiple stereo-

centers set in a single step. Many Lewis acid metal catalysts have been developed

over the past few decades, allowing for ready access to a broad range of highly

functionalized Diels–Alder (DA) and hetero-Diels–Alder (HDA) adducts in high

regio-, enantio-, and diastereoselectivities. Catalytic enantioselective cycloaddition

reactions have proven to be exceedingly useful as key steps in the syntheses of a

number of complex natural products [98, 99]. Over the past decade, there has

been growing interest in the development of organocatalysts capable of promot-

ing asymmetric cycloaddition reactions, and most of the successes have been

realized using a secondary amine catalyst, which condenses with the dienophile

carbonyl and thus serves as an in-situ chiral auxiliary [100]. More recently, several

laboratories have reported hydrogen bonding-promoted asymmetric cycloaddi-

tions, and these results are summarized below, starting with HDA reactions.

Scheme 6.13 b-Isocupreidine-catalyzed aza-MBH reactions of aldimines.
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6.13.1

Hetero Diels–Alder (HDA) Reactions

The HDA reaction allows for rapid access to chiral six-membered heterocyclic

structures that serve as valuable intermediates in organic synthesis. The first

highly enantioselective HDA reaction promoted by a chiral hydrogen bond donor

was reported from the Rawal laboratory. While investigating the cycloaddition re-

actions of amino-siloxy diene 115, it was observed that this diene was exception-

ally reactive to heterodienophiles, and underwent HDA reactions with various al-

dehydes at room temperature, even in the absence of any added catalyst (Scheme

6.14). Subsequent treatment of the intermediate cycloadducts (116) with acetyl

chloride afforded the corresponding dihydro-4-pyrones (117) in good overall

yields [101]. Further studies of this reaction revealed a pronounced solvent effect,

Table 6.34 Bifunctional BINOL-promoted aza-MBH reactions of aldimines.

Entry R1 R2 Time [h] Yield [%] ee [%]

1 Me Ph 168 93 87

2 Me p-MeO-C6H4 132 93 94

3 Me 2-furyl 48 100 88

4 Et p-NO2-C6H4 96 88 88

5 H p-NO2-C6H4 36 95 94

Scheme 6.14 Uncatalyzed HDA reactions of amino-siloxy diene with aldehydes.
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such that the cycloaddition reactions were significantly faster in chloroform

(@10–30-fold rate increase) than in other common aprotic organic solvents, and

even polar solvents. The rate difference was greater still in alcoholic solvents

[38]. The higher rates in chloroform and alcohols were attributed to hydrogen

bond activation of the hetero-dienophile, which lowers its LUMO energy and,

thereby, reduces the HOMO-LUMO gap for cycloaddition. Remarkably, alcohols

were even found to promote the HDA reactions of simple ketones, known to be

notoriously poor heterodienophiles (Scheme 6.15) [38].

An examination of several chiral alcohols as hydrogen bond donor catalysts led

to the identification of taddols as highly effective organic catalysts for the enan-

tioselective HDA reactions between electron-rich dienes and aldehydes. These

tartrate-derived diols were popularized by Seebach and co-workers as ligands for

metal-based catalysis [102]. Additionally, Toda and co-workers had shown that tad-

dols, when used in stoichiometric quantities, were effective asymmetry-inducing

agents for solid-state photochemical reactions and for resolutions [103]. The use

of taddol as a substoichiometric catalyst was first noted by the Rawal group.

These authors found that commercially available 1-naphthyl-taddol (119), when

used at 20 mol% loading, was highly effective as a hydrogen bond donor catalyst

for the HDA reactions between 115 and various aromatic aldehydes, affording the

expected dihydropyranone products (117) on treatment with acetyl chloride in

good overall yields (67–97%) and excellent enantioselectivities (92–>98% ee;
Table 6.35) [104]. (For experimental details see Chapter 14.18.4). Aliphatic alde-

hydes also proved to be suitable dienophiles, with only a small decrease observed

in enantioselectivities. A model that rationalizes the observed selectivities for tad-

dol-catalyzed HDA reactions is presented at the end of this section.

Taddols can also catalyze the HDA reactions of other electron-rich dienes, as

demonstrated by Ding and co-workers, who showed that taddol 119 catalyzed

the cycloaddition of Brassard’s diene with various aromatic aldehydes to give

Scheme 6.15 Alcohol catalysis of HDA reactions of diene 115 with ketones.
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d-lactone products directly on reaction work-up [105]. The products were obtained

in good yields (up to 85%) and good to high enantioselectivities (69–91% ee; Table
6.35).

Through a collaborative effort, the Rawal and Yamamoto groups developed

chiral 1,1 0-biaryl-2,2 0-dimethanols (e.g., 121, BAMOLs) as hydrogen bond donor

catalysts. Structurally different from taddols, the axially chiral BAMOL scaffold al-

lowed for hydrogen-bonding activation similar to taddols, but presented greater

opportunities for tuning the steric and electronic properties of the catalyst. Sev-

eral variations of these novel diols were prepared and examined as catalysts for

the HDA reactions between 1-amino-3-siloxybutadienes and various aldehydes

[106, 107]. Of the BAMOLs examined, compounds 121a and 121b were shown

to be the most effective catalysts for the HDA reactions of both aromatic and

aliphatic aldehydes, affording cycloadducts in moderate to high yields (67–99%)

and generally excellent enantioselectivities (84–>99% ee; Table 6.37). Notably,

high ee-values were obtained for acetaldehyde and 2-butynal (97% and 98% re-

spectively), both of which contain small a-substituents. A crystal structure of

1,1 0-biphenyl-BAMOL and benzaldehyde revealed the presence of an intramolec-

ular hydrogen bond between the two hydroxyl groups of the catalyst, and also an

intermolecular hydrogen bond to the carbonyl of benzaldehyde, similar to that

observed in the crystal structure of a taddol-aldehyde complex (see Fig. 6.14).

Sigman and co-workers developed a novel oxazoline-based hydrogen-bonding

catalyst (122) for HDA reactions. The modular nature of the catalyst design al-

Table 6.35 Taddol-catalyzed HDA reactions of 115 and aromatic aldehydes.

Entry R Yield [%] ee [%]

1 Ph 70 >98

2 4-MeO-C6H4 68 >94

3 1-naphthyl 69 99

4 cyclohexyl 64 86
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Table 6.36 Taddol-catalyzed HDA reactions of Brassard’s diene.

Entry R Yield [%] ee [%]

1 Ph 67 83

2 m-Br-C6H4 67 89

3 m-MeO-C6H4 45 91

4 (CH2)2Ph 50 69

Table 6.37 Taddol-catalyzed HDA reactions of 1-amino-3-siloxydienes.

Entry Catalyst R Yield [%] ee [%]

1 121b Me 75 97

2 121a PhS(CH2)2 76 94

3 121b 2-(NO2)-C6H4 93 98

4 121b 2-furyl 96 >99
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lowed for easy variation of the nature and relative configuration of the chiral cen-

ters, as well as for steric and electronic tuning of different parts of the scaffold

[108]. Aromatic aldehydes were shown to be suitable substrates, providing the

corresponding dihydropyranones in reasonable yields (42–80%) with enantio-

selectivities of up to 92% in the presence of 20 mol% 122 (Table 6.38). Electron-

rich aryl aldehydes required an increase in reaction temperature to obtain good

yields.

Mikami and Jørgensen independently reported the use of bis-triflamide cata-

lysts (27a and 27b) for the HDA reactions of Danishefsky’s diene (123) with vari-

ous reactive aldehydes and ketones. Jørgensen and co-workers found that, in the

presence of bis-nonaflamide catalyst 27b, p-substituted aromatic aldehydes and

alkyl pyruvates gave dihydropyranone products with enantioselectivities of up

to 73% (Table 6.39) [109]. The Mikami group found that the reactions of Dani-

shefsky’s diene with glyoxalates and aromatic glyoxals can be catalyzed with bis-

triflylamide catalyst 27a to give products with enantioselectivities up to 87% [110].

A 1H NMR study of 27a coordinated to a symmetrical ketone indicated a dual

hydrogen-bonding interaction between the two amide hydrogens and the car-

bonyl oxygen.

Discussion The ready commercial availability of 119 and operational ease of the

reactions make the taddol-catalyzed HDA reactions attractive processes. A ratio-

nale has been put forth by Rawal et al., for the high enantioselectivities observed

in the taddol-catalyzed HDA reactions. From the many crystal structures in the

literature, it was recognized that taddols are locked in well-defined conformations

Table 6.38 HDA reactions catalyzed by a modified oxazoline.

Entry R Temp. [̊ C] Yield [%] ee [%]

1 Ph �55 62 90

2 4-MeO-C6H4 �30 80 91

3 1-naphthyl �55 72 90
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in the solid state, with one of the hydroxyls internally hydrogen bonded to the

other (Fig. 6.13). This arrangement not only positions the opposing pairs of aryl

groups in pseudo-axial and pseudo-equatorial orientations, but also renders the

remaining hydroxyl more acidic and available for intermolecular hydrogen bond-

ing. Going on the assumption that the same arrangement is likely in solution, the

more-acidic proton is expected to form a hydrogen bond to the carbonyl group,

and thereby lower its LUMO energy. The facial selectivity was rationalized by sug-

gesting that the electron-deficient p-bond of the carbonyl group may be further

stabilized by an electrostatic, donor–acceptor interaction with the electron-rich

distal ring of the naphthalene unit. This stabilizing interaction serves not only to

increase the population of the activated aldehyde, but also to block one face of the

aldehyde to nucleophile attack. In support of some of the tenets of this hypothe-

sis, the authors later reported the crystal structure of a complex between taddol

117 and p-anisaldehyde (Fig. 6.14) [112].

Table 6.39 Bis-triflylamide-catalyzed HDA reactions of Danishefsky’s diene.

R2 R Catalyst Solvent Time [h] Temp. [̊ C] Yield [%] ee [%]

TMS p-NO2-C6H4 27b CHCl3 16 �24 76 50

TMS p-CN-C6H4 27b CHCl3 16 �40 74 49

TIPS COOn-Bu 27a toluene 0.5 �78 87 86

TIPS COPh 27a toluene 0.5 �78 67 87

Fig. 6.13 Internally hydrogen-bonded conformation of 1-naphthyl-taddol.
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6.13.2

Diels–Alder (DA) Reactions

The enantioselective DA reaction is perhaps the most important reaction for

complex molecule synthesis, providing access to chiral six-membered carbocyclic

compounds containing up to four stereogenic centers in a single step. Early in-

vestigations into hydrogen bonding-promoted asymmetric DA reactions were re-

ported by Göbel and co-workers, who used axially chiral amidinium ions 126a

and 126b for the cycloadditions of diene 124 and diketones (125) to produce inter-

mediates for the synthesis of (–)-norgestrel [113]. Under optimized conditions,

these amidinium salts induced regioselectivities of up to 2.5:1 in favor of the de-

sired regioisomer, with enantioselectivities ranging from 30 to 50% (Table 6.40).

These catalysts are expected to activate the dienophile through hydrogen bonding

between the amidinium hydrogen and the diketone carbonyl groups.

The Göbel group later reported the development of a new C2-symmetric chiral

bis-amidinium salt 126c, which was applied to the same diene-dienophile system

[114]. Compound 126c (1 equiv.) increased the rate of the cycloaddition reactions

by more than 3000-fold compared to the non-promoted reactions. Also of interest

is the dramatic increase – and reversal – in the regioselectivities of the reactions

(Table 6.40).

The first highly enantioselective (>90% ee) DA reaction catalyzed by a chiral hy-

drogen bond donor was reported by the Rawal group. Based on the success real-

ized with the HDA reaction, these authors examined the capacity of taddols to

Fig. 6.14 X-ray crystal structure of a 1-naphthyl-taddol/anisaldehyde complex.
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promote the DA reactions between the highly reactive 1-amino-3-siloxybutadiene

and various a-substituted acroleins (129). An examination of several taddols

showed that useful results were obtained simply by using the commercially avail-

able 1-naphthyl-taddol (119) [115]. This diol was shown to catalyze the DA reac-

tions at low temperature to give the corresponding cycloadducts (130), which

were isolated as the corresponding cyclohexenones (131 or 132, depending on

work-up) in good yields (77–85%) and high enantioselectivities (86–92% ee; Table
6.41. (For experimental details see Chapter 14.18.5). The enantioselectivities ob-

served for the DA reactions of acroleins were rationalized through a model which

parallels that used for the HDA reactions discussed previously (see Fig. 6.13).

Thus, hydrogen bonding-activation of the dienophile carbonyl group by the non-

hydrogen-bonded hydroxyl proton is expected to lower the LUMO energy of the

dienophile. The proposed donor–acceptor ‘‘p-stacking’’ interaction between the

dienophile and the distal aromatic ring of the nearby catalyst naphthalene not

only stabilizes the hydrogen-bonded complex, but also blocks one face of the

Table 6.40 Chiral amidinium-catalyzed DA reactions of diketones.

R Catalyst Temp. [̊ C] Yield [%] 127:128 ee (127) [%] ee (128) [%]

Me 126a �27 73 2.8:1 26 33

Et 126b �27 94 3.2:1 43 50

Me 126c �80 80 1:22 15 47

Et 126c �22 100 1:11 48 7
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dienophile. This model correctly predicts the major enantiomer of the DA

reactions examined by the Rawal group. Optical purities of the cycloadducts

were found to increase steadily with decreasing reaction temperatures, consistent

with the formation of more persistent hydrogen bond-based catalyst–aldehyde

complexes.

Discussion Taddol-catalyzed DA reactions provide simple and direct routes to

functionalized cyclohexenones in enantiomerically enriched form. As with the

HDA reactions, the best results were obtained when pure diene and dienophile

were used, and the reaction temperature was rigorously maintained. Traces of

moisture or acid impact negatively upon diene stability and product enantio-

purities. One important advantage of the method is the commercial availability

of both taddol catalyst 119 and the diene. The best substrates for the taddol-

catalyzed DA reactions were a-substituted acroleins. This reactivity profile is com-

plementary to that found for the secondary amine-based organocatalysis devel-

oped by MacMillan and co-workers, in which b-substituted acroleins provided

the best results [116].

Table 6.41 Taddol-catalyzed DA reactions of 1-amino-3-siloxydienes.

Entry R Yield of 130 [%] Yield of 132 [%] ee of 132 [%]

1 Me 85 83 91

2 i-Pr 77 81 92

3 CH2Ph 84 82 89
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6.14

Aldol and Related Reactions

Hydrogen bond-promoted asymmetric aldol reactions and related processes rep-

resent an emerging facet of asymmetric proton-catalyzed reactions, with the first

examples appearing in 2005. Nonetheless, given their importance, these reactions

have been the subject of investigation in several laboratories, and numerous ad-

vances have already been recorded. The substrate scope of such reactions already

encompasses the use of enamines, silyl ketene acetals and vinylogous silyl ketene

acetals as nucleophiles, and nitrosobenzene and aldehydes as electrophiles.

Yamamoto and co-workers reported highly regio- and enantioselective nitroso

aldol reactions between achiral enamines and nitrosobenzene catalyzed by chiral

hydrogen bond donors [117]. The regioselectivity (O versus N) of enamine addi-

tion to nitrosobenzene was controlled exclusively by the choice of both catalyst

and enamine. Cyclic enamines derived from pyrrolidine (133a) and morpholine

(133b) with varied ring substitutions gave exclusively O-nitroso adducts in moder-

ate to high yields (64–91%) and good to high enantioselectivities (70–93% ee)
when the addition was catalyzed by (S)-1-naphthyl glycolic acid (134; Table 6.42).

In contrast, catalysis of the addition reactions of morpholino (133b) and thio-

morpholino enamines by taddol 119 gave exclusive formation of N-nitroso ad-

ducts in moderate to high yields (63–91%) and good to high ee-values (65–91%;

Table 6.42 (S)-1-Naphthyl glycolic acid-catalyzed O-nitroso aldol reactions.

Entry Enamine R, R Yield [%] ee [%]

1 133a H, H 69 70

2 133b H, H 77 92

3 133b Me, Me 91 90

4 133b a(OCH2CH2O)a 83 93
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Table 6.43). These authors proposed activation of nitrosobenzene to aldol addition

through N-coordination when using chiral carboxylic acid catalyst 134 and

through O-coordination when using the less-acidic taddol catalyst 119 to explain

the observed regioselectivities.

Jørgensen and co-workers reported the asymmetric additions of a silyl ketene

acetal to aldehydes (40) using the chiral bis-sulfonamide catalyst 27 [109]. Among

the limited number of aldehydes examined, adducts were obtained in moderate to

high yields (41–90%) and modest levels of ee (30–56%; Table 6.44). The corre-

sponding mono-sulfonamide catalyst was inactive under the reported conditions.

Rawal and co-workers reported the highly diastereo- and enantioselective aldol

reactions of N,O-silyl ketene acetal 138 with various aldehydes catalyzed by taddol

139 [112]. The aldol reactions proceeded rapidly at low temperature in the pres-

ence of 10 mol% of 139, and generated the corresponding silyl ether adducts.

The b-hydroxy amide products were obtained upon treatment of the crude prod-

ucts with HF, which removed the silyl ethers. A wide range of aromatic and het-

eroaromatic aldehydes were found to be effective partners in the reaction. The

aldol adducts were obtained with moderate to high levels of diastereoselectivity

(from 2:1 to >25:1) and high enantioselectivities (86–98% ee; Table 6.45). (For

experimental details see Chapter 14.1.7). The aldol reaction with n-butyraldehyde
gave the corresponding adduct in high ee (91%) but modest yield. The authors

also reported mild conditions, using Schwartz’s reagent, for the direct reduction

of the amide products (141) to the corresponding aldehydes (142), with minimal

loss in product diastereomeric ratios (Scheme 6.16). The high enantioselectivities

observed in the above reactions can be understood through the transition-state

Table 6.43 Taddol-catalyzed N-nitroso aldol reactions.

Entry Enamine R, R Yield [%] ee [%]

1 133b H, H 81 83

2 133b Me, Me 78 82

3 133b a(OCH2CH2O)a 63 91
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model proposed by Rawal to explain selectivity in the HDA and DA reactions

(vide supra) [112, 115]. Thus, the aldehyde carbonyl is activated by a single-point,

intermolecular hydrogen bond to the internally hydrogen-bonded taddol, and is

further organized through electrostatic interactions with a naphthalene ring of

taddol (see Fig. 6.13).

Table 6.44 Bis-triflamide-catalyzed Mukaiyama aldol reactions.

Entry R Time [h] Yield [%] ee [%]

1 p-NO2-C6H4 16 90 43

2 Ph 40 41 30

3 4-pyridine 16 85 56

Table 6.45 Taddol-catalyzed Mukaiyama aldol reactions of N,O-acetals.

Entry R Yield [%] dr ee syn [%]

1 Ph 94 15:1 98

2 p-Cl-C6H4 86 20:1 97

3 m-(MeO)-C6H4 81 13:1 97

4 2-thiophene 88 10:1 95

5 n-propyl 47 9:1 91
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The scope of hydrogen bonding-catalyzed aldol reactions was further extended

to the vinylogous Mukaiyama aldol (VMA) reaction. Rawal and co-workers

showed that the reactions of silyldienol ether 143 with a range of electron-

deficient aldehydes (40) can be catalyzed with taddol 119 to give exclusively the

d-addition products in good yields (40–73%) and ee-values (67–90%; Table 6.46)

[118]. Hunig’s base was used as a scavenger of adventitious water or acid when

using glyoxalate substrates in order to suppress a competing background reac-

Scheme 6.16 Mild reduction of amides to aldehydes using Schwartz’s reagent.

Table 6.46 Taddol-catalyzed VMA reactions of reactive aldehydes.

Entry Aldehyde Temp. [̊ C] Time [h] Yield [%] ee [%]

1 �80 1 60 87

2 �60 120 66 71

3 �80 98 73 90

4 �60 130 58 75
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tion. Typical aryl and aliphatic aldehydes were unsuitable substrates under the re-

ported conditions due to prohibitively slow rates of reaction.

6.15

Conclusion and Prospects

Enantioselective reactions have, for decades, been the domain of metal-based

Lewis acid catalysts. Hundreds of catalysts, all with a metal or metalloid atom at

their center, have been developed to promote a plethora of organic reactions.

Within the past ten years, however, there has been a paradigm shift, and metal-

free catalysts have been developed to accomplish a variety of enantioselective

transformations. Prominent among these organic catalysts are chiral hydrogen

bond donors, many of which have been discussed in this chapter. These small or-

ganic compounds activate substrates in much the same way as metal-based Lewis

acids, the difference being that an electron-deficient hydrogen atom (or atoms)

serves as the Lewis acid in place of the metal atom.

As discussed above, this new form of asymmetric catalysis has proven to be

highly effective and powerful, and today many enantioselective reactions can be

catalyzed using simple, chiral organic compounds capable of donating a hydro-

gen bond. Whilst in many regards this area represents a new frontier in asym-

metric catalysis, hydrogen bond catalysis also rests on well-established principles

of catalysis and reactivity. For example, whereas the strength of a metal-based cat-

alyst depends on the Lewis acidity of the metal used, with a hydrogen bond cata-

lyst it likely reflects the Lewis acid strength – that is, the pKa – of the promoter

hydrogen. The broad capability enjoyed by metal-based Lewis acids is the fruit of

exhaustive searches, by thousands of scientists worldwide, for the optimal pairing

of chiral ligands and metals. It is fair to say that hydrogen bond-based catalysts,

with just hydrogen as the tunable Lewis acidic atom, are unlikely to equal the

enormous impact of traditional metal-based catalysts. The former, however, offers

capabilities that may prove valuable in many situations. For example, the absence

of a metal – besides the obvious advantage that this offers in the synthesis of

pharmaceuticals – makes hydrogen bond-based catalysts well suited for attach-

ment to a solid support. These catalysts should prove to be more robust and recy-

clable, as the normally encountered issue of catalyst deactivation, which results

from metal leaching from the ligand, is a non-issue.

It is expected that the many advances in asymmetric catalysis, which have led

to the identification of numerous ‘‘privileged’’ scaffolds, will greatly facilitate the

discovery of useful hydrogen bond-based catalysts. Indeed, as a starting point for

a catalyst search, there is no better place to explore than the free ligands of many

privileged metal-based Lewis acid catalysts. Such ligands are expected to be effec-

tive as hydrogen bond-based promoters of asymmetric reactions, as the hydrogen

atoms in the free ligand and the metal in the metal complex occupy approxi-

mately the same position. This analysis, when taken in conjunction with the
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many accomplishments summarized above, implies that the prospects are bright

for new discoveries in this burgeoning field.

6.16

Addendum

During the six months since the initial writing of this chapter, numerous addi-

tional reports have appeared in the literature detailing the use of chiral hydrogen

bond donors as catalysts for asymmetric reactions. Within the field of hydrogen

bonding catalysis, thiourea- and urea-based catalyst scaffolds continue to show

promise for a variety of reactions, most notably for the addition of activated

nucleophiles to nitroolefins. Jacobsen and co-workers have described the use of a

primary amine-containing bifunctional thiourea catalyst for the enantioselective

conjugate addition of ketones to nitroolefins [119]. A similar strategy was applied,

albeit with slightly lower selectivity, by Tsogoeva and Wei for the conjugate addi-

tions of ketones to b-aryl nitroolefins [120, 121]. Tang and co-workers reported

the use of a chiral pyrrolidine-substituted thiourea to induce high levels of

enantio- and diastereoselectivity in the Michael addition reactions of cyclohex-

anone to nitroolefins [122]. Additional nucleophiles utilized for the thiourea-

catalyzed conjugate addition to nitroolefins include in-situ-generated enols [123],

indoles [124], aryl methyl ketone-derived enamines [125], and thioacetic acid

[126]. Nagasawa and co-workers have developed a bifunctional guanidine-bis-

thiourea catalyst for the asymmetric Henry reactions of aliphatic aldehydes and ni-

troalkanes [127, 128], while Chen and colleagues reported the use of Takemoto’s

thiourea catalyst for the construction of quaternary carbon stereocenters with

good to high ee-values via the additions of a-substituted cyanoacetates to vinyl

sulfones [129]. In addition, Takemoto and co-workers have reported the use of a

bifunctional urea catalyst for the enantioselective hydrazinations of b-keto esters

[130].

The scope of cinchona alkaloid-catalyzed asymmetric reactions has also contin-

ued to grow, due in large part to the ability of the incorporated quinuclidine and

quinoline functionalities to activate both the electrophilic and nucleophilic com-

ponents of the reaction. Deng and co-workers have reported the use of an un-

usual pyrimidine-substituted dihydroquinidine catalyst for the conjugate addi-

tions of a-substituted carbonyl donors to a,b-unsaturated aldehydes to give chiral

aldehydes with synthetically useful levels of stereoselection [131]. The Jørgensen

laboratory has utilized a hydrosilylated cinchonine catalyst to provide deconjuga-

tive Michael addition reactions of activated alkylidenes to acroleins in moderate

yields and selectivities [132]. Petterson and Fini used a quinine catalyst for the

hydrophosphonylations of imines to yield a-amino phosphonates in good yields

and enantioselectivities [133]. Additional reports highlight the use of cinchona de-

rivatives for the Michael additions of triazoles to nitroolefins [134] and the conju-

gate additions of 1,3-dicarbonyl compounds to maleimides [135].
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The use of bifunctional thiourea-substituted cinchona alkaloid derivatives has

continued to garner interest, with the Deng laboratory reporting the use of a 6 0-

thiourea-substituted cinchona derivative for both the Mannich reactions of malo-

nates with imines [136] and the Friedel–Crafts reactions of imines with indoles

[137]. In both reports, a catalyst loading of 10–20 mol% provided the desired

products in almost uniformly high yields and high enantioselectivities. Thiourea-

substituted cinchona derivatives have also been used for the enantioselective aza-

Henry reactions of aldimines [138] and the enantioselective Henry reactions of

nitromethane with aromatic aldehydes [139].

Multiple new reports have described the use of BINOL-derived phosphoric

acids as chiral Lewis acid catalysts. The Terada group reported using substrate:

catalyst ratios of up to 2000:1 in the highly enantioselective Aza-Ene-type reac-

tions of N-benzoylimines and enamides/enecarbamates to give b-aminoimine

adducts in high yields [140]. Akiyama and co-workers found that aza-Diels–

Alder reactions of Brassard’s diene with imines were promoted by the pyridi-

nium salt of a chiral phosphoric acid to give chiral piperidinone derivatives in

high yields and very high enantioselectivities [141]. The reactions catalyzed by

the pyridinium salt of the catalyst showed improved product yields with respect

to reactions catalyzed by the acid alone. Akiyama also reported the beneficial

effects of added acetic acid, which improved both the yields and enantioselec-

tivities of the asymmetric aza-Diels–Alder reactions of Danishefsky’s diene

and aldimines [142]. Additional publications have described the use of chiral

BINOL-derived phosphoric acid catalysts for the reductive amination of ketones

[143], the Pictet–Spengler reactions of substituted tryptamines [144], and the

Strecker reactions of aryl aldimines [145].

The Yamamoto laboratory has reported the synthesis of two novel chiral Lewis

acid catalysts for use in the Diels–Alder and Mannich-type reactions. A chiral

BINOL-derived N-triflyl phosphoramide was used as a strong acid catalyst to pro-

mote the Diels–Alder reactions of ethyl vinyl ketone and substituted siloxydienes

to give cycloadducts in generally high yields and good enantioselectivities [146]. A

conceptually different Brønsted acid-assisted chiral Brønsted acid catalyst was pre-

pared by substituting one hydroxy group of an optically active BINOL with a more

acidic bis-(trifluoromethanesulfonyl)methyl group [147]. This catalyst was used

for the enantioselective Mannich-type reactions of silyl ketene acetals and aldi-

mines in the presence of a stoichiometric amount of an achiral proton source to

give (S)-b-amino esters in high yields and moderate to good enantioselectivities.
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7

Chiral Lewis Bases as Catalysts

Pavel Kočovský and Andrei V. Malkov

7.1

Introduction

Nucleophilic addition to carbonyl compounds is the cornerstone of organic syn-

thesis, highlighted by the classical examples of Grignard reactions, aldol conden-

sation, and LiAlH4 reductions. However, when less-reactive nucleophiles are

employed, such as allylsilane [1], allylstannane [1, 2] or Cl3SiH [3], activation is

required. Here, we have a choice of activating either the electrophile or the nucle-

ophile. Activation of the electrophile – that is, the carbonyl reactant – can be

achieved by coordination of a Lewis acid to the oxygen [4], which increases the

electrophilicity of the carbonyl carbon and, consequently, the reactivity of the

CbO group. Alternatively, coordination of a Lewis base to the nucleophile would

increase its nucleophilicity, which should also allow the addition to occur [5]. As

only the coordinated species will react, the activator can be used in just a catalytic

amount, provided that it can be regenerated after completion of the reaction and

returned to the next catalytic cycle. Naturally, if the catalyst is chiral, preferential

formation of one enantiomer of the product can be expected.

Of the numerous examples of asymmetric reactions catalyzed by Lewis bases,

this chapter focuses mainly on the activation of silicon reagents and related pro-

cesses. Various other types of Lewis basic (nucleophilic) activation, namely the

Morita–Baylis–Hillman (MBH) reaction, acyl transfer, nucleophilic carbenes,

and carbonyl reduction, are described in the other chapters of this book.

Although this chapter describes details of studies published up until the end

of 2005, selected examples of the early 2006 literature are also included. The

schemes and tables were chosen to illustrate mainly the catalytic asymmetric re-

actions. Stoichiometric or non-asymmetric examples, relevant to the main focus,

are briefly mentioned in the text, especially when further development is expected

but, in general, they are not presented in a graphical form. The key catalytic reac-

tions exhibiting high enantioselectivity and the most successful catalysts are high-

lighted by being displayed in frames (e.g., Fig. 7.1). We believe that this layout
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will benefit the reader who wishes to obtain initial information quickly by brows-

ing through the chapter’s pages.

7.2

Allylation Reactions

7.2.1

Catalytic Allylation of Aldehydes

Lewis acids are known to catalyze the allylation of aldehydes 1 with AllylSiMe3
and its congeners by coordination to the carbonyl group [1, 6]. By contrast, Lewis

bases are typically inert to AllylSiMe3 and require AllylSiCl3 (2a) [7], the silicon

atom of which is more Lewis-acidic (Scheme 7.1) [6–13].

If the latter reaction proceeds through a closed transition state (e.g., 5 in

Scheme 7.2), good diastereocontrol can be expected in the case of trans- and cis-
CrotylSiCl3 (2b/2c) [14, 15]. Here, the anti-diastereoisomer 3b should be obtained

from trans-crotyl derivative 2b, whereas the syn-isomer 3c should result from the

reaction of the cis-isomer 2c (Scheme 7.2). Furthermore, this mechanism creates

an opportunity for transferring the chiral information if the Lewis base employed

is chiral. Provided that the Lewis base dissociates from the silicon in the interme-

diate 6 at a sufficient rate, it can act as a catalyst (rather than as a stoichiometric

reagent). Typical Lewis bases that promote the allylation reaction are the common

dipolar aprotic solvents, such as dimethylformamide (DMF) [8, 12], dimethyl sulf-

oxide (DMSO) [8, 9], and hexamethylphosphoramide (HMPA) [9, 16], in addition

to other substances that possess a strongly Lewis basic oxygen, such as various

formamides [17] (in a solution or on a solid support [7, 8, 18]), urea derivatives

[19], and catecholates [10] (and their chiral modifications [5c], [20]). It should be

noted that, upon coordination to a Lewis base, the silicon atom becomes more

Lewis acidic (vide infra), which facilitates its coordination to the carbonyl in the

cyclic transition state 5.

Scheme 7.1 Asymmetric allylation of aldehydes.
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Fluoride ion (from CsF, CdF2, or AgF) can also catalyze the allylation using

AllylSiF3 and AllylSi(OMe)3, respectively [10, 11]; the asymmetric version (with

a56% ee) requires a combination of Bu4N
þ[SiPh3F2]

� with the Lewis acidic com-

plex of CuCl and BINAP [21].

Chiral Lewis-basic catalysts (Figs. 7.1 and 7.2), in particular phosphoramides

8–12 [9, 14c, 15c, 22–24], formamide 13 [17], pyridine N,N 0-bisoxides 17 and 18

[25–27], N-monoxides (19–26) [27–32], and N,N 0N 00-trisoxides (27) [33] exhibit

good to high enantioselectivities for the allylation of aromatic, heteroaromatic,

and cinnamyl-type aldehydes (1) with allyl, trans- and cis-crotyl, and prenyl tri-

chlorosilanes (2a–d). Chiral formamides (with the exception of 13, as discussed

below) [17], pyridine-oxazolines [34], urea derivatives [19] and sulfoxides [35] are

effective only in stoichiometric quantities (or in excess) and, as a rule, exhibit

lower enantioselectivities.

The early phosphoramides 8 and 9 (Fig. 7.1), developed by Denmark [22],

exhibited modest enantioselectivity in the allylation reaction (Scheme 7.1 and

Table 7.1), but played an important role in the mechanistic elucidation and devel-

opment of the second generation of catalysts (vide infra). The proline-derived

phosphoramide 10 proved more selective (Table 7.1, entry 2) [14c, 15c], but its

preparation is hampered by the fact that, unlike with 8 and 9, its phosphorus

atom is stereogenic, so that two diastereoisomers are formed and need to be sep-

arated. Phosphoramide 10 has been reported to give higher asymmetric induction

than its diastereoisomer (entry 2) [22f ]. However, the results are further affected

by the variation of the N-substituents; generally, the sense of asymmetric induc-

Scheme 7.2 Lewis base-catalyzed allylation of aldehydes 1 with allyl trichlorosilanes 2a–d.
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tion appears to be independent of the configuration at the phosphorus, which

only affects the level of enantiocontrol [22f ].

Kinetic measurements and the observation of a non-linear relationship between

the enantiopurity of 8/9 and the product 3 led Denmark to the conclusion that

Fig. 7.1 Selected Lewis basic catalysts for allylation of aldehydes with

2a. The enantioselectivities attained are shown in parentheses, and the

absolute configuration refers to the product obtained from PhCHO.

Table 7.1 Allylation of benzaldehyde (1) with 2a–d, catalyzed by

phosphoramides at �78 �C (Scheme 7.1 and Fig. 7.1) [9, 22].

Entry Catalyst Silane Yield (%) syn:anti ee (%)

1 8a) 2a 40 – 52

2 10b) 2a 59 – 72

3 11c) 2a 58 – 72

4 12c) 2a 85 – 87

5 12c) 2b 82 1:99 86

6 12c) 2c 89 99:1 94

a)10 mol%.
b)25 mol%.
c) 5 mol%.
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two molecules of the catalyst are coordinated to the silicon center (15; Scheme

7.3) [22]. However, when the concentration of the catalyst is low, a second mech-

anism may compete, namely that with only one molecule of the catalyst coordi-

nated (14), which apparently attenuates the enantioselectivity [22]. Therefore,

Denmark designed bidentate catalysts, such as 11 and 12, which proved not only

to exhibit higher enantioselectivities (Table 7.1; compare entries 1, 3, and 4) but

also to react faster, so that their loading could be reduced from 10–20 mol% to

5 mol% [22]. Excellent diastereoselectivity was observed for crotylation (entries

5 and 6), the sense of which is consistent with the transition state 5, as discussed

earlier (Scheme 7.2) [22f ].

In addition to his synthetic studies, Denmark carried out a very detailed inves-

tigation, using complexes of bisphosphoramides 11 and 12 and their analogues,

all with varying length of the tether connecting the two ligating units. Instead of

Si, Denmark employed Sn, which exhibits a similar coordination pattern but

with stronger bonding, so that the complexes of Sn are more stable and can be

studied. This switch to SnCl4, in conjunction with 119Sn and 31P NMR and

crystallographic studies, allowed Denmark to identify the bidentate, the cis-
coordination of the ligand, the octahedral geometry of the Sn, and the details of

the shape of the chiral cavity, as dictated by the nature of the chiral scaffold and

the length of the tether (with the optimum of five methylene units, as shown in

11 and 12). Extrapolation of these findings to Si resulted in the formulation of a

working mechanistic model for the allylation, and for the sense of asymmetric in-

duction, presented in this chapter [22e]. Thus, ideally, in the transition state, the

nucleophilicity of the allyl is increased by the trans-donation from the coordinated

Lewis base, whereas the carbonyl of the aldehyde should be coordinated trans to
the electron-withdrawing chloride – the site of maximal Lewis acidity, as shown in

16 [22e].

Chiral formamide 13 (Fig. 7.1) typically requires b20 mol% loading and

HMPA (1 equiv.) as a co-catalyst; in order to attain 80% yield and 98% ee, the re-

action was left at �78 �C for 2 weeks, which is less than practical. Interestingly,

13 is the only catalyst reported to date that exhibits very high enantioselectivities

(a98% ee) with aliphatic aldehydes, while with benzaldehydes it gives an almost

racemic product (8% ee) [17].
Pyridine-type N-oxides (Fig. 7.2) represent another, no less-successful class of

catalysts for the allylation reaction. Thus, Nakajima first demonstrated that the

axially chiral biquinoline N,N 0-bisoxide 17 can indeed catalyze the allylation

Scheme 7.3 Coordination of a Lewis base (LB) to 2a.
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(Scheme 7.1) with high yield and enantioselectivity (71–92% ee at �78 �C) [25].

Nakajima’s efforts were later followed by Hayashi, who reported similar levels of

asymmetric induction attained with the bipyridine analogue 18 and its congeners

(with 56–98% ee) [26]. Catalyst 18 is remarkably reactive, so that its loading can

Fig. 7.2 Selected Lewis basic catalysts for allylation reactions and the

enantioselectivities attained for the reaction of PhCHO with 2a. The

absolute configuration of the product 3 is shown in parentheses.
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be reduced to the 0.1 mol% level, and moderate activity is retained even at 0.01

mol% loading [26], which renders 18 the most reactive organocatalyst reported

to date. A chelation model, where both oxygens of the catalyst coordinate Si of

the reagent, has been proposed to account for the reactivity, mirroring the chela-

tion model 16 suggested by Denmark for 11 and 12 [22].

Prior to Hayashi’s report [26], Malkov and Kočovský [27] showed the terpene-

derived bipyridine N-monoxides 19–21 (PINDOX, Me2PINDOX, and iso-
PINDOX) to be even more enantioselective than the bisoxide 17, although the

reaction rate dropped, especially with the severely hindered iso-PINDOX (21).

The most successful derivative of this series, Me2PINDOX (20), combines the ef-

fects of both central and axial chirality, since the rotation about the bond connect-

ing the two pyridine moieties is restricted by the two methyls and the NaO group.

However, the barrier to rotation is rather low, and 20 isomerizes within several

days (in solution) to a 1:2 mixture of 20 and its atropoisomer, which attenuates

the asymmetric induction [27b]. PINDOX (19) and iso-PINDOX (21) lack the re-

striction to the rotation, so that a suitable configuration is apparently established

on coordination to the silicon atom of the allylating reagent [27]. In analogy to the

chelation model, proposed for 17 and 18, chelation of Si in AllylSiCl3 by O and N

was considered for 19–21 [27]. However, METHOX (22), lacking the pyridine

ring, was found to be much more reactive than 19–21 with the same level of

enantioselectivity attained (a96% ee at 1–5 mol% loading at �40 �C in MeCN)

[28, 29], suggesting that coordination to nitrogen in 19–21 may not play an im-

portant role. Instead, arene–arene interactions between the catalyst and the sub-

strate have been suggested to account for the high reactivity and selectivity of

the electron-rich 22. This hypothesis is supported by the lack of reactivity of the

electron-poor analogue 23 [29]. Furthermore, the case of METHOX (22) shows

clearly that the axial chirality, whether predetermined (as in 17 and 18), or in-

duced during the reaction (19 and 21), is not an absolute prerequisite for attain-

ing high enantioselectivity in the allylation reaction [28].

Another three pyridine-type N-monoxides, namely 24 (QUINOX) [30], 25 [31]

and 26 [32], have also been reported as successful organocatalysts, and the series

is complemented by the N,N 0N 00-trisoxide 27 and its congeners [33].

The effect of the electronic properties of the substituted benzaldehydes (1a–c)

on the allylation reaction is another interesting issue. Whilst the majority of cata-

lysts shown in Figures 7.1 and 7.2 generally exhibit rather minor variation of the

ee-value (typically with less than 20% difference between the electron-rich and

electron-poor aldehydes), METHOX (22) appears to be a particularly tolerant

catalyst, exhibiting practically the same enantioselectivity (93–96% ee; Table 7.2,

entries 1–3) and reaction rate across the range of substrates [28b, 29]. By contrast,

QUINOX (24) stands on the opposite side of the spectrum, showing the most dra-

matic differences between the electron-poor and electron-rich substrate aldehyde

(12–96% ee; entries 4–6) [30].
Crotylation catalyzed by the N-oxides 17–22 [25–30] (and also by phosphora-

mides 8–12) [22] is highly diastereoselective, with the trans-isomer 2b affording

almost exclusively the anti-product 3b, while the cis-isomer 2c gives mostly the
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syn-product 3c (although in a slightly slower reaction). (For experimental details

see Chapter 14.16.2). This behavior is consistent with the cyclic transition state 5

(Scheme 7.2) that guarantees a high degree of stereocontrol. METHOX (22) rep-

resents an extreme case, as it reacts well only with 2b, affording 3b with excellent

diastereocontrol (>99:1) and enantioselectivity (95% ee), while the reaction with

2c is very slow and less diastereoselective (6:1) [28b]. By contrast, QINOX (24)

has been shown to exhibit rather low diastereocotrol [30], which can be attributed

to the participation of either a cyclic boat-like or open transition state [36].

Of the catalysts listed in Figures 7.1 and 7.2, 12, 18, and 22 are the most effi-

cient in terms of diastereo- and enantioselectivity, catalyst loading, and reaction

rate. While 18 is synthesized in seven steps (including resolution or the use of

a chiral auxiliary) [26], the other two are accessible more efficiently. Thus, phos-

phoramide 12 was prepared in four steps (including resolution) from pyrrolidine

(28) via 29 (Scheme 7.4) [22f ]. The key step here is the photochemical dimeriza-

tion of pyrrolidine (28 ! 29), originally reported by Crabtree [37]. METHOX

(22) was synthesized in three steps from the commercially available pinocarvone

(33) using the Kröhnke annulation (33þ 34 ! 36). Pinocarvone itself can be

readily obtained from the much cheaper a-pinene (31) via an ene-reaction with

singlet oxygen; as both enantiomers of a-pinene are commercially available, this

procedure can be used to prepare both enantiomers of METHOX (22) [28b]. The

Kröhnke reagent 34 [38] is readily obtained in one pot via iodination of the corre-

sponding acetophenone 35 in pyridine [28b].

While aromatic, heteroaromatic, and cinnamyl-type aldehydes react readily (to

give 1,2-addition products in the latter case) [8, 12, 27–30], aliphatic aldehydes

have been known to react sluggishly and to require stoichiometric conditions

(vide infra). This problem has now been addressed by Denmark (Scheme 7.5),

who showed that instead of allylation, aliphatic aldehydes preferentially un-

dergo a reaction with Cl� as the nucleophile, while the oxygen is silylated

(15 ! 38 ! 39). The unstable chlorosilyloxy derivative 39, generated from ali-

phatic aldehydes, is then hydrolyzed on work-up to regenerate the starting alde-

Table 7.2 Electronic effects in the allylation of p-substituted benz-

aldehydes 1a–c with 2a, catalyzed by pyridine N-oxides 22 and 24

at �40 �C (Scheme 7.1 and Fig. 7.2) [28–30].

Entry Catalyst Aldehyde R Solvent Yield (%) ee (%)

1 22 1a C6H5 MeCN b95 96

2 22 1b 4-MeOC6H4 MeCN b95 96

3 22 1c 4-CF3C6H4 MeCN 86 93

4 24 1a C6H5 CH2Cl2 60 87

5 24 1b 4-MeOC6H4 CH2Cl2 70 12

6 24 1c 4-CF3C6H4 CH2Cl2 85 96
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Scheme 7.4 Synthesis of catalysts 12 and 22 (TPP ¼ tetraphenylporphine).

Scheme 7.5 Competing processes in allylation (LB ¼ Lewis base).
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hyde 1 – a result that had been previously interpreted as if no reaction had oc-

curred at all. In attempting to block the latter pathway, Denmark used various

metal cations, in particular Hg2þ, which sequestered Cl� by formation of the

corresponding ate complex [39]. Adding HgCl2 (10 mol%) to the mixture of

PhCH2CH2CHbO, 2a, and catalyst 12 (5 mol%) in CH2Cl2 proved sufficient to

reach 56% conversion at room temperature in 2 h. At �25 �C, the yield fell to

32% and the enantioselectivity observed was 11% ee. Similarly, HgCl2 had an ac-

celerating effect on the allylation of benzaldehyde catalyzed by 12, but the product

was found to be racemic [39]. Hence, although promising, this protocol might re-

quire extensive further development before it can be considered practical.

7.2.2

Stoichiometric Allylation of Aldehydes and Ketones

As discussed above, catalytic allylation with AllSiCl3 is generally confined to con-

jugated aldehydes (aromatic, heteroaromatic, and cinnamyl). However, if a stoi-

chiometric activator is employed (e.g., DMF or HMPA as an additive or solvent),

the substrate range broadens to aliphatic aldehydes and a-keto acids RCOCO2H

(R ¼ aryl, alkyl) [16]. In the case of chiral aldehydes, such as N-protected alaninal,

diastereoselectivity attained in DMF is modest (@3:1) [40]. AllylSiF3 can transfer

the allyl group to a-hydroxy ketones and b-diketones on heating with Et3N in THF

[41].

7.2.3

Allylation of Imines

N-Benzoyl hydrazones 40, derived from aromatic and aliphatic aldehydes, un-

dergo allylation with AllylSiCl3 in DMF at 20 �C [42] or in CH2Cl2 with excess of

DMSO or Ph3PO as activator at �78 �C (Scheme 7.6) [43]. Three equivalents (!) of

Scheme 7.6 Allylation of acylhydrazones.
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(R)-(p-tolyl)S�(O)Me were required to induce the reaction of 40 (R ¼ PhCH2CH2)

with 2a, which gave 41 in up to 93% ee. Slightly higher reactivity has been re-

ported for (S)-BINAPO (P,P 0-bisoxide of BINAP), of which only 1 equiv. was re-

quired to effect the allylation of benzoylhydrazone of ethyl glyoxylate, affording

the corresponding (R)-product in up to 98% ee [44]. The allylation of hydrazones

with (E/Z)-CrotylSiCl3 exhibits the opposite diastereoselectivity to that observed

for aldehydes, apparently owing to the different arrangement in the transition

state (compare 42 with 5) [42, 43, 45].

The allylation of hydrazones derived from arylalkyl ketones [42] and of N-aryl
aldimines in DMF at 0 �C [46] have also been reported.

Aldimines react with AllylSiMe3 in the presence of iodine in MeCN to afford

the products of allylation, but an asymmetric version of this method has not yet

been developed [47]. Nevertheless, with a chiral auxiliary attached to the imine

nitrogen, dual catalysis was reported. Here, In(III) was employed as a Lewis acid

to coordinate the imine nitrogen, while Bu4N
þF� was used as a Lewis basic acti-

vator of Si, resulting in excellent diastereocontrol [48, 49].

7.3

Propargylation, Allenylation, and Addition of Acetylenes

7.3.1

Addition to Aldehydes

Reactions of propargyl trichlorosilane (43) with aromatic, heteroaromatic, and

cinnamyl-type aldehydes (1), mediated by DMF (acting as a Lewis-base), have

been shown to occur in analogy with the allylation, producing allenyl alcohols 44

with >99:1 selectivity (Scheme 7.7). Similarly, allenyl trichlorosilane (45) gives ho-

mopropargyl alcohols (46) [50, 51]. The reagents 43 and 45 were synthesized via a

metal-catalyzed reaction of propargyl chloride with Cl3SiH; CuCl catalysis led to

43 (>99:1), whereas the reaction catalyzed by (acac)2Ni produced 45 (>99:1) [50].

The diastereoselectivity of these reactions has not yet been elucidated, but its

asymmetric version has been reported. Thus, using formamide 13 (20 mol%)

and HMPA (1 equiv.), Kobayashi was able to obtain 44 in up to 95% ee with piv-

alaldehyde as substrate (R ¼ t-Bu), while less-hindered aldehydes exhibited lower

enantioselectivity (43–79% ee) [51c]. Interestingly, benzaldehyde gave (G)-44, even

if the catalyst loading was increased to 40 mol%.

Scheme 7.7 Propargylation and allenylation of aldehydes.
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It is noteworthy that, unlike with other propargylic and allenic organometallics,

no metallotropic interconversion of 43 and 45 has been observed, which points to

an interesting potential for this methodology [50, 51].

An analogous propargylation can be attained with allenyl tributyl stannane;

however, this reaction is catalyzed by SiCl4 that is activated by a bisphosphor-

amide catalyst. Note that in this case, the role of the Lewis basic phosphoramide

is to increase the Lewis acidity of SiCl4 rather than to increase the nucleophilicity

of the stannane [51b]. A discussion of these effects is provided in Section 7.4.

7.3.2

Addition to Imines

Allenylation of N-tosylimines 47 has been shown to effect the Kwon annulation

with the allene derivative 48 on catalysis with the axially chiral phosphine 50

(Scheme 7.8), affording the piperidine derivative 49 with good diastereocontrol

(9:1) and high enantioselectivity (93% ee) [52, 53].

Triethoxysilyl acetylene (51) allows a new organocatalytic approach toward the

introduction of the alkyne moiety via a nucleophilic addition to aromatic alde-

hydes, ketones, and aldimines, with EtOK as catalyst (10 mol%). Although a cata-

lytic asymmetric version has not yet been developed, the application of a chiral

auxiliary, in the case of imines 53 (Scheme 7.9), led to an impressively high dia-

stereoselectivity (20:1) [54], unparalleled by other acetylenic organometallics.

Scheme 7.8 Kwon annulation.

Scheme 7.9 Alkynylation of aldimines.
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7.4

Aldol-Type Reactions

According to Mayr’s nucleophilicity scale (N), silyl enol ethers derived from

aldehydes ðNb 3:5Þ and ketones ðNb 5Þ and, in particular, silyl ketene acetals

ðNb 8Þ [55] represent powerful nucleophilic reagents. Indeed, aldol-type addi-

tion of trichlorosilyl enol ethers 55a–d to aldehydes 1 proceeds readily at room

temperature, without a catalyst (Scheme 7.10); this contrasts with the lack of

reactivity of allyl silanes in the absence of a catalyst. As a result, the reaction ex-

hibits a simple first-order kinetics in each component [56, 57]. Nevertheless, the

reaction is substantially accelerated by Lewis bases, which provide a solid ground

for the development of an asymmetric variant. The required trichlorosilyl enol

ethers 55 can be generated in various ways, for example from the corresponding

trimethylsilyl enol ethers on reaction with SiCl4, catalyzed by (AcO)2Hg; from car-

bonyl compounds or trimethylsilyl enol ethers on treatment with Cl3SiOTf; from

a-chloroketones on reaction with Cl3SiH and Et3N; or from the corresponding

tributylstannyl enol ethers, etc. [58]. (For experimental details see Chapter 14.1.8).

Denmark introduced an array of efficient chiral phosphoramides as nucleo-

philic activators (Fig. 7.3) for the enantioselective CaC bond formation, and also

carried out a detailed mechanistic investigation [56, 59, 60]. Bidentate (e.g., 60)

and smaller monodentate catalysts (58) have been shown by Denmark to react

via a cationic chair-like transition state 56 with octahedral extracoordinate silicon

(Scheme 7.10). Following this manifold, (Z)-enol ethers 55b and 55c produced

syn-adducts 57b and 57c, whereas (E)-derivatives 55a and 55d furnished anti-
diastereoisomers 57a and 57d. By contrast, with a bulky monodentate activator

(e.g., 59), where coordination of the second catalyst molecule is precluded by

steric factors, the reaction exhibits opposite diastereoselectivity, presumably

due to the cationic boat-like transition state, where silicon is pentacoordinate.

Along this manifold, cyclohexanone-derived enol ether 55d with the fixed (E)-

Scheme 7.10 Asymmetric aldol addition of trichlorosilyl enol ethers to aldehydes.
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configuration of the double bond gave rise to the corresponding syn-product
[56, 60]. Some of these stereoselectivities are highlighted in Table 7.3.

The effect of a remote chiral center in this reaction has also been investigated.

In most cases, the reaction was found to be controlled mainly by the chiral cata-

lyst (e.g., 58), whereas the resident center generally exercised a weak to modest

influence [61].

Chiral N-oxides have also been employed as catalysts to promote aldol addition

[62], but their true potential remains to be realized. Catalysis by N-oxides follows
the same general trends that were established for the phosphoramide activators,

though with reduced enantioselectivity. Thus, Nakajima [62] has demonstrated

that the reaction of aldehydes 1 with silyl enol ethers 55, catalyzed by bidentate

Fig. 7.3 Catalysts for aldol addition.

Table 7.3 Aldol reaction (Scheme 7.10 and Fig. 7.3) [5a, 60d].

Entry Catalyst R1 R2 RE RZ Yield (%) syn:anti ee (%)

1 58 Ph Me H H 98 – 87

2 58 PhCHbCH Bu H H 94 – 84

3 58 c-C6H11 a(CH2)4a H 95 1:49 93

4 58 Ph Ph H Me 95 18:1 95

5 58 Ph Me H H 98 – 87

6 60 Ph H C5H11 H 91 3:97 82

7 60 Ph H H C5H11 92 99:1 90
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bis-N-oxides 17 and 61 (catalyst 3 mol%, 1 equiv. (i-Pr2)NEt, CH2Cl2, �78 �C),

proceeds via transition state 56, resulting in high diastereoselectivity and

moderate-to-good enantioselectivity (a82% ee). On the other hand, aldol reaction

of cyclic silyl enol ethers of type 55d with aromatic aldehydes, catalyzed by bulky

mono-oxides 24 and 62, displayed syn-selectivity, consistent with participation of

the boat-like transition state. The enantioselectivity remained modest in the latter

case (up to 72% ee) [62].
The range of substrates in the aldol reaction (and in allylation, as shown above)

employing trichlorosilyl reagents is generally restricted to aldehydes, while less-

reactive ketones remain essentially inert. However, the exceptionally high nucleo-

philicity of silyl ketene acetals [57] provides an opportunity to use ketones as

substrates (Scheme 7.11). In the absence of an activator, the addition of trichlor-

osilyl ketene acetal 65 to acetophenone (64, R1 ¼ Ph, R2 ¼ Me; Scheme 7.11)

takes place slowly at 0 �C, paving the way for the development of a catalytic asym-

metric variant. Among the large number of Lewis basic promoters investigated,

bis-N-oxides emerged as the most promising class in terms of reactivity and enan-

tioselectivity (catalyst 10 mol%, �20 �C, CH2Cl2) [62–64]. Thus, bis-N-oxide
(Sax,R,R)-63, with a matched combination of axial and central chirality, delivered

the best results (up to 86% ee), while its mismatched diastereoisomer furnished

the opposite enantiomers of 66 with substantially reduced selectivities. Catalysts

17 and 61 also proved inferior [62].

As a further reflection of their high nucleophilicity, silyl ketene acetals, such as

65, proved to be reactive not only toward aromatic, heteroaromatic, and cinnamyl

aldehydes but also, very importantly, even to aliphatic aldehydes. (For experimen-

tal details see Chapter 14.1.9). Furthermore, the catalyst loading can be reduced to

1 mol%, without erosion of enantioselectivity [64].

In stark contrast to trichlorosilyl enol ethers (55 and 65, etc.), their more readily

obtainable trimethylsilyl counterparts, such as 67, are insensitive to the presence

Scheme 7.11 Aldol addition of trichlorosilyl ketene acetals to ketones.
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of Lewis bases, owing to the lower Lewis acidity of the silicon atom. Therefore, a

different approach is required if these nucleophiles are to be used in aldol chem-

istry. Here, Denmark turned to the well-established electrophilic activation of the

aldehyde, but in an interestingly innovative manner. He employed SiCl4, which

itself is too weak a Lewis acid to promote the reaction. However, its coordination

to a suitable Lewis base generates a new species that is sufficiently Lewis-acidic

(vide infra) to facilitate the aldol reaction. Since only the activated species is reac-

tive, the Lewis base can be used in a catalytic amount. Again, as the Lewis base,

Denmark used a portfolio of phosphoramides, of which 60 turned out to be optimal

(Scheme 7.12). With the latter catalyst (15 mol%) and with a supra-stoichiometric

amount of SiCl4 (2 equiv.), the reaction of aromatic aldehydes (1, R ¼ aryl, cin-

namyl) with the acetaldehyde-derived silyl enol ether 67 proceeded readily to

afford the corresponding aldol adducts 68 in good yields and with high ee-value
(a94%) [65, 66]. With bulkier trialkylsilyl group (Ph2MeSi or t-BuMe2Si) or with

aliphatic aldehydes (R ¼ Bu), the reaction does not proceed [65, 66].

Trimethylsilyl ketene acetals 69 react in a similar way (note that a bulky trialkyl-

silyl group works well); ketene acetals derived from t-Bu esters proved to exhibit

slightly higher enantioselectivities than their Me, Et, or Ph counterparts (Scheme

7.13 and Table 7.4) [67]. Owing to the higher reactivity of ketene acetals, the cata-

lyst loading could be reduced down to 1–5 mol%. However, in contrast to the

trichlorosilyl enolates, this reaction is believed to proceed via an open transition

state, since both (E) and (Z) isomers 69b,c produce anti aldol adducts 70 with

high diastereo- and enantioselectivity (Scheme 7.13 and Table 7.5) [67]. Vinyl-

ogous aldol-type reaction [67, 68] of aromatic and heteroaromatic aldehydes

with silyl dienol ethers 71, derived from a,b-unsaturated esters, also proceeded

Scheme 7.12 Aldol reaction of TMS silyl enol ether.
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smoothly, furnishing exclusively the g-addition products 72 (b99:1) with high

enantioselectivity (Scheme 7.13 and Table 7.6) [67b]. This reaction has also been

reported for vinylogous amide analogues of 71 [67c].

The latter activation of Si with a Lewis base requires several comments. Com-

putational analysis [69] revealed that silanes behave like weak Lewis acids towards

Scheme 7.13 Aldol-type condensation of aldehydes with TBS ketene acetals.

Table 7.4 Aldol-type condensation of aldehydes 1 with silyl ketenes 69a

(R2 ¼ H, R3 ¼ Me), catalyzed by 60 (Scheme 7.13) [67].

Entry R1 Yield (%) ee (%)

1 Ph 97 86

2 (E) PhCHbCH 95 94

3 (E) PhCHbCH(Me) 98 45

4 2-furyl 94 87

5 c-C6H11 86 88

6 PhCH2CH2 72 81
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neutral N- and O-donor Lewis bases. The equilibrium (Scheme 7.14) is greatly

shifted to the left (i.e., towards tetracoordinate silanes), but stronger Lewis bases

or stabilizing intermolecular forces in the solution can enhance the formation of

extracoordinate adducts [3e]. When a Lewis base is employed in catalytic quantity,

the instability of the latter adduct should be viewed as a positive factor, because

this effect can facilitate the catalyst turnover.

Table 7.5 Aldol-type condensation of aldehydes 1 with silyl ketenes 69b/69c

(R2 ¼ Me, R3 ¼ t-Bu) catalyzed by 60 (Scheme 7.13) [67].

Entry 1, R1 69b/c (E:Z ) Yield (%) anti:syn ee (%)

1 Ph 69b (95:5) 93 b99:1 b99

2 Ph 69c (12:88) 73 b99:1 99

3 (E) PhCHbCH 69b (95:5) 98 b99:1 b99

4 (E) PhCHbCH(Me) 69b (95:5) 90 b99:1 92

5 c-C6H11 69b (95:5) 49 89:11 36

6 PhCH2CH2 69b (95:5) 55 93:7 89

Table 7.6 Aldol-type condensation of aldehydes 1 with vinylogous silyl

ketenes 71a/71b (R3 ¼ t-Bu), catalyzed by 60 (Scheme 7.13) [67].

Entry R1 R2 Yield (%) anti:syn ee (%)

1 Ph H, 71a 89 – 98

2 (E) PhCHbCH H, 71a 84 – 97

3 PhCH2CH2 H, 71a 68 – 90

4 Ph Me, 71b 92 b99:1 89

5 (E) PhCHbCH Me, 71b 71 b99:1 82

6 PhCH2CH2 Me, 71b – ND ND

ND ¼ not determined.

Scheme 7.14 The charge on silicon as a function of extra-coordination.
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Another important feature of the extracoordinate silicon compounds (Scheme

7.14) is the increase in natural atomic charge at the central atom compared to

the tetracoordinate precursors [69]. The counter-intuitive increase in the positive

charge on silicon, which becomes even more substantial in the case of anionic

nucleophiles, such as F�, is compensated by a more negative character of the sur-

rounding groups (X), and this results in an enhanced ionic nature of the SiaX

bond. This polarization then favors intermolecular charge–dipole interaction,

which results in an increased Lewis acidity of the hypercoordinate silicon [70].

7.5

Hydrocyanation and Isonitrile Addition

7.5.1

Cyanation of Aldehydes

Activation of Me3SiCN by coordination of the Si to lithium BINOL-ate as catalyst

has been shown to result in the enantioselective formation of cyanohydrins 73

from aromatic and heteroaromatic aldehydes with 82–98% ee (Scheme 7.15)

[71]. (For experimental details see Chapter 14.5.4). Several other groups have

used dual activation with a chiral Lewis acid and a non-chiral Lewis base [72].

Asymmetric cyanosilylation of PhCOMe and its congeners has also been reported

to occur in the presence of sodium phenyl glycinate as catalyst, with up to 94% ee
[73].

A related reaction is the addition of isonitriles 75 to aldehydes 1 (the Passerini

reaction). Denmark has demonstrated that SiCl4, upon activation by a chiral

Lewis base, which increased the Lewis acidity of the silicon (vide supra; Scheme

7.14), can mediate this reaction to produce a-hydroxy amides 77 after aqueous

work-up (Scheme 7.16). Phosphoramide 60 was employed as the chiral Lewis-

basic catalyst [74]. Modification of the procedure for hydrolysis of 76 gives rise to

the corresponding methyl ester (rather than the amide 77) [74]. (For experimental

details see Chapter 14.5.5).

Scheme 7.15 Cyanohydrin formation.
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7.5.2

Cyanation of Imines (Strecker Reaction)

Axially chiral bis-isoquinoline N,N 0-bisoxide (S)-17 has been reported to promote

the addition of Me3SiCN (1.5–2.0 equiv.) to imines 78, derived from aromatic al-

dehydes (Scheme 7.17); here, CH2Cl2 was identified as an optimal solvent. The

reaction is stoichiometric in 17, and exhibits partial dependence on the imine

electronics (62–78% ee), but much less than that observed for the allylation of

PhCHO catalyzed by QINOX (24) (vide supra). The o-substitution had a positive

effect in the case of Cl (95% ee), but a very negative effect in the instance of

MeO (12% ee). Chelation of the silicon by the N-oxide groups was suggested to

account for the stereochemical outcome. Analogues of 17 were much less suc-

cessful [75].

The combination of Me2AlCN and BINOL (1.2 equiv.) also induced the cyana-

tion of imines derived from benzaldehyde, affording the Strecker products in

up to 70% ee [76]. Finally, N-allylbenzaldimines have been reported to react with

HCN in the presence of chiral ammonium salt catalysts [77, 78].

Scheme 7.16 The Passerini reaction. R ¼ aromatic, heteroaromatic, c-Hex.

Scheme 7.17 The Strecker reaction.
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7.6

Reduction of Imines

Silanes are widely recognized as efficient reagents for the reduction of carbonyl

and heterocarbonyl functionality (Scheme 7.18). In the case of alkyl- and arylsi-

lanes, the reaction requires catalysis by transition-metal complexes [1]; however,

with more Lewis acidic trichloro- or trialkoxysilanes, an alternative metal-free acti-

vation can be accomplished. It has been demonstrated that extracoordinate silicon

hydrides, formed by the coordination of silanes to Lewis bases, such as tertiary

amines [3a] or DMF [3b], can serve as mild reagents for the reduction of imines

to amines. In the case of trichlorosilane (an inexpensive and relatively easy-to-

handle reducing reagent) and DMF acting as a Lewis base, the intermediacy of

the hexacoordinate species has been confirmed using 29Si NMR spectroscopy

[3b].

Not surprisingly, chiral formamides emerged as prime candidates for the devel-

opment of an asymmetric variant of this reaction. A selection of the most efficient

amide catalysts based on amino acids is shown in Figure 7.4; representative

examples of enantioselective hydrosilylation are collected in Tables 7.7 and 7.8.

Proline-derived anilide 82a and its naphthyl analogue 82b, introduced by Matsu-

mura [3c], produced moderate enantioselectivity in the reduction of aromatic ke-

timines with trichlorosilane at 10 mol% catalyst loading (Table 7.7, entries 1 and

2). Formamide functionality proved to be crucial for the activation of the silane, as

the corresponding acetamides failed to initiate the reaction.

Replacing the rigid proline core with a more flexible pipecolinic acid, as in 83,

led to an increased selectivity (Table 7.7, entry 3) [79]. However, a real improve-

ment was attained with catalysts 84a,b, where 1,2-diphenylamino ethanol deriva-

tives were used instead of aniline to form the amide (entries 4 and 5). Configura-

tion at the a-carbon of the amino alcohol moiety proved to be critical in forming

the matched pair (compare entries 4 and 6), while configuration at the b-carbon

bore no influence on the enantioselectivity (compare entries 4 and 5).

An alternative approach to improve the catalyst design was taken by Malkov

and Kočovský [80], who employed acyclic N-methyl amino acids in the core of

the catalyst structure, as illustrated by catalysts 85 and 86 (Table 7.8). (For experi-

mental details see Chapter 14.21.3). Intrinsic rotational flexibility of the bond

linking the stereogenic center with the formamide nitrogen allowed the molecule

to adopt the most favorable conformation in the transition state. As a result,

Scheme 7.18 Asymmetric reduction of ketimines; see Table 7.5 for

R1–R3, and Figure 7.4 for catalysts.
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valine-derived catalysts 85a–c, having a single chiral center, delivered the level of

enantioselectivity similar to more complex systems 84a,b. Furthermore, despite

the same configuration of the parent amino acids in 82–85 [81], the valine-based

catalysts 85 induced the formation of the opposite enantiomer of the product

(compare Table 7.7, entries 1 and 3, to Table 7.8, entries 1–3). Variation of the

side chain of the amino acid scaffold revealed that the cyclohexyl (86a) and t-butyl
(86b) analogues showed only a marginally reduced efficiency compared to their

valine counterpart (Table 7.8, entries 4 and 5), whereas modest to low enantiose-

lectivities were observed for the phenylglycine-, phenylalanine- and alanine-de-

rived catalysts 86c–e [80b].

In general, catalysis by 84a and 85c resulted in good to excellent enantioselec-

tivities in the reduction of ketimines derived from methyl aryl ketones and aro-

matic amines (80, R1, R3 ¼ aryl, R2 ¼ Me), where the electronic effects of sub-

stituents in both aromatic groups did not show any significant influence [79,

80]. On the other hand, imines obtained from aliphatic amines (80, R3 ¼ alkyl)

gave virtually racemic products with 85a [80b]. In the reduction of non-aromatic

imines, such as 80c, only catalyst 84a maintained high enantioselectivity (Table

7.7, entry 9), whereas the valine-derived congener 85c proved less efficient (Table

7.8, entry 6). Good enantioselectivities were recorded when catalysts 84a and 85c

were employed in the hydrosilylation of a,b-unsaturated imine 80d (Table 7.7,

entry 10; and Table 7.8, entry 7) [79, 80], while the synthesis of N-phenyl phenyl-
glycine was accomplished in moderate ee (Table 7.8, entry 8).

Fig. 7.4 Amino acid-derived chiral amides.
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The proline motif was recently rekindled by Matsumura, who modified the

original structure of 82a by replacing the formamide group with picolinoylamide

and the anilide moiety with a diphenylcarbinol segment [82]. The new catalyst 87

thus obtained exhibited increased enantioselectivities and, compared with 82a, in-

duced the opposite configuration of the products (Table 7.7, entries 7 and 8).

Malkov and Kočovský [83] recently introduced a different type of Lewis-basic

activator, built around a (pyridyl)oxazoline framework, which featured in the

Table 7.7 Asymmetric reduction of imines 80 with trichlorosilanes

catalyzed by chiral amides (10 mol%) derived from cyclic amino acids

in CH2Cl2 (Scheme 7.18 and Fig. 7.4) [3c, 79, 81, 82].

Entry Imine R1, R2, R3 Catalyst Temp (̊ C) Yield

(%)

ee (%)

(config.)

1 80a, Ph, Me, Ph (S)-82a ambient 91 55 (R)
2 80a (S)-82b ambient 52 66 (R)
3 80a (S)-83 0 94 73 (R)
4 80a (S,S,S)-84a 0 97 94 (R)
5 80a (S,S,R)-84b 0 97 93 (R)
6 80a (S,R,R)-84c 0 71 47 (R)
7 80a (S)-87 ambient 86 73 (S)
8 80b, Ph, Me, PMP (S)-87 ambient 96 75 (S)
9 80c, c-C6H11, Me, Ph (S,S,S)-84a 0 81 95 (?)

10 80d, PhCHbCH, Me, Ph (S,S,S)-84a 0 81 87 (?)

PMP ¼ p-methoxyphenyl.

Table 7.8 Asymmetric reduction of imines 80 with trichlorosilanes

catalyzed by chiral amides (10 mol%) derived from non-cyclic amino

acids (Scheme 7.18 and Fig. 7.4) [80].

Entry Imine R1, R2, R3 Catalyst Solvent Temp (̊ C) Yield

(%)

ee (%)

(config.)

1 80a (S)-85a CHCl3 ambient 79 86 (S)
2 80a (S)-85b CHCl3 ambient 62 85 (S)
3 80a (S)-85c Toluene ambient 81 92 (S)
4 80b, Ph, Me, PMP (R)-86a Toluene ambient 95 82 (R)
5 80b (S)-86b Toluene ambient 95 83 (S)
6 80c (S)-85a CHCl3 20 53 59 (S)
7 80d (S)-85c Toluene 20 64 81 (S)
8 80e, Ph, CO2Me, Ph (S)-85c Toluene 20 69 59 (S)

PMP ¼ p-methoxyphenyl.
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chiral ligand design in the related transition metal-mediated hydrosilylation of

ketones [1]. Catalyst 88 (20 mol%), which combines isoquinoline and chiral oxa-

zoline derived from mandelic acid (Fig. 7.5), exhibited high enantioselectivity

(85–87% ee) in the reduction of a range of aromatic imines (80, R1, R3 ¼ aryl,

R2 ¼ Me). The remote position of the stereogenic center was found to be vital

for catalyst performance as the positional isomer of 88, derived from phenylglyci-

nol, where the phenyl substituent is adjacent to the carbon next to the nitrogen

atom, was significantly less efficient in terms of reactivity and enantioselectivity.

It is important to note that catalyst 88 was equally effective in the asymmetric re-

duction of aromatic ketones, which makes it one of the rare systems (including

metal catalysts) [84] applicable to both imines and ketones. (Note that ketone re-

duction is treated in Chapter 11.)

Trialkoxysilanes are less sensitive to moisture and thus represent an attractive

alternative to trichlorosilane as reducing reagents. However, the activation of tri-

alkoxysilanes requires stronger bases, such as alkoxide-anions, and this area re-

mains in its early stages of development. Hosomi [85] investigated the catalytic

reduction of tosylimine 80 (R1 ¼ Ph, R2 ¼ Me, R3 ¼ Ts) with (MeO)3SiH, screen-

ing a number of chiral alcoholates. The dilithium salt of BINOL 91a (20 mol%)

emerged on top, producing the corresponding tosylamide 81 in 65% ee. Attempts

to introduce an additional steric bias to the catalyst structure, as in 91b, proved

fruitless. However, enantioselectivity improved to 72% when p-nitrobenzenesul-
fonyl group was used in place of tosyl protection.

An alternative method for the organocatalytic reduction of imines employs

Brønsted acids as catalysts and Hantzsch dihydropyridine as a reducing reagent.

This topic is described in Chapter 11 (on Brønsted acids) [86].

7.7

Epoxide Opening

Epoxides are versatile intermediates in organic synthesis owing to the possibility

of controlled stereoselective ring opening. The ability of various chlorosilanes to

serve as a source of chloride ion for the opening of epoxides was first recognized

Fig. 7.5 Catalyst 88 combines isoquinoline and chiral oxazoline derived from mandelic acid.
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50 years ago [87]. Later, it was shown that the reaction could be dramatically

accelerated by nucleophilic catalysts, such as phosphines, imidazole [88] and,

most recently, by phosphorous heterocycles [89] and HMPA [90].

Although the mechanism of the nucleophile-assisted opening of epoxides has

not been established in detail, the following picture can be suggested (Scheme

7.19). Initially, tetrachlorosilane and a monodentate Lewis base (LB) form a pen-

tacoordinate donor–acceptor complex 92, while in the case of a bidentate Lewis

base, the formation of hexacoordinate complex 93 can be envisaged. The silicon

center in the extracoordinate derivatives, such as 92, becomes more Lewis acidic

due to the increased positive charge (vide supra; Scheme 7.14), thus promoting

the interaction with epoxide 94. The displacement of chloride to form salt 95 can

follow either the associative or dissociative pathway, the latter proceeding via

tetracoordinate cationic species [90]. It is pertinent to note that only dissociative

mechanisms may operate in the case of complex 93; this is due to saturation of

the valence shell of the silicon. Opening of the activated epoxide by chloride ion

then proceeds in an SN2 fashion to yield intermediate 96. Due to the reversible

nature of the donor–acceptor interactions between the Lewis base and silicon,

complex 92 is then regenerated, releasing the resulting silylated chlorohydrin 97,

which completes the catalytic cycle.

According to this mechanism (Scheme 7.19), the process is amenable to asym-

metric modifications. Among a variety of silicon reagents that were examined,

only tetrachlorosilane proved to be suitable for the asymmetric process, while

the application of other chlorosilanes resulted in the formation of racemates. A

Scheme 7.19 Epoxide ring-opening by extra-coordinate SiCl4.
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number of chiral Lewis bases were investigated in the opening of meso-epoxides
94 and 99 (Scheme 7.20) to produce the corresponding chlorohydrins 98 and

100. The most successful catalysts 19, 61, and 101–103 are shown in Scheme

7.20, with a selection of representative examples highlighted in Table 7.9.

Scheme 7.20 Ring opening in meso-epoxides.

Table 7.9 Enantioselective ring opening of meso-epoxides catalyzed by

chiral Lewis bases [51a, 90–93].

Entry Epoxide Catalyst

(mol%)

Time

(h)

Temp

(̊ C)

Yield

(%)

ee

(%)

1 94a, R ¼ Ph 101 (10) 3 �78 94 87

2 94a 103 (5) 24 �85 88 94

3 94a 61 (10) 6 �78 95 90

4 94a 102 (10) 4 �78 94 90

5 94b, R ¼ CH2OBn 101 (10) 4 �78 95 71

6 94b 103 (5) 24 �85 91 50

7 94b 61 (10) 6 �78 98 74

8 94b 102 (10) 12 �78 97 31

9 99a, n ¼ 6 101 (10) 0.3 �78 90 51

10 99a 102 (10) 1 �78 81 71

11 99b, n ¼ 8 102 (10) 72 �78 81 50

12 99b 19 (10) 48 �90 80 85
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In general, the efficiency of the catalysts was found to be substrate-dependent;

none of the catalysts was able to provide a good level of enantioselectivity with a

wide range of acyclic 94 and cyclic 99 epoxides (Scheme 7.20). Axially chiral phos-

phoramide 101 [90], bis-isoquinoline N,N 0-dioxide 61 [91], BINAPO 102 [51a],

and planar chiral pyridine N-oxide 103 [92] exhibited high enantioselectivity in

the opening of derivatives of cis-stilbene oxide 94a (R ¼ Ar) (Table 7.9, entries 1–

4). In the case of the less-sterically demanding aliphatic 94b (R ¼ CH2OBn) and

cyclic epoxides 99, the selectivity with these catalysts fell to a moderate level, and

below (entries 5–10). Cyclooctene oxide 99b ðn ¼ 8Þ proved to be a particularly

difficult substrate, showing low reactivity and selectivity with most of the Lewis

bases except for the pyridine mono-N-oxide 19, which furnished the correspond-

ing chlorohydrin in 85% ee (see footnote 25 in Ref. [27]); however, catalyst 19 was

ineffective with other substrate types [93]. (For experimental details see Chapter

14.14.1).

7.8

Conclusions and Outlook

Organocatalysis, in general, is experiencing a fascinating boom, and Lewis-basic

catalysts are no exception. The chemistry described in this chapter is dominated

by silicon, an inexpensive and environmentally friendly element. Hence, in addi-

tion to the fundamental issues being addressed by this research, significant prac-

tical applications can be expected in the near future. Further developments of the

catalytic, enantioselective processes discussed in this chapter will undoubtedly

continue, aiming at more efficient catalysts, lower catalyst loadings, and the

simplification of their syntheses, all supported by detailed mechanistic studies.

Clearly, more valuable methodology and new concepts involving Lewis bases as

catalysts are on the horizon.
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P., Kočovský, P., Org. Lett. 2002, 4,
1047; (b) Malkov, A.V., Bell, M.,

Orsini, M., Pernazza, D., Massa, A.,

Herrmann, P., Meghani, P., Kočovský,
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8

Asymmetric Acyl Transfer Reactions

Alan C. Spivey and Paul McDaid

8.1

Introduction

The preparation of stereochemically enriched compounds by asymmetric acyl

transfer in a stoichiometric sense can be divided into two broad classes [1]: (1)

those in which a racemic or achiral/meso nucleophile reacts diastereoselectively

with an enantiomerically highly enriched acyl donor (Type I, see below); and (2)

those in which an enantiomerically highly enriched nucleophile reacts diastereo-

selectively with a racemic or achiral/meso acyl donor (Type II, see below). When a

racemic component is involved, the process constitutes a kinetic resolution (KR)

and the maximum theoretical yield of diastereomerically pure product – given

perfect diastereoeselectivity – is 50%. When an achiral/meso component is in-

volved, the process can constitute a site-selective asymmetric desymmetrization

(ASD) or, in the case of p-nucleophiles and reactions involving ketenes, a face-

selective addition process and the maximum theoretical yield of diastereomeri-

cally pure product – given perfect diastereoselectivity – is 100% (Scheme 8.1).

An analogous classification can be applied when the enantiomerically highly

enriched component is replaced by an achiral component and an enantiomeri-

cally highly enriched catalyst is employed, ideally in a substoichiometric amount.

Now the same yield limitations apply but, again given perfect stereoselectivity, the

products are enantiomerically rather than diastereomerically pure and, advanta-

geously, only a substoichiometric quantity of potentially expensive enantiomeri-

cally highly enriched material (the catalyst) has been deployed (Scheme 8.2).

General theoretical [2] and practical [3, 4] aspects of catalyzed KR and of ASD

[5–7] processes mediated by both enzymes [8] and also by non-enzyme-based [9,

10] catalysts have been widely reviewed. Moreover, two well-documented variants

on the standard KR reaction: (1) parallel KR (PKR) [11, 12], in which the selectiv-

ity of a KR process can be significantly improved by running enantiocomplemen-

tary KRs in parallel in one-pot processes; and (2) dynamic KR (DKR) [13, 14], in

which the 50% yield limit can be circumvented by achieving in-situ racemization

of the substrate during the KR process, have also been reviewed recently. Conse-

287



quently, a detailed discussion is not provided here, save to note that there is sig-

nificant variation in the literature as to how best to define/report the levels of

enantioselectivity achieved in KR processes. This is because the levels of enan-

tioenrichment in both the product and the recovered starting material vary as a

function of conversion [2]. The selectivity value (s), which is defined as the ratio

of the relative rate constants for the two reacting enantiomers, is accepted to be

the key parameter, but this suffers from the fact that it is not directly measurable

[2]. Several methods for the determination of s-values are available, all of which

are based on measurements of the extent of conversion (C), the enantiomeric

composition of the substrate and product (enantiomeric excess, ee or enantio-

meric ratio, er) and the time elapsed (t) [15]. These are all subject to errors arising

from the assumptions made about the molecularity of the processes and from the

accuracy of the measured parameters [15], in particular the enantiomeric purity

of the catalyst [16–19]. Indeed, the most commonly employed method for obtain-

ing s values used by synthetic chemists involves performing a single reaction run

Scheme 8.1 Classification of stoichiometric asymmetric acyl transfer

processes. ASD ¼ asymmetric desymmetrization.
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(or sometimes triplicate runs) and measuring the ee of both the substrate and the

product [typically by chiral-high-performance liquid chromatography (HPLC) or

chiral-gas chromatography (GC)] and then using some equations first derived by

Kagan [2] to determine the corresponding s-value. Not only is this method prone

to the above-described compound errors, which vary as a function of conversion,

but this method will also fail to identify non-linear effects that may be operating

[20–22]. Despite these limitations, and also a growing realization in the commu-

nity that er probably constitutes a more convenient descriptor of enantiomeric

composition than ee as a starting point for these calculations [23], we have in

this chapter tried to record s- and C-values as well as ee-values where available.

Until the last decade or so, the only synthetically useful catalytic asymmetric

acyl transfer processes were biotransformations using hydrolase enzymes; partic-

ularly lipases and esterases [24]. Various lipases and esterases provide high levels

of stereoselectivity (s) for the acylative KR and ASD of a wide variety of sec-
alcohols and some amines, although the latter transformations have been less

thoroughly explored [25–28]. However, the preparative use of enzymes is associ-

ated with a number of well-documented limitations, including their generally

Scheme 8.2 Classification of catalyzed asymmetric acyl transfer processes.
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high cost, stringent operating parameters, batch-to-batch irreproducibility, and

availability in just one enantiomeric form. Consequently, over the past decade or

so there has been significant interest in developing small-molecule chiral cata-

lysts capable of mediating these important asymmetric transformations in order

to circumvent these limitations. The use of chiral Lewis acids for this purpose has

met with limited success until recently [29, 30], and this is in any case beyond the

remit of this survey, which is focused on the use of chiral organocatalysts to pro-

mote asymmetric acyl transfer via chiral nucleophile, chiral general base and chi-

ral Brønsted acid catalytic manifolds. In particular, notable successes have been

achieved using chiral catalysts based on amines, phosphines, carbenes and alco-

hols and their protonated congeners. Indeed, for a number of important classes

of substrate, organocatalytic acylative KR, ASD and addition processes have been

developed to a stage where they constitute the most practical and attractive prep-

arative methods available. The early development of this field has been reviewed

[29, 31], as has the use of nucleophilic chiral amines as catalysts in asymmet-

ric synthesis [32, 33]. Mechanistic aspects have also been overviewed [34], par-

ticularly relating to catalysis by chiral derivatives of 4-(dimethylamino)pyridine

(DMAP) [35–37], so the intention here is to focus on and provide an evaluation

of the most practical and well-developed catalytic systems as a function of reac-

tion class (Scheme 8.2), whilst also providing lead references to emerging and/or

less established studies in the area.

8.2

Type I Acyl Transfer Processes

All chiral organocatalysts developed to date that mediate Type I acyl transfer pro-

cesses are believed to impart their acceleration and stereoinduction primarily via

a nucleophilic catalytic cycle (Fig. 8.1) [35].

Fig. 8.1 Nucleophilic catalysis cycle for a ‘‘Type I’’ acyl transfer process [35].
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This means that the chiral catalyst participates in nucleophilic attack on an

achiral acyl donor to afford a reactive chiral acyl salt. Nucleophilic attack on this

salt by an appropriate nucleophile (an alcohol, amine or p-nucleophile) then pro-

vides the acylated product and regenerates the catalyst. This latter step deter-

mines the stereochemistry, but knowledge of the precise mechanism by which

stereochemical information is transferred in most of these processes is still rather

limited.

As most of the chiral nucleophilic catalysts that have been described to date

were initially developed or tested for Type I acylative KR of sec-alcohols, these are

the first class of reactions considered here.

8.2.1

Type I Acylative KR of Racemic Alcohols and Amines

8.2.1.1 Aryl Alkyl sec-Alcohols

Enantiopure aryl alkyl sec-alcohols are valuable building blocks for the synthesis

of natural products, chiral ligands, auxiliaries, catalysts and biologically active

compounds, and although there are numerous methods for their preparation, cat-

alytic acylative KR of racemates is attractive for many applications [38]. Aryl alkyl

sec-alcohols are also by far the most widely studied class of substrate for nucleo-

philic organocatalytic acylative KR.

The first practical method, using C2-symmetric chiral phosphine 1 as catalyst,

was disclosed in 1996 by Vedejs [39]. Employing (3-Cl-C6H4CO)2O (2.5 equiv.) as

the acylating agent in the presence of phosphine 1 (16 mol%), various aryl alkyl

sec-alcohols were surveyed and s-values of 12 to 15 were obtained for the optimal

substrate: 2,2-dimethyl-1-phenyl-1-propanol (Scheme 8.3).

Subsequently, Vedejs developed a series of P-aryl-2-phosphabicyclo[3.3.0]octane
(PBO) chiral phosphines (2a–c) as much more efficient catalysts for this type of

transformation (Fig. 8.2) [40].

In particular, 3,5-di-tert-butylphenyl derivative 2c (2.5–12.1 mol%) with

(i-PrCO)2O (2.5 equiv.) in heptane at �20 �C to �40 �C was shown to provide

s-values of 42 to 369 for a wide range of aryl alkyl sec-alcohols (Table 8.1)

[17, 41, 42].

Scheme 8.3 Vedejs’ first-generation phosphine-catalyzed KR of a sec-alcohol [39].
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The levels of selectivity achieved in these reactions are amongst the highest re-

ported for non-enzymatic acylative KR, and the scope of the method has been re-

viewed by Vedejs [40], as has its application in PKR [43]. The PBO catalysts 2a–c

are prepared by a multi-step enantioselective synthesis from lactate esters [42, 44]

and are air-sensitive; hence, the reactions are generally run in de-oxygenated

solvents. However, the air-stable tetrafluoroboric acid salts of these catalysts can

also be employed with in-situ deprotonation by Et3N; these conditions give results

comparable with those obtained using the original protocol [45]. (For experimen-

tal details see Chapter 14.17.1).

The first class of amine-based nucleophilic catalysts to give acceptable levels of

selectivity in the KR of aryl alkyl sec-alcohols were a series of planar chiral pyrrole

Fig. 8.2 Vedejs’ PBO catalysts [40].

Table 8.1 Vedejs’ PBO-catalyzed KR sec-alcohols [17, 42].
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derivatives (e.g., 3a and 3b) initially disclosed by Fu and colleagues in 1996 [46,

47]. In these seminal studies diketene (1.2 equiv.) was employed as the acyl do-

nor, and by using 10 mol% of catalyst 3a selectivities up to s ¼ 6:5 could be ob-

tained for KR of 1-naphthylethanol (Scheme 8.4) [46].

Subsequently, Fu developed a series of planar chiral ferrocenyl DMAP and 4-

(pyrrolidino)pyridine (PPY) derivatives (4a–d) that have proved to be highly versa-

tile and efficient catalysts for many acyl transfer processes (Fig. 8.3) [46–68].

Although these catalysts are not strictly organocatalysts, they are included here

because the iron atom does not play a direct role in their mode of action. How-

ever, the metal does render the pyridine nitrogen significantly more nucleophilic

than in the non-complexed heterocycle, in addition to fulfilling a scaffold role.

Fu found that a range of aryl alkyl sec-alcohols could be resolved highly effi-

ciently using pentaphenylcyclopentadienyl DMAP catalyst 4b (1–2 mol%) in con-

junction with Ac2O (0.75 equiv.) as the acyl donor and Et3N (0.75 equiv.) as an

auxiliary base [48, 49]. Fu noted that both the rate and selectivity of these reac-

tions were strongly solvent-dependent: using Et2O as solvent and 2 mol% catalyst

4b provided s-values of 12 to 52 at room temperature (rt), whereas using t-amyl

alcohol and 1 mol% catalyst 4b provided s-values of 32 to 95 at 0 �C (Table 8.2).

The most serious limitation associated with the use of Fu’s planar chiral ferro-

cenyl catalysts (4a–d) is that their preparation is via a multi-step synthesis fol-

lowed by chiral-HPLC resolution; however, catalysts 4b and 4c are commercially

Fig. 8.3 Fu’s planar chiral ferrocenyl DMAP and PPY catalysts [40].

Scheme 8.4 Fu’s first-generation planar chiral pyrrole-catalyzed KR of a sec-alcohol [46].
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available from Strem Chemicals Ltd. [69]. (For experimental details see Chapter

14.17.2).

In addition to the planar chiral ferrocenyl catalysts 4a–d developed by Fu, a

number of other chiral derivatives of DMAP and PPY [35–37] have been explored

by other groups as organocatalysts for KR of sec-alcohols (and other transforma-

tions). Contributions have been made by the groups of Vedejs [71–75], Fuji and

Kawabata [76–79], Morken [80], Spivey [81–91], Kotsuki [92, 93], Inanaga [94],

Campbell [95–98], Jeong [99], Yamada [100], Connon [101], Johannsen [102],

Dı́ez [103], Levacher [104], and Richards [105] (Fig. 8.4).

None of these derivatives has been shown to provide higher levels of selectivity

for the KR of aryl alkyl sec-alcohols than Fu’s catalyst 4b, although several are

more readily prepared. For example, the axially chiral biaryl DMAP 12a developed

by Spivey [81–90] is relatively readily prepared but provides only modest levels of

selectivity for the KR of aryl alkyl sec-alcohols: sa 30 at �78 �C over 8–12 h or

sa 15 at rt in@20 min (Table 8.3) [91].

Comparable levels of selectivity (s ¼ 7.6–24) can also be achieved for the KR of

a similar range of aryl alkyl sec-alcohols using Yamada’s reasonably readily ac-

cessed chiral thiazolidine-2-thione-based DMAP 19 (Fig. 8.4) at between 0 �C

and rt over 3 to 12 h [100]. The N-(4 0-pyridinyl)-a-methylproline derived catalysts

16, and the solid-supported variant 17 (Fig. 8.4) developed by Campbell [95–98]

Table 8.2 Fu’s planar chiral ferrocenyl DMAP-catalyzed KR of sec-alcohols [48, 49].
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are also particularly notable for their ease of preparation using well-developed

peptide-coupling techniques, but are not currently able to resolve aryl alkyl sec-
alcohols efficiently. These catalysts do provide promising levels of selectivity

ðsa 19Þ with certain 1,2-amino alcohol derivatives which allow for a H-bonding

interaction with the catalyst (see Section 8.2.1.4).

In 2004, Birman reported a new class of chiral catalysts based on the (2S)-
phenyl-2,3-dihydroimidazo[1,2a]-pyridine (PIP) core which were highly effective

for the acylative KR of aryl alkyl sec-alcohols [106]. An initial structure–activity

Fig. 8.4 Chiral derivatives of DMAP and PPY.
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relationship study identified the easily accessible 6-trifluoromethyl derivative

(CF3-PIP) 25 as the optimal catalyst. A combination of CF3-PIP 25 (2 mol%)

with (n-PrCO)2O in CHCl3, with i-PrNEt2 as an auxiliary base resolved a variety

of aryl alkyl sec-alcohols with good to excellent selectivities (s ¼ 26–87) (Table 8.4).

Birman proposed that a p-p stacking interaction between the catalyst and the

substrate in the transition state was crucial to the observed enantioselectivity. In

Table 8.3 Spivey’s axially chiral DMAP-catalyzed KR of sec-alcohols [83].

Table 8.4 Birman’s CF3-PIP-catalyzed KR of sec-alcohols [106].
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order to maximize this interaction, a second-generation catalyst with an extended

p-system was designed based on a (2S)-phenyl-1,2-dihydroimidazo[1,2a]quinoline

(PIQ) core. The 7-chloro derivative (ClPIQ) 26 was found to provide even better

selectivity and reactivity than CF3-PIP 25 for aryl alkyl sec-alcohols and, moreover,

was effective for certain cinnamyl-based allylic sec-alcohol substrates (Scheme 8.5)

[107, 108].

Given that the Birman catalysts are readily prepared in just two steps from com-

mercially available, enantiomerically pure phenylalaninol, these catalysts consti-

tute attractive alternatives to Fu’s planar chiral ferrocenyl catalysts 4a–d (Fig. 8.3).

Miller has developed various short peptides containing 3-(1-imidazolyl)-(S)-
alanine as the catalytic core; these ‘‘biomimetic’’ enantioselective acyl transfer cat-

alysts allow the formation of an acyl imidazolium intermediate in a chiral envi-

ronment formed by folding of the peptide [109–123]. The first catalyst of this

type to be reported was tripeptide 27 in 1998 [109]. This peptide incorporates a

C-terminal (R)-methylbenzylamide to encourage order-inducing stacking interac-

tions in the acylimidazolium intermediate (Scheme 8.6).

This tripeptide provided moderate levels of selectivity ðsa 12:6Þ for the KR of

certain amide-containing sec-alcohols (see Section 8.2.1.4), but displayed essen-

tially no selectivity for KR of aryl alkyl sec-alcohols. However, Miller subsequently

devised an elegant fluorescent chemosensor-based screening protocol to assay for

acylation [111, 115, 117, 119], and this facilitated the identification of octapeptide

28 as a much more efficient catalyst for KR of sec-alcohols via acylation [115]. The

substrate scope includes not only aryl alkyl sec-alcohols but also alkyl alkyl sec-
alcohols for which lipases and other organocatalysts invariably perform poorly

(Scheme 8.7).

Scheme 8.5 Birman’s Cl-PIQ-catalyzed KR of sec-alcohols [107, 108].

(For experimental details see Chapter 14.17.3).
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The combination of rapid automated synthesis of libraries of peptides and fluo-

rescent screening for acylation efficiency distinguishes these organocatalysts from

the small-molecule alternatives described above, and uniquely allows for the iden-

tification of a ‘‘designer’’ nucleophilic peptide for a given application. This has

been nicely demonstrated by the identification of specific peptides for the KR of

an intermediate en route to an aziridomitosane [116, 121], for the KR of certain

tert-alcohols [117] (Section 8.2.1.4), and for the regioselective acylation of carbohy-

drates [120]. The scope of peptides as organocatalysts has been reviewed [118],

and evidence that bifunctional catalysis may be responsible for the enantioselec-

tivity when employing the Miller peptides has been presented [122, 124].

The KR of aryl alkyl sec-alcohols using various chiral nucleophilic N-
heterocyclic carbenes (NHCs) has also recently been achieved by the groups of

Suzuki [125, 126] and Maruoka [127]. These studies build on an emerging body

of information showing that achiral NHCs are extremely efficient nucleophilic

organocatalysts for transesterification [128]. The levels of selectivity achieved by

Maruoka using the C2-symmetric NHC 29b for the KR of aryl alkyl sec-alcohols
(and two allylic alcohols) lie in the range 16 to 80 (Scheme 8.8).

Scheme 8.6 Miller’s first-generation 3-(1-imidazolyl)-(S)-alanine-containing peptide [109].

Scheme 8.7 Miller’s octapeptide-catalyzed KR of sec-alcohols [115].
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The NHC-catalyzed processes are particularly notable for their operation at low

temperature (down to �78 �C), despite the use of a relatively unactivated vinyl

ester as the acyl donor. (For experimental details see Chapter 14.17.4).

8.2.1.2 Allylic sec-Alcohols

Enantiopure allylic alcohols are employed widely as building blocks for asymmet-

ric synthesis, and particularly as substrates for various diasteroselective alkene

functionalization reactions such as cyclopropanation and epoxidation directed by

the hydroxyl group [129].

Vedejs has explored the KR of allylic alcohols via enantioselective acylation

mediated by his 2,5-di-tert-butylphenyl PBO catalyst 2b (Scheme 8.9) [40, 42, 45,

130].

Moderate selectivities ðsa 21Þ were obtained with b-aryl substituted allylic alco-

hols, whereas carbocyclic allylic alcohols and allylic alcohols with highly substi-

tuted alkenes gave higher selectivities (s ¼ 25–82). (For experimental details see

Chapter 14.17.5).

Fu has used planar chiral ferrocenyl DMAP 4b for the KR of a variety of allylic

alcohols with good selectivities [54]. Allylic alcohols possessing a substituent

geminal to the hydroxy-bearing group and trans-cinnamyl type substrates were

resolved with good selectivities (s ¼ 4.7–64). Allylic alcohols with a substituent

syn to the hydroxy-bearing group and tetrasubstituted allylic alcohols were also

reasonable substrates (s ¼ 5.3–18) (Scheme 8.10).

Scheme 8.8 Maruoka’s chiral NHC-catalyzed KR of sec-alcohols [127].
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Scheme 8.9 Vedejs’ PBO-catalyzed KR of sec-allylic alcohols [130].

Scheme 8.10 Fu’s chiral planar ferrocenyl DMAP-catalyzed KR of sec-allylic alcohols [54].
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Fu demonstrated the synthetic utility of this method by preparing an interme-

diate in Brenna’s synthesis of ð�Þ-baclofen by a KR protocol which gave the de-

sired compound in 40% yield and with 99.4% ee ðs ¼ 37Þ on a 2-g scale (Scheme

8.11).

Similarly, a racemic aldol intermediate 30 in the Sinha–Lerner synthesis of epo-

thilone A was resolved on a 1.2-g scale to provide the natural dextrorotatory enan-

tiomer in 47% yield and with 98% ee ðs ¼ 107Þ (Scheme 8.12) [54]. (For experi-

mental details see Chapter 14.17.6).

Birman has also shown that trans-cinnamyl type allylic sec-alcohols can be

efficiently resolved using his CF3-PIP catalyst 25 (s ¼ 6–26) or Cl-PIQ catalyst 26

(s ¼ 17–57; see Scheme 8.5) [107]. Additionally, as noted earlier, Maruoka’s NHC

catalyst 29b was shown to resolve two trans-cinnamyl-type allylic sec-alcohols effi-

ciently (s ¼ 16 and 22; see Scheme 8.8).

Scheme 8.11 Preparation of a ð�Þ-baclofen intermediate using Fu’s

planar chiral DMAP 4b [54].

Scheme 8.12 Preparation of an epothilone A intermediate 30 using Fu’s

planar chiral DMAP 4b [54].
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8.2.1.3 Propargylic sec-Alcohols

Enantiopure propargylic sec-alcohols are valuable synthetic intermediates that can

be prepared by a number of efficient asymmetric transformations [131]. KR of the

racemic propargylic sec-alcohols is a valuable approach, particularly as subsequent
exhaustive hydrogenation of the alkyne provides an indirect approach to enantio-

enriched alkyl alkyl sec-alcohols which themselves are challenging substrates

for both enzymatic and non-enzymatic KR.

Fu’s planar chiral ferrocenyl DMAP derivative 4b is the only organocatalyst that

has been shown to be generally effective for the KR of propargylic sec-alcohols
[53]. Optimal conditions employ 1 mol% of catalyst and Ac2O as acylating agent

in t-amyl alcohol at 0 �C in the absence of base (Et3N was found to catalyze a non-

selective background reaction). Moderate selectivities were achieved (s ¼ 3.8–20)

with the selectivity value being sensitive to substrate structure: an increase in the

size of the alkyl group (R ¼ Me, Et, i-Pr, t-Bu) leads to a deterioration in the selec-

tivity value, and best results are obtained with unsaturated groups at the remote

position of the alkyne (Table 8.5).

8.2.1.4 1,2-Amino Alcohols and Mono-Protected 1,2-Diols

Diastereo- and enantiopure 1,2-amino alcohols and differentially protected 1,2-

diols are motifs that occur widely in bioactive natural products and pharmaceuti-

cal substances [132]. Their preparation by KR of the corresponding racemates has

been explored widely [133], particularly by asymmetric acyl transfer because these

substrates provide a convenient scaffold for probing the influence of H-bonding

and p-p-stacking effects on the efficiency of chirality transfer by various catalyst

systems.

Table 8.5 Fu’s planar chiral DMAP-catalyzed KR of sec-propargylic alcohols [53].

(For experimental details see Chapter 14.17.7).
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One of the first effective chiral PPY derivatives to be developed for asymmetric

acyl transfer was catalyst 7, which was shown by Fuji and Kawabata in 1997 to be

effective for the acylative KR of various racemic mono-benzoylated cis-diol deriva-
tives [76]. Subsequently, it was also successfully applied in the KR of N-protected
cyclic cis-amino alcohols [77]. Using 5 mol% of PPY 7 in the presence of a stoi-

chiometric amount of collidine in CHCl3 at rt, a variety of cyclic cis-amino alcohol

derivatives were resolved with moderate selectivities (s ¼ 10–21) (Table 8.6).

Fuji and Kawabata proposed that catalyst 7 was selective, despite the distance

between the chiral centers and the acyl pyridinium carbonyl ‘‘active site’’, as a re-

sult of remote chirality transfer by face to face p-p-stacking interactions between

the naphthalene substituent and the pyridinium ring. Thus, analysis of 1H NMR

chemical shifts and nuclear Overhauser (nOe) measurements revealed that cata-

lyst 7 interconverted between the two conformations (open and closed), depend-

ing on whether it was in the ‘‘free’’ or acyl pyridinium state (Fig. 8.5).

In the closed conformation the carbonyl group is orientated towards the naph-

thalene system, and consequently its Si-face is blocked such that only the Re-face
is available to react with an incoming alcohol nucleophile. The relative orientation

of the nucleophile was also suggested to be ordered by p-p-stacking interactions

because sec-alcohol nucleophiles incorporating an electron-rich aryl amide gave

the highest selectivities.

These seminal insights into the possibilities offered by harnessing p-p-ordering

interactions to aid chirality transfer inspired many subsequent researchers in this

Table 8.6 Fuji and Kawabata’s chiral PPY-catalyzed KR of cyclic cis-amino

alcohol derivatives [77].

8.2 Type I Acyl Transfer Processes 303



area to design systems that could benefit from p-p, cation-a and related ordering

interactions [134] to achieve/enhance chirality transfer [84, 89, 100, 101, 107–

109].

The situation vis-à-vis H-bonding interactions is not dissimilar. The importance

of H-bonding interactions was first demonstrated in Miller’s studies on acylative

KR using imidazole-containing peptides beginning in 1998, and appears to be a

key feature of these catalysts [109–123]. As described earlier, tripeptide 27 pro-

vides essentially no selectivity in attempted acylative KRs of aryl alkyl sec-alcohols,
but catalyzes KR of trans-2-(N-acetylamino)-cyclohexan-1-ol with good selectivity

ðs ¼ 12:6Þ due at least in part to the H-bond donor properties of the acetamide

NH group (Scheme 8.13) [109].

Miller showed that changing the configuration of the proline from (S) to (R) in
related tetrapeptide 32 effects a dramatic reversal of the sense of induced enantio-

selectivity and an increase in the level of selectivity ðs ¼ 3 ! 28Þ for this same

substrate. He also suggested that both changes were probably the result of

changes in key H-bonding interactions within the peptide and between the pep-

tide and the substrate (Scheme 8.14) [110].

Scheme 8.13 Miller’s tripeptide-catalyzed KR of a cyclic cis-amino alcohol derivative [109].

Fig. 8.5 Proposed conformations of Fuji and Kawabata’s free and acylated PPY catalyst 7 [76].
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As for aryl alkyl alcohol KR, Miller demonstrated that longer peptides can

give higher levels of selectivity. In this series, an octapeptide (containing the b-

hairpin structure of tetrapeptide 32) gave a selectivity of s ¼ 51 with trans-2-(N-
acetylamino)-cyclohexan-1-ol (and s ¼ 15 and 27 with the analogous five- and

seven-membered ring substrates) under otherwise identical conditions [112]. As

mentioned earlier, fluorescent chemosensor-based screening was also employed

to identify a tetrapeptide (33) that was competent for the KR of N-acylated tert-
amino alcohols with s values from 19 to >50. Despite the long reaction times re-

quired (3 days), this represents a significant achievement given that tert-alcohols
are invariably very poor substrates for lipases and other organocatalysts (Scheme

8.15) [117].

Scheme 8.14 Miller’s tetrapeptide-catalyzed KR of a 1,2-amino alcohol derivative [110].

Scheme 8.15 Miller’s tetrapeptide-catalyzed KR of tert-alcohols [117].
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H-bond interactions between the catalyst and substrate were suggested by

Campbell to explain why his N-(4 0-pyridinyl)-a-methylproline-derived catalysts 16

and 17 (Fig. 8.4) are more enantioselective for N-acylated 1,2-amino alcohols

(s ¼ 9–18.8) than for other classes of substrate [95–98]. Recently, Ishihara has

designed the histidine derivative 34 as a ‘‘minimal artificial acylase’’ for the KR

of mono-protected cis-1,2-diols and N-acylated 1,2-amino alcohols [135]. This cat-

alyst incorporates a sulfonamide linkage specifically to allow the NH group to

engage as a H-bond donor with the substrates, and gives impressive levels of se-

lectivity with a range of appropriate substrates (Scheme 8.16).

8.2.1.5 a-Chiral Primary Amines

Amines bearing a chiral center a to the nitrogen are widespread constituents

of bioactive alkaloids and pharmaceuticals. Face-selective addition reactions to

imine derivatives [136, 137] and hydroamination of alkenes are among the most

straightforward strategies for their asymmetric preparation [138] but, given the

availability of racemic amines, acylative KR is an attractive approach. Indeed

BASF use a proprietory immobilized lipase from Burkholderia plantarii to resolve

a range of primary amines on an industrial scale. Notwithstanding this, the liter-

ature relating to enzymatic KR of amines is considerably less voluminous than

that for alcohols, but is expanding rapidly [28]. In contrast, the literature relating

to KR of amines by non-enzymatic acylation is very limited.

Although a number of methods for the asymmetric acylation of a-chiral amines

using stoichiometric amounts of chiral acylating agents have been developed

Scheme 8.16 Ishihara’s histidine derivative-catalyzed KR of mono-

protected cis-diols [135]. (For experimental details see Chapter 14.17.8).
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(notably by Shibuya [139], Atkinson [140–145], Murakami [146], Krasnov [147],

Arseniyadis [148, 149], and Toniolo [150]), the development of a catalytic process

represents a far greater challenge. In particular, the development of organo-

nucleophile-catalyzed processes is hampered by the high nucleophilicity of amines

(cf. alcohols) and the consequent relatively high rate of the uncatalyzed, non-

enantioselective background reaction. The only effective catalytic system reported

to date is that developed by Fu in which O-carbonyloxyazlactone 35 is employed

as the stoichiometric acyl donor in combination with 10 mol% of planar chiral

ferrocenyl PPY 4c as the catalyst. The key component in this system appears to

be the unusual acyl donor 35, as these conditions evolved from a previously

reported protocol in which an acylpyridinium salt had to be preformed and

employed stoichiometrically [57]. After optimization studies, a variety of racemic

primary amines were successfully resolved with moderate to good s-values (11–

27) (Scheme 8.17) [58].

Advantageously, in the context of subsequent synthetic manipulation, the

acylated products in these processes are carbamates (rather than amides). Fu

proposed a mechanistic pathway that involves rapid initial reaction of the cata-

lyst with the O-carbonyloxyazlactone to form an ion-pair, followed by slow

transfer of the methoxycarbonyl group from this ion-pair to the amine in the

enantioselectivity-determining step (Fig. 8.6).

8.2.2

Type I Acylative ASD of Achiral/meso-Diols

ASD differs from KR in that it offers the opportunity for 100% conversion of an

achiral or, advantageously from the standpoint of number of stereocenters cre-

ated, a meso substrate into an enantiomerically pure product, provided that perfect

stereoselection can be achieved. Consequently, many groups have explored the

ASD of meso-diols using organocatalytic acylation.

Scheme 8.17 Fu’s planar chiral ferrocenyl PPY-catalyzed amine KR [58].
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Oriyama was the first to provide a practical protocol for the ASD of this class of

substrate [151–154]. Thus, employing just 0.5 mol% of (S)-proline-derived chiral

diamine 36 in conjunction with benzoyl chloride as the stoichiometric acyl donor

in the presence of Et3N, asymmetric benzoylation of a variety of meso-diols could
be achieved with good to excellent enantioselectivities (66–96% ee) and b80%

yields (Scheme 8.18).

Oriyama subsequently showed that this catalyst system was also effective for

the KR of various classes of sec-alcohols, notably b-halohydrins [155, 156] and

also certain a-chiral primary alcohols such as glycerol derivatives [157]. Miller

has also explored the ASD of glycerol derivatives using a pentapeptide incorporat-

ing an N-terminal nucleophilic 3-(1-imidazolyl)-(S)-alanine residue [123]. Janda

Scheme 8.18 Oriyama’s proline diamine-catalyzed ASD of meso diols [152].

(For experimental details see Chapter 14.17.10).

Fig. 8.6 Fu’s proposed mechanism of planar chiral ferrocenyl PPY-catalyzed

KR of amines [58]. (For experimental details see Chapter 14.17.9).
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has developed a solid-supported version of Oriyama’s catalyst which delivers com-

parable selectivity values [158–160], and Kundig has employed Oriyama’s catalyst

and related diamines to desymmetrize a meso-diol chromium tricarbonyl-complex

[161, 162]. Fujimoto has also described an asymmetric benzoylation system that

is effective for ASD of cyclic meso-1,3- and 1,4-diols and which employs a phos-

phinite derivative of quinidine as the catalyst [163, 164].

Fu’s planar chiral ferrocenyl DMAP catalyst 4b and also Vedejs’ PBO catalysts,

particularly p-phenyl-PBO catalyst 2a, are also effective for this type of ASD

reaction, as illustrated for the cases of unusual meso-diol 37 [49] and meso-
hydrobenzoin [165], respectively (Scheme 8.19).

8.2.3

Type I Asymmetric Acyl Addition to p-Nucleophiles: Steglich and Related

Rearrangements and Additions to Silyl Ketene Acetals/Imines

In 1970, Steglich reported that DMAP catalyzed the rearrangement of O-acylated

azlactones to their C-acylated isomers (the Steglich rearrangement) [166, 167].

This process effects CaC bond formation and concomitant construction of a qua-

Scheme 8.19 Examples of acylative ASD reactions catalyzed by Fu’s planar

chiral ferrocenyl PPY catalyst 4b and Vedejs’ PBO catalyst 2a [49, 165].
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ternary stereocenter. Building upon this foundation, first Fu [50] and later Vedejs

[74, 75], Johannsen [102] and Richards [105] have explored the utility of chiral

DMAP/PPY derivatives to effect this type of rearrangement. Fu’s planar chiral

ferrocenyl DMAP catalyst 4c and Vedejs’ TADMAP catalyst 6 are very effective,

giving products generally with ee-values >90% and in almost quantitative yields

(Scheme 8.20) [50, 74].

Vedejs’ PBO catalyst 2c is also effective for this type of transformation, but re-

quires higher loading levels (10 mol% versus 1 mol% for TADMAP 6). Johann-

sen’s [102] ferrocenyl DMAP 21 (Fig. 8.4) and Richards’ [105] cobalt metallocenyl

PPY 24 (Fig. 8.4) give significantly lower levels of selectivity (25% and 45–67% ee,
respectively), but have been less thoroughly investigated. Analogous rearrange-

ments have also been performed by both Fu [61] and Vedejs [75] on O-acyl ben-

zofuranones and O-acyl oxindoles to provide synthetic intermediates potentially

suitable for elaboration to diazonamide A and various oxindole-based alkaloids

such as gelsemine, respectively.

Fu has also explored intermolecular C-acetylation of silyl ketene acetals by

Ac2O for the formation of quaternary stereocenters catalyzed by planar chiral fer-

Scheme 8.20 Fu’s and Vedejs’ chiral PPY/DMAP-catalyzed

rearrangements of O-acyl azlactones [50, 74].
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rocenyl PPY 4d (5 mol%) [60, 64]. Cyclic and acyclic silyl ketene acetals react to

give b-ketoesters with good levels of stereocontrol (Scheme 8.21).

Fu has demonstrated that acetate anion attack on the silicon center of the silyl

ketene acetal, as well as formation of an acyl pyridinium salt, contribute towards

the promotion of these reactions [62]. Additionally, silyl ketene imines have also

been shown to participate in analogous asymmetric C-acylation reactions to yield

chiral quaternary nitriles, and this method was employed as a key step in the syn-

thesis of verapamil [65].

8.3

Type II Acyl Transfer Processes

In contrast to the situation for the Type I processes discussed thus far, where all

the catalysts are believed to act primarily as nucleophilic catalysts, the mecha-

nisms by which acceleration and stereoinduction are primarily achieved in Type

Scheme 8.21 Fu’s planar chiral ferrocenyl PPY-catalyzed C-acetylation of

silyl ketene acetals [60, 64].
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II processes extend to encompass general base and Brønsted acid catalytic cycles

(Fig. 8.7) [30, 62].

These catalytic scenarios differ from the nucleophilic catalysis discussed previ-

ously in that in both cases the chiral organocatalyst acts as a base rather than a

nucleophile. In the case of anhydride ring-opening reactions, the stereoinducing

step is believed to be the subsequent site-selective attack by the deprotonated nu-

cleophile on one carbonyl group (general base catalysis; Fig. 8.7) [30]. In the case

of ketene addition reactions there is evidence to suggest that the stereoinducing

step is the face-selective protonation of the enolate, generated by attack of the de-

protonated nucleophile on the ketene, by the protonated chiral catalyst (Brønsted

acid catalysis; Fig. 8.7).

Type II catalytic asymmetric acyl transfer processes have been most extensively

developed for the case of ASD of meso-anhydrides by nucleophilic ring-opening

with alcohols, and so these processes will be the first type II processes considered

here.

8.3.1

Type II Alcoholative ASD of Achiral/meso-Cyclic Anhydrides

ASD of achiral and meso-anhydrides by ring opening with alcohols can be cata-

lyzed by either chiral Lewis acids or bases, and this area has been reviewed [30,

31, 33]. Pioneering studies using organocatalysts were conducted by the groups

of Oda [168, 169] and Aitken [170, 171] with cinchona alkaloids during the

1980s. These studies provided the foundation for the development of a signifi-

cantly more enantioselective system for the ASD of cyclic meso anhydrides by

Bolm, who employed a stoichiometric quantity of the cinchona alkaloid quinidine

(or its pseudeoenantiomer, quinine) as the catalyst [172]. The reactions of bicyclic

and tricyclic meso-anhydrides 38a–h with methanol in the presence of 110 mol%

quinidine in a 1:1 toluene:CCl4 solvent system at �55 �C provided the corre-

Fig. 8.7 Lewis base and Brønsted acid catalysis cycles for ‘‘Type II’’ acyl

transfer processes [30, 62].
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sponding hemiesters withb93% ee andb84% yields. The use of quinine instead

of quinidine generally provided entiomeric products with similar levels of selec-

tivity (Table 8.7).

The practicality of the method was enhanced by the fact that simple extraction

provided access to both the hemiester product and the alkaloid without chroma-

tography, and the recovered cinchona alkaloid could be reused with no deteriora-

tion in the ee or yield of the reactions. This method has found use by other

groups in the synthesis of b-amino alcohols and in natural product synthesis

[173, 174], and has recently been reported as an accepted method in Organic Syn-
theses [175].

Table 8.7 Bolm’s quinidine/quinine-promoted ASD of meso-anhydrides [172].
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A variant of this procedure that employs a substoichiometric quantity of cin-

chona alkaloid has also been developed by Bolm [176]. In this method, 10 mol%

quinidine was used in conjunction with a stoichiometric amount of 1,2,2,6,6-

pentamethylpiperidine (pempidine) to prevent sequestration of the cinchona alka-

loid by the acidic hemiester product. The chiral hemiester products derived from

various meso-anhydrides were obtained with b74% ee and b94% yields (Table

8.8).

Although both quinidine and pempidine can be quantitatively recovered and

reused following these processes, it is noteworthy that pempidine is more expen-

sive than quinidine. Moreover, the erosion in the levels of enantioselectivity ob-

served in the hemiester products using the catalytic protocol relative to the stoi-

chiometric protocol, as well as the extended reaction time, limit the utility of this

modification.

Bolm has demonstrated the utility of the quinidine-mediated ASD of cyclic

meso-anhydrides by developing protocols for the conversion of the hemiester

products into enantiomerically enriched unnatural b-amino alcohols by means of

Curtius degradation [177]. A particularly practical variant of this procedure uti-

lizes benzyl alcohol rather than methanol as the nucleophile in the quinidine-

mediated ASD reaction, thereby allowing – following Curtius degradation – for

hydrogenolytic deprotection of both the benzyl ester and a N-Cbz group to afford

free b-amino alcohols in a single step [178].

Table 8.8 Bolm’s quinidine-catalyzed ASD of meso-anhydrides [176].
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In 2000, Deng reported that commercially available ‘‘Sharpless ligands’’ also

catalyze the highly enantioselective alcoholysis of meso-cyclic anhydrides [179].

This was the first example of the use of these modified cinchona alkaloids as or-

ganocatalysts. The reaction of a variety of monocyclic, bicyclic and tricyclic suc-

cinic anhydrides with methanol in ether in the presence of a catalytic amount of

the biscinchona alkaloid (DHQD)2AQN provided the corresponding hemiesters

with excellent enantioselectivities (91–98%) and good to excellent yields (72–

99%). The reactions were carried out at 20–30 �C, employed catalyst loadings of

5 to 30 mol%, and required one to three days to reach completion. The antipodal

products could be accessed, albeit with slightly reduced enantioselectivity, by em-

ploying the pseudo-enantiomeric (DHQ)2AQN as catalyst (Table 8.9).

Table 8.9 Deng’s (DHQD)2AQN-catalyzed ASD of achiral/meso-anhydrides [179].
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As for the Bolm procedure, simple extraction enables essentially quantitative

product purification and catalyst recovery without chromatography, and the recov-

ered catalyst can be reused without any deterioration in its efficiency. The sense

of enantioselectivity in these processes can be predicted with the aid of a mne-

monic (Fig. 8.8).

A noteworthy feature of the method is that turnover of the catalyst is achieved

in the absence of a stoichiometric achiral base, despite the generation of an acidic

product (cf. the use of pempidine in the Bolm catalytic protocol) [180–182]. The

synthetic utility of this approach has been demonstrated in a formal total synthe-

sis of ðþÞ-biotin [183]. Recently a silica-supported heterogeneous analogue of

(DHQD)2AQN has also been developed by Han [184, 185]. (For experimental

details see Chapter 14.17.11).

Surprisingly few studies have been directed towards the development of non-

cinchona alkaloid-based catalysts for the alcoholative ASD of meso-anhydrides, or
indeed any of the enantioselective alcoholysis processes. Uozumi has reported

a series of (2S, 4R)-4-hydroxyproline-derived 2-aryl-6-hydroxyhexahydro-1h-pyr-
rolo[1,2-c] imidazolones which mediate the methanolytic ASD of cis-hexa-
hydrophthalic anhydride in up to 89% ee when employed at the 10 mol% level

for 20 h at �25 �C in toluene [186]. Additionally, Nagao has described the use of

a bifunctional chiral sulfonamide for the thiolytic ASD of meso-cyclic anhydrides

in up to 98% ee when employed at the 5 mol% level for 20 h at rt in ether [187].

8.3.2

Type II Alcoholative KR of Racemic Anhydrides, Azlactones, N-Carboxyanhydrides,

Dioxolanediones and N-Acyloxazolodinethiones

It might be anticipated that, if a racemic unsymmetrically substituted cyclic anhy-

dride were to be used as a substrate for asymmetric alcoholysis, a KR would

ensue. In fact, Deng has shown that for monosubstituted succinic anhydrides,

because both carbonyl groups have comparable reactivity, what actually occurs

on subjection to his (DHQD)2AQN-catalyzed asymmetric alcoholysis condi-

tions, is a PKR [188]. Thus, the reaction of 2-methyl succinic anhydride (39a)

with 2,2,2-trifluoroethanol (10 equiv.) in ether at �24 �C in the presence of

(DHQD)2AQN (15 mol%) provided a mixture of two regioisomeric hemiesters

Fig. 8.8 Mnemonic for prediction of stereoselection in Deng’s ASD of

achiral/meso-anhydrides [179].
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40a and 41a in a@1:1 ratio, with 93% and 80% ee, respectively. A variety of other

2-alkyl and 2-aryl succinic anhydrides (39b–g) could be resolved via this process

with good to excellent enantioselectivities (66–98% ee) (Table 8.10) [188].

The synthetic utility of this PKR process was exemplified in a formal total

synthesis of the g-aminobutyric acid (GABA) receptor agonist (R)-baclofen [188].

(For experimental details see Chapter 14.17.12).

The first type of reaction for which organocatalytic type II KR was explored was

the enantioselective synthesis of protected a-amino acids from racemic azlactones

by ring opening with alcohols. This reaction is closely related to the Dakin–West

reaction, which Steglich had shown to be efficiently catalyzed by DMAP during

the 1970s [167]. Building on these findings, and also some enantioselective DKR

variants using enzymes [189], Fu found that planar chiral ferrocenyl DMAP 4a

(5 mol%) gave moderate levels of enantioselectivity (44–61% ee) for the DKR of

a series of 5-phenyl azlactones in toluene at rt in the presence of benzoic acid

(10 mol%) (Scheme 8.22) [51].

This process proceeds as a DKR [13, 190] because the DMAP catalyst promotes

not only the asymmetric alcoholysis of the azlactone but also its racemization

under the reaction conditions; the N-benzoyl a-amino acid ester product does

not racemize under these conditions. Johannsen has also screened chiral DMAP

21 (Fig. 8.4) for this transformation, but obtained poorer yields and selectivities

[102].

Table 8.10 Deng’s (DHQD)2AQN-catalyzed ASD of meso-anhydrides [188].
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Deng has found that the urethane-protected a-amino acid N-carboxy anhydrides
(UNCAs) offer a similar entry to enantiomerically enriched a-amino acid deriva-

tives using (DHQD)2AQN-catalyzed asymmetric alcoholysis [191]. UNCAs are

readily prepared from the corresponding racemic a-amino acids and are structur-

ally analogous to mono-substituted succinic anhydrides. They differ in that the

two carbonyl groups in UNCAs are chemically distinct, and so the nucleophile

attacks only the carbonyl adjacent to the chiral center (as for azlactones). The

reactions of a variety of alkyl and aryl UNCAs containing various carbamate-

protecting groups (42a–h) with methanol in ether at �60 �C provided carbamate-

protected amino esters 43a–h and unreacted starting material via a regular KR

process with impressive selectivity values (s ¼ 23 to 170). Achiral hydrolysis of

the unreacted anhydrides provided a reaction mixture containing an acidic com-

ponent (the carbamate-protected amino acids 44a–h), a neutral component (the

esters), and a basic component (the catalyst), thereby allowing all three com-

pounds to be isolated in pure form via an extractive procedure (Table 8.11).

Moreover, when these reactions were performed at higher temperatures (@rt),

DKR could be achieved. This was first demonstrated for a-aryl UNCAs [192], but

subsequently also for a-alkyl UNCAs [193]. Allyl alcohol was found to be the

optimal nucleophile, allowing a variety of UNCAs to be resolved with high stereo-

selectivities (90–92% ee) and good yields (93–98%) [192]. The resulting allyl

esters could be converted to the optically active a-amino acids via Pd-catalyzed

deallylation (Table 8.12).

The ready availability of the starting materials, the lack of special precautions to

exclude air and moisture from the reaction mixture, and the ease of recovery of

products make these DKR protocols attractive for the preparation of enantiomeri-

cally highly enriched N-protected-a-amino acids. (For experimental details see

Chapter 14.17.13).

Substituted 1,3-dioxolane-2,4-diones correspond to UNCAs in which the pro-

tected nitrogen atom has been replaced with an oxygen atom, and thus repre-

sent potential precursors to enantiomerically enriched a-hydroxy acid derivatives.

Scheme 8.22 Fu’s planar chiral ferrocenyl DMAP-catalyzed DKR of 5-phenyl azlactones [51].
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Table 8.11 Deng’s (DHQD)2AQN-catalyzed KR of UNCAs [191].

Table 8.12 Deng’s (DHQD)2AQN-catalyzed DKR of UNCAs [192].
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Deng found that alcoholative KR of a-alkyl-1,3-dioxolane-2,4-diones 46a–d using

(DHQD)2AQN as the catalyst provides chiral a-hydroxy esters 47a–d and enan-

tiomerically enriched unreacted starting materials with excellent selectivities

(s ¼ 49–133) (Table 8.13) [194].

Again, achiral hydrolysis of the unreacted starting material and separation of

the three components of the reaction mixture via an extractive procedure provides

access to both the a-hydroxy acid and the a-hydroxy ester, and allows quantitative

recovery of the catalyst.

As for the UNCAs, Deng found that under appropriate conditions 1,3-

dioxolane-2,4-diones could also be induced to undergo DKR. As these com-

pounds are even more readily racemized than UNCAs, DKR of many a-aryl-1,3-

dioxolane-2,4-diones occurs even at �78 �C, although temperatures up to �20 �C

proved optimal for certain substrates. Thus, for a range of a-aryl-1,3-dioxolane-2,4-

diones (46a–g), (DHQD)2AQN (10 mol%) catalyzed DKR to the corresponding

esters 47a–g with excellent stereoselectivities (91–96% ee) and good yields (65–

85%) (Table 8.14) [194].

Sammakia has developed a rather unique chiral O-nucleophilic acyl transfer

catalyst 49, and shown that it is also effective for the KR of certain a-hydroxy

acid [195] and a-amino acid [196] derivatives. It was found that by employing

this catalyst at the 10 mol% level in toluene at �26 to 0 �C, it was possible to re-

solve a-acetoxy-N-acyloxazolidinethiones with s-values in the range 17 to 32 [195],

and a-(N-trifluoroacetyl)-N-acyloxazolidinethiones with s-values in the range 20 to

86 [196] (Scheme 8.23). This KR method is particularly notable for its success

with cyclic amino acid derivatives, which makes it complementary to the Deng

protocol. Moreover, Sammakia has shown that the recovered oxazolidinethiones

can be used directly in peptide-coupling reactions using (i-Pr)2EtN and HOBt.

Previous studies with an achiral variant of the catalyst had shown that this class

Table 8.13 Deng’s (DHQD)2AQN-catalyzed KR of 1,3-dioxolane-2,4-diones [194].
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of catalyst act as O-nucleophiles, and that the trifluoromethyl group is essential

for optimal activity [197].

8.3.3

Type II Asymmetric Alcohol, Phenol, Enol, and Amine Addition to Ketenes

Chiral aryl acetic acids constitute a ‘‘privileged’’ class of target structures due to

their prevalence in bioactive natural products and pharmaceuticals and so, unsur-

prisingly, they constitute attractive targets for asymmetric synthesis [198]. The

face-selective addition of a nucleophile to an aryl alkyl ketene provides a very direct

entry for the preparation of such compounds. Although this can be achieved by the

use of a chiral nucleophile or acid (cf. Scheme 8.1) [199], catalysis of the addition

of an achiral nucleophile is clearly attractive from the standpoint of efficiency.

The pioneering studies in this area were conducted by Pracejus during the

1960s using alkaloids to promote the addition of methanol to phenylmethylke-

tene (maximum ee-value 76%) [200–206]. This approach was significantly ex-

tended by Simpkins using silylketenes (maximum ee-value 94%) [207]. However,

more recently Fu has considerably extended the levels of selectivity attainable and

the range of ketenes and nucleophiles that can be employed [56, 62].

Fu’s initial investigations used the planar chiral pyrrole catalyst 3b (see Scheme

8.4) at the 10 mol% level, with 2,6-di-tert-butylpyridinium triflate (12 mol%) as co-

catalyst, to effect the asymmetric addition of methanol to a range of arylmethylke-

tenes to give arylpropionic esters in excellent yields (80–97%) and with good se-

lectivity (68–80% ee) (Scheme 8.24) [47]. Subsequently, drawing on insight gained

from mechanistic investigations which suggested that a Brønsted acid catalytic

Table 8.14 Deng’s (DHQD)2AQN-catalyzed DKR of 1,3-dioxolane-2,4-diones [194].
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cycle was operational (Fig. 8.7), two much-improved systems were developed

using planar chiral ferrocenyl PPY 4c as catalyst. The first system used 2-tert-
butylphenol as the nucleophile, employed just 3 mol% of PPY 4c in toluene at

rt, and provided the corresponding aryl esters in excellent selectivities (79–94%

ee) and yields (66–97%) [68]. The second system used the enol of diphenylacetal-

dehyde as the nucleophile and employed 10 mol% of 4c in chloroform at 0 �C

to provide the corresponding vinyl ester products with comparable selectivities

(77–98% ee) and even better yields (74–99%) (Scheme 8.24) [66].

Scheme 8.23 Sammakia’s chiral alcohol-catalyzed KR of a-acetoxy- and

a-(N-trifluoroacetyl) amino acid-N-acyloxazolidinethiones [195, 196].
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For both the aryl and vinyl ester products, Fu was able to demonstrate that

hydrolysis or reduction could be performed under mild conditions to yield the

corresponding chiral acids and primary alcohols, without racemization.

Fu has also achieved the addition of 2-cyanopyrrole to arylalkylketenes, again

using PPY 4c (2 mol%) as catalyst in toluene at rt, and with similarly high selec-

tivity and yield [59]. Additionally, related processes have been developed for the

asymmetric preparation of b-lactams [67] and b-lactones [63] by the formal

[2þ2]-cycloaddition of N-tosylaldimines and aryl aldehydes, respectively, to ke-

Scheme 8.24 Fu’s planar chiral pyrrole and PPY-catalyzed addition of

alcohols to arylalkylketenes [47, 66, 68].
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tenes. However, these and other catalyzed asymmetric cycloadditions fall some-

what outside the remit of this review and have been reviewed elsewhere [32].

8.4

Concluding Remarks

From the foregoing survey it is clear that the past decade has witnessed great

strides in the area of organocatalyzed asymmetric acyl transfer processes. Many

versatile and important chiral compounds including sec-alcohols, 1,2-diols, 1,2-
amino alcohols, a-chiral amines, a-hydroxy acids, a-amino acids, a-chiral arylacetic

acids, a-chiral oxindoles, etc. can be efficiently prepared in highly enantiomeri-

cally enriched form using asymmetric acyl transfer reactions promoted by small-

molecule organocatalysts. However, many challenges remain, particularly with re-

gard to the development of easily accessible chiral catalysts and the achievement

of levels of reactivity and selectivity that will allow even wider substrate scope. An

integral part of the achievement of this goal will undoubtedly be an increasing

understanding of the detailed catalytic cycles involved and the precise factors

that regulate chirality transfer in organocatalytic systems. Given the current

worldwide interest in all aspects of asymmetric organocatalysis, we can confi-

dently anticipate rapid progress in this area, and we hope that this chapter will

prove helpful to researchers planning to make contributions towards that end.
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159 A. Córdova, M.R. Tremblay, B.

Clapham, K.D. Janda, J. Org. Chem.

2001, 66, 5645–5648.
160 B. Clapham, C.-W. Cho, K.D. Janda,

J. Org. Chem. 2001, 66, 868–873.

161 E.P. Kundig, T. Lomberget, R. Bragg,

C. Poulard, G. Bernardinelli, Chem.
Commun. 2004, 1548–1549.

162 E.P. Kundig, A.E. Garcia, T.

Lomberget, G. Bernardinelli, Angew.
Chem. Int. Ed. 2006, 45, 98–101.

163 S. Mizuta, M. Sadamori, T. Fujimoto,

I. Yamamoto, Angew. Chem. Int. Ed.
2003, 42, 3383–3385.

164 S. Mizuta, T. Tsuzuki, T. Fujimoto, I.

Yamamoto, Org. Lett. 2005, 7, 3633–
3635.

165 E. Vedejs, O. Daugulis, N. Tuttle,

J. Org. Chem. 2004, 69, 1389–1392.
166 W. Steglich, G. Hofle, Tetrahedron

Lett. 1970, 4727–4730.
167 W. Steglich, H. Vorbruggen, G. Höfle,
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Nucleophilic N-Heterocyclic Carbenes

in Asymmetric Organocatalysis

Dieter Enders, Tim Balensiefer, Oliver Niemeier,

and Mathias Christmann

9.1

The Benzoin Condensation

When, in 1832, Wöhler and Liebig first discovered the cyanide-catalyzed coupling

of benzaldehyde that became known as the ‘‘benzoin condensation’’, they laid the

foundations for a wide field of growing organic chemistry [1]. In 1903, Lapworth

proposed a mechanistical model with an intermediate carbanion formed in a hy-

drogen cyanide addition to the benzaldehyde substrate and subsequent deproto-

nation [2]. In the intermediate ‘‘active aldehyde’’, the former carbonyl carbon

atom exhibits an inverted, nucleophilic reactivity, which exemplifies the ‘‘Umpo-

lung’’ concept of Seebach [3]. In 1943, Ukai et al. reported that thiazolium salts

also surprisingly catalyze the benzoin condensation [4], an observation which at-

tracted even more attention when Mizuhara et al. found, in 1954, that the thiazo-

lium unit of the coenzyme thiamine (vitamin B1) (1, Fig. 9.1) is essential for its

activity in enzyme biocatalysis [5]. Subsequently, the biochemistry of thiamine-

dependent enzymes has been extensively studied, and this has resulted in wide-

spread applications of the enzymes as synthetic tools [6].

Thus, the question raised was whether an explanation of the thiazolium-

catalyzed benzoin condensation also lead to an elucidation of the biochemistry
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Fig. 9.1 Thiamine (vitamin B1) (1), a coenzyme.



of thiamine? In 1958, Ronald Breslow proposed the mechanistic model shown in

Scheme 9.1 [7], and assumed the catalytically active species to be thiazolin-2-yli-

dene (3), a carbene that would be formed in situ by deprotonation of the thiazo-

lium salt 2. The resulting heterocyclic carbene couples with an aromatic aldehyde

molecule 4 to generate the ‘‘active aldehyde’’, the hydroxy-enamine ‘‘Breslow

intermediate’’ 5. This nucleophilic acylation reagent (which is equivalent to a

d1-synthon in the terminology of Seebach et al.) reacts with an electrophilic sub-

strate such as a second aldehyde molecule to form the product benzoin 6, at the

same time regenerating the carbene catalyst. An alternative mechanistic model

proposed by López Calahorra et al. was based on the observed facile formation of

carbene dimers [8].

In the benzoin condensation, a new stereogenic center is formed, as the prod-

uct is an a-hydroxy ketone. Consequently, many chemists aspired to develop

heterazolium-catalyzed asymmetric benzoin condensations and, later, other nu-

cleophilic acylation reactions [9]. For example, Sheehan et al. presented the first

asymmetric benzoin condensation in 1966, with the chiral thiazolium salt 7 (Fig.

9.2) as catalyst precursor [10].

As a typical pioneering result, the enantiomeric excess (ee) of the synthesized

benzoin was only 2%. With modified thiazolium salts such as 8, Sheehan et al.

obtained ee-values of up to 52%, but the yield was unfortunately reduced to 6%

(48% in an improved protocol by Rawal et al. published many years later) [11,

Scheme 9.1 The catalytic cycle of the benzoin condensation, as proposed by Breslow.

332 9 Nucleophilic N-Heterocyclic Carbenes in Asymmetric Organocatalysis



12]. Tagaki et al. subsequently employed chiral menthyl-substituted thiazolium

salts such as compound 9 in a micellar two-phase reaction system, reaching an

ee of 35% and an improved yield of 20% [13]. Zhao et al. obtained moderate ee-
values of 47 to 57% and yields of 20 to 30% when combining the Sheehan cata-

lysts with the Tagaki reaction conditions [14]. Based on their mechanistic model,

López Calahorra et al. developed bisthiazolium salt catalysts such as compound

10, yielding 21% of benzoin in 27% ee [15].
In parallel with research studies on the carbene-catalyzed benzoin reaction,

much effort has been devoted to isolate the actual nucleophilic carbenes. The

studies of Breslow were extended by Wanzlick et al., who investigated the chem-

istry of N-heterocyclic nucleophilic carbenes during the 1960s [16]. Until then,

the divalent carbenes had only been regarded as highly reactive intermediates,

and indeed, Wanzlick was unable to isolate the carbenes because of their inevita-

ble dimerization. It was in fact some 20 years later that Bertrand et al. [17] and

Arduengo et al. [18] marked an essential progress when presenting carbene com-

pounds that were stable at room temperature. However, Bertrand’s phosphinocar-

bene was suspected not to have a predominant carbene character, but rather

to react as a phosphaacetylene [19], although more recent studies have seemed

to support again the carbene character [20]. Thus, the imidazolin-2-ylidene 11

(R ¼ adamantyl) synthesized by Arduengo et al. in 1991 is now referred to as

the first N-heterocyclic carbene to be isolated and characterized (Fig. 9.3). At this

point it should be noted that the carbenes 11 have the same structure as some of

Fig. 9.2 Chiral thiazolium salts for enantioselective benzoin condensation.

Fig. 9.3 Stable carbenes synthesized by Arduengo et al. (11) and Enders, Teles et al. (12).
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the carbenes that Wanzlick et al. attempted to isolate during the 1960s. Sub-

sequently, many stable N-heterocyclic carbenes of various types have been synthe-

sized, including many variations on the imidazolin-2-ylidene 11 [21].

In cooperation with Teles and colleagues, our research group has studied the

triazole heterocycle as an alternative core structure of nucleophilic carbenes. First,

the triazol-5-ylidene 12 (Fig. 9.3; see also Scheme 9.2) was synthesized and shown

to be stable at temperatures up to 150 �C in the absence of air and moisture [22].

Compound 12 exhibited the typical behavior of a nucleophilic N-heterocyclic car-

bene, and was found to be sufficiently stable to become the first commercially

available carbene [23]. As shown in Scheme 9.2, the crystalline carbene was ob-

tained from the corresponding triazolium salt precursor 13 by the addition of

methanolate and subsequent thermal decomposition of the adduct 14 in vacuo
via a-elimination of methanol [24].

The triazol-5-ylidene 12 was found to be a powerful catalyst for the conversion

of formaldehyde to glycolaldehyde in a ‘‘formoin reaction’’ [25.] The concept of

triazolium salt catalysis appeared to show promise, and consequently our re-

search group undertook the synthesis of a variety of chiral triazolium salts for

the asymmetric benzoin reaction [26]. However, the ee-values and catalytic activ-

ities shifted widely with slight structural changes in the substitution pattern of

the triazolium system. The most active catalyst 15 (Fig. 9.4) afforded benzoin

(6, Ar ¼ Ph) in its (R)-configuration with 75% ee and a satisfactory yield of 66%.

Scheme 9.2 Synthesis of the stable carbene 12, as developed by Enders, Teles, and colleagues.

Fig. 9.4 Triazolium salts produced by Enders et al. (15) and Leeper et al. (16).
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The low catalyst loading of only 1.25 mol% indicated an activity that had in-

creased by almost two orders of magnitude compared to the chiral thiazolium

salts used previously.

An important contribution to the research investigations into the asymmetric

benzoin condensation was made by Leeper and colleagues, who introduced the

concept of bicyclic heterazolium salts. In 1997, this group reported the use of

chiral, bicyclic thiazolium catalysts for the synthesis of aromatic benzoins and ali-

phatic butyroins [27], and subsequently (in 1998) presented details of improved

chiral, bicyclic triazolium salts (e.g., 16; Fig. 9.4) that produced various aromatic

acyloins with modest to good enantioselectivities (20–83% ee) [28]. Based on the

protocol of Leeper et al., another chiral, bicyclic triazolium salt derived from (S)-
tert-leucine was developed by our research group, and in 2002 the results were

published regarding the asymmetric benzoin condensation (shown in Scheme

9.3) using the novel triazolium salt 17 as catalyst precursor [29].

The precatalyst 17 produced (S)-benzoin (6, Ar ¼ Ph) in very good yield (83%)

and enantioselectivity (90% ee). The condensation of numerous other aromatic al-

dehydes 4 yielded the corresponding a-hydroxy ketones 6 with excellent ee-values
of up to 95%. (For experimental details see Chapter 14.20.2). Electron-rich aro-

matic aldehydes gave consistently higher asymmetric inductions than electron-

deficient (i.e., activated) aromatic aldehydes, with lower reaction temperatures or

lower amounts of catalyst leading to slightly higher enantioselectivities coupled

with lower yields.

The observed stereoselectivity of the reaction might be explained by transition

state 18, as shown in Figure 9.5. The Si-face of the assumed Breslow-type inter-

mediate would be shielded by the tert-butyl group of the bicyclic catalyst, thus

limiting any attack to the Re-face of the hydroxy enamine. Furthermore, the

substituents of the enol moiety might cause a pre-orientation of the approaching

Scheme 9.3 Asymmetric condensation of aromatic aldehydes, as

proposed by Enders and colleagues.
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second aldehyde (via p-stacking and H-bridge activation of the aldehyde carbonyl

group). Thus, the Re-face of the approaching aldehyde molecule would be pre-

ferred, and this in consequence would lead to (S)-benzoin, as observed in the

experiments.

However, the E/Z-geometry of the Breslow intermediate has not yet been deter-

mined. The olefine geometry is crucial for the pre-orientation of the second

aldehyde molecule, and the E-isomer would, if one was to assume H-bridge in-

teractions, probably favor a Si-Si-attack as shown in transition state 18O, leading

to (R)-benzoin. Presumably, due to an unfavorable steric interaction in transition

state 18O between the twisted phenyl substituent of the enamine moiety and the

phenyl substituent of the attacking aldehyde, this is not observed. In computa-

tional calculations, Houk et al. found 18P to be the most favorable transition state

[30]. In this intermediate state, p-stacking does not occur, but the substituent of

the approaching aldehyde resides in an open pocket of the catalyst with mini-

mum steric repulsion, again favoring the formation of (S)-benzoin.
As an obvious extension of the benzoin reaction, the cross-coupling of alde-

hydes or of aldehydes and ketones was first achieved with the thiamine-

dependent enzyme benzoylformate decarboxylase. This linked a variety of mostly

aromatic aldehydes to acetaldehyde to form the corresponding a-hydroxy ketones,

both chemo- and stereoselectively [31]. Synthetic thiazolium salts, developed by

Stetter and co-workers and similar to thiamine itself [32], have been successfully

used by Suzuki et al. for a diastereoselective intramolecular crossed aldehyde-

ketone benzoin reaction during the course of an elegant natural product synthe-

sis [33]. Stereocontrol was exerted by pre-existing stereocenters in the specific

substrates, the catalysts being achiral.

In order to develop a general method, the present authors began investigations

on the use of simple aldehyde ketones as substrates for the carbene-catalyzed

crossed intramolecular benzoin condensation. Synchronously to the studies of

Fig. 9.5 Possible transition states for the asymmetric benzoin

condensation, as proposed by Enders et al. and Houk et al.
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Suzuki et al., we presented our observation that indeed various five- and six-

membered cyclic acyloins could be obtained as their racemates employing com-

mercially available thiazolium salts as precatalysts [34].

Unfortunately, the chiral bicyclic triazolium salt that had been found to be an

excellent catalyst for the enantioselective intermolecular benzoin condensation

proved to be ineffective in the intramolecular reaction. In searching for alterna-

tive catalysts, we synthesized the novel triazolium salts 19 and 20, starting from

easily accessible enantiopure polycyclic g-lactams (Schemes 9.4 and 9.5) that fi-

nally delivered good results in the enantioselective intramolecular cross-benzoin

condensation [35].

Precatalyst 19 was built up from cheap l-pyroglutamic acid (21) in a short and

easy synthesis sequence involving a one-pot variant developed by Rovis et al. to

form the triazolium core (Scheme 9.4) [36]. The synthesis of 20 started from

a-tetralone (22), which was stereoselectively converted to the polycyclic g-lactam

23 with inexpensive (R)-phenylglycinol as chiral source. After cleavage of the aux-
iliary, the one-pot-procedure that had already been used before yielded the triazo-

lium salt 20 (Scheme 9.5).

The precatalyst 20 led to excellent results in the enantioselective intramolecular

crossed benzoin condensation of the aldehyde ketones 24, as shown in Scheme

9.6. The quaternary stereocenter of the acyloins 25 was created with good to very

good yields and excellent ee-values. (For experimental details see Chapter 14.20.1).

The precatalyst 19 proved to be even more active, and the yields were consistently

excellent, albeit accompanied by lower ee-values (63–84%).

The substrates of the enantioselective intramolecular crossed benzoin conden-

sation were varied to widen the scope of the reaction. Promising results were

Scheme 9.4 Preparation of the l-pyroglutamic acid-derived triazolium

salt 19. (a) SOCl2, MeOH, �15 �C, 2 h. (b) NaBH4, EtOH, 0 �C, 12 h.

(c) TIPSCl, imidazole, DMF, rt, 20 h. (d) Me3OBF4, DCM, rt, 3 h. (e)

Phenylhydrazine, DCM, rt, 3 h. (f ) HC(OMe)3, MeOH, 80 �C, 12 h.
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achieved with substrates where the aldehyde and ketone functions were inter-

changed, and with substrates where a five-membered ring was formed.

9.2

The Stetter Reaction

During the early 1970s, Hermann Stetter investigated the reaction of the acylan-

ion equivalent 26 with Michael acceptors such as 27 (Scheme 9.7) [37]. Since that

Scheme 9.5 Preparation of the tetracyclic triazolium salt 20. (a) LDA,

BrCH2CO2Et, THF, DMPU, �78 �C to rt, 18 h. (b) LiOH�H2O, THF/

H2O (2/1), rt, 20 h. (c) (R)-Phenylglycinol, toluene, 4 Å molecular

sieves, reflux, 20 h. (d) Et3SiH, TiCl4, DCM, �78 �C to rt, 3 h.

(e) LiOH�H2O, DMSO, 140 �C, 72 h. (f ) 1 M HCl, THF, reflux, 8 h.

(g) Me3OBF4, DCM, rt, 3 h. (h) Phenylhydrazine, DCM, rt, 3 h.

(i) HC(OMe)3, MeOH, 80 �C, 12 h.

Scheme 9.6 Asymmetric intramolecular crossed benzoin reaction, according to Enders et al.
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time, the 1,4-addition of aldehydes to a,b-unsaturated carbonyl compounds car-

ries Stetter’s name [38]. In this reaction, chiral 1,4-dicarbonyl compounds such

as 28 are obtained, which represent important intermediates in the synthesis of

biologically active molecules.

Inspired by Sheehan and Hunneman’s seminal studies on the asymmetric ben-

zoin condensation [10], many research groups have designed novel chiral heter-

azolium salt precatalysts for benzoin and Stetter reactions. In order to compare the

catalyst efficiency, the cyclization of the salicylaldehyde-derived substrate 29 to the

corresponding chromanone 30 has become a benchmark reaction (Scheme 9.8).

Following the pioneering studies of the Enders group, who reported the first

asymmetric Stetter reaction in 1990 [39], very little attention has been paid to

this important transformation. During the past few years, however, Rovis et al.

have achieved significant progress [40]. By using 20 mol% of the aminoindanol-

derived triazolium salt 31, the asymmetric intramolecular Stetter reaction of 29

afforded the desired product 30 in 94% yield and 94% ee. With regard to the elec-

tronic nature of the phenyl ring on the triazole nitrogen, p-methoxy substitution

gave the best results.

While this catalyst provided good yields and ee-values with substrates bearing a

heteroatom in the g-position of the acceptor, in some cases – for example with the

aliphatic substrate 32 – the catalyst 33 was superior in the formation of the cyclo-

pentanones 34 (Scheme 9.9).

Scheme 9.7 Addition of the acyl anion equivalent 26 to a conjugate acceptor 27.

Scheme 9.8 Intramolecular Stetter reaction, as described by Rovis et al.
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Subsequently, Rovis et al. – and later also Hamada et al. – accepted the chal-

lenge of generating quaternary stereocenters [41]. As in catalyst 31, the substitu-

tion pattern of the phenyl ring was found to be the decisive factor. In this case,

as shown in Scheme 9.10, the electron-deficient pentafluorophenyl catalyst 35

proved to be the most effective for b,b-disubstituted substrates 36 (up to 99% ee
of the products 37), suggesting subtle mechanistic differences.

It is possible to achieve much lower catalyst loadings at the price of slightly di-

minished selectivity and yield. For example, the reaction of 36 in the presence of

1 mol% of the triazolium salt 35 in isopropanol affords the desired product 37 in

78% yield with 83% ee. This holds promise for catalysts with improved efficiency.

Very recently, Rovis examined the intramolecular Stetter reaction with a,b-

disubstituted acceptors 38 (Scheme 9.11) [42]. The key challenge is to secure a

diastereoselective proton transfer onto the enolate intermediate. HMDS (from

the KHMDS base) was shown to cause a deterioration in diastereoselectivity, but

this problem was overcome by using the free carbene catalyst – that is, HMDS

was removed in high vacuum prior to the reaction. Using the free carbene cata-

lyst 39, the desired chromanone 40 could be obtained in excellent yield (94%),

Scheme 9.9 Intramolecular Stetter reaction of aliphatic substrates.

Scheme 9.10 The generation of quaternary stereocenters.
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with 95% ee and a diastereomeric ratio (d.r.) of 30:1. The high selectivity was pro-

posed to originate from an intramolecular proton transfer, which is supported by

the fact, that double-bond isomers afford the complementary diastereoselectivity.

In related investigations, the group of Rovis examined the effect of pre-existing

stereocenters in the intramolecular asymmetric Stetter reaction [43]. The same

group also exploited the concept of desymmetrization for the asymmetric synthe-

sis of hydrobenzofuranones in an intramolecular Stetter reaction [44].

Bach and co-workers developed the axially chiral N-arylthiazolium catalyst 41

bearing a menthol-derived backbone (Fig. 9.6) [45]. Using 20 mol% of this cata-

lyst, they were able to isolate the Stetter product 30 (R ¼ Me) in 75% yield with

50% ee. The low stereoselectivity was ascribed to an atropo-isomerization of the

catalyst during the course of the reaction.

By applying the concept of small peptide catalysts to the intramolecular asym-

metric Stetter reaction, the Miller group [46] replaced a histidine residue of

amino acid derivatives with thiazolylalanine (Taz) derivatives. An initial screening

with 29 (R ¼ t-Bu) as the substrate and 20 mol% of the catalyst 42 afforded the

corresponding chromanone 30 in 40% yield and 80% ee. It was speculated that

both yield and selectivity might be improved by imbedding Taz into a peptidic

framework. Using catalyst 43, the product 30 could be obtained in promising

67% yield and 73% ee.
In the intermolecular Stetter reaction, self-condensation of the donor aldehyde

usually dominates over the conjugate addition, leading to benzoins as the major

Scheme 9.11 The generation of adjacent stereocenters.

Fig. 9.6 Novel thiazolium salt precatalysts prepared by Bach and Miller.
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products. In order to circumvent this problem, Scheidt et al. [47] devised a strat-

egy that employs acylsilanes as acyl anion precursors (Scheme 9.12) [48]. In fact,

the thiazolium-catalyzed (44) reaction of the acyl silane 45 and chalcone 46 as the

conjugate acceptor proceeded smoothly to give the 1,4-dicarbonyl product 47 in

77% yield.

In the rationale of Scheidt et al., a carbene catalyst (48) adds to the acylsilane 49

to produce – after 1,2-silyl migration – the intermediate 50 (Scheme 9.13). The

alcohol is believed to induce a desilylation, leading to the Breslow-intermediate

26. Due to the reduced electrophilicity of the acylsilane (in comparison with an

aldehyde), the conjugate addition predominates.

Scheidt and co-workers were also able to carry out Stetter reactions under neu-

tral aqueous conditions [49]. In a biomimetic fashion, a thiazolium catalyst adds

to the keto group of a pyruvate (! 51), which leads to decarboxylation (! 52)

(Scheme 9.14). This intermediate can be trapped by substituted a,b-unsaturated

2-acyl imidazoles 53, leading to the usual Stetter products 54.

Scheme 9.12 The Sila–Stetter reaction, as reported by Scheidt et al.

Scheme 9.13 Mechanistic proposal for the Sila–Stetter reaction.

Scheme 9.14 Stetter reactions in water, according to Scheidt.
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In order to address the synthesis of biologically relevant a-amido ketones 55,

Murry, Frantz and colleagues have devised a thiazolium-catalyzed (44) conjugate

addition of aldehydes 56 to acyclimines 57 (Scheme 9.15) [50] In their synthetic

design, arylsulfonylamides serve as a precursor for the acylimines, which are also

referred to as imino esters.

A successful asymmetric variant of the imino-Stetter reaction has recently been

presented by Miller et al., who employed chiral peptidic thiazolium salts similar

to compound 43 (see Fig. 9.6) [51].

The 1,4-dicarbonyl compounds resulting from Stetter reactions have been used

by Müller and colleagues [52] and by Bharadwaj and Scheidt [53] in efficient one-

pot Stetter–Paal–Knorr protocols for the synthesis of highly substituted pyrroles.

In an analogous fashion, Frantz et al. converted their a-ketoamides into the corre-

sponding imidazoles by treatment with a primary amine [54].

Despite the unrivaled easy access to 1,4-dicarbonyl compounds, only a few ex-

amples of the application of Stetter reactions in the synthesis of natural products

have been reported to date [55]. Tius et al. have employed a diastereoselective in-

termolecular Stetter reaction and a ring-closing metathesis reaction as the key

steps in their elegant synthesis of roseophilin (58; Scheme 9.16) [56]. The 1,4-

Scheme 9.15 Imino-Stetter reaction, as reported by Murry, Frantz and colleagues.

Scheme 9.16 The synthesis of roseophilin according to Tius et al.
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dicarbonyl functionality in 59 served as a precursor for the central pyrrole unit of

the natural product.

In order to carry out Stetter (and other) reactions in a highly parallel fashion

and with minimal purification, it is necessary to immobilize the catalysts. This

strategy should also allow for catalyst recycling, and was first addressed by Enders

et al. [57]. Starting from the thiazole 60, Barrett and co-workers [58] have synthe-

sized a ROMP gel-supported thiazolium iodide 61 which was successfully applied

to Stetter reactions and afforded the products in high yield and purity (Scheme

9.17) [59].

This chapter exemplifies how the development of highly active catalysts and

creative reaction design have revitalized the interest in Stetter reactions as a

valuable tool for efficient CaC-bond-forming reactions. The next challenges to be

met in this field are the reduction of the catalyst loading and the catalytic asym-

metric intermolecular Stetter reactions.

9.3

Further Applications

9.3.1

a3 to d3 Umpolung

The reactions discussed above have focused on an a1 to d1 umpolung, as exempli-

fied by the reaction of the resulting d1 nucleophile with aldehydes (benzoin con-

densation [9]) or with Michael acceptors (Stetter reaction [38]) [3]. In contrast,

a,b-unsaturated aldehydes can react as d3 nucleophiles by utilizing a conjugated

umpolung that involves a homoenolate reactivity.

One application of this catalytic generation of homoenolate type intermediates

is in the stereoselective formation of g-butyrolactones 64 from a,b-unsaturated

aldehydes 62 and their reactionwith aldehydes or ketones 63 [60]. (For experimental

details see Chapter 14.19.2). Glorius [60a] and Bode [60b] almost simultaneously

published their results utilizing a N-heterocyclic carbene generated from a bisar-

ylimidazolium salt 65 (IMes). The corresponding disubstituted g-butyrolactones

Scheme 9.17 Synthesis of ROMP gel-supported thiazolium iodide 61.
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64 are generated in moderate to good yields, and with preference for the cis-dia-
stereomer (Scheme 9.18). The acceptor is limited to either aromatic or a,b-unsat-

urated aldehydes.

The postulated catalytic cycle is shown in Scheme 9.19. The N-heterocyclic
carbene catalyst 11 (1,3-dimesityl-imidazolin-2-ylidene, IMes) attacks the a,b-

unsaturated aldehyde 62, generating the zwitterionic substance 66. After

Scheme 9.18 Generation of g-butyrolactones by Glorius and colleagues

[60a] and by Bode and colleagues [60b]. Reaction conditions: (a) for

Glorius et al.: 5 mol% cat. 65, 10 mol% KOt-Bu, THF, 16 h; (b) for

Bode et al.: 8 mol% cat. 65, 7 mol% DBU, THF/t-BuOH (10:1), 3–15 h.

Scheme 9.19 Postulated catalytic cycle for the ‘‘conjugated umpolung’’.
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protonation/deprotonation, the conjugated dienamine 67 is formed which attacks

the aromatic aldehyde 63 to yield the alcoholate 68. Tautomerization to the inter-

mediate 69 enables the intramolecular nucleophilic attack of the alcoholate to the

carbonyl group, thereby generating the lactone 64 and the catalyst for further use.

The formation of a quaternary stereocenter could be achieved with a,a,a-

trifluoroacetone as electrophile. An enantioselective procedure for this novel

carbon–carbon bond-forming process has not been reported to date, the first

results with a chiral imidazolium salt as precatalyst developed by Glorius et al.

resulted in only low enantiomeric excesses (12–25% ee).
Employing a similar strategy, g-lactams could be synthesized by addition of the

homoenolate equivalent to an appropriate imine (Scheme 9.20) [61]. A variety of

functionalized a,b-unsaturated aldehydes 62 and N-4-methoxybenzenesulfonyl

imines 70 produced disubstituted g-lactams 71 in good yields and with a prefer-

ence for the cis diastereomer. One crucial point is the reversibility of the addition

of the catalyst to the imine to enable a reaction with the aldehyde. N-Aryl, N-alkyl,
N-tosyl and N-phosphinoyl imines where either unreactive or inhibited any cata-

lytic reaction due to the formation of a stable adduct with the catalyst.

Scheidt et al. [62] reported the formation of saturated esters utilizing benzimi-

dazolium salts when protonating the intermediate 67 (see Scheme 9.19) and trap-

ping the resulting activated carbonyl unit with an alcohol nucleophile (Scheme

9.21). These authors were able to show that the electrophile (phenol) and the

nucleophile (primary or secondary alcohols) can be decoupled, enabling a broad

substrate scope, though they had to employ an excess of phenol (2 eq.) and the

nucleophile (5 eq.), accompanied by rather harsh conditions (100 �C).

A one-step construction of g,g-difunctionalized g-butyrolactones from benzoins

or benzaldehydes via a tandem reaction promoted by 1,3-dimethyl-imidazol-2-

ylidene in the presence of methyl acrylate was reported by Zhai et al. [63]. So

far, the exact mechanism of the reaction, as well as the role of the catalyst, has

not been clarified.

Scheme 9.20 Catalytic synthesis of g-lactams, according to Bode et al.
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Recently, Bode et al. were able to demonstrate that the products formed after

generation of the homoenolate equivalents 67 are determined by the catalytic

base [64]. Strong bases such as KOt-Bu led to carbon–carbon bond-formation

(g-butyrolactones), while weaker bases such as diisopropylethylamine (DIPEA) al-

lowed for protonation of the homoenolate and the subsequent generation of acti-

vated carboxylates. The combination of triazolium catalyst 72 and DIPEA in THF

as solvent required no additional additives and enabled milder reaction conditions

(60 �C), accompanied by still high conversions in the formation of saturated es-

ters out of unsaturated aldehydes (Scheme 9.21). Aliphatic and aromatic enals

62, as well as primary alcohols, secondary alcohols and phenols, are suitable sub-

strates. a-Substituted unsaturated aldehydes did not yield the desired products 73.

An alternative to generate esters 73 was reported by Rovis et al., who converted

a-haloaldehydes into the corresponding dehalogenated esters (Scheme 9.22) [65].

In the proposed mechanism, the Breslow intermediate 74 (X1 ¼ Br, X2 ¼ H) con-

tains a b-leaving group which allows the formation of the enol 75 that gives rise to

the ester 73.

An enantioselective version was recently reported by the same group (Scheme

9.23) [66]. 2,2-Dichloroaldehydes 76 react with phenols 77 in the presence of the

chiral triazolin-5-ylidene carbene 35 to form a-chloroesters 78 in good yield and

enantioselectivity. The key step in the proposed catalytic cycle is an enantioselec-

Scheme 9.22 Key steps in the generation of esters from

a-haloaldehydes, according to Rovis et al.

Scheme 9.21 Catalytic esterification of a,b-unsaturated aldehydes, according to Bode et al.
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tive protonation of the chiral enolate 75 (X1;X2 ¼ Cl). The addition of 18-

crown-6 was necessary to provide a homogeneous reaction medium, as well as

2,6-dibromo-4-methylphenol in order to suppress epimerization. The reaction is

limited to aldehydes lacking b-branching.

The broad scope of the catalytic generation of activated carboxylates was de-

monstrated by Bode et al. in the diastereoselective synthesis of b-hydroxy esters

79 from a,b-epoxy aldehydes 80 employing achiral thiazolium salts 81 as precata-

lysts (Scheme 9.24) [67]. The incorporation of a reducible functionality into the

aldehyde substrate is the premise for a catalyst-induced intramolecular redox re-

action generating the activated carboxylate 82.

Scheme 9.23 Asymmetric synthesis of a-chloro esters, according to Rovis et al.

Scheme 9.24 Synthesis of b-hydroxyesters from epoxyaldehydes, according to Bode et al.
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Alternatively, a chiral imidazolium salt generates a chiral-activated ester which

allows for the kinetic resolution of chiral secondary alcohols. Chan and Scheidt

described this reaction of racemic 1-phenylethanol and cinnamaldehyde [62].

The enantiodiscrimination was explained by the chiral intermediate formed be-

tween the chiral imidazolium salt and cinnamaldehyde, which has sufficient fa-

cial selectivity to react preferentially with the (R)-stereoisomer of 1-phenylethanol.

Fu et al. recently presented their results on carbene-catalyzed intramolecular

Heck-type cyclizations [68]. The N-heterocyclic carbene generated in situ from

the triazolium salt 83 catalyzed cyclization of the substrates 84 to form the cyclo-

alkanes 85 (Scheme 9.25). The lowest yields were obtained when the reaction

products were cyclobutanes. These authors assumed that the carbene initially re-

acted with the Michael acceptor site of the substrate to the intermediate 86, which

subsequently cyclized via 86O to the final products 85.

On the background of the impressive studies summarized herein, it can be

expected that even more manifold reactions exploiting the carbene-catalyzed um-

polung of aldehydes will be discovered in the future [69].

9.3.2

Transesterifications and Polymerizations

In 1994, Smith et al. reported the first transfer of alkoxycarbonyl groups from 2-

alkoxycarbonylimidazolium salts to benzyl alcohols to yield the corresponding

benzyl alkyl carbonates [70]. Unfortunately, stoichiometric amounts of the substi-

Scheme 9.25 Carbene-catalyzed synthesis of cycloalkanes, according to Fu et al.
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tuted imidazolium salts had to be used, and the imidazole-alkoxycarbonyl adduct

had to be prepared separately in advance. Nolan et al. later reported the use of

imidazol-2-ylidenes as efficient catalysts in the transesterification of esters with

primary alcohols [71]. Only low catalyst loadings (0.5–5 mol%) of aryl-substituted

(IMes) or alkyl-substituted imidazolin-2-ylidenes 11 were necessary to synthesize

various esters in high yields, under mild reaction conditions, and in short reac-

tion times. Using methylesters as substrates, the addition of 4 Å molecular sieves

led to quantitative conversions, and a selective protection of primary alcohols in

the presence of secondary alcohols was possible. Benzyl alcohol was almost exclu-

sively acylated by vinyl acetate in the presence of 2-butanol.

The transesterification with secondary alcohols was also reported by the same

group [72]. By utilizing 1,3-dicyclohexyl-imidazolin-2-ylidene (ICy, 11) as catalyst,

various alcohols 87 (including aliphatic cyclic and aromatic alcohols) reacted with

diverse esters 88 to yield the desired esters 89 (Scheme 9.26). The steric bulk at

the a position of the alcohol reduces the reaction rates, and longer reaction times

are required; hence, the reaction proceeds slowly (5 days) with tertiary alcohols

(1-adamantanol) and requires higher catalyst loadings (20 mol%) to yield moder-

ate yields (54%).

An interesting version of the transesterification reactions was reported by

Movassaghi et al., with the amidation of unactivated esters with amino alcohols

(Scheme 9.27) [73]. The amidation was explained by carbene–alcohol interac-

tions. A nucleophilic activation of the hydroxyl group of the aminoalcohol 90

by the catalyst 11 is followed by transesterification to the ester 91 which is in-
situ-converted to the amide 92 through a N ! O acyl transfer. Various aliphatic

and aromatic esters with different functionalities, as well as chiral aminoalcohols,

are suitable for this reaction.

Suzuki et al. [74] and Maruoka and colleagues [75] made further progress in the

enantioselective acylation of secondary alcohols 93. Suzuki et al. reported moder-

ate enantiomeric excesses (up to 51% ee) when employing C2 symmetric chiral

imidazolium salts 94 as precatalysts and vinyl acetate as acylation agent. How-

Scheme 9.26 Nolan’s transesterifications.
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ever, the induction could not be significantly enhanced by employing bulkier N-
substituents at the catalyst. Maruoka and colleagues subsequently showed that

more sterically hindered acylation agents improve the enantioselectivities. In-

deed, selectivities of up to 96% ee accompanied by moderate to good yields could

be achieved for the de-racemized esters 95 by utilizing vinyl diphenylacetate 96 as

the acylation agent (Scheme 9.28).

Scheme 9.27 Proposed mechanism of the amidation of unactivated

esters, according to Movassaghi et al.

Scheme 9.28 Enantioselective acylation of secondary alcohols, as

reported by Maruoka and colleagues.
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The concept of transesterifications was used for polymerization reactions by

Hedrick and colleagues [76]. Various biodegradable polyesters were synthesized

with the 1,3-dimethylimidazol-2-ylidene carbene in THF at 25 �C. Polymers such

as poly(e-caprolactone) were obtained with no need of organometallic catalysts, as

in classical methods. Poly(ethylene terephthalate) (PET) 97 was synthesized in

the ionic liquid 98, which functions as the reaction medium and, at the same

time, as a precatalyst that is activated (99) with KOt-Bu. Dimethyl terephthalate

(DMT) 100 was condensed with an excess of ethylene glycol 101 to generate 102.

The melt condensation of 102 was performed under vacuum using a heating

ramp to 280 �C.

A further example of this strategy was presented by the same group for the on-

demand living polymerization of lactide [77]. Alkoxytriazolines were shown to re-

versibly dissociate at 90 �C to generate an initiating/propagating alcohol. The

ring-opening polymerization can be activated/deactivated with temperature on

demand, making it ideally suited for the preparation of block copolymers and

complex macromolecular architectures.

The research areas in organic chemistry where nucleophilic carbenes are ap-

plied as catalysts are continuously growing, and these now include nucleophilic

acylation reactions (benzoin reactions, Stetter reactions, a3/d3 umpolung, gen-

eration of activated carboxylates) as well as manifold transesterifications. None-

theless, many more interesting contributions are to be expected in the future.

Publication titles such as ‘‘Extending mechanistic routes in heterazolium catalysis

– promising concepts for versatile synthetic methods’’ announce fruitful further

developments in organocatalysis with nucleophilic carbenes [69].

Scheme 9.29 Polymerizing esterifications, according to Hedrick et al.
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Domingo, F. López Calahorra, J.

Martı́, Tetrahedron Lett. 1993, 34, 517;
(e) R. Breslow, R. Kim, Tetrahedron
Lett. 1994, 35, 699; (f ) Y.-T. Chen,
G.L. Barletta, K. Haghjoo, J.T. Cheng,

F. Jordan, J. Org. Chem. 1994, 59,
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(h) F. López Calahorra, E. Castro, A.

Ochoa, J. Martı́, Tetrahedron Lett.
1996, 37, 5019; (i) F. López Calahorra,
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10

Ylide-Based Reactions

Eoghan M. McGarrigle and Varinder K. Aggarwal

10.1

Introduction

In this chapter, we will review the use of ylides as enantioselective organocata-

lysts. Three main types of asymmetric reaction have been achieved using ylides

as catalysts, namely epoxidation, aziridination, and cyclopropanation. Each of

these will be dealt with in turn. The use of an ylide to achieve these transforma-

tions involves the construction of a CaC bond, a three-membered ring, and two

new adjacent stereocenters with control of absolute and relative stereochemistry

in one step. These are potentially very efficient transformations in the synthetic

chemist’s arsenal, but they are also challenging ones to control, as we shall see.

Sulfur ylides dominate in these types of transformations because they show the

best combination of ylide stability [1] with leaving group ability [2] of the onium

ion in the intermediate betaine. In addition, the use of nitrogen, selenium and

tellurium ylides as catalysts will also be described.

10.2

Epoxidation

Whilst epoxides are important functional groups in organic synthesis as targets

in their own right, they are perhaps more important as intermediates that yield

bifunctional compounds after stereoselective ring-opening by a nucleophile. Start-

ing from an enantiopure epoxide, the absolute stereochemistry at two adjacent

chiral centers can be controlled, and consequently epoxides not only have a long

history as targets for asymmetric catalysis, but a variety of enantioselective

catalytic methods for their synthesis also exists [3–12]. Most of these methods

concern the oxidation of an alkene, which is often synthesized from a carbonyl

compound. Conceptually, however, it is also possible to epoxidize a carbonyl com-

pound by enantioselective alkylidenation using an ylide, a carbene, or a Darzens’

reaction.
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In this section, we review the development of organocatalytic ylide-based epox-

idation methods which allow a one-step route from carbonyl compounds, and

therefore compete with the more traditional two-step approach of olefination fol-

lowed by epoxidation of the resulting alkene (see Scheme 10.1) [13]. Indeed,

ylide-based methodologies side-step the construction of a CbC double bond and

achieve the whole transformation in one step; thus, they are potentially more

atom-efficient (see Scheme 10.1). However, there are greater challenges as both

the absolute and relative stereochemistries must be controlled in one step

[14–22].

10.2.1

Sulfur Ylide-Catalyzed Epoxidation

Stoichiometric sulfur ylide epoxidation was first reported by A.W. Johnson [23] in

1958, and subsequently the method of Corey and Chaykovsky has found wide-

spread use [24–26]. The first enantioselective epoxidations using stoichiometric

amounts of ylide were reported in 1968 [27, 28]. In another early example,

Hiyama et al. used a chiral phase-transfer catalyst (20 mol%) and stoichiometric

amounts of Corey’s ylide to effect asymmetric epoxidation of benzaldehyde in

moderate to good enantiomeric excess (ee) of 67 to 89% [29]. Here, we will focus

on epoxidations using catalytic amounts of ylide [30–32]. A general mechanism

for sulfur ylide epoxidation is shown in Scheme 10.2, whereby an attack by the

ylide on a carbonyl group yields a betaine intermediate which collapses to yield

Scheme 10.1 Comparison of routes to epoxides from carbonyl

compounds. Top: Asymmetric carbonyl epoxidation. Bottom: Wittig

olefination followed by asymmetric alkene epoxidation.

Scheme 10.2 General mechanism of sulfur ylide epoxidation.
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epoxide and sulfide. In order to develop a catalytic method, the substoichiometric

amount of sulfur ylide must be regenerated from the sulfide under reaction

conditions. This has been achieved in two different ways: (1) by alkylation of the

sulfide followed by deprotonation of the newly formed sulfonium salt; or (2) by

direct reaction of the sulfide with a carbene source. Both of these approaches are

discussed below.

10.2.1.1 Catalysis via Sulfide Alkylation/Deprotonation

The first enantioselective catalytic sulfur ylide epoxidation was reported by Furu-

kawa et al. (a general catalytic cycle is illustrated in Scheme 10.3) [33]. Benzyl

bromide was used to alkylate chiral sulfide 1, and deprotonation of the resulting

sulfonium salt by potassium hydroxide gave a sulfur ylide which epoxidized an

aldehyde and regenerated the sulfide. Furukawa et al. were able to demonstrate

some catalyst turnover at sulfide loadings of 10–50 mol%. A number of research

groups have reported catalytic epoxidations based on this cycle, using a variety of

sulfide structures [34–36]. Figure 10.1 shows examples, along with further details

of the catalytic results, for the coupling of benzyl bromide and benzaldehyde to

form trans-stilbene oxide.

10.2.1.2 Conditions and Results for Alkylation/Deprotonation Cycle

Typically, reactions are carried out open to air, at room temperature (rt), using

a mixture of tBuOH/water (9:1) or MeCN/water (9:1) as solvent and sodium or

potassium hydroxide as base. The presence of water suppresses undesired side

reactions (e.g., Cannizzaro reaction, Williamson alkylation, solvent reactivity)

[37]. Benzyl bromides are most commonly reported as the halide component.

Scheme 10.3 Catalytic cycle for epoxidation via sulfide alkylation and

subsequent deprotonation.
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Sulfide loadings of 10–50 mol% have been used, although low yields or long re-

action times are reported at low loadings for some sulfides. Reported reaction

times vary from 1 day to 1 month, depending on the sulfide and reaction condi-

tions chosen. The rates can be improved by increasing the reaction concentration,

but side reactions (e.g., Cannizzaro reactions) may compete and so a balance

must be found. The alkylation step is slow and reversible, whereas the deprotona-

tion step is rapid but reversible, and in protic solvents the equilibrium lies to-

wards the starting materials [38]. Additives such as Bu4NI and sodium iodide

have been used to speed up the alkylation step through halogen exchange with

the alkyl bromide [35]. Other additives such as catechol (0.5 mol%) and

Bu4NHSO4 can also have positive effects. It has been proposed that the ammo-

nium cations may act as phase-transfer catalysts [34]. (For experimental details

see Chapter 14.13.2). Increasing the bulk of the sulfide can increase the selec-

tivity, but generally slows the alkylation step. Factors which affect the selectivity

in the reaction between ylide and aldehyde are discussed in Sections 10.2.1.9

and 10.2.1.10. The epoxidation of aromatic aldehydes with benzyl ylides can be

achieved in good yield, with high diastereo- and enantioselectivity, although

the scope is limited. The basic reaction conditions restrict the process to non-

enolizable aldehydes. Cinnamaldehyde and heteroaromatic aldehydes are the only

other aldehydes to produce reasonable results under catalytic conditions [34, 35,

39, 40]. Overall, this is an operationally simple method for the production of

trans-epoxides in high enantio- and diastereoselectivity, although its usefulness

is restricted by its narrow scope.

10.2.1.3 Catalysis via Ylide Formation from a Carbene Source

Aggarwal et al. [41] first reported the use of an alternative catalytic cycle in 1994

(see Scheme 10.4), wherein a diazo compound reacts with a sulfide in the pres-

Fig. 10.1 Selected chiral sulfides and results obtained using alkylation/

deprotonation catalytic methodology for the asymmetric synthesis of

trans-stilbene oxide. dr ¼ trans:cis; solvents and additives vary.
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ence of a metal catalyst to form an ylide; the latter then reacts with the carbonyl

compound to give the desired epoxide and regenerate the sulfide. The reaction is

carried out under neutral conditions, and therefore this method has the advan-

tage that base-sensitive substrates can be used [42, 43]. In addition, because the

metal carbene intermediate is more reactive than alkyl halides, ylide formation

with less-reactive sulfides is possible.

Increasing the sulfide concentration (reducing the solvent volume) and adding

the diazo compound slowly are crucial to the successful catalytic process. This is

to ensure rapid reaction of the metal carbenoid with the sulfide; otherwise, side

reactions involving the metallocarbene dominate [43, 44]. This reduction in side

reactions (especially stilbene formation) does not compromise the enantioselectiv-

ity. Both Cu(acac)2 and Rh2(OAc)4 were seen to effect the formation and transfer

of carbene to sulfide, although the reaction was quite sensitive to the quality of

the copper reagent [21]. Notably, Cu(acac)2 gave better results, especially with hin-

dered sulfides, compared to Rh2(OAc)4 [45]. The main problem with this method

is the need to handle stoichiometric amounts of diazo compounds, which are po-

tentially hazardous and not desirable in large-scale reactions. Thus, a modified

catalytic cycle was introduced with the in situ generation of the diazo compound.

10.2.1.4 Carbenes from In Situ Diazo Compound Generation

In this modified catalytic cycle, tosylhydrazones were used as a source of diazo

compounds. Rh2(OAc)4 gave better results than Cu(acac)2 as the metal source

for the generation of the metallocarbene from the diazo compound (see Scheme

10.5) [46, 47]. Sodium tosylhydrazone salts decomposed to give diazo compounds

in acetonitrile at 30–40 �C in the presence of a phase-transfer catalyst (5–20

mol%) (PTC). Sulfide loadings as low as 5 mol% were achieved with reasonable

reaction times (<48 h). The tosylhydrazone could be generated from an aldehyde

in situ, thus providing a one-pot procedure for coupling two aldehydes to give an

epoxide. The process is also amenable to scale-up (50-mmol scale demonstrated),

and further reductions in rhodium and PTC loadings were achieved on scale-up.

Optimized procedures have been described in detail [48]. (For experimental de-

tails see Chapter 14.13.3). This method provides access to ylides that cannot be

formed from the direct reaction of a diazo compound and sulfide due to instabil-

ity of the diazo compound (e.g., p-methoxybenzaldehyde-derived hydrazone salt

Scheme 10.4 Catalytic cycle for ylide epoxidation via the carbene route.
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works well, but the corresponding diazo compound decomposes at �80 �C and

can detonate when isolated) [29]. In addition to operational benefits, yields and

diastereoselectivities were higher using this process compared to using a pre-

formed diazo compound.

10.2.1.5 Scope of Carbene-Based Methodologies

Aromatic, certain heteroaromatic, aliphatic and a,b-unsaturated aldehydes could

all be epoxidized in high enantio- and diastereoselectivity with moderate to good

yields in reactions using sulfide 4 and the sodium salt of benzaldehyde tosylhy-

drazone [29].

Figure 10.2 illustrates selected examples of these epoxide products. Aromatic

and heteroaromatic aldehydes proved to be excellent substrates, regardless of

steric or electronic effects, with the exception of pyridine carboxaldehydes. Yields

of aliphatic and a,b-unsaturated aldehydes were more varied, though the enantio-

selectivities were always excellent. The scope of tosylhydrazone salts that could be

reacted with benzaldehyde was also tested (Fig. 10.3) [29]. Electron-rich aromatic

tosylhydrazones gave epoxides in excellent selectivity and good yield, except

for the mesitaldehyde-derived hydrazone. Heteroaromatic, electron-poor aromatic

and a,b-unsaturated-derived hydrazones gave more varied results, and some sub-

strates were not compatible with the catalytic conditions described. The use of

stoichiometric amounts of preformed sulfonium salt derived from 4 has been

shown to be suitable for a wider range of substrates, including those that are in-

compatible with the catalytic cycle, and the sulfide can be recovered quantitatively

afterwards [31]. Overall, the demonstrated scope of this in situ protocol is wider

than that of the alkylation/deprotonation protocol, and the extensive substrate

Scheme 10.5 In situ generation of diazo compound and resulting catalytic epoxidation cycle.
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Fig. 10.2 Selected epoxides formed from the reaction of PhCHNNTsNa.

Yield, trans:cis (% ee). Reaction conditions: PhCHNNTsNa, RCHO,

sulfide 4 (5 mol%), Rh2(OAc)4 (1 mol%), PTC (5 mol%), CH3CN,

40 �C, 48 h, unless stated otherwise [47].

Fig. 10.3 Selected epoxides formed from the reaction of PhCHO and

RCHNNTsNa. Yield, trans:cis (% ee). Reaction conditions: RCHNNTsNa,

PhCHO, sulfide 4 (20 mol%), Rh2(OAc)4 (1 mol%), PTC (5 mol%),

40 �C, unless stated otherwise [47].
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screening that has been conducted allows the best disconnection for a given epox-

idation to be chosen [29].

10.2.1.6 Catalytic Cycle Using the Simmons–Smith Reagent

The use of the Simmons–Smith reagent as an alternative source of carbene has

been reported [49–51]. Thus, the combination of Et2Zn, ClCH2I (2 equiv.) and

sulfide gave an ylide which epoxidized aldehydes to give terminal epoxides in

good yield. Base-sensitive aldehydes were tolerated, and those bearing stereocen-

ters gave mixtures of diastereomers, though the pre-existing stereocenters were

not racemized. Aggarwal et al. reported that sulfides tethered to zinc with chiral

ligands led to terminal epoxides from aliphatic and aromatic aldehydes in up to

54% ee [50]. Goodman reported ee-values of up to 76% for terminal epoxides

using sulfide 3 and a chloromethyl zinc complex [51], while Aggarwal and co-

workers showed that the zinc ions were intimately involved in the epoxidation

step, which is in sharp contrast to other catalytic methods where only the sulfur

ylide is involved in the epoxidation step [50, 52].

10.2.1.7 Synthesis of Glycidic Amides

Diazoacetamides have also been used as diazo compounds in sulfur ylide-

mediated epoxidations yielding glycidic amides 6 [53]. Seki and co-workers have

reported the use of diazoacetamides and Cu(acac)2 to generate the sulfur ylides in
situ [54]. Chiral sulfides 5a/b (20 mol%) were used to catalyze the reaction of aro-

matic aldehydes and diazoacetamides to give glycidic amides in low to moderate

yield (18–71%) and moderate ee (up to 64%) (see Scheme 10.6). Currently, only

stoichiometric ylide epoxidations give access to glycidic amides in high enantio-

selectivity and yield [55].

10.2.1.8 Optimum Sulfide in Carbene-Based Cycle

Sulfide 4 is the best sulfide reported so far for use in carbene-based catalytic

cycles. This gives excellent enantio- and diastereoselectivities in many cases, and

Scheme 10.6 Sulfur ylide-catalyzed asymmetric synthesis of glycidic amides.
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also displays sufficient reactivity and stability. It can be used at loadings of 5

mol% in many cases, and it can be recovered from the reaction and recycled. It

can be synthesized on a 20-g scale in four steps from camphorsulfonyl chloride,

which is available in both enantiomeric forms [46, 56]. The origin of the selectiv-

ities observed in epoxidation reactions are discussed below. Many of these factors

are also relevant in sulfide-catalyzed aziridination and cyclopropanation (see Sec-

tions 10.3 and 10.4.1).

10.2.1.9 Diastereoselectivity in S-Ylide Epoxidations

The diastereoselectivity in sulfur ylide-mediated epoxidation is controlled by the

reversibility of the initial betaine formation step [57]. Scheme 10.7 shows the in-

dividual steps in the epoxidation. Computational studies have shown that the al-

dehyde approaches the ylide on a ‘‘cisoid’’ or ‘‘head-on’’ trajectory (due to favor-

able Coloumbic interactions) and initially forms 8a and 7a [58]. Rotation about

the newly formed CaC bond leads to conformers 8b and 7b. The subsequent

ring-closing of the anti-periplanar rotamers is rapid, and leads to formation of

the cis- and trans-epoxides 10 and 9, respectively. Surprisingly, calculations sug-

gest that the rate-determining process can be the CaC bond rotation for cis-
epoxide formation. If betaine formation is non-reversible, then the diastereoselec-

tivity is controlled by the relative energies of the transition states for formation of

the syn- and anti-betaines, 8a and 7a, the difference of which (from calculation) is

small. Alternatively, if betaine formation is reversible then the rates of conversion

of the syn- and anti-betaines to cis- and trans-epoxides will affect the diastereose-

lectivity observed. In reactions of benzaldehyde with dimethylsulfonium benzy-

lide, it has been shown that the anti-betaine 7a (R ¼ Ph) forms non-reversibly

and ring-closes to form trans-epoxide 9 [57]. The syn-betaine 8a forms reversibly

with only slow conversion to the anti-periplanar rotamer, which can form cis-
epoxide 10. Thus, a high degree of trans-selectivity is observed in these cases.

Scheme 10.7 Individual steps involved in epoxide formation.
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The structure of the aldehyde and ylide, as well as the solvent and metal ions,

can influence the relative stabilities of the betaines and the relative rates of the

individual steps [43, 47, 57–60]. The effects of these factors on syn-betaine revers-
ibility outweigh any effect on anti-betaine reversibility, and so increasing revers-

ibility corresponds to improved diastereoselectivity. Ylides or aldehydes bearing

bulky groups increase the barrier to CaC bond rotation in the betaines and tend

to favor reversion. Polar solvents and metal ions can stabilize the alkoxide, thus

allowing a more facile separation of charge and thereby lowering the barrier to

rotation in the betaines, leading to lower diastereoselectivity. Stabilized aldehydes

and ylides favor reversible betaine formation, and hence good diastereoselectiv-

ities but less-stable aldehydes and ylides tend to give poorer diastereocontrol.

10.2.1.10 Enantioselectivity in S-Ylide Epoxidations

There are four main factors that control the enantioselectivity in the sulfur ylide-

mediated epoxidation: (1) selectivity for one sulfide lone pair; (2) control of ylide

conformation; (3) control of facial selectivity; and (4) the reversibility of anti-
betaine formation.

Enantioselectivity can be controlled by presenting only one face of one ylide iso-

mer to the approaching aldehyde and ensuring that this step is non-reversible

and therefore enantiodetermining [45–47, 61]. Sulfide 4 was designed so that

one of the lone pairs on sulfur is much more hindered than the other, and so

only one pair reacts to form an ylide (11). There are two potentially important

conformers of the ylide 11A and 11B, as an orthogonal arrangement of the lone

pairs on sulfur and carbon is favored [62]. Steric interactions disfavor 11B, and

so 11A is the major conformer available to react (Scheme 10.8). Aldehyde

approach to 11 is only possible to one face due to steric blocking of the other

face [47]. It should be noted that improving selectivity with bulky sulfides can

lead to decreasing reactivity [43], and so a compromise must be found in sulfide

design. In the case of 1,3-oxathianes such as 12, electronic effects were shown to

improve the face selectivity of the sulfide in addition to steric effects [61]. In the

cases of C2-symmetric sulfides such as 2a and 3, the issue of lone pair selectivity

is avoided. Calculations by Goodman and co-workers have suggested that the re-

sulting ylide conformations derived from 2a are not well controlled, but in fact in

these cases the reactivities of the ylide conformers are very different so that high

enantioselectivities can still be obtained as the equilibrium between conformers is

Scheme 10.8 Equilibration of ylide conformers and trajectory of aldehyde approach to 4.
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rapid [63]. Enantioselectivity should be controlled through non-bonding interac-

tions in the transition state of the CaC-bond-forming step [34].

Control of the above-described factors leads to the selective formation of one

betaine intermediate. If betaine formation is non-reversible, this will lead to high

enantioselectivity in epoxide formation, which is observed for a wide range of

substrates using 4 as catalyst. It is believed that in many cases the minor enan-

tiomer of epoxide observed is formed from aldehyde reacting with the minor ylide

conformer [47, 60]. If the anti-betaine is formed reversibly, the bond-rotation and/

or ring-closure step can become enantiodifferentiating, and lower enantioselectiv-

ities can result because of differences in the reversibility of betaine formation and

subsequent steps for the pathways starting from 11A and 11B [47, 60, 64]. This

explains the slightly lower ee-values observed in reactions of benzaldehyde with

ylides derived from electron-poor aromatic tosylhydrazone salts. Recently, it

was reported that the stereochemistry of chiral aldehydes can also influence the

reversibility of betaine formation and thus the selectivity observed [65]. A simple

test has been developed to determine whether reduced enantioselectivity is

caused by reversibility of betaine formation or imperfect control of ylide confor-

mation. Reactions are carried out in MeCN and compared to the results in

MeCN/H2O. An improvement in ee-values in MeCN/H2O mixtures, where the re-

versibility of betaine formation is reduced, indicates that reversibility is a problem

[47]. Although the use of MeCN/H2O mixtures can improve the ee-values, this
does not provide a practical solution as substantially lower yields are usually ob-

tained.

10.2.1.11 Applications of S-Ylide Epoxidation in Synthesis

Most studies on sulfur ylide-mediated asymmetric epoxidation have concentrated

on the development of the methodology. The usefulness of this approach has

been demonstrated in the synthesis of a number of biologically interesting com-

pounds. Furaldehyde-derived epoxides can be oxidized to produce glycidic esters

that are versatile intermediates in several syntheses (see Scheme 10.9) [46]. The

Scheme 10.9 Synthesis of glycidic esters. Reagents and conditions:

(a) RuCl3 (2 mol%), NaIO4 (4 equiv.), MeCN/CCl4/H2O, rt, 3 h;

(b) CH2N2, Et2O, rt.
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use of stoichiometric amounts of pre-formed sulfonium salt has been applied to

the synthesis of the anti-inflammatory agent CDP-840 (Scheme 10.10) [31]. The

suitability of this methodology for sensitive substrates was demonstrated in the

first synthesis of a ferrocenyl epoxide (see Scheme 10.11) [66]. One equivalent of

4 mediated the synthesis of 13 from ferrocene carbaldehyde and benzaldehyde

tosylhydrazone sodium salt in excellent enantioselectivity, but low yield. The

epoxide was ring-opened with sodium azide and then purified due to the fragile

nature of the ferrocenyl epoxide. Catalytic asymmetric epoxidation using sulfide 4

was used as the key step in the synthesis of b-hydroxy-g-lactone 14, an early

metabolite in the biosynthesis of polyketide antibiotics (see Scheme 10.12) [67].

Additional synthetic applications of this useful methodology will, no doubt, be

reported during the coming years.

Scheme 10.10 Synthesis of CPD-840 involving asymmetric epoxidation

as a key step. Reagents and conditions: (a) K2CO3, cyclopentyl

bromide, DMF, 97%; (b) NaBH4, MeOH, 99%; (c) ent-4, HBF4, Et2O,

rt, 4 h, 80%; (d) EtP2-base, CH2Cl2, �78 �C, 15 min, then 4-pyridine

carboxaldehyde, �78 �C, 1 h, 89%, (trans:cis ¼ 7:3), >98% ee;

(e) PhMgBr, CuI, THF, 85%; (f ) Et3N, MsCl, CH2Cl2; (g) Zn, AcOH,

80% (two steps).

Scheme 10.11 Synthesis of ferrocenyl epoxide. Reaction conditions:

(a) PhCHNNTsNa (1.5 equiv.), Rh2(OAc)4 (1mol%), BnEt3NCl (20mol%),

4 (1 equiv.), 1,4-dioxane, 40 �C, 47 h; (b) NaN3 (3.0 equiv.), NH4Cl

(3.0 equiv.), EtOH, reflux, 3.5 h.
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10.2.2

Te-Ylide-Catalyzed Epoxidation

The use of ylides derived from tellurium analogues of sulfides 2a and 2b for

asymmetric epoxidation has been described [68, 69]. Preliminary experiments us-

ing 15 as catalyst gave high enantio- and diastereoselectivities, but poor yield (see

Scheme 10.13).

10.2.3

Se-Ylide-Catalyzed Epoxidation

Catalytic asymmetric epoxidation using Se-ylides has been reported [68, 70]. Cin-

namaldehyde, aromatic and heteroaromatic aldehydes gave high yields and enan-

tioselectivities, but no diastereoselectivity was observed (see Scheme 10.14).

Scheme 10.12 Catalytic asymmetric ylide epoxidation as the key step in

a six-step synthesis of Prelactone B (14), 10% yield, 93% ee. Reaction

conditions: (a) Sulfide 4 (25 mol%), Rh2(OAc)4 (1 mol%), BnEt3NCl

(10 mol%), MeCN, 40 �C, 36 h.

Scheme 10.13 Te-ylide-catalyzed asymmetric epoxidation.

Scheme 10.14 Se-ylide-catalyzed asymmetric epoxidation using 16.
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10.2.4

Summary of Ylide-Mediated Epoxidation

Catalytic asymmetric sulfur ylide epoxidation provides access to trans-epoxides
in high yield, together with enantio- and diastereoselectivity from carbonyl

compounds. A range of complementary methods for the production of cis-, tri-,
tetra-substituted and terminal epoxides exist [3–6, 9–12]. Unfunctionalized trans-
epoxides can also be accessed from alkenes using dioxirane-based methods [7, 8].

Ylide-catalyzed carbonyl epoxidation provides an alternative to alkene epoxidation.

Ylide epoxidations using sulfide 4, and ylide generation from a diazo precursor

generated in situ, are particularly effective for a broad substrate range, including

base-sensitive substrates. For certain products (e.g., some a,b-unsaturated epox-

ides) the catalytic reaction performs poorly, but the stoichiometric ylide method

works well and the sulfide can be recovered in good yield. The combined catalytic

and stoichiometric methodologies allow the application of the sulfur ylide discon-

nection with confidence in the design of syntheses.

10.3

Asymmetric Aziridination

Like epoxides, chiral non-racemic aziridines are useful synthetic intermediates [3,

71], and a number of methodologies have been developed for their asymmetric

synthesis [3, 6, 14, 72, 73]. Although several groups have developed stoichiomet-

ric methods using chiral ylides [16, 20, 22, 74, 75], catalytic asymmetric ylide azir-

idinations remain relatively rare. In fact, the first catalytic aziridination with an

ylide was only reported ten years ago [76]. Progress in this area is reviewed in

the following section.

10.3.1

Sulfur Ylide-Catalyzed Aziridination

10.3.1.1 Ylide Regeneration via Carbenes

The first asymmetric aziridination process to use catalytic amounts of ylide was

reported by Aggarwal et al. in 1996 [77]. The proposed catalytic cycle (see Scheme

10.15) is analogous to that used in their asymmetric epoxidation process (see Sec-

Scheme 10.15 Catalytic cycle for asymmetric aziridination via sulfur ylides.
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tion 10.2.1.3). A diazocompound is slowly added to a dichloromethane solution

of sulfide (20 mol%), imine and transition-metal catalyst (1 mol% Rh2(OAc)4 or

5 mol% Cu(acac)2) at room temperature. The diazocompound reacts with a

transition-metal catalyst to form a metal carbenoid which can, in turn, react with

sulfide to generate an ylide. The sulfur ylide then reacts with imines to give the

desired aziridines.

A complication in aziridination is that metal carbenoids can react directly

with some imines to yield aziridines. Fortunately, imines bearing electron-

withdrawing groups are less reactive to carbenoids and more reactive to ylides

than electron-rich imines. Thus, N-tosyl, N-diphenylphosphinyl and N-[-(tri-
methylsilyl)ethansulfonyl] imines (-(trimethylsilyl)ethansulfonyl ¼ SES) were all

suitable substrates using dimethylsulfide and Rh2(OAc)4, with no background re-

action detected [77, 78]. Phenyldiazomethane, N,N-diethyl diazoacetamide and

ethyl diazoacetate could be used as the diazo component, although the latter two

required temperatures of 60 �C to decompose.

10.3.1.2 Scope and Limitations of the Carbene-Based Cycle

Having demonstrated the feasibility of their catalytic process, Aggarwal and col-

leagues explored the use of a chiral sulfide, 12 [77, 78]. It was found that N-SES
benzaldimines yielded aziridines 18a–e in excellent enantioselectivity (up to 97%

ee), albeit in moderate yield and diastereoselectivity (trans:cis 3:1–5:1). At catalytic
loadings of 12 (20 mol%), Rh2(OAc)4 gave slightly better yields and ee-values than
Cu(acac)2 in most cases. The use of alternative diazo compounds such as N,N-
diethyl diazoacetamide and ethyl diazoacetate provided moderate enantioselectiv-

ities at best, and only stoichiometric sulfide loadings were reported.

As in the epoxidation reactions, the diazo compound could be generated in situ
from tosylhydrazone salts (see Scheme 10.16) [79, 80]. This addressed the major

Scheme 10.16 Asymmetric ylide-catalyzed aziridination [79, 82].
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drawback in the system, as the use of stoichiometric amounts of phenyldiazome-

thane is potentially hazardous. Under the new protocol, the reaction was carried

out at 40 �C in dioxane with a phase-transfer catalyst in addition to Rh2(OAc)4 (1

mol%) and 20 mol% of chiral sulfide for one to two days. Sulfide 4 gave excellent

ee-values and good yields in the aziridination of a range of imines (see Table 10.1).

(For experimental details see Chapter 14.11.2).

In many cases the ee-values and yields obtained using this in situ process were

better than those reported using 12 and PhCHN2. In one example, the sulfide

loading was reduced to 5 mol% and no significant effect on either ee-value or

yield was observed. The range of aziridines was expanded and included imines

derived from ketones and aliphatic aldehydes (see Table 10.1), as well as a variety

of substituents on nitrogen (cf. entries 1 and 7–10). The diastereoselectivities ob-

served were moderate and highly dependent on the group on nitrogen. The

tosylhydrazone salt was also varied; for example, unsaturated aziridine 22 was

synthesized from the unsaturated tosylhydrazone salt 21 (see Scheme 10.17). Un-

saturated aziridines are particularly useful as they can undergo ring-expansions to

give either b- or d-lactams (see Scheme 10.17 for an example).

Table 10.1 Results obtained for the asymmetric sulfur ylide-catalyzed

aziridinationa) (according to Scheme 10.16 [79, 82]).

Entry Substrate Product Yield (%) drb) ee (%)c)

1 17a 18a 75 2.5:1 94

2d) 66 2.5:1 95

3 17b 18b 60 2.5:1 92 (78)

4 17c 18c 82 2:1 98 (81)

5 17d 18d 50 2.5:1 98 (89)

6 17e 18e 59 8:1 94

7 17f 18f 68 2.5:1 98

8 17g 18g 33e) 8:1 89

9 17h 18h 71 6:1 90

10 17i 18i 70 3:1 97

11 17j 18j 53 2:1 73 (95)

12 17k 18k 72 8:1 95

13 19 20 50 – 84

a)Reaction conditions: Imine (1 equiv.), 4 (20 mol%), Rh2(OAc)4
(1 mol%), PhCHNNTsNa (1.5 equiv.), BnEt3NCl (10 mol%),

1,4-dioxane, 40 �C.
b) trans:cis ratio.
c) ee of trans (cis).
d)Using 5 mol% sulfide.
e) 17g was unstable under the reaction conditions.
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10.3.1.3 Catalysis via Sulfonium Salt Formation and Deprotonation

As in catalytic ylide epoxidation (see Section 10.2.1.1), an alternative catalytic cy-

cle can be based on generation of the ylide in situ by reaction of a sulfide with an

alkyl halide to form a salt, which can then be deprotonated [76]. In 2001, Saito

et al. reported the asymmetric version of this cycle using a 3:1 ratio of alkyl halide

to sulfonyl imine (see Scheme 10.18) [81]. Good yields and ee-values were re-

ported for aryl- and styryl-substituted aziridines using stoichiometric amounts of

sulfide 24, and the diastereoselectivities ranged from 1:1 to 4:1. Unfortunately,

when loadings were reduced the reaction times became longer and lower yields

were reported (see Table 10.2).

Scheme 10.17 Synthesis of a d-lactam 23. Reagents and conditions:

(a) LiHMDS (1.5 equiv.), THF, �78 �C, 1 h; (b) 17a (1 equiv.), Rh2(OAc)4
(1 mol%), phase-transfer catalyst (10 mol%), sulfide 4 (20 mol%),

1,4-dioxane, 40 �C, 12 h; (c) [Pd2(dba)3.CHCl3] (15 mol%), PPh3
(1.3 equiv.), PhH, CO (1 atm), 50 �C, 12 h. HMDS ¼ 1,1,1,3,3,3-

hexamethyldisilazane; SES ¼ 2-(trimethylsilyl)ethanesulfonyl;

dba ¼ trans,trans-dibenzylideneacetone.

Scheme 10.18 Catalytic asymmetric aziridination via alkylation of

sulfide 24 and deprotonation.
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10.3.1.4 Selectivity in S-Ylide Aziridinations

For the reaction of phenyl-stabilized ylides, both the syn- and the anti-betaines
were shown to form non-reversibly using crossover experiments (the betaines

were generated from the corresponding sulfonium salts in the presence of a

more reactive imine, but the reactive imine was not incorporated in the product)

[82]. Thus, the diastereoselectivity is controlled by the relative rates of betaine for-

mation [78, 82, 83]. This is not the case in ylide epoxidation, where syn-betaine
formation is partially reversible and so higher diastereoselectivities are observed

(see Section 10.2.1.9). Steric and Coulombic interactions can affect the relative

energies of the calculated transition states for the addition steps. In addition, for

N-sulfonyl imines hydrogen-bonding (from a methyl hydrogen on the ylide to

one of the sulfonyl oxygens) can help stabilize the ‘‘head-on’’ or ‘‘cisoid’’ transition
states. The anti-betaine is predicted to form through a ‘‘head-on’’ or ‘‘cisoid’’
approach (Fig. 10.4A), as in epoxidation [83]. For the syn-betaine the steric clashes
that would occur in a ‘‘head-on’’ approach (Fig. 10.4C) dominate over the loss of

Table 10.2 Results obtained for asymmetric aziridination using 24

(according to Scheme 10.18).

Substrate Product Sulfide loading

(mol%)

Time

(days)

Yield

(%)

dra) ee (%)b)

17f 18f 100 1–2 >99 3:1 92

50 1–2 91 3:1 92

20 4 61 3:1 90

10 7 <10 3:1 91

17l 18l 100 1–2 99 3:1 94 (84)

50 1–2 73 4:1 93 (88)

10 7 52 3:1 93 (87)

a) trans:cis ratio.
b) ee of trans (cis).

Fig. 10.4 Approaches in betaine formation. (A) favored ‘‘head-on’’ for

anti-betaine; (B) favored ‘‘head-to-tail’’ for syn-betaine formation;

(C) disfavored ‘‘head-on’’ for syn-betaine.
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the favorable Coulombic interactions, and so a ‘‘head-to-tail’’ approach results

(Fig. 10.4B). The results in Table 10.1 remain difficult to rationalize fully, but

clearly the energies of the transition states leading to syn- and anti-betaines are

finely balanced and so only low to moderate diastereoselectivities have been ob-

tained at present.

For the reaction of more-stabilized ylides (e.g., ester- and amide-stabilized

ylides), in the initial addition steps the same approaches are favored (i.e., ‘‘cisoid’’
for anti- and ‘‘transoid’’ for syn-betaine), although the predicted energy differences

between ‘‘cisoid’’ and ‘‘transoid’’ are lower in both cases and may play a role in

the mechanism in some cases. The same interactions as for semi-stabilized ylides

affect the addition step here. However, due to stabilization of the ylides the be-

taine formation step is now endothermic. In these cases, it is the ring-closure

step which is the slow step, and both the betaine rotamer interconversion step

and the initial addition step are reversible (the latter was demonstrated using

cross-over experiments) [82]. The relative energies of the ring-closure transition

states favor the cis-aziridine due to unfavorable steric interactions with the sul-

fonyl group in the transition state trans-aziridines. However, the energies of the

transition states in the ring-closing steps leading to cis- and trans-aziridine are

not very different and, indeed, low cis:trans ratios are observed experimentally.

To explain the enantioselectivity obtained with semi-stabilized ylides (e.g.,

benzyl-substituted ylides), the same factors as for the epoxidation reactions dis-

cussed earlier should be considered (see Section 10.2.1.10). The enantioselectivity

is controlled in the initial, non-reversible, betaine formation step. As before, con-

trolling which lone pair reacts with the metallocarbene and which conformer of

the ylide forms are the first two requirements. The transition state for anti-
betaine formation arises via a ‘‘head-on’’ or ‘‘cisoid’’ approach and, as in epoxida-

tion, face selectivity is well controlled. The syn-betaine is predicted to be formed

via a ‘‘head-to-tail’’ or ‘‘transoid’’ approach in which Coulombic interactions play

no part. Enantioselectivity in cis-aziridine formation was more varied. Formation

of the minor enantiomer in both cases is attributed to a lack of complete control

of the conformation of the ylide rather than to poor facial control for imine

approach. For stabilized ylides (e.g., ester-stabilized ylides), the enantioselectivity

is controlled in the ring-closure step and moderate enantioselectivities have been

achieved thus far. Due to differences in the stereocontrolling step for different

types of ylides, it is likely that different sulfides will need to be designed to

achieve high stereocontrol for the different types of ylides.

10.3.1.5 Use of S-Ylide Aziridinations in Synthesis

Aggarwal and Vasse have applied asymmetric ylide aziridination to the synthesis

of the taxol side chain 26 [75]. By using stoichiometric quantities of chiral sulfide,

26 was obtained in six steps and 16% overall yield (see Scheme 10.19, route A),

while the catalytic variant allowed access to 26 in seven steps and 20% overall

yield (see Scheme 10.19, route B). Both methods gave the key aziridine inter-

mediates in excellent enantiomeric purity. Unfortunately, the benzoyl imine 25

did not work well in the catalytic reaction, and so a slightly longer synthetic route
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was necessary using the catalytic methodology. These syntheses demonstrate the

usefulness of these aziridination reactions, although ultimately more efficient

syntheses of 26 have been reported [84].

10.3.1.6 Summary of Ylide-Catalyzed Aziridination

A catalytic asymmetric aziridination methodology has been developed using chi-

ral sulfur ylides as catalysts. The method is operationally simple and practical for

the synthesis of aziridines bearing electron-withdrawing groups on nitrogen. In

addition, NH-aziridines are easily accessible by the removal of protecting groups

such as SES. Good to excellent yields and excellent enantioselectivities are obtain-

able, although further investigations are required to fully understand and im-

prove the diastereoselectivity of this methodology. Although stoichiometric meth-

ods [16, 20, 22, 74, 75] are beyond the scope of this chapter, it is worth noting that

in many cases the chiral sulfide can be recovered after the reaction, and in good

yield. As such, these methods can constitute a viable alternative in some instan-

ces. Imine aziridinations using either chiral ylide or Lewis acid catalysts offer a

complementary route to alkene-based routes [6, 14, 72, 73]. Further development

of this methodology will establish its scope and usefulness in synthesis.

Scheme 10.19 Syntheses of taxol side-chain 26 via asymmetric ylide

aziridinations. Overall yields: Route A 16% (six steps); Route B 20%

(seven steps).
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10.4

Asymmetric Cyclopropanation

Chiral non-racemic cyclopropanes are a common motif in natural and synthetic

biologically active compounds [85]. They represent an important target in asym-

metric synthesis, and a range of catalytic methods have been developed for their

synthesis [6, 47, 86–90]. Many of the existing methods make use of a chiral metal

complex as catalyst [6], but organocatalytic methods have also been developed. In

this section we will review methods using a substoichiometric amount of a chiral

ylide as a catalyst for cyclopropanation [91].

Stoichiometric ylide cyclopropanations have been known for some time, with

asymmetric variants using aminosulfoxonium ylides having been reported as

early as 1968 [27]. Since then, procedures using stoichiometric amounts of sulfur,

nitrogen, and tellurium ylides to achieve asymmetric cyclopropanations have

been reported [16, 22, 86, 92–94]. The catalytic analogues of these reactions are

discussed in the following sections.

10.4.1

S-Ylide-Mediated Cyclopropanation

10.4.1.1 Catalytic Cycle Based on Carbene Generation of Ylide

The first catalytic asymmetric cyclopropanation using an ylide as catalyst was re-

ported by Aggarwal et al. in 1997 [95, 96]. Phenyl diazomethane was added slowly

to a mixture containing sulfide 12, an enone and Rh2(OAc)4 (1 mol%). A sulfur

ylide was generated in situ from the sulfide and phenyl diazomethane in the pres-

ence of the transition-metal catalyst (see Scheme 10.20), as in the epoxidations

discussed earlier (see Section 10.2.1.3).

The ylide then reacted with enones to give the corresponding cyclopropanes in

excellent enantioselectivity and moderate relative stereoselectivity (see Table 10.3,

conditions A). The ee-values were the same using 20 mol% and 100 mol% load-

ings of sulfide, and no cyclopropanation occurred in the absence of sulfide, dem-

onstrating that there was no background cyclopropanation. Although turnover

was observed, catalytic amounts of 12 (20 mol%) gave low yields when compared

to pentamethylene sulfide 27 or stoichiometric loadings of either sulfide. Replac-

Scheme 10.20 Catalytic process for cyclopropanation.
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ing phenyl diazomethane with ethyl diazoacetate as the source of carbene only

gave cyclopropanes using achiral sulfides and Cu(acac)2 as the transition-metal

catalyst [97]. The major drawbacks of this method are that phenyl diazomethane

is potentially hazardous, the reactions cannot be easily scaled up, and the sulfide

cannot be fully recovered. Therefore, a modified procedure was required.

10.4.1.2 Catalysis via In Situ Generation of Diazo Compounds

In 2001, a modified procedure for sulfur ylide-catalyzed epoxidation, aziridination

and cyclopropanation was introduced by Aggarwal and co-workers that utilized

the generation of the diazo compounds in situ from tosyl hydrazone salts at

40 �C in the presence of a phase-transfer catalyst [46, 79]. (For experimental

details see Chapter 14.12.1). Using this modified protocol, sulfide 4 was shown

to be effective for epoxidation and aziridination (see Sections 10.2.1.4 and 10.3),

but was not an effective cyclopropanation catalyst (see Table 10.3). Sulfide 28 was

tried instead as it had been shown in achiral studies [96] that six-membered sul-

fides were more effective than five-membered analogues. This change gave rise to

Table 10.3 Results obtained for the catalytic asymmetric cyclo-

propanation of a,b-unsaturated alkenes (according to Scheme 10.21

[79, 95, 96]).

Conditionsa) Sulfide Substrate Product Yield (%) drb) ee (%)

A 12 29a 30a 38 4:1 97

A 29b 30b 14 4:1 >98

B 4 29a 30a 30c) 5:1 89

B 28 29a 30a 73 4:1 91

29c 30c 50 4:1 90

29b 30b 5 – –

29d 30d/31d/32 12 1:1:1 –

29e 30e 10 7:1 –

33 35 55 1:7 91

34 36 72 1:6 92

a)Reaction conditions: A: PhCHN2 (1 equiv.), toluene, rt, 12 h.

B: PhCHNNTsNa (1.5 equiv.), BnEt3NCl (20 mol%), dioxane, 40 �C.
b) 30:31.
c)50% starting material recovered.
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a more effective catalyst which was then screened against a range of a,b-unsatu-

rated compounds (see Table 10.3). Good yields and high enantioselectivities were

obtained for phenyl ketones and a-amino-substituted acrylates (see Table 10.3).

Diastereoselectivities ranged from 4:1 to 7:1 for these substrates, and the sulfide

could be recovered quantitatively. Although the enantioselectivities were not as

high as when 12 was used, the improvement in yield makes this a better process.

Methyl ketones (29b,d) and unsubstituted acrylates (such as 29e) were not good

substrates. Overall, the demonstrated scope of this reaction under catalytic condi-

tions remains limited.

10.4.1.3 Control of Selectivity Using Carbene-Derived Ylides

To explain the observed selectivities, a similar model was proposed as for the

epoxidation reactions (see Section 10.2.1.10) [96]. In this model, the ylide confor-

mation is controlled as before, and the alkene selectively attacks one face in an

analogous manner to the aldehyde in the epoxidation reactions. It was noted

that in this case betaine formation was non-reversible so the diastereoselectivity

is controlled by non-bonding interactions during the betaine-formation step [79].

10.4.1.4 Catalytic Cycle Based on Sulfide Alkylation and Sulfonium Salt

Deprotonation

Recently, Tang, Wu and co-workers have reported the synthesis of vinylcyclopro-

panes using an alternative catalytic cycle for sulfur ylide-catalyzed cyclopropana-

tion (see Scheme 10.22) [98]. Sulfonium salt 41a or 41b was deprotonated by

Cs2CO3 to form an ylide which then reacted with chalcones 37 to form cyclopro-

panes and a sulfide. The sulfonium salt was regenerated in situ through reaction

Scheme 10.21 Catalytic asymmetric cyclopropanation using chiral sulfides.
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with allylic bromide 38. The cycle is analogous to those reported for epoxidation

(see Scheme 10.3) and aziridination.

10.4.1.5 Scope and Limitations of the Alkylation/Deprotonation Method

A range of vinylcyclopropanes were synthesized in good to excellent yield (see Ta-

ble 10.4). Good enantioselectivities (77–88% ee) and moderate diastereoselectiv-

Scheme 10.22 Catalytic asymmetric cyclopropanation using sulfur

ylides via an alkylation/deprotonation route.

Table 10.4 Catalytic asymmetric cyclopropanation with 41a using sulfide

alkylation/deprotonation route (according to Scheme 10.22).

Ar1 Ar2 Time (h) Yield (%) dra) ee (%)b)

Ph Ph 36 92 86:14 82

Ph Ph 36 85 87:13 78c)

p-Br-C6H4 Ph 30 89 75:25 77

p-Me-C6H4 Ph 54 80 86:14 81

p-MeO-C6H4 Ph 80 66 (90)d) 86:14 80

o-Br-C6H4 Ph 20 90 77:13 88

o-MeO-C6H4 Ph 60 86 (92)d) 67:33 78

Ph p-Me-C6H4 57 87 87:13 81

a) 39:40.
b) ee of 39.
c) 41b was used, producing the enantiomer of 39.
d)Conversion.
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ities (3:1–7:1) were obtained at 0 �C in a mixture of tBuOH and CH3CN in 20

to 80 h. Similar results were reported starting from the corresponding sulfides

rather than sulfonium salts. Interestingly, switching from 41a to 41b resulted in

the formation of the opposite enantiomer of the cyclopropane. Higher enantio-

and diastereoselectivities were obtained using stoichiometric amounts of sulfo-

nium salt with KOtBu in THF at �78 �C, but presumably these conditions were

too slow for catalytic loadings. Only reactions with chalcones were successful un-

der catalytic conditions, although a,b-unsaturated esters, amides and nitriles were

suitable substrates under stoichiometric conditions.

10.4.1.6 Control of Selectivity in the Alkylation/Deprotonation Method

The side-arm alcohol plays a crucial role in controlling the reactivity and selectiv-

ity of the reaction. No reaction was observed if tetrahydrothiophene-derived sulfo-

nium salts were used, or if the alcohol was protected as a methoxy group. The

substrate is both activated and orientated by a hydrogen bond to its carbonyl

group. No reaction intermediates were found in computational studies, so selec-

tivity is determined in a single transition state. As before, controlling the ylide

conformation and substrate approach determines the selectivity. The substrate

approaches the ylide from the side bearing the alcohol in all cases, but 41a and

41b are predicted to present a different face of the ylide and so the opposite enan-

tiomer is formed.

10.4.1.7 Use of S-Ylide-Catalyzed Cyclopropanations in Synthesis

The products of cyclopropanation have been further elaborated to cyclopropane-

containing amino acids (42) and Boc-protected amino esters (43) (see Scheme

10.23) [79]. A single recrystallization either before or after deprotection afforded

enantiomerically pure material. As the acrylate precursors are made in one step,

this sequence provides an efficient route to this important class of conformation-

ally locked amino acids.

Scheme 10.23 Synthetic elaborations of cyclopropanes. Reagents and

conditions: (a) 6 N HCl, reflux, 4 h; (b) CF3COOH, Et3SiH, CH2Cl2,

0 �C, 2 h.
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10.4.2

Tellurium Ylide-Mediated Cyclopropanation

Tang and co-workers have reported the use of chiral allylic telluronium ylides de-

rived from telluronium salts (e.g., 44) in the cyclopropanation of a,b-unsaturated

carbonyl compounds such as 29 to give vinylcyclopropanes 46, 47 (see Scheme

10.24) [16, 99]. (For experimental details see Chapter 14.11.3). The allylic Te-

ylides are more reactive than the corresponding S-ylides, and good yields were ob-

tained using the tellurium analogue of Metzner’s sulfide. The diastereoselectivity

of the stoichiometric reaction could be switched by appropriate choice of reagents

(LiTMP/HMPA or LDA/LiBr), and high enantioselectivities were achieved. A

catalytic version of the reaction (20 mol%) was also demonstrated, although only

two examples were given (see Scheme 10.24). Good yields, enantioselectivities

and diastereoselectivities were obtained using a,b-unsaturated ketones 29a,f and

allylic bromide 45 in refluxing THF. Future reports will presumably provide

more information on the scope and usefulness of this reaction.

10.4.3

Nitrogen Ylide-Mediated Cyclopropanation

10.4.3.1 Development of a Catalytic Method

Gaunt and co-workers have reported the cyclopropanation of a,b-unsaturated car-

bonyl compounds using nitrogen ylides generated in situ from tertiary amines

[100–102]. Initial studies [102] indicated that the ammonium salt 49 could be

deprotonated to form an ylide which reacted with acrylate 48 at 80 �C to give

cyclopropane 52 in good yield and high trans-selectivity after a simple aqueous

work-up (see Scheme 10.25). In addition, the salt could be generated in situ from

DABCO 50 and phenacyl chloride 51. In general, a,b-unsaturated alkenes yielded

trans-substituted cyclopropanes in good to excellent isolated yields after chroma-

tography. Catalytic turnover was demonstrated using 20 mol% of DABCO and

1.5–3 equivalents of electron-deficient alkene. An intramolecular catalytic version

was later demonstrated yielding [n.1.0]bicycloalkanes in moderate to excellent

yield, with excellent diastereoselectivity [101].

Scheme 10.24 Catalytic asymmetric cyclopropanation using telluronium salts.
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10.4.3.2 Enantioselective Cyclopropanation

Enantioselective variants of these cyclopropanation reactions were achieved by re-

placing DABCO with cinchona alkaloid catalysts 53a–d [100–102].

Intramolecular cyclization of 54 catalyzed by 53a produced ðþÞ-55 in 94% ee
and 61% yield (see Scheme 10.26) [101]. If 53b was used instead, the opposite

enantiomer was produced in 94% ee and 48% yield. The addition of 40 mol%

NaBr or NaI improved reaction times from 4–5 days to 1 day, and was necessary

to obtain high enantioselectivities.

Scheme 10.25 Cyclopropanation of an a,b-unsaturated ester using a N-ylide.

Scheme 10.26 N-ylide-catalyzed asymmetric intramolecular cyclopropanation.
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In intermolecular cyclopropanations [100], it was found better to use a-

bromoesters and amides as ylide precursors and a,b-unsaturated ketones and es-

ters as electron-deficient alkenes – rather than using a-haloketones as the ylide

precursor. (For experimental details see Chapter 14.11.4). The reaction gives ac-

cess to a range of 1,2-dicarbonyl-substituted cyclopropanes (see Fig. 10.5). The al-

kene could have an aryl-, alkyl- or indole-substituted ketone, and a-substitution

was also tolerated. Notably, Weinreb amides could be used as the ylide precursor

and the product subsequently transformed into a diketocyclopropane. Both enan-

Fig. 10.5 Catalytic asymmetric cyclopropanation using N-ylides derived

from 53a–d. Catalyst, yield (% ee) are shown for each product. 53a,c

favored the ðþÞ-enantiomer, while 53b,d favored the ð�Þ-enantiomer in

all cases.
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tiomers of the products could be accessed by appropriate choice of the pseudo-

enantiomeric amines.

10.4.3.3 Mechanism of N-Ylide-Catalyzed Cyclopropanation

The proposed mechanism for the reaction is shown in Scheme 10.27. The amine

salt is deprotonated to form the ylide, which undergoes conjugate addition fol-

lowed by cyclization to produce the cyclopropane and regenerate the catalyst.

Cs2CO3 was found to provide better yields than Na, K or Rb carbonates, although

a slightly lower enantioselectivity was obtained. By using 10–20 mol% of tertiary

amines 53a–d, trans-substituted cyclopropanes were obtained in moderate to ex-

cellent yield with high to excellent enantioselectivity (see Fig. 10.5). As in the in-

tramolecular reaction, both enantiomers of the cyclopropanes could be obtained

in high enantioselectivity by using the pseudoenantiomeric amines. Slow addi-

tion of the a-bromo-carbonyl compound improved yields in some cases. The mod-

erate catalyst loading is required for reasonable reaction times, with loadings of 1

mol% leading to slower reactions but without any change in selectivity being

observed.

10.4.4

Summary of Ylide-Catalyzed Cyclopropanation

Sulfur, tellurium and nitrogen ylide-catalyzed cyclopropanations have been devel-

oped. Enantioenriched cyclopropanes can be synthesized in good yield and mod-

erate to excellent diastereoselectivity. These catalysts are complementary to metal-

based cyclopropanation catalysts, and have the potential for further development.

Sulfur-ylide-catalyzed cyclopropanation gives access to a range of cyclopropanes

in good yield, moderate diastereoselectivity, and good to excellent enantioselectiv-

Scheme 10.27 Proposed mechanism for N-ylide-mediated catalytic cyclopropanation.
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ity. Two complementary catalytic cycles have been used for ylide regeneration

in situ: (1) reacting the sulfide with a metallocarbene; or (2) reacting the sulfide

with an allylic bromide followed by deprotonation of the resulting sulfonium salt.

The reported scope of the carbene methodology is wider, while the alkylation/

deprotonation route gives access to vinylcyclopropanes, which are an important

subclass of cyclopropanes.

More recently, nitrogen and tellurium ylide-catalyzed cyclopropanations have

been developed with catalytic cycles based on ylide formation via alkylation and

subsequent deprotonation. Both of these reactions give better diastereoselectivity

than the corresponding sulfur-ylide reactions. The N-ylide reaction gives access

to cyclopropanes in high yield, enantio- and diastereoselectivity. This N-ylide-

catalyzed asymmetric cyclopropanation has three major advantages when com-

pared to other ylide cyclopropanations: (1) the amine catalysts are commercially

available; (2) the starting materials are readily available; and (3) the products

have two carbonyl groups which allows a wide range of transformations to be

used in further elaborations. Its usefulness in organic synthesis will, no doubt,

be demonstrated further in the future.

10.5

Summary of Ylide-Catalyzed Asymmetric Reactions

Ylides of sulfur, nitrogen, tellurium and selenium have been used as highly enan-

tioselective organocatalysts in epoxidation, aziridination, and cyclopropanation re-

actions. The sulfur ylide-mediated epoxidation is the best developed methodology

and can be incorporated in synthetic planning with confidence. In contrast, ylide-

mediated aziridination requires more development but is beginning to emerge as

a useful methodology. Sulfur, nitrogen, and tellurium ylide-mediated cyclopropa-

nations have advanced considerably in recent years, and the ammonium ylide

methodology is particularly attractive because of the commercial availability of

the catalysts and the potential of the products for further elaboration. Overall,

ylide catalysts are useful components in the synthetic chemist’s toolbox, and can

be expected to feature in a growing number of total syntheses in the future.
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11

Organocatalytic Enantioselective Reduction

of Olefins, Ketones, and Imines

Henri B. Kagan

11.1

Introduction

Although non-enzymatic asymmetric catalysis was first utilized during the early

1900s, unfortunately it afforded enantioselectivities that were much inferior to

those achieved with enzymatic catalysis. For a review on the history of asym-

metric catalysis, see Ref. [1]. The first reports of this approach involved catalysts

derived from natural products, such as alkaloids. This typical organocatalysis

approach was surpassed by the veritable ‘‘explosion’’ of enantioselective homoge-

neous organometallic catalysis during the early 1970s.

Subsequent major events, up until the early 1980s, have been reviewed [2], with

one of the major reactions involved being that of asymmetric hydrogenation,

which is especially useful and efficient. This was first developed using rhodium

complexes equipped with chiral mono- or diphosphines [3–6], though many

other types of reaction (e.g., hydroformylation, Diels–Alder reaction) are now

well controlled in the presence of chiral organometallic catalysts. Over the past

few years there has been a clear renewal of interest for organocatalysis [7], and

consequently this chapter will review the specific and unusual case of the catalytic

enantioselective reduction of CbC, CbO, and CbN double bonds.

11.2

The General Concept

The principles of the basic processes of reduction are indicated in Scheme 11.1.

The fixation of 2 H on an organic substrate can formally involve several combina-

tions of sequential events: hydride transfer followed by a protonation, two H addi-

tions, combinations of electron transfers, and protonation or H transfers. One

may also envisage an indirect process, where first a X-Y or H-Y reagent (e.g., a

hydrosilane) is added before the subsequent replacements of X and Y groups

into H. Very few processes of Scheme 11.1 are known where a metal is not
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involved. Meerwein–Ponndorf–Verley reductions are hydrogen transfers from

isopropanol to a ketone, which requires the presence of a sodium alcoholate or a

ruthenium complex as catalyst. One reaction which does seem possible in ab-

sence of a metal is the hydride transfer from dihydropyridines to ketones. The hy-

drogenation of double bonds catalyzed by a base is unusual, although it has been

described with sodium or potassium alcoholates at high temperature [8]. To date,

there have been no reports of non-metallic catalysts for hydrogenation.

Another approach for the reduction of double bonds is to use hydride reagents

H-Y, such as HBR2 or HSiR3. Once the adduct has been formed, the task is to

replace Y by H. This is straightforward when Y is fixed to an oxygen or nitrogen,

as acidic hydrolysis will cleave the OaY or NaY bond. This is illustrated in

Scheme 11.2 for the reduction of ketones and conjugated ketones.

The ionic hydrogenation of alkenes is a process where a proton is transferred

before a hydride, through the combined use of a strong acid (CF3CO2H) and a

silane (HSiR3) [9]. This reaction is different from a CbC hydrosilylation, which

Scheme 11.1 Reduction of a CbA double bond, where A is C, O or N:

some schematic processes are indicated (except electron-transfer

reactions).

Scheme 11.2 The reduction of conjugated systems.
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involves CaH and CaSi bond formations. The final transformation of CaSi into

CaH requires an oxidation into CaOH (this is known to occur with retention of

configuration), followed by the replacement of OH by H after some additional

steps. Hydrogen transfer of dihydroaromatic compounds to CbC double bonds

may occur, the driving force being the aromatization of the H donor. For example,

cyclohexadiene acts as H donor for various substrates in the presence of metallic

catalysts [10]. A final reducing system which might be of potential interest is

based on dihydropyridines. In biological systems, dihydronicotinamide adenine

dinucleotide (NADH) is a cofactor in enzyme-catalyzed hydride reductions. Bio-

mimetic reductions are possible with structural analogues of NADH such as

Hantzsch esters, and this opens a route to organocatalytic reductions (vide infra).
Dihydroflavin adenine dinucleotide (FADH) is another organic cofactor in some

enzyme-catalyzed reductions; analogues have been used with some asymmetric

complexes, but these have not yet found application in organocatalysis. Diimide

(HNbNH) is a good hydrogen donor to CbC with the generation of nitrogen,

and can be prepared in situ by oxidative processes. A flavin-catalyzed generation

of diimide has been recently discovered, allowing the smooth aerobic hydrogena-

tion of olefins [11] whereby the terminal double bonds were preferentially re-

duced. The stereochemistry of the reaction has been investigated by deuterium

labeling of hydrazine, establishing a cis-addition on the double bond of a norbor-

nene derivative. The reaction was performed with NH2NH2, H2O (1–2 eq.) and

oxygen (1 atm) in the presence of 1 mol% catalyst (see below). A mechanism

has been proposed which accounts for the production of 2 moles of reduced prod-

uct per mole of oxygen. A chiral version of such a system has not been reported,

however.

11.3

Asymmetric Organocatalytic Reduction of Olefins

This area has undergone very recent development, with List et al. first reporting

the possibility of using ammonium salts as catalysts for the reduction of a,b-

unsaturated aldehyde in 2004 [12]. These authors used a Hantzsch ester 1 (com-

mercially available) as the hydride source, and preliminary screening showed that

several ammonium salts were able to catalyze the reduction in an efficient man-

ner. Some typical examples are indicated in Scheme 11.4, where salt 2 serves as

the catalyst.

Scheme 11.3 A flavin-catalyst for the aerobic generation of diimide from hydrazine.
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The reversible formation of a N,N-dibenzyl iminium intermediate, which is re-

duced by hydride capture from the Hantzsch ester 1 was proposed. Subsequent

hydrolysis regenerates catalyst 2 and releases the saturated aldehyde. The transi-

tion state A has been suggested for the hydride transfer. An example of the asym-

metric version of this reaction was also realized, by using a chiral imidazolidi-

none catalyst (the McMillan imidazolidinium salt 3 [13]) (see Scheme 11.4).

In 2005, the groups of List and McMillan simultaneously described excellent

results in the asymmetric reduction of a,b-unsaturated aldehydes with a prochiral

center in the b position [14, 15]. (For experimental details see Chapters 14.22.1

and 14.22.2). In both cases the catalyst used was a chiral imidazolidinone (6 or

8), and some representative examples are listed in Tables 11.1 and 11.2. The reac-

tions were run at 10–20 mol% of catalyst, at moderate temperature (13 �C or 4 �C)

over several hours. The hydride source (Hantzsch ester) was utilized in stoichio-

metric quantities, and the chemical yields and enantiomeric excesses proved to be

Scheme 11.4 Catalytic reduction of conjugated aldehydes with ethyl Hantzsch ester [12].
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Table 11.1 Organocatalytic reduction of conjugated aldehydes by Hantzsch ester 4 [14].

Table 11.2 Organocatalytic reduction of conjugated aldehydes by Hantzsch ester 1 [15].
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good. Indeed, in many examples enantioselectivities of >90% enantiomeric

excess (ee) could be achieved. Interestingly, a mixture of E=Z enals provided the

saturated aldehyde with high ee-values, a situation which was explained by a rapid

ESZ equilibrium catalyzed by 6 or 8, followed by asymmetric reduction of the E
isomer [15]. McMillan et al. conducted a survey of reaction media and concluded

that chloroform was superior to toluene in this respect [15].

An enamine intermediate has been proposed as being formed by hydride re-

duction of a transient iminium ion [14, 15]. The electrophilic capture of the

enamine is possible by a Michael acceptor; thus, reductive Michael cyclizations

of enal enones such as 9 or 11 were described in many cases (intramolecular re-

actions) (Scheme 11.5) [16].

The anti-diastereoselectivity in products 10 or 12 is very good (typically from

12:1 to 50:1, according to the substrate). This reaction is of synthetic use and pro-

vides clear confirmation of the enamine intermediate postulated in the reactions

shown in Tables 11.1 and 11.2.

Scheme 11.5 Asymmetric reductive Michael cyclization [16].
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11.4

Reduction of Ketones or Ketimines

11.4.1

Hantzsch Ester/Chiral Brønsted Acids

In 2005, both Rueping et al. and List et al. reported the first transfer hydrogena-

tion with Hantzsch ester 1 of several N-protected ketimines catalyzed by chiral

Brønsted acids derived from 1,1 0-binaphthol [17, 18]. The reaction typically

requires 1 to 20 mol% of catalyst, is performed in benzene at 60 �C, and enantio-

selectivities of up to 90% are obtained. The chiral Brønsted acid protonates the

ketimine at nitrogen, giving an ion-pair which is reduced by Hantzsch ester 1.

(For experimental details see Chapter 14.21.2). A preferred transition state has

Table 11.3 Transfer hydrogenation of ketimines catalyzed by chiral Brønsted acids.

Catalyst 15 Ketimine 16 Amine 17 Ref.

Yield (%) ee (%)

15a (20 mol%) R1 ¼ 2-Napht, R ¼ Ph 69 68 16

15a (20 mol%) R1 ¼ 2-Napht, R ¼ PMP 82 70 16

15a (20 mol%) R1 ¼ Ph, R ¼ Ph 71 72 16

15a (20 mol%) R1 ¼ Ph, R ¼ PMP 76 74 16

15a (20 mol%) R1 ¼ 2-F-C6H4, R ¼ PMP 82 84 16

15b (1 mol%) R1 ¼ Ph, R ¼ PMP 96 88 16

15b (1 mol%) R1 ¼ 4-CN-C6H4, R ¼ PMP 87 80 17

15b (1 mol%) R1 ¼ 2-Napht, R ¼ PMP 85 84 17

15b (1 mol%) R1 ¼ i-Pr, R ¼ PMP 80 90 17

For easier comparison, the configuration of catalyst 15 has been kept constant

in this table, although the configuration of 15 (and product 17) are opposite

in Ref. [17].

PMP ¼ p-methoxyphenyl.
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been proposed by the authors. The key feature of the catalyst is the need for bulky

substituents in the 3,3 0 positions of the 1,1 0-binaphthyl system. In Table 11.3, ex-

amples of the catalysts 15a and 15b have been selected, with results provided for

the transfer hydrogenation of various ketimines.

To date, there have been no examples of asymmetric reductions of ketones by

Hantzsch esters and a chiral organocatalyst.

11.4.2

Silanes/Phase-Transfer Catalysts

The asymmetric organocatalytic transformation of a ketone into an alcohol may

be realized with the combination achiral silane:chiral phase-transfer catalyst,

such a quaternary ammonium salt. The final alcohol is then recovered by an

additional hydrolytic step. The asymmetric reduction of aryl alkyl ketones with

silanes has been reported (ee-values up to 70%), the catalysts utilized being

ammonium fluorides prepared from the quinine/quinidine series (e.g., 18 in

Scheme 11.6) [19]. (For experimental details see Chapter 14.21.1). The more

appropriated silanes were (Me3SiO)3SiH or (MeO)3SiH (some examples are

Scheme 11.6 Asymmetric reduction of ketones catalyzed by chiral quaternary

ammonium salts [19].
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shown in Scheme 11.6). Catalytic activation of the silane was achieved by a nucle-

ophilic addition of fluoride on the silicon hydride, with the generation of a chiral

ion pair. Polymethylhydroxysiloxane (PHMS) provided a very active system, but

with inferior enantioselectivities. Electrochemical reduction with quaternary am-

monium salts as the supporting electrolytes [20, 21] is not considered in this

chapter.

11.4.3

Silanes/Formamide Catalysts

The nucleophilic activation of hydrosilanes as HSi(OR)3 offers an opportunity to

transfer one hydride on the carbon of ketones or imines [22]. The enantioselective

organocatalytic hydrosilylation of ketones was first reported in 1999 by Matsu-

mura et al. [23], the catalyst employed being a proline derivative 19 (Scheme

11.7). Amide 20 was also able to catalyze the hydrosilylation of ketimines, as in-

dicated in Scheme 11.7 [24]. Improved results were recently reported by Kocovsky

and Malkov [25], who prepared from valine some acyclic analogues of prolina-

Scheme 11.7 Asymmetric hydrosilylation of imines catalyzed by chiral formamides.
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mide 19. These gave increased enantioselectivities, but of the opposite configura-

tion to that obtained with the proline-derived catalyst. A careful optimization of

the parameters of the reaction (solvent, substituents on the aromatic ring of the

catalyst) allowed ee-values to reach 90% (Scheme 11.7).

A transition state B (Scheme 11.8) has been proposed where the catalyst coor-

dinates to silicon as a bidentate ligand through carbonyls and where H-bonding

and p . . . p interactions are considered. A recent detailed report provided exam-

ples of the modifications of the structure of catalysts 19 and 20, the product con-

figuration being controlled by the nature of the amino acid side chain. The re-

placement of i-Pr in 19 by Me leads to a reversal of configuration for the product

20, but this is obtained with a modest ee-value [26]. (For experimental details see

Chapter 14.21.3).

11.5

Conclusions

The organocatalytic enantioselective reduction of CbC, CbO, and CbN double

bonds is a relatively young area for which many new and exciting developments

can be expected in the near future. Hantzsch esters are useful organic hydrides,

and a recent review has summarized the results obtained to date in organocataly-

sis [27]. The case of silicon hydrides is convenient for imine or ketone reductions,

as a chiral base can act as an organic catalyst. The asymmetric reductions of

ketones catalyzed by oxazaborolidines and pioneered by Itsuno [28] and Corey

[29] could not be included in this chapter.

Although the turnover frequency (TOF) and turnover number (TON) of the

various above-described organocatalysts remain modest when compared to metal

catalysis, the chiral organocatalysts are of relatively simple structure, and this per-

mits easy tuning of the reaction. Clearly, one can predict many improvements in

this area in the future, and undoubtedly new organocatalytic reactions relating to

reduction will be introduced, using some of the basic processes described in Sec-

tion 11.1.

Scheme 11.8 Preferred transition state proposed for reaction IV-1 [25, 26].
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12

Oxidation Reactions

Alan Armstrong

Oxidation reactions – notably alkene epoxidations – were some of the first asym-

metric organocatalytic processes to develop into generally useful synthetic meth-

ods applicable to a range of substrates [1]. This chapter surveys these reactions,

with emphasis placed on the most practical and general. Some recent, very useful

oxidation reactions involving a-oxidation of carbonyl compounds are covered else-

where (see Chapter 2).

12.1

Epoxidation of Alkenes [2]

The discovery of the Sharpless Ti/tartrate-catalyzed asymmetric epoxidation was a

major landmark in the field of asymmetric synthesis [3]. Although an exception-

ally valuable process, it is largely limited to allylic alcohols as substrates. For the

more challenging epoxidation of ‘‘unsubstituted’’ alkenes – that is, those lacking

co-ordinating groups in the substrate – the Jacobsen/Katsuki Mn-salen complexes

represented another major breakthrough [4]. Although these have again proved to

be highly useful, they often give poor results for trans-disubstituted and terminal

alkenes. Organocatalytic alkene epoxidation processes now offer highly comple-

mentary alternatives. The most productive processes discovered so far have in-

volved the activation of the triple salt Oxone1 (2KHSO5�KHSO4�K2SO4) of which

the active constituent is KHSO5 [5]. Three major classes of organocatalyst have

been found for Oxone-mediated epoxidation, which will be considered in turn: ke-

tones; iminium salts; and secondary amines or ammonium salts [6]. The former

two classes are believed to operate in mechanistically similar ways (Scheme 12.1):

interaction of the Oxone with the ketone or iminium salt precursor produces the

reactive three-membered heterocyclic intermediate, the dioxirane 1 or oxaziridi-

nium salt 2, respectively. These species transfer oxygen to alkenes in a concerted

(though possibly asynchronous) manner, resulting in stereospecific epoxidation

(i.e., retention of the geometry of the starting alkene), which is a major synthetic

advantage. Importantly, the starting ketone or iminium salt is regenerated, and so
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in principle can be used in substoichiometric quantities. Our understanding of

the factors influencing the reactivity of the ketone or iminium catalyst, as well as

the factors allowing efficient asymmetric induction and hence catalytic enantio-

selective epoxidation, have increased greatly over the past decade.

12.1.1

Ketone-Mediated Epoxidation

Kinetic and labeling studies conducted during the 1970s established that interac-

tion of ketones with Oxone led to the formation of a dioxirane intermediate 1, and

the discovery that dimethyl dioxirane could be distilled from acetone/Oxone solu-

tions provided a remarkably versatile new oxidant for organic synthesis [7]. How-

ever, the potential for ketone catalysis was recognized at an early stage and offered

even more exciting possibilities. In a pioneering early attempt at asymmetric ca-

talysis, Curci showed that chiral ketones, including (þ)-isopinocamphone 3 (Fig.

12.1), would effect asymmetric epoxidation in a two-phase (organic solvent/water)

system [8]. However, reaction rates and enantioselectivities were low (<15% ee).
Mechanistic studies of this two-phase reaction system showed that the solubil-

ity properties of both ketone and alkene, as well as the reaction pH, were impor-

tant factors [9]. In this context, the report by Yang in 1995 of a monophasic

Scheme 12.1 Ketone- and iminium salt-catalyzed alkene epoxidation.

Fig. 12.1 Chiral ketone catalysts.
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(CH3CN/H2O), self-buffering (pH 7–7.5) oxidation system proved the key to al-

lowing the screening of a wider range of novel ketone catalysts [10]. Substituents

a- to the ketone were found to have considerable influence on the reaction rate:

electron-withdrawing groups (e.g., F, Cl, OAc) are beneficial, whilst steric hin-

drance reduces catalyst efficiency. For improvement of asymmetric induction,

Yang’s strategy was to examine C2-symmetrical ketones, in which the approach

on the two oxygens of the resulting dioxirane is stereochemically equivalent.

This concept led to design of the new ketone family 4, prepared from 1,1 0-

binaphthyl-2,2 0-dicarboxylic acid and dihydroxyacetone, which gave markedly im-

proved enantiomeric excesses (ee-values) [11, 12] compared to the earlier studies

conducted by Curci [8]. While the parent ketone 4a gave moderate enantioselec-

tivities for epoxidation (47% ee for epoxidation of E-stilbene), tailoring of the sub-

strate (by addition of para-substituents on the aromatic rings) or the catalyst (by

introduction of ‘‘steric sensors’’, for example as in 4b) afforded higher ee-values
(up to 87%) (Scheme 12.2). However, cis- and terminal alkenes gave low enantio-

selectivities.

In 1996, Shi reported what is still the most generally useful chiral ketone cata-

lyst for asymmetric epoxidation: ketone 5 [13–15]. Although now commercially

available, this ketone may be obtained in two steps from d-fructose [16]; the other

enantiomer may be prepared in five steps from l-sorbose. Initial studies using

this catalyst employed the above Yang reaction conditions and, while high enan-

tioselectivities were observed, a large excess (ca. 3 eq.) of the ketone was required

[13]. This was due to catalyst decomposition by the Baeyer–Villiger reaction. Shi

reasoned that this process could be avoided if the reaction were carried out at

higher pH [17], which would favor formation of the anion 7 leading to the forma-

tion of dioxirane 8 (Scheme 12.3).

The optimum pH proved to be ca. 10.5, which could be maintained by adding

either KOH or K2CO3 as the reaction proceeded. These modified conditions al-

lowed substoichiometric (20–30 mol%) quantities of the ketone to be employed

(Scheme 12.4). (For experimental details see Chapter 14.13.5).

A 1:2 mixture of CH3CN and dimethoxymethane (DMM) as organic solvent

often gives better results than CH3CN alone [14]. This catalytic system provides

Scheme 12.2 Asymmetric epoxidation catalyzed by C2-symmetrical

chiral ketones 4. (For experimental details see Chapter 14.13.4).

12.1 Epoxidation of Alkenes 405



excellent enantioselectivities for trisubstituted and trans-1,2-disubstituted alkenes:

representative examples are shown in Figure 12.2. The reaction is stereospecific

(i.e., the alkene geometry is maintained in the product epoxide). Conjugated

dienes [18] provide unsaturated monoepoxides, while epoxidation of conjugated

Scheme 12.3 Effect of pH on the Baeyer–Villiger reaction of ketone 5.

Scheme 12.4 Shi epoxidation with ketone 5.

Fig. 12.2 The scope of Shi epoxidation with ketone 5.
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enynes [19] results in chemoselective epoxidation of the alkene. Kinetic resolu-

tion and desymmetrization of cyclic trisubstituted alkenes can also be accom-

plished [20]. Although the epoxidation of silyl enol ethers provides moderate

enantioselectivities, enol benzoates also work well: the resulting epoxides can be

isolated and converted to a-acyloxycarbonyl compounds with either retention

(protic acid conditions) or with inversion when Lewis acids are used, allowing

synthesis of either enantiomer of a-acyloxycarbonyl compound from the same ep-

oxide precursor (Scheme 12.5) [21].

The Shi epoxidation has found several applications in total synthesis [15]. Par-

ticularly attractive are examples in which it has been used to establish the stereo-

chemistry of polyepoxides which can undergo cascade cyclizations to polyether

products, mimicking possible biosynthetic pathways. An example is the construc-

tion of the tetahydrofuran rings of the natural product glabrescol via highly ster-

eoselective formation of the tetraepoxide 10 from the polyene 9 (Scheme 12.6)

[22].

The high salt waste associated with Oxone means that its replacement with al-

ternative co-oxidants would be attractive. Hydrogen peroxide has the desirable

features of high oxygen content and a benign byproduct (water), and this can be

Scheme 12.5 Epoxidation and rearrangement of enol benzoates.

(For experimental details see Chapter 14.13.5).

Scheme 12.6 Shi epoxidation in the total synthesis of glabrescol (right).
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used in place of Oxone, provided that the reaction is performed in the presence of

a nitrile such as CH3CN or EtCN [23, 24]. (For experimental details see Chapter

14.13.6). A perimidic acid (from addition of hydrogen peroxide to the nitrile) is

believed to be formed, which can then convert the ketone to the active dioxirane

intermediate. The reaction pH is a crucial parameter for both conversion and ee-
value, with pH 11 being optimal. Whilst the procedure is attractive, these authors

mentioned that it is somewhat sensitive to the reactivity and solubility of olefins,

and that optimization (catalyst loading, time, temperature, amount of H2O2 and

solvent) may be required for different substrates [25].

One highly attractive feature of ketone-catalyzed epoxidation via chiral dioxir-

anes is that reliable models can be developed to rationalize the observed enantio-

selectivities. For the reaction of a dioxirane with an alkene, two extreme transition

states can be envisaged: the so-called spiro and planar modes (Fig. 12.3).

Both computational studies and the large body of experimental evidence on ob-

served enantioselectivities support a preference for the spiro mode (ca. 7.4 kcal

according to B3LYP/6-31G* calculations) [26]. The spiro mode is preferred as

this allows a stabilizing orbital interaction between the alkene p*-orbital and a

lone pair on the dioxirane oxygen that is being transferred to the alkene. This in-

teraction is not possible in the planar mode. In the dioxirane derived from the Shi

ketone 5, the major epoxide enantiomer is then explained by the TS model of Fig-

ure 12.4, with attack on the less-hindered equatorial dioxirane oxygen in a spiro-

Scheme 12.7 Shi epoxidation using hydrogen peroxide as co-oxidant.

(For experimental details see Chapter 14.13.6).

Fig. 12.3 Spiro and planar transition states.

Fig. 12.4 Model for enantioselectivity with dioxirane from ketone 5.
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mode, with an alkene hydrogen substituent in the region of the axial oxygen of

the spirocyclic acetonide motif. Recently, kinetic isotope effect studies along with

calculations have supported the essential features of this model, whilst identify-

ing that the transition state may be significantly asynchronous for certain alkenes

[27].

Detailed studies of a range of alkenes and modified catalysts have led Shi to

suggest that the minor enantiomer in the epoxidation of trisubstituted alkenes

arises from a competing planar approach [14, 15]. The model also explains why

cis- and terminal alkenes (R ¼ H) give poor results – either enantiotopic face of

the alkene can approach this dioxirane oxygen with a hydrogen placed in the spi-

rocyclic acetonide region (R1 and R2 interchanged in Fig. 12.4). Shi reasoned that

modification of the spirocyclic substituent may lead to the development of cata-

lysts capable of differentiating between R1 and R2. This idea led to the discovery

of the novel catalyst 11, which can be made in six steps from d-glucose [28]. This

catalyst gives good results for cis-alkenes, and promising results for terminal ones

[29]. The major enantiomer can be predicted by the TS in Figure 12.5, where the

oxazolinone spirocycle is suggested to have an attractive interaction with the

p-substituent on the alkene [30]. Good enantioselectivities are obtained with cis-
disubstituted alkenes, making this chemistry complementary to Jacobsen–

Katsuki Mn(salen) catalysis. Very promising results have also been obtained for

styrenes, with 1,1-disubstituted alkenes remaining a challenge (Fig. 12.5).

The Shi catalysts described above are the most practical to date in terms of high

enantioselectivities and (particularly for 5) ease of catalyst synthesis. However, it

should be noted that as well as extensive studies by Shi himself [15], several other

groups have made major contributions to the design and understanding of new

ketone catalysts [31]. Examples are given in Figure 12.6, which illustrates just

some of the diverse catalyst structures that have been evaluated. Bicyclooctanone

12b affords 93% ee for the epoxidation of E-stilbene [32]; fluoroketone 13 gives up

to 89% ee [33], while the arabinose-derived ketone 14 affords a very encouraging

Fig. 12.5 Epoxidation of cis- and terminal alkenes with ketone 11.
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93% ee for a trans-aliphatic alkene [34, 35]. Some of these ketones show improved

stability towards the Baeyer–Villiger reaction and can be used at lower catalyst

loadings under the experimentally more convenient Yang pH 7–7.5 reaction con-

ditions. For example, the stability of fluorotropinone 12a [36] allowed the develop-

ment of the first example of a supported, recyclable, chiral ketone catalyst [37].

12.1.2

Iminium Salt-Catalyzed Epoxidation

Closely related to the ketone/Oxone epoxidation system is the use of iminium

salts as promoters. As isolated oxaziridinium salts are known to effect alkene ep-

oxidation [38], these are presumed to be the reactive intermediates in this cata-

lytic system (see Scheme 12.1; X ¼ NR2
þ). The first asymmetric example used

the dihydroisoquinolinium-based system 15 (Fig. 12.7), which afforded 33% ee
for the epoxidation of E-stilbene [39].

In 1996, Aggarwal reported a chiral binaphthyl iminium 16 which gave 31%

ee for the epoxidation of E-stilbene and 71% ee for the epoxidation of 1-

phenylcyclohexene [40]. Several other classes of chiral iminium salt have since

Fig. 12.6 Selected chiral ketone catalysts.

Fig. 12.7 Chiral iminium salt catalysts.
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been tested [41], and the in-situ preparation of iminium salts from amines and

aldehydes has been described which potentially allows easier catalyst structural

variation [42]. However, enantioselectivities have until recently generally re-

mained moderate, and only in 2004 did Page report the first high levels of enan-

tiocontrol. The biaryl 17, bearing exocyclic chirality in addition to Aggarwal’s

chiral biaryl motif, affords up to 95% ee for the epoxidation of cyclic aromatic al-

kenes (Scheme 12.8) [43]. Page has also developed non-aqueous reaction condi-

tions employing tetraphenylphosphonium monoperoxysulfate which allow epoxi-

dations to be performed at lower temperatures [44]. These conditions, along with

catalyst 18, resulted in the highly asymmetric epoxidation of alkene 19, allowing

enantioselective synthesis of the antihypertensive agent levcromakalim 21

(Scheme 12.9) [45].

Calculations [46] and studies of intramolecular oxaziridinium epoxidations [47]

suggest that, like their dioxirane counterparts, these epoxidation processes pro-

ceed via spiro-transition states. However, the iminium epoxidations are generally

more substrate-specific than those using dioxiranes, and models to explain the

observed trends in stereocontrol have proved more difficult to construct. One

complication is the possibility of formation of diastereomeric oxaziridinium salts

from most of the iminium catalysts. Houk has rationalized computationally the

observed enantioselectivity with Aggarwal’s catalyst 16 [46]. The results of a re-

cent study by Breslow suggest that hydrophobic interactions are important in

these processes [48], and aromatic–aromatic interactions between catalyst and

substrate may also play a role.

Scheme 12.8 Asymmetric epoxidation with iminium salt 17.

Scheme 12.9 Synthesis of levcromakalim 21 via iminium salt-catalyzed

epoxidation. (For experimental details see Chapter 14.13.7).
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12.1.3

Amine-Catalyzed Epoxidation

During attempts to prepare iminium salts in situ from amines and carbonyl com-

pounds, Aggarwal made the remarkable discovery that certain amines were capa-

ble of activating Oxone towards alkene epoxidation [49, 50]. Chiral amines such

as 22 (Fig. 12.8) effected enantioselective epoxidation, albeit with moderate ee-
values. After extensive optimization studies [50], it was found that the monohy-

drochloride salts of secondary amines gave reproducible results, and that the

presence of pyridine was beneficial to obviate epoxide hydrolysis (Scheme 12.10).

Aggarwal proposed a novel mode of activation of Oxone, involving hydrogen

bonding to the ammonium salt (e.g., 23, Fig. 12.8). The fact that this interaction

can occur in several ways with differing orientations of the ammonium salt and

HSO5
– is likely to be one reason for the modest epoxidation enantioselectivi-

ties (66% ee for the best substrate and amine combination, 1-phenylcyclohexene

with the naphthyl analogue of 22�HCl). In general, trisubstituted alkenes give

good conversion, but terminal alkenes (apart from styrene) do not. Disub-

stituted alkenes give inconsistent results, with E-stilbene being unreactive due

to its low solubility. Yang has reported a further detailed study on amine-

catalyzed Oxone epoxidation, using fluorinated amines and employing slightly

acidic reaction conditions which mean that amines can be used directly, rather

than as their hydrochloride salts [51]. These studies support a dual role of the

amine as Oxone activator and phase-transfer catalyst, and ee-values of up to 61%

were obtained.

Fig. 12.8 Ammonium-activation of Oxone.

Scheme 12.10 Ammonium-catalyzed asymmetric alkene epoxidation.
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12.2

Epoxidation of Enoates, Enones, and Enals [52]

12.2.1

Epoxidation of Enoates

The dioxirane and oxaziridinium reagents described in the previous section are

electrophilic oxidants, and thus react relatively slowly with electron-poor alkenes

(e.g., enoates and enones). There are therefore relatively few examples of ketone-

catalyzed epoxidations of these substrate types. Often, the slow reaction times

allow decomposition of the catalyst or of the Oxone co-oxidant to compete. For

example, the Shi ketone 5 is not effective as it undergoes decomposition by

Baeyer–Villiger reaction. A more reactive catalyst is required. Some fluoroketones

epoxidize E-cinnamate esters with moderate reactivity and selectivity [36, 53], and

catalysts related to 14 (see Fig. 12.6) have given up to 81% ee for E-cinnamate ep-

oxidation [35]. Better enantioselectivities have been obtained by Shi, whose strat-

egy was to increase catalyst reactivity by replacing the acetonide unit in 5 with

more electron-withdrawing ester groups. This led to the discovery of bisacetate

catalyst 24 (Fig. 12.9) [54], which can be prepared in two steps (deketalization,

acetylation) from 5 [55]. Ketone 24 gives very good enantioselectivities for trisub-

stituted a,b-unsaturated esters and for trans-cinnamate esters (Scheme 12.11)

[54], and its hydrate is equally effective [55]. However, 24 does not provide good

ee-values for trans-aliphatic a,b-unsaturated esters. cis-Cinnamates also give low

ee-values, in line with the trends seen with 5. Imashiro and Seki have pointed

Fig. 12.9 Ketone 24 for epoxidation of unsaturated esters.

Scheme 12.11 Epoxidation of enoates catalyzed by ketone 24.
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out that the catalyst is used in relatively high loading (20–30 mol%) and that 5

equivalents of Oxone are required. They therefore optimized a system using the

Yang catalyst 4a for the epoxidation of E-methyl cinnamates, and obtained good

yields using 5 mol% of 4 and 2 equivalents of Oxone [56]. Moreover, ee-values of
up to 92% were obtained when the cinnamate possessed bulky groups in the

4-position of the aryl ring, and 74% ee was observed for E-methyl cinnamate itself.

Cinnamic acid derivatives have been epoxidized with up to 95% ee by using

Oxone promoted by dihydrocholic acid derivatives, but these chiral ketones are

used in stoichiometric quantities [57].

12.2.2

Epoxidation of Enones

Other electron-poor alkenes generally require nucleophilic epoxidation conditions.

These reactions usually proceed via non-concerted pathways (nucleophilic addi-

tion followed by epoxide ring closure), and so do not have the advantage of retain-

ing the alkene geometry. Nevertheless, for the trans-epoxide, which is usually the

predominant product, several methods exist that afford excellent levels of enantio-

selectivity.

12.2.2.1 Phase-Transfer Catalysis

Pioneering studies by Wynberg during the 1970s established that cinchona

alkaloid-derived chiral quaternary ammonium salts could be used to effect asym-

metric phase-transfer-catalyzed nucleophilic epoxidation of enones [58]. Diaster-

eomeric catalysts derived from quinidine and quinuclidine produce opposite ep-

oxide enantiomers. Apart from some examples of epoxidation of benzoquinone

monoketals [59] and isoflavones [60], enantioselectivities with these early cata-

lysts were generally low. However, contributions from several groups during the

late 1990s led to dramatic improvements. Lygo reported enone epoxidation using

the N-anthracenyl catalyst 25 (Fig. 12.10), along with NaOCl as oxidant (Scheme

12.12) [61, 62]. Typically, ee-values in the range 83–89% were obtained; a range of

Fig. 12.10 Chiral phase-transfer catalysts for enone epoxidation.
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substituents R1 are tolerated, but substrates with R2 ¼ alkyl usually give slower

rates. Corey independently developed the same catalyst and reported a similar ep-

oxidation system using KOCl at �40 �C, giving slightly improved ee-values [63].

Corey also proposed a model to explain the observed product enantiomer in

terms of binding of the enone and the hypochlorite to the chiral ammonium cat-

alyst. Arai described the epoxidation of chalcone using hydrogen peroxide and

catalysts similar to 25 in which the N-anthracenyl substituent is replaced by a

4-iodobenzyl group but, intriguingly, reported formation of the opposite epoxide

enantiomer [64]. Lygo has recently reported optimized reaction conditions for

chalcone epoxidations that allow lower catalyst loadings [65], and has also

coupled the epoxidation step to the in-situ oxidation of allylic alcohols to enones

(Scheme 12.13) [66].

Recently, Maruoka described the novel ‘‘dual function’’ catalyst 26 bearing hy-

droxyl groups which were incorporated to allow hydrogen bonding to the enolate

intermediate. Indeed, 26 was found to catalyze enone epoxidation with 89–99% ee
[67]. Interestingly – and unlike some other systems – alkyl substitution is toler-

ated (Scheme 12.14).

Scheme 12.12 Phase-transfer-catalyzed asymmetric enone epoxidation.

Scheme 12.13 One-pot oxidation/epoxidation of allylic alcohols.

(For experimental details see Chapter 8).

Scheme 12.14 Enone epoxidation with ‘‘dual function’’ phase-transfer catalyst 26.
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12.2.2.2 Polyleucine-Mediated Epoxidation

Another fascinating system for enone epoxidation uses polyleucine as catalyst.

This intriguing chemistry was first reported in 1980 by Julia and Colonna [68],

who effected asymmetric epoxidation of chalcone in a triphasic system using an

aqueous solution of H2O2 and NaOH, a solution of chalcone in an organic sol-

vent, and the insoluble polyleucine catalyst. This system can give good enantio-

selectivities, but the reaction times are often long, and enolizable substrates in

particular can be problematic. Extensive studies by Roberts and co-workers have

resulted in several improvements to the chemistry [69]. This includes biphasic re-

action systems (e.g., the use of DBU in THF along with urea-H2O2 as oxygen

source) which can give shorter reaction times and improved scope [70]. Most of

the enones used in this chemistry have aryl, heteroaryl or alkenyl substituents

in the b-position, but alkyl substituents can be tolerated in the a 0-position. a-

Substituted enones are generally unreactive, with the exception of some examples

where the alkene is exocyclic to a cyclic ketone, which is suggested to be due to

the need for an s-cis enone conformation for reaction to occur. Most of the enan-

tioselectivities obtained are excellent (>90% ee). The synthetic utility of the prod-

ucts has been demonstrated by application to target synthesis; the preparation of

the blood pressure-lowering agent diltiazem 30 (Scheme 12.15) [71] illustrates a

common tactic in that epoxidation of enone 27 is followed by Baeyer–Villiger re-

action to give the desired epoxy ester 29.

Although they can extend the substrate scope, these modified systems use more

expensive bases and oxidants than the original conditions. In 2004, the triphasic

system saw renewed interest when Geller and co-workers found that the addition

of a phase-transfer catalyst allows much faster reactions without the induction pe-

riod otherwise needed for catalyst activation, and far lower quantities of base and

Scheme 12.15 Polyleucine-mediated epoxidation in the synthesis of diltiazem 30.

This procedure utilizes immobilized (polystyrene) poly-l-leucine, which is more easily

separated from the products. (For experimental details see Chapter 14.13.9).
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H2O2 are required [72]. These authors also investigated the effect of the method

used for the preparation of polyleucine, and found that material made by high-

temperature polymerization gave the best results. Much lower loadings of poly-

leucine can now be used (down to 0.5 mol% for chalcone epoxidation). The

same group has carried out the process on the 100-g scale [73]. Although these

conditions have not yet been tested as widely as the Roberts biphasic ones, a non-

chalcone substrate was reported (Scheme 12.16).

The mechanism of the polyleucine-catalyzed epoxidation is still under investi-

gation [74]. Kinetic studies indicate that the reaction proceeds via the reversible

addition of chalcone to a polyleucine-bound hydroperoxide [75]. Recent discus-

sions have included studies of asymmetric amplification: polyleucine derived

from non-enantiopure amino acid shows highly amplified epoxide enantiomeric

excess, and the results fit a mathematical model requiring the active catalyst to

have five terminal homochiral residues, as rationalized by molecular modeling

studies [76].

12.2.3

Epoxidation of Enals

An impressive addition to the now extensive repertoire of amine-catalyzed reac-

tions is the epoxidation of a-b-unsaturated aldehydes described by Jorgensen and

co-workers, catalyzed by proline-derivative 31 (Fig. 12.11) [77, 78]. As with related

processes, this chemistry likely proceeds via activation of the unsaturated alde-

Scheme 12.16 Triphasic polyleucine-mediated epoxidation in the

presence of a phase-transfer catalyst.

Fig. 12.11 Organocatalyst 31.
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hyde via iminium ion formation with the organocatalyst 31. The reaction uses an

environmentally benign oxidant (aqueous hydrogen peroxide). Excellent enantio-

selectivities and high diastereoselectivities are observed for trans-aliphatic and ar-

omatic enals, with a slightly lower ee-value for a b,b-disubstituted example

(Scheme 12.17). Nucleophilic epoxidation of the unsaturated aldehyde can be per-

formed in the presence of an isolated alkene (Scheme 12.18). The chemistry can

also be performed in aqueous alcohol solvent mixtures [79].

12.3

Asymmetric Baeyer–Villiger Reaction

Although the use of asymmetric Baeyer–Villiger reactions for desymmetrization

of several types of prochiral ketone using enzymes or metal-catalyzed systems

is well established [81], few studies have been conducted on organocatalytic vari-

ants. An interesting organocatalytic Baeyer–Villiger reaction has been reported

in which the planar-chiral bisflavin 32 (Fig. 12.12) promotes desymmetrization

Scheme 12.17 Organocatalyzed enal epoxidation.

Scheme 12.18 Selective enal epoxidation.

(For experimental details see Chapter 14.13.10).

Fig. 12.12 Chiral bisflavin catalyst 32.
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of 4-arylcyclobutanones (Scheme 12.19) [82]. Mechanistically, it is proposed that

hydrogen peroxide is activated upon nucleophilic addition to the iminium group

of 32. The use of a protic solvent is essential for enantioselectivity; this is sug-

gested to indicate that hydrophobic p-p stacking between catalyst and substrate

plays a role in the enantiocontrol.

12.4

Oxidation of Thioethers

The organocatalyzed oxidation of sulfur appears to lag behind its metal-catalyzed

counterpart in terms of enantioselectivities [83]. Although stoichiometric chiral

N-sulfonyloxaziridines will effect sulfoxidation with high ee-values, and this class

of reagent can be generated in situ from an N-sulfonylimine, hydrogen peroxide

and DBU, enantioselectivities are low with substoichiometric imine [84]. Sulfoxi-

dation of p-tolyl methylsulfide with hydrogen peroxide catalyzed by chiral imi-

nium salt 15 (see Fig. 12.7) has been reported [39] (32% ee), while the same trans-

formation has been reported in 65% ee with a chiral flavinium salt catalyst [85].

Another interesting organocatalytic system involves catalysis in reversed micelles

in the presence of dibenzoyl tartrate 33 (Fig. 12.13) as chiral additive (Scheme

12.20) [86]. Enantioselectivities of up to 72% ee were observed; the product ee-

Scheme 12.19 Organocatalytic enantioselective Baeyer–Villiger reaction.

Fig. 12.13 Dibenzoyl tartrate additive for asymmetric sulfoxidation.

Scheme 12.20 Asymmetric sulfoxidation in reversed micelles.
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value was found to increase as the reaction proceeds, which was attributed to the

in-situ formation of a chiral hypervalent iodine reagent.

12.5

Resolution of Alcohols by Oxidation

An interesting feature of dioxirane chemistry is the possibility of oxidation of CaH

bonds, including the oxidation of alcohols. Adam has shown that Shi’s catalyst 5

can be used for asymmetric alcohol oxidation, although the ee-values are moder-

ate [87, 88]. For example, desymmetrization of meso-stilbene diol or kinetic reso-

lution of the dl-isomer can be effected, with the two substrates giving opposite

product enantiomers (Scheme 12.21). Electronic effects operate, with higher

levels of enantiocontrol being observed when there are electron-withdrawing

groups on the aromatic rings [88].

In an alternative application of asymmetric alcohol oxidation, Rychnovsky has

reported the use of the chiral nitroxyl radical 34 (Fig. 12.14) along with bleach,

allowing kinetic resolution of secondary alcohols [89]. The best substrates were

simple benzylic alcohols, for which S factors (¼ kS/kR) were in the range 3.9 to

7.1 (Scheme 12.22). Other chiral C2-symmetric nitroxyl radicals reported recently

give lower selectivities [90].

Scheme 12.21 Ketone-catalyzed asymmetric alcohol oxidation.

Fig. 12.14 Chiral nitroxyl radical 34 for oxidative kinetic resolution of alcohols.
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12.6

Conclusions

The information contained in this chapter has demonstrated the enormous

power and versatility of organocatalytic oxidation processes. However, challenges

still remain: in addition to the substrate limitations highlighted for several of the

transformations and moderate current levels of enantioselectivity for some of the

processes, catalyst loadings are often high compared to metal-catalyzed reactions,

and non-environmentally friendly oxidants are sometimes required. Thus, further

progress in the development of more selective and more active catalysts is eagerly

anticipated.
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13

Shape- and Site-Selective Asymmetric Reactions

Nicolas Bogliotti and Peter I. Dalko

13.1

Introduction

Catalysts may be able to select substrates depending on physical criteria via dy-

namic molecular recognition through multivalent interactions [1, 2]. These mole-

cules, which mimic enzyme functions, yet have entirely different functions, are

called ‘‘synzymes’’. In this chapter, we will review accounts of man-made catalysts

that have no metal elements [3].

Synzymes may achieve rate enhancements via binding and proximity effects.

Such effects can occur when two reactive partners are bound within the same

nanospace, thus increasing their relative encounter frequencies (i.e., the effective

concentrations) (Fig. 13.1a) [4]. Some synzymes participate as reagents, and these

catalysts feature structurally distinct substrate-binding site(s), together with a cat-

alytically effective site(s) (Fig. 13.1b).

The concept, that enzymes provide binding by complementing the shapes and

characteristics of transition states – that is, the so-called ‘‘Pauling paradigm’’ [5, 6]

– is a major guiding principle in artificial catalyst design. However, the rational

design of structures and functions is problematic, with difficulties arising from

a lack of applicable theory for modeling transition states involved in enzymes
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Fig. 13.1 Synzymes may catalyze reactions by binding two (or more)

reagents within the same nanospace (a), or they may perform the

transformation with the help of catalytically effective site(s) (b).



operating. Also, our actual understanding of the catalytic acceleration of enzymes

supposes that the venerable transition state theory is far from complete. Transi-

tion state stabilization is accompanied – or even superseded by – phenomena

such as electrostatics, quantum mechanical tunneling, coupled protein motion,

low-barrier hydrogen bonds and near-attack conformations, all of which enable

enzymes to enhance reaction rates by up to 1020-fold [7]. Further problems are

related to the lack of dynamic response of the catalyst, notably when the structure

of the starting material is similar to that of the product(s). There is now ample

evidence for the occurrence of protein domain motions that result in active site

opening and closing events as integral features of enzyme-catalyzed reactions

[8]. The lack of such a dynamic response in actual artificial enzymes has conse-

quences both in overall efficiency and also, in the fact that the formed host–guest

complex is often too stable and results in product inhibition. Whilst enzyme cata-

lysts are capable of adopting conformational changes in order to favor product re-

lease, the rigidity of the artificial catalysts does not allow efficient catalytic turn-

over. Thus, the search for a dynamic response represents a new and promising

area for further developments.

The design of shape- and site-selective catalysts based on host–guest interac-

tions is undoubtedly an innovative approach in organic synthesis, which foresees

major perspectives [9]. As an immediate application, such catalysts may render

unnecessary the use of protecting or directing groups in multi-step synthesis. In

particular, both Yoshida [10] and Vasella [11] have made important contributions

in this area, studying a set of catalysts for the selective functionalization of a

range of minimally protected carbohydrate monomers.

Although this chapter describes advances in this field, it does not exclusively

select enantioselective transformations. Although some of the reactions presented

here feature poor catalytic turnover, and require stoichiometric (or even excess)

quantities of catalyst, we chose to include such examples because of the scope

of the concept, the possible recovery of the catalyst, and the hope that further op-

timization would allow the use of these systems in substoichiometric catalyst

loadings.

13.2

Acylation Reactions with Oligopeptide-Based Catalysts

13.2.1

Regioselective Acetylation of Glucose Derivatives

In a series of elegant studies, Miller and colleagues demonstrated that small pep-

tides containing modified histidine residues (p-methyl-histidine) were effective

catalysts for enantioselective acylation and phosphorylation reactions [12, 13]. As

peptides in this family are able to transfer stereochemical information, these cat-

alysts were also tested to carry out site- and regio-selective reactions, which take

place against kinetic expectations. The screening of a small library (36 members)
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showed that some peptides were indeed capable of perturbing the inherent selec-

tivities of the acylation reactivity of a glucosamine derivative. Catalyst 5 allowed

regioselective conversion of the glucose derivative 6 into the monoacetate 10 in

58% isolated yield (Scheme 13.1) [12]. In a control experiment, when glucoside

6 was treated in the presence of N-methylimidazole (NMI), the primary acetate

was predominantly formed, albeit with a low conversion.

13.2.2

Regioselective Phosphorylation

As in acylation reactions, the histidine residue can serve as the catalytically active

site in phosphate transfer [13], this reaction being reminiscent of that seen in cer-

tain classes of kinases. Just as enzymes rely on the structure of their binding

pockets to determine the binding orientation of their substrate, Miller et al. in-

duced enantioselectivity in phosphate transfer catalysts by modulating their

secondary structure (Scheme 13.2). Enantiodivergent catalysts for the synthesis

of d-myo-inositol-1-phosphate and d-myo-inositol-3-phosphate were obtained

from randomized combinatorial libraries. Both catalysts contain a terminal l-(p-

methyl-histidine) residue, but differ in their secondary structure. While catalyst

11 was picked from a library of b-turn-containing peptides, catalyst 12 was chosen

from a randomized library. Optimization of the structure of catalysts 11 and 12

allowed a complete inversion of regioselectivity, yielding compounds 14 and 15

Scheme 13.1 The regioselective acylation of a glucose derivative 6.
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with high enantioselectivities (>98% ee in both cases). (For experimental details

see Chapter 14.17.14). In comparison to small-molecule catalysts such as DMAP

and NMI, catalysts 11 and 12 were more active, indicating that the presence of a

secondary structure not only provides site selectivity but also enhances the rate of

the reaction.

13.3

Sequence-Specific RNA-Cleaving Agents [14]

The development of sequence-specific RNA-cleaving agents based on comple-

mentary base pairing is of major interest, not only in the mimicking of natural

restriction enzymes for sequence-selective manipulation of RNA molecules, but

also for applications as catalytic antisense oligonucleotides in chemotherapy.

Under biological conditions, ribonucleases (RNases) catalyze cleavage of the 3 0

OaP phosphodiester bond within a polynucleotide chain. This process plays a

fundamental role in diverse eukaryotic functions, including viral defense, chro-

matin remodeling, genome rearrangement, developmental timing, brain mor-

phogenesis, and stem cell maintenance. Under physiological conditions, RNA

cleavage involves an attack of the 2 0-oxyanion on the phosphorus atom, resulting

in formation of the unstable cyclic dianion, which undergoes a rate-limiting frag-

mentation by departure of the 5 0-linked nucleoside as an oxyanion (Scheme 13.3).

It should be noted that this intramolecular mechanism requires some molecular

(structural) flexibility. For example, when the structure is too rigid to allow intra-

strand cooperation, the phosphodiester bond can be cleaved via an intermolecular

attack by water, or by other nucleophiles.

Scheme 13.2
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Under biological conditions, RNases may require a divalent metal ion such as

Mg2þ for activity [15, 16]. Such a co-catalyst may first, enhance the electrophilicity

of the phosphorus atom and neutralize the negative charge of the pentacoordi-

nate intermediate, and second, protonate or otherwise increase the acidity of the

3 0-oxygen leaving group.

It was observed, under in-vitro conditions, that nucleotides located in an un-

paired region were more prone to cleavage than those implied in intra-strand

base stacking. It is suggested that RNA hydrolysis, which proceeds via an in-

line attack mechanism on the phosphorus atom, is favored if the attacking

2 0-oxyanion and the 5 0-linked leaving group adopt an apical orientation during

the transesterification reaction. It has also been indicated that the backbone

geometry of base-paired regions prohibits suitable arrangement for the in-line

attack, while the unpaired sites are preferentially hydrolyzed [17].

13.3.1

RNA Hydrolysis by DNA-DETA Adduct

Sequence-selective RNA scission was accomplished by the attachment of oligo-

amines to synthetic DNA oligomers [18]. The cleaving agent 16, composed of di-

ethylenetriamine (DETA) linked to 19-mer DNA, hydrolyzed linear 30-mer RNA

strand 17 in a sequence-selective manner (Scheme 13.4). Hence, treatment of

the linear RNA in the presence of DNA–DETA complex 16 and EDTA at pH 8

for 4 h at 50 �C, furnished, with good selectivity, the scission products 18 and

19, albeit with a low conversion (10%) of the starting material.

The first event in this process is the formation of a RNA–DNA hetero-duplex

between the complementary 19-mer sequences of 16 and 17. This allows the cata-

lytic moiety to be correctly placed near the selective scission site. The cleavage

proved to be most efficient at pH 8, where the ethylenediamine exists mostly as

a monocation (pKa values are 9.2 and 6.5). This observation is consistent with a

mechanism involving an intramolecular acid–base cooperation between the neu-

tral amine and the ammonium ion of the DETA moiety, as depicted in Scheme

13.5. The basic amino moiety pulls a proton from the 2 0-hydroxyl group of the

ribose to promote its attack toward the phosphorus atom, while the protonated

ammonium residue provides Lewis acid assistance to the reaction [7d, 19]. This

Scheme 13.3
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cooperativity between two types of catalysts can proceed either simultaneously or

in a stepwise manner, and the mechanism is related to the bifunctional acid–base

cooperation between two imidazole moieties of histidine in ribonuclease A [7d].

13.3.2

RNA Hydrolysis by PNA-DETA Adduct

The affinity towards a complementary RNA strand can be improved by using pep-

tide nucleic acids (PNAs) [20]. These DNA mimics, in which the nucleic acid

bases are linked to a polyamide backbone [21], usually exhibit improved binding

properties with a complementary DNA or RNA strand [22]. The use of an excess

PNA-DETA adduct 20 in a Tris-HCl buffer (pH 7), in the presence of NaCl and

EDTA at 40 �C, resulted in a sequence-selective cleavage of the RNA strand 21

Scheme 13.5

Scheme 13.4
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after 24 h (Scheme 13.6). The improved binding affinity of PNAs compared to

DNAs toward a RNA strand allowed the use of a shorter recognition sequence

(10-mer versus 19-mer). However, cleavage of the phosphodiester bond is less

site-selective, as two major different CaA scissions were observed, resulting in

the formation of compounds 22–25. Since a slight modification in the RNA se-

quence occurred around the cleavage site compared to the previous example

(replacement of G by C), it would be difficult to determine whether the intrinsic

properties of the catalyst or a modification of the cleaving ability of the RNA

strand are responsible for this decrease in site selectivity.

13.3.3

Methyl Phosphonate Oligonucleotides as RNA-Cleaving Agents

Methyl phosphonate oligonucleotides (MPOs) can be obtained by replacing the

phosphodiester group of the parent oligonucleotide by a methyl phosphonate

unit (Scheme 13.7). These compounds were used as site-specific RNA-cleaving

agents [23]. Since RNA regions involved in base stacking are usually not prone

to hydrolysis of the phosphodiester bond (vide supra), the catalytic site of 26–28

was built with a non-complementary, non-nucleotide-based linker L (Scheme

13.7). Treatment of the RNA strand 29 with an excess of 26 or 27, functionalized

with two proton donor/acceptor moieties, in the presence of phosphate buffer at

25 �C, resulted in a sequence-specific RNA cleavage, leading to compounds 30

and 31, albeit with low conversion (<10% after 5 days). This sluggish catalytic

activity is believed to be a consequence of the low binding affinity of these modi-

Scheme 13.6
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fied MPOs with the complementary RNA strand. Interestingly, treatment of the

RNA strand 29 in the presence of 28 under the same conditions resulted in no

reaction, thus confirming the role of the two basic L residues of 26 and 27 in the

cleavage process. However, 28 could act as a protecting group. Hence, it promoted

the site-selective RNA cleavage when incubated in the presence of an exogenous

1 M solution of ethylenediamine, while other regions remained intact. In this

intermolecular reaction, the region facing the non-base-stacked site L site of 28

became more prone to hydrolytic cleavage than the hydrogen-bonded (protected)

domains.

13.4

Chiral Cavitands: Calixarenes and Cyclodextrins

Calixarenes and cyclodextrins (CDs) are the simplest combination of organic

compounds able to form molecular cavities. The relative ease of functionalization

makes them versatile enzymatic binding site mimics [24]. These cavitands can af-

Scheme 13.7
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ford inclusion complexes with a variety of guests based on size, structure, and po-

larity criteria [25, 26]. In this class of substances, the cavity adopts the shape of a

truncated cone, featuring two inequivalent entrances. Ideally, the whole complex

could function as a funnel able to select substrates according to their size and

shape before they undergo a catalytic transformation in the confined space. The

position of the substrate is expected to be controlled by weak forces within the

cavity walls. Cavitands provided with catalytic site and appended groups engen-

dering water solubility are of particular interest, as they constitute potential mi-

croreactors that would allow a catalytic reaction to take place in an aqueous

medium (in reality, within the hydrophobic space of the interior).

13.4.1

Calixarenes [27]

Water-soluble calixarenes of the p-sulfonato type have been under intense investi-

gation for catalytic, biomimetic, sensor, and separation applications [28–30]. For

p-sulfonatocalix [n]arene (CXn), a particularly common derivative, electrostatic

and cationic interactions are presumed to be the dominant driving force for

complexation; this is reflected by the high binding constants of CX4 with organic

(ammonium) cations (103 to 105 M�1) [28]. The binding of non-charged organic

guest molecules by CX4 has also been intensively studied, owing to, among

others, the potential of water-soluble calixarenes to serve as inverse phase-transfer

catalysts [29a]. The binding constants, however, were consistently found to be un-

desirably low (101 to 102 M�1) [29, 30], as were selectivities [31], implying a very

weak hydrophobic driving force for complexation. p-Sulfonatocalix [4]arene has

been shown to display a relatively moderate guest size selectivity but a strong

guest shape selectivity, namely a preference for inclusion of bicyclic (spherical)

guests [32].

13.4.1.1 Specific Esterification of N-Acetyl-L-Amino Acids

p-Sulfonatocalix [6]arene 32 catalyzes the specific esterification of N-acetyl-l-
amino acids bearing basic residues. Indeed, the reaction rates of His 33, Lys 34

and Arg 35 were markedly enhanced in the presence of p-sulfonatocalix [6]arenes
compared to Phe (Scheme 13.8) [33]. The reaction rates were measured in the

presence of a large excess of calixarenes (>10 equiv.) and were compared to those

obtained in the presence of the non-cyclic p-hydroxybenzenesulfonic acid (pHBS).

The size of the cavity plays a crucial role on the selectivity of the reaction. For

example, when the esterification was performed with p-sulfonatocalix [4]arenes,
the kcalixarene=kpHBS value for histidine was indeed increased from 24 to 86.
1H NMR studies supported the formation of an inclusion complex of cali-

xarenes with basic amino acids, and the reaction followed Michaelis–Menten

kinetics. The specific rate enhancement observed for basic amino acids His 33,

Lys 34 and Arg 35 is the result of a stabilization by the anionic sulfonate groups

of the cationic intermediate, which can undergo esterification (see Scheme 13.8).

In contrast, the formation of Phe 36, might proceed via simple acid catalysis.
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13.4.2

Cyclodextrins

Cyclodextrins (CDs, Schardinger dextrins) are naturally occurring toroidal mole-

cules consisting of six, seven, eight, nine or ten a-1,4-linked d-glucose units

joined head-to-tail in a ring (a-, b-, g-, d- and e-cyclodextrins, respectively). They

may be synthesized from starch by the cyclomaltodextrin glucanotransferase

from Bacillus macerans. Such a spatial arrangement results in the formation of

hydrophobic pockets, due to the glycosidic oxygen atoms and inwards-facing

CaH groups, which can differ in the diameter of the cavities (by about 0.5–1 nm)

but remain about 0.7 nm deep. All of the C-6 hydroxyl groups project to one

end, and all the C-2 and C-3 hydroxyl groups to the other. Although cyclodextrins

are water-soluble, the presence of their hydrophobic pocket enables them to

bind hydrophobic molecules of an appropriate size. The vast majority of com-

plexes involving cyclodextrins and neutral organic molecules have average disso-

ciation constants in the decimolar (10�1 M) to hundred micromolar (10�4 M)

range, corresponding to the weakest energy host–guest interactions. Cyclo-

dextrins can be derivatized in order to introduce catalytically relevant groups.

Although their chiral discriminating properties have long been recognized [34],

and amply exploited in the chromatographic separations of enantiomeric com-

pounds, little has been done to develop enzyme-like catalysts of these substrates.

While enantioselective reactions are known, few of them are amenable to catalytic

transformations.

Scheme 13.8
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13.4.2.1 Aryl Glycoside Hydrolysis

Functionalized CDs may catalyze the hydrolysis of various aryl glycosides [35, 36].

Cyclodextrin diacid 37 is an artificial glycosidase with a kcat=kuncat of 35 for the

hydrolysis of 4-nitrophenyl-b-d-glucoside (40) (Scheme 13.9) [35c]. The dicyano-

hydrin 38 [37] is a significantly better artificial enzyme, achieving kcat=kuncat of
200–2000 for the hydrolysis of aryl glycosides. While no marked difference in

the hydrolysis of nitrophenyl a-glucoside versus b-glucoside was found using the

latter catalyst, the related a-manno and a-galacto substrates were hydrolyzed at

a slower rate, compared to the b-isomers. The catalysis can be inhibited by the

addition of cyclopropanol, thus confirming that the CD cavity is involved in the

catalytic process. The corresponding dinitrile-derivative (i.e. without the a-OH)

showed an approximately 250-fold lower catalytic activity than 38, whereas the

dialdehyde dihydrate 39 exhibited a catalytic efficacy 20-fold lower than 38. Fur-

thermore, no reaction was observed neither with b-CD nor with mandelonitrile,

showing that the supramolecular positioning of the binding cavity and the cyano-

hydrin group is essential for catalytic activity. An important feature of catalyst 38

is that the 6-OH groups are fixed in the gt conformation pointing toward the

binding site. The proposed mechanism suggests the formation of an inclusion

complex involving the aromatic moiety of the molecule, followed by activation of

the glycosidic linkage by the cyanohydrin OH group.

13.4.2.2 Phosphate Hydrolysis

Regioselective phosphate hydrolysis of 41 and 42 was realized with bifunctional

catalysts 43–45, in which one imidazole acts as a base, while the other protonated

species acts as an acid (Scheme 13.10) [38]. Whereas all three catalysts were able

to hydrolyze 41, only 44 and 45 could cleave 42, and in all cases the maximum

Scheme 13.9
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rate was observed at ca. pH 6. In these reactions the size of the cavity might in-

fluence not only the catalyst-substate binding affinity, but also the catalytic effi-

ciency, and it is interesting to compare the substrate/catalyst binding forces to

the rate constants of the reactions. Indeed, the affinity of compound 41 towards

the catalysts (44 > 43 > 45) is not directly correlated to the rate of hydrolysis

Scheme 13.10

Scheme 13.11
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(43 > 44 > 45). The contrasts are enhanced in the case of 42, as no catalysis is

observed with 43, whereas both kcat and binding efficiency are in the order

44 > 45.

The anionic cyclic phosphates bind both to the cavity via their hydrophobic core

and to the cationic imidazole groups via their polar head (Scheme 13.11). The

precise fit of the t-Bu group of 42 inside the cavity results not only in an increased

binding affinity, but also in a considerable increase in the catalytic rate constant

and regioselectivity. In contrast, when 42 binds 45, with its larger cavity, the ad-

vantages are less pronounced. The lack of reactivity of compound 42 in the pres-

ence of 43 was attributed to a reverse binding mode, due to impossibility for the

bulky t-Bu group to fit inside the cavity.

13.4.2.3 Transamination Reactions

The conversion of a-keto acids to the corresponding a-amino acids is catalyzed

under biological conditions by amino transferases, as depicted in Eq. (1):

l-Gluþ a-keto acid ¼ a-keto glutaric acidþ l-a-amino acid ð1Þ

In this transformation, l-Glu can be replaced by l-Asp, l-Orn, or by other

amino acids; the reaction requires the presence of pyridoxal-5-phosphate (vitamin

B6), or, thiamine (vitamin B1) [39, 40], as coenzyme.

In mimicking transaminases, the C-6 hydroxyl group of b-CD was covalently

derivatized by an activated pyridoxal coenzyme [41]. In order to reproduce the cat-

alytic role of the basic residue at the active site of transaminase enzymes, imida-

zoles were incorporated into the CD framework. Two isomeric compounds, 50

and 51, carrying adjacent pyridoxamine and imidazole units on the C-6 position

of the glucose backbone, have been synthesized (Scheme 13.12) [42]. These

catalysts were tested in the transamination reaction of phenylpyruvic acid 52 pro-

ducing phenylalanine (Phe). Interestingly, the compound 50 afforded a mixture

of l-Phe and d-Phe in a 5:1 ratio, whereas the regioisomer 51 afforded the same

amino acid, albeit with an opposite stereochemical preference (1:5 ratio). The ex-

amination of molecular models of 50 and 51 indicated that, during formation of

the new amino acid, the proton was added on the face away from the imidazole

group. Thus, the imidazole ring probably serves to prevent proton addition to one

face of the imine intermediate, by steric blocking, rather than protonating the

transamination intermediates.

13.4.2.4 Amidation Reactions

The substrate-specific condensation of aromatic carboxylates 52 and 53 having

strong affinity for the CD cavity of 54 was realized with in-situ activation by for-

mation of an acyloxytriazine, which undergoes aminolysis to give an amide [43].

Competitive experiments between 52 and 53 showed high selectivity, resulting

in the major formation of compound 55 over compound 56 (Scheme 13.13). The

observed selectivity can be attributed to differences in the affinity of the substrates

for the CD cavity (Scheme 13.13). Most importantly, the CD-based catalyst 54
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accelerates the condensation of 52 by a factor of 13, compared to N,N-dimethyl-

glycine ethyl ester. Product inhibition resulting from competitive binding of the

hydrophobic part of the product to the cavity of 54 is overcome by precipitation

of the products under the reaction conditions.

13.4.2.5 Epoxidation of Alkenes

Cyclodextrins have been covalently modified for catalytic oxidation, such as com-

pounds 57, 62–65 (Schemes 3.14 to 3.16) [44, 45]. Enantioselective epoxidation of

styrene derivatives, and carene using 20–100 mol% of the CD-ketoester 57 has

been achieved. The inclusion-complex formation was confirmed by 1H NMR titra-

tion experiments, confirming the 1:1 substrate:catalyst stoichiometry under the

reaction conditions. In the oxidation of carene, NOE and ROESY experiments

showed different behavior according to the size of the R group (Scheme 13.14).

Evidence was found for the formation of inclusion complexes with compounds

58 and 59. On the other hand, compounds 60 and 61 proved to interact with the

catalyst via a ‘‘tail’’ inclusion (vide infra). The increased diastereoselectivity ob-

served with compounds 58 and 59 might be explained by a closer proximity to

the covalently linked dioxirane.

This reaction has also been successfully applied to the enantioselective epoxida-

tion of various styrenes, and furnished the corresponding epoxides in up to 99%

chemical yield, and ee-values up to 40% (Scheme 13.15). It should be noted that

Scheme 13.12

438 13 Shape- and Site-Selective Asymmetric Reactions



Scheme 13.13
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Scheme 13.14

Scheme 13.15
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the catalyst loading could be decreased to 20 mol%, without any significant de-

crease in enantioselectivity.

Another strategy for positioning a catalytic center across the entrance of a con-

ical cavity is to employ a cavitand functionalized at one entrance by a pendent

chelate arm (Scheme 13.16). Enantioselective epoxidations of aromatic alkenes

was realized with catalysts 62, 63, and 64, 65, although the enantioselectivity re-

mained modest [46]. (For experimental details see Chapter 14.13.11). The reac-

tion requires the slow addition (over 1 h) of a solution of alkene 66 and Oxone to

a solution of the catalyst. Both the size of the cavity and the structure of the

bridged ketone influenced the reactivity. Hence, whilst the formation of the diol

68 was observed when 62 and 63 were used, the presence of 64 and 65 resulted

only in the formation of epoxide 67.

The epoxide formation is thought to proceed via Oxone-mediated dioxirane for-

mation and inclusion of the aromatic moiety inside the cavity. The influence of

the substrate binding inside the CD cavity was evaluated by inhibitory experi-

ments with naphthalene-2-sulfonate, which is known to bind both a- and b-CD

with good affinity. As expected, the addition of 2 equivalents of inhibitor to the

reaction mixture resulted in a significant decrease in reaction rate.

Scheme 13.16
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13.5

Molecular Imprinting

Molecular imprinting involves the formation of a substance, most often a poly-

mer, around a molecular template, such as 74 (Scheme 13.17) [25g, 47, 48]. The

functional monomers interact with a template through covalent or non-covalent

interactions. Once the polymer is formed, the template is removed by extraction,

leaving a catalytic cavity (i.e., a selective binding site), which is characterized both

by the shape and the spatial arrangement of the functional groups. In order to

exhibit selectivity, the molecular imprinting polymer (MIP) cavity needs to pro-

vide a well-defined (geometric) orientation of the binding and catalytic sites. Usu-

ally, the shape of the cavity corresponds to the shape of the substrate, or better, of

the transition state of the given reaction [6]. The shape-based molecular selection

is the result of a combination of covalent, ion-pairing and hydrogen bonds. The

Scheme 13.17
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cavity can be endowed with a variety of engineered properties, ranging from se-

lective binding of specific molecules (molecular recognition) to enzyme-like catal-

ysis. Such a simple and appealing concept has for more than 50 years attracted

chemists from several disciplines, and actually promises a breakthrough in enan-

tioselective catalysis. Highly cross-linked network polymers were developed which

exhibited excellent enantiomer recognition properties for a highly interesting

range of substances such as carbohydrates, esters, amino acids and peptides, ste-

roids, and nucleotide bases. In parallel, innovative receptor design approaches

based on dynamic combinatorial libraries are emerging, and new applications in

sensors and catalysis are being developed in addition to traditional applications in

chromatography [49]. While the concept is appealing, this seemingly ‘‘simple’’

approach is not without difficulties however. Problems arise, for example, from

the proper technique used for tailoring catalytically active polymers: either due

to microstructural factors of the catalyst such as accessibility, local solvation,

non-homogeneity of the catalytic centers, etc., or to the rigidity of the structure

[50]. Although shape-selective transformation usually infers enantiodiscrimina-

tion, truly asymmetric transformations using imprinted polymers remain scarce

[51].

13.5.1

Enantioselective Ester Hydrolysis

Optically active phosphine monoester 69 was prepared as a stable transition state

analogue of the hydrolysis of 70, and used as a template (Scheme 13.17) [52].

When heated in the presence of amidine 72, methyl methacrylate, ethylene glycol

dimethacrylate and AIBN, polymerization took place and offered the polymer 73,

in which the template 69 is attached to the binding sites by a combination of

hydrogen bonds and electrostatic interactions. After washing in the presence of

MeOH and aqueous NaOH, the template was removed from the cavity, thus lead-

ing to a catalytically active MIP.

The MIP-mediated hydrolysis of ester 70 in HEPES buffer (0.15 M, pH 7.3) and

MeCN at 20 �C showed Michaelis–Menten kinetics and a 325-fold rate enhance-

ment compared to the reaction performed in solution. By comparison, the hy-

drolysis of ent-70 showed a 234-fold enhancement under the same conditions,

resulting in a pronounced enantioselectivity. Interestingly, the apparently slight

difference between 70 and 71 resulted in a significant decrease in catalyst activity,

as the rate enhancement compared to the reaction performed in solution was

‘‘only’’ 103-fold.

The mechanism of the ester hydrolysis or transesterification is thought to pro-

ceed via a pre-equilibrium state involving binding between the ester 70 and the

MIP catalyst 74, followed by an activation of the carbonyl group by one amidine

group, and attack of a water molecule (Scheme 13.18). The reaction is believed to

involve a high-energy tetrahedral oxanion intermediate (transition state-like). Rate

enhancements caused by esterase enzymes can, to a large part, be ascribed to the

electrostatic stabilization of this structure [53]. The transition states and the inter-
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mediate I show small energy differences due to similar structures. This justifies

why an intermediate analogue and not a transition state analogue could be used

as a template during synthesis of the MIP catalyst 74.

A similar concept was used in the development of artificial chymotrypsin

mimics [54]. The esterase-site was modeled by using the phosphonate template

75 as a stable transition state analogue (Scheme 13.19). The catalytic triad of the

active site of chymotrypsin – that is, serine, histidine and aspartic acid (carboxy-

late anion) – was mimicked by imidazole, phenolic hydroxy and carboxyl groups,

respectively. The catalytically active MIP catalyst 76 was prepared using free radi-

cal polymerization, in the presence of the phosphonate template 75, methacrylic

acid, ethylene glycol dimethacrylate and AIBN. The template removal conditions

had a decisive influence on the efficiency of the polymer-mediated catalysis, and

best results were obtained with aqueous Na2CO3.

A relatively low pH (pH 4.5) was necessary to obtain a selective MIP-catalyzed

hydrolysis of ester 77 (Scheme 13.19); this was most likely due to the involvement

of the carboxylic acid moieties in substrate binding. In addition, at this pH, the

Scheme 13.18
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imidazole moiety should exist as the protonated form, and act as a general acid

catalyst, allowing a water molecule to attack the substrate.

MIP catalyst 76 also performs enantioselective hydrolysis of non-activated d-

and l-phenylalanine ethyl ester 78 at pH 7.4, with characteristic saturation kinet-

ics (Scheme 13.19). While this catalyst does not have the precise shape comple-

mentarity to ester 78, a threefold enhancement compared to the blank reaction

was observed. Furthermore, enantiodiscrimination was obtained, as compound

78 was hydrolyzed 1.44-fold faster than ent–78. Although the reported rate en-

hancement was modest compared to the standards in asymmetric synthesis, it

can be considered as a first step in the development of imprinted polymers for

enantioselective catalysts.

Enantioselective hydrolysis of p-nitrophenyl-N-(benzylocycarbonyl)-l-leucinate
compared to its d-isomer could also be performed with a MIP catalyst built up

with a racemic template [55]. In that case, the enantiodiscrimination is insured

by the presence of l-His monomer during the polymerization process, performed

under finely tuned conditions. The random distribution of quaternary trimethyl-

ammonium groups through the polymer framework makes this MIP very solu-

ble in water. The MIP-catalyzed ester hydrolysis was performed in a mixture of

Scheme 13.19
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MeCN and Tris buffer (pH 7.15) at 30 �C, and showed a predominant reaction of

Boc-l-Leu-PNP compared to Boc-d-Leu-PNP (kL=kD ¼ 8:41).

13.6

Conclusion

The utilization of artificial enzyme-like catalysts, which are able to select sub-

strates based on size or site/sequence criteria, is in its infancy. This field com-

bines receptor-like mid-size or macromolecular structures forming either nano-

scale organic vessels, or complementary receptor-like structures, and a catalytic

site, which are operating typically as bifunctional catalysts. The design of shape-

and site-selective catalysts based on host–guest interactions is undoubtedly an in-

novative approach in organic chemistry, which foresees major perspectives. More-

over, the scope in organic synthesis is notable, rendering protecting-directing

groups unnecessary. In addition, these molecules can be used as tools in molecu-

lar biology, and as catalysts for organic chemistry, notably for hydrolytic reactions

which mimic EC 3.1-type enzymes. In these catalysts the catalytic (nucleophilic)

site adopts a spatial orientation suitable for proton transfer, this being usually in-

sured by the chiral template. Although these catalysts perform efficient size or

shape discrimination for non-asymmetric reactions, only a few enantioselective

transformations have been identified, and these remain to be improved for syn-

thetic applications. Our growing understanding of shape- and site-selective cata-

lysts provides new insight into old problems of organocatalysis and newer prob-

lems such as enzyme design.
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V. Böhmer (Eds.), Calixarenes. Kluwer
Academic Publishers, Dordrecht,

1990, pp. 173–198; (c) P. Ballester,

A. Shivanyuk, A.R. Far, J. Rebek, Jr.

J. Am. Chem. Soc. 2002, 124, 14014–
14016.

32 H. Bakirci, A.L. Koner, W.M. Nau,

J. Org. Chem. 2005, 70, 9960–9966.
33 K. Goto, Y. Yano, E. Okada, C.-W. Liu,

K. Yamamoto, R. Ueoka, J. Org.
Chem. 2003, 68, 865–870.

34 (a) F. Cramer, W. Dietsche, Chem. Ber.
1959, 92, 1739–1747; (b) for a review,

see: C.J. Easton, S.F. Lincoln, Chem.
Soc. Rev. 1996, 25, 163–170.

35 (a) F. Ortega-Caballero, C. Rousseau,

B. Christensen, T.E. Petersen, M.

Bols, J. Am. Chem. Soc. 2005, 127,
3238–3239; (b) F. Ortega-Caballero, J.

Bjerre, L.S. Lausten, M. Bols, J. Org.
Chem. 2005, 70, 7217–7226; (c) C.
Rousseau, N. Nielsen, M. Bols,

Tetrahedron Lett. 2004, 45, 8709–8711.
36 For earlier works on glycosidase

mimics, see: (a) D.T.H. Chou, J. Zhu,

X. Huang, A.J. Bennet, J. Chem. Soc.,
Perkin Trans. 2 2001, 83–89; (b) T.

Ohe, Y. Kajiwara, T. Kida, W. Zhang,

Y. Nakatsuji, I. Ikeda, Chem. Lett.
1999, 921–922.

37 Compound 38 can be prepared

from cyclodextrin dialdehyde via

cyanohydrin synthesis according to

Ref. [35a]. This reaction affords a

single diastereomer as product.

38 R. Breslow, C. Schmuck, J. Am.
Chem. Soc. 1996, 118, 6601–6605.

39 R. Breslow, J. Am. Chem. Soc. 1958,
80, 3719–3726.

40 J.A. Murry, D.E. Frantz, A. Soheili, R.

Tillyer, E.J.J. Grabowski, P.J. Reider,

J. Am. Chem. Soc. 2001, 123, 9696–
9697.

41 (a) R. Breslow, M. Hammond, M.

Lauer, J. Am. Chem. Soc. 1980, 102,
421–422; (b) R. Breslow, A.W.

448 13 Shape- and Site-Selective Asymmetric Reactions



Czarnik, M. Lauer, R. Leppkes, J.

Winkler, S. Zimmerman, J. Am.
Chem. Soc. 1986, 108, 1969–1979; (c)
R. Breslow, J. Chmielewski, D. Foley,

B. Johnson, N. Kumabe, M. Varney,

R. Mehra, Tetrahedron 1988, 44,
5515–5524; (d) R. Breslow, J.W.

Canary, M. Varney, S.T. Waddell, D.

Yang, J. Am. Chem. Soc. 1990, 112,
5212–5219.

42 E. Fasella, S.D. Dong, R. Breslow,

Bioorg. Med. Chem. 1999, 7, 709–714.
43 M. Kunishima, K. Yoshimura, H.

Morigaki, R. Kawamata, K. Terao, S.

Tani, J. Am. Chem. Soc. 2001, 123,
10760–10761.

44 W.-K. Chan, W.-Y. Yu, C.-M. Che,

M.-K. Wong, J. Org. Chem. 2003, 68,
6576–6582.

45 For related cyclodextrin-based

transformations see (a) R. Breslow, J.

Yang, J. Yan, Tetrahedron 2002, 58,
653–659; (b) J. Yang, B. Gabriele, S.

Belvedere, Y. Huang, R. Breslow,

J. Org. Chem. 2002, 67, 5057–5067,
and references cited therein.

46 (a) C. Rousseau, B. Christensen, T.E.

Petersen, M. Bols, Org. Biomol. Chem.
2004, 2, 3476–3482; (b) C. Rousseau,
B. Christensen, M. Bols, Eur. J. Org.
Chem. 2005, 2734–2739.

47 (a) R.A. Bartsch, M. Maeda (Eds.),

Molecular and Ionic Recognition with
Imprinted Polymers. American

Chemical Society, 1998; (b) B.

Sellergren (Ed.), Molecularly Imprinted
Polymers: Man-Made Mimics of
Antibodies and their Application in
Analytical Chemistry. Elsevier, 2000;
(c) K.J. Shea, M. Yan, M.J. Roberts

(Eds.), Molecularly Imprinted Materials
– Sensors and Other Devices. Materials

Research Society, Symposia Held

April 2–5, 2002, San Francisco; (d) M.

Komiyama, T. Takeuchi, T. Mukawa,

H. Asanuma (Eds.), Molecular
Imprinting: From Fundamentals to
Applications. Wiley-VCH, Weinheim,

2003.

48 Reviews: (a) C. Alexander, L.

Davidson, W. Hayes, Tetrahedron
2003, 59, 2025–2056; (b) G. Wulff,

Chem. Rev. 2002, 102, 1–28; (c) B.
Clapham, T.S. Reger, K.D. Janda,

Tetrahedron 2001, 57, 4637–4662; (d)
B. Sellergren, Angew. Chem. Int. Ed.
2000, 39, 1031–1037.

49 (a) S. Otto, R.L.E. Furlan, J.K.M.

Sanders, Curr. Opin. Chem. Biol.
2002, 6, 321–327; (b) R.L.E. Furlan, S.
Otto, J.K.M. Sanders, Proc. Natl. Acad.
Sci. USA 2002, 99, 4801–4804; (c) S.
Otto, R.L.E. Furlan, J.K.M. Sanders,

Science 2002, 297, 590–593; (d) S.
Otto, R.L.E. Furlan, J.K.M. Sanders,

Drug Discovery Today 2002, 7, 117–
125; (e) S.J. Rowan, S.J. Cantrill,

G.R.L. Cousins, J.K.M. Sanders, J.F.

Stoddart, Angew. Chem. Int. Ed.
2002, 41, 898–952; (f ) G.R.L.

Cousins, S.-A. Poulsen, J.K.M.

Sanders, Curr. Opin. Chem. Biol.
2000, 4, 270–279.

50 W.B. Motherwell, M.J. Bingham, J.

Pothier, Y. Six, Tetrahedron 2004, 60,
3231–3241.

51 See for example: (a) A. Biffis, G.

Wulff, New J. Chem. 2001, 25, 1537–
1542; (b) J.-M. Kim, K.-D. Ahn, G.

Wulff, Macromol. Chem. Phys. 2001,
202, 1105–1108; (c) A.G. Strikovsky,

D. Kasper, M. Grun, B.S. Green, J.

Hradil, G. Wulff, J. Am. Chem. Soc.
2000, 122, 6295–6296 and references

cited therein.

52 M. Emgenbroich, G. Wulff, Chem.
Eur. J. 2003, 9, 4106–4117.

53 (a) A.R. Fersht (Ed.), Enzyme Structure
and mechanisms. Freeman, New York,

1985; (b) T. Bruice, F.C. Lightstone,

Acc. Chem. Res. 1999, 32, 127–136.
54 (a) B. Sellergren, K.J. Shea,

Tetrahedron: Asymm. 1994, 5, 1403–
1406; (b) B. Sellergren, R.N.

Karmalkar, K.J. Shea, J. Org. Chem.
2000, 65, 4009–4027.

55 K. Ohkubo, K. Sawakuma, T. Sagawa,

Polymer 2001, 42, 2263–2266.

References 449





14

Appendix I: Reaction Procedures

This chapter provides sample procedures of asymmetric organocatalytic

transformations organized according to reaction types.

14.1

Aldol Reactions

14.1.1

General Procedures for (S)-Proline-Catalyzed Cross-Aldol Reactions of Aldehyde

Donors (p. 28)

Method A [1a]:

A solution of donor aldehyde (2.0 mmol, 2 equiv) in DMF (500 mL) was added

slowly over the course of 2.5 h to a stirring mixture of acceptor aldehyde

(1.0 mmol, 1 equiv) and (S)-proline (0.10 mmol, 0.1 equiv) in DMF (500 mL) at

4 �C. The resulting mixture was stirred for 16 h at the same temperature.
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Method B [1b]:

A mixture of donor aldehyde (2 mmol, 1 equiv), acceptor aldehyde (20 mmol,

10 equiv), and (S)-proline (0.6 mmol, 0.3 equiv) in N-methylpyrrolidine (NMP)

(1 mL) was stirred at 4 �C for 36 h.

14.1.2

General Procedure for O-tert-Butyl-L-Threonine Catalyzed Cross-Aldol Reactions of

Ketone Donors and Aldehyde Acceptors [2] (p. 23)

To a solution of ketone (1.0 mmol, 2 equiv) and aldehyde (0.50 mmol, 1 equiv) in

NMP (0.50 mL) was added O-tert-butyl-l-threonine (0.10 mmol, 0.2 equiv) and the

resulting mixture was stirred at 4 �C until the aldehyde was consumed as moni-

tored by TLC.

14.1.3

Intramolecular Aldol Reactions: The Robinson Annulation [3] (p. 31)

The triketone (1.82 g, 10 mmol) and (S)-ð�Þ-proline (34.5 mg, 0.3 mmol) were

stirred in anhydrous N,N-DMF (distilled from calcium hydride) under argon for

20 h. The brown-colored reaction mixture was filtered, and the filtrate evaporated

under high vacuum at 22 �C (bath temperature) to give 2.4 g of an oil. This was

dissolved in 10 mL of ethyl acetate and filtered through 8.0 g of silica gel. The

adsorbent was eluted with 150 mL of ethyl acetate, and the solvent evaporated
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in vacuo to give 2.0 g of an oil, which crystallized upon seeding. The crystalline

mass was broken up and placed under high vacuum at 55 �C (bath temperature)

for 1 h to remove traces of DMF to give 1.82 g (quant.) of crude product as a tan-

colored solid, ½a�D þ 56.1 (c 1.0, CHCl3).

14.1.4

Quaternary Ammonium Fluoride-Mediated Mukaiyama-Type Asymmetric

Aldol Reaction [4] (p. 122)

The catalyst can be prepared according to Ref. [4]. To a solution of the catalyst

(49 mg, 0.12 mmol) in tetrahydrofuran (THF) (8 mL) were successively added

benzaldehyde (110 mL, 1.1 mmol) and a solution of silyl enol ether (233 mg,

1.0 mmol) in THF (2 mL) at �78 �C under argon atmosphere. After stirring for

6 h, water (2 mL) was added and the mixture warmed to r.t. for 2 h. Usual work-

up followed by chromatographic purification gave the aldol adduct (198 mg, 74%)

with an erythro:threo ratio of 7:3.

14.1.5

Synthesis of tert-Butyl (2S,3R)-3-Hydroxyleucinate [5] (p. 126)

To a solution of silyl ketene acetal [5] (248 mg, 0.676 mmol) in CH2Cl2 (4.0 mL)

and hexanes (14.4 mL) were added isobutyraldehyde (310 mL, 3.38 mmol) and cat-
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alyst (40 mg, 16.9 mmol) in CH2Cl2 (0.8 mL) at �78 �C under nitrogen atmo-

sphere. The solution was stirred for 7 h at �78 �C and then treated with saturated

aqueous NH4Cl and ether. The ethereal solution was extracted with water and

brine, dried over MgSO4, filtered, and concentrated in vacuo. To a solution of the

crude reaction product in THF (8.0 mL) was added 0.5 M citric acid aqueous so-

lution (5.0 mL, 2.5 mmol) at 23 �C and the solution was stirred at 23 �C for 15 h.

After removal of the THF in vacuo at 20 �C or below, the aqueous solution was

extracted twice with ether, neutralized with NaHCO3, and then saturated with

NaCl and Rochelle salt. The mixture was extracted three times with CH2Cl2. The

extract was dried over MgSO4 and concentrated in vacuo. Column chromatogra-

phy on silica gel (CH2Cl2:methanol, 96:4 as eluent) afforded syn-C (79 mg, 61%)

and anti-C (12 mg, 9%). To a solution of syn-C (10.9 mg, 57.0 mmol) in CH2Cl2
(2.0 mL) was added thiocarbonyl bisimidazole (10.2 mg, 57.0 mmol). After stirring

at 23 �C for 2 h, the solvent was removed and the residue purified by column

chromatography (hexane:EtOAc, 3:2 as eluent) to give the corresponding cyclic

thiocarbamate (11.8 mg, 48.1 mmol, 84%), the enantiomeric excess of which was

determined as 95% ee by HPLC analysis (DAICEL Chiralpak AD, hexanes:2-

propanol, 9:1).

14.1.6

Quaternary Ammonium Salt-Mediated Asymmetric Direct Aldol Reaction

of Glycinate Benzophenone Schiff Base with 3-Phenylpropanal

Under Phase-Transfer Conditions [6] (p. 145)

To a mixture of tert-butyl glycinate benzophenone Schiff base (88.6 mg, 0.3

mmol), catalyst (9.9 mg, 2 mol%) and NH4Cl (1.6 mg, 0.03 mmol) in toluene

(1.5 mL) was added 1% NaOH aqueous solution (180 mL, 0.045 mmol) at 0 �C

under argon atmosphere, after which 3-phenylpropanal (79.0 mL, 0.6 mmol) was

introduced dropwise. After stirring the whole mixture at 0 �C for 1.5 h, saturated

NH4Cl and ether were added sequentially. The ethereal phase was separated,

washed with brine, and dried over Na2SO4. Evaporation of solvents gave the crude

product, which was dissolved in THF (8.0 mL); 1 M HCl (1.0 mL) was then added

at 0 �C. After stirring for 1 h, the THF was removed in vacuo. The resulting
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aqueous solution was washed three times with ether and neutralized with

NaHCO3. The mixture was then extracted three times with CH2Cl2. The com-

bined extracts were dried over Na2SO4 and concentrated. Purification of the resi-

due by column chromatography on silica gel (MeOH:CH2Cl2, 1:15 as eluent)

afforded tert-butyl 2-amino-3-hydroxy-5-phenylpentanoate as a mixture of diaster-

eomers (65.6 mg, 0.247 mmol; 82%, anti/syn ¼ 96:4). The diastereomeric ratio

was determined by 1H NMR analysis. The enantiomeric excess of the anti-
product was determined as 98% ee, after conversion to the corresponding

oxazoline-2-thione [thiocarbonyl diimidazole (1.0 equiv), CH2Cl2], by HPLC

analysis [DAICEL Chiralpak AD-H, hexane:2-propanol ¼ 10:1, flow rate ¼ 0.5

mL min�1, retention time (cis isomer from anti) ¼ 18.9 min (major) and 28.7

min (minor)].

14.1.7

Taddol-Catalyzed Mukaiyama Aldol Reactions of Aldehydes [7] (p. 245)

To a solution of A (18 mg, 25 mmol, 10 mol%) in toluene (500 mL) at r.t. was added

4-(trifluoromethyl)benzaldehyde (67 mL, 0.5 mmol, 2 equiv) in one portion under

an argon atmosphere. The solution was cooled to �78 �C and treated with silyl

ketene acetal (54 mg, 0.25 mmol, 1 equiv). The reaction temperature was main-

tained at �78 �C for 48 h prior to quenching with HF (500 mL, 5% solution in

CH3CN). The mixture was warmed to r.t. and stirring continued until complete

consumption of the silyl ether was observed (TLC-monitored). The reaction

mixture was diluted with CH2Cl2 (4 mL) and washed with saturated aqueous

NaHCO3 (5 mL). The aqueous layer was extracted with CH2Cl2 (3� 5 mL) and

the combined organic extracts were dried over anhydrous Na2SO4 prior to in-
vacuo solvent removal. The product diastereomer ratio (>25:1 syn:anti) was deter-
mined by 1H NMR spectroscopy using the crude material. The latter was purified

by flash chromatography (FC) on silica gel (ethyl acetate:hexanes, 2:1) to give the

syn product (58 mg, 84% yield, 96% ee) as a white solid.
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14.1.8

(S)-(C)-4-Hydroxy-4-Phenyl-2-Butanone [8] (p. 267)

Trichloro[(1-methylethenyl)oxy]silane (421.3 mg, 2.2 mmol, 1.1 equiv) was added

quickly to a cold (�74 �C) solution of catalyst (37.3 mg, 0.1 mmol, 0.05 equiv) in

CH2Cl2 (2 mL). A cold solution (�78 �C) of benzaldehyde (203 mL, 2.0 mmol) in

CH2Cl2 (2 mL) was then added quickly via a short cannula; during the addition,

the temperature rose to �67 �C. The reaction mixture was stirred at �75 �C for

2 h. The mixture was then quickly poured into a cold (0 �C) saturated aqueous

solution of NaHCO3 and the slurry was stirred for 15 min. The two-

phase mixture was filtered through Celite, the phases separated, and the aqueous

layer was extracted with CH2Cl2 (3� 50 mL). The organic phases were combined,

dried over Na2SO4, and concentrated under reduced pressure. The residue was

purified by chromatography on a column of silica gel with a mixture of pentane

and ether (1:1) to furnish 321.6 mg product (98%, 87% ee) as a clear oil:

½a�D � 51.4 (c 1.47, CHCl3).

14.1.9

(S)-(C)-Methyl 3-Hydroxy-3-Phenylbutanoate [9] (p. 269)

Trichlorosilyl ketene acetal (380 mL, 2.4 mmol, 1.2 equiv) was added to a solution

of acetophenone (240 mL, 2.0 mmol) and the bipyridine bis-N-oxide catalyst (101

mg, 0.2 mmol, 0.1 equiv) in CH2Cl2 (10 mL) at �20 �C under nitrogen in a

flame-dried, round-bottomed flask with a magnetic stirrer. The mixture was

stirred at �20 �C for 12 h and then transferred dropwise to an ice-cold saturated

aqueous solution of NaHCO3 (20 mL) with vigorous stirring. The mixture was

further stirred at r.t. for 30 min. The silicate precipitate was filtered off through

Celite and the filtrate was extracted with CH2Cl2 (4� 20 mL). The combined
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organic layers were dried over MgSO4 and concentrated under reduced pressure.

The crude aldol product was separated from the catalyst by distillation and the

further purified by silica gel chromatography to afford the product. Analytically

pure sample (364 mg, 94%, 82% ee) was obtained as a colorless liquid via Kugel-

rohr distillation: b.p. 110 �C ABT (1 mmHg); ½a�D � 5.62 (c 1.09, EtOH).

14.2

Mannich Reaction

14.2.1

General Procedure for Direct Mannich Reaction of Aldehydes and

Preformed Imines [10] (p. 39)

Aldehyde (0.75 mmol, 1.5 equiv), N-PMP-protected a-imino ethyl glyoxylate

(0.5 mmol, 1 equiv), (S)-proline (0.025 mmol, 0.05 equiv), dioxane (5 mL), r.t.,

2–24 h.

14.2.2

General Procedures for Three-Component Mannich Reactions (p. 46)

Method A: To a mixture of ArCHO (0.5 mmol), 4-methoxyaniline (0.5 mmol), and

(S)-proline (0.15 mmol) in DMF (3 mL), donor aldehyde (5.0 mmol) in DMF

(2 mL) was slowly added (0.2 mL min�1) at �20 �C. The mixture was stirred at

the same temperature for 4–10 h. The mixture was diluted with Et2O and reduc-

tion performed by the addition of NaBH4.

Method B: After stirring a solution of ArCHO (1.0 mmol), 4-methoxyaniline (1.1

mmol), and (S)-proline (0.1 mmol) in N-methyl-2-pyrrolidinone (1.0 mL) for 2 h

at r.t., propionaldehyde (3.0 mmol) was added to the mixture at �20 �C, and stir-

ring continued for 20 h at the same temperature. The reaction was worked-up

and reduction with NaBH4 was performed without purification.
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14.2.3

Catalytic Asymmetric Mannich-Type Reaction under Solid/Liquid Phase Transfer

Conditions [11] (p. 146)

To a solution of benzaldehyde, N-(tert-butoxycarbonyl)imine (10.7 mg, 52.3 mmol),

tert-butyl glycinate benzophenone Schiff base (14.8 mg, 50.1 mmol) and catalyst

(5.0 mg, 5.0 mmol) in fluorobenzene (0.5 mL) was added Cs2CO3 (32.6 mg, 100.1

mmol) at �30 �C. After stirring for 19 h, the reaction was quenched by the addi-

tion of water. The water layer was extracted three times with EtOAc. The com-

bined organic layer was dried over MgSO4 and concentrated. The residue was pu-

rified by column chromatography on silica gel (hexane:ether, 10:1 as eluent) to

give the product (24.5 mg, 98%).

14.2.4

Thiourea-Catalyzed Mukaiyama-Mannich Reactions of Aldimines [12] (p. 215)

A 5-mL flask was charged sequentially with catalyst (15 mg, 25 mmol, 0.05 equiv)

and anhydrous toluene (250 mL). 3-Pyridylaldehyde N-Boc imine (0.53 mmol, 1

equiv) was added in one portion with stirring. When the solution was homoge-

neous, the flask was immersed in a dry ice/acetone bath and cooled to �30 �C.

Silyl ketene acetal (216 mg, 1.0 mmol, 2 equiv) was then added slowly along the

flask wall over 10 min. The flask was sealed under a nitrogen atmosphere and

stirred at �30 �C for 48 h. Excess silyl ketene acetal was quenched at �30 �C via

the rapid addition of a 3 M solution of trifluoroacetic acid in toluene (500 mL;

cooled to �20 �C prior to addition). The reaction was allowed to warm to@5 �C,
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and then partitioned between saturated aqueous Na2CO3 and CH2Cl2 (1:1, 2 mL).

The aqueous layer was extracted with CH2Cl2 (3� 2 mL) and the combined or-

ganic extracts were dried over Na2SO4, filtered, and concentrated in vacuo. The
resulting residue was purified via FC on silica gel (2.5–5% MeOH in CH2Cl2) to

give the product (162 mg, 99% yield, 98% ee) as a pale, yellow oil.

14.3

Pictet–Spengler Reaction

14.3.1

Thiourea-Catalyzed Acyl-Pictet–Spengler Reaction of Imines [13] (p. 223)

A flame-dried flask maintained under nitrogen at 23 �C was charged with molec-

ular sieves (250 mg, 3 Å spherical, flame-dried in vacuo), dichloromethane (DCM)

(1.25 mL), and 6-methoxytryptamine (51 mg, 0.25 mmol, 1 equiv). 2-Ethylbutanal

(32 ml, 0.275 mmol, 1 equiv) was added dropwise, and the suspension allowed to

stand at 23 �C for 7.5 h, with occasional swirling to ensure content mixing. The

resulting mixture was filtered by cannula transfer to a flame-dried round-

bottomed flask. The desiccant was rinsed twice with DCM (5 mL) and the rinses

were combined with the filtrate by cannula transfer. The solution was concen-

trated in vacuo to yield the imine as an oil. After dissolution of the imine in anhy-

drous diethyl ether (5.0 mL), catalyst (13.5 mg, 25 mmol, 10 mol%) was added.

The resulting solution was cooled to �78 �C in a dry ice/acetone bath and treated

with 2,6-lutidine (29 mL, 0.25 mmol, 1 equiv), followed by dropwise addition of

acetyl chloride (18 mL, 1 equiv). The mixture was stirred at �78 �C for 5 min,

then warmed to �50 �C and stirred for 65 h. The heterogeneous mixture was al-

lowed to warm to 23 �C, and then concentrated in vacuo. Purification of the resi-

due by FC on silica gel (CH2Cl2:ethyl acetate, 9:1) afforded the product (60 mg,

76% yield, 86% ee) as a white solid.

14.3 Pictet–Spengler Reaction 459



14.4

Nitroaldol (Henry) Reaction

14.4.1

Typical Procedure for the Quaternary Ammonium Salt-Mediated Addition

of Nitromethane to Aldehydes [14] (p. 123)

A well-stirred mixture of catalyst (12 mg, 0.02 mmol), potassium fluoride (KF,

145 mg, 2.5 mmol) and nitromethane (27 mL, 0.5 mmol) in THF (0.3 mL) was

cooled to �10 �C and treated with a solution of (S)-N,N-dibenzylphenylalaninal
(66 mg, 0.2 mmol) in THF (0.4 mL). After stirring for 6 h at �10 �C, the mixture

was filtered to remove KF, and concentrated. The solid quaternary ammonium

salt of the catalyst was precipitated with diethyl ether:hexane (7:3) and the

product-containing soluble fraction evaporated in vacuo to yield an oil, which

was purified by FC on silica gel (hexane:EtOAc, 10:1 as eluent) to afford the

2R,3S nitro alcohol (66 mg) and the 2S diastereomer (4 mg).

14.4.2

Aza-Henry Reaction Catalyzed by Polar Ionic Hydrogen Bonding [15] (p. 221)

A flame-dried flask containing nitroethane (0.4 mL) and catalyst (10.4 mg,

20 mmol, 0.1 equiv) was cooled to �20 �C, and then treated with the imine

(50.0 mg, 200 mmol, 1.0 equiv). Stirring was continued at �20 �C and the reaction

monitored by gas chromatography (GC). On complete consumption of the imine,

the solution was concentrated in vacuo and purified by FC on silica gel
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(hexanes:ethyl acetate, 4:1) to afford the product (38.9 mg, 60% yield, 7:1 syn:anti,
90% ee syn) as a yellow oil.

14.5

Hydrocyanation and Cyanosilylation Reactions

14.5.1

Synthetic Peptide-Promoted Hydrocyanation of Benzaldehyde [16] (p. 208)

To a flask charged with catalyst (2.8 mg, 10 mmol, 2 mol%) in toluene (1 mL) was

added benzaldehyde (51 mL, 0.5 mmol, 1.0 equiv) under a nitrogen atmosphere.

After cooling the mixture to �20 �C, HCN (40 mL, 1.0 mmol, 2 equiv) was added

dropwise via a pre-cooled syringe. Stirring was continued at �20 �C for 8 h. The

reaction mixture was quenched with 0.1 M methanolic HCl (0.5 mL) and the re-

maining HCN removed under reduced pressure. The reaction mixture was

washed with 2 M HCl and the resulting aqueous layer extracted twice with ether.

The combined organic layers were dried over Na2SO4 and concentrated in vacuo
to give a crude oil that was subjected to FC on silica gel (hexanes:ethyl acetate,

5:1) to provide product (64.6 mg, 0.49 mmol, 97% yield, 97% ee).

14.5.2

Strecker Reactions of N-Allyl Aldimines [17] (p. 214)

To a clear solution of N-allylbenzaldimine (34 mL, 0.2 mmol, 1 equiv) and catalyst

(21 mg, 20 mmol, 0.1 equiv) in CH2Cl2 (1 mL) under nitrogen was added liquid

HCN (15 mL, 0.4 mmol, 1 equiv) by precooled syringe at �70 �C. The resulting
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homogeneous solution was stirred at �70 �C until the aldimine was consumed,

as monitored by TLC (36 h). The reaction mixture was treated with trifluoroacetic

anhydride (TFAA) and flushed with a stream of nitrogen that was then passed

through bleach, to remove excess HCN. After concentration, the residue was

taken up in a minimum amount of CH2Cl2 and purified by FC on silica gel

(1–5% ethyl acetate in hexanes) to give the product (51.0 mg, 0.19 mmol, 95%

yield, 92% ee) and recovered catalyst (80–95% recovered yield).

14.5.3

Thiourea-Catalyzed Cyanosilylations of Ketones [18] (p. 214)

A flame-dried 5-mL flask was charged with catalyst (19.2 mg, 50 mmol, 5 mol%),

2-bromo-2-cyclohexen-1-one (109 mL, 1 mmol, 1 equiv), trimethylsilyl cyanide

(TMSCN; 0.294 mL, 2.2 mmol, 2.2 equiv) and CH2Cl2 (2.0 mL). The flask was

sealed with a rubber septum and Parafilm2, and the reaction cooled to �78 �C

and stirred for 15 min. 2,2,2-Trifluoroethanol (73 mL, 1 mmol, 1.0 equiv) was

then added via syringe and the reaction stirred at �78 �C for 12 h, after which

the contents of the flask were placed under high vacuum at �78 �C for 5 min to

remove excess HCN (CAUTION: HCN is highly toxic). After warming to r.t., the

entire reaction mixture was loaded onto a silica gel column for FC. Elution

(hexanes:ethyl acetate, 20:1) gave the expected product as a white solid (261 mg,

95% yield, 97% ee).

14.5.4

Cyanosilylation of Aromatic Aldehydes with (R)-BINOL/i-PrOLi [19] (p. 273)

A mixture of (R)-BINOL (28.6 mg, 0.1 mmol) and i-PrOLi (6.6 mg, 0.1 mmol) in

toluene (2 mL) was stirred at r.t. for 20 min under a nitrogen atmosphere. Benzal-

dehyde (101.6 mL, 1.0 mmol) was then added and the mixture stirred at r.t. for 20

min. This pale yellow solution was cooled to �78 �C and stirred for 10 min at that

temperature. Trimethylsilyl cyanide [CAUTION!] (133.1 mL, 1.0 mmol) was added
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dropwise, and the mixture stirred at �78 �C for 1 h. The mixture was then diluted

with a 10% (w/w) solution of HCl in MeOH (1 mL) and stirred at �78 �C for 10

min. Water (10 mL) and ethyl acetate (10 mL) were then added and the product

was extracted with ethyl acetate (2� 10 mL), the combined organic phase was

washed with brine (10 mL), dried over MgSO4, and evaporated under reduced

pressure to give the crude cyanohydrin. The latter product was dissolved in

DCM (2 mL), cooled to �78 �C, and pyridine (0.16 mL, 2 mmol) and acetic anhy-

dride (0.14 mL, 1.5 mmol) were added. The mixture was stirred at r.t. for 30 min

and then diluted with ethyl acetate (20 mL) and 1 M HCl (10 mL). The organic

phase was separated, washed with water (10 mL), a saturated aqueous solution

of NaHCO3 (10 mL), and brine (10 mL), and then dried over MgSO4 and evapo-

rated under reduced pressure to give the cyanohydrin acetate. This was purified

by neutral silica gel column chromatography (hexane:AcOEt, 10:1) to afford the

pure cyanohydrin acetate as a colorless oil (175.2 mg, >99%, 95% ee).

14.5.5

(S)-(B)-N-tert-Butyl-2-Hydroxy-2-(2-Naphthyl)acetamide [20] (p. 273)

A solution of tert-butyl isocyanide (125 mL, d ¼ 0:735, 1.2 mmol, 1.2 equiv) in

CH2Cl2 (1.0 mL) was added via a syringe pump over 4 h to a cold (�74 �C, inter-

nal temperature) solution of 2-naphthaldehyde (156 mg, 1.0 mmol), (R,R)-catalyst
(43 mg, 0.05 mmol, 0.05 equiv), SiCl4 (125 mL, d ¼ 1:483, 1.1 mmol, 1.1 equiv),

and diisopropylethylamine (18 mL, d ¼ 0:742, 0.1 mmol, 0.1 equiv) in CH2Cl2
(1.0 mL) in a two-necked, round-bottomed flask fitted with an argon inlet adapter

and thermocouple. The mixture was stirred further at �74 �C for 4 h. The reac-

tion mixture was then transferred dropwise to a vigorously stirred, ice-cold, satu-

rated aqueous solution of NaHCO3 (20 mL) and the resulting mixture stirred at

r.t. for 2 h. The white precipitate was filtered off through Celite and the filtrate

extracted with CH2Cl2 (4� 20 mL). The combined organic layers were dried

(MgSO4) and concentrated under reduced pressure. The crude product was puri-

fied by chromatography on silica gel (20-mm column, 60 g SiO2, Rf 0.17,

hexane:AcOEt, 3:1) to afford the (S)-ðþÞ product (242 mg, 93%, >99 ee) as a white
solid. An analytically pure sample was obtained after sublimation (90 �C at

0.5 mmHg): mp 94–96 �C (sublimed); ½a�24D þ 44.9 (c 0.96, MeOH).
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14.6

Alkylation of a-Diazoesters

14.6.1

Brønsted Acid-Catalyzed Direct Alkylations of a-Diazoesters [21] (p. 228)

A dry test tube containing catalyst (1.4 mg, 2 mmol, 2 mol%) and the imine

(44.4 mg, 0.15 mmol, 1.5 equiv) was purged with nitrogen and then charged

with toluene (1 mL). The resulting solution was treated with neat tert-butyl diazo-
acetate (14.2 mg, 0.1 mmol, 1 equiv) at r.t. After stirring for 24 h at ambient

temperature, the mixture was subjected directly to FC on silica gel (hexanes:ethyl

acetate, 10:1 to 3:1) to give the product (32.9 mg, 75 mmol, 75% yield, 95% ee)
as an oil.

14.7

Heteroatom Addition to Imines

14.7.1

Hydrophosphonylation of Benzaldimines [22] (p. 225)

An oven-dried 4-mL vial equipped with a magnetic stirrer bar was charged with

catalyst (28.8 mg, 50.1 mmol, 10 mol%), di-(2-nitrobenzyl) phosphite (177 mg,
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501 mmol, 1.0 equiv) and diethyl ether (1.2 mL). The vial was sealed with a plastic

cap and cooled to 0 �C in an ice-water bath, with stirring. To this suspension was

added the imine (97.9 mg, 501 mmol, 1.0 equiv), and the reaction mixture was

warmed to 4 �C. After 72 h, THF (0.5 mL) and an aqueous solution of HCl

(1 M, 0.5 mL) were added, followed by additional stirring for 1 h at 4 �C. The

reaction was partitioned between an aqueous solution of HCl (1 M) and CH2Cl2
(1:1, 40 mL). The aqueous layer was separated and extracted with CH2Cl2 (5 mL).

The combined organic solutions were washed with a saturated aqueous Na2CO3

solution (20 mL). The separated Na2CO3 phase was back-extracted with CH2Cl2
(2� 5 mL), and the combined organic extracts were dried over Na2SO4, filtered,

and concentrated in vacuo. The resulting residue was purified via FC on silica gel

(hexanes:ethyl acetate, 3:2) to provide the product as a very pale yellow solid

(0.239 g, 0.436 mmol, 87% yield, 98% ee).

14.7.2

Phosphoric Acid-Catalyzed Imine Amidation [23] (p. 228)

A dry test tube was charged with Boc-imine (119.9 mg, 0.5 mmol, 2.0 equiv),

sulfonamide (42.8 mg, 0.25 mmol, 1.0 equiv) and catalyst (15.0 mg, 25 mmol,

10 mol%). The tube was fitted with a septum, evacuated, and back-filled with

argon (cycle repeated three times), and charged via a syringe with anhydrous

toluene (1–2 mL). The reaction mixture was stirred at ambient temperature for

17 h, with reaction progress being monitored by TLC. On completion, acetone

(2–3 mL) was added, followed by a scoop of silica gel. The solvent was removed

in vacuo and the crude solid mixture subjected to FC on silica (hexanes:acetone,

4:1) to give the product (90.0 mg, 0.22 mmol, 88% yield, 95% ee) as a white solid.
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14.8

a-Heteroatom Functionalization

14.8.1

Synthesis of a-Hydrazino Aldehydes and Subsequent Conversion

to the Corresponding Boc-Protected Amino Acid Methyl Ester [24] (p. 60)

To a stirred solution of the azodicarboxylate (1.0 mmol) and aldehyde (1.5 mmol)

in the solvent (3 mL), l-proline was added and stirred at r.t. The reaction mixture

was quenched with H2O (5 mL), extracted with Et2O, and dried over anhydrous

Na2SO4. The solvent and the excess of aldehyde were removed by evaporation.

To a solution of a-hydrazino aldehyde (568 mg, 1.8 mmol) in tert-butyl alcohol
(10 mL) were added successively 1 M NaH2PO4 (10 mL) and 1 M KMnO4

(10 mL). After 1 min vigorous stirring, saturated NaHSO3 (10 mL) was added

and at 0 �C the resulting pH was adjusted to 3 with 1 M HCl to dissolve the

colloidal MnO2. The resulting mixture was extracted with EtOAc, washed with

water and brine, and dried over MgSO4. The combined organic layers were con-

centrated, the residual acid was dissolved in the mixture of toluene (10 mL) and

MeOH (4 mL), and TMSCHN2 (1.8 mL, 2 M in hexane solution) was added drop-

wise. The solution was stirred for 10 min and the excess TMSCHN2 decomposed

by careful addition of a few drops of AcOH. Solvents were removed in vacuo and

without further purification, the crude methyl ester product was dissolved in

TFA/CH2Cl2 (1:1, 3 mL) and stirred for 10 min. After evaporation of the solvent,

the residue and ca. 200 mg of Raney nickel (washed twice with MeOH) was sus-

pended in 5 mL MeOH. The reaction mixture was stirred under 30 bar of H2 for

10 h, followed by the addition of 20 mg DMAP and 500 mg di-tert-butyldicarbon-
ate. The solution was stirred at r.t. overnight, and then filtered to remove Raney

nickel; the mixture was concentrated in vacuo.
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14.8.2

General Procedure for the Organocatalytic a-Chlorination of Aldehydes, and

Subsequent Conversion to the Corresponding 2-Chloro Esters [25] (p. 70)

The catalyst (0.05 mmol, 10 mol%) was added to a stirred, ice-cooled (0 �C) solu-

tion of the aldehyde (0.5 mmol) in CH2Cl2 (1.0 mL), followed by the addition of

NCS (87 mg, 0.65 mmol, 1.3 equiv). After 1 h, the reaction mixture was allowed

to warm to ambient temperature, and then stirred until the aldehyde was com-

pletely consumed (as determined by 1H NMR spectroscopy of the reaction mix-

ture, and confirmed by GC analysis). Pentane was added to the reaction mixture

and the precipitated NCS, succinimide and the catalyst were filtered off. After

removal of the solvents the pure products could be extracted into pentane, and

isolated.

The reaction mixture containing the 2-chloro aldehyde was diluted with 3.0 mL

t-BuOH, after which 3.0 mL 1 M NaH2PO4 (aq.) and 3.0 mL 1 M KMnO4 (aq.)

were added successively. After 1 min of vigorous stirring, 3.0 mL saturated

NaHSO3 (aq.) was added and the pH adjusted to ca. 3 with 1 M HCl at 0 �C.

The resulting mixture was extracted with EtOAc, washed with water and brine,

and dried over Na2SO4. The organic layer was concentrated and the residual acid

dissolved in toluene (2.0 mL) and MeOH (5.0 mL); TMSCHN2 (2.0 M in hexane)

was then added drop-wise until the yellow color persisted. The solution was

stirred for an additional 5 min and quenched with one drop of AcOH. The sol-

vents were removed and the crude product was purified by FC to afford the pure

product.
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14.9

1,4-Additions

14.9.1

General Procedure for Conjugate Addition of Nitroalkanes to a,b-Unsaturated

Enones [26a–c] (p. 109)

The desired nitroalkane (1 mL) was placed in an ordinary test tube equipped with

a magnetic stirring bar. Enone (0.5 mmol) and catalyst (20 mol%) were then

added, and the tube was closed with a robber stopper. The mixture was stirred at

r.t. until completion of the reaction. After evaporation of excess nitroalkane, the

crude reaction mixture was purified by FC to afford title compound.
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14.9.2

General Procedure for the Michael Addition of Cyclic Ketones to

Nitroalkenes [27] (p. 80)

To a solution of the catalyst (0.1 mmol), p-toluene sulfonic acid monohydrate

(0.1 mmol) and the nitroalkene (0.5 mmol) in DMF (1 mL) was added the ketone

(0.25 mmol). The solution was stirred at ambient temperature under reduced

pressure, and the residue purified by FC on silica gel. Alternatively, ethyl acetate

was added, and the solution washed with water, 1 M HCl, dried (Na2SO4), and

concentrated to give the crude product which was purified by FC on silica gel.

14.9.3

Diamine-Catalyzed Addition of Unmodified Ketones to Nitroolefins [28] (p. 81)

To a solution of pyrrolidine catalyst (0.05 mmol, 15 mol%) in CHCl3 (3 mL) was

added at r.t. the ketone (3.35 mmol) and the nitroolefin (0.335 mmol). The evolu-

tion of the reaction was monitored by TLC. The solution was then hydrolyzed

with 1 M HCl (2 mL). The layers were separated and the aqueous phase was ex-

tracted with CH2Cl2 (2� 3 mL). The combined organic phases were dried over

MgSO4, filtered, concentrated and purified by flash column chromatography on

silica gel using a mixture of cyclohexane and ethyl acetate as eluent.
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14.9.4

Thiourea-Mediated Michael Addition of Ketones to Nitroolefins [29] (pp. 82–83)

To a stirred solution of catalyst (0.15 equiv) in toluene (0.5 mL) and ketone

(10 equiv) at r.t., was added water (2 equiv) and, after 5 min, nitroolefin (1 equiv).

The reaction mixture was stirred at r.t. for the appropriate time. The solvent was

evaporated and the residue purified by TLC or chromatography on silica gel

(hexane:ethyl acetate, 1:1) to afford the desired product.

14.9.5

Thiourea-Amine-Catalyzed Malononitrile Enolate Additions to a,b-Unsaturated

Imide [30] (pp. 196–197)

A solution of imide (43.1 mg, 0.2 mmol, 1.0 equiv), malononitrile (226.4 mg,

0.4 mmol, 2.0 equiv), and thiourea catalyst (8.2 mg, 20 mmol, 10 mol%) in dry

toluene was stirred for 2.5 days at r.t. The reaction was concentrated in vacuo
and the residue purified by FC on silica gel (Et2O), to afford the product as a color-

less amorphous solid (52.3 mg, 93% yield, 94% ee).

14.9.6

Thiourea-Amine-Catalyzed Michael Additions of 2,4-Pentanedione [31] (pp. 205–206)
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Catalyst (1 mg, 1.7 mmol, 1 mol%) was added to a vial containing 2,4-pentane-

dione (38 mL, 0.34 mmol, 2.0 equiv) and trans-b-nitrostyrene (26 mg, 0.17 mmol,

1.0 equiv) in Et2O (1 mL) at r.t. After stirring for 28 h, the reaction was concen-

trated in vacuo. The residue was purified by FC on silica gel (hexanes:ethyl ace-

tate, 10:1 to 3:1) to afford the product as a white solid (37 mg, 87% yield, 95% ee).

14.9.7

General Procedure for the Pyrrolidine-Mediated 1,4-Addition of Aldehydes

to Nitroolefins [32] (p. 86)

To a hexane solution of the nitroolefin (1.0 mmol) and catalyst (34 mg, 0.1 mmol)

was added an aldehyde (10 mmol) at 0 �C. The mixture was stirred until reaction

completion, and then quenched by the addition of aq. 1 M HCl. Organic ma-

terials were extracted three times with ethyl acetate. The combined organic phases

were dried over Na2SO4, filtered, concentrated, and purified by preparative TLC

(chloroform) to afford the Michael adduct.

14.9.8

General Procedure for the Intramolecular Michael Addition with Chiral

Imidazolidinone Salt [33] (p. 90)

Ketoaldehyde (123 mg, 0.8 mmol) was dissolved in dry THF (8 mL) and treated

with catalyst (20.4 mg, 0.08 mmol, 10%). The resulting mixture was stirred under

argon at r.t. until the starting material had disappeared (15 h). The solution

was then concentrated and filtered through silica. The product was dissolved in

methanol (4 mL), cooled to 0 �C, and then treated with NaOH (2 M, 4 mL). TLC
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analysis indicated completion of the reaction after 5 min. The mixture was

poured into saturated aqueous ammonium chloride solution, the resulting mix-

ture was extracted with ether, and the extracts were dried, filtered, and concen-

trated to give the crude aldol product. This material was dissolved in CH2Cl2
(5.2 mL) and stirred with methanesulfonyl chloride (0.16 mL), DMAP (35.6 mg),

and triethylamine (0.39 mL) under argon for 30 min. After an aqueous

work-up and purification by chromatography on silica gel (20% ether/pentane),

enone was obtained as a colorless oil (95.2 mg, 0.7 mmol, 88%).

14.9.9

Addition of Silyl Nitronates to Enals Catalyzed by Quaternary Ammonium Bifluoride;

General Procedure for the Isolation of Enol Silyl Ether [34] (p. 128)

The catalyst can be prepared by using the modified Shioiri method according to

Ref. [35].

(a) To a solution of chiral quaternary ammonium bifluoride (R,R)-catalyst (5.6 mg,

6 mmol) in toluene (3 mL) was added trans-cinnamaldehyde (38 mL, 0.3 mmol) at

r.t. and the mixture was cooled to �78 �C under an argon atmosphere. Silyl nitro-

nate (60 mL, 0.36 mmol) was then introduced. After stirring for 1 h at that temper-

ature, 1 M HCl (2 mL) and THF (6 mL) were added. The mixture was stirred vig-

orously at 0 �C for 30 min, after which the whole mixture was extracted with

ether. The combined organic extracts were washed with brine and dried over

Na2SO4. Removal of solvents and purification of the residue by column chroma-

tography on silica gel (ether:hexane, 1:3) gave g-nitro aldehyde [62 mg, 0.3 mmol,

99% yield, syn:anti ¼ 81:19, 97% ee (syn isomer), 79% ee (anti isomer)].

(b) The Michael addition was performed in a similar manner as described above.

When completion of the reaction had been confirmed by TLC analysis, the result-

ing mixture was purified directly by column chromatography on silica gel 60

silanized (ether:hexane as eluent) to afford the corresponding enol silyl ethers.
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14.9.10

1,4-Addition/Lactonization of Silyl Ketene Acetals to Enones [36] (p. 124)

The catalyst can be prepared according to Ref. [36].

To a stirred solution of catalyst (13.5 mg, 0.015 mmol) in THF (1.0 mL) were

successively added a solution of chalcone (62.5 mg, 0.3 mmol) in THF (1.4 mL)

and a solution of ketene silyl acetal (113 mg, 0.48 mmol) in THF (0.6 mL) at

�78 �C. The reaction mixture was stirred for 1 h at the same temperature, then

quenched with 1 M HCl aqueous solution and extracted with EtOAc. The organic

layer was washed with brine, dried over anhydrous Na2SO4, and evaporated. The

crude product was purified by preparative TLC (82.0 mg, 98%, 90% ee).

14.9.11

Michael Addition of Benzhydryl Glycinate Benzophenone Schiff Base

to Methyl Vinyl Ketone [37] (p. 143)

A solution of benzhydryl glycinate benzophenone Schiff base (0.12 mmol) and

catalyst (1.2 mmol, 1 mol%) in diisopropyl ether (4 mL) was degassed with argon
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and then cooled to 0 �C. Methyl vinyl ketone (MVK, 0.24 mmol) was added,

followed by anhydrous Cs2CO3 (0.06 mmol), and the mixture was stirred at

1500 r.p.m. After complete consumption of starting imine (ca. 2 h), the reaction

mixture was warmed to r.t., filtered, and concentrated under reduced pressure.

The crude product could be purified by FC on silica gel (petroleum

ether:EtOAc:Et3N ¼ 94:5:1 as eluent) to give the corresponding Michael adduct

as a colorless oil (84% yield, 94% ee).

14.9.12

Cinchona-Derivative-Catalyzed Conjugate Additions to Vinyl Sulfones [38] (p. 206)

To a solution of a-phenyl a-cyanoacetate (113 mg, 0.6 mmol, 3.0 equiv) in 0.4 mL

dry toluene was added catalyst (19 mg, 40 mmol, 20 mol%) and vinyl phenyl sul-

fone (34 mg, 0.2 mmol, 1.0 equiv) at �25 �C. After 72 h, the reaction mixture was

subjected directly to purification by FC on silica gel (hexanes:ethyl acetate, 8:1 to

6:1) to afford the 1,4-adduct as a colorless oil (64 mg, 89% yield, 95% ee). Catalyst
was recovered in >95% yield on washing the column with methanol.

14.9.13

General Procedure for Organocatalytic Friedel–Crafts Alkylation of Pyrroles [39]

(p. 106)

A 10-mL round-bottomed flask equipped with a magnetic stirrer bar was charged

with catalyst�HX (20 mol%), THF and H2O, and then cooled to the desired tem-

perature. The solution/suspension was stirred for 5 min before the pyrrole was

added. At this time, the a,b-unsaturated aldehyde was added over 1 min with

swirling of the reaction mixture by hand. The resulting suspension was stirred
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at constant temperature until complete consumption of the a,b-unsaturated alde-

hyde, as determined by TLC or GC. The resulting solution was then transferred

to a flask containing an excess of NaBH4 and an equal volume of EtOH. After

15 min, the resulting mixture was treated with saturated aqueous NaHCO3 and

the organics were extracted with CH2Cl2. The organic layers were combined and

washed successively with saturated aqueous NaHCO3 and brine. The organics

were dried (Na2SO4) and concentrated. The resulting residue was purified

by silica gel chromatography (15–50% AcOEt/hexane) to afford substituted

3-(2-pyrrolyl)-propanols.

14.9.14

Organocatalytic Pyrroloindoline Construction [40] (p. 111)

An amber 2-dram vial equipped with a magnetic stirrer bar, containing trypt-

amine substrate (1 equiv) and catalyst�p-TSA (20 mol%) was charged with CH2Cl2
(0.15 M), and then placed in a bath at the appropriate temperature. The solution

was stirred for 5 min before addition of the a,b-unsaturated aldehyde (4 equiv).

The resulting suspension was stirred at constant temperature until complete con-

sumption of the starting material. To the reaction mixture was added pH 7.0

buffer, and the whole was extracted with Et2O, and concentrated in vacuo. The re-
sulting residue was purified by column chromatography to afford the title

compound.

14.9.15

1,2-Aza-Friedel–Crafts Reactions of 2-Methoxyfuran and Aldimines [41] (p. 224)
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A dry test tube containing catalyst (1.95 mg, 2 mmol, 2 mol%) was purged with

nitrogen and charged with 1,2-dichloroethane (1 mL). The solution was cooled to

�35 �C prior to sequential addition of neat imine (24.0 mg, 0.1 mmol, 1 equiv)

and 2-methoxyfuran (11.1 mL, 0.12 mmol, 1.2 equiv). The resulting solution was

stirred at �35 �C for 24 h prior to loading directly onto a column for purifica-

tion by FC on silica gel (ethyl acetate:hexanes, 4:1) to give the product (29.7 mg,

0.09 mmol, 88% yield, 97% ee) as a solid.

14.9.16

Michael Reaction of a,b-Unsaturated Enones with Cyclic 1,3-Dicarbonyl Compounds

[26d] (p. 109)

To a stirred solution of a,b-unsaturated enone (0.5 mmol) and Michael donor

(1.05 equiv) in 1 mL solvent at rt was added catalyst (10 mol%) and the mixture

was stirred until consumption of starting material. The crude reaction mixture

was purified by FC to yield the pure product.

14.10

Morita–Baylis–Hillman (MBH) Reactions

14.10.1

General Procedure for Asymmetric MBH Reaction of Aldehydes and

HFIPA Catalyzed by b-ICD [42] (pp. 160 and 232)

To a solution of aldehyde (1.0 mmol) and b-ICD catalyst (0.1 mmol), in DMF

(2 mL) at �55 �C was added HFIPA (1.3 mmol). The solution was stirred at r.t.

until total consumption of the starting material. The reaction was quenched with

HCl (3 mL, 0.1 M) and extracted with ethyl acetate. The organic layer was washed

with saturated NaHCO3 and brine, dried, and concentrated. The crude material

was purified by column chromatography (EtOAc/hexane).
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14.10.2

Typical Procedure for the Triethyl Phosphine and Chiral Binaphthol-Derived

Brønsted Acid Co-Catalyzed Asymmetric MBH Reaction [43] (pp. 173 and 232)

An oven-dried 10-mL flask was charged with (R)-3,3 0-bis-(3,5-bis-trifluoromethyl-

phenyl)-5,6,7,8,5 0,6 0,7 0,8 0-octahydro-[1,1 0]binaphthalenyl-2,2 0-diol catalyst (72 mg,

0.1 mmol) under an argon atmosphere. The catalyst was dissolved in THF

(1.0 mL), and the solution cooled to �78 �C. 2-Cyclohexen-1-one (190 mg,

2.0 mmol), triethylphosphine (240 mg, 2.0 mmol), and 3-phenylpropionaldehyde

(134 mg, 1.0 mmol) were added successively at �78 �C. The flask was placed in a

�10 �C bath and stirred for 48 h. The reaction mixture was subjected directly to

FC on silica gel, and eluted with hexanes and ethyl acetate (3:1 to 1:1) to afford

(S)-2-(1-hydroxy-3-phenylpropyl)cyclohex-2-enone (202 mg, 0.88 mmol, 88% yield)

as a colorless oil ½a�21D � 37.4 (c 1.05, CHCl3).

14.10.3

General Procedure for the b-ICD-Mediated Asymmetric Aza-MBH Reaction

of Tosyl Aryl Aldimines and Methyl Acrylate [44] (pp. 177 and 233)

To a solution of imine (1.0 mmol) and b-ICD catalyst (10 mol%), in CH2Cl2
(2 mL) at 0 �C was added methyl acrylate (2 mmol). The solution was stirred at

the same temperature until total consumption of starting material. Solvents

were evaporated under reduced pressure and the crude material purified chro-

matographically (EtOAc/hexane).
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14.10.4

Typical Procedure for the Bifunctional BINOL-Promoted Aza-MBH Reactions

of Aldimines [45] (pp. 179 and 234)

A solution of catalyst (2.2 mg, 5 mmol, 10 mol%) in CPME:toluene (9:1, 0.1 mL,

both distilled from CaH2 prior to use) was treated with methyl vinyl ketone

(12.5 mL), 0.15 mmol, 3 equiv) and imine (11.8 mL, 50 mmol, 1 equiv) at �15 �C.

The stirred solution was kept at �15 �C for 60 h until TLC indicated complete

consumption of the imine. The mixture was directly purified by FC on silica gel

(hexanes:ethyl acetate, 2:1) to give the product (17.5 mg, 48 mmol, 96% yield,

95% ee) as a white solid.

14.11

Cyclopropanation

14.11.1

General Procedure of Cyclopropanation of Enals with Sulfonium Ylides [46] (p. 104)

A 50-mL round-bottomed flask equipped with a magnetic stirrer bar was charged

with aldehyde (0.5 mmol, 4 equiv) and CHCl3 (21 mL), then cooled to �10 �C.

The mixture was stirred for 20 min before the catalyst (20 mol%) and

2-(dimethyl-l4-sulfanylidene)-1-phenyl-ethanone (0.127 mmol, 1 equiv) were

added. The homogeneous solution was stirred at a constant temperature for

24–48 h until complete consumption of the starting material was observed. The

cold reaction mixture was then eluted with Et2O through a short silica gel plug

and the filtrate concentrated in vacuo. The resulting yellow residue was purified

by silica gel chromatography to provide the title compounds.
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14.11.2

General Procedure for S-Ylide-Catalyzed Cyclopropanation [49] (pp. 371 and 372)

To a 10-mL round-bottomed flask fitted with a nitrogen balloon was added sulfide

catalyst (0.2 equiv), anhydrous dioxane (4.0 mL), rhodium(II) acetate dimer

(2 mg, 0.01 equiv), substrate (0.5 mmol), benzyl triethylammonium chloride

(23 mg, 0.2 equiv), and tosylhydrazone sodium salt (1.5 equiv). The reaction mix-

ture was stirred vigorously at 40 �C for 48 h. Work-up consisted of the sequential

addition to the reaction mixture of water (5 mL) and ethyl acetate (5 mL). The

aqueous layer was washed with ethyl acetate (2.5 mL) and the combined organic

phases dried (MgSO4), filtered, and concentrated in vacuo. The crude products

were analyzed by 1H NMR to determine the diastereomeric ratio, and then puri-

fied by FC to afford the corresponding cyclopropane.

14.11.3

General Procedure for Te-Ylide-Catalyzed Cyclopropanation [47] (p. 382)

To a mixture of a,b-unsaturated compound (0.25 mmol), Cs2CO3 (0.27 mmol),

and telluronium salt catalyst (0.05 mmol) in THF (0.5 mL) was added trimethyl-

silyl allylic bromide (0.5 mmol) in portions over 8 h at reflux. When the reaction

was complete (monitored by GC), the resulting mixture was filtered through

short silica gel column and washed with ethyl acetate. The filtrate was concen-

trated, and the residue was purified by FC to afford the desired product.
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14.11.4

General Procedure for N-Ylide-Catalyzed Cyclopropanation [48] (p. 384)

One-pot Method: The catalyst A, B (0.2 equiv) or C, D (0.1 equiv) was added to a

solution of the a-bromo carbonyl compound (1.0 equiv), the alkene (1.2 equiv),

and Cs2CO3 (1.2 equiv) in MeCN (0.25 M) and stirred at 80 �C for 24 h. The

reaction was quenched with aqueous HCl (1 M) and extracted three times with

Et2O or EtOAc. The combined organic phases were washed with a saturated

aqueous solution of NaHCO3, dried (MgSO4), and concentrated under reduced

pressure. The residue was purified by flash column chromatography.

Slow Addition Method: A solution of the a-bromo carbonyl compound (1.0 equiv)

and the alkene (1.2 equiv) in MeCN (0.25 M with respect to the a-bromo carbonyl

compound) was added to a solution of the catalyst A, B (0.2 equiv) or C, D

(0.1 equiv) and Cs2CO3 (1.2 equiv) in MeCN (0.25 M) at 80 �C over 20 h by means

of a syringe pump. The syringe was rinsed with MeCN and the reaction mixture

stirred for a further 4 h. The reaction was quenched with aqueous HCl (1 M) and

extracted three times with Et2O or EtOAc. The combined organic phases were

washed with a saturated aqueous solution of NaHCO3, dried (MgSO4), and con-

centrated under reduced pressure. The residue was purified by flash column

chromatography.
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14.12

Aziridination

14.12.1

General Procedure for Aziridination of Imines using Chiral Sulfide

Catalyst [49] (p. 378)

To a 5-mL round-bottomed flask fitted with a nitrogen balloon was added sulfide

catalyst (16 mg, 64 mmol), anhydrous solvent (1.0 mL), rhodium(II) acetate

dimer (1.5 mg, 3.3 mmol), benzyl triethylammonium chloride (7.5 mg,

33 mmol), imine (0.33 mmol) and tosylhydrazone sodium salt (146.5 mg,

0.495 mmol). The reaction mixture was stirred vigorously at 40 �C for 24–48 h.

Work-up consisted of the sequential addition to the reaction mixture of water

(5 mL) and ethyl acetate (5 mL). The aqueous layer was washed with ethyl acetate

(2.5 mL) and the combined organic phases dried (MgSO4), filtered, and concen-

trated in vacuo. The crude products were analyzed by 1H NMR to determine the

diastereomeric ratio, and then purified by FC to afford the corresponding aziri-

dine.

14.13

Epoxide Formation

14.13.1

General Procedure for Chiral Amine-Catalyzed Epoxidations of Enals

with H2O2 [50] (p. 104)

14.13 Epoxide Formation 481



The catalyst (10 mol%) was added at r.t. to a solution of the aldehyde (1 equiv) in

CH2Cl2 (0.5 M), followed by the addition of 35% aqueous H2O2 (1.3 equiv). After

4 h of reaction time the crude reaction mixture was passed through a silica gel FC

column (Et2O/pentane) to produce oxirane-2-carbaldehyde.

14.13.2

Epoxide Synthesis via Sulfide Alkylation/Deprotonation Procedure [51] (p. 360)

To a solution of chiral sulfide catalyst (9.5 mg, 0.05 mmol) and catechol (1 mg,

1 mmol) in t-BuOH (450 mL) was added the benzaldehyde (26 mL, 0.25 mmol),

benzyl bromide (60 mL, 0.5 mmol) and n-Bu4NI (92 mg, 0.25 mmol). The result-

ing mixture was vigorously stirred at r.t. for 15 min (20–24 �C), and an aqueous

solution of NaOH 28.5% (52 mL, 0.5 mmol, giving a 90:10 ratio of t-BuOH:water)

was subsequently added. After 24 h of reaction, water (6 mL) was added, the two

phases were separated, and the aqueous layer was extracted with diethyl ether

(2� 5 mL). The combined organic layers were dried over MgSO4 and concen-

trated in vacuo. Purification by silica gel column chromatography afforded the

two diastereoisomeric epoxides.

14.13.3

Typical Procedure for Sulfur Ylide Epoxidation via In Situ Diazo Compound

Generation [52] (p. 361)

Benzaldehyde tosylhydrazone sodium salt (5.9 g, 20.0 mmol), benzyl triethylam-

monium chloride (460 mg, 2.0 mmol), Rh2(OAc)4 (88 mg, 0.2 mmol), sulfide cat-

alyst (250 mg, 1.0 mmol), benzaldehyde (2.0 mL, 20 mmol) and anhydrous aceto-

482 14 Appendix I: Reaction Procedures



nitrile (35 mL) were added sequentially to a two-necked flask equipped with a ni-

trogen balloon and a mechanical stirrer. After stirring vigorously for 10 min at

r.t., the reaction was heated at 40 �C for 24 h. A second equivalent of tosyl hydra-

zone salt (5.9 g, 20.0 mmol) was added and stirring continued for a further 24 h

at 40 �C. The reaction was quenched by the addition of a saturated solution of

NH4Cl (20 mL) and EtOAc (20 mL). The aqueous layer was washed with EtOAc

(20 mL) and the combined organic phases were dried over MgSO4, filtered, and

concentrated in vacuo. Flash column chromatography afforded the epoxide in

78% yield (3.9 g, 98:2 trans:cis, 94% ee). The sulfide could be recovered in 70%

yield by chromatography and used in further reactions.

14.13.4

Typical Procedure for Epoxidation of Stilbenes under Yang Conditions

with CH3CN-H2O Solvent System [53] (p. 405)

E-Stilbene (18 mg, 0.1 mmol) and ketone (3.8 mg, 0.01 mmol) were dissolved in

CH3CN (1.5 mL) at r.t. An aqueous Na2(EDTA) solution (1 mL, 4� 10�4 M) was

added. To the stirred mixture was added in portions a mixture of Oxone (307 mg,

0.5 mmol) and sodium bicarbonate (130 mg, 1.55 mmol). On completion of the

reaction according to TLC analysis (20 min), the reaction mixture was poured into

water (20 mL) and extracted with CH2Cl2 (3� 20 mL). The combined organic

layers were dried over anhydrous Na2SO4. After removal of the solvent under

reduced pressure, the residue was purified by flash column chromatography on

silica gel (hexane, then 95:5 hexanes:ethyl acetate) to give trans-stilbene epoxide

(19.4 mg, 99% yield) in 47% ee.
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14.13.5

Typical Procedure for Epoxidation of Stilbenes under Shi Conditions

(pH 10.5) [54] (p. 405)

Shi advises that all glassware is carefully washed prior to use in order to remove

trace metals that can cause the decomposition of Oxone.

E-Stilbene (0.181 g, 1 mmol) was dissolved in 1:2 acetonitrile:DMM (15 mL). To

this solution were added buffer (10 mL, 0.05 M solution of Na2B4O7�10H2O in

4� 10�4 M aqueous Na2(EDTA)), tetrabutylammonium hydrogen sulfate (0.015

g, 0.04 mmol), and ketone catalyst (77.4 mg, 0.3 mmol). The mixture was cooled

in an ice bath. A solution of Oxone (0.85 g, 1.38 mmol) in aqueous Na2(EDTA)

(4� 10�4 M, 6.5 mL) and a solution of K2CO3 (0.8 g, 5.8 mmol) in water

(6.5 mL) were added dropwise separately over a period of 1.5 h (via syringe

pumps or addition funnels). The best results were obtained if these solutions

were added in a steady, uniform manner. After 2 h, the reaction was diluted with

water (30 mL), and extracted with hexanes (4� 40 mL). The combined extracts

were washed with brine, dried (Na2SO4), filtered, concentrated, and purified by

FC on silica gel (previously buffered with 1% triethylamine solution in hexane)

using 1:0 to 50:1 hexane:ether as eluent. This provided trans-stilbene oxide

(0.153 g, 78%) with 98.9% ee.

14.13.6

Asymmetric Epoxidation of E-b-Methylstyrene Catalyzed by Shi Ketone Using H2O2

as Co-Oxidant [55] (p. 408)
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To a solution of trans-b-methylstyrene (0.118 g, 1.0 mmol) and ketone catalyst

(38.7 mg, 0.15 mmol) in CH3CN (1.5 mL) was added a solution of 2.0 M K2CO3

in 4� 10�4 M aqueous Na2(EDTA) (1.5 mL), followed by H2O2 (30% aqueous,

0.4 mL, 4 mmol) at 0 �C. After stirring at 0 �C for 12 h, the reaction mixture

was extracted with hexane, washed with 1 M aqueous Na2S2O3 and brine, dried

(Na2SO4), filtered, concentrated, and purified by chromatography on silica gel

(previously buffered with 1% triethylamine solution in hexane) using 1:0 to 50:1

hexane:ether as eluent, to afford the epoxide product as a colorless oil (0.124 g,

93%) in 92% ee.

14.13.7

Iminium Salt-Catalyzed Epoxidation Under Non-Aqueous Conditions [56] (p. 411)

Tetraphenylphosphonium monoperoxysulfate can be prepared from Oxone and

tetraphenyphosphonium chloride [57]. Synthesis of the iminium salt catalyst is

described in the source paper (see [57]).

Tetraphenylphosphonium monoperoxysulfate (0.9 g, 2.0 mmol) was dissolved

in chloroform (18 mL), and the solution cooled to �40 �C. Iminium salt (72 mg,

0.1 mmol) was dissolved in chloroform (4.5 mL) and the solution cooled to

�40 �C. The solution of iminium salt was added dropwise to the solution of oxi-

dant over 15–20 min; the temperature was monitored during the addition, and

any increase in temperature minimized by controlling the rate of addition. A

solution of 6-cyanobenzopyran (185 mg, 1.0 mmol) in chloroform (4.5 mL) was

added in the same manner. The mixture was stirred at �40 �C for 24 h. Diethyl

ether (180 mL, pre-cooled to �40 �C) was added to induce precipitation of the

remaining oxidant. The mixture was filtered through Celite, and the solvent

removed under reduced pressure. Column chromatography, eluting with ethyl

acetate:light petroleum (1:99), afforded the product as a colorless oil which solidi-

fied on standing (119 mg, 59%, 97% ee).
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14.13.8

Phase-Transfer-Catalyzed Asymmetric Epoxidation of E-Chalcone [58] (p. 415)

A solution of E-chalcone (708 mg, 3.4 mmol) and catalyst [59] (20 mg, 0.03 mmol)

in toluene (10 mL) in a 25-mL round-bottomed flask was treated with 15% aque-

ous sodium hypochlorite solution (6.8 mmol), and the resulting mixture was

stirred vigorously (magnetic stirrer at ca. 1000 r.p.m.) at 25 �C for 12–24 h. Water

(20 mL) was then added and the layers separated. The aqueous layer was further

extracted with ethyl acetate (30 mL), and the combined organic extracts dried

(Na2SO4). Concentration under reduced pressure gave the crude epoxide. Chro-

matography on silica gel (petroleum ether:ethyl acetate, 9:1) gave the epoxide

(747 mg, 98%) in >95% de and 86% ee. Alternatively, the product can be purified

by recrystallization (EtOAc:petrol); here, the epoxide is produced in 72% yield and

98% ee.

14.13.9

Typical Procedure for Poly-L-Leucine-Catalyzed Epoxidation of Enones [60] (p. 416)

This procedure utilizes immobilized (polystyrene) poly-l-leucine, which is more

easily separated from the reaction products, and can be prepared according to a

published procedure [61].

To immobilized poly-l-leucine (7.0 g) was added THF (50 mL), urea hydrogen

peroxide (2.07 g, 22 mmol) and DBU (4.11 mL, 27.5 mmol). This mixture was

stirred for 3–5 min, after which the enone (4.01 g, 18.4 mmol) in THF (10 mL)

was added. After a further 3 h, additional urea hydrogen peroxide (1.06 g,

11.3 mmol) and DBU (2.5 mL, 16.1 mmol) were added. After 28 h, the reaction

was filtered to remove the poly-l-leucine. The filtrate was added to saturated aque-

ous ammonium chloride solution and extracted with ethyl acetate. The combined

organic layers were dried (MgSO4) and concentrated in vacuo. The acid-sensitive
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epoxide product was sufficiently pure for use in the next step, but could be puri-

fied by column chromatography on silica using eluent (2–12% ethyl acetate in

hexanes) doped with 1% triethylamine. This gave the epoxide product (3.0 g,

70%) in >96% ee.

14.13.10

Amine-Catalyzed Epoxidation of E-Cinnamaldehyde with Hydrogen

Peroxide [62] (p. 418)

Amine catalyst can be prepared in three steps from N-Boc-l-proline methyl ester

[63].

E-Cinnamaldehyde (66 mg, 0.5 mmol) was dissolved in CH2Cl2 (1 mL). To this

solution at ambient temperature was added the catalyst (30 mg, 0.05 mmol) fol-

lowed by 35% aqueous hydrogen peroxide (63 mg, 0.65 mmol). After 4 h, the

mixture was passed down a silica gel column, eluting with ether:pentane, to give

the epoxide (59 mg, 80%), in a 93:7 dr and 96% ee.

14.13.11

General Procedure for Selective Epoxidation of Styrene [64] (p. 441)

To a solution of styrene (0.5 mmol) and catalyst (0.15 mmol) in water (5 mL) at

0 �C were added Oxone (153 mg) and NaHCO3 (84 mg) at 10-min intervals over a

period of 1 h. Water was then added, the aqueous layer was extracted with

CH2Cl2 and the organic phase was dried over MgSO4, and the solvents were

evaporated.
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14.14

Epoxide Opening

14.14.1

Desymmetrization of meso-Epoxides [65] (p. 281)

Tetrachlorosilane (86 mL, 0.75 mmol) was added dropwise to a stirred solution of

cyclooctene oxide (63 mg, 0.50 mmol) and catalyst (18.0 mg, 0.05 mmol) in an-

hydrous CH2Cl2 (5 mL) at �90 �C. The mixture was then stirred at this tempera-

ture for 48 h under an argon atmosphere. The reaction was then quenched with a

saturated aqueous solution of NaHCO3 (10 mL) and the product extracted with

CH2Cl2 (3� 30 mL). The extract was washed with brine, dried over anhydrous

MgSO4, and the solvent evaporated. Purification using column chromatography

on silica gel with a petroleum ether:ethyl acetate mixture (9:1) afforded the prod-

uct (74 mg, 91%, 87% ee) as an oil: ½a�D � 24.4 (c 1.5, CHCl3). For the ee deter-
mination, chlorohydrin was converted into the trifluoroacetyl derivative by stirring

with trifluoroacetic anhydride (10 equiv) in CH2Cl2 for 3 h. Removal of the

solvent, followed by purification using column chromatography on silica gel

with a petroleum ether:ethyl acetate mixture (9:1), afforded (�)trans-1-chloro-2-
trifluoroacetoxy-cyclooctane as a colorless oil.

14.15

Nucleophilic Substitution Reactions

14.15.1

Benzylation of tert-Butyl Alaninate P-Chlorobenzaldehyde Schiff Base Under

Phase-Transfer Conditions [66] (p. 139)
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To a mixture of Schiff base (134 mg, 0.5 mmol), (S,S)-catalyst (4.6 mg, 5 mmol)

and benzyl bromide (72.8 mL, 0.6 mmol) in toluene (2 mL) was added CsOH�H2O

(420 mg, 2.5 mmol) at 0 �C, and the reaction mixture was stirred vigorously for

30 min. After consumption of the starting material, 1 M KHSO4 (5 mL) and THF

(5 mL) were added to this mixture, and the biphasic solution was stirred at r.t. to

neutralize the base and hydrolyze the Schiff base moiety. After stirring for 1 h,

the resulting organic wastes were extracted with hexane. The aqueous phase was

then basified with NaHCO3 and the target molecule extracted with ether, dried

over Na2SO4, and concentrated. Purification of the crude product by column

chromatography on silica gel (hexane:EtOAc, 1:2 as eluent) gave the alkylation

(R) product (100 mg, 0.425 mmol, 85%, 98% ee) as a colorless oil.

14.15.2

Typical Procedure for the Catalytic Asymmetric Benzylation of Phenyl Oxazoline

Derivatives [67] (p. 144)

Benzyl bromide (120 mL, 1.0 mmol) was added to a solution of oxazoline (50.0 mg,

0.2 mmol), (S,S)-cat (9.55 mg, 5 mmol) and KOH (56.1 mg, 1.0 mmol) in toluene

(0.8 mL) at 0 �C. The reaction mixture was stirred for 5 h. Upon completion of

the alkylation, the mixture was diluted with EtOAc (20 mL), washed with water

(2� 5 mL), dried over MgSO4, filtered, and concentrated in vacuo. The residue

was purified by column chromatography on silica gel (hexanes:EtOAc, 20:1 as

eluent) to afford the product (65 mg, 98%) as a pale yellow oil.

14.15.3

Hydrolysis of Oxazoline [67] (p. 141)

HCl (6 M; 1.5 mL) was added to a solution of oxazoline (500 mg, 1.48 mmol) in

ethanol (1.5 mL), and the mixture heated at reflux for 24 h. After the solvent was

removed in vacuo, the residue was purified by column chromatography (15%

aqueous NH4OH) through an ion-exchange resin (Dowex 50WX8-100) to give

(S)-(þ)-a-benzyl serine as a white solid (365 mg, 98%).
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14.16

Allylation Reactions

14.16.1

Catalytic Asymmetric Allylic Alkylation [68] (p. 138)

To a suspension of glycinate Schiff base (50.0 mg, 0.169 mmol), catalyst (10.6 mg,

16.9 mmol), [Pd(C3H5)Cl]2 (5.4 mg, 0.015 mmol) and triphenyl phosphite

(21.0 mg, 67.7 mmol) in toluene (0.28 mL) were successively added a solution of

p-chlorocinnamyl acetate (35.7 mg, 0.169 mmol) in toluene (0.56 mL) and 50%

KOH aqueous solution (66.4 mg, 0.591 mmol) at 0 �C under an argon atmo-

sphere. After stirring vigorously at 0 �C for 7 h, the mixture was diluted with

ether (15 mL). The organic phase was washed with saturated NaHCO3 aqueous

solution (3� 5 mL) and brine (5 mL). The extract was dried over Na2SO4, filtered,

and concentrated in vacuo. The crude product was purified by column chromatog-

raphy on basic silica gel (hexane:EtOAc, 300:1 as eluent) to give the allylated prod-

uct (66.1 mg, 85%) as colorless crystals.

14.16.2

Reaction of Allyl Trichlorosilane with Benzaldehyde [69] (p. 262)

Allyl trichlorosilane (0.47 mmol) was added to a solution of the METHOX catalyst

(0.02 mmol), diisopropylethylamine (2 mmol) and aldehyde (0.4 mmol) in aceto-

nitrile (2 mL) under nitrogen at �40 �C. The mixture was stirred at the same tem-

perature for 18 h, after which the reaction was quenched with aqueous saturated

NaHCO3 (1 mL). The aqueous layer was extracted with ethyl acetate (3� 10 mL)

and the combined organic extracts were washed with brine and dried over

Na2SO4. The solvent was removed in vacuo and the residue purified by FC on a

silica gel column (15 cm� 1 cm) with a petroleum ether-ethyl acetate mixture

(95:5) to produce (S)-(�)-1-phenyl-but-3-en-1-ol (95%, 96% ee).
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14.17

Acylation

14.17.1

PBO-Catalyzed KR of an Aryl Alkyl sec-Alcohol: KR of (G)-1-(2-Methylphenyl)ethanol

(Preparative Scale) [70] (p. 292)

A solution of phosphine catalyst (16 mg, 0.045 mmol; 99.7% ee) in deoxygenated

n-heptane (74 mL) was added to a N2-purged flask containing (G)-1-(2-

methylphenyl)ethanol (1.02 g, 7.5 mmol). After cooling the mixture to �40 �C,

(i-PrCO)2O (3.05 mL, 18.4 mmol) was added via a syringe. After stirring for 14 h

at �40 �C, the mixture was quenched by the addition of isopropylamine (4 mL,

47 mmol). The solution was stirred at �40 �C for 10 min, after which the flask

was allowed to warm to r.t. (ca. 1 h). After removal of the solvent in vacuo, the
residue was purified by FC on silica gel (CH2Cl2:hexanes, 2:3 ! CH2Cl2) to yield

the ester as an oil [725 mg, 48%, 95.7% ee by chiral-HPLC on the alcohol obtained

by hydrolysis of an aliquot using NaOH:MeOH, 1:19], and the alcohol as an oil

[482 mg, 46%, 90.2% ee by chiral-HPLC following additional purification by FC

on silica gel (EtOAc:hexanes, 1:5)]. The calculated selectivity value at 48.5% con-

version was s ¼ 142.

14.17.2

KR of an Aryl Alkyl sec-Alcohol with Ferrocenyl DMAP Catalyst:

KR of (G)-1-(2-Methylphenyl)ethanol (Preparative Scale) [71] (p. 294)
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In a glove-box, 1-(2-methylphenyl)ethanol (1.11 g, 8.14 mmol), t-amyl alcohol

(16 mL), and Et3N (0.67 mL, 4.8 mmol) were added to a flask containing catalyst

(27.7 mg, 0.0419 mmol). A septum was added and the flask removed from the

glove box. After gentle heating to dissolve the catalyst, the flask was cooled to

0 �C. Ac2O (0.46 mL, 4.9 mmol) was added dropwise, and after 25.5 h the reac-

tion was quenched with MeOH (5 mL). The mixture was passed through a short

plug of silica gel to separate the catalyst from the alcohol:acetate mixture

(EtOAc:hexanes, 1:1 to 3:1, then Et3N:EtOAc, 1:9). The solution of alcohol and

acetate was concentrated in vacuo and the residue purified by FC on silica gel

(Et2O:pentane, 1:20 to 1:4) to afford the (R)-acetate (639 mg, 44%, 90.2% ee by

chiral-GC on the alcohol obtained by reduction using LiAlH4), and the (S)-alcohol
(517 mg, 47%, 92.9% ee by chiral-GC). The calculated selectivity value at 50.7%

conversion was s ¼ 65:9. The recovered catalyst was purified by FC on silica gel

(EtOAc:hexanes, 1:1–EtOAc:hexanes:Et3N, 9:9:2), which provided 24.9 mg of the

pure catalyst (90%).

14.17.3

KR of (G)-1-(1-Naphthyl)-1-Ethanol [72] (p. 297)

A solution of (G)-1-(1-naphthyl)-1-ethanol (2.416 g, 14.0 mmol), DIPEA (1.93 mL,

10.5 mmol) and catalyst (74 mg, 0.28 mmol) in CHCl3 (14 mL) was stirred at 0 �C

for 15 min, and then treated with (n-PrO)2O (1.35 mL, 10.5 mmol). The mixture

was stirred at 0 �C for 10 h, at which time it was quenched with MeOH (10 mL),

allowed to warm slowly, and left at r.t. for 1 h. The reaction mixture was diluted

with CH2Cl2, washed twice with 1 M HCl, then twice with saturated aqueous

NaHCO3, and then dried (NaSO4). The solution was concentrated in vacuo and

purified by FC on silica gel (Et2O:hexanes, 1:19 to 1:4) to produce the ester

(1.672 g, 52%, 82.5% ee by chiral-HPLC), and the alcohol (1.091 g, 45%, 98.8%

ee by chiral-HPLC). The calculated selectivity value at 54.5% conversion was

s ¼ 52:3. The aqueous phase obtained during the work-up was basified with

0.5 M NaOH and repeatedly extracted with CH2Cl2 (until the aqueous phase was

pale-yellow), the extract was dried (Na2SO4), concentrated in vacuo, and purified

by FC on silica gel (i-PrOH:hexanes, 1:19 to 1:9) to provide 50 mg of recovered

catalyst (68%).
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14.17.4

KR of an Aryl Alkyl sec-Alcohol Using Chiral Carbene Catalyst:

KR of (G)-1-Phenylethanol (Analytical Scale) [73] (p. 299)

To a solution of chiral carbene catalyst (0.03 mmol, 5 mol%) and 1-phenyletha-

nol (73.2 mg, 72 mL, 0.6 mmol) in THF (2 mL) was added vinyl diphenylacetate

(117.5 mg, 0.45 mmol) dropwise at �78 �C. The reaction mixture was stirred at

this temperature for 3 h, and then treated with 0.1 M HCl and extracted with

ether. The combined organic layers were washed with brine, dried (Na2SO4), and

concentrated in vacuo. The residue was purified by FC on silica gel (ether:hex-

anes, 1:50 to 1:2) to afford (R)-1-phenylethyl diphenylacetate (65 mg, 32%, 96% ee
by chiral-HPLC) and (S)-1-phenylethanol (44.6 mg, 61%, 52% ee by chiral HPLC).

The calculated selectivity value at 34% conversion was s ¼ 80.

14.17.5

KR of an Allylic sec-Alcohol Using Vedej’s PBO Catalyst:

KR of (G)-1-(3,4-Dihydronaphthalen-1-yl)-ethanol (Analytical Scale) [74] (p. 299)

1-(3,4-Dihydronaphthalen-1-yl)-ethanol (21 mg, 0.12 mmol) was added to a solu-

tion of phosphine catalyst (1.97 mg, 6 mmol) in toluene (1.2 mL). The solution

was cooled to �40 �C, and (i-PrCO)2O (50 mL, 0.3 mmol) was added via a sy-

ringe. The reaction was stirred for 72 h, followed by quenching with i-PrNH2
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(120 mL, 1.4 mmol). After stirring for 15 min at �40 �C the mixture was

warmed to r.t. and concentrated in vacuo. 1H-NMR (d6-acetone) revealed that

51% conversion to the ester had occurred, and confirmed that 5 mol% of catalyst

had been used. Purification by FC on silica gel (CH2Cl2:hexanes, 6:1) gave the

ester (86.7% ee by chiral-HPLC on the alcohol obtained by hydrolysis using

NaOH:MeOH, 1:19) and the alcohol (96.1% ee by chiral-HPLC). The calculated se-

lectivity value at 51% conversion was s ¼ 55.

14.17.6

KR of an Allylic Alcohol (Preparative Scale) [75] (p. 301)

In the air, t-amyl alcohol (8.75 mL) and Et3N (0.36 mL, 2.6 mmol) were added to a

vial containing (G)-alcohol (1.16 g, 4.42 mmol) and catalyst (29.0 mg, 43.9 mmol).

The vial was closed with a Teflon-lined cap and sonicated to assist catalyst disso-

lution. The reaction mixture was cooled to 0 �C, and Ac2O (0.25 mL, 2.6 mmol)

was added. After 42.5 h, the reaction was quenched with MeOH (0.25 mL). The

mixture was passed through a pad of silica gel (EtOAc:hexanes, 1:5–EtOAc–

Et3N:EtOAc, 1:1) to separate the catalyst (27.6 mg, 95%) from the alcohol:acetate

mixture. The solution of alcohol and acetate was concentrated in vacuo and

the residue purified by FC on silica gel (EtOAc:hexanes, 1:9 to 1:4) to afford the

(�)-acetate (0.7 g, 52%, 91.8% ee by chiral-HPLC) and the (þ)-alcohol (0.55 g,

47%, 98.0% ee by chiral-HPLC). The calculated selectivity value at 51.6% conver-

sion was s ¼ 107.
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14.17.7

Procedure for KR of a Propargylic sec-Alcohol: KR of (G)-4-Phenyl-3-butyn-2-ol

(Analytical Scale) [76] (p. 302)

A vial containing (G)-4-phenyl-3-butyn-2-ol (73.0 mg, 0.5 mmol) and catalyst

(3.3 mg, 5.0 mmol) in t-amyl alcohol (1.0 mL) was capped with a septum and

sonicated to assist catalyst dissolution. The resulting purple solution was cooled

to 0 �C, and Ac2O (35.4 mL, 0.375 mmol) was added via a syringe. After 49 h, the

reaction mixture was quenched by the addition of a large excess of MeOH.

After concentration in vacuo, the residue was purified by FC on silica gel

(EtOAc:hexanes, 1:9 to 1:1, then EtOAc:hexanes:Et3N, 9:9:2) to afford the (R)-
acetate (68.6% ee by chiral-GC) and the (S)-alcohol (96.0% ee by chiral-GC on the

acetate obtained following esterification). The calculated selectivity value at 58.3%

conversion was s ¼ 20:2.

14.17.8

KR of a Monoprotected-1,2-diol: KR of (G)-cis-N-(2-Hydroxycyclo-

hexanoxycarbonyl)pyrrolidine (Analytical Scale) [77] (p. 306)
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To a solution of (G)-cis-N-(2-hydroxycyclohexanoxycarbonyl)pyrrolidine (0.25

mmol) and catalyst (12.5 mmol) in CCl4 (2.5 mL) was added i-Pr2NEt (21.8 mL,

125 mmol) and (i-PrCO)2O (20.7 mL, 125 mmol). The reaction mixture was stirred

at 0 �C for 3 h, and then treated with 0.1 M aqueous HCl and extracted with

EtOAc. The organic layer was washed with saturated aqueous NaHCO3, dried

(Na2SO4), and concentrated to provide a crude mixture of the unreacted alcohol

(97% ee by chiral-HPLC) and acylated product (90% ee by chiral HPLC). The cal-

culated selectivity value at 51.9% conversion was s ¼ 87.

14.17.9

KR of an a-Chiral Primary Amine: KR of (G)-1-Phenylethylamine

(Analytical Scale) [78] (p. 308)

Catalyst (5.2 mg, 14 mmol), (G)-1-phenylethylamine (17.0 mg, 140 mmol) and

CHCl3 (2.5 mL) were added to a Schlenk flask under an argon atmosphere.

The resulting purple solution was cooled to �50 �C and a solution of O-carbonyl-

oxyazlactone (13.5 mg, 42.0 mmol) in CHCl3 (0.15 mL) was added via a syringe.

After 4 h, additional O-carbonyloxyazlactone (13.5 mg, 42.0 mmol) in CHCl3
(15 mL) was added. After 24 h in total, the solution was concentrated in vacuo
and the residue purified by FC on silica gel (EtOAc:hexanes, 1:4) to afford the car-

bamate (7.3 mg, 29%, 79% ee by chiral-HPLC) and the amine, which was imme-

diately acylated (Et3N, Ac2O, CH2Cl2, r.t.) and then purified by FC on silica gel

(EtOAc) to afford the acetamide (11.4 mg, 50%, 42% ee by chiral-GC). The calcu-

lated selectivity value at 35% conversion was s ¼ 13.
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14.17.10

ASD of a meso-1,2-Diol: ASD of cis-1,2-Cyclohexanediol

(Preparative Scale) [79] (p. 308)

To 4 Å MS (400 mg) was added a solution of (S)-catalyst (3.3 mg, 15.1 mmol) in

CH2Cl2 (2.5 mL), and the resulting reaction mixture was cooled to �78 �C. A so-

lution of Et3N (306 mg, 3.02 mmol) in CH2Cl2 (2.5 mL), a solution of cis-1,2-
cyclohexanediol (351 mg, 3.02 mmol) in CH2Cl2 (20 mL), and a solution of BzCl

(636 mg, 4.52 mmol) in CH2Cl2 (2.5 mL) were then added sequentially. After

3 h at �78 �C the reaction was quenched by the addition of a phosphate buffer

(pH 7), and extracted with Et2O. The combined organic extracts were dried

(Na2SO4), and concentrated in vacuo. The residue was purified by FC on silica

gel (EtOAc:hexanes, 1:15) to afford cis-benzoyloxy-1-cyclohexanol (554 mg, 83%,

96% ee by chiral-HPLC).

14.17.11

Procedure for ASD of a Cyclic meso-Anhydride Using (DHQD)2AQN as Catalyst:

ASD of cis-Cyclopentane-1,2-Dicarboxylic Acid Anhydride

(Analytical Scale) [80] (p. 316)
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Dry MeOH (32 mg, 40 mL, 1.0 mmol) was added dropwise to a stirred solution

of cis-cyclopentane-1,2-dicarboxylic acid anhydride (14 mg, 0.1 mmol) and

(DHQD)2AQN (95%, 72.2 mg, 0.08 mmol) in dry Et2O (5 mL) under an argon

atmosphere at �30 �C. The reaction mixture was stirred at �30 �C until the start-

ing material was consumed (TLC-monitored, 71 h). The reaction was quenched

by the addition of HCl (1 M, 3 mL) in one portion. The aqueous phase was ex-

tracted with EtOAc (2� 10 mL), and the combined organic phases were dried

(MgSO4) and concentrated in vacuo to afford the hemiester as a clear oil (17 mg,

99%, 95% ee by 1H NMR on the diastereomeric amides formed by coupling the

hemiesters to (R)-1-naphthalen-1-yl-ethylamine). The (DHQD)2AQN catalyst

was recovered quantitatively by basification (pH 11) of the aqueous phase with

aqueous KOH (1 M), extraction with Et2O, drying of the Et2O extracts (MgSO4),

and concentration in vacuo.

14.17.12

PKR of a Monosubstituted Succinic Anhydride Using (DHQD)2AQN as Catalyst:

PKR of (G)-2-Methysuccinic Anhydride (Preparative Scale) [81] (p. 317)

2,2,2-Trifluoroethanol (0.73 mL, 10 mmol) was added to a solution of 2-methyl-

succinic anhydride (114 mg, 1.0 mmol) and (DHQD)2AQN (95%, 180 mg,

0.2 mmol) in Et2O (50.0 mL) at �24 �C. The resulting reaction mixture was

stirred at this temperature until the anhydride was consumed (TLC-monitored,

50 h). The reaction mixture was washed with aqueous HCl (1 M, 3� 10 mL).

The aqueous phase was extracted with Et2O (3� 20 mL), and the combined

organic phases were dried (MgSO4) and then concentrated in vacuo. The residue

was purified by FC on silica gel (cyclohexane:butyl acetate:acetic acid, 50:1:1) to

afford the a-methyl hemiester (77 mg, 36%, 93% ee by chiral-HPLC on the dia-

stereomeric amides formed by coupling the hemiesters to (R)-1-naphthalen-1-yl-
ethylamine) and the b-methyl hemiester (88 mg, 41%, 80% ee by chiral-HPLC

on the diastereomeric amides formed by coupling the hemiesters to (R)-1-
naphthalen-1-yl-ethylamine). The (DHQD)2AQN catalyst was recovered quantita-

tively by basification (pH 11) of the aqueous phase with aqueous KOH (2 M),

extraction with EtOAc (3� 15 mL), drying of the EtOAc extracts (MgSO4), and

concentration in vacuo.
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14.17.13

DKR of a UNCA using (DHQD)2AQN as Catalyst: DKR of (G)-2,5-Dioxo-4-Phenyl-

3-Oxazolidine Carboxylic Acid Phenylmethyl Ester (Analytical Scale) [82] (p. 318)

A mixture of UNCA (62.2 mg, 0.2 mmol) and 4 Å MS (20 mg) in anhydrous Et2O

(14.0 mL) was stirred at r.t. for 10 min and then warmed to 34 �C, after which

(DHQD)2AQN (95%, 36.1 mg, 0.04 mmol) was added. The resulting mixture

was stirred for a further 5 min, after which a solution of allyl alcohol in Et2O

(1:99, 0.24 mmol) was introduced dropwise via a syringe over a period of 1 h.

The resulting reaction mixture was stirred for 1 h at 34 �C, washed with aqueous

HCl (2 M, 2.0–3.0 mL) and brine (3.0 mL), dried (Na2SO4), and concentrated to

provide a light yellow solid. Purification by FC on silica gel (EtOAc:hexanes, 1:9)

gave (R)-allyl-(N-benzyloxycarbonyl)phenylglycinate as a white solid (63 mg, 97%,

91% ee by chiral-HPLC). The (DHQD)2AQN catalyst was recovered quantitatively

by washing the combined aqueous extracts with Et2O (2� 2:0 mL), and then ba-

sifying first with KOH (pH@ 4) and then with Na2CO3 (pH@ 11). The resulting

solution was extracted with EtOAc (2� 5:0 mL) and the combined organic ex-

tracts washed with brine (2.0 mL), dried (Na2SO4), and concentrated in vacuo.

14.17.14

Procedure for Regioselective Phosphorylation [83] (p. 428)

Triol (0.5 g, 1.11 mmol) was dissolved in 30 mL of toluene and an aliquot of

peptide catalyst (27.6 mmol, 2.5 mol%) in CH2Cl2 (1.0 mL) was delivered. The

14.17 Acylation 499



mixture was then cooled to 0 �C, and triethylamine (0.325 mL, 2.33 mmol) was

added. Diphenyl chlorophosphate (0.46 mL, 2.22 mmol) was then added drop-

wise. After 4 h at 0 �C, the reaction was filtered to remove triethylamine salts,

quenched with 4 mL of methanol, and concentrated under reduced pressure.

The crude mixture was purified using silica gel FC, eluting with a gradient of

0 to 40% ethyl acetate:hexanes to yield diol (0.422 g, 56% yield), which was found

to exhibit > 98% ee.

14.18

[4B2] Cycloadditions

14.18.1

General Procedure for the Diels–Alder Reaction of a,b-Unsaturated

Aldehydes [84] (p. 98)

To a solution of the catalyst�HCl (5–20 mol%) in wet MeOH (5% H2O) was added

the a,b-unsaturated aldehyde (1 M). After stirring for 1–2 min, diene (3 equiv)

was added to the solution. Upon consumption of the limiting reagent (as judged

by TLC, 1H-NMR, or GLC analysis), the reaction mixture was diluted into Et2O

and washed successively with H2O and brine. The aqueous layer was extracted

twice with Et2O, and the combined organic layers were dried (Na2SO4), filtered,

and concentrated. The resulting dimethy acetal was then rapidly stirred in

TFA:H2O:CHCl3 (1:1:2, 4 mL) for 2 h at r.t., followed by neutralization with satu-

rated aqueous NaHCO3 solution and extraction with Et2O. Purification of the

Diels–Alder adduct was performed using silica gel chromatography.
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14.18.2

General Procedure for Asymmetric Cycloaddition of Dienes with

a-Acyloxyacroleins [85] (p. 100)

To a solution of catalyst (0.08 mmol) and pentafluorobenzenesulfonic acid

(0.22 mmol) in nitroethane (0.125 mL) or THF (0.25 mL) was added the diene

(1.6 mmol). After stirring at 0 �C or r.t., a-substituted acrolein (0.8 mmol) was

added in one portion. Upon consumption of a-substituted acrolein, the reaction

was quenched with saturated aqueous NaHCO3, and the reaction mixture was

diluted with pentane and washed successively with H2O and brine. The organic

layer was dried (MgSO4), filtered, and concentrated under reduced pressure.

Purification of the Diels–Alder adduct was accomplished by silica gel chromatog-

raphy, eluting with pentane:ether.

14.18.3

General Procedure for Intramolecular Diels–Alder Cycloaddition [86] (p. 100)

A solution of the catalyst�HX (20 mol%) in wet solvent (2% H2O, 0.1 M) was

cooled to the desired temperature (�20 to þ4 �C). The trienal (100 mol%) was

then added and the mixture stirred until completion of the reaction, while the

temperature warmed to r.t. (from 16 h to 6 days). The crude reaction mixture

was loaded directly onto a silica column, and purified.
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14.18.4

Taddol-Catalyzed Hetero-Diels–Alder Reaction of 1-Aldimine-3-Siloxy Dienes [87]

(p. 236)

A solution of catalyst (67 mg, 0.1 mmol, 20 mol%) and benzaldehyde (61 mL,

0.6 mmol, 1.2 equiv) in toluene (0.5 mL) was cooled to �78 �C. Diene (114 mg,

0.5 mmol, 1.0 equiv) was then added slowly, and the resulting slightly yellow

solution was maintained at �78 �C for 2 days. The reaction was then diluted

with CH2Cl2 (2 mL), followed by slow addition of freshly distilled acetyl chloride

(71 mL, 1.0 mmol, 2.0 equiv). The mixture was stirred at �78 �C for 30 min and

transferred directly to a column for FC purification on silica gel (hexanes:ethyl

acetate, 7:3), which afforded pure dihydropyranone (61 mg, 70% yield, >98% ee)
as an oil.

14.18.5

Taddol-Catalyzed Diels–Alder Reactions of 1-Amino-3-Siloxydienes [88] (p. 242)

A solution of taddol catalyst (66.7 mg, 0.1 mmol, 10 mol%) and methacrolein

(41.5 mL, 0.5 mmol, 1.0 equiv) in 0.75 mL of toluene at �80 �C was treated with

aminosiloxydiene (260 mL, 1.0 mmol, 2.0 equiv). The reaction was stirred for 48 h

and treated with LiAlH4 (1 M in Et2O, 2.0 mL, 2 mmol, 4.0 equiv) at �80 �C. The

reaction mixture was stirred for 0.5 h at �80 �C and then for an additional

1.5 h at r.t. After cooling to 0 �C, excess LiAlH4 was quenched with water (0.5 mL),

and the solids were removed by filtration. The solids were rinsed with Et2O

(5� 3:0 mL) and the combined filtrate was concentrated in vacuo. The resulting

oil was taken up in CH3CN (2 mL), cooled in an ice bath, and treated with HF

(5% solution in CH3CN, 3.0 mL). After stirring for 0.5 h at r.t., the volatiles were

removed in vacuo and the residue was subjected to FC on silica gel (ethyl acetate:

hexanes, 7:3) to afford the product as a colorless oil (116 mg, 83% yield, 91% ee).
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14.19

[3B2]-Cycloadditions

14.19.1

[3B2]-Cycloaddition of Nitrones to a,b-Unsaturated Aldehydes [89] (p. 102)

A flask containing nitrone (1 equiv) and imidazolidinone catalyst�HX (20 mol%)

was charged with MeNO2 (0.1 M), and then with the appropriate amount of H2O

(3 equiv). After cooling the solution to the desired temperature, a,b-unsaturated

aldehyde (4 equiv) was added dropwise to the flask. Additional aldehyde (3 equiv)

was added to the reaction mixture at 24-h intervals until the reaction was com-

plete (96–160 h). The resulting solution was passed through a silica gel column

with AcOEt. The removal of volatiles afforded an oily residue that was purified by

silica gel chromatography to afford the title compound.

14.19.2

General Procedure for the Catalytic Annulation of Enals and

Aldehydes [90] (p. 334)

Into an oven-dried 20-mL vial were weighed both aldehydes (2.0 mmol each), and

catalyst (28.4 mg, 0.083 mmol). The vial was crimped, evacuated, and back-filled

with argon. To this mixture were added 2 mL of a 10:1 THF:t-BuOH solution, fol-

lowed by DBU (11.0 mL, 0.074 mmol). The resulting yellow-orange solution was

stirred for 15 h at r.t. The reaction mixture was concentrated under reduced pres-
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sure, and the residue purified by FC (n-hexane:ethyl acetate, 4:1) to afford the cor-

responding lactone products as colorless solids.

14.20

Acyloin and Benzoin Condensations

14.20.1

General Procedure for the Asymmetric Synthesis of Acyloins [91] (p. 337)

The precatalyst triazolium salt can be prepared according to Ref. [92].

In a Schlenk tube with an argon atmosphere at r.t., precatalyst (20.6 mg,

0.055 mmol, 20 mol%) was suspended with absolute THF (1.7 mL). A solution

of freshly sublimed KOt-Bu (5.9 mg, 0.052 mmol, 19 mol%) in absolute THF

(0.6 mL) was added slowly, and the solution stirred for 5 min. An aldehyde ketone

(0.275 mmol) was dissolved in absolute THF (0.5 mL) and added to the carbene

solution. The reaction mixture was stirred for 48 h, diluted with DCM, quenched

with water, extracted twice with DCM, and dried over MgSO4. The solvent was

evaporated and the crude product purified by FC on silica gel (n-pentane:DCM,

1:2) to yield the corresponding acyloin.

14.20.2

Asymmetric Benzoin Condensation [93] (p. 335)

The triazolium precatalyst can be prepared according to Ref. [93].

Under an argon atmosphere, 10 mmol of the aromatic aldehyde were added at

r.t. to a solution of 331 mg (1.0 mmol, 10 mol%) of the triazolium salt in 7 mL

absolute THF. KOt-Bu (112 mg, 1.0 mmol, 10 mol%) in 4 mL absolute THF was

then added dropwise. The reaction was stirred at r.t. for 16 h, and then poured

into distilled water. After extraction with DCM the organic phase was dried over
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MgSO4. The solvent was removed in vacuo. After recrystallization or column

chromatography, the benzoins were obtained as colorless crystals or pale yellow

oils.

14.21

Reduction of Ketones and Imines

14.21.1

General Procedure for the Reduction of Aromatic Ketones with Silanes

Under Phase-Transfer Conditions [94] (p. 398)

To a stirred solution of ketone (1 mmol) and fluoride salt (0.02 mmol) in dry THF

was added the silane (1.5 mmol). The mixture was stirred at r.t. until the reaction

was complete (TLC-monitored). NaOH (5 mL of a 3 M solution) was added drop-

wise. After stirring vigorously overnight, the solution was extracted with diethyl

ether (3� 15 mL). The combined organic extracts were washed with water, dried

(MgSO4), and evaporated in vacuo. The residue was purified by chromatography

(SiO2) or distillation if necessary. Enantiomeric excess was measured by chiral

stationary phase GC-analysis (Chiraldex G-TA column).

14.21.2

Phosphoric Acid-Catalyzed Transfer Hydrogenations of Imines [95] (pp. 230 and

397)

A mixture of the imine (90 mg, 0.4 mmol, 1.0 equiv), Hantzsch ester (142 mg,

0.56 mmol, 1.4 equiv), and catalyst (3 mg, 4 mmol, 1 mol%) in toluene (4 mL)
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was stirred at 35 �C under an argon atmosphere for 45 h. The solvent was eva-

porated at reduced pressure, and the products were isolated by FC on silica gel

(3% ethyl acetate in hexanes) to give the product (87 mg, 96% yield, 88% ee).

14.21.3

Typical Procedure for the Catalytic Hydrosilylation of Imines [96] (pp. 275 and 400)

Trichlorosilane (77 mL, 0.77 mmol) was added dropwise to a stirred solution of the

imine (100 mg, 0.51 mmol) and catalyst (13.5 mg, 0.051 mmol) in anhydrous tol-

uene (2 mL) at 0 �C, and the mixture was stirred at r.t. overnight under an argon

atmosphere. The reaction was quenched with a saturated solution of NaHCO3

(10 mL) and the product was extracted with ethyl acetate (3� 30 mL). The extract

was washed with brine, dried over anhydrous MgSO4, and the solvent was evapo-

rated. Purification using column chromatography on silica gel with a petroleum

ether-ethyl acetate mixture (24:1) afforded the (S)-(þ)-amine (81 mg, 81%, 92% ee)
as an oil: ½a�D þ 16.8 (c 0.5, MeOH).

14.22

Hydrogenation of Olefins

14.22.1

General Procedure for Transfer Hydrogenation of Enals Using

Symmetric Hantzsch Ester [97] (pp. 110 and 394)

A solution of b,b-disubstituted enal (1 mmol) in CHCl3 (0.2 M) was cooled to the

desired temperature. Catalyst�TCA (20 mol%) and Hantzsch ester (1.2 equiv)
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were added, and the mixture was stirred at the same temperature until the reac-

tion was determined to be complete (by TLC). The reaction mixture was then di-

luted with Et2O and passed through a short pad of silica gel. The resulting solu-

tion was concentrated in vacuo and purified by FC to provide the title compound.

14.22.2

Asymmetric Reduction of a,b-Unsaturated Aldehydes Using

Symmetric Hantzsch Ester [98] (p. 394)

To a stirred solution of a,b-unsaturated aldehyde (0.5 mmol) in dioxane (7 mL) at

13 �C was added catalyst (20.4 mg, 0.05 mmol, 10 mol%) and, after a further

5 min, crystalline dihydropyridine (Hantzsch ester, 129.2 mg, 0.51 mmol). After

a reaction time of 48 h the mixture was poured into distilled water (20 mL) and

extracted with DCM (2� 125 mL). The combined organic layers were dried

(MgSO4), filtered, and concentrated. The product was isolated by FC (SiO2, ethyl

acetate/hexane) to give the saturated aldehyde. Enantiomeric excess was mea-

sured by chiral stationary phase GC-analysis.

14.22.3

Procedure for the Selective Amidation of Carboxylic Acids [99] (p. 437)

To a stirred solution of sodium benzoate derivatives (45.1 mg, 0.225 mmol, and

38.7 mg, 0.225 mmol), PhCH2NH2�HCl (21.5 mg, 0.15 mmol) and catalyst
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(45.0 mg, 0.03 mmol) in water (9.5 mL) was added 2-chloro-4,6-dimethoxy-1,3,5-

triazine (26.3 mg, 0.15 mmol) in MeOH (0.5 mL), at r.t. The solution was stirred

for 48 h at r.t. until a white precipitate was produced. The mixture was extracted

with Et2O, and the organic phase washed successively with 1 M NaOH, 1 M HCl,

and brine. The crude mixture was purified by preparative TLC (hexane:AcOEt,

70:30) to give 31.6 mg of a mixture of both amides, of which the yield and ratio

was determined by NMR analysis.

14.23

Multicomponent Domino Reactions

14.23.1

The Organocatalytic Mukaiyama–Michael Reaction [100] (p. 108)

To a 2-dram vial equipped with a magnetic stirrer bar and charged with

catalyst�HX was added solvent; the vial was then placed in a bath at the appropri-

ate temperature. The solution was stirred for 10 min before addition of the sily-

loxyfuran substrate in one portion. The resulting solution was stirred at constant

temperature until reaction was determined to be complete (by GC conversion

assay). The reaction mixture was then transferred cold through a silica gel plug

with ether into a flask and carefully concentrated in vacuo. The resulting residue

was purified by silica gel chromatography to provide the title compound.
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14.23.2

General Procedure for Cascade Organocatalytic 1,4-Addition–Chlorination

Sequence of Enals [101] (p. 114)

To a 2-dram vial equipped with a magnetic stirrer bar and charged with catalyst

(0.05 mmol, 20 mol%) was added AcOEt (0.25 mL) and TFA (20 mol%); the vial

was then placed in a bath at the desired temperature. The solution was stirred for

5 min before the addition of aldehyde (3 equiv), followed by the nucleophile

(1 equiv) and chlorinating agent (2 equiv). The resulting mixture was stirred at

constant temperature until the reaction was determined to be complete (by TLC

or GTLC analysis). The reaction was quenched by filtration through Iatrobeads,

eluting with Et2O, and concentrated in vacuo under an ice bath. The resulting res-

idue was purified by Iatrobead chromatography and fractions carefully concen-

trated in vacuo under an ice bath to provide the title compounds.

14.23.3

General Procedure for Organocatalytic Sulfenylation–Amination Reaction

Sequence [102] (p. 114)

The aldehyde (0.38 mmol, 1.5 equiv), the catalyst (10 mol%), and benzoic acid (10

mol%) were stirred in toluene and cooled to �15 �C. The thiol (1 equiv) was

added and the reaction mixture stirred for 30 min. Diazo dicarboxylate derivative

(1.3 equiv) was added and the reaction progress monitored by TLC (3–24 h). The

crude reaction mixture was diluted with MeOH (2 mL) and cooled to 0 �C, fol-

lowed by the addition of NaBH4 (2 equiv). After 10 min, 2 M NaOH (2 mL) and

THF (2 mL) were added and the crude reaction mixture was stirred for 2 h. After

standard aqueous work-up, the product was purified by FC on silica gel.
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15

Appendix II: Catalysts

A selection of chiral organocatalysts is presented in this chapter. The compounds

are classed according to the chiral inductor classes preset in their structure. Bold

numbers below the molecules refer to the corresponding chapter where further

information on typical reaction scope can be found.
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