
y

Recent Advances in Nonclassical
Interligand Si H Interactions

GEORGII I. NIKONOV�

Department of Chemistry, Brock University, St. Catharines ON, Canada L2S 3A1
I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 217

II. Silane s-Complexes and Si–HyM Agostic Complexes. . . . . . . . . . . . . . . . . . . . . . . . .
 219
A. Silane s-Complexes. A Short Historical Overview of Benchmark Results . . . . . . . . .
 219

B. Dewar–Chatt–Duncanson Scheme – A Simple Model for Electron-Deficient Three-

Center Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 220

C. Structural Features of Silane s-Complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 222

D. Spectroscopic Features of Silane s-Complexes . . . . . . . . . . . . . . . . . . . . . . . . . . .
 225

E. Recent Results on Silane s-Complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 229

F. SiyHyM Agostic Bonding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 247
III. Silylhydride Complexes with Interligand Hypervalent Interactions M–HySiX . . . . . . . .
 270

A. A Short Remark on the Heuristic Aspect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 270

B. IHI MHySiX in Metallocene and Related Ligand Environments . . . . . . . . . . . . . .
 272

C. b-IHI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 288

D. IHI MHySiX in Complexes not Isolobal with Metallocenes. . . . . . . . . . . . . . . . . .
 289

E. Comparison of IHI with Residual s Interactions in Silane Complexes . . . . . . . . . . .
 290
IV. Multicenter HySi Interactions in Polyhydridesilyl Complexes . . . . . . . . . . . . . . . . . . .
 291

A. Evidence for Multicenter HySi Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 291

B. Comparison of Multicenter HySi Interactions with IHI and Residual s-Interactions in

Silane Complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 301

C. A Comment on the Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 301
V. Conclusions and Outlook. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 303

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 304

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 304
I

INTRODUCTION

The discovery by Kubas et al.1 of the coordination of an intact dihydrogen
molecule to transition metals to form a dihydrogen s-complex 1 was one of the
most exciting and important discoveries of the late 20th century.2–4 This discovery
had a significant influence on the study of activation of small molecules by metal
centers and led to an impressive development of the general field of nonclassical
complexes.5 Neglecting the vast class of compounds with delocalized p-bonds, by
nonclassical we understand a compound in which bonding between elements X and
Y cannot be presented by a single Lewis structure. Broadly speaking, a nonclassical

bond is one that includes a significant delocalization of s-bonds over three or more
centers. The concept of 3 center–2 electron (3c–2e) bonds developed for the earlier
examples of trihydrogen cation Hþ

3 (2), methonium cation CHþ
5 (3) (observed in the

gas phase in mass-spectral experiments), and polyboranes 4 serves well to illustrate
this point. In nonclassical complexes, one or several metal–ligand and/or
ligand–ligand bonds are involved in nonclassical bonding. The terms secondary
�Corresponding author. Tel.: (905) 688-5550; fax: (905) 682-9020.
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interactions and weak interactions are also used occasionally to describe this pheno-
menon.5 Apart from its obvious aesthetic beauty, the discovery of H–H s-bond
coordination to metals1 and the almost simultaneous formulation of C–H–M
agostic bonding (as schematically shown in 5)6,7 were quickly realized to be highly
relevant to transition metal activation of inert bonds, with all the important impli-
cations for catalysis.3,4,6–9
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Curiously enough, although the element silicon is only second to hydrogen in the
number of known nonclassical complexes, it was the first one for which the idea
of nonclassical SiyH interaction was clearly put forward for the binuclear silane
s-complex 6 almost 35 years ago.10,11 The resurgence of interest in silane s-com-
plexes 7 in the early 1980s resulted in a significant advance in our understanding of
the Si–H bond activation, which is important for the investigation of various
hydrosilation reactions. Although silicon is a heavier analog of carbon, the Si–H
bond complexation to metals has a much closer resemblance to H–H bond coor-
dination rather than to C–H bond complexation.2 However, the presence of subs-
tituents at silicon with different electronic and steric properties, a feature absent for
hydrogen, has a significant impact not only on the strength of Si–H interaction but
also on the type of nonclassical complex formed. Thus, a class of agostic Si–HyM
complexes 8, which is related to 7 but differs from it in the presence of an additional
bridge between the metal and interacting silicon atom, has been discovered. The
earlier work and subsequent development of this field have been well summarized in
a monograph2 and a series of review articles.3,4,8,11–15

More recently, several new families of compounds have been found that exhibit
bonding features different from what is normally observed in complexes 7 and
8.16,17 These new classes can be classified as compounds with interligand hyper-
valent interactions (IHI) Si–H, as schematically shown in 9, and complexes with
multiple hydride–silicon interactions like in 10, where the dotted line represents a
nonclassical interaction between the silicon atoms and hydride ligands.16–20 In
contrast to s-complexes 7 with three-center bonds, in compounds 9 and 10 the
nonclassical bonding is essentially delocalized over four and more centers. Bonding
such as in 9 and 10 requires a specific conformation of the complex and exhibits
very different dependence of bond lengths and spectroscopic features on the nature
of substituents at silicon than in silane s-complexes 7. That is, groups X and H
should be trans, the M–Si bond is shortened, and the electron-withdrawing groups
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X on silicon strengthen the interaction. This work and some new findings in the field
of agostic complexes 8 led to the refinement of the original bonding schemes de-
veloped for nonclassical complexes with Si–H interaction. The intent of the current
account is to discuss the general features and ideas of nonclassical Si–H interactions
in transition metal complexes and to review the recent experimental and theoretical
achievements of this field. Some earlier work is included and discussed if there is
new relevant experimental and/or theoretical information, or to illustrate the dis-
cussion of general aspects. Different types of nonclassical bonding are treated sepa-
rately. Section II highlights the basic features of the chemistry of silane s-complexes
7 and the related agostic complexes 8, and discusses the recent advances in this
field. Next, Section III is dedicated to compounds with interligand hypervalent
Si–H interactions 9, finally, Section IV describes the chemistry of polyhydride
compounds like 10 with multiple hydride–silicon interactions.

In this review, as is common in the literature, the nonclassical compounds are often
written in the Zm-form ðmX2Þ, i.e. ½MðZ2-HSiR3ÞLn� ðm ¼ 2Þ. Such an Z2-desig-
nation is based on the important phenomenological feature that both the hydrogen
and silicon atoms, albeit still bound to each other, have some kind of a bond to the
metal. As such, this designation does not tell us anything about the origin of the
interaction and is entirely ambiguous. However, the absence, until recently, of any
kind of interligand Si–H bonding different from the complexation of silane s-bonds
to metals, leads sometimes to incorrect mixing up of the general Z2-form with s-
complexes, which constitute only one type of nonclassical complexes.
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SILANE r-COMPLEXES AND SI–HyM AGOSTIC COMPLEXES
A. Silane s-Complexes. A Short Historical Overview of Benchmark
Results

The formation of a silane s-complex 7 can be viewed as the result of incomplete
Si–H bond activation (‘‘arrested’’ oxidative addition21) by an electrophilic metal



220 G.I. NIKONOV
center4 and, indeed, many of the compounds 7 are formed by the addition of
hydrosilanes to unsaturated metal fragments.13 The formation of a structure of this
type was first proposed by Graham et al. for the rhenium compound 6,10,11 which is
a prototype of many bridging silane s-complexes.13,22 Although the hydrides were
not found from the X-ray experiment for 6, the geometrical restrictions imposed by
the positions of heavy elements led to a short estimated Si–H contact of 1.57 Å,
compared with the normal Si–H bond of 1.48 Å in silanes. The observation of a
coupling between the methyl group and two ‘‘hydrides’’ (JðH2HÞ ¼ 1:5 Hz com-
pared to 4.2Hz in Me2SiH2) in the 1H NMR spectrum of the related methyl-
substituted complex ½Re2ðm-H2SiMe2ÞðCOÞ8� was interpreted as additional, al-
though still indirect, evidence for the presence of nonclassical interactions. Similar
arguments were used to assign a nonclassical structure to the analogous ditungsten
complex ½W2ðm-H2SiMe2ÞðCOÞ8�.

23 Subsequent X-ray studies of some related mol-
ecules, however, did find the hydride atom in close proximity to the silicon
atom,24,25 but reliable structural and spectroscopic evidence for interligand Si–H
bonding was still absent at this earlier stage of research, which can, at least in part,
account for the slow development of this field. A significant advance was made just
shortly before Kubas’ original report1 on the dihydrogen s-complex 1. Corriu
et al.26 suggested an effective test for the presence of nonclassical Si–H bonding,
based on the measurements of silicon–hydrogen coupling constants J(29Si-1H)
(65Hz in ½MnðZ2-H-SiPh3ÞðCOÞ2Cp

0
� compared with 4180Hz in silanes and

3–10Hz in classical silylhydrides, vide infra), and Schubert et al. reported neutron
diffraction (ND) study of the compound ½MnðZ2-H-SiFPh2ÞðCOÞ2Cp

0
� exhibiting a

short Si–H distance of 1.802(5) Å compared with 1.48 Å in hydrosilanes.27 Follow-
ing Kaesz’s suggestion, it became common to think of silane s-complexes as ‘‘ar-
rested’’ intermediates on the way to Si–H bond oxidative addition21 – a view that
still appears to dominate the chemical thinking even when applied to other types of
nonclassical Si–H interactions. The earlier work was reviewed by Graham11 and its
subsequent development until 1990 was thoroughly discussed by Schubert.12
B. Dewar– Chatt– Duncanson Scheme – A Simple Model for Electron-
Deficient Three-Center Interactions

The three-center–two-electron bond description (3c–2e, like that on the left-hand
side of Fig. 1) designed originally for the compounds 2–4 is electron-deficient2,8 in
that less than two electrons are used for the bond between any two atoms. The 3c–2e
bond is formed by mixing a vacant orbital on one of the centers with a 2e s-bond of
two other. In the case of silane complexes, if the vacant center is considered to be the
metal, this corresponds to the complexation of the Si–H bond. If the incoming
particle is a proton, this corresponds to the protonation of the M–Si bond, which is
indeed another practical way of preparing silane s-complexes.13 Whatever the origin
of the resultant compound, the theoretical description will be the same. This bonding
picture can be correctly applied to s-complexes only if the electron count of the metal
is zero (d0 configuration) and the metal center acts as a pure electrophile. The es-
sential feature of complexes with the configuration dn ðnX1Þ is that backdonation



FIG. 1. Dewar–Chatt–Duncanson model for the SiyHyM bonding.
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from an occupied metal d-orbital on the s*(Si–H) antibonding orbital becomes fea-
sible (right-hand side of Fig. 1). The resultant bonding scheme, shown in Fig. 1, bears
a close resemblance to the well-known Dewar–Chatt–Duncanson (DCD) diagram
originally designed to describe bonding in olefin complexes.15

The DCD scheme forms the basis for discussion of chemical bonding in all
s-complexes and conveys the key features of silane s-complexation. Compared to
dihydrogen H2, silanes HSiR3 have a weaker Si–H bond, with higher lying Si–H
bonding orbital and lower lying s*(Si–H) antibonding orbital.2,4,14 Thus, silanes
are both better s-donors to metals and better p-acids, able to accept electrons from
the metal d-orbitals (right-hand part of Fig. 1). The strength of backdonation is
thought to be the key factor controlling the extent of the Si–H bond oxidative
addition.2–4,15 The important difference between silicon and hydrogen, not expli-
citly shown in Fig. 1, is that silicon has up to three more substituents, R, that
also crucially effect the steric and electronic situation around the silicon center.
Electron-donating groups R drive both the s(Si–H) and s*(Si–H) orbitals higher in
energy28 thus increasing the donation component in Fig. 1, but decreasing the
backdonation. In the majority of compounds with the configuration dn ðnX1Þ
this leads to a weakening of the Si–H bond complexation to metals. In contrast,
electron-withdrawing substituents on silicon push both the bonding and antibond-
ing orbitals of the Si–H bond down in energy, decreasing the donation and in-
creasing the backdonation components. The latter leads to weakening of the Si–H
interaction, and in the limit of a very strong backdonation, results in complete Si–H
bond addition to the metal. The exception is compounds with several strong
p-acidic ligands, usually carbonyls such as [M(CO)5] (M ¼ Cr, Mo, W),29 where
the d-orbitals are effectively delocalized on supporting ligands and are not ame-
nable to bonding with silanes. In these highly unstable compounds with negligible
backdonation, the electron-donating groups R on silicon favor stronger interaction
of the Si–H bonds with the metal.2

The DCD scheme allows us to understand the conditions required to stabilize a
s-complex. Since backdonation from metal is the crucial factor controlling the
Si–H bond interaction with a metal, any factor that reduces this component will
lead to the strengthening of the residual Si–H s bonding. These factors are2
1.
 the presence of a metal from the first transition series. These metals have
rather contracted (core-like) d-orbitals that do not provide a sufficient overlap
with the ligand orbitals;
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2.
 the presence of p-acidic ancillary ligands (such as CO and PF3), effectively
delocalizing the metal-centered electrons, and/or strongly electron-withdrawing
s-ligands at the metal (such as halogens) that push the d level down in
energy;
3.
 the high oxidation state of the metal and/or the presence of a positive charge,
which contracts the d-orbitals.
C. Structural Features of Silane s-Complexes

The presence of a chemical bond between fragments X and Y has its manifes-
tation in structural and spectroscopic features and in chemical reactivity. It is rather
obvious to deduce the presence of a direct X–Y bonding when both fragments X
and Y can be brought into an infinite separation, like in donor-accepting com-
plexes, but this can be rather problematic for the rather weak intramolecular in-
teractions such as interligand bonding in nonclassical complexes. In this case,
changing the characteristics of bonding between X and Y can be masked by the
variation of bonding of X and Y to other parts of the molecule.

By analogy with the Z2-H2 complexes, it is tempting to assume that in silane
s-complexes 7 and Si–HyM agostic species 8, a more advanced oxidative addition
of the Si–H bond to a metal will result in shorter M–H and M–Si bonds and longer
Si–H separation. However, recent results show that a straightforward comparison
with dihydrogen complexes is not valid because of the special role of substituents at
silicon and the difference in electronegativity of hydrogen and silicon atoms.

The Si–H distance appears to be the parameter of choice to assign the presence or
absence of a Si–H interaction. It is very tempting to have a simple threshold value
serving as a criterion for the bond. However, this assumption can be incorrect if one
takes into account that there is no obvious reason for an abrupt change of the
backdonation component in the DCD scheme. Thus, in the ideal case of smooth
tuning of the electronegativity of substituents either on metal and/or silicon, a
continuum of structures ranging from a pure 3c–2e bond to a product of complete
Si–H bond addition to metal (two separate 2c–2e bonds) can be imagined. Indeed,
complexes with rather long Si–H separations of about 2.0–2.2 Å have been recently
observed and are in the focus of current debate (vide infra). These compounds with
elongated Si–H bonds (or short nonbonding Si–H contacts if the opposite view is
accepted) correspond to the case of stretched dihydrogen complexes (H–H distance
of up to 1.3–1.4 Å)30, bonding in which is equally poorly understood.

In an earlier review article Schubert suggested that the shortest nonbonding Si–H
contact can be estimated as 2.0 Å,12 with the inexplicit assumption that any distance
above this value is nonbonding, whereas shorter contacts correspond to the presence
of some kind of Si–H bond. Schubert’s structural criterion has been widely used in
the 1990s to identify silane s-complexes both in experimental and theoretical stud-
ies.13,14 This criterion was obtained by summing up half of the nonbonding Si–Si
distance in 1,3-cyclodisiloxanes (2.3–2.4 Å)31,32 with half of the H–H distance of
1.85 Å, at which the H–H interaction is supposed to be weak.12 Therefore, this
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estimation is clearly based on the concept of atomic radii, which implies the trans-
ferability of a value of an atomic radius obtained from one class of compound to
another.33 Such a concept serves rather well for the elements of the two first periods
of the Periodic Table that form rather rigid bonds but may encounter problems when
applied to heavier elements generally exhibiting rather soft potentials for interatomic
interactions. For example, the known Si–Si bonds span the wide range of
2.33–2.70 Å,34–36 the upper value well exceeding the nonbonding Si–Si distance32 in
1,3-cyclodisiloxanes. The Si–H potential curve is also very soft, so that half of the
bonding energy corresponds to a rather long separation of 2.2 Å,37 about 0.7 Å apart
from the equilibrium value of 1.48 Å. Another problem is that a short distance
between X and Y may not necessarily mean the presence of a bond, but rather be the
result of sterically forced closeness (see, for example, the above-cited case of 1,3-
cyclodisiloxanes32). In this case the interaction can be even repulsive. All together
these arguments suggest that caution should be exercised in the application of a
structural criterion such as Schubert’s criterion of 2 Å.

The influence of substituents on the magnitude of H–Si contacts is also not
straightforward. Thus, the thoroughly studied series of complexes
½MnðZ2-HSiR3ÞðCOÞLCp00� (11, L ¼ CO or another two-electron ligand;
Cp00 ¼ Cp, Cp0, or Cp*) has the X-ray determined H–Si distances in a rather nar-
row range of 1.75(4)–1.802(5) Å (the upper limit comes from the sole available ND
study). Contrary to expectations based on the DCD scheme, the electron-
withdrawing groups on silicon do not have any significant effect on this param-
eter (see Table II in Ref. 12). And while the X-ray value may be not very reliable,
the recent computational study shows the same situation.38

Mn

OC

L H

SiR3

11

Given the DCD scheme, one may expect the M–H bond in silane s-complexes to
be longer than normal due to its inherent electron-deficiency.27 Indeed, the elon-
gation of the M–H bond in s-complexes of molecular dihydrogen is a well-defined
parameter determined by several structural and spectroscopic methods.1,2,30,39

In the field of silane s-complexes, as with the Si–H distances, the situation is
much less straightforward. There is only one ND study of the compound
½MnðZ2-HSiFPh2ÞðCOÞ2Cp

0
� mentioned above and the rest of structural informa-

tion is provided by X-ray diffraction studies only2,13 that suffer from the well-
known inaccuracy in locating hydrogen atoms in the vicinity of heavy elements.40

Nevertheless, both the ND work on ½MnðZ2-HSiFPh2ÞðCOÞ2Cp
0
�
27 and the avail-

able X-ray data show that, contrary to expectations, the M–H bond is not elon-
gated, being quite comparable to the normal M–H bond.12,41 In the thor-
oughly studied series of complexes ½MnðZ2-HSiR3ÞðCOÞLCp0� (11) and
½MoðZ2-HSiR3ÞfðPR

0
2CH2-Þ2g2ðCOÞ� (12) the M–H bonds are in the range
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1.47(3)–1.569(4) Å (seven compounds with D ¼ 0:11ð3Þ (A) and range 1.70–2.04 (5) Å
(two compounds with D ¼ 0:34ð7Þ (A), respectively.2,12,13 Thus, even neglecting the
inaccuracy of hydride positions determined from X-ray studies, the difference in the
M–H bond is very close to three esd’s, which does not allow for accurate conclu-
sions to be drawn on how the variation of substituents either at silicon or metal
effects this bond. In the latter example of complexes ½MoðZ2-HSiR3ÞðCOÞðdepeÞ2�
the marginal difference between the Mo–H bond in ½MoðZ2-H3SiPhÞðCOÞðdepeÞ2�
(1.70(5) Å) and ½MoðZ2-H2SiPh2ÞðCOÞðdepeÞ2� (2.04(5) Å, D ¼ 0:34ð7Þ (A), however,
does correlate with the somewhat longer Si–H bond in the first complex (1.78(6) Å
vs. 1.66(6) Å, D ¼ 0:12ð8Þ (A) and the decreased J(H–Si) (39Hz vs. 50Hz), which
suggests that a more advanced oxidative addition of the Si–H bond is accompanied
by a decrease of the M–H distance (see, however, the discussion below). However,
recent theoretical investigation of the silane s-complexes 11 shows the absence of
any significant elongation of the M–H bond.38

In contrast, the experimental M–Si bonds span a wide range depending, for a
given M, on the nature of substituents on silicon. To understand why this happens,
we have to take into account the difference in the electronegativity of H and Si.
Since hydrogen is more electronegative, the bonding s(Si–H) orbital is more lo-
calized on the hydrogen end of the bond, the negative charge is also accumulated
there.28 On the other hand, the antibonding orbital is more localized on the silicon
atom. When a silane approaches a metal, the initial interaction is formed via the
hydrogen atom to form an M–H distance not very different from the normal M–H
bond.12,42 Then the Si–H bond pivots around H to bring the silicon atom in a closer
proximity with the metal.12 As discussed above, the nature of substituents R’s on
silicon controls the position of the s*(Si–H) antibonding orbital and hence the
extent of backdonation from metal to the silane. Increasing electronegativity of R’s
increases the population of s*(Si–H) with the predominant effect on the M–Si
distance. If one imagines a smooth increase of the electronegativity of R’s, this
process defines a trajectory of silicon addition to metal.12 The increased back-
donation from metal should be accompanied by the decreased direct donation from
the Si–H bond because the s(Si–H) bonding orbital lowers in energy. This should
compensate the weakening of the Si–H interaction and strengthening of the M–H
interaction upon the population of s*(Si–H) with the result that, in the first ap-
proximation, both the M–H and Si–H distances do not change significantly. Thus,
the M–Si distance is the sole parameter that exhibits a significant change and thus
may serve as a structural criterion for the extent of Si–H addition to metal, with the
advantage of being the most reliable one determined by X-ray crystallography. This
picture is, however, complicated by the fact that the M–Si bonds in classical tran-
sition metal silyl complexes also depend on the substitution at silicon and steric
factors, and therefore a proper choice of a reference classical silyl system is required
to make the structural assignment for a given silane s-complex. For example, the
Mn–Si distance of 2.254(1) Å in the compound ½MnðZ2-HSiCl3ÞðCOÞ2Cp

0
�, which

according to recent results has some weak residual Si–H s-bonding (vide infra), is
even shorter than the Mn–Si bonds in the related classical bis(silyl) complex
½MnðSiCl3Þ2ðCOÞ2Cp

0
� (2.320(2) and 2.326(2) Å).43 In the latter compound the silyls

are mutually trans and their Mn–Si bonds are, no doubt, true 2c–2e bonds.
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Finally, a word of caution should be offered against making a straightforward
comparison of the M–Si bonds in complexes of different metals, since this para-
meter is strongly affected by the size of the metal. The latter tends to decrease from
left to right in a given row of the Periodic Table due to the d-contraction, but
increases down the Group (particularly between the first and second transition
series).

To summarize, the Si–H distance can serve as a criterion of the Si–H interaction
when it does not differ much from the normal Si–H bond and is determined by an
accurate method such as ND and high-level quantum mechanic calculations. The
discussion of other structural parameters requires the proper choice of a reference
system. In systems with elongated Si–H interactions a justified conclusion can be
made only on the basis of a combined application of several independent structural,
spectroscopic, and computational methods.
D. Spectroscopic Features of Silane s-Complexes

1. NMR Spectroscopy. The Saga of Silicon–Proton Coupling Constant

Given the inaccuracy of X-ray crystallography in finding hydrogen atoms and the
scarcity of ND data on silane s-complexes (and the cost and complexity of the ND
experiment), the development of a cheap, quick, and reliable method to identify the
presence of nonclassical Si–H interactions is required. In the field of dihydrogen
s-complexes, several spectroscopic NMR techniques have been developed, based
on the measurements of spin–spin coupling constants in labeled HD complexes and
the measurement of minimal T1 relaxation times.2,3 As mentioned above, Corriu et

al. were the first to discover that the silicon–hydride coupling constant J(Si–H) in a
silane s-complex is significantly increased (65Hz)26 compared with classical
hydridosilyl complexes, where a J(Si–H) of 3–10Hz is usually observed.12 To use
J(Si–H) as an indicator of nonclassical Si–H bonding, one may wish to estimate the
minimal value corresponding to the presence of a significant Si–H interaction. In an
earlier review article, Schubert arbitrarily suggested that the values of 10–20Hz
define an approximate borderline so that lower values correspond to a nonbonding
situation. The vast majority of known s-complexes have been characterized by
means of this spectroscopic criterion13 with the assumption (in analogy with di-
hydrogen complexes) that the decrease of J(Si–H) upon variation of substituents
either on metal or silicon corresponds to the decrease of Si–H bonding.12 In some
cases this criterion was applied rather incautiously, and values as low as 22–27Hz
were used for structural assignments. Unfortunately, as in the case of the M–H and
Si–H distances discussed above, the presence of substituents on silicon severely
complicates the picture.

The complex ½MnðZ2-HSiCl3ÞðCOÞ2Cp
0
� is an illuminating example to illustrate

the complexity of the application of the J(Si–H) for the assignment of Si–H in-
teractions. This compound, a member of the series 11 of silane s-complexes thor-
oughly studied by a combination of several independent methods, was discovered
early on to be an exception from the general trend. Detailed PES (PES ¼ photo-
electron spectroscopy) studies by Lichtenberger et al. showed that while complexes
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11 with L ¼ CO and R’s on silicon equal to H, Ph, or alkyl are in the earlier stages
of oxidative addition of the Si–H bond and can be formulated as Mn(I) complex-
es,44,45 the compound [Mn(HSiCl3)(CO)2Cp] is in a very advanced stage of oxi-
dative addition, closer to the Mn(III) state.46,47 Earlier extended Hückel
calculations on the model compound [Mn(HSiH3)(CO)2Cp] revealed donation
from the Si–H bond to the metal as the main bonding component, supported by a
much weaker backdonation from the metal to the silane.48 In contrast, Fenske–Hall
calculations of [Mn(HSiCl3)(CO)2Cp] showed very strong donation from the metal
into the s*(Si–H) antibonding orbital to give an almost complete rupture of the
Si–H bond in accord with the PES studies.46 In spite of this, the observed J(Si–H) of
54.870.6Hz in the closely related compound [Mn(HSiCl3)(CO)2Cp

0]49 is very close
to the range 63.5–69Hz observed in the nonclassical compounds 1112,13 and is much
larger than the 20Hz proposed to be the boundary value for any significant Si–H
interaction.12 To account for this discrepancy, Lichtenberger et al. suggested that
the large J(Si–H) in [Mn(HSiCl3)(CO)2Cp

0] could be due to nonbonded NMR
coupling.46 Surprisingly enough, the latter apparently is not the case for the closely
related compound [FeH(SiCl3)2(CO)Cp] that was found to have a much lower
J(H–Si) of only 20Hz.50

Further contributing to the intrigue, more recent calculations at the MP2 and
B3LYP levels provided a short Si–H contact in [Mn(HSiCl3)(CO)2Cp] (1.806 Å at
the MP2 level and 1.732 Å for the B3LYP calculations), in good accord with the
X-ray distance of 1.785 Å and very close to the Si–H distances in other complexes
11.38 These apparently contradictory results of the NMR, PES, and computational
studies have been explained by the revised DCD scheme52 that takes into account the
difference in the electronegativity between the hydrogen and silicon atoms, ex-
pressed in terms of a Bent’s rule51 effect. Bent’s rule states that if the electron-
egativity of the central atom E is intermediate between those of its substituents, the
bonds to the more electropositive substituents receive more s character of E, mak-
ing these bonds shorter, whereas the p character goes mainly to the bonds to more
electronegative substituents, resulting in their elongation. As discussed above, in
silanes HSiR3 the bonding s(Si–H) orbital is more localized on hydrogen, whereas
silicon atom contributes mostly to the antibonding s*(Si–H) orbital. The substi-
tution at silicon for more electron-withdrawing chlorine groups brings about a
rehybridization of the silicon center, namely, more Si 3s character goes to the bond
with the hydride and more 3p character goes to the bond with the chlorine atoms in
accordance with Bent’s rule. As has been already discussed, such a replacement
lowers the energy of both the s(Si–H) bonding and s*(Si–H) antibonding orbitals,
with the effect that the M–H and Si–H distances do not change significantly,
whereas the M–Si bond decreases. Stabilization of the s(Si–H) bonding orbital
results in a decreased direct donation from the Si–H bond to the metal, whereas the
stabilization of s*(Si–H) leads to an effective electron density transfer from the
metal onto silane, as observed by the PES study.46 The decreased Si–H donation to
metal should partially compensate the increased backdonation and thus lead to
some residual Si–H bonding and formation of the nonclassical silane complex
½MnðZ2-HSiCl3ÞðCOÞ2Cp�, as observed in the calculations. Since the J(Si–H) of
370Hz in free HSiCl3 is significantly larger than in silanes HSiR3 (R ¼ alkyl, aryl;
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J(Si–H)o200Hz) one can expect that, if any bonding between H and Si in a com-
plex of HSiCl3 is retained, the J(Si–H) for the same degree of oxidative addition of
the Si–H bond to metal should be higher than the coupling constant in a related
complex of HSiR3 (R ¼ alkyl, aryl) owing to a larger s character of Si in the
residual SiyH s-bond in ½MnðZ2-HSiCl3ÞðCOÞ2Cp�. This mseans that comparable
values of coupling constants can be found for both the ½MnðZ2-HSiCl3ÞðCOÞ2Cp�
and ½MnðZ2-HSiR3ÞðCOÞ2Cp� (R ¼ alkyl, aryl) complexes, even though the former
can have a greater degree of Si–H oxidative addition. This bonding situation can be
schematically described as shown in 13, where dotted line represents weak residual

Si–H s-bonding. A similar structure without the dotted line was written for the
hypothetical case of a classical complex [Mn(H)(SiR3)(CO)2Cp].

12 Thus, the rather
large one-bond J(Si–H) in ½MnðZ2-HSiCl3ÞðCOÞ2Cp� is the result of a relatively large
Si 3s character in the residual Si–H bond, rather than strong Si–H interaction.

H

Si

X

X

X

LnM

13

More recent DFT (Density Functional Theory) calculations of [Mn(HSiCl3)
(CO)2Cp

0] by Lichtenberger53 are in accord with the work of Lin et al. in finding a
short Si–H contact of 1.823 Å and the observation of a normal Mn–H bond of
1.570 Å. In spite of the proximity of the Si and H atoms, the calculated and ob-
served (by PES) parameters are in very good accord and confirm the earlier sug-
gestion that this compound is very close to complete Si–H bond rupture.
Interestingly, a very recent atom-in-molecule (AIM) study of this complex revealed
the bond critical points for all the Mn–H, Mn–Si, and Si–H bonds under discus-
sion,54 thus further providing evidence for its nonclassical nature. Also noteworthy
is that not only the Si–H interaction but also the Mn–Si bonds were found to be
topologically unstable, whereas the M–H bond exhibited features of a normal
bond.� This result is unexpected because this compound was used to be thought of
as containing an almost-formed Mn–Si bond.12,46,53 Both the Si–H and Mn–H
bonds exhibit large bond ellipticities (0.722 and 1.079, respectively), indicating that
the bond path is susceptible to rupture by a change in geometry. For comparison,
�Ref. 54 erroneously states that Nikonov’s view given in Ref. 52 of this review is opposed to the view

that in [Mn(HSiCl3)(CO)2Cp
0] the formation of the Mn–H interaction occurs at the expense of a weak-

ening of the Si–H interactions. A careful reader can see that Ref. 52 does not contain this ascribed

opposite statement. Apart from this, I think that the results of Ref. 54 are consistent with and com-

plement my views expressed in Ref. 52 and in the current review. I also think that my work (Ref. 52)

complements the main conclusions of D. L. Lichtenberger given in Ref. 53, although some details and in

particular drawings (3 in Ref. 52 vs. 5 and 6 in Ref. 52) differ. I think that [Mn(HSiCl3)(CO)2Cp
0] is

indeed close to the Si–H bond rupture, but cannot give a degree of the oxidative addition. I think that

such a degree (80% in Ref. 53) cannot be estimated from the decrease of the silicon–hydride coupling

constant because the addition is accompanied by a rehybridization of silicon center in accordance with

Bent’s rule, which effects the J(H–Si).
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the ellipticity of the Mn–H bond is 0.158. The delocalization indices (the parameter
resembling the conventional bond order) for the Mn–H, Mn–Si, and Si–H bonds
are 0.650, 0.575, and 0.311, respectively. The latter value indicates a degree of
electron exchange characteristic of a polar interaction, which is further consistent
with the calculated charges for the H and Si atoms of �0.284e and +2.091e,
respectively.54

Important also is that the calculated Jcalcd(H–Si) of �38Hz at the optimized
Mn–Si distance, although less in absolute value than the experimental one,y was
found to be negative,53 which suggests that there is a direct Si–H interaction. A
negative J(H–Si) is also found even for the compound [Mn(HSiCl3)(CO)(PMe3)Cp

0]
(�22Hz vs. the experimental absolute value of 22Hz)53 which, according to PES, is
a classical Mn(III) complex.45 Finally, the composition of localized bond orbitals in
[Mn(HSiCl3)(CO)2Cp

0] does confirm that some weak SiyH interaction is present.53

In this regard, the following general comment on the silicon–hydride coupling
constants is pertinent.55 Since the scalar coupling constant is primarily a through-
bond interaction, the observed coupling constant can be thought of as the sum of a
one-bond (H–Si) and a two-bond (H–M–Si) interactions:

JobsðH2SiÞ ¼ 1JðH2SiÞ þ 2JðH2SiÞ (1)

The relative signs and magnitudes of two coupling constants will determine the
magnitude and sign of the observed coupling constant. 1J(Si–H) is known to be
negative56 and in many cases two-bond silicon coupling constants are positive.56

Because variation of the substituents at silicon can change the percentage of silicon
3s and 3p orbitals participating in the Si–M and Si–H bonds,51,52 they can, in
theory, alter both the magnitude and the sign of the observed J(Si–H). This might, in
turn, result in an irregular change in the magnitude of the observable coupling
constant,|Jobs(Si–H)|, as the electronegativity of the substituents at silicon is varied.
Another problem can arise if the magnitudes of 1J(Si–H) and 2J(Si–H) are com-
parable. In this case it is possible that a large negative value of 1J(Si–H), indicative
of the presence of a direct Si–H interaction, could be compensated for by a large
positive value of 2J(Si–H). This might happen, for example, when an increase in the
electronegativity of the substituents at silicon increases the two-bond component
2J(Si–H) owing to an increase of Si 3s character in the M–Si bond.52 In this case, a
small value of|Jobs(Si–H)|would be highly misleading if taken as the sole indicator
of the absence of Si–H interactions. It appears that the sign of Jobs(Si–H) might at
least provide an additional and meaningful indicator because, if negative, it shows
at least the dominance of 1J(Si–H) over 2J(Si–H). Therefore, the calculated negative
J(Si–H) in [Mn(HSiCl3)(CO)(PMe3)Cp

0],53 having the absolute value of 22Hz
compared with the experimental value of 20Hz, provides an additional argument
against the application of Schubert’s criterion of 20Hz (see above) to the identi-
fication of nonclassical Si–H interactions. It would be very interesting to carry out a
similar theoretical study on compounds [FeH(SiCl3)2(CO)Cp], which has the
Jobs(Si–H) of 20Hz,50 and [FeH(SiPh3)(SnPh3)(CO)Cp] (Jobs(Si–H) of 23Hz),57
yThe experimental Jobs(H–Si) of 54.8Hz is close in absolute value to the Jcalcd(H–Si) of �46Hz

calculated at the experimentally observed Mn–Si distance.
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among which the first one was stated to be clearly classical, while the second was
suggested to have very little, if any Si–H interaction.12,57

From the previous discussion, we can conclude that when the observed value of
J(H–Si) is relatively large, say, in the range 70–160Hz, it is safe to think that the
Si–H bond is involved in nonclassical bonding with metal. In contrast, any con-
clusion on the presence or absence of a Si–H interaction on the basis of a small
value of silicon–proton coupling constant in the absence of an independent evidence

can be erroneous. In this case, the measurement or calculation of the sign of J(Si–H)
can help to identify a direct Si–H interaction.
2. NMR Spectroscopy. The 1H NMR Spectra

Many complexes with nonclassical HySi interaction discussed below exhibit a
characteristic high-field shift of the hydride signal in the 1H NMR spectra. This
high-field shift of the resonance can be relative to the typical Si–H region if the Si–H
interaction is strong (for example, in agostic complexes 8 with d0 metals), or relative
to the typical M–H region if the SiyH bond is stretched. Such a high-field shift
appears to be a general feature of three-center interactions involving hydrogen
atoms, but its origin has not been clearly established. Analogous shifts of 1H NMR
signals of bridging hydrides relative to the terminal ones were long known for
bridging hydride complexes.
3. IR Spectroscopy

IR spectroscopy has been less popular than NMR spectroscopy for the identi-
fication of silane s-complexes. Nevertheless, analysis of the available literature data
shows that there is a clear shift of the Si–H stretch to longer wavelengths upon the
formation of a s-complex or agostic complex, which can be used for the identi-
fication of these compounds. In the case of significant Si–H bond activation it
becomes increasingly senseless to talk about a pure Si–H band since the Si–H and
M–H vibrations are strongly coupled. At least in one example, when a theoretical
study was conducted, the main contribution to the observed hydride-related band
came from the M–H stretch. However, the exact origin of the red shift has not been
clearly established and in some case the band is observed well below the usual M–H
region. Such a red shift appears to be an intrinsic feature of three-center interactions
involving a hydrogen atom, since analogous shifts of M–H stretches are found for
compounds with dihydrogen bonding M–HyHA.58
E. Recent Results on Silane s-Complexes

Excellent compilations of silane s-complexes can be found in Refs. 2 and 13,
particularly in the latter. Therefore, this review is mainly focused on the recent
results, and the discussion below is far from being comprehensive. Earlier results are
touched when there is new relevant work and for the purpose of comparison only.
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1. Group 3 and 4 Metals

To the best of my knowledge the only relevant report on SiyHyM interactions for
Group 3 elements is the unique Si–H–B bridge in the compounds 14.59 This bonding is
reminiscent of the one in diboranes and, since a boron atom is unable to backdonate,
serves as an example of a pure 3c–2e bond including a silicon atom. The presence of a
SiyHyB interaction was unequivocally established by the 1H, 11B and 29Si NMR and
IR spectroscopic data. As is common in s-complexes and agostic complexes, the 1H
NMR signal of the bridging hydrogen atom is high-field shifted by 1.5ppm relative to
the ‘‘normal’’ Si–H group position, and this shift increases when the temperature is
lowered. The magnitude of J(Si–H) is reduced by ca. 40–55 to 131–146Hz and there is
an unprecedented isotope-induced shift 2D10=11Bð29SiÞ in the 29Si NMR, transmitted
through the Si–H–B bridge. Also as typical for s-complexes and agostic compounds,
the Si–H stretch is markedly (by about 250 cm�1) shifted to lower wave numbers.
Interestingly, the related tin compounds indicate a negligible Sn–HyB interaction.

B SiMe2
H

14

R

R

R SiMe2R'

R  =   CH2CH=CH2 CH2CH=CH2   Et

R ' =         Me                      H            Me

A related situation occurs in the disilyl cation 15, which has a pure 3c–2e SiyHySi
bond. This compound was prepared by a hydride transfer from 1,3-disilylpropane to
a trityl borate reagent and characterized by NMR spectroscopy and DFT calcula-
tions.60 The observed coupling constant J(Si–H) of 39Hz is unexpectedly low in spite
of the absence of backdonation from silicon, emphasizing again the point that rel-
atively weak coupling constants can be observed even for rather strong Si–H inter-
actions. The calculated structure of 15 reveals elongated Si–H bonds (1.646 Å at the
B3LYP/6-311G(d,p) level and 1.623 Å at the MP2/6-311G(d,p) level of theory) and
an open Si–H–Si bond angle (140.3 and 136.61, respectively). Both silicon centers
bear a large positive charge (1.80), whereas the bridging hydrogen is negatively
charged (�0.35), reflecting the high concentration of the bonding orbital on this H
atom. Both silyl fragments SiMe2R are close to planarity, leading to the large Si p
character in the Si–H bonding, which accounts for the small J(H–Si).

Me2Si SiMe2

H

15

Only few examples of silane s-complexes are known for the titanium triad
and most of the work has been done on titanium itself. The first examples were
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discovered by Harrod et al. during their work on the titanocene catalyzed de-
hydrogenative coupling of primary silanes. The reaction of [TiMe2Cp2] with PhSiH3

in the ratio 1:3 affords a dimeric titanocene complex 16 with two TiyHySi in-
teractions:61

PhSiH3
Ti

Me

Me
Ti

Si

H
Ti

Si

H

H

Ph

Ph

H

16

(2)

On keeping, this product converted via formal silylene extrusion reaction into the
hydride bridged complex 17:

- H(-PhSiH-)nH

Ti

Si

H

Ti

H

Ph

HTi

Si

H
Ti

Si

H

H

Ph

Ph

H

17

(3)

Both products are diamagnetic and were characterized by 1H NMR spectroscopy
and X-ray structure determinations. In addition, the 29Si NMR spectrum of 17

revealed a coupling of the silicon atom with two nonequivalent geminal protons
(148Hz to the terminal protonz and 58Hz to the proton in the Ti–H–Si bridge)
along with a weaker coupling (14Hz) to the bridging hydride. The Si–H bonds to
the nonclassical hydrides in 16 and 17 were slightly elongated, 1.58(3) and 1.56(3) Å,
respectively. In a similar reaction of a zirconocene derivative the product was the
hydride-bridged dimer 18.62,63 However, the dimeric cationic nonclassical zircono-
cene complexes 19, thoroughly studied by NMR techniques, have been reported by
Dioumaev and Harrod:64,65

Zr

H

H

SiPhH2

Si

Zr

PhHMe

18
zThis value of silicon–hydride coupling constant is less than the arbitrary upper limit of bonding Si–H

interactions (70–160Hz) given on page 229 because of the rehybridization effect caused by the com-

plexation of the Si–H bond to metal. Such a complexation leads to relatively large Si p character in the

Si–Hterm bond, and hence the reduced J(Si–H) for an ordinary Si–H bond.
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19

(4)

Buchwald et al. reported that addition of H2SiPh2 to the titanocene complex
[Ti(PMe3)2Cp2] affords a silane s-complex ½TiðZ2-H2SiPh2ÞðPMe3ÞCp2� (20) having
an electronic structure intermediate between a Ti(IV) and a Ti(II) compound,66

or in other words, it is a stretched silane s-complex.2 An analogous silane
s-complex ½TiðZ2-H3SiPhÞðPMe3ÞCp2� is found in the reaction of [Ti(PMe3)2Cp2]
with PhSiH3.

67 A somewhat related compound ½TiðZ2 �HBcat0ÞðZ2-H3SiPhÞCp2�
(cat0 ¼ catechol) was reported by Hartwig et al.68 but a more recent theoretical study
revealed this compound to be a silylborato complex ½TiðZ2-H2Bcat

0ÞðSiH2PhÞCp2�.
69

Interestingly, the zirconium and hafnium analogs have been found to be classical.70,71

Thus, the addition of H2SiPh2 and HSiPh3 to the olefin–phosphine precursors affords
the M(IV) complexes, as shown in the equation.

M

PMe3

M

PMe3

H

SiPh3HSiPh3

R2

M = Zr, R1=H, R2 = Et; 48%

M = Hf, R1=Me, R2 = Me; 66%

R1

21

(5)

The interesting feature of 20 is that the Si–H interaction occurs for the set of
electron-donating ancillary ligands Cp2/PMe3. Thus, the only factor that can, in
principle, account for the different behavior of titanium and its heavier analogs in
these reactions is the contracted nature of the titanium d-orbitals and hence the less
effective backdonation from metal as discussed in Section II.B. The nonclassical na-
ture of the zirconium complex 19 compared with neutral 18 can be then attributed to
the presence of a positive charge.

Nevertheless, a neutral zirconium complex with nonclassical SiyHyZr bonding
has been reported for the much less donating ligand set Cp/Cl3.

72 The compound
½ZrCl3ðZ5-C5H4SiMe2HÞ� (22) was found by X-ray crystallography to form a di-
chloride-bridged dimer with two additional SiH–M contacts (Fig. 2) that are close
to linearity (158.31). The Si–H bond was normal (1.47(2) Å) and the HyZr contact
was rather long (2.28(3) Å), signifying the initial stage of the Si–H bond activation.



FIG. 2. Molecular geometry of the compound 22. (Reproduced from Ref. 72, with permission from The

Royal Society of Chemistry.)
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The weak shift of the Si–H bond stretching mode from 2117 cm�1 in the free silane
HSiMe2(C5H6) to 2066 cm�1 in the complex confirmed some weakening of this
bond. The 1H NMR spectrum, however, showed the Si–H proton signal in its
normal place with unperturbed coupling to the Me group (3.6Hz), which can be
accounted for by facile dissociation of the compound in solution. No 29Si NMR
data were reported to verify the presence of the SiyHyZr bonding.

The presence of nonclassical SiyHyTi bonding in the compound
½TiðZ2-H2SiPh2ÞðPMe3ÞCp2� (20) was inferred from a set of spectroscopic and
structural data.66 The X-ray determined hydride forms a short Si–H contact of
1.69(5) Å, compared with the Si–H bond of 1.56(5) Å to the terminal hydrogen
ðD ¼ 0:13ð7Þ (AÞ, and is somewhat below the range normally observed in nonclas-
sical complexes 11. Nevertheless, the Si–H (hydride) coupling constant of 28Hz,
although above 20Hz, was much less than the J(Si–H(terminal)) of 161Hz. Indirect
evidence was also provided by the observation of increased H–H coupling (11Hz)
compared with 3Hz in the classical 21. The observed short Si–H contact in 20 stems
from the small Si–Ti–H bond angle of 44(2)1, as compared with the H–Ti–P bond
angle of 68(2)1 (the Si–Ti–P bond angle was 111.78(7)1). Putting the hydride at the
observed Ti–H distance of 1.81(5) Å but making the Si–Ti–H and H–Ti–P bond
angles equal (55.891) would give a much longer Si–H contact of 2.18 Å. To verify
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the nature of the Si–H interaction in these titanocene silylhydride complexes, DFT
calculations (with the BP86 potential) have been performed on the model com-
pound ½TiðZ2-HSiMe2ÞðPMe3ÞCp2� (23).

55 The optimized structure of 23 shows a
longer Ti–Si bond of 2.658 Å (cf. 2.597 Å in 20) but a shorter Ti–H bond (1.742 Å)
than the experimental structure. The short Si–H contact (1.840 Å) establishes the
nonclassical nature of this compound, which was further confirmed by the calcu-
lation of a large Wiberg bond index (WI) of 0.3210 for the Si–H bond (for com-
parison the WI for the Ti–Si bond was 0.4915) and the observation of a bond
critical point for the Si–H(hydride) bond in an AIM study. Analysis of the
Laplacian contour map of 23 shows that the Ti–Si bond critical point is close to the
ring critical point (0.3600 and 0.3621e Å�3, respectively), i.e. a situation emerges
where the Ti–Si bond is about to vanish, which means that the observed topo-
logical structure of ½TiðZ2-H-SiMe3ÞðPMe3ÞCp2� is very close to the structure
½TiðZ1-H-SiMe3ÞðPMe3ÞCp2�. Optimization of the compound [Ti(HSiMeCl2)(P-
Me3)Cp2] (24), having two electron-withdrawing Cl substituents at silicon and the
Me group trans to the hydride, gave, as expected, a structure with a more advanced
Si–H addition to metal but still with a significant Si–H interaction (the Ti–Si and
Si–H bond lengths were 2.551 and 1.862 Å, respectively; the WI for the Si–H bond
equals 0.2815 and the bond critical point was found), which allows for its formu-
lation as a stretched silane s-complex. It is essential that the optimization was
carried out with the restriction that the Me group on silicon was forced to be trans
to the hydride. When this restriction is lifted, the structure relaxes to a rotamer of 24
having one of the chlorine groups trans to the hydride and exhibiting a different
type of nonclassical bonding – IHI (see Section III.B.2).
2. Group 5 Metals

The authentic silane s-complex of the Group 5 metals has been docu-
mented only for a vanadium carbonyl complex. The highly unstable compound
½VðZ2-HSiEt3ÞðCOÞ3Cp� was generated in xenon matrix at �80 1C upon photolytic
reaction of [V(CO)4Cp] with HSiEt3 and studied by IR spectroscopy. Similar re-
actions with chlorosilanes HSiEt3�nCln (n ¼ 2, 3) afforded products of complete
oxidative addition of the H–Si bond, [V(H)(SiEt3�nCln)(CO)3Cp].

73 This effect of
the substitution at silicon on the extent of Si–H interaction mirrors that discussed
above for the related manganese system 11.

Most of the d0 silylhydride complexes of niobo- and tantalocenes without strong
electron-withdrawing substituents at silicon are classical13 in spite of the presence of
a metal in its highest oxidation state (V). The ND structure of [TaH(SiMe2H)2Cp2]
establishes the equidistant hydride position from both silicon atoms with two Si–H
distances of 2.189(18) and 2.190(18) Å, ruling out its nonclassical formulation sug-
gested by an earlier X-ray study.74 The protonation of [TaH2(SiMe2Ph)Cp2] does
not afford the anticipated cationic silane s-complex (½TaH2ðZ

2-HSiMe2PhÞCp2�
þ)

or (½TaðZ2-H2ÞðZ
2-HSiMe2PhÞCp2�

þ), but rather is accompanied by the loss of silane
and the formation of a binuclear hydride-bridged structure ½Ta2H2ðm-HÞCp4�

þ.75

However, Tilley et al. reported an unusual d0 silylhydride ate-complex 25 that
was suggested to have an interligand interaction Si–H.76 The 18e compound 25
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exhibits an increased Si–H coupling constant of 31Hz and a Ta–H stretch at
1805 cm�1 somewhat shifted toward the Si–H region (about 2100 cm�1) compared
with the Ta–H vibration (1785 cm�1) observed in the classical 16e complex
[Ta(H)(Si{SiMe3}3)( ¼ NAr)(Cp*)] ðAr ¼ 2; 6-Pri2C6H3Þ.

76 In the related classical
18e d0 complex [Ta(H)(SiHMePh)( ¼ NAr)(PMe3)(Cp)] 26,

77 isolobal with 25, the
J(Si–H) equals 14Hz and the Ta–H stretch is at 1674 cm�1. In contrast, red shift is
usually observed in complexes with three-center MyHyE interactions. The X-ray
diffraction study of 25 reveals an elongated Ta–Si bond of 2.722(3) Å as compared
with 2.689(1) Å in [Ta(H)(Si{SiMe3}3)( ¼ NAr)(Cp*)], 2.624(2) and 2.633(2) Å in
[TaH(SiHMe2)2Cp2],

74 and 2.651(4) Å in [Ta(H)2(SiMe2Ph)Cp2].
78 Such an elon-

gation could manifest the presence of a Si–H bond s-complexation but can also
reflect the increased steric strain in 25. The observed Si–H distance of 2.51 Å is
definitely too long to correspond to any significant interaction, but the X-ray de-
termined hydrogen position could be inaccurate. The observed Ta–Si–Si bond an-
gles (range 107.7–117.4(2)1) are normal and reflect the absence of any structural
distortion of the silyl ligand. Comparing with neutral 26, one can expect that the
presence of a negative charge in 25 would result in the increased backdonation from
tantalum on the s*(Si–H) and hence, since 26 is classical, would lead to complete
Si–H bond oxidative addition and formation of a d0 silylhydride. Also, the electron-
releasing SiMe3 substituents at silicon atom should decrease the magnitude of
J(Si–H) (see Section II.D). In this regard, the origin of the high Si–H coupling
constant in 25 is enigmatic and definitely deserves a computational study to resolve
the question of the presence and nature of any Si–H interaction. The reason why the
hydride atom in 25 occupies the position between nitrogen and silicon, whereas in
all other structures of type [M(H)(SiR3)(X)( ¼ NR0)(Cp)] (M ¼ Nb, Ta) it lies be-
tween groups SiR3 and X (see 26 and vide infra), is also unclear.

H
Si(SiMe3)2

Cl
Ta

N

Pri

Pri

H

PMe3

Ta

N SiMePhH

Pri

Pri

25 26
3. Group 6 Metals

Silane s-complexes of the Group 6 metals are among the best studied.13 Three
families of compounds are particularly noteworthy. These are the half-sandwich arene
complexes ½CrðZ2-HSiMe2HÞðCOÞ2ðC6Me6Þ� (27),

79,80 the above-mentioned Kubas’s
complexes 12,2,81,82 and the pentacarbonyl derivatives ½MðZ2-HSiR3ÞðCOÞ5�.

29,83

Complex 27 is an isolobal analog of the manganese system 11 and like the latter
exhibits rather large Si–H coupling constant of 80Hz compared with the range



236 G.I. NIKONOV
54.8–65.4Hz found for 11. These values correlate well with the X-ray determined Si–H
distance of 1.61(4) Å in 27, which is shorter than the range 1.75(4)–1.802(5) Å deter-
mined in 11. The stronger Si–H interaction in 27 is apparently the result of a weaker
donor ability of the arene ligand compared with the cyclopentadienyl ligand, which
leads to a weaker backdonation from the chromium center. A similar correlation
between the r(Si–H) and the J(Si–H) in complexes 12 has been discussed above.

Representatives of family 12, the compounds ½MoðZ2-HSiH3ÞðCOÞðfR2PCH2-g2Þ2�
(R ¼ Ph, Et, Bui),82 are particularly interesting because (i) these are the first
examples of a silane s-complex of the prototypical silane SiH4, and (ii) because it is
the first system where an equilibrium is observed between the Z2-form and the
silylhydride product of complete Si–H oxidative addition to metal, for the case of
R ¼ Et [Eq. (6)]. The structure of the compound ½MoðZ2-HSiH3ÞðCOÞðfBui2PCH2-g2Þ2�
has been determined but suffers from a disorder of the CO and SiH4

groups. However, it is clear from the X-ray structure that this compound,
like the analogous complexes ½MoðZ2-HSiPhH2ÞðCOÞðfEt2PCH2-g2Þ2� and
½MoðZ2-HSiPh2HÞðCOÞðfEt2PCH2-g2Þ2�, has the cis-orientation of the CO and
SiH4 ligands.

2,81 This structural aspect has recently received a theoretical treatment
in a study aimed to elucidate the factors controlling the formation of the cis- vs.
trans-forms.84 This difference between the silane and Z2-H2 s-complexes has been
attributed to a better ability of the Si–H bond to serve as an acceptor of the electron
density from metal through the backdonation component so that the observed
structure of 12 is the result of avoided competition between the s*(Si–H) and
p*(C–O) antibonding orbitals:

Mo(CO)(Et2PC2H4PEt2)2

SiH4
Mo

CO

PEt2
Et2P

PEt2

Et2P
H

SiH3

Mo

CO
PEt2

Et2P

PEt2

Et2P

H

SiH3

12

(6)

Silane s-complexes ½MðZ2-HSiR3ÞðCOÞ5�
29,83 are interesting in that here the

electron density of metal is effectively delocalized over five electron-accepting car-
bonyl ligands so that a situation of almost negligible backdonation is modeled well.
Therefore, the MyHySi interaction in this system is very close to the 3c–2e limit;
thus, it is not surprising that these complexes are highly unstable.

4. Group 7 Metals

The silane s-complexes 11 have been intensively studied as discussed above and
in Refs. 2, 4, and 12–14. No examples of such complexes are known for technetium,
whereas the related rhenium complex [Re(H)(SiR3)(CO)2Cp] has been concluded to
be classical on the grounds of a long-estimated Si–H distance of 2.2 Å.85 Schubert
favors a classical description of the latter compound,12 whereas Kubas noted that
this distance may correspond to a stretched s-complex on the verge of oxidative
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addition.2 Complexes ½MðZ2-H-SiH3�nClnÞðCOÞ2Cp� (M ¼ Mn, Tc, Re; n ¼ 123)
have been studied computationally at the MP2 and B3LYP levels and showed short
Si–H distances (B3LYP: range 1.728–1.732 Å for M ¼ Mn, range 1.879–1.881 Å for
M ¼ Tc, range 2.011–2.018 Å for M ¼ Re), indicating the presence of nonclassical
Si–H interaction.38 The length of the Si–H contact increases from n ¼ 1 to 3 and
down Group 7 in accord with the previous conclusion that heavier transition metals
and electron-withdrawing groups on silicon atom favor a deeper degree of the Si–H
bond oxidative addition. The rhenium complexes were concluded to be closer to the
classical end, attributed to their greater reducing ability and more diffuse d-orbitals.
It was established that for a given metal, the silane dissociation energies increase as
the number of chlorine substituents at silicon increases, in accord with the kinetic
studies of Graham11,12 and the theoretical predictions (Section II.B and Ref. 13). As
discussed above (Section II.C), the variation of the M–H and Si–H distances upon
changing n is minimal, whereas the M–Si bond contracts noticeably when n in-
creases. It was therefore concluded that the increase of dissociation energies with
increasing of numbers of chlorine substituents at silicon is the result of strength-
ening of the M–Si interaction, and this is not accompanied by weakening of the
Si–H interaction.38

Taking into account that a set of fac-(CO)3 ligands is isolobal to a Cp� ligand,86

the cationic rhenium compounds ½ReðHSiR3ÞðCOÞ4ðPR
0
3Þ�

þ (28) are isolobal analogs
of the half-sandwich complex [Re(HSiR3)(CO)2Cp]. However, the presence of four
p-accepting carbonyl ligands and a positive charge makes the fragment [Re(-
CO)4(PR

0
3)]

+ highly electrophilic87,88 with the effect that the backdonation from
metal is reduced significantly, leading to a strong Si–H interaction characterized by
increased J(Si–H) (60.9Hz for R0 ¼ Ph and 61.6Hz for R0 ¼ Cy) and small J(P–H)
(10.5 and 9.3Hz, respectively).87,88 The compounds 28 were prepared by the reac-
tion of a rhenium alkyl precursor with HSiEt3 in the presence of a Lewis acid:

 [H(OEt2)2][BArF
4]

Re
CO

R'3P

OC

OC
OC CH3 CH2Cl2, -CH4

HSiEt3

Re
CO

R'3P

OC

OC
OC

H

SiEt3

28

Re
CO

R'3P

OC

OC
OC CH3

(7)

Complexes 28 are thermally unstable and decompose above 0 1C.87 The very re-
lated unstable mono(phosphite) derivative ½ReðZ2-HSiEt3ÞðCOÞ4ðPfOCH2g3CMeÞ�þ

was characterized only by 1H NMR,89 whereas the bis(phosphite) deriv-
ative ½ReðZ2-HSiR3ÞðCOÞ3ðPfOCH2g3CMeÞ2�

þ is more stable than 28 but ex-
hibits a similar J(Si–H) of 66Hz.88 Analogous manganese complexes
½MnðZ2-HSiR3ÞðCOÞ3ðPfOCH2g3CMeÞ2�

þ (R3 ¼ Et3; PhH2) were generated in a
similar fashion at low temperatures but the J(Si–H) could not be measured due to
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Mn quadrupolar broadening.89 On heating these compounds decompose via hetero-
lytic cleavage of the Z2-H–Si bond, typical behavior for a cationic silane complex
because the silicon center becomes electron deficient upon coordination of the H–Si
bond to metal and thus activated toward nucleophilic attack.

The s-coordination of a silane has been proposed for the tripodal tren complex
½ReðZ2-HSiHR2ÞðtrenÞ� (29) on the basis of increased J(Si–H) observed for two
examples (R ¼ Et: 44Hz; R ¼ Ph: 38Hz) and by analogy with the related dihy-
drogen complex ½ReðZ2-HDÞðtrenÞ� having the J(H–D) of 17Hz (compared to 43Hz
in the free HD and 30Hz usually observed in dihydrogen complexes).90 This com-
pound should be classified as having the rhenium center in an oxidation state
intermediate between (III) and (V), corresponding to the ideal cases of a 3c–2e bond
and complete oxidation addition of silane, respectively. Since such an oxidation
state is not exceptionally high for rhenium, the only factor that seems to contribute
to the formation of a s-complex is the low donating ability of the rigid tren ligand,
which may be due to the electron-withdrawing substituents on the nitrogen atoms.
It has been suggested that steric pressure to maintain the trigonal coordination
pocket may be the factor controlling the preference for the formal Re(III) state over
Re(V).90

Re

C6F5

N

NN

C6F5

C6F5

N

SiHR2H

               R  =    Et    Ph
J(Si-H), Hz =    44    38

29
5. Group 8 Metals

The iron subgroup exhibits a plethora of nonclassical MyHySi interactions both
for mono- and dinuclear complexes.13 Iron in the high formal oxidation states IV
and ruthenium in the high formal oxidation states IV–VI are particularly prone to
form such species. Some of them having three or more hydrides will be discussed in
Section IV.

The iron complexes ½FeðZ2-HSiR3ÞðCOðPR0
3ÞCp�

þ (30, R3 ¼ Et3, HPh2, MeHPh,
H2Ph; R0

3 ¼ Et3, Ph3)
91 are isolobal analogs of the manganese system 11 and

chromium complexes 27 and are interesting in that they are rare examples of
cationic silane complexes. These species were generated upon protonation of
½FeðSiR3ÞðCOÞðPR0

3ÞCp� by HBArF4 (ArF ¼ 3,5-(CF3)2C6H3) at low temperature
and by dihydrogen displacement by silane in ½FeðZ2-H2ÞðCOÞðPR0

3ÞCp�
þ (Scheme

1). The complexes 30 are stable at room temperature in the presence of excess silane.
The occurrence of nonclassical Si–H bonding was inferred from the observation of
increased J(Si–H) of 58–67.3Hz, which is about 30Hz larger than in the related
neutral complexes ½MnðZ2-HSiR3ÞðCOÞðPR0

3ÞCp�. Obviously, such an increase in
J(Si–H) is a combined effect of the smaller metal and the presence of a positive
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charge, which leads to the decreased backdonation from the metal (see Section
II.B). These two factors are compensated for by the presence of a donating
phosphine ligand in place of carbonyl, so that the observed coupling constants are
comparable to the J(Si–H) in the dicarbonyl derivatives ½MnðZ2-HSiR3ÞðCOÞ2Cp�
(for instance, 63.5Hz in ½MnðZ2-HSiHPh2ÞðCOÞ2Cp

0
�).12

Mn

OC
L H

SiR3

Fe

OC
R'3P H

SiR3

Cr

OC
OC H

SiR3

11 3027

J(Si-H) = 80 Hz J(Si-H) = 54.8-65.4 Hz J(Si-H) = 58 - 67.3 Hz

Analogous protonation of [Ru(SiCl3)(PMe3)2Cp] (31) by (H*OEt2)BArF4 afford-
ed a cationic silane s-complex ½RuðZ2-HSiCl3ÞðPMe3Þ2Cp�

þ (32) characterized by
NMR spectroscopy and X-ray analysis.92 The increased coupling constant J(Si–H)
of 48Hz suggests the presence of a Si–H interaction. The J(Si–H) shows small
temperature dependence, increasing to 51Hz at �65 1C. Such behavior can be at-
tributed to the anharmonicity of the Si–H potential, leading to a shorter average
Si–H distance at lower temperatures. The crucial hydride ligand found from the
X-ray experiment is only 1.77(5) Å from the silicon atom, but the Ru–H distance of
1.60(5) Å is normal.92 A comparison between ½RuðZ2-HSiCl3ÞðPMe3Þ2Cp�

þ and the
parent complex 3193 reveals the elongation of the Ru–Si bond upon the formation
of a s-complex from 2.265(2) to 2.329(1) Å and the decrease of the average Si–Cl
bond length from 2.119 to 2.043 Å. It should, however, be taken into account that
31 has abnormally short Ru–Si and long Si–Cl bonds due to the negative hyper-
conjugation of the metal d-electrons with the antibonding orbital s�(Si–Cl), as
schematically shown below. For comparison, the related neutral complexes
[Ru(H)(SiCl3)(Cl)(PR3)Cp*] have only marginally shorter Ru–Si bonds (range
2.3107(7)–2.3153(8) Å) than 32.94
Fe

OC
R'3P H
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Fe
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SCHEME 1.
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Cl
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σ*Si-Cl

dRu

Chirik et al. have recently shown that the neutral high spin diiminepyridine iron
fragment [Fe({(2,6-Pri2C6H3)NQC(Me)}2)(2,6-NC5H3)] can stabilize two Z2 Si–H
silane bonds in the coordination sphere of iron.95 The bis(silane) adduct 33 was
prepared by dinitrogen substitution [Eq. (8)] and characterized by multinuclear
NMR spectroscopy in solution and X-ray structure determination. The compound
is fluxional at room temperature, but on cooling, a static structure with the Cs

molecular symmetry and two nonequivalent silane ligands was observed. The Si–H
bonds complexed to iron give rise to two high-field signals at �0.02 and �7.02 ppm,
assigned on the basis of NOESY and ROESY NMR experiments to the apical and
basal silanes, respectively. The 29Si NMR spectra at �80 1C revealed two silicon
signals having the Si–H coupling constants (to the proton in the Si–H–Fe bridge) of
54 and 119Hz, among which the larger J(Si–H) of 119Hz corresponds to a shorter
Si–H bond of 1.59(2) Å in the basal silane. To date, this is the largest J(Si–H)
observed in an isolated silane s-complex. The smaller J(Si–H) of 54Hz was found
for the apical silane, which has a longer Si–H bond of 1.82(3) Å, both these para-
meters fall in the range normally observed in silane s-complexes.12,13 The basal
Si–H bond is trans to the pyridine ligand and forms a much longer Fe–Si bond of
2.4733(7) Å, compared to 2.3266(8) Å found for the Fe–Si bond of the apical silane
that is trans to a vacant site and exhibits a stronger coordination to the metal. A
noteworthy finding is that the stronger coordination results in a reduced Si–H
coupling to both the bridging and terminal hydrogen atoms (54 and 196Hz vs. 119
and 220Hz, respectively), which suggests a rehybridization at silicon upon the Si–H
bond addition to metal. That is, more Si s character goes to the SiyHyM bonding
but the Si–H coupling diminishes as the M–Si bond builds up. As has been dis-
cussed in Section II.D, such a rehybridization can lead to a significant Si–H cou-
pling even when the Si–H bond is essentially reduced:

N

NN
ArAr Fe

N2
N2

N

NN Ar
Ar Fe

HPhH2Si

SiH2Ph
H

2 PhSiH3

- 2 N2

33

J(Si-H) = 119 Hz
J(Si-H) = 54Hz

(8)



Recent Advances in Nonclassical Interligand SiyH Interactions 241
The first dinuclear m-silane s-complex of iron ½Fe2ðm-HÞ2ðm-H2SiBu
t
2ÞCp

�
2�

(34) has been prepared by the reaction of silane H2SiBu
t
2 with the dinuclear com-

pound ½Fe2ðm-HÞ4Cp
�
2�, and the related compound ½Fe2ðm-HÞ2ðm-H2SiPh2ÞCp

�
2�

was obtained by silane exchange reaction.96 A ruthenium analog, the complex
½Ru2ðm-HÞ2ðm-H2SiBu

t
2ÞCp

�
2�, is also known.97 These compounds resemble the his-

toric Graham’s complex ½Re2ðm-H2SiMe2ÞðCOÞ8� (6) in having two Si–H bonds
complexed to two different metal centers. A broad band at 1790 cm�1 in the IR
spectrum was assigned to the Si–H–Fe vibration, and the metal-silicon bridging
hydrides were found by an X-ray study at short Si–H distances of 1.60(5) and
1.64(5) Å. The Fe–Si bond of 2.376(1) Å is longer than the usual s-bond,
and although it is known that groups in a bridging position often have longer
bonds than the terminal ones, the comparison with the m-silylene derivative
½Fe2ðm-HÞ2ðm-SiPh2ÞCp

�
2� (Fe–Si bonds of 2.2582(8) and 2.2549(8) Å)98 allows one to

rule out an alternative m-silylene formulation ½Fe2ðm-HÞ2ðH2Þðm-SiR2ÞCp
�
2� for 34.

The relatively low value for dð29SiÞ of 71 ppm is also more consistent with the
nonclassical structure than with a dihydride-m-silylene formulation. No data on the
Si–H coupling have been given to verify the extent of Si–H bonding.

Fe
H

Si

H

Fe

H H

R R

34

There is a problem on how the presence of a small iron center in the high formal
oxidation state IV can effect the formation of a silane s-complex. In this regard,
two iron families, [Fe(H)(SiR3)2(CO)Cp] and [Fe(H)2(SiR3)2(arene)], are worth
discussing. Three crystal structures are known for the complexes [Fe(H)(SiR3)2
(CO)Cp] (R3 ¼ F2CH3,

99 Cl3,
100 and Ph(CH3)2

101), among which the hydride
was found directly from an X-ray diffraction study only in the structure of
[Fe(H)(SiF2CH3)2(CO)Cp]. The observed Si–H distance of 2.06(7) Å is independent
of the variation of the Fe–H distance (changing the Fe–H distance in the range
1.4–1.6 Å gives the Si–H distance range of 2.04–2.09 Å) and of the X–Fe–H bond
angle (where X is the centroid of the Cp ring). Varying the latter angle from 117.5 to
127.51 corresponds to changing the Si–H distance in the range 2.02–2.11 Å, and
therefore this value of the Si–H distance is mainly the result of the small Si–Fe–Si
bond angle. This suggests that similar Si–H contacts can be expected for the
other two compounds too. Schubert suggested that these species may contain a
classically bonded SiR3 group and a s-complexed H–SiR3 ligand,12 which would
make them isoelectronic and isostructural analogs of the manganese complexes
½MnðZ2-HSiR3ÞðPR

0
3ÞðCOÞCp� (the anion SiR3

– is isolobal with PR0
3) and of the iron

complex 30 discussed above, but this contradicts the similarity of geometrical para-
meters of both silyls. A coupling constant J(H–Si) of 20Hz was measured for the
compound [FeH(SiCl3)2(CO)Cp],50 which, although slightly larger than the
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normally observed one in classical silylhydride derivatives,13 was rationalized as
indicative of the classical nature. Alternatively, these compounds may contain two
simultaneous Si–H interactions similar to the multiple HySiyH interactions dis-
cussed in Section IV. A computational study on the electron density distribution
and the sign of J(H–Si) is required to resolve this bonding dilemma.

The formal Fe(IV) complexes ½FeðHÞ2ðSiR3Þ2ðZ
6-areneÞ� do not have a p-accept-

ing ligand such as carbonyl but contain a combination of a small metal from
the first transition series in a high formal oxidation state and a weakly donating
arene ligand, all three factors being good for the formation of a s-complex.2 The
crystal structures of ½FeðHÞ2ðSiCl3Þ2ðZ

6-areneÞ� (arene ¼ C6H6, toluene, and
p-xylene) and of ½FeðHÞ2ðSiF3Þ2ðZ

6-tolueneÞ� are available and show slightly longer
Fe–Si bonds in the SiF3 derivative (2.251(5) and 2.261(5) Å) compared with the
SiCl3 derivative (range 2.207(3)–2.226(2) Å).102,103 Such a trend is unusual since the
electron-withdrawing groups on silicon are expected to render the Si–M bond
shorter in accordance with Bent’s rule. These values can be compared with
what is seen forthe four-leg piano-stool complexes [Fe(H)(SiCl3)2(CO)Cp]
(2.252(3) Å) and [Fe(H)(SiMeF2)2(CO)Cp] (2.249(1) Å) which may be nonclassical
(see above). However, a set of arguments exists for the classical description of
the complexes ½FeðHÞ2ðSiR3Þ2ðZ

6-areneÞ�. Thus, the Mössbauer spectrum of
½FeðHÞ2ðSiCl3Þ2ðZ

6-tolueneÞ� is in accord with the Fe(IV) oxidation state and the
measured J(Si–H) of 15Hz was interpreted to signal the absence of a Si–H inter-
action in accordance with Schubert’s criterion of 20Hz. It is however noteworthy
that the longer Fe–Si bond in the SiF3 derivative corresponds to the higher field
shift of the hydride resonance (�19.0 ppm vs. �17.07 ppm), which may indicate the
presence of some Si–H bonding in the former. A computational study may help to
elucidate the bonding situation in these compounds.

The addition of silanes HSiR3 (R3 ¼ MeCl2, Cl3, PhH2 or PhHSiPhH2) to
the unsaturated species [RuCl(R3P)Cp*] affords the adducts [Ru(H)(SiR3)
(Cl)(PPri3)Cp*], which were originally described as classical according to the
low Si–H coupling constants (o20Hz12), measured at room temperature.94,104,105

In contrast, the silane HSiMe2Cl reacts at room temperature to afford
the dihydride derivative [Ru(H)2(SiClMe2)(PPr

i
3)Cp*], but an intermediate

½RuðZ2-HSiClMe2ÞðClÞðPPr
i
3ÞCp

�
� (35) can be trapped below �10 1C.106 The 1H

NMR spectrum at �40 1C reveals a hydride signal at �9.65 ppm flanked by the 29Si
satellites with the J(H–Si) ¼ 33.5Hz, suggesting the presence of a Si–H s-interaction.
The adduct ½RuðZ2-HSiPhMe2ÞðClÞðPPr

i
3ÞCp

�
� (36), exhibiting a similar J(H–Si) of

32Hz, is even less stable and is observed only at �90 1C. No silicon–hydride cou-
pling can be resolved in the hydride region of [Ru(HSiH2Ph)(Cl)(PPr

i
3)Cp*]

(37),104,106 but cooling to �10 1C affords a J(H–Si) of 30Hz, suggesting a structure
similar to that of 35 and 36. The formulation of 35–37 as s-complexes is in accord
with the high formal oxidation state IV of the metal and the presence of an electron-
withdrawing chloride ligand on ruthenium.2 Taking into account the isolobal
relationship of the silyl and phosphine ligands, the complexes 35–37 can be con-
sidered as isolobal analogs of the s-complexes ½RuðZ2-HSiCl3ÞðMe3PÞ2Cp

�
�þ

92 and
½RuðZ2-H2ÞðClÞðPPhPr

i
2ÞCp

�
�.107 A weak Si–H interaction may be present in the

compound ½RuðZ2-HSiMeCl2ÞðClÞðPPr
i
3ÞCp

�
� too, since this easily eliminates the
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silane upon reduced pressure or addition of a phosphine.94 The remarkable feature
of 35 is that according to the X-ray structure and DFT calculations it has simul-
taneously a residual s-Si–H interaction and the stabilizing RuClySi–Cl hyperva-
lent interaction, stemming from the donation of the Ru-bound chloride lone pair to
the s*(Si–Cl) antibonding orbital of the silane. The latter bonding results in the
elongation of the Si–Cl bond to 2.155(1) Å, a value beyond the range 2.094–2.149 Å
found for classical chlorosilyl complexes.106 The Si–H coupling constant, calculated
for the series of model complexes [Ru(H)(SiMe3�nCln)(Cl)(PMe3)Cp] ðn ¼ 023Þ
is negative and increases from �23.0 to �0.4Hz as n rises from 0 to 3, corre-
sponding to a decrease of the Si–H s-interaction. The RuClySi hypervalent in-
teraction is absent in ½RuðZ2-HSiMe3ÞðClÞðPMe3ÞCp� and decreases from
½RuðZ2-HSiMe2ClÞðClÞðPMe3ÞCp� to [Ru(H)(SiCl3)(Cl)(PMe3)Cp]. The rotation of
the silyl group in ½RuðZ2-HSiMe2ClÞðClÞðPMe3ÞCp� was also found to weaken the
RuClySi interaction because it breaks the favorable trans position of the chloride
on ruthenium and the silicon-bound chlorine, but does not affect the Si–H
s-interaction much:106

Pri
3P Cl Pri

3P
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Cl
Cl

Ru H

35

HSiClMe2
Ru
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- 40  C
(9)

The unsaturated complex [Ru(Cl)(SiL2)Cp*] of a stable West–Denk-type silylene
is an analog of the compound [Ru(Cl)(PPri3)Cp*] through the isolobal relationship
between the silylene SiL2 and phosphine. However, in contrast to the formation of
the phosphine species 35–37, the addition of H3SiR to [Ru(Cl)(SiL2)Cp*] does not
give a hydride silyl(silylene) derivative but rather a bimetallic species 38 having the
Ru–H–Ru, Si–H–Ru, and Si–Cl–Ru bridges [Eq. (10)].108 The structure of 38 was
assigned on the basis of 1H and 29Si NMR data, and confirmed by an X-ray study
of one of the complexes (R ¼ n-hexyl). The hydride atoms were not found but the
presence of a SiyHyRu interaction was derived from the observation of
JðSi2HÞ ¼ 42 Hz and a broad band at 1869 cm�1 assigned to the Z2-Si–H bond:
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No well-defined silane s-complexes are known for osmium. The comp-
ound [OsH2(SiEt3)Cl(CO)(PPri3)2] has been found in equilibrium with the
dihydrogen species ½OsðZ2-H2ÞðSiEt3ÞClðCOÞðPPri3Þ2�, rather than with ½OsH
ðZ2-HSiEt3ÞClðCOÞðPPri3Þ2�, as judged by the measurement of short relax-
ation time T1 ¼ 17ms for the hydride signals,109 but the related com-
pound with phenyl groups on silicon could be the silane s-complex ½OsH
ðZ2-HSiPh3ÞClðCOÞðPPri3Þ2�.

109 The calculations at the MP2 and MP4 levels of a
model system [OsH2(SiH3)Cl(CO)(PH3)2] reveal that both the Z2-H2 and Z2-HSiH3

forms are close in energy110 so that the preference of one form vs. another can be
the result of subtle factors such as different substitution at silicon or phosphorus
atoms.
6. Groups 9–10 Metals

At the moment there are no experimentally characterized silane s-complexes of
cobalt and nickel, but several mononuclear species are known for their heavier
analogs.13 Crabtree’s iridium complex ½IrH2ðZ2-HSiEt3Þ2ðPPh3Þ2�

þ is noteworthy in
that it was proposed to contain two Z2-coordinated silane groups and also as an
example of a cationic silane s-complex,111 which would be the first representative of
this kind. No doubt, the reason for the incomplete addition of the Si–H bond is the
presence of a positive charge and the high formal oxidation state of the metal in the
otherwise Ir(VII) tetrahydride bis(silyl) species. The structure of this and the related
complex ½IrH2ðZ2-HSiEt3ÞðMeOHÞðPPh3Þ2�

þ was deduced on the basis of kinetic
data on the catalytic silane alcoholysis and by analogy to other s-complexes. Some
stereochemical information for these complexes was derived from 1H NMR, which
was consistent with the cis position of the two phosphine ligands, each of which was
trans to a silane ligand and also consistent with the trans positions of two classical
hydride ligands. However, no data on the J(Si–H) or solid state structure of these
highly fluxional and unstable compounds are available.

The Rh(V) half-sandwich complex [RhH2(SiEt3)2Cp*] has been found by ND to
possess isolated silyl and hydride ligands with long Si–H contacts of 2.212(2) Å
thought to be nonbonding and corresponding to low J(Si–H) of 7.9Hz.112 The
related iridium complex [IrH2(SiEt3)2Cp*] exhibits even longer Si–H distances
(2.272(2) and 2.384(2) Å).113 All experimental data point to the classical nature of
these compounds, which should be considered as remarkable taking into account
that other Rh(V) and Ir(V) compounds are strong oxidants112,113 and therefore, an
intramolecular oxidation of the H– and SiEt3

– ligands to give a Z2-HSiEt3 ligand may
have seemed plausible. It was noted that [RhH2(SiEt3)2Cp*] was sterically strained
due to the repulsion of the bulky Cp* and SiEt3 ligands.

112

Steric strain appears to be the main factor leading to the formation of a non-
classical structure for the closely related trisilyl complex [RhH(SiEt3)(Si-
Me3)2Cp].

114 The hydride exhibits a J(Si–H) of 24.3Hz to the SiEt3 ligand and
J(Si–H) of 6Hz to the SiMe3 groups, leading on the basis of Schubert’s criterion of
20Hz to the formulation of a silane s-complex ½RhðZ2-HSiEt3ÞðSiMe3Þ2Cp� (39). If
this formulation is correct, the s-complex is formed from the bulkiest silyl SiEt3,
which should provide the greatest relief of interligand repulsions through the
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elongation of the Rh–SiEt3 bond. And indeed, the lower rhodium–silicon coupling
constant for the SiEt3 group (19.2Hz) corresponds well to the larger J(Si–H)
(compare with J(Rh–Si) of 33.3Hz for the SiMe3 group), suggesting weaker
Ru–SiEt3 bonding. The related complexes [Rh(H)(SiEt3)3Cp], [RhH(SiEt3)2(Si-
Me3)Cp], and [Rh(H)(SiMe3)3Cp] all have J(H–Si) values o20Hz (12.8, 19.3Hz
(SiEt) and o3 (SiMe), 13.5Hz, respectively) but a dynamic process that places
different silyl groups in the Z2-position has been proposed.114 One should take into
account that the metal–ligand and ligand–ligand potentials in these silylhydride
systems can be rather soft and highly influenced by the solvation and crystal-
packing effects, which may at least partly account for the observed discrepancy
between the solution and solid state experiments. These polysilyl complexes appear
to be good candidates for a theoretical study of the Si–H bonding in highly
stretched silane s-complexes. This conclusion is further supported by the recent
observation that the complex [RhH2(SiEt3)(Bpin)Cp] (Bpin ¼ (pinacolato)boryl)
has some degree of B–H interaction.115 Since the vacant orbital on boron is ef-
fectively involved in conjugation with the oxygen p-orbitals, such a ‘‘p-saturated’’
boryl can be considered as an analog of a silyl ligand,16 and thus the complex
[RhH2(SiEt3)(Bpin)Cp] is related to [MH2(SiEt3)2Cp*] (M ¼ Rh, Ir).

The Rh(III) complexes [Rh(H)(SiR3)(t-butylacrylate)Cp] (40) exist in two
isomeric forms of comparable energy, interconverting through an int-
ramolecular process that does not involve a reversible [1,3] hydride or
[1,3] silyl migration.116 The formation of a silane s-complex intermediate,
½RhðZ2-HSiR3Þ ðt-butylacrylateÞCp�, was invoked to account for the dynamic 1H
NMR data. In the case R ¼ OMe, the silane s-complex was estimated from kinetic
data to lie 10 kJmol�1 higher in energy than the silylhydrido form. The H–Si cou-
pling constants in 40 for R ¼ Me or Et are in the range 15–19Hz but increase to
38Hz for R ¼ OMe. Such a large value, significantly exceeding Schubert’s criterion
of 20Hz, was attributed to a two-bond coupling, increased by the presence of three
electron-accepting groups at silicon due to the Bent’s rule effect. This conclusion is
further substantiated by the observation of a much larger rhodium–silicon coupling
(39Hz) in comparison with the J(Rh–Si) of 18–30Hz observed for other R’s on
silicon. With only one electron-accepting group at silicon present, i.e. R3 ¼ ClMe2,
the J(Si–H) is also small (15Hz). If such a large silicon–hydride coupling in
[Rh(H)(Si(OMe)3)(t-butylacrylate)Cp] is indeed via two bonds, a critical revision of
the assignment of nonclassical structures on the basis of J(H–Si)420Hz will be
required. This is particularly relevant to the compounds like the tantalum complex
25 and the rhodium complex 39, where the presence of a nonclassical Si–H inter-
action is not supported by independent evidence.

Reaction of the compound [Rh(Me)(ClCD2Cl)(PMe3)Cp*]
+ with 3–5 equiv.

of HSiR3 (R ¼ Me, Et) at �60 1C gives a silyl (Z2-silane) complex
½RhðZ2-HSiR3ÞðSiR3ÞðPMe3ÞCp

�
�þ [41, Eq. (11)] characterized by the observed cou-

pling constant Jobs(H–Si) measured from the 29Si satellites in the 1H NMR spectrum
(28.5Hz for R ¼ Me and 27.8Hz for R ¼ Et).117 Since these compounds are highly
fluxional, exchanging the hydride between the silyl and silane sites, these values of
Jobs correspond to the genuine 1J(H–Si) of 57Hz for R ¼ Me and 56Hz for
R ¼ Et. An exchange between the Z2-silane and free silane HSiEt3 was observed in the
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case R ¼ Et. In solution 41 eliminates the disilane R3Si–SiR3 and, after addition of an
equivalent of HSiR3, rearranges into a species with the possible formulation
½RhðHÞðZ2-HSiR3ÞðPMe3ÞCp

�
�þ or [Rh(H)2(SiR3)(PMe3)Cp*]

+. No 29Si satellites
were observed, which either indicates a classical structure or is due to a rapid exchange
of the hydride and the Si–H sites and the loss of thus diminished Jobs ðJobs¼1JðSi�
HtermÞþ

2JðSi�HRuÞÞ in the signal width ðn1=2 � 50HzÞ116 (see, however, the discus-
sion of the relative signs and magnitudes of 1J(Si–H) and 2J(Si–H) in Section II.D). A
similar result was obtained for the reaction of [Rh(Me)(ClCD2Cl)(PMe3)Cp*]

+ with
excess HSiPh3, whereas a reaction with 1 equiv. of the silane affords the agostic
complex ½RhðZ2-HSiPh2-C6H4-ÞðPMe3ÞCp

�
�þ discussed in Section II.F.2. In analo-

gous iridium chemistry the product was formulated as an Ir(V) compound
[Ir(H)2(SiMe3)(PMe3)Cp*]

+ on the basis of NMR data:118

Me3P

Me

Pri
3P H

SiR3

Rh SiR3

41

xs HSiR3
Rh

- 60  C

ClCH2Cl

Ar'= 3,5-(CF3)2C6H3)

BAr'4 BAr'4

(11)

The only example of a monomeric silane s-complex of palladium was suggested to
arise from the reaction of a cationic diimine complex [Pd(Me)(N(OCH2CH2CH2O-
Me)QCMe)2]

+[B{C6H3(CF3)2-1,2}4]
� with the silane HSiEt3 at �78 1C, but the

product was characterized only by 1H NMR. On warming to room temperature it
decomposes, giving the products of Si–H cleavage, a behavior typical for cationic Z2-
silane complexes. In the analogous platinum chemistry the product is the correspond-
ing cationic silyl hydride complex.119

However, many bimetallic species of Pt and Pd with nonclassical SiyHyM
interactions have been discovered and are thoroughly described in the previous
reviews.13,14,22 Some related recently studied complexes of this type are ½Pd2
ðm;Z2-H-SiPh2Þ2ðPMe3Þ3�,

120
½PtRhðm-HÞðm;Z2-H-SifC6H4F-pg2ÞðSiClfC6H4F-pg2Þ

ðPMe3Þ4�,
121 [Pd2(m,Z

2-H-SiH{2-Pri-6-MeC6H4})2(PMe3�nPhn)2],
122

½Pd2ðm;Z2-H-
SiPh2Þ2 ðPCy3Þ2�,

123 and ½PdPtðm;Z2-H-SiPh2Þ2ðPCy3Þ2�.
123

The gas-phase interaction of H3C–CH2–SiH3 and its analogs H3C–CH2–XH3

(X ¼ C, Ge) with Ni+ has been studied computationally by means of B3LYP
calculations and AIM study.124 Several s-complexes have been found on the po-
tential energy surface for all the (hetero)propanes, but the structure of the global
minimum crucially depends on the nature of the element X. For X ¼ Si and Ge a
Z2-complex 42 is the most stable species, whereas for propane a 1,3-chelate system
43 with two Z1-C–HyM interactions lies lower in energy. NBO (Natural Bond
Orbital) analysis of the electron density of 42 revealed the existence of two dative
interactions from the X–H s bond supported by backdonation from nickel in
accord with the conventional DCD scheme (see Section II.B). The high value of
electron density in the bond critical points (0.096e* au�3 for Si and 0.101e* au�3 for



Recent Advances in Nonclassical Interligand SiyH Interactions 247
Ge), revealed by the AIM study for the X–H–Ni interactions, and the negative sign
of the energy density establish the covalent nature of these interactions. These
nonclassical species 42 and 43 are particularly stable for X ¼ Si, Ge, which has been
attributed to the higher electron-donor ability of these XH3 groups.

Ni

H

H
H

E

H2
C

CH3

Ni

H

H
H

E

H2
C

C

H

H
H

42 43

1.728 C
1.685 Si
1.609 Ge

1.822 C
1.652 Si
1.660 Ge

1.728 C
1.736 Si
1.739 Ge

7. Group 11 Metals

No experimental data exist for the silane complexes of copper and its analogs but
the complexation of H3C–CH2–XH3 (X ¼ C, Si, Ge) to Cu+ has been studied
computationally by means of B3LYP method supplemented by AIM analysis.125

Structures similar to 42 and 43 with the corresponding bond critical points have
been found. The comparison of propane with ethylsilane and ethylgermane shows
that the XH bonds, where X ¼ Si or Ge, are both better electron donors and
electron density acceptors than the C–H bond, but in all cases the donation com-
ponent predominates. For example, the calculated second-order NBO orbital in-
teractions have the following ratios of donation/backdonation energies (in
kcalmol�1) for the copper analog of 42: 14/4.7 for C, 45.1/11.5 for Si and 53.9/
13.7 for Ge. Comparing different metal ions, the coordination of the species
H3C–CH2–XH3 to Cu+ is weaker than Ni+, which is due to the more efficient
donation and backdonation interactions in the case of nickel. This difference was
ascribed to the nickel monocation being an open-shell system.125
F. SiyHyM Agostic Bonding

SiyHyM agostic bonding is usually described in terms of the DCD scheme
discussed in Section II.B and is experimentally identified by means of the same
structural and spectroscopic criteria used for silane s-complexes. The difference
between the agostic bond 8 and s-bond complexation, as in 7, is the presence of a
supportive link to the metal in the former, which can be either a sequence of atoms,
as in the case of b- (one atom), g- (two atoms), d- (three atoms), and so on agostic
species, or just a chemical bond between M and Si (classified as a-agostic inter-
action). Formally speaking, the bimetallic complexes 16, 17, 22, 34, and 38 and
related compounds should also be regarded as agostic, although sometimes their
classification in terms of b, g, d etc. species can be dubious (see, for example,
structures 16 and 22). Agostic interaction is often considered as an intramolecular
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version of 7, which is a quite correct description in the case of long-chain agostic
species having flexible bridges. However, as we shall see below, short and rigid
chains may impose essential restrictions on the interaction of the Si–H bond with a
metal. The SiyHyM a-agostic interaction is particularly a recently discovered
phenomenon and its theoretical description is still in its infancy. The following
discussion will be systematized according to the length of the link and the nature of
bridging atoms.

1. d- and Other High-Order SiyHyM Agostics

Relatively little work has been done on high-order SiyHyM agostic interactions
and, no species of an order higher than d-agostics have been reported, which might
be due to entropic effects.

Addition of the silylphosphines H-SiR2CH2CH2PPh2 (R ¼ Me, Ph) to
[Mn(CO)3Cp

0] under photolytic conditions affords the d-agostic product
½MnðZ3-H-SiR2CH2CH2PPh2ÞðCOÞCp0�, characterized by spectroscopic methods
and X-ray study of one of the products (R ¼ Me).126 The spectral and structural
properties of these derivatives are very similar to those of other manganese com-
pounds of the family 11, showing no specific effect of the long-chain agostic bond-
ing on the extent of the Si–H complexation to metal.

The related family of tungsten compounds ½WðZ3-H-SiR2CH2CH2PPh2ÞðCOÞ4�

(44) was prepared analogously by a photochemical reaction of [W(CO)3] with
HSiR2CH2CH2PPh2:

127

W(CO)6 HSiR2CH2CH2PPh2 W

Ph2
P

CO

OC

CO
OC

H
SiR2

R                    Ph       Me

J(Si-H), Hz    98.1    95.2 44

hv

- 20  oC
(12)

IR data for the CO region of 44 are consistent with the octahedral geometry of these
complexes, whereas the large Si–H coupling constants indicate the presence of
strong Si–H bonding. The values of 98.1 (R ¼ Ph) and 95.2Hz (R ¼ Me) come at
the upper end of J(Si–H) usually observed in silane s-complexes (40–80Hz);12,13

thus, in 44, the Si–H bond is not very stretched. Schubert suggested that this can be
a feature of the agostic interaction, so that ‘‘incorporating Si–H bonds into a
chelate system allows one to arrest the oxidative addition of the Si–H bonds at an
earlier stage than in corresponding nonchelated complexes.’’127 Relatively large
J(Si–H) are indeed often observed in other SiyHyM agostic systems, but the
related unchelated ½WðZ2-H-SiR3ÞðPR

0
3ÞðCOÞ4� is not available for direct compar-

ison with 44. It is still unclear whether the large J(Si–H) in 44 is the result of the
presence of four electron withdrawing carbonyl ligands or is due to a specific
chelate effect, but there is no doubt that the latter does help to stabilize the system.
The compound ½WðZ2-H-SiPh3ÞðPPh3ÞðCOÞ4� is too unstable,127 whereas the coor-
dination of silanes to the less electrophilic fragments [M(PR3)2(CO)3], as in Kubas’s
complexes 12 and their tungsten analogs, results in smaller J(Si–H) of 30–60Hz2,
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and some of them, such as [W(H)(SiH2Ph)(PR3)2(CO)3] (R ¼ Cy, Pri), are classical
silylhydrides. A related dimeric species 45 also has a reduced J(Si–H) of 52Hz,
which probably corresponds to a more stretched Si–H interaction.128
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2. g-Agostic SiyHyM Interaction

The first example of a g-agostic SiyHyM interaction was reported for the com-
pound 46 obtained via unusual thermal rearrangement of the silylhydride precursor
[Ta(H)(Si{SiMe3}3)( ¼ N{2,6-Pri2C6H3})(Cp*)].

76
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(13)

The connectivity of 46 was inferred from spectroscopic data that show (1H NMR)
the presence of diastereotopic methylene hydrogens, a hydrogen substituent at sil-
icon and a Ta-bound hydride. The Si–H signal (2.57 ppm) was found ca. 2 ppm in a
higher field than expected for a typical Si–H group, which suggests that this group is
involved in nonclassical bonding. An exceptionally large coupling constant of 9Hz
between the Ta–H and Si–H hydrogens was observed, which cannot be due to a
5-bond coupling. The 29Si NMR spectrum revealed a large J(Si–H) of 78Hz that is
slightly temperature dependent, whereas the IR spectrum shows the Si–H stretch at
1726 cm�1, well below the typical values found for the Si–H bond (usually around
2150 cm�1). The connectivity of 46 was further confirmed by the hydrolysis with
H2O or D2O, which gave the silane product Me2HSi-Si(SiMe3)2-CH2-H(D). Alto-
gether, these data establish that the Si–H hydrogen is involved in a nonclassical
interaction. The value of J(Si–H) of 78Hz is interesting in that it is noticeably lower
than the values observed in other formally d0 SiyHyM agostic complexes (usually
about 150Hz), in which backdonation is absent. The reason for such a low coupling
is not quite clear, although the presence of a donating silyl substituent at the
g-silicon atom could be a possibility. In the nonclassical disilyl cation 15, however,
the value of J(Si–H) is only 39Hz.60
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Rhodium complex [Rh(SiPh3)(ClCD2Cl)(PMe3)Cp*]
+, prepared by the C/Si ex-

change between [Rh(Me)(ClCD2Cl)(PMe3)Cp*]
+ and an equivalent of HSiPh3 at

�80 1C, rearranges above �40 1C to the agostic compound 47 [Eq. (14)].117 The
J(H–Si) of 84Hz determined from the 29Si satellites suggests the presence of a H–Si
bond coordinated to the Rh(III) center. In the related iridium chemistry the ac-
tivation of the Si–H bond proceeds further to give an Ir(V) derivative [Ir(H)(-SiPh2-
C6H4-)(PMe3)Cp*]

+:129

Me3P

Me

Pri
3P SiH

Rh

47

HSiPh3
Rh

>- 40 C

ClCH2Cl

Ar'= 3,5-(CF3)2C6H3)

BAr'4

BAr'4Ph2

Ph2

(14)

Another example of g-agostic SiyHyM interaction has been recently reported
for the platinum complex 48 obtained by the insertion of dimethyl acetylenedicar-
boxylate into the Pt–Si bond of [Pt(SiHPh2)2(PMe3)2] [Eq. (15)]. 48 was charac-
terized by a Pt–H coupling constant of 14Hz and a J(Si–H) of 196Hz, the latter
value being slightly reduced compared with 206Hz in the free Ph2SiH(CHQCH2).
These data and a small red shift of the Si–H vibration vs. free silane (2078 cm�1 vs.
2124 cm�1) were interpreted to signal the occurrence of agostic bonding.130 Similar
features were observed for the cis-isomer of 48 and the related dmpe derivative. The
X-ray structure of 48 revealed that the Si–H bond was directed toward the platinum
atom to give a long Pt–H contact of 2.93 Å and a long Pt–Si distance (3.657(2) Å).
This structural feature strongly resembles the coordination of the Si–H bond to the
zirconium atom in 22. In both cases, the interaction between the metal and the Si-
bound hydrogen is rather weak; it is tempting to speculate that, at least in the
former case, this is due to the rigidity of the alkenyl bridge, which prevents a closer
approach of the Si–H bond to the metal from the vertex of a square pyramid.
Although g-agostic bond in 48 is weak, it is apparently related to the reversible
silane elimination from cis-48 to give a silametalacyclobutene derivative [Pt
{-SiPh2C(CO2Me)QC(CO2Me)-}(PMe3)2].
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3. b-Agostic SiyHyM Interaction

b-Agostic SiyHyM bonding is the oldest and best studied type of agostic in-
teractions involving silicon atoms. Such interactions are known for carbon
(7 classes of complexes), phosphorus (1 example), and nitrogen (5 examples) bridg-
ing atoms. With few exceptions, the known b-agostic SiyHyM interactions have
the J(Si–H)4100Hz, i.e. are intermediate between those normally observed in si-
lane s-complexes (range 40–80Hz) and free silanes (180–200Hz). Such large values
suggest a strong Si–H interaction and hence a weak complexation of the Si–H bond
to metal. The reason for this appears to be the additional stabilization provided by
the atom in the a-position holding the Si–H bond in close proximity to metal, so
that a stable structure can be achieved for a rather early stage of the Si–H bond
oxidative addition. The silane s-complexes with a comparable degree of Si–H ac-
tivation are probably too unstable toward silane elimination to permit their
isolation and characterization by common techniques (see, however, the compound
33 as an exception). In spite of this, many X-ray characterized structures have
the M–Si and M–H distances close to the values found in classical silyl and hydride
complexes, whereas the Si–H bonds appear to be somewhat shorter than in silane
s-complexes. The following discussion is systematized according to the type of
bridge.
a. Carbon Bridges

An interesting feature of the b-agostic SiyHyM interactions with carbon bridges
is that with one exception, all known complexes contain an unsaturated carbon
center forming multiple bonds either to metal or other substituents at carbon. Thus,
most of them are observed for silyl-substituted alkene or alkyne ligands coordinated
to metal through their p-system (beside the Si–H bond). This feature appears to be
merely a coincidence because the theory does not require any unsaturation at the
bridging atom for the agostic interaction to occur. The first agostic compound from
this series, 49, was generated by photolysis of the 18e Fischer carbene complex
[W( ¼ C{NMe2}SiHMes2)(CO)5] [Eq. (16)].131 The Si–H bond coordination to
metal stabilizes this otherwise unsaturated 16e complex formed upon CO extrusion:
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In 49, the 1H NMR signal of the Si–H group at �2.40 ppm is shifted to higher field
relative to the Si–H signal of the starting compound (6.56 ppm), indicative of the
participation of the hydrogen atom in the formation of a bridge. The strongest piece
of evidence for the WyHySi bond comes from the observation of a large J(Si–H)
of 109Hz. This is about twice as large as normally observed in silane s-complexes
but lower than in other carbon-bridged b-agostic complexes discussed below. The
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X-ray structure analysis of 49 revealed that agostic bonding causes a severe dis-
tortion of the carbene ligand, so that the W–C–Si bond angle is reduced to 87.8(6)1,
compared with 113.1(4)1 in the starting complex. The hydride atom was, however,
found closer to the silicon atom, the W–H and Si–H distances being 2.1(1) and
1.5(1) Å, respectively.131

The magnesium reduction of titanocene dichloride in the presence of alkynyl-
silanes affords a family of agostic complexes 50 (Scheme 2).132 The same com-
pounds can be obtained by the acetylene exchange reaction starting from
½TiðZ2-Me3SiC2SiMe3ÞCp2�.

133 The analogous zirconocene complexes were pre-
pared by acetylene exchange/THF extrusion reaction between
½ZrðZ2-Me3SiC2SiMe3ÞðTHFÞCp2� and the alkynylsilane RCRCSiMe2H.132

The X-ray structure determination of complex [Ti(Z4-H-SiMe2CRCBut)Cp2]
reveals the Si–H bond coordinated to titanium to form a Ti–H bond of 1.82(5) Å
and the Si–H bond of 1.42(6) Å, both in the normal ranges for these bonds.133 The
X-ray structure of the related complex [Zr(Z4-H-SiMe2CRCBut)Cp2] (Fig. 3)
shows a normal Zr–H bond (2.042(4) Å) and elongated Si–H bond (1.634(4) Å),
which nicely corresponds to a smaller J(Si–H) (vide infra).132 The salient feature of
both structures is the trans-conformation of the alkyne ligand, which is in contrast
to the parent compounds [Ti(Z2-RCRCR)Cp2] where only cis-conformation is
found. It is this distortion which allows for the close proximity of the Si–H bond
and the metal. Another interesting feature is the somewhat contracted Si–C bonds
(1.787(3) and 1.766(6) Å), which implies a partial multiple character and suggests
that these species can be considered as intermediates toward the hydride(silaallene)
complexes (ordinary Si–C bonds are found in the range 1.87–1.97, whereas the
SiQC bond in a silaallene is 1.04 Å).132 Complexes 50 and their zirconium analogs
exhibit Si–H coupling constants in the range 68–123Hz (Table I),132 which is sig-
nificantly less than a one-bond Si–H coupling in free silanes but exceeds the values
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FIG. 3. The molecular structure of complex [Zr(Z4-H-SiMe2CRCSiMe3)Cp2]. (Reproduced from Ref.

132, with permission from Wiley-VCH.)

TABLE I

SELECTED SPECTROSCOPIC DATA
a

FOR COMPLEXES 50 AND THEIR ZIRCONIUM ANALOGS

Compound IR n(SiH),

n(CRC)

(cm�1)

NMR d (1H)

(ppm)

NMR

J(Si–H) (Hz)

[Ti(Z4-H-SiMe2CRCBut)Cp2] 1747, 1685 �3.74 123

[Ti(Z4-H-SiMe2CRCPh)Cp2] 1752, 1737 �5.96 99

[Ti(Z4-H-SiMe2CRCsiMe3)Cp2] 1766, 1685 �5.24 117

[Ti(Z4-H-SiMe2CRCBut)Cp2*] 2081, 1614 4.47 183

[Ti(Z4-H-SiMe2CRCBut)THI2]
b 2090 3.97 185

[Ti(Z4-H-SiMe2CRCBut)(Z5–C5H4)2(SiMe2)] 1753 �6.54 100

[Ti(Z4-H-SiMe2CRCBut)Cp2] 1689 �3.74 72

[Zr(Z4-H-SiMe2CRCPh)Cp2] 1688, 1617 �3.55 88

[Zr(Z4-H-SiMe2CRCsiMe3)Cp2] 1700(br) �4.29 68

aThe data in the temperature range 297–303K.
bTHI, tetrahydroindenyl.
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normally found for silane s-complexes. The Si–H stretches in the IR spectra are
shifted to lower wave numbers and are found in the range more typical for the
CRC triple bonds than for the Si–H vibrations.

The data for the sterically hindered compound [Ti(Z4-H-SiMe2CRCBut)Cp2
�]

show that steric factors can prevent the coordination of the Si–H bond to metal.
For this reason, the zirconium complexes, which have a more open space around
the metal, tend to exhibit stronger complexion of the Si–H bond. In both
the titanium and zirconium series, the Si–H coupling constants decrease on low-
ering the temperature (for [Ti(Z4-H-SiMe2CRCBut)Cp2] from 123Hz at 303K to
93Hz at 193K), accompanied by a high-field shift of the hydride resonance (from
�3.74 to �7.32 ppm). This behavior was rationalized in terms of the contribution
of a Si–H uncomplexed form at higher temperature rather than as a decrease of
the Si–H interaction. The alkynes having two Si–H groups exhibit an additional
‘‘flip-flop’’ dynamic behavior [Eq. (17)], which can be frozen out at low temper-
ature:132
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SiMe2

C

H

C

SiMe2H

SiMe H2
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C

SiMe2
H

M = Ti, Zr

(17)

The electronic structure of complexes 50 has been elucidated by means of
DFT and MP2 calculations of the model complex [Ti(Z4-H-SiH2CRCH)Cp2],
supplemented by the analysis of the Laplacian of electron density.134 The calculated
Si–H bond is longer than the X-ray value and implies a significant backdonation
from metal to the s*(Si–H) antibonding orbital. An inward bent Si–H bond
path, which is a typical feature of agostic complexes, was revealed in the Laplacian
plot. The overall structure was rationalized in terms of a d2 complex with the
competition between the p� orbital of the acetylene moiety and the s� orbital of the
Si–H bond for the metal-centered electron pair. The observed trans-structure was
calculated to be about 33 kJmol�1 more stable than the uncomplexed cis-form,134

which correlates well with the experimentally estimated barrier ðDGa
190 ¼

37 kJ mol�1
Þ for the flip-flop exchange in the compound [Ti(Z4-H-SiMe2CRCSi-

Me2H)Cp2].
132

A similar bonding situation is found in the ruthenium silylalkene complex
51 formed quantitatively upon the addition of 3 equiv. of the terminal alkene
CH2QCHCH2SiMe2H to the precursor ½RuH2ðZ2-HÞ2ðPCy3Þ2� [Eq. (18)].135

The complexation of the alkene is accompanied by a double-bond isom-
erization and formation of 2 equiv. of the hydrogenation product PrSiMe2H.
Complex 51 is an intermediate on the way to the dihydridesilyl product
[RuH2(SiMe2Pr){(Z

3-C6H8)PCy2}(PCy3)] with a dehydrogenated cyclohexyl group
at phosphorus:



Recent Advances in Nonclassical Interligand SiyH Interactions 255
SiMe2Ru

Cy3P

H

H

HC
CH

Me

HCy3P
HRu

Cy3P

Cy3P

H

H

H

H

H
HSiMe2CH2CH=CH2

51

(18)

Spectroscopic and structural data for 51 establish its agostic structure. The Si–H
coupling constant of 105Hz is larger than normally observed in silane s-complexes
(see Section II.D) and is indicative of an earlier stage of the Si–H bond activation.
The high-field shift of the Si-bound hydrogen (�8.77 ppm) in the 1H NMR spectrum
is in accord with its involvement in a nonclassical bonding. The Si–H stretch in the
IR spectrum is found at 1945 cm�1 when compared with 2121 cm�1 in free allylsi-
lane, thus further supporting the Si–H bond coordination to the ruthenium center.
The X-ray structure of 51 reveals a normal (within the experimental error) Si–H
bond of 1.59(8) Å and the Ru–H distance of 1.74(7) Å comparable (again within the
experimental error) to the Ru–H bonds to the genuine hydrides (1.61(7)
and 1.64(9) Å). Like in 50, the Ru–Si bond (2.498(2) Å) is elongated, whereas the
Si–C bond (1.820(6) Å) is somewhat shortened, reflecting some partial multiple
character.

The theoretical study of complexation of silylalkenes and silylalkynes and their
Ge- and C-analogs to metal cations by means of B3LYP calculations revealed a
somewhat different picture.124,125,136,137 The gas-phase interaction of
H2CQC(H)EH3 (E ¼ C, Si, Ge) with Ni+ has been calculated to give agostic
species 52, with the hydrogen atoms of the EH3 group interacting with the metal.124

But contrary to conventional p-complexes, the double bond of vinylsilane and
vinylgermane coordinates to metal not symmetrically but via the Ca atom only.
NBO analysis shows that the loss of interaction with the Cb is profitably compen-
sated for by donation from the EH3 group. The conventional p-complex is the
global minimum of the potential energy surface only for propene; for E ¼ Si or Ge,
this classical species lies 28–34 kJmol�1 above the agostic complexes. The com-
plexation to Cu+ is qualitatively similar but systematically weaker than in the case
of nickel125 because the Ni+ is both a better electron donor and electron acceptor,
which leads to stronger donation and backdonation components.124
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Complexation of HCRC–EH3 (E is C, Si, or Ge) to Ni+ and Cu+ differs from
the alkene complexation in that conventional p-complexes are the global minima
for all the elements E.136,137 However, when E ¼ Si or Ge, the agostic complexes
analogous to 52 were found to be only 2.9 and 10.1 kJmol�1 less stable.136 As in 52,
only one carbon atom of the acetylene moiety interacts with the metal. The lower
stability of these nonconventional p-complexes was attributed to the higher elec-
tronegativity of the CRC moiety compared with the CQC group, which results in
a lower polarity of the E–H bond and renders the neighboring EH3 group a weaker
donor to metal. The methyl substitution at the carbon end increases the stability of
conventional p-complexes but has little influence on the agostic component. In
contrast, substitution at silicon enhances the donor ability of the Si–H bond. A
similar picture was found for the complexation of alkynes to Cu+.137

Probably the most stretched Si–H bonding in b-agostic (C)Si–H–M species is
found in the silylvinyl compounds 53 and 54, thoroughly characterized by spec-
troscopic methods and X-ray structure determination.138 The large coupling con-
stant (66Hz in 53 and 57Hz in 54), although smaller than in some agostic
complexes discussed above, shows that the residual Si–H interaction is still signif-
icant. The molecular structure of 53 has an elongated Si–H bond of 1.70(3) Å,
whereas the Ru–H bond is normal (1.58(5) Å). The Si–Ru bond (2.507(2) Å) is
about 0.1 Å longer than normal 2c–2e bonds and can stem not only from the
electron-deficiency of the SiyHyRu interaction but also from the strained nature
of the silylvinyl ligand. Indeed, the observed Si–C–Ru bond angle of 79.1(2)1 is
much smaller than the ideal one of 1201 and can hardly be further reduced to allow
for a closer approach of the Si atom to metal. In fact, such a small bond angle
suggests that it may be more convenient to consider 53 and 54 as silaallene com-
plexes with a p-coordinated SiQC bond to metal and additional interligand Si–H
interaction rather than agostic silylvinyl compounds. Backdonation in metal-silene
complexes [M(Z2-CR2QSiR2

0)Ln] is known to be strong, so that they are close to
the metalasilacyclopropane extreme. In 53, this is seen from the sp2 hybridization of
the a-C center (the angle C–C–Si is 128.6(4)1). Apart from this, the observed Si–C
bond length of 1.805(6) Å in 53 is equal to the values found in metal-silene com-
plexes (range 1.78(2)–1.810(6) Å) and is between the values observed in free 1-
silaallene (1.704(4) Å) and normal Si–C(sp2) single bonds (range 1.85–1.90 Å).138

Both the b-agostic SiyHyM interaction in a silylvinyl complex and the interaction
of a hydride with a p-complexed silaallene ligand are alternative and equivalent
views of the same bonding situation. The same may occur in Wrighton’s silene
hydride complex [FeH(Z2-CH2QSiMe2)(CO)Cp�] (55)139 and Tilley’s [RuH(Z2-
CH2QSiMe2)(PR3)Cp

�] (56),140 since both complexes show no M–H absorption in
the IR spectra. As Jones et al. pointed out, this could be interpreted as the result of
a Si–H interaction;138 however, no significant Si–H coupling (i.e. according to
Schubert 420Hz)12 has been determined in 56.140 The observed Ru–Si bond length
in 56 (for R ¼ Pri, the Ru–Si distance is 2.382(4) Å) compares well with the data in
classical silyl derivatives, which also suggests the absence of significant Si–H in-
teractions. The hydride atom has not been found.140 Like 53, complexes 56 can be
prepared by chloride substitution in the unsaturated complexes [Ru(Cl)(PR3)Cp*]
by silylcarboanion ðCH2 � SiR0

2HÞ
�, followed by the Si–H bond activation, which
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appears to be complete in the case of 56. Although 56 is regarded as classical, it
exhibits a facile, reversible hydrogen transfer to silicon, in contrast to the nonclas-
sical 53, which already has a partial Si–H interaction but shows no dynamics. The
thermal stability of 56 and 53 is also very different: whereas the former decomposes
at room temperature, the latter survives heating to 45 1C. Given the DCD scheme, it
is quite easy to explain the reason for the possible nonclassical nature of 55 (the
small metal from the first transition series þp- accepting carbonyl ligand) but
overall, the tiny difference in the electronic structure of 53–56 appears to be an
interesting problem for theoretical chemists.
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The silanol complex 57 exhibits a SiyHyM agostic interaction characterized by
a J(Si–H) of 41Hz and a Si–H distance of 1.70(7) Å.141 It would be incautious to
interpret such a low value of the Si–H coupling in terms of a significant Si–H bond
activation, because the Si–H bond forms rather acute angles with the Si–C and Si–Si
bonds (about 82 and 1011, respectively) and thus must have a considerable p char-
acter on silicon, which should contribute to the decrease of J(Si–H). The silanol
ligand is Z5-coordinate to ruthenium and the Ru–Si bond of 2.441(3) Å is not
exceptional, but the Si(SiMe3)3 deviates from the silanol plane by 19.01, probably as
a result of the Si–H interaction. Deprotonation of 57 by strong bases affords a
neutral ruthenocene-like product.

Ru

Si(SiMe3)3
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So far, the only example of a saturated carbon bridge in a Si–H–M b-agostic
complex is found in the Ru complex 58, prepared by an interesting reaction of
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[Ru(H)(SiMe3)(PMe3)4] with HSiMe2CH2Cl [Eq. (19)] or, alternatively, by chlor-
ination of the Ru–H bond in the silene complex ½RuðHÞ2ðZ

2-CH2SiMe2ÞðPMe3Þ3�.
142
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The presence of direct Si–H bonding is evident from strong Si–H coupling
ðJðSi2dHÞ ¼ 75 HzÞ in fac-58, which is between the values found for other ruthe-
nium agostic complexes 51 and 53. The Si–H stretch was found to be red-shifted
(1615 cm�1), which is also characteristic of agostic bonding, but the very low in-
tensity of this band makes the assignment less reliable. X-ray structure determina-
tions of the fac and mer isomers of 58 revealed the hydride in a bridging position
between the Ru and Si atoms. In fac-58 the Ru–H and Si–H distances are 1.550 and
1.664 Å, respectively, whereas the Ru–Si bond length of 2.526(2) Å was at the long
end for the Ru–Si single bonds (range 2.3–2.58 Å), further supporting the presence of
an agostic interaction. The mer isomer has a longer Ru–H bond (1.732 Å) and a
shorter Si–H bond (1.557 Å), but the Ru–Si distance (2.468(2) Å) is also shorter. This
apparent discrepancy can be the result of uncertainty in locating hydride atoms by
X-ray diffraction. As in agostic complexes 51 and 53 discussed above, in fac-58 and
mer-58, the C–Si bonds to the bridging carbon are shortened (1.788(11) and
1.790(6) Å, respectively) compared with normal Si–C single bonds, and are close to
the values observed in silene complexes (1.78–1.81 Å), suggesting a partial multiple
character of this bond.
b. Phosphorus Bridge

The only example of SiyHyM agostic interaction supported by a phosphorus
bridge was discovered by Driess et al. in the complexation of a silylated tri-
phosphine ligand to a chromium tricarbonyl complex [Eq. (20)].143,144 A bigger
metal ðM ¼ MoÞ or smaller substituent at silicon ðR ¼ PhÞ leads to the normal
triphosphine complexes. The presence of a SiyHyM interaction in 59 is deduced
from the lack of C3 symmetry (evident from NMR), the red shift of the IR band for
the coordinated Si–H bond (1994 cm�1 vs. 2142 cm�1), and the observation of a
reduced Si–H coupling (135.7Hz for the coordinated Si–H bond vs. 210.9 and
228.6Hz for the free Si–H bonds). The X-ray structure determination of 59 shows
that one of the phosphine ligands is tilted away from the chromium atom so that the
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freed coordination site can be occupied by the Si–H ligand. The resultant Si–H
bond is only marginally elongated (1.52(4) Å), whereas both the Cr–Si and Cr–H
bonds (2.616(1) and 1.75(5) Å, respectively) are long. This and the large value of
J(Si–H) suggest an early stage of Si–H bond activation. Comparison of a series of
chromium complexes with different aryl groups at silicon shows that the formation
of agostic structure 59 is the result of avoided steric strain that would be imposed by
the second ortho-substituent in the mesityl group of the third phosphine coordi-
nated to a small chromium center:144
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c. Nitrogen Bridge

SiyHyM agostic interactions in silylamido complexes have been extensively
studied to date. The earlier examples were prepared by halide displacement in the
coordination sphere of a metal by a silylated amide, which puts severe limitations
on the nature of the substituents at silicon (usually, robust methyl groups are used).
More recently, a new route to b-agostic silylamides based on the direct coupling of
silanes with imido ligands was discovered that allows one to trace the effect of
substitution at silicon on the extent of the Si–H bond complexation (vide infra).

For the first time, agostic interactions were found in the d0 bimetallic zirconium
complex 60 bearing two silylamido groups at each zirconium center with essentially
different structural parameters.145 Namely, one of the amido groups has a Zr–N–Si
bond angle of 102.8(2)1 that is noticeably smaller than another Zr–N–Si bond angle
at the same nitrogen (129.5(1)1) and the Zr–N–Si angles in the second amide
(117.2(2) and 126.9(2)1). Such a tilt of the amido ligand brings the Si–H bond in to
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close proximity with the metal so that the resulting Zr–Si distance is not very much
longer than an ordinary Zr–Si bond (2.943(1) Å vs. the range 2.654(1)–2.815(1) Å)
and can thus compensate the electron-deficiency of metal via ligation. However, the
observed Zr–H contact (2.40(3) Å) is rather long, whereas the Si–H bond is normal
(1.45(2) Å), indicating insignificant activation of the Si–H bond. This is a result of
missing backdonation from the d0 metal center. Another support for the presence of
a SiyHyZr agostic bonding comes from the red shift of the Si–H absorbance in the
IR spectrum (1948 cm�1 vs. the normal range 2080–2280 cm�1).
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Berry et al. prepared a series of d0 zirconocene silylamides [Zr(HSiMe2N-
Bu)(X)Cp2] (61), which allowed for the systematic investigation of the effect of
ligand X on the extent of SiyHyM bonding.146 The spectroscopic features (Table
II) and X-ray study of [Zr(HSiMe2NBut)(Cl)Cp2] suggest the presence of significant
SiyHyM agostic interaction, which appears to be surprisingly strong, considering
the fact that no electron density on metal is available for backdonation. As typical
for agostic species, the Si-bound hydride exhibits a high-field shift, which parallels
the red shift of the Si–H band in the IR spectrum. Most notable are the values of the
Si–H coupling constants found in the range 113.2–135.4Hz and much reduced
compared to the parent silane HSiMe2NBut (192.6Hz). The lowest value of
113.2Hz is comparable to the J(Si–H) observed in dn ðn40Þ agostic species (see
49–51 and vide infra) and suggests a significant degree of Si–H bond activation. In
contrast, the structure of [Zr(HSiMe2NBut)(Cl)Cp2] shows virtually an unperturbed
Si–H bond (1.416(3)) and a long Zr–H contact (2.27(3) Å), which can certainly
reflect the low accuracy of finding a hydride in the heavy element environment. The
amide ligand shows the same type of distortion as the related complex 60 in that the
Zr–N–Si angle is acute (99.1(1)1), whereas the Zr–N–C bond angle of 137.3(2)1 is
much larger than the ideal 1201. The structure of [Zr(HSiMe2NBut)(H)Cp2] was
TABLE II

SELECTED SPECTROSCOPIC DATA FOR COMPLEXES 61

Compound IR n(SiH) (cm�1) NMR d 1H (ppm) NMR J(Si–H) (Hz)

[Zr(H)(HSiMe2NBut)Cp2] 1912 1.21 113.2

[Zr(HSiMe2NBut)(I)Cp2] 1960 1.69 118.7

[Zr(HSiMe2NBut)(Br)Cp2] 1975 2.24 123.2

[Zr(HSiMe2NBut)(Cl)Cp2] 1981 2.58 126.5

[Zr(HSiMe2NBut)(F)Cp2] 1998 2.84 135.4

HSiMe2NHBut 2107 4.83 192.6
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also determined, but a detailed analysis is complicated by the disorder of the crucial
amido ligand. Nevertheless, the characteristic tilt of the amido ligand, bringing the
silyl group to the coordination sphere of zirconium, was clearly observed. The
different spectroscopic data in Table II correlate well and define a clear trend in that
the complexation of the Si–H bond to Zr decreases in the order H4I4Cl4Br4F.
This was rationalized in terms of decreased electrophilicity of the metal due to
partial donation of a halogen lone pair that becomes more important as the size of
the halide decreases. This p-donation, competing with the Si–H bond for a vacant
orbital of Zr, can be presented by the resonance form 62, which corresponds to a
formally saturated 18e species.
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Very similar SiyHyM agostic interactions, characterized by a red shift of the Si–H
absorption (IR), a high-field shift of the Si–H resonance (1H NMR), reduced Si–H
coupling constants, and acute M–N–Si bond angles, were thoroughly studied by
Anwander et al.147–150 for a range of d0 lanthanide complexes. In particular, the series
of metallocene complexes ½ðLnððZ2-HSiMe2Þ2NÞðCp02Þ�, where Ln is a lanthanide
metal and Cp02 denotes ring-substituted cyclopentadienyl and ansa-fluorenyl and in-
denyl ligands, exhibits peculiar di-agostic SiyHyLn interactions schematically
shown in 63.147,149 The Si–H stretches were found at lower energies by 200–300 cm�1,
and the Si–H coupling constants were observed in the range 133–155Hz, suggesting
weaker metal–hydride interactions than in the b-agostic SiyHyM interactions dis-
cussed above. Very acute Ln–N–Si bond angles (down to 98(1)1) and large Si–N–Si
angles (as large as 160.1(2)1) signify the simultaneous approach of two silyl groups
to the metal. Smaller metals were shown to have a stronger interaction with the
Si–H bond.149 An eterbium trisamido complex with three b-agostic SiyHyEr in-
teractions was described by Schumann et al. on the basis of X-ray and IR evidence.151
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The first example of stretched b-agostic SiyHyM interactions in a silylamido
complex, the compound ½NbðZ3-H-SiMe2-NArÞðClÞðPMe3ÞCp� (64, Ar ¼ 2;6-Pri2
C6H3), was prepared by the reaction of HSiMe2Cl with [Nb(PMe3)2(NAr)Cp]
(Scheme 3).152 Two isomers (a and b), differing in the position of the ligand trans to
the hydride (Cl or PMe3), have been identified in the solution by 1H NMR with the
ratio 10:1. In contrast, only one isomer, 65 (PMe3 trans to hydride), analogous to 64b,
was formed in the reaction of the less-encumbered compound [Nb(PMe3)2(NAr0)Cp]
(Ar0 ¼ 2,6-Me2C6H3) with HSiMe2Cl. The presence of agostic SiyHyM bonding
follows from the spectroscopic features of 64a, 64b and 65, X-ray structure deter-
minations of 64a (Fig. 4) and 65, and DFT calculations of model complexes.152 All
these complexes exhibit a characteristic red shift of the Si–H bond and reduced Si–H
coupling constants. These are less than normally observed in the d0 agostic silylamido
complexes 60–63 owing to a partial backdonation from the d2 level of niobium on the
s*(Si–H) antibonding orbital in 64a and 65. The J(Si–H) coupling constant is smaller
in 64a (97Hz) than in 65 (113Hz), in accord with a longer Si–H bond in the former
(DFT calculated 1.73 Å vs. 1.57 Å, respectively). As in 61, a stronger Si–H bond
interaction with the metal in 64a corresponds to a greater high-field shift of the
hydride resonance (�5.67ppm vs.�3.76ppm in 65b and�3.41ppm in 65). Reactions
of compound 63 with the silanes Me3SiX (X ¼ Br, I, OTfl) allow for the syntheses of
functionalized agostic compounds ½NbðZ3-H-SiMe2-NArÞðXÞðPMe3ÞCp�.

152 Reac-
tions of the tantalum analog [Ta(PMe3)2(NAr)Cp] with silanes HSiMenCl3�n ðn ¼

022Þ lead to silylhydride derivatives with IHI, which will be discussed in Section III.
The formation of the isomer 64a vs. 64b, and the extent of the Si–H bond activation,
are determined by the repulsion of the group trans to the hydride from the
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ortho-substituent in the arene group at nitrogen. For Ar0 the repulsion is small, and
PMe3 can be accommodated trans to the Si–H bond, leading to weaker Si–H bond
activation. For Ar, a smaller chloride ligand is preferred for steric reasons, and since
this is a ligand with weaker trans effect than phosphine, the Si–H bond is more
activated.

Reactions of the bis(imido) complexes [M(NR)2(PMe3)3] (M ¼ Mo, W; R ¼ Ar,
Ar0, But) with HSiMe2Cl and HSiMeCl2 give the agostic complexes
½MðZ3-H-SiMeX-NRÞðClÞðNRÞðPMe3Þ2� (M ¼ Mo, W; X ¼ Me or Cl) [Eq. (21)]
related to 64 and 65 through the isolobal relationship between the Cp– and (RN)2–

ligands.153,154 This formulation follows from the observation of high H–Si
coupling constants (range 81–130Hz) and is supported by X-ray structure anal-
ysis of ½MoðZ3-H-SiMe2-NAr0ÞðClÞðNAr0ÞðPMe3Þ2� (66, Fig. 5) and ½MoðZ3-H-
SiMeCl-NAr0ÞðClÞðNAr0ÞðPMe3Þ2� (67, Fig. 6). The analogous reaction of ½Mð¼

NRÞ2ðPMe3Þ3� with HSiCl3 leads to formation of ½Mð¼ NRÞðClÞ2ðPMe3Þ3� and the
silanimine dimer (RN-SiHCl)2. In good accord with the isolobal relationship be-
tween 64a and 65, both complexes have very close J(Si–H) (97Hz in 64a and 96Hz
in 66). The J(Si–H) of 129Hz in 67 is larger than in 66, which contradicts the
common assumption that more electron-withdrawing substituents at silicon favor
more advanced Si–H bond oxidative addition, thereby leading to reduced H–Si
coupling constants.12 However, the Mo–Si bond (2.657(1) Å) in 67 is in fact mar-

ginally shorter than in 66 (2.668(1) Å), whereas the M–H and Si–H distances do not
change significantly upon substitution of Me for Cl. DFT calculations of a series of
model complexes ½MoðZ3-H-SiMenCl2�n-NMeÞðClÞðNMeÞðPMe3Þ2� ðn ¼ 022Þ
FIG. 4. Molecular structure of complex 64a. (Reproduced from Ref. 152, with permission from The

Royal Society of Chemistry.)



FIG. 5. Molecular structure of the complex 66. (Reproduced from Ref. 153, with permission from The

Royal Society of Chemistry.)

FIG. 6. Molecular structure of the complex 67. (Reproduced from Ref. 153, with permission from The

Royal Society of Chemistry.)
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showed that, unexpectedly, this shorter Mo–Si distance in 67 corresponds to a
weaker bond, whereas the M–H bond elongates and weakens and the Si–H bond
shortens and strengthens when more Cl groups are put on silicon, thus indicating
the decrease of the Si–H bond oxidative addition. These surprising results were
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rationalized in terms of a revised DCD diagram taking into account the substituent
effects (Section II.B). Namely, the sequential substitution of the Me groups on Si
for an electron-withdrawing Cl group provides more Si 3s character in the Si–H
bond in accord with Bent’s rule, leading to the contraction of this bond and making
it a worse s-donor, which decreases the donation component in the DCD scheme.
This, and the increased Si 3s character, account for the increase of the Si–H cou-
pling constant from 61 to 67. On the other hand, the introduction of Cl groups on
silicon makes the Si atom more Lewis acidic, thus increasing the Mo ! s�(H–Si)
backdonation as normally discussed for s-complexes.2 These changes affect
the Mo–Si and Mo–H interactions unevenly, since the Si–H bonding orbital is
more localized on the H atom, whereas the s*(Si–H) orbital has a bigger contri-
bution from Si, with the effect that the M–H bond elongates and the M–Si
bond shortens.153 As a result, the M–Si bond contracts whereas the M–H bond
elongates:

RN

M

RN
PMe3

PMe3

PMe3

M

RN

Me3P Cl

N

PMe3

H

R

Si(Me)X

HSiCl(Me)X

M = Mo, W;
X = Me (66),  Cl (67)

(21)
4. a-Agostic SiyHyM Interaction

a-Agostic SiyHyM interaction (see 68) is the most recent phenomenon155–160

and its adequate description has yet to be developed. The case of dn (n42) com-
plexes is particularly difficult because for these compounds an alternative ration-
alization in terms of an interaction between a hydride ligand and an electrophilic
silylene ligand is, in principle, possible (see 69).158 The first authentic example of an
a-agostic Si–H–M bond was found in a cationic hafnocene complex 70 prepared by
methyl group abstraction from [Hf(Me)(SiHMes2)Cp2] by B(C6F5)3.

155 This com-
pound is able to activate the C–H bonds of arenes by an apparent s-bond me-
tathesis mechanism, producing the silane H2SiMes2 and cationic aryl derivatives.
The presence of agostic bonding was inferred from the observation of a decreased
H–Si coupling constant (57Hz), downfield-shifted 29Si signal, and a red-shifted
Si–H stretch (1414, 1015 cm�1 in the D-labeled derivative). The DFT-calculated
structures of model complexes ½HfðZ2-HSiH2ÞCp2�

þ and ½HfðZ2-HSiMes2ÞCp2�
þ

also exhibit a strong interaction between the Si–H bond and the Hf center. Thus,
the calculated Hf–Si–Hbridge bond angles are acute (52.3 and 50.41) to provide short
Hf–Hbridge distances (2.05 and 2.02 Å, respectively). The calculated Si–H stretching
vibration (1475 cm�1) was close to the experimental value.
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Addition of secondary silanes H2SiR2 (R ¼ Me2, Et2, MePh, Ph2, HPh, HMes,
H(CH2Ph), ClMes) to the Z3-benzyl complex ½MoðZ3-CH2C6H5ÞðdmpeÞCp�� af-
fords formal 16e silyl complexes 71 with significant a-agostic SiyHyM interactions
[Eq. (22)].156,157 Alternatively, complexes 71 can be viewed as Mo(IV) hydridesily-
lenes with interligand interactions HySi( ¼ Mo). Complexes 71 exhibit nonequiv-
alent Me resonances for the dmpe ligand, upfield-shifted 29Si signals, indicative of a
substantial silylene character, downfield hydride resonances, and decreasedz H–Si
coupling constants (Table III) supporting their nonclassical formulation. An ND
study of the compound ½MoðZ2-H-SiEt2ÞðdmpeÞCp�� unequivocally establishes the
presence of direct Mo–H (1.847(12) Å) and Si–H (1.683(13) Å) bonds. Judged by its
length, the activation of the H–Si bond in 71 is less than normally observed in silane
s-complexes (Section II.C), suggesting that the a-agostic silyl description is more
appropriate:

C6H6

R2SiH2, ∆
Mo
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P
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Mo

P
H

P
Si

R

R

- PhMe
(22)

Interestingly, the protonated form of the tungsten analog of 71, the compound
[W(H)2(SiR2)(dmpe)Cp*]+ (72), is a dihydridesilylene complex without H–Si in-
teractions.158 This compound was prepared by silane addition to a cationic, doubly
tucked, Cp* precursor according to Eq. (23). If one considers the silylene SiR2 as a
two-electron ligand, analogous to phosphine, the complex 72 is a tungsten (IV)
zThese coupling constants are highly decreased if one considers 71 as a silyl compound with an agostic

bond. Alternatively, if the hydride silylene description is chosen, the value of J(Si–H) is increased in

comparison with usually observed nonbonding values.



TABLE III

SELECTED SPECTROSCOPIC DATA FOR COMPLEXES 71

Compound NMR d 1H (ppm) NMR J(Si–H) (Hz) NMR d 29Si (ppm)

½MoðZ2-H-SiMe2ÞðdmpeÞCp�� �14.06 30 263

½MoðZ2-H-SiEt2ÞðdmpeÞCp�� �13.91 44 273

½MoðZ2-H-SiMePhÞðdmpeÞCp�� �13.10 46 214

½MoðZ2-H-SiPh2ÞðdmpeÞCp�� �11.36 37 242

½MoðZ2-H-SiHPhÞðdmpeÞCp�� �9.96 30 250

½MoðZ2-H-SiHMesÞðdmpeÞCp�� �13.08 48 214

½MoðZ2-H-SiHCH2PhÞðdmpeÞCp�� �13.29 42 239

½MoðZ2-H-SiClMesÞðdmpeÞCp�� a �12.50 38 182

aThis compound exhibits a Cs symmetry in the NMR.157
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derivative. If a W–Si double bond is implied, the W center achieves the highest
oxidation state VI. An alternative formulation of 72 as a dihydrogen complex was
excluded on the basis of T1 measurements ðT1 ¼ 6002800ms). The H–Si coupling
constants determined for R ¼ Me2, MePh, and Ph2 were 7, 17, and 17Hz, respec-
tively, more consistent with the classical formulation of this compound on the basis
of 20Hz criterion (Section II.D). DFT calculations of a model complex
[W(H2SiMe2)(PH3)2Cp]

+ optimized with a Cs symmetry constraint afforded a
classical structure with the d2 configuration (i.e. no backdonation from metal onto
the silylene ligand) and without significant Si–H interactions, according to the
charge decomposition analysis.159 However, four more structures with one or two
Si–H–M bridges were found to lie only o5 kcalmol�1 higher in energy, indicating a
very fluxional coordination sphere of the transition metal. It is not quite clear yet
whether the difference between complexes 71 and 72 is due mainly to the difference
in metal (Mo vs. W) or charge (neutral vs. cationic), but it is apparent that the
classical and nonclassical forms are close in energy, and their relative stability may
be subject to steric and electronic effects of substituents:

W

P H
HP

fluorobenzene

R2SiH2

B(C6F5)4

W

P
H

H

P

B(C6F5)4

Si

R
R

72

(23)

Photoinduced oxidative addition of primary silane H3SiC(SiMe3)3 to
[WMe(CO)3Cp*] [Eq. (24)] produced a hydridesilylene complex
[W(H){ ¼ SiH(C(SiMe3)3)}(CO)2Cp*] (73) in 62% yield in a reaction similar to
that shown in Eq. (23).160 An analog with the C5Me4Et ligand has been prepared
similarly:
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The silylene center in 73 gives rise to a downfield 29Si signal at 275.3 ppm, consistent
with the formally sp2 hybridized silicon atom. In accordance with this, the Si-bound
proton is downfield-shifted to 10.39 ppm. Importantly, the increased H–Si coupling
constant of 28.6Hz observed for the hydride signal suggests the presence of some
Si–H interaction, which is further supported by the observation of a characteristic
red-shifted W–H band at 1589 cm�1 (the Si–H band is at 2052 cm�1). The X-ray
study of 73 shows a short Si–H(W) distance of 1.71(6) Å, which is in good accord
with the DFT value of 1.71 Å. The NBO bond orders were 0.511 for the W–H bond,
0.476 for the Si–H bond, and 1.518 for W–Si bonds. In other words, this compound
can be considered either as a silyl complex with a stretched a-agostic SiyHyW
bond, or as a nonclassical silylene complex with interligand bonding HySi( ¼ W),
in which the W–H bond serves as an internal base stabilizing the unsaturated
silylene center. The analogous base-stabilized silylenehydride derivative
[W(H){ ¼ SiR2’py}(CO)2Cp*] lacks any interaction between the hydride and sil-
icon atoms.161 Complex 73 reacts with CO to give the silyl derivative
[W{SiH2(C(SiMe3)3)}(CO)3Cp*], but inserts acetone across the Si–H bond, afford-
ing an alkoxy-substituted silylene complex.160

The related cationic hydrido(hydrosilylene) complex of Ru, [Ru(H)2( ¼ SiPh-
H)(Pri3)Cp*]

+, has been prepared by chloride abstraction from the precursor
[Ru(H)(SiH2Ph)(Cl)(Pr

i
3)Cp*] and characterized by spectroscopic methods.162 The

X-ray structure and H(Si–H) coupling constants are not available, but DFT cal-
culations of a model complex [Ru(H)2(SiH2)(PH3)Cp]

+ show double RuH2
ySiH2

interactions similar to those in 71 and 73.163 The unique property of these cationic
silylene complexes of ruthenium is their ability to catalyze the hydrosilation of 1-
hexane162 by a mechanism involving olefin coordination to the highly electrophilic
silicon center, which is followed by insertion into the Si–H bond.163 Weak coor-
dination of olefin to silicon in the form of a p-complex does not break the
RuH2

ySiH2 interactions (the RuH–Si distances are 1.68 and 1.72 Å), but more
advanced coordination to give the olefin s-complex results in a dihydride silylene
structure without HySi interactions. The HySi interactions are, however, restored
when the insertion is complete. Other known hydrido(hydrosilylene) complexes,
[Ir(H)2( ¼ SiH{2,6-Mes2C6H3})(PEt3)3]B(C6F5)4

164 and [Ir(H)2( ¼ SiH{2,4,6-
Pri3C6H2})({PPh2CH2}3BPh)]

165, like 72, exhibit no significant Si–H coupling and
are regarded as classical. Their structures are, however, unknown.

The reaction of the compound [Mo(H)( ¼ SiClMes)(dmpe)Cp*] with LiB(C6F5)4
affords an unusual, formal, hydridosilylyne complex [MoH( ¼ Si-
Mes)(dmpe)Cp*][B(C6F5)4] [73, Eq. (25)] exhibiting a downfield-shifted 29Si
NMR signal at 289 ppm and a low H–Si coupling constant of 15Hz.157 Although
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the latter fact speaks against the presence of significant H–Si interaction, the X-ray
structure analysis and preliminary DFT calculations at the B3LYP/LACVP** level
are consistent with the hydride bridging the Mo and Si atoms. The experimental
values for the Mo–H and Si–H bond lengths are 1.85(5) and 1.39(5) Å, respectively.
Apart from this, the silylyne ligand exhibits an approximately linear geometry (the
M–Si–C bond angle is 170.9(2)1), and the Mo–Si bond of 2.219(2) Å is the shortest
of this kind. The observation by NMR of an effective Cs symmetry at room tem-
perature (at �30 1C the C1 symmetry is found) is further consistent with the facile
migration of the hydrogen atom between the silicon and metal centers.
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It should be noted that structural distortions with short M–HC contacts, very
similar to those in 71, 73, and possibly in 74, were previously observed in some
Schrock’s alkylidene complexes, which was theoretically rationalized in terms of
electronic rearrangements of the carbene center.166

The structure of the cationic silyl platinum complexes [Pt(SiHR2)(dhpe)]
+

(dhpe ¼ H2PCH2CH2PH2) were studied by DFT (B3LYP) calculations.167 For
R ¼ H, an a-agostic SiyHyPt structure 75 with a Pt–H distance of 1.747 Å and
Si–H bond of 1.772 Å was found to be the global minimum. A classical silyl de-
rivative and another agostic structure with a weaker H–Pt bond (2.414 Å) lie by
3–4 kcalmol�1 higher. The substitution of two hydrogen atoms at silicon for methyl
groups or strong p-donors (R ¼ Cl, OMe, SMe, NMe2) stabilizes the isomeric
silylenehydride form 76. With R ¼ SiH3, the a-agostic SiyHyPt complex is by
10.22 kcalmol�1 less stable than the b-agostic SiyHyPt complex
½PtðZ2-H-SiH2SiHðSiH3ÞÞðdhpeÞ�

þ. These finding were rationalized in terms of a
better stabilization of the silylene ligand in 76 when either s-donating (Me) or
p- donating substituents are present.

Pt

P PH
H

H
H

H
Si

H
H

75

Pt

P PH
H

H
H

H
Si

RR

76
R = Me, OMe, SMe, NMe2

The IR study of the reaction of titanium atom with SiH4 at 12K in argon
matrices revealed, among other products, the hydridesilyl complexes 77 and 78 with
two and three agostic TiyHySi interactions, respectively.168 The reaction occurs
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spontaneously upon deposition of the titanium atom together with SiH4 to give four
products, which were differentiated according to their response to selective pho-
tolysis at different wavelengths and by means of using the deuterated silane SiD4.
To identify the nature of these products, quantum-chemical calculations were car-
ried out, which established the species 78 to be the global minimum. The cis- and
trans- forms of 77 are by 24.3 and 24.7 kJmol�1, respectively, less stable and can be
converted to 78 upon photolysis at lmax ¼ 410 nm. The monoagostic adduct 79 was
calculated to be a minimum too, but lies about 3 kJmol�1 higher than 77. Similar
conclusions have been reached on the analogous reaction with SnH4, whereas the
addition of CH4 is much more sluggish and gives a different product, the hydrido-
methyl complex [Ti(H)(CH3)].

168 In contrast to titanium, the reaction of nickel
atoms with SiH4 gives the product of complete oxidative addition of the Si–H bond,
the compound [Ni(H)(SiH3)], which, however, may also show a weak attractive
interaction between the hydrido and silyl ligands.169 The reactions of metal cations
M+ (M ¼ Fe, Co, Ni) with SiH4 were found to give species of the general formula
[Ni(SiHx)]

+
ðx ¼ 023Þ, but their exact structure remains unknown.170
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III

SILYLHYDRIDE COMPLEXES WITH INTERLIGAND HYPERVALENT

INTERACTIONS M–HySIX
A. A Short Remark on the Heuristic Aspect

The development of chemistry is often based on analogy, which although not
necessarily always exact, may lead to surprising results. Below is given a short
account on how the chemical analogy led to the discovery of IHI of type
M–HySiR2X. In the early 1990s our attention was attracted by the report by Berry
et al. that a silylhydride complex of molybdenum 80 has an unusually elongated
Si–Cl bond of 2.158(1) Å and a shortened Mo–Si bond (2.513(1) Å).171 These
structural features were rationalized in terms of hyperconjugation between the



Recent Advances in Nonclassical Interligand SiyH Interactions 271
metal-centered lone pair and the s�(Si–Cl) antibonding orbital as shown in 80,
which can be reformulated in terms of a resonance between a hydridesilyl and a
hydridesilylene (81) structure.171
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Cl Cl
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Mo Mo Mo Mo
SiMe2
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This result suggested a ‘‘mental experiment’’ shown in Scheme 4. If one substi-
tutes a lone pair on the metal for a metal–hydride bond but keeps the electron count
constant, a positively charged structure like 82 would emerge. This procedure cor-
responds simply to the protonation of the metal lone pair. To get rid of the charge,
one has then to shift to the Group 5 metals to obtain the isoelectronic structure 83.
Since many metal–hydride bonds are rather high-lying in energy, electron density
transfer from the M–H bond (M ¼ Group 5 metal) on the s�(Si–Cl) antibonding
orbital could be anticipated in analogy with 80. This would lead to the same struc-
tural distortions as had been previously observed for 80, namely, the elongation of
the Si–Cl bond and the contraction of the M–Si bond. At that time, the trisub-
stituted vanadocenes were not available (and still are not) owing to their extreme
instability, whereas the chemistry of tantalocene silylhydrides related to 83 had
already been developed; however, the crucial structural information of the halosilyl-
substituted complexes was not available then. This prompted us to investigate the
chemistry of niobocene silylhydrides, which had been developed by that time, but to
a much lesser extent.

Some years later, when presenting our first results on IHI in a talk at the Tech-
nical University of Munich, a colleague from TUM drew my attention to an earlier
review by Hamilton and Crabtree on the H–H and other s-complexes where a very
similar idea, presented in the form of structure 84, had been suggested to account
for the bonding in Schubert’s complex [Mn(HSiFPh2)(CO)2Cp

0].3 There was no
explanation of how this bonding could account for the observed structural and
spectroscopic properties of this molecule and, in fact, this bonding idea was not
SiMe2
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SCHEME 4.
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developed further in the subsequent work of these authors. The later review by
Robert Crabtree on s-complexes,4 which appeared in 1993, described the bonding
in compounds like 84 on the basis of the conventional DCD scheme as discussed in
Section II.B. Below, it will be shown in more detail that the IHI and the residual
Si–H interactions in silane s-complexes occur for different types of compounds and
are characterized by very different structural and spectroscopic features.

Mn

OC
OC Si

H

F

Ph

Ph

84
B. IHI MHySiX in Metallocene and Related Ligand Environments

1. IHI in Niobocene Complexes

a. Monosilyl and Symmetric bis(silyl) Derivatives

Earlier work on IHI was focused on niobocene derivatives.172,173 The monosilyl
complex 83 was prepared in a mixture with its central isomer 85 by heating ni-
obocene trihydide [Nb(H)3Cp2] with HSiMe2Cl at 50 1C [Eq. (26)].173 In spite of
increased steric strain due to the close proximity of the SiMe2Cl ligand to the Cp
ring, 83 was found to be a thermodynamically more preferable form than 85 up to
100 1C, when both complexes decompose to give the bis(silyl) derivative
[Nb(H)(SiMe2Cl)2Cp2] (86). This observation suggested the presence of an elec-
tronic factor, overcoming the increased interligand repulsion in 83. Further, al-
though indirect, support for the presence of an interligand interaction between the
central hydride and the cis silyl in 83 comes from the 1H NMR upfield shift of the
central hydride signal relative to the lateral hydride, a feature different from what is
found for [Nb(H)3Cp2]:
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The X-ray structure of 83 was in accord with the prediction of Scheme 4 in that
the Si–Cl bond lies in the niobocene bisecting plane trans to the hydride and is
elongated compared with classical complexes of the type [M(SiR2Cl)Ln].

173 There
was, however, no good reference system that would allow for the comparison of the
Nb–Si bond lengths. The metal-silyl bond lengths are strongly affected by Bent’s
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rule effect, and all the structurally characterized niobo- and tantalocene silylhyd-
rides available by that time had only electron-releasing substituents at silicon and,
hence, longer M–Si bonds. Therefore, they were not useful for spoting the relative
shortening of the Nb–Si bond in 83 due to IHI. This problem was partially resolved
by analyzing the structures of a series of bis(silyl) complexes [Nb(H)(SiMe2X)2Cp2]
(87, X ¼ F, Cl, Br, I) prepared from 86 and the compound [Nb(H)(SiMe2H)2Cp2]
by electrophilic and/or nucleophilic substitution at silicon.173,174 Complexes 87 were
found to have even more delocalized IHI Si–H, stemming from the donation of the
Nb–H bonding density on two neighboring Si–X bonds and spread over five atoms
in three ligands (one hydride, two X’s, two silicons). This five-center interligand
interaction occurs in the coordination sphere of the metal (the sixth center) and
involves six electrons (two Si–X bonds and the Nb–H bond each provide an elec-
tron pair).

The MO diagrams describing the 3c–4e interligand interaction in 83 and the
5c–6e interligand interaction in 87 are given in Figs. 7 and 8, respectively.173 Since
these are very similar to the MO diagrams for the hypervalent organosilicon com-
pounds, the term interligand hypervalent interactions (IHI) was coined.172,173 On the
basis of the analogy with hypervalent organosilicon compounds it was anticipated
that the structural distortions due to IHI would increase down the halogen group.
In contrast, the electronic effects due to Bent’s rule operates in the opposite way, so
that summation of two opposite trends produces an extremum. And indeed, the
Nb–Si bond in 86 (2.597(1) Å) is shorter than in the then available [Nb(H)(Si-
Me2F)2Cp2] (average 2.620(1) Å) and [Nb(H)(SiMe2Br)2Cp2] (2.604(2) Å), whereas
the relative elongation of the Si–X bond against the classical halosilyls XSiR3
shows an inverted V-type curve with the maximum value again at 86 (Fig. 9). The
later determined structure of [Nb(H)(SiMe2I)2Cp2] exhibits a marginal elongation
of the Si–I bond relative to organoidosilanes but a somewhat shorter Nb–Si bond
compared with [Nb(H)(SiMe2Br)2Cp2] (Fig. 10).

174 This discrepancy is explained in
terms of increased crystal-packing effects due to the large size of the iodine subs-
tituent at silicon.174 Complexes with IHI have relatively shorter Nb–Si bond length
because of the rehybridization of the silicon center upon the formation of a penta-
coordinate geometry. In other words, more Si p character goes to bonding with the
apical groups (the hydride and the group X), leaving relatively more Si s character
for bonding with the equatorial groups (the M and two R’s). Thus, the origins for
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FIG. 7. The MO diagram for the IHI MHySiCl in mono(silyl) systems (left) and the key structural

features of IHI (right).
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the short M–Si bond in 80 (M–Si multiple bond) and 83 (rehybridization of Si) are
different.

The attraction of two lateral silyls to the central hydride is clearly seen from the
decrease of the Si–Nb–Si bond angles in 87 (range 103.37(7)–105.57(4)1) compared
with the classical compounds [Nb(H)(SiMe2Ph)2Cp2] (110.81(5)1)173 and [Ta(H)
(SiMe2H)2Cp2] (109.90(7)1).175 The comparison of the X-ray structures of
[Nb(H)(SiMe2Ph)2Cp2] with [Nb(H)(SiMe2F)2Cp2] is particularly persuasive, tak-
ing into account that the former has bulkier silyl groups and hence experiences a
greater steric interaction between the Cp and silyl ligands, which might have been
relieved by the decrease of the Si–Nb–Si bond angle.173,174 Therefore, the smaller
Si–Nb–Si bond angle in [Nb(H)(SiMe2F)2Cp2] manifests the presence of an elec-
tronic factor, namely, the attraction of lateral silyls to the central hydride. The
related compound [Nb(H)(SiMe2OMe)2Cp2] turned out to be classical, as judged
from the lack of significant structural distortion, such as the shortening of the
Nb–Si bond, the elongation of the Si–O bond, and the decrease of the Si–Nb–Si
bond angle,174 which is in accord with the general observation that in hypervalent
compounds, significant structural distortions are observed only when the apical
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substituent is both a good electron-withdrawing and good leaving group. The latter
condition does not hold for the OMe– group.

Combined ND study of the bis(silyl) complex 86 and an NMR study of hydride
relaxations in 83 and 86 allowed for the accurate determination of the Nb–H bond
lengths in 83 and 86 and also of the H–H distance in 83.176 Importantly, the ND
study of 86 not only unequivocally established the central position of the hydride,
equidistant from the silyls, but also, in a very good accord with the NMR relaxation
study and the DFT calculations of model complexes [Nb(H)(SiH2Cl)2Cp2]
(Table IV), allows one to underpin the theoretical prediction that IHI causes the
elongation of interacting M–H bond.176 However, it turns out that the X-ray de-
termined Si–H distances in 83 and 87 (range 1.86–2.08 Å) are rather invariable for
the hydride position. Since the valent orbitals of the fragment [NbCp2] lie in the
bisecting plane of niobocene moiety, the hydrides are restricted to lie in this plane
too, which puts certain constraints on the possible length of the Si–H contact in 83

and 87.
The DFT calculations at the BP86 level of model complexes [NbH2(SiH2Cl)Cp2],

[NbH(SiH2Cl)2Cp2], [NbH2(SiH3)Cp2], and [NbH(SiH3)2Cp2] confirmed the main
structural trends observed experimentally in 83 and 86 and also, through the use of
NBO analysis, allowed for the identification of the proposed electron density
transfer from the Nb–H bonding orbital to the s�(Si–Cl) antibonding orbital.173

The symmetrical monosilyls like 85 were found to have IHI too, although this was
weaker,173 possibly owing to the different basicity of the lateral hydride vs. the
central one.177 An AIM study revealed a strongly inwardly curved bond path for
the Si–H interaction in [NbH2(SiH2Cl)Cp2] but not in [NbH(SiH2Cl)2Cp2] or their
SiH3 derivatives. While the latter were found to have only very weak IHI of type
NbHySiH, the [NbH(SiH2Cl)2Cp2] has a very shallow variation of the electronic
density in the interatomic region between the hydride and silicon atoms owing to a
greater degree of electron delocalization.



TABLE IV

THE M–H, H–H AND Si–H DISTANCES (Å) IN 83, 85, AND 86 FROM EXPERIMENTAL METHODS AND DFT

CALCULATIONS

Compound Parameter X-ray NMR relax. At 210K ND at 100K DFT2

83 Nb–HX 1.76(6)a 1.68(1) 1.745

Nb–HA 1.67(9)a 1.74(1) 1.793

HX–HA 1.92a 1.97(1) 1.688

Si–HA 1.860 1.86b 2.043

85 Nb–HX 1.71(1) 1.739, 1.774c

Si–HX 2.097

86 Nb–HA 1.74(7)d 1.78(1) 1.816(8) 1.811e

Si–H 2.056 2.076(3) 2.134

aAt 193K.
bEstimated with the X-ray value for the Si–Nb–Hlat bond angle of 114.11.
cTwo nonequivalent bond lengths calculated for the model complex [NbH2(SiH2Cl)Cp2].
dAt 173K.
eCalculated for the model complex [NbH(SiH2Cl)2Cp2].
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The presence of IHI in niobocene silylhydrides was discussed from a different
point of view on the basis of MP2 calculations of the model complexes
[M(H)(SiHnCl3�n)(X)Cp2] (M ¼ Nb, Ta; X ¼ H, Me, SiHnCl3�n, Cl; n ¼ 023)
and qualitative analysis of Laplacian maps.178 The spherical appearance of the
Laplacian of electron density around the metal center was interpreted as an in-
dication of d0 configuration, consistent with the silylhydride description of these
complexes. The HySi bond paths were observed only for the compounds
[M(H)(SiHnCl3�n)(X)Cp2], where X ¼ Cl or Me, but the presence of hypervalent
interactions HySi and the special role of the in-plane chlorine substituent at silicon
in all three classes (with different X) of complexes was recognized.178 It was sug-
gested that the HySi interaction stems from the polarization of the central hydride
by the silyl ligand enhanced by the chlorine groups on silicon. The related com-
pounds [M(H)(SiHnCl3�n)(Cl)Cp2] (M ¼ Nb, Ta; n ¼ 023) were rationalized to be
the usual silane s-complexes due to the presence of an electron-withdrawing chlo-
rine on metal. Interestingly, in all the complexes under discussion, the increasing
chlorine substitution at silicon strengthens the SiyH interaction so that the strong-
est bond is observed for the compounds with the SiCl3 group,178 which is the
opposite trend to what is normally observed in silane s-complexes. However, the
X-ray structure of complex [Nb(H)(SiCl3)2Cp2] (88), which became available more
recently,179 does not support this theoretical prediction. In fact, the molecular pa-
rameters for 88 are more consistent with its classical description and the absence of
any significant interactions, in contrast to the (monochloro)silyl complexes 83 and
86. This is seen from the absence of any significant difference in the Si–Cl bond
lengths between the in-plane and out-of-plane chlorines (a narrow range
2.0835–2.0989(7) Å is observed) and from the increased value of the Si–Nb–Si bond
angle of 109.61(2)1, which is about 51 larger than in complexes with IHI and very
close to the values in classical Group 5 bis(silyl) metallocenes. The experimentally
observed Si–H contacts of 2.14(3) and 2.11(3) Å were about 0.1 Å longer than in
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complexes 83 and 86 with IHI. The lack of Si–H interactions in 88 can be attributed
either to the low basicity of the Nb–H bond stemming from the presence of a large
number of electron-withdrawing chlorine substituents on both silyl centers, or to
hyperconjugation between the in-plane antibonding orbital (Si–Cl)* and the out-of-
plane chlorine lone pairs of electrons. It should be noted that investigations of
related chlorosilyl systems discussed below lead to the same conclusion: the strength
of IHI decreases on going from monochloro- to trichlorosubstituted silyl complexes.

86

SiMe2

SiMe2

Nb

Cl

Cl

H

nonclassical with IHI

88

classical

versus

SiCl3

SiCl3
Nb H
b. Asymmetric bis(Silyl) Niobocene Derivatives

A series of asymmetric complexes [Nb(H)(SiHMe2)(SiXMe2)Cp2] (X ¼ F (89), Cl
(90), Br (91), I (92)) was studied assuming that the interaction of the silyls SiMe2X
and SiMe2Y with the central hydride H would be different.180,181 An ND study of
[Nb(H)(SiHMe2)(SiClMe2)Cp2] (90) reveals the symmetrical position of the hydride
in the bisecting plane of niobocene. However, owing to the shorter ClMe2Si–Nb
bond length, the ClMe2Si–H distance is shorter than the HMe2Si–H distance
(2.085(17) Å vs. 2.126(17) Å), resulting in a stronger interaction of the hydride with
the chlorosilyl center.180 Comparison with the symmetrical complexes 86 shows that
in the asymmetric compounds 89–92, the Si–X bonds are longer (Table V),
TABLE V

THE COMPARISON OF SELECTED MOLECULAR PARAMETERS IN THE SYMMETRICAL BIS(SILYL) COMPLEXES

87163,164 WITH THE ASYMMETRICAL DERIVATIVES 89–92180,181

Compound Nb–Si (Å) Si–X (Å) Si–Nb–Si (1) XSiyH (Å)

[Nb(H)(SiFMe2)2Cp2] 2.618(1) 1.652(3) 105.57(4) 1.98

2.622(1) 1.644(3)

89
a 2.6167(8) 1.614(3) 106.31(3) 2.02(4)

2.6411(8) 1.581(5) 2.20(4)

[Nb(H)(SiClMe2)2Cp2] 2.597(1) 2.163(1) 104.27(5) 2.06

90 2.5969(6) 2.1829(7) 105.85(2) 2.06(3)

[Nb(H)(SiBrMe2)2Cp2] 2.604(2) 2.349(2) 103.37(7) 2.05

91 2.586(2) 2.377(2) 107.27(8) 2.07(3)

[Nb(H)(SiIMe2)2Cp2] 2.595(3) 2.590(3) 104.4(1) 2.07

92 2.5782(8) 2.6287(8) 107.99(2) 1.99(4)

aThe SiMe2F and SiMe2H groups are disordered in the positions of H and F.
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suggesting stronger IHI. It should be noted that the Si–Nb–Si bond angle in 90–92
opens upon descending Group 7, whereas in 87 the bond angle shortens owing to
the increased attraction of both silyls to the central hydride. Such an increase in the
Si–Nb–Si bond angle in 90–92, contradicting the increase of the size of the silyl
ligand SiMe2X, can be rationalized in terms of a stronger interaction of the SiMe2X
groups with the hydride relative to the H–SiMe2H interaction, with the difference
increasing down the halogen group. Therefore, the opening of the Si–Nb–Si bond
angle is achieved at the expense of decreased NbHySiMe2H interaction. The DFT
studies of 90–92 confirmed that the strength of IHI (covalent term) increases from
Cl to I but, unexpectedly, the longest Si–H contact is seen in the chloro derivative
90, rather than in 89. This irregularity was attributed to the contribution of an
electrostatic dipole–dipole attraction SiyH, which is expected to be the strongest in
the fluoro derivative 89 and to decrease down the halogen group. Such a polar
interaction can contribute to an additional shortening of the Si–H contact in 89

compared with 90. To conclude, since the difference in the SiyH interactions was
found to be rather small in 89–92, it appears rather unlikely to determine any
difference in the interaction of different silyl groups with the central hydride H in
the asymmetrically disubstituted complexes 93.

X =  F,  Cl,  Br,   I
 89, 90, 91,  92

stronger

weaker

SiMe2

SiMe2

Nb

X

H

H

93

SiMe2

SiMe2

Nb

Y

X

H

compatitive IHI
c. The Dependence of IHI MHyEX on the Nature of Group 4 Element E

The disubstituted complexes [NbH(GeMe3)(GeMe2Cl-SnMe2Cl2)Cp2] (94)172

and [NbH(SnMe2Cl)2Cp2] (95)
183 were prepared according to Eqs. (27) and (28) by

the H/E (E ¼ Ge, Sn) exchange and chlorodealkylation reactions:

GeMe3

HNb

GeMe32 BrGeMe3, NEt3

- 2 Br*HNEt3

HNb

Cl

GeMe2

GeMe3

Cl

SnMe Me

Cl

2 Cl2SnMe2

- ClSnMe3

94

H

HNb

H

(27)
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HNb

SnMe3

SnMe3

HNb

Cl

SnMe2

SnMe2
2 Cl2SnMe2

- 2 ClSnMe3

95

Cl

(28)

The X-ray structure172 of 94 (Fig. 11) reveals two different germyl centers, with
the GeMe2Cl group being coordinated to the Cl2SnMe2 group and interacting with
the hydride. This conclusion follows from the elongation of the Ge–Cl bond
(2.358(3) Å) in comparison with other derivatives of type LnM–GeR2Cl (range
2.215–2.270(3) Å, R ¼ alkyl, aryl). This Ge–Cl bond is comparable in length to the
Ge–Cl bond of Cp2W(SiMe3)(GeMe2Cl) (2.3541(4) Å), which is already elongated
owing to the conjugation of the s�(Ge–Cl) antibonding orbital with the tungsten
lone pair.184 The Ge(1)–Nb–Ge(2) bond angle of 108.31(4)1 in 94 is between the
values for the Si–Nb–Si bond angles observed for the bis(silyl) niobocene with IHI
(about 1051) and the related classical bis(silyls) niobocenes (about 1101). These
features were interpreted in terms of an IHI between the central hydride and only

one lateral group, namely, the GeMe2Cl group. The question as to how the coor-
dination of a Lewis acid, Cl2SnMe2, to the chlorine of GeMe2Cl increases the
electrophilicity of the germanium center and thus promotes the IHI remained open.
Nevertheless, it was noted that the monogermyl complex [NbH2(GeMe2Cl)Cp2],
like the related monosilyl 83, exists in the form of two isomers, and it is tempting to
speculate that the sterically disfavored lateral isomer (96) can be stabilized by the
IHI NbHyGeCl with the central hydride.182

HNb

Cl

GeMe2

H

96

nonclassical with IHI

SnMe2
Nb

ClH

H

97

classical

In contrast, the lateral isomer is absent in the case of mono(tin) compound 97,
whereas the X-ray structure of the bis(tin) complex 95 is consistent with the lack of
any significant SnyH interactions, although the Cl group is in the trans position to
the hydride.183 The X-ray structure of 97 (central isomer) is also classical, with the
Sn–Cl rotated out of the bisecting plane, so that IHI is not possible.185

The fact that the silyl and germyl compounds have IHI, whereas the tin deri-
vatives do not, seems surprising, considering the greater tendency of heavier main
group elements to form hypervalent structures.186 This discrepancy can be ex-
plained considering the mechanism of IHI. Because IHI stems from the electron



FIG. 11. Molecular structure of complex 94.
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density transfer from the M–H bonding orbital to the s�(E–X) antibonding orbital,
it requires a significant orbital overlap. Since the covalent radii of the heavier
Group 4 elements follow the order Si (1.17 Å)4Ge (1.22 Å), Sn (1.40 Å),187 the
direction of the (E–X)* antibonding orbital moves away from the M–H bonding
region as E descends Group 4, as is schematically shown in 98. It should be noted
that it is the difference in covalent radii of E and H that prevents the M–E–X bond
angle from adopting the ideal value of 901, required by the trigonal bipyramidal
geometry. It can be seen from 98 that such an acute angle will bring the lobe of the
s�(E–X) antibonding orbital away from the M–H bonding orbital. In the main
group element compounds the M–E–R angles deviate significantly from the ideal
tetrahedral value of 1091 because of the increased p character in the E–R bonds due
to the operation of the Bent’s rule effect. For example, in the classical compound
88, the six Nb–Si–Cl bond angles fall within the range 116.17–116.67(3)1.180 In the
compounds with IHI this angle is reduced by a few degrees to 113–1151, which thus
appears to be a compromise between the Bent’s rule effect and the rehybridization
of the center E caused by IHI. In the classical compound 97 the bond angles are
108.895(14)1 for the Nb–Sn–Cl bond angle and 121.15(7) and 122.21(7)1 for the
Nb–Sn–C bond angles,185 because the Sn–Cl bond has a larger tin p character,
whereas bonding to Nb and two methyl groups can be described by the sp2 set. It
follows, therefore, that (i) it is incorrect to infer the presence of IHI from the
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deviation of the M–E–X bond angles from the tetrahedral value (as some authors
do); and (ii) the largest IHI could be expected for a compound with the carbon
center, i.e. MHyCX. The problem in obtaining such a species can lie in the pos-
sibility of a facile H/X exchange, induced by electronegative group X.

Si
M

H

X

98

Ge

X

Sn

X

The importance of proximity of the hydride and silyl ligands to ‘‘switch on’’ the
IHI is also nicely seen from the structure of the molybdenum complex 80. This
compound has both a basic hydride and a functionalized silyl in the cis-position.
But the bond angle H–Mo–Si, determined by the valence orbitals of the fragment
[MoCp2], is 64.9(12)1,171 which does not allow for any significant interaction be-
tween the hydride and silyl ligands (in 83 and 87, the H–Nb–Si bond angles are
46–521). The presence of dn (n40) electron density can be another reason for the
absence of IHI, since the negative hyperconjugation of the lone pair on metal with
the SiClR2 ligand

171 can be energetically more favorable than IHI. It is reasonable
to conclude that in dn systems the IHI can be possible only if the special arrange-
ment of the metal lone pair and the silyl ligand does not allow for their hyper-
conjugation. Such a situation occurs, for example, in half-sandwich ruthenium
complexes discussed below.

2. IHI in Titanocene Silylhydrides

The compound [Ti(H)(SiXR2)(PMe3)Cp2] (99) is an isolobal analog of the ni-
obocene compounds 83 with IHI, and is therefore expected to have the IHI too. By
contrast, the compound ½TiðZ2-H2SiPh2ÞðPMe3ÞCp2� (20) discussed above is a
stretched silane s-complex, i.e. it has an electronic structure intermediate between
Ti(IV) and Ti(II).66

PMe3

HNb

SiMe2

Cl

83

H

HTi

SiRR'

Cl

99

A series of titanocene complexes 100–104 has been prepared according to Eq.
(29).55 Complex 100 turned out to be highly unstable and readily decomposes in
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solutions into [Ti(PMe3)(Cl)Cp2], but the stability of 101–104 increases markedly
with the number of chlorines on the silicon atom to permit their investigation.
Spectroscopic (NMR and IR), structural data (X-ray diffraction studies for 101,
103, 104), and DFT calculations establish that these titanocene silylhydride com-
plexes have IHI Ti–HySi–Cl. Complexes 101–104 exhibit increased silicon–hydride
coupling constants in the range 22–40Hz that change rather irregularly with the
nature of the substituents at silicon. Importantly, the signs of the J(Si–H) measured
experimentally in 103 and 104 were found to be negative, thus providing conclusive
evidence of the presence of direct Si–H bonding. Both 103 and 104 have markedly
different Si–Cl bond length for the in-plane and out-of-plane chlorines, the former
being elongated because of IHI (Table VI). This allows for the direct comparison at
the same silicon center of two different types of Si–Cl bonds, one of which is
involved in the interligand hypervalent interaction with the hydride while the other
is not. This feature is significant, since in the only s-complex of a dichlorosilane, the
compound ½MnðZ2-H-SiCl2PhÞðCOÞ2Cp�, the two Si–Cl bonds are almost identical
(2.098(3) Å vs. 2.103(3) Å, D ¼ 0:005ð4Þ (A).101 Large WI and NBO bond orders
support the presence of significant direct Si–H interaction, which is further seen
from the observation of corresponding bond critical points in an AIM study. No-
tably, the X-ray studies and DFT calculations show that the strength of IHI de-

creases with increasing chlorine substitution at silicon. It is interesting that in the
absence of a Si-bound electron-withdrawing group lying trans to the SiyH moiety,
the compound adopts a silane s-complex form. Thus, the DFT calculations of
[Ti(H)(SiMe3)(PMe3)Cp2] and a rotamer of 103, the compound [Ti(H)(Si-
MeCl2)(PMe3)Cp2] (24) having the Me group trans to hydride, revealed significant
s-interactions between the silicon and hydride atoms as discussed in Section II.E.1.
Attempts to prepare a classical titanocene silylhydride by reacting [Ti(PMe3)2Cp2]
with HSi(OEt)3 did not afford the compound [Ti(H)(Si(OEt)3)(PMe3)Cp2], but
rather led to NMR silent titanium (apparently Ti(III)) complex(es) and the silane
redistribution product Si(OEt)4. To date, a classical titanocene–phosphine silylhyd-
ride derivative without any Si–H interaction has not been observed. It was
concluded that the titanocene fragment [Ti(PMe3)Cp2] is unique in supporting
two different types of nonclassical Si–H interaction. Depending on the nature
of the R groups on Si, these are either silane s-complexes or compounds with an
IHI.

PMe3
PMe3

HTi

SiRR'

Cl

PMe3

Ti
HSiClRR'

R, R'  MeMe  MePh  PhPh MeCl ClCl

|J(H-Si)|, Hz - 31   40   22   34

  100   101 102    103    104

(29)



TABLE VI

SELECTED CALCULATED BOND LENGTHS (Å) FOR [Ti(H)(SiMe3�nCln)(PMe3)Cp2] (n ¼ 023) AND 24a,b

SiMe3
c SiMe2Cl

d(100) SiMeCl2
e (103) SiCl3

f(104) SiMeCl2
a(24)

Ti–Si 2.658 2.581 2.535 2.520 2.551

(2.597) (2.546) (2.517) (2.492)

Ti–P 2.541 2.555 2.559 2.557 2.557

(2.550) (2.557) (2.554) (2.556)

Ti–H 1.742 1.759 1.755 1.754 1.745

(1.81) (1.733) (1.751)

Si–H 1.840 1.805 1.822 1.847 1.862

(1.69) (1.749) (1.751)

Si–Cl – 2.292g 2.259g 2.225g

(2.222) (2.192) (2.161)

– – 2.216h 2.190h 2.218h

(2.133) (2.107 av.)

aExperimental X-Ray Values are in Brackets. 24 is a rotomer of 103 with the Me trans to hydride.
bX-ray data in parentheses for comparison, in 103 and 104 the hydride atoms were located from the

difference map and refined.
cX-ray data for ½TiðZ2-H2SiPh2ÞðPMe3ÞCp2� (20).
dX-ray data for [Ti(H)(SiMePhCl)(PMe3)Cp2].
eX-ray data for 103.
fX-ray data for 104.
gCl trans to hydride.
hOut-of-plane Cl.
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3. IHI in Group 5 Cp-Imido Complexes

The isolobal analogy between the imido and Cp ligands188 makes the Cp/imido
ancillary a potential platform to study the IHI (see 105 and Scheme 5).

M

RN

M

105
a. Cp/Imido Complexes of Tantalum with IHI

The chlorosilyl derivatives [Ta(H)(SiClnMe3�n)( ¼ NAr)(PMe3)Cp] ðn ¼ 023Þ,
prepared at room temperature according to Eq. (30), have IHI whose strength,
according to X-ray and DFT evidence, decreases from n ¼ 0 to 3, as was found for
the related titanocene derivatives 101–104.152,77 The similar compound [Ta(H)(Si-
HPhMe)( ¼ NAr)(PMe3)Cp] (106) is classical, whereas the analogous addition of
HSiPhMe2 does not occur even under forcing conditions.152 The X-ray structure
determinations of 107 and 108 revealed the same structural features as in other
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compounds with IHI, namely, the shortened Ta–Si and elongated Si–Cl bonds. The
Si–Cl bond in 107 of 2.177(2) Å is longer than in the related niobocene complex 83,
whereas 108, like titanocenes 103 and 104, contains two types of Si–Cl bonds, with
the bond to the ‘‘in-plane’’ chlorine lying trans to the hydride (2.117(2) Å) being
significantly longer ðD ¼ 0:053ð4Þ (AÞ than the bond to the ‘‘out-of-plane’’ chlorine
(2.064(3) Å). It is interesting that that there is no significant difference in the Ta–Si
bond lengths in 107 (2.574(1) Å) and 108 (2.569(2) Å, D ¼ 0:005ð2Þ (A), although the
latter contains two electron-withdrawing substituents at silicon. This unusual trend
was explained in terms of a compensation of the shortening of the Ta–Si bond in
108 relative to 107 (in accordance with Bent’s rule) by the diminished contribution
of IHI:

H
PMe3

Ta

ArN

X

PMe3Ta

ArN PMe3 SiRR'

HSiXRR'

X   H   Cl  Cl   Cl

R,R' Ph,Me Me,Me  Me,Cl  Cl,Cl

 106   107   108   109

(30)

The measurement of the Si–H coupling constants in 106–109 revealed an unex-
pected trend in that the magnitude of the J(H–Si) coupling constant increases from
14 in 106 to 50Hz in 109 as the number of chlorine groups on silicon increases.77

This trend is opposite to what is observed for normal silane s-complexes.12,13

Surprisingly, the J(H–Si) in 106–109 does not correlate well with the strength of the
Si–H interaction.77 The structural trends discussed above, and the results of DFT
calculations supported by the NBO analysis and the calculation of WI, show that
IHI is ‘‘switched on’’ on going from the classical compound [Ta(H)(Si-
HPhMe)( ¼ NAr)(PMe3)Cp] (106) to the (monochloro)substituted complex
[Ta(H)(SiClMe2)( ¼ NAr)(PMe3)Cp] (107) and then decreases from 107 to 109.
This can be seen from Fig. 12, showing the variation of the Si–H and Ta–H bond
lengths (in Å) and the corresponding bond strengths in complexes [Ta(H)
(SiClnH3�n)( ¼ NMe)(PMe3)Cp] ðn ¼ 023Þ on n. The shortest and strongest Si–H
interaction in 107 ðn ¼ 1Þ corresponds to the longest and weakest Ta–H interactions,
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FIG. 12. The variation of bond lengths (in Å) and bond strengths on n, expressed in Wieberg bond indices

in complexes [Ta(H)(SiClnH3�n)( ¼ NMe)(PMe3)Cp] ðn ¼ 023Þ: (a) the variation of the SiyH interac-

tion, (b) the variation of the Ta–H bond.
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in accordance with the theoretical description that IHI is due to the donation of the
electron density from the M–H bond into the s*(Si–X) antibonding orbital.

Thus, the common assumption made in the identification and characterization of
silane s-complexes that a larger H–Si coupling constant corresponds to a stronger
interligand interaction (Section II.D) is not valid for the compounds with IHI. This
unexpected result can be explained in the same way as it was in Section II.D for the
compound ½MnðZ2-HSiCl3ÞðCOÞ2Cp�. That is, although the increased chlorine sub-
stitution in 107–109 results in the decreased IHI, the relative contribution of sili-
con’s character in the SiyH bond increases, which leads to the increase of Si–H
coupling.

The weakening of IHI upon progressive chlorine substitution at silicon in
107–109 is not a priori obvious. Since the increasing n in SiR3�nCln decreases the
Ta–Si bond, the silicon and hydride atoms can be expected to come into closer
contact and thus interact more strongly. On the other hand, the introduction of
additional Cl groups on silicon results in several electronic effects that lead to the
decrease of orbital overlap between the silicon and hydride atoms. These effects are
(i) the contraction of the orbitals on silicon with increasing n; (ii) the decrease of the
basicity of the hydride owing to the increasing electron-withdrawing ability of the
SiR3�nCln group; and (iii) the possibility of conjugation between the p-electrons of
the ‘‘out-of-plane’’ chlorine with the s� (Si–Cl). Although it is difficult to estimate
which effect dominates, they can all decrease the Si–H interaction.
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It should be noted that the silylhydrides 106 109 were the only products of the
reaction shown in Eq. (30). The isomeric agostic species, related to the niobium
species 64 and 65 were not identified, and all attempts to convert 106–109 into these
or other rearranged species at elevated temperatures resulted in decomposition.
b. Silylhydride Derivatives of Niobium Supported by the Cp/Imido Ligand Set

In contrast to the formation of the agostic complexes 64, the reactions
of [Nb(PMe3)2(NAr)Cp] with the silanes H2SiPhMe, HSiClPh2, and HSiCln
Me3�n ðn ¼ 2; 3Þ afford exclusively the hydridosilyl derivatives [Nb(H)(SiR3)
( ¼ NAr)(PMe3)Cp] (Scheme 6).152,189,190 The analogous reaction with HSiPhMe2
does not proceed. The X-ray structures of [Nb(H)(SiClPh2)(PMe3)(NAr)Cp]
(111)189 and [Nb(H)(SiCl3)(PMe3)(NAr)Cp] (113)190 suggest the absence of any
significant Si–H interaction. This is particularly surprising in light of the close
analogy between 111 and the tantalum complex 107 with IHI. It may be argued that
a conjugation between the p-electrons of the phenyl rings with the s� (Si–Cl) orbital
in 111 (or analogous conjugation between the p-electrons of the ‘‘out-of-plane’’
chlorine atoms and the s*(Si–Clinplane) orbital) saturates the silicon center, thus
preventing its interaction with the hydride. It is interesting that according to recent
NMR studies, the compound [Nb(H)(SiClMe2)(PMe3)(NAr)Cp] (114), isostruc-
tural with 107 and 111, is formed as a kinetic product in the reaction of
[Nb(PMe3)2(NAr)Cp] with HSiClMe2, but readily converts into the agostic species
64 at room temperature. According to DFT calculations the molecular parameters
of 114 are very close to those of the tantalum analog 107, and as the latter 114 has
IHI of type NbHySiCl.190 However, the DFT calculations show that 114 is
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1.4 kcalmol�1 less stable than its agostic isomer 64. It appears, therefore, that
niobium shows a greater tendency than tantalum to stabilize formal M(III) struc-
tures such as 64, which is a general trend in the chemistry of these two analogs of
the Periodic Table.

4. The IHI MHySiX in Half-Sandwich Complexes of Ruthenium

Some ruthenium complexes such as 32 and 35, in the formal oxidation state of
Ru(IV), are silane s-complexes. On the other hand, the Group 8 fragment
[Ru(R3P)Cp] (115) is isolobal to the Group 5 metallocene moiety [MCp2] (116),
thus giving rise to the question of the occurrence of IHI in the Ru(IV) compounds
[RuH2(SiR

0
2X)(PR3)Cp].

94 The properties of the fragment [M(R3P)Cp] can be
tuned by varying the properties of the Cp and PR3 ligands.
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metal lone pairs derived from the dz2 and dxy orbitals (the z-axis is assumed to be
directed toward the center of the Cp* ligand) are directed trans to the Cp* and
hydride ligands, respectively, and thus cannot overlap with the s�(Si–Cl).

R3P SiH

Cl

Me

Me

Ru H

117

R3P SiH
Cl

Cl

Me

Ru H

118
C. b-IHI

The IHI discussed so far occur between a functionalized silyl ligand (i.e. in the
a-position relative to a metal) and a cis hydride and thus, in analogy with the
agostic complexes, can be classified as a-IHI. Gountchev and Tilley reported the
unique example of compound 119, in which the silyl group in the b-position to
metal interacts with the hydride.193 Complex 119 was obtained according to Eq.
(31) apparently via a sophisticated mechanism including the Si–H addition across
the Ta ¼ N double bond followed by the rearrangements of the substituents at
silicon. The key structural and spectroscopic features of this complex are similar to
what is found in the compounds 83, 87, 101–104, and 107–109 with a-IHI. A trans

arrangement of the chloride and hydride atoms (the Cl–Si–H bond angle equals
174(1)1) with an elongated Si–Cl bond of 2.149(2) Å was observed. Although the
elongation of this bond may seem not to be as significant as in compounds with a-
IHI, it is not influenced by the presence of an M–Si bond (which is absent in 119),
and thus, the elongation due to the Bent’s rule effect is absent. In fact, this Si–Cl
bond is rather long when compared with organochlorosilanes and approaches the
values observed for an axial chlorine in hypervalent silicon compounds. The silicon
atom adopts a distorted trigonal bipyramidal geometry, with the hydride and
chloride occupying the apical sites and the sum of the N–Si–H, H–Si–C, and
C–Si–N bond angles (351(2)1) close to 3601. The Ta–N–Si bond angle of 108.8(2)1 is
diminished in comparison with related systems (bond angles 41201), which allows
for the close approach of the SiClHPh group to the hydride to form a short SiyH
contact of 1.67(3) Å. Simultaneously, as in complexes with a-IHI, the Ta–H bond is
elongated to 1.83(4) Å. Although the Si–hydride coupling was not observed, several
spectroscopic features suggest the presence of a direct SiyH interaction. First, the
Ta–H stretching frequency is low (1678 cm�1 vs. 1779–1790 cm�1 in related com-
pounds). Second, there is a large coupling constant of 6Hz between the hydride and
silicon-bound hydrogen, which is too large a value for a formal 4J(H–H) between
these four-bond separated nuclei. The SiyH bonding in 119 can be described in
terms of resonance structures 120 and 121,193 or alternatively by an MO interaction
diagram, which is very similar to that written to describe bonding in 83 (Fig. 7).16
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D. IHI MHySiX in Complexes not Isolobal with Metallocenes

Metallocene or metallocene–isolobal ligation is not a prerequisite of IHI. IHI can
be expected for any supporting ligand set, provided it ensures cis disposition of the
hydride and functionalized silyl groups and sufficient basicity of the hydride ligands.

IHI does not occur in the nonmetallocene tungsten complex [W(H)2(SiPh2Cl)(-
CO)2Cp*] (122) owing to the presence of two electron-withdrawing carbonyl lig-
ands.194 Although the trans orientation of the hydride and the Si–Cl bond is seen in
122, the Si–Cl bond length (2.135(1) Å) falls within the range (2.094–2.148 Å) found
for classical chlorosilyl complexes, and the W–Si bond is not contracted either. The
H–Si coupling constant of 18.3Hz is somewhat increased, but the hydride atoms
remain equivalent on the NMR timescale down to �80 1C.194 The negative hyper-
conjugation of the metal lone pair and the sn(Si–Cl) does not occur either, because
the metal electron density is effectively delocalized on the carbonyl ligands. It would
be interesting to explore the possible competition of IHI with negative hypercon-
jugation in the so-far unknown diphosphine analogs of 122, [M(H)2(SiR2X)
(PR3)2Cp*] (M ¼ Mo, W).

W

OC

SiClPh2

OC
H

H

122



TABLE VII

THE SUMMARY OF STRUCTURAL TRENDS IN COMPLEXES WITH IHI AND IN s-COMPLEXES

IHI s-Complexes

Shortened M–Si bonds Elongated M–Si bonds

Long Si–X bonds Normal Si–X bonds

Si–H contacts of 1.8–2.1 Å Si–H contacts of 1.7–1.8 Å

Small Si–M–Si angles in bis(silyl)hydride systems No regulations

X and H substituents in the apical positions in respect to silicon atom No regulations

Elongated M–H bonds Normal M–H bonds
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E. Comparison of IHI with Residual s Interactions in Silane Complexes

The main structural trends for s-complexes and compounds with IHI are
compared in Table VII. As can be seen, the key structural parameters differ mark-
edly in these two types of nonclassical complexes, and can be used for their
differentiation. This is not surprising, taking into account that these SiyH inter-
actions differ electronically and occur for different types of complexes. Thus,
s-complexes are formed for electron-deficient metal centers with electron-accepting
ligands, whereas IHI is formed for metal fragments supported by donating
ligand sets. The ‘‘hydrides’’ in s-complexes are often acidic, whereas in
complexes with IHI the high basicity of the hydride is a prerequisite for the in-
teraction.

The comparison of spectral parameters is less straightforward. Large silicon–pro-
ton coupling constants are expected for the compounds with significant residual s
interactions, while the J(H–Si) should be small in the case of an ideal IHI when the
hydride and the functionalized group X on silicon are mutually trans and a pure p
orbital of silicon is used for bonding. As has been discussed above, none of
these premises is purely realized in practice. J(H–Si) can be rather high in silane
complexes with even weak interaction of silicon atom with hydride because of re-
hybridization of silicon owing to the presence of electron-withdrawing substitu-
ents.52 On the other hand, in the compounds with a-IHI, the hydride and group X at
silicon are never perfectly trans (i.e. the angle H–Si–Xo1801) owing to the small size
of the hydride and, hence, a short M–H distance. For this reason, there is always
some contribution of silicon s character in bonding with the hydride and a fairly
large J(H–Si) can be observed, which does not necessarily correspond to strong
bonding.

To summarize, the following conditions for the occurrence of IHI can be de-
duced:
1.
 A basic hydride ligand should be present. This is usually realized for elect-
ropositive early transition metals or late transition metals in low oxidation
states supported by electron-donating ligands. The metals are preferably from
the second and third transition series to ensure strong covalent bonding.
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2.
 A functionalized silyl ligand with an electron-withdrawing group X should be
located cis to the hydride. The IHI is stronger when X is a good leaving group
and when only one such group is present.
3.
 The bond angle between the H and SiR2X ligands should not be large (about
501) to ensure significant overlap of the s(M–H) bonding orbital and the
s*(Si–X) antibonding orbital.
4.
 Trans orientation of the H and X group should be accessible.

5.
 If an electron pair is present on metal, its direction should be such that a

negative hyperconjugation of this lone pair with the s*(Si–X) antibonding
orbitals is not possible.
IV

MULTICENTER HySI INTERACTIONS IN POLYHYDRIDESILYL

COMPLEXES
A. Evidence for Multicenter HySi Interactions

There is mounting evidence that polyhydride complexes substituted by a main
group element ligand ERn can have multiple interligand EyH interactions. The
unusual properties of the rhenium polyhydride silyl complexes [Re
(H)6(SiR3)(PPh3)2] (123, R3 ¼ Ph3, Et3, HEt2) and [Re(H)2(SiPh3)(CO)(PPh3)3]
(124) were found as early as 1990.195,196 Complexes 123 are highly fluxional, but on
cooling to 193K, a tricapped trigonal prism geometry was determined by NMR and
confirmed by an X-ray diffraction study of [Re(H)6(SiPh3)(PPh3)2]. Although the
T1min measurements for the hydride ligands gave rather small values of 76–79ms
(for 259MHz at 209K), the dihydrogen s-complex alternative was rejected on the
basis of very small isotopic perturbation of resonance. And indeed, Hartree–Fock
calculations of a model complex [Re(H)6(SiH3)(PH3)2] found all the H–H distances
between any pair of cis-hydrides to fall in nonbonding range 2.083–3.157 Å. The
most striking structural feature of [Re(H)6(SiPh3)(PPh3)2] is the Re–Si bond length
of 2.474(4) Å, which is much shorter than the sum of covalent radii (2.65 Å), un-
usual for a formal d0 complex. This and the observation of two short Si–H contacts
of 1.76 and 1.92 Å led to the suggestion of a possible MðZ3-H2SiR3Þ ligation in 123.
A similar structural motif with a short Re–Si bond of (2.451(3) Å) and two close
Si–H distances was observed for 124, which, unlike many seven-coordinate com-
plexes, is a stereochemically rigid molecule. While the spectroscopic data for 123

and 124 do not support the presence of any Si–H or H–H interactions, calculations
of model complexes [Re(H)6(SiH3)(PH3)2] and [Re(H)2(SiH3)(CO)(PH3)3] do show
somewhat shortened Si–H distances (2.247–2.322 Å and 2.28 Å, respectively).197

Moreover, the features of the Laplacian of electron density were interpreted to
support the presence of four weak, attractive Si–H interactions in 123 and two
similar interactions in 124.
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The reason why the idea of multiple HySiR3 interactions did not receive much
attention in the early work was, possibly, the absence of a simple bonding scheme
that would allow one to conceive of this type of bonding. While a s-bond coor-
dinated to a metal can be considered as a two-electron donor like phosphine, the
perception of multiple HySiR3 interactions awaited both more conclusive evidence
and the development of an adequate theoretical description.

The investigation of iron complexes [Fe(H)3(SiMePh2)(PBuPh2)3] (125) and
[Fe(H)3(SiR3)(CO)(dppe)] (126, SiR3 ¼ Si(OMe)3, Si(OEt)3, SiMe3, SiPhMe2,
SiPh3) approached but did not achieve these goals.20,198 The compound 125 was
prepared by silane addition to the dihydrogen complex ½FeðHÞ2ðZ-H2ÞðPBuPh2Þ3�:

Fe

PR3
R3P PR3

SiMePh2

H HH

[Fe(H)2( 2-H2)(PR3)3]        +        HSiMePh2
- H2

125

R3 = Ph2Bu

(32)

In 125 the hydrides are equivalent at room temperature, but cooling to �60 1C gives
two broad singlets in the ratio 1:2, which indicates a restricted rotation of the
SiMePh2 group around the Fe–Si single bond. These data were interpreted in terms
of the formation of only one 3c–2e Fe–H–Si bond on a three-minima potential
energy surface. For the related tin complexes [Fe(H)3(SnPh3)(PRPh2)3] (R ¼ Bu,
Et), the increased value of J(Sn–H) (174.2Hz for R ¼ Bu), measured from the tin

satellites in the 1HNMR spectrum, did suggest the presence of a Fe–H–Sn bond, but
the X-ray structure was in accord with three hydrides interacting with one tin
center, which was accounted for by packing forces in the solid state. The low-
temperature proton-coupled 29Si NMR spectrum (or the 119Sn NMR spectra for the
tin analogs), which might have established the number of hydrides interacting with
the silyl (or stannyl) ligand, was not determined for any of these complexes.

The compound [Fe(H)3(SiR3)(CO)(dppe)] (126) features a p-accepting ligand
(CO), a metal from the first transition series (Fe) with contracted 3d shell, and a
high formal oxidation state (IV); all these factors promote the formation of s-com-
plexes.2 In view of this and the nonclassical nature of ½FeðHÞ2ðZ-H2ÞðPBuPh2Þ3�, the
occurrence of a Si–H s-bonding seems very likely. As in 125, equivalent hydrides
were observed in the room temperature NMR spectra of 126, with the J(P–H)
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coupling constant increasing from 18.9 to 20.9Hz as the electronegativity of the R

groups at silicon decreases (in the related classical compound [Fe(H)2(CO)2
(dppe)] the J(P–H) ¼ 30.4Hz).198 This trend is opposite to what would be expect-
ed if these compounds were the usual silane s-complexes that have a smaller J(P–H)
for the stronger Si–H interaction promoted by donating groups at silicon.
X-ray structure of the compound [Fe(H)3(Si{OEt}3)(CO)(dppe)] is consistent
with the three hydrides lying cis to the silicon atom, but the hydrides were not
observed. Again, the 29Si NMR data were not determined for any of these com-
plexes.

The structure of the di-iron complex ½Fe2ðm;Z3;Z3-BH6ÞðPEt3Þ6� (127) contains a
boron atom in the octahedral environment of 6 equiv. hydrides capped on the
opposite facets by two iron atoms.199 Thus, neglecting the second iron center, the
geometry is very reminiscent of the complex 125. DFT calculations supplemented
by an AIM study confirmed the presence of six H–B interactions and direct Fe–B
bonds. The structure was considered as containing a boron trication B3+ sand-
wiched between two anions [Fe(H)3(PEt3)3]

�.

Fe Fe
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H
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H
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Finally, the presence of three Si–H interactions was found in a series of struc-
turally analogous triphosphine ruthenium and osmium complexes of the type
[M(H)3(SiX3)(PR3)3]

18,19 (10), and ruthenium diphosphine–hydrogen complexes
½MðHÞ3ðZ

2-H2ÞðSiX3ÞðPR3Þ2�, having a dihydrogen ligand in place of a phosphine as
a two-electron ligand.200–202 Similar to the iron complexes discussed above, the
compounds [Ru(H)3(Sipyr3)(PPh3)3] (128, pyr ¼ pyrrolyl) and [Os(H)3
(SiR3)(PPh3)3] (R ¼ pyr, Et, Ph) exhibit equivalent hydride ligands, which remain
indistinguishable down to �85 1C.18 An octahedral arrangement of the hydride and
phosphine ligands was established by NMR in accord with DFT calculations of
model systems. The possibility of a nonclassical dihydrogen ligand (Z2-H2) was
ruled out on the basis of large T1. Unlike many seven-coordinate polyhydride
compounds, including the relevant complex [Os(H)3(PPh3)4]

+, these trihydridosilyl
derivatives are rigid, attributed to the presence of stabilizing Si–H interactions. And
indeed, the coupling of the silyl to 3 equiv. hydrides with a large J(Si–H) ¼ 47.4Hz
for the ruthenium compound 128 was observed in the proton-coupled 29Si NMR
spectrum. (A quartet of quartets due to the coupling to 3 equiv. phosphorus and 3
equiv. hydride nuclei was observed.) The same pattern was found for the osmium
derivatives too, but the coupling is weaker and reduces on going to more electron-

donating groups on silicon (29.2Hz for R ¼ pyr vs. 17.9Hz for R ¼ Et). It should be
noted again that, as in the related iron complex 126, this trend is opposite to what is
usually observed in silane s-complexes.
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The X-ray structure of the osmium complex [Os(H)3(SiR3)(PPh3)3] (129) was
determined but the hydride ligands were not observed. Nevertheless, the structure is
consistent with three hydrides being cis to the silyl, capping the three SiP2 facets of
the distorted tetrahedron formed by the heavy atoms. The remarkable feature of
[Os(H)3(SiR3)(PPh3)3] is the very short Os–Si bond (2.293(3) Å), which speaks
against the presence of an ðZ2-H-SiR3Þ ligand. Another noteworthy feature is the
elongated Si–N bond of 1.782(10) Å compared to 1.729 Å in the parent silane
HSipyr3. The capped octahedral geometry of 129 and its main structural features
were well reproduced by DFT calculations of a model complex [Os(H)3(Si-
pyr3)(PH3)3]. Short Si–H contacts of 2.10 Å were calculated. Rotation of the silyl
group, breaking the favorable trans arrangement of the substituent R at silicon and
the hydride, was found to destabilize the system, leading to the elongation of the
Os–Si bond and increase of the Si–H contacts.

Three bonding schemes were invoked to account for the properties of 128 and
129. The NBO analysis of [Os(H)3(SiX3)(PH3)3] led Hübler and Roper et al. to
propose that the SiyH interactions stem from the delocalization of hydride elec-
trons to the s*(Os–Si) (see 130 in Fig. 13) and, to a lesser extent, to the s*(Si–X)
orbital (131, Fig. 13).18 Surprisingly enough, it was suggested that donation to the
s*(Os–Si) orbital diminishes the antibonding between osmium and silicon, which
was used to account for the very short Os–Si distances in 129. Alternatively, the
peculiar structural and spectroscopic features of 128 and 129 are reminiscent of
what was observed in the compounds with IHI, thus a triple IHI Os–HySiX can
account, in principle, for all the observed properties, including the short Os–Si bond
and elongated Si–N bond.17 However, this view is not entirely consistent with the
high formal oxidation state IV of ruthenium. A more general description, applicable
to all complexes of the type [M(H)3(SiX3)L3], where L is a two-electron donor
including the (Z2-H2) ligand, is shown on the right side of Fig. 13 and implies a
s-coordination of the Si–H bonds of a hypervalent ligand (H3SiX3)

2�.16 This means
that the Si–H bonding is, in a sense, hypervalent, but that the M–(H–Si) bonding is
similar to that in s-complexes.

Several other complexes, structurally related to 125, 128, and 129, have been
described. Like 128, the compound [Ru(H)3(SiMeCl2)(PPh3)3] (133) exhibits a
H H

X

X
X

Si
H

L
M

L
L

H H

X

X
X

Si
H

L
M

L
L

H H

X

X
X

Si
H

L
M

L
L

donation to σ *(Si-M) triple IHI MH...SiX η4 coordination of (R3SiH3)2-

130 131 132

FIG. 13. Possible theoretical descriptions of the bonding in complexes [M(H)3(SiR3)L3].
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single hydride resonance in the 1H NMR spectrum and increased J(Si–H) of
39.7Hz. The X-ray structure reveals three short Si–H distances in a narrow range
1.86(2)–1.94(3) Å with the interesting feature that the shortest Si–H distance of
1.86(2) Å corresponds to the longest trans Si–Cl bond (2.130(1) Å, compared with
2.075(1) Å for the Si–Cl bond trans to the Si–H bond of 1.94(3) Å), as would be
expected for a hypervalent silicon center.19 The related compound 134 was formu-
lated as a ½RuðHÞ2ðZ

2-SiPh2fOSiR3gÞðPPh3Þ3� species, but again, a single hydride
resonance with J(Si–H) ¼ 34Hz is seen at room temperature.201 Two signals for the
nonequivalent hydride ligands (trans to the Ph and OSiR3 groups at silicon) with
the relative intensities 1:2 are resolved in the 1H NMR spectrum at 213K. The low-
temperature proton-coupled 29Si NMR spectrum that may, in principle, differen-
tiate between the silicon coupling to two types of nonequivalent hydrides has not
been reported. The Si–H distances observed by an X-ray study at 140(2)K were in
the range 1.97(5)–2.07(5) Å, with the shortest Si–H bond lying trans to the most
electron-withdrawing substituent OSiR3. The common feature of complexes 129,
133, and 134 are the short M–Si bonds of 2.293(3), 2.2760(4), and 2.3539(15) Å,
respectively, which allow one to distinguish them from silane s-complexes, where
elongated M–Si bonds are observed.12,13
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Ru
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An Os–Si bond of 2.3442(8) Å, which is longer than in 129, and longer Si–H
contacts of 1.93930–2.06(4) Å have been found for the silatranyl derivative
[Os(H)3(Si{OCH2CH2}3N)(PPh3)3] (135), which was rationalized to have very
weak Si–H interactions.203 The related compounds [Os(H)3(SiR3)(CO)(PR0

3)2]
(R3 ¼ H2Ph, HPh2, Ph3 with R0 ¼ Pri (136)204 and R ¼ Me with R0 ¼ Ph (137)205)
were regarded as classical on the basis of large J(H–P),205 presumed to be small in a
nonclassical compound, and on the basis of calculations of a model complex
[Os(H)3(SiH3)(CO)(PH3)2].

204 The complex 137 was found to belong to the same
type as 125, 128, 129, and 134, whereas the X-ray structure determination of
[Os(H)3(SiHPh2)(CO)(PPri3)2] did not reveal the hydrides,204 although a different
structure with three hydrides cis to one of the phosphorus center was found to be
the minimum for [Os(H)3(SiH3)(CO)(PH3)2]. A shorter Si–H bond of 1.869 Å to one
of the hydrides suggests that a silane s-complex can be present.204 Neither for 136
nor for 137 were the H–Si coupling constants measured.

Since the DCD scheme consists of donation and backdonation components, the
s-complexation of the Si–H bond to metals depends both on the p-acidity of the
trans ligand and its donor ability, as related to the trans effect. The structure 132
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suggests that if the ligand L is a p-acid, such as carbonyl, the H–Si bond should
strengthen for the same reasons, as p-acidic ligands promote the formation of s-
complexes. However, the essential difference with the conventional silane s-com-
plexes is that electron-withdrawing groups on silicon will strengthen the Si–H bond
in 132 and thus cause a less-advanced S–H bond addition to metal, because such
groups promote the formation of a hypervalent silicon species. On the contrary, the
Si–H bond trans to the most electron-donating group at Si will be more activated.
This effect is reflected, for instance, in the smaller J(Si–H) in the ethyl-substituted
complex [Os(H)3(SiEt3)(PPh3)3] (17.9Hz) compared with 29.2Hz in the pyrrolyl
derivative [Os(H)3(Sipyr3)(PPh3)3],

18 and in the decrease of Si–H bonding in 135,
which has an electron-rich silatranyl center because of the intramolecular Si’N
dative bond. The compound [Ru(H)3(SiMe3)(PMe3)3], having donor groups at both
the silicon and phosphorus atoms, is classical according to a ND study.206 The case
of carbonyl complexes 136 and 137 suggests that substitution at silicon is more
important than the p-acidity of ligands trans to the hydrides, but the evidence
against the nonclassical structure is inconclusive. The 29Si NMR data and more
sophisticated quantum-mechanical calculations are required to test this hypothesis.

If the bonding scheme 132 is valid, it can be expected that ligands with weak
p-acidity will provide the advanced Si–H bond oxidative addition. Such a situation is
observed, for instance, in the compound ½RuðHÞ2ðZ

2-H2ÞðZ2-HSiPh3ÞðPCy3Þ� (138,
the original formula of the authors is given) that was rationalized to simultaneously
contain a Z2-dihydrogen and a Z2-silane coordination202 with additional stabilizing
secondary interactions between the silicon and hydride atoms (SISHA).200–202,207

Changing the phosphine in 132 for a dihydrogen ligand to give 138 causes the rupture
of the H–Si bond trans to the Z2-H2 and yields a hydride ligand, owing to the weak
trans effect and weak p-acidity of the Z2-H2 ligand. The hydride ligand possibly still
has some weak residual interaction with the silicon atom,202 while the two remaining
phosphines on 138, which are bulky, occupy the sterically unfavorable but electron-
ically advantageous cis positions that are trans to two H–Si bonds of what is left of
the ðZ4-H3SiX3Þ

2� ligand, the ðZ3-H2SiX3Þ
� ligand.16 The two Si–H bond lengths

observed by X-ray in 138 (1.72(3) and 1.83(3) Å with D ¼ 0:11ð4Þ (A) and calculated
for its model ½RuðHÞ2ðZ

2-H2ÞðZ2-HSiH3ÞðPH3Þ� (1.946 and 2.071 Å with
D ¼ 0:135 (A) do not show any significant difference, although one of them was con-
sidered as a residual s Si–H interaction in the Z2-silane ligand HSiR3 and the other
was proposed to be a SISHA between the silicon atom and the putative hydride.
Such close Si–H distances suggest the presence of a (Z3-H2SiX3)

� ligand, whose
slight asymmetry can be then explained by a second-order Jahn–Teller distortion.16

Very similar Si–H interactions are seen in the compound ½RuðHÞðZ2-HSiClMe2Þ
ðZ3-C6H8PCy2ÞðPCy3Þ� (139, the original formula of the authors is given), which
relates to 138 in that the hydride and the dihydrogen ligands are substituted by the
Z3-allylic ligand derived from a dehydrogenated cyclohexyl ligand. Again, very
close values for the Si–H bonds are found in this compound (originally rationalized
to be a silane s-complex with additional SISHA) by an X-ray study (1.91(2) and
1.99(2) Å, D ¼ 0:08ð3Þ (A).200

The predicted free ligand (H2SiPh3)
�, isolated in the form of its potassium salt,

has been recently prepared and studied by X-ray analysis.208 A D3h geometry with
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the hydrides in the apical sites was observed in the solid state and calculated
by DFT to be the minimum. However, a second conformer with one axial and one
equatorial hydride was found to be another local minimum, lying only 8.6 kcalmol�1

higher than the trans-form. Therefore, the energy cost of the distortion of trans

(H2SiPh3)
� to give the cis-form can be easily compensated for by the double ligation

of both Si–H bonds to a metal. Cis hydrides were also proposed for the compounds
(H2Si{OPri}3)

� and (H2Si{OBusec}3)
� on the basis of NMR evidence, but no struc-

tural information is available.209

Cy3P

Cy3P

H

H

HH

SiPh3

H

Ru

138

Cy2P

Ru

139

SiPh3
H

H
Cy3P

Whereas the complexes [Ru(H)2(SiR3)(PR
0
3)Cp*] with electron-donating groups

R (R ¼ alkyl, aryl) are classical,94 the isolobal tris(pyrazolyl)borate complexes 140
(Cp* is isolobal with Tp) were formulated as silane s-complexes of type
½RuðHÞðZ2-HSiR3ÞðPPh3ÞTp�.

210 The compounds 140 were prepared by silane ad-
dition to [Ru(H)(NCCH3)(PPh3)Tp] according to Eq. (32). Similar to the related
complex ½RuðHÞðZ2-H2ÞðPPh3ÞTp�,

211 complexes 140 are highly fluxional, exhibiting
2 equiv. hydride signals in the 1H NMR spectra even down to �100 1C, but the Z2-
H2 form is absent since the T1 values are large (436–690ms), well outside the usual
range of T1 values for dihydrogen complexes. The presence of a H–Si interaction in
140 is evident from the large observed J(H–Si) in the range 23.3–52.8Hz, and since
the hydrides are fluxional, even higher values for the J(H–Si) could be expected if
complexes 140 contained a separate Z2-silane ligand.210 As in 129, the highest
J(Si–H) is seen for the silyl group bearing the most electron-withdrawing groups, a
feature not compatible with the presence of a conventional s-complex. It is obvious
that the occurrence of interligand interactions in the [Ru(PR3)Tp] system compared
with the isolobal [Ru(PR3)Cp] fragment is due to a weaker donation ability of the
rigid Tp� ligand and, hence, a diminished backdonation from the metal:
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N
N

N

N N

N

Ru H
NCCH3

J(H-Si), Hz = 23.3   52.8   28.4  23.5 23.5 27.4

(33)
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The J(H–Si) in 140 were measured from the 29Si satellites in the 1H NMR spec-
trum and, therefore, do not tell us how many hydrogen atoms are bound to the
silicon. This problem was solved by a B3LYP calculation of a model of 140 (Tp was
a modeled by (H2C ¼ NNH)3BH, PPh3 by PH3, and SiR3 by SiH3), which shows
that among several possible representations 140a–140d, the most stable one is
140a.210 The optimized structure exhibits a Si–H distance of 1.823 Å and a longer
Ru–H distance to the Si-bound hydrogen than the Ru–H(hydride) bond (1.629 Å
vs. 1.610 Å). The Si–H(hydride) distance is longer (2.108 Å) and was considered as
nonbonding,210 although it should be noted that similar values are found in com-
plexes with SISHA.200–202,207 The occurrence of the interaction Si–H(hydride) may
account for the very low calculated barrier (0.5 kcalmol�1, structure 140b) of silicon
swinging between the different hydrogen centers, which explains the extreme flux-
ionality of the complex 140. This bonding picture (one stronger Si–H and one
weaker Si–H interaction) is very reminiscent of the cis-effect well described in a
range of hydride(dihydrogen) complexes, which are often very fluxional.2 The iso-
meric form 140d was found to have even stronger Si–H interaction (1.765 Å),
whereas the cis-effect was absent (the H–H distance is 1.765 Å), apparently owing to
the difference in the electronegativity of the silicon and central hydrogen atom,
leading to the polarization H�–Si+. The interconversion of 140a and 140d requires
a much higher barrier of 7.5 kcalmol�1.

[Ru]

H3Si
H H

140a

[Ru]

Si
H3

H H

140b

[Ru]

H
H SiH3

140c

[Ru]

H
H SiH2

140d

[Ru] = TpRu(PH3)

The observation of a much larger Si–H coupling (52.8Hz) for the triethoxy
derivative ½RuðHÞðZ2-HSiðOEtÞ3ÞðPPh3ÞTp� compared with other complexes 140

(range 23.3–27.4Hz) contradicts the usual trend that electron-donating groups on
silicon favor stronger Si–H interaction. Interestingly, B3LYP calculation of the
model [Ru(H2Si(OH)3)(PH3)Tp] shows a stronger Si–H interaction for both the Si-
bound hydrogen and the Ru-bound hydride (the Si–H distances are 1.787 and
1.985 Å). Therefore, it is tempting to postulate that the actual form of 140 is in-
termediate between 140a and 140b and that the overall bonding picture is different
from what is observed in normal silane s-complexes. That is, the structure of 140
can be rationalized as containing a (H2SiR3)

� ligand distorted due to the second-
order Jahn–Teller effect, as is discussed above.16 The transition state 140b then
corresponds to a complex of symmetrical (H2SiR3)

�. Such a ‘‘breathing’’ (H2SiR3)
�

ligand may be alternatively applied to explain the fluxionality of complexes 140.
Stabilizing SISHA interactions were invoked to account for the unusual prop-

erties of the chelate complexes ½RuðHÞ2fðZ
2-HSiR2Þ2XgðPCy3Þ2� (141).212 These

compounds were prepared by disilane additions to ½RuðHÞ2ðZ
2-H2Þ2ðPCy3Þ2�
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[Eq. (34)] and thoroughly studied by IR and multinuclear NMR spectroscopy, X-
ray analyses, and DFT calculations. Two very different Si–H distances (range
1.73(3)–1.84(3) Å vs. range 2.21(2)–2.27(2) Å) have been observed, which allows the
authors to differentiate between two types of nonclassical bonding in 141: the Z2-
coordination of H–Si bonds to metal and the HySi secondary interactions. Com-
plexes 141 have symmetry C2 or C2v and, as in 138, the two bulky phosphine ligands
are in the sterically disfavored cis positions. The hydrides are trans to the
phosphines rather than to the ligands with the weakest trans influence, the Z2-H-Si
bonds, which was attributed to the presence of stabilizing SISHA interactions be-
tween these hydrides and the silicon atoms. The two Z2-H-Si bonds are mutually
trans and thus compete for the backdonation from the same d-orbital on metal,
according to a B3LYP study.213 Moving the two Z2-H-Si bonds away from the
phosphines weakens this competition and stabilizes the structure. The compounds
½RuðHÞ2fðZ

2-HSiR2Þ2OgðPCy3Þ2� (R ¼ Me, Ph) have a structure of type 142 with C1

symmetry, with one Z2-H-Si bond lying trans to a hydride and the other Z2-H-Si
bond trans to a phosphine ligand, so that the H–Si bonds do not compete and are
activated more strongly through enhanced backdonation.213 Interestingly, the theo-
retical work by Lin et al. did recognize the unusual geometry of 141 (the Z2 �H2Si
bonds are trans, making the ligands with strongest trans influence mutually trans)
but provided no rationale for this, because the stabilizing secondary interactions
between the silicon and hydride atoms were not identified. Instead, it was stated
that ‘‘the trans bis(Z2 �H...Si)) structure reflects the inherent stabilization of the
complex through a particular distorted coordination of the two trans-(HySi)
units’’:213
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HSiR2-X-SiR2H

X = O, 1,2-C6H4,  C2H4,  C3H6,  OSiMe2O
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X = O,  O
R =  Ph, Me

(34)

In ½RuðHÞ2fðZ
2-HSiR2Þ2XgðPCy3Þ2�, the H–Si coupling constants depend on the

nature of other R groups at silicon in a way different from the normal silane
s-complexes. Thus, in ½RuðHÞ2fðZ

2-HSiR2Þ2OgðPCy3Þ2� (142) J(H–Si) rises from
22Hz for R ¼ Me to 41Hz for R ¼ Ph, although phenyl is a weaker electron donor
than methyl. In the symmetrical 141 the J(H–Si) increases with the length of the
bridge (65Hz for X ¼ 1,2-C6H4 to 75Hz for X ¼ (CH2)3) and also increases for
electron-withdrawing substituents at silicon (75Hz for X ¼ (CH2)3 vs. 82Hz for
X ¼ OSiMe2O). Further support for the presence of H–Si interactions comes from
the low-frequency shifted (by 350–450 cm�1) stretching bands (range
1985–2045 cm�1 ). Theoretical studies show that the Si–H and Ru–H vibrations
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are strongly coupled and the low-frequency bands are better described as Ru–Hb

stretchings (Hb – the hydrogen bridging the ruthenium and silicon atoms). Com-
plexes analogous to 141 with more electron-withdrawing phosphines PPh3
and Ppyr3 (pyr ¼ pyrrolyl) have been also prepared, but the observed H–Si
coupling constants are very close to those in 141, and no definite conclusion
about the dependence of the H–Si bonding on the nature of phosphine can be
made.212

Complexes 141 are fluxional at or above room temperature, exchanging the
‘‘hydrides’’ and the protons of the Z2-H-Si bond.202,212 Analysis of different ex-
change mechanisms supported by DFT calculations favors the exchange to occur
via an asymmetric structure of type 142, which is followed by the silane-dihydrogen
and bis(dihydrogen) structures 143 and 144 (Scheme 7).212 The formation of 142
from the symmetrical 141 is the most energy-demanding step (DE ¼ 30:9 kJmol�1

with the barrier of 42.8 kJmol�1), which was attributed to the loss of stabilizing
SISHA interaction. A mechanism analogous to that for 140 and involving a
½MðZ3-H2SiR3ÞLn� structure has not been discussed, although this is also compat-
ible with the low entropy of activation of the exchange determined by NMR studies
(Scheme 7).

The compound ½Ru2ðHÞ4ðm-Z
2 : Z2 : Z2 : Z2-H4SiÞðPR3Þ4� (145, R ¼ Cy, Pri) pre-

pared according to Eq. (35) is a unique example of a complex of the simplest silane
SiH4, in which all four Si–H bonds are coordinated to metal.212,214 All the eight
hydrogen atoms present in the molecule are in fast exchange with DGa ¼

36 kJmol�1 and are coupled to the silicon atom with J(H–Si) of 36Hz. The struc-
ture of 145 resembles that of 127 in that the central (silicon) atom is sandwiched
between two metal polyhydride fragments. The Si–H bonds (1.69(3) and 1.73(3) Å)
observed by an X-ray study for the compound ½Ru2ðHÞ4ðm-Z

2 : Z2 : Z2 :
Z2-H4SiÞðPPr

i
3Þ4� correspond well to the value (1.685 Å) calculated for the model

complex ½Ru2ðHÞ4ðm-Z
2 : Z2 : Z2 : Z2-H4SiÞðPH3Þ4� and are of the order of magni-

tude usually observed for silane s-complexes. The remarkably short Ru–Si bond
(2.1956(9) Å), although close to the values observed in ruthenium silylene com-
plexes, does not mean the presence of a RuQSi double bond, but is rather a
compromise of Z3-H2Si coordination to each of the ruthenium centers. The bond-
ing of H4Si to each of the metals occurs through the donation of electron density
from a pair of Si–H bonds. A novel feature of the H–Si bond coordination in 145,
identified through DFT calculations, is that the backdonation on the s�(Si–H)
orbital occurs from the opposite ruthenium center with which the antibonding
orbital finds a better match:
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B. Comparison of Multicenter HySi Interactions with IHI and Residual
s-Interactions in Silane Complexes

While the last class of complexes considered in this section, the compounds 145,
closely resemble the usual silane s-complexes, other multicenter HySi interactions
discussed above have spectroscopic and structural features common to both the IHI
and s-complexes. This enigmatic situation can be explained well by the structure
132 in terms of a s-coordination of the Si–H bonds of the hypervalent ligand
(Hn+1SiX3)

n�
ðnX1Þ to metal, which thus includes both the hypervalent interaction

of the silicon with the hydride atoms and the s-complexation of the Si–H bonds to
metals. The key features of complexes with multicenter HySi interactions are
summarized in Table VIII, where a comparison with the IHI and the residual H–Si
interactions in silane s-complexes is given.

The case of ruthenium complex [Ru(H)3(SiMe3)(PMe3)3] and osmium complexes
135–137 clearly shows that donor groups at silicon atoms break the Si–H inter-
action. The effect of the donor ability of phosphine ligands is less defined and
deserves further studies. On the one hand, highly donating phosphines make the
metal more electron-rich, which stabilizes the high oxidation state and promotes
advanced Si–H bond addition. On the other hand, strongly donating phosphines
have strong trans influence, destabilizing the trans hydrides. Such an unfavorable
situation can be avoided by the formation of a Si–H bond, which transforms
the ligand with a strong trans influence into the ligand with a weak trans influence.
The formation of multicenter HySi interactions allows the compound to avoid the
undesirably high formal oxidation state of the middle/late transition metals (such as
state IV for Group 8 metals) and/or a situation that ligands with strong trans

influence, such as hydride and phosphines), are forced to be trans. Thus, the
multicenter interligand HySi interactions allow the compound to optimize its
metal–ligand bonding. The short M–Si bond observed in such compounds is not an
indicator of strong M–Si bonding, but the inevitable consequence of the coordi-
nation of several Si–H bonds, all stemming from the same silicon center.
C. A Comment on the Terminology

The term secondary interactions was introduced in chemistry by Alcock to de-
scribe all types of interactions not explainable by conventional theories, i.e. for
nonclassical interactions.5,215 As has been recently discussed, the term secondary



TABLE VIII

COMPARISON OF STRUCTURAL AND SPECTROSCOPIC FEATURES OF MULTICENTER HySi INTERACTIONS IN

COMPLEXES [MHN(SiX3)LM] WITH THE IHI AND s-COMPLEXES
a

Feature of multicenter HySi interactions IHI s-Complex

Electron-withdrawing groups X on Si favor the Si–H interaction + �

The metal is in a high formal oxidation state +/� +

The X and H are in the approximate trans positions + �
b

The M–Si bond is shortened + �

The J(H–Si) coupling constant is large +/� �

J(H–Si) increases with the rise of the electronegativity of groups X on silicon + +

The supporting ligands L on metal are poorly donating or electron-withdrawing � +

a+Indicates that the feature is also typical for the other type of Si–H interaction, +/� means that both

situations are possible.
bAlthough a halogen X trans to H was observed in some silane s-complexes this is not a prerequisite of

the theory (Section II.B).
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interaction covers a wide range of different types of nonclassical interatomic in-
teractions.5 The term secondary interactions between the silicon and hydride atoms

(SISHA) was introduced by Sabo–Etienne et al.200–202,207 to describe the simulta-
neous interaction of a silicon center with several hydride atoms, among which one is
considered to be part of a Z2-silane ligand, whereas others are considered to be
hydrides interacting with the silicon atom via secondary interactions. While the
nature of these secondary interactions has not been explicitly defined, in the systems
in which they were discovered, it closely resembles the so-called cis-effect, which is
an interaction of a hydride with a cis-located dihydrogen molecule.2,216 Therefore, it
should be clearly realized that SISHA is not a special type of interligand Si–H
interaction, but rather an alternative way of saying that some nonclassical Si–H
bond is present, thus masking the concrete nature of the Si–H interaction. The term
weak interaction, used by some authors and implying that the strength of nonclas-
sical bonding is different from the conventional covalent bonding, is even less
accurate, because in some molecules a genuine covalent bond can be as weak as a
few kcalmol�1, comparable to the strength of nonclassical bonding. It should be the
difference in the electronic structure of the compound that provides a justified
classification of chemical bonds.217 In this regard, the classification of nonclassical
H–Si complexes as s-complexes (1), agostic complexes (5), complexes with IHI (9),
and polyhydridesilyl complexes with the s-coordination of hypervalent silyl anions
(such as 132) proposed in this review appears to be advantageous because it is based
on clearly defined MO pictures of bonding in these compounds that have predict-
able structural and spectroscopic features, allowing for their verification by exper-
imental and theoretical methods. The theory of multicenter HySi interactions is
still in its infancy and further work is required to clarify their nature. The bonding
mode proposed for 132 can be verified by synthesizing polyhydride complexes in
high formal oxidation state of the metal, bearing electron-withdrawing groups on
both the metal and silicon atom. Carbonyl analogs of complexes 128–129 substi-
tuted by halosilyl ligands are promising candidates for such a study.
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V

CONCLUSIONS AND OUTLOOK

It is obvious that studying interligand Si–H interactions has reached a great
extent of sophistication. At least three classes of nonclassical Si–H bonding can be
identified. These are the electron-deficient residual Si–H interactions in silane
s-complexes and agostic complexes, electron-rich IHI MHySiX, and the more
recent multicenter HySi interactions, which are the subject of current debate and
have features common to both IHI and s-complexes. This surprising diversity
stems from the special role the substituent at silicon can play in tuning the extent of
Si–H interaction, and from the propensity of silicon to be hypervalent.

The silane ligand, Z2-HSiR3, is both a better s-donor and p-acceptor than the
Z2-H2 ligand, and thus undergoes a deeper Si–H bond activation by a metal center.
The effect of substitution at silicon on the extent of Si–H oxidative addition has
received a great deal of attention. It appears that electron-withdrawing groups
promote the Si–H bond activation in silane s-complexes through increased back-
donation from metal, but as the recent example of complex 67 shows, the opposite
can be the case for agostic complexes. Here, decreased Si–H donation to metal may
be the key bonding factor, and the presence of a link between the metal and silicon
centers (the NAr group) may impose restrictions on the optimal orientation of the
group relative to the rest of complex, thus decreasing the backdonation.

Substituent effects opposite to those found for silane s-complexes were observed
for the complexes with IHI, where the presence of one electron-withdrawing group
trans to the hydride ‘‘switches’’ the IHI on in comparison with a silyl SiR3 with the
donating R’s only. However, the IHI weakens with the further increase of the
number of electron-withdrawing substituents at silicon. It also appears that electron-
donating groups on silicon decrease the extent of HySi interactions in the recently
discovered class of polyhydride complexes with multicenter HySi interactions.

The measurements of silicon–hydride coupling constants have been commonly
considered as the main method for identification of nonclassical Si–H interactions
on the basis of ‘‘20Hz’’ criterion. But as more and more nonclassical complexes
appear, it becomes clear that the original assumptions and analogies with the Z2-H2

complexes were far too oversimplified. Quite significant coupling can be found in
systems with rather weak Si–H bonding and, vice versa, strong Si–H interactions
may correspond to small J(H–Si). It appears reasonable to infer the presence
of MyHySi three-center interaction if the coupling constant is rather large, more
than, say, the arbitrary value of 70Hz. Lower values of 15–40Hz suggest that some
H–Si interaction may be present, but a reliable, independent, spectroscopic,
structural, or computational evidence is required. The observation of even lower
values, however, does not rule out the existence of a Si–H bonding. In this case,
when the absolute value of the J(H–Si) is small, the measurement (or calculation)
of the sign of silicon– hydride coupling constant can be a more reliable signature
for the presence of a nonclassical interaction. The case of complex ½RhðHÞðSi
ðOMeÞ3Þðt-butylacrylateÞCp� being an apparent Rh(III) silyl hydride compound, but
exhibiting a large J(Si–H) of 38Hz, deserves intense scrutiny, because this can be



304 G.I. NIKONOV
the first example of a classical compound with an unusually large hydride–silicon
coupling constant. If this is indeed the case, a critical revision of the assignment of
nonclassical structures on the basis of J(H–Si)420Hz will be required for com-
pounds characterized by relatively small J(H–Si), in the absence of a independent
evidence for the Si–H bonding. Finally, it is rather incautious to estimate the extent
of the Si–H bond oxidative addition to a metal on the basis of the decrease of
J(H–Si) relative to the value found for the parent silane HSiR3, since the Si–H bond
oxidative addition is accompanied by a significant rehybridization of the silicon
atom, and relatively large Si s character in the residual Si–H bonding can lead to
misleadingly large coupling even for weak Si–H interactions.

A significant advance in studying SiyHyM agostic interactions has been
achieved with the discovery of a-agostic silyls and silylene complexes. Another
recently discovered class of compounds are the complexes with multicenter HySi
interactions, in which the silicon atom interacts simultaneously with two, three, or
four hydrogen atoms. Such a situation is found for several complexes of metals
from the middle of the Periodic Table in rather high formal oxidation states. The
nature of such multicenter HySi interactions has not been conclusively established
and more experimental and computational work is required. Some of their features
are akin to complexes with IHI, others resemble s-complexes. At least some of
them can be considered as containing hypervalent silyl ligands (Hn+1SiX3)

n�

ðnX1Þ. It can be predicted that similar multicenter interactions of one hydride with
several silicon centers will be discovered in the near future. A prospective system,
which is long known but deserves reinvestigation, are the complexes of type
[Fe(H)(SiR3)2(L)(Cp)], where L is a p-accepting ligand. Another potential system,
analogous to the previously discussed polyhydrides [M(H)3(SiR3)L3] (M ¼ Fe, Ru,
Os), are the so-far unknown complexes [M(H)(SiR3)3L3] (M ¼ Group 8 metal).
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