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The bonding coordination mode of various silanes to ruthe-
nium complexes is discussed on the basis of a detailed analy-
sis of NMR, IR, X-ray and DFT data. It is now more and more
obvious that a continuum exists between the two extreme
situations, i.e. formation of a σ-silane complex or Si–H bond
breaking leading to oxidative addition. Within this contin-
uum, secondary interactions involving Si and H play a sig-

Introduction

A σ-complex is defined by the coordination of an H–E
(E = H, Si, B, C...) bond to a metal center, a three center-
two electron bond. “True” σ-complexes display no intramo-
lecular interaction as the one found in the related family of
agostic complexes. σ-complexes are now well recognized,
and their properties have been reviewed in an excellent
monograph by G. Kubas.[1] A parallel is often made with
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nificant role, in particular for the stabilization of unusual
structures or as intermediates in exchange processes. Here,
we highlight the criteria allowing the best description of the
different bonding modes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the Chatt–Dewar and Duncanson model, thus involving
two components, σ-donation and back-donation (see Fig-
ure 1). Among the four main classes of σ-complexes (σ-di-
hydrogen,[1–3] σ-silane,[1,4–6] σ-borane[1,7] and σ-alcane[1,8,9])
σ-dihydrogen complexes are the most numerous and also
the most documented. One of the main reasons is that two
identical atoms are involved in the σ-coordination, whereas
the situation is much more complex for the other cases. The
substituents on the E atom have a tremendous impact, as
steric and electronic effects can tune the σ-coordination. We
will see in this review that in silane chemistry, the situation
is quite complex, in particular as a result of the hyperval-
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ence properties of silicon.[10] It is first interesting to com-
pare the coordination of a dihydrogen and of a silane ligand
to a metal center. The silane ligand imposes a dissymmetry
in the coordination mode, due to the difference in size and
electronegativity of the two elements. The Si–H bond is
more basic than the H–H bond, and thus is a better σ-
donor. Moreover, the Si–H bond is also a better π acceptor,
as the σ*(Si–H) orbital is lower in energy than the σ*(H–
H) orbital (dissociation energy for the Si–H bond in the
range 350–430 kJ·mol–1 vs. 435 kJ·mol–1 for H2). When a
competition between σ-dihydrogen or σ-silane coordination
exists, σ-silane coordination is thus favoured. By compari-
son to the dihydrogen complexes, the σ-silanes are generally
more advanced in the process of oxidative addition, thanks
again to a better back donation. For this reason, it is often
difficult to discriminate a σ-silane coordination from a hyd-
rido(silyl) formulation.[11] σ-Silane complexes exist for a
wide variety of metals, but this review will focus on ruthe-
nium complexes, a metal of choice to act as catalyst precur-
sor for several processes such as hydrosilylation, dehydrosi-
lylative coupling of alkenes, and dehydrogenative polymeri-
sation.[12,13] Moreover, polyhydride ruthenium complexes
offer to analyze a wide range of situations. Indeed, a hydro-
gen atom can be coordinated to the metal as a classical
hydride, involved in a σ-coordination (σ-dihydrogen or σ-
silane), or in a secondary interaction with a silicon atom.
We will in particular highlight the role of additional interac-
tions in the coordination sphere of a metal, as they play a
major role for the stabilization of silane complexes and are
involved in most of the exchange processes that are often
present in these highly dynamic systems.[14]

Figure 1. Bonding interactions in a σ-complex.

However, before presenting the different complexes, we
would like to give some essential and fairly general features
to illustrate the main issues in relation with the degree of
activation of the Si–H bond. Between the two extreme situ-
ations, formation of a σ-silane complex or Si–H bond
breaking and formation of a hydrido(silyl) complex, the Si–
H bond activation can be viewed as a continuum (Figure 2).
As a consequence, it is extremely difficult to establish the
boundaries between the extremes, especially when other hy-
drogen atoms are present in the coordination sphere of the
metal. In such a case, thanks to the tendency of Si to be
hypervalent, additional interactions can be established. We
have introduced the term SISHA to shorten the rather long
quotation: Secondary Interaction between a Silicon and a
Hydrogen Atom.[14] These interactions play an important
role both in the stabilization of unusual geometries and in
the exchange processes occurring in polyhydride species. At
this point, it is important to remember the preference of
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ruthenium for oxidation state (II) vs. (IV) and that polyhyd-
ride ruthenium chemistry is dominated by σ-ligand coordi-
nation.

Figure 2. E–H bond activation: a continuum between the σ-com-
plex and the product of oxidative addition.

Multinuclear NMR studies are particularly useful and
give key information on the exchange processes and the ac-
tivation of the Si–H bond. 1H chemical shift values are not
a very useful parameter, as those for classical hydrides and
hydrogen atoms involved in a σ-bond fall in the same range.
A similar situation is found for 29Si chemical shift values of
the corresponding silane or silyl complexes. Coupling con-
stant values have been extensively used in particular to dis-
criminate the two extremes, σ-silane complex and oxidative
addition product. However, as we will detail below (see pri-
mary silane section) cautious must be taken in particular
for values between 20 and 50 Hz, depending on the substit-
uents on the silicon and in presence of fast exchange pro-
cesses, which is unfortunately the case for many systems.
Activation of the Si–H bond can also be monitored by IR.
It is easy to follow the addition of a silane to a transition-
metal complex by checking the disappearance of the
stretching Si–H bond in the free silane (around 2100–
2150 cm–1). It is much more difficult to identify the corre-
sponding band in a σ-silane complex (around 1000 cm–1)
due to extensive mixing of vibrational motions and overlap
with some bands of other ligands. However, in many cases,
a broad and rather intense band can be observed in the
range 1650–1800 cm–1, identified as an antisymmetric
stretch of the activated Ru–H bond, with H still coordi-
nated to Si. X-ray analysis and DFT calculations are very
informative for the identification of σ-bonds and secondary
interactions. It is worth noting that X-ray data are now
more and more reliable for hydrogen location.[15] Low tem-
perature and high quality measurements are of course re-
quired, and comparison with DFT data is very useful. Key
parameters, as we will see below, are not only the Si–H dis-
tances, but also the Ru–Si distances. The Ru–Si distance
within a series of compounds diminishes as the activation
of the Si–H bond increases. For Si–H distances of typically
1.7–1.8 Å, σ-bond coordination can be reasonably pro-
posed. The situation becomes more controversial for values
around 1.9–2.0 Å. Higher values up to 2.4 Å are typically
the range indicating a significant interaction between a hy-
drogen and a silicon, values still much shorter than the sum
of the van der Waals radii, 3.4 Å. The nature of the silicon
substituents is highly important. For electron-withdrawing
substituents, the tendency of Si to be hypervalent is favored
as a result of a σ�(Si–R) orbital lower in energy. The IHI
(interligand hypervalent interaction) analysis developed by
Nikonov is nothing more than the direct consequence of
this well-known hypervalence property applied to hydrido(-
silyl) complexes.[16]
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Through some selected examples, we will see the need to

combine these various techniques to draw the best view of
the bonding nature of a silane. Two main classes of com-
pounds will be examined in details. The first section deals
with a series of complexes resulting from the activation of
disilane compounds, whereas in a second part we will exam-
ine the reactivity of ruthenium complexes with monosilane
compounds, either primary or secondary silanes.

Disilane Coordination

In view of the fascinating chemistry displayed by the
bis(dihydrogen) ruthenium complex RuH2(H2)2(PCy3)2

(1),[17] we were interested to isolate an analogous complex
but incorporating two other σ-ligands, silane in place of
dihydrogen. This was achieved by using disilane com-
pounds. The chelating effect allowed for the stabilization
but was not the determinant factor, as we will detail below.
The series of general formula [RuH2{(η2-HSiMe2)2-
X}(PCy3)2] [the spacer X between the two Si atoms contains
two or three atoms, X = C6H4, (CH2)n, OSiMe2O] was iso-
lated and fully characterized (Scheme 1).[18] The most rel-
evant data from multinuclear NMR experiments (see
Table 1, compounds 2–5) were the following: (i) one triplet
near –8 ppm for the σ-Si–H protons and an AA�XX� reso-
nance near –12 ppm for the two classical hydrides. Coalesc-
ence of the two signals was observed at high temperature
and an exchange barrier of roughly 65 kJ·mol–1 was deter-
mined. Deuterium incorporation was equally observed on
the two hydride sites implying a rather easy exchange pro-
cess between the two types of hydrogen atoms. (ii) The
29Si{31P} INEPT spectra showed a doublet with JSiH values
in the range 65–82 Hz, representing a significant reduction
from the values for the free disilane (∆ = 106 to 125 Hz) in
agreement with a stretching of the Si–H bond as a result of
σ-coordination.

Scheme 1. Synthesis of the bis(silane) complexes of general formula
[RuH2{(η2-HSiMe2)2X}(PCy3)2].

The complexes were characterized by X-ray diffraction,
and the measurements at low temperature allowed a very
good location of the hydrogen atoms, ascertained by DFT
calculations (see below and Table 2). They display the same
overall structure, a distorted octahedral with two cis phos-
phane groups (P–Ru–P angle close to 108°) and the disilane
ligand bonded to the ruthenium through two σ-Si–H bonds
in a trans position. Activation of the Si–H bond is illus-
trated by a significant lengthening compared to the free si-
lane. For example for [RuH2{(η2-HSiMe2)2(C6H4)}(PCy3)2]
(2) the two σ-Si–H bond lengths are 1.84(2) Å as deter-
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mined by X-ray diffraction and 1.848 Å by DFT calcula-
tions at the B3LYP level, whereas the Ru–Si distances are
close to 2.42 Å by X-ray diffraction or DFT calculations
(Table 2, Figure 3). After obtaining the first X-ray struc-
ture,[19] we were quite surprised by the cis position of the
bulky phosphane groups. In fact, no matter the nature of
the disilane [HMe2Si(X)SiMe2H with X = C6H4, (CH2)2,
OSiMe2O] or the phosphane (PCy3, PPh3) coordinated, the
same overall geometry was obtained (Table 2).[18] We noted
that the distances between the classical hydrides and the
silicon atoms were close to 2.2 Å, much shorter than the
sum of the van der Waals radii (3.4 Å for hydrogen and
silicon). Detailed DFT studies by means of two hybrid
functionals B3LYP and B3PW91 gave important infor-
mation on the coordination mode of the disilane ligand to
the ruthenium. Three isomers were characterized on the sin-
glet potential energy surface. As an example, we will con-
centrate on the three isomeric structures of [RuH2{(η2-
HSiH2)2(C6H4)}(PH3)2]. The most stable isomer A has a
geometry closely resembling that found by X-ray diffraction
for 2 (Figure 3). The disilane is symmetrically coordinated
to the ruthenium with the two σ-hydrogen atoms almost
trans to each over (the H–Ru–H angle is 172°). The two Si–
H distances of 1.848 Å are identical to the values found by
X-ray diffraction. More interesting, the classical hydrides
are turned toward the silicon atoms, imposing a cis position
for the phosphane groups. The distances between the silicon
atoms and the hydrides are 2.25 Å, indicative of weak at-
tractive interactions again in excellent agreement with X-
ray data. It is worth noting that location of hydrogen atoms
in the coordination sphere of a metal has been always sub-
ject to debate. Very recently, we have published X-ray and
neutron data for the bis(dihydrogen) complex RuH2(H2)2-
(PCyp3)2 incorporating two tricyclopentylphosphane li-

Figure 3. (a) X-ray crystal structure of [RuH2{(η2-HSiMe2)2-
(C6H4)}(PCy3)2] (2). (b) DFT/B3PW91-optimized geometry of
[RuH2{(η2-HSiH2)2(C6H4)}(PH3)2].
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Table 1. Selected NMR and IR [cm–1] data[a] for various silane and silyl ruthenium complexes.

Formula δ = 1H [ppm] JSiH [Hz] δ = 29Si [ppm] νRu–H–Si νRu–H Ref.

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 –7.74 (t) 65 4.8 1778 1969 [16,17]

–12.03 (m) 1985
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 –8.21 (t) 70 12.2 1773 1981 [16]

–12.65 (m) 2012
3b RuH2[(η2-HSiMe2)2(CH2)2](PCy3)(PPh3) –7.68 (t) 64 14.7 1768 [16]

–11.10 (dd) 1989
–11.47 (dd) 2008

3c RuH2[(η2-HSiMe2)2(CH2)2](PPh3)2 –7.60 (t) 64 16.4 1797 1961 [16]

–10.92 (m) 1978
4 RuH2[(η2-HSiMe2)2(CH2)3](PCy3)2 –8.49 (t) 75 –11.1 1803 1961 [16]

–12.17 (m) 1994
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 –9.14 (t) 82 4.9 1798 1955 [16]

11.20 (m) 2045
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 –8.36 (br) – – 1712 [13]

–8.62 (br) 1972
–9.93 (br) 2040
–10.76 (br)

7 RuH2[(η2-HSiMe2)2O](PCy3)2 –8.1 (br) 22 (av.)[b] –5.61 1699 [16,17]

–8.5 (br) 1969
–9.4 (br) 2045
–10.2 (br)

8a RuH2[(η2-HSiPh2)2O](PCy3)2 (sym) –7.67 (br) 41 (av.)[b] 4.80 1670 1976 [16,12]

–9.70 (t) 2019
8b RuH2[(η2-HSiPh2)2O](PCy3)2 (non-sym) –7.08 (br)

–8.11 (br)
–8.99 (br. t)
–9.81 (br. t)

9a RuH2[(η2-HSiPh2)-O-(SiHPh2)](PPh3)3 –8.97 (dt, 1 H) 35 (av.)[b] 11.7 – – [12]

–9.40 (br. t, 2 H) –21.4 (free)
9b RuH2[(η2-HSiPh2)-O-(Si(OH)Ph2)](PPh3)3 –9.15 (m, 3 H) – – – – [12]

10 RuH3(SiCl2Me)(PPh3)3 –9.76 (m) 39.7 (av.)[b] 36.4 – 1961.5 [19]

11 RuH3(SiPyr3)(PPh3)3 –9.80 (m) 47.4 (av.)[b] 8.6 – 1960 [21]

1969
12a RuH3(SiMe3)(PMe3)3 –10.18 (br. m) – –10.8 – 1887 (av.) [25]

12b RuH3(SiEt3)(PMe3)3 –10.53 (br. m) – 12.7 – 1897 [25]

(av.)

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 –10.15 (br. m) 25 –9.2 – 1898 [20]

(av.)
–0.9 (free)

13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 –8.3 (br. s) 18 (av.)[b] 5.7 – – [26]

14 RuH2(η2-HSiMe2Cl)(η2-H2)(PCy3)2 –8.51 (br. s) – 38 – – [27]

15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 –8.77 (br.) 105 –11.3 – 1945 [30]

–9.46 (dt) 2021
–12.46 (dt)

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (fac) –7.7 (dt) 75.0 –19.4 1615 – [31]

RuCl(H)(-CH2SiMe2)(PMe3)3 (mer) –6.0 (dt) 77.5 –19.8 – – [31]

17 RuH(η2-HSiEt3){(η3-C6H8)PCy2}(PCy3) –9.54 (br. t) 36.7 – – – [36]

–12.63 (dd) 24.7
18 RuH(η2-HSiMe2Et){(η3-C6H8)PCy2}(PCy3) –9.45 (ps t) 40.1 5.0 – – [35]

–12.46 (dd) 24.1
19 RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}(PCy3) –9.06 (ps t) 37.3 46.2 – – [27]

–11.98 (dd) 24.1
20 Cp*RuCl(η2-HSiClMe2)(PiPr3) –9.65 (t) 33.5 – 1916 – [33]

21 [CpRuH(SiCl3)(PMe3)2][B(3,5-(CF3)2C6H3)4] –9.87 (t) 48 30.6 – – [37]

22a Ru2H4(µ-η2:η2:η2:η2-SiH4)(PCy3)4 –6.0 (br.) 36 (av.)[b] 290.2 1667 1911 [38,39]

–8.6 (br.)
23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 –9.94 (br.) 22 (av.)[b] 85.7 1703 1899 [39]

2022
24 [Cp*RuH]2(η2:η2-H2SitBu2) –6.15 (s) 75 75.5 1790 – [40]

–16.63 (s)
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Table 1. (continued).

Formula δ = 1H [ppm] JSiH [Hz] δ = 29Si [ppm] νRu–H–Si νRu–H Ref.

25a [Cp*Ru(CO)]2(η2:η2-H2SitBu2) –13.60 (s) 22.4 186.2 – – [40]

25b [Cp*Ru(CO)]2(η2:η2-HSitBu2)H –11.79 (s) 31.6 168.2 – – [40]

–14.40 (s)
26a [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiPhH)(µ-H)H –11.64 (s) 26 – 1813 2054 [40]

–12.84 (s) 1613
–14.00 (s) 49
–16.46 (s)

26b [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiEtH)(µ-H)H –12.32 (s) – – 1835 2062 [40]

–13.26 (s) 1659
–14.29 (s)
–16.67 (s)

[a] NMR/IR data were obtained under the following conditions: 2–5,12,17,23, C6D6, room temp./Nujol mull; 6,8,9a,22, C7D8, 193 K/
Nujol mull; 7, C7D8, 178 K/Nujol mull; 9b,11,13–15,18–19, C7D8, room temp./Nujol mull; 10, CD2Cl2, room temp./KBr; 16, C7D8, 301 K/
Fluorolube; 20, C7D8, 233 K/Nujol mull; 21, CD2Cl2, 298 K; 24–26, C7D8, 298 K/KBr. [b] JSiH values were determined at room tempera-
ture. Average values involving all the hydrides and dihydrogen ligand in the case of 13.

Table 2. Selected interatomic distances [Å] for various silane and silyl ruthenium complexes.

Formula Ru–Si Si–H Si···H Ref.
X-ray data DFT[a] X-ray data DFT[a] X-ray data DFT[a]

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 2.425(1) 2.425 1.84(2) 1.848 2.22(2) 2.253 [16,17]

2.18(2) 2.253
2.429(2) 2.425 1.84(2) 1.848 2.12(2) 2.253

2.21(2) 2.253
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 2.428(1) 2.441 1.73(3) 1.853 2.27(3) 2.22 [16]

2.13(3) 2.329
2.411(1) 2.441 1.78(3) 1.853 2.12(3) 2.329

2.31(3) 2.22
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 2.484(1) 2.451 1.77(4) 1.826 2.25(3) 2.170 [16]

2.43(3) 2.484
2.434(1) 2.447 1.81(3) 1.839 2.32(3) 2.426

2.04(3) 2.168
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 2.395(2) 2.416 1.93(5) 1.922 2.35(6) 2.510 [13]

2.25(6) 2.191
2.434(2) 2.490 1.91(5) 1.775 2.39(5) 2.500

2.09(6) 2.367
9b RuH2[(η2-HSiPh2)-O-(Si(OH)Ph2)](PPh3)3 2.356(2) – 1.97(5) – 2.03(5) – [12]

2.07(5)
10 RuH3(SiCl2Me)(PPh3)3 2.2760(4) – – – 1.86(2) – [19]

1.94(2)
1.94(3)

12a RuH3(SiMe3)(PMe3)3 2.376(1) – – – 2.13(5) – [25]

2.18(5)
2.23(5)

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 2.3774(8) – – – 2.00(4) – [20]

2.09(4)
2.05(5)

12d RuH2(SiMe2CH2CH2SiMe2)(PMe3)3 2.4682(9) – 1.81(4) – – – [20]

2.4514(9)
13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 2.385(2) 2.394 1.72(3) 1.946 1.83(3) 2.071 [23]

2.40(4) 2.116
15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 2.498(2) 2.499 1.59(8) 1.658 – – [31]

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (fac) 2.526(2) – 1.664 – – – [25]

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (mer) 2.468(2) – 1.557 – – – [25]

18 RuH(η2-HSiMe2Et){(η3-C6H8)PCy2}(PCy3) 2.418(1) 2.468 – 1.847 – 2.164 [35]

19[b] RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}(PCy3) 2.353(2) 2.398 1.91 (2) 1.891 1.99(2) 2.076 [27]

20 Cp*RuCl(η2-HSiClMe2)(PiPr3) 2.398(1) 2.427 2.05 2.072 – – [33]

21 [CpRuH(SiCl3)(PMe3)2]+ 2.329(1) – 1.77(5) – – – [37]

22b Ru2H4(µ-η2:η2:η2:η2-SiH4)(PiPr3)4 2.1875(4) 2.229 1.69(3) 1.685 – – [39]

1.73(3) 1.685
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Table 2. (continued).

Formula Ru–Si Si–H Si···H Ref.
X-ray data DFT[a] X-ray data DFT[a] X-ray data DFT[a]

23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 2.456(3) 2.486 – in the – – [39]

2.364(3) 2.398 range
2.408(3) 2.551 1.654–1.760
2.419(3) 2.551
2.355(3) 2.400
2.408(3) 2.487

[a] All the calculations were carried out at the B3LYP level of theory, except for compounds 2, 6 (B3PW91) and 20 (BP86), by using the
following model compounds: 2 RuH2[(η2-HSiH2)2(C6H4)](PH3)2, 3a RuH2[(η2-HSiH2)2(CH2)2](PH3)2, 5 RuH2[(η2-HSiH2)2(OSiH2-
O)](PH3)2, 6 RuH2[(η2-HSiMe2)2NH](PCy3)2, 13 RuH2(η2-HSiH3)(η2-H2)(PH3)2, 15 RuH2{η4-HSiH2(CH=CHMe)}(PH3)2, 18 RuH(η2-
HSiMe3){(η3-C6H8)PH2}(PH3), 19 RuH(η2-HSiMe2Cl){(η3-C6H8)PH2}(PH3), 20 Cp*RuCl(η2-HSiClMe2)(PiPr3), 22 Ru2H4(µ-
SiH4)(PH3)4, 23 Ru2H2(µ-H2Si(OMe)2)]3(PH3)2. [b] Data for one isomer.

gands.[15] Additional comparison with DFT values shows
that X-ray data are more and more reliable for hydride loca-
tion, when of course, high quality measurements can be ob-
tained at low temperature. Isomer B was optimized as a
minimum lying 32 kJ·mol–1 above A. Isomer B has no sym-
metry whatsoever, and the two Si–H bonds are now very
different: one is trans to a phosphane whereas the second
one is trans to a hydride. One more striking difference with
isomer A is that all the distances between the hydrides and
the silicon atoms exceed the sum of the van der Waals radii
(3.52 and 3.58 Å). A similar situation is found in isomer C
with distances between the hydrides and the silicon atoms
of 3.42 Å. Isomer C is characterized by a trans position of
the phosphane groups, with the two Si–H bonds being trans
to a hydride. Thus, C displaying an analogous geometry
to the bis(dihydrogen) complex 1, with in particular trans
phosphane groups and two σ-ligands trans to the hydrides,
is not the most stable isomer and is in fact 45 kJ·mol–1

above A. Similar observations were found when using vari-
ous disilanes with at least two atoms bridging the two Si.
Thus, these close H···Si contacts are a stabilizing feature
of the overall structure: we call them SISHA interactions
(Secondary Interaction between a Silicon and a Hydrogen
Atom). These SISHA interactions energetically compensate
not only the hindered cis position of the bulky phosphane
groups, but also the disfavored trans position of the σ-
bonds (back-donation competition).

In the specific case of only one atom between the two Si,
as for example in the case of disiloxane or disilazane, the
situation is different as a result of a steric constraint upon
coordination of the disilane ligand. Indeed, we have re-
cently characterized both by X-ray diffraction and DFT
calculations the disilazane complex [RuH2{(η2-HSiMe2)2-
NH}(PCy3)2] (6).[20] For the first time the choice of the
functional for DFT calculations in silane ruthenium chem-
istry turned to be crucial. Major differences were observed
with the use of B3LYP by comparison to the X-ray data,
whereas a very good match was obtained with B3PW91
(Figure 4). The two phosphane groups in 6 are still in a cis
disposition but the disilazane ligand has now the two Si–H
bonds also in a cis disposition, similarly to the case of iso-
mer B described above. In 2 by X-ray diffraction or A by
DFT calculations, the four Si···H distances between the hy-
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drides and the silicon atoms were close to 2.2 Å, whereas in
6 they lie between 2.1 and 3.7 Å by X-ray diffraction and
2.2 to 3.9 Å by DFT calculations. It is now interesting to
compare the NMR properties of the two complexes. At
room temperature, as already pointed out, the 1H NMR
spectrum of 2 displays two signals for the two types of hy-
drogen atoms. Coalescence is observed at much higher tem-
perature. In contrast, in the case of 6, only one signal is
observed at room temperature, whereas decoalescence is
achieved at low temperature. The exchange process is thus
easier in the case of 6. In-depth NMR and theoretical stud-
ies of the mechanism of the exchange process were under-
taken on [RuH2{(η2-HSiMe2)2(C2H4)}(PCy3)2] (3a), a com-
plex very similar to 2 as shown by X-ray, NMR and DFT
data.[14] The free energy of activation for exchange is
72 kJ·mol–1 at 376 K, and the entropy of activation is close
to zero, indicative of an intramolecular process. A complete

Figure 4. (a) X-ray crystal structure of [RuH2{(η2-HSiMe2)2-
NH}(PCy3)2] (6). (b) DFT/B3PW91-optimized geometry of
[RuH2{(η2-HSiMe2)2NH}(PCy3)2].
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Figure 5. A picture of the intermediates and the transition states involved in the exchange process between the hydrides and the Si–H
hydrogen atoms within the model complex [RuH2{(η2-HSiH2)2(C2H2)}(PH3)2] at the DFT/B3LYP level.

picture of the exchange process deriving from DFT calcula-
tions is drawn in Figure 5. Isomer I [RuH2{(η2-HSiH2)2-
(C2H2)}(PH3)2] was also used as a model complex for 3a.
Exchange of all the different hydrogen atoms can be
achieved through the intermediacy of new σ-dihydrogen
complexes. Indeed conversion of isomer I to the asymmetric
isomer II in which the SISHA interactions have been
broken is the first step. It is then easy to break a Si–H bond.
Two hydrogen atoms are now close enough to form a new
σ-ligand as in isomer III. A similar process with the second
Si–H bond leads to isomer IV with two dihydrogen ligands.
Exchange can now occur via rotation of the dihydrogen li-
gands and reversal of the isomerisation process. All the
transition states connecting the different isomers have been
calculated. TSI–II is the most energetically demanding step.
The overall barrier is 42.8 kJ·mol–1. In summary, breaking
of the SISHA interactions is responsible for the most ener-
getically demanding step in the exchange process.

Monosilane Coordination

Primary Silanes

A wide variety of monosilanes of the type HSiR3 (R =
alkyl, aryl, alkoxy or halogen) reacts with dihydride ruthe-
nium complexes to form the corresponding silane com-
plexes stabilized by various interactions between the hy-
drides and the silicon atom (see Figure 6).[21–25] Depending
on the activation degree of the Si–H bond, they can be in-
terpreted as σ-silane or silyl hydride complexes, namely
RuH2(σ-HSiR3)L2L� or RuH3(SiR3)L2L�, respectively (L,
L� = PR3, CO, σ-H2). The NMR spectroscopic data are
very similar for most of the complexes, as can be seen from
Table 1. In the case of RuH3(SiCl2Me)(PPh3)3 (10) for ex-
ample,[21] the 1H NMR spectrum exhibits only one hydride
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resonance at –9.76 ppm with the characteristic
AA�A��XX�X�� coupling pattern of MH3(SiX3)(PR3)3 com-
plexes arising from the sum of three phosphorus–hydrogen
coupling constants, |2JHPtrans + 2 2JHPcis|. The 1H{31P}
NMR spectrum gives a singlet with 29Si satellites (JSiH =
39.7 Hz) in agreement with a possible σ-silane bonding
mode and/or Si···H interactions. The 31P{1H} NMR spec-
trum shows only a singlet at δ = 38.31 ppm, suggesting that
the three phosphorus are equivalent on the NMR time
scale. This is confirmed by the 29Si{1H} DEPT NMR spec-
trum that exhibits a quadruplet centered at δ = 36.4 ppm
(2JSiP = 12.8 Hz). No decoalescence of the hydride or phos-
phorus signals was observed even at low temperature, in-
dicative of a fast exchange process in this unsymmetrical
compound.

Figure 6. Schematic representation of a series of complexes of gene-
ral formula RuH3(SiR3)L2L�.

In the case of symmetrical complexes (C3 axis), the
equivalency of the hydrides prevents any further interpret-
ation regarding the bonding mode. This situation leads to
some disagreement on whether or not the SiPyr3 group is
rotating in RuH3(SiPyr3)(PPh3)3 (11) for example (Pyr =
pyrrolyl). Hübler et al. proposed a bonding scheme that al-
lows a facile rotation when considering the contribution
represented in Figure 7 (b) to be preponderant.[23] On the
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contrary, Nikonov pleads an electron-density transfer from
the σ(M–H) bonding orbitals into the σ�(Si–N) antibond-
ing orbitals to be the main contribution, thus leading to a
rigid structure (Figure 6 and Figure 7, a).[26] However, Ni-
konov uses a DFT study reported by Hübler et al. to sup-
port his argumentation, but this was actually a MP2 study
of an osmium analogue, which is certainly not transposable
to the ruthenium case. It is thus difficult to make conclu-
sions on the basis of these experimental and computational
data. In the case of the SiMe3 group, Berry et al. observed
no dynamic process in RuH3(SiMe3)(PMe3)3 (12a) on the
NMR time scale (only a slight broadening of the Ru–H
resonances at 190 K).[27] In these symmetrical compounds,
the presence of a Ru-η2-H–Si bond (or one strong Si···H
interaction) could have led to decoalescence of the hydride
signal. However, due to the limited range in temperatures,
one cannot conclude on whether the activation energy for
the formation/breaking of such interactions would be very
low or very high.

Figure 7. Orbital representation of Ru–H···Si bonding adapted
from ref.[19,21]

The fluxionality observed at the NMR time scale for
RuH3(SiMeCl2)(PPh3)3,[21] (10) but also for RuH2(η2-
HSiPh3)(η2-H2)(PCy3)2 (13),[28] RuH2(η2-HSiMe2Cl)(η2-
H2)(PCy3)2 (14),[29] and RuH3(SiMe2CH2SiMe3)(PMe3)3

(12c),[22] is consistent with exchange processes characterized
by low activation energy barriers. In 10 and 12c, the silane
ligand is bearing different substituents (a situation not de-
picted in Figure 7, a). The presence of different R substitu-
ents should affect more or less the balance between the
three Si···H interactions in the contribution shown in Fig-
ure 7 (a). In 13 and 14, one phosphane is now replaced by
a dihydrogen ligand. It is thus expected a reinforcement of
hydride inequivalency. Again, one cannot conclude when no
decoalescence of the hydride resonance is observed. NMR
spectroscopy can still provide JSiH coupling constants but
they are mean values. The interpretation of the raw values
has to be done cautiously since the typical ranges for which
the Si–H bonds were considered to be either fully activated
(� 20 Hz) or just partially elongated (20–70 Hz) have been
recently reconsidered.[22,30] The free silane 1JSiH substituent-
dependency clearly illustrates the problem. Values vary
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from 190 Hz in HSiMe3 to 370.6 Hz in HSiCl3 due in part
to an increase in the s character in the Si–H bond (Bent’s
rule). This naturally applies to the JSiH coupling in a com-
plex, more precisely to its two contributions of opposite
signs, 1JSiH and 2JSiH. The measured JSiH value corresponds
to the sum |1JSiH + 2JSiH|. In the series of CpRu(SiR3)-
(PR�3)2 complexes, Lemke et al. have shown that an in-
crease in the electron-withdrawing character of the SiR3

group leads to stronger Ru–Si bonds as monitored by the
increase of the |2JSiP| values.[31] For hydrido(silyl) or σ-silane
species with different SiR3 groups, but considering a similar
activation of the Si–H bond, the |1JSiH| values should in-
crease as a function of the R substituent, with the highest
value for the more electronegative group. As an example,
coordination of HSiR3 to a metal center leading to 80%
activation of the Si–H bond would result to a |1JSiH| value
of 74 Hz for R = Cl and 38 Hz for R = Me. Assuming that
the |2JSiH| values will follow the same trend as the |2JSiP|
values in silyl complexes, the magnitude of the apparent
JSiH coupling may not necessarily reflect the silane bonding
and its modifications. For example, the apparent JSiH values
of 39.7 Hz in RuH3(SiMeCl2)(PPh3)3 (10) and 47.4 Hz in
RuH3(SiPyr3)(PPh3)3 (11) do not necessarily indicate the
presence of a σ-silane bond. However, in order to define a
trend for the JSiH coupling constants in silane ruthenium
complexes, one can start with the coupling constant of
105 Hz measured in the allylsilane complex RuH2[η4-HSi-
Me2(CH=CHMe)](PCy3)2 (15) to give an idea of the upper
limit corresponding to an agostic Si–H interaction.[32] We
can then consider the fac and mer isomers of RuCl-
(CH2SiHMe2)(PMe3)3 described by Berry et al. that reflect
a further point on the oxidative addition process (still close
to the agostic interaction type).[33] They respectively exhibit
JSiH values of 75 and 77.5 Hz associated to Si–H distances
of 1.664 Å in the fac isomer and 1.557 Å in the mer one, in
agreement with only slightly elongated Si–H bonds. The
next step can be represented by the bis(σ-silane) complexes
described in the previous section with coupling constants
around 70 Hz. Below that value, it is recommended to inter-
pret the JSiH values with caution, especially when the silicon
atom has electron-withdrawing substituents. More infor-
mation could be now gained thanks to recent improvements
in DFT calculations, which allow calculations of JSiH val-
ues.[34] Generally, a negative value is the sign of a direct
Si–H interaction as 1JSiH are negative due to the negative
magnetogyric value of silicon.[35]

Decoalescence of the hydride signal in a polyhydride sys-
tem is rarely observed. The 1H NMR spectrum of
RuH2{(η2-HSiPh2)O(SiHPh2)}(PPh3)3 (9a) at 203 K, a
complex with a dangling Si–H ligand, shows two broad
multiplets at –8.97 ppm and –9.40 ppm (2JHPtrans = 50 Hz
and 2JHPcis = 25 Hz) in a 2:1 ratio.[14] At this temperature,
the 31P{1H} NMR spectrum displays a triplet at δ = 42.62
and a doublet at δ = 38.49 with JPP of 23 Hz. The 29Si-1H
COSY spectrum acquired at 203 K shows a signal corre-
sponding to the dangling Si–H bond (δ –21.4) and another
one (δ = 11.7 ppm) correlated to the hydride high-field reso-
nance at δ –8.97 ppm attributed to an (η2-Si–H) hydrogen.
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The fast exchange at room temperature is associated to a
JSiH mean value of 35 Hz. Due to line broadening, no JSiH

value could be measured at low temperature. According to
the above discussion about coupling constants, a definitive
assignment between the two formulations, dihydride σ-si-
lane or trihydride silyl with one strong Si···H interaction, is
difficult. An X-ray structure of RuH2{(η2-HSiPh2)-
O(Si(OH)Ph2)}(PPh3)3 (9b), resulting from hydrolysis of the
dangling Si–H bond of 9a was obtained. The structure is
similar to those described for other RuH3(SiR3)L3. The ru-
thenium is surrounded by the three phosphane groups in a
tripodal position with P–Ru–P angles of 103° (av.) and Si–
Ru–P angles of 115° (av.). However, one Si–Ru–P angle is
119°, indicating a dissymmetric geometry. The hydrogen
atoms were located in the vicinity of the ruthenium at 1.6 Å
(av.). The distances between the silicon and the three hy-
drides are 1.97(5), 2.03(5) and 2.07(5) Å. They are in agree-
ment with an elongated σ-Si–H bond and two SISHA inter-
actions (unfortunately, we have no DFT data for compari-
son). The Ru–Si distance is 2.356(2) Å, thus at the lower
limit of the Ru–Si distances observed in other silane ruthe-
nium complexes. We note that steric hindrance between the
phosphane groups and the OSi(OH)Ph2 group may have
influenced the bonding. As a matter of fact, there is no
decoalescence of the hydride resonance for RuH3(Si-
Me2CH2SiMe3)(PMe3)3 (12c) in which the phosphane
groups are rather small.[22] In this series of complexes, X-
ray data show that the Ru–Si bond lengths range from
2.2760(4) Å in RuH3(SiCl2Me)(PPh3)3 to 2.385(2) Å in
RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 (see Table 2). They over-
lap the distances reported for silyl and σ-silane species and
they are mainly in the lower limit region (taking into ac-
count the nature of the silicon substituents). In fact, the
process of Si–H bond activation can be described similarly
to the one proposed for C–H bond activation. Once the
proton/metal interaction is established, the Si–M distance
decreases while the M–H and Si–H distances stay almost
unchanged (until a certain point).[6,36] The main difference
comes from the silicon hypervalence that may favor Si···H
interactions, keeping the atoms close together in a cis posi-
tion. Lin has discussed this point in a previous review on
the structural and bonding characteristics in transition
metal–silane complexes.[5] Consequently, a long Ru–Si dis-
tance is consistent with an early stage in the activation, i.e.
a σ-silane bonding mode, while it remains difficult to con-
clude for a short one, which appears to be the case in this
series. When comparing the Ru–Si distances obtained for
this family to the ones measured in the bis(σ-silane) com-
plexes, we deduce that the latter represents an earlier stage
in the Si–H bond activation process. This is confirmed by
the shorter σ-Si–H bond lengths and the weaker SISHA
interactions (longer Si···H distances). For the complexes we
are considering here, the SISHA interactions are dedicated
to only one silicon atom. This certainly results in a better
stabilization of the activated silane and consequently high-
lights a tight relationship between the Si–H bond activation
level and the SISHA interaction strength. The Si–H bond
oxidative addition process is better seen as a continuum in

Eur. J. Inorg. Chem. 2006, 2115–2127 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2123

energy. SISHA interactions help to equilibrate the elec-
tronic density transfers between the ruthenium, the hydrides
and the silicon.

The X-ray structure analysis of RuH2(η2-HSiPh3)(η2-
H2)(PCy3)2 (13) done at 160 K exhibits an elongated σ-Si–
H bond [1.72(3) Å] and one strong SISHA interaction
[1.843(3) Å]. The remaining hydride is at 2.40(4) Å. This
can be related to the nature of the trans ligands (PCy3 and
σ-H2) and the steric hindrance as much as the electronic
effects can be invoked. The Ru–Si distance [2.385(2) Å] is
the longest reported for that series, consistent with a rather
early stage in the Si–H bond activation process and one
main SISHA interaction. A JSiH value of 18 Hz was re-
cently determined. Considering that five hydrogen atoms
are in fast exchange, this observed value is in agreement
with the presence of a σ-silane. However the overall geome-
try was not predictable by NMR spectroscopy, but was con-
firmed by DFT/B3LYP calculations on the model RuH2(η2-
HSiH3)(η2-H2)(PH3)2.[25] The ground state structure shows
two SISHA interactions (2.071 and 2.116 Å) and an elon-
gated σ-Si–H (1.946 Å) that is less than 0.2 Å shorter. This
short difference is in agreement with the high fluxionality
observed by NMR spectroscopy. An analogous study per-
formed on the model RuH2(η2-HSiMe2Cl)(η2-H2)(PH3)2

gives the same results. The location of Cl with respect to
the hydrides influences the positioning of the σ-Si–H bond
but does not change the energy that much (∆E = 4.8 kJ/
mol between isomers A and B) (see Figure 8 and Table 3).
The closest Si···H contact is not in a position trans to Cl,
as would be predicted for a hydrido(silyl) formulation by
using the Nikonov model of interaction, IHI. All the obser-
vations are consistent with a σ-bonding mode of the silane.

Figure 8. The two DFT/B3LYP-optimized isomeric structures of
RuH2(η2-HSiMe2Cl)(η2-H2)(PH3)2.

We undertook a detailed investigation on the complexes
RuH(η2-HSiR3){(η3-C6H8)PCy2}(PCy3) (SiR3 = SiEt3, Si-
Me2Et and SiMe2Cl). In this series, the situation is different
because there is no hydride exchange at room temperature,
as the result of the presence of two different phosphane
groups.[29,37,38] In RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}-
(PCy3) (19) for example, the two hydrides resonate at
–9.06 ppm (br. t) and –11.98 ppm (dd) and an AB pattern
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Table 3. Selected distances [Å] and angles [°] for RuH2(η2-HSi-
Me2Cl)(η2-H2)(PH3)2 rotamers optimized at the DFT/B3LYP level.

Rotamer A Rotamer B

Ru–P1 2.373 2.371
Ru–P2 2.372 2.375
Ru–Si 2.382 2.387
Si–Cl 2.158 2.145
Si–C 1.892 (C1) 1.893 (C1)

1.890 (C2) 1.893 (C2)
Ru–H1 1.644 1.637
Ru–H2 1.636 1.633
Ru–H3 1.619 1.627
Ru–H4 1.788 1.808
Ru–H5 1.807 1.786
H4–H5 0.849 0.847
Si–H1 2.091 1.924
Si–H2 1.919 2.076
Si–H3 2.159 2.166
P1–Ru–P2 98.1 97.8
P1–Ru–H1 171.0 178.4
P2–Ru–H2 178.5 173.5
P1–Ru–H3 82.0 84.3
P2–Ru–H3 83.0 83.4
Si–H1–Ru 78.2 83.7
Si–H2–Ru 83.7 79.1
Si–H3–Ru 76.7 76.5
Cl1–Si–H1 153.4 89.0
Cl1–Si–H3 91.3 154.2
C1–Si–H1 90.3 158.0
C1–Si–H2 158.1 86.4
C2–Si–H3 158.3 94.7
H4–Ru–H5 27.3 27.3
Cent(H4,H5)–Ru–H3 176.8 176.6
∆E [kJ/mol] 0.0 +4.8

(83.9 and 68.8 ppm, JPP = 18.6 Hz) is observed in the
31P{1H} spectrum. A 1D HMQC 29Si-1H{31P} experiment
shows two doublets in the high-field region with JSiH values
of 37.3 and 24.1 Hz (see Figure 9). The coupling of H1 and
H2 with silicon are different by more than 10 Hz, but are
surprisingly almost the same in the two analogous com-
plexes 17 and 18 with HSiEt3 and HSiMe2Et, respectively
(see Table 1). A rather significant change on the Si–H bond
activation was expected at least between HSiMe2Cl and
HSiMe2Et because of the chloride substituent. This point
comforts the idea that a direct interpretation of the JSiH

value is not appropriate to the description of the bonding
mode of the silane. The X-ray structures of the latter two
species have been obtained. A partial disorder on the Si
substituents could not be solved and the hydrides could
only be detected for 19 (see Figure 10). The Si–H distances
of 1.91(2) Å (1.891 by DFT calculations) and 1.99(2) Å
(2.076 by DFT calculations) can be assigned to an η2-Si–H
and a SISHA interaction, respectively. Even if the values
overlap when taking into account the standard deviations,
they seem to be in agreement with the corresponding coup-
ling constants. The Ru–Si bond lengths in 18 [2.418(1) Å]
and 19 [2.353(2) Å] are clearly different, in agreement with
the higher electronegativity of the more tightly bound Si-
Me2Cl group. The Ru–Si distances mirror the stability of
the silane bonding. As a matter of fact, 19 is stable under
an atmospheric pressure of ethylene in toluene, whereas 18
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leads to C–Si coupling product and formation of RuH(η2-
C2H4){(η3-C6H8)PCy2}(PCy3).[37] Compound reactivity is
certainly an interesting criterion to differentiate the bond-
ing in this series of silanes. However, what does this shorter
Ru–Si bond really mean? The Ru–Si interaction can be
strong both in a silyl and in a σ-silane species and increased
by the hypervalence tendency of Si. The Ru–Si bond can
be shorter thanks to an additional contribution: a bonding
overlap between an occupied d(Ru) orbital and empty
σ�(Si–R) orbitals. Such a bonding contribution, favored by
chloro substituents, has already been used by Lemke et al.
to describe a large series of silyl ruthenium complexes.[31]

When no d(Ru) orbital is “available”, one can consider that
the σ(Ru–H) orbital can play the same role. As we have
already explained, SISHA interactions help back-donation
of electronic density from Ru to Si via the hydrides. This
has also been extensively studied by Nikonov et al. but
mainly in the particular case of Cl substituents.[16] In sum-
mary, the interpretation of the similarities and differences

Figure 9. (a) 1H NMR spectrum (C6D6, 400 MHz) and (b) 1D
HMQC 29Si-1H-{31P} in the hydride region of RuH(η2-HSiMe2Cl)-
{(η3-C6H8)PCy2}(PCy3) (19).

Figure 10. X-ray crystal structure of RuH(η2-HSiMe2Cl){(η3-
C6H8)PCy2}(PCy3) (19).
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between 18 and 19 is tricky and requires more information.
We will publish in due course a full experimental and theo-
retical study on that series, focusing particularly on the
bonding nature of the silane as a function of the chloride
number.

It is worth to note that SISHA interactions are not lim-
ited to chloride-containing silanes as they clearly appear in
most of the examples presented above. But Cl seems to
favor secondary interactions as illustrated by the work of
Nikonov et al. Cp*RuCl(η2-HSiMe2Cl)(PiPr3) (20) is de-
fined as a σ-silane complex on the basis of experimental
and theoretical data (see Figure 11 and Table 1, Table 2).[35]

Its X-ray structure exhibits an unusual interaction between
the Cl ligand and the silicon atom [dCl···Si = 3.014(1) Å and
the sum of the van der Waals radii is 3.81 Å]. This is well
reproduced by DFT calculations on the model CpRuCl(η2-
HSiMe2Cl)(PMe3). The ground state corresponds to the X-
ray structure, i.e. the chloride substituent on the silicon is
almost “trans” to the chloride [Cl–Si···Cl = 165.61(3)°]. The
rotamer with a methyl group in “trans” is 10.5 kJ/mol less
stable and the Si···Cl distance is elongated by about 0.2 Å.
This confirms the stabilizing role played by the chloride as
it is more electron-withdrawing than the methyl group. A
small elongation of the Si–R bond “trans” to the secondary
interaction is always reported, in agreement with the impli-
cation of the σ�(Si–R). In this example, the Si–H bond is
absolutely not in the same plane as the Cl substituent which
is the case in several silyl hydrido complexes with IHI de-
scribed by Nikonov et al. Here, the compound is a “real” σ-
silane complex. In the absence of any other hydride, further
stabilization can only be gained by the formation of a sec-
ondary interaction between Si and Ru–Cl. Such an interac-
tion is maximized for a Ru–Cl not orientated trans to Si–
H. As discussed above, a similar situation has been ob-
served when considering the RuH2(η2-HSiMe2Cl)(η2-
H2)(PH3)2 rotamers.

Figure 11. Schematic view of Cp*RuCl(η2-HSiMe2Cl)(PiPr3) (20)
and [CpRu(η2-HSiCl3)(PMe3)2]+ (21).

Lemke et al. reported the full characterization of the cat-
ionic complex [CpRu(η2-HSiCl3)(PMe3)2]+ (21) formed by
protonation of the silyl complex CpRu(SiCl3)(PMe3)2.[39]

Compound 21 was formulated as a σ-silane species on the
basis of X-ray diffraction and NMR spectroscopic data (see
Figure 11). The silane ligand was characterized by a Si–H
bond length of 1.77(5) Å in the typical range for σ-silane
ligands. The JSiH value of 48 Hz is also in the range ex-
pected for a σ-coordination. However, comparison with the
corresponding value for the free silane HSiCl3 (370 Hz) de-
notes a very strong reduction in the Si–H interaction. NMR
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spectroscopic data also indicate some fluxionality of the si-
lane with respect to its orientation with the two phosphane
ligands. The authors associate their data to a σ-silane ar-
rested in its oxidative addition to the ruthenium center in-
dicative of a latter stage of such a process. The geometry
can be described as a “three- or four-legged piano stool”
depending on how the HSiCl3 ligand is considered. This
appears to be in agreement with the measured Si–H dis-
tance, only if we analyze this strong interaction to be the
consequence of the silicon hypervalence enhanced by the
chloro substituents. This is a perfect example to highlight
the crucial role of silicon hypervalency on silane bonding.

Secondary Silane

The next step in our silane studies was to examine the
reactivity of the bis(dihydrogen) complex 1 with dihydro-
genosilanes. We mentioned in the introduction the complex-
ity of silane activation toward σ-coordination as compared
to dihydrogen activation. Steric and electronic effects of the
Si substituents can tune the σ-coordination as well as the
hypervalence properties of the silicon. But one can also face
redistribution reactions. Indeed, by adding dihydrogenosil-
anes to 1, several silanes were generated in situ. For exam-
ple, when starting with H2SiMePh, HSiMe2Ph and HSi-
MePh2 were formed and remained in solution whereas for-
mation of SiH4 and HSiPh3 resulted in their coordination
to a metal fragment to produce the corresponding com-
plexes [Ru2H4(µ-η2:η2:η2:η2-SiH4)(PCy3)4] (22) and
[RuH2(η2-H2)(η2-HSiPh3)(PCy3)2] (13) (Scheme 2).[40,41]

Compound 22 is a unique example of a SiH4 ligand in a
bridging position. It is coordinated to two Ru through four
σ-Si–H bonds. Each σ-bond [dSi–H = 1.69(3) Å and
1.73(3) Å by X-ray diffraction and 1.685 Å by DFT calcula-
tions] is the result of a σ-donation to an empty d orbital of
one ruthenium and backbonding from the occupied d or-
bital of the other ruthenium into the σ�(Si–H) antibonding
orbital. Interestingly, 22 is characterized by a fast exchange
process as the eight hydrogen atoms (four hydrides and four
involved in the σ-Si–H bonds) gave a nonet in the 29Si IN-
EPT spectrum with an average JSiH value of 36 Hz. The 1H
NMR spectrum displayed one signal in the hydride region
at room temperature, but decoalescence into two signals of
equal intensity was obtained at 203 K characterized by a
low barrier of 36 kJ·mol–1. Another redistribution process
was observed by adding an excess of HSi(OMe)3 to 22
(Scheme 2). Formation of Si(OMe)4 and of a new dinuclear
complex [Ru2H2(µ–η2:η2-H2Si(OMe)2)3(PCy3)2] (23) was
obtained. Compound 23 represents a very interesting case,
illustrating the difficulty in assigning a defined structure in
such highly delocalized species. Again eight hydrogen atoms
in fast exchange are detected by multinuclear NMR studies
with an average JSiH value of 22 Hz. Location of the hy-
drides was not possible by X-ray diffraction and the pro-
posed formulation was deduced in particular from DFT
studies (see Figure 12) and correlated to NMR spectro-
scopic data. In the model complex [Ru2H2(µ-H2Si-
(OMe)2)3(PH3)2], one bridging H2Si(OMe)2 ligand is sym-
metrically coordinated to the two Ru with rather long Ru–
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Si distances (2.551 Å) and short Si–H distances (1.653 Å)
whereas the two other ligands are dissymetrically bonded
to the ruthenium but with shorter Ru–Si distances (2.40 and
2.49 Å) and longer Si–H distances (1.74 and 1.76 Å). The
Wiberg bond indices obtained from a natural bond orbital
analysis are also in agreement with a different level of acti-
vation within the three ligands.

Scheme 2. Redistribution at silicon.

Figure 12. DFT/B3LYP-optimized structure of [Ru2H2(µ-H2Si-
(OMe)2)3(PH3)2].

An elegant study concerning the synthesis of dinuclear
silane ruthenium complexes was reported by Suzuki et al.[42]

The mono(silane) complex [Cp*Ru(µ-H)]2(µ-η2:η2-
H2SitBu2) (24) was obtained by reacting H2SitBu2 with the
ruthenium tetrahydride complex Cp*Ru(µ-H)4Cp*Ru (see
Scheme 3). The fluxionality observed by NMR at room
temperature for the two types of hydrogen was blocked at
153 K resulting in the formation of two signals. The signal
at –6.15 ppm displaying a coupling constant of 75 Hz was
thus assigned to the σ-ligands, whereas the signal at
–16.63 ppm was assigned to the bridging hydrides. The
broad adsorption in the IR spectrum at 1790 cm–1 (con-
firmed by deuterium labeling) was also in agreement with
σ-silane coordination. Reaction of (24) with CO yields a
mixture of two new σ-complexes [Cp*Ru(CO)]2(µ-η2:η2-
H2SitBu2) (25a) and [Cp*Ru(CO)]2(µ-η2-HSitBu2)H (25b).
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The X-ray structure of 25a shows long Ru–Si bonds
[2.447(1) Å and 2.457(1) Å] and two Si–H bond lengths of
1.77(3) Å and 1.75(3) Å in agreement with two σ-Si–H
bonds. (25a) is in equilibrium in solution with 25b. When
compound 24 was treated with H3SiPh or H2SiEt2 the cor-
responding mixed-bridge complexes were obtained,
[Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiPhH)(µ-H)H (26a) and
[Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiEtH)(µ-H)H (26b), respec-
tively. Again the σ-Si–H bonds are characterized by long
Ru–Si bond lengths.

Scheme 3. Synthesis of diruthenium complexes containing µ-silane
ligands.

Conclusions

Much work has been published in the area of catalytic
silane activation by metal complexes as a wide variety of
valuable substrates can be produced. No matter the cata-
lytic process in consideration, one of the main important
goal remains selectivity control. This can be achieved by a
knowledge of the different key steps occurring in a catalytic
cycle. Silane activation by the metal complex is one of these
key steps. Throughout all the examples we have considered,
it is clear that it is difficult to control this activation process.
A continuum exists between the two extremes leading either
to σ-silane coordination or oxidative addition. There is no
doubt that the tendency of silicon to be hypervalent favors
such a continuum, by creating secondary interactions as de-
scribed above (SISHA interactions).

None of the useful criteria i.e. JSiH, IR bands, dSi–H and
dRu–Si by X-ray diffraction or DFT calculations, can be
used alone to evaluate the degree of silane activation. In
particular, it appears that the interpretation of JSiH values
can be difficult, especially for systems including electron-
withdrawing substituents and showing fluxional behavior.
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The lower limit of 20 Hz used by several authors (including
us) should now be set up to 65 Hz for a secure criterion of
a σ-Si–H bond. Observation of a broad and intense IR
band in the range 1650–1800 cm–1 remains a good indica-
tion of σ-coordination. When X-ray data involving hydro-
gen atoms can be supported by DFT calculations, one can
considered that a dSi–H value around 1.7–1.8 Å will support
the formation of a σ-silane complex. Moreover, silicon-hy-
drogen distances around 1.9–2.4 Å should alert the re-
searchers of the presence of secondary interactions. The
Ru–Si bond strength depends significantly on the silicon-
attached substituents, but a short bond length will be con-
sistent with an advanced oxidative addition process.

We have shown that σ-Si–H bonds and SISHA interac-
tions play a major role in alkyl and chloro silane catalytic
activation.[29,32,38,43] Moreover, in 2002 we proposed a σ-
bond metathesis mechanism which offers alternatives that
are distinct from the standard σ-bond metathesis mecha-
nisms and the oxidative addition pathways.[14,44] Successive
formation of σ-bonds and secondary interactions (see
Scheme 4) allow operating at constant oxidation state
whereas oxidative addition/reductive elimination mecha-
nisms change oxidation states by two units. More work is
needed both at the stoichiometric and catalytic level to ex-
amine the relevance of these types of bonding (σ-Si–H
bonds and SISHA interactions) in various catalytic systems
with the main goal to achieve better selectivity.

Scheme 4. Functionalization assisted by σ-ligand substitutions and
secondary interactions.
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