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Silylation of ethylene by the chlorosilanes HSiMe,Cl and HSiMeCl, was catalysed by the
bis(dihydrogen) complex RuH,(n?-H,),(PCys;), (1). Dehydrogenative silylation leading to the formation
of the corresponding vinylsilanes was in competition with hydrosilylation. The rate and selectivity of the
reactions were influenced by the number of chloro substituents and the ethylene pressure. A comparative
mechanistic study was performed in toluene-ds with the two chlorosilanes. Reaction of 1 with an excess
of HSiMe,Cl (10 equiv.) produced the o-silane complexes RuH,(n?-H,)(1?*-HSiMe,CI)(PCys),
(2Me,Cl), RuH,(n*-HSiMe,Cl),(PCys;), (3Me,Cl) and the silyl complex RuCl(SiMe,Cl)(n>-H,)(PCys;),
(4Me,Cl), all characterised by multinuclear NMR spectroscopy. Complexes 2Me,Cl and 3Me,Cl adopt
a cis configuration for the two bulky phosphine ligands as a result of stabilising SISHA (Secondary
Interactions between Silicon and Hydrogen Atoms) interactions. Complex 4Me,Cl resulted from the
stoichiometric reaction of HSiMe,Cl with 1 producing RuHCI(n?-H,)(PCys;), in situ which further
reacted with evolution of H, and formation of 4Me,Cl. When reacting 1 with 10 equiv. of HSiMeCl,,
the corresponding complexes 3MeCl, and 4MeCl, were detected as well as traces of 2MeCl,. The
reactivity toward ethylene was then examined. Under catalytic conditions (excess silane in toluene-ds,
ethylene atmosphere) only two compounds could be characterised: free PCy; and the new
(n’-aryl)(disilyl) complexes of the general formula Ru(m®-C;Ds;CD;)(SiMe,_,Cl,),(PCy;) (6Me,_,Cl,-ds,
n = 1,2). The X-ray structure of 6MeCl, was obtained on a single-crystal at 160 K. When only 2 equiv.
of HSiMe,Cl were added, the ethylene(silyl) complex RuH(SiMe,Cl)(C,H,)(PCy;), (TMe,Cl) was
obtained in addition to the organic products resulting from catalytic hydrogenation, hydrosilylation and
dehydrogenative silylation, i.e. C,H, (major one), C,H;SiMe,Cl and C,H;SiMe,Cl. In the case of 2
equiv. of HSiMeCl,, upon ethylene addition, 7MeCl, was formed in minority compared to a new disilyl
complex Ru(SiMeCl,),(PCy;), (8MeCl,) characterised by NMR spectroscopy and X-ray diffraction on
a single crystal at 160 K. In 8MeCl,, a formal 14-electron species, stabilisation through two agostic C-H
bonds of the cyclohexyl groups was ascertained by DFT calculations.

Introduction

Silane activation has attracted a lot of interest in the homogeneous
and heterogeneous communities because of the importance of
the silicon industry.! Hydrosilylation of alkenes is catalyzed by a
variety of transition-metal complexes, and in some cases dehydro-
genative silylation, a secondary reaction leading to the formation
of the corresponding vinylsilanes, can be quite competitive. The
Chalk—Harrod mechanism and its modified version are often
invoked to explain these processes, with oxidative addition of the
Si-H bond to the metal center being a key elementary step leading
to the formation of the corresponding silyl species (Scheme 1).
However, in view of the knowledge gained on the properties of
c-complexes, an alternative mechanism involving the intermediacy
of o-silane and o-dihydrogen complexes can take place, thus
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avoiding a change in the oxidation state of the metal center. Such
a mechanism has been termed 6-CAM mechanism (c-complex
assisted metathesis mechanism) by Perutz and Sabo-Etienne.?
In the specific case of silanes, the establishment of secondary
interactions between silicon and hydrogen atoms around the metal
center (SISHA interactions) allows for isomerisation of various
o-intermediates leading to subsequent functionalization.* It has
been pointed out that the selectivity in vinylsilanes depends on
different factors, among them ethylene pressure, order of addition
of the reactants. The nature of the silicon substituents is also
a key parameter. In this context, activation of chlorosilanes
deserves a specific attention. Indeed chlorosilanes are good
precursors for a wide variety of reagents in silicon chemistry (silane
coupling agents, silicones, hybrid inorganic-organic materials,
ceramics etc.)."* However, when using chlorosilanes one can face
competition between Si-H and Si—Cl bond activation leading in
particular to redistribution reactions.® It is thus important to gain
mechanistic information on elementary steps involved in catalytic
reactions with chlorosilanes.

As part of our broad program on H-E bond activation,’
we became interested in ruthenium-catalysed silylation of ethy-
lene. By using the bis(dihydrogen) complex precursor RuH,(m?-
H,),(PCy,), (1) (Cy = C¢H,,) we were able to favour the synthesis
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Scheme 1 The Chalk-Harrod and Chalk—Harrod modified catalytic cycles for alkene hydrosilation.

of vinylsilanes through dehydrogenative silylation. In the case
of triethylsilane, very high selectivity into the corresponding
vinylsilane was achieved at ambient temperature and under
moderate ethylene pressure (1 to 20 bar).? Total conversion of
HSiEt; was achieved in 105 min under 1 bar of ethylene with
a 78% selectivity in triethylvinylsilane. The selectivity increased
up to 97% by introducing ethylene (1 bar) prior to the addition
of HSiEt;. We proved that the ethylene complex RuH[(n?-
C4H;)PCy,](PCy;)(C,H,) resulting from the reaction of 1 with
ethylene was the catalyst resting state and that 1 served as
an effective catalyst precursor. The reaction was subsequently
extended to allyldimethylsilane,® and disilanes.’* We also found an
unexpected tolerance of our system for chlorosilanes." However,
in the presence of chloro substituents, the situation was much
more complicated than in the case of triethylsilane. Several findings
derived from our preliminary studies: (i) the catalyst efficiency was
reduced by introduction of an electron-withdrawing group on the
silane; (ii) the ethylene complex, which was the catalyst resting state
in the case of HSiEt; silylation and led to very high selectivity in
triethylvinylsilane, was not very efficient for HSiMe, Cl activation;
(iii) our studies highlighted the importance of SISHA interactions
and led to the isolation of a wide variety of o-silane complexes.*
In view of these previous results we now report a comparative
study between HSiMe,Cl and HSiMeCl, with the aim to better
understand the influence of chloro substituents on the catalytic
silylation of ethylene by using 1 as a catalyst precursor. We
present the results of a mechanistic investigation through NMR
monitoring and characterisation of key intermediates.

Results and discussion

Silylation of ethylene catalysed by 1 was tested with two chlorosi-
lanes HSiMe,Cl;,, (n = 1 or 2) (see eqn (1)). The order of
addition of the substrates derives from our preliminary study
showing that selectivity in vinylsilane when using HSiMe,Cl
was reduced when starting from the ethylene complex RuH[(n’-

H)PCy,](PCy;)(C,H,) or upon high pressure of ethylene.!
We have thus conducted all our catalytic experiments by first
adding the chlorosilanes to a toluene solution of 1, followed by

Table 1 Silylation of C,H, with HSiMeCl, and HSiMe,Cl, catalysed by
1 at ambient temperature

Selectivity
Peons/  Reaction Conversion (C,H;)SiMe,Cl;,

Entry Silane* bar time/h  (%)° EtSiMe,Cl,_,*
1 HSiMe,Cl 1.5 40 99 54:46
2 HSiMe,Cl 3 5 80 28:72
3 HSiMe,Cl 20 2.5 80 10:90
4 HSiMeCl, 1.5 166 99 72:28
5 HSiMeCl, 3 96 94 64:36
6 HSiMeCl, 20 28 94 61:39

“In toluene, with 100 equiv. of silane. ® An error of 5% should be
taken into account on the conversion and the selectivity as chlorosilanes
decompose into heavier compounds—most probably polysiloxanes—
along the capillary column. We checked that the reproducibility was not
affected and that this decomposition also occurred when pure chlorosilanes
were injected; less than 5% of decomposition into heavier compounds was
measured in the latter case.

pressurization under ethylene. The experiments were performed
at ambient temperature with ethylene pressure in the range
1.5-20 bar. Toluene was chosen in order to allow mechanistic
investigation through NMR monitoring in toluene-ds. Conversion
and selectivity with respect to vinylsilane vs. ethylsilane are
reported in Table 1. They were determined by gas-chromatography
(GC). Replacing HSiEt; by HSiMe,Cl had a dramatic effect on
the catalysis with longer reaction times for full conversion and
reduced selectivity in the corresponding vinylsilane.*'* In the case
of HSiMeCl,, thus replacing one Me group in HSiMe,Cl by a
second chlorine, the reaction rate is even more decreased. However,
this effect can be limited by increasing ethylene pressure which this
time, has a much lower impact on vinylsilane selectivity.

HSiMenClan + CoHg ClaMerSi™ O + ClyMenSi™ X

- C,oH
n=12 258

0]
The highest selectivities in vinylsilanes were 54% and 72% (en-

tries 1 and 4) for (C,H;)SiMe,Cl and (C,H;)SiMeCl,, respectively.
These values were obtained at low ethylene pressure (1.5 bar). The
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Scheme 2 Reactivity of the bis(dihydrogen) complex 1 with an excess of chlorosilanes.

change in selectivity as a function of ethylene pressure is quite
surprising (entries 1 vs. 3 and 4 vs. 6). For a system in which
hydrosilylation and dehydrogenative silylation are in competition,
a high alkene/silane ratio should favour the dehydrogenative
pathway.’* This was indeed what we had observed previously in
the case of HSiEt;.? Looking in more details, there is only a slight
influence of the pressure in the case of HSiMeCl, (entries 4-6)
and the reaction still preferentially produced the corresponding
vinylsilane at 20 bar. In the case of HSiMe,Cl, the selectivity in
vinylsilane dramatically dropped to 10% at high pressure (entry
3). This difference in behaviour is certainly linked to the change in
the electronic properties of the silane when substituting a chlorine
by a methyl group. One can thus postulate that several routes are
possible in this catalytic system as a function of the silane and
the ethylene pressure, especially in the case of HSiMe,Cl. This
prompted us to carry out a comparative mechanistic study with
the two chlorosilanes.

Mechanistic study

We will first describe the reactivity of 1 with the chlorosilanes in
toluene-d; for NMR analysis, and subsequently, the reaction of the
resulting mixtures with C,H,. This procedure follows the order of
addition of the reactants during the catalytic experiments.

Addition of chlorosilanes to 1

To mimic the catalytic conditions, we have chosen to examine the
reactivity of 1 with 10 equiv. of chlorosilanes (see Scheme 2).
In the case of HSiMe,Cl, we had already reported that the
reaction resulted in the formation of three silicon-containing com-
plexes RuH,(m*-H,)(n>-HSiMe,Cl)(PCy;), (2Me,Cl), RuH,(n?*-
HSiMe,Cl),(PCy;), (3Me,Cl) and RuCl(SiMe,Cl)(n*-H,)(PCy;),
(4Me,Cl) all characterised by NMR spectroscopy.'! Complexes
2Me,Cl and 3Me,Cl adopt a cis configuration for the two bulky
phosphine ligands as a result of stabilising SISHA interactions.*
The chemical shifts (dg) for the silicon atoms in 2Me,Cl and
3Me,Cl are 38 and 29 ppm, respectively. They are shielded com-
pared to the free silane (6s; = —11.1 ppm) but it remains difficult
to link the variation in chemical shift with the strength of the M—
Si bond.*** The formation of complex 4Me,Cl deserves a specific
comment: we had previously shown that easy access to the known
RuHCI(n?-H,)(PCys;), could be achieved by adding HSiMe,Cl to
1 at 0 °C. Subsequent reaction of HSiMe,Cl with RuHCI(n?*-
H,)(PCy;), resulted in the isolation of RuCl(SiMe,Cl)(n?*-
H,)(PCy;), (4Me,Cl) fully characterized by X-ray diffraction.’®
It is not thus surprising that we observe 4Me,Cl in our system.
The reaction of 1 with HSiMeCl, can also be depicted by
Scheme 2. In addition to the hydride multiplets of the 3 complexes,
2MeCl, (traces), 3MeCl, and 4MeCl,, a new AA’A”XX'X”

multiplet at —8.55 ppm appeared in the 'H NMR spectrum
which was assigned to RuH;(SiMeCl,)(PCys;); (5). This complex
is analogous to the complex RuH;(SiMeCl,)(PPh;); previously
reported by Lemke er al'* This type of complex has already
been extensively studied with Fe, Ru and Os metal centers,
so further characterisation was not carried out. We propose
that 5 results from partial decomposition of the initial mixture:
generation of free phosphine could then lead to substitution of
one o-ligand, H, in 2MeCl, or HSiMeCl, in 3MeCl,, by the free
phosphine. The *'P{'"H} NMR spectrum of the mixture confirmed
the presence of a small amount of free phosphine which resulted
from the formation, in toluene-d, of an aryl ruthenium complex
Ru(n®-C¢D;sCD;)(SiMeCl,),(PCys;) as it will be discussed below.
Phosphine dissociation was only clearly observed in the case of
HSiMeCl,. The NMR data for 2MeCl,, 3MeCl, and 4MeCl,, very
similar to those for the corresponding Me,Cl complexes, allow us
to propose the structures shown in Scheme 2. As mentioned above,
we have already reported a detailed experimental and theoretical
study on 4MeCl, and its analogue 4Me,Cl.”* The relative ratio
of complexes 2 and 3 indicates that, when adding more electron-
withdrawing groups to the silicon atom, silane coordination is
favored over H,, leading thus to the bis(silane) complex as the
major product in the case of HSiMeCl,.

It is interesting to note that the reaction of 1 with 10 equiv
of HSiEt; gave an equilibrium between 1 and 2Et; in which no
trace of 3Et; was detected.® This difference cannot be explained
by steric considerations alone: the cone angle of HSiEt; (132°)
is intermediate between those of HSiMe,Cl, HSiMeCl, (120°
and 122°, respectively) and HSiPh; (145°). In the last case,
2Ph; was quantitatively produced.” In the case of HSiEt;, the
equilibrium due to competition between c-H, and o-HSiEt,
coordination agrees with the trend observed with HSiMe,Cl and
HSiMeCl,. The presence of electron-withdrawing groups favours
silane coordination.'?*!

Reaction of the o-silane and silyl complexes with ethylene

Ethylene was bubbled into a toluene-ds solution of 1 with 10
equiv. of the chlorosilanes. Catalysis proceeded and the organic
compounds could be identified. We observed the elimination of
free PCy; and the formation of a new n‘-aryl complex of general
formula Ru(n®-C,D;CD;)(SiMe;_,Cl,),(PCy;) (6Me;_,Cl,-dy), as
characterized by 'H and *'P{'"H} NMR. In the case of HSiMeCl,,
other products were formed that remained unidentified. The
P{'H} NMR spectra gave chemical shifts for 6Me,Cl-dy and
6MeCl,-dy of & 48.65 and & 46.4, respectively. Irrespective of
the nature of the silane, it appeared that complexes 6 were quite
stable on the NMR time scale. The X-ray structure of 6MeCl,
was obtained on a single-crystal at 160 K (Fig. 1). The complex
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Fig. 1 X-ray structure of Ru(n®-C,H;CHj;)(SiMeCl,),(PCy;) (6MeCl,)
(ellipsoids are at 50% of probability). Selected bond lengths (A): Ru-P
2.4069(9), Ru-Sil 2.3423(9), Ru-Si2 2.3645(9), and angles (°): P-Ru-Sil
97.30(3), P-Ru-Si2 96.25(3), Sil-Ru-Si2 83.67(3).

adopts a classical three legged piano-stool geometry for n®-arene
complexes in agreement with the Ru(n®-C4H,)(SiR;),(PPh;) series
(R; = Cl;, MeCl, and Me;) reported by Lemke et al.'’ The
phosphine is in the Sil-Ru-Si2 angle bisector plane. The two
silicon atoms are in a pseudo-tetrahedral environment with Ru-Sil
and Ru-Si2 distances of 2.3423(9) A and 2.3645(9) A, respectively.
Although the two methyl groups are in non-equivalent positions in
the X-ray structure, fast rotation of the silyl groups was observed
at ambient temperature by "H NMR in solution, as evidenced by
the single resonance observed for the methyl groups.

In order to gain information on the reactivity of species 2—4,
resulting from the reaction of 1 with the chlorosilanes, we have
conducted additional experiments. As previously described, the
reaction of 4 with C,H, led to the formation of the ethylene(chloro)
complex RuHCI(C,H,)(PCy;), and the corresponding organic
compounds.’® With 2Me,Cl preferentially formed upon reaction
of 1 with 2 equiv. of HSiMe,Cl, the ethylene(silyl) complex
RuH(SiMe,Cl)(C,H,)(PCys;), (7Me,Cl) was obtained in addition
to the organic products resulting from catalytic hydrogenation,
hydrosilylation and dehydrogenative silylation, i.e. C,H; (major),
C,H,;SiMe,Cl and C,H;SiMe,Cl (Scheme 3). The 'H NMR
spectrum of 7Me,Cl gave a well-resolved triplet at § —5.14 (*Jpy
= 32.5 Hz) integrating for one hydride and a broad signal at &
3.17 corresponding to the 4 protons of the coordinated C,H,.
The “C{'H} NMR spectrum showed a broad signal at § 44.9,
significantly shielded compared to free C,H, (6 123.1) and the
#Si-'"H-{*"P} HMQC spectrum showed a correlation between the
hydride and the silicon at 8 79.7 (d, *Jsu = 15 Hz). These data
are in perfect agreement with the formulation of 7Me,Cl as an
unsaturated 16-electron hydrido silyl complex, with the silyl trans
to the vacant site, as a result of it being the strongest ¢rans influence
ligand.”® The analogous complex 7MeCl, displays similar data
except that the silicon atom is more shielded at § 61.2 (d, *Jgy =
17.8 Hz). The small Jy values for the two complexes are consistent
with a formulation as hydrido(silyl) species.* These unsaturated
complexes are stable over one day in toluene-dgy under a C,H,
atmosphere. Such a stability might be explained by the strong
trans influence of the silyl group trans to the vacant site, which
does not favour the coordination of an additional C,H, ligand or
any further reaction.

1) 2 HSiMe,Cl

2) CoHy PCys
/ / .. | wSiMeyCl
-
|

+ organic
products
PCys
()
(7 Me,Cl)
PCy; CysR
. SiMeCl
//n, ,,,,,, Rlu“‘“SIMSCIZ N \Ru"““\l elly "
1)2 HSiMeCl, | ~y / \SiMeCIz products
2) C2H4 PCYS CygF’
(TMeCl,) (8MeCly)

Scheme 3 Addition of chlorosilanes to the bis(dihydrogen) complex 1,
followed by ethylene bubbling.

\6 e\rf

Fig. 2 X-Ray structure of Ru(SiMeCl,),(PCys;), (8MeCl,) (ellipsoids are
at 50% of probability). Only the two hydrogen atoms possibly involved in
an agostic interaction with Ru are represented, for clarity.

In contrast with the bis(silane) species 3MeCl,, the major species
formed upon reaction of 1 with 2 equiv. of HSiMeCl,, 7MeCl,
was formed in minority upon addition of ethylene, compared to
the new species Ru(SiMeCl,),(PCy;), (8MeCl,) characterized as
a disilyl complex (Scheme 3). Ethane was again the main organic
product formed in this reaction, indicating that the Ru-Si bonds
were less reactive than the Ru-H ones. Complex 8MeCl, was
characterised by NMR spectroscopy and X-ray diffraction on a
single-crystal at 160 K. Its structure showed the ruthenium centre
in a pseudo-octahedral environment with two vacant sites (Fig. 2
and Table 2). The two silyl groups are in a cis position because
of their trans influence. The Ru-Si distances differ insignificantly
(2.259(2) A and 2.270(2) A) and are in the range reported for
silyl complexes.’** These values are shorter than those in
6MeCl, which is consistent with an unsaturated ruthenium center.
The quality of the data does not allow us to really discuss the
possible stabilisation, of this formally 14-electron complex, by two
agostic C—H bond interactions. However, the two phosphines are
bent away from the pair of silyl ligands with a P-Ru-P angle
of 157.11(7)° and two ortho CH, groups of the PCy; ligands
displaying Ru—C and Ru-H distances of ca. 3.01 A and 2.26 A,

This journal is © The Royal Society of Chemistry 2010
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Table 2 Relevant distances (A) and angles (°) for 8MeCl, (X-ray) and
8MeCl,-a (DFT)

X-Ray DFT
Ru-P1 2.392(2) 2.428
Ru-P2 2.424(2) 2.479
Ru-Sil 2.259(2) 2.279
Ru-Si2 2.270(2) 2.286
Ru --- H, 2.28 2.364
Ru --- H, 2.26 2.373
Ru --- C, 3.014(7) 3.134
Ru --- G, 3.008(7) 3.178
P1-Ru-P2 157.12(7) 156.89
P1-Ru-Sil 97.35(7) 95.60
P1-Ru-Si2 96.52(8) 96.79
P2-Ru-Sil 101.40(8) 102.64
P2-Ru-Si2 97.37(8) 97.93
Sil-Ru-Si2 87.21(8) 87.93

respectively. These values are consistent with agostic interactions.
Indeed, 14-electron four-coordinate Ru(ir) complexes have already
been disclosed in particular by Caulton, Eisenstein et al. and
shown to be stabilised by double agostic interactions.** More
recently, an unsaturated Ru(i1) complex incorporating a Xantsil
ligand (i.e. disilyl) was shown to be stabilised by an agostic
interaction from the PCy; ligand (Ru—H distances of 2.89 A and
3.06 A).2' The NMR data of 8MeCl, are in agreement with a
symmetrical structure in which the silyl groups are free to rotate.
NMR monitoring of a C,Dg solution of 8MeCl, showed no change
in the presence of dissolved C,H, in excess.

The structures of three 8MeCl, rotamers were optimised by
DFT calculations using the B3PW91 functional.?> They differ in
the number of silyl based chloride substituents located in the
equatorial plane, that is to say two, one or none (see ESI).T
Importantly, each structure is stabilised by two C-H agostic
interactions, as inferred by the X-ray crystal structure of 8MeCl,
(keeping in mind the poor quality of the data). The most stable
optimised geometry 8MeCl,-a compares actually very well with
the X-ray data (Table 2). The C-H agostic interactions are
characterised by Ru---H contact distances close to 2.4 A, and
Ru---C distances around 3.1 A. The impact of the chloride
positions, through silyl rotation (in agreement with NMR data),
on the overall stability of the complex is very limited.

The formation of 7MeCl, and 8MeCl, in a ratio close to
the ratio of the silane precursors 2MeCl, and 3MeCl, before
C,H, bubbling and in addition, the absence of any trace of
8Me,Cl when using HSiMe,Cl (2 equiv.), allow for the postulate
that mono(silane) complexes 2 are directly responsible for the
formation of silyl complexes 7, and bis(silane) complexes 3
directly responsible for disilyl complexes 8. Moreover, it should
be noted that the disilyl complex 8MeCl, can be prepared by
adding an excess of HSiMeCl, to the ethylene complex RuH[(m?*-
CsH;)PCy,](PCy;)(C,H,) whereas in the case of triethylsilane we
never observed the formation of a disilyl species.

It is important to note that 8MeCl, is very air-sensitive and it
was impossible to isolate it in any decent yield, thus preventing
any test as a catalyst precursor. Decomposition occurred leading
to the formation of the arene complex 6MeCl,-dg as monitored
by NMR in toluene-d; solution. One can regret the choice of
toluene as a solvent for the catalysis, as it rendered the comparison

with the HSiEt; system in pentane quite difficult and led to the
formation of arene complexes, but it was a convenient solvent for
the characterization of very unstable species.

Conclusion

The introduction of chloro substituents on silanes has a strong
effect both on activity and selectivity when using the ruthenium
bis(dihydrogen) complex 1 as a catalyst precursor for ethylene
silylation. At low ethylene pressure, it is still possible to favour
the formation of vinylsilanes, but surprisingly, higher pressures are
detrimental to the dehydrogenative silylation pathway, particularly
in the case of HSiMe,Cl. Our mechanistic investigation shows that
the systems are quite complex with several organometallic species
in competition. The reactivity of chlorosilanes with 1 led to a
mixture of complexes incorporating one or two silane ligands -
bonded to the metal (complexes 2 and 3, respectively), as well as
chloro(silyl) species resulting from Si—Cl bond cleavage (complexes
4). The ratio of the different species depends on the starting
silane: in HSiMeCl,, the Si-H bond has a better m-acceptor
character than in HSiMe,Cl, thus favouring the formation of
the bis(silane) 3MeCl,. When adding ethylene to the mixture
of products resulting from the reaction of 1 with 2 equiv of
chlorosilanes, different complexes were observed together with the
organic products resulting from catalysis. In the case of HSiMe,Cl,
the unsaturated hydrido(silyl) complex 7Me,Cl was the major
product. In contrast, with HSiMeCl,, the corresponding complex
7MeCl, became a minor product and the new complex 8MeCl,
was produced and identified as a disilyl species. This formally
14-electron complex was characterised by X-ray diffraction and
convincing evidence came from DFT calculations that agostic C—
H interactions could stabilise the ruthenium centre. Thus, the
addition of electron-withdrawing groups at silicon pushes the
reactions toward the formation of disilyl complexes. In order to
better model the catalytic conditions, we used a large excess of
silanes and subsequent exposure to ethylene led to the observation
of arene species still incorporating two silyl ligands. The arene
complex 6MeCl, could be characterised by X-ray crystallography.
The formation of arene products is due to the catalytic conditions
involving toluene as the solvent. Such a choice was made to allow
for easy NMR monitoring of the catalysis, but with the drawback
of producing arene species from decomposition of the unsaturated
disilyl complexes. In any case, the presence of disilyl species in
the catalytic cycle, never observed in the case of HSiEt;, might
explain the differences observed in terms of activity and selectivity.
A key factor favouring either hydrosilylation or dehydrogenative
silylation is the competition between ethylene insertion into M—H
vs. M—Si bonds in the Chalk—Harrod or Chalk—Harrod modified
mechanism or in the 6-CAM mechanism. In the case of HSiMeCl,,
we form strong Ru-Si bonds within bis(c-silane) and subsequently
disilyl species upon ethylene pressure: long reaction times are
needed to obtain a good conversion but selectivity is in favour
of vinylsilane formation (as a result of ethylene insertion into the
Ru-Si bond), and the influence of ethylene pressure is minimized
(in the absence of Ru-H bonds). In contrast, in the case of tri-
ethylsilane, we had previously shown that a mechanism involving
a partially dehydrogenated phosphine was operating. There, the
formation of disilyl species is not possible as one phosphine
acts as a bifunctional ligand with an allylic coordination to the
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Scheme 4 Role of the bis(silyl) species in the catalysed silylation of ethylene

metal center and vinylsilanes are logically preferred with high
pressures of ethylene. Indeed, assuming that Ru-H bonds are
favourably consumed through ethylene hydrogenation, insertion
of ethylene into a Ru-Si bond and subsequent B-H elimination
can occur, the vinylsilane being then replaced by ethylene (see
Scheme 4). The case of HSiMe,Cl is more puzzling as we observe
a detrimental effect of ethylene pressure on the selectivity towards
vinylsilanes. We have seen that monosilane vs. disilane species are
preferred when using HSiMe,Cl instead of HSiMeCl,. Ethylene
insertion into the M—H bond could now be competitive leading to
hydrosilylation and hydrogenation of ethylene as major processes.

Our study clearly shows that depending on the silicon sub-
stituents, we are facing different catalytic pathways, and it is
thus very difficult to draw a general picture of a mechanism
for homogeneous silylation reactions. Not only can the silane
be either oxidatively added to the metal center leading to the
corresponding M—H and M-Si bonds, but it can also coordinate
to the metal center in a 6-bond fashion and mono or bis(silane)
species are then stabilized (and subsequently silyl and disilyl
species), or also the phosphine can interfere and become a “non-
innocent” ligand, complicating even more the situation. However,
it appears that the Ru-Si bond strength, tuned by the silicon
substituents, is a key parameter that guides the reactivity of
the potential intermediates irrespective of whether they contain
o-silane or silyl ligands.

Experimental
General methods

All reactions were performed using standard Schlenk or dry-
box techniques under argon. Solvents were dried and distilled

prior to use. All reagents were purchased from Aldrich, except
RuCl;-3H,0, which was obtained from Johnson Matthey Ltd.,
and were used without further purification. Complex RuH,(n?*-
H,),(PCy;), (1) was synthesised using a previously published
procedure® All NMR solvents were dried using appropriate
methods and degassed prior to use. NMR samples of sensitive
compounds were all prepared in an inert atmosphere glovebox.
NMR spectra were recorded on Bruker DPX 300 (with 'H at
300,13 MHz, *'P at 121,49 MHz and “C at 75,46 MHz) and
AMX 400 (with 'H at 400,13 MHz, *'P at 161,98 MHz, “C at
100,71 MHz, #Si at 79,50 MHz) spectrometers.

Catalyses were performed in a 100 mL stainless steel autoclave
equipped with an anti-vortex mechanical stirring system (1000
tr min™'). The autoclave was equipped with several valves for
liquid and gas introduction and sample withdrawing. All the
catalyses were performed at ambient temperature, using 12 mL of
solvent. GC spectra were recorded on a HP 5890 spectrometer,
and GC-MS spectra (EI, 70 eV) on a HP 6890 spectrometer
coupled with an HP 5970 MSD ion detector. A SE30 column
(50 m, ¢ 0.32 mm) was used, with a flow of helium (1.5 mL min™).
Acquisition and treatment of the data were performed using the
GC ChemStation software. To check the reliability of the GC
analysis, we also monitored the reaction by NMR in C,D, under
analogous experimental conditions as entry #2, Table 1. "H NMR
spectral integration gave a (C,H;)SiMeCl, : EtSiMeCl, ratio of
23:77 that compared quite well with the results of entry #2.

It was impossible to isolate the new compounds in a pure
form and get reliable microanalytical data as they were always
contaminated by traces of other species as attested by NMR.

RuH,(n?-H,)(n*-HSiMe,Cl)(PCy;), (2Me,Cl). Addition of
6.7 uL of HSiMe,Cl (0.060 mmol) to a solution of 1 (19.9 mg,
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0.030 mmol) in 0.5 mL of toluene-d;, resulted in gas evolution and
total dissolution. '"H NMR (C, Dy, 288 K, 400.13 MHz): -8.51 (br,
RuHy), 1.44 (s, SiMe,). T 1 (C;Ds, 253 K, 300.13 MHz): 32 ms for
the high field resonance. All the hydrides remained in fast exchange
from 193 K to 293 K. *'P-{"H} NMR (C;Dy, 288 K, 161.97 MHz):
57.74 (s). *Si-{'"H}-{*'P} NMR (C,Dy, 288 K, 79.49 MHz): 38 (s).

RuH,(n?-H,)(m*-HSiMeCL)(PCy;), (2MeCl,). Addition of
3.1 pL of HSiMeCl, (0.030 mmol) to a suspension of 1 (20.1 mg,
0.030 mmol) in 0.5 mL of toluene-ds, resulted in gas evolution and
total dissolution. "H NMR (C, Dy, 288 K, 400.13 MHz): —8.37 (br,
RuHj). T, (C,Dyg, 253 K, 300.13 MHz): 20 ms for the high field
resonance. All the hydrides remained in fast exchange from 193 K
to 293 K. *'P-{'"H} NMR (C;Dy, 253 K, 161.97 MHz): 54.92 (br).
The resonance of the silicon atom could not be located in the *Si
NMR spectrum.

RuH,(n?-HSiMe,Cl),(PCys), (3Me,Cl). Addition of 33.3 uL
of HSiMe,C1(0.300 mmol) to a solution of 1 (20.0 mg, 0.030 mmol)
in 0.5 mL of toluene-ds, resulted in rapid gas evolution and total
dissolution. '"HNMR (C,;Dy, 233K, 400.13 MHz): —7.90 (br t, 2Jpy
=10Hz, 2H, Ru-n*-H-Si), -10.69 (AA’XX’ pattern, >Jpy =27 and
46 Hz, 2H, RuH), 1.36 (s, SiMe,). *P-{'H} NMR (C,;Dy, 233 K,
161.97 MHz): 50.03 (s). *Si-{'H}-{*'P} NMR (C;Dy, 233K, 79.49
MHz): 29 (s).

RuH,(n?-HSiMeCl,),(PCy;), (3MeCl,). Addition of 6.1 puL
of HSiMeCl, (0.059 mmol) to a suspension of 1 (18.9 mg, 0.028
mmol) in 0.5 mL of toluene-djs, resulted in rapid gas evolution and
total dissolution. '"H NMR (C;Dy, 233 K, 400.13 MHz): —6.56 (br
t, 2Jpy = 9.8 Hz, 2H, Ru-n*-H-Si), —-9.59 (broad AA’XX’ pattern,
2H, RuH), 1.79 (s, SiMe). *'P-{"H} NMR (C,Dys, 253 K, 161.97
MHz): 49.46 (br s). HMQC *Si-'H-{*'P} NMR (C;Dy, 193 K,
79.49 MHz): 33 (br s).

RuH;(SiMeCL)(PCy;); (5MeCl,). Complex 5MeCl, was ob-
served in an NMR sample of 1 + excess of HSiMeCl,. '"H NMR
(C;Dy, 253 K, 400.13 MHz): -8.56 (AA’A”XX’X"” pattern, 3H,
RuH;), 1.57 (s, SiMe). T, (C,;Dg, 400.13 MHz): over 200 ms
from 243 to 283 K for the high field resonance. *'P-{"Hohexy }
NMR (C,Dg, 253K, 161.97 MHz): 39.74 (AA’A”XX'X"” pattern).
HMQC ¥Si-'H-{*'P} NMR (C;Dy, 193 K, 79.49 MHz): 63 (s).

Ru(n*-C¢DsCD;)(SiMe,Cl),(PCy;)  (6Me,Cl-ds). Complex
6Me,Cl-d; was characterised from an NMR sample of 3Me,Cl
(see above), into which C,H, was bubbled. '"H NMR (C,Dj,
293 K, 300.13 MHz): 1.08 and 1.11 (s, SiMe,), 1.0-2.3 (m, PCyj;).
IP-{'"H} NMR (C;Dy, 293 K, 121.49 MHz): 48.6 (s).

Ru(n®-C¢H;CH;)(SiMeCl,),(PCy;) (6MeCl,). Addition of
8.8 uL of HSiMeCl, (0.084 mmol) to a solution of RuH[(n’-
C4H;)PCy,](PCy;)(C,H,) (28.7 mg, 0.042 mmol) in 0.7 mL of
toluene, resulted in a colour change from beige to intense orange.
The resulting orange solution kept at ambient temperature for
1 month, gave yellow crystals suitable for X-ray measurements.
NMR spectra were obtained from the crystalline material dis-
solved in toluene-ds. '"H NMR (C; Dy, 293 K, 300.13 MHz): 5.0
5.7 (m, toluene), 2.27 (s, 3H, toluene—Me), 1.46 (s, SiMe), 1.0-2.1
(m, 33H, PCy,). *'P-{'"H} NMR (C,Dy, 293 K, 121.49 MHz): 46.3
(s).

RuH(SiMe,Cl)(C,H,)(PCy;), (TMe,Cl). A solution of com-
plex 7Me,Cl was prepared from an NMR sample of 2Me,Cl (see
above), by bubbling C,H, into the solution for 1 min. '"H NMR
(C,Dy, 293 K, 400.13 MHz): —=5.14 (t, *Jpy = 32.6 Hz, 1H, RuH),
3.17 (br, 4H, RuC,H,), 0.91 (s, SiMe,). *P-{'"H} NMR (C,Dj,
293 K, 161.97 MHz): 53.14 (s). "C-{'H} NMR (C,Dy, 293 K,
100.62 MHz): 44.9 (br, C,H,). *Si-{*'P} NMR (C,Dy, 293 K,
79.49 MHz): 79.7 (br d, *Jsy = 15 Hz).

RuH(SiMeCL)(C,H,)(PCy;), (TMeCl,). A solution of com-
plex 7MeCl, was prepared from an NMR sample of 2MeCl,
(see above), by bubbling C,H, into the solution for 1 min. 'H
NMR (C;Dg, 273 K, 400.13 MHz): —4.82 (t, >Jpy = 30.2 Hz,
1H, RuH), 3.23 (br, 4H, RuC,H,), 1.16 (s, SiMe). *'P-{'"H} NMR
(C;Dg, 273 K, 161.97 MHz): 51.28 (s). “C-{'"H} NMR (C;Dy,
273 K, 100.62 MHz): 47.5 (br, C,H,). HMQC *Si-'H-{*'"P} NMR
(C,Ds, 273 K, 79.49 MHz): 61.2 (br d, *Jsy = 17.4 Hz).

Ru(SiMeCl,),(PCy;), (8MeCl,). Addition of 17.0 puL of
HSiMeCl, (0.163 mmol) to a suspension of RuH[(m?-
C¢H;)PCy,](PCy;)(C,H,) (27.0 mg, 0.039 mmol, prepared accord-
ing to published procedure)® in 2 mL of pentane, resulted in slow
dissolution of the solid. The resulting orange solution kept at
ambient temperature for 5 days, gave intense orange/red crystals
suitable for X-ray measurements. NMR spectra were obtained
from the crystalline material dissolved in toluene-ds. "H NMR
(C,Dy, 293 K, 300.13 MHz): 1.81 (s, SiMe), 1.0-2.8 (m, PCys,).
P-{'H} NMR (C,Dyg, 293 K, 121.49 MHz): 28.3 (s). HMQC
#Si-"H-{*'P} NMR (C;Dy, 273 K, 79.49 MHz): 72.2 (br).

X-Ray crystallography

Table 3 summarizes the crystal data for 6MeCl, and 8MeCl,. Data
were collected at low temperature (160 K) on an Xcalibur Oxford
Diffraction diffractometer using a graphite-monochromated Mo-
Ko radiation (A = 0.71073 A) and equipped with an Oxford
Instrument Cooler Device. The structures have been solved by
Direct Methods using SIR-92,** and refined by means of least-
squares procedures on F? with the aid of the program SHELXL-
97% include in the software package WinGX version 1.63.%¢ The
atomic scattering factors were taken from international tables for
X-ray crystallography.?” All hydrogen atoms were geometrically
placed and refined using a riding model. All non-hydrogen atoms
were anisotropically refined, and in the last cycles of refinement
a weighting scheme was used, where weights are calculated from
the following formula: w = 1/[6*(F,?) + (aP)* + bP] where P =
(F,>+2F?)/3. Drawing of the molecules was performed with the
program Mercury with 50% probability displacement ellipsoids
for non-hydrogen atoms.?® The two complexes present statistic
disorders between two Cl and CHj, over two sites. These disorders
have been treated using the PART command of SHELX-97.
Moreover, in the case of 8MeCl,, we were not able to grow superior
single crystals. For this reason, we collected poor quality data,
resulting after data reduction in high R;, and R, values (13.1 and
27.8%, respectively). Indeed, for a 1.49-1.19 A resolution, the Ry,
is already at 12.6% and R, at 19.5%.
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Table 3 Crystal data for 6MeCl, and 8MeCl,

Compound

Ru(n®-CH;CH;)(SiMeCL),(PCy,) (6MeCl,)

Ru(SiMeCl,),(PCys), (8MeCL,)

Empirical formula

Formula weight

Crystal size/mm

T/K

Crystal system

Space group

a/A

b/A

c/A

al/°®

B/°

v/°

V/A?

V4

p./cm™

Reflections collected/unique
Data/restraints/parameters
GOF on F?

Final R indices

Largest difference peak and

C,H,,CL,PRuSI,- 1 C,H; Cy3H,,C1,P,RuSi,
747.74 ) 889.95
0.25x0.17 x0.07 0.2x0.12x0.05
160(2) 160(2)

Triclinic Monoclinic

Pl P2,/c

10.1180(8) 9.7901(8)
11.3620(10) 44.9570(7)
14.9910(9) 10.1672(9)
94.278(5) 90

94.911(3) 105.977(3)
92.777(6) 90

1709.7(2) 4302.1(5)

2 4

1.453 1.374
23632/5653 [R, = 0.0311] 28 188/7865 [R;, = 0.1095]
5653/31/371 7865/0/414
1.056 1.137

R, =0.0391, R, =0.0867,
wR, =0.0954 [I > 20(])] wR, =0.1397 [I > 20(])]
R, = 0.0409, R, =0.133,

wR, = 0.0971 (all data)
1.96 and —3.06

hole/e A7

wR, = 0.1532 (all data)
0.82 and —-0.815

Computational details

DFT calculations were performed with the GAUSSIAN 03 series
of programs,? using the hybrid functional denoted as B3PW91.2%%¢
The structures were fully optimised in the gas-phase without any
symmetry constraints by using the gradient method available in
GAUSSIAN 03. A double-zeta plus polarization valence basis set
(6-31G**) was employed for C and H.*' The energy-consistent
pseudo-potentials of the Stuttgart/Cologne group were used to
represent the core electrons of the other atoms via the SDDALL
keyword in GAUSSIAN 03. The polarization function exponents
for each associate basis set were o, = 1.235, ag = 0.287, op
= 0.387 and ag = 0.640. Calculations of harmonic vibrational
frequencies were performed to confirm that all the optimised
structures were local minima.
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