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Summary: The ruthenium complexes 1a and 2a were
found to be effective catalysts for the dehydrogenative
silylation of terminal alkenes. The ruthenium complexes
were prepared by following literature methods, and the
molecular structure of 2b was determined by X-ray
crystallography. Both catalysts displayed high selectivity
toward the formation of trans-vinylsilane products 3. For
alkenes with a R-CH2 group, mixtures of 3 and 4 were
formed, and 1a was found to be more effective than 2a
in these cases. These results are consistent with the
mechanism involving a silyl migration, as previously
proposed by other groups.

Introduction

Considerable efforts have been directed for developing
new catalytic methods of forming vinylsilanes because
vinylsilanes are known to be a versatile intermediate
in organic synthesis.1 The hydrosilylation of alkynes by
the metal catalysts such as H2PtCl6/PriOH and (PPh3)3-
RhCl has been commonly used for forming vinylsilanes,2
but this method is known to produce other regio- and
stereoisomeric byproducts. Recently, catalytic dehydro-
genative silylation of alkenes has emerged as a viable
alternative method for forming vinylsilanes.3-8 For
example, Wakatsuki and co-workers reported the ru-

thenium-catalyzed dehydrosilylation of alkenes using
CH2dCHSiMe2X (X ) Me, OMe) as a silylating agent
(eq 1).3 The mechanism of this reaction has been

explained via a silyl migration, since the vinylsilane
formation could not be readily explained by the classical
Chalk-Harrod mechanism. Wrighton suggested a simi-
lar silyl migration mechanism in a cobalt-catalyzed
photochemical hydrosilylation reaction.4 Brookhart re-
cently reported a detailed study on the relationship
between the hydrosilylation and dehydrogenative silyl-
ation reactions of alkenes using cationic cobalt and
palladium complexes and proposed a similar mechanism
involving a silyl group migration.7

While studying the metal-catalyzed coupling reactions
of alkynes and alkenes,9 we recently found that the
ruthenium hydride complex (PCy3)2(CO)(Cl)RuH (1a) is
an effective catalyst for the hydrogenation of alkenes.10

We also reported an effective hydrovinylation of alkynes
using the cationic ruthenium complex [(PCy3)2(CO)(Cl)-
RudCHCHdC(CH3)2]+BF4

- (2a) as a catalyst.11 Since
many of the metal catalysts were found to be effective
for both hydrogenation and hydrosilylation reactions,
we have begun to explore the catalytic activity of these
ruthenium complexes toward the hydrosilylation reac-
tions.

Results and Discussion
The ruthenium complexes 1 and 2 were prepared by

following literature procedures. We recently developed
an effective synthesis of 1a,11 and the cationic alkylidene
complexes 2a and 2b were subsequently prepared from
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1a by following Esteruelas’s procedure.12 These ruthe-
nium complexes have been completely characterized by
spectroscopic methods, and in particular, the solid-state
structure of 2b with BAr′4 ion (Ar′ ) 3,5-C6H3(CF3)2)
was determined by X-ray crystallography (Figure 1).
The molecular structure of 2b showed a distorted square
pyramidal geometry with an axial alkylidene ligand on
the ruthenium center (Ru-C(1) ) 1.885 Å), which was
very similar to the previously reported PPri

3 analogue
of the ruthenium-alkylidene complex.13 The X-ray
crystal structure 1b has recently been reported.14

Initially, both ruthenium hydride complexes 1a and
1b were found to be active catalysts for the dehydro-
genative silylation reaction of alkenes. For example, the
heating of a benzene solution containing styrene (52 mg,
0.5 mmol) and 1.5 equiv of HSiEt3 in the presence of
1a (3.6 mg, 1.0 mol %) at 95 °C led to the dehydrosilyl-
ation product 3a along with ethylbenzene (3a:ethyl-
benzene ) 2.8:1, 95% conversion after 15 h) (eq 2).15

Only a trace amount of the hydrosilylation product

(<3%) was detected by GC. Following Wakatsuki’s
procedure,3 vinylsilane was employed as a silylating
agent to reduce the formation of the hydrogenation

product. Thus, the treatment of styrene with CH2d
CHSiMe3 in the presence of 1.0 mol % of 1a at 95 °C
cleanly produced the silylation product 3b in >98% yield
after 4 h. In this case, virtually no other silylation
product was detected by GC, but a small amount of the
homocoupling product Me3SiCHdCHSiMe3 (<5%), which
could be readily removed during the solvent evapora-
tion, was detected in the crude product mixture.

We next compared the catalyst activity of the selected
ruthenium catalysts by using styrene and CH2d
CHSiMe3 as reagents (Table 1). We found that both
ruthenium complexes 1 and 2 were found to exhibit
similar catalytic activity, but the complexes (PPh3)3-
(CO)(Cl)RuH, (PPh3)3RuCl2, and RuCl3‚xH2O gave little
product under similar reaction conditions. Previously,
the catalyst (PPh3)3(CO)(Cl)RuH was reported to give
66% yield of an E/Z mixture of 3a, but at a considerably
higher temperature (140 °C) and by using an excess
amount of alkenes.3 In a related reaction, the complex
1b was also reported to be an effective catalyst for the
hydrosilylation of terminal alkynes.16

We surveyed the scope of the silylation reaction by
using 1a and 2a as the catalysts.17 The catalyst activity
of 1a and 2a was found to be comparable in most cases,
and both catalysts led to the trans-vinylsilane products
3 exclusively (Table 2, entries 1-4). The cis/trans
isomerization of vinylsilane was found to be very slow
under the reaction conditions; for example, only a small
amount of the cis product cis-3d was formed for the
allylsilane after 15 h of reaction time at 75 °C (entry
4). For alkenes with an R-CH2 group, a mixture of 3 and
4 was produced, and 1a was found to be a more effective
catalyst than 2a, in part because 2a was found to
promote more alkene isomerization products (entries
5-7). In these cases, the silylation reactions were found
to be relatively slow, which allowed more alkene isomer-
ization reactions and led to lower yields of 3 and 4. The
ratio of products 3 and 4 was found to remain constant
even after a prolonged reaction time. In most cases, CH2-
Cl2 was found to be the most suitable solvent, especially
for the reactions catalyzed by the cationic complex 2a.

These results are consistent with the mechanism
involving a silyl migration as previously proposed by
Wakatsuki and Brookhart.3,7 The following preliminary
results also support the silyl migration mechanism.
First, the formation of ethylene was detected in the

(12) Buil, M. L.; Elipe, S.; Esteruelas, M. A.; Oñate, E.; Peinado,
E.; Ruiz, N. Organometallics 1997, 16, 5748-5755, and the references
therein.
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observed that complex 1a readily reacted with alkenes at low temper-
atures.10 A similar result was also reported by Brookhart and co-
workers, where the coordination of alkenes to the cationic Pd complexes
was found to occur rapidly at -78 °C.7a

(16) Esteruelas, M. A.; Herrero, J.; Oro, L. A. Organometallics 1993,
12, 2377-2379.

(17) Both 1a and 1b were found to exhibit similar activity toward
the catalytic reactions. We have chosen to use 1a primarily because of
lower cost for preparing 1a than 1b and due to its relative ease of
preparation.

Figure 1. Molecular structure of [(PCy3)2(CO)(Cl)Rud
CHCHdCPh2]+BAr′4- (2b) drawn with 50% thermal ellip-
soids. The anion and hydrogen atoms were omitted for
clarity.

Table 1. Dehydrogenative Silylation of Styrene by
CH2dCHSiMe3

a

entry catalyst yield (%)

1 (PCy3)2(CO)(Cl)RuH (1a) 83
2 (PPri

3)2(CO)(Cl)RuH (1b) 88
3 [(PCy3)2(CO)(Cl)RudCHCHdC(CH3)2]+BF4

- (2a) 92
3 [(PCy3)2(CO)(Cl)RudCHCHdCPh2]+BF4

- (2b) 89
4 (PPh3)3(CO)(Cl)RuH 8
5 (PPh3)3RuCl2 trace
6 RuCl3‚xH2O trace

a Reaction conditions: 3.3 mmol of styrene; 5.0 mmol of
CH2dCHSiMe3; 0.3 mol % of the catalyst; 95 °C; 4 h; 3 mL of
CH2Cl2.
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crude reaction mixture by both GC and NMR. For
activated alkenes, similar results were achieved by
running the reaction under refluxing conditions at a
considerably lower temperature (50 °C oil bath temper-
ature for styrene and ethyl acrylate). In this case, the
reaction appeared to be further driven by the removal
of ethylene from the solution, and this procedure could
be useful for a large-scale reaction.

Wakatsuki previously reported that the metal-silyl
complex (PPh3)3(CO)(Cl)RuSiMe3, isolated from the
reaction of (PPh3)3(CO)(Cl)RuH and CH2dCHSiMe3,
was an active species for the silylation reaction.3 The
analogous reaction of 1a with CH2dCHSiMe3 did not
result in any detectable intermediate species in the
temperature range from +40 to -80 °C. The reaction
of 2a with a more activated vinylsilane CH2dCHSiCl3
initially formed the new silyl species 5, the structure of
which was tentatively assigned on the basis of the
spectroscopic data (eq 3). Unfortunately, the complex 5

was found to be inactive for the silylation reaction,
possibly due to a strong bonding of the silyl group to
the metal center; the complex instead turned into an
insoluble and unidentified solid upon removal of the
solvent. In addition, the formation of allylsilane prod-
ucts 4 can be explained by invoking a competitive â-H
elimination from a secondary metal-alkyl intermediate.

In summary, an effective catalytic method of forming
substituted vinylsilanes has been developed from the
dehydrogenative silylation of terminal alkenes by using
well-defined ruthenium complexes 1a and 2a. Further
studies are currently underway to extend the scope and
synthetic utility of this reaction.

Experimental Section

General Information. All reactions were carried out in
an inert-atmosphere glovebox or by using standard high-
vacuum and Schlenk line techniques unless otherwise noted.
Benzene, hexanes, and Et2O were distilled from purple solu-
tions of sodium and benzophenone immediately prior to use.
CH2Cl2 was distilled from CaH2. The NMR solvents were dried
from activated molecular sieves (4 Å). All organic alkene
substrates were vacuum distilled from molecular sieves or
sodium prior to use. The ruthenium complexes 1 and 2 were
prepared according to the reported procedures.11,12 The 1H, 13C,
and 31P NMR spectra were recorded on a GE GN-Omega 300
MHz FT-NMR spectrometer. Mass spectra were recorded from
a Hewlett-Packard HP 5890 GC/MS spectrometer. Gas chro-
matographs were recorded from a Hewlett-Packard HP 6890
GC spectrometer.

General Procedure of the Catalytic Reaction. In a
glovebox, 2.2 mL of a freshly prepared CH2Cl2 solution of 1a
(4.5 mM, 10 µmol) was charged with CH2dCHSiMe3 (5.0 mmol)
and an alkene (3.3 mmol) in a 25 mL Schlenk tube equipped
with a Teflon stopcock and a stirring bar. Enough CH2Cl2 (∼1
mL) was added to bring the total volume of the solution to 3
mL. The reaction tube was brought out of the box and was
heated in an oil bath under the conditions specified in Table
2. After the reaction tube was allowed to cool to room
temperature, the crude reaction mixture was analyzed by GC.
The organic product was isolated after filtering the solution
through a short silica column (hexanes:Et2O ) 3:1), and the
solvent was evaporated by a rotary evaporator.

For 3a: 1H NMR (CDCl3, 300 MHz) δ 7.50-7.29 (m, Ph),
6.96 (d, J ) 19.2 Hz, dCHPh), 6.33 (d, J ) 19.2 Hz, dCHSiEt3),
1.06 (t, J ) 7.8 Hz, SiCH2CH3), 0.73 (q, SiCH2CH3); 13C{1H}
NMR (CDCl3, 75.6 MHz) δ 144.8 (dCHPh), 138.5 (dCHSiEt3),
128.4, 127.9, 126.3 and 125.8 (Ph carbons), 7.4 (Si(CH2CH3)3),
3.5 (Si(CH2CH3)3); GC-MS (M+ - C2H5 ) 189).

For 3b: 1H NMR (CDCl3, 300 MHz) δ 7.58-7.38 (m, Ph),
7.02 (d, J ) 19.2 Hz, dCHPh), 6.62 (d, J ) 19.2 Hz,
dCHSiMe3), 0.31 (s, Si(CH3)3); 13C{1H} NMR (CDCl3, 75.6
MHz) δ 143.6 (dCHPh), 138.3 (dCHSiMe3), 129.4, 128.5, 127.9
and 126.3 (Ph carbons), -1.3 (Si(CH3)3); GC-MS (M+ ) 176).

Table 2. Dehydrogenative Silylation of Alkenes Catalyzed by 1a and 2aa

a Reaction conditions: 3.3 mmol of alkene; 5.0 mmol of CH2dCHSiMe3; 10 µmol of the catalyst; 3 mL of CH2Cl2. b The numbers in
parentheses represent % yield of the homocoupling product Me3SiCHdCHSiMe3 in the crude product mixture. c Significant amount of
the isomerization products was also formed in these cases.
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For 3c: 1H NMR (CDCl3, 300 MHz) δ 7.23 (d, J ) 19.2 Hz,
dCHCO2Et), 6.21 (d, J ) 19.2 Hz, dCHSiMe3), 4.18 (q, J )
7.2 Hz, CO2CH2CH3), 1.28 (t, J ) 7.2 Hz, CO2CH2CH3), 0.12
(s, Si(CH3)3); 13C{1H} NMR (CDCl3, 75.6 MHz) δ 165.9 (CO2-
Et), 149.5 (dCHCO2Et), 134.1 (dCHSiMe3), 60.5 (CO2CH2-
CH3), 14.3 (CO2CH2CH3), -1.8 (Si(CH3)3); GC-MS (M+ ) 172).

For 3d: 1H NMR (CDCl3, 300 MHz) δ 7.84-7.45 (m, Ar),
7.05 (d, J ) 19.1 Hz, dCHAr), 6.62 (d, J ) 19.1 Hz,
dCHSiMe3), 0.20 (s, Si(CH3)3); 13C{1H} NMR (CDCl3, 75.6
MHz) δ 143.7 (dCHAr), 137.0 (dCHSiMe3), 135.9, 133.6, 133.3,
130.1, 128.2, 127.7, 126.5, 126.2, 125.8 and 123.4 (Ar carbons),
-1.2 (Si(CH3)3); GC-MS (M+ ) 226).

For trans-3e: 1H NMR (CDCl3, 300 MHz) δ 6.02 (dt, J )
18.3, 7.8 Hz, dCHCH2), 5.43 (dt, J ) 18.3, 1.2 Hz, dCHSiMe3),
1.63 (dd, J ) 7.8, 1.2 Hz, dCHCH2), 0.12 and 0.06 (s, Si(CH3)3);
13C{1H} NMR (CDCl3, 75.6 MHz) δ 143.9 (dCHCH2), 128.3
(dCHSiMe3), 28.6 (dCHCH2), -0.8 and -1.8 (Si(CH3)3); GC-
MS (M+ ) 186).

For cis-3e: 1H NMR (CDCl3, 300 MHz) δ 6.40 (dt, J ) 14.2,
7.8 Hz, dCHCH2), 5.38 (d, J ) 14.2 Hz, dCHSiMe3), 1.78 (d,
J ) 7.8 Hz, dCHCH2), 0.18 and 0.05 (s, Si(CH3)3); 13C{1H}
NMR (CDCl3, 75.6 MHz) δ 139.5 (dCHCH2), 125.6 (dCHSi-
Me3), 17.6 (dCHCH2), -0.3 and -1.5 (Si(CH3)3); GC-MS
(M+ ) 186).

For 3f: 1H NMR (CDCl3, 300 MHz) δ 7.40-7.15 (m, Ph),
6.18 (dt, J ) 18.3, 6.3 Hz, dCHCH2), 5.72 (dt, J ) 18.3, 1.8
Hz, dCHSiMe3), 3.47 (d, J ) 6.3 Hz, dCHCH2), 0.08 (s, Si-
(CH3)3); 13C{1H} NMR (CDCl3, 75.6 MHz) δ 145.3 (dCHCH2),
140.2 (dCHSiMe3), 131.7, 128.9, 128.6 and 126.2 (Ph carbons),
43.4 (dCHCH2), -1.0 (Si(CH3)3); GC-MS (M+ ) 190).

For 3g: 1H NMR (CDCl3, 300 MHz) δ 5.97 (dt, J ) 18.6, 5.9
Hz, dCHCH2), 5.61 (dt, J ) 18.6, 1.5 Hz, dCHSiMe3), 2.51 (t,
J ) 7.2 Hz, dCHCH2CH2), 2.33 (qt, J ) 6.5, 1.5 Hz, dCHCH2),
2.11 (s, COCH3), -0.01 (s, Si(CH3)3); 13C{1H} NMR (CDCl3,
75.6 MHz) δ 208.3 (COCH3), 144.9 (dCHCH2), 131.7 (dCHSi-
Me3), 42.6 (dCHCH2), 30.6 (dCHCH2CH2), 23.2 (COCH3), -1.1
(Si(CH3)3); GC-MS (M+ ) 170).

For 3h: 1H NMR (CDCl3, 300 MHz) δ 6.07 (dt, J ) 18.3,
6.3 Hz, dCHCH2), 5.63 (dt, J ) 18.3, 1.5 Hz, dCHSiMe3), 2.11
(m, dCHCH2), 1.44-1.24 (m, dCHCH2(CH2)2CH3), 0.91 (t,
J ) 7.2 Hz, dCH(CH2)3CH3), 0.06 (s, Si(CH3)3); 13C{1H} NMR
(CDCl3, 75.6 MHz) δ 147.9 (dCHCH2), 125.9 (dCHSiMe3), 29.8
(dCHCH2), 23.6 and 18.9 (dCHCH2(CH2)2CH3), 14.3 (dCHCH2-
(CH2)2CH3), -1.5 (Si(CH3)3); GC-MS (M+ ) 156).

For 3i: 1H NMR (CDCl3, 300 MHz) δ 7.45-6.88 (m, Ph),
6.91 (d, J ) 18.6 Hz, Me3SiCHdCH), 6.66 (s, dCHPh), 5.56
(d, J ) 18.6 Hz, dCHSiMe3), 0.09 (s, Si(CH3)3); 13C NMR
(CDCl3, 75.6 MHz) δ 148.4 (d, J ) 153.8 Hz, Me3SiCHdCH),
142.9 and 138.2 (s, Phipso), 136.8 (s, PhCdCHPh), 132.4 (d,
J ) 133.7 Hz, dCHPh), 132.2, 129.7, 129.5, 128.7, 127.9 and
127.2 (Ph carbons), 126.9 (d, J ) 161.6 Hz, Me3SiCHd), -1.2
(q, J ) 117.8 Hz, Si(CH3)3); GC-MS (M+ ) 278).

For 4f: 1H NMR (CDCl3, 300 MHz) δ 7.40-7.15 (m, Ph),
6.43 (dt, J ) 15.6, 1.2 Hz, dCHPh), 6.26 (dt, J ) 15.6, 6.0 Hz,
dCHCH2), 1.69 (m, dCHCH2), 0.08 (s, Si(CH3)3); 13C{1H} NMR
(CDCl3, 75.6 MHz) δ 146.8 (dCHPh), 139.7 (dCHCH2), 130.4,
128.5, 128.0 and 126.4 (Ph carbons), 39.8 (dCHCH2), 0.5
(Si(CH3)3); GC-MS (M+ ) 190).

For 4g: 1H NMR (CDCl3, 300 MHz) δ 5.50 (dtt, J ) 15.0,

7.8, 1.2 Hz, Me3SiCH2CHdCH), 5.30 (dtt, J ) 15.0, 7.8, 1.2
Hz, Me3SiCH2CHdCH), 3.05 (d, J ) 7.8 Hz, dCHCH2CO), 1.45
(dd, J ) 7.8, 1.2 Hz, Me3SiCH2CHd), 2.10 (s, COCH3), -0.04
(s, Si(CH3)3); 13C{1H} NMR (CDCl3, 75.6 MHz) δ 207.9 (COCH3),
130.8 (dCHCH2CO), 120.1 (Me3SiCH2CHd), 48.1 (dCHCH2-
CO), 30.0 (COCH3), 19.1 (Me3SiCH2CHd), -1.8 (Si(CH3)3);
GC-MS (M+ ) 170).

For 4h: 1H NMR (CDCl3, 300 MHz) δ 5.50-5.20 (m, Me3Si-
CH2CHdCH), 1.96 (m, dCHCH2), 1.48 (d, J ) 6.3 Hz, Me3-
SiCH2CHd), 1.42 (m, CH2CH3), 0.89 (t, J ) 7.2 Hz, dCH-
(CH2)3CH3), 0.00 (s, Si(CH3)3); 13C{1H} NMR (CDCl3, 75.6 MHz)
δ 129.5 and 126.7 (Me3SiCH2CHdCH), 35.6 (dCHCH2CH2),
23.8 and 23.1 (CH2CH3 and CH2SiMe3), 14.1 (CH2CH3), -1.6
(Si(CH3)3); GC-MS (M+ ) 156).

Spectroscopic Observation of 5. In a J-Young NMR tube,
1a (7.3 mg, 0.01 mmol) and 2 equiv of trichlorosilane were
dissolved in C6D6. The tube was heated in an oil bath at 85 °C
for 15 h, while the sample was periodically analyzed by NMR.
The signals due to 5 and ethylene (δ 5.25 in 1H NMR) began
to appear after 1 h of heating. The complex 5 decomposed into
an insoluble white solid upon removal of the solvent.

Selected spectroscopic data of 5: 13C{1H} NMR (CD2Cl2, 75.6
MHz) δ 200.3 (t, JPC ) 10.5 Hz, CO), 35.8 (pseudo t, JPC )
10.5 Hz, Cipso of P(C6H11)3), 31.5 (d, JPC ) 176 Hz, Cortho of
P(C6H11)3), 28.3 (m, Cmeta of P(C6H11)3), 27.0 (s, Cpara of
P(C6H11)3); 31P{1H} NMR (CD2Cl2, 125 MHz) δ 35.2 (s, PCy3).

Crystallographic Structural Determination of 2b.
Orange single crystals of 2b suitable for X-ray crystallographic
analysis were grown from CH2Cl2/hexanes solutions. The
data collections were performed on a Siemens P4/CCD dif-
fractometer. The crystallographic data are summarized in the
Supporting Information. The space group P1h yielded chemi-
cally reasonable and computationally stable results of the
refinement. The structure was solved by using the direct
method, completed by subsequent difference Fourier synthesis,
and refined with full-matrix, least-squares procedures. The
F(81)-F(86) of the anion were positionally disordered in a
50:50 distribution about F(1) and were refined isotropically.
All non-hydrogen atoms were refined with anisotropic dis-
placement parameters and were treated as idealized contribu-
tions. The relatively high R factor may be due to a high
thermal activity associated with both the borate anion and the
cyclohexyl groups and from the disorder of anion. All software
and sources of the scattering factors are contained in the
SHELXTL (version 5.10) program library (G. Sheldrick,
Siemens XRD, Madison, WI).
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