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Density functional theory (DFT) was used to explore the different mechanistic possibilities for the
hydrosilylation reaction between methyldimethoxysilane and methylvinyldimethoxysilane catalyzed by
the Ru(II) complex dicarbonyldichlorobis(triphenylphosphine)ruthenium(II) (A1). Reaction enthalpy
profiles of the Chalk-Harrod, modified Chalk-Harrod, andσ-bond metathesis mechanisms were computed
for several different active forms ofA1. A total of 10 different pathways with different catalytic cycles
and different induction steps were compared. We predict that aσ-bond metathesis mechanism involving
the formation of a hydride analogue ofA1 is most favored, in contrast to the commonly accepted Chalk-
Harrod mechanism of hydrosilylation. The B3LYP-calculated activation energy within the catalytic cycle
(∆Hact ) 21.8 kcal/mol) is small enough to makeA1 a reasonable catalyst for this reaction under the
normally applied experimental conditions.

Introduction

Hydrosilylation plays a pivotal role in the manufacturing of
commercially available silicon-based products: silicone rubber,
liquid injection molding compounds, paper-release coatings,
pressure-sensitive adhesives, binders, and coupling agents are
all constructed from organo-functional silicon monomers and
through cross-linking silicon polymers.1-4 Hydrosilylation, the
addition of hydrosilanes across unsaturated bonds,2,5-7 is an
important reaction in the process of creating organosilicon
building blocks from which these more complex materials can
be constructed.

Hydrosilylation reactions are normally performed under mild
conditions in the presence of a catalyst.2,5-7 Traditionally, the
most common catalysts for these reactions have been platinum-
based compounds.2,5-8 Their predominance in the market has
resulted from their high activity and the possibility of fine-tuning
their activity in order to avoid unwanted side effects. Previously,
we have demonstrated8 for a particular class of platinum-based

catalysts, bis(alkynyl)(1,5-cyclooctadiene)platinum complexes
(COD)Pt(CCR)2,9 how the catalytic ability can be tuned in the
induction phase (i.e., by controlling the type of active compound
that is generated).

It is well known that other transition metal compounds can
catalyze the hydrosilylation reaction, too, e.g., those based on
ruthenium.10-17 However, with these catalysts the activity and
selectivity of platinum catalysts is normally not achieved since
several side reactions can also occur, including olefin isomeri-
zation, dehydrogenative silylation, and hydrogenation. In the
present study we focused on the ruthenium complex RuCl2-
(CO)2(PPh3)2 (A1), which shows reasonable hydrosilylation
activity in a test reaction of diethoxymethylysilane and diethoxy-
methylvinylsilane (see Experimental Section).

To optimizeA1 and related ruthenium-based catalysts, it is
essential to have an understanding of the mechanism by which
the catalyst operates. Thus, we present in this report the results
of a computational investigation to determine the mechanism
by whichA1 catalyzes the reaction between dimethoxymethyl-
silane (R1) and dimethoxymethylvinylsilane (R2) to form 1,2-
bis(dimethoxymethylsilyl)ethane (P1) (Scheme 1), as a step
toward the fine-tuning ofA1 for optimal activity.

The commonly accepted mechanisms for the hydrosilylation
of alkenes, with late transition metal catalysts, are the Chalk-
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Harrod18 (CH) and modified Chalk-Harrod16,19-23 (mCH)
catalytic cycles.8,13,14,17,24-28 Both mechanisms involve an initial
oxidative addition of a SiH-functional silane (e.g.,R1) to the
transition metal, M (step I, Scheme 2). In the CH mechanism,
this is followed by a subsequent insertion of a CdC functional
substrate (e.g.,R2) into the M-H bond (step IIa), whereas in
the mCH mechanism the CdC bond is inserted into the M-Si
bond (step IIb). The final step (step III) for both mechanisms is
the reductive elimination of the hydrosilylation product (e.g.,
P1).

More recently, alternative mechanisms have been proposed.
These include the Glaser-Tilley mechanism10,11 and aσ-bond
metathesis (SBM) mechanism.29,30The latter is well established
for early transition metal catalysts31-35 and has recently also
been considered in the realm of late transition metal catalysis.36-46

The nature of our reactants excludes a Glaser-Tilley type
mechanism; thus we concentrate only on the CH, mCH, and
SBM mechanisms in this report.

Experimental Section

General Considerations.The silanes diethoxymethylvinylsilane
and diethoxymethylsilane were purchased from GELEST and used
as received. The ruthenium catalyst RuCl2(CO)2(PPh3)2 was
purchased from STREM.1H and29Si NMR spectra were recorded
at room temperature on a Bruker Avance 300 spectrometer in CDCl3

or C6D6. All chemical shifts are in ppm referenced to the residual
proton solvent resonance atδ 7.24 and 7.15 ppm, respectively (1H)
or to the external standard TMS (29Si). Routine GC analysis was
performed with an Agilent 6890 N gas chromatograph equipped
with an RtX-200 column (Restek GmbH). Calibration was per-
formed with pure samples of diethoxymethylvinylsilane, diethoxy-
methylsilane, and triethoxymethylsilane (purchased from GELEST)
as well as bis(diethoxymethylsilyl)ethane and bis(diethoxymethyl-
silyl)ethene, which were independently prepared by literature
methods.47,48 For diethoxymethylethylsilane an response factor
identical to that for diethoxymethylvinylsilane was assumed. GC-
MS spectra were measured on an Agilent 6890/MSD 5973 GC/
mass spectrometer at 70 eV.

Catalytic Run. A 25 mL two-necked round-bottomed flask
equipped with a reflux condenser, argon inlet, and a magnetic stir-
ring bar was charged under argon with 38 mg (50.5µmol) of RuCl2-
(CO)2(PPh3)2. A 1.74 g (10.9 mmol) amount of Me(Vi)Si(OEt)2

and 1.46 g (10.9 mmol) of Me(H)Si(OEt)2 were added by syringe.
The mixture was stirred and heated at 100°C for 6 h. After cooling
to room temperature, the reaction mixture was analyzed by GC
and GC/MS.

The crude mixture was purified by distillation, leaving a mixture
of (EtO)2MeSi-CH2CH2-SiMe(OEt)2 and (E)-(EtO)2MeSi-CHd
CH-SiMe(OEt)2 in a combined yield of 1.91 g in a ratio of 86:14
(determined by the1H NMR integral of the CH2CH2 signal at 0.54
ppm vs the integral of the CHdCH signal at 6.64 ppm in CDCl3).
The1H NMR data of (EtO)2MeSi-CH2CH2-SiMe(OEt)2 and (E)-
(EtO)2MeSi-CHdCH-SiMe(OEt)2 compare well with the litera-
ture values.48,49

(EtO)2MeSi-CH2CH2-SiMe(OEt)2: 1H NMR (300.1 MHz,
CDCl3) δ 3.72 (q, 8 H,J ) 7.0 Hz, H2CO), 1.17 (t, 12 H,J ) 7.0
Hz, H3CCH2), 0.54 (s, 4 H, CH2CH2), 0.07 (s, 6 H, H3CSi); 29Si
NMR (59.6 MHz, CDCl3) δ -4.42 (s); GC/MSm/z (relative
abundance) 279 (4%, M- CH3).

(E)-(EtO)2MeSi-CHdCH-SiMe(OEt)2: 1H NMR (300.1 MHz,
CDCl3) δ 6.64 (s, 2 H, CHdCH), 3.75 (q, 8 H,J ) 7.0 Hz, H2-
CO), 1.18 (t, 12 H,J ) 7.0 Hz, H3CCH2), 0.08 (s, 6 H, H3CSi);
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Scheme 1. Chemical Structure and Notation of the
Reactants, Products, and Catalyst

Scheme 2. Chalk-Harrod and Modified Chalk -Harrod
Catalytic Cycles
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29Si NMR (59.6 MHz, CDCl3) δ -20.08 (s);1H NMR (300.1 MHz,
C6D6) δ 6.98 (s, 2 H, CHdCH), 3.71 (q, 8 H,J ) 7.0 Hz, H2CO),
1.14 (t, 12 H,J ) 7.0 Hz, H3CCH2), 0.22 (s, 6 H, H3CSi); GC-MS
m/z (relative abundance) 277 (47%, M- CH3).

Reaction Products. The hydrosilylation of diethoxymethyl-
vinylsilane with diethoxymethylsilane was performed at 100°C
for 6 h in thepresence of RuCl2(CO)2(PPh3)2 (0.005 equiv) without
solvent. After this reaction time, the conversion of the reactants is
not fully complete and the formation of the hydrosilylation product,
(EtO)2MeSi-CH2CH2-SiMe(OEt)2 (54%), is accompanied by
several side reactions, including dehydrogenative silylation resulting
in the formation of (E)-(EtO)2MeSi-CHdCH-SiMe(OEt)248 (9%)
and diethoxymethylethylsilane (6%) formed by the hydrogenation
of the vinylsilane.50 Another byproduct is triethoxymethylsilane
(6%), presumably formed by a H/OEt exchange reaction of
diethoxymethylsilane. The formation of the reaction products was
successfully confirmed by NMR spectroscopy and GC-mass spec-
trometry. The product distribution also contains 17% of unreacted
starting materials (Me(Vi)Si(OEt)2, 9%; Me(H)Si(OEt)2, 8%) and
8% of unidentified compounds. The hydrosilylation product is the
major component of the product mixture. Our computational study
addresses the mechanism of its formation.

Computational Methods

Density functional theory51,52 (DFT) was employed for the
calculation of all reactants, transition states (TSs), intermediates,
and products. In all calculations, the ruthenium atom was described
by a small-core, quasi-relativistic, effective core potential with the
associated (7s6p5d)/[5s3p3d] valence basis set,53 while the 6-31G-
(d,p) basis set54-56 was used for all other atoms. Initial geometry
optimizations of the minima along the reaction path were performed
with the gradient-corrected BP86 functional,57-59 in order to take
advantage of the resolution-of-the-identity(RI)-DFT approach,60 as
implemented in TURBOMOLE.61-64 All structures were subse-
quently refined in Gaussian03,65 by carrying out geometry opti-
mizations with the B3LYP hybrid functional,57,59,66-69 which has
been shown to produce reliable thermochemical data for ruthenium-
based compounds.70-72

Gaussian03 was employed in the refinement process as the search
for TSs often made use of the synchronous transit-guided quasi-
Newton method,73,74 available in this package. Frequency calcula-
tions were performed on all optimized structures, using the B3LYP
functional, to characterize the stationary points as minima or TSs,
as well as for the calculation of zero-point energies (ZPE),
enthalpies (H), entropies (S), and Gibbs free enthalpies (G) at 298 K.

Results and Discussion

The uncatalyzed hydrosilylation reaction involves the addition
of R1 to R2 in a concerted mechanism (Scheme 3). The transi-
tion state contains a four-membered ring with the H-abstraction
from R1 and the Si-C bond formation occurring concomitantly.
The reaction is strongly exothermic (∆Hreact) -29.0 kcal/mol);
however, the activation enthalpy (∆Hact ) 53.6 kcal/mol) is
prohibitively high, and thus a catalyst is needed to lower the
activation enthalpy for the hydrosilylation to an operational level
(i.e., <25 kcal/mol).

The Catalyst.The octahedral complexA1 has five positional
stereoisomers; each of these was optimized in order to determine
the most favorable arrangement for the hexacoordinated ruthe-
nium. The three isomers with the triphenylphosphine (PPh3)
ligands in thecis position are all strongly destabilized relative
to the twotrans-PPh3 isomers, due to steric repulsion, and they
were therefore not investigated further. X-ray structures are
available only for the two isomers with thetrans arrangement
of the PPh3 ligands.75,76These crystal structures provide a good
test for the accuracy of the computed geometries. The optimized
structure of thecis-dicarbonyl-cis-dichloro-trans-bis(triphenyl-
phosphine) (cct) isomer is very similar to the crystal structure
of this compound,75 with a root-mean-square deviation (rmsd)
for the heavy atom coordinates of 0.38 Å (Figure 1a); if only
the atoms within the first coordination sphere are considered,
the agreement with experiment is slightly improved, with the
rmsd decreasing to 0.31 Å. However, for the ttt isomer the posi-
tioning of the phenyl substituents differs between the experi-
mental76 and optimized structures. The rmsd for the heavy atom
coordinates of these structures (Figure 1b) is 5.57 Å as a result
of the different twist of the PPh3 substituents (possibly due to
crystal-packing effects); if we again consider only those atoms
directly coordinated to the metal center, the rmsd value is very
small (0.13 Å). The DFT calculations correctly reproduce the
changes in bond lengths that one would expect as a result of
the strongertrans influence of the carbon monoxide relative to
the chloride ligand. For example, the Ru-C(O) bond length
increases from 1.88 Å (1.86 Å exptl) in the cct complex to
1.95 Å (1.95, 2.06 Å exptl) in the ttt complex.
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Scheme 3. Uncatalyzed Hydrosilylation Reaction between
R1 and R2
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Experimental vibrational frequencies are available75 for the
C-O and Ru-Cl stretching modes of the cct isomer. The C-O
stretching wavenumbers are 2060 and 1998 cm-1, which com-
pare well to the calculated values of 2115 (symmetric stretch)
and 2061 (antisymmetric stretch) cm-1. Similarly the calculated
Ru-Cl stretching wavenumbers (268 (as) and 295 (s) cm-1)
are within 5% of the experimental values (278 and 302 cm-1,
respectively). We consider the overall agreement between the
available experimental and theoretical data forA1 as satisfactory
and as a validation of the chosen DFT methodology for the
current study.

Both the cct and ttt configurations are minima on the potential
energy surface, but the cct isomer (Figure 1a) is 14.4 kcal/mol
more stable than ttt. This can easily be understood in a “pull-
push” scenario, where the strongπ-accepting (pull) nature of
the carbonyl ligands is complemented by thetransarrangement
with theπ-donating (push) chloride ligands. We have confirmed
that subsequent intermediates and products in the catalytic cycle
of the ttt isomer are also significantly destabilized relative to
those of the cct isomer. Thus, in the remainder of this paper,

we shall only consider reactions starting from the cct isomer
(A1) as depicted in Scheme 1.

Chalk-Harrod Mechanism, Overview. In order forA1 to
become active in the CH or mCH mechanism, two ligands need
to be removed from the metal to generate a formally tetra-
coordinated ruthenium(II) complex. The nature of the catalyst
formed in this induction period is unknown; therefore we
consider two possible starting points, the initial decoordination
of either a CO ligand (resulting in the CO path) or a PPh3 ligand
(resulting in the PPh3 path). The direct dissociation of a chloride
ligand was disregarded due to the large endothermicity expected
for this process in the absence of a polar solvent. However, we
have considered the exchange of a chloride ligand with a hydride
ligand, as explained below, during the induction period. Hence,
there are four possible paths arising from the induction period
(Scheme 4).

In principle, each of the active complexes may follow the
CH or mCH mechanism, but the latter can be excluded by
considering the relative enthalpy (∆H(298)) of the CH and mCH
intermediates, the compounds resulting from step IIa and
step IIb, respectively (Scheme 2). For the chloride-CO path,

Figure 1. Superposition of optimized (red) and X-ray (blue)
structures ofA1: (a) cct isomer, (b) ttt isomer.

Figure 2. CO paths and the associated induction mechanism. Relative enthalpies are reported in kcal/mol. Values in italics correspond to
the hydride mechanism.

Scheme 4. Possible Variants of A1 Resulting from the
Induction Phase

Hydrosilylation with Ruthenium Catalysts Organometallics, Vol. 25, No. 19, 20064507



the CH intermediate is 32.2 kcal/mol more stable than the mCH
intermediate, and within the hydride-CO path the CH inter-
mediate is 10.8 kcal/mol more stable than the mCH intermediate.
Similarly, on the chloride-PPh3 path, the CH intermediate lies
11.2 kcal/mol below the mCH intermediate, and in the hydride-
PPh3 path no intermediate for the mCH mechanism could be
located. Hence, the CH intermediates (insertion into a Ru-H
bond) are generally favored over the mCH intermediates
(insertion into a Ru-Si bond) by a large margin. Therefore,
we decided to compute the transition states only for the CH
pathways.

Chalk-Harrod Mechanism, CO Paths. After the initial
dissociation of the carbonyl ligand (Figure 2,A1 f A2), the
entry point to the catalytic cycle may be reached either directly
(A3, chloride path) or after replacement of a chloride ligand by
a hydride ligand (A3H, hydride path). The first step in the
induction mechanism (dissociation of CO) is a barrierless, uphill
process, which is endothermic by 30.9 kcal/mol (Table 1).
In the chloride mechanism, the subsequent dissociation of
PPh3 with concomitant oxidative addition ofR1 requires another
16.3 kcal/mol. Hence, the initial entry into the catalytic cycle
(formation ofA3) results in a destabilization of 47.2 kcal/mol,
relative toA1.

The alternative hydride mechanism involves the substitution
of a chloride ligand by a hydride ligand after the initial oxidative
addition. This transformation yields a five-coordinate species
(A4) that is analogous to the chloride complexA2, although
5.4 kcal/mol more stable (Figure 2). The subsequent dissociation
of PPh3 and oxidative addition ofR1 requires 11.8 kcal/mol,
such thatA3H lies 37.3 kcal/mol aboveA1 and the separated
reactants and products. Thus, during the induction period, the
formation ofA3H should be preferred over that ofA3.

Within the catalytic cycle, the insertion ofR2 into the Ru-H
bond was calculated for both hydride and chloride variants, and
the barrier to insertion was found to be 8.4 kcal/mol lower in
the case of the hydride (∆Hact(A3H) ) 6.6 kcal/mol, Table 1).
Similarly, the CH intermediate for the hydride path,A5H, is
produced in a strongly exothermic reaction (∆Hreact(A5H) )
-21.3 kcal/mol), while the formation ofA5 is mildly endo-
thermic (∆Hreact(A5) ) 7.8 kcal/mol). However, the final reduc-
tive elimination step favors the chloride mechanism, with a
barrier of 10.2 kcal/mol, compared to the hydride path, which
requires a large activation enthalpy of 39.3 kcal/mol for the
formation of the product.

On the basis of these results, we can exclude the CO paths
as mechanistic possibilities forA1: the induction is much too

endothermic overall (47.2 and 37.3 kcal/mol for the chloride
and hydride variants, respectively) and product formation has
a large barrier of 39.3 kcal/mol in the hydride case.

Chalk-Harrod Mechanism, PPh3 Path. The main differ-
ence from the CO path arises in the induction period. The initial
dissociation of PPh3 (A1 f A7, Figure 3) is much more favor-
able than the CO dissociation, resulting in an enthalpy increase
of only 15.4 kcal/mol (Table 1). In order for the chloride path
to be active, the second PPh3 ligand also needs to dissociate.
As before, this second dissociation is expected to occur
simultaneously with the oxidative addition ofR1. This oxidative
addition favors a reorientation of the CO ligands, with the
resulting Ru(IV) complex (A9) being more stable when the CO
ligands occupytranspositions. Despite the ease of dissociating
the first PPh3 ligand, there is a large enthalpic penalty
(38.9 kcal/mol) for the removal of the second PPh3 ligand.
However, the oxidative addition partially compensates this loss,
such thatA9 is destabilized by 28.7 kcal/mol, relative toA1.
The barrier to the insertion ofR2 to form the CH intermediate
A10 is low (6.1 kcal/mol), and the intermediate is formed in a
thermoneutral reaction (∆Hreact(A10) ) -0.6 kcal/mol). Unlike
the chloride-CO path, the reductive elimination resulting in
P1 is now the rate-determining step within the catalytic cycle,

Table 1. Reaction Enthalpies of the CH Mechanisms for A1a

reaction, CO paths ∆H(298) reaction, PPh3 paths ∆H(298)

Chloride Mechanisms
A1 f A2 + CO 30.9 A1 f A7 + PPh3 15.4
A2 + R1 f A3 + PPh3 16.3 A7 + R1 f A9 + PPh3 13.3
A3 + R2 f TS(A3-A5) 15.0 A9 + R2 f TS(A9-A10) 6.1
A3 + R2 f A5 7.8 A9 + R2 f A10 -0.6
A5 f TS(A5-A6) 10.2 A10 f TS(A10-A11) 9.0
A5 f A6 + P1 -26.7 A10 f A11 + P1 -14.7

Hydride Mechanisms
A3 + PPh3 f A4 + Cl-Si -21.7 A7 + R1 f TS(A7-A8) 1.9
A4 + R1 f A3H + PPh3 11.8 A7 + R1 f A8 + Cl-Si -11.9
A3H + R2 f TS(A3H-A5H) 6.6 A8 + R1 f A9H + PPh3 9.0
A3H + R2 f A5H -21.3 A9H + R2 f TS(A9H-A10H) 6.7
A5H f TS(A5H-A6H) 39.3 A9H + R2 f A10H -12.0
A5H f A6H + P1 -3.9 A10H f TS(A10H-A11H) 23.4

A10H f A11H + P1 11.0

a Relative enthalpies are calculated from the data provided in Table S1 of the Supporting Information. All values are given in kcal/mol. Refer to Figures 2
and 3 for notation.

Figure 3. PPh3 paths and the associated induction mechanism.
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although the barrier (∆Hact(A10) ) 9.0 kcal/mol) is still modest.
The product is formed in an exothermic reaction (∆Hreact(A11)
) -14.7 kcal/mol).

The hydride-PPh3 path is generated by passing through the
intermediate structureA8, which is formed through a SBM
reaction, in which the Si-H bond ofR1 is replaced by the Si-
Cl bond, and the Ru-Cl bond by the Ru-H bond (TS(A7-
A8), Figure 4). The SBM ligand exchange at the Ru atom is
facile, with an activation barrier of only 1.9 kcal/mol. The
dissociation of chlorodimethoxymethylsilane (Cl-Si) produces
the hydride ruthenium(II) complex in an exothermic reaction
(∆Hreact(A8) ) -11.9 kcal/mol).

Entry into the catalytic cycle occurs after a subsequent disso-
ciation of the second PPh3 ligand and the concomitant oxidative
addition ofR1, yieldingA9H. Similar to the chloride path, the
dissociation of the second PPh3 ligand is strongly destabilizing
(∆H ) 37.1 kcal/mol), although the oxidative addition ofR1
partially compensates such that the reaction (A8 f A9H) is
endothermic by 9.0 kcal/mol. Qualitatively, the catalytic cycle
of the hydride-PPh3 path is analogous to the hydride-CO path;
while the insertion ofR2 to form A10H needs little activation
enthalpy (∆Hact(A9H) ) 6.7 kcal/mol) and the formation of
the intermediate is exothermic, the subsequent stepsthe genera-
tion of the productsrequires the surmounting of a larger barrier
(∆Hact(A10H) ) 23.4 kcal/mol), and the reaction is endothermic
by 11.0 kcal/mol.

The difference in the reaction energies for the hydride and
the chloride mechanisms of the PPh3 paths is quite pronounced,
since the product formation is endothermic in the former case
and exothermic in the latter. This difference is reflected in the
geometry of the corresponding TSs (Figure 5). In the chloride
mechanismTS(A10-A11) (Figure 5a) is structurally closer to
its reactants, while in the hydride mechanism,TS(A10H-
A11H) (Figure 5b) is closer in structure to its products. The
forming Si-C bond in the chloride mechanism is still relatively
weak in the TS at 2.04 Å. Conversely, in the hydride mecha-

nism, the Si-C bond is relatively short (1.98 Å) and the Ru-
Si bond is essentially broken (3.10 Å). The relative similarity
between the structure of the TS and the reactants (chloride) or
products (hydride) is consistent with the Hammond postulate.77

In summary, the hydride-PPh3 path is favored over the
chloride-PPh3 path in the induction phase, because the entry
point of the catalytic cycle is more accessible energetically with
a small barrier for the SBM reactionA7 f A8. In all cases
examined thus far the barrier leading to the active species in
the catalytic cycle (e.g.,A9H) could not be located on the
potential energy surface, as this reaction is expected to be quite
complex. i.e., dissociation of a ligand with concomitant oxidative
addition of a second ligand and (potentially) rearrangement in
the coordination sphere. Given that in all cases this step was
found to be endothermic (>9 kcal/mol), and the dissociation
of the second PPh3 ligand is strongly destabilizing (>37 kcal/
mol), the barrier to this type of reaction is expected to be
prohibitive. Therefore, we considered alternative mechanisms.

(77) Hammond, G. S.J. Am. Chem. Soc.1955, 77, 334.

Figure 4. Enthalpy profile of the hydride-PPh3 mechanism. Relative enthalpies in kcal/mol.

Figure 5. Transition states in the product formation step of the
PPh3 paths: (a)TS(A10-A11); (b) TS(A10H-A11H).
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σ-Bond Metathesis Mechanism, Overview.The investiga-
tion of the CH mechanisms has shown (1) the initial dissociation
of a PPh3 ligand is strongly favored over the dissociation of a
CO ligand and (2) the SBM reaction resulting in the exchange
of a hydride ligand with a chloride ligand provides a facile route
to the hydride mechanism. We have incorporated these features
into a new mechanism (Figure 6, left-hand side) and have addi-
tionally considered an alternative starting point, where the olefin
(R2) coordinates directly to the metal center and the addition
of R1 occurs thereafter (Figure 6, right-hand side). The different
induction mechanisms are distinguished by the addition of the
“olefin-first” (OF) or the addition of the “silane-first” (SF).

σ-Bond Metathesis Mechanism, OF Path.The initial
dissociation of PPh3 requires 15.4 kcal/mol; however, this is
partially compensated for by theη2-coordination ofR2 in an
unhindered process, which lowers the enthalpy by 7.1 kcal/mol
(Table 2). The addition ofR1 at this point in the mechanism

results in a concerted reaction, where the silane H atom is
abstracted by theR-carbon atom (relative to the silicon) ofR2
and the Si atom ofR1 forms a bond with the neighboring
chloride ligand to generate Cl-Si, which in turn is coordinated
to the metal center through a dative bond (TS(A12-A13),
Figure 7). Despite its exothermicity (∆Hreact(A13) ) -14.3 kcal/
mol), this concerted process requires a large activation enthalpy
of 32.1 kcal/mol. This is due primarily to the strain in the TS,
as the active center contains a strongly distorted six-membered
ring (Figure 7). Additionally, the attacking silane does not
interact directly with the metal center (Ru- - -Si) 4.59 Å)
during the SBM reaction and the Si-Cl σ-bond (3.90 Å) is not
yet formed. Furthermore, the interaction between the metal

Figure 6. SBM catalytic cycle with two alternative induction mechanisms defined by the initial addition of either the silane (left) or the
olefin (right). Reaction enthalpies in kcal/mol.

Table 2. Reaction Enthalpies of the SF and OF Induction
Mechanisms and of the SBM Catalytic Cycle for A1a

SF induction mechanism ∆H(298)

A7 + R1 f TS(A7-A8) 1.9
A7 + R1 f A8 + Cl-Si -11.9
A8 f TS(A8-A16) 13.7
A8 f A16 3.0

OF induction mechanism ∆H(298)

A7 + R2 f A12 -7.1
A12 + R1 f TS(A12-A13) 32.1
A12 + R1 f A13 -14.3
A13 f A14 + Cl-Si -2.1

SBM catalytic cycle ∆H(298)

A14 + R1 f A15 -4.2
A15 f TS(A15-A16) 21.8
A15 f A16 + P1 -10.0
A16 + R2 f A17 -16.0
A17 f TS(A17-A14) 4.4
A17 f A14 1.3

a Relative energies and enthalpies are calculated from the data provided
in Table S1 of the Supporting Information. All values are given in kcal/
mol. Refer to Figures 6 and 8 for notation.

Figure 7. Transition state of the hydride formation step in the OF
induction path. Distances in Å.
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center and theâ-carbon atom ofR2 is also quite weak (2.39 Å).
Thus, neither the C-C bond ofR2 nor the Si-H bond ofR1
has been activated by ruthenium, and as such, the catalyst has
little effect in lowering the barrier.

FromA13, the chlorosilane will dissociate to formA14 in a
mildly exothermic step, which is the entry point to the SBM
catalytic cycle (red curve, Figure 8) for the OF induction path.
The barrier to the dissociation of the Cl-Si in formingA14 is
expected to be negligible. A relaxed PES scan along the reaction
coordinate ofA13 f A14 indicates a maximum barrier of 1.6
kcal/mol (∆E). However, a stationary point could not be located
for the TS of this reaction, and as such, this barrier is not
included in the enthalpy profile (Figure 8).

σ-Bond Metathesis Mechanism, SF Path.The large barrier
calculated for the OF induction mechanism excludes this as a
viable pathway to the SBM catalytic cycle. Thus, we returned
to the induction mechanism described in the hydride-PPh3 CH
induction process (Figure 3). This mechanism leads to the
exchange of a chloride ligand for a hydride ligand with a mini-

Figure 8. Enthalpy profile for the SBM mechanism. Relative enthalpies in kcal/mol. Red curve: catalytic cycle. Black curve: OF induction
mechanism. The red curve is shifted downward for the sake of clarity.

Figure 9. TS for the isomerization reaction ofA8 f A16.

Figure 10. Transition state of the product formation step in the
SBM catalytic cycle. Distances in Å.
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mal barrier (1.9 kcal/mol), in an exothermic SBM reaction
forming the trigonal bipyramidal structure ofA8 (∆Hreact(A8)
) -11.9 kcal/mol). The product of this reaction is an isomer
of A16 (square pyramidal structure), and the conversion between
these two structures is possible through a repositioning of the
hydride ligand. The P-Ru-H angle (R, Figure 9) inA8 is
172.7°, while in A16 R is decreased to 84.0°. The barrier to
shifting the hydride ligand from an axial (A8) to an equatorial
(A16) position is 13.7 kcal/mol. Thus, the initial formation of
the hydride form of the catalyst (i.e.,A1 f A8) represents the
rate-determining step in the activation barrier, while the isomer-
ization reaction, relative toA1, proceeds more rapidly.

The calculated barrier to formingA8 is significantly lower
than the maximum barrier found in the OF induction pathway.
Thus, the SF induction path is the preferred mechanism forA1
to enter the SBM catalytic cycle.

σ-Bond Metathesis Mechanism.The generation ofA16 in
the SF induction path is followed by the coordination ofR2
into the vacant axial position, to formA17. This is an
exothermic, barrierless reaction (∆Hreact(A17) ) -16.0 kcal/
mol), and the resultingη2 complex (Figure 8) can easily abstract
the hydride ligand (∆Hact(A17) ) 4.4 kcal/mol) to generateA14
in a thermoneutral reaction (∆Hreact(A14) ) 1.3 kcal/mol).

The dative coordination of the silane at the vacant coordina-
tion site ofA14 results in a decrease in the reaction enthalpy in
a second unhindered process (∆Hreact(A15) ) -4.2 kcal/mol,
Table 2). The formation of the product and the regeneration of
the active species (A16, Figure 8) will then occur through a
third SBM reaction, whereby the H-Si bond is broken to form
a bond between the hydride and ruthenium, while the silane
forms a covalent bond with the carbon formerly bound to the
metal center (Figure 10). The barrier to this reaction is consistent
with the observed activity, at 21.8 kcal/mol, and is the rate-
determining step in the catalytic cycle.

Figure 11 shows the complete enthalpy profile of the proposed
reaction mechanism (i.e., SF induction followed by the SBM
catalytic cycle).

Entropic Effects. Up to this point, we have considered only
the enthalpies (∆H) of reaction and activation. Of course,
equilibria and reaction rates depend on the corresponding Gibbs
free enthalpies (∆G ) ∆H - T∆S). We have computed the
entropic contributions by applying the harmonic oscillator/rigid
rotor approximation. The resulting∆G values are listed in the
Supporting Information, but they should be viewed with some

caution, for two reasons. First, the computed entropic contribu-
tions refer to the gas phase and thus neglect solvation and
desolvation effects in solution, which may be substantial.
Second, the harmonic oscillator/rigid rotor approximation is
known to be problematic in the case of weakly bound complexes
(such asA15) due to the large number of low-energy vibrational
modes, which in turn have large contributions to the entropy.
Given this situation, the following discussion will not focus on
the computed∆G values, but rather on how the computed
enthalpy profile (Figure 11) is qualitatively affected by the
entropic contributions. The main such effect is that association
reactions suffer from an entropic penalty because of the loss of
translational and rotational degrees of freedom (typically around
10 kcal/mol at 298 K in the gas phase), while dissociation
reactions are entropically favored in an analogous manner. In
solution, these entropic effects will be less pronounced than in
the gas phase due to solvation and desolvation, but they will
be present to some extent.

Looking at the induction phase (Figure 11, black part), the
initial dissociation of PPh3 (A1 f A7) becomes more facile on
the ∆G scale because of the entropic contributions, but the
subsequent association ofR1 in TS(A7-A8) becomes less facile
for the same reason. Relative toA1, TS(A7-A8) is thus
destabilized to a similar extent on the∆H and∆G scales (by
17.3 and 16.4 kcal/mol, respectively). The dissociation of Cl-
Si in the formation ofA8 is favored from an entropic perspective
(∆H ) 3.5 kcal/mol,∆G ) -14.0 kcal/mol, relative toA1).
The following isomerization reaction (A8 f A16) does not
involve any association or dissociation, and as such, entropic
effects play only a minor role (∆Hact ) 13.7 kcal/mol,∆Gact )
15.7 kcal/mol). On the∆G scale, formation ofA8 thus remains
as the rate-determining step of the induction phase, and the five-
coordinate intermediates (A8, A16), formed in the latter part
of the reaction, are entropically favored.

Considering the SBM catalytic cycle (Figure 11, red part)
we first note that the overall reaction (A16 + R1 + R2 f A16
+ P1, see Scheme 1) combines two reactant molecules into
one product molecule so that the entropic contributions must
be positive, which is indeed found (∆H ) -29.0 kcal/mol,T∆S
) 12.9 kcal/mol,∆G ) -16.1 kcal/mol). A similar reasoning
applies to the intermediates in the SBM catalytic cycle (A17 +
R1, A14 + R1, A15), all of which have fewer molecules than
the entry point (A16 + R1 + R2). Therefore, in the∆G profile
of the catalytic cycle, all intermediates and the product are

Figure 11. Relative enthalpy profile of the predicted mechanism for the hydrosilylation ofR2 by R1 with the A1 catalyst. Induction
period in black; catalytic cycle in red. The numerical values given are barriers in the case of the TSs and reaction enthalpies relative to the
preceding minimum otherwise (kcal/mol).
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shifted upward compared with the∆H profile, but the other
features remain qualitatively unchanged. In particular, the
barriers ofA17 f A14 andA15 f A16 remain similar on the
∆H and∆G scales, and product formation remains as the rate-
determining step. The qualitative conclusions drawn from the
∆H profile (Figure 11) thus remain valid also after taking
entropic effects into account.

Conclusions

The reported comparison of the different reaction mechanisms
involving A1 has shown that the SBM mechanism provides the
most favorable route to the hydrosilylation ofR2 by R1. The
induction period of the catalyst involves the dissociation of a
PPh3 ligand, followed by a SBM reaction that results in the
exchange of one of the chloride ligands with a hydride ligand.
A subsequent isomerization from trigonal bipyramidal to square
pyramidal by a shift of the hydride ligand yields the active form
of the catalyst (A16). The activation enthalpy in the induction
phase is 17.3 kcal/mol, corresponding to the exchange of the
chloride ligand with a hydride ligand. This induction mechanism
is clearly favored over the other alternative mechanisms tested
for the following reasons: (1) the initial dissociation of a CO
ligand is strongly disfavored as the enthalpy increases by 30.9
kcal/mol; (2) the exchange of the chloride ligand for a hydride
via oxidative addition of the silane (i.e.,A2 f A3) causes a
further destabilization of 16.3 kcal/mol (CO paths, Table 1);
(3) the alternative coordination of vinylsilane (R2) and the
subsequent addition ofR1 (OF mechanism) has a large barrier
(32.1 kcal/mol) associated with the abstraction of the H atom

from R1. Thus, the most favorable induction mechanism for
A1 to adopt an active catalytic form is via the initial abstraction
of PPh3 and the subsequent SBM reaction to replace the chloride
ligand for a hydride.

This induction mechanism may generate the starting point
of both the CH mechanism for the hydride-PPh3 path (A8) or
the SBM mechanism (A16). The initial coordination to the active
species differs in the CH and SBM mechanisms: while the
former involves the oxidative addition ofR1 in an endothermic
reaction (9.0 kcal/mol, Table 1) via a high-energy TS (not
located, Figure 4), the latter proceeds through a stabilizingη2-
coordination ofR2 (-16.0 kcal/mol, Table 2). The exother-
micity of the reaction and the barrierless coordination ofR2
imply that the entry into the SBM pathway is preferred.

In the SBM catalytic cycle, the initial transformations (A16
f A17 f A14 f A15) are facile. The final SBM step that
generates the product (A15 f A16) is rate-determining. The
corresponding barrier of 21.8 kcal/mol is consistent with the
experimentally observed activity.
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