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Hydrosilation is a key catalytic reaction for the production of
industrially important organosilicon products, and consequently,
hydrosilation reactions have been studied extensiv&gcently,
Tilley and co-workers developed a cationic ruthenium silylene
catalyst system capable of facilitating highly regioselective anti-
Markovnikov hydrosilation of alkenesTo account for the unusual
properties of the ruthenium catalyst system, Tilley and co-workers

proposed a novel mechanism in which the key step is alkene

insertion into asilicon—hydrogerbond located in a positioremote

The Ru(H}(SiH,) core of2 has a very similar structure tb in
which the corresponding distances are 2.34, 1.62, and 1.62 A,
respectively. Bothl and 2 have character reminiscent of silane
interacting with ruthenium through two SH o-complex interac-
tions. A transition-state structure frointo 2 was not calculated
since this barrier is expected to be negligible because of the small
structural changes that are observed.

Progressing from2 through TS,_3 yields another ethylene
m-complex,3. In 3, the ethylene is much closer to the silicon, with

from the metal center (Scheme 1). This mechanism is unlike any C—Si bond distances of 2.44 and 2.53 A, respectively. The closer

other proposed for late transition metal-catalyzed hydrosilation,

proximity of the ethylene to the silicon weakens the interaction

since in all other commonly accepted proposals, bond formation with the bridging Ru-H's, as indicated by an increase in the

occurs via coordination of both silane and olefin to the transition
metal? Since the identification of a new hydrosilation mechanism
has important ramifications for the design of new hydrosilation
catalysts and, more generally, potential applicability for the design
of new catalytic processéshe catalytic hydrosilation of alkenes
by cationic ruthenium silylene complexes was investigated using
density functional theory metho84.These investigations indicate

that the mechanism proposed by Tilley and co-workers is favored

by more than 8 kcal/mol relative to Chatidarrod and modified
Chalk—Harrod mechanisms.

Scheme 1. Catalytic Hydrosilation Cycle Involving Ethylene
Insertion into a Remote Silicon Hydrogen Bond@
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a Relative free energies of the intermediatA$() and transition states
(AG¥) are provided in parentheses in kcal/mol.

The catalytic cycle involving ethylene insertion into a-$i bond

observed distances (2.33 and 1.98 A, respectively). Despite the
structural change® and3 are very similar in energy. The barrier
to interconversion betweehand3 is less than 1 kcal/mol.

Figure 1. JIMP representations dfSz-4, the transition state for ethylene
insertion into the SiH bond that represents the highest energy structure
in the mechanism proposed by Tilley, am&s-7, the transition state for
Si—H oxidative addtion that represents the highest energy structure along
the lowest energy ChatkHarrod and modified ChatkHarrod pathways.

The next step in this pathway is conversion ®fto the
coordinated hydrosilation produdtvia insertion of ethylene into
the Si—H bond. The transition state for this proceBS;—,, is shown
in Figure 1. INnTS;_4, the C-Si bond has nearly formed, as
indicated by a € Si distance of 2.02 A. In contrast, the future-8
bond is quite long inTSz-4, while the Si-H distance has only
lengthened slightly relative to the -SH distance in3. The
vibrational motion of imaginary frequency represents the breaking
of the Si-H bond and formation of the €H bond. The relative
free energy of this transition stat€S;—4, is only 13.8 kcal/mol;
therefore, ethylene insertion into the silicenydrogen bond is an
extremely viable process. The catalytic cycle is completed via the

remote from the ruthenium center is presented in Scheme 1. Thestepwise displacement o8iCH,CHs from 4 by SiH, to regenerate

cationic silylene complex [Cp(PHRu(H)(SiH,)]" 1 represents the
starting point of the model catalytic cyclé.is generated via the
release of OMgfrom [Cp(PH)Ru(H)(SiH,)-OMe)]*.” In the gas
phase, OMgstrongly coordinates to silicon, and therefore release
of OMe, is disfavored by 13.0 kcal/m8IHowever, incorporation

1.10 The highest energy transition state in this proc88ssss,
has a relative energy of2.7 kcal/mol, more than 19 kcal/mol
higher in energy thad; thus, HSICH,CHj; release represents the
rate-determining step of the catalytic cycle in Scheme 1.
Unlike the low barrier to €&Si bond formation for the new

of solvent effects reduces the endoergicity of this process to 8.6 mechanism proposed by Tilley and co-workers, the barrierst8iC

kcal/mol? Coordination of ethylene td affords an ethylene

m-complex,2, in which the C-Si distances are 3.04 and 3.02 A,
respectively. Ir2, the Si-Ru distance is 2.30 A, while the distances
from Si to the bridging RerH’s are 1.68 and 1.72 A, respectively.
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bond formation for all of the calculated Chalklarrod and modified
Chalk—Harrod mechanisms were quite high, as the highest energy
transition states in these pathways exhibit free energies of at least
22.4 kcal/mol relative to separated ethylene an@cheme 2).
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Scheme 2. Lowest Energy Chalk—Harrod and Modified
Chalk—Harrod Mechanisms@
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a Relative free energies of the intermediatd$s¢) and transition states
(AG¥) are provided in parentheses in kcal/mol.

The lowest energy ChatkHarrod and modified ChatkHarrod
mechanisms are illustrated in Schem& Both mechanisms begin
from 1. Ethylene weakly interacts with to generates, in which
the ethylene €Ru distances are 5.76 and 6.10 A, respectively.
Ethylene coordinates tightly to ruthenium throubBs_¢ (14.7 kcal/
mol) to form 6 (—2.0 kcal/mol), in which Silis coordinated to
ruthenium via ar-complex interaction. Fror8, the rate-determining
step for both pathways is oxidative addition of $itha TSs-7 (22.4
kcal/mol, Figure 1) to form intermediaté From 7, the Chalk-
Harrod and modified ChatkHarrod pathways diverge. In the
Chalk—Harrod pathway (Path 1, Scheme 2);-8B bond formation
occurs first, as/ is converted t®8 via TS;—g. The energy barrier
for this process is negligible. Fro8 C—Si bond formation occurs
throughTSg-10 (10.8 kcal/mol) to form the ruthenium hydrosilation-
product adductlO. A slight structural rearrangement 4D via
TSj0-11Yields 11 In the modified Chalk-Harrod mechanism (Path
2, Scheme 2), €Si bond formation occurs from, via TS;—¢ (19.4
kcal/mol), to form9. Subsequently, €H bond formation occurs
via reductive elimination with a negligible barrier througBy-,,
to form 11. The catalytic cycles for both mechanisms are completed
by isomerization ofll to 4 through a series of low barrier
rotations!? followed by stepwise displacement 0§$ICH,CHz from
4 by SiH, to regeneratd.10
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Figure 2. Relative free energies (kcal/mol) of the intermedia®&{) and

transition states XG*) for the hydrosilation mechanisms illustrated in
Schemes 1 and 2. For simplicity, the multistep pathway ffdnto 4 has
been illustrated as a single line, whereas the multistep pathway4rtam
1 is represented as a single transition std8ss4-ss5 the highest energy
transition state in the displacement of$i#CH,CHz by SiHa.

Figure 2 clearly demonstrates that the GlasEilley mechanism
provides the lowest energy hydrosilation pathway frbrilowever,
in the event ethylene does coordinate to ruthenium to f6yrit

should be noted that it is more energetically favorable for ethylene

to dissociate from the ruthenium center WiSs_g (14.7 kcal/mol)
to form 5 than to proceed forward through the Chaltarrod and

modified Chalk-Harrod mechanisms. Fros) ethylene is free to
dissociate to formil, then coordinates to ford and proceeds to
the hydrosilation product via the lower energy pathway proffered
by the GlaserTilley mechanism (Figure 2).

In conclusion, this study provides the first theoretical evidence
for an important new hydrosilation mechanism. The highest energy
transition state in the novel hydrosilation mechanism proposed by
Tilley and co-workers is more than 8 kcal/mol lower in energy
than the highest energy transition states in Ch&lkrrod and
modified Chalk-Harrod mechanisms. Preliminary investigations
using more realistic model ligands support the conclusion that the
Glaser-Tilley mechanism is the lowest-energy pathway, although
the differences in energy are smaller. These results will be discussed
in detail in subsequent reports.
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In this computational investigation, the experimental cation, [Cp¥Pg-

Ru(H)(SiH,)-OEL]*, and the experimental substrate, Phsitdere

modeled using [Cp(PHRuH:(SiHy)-OMe;]* and SiH, respectively, to

save computational time.
(8) All relative free energies were calculated in the gas phase with complex
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(10) See Scheme S2 in the Supporting Information for more details.

(11) Separate ChatkHarrod and modified ChatkHarrod mechanisms that
involve o-bond metathesis steps that couple-KC and C-Si bond
formation with Si-H oxidation were also identified; these pathways
demonstrated even higher overall barriers to hydrosnatlon and are
illustrated in the Supporting Information.

(12) See Scheme S9 in the Supporting Information for more details.
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