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The energy profile of rare Ru carbide formation starting from an acetoxycarbene complex is studied
using DFT methods. Three distinctive reaction pathways that differ in their initiation step are investigated.
Two of the proposed reaction mechanisms have relatively similar activation barriers. Therefore, additional
calculations have been performed using large size ligands (PCy3), matching exactly the actual experimental
system. In addition, the corresponding kinetic isotope effect has been evaluated and compared to the
experimental measured value.

Introduction

Olefin metathesis has become a powerful tool for organic
synthesis, following significant advances in catalyst design over
the past 15 years.1-6 Ru-based complexes in particular tolerate
a wide variety of common functional groups.1,2 Nevertheless, a
few key functional groups are not tolerated in cross-metathesis
(CM) reactions, but instead cause catalyst decomposition. In
particular, given the importance of alkenyl halides as building
blocks in transition-metal-catalyzed syntheses,7 the general
inability to synthesize alkenyl halides via CM is a long-standing
limitation.8* [In contrast, there are a handful of recent examples
describing ring-closing metathesis (RCM) involvingR-halo-R,ω-
dienes.9 However, unlike cross-metathesis of alkenyl halides,
which requires the formation of halocarbene intermediates that
are very likely to be unstable, in these RCM reactions such
intermediate halocarbene complexes are neither required nor
implicated in the process.] Another process leading to limitation
of metathesis catalysis is the formation of carbides from vinyl
esters. In addition, carbide species have recently been found to
play important roles as precursors to rapidly initiating olefin
metathesis catalysts.10

Our recent studies11 of metathesis reactions reveal the
formation of a rare terminal carbide complex under some
conditions. The carbide complex Ru(C)(PCy3)2Cl2 (a)10,12 was
formed rapidly and quantitatively upon reaction of vinyl acetate

with Ru(CHPh)(PCy3)2Cl2 (b) in CH2Cl2.11 As expected, the
acetoxycarbene complex Ru(CHO2CMe)(PCy3)2Cl2 (c) was
formed by metathesis with vinyl acetate, releasing styrene as
the byproduct. However, intermediatec did not undergo further
productive metathesis, but instead underwent rapid and quantita-
tive conversion toa, concomitant with release of acetic acid.

Vinyl carbonates similarly produce Ru(C)(H2IMes)(PCy3)-
Cl2 [d; H2IMes ) 4,5-dihydro-1,3-bis(mesityl)imidazol-2-
ylidene] from Ru(CHPh)(H2IMes)(PCy3)Cl2 (e) in addition to
effecting the conversion ofb into a.13 Furthermore as shown
by Piers, these carbide complexes can be converted back into
active metathesis catalysts in one step via rearrangement upon
protonation with a suitable acid.10 Moreover, a bridging carbide
species is also a decomposition product of the RCM catalyst
Ru(CH2)(H2IMes)(PCy3)Cl2.14 These recent discoveries high-
light the importance of carbide species to Ru-based olefin
metathesis catalysis.

In this study, computational tools are used to study possible
reaction mechanisms of the Ru carbide formation reaction. Three
different mechanisms are considered. Two mechanisms involve
the formation of a Ru chelating ring. These two pathways are
suggested based on experimental observations of closely related
compounds.13,15 One of these pathways, which differ in their
initiation steps, however, may be ruled out due to a prohibitively
high reaction barrier. The third mechanism considers the
possibility of a direct intraligand proton transfer. This mecha-
nism involves a reaction coordinate where C-O bond cleavage
is accompanied by a proton transfer, yielding the carbide moiety
and acetic acid. This occurs without a change in the coordination
number of the Ru center. The reaction barrier predicted for this
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mechanism is comparable to the calculated activation barrier
for the second mechanism considered. The different mechanisms
are all compared below also by including solvation and entropy
effects for the different intermediates and estimating their
corresponding kinetic isotope effect (KIE) for comparison to
available experimental data.

Computational Details

The different intermediates and transition states along the
identified reaction pathways were obtained by geometry optimiza-
tions employing quantum mechanical methods. All models studied
have neutral charge and a singlet spin state. The level of theory
used is density functional theory with the widely used B3LYP
functional16 at the LACVP** basis set17 level (the smaller LACVP
and LACVP* sets were used to generate initial guesses). The Jaguar
5.5 package18 was used to implement the calculations. All transition
states were calculated without constraints and involve a single
negative frequency associated with the reaction mode unless
otherwise stated. Furthermore, all TS geometries were verified by
optimization in backward and forward directions along the associ-
ated reaction coordinate to produce the relevant species. We have
also incorporated solvation effects by employing the widely used
continuum solvation model.19

Results and Discussion

The first step in the conversion ofb into a (formation of
compoundc) involves double-bond metathesis; the mechanism
of this transformation has been well studied both experimentally
and computationally.20,21 Accordingly, we concentrate on the
second process, the conversion ofc into a. Most of the
calculations reported here concentrate on a model system. The
model reaction investigated involves the transformation of an
isolated Fischer carbene intermediate, Ru(CHO2CMe)(PMe3)2-
Cl2 (Ru1), into Ru(C)(PMe3)2Cl2 (Ru6) and acetic acid (here
Cy groups ina andc are modeled by Me groups as inRu1 and
Ru6). Additional calculations where the actual reactant was
studied have been employed as described below.

The RudC bond length in the optimized structure of the
intermediate (Ru1) is 1.826 Å; the two substituents on the
carbene are situated in the same plane as both Ru-P bonds.

This agrees well with the structure of related Ru(CHOEt)-
(PCy3)2Cl2,22 except that the carbene fragment of the latter
species lies approximately in the Cl-Ru-Cl plane, probably
due to steric reasons. The ruthenium-containing product of the
reaction closely resembles the reactant and differs mainly by
replacing the RudC double bond with a Ru-carbide triple bond
and having an acetic acid species released. The carbidesa (and
its modelRu6) and compoundc (and its modelRu1) are best
descried as (distorted) square pyramidal, diamagnetic, 16-
electron complexes. The assignment of the configuration to
square pyramid is based on the Verschoor23 definition for
distinguishing between square pyramid and trigonal bypyramid
configurations. In this procedure a geometric parameter is
obtained from the difference of the two largest angles defined
by Ru ligands. A value of 0.0 corresponds to a square pyramid
and 1.0 corresponds to a pure trigonal bipyramidal structure.
For the complexes considered here, this geometric parameter
is found to be 0.40 and 0.39 forRu1 and Ru6, respectively,
which are closer to the square pyramid limit. The calculated
length of the Ru-carbide bond is 1.655 Å, which compares
well to that ofa.24

Several possible reaction paths have been investigated. The
first two pathways examined involve the formation of a five-
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Scheme 1. Relative Energies (kcal mol-1) Calculated for Reaction Path 1 Using B3LYP/LACVP**
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membered chelating ring with the Ru atom. These reaction
pathways differ in the initiation step. In Scheme 1, the Ru atom
is activated by dissociation of a PMe3 ligand and is followed
by rebinding this group in a subsequent step. This may be
supported by the observation of small amounts of free PCy3

and Ru(CHOAc)(PCy3)Cl2 in the reaction mixtures at partial
conversion ofc to a.

This first considered reaction mechanism involves the endo-
thermic dissociation of a phosphine ligand generatingRu2, as
illustrated in Scheme 1. Experimental evidence relating to the
phosphine dissociation barrier in a closely related complex has
been reported. In particular, the dissociative exchange of PCy3

from b is found to have an activation barrier of 23.6( 0.5 kcal
mol-1 at 25 °C in toluene-d8.20 The energy of the resulting
species, intermediateRu2 and free PMe3, is 27.7 kcal mol-1

aboveRu1. In Ru2, the carbeneR-H atom and the OAc group
are still in the same plane and the Ru-P and Ru-C bond lengths
remain almost unchanged (2.243 and 1.817 Å, respectively).
An isomer ofRu2 was obtained by switching the sites occupied
by the H atom and OAc group; this corresponds to 180° rotation
about the RudC bond. ThisRu2′ species was found to be only
0.5 kcal mol-1 less stable thanRu2.

The phosphine dissociation leads to a reactive four-coordinate
14-electron species, which corresponds to the intermediate that
is required for olefin metathesis. Interestingly, excess vinyl
acetate does not appear to undergo metathesis in the presence
of c; instead, the stable carbidea is formed. The low coordina-
tion number and electron density at the Ru atom underlie the
formation of the chelating ring, where the carbonyl O atom
serves as a donor to the electrophilic Ru center. This process is
exothermic, generating the intermediateRu3, which is more
stable thanRu2 by almost 11 kcal mol-1. The phosphine
dissociation barrier is partially compensated by this spontaneous
ring formation reaction. IntermediateRu3 is a 16-electron
species involving a five-atom chelate ring configuration with a
long donor-acceptor O-Ru bond of 2.253 Å. The Ru-C
distance inRu3 is only slightly decreased to 1.811 Å from 1.817
Å in Ru2.

From this point, the reaction path in Scheme 1 continues with
formation of the ruthenium-carbide triple bond inRu4 via a

proton transfer step leading to the cleavage of the ring’s C-O
bond. In this scheme,TS1 denotes the transition state for this
step. InRu4, the newly formed HOAc molecule is coordinated
to the Ru atom through the carbonyl oxygen atom. This
intermediate is slightly stabilized by rebinding a phosphine
ligand, formingRu5; in this structure, the HOAc ligand moves
into a sitecis to both PMe3 ligands. Dissociation of the HOAc
ligand follows, yielding the final carbide product,Ru6. All the
steps following the formation ofTS1 are exothermic.

In this scheme,TS1 is the transition state defining the reaction
barrier. InTS1, the Ru-O bond length is reduced to 2.096 Å
from 2.253 Å in Ru3. The Ru-O bond is changing from a
donor-acceptor type to a covalent bond. In addition, the
incipient Ru-carbide bond inTS1 is significantly shortened
(1.669 Å) and closely approaches that found in the product,
Ru6. TS1 is characterized by a bridging H atom, which is shared
by both carbon and oxygen atoms as illustrated (at 1.134 Å
distance from the C and 1.650 Å from O; the Ru-C-H angle
is 139.0°). The structure ofTS1 is very similar to that of Ru-
(C-p-C6H4Me)(PCy3)I3, which is a stable, isolable species.15

The vibrational mode ofTS1 that corresponds to the reaction
coordinate involves the H atom oscillating between the C and
O atoms. The H atom is transferred to O and the OAc group
migrates toward the Cl-Ru-O plane, resulting in theRu4
configuration. This step introduces a 42 kcal mol-1 energy
barrier, which is higher than the barriers found for the alternative
reaction mechanisms investigated (see below). Furthermore, the
activation energy predicted for this mechanism is about 60 kcal
mol-1. Therefore, this pathway is ruled out.

An alternate progression of the mechanism illustrated in
Scheme 1 starting from theRu3 intermediate was considered
as well. In this scenario, illustrated in Scheme 2, a free
phosphine ligand binds directly to the C atom bonded to the
Ru center, generatingRu8. The phosphine group inRu8 is
oriented perpendicular to the plane of the five-atom ring. This
species is more stable thanRu3 by only 3.8 kcal mol-1. This
phosphine orientation facilitates the dissociation of the C-O
bond, producingRu9. Here both H and PMe3 groups are situated
in the Cl-Ru-Cl plane. The following transition state in this
mechanism is denoted asTS1a.

Scheme 2. Relative Energies (kcal mol-1) Calculated for Reaction Path 1a
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TS1a involves the migration of H from the C toward the O
atom. This vibrational motion is associated with a single
imaginary frequency of 570.3 cm-1. The H atom is located at
1.471 Å from the C and 1.150 Å from the O. TheTS1aatomic
configuration differs fromTS1by the presence of the phosphine
group linked to the C atom. It features a more extended C-H
bond and a much reduced reaction barrier with about 16 kcal
mol-1 energy reduction. The formation ofRu4 follows by
relaxation of the H atom toward the oxygen and by rotation of
the carboxylic group toward the plane defined by the Ru and
Cl atoms.Ru4 is the same as the intermediate followingTS1
in Scheme 1. We note that while the activation energy ofTS1a
is lower thanTS1, other reaction mechanisms described below,
however, exhibit even lower activation barriers.

The other reaction paths considered in this work are not
activated through a removal (and then rebinding) of a phosphine
group, despite the observation that small quantities of free PCy3

and Ru(CHO2CMe)(PCy3)Cl2 (represented by model species
Ru2) exist in equilibrium withc in the actual system.13 Although
both experiment and calculations permit the formation of species
such asRu2, these are not productive intermediates on the direct
pathway linking Ru1 to Ru6, but are formed in a side
equilibrium withRu1. In addition, our observation that a closely
related compound, Ru(CHO2COEt)(PCy3)2Cl2, undergoes con-
version toa in the solid state13 further indicates a mechanism
that does not involve phosphine dissociation. Therefore, the
actual mechanism may not involve any dissociation of PCy3

ligands. Instead, the alternative reaction path involves a less
complex mechanism of proton transfer.

In the second considered path, illustrated in Scheme 3, the
reactant is activated following an increase in the coordination
number of Ru. In this scheme, the activation is achieved by
coordination of the carbonyl O atom to the Ru center, resulting
in a six-coordinate intermediate,Ru7. This intermediate contains
a five-membered chelate ring that lies in the Cl-Ru-Cl plane.
Ru7, the new intermediate, which has an 18-electron configu-
ration, is found to be very close in energy toRu1 (only 1.9
kcal mol-1 higher in energy). The O-Ru bond length inRu7
is 2.213 Å, consistent with donor-acceptor character, whereas
the RudC bond length is 1.842 Å, only marginally longer than
the 1.826 Å value ofRu1. This mechanism is calculated to have
a lower activation barrier, as indicated in Scheme 3 and
discussed next.

The reaction path 2 continues by transformingRu7 to the
identical six-coordinate intermediate as in Scheme 1,Ru5. This
transformation involves a proton transfer within the ring similar
to that in Scheme 1. However, in this reaction mechanism the
Ru atom maintains a high coordination number with an 18-

electron configuration in its transition state, which leads to a
relatively lower lying transition state,TS2.

This transition state is illustrated in Figure 1. InTS2, the H
atom undergoing transfer is shared by both O and C atoms
(selected bond lengths and angles: O-H 1.348 Å, C-H 1.246
Å, Ru-C 1.693 Å, Ru-C-H angle 127.5°). The Ru-C-H
angle is less than 180°, while the C atom hybridization is
intermediate between sp and sp2. A single imaginary frequency
has been identified with the value of 952.6 cm-1. As illustrated,
this vibration mode is associated with the oscillation of the
indicated H atom between the C atom of the incipient carbide
ligand and the O atom of the OAc group.

The calculated activation energy is about 36 kcal mol-1,
compared to 60 or 42 kcal mol-1 calculated in Schemes 1 and
2. The lack of phosphine dissociation along this pathway implies
that the conversion ofc to a should be unaffected by added
phosphine. Experimentally, we find that conversion of5 into 1
is independent of PCy3 concentration,13 an observation that by
itself rules out the mechanism of Scheme 1, but is consistent
with those in Schemes 3 and 4 (see below for details of the
latter). The reaction continues fromTS2 to form Ru5, where
the carbide ligand is formed by completion of the H migration
to the O atom. Dissociation of the acetic acid ligand leads to
the final productRu6 as with Scheme 1.

Next, an additional mechanism that lacks the dissociation of
the phosphine group is investigated. In this mechanism, which
is found to possess energetics similar to that in Scheme 3, a
proton transfer within the C-OAc (OAc ) O-acetyl) ligand is
involved. In this mechanism, the Ru center remains five-
coordinate at all times, undergoing neither dissociation nor
association of a ligand. Scheme 4 illustrates this reaction
mechanism, which involves a single step along a complex
reaction coordinate. This reaction coordinate first involves the
activation of the C-O ester bond. In the identified TS (TS3),

Scheme 3. Relative Energies (kcal mol-1) Calculated for Reaction Path 2

Figure 1. Transition state geometry for reaction path 2.
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the C-O bond is elongated at 2.139 Å versus the 1.372 Å bond
length in the reactant. InTS3 the C-H bond length is only
slightly increased to 1.190 Å from the stable 1.094 Å bond
length in the reactant. The measured H-O distance inTS3 is
1.472 Å. In addition, the RudC bond length inTS3 is
considerably shortened from 1.826 Å in Ru1 to 1.702 Å, which
is almost three-quarters of the way to the carbide bond length
in the productRu6 (1.655 Å).

The reaction coordinate then proceeds via a direct proton
transfer within the ligating Fischer carbene moiety from the
ligating C atom to the terminal O atom.

The calculatedTS3geometry is illustrated in Figure 2, where
the atoms that define the reaction coordinate with their move-
ment are highlighted by arrows. The activation energy corre-
sponding to this scheme is 34 kcal mol-1. It is important,
however, to note that this calculatedTS3 involves two imaginary
frequencies. The first frequency at 474 cm-1 is the recognized
reaction coordinate described above. The additional very flat
frequency (at only 8.5 cm-1) is found to be associated with the
tendency of the OAc moiety to be shifted away from the
P-Ru-P plane. Our attempts to eliminate this frequency upon
further optimization ofTS3 have all failed. We ascribe this to
a combination of numerical instabilities and model truncation
associated with long-range intramolecular dispersion forces.

Therefore we have employed calculations involving nontrun-
cated models where PCy3 is used instead of PMe3. The use of
the bulkier ligand leads to a more realistic orientation of the
HOAc group and therefore to the cleanup of the spurious
imaginary frequency. The resulting geometry indeed involves
a single imaginary frequency at 352.6 cm-1, which corresponds
to the mode described above forTS3. This structure also was

confirmed to lead to the reactant and products by following
geometry optimizations in the forward and backward directions
of the reaction coordinate.

The presence of the bulkier PCy3 groups has caused the plane
of the chelate ring to shift away from the P-Ru-P plane. The
smaller model calculation placed the ring in the same plane as
the P-Ru-P plane. However, with the larger model, the tilt
angle of the ring is found to be close to 45° relative to the
P-Ru-P plane. All other geometrical features (i.e., the bond
lengths) reported above forTS3 remain almost unaltered. The
structure of theTS3with the larger model is depicted in Figure
3.

The calculated activation energy using this larger model is
slightly reduced to 33.5 kcal mol-1. This is only a 0.5 kcal mol-1

difference from the results involving the smaller models. We
note that all our attempts to calculateTS2with the larger model
have failed. The geometries ofTS2 and TS3 differ by the
position and number of atoms involved in the chelate ring. In
TS2 one O atom from the carbonyl group is linked to the Ru
center, generating a six-atom ring, while inTS3 the Ru center
is not incorporated in the ring. We suggest that the additional
intramolecular repulsions due to the bulkier ligands do not allow
the O atom to bind to the Ru center, making theTS2 geometry
less feasible. This leads us to suggest that the presence of the
bulkier ligands (PCy3) may favor theTS3 instead ofTS2
geometry.

To further analyze the different mechanisms, we have also
modeled the solvation effect. The continuum solvent model,19

despite its coarse representation, is found to perform quite well
for similar species.25 The solvent (CH2Cl2), as shown in the
Table 1, lowers the energetical barrier for all mechanisms. The
activation energies of the considered mechanisms with the
solvent effect included are also shown to be relatively similar
to each other. Activation barriers between 33 and 35 kcal mol-1

are now predicted for mechanisms 2, 3, and 1a. However,

(25) Benitez, D.; Goddard, W. A., III.J. Am. Chem. Soc.2005, 127,
12218.

Scheme 4. Relative Energies (kcal mol-1) Calculated for
Reaction Path 3a

a A similar scheme has been also calculated with a larger model
including PCy3 ligands, with about 0.5 kcal/mol reduction of the energy
barrier.

Figure 2. The calculatedTS3 involves the hydrogen-bonded
complex. The arrows indicate the major displacement of atoms
along the reaction coordinate.

Figure 3. The calculated geometry forTS3 using PCy3 ligands.
Note the shift of the carboxyl plane away from the plane defined
by the P-Ru-P atoms.

Table 1. KIE, C-H Bond Variations, and Energy Barriers
for Different Reaction Mechanismsa

activation energy
(kcal mol-1)

Gibbs
(kcal mol-1)

TS model KIE ∆C-H (Å) w/o solvent with solvent with solvent

TS1 nc 0.040 59.2 (-3.9) 54.8 (-4.2) 34.8
TS1a 3.1 0.377 42.9 (-2.7) 35.0 (-2.1) 33.4
TS2 2.9 0.152 36.0 (-2.9) 33.2 (-3.3) 27.7
TS3 2.4 0.096 34.0 (-2.7) 34.5 (-2.6) 30.9

a nc ) not calculated; (ZPE) values relative to reactant.
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it is possible that models employing several explicit solvent
molecules located strategically within the first solvation shell
would provide an even better description of the solvent effect
and allow a better discrimination of a specific mechanism. It is
also important to note that with solvent effect included all
geometries including the transition states show additional
imaginary frequencies. The vibration modes corresponding to
these new frequencies are associated with rotation of the methyl
groups or other motions irrelevant to the reaction coordinate.26

We estimate that fully optimized geometries with the solvent
would decrease the energy by 2-3 kcal mol-1 for all species.
Therefore, these spurious frequencies have a limited to no effect
on the calculated activation barrier. In the table we also include
the correction for the energy barriers by including the zero-
point energy (ZPE) due to the molecular vibrations. We find
that the ZPE further lowers the barriers by about 3 kcal mol-1

for the different considered routes. The ZPE correction values
are provided in parentheses.

The effect of entropy is also considered. The Gibbs free
energy values for the transition states relative to the reactant
are provided in Table 1. We find that the entropy effect for
mechanisms 3 and 1a is minimal. However, the effect on
mechanism 2 is to further reduce the barrier by an additional 2
kcal mol-1. This allows mechanism 2 to have the lowest reaction
barrier, one that is only 7 kcal mol-1 above the measured
experimental value. The most dramatic entropy effect is found
with mechanism 1; however, the final barrier for this mechanism
is still substantially the highest of all considered reaction routes.

In the overall chemical process studied, the final carbide
product is obtained free of acetic acid. Therefore, the final
energetic comparison of the product must include the equivalent
dimerization energy of the acetic acid. This dimerization
involves strong double hydrogen bonding and is calculated to
be 20.4 kcal mol-1 at the LACVP** basis set. Thus, the overall
reaction is calculated to be slightly endothermic with 8.8 kcal
mol-1, but is entropically favored. The overall reaction barrier
due to Gibbs free energy is slightly exothermic, with a-2.7
kcal mol-1 difference when the solvent effect is included. This
is in close agreement with our experimental measurements.

As a final point, we have also evaluated the kinetic isotope
effect (KIE) values for the reaction schemes described above
and contrast them to the experimentally measured value. The
KIE values are calculated using frequencies of the reactant and
the three most stable transition states obtained by replacing the
hydrogen with a deuterium atom. The formal expression is
provided elsewhere.27 We have also corrected all calculated
frequencies by using the empirical scaling factor of 0.96.28 The
KIE values were calculated at standard temperature (298 K).
The variation of the C-H bond length and the activation
energies from the reactant to the transition states are also listed
in Table 1.

The smallest calculated KIE value of 2.4 corresponds to the
mechanism illustrated in Scheme 4. This is the closest to the
experimentally determined value of 1.5 measured in dichlo-
romethane solution.13 This also corresponds with the lowest
change in the C-H bond length and the smallest activation
electronic energy. The other two calculated KIE values, 2.9 for

TS2 and 3.1 forTS1a, follow the same trends relative to bond
variations and energy barriers. Therefore, the reaction mecha-
nism illustrated in Scheme 4 features the best agreement with
available experimental data of all mechanisms considered in
this study with respect to the isotope effect.

The calculated mechanisms predict activation energies that
are less than 10 kcal mol-1 above the experimental value of
∆Gq ) 20.6 kcal mol-1 for the spontaneous conversion ofc
into a, with concomitant release of MeCO2H.13 We note, in
addition, that experimentally, solvent effects are known to be
strong: the∆Hq value quoted above pertains to the reaction in
dichloromethane, which is complete within 20 min at 25°C. In
contrast, in benzene the intermediatec is sufficiently long-lived
to be isolable in pure form. Future computational studies of
this system may require explicit solvent models to properly
represent the important effect of the solvent on the reaction
mechanism.

We have also considered additional variants of the above
mechanism. In these alternative routes, two of the ligands are
allowed to switch their positions on the Ru center. In this switch,
a Cl and a PMe3 ligand exchange their positions on the Ru center
during the reaction coordinate. This has the effect of generating
isomers in which the two chloride ligands arecis rather than
trans. Cis-trans isomerism of this type is important in some
closely related systems that undergo olefin metathesis.25,29This
aspect was considered for all the above mechanisms. This leads
to more polarized versions of the different TSs and intermedi-
ates. The energies of the corresponding isomers have been
calculated for all intermediates and transition states in the gas
phase and in the solvent. We find as expected that these
alternative species have a higher gas phase potential energy
surface and possess stronger stabilization due to the solvation
effect than the original configurations. However, in the balance
of these two contradicting effects we find that all of the
alternative mechanisms feature higher reaction barriers even
when entropy is considered as well. Therefore, we conclude
that it is unlikely for these ligands to switch their locations
during the reaction.

In conclusion, computational methods have been successfully
used to determine the more favorable reaction pathways. The
first considered mechanism is defined through related experi-
mental observations. However it was found to involve less
favorable energetics than other alternatives. The two alternative
mechanisms are found to possess comparable energetics when
employing truncated models. In one mechanism (Scheme 3),
the rate-determining step involves a proton transfer step within
a chelating organic ring. In the alternate mechanism (Scheme
4) the activation step involves a direct proton transfer from the
ligating C to the O within the Fischer carbene ligand. This is
coupled with cleavage of the C-O ester bond. This mechanism
is also confirmed by results from using untruncated models. In
addition, we note that the reaction mechanisms provide quite
similar agreement with the available experimental data with
respect to activation barriers and the KIE values. Additional
experimental and computational work may be required to further
analyze this complex system.

In future work, we will also address the high stability of the
terminal carbideRu6, focusing on analyzing the nature of the
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2001, 3, 3225.
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carbide bond. This may lead to procedures to interfere with the
Ru-C bond stability by manipulating the Ru fragment to
achieve a less stable carbide species. A more reactive carbide
bond is expected to be highly useful in bond-forming reactions.
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