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A mechanistic study has been carried out to explore the structural and energetic features leading to the
decomposition pathways of a Grubbs second-generation olefin metathesis catalyst using density functional
theory. The active form of the catalyst 2 has an inherent tendency to undergo intramolecular reactions,
as the highly electron-deficient ruthenium center is in close proximity to the C-H bonds of the
N-substituents. The theoretical results strongly suggest that the deactivation pathway initiates with the
C-H activation rather than pericyclic cyclization suggested for the related Grubbs-Hoveyda catalyst
system by Blechert et al. Complex 2 passes through five transition states, viz., (i) formation of an agostic
complex through the activation of a C-H bond of the N-heterocyclic carbene (NHC)-phenyl ring; (ii)
C-H σ-bond metathesis with a carbene moiety to form a benzyl complex; (iii) two-step rotational
transformations of the benzyl unit; and (iv) carbene-arene bond formation to yield the first product, 3.
The last step is the rate-determining step, with the highest activation barrier of 28.6 kcal/mol, while the
activation energy for steps (i), (ii), and (iii) are 13.6, 26.7, and 18.8 kcal/mol, respectively. The
transformation of the rigid carbene unit to a flexible benzyl unit facilitates the rotational transformations
in step (iii) and the subsequent C-C bond formation in step (iv). The η6-coordination of phenyl ring in
3 changes to η2 to produce a less strained complex, and the C-H activation of the second NHC-phenyl
ring occurs easily with this transformation, leading to a C-H agostic complex through a transition state
with the activation barrier of 28.3 kcal/mol. The agostic interaction breaks up in the next step, leading
to the ruthenium-carbon bond formation and the reductive elimination of HCl to the second product, 4.
The flexibility of all three phenyl rings through their single bond connectivity plays a major role in the
deactivation process of 2, as it leads to C-H agostic interactions with the ruthenium center. Therefore,
the deactivation can be controlled by designing NHCs with rigid substituents, which may not undergo
agostic interactions.

Introduction

N-Heterocyclic carbenes (NHCs), introduced as an analogue
to phosphines, are recently getting wide attention in the design
of homogeneous catalytic systems,1-6 as their powerful σ-do-
nating and weak π-accepting ability impart major changes in
the reactivity of a metal complex.6-8 For instance, the high
catalytic efficiency observed in the second-generation Grubbs
olefin metathesis catalyst 1 (Figure 1) has been attributed to

the presence NHC ligands.9-14 The role of steric and electronic
effects of NHCs toward the enhanced activity of catalysts on
replacing phosphines by NHCs has been proved both theoreti-
cally and experimentally.12,14-20 Catalyst activity can be
improved by altering the substituents on the nitrogen of NHCs,
and there exist a number of modified second-generation Grubbs
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It has been observed that the changes in the substituents on the
nitrogen on the NHC ring can change the activity of catalysts
unusually in different types of metathesis reactions.14,21,22

Since olefin metathesis has emerged as an important method
in organic synthesis, the designing of catalysts with suitably
substituted NHCs holds great importance. However, the ten-
dency of NHCs to undergo chemical transformations such as
reductive elimination, decomplexation, and intramolecular reac-
tions can cause the degradation of the system.8 Phenyl and
mesityl substituents on nitrogen were found to have a higher
tendency to undergo C-H and C-C activation since the steric
bulk keeps the C-H and C-C bonds close to the metal center.
C-C and C-X (carbon-heteroatom) activation in ruthenium-
NHC complexes were reported by Whittlesey et al.23-25 Grubbs
et al. have observed the possibilities of C-H activation in a
second-generation Grubbs catalyst, leading to carbene-arene
bond formation.26,27 Bletchert and co-workers reported the
decomposition of a Grubbs-Hoveyda catalyst system, and they

proposed that the carbene-arene bond formation takes place
directly through pericyclic cyclization.28 C-H activation in
rhodium-NHC complexes29,30 and iridium-NHC complexes31,32

was also reported.
The mechanism of olefin metathesis with the assistance of

Grubbs catalyst 1 (cf. Figure 1) was already explored in both
experimental and theoretical studies, and the generally accepted
Chauvin mechanism suggests that the reaction initiates with the
dissociation of phosphine, leading to the formation of the 14-
electron complex 2 followed by olefin coordination and me-
tathesis steps from a metallacyclobutane.33-44 Therefore, com-
plex 2 is the species having catalytic activity, and the original
16-electron complex will act only as the precatalyst. In other
words, stability of the 14-electron species is directly related with
the turnover number of the catalytic process. Since the metal
center of 2 is highly electron deficient, it could undergo
interaction even with σ-bonds in the vicinity. Thus electron-
rich olefins can easily coordinate to the metal center to undergo
metathesis reaction. However, in the absence of a substrate to
coordinate with the metal or in the absence of enough
concentration of the substrate, 2 may get deactivated either
through intramolecular reactions or by the back-coordination
of phosphine. In a recent article Grubbs et al.27 reported such
a deactivation reaction observed in complex 2 leading to
formation of complexes 3 and 4, in which new carbene-arene
and Ru-C bonds were formed (cf. Figure 1).

The proposed mechanism27 for the decomposition of Grubbs
second-generation catalyst 1 involves the intermediacy of
complex 2a, a ruthenium hydride complex formed by the
oxidative addition of a C-H bond of a phenyl ring to the metal
center, and complex 2b, which is formed by R-H insertion to
the benzylidene ligand (Figure 1). It is seen that all three phenyl
groups (red-, blue-, and pink-colored ones) in 2 are actively
involved in the reaction and they undergo major changes. The
present study will focus on this structural aspect and the
complete mechanism of the transformations involved.

Computational Methods

All calculations were carried out using the Gaussian 0345 suite
of programs. The optimizations, vibrational frequency, and zero-
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Figure 1. Grubbs second-generation catalyst, the proposed inter-
mediates, and the decomposition products.
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point energy (ZPE) calculations were performed using the B3LYP
hybrid functional46,47 and the 6-31G(d,p) basis set for all atoms
except for ruthenium, which is treated with Lanl2DZ with extra f
polarization functions,48-50 and the combined basis set is named
Gen1. All transition states were calculated using the STQN method
implemented in Gaussian 03, and transition states were characterized
by a single imaginary frequency. Single-point energy calculations
of all geometries were done with the B3LYP/Gen2 method, where
Gen2 stands for Lanl2DZ+f functions for Ru and 6-311++G(d,p)

for the rest of the atoms. The single-point energy values were also
corrected with zero-point energy obtained from the B3LYP/Gen1
frequency calculation. The ZPE-corrected B3LYP/Gen2 level values
were used throughout for discussing the energetics.

Results and Discussion

The two probable pathways for the internal reaction to
proceed from 2 can be envisaged, viz., (i) through the C-H

Figure 2. Intermediates and transition states involved in the reaction. (The relative energy values are in kcal/mol and bond lengths in Å.
All nonparticipating hydrogen atoms are omitted for clarity.)
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activation of the phenyl ring via agostic interactions and (ii) a
pericyclic cyclization leading to a direct C-C bond formation
between the carbene and arene. The intermediates and the
transition states located for the first pathway are given in Figure
2 along with their important structural parameters. In Figure 3,
the energetics of the reaction is plotted.

The reaction initiates with the activation of the C-H bond
in the phenyl substituent on the nitrogen, leading to the
formation of an agostic complex. Since two phenyl rings are
present on the NHC ligand, the C-H bond of any of the phenyl
rings can be activated first and the proposed mechanism27

considers the C-H bond of the phenyl ring (blue) that is near
the benzylidene ligand to undergo initial oxidative addition to
form the ruthenium hydride complex 2a. However, this path is
not energetically favorable,51 as the C-H bond of the phenyl
ring that is on the opposite side of the benzylidene ligand (red)
becomes activated more easily and subsequently forces the
flexible phenyl ring to rotate in TS-2-5, leading to further
reaction. The interaction of the C-H bond with ruthenium forces
the C-H bond to come close to an empty d orbital of ruthenium,
leading to the formation of the agostic complex 5, where a
bonding interaction exists between ruthenium and the C-H
σ-bond. The C-H, Ru-C, and Ru-H bond lengths in complex
5 are 1.11, 1.86, and 2.50 Å, respectively, and Ru-H-C bond
angle is 101°. A decrease in the Cl-Ru-Cl angle from 151°
to 91° takes place during this transformation. It may be noted
that the trans to cis transformation of chloro ligands in TS-
2-5 makes available a coordination site on ruthenium that is
not trans to the strongly trans-influencing benzylidene ligand,
so that the phenyl C-H bond easily reacts with the electron-
deficient metal center to form the agostic complex 5. In the
next step, a σ-bond metathesis52 of the agostic C-H bond takes

place in such a way that the carbon coordinates to ruthenium
and H adds to the R-carbon of the benzylidene ligand, leading
to the formation the complex 6, wherein ruthenium is in the
+4 oxidation state. The ruthenium hydride transition state TS-
5-6 is very similar to the intermediate 2a in the proposed
mechanism,27 and the high energy associated with this transition
state can be assigned to the high oxidation state of the ruthenium
(Ru-H distance in TS-5-6 is 1.65 Å). The benzyl C-H,
Ru-H, and Ru-C bond lengths of 1.11, 2.23, and 2.07 Å,
respectively, in 6 suggest the stabilizing agostic C-H bond
interaction. Unlike the benzylidene ligand, the benzyl ligand in
6 is more flexible due to the Ru-C single bond connection,
which enables the rotation of the phenyl (pink) group through
TS-6-7 to from 7, wherein the phenyl carbon is partially
coordinated to ruthenium to stabilize the complex similar to an
agostic C-H bond. Subsequent rotation of the benzyl group
through TS-7-8 gives complex 8. These internal rearrangements
within the complex bring the benzyl group (pink) close to the
ruthenium-coordinated phenyl (red) carbon (the C-C distance
of 2.45 Å) in 8. In addition this rearrangement makes the phenyl
group (pink) interact with the central metal atom. Note that this
interaction stabilizes the system and remains conserved during
the subsequent reaction. A reductive elimination in 8 leads to
subsequent C-C bond formation between the benzyl group and
the metalated phenyl carbon to form the first product, 3, through
a four-center transition state, TS-8-3. In 3 the phenyl ring (pink)
on the benzyl group has a η6-coordination with ruthenium, where
the distance between ruthenium and the center of the phenyl
ring is 1.78 Å. This η6-coordination makes complex 3 stable,
and its relative energy value is -2.3 kcal/mol compared to 2.

Complex 3 acts as a precursor in the formation of the second
product, 4. The η6-coordinated phenyl ring changes to the η2-
state in 9, and this transformation may release some ring strain
associated with the methylene-bridged region (CH2 between the
red and pink phenyl rings) and also opens up another coordina-
tion site on the metal center. This enhances the activation of
the C-H bond on the second phenyl ring (blue) and compels it
to undergo rotation along the N-C σ-bond to form a new agostic
complex, 10, with Ru-C, Ru-H, and C-H bond lengths of
1.16, 1.75, and 2.20 Å, respectively, through the transition state
TS-9-10. The agostic bonding observed in complex 10 is
strong, as the Ru-H-C bond angle is 95.5° and the C-H bond
length is 1.16 Å. This could increase the effective oxidation
state of ruthenium from +2. The high energy associated with
the less strained complex 10 can be attributed to the higher
effective oxidation state of the metal center. Similar agostic
interactions were reported by Matsubara et al. in ruthenium
complexes.53,54 Further activation of the agostic C-H bond to
the ruthenium produces another ruthenium hydride transition
state, TS-10-4, wherein Ru has a +4 oxidation state, and this
in turn leads to the reductive elimination of HCl to form the
product 4.
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Figure 3. Energy profile diagram for the reaction. (The relative
energy values are in kcal/mol.)
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Although the deactivation of the active complex 2 appears
to be simple in the proposed mechanism, the theoretical results
suggest it is not, as it passes through five transition states to
form the first product, 3, and subsequently, 3 undergoes further
reaction and forms the second product, 4, by a three-step
mechanism. The major transformations involved in the entire
reaction can be summarized as (1) the formation of a C-H
agostic complex with the NHC-phenyl ring, (2) C-H σ-bond
metathesis, (3) two-step rotational transformations of the benzyl
ring, (4) carbene-arene bond formation, (5) transformation of
arene coordination from η6 to η2, (6) formation of a C-H
agostic complex with the second NHC-phenyl ring, (7) Ru-C
bond formation, and (8) reductive elimination of HCl.

The second probable pathway for the deactivation of 2 is the
pericyclic cyclization, which is a direct carbene-arene bond
formation reaction at the initial stage itself. Such a mechanism
was proposed for the deactivation observed in a Grubbs-Hoveyda
catalyst system by Blechert et al.28 The possibility of the
cyclization reaction as the initial step is tested for the present
case, and the relative energy values of the transition state TS-
2-2d and the cyclic product 2d with respect to 2 along with
their structural parameters are depicted in Figure 4. The
activation barrier of 37.1 kcal/mol calculated for this transfor-
mation does not support the pericyclic cyclization as the
initiation step for the deactivation of 2. Further the cyclic product
2d is found to be stabilized only by 0.5 kcal/mol more than the
transition state TS-2-2d, which also confirms the C-H
activation as the most favorable pathway for the deactivation
of 2. In order to make a comparison of the second pathway
with the deactivation reaction in the Grubbs-Hoveyda type
catalyst,28 we have modeled the latter at the B3LYP/GenI level.
The calculated mechanism for the Grubbs-Hoveyda system was
very similar to the one given in Figure 4 (energy values and
structures are given in the Supporting Information). The
Grubbs-Hoveyda system showed a low activation energy of
29.5 kcal/mol, which is 7.5 kcal/mol smaller than the corre-
sponding value observed in the Grubbs system.

This decrease in the activation energy may be attributed to
the chelating oxygen in the system, as it could keep the complex
rigid and stable. However, the energy difference between the
cyclic product and transition state is only 0.01 kcal/mol,

suggesting that the formation of the product is not feasible, as
it will revert back to the original conditions. In Blechert’s
reaction,28 the prevention of the reversibility of the reaction is
claimed on the basis of subsequent oxidation in the presence
of formic acid. In this reaction also the C-H bond activation
pathway may be considered as another viable pathway besides
the initial C-C bond formation. Elucidation of the entire
mechanism of this reaction is beyond the scope of the present
work.

Conclusions

The mechanistic study presented here proves that the deac-
tivation of the Grubbs catalyst takes place through C-H
activation followed by C-H agostic interactions and σ-bond
metathesis, and the flexibility of the phenyl groups on the
N-heterocyclic carbene plays the most important role in the
initiation as well as the propagation of the reaction. The C-H
bonds of the flexible phenyl substituents are vulnerable for
agostic bonding with the highly electron-deficient metal center,
and this in turn will open up decomposition pathways of the
active form of the catalyst. Further, the conversion of ben-
zylidene to the benzyl form is also vital since this provides
flexibility to the third phenyl group (pink), which otherwise
would have not interacted with the metal center. Thus the results
presented in this study suggest that the decomposition of the
catalyst can be controlled by modifying the N-heterocyclic
carbene ligand in such a way that the substituents on the nitrogen
atoms have limited flexibility.

Acknowledgment. This research is supported by the
Council of Scientific and Industrial Research (CSIR), India.
J.M. thanks CSIR, India, for the financial support. Part of
the computational work was carried out at Institute of
Molecular Science, Okazaki, Japan, and supported by
CREST, JST.

Supporting Information Available: Cartesian coordinates of
all geometries and other details. This material is available free of
charge via the Internet at http://pubs.acs.org.

OM800508S

Figure 4. Energy profile diagram for the initial step of the pericyclic cyclization. (All bond lengths are in Å and the relative energy values
are in kcal/mol. All nonparticipating hydrogen atoms are omitted for clarity.)
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