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Olefin metathesis reactions, which exchange the substituents
about the double bonds of the alkenes, are important for a variety
of chemical syntheses.1 Specific transition metal-containing catalysts
perform olefin metathesis reactions and find wide use because the
carbon-carbon double bond, which is rather unreactive, can be
activated under mild conditions, even in aqueous media.2 The
mechanism and postulated intermediates of the metathesis reaction
have been the subject of numerous experimental3 and theoretical4

studies. A metallocyclobutane intermediate has been implicated in
the mechanism of the Grubbs-type catalyzed olefin metathesis.
Romero and Piers recently reported an experimental mechanistic
study3aof ethylene exchange with a 14-electron ruthenacyclobutane,
(NHC)Cl2Ru(CH2CH2CH2), where NHC is an N-heterocyclic
carbene (1,3-dimesitylimidazolidin-2-ylidene), derived from a
second generation Grubbs catalyst, see Scheme 1. They described
(1) intramolecular exchange of CR and Câ in 1 and (2) intermo-
lecular exchange, the degenerate exchange of free ethylene with1.
Each exchange mechanism could have paths with cis or trans
chlorides.5 The activation parameters for the ethylene exchange
process were determined to be∆Hq ) 13.2(5) kcal mol-1 and∆Sq

) -15(2) eu. Romero and Piers called for “further investigations,
particularly computational studies” on their mechanistic proposals.
In this Communication, density functional theory calculations6 are
applied to test these proposed mechanisms and consider dissociative
versus associative mechanisms at elevated temperatures at which
these olefin metathesis catalysts are also used.

For intramolecular carbon exchange, one could envision a two-
step mechanism that would in the first step cleave the metallocy-
clobutane and in the second step rotate the coordinated ethylene.
Alternatively, our computational results indicate a single-step
mechanism starting from the ruthenacyclobutane complex (1)
directly producing the ethylene ruthenium carbene complex (2) by
a rotational bond-breaking transition state (TS-1-2, see Scheme
2). 2 has a coordinated ethylene which is essentially perpendicular
to the remaining methylene unit. This result is in agreement with
the previously reported computational work of Adlhart and Chen.4e

That is, in2, ethylene is aligned parallel to the Cl-Ru-Cl vector,
and no minimum energy structure with ethylene perpendicular to
the Cl-Ru-Cl vector could be located; this structure simply
optimizes to 1.7 In 2 ethylene is essentially trans to L and
the methylene CH2 plane is perpendicular to the L-Ru-
centroid(CH2dCH2) vector; no minimum energy structure with meth-
ylene trans to L could be located. The structures of1 and2 have
trans-disposed chlorides; the cis-disposed chloride analogues of1
and 2 are higher in energy than the trans-disposed chlorides by
11.2 and 13.3 kcal mol-1, respectively (see Supporting Information).

For intermolecular ethylene exchange, one could envision a
variety of mechanisms. Ethylene could bind to1 or 2 and a
postulated metallocylohexane transition state or intermediate could
be involved in the exchange. These structures could have either

trans-disposed or cis-disposed chloride analogues. Our computa-
tional results indicate a multistep mechanism with structures that
have trans-disposed, not cis-disposed chlorides (see Figure 1 and
the Supporting Information). Starting from3 (ethylene associated
with 1), ethylene binds (throughTS-3-5), which produces theη2-
ethylene ruthenacyclobutane complex (5). A rotational bond-
breaking transition state (TS-5-6) produces6 (a bis ethylene
methylene complex),8 from which the ethylene trans to NHC can
dissociate (throughTS-4-6). A second ruthenacyclobutane complex
with associated ethylene (9) is formed throughTS-4-9 (similar to
TS-1-2). From 5, η2-ethylene rotates (throughTS-5-7) to form
7. A ruthenacyclohexane intermediate (8) that is higher in energy
is formed throughTS-7-8. While the proposed pathway is not an
energetically symmetric pathway, it does not violate the principle
of microscopic reversibility (PMR).9,10

For the intramolecular mechanisms (without a second-coordinated
ethylene) that simply exchange CR and Câ of the ruthenacyclobu-
tane, one may conclude from our computational results that (1)
they are lower in energy than the mechanisms with a second-

Scheme 1. Experimental Observations by Romero and Piers

Scheme 2. Calculated Enthalpies of Optimized Structures for the
Lowest-Energy Proposed Mechanism for Intramolecular Carbon
Exchange
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coordinated ethylene (consistent with experimental results); (2) the
structures with trans-disposed chlorides are lower in energy than
ones with cis-disposed chlorides; (3) the pathway with trans-
disposed chlorides has a lower barrier than the pathway with cis
chlorides; and (4) the computed free energy of activation including
solvation for the pathway with trans-disposed chlorides (∆GCH2Cl2

q,-50°C

) 14.4 kcal mol-1) is close to the observed free energy of activation
(∆GCD2Cl2

q,-50°C ) 12.3 kcal mol-1).
For the intermolecular mechanisms (with a second-coordinated

ethylene) that exchange ethylenes, one may conclude from our
computational results that (1) the structures with trans-disposed
chlorides are lower in energy than ones with cis-disposed chlorides;
(2) the pathway with trans-disposed chlorides has a lower barrier
than the pathways with cis chlorides; (3) the lowest energy pathway
does not include a ruthenacyclohexane intermediate or transition
state structure; (4) the computed free energy of activation including
solvation (∆GCH2Cl2

q,-50°C ) 18.6 kcal mol-1) is close to the experi-
mentally measured value (∆GCD2Cl2

q,-50°C ) 16.9 kcal mol-1); (5) an
estimated barrier (with a speculative solvent correction) for the
pathway with trans-disposed chlorides (∆Hq ) 17.6 kcal mol-1) is
comparable to the observed barrier (∆Hq ) 13.2(5) kcal mol-1);
and (6) the computed entropy of activation (-7.3 eu) is consistent
with an associative mechanism and somewhat similar to the
measured value (-15(2) eu).

Romero and Piers suggested that a competing mechanism
involving dissociation of ethylene from1 at elevated temperatures
could become competitive with the associative mechanism. To test
that suggestion, the relative free energy of ethylene loss from1
was computed. A rise of the temperature to 100°C (from -50 °C)
increases the stability of separated ethylene and the methylene
fragment by∼11.8 kcal mol-1 when compared to3 (see Supporting
Information). Therefore, ethylene dissociation from1 could become
the operative pathway at elevated temperatures.

Design and modification of catalyst ligands and catalysts is
directly impacted by the understanding of the details of the
mechanism of the catalyzed reaction. This current computational
study provides support for a single-step intramolecular mechanism
for the exchange of adjacent methylene groups and an associative
multistep intermolecular mechanism for the exchange of ethylene

that does not involve a metallocyclohexane intermediate or transition
state.
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Figure 1. Relative free energies (∆GCH2Cl2
q,-50°C) for the intermolecular exchange of ethylene.
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