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ABSTRACT

We have investigated the olefin metathesis from alkenyl Baylis−Hillman adducts using second-generation Grubbs catalyst. In the experiment,
the ring-closing metathesis (RCM) product could not be found, while the cross-metathesis (CM) products were found. The computational
studies provided consistent explanations for the experimental result. The most limiting factor for the RCM process using second-generation
Grubbs catalyst is caused by the high strain and steric effect in the metallacyclobutane intermediates.

Olefin metathesis, termed in 1967 by Calderon and co-
workers for the first time,1 is a powerful method for the
formation of carbon-carbon double bonds.2 In particular,
ring-closing metathesis (RCM) has been used for the
synthesis of a variety of cyclic compounds that include
carbocyclic, heterocyclic, and fused ring frameworks.3,4

However, until several years ago, such reactions were limited
because of insufficient catalytic performance. The desire to

apply olefin metathesis to new synthetic challenges has
motivated many chemists to improve catalytic performance.
The ruthenium complexes have been used as catalysts for a
variety of reactions.5 The first members of a family of L2X2-
RudCHR (Grubbs catalysts) complexes opened new vistas
in olefin metathesis.6 Among them, (PCy3)2Cl2RudCH2 has
attracted a lot of theoretical interest.7 A second-generation
Grubbs catalyst where one of the PCy3 ligands is replaced
by an N-heterocyclic carbene (NHC) ligand with a mesityl
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group has been shown to have significantly higher activity
than that of the parent Grubbs catalyst.3b,8

Recently, we synthesized 2,5-dihydrofuran and 2,5-dihy-
dropyrrole skeleta from the Baylis-Hillman adducts of 5,6-
dihydro-2H-pyran-2-one via the RCM reaction using the
Grubbs second-generation catalyst.9 The latter catalyst has
also been successfully used to synthesize di-, tri-, and
tetrasubstitutedR,â-unsaturated lactones or lactams of ring
size 5-7.10 There have been several theoretical3,7,11 and
experimental11-13 attempts to explain the mechanism and
activity of olefin metathesis with the Grubbs catalyst and
its derivatives. Most of the theoretical studies have been
carried out on simplified model systems. However, the size
of the ligands, their electronic properties, and conformational
flexibility are reported to greatly influence the catalytic
reactivity.13a,14 In this letter, we report a synthetic and
theoretical study of the olefin metathesis of two Baylis-
Hillman adducts3a and 3b using the second-generation
Grubbs catalyst.

We prepared the required starting materials3a and3b as
shown in Scheme 1. The Baylis-Hillman adduct1 was
converted into the acid2 according to the reported method,15

and following esterification with12a and12b using DBU

in acetonitrile, we were able to synthesize the starting
materials3a and3b in moderate yield (Scheme 1). (For the
detailed synthesis and spectroscopic data of prepared com-
pounds, see Supporting Information.)

With compounds3a and3b in hand, we examined their
RCM reactions with4 under high-dilution conditions in order
to minimize the intermolecular reactions. Initially, we carried
out the reaction of3a in toluene with 14 mol % catalyst4 at
70-80 °C for 40 h. Unfortunately, however, we could never
detect or isolate the desired RCM product. Instead, the cross-
metathesis products10a (8%) and11a (46%) were isolated
along with recovered starting material3a (27%).

When we performed the same reaction with3b, similar
results were obtained. The starting material3b was recovered
in 45% yield, benzaldehyde in about 40% yield, and the CM
product11b in 11% yield. Although similar approaches have
been successful for the synthesis of five- or six-membered
lactones using the RCM reaction has been reported using
(PCy3)2Cl2RudCHPh10b or (IMes)(PCy3)Cl2RudCHPh,10a

our experiments failed to produce the desired RCM products.
During the reaction, we monitored the reaction frequently
using TLC to detect the formation of any trace of the RCM
product9a. The reference sample of9a was prepared by
the Baylis-Hillman reaction of benzaldehyde and lactone
(5,6-dihydro-2H-pyran-2-one) derivative according to the
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Scheme 1. Synthesis of Baylis-Hillman Adducts

Scheme 2. Possible Products of Olefin Metathesis
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literature method.16 Thus, we can exclude the possibility for
the formation of the RCM product followed by the conver-
sion to more thermodynamically favorable products over time
at high temperature. To find out the effect of hydroxyl group
of 3a on the RCM reaction, we synthesized the MEM-
protected3a and tried the RCM reaction. Again, we could
not obtain the RCM product as before.17

This may arise from the fact that under the high-dilution
conditions for the reaction (favorable for the RCM reaction),
the activation energy for forming the desired RCM product
is much higher than those for the CM products (10a and
11a). To shed light on these RCM and CM processes, we
investigated the conversion of3a into 9a, 10a, and11a by
theoretical calculation. Most of the computational studies to
date have considered truncated model systems such as PH3

instead of PCy3.3,7,11 However, we have included the actual
molecular systems in our computations. We compared the
relative reaction barriers for the RCM and CM processes
using ab initio calculations. All the structures were fully
optimized at the Hartree-Fock level of theory with 3-21G
basis sets using the Gaussian 98 suite of programs.18

It has been assumed that the olefin metatheses take place
through the dissociation of the PCy3 ligand followed by the

formation of aπ-complex and cyclic four-membered ring
intermediates as suggested for the most favored reaction
mechanism3a,7 (Figure 1). For the olefin metathesis of3a
with 4, the catalyst is considered to react first with the
monosubstituted terminal double bond of3a because it is
least electronically deactivated and sterically least hindered.19

There are three possible products:9a, 10a, and11a. Lactone
9a is the product of ring-closing metathesis (RCM), while
10a and11a are the products of the cross-metathesis (CM)
of 5a with styrene (CM1) and3a (CM2), respectively. The
relative energies of the three different reaction pathways are
shown in Figure 2.

For the RCM pathway, the relative energies of the
intermediates,4a, 5a + PCy3, and6a + PCy3, are 0, 26.5,
and 82.4 kcal/mol, respectively. For the CM1 pathway, the
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Figure 1. Postulated mechanisms for olefin metathesis.

Figure 2. Relative energies (in kcal/mol) along the pathways from
4a to 6a (RCM), 7a (CM1), and8a (CM2).
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relative energies of the intermediates,4a + styrene,5a +
styrene+ PCy3, and7a + PCy3, are 0, 26.5, and 59.7 kcal/
mol, respectively. For the CM2 pathway, the relative energies
of the intermediates,4a + 3a, 5a + 3a + PCy3, and8a +
PCy3, are 0, 26.5, and 63.0 kcal/mol, respectively. Thus, the
reaction barriers for RCM, CM1, and CM2 pathways are
82.4, 59.7, and 63.0 kcal/mol, respectively. These reaction
barriers are consistent with the experimental observation that
the yields of10aand11aare 8 and 46%, respectively, while
the RCM product9a was not obtained. The low yield (8%)
of 10a, despite this reaction pathway being lower in energy
than that for11a, is presumably due to using a small amount
(14%) of ruthenium catalyst, which is the only source of
styrene.

The barrier difference for CM1 and CM2 is only 3.3 kcal/
mol, but that for CM1 and RCM is 22.7 kcal/mol, which
implies that the steric hindrance contributes slightly. Thus,
the most dominant factor for the difference in reaction barrier
may be the ring strain. The ring strain for6a seems to be
much higher than that for7a and8a, where the electronic
effect is operating almost equivalently. The electronic effect
was previously discussed in detail for various ligands.13a

The RCM of isopentenyl methacrylate gives the corre-
sponding six-membered lactone when it is mediated by4.10a

The barrier for this reaction has been compared with the
barrier for the CM of3a and styrene. The barrier difference
between the RCM and CM processes is calculated to be about
16.5 kcal/mol, which is much reduced compared with that
(22.7 kcal/mol) in our substrates having a ring substituent.
Nevertheless, the difference is still very high, which would
make it difficult to realize the RCM reactions. The second-
generation Grubbs catalyst seems to be inefficient for our
RCM reactions, while it seems to be much more efficient
for the CM reactions. The main reason for the inefficiency
for the RCM reaction may result from the inherent strain
and steric effect in the cyclic four-membered ring intermedi-
ates. This conclusion applies to the substrates investigated
and needs to be further studied for other RCM/CM reactions.

The four membered-ring intermediates6a, 7a, and8amay
have several different conformers according to the cis or trans
conformation for the two chlorines, as well as two substit-
uents constituting the four-membered rings. The X-ray
structures of45e and its derivative8a are known. In our
calculations, we chose the halide and other ligand orientations

assuming that their orientation did not change after phosphine
dissociation despite their exact positions being unknown. For
the cyclic intermediate7a, we tried to compare the energies
of the four different conformers, trans-trans, trans-cis, cis-
trans, and cis-cis. We name cis-trans in cases where the
two chlorines have a cis conformation and the two substit-
uents (phenyl and ester moieties) have a trans conformation,
respectively. The trans-trans conformer is slightly more
stable than the trans-cis conformer by 1.45 kcal/mol. In the
case of cis conformation for chlorines, we found an interest-
ing behavior. The cis-cis conformer changed into the
dissociated complex5a and styrene during the geometry
optimization. The cis-trans conformer proceeded to the
product-like complex. Thus, the metathesis reaction seems
to proceed via the configurational exchange from trans to
cis for the halides, where the Cl-Ru-Cl is in the trans
configuration in the crystal structures. This observation is
closely related to the explanation of the catalytic activity by
the trans influence of halides, phosphines, and olefins.12,13a

Significantly, this configurational exchange is found to be
facile even at room temperature from the quantum molecular
dynamics study.7 The structural details are presented in
Supporting Information.

In conclusion, we have investigated the RCM and CM
reactions of3a with the second-generation Grubbs catalyst
4 both experimentally and theoretically. In the former case,
we obtained only CM products and no RCM product even
at high-dilution conditions. The experimental results are
clearly explained by reaction barrier differences for the RCM
and CM reactions based on ab initio calculations for the full
molecular systems.
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