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Introduction

Though discovered in the 1950s, olefin metathesis acquired
importance as an efficient method for the formation of
carbon–carbon double bonds only much later.[1–4] At pres-
ent, it is used extensively in organic synthesis. The applica-
tions include ring-opening metathesis polymerization
(ROMP), ring-closing metathesis (RCM), ring-opening
metathesis (ROM), acyclic diene metathesis polymerization
(ADMET), and cross-metathesis (CM). Ring-closing meta-

thesis deserves special attention because it provides a pow-
erful method for synthesizing large unsaturated rings from
a,w-diene precursors. In practice, broad usage of RCM was
initially hampered by the nonselectivity of the early hetero-
geneous metathesis catalysts and their sensitivity toward
functional groups, but more recently, a number of well-de-
fined homogeneous organotransition–metal catalysts have
been developed. Schrock�s rhenium, molybdenum, and tung-
sten alkoxyimine or alkoxycarbene complexes are an impor-
tant class of such catalysts.[5] They exhibit high activity, are
quite tolerant to functional groups, and can be easily tuned
to a particular substrate by appropriately chosen alkyl sub-
stituents. Their main drawback is high sensitivity to water
and air. The ruthenium-based catalysts introduced by
Grubbs et al.[4,6,7] with the general formula [(PR3)2X2Ru=

CHR’] (X=halide) exhibit high performance and superb
tolerance against many common functional groups and are
quite insensitive towards air and water. An even higher ac-
tivity can be achieved if one of the trialkylphosphane li-
gands is replaced by an N-heterocyclic (Arduengo-type) car-
bene (NHC).[8–11] Another subgroup of ruthenium-based cat-
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alysts are carbene complexes with chelating bis(phosphane)
ligands and hence cis stereochemistry.[12]

According to the generally accepted H�risson–Chauvin
mechanism,[13] the actual metathesis occurs between a transi-
tion-metal carbene complex and an olefin moiety. In detail,
it consists of series of formal [2+2] cycloadditions and cyclo-
reversions, that is, olefin coordination to the transition-
metal carbene complex to form a p complex, followed by
migratory insertion of the olefin ligand into the metal–car-
bene bond to yield a metallacyclobutane, breaking of two
different bonds in the metallacyclobutane to form another p

complex, and dissociation to give the products (see
Scheme 1). These general mechanistic features may vary de-
pending on the particular catalyst chosen. Ruthenium–car-
bene catalysts were studied mechanistically both in so-
lution[14–18] and in the gas phase.[19–23] There is substantial evi-
dence[17–21] that the reaction favors the dissociative pathway,
that is, the reactive catalytic species formed from pentacoor-
dinate [(PR3)2X2Ru=CHR’] or [(PR3)(NHC)X2Ru=CHR’] is
actually the tetracoordinate 14-electron complex
[(PR3)X2Ru=CHR’] or [(NHC)X2Ru=CHR’], respectively.
The subsequent steps in the catalytic cycle have not yet
been characterized experimentally, and it has remained un-
clear, for example, whether the incoming olefin coordinates
to the 14-electron intermediate in cis or trans position with
respect to the ancillary ligand and whether the metallacyclo-
butane is actually an intermediate or merely a transition
state.[18]

Such issues can be examined by means of quantum-chemi-
cal calculations. Until recently, theoretical calculations on
olefin metathesis remained scarce. There were early compu-
tational studies on titanium-[24] and later on molybdenum-
catalyzed[25–27] metathesis. Metathesis reactions on model
ruthenium–carbene complexes [(PH3)2Cl2Ru=CH2] were ex-
amined by using Car–Parrinello molecular dynamics,[28] but
without addressing mechanistic details. Two extensive stud-
ies on Grubbs-type catalysts have been published recent-
ly,[29,30] which are complementary in essence. While our
work[29] mostly concentrated on comparison of various possi-
ble reaction pathways, Cavallo[30] focused on substituent,
ligand, and solvent effects. It was shown that the reaction
takes place according to the dissociative mechanism with
trans orientation of the incoming olefin,[29] because the other
possibilities are impeded by a high barrier for initial olefin
coordination. The ruthenacyclobutane was found to be a

true intermediate, which is more stable than the olefin car-
bene complex for NHC-containing systems but less stable
for phosphane systems.[29, 30] Thus, the rate-determining step
is either olefin insertion (for phosphane-containing cata-
lysts) or the reverse reaction of ruthenacycle cleavage (for
NHC-containing catalysts). The role of the solvent lies
mainly in facilitating phosphane dissociation while not af-
fecting olefin coordination.[30] In recent extensive computa-
tional work, Adlhart and Chen[31] showed that the reaction
profile strongly depends on the olefin substrate as well as on
ancillary ligands. Another computational study on a model
system was presented by Bernardi et al. ,[32] who considered
three different pathways (one dissociative and two associa-
tive with or without “carbenoid” intermediates of the kind
[(PR3)2ClRu�CH2Cl)]. According to this work, the carbe-
noids may play a role in the associative mechanism by facili-
tating ruthenacycle formation. In another recent paper,[33]

Cavallo and Costabile addressed the mechanism of enantio-
selectivity in asymmetric Ru-catalyzed RCM reactions with
chiral NHC ligands, which induce enantioface selectivity
through a chiral folding of NHC substituents.

The ring-closing metathesis of dienes consists of two suc-
cessive metathesis reactions (Scheme 2). The only difference
from usual cross-metathesis is ring closing in the fifth step,
which in this case is an intramolecular process and will
therefore have a barrier because of the distortions needed
to coordinate the remaining C=C bond. In the intermolecu-
lar case, the coordination of a sterically unencumbered
second olefin is normally barrier-free.

Our interest in the mechanism of ruthenium-catalyzed
metathesis was prompted by surprising stereochemical ob-
servations made in the RCM step of the total synthesis of
salicylihalamide.[34,35] This metabolite, isolated from the
marine sponge Haliclona, attracted attention due to its pro-
nounced antitumor activity. In recent years, several synthetic

Scheme 1. Generalized H�risson–Chauvin mechanism of olefin metathesis.
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routes to salicylihalamide were reported.[34–39] Though differ-
ing in many aspects, some of the stategies proposed[34–36,39]

take advantage of ring-closing olefin metathesis with ruthe-
nium catalysts to form a 12-membered ring that is essential
to the salicylihalamide structure. Analogous cyclizations
were performed[35] in model compounds (Scheme 3). Both in

the model and the full salicylihalamide
system, different stereochemistry with re-
spect to the newly formed double bond
was observed[35] depending on the sub-
stituents R and R1. Cyclization of the
model system yielded the cis product ex-
clusively in the case R=H, whereas for
R= tBuMe2Si (TBS) the cis/trans ratio
was 70/30. Similarly, for the full system,
the cis product also prevailed for R= H,
while R=TBS gave a cis/trans ratio of
60/40. However, inverted cis/trans ratios
of 34/66 and 32/68 were observed for R=

CH3 and for R= CH3OCH2, respectively.
The fact that these results are remarkably independent of
the solvent used[40] suggests that the H-substituted substrate
is intrinsically more prone to form the cis configuration of
the double bond, while other substituents shift the prefer-
ence toward the trans product. Understanding these selectiv-

ities is of importance for any rational syntheses that strive
for maximum yield of the biologically active trans product.
Both double bonds of the substrate that participate in RCM
are located quite far away from the substituent R, so that a
direct electronic effect can hardly be envisioned, and the
reasons for the observed stereochemistry are unclear.[35]

They are investigated computationally in the present paper.

Model Systems and Computational Methods

Scheme 4 defines the model system chosen for computational study. The
H-substituted system I (R=H, R’=H) and the Me-substituted system II
(R= CH3, R’=H) are simplified substrates with a terminal vinyl group.
Like the experimentally studied model systems (Scheme 3), substrates III
(R= H, R’= CH3) and IV (R =CH3, R’=CH3) carry two additional
methyl groups at the terminal double bond. Most of the potential-surface
scans employed I and II, but the most relevant reaction steps were also
studied for III and IV.

Based on our previous results,[29] we assume a dissociative catalytic mech-
anism. We used two different catalytic species to assess the influence of
substituents at the imidazole ring. Simplified catalyst I—dichloro(2-pro-
pylidene)(imidazol-2-ylidene)ruthenium—contains an unsubstituted imi-
dazole ring, while catalyst II includes two mesityl substituents at this
ring, like the real catalyst.[35] The initial reaction steps up to formation of

Scheme 2. Mechanism of ring-closing olefin metathesis.

Scheme 3. Ring closure in experimentally studied systems. Refs. [34] and
[35]: R=H, Me, MOM, TBS; R1 = MOM; R2 =CH2CH2OPMB. Ref. [35]:
R =H, TBS; R1 = MOM; R2 = H (model study).

Scheme 4. The computationally studied model systems.
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the second olefin carbene complex (see below) were followed only with
catalyst I. The subsequent stereo-differentiating steps were investigated
for both catalysts.

The quantum-chemical calculations were carried out by using density
functional theory (DFT).[41, 42] The gradient-corrected BP86 functional
was employed, which combines the Becke exchange[43] and Perdew corre-
lation[44] functionals. For ruthenium we used a small-core quasirelativistic
effective core potential with the associate (7s6p5d)/[5s3p3d] valence basis
set contracted according to a (31111/411/311) scheme.[45] The other ele-
ments were represented by the 6-31G(d) basis[46] with one set of d polari-
zation functions at all non-hydrogen atoms. Spherical d functions were
used throughout. Thus, the level of theory corresponds to that used in
our previous publication.[29]

Geometries were optimized without any constraints. The TURBOMOLE
package[47] was employed by taking advantage of the efficient RI-DFT
approach.[48] Minima were optimized with a set of 3N�6 internal coordi-
nates using a default Newton–Raphson-based procedure with BFGS Hes-
sian update, available in TURBOMOLE. Transition states were located
by a series of constrained minimizations with subsequent interpolation of
the remaining gradient. The procedure was repeated until the gradient
vanished within the conventional thresholds of TURBOMOLE
(0.001 Hartree Bohr�1). The nature of optimized transition states was con-
firmed by analytic computation of the harmonic force constants employ-
ing either TURBOMOLE or Gaussian 03.[49] For transition metal com-
pounds, the chosen DFT approach (BP86 functional with medium-size
basis sets) normally provides realistic geometries, relative energies, and
vibrational frequencies.[42, 50–53] For further validation, in particular for
ruthenium systems, we refer to our previous paper.[29]

A fundamental difference between the previously studied parent
system[29] and the present RCM system lies in the much larger conforma-
tional flexibility of the latter. Energy differences between conformers of
the same reactant and product can easily exceed those between cis and
trans isomers. Hence, some systematic approach is needed. We adopted
the following strategy. First, the initial olefin carbene complex was opti-
mized by DFT using some reasonable starting conformation of the diene.
Then, numerous conformational searches were done using simulated an-
nealing at 2000 K and subsequent cooling to 300 K followed by a regular
geometry optimization to generate other conformers. These runs were
performed with the Cerius2 program[54] making use of the UFF force
field.[55–57] The catalyst moiety and the olefin double bond along with four
neighboring atoms were kept fixed at the DFT geometry. For substrate I,
artificially high charges were placed at the hydrogen and oxygen atoms
to enforce the relevant hydrogen bond (vide infra). For all other atoms,
the charges were set to zero. About 20 generated conformers of lowest
energy were selected and optimized by DFT. The most stable of these
DFT-optimized structures was chosen. This conformation was retained
during all steps of the reaction. In reality, of course, a large number of
low-energy conformers will be able to react. Our use of just one such
low-energy conformer assumes that it is representative for the ensemble
of reacting species.

Results

In our choice of model systems (Scheme 4) we have four dif-
ferent substrates I–IV and two different catalysts I and II.
Moreover, in the RCM reaction, each of the two double
bonds of the diene may coordinate to the catalyst and ini-
tiate the reaction, and this gives rise to two different path-
ways A and B (Scheme 4). Combinatorially, there are thus
16 reaction sequences to be considered, and each pathway
will branch at some point to a cis or trans product.

To limit the computational effort, we performed complete
explorations of reaction pathways only for simplified sub-
strates and catalysts. The insights thus gained were used to

focus on the relevant reaction steps for the more complex
substrates and catalysts. The presentation of results in this
section reflects this strategy. Computed energies for the re-
action sequences considered are collected in Tables 1–10,
while structural drawings are shown in Figures 1–12 and S1–
S10 (Supporting Information).

Catalyst I, substrates I and II, path B. Initiation and first
metathesis reaction : We began the study of the reaction
pathway from the product of coordination of the diene sub-
strate I to the simplified catalyst I (Figure 1). For the sake

of conciseness, we first consider only pathway B. This olefin
carbene complex is labeled in Figure 1 as H-1. This species
is qualitatively similar to the olefin carbene intermediate
known from the parent system (II-6 in ref. [29]). An impor-
tant difference is the orientation of the ligands. The 2-pro-
pylidene group in H-1 is no longer perpendicular to the
equatorial plane, but partly rotated. Note that conforma-
tional preferences in certain carbene complexes were con-
sidered earlier.[58–61]

With such orientation of the carbene ligand, the perpen-
dicular conformation of the olefin is no longer preferred.
Thus, the olefin double bond is almost parallel to the Ru=

Ccarbene bond. The transformation into metallacycle H-2 pro-
ceeds through transition state H-TS12. The metallacycle
then rearranges to an isobutene carbene complex H-3,
which has a perpendicular conformation of the carbene and
isobutene ligands. The barriers for metallacycle formation
and breaking are of similar magnitude (about 7 kcal mol�1);
the former is slightly higher (Table 1). This differs somewhat
from the energy profile of the parent system,[29] where met-
allacycle cleavage was found to be the rate-determining
step, although the difference between the two stages was
not very pronounced and the absolute value of the barrier
was higher.[29] The final stage of the process is isobutene dis-
sociation, which yields carbene complex H-4. In the parent
system this reaction is known to proceed without a transi-
tion state.[29] By analogy, the dissociation energy in H-3

Figure 1. Chain initiation for H-substituted substrate I, catalyst I, path-
way B.
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(about 9 kcal mol�1) is assumed to be the required activation
energy. However, this dissociation is unlikely to be rate-de-
termining, since the energetic costs are largely compensated
by entropy gain, which is expected to be around
10 kcal mol�1 in the gas phase at 298 K.

The carbene complex H-4 has a rotamer with respect to
the Ru=Ccarbene bond (H-4a, Figure 1), which is more stable
by 0.5 kcal mol�1. There is a substantial barrier for the con-
version between H-4 and H-4a (internal rotation about the
Ru=Ccarbene bond), but their respective precursors, H-3 and
H-3a, can be easily transformed into each other. In princi-
ple, both H-4 and H-4a can serve as a starting point for sub-
sequent ring closure. In both of these complexes, the car-
bene ligand is oriented perpendicular to the equatorial
plane. Therefore, the stereochemical course of the reaction
is not determined at this stage, that is, formation of cis and
trans product is equally possible starting from H-4 or H-4a.
The organic chain of the diene substrate does not undergo
substantial changes during the entire H-1!H-2!H-3/
H3a!H-4/H-4a process, and the hydroxyl and carbonyl
groups remain almost coplanar throughout due to hydrogen
bonding.

The initiation reactions for the Me-substituted system II
(see Figure S1 in the Supporting Information) are in general
similar to those in the H-substituted system I, although
there is a noteworthy difference that the methoxyphenyl
group in all the complexes II is twisted away from the car-
bonyl group by about 608 (C-C-C-Ocarbonyl dihedral angle).
The energetics resemble those in the H-substituted system I.

Ring closure and formation of cis products : Qualitatively,
the ring closure part of the RCM reaction involves the same
elementary processes as the initiation stage: coordination of
the second double bond, metallacycle formation and break-
ing, and olefin dissociation. However, some of these steps
play a different role during ring closure. First, double-bond
coordination, which is normally barrier-free and brings an
energy gain, is now an intramolecular process and should
proceed through a transition state, because the required
conformational changes may cost energy. Second, ring for-
mation and cleavage may now be restrained by the presence
of the organic chain. All these factors can influence the ge-
ometry and energy of the relevant species.

First, we consider the coordination of the free double
bond in H-4 (substrate I) to the ruthenium atom to give the

cyclic olefin carbene complex H-5/H-5a (Figures 2 and 3,
Table 2). This species is important, because the position of
the carbene ligand may determine the choice of cis or trans
product. However, an almost perpendicular arrangement of
the carbene is found, which still allows for the formation of

both cis or trans product. Therefore, coordination of the
second double bond is not decisive for the cis/trans prefer-
ence in the simplified system under consideration. Energeti-
cally, H-5a is 9.3 kcal mol�1 below H-4a, which is equal to
the coordination energy of the initial substrate to the cata-
lyst to form H-1. This indicates that even large conforma-
tional variations do not lead to any substantial destabiliza-

Figure 2. Model catalyst I, ring closure for H-substituted system I (cis
pathway).

Table 2. Ring closure for substrates I (R=H) and II (R= Me), catalyst I
(R’’=H), and pathway B: energies DE [kcal mol�1] relative to 5.

Species cis trans
H Me H Me

TS56 5.93 11.58 9.48 7.79
6 2.77 3.69 5.70 3.25
TS67 14.16 8.00 14.15 12.85
DE67 11.39 4.31 8.45 9.60
Product 6.39 6.54 4.76 10.98

Figure 3. Alternative ring closure for model catalyst I and H-substituted
system II (cis pathway).

Table 1. Chain initiation for substrates I (R =H) and II (R =Me), cata-
lyst I (R’’=H), and pathway B: energies DE [kcal mol�1] relative to 1.

Species H Me

TS12 7.58 7.64
2 3.45 3.53
TS23 10.38 9.84
DE23 6.93 6.31
3 0.07 0.55
3a 0.76 0.57
4 9.30 9.25
4a 7.95 7.87
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tion. Clearly, the conversion H-4a!H-5a passes through
many small minima and transition states that correspond to
conformational changes; it is pointless to look for all of
them. We assume that such conformational changes cannot
have barriers higher than or comparable to ring closure and
cleavage. Entropically, ring closure is unfavorable, with an
entropy contribution to DG

o

298 that cannot exceed about
10 kcal mol�1 at 298 K. Hence, coordination of the second
double bond is not the rate-determining step, and the actual
cis/trans discrimination must take place in one of the subse-
quent reaction steps. Note that the hydrogen bond persists
again in all the structures and holds the carbonyl and the hy-
droxyl groups in one plane.

The formation of the metallacycle occurs through the
transition state H-TS56-cis with a barrier of 6 kcal mol�1.
Metallacycle cleavage (H-6-cis!H-TS67-cis) must over-
come a barrier of 11.4 kcal mol�1 and is the rate-determining
step in this case.

The reaction of the Me-substituted system II (see Figures
S2 and S3 in the Supporting Information) proceeds similarly
to that of H-substituted system I in terms of structure of the
reacting species. The methoxyphenyl and carbonyl groups
are not coplanar in II, as for the chain initiation process.
Conversely, the very small barrier for metallacycle cleavage
(4.3 kcal mol�1) indicates that metallacycle formation is rate-
determining.

Ring closure and formation of trans products : The trans prod-
ucts are formed instead of the cis ones when the carbene
carbon atom in H-5/Me-5 rotates in the opposite direction.
In the resulting metallacycle the cis or trans structure of the
product is already determined. Therefore, it is the process
5!TS56!6!TS67!7 that decides the cis/trans preference.

In the H-substituted system I (see Figure S4 in the Sup-
porting Information and Table 2), the entire reaction profile
for the trans reaction lies higher than that for the cis system.
The barrier for metallacycle formation is 9.5 kcal mol�1, that
is, 3.5 kcal mol�1 more than in the cis system. The barrier for
metallacycle cleavage is 8.5 kcal mol�1, which formally
means that metallacycle formation is rate-determining. The
difference is very small, however. In the Me-substituted case
II (see Figure S5 in the Supporting Information), trans met-
allacycle formation and cleavage have barriers of about 7.8
and 9.6 kcal mol�1, respectively.

For comparison of the cis and trans pathways, we assume
that the highest of the two relevant barriers (metallacycle
formation and cleavage) are characteristic of the reaction.
The cis/trans barriers are 11.4/9.5 kcal mol�1 for substrate I,
and 11.6/9.6 kcal mol�1 for substrate II. Therefore, the trans
isomer should be equally preferred for both systems, despite
the dissimilarity of the energy profiles.

We should also consider a different pathway that starts
from carbene complex 4-a (Table 3, Figures S6 and S7), in
which the organic chain in the carbene is in the trans posi-
tion to the NHC ligand. The energy profile for the reaction
5-a!7-a is rather different from that of the process 5!7. In
the case of the cis product, metallacycle formation is the

rate-determining step. For the trans product, the two barri-
ers are comparable. The rate-determining cis/trans barriers
are 10.6/7.8 kcal mol�1 for I and 12.3/8.1 kcal mol�1 for II.
Hence, the trans product is again preferred in both cases,
somewhat less so in I.

Catalyst I, substrates I and II, path A: ring closure. As
shown in Scheme 4, ring-closing metathesis can start from
either of the double bonds in the diene substrate and lead
to the same final cycloolefin product. All the intermediate
stages of the two processes, albeit qualitatively similar, pro-
ceed via different intermediates and transition states. This
compels us to study both possibilities separately. We only
discuss the final part of the reaction for the H-substituted
system I, that is, ring closure starting from olefin carbene
complex H-5 A (Figures 4 and S8). There are no large quali-
tative differences in geometry between the cis and trans
pathways. However, the energetics differ substantially. The
energy barriers both for metallacycle formation and break-
ing are lower for the cis process (Table 4). Formally, metalla-

cycle formation is the rate-determining step for the cis reac-
tion (DE� =8.5 kcal mol�1), whereas for the trans pathway
metallacycle cleavage has a slightly higher barrier (DE� =

12.2 kcal mol�1). In both cases, the difference between the
two stages is small, but the cis reaction is clearly preferred
(cis/trans 8.5/12.2 kcal mol�1).

In the Me-substituted system II (see Figures S9 and S10 in
the Supporting Information), the cis pathway exhibits a
higher barrier for metallacycle formation (ca. 7 kcal mol�1),
contrary to the H-substituted system I. In the trans reaction,
metallacycle cleavage is rate-determining, with DE� =

Table 3. Alternative pathway for ring closure for substrates I (R=H)
and II (R =Me), catalyst I (R’’= H) and pathway B: energies DE [kcal
mol�1] relative to 5a.

Species cis trans
H Me H Me

TS56-a 8.13 12.31 7.08 10.59
6-a 0.18 3.44 2.24 5.87
TS67-a 3.87 6.95 10.02 15.21
DE67 3.69 3.51 7.78 9.33
Product 1.05 4.88 7.91 13.63

Table 4. Alternative pathway for ring closure for substrates I (R=H)
and II (R=Me), catalyst I (R’’=H), and pathway A: energies DE [kcal
mol�1] relative to 5a.

Species cis trans
H Me H Me

TS56-a 8.49 7.03 11.60 7.55
6-a 5.95 5.79 2.64 2.00
TS67-a 13.16 11.38 14.80 11.37
DE67-a 7.21 5.59 12.16 9.37
Product 5.38 3.67/3.38[a] 4.80 4.96

[a] Two different conformations.
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9.4 kcal mol�1. Thus, to compare the cis and trans pathways,
we need to contrast the cis-metallacycle formation barrier
(7.0 kcal mol�1) with the trans-metallacycle cleavage barrier
(9.4 kcal mol�1). Hence, formation of the cis product is more
favorable by 2.4 kcal mol�1. To sum up, both substrates favor
the cis product, but the difference to the trans product is
more pronounced in the case of the H-substituted system
(3.7 kcal mol�1).

Catalyst II: general considerations. For catalyst I, with an
unsubstituted NHC spectator ligand, we have identified the
steps in the RCM reaction that can be rate-determining and
decide the preference for cis or trans product. As described
above, these are either metallacycle formation or cleavage,
depending on the particular case. However, there are no
striking differences between cis and trans pathways that
would unambiguously explain the stereochemistry found in
the experimental work.[35] The corresponding differences in
energy barriers for catalyst I are small and cannot be direct-
ly transferred to the real catalyst II, which has two mesityl
substituents on the imidazole ring. Thus, catalyst II may dis-
play different behavior, mainly because of the steric bulk
created by the mesityl groups, which can change the confor-
mational preferences of the organic substrate chain. Mesityl
substitution is known[30] to alter the orientation of the NHC
ligand with respect to the carbene moiety, such that the
plane of the NHC becomes roughly parallel to the M=

Ccarbene bond. In such a situation, one of the mesityl groups
will be directed toward the carbene ligand and thus affect
the organic chain. This effect should be more pronounced
for ring closure and subsequent steps than for the initiation
process, because the interaction of the mesityl group with
the substituted carbene should be larger than that with the
initial 2-propylene ligand.

For a more realistic description, it thus seems mandatory
to include the mesityl groups in the computations. This is ex-
pensive, however, since the number of basis functions in-
creases to more than 800. The compromise chosen by us was
to follow reaction pathways starting from the transition

state TS56-R forward to give cycloolefin complex 7-R and
backward to give carbene olefin complex 5-R, but ignoring
the previous stages of the reaction. In other words, we
assume that the structure of TS56-cis/trans-R can be directly
derived from the respective transition state TS56-cis/trans
for the simplified catalyst I by replacing the hydrogen atoms
in the 2,5-positions of the ligand ring by mesityl groups. The
reason for starting from TS56 is that it has a clearly different
structure for cis and trans isomers, while it is not known
from the beginning whether 5-R will be analogous to the
simplified system or different. The subsequent pathway is
then followed as usual by locating the intermediates 5-R
and 6-R and transition states TS-56-R and TS-67-R. In the
following sections, we present the energetically favored
pathways (starting from 5 or 5a).

Catalyst II, substrates I and II, path A : All structures opti-
mized for catalyst II (Figures 5–8) share the common char-
acteristic[30] that the NHC plane is parallel to the M=Ccarbene

bond, which significantly affects the steric situation of the
organic chain. Apart from the orientation of the ancillary
NHC ligand, not much else is changed in H-TS56-trans-R-A

Figure 5. Path A for real catalyst II ring closure for H-substituted system
I (cis pathway).

Figure 6. Path A for real catalyst II, ring closure for H-substituted system
I (trans pathway).

Figure 4. Path A for model catalyst I, ring closure for H-substituted
system I (cis pathway).
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compared to H-TS56-trans-A (Figure 6). Now, the key ques-
tion is which transition state leads to this olefin carbene
structure. Following the reaction pathway backward starting
from H-TS56-cis-R-A and H-TS56-trans-R-A yields two dif-
ferent olefin carbene structures, H-5-cis-R-A and H-5-trans-
R-A, respectively. The former is more stable by
1.4 kcal mol�1. Both complexes have a clear in-plane orienta-
tion of the carbene moiety. This is probably caused not only
by the steric bulk of the mesityl groups, but also by the al-
tered electronic situation at the metal center due to reorien-
tation of the p-accepting NHC ligand. The organic chain in
the carbene ligand is slightly tilted away from the NHC
ligand. Thus, H-5-cis-R-A and H-5-trans-R-A structurally
correspond to H-5a rather than to H-5. H-5-cis-R-A and H-
5-trans-R-A have a perpendicular orientation of the olefin
double bond with respect to the Ru=Ccarbene bond. The tran-
sition state for the cis pathway, H-TS-67-cis-R, is a rather
early one, with a C···C distance of about 2.2 �, while that
for the trans pathway, H-TS-67-trans-R, is a late one, with d-
(C···C)�2.45 �. This is consistent with the higher energy of
H-TS-67-trans-R.

The energetics of the reactions for catalyst II differ
strongly from those of catalyst I. The barrier for metallacy-
cle formation is now much lower, while that for metallacycle
cleavage is of the same order of magnitude as before. Obvi-
ously, this is due to the in-plane orientation of the carbene
moiety in catalyst II as opposed to a nearly perpendicular
orientation in catalyst I. Since the position of the carbene
ligand in TS56 is always in-plane, a substantial part of the
reorganization costs (internal rotation of the carbene ligand)
is saved. For the same reason, the relative energy of the
metallacycle is much lower for catalyst II. Nonetheless, the
metallacycle forms a distinct minimum on the potential
energy surface. Hence, for catalyst II, metallacycle cleavage
is the only step of the reaction that can be rate-determining.
In contrast, we have seen that either metallacycle formation
or cleavage can be rate-determining in the case of the sim-
plified catalyst I. Energetic comparison (Table 5) of the cis

and trans pathways favors the cis pathway (DE� =

6.1 kcal mol�1) over the trans pathway (DE� = 12.9 kcal
mol�1).

The Me-substituted substrate II is not very different from
the H-substituted substrate I in the case of the cis pathway.
The olefin carbene complex has a perpendicular orientation
of the olefin double bond and a roughly in-plane position of
the carbene moiety. The subsequent reaction steps are anal-
ogous to the corresponding stages for substrate I. The rela-
tive energies are slightly higher for Me-6-cis-R-A and
H-TS67-cis-R-A than for H-6-cis-R-A and H-TS67-R-A, re-
spectively. This is probably due to a more flexible chain of
the Me-substituted substrate II, which allows for better sta-
bilization of the sterically more demanding early reaction
stages (TS56-R and 6-R), while this stabilization is less im-
portant in Me-TS67-R-A. Consequently, the metallacycle
cleavage barrier is just 2.2 kcal mol�1 higher than for sub-
strate I.

The situation is different in the case of the trans pathway
(Figures 6 and 8). In Me-5-trans-R-A, the olefin double
bond is parallel to the Ru=Ccarbene bond, which is in contrast
to the other olefin carbene structures for catalyst II. The
carbene ligand, however, lies approximately in the in-plane
position, though the organic chain is slightly elevated
toward the NHC ligand. The parallel position of the double
bond in Me-5-trans-R-A should be more suitable for forma-

Figure 8. Path A for real catalyst II, ring closure for Me-substituted
system II (trans pathway).

Table 5. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway A: energies DE [kcal mol�1] relative to 5-R.

Species cis trans
H Me H Me

TS56-R 0.95 1.46 –[a] 2.01
6-R �3.20 �3.06 �5.6 �3.43
TS67-R 2.93 5.23 7.26 8.04
DE67-R 6.13 8.29 12.92 11.47
Product 0.39/0.62[b] 3.26 4.4 3.65

[a] The transition state could not be reliably located due to a flat PES,
but the barrier is expected to be less than 4 kcal mol�1. [b] Two different
conformations.

Figure 7. Path A for real catalyst II, ring closure for Me-substituted
system II (cis pathway).
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tion of a new bond, and the barrier for metallacycle forma-
tion is again rather low (2 kcal mol�1). The relative energy of
the metallacycle Me-6-trans-R-A is roughly the same as for
Me-6-cis-R-A, and slightly higher than for H-6-trans-R-A.
The transition state Me-TS67-trans-R-A lies above that for
the cis reaction. As a consequence, the barrier for metallacy-
cle cleavage is 3.3 kcal mol�1 higher on the trans pathway
than on the cis pathway. Hence, the cis product is still pre-
ferred for the Me-substituted system II, but to a lesser
extent than in the case of the H-substituted system I, since
DDE�

cis�trans(I)= 6.8 kcal mol�1, while DDE�
cis�trans(II)=

3.2 kcal mol�1.
The product of the reaction, that is, the olefin carbene

complex, always has an in-plane arrangement of the carbene
ligand relative to the Ru-Cl-Cl plane, and a perpendicular
orientation of the olefin double bond with respect to the C=

Ccarbene bond. However, internal rotation of the olefin is es-
sentially free, and several almost degenerate conformers
were found in some cases. Energetically, the product olefin
complex 7-R lies 3–4 kcal mol�1 higher than the isodesmic
starting complex 5-R, the difference between the products
of various pathways being negligible.

Catalyst II, substrates I and II, path B : As discussed before,
the initial coordination of either of the two double bonds of
the diene substrate to the catalyst center can lead to the
same cycloolefin product. The energetics of these two path-
ways are rather similar for catalyst I, such that neither can
be preferred or excluded a priori for catalyst II. Thus, the
attack of the diene by path B must also be considered. Simi-
larly to path A, we omit the calculation of the initial part of
the reaction and focus on the final part starting from the
olefin carbene complex 5-R-B (Figures 9 and 10).

First, we describe the cis and trans pathways for H-substi-
tuted substrate I. As for the A-side attack, the olefin car-
bene complexes H-5-cis-R-B and H-5-trans-R-B (Figures 9
and 10) are already different for the cis and trans pathways,
since they have a roughly in-plane position of the carbene
moiety. This would seem to suggest that the stereochemistry

of the reaction (i.e. , whether the cis or trans product is
formed) is already determined at this stage. However, it
must be checked whether the two isomers are interconverti-
ble, that is, whether there is a low-barrier process allowing
transformation between them. Apparently, such a process
will involve internal rotation of the carbene moiety about
the Ru=Ccarbene bond. This rotation can proceed either by
moving the organic chain towards the ancillary NHC ligand,
or in the opposite direction. The result is expected to be the
same, but the respective transition states and barriers will be
different. As expected, carbene rotation toward the NHC
ligand leads to a considerable repulsion between the carbon
chain and the NHC mesityl group and is thus sterically hin-
dered. Indeed, the corresponding barrier is about
9.4 kcal mol�1. Conversely, the opposite rotation is unproble-
matic and occurs with a barrier as low as 2.5 kcal mol�1.
Thus, the difference between H-5-cis-R-B and H-5-trans-R-
B is insignificant for our purposes.

The olefin double bond in H-5-cis-R-B is skewed with a
dihedral angle C=C-Ru-Ccarbene of 1258. H-5-trans-R-B shows
a nearly parallel orientation of the double bond. As expect-
ed, the parallel olefin position facilitates metallacycle forma-
tion. Thus, the barrier for metallacycle formation is lower
for the trans pathway (ca. 1 kcal mol�1) than for the cis path-
way (ca. 2.9 kcal mol�1). The transition state H-TS56-cis-R-B
has a much shorter C···C distance (2.17 �) than H-TS56-
trans-R-B (2.52 �) (Figures 9 and 10), which indicates a
later transition state in the former. Consistent with the
Hammond postulate, H-6-cis-R-B is less stable than H-6-
trans-R-B by 4.4 kcal mol�1.

The subsequent transition state for metallacycle cleavage
is also lower for the trans pathway, by 1.7 kcal mol�1, but the
resulting products H-7-cis-R-B and H-7-trans-R-B are very
close in energy. H-7-cis-R-B can have both parallel and per-
pendicular orientation of the olefin double bond with re-
spect to the C=CH2 bond, whereby the parallel conformer is
negligibly lower in energy. For H-7-trans-R-B, only a parallel
structure was found to be a minimum. As a consequence of
the above-mentioned energy differences between the cis and

Figure 9. Path B for real catalyst II, ring closure for H-substituted system
I (cis pathway).

Figure 10. Path B for real catalyst II, ring closure for H-substituted
system I (trans pathway).
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trans pathways, the barrier for metallacycle cleavage differs
as well: DE�

cis(H)=7.4 kcal mol�1, while DE�

trans(H)=

10.1 kcal mol�1. This indicates a clear preference for the cis
pathway, although the difference DDE�

cis�trans(H) of
2.7 kcal mol�1 should not be prohibitive for the trans reac-
tion. To better understand the energy variation along the
final part of the reaction pathway, one should take into ac-
count the steric hindrance between the mesityl group and
the cycloolefin organic chain. Since the angle CNHC-Ru-
Ccarbene increases on passing from 6-R-B to TS67-R-B to
7-R-B, the steric repulsion should decrease. Apparently, the
cis pathway is more hindered, and the relief is more pro-
nounced. The same effect can be partially responsible for
the slightly higher barrier for cis metallacycle formation
mentioned above. The closeness of the relative energies of
the cycloolefin carbene product complexes H-7-R-B can
also be accounted for by the higher flexibility of H-7. Since
both the cycloolefin ligand and the carbene can rotate rela-
tively freely, there is always room to avoid possible steric re-
pulsion effects. However, the metallacycle and TS67 are
largely confined to arrangements imposed by their bonding
framework.

We now also consider the final part of the reaction for the
Me-substituted substrate II with catalyst II (Figures 11 and
12). In the case of the initial olefin carbene complex Me-5-

cis-R-B the parallel orientation of the double bond is prefer-
red (contrary to substrate I). As expected, this orientation is
well suited for metallacycle formation and leads to a low
barrier of 1.5 kcal mol�1. More important is the difference in
the energy of the metallacycle. Relative to the respective
olefin carbene species 5-R-B, Me-6-cis-R-B is more stable
by 3 kcal mol�1 than metallacycle H-6-cis-R-B. Apparently,
the stabilization due to higher chain flexibility in the com-
pact structure of the metallacycle plays a larger role than in
Me-5-cis-R-B and in the corresponding transition state Me-
TS56-cis-R-B. The total effect is that the metallacycle is in a
deeper minimum for the Me-substituted substrate II. As a

result, metallacycle cleavage has a slightly larger barrier (by
1.5 kcal mol�1) than for the H-substituted substrate I. For
the loosely bound cycloolefin carbene product complex, the
difference in energy between the two substrates is negligi-
ble.

For the trans pathway the two substrates differ much less.
The entire reaction profile is even lower for Me-substituted
substrate II, but only very slightly. The barrier for metallacy-
cle cleavage is about 0.3 kcal mol�1 smaller for Me-substitut-
ed substrate II, and the resulting cycloolefin carbene prod-
uct complex has three different conformations, of which the
parallel one is still the most stable.

Comparison of the cis and trans pathways for H-substitut-
ed system I clearly favors the cis product, with
DDE�

cis�trans(H) of 2.7 kcal mol�1. For the Me-substituted
system II, the difference between the rate-limiting barriers
DDE�

cis�trans(H) is only 0.9 kcal mol�1, also in favor of the cis
reaction.

Catalyst II, substrates I and II, Gibbs free energies : Above,
we discussed the potential energy surface (PES) of the ring-
closing metathesis in terms of equilibrium electronic ener-
gies. The computed relative energies DE provide estimates
for reaction and activation energies. However, the reaction
rate depends on the Gibbs free energy barrier DG� rather
than on DE�. The conversion from DE� to DG� includes
the zero-point vibrational energy (ZPE) and the tempera-
ture-dependent enthalpy and entropy contributions. The typ-
ical effect of the ZPE is to decrease energy barriers, while
the entropy factor can act in both directions. The computed
entropy contributions are dominated by low frequencies,
which often suffer from anharmonicity and are quite sensi-
tive to the basis set and method used. Even a small system-
atic inaccuracy in the frequency evaluation may cause a sig-
nificant error in the resulting DS8 values. Such error sources
should be taken into account when considering the DG8
values obtained within the harmonic-oscillator/rigid-rotor
approximation. In our study of the parent system,[29] we

Figure 11. Path B for real catalyst II, ring closure for Me-substituted
system II (cis pathway).

Figure 12. Path B for real catalyst II, ring closure for Me-substituted
system II (trans pathway).
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found that the relative DG
o

298 values do not differ strongly
from the relative energies DE, unless the process in question
involves coordination or dissociation.

In our present study of ring-closing metathesis, the coordi-
nation of the second double bond to the metal center may
also be affected by entropy. For the H-substituted substrate
I (attack A), the olefin complex is stabilized by about
5.3 kcal mol�1 in terms of DG

o

298 compared to DE, which im-
plies that ring closure can exhibit a substantial DG� barrier.
Binding the second double bond significantly reduces chain
flexibility, and the emerging Ru�C bonds in the olefin car-
bene complex generally lead to higher harmonic frequencies
and thus to decreased entropy and increased zero-point
energy (the former effect is more important for DG). Even
though this causes a substantial change in the barrier (DG�

versus DE�), the cis/trans preference is not affected, because
the resulting olefin carbene complex can easily undergo cis/
trans isomerization (vide supra).

The influence of entropy on the later stages of the reac-
tion (except for the dissociation of the resulting cycloolefin)
is minor. For the cis pathway A in substrate I the barrier to
metallacycle formation on the DG

o

298 surface is just
0.4 kcal mol�1 higher than the corresponding DE value,
while the barrier to metallacycle cleavage is lowered by
0.6 kcal mol�1 (see Tables 5 and 6). In the case of trans path-

way A with substrate I, the decrease in the barrier to metal-
lacycle cleavage is larger (about 3.3 kcal mol�1), but the pref-
erence for the cis pathway is preserved, since
DDG�

cis�trans(H)= 3.9 kcal mol�1. For cis pathway A with Me-
substituted substrate II, the same qualitative changes are
found, with a decrease in the barrier to metallacycle cleav-
age of 2.8 kcal mol�1.

In the case of pathway B (see Tables 7 and 8) the transi-
tion from DE to DG8 leads to a slight destabilization of the
metallacycle 6-R-B and the transition state TS56-R-B, with
a concominant increase in the barrier to metallacycle forma-
tion. Since the ZPE contributions tend to decrease barriers,
the observed rise is apparently entropically determined and
is caused by the new C�C bond emerging in the ring. Con-
sistent with these considerations, the barrier for metallacycle
cleavage changes in the opposite way, that is, DG� is lower
than DE� by typically 2–3 kcal mol�1. In spite of these oppo-
site trends in barriers to metallacycle formation and cleav-
age due to entropy effects, metallacycle breaking remains

the stereo-differentiating step in all four cases, and the cis
pathway remains favored also on the DG

o

298 scale, by
3.5 kcal mol�1 for substrate I and 2.0 kcal mol�1 for substrate
II (see Table 8).

Catalyst II, substrates III and IV, path A : In the calculations
described up to this point, we have neglected two terminal
methyl substituents at the double bond in the diene sub-
strate (R’=H, see Scheme 4) under the tacit assumption
that their influence on the reaction kinetics is minor. In
view of the small energy differences between cis and trans
pathways, it seems necessary to examine their role. Since we
are most interested in the stereo-differentiating stages, the
reaction will differ from the unsubstituted case only for
path A, in which the corresponding double bond is involved
in ring closure. Thus, we decided to follow path A for the di-
methylated substrates III and IV (see Scheme 4) and cata-
lyst II, starting from the olefin carbene complex 5 until for-
mation of the product olefin complex. The structures were
obtained by reoptimization of the corresponding species
without methyl groups.

The results for DE obtained for the dimethyl-substituted
substrates III and IV are presented in Table 9. They differ
considerably from those for the unsubstituted cases I and II
(Table 5). Most notably, metallacycle 6 is strongly destabi-
lized. This effect is more pronounced for the Me-substituted
system IV, in which the metallacycle becomes higher in
energy than olefin carbene complex 5. This change is unlike-
ly to be of steric origin, since the newly added methyl
groups are more remote from the methyl groups in 6 than in
5. It can be rationalized by noting that the extra methyl
groups will afford enhanced p donation of the double bond
in the p complex and s donation in the carbene complex,

Table 6. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway A: Gibbs free energies DG

o

298 [kcal mol�1]
relative to 5-R.

Species cis trans
H Me H Me

TS56-R 1.34 2.56 –[a] 2.38
6-R �2.37 �0.5 �2.81/�2.30[b] �1.71
TS67-R 3.14 4.95 6.78 7.35
DG�

298 5.51 5.45 9.59/9.18 9.06
Product �1.32 3.39 4.4 2.86/3.56[b]

[a] See footnote a of Table 5. [b] Two different conformations.

Table 7. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway B: energies DE [kcal mol�1] relative to 5-R-
B.

Species cis trans
H Me H Me

TS56-R-B 2.88 1.52 0.97 0.63
6-R-B �1.64 �4.60 �6.06 �6.61
TS67-R-B 5.79 4.32 4.05 3.14
DE67-R-B 7.43 8.92 10.11 9.75
Product-par-B 3.13 2.92 3.2 2.18
Product-perp-B 3.27 – – 4.92/5.17[a]

[a] Two different conformations.

Table 8. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl) and pathway B: Gibbs free energies DG

o

298 [kcal mol�1] rel-
ative to 5-R-B.

Species cis trans
H Me H Me

TS56-R-B 4.43 2.57 1.35 3.83
6-R-B 0.33 �1.33 �3.89 �2.55
TS67-R-B 4.91 4.68 4.25 5.45
DG�

298 4.58 6.01 8.09 8.00
product-par-B 1.93 0.93 2.02 3.68
product-perp-B 1.78 – –

Chem. Eur. J. 2005, 11, 3921 – 3935 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3931

FULL PAPERRing-Closing Metathesis: A DFT Study

www.chemeurj.org


which stabilize both 5 and 7 without having much influence
on 6. The immediate consequence of this destabilization of
the metallacycle is that the transition state TS56 is also ele-
vated over 5, thus increasing the barrier for metallacycle for-
mation, which is no longer negligible. As expected, the
nature of the transition state is also altered: in the dimethyl-
substituted substrates III and IV this is a much later transi-
tion state, which is manifested in substantially smaller
Ccarbene···Colefin distances (by 0.10–0.15 �). As seen from
Table 9, the magnitude of the barrier to metallacycle forma-
tion correlates closely with the relative energy of the metal-
lacycle. The computed barriers are lower for substrate III
(cis 3.9 kcal mol�1, trans 2.3 kcal mol�1) than for substrate IV
(cis 6.4 kcal mol�1, trans 5.2 kcal mol�1).

The second direct consequence of destabilization of the
metallacycle by the terminal methyl groups is the strong de-
crease in the barrier to metallacycle cleavage. This is consis-
tent with the Hammond postulate, since TS-67 becomes en-
ergetically closer to 6, which is now higher in energy than 7.
A decrease of 5–8 kcal mol�1 is observed in all cases com-
pared with substrates I and II (see Tables 5 and 9). For the
cis pathway this results in a negligible metallacycle cleavage
barrier, while for the trans pathway a significant barrier per-
sists.

To summarize, the PES is influenced by terminal methyl
groups in a consistent manner: the barrier to metallacycle
formation substantially increases with a simultaneous de-
crease in the barrier to metallacycle cleavage. Consequently,
metallacycle cleavage remains the rate-determining step
only for the trans pathway in the H-substituted system III,
whereas metallacycle formation becomes rate-determining
in all other cases. When comparing the cis and trans path-
ways we find that the cis reaction is preferred by
2.4 kcal mol�1 (6.45/3.91 kcal mol�1) for substrate III, where-
as the trans process is favored by 1.2 kcal mol�1 (6.41/
5.19 kcal mol�1) for substrate IV.

Turning to the Gibbs free energies DG8 (Table 10), the
rate-determining steps remain the same as before (Table 9),
with changes in the barriers (DG� vs DE�) that are analo-
gous to those discussed for substrates I and II (see above;
increase for metallacycle formation and decrease for metal-
lacycle cleavage). On the DG

o

298 scale, the trans reaction be-
comes more favored by 2.3 kcal mol�1 for substrate III, with
a rate-determining metallacycle cleavage barrier DG�

trans =

4.2 kcal mol�1, whereas the cis reaction is slightly preferred

for substrate IV, with DG�
cis/DG�

trans =6.5/7.0 kcal mol�1 for
metallacycle formation.

Note that all calculations for substrates III and IV here
refer to path A (see Scheme 4). The alternative path B is
also accessible, but the second RCM stage (ring closure) is
in this case the same as for substrates I and II. Comparison
of the corresponding barriers DE� (see Tables 7 and 9)
shows that path A is always favored over path B for sub-
strates III and IV in the second stereo-differentiating RCM
stage. However, when considering the Gibbs free energy
barriers DG� (see Tables 8 and 10), the lowest rate-deter-
mining barriers are found on path B for the cis product
(Table 8) and on path A for the trans product (Table 10).
For both substrates, the relevant free energy barriers lie
within 1 kcal mol�1 (cis/trans =4.6/4.2 kcal mol�1 for III and
6.0/7.0 kcal mol�1 for IV).

Discussion and Conclusions

We have studied ring-closing metathesis by second-genera-
tion ruthenium-containing Grubbs catalysts for four sub-
strates related to salicylihalamide (Scheme 4). Either of two
diene double bonds can coordinate to the metal center to
give rise to two different pathways A and B. The first part
of the reaction (from initial diolefin coordination to the car-
bene intermediate 5) was investigated with a simplified cata-
lyst I, which has hydrogen atoms in place of mesityl groups.
The subsequent second part, which involves ring closure,
formation of the metallacycle, and metallacycle cleavage to
form the final cycloolefin complex, was considered both for
the simplified catalyst I and the real catalyst II (with mesityl
groups). With catalyst I, both metallacycle formation and
cleavage can be rate-determining steps, and the final stereo-
chemistry results from a complicated interplay between
both: for pathway A, the computations show a preference
for the trans product, whereas pathway B clearly favors the
cis product both in the H-substituted substrate I and, to a
lesser extent, in the Me-substituted substrate II.

The main difference between catalysts I and II is the posi-
tion of the ancillary NHC ligand, which lies in the Ru-Cl-Cl
plane in I, but is perpendicular to it in II. This substantially
changes the conformational preferences in the carbene
ligand. For catalyst I, the olefin carbene complex exhibits a
perpendicular out-of-plane orientation of the carbene

Table 10. Ring closure for substrates III (R=H, R1 =Me) and IV (R=

Me, R1 = Me), catalyst II (R’’=mesityl) and pathway A: Gibbs free ener-
gies DG

o

298 [kcal mol�1] relative to 5-R-A.

Species cis trans
H Me H Me

TS56-R-A 6.47 6.54 3.52 6.98
6-R-A 2.82 4.19 �0.96 4.28
TS67-R-A 3.12 4.40 3.20 7.20
DG�

298 0.20 0.21 4.16 2.92
product-perp �3.89 �2.25 �1.52 �1.97

Table 9. Ring closure for substrates III (R =H, R1 =Me) and IV (R=

Me, R1 =Me), catalyst II (R’’=mesityl) and pathway A: energies DE
[kcal mol�1] relative to 5-R.

Species cis trans
H Me H Me

TS56-R-B 3.91 6.41 2.30 5.19
6-R-B 0.01 3.09 �4.09 2.38
TS67-R-B 0.70 3.83 2.36 5.70
DE67-R 0.69 0.74 6.45 3.32
product-perp �3.82 �1.30 �2.40 �1.97
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moiety, such that both the cis and the trans products can still
be formed. For catalyst II, an in-plane orientation is prefer-
red, with an apparent cis/trans distinction. However, the cis
and trans olefin carbene complexes can be transformed into
each other, so it is only later, at the metallacycle cleavage
stage, that the stereochemistry is determined. For catalyst II,
path A shows a preference for the cis product, which is
more pronounced for the H-substituted substrate
(DDE�

cis�trans(H/Me)= 6.8/3.2 kcal mol�1). For pathway B, the
cis product is also favored, but to a lesser extent
(DDE�

cis�trans(H/Me)= 2.7/0.8 kcal mol�1).
The results for the dimethylated substrates III and IV

differ notably from those for the substrates I and II without
terminal methyl groups (catalyst II, path B). The main effect
of the extra methyl groups is destabilization of the metalla-
cycle, which changes the relative importance of the metalla-
cycle formation and cleavage steps. In this case, the former
turns out to be the rate-determining step, while metallacycle
cleavage generally becomes a low-barrier process, except for
the trans product of substrate III. On the basis of the com-
puted DE� barriers, the cis reaction is preferred for sub-
strate III (DDE�

cis�trans =�2.5 kcal mol�1), while the trans
product is slightly favored for substrate IV (DDE�

cis�trans =

1.3 kcal mol�1).
Taking into account ZPE and entropy effects, that is, con-

sidering Gibbs free energies DG
o

298 rather than energies DE,
strongly affects the results for coordination and dissociation
reactions (steps 1, 4, and 8 in Scheme 2). Moreover, ring clo-
sure (coordination of the second double bond, step 5 in
Scheme 2) gains a substantial free energy barrier due to a
marked entropy loss. However, the stereochemistry of the
products is not determined in any of these steps, but rather
during either metallacycle formation or cleavage (steps 6
and 7 in Scheme 2), which are influenced less strongly by
ZPE and entropy effects: the barriers for metallacycle for-
mation are increased slightly (typically by 0–2 kcal mol�1),
while those for metallacycle cleavage are lowered somewhat
more (typically by 1–3 kcal mol�1). These shifts do not affect
the qualitative conclusions on cis/trans preference for sub-
strates I and II, but they modify the qualitative picture for
substrates III and IV, for which the rate-limiting DG� barri-
ers for the cis and trans products now lie within 1 kcal mol�1

in each case.
Before attempting a comparison with the available experi-

mental data on stereochemical preferences,[34, 35] one should
first remember possible limitations of our theoretical ap-
proach:

1) The chosen substrates (Scheme 4) are closely related to
the experimentally studied systems (Scheme 3), but are
generally not identical, except for substrate III (=25 in
ref. [35])

2) The chosen catalyst II differs from the experimentally
employed catalyst[34,35] in the equatorial carbene ligand
(2-propylidene instead of benzylidene), but this should
be of no concern if the RCM reaction proceeds by a dis-
sociative mechanism with stereo-differentiation in the

second part (Scheme 2). In this case, catalyst II will rep-
resent the catalytically active species.[34,35]

3) The chosen model system does not include solvent or
any environmental effects. The experiments[34,35] are car-
ried out in toluene at 80 8C.

4) All DFT calculations refer to a single low-energy confor-
mation of the model system (see Computational Meth-
ods), whereas a large number of low-energy conforma-
tions are sampled in the experiment.

5) The intrinsic accuracy of DFT calculations is limit-
ed.[29, 42,50–53]

6) Finally, when converting from DE to DG
o

298, the necessa-
ry corrections are evaluated in the harmonic-oscillator/
rigid-rotor approximation, which is known to be prob-
lematic for low-energy vibrations. In the chosen model
systems, there are typically around 25 vibrations under
100 cm�1, which strongly contribute to the vibrational
entropy and may cause some numerical uncertainty in
the computed DG

o

298 values.

Given all these caveats, it is clear that quantitative agree-
ment between theory and experiment cannot be expected.
In view of the significant differences in the computational
results for catalysts I and II, it is also obvious that one
should attempt a comparison with experiment only for the
realistic catalyst II (with mesityl groups). Here, the comput-
ed DFT barriers DE� favor the cis product for substrates I
and III with R= H (see Scheme 4), in qualitative accord
with experiment,[34,35] while they do not give uniform predic-
tions for substrates II and IV with R= Me (slight preference
for cis and trans, respectively). Substrates III and IV are
closest to the experimentally studied systems[35] labeled 25 b
(cis/trans =100/0) and 36 c (cis/trans = 34/66); the quoted ob-
served product distributions are consistent with the relevant
DFT barriers DE� for III (cis/trans =3.9/6.5 kcal mol�1) and
IV (cis/trans =6.4/5.2 kcal mol�1). This should be considered
as partly fortuitous, however, because the clear cis/trans dis-
tinction for substrates III and IV is lost on the DG

o

298 scale,
where the relevant free energy barriers now lie within
1 kcal mol�1 (vide supra).

Is it possible to rationalize these computational results a
posteriori in a qualitative manner? Two factors appear to be
of prime importance, namely, the relative stability of the
metallacycle in the second part of the RCM reaction and
the flexibility of the chain in the substrate. When going
from the model catalyst I to the real catalyst II, the steric
constraints imposed by the two additional mesityl groups
favor the compact metallacycle structure; hence, for sub-
strates I and II, the metallacycle is formed easily with cata-
lyst II, such that its cleavage becomes rate-determining for
all pathways. The trans metallacycle is generally more stable
than the cis metallacycle (see Tables 5 and 7), and this con-
tributes to smaller cis cleavage barriers and consequently to
a general preference for the cis product. The cis/trans dis-
tinction is more pronounced for substrate I (R= H) than for
substrate II (R=Me) because the former is conformational-
ly more restrained by the O�H···O hydrogen bond in the
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chain (see Scheme 4). This hydrogen bond is preserved in
substrate I on all pathways (see Figures 5, 6, 9, and 10),
while the absence of such a restraining factor enables sub-
strate II to relax the sterically less favorable cis structures
(see Figures 7, 8, 11, and 12), such that their energies ap-
proach those of the trans structures (see Tables 5 and 7).
The greater flexibility of the chain in substrate II thus leads
to a smaller cis preference. When going from substrates I/II
to III/IV, the addition of two terminal methyl groups at one
of the double bonds (see Scheme 4) makes the situation
even more complex: the second part of the RCM reaction
remains unaltered for path B, but changes drastically for
path A, since the added methyl groups destabilize the metal-
lacycle significantly through electronic effects (see above)
and thus reduce the cleavage barriers significantly (see
Table 9). As a consequence, path A is generally favored
over path B for substrates III and IV, and the barriers for
metallacycle formation and cleavage become closer to each
other. Substrate III (R= H) has a more stable trans metalla-
cycle and therefore shows a cis preference, like substrate I
(see above), whereas substrate IV (R=Me) has similar cis
and trans barriers, like substrate II, but with a slight trans
preference (see Table 9). These considerations indicate that
the computational results obtained can indeed be explained
in terms of qualitative concepts such as the flexibility of the
substrate (presence or absence of hydrogen bonds) and the
stability of the metallacycle intermediate (influenced by
steric constraints from the catalyst or electronic effects of
terminal methyl groups). However, in view of the mechanis-
tic complexity, these rationalizations are only a posteriori
and not predictive in a qualitative sense.

In more general terms, the present DFT study illustrates
the difficulties of correctly treating subtle stereochemical
issues in ring-closing metathesis. It has been established that
the cis/trans stereochemistry of the cycloolefin product is de-
termined in the second part of the RCM reaction, either
during metallacycle formation or cleavage. The precise
course of events depends on the chosen catalyst and sub-
strate, and both of the a priori possible pathways must be
considered. Subtle changes in any of these factors can influ-
ence the stereochemical outcome of the RCM reaction
through relatively small shifts in the relevant barriers (DE�,
DG�), even though the overall reaction mechanism remains
unaltered (Scheme 2).
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