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ABSTRACT: The mechanism, solvent effects, and origins of
selectivities in Ru(II)-catalyzed intramolecular (5+2) cyclo-
addition and ene reaction of vinylcyclopropanes (VCPs) and
alkynes have been studied using density functional theory.
B3LYP/6-31G(d)/LANL2DZ optimized structures were fur-
ther evaluated with the M06 functional, 6-311+G(2d,p) and
LANL2DZ basis sets, and the SMD solvent model. The
favored mechanism involves an initial ene-yne oxidative
cyclization to form a ruthenacyclopentene intermediate. This
mechanism is different from that found earlier with rhodium
catalysts. The subsequent β-hydride elimination and cyclopropane cleavage are competitive, determining the experimental
selectivity. In trans-VCP, the cyclopropane cleavage is intrinsically favored and leads to the (5+2) cycloaddition product.
Although the same intrinsic preferences occur with the cis-VCP, an unfavorable rotation is required in order to generate the cis-
double bond in seven-membered ring product, which reverses the selectivity. Acetone solvent is found to facilitate the acetonitrile
dissociation from the precatalyst, destabilizing the resting state of the catalyst and leading to a lower overall reaction barrier. In
addition, the origins of diastereoselectivities when the allylic hydroxyl group is trans to the bridgehead hydrogen are found to be
the electrostatic interactions. In the pathway that generates the favored diastereomer, the oxygen lone pairs from the substituent
are closer to the cationic catalyst center and provide stabilizing electrostatic interactions. Similar pathways also determine the
regioselectivities, that is, whether the more or less substituted C−C bond of cyclopropane is cleaved. In the trans-1,2-disubstitued
cyclopropane substrate, the substituent from the cyclopropane is away from the reaction center in both pathways, and low
regioselectivity is found. In contrast, the cleavage of the more substituted C−C bond of the cis-1,2-disubstituted cyclopropane has
steric repulsions from the substituent, and thus higher regioselectivity is found.

■ INTRODUCTION

Seven-membered carbocycles are present in many natural
products and drugs and have been targets for a number of
synthetic studies (Scheme 1).1 The synthesis of seven-
membered rings often requires ring-closing bond formation
or ring expansion reactions.2 These transformations typically
need multistep synthesis of precursor, and thus it is difficult to
achieve atom and step economy as well as application in total
synthesis of fused ring systems.
Although the synthesis of seven-membered ring still lags

behind that for smaller rings (especially for catalytic and
intermolecular reactions), remarkable progress has been made.3

As a homologue of the Diels−Alder (4+2) cycloaddition,
transition-metal-catalyzed (5+2) cycloaddition of vinylcyclo-
propanes (VCPs) and 2π components provides a practical and
efficient way for functionalized seven-membered ring formation
(Scheme 2).4 In 1995, the Wender group reported the first
examples of intramolecular (5+2) cycloaddition of VCPs
catalyzed by [Rh(Cl)(PPh3)3] and successfully applied this
methodology with various catalysts, VCPs, and substrates.5 The

(5+2) cycloaddition has also provided a conceptual foundation
and led to the application in total synthesis6 and the discovery
of many new cycloaddition reactions, such as (5+2+1),7

(5+1+2+1),8 (3+2),9 and (5+1)10 reactions.
There are two general mechanisms proposed for the

transition-metal-catalyzed (5+2) cycloaddition (Scheme 3).
One involves the formation of a metallacyclohexene inter-
mediate followed by 2π insertion and reductive elimination.
The other proceeds through oxidative cyclization followed by
cyclopropane cleavage and reductive elimination. Our previous
theoretical studies have revealed that the metallacyclohexene
pathway is preferred with rhodium catalysts and the rate-
determining step is the 2π insertion to form the metal-
lacyclooctadiene intermediate.11 Later experimental and the-
oretical collaborations demonstrated a delicate electronic and
steric control of regioselectivities in Rh(I)-catalyzed (5+2)
cycloadditions.12
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Inspired by the Rh(I)-catalyzed (5+2) cycloaddition and
Ru(II)-catalyzed Alder ene reaction,13 Trost proposed a Ru(II)-
catalyzed (5+2) cycloaddition involving a ruthenacyclopentene
intermediate (Scheme 4).14 By replacing the terminal methyl
group of the alkene with cyclopropane, a ruthenacyclopentene
intermediate could be generated, leading to a seven-membered
ring product by ring expansion. This chemical transformation
was indeed achieved by using the [CpRu(CH3CN)3PF6]
catalyst, the same complex that catalyzes the alkene−alkyne
coupling.15 Later, Trost et al. systematically studied the scope
of this reaction, including the functional group tolerance, the
type and length of the tether between alkyne and VCP, and the
substituent effects on the regio- and diastereoselectivities.14d

The preliminary experimental studies of the mechanism
pointed to the metallacyclopentene intermediate, and the
discovery of the β-hydride elimination side product also
supported the hypothesis of the ruthenacyclopentene inter-
mediate (Scheme 5).14d The β-hydride elimination product is
quite common in Ru(II)-catalyzed (5+2) cycloaddition if the
internal alkene carbon of VCP contains a substituent with an α-
hydrogen and the selectivity between the (5+2) cycloaddition
and ene reaction relies heavily on the substrates. The trans-VCP
favors the (5+2) cycloaddition, and the cis-VCP favors the ene
reaction (Scheme 5). Although the metallacyclopentene
intermediate is achievable with ruthenium catalysts, the same
ruthenium catalyst is also known to catalyze the vinyl-
cyclopropane cleavage under similar conditions.16 Therefore,
the ruthenacyclohexene intermediate might still compete with
the ruthenacyclopentene intermediate. To understand the

detailed mechanism of Ru(II)-catalyzed (5+2) cycloaddition
was a principal goal of this work.
In addition to the questions of mechanism, a distinct solvent

effect was found experimentally: the reaction requires a polar
solvent, and acetone was found especially effective.14d Does
acetone just provide a polar solvent environment that facilitates
the catalytic transformation, or is the acetone acting as a ligand?
Is acetone stabilizing the rate-determining transition state or
destabilizing the resting state to lower the overall reaction
barrier? Although solvent effect is very crucial and common in

Scheme 1. Representative Natural Products and Drug Molecules That Contain Seven-Membered Rings

Scheme 2. General Transition-Metal-Catalyzed
Intramolecular (5+2) Cycloaddition of Vinylcyclopropane
and Alkyne

Scheme 3. Proposed Mechanisms for Transition-Metal-Catalyzed (5+2) Cycloadditions

Scheme 4. Ru(II)-Catalyzed Alder Ene Reaction and (5+2)
Cycloaddition

Scheme 5. Selectivity between Ru(II)-Catalyzed
Intramolecular (5+2) Cycloaddition and Ene Reaction of
trans- and cis-VCP
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transition-metal-catalyzed reactions, there is not a thorough
understanding of such effects.
Diastereo- and regioselectivities are also intriguing: (1) The

stereochemistry of allylic substituents in the tether strongly
affects the created bridgehead stereogenic center. In all
investigated cases, the allylic hydroxyl group is trans to the
bridgehead hydrogen, and disubstitution on the allylic position
increases the diastereoselectivity (Scheme 6). (2) The trans-1,2-
disubstituted cyclopropane has a small preference to cleave the
less substituted C−C bond, and the regioselectivity increases
dramatically in the cis-disubstituted cyclopropane (Scheme 7).
What are the origins of the diastereo- and regioselectivities? In
order to understand the above questions, we used density
functional theory (DFT) calculations to explore the mecha-
nism, solvent effects, and the origins of selectivities involved in
Ru(II)-catalyzed intramolecular (5+2) cycloadditions and ene
reactions between vinylcyclopropanes and alkynes.

■ COMPUTATIONAL DETAILS
Geometry optimizations, frequencies, and thermal energy corrections
were performed with the B3LYP functional, 6-31G(d) basis set for all
main group elements and LANL2DZ basis set for ruthenium
implemented in Gaussian 09.17 Energies were evaluated with the
M06 method,18 6-311+G(2d,p) basis set for all main group elements
and LANL2DZ basis set for ruthenium. All reported free energies
involve zero-point vibrational energy corrections and thermal
corrections to Gibbs free energy at 298 K. The solvation free energy
corrections were computed with the SMD model on gas-phase
optimized geometries, and acetone was chosen as the solvent for

consistency with the experiment. Computed structures are illustrated
using CYLVIEW drawings.19

■ RESULTS AND DISCUSSIONS

1. Mechanism. 1.1. Metallacyclohexene Pathway vs
Metallacyclopentene Pathway. To study the feasibility of
metallacyclohexene and metallacyclopentene pathways, we first
calculated the free energy profiles of both pathways starting
from the substrate-coordinated complex to the seven-
membered ring product-coordinated complex (atom labeling
is shown in Scheme 8, detailed free energy profiles are provided
in Figure 1, and optimized structures are shown in Figures 2
and 3).

Scheme 6. Selected Examples of Diastereoselectivities of Ru(II)-Catalyzed Intramolecular (5+2) Cycloaddition

Scheme 7. Selected Examples of Regioselectivities of Ru(II)-Catalyzed Intramolecular (5+2) Cycloaddition

Scheme 8. Metallacyclohexene and Metallacyclopentene
Intermediates in Ru(II)-Catalyzed (5+2) Cycloaddition
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Complex 1 can undergo the metallacyclopentene pathway
with an initial ene-yne oxidative cyclization via TS2 (13.4 kcal/
mol). From intermediate 3 (12.1 kcal/mol), the cyclopropane
cleavage could occur with a 2.2 kcal/mol barrier (TS4) to give
the ruthenacyclooctadiene intermediate 5 (1.3 kcal/mol). The
overall barrier of ruthenacyclopentene pathway from complex 1
is 14.3 kcal/mol, and the rate-determining step is the
cyclopropane cleavage step with TS4. This conclusion is
consistent with the studies of the alkene−alkyne coupling

where formation of the ruthenacyclopentene is reversible and
the product-determining step is the β-hydrogen insertion.13

Alternatively, the metallacyclohexene pathway can occur with
an initial cyclopropane cleavage (Figure 1). The cyclopropane
cleavage can proceed with or without the intramolecular alkyne
coordination. With alkyne coordination, ruthenacyclohexene
intermediate 11 (3.4 kcal/mol) can be formed via TS13 (11.4
kcal/mol). Alternatively, the alkyne can dissociate from
ruthenium first to give the intermediate 8 (6.8 kcal/mol).
The electron-deficient ruthenium then catalyzes the cyclo-

Figure 1. Free energy profiles of metallacyclohexene and metallacyclopentene pathways in Ru(II)-catalyzed (5+2) cycloaddition.

Figure 2. Optimized structures of intermediates and transition states
in metallacyclohexene and metallacyclopentene pathways of Ru(II)-
catalyzed (5+2) cycloaddition. All species have one positive charge.

Figure 3. Optimized structures of intermediates and transition states
in metallacyclohexene and metallacyclopentene pathways of Ru(II)-
catalyzed (5+2) cycloaddition. All species have one positive charge.
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propane cleavage through TS9 (11.1 kcal/mol) to give the
post-intermediate10 (8.9 kcal/mol). Subsequently, the alkyne
can coordinate to ruthenium again to generate the same
ruthenacyclohexene intermediate 11. Complex 11 will further
undergo 2π insertion via TS12 (16.5 kcal/mol) to give the
same ruthenaoctadiene intermediate 5. The metallacyclohexene
pathway requires a 16.5 kcal/mol barrier, and the rate-
determining step is the 2π insertion of alkyne.
Consistent with the Trost’s experimental studies, the

metallacyclopentene pathway is preferred by 2.2 kcal/mol.
The two complexes, 1 (0.0 kcal/mol) and 11 (3.4 kcal/mol),
are somewhat different in energy but have more similar reaction
barriers (14.3 kcal/mol for 1 and 13.1 kcal/mol for 11). Thus,
the relative stabilities of 1 and 11 mainly lead to the small
preference for the metallacyclopentene pathway, 1 to TS2. The
preference for the metallacyclopentene pathway is in contrast
to the rhodium catalyst, which significantly favors the
metallacyclohexene pathway. The major difference between
ruthenium and rhodium catalysts is the barrier difference
between the 2π insertion of metallacyclohexene intermediate
(11 to TS12) and ene-yne oxidative cyclization of substrate-
coordinated complex (1 to TS2). With the rhodium catalyst,10

the 2π insertion step has a much lower barrier than the
oxidative cyclization, while the two steps have very similar

barriers to those of the ruthenium catalyst. The origins of the
barrier difference may lie in the differences in the redox
potentials of different transition-metal catalysts. The oxidation
state of the transition metal increases in the metallacycle
formation but remains the same in the 2π insertion. Therefore,
the metal complex that has a lower oxidation potential should
favor the ene-yne oxidative cyclization.20

1.2. Acetonitrile Coordination and Solvent Effects. The
possibility of acetonitrile coordination to the ruthenium catalyst
was also studied. Figure 4 shows the free energy profiles for the
reaction with only Cp as the ligand (black) and with additional
acetonitrile coordination (blue). The optimized structures are
provided in Figure 5. All the acetonitrile-coordinated
intermediates and transition states either have higher energies
than in the absence of acetonitrile or cannot be located
(TS6A).21 In addition, the acetone coordination is even less
favorable than the acetonitrile coordination.22 Because the DFT
calculations tend to overestimate the energy contribution from
solvation entropy, the relative stability between 1 and 1A is not
conclusive based on the 4.4 kcal/mol free energy difference.
Although the real structure of substrate-coordinated complex is
still in question, we believe the reaction will follow the pathway
with only Cp as the ligand because of the large energy
difference between TS4 and TS4A. Therefore, all three

Figure 4. Free energy profiles of metallacyclopentene pathway with (blue) and without acetonitrile coordination (black) in Ru(II)-catalyzed
intramolecular (5+2) cycloaddition with VCP and alkyne (in acetone).
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acetonitriles in the precatalyst will dissociate to achieve the
reaction.
There are strong ruthenium−acetonitrile bonds in the

optimized structures (the bond distances varies between 2.08
and 2.23 Å), and acetonitrile coordination is favorable in the
gas phase. Scheme 9 gives an analysis of the thermodynamics of

acetonitrile coordination at equilibrium. Because the pre- and
post-coordination complexes have similar polarities, the
difference of solvation energies between 1 (52.4 kcal/mol)
and 1A (50.1 kcal/mol) is only 2.3 kcal/mol. The major
contributor to the equilibrium preference between the gas
phase and solvent comes from the solvation energy of
acetonitrile (6.8 kcal/mol). The solvation energy of acetonitrile
is very strong in acetone and alters the complexation
equilibrium and the reaction barriers. Therefore, we also
calculated the free energy profiles with acetonitrile-coordinated
ruthenium complex in the gas phase (shown in Figure 6).
In the gas phase, acetonitrile coordination is favorable and

the intermediates are more stabilized than the transition states.

The reaction pathway without the acetonitrile coordination
requires a 16.7 kcal/mol overall barrier, which is similar to the
barrier in acetone. With the acetonitrile coordination, the
barrier increases to 23.4 kcal/mol (from 7A to TS4A) due to
the significant stabilization of the resting state 7A. Compared to
the acetone solvent, the gas phase can be considered as an
extreme of nonpolar solvent, and the difference in free energy
profiles between gas phase and acetone solvent explains the
origin of the superior solvent effect of acetone in this reaction.
The polar solvent acetone facilitates acetonitrile dissociation
from the precatalyst, which destabilizes the resting state and
lowers the overall reaction barrier. In a nonpolar solvent,
acetonitrile coordination is favorable and stabilizes the resting
states of the catalytic cycle, resulting in a higher reaction barrier
and lower efficiency.

2. Origins of Selectivity in Competition between (5+2)
Cycloaddition and Ene Reaction. 2.1. trans-VCP. As noted
earlier, the trans-VCP substrate gives mainly (5+2) cyclo-
addition involving the ring-opening of the cyclopropane
(Scheme 5). The cis-VCP produces mainly ene product, but
some of the (5+2) product is formed as well. This seems
obvious from the structure of substrate, but it should be noted
that the intermediates involved from the trans vs cis substrates
are diastereomeric. In order to explore the origins of such
selectivity in more detail, we first calculated the free energy
profiles for both (5+2) cycloaddition and ene reaction with
trans-VCP (shown in Figure 7).
The ruthenacyclopentene intermediate 3 (12.1 kcal/mol)

can undergo cyclopropane cleavage via TS4; this requires only
a 2.2 kcal/mol barrier. The ruthenacyclooctadiene intermediate
5 (1.3 kcal/mol) then generates the seven-membered ring
product through a facile reductive elimination via TS6 (2.0
kcal/mol). Alternatively, β-hydride elimination can occur in the
intermediate 3 initiated by an agostic intermediate 15 (13.5
kcal/mol) via TS14 (17.2 kcal/mol). Then β-hydride

Figure 5. Optimized structures of intermediates and transition states with additional acetonitrile coordination in metallacyclopentene pathways of
Ru(II)-catalyzed intramolecular (5+2) cycloaddition. All species have one positive charge.

Scheme 9. Thermodynamic Equilibrium of Acetonitrile
Coordination of Ruthenium Complexes Involved in Ru(II)-
Catalyzed Intramolecular (5+2) Cycloaddition in Gas Phase
and Solution

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4012657 | J. Am. Chem. Soc. 2013, 135, 6588−66006593



elimination through TS16 gives the intermediate 17 (15.7 kcal/
mol). Finally, the diene complex 19 can be formed via C−H
reductive elimination. For β-hydride elimination, both TS14
and TS16 are rate-determining and require 5.1 kcal/mol
barriers from the intermediate 3.
The calculations predicts a preference for (5+2) cyclo-

addition in trans-VCP, as is found experimentally. The

difference between TS4 and TS14 explains the origins of
selectivity; these transition structures are shown in Figure 8.
Cyclopropane cleavage (TS4) is favored intrinsically. To
achieve the Ru1−H10 bond interaction and form an agostic
intermediate, the methyl group must rotate to a larger degree in
TS14, resulting in an unfavorable distortion and higher energy
of TS14 compared to TS4.

Figure 6. Free energy profiles of metallacyclopentene pathway with (blue) and without acetonitrile coordination (black) in Ru(II)-catalyzed (5+2)
cycloaddition (gas phase).

Figure 7. Free energy profiles of reductive elimination (blue) and β-hydride elimination (pink) in Ru(II)-catalyzed (5+2) cycloaddition with trans-
VCP.
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2.2. cis-VCP. Subsequently, the origin of selectivity of cis-
VCP was also studied. Here, β-hydride elimination has a lower
barrier, and the ene product is preferred (free energy profile is
shown in Figure 9). The key difference between trans- and cis-
VCP is the position of the cyclopropyl group. The favored
conformation of ruthenacyclopentene intermediate 22 in cis-
VCP requires rotation of the cyclopropyl group in order to
form a cis-double bond in the cycloheptadiene (shown in
Scheme 10). This rotation is not necessary for β-hydride
elimination. Therefore, for cis-VCP, the (5+2) cycloaddition
and ene reaction start from different intermediates (20 and 20-
C2 in Scheme 8 and Figure 9).

The ene reaction pathway of cis-VCP is similar to that of
trans-VCP. The rate-determining step is from TS23 to form the
agostic intermediate 24, which requires an overall barrier of
15.7 kcal/mol. For the (5+2) cycloaddition, the intermediate
20 has to adopt an unfavorable conformation, 20-C2, in order
to generate the cis-double bond in the cycloheptadiene. After
oxidative cyclization, the formed intermediate, 22-C2 (19.7
kcal/mol), is much less stable than the favored conformation
22 (12.3 kcal/mol).23 This instability is due to steric repulsion
between the formed five-membered ring and the cyclopropyl
group, which are shown by the H−H distance and the Newman
projection of C5−C6 (Figure 10). Therefore, although the

Figure 8. Free energies and structures of selectivity-determining transition states in trans-VCP The Cp ligand is not shown for clarity, and all species
have one positive charge.

Figure 9. Free energy profiles of reductive elimination (blue) and β-hydride elimination (pink) in Ru(II)-catalyzed (5+2) cycloaddition with cis-
VCP.
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cyclopropane cleavage still has a lower intrinsic barrier (1.9
kcal/mol from 22-C2 to TS29) compared to β-hydride
elimination (3.4 kcal/mol from 22 to TS23), the relative
stabilities of 22 and 22-C2 overruled the intrinsic barrier
differences and led to the β-hydride elimination and ene
product eventually.
3. Origins of Diastereo- and Regioselectivities.

3.1. Diastereoselectivities. As noted earlier, the stereo-
chemistry of allylic substituents in the tether strongly affects
the formed bridgehead stereogenic center. The allylic hydroxyl

group is trans to bridgehead hydrogen, and disubstitution on
the allylic position dramatically increases the diastereoselectiv-
ities (Scheme 6). In order to explore the origins of the
diastereoselectivities, we studied the reaction pathways that
generate the diastereomeric (5+2) cycloadducts.
Scheme 11 shows the key intermediates and transition states

that generate the diastereoselectivities. From enantiopure
substrate 32, substrate−catalyst complex 33 undergoes
oxidative cyclization to form the bicyclic post-intermediate 34
with the substituent R trans to the bridgehead hydrogen.

Scheme 10. Key Intermediates of (5+2) Cycloaddition and Ene Reaction with cis-VCP Substratea

aThe carbons in one of the cis-double bonds of cycloheptadiene are labeled in red.

Figure 10. Optimized structures, Newman projection of C5−C6, and relative Gibbs free energies of intermediate 22 and 22-C2. S stands for the
methyl group, M stands for the formed five-membered carbocycle, and L stands for the ruthenium.

Scheme 11. Reaction Pathways That Generate the trans- and cis-Diastereomers of Ru(II)-Catalyzed (5+2) Cycloaddition

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4012657 | J. Am. Chem. Soc. 2013, 135, 6588−66006596



Subsequent irreversible cyclopropane cleavage via TS35
generates the eight-membered ring intermediate 36 and
eventually the (5+2) cycloadduct with R trans to the
bridgehead hydrogen. In the cis-pathway, the diastereomeric
substrate−catalyst complex 37 generates the post-intermediate
38 with the allylic substituent R cis to the bridgehead hydrogen.
Subsequent cyclopropane cleavage produces the eight-mem-
bered ring intermediate 40 through TS39 and eventually the
(5+2) cycloadduct with R cis to the bridgehead hydrogen.
Table 1 shows the free energies of the intermediates and

transition states from Scheme 11 with various allylic

substituents. In the case that the allylic position is
monosubstituted by a methyl group, the trans cycloadduct is
disfavored by 1.4 kcal/mol (Table 1, entry 1). Because the
cyclopropane cleavage barriers are very similar in trans and cis
pathways (1.8 kcal/mol from 34-1 to TS35-1 and 2.0 kcal/mol
from 38-1 to TS39-1), the relative stabilities of 34-1 and 38-1
determine the diastereoselectivity. As shown in Figure 11, 34-1
has steric repulsion between the methyl substituent and its β-
hydrogen from the double bond, while no such repulsion is

presented in 38-1 (shown in Figure 11). Therefore, steric
effects lead to the preference for the cis-(5+2) cycloadduct
when there is one allylic methyl substituent.
In contrast, the trans-cycloadduct is favored with allylic

hydroxyl substituents. The predicted preference is consistent
with the experimental diastereoselectivities. When substituted
with one hydroxyl group, 34-2 (12.3 kcal/mol) is 0.6 kcal/mol
less stable than 38-2 (12.9 kcal/mol) (Table 1, entry 2). The
origins of the reversed stabilities and diastereoselectivities are
electrostatic interactions. The oxygen in 34-2 is closer to the
cationic catalyst center, and thus the electrostatic stabilization
from oxygen lone pairs makes 34-2 more stable. Furthermore,
when the allylic position is disubstituted with methyl and
hydroxyl groups, both electrostatic and steric interactions favor
the trans-(5+2) cycloadduct and produce a higher diaster-
eoselectivity. In 34-3, the oxygen lone pairs provide
stabilization similar to that in 34-2, and the methyl substituent
has no significant steric repulsions. However, the same methyl
substituent in 38-3 has steric repulsions with its β-hydrogen
from the double bond. Therefore, the combined electrostatic
and steric effects generate the higher diastereoselectivity
observed in experiments.

3.2. Regioselectivities. The origins of regioselectivities are
also studied. The reaction pathways that generate the
regioselectivities are very similar to the reaction pathways that
generate the diastereoselectivities (Scheme 12). From trans-1,2-
disubstituted cyclopropane substrate 41, substrate−catalyst
complex 42 undergoes reversible oxidative cyclization to form
the bicyclic post-intermediate 43. Subsequent cyclopropane
cleavage via TS44 produces the eight-membered ring
intermediate 45 and eventually the (5+2) cycloadduct with
the less substituted C−C bond cleaved (cleavage A).
Alternatively, the substrate−catalyst complex 46 can follow a
similar pathway to have the more substituted C−C bond
cleaved (cleavage B), and the determining transition state is
TS48.

Table 1. Gibbs Free Energies of Key Intermediates and
Transition States That Generate the trans- and cis-
Diastereomeric Cycloadducts in Ru(II)-Catalyzed (5+2)
Cycloadditions with Various Allylic Substituents

Figure 11. Optimized structures and relative Gibbs free energies of diastereomeric oxidative cyclization post-intermediates with various allylic
substituents in Ru(II)-catalyzed (5+2) cycloaddition.
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Table 2 shows the free energies of the intermediates and
transition states from Scheme 12 with trans- and cis-1,2-

disubstitution. With trans-disubstitution (Table 1, entry 1), the
cleavages A and B have very similar barriers, and the
experimental regioselectivity is low (Scheme 7). Figure 12
shows the optimized structures of the regioselectivity-
determining transition states. In TS44-1 and TS48-1, the
methyl substituent has no significant steric repulsion and is
away from the reaction center in both cases; thus, cleavage A
and cleavage B have very similar barriers and the regioselectivity
is low. In contrast, the cis-disubstituted cyclopropane favors
cleavage A dramatically. The methyl substituent in TS44-2 is
still away from the reaction center, and the cyclopropane
cleavage barrier of cleavage A is low (3.0 kcal/mol). However,
the methyl substituent in TS48-2 is in a very sterically hindered
position and close to the reaction center. Therefore, steric
repulsion from the methyl substituent increases the barrier of
cleavage B to 5.3 kcal/mol and generates higher regioselectivity
in cis-1,2-disubstituted cyclopropane.

■ CONCLUSIONS

The mechanism and solvent effects of Ru(II)-catalyzed
intramolecular (5+2) cycloaddition and ene reaction have
been studied theoretically. The favored catalytic cycle involves
an initial oxidative cyclization to produce a metallacyclopentene
intermediate. Subsequent cyclopropane cleavage and C−C
reductive elimination yield the (5+2) seven-membered ring
product, while β-hydride elimination and C−H reductive
elimination give the ene product. Acetone solvent is found to
facilitate acetonitrile dissociation from the precatalyst and
destabilize the resting state, resulting in a lower reaction barrier.
Quite noteworthy are the complementary mechanisms for the
(5+2) cycloaddition between rhodium and ruthenium catalysis.
Such a mechanistic dichotomy offers the opportunity to
modulate the selectivity and reactivity for any given substrate
by simply changing the metal catalyst, which highlights the
power of transition metal catalysis.
The origins of the reversed selectivity between (5+2)

cycloaddition and ene reaction with trans- and cis-VCP were
also revealed. In trans-VCP, the intrinsic lower barrier of
cyclopropane cleavage leads to the seven-membered ring major
product. cis-VCP requires an unfavorable rotation of the
cyclopropyl group in order to generate the cis-double bond in
the seven-membered ring product. This unfavorable rotation
reverses the selectivity.
The origins of the diastereo- and regioselectivities have also

been discovered. When the allylic position is substituted by a
hydroxyl group, the oxygen lone pair provides stabilizing
electrostatic interactions with the cationic catalyst center in one
diastereomer, and the favored diastereomer has the hydroxyl
group trans to the bridgehead hydrogen. The origins of
regioselectivities are steric repulsions. In the trans-1,2-
disubstituted cyclopropane, cleavages of both the more and
less substituted C−C bond of the cyclopropane have no
significant steric repulsions from the substituent. In contrast,
the methyl substituent of the cis-1,2-disubstituted cyclopropane
causes much steric repulsion in the transition state that cleaves
the more substituted C−C bond, and thus a higher
regioselectivity is found.

Scheme 12. Reaction Pathways That Cleave the More and Less Substituted C−C Bond of 1,2-Disubstitued Cyclopropane in
Ru(II)-Catalyzed (5+2) Cycloaddition

Table 2. Gibbs Free Energies of Key Intermediates and
Transition States That Undergo the Cleavage A and
Cleavage B Pathways in Ru(II)-Catalyzed (5+2)
Cycloadditions with trans- and cis-1,2-Disubstituted
Cyclopropanes
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