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A semiempirical analysis using the PM3(tm) method was performed on the 3-oxobutylideneaminatocobalt(Ⅱ) com-
plexes-catalyzed cyclopropanation.  Although the energy diagram calculated by the PM3(tm) method had a contradic-
tion, where the product was less stable than the reactant, the structures and the energies of the reactant and the transition
state obtained by the PM3(tm) method could be relatively reliable by comparing with the results based on the density
functional theory.  Analysis of the transition states by the PM3(tm) method indicated that the olefin approached parallel
to the cobalt-carbene bond with bisecting an O1–Co–O2 angle.  It was revealed that the transition state affording the
(1S,2S)-arylcyclopropanecarboxylic acid ester corresponding to the (1S,2S)-cobalt complex was the most stable, because
of the lowest steric repulsion among the aryl group of the diamine unit, the ester moiety, and the approaching olefin.  It
was clarified that the enantioselectivity occurred due to the repulsion between the aryl group of the diamine unit and the
ester moiety and that the diastereoselectivity was controlled by the repulsion between the ester moiety and the approach-
ing olefin.

Transition metal-catalyzed enantioselective cyclopropana-
tions are now some of the most useful reactions for the synthe-
sis of optically active cyclopropane compounds.  They are used
for the industrial synthesis of pyrethroid and Cilastatin, and a
variety of ligands for transition-metal complexes are being de-
veloped both in laboratories and in industries.  Copper(Ⅰ) com-
plexes with Schiff base,1 semicorrin,2 bis(oxazoline)3 or
bipyridine4 ligands, ruthenium(Ⅱ) complexes with 2,6-di(2-ox-
azolin-2-yl)pyridine5 ligands, and rhodium(Ⅲ) complexes with
chiral carboxamidate6 and carboxylate7 ligands were devel-
oped as effective catalysts to provide an extremely high level
of enantioselectivity.  Optically active (dioximato)cobalt(Ⅱ),8

(salen)cobalt(Ⅱ) and (Ⅲ),9 and 3-oxobutylideneaminatoco-
balt(Ⅱ)10 complexes were efficient catalysts for the asymmetric
cyclopropanation of styrenes.  In spite of the many previously
reported varieties of transition-metal catalysts, discussions of
the precise mechanism of these reactions were seldom reported
and only several transition-state models have been proposed,
based on the reactivity of the substrates, the absolute configu-
ration and diastereo-/enantioselectivity of the product.  For the
copper-Schiff base-catalyzed cyclopropanation,1 it was pro-
posed that the metallacyclobutane intermediate 1 was first gen-
erated from the copper-carbene complex and olefin and the fol-
lowing reductive elimination gave the product (Fig. 1).  A sim-
ilar cobaltacyclobutane intermediate was also proposed for the
enantioselective cyclopropanation catalyzed by the (dioxima-
to)cobalt(Ⅱ) complex.8  It was postulated that the olefin ap-
proached parallel to the cobalt-carbenoid to produce cobalta-
cyclobutane 2 and that cyclopropane was obtained via this in-
termediate.

Contrary to the metallacyclobutane intermediate, the con-
certed mechanisms were recently proposed for the enantiose-
lective cyclopropanation reactions catalyzed by the transition-
metal complexes.  As shown in Scheme 1, it was considered
that the olefin approached the metal–carbene intermediate and
that the corresponding cyclopropane was produced by releas-
ing the transition-metal complex through a three-centered tran-
sition state.

In concerted mechanisms, however, the various approaching
trajectories of olefins should be considered.  For examples, it
was proposed that the olefin perpendicularly approached the
metal–carbene bond in the cobalt(Ⅲ)-salen catalyzed cyclo-
propanation (Fig. 2, 3),9b while a parallel approach of the olefin
to the metal–carbene bond was proposed for the copper(Ⅰ)–
semicorrin2 and ruthenium(Ⅱ)–pybox5 catalyzed cyclopropa-
nations (Fig. 2, 4).  The concerted mechanisms for the rhodium
complex-catalyzed cyclopropanations were quite disputed; for
the intermolecular cyclopropanation using tetrakis[methyl (S)-
5-oxo-κO-pyrrolidine-5-κN-2-carboxylate]dirhodium(Rh-
Rh)(Ⅱ)6b or tetrakis[(S)-3-phthalimido-2-piperidinonate-

Fig. 1.   Proposed metallacyclobutane intermediates.
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κN,κO]dirhodium(Rh-Rh)(Ⅱ)6c as a catalyst, parallel ap-
proaches of the olefin to the rhodium-carbene bond were con-
sistent with the absolute configuration of the product (Fig. 2,
4); on the contrary, perpendicular approaches were postulated
for the cyclopropanation11 by rhodium(Ⅲ) porphyrin and for
the cyclopropanation of vinylcarbenoid7 by tetrakis[1-[4-tert-
butylphenyl]sulfonyl]-(2S)-pyrrolidinecarboxylate]dirhodium
(Fig. 2, 3).  For the intramolecular cyclopropanations catalyzed
by the copper-bisoxazoline or rhodium complexes, it was sug-
gested that an olefin approached in a parallel, perpendicular, or
skew orientation according to the respective structures of the
substrates and the catalysts.12

As described above, the mechanisms of the transition-metal
catalyzed cyclopropanations were not fully understood and the
proposals for the intermediate and the trajectory of the olefin
just explained the structure of the products.  Besides, theoreti-
cal investigations for the mechanisms and transition states have
been performed only on a limited basis13 despite the fact that
molecular orbital calculations are today successfully applied to
analysis of various transition-metal catalyzed reactions.  It
should be expected that the theoretical studies on the mecha-
nism and transition state will provide pertinent information for
design of excellent ligands and catalysts.  In this paper, we re-
port the analysis of the transition states of the enantioselective
cyclopropanation catalyzed by the 3-oxobutylideneaminatoco-
balt(Ⅱ) complex and present some plausible explanations for
the diastereo- and enantioselectivities of the reaction.

Computational Method

Semiempirical calculations were carried out using the
PM3(tm) method14 implemented in Mac Spartan Pro Ver 1.0.1
and PC Spartan Pro Ver 1.0.15  The PM3(tm) method was mod-
ified from the original PM3 procedure16 for the calculation in-
cluding transition metals and recently applied to the theoretical
analysis on the structures and energies of the transition metal
complexes.17  The analysis of the cyclopropanation catalyzed
by the 3-oxobutylideneaminatocobalt(Ⅱ) complex was per-
formed using the default parameters supplied by the program
Mac Spartan Pro or PC Spartan Pro.  Each transition state pos-
sesses only one imaginary frequency for the vibrational analy-
sis, corresponding to the appropriate coordinate of the reac-

tion.  In order to confirm the applicability of the PM3(tm) pa-
rameters for the present catalytic enantioselective cyclopropa-
nations, density functional calculations were carried out using
Gaussian 98.18  Full geometry optimizations were performed at
B3LYP/LANL2DZ19 for the ground states and transition
states.  The stable calculation revealed the obtained wave func-
tions to be the most stable.  The transition state structures pos-
sessed only one imaginary frequency and the vibration modes
corresponding to the expected c.d.r.  An IRC calculation was
also performed for the transition structure to confirm that it is
the true transition state.

Results and Discussion

An orange-colored solution of the 3-oxobutylideneaminato-
cobalt(Ⅱ) complex turned brown with evolving nitrogen imme-
diately after the diazoacetate was added to the solution in the
presence of N-methylimidazole.  It was reported that the ruthe-
nium–carbene complex with the pybox ligand was isolated and
its structure was fully determined by an X-ray diffraction anal-
ysis.20  The isolated ruthenium–carbene complex was then re-
acted with styrene to afford the corresponding optically active
cyclopropanecarboxylate.  Based on these observations and
knowledge, it was reasonable to consider that the cobalt–car-
bene complex 5 was first generated as a stable intermediate
(Fig. 3) and then reacted with styrene to give the correspond-
ing cyclopropane derivative.  Also, it should be postulated that
the diastereo- and enantioselectivities were regulated during
the last step.  The PM3(tm) method was first adopted for the
analysis of the transition state of the reaction between the co-
balt–carbene complex and styrene, because the analysis of the
real cobalt complex by ab initio method was too complicated.
We planned to confirm the applicability of the parameters for
the PM3(tm) Hamiltonian in the model system 6 (Fig. 3) by
comparison with the density functional method, and then the
analysis by the PM3(tm) method was developed step-by-step
for the real cobalt complex system 5.

We first examined the feasibility of the PM3(tm) parameters
for the calculation of the cyclopropanation reaction, since
semiempirical methods sometimes result in inadequate predic-
tions for strained compounds and for the transition state.
Based on the PM3(tm) method, the transition state for the reac-
tion of the CF2 carbene and ethylene was obtained as the struc-
ture 7 (i = 580 cm−1), in which one bond (1.82 Å) between the
carbene and ethylene was shorter than the other bond (2.22 Å)
(Fig. 4).  It was fairly consistent with a model of the non-least
motion pathway by ab initio calculation.21

Additionally, no activation barrier was found in the
PM3(tm) calculation for the cyclopropanation of the CH2 car-
bene with ethylene, nor for the ab initio result by Houk et al.22

Based on these results, it was reasonable to consider that the
PM3(tm) parameters were applicable to the analysis of the cy-
clopropanation reaction.  The transition state calculations of

Scheme 1.   Concerted mechanism of the cyclopropanation.

Fig. 2.   Orientations of the approaching olefin.
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the model carbene complex 6 and ethylene were then started.
The potential energy surfaces along the parallel and perpendic-
ular trajectory of ethylene to the cobalt-carbene with bisecting
the O1–Co–O2 angle were first calculated.  After transition
state optimization from the energy maxima of the potential en-
ergy surface, the transition structure 8 (i = 672 cm−1) in a par-
allel orientation and the transition structure 9 (i = 652 cm−1)
in a skew orientation were obtained (Fig. 5).

Since transition states were obtained, reaction coordinate
was calculated next.  As shown in Fig. 6, a contradiction was
observed for the reaction coordinate.  Compared with the re-
spective energies, the product was less stable than the transi-
tion state by 200.7 kJ mol−1.

Although the energy diagram by the PM3(tm) method had a
contradiction, their structures and energies of the reactant and
transition states were revealed to be reliable by comparing with
that by the density functional method.  Density functional cal-
culations were subjected to the reactant, the transition state,
and the product.  Optimization was performed by the B3LYP
method with LANL2DZ as a basis set using the structure opti-
mized by the PM3(tm) method as an initial geometry.  The

transition state structure 10, in which the olefin approached
parallel to the cobalt–carbene bond, was obtained from transi-
tion state 8 (Fig. 7).23  Compared with the optimized structures
8 and 10, the shapes of the triangle structures resemble each
other.  Two reaction coordinates were obtained by a single
point calculation at the B3LYP/LANL2DZ level using the op-
timized structure at PM3(tm) (Fig. 8) and fully at the B3LYP/
LANL2DZ levels (Fig. 9).

Reasonable potential energy diagrams were obtained, as
shown in Fig. 8 and 9, while appropriate activation energies
were afforded in each calculation as 20.1 (Fig. 6), 43.7 (Fig.
8), and 22.1 (Fig. 9) kJ mol−1, respectively.  These results indi-
cated that the energy difference between the reactant and the
transition state was adequately estimated by the PM3(tm)
method, whereas the energy of the product could not be pre-

Fig. 3.   Cobalt carbene intermediate 5 and model cobalt car-
bene complex 6.

Fig. 4.   Transition state for the reaction of the CF2 carbene
with ethylene at PM3(tm).  Reported structure parameters
at HF/3-21G by Houk21b were shown in parenthesis.

Fig. 5.   Transition states for the reaction of the model cobalt
carbene complex 6 with ethylene at PM3(tm).

Fig. 6.   Potential energy diagrams for the reaction of the co-
balt complex 6 with ethylene at PM3(tm)//PM3(tm).

Fig. 7.   Transition state 10 for the reaction between the cobalt
carbene complex 6 and ethylene at B3LYP/LANL2DZ.
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dicted by the PM3(tm) method.  This inconsistency could be
ascribed to the poor estimation of the energy for the resulting
pentadentate Co(Ⅱ) complex.  From these results mentioned
above, the activation energy of the present catalytic cyclopro-
panation was essentially small because of the small steric ef-
fect.  That is, the transition states should exist during the early
stage of the reaction and the organization around the cobalt
complex would be little changed by the transition state.  There-
fore, the estimation error from the coordination change in the

cobalt complex was small enough for us to rely on the calculat-
ed structure and energy of the transition states.

As we had confirmed that the PM3(tm) parameters were re-
liable for the ground state and the transition state, a precise
analysis of model system 8 was carried out.  Based on the ob-
tained transition state 8 and 9, totally 15 rotational isomers of
the transition states were obtained.  The most stable isomer 9
among them is shown in Fig. 10 as a representative.24

A further detailed analysis of the transition state was per-

Fig. 8.   Potential energy diagrams for the reaction of the co-
balt complex 6 with ethylene at B3LYP/LANL2DZ//
PM3(tm).

Fig. 9.   Potential energy diagram for the reaction of the co-
balt complex 6 with ethylene at B3LYP/LANL2DZ//
B3LYP/LANL2DZ.

Fig. 10.   Developing the model cobalt complex for the real catalyst.
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formed from the above 15 transition states.  Hydrogen of CH2

carbene was replaced with methoxycarbonyl group, and then
rotational analysis around the Cc–C1 and Co–Cc bond afforded
9 transition states.  The most stable isomer 11 among them is
shown in Fig. 10 as a representative.25,26

At the next stage,27 the phenyl groups were attached on the
ethylene bridge of structure 11 in the pseudoequatorial confor-
mations according to the X-ray crystallographic analysis of
(1S,2S)-[N,N′-bis{2-(2,4,6-trimethylbenzoyl)-3-oxobutyl-
idene}-1,2-diphenylethylenediaminato]cobalt(Ⅲ) iodide
(12).28  Also, the acetyl groups were then attached as the side
chains according to the X-ray crystallographic analysis of
(1S,2S)-[N,N′-bis(2-acetyl-3-oxobutylidene)-1,2-bis(2,4,6-tri-
methylphenyl)ethylenediaminato]cobalt(Ⅲ) iodide to construct
the initial structure.29  After optimization of the transition state
structure, the potential energy surface related to the rotation of
the carbonyl groups was calculated to afford the transition
states 13 as the most stable conformer (Fig. 10).  The confor-
mation of the carbonyl groups of the acetyl side chains and the
phenyl groups on the ethylene bridge was very similar to the
X-ray structure of the cobalt(Ⅲ) iodide 12.  It was found from
the conformation search of the acetyl groups that the initial
conformation of the acetyl group influenced the structure of
the ligand plane and often resulted in an erroneous structure.
The troublesome influence by the initial conformation of
acetyl group increased as the system was close to the experi-
mental system; therefore, the conformation consistent with the
X-ray structure of the acetyl group was hereafter employed for
the initial geometry.30

The methyl group was then attached to the structure 13 to

complete the real cobalt complex and optimization of its struc-
ture gave the transition structure 14.  The cobalt complex in-
volved in the structure 14 was the smallest system itself actual-
ly employed in the catalytic enantioselective cyclopropanation
(Fig. 10).

Finally, the ethylene molecule was then replaced by styrene
by attaching a phenyl group on the ethylene molecule.  Since
ethylene has four hydrogens, all the possibilities of hydrogen
replacement with a phenyl group were examined.  First of all,
the qualitative energy potential for each replacement was cal-
culated by rotation of the styrene around the Cc–C1 axis.  The
transition state optimizations were then performed from each
energy minimum of the respective potential energy surfaces to
afford five transition states (Fig. 11, 15–19).

As shown in Table 1, the bond formation at the β-carbon of
styrene was easier than that at the α-carbon by 30 kJ mol−1.
Compared among the transition states structures in Fig. 11, the
bonds to be newly formed at the β-carbon of styrene, Cc–C1

and Cc–C2, were longer while C1–C2 and Co–Cc were shorter

Fig. 11.   Various transition states of the reaction between the cobalt carbene complex and styrene.

Table 1.   Energies of the Transition States and Bond Form-
ing Carbons

Entry TS E/kJ mol−1 ∆E/kJ mol−1 Bond Forming

Carbon
1 15 −7539.1 0.0 β
2 16 −7535.3 3.8 β
3 17 −7527.6 11.5 β
4 18 −7508.7 30.4 α
5 19 −7504.9 34.2 α
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than those at the α-carbon of styrene.  These observations also
suggested that the transition states for bond forming at the β-
carbon occurred earlier than those at the α-carbon.

A density functional study and the PM3(tm) methods indi-
cated that the ground state cobalt(Ⅱ)-carbene complex was a
doublet and that the spin density was mainly located on the
carbene carbon.  In the transition state, however, the spin den-
sity was located both on the carbene carbon and olefinic car-
bon apart from the bond formation.  Hence, stabilization of the
generated spin density by the adjacent phenyl group as well as
steric reasons lead to the non-synchronous bond formation se-
lectively at the β-carbon.31  Based on this consideration, it is
reasonable that hereafter the search of the transition state fo-
cused on the structure for the preferential bond-formation at
the β-carbon of the styrene.

The chirality of the complex should next be considered.
The methyl ester part in the structure 14 was converted into the
mirror image by the perpendicular plane bisecting the O1–Co–
O2 and N1–Co–N2 angle to prepare the enantiomeric complex
model.  A similar analysis for the structure was carried out us-
ing the procedure mentioned above to obtain three transition
states (20–22).  A trajectory analysis of the approaching olefin
was finally performed on these structures.  When the potential
energy surfaces were calculated by rotating the fixed cyclopro-
pane moiety around the Co–Cc axis, SCF did not converge and
no reasonable energies were obtained at almost all the points

because of improper initial geometries.  However, two transi-
tion states were obtained after the optimization (23 and 24).32

In total, eight sets of reasonable transition states were com-
pleted (Fig. 12).

Table 2 summarizes the resulting transition states, their en-
ergies and the absolute configuration of the products in calcu-
lations.  For the case when the olefin approached a perpendicu-
lar or skew orientation, the olefin should rotate clockwise or
counterclockwise after the transition state to generate a cyclo-
propane ring structure.  However, due to steric reasons, the ole-
fin should rotate away from the ligand plane in the present re-
action.

The observed features during the enantioselective cyclopro-
panation catalyzed by the 3-oxobutylideneaminatocobalt(Ⅱ)
complex are summarized and can be explained as follows:33

(1) (1S,2S)-trans-2-Arylcyclopropanecarboxylic acid ester
was obtained as a major product corresponding to the (1S,2S)-
cobalt(Ⅱ) complex catalyst.  Transition state 15 corresponding
to the (1S,2S)-trans-product could be the most stable of the
transition states listed in Table 2.  The methyl ester part in the
carbenoid complex should occupy the opposite site from the
phenyl group in the diamine unit.  Styrene could approach the
carbene carbon by keeping the phenyl group away from the es-
ter part due to the lowest steric repulsion in the transition state.
Although the calculation suggested that the olefin could ap-
proach with a bisecting O1–Co–N1 bond like transition state

Fig. 12.   Various transition states for the cobalt carbene and styrene.
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23, the more steric demanding cobalt(Ⅱ) complex would make
the transition state 23 more unstable compared to transition
state 15 (Fig. 13).

(2) (1S,2R)-cis-2-Arylcyclopropanecarboxylic acid ester
was obtained as a minor product corresponding to the (1S,2S)-
cobalt(Ⅱ) complex catalyst.  Two transition states, 16 and 17,
resulted and corresponded to the cis-(1S,2R)-product.  The ole-
fin approached the cobalt-carbene bond in a parallel orienta-
tion in transition state 17, but it seemed that steric repulsion
between the phenyl group in styrene and the ester moiety was
relatively large.  On the contrary, the phenyl group in styrene

was rotated to avoid the steric repulsion in transition state 16.
Based on the experimental considerations, diastereoselectivity
in the present system was relatively difficult to be improved
compared with the enantioselectivity.  This can be explained as
follows: the approaching olefin should rotate around the Cc–C1

axis to reduce the steric repulsion, and then the activation ener-
gy for the cis-product decreased more than that predicted by
the bulkiness of the ester part.  Based on these considerations,
transition state 16 was plausible for affording the cis-product.

(3) Enantioselectivity was enhanced as the steric demand of
the ligand increased.  The enantioselectivity was controlled by
the orientation of the ester moiety.  Steric repulsion between
the diamine unit and the ester moiety increased as the steric
hindrance of the diamine unit increased.  Therefore, the bulky
diamine unit increased the population of the ester moiety sepa-
rated from the diamine unit, and it led to a decreased (1R,2R)-
product via transition state 20.

(4) The cyclopropanation of 1-phenylpropene did not pro-
ceed in the present system.  1-Phenylpropene could not ap-
proach the carbene carbon because of steric repulsion between
the methyl group of the 1-phenylpropene and the ligand plane.

(5) The trans-selectivity disappeared in the reaction of 2-
phenylpropene.  It may be easily deduced from transition state
15 that a large difference in the steric size between the two
substituents in the 1,1-disubstituted ethene was required for
the diastereoselection.  During the reaction of 2-phenylpro-
pene, the population of transition states 15 and 17 were similar
to that of styrene itself.

Conclusion

In summary, the plausible transition states consistent with
the experimental results were successfully obtained by the
semiempirical and density functional calculations.  The enani-
oselectivity was regulated by the repulsion between the aryl
group of the diamine unit and the ester moiety in the carbenoid
complex, while the diastereoselectivity was regulated by the
repulsion between the ester moiety and the approaching olefin.
The present calculations provided the possibility of the analy-
sis for the transition metal-complex-catalyzed reaction in the
real system with the PM3(tm) method under the conditions
that the density functional method supported the PM3(tm)
method in the model system.
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5 20 −7526.0 13.1 Trans (1R,2R)
6 24 −7523.7 15.4 Cis (1S,2R)
7 21 −7520.6 18.5 Cis (1R,2S)
8 22 −7517.1 22.0 Cis (1R,2S)

a) Predicted stereochemistries of the products corresponding to (S,S)-cobalt complex from the cal-
culated transition-states.

Fig. 13.   Explanation of the diastereo- and enantioselectivi-
ties.
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