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Abstract: The mechanism of the copper(I)-catalyzed cyclopropanation reaction has been extensively investigated
for a medium-size reaction model by means of B3LYP/6-31G(d) calculations. The starting ethylene complex
of theN,N′-dimethylmalonaldiimine-copper (I) catalyst undergoes a ligand exchange with methyl diazoacetate
to yield a reaction intermediate, which subsequently undergoes nitrogen extrusion to generate a copper-
carbene complex. The cyclopropanation step takes place through a direct carbene insertion of the metal-
carbene species to yield a catalyst-product complex, which can finally regenerate the starting complex. The
stereochemical predictions of a more realistic model (by considering a chiral bis(oxazoline)-copper (I) catalyst)
have been rationalized in terms of steric repulsions, showing good agreement with experimental data.

Introduction

Cyclopropane derivatives are an important family of chemical
compounds due to their interesting biological properties1 as well
as their use as starting materials and intermediates in organic
synthesis.2 As a result, great efforts have been made to develop
efficient diastereo- and enantioselective methods for the syn-
thesis of cyclopropanes.3 A particularly versatile method is the
metal-catalyzed cyclopropanation of olefins with diazo com-
pounds, for which various efficient homogeneous catalysts have
been developed.

The use of catalysts based on copper is particularly attractive
because of their high efficiency in asymmetric cyclopropanation
reactions4 and their relatively low cost in comparison with other
metal derivatives, such as catalysts based on rhodium5 or
ruthenium.6 In fact, the asymmetric cyclopropanation of styrene
with diazo esters, catalyzed by chiral copper salicylaldimine
complexes, was reported in 1966 as the first example of an
enantioselective reaction under homogeneous catalytic condi-
tions.7 Since then, other chiral ligands, such as chiral salicyl-

aldehyde-amino acid derivatives8 or semicorrins,9 have been
used in copper-catalyzed asymmetric cyclopropanation reactions.
Among them, the best results have been obtained with bis-
(oxazolines), independently described by the groups of Evans10

and Masamune,11 which can lead to almost complete enanti-
oselectivity (up to 99% ee) when their complexes with Cu(I)
or Cu(II) are used in cyclopropanation reactions. The good
performance of chiral bis(oxazolines) as ligands for asymmetric
cyclopropanation, as well as for other Lewis acid-catalyzed
reactions, has resulted in the recent commercial availability of
a number of these compounds.

From the point of view of large-scale applications, the ease
of use and recovery of the chiral catalysts have become
important and several studies have been published that focus
on the immobilization of this kind of catalyst.12,13

In both the homogeneous and heterogeneous phases, the
dependence of the stereoselectivity on factors such as the
solvent, the counterion, or the structure of the chiral ligand has
been described.13,14 However, the mechanism of the copper-
catalyzed cyclopropanation reactions of diazo compounds has
remained controversial even for the nonchiral systems. A deeper
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understanding of this mechanism would undoubtedly lead to
the design of even better catalysts.

Some aspects of the reaction mechanism are clear. The
oxidation state of the copper center in the active catalyst is one
point that must be considered. It has been observed that Cu(II)
complexes are reduced to Cu(I) derivatives by the diazo
compound under the reaction conditions.15 This has led to
general agreement that the active catalyst is a Cu(I) species,
irrespective of the oxidation state of the copper complex used
as the precatalyst.8,15,16

It is also generally accepted that transition metal-catalyzed
cyclopropanation reactions proceeds via a metal-carbene
complex, which is formed by association of the diazo compound
and the catalyst with concomitant extrusion of nitrogen.
However, the details of this process are not well-known.17 Only
very recently copper-carbene complexes have been detected
as reaction intermediates in cyclopropanation reactions.18 Other
metal-carbene derivatives, such as systems containing ruthe-
nium or osmium, had previously been isolated from stoichio-
metric reactions with diazo esters and have proven to be active
catalysts in these processes.19

It has been shown that the formation of the copper-carbene
intermediate is the rate-limiting step of the cyclopropanation
reaction.15,20 However, given that the carbene insertion occurs
after this step, only the stereochemical product distribution can
offer some mechanistic insight.21 A detailed knowledge of the
step that controls the stereochemistry of the reaction products
is clearly indispensable for the rational design of new enan-
tioselective catalysts.

Two different mechanisms for the copper-catalyzed formation
of the cyclopropane ring have been proposed (Scheme 1),22

namely the concerted pathway (henceforth referred to as direct
carbene insertion)16,23and a two-step process that proceeds via
a metallacyclobutane intermediate.8,24 This alternative is well

illustrated by the different mechanistic behavior found for
compounds based on two species that are isoelectronic to the
copper(I) cation, namely the zinc(II) ion and the nickel(0) atom.
Thus, Simmons-Smith cyclopropanation of zinc carbenoid
species takes place through a direct carbene insertion.25 Instead,
nickel(0) carbene complexes react with olefins to yield metal-
lacyclobutanes, which can subsequently generate cyclopropanes
by reductive elimination.26

A detailed mechanistic study of the copper-catalyzed cyclo-
propanation, including the nature of short-lived species and
transition states, can be carried out by means of theoretical
calculations. In this paper we present a study of the mechanism
of a copper-catalyzed cyclopropanation reaction on a medium-
size reaction model by means of a theoretical approach based
on the Density Functional Theory (DFT). Furthermore, the
different approximations between the reactants in the step
controlling the stereochemistry of the cyclopropanation process
have been studied by considering a chiral bis(oxazoline) as a
more realistic catalyst model for the reactions of unsubstituted
(ethylene) and substituted (propene) olefins.

A more restricted study for different reaction models has been
independently achieved by Norrby and co-workers,27 in which
no transition states could be characterized. A recent study of
the copper-catalyzed aziridination reaction mechanistically
related to the cyclopropanation process was also carried out by
the same research group.28

Methods

A comprehensive mechanistic study of the copper-catalyzed cyclo-
propanation reaction was carried out by means of a medium-size model
including a number of simple reactants considered in this study:N,N′-
dimethylmalonaldiimine-copper(I) cation (denoted as1) as the catalyst,
ethylene (2) as the olefin, and methyl diazoacetate (3) as the diazo
compound (Scheme 2). The formation of the copper-carbene complex
and two alternative pathways for the cyclopropanation reaction (direct
carbene insertion and two-step mechanism) were studied in this work.
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Scheme 1.Possible Catalytic Cycles for Metal-Catalyzed
Cyclopropanation Reactions

Scheme 2.Model Cu-Catalyzed Cyclopropanation Reaction
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It should be noted that a bidentate ligand-copper(I) complex has
two vacant coordination sites. Whereas one of these coordination sites
is certainly involved in the catalysis of the cyclopropanation reaction,
the role of the other vacant site is less clear. It is possible that this site
could be occupied by the negative counterion, but it is well-known
that the best performance for this kind of catalyst is achieved with
weakly coordinating anions such as triflate. Furthermore, the solvents
usually used in cyclopropanation reactions are also poorly coordinating.
Thus, two concurrent mechanisms can be considered depending on the
possibility of coordination of an additional olefin molecule to the metal,
as suggested for a rhodium-catalyzed cyclopropanation reaction.29

Therefore, the possible involvement of an ethylene molecule has also
been considered throughout this work. The possibility of different

conformations was taken into account for all structures, although the
discussion of the results is centered on the most stable form in each
case.

All calculations were carried out by means of the B3LYP hybrid
functional30 because of the satisfactory performance of this technique
in the chemistry of transition metals.31 In particular, excellent results
are found for Cu(I) binding energies of methylene as well as some
nitrogen ligands.32 Full optimizations using the 6-31G(d) basis set for
all the atoms were carried out using the Gaussian 98 package.33 No
BSSE corrections have been considered throughout this work.

Analytical frequencies were calculated at the B3LYP/6-31G(d) level
and the nature of the stationary points was determined in each case
according to the right number of negative eigenvalues of the Hessian
matrix. Scaled frequencies were not considered since significant errors
on the calculated thermodynamical properties are not found at this
theoretical level.34

In the case of the chiral models, single-point energy calculations at
the B3LYP/6-311+G(2d,p) level were carried out on the B3LYP/6-
31G(d) geometries. Furthermore, solvent effects were taken into account
through the IPCM method,35 as implemented in Gaussian 98. The
dielectric permittivity of dichloromethane (ε ) 8.93) was used, together
with an isodensity cutoff value of 0.0001.

Unless otherwise stated, only Gibbs free energies are used for the
discussion on the relative stabilities of the chemical structures
considered. Relative free energies (including thermal corrections at 25
°C) of the structures considered are shown in Table 1. Hard data on
electronic energies, as well as entropies, enthalpies, Gibbs free energies,
and lowest frequencies of the different conformations of all structures
considered, are available as Supporting Information.

Results and Discussion

Formation of the Copper-Carbene Complex.The struc-
tures of the catalyst and reactants considered in this work are
shown in Figure 1. The catalyst (1) has a planar framework
with the copper in a bent coordination with Cu‚‚‚N distances
of 1.840 Å. Ethylene (2) also has a planar structure, as one
would expect. On the other hand, boths-cis and s-trans
conformers are possible for methyl diazoacetate (3) depending
on the relative position of the dinitrogen and carbonyl groups
around the C-C bond. Free energy calculations indicate that
the s-cis conformer is very slightly favored according to free
energy calculations (by 0.01 kcal mol-1), in agreement with
experimental data, which shows the same preference by 0.07
kcal mol-1.36 Since dinitrogen (4) is a byproduct of the
cyclopropanation, the corresponding structure was studied and
gave a diatomic molecule with a bond length of 1.106 Å.

An energy diagram for the catalytic cycle is displayed in
Figure 2, with the favored mechanism represented by solid lines
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Table 1. Numbering and Relative Gibbs Free Energies (kcal
mol-1) of the Different Structures Considered in This Work
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and the alternative pathways by hashed lines. The relative free
energies of the structures shown in the diagram (in kcal mol-1)
take into account the evolution of the system composition
according to the different molecules entering or leaving the
system. As shown in Table 1, the catalyst (1), ethylene (2),
methyl diazoacetate (3), and dinitrogen (4) have been arbitrarily
chosen as reference points for the calculation of relative free

energies. As a consequence of the choice of this reference
framework, the catalyst-ethylene complex shown on the right
of the diagram is more stable than that situated on the left since
the free energy of the overall cyclopropanation reaction is
implicitly included there. The sign criterion of the relative free
energy corresponds to the variation in the direction from left to
right (according to the diagram).

Kinetic studies have shown that olefin excess slows down
the rate of cyclopropanation and this result is attributed to the
existence of a preequilibrium involving the formation of
catalyst-olefin complexes.13,15,20 The stoichiometry of such
species in the reaction conditions makes this a significant
point.13,20,23

The structures of the catalyst-olefin complexes with 1:1
(denoted as5) and 1:2 (6) stoichiometries are shown in Figure
3. The structure of5 presents a trigonal coordination for copper

Figure 1. Structures of the catalyst (1), ethylene (2), and methyl
diazoacetate (3).

Figure 2. Energy diagram for a catalytic cycle.

Figure 3. Structures of both 1:1 (5) and 1:2 (6) catalyst-ethylene
complexes (some hydrogen atoms have been omitted for clarity).
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in such a way that carbon atoms are symmetrically located in
the plane containing the catalyst framework, a situation in
agreement with experimental data for other ethylene-copper-
(I) complexes.37 The calculated Cu‚‚‚C distance of 1.963 Å is
also in good agreement with the experimental values found for
these kinds of complexes (1.969-2.019 Å).37 These structural
results indicate the presence of a strong binding interaction for
the catalyst-olefin complex.

On the other hand, the structure of6 presents a tetrahedral
copper atom coordinated to the two olefin molecules in
agreement with experimental data for other copper-olefin
complexes.38 Energy results indicate that the formation of both
5 and6 from the reactants is favored from a thermodynamical
viewpoint (-34.2 and-27.3 kcal mol-1, respectively). These
data indicate a preference for the 1:1 complex even in the
presence of olefin excess, which is in agreement with experi-
mental results obtained for other copper(I) complexes.39,40 As
a consequence,5 is considered as the starting structure for a
catalytic cycle.

A number of structures are conceivable for the catalyst-
methyl diazoacetate coordination complex. Among them, the
most stable species corresponds to a chelate in which copper is
bound to both carbonyl oxygen and terminal diazo nitrogen
atoms (not shown), in agreement with both theoretical and
experimental data of related copper(I) complexes of diazo
carbonyl compounds.41 However, this structure has been
excluded from the reaction diagram since a carbon-copper bond
is required in it to allow the formation of the catalyst-carbene
intermediate in a subsequent step, and therefore it represents a
dead end in the reaction pathway.

Such a feature is found in a structure that is denoted as7 in
Figure 4. This structure is similar to theoretical calculations of
a copper(I) complex of diazoacetaldehyde.41 Furthermore, the
occurrence of a metal-carbon bond in the catalyst-diazo ester
complex is in accordance with the nature of the reaction
intermediate detected in a rhodium-catalyzed cyclopropanation.29

It can be remarked that the formation of the metal-carbon bond

involves the formal oxidation of copper(I) to copper(III). The
Cu-C bond has a length of 1.973 Å, in agreement with
experimental data for other copper(III) organometallic com-
pounds (1.863-2.026 Å).42 The binding energy between the
catalyst and methyl diazoacetate (-20.9 kcal mol-1) is signifi-
cantly lower than that calculated for ethylene complexation, and
this finding is consistent with the behavior of Cu(I) ion as a
soft Lewis acid.43

Three different reaction mechanisms can be considered, in
principle, for the transformation of the catalyst-ethylene
complex into the catalyst-diazo compound species, and these
mechanisms are dissociative, associative, and interchange
displacement.44 The study of the catalyst-diazo ester interac-
tions indicates that only the dissociative and associative mech-
anisms are possible for this ligand exchange.

The dissociative mechanism involves the formation of the
naked catalyst, which can subsequently coordinate the diazo
compound. Calculations indicate that the regeneration of the
free catalyst requires a quite high energy (34.2 kcal mol-1),
although this finding is contrary to experimental data that
indicate copper-catalyzed cyclopropanation reactions to be
relatively fast. Furthermore, a major role for the dissociative
mechanism can be disregarded on the basis of experimental data
indicating that ligand exchange of Cu(I)-olefin complexes
requires the presence of coordinating impurities.39

Associative displacement is very common in the ligand
exchange reactions of 16-electron complexes.45 The exchange
of ethylene by the diazo ester requires an energy increase of
12.0 kcal mol-1, a value derived from the different stability of
the complexes involved. Although several ethylene-catalyst-
methyl diazoacetate complexes are conceivable, a possible
mechanism takes place through the structures denoted as8,
having an intermediate energy between those of the complexes
linking with each of the ligands since additional energy in the
form of an activation barrier is not necessary. The catalyst-
diazo compound complex can extrude dinitrogen to yield a
copper-carbene complex through a transition state (denoted as
9, Figure 5). The activation barrier for this elementary step is
quite low (7.9 kcal mol-1) but the activation parameters for the
overall process (i.e., from the starting compounds of the catalytic
cycle) show moderate values (∆H298

q ) 21.5 kcal mol-1, ∆S298
q

) 0.7 cal mol-1 K-1, ∆G298
q ) 21.2 kcal mol-1). It can be

seen in Figure 2 that this is the rate-limiting step of the reaction,
which is in agreement with experimental data.15,20

The olefin-assisted mechanism for the formation of the
catalyst-carbene complex can also been considered, the most
stable transition structure (denoted as10) being shown in Figure
5. The copper-olefinic carbon bond lengths (2.081-2.101 Å)
of the transition structure indicate a strong metal-alkene
interaction. However, this pathway is disfavored by 2.5 kcal
mol-1 in comparison with the nonassisted mechanism. The
preference for the nonassisted pathway agrees with experimental
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Figure 4. Nonassisted (7) and olefin-assisted (8) structures of the
catalyst-diazo ester complexes (some hydrogen atoms have been
omitted for clarity).
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data on cyclopropanation reactions catalyzed by coordinated
copper cations.46

The structure of the catalyst-carbene complex (11) is shown
in Figure 6. The copper-carbon bond has a length of 1.782 Å,
slightly shorter than the value obtained from experimental data
for other copper-carbene complexes (1.868-1.888 Å).47 It can
be seen that the carbonyl group adopts an almost perpendicular
orientation (dihedral angle of 65.7°) with respect to the copper-
carbon link, and this indicates a lack of conjugation between
the two multiple bonds. This result is in accordance with
experimental data for carbonylcarbene complexes of ruthe-
nium.48

On the other hand, a noticeable difference between the two
C-Cu-N bond angles (139.1° and 123.6°) is found, indicating
that the copper-carbenoid carbon bond deviates significantly
from the symmetry axis of the naked catalyst. This effect induces
a noticeable approximation of the carbomethoxy substituent to
one of the two methyl groups. This fact has significant
consequences in terms of the stereochemical course of the
reaction and this aspect will be discussed in more detail below.
Although different conformations could, in principle, be con-
sidered for the catalyst-carbene complex depending on the
relative orientation of carbomethoxy group in relation to the
closer methyl substituent, only that shown in Figure 6 corre-
sponds to an energy minimum.

Our calculations indicate that the formation of the copper-
carbene complex is favored from a thermodynamical viewpoint
in both the elementary step (-14.3 kcal mol-1) and the overall
process in the reaction conditions (-1.0 kcal mol-1).

It is known that olefins can bind to a number of transition
metal-carbene complexes49 and this leads to coordination
compounds that can yield cyclopropanes by decomposition.50

To gain an insight into the role of such species in the copper-
catalyzed cyclopropanation reactions, an ethylene-catalyst-
carbene complex (12) was considered, as shown in Figure 6.
The coordination of the olefin to the catalyst-carbene complex
is only slightly favored in terms of enthalpy (-4.0 kcal mol-1),
whereas it is clearly disfavored when free energies are consid-
ered (by 5.7 kcal mol-1).

Formation of the Cyclopropane Product. In the two-step
pathway for the formation of cyclopropane, the carbene complex
reacts with the olefin through an oxidative coupling to form a
metallacyclobutane, which decomposes in an eliminative reduc-
tion to yield the reaction product. The key structures for this
process are shown in Figure 7. Two different conformations
are possible for the transition structure of the first step (denoted
as 13), depending on the relative disposition of the carbonyl
group and the copper-carbon bond, with thes-cis form being
favored. The lengths of the incipient bonds (2.139 Å for the
copper-carbon interaction and 2.953 Å for the carbon-carbon
link) indicate a large asynchronicity, with the creation of the
C-C bond lagging behind the metal-carbon link. This result
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Figure 5. Nonassisted (9) and olefin-assisted (10) transition structures
for N2 extrusion (some hydrogen atoms have been omitted for clarity).

Figure 6. Nonassisted (11) and olefin-assisted (12) structures of the
catalyst-carbene complex for the achiral reaction model (some
hydrogen atoms have been omitted for clarity).

Figure 7. Structures involved in the stepwise mechanism of cyclo-
propanation (13-15) (some hydrogen atoms have been omitted for
clarity).
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agrees with theoretical data on analogous reactions of molyb-
denum derivatives.51 A moderate activation barrier is found for
the oxidative coupling (12.8 kcal mol-1).

The metallacyclobutane (14) presents a four-membered ring
that is approximately coplanar with the ligand framework, in
agreement with the square-planar coordination found in other
copper(III) organometallic compounds,42 and in contrast with
the tetrahedral copper coordination proposed for analogous
cyclopropanation intermediates.8,24dThe lengths of the copper-
carbon bonds are 1.933 and 1.946 Å, again in agreement with
the experimental data for compounds such as other copper(III)
organometallic compounds (1.863-2.026 Å)42 or nickela(II)
cyclobutanes (1.863-2.075 Å),52 which are isoelectronic to the
copper(III) analogues.

Two possible conformations for the transition structures of
the eliminative reduction of the metallacyclobutane are possible
(denoted as15). Calculations indicate a rather low activation
barrier for this elementary step (2.3 kcal mol-1).

Two alternative conformations are possible for the transition
structure of the direct carbene insertion (denoted as16) and
these depend on the orientation of the carbonyl group relative
to the attacking ethylene. The most stable form is shown in
Figure 8. The ethylene approach takes place along the plane of
the catalyst framework. The lengths of the incipient bonds (2.536
and 2.757 Å) indicate a very early transition structure, in a
similar way to the Simmons-Smith cyclopropanation reac-
tions.25

Interestingly, electronic energy data lead to a negative
activation barrier (-2.5 kcal mol-1). This anomalous result can
be attributed, at least partially, to the neglect of solvent and
counterion effects in this work, leading thus to an exaggerated
stabilization of the interaction between neutral ethylene and the
cationic catalyst.

The stability of transition states in association processes is
decreased when entropy effects are considered. Thus, Gibbs free
energy data indicate a moderate positive activation barrier (9.8
kcal mol-1) for the direct carbene insertion. Thus, this mech-
anism is favored over the stepwise pathway by 3 kcal mol-1.
Furthermore, the high reactivity of the copper-carbene complex
explains the lack of experimental evidence for its formation
under cyclopropanation reaction conditions.

The possibility of olefin-assisted pathways for both two-step
and direct mechanisms for the cyclopropanation reaction was
also considered. However, transition structures could not be
localized even after an extensive search. It can therefore be

concluded that only the nonassisted mechanisms are possible
for the copper-catalyzed cyclopropanation.

Both direct carbene insertion and stepwise pathways yield a
catalyst-product complex (17, Figure 9). The regeneration of
the starting catalyst requires the coordination of an ethylene
molecule and the departure of the product. Two alternative
pathways can be considered according to the timing of these
processes and these are called dissociative and associative
displacements. The dissociative mechanism involves the deco-
ordination of the reaction product to yield the naked catalyst,
which subsequently coordinates an ethylene molecule. The
decoordination of the product involves a high energy rise (26.2
kcal mol-1).

However, the associative pathway through an ethylene-
catalyst-product complex (18) is greatly favored. An ap-
proximately tetrahedral coordination is found for copper.

Calculations indicate that ethylene coordination is clearly
favored (by-12.3 kcal mol-1). Surprisingly, the regeneration
of the starting catalyst requires an energy of 4.3 kcal mol-1.
This result contrasts with the lack of experimental data indicating
product inhibition. However, the influence of the product
coordination has been shown to be important in one example
of a product-accelerated reaction.53 This situation is too complex
to be explained by the relatively simple model considered in
this work. The influence of several factors (such as solvent,
counterion, byproducts with coordination ability such as fumaric
and maleic esters, or the participation of a second molecule of
ligand) may have an influence on the regeneration of the
catalytic species. The reaction product is methyl cyclopropane
carboxylate (19).

Free energy results indicate that the overall process is largely
favored from a thermodynamical viewpoint (-51.9 kcal mol-1).
The large magnitude of this value agrees with the irreversible
character of the cyclopropanation reactions.

Extension to Chiral Models. The results obtained with the
nonchiral diimine-Cu(I) model give valuable information about
the general mechanism of the copper(I)-catalyzed cyclopropa-
nation reactions, including some insights into the origin of the
stereoselectivity. However, the simplicity of the model precludes
a detailed discussion on the origin of either the enantioselectivity
or thecis/transselectivity.

To cover these points with greater certainty, some other
models were considered that resembled more closely the systems
used experimentally. As the chiral ligand we chose a simplified
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Figure 8. Transition structure for the direct carbene insertion (16)
(some hydrogen atoms have been omitted for clarity).

Figure 9. Nonassisted (17) and olefin-assisted (18) catalyst-product
complexes (some hydrogen atoms have been omitted for clarity).
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bis(oxazoline) structure, namely 2,2′-methylenebis[(4S)-methyl-
2-oxazoline]. The corresponding Cu(I)-carbene complex (20)
was calculated at the B3LYP/6-31G(d) theoretical level, and
the resulting lowest energy structure is shown in Figure 10.

The structural parameters of the bis(oxazoline)-Cu(I)-
carbene complex (20) are very similar to those calculated for
the nonchiral model11. The main structural featuressnamely
the axial deviation of the copper-carbenoid carbon bond and
the twisted disposition of the ester group with regard to the
copper-carbon bondsare also present in complex20 and the
bond lengths and angles are very close to those calculated for
complex11.

The transition structures corresponding to the direct carbene
insertion into the double bond of the ethylene molecule were
located and properly characterized. Given the presence of a
chiral ligand, there are two possible diastereomeric transition
structures that arise from the approach of the olefin molecule
to the two alternativeRe (21) and Si (22) faces of the plane
defined by the CudC-C arrangement. Each approach leads to
different configurations at C1 of the cyclopropane ring. The
two transition structures are shown in Figure 11 and Figure S1
(Supporting Information).

From the structural viewpoint, both TS correspond to a
concerted and asynchronous reaction path, and both are
somewhat later than16, as indicated by the shorter carbon-
carbon bond forming distances. The rest of the geometrical
features of the two TS are otherwise very similar. In the case
of TS 22, a short distance (2.287 Å) is found between the
carbonyl oxygen atom and one of the hydrogen atoms of the
bis(oxazoline). This steric interaction is partially relieved by
opening the N-Cu-C bond angle (from 120.0° in 21 to 126.4°
in 22), lengthening the Cu-N bonds (from 1.942 and 1.956 to
1.954 and 1.966 Å on changing from21 to 22), and twisting
the ester group with regard to the Cu-C bond (from 69.8° to
87.2° on changing from21 to 22).

The calculated free energies of activation are 11.5 and 14.1
kcal mol-1 for 21and22, respectively, which are slightly higher
than the corresponding activation barrier calculated for the
nonchiral model (9.8 kcal mol-1). As far as the enantioselectivity
is concerned, TS21 is favored over22by 2.6 kcal mol-1. These
results are in qualitative agreement with the stereochemistry of
the major products obtained experimentally in the reaction of
styrene with ethyl diazoacetate, catalyzed by related 2,2′-
isopropylidenebis[(4S)-alkyl-2-oxazolines].10-12 To obtain more
reliable energy values, single-point energy calculations were
carried out at the B3LYP/6-311+G(2d,p) level using the

B3LYP/6-31G(d) geometries. By using the zero-point energy
and thermal corrections calculated at the B3LYP/6-31G(d) level,
the energy difference between the two TS drops to 1.9 kcal
mol-1. This value, although still large, is closer to that expected
for a chiral ligand with low stereodiscrimination.

Solvent effects were also considered by means of continuum
model calculations. On passing from a vacuum to a dichlo-
romethane solution, the free energy activation barriers change
to 13.3 and 15.3 kcal mol-1, i.e. a slight increase in the activation
barriers is caused by solvation. This is undoubtedly due to the
greater solvation energy of the carbene complex20 in com-
parison to the TS, in which the positive charge is more
delocalized. From the enantioselectivity viewpoint, it can be
seen that22 is slightly more solvated than21 (by 0.6 kcal
mol-1). Thus, by combining the single-point energy, frequency,
and solvation energy calculations, we estimate an energy
difference between21and22of only 1.3 kcal mol-1. This result
is in better agreement with the experimental values found for
related systems.10-12

The structural and energy data for these transition structures
allow us to propose an asymmetric induction model for the
cyclopropanation reaction (Scheme 3), which has many common
points with that formulated by Pfaltz.4,16 It must be emphasized,
however, that the latter model was not based on any direct
experimental or theoretical evidence, but only on the assumption
of a direct carbene insertion. In contrast, other authors have
explained the stereoselectivity of the reactions by assuming a
two-step mechanism, although in these cases there is also a lack
of direct evidence.8,24

Figure 10. Catalyst-carbene complex for the chiral reaction model
(20).

Figure 11. Transition structures of the cyclopropanation step for the
ethylene attack toRe (21) and Si (22) faces of the chiral catalyst-
carbene complex.
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The reaction model allows us to account for the major
enantiomers found in the cyclopropanation reactions catalyzed
by common Cu(I) catalysts. The high face-discriminating ability
of the substituents situated on the chelate structure is attributed
to the steric repulsion with the alkoxycarbonyl group in the
transition state. An interpretation of this interaction was
described by Pfaltz in terms of an advanced degree of pyrami-
dalization of the carbenoid carbon in the transition state.4

However, given the reactant-like nature of the transition
structure, this proposal cannot totally account for the high
enantioselectivities usually found in this kind of reaction.
Instead, our results indicate that the noticeable interaction
between the alkoxycarbonyl group and the chelate substituent
is essentially due to the deviation of the copper-carbenoid
carbon bond relative to the symmetry axis of the naked catalyst.

The absolute configuration of C2 and, as a consequence, the
cisvs transstereochemistry of the cycle are determined in each
case by the mutual steric repulsion between the alkoxycarbonyl
group and the substituents bonded to the prochiral carbon of
the olefin. This kind of selectivity clearly cannot be studied
with the precedent chiral model because of the absence of
substituents on the ethylene molecule. To investigate thecis/
trans selectivity, we considered a somewhat more complex
model in which ethylene was replaced by propene. In principle,
the consideration of a substituted double bond leads to eight
possible transition structures. However, due to steric interactions
with the chiral ligand, it is reasonable to suppose that the
approach of the propene molecule will always occur with the

methyl group far away from the bis(oxazoline). This assumption
reduces the possibilities to four, namely theRe-cis, theSi-cis,
the Re-trans, and theSi-trans, represented in Scheme 3. The
corresponding transition structures are denoted as23-26,
respectively.

All of the transition structures apart fromRe-trans(25) could
be located and properly characterized at the B3LYP/6-31G(d)
theoretical level. Some of the structural features of these TS
are shown in Figure 12 and Figure S2 (Supporting Information).
In the case of TS25, none of the strategies used to converge to
a transition structure resulted in success. The most probable
explanation for this result is the extremely flat potential energy
surface (PES) around this stationary point, resulting from the
greater reactivity of propene in comparison to ethylene (see
below). However, an extensive computational search allowed
us to locate a structure that, though not properly converged since
the small eigenvalues of the Hessian matrix lead to high
displacement values, has essentially zero forces, and is in the
correct curvature zone of the PES (one and only one imaginary
frequency, corresponding to the C-C bond formation). Fol-
lowing the suggestion of one referee, we include the structure
and energy of this structure (25) for the sake of a more clear
explanation. In the other three cases (23, 24, and26), the steric
interactions, either intra- or intermolecular, result in a more
clearly defined maximum energy in the direction of the reaction
coordinate, and hence to an easier convergence to a transition
structure.

From the structural viewpoint, the three located TS and
structure25 show great similarities with21 and22. The most
marked differences are found in the longer carbon-carbon bond
forming distances, which indicate the more pronounced steric
effect of propene over ethylene. The “cis” TS (23and24) show
a greater asynchronicity with regard to the “trans” TS (25 and
26) and to the TS of the ethylene reaction (21 and22) (∆dC-C

) 0.374 and 0.339 Å against 0.289, 0.261, 0.225, and 0.237 Å,
respectively), which clearly indicates steric repulsion between
the methyl group of propene and the ester group of the carbene
complex.

In the cases of theRe attack of the propene (24 and 26),
there are clear steric interactions between the carbonyl oxygen
atom and one of the hydrogen atoms of the bis(oxazoline) ligand.
As in the case of ethylene, this steric interaction is partially

Scheme 3.Asymmetric Induction Model for
Enantioselective Cu Complex Catalysts

Figure 12. Transition structures of the cyclopropanation step for the propene attack to the catalyst-carbene complex through theRe-cis(23),
Si-cis (24), Re-trans(25), andSi-trans(26) approaches.
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relieved by opening the N-Cu-C bond angle and, above all,
twisting the ester group with respect to the Cu-C bond (Figure
12).

As a referee noted, there is a connection between the origin
of the enantioselectivity in these systems and the mechanism
of stereoselectivity in the olefin polymerization, catalyzed by
C2-symmetric group IV metallocenes.54 In both cases, the steric
interaction of the metal-coordinated reactive with the chiral
ligand is determinant for the stereochemistry of the products.

The calculated free energies of activation for23, 24, 25
(estimated), and26at the B3LYP/6-31G(d) level are 10.5, 12.4,
9.8, and 11.0 kcal mol-1, respectively. These values indicate
that propene is more reactive than ethylene for the carbene
insertion, as one would expect on the basis of electronic
considerations. In this case, the single-point B3LYP/6-311+G-
(2d,p) energy values do not significantly alter the relative
stability of the TS, and the corresponding free energy barriers
change to 10.6, 12.1, 10.0, and 11.1 kcal mol-1, respectively.
The inclusion of the solvation energy, calculated at the IPCM
B3LYP/6-31G(d) level, changes the activation barriers to 12,5,
13.4, 11.3, and 12.2 kcal mol-1, respectively. Therefore, it can
be seen that the relative energy ordering of the different
transition structures is in perfect qualitative agreement with the
stereochemistry of the cyclopropane products obtained experi-
mentally in the copper-catalyzed reactions of styrene with ethyl
diazoacetate, using related bis(oxazoline) ligands.10-12 By
comparing the energies of23 and 25, or 24 and 26, we can
estimate thecis/transselectivity. The combination of B3LYP/
6-311+G(2d,p) single-point energies, B3LYP/6-31G(d) zero-
point and thermal energy corrections, and solvation energies
(in dichloromethane) leads to an energy difference between the
two TS of 1.2 kcal mol-1. This value is in satisfactory agreement
with the 0.5-0.7 kcal mol-1 obtained for the reactions catalyzed
by the 2,2′-isopropylidenenebis[(4S)-alkyl-2-oxazoline]-Cu(I)
complexes.10-12

Comparison of the energies of23 and24 or 25 and26 leads
to an estimate of the enantioselectivity in thecis and trans
cyclopropanes, respectively. The combination of B3LYP/6-
311+G(2d,p) single-point energies, B3LYP/6-31G(d) zero-point
and thermal energy corrections, and solvation energies (in
dichloromethane) gives an energy difference between the two
TS of 1.1 and 0.9 kcal mol-1, for the cis and trans couples,
respectively. These values appear very reasonable when com-
pared with the 1.7 kcal mol-1 obtained for the reaction of styrene
with ethyl diazoacetate catalyzed by the 2,2′-isopropylidenenebis-
[(4S)-tert-butyl-2-oxazoline]-Cu(I) complex,12 which contains
a much more stereodiscriminating chiral ligand.

Therefore, the results obtained with these models confirm
the origin of the stereoselectivity proposed in the Pfaltz model,
and provide a solid basis to investigate related catalytic systems.
In particular, they will help to perform hybrid QM/MM
calculations on models which include most of the structural
features of the real catalytic systems. These kinds of calculations
are ongoing and the results will be reported in due course.

Conclusions
DFT calculations predict the existence of a reaction mech-

anism that is consistent with experimental data obtained for

related systems. Under the reaction conditions most of the
catalyst is coordinated with one olefin molecule. Thus, the 1:1
catalyst-ethylene complex is considered as the starting species
for a catalytic cycle. Ethylene can be replaced by the diazo ester
through an associative displacement. The catalyst-diazo com-
pound complex thus formed presents a metal-carbon bond, in
agreement with the behavior of Cu(I) as a soft Lewis acid. This
species can extrude nitrogen to yield a metal-carbene complex
and this process is the rate-limiting step.

The copper atom of the carbene complex has a distorted
trigonal coordination, the metal-carbon bond being moved
away from the symmetry axis of the catalyst ligand. Calculations
indicate that a direct carbene insertion is favored over a stepwise
process in the step that controls the stereoselectivity.

The formation of the catalyst-product complex is greatly
favored for the cyclopropanation step. The regeneration of the
catalyst-ethylene complex takes place through an associative
displacement. The endergonic step of decoordination of the
cyclopropane product is probably due to the use of a simple
system to model the experimental cyclopropanation reactions.

The possibility of dissociative mechanisms for the ligand
exchange in two steps of the catalytic cycle has been considered,
although calculations show that these pathways are clearly
disfavored. The possibility of an olefin-assisted pathway has
also been considered for the formation of the metal-carbene
complex and the cyclopropanation steps, although calculations
again indicate that these mechanisms are disfavored.

The origin of the stereoselectivity in the carbene insertion
step has been investigated through DFT calculations on chiral
bis(oxazoline)-Cu(I) system models. The steric interaction
between the ester group and one of the substituents of the bis-
(oxazoline) ligand is in the origin of the enantioselectivity. This
steric interaction is enhanced by the axial deviation of the Cud
C carbene bond with regard to the complex. On the other hand,
the cis/transselectivity in the final cyclopropanes is governed
by the steric interaction between the carbene ester group and
the substituents on the olefinic double bond.

In summary, a thorough examination of the free energy
surface of the model reaction studied has allowed the elucidation
of the key steps in the mechanism of copper-catalyzed cyclo-
propanation reactions. This information provides new insights
into the origin of the stereoselectivities observed, which should
allow the design of more efficient catalytic systems.
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