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Introduction

Cyclopropane derivatives are an important family of chemi-
cal compounds because of their interesting biological prop-
erties[1] as well as their use as starting materials and inter-
mediates in organic synthesis.[2] Great efforts have therefore
been made to develop efficient diastereo- and enantioselec-
tive methods for the synthesis of cyclopropanes.[3] A particu-
larly versatile method is metal-catalyzed cyclopropanation
of olefins with diazo compounds, for which various efficient
homogeneous catalysts have been developed.

The use of catalysts based on copper is particularly attrac-
tive because of their high efficiency in asymmetric cyclopro-
panation reactions[4] and their relatively low cost in compari-
son with other metal derivatives, such as catalysts based on
rhodium[5] or ruthenium.[6] Various chiral ligands have been
described for the enantioselective versions of the cyclopro-
panation reaction, including salicylaldimines,[7] salicylaldehy-
de±amino acid derivatives,[8] and semicorrins.[9] The best re-
sults have been obtained with bis(oxazolines)–described in-
dependently by Evans and co-workers[10] and Masamune
and co-workers[11]–which can lead to almost complete
enantioselectivity (up to 99%ee) when their complexes with
CuI or CuII are used in cyclopropanation reactions. Good
performance of chiral bis(oxazolines) as ligands for asym-
metric cyclopropanation, as well as for other Lewis acid cat-
alyzed reactions, has resulted in the recent commercial
availability of some of them.

For large-scale applications, the ease of use and facile re-
covery of the chiral catalysts have become important fac-
tors; several studies have focused on the immobilization of
chiral Cu complexes for catalytic cyclopropanation reac-
tions.[12] However, in both the homogeneous[10,13] and hetero-
geneous[14] phases, a dramatic dependence of the stereose-
lectivity on factors such as the solvent and the counterion
has been described. For instance, Evans et al. have report-
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Abstract: The effect of a coordinating
counteranion on the mechanism of
CuI-catalyzed cyclopropanation has
been investigated extensively for a
medium-sized reaction model by
means of theoretical calculations at the
B3LYP/6-31G(d) level. The main
mechanistic features are similar to
those found for the cationic (without a
counteranion) mechanism, the rate-lim-
iting step being nitrogen extrusion
from a catalyst±diazoester complex to
generate a copper±carbene intermedi-
ate. The cyclopropanation step takes
place through a direct carbene inser-

tion of the metal±carbene species to
yield a catalyst±product complex,
which can finally regenerate the start-
ing complex. However, the presence of
the counteranion has a noticeable in-
fluence on the calculated geometries of
all the intermediates and transition
structures. Furthermore, the existence
of a preequilibrium with a dimeric

form of the catalyst, together with a
higher activation barrier in the inser-
tion step, explains the lower yield of
cyclopropane products observed exper-
imentally in the presence of chloride
counterion. The stereochemical predic-
tions of a more realistic model (made
by considering a chiral bis(oxazoline)±
copper(i) catalyst) have been rational-
ized in terms of the lack of significant
steric repulsions, and the model shows
good agreement with the low enantio-
selectivities observed experimentally
for these kinds of catalytic systems.
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ed[10] that the use of halides, cyanide, acetate, or perchlorate
counteranions leads to a decreasing or even a total loss of
catalytic activity, and to a noticeable decrease in enantiose-
lectivity. In particular, when the counteranion is changed
from triflate to chloride, the enantioselectivity of the cyclo-
propanation reaction of styrene with ethyl diazoacetate, cat-
alyzed by the 2,2’-isopropylidenenebis[(4S)-tert-butyl-2-oxa-
zoline]±copper(i) complex in dichloromethane, drops from
94 to 3% ee for the trans-cyclopropanes, and from 92 to
8% ee for cis-cyclopropanes.[13] The origin of this behavior
still remains unclear.

Several thorough theoretical studies[15±17] concerning the
mechanism of the copper-catalyzed cyclopropanation reac-
tions of diazo compounds have been published recently. We
present here a theoretical study dealing with the effect of
the counterion of the catalytic complex on the mechanism
of the cyclopropanation reaction and its consequences for
the enantioselectivity.

Results and Discussion

Computational methods : In our previous work,[15] a relative-
ly simple nonchiral model of the catalytic complex, namely
the N,N’-dimethyl malonaldiimine±copper(i) cation (1)
(Scheme 1), was used to explore the potential energy surface

thoroughly by considering different reaction pathways. Such
a model is positively charged due to the well-known weak
coordinating ability of the triflate counteranion in solu-
tion.[18] The effect of a strong coordinating counteranion has
been taken into account by using the same model, but with
a chloride anion linked to the copper center (1Cl) so that
the resulting system is neutral (Scheme 1). The model reac-
tion chosen was the cyclopropanation of ethylene (2) with
methyl diazoacetate (3) (Scheme 1). We have taken the pos-
sibility of different conformations into account for all struc-
tures, although we center our discussion of the results on
the most stable form in each case.

All calculations were performed by means of the B3LYP
hybrid functional[19] because this technique has performed
satisfactorily in the chemistry of transition metals[20] and, in
particular, in our previous work.[15] Full optimizations using
the 6-31G(d) basis set for all the atoms were carried out
using the Gaussian 98 package.[21] BSSE corrections were
not considered for this work.

Analytical frequencies were calculated at the B3LYP/6-
31G(d) level and the nature of the stationary points was de-
termined in each case according to the appropriate number
of negative eigenvalues in the Hessian matrix. Scaled fre-
quencies were not considered since significant errors on the
calculated thermodynamic properties are not found at this
theoretical level.[22]

In selected cases, single-point energy calculations were
carried out with the extended triple zeta split-valence 6-
311++G(2d,p) basis set. Solvent effects were also taken
into account in selected cases by the IPCM method,[23] as
implemented in Gaussian 98. The dielectric permittivity of
dichloromethane (e = 8.93) was used, with an isodensity
cut-off value of 0.0001.

Unless otherwise stated, only Gibbs free energies are
used in the discussion of the relative stabilities of the chemi-
cal structures considered. Relative free energies (including
thermal corrections at 25 8C) of the structures considered
for the nonchiral model are shown in Table 1. Hard data on
electronic energies, entropies, Gibbs free energies, and
lowest frequencies of the different conformations of all the
structures considered are available as Supporting Informa-
tion.

Formation of the copper±carbene complex : Figure 1 shows
the calculated structures for the initial complex 1Cl, togeth-

Scheme 1. Model Cu-catalyzed cyclopropanation reaction.

Table 1. Numbering and relative Gibbs free energies [kcalmol�1] of the
different nonchiral structures considered in this work.

Structure DDG[a] DDGPCM
[b]

2 0.0 0.0
3 0.0 0.0
4 0.0 0.0
1Cl 6.6 6.8
(1Cl)2 �10.8 �2.0
5Cl 0.0 0.0
6Cl 8.8 10.7
7Cl 20.7 23.3
8Cl �2.6 0.0
9Cl 10.2 13.1
10Cl �30.0 ±
11Cl �24.8 ±
12 �51.9 �51.2
13Cl 0.4 3.4
14Cl �13.1 �10.2

[a] Calculated at the B3LYP/6-31G(d) theoretical level (298 K). [b] Cal-
culated at the IPCM/B3LYP/6-31G(d)//B3LYP6-31G(d) theoretical level,
using the B3LYP/6-31G(d) frequencies (298 K).

Figure 1. Structures of the catalyst without (1) and with (1Cl) the chlo-
ride counterion. Distances in all figures are in ä.
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er with the structure of the corresponding cationic species[15]

for comparison.
The cationic species is fully planar, whereas the neutral

complex 1Cl exhibits a boat conformation. The Cu atom
presents a trigonal-planar coordination, but the Cu�Cl bond
deviates considerably from the central axis of the chelate
complex, with unequal N-Cu-Cl bond angles of 114.58 and
146.88. As a consequence, the whole complex is asymmetric
and, for instance, the N�Cu coordination bonds are 1.879
and 1.977 ä, respectively, for the bonds anti and syn to the
chlorine atom. Both bonds are longer than those calculated
for the cationic complex 1, which indicates a weaker coordi-
nation of the diimine ligand to the Cu center. This is un-
doubtedly attributable to the presence of a more electron-
deficient Cu center in 1.

Since the Cu atom bears a chlorine ligand, fewer possible
intermediate and transition structures are expected to exist
than positively charged species, which have an additional co-
ordinative vacancy. Indeed, intermediate complexes with
two reactive molecules simultaneously coordinated to the
Cu center were not localized in any case. However, a dimer-
ic structure of 1Cl, denoted as (1Cl)2, could be located and
characterized as a minimum. The structure of this dimer is
shown in Figure 2, along with those of intermediate com-
plexes bearing another coordinated reactive molecule (5Cl

and 6Cl) together with their cationic counterparts.[15] The
formation of dimeric species through di-m-X bridges (where
X is the anion) would be specially suitable when X = Cl� ,
but much more difficult, and even impossible, in the case of
other anions such as perchlorate or cyanide. Consequently, a
general mechanistic explanation of the counteranion effect
in the reaction should not be based entirely on the forma-
tion of dimeric species (see below).

The presence of the chloride counterion introduces
marked changes in the molecular structures of these inter-
mediates. For example, whereas complex 5 presents a
square-planar coordination, complex 5Cl is pyramidal. Fur-
thermore, similarly to the parent complexes 1 and 1Cl, the
diimine±Cu complex is fully planar for 5, whereas it adopts
a boatlike conformation for 5Cl. Similar characteristics can
be highlighted for complexes 6 and 6Cl. In these cases, the
coordination geometry changes from distorted trigonal
planar (6) to tetrahedral (6Cl) when the coordination of the
counterion is taken into account. In all cases, the coordina-
tion bonds of both the diimine ligand (N�Cu bonds) and the
reactives (C�Cu bonds) are significantly longer in the neu-
tral complexes than in their cationic counterparts, a situation
that indicates greater electron demand in the latter. Accord-
ingly, the Cl�Cu bond is also longer in these intermediates,
due to the electron donation of the reactives. The greater
bond length of 2.438 ä found for 5Cl, which indicates
strong p donation due to the ethylene ligand, is noteworthy.

The first transition structure (TS) found on the reaction
coordinate corresponds to dinitrogen extrusion from com-
plex 6Cl. Some geometrical features of this TS (7Cl) are
presented in Figure 3. The differences found for the com-

plexes described previously, that is, ring conformation and
coordination bond lengths, are also observed for the cationic
counterpart 7. Dinitrogen dissociation results in strengthen-
ing of the Ca�Cu bond in the intermediate complex 6Cl, as
illustrated by the reduction in the corresponding bond
length from 2.108 to 1.870 ä. At the same time, this situa-
tion leads to a weakening of one of the N�Cu bonds and
the Cl�Cu bond, as shown by the increase in the corre-
sponding bond lengths (from 1.999 to 2.056 ä for N�Cu,
and from 2.266 to 2.376 ä for Cl�Cu).

Figure 2. Structures of the 1Cl dimer, (1Cl)2, and the intermediate com-
plexes with an ethylene (5 and 5Cl) or a diazo ester molecule (6 and
6Cl) coordinated to the Cu center. Some hydrogen atoms have been
omitted for clarity.

Figure 3. Structures of the transition structures for dinitrogen extrusion
with (7Cl) and without (7) the chloride counterion. Some hydrogen
atoms have been omitted for clarity.
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The extrusion of dinitrogen is followed by formation of
the the Cu±carbene complex. The key importance of this in-
termediate has recently been shown both theoretically[15,17]

and experimentally.[24] The calculated structure for this com-
plex (8Cl) is shown in Figure 4. Apart from the boatlike

conformation of the chelate complex, a major difference is
observed between complexes 8 and 8Cl in the spatial dispo-
sition of the ester group relative to the complex. For the cat-
ionic complex 8, the carbene-carbon±Cu bond is almost per-
pendicular to the plane of Cu±diimine complex and it is also
perpendicular to the plane of the ester group. This situation
can be attributed to the strong electrophilic character of this
carbene-carbon atom, which avoids coplanarity with elec-
tron-withdrawing groups. The geometry of the carbene-
carbon atom indicates sp2 hybridization, which causes a very
small deviation from coplanarity (0.11 ä).

In 8Cl, however, the carbene-carbon atom is more nearly
coplanar with both the plane of Cu±diimine complex and
that of the ester group. Furthermore, this carbon atom is
somewhat more pyramidalized, with a deviation of 0.23 ä
from planarity.

The N�Cu bonds are longer in 8Cl than in 8, analogously
to the calculated structures already mentioned. This indi-
cates that the coordination of the diimine ligand to the Cu
center is weaker, because of the presence of the chloride
counterion. This raises the question of whether the diimine
ligand in 8Cl could be dissociated to a significant extent;
this would have important implications for the stereoselec-
tivity in the case of a chiral ligand. To answer this question,
the equilibrium represented by Equation (1) was calculated

Cl�Cu¼CHCOOMe þ diimine Ð 8Cl ð1Þ

(full results are available in the Supporting Information).
The formation of 8Cl is favored by 19.1 kcalmol�1 in terms
of Gibbs free energy; this increases to 20.7 kcalmol�1 when
solvent effects are taken into account. Another possible
mechanism through which nonchiral catalytic species could
be formed is the formation of a dimeric (Cl�Cu=
CHCOOMe)2 species through two di-m-Cl bridges, by the

equilibrium in Equation (2). However, the formation of this

2 8Cl Ð 2 diimine þ ðCl�Cu¼CHCOOMeÞ2 ð2Þ

species is disfavored in terms of Gibbs free energy by
17.7 kcalmol�1, which increases to 24.5 kcalmol�1 when sol-
vent effects are taken into account. We therefore rule out
the possibility of a significant contribution by noncoordinat-
ed Cu species to the reaction pathway.

The geometrical differences between the key 8Cl inter-
mediate and 8 have important consequences for the shape
and orientation of the corresponding LUMO (Figure 5). For

example, for 8 the main LUMO lobe is centered on the car-
bene-carbon atom and it points in a direction that is copla-
nar with the Cu±diimine plane. In 8Cl, however, slight con-
jugation between the carbene and the carboxyl carbon
atoms is observed, and the main LUMO lobe points in a di-
rection perpendicular to the Cu±diimine plane. Both situa-
tions should have important implications for the geometry
of the transition states for the insertion of the carbene into
the alkene double bond (see below).

Formation of the cyclopropane products : We established
previously[15] that the direct insertion of the carbene into the
alkene double bond is favored over the metallacyclobutane
pathway. Both reaction pathways were also investigated in
the presence of the chloride counteranion. Figure 6 shows
the transition structures for the direct insertion for both the
cationic (9) and the neutral (9Cl) pathways.

Two main features distinguish between the two transition
structures. First, for 9 the ethylene approaches in the plane
of the complex, whereas for 9Cl it approaches from a direc-
tion close to that of the Cu�Cl bond (the dihedral angle be-
tween the middle of the ethylene double bond, the carbene-
carbon atom and the Cu�Cl bond is approximately 308).
These directions of approach are in agreement with the cal-
culated geometries of the Cu±carbene LUMOs (Figure 5).
However, when we tested other directions of approach for
9Cl, particularly those in which the groups are rotated so

Figure 4. Structures of the Cu±carbene units with (8Cl) and without (8)
the chloride counterion. Some hydrogen atoms have been omitted for
clarity.

Figure 5. Isocontour plots (0.005 a.u.) of the LUMO of the Cu±carbene
complexes 8 and 8Cl, calculated at the B3LYP/6-31G(d) theoretical
level.
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that the Cu�Cl bond is opposite the carbene insertion, we
were unable to obtain converged structures for any of the
corresponding TS. Second, the degree of asynchronicity is
greater in 9Cl than in 9.

The second possible reaction pathway involves the forma-
tion of a cupracyclobutane intermediate with subsequent
evolution to the cyclopropane product. However, although
such an intermediate could be located in the potential
energy surface (Figure 7), extensive searches failed to reveal

a transition structure connecting the Cu±carbene complex
8Cl with the cupracyclobutane 10Cl. Systematic energy
scans led to a continuous energy rise as the ethylene mole-
cule approached 8Cl with its carbon atoms pointing to the
Cu and the carbene carbon atoms, respectively. However, a
transition structure (11Cl) was found that corresponds to
the transformation of 10Cl into the cyclopropane product
(12). Therefore it can be concluded that, in the presence of
a strong coordinating counteranion, the only reaction path-
way available is the direct, concerted insertion of the car-
bene into the double bond–with the hypothetical existence
of a cupracyclobutane representing a dead end in the reac-
tion coordinate.

The presence of the chloride counterion also has a
marked effect on the geometry of the cupracyclobutane in-
termediates. For example, whereas the cationic complex has

a square-planar geometry, the neutral complex displays a
trigonal-bipyramidal structure in which the cupracyclobu-
tane ring is perpendicular to the Cu±diimine plane.

A referee proposed a different mechanism, similar to that
described for the Simmons±Smith cyclopropanation.[25] The
first step of this mechanism would be the 1,2 migration of
the chlorine atom from Cu to the carbene carbon; in fact,
both the transition structure for this migration (13Cl) and
the resulting carbenoid complex (14Cl) could be located
and properly characterized (Figure 8).

However, an examination of the LUMO of the carbenoid
complex 14Cl revealed that this orbital does not possess the
correct symmetry to be involved in the reaction. Indeed,
only the LUMO+3 (more than 2 eV higher in energy than
the LUMO) has a significant orbital lobe centered on the
carbenoid carbon. This seems to indicate that this species
has a low reactivity towards the insertion into the double
bond of an olefin. After extensive searches, we were unable
to locate either a transition structure similar to those in-
volved in the Simmons±Smith cyclopropanation reactions, or
a four-center transition structure involving the Cu atom.
Therefore, we conclude that these kinds of carbenoid spe-
cies do not contribute to the reaction mechanism in the Cu-
catalyzed reactions.

Energy considerations : The relative free energies of the
structures shown in the energy diagram (Figure 9) take into
account the evolution of the system composition according
to the different molecules entering or leaving the system.
The catalytic intermediate 5Cl, ethylene (2), methyl diazoa-
cetate (3), and dinitrogen (4) have been chosen arbitrarily
as reference points for the calculation of relative free ener-
gies (Table 1).

In both cases the formation of the Cu±carbene complex is
the rate-determining step, a situation in agreement with the
experimental observations in related systems,[26] since it has
the highest activation barrier over the whole reaction coor-
dinate. However, the reaction pathway is somewhat differ-
ent for the neutral and the cationic complexes. The high rel-
ative energy of complex 1 prevents a dissociative mechanism
for the transition from 5 to 6.[15] For the neutral pathway,
the presence of the chloride prevents an associative ligand
mechanism, but the relative energy of 1Cl allows the disso-
ciative mechanism for the transition from 5Cl to 6Cl. If we
calculate the activation barrier for this step from 5Cl, the

Figure 6. Transition structures for the direct insertion of the carbene into
the ethylene double bond, with (9Cl) and without (9) the chloride coun-
terion. Some hydrogen atoms have been omitted for clarity.

Figure 7. Structures of the cupracyclobutane intermediates with (10Cl)
and without (10) the chloride counterion. Some hydrogen atoms have
been omitted for clarity.

Figure 8. Transition structure for the 1,2 chlorine shift from Cu to the car-
bene carbon of 10Cl (13Cl) and structure of the resulting carbenoid com-
plex (14Cl).
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value obtained (approximately 21 kcalmol�1) is very similar
in both cationic and neutral pathways. Given that stronger
solvent effects should be expected for the cationic species,
we estimated the solvation energies of the principal species
involved in this step by some single-point calculations
(Table 1). Somewhat surprisingly, the activation barriers are
only slightly modified, even in the case of the cationic com-
plexes. This indicates the existence of only a small differen-
tial solvation between the transition structures and the reac-
tives. Thus, the activation barrier of the cationic pathway in-
creases from 21.1 (gas phase) to 25.0 kcalmol�1 (dichlorome-
thane), whereas for the neutral pathway the increase is
somewhat lower, from 20.7 (gas phase) to 23.3 kcalmol�1

(dichloromethane). Therefore the significant decrease in the
yield of cyclopropane products observed with coordinating
counteranions such as chloride, in comparison with triflate
and other weakly coordinating counteranions,[13] does not
seem to be due to a direct influence of the counteranion on
the activation barrier of the rate-determining step.

However, the presence of a chlorine atom allows other
possibilities that should be examined; the dimerization of
1Cl, as previously mentioned, is the most feasible. The cal-
culated free energy of formation of (1Cl)2 from 1Cl is
�10.8 kcalmol�1 in the gas phase, and decreases to
�2.0 kcalmol�1 when solvent effects are taken into account.
This indicates that a preequilibrium [Eq. (3)] is feasible,

2 1Cl Ð ð1ClÞ2 ð3Þ

and therefore the activation barrier for the N2 extrusion
should be calculated from (1Cl)2 and not from 5Cl
(Figure 9), leading to a value of approximately 32 kcalmol�1

in the gas phase, and of 23.2 kcalmol�1 when solvation ener-
gies are included. This circumstance would result in a de-
crease in the apparent rate kinetic constant. However, as
stated above, this situation will hold only with counteranions
able to give such dimeric species. Another possible, and

probably more general, mecha-
nism for the observed decrease in
yield is the easier formation of
by-products (see below).

The activation barrier for the
insertion step is 9.8 kcalmol�1 on
the cationic pathway, whereas it
increases to 12.8 kcalmol�1 for
the neutral pathway. However, in
the latter case solvent effects have
a leveling effect on the barriers
and, when differential solvation
energies are taken into account,
the corresponding activation ener-
gies change to 12.0 and 13.1 kcal -
mol�1, respectively. The higher
barrier in the case of the neutral
pathway would favor the forma-
tion of by-products such as male-
ates or fumarates, or even the pyr-
azolines derived from the 1,3 di-
polar cycloaddition between the

diazo ester and these products.[13] All of these processes
would result in a lower styrene conversion, which is in
agreement with experimental observations.[13]

All the reaction pathways show almost parallel develop-
ment across most of the reaction coordinate. Therefore, al-
though the chloride counterion significantly influences the
structures of the intermediates and the transition structures,
the reaction mechanism remains essentially unchanged with
respect to the cationic pathway (which represents the situa-
tion with a weakly coordinating counteranion). The activa-
tion energies of the principal steps are also similar, irrespec-
tive of the presence or absence of a counterion.

Extension to a chiral model : To pursue our interest in the
effect of the counterion on the enantioselectivity, we extend-
ed the theoretical study to include a chiral model. As the
chiral ligand we chose the simplified bis(oxazoline) structure
used previously,[15] namely 2,2’-methylenebis[(4S)-methyl-2-
oxazoline]. The presence of the chloride counteranion to-
gether with a chiral ligand led to different possible CuI±car-
bene complexes, which were calculated at the B3LYP/6-
31G(d) theoretical level. The optimized structure of the re-
sulting minimum-energy structure is shown in Figure 10.

The Cu±carbene complex 15Cl displays most of the fea-
tures already described for the nonchiral complex 8Cl. This
complex has a boatlike conformation in the Cu±diimine
complex and a tetrahedral Cu center; in addition, the dispo-
sition of the carbene carbon is more coplanar with regard to
both the Cu±diimine complex and the ester group–unlike
the situation in cationic complex 15. As a consequence, the
main lobe of the LUMO will point in a direction perpendic-
ular to the principal plane of the complex.

The complexation free energy of the equilibrium repre-
sented by Equation (4) was calculated, similarly to that al-

Cl�Cu¼CHCOOMe þ bisðoxazolineÞ Ð 15Cl ð4Þ

Figure 9. Free-energy diagram for a catalytic cycle of the cationic (c) and the neutral (g) complexes.
Energy values are in kcalmol�1.
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ready described in the case of the nonchiral model. The for-
mation of the complex is favored by approximately 25 kcal -
mol�1 (28.6 kcalmol�1 if solvent effects are taken into ac-
count), which clearly rules out the possibility of a nonchiral
reaction pathway.

The transition structures corresponding to the approach
of ethylene at the Re (16Cl) and Si (17Cl) faces of the car-
bene carbon were also calculated at the same level. The re-
sulting geometries are shown in Figure 11.

The structures of 16Cl and 17Cl show only small differen-
ces from that calculated for the nonchiral model (9Cl).
Thus, whereas 17Cl is later than 9Cl, as indicated by the
shorter C�C bond-forming distances and the longer ethyl-
ene C�C bond length, 16Cl is earlier. When we consider the
direction of approach of ethylene, the dihedral angles be-
tween the middle of the ethylene double bond, the carbene-

carbon atom and the Cu�Cl bond are above and below that
calculated for 9Cl (16Cl : 208 ; 17Cl : approximately 408. In
comparison with the Cu±carbene intermediate 15Cl, the car-
bene-carbon atom appears twisted by about 1208, implying
that the ethylene approaches on the same side of the Cu�Cl
bond. Other properly converged structures could not be
found for these TS. Indeed, even when the starting struc-
tures had the approaching ethylene molecule on the oppo-
site side to the chlorine atom, the calculation converged to
structures 16Cl and 17Cl.

Further significant differences can be seen when the neu-
tral TS is compared with the cationic TS. For instance, the
two N�Cu bonds in the complexes are longer but more un-
symmetrical in the neutral complexes (16Cl and 16 : Dd =

0.247 and 0.014 ä; 17Cl and 17: Dd = 0.225 and 0.012 ä).
The Cu�Ccarbene bonds are also somewhat longer in the neu-
tral complexes.

There are also important structural differences that could
be crucial for the asymmetric induction. The main steric in-
teraction responsible for the enantioselection has been de-
termined[15,16] to be that between the carbonyl-oxygen atom
of the ester group and the substituent on one of the stereo-
genic carbon atoms of the bis(oxazolines), in agreement
with Pfaltz×s suggestion.[4] Indeed, a short distance (2.287 ä)
between these groups was calculated for the cationic com-
plexes, a fact that explains the instability of 17 relative to
16. For the neutral complex 17Cl, the distance calculated
between the same atoms is noticeably longer (2.660 ä). Fur-
thermore, there are no other significant close contacts in
either 16Cl or 17Cl. This fact should have important conse-
quences for the relative energies of the two TS.

At the B3LYP/6-31G(d) level, 16Cl is favored over 17Cl
by 0.7 kcalmol�1. This margin decreases to only 0.4 kcal -
mol�1 when a larger basis set (6-311++G(2d,p)) is consid-
ered. For comparison, the corresponding values found[15] for
16 and 17, are 2.6 and 1.9 kcalmol�1, respectively. The
energy results are therefore in agreement with the lack of
clear steric interactions that are able to distinguish the dia-
stereomeric TS in the case of the neutral pathway. Solvent
effects were also considered in this case and, when account
is additionally taken of differential solvation of the TS (by
means of IPCM/B3LYP/6-31G(d) single-point energy calcu-
lations), the calculated relative free energies of 16Cl and
17Cl increase to 0.8 kcalmol�1, a value still below the
1.3 kcalmol�1 calculated for 16 and 17.[15]

Conclusion

Theoretical calculations carried out on a simplified, nonchi-
ral model show that the presence of a coordinating counter-
anion has important consequences in the geometries of the
reaction intermediates and transition structures, but not in
the overall reaction mechanism or the main reaction path-
way. The rate-determining step is dinitrogen extrusion to
give the Cu±carbene intermediate complex. The cyclopro-
pane product is formed through the direct, concerted inser-
tion of the carbene-carbon atom into the alkene double
bond similarly to the mechanism reported for the cationic

Figure 10. Structures of the Cu±carbene intermediates with (15Cl) and
without (15) the chloride counterion. Some hydrogen atoms have been
omitted for clarity.

Figure 11. Transition structures of the cyclopropanation step for the
attack of ethylene at the Re (16 and 16Cl) and Si (17 and 17Cl) faces of
the chiral catalyst±carbene complex. Some hydrogen atoms have been
omitted for clarity.
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(without counteranion) pathway. The main effect of the
chloride counteranion is to reduce the chemoselectivity to-
wards cyclopropane products. This reduction occurs in favor
of carbene dimerization through a higher alkene insertion
activation barrier and also probably through a preequilibri-
um with a dimeric form of the catalyst precursor, which in
turn leads to a lower apparent kinetic rate constant.

Theoretical calculations on a chiral bis(oxazoline)±Cu
model in the presence of a coordinating counteranion pro-
vide an explanation for the dramatic decrease in enantiose-
lectivity observed experimentally when chloride, rather than
triflate, is used as the counterion. The diastereomeric transi-
tion structures for the carbene insertion lack any clear steric
interaction that is able to discriminate between the two pro-
chiral faces of the carbene-carbon atom. This situation is
due to the significant geometric changes induced by the
presence of the chloride anion and is very different from
that found for the cationic pathway. The calculated energy
values for the insertion step agree well with a lower enantio-
selectivity in the presence of a coordinating counteranion.

One interesting conclusion from these findings is that the
geometry of the chelate bis(oxazoline)±Cu complex (planar
for the cationic pathway and boatlike for the neutral path-
way) has a dramatic influence on the enantioselectivity of
the cyclopropanation reactions. Therefore, other factors that
are able to modify the geometry, like the substitution pat-
tern on the bis(oxazoline) ligand, should also influence the
stereochemical course of the reaction. Current theoretical
studies in this area will be reported in due course.
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