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The enantioselectivity in the reaction of [Cu(adam-box)-
(CHCO,;Me)] {adam-box = 2,2’-isopropylidenebis|[(4R)-(1-ad-
amantyl)-2-oxazoline]} with Ph,C=CH, was analyzed com-
putationally by ONIOM(B3LYP:UFF) calculations. The lack
of transition states in the potential-energy surface precludes
the use of conventional approaches and requires the defini-
tion of reaction paths in an approximate Gibbs free-energy
surface. The procedure is time consuming and intrinsically

less accurate than the usual approaches based on enthalpic
energy surfaces, but it produces results in reasonable agree-
ment with experiment, which furthermore allow identifica-
tion of the key interactions responsible for chiral discrimi-
nation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The cyclopropane ring is an important unit in organic
chemistry.'"# It is present in a number of relevant com-
pounds,>7 it produces unusual structures,® !9 and it is
part of many versatile synthetic intermediates.[!!-!?] Substi-
tuted cyclopropane rings are potentially chiral, and their
enantioselective synthesis has been the subject of intense
research in recent years.'3!8] The reaction of diazoalkanes
with olefins catalyzed by transition-metal complexes
(Scheme 1) is among the most used techniques for stereo-
selective preparation of cyclopropane species.
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Scheme 1. Cyclopropanation of olefins by copper catalysts.

The decomposition of the diazo species is catalyzed by
a variety of transition-metal complexes, but among them,
copper species with bis(oxazoline) ligands (Figure 1) have
been found to be particularly useful.l'” 2% Their widespread
use is associated with the ease with which C, enantiopure
ligands derived from malonic acid can be accessed.l>?-3% In
particular, some of us have been able to synthesize the 2,2'-

[a] Institute of Chemical Research of Catalonia (ICIQ),
Av. Paisos Catalans 16, 43007 Tarragona, Catalonia, Spain
Fax: +34-977-920-0231
E-mail: fmaseras@iciq.es

[b] Departament de Quimica, Edifici Cn, Universitat Autonoma de
Barcelona,
08193 Bellaterra, Catalonia, Spain

[i] Deceased: February 20, 2006.

5614

vvvvvvvvvvvvvvvvvvvvvv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

isopropylidenebis[(4 R)-(1-adamantyl)2-oxazoline] ~ ligand
(adam-box) ligand, with adamantyl substituents.>'-33 The
Cu[adam-box] complex performs excellently in cyclopro-
panation, Diels—Alder, and allylic oxidation processes.l*!l In
particular, the catalysis of the reaction of ethyl diazoacetate
(EDA) with 1,1-diphenylethylene accomplishes cyclopro-
panation with an enantiomeric excess of over 95%.
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Figure 1. [Cu{bis(oxazoline)}] C, complex.

Computational chemistry has been used extensively in re-
cent years for the clarification of reaction mechanisms in
homogeneous catalysis.l*¥l In particular, density functional
theory/molecular mechanics (DFT/MM) methods have
been successfully applied by us and others to a number of
enantio- and regioselective processes.*>~31 It seems thus ap-
propriate to apply this same approach to the study of the
origin of enantioselectivity in this particular system.

Previous computational studies on the cyclopropanation
reaction catalyzed by metal complexes have led to the char-
acterization of the general mechanism shown in
Scheme 2.4 In the first steps, the diazo derivative coor-
dinates to the metal center and diatomic nitrogen is ex-
truded, which results in a complex where the reactive car-
bene is coordinated to the copper center. The elimination
of dinitrogen is the rate-determining step of the overall pro-
cess. The carbene complex reacts then with the olefin to
form the cyclopropane ring. Afterwards, the reaction prod-
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uct remains weakly attached to the metal center through
the oxygen atom of a carbonyl group, and the final step is
dissociation of the product and regeneration of the catalyst.
The reaction between the carbene and the olefin is the step
where the enantioselectivity of the process is decided. All
bonds in the cyclopropane are formed here, and they are
not broken afterwards. Therefore, the configuration of the
product is defined at this point.
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Scheme 2. Proposed mechanism for the cyclopropanation reaction.

The origin of enantioselectivity can thus be analyzed
with a study of the particular step where the olefin binds to
the carbene. The topic has been indeed successfully ana-
lyzed in ruthenium complexes by Garcia and cowork-
ers*>461 in the usual terms of comparing the barriers for
the transition states leading to the R and S products. Unfor-
tunately, the topic is seriously complicated for copper spe-
cies by the absence of an enthalpic barrier to the process,
at least for some particular cases. The entropy control of
some carbene cycloadditions was already identified by
Houk and Rodan in 1984191 and has been further con-
firmed for the particular case of copper carbene species by
Norrby and coworkers in 2002.4%1 This poses a serious
problem to the analysis of enantioselectivity. The conven-
tional approach of computing the transition state in the po-
tential-energy surface is no longer valid, because there is a
smooth descent from the separated fragments to the prod-
uct where the cyclopropane is already formed. There is,
however, a barrier in free energy, and our goal in this paper
is to see if we can estimate it with simple computational
approaches to gain insight into the enantioselectivity of the
overall process.

Results and Discussion

Enthalpy Barrier versus Gibbs Free-Energy Barrier —
Synchronicity

The absence of a transition state in the potential-energy
surfacel*! invalidates the conventional approximations
based on the location of a transition state on the potential-
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energy surface and the estimation of its free energy from
single-point calculations on this structure. No analytic gra-
dients for Gibbs free energy are available in the usual com-
putational packages, and location of the transition state
thus has to be approached through numerical calculations
of a minimum energy path in the corresponding surface.
This approach requires careful selection of the least number
of coordinates that can describe the reaction advance so
that the dimension of the surface does not make the calcu-
lations unaffordable. In our case, only two coordinates suf-
fice: the distances from each of the carbon atoms of the
reacting olefin to the carbene, d, and d.

The surfaces for Gibbs free energy and potential energy
were studied in a model system to evaluate the synchron-
icity of the reaction. The model system consists of [Cu(NH-
CH-CH,-CH-NH)(CHCO,Me)] plus CH,=CH,. The axes
of the surface are x and y, and they are defined from the
distances d, and d, as x = (d, + d»)/2 and y = (d, — d»)/2.
The choice of x and y is based on chemical criteria. The x
variable, which is the average of the distances between the
olefinic carbon atoms and the carbene, carries the infor-
mation of the degree of advance of the reaction, whereas
the y coordinate reveals how similar these distances are,
that is, the synchronicity. Having small values of y for the
minimum energy path implies high synchronicity, that is,
both bonds are formed almost at once, whereas large values
of y imply that the formation of the bonds of the cyclopro-
pane is stepwise, that is, one is formed after the other.

The resulting potential-energy surface is shown in Fig-
ure 2. Its general shape confirms the previously documen-
ted absence of a transition state. There is a smooth descent
of energy from the separate reactants (large x) towards the
product (small x). From the point of view of synchronicity,
the path with y = 0 coincides with the minimum energy
path. This means that taking into account only the poten-
tial energy, the reaction will be synchronic. The free-energy
surface is presented in Figure 3. Here, the energy of most
of the surface is higher than that of the reactants; therefore,
there exists a transition state in the Gibbs free-energy sur-
face. For the model system used, the transition state is lo-

kcal/mol

5
O -
-5 F
-10
-15
-20

3. s
x=(d+d)/2 : 0.

Figure 2. Potential-energy surface in the region where the transition
state is expected. Only contours with energies above that of the
reactants are printed.
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cated at x = 3.6 A, y = 0.0 A, and AG = 5.7 kcal/mol above
the reactants. This low barrier agrees with a fast reaction
occurring at room temperature and below. A straightfor-
ward conversion from x and y to d; and d, yields d; = 3.6
and d, = 3.6 for the transition state. The synchronicity of
the potential-energy surface is conserved for the Gibbs free-
energy surface, as both olefinic carbon atoms approach
simultaneously to the carbene. A closer inspection of Fig-
ure 3 reveals that synchronicity is near perfect for olefin—
carbene mean distances of 3.6 A and below, whereas above
this distance, the surface becomes more flat, and different
paths of similar energy become accessible.

kcal/mol
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Figure 3. Approximate Gibbs free-energy surface in the region
where the transition state is expected. Only contours with energies
above that of the reactants are printed. Different contour lines
correspond to a Gibbs free-energy difference of 0.5 kcal/mol.

The introduction of the steric and electronic effects of
the real system will surely include some asynchronicity be-
tween the two olefinic carbon atoms. However, the use of a
synchronous pathway allows the computational effort re-
quired to be reduced by more than an order of magnitude
and is likely to provide still a reasonable estimation.

Twenty-Four Possible Reaction Paths

The calculation of enantioselectivity requires the calcula-
tion of the reaction paths going to the R and S products
and comparison of their barriers. The choice of these paths
is not straightforward, and several possibilities have to be
systematically analyzed.

The reaction step under study consists of the approach
between two fragments, the copper carbene complex and
the olefin. The structure of the olefin, 1,1’-diphenylethylene,
is straightforward, but the structure of the carbene deserves
some discussion. Figure 4 presents its optimized structure.
The carbenic center C,,y, 1S in a trigonal arrangement, and
its three substituents, Cu, H, and C, are coplanar. Rotation
around the Cu-C,,,4, axis is, however, essentially free. Orien-
tation of this plane is critical for the reaction path, because
the olefin will approach in a direction perpendicular to it.
Consequently, the possible orientations of this plane have
5616
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to be considered. Our study shows that three different ori-
entations must be taken into account, those labeled as A,
B, and C in Figure 5.

Figure 4. Structure of the intermediate; hydrogen atoms not at-
tached to the carbene are removed for clarity.

Figure 5. Approach paths of diphenylethylene to the carbene. The
molecule is viewed from the Cu—carbene axis; the carbene is at the
back of the Figure and the bis(oxazoline) ring is at the top.

In directions A and B, the carbene plane stays essentially
perpendicular to the N-Cu—N bis(oxazoline) plane, and this
is the favored arrangement of the intermediate species. The
carbene is slightly tilted with respect to the perpendicular,
which allows the entering olefin to avoid the bis(oxazoline)
plane. Directions A and B differ in the direction of the tilt:
the tilt is towards the adamantyl substituents in direction
A and opposite to them in direction B. The schematic draw-
ing in Figure 5 shows that in direction B the olefin must
pass below the adamantyl groups, and therefore, an ad-
ditional direction C was considered, where the carbene
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plane is nearly eclipsed with the oxazoline plane; this allows
the olefin to enter near the perpendicular direction. A hypo-
thetical path D, in which the carbenic plane eclipses the
adamantyl groups, was found to be impossible in test calcu-
lations because of its high steric strain.

Directions A, B, and C give rise to two paths each, lab-
eled arbitrarily as A, A’, B, B’, and C, C’, depending on
the face where the approach to the carbene plane takes
place. These faces are not equivalent, because one side of
the oxazoline contains the ester group and the other does
not, as shown in Figure 5.

A second source of path diversity is in the relative posi-
tions of the oxy and methoxy substituents of the carbon
atom attached to the carbene. It can be seen in Figure 4
that there is no conjugation between the m systems of the
carbene and carboxyl systems, which are nearly perpendicu-
lar. This type of arrangement is not unexpected, as it was
already reported in DFT calculations of other transition-
metal carbene complexes.*>>!1 It has, in any case, the im-
portant consequence of adding conformational complexity
to the system and duplicates the available paths previously
shown in Figure 5. We will discriminate between these two
set of paths by adding a new label, + or —, depending on
the sign of the Cu—CH-C=0 dihedral angle.

The last source of complexity comes from the substitu-
tion pattern of the olefin. One carbon atom has two hydro-
gen atoms and the other has two phenyl groups attached.
The relative position of the substituents with respect to the
carbene will decide finally the stereoselectivity of the cyclo-
propane product, and because of this, we will use directly
the R and S labels to discriminate these paths.

In summary, we have defined three labels for each path,
depending on the attack direction (A, B, C, A’, B’, or C'),
the sign of the Cu—C-C=0 dihedral angle (+ or —), and
the stereoselectivity of the product formed (R or S). The
nomenclature used hereafter will make use of these labels
in the form “DsE”, where D is the information regarding
the attack direction, s is the sign of the dihedral angle, and
E is the enantiomer formed. As each of the three variables
is independent of each other, the number of possible paths
is 24 (6 X 2 X 2), all of which will have to be studied.

Computed Enantioselectivity

After having defined the reactive paths, the next step is
to study the Gibbs free-energy profile for each of them. The
computational cost of building full surfaces is prohibitive,
and we have concentrated on synchronic paths with iden-
tical values for the two C—C bonds being formed. The step
used was 0.2 A. This provided us with 24 Gibbs free-energy
profiles, from which we found the points of maximum en-
ergy of each profile. These values were used as an estima-
tion of the position and energy of the point of maximum
energy in the Gibbs free-energy surface for each reaction
path.

The results corresponding to the maximum energy point
in each profile are summarized in Table 1. The Table in-
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cludes also the proportion of final product emerging from
each path obtained from the relative energies of these maxi-
mum energy points. Data are given to the tenth of a percen-
tage point to emphasize differences between the least-fa-
vored paths, although we do not claim such a high accuracy
for our calculations. Similarly, we made the transformation
of energy differences to product proportions for the sake of
clarity, although we are aware that our calculations are not
that accurate. The addition of all the reactive paths leading
to the R and S enantiomers leads to the prediction of 95%
S enantiomer and 5% R enantiomer. This represents a com-
puted enantiomeric excess in favor of the S product of 90%,
which is not as high as the experimental observation of
98%, but the value is in very reasonable agreement.

Table 1. Summary of results for the highest Gibbs free-energy point
in each of the computed paths. Data provided are the Ceu—Coiefin
distances (d, A), Gibbs free energies above the reactants (G, kcal/
mol), and percent of the reactions occurring through each path at
298 K [%0].

S R

d AG % d AG %
A+ 32 12.4 0.0 2.6 20.2 0.0
B+ 2.8 8.9 1.0 - - -
C+ 32 8.7 1.3 2.7 14.1 0.0
A- 2.8 11.1 0.0 32 14.2 0.0
B- 32 8.4 24 - - -
C- 32 6.3 88. 2.6 14.1 0.0
A'+ 34 9.1 0.8 4.2 7.9 5.1
B'+ - - - 3.0 13.9 0.0
C'+ 4.0 134 0.0 3.6 16.1 0.0
A'— 32 11.6 0.0 2.8 11.9 0.0
B'- - - - 2.6 15.8 0.0
C'- 4.2 8.7 1.4 2.8 16.5 0.0

The data from some of the proposed paths are absent
from Table 1. These are B’+S, B'—S, B+R, and B-R. The
calculations starting from any of these paths ended in one
of the other possible paths. All these paths correspond to
the B direction, and they collapse in the related paths in the
C direction. As previously shown in Figure 5, directions B
and C differ only in the degree of torsion around the Cu-—
Cearb axis, and path B corresponds to the case where the
olefin enters close to the adamantyl groups. As a result, in
the paths where the bulky phenyl substituents of the olefin
are far from the adamantyl moiety, no differentiated path
corresponding to the B direction exists.

Comparison between directions A and C is also informa-
tive. Direction A represents the carbene orientation pre-
ferred in the isolated intermediate, whereas direction C rep-
resents the arrangement most likely to minimize the steric
effects of the entering alkene. The results are clearly in favor
of direction C, which accounts for 90.7% of the final prod-
uct, whereas direction A is only responsible for 5.9% of it.
It is thus apparent that steric repulsions of the olefin are
more relevant than the torsion around the copper—carbene
axis. The system prefers to pay the penalty of distorting the
copper—carbene dihedral angle in order to obtain a less-
repulsive path for the incoming olefin.
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Origin of Enantioselectivity

We will analyze here the structure of the maximum en-
ergy points in the favored reaction paths to gain some
knowledge on the origin of the enantioselectivity. It must
first be noted that one path occupies a dominant position,
and it is responsible for about 8§8% of the product forma-
tion. This path is C-S, and its maximum energy point is
located 6.2 kcal/mol above that of the reactants. This bar-
rier is quite low, which thus accounts for the very fast reac-
tion step. It is furthermore well separated from the second-
lowest barrier (7.9 kcal/mol, for path A’+ R), which explains
its dominant position. The structure of the maximum en-
ergy point for the preferred path C-S is displayed in Fig-
ure 6. The C-C distances of the bonds being formed are
3.2 A. It is quite early in the reaction coordinate, but it is
near the overall average for all paths shown in Table 1. Be-
cause of the C label, the position of the carbene group with
respect to the copper substituents is far from optimal, and
the computed N—Cu—C,—Cearboxy dihedral angle of —34°
is far from the ideal value of —90°, which corresponds to
a staggered arrangement, However, the bulky groups are
optimally arranged. This can be seen by analyzing the four
quadrants in the scheme included in Figure 6. The ada-
mantyl groups of the bis(oxazoline) are in the upper-left
and lower-right quadrants. The carboxymethyl substituent
of the carbene is in the lower-left quadrant. The bulky
phenyl substituents of the olefin are between the two upper
quadrants, but definitely far away from the adamantyl
group. The potential steric repulsions are thus minimized,
and the bulky groups are well distributed in each of the four
quadrants. It is interesting to compare the barrier for this
path with others sharing the same label C. The C'-S path
differs in the sense of approach of the olefin, which in this
case comes from above the bis(oxazoline) plane on the same
side of the carboxymethyl substituent; this creates steric re-
pulsion and a higher barrier of 8.7 kcal/mol. The C—R path
(barrier of 14.1 kcal/mol) differs from C-S in the arrange-
ment of the phenyl substituents of the alkene. Whereas in
C-S they are on the side of the metal (Cu—C,,,—Cy—Cpp
56°), in C-R they are away from it (Cu—C.uu,—Cu—Cpy
168°). The large difference (more than 7 kcal/mol) between
both paths suggests a strong electronic preference for the
arrangement with the phenyl substituents pointing towards
the copper atom. Comparison between the C—S (6.2 kcal/
mol) and C+S (8.7 kcal/mol) paths, indicates a significant
electronic preference for the arrangement of the carboxy-
methyl group with the methoxy substituent pointing
towards the entering olefin.

The second-lowest barrier corresponds to path A’+R.
This path is the most favorable leading to the R enantiomer,
though only 5.1% of the reactive paths cross it. The highest
energy point is portrayed in Figure 7. It is quite early in the
reaction coordinate, and the C—C distance is 4.2 A. It shares
a number of features with the maximum energy point for
C-S discussed above. In particular, the phenyl substituents
are oriented towards the metal center, the Cu—C_, 1, Cy—
Cpn dihedral angle is —48°, and the olefin approaches the
5618

WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6. Structure of the transition state corresponding to the
most favorable attack, C—S; the hydrogen atoms not attached to
the carbene are removed for clarity.

carbene from the methoxy side, the One—Cearboxy—Cearb—Chi
dihedral angle is 50.1°. The main difference, however, re-
sides in the orientation of the carbene plane with respect to
the bis(oxazoline) plane. This path has a label A, and the
N-Cu—Cy—Cearboxy dihedral angle is close to 90°, specifi-
cally 97°. This causes the olefin to approach the carbene
from a position closer to the bis(oxazoline) plane, and this
has an energy penalty that makes this structure less stable
than that obtained from the C—S path. However, it is still
the best possible arrangement between the paths in the A
and B directions, as both the ester and the olefin substitu-
ents are far from the adamantyl groups, and this is why it
is the second-most-favored path.

The structure of the maximum energy point of the third-
most-favorable path, B-S, is also worthy of comment. It
only contributes 2.4% to the final product, but it is a repre-
sentative example of the conformational complexity of the
system. This structure, shown in Figure 8§, as corresponds
to its B label, has the olefin close to the adamantyl group.
As a result, there is a significant deformation of the catalyst
that takes place in its most flexible centers, the sp? carbon
bridge and the copper atom. The adamantyl group in the
upper-left quadrant moves forward away from the entering
olefin, and as a result, the bis(oxazoline) ring moves up-
wards from the N-Cu-N plane. This movement is ac-
companied by a similar movement of the second adamantyl
group on the right in Figure 8. The net result is that the
central ring of the bis(oxazoline) ligand ends up in a boat-

Eur. J. Org. Chem. 2008, 5614-5621



DFT/MM Study on Copper-Catalyzed Cyclopropanation

Eur

Figure 7. Structure of the transition state corresponding to the
most favorable attack leading to the R enantiomer, A’+R; the hy-
drogen atoms not attached to the carbene are removed for clarity.

Figure 8. Structure of the transition state corresponding to the
third-most-favorable attack, B—S; hydrogen atoms not attached to
the carbene are removed for clarity.
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like conformation. This conformation is preferred over the
chair conformation owing to the presence of the olefin par-
tially bound to the carbene.

Conclusions

DFT calculations with the B3LYP functional in a model
system confirm that the key step in determining the
enantioselectivity of the cyclopropanation of olefins by cop-
per bis(oxazoline) catalysts lacks a transition state in the
potential-energy surface. The reaction has a barrier in the
Gibbs free-energy surface that is mostly associated to the
entropic term. The existence of a barrier explains the exper-
imental observation of enantioselectivity, and the low value
(ca. 6 kcal/mol) is compatible with the reaction being fast,
occurring at room temperature and below. The two energy
surfaces are essentially synchronous, as there is simulta-
neous approach of the two olefin carbon atoms to the car-
bene center. We used this synchronicity to define the pos-
sible reaction paths in the Gibbs free-energy surface.

ONIOM(B3LYP:UFF) calculations on the reaction of
diphenylethylene with [Cu(adam-box)(CHCO,Me)] allow
the Gibbs free-energy barriers leading to the R and S prod-
ucts to be estimated. The statistical thermodynamics ap-
proaches available in the Gaussian98 program for estima-
tion of the entropic corrections are certainly of limited ac-
curacy, but they allowed the experimental trends to be re-
produced. The computed enantiomeric ratio is heavily in
favor of the S product, which is in good agreement with
experiment. The overall enantioselectivity depends on the
balance of several different contributions: the relative orien-
tation of the carbene and bis(oxazoline) planes, the steric
repulsion between the ester and adamantyl substituents,
and the steric repulsion between the olefin phenyl substitu-
ents and both the adamantyl groups and the bis(oxazoline)
system.

Computational Methods

B3LYP and ONIOM(B3LYP:UFF) calculations were carried out
with the Gaussian98 package.”? ONIOM calculations®*>4 were
carried out on the system [Cu(adam-box)(CHCO,Me)] plus
Ph,C=CH,, which corresponds exactly to the experimental system
except for the replacement by methyl of the ethyl substituent of the
ester. The QM region consists of [Cu(NH-CH-CH,-CH-
NH)(CHCO,Me)] plus CH,=CH,, which was also used as a model
system in preliminary DFT calculations. The QM description con-
sisted of the B3LYP functional.[>3-37) The LANL2DZ effective core
potential was used for copper atoms,*8l and the basis set was 6-
31G(d) for nitrogen and carbonyl oxygen atoms and carbene and
olefinic carbon atoms;®” 6-31G was use for the rest of the
atoms.[%%! The force field for the MM calculations was UFFE.®!l This
type of computational approach was proved valid recently in an
extensive comparison of B3LYP and ONIOM(B3LYP:UFF) calcu-
lations for similar systems by Garcia and coworkers.[*8] The use of
ethylene as QM region from styrene introduced some bias in the
philicity of the two carbon atoms, but this was found to be unim-
portant in previous computational work on styrene dihydrox-
ylation.[6%!
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Gibbs free-energy corrections were obtained for selected geometries
by using the standard algorithms on the basis of statistical thermo-
dynamics, available in the Gaussian98 program. The Hessians were
unprojected. We are aware that these approaches are only exact for
stationary points, but we consider that they are still valid to give a
reasonable approach to what the real Gibbs free-energy correction
would be. Reaction paths were defined by a synchronous approach
in the potential-energy surface, with only two bond lengths frozen;
the rest of the geometrical parameters were fully optimized for each
point in the path. The paths were defined by variations of the C—
C distances of the bond being formed from 4.2 to 2.0 A with a step
of 0.2 A. The barriers for each reaction path were obtained from
the Gibbs free energy of its highest point. The barriers were then
converted into enantiomeric ratios through the usual approach
based on the Maxwell-Boltzmann distribution.38!
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