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The mechanism of the ruthenium(II)-catalyzed cyclopropanation reaction of olefins with
diazo compounds has been extensively investigated for a medium-sized reaction model by
means of DFT calculations. The starting ethylene complex of the dichloro[(£)-2-(methylimino)-
N-(1E ,2E)-2-(methyliminoethylidene)ethanamine]ruthenium(II) catalyst undergoes a ligand
exchange with methyl diazoacetate to yield a reaction intermediate, which subsequently
undergoes nitrogen extrusion to generate a ruthenium—carbene complex. The cyclopropa-
nation step takes place through a direct carbene addition of the ruthenium carbene species
to the olefin double bond to yield a catalyst-product complex, which can finally regenerate
the starting complex. Stereochemical considerations on a “real-world” system—the cyclo-
propanation reaction of styrene with methyl diazoacetate, catalyzed by a chiral pybox—
ruthenium complex—have been investigated by means of full quantum-mechanical calcu-
lations on this reaction. The theoretical results show excellent agreement with the
experimental observations and allow a mechanistic explanation to be advanced concerning
the origin of the stereoselectivities observed. The explanation is based on the intermolecular
steric interaction between the alkene and one of the isopropyl groups of the chiral ligand in
the disfavored approaches. The model developed also provides an explanation for some
particular stereoelectronic behavior of pybox ligands, such as the remote stereoelectronic

effects and the good enantioselectivities described with Ci-pybox ligands.

Introduction

Cyclopropane derivatives are an important family of
chemical compounds due to their interesting biological
properties! 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 dias-
tereo- and enantioselective methods for the synthesis
of cyclopropanes.3* A particularly versatile method is
the metal-catalyzed cyclopropanation of olefins with
diazo compounds, for which various efficient homoge-
neous catalysts have been developed.

Highly effective and stereocontrolled cyclopropanation
reactions involving transition-metal-catalyzed decom-
position of diazoalkanes have been achieved with metal
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complexes of copper® and rhodium® and, to a lesser
extent, complexes of other transition metals such as
cobalt.?

Only in recent years have ruthenium complexes been
described as efficient catalysts for these kinds of reac-
tions.® The asymmetric version of these processes can
be efficiently carried out using chiral 2,6-bis(oxazolin-
2-yl)pyridine (pybox) ligands.*3* Different structural
variations on the pybox structure have been studied in
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Scheme 1. Possible Catalytic Cycles for
Ruthenium-Catalyzed Cyclopropanation Reactions
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an effort to improve the enantioselectivities, and some
unexpected results have been observed: e.g., the elec-
tronic effect of substituents in the 4-position of the
pyridine ring on the enantioselectivity!? and the good
enantioselectivities obtained with C;-symmetric pybox
ligands.!!

From the point of view of large-scale applications, the
ease of use and recovery of chiral catalysts have become
important and our group has pioneered the immobiliza-
tion of this kind of catalytic system.12

It is generally accepted that the mechanism of the
transition-metal-catalyzed cyclopropanation reaction
involves a metal—carbene complex, which is formed by
association of the diazo compound and the catalyst with
concomitant extrusion of nitrogen. Unlike copper and
rhodium carbenes, which are much more elusive, a
number of ruthenium carbene complexes have been
either isolated!d or detected spectroscopically.* These
complexes transfer their carbene ligand to styrene and
are able to catalyze the cyclopropanation of alkenes with
diazooacetates.13b°

Two different mechanisms can be proposed for the
carbene transfer from the ruthenium carbene complex
to an alkene (Scheme 1), and these are the concerted
pathway (henceforth referred to as direct carbene ad-
dition) and a two-step process that involves a ruthena-
cyclobutane intermediate. Ruthenium carbenes that do
not have an additional vacant coordination site at the
metal, such as the pybox—RuCly—carbene complexes,
are expected to react by the concerted pathway, which
also prevails for rhodium- and copper-catalyzed reac-
tions.1?

However, despite the increasing interest in chiral
pybox—ruthenium catalysts for enantioselective cyclo-
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Scheme 2. Nonchiral Model Ru-Catalyzed
Cyclopropanation Reaction
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propanation reactions, theoretical studies of the cata-
lytic cycle and the operating stereodifferentiation mech-
anisms have yet to be published. An asymmetric
induction model, based on DFT calculations of a chiral
Schiff base ruthenium carbene intermediate structure,
has recently been reported.’® On the other hand, theo-
retical studies on the closely related ruthenium-cata-
lyzed cross-metathesis reaction have been published
very recently,!” including a small reference to possible
concurrent cyclopropanation pathways!’2 and to the
asymmetric reaction with chiral catalysts.17

In this paper we present a thorough study of the
mechanism of the pybox—ruthenium(II)-catalyzed cy-
clopropanation reactions by means of a theoretical
approach based on density functional theory (DFT)
calculations. The catalytic cycle has been studied on a
simplified nonchiral model (see Models and Computa-
tional Details). Particular attention has been paid to the
stereoselectivity-determining step of the catalytic cycle,
which has been studied on a “real world” model: i.e.,
the reaction of methyl diazoacetate with styrene cata-
lyzed by the dichloro(2,6-bis[(S)-4-isopropyloxazolin-2-
yllpyridine)ruthenium(II) complex (henceforth (Pr)pybox-
RuCly).

Models and Computational Details

A comprehensive mechanistic study of the ruthenium-
catalyzed cyclopropanation reaction was carried out by means
of a medium-sized model that included a number of simple
reactants: dichloro[(E)-2-(methylimino)-N-(1E,2E)-2-(meth-
yliminoethylidene)ethanamine]ruthenium(II) (6) as the cata-
lyst, ethylene (1) as the olefin, and methyl diazoacetate (2) as
the diazo compound (Scheme 2). The formation of the ruthe-
nium carbene complex and the possible pathways for the
cyclopropanation reaction were studied with this model.

It should be noted that the ligand (E)-2-(methylimino)-N-
(1E,2E)-2-(methyliminoethylidene)ethanamine (henceforth tri-
imine) does not possess Cs symmetry, unlike most of the real
pybox ligands. The question of the suitability of this triimine
as a good model for the real ligand is pertinent, and for this
reason, particular attention was paid to this point (see below).

The possibility of different conformations was taken into
account where appropriate, although the discussion of the
results is centered on the most stable form in each case.
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Scheme 3. Chiral Model Ru-Catalyzed
Cyclopropanation Reaction
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The B3LYP hybrid functional'® was used throughout the
work because of its satisfactory performance in describing the
chemistry of transition metals.'® This functional had already
been successfully used in calculations for other ruthenium
complexes.!’® Several different basis sets were used for the
calculations, for the sake of comparison. The first one was a
hybrid basis set consisting of the Stuttgart—Dresden effective
core potential (ECP)? for ruthenium and chlorine atoms and
the standard 6-31G(d) basis set for the remaining atoms
(henceforth SD6-31G*). Geometry optimizations and frequency
calculations were carried out with this basis set. Unless
otherwise stated, we will only discuss the results obtained at
this theoretical level. Some single-point energy calculations
were carried out with a hybrid basis set, in which 6-31G(d)
was replaced by the 6-311+G(2d,p) basis set (henceforth
SD6-311+G(2d,p)). Finally, the LANL2DZ ECP-based basis
set?! was also used for geometry optimizations and frequency
calculations. All calculations were carried out using the
Gaussian 03 package.?

Analytical frequencies were calculated at the same optimi-
zation level in all cases, and the natures of the stationary
points were determined in each case according to the right
number of imaginary frequencies. Scaled frequencies were not
considered, since significant errors on the calculated thermo-
dynamic properties are not found at this theoretical level.??
Solvent effects were taken into account through the IEF-PCM
method,?* as implemented in Gaussian 03. The internally
stored parameters of dichloromethane were used to calculate
solvation energies.

The key stereoselectivity-determining step was studied
using the “real world” model shown in Scheme 3.

Geometrical optimizations and frequency calculations on
this model were carried out at the BSLYP/LANL2DZ theoreti-
cal level.
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Figure 1. Overlay of the BSLYP/SD6-31G* (red) and the
X-ray (blue) geometries of analogous nonchiral complexes.

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 avail-
able as Supporting Information.

Results and Discussion

Catalytic Cycle for the Nonchiral Model. As
already indicated in Models and Computational Details,
our first concern was to assess whether the nonchiral
model proposed is a good representation of the pybox—
ruthenium system. With this aim in mind, we calculated
the triimine—RuCly—ethylene complex (5) and compared
the calculated geometries with the X-ray geometry of
an analogous nonchiral pybox—RuCly—ethylene com-
plex.?’> The RMS-minimized overlay of the B3LYP/
SD6-31G(d) and X-ray geometries is shown in Figure
1.

As can be seen, the geometries are almost perfectly
superimposed, which indicates that the nonchiral tri-
imine, despite its C; symmetry, is a good simple model
for the pybox ligand. A more detailed structure of the
catalyst—olefin complex 5 is shown in Figure 3. The
structure of 5 presents an octahedral coordination for
ruthenium, with nonequivalent N(1)—Ru and N(3)—Ru
distances. It must be noted, however, that this circum-
stance also holds in the case of the experimental pybox—
RuCly—ethylene complex structure, although the dif-
ference in bond length is slightly smaller (0.02 A for the
experimental structure vs 0.04 A for the model). There-
fore, the lack of Cy symmetry in the triimine ligand does
not seem to cause a significant bias in the geometries
of the complexes, and this is an additional indication of
that the triimine can be confidently used as a model for
the pybox ligand. An energy diagram for the calculated
catalytic cycle is displayed in Figure 2. 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 enter-
ing or leaving the system. The catalyst (6), ethylene (1),
methyl diazoacetate (2), and dinitrogen (3) were arbi-
trarily chosen as reference points for the calculation of
relative free energies. As a consequence of the choice of
this reference framework, the catalyst—ethylene com-
plex shown on the right of the diagram is more stable

(25) Nishiyama, H.; Itoh, Y.; Sugawara, Y.; Matsumoto, H.; Aoki,
K.; Itoh, K. Bull. Chem. Soc. Jpn. 1995, 68, 1247—1262.
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Figure 2. Diagram of BSLYP/SD6-31G(d) (in Roman text), BSLYP/SD6-311+G(2d,p)/B3LYP/SD6-31G* (in italics) and
PCM/B3LYP/SD6-31G*//B3LYP/SD6-31G* (in brackets) calculated free energies for a catalytic cycle.

than that situated on the left, since the free energy of
the overall cyclopropanation reaction is implicitly in-
cluded there. The sign criterion of the relative free
energy corresponds to the variation in the direction from
left to right (according to the diagram).

As can be seen, the catalytic cycle consists of two clear
steps. The first step involves the formation of the
ruthenium carbene complex, and the second step is the
carbene addition to the double bond of the olefin, which
occurs in a concerted way. We will comment on both
steps in some detail and also describe the intermediates
and transition structures (T'S) involved in the reaction
mechanism.

The formation of the ruthenium carbene intermediate
(9) must logically proceed through nitrogen extrusion
from a previously formed diazo complex (7), which in
turn comes from the initial catalytic complex 5. The
theoretical calculations indicate that intermediate 7 is
formed from 5 by a dissociative ligand exchange mech-
anism via an intermediate (6) that has a coordinative
vacancy, in a way similar to that described for a
diimine—CuCl complex used to model a bis(oxazoline)—
copper catalyst.26 Transition structures connecting the
energy minima corresponding to 5—7 could not be
located at the theoretical levels used, which indicates
that the ligand exchange process is barrierless or,
alternatively, has very low activation barriers.

The geometrical parameters shown in Figure 3 il-
lustrate the coordination changes of the ruthenium

center. The Ru—ethylene interaction mainly consists of
donation of the ethylene x electrons to the Ru center
type, as indicated by the C=C length, which is closer to
that of free ethylene. The N—Ru distances account for
the coordination changes around the ruthenium center.
Thus, the N(2)—Ru distance is shorter when there is
no ligand in the position trans to N(2) (intermediate 6).
This distance is longer for intermediate 5 than for
intermediate 7, a fact that could be related to the
greater coordinating ability of ethylene compared with
methyl diazoacetate. Similar behavior can be observed
with the N(1)—Ru and N(3)—Ru distances.
Intermediate 7 can extrude a Ne molecule through T'S
8 to give the key ruthenium carbene intermediate 9.
Again, the geometrical changes follow the same system-
atic trend and the N(2)—Ru distance for the ruthenium
carbene intermediate 9 is the longest observed in the
whole reaction pathway, indicating strong coordination
of the carbene moiety to the ruthenium atom. The sp?
carbene carbon adopts a perpendicular disposition with
regard to the triimine—Ru plane, in agreement with
that experimentally observed in the X-ray structure of
pybox—RuCly—carbene complexes.?’” This disposition
allows efficient back-donation from one of the d orbitals
of Ru to the empty p orbital of the carbene carbon, as
visualized in the HOMO plot shown in Figure 4 and cor-
roborated by NBO calculations. The electrophilic char-
acter of the carbene carbon also results in an almost
perpendicular disposition of the ester group with regard

(26) Fraile, J. M.; Garcia, J. I.; Gil, M. J.; Martinez-Merino, V.;
Mayoral, J. A.; Salvatella, L. Chem. Eur. J. 2004, 10, 758—765.

(27) Nishiyama, H.; Aoki, K.; Itoh, H.; Iwamura, T.; Sakata, N.;
Kurihara, O.; Motoyama, Y. Chem. Lett. 1996, 1071-1072.
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Figure 3. BSLYP/SD6-31G(d) calculated geometries of the reaction intermediates and transition structures in the catalytic
cycle. Most of the hydrogen atoms have been omitted for clarity.

4

HOMO

Figure 4. B3LYP/LANL2DZ calculated HOMO and effec-
tive LUMO of ruthenium carbene intermediate 9.

LUMO+3

to the Ccabene—Ru bond, a situation similar to that
observed in the case of the copper carbene com-
plexes.152b.26 The effective (for the cyclopropanation
reaction) LUMO of the complex largely corresponds to
the empty p orbital of the carbene carbon, with the lobes
located in the plane of the complex (LUMO + 3 shown
in Figure 4). The calculated Gibbs free energy of
activation from the initial ethylene complex 5 to form
the ruthenium carbene intermediate 9 is 22.6 kcal
mol~1, which is also similar to that calculated for the
copper-catalyzed cyclopropanation at the B3LYP/
6-31G(d) level.152,26

The ruthenium carbene intermediate 9 can react with
an ethylene molecule through TS 10 to give the cyclo-
propane product in a single step. The possibility of a
two-step mechanism, via a ruthenacyclobutane, was
thoroughly explored, but neither an intermediate com-
plex, with the ethylene coordinated to the ruthenium

atom, nor a four-center TS, similar to that described in
the case of copper,!2 could be located. This result con-
trasts with the situation recently described for a model
of Grubbs’ complexes, !’ for which the formation of cyclo-
propane by a reductive elimination from a ruthenacy-
clobutane has been described. It is important to note,
however, that that model corresponds to a five-coordi-
nate trigonal-bipyramidal ruthenium complex, whereas
our model corresponds to a six-coordinate octahedral ru-
thenium complex, for which the formation of a ruthen-
acyclobutane intermediate must be much more difficult.
T'S 10 corresponds to a concerted yet moderately asyn-
chronous reaction pathway, with different C—C bond
forming distances (Ad = 0.372 A) being consistent with
the reaction of an electrophilic carbene with an electron-
rich olefin bearing a good cation-stabilizing substit-
uent.8»15b The strong interaction between the carbene
carbon and the double bond results in a weakening of
the Ru—Cearbene bor}d, as indicatec} by its increase in
length from 1.875 A (9) to 2.052 A (TS 10), with the
concomitant variation in the N(2)—Ru distances due to
a trans ligand effect.

The calculated Gibbs free energy of activation for the
carbene addition is 30.4 kcal mol~1, which indicates that
this is the rate-determining step. This result is in
agreement with the higher relative stability observed
for ruthenium carbenes with respect to copper or
rhodium carbenes.

After the addition step, a complex (11) is formed, in
which the carbonyl oxygen atom of the cyclopropane
product is coordinated to the Ru center. The initial
complex 5 must be regenerated from this intermediate
in order to close the catalytic cycle. This regeneration
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Figure 5. B3LYP/LANL2DZ calculated geometry of the
lowest energy (Pr)pybox—RuCly—carbene complex. Most
of the hydrogen atoms have been omitted for clarity.

is energetically favored and is easily accomplished by a
dissociative ligand exchange mechanism (not shown in
Figure 3).

Free energy results indicate that the overall process
is irreversible and largely favored from a thermody-
namic viewpoint (—59.1 kcal mol™1).

To test the possible dependence of the results on the
basis set used, some calculations on selected structures
were carried out with the hybrid SD6-311+G(2d,p), as
well as with the LANL2DZ basis sets. Neither the
geometries (in the case of LANL2DZ) nor the energies
calculated with these basis sets present significant
qualitative differences with regard to the SD6-31G* set.
Some comparative energy results are shown in Figure
2. The inclusion of solvent effects through PCM calcula-
tions (dichloromethane) does not introduce significant
changes either. The most noticeable difference found
when considering larger basis sets and solvent effects
lies in the greater difference in barrier between the first
and the second reaction steps (12.5 and 10.2 kcal mol 1,
respectively, to be compared with the 7.5 kcal mol~!
calculated at the BSLYP/6-31G(d) level), which confirms
the second step as being rate determining.

Insights into the Origin of the Stereoselectivity
from a “Real World” Chiral Model. First, we calcu-
lated the structure of the key (Pr)pybox—RuCly—car-
bene intermediate. Two possible conformations were
located—depending on the rotation of the ester group—
and both were very close in energy (AE = 0.5 kcal mol 1,
AG = 0.0 kcal mol™1). The BSLYP/LANL2DZ calculated
structure of the most stable ruthenium carbene inter-
mediate (12) is shown in Figure 5.

As can be seen, most of the relevant geometrical
features are very similar to those found for the nonchiral
model ruthenium carbene 9. The carbene carbon adopts
a disposition that is perpendicular with regard to the
pybox—ruthenium plane. The ester group, in turn, is
almost perpendicular to the carbene carbon. As far as
the chiral ligand is concerned, it is important to note
that the chiral pocket formed by the isopropyl groups
around the carbene carbon must result in strong geo-
metrical restrictions for the approach of the reacting
alkene molecule. In this regard, it is illustrative to
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C

carbene

('Pr)-pybox-RuCl, (iPr)-box-Cu

Figure 6. B3LYP/LANL2DZ and B3LYP/6-31G(d) calcu-
lated geometries of the ((Pr)pybox—RuCly—carbene (left)
and (iPr)box—Cu—carbene (right) complexes, respectively.
Hydrogen atoms have been omitted for clarity. The carbene
carbon is given in magenta.

Table 1. BSLYP/LANL2DZ Calculated Relative
Energies and Free Energies (at 298 K) of the TS of
the Addition of Ruthenium Carbene 12 to Styrene

TS AE (kcal mol™1) AG (kcal mol1)
13-Re(I) 0.0 0.0
13-Re(II) 0.5 0.0
13-Si(1) 2.7 1.7
13-Si(II) 3.7 3.5
14-Re(I) 3.4 2.6
14-Re(II) 2.8 2.4
14-Si(II) 6.5 59

compare the structure of this intermediate with that of
the analogous bis(oxazoline) ligand, (Pr)box—Cu(I)—
carbene, calculated at the BSLYP/6-31G(d) level (Figure
6).

The carbene carbon is much more sterically shielded
in the case of the ruthenium complex, most probably
due to the different “bite angles” of both ligands, as one
of the reviewers suggested, and this has significant
consequences for the enantioselectivity of the reaction
through the restriction of the approaching trajectories
for the alkene (see below). It can be speculated that this
is one of the reasons why isopropyl substituents are
often sufficient to obtain good enantioselectivities with
pybox ligands, whereas tert-butyl substituents are
necessary for the same reactions in the case of bis-
(oxazoline) ligands.

We proceeded to calculate the possible T'S for the
addition of the carbene to the double bond of a styrene
molecule. From a stereochemical point of view, there are
four possible TS and each leads to one of the possible
cyclopropane stereoisomers. These TS correspond to the
approach of the alkene to the Re or Si faces of the
carbene carbon, with the phenyl substituent in anti (13)
or syn (14) relative dispositions with regard to the ester
group. However, the latter group can adopt two different
conformations (as already described in the case of the
ruthenium carbene intermediate), which are denoted as
I and II. This means that there are in fact eight possible
TS. Seven of these eight TS could be effectively located,2®
and their relative energies are gathered in Table 1.

The calculated activation free energy barrier is 24.6
keal mol~! (this is the lowest value, corresponding to
the 13-Re(I) T'S), which is somewhat lower than that
obtained for the nonchiral model but is still consistent
with the addition of the carbene to the alkene being both
the rate- and stereoselectivity-determining step.

(28) Every attempt to locate 14-Si(I) resulted in a conformational
change of the ester group, leading to 14-Si(II).
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14-Re(Il)
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Figure 7. BSLYP/LANL2DZ calculated geometries of the lowest energy transition structures leading to the ¢rans- and
cis-cyclopropanes. The unfavorable steric interactions are shown in red. Most of the hydrogen atoms have been omitted

for clarity.

As can be seen from the calculated relative energies
(Table 1), the model predicts that the styrene approach
preferentially takes place at the Re face of the carbene
carbon, in both the anti and syn dispositions of the
phenyl substituent. This preference leads to the 1R,2R
(trans-cyclopropane) and 1R,2S (cis-cyclopropane) major
products, respectively—a situation in complete agree-
ment with the experimental results observed for the
analogous system with an ethyl ester.252% Of course, it
is impossible to be entirely confident about the quan-
titative predictions, but the large calculated preference
for the Re approach is qualitatively consistent with the
high enantioselectivities obtained with the (iPr)pybox
and other related ligands in cyclopropanation reactions.
The model also predicts the clear preference of ¢trans-
over cis-cyclopropanes, again in agreement with the
experimental results.

In an effort to gain some insights into the origin of
the stereoselectivities observed, we examined the cal-
culated TS structures and compared them with the
previously accepted stereodifferentiation models for
other analogous catalytic systems. Thus, in the case of
bis(oxazoline)—copper catalysts, it has been demon-
strated!®2b that the origin of the enantioselectivity lies
in the steric interaction between the ester group and

(29) Nishiyama, H.; Itoh, Y.; Matsumoto, H.; Itoh, K. J. Am. Chem.
Soc. 1994, 115, 2223—2224.

the substituent in the 4-position of the oxazoline ring
in the unfavorable approach of the alkene. This steric
interaction is enhanced (in the case of copper catalysts)
by the marked axial deviation of the Cu—Cecarpene bond
in the TS.1%2 In other words, the origin of the enanti-
oselectivity for these systems lies in an intramolecular
steric interaction, which is mediated by the approach
of the alkene. On the other hand, the trans/cis selectivity
comes from the unfavorable intermolecular steric inter-
action between the ester group of the carbene and the
substituent of the alkene (a phenyl group, in the case
of styrene).

If we examine the geometries of the lowest energy TS
leading to the trans-cyclopropanes 13-Re(I) and 13-Si(I)
(Figure 7), it can be seen that there do not appear to be
any close contacts between the ester group and the
isopropyl substituent of the pybox ligand in the “unfa-
vorable” 13-Si(I) TS. The axial deviation of the Ru—
Cecarbene bond is not very significant in any TS (from 8 to
10°). On the other hand, a close contact is observed
between one of the Cs hydrogen atoms of styrene and
the hydrogen atom of the central carbon of the isopropyl
group. However, the most prominent difference between
the two TS is the dihedral angle Cs—Ccarpene—Ru—N,
which is 21° in the case of 13-Re(I) and 60° in the case
of 13-Si(I) (Figure 7). This dihedral angle can be
assimilated to the direction from which styrene ap-
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proaches the carbene carbon. To minimize the impact
of steric effects on this approaching direction, we
calculated the corresponding TS in the case where the
unsubstituted nonchiral pybox is used.

The calculated Cs—Cecarbene— Ru—N dihedral angle for
this TS is 20°, which is very close to that calculated for
the favored 13-Re(I) TS. Thus, we propose that, in the
absence of noticeable steric interactions, the “preferred”
approach angle of styrene in the TS should be close to
20° and that an angle of 60° indicates the presence of a
strong steric restriction to this approach. Thus, if we
take 13-Si(I) and change the Cg—Ccarbene—Ru—N dihe-
dral angle to 21° by rotation through the Ccahene—Ru
bond without changing the rest of the geometrical
parameters, the resulting distance between the Cg
hydrogen atom of styrene and the isopropyl hydrogen
atom decreases to 1.365 A, whereas the distance be-
tween the ester oxygen atom and the isopropyl hydrogen
atom decreases to 1.662 A. This operation makes it clear
why the approach angle of the styrene must be greater
in the case of 13-Si(I). As the approach angle of styrene
changes, the carbene moiety changes in order to maxi-
mize the orbital overlap with the alkene.

The consequence of the rotation of the carbene carbon
with regard to the pybox—ruthenium complex is the
partial loss of Ru—carbene carbon back-donation.

As an indication of the importance of this effect, if
the carbene moiety in intermediate 12 is rotated by only
30° from its equilibrium geometry, the resulting energy
difference is ca. 1.4 kcal mol~! in the absence of close
contacts between the ester and the isopropyl groups.
Another geometric feature that enhances the steric
interaction between the aforementioned groups is the
pyramidalization of the carbene carbon in the T'S. This
aspect is very similar in all TS but results in the ester
and isopropyl groups coming closer to one another in
the unfavorable Si approaches of styrene.

In conclusion, the stereoelectronic effects derived from
a different styrene approach angle seem to be the origin
of the higher energy of 13-Si(I) in comparison to
13-Re(D).

The above hypothesis was further verified by alternate-
ly eliminating one or other isopropyl groups from the
(iPr)pybox ligand, an operation that led to the “single-
chiral” pybox ligand described by Nishiyama and co-work-
ers.!! Given the loss of the Cs symmetry of the ligand,
the four possible anti T'S become eight. The structures
of these eight new TS (labeled as 15 and 16) were
optimized at the BSLYP/LANL2DZ level. A schematic
representation of the lowest energy TS leading to the
enantiomeric {rans-cyclopropanes is shown in Figure 8.

As can be seen, there are small changes in geometry
and energy in the case of 15-Re(I) and 16-Re(I) with
regard to 13-Re(I), as expected from our hypothesis,
given that neither of the isopropyl groups interacts with
the incoming styrene. Similarly, 15-Si(I) remains very
similar to 13-Si(I), given that the isopropyl group
eliminated is that located on the side opposite to the
incoming styrene. However, 16-Si(I), in which the
isopropyl group responsible for the steric repulsion with
the incoming styrene is absent, shows clear differences
in comparison to 13-Si(I).

First, the approach angle of styrene decreases, and
second, its relative free energy is very close to that of
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Figure 8. Comparison between the lowest energy anti T'S
with the (PPr)pybox ligand and those with a single Pr
group. The relative energies (plain text) and Gibbs free
energies (italics) with regard to the lowest energy TS in
each case are shown in blue.

15-Re(I) and 16-Re(I). These results clearly point to
the proposed styrene—isopropyl group steric interaction
as the main reason for the observed enantioselectivity.
These observations also suggest a minor, but relevant,
effect of the steric interaction between the ester and
isopropyl groups. Thus, 16-Si(I) is somewhat higher in
energy than both 15-Re(I) and 16-Re(I), and the
approach angle of styrene is still larger. This situation
can be explained by the aforementioned ester—isopropyl
group interaction, given that a lower value for the
approaching angle would result in a shorter distance
between these groups. Once again, a compromise be-
tween electronic (orbital overlap) and steric effects must
be reached. A similar picture emerges from the exami-
nation of the higher energy II conformations of these
TS (the structures are given in the Supporting Informa-
tion). The ester—isopropyl group interaction is even
more marked in these conformations, with O---H dis-
tances as short as 2.344 A (13-Si(II)) and 2.297 A
(16-Si(ID)).

A similar reasoning can be invoked to explain the
enantioselectivity in the case of the syn T'S, which leads
to cis-cyclopropanes. Thus, the approach angle of the
styrene is 31° in the case of 14-Re(II), a value very
similar to that found in 10. On the other hand, this
angle increases to 46° in the case of 14-Si(II), which
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Table 2. BSLYP/LANL2DZ Calculated Relative
Energies and Free Energies (at 298 K) of the TS
Bearing an NH; Substituent in the Pybox Ligand

TS AE (kcal mol™1) AG (kcal mol™1)
17-Re(I) 0.0 0.0
17-Si(1) 1.9 1.2
18-Re(II) 2.8 2.0
18-Si(II) 6.2 5.0

can be explained by the presence of both styrene—
isopropyl group interactions (H-+-H distance of 2.183 A)
and ester—isopropyl group interactions (O---H distance
of 2.404 A). If the approach angle is reduced to 31°, then
these distances further decrease to 1.825 and 2.167 A,
respectively. We can therefore conclude that the main
origin of the enantioselectivity lies in the intermolecular
styrene—ligand steric interaction—a situation that also
occurs in the case of the syn TS—whereas the intramo-
lecular ester—ligand steric interaction plays a second-
ary, but still nonnegligible, role. This scenario is con-
sistent with the fact that the best enantioselectivities
are obtained with bulky esters, such as menthyl and
tert-butyl esters; although these systems are only
marginally better than those obtained with the diaz-
oacetate ethyl ester (from 88% ee to 94% ee in the trans-
cyclopropanes, which represent an energy difference of
only 0.4 keal mol~1).11:29

Of course, the trans/cis diastereoselectivity is much
easier to explain, given that it arises almost exclusively
from the styrene—ester steric interaction. In fact, it has
been reported that the completely unsubstituted pybox
ligand leads to a trans/cis selectivity identical with that
found with the chiral (Pr)pybox ligand.!!

Testing the Performance of the Model. To test
the scope of the model developed, we applied it to two
interesting experimental observations that are not
particularly easy to explain.

The remote stereoelectronic effect observed when the
pyridine ring is 4-substituted was considered first. It
has been reported!? that electron-donating substituents,
such as the dimethylamino group, decrease the enan-
tioselectivity in both ¢rans- and cis-cyclopropanes,
whereas the trans/cis selectivity remains unchanged.
This effect is quantitatively greater than the almost
negligible improvement in enantioselectivity observed
with electron-withdrawing groups, and this is the reason
for which it was chosen as a testing system. Unfortu-
nately, the experimental results correspond to the
reaction of /-menthyl diazoacetate rather than methyl
or ethyl diazoacetate. Despite this, we calculated the
four TS analogues to 13-Re(I), 13-Si(I), 14-Re(II), and
14-Si(II), but with an amino (NHjy) group in the
4-position of the pyridine ring. The relative energies of
these TS are gathered in Table 2.

If we compare the relative free energies obtained for
the unsubstituted pybox with those obtained for the
NH;-substituted pybox, it is clear that the energy
difference decreases both for the anti and syn TS.

Thus, the free energy difference between 13-Re(I) and
13-Si(I) is 1.7 kcal mol™!, whereas that between
17-Re(I) and 17-Si(I) is 1.2 kcal mol~!. In the case of
the syn TS, the free energy difference between 14-Re(II)
and 14-Si(II) is 3.5 kcal mol~1, whereas between 18-
Re(II) and 18-Si(II) it is 3.0 kecal mol 1. It is clear that
these are very small differences (as are the experimental
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17-Re(l)

17-Si(T)

Figure 9. BSLYP/LANL2DZ calculated geometries of the
lowest energy transition structures leading to the trans-
cyclopropanes. The unfavorable steric interactions are
shown in red. Most of the hydrogen atoms have been
omitted for clarity.

values), and they must be treated with caution. How-
ever, the trend is in agreement with the experimental
observations.

As far as the origin of these differences is concerned,
the calculated geometries (Figure 9) indicate that there
are very small differences in all of the geometrical
parameters, apart from the C—C bond forming dis-
tances. In the case of the NHy-substituted pybox, the
four TS are later than their corresponding unsubstituted
pybox counterparts, which is undoubtedly due to the
electron-donating character of the amino group making
the carbene less electrophilic. A number of small dif-
ferences are also apparent in the synchronicity of the
TS, such that 17-Re(I) and 17-Si(I) are closer in
synchronicity (Ad = 0.616 and 0.594 A, respectively)
than 13-Re(I) and 13-Si(I) (Ad = 0.612 and 0.584 A,
respectively). This similarity may be related to the closer
energies resulting from small variations of the close
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contact distances. Similar considerations hold for the
corresponding syn TS.

The second interesting effect concerns the good enan-
tioselectivities obtained with the “single chiral” pybox
ligand bearing only one isopropyl substituent.!! It can
be clearly seen from the results given in Figure 8 and
in the Supporting Information that our model is able
to explain this unusual result. For instance, comparison
between 15-Re(I), 15-Si(I), 16-Re(I), and 16-Si(I)
indicates that a good enantioselectivity in trans-cyclo-
propanes is to be expected on the basis of the same steric
interactions responsible for the enantioselectivity ob-
served with the Co-symmetric ligand. Full details on this
system have recently been reported as a short com-
munication,? and therefore, this aspect will not be
discussed here.

Conclusions

DFT calculations allow us to propose a reaction
mechanism for the cyclopropanation reactions of olefins
catalyzed by ruthenium—pybox complexes that is fully
consistent with experimental data observed for these
systems. Under the reaction conditions most of the
catalyst is coordinated with one olefin molecule. Thus,
the catalyst—ethylene complex is considered as the
starting species for a catalytic cycle. Ethylene can be
replaced by the diazo ester through a dissociative ligand
exchange mechanism. The catalyst—diazo compound
can extrude nitrogen to yield a ruthenium carbene
complex. This ruthenium carbene is able to react with
an olefin molecule through a concerted mechanism that
leads to the cyclopropane product. The calculated acti-
vation barrier of this step is higher than that of the
nitrogen extrusion step, meaning that this is the rate-
determining step of the reaction. This situation is
consistent with the greater relative stability of the
ruthenium carbene complexes in comparison to those
of copper or rhodium. The resulting catalyst—cyclopro-
pane complex can easily regenerate the catalyst—
ethylene complex through a dissociative ligand ex-
change. The overall catalytic cycle is highly exergonic
(ca. 52 keal mol™1).

A “real world” system, namely the cyclopropanation
reaction of styrene with methyl diazoacetate catalyzed
by the dichloro-(2,6-bis[(S)-4-isopropyloxazolin-2-yl]py-
ridine) ruthenium(II) complex, was used to account for
the stereoselectivity of the reaction. The results of the

(30) Cornejo, A.; Fraile, J. M.; Garcia, J. 1.; Gil, M. J.; Martinez-
Merino, V.; Mayoral, J. M.; Salvatella, L. Angew. Chem., Int. Ed. 2005,
44, 458—461.
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DFT calculations are in excellent agreement with the
observed enantioselectivities and trans/cis selectivity.
Careful examination of the optimized geometries of the
TS allowed an enantiodifferentiation mechanism to be
proposed on the basis of the intermolecular steric
interaction between the incoming styrene molecule and
one of the pybox isopropyl groups in the Si approach.
The intramolecular steric interaction between the ester
group and one of the pybox isopropyl groups also plays
a secondary, but still significant, role. This enantiodif-
ferentiation mechanism contrasts with that previously
reported for the bis(oxazoline)—copper(I) catalysts and
clearly illustrates how the subtle geometrical changes
in the TS derived from the changes in metal and ligand
markedly modify the steric requirements of the reac-
tions. As a corollary, it can be concluded that establish-
ing a priori analogies to explain the behavior of different
catalytic systems, even for the same reaction and
following the same reaction mechanism, can give rise
to misleading conclusions.

The scope of the asymmetric induction model devel-
oped has been tested by applying it to two particularly
difficult problems, namely (i) the remote stereoelectronic
effect of substituents in the 4-position of the pyridine
ring and (ii) the high enantioselectivities observed with
asymmetric pybox ligands (bearing only one isopropyl
group). In both cases, the model has been able to explain
these experimental results in a satisfactory way.

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