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Abstract: The mechanism of enantioselectivity in the asymmetric Ru-catalyzed metathesis of olefins is
investigated with a theoretical approach. The models are based on the chiral N-heterocyclic (NHC)-based
catalysts developed by Grubbs. Our analysis indicates that the origin of enantioselectivity in the ring-closing
metathesis of achiral trienes is correlated to the chiral folding of the N-bonded aromatic groups, which is
imposed by the Ph groups in positions 4 and 5 of the imidazole ring of the NHC ligand. This chiral folding
of the catalyst imposes a chiral orientation around the RudC bond, which, in turn, selects between the two
enantiofaces of the substrate. In the ring-closing transition state, the geometry in which additional groups
on the forming ring are in pseudoequatorial positions is favored over transition states in which this additional
group is in a pseudoaxial position. These combined effects rationalize the enantiomeric excesses
experimentally obtained.

Introduction

Design of effective catalysts for asymmetric synthesis is a
major challenge in modern chemistry. This achievement requires
large amounts of intellectual, experimental, and economic
investments. Catalyst development usually proceeds first through
the discovery of an effective but nonenantioselective catalyst,
followed by desymmetric evolution. Ru- and Mo-based catalysts
active in the metathesis of olefins are following this route.1-5

It took only a few years for Ru-based catalysts to assume a
prominent role not only in small-scale laboratory research
chemistry, but also in large-scale industrial production chem-
istry,6 and the last generation is based on (pre)catalysts with an
N-heterocyclic (NHC) ligand (Chart 1, structure1).7-9

Several experimental studies shed light on the mechanisms
that involve these catalysts,10-21 and some molecular modeling studies subsequently provided a theoretical framework for the

experimental findings.22-31 These studies culminated in the
mechanism of Scheme 1 as the most plausible.
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Recently, the first reports of asymmetric olefin metathesis
appeared in the literature.32-34 For the Ru catalysts this result
was obtained through desymmetrization of the NHC ligand
(Chart 1, structure2).33 Two structural modifications are required
to transform the parent NHC ligand of1 into that of2. First,
chirality is introduced to the NHC ring by placement of two
phenyl groups in positions 4 and 5 of the imidazole ring. This
generates the two chiral C atoms marked by asterisks in Chart
1. Second, since the so-generated stereocenters are remote from
the metal, Grubbs and co-workers replaced the mesityl substit-
uents of1 with mono-ortho-substituted aryl groups. They argued
this substitution should lead to a more effective transfer of
stereochemical information from the ligand nearer to the metal
center. The rationally designed structure2 is effective in the
asymmetric ring-closing metathesis of achiral substrates (Chart
2, structure5), and higher enantiomeric excesses (ee) are
obtained for (E)-olefins such as5E than for the corresponding
(Z)-isomer5Z.33 Of course, understanding the mechanism of
enantioselectivity with these catalysts is likely to have practical
consequences.

In this respect, Grubbs and co-workers raised the question
of whether the geometry of the crucial intermediate indeed
corresponds to the most often proposed isomer with the olefin
coordinatedtrans to the NHC ligand (A in Scheme 2). In fact,
alternative isomers with the olefin coordinatedcis to the NHC
ligand (B and C in Scheme 2) are characterized by greater
proximity between the olefin and the chiral centers.33 This point
is based on the well-accepted idea that effective asymmetric
catalysis requires proximity between the point of chirality and
the reacting atoms.35

Since asymmetric olefin metathesis is at the first stages of
development, and the origin of enantioselectivity is still unclear,
we believe that a molecular modeling study could be extremely
useful. If practical, it will provide valuable insights for further
development of catalysts, resulting in higher enantiomeric
excesses. Stereoselective polymerization of 1-olefins is a clear
example of synergic experimental and theoretical development
of new catalysts.36 Furthermore, understanding the mechanisms
that rule the behavior of a given class of catalysts is also useful
to devise new applications for the already discovered catalysts.37

Here we present a quantum mechanics/molecular mechanics
(QM/MM) study on the origin of enantioselectivity with the
catalyst derived from2. Instead of directly calculating the
enantioselectivity in the ring-closing metathesis of5E with the
catalysts derived from2, we preferred a different approach. We
believe that a simple rationalization of experimental behavior
is not particularly useful to the chemical community if it is not
accompanied by a detailed explanation and rationalization that
could permit a deeper understanding of these systems. For this
reason, we first report on which of the isomersA-C is the
most likely intermediate in the ring-closing metathesis. Subse-
quently, we investigate whether one of the two enantiofaces of
the second CdC double bond of the substrate preferentially
coordinates/reacts in the presence of a chiral catalyst. We briefly
recall that coordination of a prochiral CdC double bond to a
metal atom is chiral (see the Models and Nomenclature sections).
Finally, after these points have been clarified, we report on the
connection between the chirality of the catalyst and the
enantioselectivity of the ring-closing metathesis step. This kind
of analysis should allow a detailed understanding of the
mechanism and of the flow of information that starts from the
chirality of the ligand and results in effective asymmetric
catalysis.

The results will be presented as follows: (i) using the model
and simple (E)-olefin 6E of Chart 2, we discuss the relative
stability of isomersA-C; (ii) using the same model olefin6E,
we discuss olefin enantioface selectivity in the C-C bond
(metallacycle) formation; (iii) using the chiral model (E)-olefin
7E, we discuss the relationship between enantioface selectivity
and configuration of the products. The simpler olefin6E in
points i and ii allows for an easier rationalization of the results.
The configuration of the catalyst, determined by the configu-
ration of the chiral C atoms in positions 4 and 5 of the imidazole
ring, is alwaysR,R (see Figure 1), which experimentally leads
to the (S)-enantiomer as the major product.33

To validate the mechanism we developed, we tested it on
the enantioselectivity of (i) the model (Z)-olefin 6Z with a model
of the catalyst derived from2 and (ii) olefin6E with models of
catalysts derived from3 and4 of Chart 1. In both these cases,
low ee values were obtained experimentally.33 Finally, a short
paragraph is also dedicated to the role of the halogen atoms on
the enantioselective performances of2. Experimentally, the
heavier the halogen, the greater the ee obtained in the desym-
metrization of achiral substrates such as5.33
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Models and Computational Details

Models. The models we considered are derived from the (pre)-
catalysts2-4, in which the phosphinetrans to the NHC ligand has
been removed, and thedCHPh group bonded to Ru has been replaced
with the dCHCH2OCHRC(CH3)dCH(CH3) group, with R) H or
CH3. For the case of the catalyst derived from2 and R ) H, the
corresponding system is illustrated in Figure 1b. Moreover, we replaced
the original Cl atoms of2-4 with iodine atoms, since higher
enantiomeric excesses are obtained experimentally for systems with I
as the halide.33

Coordination of a prochiral olefin to a metal atom, such as the
substrates of Chart 2, gives rise to nonsuperimposable coordinations.38

As an example, the two chiral geometries that originate from coordina-
tion of the second CdC double bond of6E in the intermediate that
immediately precedes the ring-closing step are illustrated in Scheme
3.

To distinguish between coordinations of the two enantiofaces, we
prefer the nomenclaturere/si, defined for specifying heterotopic half-
spaces,38 instead of the nomenclatureR/S, defined for double or triple
bondsπ-bonded to a metal atom.39,40 To avoid confusion, we will
reserve the symbolsR/S to define the configuration of the chiral sp3 C
atoms in both reactants and products.

To facilitate the geometrical characterization of the structures, we
define the dihedral anglesφ1 and φ2 (see Figure 1), which are the
dihedral angles C1-N2-C3-C4 and C1-N2′-C3′-C4′. Values of
φ1 andφ2 ) |90°| correspond to the plane of the N-bonded aromatic
rings being orthogonal to the N2-C1-N2′ plane. Finally, we also
define the dihedral angleθ, which is the dihedral angle C1sRudCs
CH2 (see Figure 1).

Computational Details.The Amsterdam density functional (ADF)
program was used to obtain all the results discussed herein.41,42 The
electronic configuration of the molecular systems was described by a
triple-ú STO basis set on ruthenium for 4s, 4p, 4d, 5s, and 5p (ADF

basis set IV).41 Double-ú STO basis sets were used for iodine (5s, 5p),
oxygen, nitrogen, and carbon (2s, 2p), and hydrogen (1s), augmented
with single 5d, 3d, 3d, 3d, and 2p functions, respectively (ADF basis
set III).41 The inner shells on ruthenium (including 3d), iodine (including
4d), and oxygen, nitrogen, and carbon (1s) were treated within the
frozen core approximation. Energies and geometries were evaluated
using the local exchange-correlation potential by Vosko et al.,43

augmented in a self-consistent manner with Becke’s44 exchange gradient
correction and Perdew’s45,46correlation gradient correction. Relativistic
effects were included self-consistently with the zeroth-order relativistic
approximation (ZORA).47-49 To evaluate solvent effects, test calcula-
tions of the solvation energies were obtained from a single-point full
QM calculation using the conductor-like screening model (COSMO)50,51

and optimized geometries from QM/MM calculations. A dielectric
constant of 7.58 was used to represent tetrahydrofuran as the solvent.
The radii used for the atoms (Å) were as follows: H, 1.29; C, 2.00; N,
1.83; O, 1.71; I, 2.31; Ru, 2.30.

The ADF program was modified by one of us52-54 to include standard
molecular mechanics force fields in such a way that the QM and MM
parts are coupled self-consistently.54,55The simple model QM systems
and the full QM/MM and QM systems are displayed in Figure 1. The
partitioning of the systems into QM and MM parts only involves the
NHC ligand. Specifically, the Ph groups in the 4 and 5 positions of
the imidazolyl ring, and thei-Pr groups of the N-bonded aromatic rings,
are treated as MM atoms.

As for the connection between the QM and MM parts, this occurs
by means of the so-called “capping” dummy atoms, which are replaced
in the real system by the corresponding “linking” atom.54,55 H atoms
were used as capping atoms for all the C(aromatic)-C(sp3) linking
bonds. In the QM/MM optimizations the ratio between the distances
of the C-C bonds crossing the QM/MM border and the corresponding
optimized C-H distance was fixed to 1.40. A more detailed description
of the coupling scheme, as well as further comments on the methodol-
ogy, can be found in previous papers.52,54The AMBER95 force field56

was used for the MM potentials, except for Ru and I, which were treated
with the UFF force field.57 To eliminate spurious stabilizations from
the long-range attractive part of the Lennard-Jones potential,52,58 we
used an exponential expression fitted to the repulsive part of the
Lennard-Jones potential.52,59-61

The minima were localized by full optimization of the starting
structures. Convergence criteria in the geometry optimizations were
set to 1× 10-3 au on the maximum Cartesian gradient. Transition states
were approached through a linear transit procedure which started from
the coordination intermediates. The distance between the two C atoms
which would form the new C-C bond was assumed as the reaction
coordinate. At each point, the C-C distance assumed as the reaction
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Figure 1. Representation of the partitioning of the systems into QM and
MM regions, and definition of the dihedral anglesφ1, φ2, and θ. The
configuration (R,R) of the chiral C atoms in positions 4 and 5 of the
imidazole ring is also indicated.

Scheme 3
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coordinate was kept fixed while all the other degrees of freedom were
fully optimized. Full transition-state searches were started from the
structures corresponding to the maximum of the energy along the linear
transit paths.

Results

Nomenclature.Structures discussed hereafter will be labeled,
for example, as2Bq-6E-re-syn, with the following meaning:
(i) The first label,2A, 2B, or 2C, indicates which of the three
isomers of Scheme 2 is considered for the systems derived from
(pre)catalyst2. If the first label is followed by a superscript
“q”, the structure is a transition state. (ii) The second label, such
as6E or 7Z, indicates which substrate of Chart 2 is considered.
(iii) The third label,re or si, indicates which enantioface of the
double bond of the substrate is coordinated to the metal. (iv)
The fourth label,synor anti, holds only for structures derived
from isomerB, and indicates the relative orientation of the two
CH3 groups of substrates such as6E with respect to the NHC
ligand. Thus,2Bq-6E-re-syn indicates the transition state for
the ring-closing metathesis of6E derived from isomerB of the
catalyst derived from2. The coordinated enantioface of6E is
re, and syn is the orientation of the two CH3 groups of6E
relative to the NHC ligand.

Stability of Isomers A-C. In this section we report on the
relative stability and some geometric features of isomersA-C
in the case of the model substrate6E with the catalyst derived
from 2. The structures we discuss, illustrated in Figure 2,
correspond to the coordination intermediates that precede the
transition states for the ring-closing metathesis of the model
substrate6E.

The two A structures we located,2A-6E-si and 2A-6E-re,
correspond to coordination of the two enantiofaces of6E to
the Ru atom. These structures are substantially isoenergetic,
since2A-6E-re is only 1 kJ/mol higher in energy than2A-6E-
si. The dihedral angleθ of Figure 1 assumes a value close to
180° (see Table 1). In both structures it is the small H(carbene)
atom that points toward the NHC ligand. This reduces steric
interactions between the substrate and the NHC ligand. This
finding is in agreement with the crystal structure of (PCy3)(tBuO)2-
RudCHPh, in which thedCHPh group is almost perpendicular
to the O-Ru-O plane, with the H(carbene) atom pointing
toward the Ru atom.62 Finally, due to the overallC2 symmetry
of the catalyst in structuresA, an exchange of the coordination
position of the C(carbene) from right to left in structures2A-
6E-si and2A-6E-re would lead to identical structures2A-6E-
si and 2A-6E-re with, of course, identical energies. This
symmetry consideration holds for all the structures with the
substrate coordinatedtrans to the NHC ligand.

All the B structures we calculated are more than 20 kJ/mol
higher in energy than2A-6E-re (see Table 1). They are
characterized by strong deformations which are caused by the
bulkiness of the substrate. Structures2B-6E-si-synand2B-6E-
re-syn are destabilized by steric interactions between the
N-bonded aromatic rings of the NHC ligand and thesyn-oriented
CH3 groups of6E. This is suggested by the short distances
reported in Figure 2. Instead, structures2B-6E-si-anti and2B-
6E-re-anti are destabilized mainly by steric interactions of the
CH2 group close to the coordinated CdC double bond.

Considering the high energy ofB isomers compared withA
isomers, we believe the former contribute negligibly to olefin
metathesis, and will not be discussed further. This conclusion
is also based on the low barrier for metallacycle formation
starting fromA isomers (∼5-10 kJ/mol), and on recent and
detailed theoretical studies which show that the preferential
reaction path starts from isomerA.26,30

Finally, we were unable to locate geometries corresponding
to isomerC for coordination of6E to the model of catalyst
derived from2. Most of the attempts converged into one of the
B isomers, while in the other cases they converged into one of
the A isomers. We believe that our inability to locate theC
isomer is due to the steric bulkiness of the NHC ligand, which
pushes the halide atomtransto the RudC(carbene) bond toward
the empty coordination positiontrans to the NHC ligand. This
conclusion is also supported by similar results recently obtained
by Adlhart and Chen for very closely related systems.30

From a geometrical standpoint, in the low-energyA structures
the steric pressure of the Ph groups in positions 4 and 5 of the
NHC ligand imposes a systematic chiral twisting of the
N-bonded aromatic rings. To reduce steric interactions, both
these rings rotate by roughly 15° from a perfect orthogonal
orientation relative to the N-C-N plane of the NHC ring. The
anglesφ1 andφ2 (see Figure 1) deviate from-90° to assume

(62) Sanford, M. S.; Henling, L. M.; Day, M. W.; Grubbs, R. H.Angew. Chem.,
Int. Ed. 2000, 39, 3451.

Figure 2. Geometries of the coordination intermediates corresponding to
coordination of6E to the catalyst derived from2. Atoms of the system
which are below the mean plane defined by the RudC bond and the NHC
ring are colored in gray. For simplicity, the Ph groups in positions 4 and 5
of the NHC ring are represented as single large spheres. Distances are in
angstroms, and angles are in degrees.
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values close to-75°. Similar values ofφ1 andφ2 (-76° and
-77°) are observed in the X-ray structure of a closely analogous
complex.33 Thus, the Ph groups desymmetrize the ligand, forcing
the nearby side of the N-bonded aromatic rings (the one without
the i-Pr group) to be bent down toward the equatorial coordina-
tion plane, which is the plane with the halide atoms and the
Rudcarbene bond. Conversely, the other side of the ring (the
one with thei-Pr group) is bent up, i.e., is pushed away from
the equatorial plane. This chiral twisting of the N-bonded
aromatic rings is a systematic feature of all the structures based
on 2 that we calculated, whether they are coordination inter-
mediates or transition states. We will demonstrate that this chiral
twisting is at the origin of the enantioselectivity shown by these
catalysts.

Concluding this part, our results indicate that coordination
of the second CdC double bond of the substrate only selects
between different isomers (A favored relative toB and C).
However, at this point there is no influence of the chirality of
the ligand because there is no enantioface selectivity, since2A-
6E-si is only marginally favored relative to2A-6E-re.

Olefin Enantioface Selectivity. In this section we report on
the relative stability of the two transition states that can be
reached from the low-energy coordination intermediates2A-
6E-si and2A-6E-re.

Starting from 2A-6E-si and 2A-6E-re, we located the
transition states2Aq-6E-si and2Aq-6E-re for ring-closing (and
metallacycle formation) illustrated in Figure 3. Formation of
the new C-C bond imposes a rotation aroundθ from roughly
180° to ca. -90° and +90° in 2Aq-6E-si and 2Aq-6E-re,
respectively (see Table 1). The sign assumed by theθ angle in
the transition state is determined by the chirality of coordination
of the substrate. Specifically, there (si) enantioface imposes a
positive (negative) value toθ. In both transition states these
values ofθ place the forming five-membered rings on one side
of the forming metallacycle ring. This reduces steric interactions
with other atoms and allows the forming five-membered ring

to assume a relaxed pseudoenvelope geometry with the O atom
at the apex of the envelope.63,64

Although the two transition states of Figure 3 may seem rather
similar, they have a substantial geometric difference. In the case
of thesi enantioface the forming five-memberd ring is close to
the bent-up side of the nearby N-bonded aromatic group, while
in the case of there enantioface the forming ring is close to the
bent-down part of the same N-bonded aromatic group. For
2Aq-6E-re this results in steric interactions between the substrate
and the bent-down side of the proximal aromatic group, as
indicated by the short distances reported in Figure 3. In
2Aq-6E-si these interactions are less relevant because the small
H(carbene) atom is close to the bent-down side of the proximal
aromatic group.

The different steric interactions in the two transition states
result in a preference for the less strained2Aq-6E-si geometry,
which is 6 kJ/mol lower in energy than2Aq-6E-re. Thus, for
an (R,R)-complex, transition states withθ ≈ -90° are favored
over those withθ ≈ +90°. Considering the previous discussion,
this implies olefin enantioface selectivity, since values ofθ ≈
-90° and+90° impose reaction of thesi andre enantiofaces,
respectively. In this respect, the chiral folding of the catalyst
forces a chiral orientation on theθ angle. This chiral orientation,
in turn, selects between the two prochiral enantiofaces of the
olefin. This mechanism of selectivity is rather similar to that
operative in the stereospecific polymerization of olefins with

(63) Kilpatrick, J. E.; Pitzer, K. S.; Spitzer, R.J. Am. Chem. Soc.1947, 69,
2483.

(64) Pitzer, K. S.; Donath, W. E.J. Am. Chem. Soc.1959, 81, 3213.

Table 1. Energies and Relevant Geometric Parameters of the
Species Discusseda

system
E

(kJ/mol)
θ

(deg)
φ1

(deg)
φ2

(deg)

2A-6E-si 0 -176.4 -72.7 -72.9
2A-6E-re 1 141.8 -72.8 -73.5
2B-6E-si-anti 44 -97.1 -73.4 -82.3
2B-6E-si-syn 34 117.6 -64.5 -50.3
2B-6E-re-syn 63 -107.0 -63.7 -78.4
2B-6E-re-anti 28 98.8 -77.6 -65.7

2Aq-6E-si 0 -98.5 -73.8 -66.1
2Aq-6E-re 6 99.1 -65.4 -63.7

2Aq-6E-si-Seq 0 (0) -96.4 -72.9 -67.4
2Aq-6E-re-Req 10 (6) 97.6 -63.4 -66.0
2Aq-6E-si-Rax 28 (29) -98.6 -71.0 -68.7

2Aq-7Z-si 0 -96.2 -70.8 -63.3
2Aq-7Z-re 2 100.2 -68.2 -63.7

3Aq-6E-si 3 -97.4 -98.1 -96.7
3Aq-6E-re 0 96.5 -86.8 -95.1

4Aq-6E-si 1 -98.3 b b

4Aq-6E-re 0 98.2 b b

a The energy values in parentheses for entries2Aq-6E-si-Seq, 2Aq-6E-
re-Req, and2Aq-6E-si-Rax include solvent effects calculated as described
in the Computational Details section.b Theφ1 andφ2 angles are not defined
for the systems derived from (pre)catalyst4.

Figure 3. Transition states2Aq-6E-si and 2Aq-6E-re, corresponding to
ring-closing metathesis of6E with the catalyst derived from2. Atoms of
the system which are below the mean plane defined by the RudC bond
and the NHC ring are shaded gray. For simplicity, the Ph groups in positions
4 and 5 of the NHC ring are represented as single large spheres. Distances
are in angstroms, and angles are in degrees.
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group 4 metals,36,65,66a similarity that we will discuss in more
detail in a following section. However, we remark that in the
case of a substrate such as6E this selectivity has no practical
consequences since2Aq-6E-si and2Aq-6E-re lead to the same
achiral product (see Chart 2).

Concluding this section, it is worthy to note a geometric
feature of the forming five-membered ring. The CH2 group close
to the CdC double bond presents the two H atoms in an
equatorial and an axial position. These H atoms are marked as
pro-R and pro-S in Figure 3, according to the configuration
(R or S, respectively) that would be assumed by the C atom to
which they are bonded when they are replaced with a methyl
group. This configuration would also correspond to the con-
figuration of the products at the end of the metathesis reaction.
In the case of2Aq-6E-si, the pro-R H atom is in the axial
position, and thus, it is labeled pro-Rax, while the pro-SH atom
is labeled pro-Seqbecause it is in an equatorial position. A similar
nomenclature is adopted for2Aq-6E-re.

Relationship between Olefin Enantioface and Configura-
tion of the Products. In this section we report on the
enantioselectivity in the ring-closing metathesis of the chiral
substrate7E of Chart 2. The conclusions for7E can easily be
extrapolated to the experimental enantioselectivity observed in
the desymmetrization of5E if the CH3 group on the chiral C
atom of 7E is replaced with the-C(CH3)dCH(CH3) group.
As starting geometries we used2Aq-6E-si and2Aq-6E-re, and
we simply replaced one of the pro-R and pro-SH atoms with a
methyl group.

First, we positioned the additional methyl group in the
equatorial position, thus obtaining the2Aq-7E-si-Seq and
2Aq-7E-re-Req geometries. These transition states are illustrated
in Figure 4, and are very similar to the corresponding transition
states obtained for6E (compare Figures 3 and 4). In both
transition states the additional group in the pseudoequatorial
position is oriented in an empty area, substantially away from
all the other groups of the system. From an energetic viewpoint,
2Aq-7E-si-Seq is more stable than2Aq-7E-re-Req by 10 kJ/mol.
This energy difference is slightly higher than that between
2Aq-6E-si and2Aq-6E-re, 6 kJ/mol. These findings indicate that
an additional substituent in the pseudoequatorial position is more
easily positioned in2Aq-6E-si than in 2Aq-6E-re. This is
reasonable, considering that the small geometric rearrangements
needed to accommodate the additional group are not a problem
in the relaxed2Aq-6E-si geometry. Instead, these rearrangements
are slightly more difficult when the additional group in the
pseudoequatorial position is added to the slightly compressed
2Aq-6E-re geometry. The main point, however, is that formation
of the (S)-product is favored when the additional group is
inserted in the pseudoequatorial positions of2Aq-6E-si and
2Aq-6E-re.

The other competing transition state that would lead to an
(R)-product,2Aq-7E-si-Rax, has no relevance since it is 28 kJ/
mol higher in energy than the most favored transition state,
2Aq-7E-si-Seq. In 2Aq-7E-si-Rax the additional CH3 group is
positioned in an axial position, and it is at short distances from
the tail CH group of the reacting CdC double bond, and from
the nearby iodine atom. Thus, in agreement with the experi-
mental results, for an (R,R)-catalyst, formation of the (S)-

enantiomer is favored over formation of the (R)-enantiomer,
since2Aq-7E-si-Seq is favored over both2Aq-7E-re-Req and
2Aq-7E-si-Rax. Finally, to test the influence of solvent effects
on the energy differences, we calculated the relative stability
of 2Aq-7E-si-Seq, 2Aq-7E-re-Req, and2Aq-7E-si-Rax in tetrahy-
drofuran, the solvent used experimentally. These calculations
were performed with the COSMO implementation of ADF, and
are reported in Table 1. Examination of the values indicates
that solvent effects have a very small influence on the energy
differences, and thus, the overall chemical picture we obtain
remains confirmed. This result is in agreement with the
experimental finding that solvent (THF, dichloromethane,
benzene) has no significant effect on the enantioselectivity of
these systems.33 On the other hand, this conclusion is reasonable,
since the competing diastereoisomeric transition states are
structurally extremely similar.

(65) Corradini, P.; Guerra, G.; Cavallo, L.Acc. Chem. Res.2004, 37, 231.
(66) Guerra, G.; Cavallo, L.; Corradini, P.Top. Stereochem.2003, 24, 1.

Figure 4. Transition states2Aq-7E-si-Seq, 2Aq-7E-re-Req, and2Aq-7E-si-
Rax, corresponding to ring-closing metathesis of7E with the catalyst derived
from 2. Distances are in angstroms.
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In conclusion, our analysis indicates that the chiral folding
of the catalyst imposes a chiral orientation to the angleθ. This
chiral orientation selects between the two enantiofaces of the
olefin, and the more reactive transition state is characterized
by having the additional R groups in a pseudoequatorial position
of the forming five-membered ring.

This implies that, for an (R,R)-catalyst, values ofθ ≈ -90°
and, consequently, ring-closing metathesis of thesi enantioface
is favored. In turn, the higher reactivity of thesi enantioface
implies that additional R groups in the equatorial pro-Sposition
are favored. This flow of information rationalizes the obtainment
of the (S)-enantiomer as a major product in the ring-closing
metathesis of the achiral substrates5E with an (R,R)-catalyst.33

Role of the Halogens. In this last section we briefly discuss
the role of the nature of the halogen atoms on the enantio-
selective performance of2. Experimentally, the heavier the
halogen the greater the ee which is obtained in the desymme-
trization of achiral substrates such as5. To this end we optimized
the geometry of the (pre)catalysts as2 of Chart 1, in which the
carbene groupdCHR is simplydCH2, and PR3 is the simple
PH3 phosphine. These optimizations were performed with Cl,
Br, and I as halogens. The main geometric parameters that
characterize the three structures, the folding anglesφ1 andφ2

in particular, are very similar to each other. The only significant
difference is in the X-Ru-X angle, which grows from 163°
for Cl to 168° for Br to 176° for I. Smaller values of the
X-Ru-X angle correspond to having the halogen atoms pulled
away from the carbene moiety toward the empty coordination
positiontransto the RudC(carbene) bond. This finding suggests
that, for the heavier halogens, the larger X-Ru-X angle
associated with the larger van der Waals radius synergically
creates a smaller reactive pocket for the ring-closing metathesis,
enhancing the steric pressure of the chirally folded NHC ligand.
Instead, with smaller X-Ru-X angles and with smaller
halogens, the transition state corresponding to the wrong
enantioface of the substrate can be accommodated better in a
slightly larger reactive pocket.

Discussion and Outlook

Mechanism Validation. To provide a more general mech-
anism, we rediscuss the results using a representative sketch.
Scheme 4 displays a quadrant representation of the transition
states for ring-closing metathesis in the case of an (R,R)-catalyst.

The systems are viewed along the NHC-Ru bond, and the
quadrants represent space occupation in the equatorial plane of

the system. Gray quadrants correspond to zones sterically
encumbered by the bent-down side of the N-bonded aromatic
rings, while white quadrants correspond to less crowded zones,
where the bent-up sides of the rings are positioned. Only the
backbone of the substrate is represented. The favored2Aq-6E-
si transition state presents both the terminal CH3 group of the
substrate and the CH2O groups of the forming ring in open
quadrants, whereas the less favored2Aq-6E-re transition state
presents both in crowded quadrants. These transition states are
illustrated in Figure 3.

Instead, for a (Z)-substrate such as6Z, both the2Aq-6Z-si
and2Aq-6Z-re transition states present one of these groups in
a crowded quadrant while the other is in an open quadrant. For
6Z we calculated2Aq-6Z-si to be only 2 kJ/mol lower in energy
than 2Aq-6Z-re, in agreement with the low experimental ee
observed for (Z)-substrates. These transition states are illustrated
in Figure 5.

On the other hand, chiral systems which cannot fold are also
unable to transfer the information from the points of chirality
to the substrate effectively. According to our calculations this
occurs in the case of the catalyst derived from3. For substrate
6E and a catalyst derived from3 we calculated3Aq-6E-re to
be only 3 kJ/mol lower in energy than3Aq-7E-si, in agreement
with the low ee experimentally observed. We correlate the low
enantioselectivity of3 to the small deviation from-90° of the
anglesφ1 andφ2 (see Figure 6 and Table 1), which corresponds
to reduced chiral folding of the catalyst. Steric interactions
between the Me groups on the N-bonded aromatic rings and
the halide atoms bonded to the Ru atom hinder rotations around
φ1 andφ2, constraining these angles close to 90°. This validates
the mechanism we proposed.

Outlook. Our analysis suggests that more effective catalysts
should present higher steric differences between gray and white
quadrants. This could be accomplished either by catalysts that

Scheme 4

Figure 5. Transition states2Aq-6Z-si and2Aq-6Z-re, corresponding to the
ring-closing metathesis of6Z with the catalyst derived from2. Distances
are in angstroms.
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result in more pronounced bent-up and bent-down sides of the
N-bonded aromatic ring or, alternatively, by ligands with chiral
N-bonded groups that would locate bulky groups in the gray
quadrants. The catalysts proposed by Hoveyda34 can be con-
sidered as a special case of this second class. In contrast, the
diisopinocampheol-based catalyst tested by Grubbs33 is an
attempt in the right direction, but the chiral information on the
catalyst is not transferred effectively to the substrate.

According to our calculations, for the model of a catalyst
based on4, transition state4Aq-7E-si is only 1 kJ/mol lower in
energy than4Aq-7E-re, in agreement with the low ee experi-
mentally observed. We associate the low enantioselectivity of
4 to the sp3 hybridization of the C atoms of the isopinocampheol
groups bonded to the N atoms of the NHC ring (see Figure 7),
which bend the whole chiral isopinocampheol group away from
the substrate by roughly 20°. This results in long distances
between the chiral atoms of the isopinocampheol group and the
substrate and, consequently, in a poor transfer of asymmetric
information. On the contrary, in the effective system2, the sp2

hybridization of the C atoms at the junction of the aromatic
groups with the NHC ring bend the N-boned aromatic rings
toward the plane defined by the Ru and halide atoms. This
results in an effective transfer of asymmetric information
between the bent-down side of the N-bonded aromatic groups
and the substrate.

In short, our calculations indicate that the origin of enantio-
selectivity with these catalysts is connected to the chiral folding
of the N-bonded aromatic rings which is imposed by the Ph
groups in positions 4 and 5 of the NHC ring. Within this
mechanism, there are no direct interactions between the chiral
points of the catalyst and the substrate. Instead, the N-bonded
aromatic rings act as messengers between the points of chirality
and the substrate, forcing a chiral orientation around the angle

θ. This chiral orientation around the RudC bond finally selects
between the two enantiofaces of the olefin.

This mechanism of selectivity can be tightly correlated to
the mechanism of stereospecificity in the polymerizations of
propene with group 4 catalysts.36,65,66In fact, also in this case
there is a messenger between the points of chirality and the
substrate. The messenger is the chiral orientation of the growing
polymeric chain, and this situation is illustrated in Figure 8 for
the prototype isospecific zirconocene containing the bis(1-
indenyl) ligand.

In the case of an (R,R)-metallocene, the most stable transition
state for primary propene insertion into the Zr-isobutyl bond
(which simulates a primary growing chain) corresponds to the
insertion of anre-propene molecule, and it shows the most
classical features which characterize the mechanism of the chiral
orientation of the growing chain. These are (i) the growing chain
assumes a chiral orientation to minimize steric interactions with
the chiral ligand and (ii) the monomer inserts with the methyl
grouptransoriented relative to the growing chain, to minimize
its steric interaction with the growing chain itself.

Figure 6. Transition states3Aq-6E-si and 3Aq-6E-re, corresponding to
the ring-closing metathesis of6E with the catalyst derived from3. Distances
are in angstroms.

Figure 7. Transition states4Aq-6E-si and 4Aq-6E-re, corresponding to
the ring-closing metathesis of6E with the catalyst derived from4. Distances
are in angstroms.

Figure 8. Favored transition state for the propagation step in the propene
polymerization with a bis(indenyl)-based zirconocene, on the right. Quadrant
representation of the same transition state, left. Gray quadrants correspond
to zones sterically encumbered by the six-membered rings of the bis(indenyl)
ligand, while white quadrants correspond to less crowded zones.
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This situation is schematically sketched in the quadrant
representation of Figure 8. The lowest energy transition state
places both the chain and the propene methyl group in an open
quadrant. The overall similar space occupation between the
structure of Figure 8 and that of2Aq-6E-si-Seq, and the same
quadrant representation, supports a unified view of the mech-
anisms of stereoselectivity with these very different catalysts.

Conclusions

We investigated the origin of enantioselectivity in the
asymmetric olefin metathesis with the NHC-based Ru catalysts.
The main conclusions of our work can be summarized as
follows.

(i) The most classical intermediateA of Scheme 2, with the
substrate coordinatedtrans to the NHC ligand, is the key
intermediate also in asymmetric metathesis reactions. Alternative
intermediates such asB andC, with the substrate coordinated
cis to the NHC ligand, are of remarkably higher energy. This
conclusion is in agreement with other studies on closely related
systems.

(ii) In the most stable coordination intermediateA the angle
θ assumes a value close to 180°, to reduce steric interactions
between the R group bonded to the carbene C atom and the
N-bonded aromatic rings. In the four-center transition state for
metallacycle formation,θ assumes values close to|90°|. Values
of θ ≈ -90° and+90° imply coordination and reaction of the
si andre enantiofaces of the double bond, respectively. In both
transition states these combinations (θ ≈ -90°/si enantioface
andθ ≈ +90°/re enantioface) place the forming five-membered
rings on one side of the forming metallacycle ring. This reduces
steric interactions with other atoms and allows the forming five-
membered ring to assume a relaxed pseudoenvelope geometry.

(iii) The two Ph groups in positions 4 and 5 of the imidazolyl
ring of the NHC ligand impose a chiral folding to N-bonded
aromatic groups. In particular, the side of the N-bonded aromatic
group near the Ph group is bent down, that is, bent toward the
Ru atom and the substrate. Obviously, the other side of the
N-bonded aromatic group is bent away. This structural feature
is found in all the geometries we calculated, and is also found
in the crystal structure of the (pre)catalyst.

(iv) The folding of the catalyst implies a chiral orientation
of the dihedral angleθ in the transition state. The preferred
orientation is the one that places the R group bonded to the
RudC carbene atom away from the bent-down side of the
N-bonded aromatic group. For an (R,R)-configuration of the
catalyst, this implies that values ofθ ≈ -90° are favored. On
the basis of point ii above, it is implied that with an (R,R)-
catalyst thesi enantioface of the substrate is more reactive.

(v) An additional R group near the reacting CdC double bond
of the substrate is rather easily accommodated in a pseudoequa-
torial position, independently of the reacting enantioface of the
substrate. Conversely, transition states with the additional group
in a pseudoaxial position are of remarkably higher energies.

The flow of information from the points of chirality to the
preferential configuration of the products is displayed in Scheme
5. The chiral orientation of the dihedral angleθ around the
RudC bond acts as a messenger of information between the
chiral folding of the ligand and the reacting enantioface of the
substrate.

The main aim of the present work was to rationalize the origin
of selectivity in the asymmetric Ru-catalyzed ring-closing
metathesis reactions at the molecular level. We believe that our
study rationalizes the origin of enantioselectivity experimentally
reported for the desymmetrization of achiral trienes. We also
believe that our detailed rationalization can contribute to the
rational design of new catalysts with better performance, or to
new applications of already discovered catalysts.
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