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Abstract: Here we report theoretical studies on the
ruthenium-catalyzed reduction of acetophenone
(and 2-hexanone) with the intent of understanding
the relative roles of catalyst and substrate along the
reaction path. Overall ten reaction pathways are ex-
amined. The first eight are for acetophenone: they
arise from the presence of two catalysts, with the
more enantioselective one labeled 1, and the poorer
one labeled 2, multiplied by the two configurations
that the metal center of the catalysts can assume, mul-
tiplied by the two approaches, Re- and Si-side, of the
substrate to the catalyst. Two pathways are examined
for 2-hexanone and entail the two approaches to the
ketone of the more effective catalyst. Density func-
tional theory calculations provide structures of the
minima and transition states, which subsequently
have been assessed with the “continuous chirality

measure” model developed by Avnir and collabora-
tors. The picture that emerges is that the asymmetric
induction is due to the interplay between the organo-
metallic system and the organic substrate. This is ef-
fective only for catalyst 1, which can interact effec-
tively with acetophenone along only one in four of
the reaction pathways, but not for 2 for which two
out of four pathways are opened. For the hydrogena-
tion of 2-hexanone, the same catalyst 1 cannot pro-
duce enantiomeric excesses because the conformation
of the substrate in the transition state induced by the
catalyst has a relative low chirality.

Keywords: asymmetric catalysis; continuous chirality
measure; density functional theory; hydrogen trans-
fer; ruthenium

Introduction

The design of asymmetric transition-metal catalysts re-
mains challenging because of the high sensitivity of the
yields of the target products to small energy changes
along the reaction pathways.[1] While several studies
on the origin of the enantioselectivity have indeed pro-
vided insight into various types of reactions,[2] the ability
to predict a priori the performance of catalysts has still
not been reached. Catalysts are often found serendipi-
tously and high selectivities in asymmetric conversions
are obtained only after intensive ligand optimization
based both on trial and error and on sophisticated guess-
es. Recently, Lipkowitz et al. found an interesting rela-
tion between the chirality content of Lewis acid cata-
lysts, calculated on the basis of Avnir�s “continuous chir-
ality measure”, CCM,[3] and their stereoinduction in the
asymmetric Diels–Alder reaction.[4] In subsequent

work, the CCM model was used to evaluate the chirality
content of Katsuki–Jacobsen catalysts.[5] Recently, we
showed that this methodology could also be used in an
“electronic” variation for a set of asymmetric aminohy-
droxylation reactions where the “regular” geometrical
CCM was less successful.[6]

We have chosen to study the ruthenium (Ru)-cata-
lyzed asymmetric transfer hydrogenation reaction[7] be-
cause it represents an important class of reactions that
gives selective reduction to chiral alcohols under mild
conditions. Its mechanism has been studied in detail
both experimentally[8] and theoretically.[9] It is now es-
tablished that when ruthenium complexes, based on
amino alcohol or N-sulfonylated ethylenediamine li-
gands, are used the reaction proceeds via metal-ligand
bifunctional catalysis, where a proton of the amine
group of the ligand and the metal-coordinated hydride
are transferred in a concerted manner to the pro-chiral

FULL PAPERS

792 � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/adsc.200404342 Adv. Synth. Catal. 2005, 347, 792– 802



ketone.[10] The knowledge of the reaction mechanism
and the details of the associated reaction pathways
make the ruthenium-catalyzed transfer hydrogenation
a good case for an investigation with the CCM method.
We report therefore how chirality is transmitted/origi-
nated by two chiral transition metal catalysts (only one
of them effectively producing enantiomeric excess, ee)
to a pro-chiral substrate along the potential energy sur-
face. We compare the transfer hydrogenation of aceto-
phenone, in general able to give high enantioselectivity
with the experimentally difficult case of 2-hexanone, for
which it proves difficult to obtain even a modest enan-
tiomeric excess. Interestingly, the CCM calculation
shines light on the origin of the difference between the
two substrates.

Computational Methods
We performed density functional theory (DFT)-based elec-
tronic structure calculations using the BLYP functional that
combines a gradient correction term for the exchange energy
proposed by Becke[11] with a correction for the correlation en-
ergy due to Lee, Yang and Parr.[12] In a recent contribution,[9d]

we used this functional in a computational study of a similar
system and found that differences between this functional
and the B3LYP functional, generally regarded as a rather accu-
rate functional, were of the order of a few kcal/mol, and there-
fore within the accuracy of DFT.

The pseudopotential method was used to restrict the num-
ber of electronic states to those of the valence electrons. The in-
teraction with the core electrons was taken into account using
semi-local norm-conserving Martins–Troullier pseudopoten-
tials.[13] The pseudopotential cut-off radii for H, C, N and O
were 0.50, 1.23, 1.12 and 1.10 a.u., both for the l¼ s and l¼p
terms, respectively. The Ru pseudopotential was of the semi-
core type including the highest s- and p-shell electrons as va-
lence electrons. It was generated using an ionized configura-
tion (Ruþ) with the electrons treated relativistic within the sca-
lar approximation. In case of Ru the radii of the l¼ s, l¼p, and
l¼d pseudopotentials were 1.10, 1.20, and 1.24 a.u. The elec-
tronic states were expanded in a plane-wave basis with a cut-
off of 70 Ry. All calculations were performed with the
CPMD package.[14] We have already validated the numerical
accuracy of this plane-wave-based package against the state-
of-the-art atomic orbital-based ADF package,[15] and showed
that both for the structure and the energetics good to excellent
agreement is obtained.[9d]

Geometry optimizations were performed in a periodic box
with simple cubic symmetry and a side of 14.0 �. Test calcula-
tions showed that with this set-up structural properties are con-
verged within 0.005 � and 0.01 � for the intra- and intermolec-
ular bonds, respectively. Energies were converged within
0.3 kcal/mol and do not include zero-point energy (ZPE) cor-
rections. Noyori and co-workers showed for a similar system
at B3LYP/6 – 31G(d, p)-level that these corrections lowered
the activation energy of the transfer hydrogenation of formal-
dehyde by 0.9 kcal/mol.[9b] For our calculations we expect a
comparable decrease in the activation energies if ZPE correc-
tions are included. Since the different reaction paths for the Si-

and Re-approaches are comparable, we expect this decrease to
be similar for both approaches.

In analogy to Avnir and co-workers[3] and previous work,[16]

the continuous chirality measure (CCM) of a typical molecule
was calculated as

where n is the number of atoms in the molecule, D is a normal-
ization factor that makes CCM size-invariant,[3] pi are the
atomic coordinates, and p̂i are the coordinates of the mirror im-
age of the molecule. Notice that in the original model, p̂i are the
coordinates of the closest non-chiral set of points that can be
obtained starting from pi. The technical change in Eq. (1) expe-
dites calculations in our computer programs because it by-pass-
es the need to assign the atoms of the non-chiral structure. In
fact, in order to achieve non-chirality, one needs to introduce
in the molecular structure a symmetry element: a plane, an in-
version center, or a roto-reflection axis. Usually, the minimal
value of CCM is obtained by modification of the coordinates
of the molecule to entail a symmetry plane. The atoms must
then be assigned either to lie in the plane, or be coupled in pairs
with respect to it. The location of the plane cannot be deter-
mined a priori or by inspection but must be optimized numeri-
cally. In the present approach, instead, we focus on the true na-
ture of an enantiomeric pair and consider the two mirror im-
ages. The procedure tries to find the minimal Euclidean dis-
tance between the two enantiomers by rotating and translating
one of them. The numerical time-consuming optimization
therefore persists since one of the two the mirror images
must be displaced in space until the value of CCM is minimal.
In practice, this is equivalent to a change of the location of the
mirror.

Importantly, in this approach, if the atoms are numbered
progressively, their numbering may not be conserved in the
mirror image so that switches between the reference and the
mirror structure may occur. In order to minimize the value of
S, we used a Monte Carlo technique where the position of
each enantiomer was randomly rotated in space until the mini-
mum value was attained.

Results and Discussion

We investigated two prototypical systems that, despite
their similarity, show very different enantioselectivity
for the hydrogenation of acetophenone. Reduction of
2-hexanone will be considered later on. Catalyst 1, see
Scheme 1, gives a 52% excess of the reduced alcohol
of configuration S, whereas catalyst 2 gives only a 6% ex-
cess of the S-product.[9c] The structural difference be-
tween the two catalysts is the chiral center adjacent ei-
ther to the oxygen in 1 or the nitrogen in 2.

In solution, the R-configuration of the metal atom is in
rapid equilibrium with the S-configuration. Both enan-
tiomers of the catalyst therefore were considered. To
simplify the notation and avoid awkwardness, the R-
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configuration at Ru is labeled a, and the S-configuration
b.

DFT calculations were carried out at six points along
the reaction pathways:

– isolated molecules of the reactants, hydrogenated cat-
alyst and pro-chiral ketone;
– encounter-complex of catalyst and substrate, labeled
(0);
– reacting intermediate complex of catalyst and sub-
strate, labeled (a);
– reaction transition state, labeled (b);
– complex of reacted catalyst and product, labeled (c);
– isolated molecules of the products, dehydrogenated
catalyst and chiral secondary alcohol.

The labeling is used throughout this work and emphasiz-
es the different role of the stationary points in the reac-
tion pathways. The isolated systems correspond to infin-
ite separation, the encounter complexes are minima but
must rearrange to reach complex (a) to carry out the re-
action. Points (a), (b) and (c) are the critical points of the
reaction.

For both catalysts 1 and 2, we compared the substrate
approach from the Re- and Si-sides that leads to the (ma-
jor) S-alcohol product and the (minor) R-alcohol, see

Figures 1 and 2. As a further simplification of the text,
we introduce in brackets the enantiomer that results
from the approach. For instance, 1a-Re(S) is catalyst 1
in the R-configuration, approaching from the Re side
to give the S-enantiomer of the product. In total, eight
reaction pathways for the reduction of acetophenone
have been calculated, see Figure 3 for the energetics:
two catalysts, 1 and 2, multiplied by the two configura-
tions at the metal center, a and b, multiplied by the
two, Re- and Si-side, approaches.

The results of the DFT calculations are in good agree-
ment with previous calculations and with experimental
results. For catalyst 1, the most stable encounter-com-
plex is 1a-Si(R). This adduct is in equilibrium with the
same 1a catalyst approaching to the substrate from the
Re-side, and with the two encounter-complexes formed
by 1b. The lowest transition state, which governs the
enantiomeric excess, is found to be 1a-Re(S). This is
1.3 kcal/mol lower than its closest counterpart, 1a-
Si(R). Both transition states for 1b are substantially
higher in energy and their pathways do not come into
play because the barrier is ~5 kcal/mol higher than for
1a. The higher barriers in the 1b reaction pathways are
mainly due to steric hindrance between the methyl
group of the ligand backbone and the phenyl group of
the substrate. It is this interaction that by-and-large
tunes the energy location of the transition states (see
comment below). The accuracy of the DFT calculations
rules out this path as thermally accessible, but may leave
uncertain the details of the competition between the
other two pathways. The path of 1b will therefore no lon-
ger be discussed in the following unless otherwise stated.
Taking the two 1a barriers at face value, at room temper-
ature, 1.3 kcal/mol of energy difference gives a reaction
rate ratio of ~1 :10, which fully accounts for the 52%
enantiomeric excess of the S-enantiomer (although we
realize that this energy difference is close to the accuracy
of the method).

For catalyst 2, the thermodynamically stable encoun-
ter-complex is 2a-Si(R), similar to catalyst 1. The same
considerations discussed for the equilibria of 1 apply
for this catalyst. Analogously, the lowest transition is
for 2a-Re(S). Its transition state, however, is only
0.5 kcal/mol lower than both of the 2b transition states
and 1.2 kcal/mol lower than 2a-Si(R). Contrary to 1b,
for 2b there is no steric hindrance between the methyl
group of the ligand backbone and the phenyl group of
the substrate. The presence of four transition states
within 1.2 kcal/mol (and three of them within 0.5 kcal/
mol) qualitatively accounts for the poor enantioselectiv-
ity of this catalyst.

The optimized geometries of the different steps along
the reaction pathways were used as input for the calcu-
lation of the CCM, S, of the catalysts and substrates.[3 –

6,16] Here we use a slight modification of the original
CCM proposed by Avnir and co-workers, see previous
section. An analysis in terms of CCM rather than in

Scheme 1.
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terms of the geometry is deemed more effective in the
assessment of the origin of enantioselectivity. This fol-
lows a growing number of reactions where the judicious
use of CCM rationalizes the enantioselective discrimi-
nation. The rationale for the use of CCM is that it enu-
cleates from the structures the contributions that pro-
vide chirality, whose differential production is the ulti-
mate purpose of enantioselective synthesis. Thus in
view of the experimental and the DFT results, the ques-
tion is whether a further rationalization can be obtained
by CCM.

Figure 4 shows the CCM trend for catalysts 1a, 2a and
2b. (The results for 1b are not shown because its reaction

paths are thermally non-accessible on the basis of the
DFT calculations).

At this level, the trends for the catalysts are not greatly
revealing. The curve for the more effective catalyst 1a is
located between those for the less effective 2a and 2b.
Moreover, there is hardly any difference between the
pathways that lead to the mirror image products.

In Figure 5 are shown the CCM trends observed for
the substrate. Inspection of these plots revealed several
interesting points. The enantiomer that is favored by 1a
shows a higher chirality than the opposite analogue. This
suggests that the enantiomer produced in larger quanti-
ty can be assigned in consideration of the total induced

Figure 1a. Optimized and schematic structures of the different complexes of the Re-approach of acetophenone to catalyst 1a
(top) and 1b (bottom) along the reaction pathway: intermediate complex of catalyst and substrate in step (a), the transition
state with the concerted transfer of the proton and the hydride in step (b), and the complex of dehydrogenated catalyst
and chiral product in step (c). The encounter-complex, (0), is not shown, but is available upon request to the authors.
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chiralization along the reaction path: 1a favors the S-
product, as observed experimentally for 1 (the corre-
sponding 1b path is thermally not accessible). We ob-
served a similar behavior for 2a, while 2b favors the R-
product. Since catalysts 2a and 2b co-exist, no ee is ob-
served when using 2. The difference observed for 2a
and 2b additionally indicates that the chirality induced
by the catalyst is determined by the chirality at the metal
center. Obviously, the chirality of the ligand determines
the chirality at the metal center.

The overall chirality measure of the complexes was
also investigated, but no trends emerged. However, fol-
lowing the work of Alvarez et al.[17] we considered the
CCM of the molecular subunits in the complexes that
are most relevant to the reaction. We decided to include

atoms close to the reactive part of the complex, which in
practice resulted in the removal of the cymene unit and
most of the phenyl group of the substrate (one carbon
atom was retained to maintain chirality). Figure 6 shows
that the new results concur with those reported in Fig-
ure 5. Catalyst 2a is the most discriminating, with the
larger difference of CCM in favor of the S-product; 1a
also shows a difference although not as strong as that re-
ported in Figure 5, while there is no difference of CCM
at the transition state for 2b, with the products that
would favor the minor enantiomer.

A similar set of CCM calculations limited to the cata-
lyst, from which the coordinating cymene group was re-
moved showed no discriminating power, in analogy to
what was reported in Figure 4. Comparison of the results

Figure 1b. Optimized and schematic structures of the different complexes of the Si-approach of acetophenone to catalyst 1a
(top) and 1b (bottom) along the reaction pathway: intermediate complex of catalyst and substrate in step (a), the transition
state with the concerted transfer of the proton and the hydride in step (b), and the complex of dehydrogenated catalyst
and chiral product in step (c). The encounter-complex, (0), is not shown, but is available upon request to the authors.
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of Figures 5 and 6 therefore confirm the role of the sub-
strate but also finds the influence of the core part of the
catalyst. The two approaches provide alternative but co-
herent ways of describing the role of “continuous chiral-
ity measure” in this class of reactions.

An interesting observation is that the chirality of the
substrate is the highest around the transition state. In
turn, this indicates that the reaction pathway in principle
is well suited for enantioselective catalysis. The underly-
ing reason for this becomes clear when analyzing the
chirality of the substrate as function of its conformation.

In Figure 7 are given plots of the internal acetophe-
none HCchiralCphenylCphenyl dihedral angle, here denoted
as F, versus the CCM values of the critical points (a),
(b) and (c) for the a and b catalysts. Notice that the tor-
sional angle of the phenyl group governs the amount of
chirality in the substrate and the inversion of the angle

changes the enantiomer. The a catalysts show a quasi-
linear correlation, r¼0.93, between the angle F and
CCM, while the b catalysts, which according to the
CCM analysis generate the minor enantiomer, have sev-
eral points off the main line. If the points of Figures 7a
and 7b are overlapped, no trend emerges. The catalysts
therefore lock the angle responsible for the amount of
chirality in the organic substrate at different values
that are independent from each other and the better cat-
alyst, 1, shows a linear trend between CCM and this an-
gle.

The combination of DFT calculations and CCM
therefore concurs with the experiments that only 1 can
yield good enantiomeric excesses. In particular, the
two models suggest that the R $ S equilibrium at the
metal chiral center is detrimental for the formation of
an enantiomeric excess since the two chiral configura-

Figure 2a. Optimized and schematic structures of the different complexes of the Re-approach of acetophenone to catalyst 2a
(top) and 2b (bottom) along the reaction pathway: For other details, see caption of Figure 1.
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tions at the metal center catalyze the formation of a dif-
ferent enantiomer. CCM also implies that, for this reac-
tion, the catalysts do not really discriminate between the
two paths. However, through the interaction with the
substrate, they are able to impart a different CCM to
the chiralizing molecule.

DFT calculations were also performed for the Ru-cat-
alyzed reduction of 2-hexanone along the two reaction
paths, Re- and Si-side approaches, of catalyst 1a. For
this substrate, catalyst 1 does not yield appreciable enan-
tiomeric excess.[18] We found that the energy barrier for
the Re- and Si-approaches are 15.4 and 14.3 kcal/mol
with a preference for the formation of the R-enantiom-
er. Alone, DFT calculations do not explain the experi-
mental result, simply because 1 kcal/mol is within the in-
trinsic accuracy of the model. CCM, on the contrary, see

Figure 8, shows that the catalyst is unable to chiralize
differently 2-hexanone along the two reaction paths
and provides a simple explanation for the lack of enan-
tiomeric induction.

In order to obtain detailed insight in the origin of the
difference between the two substrates, additional DFT
calculations were then performed on S-1-phenylethanol
and S-2-hexanol with constrained values of the dihedral
angle discussed in Figure 7, while all other degrees of
freedom were allowed to vary. Figure 9 shows the corre-
sponding energy profiles and changes in CCM. Energy
and CCM minima and maxima do not necessarily coin-
cide. The CCM profile is broader for the ketone that
gives lower chiral induction. The red vertical lines
show the actual dihedral angle of the substrates in the
transition state of 1a-Re(S). Interestingly, catalyst 1 in-

Figure 2b. Optimized and schematic structures of the different complexes of the Si-approach of acetophenone to catalyst 2a
(top) and 2b (bottom) along the reaction pathway: For other details, see caption of Figure 1.
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duces a conformation in the aromatic substrate that is
2 kcal/mol higher in energy and has a higher chirality fa-
cilitating enantio-induction during catalysis. In contrast,
the same catalyst does not induce such a conformation
for the aliphatic substrate, providing a good explanation
for the differences observed. In addition, new directions

for the design of a good catalyst for this substrate might
be extracted from this picture. According to the analysis
suggested by Figure 9, a catalyst able to induce selectiv-
ity in the transfer hydrogenation of 2-hexanone should
induce a conformation with a dihedral angle around
08. This would maximize the chirality in the transition

Figure 3. Energy profiles of the Re- and Si-approaches of acetophenone for catalysts 1 and 2. Energies are without zero-point
energy corrections and entropy contributions. Values in bold are for the transition states. Black horizontal bars are for the cat-
alyst and substrate at infinite distance, i.e., isolated systems.
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state (which is ~2 kcal higher in energy). It may there-
fore be suggested that it is the nature of the intrinsic sub-
strate that guides the reaction enantiomeric excess, and
that the catalyst should adjust the conformation of the
substrate in such a manner that it reaches the highest
possible chirality.

Conclusion

We have monitored the trends in chirality exchange/for-
mation along ten reaction pathways of the ruthenium-
catalyzed reduction of ketones by using density func-
tional theory-optimized structures for chirality calcula-
tions, using Avnir�s “continuous chirality measure”.
The catalyst�s chirality measure does not per se differen-
tiate between the enantiomeric pathways that give the
major S- and the minor R-enantiomer. However, for
acetophenone the catalysts are able to induce a gradient
of chirality between the two paths that privileges the ma-
jor enantiomer. These catalysts have two diastereomeric

forms with the different chiralities at the ruthenium cen-
ter, a (R) and b (S). The chirality measure analysis sug-
gests that a gives S-1-phenylethanol and b produces R-1-
phenylethanol. Comparison of the chirality measure
values with the dihedral angles whose inversion changes
the chirality agrees with the different behavior proposed
for a and b catalysts. The better performance of catalyst
1 over catalyst 2 for the reduction of acetophenone is at-
tributed to the fact that 2 exists in two diastereomeric
forms that give preference to the opposite enantiomeric
products. The lack of performance of catalyst 1 for the
reduction of 2-hexanone is ascribed to its inability to
generate a chirality difference/gradient in the substrate
between paths that give mirror image enantiomers. De-
tailed analysis of the aromatic and aliphatic substrates
shows that the conformation of the substrate in the tran-
sition state is of crucial importance. In the transition
states, acetophenone is forced by the catalyst in a confor-
mation with a higher chirality that facilitates enantio-in-

Figure 4. Catalysts CCM along the reaction pathway of ace-
tophenone reduction. In black the path that gives the S-enan-
tiomer; in red, the path that gives the R-enantiomer: solid line
for 1a; dashed line for 2a; dotted line for 2b. The thermally
non-accessible paths of 1b are not plotted. Lines are just a
guide to the eye.

Figure 5. Substrate CCM along the reaction pathways of acetophenone reduction. In black the path that gives the S-enantiom-
er; in red, the path that gives the R-enantiomer. The plot for the thermally non-accessible paths of 1b are not shown. Lines are
just a guide to the eye.

Figure 6. CCM of the relevant molecular subunit (inset shows
schematic drawing) of the catalyst-substrate complex for the
critical points along the reaction path of the acetophenone
reduction. In black the path that gives the S-enantiomer; in
red, the path that gives the R-enantiomer: solid line for 1a;
dashed line for 2a; dotted line for 2b. The plot for the ther-
mally non-accessible paths of 1b are not shown. Lines are
just a guide to the eye.
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duction. This type of information may be the key to-
wards the rational design of catalyst for enantioselective
conversion of inherently difficult substrates. We are cur-
rently exploring this idea and we are extending the ap-
proach to other enantioselective reactions.
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shows S-1-phenylethanol with the angle indicated in “ball and stick” mode; Right: Energy (top) and CCM (bottom) profiles for
S-2-hexanol with a constrained dihedral angle F. The inset shows S-2-hexanol with the angle indicated in “ball and stick”
mode. The red vertical lines indicate the actual dihedral angle of the substrates in the transition state of 1a-Re(S). Inversion
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