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The density functional theory (DFT) calculations presented
here allow us to understand the mechanism of an asymmetric
reaction, the hydride transfer reduction of acetophenone by
a RhI complex bearing a chiral diamine ligand, RhH(diam)-
(COD). The mechanism which accounts for the enantioselec-
tivity is a concerted one, where both the hydride and one
hydrogen carried by a nitrogen are transferred simultan-
eously to the ketone. The two diastereoisomeric transition
states leading to the R and S alcohols have been determined,
the former being the most stable. The activation free ener-
gies, the kinetic constants and the enantiomeric excesses ee
have been calculated, giving values in good agreement with
the experiments.

I. Introduction

The synthesis of optically pure chiral compounds is a key
process for the chemical and pharmaceutical industries. The
catalytic asymmetric hydrogen transfer reaction allows the
reduction of prochiral ketones into optically active alcohols.
Complexes of transition metals like RuII, RhI, or IrI bearing
chiral ligands are often used.[1,2] Phosphorus ligands are the
most common; however, nitrogen-containing ligands show
remarkable catalytic performances and have been widely
studied in the last decade.[3�9] Nevertheless little was
known about the reaction steps, except for the X-ray deter-
mination of intermediates with RuII catalysts[10,11] and a ki-
netic study in the case of a RhI catalyst.[12] Only a few pap-
ers deal with the theoretical study of the mechanism of the
asymmetric reduction of ketones. One can cite two reac-
tions catalyzed by RuII complexes.[13,14] In the latter work,
the enantiomeric transition states are calculated.

We have focused our attention on the asymmetric re-
duction of acetophenone by a complex of RhI bearing a
chiral diamine as ligand (see Scheme 1).[4,5,7,9] When the
chiral diamine is the (S,S)-N,N�-dimethyl-1,2-diphenylethyl-
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Two conditions ensure the enantioselectivity. The first is the
existence of a unique isomer of the starting complex, which
is achieved by the presence of bulky substituents on the di-
amine asymmetric carbons. The second is the presence of
one hydrogen on the diamine nitrogens (secondary amines)
and the existence of a C2 axis for the diamine ligand, which
means that only one of these hydrogens points in the same
direction as the Rh−H bond, a condition necessary for a low-
energy concerted transfer.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

enediamine, the (R)-phenylethanol is obtained with an en-
antiomeric excess ee in the range 40�67% depending on
the experimental conditions: for instance, in the conditions

Scheme 1

shown on Scheme 1, ee is 40%. When the cyclooctadiene is
replaced by two ethylene molecules, ee increases to 50%.[9]

In our previous papers, we have presented density func-
tional theory (DFT) calculations on the mechanism of this
reaction. We have compared a step-wise mechanism[15] and
a concerted one.[16] We have shown that the latter was the
most probable and the one able to explain the enantioselec-
tivity of the reaction. This concerted mechanism is similar
to the one found for the same reaction catalyzed by a RuII

complex.[9,13] In these studies with RhI we have considered
a model complex having no substituent on the carbons of
the diamine. In the present work we complete our study by
considering a RhI complex with the real diamine as ligand,
bearing phenyl groups on the carbon atoms. At the same
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time our purpose is also to present a summary of the fac-
tors that control the enantioselectivity of the reaction. Fur-
thermore, calculations of the vibrational frequencies have
allowed us to obtain the activation free energies and hence
the kinetic constants. The ratio of these constants for the
isomeric pathways is directly related to ee.

Therefore we will firstly briefly recall our previous results,
then present the study with the experimental complex and
finally set out the kinetic part of our work.

II. Computational Methods

The calculations were based on density functional theory
(DFT) at the generalized gradient approximation (GGA)
level. They were performed with the Gaussian98 code.[17]

We used the GGA PW91 and the hybrid B3LYP func-
tionals. For the Rh atom, we used the relativistic effective
core potential of Hay and Wadt (with 4s and 4p in the val-
ence) and the corresponding double ζ basis set.[18] A
pseudopotential was also used for C, N, and O atoms.[19]

The corresponding double ζ valence basis set was of 41G
type[20] with a d polarization function on N (α � 0.80), C
(α � 0.75), and O (α � 0.85). For H atoms, we used the
Duning double ζ basis set with a 2p polarization orbital on
the hydride (α � 1.0).

Geometries of reactants and products were fully optim-
ized without any constraints. Transition-state geometries
were found via the quasi-Newton algorithms,[21] QST2 or
QST3. A vibrational characterization of all the transition
states was performed.

III. Enantioselective Mechanism

1. Structure of the Initial Complex

We have shown previously[9] that the reactive complex
has only one diamine ligand and keeps a diene ligand
(COD) which has been modeled by two ethylene molecules.
The experimental diamine, which gives the asymmetric re-
action, has one methyl group on each nitrogen atom and
one phenyl group on each carbon atom in a meso configura-
tion. Initially we studied the influence of the nature of the
substituents on the carbons[22] and compared L � methyl
and L � phenyl (see Scheme 2). The complex with L � Ph
and two ethylene ligands is one of the experimental com-
plexes.[9] With one substituent on each atom of the diamine,
there are 16 diastereoisomeric complexes. Optimization of
all these isomers showed that two of them are more stable
than the others. For L � CH3, they only differ by 0.6 kcal/
mol (see Table 1) which means that they coexist in the reac-
tion medium. For L � Ph, the energy difference is larger
(2.6 kcal/mol) which is sufficient for us to assert that dia-
stereoisomer 1 is largely predominant. In this complex, the
substituents are arranged alternately above and below the
mean plane of the diamine, giving a C2 symmetry axis.
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Scheme 2

Table 1. Relative energies of the two most stable diastereoisomers
of the hydride complex depending on substituent L (in kcal/mol),
obtained with the BPW91 functional

The total energy can be decomposed into two terms: the
deformation energy necessary to bring the free diamine into
a geometry allowing the coordination and the interaction
energy between the deformed diamine and the metallic frag-
ment. We have shown that the relative stability of the vari-
ous diastereoisomers does not result only from steric ef-
fects.[22] Indeed, compared to structure 1, the configuration
of the diamine where the phenyls are axial and cis relative
to the methyl groups has a similar deformation energy,
which is surprising. However structure 1 is favored by a
much larger interaction energy with the rhodium. Hence
the stability of the complexes is not only governed by an
adequate arrangement of the substituents of the diamine
but by the strength of the interactions between the frag-
ment orbitals.

In conclusion, the presence of phenyls on the carbons of
the diamine assures the existence of only one privileged iso-
mer for the reactive complex. If methyl groups are used in-
stead, two isomers can coexist and both can react with the
ketone, yielding a less-controlled reaction.

Scheme 3
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2. Reactivity and Search of Transition States

As presented in the introduction, we have shown[15,16]

that the mechanism of this asymmetric hydrogenation is a
concerted one involving the hydride and a hydrogen of the
diamine (Scheme 3).

When acetophenone approaches the complex, a hydrogen
bond is formed between the oxygen and the hydrogen of
one amine function. The product resulting from the transfer
of two hydrogens on acetophenone is 2-propanol, bound to
the rhodium complex by a hydrogen bond between N and
O�H. These two complexes, reactant and product, have
been optimized in the case of L � H[15] and L � Ph (this
work). In the case of L � H, the carbon atoms of the diam-
ine are no longer asymmetric but we have kept for the nitro-
gens the same unique configuration as determined for the
initial complex. This means that the nitrogen atoms have an
R configuration with an axial hydrogen on each. One of
these hydrogens points toward the Rh�H bond. This is a
model for the molecule with L � Ph, freezing the constraint
of substituents on the ligand structure, but eliminating the
specific interactions of these phenyl substituents with the
incoming substrate. This is only a model and not a realistic
system since in the case of a nonchiral ligand, the other
configuration of the nitrogen atoms is of course equally
probable, resulting in a strictly nil ee.

Acetophenone is a pro-chiral ketone and two possibilities
exist for the approach, depending on the position of the
two substituents (either CH3 or Ph is behind). The precur-
sor and the product for the two possible approaches are
depicted in Figure 1 in the case of L � Ph. The bond
lengths between the interacting atoms are given. In the S
precursor, the hydrogen bond between O and H is shorter
but the distance between C and the hydride is larger owing
to steric hindrance between the methyl of acetophenone
and the methyl carried by the second nitrogen. The energies
are given in Table 2. Both the coordinated reactant and
product are more stable for path R than for path S, with a
small energy difference.

With a knowledge of the precursors and of the products,
the R and the S transition states (TS) have been located in
both cases, L � H and L � Ph. The geometry of these TS
is also given in Figure 1 for L � Ph. The bond lengths are
similar to those found previously without phenyls.[16] The
transition state leading to the S isomer is earlier on the
reaction path: the C�O and N�H bonds are less elongated
and the C�H and O�H bonds are longer. The key differ-
ence is for the C�H bond being formed (0.11 Å between R
and S transition states). This is explained by the through-
space interaction between the methyl group on aceto-
phenone and the one carried by the N atom not directly
involved in the reaction. The alternating substituents in the
diamine ligand structure for the most stable isomer of the
initial complex ensures that this methyl is pointing upward,
and hence can partially hinder the approach of the ketone
leading to the S product. The shortest H�H distance be-
tween the two methyls is 2.6 Å for L � H and 2.4 Å for
L � Ph. In the transition state leading to the R product,
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Figure 1. Geometries of the precursor states, of the transition states
and of the products for the two diastereoisomeric pathways during
the reduction of acetophenone by the RhI complex with the exper-
imental (S,S)-N,N�-dimethyl-1,2-diphenylethylenediamine ligand

Table 2. Energy (E) and energy corrected by the zero-point energy
(E�ZPE) of the precursor complex, the transition state and the
product for the hydrogenation reaction of acetophenone in the case
of no substituent on the carbon atoms of the diamine (L � H) and
in the case of phenyl substituents (L � Ph); the energies (in kcal/
mol) are relative to the sum of the energies of the separated mol-
ecules; the pathways leading to the R or S isomers are
compared

L � H L � Ph
Precursor TS Product Precursor TS Product

R isomer
E BPW91 �3.9 1.0 �16.1 �3.9 1.0 �15.8

B3LYP �6.1 2.1 �18.6
E�ZPE BPW91 �3.1 1.6 �13.0 �3.2 1.6

B3LYP �5.2 2.8 �15.1
S isomer
E BPW91 �3.4 2.7 �15.4 �3.5 2.6 �15.2

B3LYP �5.7 3.9 �17.4
E�ZPE BPW91 �2.6 3.0 �12.4 �3.0 2.4

B3LYP �4.7 4.4 �14.1

this methyl group is facing the phenyl ring of the incoming
reactant and the steric repulsion is weaker since the shortest
C�H distance is 3.2 Å for L � H and 2.9 Å for L � Ph.
In the case of L � Ph, the oxygen of the acetophenone is
not very far from a hydrogen of one of the phenyls of the
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diamine (2.4 Å in both TS). This short distance can indicate
the existence of an additional weak hydrogen bond.

3. Energetics of the Reaction

We have calculated the vibrational frequencies for the
precursor complexes, the TS and the products, which allows
us to correct the energies by the zero-point energy (ZPE).
Because of the size of the calculations, only the main species
have been considered in the case of L � Ph. The results
are given in Table 2. Between the BPW91 and the B3LYP
functionals, the energy values differ by 2 kcal/mol but the
relative energies between the R and the S isomers remain
the same. With both functionals, the energy of the R tran-
sition state is smaller than that of the S one, in clear relation
with the previous geometric discussion: 1.6 vs. 3.0 kcal/mol
with BPW91 and 2.8 vs. 4.4 kcal/mol with B3LYP in the
case of L � H. When L � Ph, the energies are 1.6 and 2.4
kcal/mol for the R and the S isomer, respectively, with the
BPW91 functional. The energy difference between the two
transition states when L � H is 1.4 and 1.6 kcal/mol with
BPW91 and B3LYP, respectively. When L � Ph, this differ-
ence is 0.8 kcal/mol (with BPW91), then smaller than for
L � H. This comes from a stabilization of TSS compared
to TSR when phenyls are present (3.0 vs. 2.4 kcal/mol), be-
cause the presence of phenyls induces a small geometry de-
formation of the cycle, resulting in a decrease of the steric
effects (methyl�methyl interaction) for TSS.

Hence, at this stage the calculations show that the TSR

transition state leading to the R isomer is reached more
easily than the TSS transition state which leads to the S
isomer: the reaction is enantioselective. However, these re-
sults correspond to a reaction in the gas phase, so we then
tried to simulate a reaction in solution. Solvent effects have
been introduced using the Polarized Continuum Model
(PCM) or the Isodensity Surface Polarized Continuum
Model (IPCM).[23,24] We took ethanol as solvent to model
2-propanol. With the PCM method, the energy difference
between TSR and TSS is reduced to 0.23 kcal/mol in the
case of L � Ph. When L � H, this difference is also reduced
to 0.72 kcal/mol but is increased to 2.8 kcal/mol with
B3LYP. With the IPCM method, we obtained oscillatory
results. Nevertheless, in both cases, TSR is more stable than
TSS by 5 kcal/mol with L � H and 1.8 kcal/mol for L �
Ph. In conclusion, the enantioselectivity observed in the gas
phase is conserved in the calculations simulating the influ-
ence of the solvent. However, the energy difference between
TSR and TSS varies to a large extent. This may be because
only single points have been calculated on the geometries
obtained for the gas phase. In fact, with such large com-
plexes, it is difficult to reach convergence of the optimiza-
tions when the solvent effects are included. Calculations
with explicit inclusion of solvent molecules might be re-
quired to give more reliable results but they are beyond the
scope of this study.

Furthermore the results presented in Table 2 are obtained
at 0 K. Therefore we have studied the influence of the tem-
perature on the activation energies, as described below.
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4. Kinetic Study

Calculation of the vibrational frequencies allows us to
obtain the Gibbs free energy G at a given temperature, by
an evaluation of the vibrational entropy together with the
translational and rotational terms. The first interesting re-
sult is that the precursor complexes no longer correspond
to a stable state at 298 K and 355 K: the G difference be-
tween the precursors and the separated fragments is now
positive which means that the precursors are only points on
the reaction path connecting the separated fragments and
the TS. In the precursors, the two interacting fragments are
effectively bound together by a hydrogen bond. This corre-
sponds to a loss of entropy and therefore to a destabiliz-
ation when the entropy is taken into account at room tem-
perature or higher.

A consequence is that the two transition states TSR and
TSS have the same starting point as reference and their sta-
bility difference is the difference of the activation energies
∆G#. The values for ∆G# are given in Table 3. ∆G#

R is
smaller than ∆G#

S in all cases. Their difference is smaller in
the case of L � Ph than in the case of L � H (0.6 vs. 1.1
kcal/mol at room temperature). These values can be com-
pared to those obtained previously from zero-point energy
corrections E�ZPE (0.8 vs. 1.4 kcal/mol). Hence the trend
is already correct at this level of calculation and the influ-
ence of entropic effects in ∆G is moderate. The comparison
between L � Ph and L � H seems to indicate that the
substituents on the diamine carbons must not be too bulky,
in order not to reduce ∆G# too much.

Table 3. Activation free energy G# (kcal/mol), entropy of the tran-
sition states S (cal/mol·K), kinetic constant k (s�1) and enantiom-
eric excess ee for the hydrogenation reaction of acetophenone in
the case of no substituent on the carbons of the diamine (L � H)
and in the case of phenyl substituents (L � Ph); the pathways
leading to the R or S isomers are compared

G#
R G#

S SR SS kR kS kR/kS ee

L � H BPW91 298K 15.0 16.1 164.0 164.8 7.2 101 1.1 101 6.4 73%
355K 17.6 18.7 181.9 182.7 1.1 102 2.4.101 4.5 63%

B3LYP 298K 16.6 17.8 161.8 163.6 4.6 0.7 6.6 74%
355K 19.4 20.4 179.3 181.1 9.3 2.2 4.3 62%

L � Ph BPW91 298K 15.0 15.6 212.9 214.6 7.5 101 2.7 101 2.6 44%
355K 17.6 18.1 238.2 240.1 1.1 102 5.6 101 1.9 32%

Nevertheless, we can go further and apply the theory of
the activated complex which gives the kinetic constant k as
a function of the free activation energy.[25]

(1)

The values of kR and kS calculated at room temperature
(298 K) and at 355 K are given in Table 3. The kinetic con-
stants are rather small which means that the reaction is
slow. Effectively, it can take several days at 300 K to be
complete.[4,7] The enantiomeric excess ee can be related to
the kinetic constants: in fact it is defined as the ratio of the
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difference of the product concentrations to their sum. If it
is assumed that the transition states are totally converted
into the products, the product concentrations can be re-
placed by the TS concentrations in the expression for ee.
The TS concentrations are the product of the reactant con-
centrations and the kinetic constants. This results in the fol-
lowing expression [Equation (2)]:

(2)

Since the starting point is the same for the R and S path-
ways, the reactant concentration is the same ([CR] � [CS])
and Equation (2) can be simplified to Equation (3).

(3)

(4)

(5)

Thus ee can be expressed simply as a function of the free
energy difference between the two TS. The ee values are
given in Table 3 at both temperatures.

Some comments can be made on Table 3.
� In both cases, L � H or Ph and with both functionals,
the free activation energy is smaller for TSR than for TSS,
which can be also formulated by the larger kinetic constant
kR. Therefore the mechanism studied in the present work is
enantioselective and yields the R isomer. This is also re-
flected by the values of ee. Let us recall that the case L �
H is artificially constrained to a single isomer of the diam-
ine ligand otherwise there is no chirality.
� ee decreases when the temperature increases. This result
has been observed experimentally:[4] when the temperature
increases from 25 to 82 °C (298 to 355 K), ee decreases
by 15%.
� The calculated values for ee are close to the experimental
ones: 50% in the conditions of Scheme 1 with ethylene as
ligands.[9] Of course we must consider this agreement with
care, owing to the limited accuracy of the computational
approach: for instance limitations of DFT functionals, cal-
culation of ee for the gas phase. Nevertheless our results
show that DFT calculations can correctly reproduce the ex-
perimental results.

We will now comment on the role of entropy. The values
of the transition-state entropy are also given in Table 3. The
entropy of TSS is always larger than that of TSR. This re-
flects the fact that TSS is earlier, with the two reactants less
bound together. Hence the entropy gain when the tempera-
ture increases is smaller for the R isomer, which explains
why the difference of the activation free energies, the ratio
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of the kinetic constants and the enantiomeric excesses dim-
inish when the temperature increases.

IV. Conclusion

The theoretical work presented here represents a com-
plete study of the mechanism of asymmetric ketone hydro-
genation by a RhI complex. It has allowed us to determine
the factors influencing the enantioselectivity. The important
conclusions are:
� Only one mechanism can account for the enantioselectiv-
ity of the reaction. This is a concerted mechanism where
two hydrogens are simultaneously transferred to the ketone:
the hydride and one hydrogen carried by one of the diamine
nitrogen atoms. Thus the amines must not be tertiary am-
ines.
� To ensure enantioselectivity, only one hydrogen must
point toward the Rh�H bond, which means that the diam-
ine must have a C2 symmetry axis. This eliminates the pri-
mary amines also.
� Furthermore this configuration must be unique since a
mixture of diastereoisomers of the starting complex would
lead to a racemic reaction. This is ensured by the presence
of bulky substituents, such as phenyl groups, on the diamine
asymmetric carbon atoms.
� Nevertheless, the substituents must not be too bulky,
since we have seen that the enantiomeric excess is better
with smaller substituents on the carbons. A compromise
must hence be found with the previous argument.

In conclusion, we have shown in this work that DFT cal-
culations are a very useful tool for explaining mechanisms.
Our results show that important insights can be obtained
with such a theoretical approach, particularly the origin of
the reaction asymmetry. This can help experimentalists to
choose substituents that will ensure good enantioselectivity.
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