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Complexes
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Introduction

Asymmetric reduction of prochiral ketones is a highly efficient
route towards the formation of enantiomerically enriched sec-
ondary alcohols.[1] Transition metal-catalyzed asymmetric trans-
fer hydrogenation (ATH) with 2-propanol or formic acid as re-
ducing agents is a powerful alternative to methods based on
catalytic hydrogenation, or the use of main group hydride re-
agents.[2] In a transfer hydrogenation reaction, the substrate
formally accepts a proton and a hydride from the reducing
agent. In ketone reductions performed with 2-propanol as re-
ducing agent, there is a simultaneous formation of acetone
along with the production of the desired secondary alcohol. A
number of different catalyst systems have been developed for
the ATH reaction. The most commonly employed catalysts are
based on complexes, which are often generated in situ, of
either ruthenium(II)–, rhodium(III)–, or iridium(III)–arene precur-
sors with either monoprotected vicinal diamines or amino alco-
hols as ligands.[3] The generally accepted mechanism for ATH
using these catalysts is the “outer-sphere mechanism”, in
which the bifunctional transition metal catalyst acts as both
hydride and proton donor (Figure 1).[2d, 4] The key to success

with these kinds of catalysts is the inherent properties of the
catalytically active metal complexes. For an efficient transfer
hydrogenation, in which the catalyst accepts a hydride from
the reducing agent, the catalyst requires an acidic site. In these
complexes the transition metal acts as the Lewis acidic site, ac-
cepting the hydride. At the same time, the removal of
a proton from the reducing agent requires a basic site, and the
coordinated amine performs the deprotonation. In addition,
the successfully employed diamine or amino alcohol ligands
contain an acidic site (e.g. , NHTs and OH, respectively), which
ionize easily and form strong interactions with the transition
metal under the reaction conditions.

We have demonstrated that ruthenium and rhodium cata-
lysts based on a-amino acid-derived ligands are highly efficient
and selective in the ATH of aryl alkyl ketones in 2-propanol.[5]

The use of a catalyst combination of the hydroxamic acid-func-
tionalized l-valine (1) together with [RhCp*Cl2]2 gave the sec-
ondary alcohols in high enantioselectivity with the S-configura-
tion (Scheme 1).[6] Employing the corresponding thioamide (2)
as a ligand resulted again in high product enantioselectivity,
albeit with R-configuration.[7] Clearly, a small change in the
ligand structure related to possible donor atoms resulted in
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Density functional theory calculations are employed to study
the asymmetric transfer hydrogenation of ketones catalyzed by
rhodium–arene complexes containing hydroxamic acid-func-
tionalized amino acid ligands. Firstly, the ligand–metal binding
is investigated and it is shown that both the N,N and O,O bind-
ing modes Are viable. For each of these, the full free energy
profile for the transfer hydrogenation is calculated according
to the outer-sphere reaction mechanism. Three factors are
demonstrated to influence the stereoselectivity of the process,
namely the energy difference between the metal–ligand bind-

ing modes, the energy difference between the intermediate
hydrogenated catalyst, and the existence of a stabilizing CH–p

interaction between the Cp* ligand of the catalyst and the
phenyl moiety of the substrate. Theoretical reproduction of
the selectivity of a slightly modified ligand that is shown ex-
perimentally to yield the opposite enantioselectivity corrobo-
rates these results. Finally, a technical observation made is that
inclusion of dispersion interactions (using the B3LYP-D2 correc-
tion or the M06 functional) proved to be very important for re-
producing the enantioselectivity.

Figure 1. General structure of the best catalysts for the asymmetric transfer
hydrogenation of ketones, and the six-membered outer-sphere transition
state postulated for the hydride- and proton-transfer from and to the
catalyst.
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the opposite product selectivity. To clarify the underlying rea-
sons for the behavior of the individual catalytic systems,
a number of mechanistic studies were performed.[6b] A differ-
ence between the amino acid-based ligands and catalysts con-
taining diamine or amino alcohol ligands is the apparent lack
of a basic site. The acidic, and thereby easily ionizable, sites in
ligands 1 and 2 are the hydroxamic acid and the thioamide
functional groups, respectively, based on their pKa-values.
These functional groups should, therefore, be equivalent to
the sulfonamide or the alcohol in the ligands depicted in
Figure 1. In comparison to an amine, the corresponding carba-
mate-protected amine (Boc�NH) should possess very poor
basic properties in its neutral form, and would act as a proton
acceptor after an initial ionization. The ATH reaction catalyzed
by the rhodium–arene complexes with ligand 1 or 2 requires
an excess of base, typically 5–10 equivalents of sodium iso-
propoxide relative to the amount of catalyst, for a successful
reaction outcome. Therefore, the amount of base present in
the reaction mixture should be enough for securing deproto-
nation of both functionalities of the ligands upon interaction
with the catalytically active rhodium ion.

To further investigate the contrasting outcomes in the abso-
lute configuration of the product alcohol for the two catalytic
systems (i.e. , with ligands 1 or 2), we performed a series of ki-
netic investigations. These studies revealed that the rate con-
stants for the two systems differed substantially. Based on the
obtained rate constants, we calculated the initial rates for the
individual reaction steps (i.e. , Rh�H formation and substrate re-
duction) and found the rate-determining steps for the two sys-
tems to be different. For the hydroxamic acid-containing
system, the formation of the rhodium hydride intermediate
was found to be rate-determining, whereas, for the corre-
sponding thioamide system, the transfer of a hydride from the
catalyst to the substrate was the slow reaction step.

The different kinetic behavior of the two catalyst systems
could be the reason for the generation of products of opposite
configuration. However, the data obtained from experimental
studies are, unfortunately, not sufficient enough for a conclu-
sive picture of the reaction.

In this paper, we focus on the catalytic systems with ligand
1 and use DFT calculations to investigate the mechanism and
source of enantioselectivity in the ATH reaction. A detailed un-
derstanding of the reaction mechanism could contribute to
catalyst optimization for transfer hydrogenation of ketones
and imines with respect to increased product stereoselectivity
and reduced catalyst loading.

Results and Discussion

As discussed in the Introduction, previous mechanistic studies
on related systems have shown that the bifunctional outer-
sphere monohydride mechanism for transfer hydrogenation is
favored over other mechanisms.[4] In this mechanism, the tran-
sition states adopt six-membered cyclic structures, in which
the transfer of hydride and proton occurs concomitantly. We
will, therefore, restrict the study to this pathway in the present
work and focus on the properties of the particular combination
of metal (Rh) and ligand (hydroxamic acid 1) system. Firstly, we
discuss the relative energies of the various binding modes that
the ligand can adopt. The transfer hydrogenation reaction will
then be studied for the two most stable modes And all possi-
ble transition states leading to the different products will be
discussed. Finally, the transfer hydrogenation transition states
for a modified ligand, which has been shown experimentally
to yield the opposite enantiomer of the product compared to
hydroxamic acid 1, will be discussed to further corroborate the
conclusions.

Notably, a thorough conformational analysis was undertaken
at each stage, owing to the flexible iPr, Boc, and Bn sidechains
of ligands 1 and 3. Only the lowest energy structures are
presented.

Ligand binding modes

A number of different reasonable binding modes for the hy-
droxamic acid ligand 1 to the metal center are possible, as
shown in Figure 2. These complexes share the h2-binding to
RhIII to form 16-electron complexes. Their relative energies are
indicated in the scheme, and the optimized structures and de-
tailed energy breakdowns are given in the Supporting Informa-
tion.

Binding modes A and B are clearly more stable than the
other ones. The N,N binding mode A has been suggested pre-
viously, based on experimental findings,[6b] whereas the O,O
binding mode B was not considered a viable option, owing

Scheme 1. Rh-catalyzed ATH of aryl alkyl ketones with [RhCp*Cl2]2 and
hydroxamic acid-functionalized l-valine (1) or thioamide (2) catalyst
combinations.

Figure 2. Different ligand binding modes And their calculated relative free
energies in kcal mol�1.
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mainly to the greater distance between the ligand stereocentre
and the bifunctional site, which would hinder the induction of
the high stereoselectivity that was observed experimentally.
Considering energetic factors, however, mode B is comparable
to A as it is only 1.9 kcal mol�1 higher and cannot be ruled out
at this stage. The reactions of both binding modes must, there-
fore, be considered.

Reaction with binding mode A

Hydrogenation of the catalyst by 2-propanol is possible from
two sides of the catalyst metal–ligand chelate ring, resulting in

the formation of two metal hydride diastereomers, with Rh(R)
or Rh(S) configurations. The optimized transition state struc-
tures for hydrogenation of the catalyst (A-TS 1-R and A-TS 1-S)
as well as the corresponding hydrogenated catalysts (A-Int-R
and A-Int-S) are shown in Figure 3.

In line with previous theoretical studies of transfer hydroge-
nation reactions,[4] we find that the reaction takes place
through a concerted six-membered cyclic transition state in
which the hydride is transferred to the metal center and the
proton to the nitrogen of the ligand. A-TS 1-R is calculated to
be 24.9 kcal mol�1 higher than the separate reactants (cata-
lyst + 2-propanol), whereas A-TS 1-S lies at + 28.9 kcal mol�1.

Figure 3. Optimized structures of transition states for hydrogenation of the metal–ligand ring from both sides (A-TS 1-R and A-TS 1-S) and the resulting hydro-
genated catalyst intermediates (A-Int-R and A-Int-S). Distances are in �; free energies are in kcal mol�1 and relative to the separate reactants.
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The reason for this preference is that in transition state A-TS 1-
S, the isopropyl group of the ligand clashes with Cp* (see
Figure 3). This repulsion is also reflected, but to a lesser extent,
in the energy differences for the hydrogenated catalyst, that is,
for A-Int-R and A-Int-S, which are calculated to be + 9.8 and
+ 11.4 kcal mol�1 higher than the reactants, respectively.

Experimentally, the first step has a measured rate constant
of 0.198 min�1, which corresponds to a reaction barrier of ap-
proximately 21 kcal mol�1. The rate constant for the reverse re-
action is measured at 69.4 min�1, which indicates that the reac-
tion step is endothermic by 3.5 kcal mol�1.[6b] The calculated

barrier and endothermicity of the first step are, thus, both
overestimated compared to the experimental values.

The second reaction step is the asymmetric reduction of
acetophenone by the hydrogenated catalyst. Each of the two
metal hydrides can reduce the prochiral substrate from its re
or si face, resulting in a total of four transition states, here
termed A-TS2-RS, A-TS2-SS, A-TS2-RR, and A-TS2-SR. The
former two correspond to re face reduction to form (S)-1-phe-
nylethanol, whereas the latter two correspond to si face reduc-
tion to afford (R)-1-phenylethanol. We have optimized these
four TSs and they are displayed in Figure 4. The calculated bar-

Figure 4. Optimized transition state structures for the asymmetric reduction of acetophenone by hydrogenated catalyst in binding mode A. Distances are in
�; free energies are in kcal mol�1 and relative to the separate reactants (A + 2-propanol).
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riers relative to the reactants (unhydrogenated catalyst + 2-
propanol) are also indicated in the figure and a summary of
the resulting energy graph for the entire reaction is shown in
Figure 5.

The lowest S and R products are both formed from the
Rh(R)-hydrogenated catalyst, that is, from A-Int-R, because the
Rh(S)-hydrogenated catalyst suffers from the above-mentioned
steric repulsion between the isopropyl group and Cp*. Consis-
tent with the experimental findings, the lowest barrier is ob-
served for the formation of the S product (A-TS2-RS, + 22.7 kcal
mol�1), which is 2.5 kcal mol�1 lower than the lowest transition
state leading to the R product (A-TS2-RR, + 25.2 kcal mol�1). By
comparing the structures of these two transition states, we
can trace the energy difference to a stabilizing CH–p interac-
tion between a methyl group of Cp* and the phenyl ring of
the substrate; this is not present in the TS in which the hydro-
genation takes place at the si face of the substrate. This is anal-
ogous to the explanations provided by Noyori et al. for the
ruthenium catalysts[4a,b] and by Andersson et al.[4d]

In this binding mode, the stereoselectivity is, therefore,
a result of a combination of the repulsive isopropyl–Cp* inter-
action present in the hydrogenated catalyst, and the attractive
Cp*–phenyl interaction present in the transition state.

Finally, the overall reaction, Equation (1):

2-propanolþ acetophenone! acetoneþ 1-phenylethanol ð1Þ

is calculated to be endothermic by 0.6 kcal mol�1, which agrees
with the experimental finding that the reaction is reversible.

Reaction with binding mode B

As discussed above, the O,O binding mode B is calculated to
be 1.9 kcal mol�1 higher than mode A. This energy difference
will, therefore, be added to all of the barriers and intermediate
energies obtained for this binding mode.

Analogously to binding mode A, hydrogenation of the cata-
lyst in binding mode B can take place from both sides of the
rhodium–ligand chelate ring, resulting in the formation of
metal hydrides with Rh(R) or Rh(S) configurations. The opti-
mized transition state structures and the resulting hydrogenat-
ed catalysts are very similar to those of binding mode A and
are given in the Supporting Information.

In this O,O binding mode, the oxygen center of the ligand
functions as the proton acceptor. Formation of Rh(R) proceeds
via B-TS 1-R with a calculated overall barrier of 24.3 kcal mol�1

relative to the separate reactants of the lowest binding mode
(i.e. , catalyst in binding mode A and 2-propanol), whereas for-
mation of Rh(S) via B-TS 1-S has a barrier of 25.7 kcal mol�1. The
energy difference is calculated to be 1.4 kcal mol�1, which is
considerably lower than the 4.0 kcal mol�1 obtained for the
corresponding transition states in binding mode A. The reason
for the observed difference can be explained by the fact that
the chiral center in mode B is located further away from the
metal and the Cp* ligand. The energies of the resulting hydro-
genated catalysts B-Int-R and B-Int-S are 10.5 and 11.6 kcal
mol�1 higher than the reactants, respectively.

The optimized structures of the four transition states for the
asymmetric reduction of acetophenone are displayed in
Figure 6 and the overall energy profile calculated for binding
mode B, in Figure 7. In binding mode B the lowest barrier is
also obtained for the formation of the S product (B-TS 2-RS,
+ 23.7 kcal mol�1), which now is only 0.9 kcal mol�1 lower than
the lowest transition state leading to the R product (B-TS 2-SR,
+ 24.6 kcal mol�1).

However, since the absolute barriers of the two binding
modes Are very close, one should compare them to study the
sources of the enantioselectivity. By comparing Figures 5 and
7, one can see that the lowest-lying TS leading to the S prod-
uct stems from binding mode A (A-TS 2-RS with a barrier of
22.7 kcal mol�1), whereas the lowest-lying TS leading to the R
product stems from mode B (B-TS 2-SR with a barrier of
24.6 kcal mol�1). The energy difference is 1.9 kcal mol�1, which
is consistent with the experimentally determined enantioselec-
tivity of 87 % (97 % ee with LiCl addition).

Hence, these results show that both binding modes contrib-
ute to the overall selectivity of the ligand and must be consid-
ered explicitly to reproduce the experimental results. Any alter-
ations in the ligand might affect the selectivity by changing
the relative binding energies of the two modes, in addition, of
course, to the other effects discussed above, that is, the repul-
sive isopropyl–Cp* interaction present in the hydrogenated
catalyst and the attractive Cp*–phenyl interaction present in
the transition state.

Stereoselectivity with ligand 3

To test the ideas presented above regarding stereoselectivity,
we studied a modified ligand (hydroxamic acid 3, Scheme 2)
that was shown experimentally to lead to the opposite prod-
uct stereoselectivity (34 % ee (R) and 64 % conversion with LiCl ;
21 % ee (R) and 13 % conversion without LiCl) in comparison to
the ligand studied hitherto (ligand 1).[6b] Hydroxamic acid

Figure 5. Overall free energy curves for the asymmetric transfer hydrogena-
tion reaction of acetophenone with the catalyst in binding mode A. Free
energies are in kcal mol�1 and relative to the separate reactants (A + 2-
propanol).
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ligand 3 differs from the previously studied ligand 1 on two ac-
counts. It is derived from the amino acid l-phenylalanine in-
stead of l-valine; moreover, it lacks the Boc protection group
present in ligand 1.

Similar to the previous case, the N,N and O,O binding
modes (called 3 A and 3 B) are calculated to be lowest in
energy for this ligand, with the former being 3.4 kcal mol�1

lower in energy (see Supplementary Information for details on
the energies of the various binding modes And the optimized
structures). For each of the two binding modes we have calcu-
lated the four stereo-determining transition states for reduc-

tion of acetophenone (corresponding to the Rh(R) or Rh(S)
configurations of the catalyst and hydrogenation of the re or si
faces of the substrate). The calculated barriers (as before, rela-
tive to the most stable complex of catalyst and 2-propanol) are
given in Table 1.

The calculations show that the N,N binding mode 3 A has
considerably lower barriers for hydrogenating the substrate
compared to the O,O binding mode 3 B (more than 12 kcal
mol�1). In the N,N binding mode, removal of the Boc group
leads to a more electron-rich metal center that is more prone
to donate the hydride, whereas in the O,O binding mode, re-

Figure 6. Optimized transition state structures for the asymmetric reduction of acetophenone by hydrogenated catalyst in binding mode B. Distances are re-
ported in �; free energies are in kcal mol�1 and relative to the separate reactants in binding mode A (A + 2-propanol).
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moval of the Boc group has no effect on the properties of the
metal. The optimized structures of the transition states of bind-
ing mode 3 A are shown in Figure 8 and the TS structures of
mode 3 B are given in the Supporting Information.

Most importantly, the calculations correctly reproduce the
fact that this ligand affords the R form of the product. 3 A-TS 2-
SR is 1.1 kcal mol�1 lower than 3 A-TS 2-RS, which corresponds
quite well with the experimental findings. Both of these transi-
tion states have the advantageous stabilizing CH–p electrostat-
ic interaction between the Cp* of the catalyst and the phenyl
ring of the substrate. However, in the case of 3 A-TS 2-SR there
is an additional similar attractive CH–p interaction between
the Cp* and the phenyl substituent of the ligand (see

Figure 8), which causes the energy of this TS to be lower and,
thus, determines the selectivity.

These results, in particular the fact that the calculations re-
produce and rationalize the stereoselectivity of ligand 3, pro-
vide further corroboration to the results presented above for
ligand 1.

Effect of dispersion on selectivity

An important technical issue is the influence of dispersion on
the relative TS energies and, thus, the selectivity. Most DFT
functionals suffer from the lack of description of the attractive
dispersion interaction. It has recently been shown that addition
of dispersion corrections to the B3LYP functional improves the
results considerably in a number of diverse applications.[8]

In the case of the Rh-catalyzed asymmetric transfer hydroge-
nation reaction studied here, we found that inclusion of disper-
sion was important for reproduction of the enantioselectivity.
In Table 2 are listed the relative energies of the stereo-deter-
mining TS 2 for ligands 1 and 3 with (B3LYP-D2)[9] and without
(B3LYP)[10] the dispersion correction, along with single-point en-
ergies calculated using the M06 functional,[11] which includes
noncovalent interactions in its training set.

The first striking observation is that for the bulkier N-Boc
protected hydroxamic acid ligand 1, the dispersion correction
stabilized the transition states of mode A considerably more
than those of mode B, in the order of 12–13 kcal mol�1. The
M06 functional gives a very similar picture, which corroborates
these results. Concerning the enantioselectivity of this ligand,
the energy difference between the lowest-lying transition
states leading to the two different products is increased from
0.8 kcal mol�1 between B-TS 2-RS and B-TS 2-SR to 1.9 kcal mol�1

between A-TS 2-RS and B-TS 2-SR (M06 gives 1.4 kcal mol�1).
The latter values are in better agreement with the experimen-
tally observed selectivity.

For ligand 3, dispersion has much smaller effects on the
energy difference between the transition states belonging to
the two different binding modes. Without dispersion, the 3 A-
TS 2-RS leading to the wrong S enantiomer of the product is
the lowest in energy, whereas, with dispersion, the order is re-
versed and 3 A-TS 2-SR, which gives the correct R enantiomer
of the product, is the lowest in energy. Without inclusion of
the dispersion correction, B3LYP fails to reproduce the experi-
mentally observed selectivity, whereas both B3LYP-D2 and M06
give the correct ordering of the transition states.

These results further demonstrate the importance of the dis-
persion correction to the well-established B3LYP functional.

Conclusion

In the present study, the rhodium-catalyzed asymmetric reduc-
tion of acetophenone was investigated by means of DFT calcu-
lations. Two amino acid-based ligands were considered. For
the first one, ligand 1 (Scheme 1), the full catalytic cycle was
studied according to the well-established outer-sphere reac-
tion mechanism. For the other modified ligand 3 (Scheme 2),
which was shown experimentally to yield the opposite enan-

Figure 7. Overall free energy curves for the asymmetric transfer hydrogena-
tion reaction catalyzed by catalyst in binding mode B. Free energies are in
kcal mol�1 and relative to the reactants of binding mode A.

Scheme 2. Rh-catalyzed ATH with modified hydroxamic acid ligand 3.

Table 1. Calculated free energy barriers for the stereo-determining TS 2
for ligand 3 in the binding modes 3 A and 3 B.

TS Absolute barrier Relative barrier
[kcal mol�1] [kcal mol�1]

3 A-TS 2-RS 14.0 + 1.1
3 A-TS 2-SS 16.4 + 3.5
3 A-TS 2-RR 15.6 + 2.7
3 A-TS 2-SR 12.9 0.0
3 B-TS 2-RS 25.7 + 12.8
3 B-TS 2-SS 27.9 + 15.0
3 B-TS 2-RR 25.9 + 13.0
3 B-TS 2-SR 26.8 + 13.9
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tioselectivity, only the stereoselectivity-determining transition
states were analyzed.

The DFT calculations reproduce the experimental selectivities
for both ligands and also provide rationalization to the obser-
vations. For each ligand, a number of plausible binding modes
to the metal were considered and it was shown that both N,N
and O,O bindings are energetically accessible and must be
considered for the overall catalytic process.

The first step of the reaction, the hydrogenation of the
metal center by 2-propanol, is possible from two sides of the
catalyst metal–ligand chelate ring, resulting in the formation of
two metal hydride diastereomers, with Rh(R) or Rh(S) configu-
rations. The energy difference between the two depends on
the ligand and the particular choice of substituents and con-
tributes to the selectivity of the second step, that is, the
stereo-determining hydrogenation of acetophenone.

Figure 8. Optimized transition state structures for the reduction of acetophenone by hydrogenated catalyst with ligand 3 in binding mode 3 A (N,N). Their rel-
ative free energies are given in kcal mol�1.
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In the second step, a stabilizing CH–p interaction between
a methyl group of the Cp* ligand and the phenyl ring of the
substrate exists on hydrogenation from either the re or the si
face of the substrate with both ligands 1 and 3, which contrib-
utes to stereoselectivity.

The balance between these three factors, that is, the energy
of the ligand binding mode, the energy difference between
the metal hydride diastereomers, and the CH–p interaction,
will ultimately determine the stereochemical outcome of the
reaction. These results suggest, therefore, that it is not straight-
forward to predict how alterations of the ligand or substrate
will affect the enantioselectivity, because even subtle changes
may influence all three factors in different ways, which can
have severe consequences for the enantioselectivity.

Finally, a technical point is that inclusion of dispersion cor-
rection to the B3LYP functional is very important for reproduc-
tion of the selectivity.

Computational Methods

All calculations reported were performed using DFT employing
the B3LYP hybrid functional, as implemented in the Gaussi-
an 03 software package.[12] Geometries were optimized using
the 6-31G(d,p) basis set for all elements, except rhodium, for
which the SDD effective core potential was employed.[13] Based
on the optimized geometries, single-point calculations using
SDD for Rh and the larger 6-311 + G(2d,2p) for the other ele-
ments were performed to obtain more accurate energies. Fre-
quency calculations were performed at the same theory level
as the geometry optimizations.

The reported energies are Gibbs free energies, which include
zero-point vibrational corrections, thermal corrections at 298 K

and solvation free energies. The solvation energies were calcu-
lated as single-point corrections on the optimized structures
using the conductor-like polarizable continuum model
method,[14] with dielectric constant e= 19.264 for 2-propanol
and the cavities formed according to UAKS (using ethanol). In
addition, dispersion corrections were included using the
B3LYP-D2 method, as recent studies showed inclusion of these
effects to significantly improve the performance of the B3LYP
functional. For comparison, selected transition state energies
were also calculated using the M06 functional (as implement-
ed in Gaussian 09),[15] which includes noncovalent interactions
in its training set.
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