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The origin of the enantioselective hydrogenation of acetophenone by the (S-BINAP)RuH,(S,S-cydn)
(cydn = 1,2-cyclohexanediamine) catalyst has been investigated by a theoretical DFT study. Computations
for hydrogenation of acetone and acetophenone by the model system RuH,(PH3),(en) (en = 1,2
ethylenediamine) confirm the previously proposed mechanism. These calculations show that reaction
involving two of the four NH protons, which adopt a pseudoaxial orientation in the catalyst, is favored
by ca. 2 kcal/mol over reaction involving the other two pseudoequatorial protons. The results for the
model system reacting with acetophenone show that approach of the ketone with the phenyl group oriented
away from the phosphine ligands (“out” approach) is favored by weak hydrogen bonding between the
ketone phenyl group and one of the ruthenium-coordinated NH, groups. In the full (S-BINAP)RuH,(S,S-
cydn) catalyst, steric interactions also contribute to establishing the R selectivity in hydrogenation, and
the magnitude of this selectivity is reproduced semiquantitatively. Study of the mismatched (S-
BINAP)RuH,(R,R-cydn) also semiquantitatively reproduces the much reduced R selectivity of this catalyst
and contributes to rationalizing it. Transfer of the less favored pseudoequatorial NH, proton plays a key
role in this case. It is shown that the results can also be used to discuss selectivity in other related systems.

Introduction

Enantioselective hydrogenation of prochiral ketones to opti-
cally active alcohols is of crucial importance in synthetic
chemistry. Very active catalysts for this reaction can be
generated from the frans RuCly(diphosphine)(diamine) com-
plexes, as developed for this purpose by Noyori and co-workers.' =
Very high chemoselectivity is obtained with these systems for
hydrogenation of the ketone group in the presence of other
unsaturated functionalities (e.g., C=C double bonds), although
it is also possible to reduce imines. The hydrogen source can
be either an alcohol (transfer hydrogenation) or molecular
hydrogen. The active catalysts have been shown to be the frans
dihydride RuH,(diphosphine)(diamine) species,”™'! generated
from the dichloride precatalysts in the presence of a strong
base'? or directly from the hydrido-BH, complex under base-
free conditions.'? The diamine ligand plays a crucial role in
the activity of the catalyst. Indeed, the rapid hydrogenation is

* Corresponding author. E-mail: Jeremy.Harvey @bristol.ac.uk.

* Université Catholique de Louvain.

* University of Bristol.

(1) Ohkuma, T.; Ooka, H.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am.
Chem. Soc. 1995, 117, 2675-2676.

(2) Ohkuma, T.; Ooka, H.; Ikariya, T.; Noyori, N. J. Am. Chem. Soc.
1995, 117, 10417-10418.

(3) Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, 97-102.

(4) Ohkuma, T.; Doucet, H.; Pham, T.; Mikami, K; Korenaga, T.; Terada,
M.; Noyori, R. J. Am. Chem. Soc. 1998, 120, 1086-1087.

(5) Ohkuma, T.; Koizumi, M.; Doucet, H.; Pham, T.; Kozawa, M.;
Murata, K.; Katayama, E.; Yokozawa, T.; Ikariya, T.; Noyori, R. J. Am.
Chem. Soc. 1998, 120, 13529-13530.

(6) Doucet, H.; Ohkuma, T.; Murata, K.; Yokozawa, T.; Kozawa, M.;
Katayama, E.; England, F. E.; Ikariya, T.; Noyori, R. Angew. Chem., Int.
Ed. 1998, 37, 1703-1707.

(7) Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma, T.; Pham, T.;
Noyori, R. Angew. Chem., Int. Ed. 1999, 38, 495-497.

(8) Noyori, R.; Ohkuma, T. Angew. Chem., Int. Ed. 2001, 40, 40-73.

10.1021/0m700940m CCC: $40.75

believed to occur by a mechanism involving at the same time
the metal center and the amine ligand, referred to as “metal —ligand
difunctional catalysis” by Noyori.® Related hydride—proton
transfer reactions have been developed with other metal catalyst
systems.

The likely catalytic cycle, proposed on the basis of
experimental®'*'¢ as well as computational'®~'® observations,
consists in two key steps (Scheme 1). First, concerted transfer
of a metal-bound hydride to the carbonyl carbon atom and of
an NH proton to the oxygen atom leads to the alcohol product
and a RuH(diphosphine)(amido-amino) intermediate. In asym-
metric catalysis, this step determines the enantioselectivity of
the obtained alcohol. The active dihydride catalyst is regenerated
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Enantioselective Hydrogenation by Ru(ll) Catalysts
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in a second, rate-limiting,'® step through heterolytic splitting
of dihydrogen across the formal Ru=N bond. An alternative
catalytic cycle has been suggested to occur in parallel with the
one described here under more acidic conditions.?>*' The first
step in this other mechanism, hydrogenation of the ketone, is
the same as in Scheme 1, but the path followed to regenerate
the dihydride species is slightly different. The role of the base
continues to attract attention, as it may react with some of the
species in the active cycle as well as activating the precatalyst.>
As shown in Scheme 1, the catalytically most active isomer of
the dihydride species is usually the one with a trans arrangement
of the two hydrides, with the diphosphine and diamine lying in
the same plane. However, other isomers exist, and in some cases,
interconversion of the different isomers can occur at the same
time as catalysis.”

High enantioselectivities can be obtained in hydrogenation
of prochiral ketones when using chiral amines or phosphines,
or combinations of chiral amines and phosphines.® Although
the reaction is highly general, it is found that the best
enantioselectivities sometimes require different chiral ligands
for different substrates, and new chiral phosphines and amines
continue to be tested and developed.”**> To assist in the
development of the catalyst, it is useful to understand the
reaction mechanism and the origin of stereoselectivity, in detail.
Based on experimental observations, a number of models have
been proposed to account for the observed selectivity.'*2%2!
For example, with C,-symmetric RuH,(BINAP)(diamine) cata-
lysts, the ketone substrate has been proposed to prefer a mode
of approach in which the more bulky of the two groups on the
carbonyl carbon is oriented away from the naphthalene ring of
the BINAP ligand. This proposed structure for the hydrogenation
TS is shown in Chart 1 for the example of the rrans-
RuH,(BINAP)(tmen) complex'* (tmen = 1,2,3,4-tetramethyl-
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Chart 1. Stereochemical Model Used to Explain the Enan-
tioselectivity of the Dihydrogen Transfer from trans-RuH,-
(BINAP)(tmen) to the Ketone

(o]
Rsmall—(,:’
Reig

Ph

o
=

AN
I,
ThinC g T----mnn

0

\,

M,
v
N

X
-H
W

R Me
R o y\
N

1,2-ethylenediamine). As shown in the chart, the chelating
diamine ligand forms a five-membered ring in which the N—H
hydrogens adopt either pseudoaxial (“H,x") or pseudoequatorial
(“Heq”) positions. The axial hydrogens are much better oriented
for proton transfer to the substrate; hence reactivity has usually
been assumed to occur predominantly from these hydrogens,
although it has been mentioned that transfer of H, might
contribute in some cases.'®*°
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The steric model presented above successfully explains the
high enantioselectivity (97% enantiomeric excess, or ee, for the
R alcohol) obtained" in hydrogenation of 1'-acetonaphtone using
RuCl,(S-BINAP)(S,S-dpen) (dpen = 1,2-diphenylethylenedi-
amine). It also accounts for the high ee of 91% S obtained in
the similar reaction of 1'-acetonaphtone with RuCl,(R-tolbi-
nap)(R,R-dpen).® Acetophenone gives a slightly lower ee of
80%.° When using the other two possible combinations of
bisphosphine and diamine chirality, namely, RuCl,(S-BI-
NAP)(R,R-dpen) and RuCl,(R-tolbinap)(S,S-dpen), much lower
ee’s of 14% and 15% are obtained in favor of the R and §
enantiomers, respectively.'® These results show that the domi-
nant influence on the enantioselectivity is exerted by the
bisphosphine ligand used, as the S isomer leads to preferential
formation of the R alcohol, and vice versa. However, the much
lower ee’s observed with the “mismatch” S,RR and R,SS systems
as compared to those obtained with the “matched” §,SS and
R,RR catalysts show that the chirality of the diamine also
plays an important role. The origin of this influence of the
diamine chirality is not clear based on the steric model of
Chart 1, which places the emphasis on the steric influence
of the BINAP ligand.

To clarify this issue, we use computation in this paper to
examine the origin of stereoselectivity in the catalytic cycle.
Our calculations use two different models. First, we consider
the hydrogenation reactions of a simple, nonprochiral ketone,
acetone, and of a typical prochiral ketone, acetophenone, with
the model RuH,(PHj3)»(en) catalyst. These first calculations are
a direct extension of our previous work on the same model'®
and provide insight into the intrinsic reactivity of the system.
Next, we will examine the catalytic cycle for the hydrogenation
of acetophenone by the “real” RuH(BINAP)(cydn) catalyst
(cydn = trans-1,2-diaminocyclohexane). Experimentally, this
gives enantioselectivities similar to those obtained with the
complex with the dpen ligand mentioned above,” and the
geometry close to the ruthenium center is very similar.
However, it is more convenient for computational study, as
it involves slightly fewer atoms and is more conformationally
rigid. In our calculations, we will consider both the matched
R.,RR and mismatched R,SS systems.
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Computational Details

All structures were fully optimized using Becke’s three-parameter
hybrid functional (B3LYP), as implemented in the Jaguar*® and
Gaussian 03?7 series of programs. Optimized geometries are
provided in the Supporting Information. Frequency calculations
were carried out using Gaussian®’ at stationary points, so as to
derive a correction for zero-point energy. For transition states, a
single imaginary frequency was obtained, and the corresponding
normal mode was inspected to check that the correct TS had been
located. In both Gaussian and Jaguar calculations, the Ru atom was
described using an effective core potential to represent all but the
valence nd and (n + 1)s and outer core ns and np electrons.?® The
latter were described with a triple-¢ contraction of the original
double-¢ basis set; this combination is referred to as the LACV3P
basis set.?® For the RuH,(PH3),(en) system, all nonmetal atoms were
described using the standard 6-31G** basis set (with only the
five spherical harmonic d functions). For the more complex
RuH,(BINAP)(cydn) system, all nonmetal atoms have been treated
with a 6-31G basis set with the exception of the P and N atoms, of
the H atoms linked to Ru and N, and of the atoms of the
acetophenone molecule, which have been treated with a 6-31G**
basis set. Unless mentioned otherwise, all geometries and energies
mentioned below were obtained with this combination of basis sets,
referred to in short as the 6-31G* basis set. Atomic charges were
calculated using the NBO method.*”

Additional single-point energy calculations were performed in
some cases at the B3LYP geometries at the MP2 level of theory,
using the same 6-31G* basis set. It has been shown that for many
systems, scaling of the different spin-state components of the MP2
correlation energy can lead to more accurate results.*>*" Accord-
ingly, we have applied this spin-component scaling and hence report
“SCS-MP2” energies. Single-point energies have also been com-
puted at the B3LYP level of theory using an expanded basis set.
For ruthenium, this used the Stuttgart—Dresden ECP with the
associated triple-C basis, to which two f polarization functions were
added (¢ = 1.666 and 0.478). On all other atoms, the standard
6-311G** basis was used. This combination is referred to in short
as the 6-311G** basis. These single-point energies were derived
using the Gaussian program.>’ All quoted energies include a
correction for zero-point energy derived at the B3LYP level using
the 6-31G* basis set.

Results and Discussion

A. Reaction of Acetone and Acetophenone with the
Model System. Our initial calculations were designed to probe
the potential energy surface for the whole catalytic cycle for
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Figure 1. Possible approaches of acetone and acetophenone with
respect to the RuH,((PH3),)(en) catalyst.

Table 1. B3LYP/6-31G* Energies (kcal/mol) Relative to Reactants
for the Species in the Catalytic Cycles for Hydrogenation of Acetone
or Acetophenone by the RuH,(PHj3)2(en) Model Catalyst (species
labels refer to Figure 2)*

acetone acetophenone
ax eq ax-out  ax-in  eq-out eg-in
0.00 (0.00, 0.00) 0.00 0.00 0.00 0.00  0.00
—7.29 (—5.26, —6.69) —6.73 —638 —6.07 —591 —595
—3.41 (0.05, —2.44) —-150 -320 —-277 -—-2.10 —1.01

—11.91 (—=9.54, —10.58) —9.49 —11.24 —1091 —10.33 —8.17
—2.51(—212,-3.59) —046 —0.67 —0.67 1.38 1.38
2.34 (2.47, 0.44) 222 4.18 4.18 405 4.05
11.79 (15.36, 10.74) 1378 13.62 13.62 15.61 15.61
—7.30(—8.43,—7.24) —730 —546 —546 —546 —5.46

TQEET AR

“ Single-point energies at the SCS-MP2°%3!/6-31G* (in bold) and
B3LYP/6-311G** (in italics) levels of theory are shown in parentheses
for the reaction with acetone with the axial approach.

hydrogenation by the model RuH,(PH3),(en) catalyst. These
calculations also allow us to explore whether there is an intrinsic
difference in reactivity between the axial and equatorial
hydrogens on the diamine ligand and between the Re and Si
faces of acetophenone for a given approach to the catalyst. In
this case, the steric effects of the phosphine ligands are
completely negligible due to the small size of PH3.** In the
isolated catalyst, the five-membered ring formed by the ethyl-
enediamine ligand and the Ru center adopts a puckered
geometry, with equivalent A and 6 configurations, which can
readily interconvert. In our previous computational study,'
hydrogenation was assumed to occur involving only one of the
two different types of NH proton. We here revisit the potential
energy surface for acetone hydrogenation taking both the axial
(ax) and equatorial (eq) types of approach into account (see
Figure 1 and Table 1). For acetophenone, there are in fact four
modes of approach. Proton transfer can occur from the axial or
equatorial NH group. Also, for each of those cases, the more
bulky phenyl group can be oriented away from or toward the
closer phosphine ligand. We refer in Figure 1 to this second
pair of orientations as “out” and “in”, respectively, as, for
example, in the ax-out TS.

For the case of acetone and axial approach, the computed
potential energy surface for the catalytic cycle of Scheme 1,
shown in Figure 2, is very similar to the surface presented
previously.'® Starting from the roughly octahedral catalyst

(30) Grimme, S. J. Chem. Phys. 2003, 118, 9095-9102.
(31) Grimme, S. J. Phys. Chem. A 2005, 109, 3067-3077.
(32) Tolman, C. A. Chem. Rev. 1977, 77, 313-348.
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Figure 2. Calculated B3LYP/6-31G* potential energy surface
(energies in kcal/mol) for the catalytic cycle of hydrogenation of
acetone by the RuH,(PHj3),(en) model catalyst (with transfer of the
axial NH proton).

species (A), a weak complex (B) is formed with the ketone,
with hydrogen bonding to oxygen from the axial NH group (ron
=2.03 A) and a very weak interaction between the ruthenium
hydride and the carbonyl C atom (rgc = 2.92 A). In solution,
interactions between solvent and the separated reactants will
lessen the importance of this weak complex. Indeed, calculations
using a continuum model of benzene solvent show that species
B lies only 1.6 kcal/mol lower in energy than reactants, as
compared to 7.1 kcal/mol in the gas phase. Entropic effects also
mean that the complex will be higher in free energy terms than
reactants.

The hydrogenation TS (C) involves concerted transfer of
the hydride (rryn, which is 1.72 A in A and B and increases
to 1.76 A in C, while ryc decreases from 2.92 A in B to
1.81 in C) and the proton (ryy is 1.02 A in A and B and
increases to 1.03 A in C, while roy decreases from 2.03 A
in B to 1.82 A in C). A product complex is then formed,
with hydrogen bonding of the formed alcohol to the basic
amido nitrogen atom (rng = 1.77 A). Loss of alcohol leads
to the amido complex (E), which, as discussed in our previous
work,'® has a near-planar amido nitrogen center, indicating
Ru=N double-bond character. Addition of H, then forms a
weakly bound dihydrogen complex (F), with heterolytic
splitting of dihydrogen through transition state G (rryy =
1.88 Avs 1.95Ain F, rup = 0.99 A vs 0.78 A in F, ryn =
1.40 A vs 2.46 A in F), leading back to the starting dihydride
catalyst. The splitting of dihydrogen represents the turnover-
limiting step.

Table 1 presents the calculated relative energies for the
different species in the catalytic cycle for the two isomeric
pathways involved in hydrogenation of acetone and the four
isomeric pathways for acetophenone. There is growing evidence
that in some cases B3LYP can lead to poor computed energies,
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especially for systems containing transition metals,>® but also
for simple organic systems.>* In our previous study,'® we
checked that energetics in the present system are not very
sensitive to the basis set used or the functional (B3LYP vs
BP86). We have carried out new tests here, which again suggest
that the effect of changing basis set and method is modest.
Indeed, the Hartree—Fock and standard MP2 energies (not shown
in Table 1) are fairly similar to the spin-component-scaled®*'
MP2 (SCS-MP2) results, showing that correlation effects are
not too large in this system. Unlike for first-row transition metal
compounds, such small correlation effects are relatively common
for compounds containing second- or third-row transition metals.
The most noticeable difference between the B3LYP and SCS-
MP2 results is that the two transition states lie roughly 3 kcal/
mol higher in energy with the SCS-MP2 method compared to
B3LYP.

Relative to separated reactants, the TS for hydrogenation of
acetone involving the H, proton lies 1.91 kcal/mol lower in
energy than the one involving the Heq proton. Reaction involving
transfer of the axial proton appears to be favored for geometric
reasons, as expected on the basis of the nature of the TS.
Concerted transfer of a hydride and a proton is expected to
proceed most favorably in a TS with a near-planar arrangement
of the accepting C=O0 bond and the donor H—Ru—N—H moiety.
In the dihydride catalyst, the H—Ru—N—H, dihedral angle is
17.0°, and the corresponding angle at the hydrogenation TS is
6.9°, with an H—C—O—H,, dihedral angle of 26.0°, all
corresponding to the ideal near-planar arrangements. A much
larger angle of 48.5° is found for the H—Ru—N—H,, dihedral
in the isolated catalyst, and the corresponding TS is much less
close to planar than the one involving the axial proton, with
H—Ru—N—H,, and H—C—OH,q dihedral angles of 26.1° and
13.7°, respectively.

Considering the four possible hydrogenation TSs with the
prochiral acetophenone substrate, it can be seen first of all that
the preference for transfer of the axial NH proton is maintained.
The two lowest TSs, lying respectively 3.20 and 2.77 kcal/mol
lower in energy than reactants, involve the axial protons, with
the other TSs lying 1 to 2 kcal/mol higher in energy. As
expected, the small steric bulk of the PH3 ligands means that
the TSs with in and out approach are very similar in energy,
especially where H,y is being transferred. There does however
appear to be a slight preference for the out mode of approach,
as it lies lower in energy for both the H,x and Heq cases. Steric
repulsion between the more bulky phenyl group and the
phosphines in the TSs with the in mode of approach may explain
this preference. A more convincing explanation is that a weak
electrostatic interaction between the aryl ring of the ketone and
a proton on the NH, group not involved directly in the reaction
stabilizes the out TSs. This interaction has been suggested to

(33) (a) See for example: Reiher, M.; Salomon, O.; Hess, B. A. Theor.
Chem. Acc. 2001, 107, 48-55. (b) Carreén-Macedo, J.-L.; Harvey, J. N.
J. Am. Chem. Soc. 2004, 126, 5789-5797. (c) Schultz, N. E.; Zhao, Y.;
Truhlar, D. G. J. Phys. Chem. A 2005, 109, 4388-4403. (d) Schultz, N. E.;
Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2005, 109, 11127-11143. (e)
Furche, F.; Perdew, J. P. J. Chem. Phys. 2006, 124, 044103. (f) Harvey,
J. N. Ann. Rep. Prog. Chem., Sect. C 2006, 102, 203-226.

(34) (a) See for example: Alder, R. W.; Blake, M. E.; Chaker, L.; Harvey,
J. N.; Paolini, F.; Schiitz, J. Angew. Chem., Int. Ed. 2004, 43, 5896-5911.
(b) Grimme, S. Angew. Chem. Int. Ed. 2006, 45, 44604464. (c) Wodrich,
M. D.; Corminboeuf, C.; Schleyer, P. v. R. Org. Lett. 2006, 8, 3631-3634.
(d) Schreiner, P. R.; Fokin, A. A.; Pascal, R. A.; de Meijere, A. Org. Lett.
2006, 8, 3635-3638. (e) Friesner, R. A.; Knoll, E. H.; Cao, Y. J. Chem.
Phys. 2006, 125, 124107. (f) Grimme, S.; Steinmetz, M.; Korth, M. J. Org.
Chem. 2007, 72, 2118-2126.
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Figure 3. Structure of the matched RuH,(S-BINAP)(S,S-cydn) and
mismatched RuH,(S-BINAP)(R,R-cydn) catalysts.

play a role in defining selectivity.?*>> The shortest H—C contact
of this type is 3.25 A in the ax-out TS and 2.88 A in the eg-out
TS. The latter value in particular indicates significant interaction
and may explain why the eqg-out TS is only 1.10 kcal/mol less
stable at the B3LYP/6-31G* level than the ax-out TS, whereas
the difference in energy between the eq and ax TSs in the
acetone reactions is 1.91 kcal/mol. For the in TSs, the corre-
sponding distance is very large.

As noted above, the predicted rate-limiting step based on
Figure 2 and Table 1 is H, addition through TS G. This agrees
with experimental observations for the RuH,(BINAP)(tmen) and
RuH,(PPhs),(tmen) systems.'® However, the quite large energy
barrier of ca. 15 kcal/mol calculated here and previously'®
inconsistent with the measured'® activation enthalpy of ca. 8
kcal/mol in benzene. It is also inconsistent with the high
enantioselectivity of hydrogenation with these catalysts, as the
calculations suggest that racemization of the product by revers-
ing the steps from A to E would be faster than hydrogen addition
through G. Although the three computational methods used here
give similar barriers, it is possible that some errors in the
calculations exaggerate the energy of barrier G relative to that
of the hydrogenation barrier C. It is also possible that in the
more polar solvents often used for enantioselective catalysis,
another, lower energy, mechanism for converting E to A exists
in which F is protonated on the amido nitrogen by solvent, then
the dihydrogen ligand is deprotonated. Some evidence for this
is available from experiment, as the protonated form of F can
be detected in solution.?*°

B. Reaction of Acetophenone with the Experimental
Matched Ru(S-Binap)(S,S-cydn) System. We now turn to our
results for the much larger realistic system. We consider first
the “matched”*” Ru(S-Binap)(S,S-cydn) catalyst shown on the
left in Figure 3. This leads to formation of R alcohol with
ketones such as acetophenone, with good enantioselectivity.
Note that we have located only a small number of the complexes
B, D, and F for the real system and do not include the results
here. As discussed above, these weakly bound species are
unimportant in solution. The key geometrical parameters for
the different stationary points are rather similar to those
described above for the model system. For example, the Ru—H
distance is 1.72 A in the catalyst species A (identical to the
value in the model system) and increases to 1.83 A in the ax-
out hydrogenation TS C (1.76 A for the model system). The
other geometrical properties of this hydrogenation TS are also
very similar to those noted above for the model system: ryc for
the transferring hydride is 1.81 A (1.81 A in the model), rnu

(35) A related H-bond has been suggested to play a role in enantiose-
lective hydrogenation of acetylthiophene. See: Cao, P.; Zhang, X. M. J.
Org. Chem. 1999, 64, 2127-2129.

(36) Evidence for a related mechanism is also provided in: Sandoval,
C. A.; Ohkuma, T.; Utsume, N.; Tsutsumi, K.; Murata, K.; Noyori, R. Chem.
As. J. 2006, 102.

(37) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew. Chem.,
Int. Ed. Engl. 1985, 24, 1-30.
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and ryo for the transferring proton are 1.03 and 1.88 A (1.03
and 1.82 A for the model), and the HRuNH dihedral is 3.3°
(6.9° for the model system).

The energies of the different species in the catalytic cycle
(see Table 2) are also by and large similar to those obtained for
the model system. The turnover-limiting step is still predicted
to be heterolytic splitting of dihydrogen, with the corresponding
TS G lying 13.32 kcal/mol above the amido complex E, very
similar to the 14.30 kcal/mol separating these species in the
model system. As noted above, the effective barrier for Hj
splitting needs to be lower than this for enantioselective catalysis
to occur, so that hydrogenation of E dominates over the
competing racemization of alcohol occurring through reversion
to A. It is possible that the computations exaggerate the barrier
height for G, but it is also possible that an alternative pathway
accounts for the efficient H, splitting and involves proton
transfer with solvent.?-*°

Unlike for the model systems, B3LYP/6-31G* calculations
predict the ketone hydrogenation step to have a positive
activation energy, with TS C lying 3.89 kcal/mol above the
separated catalyst and ketone reagents in the case of the ax-out
approach. This contrasts with relative energies of —3.41 and
—3.20 kcal/mol for the corresponding hydrogenation TSs of
acetone and acetophenone with the model system. The slightly
increased barrier could be readily explained by the increased
steric bulk of the real system.

It is to be noted that in this case the SCS-MP2 method predicts
a lower barrier, more similar to that obtained with the model
system. It is difficult to decide which method gives the more
accurate barrier for such a large system (120 atoms, 572
explicitly described electrons, 825 basis functions with the
6-31G* basis, 1536 basis functions with the 6-311G** basis),
as both methods could in principle lead to errors. For example,
the B3LYP method does not describe nonbonding dispersion
interactions well.*® Such interactions may stabilize the TS
relative to reactants, due to nonbonding contacts between the
methyl and phenyl groups of the substrate and the BINAP and
cydn ligands. Equally, the SCS-MP2 method, which can describe
such interactions, will not do so very accurately with the 6-31G*
basis due to significant basis set superposition error that may
artificially stabilize the TS. Also, as mentioned before, solvent
effects would need to be taken into account to obtain results
that could be compared with experiment in quantitative terms.

In any case, both methods predict a small barrier to
hydrogenation of ketones, in agreement with the known high
reactivity of these catalysts. Furthermore, as discussed below,
both methods, as well as the B3LYP calculations with the
6-311G** basis, predict the same order for the relative energies
of the four isomeric TSs, with fairly similar energy gaps between
them. Since these energy gaps are the key factors for determin-
ing selectivity, the slight uncertainty associated with calculating
the exact absolute barrier heights for these reactions is not a
major problem. Overall, the good similarity between the
qualitative features of the reaction emerging from the study of
the model system and the real system provides retrospective
validation for the use of the model in the earlier work.*® The
nature and chirality of the diphosphine and diamine ligands does
not seem to affect the fundamental bonding pattern in the
intermediates and TSs in a significant way.

We now consider the different transition states and the
expected enantioselectivity. Considering the C, symmetry of
the catalyst, the two enantiotopic faces of the ketone, and the

(38) See for example: Grimme, S. J. Comput. Chem. 2004, 25, 1463—
1473.
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Table 2. B3LYP/6-31G* Energies (kcal/mol) Relative to Reactants for the Species in the Catalytic Cycles for Hydrogenation of Acetophenone
by the RuH,(S-BINAP)(S,S-cydn) Real Catalyst (species labels refer to Figure 2)*

acetophenone
ax-out ax-in eq-out eq-in
A 0.00 0.00 0.00 0.00
C 3.89 (—6.05) (6.29) 5.77 (—2.40) (7.95) 7.90 (1.25) (10.32) 9.39 (2.50) (11.38)
E 4.29 (1.92) 4.29 (1.92) 2.94 (0.46) 2.94 (0.46)
G 17.61 17.61 18.38 18.38
H

—5.46 (=7.51) (—5.76)

—5.46 (—7.51) (—5.76)

—5.46 (—7.51) (—5.76) —5.46 (—7.51) (—5.76)

“ SCS-MP2/6-31G* (in bold) and B3LYP/6-311G** (in italics) relative energies are shown for selected species.

availability of axial and equatorial protons, we need to consider
four TSs, as for the model system. Two TSs lead to R alcohol
and two to S alcohol. The BINAP ligand is fairly rigid, and the
cyclohexane ring locks the cydn ligand into a single conformer,
so it is unlikely that other low-energy conformers of the catalyst
exist that could lead to alternative TSs. Indeed, only fairly small
changes in orientation of the P-phenyl groups on the BINAP
ligand are noted for the transition states. The cis-dihydride
isomer identified in other related systems could be in equilibrium
with the frans-dihydride, but it is a less active catalyst so would
not be expected to contribute significantly to the enantioselec-
tivity.?

As shown in Table 2, the ax-out TS is preferred at all levels
of theory. This TS is expected to lead to phenethyl alcohol with
R chirality, and this is indeed the experimentally observed major
product. Of the other TSs, the ax-in and eq-out TSs would be
expected to yield the other enantiomer of the product, and the
lower of the two, the ax-in TS, lies 1.87 kcal/mol higher in
energy than the ax-out TS at the B3LYP/6-31G* level. The ax-
in TS is second lowest in energy at the B3LYP/6-311G**//
LYP/6-31G*, and SCS-MP2/6-31G*//B3LYP/6-31G* levels of
theory also, lying respectively 1.67 and 3.65 kcal/mol above
the ax-out TS. The B3LYP values are consistent with the
observed enantiomeric excess of 97% at 298 K in reactions of
the similar catalyst RuClL{(S)-BINAP}{(S,S)-dpen} with the
similar substrate 1'-acetonaphtone,1 or the 80% ee obtained for
hydrogenation of acetophenone.® A difference in the free energy
of activation of 1.87 kcal/mol at 298 K would lead to an
enantioselectivity of 92%. The calculated difference in the
energies of activation should be similar to the difference in the
free energies of activation.® Although the absolute accuracy
of the B3LYP and SCS-MP2 methods is much lower than that
needed to predict the energy difference between the two TSs in
a reliable way, the good result here is not unexpected given
that the errors in the two calculations are likely to be similar
and thereby cancel out.*

Inspection of the structures of the different TSs suggests that
the observed energy ordering can largely be explained on the
basis of the steric model of Chart 1 together with the preference,
already noted for the small model system, for transfer of the
axial NH, proton. The steric interactions can be shown more

(39) It is possible to compute the difference in the free energies of
activation for the two TSs at the B3LYP/6-31G* level, using expressions
for the partition functions based on the rigid rotor/harmonic oscillator
approximation, and this yields a difference of 2.03 kcal/mol. This value is
not necessarily a closer approximation to the true difference in free energies
of activation than is the difference in the energies of activation, given the
errors involved in applying gas-phase rigid rotor/harmonic oscillator
expressions to the reaction in solution, but it is satisfying to note AAG* is
similar to AAE* .

(40) (a) For previous examples of this error cancellation in prediction
of selectivity for complex systems, see: Harvey, J. N.; Aggarwal, V. K.;
Bathelt, C. M.; Carreén-Macedo, J.-L.; Gallagher, T.; Holzmann, N.;
Mulholland, A. J.; Robiette, R. J. Phys. Org. Chem. 2006, 19, 60. (b)
Robiette, R.; Richardson, J.; Aggarwal, V. K.; Harvey, J. N. J. Am. Chem.
Soc. 2006, 128, 2394.

ax-out ax-in

eq-out eq-in

Figure 4. Quadrant diagrams for the hydrogenation TS of ac-
etophenone by the matched (S-BINAP)RuH,(S,S-cydn) catalyst. The
substrate is above the P,RuN, plane of the catalyst. The gray oval
lobes represent BINAP phenyl or naphthyl rings situated above the
plane, with the dashed lobes representing lobes situated below the
plane. This diagram also applies for the S,RR catalyst, provided
the ax and eq labels are switched.

clearly using a quadrant diagram (Figure 4) of the four
competing TSs. As shown, and noted previously, the C=O bond
is almost in the same plane as the Ru—N bond and the two
transferring H moieties in the TS. As a result, the two
substituents on the ketone are oriented respectively in toward
the upper-left or lower-left quadrant of the BINAP ligand, or
out toward the bottom or top of the system, further away from
the BINAP ligand. In the case of the matched RuH,{(S)-
BINAP}{(S,S)-cydn} catalyst, the relative stereochemistry of
the diamine and the BINAP is such that the axial proton is in
the upper-right quadrant and the equatorial proton is in the
lower-right quadrant. Also, a pseudoequatorial phenyl group and
the naphthyl group from the BINAP are situated in the upper-
left quadrant, with a pseudoaxial phenyl group from the other
phosphorus atom occupying the lower-left quadrant. The ax-
out approach minimizes steric interactions. The smaller methyl
group does not approach the phenyl (shortest C—C distance,
3.79 A) or naphthyl groups of the BINAP (shortest C—C contact,
4.39 A) too closely, and the phenyl substituent is oriented mostly
away from the pseudoaxial phenyl group of the BINAP (shortest
C—C distance, 3.72 A).

The ax-in approach is much less favorable, as it brings the
more bulky phenyl substituent close to the pseudoequatorial
phenyl group (shortest C—C contact, 3.57 A) and the naphthyl
backbone (shortest C—C contact, 3.84 A). This explains the
higher energy for this TS. The two TSs involving the equatorial
proton, eq-out and eq-in, are intrinsically higher in energy, as
this proton gives a less favorable TS geometry (the HRuNH
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Table 3. B3LYP/6-31G* Energies (kcal/mol) Relative to Reactants for the Species in the Catalytic Cycles for Hydrogenation of Acetophenone
by the RuH,(S-BINAP)(R,R-cydn) Mismatched Catalyst (species labels refer to Figure 2)”

acetophenone
ax-out ax-in eq-out eq-in
A 0.00 0.00 0.00 0.00
C 6.29 (—2.15) (9.45) 8.15 (1.52) (10.92) 5.65(—4.14) (8.32) 9.72 (1.26) (12.37)
E 1.70 1.70 6.37 6.37
G 16.29 16.29 20.64 20.64
H

—5.46 (—7.51) (—5.76)

—5.46 (—7.51) (—5.76)

—5.46 (—7.51) (—5.76) —5.46 (—17.51) (—5.76)

“ SCS-MP2/6-31G* (in bold) and B3LYP/6-311G** (in italics) relative energies are shown for selected species.

dihedral angle in these two TSs are respectively 24.7° and 22.2°,
much further from the ideal near-zero value found in the model
system than are the values of 3.3° and 0.6° for the ax-out and
ax-in TSs). Additionally, these two TSs include significant
unfavorable steric interactions between the ketone substituent
located in the lower-left quadrant and the pseudoaxial phenyl
group of the BINAP (the shortest C—C contact is respectively
3.42 and 3.58 A).

As discussed for the model system, the TSs in which the
phenyl group is oriented out can also be stabilized by hydrogen
bonding between the phenyl ring and the NH, proton of the
amino group of the diamine not involved in hydrogen transfer.
In fact, this interaction seems to be larger in the present case,
perhaps because the far greater steric repulsion of the BINAP
ligand compared to the PH3 ligands in the model system pushes
the acetophenone moiety closer to the diamine. Hence the
shortest C—H contact is 2.65 A in the ax-out TS (versus 3.25
A in the model system) and 2.99 A in the eg-out TS (versus
2.88 A in the model system). This interaction may play a role
in favoring the ax-out TS over the ax-in TS, in which the
interaction is absent.?>* Nonclassical hydrogen bonding be-
tween a hydrogen bond donor and an aromatic ring is well-
known. For example, ammonium ions bind by almost 20 kcal/
mol to benzene in the gas phase,*’ and this interaction is
predicted to persist even in water.*> The interaction between
ammonia and benzene is weaker, on the order of 2 kcal/mol.*?
The interaction in the present system is likely to be fairly weak
also, because although coordination to ruthenium polarizes the
N—H bond, and hence strengthens the interaction, the geometry
is also not ideal. A rough estimate of the contribution of this
interaction can be obtained from the differences in the energies
of the ax-out and ax-in, and eq-out and eq-in, TSs in the model
system (Table 1, 0.43 and 1.09 kcal/mol, respectively).

It is interesting to note in this context that hydrogenation of
dialkyl ketones, for which this hydrogen bonding cannot occur,
tends to give much lower enantioselectivities.® Very bulky
BINAP derivatives (e.g., XyIBINAP, which has 3,5-dimeth-
ylphenyl groups on phosphorus instead of phenyl groups) are
needed to obtain reasonable ee’s, even when the steric bulk of
the two ketones groups is very different.

C. Reaction of Acetophenone with the Experimental
Mismatched Ru(S-Binap)(R,R-cydn) System. Additional in-
sight into the origin of selectivity and catalyst design can be
obtained by considering the corresponding results obtained for
the mismatched RuH,(S-BINAP)(R,R-cydn) system (see Figure
3 above) reacting with acetophenone. In reactions with acet-
onaphtone, this is known” to give preferentially the same R
enantiomer of the corresponding 1-naphthyl ethanol as obtained

(41) Deakyne, C. A.; Meot-Ner, M. J. Am. Chem. Soc. 1985, 107, 474—
479.

(42) Sa, R.; Zhu, W.; Shen, J.; Gong, Z.; Cheng, J.; Chen, K.; Jiang, H.
J. Phys. Chem. B 2006, 110, 5094-5098.

(43) See for example: Vaupel, S.; Brutschy, B.; Tarakeshwar, P.; Kim,
K. S. J. Am. Chem. Soc. 2006, 128, 5416-5426.

with the matched S,SS catalyst, but with a drastically reduced
ee of 14% instead of 97%. The geometry of the BINAP ligand
in the S,RR catalyst is almost the same as in the matched S,SS
catalyst. The chirality of the two nitrogen-bearing carbons in
the cyclohexanediamine ligand is however changed. As the cydn
ligand is locked into a conformation in which the two amino
groups are equatorial, this is equivalent to changing the
conformation of the five-membered (RuNCCN) ring from 4 to
0, or equivalently, to switching the position of the axial and
equatorial protons in the quadrant diagram of Figure 4, without
changing the position of the BINAP ligand. We have optimized
the geometry of the four TSs involved in hydrogenation of
acetophenone at the B3LYP/6-31G* level and present the
energies in Table 3.

As can be seen, the transition states lie at roughly similar
energies relative to reactants as in the matched case, and the
geometries of the TSs are similar also. However, the relative
ordering of the isomeric TSs is different, with the eq-out TS
now lying lowest in energy with all methods. The next lowest
TS is the ax-out TS, lying 0.64 kcal/mol (B3LYP/6-31G*)
higher in energy. This is in fair agreement with the experimental
observation concerning the magnitude and the sign of the
enantiomeric excess. The eq-out TS leads to R alcohol, whereas
the ax-out TS leads to S alcohol. Hence the 0.64 kcal/mol
difference in energy between the two TSs, with the eq-out TS
lying lower in energy, would give an ee for the R alcohol of
49%, compared to 13% observed experimentally.' For such low
ee’s, small errors in the calculations can lead to large errors on
the ee, as shown by the fact that a difference in free energy of
activation of 0.15 kcal/mol, only 0.5 kcal/mol different from
the calculated difference between the energies of activation, is
needed to account for an ee of 13%. The calculations reported
here are certainly not accurate to within such small amounts.
The SCS-MP2 and B3LYP/6-311G** levels of theory also
predict the second-lowest TS to be the ax-out isomer, with
slightly larger energy gaps of 1.99 and 1.13 kcal/mol. While
these energy differences would predict a larger ee than is
observed experimentally, it is noteworthy that the energy gap
with these two methods is smaller than it was for the matched
system (respectively 3.65 and 1.67 kcal/mol), consistent with
the lower enantioselectivity obtained with the mismatched
catalyst.

The relative energy of the different TSs can be understood
with reference to the same quadrant diagram (Figure 4) as
before. However, for the S,RR catalyst, the TS geometries
involving the equatorial NH protons correspond to those labeled
“ax” in Figure 4, and vice versa. The lowest-energy eq-out TS
thereby corresponds to the sterically most favorable TS, with
relatively large distances between the phenyl and methyl
substituents of the acetophenone substrate and the phenyl and
naphthyl groups of the BINAP ligand. The shortest C—C contact
is 3.80 A, between the ketone methyl group and the pseudoaxial
phenyl of the BINAP ligand in the lower-left quadrant. This
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distance does not appear to be short in Figure 4, but the ketone
in this case is rotated somewhat anticlockwise to minimize steric
interactions. However, this TS involves the unfavorable equato-
rial proton, with a HRuNH dihedral angle of 25°, far from the
preferred planar geometry. In contrast, the ax-out TS involves
a favorable orientation of the transferring hydride—proton array
(HRuNH dihedral angle of 0°). As found for the TSs involving
the equatorial proton for the matched catalyst, however, this
TS is unfavorable for steric reasons, due to interaction between
the ketone methyl group and the pseudoaxial phenyl group of the
BINAP ligand, with a shortest contact of 3.44 A. The TSs in
which the phenyl group on the ketone is oriented in, toward
the BINAP ligand, lie higher in energy. In the ax-in TS, there
are several close contacts (3.65 A) between the ketone phenyl
substituent and the pseudoaxial phenyl group in the lower-left
quadrant of Figure 4. In the eq-in TS, the most unfavorable
contact is between the ketone phenyl and the BINAP pseu-
doequatorial phenyl, with a C—C distance of 3.54 A. This TS
is of course also destabilized by the involvement of the less
reactive equatorial proton.

As for the matched system, as well as the steric and electronic
effects already mentioned, hydrogen bonding between the
adjacent NH, group and the phenyl ring of the acetophenone
reactant could also play a role in stabilizing the two out TSs.
The pseudoequatorial phenyl group on the BINAP ligand
prevents close approach of the phenyl group to the cydn ligand
in the ax-out TS, and the shortest H—C contact is as long as
3.86 A. However, for the eq-out TS, a very short contact of
2.59 A is present, indicating substantial electrostatic stabilization
of this TS, on top of the favorable steric environment. This
presumably explains why this is the lowest energy TS for the
mismatched system, despite the intrinsically unfavorable in-
volvement of the equatorial NH; proton.

It is interesting to note from Table 3 that if the only reaction
pathways available for hydrogenation involved the axial NH
proton, the lowest TS would be the ax-out TS (which leads to
S alcohol), with a gap relative to the next lowest TS, the ax-in
TS (which leads to R alcohol), of 1.87 kcal/mol (B3LYP/6-
31G*, 1.48 kcal/mol with 6-311G**), somewhat more than the
gap that in fact occurs between the two lowest TSs, eq-out and
ax-out, of 0.63 kcal/mol (1.12 kcal/mol with 6-311G**). This
would then lead to a predicted enantioselectivity different in
sign and, at least with the 6-31G* basis, also in magnitude from
what is observed experimentally. Even with the expected
inaccuracies in the calculations, this conclusion should be robust
and demonstrates the potential importance of hydrogenation
involving the equatorial NH protons in this type of catalysis.

D. Comparison of Matched and Mismatched (BINAP)-
RuH;(cydn) Catalysts. To summarize the results from the
matched and mismatched systems, we have calculated the barrier
height for the four modes of approach of acetophenone to both
the matched and mismatched catalysts. The calculated barrier
heights are consistent with the observed enantioselectivities. We
have discussed the energies of the TSs based on three factors.
First, there is an intrinsic electronic factor whereby involvement
of the H,x proton on nitrogen is preferable to involvement of
the Heq proton. Next, steric interaction between the phenyl group
of the ketone and the phenyl and naphthyl groups on the BINAP
ligand tends to disfavor most of the TSs, except the ax-out TS
for the matched system and the eq-out TS for the mismatched
system. Finally, hydrogen bonding between the second NH,
group of the diamine and the phenyl group of the ketone can
act to stabilize most of the out TS structures. Taken together,
these effects rationalize the TS energies and help to explain the
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Table 4. Relative Energies (in kcal/mol at the B3LYP/6-311G**
level of theory) of the Different TSs for Hydrogenation of
Acetophenone by RuH,(S-BINAP)(S,S-cydn) and
RuH,(S-BINAP)(R,R-cydn), Favorable (+) and Unfavorable (—)
Electronic and Steric Effects on TS Energy, and Expected Chirality
from Each TS

S,SS Erel electronic steric H-bond chirality
ax-out 0.00 + + + R
ax-in 1.67 + - / S
eq-out 4.04 - - + S
eq-in 5.10 - - / R

S.RR Erel electronic steric H-bond chirality
ax-out 1.13 + - / S
ax-in 2.60 + — / R
eq-out 0.00 - + + R
eq-in 4.05 - - / S

selectivity.* The relative energies of the four key TSs are shown
in Table 4. This table also shows how the energy of each TS is
affected by steric effects, by the electronic factor linked with
transfer of the equatorial or axial NH protons, and by the
hydrogen bonding. Finally, the table includes the chirality of
the alcohol that would be produced by each TS.

Further instructive conclusions can be derived from noting
that the S,5S and S,RR catalysts are of course isomers. It is
therefore possible to combine the data in Tables 2 and 3 and to
compare the energies of the catalysts and of the TSs. For the
(BINAP)Ru(H),(cydn) system, this comparison is not meaning-
ful, as there is no available low-energy pathway to convert any
of the species involved in the catalytic cycle for the S,SS catalyst
into the corresponding S,RR species (or, equivalently, the R,SS
or R,RR species). However, analogous interconversions are
possible for related systems that have been used in catalysis.
First, it has been observed that (BINAP)Ru(H),(en) and
(Ph3P);Ru(H),(dpen) lead to hydrogenation of acetonaphtone
with moderate enantioselectivities, of 57 and 73%, respectively.'
The ethylenediamine ligand (en) is not conformationally rigid,
so that for the (BINAP)Ru(H),(en) catalyst ready interconversion
of the 4 and 6 conformations of the RuUNCCN five-membered
ring can occur, leading to geometries analogous to the S,SS and
S,RR forms discussed here. For (PhsP);Ru(H)>(dpen) the
dominant contribution to catalysis is from the isomer in which
the two hydride ligands lie trans to each other,”® which has a
similar geometry to the BINAP systems considered here. In
particular, the two triphenylphosphine ligands in this isomer
can be expected to adopt conformations similar to those
observed for the BINAP ligand. Two conformations, respec-

(44) In a recent computational study of enantioselectivity in hydrogena-
tion of acetophenone by (SXyIBINAP)RuH,(S,S-dpen),*> a different
explanation has been given for the selectivity. The hydrogen transfer TSs
located in this study are similar to those obtained here. The authors have
also located weak hydrogen-bonded complexes between the dihydride
catalyst and the ketone, similar in geometry to the intermediate B shown
in Figure 2. As discussed above, such minima are likely to disappear in the
presence of solvent and when taking entropic factors into account, so should
not play an important role in the mechanism. However, in the case of the
ax-out approach only, the authors located a second stable intermediate in
which the ketone has moved closer to the transferring hydride and suggest
that the presence of this stable species helps to explain the selectivity. No
such minimum has been found in the present case, perhaps because the
less bulky BINAP ligand was modeled instead of XyIBINAP. Since BINAP
gives a similar pattern of stereoselectivity to XyIBINAP, it is unlikely that
any major effect is present with the latter ligand that is absent with BINAP.
The appearance of the energy plot in ref 41 (Figure 2) suggests a
conformational change, perhaps in the bulky xylyl sidechains, upon approach
of the ketone. Such a change is unlikely to be rate-determining since it can
also occur before the ketone binds.

(45) French, S. A.; Di Tommaso, D.; Zanotti-Gerosa, A.; Hancock, F.;
Catlow, C. R. A. Chem. Commun. 2007, 2381-2383.
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Table 5. Relative Energies (kcal/mol) for the Different TSs for
Hydrogenation of Acetophenone by RuH(BINAP)(cydn) Isomers, at
the B3LYP/6-31G*, SCS-MP2/6-31G*, and B3LYP/6-311G** Levels

of Theory”
B3LYP/6-31G*  SCS-MP2/6-31G*  B3LYP/6-311G**
catalyst 0.00 (—0.40) 0.00 (—0.11) 0.00 (1.28)
ax-out TS 3.89 (5.88) —6.05 (—2.25) 6.29 (10.73)
ax-in TS 5.77(1.75) —2.40 (1.41) 7.95 (12.20)
eq-out TS 7.90 (5.25) 1.25(—4.25) 10.32 (9.60)
eq-in TS 9.39 (9.32) 2.50 (1.15) 11.38 (13.65)

“The first numbers are for an S,SS configuration of the catalyst, and
the numbers in parentheses are for the S,RR configuration of the
catalyst.

tively similar to the S,SS and R,SS forms of the system discussed
here, are likely to coexist and interconvert rapidly compared to
the time scale of catalysis. Finally, the 0,0'-bis(diphenylphos-
phino)biphenyl (BIPHEP) ligand forms complexes with ruthe-
nium analogous to the (BINAP)Ru(H),(diamine) catalyst, and
enantioselectivity has been observed in ketone hydrogenation.”
The biphenyl moiety is only moderately configurationally stable
and is otherwise very similar to the BINAP ligand. The
dichloride precursor of the catalyst has been shown’ to exist in
two slowly interconverting forms, similar to those of the S,SS
and R,SS forms of the BINAP,cydn catalyst studied here
computationally. This is almost certainly true for the dihydride
catalyst also. In the three cases, therefore, species of similar
relative energy and geometry to the S,SS and SRR forms of the
BINAP,cydn catalyst studied here computationally are expected
to be present in equilibrium in solution and could contribute to
catalysis.

As shown in Table 5, the S,SS form of the catalyst is predicted
to lie very close in energy to the S,RR form. At the B3LYP/6-
31G* and SCS-MP2/6-31G* levels of theory, the S,RR isomer
is favored (by 0.40 and 0.11 kcal/mol, respectively), whereas
with B3LYP and the larger basis, the preference is reversed,
with the S,SS form favored by 1.28 kcal/mol. The small
magnitude of the energy difference between these two isomers
is easy to understand, as the cydn and BINAP ligands do not
interact strongly, but the sign of this difference is hard to
rationalize. The calculations do not help to resolve this latter
question, as the levels of theory used here are not accurate
enough to be converged with respect to this small energy
difference. Nevertheless, it is reasonable to expect that for the
systems mentioned above, which are able to undergo processes
analogous to interconversion between the S,5S and S,RR isomers,
solutions will contain mixtures of the two isomers and that both
can contribute to catalysis.

Table 5 also enables one to compare the energies of all eight
TSs that can in principle be accessed from catalysts in which
interconversion can occur between isomers analogous to the S,SS
and S,RR systems discussed. The lowest energy TS at all levels
of theory is the ax-out TS derived from the S,SS catalyst already
discussed above (+3.89 kcal/mol with B3LYP/6-31G*). This
TS is favored by the axial orientation of the NH proton, the
lack of steric hindrance between the acetophenone phenyl group,
present in the lower right-hand quadrant of Figure 4, and the
BINAP ligand, and the hydrogen bond with the phenyl ring.
The identity of the second lowest energy TS depends on the
level of theory. At the B3LYP/6-31G* level, it is the eq-out
TS derived from the S,RR form of the catalyst (+5.25 kcal/
mol), whereas at the B3LYP/6-311G** level, it is the ax-in TS
derived from the more stable S,SS form of the catalyst.

Assuming that the energy difference between the two forms
is approximately the same for the related systems mentioned
above, what is the predicted outcome of hydrogenation based
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on our calculations? For the (BINAP,en) system, ready inter-
conversion of the two forms can occur, without change in
chirality of the BINAP. The lowest TS will lead to R alcohol,
as will the eq-out TS derived from the S,RR conformer of the
catalyst. The lowest energy TS leading to S alcohol is the ax-in
TS derived from the S,SS conformer. Hence, one might expect
to obtain a somewhat similar value of the ee to that obtained
with the full matched catalyst. Experimentally, the R product
is indeed formed predominantly, but a significantly lower ee of
only 57% is obtained, perhaps because the higher flexibility of
the ethylenediamine ligand allows more structural relaxation
in the ax-in TS.

For the ((PPh3),,dpen) system, ready interconversion can
occur between conformers corresponding to the S,SS form of
the system studied here and the R,SS form. Again, as the ax-
out TS derived from the S,SS is lowest in energy, preferential
formation of R alcohol is expected. The next lowest-energy TS
is the ax-in TS, and this leads to S alcohol. As in the previous
case, one therefore expects a similar ee to that obtained with
the fully chiral (BINAP,dpen) or (BINAP,cydn) systems. The
lower ee obtained experimentally again suggests that in practice
the array of two triphenyl phosphine ligands is more flexi-
ble than the BINAP ligand and can accommodate the ax-in TS
more easily. It is also possible that the R,SS conformer can be
formed, with reactivity occurring through the corresponding eq-
out TS, which is second lowest in energy on the basis of the
B3LYP/6-31G* calculations. This TS leads to the S enantiomer
of the alcohol, so could explain the lower ee.

Although more precise predictions about the behavior of these
mixed systems would ideally be derived from actual calculations,
it is nevertheless encouraging that the present calculations
already can be used to predict the sign of the enantioselectivity.
This shows that stereoselectivity in reactions of many of the
Ru(phosphine),(diamine) dihydride catalysts has a similar origin
to that explored here in detail for the BINAP,cydn system. In
particular, a fairly large number of successful catalysts have
been developed in which the phosphine moiety or the diamine
is not chiral, but enantioselectivity depends in part on the
induction of a chiral environment by either the diamine or
diphosphine.*®

Conclusions

Understanding the origin of the asymmetric hydrogenation
of ketones by RuH,(diphosphine)(diamine) complexes is crucial
to the development of new, more active, more selective, and/or
more robust catalysts. Our calculations are in good agreement
with experimental data concerning this reaction.*’ The study
of the small model system (H3;P),RuH(en) shows that the key
step for hydrogenation is simultaneous transfer of a hydride from
ruthenium to carbon, and a proton from nitrogen to oxygen.
This step occurs with a near-planar arrangement of the six atoms
involved (HRuNH and CO). With 1,2-diamine chelating ligands,
as are commonly used in this reaction, the NH, protons in the
chelate ring adopt either pseudoaxial (H,x) or pseudoequatorial
(Heq) geometries. In the model system, the hydrogenation
transition state involving transfer of the Hyy proton is ca. 2 kcal/

(46) (a) See for example: Jing, Q.; Zhang, X.; Sun, J.; Ding, K. Adv.
Synth. Catal. 2005, 347, 1193-1197. (b) Jing, Q.; Sandoval, C. A.; Wang,
Z.; Ding, K. Eur. J. Org. Chem. 2006, 3606-3616. (c) Xia, Y. Q.; Tang,
Y. Y.; Liang, Z. M.; Yu, C. B.; Zhou, X. G.; Li, R. X.; Li, X. J. J. Mol
Catal. A: Chem. 2005, 240, 132-138.

(47) In fact, the prediction in our earlier work (ref 16) that hydrogen
splitting was turnover limiting was made before experimental evidence for
this became available.
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mol lower in energy than that involving the Heq proton,
presumably because this enables the system to adopt a more
favorable, less twisted geometry at the TS. Test calculations
on the model system show that the level of theory used is
reasonably well converged.

Calculations on the hydrogenation of a nonsymmetric ketone,
acetophenone, by the same model catalyst show that the potential
energy surface is very similar for this system. In this case,
however, for both the reaction modes involving Hux and Heq
transfer, the acetophenone moiety can approach the catalyst in
two different orientations, with the phenyl group pointing in
toward the phosphine ligands or out. We hence find four
different TSs, with those involving H, transfer again being
lower in energy than those involving Heq transfer. The out TSs
in which the phenyl group is oriented away from the phosphine
groups are also slightly lower than the corresponding in TSs,
either due to steric repulsion between the phenyl groups and
the phosphine ligands in the in TSs or due to stabilizing
hydrogen bonds between the phenyl group and the metal-
coordinated NH, group in the out TS.

Calculations on the “real” (BINAP)RuH,(cydn) catalyst, in
both its matched S,SS and mismatched S,RR forms, reproduce
the observed experimental selectivities in a semiquantitative
way. The basic features of the potential energy surfaces in these
reactions are similar to those obtained for the model system,
validating use of the latter in previous work. Test calculations
again show that the main B3LYP/6-31G* level of theory used
to study the reaction is of adequate accuracy. Analysis of the
structure of the key hydrogenation TSs helps to rationalize the
selectivity, based on three key factors: steric interactions between
the bulkier of the two ketone substituents and the BINAP ligand,
differential intrinsic reactivity of the Hyx and Heq protons on
the diamine ligand, and hydrogen bonding between the diamine
NH; group and the phenyl group on the ketone. In this matched
system, all of these factors are favorable for the lowest, ax-out
TS, and this explains the observed R selectivity. The second
lowest TS is the ax-in TS, in which the hydrogen bond is lost
and steric factors are less favorable. The possible importance
of the hydrogen bonding is emphasized by the fact that dialkyl
ketones tend to give lower enantioselectivities.®

For the mismatched system, none of the located TSs are
favorable with respect to all three of the factors mentioned
above. Hence the lowest energy eq-out TS, which is favored
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by steric effects and hydrogen bonding, and the next lowest,
the ax-out TS, which benefits from the better intrinsic reactivity
of the H,x proton, are quite close in energy. This accounts for
the lower selectivity. We note that the fact that R alcohol is
favored with the mismatched catalyst cannot be explained
without considering the possibility of involvement of the a priori
less reactive Heq proton.

Although our computational study considers only one catalyst
system, (BINAP)RuH,(cydn), it yields insight into the selectivity
observed with many other catalysts. For example, the greater
steric bulk in the XylIBINAP ligand tends to lead to higher
selectivities. The geometry of the 1,2-diphenylethylenediamine
ligand (dpen) in complexes with ruthenium dihydrides is very
similar to that of the 1,2-cyclohexanediamine (cydn) ligand
studied here. Both are known to lead to similar stereoselectivity.
Our study was conducted using cydn for reasons of computa-
tional efficiency, but the results should be applicable to the dpen
complexes also. As noted above, the fact that dialkylketones
cannot be hydrogenated with high enantioselectivities in such
a straightforward way as alkyl aryl ketones is also rationalized
by our results, in terms of the absence of a stabilizing hydrogen
bond interaction. Finally, our results on the conformationally
rigid (BINAP)RuH(cydn) system can be extrapolated to make
predictions for the stereochemically less well defined
(biphep)RuHx(dpen), (PhsP)RuH,(dpen), and (BINAP)RuH,(en).
Our calculations predict the sign of the enantioselectivity correctly
for all of these systems.
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