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Chiral Induction Effects in Ruthenium() Amino Alcohol Catalysed
Asymmetric Transfer Hydrogenation of Ketones: An Experimental and

Theoretical Approach
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Abstract: The enantioselective out-
come of transfer hydrogenation reac-
tions that are catalysed by ruthenium(1r)
amino alcohol complexes was studied by
means of a systematically varied series
of ligands. It was found that both the

obtained for the reduction of acetophe-
none. The catalytic cycle of rutheni-
um(i) amino alcohol catalysed transfer
hydrogenation was examined at the
density functional theory level. The
formation of a hydrogen bond between

the carbonyl functionality of the sub-
strate and the amine proton of the
ligand, as well as the formation of an
intramolecular H --- H bond and a planar
H-Ru-N-H moiety are crucially impor-
tant for the reaction mechanism. The

substituent at the 1-position in the
2-amino-1-alcohol ligand and the sub-
stituent at the amine functionality influ-
ence the enantioselectivity of the reac-
tion to a large extent: enantioselectiv-
ities (ee values) of up to 95% were

nisms -

Introduction

Asymmetric reduction of C=0O and C=N bonds to chiral
alcohols and amines, respectively, are amongst the most
essential molecular transformations.!l In order to be appli-
cable for the industrial synthesis of fine chemicals and in
organic laboratories, the synthesis of these compounds should
be economically and technically feasible and should also have
a broad scope. A reaction that uses non-hazardous organic
molecules provides a very useful complement to catalytic
reduction with molecular hydrogen, particularly for small- to
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enantioselective outcome of the reac-
tion can be illustrated with the aid of
molecular modelling by the visualisation
of the steric interactions between the
ketone and the ligand backbone in the
ruthenium(1n) catalysts.

medium-scale reactions. Transfer hydrogenation of ketones
and imines is operationally simple and the selectivities,
including functional group differentiation, are high. Among
the most active catalysts for the asymmetric transfer hydro-
genation of prochiral ketones are ruthenium(ir) amino alcohol
catalysts, as was reported by Noyori et al. and also further
explored by others.>]

Although the results are satisfactory in terms of activity and
selectivity, the mechanism of the reaction has not been
elucidated as yet. Two mechanistic pathways have been
proposed for the asymmetric hydrogen-transfer reaction
(Scheme 1): a stepwise process through a hydride complex
(Path A) and a concerted process in which the hydrogen is
directly transferred from the secondary alcohol to the
substrate (Path B).[%]

For the ruthenium-catalysed transfer hydrogenation some
key features have been discovered that support the hydridic
route (Path A). Noyori and co-workers showed that the
structure of the proposed active species in ruthenium(iy)-
catalysed transfer hydrogenation is a 16-electron rutheni-
um(ir) complex that bears a TSDPEN ligand and an n°-arene
moiety (TsDPEN = N-(p-tolylsulfonyl)-1,2-diphenylethylene-
diamine).” In the presence of 2-propanol, an 18-electron
ruthenium hydride species is formed that catalyses the
reduction of various ketones. Furthermore, it was shown that
the presence of an NH moiety in the ligand is of crucial

0947-6539/00/0615-2818 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 15



2818-2829

ML+ HO—
CHs

{ +ee

H3C/,, ;CH3
Path A: "Hydridic route" 0" “H
1
Ly—M )
cH + Substrate
é s 7 N\
O// \CHg HSC/'/'C:CHS HBCI"CACH3
¢ - (e} H o
= i \) T H
L,—M—H L—M L«—M-S
- acetone
+ substrate
)
Ly—M—-H
?—H
Ly—M

Scheme 1. Two mechanistic pathways for asymmetric transfer hydrogenation.

importance to obtain the product in high yield and enantio-
meric excess. However, the precise process of the hydrogen
transfer from the metal to the substrate, in the step which
determines the enantioselectivity, is still unresolved (see box
in Scheme 1).

Previously, we investigated possible factors that affect the
enantioselectivity of hydrogen transfer reactions catalysed by
ruthenium amino alcohol catalysts.’l The preferred mode of
ligand coordination and the effect of various substituents on
the carbon backbone and on the amine functionality were
studied.

It was found that the active catalyst contains one amino
alcohol ligand which coordinates to the ruthenium atom in a
bidentate fashion. These results are in agreement with those
of Noyori and co-workers for the ruthenium(i)— TsDPEN
system.” Our study resulted in the most effective chiral amino
alcohol ligand for Ru'-catalysed hydrogen transfer of various
ketones so far (namely catalyst 12, Table 1).

Herein we show that the crucial mechanistic step that deter-
mines the enantioselectivity of ruthenium (ir)-catalysed transfer
hydrogenation reactions is revealed by means of a combina-
tion of experimental and computational data. A systematic
variation of the amino alcohol ligands allowed the determi-
nation of the relationship between the ligand structure and
the enantioselectivity in the ruthenium(i)-catalysed transfer
hydrogenation of acetophenone. The experimental data are
supported by a theoretical study at the density functional level
of theory. The actual process of the transfer of a hydride from
the metal to the substrate was calculated. Based on the
computed structures of various potential catalytic intermedi-
ates, a mechanism is proposed for the transfer hydrogenation
catalysed by Ru! amino alcohol complexes.

Results and Discussion

Experimental study: In order to elucidate the factors that
determine the enantioselective outcome of the reaction, a

Chem. Eur. J. 2000, 6, No. 15
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series of amino alcohol ligands was
used in the ruthenium(ir)-catalysed
transfer hydrogenation of aceto-
phenone. A variation in the sub-
stituents of the amino alcohol li-
gand and the arene moiety allowed
a systematic study of these factors.
CHs The general catalyst structure is

/(l;\ given in Table 1.
? CHs The amino alcohols that contain
L,—M—S—H an alkyl or aryl substituent at the 2-

position (as in 1 and 3) are derived
from naturally occurring amino
acids, whereas amino alcohols that
bear an aryl substituent at the I-
position can only be obtained by
means of a different synthetic strat-
egy. The synthesis of the amino
alcohols in 6-9 from the corre-
sponding (R)-cyanohydrins, was re-
ported previously.!

Table 1. Ruthenium(i) amino alcohol catalysts 1-14.

® @

[{RuCl(arene)}>]

HJ H base, /PrOH
1-14
Catalyst ~Amino alcohol ~ R! R? R? R* R’
configuration

1 28 H CH; H H H

2 15 CH; H H H H

3 28 H CH, H CH, iPr

4 18 CH, H H CH, iPr

5 2R H Ph H CH; iPr

6 1R p-OMe-Ph  H H CH; iPr

7 1R p-OMe-Ph H  CH, CH, iPr

8 1R Ph H CH, CH, iPr

9 1R Ph H iPr CH; iPr
10 1R 2S Ph CH; H CH; iPr
1 1R2S Ph CH, CH, CH, iPr
12 1R2S Ph CH, CH,Ph CH, iPr
13 1R 2S Ph CH; CH; H H
14 1R 2S Ph CH; CH,yPh H H

The in situ generated catalysts 1-14 were used in the
reduction of acetophenone (Scheme 2, Table 2).

In a typical catalysis experiment, a solution of ketone (0.1m
in dry 2-propanol), the ruthenium complex ([{RuCl,(ar-
ene)},], 0.25 mol %), the chiral amino alcohol (0.6 mol %)
and rBuOK (1.5 mol %) were stirred at room temperature
under argon in dry 2-propanol. Conversions and enantiose-

1% OH
Ru'' catalyst

Scheme 2. Asymmetric transfer hydrogenation of acetophenone.
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Table 2. Hydrogen transfer reduction of acetophenone with catalysts
1-4.

Entry Cata- ¢[h] Conver- ee [%]  Configu- A(AGY)
lyst sion [% ]! ration [kcal mol "]t

1 1 1 9 6 () 0.07

2 2 1 9 52 () 0.67

3 3 1 88 15 () 0.18

4 4 1 84 63 () 0.86

5 5 1 85 24 (R) 0.29

6 6 1 89 61 (R) 0.83

7 7 1 9 76 (R) 116

8 8 1 9 75 (R) 1.13

9 9 1 94 84 (R) 142
04 10 05 95 77 (R) 119
na 1 05 91 89 (R) 1.66
124 12 1 88 95 (R) 2.13
13 B 1 86 58 (R) 0.77
14 M 1 o 72 (R) 1.06

[a] The reaction was carried out at 20°C with 5 mmol substrate in a 0.1m
2-propanol solution; substrate:[{RuCl(arene),},]:ligand:rBuOK =400:1:
2.2:3.3. [b] Conversions were determined by GLC analysis. [c] Determined
by capillary GLC analysis on a chiral cycloSil-B column. [d] This data was
obtained from Ref. [5]. [e] A(AG*) values are calculated from the ee
values: A(AG*)=RTInK; K= (100 — x)/x; x = (100 — ee)/2.

lectivities were monitored during the reaction by GC. The
enantioselectivity proved to be constant in time for all
catalytic reactions described. The reaction rates were rela-
tively constant with various amino alcohol ligands and gave
rise to high conversions (=90%) after 1 h at room temper-
ature.

The difference in chiral induction by the use of either /- or
2-substituted amino alcohol ligands in the reduction of
acetophenone was investigated with the most simple catalysts,
namely, 1 and 2. The use of 1 as the catalyst gave rise to a very
low enantioselectivity of 6% (Table 2, entry 1), while the
observed enantioselectivity was significantly higher with 2,
namely 52 % (Table 2, entry 2). In order to be able to compare
differences in enantioselectivities on a linear scale, the
enantioselectivities of the reactions were quantified by
calculating from the observed ee values the differences in
the Gibbs free energy of activation for the (R) or the (S)
product (Table 2). The difference in enantioselectivity be-
tween catalyst 1, that contains a 2-substituted amino alcohol,
and catalyst 2, that contains a /-substituted amino alcohol,
corresponds to a difference in A(AG¥) of 0.6 kcalmol .

The use of the ruthenium p-cymene complex as a catalyst
precursor gave rise to higher enantioselectivities than the
benzene-substituted catalyst (Table 2, entries 3 and 4). This
increase in enantioselectivity, which corresponds to a differ-
ence of A(AG*)=0.2 kcalmol~!, has been observed in most
other systems as well and is proposed to be caused by
increased steric bulk.>33 With the (p-cymene)rutheni-
um() chloride dimer, the enantioselection of the 1- and
2-substituted amino alcohol ligands were similar, correspond-
ing to a difference in A(AG*) of 0.7 kcal mol L.

The difference between various R? substituents was inves-
tigated by the use of the 2-substituted, naturally occurring
amino alcohols (R)-alaninol (in 3) and (R)-2-phenyl glycinol
(in 5) as ligands in ruthenium-catalysed transfer hydrogena-
tion. When the steric bulk at the 2-position was increased,
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with § as a catalyst, the observed enantioselectivity was
somewhat higher compared to the methyl-substituted 3 (24 %
versus 15%, Table2, entries 3 and 5). Even when large R,
substituents were employed, only poor enantioselectivities
could be obtained, corresponding to a small A(AG*) of
0.3 kcalmol .

The use of catalysts that contain different R! substituents
was investigated with I-substituted amino alcohols, which
generally resulted in higher enantioselectivities. Surprisingly,
the more bulky p-methoxyphenyl substituent (in 6) did not
give rise to higher enantioselectivities than the relatively small
methyl group (in 4) (Table 2, entries 4 and 6). Hence, a very
small chiral ligand (R!'=CH,) already suffices for the
reduction of acetophenone with an enantioselectivity of more
than 60%. This suggests that mw—m stacking between the
substrate and the amino alcohol ligand is of minor impor-
tance. By variation of the R! substituents good enantioselec-
tivities could be obtained, corresponding to differences in
A(AG*) of up to 0.8 kcalmol~l. Optimisation of the ligand
structure to obtain higher enantioselectivities was accom-
plished by varying the R?- R substituents.

The difference between various R® substituents on the
nitrogen atom was investigated by the use of the amine-
substituted catalysts 7-9. Catalyst 7, which contains a
secondary amine (R*= CHj;) gave rise to a higher enantiose-
lectivity than the corresponding primary amine in 6 (R3=H),
namely 76 and 61 %, respectively (Table 2, entries 6 and 7).
The corresponding difference in A(AG¥) is 0.3 kcalmol~!. A
similar enantioselectivity was obtained with catalyst 8 (R3>=
CH;) which contains a phenyl group instead of a p-methoxy-
phenyl group at the 1 position (Table 2, entry 8). The change
of R? from a methyl (in 8) to an isopropyl group (in 9) caused
the enantioselectivity to increase further from 74 to 84 % and
the corresponding A(AG*) to increase from 1.13 to
1.42 kcalmol~! (Table 2, entries 8 and 9). Thus, substitution
of the amine functionality results in higher enantioselectivities
than those obtained for the corresponding unsubstituted
amino alcohols. Differences in A(AG*) of 0.6 kcalmol~! or
less could be reached upon changing R*=H into R3=Pr.

The effect of an additional substituent at the 2 position was
studied with 1,2-disubstituted amino alcohols as ligands. The
use of (1R,2S5)-(nor)ephedrine (in 10 and 11) resulted in an
increase in enantioselectivity compared to 6 and 7 (Table 2,
entries 10 and 11). The product configuration did not change
on when these 1,2-disubstituted amino alcohols were em-
ployed. Noyori and co-workers showed that the use of (1S,
2R)-ephedrine and (1S, 2S)-pseudoephedrine in [{Ru(Cs-
Me,)Cl,},]-catalysed transfer hydrogenation gave rise to
identical enantioselectivities and the same product config-
uration.’ Thus, the increase in the enantioselectivities, caused
by the additional methyl substituent at the 2 position, is more
accurately described as an overall increase in the steric
hindrance rather than a chiral cooperativity effect. The use of
(1R,25)-N-benzyl-norephedrine (in 12), developed previous-
ly, proved to be the best amino alcohol ligand so far; it gave
95% ee and 88% conversion in one hour for the rutheni-
um(i)-catalysed transfer hydrogenation of acetophenone
(Table 2, entry 12). Thus, the additional substituent at the
2-position gave rise to higher enantioselectivities than the

0947-6539/00/0615-2820 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 15



Ru'-Catalyzed Asymmetric Transfer Hydrogenation of Ketones

2818-2829

corresponding unsubstituted ligands to result in additional
differences in A(AG?*) of 0.5 kcalmol~! or less. Furthermore,
changing the R? substituent in the last series of ligands (10—
12) from R*=H to R*=Bn increased the differences in
A(AG*) of up to 1.0 kcalmol™, to result in a A(AG*) of
2.13 kcalmol .

The use of the two best amino alcohol ligands, (1R,2S)-
ephedrine and (1R,2S5)-NH-benzyl-norephedrine, in combi-
nation with the (benzene)ruthenium(ir) chloride dimer, as in
13 and 14 (R* and R>=H), gave rise to much lower
enantioselectivities (namely 58 and 72 %, respectively) than
the corresponding p-cymene-substituted complexes (89 and
95 %, respectively) (Table 2, entries 13 and 14). In this case,
differences in A(AG*) of up to 0.9 kcalmol~! were obtained.
This is a much larger decrease than the differences between
the benzene-substituted catalysts 1 and 2 and the p-cymene-
substituted catalysts 3 and 4. Apparently, additional steric
interactions between the R* and R’ substituents on the arene
and the R substituent on the nitrogen atom gives rise to
further improvement of the enantioselective outcome of the
reaction. Thus, a highly substituted framework around the
metal atom results in fewer degrees of freedom and con-
sequently in higher enantioselectivities.

In summary, the catalysis results presented in Table 2 show
that the product configuration is determined by the substitu-
ent at the 1-position in the amino alcohol ligand, and gives rise
to differences in A(AG*) of up to 0.6 kcalmol~'. This chiral
centre highly affects the enantioselective outcome of the
reaction. Remarkably, no difference was observed in the use
of either small or large groups at this position. Optimisation of
the ligand structure is most effective at the R’ R* and R’
positions to result in large improvements of the enantiose-
lectivities; the observed A(AG*)s are 1.0 kcalmol~! or less.
Additional substitution at the R? position further improves
the enantioselectivity to give A(AG¥)s that increase up to
0.5 kcalmol~!. The three-dimensional steric bulk around the
metal atom, created by the substitutents at several positions
on the ligands, is essential to obtain high asymmetric
inductions.

Possible ways to transfer a hydride: In order to get more
insight in the results described above, especially in the marked
differences in chiral induction that were found in the use of
the 1- versus 2-substituted amino alcohols as ligands in the
ruthenium-catalysed reduction of acetophenone, a closer look
at the step which determines the enantioselectivity is re-
quired. Scheme 3 shows the two possible ways in which a
hydride can be transferred from the metal to the substrate.
Route I visualises the general six-membered cyclic transition
structure proposed by Noyori and co-workers.[” ' From this it
is obvious that the proton in the amine functionality plays a
crucial role by the formation of a hydrogen bond to the
carbonyl oxygen.

As an alternative pathway, Bickvall and co-workers
reported on a migratory insertion-type of mechanism for
ruthenium(iy)-catalysed transfer hydrogenation with [RuCl,-
(PPh;);] as a catalyst precursor.!l Here, the substrate
coordinates through the m system of the carbonyl functionality
to the ruthenium catalyst in the enantioselectivity determin-

Chem. Eur. J. 2000, 6, No. 15
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Ry

Coordination of the substrate

Scheme 3. Possible ways to transfer a hydride.

ing step. The analogous transition structure for [RuH(arene)-
(amino alcohol)] is depicted in Route II, Scheme 3.

In order to distinguish between these two routes (i.e. I
versus 1) the ruthenium amino alcohol complexes of the two
catalytic cycles were investigated theoretically at the density
functional theory (DFT) level.

Theoretical study: Ruthenium hydride complexes have been
studied extensively at the density functional theory (DFT)
level.lZHSI The relative stabilities of various ruthenium
hydride complexes which bear phosphorus ligands have been
calculated with either B3LYP or B3PWO91 as the hybrid
functionals. These studies proved that the role of intermolec-
ular H --- H bonding is important in proton-transfer reactions.

Here we describe an investigation on ruthenium hydride
complexes that contain an amino alcohol ligand and an arene
moiety. In the calculations, the amino alcohol ligand was
initially modelled by an NH; and a deprotonated H,O ligand,
whereas the hydrogen donor and acceptor were modelled by
methanol and formaldehyde, respectively. Benzene was
chosen as the arene moiety.

Methods of calculation: The electronic structure was com-
puted within the Kohn - Sham formulation of DFT by means
of the gradient-corrected local functionals. We performed
initial calculations with a medium-sized basis set with the
Gaussian package.['®! These results served as input for more
extensive calculations with a larger basis set which were
performed with the ADF package.[' '8l We performed calcu-
lations with the B3PWO91 functional and the Gaussian98
package. This functional consists of Becke’s three-parameter
hybrid-functional for exchange 7} combined with a gradient-
corrected correlation term, as proposed by Perdew and
Wang.””l The Gaussian calculations were performed with
the LANL2DZ double ¢ basis set.??l We then performed
calculations with the PW91 and BLYP functional with the
ADF package. Here, PWO1 refers to the LDA functional with
the VWN parameterisation®] complemented with a gradient
correction for exchange and correlation proposed by Perdew
and Wang.”) The BLYP density functional consists of the
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gradient-corrected exchange term proposed by Beckel"
together with a correlation term proposed by Lee, Yang and
Parr.’! The ADF calculations were performed with a large
basis set.¢!

It has been shown by comparative analysis of transition-
metal hydride complexes that BLYP, B3LYP and B3PW91
give qualitatively similar results.l'%!525.33] However, as has
been shown by Orlova etal., for the special case of
intermolecular hydrogen-bonded transition metal complexes,
the B3PW91 geometries and bond energies are in better
overall agreement with the experimental data.['* %]

Comparison of the proposed mechanisms: Two different catalytic
cycles are proposed for hydrogen-transfer reactions. The “hydro-
gen-bond formation” mechanism for ruthenium-catalysed
transfer hydrogenation is depicted in Scheme 4, and the “migra-
tory insertion” mechanism for ruthenium(ir) amino alcohol
catalysed transfer hydrogenation is shown in Scheme 5.

The d° complexes [RuH(benzene)(NH;)(OH)] are models
for the supposed [RuH(benzene)(amino alcohol) ] complexes.
On account of the structural similarities between the hydro-

U_,’l HO/RU"HNH HO/RIU.,,,
Ho™ | “NH; H\/ \2 HH, ’[\IHZ
H (e} Ho 3\\O'H
8 M 70 S
H .
H” "H 17"
TS
OH
«H
< N
- base - -
Ru., Ru Ru
HO™ | “NHg HO™ “NH, / HO™ ™ NH,
cl 16e OH H o-H
H.,ﬁ/o
15 16 «H 17
H H H

o
L n n’
< e D L
A_, HO.,, | |
RIU . HOw RU\\NHZ

@ base @ ';'L @

> Ru .----Fllu
SN HO! ~
HO 16 N2 ; Ho 4 NH,
e N
OH H‘\Hr H

H )\\\;' 19

Scheme 5. The “migratory insertion” mechanism.
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gendonor and the product alcohol, the reduction of aceto-
phenone in 2-propanol is close to a thermodynamic equili-
brium.['”l Therefore, each step in the catalytic cycle should be
reversible and the catalytic cycle and the corresponding
energy profile should be symmetrical.

A geometry optimisation has been performed on inter-
mediates 16—18, formaldehyde, and methanol with the
different functionals described above. The relative energies
of the geometries and the corresponding energy profile,
calculated by the use of the PW91 functional, are depicted in
Figure 1. The calculated B3PW91 and PW91 relative energies
and distances of intermediates 16 — 18 are given in Table 3. All
the intermediates of the cycle depicted in Figure 1 were
calculated to have relative energies between 0 and
15.4 kcalmol~'. The B3PW91 and PW91 functionals gave rise
to similar results. In addition, single-point calculations with
the BLYP functional resulted in a comparable trend in the
relative energies with differences of up to 1.5 kcalmol .

The unsaturated 16-electron species 16 is formed under
basic conditions starting from complex 15. In complex 16 the
calculated Ru—N bond length is somewhat shorter than that in
the other intermediates, which indicates a stronger bond
between the ruthenium and the nitrogen atom. This is also
observed in the crystal structures of the analogous complexes
of 15, 16 and 18 reported by Noyori and co-workers.”! In the
presence of an alcoholic solvent, the ruthenium hydride
complex 18 is formed spontaneously and the corresponding
carbonyl compound is released.

Reduction of the ketone substrate, modelled by for-
maldehyde, occurs by transfer of a proton and a hydride from
complex 18 to the carbonyl compound, in several steps, as is
visualised in Scheme 4 and Figure 1. A hydrogen bond between
the lone pair electrons of the oxygen of the carbonyl and the
amine proton is formed, as is calculated for 17”. The calculated
relative energy of 17" is lower than that of complex 18 and
formaldehyde separately, because of the formation of the
hydrogen bond.?¥ The C=0---H distance is 2.1 A, which is
short enough for a hydrogen bond to be formed, whereas the
Ru—H - C=0 distance is still 3.0 A. The intramolecular H--H
distance between ruthenium hydride and the proton of the
amine functionality is small and thus provides additional sta-
bilisation of the intermediates in the catalytic cycle (Table 3).

The next calculated intermediate, 17, not only shows a
smaller C=0 --- H distance, namely 1.6 A, but the ruthenium
hydride is also at a very short distance from the carbonyl
carbon atom (1.3 A). The C=O bond is somewhat longer
which indicates a decrease in the double-bond character. The
relevant bond lengths of the calculated intermediates are
given in Table 3.

The ADF package was used to calculate the transition state
with the PW91 functional and resulted in intermediate 17-TS.
In 17-TS the C—-O bond length lies between that of methanol
and methanal, namely 1.34 A. The calculated C—O bond
lengths for methanol and methanal are given in Table 4 for
comparison.

In 17-TS the ruthenium hydride distance has become 2.0 A,
the C—O -+ H distance has decreased to 1.3 A and the O—C---
H distance has become 1.2 A. The carbonyl moiety and the
intramolecular H---H bond prefer a coplanar relationship;
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Figure 1. Energy profile for the “hydrogen-bond formation” mechanism. Non-relevant hydrogen atoms have

been omitted for clarity.

Table 3. Calculated relative energies [kcalmol—!] and distances [A] in intermediates 16—18.

Intermediate  Functional AE Ru-H RuN H---H (C)O---H (O)C:--H N--H C--O
16 B3PW91L +83 - 1.90 - - - - -
16 PWO1D +78 - 1.94 - - - - -
17 B3PW91kl 0 5.09 1.94 244 1.00 1.10 1.90 1.44
17 PWI1L! 0 4.69 1.97 2.35 0.99 1.10 1.96 1.42
17-TS PWI1L! +83 197 2.08 2.06 1.26 1.19 1.23 1.34
17 B3PWI1l  +12.0 1.73 2.09 218 1.59 1.34 1.07 1.32
17 PWI1L! +75 176 2.13 2.17 1.64 1.34 1.07 1.28
17" B3PW91L +80 157 212 2.36 2.02 291 1.03 1.25
17" PWI1L! +7.7 1.60 2.17 2.41 2.07 2.97 1.03 122
18 B3PWI1R  +154  1.59 213 2.47 - - - -
18 PWO1! +141 1.6l 217 2.53 - - - -

[a] The B3PW91 results were obtained with the Gaussian 98 program and a double { basis set.”! [b] The PW91
results were obtained with the ADF program and a triple ¢ basis set.*!

the dihedral H-Ru-N-H angle is as low as —13.0° in the
transition state. Intermediate 17, which is basically complex 16
with a methanol species hydrogen-bonded to the NH,, is
relatively low in energy. The release of the product alcohol
results in the 16-electron complex 16. The ruthenium hydride
complex 18 is then formed according to the reverse order of
steps as described in the foregoing text.

Chem. Eur. J. 2000, 6, No. 15
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In summary, the results of
these calculations support the
“hydrogen-bond  formation”
mechanism in which the forma-
tion of a hydrogen bond be-
tween a proton of the amine
functionality and the carbonyl
of the ketone substrate is of
crucial importance.

The other possible mecha-
nism for ruthenium-catalysed
transfer hydrogenation, the
“migratory insertion” mecha-
nism, is depicted in Scheme 5.
Intermediates 16 and 18 are
identical in both catalytic cy-
cles. A geometry optimisation
has been performed on inter-
mediates 19, 19*, 19’ and 19”.
The coordination of the ketone
substrate in 19” is in analogy to
the [RuH,(PHj;);(formalde-
hyde)] complex proposed by
Bickvall and co-workers.['!]

Since  both  functionals
proved to be very consistent
for the calculation of intermedi-
ates 16-18, the intermediates
19, 19*%, 19', 19”, were only
calculated with PW91 by means
of the ADF package. The rela-
tive energies of the geometries
and the corresponding energy
profile are depicted in Figure 2.
The geometries of the 7°%-C4Hg
analogues of intermediates 19",
19’ and 19* could not be opti-
mised with the ADF package.
The calculated #*-C,H¢ ana-
logues of the intermediates
were all higher in energy, for
example, +24.6 kcalmol™' for
19”-y*-C;Hy  compared  to
+0.9 kcalmol ! for 19”-1>-C,Hs.

It can be seen from Table 5
that the calculated relative en-
ergies for most intermediates of
the “migratory insertion” mech-
anism are in the same range as
those of the analogous struc-
tures of the “hydrogen-bond
formation” mechanism. This

not the case for intermediate 19*-%2, which has a calculated

energy of +34.1 kcalmol .

The ketone has to coordinate to the ruthenium in 18
through its 7 system in order to form intermediate 19”. At the
same time, the aromatic ring changes from an #° to an »?
coordination. In the next calculated intermediate, 19'-7%-
C¢Hg, the hydride has been transferred to the carbon atom of

0947-6539/00/0615-2823 $ 17.50+.50/0
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Figure 2. Energy profile for the “migratory insertion” mechanism. Non-relevant hydrogen atoms have been

omitted for clarity.

Table 4. Calculated C—O distances [A] in methanol and formaldehyde.

Molecule Functional Distance
CH,OH B3PW91L 1.45
CH;OH PWO1lI 1.43
H(CO)H B3PwW91l 1.24
H(CO)H PWO91lbI 1.21

[a] The B3PWY1 results were obtained with the Gaussian 98 program and a
double ¢ basis set.”’] [b] The PW91 results were obtained with the ADF
program and a triple ¢ basis set.]

the ketone; this is obvious from the shorter distance to the
carbonyl, namely 1.10 A, and the longer Ru—H distance
(2.65 A). Furthermore, the C=0 bond is longer which
indicates a decrease in the double-bond character.

In the next step, the proton of the amine has been
transferred to the coordinated oxygen, which makes the
ruthenium atom more electron poor, as is shown by the
calculations. This probably gives rise to the very high
(+34.1 kcalmol™!) relative energy of intermediate 19%-7-
C¢Hg, which is not even a calculated transition state. In 19*-72-
C,H,, the CO—H distance decreases to 0.98 A and the N—H
distance becomes 2.10 A. This indicates that the proton

2824

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

transfer indeed has taken place.
The length of the Ru—N bond is
0.19 A shorter than that in 19'-
n?-C¢Hjg, which suggests a stron-
ger bond between the ligand
and the metal. In the next
intermediates, the aromatic
ring changed from an #7? to an
n° coordination and the alcohol
dissociates from the complex.

The high relative energy of
intermediate 19*-5> suggests
that the “migratory insertion”
path is less favourable than the
“hydrogen-bond  formation”

L mechanism. We have attempted
* #. to calculate several alternative
pathways to find a migratory
insertion mechanism with a
o lower energy barrier. The only
mechanism found that was a
low-energy process was assisted
by coordination of a second
alcohol to 19’525 This result-
ed in an “alternative migratory
insertion mechanism” as de-
picted in Scheme 6 and Fig-
ure 3. After the coordination
of this second alcohol the en-
ergy is lower: 4.3 kcalmol~! was
found for 20-#* (Table 5). The
next step involves the transfer
of a proton from the coordinat-
ed alcohol to the reduced ke-
tone (i.e. OCH;) to give inter-
mediate 20’-7%. This proton is
transferred with a very low
energy barrier; the transition state, 20-TS-%? , was calculated
to have an energy of 7.8 kcalmol~. In this transition state the
proton is, as expected, located between the oxygen atoms of
the two coordinated methoxy groups. Although this alter-
native migratory insertion mechanism is a process with a low
energy barrier, it is not in agreement with the experimental
data obtained from a mechanistic study performed by Noyori
et al.7l They showed that both their analogues of structures 18
and 16 are intermediates in the reaction. Furthermore, at low
concentrations of acetone, the reaction was first order in
acetone and zero order in 2-propanol, and at low concen-
trations of 2-propanol the kinetics showed the reverse. In the
alternative migratory insertion mechanism a higher order in
2-propanol is expected. Another strong argument against this
mechanism is the necessity of a NH functionality in the ligand
to obtain reasonable activity and selectivity. The NH group is
not involved in the alternative migratory insertion mecha-
nism. Also, not all transition states have been calculated yet,
and we expect that the transition state between 18 and 19”-7?
is high in energy since the coordination mode of the aromatic
ring changes from #7° to 7. All attempts to locate this
transition state, however, failed.
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Table 5. Calculated relative energies [kcalmol~'] and distances [A] in intermediates 19, 19’, 197, 20, 20-TS and
20l

Intermediate AE Ru-H Ru-N H---H (C)O---H (O)C---H N---H C---0
19-n° +0.5 3.17 2.10 2.45 1.05 1.10 1.57 1.43
19-7* +152 314 2.14 3.58 2.16 1.10 1.03 1.40
19%-% +34.1 3.24 2.00 2.32 0.98 1.10 2.10 1.44
19"-n? +11.9 2.65 2.19 4.13 4.34 1.11 1.02 1.41
19" +24.6 1.88 221 3.19 4.01 2.88 1.02 1.29
19" +0.9 1.57 2.15 2.39 4.78 2.37 1.02 1.30
Intermediate AE C1-0 Ru—N Cc2-0 Ru-OC1 Ru-0C2 H-OC1 H-OC2
20-7° +43 1.37 212 1.43 2.16 2.27 1.70 1.01
20-TS-? +7.8 1.41 2.08 1.41 2.24 2.14 1.17 1.29
20'-n? +1.8 1.43 2.05 1.41 233 2.03 1.01 1.64

[a] The PW91 results were obtained with the ADF program and a triple § basis set.l?]

HO

a &
OH n? n’
o [ [ &
HOw RU~_
H | / NH3

H
AN P— ' H ©
HOu.. 0.

19 HOwRU~\\  ——— DI~ — HTOH en
/ Ho o o NHs H__o O s —— H H H
OH T H H HYl  H H 20
JaH H  HH H HH

H™ O H
20' ZO‘TS
Scheme 6. The “alternative migratory insertion” mechanism.
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Figure 3. Energy profile for the “alternative migratory insertion” mechanism. Non-relevant hydrogen atoms
have been omitted for clarity.
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In conclusion, comparison of
the two proposed mechanisms
by DFT calculations of the
possible intermediates that are
involved shows that the “hydro-
gen-bond formation” mecha-
nism is the pathway of choice
for the transfer of the rutheni-
um hydride to the ketone sub-
strate. The energy of the calcu-
lated intermediate 19%-7* is
very high which makes the
barrier much larger for the
reaction path of the “migratory
insertion” mechanism
pared to the “hydrogen-bond
formation” mechanism. In an
“alternative migratory inser-
tion” mechanism this barrier
was calculated to be in the same
range as that of the hydrogen
bond mechanism; however, this
proposed mechanism is not in
agreement with the experimen-
tal data. The importance of the
formation of a hydrogen bond
between the proton of the
amine functionality and the car-
bonyl of the ketone substrate is
clearly shown in the “hydrogen-
bond formation” mechanism.
Furthermore, a small intramo-
lecular H---H distance com-
bined with a small H-Ru-N-H
dihedral angle results in addi-
tional stabilisation. This dihe-
dral is also small (—13°) in the
calculated transition state.

com-

Ruthenium hydride complexes 1
and 2: As was shown in the
experimental study, a marked
difference in chiral induction
was found by the use of cata-
lysts 1 and 2 in the asymmetric
transfer hydrogenation of ace-
tophenone. The geometries of
ruthenium(r) amino alcohol hy-
dride complexes 1 and 2 were
optimised with the B3PW91
functional by the Gaussian
packagel®! to investigate the
differences in the geometries.
The calculated relative ener-
gies, bond lengths and dihedral
angles are given in Table 6.

For each of these complexes
two different ring conforma-
tions were found, as can be

2825



FULL PAPER

P. W. N. M. van Leeuwen et al.

Table 6. Calculated relative energies [kcalmol~!], distances [A] and dihedral angles (H-Ru-N-H and N-C2-

C1-0) [°] in complexes 1 and 217

The observed intramolecular
H---H distance is 2.3 A for the

Complex AE Ru-H Ru-N Ru-O (N)H-H- H-Ru-N-H N-C2-C1-O  complexes with the lowest rel-
(RpsS)1-4 +2.0 1.59 2.16 2.03 2.30 +234 —524 ative energies and 2.6 A for the
(Rpy»Sc)-1-0 +3.8 1.58 2.13 2.04 2.60 +58.0 +47.7 complexes that are higher in
(SrusSc)-1-4 +5.1 1.58 2.14 2.05 2.52 —46.8 —52.7 energy. In addition, the dihe-
(Sra-Sc)-1-6 +14 1.59 215 2.03 2.30 —-220 +51.9 dral H-Ru-N-H angle is smaller
(RyusSc)-2-2 +19 1.58 215 2.03 230 +17.0 ~50.0 .

(RasS0)-20 425 158 2.13 2.04 2.57 4556 4491 for the complexes with the low-
(SrusS)-2-4 +37 1.58 213 2.04 2.60 —582 —448 est relative energy. Thus, the
(SrusSc)-2-0 0 1.59 2.16 2.02 231 —245 +51.4 complex shows a preference for

[a] The B3PWI1 results were obtained with the Gaussian 98 program and a double § basis set.[?]

seen from the dihedral angles, N-C,-C;-O, in Table 6. The
puckered five-membered chelate ring is a chiral entity.?%37]
The chirality of a given ring conformation is defined by
considering two skewed lines, the line connecting the N and O
atoms and the C—C bond, as axis and tangent of a helix, the
right- and left-handedness of which is designated 6 and A. The
d and A ring conformations of a general ruthenium amino
alcohol complex are shown in Figure 4. In their classical

C., «C.

HNz=RU=~0 HN=Ru=—0
C C

5 A

Figure 4. The 0 and A ring conformations of a general ruthenium-amino
alcohol complex.

analysis, Corey and Bailar showed that because of this
puckering the substituents at the carbons of an ethylenedi-
amine ligand become equatorial and axial.®® The same
differentiation of the carbon substituents is brought about
by the puckering in the five-membered rings of the ruthenium
amino alcohol complexes. When the amino alcohol ligand in
catalyst 2 is coordinated in a 6 conformation, the methyl
substituent is oriented in an equatorial fashion, whereas in the
A conformation the methyl substituent is oriented in an axial
fashion.

Since the ruthenium atom is chiral, two different diastereo-
meric complexes, (Rg,,S¢) and (Sg,,Sc), can be formed upon
complexation of the metal precursor and the ligand.

Four structures were calculated for each ligand, each
diastereomeric complex contained a ligand in the 6 or 4
conformation. According to the calculations, the differences
in calculated energies are relatively small. It should be noted
that the calculations are accurate within a few kcalmol.
Table 6 shows that the (Sg,,Sc) diastereomer gives rise to the
most stable complex for both ligands and ring conformations.
Usually, complexes in which the ligand substituents adopt
equatorial arrangements are more stable than the corre-
sponding axially arranged complexes. The calculated relative
energies in Table 6 show, however, that this is only the case for
the (Sgy,Sc) diastereomers of 1 and 2. For the (Rg,,S¢)
diastereomers of 1 and 2, the complex in which the methyl
group occupies the axial position is calculated to be more
stable. The conformation of the ring is determined by the
formation of an intramolecular hydrogen bond between the
ruthenium hydride and the proton of the amine functionality.
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a planar H-Ru-N-H moiety;
this was also found in the inter-
mediates 17, 17, 17-TS and 17"
in the catalytic cycle of the
“hydrogen-bond formation” mechanism. The calculated en-
ergy differences between these different conformations are
~3.5 kcalmol~! (see Table 6). Single-point calculations of the
(Sru»Sc)-2-0 and (Sg,,Sc)-2-4 complexes, in which the methyl
substituents were omitted, showed that the energy difference
between the d and A ring conformations for this unsubstituted
amino alcohol complex is only 2.5 kcalmol~'. The additional
difference of 1.0 kcalmol™! results from the methyl substitu-
ent in the ring. Additional substituents in the amino alcohol
backbone will result in a more rigid catalyst and will almost
certainly decrease or even prevent the inversion of the ring
conformations, as was also indicated by Brunner and co-
workers.”7

The eight possible conformations of catalysts 1 and 2 are
depicted in Figure 5. Table 6 shows that the (Sg,,S¢)-1-0 and
the (Sgru,Sc)-2-0 conformations are the lowest in calculated
relative energies, although the differences are small.

As was shown for intermediates 17-TS, 17" and 17" (Table 3
and Figure 1), the dihedral H-Ru-N-H angle in the six-
membered ring should be small in order to transfer a proton
and a hydride from the catalyst to the substrate. This suggests
that the most relevant conformation for the (Sg,,Sc) diastereo-
mers is the 6 conformation, whereas the A conformation is the
most relevant for the (Rg,,S¢) diastereomers. NMR studies of
the in situ generated catalyst indicated the presence of the two
diastereomers in a 1:2 ratio. Only one ring conformation is
observed in the NMR spectrum. The interconversion of the 4
and J ring conformations is either too fast to observe on the
NMR time scale or only one conformation is present in
solution.

Attempts to rationalise the observed chiral induction effects:
In the following we qualitatively combine the experimental
results and the results of the quantum mechanical calculations
of intermediates 16 — 18 and complexes 1 and 2 in order to gain
a more complete understanding of the catalytic reaction.
Asymmetric catalysis is a challenge to theoretical investiga-
tions because it is sensitive to energy differences of less than
1 kcalmol .1 Various theoretical studies on the origin of
enantioselectivity have been performed by the use of different
calculation methods, such as QM/MM and density functional
theory.?*#7]

In order to rationalise the marked difference in enantiose-
lection between catalysts 1 and 2, it is necessary to take a
closer look at the step which determines the enantioselectiv-
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ity. From the calculations of intermediates 16—18 it is clear
that the way the ketone approaches the ruthenium-amino
alcohol complex, as in intermediates 17, 17" and 17-TS,
determines the enantioselectivity of the reaction. The position
of the substituents of the ketone in relation to the amino
alcohol ligand is highly important in this series of steps. The
ketone substrate will approach the ruthenium complex in such
a way that it will be able to form both a hydrogen bond
between the proton of the amine and the lone pair electrons of
the carbonyl and a bond between the carbonyl carbon and the
ruthenium hydride (see Figure 1). The chiral information
present in the catalyst will differentiate between the re face
and the si face of the ketone substrate.

In order to visualise these interactions, the structure of
formaldehyde complexed to (Sg,,Sc)-2-0 was calculated
similarly to 17" with ADF and the PW91 functional.?”! In
order to visualise the steric interactions, one of the protons of
formaldehyde was substituted by a phenyl group, as in
acetophenone (see Figure 6). The formation of a hydrogen

8,2 8¢

L] ) 0] L . L]
Bjep, B,
® [ o ™

e ®o® o Ye®

Figure 6. Unfavourable ketone approach towards catalysts 2 and 1.

bond between the amine proton and the carbonyl oxygen is
proved by the short distance of 1.6 A. Moreover, the
ruthenium hydride is positioned close (i.e. 1.3 A) to the
carbonyl carbon which is necessary to obtain the alcoholic

Chem. Eur. J. 2000, 6, No. 15
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Figure 5. Eight different conformations for 1 and 2. The hydrogen atoms on the carbon and oxygen atoms have
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product. One of the substitu-
ents of the ketone points back-
wards, whereas the other sub-
stituent points towards the
methyl substituent in the amino
alcohol ligand in 2.

It is clear that the re ap-
proach is not sterically hin-
dered for either catalyst 1 or
catalyst 2, since the phenyl
group points away from the
complex. The enantioselectivity
is thus determined by a hin-
dered approach of the ketone at
the si face of the molecule.
Figure 6 shows that the methyl
group in catalyst 2 is much
closer to the phenyl group of
the substrate than the methyl
group in catalyst 1. This ex-
plains the higher enantioselec-
tivity towards the (S) product
obtained by catalyst 2.

It can be seen from Table 2
that the substitution of the amine functionality in the amino
alcohol ligand further improves the enantioselectivity of the
transfer hydrogenation of acetophenone to a large extent. The
two possible structures for (Sg,,S5¢)-N(Me)-1-amino-2-pro-
panol are depicted in Figure 7. Since a short intramolecular

[ Sy, Fol-2-H
ME =0

Figure 7. Two possible isomers for (Sg,,S¢)-N-Me-1-amino-2-propanol,
calculated by single-point calculations and starting from (Sg,,S¢)-2-0. The
hydrogen atoms on the carbon and oxygen atoms have been omitted for
clarity.

H---H distance and a small dihedral H-Ru-N-H angle give
rise to low relative energies, isomer A will be less favourable
than isomer B. Isomer A will most likely result in an inactive
catalyst since it is unable to form the six-membered ring in the
transition state. Isomer B will give rise to a more rigid and
bulky complex compared to the unsubstituted amino alcohol
ligand. It has been suggested that more rigid complexes will
give rise to a decrease in the inversion of the ¢ and 1 ring
conformations which might be the reason for the higher
enantioselectivities.* These rigid complexes can stabilise the
conformation of the complex with the small H-Ru-N-H
dihedral angle, and thus the transition state structure.

It should be noted, however, that steric interactions
between a bulky substituent at the 2-position of the amino
alcohol ligand and a substituent at the amine functionality
might prevent the formation of the desired isomer B. Possible
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examples of such ligands are
(1R 25)-2-amino-indanol®! or
the erythro series of N-sub-
stituted (1S,2R)-2-amino-1,2-
diphenylethanols.? ! Prelimi-
nary calculations of the
ruthenium complexes con-
taining these two ligands
showed a steric interaction
between the R! position on
the amine and the phenyl
group of the ligand, as is
visualised in Figure 8. In this
case the substituent at the
amine functionality can be positioned as in isomer A, which
will most likely result in low catalyst activities, as is observed
experimentally.

steric
repulsion

Figure 8. Calculated structure
of [RuH{(1R,2S)-2-amino inda-
nol}{benzene}]. The hydrogen
atoms on the carbon and oxy-
gen atoms have been omitted
for clarity.

Conclusions

A systematic investigation of the factors that affect the
enantioselective outcome of ruthenium(i) amino alcohol
catalysed transfer hydrogenation allowed the determination
of a ligand structure —enantioselectivity relationship. It was
shown that the substituent at the 1-position of the amino
alcohol determines the product configuration, whereas fur-
ther optimisation of the ligand structure is most effective at
the amine functionality and on the arene ring. In order to
obtain high asymmetric inductions, a three-dimensional
framework around the metal centre, obtained by cooperative
steric interactions, is essential.

DFT calculations on the intermediates of the two proposed
mechanisms showed that the “hydrogen-bond formation”
mechanism, as proposed by Noyori and co-workers, is clearly
the most favourable pathway for the transfer of a hydride to
the ketone substrate. This is in agreement with the observed
low activity for Ru'! amino alcohol catalysts that contain a
tertiary amine functionality. The migratory insertion mecha-
nism is calculated to go either via intermediates with a high
energy or via intermediates that are not in agreement with the
experimental data.

The calculations show that the formation of a small
intramolecular H---H distance and a planar H-Ru-N-H
moiety will lead to stabilisation of the complex. The transition
state of the hydrogen-transfer reactions proves to be stabilised
by the same factors.

DFT calculations on the putative acetophenone adducts of
the two key catalysts were performed in an attempt to
rationalise the observed enantioselectivities. These calcula-
tions indicated that the enantiodifferentiation in (Sg,,S¢)-2-0
is most likely higher than in (Sg,,S¢)-1-9, in accordance with
the experiments. While inaccuracies of the method may not
allow firm conclusions, the computer graphics strongly
suggests that substitution at C1 is indeed more effective than
substitution at C2. As yet, very accurate calculations are not
available and the effects of solvation and entropy should be
included to arrive at a detailed explanation.
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Experimental Section

General remarks: Reactions were carried out in anhydrous solvents under
an atmosphere of argon in flame-dried Schlenk flasks. Propan-2-ol was
freshly distilled from CaH, prior to use. 'H NMR spectra were recorded on
a Varian 300 spectrometer. Chemical shifts are in ppm relative to TMS as
the internal standard. Gas chromatography was performed on a Carlo Erba
GC6000 Vega? instrument, 25 m column: CycloSil-B (chiral) and a Carlo
Erba HRGC Mega?2 instrument, 25 m column: BPX35 (SGE) (achiral).

Enantioselective reduction of ketones: A solution of the (arene)rutheni-
um(11) chloride dimer (0.0125 mmol) and the amino alcohol (0.03 mmol) in
dry propan-2-ol (5mL) was heated at 80°C for 1 h under argon. After
cooling the mixture to room temperature, it was diluted with propan-2-ol
(43.5mL) and tBuOK (1.5 mL, 0.1M in propan-2-ol, 0.15 mmol) and the
ketone (5 mmol) was added. The reaction was carried out at room
temperature under argon for the time given in Table 2 and monitored by
GC.
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