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The mechanism of asymmetric hydrogen transfer catalyzed by a ruthenacycle has been studied.
Ruthenium-hydride intermediates have been characterized by 1H NMR and IR. These hydride complexes
appeared as a diastereomeric mixture (de ) 64%) responsible for the enantiomeric excess of the hydrogen
transfer reaction (ee ) 60%). Kinetic measurements have been performed as a function of substrate
concentration and temperature. Michaelis-Menten kinetics were observed indicating substrate-catalyst
complex formation (thermodynamic data for the complexation reaction: ∆G0 ) -13 kJ mol-1 at 273 K,
∆H0 ) -58 kJ mol-1, ∆S0 ) -170 J K-1 mol-1). The complexation process is accomplished prior to
an intracomplex chemical reaction. As the substrate is still bound to the catalyst, pericyclic hydrogen
transfer is deduced with an activation energy Ea ) 83 kJ mol-1. On the basis of these data, a mechanism
is proposed for the overall hydrogen transfer reaction.

Introduction

Chiral alcohols form an important class of intermediates in
the pharmaceutical, agronomical, flavor, and fragrance indus-
tries.1 Synthesis of optically active alcohols by enantioselective
reduction of the corresponding prochiral ketone remains a major
reaction in organic synthesis.1,2 Four main enantioselective
procedures are actually known: (i) hydride reduction by chiral
stoichiometric reagents such as diisopinocampheylchloroborane
(DIP-Cl)3 or by diborane in the presence of a chiral oxazaboro-
lidine catalyst, the Corey-Bakshi-Shibata method,4 (ii) hy-
drogenation catalyzed by transition metal complexes such as
2,2′-bis(diphenylphosphanyl)-1,1′-binaphtyl (BINAP) ruthenium
complexes,5-7 (iii) transfer hydrogenation mediated by arene-
ruthenium chiral 2-aminoalcohols or 1,2 diamines (such as
(1S,2S)-N-p-toluenesulfonyl-1,2-diphenylethylenediamine (Ts-
DPEN)) complexes or by Cp*-rhodium complexes using the
same ligands,8 and (iv) enzymatic ketone reduction using
dehydrogenases.9

Among all these procedures, the third seems very attractive
in view of its ease of application and wide scope. Most
remarkable results have been obtained by Noyori’s group. Using
2-propanol10 or a formic acid-triethylamine mixture11 as the
hydrogen donor, various aromatic ketones were converted in
high yields (up to 99% in 2 h) to the corresponding enantio-
mericaly enriched alcohols (ee in the range 95-99%). In our
laboratory, a novel reaction of cycloruthenation of tertiary
amines, working by C-H activation, has been recently discov-
ered.12 Cyclometalation of N-ligands by arene-ruthenium com-
plexes led to the formation of chiral pseudotetrahedral metal
complexes. This reaction was extended to the cyclometalation
of primary and secondary benzyl amines.13,14 These half-
sandwich cycloruthenated complexes display asymmetric hy-
drogen transfer: high rates in terms of TON (30,000) and TOF
(30,000 h-1) have been obtained with these catalysts, as well
as modest to good enantioselectivities (up to 90%).15,16 On the
basis of these results, the achievement of higher enantioselec-
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tivities appeared particularly interesting. Therefore, it was
considered necessary to study in detail the mechanism of the
asymmetric hydrogen transfer reaction.26

Hydride transfer from the H-donor DH2 to a substrate can
take place according to two limiting mechanisms: the metal-

template concerted process or direct H-transfer and the metal-
hydride mediated multistep process or hydridic route. This latter
category may be divided into two subclasses as the mechanism
is of the mono- or di-hydride type (Scheme 1). If the metallic
hydride comes only from the C-H bond of the hydrogen donor,
the monohydride mechanism is operating; if the hydride
originates from the C-H and O-H bonds, the dihydride
mechanism is working. In this last case, the protons of the
hydrogen donor lose their identity; in the opposite case in the
monohydride mechanism, the proton and the hydride keep their
identities, and the proton from the C-H bond in the hydrogen
donor becomes the proton of the C-H bond in the product.

For the monohydride mechanism, again two pathways may
be distinguished. The complexation of an alcoxide is followed
by a �-elimination yielding the metal-hydride. The obtained
ketone is exchanged with the substrate-ketone. The ketone is
then inserted in the ruthenium-hydride bond through an inner
sphere mechanism. To complete the cycle, the alcoxide-product
is exchanged with the hydrogen donor (Scheme 2).

Alternatively the transfer of the hydride may occur in the
outer sphere without coordination to the metal center. This
hydrogen transfer is mainly concerted, working through a 6
center transition state (Scheme 3). Bifunctional catalysis respects
that situation.24

Results and Discussion

In the present study, [(η6-benzene)Ru-((R)-1-(1-naphtyl)ethyl-
amine(κC,N))(NCMe)](PF6) complex (R)-1 (Scheme 4) was
used as the catalyst precursor. (R)-1 exists as a diastereomeric
mixture with a de ) 94% at RT (SRu being the absolute
configuration of the metal center for the major isomer).13 Such
pseudotetrahedral complexes are configurationally labile at the
metal center20,21 and as consequence cannot be separate. This
situation is quite different from that described for diamine17 or
aminoalcohol18,19 benzene-ruthenium chloro complexes, which
were found as single diastereomers. By the same reaction, the
complex (S)-1 was prepared starting from (S)-1-(1-naphtylethy-
lamine) yielding SRRu as the major and SSRu as the minor
isomers with obviously opposite de’s.

As the catalytic reaction is performed in the presence of
tBuOK in 2-propanol, the influence of the concentration of the
base during the course of the reaction was first studied (see
Scheme 4).

The precatalyst (R)-1 requires the addition of base to be
active. After the addition of 1.5 equivalents of base, catalysis
was effective and independent of the base/catalyst ratio. Going
from precatalyst (R)-1 to (S)-1, conversion remained the same,
and opposite enantiomeric excess was obtained for the produc-
tion of phenyl ethanol.

Identification of the Intermediates. When precatalyst (R)-1
was treated with two equivalents of tBuOK in isopropanol
in the absence of substrate, an orange solution was obtained.
1H NMR analysis revealed the presence of two resonances
at -7.54 and -6.84 ppm, which were assigned to Ru-H
units for the major and minor diastereomers, respectively (dr
) 0.82/0.14, de ) 64%) of the Ru-hydrides (R)-2 (Scheme
5). These values compare well with those of other related
compounds obtained with a diamine (δRu-H ) -5.47 ppm)17

or an amino-alcohol ligand (δRu-H ) -5.20 ppm).18 The IR
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spectrum of (R)-2 showed an absorption at 1894 cm-1, which
was assigned to a Ru-H stretching frequency. This value is
similar to that observed by Noyori (νRu-H ) 1911 cm-1) for
a related compound.17 Ru-hydride (R)-2, in the absence of
base, displayed catalytic activities equivalent to that of
precatalyst (R)-1 in the presence of base (yield: 97%, ee:
61% of the S alcohol) and can thus be considered as a true
intermediate in the catalytic cycle. Stoechiometric reaction
of the diastereomeric mixture (de ) 64%) of Ru-hydrides

(R)-2 with acetophenone led to the formation of phenyle-
thanol with an enantiomeric excess of 64% and of amide
complex 3 as further established.

By the same reaction, Ru-hydride (S)-2 was prepared from
precatalyst (S)-1. The 1H NMR spectrum of Ru-hydride (S)-2
was identical to that of Ru-hydride (R)-2 with a de of -64%.
(The change of configuration of the ligand led to the change of
configuration at the metal center.) Measurement of the catalytic
activity of Ru-hydride (S)-2 led to 97% yield; ee, 61% of the R
alcohol. Ru-hydrides (R)-2 and (S)-2 appeared to be a rather
unstable species both as a solid and in solution as they
decomposed in CD2Cl2 in ca. 0.5 h. Satisfactory 1H NMR but
not 13C NMR data could still be obtained.

When treating Ru-hydride 2 in CD2Cl2 solution with an
excess of acetone or just leaving the solution in contact with
air, the color of the reaction mixture turned from orange to
brown. An unstable species 3 was thus formed (it lost its
benzene ligand with time as recorded by 1H NMR). The
proton hydrides signals of 2 were no longer present; the
benzene protons (δη6-C6H6 ) 5.43 ppm) were shifted as com-
pared to those of 1 (δη6-C6H6 ) 5.68 ppm) and 2 (δη6-C6H6 )
5.20 ppm), and only one NH signal was visible. Mass
spectrometry measurements established the mononuclear
nature of complex 3. Despite this poor set of information
about the properties of 3, we tentatively assigned it to the
structure depicted in Scheme 5, i.e., that of a 16-electron
species. This compound 3 was also catalytically active in
the absence of base for the reduction of ketones with the
same selectivity (ee ) 62%); however, activity was lowered
(40% after 2 h). This lower activity may result from the
instability of 3 (loss of benzene ligand). The fact that the
selectivity of the reduction is maintained argues in favor of
3 being another intermediate in the catalytic process.

Scheme 4

Scheme 5

Figure 1. Ortep diagram of compound 4. Thermal ellipsoids are
drawn at 50% probability level. Hydrogen atoms are omitted
for clarity. Selected bond lengths [Å] and bond angles [deg]:
Ru1-C19 2.058(3), Ru1-N2 2.108(2), Ru1-N1 2.143(2),
Ru2-C1 2.049(3), Ru2-N1 2.091(2), Ru2-N2 2.119(2),
N1-H2N 0.9251, N2-C29 1.490(3), N2-H1N 0.9719,
C19-Ru1-N2 76.60(10), C19-Ru1-N1 82.66(9), N2-Ru1-
N1 77.50(9), C1-Ru2-N1 75.44(11), C1-Ru2-N2 85.05(9),
N1-Ru2-N2 78.42(9), Ru2-N1-Ru1 101.82(9), Ru1-N2-
Ru2 102.04(9), Ru2-N1-H2N 119.7, Ru1-N1-H2N 107.1,
Ru1-N2-H1N 116.2, Ru2-N2-H1N 102.9.
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In an attempt to directly prepare amide 3, complex (R)-1
was reacted with 1.5 equiv of tBuOK in CD2Cl2. The dimer
4 was obtained, characterized by a different chemical shift
for the benzene protons (δη6-C6H6 ) 5.13 ppm) as compared
to those of amide 3 (δη6-C6H6 ) 5.43 ppm). Suitable crystals
could be obtained and were submitted to X-ray diffraction.
The solid state structure of 4, shown in Figure 1, was that of
a dimeric 3 species. This structure supports the existence of
the unsaturated species 3.

ee Correlates with the Diastereomeric Excess of the
Hydrides. Correlation between ee of the product and de of the
precatalyst or the Ru-hydride species was thereafter studied.
Various diastereomeric mixtures (R)-1/(S)-1 were prepared by
proper mixing and related enantioselective catalytic activities
measured (see Table 1). In this table de ) (RSRu + SSRu) -
(RRRu + SRRu)/(RSRu + SSRu) + (RRRu + SRRu); H-de corre-
sponds to the de’s of the (R)-2/(S)-2 Ru-hydride mixtures.

The ee measured for phenyl ethanol is directly proportional
(slope 0.94) to the ee at the level of the metal center in the
ruthenium-hydride compound (Figure 2). Hydrogen transfer
described by Noyori took place from a single diastereomer, and
high enantioselectivity was observed. High enantiopurity (even
more than 95%) was explained by a reaction proceeding through
a congested transition state. DFT calculations of the crowded
and uncrowded transition states predicted ∆∆G ) 9 kJ.mol-1.24,25

As our catalyst is the metallacyclic analogue of the Noyori
catalyst, the same ability of recognition of the carbonyl face is
supposed to be operative in our system. This phenomenon results
in the production of enantioproduct (S)-P by the metallic
enantiocenter SRu, the reciprocally enantioproduct (R)-P by the
enantiocenter RRu. Chirality is transferred from the metal to the
substrate.

Kinetic Measurements. The hydrogen transfer reaction
(Scheme 1) was studied as a function of substrate concentration
[A] and temperature. Product concentrations [Ptot], [(S)-P], and
[(R)-P] versus time for the various substrate concentrations were
plotted at a given temperature. The slopes at origin yielded the
initial rates Vi ) d[P]/dt, and the kinetic enantiomeric excesses
Kee’s were deduced from the rates.

Initial rates were plotted against acetophenone initial con-
centrations. From 273 to 293 K, saturation kinetics were
observed as can be seen in Figure 3; at 313 and 333 K, the
dependence of Vi on [A]0 fell linear. The formation of the two
enantiomeric products (S)-P and (R)-P follows two parallel
reactions as indicated by the mean Kee’s (61% between 273
and 293 K, 52% at 313 and 333 K). This last observation
supported measurements reported above: each diastereomeric
Ru-hydride performs its own reaction.

Observation of saturation kinetics was related to a Michaelis-
Menten (M-M) type mechanism.22 In such a mechanism, the
chemical reaction follows a previous substrate-catalyst complex
formation and could be written as 2 + A h [2-A] f P + 3.
Such a complex is also found on the chemical pathway
calculated by Noyori.24 It has been shown above that product
formation consists of two parallel reactions. Consequently, the
respective initial rates for the formation of the enantiomeric
alcohols took the form:

d[(S)-P]/dt ) (k2[2]0)S[A]0/(KMS + [A]0) and d[(R)-P]/dt

) (k2[2]0)R[A]0⁄(KMR + [A]0)

where KM ) (k-1 + k2)/k1 is the M-M constant, k1 the rate
constant for the formation of the complex, k-1 the rate constant
for the dissociation of the complex, and k2 the rate constant for
the intracomplex chemical reaction. Lineweaver-Burk (L-B)
functions corresponding to the double-reverse expression were
plotted and found linear in 1/[A]0 (see Figure 4 as an example).

1/Vi ) 1/k2[2]0 + (KM/k2[2]0)1/[A]0

Lineweaver-Burk Plot Treatments. From the L-B plots,
kinetic parameters k2[2]0 and KM were determined (see Table
3).

The mean ratio KMS/KMR is equal to 1.3 ( 0.2 suggesting
no enantiomeric recognition performed during the complex-
ation process. On the contrary (k2[2]0)S/(k2[2]0)R equals 4.5
( 0.2 corresponding to a Kee of 64%, a quantity equal to
the de’s of the hydrides. This equality indicates each
diastereomeric hydride is reacting at the same velocity at
the level of the intracomplex chemical reaction. As a
consequence, the chemical rate constants k2S and k2R, corre-

Table 1. Enantiomeric Excess versus Precatalyst and Ru-Hydrides
dea

(R)-1/(S)-1 0/100 10/90 25/75 50/50 75/25 90/10 100/0

de % - 94 - 75 - 47 0 47 75 94
H-de % - 64 - 51 - 32 0 32 51 64
ee % - 60 - 46 - 29 0 26 48 60

a Conditions: [acetophenone] ) 10-2 M, [catalyst] ) 10-4 M,
[tBuOK] ) 5.10-4 M, and T ) 293 K.

Figure 2. Correlation between the enantiomeric excess and the
diastereomeric excess of hydrides. Conditions: [acetophenone]
) 10-2 M, [catalyst] ) 10-4 M, [tBuOK] ) 5.10-4 M, and T
) 293 K.

Figure 3. Saturation kinetics for phenylethanols Ptot (9), (S)-P ((),
and (R)-P (2) formation. Conditions: [acetophenone] )
5.10-3-10-1 M, [catalyst] ) 10-4 M, [tBuOK] ) 5.10-4 M, and
T ) 293 K.
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sponding to the formation of each enantiomer, are identical:
one single activation energy is anticipated, the intracomplex
reaction being the same for the two diastereomeric hydrides.

The Lineweaver-Burk linear fits (R2 ∼0.99) obtained at
different temperatures definitively confirmed the Michaelis-
Menten type mechanism. From KM and k2, further thermody-
namic and kinetic data could then be obtained. Particularly
relevant is the determination of the transition state position of
the intracomplex reaction. According to the Arrhenius equation
Ln k2 ) Ln A - Ea/RT, Ln k2 was plotted against 1/T (Figure
5) in order to obtain the activation energy Ea. Furthermore, the
Michaelis-Menten constant constitutes a first approximation
of the dissociation constant KD of the complex [2-A]: the
dissociation constants for the substrate-catalyst reaction could
be deduced too. At 273 K, KM ) 2.8 10-3 M corresponds to a
free energy change of ∆G0 ) -13 ( 1 kJ mol-1, i.e., in the
range typical of hydrogen bonds. Moreover, the relation ∆G0

) ∆H0 - T∆S0 ) -RT Ln KM was used to determine the

enthalpy and entropy changes for the complex formation by
plotting Ln KM against 1/T (Figure 6).

From the line Ln KM versus 1/T (see Figure 5), an enthalpy
change of ∆H0 ) -58 ( 10 kJ mol-1 and a negative entropy
change of ∆S0 ) - 170 ( 20 J K-1 mol-1 were calculated.
The compensation of the enthalpy and entropy change is a
characteristic of a noncovalent interaction. From the Arrhenius
plot (Figure 5), a frequency factor of A ∼1014 s-1 was found.
This value fell in the range of monomolecular reactions
confirming that the reaction proceeds within the H-bonded
substrate-catalyst complex. From the slope, an activation energy
of Ea ) 83 ( 10 kJ mol-1 was determined. As the substrate is
bound to the catalyst, a pericyclic mechanism within a six-
member transition state is expected.

Kinetic Isotopic Effects. [2,5-Ph2-3,4Tol2(η5-C4COH)Ru-
(CO)2H] has been shown to be an hydrogen transfer cata-
lyst.23 Selective deuteration of the RuH and OH positions
lead to kinetic isotopic effects kRuH/kRuD ) 1.5 and kOH/kOD

) 2.2 for PhCHO reduction. Simultaneous deuteration of both
positions gave a combined KIE of kRuHOH/kRuDOD ) 3.6.

Figure 4. Lineweaver-Burk plots: Ptot (9), (S)-P ((), and (R)-P
(2). Conditions: [acetophenone] ) 5.10-3-10-1 M, [catalyst] )
10-4 M, [tBuOK] ) 5.10-4 M, and T ) 293 K.

Table 2. Initial Rates Wi Obtained for the Formation of
Phenylethanola

T (K)
[A]0

(M × 103)
Vi

(M · s-1 × 106)
ViR

(M · s-1 × 107)
ViS

(M · s-1 × 106)
Kee
%

273 10 2.2 ( 0.2 3.9 ( 0.5 1.7 ( 0.2 63
30 3.5 ( 0.5 6.1 ( 0.5 2.9 ( 0.5 65

100 3.8 ( 0.5 7.5 ( 0.7 3.2 ( 0.5 62
283 5 3.5 ( 0.5 7.6 ( 0.7 2.6 ( 0.2 55

30 8.5 ( 1 16 ( 2 6.4 ( 0.5 60
100 11 ( 1 21 ( 2 8.4 ( 1 60

293 5 10 ( 2 17 ( 2 6.3 ( 1 58
10 20 ( 2 30 ( 5 13 ( 2 63
30 27 ( 5 48 ( 5 20 ( 2 61
50 32 ( 5 62 ( 5 25 ( 2 60

100 35 ( 5 63 ( 5 30 ( 5 65
313 5 17 ( 2 48 ( 5 13 ( 1 46

30 42 ( 5 96 ( 10 31 ( 5 53
100 150 ( 15 320 ( 30 110 ( 10 55

333 5 28 ( 5 57 ( 7 19 ( 2 54
10 63 ( 10 120 ( 20 40 ( 5 54

100 350 ( 40 810 ( 80 250 ( 20 51

a Conditions: [acetophenone] ) 5.10-3-10-1 M, [catalyst] ) 10-4

M, [tBuOK] ) 5.10-4 M, and T ) 273-333 K.

Table 3. Kinetic Parameters k2 and KM
a

T (K) KM (M × 103) KMR (M × 103) KMS (M × 103) k2[2]0 (s-1 × 106) (k2[2]0)R (s-1 × 107) (k2[2]0)S (s-1 × 106)

273 2.8 ( 0.3 2.6 ( 0.3 3.1 ( 0.3 3.5 ( 0.2 6.4 ( 0.2 2.9 ( 0.1
283 12 ( 1 10 ( 1 13 ( 1 12 ( 1 22 ( 1 9.3 ( 0.2
293 16 ( 2 19 ( 2 25 ( 2 43 ( 2 82 ( 5 39 ( 2

KMS/KMR ) 1.3 ( 0.2 (k2[2]0)S/(k2[2]0)R ) 4.5 ( 0.2

a Conditions: [acetophenone] ) 5.10-3-10-1 M, [catalyst] ) 10-4 M, [tBuOK] ) 5.10-4 M, and T ) 273-293 K.

Figure 5. Arrhenius plot allowing the determination of activation
energy. Conditions: [acetophenone] ) 5.10-3-10-1 M, [catalyst]
) 10-4 M, [base] ) 5.10-4 M, 273 < T < 293 K.

Figure 6. Ln KM vs 1/T plot yielding enthalpy and entropy changes.
Conditions: [acetophenone] ) 5.10-3-10-1 M, [catalyst] ) 10-4

M, [base] ) 5.10-4 M, and T ) 273-293 K.
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Because of the instability of our Ru-hydride species, we did
not try to prepare related deuterated compounds. Instead, KIE
determinations were performed by using polydeuterated
isopropanol.

Kinetic isotopic effect was calculated from these initial
rates to yield a mean value of 2.4. As compared to referenced
values,23 the observed effect is much higher and might
concern H transfer from the hydrogen donor to the substrate
via the catalytic ruthenium center, combining the two
successive hydrogen transfers: KIECH/CD × KIERuH/RuD ) 2.3.

Proposed Mechanism. When considering a mechanism for
this asymmetric hydrogen transfer reaction, several points
should be considered. The first element is the existence of
two parallel reactions. It has been shown that the Ru-hydride
intermediate is a mixture of two diastereomers, 2-(SRu) and
2-(RRu). Each diaseteromer leads to the formation of one
enantiomer phenyl-ethanol (S)-P or (R)-P, respectively. The
second element lies in the demonstration of the Michaelis-
Menten-typemechanism.Thismechanismimpliessubstrate-catalyst
complex formation prior to intracomplex reaction. It has been
established that the complex results from the formation of a
hydrogen bond between the O-atom of the substrate and the
N-H unit of the catalyst. While the substrate is still
H-bonded to the catalyst, the hydride is transferred to the
substrate: the transition state will then be of the 6-member
type. By combining the results obtained by chemical char-
acterization and data issued from kinetic and catalysis studies,
the following catalytic cycle is proposed (Scheme 7).

Conclusions

Starting from a diastereomeric precatalyst, two diastereomeric
ruthenium-hydride complexes have been characterized. These
two diastereomers are involved in two parallel hydrogen transfer
reactions leading to two enantiomeric phenyl ethanols. From
these hydrides, it was possible to characterize by 1H NMR a

16-electron species and to crystallize the corresponding 36-
electron dimer. The mononuclear complexes are active under
the catalytic conditions and constitute the active and silent form
of the catalyst, respectively. Kinetics experiments indicated that
the hydrogen transfer process proceeds via the formation of a
substrate-catalyst complex between the Ru-hydrides and the
substrate. The substrate-catalyst is stabilized by the establish-
ment of a single H bond. The rate-determining reaction step is
monomolecular and occurs within the substrate-catalyst com-
plex. From this study, we conclude that ruthenacycles based
on chiral primary benzylamines will not display very high
enantioselectivities because of the formation of a diastereomeric
mixture of Ru-hydride intermediates. Enantioselectivity might
be enhanced by using secondary amines and by introducing a
chiral barrier to induce proper chirality at the level of the
nitrogen atom.14

Experimental Section

Experiments were carried out under an argon atmosphere using
a vacuum line. Pentane was distilled over sodium/benzophenone,
dichloromethane, acetonitrile, and 2-propanol over calcium
hydride. Column chromatography was carried out on Merck
aluminum oxide 90 standardized. The NMR spectra were
obtained at room temperature on Bruker spectrometers. 1H NMR
spectra were recorded at 300.13 MHz (AC-300), 400.12 MHz
(AM-400), or 500.13 MHz (ARX-500) and referenced to SiMe4.
13C {1H} NMR spectra (broadband decoupled) were recorded
at 75.48 MHz (AC-300) and referenced to SiMe4. 31P {1H} NMR
spectra (broadband decoupled) were recorded at 121.51 MHz
(AC-300) and referenced to 85% aqueous H3PO4. IR spectra were
recorded on a Perkin-Elmer 1600 series spectrometer (KBr
pellets). ES-MS spectra were carried out on a Brucker Microtof
spectrometer at the Institut de Chimie, Université Louis Pasteur.
Elemental analysis were carried at the Institut de Chimie,
Université Louis Pasteur, Strasbourg and at the Service Central
d’Analyze du CNRS, Vernaison.

Scheme 6

Table 4. Initial Rates Determined in Polydeuterated 2-Propanola

Vi (M · s-1 × 106) ViS (M · s-1 × 106) ViR (M · s-1 × 106)

(H3C)2CHOH 82 ( 4 65 ( 3 17 ( 1
(D3C)2CDOD 34 ( 2 26 ( 2 8.0 ( 0.5
(H3C)2CDOH 33 ( 2 26 ( 2 7.0 ( 0.5

a Conditions: [acetophenone] ) 2.10-1 M, [catalyst] ) 4.10-4 M,
[base] ) 2.10-3 M, and T ) 293 K.

Table 5. Kinetic Isotopic Effecta

KIE Ptot (S)-P (R)-P

vi(H3C)2CHOH /vi(D3C)2CDOD 2.4 ( 0.2 2.5 ( 0.2 2.1 ( 0.2
vi(H3C)2CHOH /vi(H3C)2CDOH 2.5 ( 0.2 2.5 ( 0.2 2.4 ( 0.2

a Conditions: [acetophenone] ) 2.10-1 M, [catalyst] ) 4.10-4 M,
[base] ) 2.10-3 M, and T ) 293 K.
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[(η6-C6H6)Ru(C10H6-2-(R)-CHCH3NH2)(NCCH3)]PF6 (R)-1.
This complex was synthesized as described.12 HRMS (ES, m/z):
Calcd for C18H18N102Ru: 350.0482 (M); found: 350.0783. 1H
NMR (300 MHz, CD2Cl2, 300 K): major isomer (97%), δ 7.92
(d, 1H, H6, 3JHH ) 8.4 Hz), 7.79 (d, 1H, H10, 3JHH ) 8.1 Hz),
7.56 (d, 2H, H7,H5, 3JHH ) 8.1 Hz), 7.41 (ddd, 1H, H8, 3JHH )
8.4 Hz, 3JHH ) 6.9 Hz, 4JHH ) 1.5 Hz), 7.31 (ddd, 1H, H9, 3JHH

) 8.1 Hz, 3JHH ) 6.9 Hz, 4JHH ) 1.2 Hz), 5.68 (s, 6H, η6-
C6H6), 5.09 (qui, 1H, CHCH3, 3JHH ) 6.3 Hz), 4.48 (d, 1H, NHs,
2JHH ) 11 Hz), 3.81 (br, 1H, NHa), 1.34 (d, 3H, CH3, 3JHH )
6.3 Hz); minor isomer (3%), 8.09 (d, 1H, H6, 3JHH ) 8.4 Hz),
5.61 (s, 6H, η6-C6H6), 2.23 (s, 3H, CH3CN), 1.50 (d, 3H, CH3,
3JHH ) 6.9 Hz).

[(η6-C6H6)Ru(C10H6-2-(S)-CHCH3NH2)(NCCH3)]PF6 (S)-1.
The procedure was the same as that for (R)-1 starting from C10H6-
2-(S)-CHCH3NH2. Analytical data for this compound were
identical to that obtained for (R)-1.

(η6-C6H6)Ru-H (C10H6-2-(R)-CHCH3NH2) (R)-2. To a solution
of (R)-1 (10 mg, 1.9 10-5 mol) in 2-propanol (4 mL) were added

2 eq of tBuOK (4.2 mg). The mixture was stirred at RT for 30
min, and the color changed from yellow to orange. The solvent
was removed in Vacuo. IR (KBr): ν cm-1 1894 (Ru-H).

1H NMR (300 MHz, CD2Cl2, 300 K) major isomer (82%), δ
7.66 (d, 1H, H6, 3JHH ) 7.5 Hz), 7.54 (d, 1H, H10, 3JHH ) 8.1
Hz), 7.45 (d, 1H, H7 or H5, 3JHH ) 8.7 Hz), 7.29 (m, 2H, H8,
H5 or H7), 7.14 (t, 1H, H9, 3JHH ) 6.9 Hz), 5.20 (s, 6H, η6-
C6H6), 4.91 (qui, 1H, CHCH3, 3JHH ) 6.3 Hz), 4.34 (br, 1H,
NH), 2.68 (br, 1H, NH), 1.44 (d, 3H, CH3, 3JHH ) 6.3 Hz),
-7.54 (s, 1H, Ru-H); minor isomer (18%), 7.76 (d, 1H, H6,
3JHH ) 8.4 Hz), 5.19 (s, 6H, η6-C6H6), 1.35 (d, 3H, CH3, 3JHH

) 6.6 Hz), -6.84 (s, 1H, Ru-H).
(η6-C6H6)Ru-H(C10H6-2-(S)-CHCH3NH2) (S)-2. The procedure

was the same as that for (R)-2. Analytical data for this compound
were identical to that obtained for (R)-2.

(η6-C6H6)Ru(C10H6-2-(R)-CHCH3NH) 3. A solution of (R)-2
in CD2Cl2 (1 mL) was allowed to stand overnight in the NMR tube
at RT under argon. The color changed from orange to brown. The
compound appeared to be unstable, losing benzene ligand as
observed by 1H NMR. HRMS (ES, m/z): Calcd for C18H16N102Ru:
348.0326 (M - H); found: 348.0279. 1H NMR (300 MHz, CD2Cl2,
300 K): δ 8.06 (d, 1H, H6, 3JHH ) 8.1 Hz), 7.86 (d, 1H, H10, 3JHH

) 7.5 Hz), 7.73 (d, 1H, H7, 3JHH ) 8.1 Hz), 7.68 (d, 1H, H5, 3JHH

) 6.6 Hz), 7.50 (m, 2H, H8, H9), 5.43 (s, 6H, η6-C6H6), 4.95 (br,
1H, CHCH3), 4.07 (br, 1H, NH), 1.32 (d, 3H, CH3, 3JHH ) 6.3
Hz).

Scheme 7
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[(η6-C6H6)Ru(C10H6-2-(R)-CHCH3NH)]2 4. To a solution of
(R)-1 (5 mg, 0.95 10-5 mol) in CD2Cl2 (1 mL) was added 1.5 equiv
of tBuOK (1.6 mg). The mixture was stirred at room temperature
for 2 h.

1H NMR (300 MHz, CD2Cl2, 300 K) δ 7.92 (d, 1H, H6, 3JHH )
8.1 Hz), 7.70 (d, 1H, H10, 3JHH ) 7.5 Hz), 7.60 (d, 1H, H7, 3JHH

) 8.1 Hz), 7.45-7.39 (m, 2H), 7.31 (t, 1H, 3JHH ) 6.9 Hz), 5.13
(s, 6H, η6-C6H6), 4.99 (q, 1H, CHCH3), 3.49 (br, 1H, NH), 1.32
(d, 3H, CH3, 3JHH ) 6.3 Hz).

Cristallographic Data. The intensity data was collected at 173(2)
K on a Kappa CCD diffractometer 10 (graphite monochromated

Mo KR radiation λ ) 0.71073 Å). Crystallographic and experi-
mental details for the structure are summarized in Table 6. The
structure was solved by direct methods (SHELXS-97) and refined
by full-matrix least-squares procedures (based on F2, SHELXL-
97)9 with anisotropic thermal parameters for all the non-hydrogen
atoms. The Flack parameter value [-0.04(2)] confirms the proposed
absolute configuration.

Kinetic Measurements. Between 273 and 293 K, reactions
were performed in a thermoregulated system including a double-
wall Schlenk tube and a cryostat (Minichiller, Huber). For higher
temperatures (313-333 K), an oil bath and a standard Schlenk
tube were used. The catalyst precursor (10-4 M) was dis-
solved in 2-propanol (100 mL) under argon. Acetophenone
(5.10-3-10-1 M) was added, with tBuOK (1.5 10-4-1.5 10-3

M) thereafter. The reaction was followed versus time; the
aliquots were quenched by acetic acid (10% in 2-propanol) and
filtered over silica using Et2O as an eluent. The disappearance
of the substrate and formation of the phenethylalcohols were
followed by GC using a capillary column (Chiraldex �-PM, 50 m
× 0.25 mm).
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Table 6. Crystallographic Data for Compound 4

compound 4

formula C36H34N2Ru2
formula weight 696.79
cryst syst monoclinic
space group P21
a (Å) 7.72200 (10)
b (Å) 13.5560 (3)
c (Å) 13.2510(3)
R (deg) 90
� (deg) 91.0120(9)
γ (deg) 90
V (Å) 1386.89 (5)
Z 2
F calcd (g/cm3) 1.669
µ (mm-1) 1.12
F(000) 04
crystal size (mm3) 0.10 × 0.08 × 0.06
no. of reflns collcd 7097
no. of indep collcd/Rint 7097/0.0000
completeness to θmax, % 99.5
no. of refined param 361
GOF (F2) 1.03
R1(F) (I > 2 3/4(I)) 0.029
wR2(F2) (I > 2 3/4(I)) 0.060
absolute structure parameter -0.04(2)
largest diff. Peak/hole (e.Å-3) 0.37/-0.69
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