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Kinetic studies of the ruthenium-catalyzed dehydrogenation of 1-(4-fluorophenyl)ethanol (4) by
tetrafluorobenzoquinone (7) using the Shvo catalyst 1 at 70 °C show that the dehydrogenation by
catalytic intermediate 2 is rate-determining with the rate ) k[4][1]1/2 and with ∆Hq ) 17.7 kcal
mol-1 and ∆Sq ) -13.0 eu. The use of specifically deuterated derivative 4-CHOD and 4-CDOH
gave individual isotope effects of kCHOH/kCHOD ) 1.87 ( 0.17 and kCHOH/kCDOH ) 2.57 ( 0.26,
respectively. Dideuterated derivative 4-CDOD gave a combined isotope effect of kCHOH/kCDOD )
4.61 ( 0.37. These isotope effects are consistent with a concerted transfer of both hydrogens of the
alcohol to ruthenium species 2.

Introduction

The use of transition metals that catalyze the transfer
of hydrogen from alcohols has increased dramatically
during the past decade.1,2 Systems such as Noyori’s
arene-Ru(II)-diamine catalyst and Shvo’s hydroxy-
cyclopentadienyl ruthenium(II) catalyst (1) have been
used for the catalytic reduction of polarized unsaturated
species,3,4 and Shvo’s catalyst (1) has also been used for
dynamic kinetic resolution.5,6 Unlike earlier systems,
these hydrogen-transfer catalysts do not require the
presence of base for the transfer of hydrogen from an
alcohol to a ketone and have thus been suggested to
operate through a mechanism different from the metal
hydride mechanism common for transition-metal com-
plexes1,2a or the traditional Meerwein-Ponndorf-Verley
mechanism common for main group elements.7,8 Noyori
has proposed that hydrogen transfer occurs outside the

coordination sphere of the metal for the arene-Ru(II)-
diamine system, and he and others have provided cal-
culations that support this concerted mechanism.9 Casey
has reported mechanistic evidence based on deuterium
isotope effects that support a concerted transfer of
hydrogen using the Shvo catalyst 1.10

In dynamic kinetic resolution, the Shvo catalyst 1 is
used to racemize a secondary alcohol (Scheme 1).5a An
enzyme, in the presence of an acyl donor, is employed to
acylate one of the enantiomers of the racemic alcohol,
while the other enantiomer is racemized in situ by the
catalyst 1. This process continues until all of the alcohol
has been converted to a single enantiomer of the acylated
product. The racemization proceeds via a dehydrogena-
tion of the alcohol by the catalyst and readdition of the
hydrogens to the intermediate ketone.

To address the mechanistic questions concerning the
transfer of hydrogen and to better understand this
process in dynamic kinetic resolution, we studied the
kinetics of hydrogen transfer from an alcohol to ruthe-
nium complex 2. The results of our mechanistic study,
including kinetic isotope effects, provide direct evidence
for a mechanism involving simultaneous transfer of the
C-H and O-H hydrogens from an alcohol to the unsat-
urated ruthenium catalyst 2.

Results
Due to the high temperature necessary to dissociate

the Shvo catalyst 1 and produce the unsaturated species
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L. E.; LeRay, M.; Bäckvall, J.-E. J. Am. Chem. Soc. 1999, 121, 1645.
(c) Persson, B. A.; Huerta, F. F.; Bäckvall, J.-E. J. Org. Chem. 1999,
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2 that is capable of oxidizing an alcohol (Scheme 2), the
stoichiometric reaction of ruthenium species 2 with an
alcohol is too fast to monitor by NMR. We therefore chose
to study the catalytic reaction. The use of tetrafluoro-
benzoquinone, 7, as a hydrogen acceptor resulted in a
catalytic system in which alcohol oxidation is the slowest
step, and thus could be measured directly.

Using a 2.13 × 10-4 M solution of 1 in the presence of
tetrafluorobenzoquinone (7) at 70 °C, the oxidation of
1-(4-fluorophenyl)ethanol (4) by the unsaturated ruthe-
nium species 2 follows pseudo-first-order kinetics to over
90% conversion as determined by the observation of
alcohol disappearance (δ 1.10-1.30) and ketone forma-
tion (δ 1.95-2.15) by 1H NMR. This indicates a first-order
dependence on the alcohol with kobs ) (7.57 ( 0.40) ×
10-4 s-1. The concentration of quinone 7 was varied above
1.5 equiv (versus alcohol, 0.24-0.36 M) with no resulting
change in the observed rate of oxidation, indicating a
zero-order dependence on quinone concentration. Varia-
tion of the catalyst concentration between 2.0 × 10-4 and
5.0 × 10-4 M led to the plot of ln[1] vs lnkobs, which
provided a line of slope 0.43, within experimental error
of half-order dependence on the concentration of catalyst.
This dependence is expected, as the catalyst must dis-
sociate prior to catalytic activity. The rate law is provided
in eq 1.

Reactions were carried out at several different alcohol
concentrations, maintaining constant catalyst concentra-

tion and pseudo-first-order kinetics. Under experimental
conditions, the resting state of the catalytic cycle is the
ruthenium species 1, as observed by 1H NMR. The
observed rate was constant, within experimental error,
for all alcohol concentrations tested. These concentrations
were varied over the range of 0.12 to 0.24 M. Labeled
derivatives of alcohol 4 specifically deuterated at the
oxygen (4-CHOD; OH content < 1%), the R-carbon (4-
CDOH; CH content < 5%), and at both the oxygen and
the R-carbon (4-CDOD; CH content < 5%, OH content
< 2%) were prepared by standard methods.11 The reac-
tion rate for each labeled alcohol was then independently
determined. The rate constants were determined using
the rate law in eq 1 and are shown in Table 1.

In determining the isotope effects using the ratios of
rate constants, the equilibrium constant of the dissocia-
tion of the ruthenium species 1 must also be included in
this expression (eq 2).

This equilibrium constant is extremely small, even at

SCHEME 1

SCHEME 2

TABLE 1. Rate Constants for Oxidation of Isotopomers
of 4 at 70 °C in C6D6

k (M-1/2‚s-1) × 102

kCHOH 4.74 ( 0.15
kCHOD 2.53 ( 0.12
kCDOH 1.85 ( 0.10
kCDOD 1.03 ( 0.08

kCHOH

kCHOD
)

kobs-CHOH[1]1/2xKeq

kobs-CHOD[1]1/2xKeq

(2)-
d[4]
dt

) k[4][1]1/2 (1)
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elevated temperatures, and has not been experimentally
determined. With the use of labeled alcohols, the ruthe-
nium species 1 incorporates deuterium, thus slightly
changing the equilibrium constant for dissociation to 2
and 3. The deueteriun isotope effect of this equilibrium
constant is expected to be small. Because there was no
detectable change in rate over the progression of the
oxidation of the labeled alcohols, the differences in
equilibrium constants were assumed to be negligible,
thus simplifying the kinetic isotope effect determination
to the ratio of the rate constants from eq 1.

We found primary deuterium isotope effects of 1.8-
1.9 for the breaking of the OH bond of the alcohol 4 and
of 2.5-2.6 for the breaking of the CH bond. The doubly
labeled alcohol showed an isotope effect of 4.6 (Table 2).
These isotope effects are consistent with a mechanism
involving concerted transfer of both hydrogens of the
alcohol to ruthenium species 2.

Kinetic measurements performed between 65 and 80
°C allowed the determination of activation parameters.
The rate constants are 3.69 × 10-2 M-1/2 s-1 at 65 °C,
5.33 × 10-2 M-1/2 s-1 at 70 °C, 8.15 × 10-2 M-1/2 s-1 at 75
°C, and 11.61 × 10-2 M-1/2 s-1 at 80 °C. The subsequent
Eyring plot provided the values ∆Hq ) 17.7 ( 3.7 kcal
mol-1 and ∆Sq ) -13.0 ( 1.1 eu.

Discussion

The intermediate negative entropy of activation deter-
mined in this study (∆Sq ) -13.0 ( 1.1 eu) is much less
negative then the entropy of activation for the hydroge-
nation of benzaldehyde by the bis-tolyl derivative of
ruthenium hydride 3 (∆Sq ) -28 eu). The intermediate
negative ∆Sq is consistent with the mechanism proposed
for the hydrogen transfer. From the resting state of this
cycle, the dimeric ruthenium species 1 must initially
dissociate to form 2, prior to reacting with the alcohol
through an associative process during the slow step of
the catalytic cycle (Scheme 2). This combination of
dissociative and associative steps results in the interme-
diate negative ∆Sq value.

The kinetic isotope effects observed for the transfer of
hydrogen from the alcohol oxygen to the cyclopentadi-
enone ligand of ruthenium (kCHOH/kCHOD ) 1.87 ( 0.17)
and from carbon to ruthenium (kCHOH/kCDOH ) 2.57 (
0.26) provide strong evidence for a concerted mechanism.
For a concerted reaction in which both hydrogens are
transferred in a single step, the kinetic isotope effect for
the doubly labeled material should be the product of the
two individual isotope effects. The combined isotope effect
(kCHOH/kCDOD ) 4.61 ( 0.37) for transfer of hydrogen from
both carbon and oxygen to the unsaturated ruthenium

species 2 is within experimental error of the product of
the individual isotope effects (2.57 × 1.87 ) 4.80). This
observation provides strong evidence that both hydrogens
are transferred in a concerted manner.

Two mechanisms have been suggested for the con-
certed transfer of hydrogen from ruthenium species 3 to
an aldehyde and can be applied to the reversed reaction,
the dehydrogenation of an alcohol. Bäckvall12 and Shvo13

have both proposed mechanisms involving initial coor-
dination of the alcohol to the metal center. This coordina-
tion forms alcohol complex 8, which undergoes simulta-
neous â-hydride elimination and proton transfer to
produce the resulting ketone (Scheme 3).12,14 Because
complex 8 is formally an 18-electron complex, this species
must undergo a η4 f η2 ring slip to form the open
coordination site necessary for subsequent â-hydride
elimination and proton transfer, to produce 9. Dissocia-
tion of the ketone from 9 and η3 f η5 ring slip forms
ruthenium hydride 3.

Casey has proposed that hydrogen transfer takes place
outside of the coordination sphere of the metal (Scheme
4).10 Although the alcohol may reversibly coordinate to
the metal center to form complex 8, no alcohol complex
has thus far been isolated.15 As only a single coordination
site is necessary for the concerted transfer of hydride and
proton outside the coordination sphere, this transfer is
thought to proceed without ring slippage. Upon reaction,
the ketone and ruthenium species 3 are subsequently
formed free in solution. Experiments to differentiate
these two mechanisms are currently in progress.

A mechanistic alternative to a concerted hydrogen-
transfer process is a two-step mechanism in which the
barriers for proton transfer followed by hydride transfer

(11) Alcohol 4-CDOH was prepared by LiAlD4 reduction of 4-fluo-
roacetophenone. Alcohols 4-CHOD and 4-CDOD were obtained from
4 and 4-CDOH, respectively, by exchange of the OH proton with D2O
and MeOD (see Supporting Information)
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TABLE 2. Kinetic Deuterium Isotope Effects for the
Reaction of 2 with 4 at 70 °C in C6D6

kCHOH/kCHOD 1.87 ( 0.17
kCDOH/kCDOD 1.80 ( 0.19
kCHOH/kCDOH 2.57 ( 0.26
kCHOD/kCDOD 2.47 ( 0.24
kCHOH/kCDOD 4.61 ( 0.37
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(or vice versa) are approximately equal. This type of
mechanism would display kinetic isotope effects for
transfer both from oxygen and from carbon (Scheme 5).
For a mechanism of this type, the kinetic isotope effect
of the doubly labeled material should be smaller than
the product of the individual isotope effects.

Assuming no equilibrium isotope effect on the first step
and equal barriers for both proton and hydride transfer,
one must employ isotope effects of 2.70 for proton transfer
and 4.26 for hydride transfer to obtain the observed
isotope effects (kCHOH/ kCHOD ) 1.87 ( 0.17) and (kCHOH/
kCDOH ) 2.57 ( 0.26) (see Supporting Information). The
combination of these isotope effects would result in a
doubly labeled isotope effect of 3.57, significantly smaller
than the observed 4.61 ( 0.37. Thus a two-step mecha-
nism with equal barriers can be excluded.16

Another mechanistic possibility is reversible proton
transfer from the alcohol to ruthenium complex 2, fol-
lowed by a rate-determining hydride transfer. The first
step would display an equilibrium isotope effect, while
the second would display a kinetic isotope effect. The
transfer of a proton from an O-H bond in the alcohol to
an O-H bond in the resulting ruthenium complex would
be expected to show a very small equilibrium isotope
effect, much smaller than the observed isotope effect of
1.87. A two-step mechanism with fast and reversible
proton transfer can therefore be excluded.

The conclusion that the transfer of hydrogen from an
alcohol to the unsaturated ruthenium catalyst occurs
through a concerted mechanism is in good agreement

with the findings of Casey for the stoichiometric reduction
of benzaldehyde.10 Recently, Casey and Johnson reported
isotope effects for dehydrogenation of 2-propanol using
chiral Ru(p-cymene)(diamino)catalyst that are very simi-
lar to those obtained in the present work (kCHOH/kCHOD )
1.79, kCHOH/kCDOH ) 2.86, and kCHOH/kCDOD ) 4.88).17

Continued work in this area contributes to the overall
understanding of this catalytic process and to its use in
hydrogenation and dynamic kinetic resolution.

Experimental Section
The general kinetic procedure is illustrated by a specific

example. Tetrafluoro-1,4-benzoquinone 7 (45 mg) was mea-
sured into a screw cap NMR tube that had been flushed with
argon. A standard solution of Shvo catalyst 1 (0.1 mL, 2.13 ×
10-4 M, prepared under argon from 2.31 mg of 1, ∼5 mg of
ferrocene, and 1.0 mL of C6D6) was added by 100 µL syringe
through a septum in the cap of the NMR tube. The sample
was then diluted to 0.75 mL total volume by addition of dry
benzene-d6. The sample was placed into the NMR spectrometer
prewarmed to 70 °C and the benzoquinone was allowed to
completely dissolve. The sample tube was ejected and 15.2 µL
(0.12 M) of the alcohol 4 was added by 25 µL syringe. The tube
was reinserted and timing begun. All kinetic runs were carried
out to at least 2.5 half-lives and monitored by 1H NMR
spectroscopy by following the disappearance of the methyl
resonance of the alcohol (δ 1.10-1.30) and the appearance of
the methyl resonance of the ketone (δ 1.95-2.15). Integrations
were recorded in comparison to a ferrocene internal standard.
Determination of the observed rate was accomplished by
plotting the concentration of 4 versus time and fitting the
disappearance to a nonlinear first squares fit.

Supporting Information Available: Experimental pro-
cedures and characterization for deuterated alcohols and
kinetic results and calculation of stepwise isotope effects. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JO034634A
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dehydrogenation of 4 by 2 to give 5 and 3. The possible masking step
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shown to be fast. (17) Casey, C. P.; Johnson, J. B. J. Org. Chem. 2003, 68, 1998.
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