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ABSTRACT

Pd(OAc)2:pyridine (1:4) is an efficient catalyst system for the oxidation of alcohols with molecular oxygen. A mechanistic study of this reaction
reveals that pyridine promotes the aerobic oxidation of palladium(0) but inhibits the oxidation of alcohol by palladium(II). Kinetic results reveal
that turnover-limiting substrate oxidation consists of (i) formation of a palladium(II)−alkoxide, (ii) pyridine dissociation, and (iii) â-hydride
elimination. These results provide a framework for the design and/or screening of more effective aerobic oxidation catalysts.

Selective alcohol oxidation is a prominent reaction in
laboratory and industrial synthetic chemistry, and dioxygen-
coupled strategies have attracted substantial recent effort.1

Our attention has centered on a growing class of palladium-
catalyzed oxidation reactions that do not require copper
chloride or other traditional cocatalysts to achieve dioxygen-
coupled turnover.2-4 We anticipate that mechanistic insights
into these reactions will facilitate catalyst design and

screening efforts. Recent characterization of the Pd(OAc)2/
dimethyl sulfoxide (DMSO) catalyst system4b revealed that
the solvent, DMSO, participates in ligand-promoted oxidation
of palladium(0) by molecular oxygen. This insight prompted
us to investigate other reactions that employ ligands instead
of cocatalysts in dioxygen-coupled palladium oxidation
catalysis. Uemura’s Pd(OAc)2/pyridine catalyst system for
alcohol oxidation2,5 is particularly attractive because of its
operational simplicity, its use of catalytic quantities of ligand,
and its enhanced activity relative to the Pd(OAc)2/DMSO
system. We highlight herein key kinetic and mechanistic
features of Pd(OAc)2/pyridine-catalyzed aerobic alcohol
oxidation that reveal both beneficial and detrimental effects
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of pyridine in the reaction. Important differences between
the Pd(OAc)2/pyridine- and Pd(OAc)2/DMSO-catalyzed al-
cohol oxidation are evident.6

Benzyl alcohol undergoes quantitative oxidation to benz-
aldehyde in 2 h under catalytic conditions (eq 1).2 The

catalyst is generally prepared in situ from Pd(OAc)2 and 4
equiv of pyridine; however, the use of crystallinetrans-
(py)2Pd(OAc)27 and 2 equiv of pyridine yields identical
results. Each of the individual reaction components was
investigated for its influence on the catalytic rate (Figure
1).8 The rate exhibits no dependence on oxygen pressure,

except at low pressures, i.e.,e200 Torr, where the reduced
rate correlates with the formation of palladium black (Figure
1A). The rate does increase with increasing [alcohol],
displaying saturation behavior (Figure 1B). Moreover, the

use of deuterated substrate, PhCD2OH, reveals a kinetic
isotope effect on the catalytic rate. The magnitude of this
effect increases with increasing substrate concentration:kH/
kD ) 1.3(2) and 1.8(1) at [alcohol]) 0.10 and 1.0 M
respectively. These values approach the intramolecular
isotope effect of 2.6(2) obtained in the oxidation of PhCH-
DOH under both catalytic and stoichiometric conditions.9

These results support turnover-limiting substrate oxidation
by palladium(II) (Stage II, Scheme 1), in contrast to the

Pd(OAc)2/DMSO system, which features turnover-limiting
oxidation of palladium(0).4b

The rate dependence on catalyst loading displays saturation
behavior (Figure 1C), with the maximum rate nearly achieved
at 5% Pd(OAc)2. This result indicates thathigher catalytic
efficiency is obtained at lower catalyst loading(see further
discussion below).

Pyridine has a dramatic influence on both half-reactions
in the catalytic cycle (Figure 1D and Scheme 1). Oxidation
of palladium(0) by molecular oxygen (Stage 1) requires
pyridine. In its absence, only stoichiometric alcohol oxidation
is observed with concomitant formation of palladium black.
Inclusion of pyridine, however, results in rapid catalytic
turnover, with a maximum initial rate arising at 1:1 pyridine:
palladium (62 turnovers‚h-1). Comparison with the Pd-
(OAc)2/DMSO system reveals that 1 equiv of pyridine is
more effective than neat DMSO in promoting the oxidation
of palladium(0). Kinetic insights into this step are limited
because the catalytic turnover rate is dictated by substrate
oxidation. Increasing [pyridine] beyond 1 equiv with respect
to palladium results in substantial diminution of the catalytic
rate, reflecting inhibition of alcohol oxidation by pal-
ladium(II) (Figure 1D).10

Our present hypothesis for the mechanism of pal-
ladium(II)-mediated alcohol oxidation involves a three-step
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dine:palladium ratios based on the absence of palladium black at longer
reaction times. The synthetically optimized ratio of 4:1 probably reflects a
balance between optimal turnover rates and catalyst lifetime.

Figure 1. Initial rate dependence on oxygen pressure (A) and
alcohol (B), catalyst (C), and pyridine (D) concentrations. Reaction
conditions: (A) [Pd(OAc)2] ) 5.0 mM, [py] ) 20 mM, [PhCH2-
OH] ) 100 mM,pO2 ) 200-700 Torr, 10 mL of toluene, 80°C;
(B) [Pd(OAc)2] ) 5.0 mM, [py] ) 20 mM, [PhCH2OH] ) 50-
970 mM,pO2 ) 700 Torr, 10 mL of toluene, 80°C; (C) [Pd(OAc)2]:
[py] ) 1:4 (0.20-10 mM:0.80-40 mM), [PhCH2OH] ) 100 mM,
pO2 ) 700 Torr, 10 mL of toluene, 80°C; (D) [Pd(OAc)2] ) 5.0
mM, [py] ) 0-500 mM, [PhCH2OH] ) 100 mM,pO2 ) 700 Torr,
10 mL of toluene, 80°C. The trendlines in (B) and (C) reflect
nonlinear least-squares fits to eq 2 (see text).

Scheme 1. Catalytic Cycle
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sequence (Scheme 2) initiated by preequilibrium formation
of a palladium(II)-alkoxide, II . Reversible pyridine dis-
sociation fromII generates a three-coordinate palladium(II)
species,III , from which â-hydride elimination yields the
product aldehyde. The rate law for this mechanism (eq 2)
readily accommodates the kinetic data in Figure 1. Rate
inhibition by acetic acid, as predicted by this mechanism,
has been confirmed experimentally. Furthermore, substantial
precedent exists for three-coordinate intermediates inâ-hy-
dride elimination from d8-transition-metal alkyl and alkoxide
complexes,11-13 and in one case, inhibition ofâ-hydride
elimination by pyridine was reported.11b The kinetic isotope
effects observed in these reported reactions are similar to
those above.11b,12

Rates for both Pd(OAc)2/DMSO- and Pd(OAc)2/pyridine-
catalyzed alcohol oxidation plateau with increasing [catalyst].
In DMSO, this behavior arises from competition between
oxidation versus aggregation of the palladium(0) resting state.

Because aggregation exhibits a bimolecular [Pd]-dependence,
it experiences a kinetic advantage over oxidation at higher
[catalyst]. In the Pd(OAc)2/pyridine system, however, there
is no evidence for catalyst decomposition to palladium black,
except at low oxygen pressures. Instead, the saturation
dependence on [catalyst] arises from the corresponding
increase in [pyridine], which inhibits the formation of reactive
intermediateIII (Scheme 2).14 This behavior accounts for
the unprecedented catalytic activity at low catalyst loading
(0.2 mol %) in the Pd(OAc)2/pyridine-catalyzed oxidative
amination of olefins.5b

This study reveals several features of the Pd(OAc)2/
pyridine catalyst system that account for its comparatively
high catalytic activity. The>10-fold rate enhancement over
the Pd(OAc)2/DMSO system can be traced to the ability of
pyridine to promote the dioxygen-coupled oxidation of
palladium(0). Significantly, the presence of a palladium(II)
catalyst resting state minimizes palladium(0) aggregation,
which represents a persistent problem in palladium cataly-
sis.15 Meanwhile, substrate oxidation by palladium(II) ben-
efits from a kinetically labile catalyst coordination sphere.
The fact that bipyridine significantly inhibits catalytic
turnover2b supports this notion. Altogether, these insights
provide a mechanistic framework that should facilitate future
catalyst screening and development efforts.
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Scheme 2. Proposed Mechanism for Alcohol Oxidation by
Palladium(II)

d[RCHO]
dt

)

k1k2k3[Pd]t[RCH2OH]

(k1[RCH2OH] + k-1[AcOH])‚(k-2[py] + k3) + k2k3

(2)
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