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Much attention has been paid to metal cluster com-
plexes having metal-metal bonds because unprecedented
chemical reactions might occur on multimetallic centers
of the cluster catalysts, and also because they are model
compounds for heterogeneous metal catalysts.1 Pal-
ladium complexes have unique catalytic activities and
thus have been widely used in many organic syntheses.2
However, little is known about selective organic trans-
formations assisted by Pd cluster complexes.3 We wish
to report selective dehydrogenation of allylic alcohols to
R,â-unsaturated aldehydes catalyzed by Pd4 clusters in
the presence of molecular oxygen (eq 1). To the best of
our knowledge, this is the first example of selective
oxidations with molecular oxygen using metal cluster
complex catalysts.

Pd4 clusters were prepared by known procedures.4
Treatment of an acetic acid solution of Pd(OAc)2 with CO
gave Pd4(CO)4(OAc)‚2AcOH (PCA). Reaction of PCA
(0.04 mmol) with 1,10-phenanthroline (Phen, 0.08 mmol)
under a nitrogen atmosphere at room temperature for
0.5 h afforded a quantitative yield of Pd4Phen2(CO)-
(OAc)4. [Anal. Calcd for Pd4C33H28N4O9: C, 37.73; H,
2.67; N, 5.34. Found: C, 37.41; H, 2.98; N, 5.25.] Pd4-
Phen4(CO)(OAc)4 was also obtained by a similar treat-
ment of PCA with 4 equiv of Phen. A typical procedure
for the oxidation reaction is as follows. Benzene (15 mL)
and cinnamyl alcohol (0.61 g, 4.5 mmol) was first added
to a reaction vessel containing Pd4Phen2(CO)(OAc)4 (0.04
mmol). The mixture was then stirred at 50 °C under an
oxygen atomsphere.5 After 24 h, the reaction mixture
was cooled, Pd clusters were removed by filtration, and

the filtrate was subjected to column chromatography on
silica (hexane:ethyl acetate (10:1)) to yield the product
of cinnamaldehyde (0.56 g, 93%).
Oxidations of cinnamyl alcohol using various Pd com-

pounds in a benzene solvent with oxygen yielded the
results shown in Table 1. Pd4Phen2(CO)(OAc)4 complexes
had the highest catalytic activity for the dehydrogenative
oxidation (a quantitative yield of cinnamaldehyde, run
1).6 The use of Pd4Phen4(CO)(OAc)4, PCA, and Pd(OAc)2
resulted in low yields of cinnamaldehyde. Pd/C and
PdCl2 were poor catalysts for the selective oxidation.
Other metal carbonyl clusters such as Rh6(CO)16, Ru3-
(CO)12, Fe3(CO)12, and Os3(CO)12 showed low catalytic
activities for the oxidation of allylic alcohols under the
present reaction conditions. In order to examine the
additive effect of amines and pyridine derivatives, cin-
namyl alcohol was oxidized by oxygen using mixtures of
PCA and basic additives at 50 °C. Triethylamine and
N,N,N′,N′-tetramethylpropanediamine additives were
also effective. Both pyridine and bipyridine gave low
yields of cinnamaldehyde.
Oxidations of various allylic alcohols with the Pd4-

Phen2(CO)(OAc)4 cluster in benzene under an oxygen
atmosphere yielded the results in Table 2. Many primary
allylic alcohols were oxidized to yield the corresponding
R,â-unsaturated aldehydes in high yields together with
small amounts of hydrogenation products. Generally, the
Pd4 cluster catalyst oxidized allylic alcohols possessing
disubstituted olefinic moieties at faster rates than trisub-
stituted allylic ones. When compared with other catalyst
systems using molecular oxygen,7 this Pd4 cluster catalyst
has the highest selectivity for dehydrogenation of allylic
alcohols to R,â-unsaturated aldehydes. In oxidation to
two E/Z iosmers (nerol and geraniol), we observed
retention of the stereochemistry in the product R,â-
unsaturated aldehydes (runs 13 and 14). Oxidation of
nerol to neral was slower than that of geraniol. This
might be explained by the steric congestion in active Pd
intermediate species.8 A (E,E)-dienol of sorbic alcohol
was also oxidized stereoselectively to give (E,E)-2,4-
hexadienal in high yield (eq 2). The Pd4Phen2(CO)(OAc)4
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Table 1. Oxidation of Cinnamyl Alcohol with Various
Pd Catalysts in the Presence of Molecular Oxygena

run catalyst
conversion

(%)

yield of
cinnamaldehyde

(%) TOFb

1 Pd4Phen2(CO)(OAc)4 100 quantitative 30
2 Pd4Phen2(CO)(OAc)4c 18 14 4
3 Pd4Phen4(CO)(OAc)4 1 1 0
4 Pd4(CO)4(OAc)‚

2AcOH [PCA]
42 38 13

5 Pd(OAc)2 30 28 8
6 Pd/C 39 29 9
7 PdCl2 15 11 3
a Pd catalyst: 0.05 mmol, cinnamyl alcohol: 1.5 mmol, solvent:

benzene, 5 mL, 50 °C, 24 h, O2 atmosphere. b TOF ) alde-
hyde[mol]/Pd[mol]. c N2 atmosphere.
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catalyst had low activity for oxidation of seconary allylic
alcohols and benzyl alcohol.9

The use of acetic acid in place of benzene increased the
rate of formation of R,â-unsaturated aldehydes. How-
ever, in the case of aliphatic allylic alcohols, such as
3-methyl-2-penten-1-ol and geraniol, use of acetic acid

led to some esterification and hydrogenation of allylic
alcohols under our reaction conditions (runs 11 and 15).10
1,2-Dichloroethane and toluene solvents were also effec-
tive. Acetonitrile and ethanol were poor solvents for the
oxidation.
When nitrogen was used instead of oxygen, the Pd4-

Phen2(CO)(OAc)4 cluster did not form the dehydrogena-
tion product (run 2 in Table 1). While we have not yet
studied the mechanism of these reactions, we speculate
that this selective oxidation might occur via the following
reaction pathway.11 First, oxidative addition of allylic
alcohol to the Pd cluster could occur, giving an allylic
alkoxide and hydride species. â-Hydrogen elimination
would then lead to an R,â-unsaturated aldehyde. Mo-
lecular oxygen reaction with the hydrides so formed could
then yield H2O and regenerate the active catalytic
species. These hydride species might also be responsible
for the observed hydrogenation of allylic alcohols. Details
of the mechanism for the present oxidation are under
investigation in our laboratory.
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Table 2. Oxidation of Various Allylic Alcohols Catalyzed by Pd4Phen2(CO)(OAc)4 in the Presence of Molecular Oxygena

a Pd catalyst: 0.05 mmol, substrate: 1.5 mmol, solvent: benzene, 5 mL, O2 atmosphere. b Determined by GC, and values in parentheses
were isolated yields. In isolation of products, the reaction scale was three-fold. c AcOH (5 mL) in acetate and 9% of 1-hexanol were also
formed. e 30% of 3-methyl-2-butenyl acetate and 17% of 3-methyl-2-butanol. f A mixed solvent of benzene (4.5 mL) and AcOH (0.5 mL)
was used. g 6% of 3-methyl-2-butenyl acetate. h 87% of geranyl acetate.
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