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Transition metal catalyzed oxidation reactions are important
processes in biological systems, organic syntheses, and industrial
applications.1 The development of new catalytic oxidation systems
with economic and environmentally benign oxidants, such as
dioxygen (O2), is particularly attractive. Gold nanoparticles or
clusters have been used as heterogeneous catalysts to catalyze the
oxidation of CO and alcohols with O2.2 In 2001, Hill and his
colleagues reported a homogeneous aerobic oxidation of thioethers
catalyzed by Au(III) clusters in water.3 Recently, Tsukuda and co-
workers also reported the application of colloidal gold nanoclusters
(Au NCs) to catalyze the aerobic oxidation of benzyl alcohols in
water.4 In contrast, a homogeneous process catalyzed by a gold
species supported by organic ligands to oxidize alcohols to carbonyl
products with O2 as oxidant has never been reported despite the
recent discoveries of new organic transformations catalyzed by gold
species.5 Herein we report the development of a unique gold-
mediated oxidation of alcohols to aldehydes or ketones.

Studies on the structure and characteristics of gold(I) complexes
were mainly focused on the linear coordination of a gold(I) species.6

Although Bourget-Merle and co-workers reported four-coordinated
gold(I) complexes with substituted bipyridine as the ligand, the
reactivity of this complex has not been systematically studied.7 Our
attention was drawn upon exploring redox properties of gold
complexes in solution. Initially, we tested the oxidation reaction
of the reactive benzyl alcohol1a with gold(I) chloride supported
by simple ligands, such as triphenyl phosphine, pyridine, and
bipyridine in organic solvents. We found that a small amount of
benzaldehyde2a was produced when TBHP or H2O2 was used as
the oxidant. Although the conversion was quite low, it was
promising since the result indicated the possibility of catalyzing
oxygen transfer from simple oxidants via gold-mediated reactions
in solutions. Further exploration led to a discovery that 30% of2a
was produced from1a if neocuprione is employed as the ligand
and O2 as the oxidant in toluene (Table 1, entry 1). This result
inspired us to investigate the aerobic oxidation of alcohols catalyzed
by gold complexes.

On the basis of these preliminary results, we speculated that the
alcohol oxidation was directly promoted by oxygenated gold
species. Electron-donating ligands may help to facilitate generation
of the oxidative intermediate, and a coordination saturated species
should be avoided, which may shut down the oxidation chemistry.
We decided to testâ-diketiminate anions as the ligands. This ligand
system has several advantages: (i) it bears a negative charge and
is quite donating; (ii) the ligand can be prepared readily from
common starting materials and has been shown to coordinate to
most metal ions;8 (iii) the flanking groups on the nitrogen atoms

provide steric hindrance to leave open coordination sites on the
center metal ion. For instance, we envisioned that with a bulky
flanking group such as 2,6-diisopropylphenyl on the nitrogen atoms
a mononuclear gold species, generated from the corresponding gold
compound, could have open coordination sites to bind an oxygen
transfer reagent and perhaps also substrates to facilitate the oxidation
process. We tested this idea with ligand3. To our delight, gold(I)
chloride plus3 serVes as an excellent catalyst to oxidize benzyl
alcohol 1a to benzaldehyde2a in 99% GC yield with 100%
conVersion in toluene at 90°C after 10 h with O2 as the oxidant
(Table 1, entry 2)! The use of 4 Å molecular sieves is beneficial to
this reaction. Further study indicated that the oxidation of1a also
ran smoothly under air atmosphere, and the required reaction time
was longer in this case (Table 1, entry 3). Catalyst loading could
be decreased to 1.0 mol % under present conditions, although the
catalytic efficiency was not as high as that of a previously reported
process (Table 1, entry 4; as compared to up to 400 TON in the
previous system).9 TBHP and hydrogen peroxide could also be used
as oxidants in the oxidation of2a (Table 1, entries 5 and 6);
however, the efficiency of the reaction decreased obviously.

The scope of this method was illustrated with a range of alcohols.
Primary and secondary benzyl and allylic alcohols all serve as good
substrates (Table 2). With the use of activated primary benzyl and
allylic alcohols, both conversions and yields were very high with
excellent selectivity; only aldehydes were produced under the
reaction conditions with no over-oxidized carboxylic acid observed.
The phenyl group and alkenyl part were not oxidized by dioxygen
under these conditions (Table 2, entries 1-7). Electron-donating
or electron-withdrawing substitutions did not apparently affect the
efficiency of the oxidation in terms of the conversion, yield, and
chemoselectivity (Table 2, entries 2, 3 and 4, 5). However, the rate
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Table 1. Oxidation of Benzyl Alcohol with Gold(I) Complexesa

entry oxidant time (h)
GC conversion/

GC yield (%)

1b O2 24 30/30
2 O2 10 100/99
3 air 24 100/99
4c O2 48 100/96
5 TBHP 24 100/96
6 H2O2 24 100/88

a Benzyl alcohol (1 mmol) was used as starting material with 5.0 mol %
of AuCl and 5.0 mol % of ligand without further note under bubble pressure
of O2, N2, or air, respectively.b Neocuprione (5 mol %) was used as a ligand.
c AuCl (1.0 mol %) and2 (1.0 mol %) were used at 10 mmol scale.
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decreased with electron-deficient substrates (Table 2, entries 4 and
5). Methoxy and halide substitutions on the phenyl group could
survive the reaction conditions, which provided good functional
group tolerance (Table 2, entries 3-5). In addition, secondary
benzyl and allylic alcohols could also be oxidized smoothly under
the bubble pressure of oxygen, and the corresponding ketones were
produced in excellent yields (Table 2, entries 8-12). Inactivated
aliphatic secondary alcohols were also screened. All of the reactions
ran smoothly and gave ketones as sole products in excellent yields
(Table 2, entries 13 and 14). In contrast, the primary aliphatic
alcohol was not a good substrate, and only moderate conversion
and yield were obtained under the same condition as described
above. The reaction also gave a small amount ofR,â-unsaturated
aldehyde through an aldol condensation process (Table 2, entry
15).

This oxidation process appears to be the cleanest oxidation
process of alcohol with several different features exhibited from
the previous process catalyzed by gold nanoparticles.2a,4First, any
additive was not required during this process, and only starting
material and the gold catalyst were employed to realize this
oxidation with oxygen as the oxidant. After the reaction, the sole
desired product was produced with water as a byproduct in most
of the cases. The neutral condition was employed to realize this
oxidation of alcohol, which helped avoid the competing side
reactions, such as the Cannizzaro reaction. However, due to the
weak Lewis acidity of the gold catalyst, the aldol condensation of
aliphatic aldehyde followed by dehydration to formR,â-unsaturated
aldehyde as a byproduct was observed when the primary aliphatic
alcohol was utilized as a starting material and the efficiency of the
oxidation was affected.

Moreover, gold particle precipitated out after several minutes in
the absence of alcohol under either nitrogen or dioxygen atmosphere
in this catalytic system.10 After the precipitation of gold particles,
the efficiency of oxidation was reduced dramatically. In comparison,
when alcohol was added under nitrogen, the color of reaction
mixture changed immediately from yellow to purple, and the
solution kept relatively stable (Supporting Information, S3). The
gold-ligand complex could be detected by ESI mass spectroscopy
at the different stages of the reaction, even after the completion of

the oxidation. Furthermore, preliminary study indicates that the
reaction rate was also affected by not only the purity of dioxygen
but also the concentration of the alcohol substrate. Thus, we think
the oxidative process in this reaction could be different from those
catalyzed by gold nanoparticles and the other reported oxidation
processes.2a,4,9,11Further investigation to trap the intermediate of
this catalytic process and elucidate the detailed mechanism is
underway in our lab.

In summary, we have discovered a novel and efficient gold
chemistry to catalyze a highly selective alcohol oxidation to afford
a carbonyl compound with dioxygen as oxidant under simple and
mild conditions. This adds a new and unique property to the existing
functions of gold complexes. We hope to study the kinetics and
mechanism of this reaction and explore its synthetic utilities in the
future.
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Table 2. Oxidation of Alcohols to Ketones/Aldehydesa

entry R1 R2 time (h) 2 (%)

1c,d C6H5 H 24 2a (96)
2c p-MeC6H4 H 10 2b (99)
3 o-MeOC6H4 H 10 2c (96)
4c p-FC6H4 H 24 2d (99)
5 p-BrC6H4 H 24 2e(92)
6 2-C10H7 H 10 2f (96)
7 trans-C6H5CHdCH H 24 2g (94)
8c C6H5 CH3 24 2h (99)
9 C6H5 CHdCH2 24 2i (96)

10 C6H5 C6H5 10 2j (99)
11 p-NO2C6H4 CH3 36 2k (92)
12c 2-thiophenyl CH3 24 2l (86)
13c -CH2CH2CH2CH2CH2- 24 2m (99)
14 -CH2CH2CH(t-Bu)-CH2CH2- 24 2n (98)
15c n-C7H15 H 48 2o (68)e

a All reactions were carried out at 1 mmol scale.b Isolated yield if without
further note.c Yield was determined by GC withn-decane as internal
standard.d AuCl (1.0 mol %) and3 (1.2 mol %) were used as catalysts at
10 mmol scale.e GC conversion was reported, and the major product is
aldehyde, accompanied with someR,â-unsaturated aldehyde.
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