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Abstract

The oxidation of primary and secondary alcohols is carried out in acetone under mild conditions using catalytic amounts of
[Cp*IrCl2]2 and K2CO3. Primary alcohols are converted into the corresponding aldehydes with high selectivity in good yields.
Secondary alcohols are readily oxidized to ketones with smaller amounts of the catalyst. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The oxidation of alcohols to carbonyl compounds is
one of the most fundamental and important reactions
in synthetic organic chemistry, and it is usually
achieved by use of stoichiometric amounts of harmful
reagents, such as chromium reagents [1]. From an
environmental viewpoint, it is quite important to de-
velop a mild and less toxic oxidation reaction system.
Recently, transition metal-catalyzed oxidation of alco-
hols, especially hydrogen transfer oxidation (Oppe-
nauer-type oxidation) which can be achieved under
mild and less toxic conditions with high selectivity as
compared with many other oxidation methods, has
been developed [2]. However, most of the reported
hydrogen transfer oxidations have been mainly applica-
ble to secondary alcohols, and relatively few examples
of the oxidation of primary alcohols affording alde-
hydes as products have been known [2a,2b,2e,2i], al-
though a variety of metal-catalyzed oxidative
transformations of alcohols involving hydrogen transfer
as a key step has been known [3]. During the course of
our investigation on the chemistry of pentamethylcy-
clopentadienyl (Cp*) iridium complexes [4], we became
interested in their catalytic activity which has been little

explored [5], although their ability toward activation of
small organic molecules by carbon�hydrogen bond
cleavage has been revealed extensively in stoichiometric
reactions [6]. We wish to report here a Cp*Ir complex-
catalyzed oxidation of primary and secondary alcohols
to give carbonyl compounds, which proceeds under
mild conditions with use of acetone as an oxidant.

Table 1
Oxidation of benzyl alcohol to benzaldehyde by various catalytic
system a

Catalyst Acetone (ml) YieldEntry
(%) b,c

1 d [Cp*IrCl2]2 1310
2 7110[Cp*IrCl2]2

[Cp*IrCl2]23 e 10 69
[Cp*IrCl2]24 30 87
None5 10 0
[IrCl(cod)]2 10 06
[Cp*RhCl2]27 10 58

8 RuCl2(PPh3)3 10 3

a The reaction was performed at room temperature for 6 h with
benzyl alcohol (1.0 mmol), catalyst (2.0 mol%/metal) and K2CO3

(0.10 mmol) in acetone.
b Determined by GC based on benzyl alcohol.
c Conversion of benzyl alcohol was almost equal to the yield of

benzaldehyde.
d Reaction was performed without K2CO3.
e Reaction was performed with 0.020 mmol of K2CO3.
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Table 2
Oxidation of primary alcohols to aldehydes catalyzed by a pen-
tamethylcyclopentadienyliridium complex a

a The reaction was performed at room temperature for 6 h with
primary alcohol (1.0 mmol), [Cp*IrCl2]2 (2.0 mol%/Ir) and K2CO3

(0.10 mmol) in acetone (30 ml).
b Determined by GC based on the starting alcohol.
c The value in parentheses is isolated yield.
d Reaction was performed with 1.1 mmol of K2CO3.
e Determined by 1H-NMR.
f Reaction was performed at reflux temperature.

2). The reaction satisfactorily proceeded with use of
even 0.020 mmol of K2CO3 (entry 3). When the reac-
tion was carried out in a larger amount of acetone (30
ml), the yield increased up to 87% (entry 4). It was
apparent that the reaction did not proceed at all with-
out the catalyst (entry 5). Another iridium catalyst,
[IrCl(cod)]2 [cod=1,5-cyclooctadiene], and a rhodium
catalyst, [Cp*RhCl2]2 were examined, but they showed
lower activity than that of [Cp*IrCl2]2 (entries 6 and 7).
The ruthenium catalyst RuCl2(PPh3)3, which has been
reported as an excellent catalyst for the oxidation of
secondary alcohols to ketones by Bäckvall and co
workers [2c,2d], showed little activity for the present
reaction (entry 8).

Results of oxidation of various primary alcohols by
the present catalytic system are summarized in Table 2
The present oxidation reaction could be applied to
substrates with various functional groups. In each reac-
tion, no formation of carboxylic acid or condensation
product of the aldehyde was observed. Benzyl alcohols
with a substituent at the aromatic ring were trans-
formed into the corresponding aldehydes (entries 2–8).
The yield of aldehyde was much higher in the reaction
of a substrate with an electron-donating group at the
para-position (entries 2 and 3), while an electron-with-
drawing group lowered the yield (entries 7 and 8). The
yield was relatively low in the reaction of ortho-substi-
tuted substrate (entry 4), while the meta-substituent
showed little effect (entry 5). p-Hydroxybenzyl alcohol
could be also oxidized to give p-hydroxybenzaldehyde
with use of excess amounts of a base (K2CO3) (entry 6).
The present catalytic system was also applicable to
oxidation of non-aromatic primary alcohols (entries 9
and 10), but these reactions should be carried out at
reflux temperature to obtain moderate yields.

Results of oxidation of secondary alcohols by the
present catalytic system are summarized in Table 3. In
contrast to primary alcohols, secondary alcohols could
be much easily oxidized to give the corresponding
ketones with use of smaller amounts of the catalyst
[Cp*IrCl2]2 (0.50 mol%/Ir) and acetone (2 ml). 1-
Phenylethanol, 2-octanol and cyclopentanol were trans-
formed into the corresponding ketones in excellent
yields (entries 1–3). Cyclohexanol was oxidized in
rather lower yield (79%, entry 4) than the other sec-
ondary alcohols, showing a similar tendency to that
observed in the ruthenium-catalyzed reaction [2c,2d].

When the oxidation of 1-phenylethanol was per-
formed in acetone-d6, formation of acetophenone con-
taining no deuterium and (CD3)CHOH was observed
by NMR analysis, indicating the apparent hydrogen
transfer from 1-phenylethanol to acetone-d6.

Although the mechanism for the present reaction,
involving the catalytic active species being mononuclear
or binuclear, is not completely clear as of yet, a possible
mechanism is shown in Scheme 1. This is based on the

2. Results and discussion

Oxidation of benzyl alcohol to benzaldehyde was
investigated with a variety of catalytic systems (Table
1). The reactions were carried out with benzyl alcohol
in acetone at room temperature. In each reaction, ben-
zaldehyde was formed as a single product; no forma-
tion of benzoic acid or other products was observed.
The pentamethylcyclopentadienyliridium complex,
[Cp*IrCl2]2 exhibited some catalytic activity, affording
benzaldehyde in a yield of 13% (entry 1). Addition of
K2CO3 (0.10 mmol) as a base improved the catalytic
activity to give benzaldehyde in a yield of 71% (entry
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ruthenium-catalyzed oxidation of secondary alcohols
suggested by Bäckvall and co workers [2c,2d]. The first
step of the reaction would involve the formation of
metal alkoxide (1) followed by release of the product
via �-hydride elimination accompanied with the forma-
tion of a metal hydride species (2). Formation of a
iridium hydride species from the reaction of [Cp*IrCl2]2
with alcohol and base is well-known process [5a]. The

base (K2CO3) would stimulate the formation of metal
alkoxide (1) by trapping hydrogen chloride generated at
the first step of the reaction. Insertion of acetone into
the metal�hydride bond in 2 to afford metal isopropox-
ide (3) and exchange of the alkoxy moiety would occur
to regenerate metal alkoxide (1).

In summary, we have shown a new catalytic system
for hydrogen transfer oxidation applicable to primary
and secondary alcohols under very mild conditions. It
should be also noted that the present reaction is a rare
example of utilization of pentamethylcyclopentadi-
enyliridium complexes as catalyst. Further investigation
on the application of this catalytic system to useful
organic transformation is under way.

3. Experimental

3.1. General procedures

All reactions and manipulations were carried out
under an atmosphere of Ar by means of standard
Schlenk techniques. 1H- and 13C-NMR spectra were
recorded on JEOL EX-270 and A-500 spectrometers.
Column chromatography was carried out by using
Wako-gel C-200. Gas chromatography (GC) analyses
were performed on a Shimadzu GC-14A gas chro-
matograph with a capillary column (Shimadzu CBP1-
M25-025). Acetone was dried with molecular sieves and
distilled under Ar before use. The catalysts [Cp*IrCl2]2
[5a,7], [IrCl(cod)]2 [8], and [Cp*RhCl2]2 [5a,7] were
prepared by literature methods. Other reagents were
used as obtained from commercial sources.

3.2. Procedure for iridium-catalyzed oxidation of
primary alcohols

In a glass reactor under an atmosphere of Ar,
[Cp*IrCl2]2 (0.010 mmol) and K2CO3 (0.10 mmol) were
suspended in C3H6O (30 ml) at room temperature (r.t.).
Then the substrate (1.0 mmol) was added, and the
mixture was stirred for 6 h. The yields were determined
by GC analysis with decane or undecane as internal
standard. Some of the products were isolated by silica
gel column chromatography (eluent: hexane–ethyl ace-
tate). The products were identified by comparison of
their NMR data with those of authentic samples.

3.3. Procedure for iridium-catalyzed oxidation of
secondary alcohols

In a glass reactor under an atmosphere of Ar,
[Cp*IrCl2]2 (0.0050 mmol) and K2CO3 (0.20 mmol)
were suspended in C3H6O (2 ml) at r.t. Then the
substrate (2.0 mmol) was added, and the mixture was
stirred for 6 h. The yields were determined by GC

Table 3
Oxidation of secondary alcohols to ketones catalyzed by a pen-
tamethylcyclopentadienyliridium complex a

a The reaction was performed at room temperature for 6 h with
secondary alcohol (2.0 mmol), [Cp*IrCl2]2 (0.5 mol%/Ir) and K2CO3

(0.20 mmol) in acetone (2.0 ml).
b Determined by GC based on the starting alcohol.
c The value in parentheses is isolated yield.
d Reaction was performed at reflux temperature.

Scheme 1.
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analysis with undecane as internal standard. Some of
the products were isolated by silica gel column chro-
matography (eluent: hexane–ethyl acetate). The prod-
ucts were identified by comparison of their NMR data
with those of authentic samples.
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(e) K. Krohn, B. Knauer, J. Küpke, D. Seebach, A.K. Beck, M.
Hayakawa, Synthesis (1996) 1341;
(f) A.N. Ajjou, Tetrahedron Lett. 42 (2001) 13;
(g) S. Hashiguchi, A. Fujii, K.-J. Haack, K. Matsumura, T.
Ikariya, R. Noyori, Angew. Chem. Int. Ed. Engl. 36 (1997) 288;

(h) Y. Nishibayashi, I. Takei, S. Uemura, M. Hidai,
Organometallics 18 (1999) 2291;
(i) D. Morales-Morales, R. Redón, Z. Wang, D.W. Lee, C. Yung,
K. Magnuson, C.M. Jensen, Can. J. Chem. 79 (2001) 823.

[3] (a) T. Naota, H. Takaya, S.-I. Murahashi, Chem. Rev. 98 (1998)
2599;
(b) Y. Watanabe, Y. Morisaki, T. Kondo, T. Mitsudo, J. Org.
Chem. 61 (1996) 4214.

[4] (a) K. Fujita, T. Hamada, R. Yamaguchi, J. Chem. Soc. Dalton
Trans. (2000) 1931;
(b) K. Fujita, M. Nakamura, R. Yamaguchi, Organometallics 20
(2001) 100.

[5] Several reports on catalytic activity of Cp*Ir complexes have been
known. (a) P.M. Maitlis, Acc. Chem. Res. 11 (1978) 301;
(b) S. Ogo, N. Makihara, Y. Watanabe, Organometallics 18
(1999) 5470;(c) C.S. Chin, D. Chong, S. Lee, Y.J. Park,
Organometallics 19 (2000) 4043;
(d) P. Diversi, F. Marchetti, V. Ermini, S. Matteoni, J.
Organomet. Chem. 593–594 (2000) 154.

[6] B.A. Arndtsen, R.G. Bergman, Science 270 (1995) 1970 and
references cited therein.

[7] (a) J.W. Kang, K. Moseley, P.M. Maitlis, J. Am. Chem. Soc. 91
(1969) 5970;
(b) R.G. Ball, W.A.G. Graham, D.M. Heinekey, J.K. Hoyano,
A.D. McMaster, B.M. Mattson, S.T. Michel, Inorg. Chem. 29
(1990) 2023.

[8] J.L. Herde, J.C. Lambert, C.V. Senoff, Inorg. Synth. 15 (1974) 18.


	Oxidation of primary and secondary alcohols catalyzed by a pentamethylcyclopentadienyliridium complex
	Introduction
	Results and discussion
	Experimental
	General procedures
	Procedure for iridium-catalyzed oxidation of primary alcohols
	Procedure for iridium-catalyzed oxidation of secondary alcohols

	References


