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ABSTRACT

A novel polymeric phosphotungstate catalyst bearing a poly(ethylene oxide-pyridinium) matrix was developed that efficiently promoted oxidation
of a variety of alcohols, including highly sterically demanding neopentyl alcohols, with hydrogen peroxide, to afford the corresponding carbonyl
compounds in up to quantitative yield. The chemoselective oxidation of sterically hindered secondary alcohols in the presence of primary
alcohols was achieved. The catalyst could be reused four times without any loss of catalytic activity.

Heterogeneous catalytic systems for the oxidation of alcohols
with hydrogen peroxide would realize environmentally
benign, secure processes as well as facilitate methods for
product purification and catalyst recycling.1,2 While there
has been no lack of pioneering work on alcohol oxidation
with aqueous H2O2 promoted by a homogeneous catalyst,3

the heterogeneous-switching of catalytic oxidation to meet
green chemical requirements still remains a major challenge.4

In particular, we were intrigued by the idea of developing a
heterogeneous alcohol oxidation catalysis5 with high activity
that would tolerate sterically demanding substrates.

Recently, we have been creating highly active, reusable,
heterogeneous polymeric metal catalysts for organic trans-
formations on the basis of our concept, also known as
“molecular conVolution”, where a soluble linear polymer
having multiple ligand groups is convoluted (noncovalently
cross-linked) with transition metals via coordinative or ionic
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complexation.6 Previously Yamada and co-workers reported
preliminary studies on a convoluted polymeric tungstate
catalyst, (isopropylacrylamide)polymer-supported phospho-
tungstate 1, for the oxidation of alcohols; however, the
catalytic activity was insufficient7 and the heterogeneous
catalyst became emulsive during the reaction, presumably
due to its physical fragility, resulting in low recyclability.8

To overcome these drawbacks, we recently developed a
tightly convoluted polymeric catalyst 2 of main-chain poly-
pyridinium and phosphotungstate that exhibited high catalytic
activity and recyclability for the oxidative cyclization of
alkenols and alkenoic acids and sulfide oxidation.9 As part
of our effort to demonstrate the wide utility of the catalyst
system, we decided to examine alcohol oxidation with H2O2

with the polypyridinium-phosphotungstate catalyst system.3,4

Here we report our results, namely that aliphatic alcohols
were readily oxidized with aqueous H2O2 in the presence of
a catalytic amount of a convoluted polypyridinium-phos-
photungstate composite bearing an appropriate length of
oxyethylene units to exhibit high catalytic performance,
recyclability, and chemoselectivity with respect to secondary
alcohols.10

The catalytic ability of the polypyridinium-phosphotung-
states 2-4 was examined for H2O2-oxidation of 2-decanol
(5) (Scheme 1). The polymeric composites 3 and 4 having
three and twelve units of oxyethylene, respectively, were
designed and prepared with a view toward using them in
aqueous reaction media.11,12 The oxidation of 2-decanol was
carried out with 6 mol equiv of H2O2 (30% aqueous H2O2

was used) in t-BuOH at 80 °C for 24 h in the presence of 2
mol % W of the polymeric phosphotungstate catalysts. After
being cooled to ambient temperature, the reaction mixture
was filtered and the filtrate cake was rinsed with EtOAc.

The combined filtrate was dried and concentrated in vacuo
to give the crude residue, which was chromatographed on
silica gel to give 2-decanone.

As can be seen from Scheme 1, where the result obtained
with (isopropylacrylamide)polymer-supported phosphotung-
state 1 is included for comparison, polypyridinium-phos-
photungstate 3 bearing three oxyethylene units was identified
to be the best catalyst in the alcohol oxidation.13 Thus, of
the polypyridinium-phosphotungstates, composite 3 gave
96% isolated yield of 2-decanone (6) while the alkyl-tethered
2 and the deca(oxyethylene)-tethered 4 afforded 6 in 66%
and 56% yield, respectively. Poly(acrylamide)-based com-
posite 1 gave only 6% yield of 6 under similar conditions.
Though it is difficult to rationalize the appropriate length of
the alkyl and oxyethylene tethering units between the
pyridinium groups, fine-tuning of the hydrophobicity/hydro-
philicity of the main chain cationic polymer should be
essential to achieve high performance in the H2O2-oxidation
catalysis.
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Scheme 1. H2O2-Oxidation of 2-Decanol with Polymeric
Phosphotungstates
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The heterogeneous catalytic oxidation was examined with
a variety of secondary alcohols under similar conditions and
exhibited wide substrate tolerance. Representative results are
summarized in Table 1. Thus, 2-hexanol (5b), 4-decanol (5c),

and 5-decanol (5d) were oxidized with H2O2 under similar
conditions to give the corresponding ketones 6b, 6c, and 6d
in 99% isolated yield in all three cases (entries 1-3). The
oxidation of a benzylic secondary alcohol 5e was completed
in 12 h to give acetophenone (6e) in 98% yield (entry 4).
While the reactivity of sterically hindered alcohols is
generally lower than less hindered ones,3 surprisingly the
oxidation of diisopropyl carbinol 5f proceeded more smoothly

than the sterically less hindered n-alkyl carbinols, such as
5a-d, to afford diisopropyl ketone (10c) in 97% yield over
12 h (entry 5). It should also be noted that the reactivity of
the much more sterically hindered neopentyl-type tert-butyl
methyl carbinol 5g was similar to that of the less hindered
n-butyl methyl carbinol () 2-hexanol (5b)), providing tert-
butyl methyl ketone (10e) in 97% yield in 24 h (entry 6 vs
entry 1). This tendency of the reactivity was observed in
the reaction of tert-butyl n-propyl carbinol 5h and n-butyl
n-pentyl carbinol () 5-decanol (5d)) to provide tert-butyl
n-propyl ketone (6h) in 96% yield (entry 7 vs entry 3).
Cyclopentanol (5i) and cyclohexanol (5j) also underwent
catalytic H2O2-oxidation to give the corresponding cyclic
ketones 6i and 6j, both in 97% yield (entries 8 and 9). The
oxidation of the neopentyl alicyclic alcohol borneol (5k)
proceeded more smoothly (7 h) than that of cyclopentanol
(5i) and cyclohexanol (5j) to afford camphor (6k) in 87%
isolated yield (entry 10). It is also noteworthy that the
neopentyl alcohols, in particular borneol (5k), do not undergo
any carbocation-based 1,2-rearrangement reactions, such as
the Wagner-Meerwein rearrangement, that are generally
promoted under acidic conditions.14

Figure 1. Photo, SEM images, and 31P{1H} NMR charts of the
catalyst 3 (before and after catalytic use): (a) a photo image before
use; (b) a SEM image before use; (c) a photo image after use; (d)
a SEM image after use; (e) 31P{1H} NMR before use; and (f)
31P{1H} NMR after use.

Table 1. The Oxidation of a Variety of Secondary Alcohols
with Hydrogen Peroxide Promoted by 3a

a Conditions: 5 (1 mmol), 3 (0.02 mmol W), 30% aq H2O2 (6 mmol),
t-BuOH (3 mL), 80 °C. b Recovered catalyst 3 was used.
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The recyclability of the polymeric phosphotungstate
catalyst 3 was examined for the oxidation of 2-decanol (5a).
Thus, after the first reaction (Scheme 1), which gave a
quantitative yield of the carbonyl product 6a (Table 1, entry
11), the polymeric catalyst was recovered by simple filtration.
The recovered catalyst was washed with water, dried in
vacuo, and successively subjected to 5 more runs of the
oxidation under the same conditions to afford 6a in 97%,
95%, 99%, and 98% yield, respectively, (entries 12-15),
during which hardly any tungsten residue could be detected
by ICP-AES analysis from the aqueous or organic filtrates
(lower than the detection limit of this analysis; <0.035 ppm).
Furthermore, hot filtration examined for the oxidation of 5a
(after 60 min, 80 °C) terminated the formation of 6a within
3 h to demonstrate no leaching of the catalytic species under
the reaction conditions.15 SEM observations as well as
31P{1H} NMR measurements of the recovered catalyst
indicated that the catalyst 3 was undamaged under the
oxidation conditions (Figure 1).

During the screening of the substrates, we encountered
significantly lower reactivity of primary alcohols under
similar catalytic conditions, which prompted us to examine
the chemoselective oxidation of secondary alcohols in the
presence of primary alcohols. Thus, a mixture of diisopropyl
carbinol 5f and 1-decaanol (7) in a molar ratio of 1:1 was
subjected to the H2O2-oxidation in the presence of 2 mol %
W of 3 at 80 °C. Whereas the oxidation of 5f was almost
complete within 12 h to give an 80% isolated yield of
diisopropyl ketone (6f), the unreacted 1-decanol (7) was
recovered in 83% yield (Scheme 2, eq 1). Next, the reaction
of 2,2,4-trimethylpentane-1,3-diol (8) was carried out under
similar conditions (2 mol % W of 3, 6 mol equiv of 30%
aqueous H2O2, in t-BuOH, 80 °C), and the selective oxidation
took place efficiently to afford 1-hydroxy-2,2,4-trimethyl-
pentan-3-one (9) in 99% yield, where the primary alcohol
group remained completely intact (Scheme 2, eq 2). The
chemoselective oxidation of 2-ethylhexane-1,3-diol (10) was
also examined under otherwise similar conditions to give a
90% yield of 3-hydroxymethylheptan-4-one (11) where again

a secondary alcohol group was the predominant group
oxidized (Scheme 2, eq 3).

In conclusion, a novel convoluted poly(ethylene oxide-
pyridinium) phosphotungstate catalyst 3 was developed,
which catalyzed H2O2-oxidation of alcohols with high
recyclability. The chemoselective and steric bulkiness-
unretarded oxidation of secondary alcohols was achieved via
oxidation catalysis with polymeric phosphotungstate. Instal-
lation of polymeric catalysts into flow-reaction devices is
currently in progress in our laboratory and will be reported
in due course.
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Scheme 2. The Chemoselective Oxidation of Secondary
Alcohols in the Presence of Primary Alcoholsa

a Conditions: 5f, 7, 8, or 10 (1 mmol), 3 (0.02 mmol W), 30% aq H2O2

(6 mmol), t-BuOH (3 mL), 80 °C.
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