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Abstract

A novel combination betweenN-hydroxy phthalimide (NHPI) and a silica based cobalt (II) interphase catalyst (1) efficiently catalyzes the
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erobic oxidation of various types of alcohols to the corresponding carbonyl compounds. The catalyst1 shows high thermal stability and al
ould be recovered and reused in combination with NHPI for at least five reaction cycles without considerable loss of reactivity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The oxidation of alcohols to the corresponding carbonyl
ompounds is one of the most frequently used and important
ransformation in organic chemistry as demonstrated by a
lethora of methods and procedures that have been developed

or this purpose[1]. Unfortunately, the traditional methods for
xidation of alcohols suffer from the drawbacks such as the
se of at least a stoichiometric amount of oxidants and bring
bout a large quantity of harmful by-products. Thus, from the
tandpoint of the so-called green and sustainable chemistry,
nother approach to construct cleaner catalytic systems for
xidation of alcohols using molecular oxygen (O2) has been
ecoming increasingly attractive in recent years[2–4].

In recent years,N-hydroxy phthalimide (NHPI) has been
ecognized as a valuable catalyst for aerobic oxidation of
arious organic compounds under mild reaction conditions
5]. Especially, it has been shown that NHPI in combination
ith Co(II) salts andm-chloro perbenzoic acid (m-CPBA)
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is an efficient method for oxidation of alcohols to the co
sponding carbonyl compounds with molecular oxygen u
normal pressure and temperature[6]. It is believed that th
phthalimideN-oxyl (PINO) radical generated in situ from t
reaction of O2 and NHPI is able to abstract a hydrogen a
from the organic substrates. The newly formed carbon
cal then rapidly reacts with O2 to give ultimately oxygenate
products. While using this protocol a considerable prog
is being achieved, the protocol needs to usem-CPBA as co
reagent and owing to the homogeneous reaction condi
the catalyst is difficult to recover and reuse. One way to
cumvent this problem is to anchor one or more compon
of the catalytic systems onto a large surface area solid c
to create new organic–inorganic hybrid (interphase) cata
[7]. However, it is shown that PINO radical is not stable w
under the aerobic oxidation conditions and it finally dec
poses via a self decomposition kinetics[8]. Therefore, on
approach to the problem of recyclability of NHPI/Mn+ is to
create a system based on NHPI itself and a recoverable
salt. Along this hypothesis, we now report on a successfu
novel combination of homogeneous NHPI with a suppo
E-mail address:karimi@iasbs.ac.ir (B. Karimi). cobalt catalyst instead of homogeneous Co(II) counterparts.
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Scheme 1.

The supported cobalt (II) catalyst is built up from the direct
grafting of mesoporous silica by a silica precursor-Schiff base
Co(II) complex according to the known literature procedure
with slight modification (Scheme 1) [9].

Quantitative determination of the functional group con-
tents of the surface bound compound1 was performed with
thermogravimetric analysis (TGA). Typically, an organic
group loading at ca. 0.3 mmol g−1 is obtained. Further char-
acterization of1 was also performed using DRIFT-IR and
atomic absorption spectroscopy (AA) and also comparison of
its IR with those obtained from aminopropyl silica (AMPS).

2. Experimental

2.1. General remarks

Chemicals were either prepared in our laboratories or pur-
chased from Merck, Fluka and Aldrich Chemical Companies.
All yields refer to isolated products unless otherwise stated.
The products were characterized by comparison of their phys-
ical data with those of known samples or by their spectral
data.1H NMR and 13C NMR spectra were recorded on a
500 MHz spectrometer in CDCl3 as the solvent and TMS
as internal standard. All products are known and all of the
i .

2
t

o d
i was
a
o ted
o
r alyst
1 ;

the products were purified by flash chromatography through
a short pad of silica gel with an appropriate solvent to give
the corresponding carbonyl compound in good to excellent
yields.

3. Results and discussion

To test catalytic properties of NHPI combined with1, we
selected the oxidation of alcohols using molecular oxygen.
The optimized condition proved to be NHPI (10 mol%),1
(0.25 mol% of cobalt content, 0.083 g), substrate (5 mmol),
O2 (1 atm) in CH3CN (15 mL) under vigorous stirring at
65◦C. Thus, 1-phenyl ethanol as a model substrate was sub-
jected to oxidize under these conditions for 24 h. The reaction
mixture was filtered off and the catalyst1 was then rinsed
twice with CH3CN (15 mL) and reused. The evaporation of
the solvent followed by flash chromatography of the crude
products through a short pad of silica gave acetophenone in
95% isolated yield, the purity of which was determined by
GC and NMR to be more than 99% (Table 1, entry 1).

In two separate blank experiments, no considerable ox-
idation was observed under similar reaction conditions in
the absence of either1 or NHPI. To examine the versatil-
ity of the method, a variety of both aliphatic and benzylic
s bove
d -
i stud-
i d to
t and
r
t of a
� ida-
t ing
t ond-
i ,
8 abil-
i uc-
solated products gave satisfactory IR and NMR spectra

.2. General procedure for aerobic oxidation of acetals
o esters using NHPI/1 system under O2 (1 atm)

A solution of NHPI (1 mmol, 10 mol%) and1 (0.25 mol%
f cobalt content, 0.083 g) in CH3CN (15 mL) was prepare

n a two-necked flask. To this solution alcohol (10 mmol)
dded and the resulting mixture was stirred at 60◦C under an
xygen atmosphere (1 atm, balloon filled) for the indica
ptimized time as shown inTable 1. After completion of the
eaction, the reaction mixture was filtered off and the cat
was then rinsed twice with CH3CN (15 mL) and reused
econdary alcohols were allowed to oxidize using the a
escribed reaction conditions (Table 1). It is worth mention

ng that among the various types of secondary alcohols
ed, those comprising two aromatic ring directly attache
he carbon bearing hydroxyl group are the most reactive
equired lesser reaction time for their oxidation (Table 1, en-
ries 6 and 7). This strongly suggests the intermediacy
-hydroxy radical intermediate. On the other hand, the ox

ion of primary alcohols (both benzylic and aliphatic) us
he presented protocol selectively furnishes the corresp
ng carboxylic acids in excellent yields (Table 1, entries 1–5
–13). These results clearly show the widespread applic

ty of the protocol for the oxidation of various types of str
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Table 1
Aerobic oxidation of alcohols using NHPI combined with immobilized cobalt catalyst1

Entry Substrate Product Time (h) Yield (%)a,b,c

1 22 100

2 22 100

3 24 100

4 24 99

5 22 97c

6 55 94

7 100 96c

8 28 88

9 25 87 (13)

10 30 81 (7)

11 40 79 (2)

12 35 89 (5)

13 40 87 (4)

a NMR yields.
b The ratios of substrate: NHPI:1 are 1:0.1:0.0025.
c The numbers in parenthesis referred to the yields of aldehydes.

turally diverse alcohols. When using a supported catalyst one
of the most important issue is the possibility that some active
metal migrates from the solid to liquid phase and that this
leached Co(II) would become responsible for a significant
extent of the catalytic activity. To rule out the contribution
of homogeneous catalysis in the results shown inTable 1,
the reaction was carried out in the presence of the solid1 for
4 h and at that point the catalyst was filtered off. The liquid
filtrate was then allowed to react, but no significant conver-
sion was observed after 24 h under the presented reaction
conditions. This clearly indicates that no active species were
present in the supernatant. After obtaining these promising re-
sults, we moved toward testing the reusability of the catalyst
1. Recycling experiments were examined for the oxidation
of 1-phenyl ethanol. Thus, after the first run, which gave the

corresponding ketone in quantitative GC yield, after recovery
of 1, the catalyst was subjected to a second oxidation vessel
charged with NHPI (10 mol%) in CH3CN (15 mL) under O2
atmosphere from which it gave the ketone in 99%. The aver-
age chemical GC yields for five consecutive runs was 96%,

Table 2
Recovery of immobilized cobalt catalyst1 for the aerobic oxidation of 1-
phenyl ethanol using NHPI combined with

Run Alcohol NHPI (mol%) Time (h) Yield (%)a

10 22 100
1st 10 22 99
2nd 10 24 99
3rd 10 24 96
4th 10 28 88

a GC yields.
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which clearly demonstrates the practical recyclability of this
catalyst (Table 2).

4. Conclusion

In conclusion, the novel combination of homogeneous
NHPI and silica based cobalt (II) interphase catalyst1 ef-
ficiently catalyzes the aerobic oxidation of a wide variety of
both primary and secondary alcohols. The catalyst1could be
recovered and reused for at least five reaction cycles without
considerable loss of reactivity. Further applications of this
novel catalyst combination for the aerobic oxidation of the
other types of functional groups are underway in our labora-
tories.
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