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Oxone, in the presence of a catalytic amount of iron(II) sulfate and graphite oxide, oxidizes efficiently
alcohols into their corresponding carboxylic acid or ketone compounds at room temperature in short
reaction times and in good to quantitative yields under ultrasonic irradiation.
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The oxidation of alcohols into their corresponding carbonyl
compounds is an important reaction in synthetic organic chemistry
and several oxidizing agents are available for this transformation.1

The oxidation can be achieved using a number of organic and tran-
sition metal based reagents.2 Traditional methods use large
amounts of transition metals, involve toxic oxidants such as chro-
mate and permanganate or require harsh reaction conditions.3,4

Several other systems using aqueous hydrogen peroxide as the oxi-
dant and metal catalysts under phase-transfer catalytic conditions
have been reported.5 Recent efforts have been focused on systems
which employ metal compounds only in catalytic amounts to-
gether with a stoichiometric oxidant.6 Several groups have investi-
gated Oxone (potassium hydrogen monopersulfate) as an efficient
oxidant of various compounds.7 For example, Oxone has success-
fully been used for the oxidation of alcohols into aldehydes and
ketones,7a and benzaldehyde into benzoic acid.7b Oxidation of pri-
mary and secondary alcohols into their corresponding oxidized
products using 2–6 equiv of Oxone was demonstrated by Parida
et al.8 Wu et al. found that Lewis acids such as AlCl3 play a domi-
nant role in the oxidation of alcohols in the presence of Oxone.9

Graphite oxide (GO), prepared by exhaustive oxidation of
graphite, has been explored as a heterogeneous catalyst for various
organic transformations.10,11 Recently, GO was applied for the
oxidation of alcohols and alkenes, and the hydration of various
alkynes into their respective aldehydes and ketones in moderate
to high yields.11b–d In another report, various alkynes or alcohols
were hydrated or oxidized in situ to give the corresponding methyl
ketones or aldehydes, respectively, which underwent a subsequent
Claisen–Schmidt condensation at 80 or 100 �C after 24 h.11e

The use of ultrasound in chemistry offers a method for chemical
activation, which has broad applications and uses relatively inex-
pensive equipment. Ultrasound can generate cavitation within a li-
quid, which provides a source of energy to enhance a wide range of
chemical processes.12 The application of ultrasound in oxidations
of alcohols has been reported.13 Sonocatalysis is observed during
the course of the oxidation of primary hydroxyl groups in homoge-
neous aqueous medium by the NaOCl/TEMPO system.13a Luu et al.
have reported acceleration of the oxidation of alcohols by potas-
sium permanganate adsorbed on copper(II) sulfate pentahydrate
using ultrasound.13b Also, Adams et al. have investigated the con-
version of alcohols into carbonyl compounds with a pyridinium
chlorochromate/silica gel reagent system by the use of ultrasound
technology.13c

We previously reported the use of GO, a readily available and
inexpensive material, as a highly efficient reagent for the synthesis
of aldehydes or ketones via the oxidation of various alcohols under
ultrasonic irradiation.14 Herein, we report on the use of Oxone/iro-
n(II) sulfate/GO as a highly efficient system for the oxidation of
alcohols to the corresponding carboxylic acid or ketone com-
pounds under ultrasonic irradiation in water as the solvent
(Scheme 1).

Parida et al.8 reported that the oxidation of 4-nitrobenzyl alco-
hol is very slow using Oxone. Thus we investigated the oxidation of
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Scheme 1. Oxidation of alcohols into carboxylic acid or ketone compounds using
the Oxone/FeSO4/GO system under ultrasonic irradiation.
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4-nitrobenzyl alcohol (1 mmol) in the presence of Oxone under dif-
ferent conditions to check the efficiency of our method. Various
experimental conditions were screened to obtain the maximum
yield of product. The results are summarized in Table 1. The oxida-
tion of 4-nitrobenzyl alcohol (1 mmol) in the presence of 5 mmol
of Oxone at reflux in water/acetonitrile (1/1) as solvent gave the
corresponding 4-nitrobenzoic acid in 72% yield after 24 h. We
examined the effect of different Lewis acid catalysts such as
CuSO4�5H2O, COCl2�6H2O and FeSO4�7H2O on the reaction yield.
The results showed that FeSO4�7H2O was more efficient in compar-
ison with other Lewis acid catalysts (Table 1, entries 2–4). The
oxidation occurs in high yield (78%) in the presence of iron(II)
sulfate as a Lewis acid in a very short reaction time (2 h) (Table 1,
entry 4). In the next step, we investigated the effect of ultrasonic
irradiation on the oxidation reaction in water. Ultrasonic irradia-
tion was performed using an ultrasonic homogenizer (Bandelin
Sonopuls HD 3100) with probe model MS 73 at 100% power. The
results indicate that ultrasonic irradiation accelerates this reaction,
has a beneficial effect on the yield and decreases the reaction time.
Under ultrasonic irradiation conditions, the reaction time
decreased to 30 min and the yield increased to 97% (Table 1, entry
5). The exact role of ultrasonic irradiation in the oxidation process
is not clear, but it cannot be excluded that ultrasonic irradiation
participates in the oxidation process by generating locally high
temperatures.15 Thus the optimal conditions were attained by
using ultrasonic irradiation as the source of energy and water as
a green solvent. We next examined the effect of Oxone concentra-
tion (2, 1.5 and 1 mmol) and iron(II) sulfate (40, 20, 10 and 5 mol %)
(Table 1, entries 5–10). The results indicate that Oxone (1.5 mmol)
and iron(II) sulfate (5 mol %) are optimum for this reaction (Table 1,
entry 10).

In a previous report, we demonstrated that GO could be applied
as a mild and efficient oxidizing agent for the oxidative aromatiza-
tion of Hantzsch 1,4-dihydropyridine derivatives.16 More recently,
we described the high performance of GO for the synthesis of alde-
hydes or ketones from various alcohols under ultrasonic irradia-
OH

O2N
Oxidation

Table 1
Effect of the Lewis acid, solvent and ultrasonic irradiation on the oxidation of 4-nitrobenz

Entry Conditions

1 Oxone (5 mmol), reflux, H2O–MeCN (1:1)
2 Oxone (2 mmol)/CuSO4�5H2O (40 mol %), reflux, H2O–
3 Oxone (2 mmol)/COCl2�6H2O (40 mol %), reflux, H2O–M
4 Oxone (2 mmol)/FeSO4�7H2O (40 mol %), reflux, H2O–M
5 Oxone (2 mmol)/FeSO4�7H2O (40 mol%), H2O,)))
6 Oxone (1 mmol)/FeSO4�7H2O (40 mol%), H2O,)))
7 Oxone (1.5 mmol)/FeSO4�7H2O (40 mol %), H2O,)))
8 Oxone (1.5 mmol)/FeSO4�7H2O (20 mol %), H2O,)))
9 Oxone (1.5 mmol)/FeSO4�7H2O (10 mol %), H2O,)))
10 Oxone (1.5 mmol)/FeSO4�7H2O (5 mol %), H2O,)))
11 Oxone (1.5 mmol)/FeSO4�7H2O (5 mol%)/GO (0.1 g), H2

12 Oxone (1.5 mmol)/FeSO4�7H2O (5 mol %)/GO (0.05 g), H
13 Oxone (1.5 mmol)/FeSO4�7H2O (5 mol%)/GO (0.025 g),

a Reaction conditions: 4-nitrobenzyl alcohol (1 mmol) in 10 ml of solvent.
b Isolated yield.
tion.14 Finally, we studied the influence of GO on the Oxone
oxidation process. We performed this reaction in the presence of
0.1, 0.05 and 0.025 g of GO (Table 1, entries 11–13). The results ob-
tained show that 0.05 g of GO was required for this reaction
affording 4-nitrobenzoic acid in 95% yield via the oxidation of
4-nitrobenzyl alcohol with Oxone (1.5 mmol) and iron(II) sulfate
(5 mol %) (Table 1, entry 12). In comparison to other examined con-
ditions, the results also indicated that the reaction was cleaner in
the presence of GO; purification of the product was easily achieved
through simple crystallization. According to the results in Table 1,
the optimum conditions for the oxidations are as follows: alcohol
(1 mmol) in the presence of Oxone (1.5 mmol)/FeSO4�7H2O (5
mol %)/GO (0.05 g), water, ultrasonic irradiation. Under these con-
ditions, oxidation of 1-phenylethanol gave acetophenone in 59%
yield in the absence of GO, and in 86% in the presence of GO. This
result clearly supports the positive effect of GO on the oxidation
process.
In a similar fashion, various alcohols were oxidized smoothly using
Oxone (1.5 mmol)/FeSO4�7H2O (5 mol %)/GO (0.05 g) in water un-
der ultrasonic irradiation to give the corresponding carboxylic acid
or ketone compounds. The results are summarized in Table 2. Un-
der these experimental conditions, the reactions of benzyl alcohol,
2-hydroxybenzyl alcohol and 4-nitrobenzyl alcohol gave the corre-
sponding acids in 98%, 92% and 90% yields, respectively, (Table 2,
entries 1–3). Oxidation of substrates containing electron-donating
groups such as 4-methoxybenzyl alcohol resulted in the formation
of the corresponding acid derivative in moderate yield 67% (Table 2,
entry 4). The oxidation of 4-chlorocinnamyl alcohol gave 4-chloro-
cinnamic acid in 94% yield (Table 2, entry 5). We also investigated
the oxidation of heterocyclic alcohols such as thiophene-2-methanol
and 3-pyridine-3-methanol. Oxidation of thiophene-2-methanol
gave only the corresponding aldehyde in 96% yield even after 60
min, while oxidation of 3-pyridine-3-methanol afforded the corre-
sponding nicotinic acid in 94% yield after 30 min (Table 2, entries 6
and 7).

Oxidation of secondary alcohols such as 1-phenylethanol, 1-
phenylpropanol, benzhydrol and 1-indanol yielded acetophenone,
propiophenone, benzophenone and 1-indanone in 86%, 81%, 81%
and 83% yields, respectively, (Table 2, entries 8–11). Similarly, oxi-
dation of an aliphatic alcohol, cyclohexanol, using this method,
afforded cyclohexanone in 95% yield (Table 2, entry 12). It should
be noted that under these experimental conditions, no reaction
occurred with the tertiary alcohol, 2-(4-biphenylyl)-2-propanol
OH

O2N

O

yl alcohol

Time Yielda,b (%)

24 h 72
MeCN (1:1) 4 h 79

eCN (1:1) 4 h 43
eCN (1:1) 2 h 78

30 min 97
30 min 59
30 min 95
30 min 91
30 min 89
30 min 86

O,))) 30 min 98
2O,))) 30 min 96

H2O,))) 30 min 87



Table 2
Oxidation of various alcohols using Oxone/FeSO4�7H2O (5 mol %)/GO (0.05 g)

Entry Substrate Product17,18 Time (min) Yielda (%)

1 Benzyl alcohol Benzoic acid 30 98
2 2-Hydroxybenzyl alcohol 2-Hydroxybenzoic acid 30 92
3 4-Nitrobenzyl alcohol 4-Nitrobenzoic acid 30 90
4 4-Methoxybenzyl alcohol 4-Methoxybenzoic acid 60 67
5 4-Chlorocinnamyl alcohol 4-Chlorocinnamic acid 45 94
6 Thiophene-2-methanol Thiophene-2-carbaldehyde 60 96
7 3-Pyridinylmethanol Nicotinic acid 30 94
8 1-Phenylethanol Acetophenone 20 86
9 1-Phenylpropanol Propiophenone 30 81
10 Benzhydrol Benzophenone 30 81
11 1-Indanol 1-Indanone 30 83
12 Cyclohexanol Cyclohexanone 30 95
13 2-(4-Biphenylyl)-2-propanol No reaction 30 —

a Isolated product.
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(Table 2, entry 13). Only the starting compound was recovered,
even after 180 min and the dehydration product was not observed.

A comparison of the present system (Oxone/FeSO4�7H2O/GO)
with our previous results using GO system14 for the oxidation of
secondary alcohols clearly indicates that the present system is
more active and gives better yields. Indeed, the oxidation of
cyclohexanol, benzhydrol and thiophene-2-methanol using GO
afforded cyclohexanone, benzophenone and thiophene-2-carbal-
dehyde in 98%, 35% and 10% yields after 120, 60 and 90 min,
respectively,14 as compared to 95%, 81% and 96% yields obtained
after 30, 30, and 60 min, respectively, using Oxone/FeSO4�7H2O/
GO.

The mechanism of oxidation using the Oxone/FeSO4�7H2O/GO
system under ultrasonic irradiation is not clear. Different condi-
tions were tested to clarify the role of ultrasonic irradiation. We
first investigated the influence of ultrasound on the GO properties.
It is well known that ultrasound irradiation of graphite oxide al-
lows its exfoliation to graphene oxide. Graphite oxide (0.05 g)
was irradiated in water by ultrasound for 3 h and then 4-nitroben-
zyl alcohol (1 mmol)/Oxone (1.5 mmol)/FeSO4�7H2O (5 mol %) was
added. The obtained results indicated that the oxidation was very
slow even at reflux of water. We concluded that the transformation
of graphite oxide to graphene oxide under ultrasonic irradiation is
not important for this reaction. In the next test, we investigated the
influence of microwave irradiation on the reaction of 4-nitrobenzyl
alcohol (1 mmol)/Oxone (1.5 mmol)/FeSO4�7H2O (5 mol %)/graph-
ite oxide (0.05 g) in water. After 3 min of microwave irradiation,
4-nitrobenzoic acid was obtained only in 37% yield. We concluded
that a high temperature can assist in the oxidation process, but it is
not enough for this reaction.

From these results, we believe that under ultrasonic irradiation
potassium persulfate in the presence of Fe(II) can produce sulfate
ion radicals, Fe(III) and hydroxyl radicals, which are responsible
for the oxidation reaction (Scheme 2). Indeed, sonolysis of organic
compounds is mainly ascribed to the sonochemical generation of
radicals and thermal decomposition in the cavitation microbub-
bles.19 GO most likely participates in the oxidation process through
the generation of sulfate and hydroxyl radicals or as an oxidant
itself.14

In conclusion, we have investigated the oxidation of aromatic,
heterocyclic and aliphatic alcohol derivatives using Oxone/iro-
n(II)/graphite oxide under ultrasonic irradiation. Primary and sec-
ondary alcohols were converted into the corresponding acids and
KHSO5 + Fe(II) SO4-
. + Fe(III) + OH.)))

Scheme 2. A plausible reaction mechanism.
ketones, respectively, under these conditions. This protocol is
advantageous as the oxidation takes place under mild conditions,
in short reaction times and in good to high yields with a very sim-
ple work-up procedure. Further investigations using GO for other
chemical transformations (synthesis of pyridine and xanthene
derivatives) are currently in progress.
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17. Ultrasonic irradiation was performed in an ultrasonic homogenizer (Bandelin
Sonopuls HD 3100) with probe model MS 73 at 100% power. The GO utilized in
this work was synthesized using graphite according to a modified Hummers
method. The prepared GO was characterized using powder XRD, UV/vis
spectroscopy and FT-IR spectroscopy to establish its authenticity.14 Typical
procedure for the oxidation of alcohols: To a solution of alcohol (0.1 mmol) in
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