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Catalytic systems consisting of N-hydroxyphthalimide in combination with copper(II), cobalt(II) and
manganese(II) acetylacetonate, acetate or chloride were applied to the oxidation of cumene with oxygen.
The use of these catalytic systems decreases cumyl hydroperoxide selectivity as a result of the decompo-
sition reaction of hydroperoxide to 2-phenyl-2-propanol and acetophenone. It has been demonstrated
that the use of N-hydroxyphthalimide in combination with copper salts at 60 �C results in high alcohol
content whereas ketone is the major product at 90 �C. The results can be used to develop a method for
alcohol or ketone synthesis from other isopropyl-aromatic hydrocarbons.

� 2010 Elsevier Ltd. All rights reserved.
The oxidation of isopropyl-aromatic hydrocarbons to hydroper- RO� þ RH! ROHþ R� ð3Þ

oxides is one of the several steps in the industrial synthesis of phe-
nols and acetone. Every year, more than 7 million tonnes of phenol
are produced from cumene,1 and analogous industry-scale synthe-
ses have been developed for the production of hydroquinone, res-
orcinol, cresols and 2-naphthol.2 Several contemporary studies
have investigated the application of these methods to the produc-
tion of other hydroxyaromatics, including 2,6-dihydroxynaphtha-
lene and 4,40-dihydroxybiphenyl, used for the synthesis of liquid
crystals and high performance polyesters.3,4

The liquid phase oxidation of isopropyl-aromatic hydrocarbons
proceeds according to a widely known free radical chain mecha-
nism.5,6 Transition metal salts, such as Cu(I)/Cu(II), Co(II)/(III) and
Mn(II)/(III), are typically used as catalysts in these oxidation pro-
cesses,6,7 wherein their catalytic effect lowers the activation energy
of the decomposition reaction of the hydroperoxide (reactions 1
and 2).

ROOHþMnþ ! RO� þ ½Mnþ1OH�þ ð1Þ

ROOHþ ½Mnþ1OH�þ ! ROO� þMnþ þH2O ð2Þ

The radicals formed by hydroperoxide decomposition initiate
subsequent chains of reactions that increase the reaction rate
and decrease the hydroperoxide selectivity; hence the oxidation
products contain more alcohol and ketone due to hydrogen
abstraction and b-scission of alkoxyl radicals (reactions 3 and 4).
ll rights reserved.
+  CH3R'
O

 RO
ð4Þ

R = 1-methyl-1-arylethyl group; R0 = aryl group.
Recently, N-hydroxyphthalimide (NHPI) has been demonstrated

to be a free radical oxidation catalyst.8–13 In contrast to transition
metals, NHPI does not accelerate the hydroperoxide decomposition
reaction. The catalytic activity of NHPI results from phthalimide-N-
oxyl radical (PINO) formation in the propagation step of the oxida-
tion process (reactions 5–8).13–17 It was observed that PINO radi-
cals abstract H-atoms much faster than peroxyl radicals.18,19

R� þ O2 ! ROO� ð5Þ
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The catalytic activity of NHPI has been demonstrated in several
processes, including cumene,4,8,10,12 2,6-diisopropylnaphtha-
lene,3,4,11,12 4,40-diisopropylbiphenyl4,12 and 1,3,5-triisopropylben-
zene20 oxidations. High yields (>70%) and hydroperoxide
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selectivities were obtained when cumene,10 2,6-diisopropylnaph-
thalene3 or 1,3,5-triisopropylbenzene20 were oxidised in the pres-
ence of NHPI (10 mol %) at 75 �C using acetonitrile as the solvent.

Isopropyl-aromatic hydrocarbon oxidation using a catalyst con-
sisting of NHPI and a cobalt(II) salt has also been reported in the
literature, wherein high yields of alcohols or ketones were ob-
tained depending on the reaction conditions. If 2,6-diisopropyl-
naphthalene and 4,40-diisopropylbiphenyl are oxidised in the
presence of NHPI and a Co(II) salt at 40 �C using acetonitrile as
the solvent, the diols 2,6-di(1-hydroxy-1-methylethyl)naphtha-
lene and 4,40-di(1-hydroxy-1-methylethyl)biphenyl, in yields of
approximately 90%, were obtained.4,12 When the same catalyst
was used for the oxidation of 2,6-diisopropylnaphthalene at
75 �C for 15 h, 2-acetyl-6-isopropylonaphthalene was obtained in
a yield of 31%.21

Therefore, NHPI in combination with metal salts can be used
in the processes where alcohols or ketones are the desired
products.

In this Letter, we report the influence of several catalysts con-
sisting of NHPI and different variable valence metal salts for the
oxidation of cumene, as a model compound. The purpose of this
investigation was to evaluate the influence of the aforementioned
catalysts on the resultant product composition to evaluate the
feasibility of synthesising alcohols or ketones from isopropyl-aro-
matics. Previous studies have indicated that the type of metal salt
used can influence the composition of the resulting products.6,7,22

Thus, cumene was oxidised in the presence of NHPI in combina-
tion with copper(II), manganese(II) or cobalt(II), acetylacetonate,
acetate or chloride. Similarly, oxidation reactions in the presence
of NHPI or Cu(acac)2 were also carried out for comparison. These
oxidations were carried out using acetonitrile or benzonitrile as
solvents because of the low solubility of NHPI in non-polar hydro-
carbons, and furthermore, all the metal salts used in this study
were soluble in these solvents. The obtained cumene conversions
Table 1
Cumene oxidation with oxygen in the presence of NHPI and Cu(II), Co(II) or Mn(II) saltsa

Entry Catalyst Time (h) Temp. (�C) Conv. (mol

1 NHPI/CuCl2�2H2O 3 50 50
2 NHPI 3 60 53
3 NHPI 5 60 68
4 NHPI/Cu(acac)2 3 60 68
5 NHPI/Cu(acac)2 4.5 60 72
6 NHPI/CuCl2�2H2O 3 60 57
7 NHPI/Co(acac)2 3 60 56
8 NHPI/Co(acac)2 5.5 60 75
9 — 3 70 6

10 Cu(acac)2 3 70 12
11 NHPI 3 70 53
12 NHPI/Cu(acac)2 3 70 55
13 NHPI/Cu(OAc)2�H2O 3 70 52
14 NHPI/CuCl2�2H2O 3 70 47
15 NHPI/Co(acac)2 3 70 51
16 NHPI/Co(OAc)2�4H2O 3 70 41
17 NHPI/CoCl2x6H2O 3 70 41
18 NHPI/Mn(acac)2 3 70 52
19 NHPI/Mn(OAc)2�4H2O 3 70 48
20 NHPI/MnCl2�4H2O 3 70 32
21 NHPI 3 90 40
22 NHPI/Cu(acac)2 3 90 29
23 NHPI/CuCl2�2H2O 3 90 29

a Cumene (1.4 mL; 10 mmol), 10 mL of solvent (acetonitrile at 50–70 �C or benzonitrile
azobis(cyclohexanecarbonitrile) at 90 �C), NHPI (10 mol %, 0.163 g) and metal salt (0.5 m
with a magnetic stirrer (1000 rpm), heating bath and gas burette filled with oxygen. Th
calculate conversion. The amount of cumyl hydroperoxide was iodometrically determin
phenyl-2-propanol was determined using HPLC using a Waters Alliance 2690 HPLC equ
Silica column (60 Å, 4 lm, 150 � 3.9 mm; Waters). A mixture of hexane and 2-propan
detected at 210 nm and acetophenone at 240 nm using an external standard.29
and hydroperoxide, acetophenone and 2-phenyl-2-propanol selec-
tivities are presented in Table 1.

According to the literature, the use of NHPI as a catalyst signif-
icantly increases cumene conversion, while maintaining a high
cumyl hydroperoxide selectivity (entries 9 and 11). In contrast,
the use of a catalytic system consisting of NHPI and a metal salt de-
creases hydroperoxide selectivity in most processes as a result of
the decomposition of hydroperoxide to acetophenone and 2-phe-
nyl-2-propanol. It has been observed that the type of metal salt
used in combination with NHPI affects the cumene conversion
and product composition.

In the presence of an NHPI and a metal salt catalyst, the resul-
tant cumene conversions decrease in the order of acetylaceto-
nate > acetate > chloride. Here, the chloride anion influences the
oxidation process negatively, as lower conversion rates were ob-
tained independently from the activities of the chlorides in the
hydroperoxide decomposition.

Among the various metals used in these catalytic systems, cop-
per exhibited the highest activity in hydroperoxide decomposition
even at low temperature.

It has been also observed that the type of metal salt used affects
the molar ratio of acetophenone to 2-phenyl-2-propanol in oxida-
tion products. This ratio was higher in the presence of copper ions,
lower in the presence of cobalt ions and increased in the order ace-
tylacetonate < acetate < chloride. For example, in the presence of
NHPI and Co(acac)2, Cu(acac)2 and CuCl2 at 70 �C this ratio reached
values of 0.47, 0.63 and 1.2, respectively.

The different behaviours of the metal ions may be a result of
their different redox potentials and, in association with this, their
different behaviours in catalysing hydroperoxide decomposition.6,7

In contrast to cobalt ions, which reduce and oxidise hydroperox-
ides into alkoxyl and alkylperoxyl radicals, copper ions only reduce
hydroperoxides into alkoxyl radicals, but a catalytic process is pos-
sible since there are several routes available for regenerating Cu(I),
%) Selectivity (mol %)

Cumyl hydroperoxide Acetophenone 2-Phenyl-2-propanol

20 29 50
100 0 0
100 0 0

44 10 45
19 15 63
12 37 47
94 0 4
60 6 33

100 0 0
9 - -

100 0 0
26 27 43
23 32 45
10 46 40
16 27 57
21 31 52

100 0 0
82 6 13

100 0 0
100 0 0

91 — —
4 57 26
6 58 26

at 90 �C), initiator (3 mol %) (2,20-azobis(2-methylpropionitrile) at 50–70 �C or 1,10-
ol %) were placed in a 25 mL two-necked flask of a gasometric apparatus supplied
e amount of consumed oxygen was measured over the course of 3 h and used to
ed according to the described method,28 and the amount of acetophenone and 2-
ipped with an autosampler, UV detector (Waters photodiode array), and Nova-Pak
ol 99/1 was used as the mobile phase (flow 1 mL/min); 2-phenyl-2-propanol was
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including oxidation of alkyl radicals.7 The redox potential can also
be influenced by ligand type, which can explain the different ob-
served behaviours of the various salts.6

The influence of temperature on cumene oxidation in the pres-
ence of NHPI and the aforementioned metal salts was investigated
in the temperature range 50–90 �C. At 50 �C, long induction periods
were observed (approximately 40 min). When the reaction tem-
perature was increased from 60 to 90 �C, cumene conversion de-
creased. At 90 �C, oxidation processes were quickly inhibited.
This observed quenching of cumene conversion is most likely
caused by thermal decomposition of NHPI,4 as well as by an in-
creased number of reactions that inhibit the process. It is assumed
that phenol, a free radical process inhibitor, can be formed by the
acid rearrangement of cumene hydroperoxide. These acids (e.g.,
formic acid) can be obtained from the oxidation of the methyl rad-
ical formed during b-scission of the 1-methyl-1-phenylethyloxy
radical into acetophenone. Therefore, acetophenone formation
can be connected to acid formation and process inhibition. It has
been established that a rise in temperature leads to increased b-
scission of alkoxyl radicals to the ketone.23–25 In our studies this
tendency was confirmed. For example, the ketone to alcohol ratio
in cumene oxidation products obtained in the presence of NHPI/
CuCl2�2H2O reached values of 0.6 and 2.2 at 50 �C and 90 �C,
respectively.

The results presented herein for cumene oxidation could be
used to develop a method for alcohol or ketone synthesis from
other isopropyl-aromatics. It has been demonstrated that the use
of NHPI in combination with copper salts at 60 �C results in high
alcohol amount whereas ketone is the major product at 90 �C.
Unfortunately, it was observed that temperature increases beyond
a certain point decrease the cumene conversion, which might limit
the direct synthesis of ketones from isopropyl-aromatics.

We next intend to investigate the oxidations of 2-isopropyl-
naphthalene, p-isopropylanisole, 2,6-diisopropylnaphthalene,
4,40-diisopropylbiphenyl and 2-methoxy-6-isopropylnaphthalene
in the presence of an NHPI/copper salt catalyst. Alcohols and ke-
tones obtained by this method can be used in the production of
valuable products (fragrances, e.g., 2-acetylnaphthalene,26 phar-
maceuticals, e.g., 4-methoxyacetophenone,27 polyesters and liquid
crystals21).

This Letter reports a catalytic system composed of a copper salt
and NHPI which has been rarely used previously. Among isopro-
pyl-aromatics, only oxidation of 1,3,5-triisopropylbenzene in the
presence of Cu(OAc)2/NHPI was described and this resulted in a
complex mixture.20
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