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bstract

The cationic cobalt(II) porphyrin complex: 5,10,15,20-tetrakis[4-(diethylmethylammonio)phenyl]porphyrinatocobalt(II) tetraiodide has been
ound to be an efficient catalyst for the oxidation of 2,6-di-tert-butylphenol by dioxygen in aqueous medium. The oxidation reaction afforded
ainly the corresponding diphenoquinone and some of the 2,6-di-tert-butyl-1,4-benzoquinone. The initial rate constant of autoxidation reaction

as found to increase with increasing pH from 7.0 to 10.0. The rate of autoxidation reaction showed linear dependence on catalyst concentration

nd dioxygen pressure. The rate of autoxidation reaction was found to fit a Michealis–Menten kinetic model for saturation of catalyst sites with
ncreasing 2,6-di-tert-butylphenol concentration. The catalyst showed reduced activity in repeat oxidation reactions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The development of efficient catalytic systems for oxidation
eactions that mimic the action of cytochrome P-450 depen-
ent monooxygenases has attracted much interest in recent years
1–7]. Synthetic metallo-porphyrins have been used to catalyze
he transfer of an oxygen atom from a great variety of oxidizing
gents into organic molecules [1–19].

The autoxidation of phenols catalyzed by transition met-
ls is of industrial and biological importance [20]. There are
nly a few reports in the literature dealing with the metallo-
orphyrins catalyzed oxidations and photo-oxidations of phen-
ls [11–19,21,22].

The aim of the present work is to investigate the potential
se of water soluble cationic cobalt(II) porphyrin: 5,10,15,20-
etrakis[4-(diethylmethylammonio)phenyl]porphyrinatocobalt
II) tetraiodide bearing quaternary ammonium groups as cat-

lyst in the oxidation of 2,6-di-tert-butylphenol by molecular
xygen.

∗ Corresponding author. Tel.: +20 403316x230; fax: +20 404353.
E-mail address: mthassanein@yahoo.com (M. Hassanein).
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. Experimental

.1. Materials and reagents

Pyrrol (Merck), 4-(N,N-diethylamino)benzaldehyde (Ald-
ich). Methyl iodide (Aldrich) was used as received. 2,6-Di-tert-
utylphenol (Aldrich) was recrystallized from n-hexane. Silica
el (Prolabo, 60–120 mesh), PLC (Silica gel plates, Merck)
lates, 2 mm thickness, 20 cm × 20 cm were used for chromato-
raphic analysis.

.2. Measurements

Elemental microanalysis was performed by Microanalysis
enter at Cairo University. 1H NMR data were measured on
arian Germany 200 NMR instrument. Spectrophotometeric
easurements were carried out on Shimadzu 3101Pc UV–vis
pectrometer.
.3. Preparation of cationic cobalt(II) tetraarylporphyrin 1

5,10,15,20-Tetrakis[4-(diethylmethylammonio)phenyl]por-
hyrinatocobalt(II) tetraiodide 1 was prepared in three

mailto:mthassanein@yahoo.com
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Table 1
Conversion and selectivity of the autoxidation of 2,6-di-tert-butylphenol cat-
alyzed by 1a

Catalyst Conversionb (%) Time (h) Selectivityb kobs
e, mol L−1

min−1 (10−5)
DPQc BQd

– 10.0 24 – – –
1 100 2.10 90 10 1.829

a All experiments were carried out at 35 ◦C and oxygen pressure of 740 mmHg
with magnetic stirring of 1.5 mmol of phenol dissolved in 5 ml of methanol
dispersed in 100 ml of distilled water containing 0.015 mmol of catalyst. The
pH of the reaction was adjusted to 9.0 by using borax and HCl.

b Conversion and selectivity are based on isolated products after completion
of the reaction. Reaction products have been separated on PLC (Silica gel plates,
Merck) plates, 2 mm thickness, 20 cm × 20 cm using petroleum ether and ethyl
acetate (9.5:0.5) as eluent.

c DPQ: 3,5,3′,5′-tetra-tert-butyl-4,4′-diphenoquinone.
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pH range 7.0–10.0 (Fig. 1). Data summarized in Table 2 show
that the zero-order rate constant of autoxidation of 2,6-di-tert-
butylphenol increased with increasing pH of the reaction mixture
from 7.0 to 10.0. The pH has a direct effect on the concentra-
M. Hassanein et al. / Journal of Molecu

teps: fusion of 4-(N,N-diethylamino)benzaldehyde with
yrrole according to the published method [23] gave
,10,15,20-tetrakis[4-(diethylaminophenyl)]porphyrin. Ele-
ental microanalysis, found: 78.0% C; 7.30% H; 12.29% N.
alc.: 78.62% C; 7.42% H; 12.22% N. Cobalt(II) complex
f 5,10,15,20-tetrakis[4-(diethylaminophenyl)]porphyrin was
repared as described previously [24]. Elemental microanal-
sis, found: 11.10% N. Calc. 11.72% N. Cationic complex
was obtained by refluxing of the cobalt(II) complex with
ethyl iodide in chloroform. Elemental microanalysis (found:

.80% N. Calc.: 7.35% N). UV–vis: (MeOH) λmax, nm (ε,
ol−1 L cm−1) 302 (28.71 × 103), 429.5 (12.38 × 104), 537.5

14.45 × 103), 583.5 (8.95 × 103).
1H NMR (DMSO; Me4 Si): δ 1.56 (t, 24H, –CH3), 2.09 (s,

2H, CH3), 4.09 (q, 16H, –CH2), 7.96 (m, 16H, Ph), 8.97 (s,
H, �-pyrrole).

.4. Autoxidation reactions

Oxidation reactions of 2,6-di-tert-butylphenol were per-
ormed as described previously [25] by stirring of 100 ml of
queous solution containing 0.05 volume fraction methanol in
250 ml flask attached to a gas burette. All reactions were car-

ied out at 40 ◦C and constant dioxygen pressure slightly less
han 1 atm. Lower partial pressures of oxygen were obtained by
se of oxygen/nitrogen mixtures at 1 atm total pressure. After
ompletion of the reaction the mixture was extracted with ether
nd dichloromethane. The extract was analyzed by TLC. Reac-
ion products were separated on PLC-G F254 silica gel plates
Merck), 2 mm thickness, 20 cm × 20 cm, using petroleum ether
40–60)/ethyl acetate 9.5:0.5 as eluent and were identified by
omparison with authentic samples. All kinetic experiments
ere carried out in duplicate and reproducible results were
btained.

.5. Catalyst reuse

Reuse of catalyst 1 was performed as follows: autoxidation of
,6-di-tert-butylphenol was carried out under standard reaction
onditions of Table 1. The reaction was followed by dioxygen
ptake. After the completion of the first run, the initial amount
f phenol was again fed into reaction mixture without removal
f the reaction products.

. Results and discussion

.1. Autoxidation of 2,6-di-tert-butylphenol

The catalytic activity of water soluble cationic cobalt(II)
orphyrin complex 1 was investigated in the autoxidation of
,6-di-tert-butylphenol. The rate of phenol consumption was
etermined by measuring the amount of dioxygen using a gas
urette. After a short induction period, the volume of dioxy-

en consumed was linear with time, indicating a zero-order
ependence on the concentration of the substrate.

Data summarized in Table 1 show that autoxidation of 2,6-di-
ert-butylphenol catalyzed by the cationic cobalt(II) porphyrin

F
c
w
a
w

d BQ: 2,6-di-tert-butyl-1,4-benzoquinone.
e Initial zero-order rate constant calculated from the plot of oxygen consump-

ion vs. time.

omplex 1 in water gave 100% conversion of 2,6-di-tert-
utylphenol to 3,5,3′,5′-tetra-tert-butyl-4,4′-diphenoquinone
DPQ) in 90% yield and 2,6-di-tert-butyl-1,4-benzoquinone
BQ) in 10% yield within about 2 h. In absence of catalyst 1,
he reaction was slow and only 10% conversion of 2,6-di-tert-
utylphenol was observed in 24 h.

The rate enhancing effect of the cationic catalyst 1 could be
ttributed to direct binding of the 2,6-di-tert-butylphenoxide ion
o the quaternary ammonium groups at the active site.

.2. Effect of pH on the autoxidation of
,6-di-tert-butylphenol

The autoxidation of 2,6-di-tert-butylphenol was studied in the
ig. 1. Effect of pH on the autoxidation of 2,6-di-tert-butylphenol catalyzed by
obalt(II) porphyrin complex 1. (a) pH 7, (b) pH 8, (c) pH 9, (d) pH 10. The pH
as adjusted to 8 and 9 using NaB4O7 and HCl buffer mixture and the pH was

djusted to 10 using NaHCO3 and NaOH buffer mixture. A phosphate buffer
as used to adjust pH to 7.
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Table 2
Effect of pH on the rate of autoxidation of 2,6-di-tert-butylphenola

pH kobs, mol L−1 min−1 (10−5)

7.0 0.621
8.0 0.960
9.0 1.829

10.0 2.706
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by cobalt(II) porphyrin complexes represents a typical exam-
a All reactions were carried out under conditions reported in Table 1. Initial
ero-order rate constant calculated from the plot of oxygen consumption vs.
ime.

ion of 2,6-di-tert-butylphenoxide ion. The rate enhancement of
utoxidation of 2,6-di-tert-butylphenol with increasing pH of
he reaction medium indicates that 2,6-di-tert-butylphenoxide
on is probably the active species [26].

.3. Effect of concentration of the catalyst 1 on the
utoxidation of 2,6-di-tert-butylphenol

The dependence of the initial rate constant kobs on the concen-
ration of the cationic porphyrin complex 1 was investigated in
he concentration range 0.75 × 10−5 to 3.75 × 10−5 M (Fig. 2).
ata illustrated in Fig. 3 show the increase of the initial rate

onstant kobs of the oxidation reaction with increasing of the
oncentration of the catalyst 1 which could be attributed to
ncrease of available quaternary ammonium sites for phenoxide
on binding.

.4. Effect of temperature on the autoxidation of
,6-di-tert-butylphenol

The temperature dependence of the reaction rate constant
obs from 29 to 55 ◦C gave an Arrhenius activation energy of
0.16 kJ/mol (Fig. 4).

.5. Effect of concentration of 2,6-di-tert-butylphenol on

he rate of autoxidation

The dependence of reaction rate constant kobs on the con-
entration of 2,6-di-tert-butylphenol was investigated in the

ig. 2. Effect of the concentration of cobalt(II) porphyrin complex 1 on the
utoxidation of 2,6-di-tert-butylphenol. For reaction conditions, see footnote
a’ of Table 1.
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ig. 3. Dependence of rate constant on catalyst 1 concentration. For reaction
onditions, see footnote ‘a’ of Table 1.

oncentration range 0.5 × 10−3 to 5 × 10−3 M. The rate con-
tants kobs depend on the as shown in Fig. 5. A double
eciprocal Lineweaver–Burk plot (Fig. 6) showed that the rate
t a Michealis–Menten kinetic model for saturation of catalyst
ites with increasing concentration of 2,6-di-tert-butylphenol
27].

.6. Effect of partial pressure of dioxygen on the
utoxidation of 2,6-di-tert-butylphenol

The effect of partial pressure of dioxygen was investigated
y using oxygen/nitrogen mixture to obtain reduced partial pres-
ure of 1 atm total pressure on the reaction mixture. The linear
ncrease of rate constants with increasing partial pressure of
ioxygen (Fig. 7) suggests that mass transfer of dioxygen from
as phase to the active site does not limit the rate of the reaction.

The oxidation of phenols by molecular oxygen catalyzed
le for a reaction involving the activation of dioxygen by a
ransition metal cation [11]. It is known that metal-bound oxy-

ig. 4. The Arrhenius plot of rate data at 29–55 ◦C under the conditions given
n Table 1.
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Fig. 5. Dependence of rate of autoxidation on 2,6-di-tert-butylphenol concen-
tration. For reaction conditions, see footnote ‘a’ of Table 1.

Fig. 6. Lineweaver–Burk plot for the data in Fig. 5.

Fig. 7. Dependence of rate constant kobs in autoxidation of 2,6-di-tert-
butylphenol on partial pressure of dioxygen. For reaction conditions, see footnote
‘a’ of Table 1.
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Scheme 1.

en (Scheme 1) is an active species in the autoxidation of
henols catalyzed by cobalt(II) porphyrin complexes [11]. The
oupling product 3,5,3′,5′-tetra-tert-butyl-4,4′-diphenoquinone,
hich is the major product in the reaction catalyzed by

obalt(II) porphyrin complex 1 is formed by dimerization of
he phenoxy radical via reaction of the oxygen adduct with
,6-di-tert-butylphenol (Scheme 1) [11]. The oxygen insertion
roduct, 2,6-di-tert-butyl-1,4-benzoquinone is formed through
he cobalt(III) complex (Scheme 1) [11].

.7. Catalyst reuse

The cationic cobalt(II) porphyrin complex 1 was tested for
ts stability in successive experiments. Reuse of the catalyst was
ollowed by dioxygen uptake under experimental conditions of
able 1. After 100% conversion of 2,6-di-tert-butylphenol, the

nitial amount of phenol was added to reaction mixture with-
ut separation of reaction products. The porphyrin complex 1
howed reduced activity after the second run and the recycled
atalyst was found to be 0.3 times as active as the fresh cata-
yst (Fig. 8). Deactivation of the cationic cobalt(II) porphyrin
omplex 1 could be due to the aggregation of the complex 1 in
olution favoring intermolecular self-oxidation of the catalyst
10].

Previously reported results on the autoxidation of 2,6-di-tert-
utylphenol catalyzed by sulfotetraaryl porphyrins supported
n cationic polystyrene latex bearing quaternary ammonium

roups [28] indicated that these catalysts showed higher sta-
ilities than cationic cobalt(II) porphyrin complex 1. However,
atalyst 1 exhibited higher catalytic reactivity compared to pre-
iously reported catalysts.
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