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Abstract

Oxidation of naphthalene was performed with tetrakis(pentaflourophenyl)porphyrin iron(III)chloride (F20TPPFeIII Cl),
or tetrakis(2,6-dichlorophenyl)porphyrin iron(III)chloride (TDCPPFeIII Cl), or tetramesitylporphyrin iron(III)chloride
(TMPFeIII Cl) as catalyst and metachloroperbenzoic acid or pentafluoroiodosylbenzene ortert-butylhydroperoxide as oxidant
in different media in the presence of imidazole as cocatalyst. In aprotic solvent (CH3CN:CH2Cl2, 1:1) and in the presence
of F20TPPFeIII Cl, 1-naphthol, 2-naphthol and 1,4-naphthoquinone yields based on metachloroperbenzoic acid oxidant were
77.7, 2.1 and 5.6%, respectively. The best yield for 1,4-naphthoquinone in methanol with F20TPPFeIII Cl was 52.8%. The
effect of bases on the yield and specificity of the naphthalene oxidation were studied. When imidazole changed to pyridine in
F20TPPFeIII Cl, the yield of 1-naphthol decreased from 77.7 to 55.3%, whereas for TDCPPFeIII Cl catalyst, the yield changed
from 61.1 to 18.3%.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The metabolic conversion of aromatic hydrocar-
bons to hydroxyarenes or/and quinones in mammals
has been considered a means for the detoxification
and excretion of a variety of foreign substances, in-
cluding many drugs and environmental pollutants.
Ligninases are capable of oxidizing aromatic com-
pounds to quinones followed by ring cleavage[1].
Dioxygenases enzymes incorporate both atoms of
molecular oxygen into the aromatic ring to form
cis-dihydrodiols [2]. Third pathway is oxidation of
these compounds to arene oxides by cytochrome
P-450 monooxygenases, and the arene oxides then
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transformed to phenols or epoxy-dioles derivative[3].
Extensive studies have been carried out using of met-
alloporphyrins, as model for oxygenases, for oxidation
of organic compounds[3–13], but polycyclic aromatic
hydrocarbons have received little attention[14–18].
Also recently Bartoli et al.[19] have shown that the
Mn-porphyrins bearing one to five�-nitro groups are
particularly good catalyst for hydroxylation of aro-
matic compounds with H2O2, and Sorokin and Tuel
[20] have employed metallophthalocyanines/H2O2
system for this purpose; however, iron-porphyrins
systems efficient for aromatic oxidations remain to be
found.

Because of the quantity of phenolic compounds
produced industrially ranks near the top of the list of
synthetic aromatics, and it is well known that quinones
posses pronounced bioactivity and are important for
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medicine and versatile starting materials in the syn-
thesis of many natural products, and due to severe
condition for chemical oxidation of aromatics which
needs elevated temperature and/or powerful oxidants,
e.g. chromium compounds, we have searched for
the catalytic oxidation of aromatics and in this re-
port, we present oxidation of naphthalene by various
oxidants in protic and aprotic solvents with iron-
porphyrins.

2. Experimental

2.1. Instrumentation

High performance liquid chromatography (HPLC)
analyses were performed with a Shimadzu HPLC
liquid chromatograph equipped with UV–VIS de-
tector and an ODS column (15 cm× 6 mm). Elu-
ents were a mixture of methanol and water (50:50
(v/v) for detection of 1-naphthol, 2-naphthol and
1,4-naphthoquinone and 80:20 (v/v) for detection of
naphthalene) at a flow rate of 1 ml/min. The detection
wavelength was 254 nm. All the chromatograms were
compared with authentic samples and the yields were
calculated from standard curves. UV–VIS spectra

Table 1
Oxidation of naphthalene in various solvents and with various Fe-porphyrins under excess amount of substrate

Solvent Catalyst Yields (%)a Products/catalyst
(M/M)

1-Naphthol 2-Naphthol 1,4-Naphthoquinone

CH3CN:CH2Cl2 (1:1) F20TPPFeIII Cl 77.7 ± 2.6 2.1± 0.2 5.6± 0.3 854
TDCPPFeIII Cl 61.1 ± 1.0 3.4± 0.5 8.3± 0.3 728
TMPFeIII Cl 5.4 Trace Trace 54
None Trace Trace Trace –

CH3OH:CH2Cl2 (1:3) F20TPPFeIII Cl 27.2 ± 0.9 Trace 7.0± 1.4 342
TDCPPFeIII Cl 15.1 ± 0.5 Trace 13.7± 0.6 288
TMPFeIII Cl 2.5 1.5 Trace 40
None Trace Trace Trace –

CH2Cl2 F20TPPFeIII Cl 38.2 Trace 6.6 448
TDCPPFeIII Cl 14.4 5.5 Trace 199

CH3CN F20TPPFeIII Cl 65.9 9.1 5.1 801
TDCPPFeIII Cl 45.9 ± 0.1 Trace 5.1± 0.3 510

CH3OH F20TPPFeIII Cl 29.1 ± 1.0 2.0± 0.3 49.5± 0.3 806
TDCPPFeIII Cl 34.1 2.0 7.4 435

a Reaction is carried out in air at room temperature. Molar ratio for naphthalene:oxidant:Fe-porphyrin:imidazole are 180:1:10−3:10−2

and m-CPBA is 2.4 × 10−3 M. The yield was calculated based onm-CPBA.

were recorded with a Shimadzu 2100 spectropho-
tometer.

2.2. Materials

The tetrakis(2,6-dichlorophenyl)porphyrin iron-
(III)chloride (TDCPPFeIII Cl) and tetramesityl-
porphyrin iron(III)chloride (TMPFeIII Cl) were
synthesized according to literature methods[21,22].
The tetrakis(pentaflourophenyl)porphyrin iron(III)-
chloride (F20TPPFeIII Cl) were obtained from Fluka.
Metachloroperbenzoic acid (m-CPBA) was purchased
from Aldrich Chemical Co. and purified by washing
with phosphate buffer (pH 7.4) followed by water
and then dried under reduced pressure. H2O2 (30%
aqueous) andtert-butylhydroperoxide (tert-BuOOH
70% aqueous) were obtained from Merck and Fluka,
respectively. Pentafluoroiodosylbenzene (PFIB) was
prepared by hydrolysis of pentafluoroiodobenzen-
bis(trifluoroacetate) with saturated sodium hydrogen
carbonate[23]. The resulting precipitate was col-
lected and carefully dried under reduce pressure and
kept at 5◦C. Naphthalene, 1-naphthol, 2-naphthol,
1,4-naphthoquinone and other substances such as
axial bases used in these studies, were of the high-
est grade commercially available from Merck and
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Riedel-deHaën. Solvents for all of these studies were
from Merck (spectra grade).

2.3. Typical procedure for oxidation using an excess
naphthalene relative to oxidant

A solution of 10.8 mmol of naphthalene and
0.06�mol of iron-porphyrin and 0.6�mol of axial
bases such as imidazole in 20 ml of solvent such as
methanol was prepared. To this solution, 60�mol
of m-CPBA in 5 ml solvent was added over 10 min
and reaction mixture was left to stir under air at am-
bient temperature, unless otherwise mentioned. The
reaction mixture was analyzed by HPLC after 24 h
(Table 1). Most of the reactions were run at least three
times and the reported data are averages.

2.4. Typical procedure for oxidation using equal
amount of naphthalene and oxidant

A solution of 0.3 mmol ofm-CPBA in 0.2 ml of
solvent was slowly added to a solution of 0.3 mmol
naphthalene, 0.3�mol iron-porphyrin and 3�mol im-
idazole in 2.8 ml solvent during 10 min. After 24 h, re-
action mixture was diluted with 27 ml of solvent and
analyzed by HPLC. Results of these studies presented
in Table 2.

Table 2
Oxidation of naphthalene in various solvents and with various Fe-porphyrins under stoichiometric amount of substrate

Solvent Catalyst Yields (%)a Conversion (%) Products/catalyst
(M/M)

1-Naphthol 2-Naphthol 1,4-Naphthoquinone

CH3CN:CH2Cl2 (1:1) F20TPPFeIII Cl 31.9 1.8 14.3 56.1 480
TDCPPFeIII Cl 12.0 1.0 4.6 44.5 176
TMPFeIII Cl Trace Trace Trace 8.9 –
None Trace Trace Trace <4.0 –

CH3OH:CH2Cl2 (1:3) F20TPPFeIII Cl 16.7 ± 0.5 Trace 21.3± 0.5 49.8± 1.1 380
TDCPPFeIII Cl 10.3 1.4 8.3 65.0 200
TMPFeIII Cl Trace Trace 1.7 6.2 17
None Trace Trace Trace <3.0 –

CH3CN F20TPPFeIII Cl 25.0 ± 1.5 Trace 9.2± 0.7 67.0± 0.7 342
TDCPPFeIII Cl 9.1 ± 0.5 3.9± 0.4 3.9± 0.2 51.0± 0.9 169

CH3OH F20TPPFeIII Cl 27.7 ± 1.2 Trace 52.8± 0.1 56.2± 1.5 805
TDCPPFeIII Cl 1.8 ± 0.5 Trace 4.0± 0.1 13.3± 1.0 58

a Reaction is carried out in air at room temperature. Molar ratio for naphthalene:oxidant:Fe-porphyrin:imidazole are 1:1:10−3:10−2 and
m-CPBA is 0.1 M. The yield was calculated based onm-CPBA.

Fig. 1. Structure of the iron-porphyrins.

3. Results

3.1. The effect of solvent on naphthalene oxidation
yield

3.1.1. Under excess amount of substrate to oxidant
Oxidation of naphthalene was performed with

iron-porphyrins bearing electron withdrawing and
electron donating substituents on the porphyrin
ring such as F20TPPFeIII Cl, TDCPPFeIII Cl, and
TMPFeIII Cl (Fig. 1). Table 1demonstrates the yield
of oxidation products in five different solvent sys-
tems in the presence of metachloroperbenzoic acid.
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Reaction were carried out under air and concentra-
tion of reactants naphthalene:oxidant:porphyrin cat-
alyst:imidazole were 180:1:10−3:10−2, respectively.
Three different products: 1-naphthol, 2-naphthol and
1,4-naphthoquinone were obtained and characterized
with HPLC using authentic samples. We have found
that the solvent system has profound effect on the
both yield of total oxidation products and specificity
of the products.

In aprotic solvent (CH3CN:CH2Cl2, 1:1) and in
the presence of F20TPPFeIII Cl the 1-naphthol yield
based on oxidant is 77.7%, whereas the amount of
2-naphthol 2.1% and 1,4-naphthoquinone 5.6% gained
were low in these conditions. TDCPPFeIII Cl showed
the same trend as F20TPPFeIII Cl with slightly lower
yields and specificity. These catalysts have also shown
high turnover. TMPFeIII Cl indicated little catalytic ac-
tivity by comparison with the former catalyst. Change
of solvent from aprotic to protic in the same condition
resulted in increasing in the yield of quinone. The best
yield for 1,4-naphthoquinone obtained in methanol
was 49.5% with F20TPPFeIII Cl.

3.1.2. Under stoichiometric amount of substrate
to oxidant

The yield of oxidation of naphthalene in 1:1 ratio
of oxidant to substrate in different solvent system
and iron-porphyrin catalyst, is presented inTable 2.
The concentration of metachloroperbenzoic acid was
0.1 M and the ratio of naphthalene:oxidant:porphyrin
catalyst:imidazole were 1:1:10−3:10−2. The reaction
mixture was chromatographed after 24 h to search
for 1-naphthol, 2-naphthol and 1,4-naphthoquinone.
In accordance toTable 2, the best solvent system for
specific formation of 1-naphthol is 1:1 mixture of
CH3CN:CH2Cl2 (31.9%) and for 1,4-naphthoquinone
is protic solvent, methanol, with F20TPPFeIII Cl as
catalyst (52.8%). Again in every reaction condition,
production of 2-naphthol is minor, between 1 and 4%.

Comparison between conversion percent and the to-
tal yields of (1-naphthol+1,4-naphthoquinone) shows
selectivity of these catalytic conversions. For instances
F20TPPFeIII Cl catalyst in methanol produces in 27.7%
1-naphthol and 52.8% 1,4-naphthoquinone that ac-
counts for 54.1% consumption of oxidant. Compari-
son of 54.1% with conversion of 56.2% of naphthalene
proves specificity of this system. In contrary, other sol-
vent systems result in conversion of 40–60% whereby

the total yield of naphthol+ quinone are around 20%
and shows that huge amount of naphthalene has been
converted into uncharacterized compounds. These re-
sults confirm that solvent and catalyst together have
profound effects on the selectivity of naphthalene ox-
idation. In all of the experiments, conversion of naph-
thalene in the absence of catalyst was negligible and
electron rich iron-porphyrins such as TMPFeIII Cl were
poor catalysts.

3.2. The effect of oxidant on the yield of oxidation
products of naphthalene

Table 3 indicates effect of different oxidants on
the reaction products of naphthalene oxidation. The
m-CPBA produce 77.7% of 1-naphthol, where PFIB
result in production of 22%. Other peroxides such
as tert-butylhydroperoxide and H2O2 are not good
candidates for these catalytic oxidation in our ex-
perimental conditions. The surprising results were
obtained when the solvent system has changed to
CH3OH:CH2Cl2:H2O in the ratio of 18:80:2, in which
PFIB acted as better oxidant thanm-CPBA. The yields
of 1-naphthol with PFIB andm-CPBA as oxidant are
30.7 and 7.5%, respectively, in this solvent. Traylor
and Miksztal[24] have shown that these solvent sys-
tem are best for alkene epoxidation with PFIB in the
presence of electron withdrawing iron-porphyrins.

None of these oxidants other thanm-CPBA pro-
duced considerable amount of 1,4-naphthoquinone.

3.3. The effect of axial ligands on the specificity
and the yield of naphthalene conversion

The effect of bases on the yields and specificity
of the naphthalene conversion were studied and the
results are indicated inTable 4. All iron-porphyrins
employed in these studies are poor catalysts in the
absence of bases as cocatalyst. Both F20TPPFeIII Cl
and TDCPPFeIII Cl have similar catalytic ability in
the absence of bases and produced around 8% of
1-naphthol and trace of other products. Imidazole is
best cocatalyst under our reaction conditions both
from point of high conversion and high selectivity.
The role of imidazole to increase the yield and speci-
ficity of products of naphthalene oxidations was more
pronounced in TDCPPFeIII Cl than F20TPPFeIII Cl.
For instance, when imidazole changed to pyridine



H.R. Khavasi et al. / Journal of Molecular Catalysis A: Chemical 188 (2002) 115–122 119

Table 3
Effect of oxidant in the oxidation of naphthalene in air at room temperature

Solvent Catalyst Oxidant Yields (%)a

1-Naphthol 2-Naphthol 1,4-Naphthoquinone

CH3CN:CH2Cl2 (1:1)b F20TPPFeIII Cl m-CPBA 77.7± 2.6 2.1± 0.2 5.6± 0.3
PFIB 22.0 1.8 2.9
tert-BuOOH 1.1 Trace Trace
H2O2 Trace Trace Trace

TDCPPFeIII Cl m-CPBA 61.1± 1.1 3.4± 0.5 8.3± 0.2
PFIB Trace Trace 12.5
tert-BuOOH Trace Trace Trace
H2O2 1.3 Trace Trace

CH3OH:CH2Cl2 (1:3)b F20TPPFeIII Cl m-CPBA 27.2± 0.9 Trace 7.0± 1.4
PFIB 30.4 1.4 4.6
tert-BuOOH 4.3 Trace 9.9
H2O2 Trace Trace Trace

TDCPPFeIII Cl m-CPBA 15.1± 0.5 Trace 13.7± 0.6
PFIB 7.1 Trace 3.2
tert-BuOOH Trace Trace 3.5
H2O2 Trace Trace Trace

CH3OH:CH2Cl2 (1:3)c F20TPPFeIII Cl m-CPBA 16.7± 0.6 Trace 21.3± 0.5
PFIB 10.0 Trace 11.0

CH3OHc F20TPPFeIII Cl m-CPBA 27.7± 1.2 Trace 52.8± 0.1
PFIB 6.7 Trace 16.6

a The yield was calculated based onm-CPBA.
b Molar ratio for naphthalene:oxidant:Fe-porphyrin:imidazole are: 180:1:10−3:10−2 and oxidant is 2.4 × 10−3 M.
c Molar ratio for naphthalene:oxidant:Fe-porphyrin:imidazole are: 1:1:10−3:10−2 and oxidant is 0.1 M.

Table 4
Effect of axial bases in the oxidation of naphthalene in air and at room temperature in CH3CN:CH2Cl2 (1:1) medium withm-CPBA

Catalyst Axial ligand Yields (%)a

1-Naphthol 2-Naphthol 1,4-Naphthoquinone

F20TPPFeIII Cl None 8.4 1.5 3.7
Quinoline 55.9 3.3 10.8
2-Picoline 47.3 1.6 6.7
Imidazole 77.7 2.1 5.6
Pyridine 53.3 4.4 10.5
Collidine 43.8 1.3 5.6

TDCPPFeIII Cl None 8.1 Trace Trace
Quinoline 12.0 Trace 1.1
2-Picoline 14.9 Trace 1.1
Imidazole 61.1 3.5 8.3
Pyridine 18.3 Trace 4.6
Collidine 8.7 Trace 2.0

TMPFeIII Cl None Trace Trace Trace
Imidazole 5.4 Trace Trace

a Molar ratio for naphthalene:oxidant:Fe-porphyrin:imidazole are 180:1:10−3:10−2 and m-CPBA is 2.4 × 10−3 M. The yield was
calculated based onm-CPBA.
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in F20TPPFeIII Cl, the yield of 1-naphthol decreased
from 77.7 to 53.3%, whereas in TDCPPFeIII Cl the
yield changed from 61.1 to 18.3%.

4. Discussion

The oxidation of aromatics generally lacks selectiv-
ity because of coupling reactions caused by phenoxy
radicals and hence a novel practical method for oxida-
tion of aromatics could be very interesting. So during
the course of our systematic study on the simulation of
the enzymatic function of cytochrome P-450 with met-
alloporphyrins, we have found a biomimetic method
for selective oxidation of naphthalene to 1-naphthol
or 1,4-naphthoquinone.

In this work, oxidation of naphthalene were inves-
tigated withm-CPBA as oxidant and iron-porphyrins
catalysts for selective production of naphtholic and
quinonic compounds with high turnover number in
different media. We have found that the F20TPPFeIII Cl
is better oxidant for oxidation of naphthalene than
TDCPPFeIII Cl and the latter is much better than
electron rich porphyrins, TMPFeIII Cl. TMPFeIII Cl
is very poor catalyst in our reaction conditions and
was destroyed very fast, whereas electron withdraw-
ing substituent porphyrins have high turnover and
their degradation in our reaction conditions is low.
UV–VIS of the reaction mixture proves that after
around 720–850 turnovers, more than 85% of the
catalyst was still intact (Fig. 2) [25].

Fig. 2. UV–VIS spectrum of F20TPPFeIII Cl (2.4× 10−6 M), imidazole (2.4× 10−5 M) and naphthalene (0.432 M) in CH3CN:CH2Cl2 (1:1)
solvent: (a) before addition of oxidant, and (b) 24 h after addition ofm-CPBA (2.4 × 10−3 M).

4.1. Effect of solvent and oxidant

Effect of metalloporphyrins structure on the speci-
ficity and the yield of oxidation products widely
investigated by others[17,24], but effects of sol-
vents and media have gained less attention in the
literature[26,27]. We have found that solvents have
profound effect on the yield and selectivity of the
naphthalene oxidation. For instance, F20TPPFeIII Cl
in methanol, produce 27.7% 1-naphthol and 52.8%
1,4-naphthoquinone that accounts for 54.1 ((27.7/1)+
(52.8/2)) ofm-CPBA as oxidant. Comparison between
conversion of naphthalene which is 56.2 with 54.1%
of total yield of 1-naphthol and 1,4-naphthoquinone
shows that around 2% of naphthalene is degraded
or transferred to coupling products. In compari-
son, in CH2Cl2:CH3OH in the ratio of 3:1 there
is a difference of 23.5%, which shows that this
system acts inefficiently from selectivity point of
view.

In addition, alkylhydroperoxides are very poor
oxidants in our systems. Bartoli et al.[19] have
found that H2O2 is very efficient oxidant in
multi-nitro-porphyrins of manganese(III). Traylor
et al.[7], have shown the mixture of CH3OH:CH2Cl2:
H2O2 (18:80:2) is good solvent for PFIB oxida-
tion with electron withdrawing porphyrins. We have
checked these solvent system and although the yield
of 30.7% with PFIB for 1-naphthol has gained in
comparison with 7.5% yield withm-CPBA, but the
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Scheme 1. Schematic representation of the reaction pathway in naphthalene oxidation withm-CPBA in the presence of Fe(III)porphyrin
catalyst in protic and aprotic solvents.

condition can be improved withm-CPBA on different
media (CH3CN:CH2Cl2, 1:1; yield 77.7%).

4.2. Mechanism of naphthols and
1,4-naphthoquinone production

Production of phenols from benzene derivatives
and naphthol from naphthalene are believed from
intermediacy of arene oxides, due to the nature of
NIH shift [28]. But in protic solvents where the
1,4-naphthoquinone is the main product, question
was whether 1,4-naphthoquinone forms from further
oxidation of phenolic compounds or there is different
route to quinone formation. We performed oxidation of
1-naphthol in our experimental conditions. The yield
of quinone from naphthalene was 49.5%, whereas the
yield of quinone from 1-naphthol was just 6.9% in the
same conditions. These result plus our observation
which in the ratio of 180:1 of substrate to oxidant
in methanol the main product is 1,4-naphthoquinone
and changing the mole ratio of naphthalene to oxidant
did not dramatically change the amount of quinone,
proves formation of 1,4-naphthoquinone directly from
naphthalene instead of 1-naphthol or 2-naphthol.

Nam et al. [25] have shown that in protic sol-
vent, high valent oxo intermediate (PFeIV =O)+ are
reactive oxidant and in aprotic solvent iron peroxy
complex is reactive oxidant. So to confirm these
for aromatic oxidation, we generate (PFeIV =O)+
from reaction of F20TPPFeNO3 with m-CPBA in
−45◦C in aprotic solvent (CH3CN:CH2Cl2, 1:1).
Addition of naphthalene to this oxene resulted in
1,4-naphthoquinone/naphthol ratio of 30 and clearly
confirms that 1,4-naphthoquinones formed by this ox-
idant. We obtained a lower yield for naphthoquinone
production in the presence of argon (49.5% in air

and 43.0% in argon), so O2 may take part in the re-
action pathway leading to quinone. These results are
in accordance with a previously proposed mechanism
for the oxidation of polyaromatics when intermediate
radicals can be trapped by O2 to form quinones[29].
We proposed the path of oxidation inScheme 1.

5. Conclusions

Oxidation of naphthalenem-CPBA and in the pres-
ence of F20TPPFeIII Cl and TDCPPFeIII Cl catalyst,
result in production of 1-naphthol, 2-naphthol and
1,4-naphthoquinone. This catalytic oxidation exhibits
obvious features in the following: (1) the suitable
solvent for 1-naphthol production is aprotic solvents
and for 1,4-naphthoquinone protic solvents is needed;
(2) imidazole as cocatalyst increases the yields more
than the other axial ligands that are used in this
study; (3) the formation of 1,4-naphthoquinone is
directly from naphthalene; and (4) electron withdraw-
ing iron-porphyrins employed in this work indicates
high turnover number for aromatic oxidation.
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