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Abstract The use of mononuclear Cu(II) 2,20-bipyridine

and 1,10-phenantroline complexes as catalysts in the oxi-

dation of benzene, using hydrogen peroxide and tert-butyl

hydroperoxide as oxidant in CH3CN/H2O solution is pre-

sented. The reactions were carried out at 25 and at 50 �C.

The complexes [Cu(bipy)3]Cl2 � 6H2O (1), [Cu(bi-

py)2Cl]Cl � 5H2O (2), [Cu(bipy)Cl2] (3), [Cu(phen)3]

Cl2 � 7H2O (4), [Cu(phen)2Cl]Cl � 5H2O (5), [Cu(phen)Cl2]

(6) were able to oxidize benzene into phenol, hydroquinone

and p-benzoquinone. Highest conversion (22%) was

obtained using [Cu(Phen)Cl2] (6) as catalyst.

Keywords Selective benzene oxidation �
Mononuclear Cu(II) complexes � 2,20-Bipyridine �
1,10-Phenantroline � Peroxides � Biomimetic catalyst

1 Introduction

In previous work we exploited the oxidation of monoter-

penes based principally in systems related to P450

monooxygenase [1–5]. Our successes lead us to go through

the oxidation of cyclohexane also via P450 based systems

[6, 7]. The success of that enterprise made our attention

turn to the use of Fe(III) and Cu(II) complexes functional

models of biomimetic non-heme monooxygenase systems

[8–11].

Phenol is one of the most important feedstocks in the

production of resins, fibers and related materials. More

than 90% of the phenol consumed is produced via the so

called cumene process [12] which is a three step process

and coproduces acetone in 1:1 molar ratio with respect to

phenol. However, due to the inherent environmental and

energetic issues related to this process, many efforts are in

progress for the development of new route for phenol

production via a one step process through direct oxidation

of benzene [13].

The direct and catalytic transformation of arenes to

various useful chemicals via C–H activation is of consid-

erable interest to chemical industries and remains a

challenge to chemists [14]. The aromatic nucleus is resis-

tant to oxidation because of its stabilization and the energy

strength of the C(sp2)–H bond, so oxygenation almost

invariably requires a highly reactive oxidant under severe

conditions. In the last years, several papers regarding the

use of transition metal complexes as catalysts for aromatic

C–H oxidation have been published [15].

Parida and Dash [16] have reported the liquid phase

oxidation of benzene using hydrogen peroxide as oxidant

and acetic acid as solvent, with manganese nodule leached

residue (WMNLR) calcinated at different temperatures.

The results showed about 13% of conversion and 98% of

selectivity to phenol. However, high temperatures are

required to treat WMNLR. Liu et al. [17] reported the

benzene oxidation with Cu substituted polyoxometalate

(TBA-PW11Cu) as catalysts and molecular oxygen as

oxidant, showing 9.2% of conversion and 91.8% of selec-

tivity to phenol at 50 �C. Esmelindro et al. [18] showed the

benzene oxidation to phenol and 1,4-benzoquinone with a
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mononuclear Cu(II) complex, [Cu(BMTEA)2Cl]Cl

(BMTEA = bis(2-thienylmethyl)-1,2-ethylenediamine), as

catalyst and hydrogen peroxide as oxidant.

Copper is present in the active site of several enzymes

and plays fundamental roles in living systems. This metal

is coordinated to the protein residues, as found in tyrosi-

nase, enzyme responsible for the hydroxylation [19].

Copper is also found in particulated methane monooxy-

genase (pMMO), an enzyme responsible for the oxidation

of methane to methanol [20].

Based in the work developed by Canhota et al. [10] which

showed the cyclohexane oxidation with the complexes 1, 2

and 3 as catalysts, furnished yields of about of 43% using

complex 3 and H2O2 at 50 �C and that yields are strongly

related to the number of ligands coordinated to Cu(II) we

envisaged the use of the present systems in the oxidation of

benzene. Therefore, the aim of the present paper is to report

the catalytic activity of 2,20-bipiridine and 1,10-phenantro-

line Cu(II) complexes as catalyst in benzene oxidation. The

studied complexes were in addition to [Cu(bipy)3]

Cl2 � 6H2O (1), [Cu(bipy)2Cl]Cl � 5H2O (2), [Cu(bipy)

Cl2] (3), the previously undisclosed [Cu(phen)3]Cl2 � 7H2O

(4), [Cu(phen)2Cl]Cl � 5H2O (5) and [Cu(phen)Cl2] (6),

were bipy is 2,20-bipyridine and phen is 1,10-phenantroline.

The oxidation reactions were carried out using hydrogen

peroxide and tert-butyl hydroperoxide as oxidant and ace-

tonitrile–H2O (3.5:1) solution as solvent, in mild conditions

(temperature of 25 or 50 �C at atmospheric pressure).

2 Experimental

2.1 Materials and Methods

All solvents and reagents were purchased from Aldrich

or Merck. Hydrogen peroxide (H2O2, 30% in water) and

tert-butyl hydroperoxide (t-BuOOH, 70% in water) were

titrated by the iodometric method before using. Fourier-

transform infrared spectra (FT-IR) were recorded on a

Nicolet Spectrometer 760 (in CsI pellets). Elemental

analyses were obtained using Perkin–Elmer 2400 CHN and

a microbalance Perkin–Elmer AD-4 autobalance. Benzene

oxidations were monitored by GC. The products retention

times were compared with standards. A HP5890 chro-

matograph equipped with a DB-5 column was used.

Hydrogen was used as the carrier gas at 1.0 mL/min and

20 psi. The detector (FID) temperature was set to 260 �C

while the injector temperature was set at 240 �C. The lower

temperature was raised from 50 to 60 �C at 1.5 �C/min and

from 60 to 200 �C at 10 �C/min. Retention time and mass

spectra were compared with standards and used to char-

acterize most of the reactions products. Relative yields

were calculated taking into account the response factors of

the substrate (benzene) and of the products (phenol, 1,4-

benzoquinone and hydroquinone) through the use of an

external standard [10].

Mass spectrometry data (electron impact): phenol: m/z

94 (M?), 66 (M?-CO), 65 (M?-H�), 39 (M?-C2H2);

Hydroquinone: m/z 110 (M?), 81 (M?-�CHO), 55 (M?-

C2H2), 3 (M?-H2); 1,4-Benzoquinone: m/z 108 (M?), 82

(M?-C2H2), 54 (M?-CO�), 26 (M?-CO).

2.2 Synthesis of the Complexes

The complexes were synthesized according to the proce-

dures previously described [10]. The synthesis of the

complex [Cu(L)3]Cl2 was carried out by the addition of 3

equivalents of the ligand (2,20-bipyridine or 1,10-phenatro-

line) in 50 mL of ethanol to one equivalent of CuCl2 � 2H2O

in 15 mL of methanol. The mixture was stirred for 10 min at

room temperature after 5 min was formed a precipitate. The

solvent was evaporated slowly at room temperature and the

complex was collected. The complexes 2, 3, 5 and 6 were

synthesized as described above for the [Cu(L)3]Cl2, with

different ligand and salt ratios (2:1 and 1:1).

(1) [Cu(bipy)3]Cl2 � 6H2O: Turkish blue solid. IR (KBr

disc, cm-1): 3069, 3051, 3028, 1604, 1597, 1566, 1492,

1442, 776. Elemental analysis calculated for

C30H36N6O6Cl2Cu: C, 50.60; H, 5.06; N, 11.80%. Found: C,

49.51; H, 5.41; N, 11.33%. UV–Vis k (e, dm3 mol-1 cm-1)

237 nm (3.7 9 104), 287 nm (3.3 9 104).

(2) [Cu(bipy)2Cl]Cl � 5H2O: Light blue solid. IR (KBr

disc, cm-1): 3062, 3048, 3034, 1604, 1597, 1565, 1492,

1471, 1443, 772. Elemental analysis calculated for

C20H26N4O5Cl2Cu: C, 44.69; H, 4.84; N, 10.43%. Found: C,

44.75; H, 4.70; N, 10.35%. UV–Vis k (e, dm3 mol-1 cm-1)

240 nm (2.5 9 104), 298 nm (2.3 9 104), 309 nm

(1.7 9 104).

(3) [Cu(bipy)Cl2]: Light green solid. IR (KBr disc,

cm-1): 3068, 3053, 3037, 1602, 1551, 1497, 1473, 1446,

777. Elemental analysis calculated for C10H8N2Cl2Cu: C,

41.27; H, 2.75; N, 9.63%. Found: C, 41.10; H, 2.59; N,

9.52%. UV–Vis k (e, dm3 mol-1 cm-1) 245 nm

(3.0 9 104), 300 nm (2.8 9 104), 310 nm (2.7 9 104).

(4) [Cu(phen)3]Cl2 � 7H2O: Turkish-green blue solid. IR

(KBr disc, cm-1): 3055, 1626, 1605, 1587, 1518, 1495,

1425, 724. Elemental analysis calculated for

C36H38N6O7Cl2Cu: C, 53.90; H, 4,74; N, 10.40%. Found: C,

53.64; H, 4.96; N, 10.34%. UV–Vis k (e, dm3 mol-1 cm-1)

228 nm (1.1 9 105), 264 nm (8.1 9 104).

(5) [Cu(phen)2Cl]Cl � 5H2O: Green solid. IR (KBr disc,

cm-1): 3088, 3054, 3032, 1606, 1587, 1495, 1427, 723.

Elemental analysis calculated for C24H26N4O5Cl2Cu: C,

49.26; H,4.44; N, 9.58%. Found: C, 49.25; H, 4.40; N,

9.43%. UV–Vis k (e, dm3 mol-1 cm-1) 224 nm

(4.8 9 104), 268 nm (4.3 9 104), 293 nm (1.3 9 104).
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(6) [Cu(phen)Cl2]: Light green solid. IR (KBr disc,

cm-1): 3080, 3058, 3012, 1607, 1586, 1516, 1495, 1423,

722. Elemental analysis calculated for C12H8N2Cl2Cu: C,

45.78; H, 2.54, N, 8.9%. Found: C, 45.59; H, 2.53; N,

8.78%. UV–Vis k (e, dm3 mol-1 cm-1) 223 nm

(2.6 9 104), 271 nm (2.6 9 104), 294 nm (9.0 9 103).

Complexes 1, 4, 5 and 6 kept the same absorptions on

changing the solvent from acetonitrile to acetonitrile/water

and to water, therefore showing no ligand exchange to water.

2.3 General Procedure for Benzene Oxidation

The oxidation reactions were performed in a 10 mL round-

bottomed flask sealed with a silicone septum under argon

atmosphere, using acetonitrile: H2O (3.5:1) solution as

solvent, H2O2 or t-BuOOH as oxidant and the Cu(II)

complexes as catalysts. Solvent, catalyst (7.0 9 10-4 M),

substrate (0.77 M) and oxidant (0.77 M) were successively

added. The total volume was 5 mL. The reaction mixture

was stirred at 25 or 50 �C for 24 h. The reaction was

quenched by the addition of 3.0 g of Na2SO3 and then the

mixture was filtered in a silica bed to retain the catalyst.

The products were analyzed by gas chromatography.

3 Results and Discussion

3.1 Complexes Characterization

In this study, we have synthesized six Cu(II) complexes

containing 2,20-bipyridyl (bipy) or 1,10-phenantroline

(phen) as ligand. The complexes differ from one another by

the number of ligand molecules coordinated to Cu(II)

center. The complexes were synthesized using

CuCl2 � 2H2O and 1, 2 or 3 equivalents of ligands, forming

the complexes 1, 2, 3, 4, 5 and 6, as shown in Fig. 1. In

complex number 1, copper is hexacoordinated assuming an

octahedral geometry [21] and in 2, it is pentacoordinated

and has trigonal bipyramidal geometry [22]. According to

literature, complex 3 can be found in two geometries: a

distorted square pyramidal geometry, in which one chlorine

atom is interacting with the copper center of another

complex molecule, forming a supramolecular structure

[23], or a distorted octahedral geometry, where the two

chlorine atoms are interacting with the neighbor copper

center [24]. It is reported, for complex 4, that copper is

hexacoordinated and has an octahedral arrangement with

six Cu–N bonds and in addition to the copper coordinated

cation, there are two chloride ions [25]. For number 5,

copper is pentacoordinated and presents trigonal bipyra-

midal geometry [26], while in complex number 6 copper is

probably hexacoordinated with a phen and two chlorines in

a plane and with two chlorines perpendicular to this plane

and shared by other copper ions [27].

3.2 Catalytic Tests

The catalytic activity of the complexes in the benzene

oxidation was investigated. The reactions were carried out

using H2O2 or t-BuOOH as oxidant, acetonitrile–H2O as

solvent (the presence of water is important for the complete

solubilization of the complexes) and at room temperature

or at 50 �C. The products—phenol, hydroquinone and

benzoquinone—were formed when hydrogen peroxide was

Fig. 1 Schematic

representation of the Cu(II)

complexes
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used as oxidizing agent. t-BuOOH was found to be a

suitable oxidant. Highest conversions were obtained using

H2O2 as oxidant at 50 �C.

In literature there are several papers showing

1,4-benzoquinone as a product of the hydroquinone oxi-

dation [28–30] and to better understand the reaction’s

pathways hydroquinone oxidation was investigated. These

reactions were conducted under the same conditions stated

above for the benzene oxidation. The complex 1 was used

as catalyst and H2O2 as oxidizing agent at 50 �C. When

phenol was used as substrate, hydroquinone was the only

product formed, with the yield about 22%, while in the

hydroquinone oxidation, just 1.3% of yield for 1,4 benzo-

quinone was obtained.

Table 1 shows the results obtained in the oxidation

reactions. The highest conversion was observed when the

complex [Cu(phen)Cl2] was used at 50 �C (entry 12) where

yield of about 22% was obtained, with reasonable selec-

tivity to phenol. The highest selectivity to phenol was

found with [Cu(bipy)3]Cl2 (entries 1 and 2) at much lower

conversions. The phen complexes are more active to ben-

zene oxidation, but with lower selectivities.

Analyzing the results in Table 1, it is possible to observe

that the three Cu(II) bipy complexes showed practically the

same activity, with a smooth tendency to decrease con-

version and increasing selectivity to phenol with increasing

number of ligands (Table 1, entries 1–6). The same

behavior was observed for the phen complexes (Table 1,

entries 7–12). The most active complex was [Cu(phen)Cl2]

(entry 12) with a 22% of conversion (entry 12). It was

obtained a 15% of conversion when using the

[Cu(phen)2Cl]Cl complex (entry 10) and 12%, with

[Cu(phen)3]Cl2 (entry 8). Therefore, it is possible to relate

the catalytic activity of the complexes with the number of

ligands coordinated to the copper ion. These results are

similar to those published by Canhota et al. [10]. The low

conversion values obtained for the complex 1 could be

probably due to the full-filled coordination positions

around the copper center, where the ligands are strongly

coordinate to the metal. The saturation of the first coordi-

nation sphere also obstructs the access of the oxidant or the

electron transfer to the metal center, and consequently, the

oxidation does not take place so efficiently. Another pos-

sibility is that the stabilization of the copper oxidation state

(Cu2?) by the tris-ligands, seriously hinders a rapid elec-

tron transfer, which is necessary for the oxidation. On the

other hand, complexes [Cu(L)2Cl]Cl and [Cu(L)Cl2] that

have vacant and more labile positions occupied by the

chloride ions are more susceptible to suffering rapid elec-

tron transfer. In these cases, although possible, a

mechanism of inner sphere electron transfer is unlikely to

occur due to an inherent difficulty of to have a link between

complex and substrate. Although the complexes with only

one ligand (3 and 6) showed higher conversions, com-

plexes with three ligands (1 and 4) coordinated to the metal

ion showed higher selectivity values. So it was demon-

strated in the present paper the general expectation where

minor conversion values result in greater selectivities.

In order to evaluate the selectivity and conversion

dependence on time, tests were carried out using H2O2 as

Table 1 Results for the benzene oxidation catalyzed by Cu(II) complexes and hydrogen peroxide after 24 h

Entry Catalyst T (�C) Conversion (%)a Selectivity (%)b TONc

Phenol BQ HQ

1 [Cu(bipy)3]Cl2 25 4.0 100 0.0 0.0 44

2 [Cu(bipy)3]Cl2 50 7.0 100 0.0 0.0 77

3 [Cu(bipy)2Cl]Cl 25 5.0 59 0.0 41 55

4 [Cu(bipy)2Cl]Cl 50 8.0 77 23 0.0 88

5 [Cu(bipy)Cl2] 25 4.0 49 17 34 44

6 [Cu(bipy)Cl2] 50 9.0 59 0.0 33 99

7 [Cu(phen)3]Cl2 25 4.0 85 15 0.0 44

8 [Cu(phen)3]Cl2 50 12.0 64 20 0.0 132

9 [Cu(phen)2Cl]Cl 25 6.0 40 13 38 66

10 [Cu(phen)2Cl]Cl 50 15.0 57 0.0 14 165

11 [Cu(phen)Cl2] 25 8.0 34 41 25 88

12 [Cu(phen)Cl2] 50 22 48 0.0 35 242

Yields percentage was calculated according to the formula AreaðproductÞ=½Areaðsubstrate þ productsÞ� � 100. All chromatographic data were

corrected considering the corresponding response factors of benzene, benzoquinone and hydroquinone
a Conversion percentage was calculated according to the formula AreaðproductsÞ=½Areaðsubstrate þ productsÞ� � 100
b Selectivity percentage was calculated according to the formula Yield=Conversion� 100
c Turnover number (TON) was calculated according to the formula no: of molsproducts=no: of molscatalyst
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oxidizing agent. It was observed that higher yield values

were obtained with greater reaction times. However,

byproducts formation competed with the phenol produc-

tion. This was due to the fact that the oxidation products

are more easily oxidized than the substrate. Table 2 shows

the progress of the reaction along the time for complexes 1

and 4. It is possible to observe the conversion grow up with

the reaction time and the reaction can continue after 24 h,

which indicates that the catalyst remained active until this

time. So, it would be possible to get higher conversions, at

higher reaction times.

The Cu(II) phen complexes showed higher conversions

than the Cu(II) bipy complexes. However, they were not

very selective for benzene oxidation into phenol, leading

preferentially to hydroquinone and 1,4-benzoquinone.

Temperature has an important role in the benzene con-

version into phenol, increasing conversion and selectivity

of the reaction. In the reactions using bipy complexes, it is

possible to observe a 7% conversion with 100% selectivity

to phenol at 50 �C (entry 1), and 4% at 25 �C (entry 2). The

reactions using the complex 6 as catalyst confirm the

importance of the temperature in the conversion. Conver-

sion values around 8% were obtained at 25 �C, but in the

same reaction submitted to 50 �C the conversion had a

threefold increase (entries 11 and 12).

The turnover number (TON) is a measurement of the

efficiency of the catalyst (number of moles of substrate per

mol of the catalyst). Table 1 shows TON for each catalyst

at 25 and 50 �C. For every reaction condition, the TON

increases as expected when higher temperature is used.

This result ratifies the importance of the temperature con-

trol in the catalyst activity.

The fact that the ligands do not appear to suffer oxida-

tion during the reactions reinforce the biomimetic nature of

these catalysts since it is very unlikely to observe autoox-

idation of monooxygenases.

4 Conclusions

The mononuclear complexes 1, 2, 3, 4, 5 and 6 used as

catalysts were active in benzene selective oxidation. The

complexes 3 and 6 presented better conversions than 1, 2, 4,

and 5. However, the highest selectivity was obtained with

complexes that have three ligands coordinated to the metal

ion, complexes 1 and 4. Complexes with phen ligands (4, 5,

and 6) showed the highest conversions, but low selectivity to

phenol. The system composed by the complex number 1 and

the hydrogen peroxide as oxidizing agent showed good

results with conversions of about 7% and selectivity of

100%. In general the present results were better than that

previously obtained by our group in the oxidation of benzene

with biomimetic complexes analogous to pMMO [18, 31].
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