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We report upon the development of new catalytic systems for the selective hydroxylation of 
benzene under mild conditions. These involve the use of surfactant-transition metal salts and 
hydrogen peroxide. 

The development of catalytic systems for the direct introduction of hydroxyl 
group into an aromatic ring has been attracting the attention of numerous 
researchers for a long time [1-7]. However, in the majority of cases, the selectivity 
of hydroxylation and the product yield were quite low due to the radical 
mechanism of the reaction. 

Earlier, we reported the use of metal-polymer catalysts for the homogeneous 
oxidation of benzene by hydrogen peroxide [8]. The addition of polyethylenegly- 
col (PEG) to Fe(III)-HzO 2 in aqueous acetonitrile solution enhanced the yield of 
phenol and the reaction selectivity. This was evidently due to the creation of the 
concentration gradient of the initial substances (benzene and hydrogen peroxide) 
and the catalyst in a polymer globule. The heterophase hydroxylation in the 
presence of surfactants is supposed to lead to a further increase in the phenol 
yield and in the selectivity of the process. 

The hydroxylation of benzene by hydrogen peroxide in a two-phase system 
(water-substrate) has been studied. The catalysts were prepared using salts and 
complexes of Fe(II), Fe(III), Cu(II), Cu(I), Pd(II), Ni(II), Pt(II), Co0I ) and 
Rh(III). As components of the catalytic systems, we used surfactants-quarternary 
ammonium salts (cetyltrimethylammonium bromide (CTMAB), tetrabutylam- 
monium bromide (TBAB), tetrabutylammonium chloride (TBAC), tetrabutylam- 
monium iodide (TBAI), benzyltriethylammonium chloride (BTEAC), N-cetyl- 
pyridinium bromide (N-CPB)), crown-ethers (dibenzo-18-crown-6 (DB-18-C-6), 
benzo-15-crown-5 (B-15-C-5), 15-crown-5 (15-C-5), dicyclohexano-18-crown-6 
(DC-18-C-6)), a number of polymers (polyethyleneglycols of varying molecular 
weight, polypropyleneglycol (PPG), polyethyleneglycol ethers), potassium di- 
dodecylsebacinate sulphonium salts (DDS) and natrium cetylsulfonate salts (CS). 
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Fig. 1. The dependence of the initial rates of phenol accumulation in a heterophase system in the 
presence of Fe(III)-PEG on the concentration of: a -  PEG-40000; b - C6H6; c -  H20  2 (50 ~ C; pH 

2.9). 

The reaction was carried out at 20 -60~  pH = 1.5-11.0 with intensive 
stirring. The molar ratios surfactant : transition metal ion : C6H 6 : H202 varied 
sufficiently - (5.5-9.0) : (1.0-7.0) : 300 : (150-600) respectively. 

We studied the influence of pH, temperature,  reactants and surfactants con- 
centration (fig. 1, 2) on the rate of hydroxylation of benzene. The phenol yield 
depended on the nature of surfactants and on the composit ion of transition metal 
salts and complexes (table 1, 2). 

Fe(II)-, Fe(III)-based catalytic systems with CTMAB and BTEAC as surfac- 
tants proved to be the most efficient (table 1). They induce selective oxidation of 
benzene to phenol with rather high conversion - the yield of phenol reached up 
to 80% (based on benzene). 

The use of PEG and crown-ethers in the catalytic systems instead of am- 
monium salts also gave the high yields of phenol. However, in these cases, along 
with the main product  - phenol, dioxybenzenes (mostly, pyrocatechol) were 
detected with yields up to 10%. 
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Fig. 2. The dependence  of the initial rates of the hydroxyla t ion  of benzene  to pheno l  in a 
he te rophase  system in the presence of Fe ( I I I ) -CTMAB on the concen t ra t ion  of: a - C T M A B ;  b - 

C6H 6 (50 o C; p H  2.9; [Fe(III)] = 4 .5-10 -3 mo le / l ) .  

The highest phenol  yield in Fe(I I I ) -PEG system was 50%, in Fe(III)-DB-18-C-6 
system - 60%, selectivity - 90%. The  rate of hydroxyla t ion in a heterophase 
system when using surfactants was 10-fold more  than in a homogeneous  water- 
acetonitrile m e d i u m  (fig. 1, 2). It should be also noted  that  the molar  ratio 
benzene : Fe(III) reached up to 300 under  opt imal  conditions.  

Table  1 
The  hydroxyla t ion  of benzene  by  hydrogen peroxide in a he terophase  water-benzene system in the 
presence of catalysts  Fe(I I I ) -surfac tant  (50 o C, [H202]  = 1.0 mo le / l ,  [C6H6] =1 .0  m o l e / l ,  [Fe(lII)]  
= 3 .35 -10 -  3 m o l e / l )  

N N  Surfactant  Yield of N N  Surfac tant  Yield of 
phenol  phenol  
(wt.%) (wt.%) 

1 2 3 1 2 3 

1. 8 10. TBAB 30 * 
2. PEG-40000 50 11. TBAC 35 * 
3. PEG-20000 42 12. TBAI  38 * 
4. PEG-12000 30 13. BTEAC 70 * 
5. PEG-6000 21 14. DB- 18-C-6 60 
6. PEG-sebac ina te  40 15. B-15-C-5 45 
7. PEG-monolaur i l a t e  36 16. 15-C-5 39 
8. P P G  35 17. DC-18-C-6 52 
9. C T M A B  80 * 18. DDS 45 

* Reac t ion  proceeds selectively. 
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Table  2 
The hydroxyla t ion of benzene  by hydrogen peroxide in a he terophase  water-benzene system in the 
presence of t ransi t ion metal  ion: (50 o C, C6H 6 : H202  = 1 : 1; [H202]  = 1.0 m o l e / l ;  [CTAMB] = 0.01 
moie/1;  [ M  e n+ ] = 3.35.10 -3 mole / l ] .  

N N  Trans i t ion  metal  Yield of N N  Trans i t ion  metal  Yield of 
ion phenol  ion phenol  

(wt.%) (wt.%) 
1 2 3 1 2 3 

1. - 0 6. Pd(II)  10 

2. Fe(I l I )  80 7. Pt(II)  15 
3. Fe(II) 65 8. Co(II)  10 
4. Cu(II)  30 9. Ni(II)  10 
5. Cu(I)  25 10. Rh(I I I )  15 

The rate of the benzene hydroxylation and the phenol yields increased with the 
lengthening of lipophilic chain in ammonium salts. The catalytic systems based 
o n  Fe(III) and PEG-ethers (adipinates, sebacinates, succinates, monolaurilates) 
exhibited similar activities as the Fe(III)-PEG-20000 system (table 1). 

The comparative kinetic study of the catalytic decomposition of H202 and of 
the benzene hydroxylation has revealed that the use of the diluted solutions of 
H 2 0 2  (less than 0.2 mole/l ,  fig. 1) has a low efficiency. 
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Fig. 3. The dependence of the volume of oxygen on the time of H202 decomposition at 40 o C in the 
presence of different  catalytic systems: a - Fe(III) ;  b - Fe(II) ,  C T M A B ;  c - Fe(III) ,  CTMAB,  

C6H 6 ([C6H61 = 1.0 m o l e / l ;  Fe(II I )  = 4 .5 -10 -3  m o l e / l ;  [CTMAB] = 0.09 mo le / l ) .  
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The vigorous decomposition of concentrated hydrogen peroxide solutions 
(more than 2.5 mole/ l )  at the beginning of the reaction leads mainly to the 
release of oxygen (fig. 3) and to the decrease of the conversion of benzene due to 
the non-efficient expenditure of the oxidant. An obvious destruction of the 
surfactants has been observed. 

The low value of the apparent activation energy, determined for the reaction in 
the presence of Fe(III)-CTMAB (21 k J /mole)  may be an indication of the radical 
initiation of the reaction. 

The catalytic activity of transition metal ions is strongly dependent  on pH. The 
highest phenol yields for Fe(III) and Fe(II) were achieved at pH = 2.5-3.5 for all 
surfactants independent of H 2 0  2 concentration and reaction temperature. For 
Cu(I) and Cu(II), the optimal pH value shifted to 6.0-8.0. The optimal rate of 
H202 decomposition, catalysed by these metals, is observed at the same pH-val- 
ues [8]. 

It has been shown that the highest catalytic activity is achieved when the molar 
ratio of Fe(III) �9 CTAMB is 1 �9 3. The interaction of Fe(III) arid ionic surfactants 
in aqueous and hydrochloric media was detected by the spectrophotometric 
method described in [9,10]. 

[H202], % 

4,0 

3,5 

3,0 

i 
�9 1 

! D o .  o 

2,0 ~ a  ~ ~  

D 

1 , 5  . ~ - - . . . . . ~  

T_ 5 '~ 
i 

i 

20 60 1 O0 140 180 
Time, rain. 

Fig. 4. The kinetic curves of the H202 decomposi t ion  at 50 o C in the presence of different  catalysts:  
1 thermal  decomposi t ion,  2 - Fe(III)-CS, 3 - Fe ( I I I ) -CTMAB;  4 Fe ( I I ) -CTMAB;  5 Fe(I l l ) ;  

6 -Fe ( I I )  ( [H202] 0 = 1.25 m o l e / l ;  [Fe(II)] = [Fe(III)] = 2 . 2 5 . 1 0 - 3  m o l e / l ;  [surfactants]  = 0.01 
mote / t ) .  
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The presented experimental data lead to the assumption that the hydroxylation 
of benzene by hydrogen peroxide in a heterophase system in the presence of 
surfactants and transition metal ions proceeds as a micellar catalysed process. 

The role of metal ions, in the studied systems, is in the generation of active 
intermediates for subsequent hydroxylation of benzene. 

Presumably, ionic surfactants form micelles at the concentration higher than 
the critical. The hydrophobic (hydrocarbon) nucleus of micelles in polar solvents 
(water, in particular) is capable of solubilizing benzene, which leads to the 
increase of the local benzene concentration in the solution. 

The formation of micelles in CTMAB solutions by the conductivity method 
has been studied. Fe(III)-CTMAB exhibited the highest activity in the surfactants 
concentration area (more than 0.01 mole/ l )  which was close to the micelle 
existence area in solution. 

The hydroxylation proceeds with an induction period. The addition of small 
amounts of phenol or pirocatechol (1.1.10 - 2  mole/ l )  leads to a considerable 
decrease of the induction period of the reaction and a noticeable increase in the 
initial rate of hydroxylation. 

Besides, the addition of ethylene diaminotetraacetic acid to the catalytic system 
gives the destruction of Fe(II)-Fe(III) complex with phenol or pyrocatechol and 
the reaction rate as well as the phenol yield decrease. 

Presumably, the most active forms of catalysts are the complexes of Fe(Ill) 
with pyrocatechol (or phenol) which are formed in the process of the reaction and 
are sorbed near the double electric layer of the micelle. 

Thus, the developed catalytic system based on transition metal ions and 
surfactants has been proved to be efficient in the selective hydroxylation of 
benzene to phenol under mild conditions with rather high substrate conversions. 
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