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A new and simple system performs the hydroxylation of a number of aromatic compounds with moderate yields; a 
mechanism involving transitory formation of electrophilic FelV 0x0 (ferryl) species is proposed and discussed. 

Cytochrome P-450 enzymes represent an extraordinarily been explored to understand better this monooxygenases 
versatile class of biological iron-containing oxidation catalysts catalytic cycle as well as to  develop new synthetic methods; 
which are responsible for the metabolism of both endogenous high catalytic turnovers and remarkable regio- and stereo- 
and exogenous lipophilic substrates1 . In recent years several selectivity have recently been reported for alkene epoxida- 
models which mimic the activity of cytochrome P-450 have tions and alkane hydroxylations.2 On the other hand, the 
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hydroxylation of aromatic substrates has not been the centre 
of interest in studies with P-450 model compounds. Thus, no 
major advance has been made since the results obtained with 
systems like Fenton's,3 Udenfriend's,4 Ullrich'ss or 
Mimoun's.6 The Gif system, discovered by Barton et al.,7 
which is very efficient with hydrocarbons as a model of alkane 
monooxygenase, provides only traces of phenol from ben- 
zene.8 Some porphyrin systems are able to hydroxylate 
aromatic compounds, but the yields are moderate and no 
selectivity is observed.9 

In this communication we describe a new and quite simple 
system where dioxygen is reductively activated by iron( 11) 
generated by corrosion of FeO in acetic acid, and in which 
several aromatic compounds are hydroxylated according to 
Scheme 1, with satisfactory yields. In a typical experiment, 
iron rods (43 mmol) and the substrate (10 mmol) were stirred 
in acetic acid (20 ml) under a dioxygen atmosphere at 90 "C, 
until the iron had been completely consumed. The brown 
precipitate of iron(m) acetate was discarded and the acidic 
mixture worked up for analysis. In the absence of dioxygen no 
products were detected; iron(Ir1) acetate in acetic acid at 90 "C 
under 02, in the absence of FeO, does not give any detectable 
oxidation. 

The hydroxylation of various substrates is reported in Table 
1. Moderate yields and selectivities are obtained with benzenic 
hydrocarbons la-d. Higher conversions, yields and selectiv- 
ities are observed for substrates bearing n-electron donating 
substituents (le,f and 1,3,5-trimethoxybenzene). Anisole l e  
and acetanilide If give mainly ortho- and para-phenols in 
equal amounts (after correction due to the statistical factor); 
the corresponding meta-isomers are more oxidisable in the 
reaction medium than the ortho- and para-phenols, but this 
greater oxidisability cannot alone account for the low propor- 
tion or the absence of the meta-substituted phenols (as shown 
by preliminary stability studies). With strong n-electron- 
acceptor substituents (nitrobenzene and acetophenone, lg, h), 
the oxygenation is more difficult to achieve and conversion is 

X X X X X X 

1 2 3 4 5 6 

Scheme 1 Conditions: Fe0-O2-AcOH, 90 "C 

Table 1 Hydroxylation of aromatic compounds with Fe0-O2-AcOH 

lowered, meta-phenols being chiefly obtained. Phenols arising 
from hydroxylation are more reactive than the starting 
substrates, so in most cases dihydroxy compounds (mainly as 
hydroquinones) are isolated, especially from benzene and 
toluene. Interestingly, with [4-2Hl]toluene l c ,  an NIH shift of 
deuterium, typical of aromatic hydroxylation by P-450 mono- 
oxygenases,lO is observed (Scheme 2, path ii + iii). Analysis of 
p-cresol indicates a retention of 26% of the initial deuterium in 
the rneta-position, i.e. a ratio of 4c to 5c of 2.8 (26% = 22/85 
and 2.8 = 74/26, where 85% is the deuterium content of 
starting toluene). A much less common methyl NIH shift11 is 
also observed from p-xylene ld; 0.3% of 5d could be 
determined besides 5.3% of the 'normal' hydroxylation 
product, 2d, i.e. 5% of methyl migration. Finally, oxidation of 
a 1 :  1 mixture of normal and perdeuteriated toluene was 
carried out. No significant nuclear isotope effect (kH/kD = 
1.02 k 0.02) was associated with the ortho-, meta- and 
para-hydroxylations of toluene. A similar result was pointed 
out by Jerina et al. 12 during formation of phenols by hepatic 
monooxygenases. 

1 A*H/ /- Fe(0Ac)g 

5 

Scheme 2 Proposed para-hydroxylation mechanism by ferry1 species 

Total yield of Yield (%)" 
Substratef Conversion hydroxylation 
1 X Y (%)" (YO))" 2 3 4 5 6 
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Conversion and yields (based on starting materials) are determined by GLC; value in brackets is yield based on substrate reacted. Isomer 
distributions for monophenols are in italics. With methyl substituents benzylic oxidation was observed, yielding 3.4 and 11.2% of 
additional products for l b  and If respectively. c In  addition, 5.2% of the 0-demethylation phenol was observed; this important reaction 
is developed elsewhere. d No starting material was recovered after workup. e Not determined. f 1,3,5-Trimethoxybenzene afforded 27% 
(46%) of 2,4,6-trimethoxyphenol with 59% conversion. 
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These preliminary results suggest that a powerful electro- 
philic oxidizing species is responsible for hydroxylation of 
benzenic compounds via a cationic intermediate. This species 
is unlikely to be of Fenton's type (HO' radical intermediate) 
since: (i) in contrast with our data (no detectable trace of 
p-cresol), in the classical Fenton's system p-xylene mainly 
affords p-cresol (75%) by an ipso-substitution reaction,13 
without any methyl shift; (ii) nitrobenzene is found to give 
mainly the meta-isomer when the ortho- and para-positions 
are attacked under Fenton's conditions;l4 (iii) the rate of 
oxidation of anisole is not affected by addition of significant 
amounts of dioxane in the system whereas HO. readily reacts 
with dioxane. 15 

In all cases, the isomer ratios give support to the hypothesis 
of a strong electrophilic oxidant.16 

Formation of an electrophilic intermediate, FeIV=O 
(ferryl), first proposed by Bray and Gorinl7 in 1932, requires 
the initial production of iron(I1) acetate by corrosion of FeO in 
hot acetic acid. We postulate then, according to Hammond 
and W U , ' ~  the homolytic cleavage of an early formed 
p-peroxo-diiron(Ir1) intermediate to afford a reactive oxo- 
iron(1v) species (ferryl) [eqn. (l)]. 

2 ( A ~ 0 ) ~ F e "  + 0 2  -+ [(Ac0)2Fe~~1-O-O-Fer11(OA~)2] + 
~[(ACO)~F~~~=O+-+(ACO)~F~~~~-O'] (1) 

This short-lived intermediate could be responsible for the 
oxidation of the organic substrates according to Scheme 2 
(written for the para-hydroxylation) which is a simplification 
of the numerous potential chemical mechanisms for cyto- 
chrome P-4.50 catalysed aromatic hydroxylations. la319 The 
addition of ( A c O ) ~ F ~ I V = O  to the aromatic moiety is in 
competition with its reduction by iron(r1) to afford iron(m) 
acetate, a problem which is general for biomimetic oxidations 
in the presence of a reducing agent.20 It can explain the 
moderate efficiency of the system, since only a small fraction 
of iron (<lo%) is effective for hydroxylation. 

Further interest in this system lies in its encouraging yields 
of phenols, and its mechanistic value as a model for mimicking 
the hydroxylation of aromatic compounds by monooxygen- 
ases, since such a simple model has not so far been studied. 
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