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Hydroxylation of p-chlorotoluene with hemin- 
thiol complexes, Fenton ‘s system and Udenfkiend’s 
system was studied and the complexes assessed as 
models of cytochrome P-450 monooxygenases. Five 
species of possible hydroxylation products of p 
chlorotoluene, namely, pchlorobenzyl alcohol, 2- 
chloro-5-methylphenol, pchlorobenzaldehyde, 4- 
chloro-2-methylphenol and Schloro-2methylpheno1, 
were studied using high perfomance liquid chro- 
matography. The oxidation reactions were charac- 
terized by the yields of hydroxylation products and 
the product ratio. The system consisting of hemin 
and cysteine ethyl ester as well as Udenfriend S 
system gave relatively high hydroxylation yields and 
the former only induced a methyl migration during 
hydroxylation (methyl NIH shift). However, neither 
Fenton’s nor Udenfriend’s systems induced a methyl 
NIH shift. The hemin-thiol complex is thus con- 
cluded to be a good chemical model of cytochrome 
P-450 monooxygenases. 

induced aromatic methyl migration during hy- 
droxylation (methyl NIH shift), though the value was 
small compared with the reported values of the NIH 
shift using Ip-2H] chlorobenzene [lo]. 

Experimental 

Materials and Methods 

Introduction 

In the preceding papers [l-6] on hydroxylation 
studies of aniline, para-toluidine and acetanilide, we 
demonstrated that hemin-thiol complexes operated 
like cytochrome P-450 monooxygenases. In further 
investigations into the ability of hemin-thiol com- 
plexes to serve as models of the enzymes, we used 
another type of substrate [7], classified as a type I 
substrate to the enzymes [8]. Chlorobenzene has 
been utilized as a suitable substrate to study hy- 
droxylation by cytochrome P-450 and its model 
systems [9, lo]. However, the hydroxylation pattern 
of para(p)chlorobenzene derivatives is not yet known 
in detail. This led us to examine the hydroxylation of 
the chlorobenzene derivative. We report here our 
results on hemin-thiol activity in hydroxylation of 
p-chlorotoluene and our finding that the complex 

Hemin (Type I, bovine) was obtained from Sigma 
Chemical Co. Oxidation products of pchlorotoluene 
were purchased or prepared by synthesis in our 
laboratories. The hydroxylation system consisted of 
hemin 1 mM, thiol compound 100 mM, pchloro- 
toluene 100 mM, buffer solution (pH 3.0-3.5, 1 M 
HCl-I M CHsCOONa; pH 4.0-6.0,l M CHsCOOH- 
1 M CHsCOONa) and acetone. Hydroxylation of p- 
chlorotoluene with model systems was carried out 
as reported previously [l]. The reaction products 
were determined by high performance liquid 
chromatography using a Hitachi 635 S connected to 
an Oyo Bunko Kiki Uvilog 5111 UV-detector operated 
at 228 ML Separation of the five hydroxylation 
products and pchlorotoluene was carried out on a 
Chemco Nucleosil 5Cls column ($I 4.0 mm X 150 
mm) and its precolumn ($I 4.6 mm X30 mm) with a 
mixture of H20-CHBCN (62:38) as mobile phase at a 
flow rate of 0.5 ml min-’ at room temperature. 
Samples of 10 pl were injected. 

Results and Discussion 

*Author to whom correspondence should be addressed. 

The optimal conditions for detecting five possible 
hydroxylation products of pchlorotoluene (Fig. 1) 
were examined; they were simultaneously separated 
using the mobile phase of H20-CH,CN (62:38) on 
a Nucleosil 5Cls column. The time required for 
separation was within 30 min (Fig. 2). The amounts 
and peak-heights or areas of the five compounds were 
linearly correlated over the ranges studied (pchloro- 
benzyl alcohol [I], O-7 nmol; 2chloro-5’-methyl- 
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Fig. 1. Hydroxylation products of p-chlorotoluene by model systems of cytochrome P-450. 

Fig. 2. Chromatogram for 
products of p-chlorotoluene 

separation of hydroxylation 
. [I ] : p-chlorobenzyl alcohol; 

[II] : 2chloro-S-methylphenol; [III] : pchlorobenzaldehyde; 
[IV] : 4chloro-2-methylphenol; [V] : 5chloro-2-methyl- 
phenol. Separation conditions are described in the Experi- 
mental. 

phenol [II], O-8.2 nmol; pchlorobenzaldehyde [III], 
O-2.8 nmol; 4chloro-2-methylphenol [IV], O-9.9 
nmol; 5chloro-2-methylphenol [VI, O-5.4 nmol). 
Average recoveries [l] of the compounds were 100%. 

Under these experimental conditions, it was con- 
firmed that p-chlorotoluene was hydroxylated by the 
hemin-thiol model systems, the main products being 
[I] -[VI. The other oxidation products which were 
detected on the chromatogram depended on the 
various types of model system tested, but structures 
of these products were not investigated further. 

For the system consisting of hemin and cysteine 
ethyl ester (CysE), the assay conditions were tested 
and a pH range of 4.0-4.5 in 50% acetone was found 
to be optimal (Fig. 3). Under these conditions after a 
reaction time of 2 hours, hydroxylation of pchloro- 
toluene by various types of model system was studied 
and the results are summarized in Table I. The charac- 
teristic features deduced from the Table are that the 

3.0 4.0 5.0 6.0 

PH 

Fig. 3. pH-Dependency on hydroxylation of p-chlorotoluene 
by the hemir-cysteine ethyl ester system. Reaction condi- 
tions are as follows; hemin 1 mM, CysE 100 mM, substrate 
100 mM, solvent 50% acetone, reaction time 2 hours and 
reaction temperature 40 “C. Points represent means of at 
least two experiments. *The total hydroxylation yield is 
based on the initial amount of substrate. 

system containing thiol esters such as CysE and TGE 
showed higher hydroxylation yields than those with 
the system containing corresponding thiol car- 
boxylates such as Cys and TG, and these four systems 
induced aromatic methyl migration during hy- 
droxylation (methyl NIH shift) [ 111, which is one of 
the unusual characteristics of cytochrome P-450 
monooxygenases and can be used in evaluating chemi- 
cal models for their capacity [ 121. However, the 
system containing thioglycolate of higher alcohol 
such as octyl ester showed a low hydroxylation yield 
and induced no methyl NIH shift. The order of 
hydroxylation yield in hemin-thiol complexes 
examined was aliphatic oxidation to aldehyde [III] = 
aromatic hydroxylation [V] > aliphatic oxidation to 
benzyl alcohol [I] = aromatic hydroxylation [II] > 
methyl NIH shift [IV]. Further, the selectivity of the 
hydroxylation to ortho-position [V] (25-40%) 
rather than to mefu-position [II] (lo-23%) of the 
methyl group in p-chlorotoluene was found to be 
retained when it was compared with the result of 
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TABLE I. Hydroxylation of pChlorotoluene by Various Model Systemsa. 
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Systemb PH Conversion c 

(%/2 hrs) 
Product Ratio (%)d 

111 [III WI1 WI WI 

Hemin-Cys 4.0 0.56 ?r 0.02 5 10 56 1 28 
Hemin-CysE 4.0 1.05 + 0.07 6 23 35 3 33 

Hemin-TG 4.0 0.20 * 0.03 26 11 23 1 39 
Hemir-TGE 4.0 0.41 f 0.04 5 16 44 trace 35 
Hemir-TGO 4.0 0.25 + 0.01 10 13 53 25 

Hemin-CysE-Asc 4.5 0.42 15 19 27 40 
Fentone 4.7 0.03 + 0.02 69 7 10 14 
Udenfriendf 7.5 1.39 + 0.09 7 7 42 44 

a Abbreviations: cysteine, Cys; cysteine ethyl ester, CysE; thioglycolic acid, TG; thioglycolic acid ethyl ester, TGE; thioglycolic 

acid octyl ester; TGO, ascorbic acid, Asc; ethylenediamine tetraacetic acid, EDTA. b Concentration of components and reac- 

tion conditions were as for Fig. 3. ‘?he total hydroxylation yield is based on the initial amount of substrate. Data are means 

f S.D. for 3-4 experiments. dNumbering of the products is as for Fig. 1. eFeS04 5 mM, Ha02 50 mM and p-chloro- 

toluene 100 mM in 50% acetone-O.5 M acetate buffer, pH 4.7, under nitrogen atmosphere. fFeS04 5 mM, EDTA 20 mM, 

Asc 100 mM and pchlorotoluene in 50% acetone-O.5 Mphosphate buffer, pH 7.5, under air. 

toluene-hydroxylation by liver microsomes and 
model systems [ 131. Enhancement of hydroxylation 
yield was not seen after addition of a second reducing 
agent such as ascorbate and sodium dithionate, 
whereas enhancement was observed in the acetanilide 
hydroxylation by the same hemin-thiol complexes 
[6]. No alteration was observed upon addition of 
non-ionic detergent such as Brij 58 (data are not given 
in the Table ). 

A relatively high hydroxylation yield comparable 
to that obtained with the hemir-CysE complex was 
obtained with the Udenfriend’s system [ 141, whereas 
using the Fenton’s system [ 151 a distinctly different 
hydroxylation pattern was seen (Table I); the yield 
of hydroxylation was very low and hydroxylation to 
benzyl alcohol was abundant. 

It is known that Fenton’s system is a well authen- 
ticated source of the hydroxyl radical, *OH [16], 
whereas the active oxygen species of Udenfriend’s 
system is not likely to involve *OH, but metal- 
chelated oxygen species [ 16, 171. In the hemin-Cys 
reaction, we previously suggested that the active 
oxygen intermediate contains hemin-thiolate 
bonding rather than a hydroxyl radical, superoxide 
anion, singlet oxygen or hydrogen peroxide species 
[ 181. Judging from the results on pchlorotoluene 
hydroxylation presented here and the data cited 
above, it is indicated that the active oxygen species 
in p-chlorotoluene hydroxylation by the hemin-thiol 
model complexes involves a metal-chelation site, 
probably thiol (or thiolate)-heme-oxygen. However, 
occurrence of the methyl NIH shift in the hemin- 
thiol systems shows that its reaction mechanism is 
different from that in the Udenfriend’s system, 
which lacks the methyl NIH shift. 

It was recently reported that an oxy-radical such 
as the hydroxyl radical induced the NIH shift during 

the non-enzymatic hydroxylation of [p-*H] chloro- 
benzene in aprotic solvents [lo]. The evaluation of 
the model system which may involve either radical 
generation or oxygen species including metal- 
chelation is thought to be indispensable for under- 
standing the mechanism of cytochrome P-450 depen- 
dent monooxygenases, and is being investigated 
further. 

Adtnowledgements 

This research was supported in part by a Grant-in- 
Aid from the Research Foundation for Pharmaceuti- 
cal Sciences, a Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science and Culture 
and a Grant-in-Aid for New Drug Development from 
the Ministry of Health and Welfare of Japan. 

References 

H. Sakurai and S. Ogawa, Biochem. Pharmacol., 24, 1257 
(1975) and Chem. Pharm. Bull., 27, 2171 (1979). 
H. Sakurai and M. Kito. Biochem. Pharmacol., 25, 2133 
(1976). 
H. Sakurai and M. Kito, Biochem. Pharmacol., 24, 1257 
(1975) and Chem. Pharm. Bull.. 25, 2330 (1977). 
H. Sakurai, S. Shimomura, K. Fukuzawa and K. Ishizu, 
Chem. Pharm. Bull., 26, 1348 (1978). 
H. Sakurai, S. Shimomura and K. Ishizu, Biochem. 
Biophys. Res. Commun., 101, 1102 (1981). 
H. Sakurai, E. Hatayama and M. Nishida, Inorg. Chim. 
Acta, 80, 7 (1983). 
H. Sakurai, E. Hatayama, K. Fujitani and H. Kato, 
Biochim. Biophys. Res. Commun., 108, 1649 (1982). 
J. B. Shenkman, H. Remmer and R. W. Estabrook, Mol. 
Pharmacol., 3, 113 (1967). 



236 H. Sakurai, E. Hatayama and K. Fujitani 

9 J. Daly, D. Jerina and B. Witokop, Arch. Biochem., 
Biophyr, 128, 517 (1968); D. M. Jerina, J. W. Daly, B. 
Witokop, P. Zaltzman-Nirenberg and S. Udenfriend, 
Biochemistry, 9, 147 (1970). 

10 L. Castle and J. R. L. Smith, J. Chem. Sot. Chem. 
Comm., 704 (1978); L. Castle, J. R. L. Smith and G. V. 
Buxton, J. Mol. Gztalys., 7, 235 (1980). 

11 W. Diinges, Nature, 243, 60 (1973). 
12 D. M. Jerina, J. W. Daly, W. Landis, B. Witokop and S. 

Udenfriend, .I. Am. Chem. SOL, 89, 3347 (1967); J. W. 
Daly, D. M. Jerina and B. Witokop, Experientia, 28, 1129 
(1979). 

13 V. Ullrich, 2. Naturforsch., 24b, 699 (1969). 
14 G. A. Hamilton, R. J. Workman and L. Woo, J. Am. 

Chem. Sot., 86, 3390 (1964). 
15 R. 0. C. Norman and G. K. Radda, Proc. Chem. Sot., 138 

(1962). 
16 C. Walling and D. M. Camaioni, J. Am. Chem. Sot., 97, 

1603 (1975); C. Walling, Act. Chem. Rex, 8, 125 (1975); 
E. J. Fendler and J. F. Fendler, Prog. Phys. Org. Chem., 
7, 229 (1970). 

17 K. Shibata, H. Obata and T. Tokuyama, Agric. Biol. 
Chem., 42, 2281 (1978). 

18 H. Sakurai, Chem. Pharm. Bull., 28, 3437 (1980). 


