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ABSTRACT: Using an oxenoid model, we investigated dependences of carcinogenic
potency of the benzenes C6H5-X on a nature of substituents X. According to the model,
a P450 enzyme breaks a dioxygen molecule and generates the oxens, which readily
react with substrates. We suggest that a stability of the intermediate OC6H6-X with
tetrahedrally coordinated C atom relative to the molecule C6H5-X determines a rate of
substrate biotransformation. Using MO LCAO MNDO approach, we calculated the total
energies of molecules C6H6-X and arene oxides OC6H6-X. A difference ⌬Emin of these
values determines activation energy of oxidation reaction. The compounds with the low
⌬Emin values are noncarcinogenic. Benzene derivatives with high ⌬Emin values belong
to carcinogenic compounds series. The carcinogenicity of amino- and nitro-substituted
benzenes is also determined by N-oxidation of amino and reduction of the nitro group.
As the phenylhydroxylamines XC6H4NHOH and nitrenium ions XC6H4NH⫹ are the
common metabolites of the nitro- and amino-substituted benzenes and nitrenium ions
XC6H4NH⫹ are the ultimate carcinogens, we use the differences ⌬EN ⫽
E(XC6H4NH⫹) ⫺ E(XC6H4NHOH) as the second parameter characterizing the
carcinogenic activity of amino- and nitro-substituted benzenes. © 2009 Wiley Periodicals,
Inc. Int J Quantum Chem 110: 1402–1411, 2010
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SIMULATION OF CARCINOGENIC POTENCY OF BENZENE DERIVATIVES

Introduction

M

any chemical compounds require a biotransformation to exert the effects as the
toxicants or tumor initiators [1– 4]. Particularly, a
concept of enzymatic activation of the procarcinogens to the proximate and ultimate carcinogens has
strong basis both in in vitro and in vivo studies and
in the quantum chemical calculations of structurecarcinogenic activity relationships of the polycyclic
aromatic compounds [5, 6], of their alkyl-, nitro-,
and amino derivatives [7–9], of the haloidalkanes
and haloidalkenes [10, 11].
The oxidation catalyzed by a microsomal P450
mono-oxygenase system is a common mechanism
of the foreign compounds biotransformation. Cytochrome P450 is a very large and diverse superfamily of hemoproteins.
These enzymes have been identiﬁed from all
lineages of life, including mammals, birds, ﬁsh, insects, worms, sea urchins, plants, fungi, slime
molds, and bacteria [12]. Human cytochromes P450
are primarily membrane-associated proteins, located either in the endoplasmic reticulum of cells or
in the inner membrane of mitochondria [13–15].
The cytochromes P450 metabolize thousands of endogenous and exogenous compounds. Most cytochromes P450 can metabolize multiple substrates,
and many can catalyze multiple reactions, which
accounts for their central importance in metabolizing the extremely large number of endogenous and
exogenous molecules. In the liver, these substrates
include drugs and toxic compounds as well as metabolic products such as bilirubin (a breakdown
product of hemoglobin). Cytochrome P450 enzymes are present in many other tissues of the
body, including the mucosa of the gastrointestinal
tract, and play important roles in hormone synthesis and breakdown (including estrogen and testosterone synthesis and metabolism), cholesterol synthesis, and vitamin D metabolism [13]. Hepatic
cytochromes P450 are the most widely studied of
the P450 enzymes.
The most common reaction catalyzed by cytochrome P450 is a mono-oxygenase reaction, e.g.,
insertion of one atom of oxygen into an organic
substrate (RH), whereas the other oxygen atom is
reduced to water as follows:
RH ⫹ O 2 ⫹ 2H ⫹ ⫹ 2e ⫺ 3 ROH ⫹ H 2O.
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The benzene derivatives are known to be the
typical substrates of the cytochrome P450 mediated
hydroxylation. It is well-known that a rate of oxidation, a yield of the hydroxylated products, as
well as a toxicity of substituted benzenes depends
strongly on a nature of substituents.
In this article, we study the dependences of carcinogenicity of the benzene derivatives on the basis
of quantum chemical calculations using the socalled oxenoid model [16]. According to this model,
the P450 enzyme breaks the dioxygen molecule and
generates the active atomic oxygen species (oxens)
[17]. The oxens readily react with substrates [16,
17]. The relationships between the nature of substituents from one side and biological oxidation and
acute toxicity of the benzene derivatives from another side as well as the features of metabolism of
di- and trichlorinated biphenyls by bacteria were
studied using an oxenoid model in our recent paper
[18].
We suggest that a stability of the intermediate
OC6H5X

with one tetrahedraly coordinated carbon atom relative to the original molecule XC6H5 is a factor
determining the rate of enzyme-mediated substrate
biotransformation.

Method of Calculations
Using MO LCAO MNDO approach, we have
calculated the total energies of mono- and disubstituted benzenes XC6H5 and XYC6H4 and those of the
corresponding arene oxide intermediates. A difference between these values ⌬E determines approximately activation energy of oxidation reaction [16,
17]. In our calculations of benzene derivatives, we
have optimized the substituent geometries only.
The structure of distorted benzene ring of the intermediates OC6H5X was taken from paper [16]. The
geometry of substituents X and Y in intermediates
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OC6H5X and OC6H4XY is suggested to be the same
as in the original molecules C6H5X and C6H4XY.
The carcinogenicity of amino- and nitro-substituted benzenes is also determined by N-oxidation of
the amino group and by reduction of the nitro group.
As the phenylhydroxylamines XC6H4NHOH and the
nitrenium ions XC6H4NH⫹ are the common metabolites of nitro- and amino-substituted benzenes and the
nitrenium ions XC6H4NH⫹ are the ultimate carcinogens, we have calculated a stability of the XC6H4NH⫹
ions relative to the XC6H4NHOH molecules that is
another parameter of great importance characterizing
the carcinogenic activity of amino- and nitro-substituted benzenes.

Results of Calculations
In Table I, the calculated values of energies ⌬Emin
⫽ min{⌬E(ortho), ⌬E(meta), ⌬E(para)} for the addition of oxygen to the C atoms of mono-substituted
benzenes are presented together with the experimental data on the carcinogenic potency of benzene derivatives C6H5X. The energies ⌬E(ortho),
⌬E(meta), ⌬E(para) correspond to oxidation of the
ortho-, meta-, and para-positions, respectively. The
⌬Emin value of the benzene C6H6 is taken as the
energy reference point (⌬E(C6H6) ⫽ 0). The negative ⌬Emin values point on the stabilization of the
arene oxide derivative of the C6H5X molecule relative to that of the benzene. The positive ⌬Emin values points on arene oxide destabilization.
The data on carcinogenicity of compounds are
taken from the Carcinogenic Potency (CP) Database—a unique and widely used international resource of the results of 6,540 chronic, long-term
animal cancer tests on the 1,547 chemicals [21]. This
metadata source is quality controlled and adopts
statistical methods to determine carcinogenicity. In
the case of the absence of data on the carcinogenicity or noncarcinogenicity of a substance in the CP
database, indirect information about the carcinogenicity from a Toxnet Database [19] was used. The
Toxnet is a cluster of databases on toxic effects of
chemicals, including carcinogenicity and genotoxicity; particularly, it contains the CP Database and
compilation of all literature data.
In the Table I, the plus signs point on carcinogenic effect for rats and/or mice, the minus signs
point on the absence of carcinogenic activity.
In Table I, the calculated values ⌬Emin vary between ⫺0.80 and 0.20 eV. All the compounds in the

Table I can be divided in two groups according to
the values of the ⌬Emin as follows:
i. Molecules with the ⌬Emin ⬍ ⫺0.17 eV. The
oxidation of carbon ring of these compounds
is greatly activated relative to that of benzene
and the phenols are expected to be formed
readily. Almost all these compounds are noncarcinogenic, and oxidation of benzene ring
seems to be the detoxication reaction here.
ii. Molecules with the ⫺0.17 ⬍ ⌬Emin ⬍ 0.20 eV,
the C6H6 compound itself being in this group.
Here, the oxidation of compounds is only
slightly activated relative to that of benzene if
the ⌬Emin ⬍ 0 or even deactivated if ⌬Emin ⬎
0. There are many carcinogenic compounds in
this group. The reason is a low-rate of detoxication. Note, in a series of alkyl derivatives
with X ⫽ CH3, C2H5, C3H7, i-C3H7, and
i-C4H9, only molecules with methyl and ethyl
groups are carcinogenic probably because an
enzymatic oxidation of a long alkyl chain is
another detoxication mechanism.
In the Table II, the minimum values of ⌬E, corresponding to the addition of oxygen to all nonsubstituted C atoms of benzene ring of 50 disubstituted
benzene derivatives XYC6H4, where X and Y are Cl,
NH2, NO2, alkyl, OCH3, and CF3 groups are presented. In Table II, the calculated ⌬Emin values vary
between ⫺0.83 and 0.55 eV; that is, in a somewhat
larger range than those in the Table I. Again, all the
compounds can be divided in the same two groups
according to the values of the ⌬Emin. The boundary
value of the parameter ⌬Emin equal to ⫺0.18 eV is
virtually the same.
In the group of molecules with small ⌬Emin values expected to be readily hydroxylated, there are
only four carcinogens: the ortho- and para-dihydroxybenzenes and ortho- and para-metoxyphenols.
The carcinogenicity of ortho- and para-dihydroxybenzenes is well-known to be due to the formation of the
reactive oxygen species (ROSs) in the course of metabolism of these dihydroxybenzenes [63, 64]. According to organic chemistry data, the ortho- and paradihydroxybenzenes HOOC6H4OOH are readily
oxidized to the quinones OAC6H4AO [65]. In laboratory animals and human, this oxidation of the orthoand para-dihydroybenzenes is catalyzed by peroxidases [63]. One-electron reduction of quinones by a
NADPH-cytochrome P450 reductase leads to the formation of semiquinones OAC6H4AO⫺ anion-radicals, which rapidly react with oxygen molecule with
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TABLE I ______________________________________
Energies ⌬Emin for arene oxide intermediates
formation and carcinogenic potency of benzene
derivatives C6H5X.
X

⌬Emin (eV) Carcinogenicity References

NHC2H5
NH2
OH
OCH2CH3
OCH3
OCOCH3
NHCONHCH3
NHCON(CH3)2
C6H5
CHACH2
F
i-C3H7

⫺0.80 o
⫺0.78 o
⫺0.68 o
⫺0.48 p
⫺0.39 p
⫺0.38 p
⫺0.37 p
⫺0.34 p
⫺0.17 p
⫺0.17 o
⫺0.14 o
⫺0.11 p

⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫹
⫺
⫺

C3H7
C2H5
CH3
COCH3
i-C4H9
CH2OH
H
CHO
COOH
Cl
CCl3
NO2

⫺0.08 p
⫺0.08 p
⫺0.07 p
⫺0.07 m
⫺0.06 p
⫺0.03 p
0.00
0.02 m
0.04 m
0.10 m p
0.10 m
0.20 m

⫺
⫹
⫹
⫺
⫺
⫺
⫹
⫺
⫺
⫹
⫹
⫹

[19, 20]
[19, 21]
[19, 21]
[19, 22]
[19, 22]
[19, 23]
[19, 24]
[19, 24]
[19, 21]
[19, 21]
[19, 25]
[19, 26], NTP,
1990a
[19, 27]
[19, 21]
[19, 21]
[19, 27, 28]
[19, 29]
[19, 21]
[19, 21]
[19, 21]
[19, 21]
[19, 21]
[19, 21]
[19, 21]

The letters o, m, and p indicate the oxidation positions of
compound.
See Ref. [20] for further details on the absence of mutagenic
activity in Ames Salmonella mutagenicity tests.
See Ref. [22] for further details on negative in test on inhibition of replicative DNA synthesis in V79 Chinese hamster
cells.
See Refs. [23, 24] for further details on absence of mutagenic
activity in bacterial Ames tests.
See Ref. [25] for further details on not clastogenic in the
micronucleus test in the mouse.
See Ref. [27] for further details on absence of mutagenic
activity in bacterial Ames tests.
See Ref. [28] for further details on negative results in the tests
using DNA repair-deﬁcient bacteria. U.S. EPA classiﬁes this
chemical as D—not classiﬁable as to human carcinogenicity.
See Ref. [29] for further details on absence of mutagenic
activity in the bacterial Ames tests.
a
The carcinogenic potential is judged to be limited from several
standpoints. The metabolic pathways of the compound do not
involve any suspect reactive species. Absence of mutagenic
activity both in vivo and in vitro tests, including gene mutation,
chromosomal aberration, and primary DNA damage. Only a
single test, a micronucleus assay, was mildly positive, and at a
dose that resulted in mortality in some animals. In summary,
there is not much suspicion that cumene would pose a signiﬁcant carcinogenic hazard. US EPA (United States Environmental Protection Agency) has evaluated the carcinogenicity of this
chemical as D - not classiﬁable as to human carcinogenicity.
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formation of the parent quinone and superoxide anions O⫺
2 . The latter gives ultimately another damaging ROS such as H2O2, OH 䡠 , etc [64]. The ortho- and
para-dihydroxybenzenes are considered to be the
most hazardous metabolites of benzene itself [64].
Note, the meta-dihydroxybenzene is not carcinogenic,
because this molecule does not form quinone [65] and
is characterized by a very small value of ⌬Emin ⫽
⫺0.80 eV.
The carcinogenic activity of the para-methoxybenzene with ⌬Emin ⫽ ⫺0.37 eV can be easily explained by formation of the carcinogenic para-dihydroxybenzene due to an o-demethylation reaction
[19]. o-Methoxyphenol with ⌬Emin ⫽ ⫺0.52 eV has
been found to contribute to the carcinogenic effect
of tobacco smoke in rats. o-Methoxyphenol yields
carcinogenic ortho-dihydroxybenzene in rats [19,
49].
Up to now, we considered only one possible path
of the benzene derivatives metabolism, namely that
of hydroxylation. According to our results, this
path leads to the decrease of carcinogenicity of the
compounds under consideration. However, it is
well-known [66] that the carcinogenicity of aminoand nitro-substituted benzenes is determined by
N-oxidation of the amino group and reduction of
the nitro group, respectively. The phenylhydroxylamines XC6H4NHOH are the common metabolites
of nitro- and amino-substituted benzenes. The nitrenium ions XC6H4NH⫹ formed in the course of
Bamberger rearrangement of phenylhydroxylamines (Fig. 1) or during the heterolysis of its
ethers (Fig. 2) are suggested to be the ultimate
carcinogens, because these electrophilic species
form adducts with DNA [66 – 69]. In addition to the
⌬Emin characterizing benzene ring oxidation, we shall
use the energy difference ⌬EN ⫽ E(XC6H4NH⫹) ⫺
E(XC6H4NHOH) as a parameter characterizing the
bioactivation of amino and nitro-substituted benzenes
in the course of the metabolic transformations of
amino and nitro groups. The lesser is the ⌬EN value
the more stable is the nitrenium ion relative to the
corresponding phenylhydroxylamine. Here, the ⌬EN
value for aniline (or equally nitrobenzene) is taken as
the energy reference point. In the Table III, the values
of ⌬Emin and ⌬EN parameters together with the experimental carcinogenicity data are presented. The
Figure 3 shows the carcinogenicity data in the ⌬EN ⫺
⌬Emin coordinates. One can see that there is a distinct
separation between carcinogenic and noncarcinogenic compounds. The dotted line separates the
groups of carcinogenic and noncarcinogenic compounds. Really, the noncarcinogenic compounds are
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TABLE II _____________________________________________________________________________________________
Energies ⌬Emin for arene oxide intermediates formation and carcinogenic potency of benzene derivatives
XYC6H4.
No

Substance

⌬Emin (eV)

Carcinogenicity

References

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

p-Chloroaniline
o-Aminophenol
m-Aminophenol
Resorcinol
p-Aminophenol
o-Methylphenol
m-Methylphenol
m-Chloroaniline
m-Methoxyphenol
o-Propylphenol
p-Chlorophenol
o-Aminobenzotriﬂuoride
p-Hydroxybenzaldehyde
m-Chlorophenol
p-Methylphenol
p-Propylphenol
o-Chlorophenol
Catechol
m-Aminobenzotriﬂuoride
o-Methoxyphenol
o-Nitrophenol
p-Nitrophenol
Hydroquinone
p-Aminobenzotriﬂuoride
p-Nitroaniline
m-Nitrophenol
p-Methoxyphenol
m-Nitroanisole
o, m, p-Xilene
o-Ethyltoluene
p-Nitroanisole

⫺0.83
⫺0.81
⫺0.80
⫺0.80
⫺0.73
⫺0.72
⫺0.70
⫺0.69
⫺0.69
⫺0.66
⫺0.64
⫺0.63
⫺0.61
⫺0.60
⫺0.58
⫺0.58
⫺0.58
⫺0.56
⫺0.52
⫺0.52
⫺0.51
⫺0.48
⫺0.47
⫺0.41
⫺0.41
⫺0.39
⫺0.34
⫺0.30
⫺0.18
⫺0.12
⫺0.07

⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫹
⫺
⫹
⫺
⫺
⫹
⫺
⫺
⫺
⫹
⫺
⫹
⫺
⫺

32.

m-Chlorotoluene

0.01

⫺

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

m-Dichlorobenzene
p-Chlorotoluene
o-Dichlorobenzene
o-Nitroanisole
p-Dichlorobenzene
m-Chlorobenzotriﬂuoride
o-Chlorotoluene
m-Nitrotoluene
p-Chlorobenzotriﬂuoride
o-Nitrotoluene
o-Nitrosotoluene
o-Chlorobenzotriﬂuoride

0.02
0.03
0.07
0.01
0.10
0.11
0.11
0.13
0.14
0.17
0.21
0.20

⫺
⫺
⫺
⫹
⫹
⫺
⫺
⫺
⫺
⫹
⫹
⫺

[19, 21]
[19, 30, 31, 32]
[19, 33, 34]
[19, 21]
[19, 30, 35–39]
[19, 40, 41]
[19, 40, 41]
[19, 42]
[19, 43]
[19, 44]
[19, 45]
[19, 46]
[19, 47]
[19, 45]
[19, 40, 41]
[19, 48]
[19, 45]
[19, 21]
[19, 46]
[19, 49]
[19, 50]
[19, 50]
[19, 21]
[19, 46]
[19, 21]
[19, 50]
[19, 21]
[19, 51]
[19, 21]
[19, 52, 53]
[19, 54], (Was not
reported as carcinogen
by IARC, ATSDR, NTP)
[19], (Was not reported as
carcinogen by IARC,
ATSDR, NTP)
[19, 55, 56]
[19, 57, 58]
[19, 21]
[19, 21]
[19, 21]
[19, 57]
[19, 59]
[19, 60, 61]
[19, 57]
[19, 21]
[19, 21]
[19, 57]
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TABLE II _____________________________________________________________________________________________
Continued.
No

Substance

45.
46.
47.
48.
49.
50.
51.

p-Nitrotoluene
m-Nitrochlorobenzene
m-Nitrobenzotriﬂuoride
o-Nitrochlorobenzene
p-Nitrochlorobenzene
p-Nitrobenzotriﬂuoride
o-Nitrobenzotriﬂuoride

⌬Emin (eV)

Carcinogenicity

0.24
0.26
0.26
0.27
0.37
0.48
0.55

⫹
⫺
⫺
⫹
⫹
⫺
⫺

References
[19,
[19,
[19,
[19,
[19,
[19,
[19,

21]
61, 62]
46]
21]
21]
46]
46]

See Ref. [30] for further details on ortho- and para-Aminophenols are noncarcinogenic in rats.
See Ref. [31] for further details on negative results in the Ames test on T98 strain of S. typhimurium with and without activation.
See Ref. [32] for further details on positive in sister chromatid exchange test in vitro.
See Ref. [33] for further details on negative in Salmonella mutagenicity tests.
See Ref. [34] for further details on negative in the mutation tests in Neurospora crassa.
See Ref. [35] for further details on negative results in a mutation assay involving suspension cultures and soft agar cloning.
See Ref. [36] for further details on p-Aminophenol has not been demonstrated to be carcinogenic.
See Ref. [37] for further details on p-Aminophenol produced genotoxic effects in Chinese hamster ovary and mouse lymphoma cells.
See Ref. [38] for further details on p-Aminophenol induced sister-chromatid exchange in vitro in human lymphocytes.
See Ref. [39] for further details on p-Aminophenol induced mutations in a bacterial test on E. coli with metabolic activation.
See Ref. [40] for further details on cresols can serve as tumor promoters for 9,10-dimethyl-1,2-benzanthracene resulting in an
increased incidence of skin papillomas in mice in an initiation-promotion study.
See Ref. [41] for further details on o-, m-, p-cresols are not mutagenic for Salmonella typhimurium. A 2-year feeding study with a
mixture of m- and p-cresol found no evidence of neoplastic effects in male rats. In female mice that received mean doses, the
incidence of squamous cell papilloma of the forestomach was signiﬁcantly increased only in the high dose group. No other signiﬁcant
neoplastic effect was reported in mice.
See Ref. [42] for further details on negative results in the mutation Salmonella/microsome preincubation assay.
See Ref. [43] for further details on negative results in the mutation Salmonella/microsome preincubation assay.
See Ref. [44] for further details on absence of mutagenic activity in bacterial Ames tests.
See Ref. [45] for further details on 2-Chlorophenol may have tumor promoting capability, but is not a complete carcinogen. In general,
chlorophenols have been negative for mutagenicity in most prokaryotic assays and induced no increased incidence of sister
chromatid exchanges in mouse testicular or bone marrow cells. The International Agency for Research on Cancer (IARC) has
determined that the chlorophenols as a group, are possibly carcinogenic to man, but from these 8 chlorophenols only 2,4,6trichlorophenol is a probable carcinogen.
See Ref. [46] for further details on absence of mutagenic activity in microbial short-term assays.
See Ref. [47] for further details on absence of mutagenic activity in bacterial Ames tests.
See Ref. [48] for further details on p-Propylphenol is not suspected to be a carcinogen.
See Ref. [50] for further details on neither isomer induced tumors.
See Ref. [51] for further details on absence of mutagenic activity in the bacterial Ames test and REC assay.
See Ref. [52] for further details on evidence suggesting lack of carcinogenicity of vinyl toluene in experimental animals.
See Ref. [53] for further details on o-Vinyl toluene has been identiﬁed as a biodegradation product of o-ethyltoluene.
See Ref. [54] for further details on p-Nitroanisole has been found to be mutagenic in the Ames test, both with and without metabolic
activation, induce chromosomal aberrations in rat liver cells in vitro.
See Ref. [57] for further details on ATSDR and U.S. EPA have evaluated the carcinogenicity data for 1,3-dichlorobenzene. EPA
classiﬁes this chemical as D—not classiﬁable as to human carcinogenicity.
See Ref. [59] for further details on not mutagenic in Ames Salmonella/microsome assay.
See Ref. [60] for further details on absence of genotoxic effect in the tests on various strains of Salmonella and mouse lymphoma
cells, in a test on chromosomal aberrations with and without metabolic activation, in an in-vivo cytogenetic test and a cell
transformation test.
See Ref. [61] for further details on negative in unscheduled DNA synthesis assay in primary rat hepatocytes.
See Ref. [62] for further details on negative in chromosome aberrations and sister chromatid exchanges in Chinese Hamster ovary
cells.
See Ref. [63] for further details on absence of mutagenic activity in the bacterial Ames tests.

located in the region of negative ⌬Emin values. This
region corresponds to the absence of carcinogenic
activity due to a high-rate of hydroxylation. In the
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region of positive ⌬Emin values, the lower values of
⌬EN correspond to carcinogenicity due to a high-rate
of nitrenium ions formation. The carcinogenic com-
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FIGURE 1. Bamberger rearrangement.

pounds are located mainly in the region of ⌬Emin ⬎ 0
and ⌬EN ⬍ 0. The compounds 3 and 4, located in the
region of positive ⌬EN values are carcinogenic only at
high doses and only for mice. The carcinogenic effect
of compound 12 shows itself also only at high doses
and is observed only in one target organ in female
rats.
In the terms of linear discriminant analysis [70],
a canonical linear discriminant function as follows:
D ⫽ 0.50 ⫺ 1.35⌬E N ⫹ 2.80⌬Emin
was obtained. Wilks’ Lambda equals to 0.601, P ⬍
0.01. Using the prior probabilities proportional to
the dimension of groups, we obtained the classiﬁcation functions as follows:
S 1 ⫽ ⫺ 1.41 ⫺ 0.71⌬E N ⫹ 1.95⌬Emin
S 2 ⫽ ⫺ 0.90 ⫹ 1.584⌬E N ⫺ 2.80⌬Emin

droxylation of aromatic compounds. The structures
and the mechanisms of action of the different P450s
have been well-studied experimentally. Particularly, the X-ray crystallography and spectroscopy
data show that the different P450s have the active
sites with somewhat different size, structure, and
reactivity; however, the cytochromes P450s show
overlapping substrate speciﬁcities, and individual
enzymes can interact with numerous structurally
diverse substrates [71–74]. This justiﬁes our approximate approach, in which we neglect the variations
of structure of different P450s families and their
reactivity with different substrates, the suggested
geometry of tetrahedral intermediate being consistent with the X-ray data, where the cytochrome
P450-substrate complexes were detected.
In summary, taking into account our previous
results [18], we conclude that the oxenoid model
together with semiempirical quantum chemical calculations can reasonably explain the in vivo and in
vitro experimental data on the positions of the enzyme-mediated oxidation, rate of substrate biotransformation, as well as toxicity, and carcinogenicity of the mono- and disubstituted benzene
derivatives.
These simple calculations provide insight into
the mechanisms of toxicity and provide criteria for
separating chemicals in this class by their potential
toxicity.
The further developments should include the
studies of important effects of the cytochromes
P450s speciﬁcities. It is really unclear if the arene
oxides that are most stable ones in vacuum and
even are observed in vitro [74] will be formed in
vivo.

Using these functions, 84.6% of compounds were
correctly classiﬁed as carcinogens or noncarcinogens.

Discussion and Conclusions
The cytochromes P450s are the principal drugs
and toxicants metabolizing mono-oxygenases expressed particularly in the human liver. These enzymes contribute most extensively to the biotransformation of xenobiotics to more polar metabolites
that are more readily excreted. On the other hand,
cytochromes P450s are also of great importance in
the bioactivation of mutagens and carcinogens, including the N-hydroxylation of arylamines and hy-

FIGURE 2. Formation of arylnitrenium ions through
heterolysis of phenylhydroxylamine esters.
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TABLE III ____________________________________________________________________________________________
Energies ⌬Emin for arene oxides formation, the energy differences ⌬EN of nitrenium ions and
phenylhydroxylamines and carcinogenic potency of nitro and aminobenzenes.
No

Substance

⌬Emin (eV)

⌬EN (eV)

Carcinogenicity

References

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Nitrobenzene
m-Nitrochlorobenzene
o-Nitrochlorobenzene
p-Nitrochlorobenzene
m-Nitrobenzotriﬂuoride
o-Nitrobenzotriﬂuoride
p-Nitrobenzotriﬂuoride
o-Nitrotoluene
o-Nitrosotoluene
m-Nitrotoluene
p-Nitrotoluene
p-Nitrobenzoic acid
o-Nitroanisole
p-Nitroanisole
p-Nitroaniline
o-Nitrophenol
m-Nitrophenol
p-Nitrophenol
m-Nitroanisole
Aniline
o-Aminophenol
m-Aminophenol
p-Aminophenol
o-Aminobenzotriﬂuoride
m-Aminobenzotriﬂuoride
p-Aminobenzotriﬂuoride

0.20
0.26
0.27
0.37
0.26
0.55
0.48
0.17
0.21
0.13
0.24
0.36
0.01
⫺0.07
⫺0.41
⫺0.51
⫺0.39
⫺0.48
⫺0.3
⫺0.78
⫺0.81
⫺0.80
⫺0.73
⫺0.63
⫺0.52
⫺0.41

0
0.30
0.20
0.22
0.58
0.71
0.81
⫺0.13
⫺0.13
⫺0.03
⫺0.12
0.37
⫺0.59
⫺0.69
0.91
⫺0.53
0.15
⫺0.54
0.10
0
⫺0.53
0.15
⫺0.54
0.71
0.58
0.81

⫹
⫺
⫹
⫹
⫺
⫺
⫺
⫹
⫹
⫺
⫹
⫹
⫹
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺

[19, 21]
[19]
[19, 21]
[19, 21]
[19]
[19]
[19]
[19, 21]
[19, 21]
[19]
[19, 21]
[19, 21]
[19, 21]
[19]
[19, 21]
[19]
[19]
[19]
[19]
[19, 21]
[19]
[19]
[19]
[19]
[19]
[19]
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