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Metabolite Predictions for Para-Substituted Anisoles
Based on Ab Initio Complete Active Space
Self-Consistent Field Calculations
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The cytochrome P450 mediated oxidative metabolism of a series of para-substituted anisoles
has been examined using ab initio CASSCF (complete active space self-consistent field)
calculations. On the basis of these calculations, oxidative metabolites were rationalized using
the concept of hydrogen atom abstraction, spin delocalization, and hydroxyl radical recombina-
tion, which is believed to govern part of the oxidation and oxygenation reactions catalyzed by
cytochrome P450. Spin distributions and energy differences between substrates, metabolic
intermediates, and products were calculated. A comparison of the predictions with recent
experimental findings from other laboratories supports the applicability of the currently used
computational model for predicting qualitatively the oxidative metabolism by cytochrome P450.

Introduction

Cytochromes P450 (P450)! belong to a group of iron
heme-containing proteins which catalyze oxygenation,
oxidation, and reduction reactions. Oxygenation involves
insertion of one oxygen atom from molecular oxygen into
substrates, with concomitant reduction of the other
oxygen atom to water (I). The reducing equivalents are
donated by an external donor, such as NADPH cyto-
chrome P450 reductase or NADPH cytochrome b5 reduc-
tase. The incorporation of oxygen into substrates does
not proceed spontaneously at appreciable rates as ground
state molecular oxygen is in a triplet (diradical) electronic
configuration while most organic compounds (and their
oxygenated products) are in a paired singlet electronic
configuration. During the proposed reaction between
triplet dioxygen and a singlet substrate, a short-lived
high energy (triplet) transition state is formed in which
spin-inversion (to allow spin-pairing) will normally not
be established, so no reaction will take place. However,
in the case of P450, spin-inversion is facilitated by the
iron heme group in the active site of the protein (2, 3).

P450 enzymes catalyze the oxidation and oxygenation
of a wide variety of compounds. For these reactions,
various mechanisms have been proposed in literature,
e.g., via initial hydrogen atom abstraction (2, 4—9), via
one-electron oxidation (2, 4, 5, 10), or via direct addition
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of a ferryl oxygen to a zn-bond or lone pair (11, 12).
Among others, based on large (in some cases >10)
observed kinetic isotope effects, alkane hydroxylations
are suggested to occur via initial hydrogen atom abstrac-
tion (2). On the basis of relatively low (<2) inter- and
intramolecular kinetic isotope effects, amine dealkyla-
tions are thought to occur via a one-electron oxidation
mechanism (I, 10, 13). The aromatic hydroxylation of
monofluoroanilines, however, has been suggested to take
place via electrophilic attack of the (heme-FeO)** species
on a specific carbon of the aromatic ring (12).

The chemical oxidation of several aromatic substrates
has been studied extensively. Anodic acetoxylation of
anisole (1) (Figure 1), which closely resembles an elec-
trophilic aromatic substitution reaction catalyzed by
P450, is reported to produce mainly ortho- and para-
acetylated products (I14). The chemical oxidation of
p-methylanisole (2) (Figure 1), with manganese(III)
acetate and a variety of other chemical one-electron
oxidants, primarily gives acetylation at the benzylic
carbon (14, 15), finally yielding p-methoxybenzyl acetate
(16). Shono et al. have examined the anodic oxidation of
p-cyclopropylanisole (3) (Figure 1), but no products were
reported (I17). Free radical chlorination of p-cyclopropyl-
anisole (8) has been reported to give chlorination prima-
rily at the ortho position, but also at the para position,
relative to the methoxy moiety (16).

Concerning the enzymatic P450 oxidation of aromatic
substrates, more data are available. For a series of
deuterated toluenes large kinetic isotope effects (KIEs)
have been reported (I8, 19) as well as the relative
amounts of metabolic products: benzyl alcohol (65%),
o-cresol (15%), m-cresol (5%), and p-cresol (15%) (for
toluene-dy) (I18). With increasing deuteration of the
methyl group, metabolic switching from the formation
of benzylic alcohol to cresol was observed. In a recent
study, Riley and Hanzlik investigated the metabolism of
cyclopropylbenzene and p-cyclopropylanisole (3) in rat
liver microsomes (20). The metabolites of cyclopropyl-
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Figure 1. Substrates under investigation: anisole (1), p-
methylanisole (2), and p-cyclopropylanisole (3).

benzene were found to be 1-phenylcyclopropanol, 4-cy-
clopropylphenol, and 2-cyclopropylphenol, the formation
of 1-phenyleyclopropanol being explained by a hydrogen
atom abstraction, radical recombination mechanism. The
preferred metabolic pathways of p-cyclopropylanisole
were shown to be O-demethylation (>90%) and benzylic
hydroxylation (20).

Arylcyclopropanes containing a benzylic hydrogen have
been suggested to be suitable probes for differentiating
between hydrogen atom abstraction and one-electron
oxidation mechanisms (16, 20). It is thereby assumed
that a one-electron abstraction from the 7-system does
not lead to deprotonation at the benzylic carbon, but
rather to cyclopropyl ring opening (16). No ring opened
metabolites were found for cyclopropylbenzene and p-
cyclopropylanisole. The oxygenation mechanism involved
in the benzylic hydroxylation reaction was therefore
proposed to be consistent with hydrogen atom abstraction
and radical recombination (20). The O-demethylation of
p-cyclopropylanisole and the aromatic hydroxylation of
cyclopropylbenzene, both leading to the formation of
p-cyclopropylphenol, were explained by o-hydroxylation
and a classical mechanism, respectively (20).

The research presented here describes the application
of an ab initio quantum chemistry based theoretical
approach to investigate possible P450 oxidation mecha-
nisms. The hydrogen atom abstraction, spin delocaliza-
tion, hydroxyl radical recombination mechanism, as
proposed by various authors (2, 7, 8, 21), is used to
estimate the probability of the oxygenated metabolites
of various anisoles 1, 2, and 8 (Figure 1). The compounds
investigated theoretically for this paper were selected on
the basis of the literature mentioned above. Based on
calculated energy differences between substrates, meta-
bolic intermediates and products, and spin distributions
of intermediate radicals, predictions will be done con-
cerning the most probable metabolic pathways/metabo-
lites. The influence of both substituents para to the
methoxy group upon the possible metabolic routes is
investigated.

Computational Methods

The quantum chemical program package GAMESS-UK (22,
23) was used for the ab initio calculations. The initial confor-
mation of anisole (1) was generated with the modeling package
ChemX (24). Starting from this initial conformation several
other conformations were generated manually. All conforma-
tions were optimized at the RHF (restricted Hartree Fock) level
with the STO-3G (Slater type orbitals comprized of 3 Gaussians)
(25) minimal basis set, and the lowest energy conformation was
selected. The starting conformations of intermediates and
products were constructed from the optimized geometry of the
starting compound (1). The optimized geometries of anisole (1)
and its intermediates and products were used as starting
conformations for the para-substituted anisoles (2 and 8) and
their metabolic intermediates and products.

The resulting geometries were further optimized with a
minimal (STO-3G) basis set using the CASSCF method (26—
28) starting from UHF (unrestricted Hartree Fock)-derived
natural orbitals (29, 30). In the CASSCF treatment (or more
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generally the MCSCF (multiconfiguration self-consistent field)
treatment), both orbitals and configuration coefficients are
optimized in a multiconfiguration wavefunction. This is done
in order to incorporate electron correlation in the calculations,
which is needed, for example, to describe breaking of covalent
bonds and formation of radicals (29). The calculations were
performed within a 4*4 active space (HOMO-1, HOMO (highest
occupied molecular orbital), LUMO (lowest unoccupied molec-
ular orbital), LUMO+1) for the closed shell species (starting
compounds, neutral intermediates, and products) and a 5*5
active space (HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1)
for the open shell species (radicals). The resulting CASSCF/
STO-3G optimized conformation was used to perform a single
point energy and DMA (distibuted multipole analysis) calcula-
tion (31) with CASSCF in an SV (split valence) 6-31G (32, 33)
basis set. The active space for these calculations was identical
to the active space used in the corresponding CASSCF/STO-3G
geometry optimizations.

The use of stabilization energies (heats of reaction, AHf (our
AE)) for the prediction of metabolite formation in hydrogen atom
abstraction reactions catalyzed by P450 is illustrated by Ko-
rzekwa et al. (3). They state that the rates of radical recombi-
nation reactions are fast and that the initial hydrogen abstrac-
tion is therefore expected to be virtually irreversible. The rate
limiting step in the oxidation of the substrate by P450 is
therefore assumed to be the hydrogen atom abstraction (3).
Subsequently, the relative rates of hydroxylation will depend
only on the first step, and the relative amounts of products
formed will depend primarily on the relative activation energies
for hydrogen abstractions at different sites of the molecule. As
Korzekwa et al. (3) found that a linear (Brgnsted) relationship
exists between stability of radicals (experimental bond dissocia-
tion energy data) and activation energies (AH*) of hydrogen
abstraction for similar reactions in a series of analogous
substrates, the relative order of hydrogen atom abstraction can
be obtained simply by calculating the energy difference between
a compound and its potential radicals (AE). The relatively
tedious task of searching for and optimizing transition states
can thus be avoided (3, 34). On the basis of these observations,
the pathways having the most negative AE values in our
calculations will indicate the most likely sites for hydrogen atom
abstraction. The probability at which radical recombination will
occur will depend on the distribution of the unpaired electron/
spin: sites with a high percentage of the unpaired spin are the
most predominant targets for hydroxyl radical recombination,
assuming some translational freedom for the formed radical in
the active site. So metabolite predictions will depend at least
on two phenomena: sites of hydrogen atom abstraction (depend-
ing on the stabilization energies) and sites for radical recom-
bination (depending on spin distribution in the radical inter-
mediate).

In the case of enzymatic P450 hydroxylation reactions, the
oxygen atom which is inserted into the substrate is supposed
to be an activated oxygen bound to the ferric heme iron. In our
calculations a single singlet state (in order to comply with
conservation of spin) oxygen atom was used as a simplified
model for the active site of cytochrome P450 (containing an
iron—porphyrin—oxygen moiety). This simplified model reduces
the computational efforts required for the calculations signifi-
cantly. Of the different single oxygen species 150, 1O, and 3P0
(with ab initio energies of —74.576, —74.696, and —74.777 au,
respectively (RHF/SV 6-31G)), 180 was used in the calculations.
Several years ago, Pudzianowski and Loew indicated a prefer-
ence for %P0 as a model for P450 over 30 using MINDO/3
calculations (35). This assumption however ignores the require-
ment for conservation of spin. Despite obvious limitations in
mimicking P450 oxidations with small molecule gas phase
systems, these calculations are useful for several reasons (3,
34): (1) The active site of the enzyme is thought to be mainly
hydrophobic in nature, which can be approximated by gas phase
calculations; (2) most P450 oxidations are thought to involve
radical reactions; therefore, charge stabilization by the apopro-
tein may not be significant during the reaction; (3) the often
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Scheme 1. Metabolic Pathways of Anisole (1) Oxidation via the Hydrogen Atom Abstraction, Spin
Delocalization, Radical Recombination Mechanism
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Scheme 2. Metabolic Pathways of p-Methylanisole (2) Oxidation via the Hydrogen Atom Abstraction, Spin
Delocalization, Radical Recombination Mechanism

. CHs T
O
CH
HzC=®—o’ ° s +OH
CHy CH,
e @
2 L _
1 _ -
+150 BH,
s
] 6 +OH
CHz
ar
5 i

CHa
HOH,C (e}
"
HoH HO,
CH, CHy
Hzc (o] —— ch (o}
12 15
0O-CH,
H,C — HC
OH
13 16
,CH,0H H
HaC o ——  HC o
17

14

)

o + HO'CHS

+ H,C=0

Scheme 3. Metabolic Pathways of p-Cyclopropylanisole (8) Oxidation via the Hydrogen Atom Abstraction,
Spin Delocalization, Radical Recombination Mechanism
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broad regio- and stereoselectivity observed by P450s suggests
that oxidation of the substrate mostly is “chemical like” and does
not strictly require specific interactions of the substrate with
the apoprotein. As no description of the active site can be
included in the calculations as yet, no specific conclusions
concerning isoenzyme differences can be drawn.

Results and Discussion

The purpose of this study is to rationalize and/or
predict the most probable metabolites of hydroxylation
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by P450 for a series of para-substituted anisoles. The
influence of substituents para to the methoxy group at
the aromatic ring upon various possible oxidative meta-
bolic routes is investigated. In Schemes 1—3, the oxida-
tive metabolic pathways of anisole (1), p-methylanisole
(2), and p-cyclopropylanisole (8) hypothetically possible
via the hydrogen atom abstraction, spin delocalization,
hydroxyl radical recombination mechanism are shown.
Direct aromatic hydroxylation has not been taken into
account. Abstraction of a hydrogen atom from an aro-
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Figure 2. Optimized geometries of p-cyclopropylanisole (3), radicals 7 and 8, intermediates 19 and 21, and metabolite 22 (see also

Scheme 3).

matic ring is energetically unfavorable compared to
hydrogen atom abstraction from an aliphatic carbon; for
example, hydrogen atom abstraction from the methoxy
carbon atom of anisole is 50.9 kJ/mol (RHF/SV 6-31G;
data not shown) more favorable than hydrogen atom
abstraction from the para position of the aromatic ring
of anisole (1). Furthermore, the hydrogen atom abstrac-
tion from the benzylic position of 2 and 8 is respectively
74.5 and 33.0 kdJ/mol (RHF/SV 6-31G; data not shown)
more favorable than hydrogen atom abstraction from the
aromatic ring at the ortho position relative to either the
methyl or the cyclopropyl group. The energy differences
for primary hydrogen abstraction will, however, not rule
out direct aromatic hydroxylation.

Calculated Conformations. The three parent com-
pounds (1—3) were found to have minimal energy con-
formations in which the methoxy group is coplanar with
the aromatic ring. Cyclopropylarenes exist in either one
of two possible conformations, i.e., bisected? or perpen-
dicular? (36, 37). For cyclopropylbenzene the calculated
semiempirical energy difference between these two con-
formations is only 4.6 kJ/mol in favor of the bisected
conformation, and the cyclopropyl group is essentially
freely rotating (37). The estimated experimental value
of the energy difference between these conformations is
about 5.9 kJ/mol (38), with the bisected? conformation
being the most favorable one. The ab initio calculated
lowest energy conformation of p-cyclopropylanisole (3),
however, is such that the cyclopropyl group is in a
perpendicular? conformation (Figure 2: 3a), while the
bisected? conformation with the methoxy group posi-
tioned trans relative to the cyclopropyl moiety (Figure
2: 3b) is 5.5 kJ/mol higher in energy.

2 The nomenclature used is derived from Tanko et al. (36) with
bisected (8 = 0°) and perpendicular (8 = 90°), where © represents
the angle defined by the cyclopropyl methine C—H bond with respect
to the aromatic plane. As in some radicals the methine hydrogen has
been abstracted, the system using the angle © has not been used. The
desiggatiﬂns perpendicular and bisected, however, have been main-
tained.

The radical formed upon abstraction of a hydrogen
atom from the benzylic carbon position of p-methylanisole
(2) (to yield 5, Scheme 2) appears to have a planar
geometry. This calculated geometry is in accordance with
the findings of Pacansky et al. for a benzylic radical (39).
Calculations showed that the p-methoxyphenyl cyclopro-
pyl radical is in a perpendicular-like? conformation
(Figure 2: 7). The geometry of the radicals formed upon
abstraction of a hydrogen atom from the p-methoxy group
of 1-3 (i.e., 4, 6, and 8, Schemes 1, 2, and 3, respectively)
mimics the geometry of the corresponding parent com-
pound (1, 2, and 3), e.g., with respect to the cyclopropyl
part (compare Figure 2: 3b and 8).

The geometries of the aromatic intermediates and
products of 3 (18, 21, 22, and 24: Scheme 3) are such
that the cyclopropyl group is in the bisected? conforma-
tion (see, e.g., 21 and 22 in Figure 2) with sterically
possible interfering substituents pointing in different
directions (e.g., 22, Figure 2). In the case of hydroxyla-
tion at the methoxy group (9, 14, and 21), the methoxy
group is rotated out of the aromatic plane (compare
Figure 2: 3 and 21), the dihedral angle (t = Crethoxy—
Onethoxy—Cring—Cring) being considerably larger in the
p-cyclopropylanisole intermediate 21 (z = 108.7°) than
in the p-methylanisole intermediate 14 (z = 2.0°). In the
case of nonaromatic intermediates in which a double bond
connects the para substituent to the ring (12 and 13,
Scheme 2, 19 and 20, Scheme 3) the methoxy group is
rotated out of the plane of the 6-membered ring (e.g.,
Figure 2: 19; r = 75.5°).

Energy Differences, Radical Spin Distributions,
and Product Predictions. Table 1 presents the sta-
bilization energies (AE) of the respective hypothetical
reactions given in Schemes 1, 2, and 3. Figure 3 shows
the unpaired spin distributions of radicals 4—8. Follow-
ing the lowest energy pathways through Schemes 1-3
and looking at the spin distributions of the radicals,
predictions have been made concerning the most likely
oxidative metabolites, a procedure which has already
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Table 1. Stabilization Energies (CASSCF/SV 6-31G Energies of CASSCF/ST0-3G Optimized Geometries)

H-abstraction recombination subsequent reaction
reaction AE (kd/mol) reaction AE (kd/mol) reaction AE (kd/mol) AE jveran (kd/mol)
1—4 -387.5 4—9 —-216.7 9—10 -96.4 -700.6
2—5 —439.0 5—11 —-178.5 —-617.5
5—12 —67.0 12—15 —-132.5 —-638.5
5—13 -109.4 13— 16 -62.5 -610.9
2—6 -376.4 6—14 —-263.1 14— 17 -50.1 —689.6
3—17 —-397.4 7—18 —-225.3 —628.2
7T—19 -70.5 19 — 22 -160.5 —633.9
7—20 —98.7 20—23 —83.1 —584.7
3—8 —-385.9 8—21 -231.1 21 — 24 —-80.0 -702.5
-0.15 -0.12 tively) will mainly occur at the benzylic carbon atom,
0.08 -0.02 0.20 -0.01 A .
& ,CHa ( ,CH, yielding products 11 and 18, respectively, and to some
H%C O (minor) extent at the ortho and para positions in the
73 0.01 L i
0.3 -0,10‘) 0.08 _0.053 aromatic ring, yielding 15 and 16, and 22 and 23,
5 o22 0794 008 respectively. Products 15, 16 and 22, 23 are therefore
predicted to be minor oxidative metabolites of 2 and 3,
-0.04 respectively. As 16 and 23 are alkylating agents like
0.97 ogs';' 0.67 N-acetyl-p-benzoquinone imine (NAPQI) (41, 42), they
@_ O,CHz ~,C-H H ,CHa may lead to inactivation of P450. Intermediates 13 and
) 01 HsC o%e ) (g o1 20 resemble the hypothetical intermediates formed dur-
0b2 0.01 ‘ ing the activation of phenacetin (8).
4 6 8 0.02

Figure 3. Spin distributions (= 1%) in the intermediate radicals
(a-spin). Negative values indicate S-spin.

successfully been used to predict the oxidative metabo-
lites of paracetamol (7) and phenacetin (8).

Schemes 2 and 3 and the corresponding energy differ-
ences in Table 1 reveal that hydrogen atom abstraction
from the benzylic C,-atom of the para substituent is
favored over hydrogen atom abstraction from the meth-
oxy group in 2 and 3 (62.6 and 11.5 kJ/mol, respectively;
Table 1). For 1 only hydrogen atom abstraction from the
methoxy group is possible (Scheme 1) as there is no
hydrogen containing para substituent. Following the
energetically most favorable pathways for hydrogen atom
abstraction leads to abstraction from the methoxy moiety
for 1 and hydrogen abstraction from the benzylic C,-atom
for 2 and 3 (Table 1).

The spin distribution of the resulting methoxy radicals
(4, 5, and 7, Schemes 1, 2, and 3, respectively) gives an
indication of the relative amounts of metabolites formed.
In all radicals (4—8) the unpaired spin remains mainly
localized at the atom from which the hydrogen atom is
primarily abstracted (see Figure 3). When a hydrogen
atom is abstracted from a methoxy group, localization of
unpaired spin is pronounced (1: 97%, Figure 3). How-
ever, when a benzylic hydrogen atom is abstracted (2 and
3), the unpaired spin delocalizes to some extent to the
ortho and para carbon nuclei in the aromatic ring (o-
spin: 11-16%, Figure 3: positive sign (40)) and, appar-
ently, to some extent to the meta and ipso atoms of the
aromatic ring as $-spin (see Figure 3: negative sign). The
B-spin density at the ipso position, not indicated in
Schemes 2 and 3, in principle could after recombination
lead to a diradical intermediate. This intermediate
would consecutively rearrange to products 11 and 18,
respectively. Therefore, this diradical intermediate has
not been subjected to the calculations in this study.

So, radical recombination in case of 1 will mainly take
place at the methoxy carbon atom, finally yielding the
O-demethylated product 10 and formaldehyde (Scheme
1). On the basis of both the energy differences (Table 1)
and the spin distribution data (Figure 3), the radical
recombinations for 2 and 8 (Schemes 2 and 3, respec-

The O-demethylated product 24 (Scheme 3) was re-
cently detected experimentally (20). The formation of the
O-demethylated products 17 and 24 and formaldehyde
(Schemes 2 and 3), via the energetically relatively
unfavorable radicals 6 and 8 (2 — 6 and 3 — 8, Table 1),
and the respective carbinol intermediates (14 and 21),
is also predicted to be of minor importance. The forma-
tion of product 24 and formaldehyde via radical 8 might
however be expected to be somewhat more abundant than
the formation of product 17 and formaldehyde via radical
6, as the stabilization energies of radicals 7 and 8 are
more alike (—397.4 and -385.9 kJ/mol, respectively;
Table 1) than the stabilization energies of radicals 5 and
6 (—439.0 and —376.4 kJ/mol, respectively; Table 1).

When comparing the stabilization energies (AE) of the
formation of radicals 4, 6, and 8 (Table 1), variation of
the para substituent appears to result in small energy
differences for hydrogen atom abstraction from the
methoxy group, as well as in similar (albeit small) spin
distribution in these radicals (4, 6, and 8: Figure 3).
Comparison of radicals 5 and 7 indicates larger differ-
ences in spin distribution (Figure 3). Formation of
benzylic radical 5 is 41.6 kJ/mol more favorable than
formation of cyclopropyl radical 7 (Table 1). Spin delo-
calization is more pronounced in radicals 5 and 7 than
in radicals 4, 6, and 8 (Figure 3).

Comparison with Experimental Data. In case of
anisole (1) (as direct aromatic hydroxylation is not
considered in this study), we predict only radical 4 to be
formed, which is subsequently proposed to lead to forma-
tion of product 10 and formaldehyde (Scheme 1). Anodic
acetoxylation of anisole (1) is reported to produce mainly
ortho- and para-acetylated products (14). This is, how-
ever, not a radical reaction and therefore cannot be seen
as experimental support for the present predictions. The
chemical oxidation of p-methylanisole (2) with manga-
nese(IIl) acetate, and a variety of other one-electron
chemical oxidants, has been shown to result in acetyla-
tion of the benzylic carbon (14, 15), finally primarily
yielding p-methoxybenzyl alcohol (11) (16). Our predic-
tions are in agreement with this result (Table 1, Scheme
2). A different mechanism might be responsible for these
chemical oxidations, although not necessarily (I16).
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Recently, Riley and Hanzlik (20) investigated the
metabolism of p-cyclopropylanisole (3) in differentially
induced rat liver microsomes. The main metabolites
were found to be 18 and 24 (20). The formation of 18 is
in good agreement with our predictions (Scheme 3). Also,
the formation of 24 in appreciable amounts can be
explained when taking into account the relatively small
energy difference between the stabilization of radicals 7
and 8, and the parent compound 3 (Table 1, Scheme 3).
Experimentally, however, the amount of 24 formed (90%
of the metabolites found) exceeded the amount of 18
formed significantly (20). The same authors did not find
cyclopropyl ring opened metabolites, which is also con-
sistent with the proposed hydrogen atom abstraction and
radical recombination mechanism. The observed P450
inactivation was explained with hypothetical cyclopropyl
ring opened structures covalently binding to the protein
(20). In our concept, however, this phenomenon could
result from the minor metabolite 23, which may alkylate
P450s like, e.g., NAPQI (41, 42). The minor 4-cyclopro-
pylidene-2,5-cyclohexadien-1-one metabolite 23 was not
detected experimentally, while metabolite 22 was only
detected in SNF (S-naphthoflavone)-induced rat liver
microsomes (20).

Except for the metabolism of 3, Riley and Hanzlik also
studied the metabolism of cyclopropylbenzene in rat liver
microsomes. The experimentally observed metabolites
were l-phenylcyclopropancl, 4-cyclopropylphenol, and
2-cyclopropylphenol. A general mechanistic scheme was
presented in which the formation of 1-phenylcyclopro-
panol was explained via a hydrogen abstraction, radical
recombination reaction. However, the remaining me-
tabolites were assumed to be formed via different mech-
anisms involving direct reactions with the aromatic ring
(e.g., one-electron abstraction from the aromatic ring and
subsequent proton abstraction, direct addition of a ferryl
oxygen to a w-bond or lone pair), while inactivation was
assumed to occur via ring opened metabolites which were
not detected (20). In our concept, the formation of all
observed metabolites as well as the enzyme inactivation
could be explained solely by using the formalism of
hydrogen atom abstraction, spin delocalization, and
radical recombination. The experimental observation
was that only in SNF-induced rat liver microsomes was
the formation of 2-cyclopropylphenol (a metabolite we
would predict to be formed to a minor extent) detected,
in contrast to phenobarbital-induced rat liver microsomes.
Calculations like ours, however, cannot explain differ-
ences between isoenzymes until sterical requirements of
the active sites of the various isoenzymes are considered.
Besides the sterical influence of the enzyme on the
orientation of the substrate, the active site of isoenzyme
also might electronically influence the spin distribution
of the formed radicals. However, as yet no accurate
geometry of microsomal P450 active sites is available.

Conclusions

Anisole (1) is predicted to be metabolized, via a
hydrogen atom abstraction, spin delocalization, radical
recombination mechanism, at the methoxy carbon atom.
In case a p-methyl or p-cyclopropyl substituent is added
to obtain compounds 2 and 8, metabolism is predicted to
occur via initial abstraction of a hydrogen atom from the
benzylic carbon, forming the intermediate radicals 5 and
7 and finally yielding hydroxylated products 11 and 18.

de Groot et al.

Hydrogen atom abstraction from the methoxy group, via
radicals 6 and 8 and intermediates 14 and 21 leading to
the oxygen-demethylated products 17 and 24 and form-
aldehyde, is less favorable. Comparison of the mayor
metabolites of p-cyclopropylanisole (8) predicted to be
formed with recent experimental microsomal metabolism
data indicates that both metabolites, indicated to be most
likely according to our calculations, 18 and 24, are indeed
formed.

Combining calculated energy difference and spin de-
localization data (on parent compounds, metabolic inter-
mediates, and products) allowed a correct rationalization
of most favored products, although a quantitative mea-
sure for the relative amounts is still hard to obtain.
Hydrogen atom abstraction energies for hydrogen atom
abstraction from a methoxy group are hardly influenced
by para substitution of the aromatic ring with a methyl
or a cyclopropyl substituent. Hydrogen atom abstraction
from the benzylic carbon atom of the para substituent is
primarily determined by the stability of the radical
formed. When a hydrogen atom can be abstracted from
the para substituent giving a benzylic radical, this
pathway is favored over hydrogen atom abstractions from
other positions (like a methoxy group) according to our
calculations.
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