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bPhysical Faculty, Unï ersity of Sofia, Sofia 1126, Bulgaria
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Abstract

The reaction mechanism for the primary reaction step of the hydroxylation of 3-fluoro-6-methylaniline, attacked at
Ždifferent positions oxygen attack across a C]C bond and direct attack at positions para and ortho with respect to

. ythe NH -group catalysed by a high-valent ferryl-oxo porphyrin a -cation complex with H CS as an axial ligand,2 2u 3
has been investigated on the basis of electronic structure calculations in local spin-density approximation. Non-repul-
sive potential curves are obtained only in cases of direct attack at the para- and ortho-positions with respect to NH ,2
but not for epoxide formation. Comparing the potential curves for the hydroxylation at the positions para and ortho
to the NH -group, an attack at the para-position is more likely. The relative orientation of the substrate towards the2
porphyrin is essentially determined by the interaction between the substituents of the substrate and the porphyrin.
Consequently, different geometrical orientations of the substrate are obtained for hydroxylation at the para- and
ortho-positions. In both cases of direct attack the substrate plane is not parallel to the porphyrin plane. The decisive

Ž .role of sulphur in the hydroxylation is demonstrated by the participation of the S 3p -orbitals in all molecular orbitals
involved in the reaction. Q 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The high-valent ferryl-oxo porphyrin cation
w Ž . xqradical complex PorFe IV O , also denoted as

compound I, is generally taken as the common
Ž .intermediate in haem-based per oxidations and

monooxygenations. It is moreover assumed that a
compound-1-like intermediate represents also the
active species involved in reactions mediated by
cytochrome P450. Since cytochromes P450 are
key enzymes of biological oxidations of a wide
variety of xenobiotic compounds, a detailed un-
derstanding of the mechanism of hydroxylation is

w xof continuing interest 1]18 . Most of these inves-
tigations have focused on identifying possible re-
action pathways and the factors that determine
the substrate]porphyrin interaction. As to the
hydroxylation of aromatic substrates, a long last-
ing dispute concerns the involvement of epoxide
intermediates in the pathway leading to forma-
tion of phenolic metabolites. The original sugges-
tion that aromatic hydroxylation proceeds via

w xepoxide intermediates 19]21 has been chal-
lenged since the formation of meta-hydroxylated
metabolites from a halobenzene can not proceed
through epoxide intermediates. Studies on the

w xhydroxylation of deuterated bromobenzenes 22
w xand chlorobenzenes 3 provide evidence for path-

ways leading to the formation of phenolic
metabolites from halogenated benzene deriva-
tives without epoxide andror cyclohexadienone
intermediates. Rizk and Hanzlik arrived at similar
conclusions on the basis of results proving the
absence of any deuterium loss upon conversion of

w 2 xdeuterated 3,5- H -4-iodoanisole to 2-methoxy-2
w x5-iodophenol 23 . Finally, the regioselectivity of

the aromatic hydroxylation of fluorobenzenes has
satisfactorily been described within the frame of

w xfrontier orbital theory 5 . This indicates that the
site of attack by the electrophilic ferryl-oxo group
of cytochrome P450 is the site of hydroxylation.
However, unlike the aromatic hydroxylation of
fluorobenzenes, the amino substituted benzene
derivatives exhibit systematic deviations between

w xobserved and calculated regioselectivities 9 .
In order to understand the origin of these

deviations, molecular orbital calculations explic-
itly including the haem system as well as the

substrate will be necessary. In a previous paper
w x1 we have demonstrated that hydroxylation reac-
tions can adequately be described by a molecular
orbital treatment in local spin-density approxima-

w xtion 24,25 , since the reaction mechanism is
dominated by orbital interactions. Here we ex-
tend these investigations to the non-symmetric
substrate 3-fluoro-6-methylaniline, in order to ex-
amine to which extent the substituents of the
substrate influence the porphyrin]substrate inter-
action and determine the preferential substrate
orientation.

In the particular case of anilines, several mech-
anisms for the cytochrome P450 aromatic hydrox-

w xylation have been proposed 6,7,18 , such as direct
attack at the nitrogen of the amino group by
either hydrogen abstraction or single-electron
transfer to cytochrome P450, or direct attack at
one of the carbon atoms of the benzene ring
leading to the formation of aminophenols.

The aim of this paper is to determine factors
that may contribute to the regioselectivity and to
the orienting interactions between the aniline
derivative and the activated ferryl-oxo porphyrin
cofactor of cytochromes P450, as well as to eluci-
date the orbital interactions during the primary
reaction step and the mechanism of the Fe]O
bond rupture. To this end, three possible primary
reaction steps for the hydroxylation of 3-fluoro-
6-methylaniline are investigated in the present
paper, namely direct attack at the carbon atoms
para and ortho with respect to the amino group,
and epoxide formation. The haem system as well
as the substrate are explicitly included in the
calculations.

2. Procedures and methods

It has recently been shown that the energetics
of chemical reactions can theoretically be de-
scribed by local density functional methods with
results comparable to or even better than those
of Hartree]Fock calculations including many-
body perturbation corrections up to fourth order
w x26,27 . Those calculations were performed by de-
fining a certain reaction coordinate, followed by
full geometry optimization along that coordinate,
and proving the transition state by vibrational
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analysis. However, an analogous procedure would
be prohibitive in the case of the reactions investi-
gated in this work because the whole system
consisting of substrate and ferryl-oxo porphyrin
contains 60 atoms with 176 valence orbitals, and
it is an open-shell system requiring spin-polarized
calculations. Moreover, a large number of itera-
tions is generally needed until convergence of the
electron density is reached, because the occupied
and empty orbitals are energetically not well sep-
arated from each other. For these reasons, a full
geometry optimization along the reaction coordi-
nate is not feasible, so that the main purpose of
this investigation consists in understanding, at
least qualitatively, the changes that the two inter-
acting systems undergo during the process of hy-
droxylation and how the final state is reached.
Previous calculations on the hydroxylation of
monofluorobenzene by a ferryl-oxo porphyrin
have shown that valuable insight into the reaction
mechanisms can be achieved even without full
geometry optimization along the chosen reaction

w xcoordinate 1 .

2.1. Geometrical assumptions

Since gas-phase geometries for the substrate
Žmolecules 3-fluoro-6-methylaniline and 3-fluo-

.roaniline are not available, their structures have
been determined by ab-initio calculations using

w xan STO-3G basis set 28 . The dihedral angle
between the planes of benzene and NH is 618.2
The geometrical structure of the compound I
analogue is the same as in the previous calcula-

w xtions 1 . The atomic positions of the porphyrin
w xcore are derived 29 from crystal structure data

w xof free base porphine 30 by taking the average
values of equivalent bond distances and bond
angles in order to preserve the fourfold symme-
try. The iron is placed at the center of the por-
phyrin ring, resulting in an iron]nitrogen distance
of 204 pm. Analogous calculations are also per-
formed with a shorter Fe]N distance of 200 pm
to resemble more closely the situation in metallo-

w xporphyrins 31 and to check the effect of the
Fe]N bond length. The oxo]iron distance is as-
sumed to be 165 pm, consistent with structural

w xdata derived from EXAFS 32 . The geometry and
orientation of the H CSy anion, modelling the3
axial cysteinate ligand, are taken from the crystal
structure of the haemoprotein domain of

w xP450BM-3 33 with the iron]sulphur distance set
to 231 pm. The sulphur atom is tilted by 68 out of
the porphyrin normal direction towards the posi-
tive x-axis. For reasons of comparison with our

w xprevious calculations 1 , the electronic structure
of the compound 1 analogue is taken as the
Av -cationic state with parallel coupling of the2 u

Ž .ferryl iron spin Ss1 and the a -radical spin2 u
Ž .S9 s 1r2 . The notation a refers to D2 u 4 h
symmetry although the actual symmetry of the
system is lower.

In the course of the reaction both the substrate
and the porphyrin undergo deformations. As in

w xour previous calculations 1 the Fe]O distance is
increased during the reaction stepwise from 165
pm to 185 pm to account for the weakening of the
Fe]O bond along the reaction pathway while the
Fe]S distance is kept constant, and the porphyrin
core is assumed to remain planar. The substrate
is also deformed stepwise during the reaction so
that the transition state geometry of the interme-

w xdiates, as calculated by Korzekwa 2 is obtained,
namely:
Ž .i In the case of direct attack at the C -posi-4

tion para with respect to the amino group, the
next-neighbour bonds of the carbon atom under

Ž .attack C are elongated stepwise, C ]C from4 4 3
139.4 pm to 152.5 pm and C ]C from 138.0 pm4 5

Žto 152.5 pm cf. Fig. 1 for the numbering of
.atoms .

Additionally, the C ]H bond length is in-4 14
creased stepwise from 108.1 pm to 113.6 pm, and
the hydrogen atom is pushed out of the substrate
plane so that the carbon atom under attack ap-
proaches a state being near to tetrahedral
symmetry.
Ž .ii In the case of direct attack at the C -posi-2

tion ortho with respect to the amino group, the
next-neighbour bonds C ]C and C ]C are2 1 2 3
elongated stepwise from 139.5 pm to 152.5 pm
and from 138.7 pm to 152.5 pm, respectively. Also
the C ]H bond length is increased stepwise2 12
from 108.1 pm to 113.6 pm, and the hydrogen
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Fig. 1. Numbering scheme for the atoms of the deformed
3-fluoro-6-methylaniline substrate.

atom is pushed out of the substrate plane so that
the carbon atom under attack approaches a state
being close to tetrahedral symmetry.
Ž .iii In case of epoxide formation as the pri-

mary reaction step, where the oxygen attack oc-
curs across the C ]C bond, this bond length is4 5
elongated along the reaction from 138.0 pm to
152 pm, the C ]H and C ]H bond lengths4 14 5 13
are increased from 108.1 pm to 113.6 pm, and
both hydrogen atoms are moved out of the subs-
trate plane in order to simulate sp3 hybridization
state for both carbon atoms in the transition state
w x2 . In addition to these model assumptions, the
bond lengths of C and C with the neighbouring4 5
C atoms are increased to 152 pm.

The assumed reaction coordinate is the C]O
distance representing the bond to be formed dur-
ing hydroxylation. The geometry optimization
along this reaction coordinate will in general be
restricted to the variation of the relative orienta-
tion of the deformed substrate with respect to the
porphyrin.

2.2. Theoretical method

The molecular orbital calculations have been
performed within the local density approximation
w x Ž .34]36 by the self-consistent charge SCC -X a

w xmethod 24 . This approach is based on the frozen
core approximation and a model potential for the

valence electron density that enables the analyti-
cal evaluation of all angular parts of the matrix
elements and leaves only one-dimensional numer-
ical integrations for the exchange-correlation po-
tential. The population analysis is performed by
numerical integration of the electron density
within appropriately chosen atomic spheres. As a
whole, the SCC-Xa code is an order of magni-
tude faster than the X a option of GAUSSIAN94
and requires substantially less memory space. For
these reasons this method is particularly suited
for describing the electronic properties of large
molecules containing transition metal atoms as
shown by several applications to systems of bio-

w xlogical relevance 1,29,37]39 .

3. Optimization of the substrate orientation

In contrast to the previously investigated
monofluorobenzene, 3-fluoro-6-methylaniline
does not exhibit any symmetry due to the sub-
stituents that, in addition, may interact with the
porphyrin and influence the relative orientation
of the substrate. Therefore a reasonable guess for
the reaction pathway is considerably more com-
plicated than in the case when symmetric subs-
trates are concerned. Optimization of the geo-
metrical orientation of the substrate relative to
the porphyrin will be described in detail for the
three cases under study namely attack at carbon
in position para with respect to the amino group,
attack at carbon in position ortho to the amino
group as well as oxygen attack across a C]C
bond. An orientation of the substrate with the
NH group towards the oxygen yields higher total2
energies than an orientation with the carbon atom
directed towards the oxygen, and is therefore less
probable. An orientation with the hydrogens of
the amino group directed away from the por-
phyrin plane is energetically more favourable than
the reversed positions of the amino hydrogens.
Since initial H abstraction from the amino group
requires the latter orientation this is another indi-
cation that such a primary reaction step is less
probable.

In our search for the most suitable substrate]
porphyrin orientation, supporting the hydroxyla-



( )O. Zakharie¨a et al. r Biophysical Chemistry 73 1998 189]203 193

tion reaction, several rotations of the substrate
around axes parallel to x-, y- and z-axis have
been performed.

3.1. Hydroxylation reaction at the para-position

Starting with the hydroxylation of 3-fluoro-6-
Ž .methylaniline at the carbon position C para4

with respect to the amino group, we follow the
procedure described in our previous calculations
for the hydroxylation of benzene and fluoroben-

w xzenes 1 and assume in a first step, that the
substrate molecule approaches the porphyrin
along the x-axis with its molecular plane parallel

Ž .to the porphyrin plane, defined as the x, y -plane.
The obtained interaction between substrate and
porphyrin is repulsive in the whole range of C]O

Ždistances between 245 pm and 153 pm data not
.shown .

Next, a stepwise rotation of the substrate
around the z-axis at a fixed C]O distance of 226
pm is performed so that the parallel orientation
of the molecular plane with respect to the por-
phyrin is preserved. A rotational barrier of 4
kcalrmol derived from the differences in the
binding energies is obtained with the minimum
for an orientation where the substrate approaches
the porphyrin along the negative x-axis, corre-
sponding to a position trans to the sulphur atom
of the axial ligand. These differences in the bind-
ing energies are influenced by the asymmetry in
the spin and charge distribution within the por-
phyrin nitrogen atoms arising from the sulphur
tilted by 68 out of the porphyrin normal direction
towards the positive x-axis as well as by the
geometrical orientation of the methyl group of
the SCHy axial ligand. The calculation of the3
potential curve with this optimized orientation of
the substrate still yields a repulsive interaction for
C]O distances between 245 pm and 153 pm.

Furthermore, the substrate is rotated around
an axis through C parallel to the y-axis from 084
to 608 in steps of 58, while the position of H is14
kept constant. Again, a repulsive interaction is
obtained for every single angle in the C]O dis-
tance range between 245 pm and 153 pm. The
most stable orientation of the substrate with re-
spect to the porphyrin is found for an angle a of

Ž .458 Fig. 2 yielding a strong relative stabilization
of approx. 100 kcalrmol. This stabilization re-
flects the expected tendency of the substituents to
move away from the haem surface, and is taken
as an indication of approaching the correct geo-
metrical orientation. Moreover, computation of
the repulsive Coulomb interactions between the
N-, C- and F-atoms of the substituents with O, S
and the N -atom of the porphyrin ring closest top
the substrate reveals significant diminishing of
these repulsions with the above-mentioned rota-
tion. This last rotation causes a decrease of the
angle between the substrate plane and the C ]H4 14
bond direction, and leads to repulsive covalent
interactions of H with the neighbouring carbon14
atoms and the fluorine of the aromatic ring.
Therefore the position of H is optimized sepa-14
rately so that this repulsion is reduced while, at
the same time, the approximately tetrahedral an-

Ž .gle between O, C and H cf. Fig. 2 is pre-4 14
served as much as possible, in order to favour the
formation of the new C]O bond. Rotations of
H are performed around the axis through C14 4
parallel to the y-axis from 08 to 208 in steps of 58.
Under these conditions, potential curves are cal-
culated which become attractive for C]O dis-

Ž .tances shorter than approx. 180 pm See Fig. 3 .
The lowest energy barrier is obtained for a rota-
tion angle of 108. Additional rotations around an
axis through C parallel to the x-axis yield higher4
energies and are less probable. Practically the
same results are obtained for the hydroxylation at
the para position for the porphyrin model with
the shorter Fe]N bond distance of 200 pm. The
results are available as supplementary material
Ž .Fig. S1 .

To sum up, in case of hydroxylation at a posi-
tion para with respect to the NH group, the2
substrate approaches the haem group along the
negative x-axis, the dihedral angle between the
plane of the substrate and the porphyrin plane is
458, and H is rotated by 108 around an axis14

Ž .through C parallel to the y-axis Fig. 2 .4

3.2. Hydroxylation reaction at the ortho position

The optimization of the reaction pathway for
the direct attack of the substrate at the carbon
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Fig. 2. Geometrical arrangement of the substrate]porphyrin
system for the hydroxylation at the position para with respect
to the NH group. x9, y9, z9 is the translated coordinate2
system with C as the origin. n denotes the normal4 porph
direction of the porphyrin plane and n denotes the normalsub
direction of the substrate plane. The axis through the iron and
sulphur is tilted by an angle of 68 out of the porphyrin normal

Ž .direction z-axis .

Ž .position C ortho with respect to the amino2
group follows the same strategy namely the subs-
trate approaches the porphyrin along the negative
x-axis, rotations are performed around the axis
parallel to the y-axis through C up to 608 in2
steps of 58, where H is rotated first by 10812
around this axis and is then kept fixed in this
position. As in the case of the attack at the
para-position, the most stable orientation is ob-
tained for a rotational angle of 458. However, the
calculated potential curves are repulsive for all
these investigated orientations, and the whole
system is approx. 30 kcalrmol less stable than in
case of the direct attack at the para-position
Ž .data not shown .

Further rotations of the substrate around an
axis through C parallel to the x-axis are per-2
formed for angles up to 408 in steps of 58. Small
angles of this additional rotation up to 208 stabilize
the system as a whole, while for larger angles the
porphyrin]substrate system is again destabilized.

Fig. 3. Changes in binding energies of the substrate]porphyrin
system for the hydroxylation of 3-fluoro-6-methylaniline for
para and ortho sites of attack as a function of the C]O
distance.

Only at a rotation angle of 108 a non-repulsive
Ž .potential curve is obtained Fig. 3 .

This result shows that it is energetically
favourable for the system to keep the NH - and2
CH -groups apart from the porphyrin. At the3
same time, however, fluorine is coming too close
to the haem plane for larger rotational angles, so
that the repulsive Coulomb interactions with the
porphyrin skeleton yield an unfavourable confor-
mation. Hence, the small rotational angle of 108

Ž .is a compromise between: i the repulsive Cou-
lomb interactions between N of the NH group2
and C of the CH group with the porphyrin3

Ž .skeleton; and ii the corresponding ones between
F and the porphyrin skeleton. This is the only
geometrical orientation which, in our search, leads
to an attractive substrate]porphyrin interaction
for C]O-distances below 160 pm, 20 pm shorter
than in the case of the hydroxylation at a position

Ž .para with respect to the NH group Fig. 3 .2
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Summarizing, in the case of hydroxylation at a
position ortho with respect to the NH group the2
substrate approaches the porphyrin along the
negative x-axis. The dihedral angle between the
plane of the substrate and the plane of the por-
phyrin is 458. Additionally, the substrate is ro-
tated by 108 around an axis through C parallel to2
the y-axis. In contrast to the hydroxylation of

w xmonofluorobenzene 1 , the optimized geometri-
cal orientation for the hydroxylation at the para-
and ortho-positions depends significantly on the
site of attack. The orientation is determined by
repulsive interactions between the substituents of
the substrate and the porphyrin but not by the
dipole]dipole interaction between the substrate
and the porphyrin. This can be concluded from
the fact that the dipole]dipole interaction
between the substrate and the porphyrin is not
favourable because the orientation of the dipole
moments is approximately antiparallel in the op-
timized geometry. This indicates that the weak
dipole]dipole interaction does not determine the
substrate orientation towards the porphyrin.

3.3. Epoxide formation

As an alternative primary reaction step, epox-
ide formation is investigated with the oxygen at-
tack occurring across the C ]C bond. An ap-4 5
proach of the substrate along the negative x-axis
with parallel orientation of the plane of the subs-
trate and the plane of the porphyrin yields repul-
sive interactions for C]O-distances down to 153
pm. Additionally, the whole system is consider-
ably less stable in comparison with the direct
attack at the para-position. When the substrate is
rotated around an axis through C and C , being4 5
parallel to the y-axis, an overall stabilization of
the system is obtained, but the substrate]
porphyrin interaction remains repulsive in the
whole range of C]O-distances between 245 pm
and 153 pm.

The hydroxylation via epoxide formation of the
simpler substrate 3-fluoroaniline has also been
investigated. Exploring the same orientations as
described above, only repulsive interactions are
found. Altogether, the repulsive potential curves
and the strong destabilization of the whole system

compared with the direct attack at the carbon
position para or ortho with respect to the amino
group may be interpreted as a strong indication
that for both substrates, 3-fluoro-6-methylaniline
and 3-fluoro-aniline, the hydroxylation via, epox-
ide formation as a primary reaction step is un-
likely. These results supply an additional argu-
ment in the long-lasting dispute about cy-
tochrome P450 catalysed aromatic hydroxylation,

Žnamely, that also a non-arene mechanism without
formation of epoxide intermediates as a primary

. w xreaction step is possible 3,22,40,41 .

3.4. Final reaction pathway

In summary, varying the place of attack as well
as the orientation of the substrate towards the
catalytic center, yields the following results:

1. hydroxylation via epoxide formation as a pri-
mary reaction step is unlikely;

2. an attractive interaction is obtained only in
two cases, namely for the direct attack at the
para- and at the ortho-position with respect to

Ž .NH Fig. 3 ; and2
3. hydroxylation at the ortho-position with re-

spect to NH is less favourable compared2
with the para-position in view of the distinct
destabilization of the whole system by approx.
30 kcalrmol, the shorter C]O distance where
the interaction becomes attractive and the
difference in the relative height of the energy

Ž .barriers of approx. 13 kcalrmol Fig. 3 . It is
interesting to note that this finding of the
preferential para- over ortho-hydroxylation is

w xin qualitative accordance with results 9 ob-
tained from the in vivo biotransformation of
the 3-fluoro-6-methylaniline to aromatic ring
hydroxylated products by cytochrome P450.

4. Electronic structure

4.1. Charge and spin distribution in the
[ ( ) ]qPorFe IV O ]substrate complexes

In order to obtain insight into the reaction
mechanism, the changes in the charge- and spin-
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Table 1
q Ž .Changes of effective charges for the reaction of 3-fluoro-6-methylaniline with the cysteinate-type coordinated Por Fe IV O cation

Ž .radical complex attack on para-position with respect to NH2

r Porphyrin SubstrateOC
bŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Q Fe Q O Q S Q N Q C Q C Q N Q F Q sub3 4 3 an

ainf 0.840 y0.576 y0.315 y0.180 y0.073 0.087 y0.189 y0.197 0.0
245 0.885 y0.580 y0.310 y0.184 0.019 0.108 y0.189 y0.206 0.067
235 0.885 y0.582 y0.310 y0.185 0.030 0.110 y0.188 y0.206 0.089
226 0.887 y0.584 y0.310 y0.186 0.044 0.112 y0.187 y0.205 0.114
217 0.893 y0.584 y0.309 y0.188 0.061 0.115 y0.185 y0.204 0.145
207 0.902 y0.583 y0.308 y0.190 0.081 0.119 y0.185 y0.203 0.117
198 0.915 y0.581 y0.304 y0.198 0.106 0.122 y0.184 y0.202 0.215
189 0.928 y0.576 y0.299 y0.196 0.130 0.125 y0.183 y0.201 0.252
180 0.939 y0.568 y0.295 y0.199 0.149 0.127 y0.183 y0.201 0.279
171 0.944 y0.559 y0.292 y0.200 0.163 0.127 y0.184 y0.201 0.289
162 0.946 y0.548 y0.292 y0.202 0.171 0.126 y0.184 y0.202 0.288
153 0.946 y0.534 y0.292 y0.202 0.174 0.125 y0.187 y0.203 0.289

a Ž .Separated systems with deformed structures see text .
b Molecular charge of the substrate.

density distributions along the optimized reaction
coordinate for the hydroxylation at para- and
ortho-positions are analysed. The corresponding
data are presented in Tables 1]6.

When the substrate moves along the reaction
coordinate, an electron flow occurs from the subs-

Žtrate towards the porphyrin cf. last column of
.Tables 1 and 2 . The substrate becomes partially

ionized with a total charge of q0.279 at the C]O
distance of 180 pm corresponding to the maxi-

Žmum of the potential curve hydroxylation at para
.position .

The charge transfer is higher compared with
w xthe hydroxylation of monofluorobenzene 1 be-

cause of the electron donating effect of the addi-
tional substituents NH and CH . Connected with2 3

Table 2
q Ž .Changes of effective charges for the reaction of 3-fluoro-6-methylaniline with the cysteinate-type coordinated Por Fe IV O cation

Ž .radical complex attack on ortho-position with respect to NH2

r Porphyrin SubstrateOC
bŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Q Fe Q O Q S Q N Q C Q C Q N Q F Q sub3 2 3 an

ainf 0.840 y0.576 y0.315 y0.180 y0.056 0.087 y0.191 y0.197 0.0
245 0.886 y0.585 y0.312 y0.187 0.033 0.109 y0.175 y0.206 0.070
235 0.887 y0.587 y0.312 y0.189 0.045 0.111 y0.173 y0.205 0.118
226 0.889 y0.589 y0.312 y0.190 0.059 0.114 y0.172 y0.205 0.090
217 0.895 y0.589 y0.311 y0.192 0.076 0.118 y0.169 y0.204 0.149
207 0.909 y0.587 y0.310 y0.195 0.095 0.120 y0.166 y0.204 0.180
198 0.917 y0.585 y0.306 y0.198 0.120 0.123 y0.165 y0.203 0.217
189 0.930 y0.580 y0.301 y0.201 0.144 0.125 y0.163 y0.202 0.254
180 0.942 y0.571 y0.297 y0.204 0.164 0.127 y0.162 y0.202 0.280
171 0.948 y0.562 y0.295 y0.206 0.177 0.126 y0.159 y0.202 0.290
162 0.950 y0.551 y0.295 y0.207 0.184 0.124 y0.160 y0.203 0.289
154 0.950 y0.536 y0.295 y0.208 0.188 0.123 y0.160 y0.204 0.290

a Ž .Separated systems with deformed structures see text .
b Molecular charge of the substrate.
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Table 3
Changes of overlap populations for the reaction of 3-fluoro-
6-methylaniline with the cysteinate-type coordinated

q Ž . ŽPor Fe IV O cation radical complex attack on para-position
.with respect to NH2

r Fe5O Fe]S O]C Fe]N C ]H C ]NOC 4 3 4 1

ainf 0.408 0.209 } 0.220 0.717 0.822
2.449 0.400 0.214 0.021 0.223 0.714 0.823
2.350 0.396 0.214 0.033 0.223 0.715 0.824
2.260 0.390 0.215 0.051 0.223 0.716 0.824
2.167 0.381 0.216 0.080 0.222 0.718 0.825
2.074 0.368 0.217 0.123 0.222 0.719 0.825
1.981 0.350 0.218 0.187 0.222 0.719 0.826
1.890 0.330 0.220 0.269 0.221 0.717 0.826
1.800 0.309 0.222 0.363 0.221 0.711 0.826
1.710 0.291 0.223 0.457 0.221 0.699 0.825
1.622 0.277 0.223 0.547 0.221 0.682 0.824
1.535 0.222 0.222 0.632 0.221 0.659 0.823

a Ž .Separated systems with deformed structures see text .

this electron flow the following changes in the
charge- and spin-density distribution of the haem
and the substrate occur. The positive charge of Fe

Ž .gradually increases cf. Table 1 approaching the
value for the final reaction product when the
oxygen is completely separated from the por-
phyrin. The negative charge of oxygen undergoes
minor changes, so that only a small part of the
electron flow is transferred directly to the oxygen,
while the remaining part is distributed over the
porphyrin atoms with the highest contribution at
the C and N atoms. Because the porphyrin am p 2 u
orbital has a high amplitude just at these atoms,
this is an indication for filling the hole in the a2 u
orbital during the hydroxylation reaction. The
main change of the effective charges of the subs-
trate atoms with decreasing carbon]oxygen dis-
tance takes place at the carbon atom under attack
Ž .see Tables 1 and 2 which becomes significantly
more positive than the other substrate carbon
atoms.

The reduction of the overlap population of the
ŽFe]O bond with decreasing C]O distance see

.Tables 3 and 4 expresses the tendency towards
bond breaking even though the Fe]O bond dis-
tance is kept constant. Concomitantly a new bond
between the oxygen and the carbon atom under
attack is formed. A small increase of the Fe]S
bond strength is obtained, while variations in the

Table 4
Changes of overlap populations for the reaction 3-fluoro-6-
methylaniline with the cysteinate-type coordinated

q Ž . ŽPor Fe IV O cation radical complex attack on ortho-position
.with respect to NH2

r Fe5O Fe]S O]C Fe]N C ]H C ]NOC 4 3 2 1

ainf 0.408 0.209 } 0.220 0.717 0.837
2.449 0.400 0.215 0.023 0.223 0.717 0.837
2.350 0.396 0.215 0.036 0.223 0.718 0.838
2.260 0.390 0.215 0.054 0.223 0.719 0.839
2.167 0.381 0.216 0.083 0.223 0.720 0.839
2.074 0.367 0.217 0.125 0.223 0.722 0.839
1.981 0.349 0.219 0.188 0.222 0.722 0.841
1.890 0.329 0.221 0.270 0.222 0.720 0.842
1.800 0.307 0.222 0.363 0.223 0.714 0.842
1.710 0.290 0.223 0.456 0.221 0.703 0.842
1.622 0.276 0.224 0.546 0.221 0.686 0.841
1.535 0.263 0.223 0.631 0.222 0.663 0.841

a Ž .Separated systems with deformed structures see text .

overlap population of the other bonds within the
porphyrin core are negligible. A slight increase of
the C ]N bond strength is observed during the1
reaction since the substrate orbital participating
in the electron transfer process has anti-bonding
character with respect to this bond. The ionic
contribution to the bond remains nearly un-
changed because the increase of the positive car-

Ž .bon charge C is compensated by the decrease1
of the negative charge of N.

q Ž .In the substrate-free Por Fe IV O cation radi-
cal complex the two impaired electrons in the
Fe]O subunit are markedly delocalized towards
the oxygen compared with the expectation from
ligand field theory. This effect diminishes during
the hydroxylation reaction, i.e. the spin density in

Ž . Ž .the O 2p orbitals is reduced while the Fe 3d
spin density increases indicating the initial step to

Ž . Ž .the formation of Fe III see Tables 5 and 6 .
Ž .These changes as well as the change in the S 3p

spin density are more pronounced than the corre-
sponding changes in the hydroxylation of fluo-

w xrobenzene 1 . The decrease of spin density at N ,p
corresponds to the gradual population of the
spin-down a orbital. The spin density of 0.642 u
induced in the substrate at the maximum of the

Ž .potential curve para hydroxylation is higher than
w xin the case of fluorobenzene 1 , so that the

substrate has slightly more radical character. The
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Table 5
q Ž .Changes of spin densities for the reaction of 3-fluoro-6-methylaniline with the cysteinate-type coordinated Por Fe IV O cation

Ž .radical complex attack on para-position with respect to NH2

b cŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž .r Fe 3d N 2p S 3p O 2p C 2p C 2p N 2p F 2p SubOC 3 135 4 a

ainf 1.2398 0.0756 0.1264 0.8767 } } } }

2.450 1.312 0.068 0.207 0.838 0.041 0.021 0.006 0.002 0.073
2.356 1.317 0.065 0.214 0.813 0.063 0.026 0.008 0.002 0.103
2.260 1.330 0.061 0.220 0.777 0.096 0.031 0.011 0.004 0.145
2.167 1.368 0.053 0.224 0.725 0.146 0.033 0.016 0.005 0.201
2.074 1.422 0.042 0.229 0.653 0.218 0.033 0.022 0.007 0.280
1.981 1.487 0.028 0.236 0.557 0.323 0.027 0.031 0.011 0.387
1.890 1.555 0.014 0.243 0.446 0.451 0.018 0.040 0.014 0.514
1.800 1.609 0.001 0.250 0.335 0.581 0.006 0.049 0.018 0.638
1.710 1.646 y0.007 0.260 0.242 0.671 y0.005 0.053 0.020 0.721
1.622 1.686 y0.010 0.275 0.171 0.707 y0.013 0.053 0.020 0.748
1.535 1.738 y0.005 0.295 0.118 0.699 y0.016 0.051 0.020 0.736

a Ž .Separated systems with deformed structures see text .
b2p Spin density of C , C and C atoms of the substrate.1 3 5
cSpin density of the substrate.

induced spin is almost exclusively located at the
carbon atoms next and opposite to the site of
attack. This is caused by the expected decrease of
the spin-down charge density in the p and pz x
atomic orbitals, but also by an increased spin-up
density in the p and p atomic orbitals, so thatz x
the change in the spin density of the substrate is
predominantly a polarization effect.

The corresponding results for the charge and
spin redistribution during the reaction as well as

for the energies and character of the spin-down
Ž .orbitals the latter being discussed below in-

volved in the hydroxylation reaction at the para
position for the porphyrin with the shorter Fe]N
distance of 200 pm reveal the same trends and

Žare available as supplementary material Tables
.S1, S2, S3, S4 and Fig. S2 . For this reason the

subsequent discussion will be restricted to the
model system with a Fe]N bond distance of 204
pm.

Table 6
q Ž .Changes of spin densities for the reaction of 3-fluoro-6-methylaniline with the cysteinate-type coordinated Por Fe IV O cation

Ž .radical complex attack on ortho-position with respect to NH2

b cŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž .r Fe 3d N 2p S 3p O 2p C 2p C 2p N 2p F 2p SubOC p 135 2 a

ainf 1.2398 0.0756 0.1264 0.8767 } } } } }

2.449 1.324 0.067 0.207 0.827 0.042 0.024 0.008 0.002 0.095
2.356 1.329 0.064 0.214 0.801 0.065 0.030 0.011 0.002 0.100
2.260 1.344 0.059 0.221 0.764 0.099 0.035 0.015 0.004 0.150
2.167 1.381 0.052 0.225 0.712 0.148 0.038 0.020 0.005 0.209
2.074 1.432 0.042 0.230 0.639 0.217 0.037 0.024 0.007 0.282
1.981 1.500 0.028 0.238 0.543 0.320 0.032 0.032 0.011 0.386
1.890 1.570 0.013 0.245 0.433 0.447 0.022 0.040 0.015 0.511
1.800 1.628 0.001 0.253 0.324 0.573 0.009 0.047 0.019 0.631
1.710 1.670 y0.007 0.262 0.235 0.661 y0.003 0.050 0.021 0.710
1.622 1.711 y0.011 0.273 0.167 0.698 y0.011 0.049 0.022 0.739
1.535 1.764 y0.014 0.292 0.114 0.691 y0.015 0.046 0.021 0.743

a Ž .Separated systems with deformed structures see text .
b2p Spin density of C , C and C atoms of the substrate.1 3 5
cSpin density of the substrate.
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4.2. Orbital interactions

A more detailed insight into the reaction
process can be obtained by analysing the changes
in character and energy of the molecular orbitals
involved in the reaction. For this purpose only the
spin-down orbitals constituting the HOMOs
Ž .highest occupied molecular orbitals and

Ž .LUMOs lowest occupied molecular orbitals of
the interacting system, have to be considered.
Analogous changes in character within the inter-
acting spin-up orbitals do not influence the total
energy because they are occupied.

The HOMO of the non-deformed gas-phase
3-fluoro-6-methylaniline molecule is a combina-
tion of p -orbitals with participation mainly of Nz
Ž . Ž . Ž . Ž .25% , C 20% , C 18% and C 16% . This4 6 1
orbital has antibonding character with respect to
the C]N and C]F bonds. The HOMO of the
deformed substrate has an increased participation

from the C atom where the deformation takes
Ž . Ž .place, namely 39% C and 35% C for the4 2

para- and ortho-position, respectively. This favours
the electrophilic attack on this C atom by the oxo

q Ž .group of the Por Fe IV O cation radical com-
plex.

The electron flow from the substrate towards
the porphyrin should stabilize the substrate or-
bitals and destabilize the porphyrin orbitals. How-

Ž .ever, only the porphyrin a -orbital MO no. 90 ,1u
Ž . Ž .the Fe 3d -orbital MO no. 91 and thex y

Ž . Ž .2 2Fe 3d -orbital MO no. 96 follow this expec-x yy
tation, since they do not participate in the reac-
tion. In contrast, the ordering of the orbitals
directly involved in the reaction is determined by
other factors.

Five orbitals are involved in the hydroxylation
Žreaction at both para- and ortho-position cf.
.Tables 7 and 8 and Walsh diagrams } Fig. 4a,b .

At large separation, r s245 pm, these are theOC

Table 7
Ž . Ž .Energies in eV and character in percent of the spin-down orbitals involved in the reaction of 3-fluoro-6-methylaniline with the

q Ž . Ž .cysteinate-type Por Fe IV O cation radical complex attack on para-position with respect to NH2

r e b O Fe S a e b O Fe S aOC 89 2u 92 2u

2.449 y7.51 42 10 18 6 7 y7.11 1 15 4 56 15
2.356 y7.46 34 8 18 7 8 y7.08 2 15 3 55 17
2.260 y7.39 28 6 17 8 9 y7.06 3 14 3 53 20
2.167 y7.33 28 5 20 14 12 y7.04 4 13 3 48 24
2.074 y7.27 22 4 21 22 13 y7.02 8 10 6 29 30
1.981 y7.23 11 3 20 34 11 y6.98 12 8 7 28 43
1.890 y7.23 3 2 15 35 6 y6.93 12 4 8 15 54
1.800 y7.24 1 3 19 50 8 y6.87 8 1 11 10 64
1.710 y7.26 0 3 19 52 8 y6.84 4 1 13 7 70
1.622 y7.26 0 3 20 52 8 y6.83 2 1 15 6 72
1.535 y7.26 0 2 20 52 7 y6.81 1 0 15 1 73

a ar e b O Fe S a e b O Fe S e b O Fe SOC 93 2u 94 95

2.449 y7.03 6 5 4 17 63 y6.34 0 42 56 0 y6.24 2 33 55 9
2.356 y6.98 8 6 3 18 62 y6.32 0 40 57 0 y6.22 4 31 55 9
2.260 y6.93 11 6 2 18 59 y6.30 1 38 59 0 y6.20 5 29 55 9
2.167 y6.87 14 6 3 18 54 y6.32 1 36 61 0 y6.20 8 27 54 9
2.074 y6.80 18 6 5 17 47 y6.37 2 32 63 0 y6.23 14 24 52 10
1.981 y6.73 20 6 12 17 39 y6.44 3 28 65 1 y6.28 21 20 46 10
1.890 y6.67 14 5 28 17 29 y6.52 4 22 66 4 y6.30 37 16 33 7
1.800 y6.67 2 12 56 9 17 y6.56 5 12 59 16 y6.24 59 11 15 4
1.710 y6.70 0 13 67 4 13 y6.58 1 7 59 13 y6.10 71 6 7 3
1.622 y6.72 0 11 69 2 13 y6.59 0 6 61 25 y5.92 76 3 6 3
1.535 y6.73 0 9 71 2 13 y6.58 0 4 62 27 y5.78 76 1 6 3

a No a contribution in this orbital.2 u
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Table 8
Ž . Ž .Energies in eV and character in percent of the spin-down orbitals involved in the reaction of 3-fluoro-6-methylaniline with the

q Ž . Ž .cysteinate-type Por Fe IV O cation radical complex attack on ortho-position with respect to NH2

r e b O Fe S a e b O Fe S aOC 89 2u 92 2u

2.449 y7.51 43 9 18 7 7 y7.11 1 15 4 56 15
2.356 y7.45 38 8 19 9 9 y7.08 1 14 3 55 18
2.260 y7.39 33 7 20 11 11 y7.06 3 14 2 52 21
2.167 y7.33 29 5 21 16 13 y7.04 5 12 3 47 25
2.074 y7.31 21 3 21 25 13 y7.01 8 10 6 38 31
1.981 y7.24 10 3 20 37 11 y6.99 12 7 6 27 45
1.890 y7.23 4 3 20 46 8 y6.92 11 3 8 15 55
1.800 y7.24 1 3 20 51 8 y6.86 8 1 10 10 65
1.710 y7.26 0 2 20 53 8 y6.83 4 1 12 8 71
1.622 y7.27 0 2 20 53 8 y6.81 2 1 13 7 73
1.535 y7.26 0 2 20 53 8 y6.79 1 1 13 6 75

a ar e b O Fe S a e b O Fe S e b O Fe SOC 93 2u 94 95

2.449 y7.02 6 5 4 17 63 y6.33 0 41 56 0 y6.24 3 32 55 9
2.356 y6.97 8 6 3 18 61 y6.30 0 40 58 0 y6.21 4 31 55 9
2.260 y6.91 12 6 2 18 58 y6.29 0 38 59 0 y6.19 6 29 55 9
2.167 y6.86 15 6 3 18 53 y6.32 0 35 62 0 y6.20 9 26 54 9
2.074 y6.79 15 6 6 17 46 y6.36 1 32 64 0 y6.22 14 23 51 9
1.981 y6.71 20 5 13 18 38 y6.44 2 27 67 1 y6.26 23 20 45 9
1.890 y6.65 14 6 29 18 28 y6.52 3 21 67 4 y6.28 40 16 31 7
1.800 y6.65 2 12 60 8 14 y6.57 3 10 58 17 y6.22 60 11 14 4
1.710 y6.69 0 14 71 2 10 y6.59 1 6 57 24 y6.07 71 6 7 3
1.622 y6.72 0 12 73 2 10 y6.59 0 5 59 26 y5.89 76 3 6 3
1.535 y6.73 0 9 74 1 10 y6.58 0 4 60 27 y5.75 77 1 6 3

a No a contribution in this orbital.2 u

highest occupied p , bonding substrate orbitalz
Ž .denoted as b in the Tables and Figures contain-
ing approx. 25% admixture from the bonding

Ž . Ž .p Fe]O -orbital denoted by Fe and O , thex
Ž . Ž .S 3p -lone-pair-orbital denoted as S , the por-

phyrin a -orbital, constituting the LUMO of the2 u
U Ž .whole system, and the antibonding p Fe]O -y

U Ž .and p Fe]O -orbitals.x
W hen the substrate approaches the

w Ž . xqPorFe IV O cation radical complex, the subs-
trate orbital b undergoes a strong destabilization
from MO no. 89 to MO no. 95, so that it becomes
unoccupied in the course of the reaction. Simulta-
neously, MO no. 89 is transformed into a bonding

Ž . Ž . Ž .Fe 3d ]S 3p orbital, and the former S 3p -x z x
Ž .lone-pair-orbital HOMO transforms into a2 u

along the reaction pathway with an Fe]S anti-
bonding participation of approx. 20% at the maxi-
mum of the potential curve. For large

Žsubstrate]porphyrin separations the LUMO MO

.no.93 of the interacting system is the porphyrin
a -orbital, but looses the a -character for short2 u 2 u
C]O distances. Temporarily, the contribution
from the substrate orbital b to the LUMO in-
creases, but vanishes at the maximum of the
potential curve, and the LUMO is transformed

U Ž .into an antibonding p Fe]O orbital with a smally
U Ž .p Fe]S contribution. The MO no. 94y

w U Ž . xp Fe]O at large separations changes to ay
Ž .predominantly Fe 3d -orbital with small participa-

U Ž . U Ž .tions from the p Fe]S and p Fe]O anti-x x
bonding orbitals. Finally, the Mo no. 95 changes

U Ž .from a p Fe]O orbital to the substrate b-orbitalx
U Ž .with a small antibonding p Fe]O participation.x

This analysis of the orbital interactions concerns
both hydroxylation at para- and ortho-positions
and reveals the electron flow as taking place from
the substrate b orbital to the porphyrin a -2 u
orbital. It is accompanied by an additional elec-
tron delocalization along the axial ligands ex-
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Fig. 4.

Ž .pressed by the transformation of the p Fe]O
Ž .orbitals into p Fe]S orbitals. Concomitantly, the

Ž .S 3p atomic orbitals participate along the reac-
tion coordinate in all molecular orbitals involved
in the hydroxylation process. In this sense the
Ž .S 3p -lone-pair orbital facilitates the reaction. It

transforms into a and, thus, causes the electron2 u
flow to the porphyrin. At the same time, the

U Ž .p Fe]O -orbital is transformed into the subs-x
trate b orbital and plays the role of an electron
mediator. Altogether the orbital interactions tak-
ing place during the reaction demonstrate that
the weakening of the Fe]O bond is due to a
polarization-delocalization effect, while the Fe]S
bond strength remains approximately the same
because the antibonding Fe]S participation in
the HOMO nearly compensates the effect of the
transformation of the Fe]O bond into the Fe]S
bond.

5. Conclusions

The reaction mechanism for the hydroxylation
of 3-fluoro-6-methylaniline, attacked at different

Žpositions epoxide formation and direct attack at
the positions para and ortho with respect to the

.NH group as a primary reaction step as well as2
the epoxide formation for 3-fluoroaniline catal-

w Ž . xqysed by a PorFe IV O a -cation radical com-2 u
plex have been investigated on the basis of elec-
tronic structure calculations in local spin-density
approximation.

Potential curves with different geometrical ori-
entations of the substrate with respect to the
ferryl-oxo porphyrin cation radical complex have
been calculated in order to find those arrange-
ments which enable the primary reaction step.
The subsequent results about the reaction path-
way and the reaction mechanism have been ob-
tained.

Fig. 4. Walsh diagram of the five interacting spin-down molec-
ular orbitals of the substrate]porphyrin system for the hydrox-

Ž . Ž .ylation at the para-position a and at the ortho-position b as
Ža function of the C]O distance. MO no. 90 the porphyrin a1u

. wŽ Ž . xorbital and no. 91 Fe 3d orbital are not shown becausex y
they are not involved in the reaction.
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1. Non-repulsive potential curves exist only in
cases of direct attack at the para- and the
ortho-positions with respect to NH , but not2
for epoxide formation as a primary reaction
step.

2. The preferential orientation enabling the re-
action in cases of direct attack at the para-
and ortho-positions is determined by repul-
sive interactions between the substituents of
the substrate and the porphyrin and not by
the porphyrin]substrate dipole]dipole inter-
actions which turns out to be rather un-
favourable. Unlike as in case of the hydroxy-
lation of monofluorobenzene, the substrate
plane is not parallel to the porphyrin plane
and the orientation of the substrate is differ-
ent in both cases, which emphasizes the sig-
nificance of the substituents of the substrate.

3. Hydroxylation at the para-position is more
likely than at the ortho-position as can be
derived from comparing total energies, the
relative heights of the energy barriers and the
C]O distances where the interactions be-
come attractive in both cases. This is ill accor-
dance with results of the in vivo biotransfor-
mation of 3-fluoro-6-methylaniline into aro-
matic ring hydroxylated products by cy-
tochrome P450.

4. The hydroxylation reaction consists of three
parts, namely a partial electron transfer from
the HOMO of the substrate into the empty
a -orbital of the porphyrin, weakening of the2 u

Fe]O bond leading eventually to bond rup-
ture, and the formation of the C]O bond.
The Fe]O bond rupture is mainly caused by
the electron flow from the Fe]O bond into
the Fe]S bond. The Fe]S bond strength,
however, remains approximately the same be-
cause the electron flow into the Fe]S bond is
almost compensated by the population of the
antibonding Fe]S orbital participating in the
HOMO of the reaction product.

5. The reduction of the Fe]N distance from 204
Žpm to 200 pm hydroxylation at the para-posi-

.tion does not change the general characteris-
tics of the reaction and has virtually no in-
fluence on the energies and the changes in

the character of the orbitals involved in the
reaction.

6. The decisive role played by sulphur in the
hydroxylation reaction is obvious from the

Ž .participation of the S 3p -orbitals in all
molecular orbitals involved in the reaction.

7. The change in the spin density of the subs-
trate is predominantly a polarization effect.

The amounts of charge- and spin-density in-
duced in the substrate along the reaction pathway
reveal that the reaction intermediates may be
described as somewhere between the radical and
cation s-adducts.
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