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Hydroxylation by cytochrome P450 enzymes is one of the most
important processes in drug metabolism.1,2 A detailed under-
standing of its mechanism is vital for predicting biotransformations
of pharmaceuticals and other xenobiotics, and hence for drug
development. Following our previous studies of mechanisms and
substituent effects in flavin-based aromatic hydroxylation,3 we here
consider P450 hydroxylation of aromatic compounds on the basis
of accurate density functional theory (DFT).

The rate and selectivity of P450 substrate oxidation is determined
by many factors, such as the nature of the rate-limiting step,
docking-related steric effects4 and intrinsic electronic reactivity.5

There has been intense experimental6 and theoretical7 work on the
mechanism of aliphatic P450-mediated hydroxylation, but aromatic
hydroxylation is less well understood. The first step in the
mechanism is addition of the active iron-oxo species (“compound
I”) to a substrate carbon to give a tetrahedral intermediate.8

Subsequent rearrangement to the phenol product can proceed
directly or via an epoxide. While aliphatic hydroxylation proceeds
via radical intermediates, it is not clear whether the tetrahedral
intermediate in aromatic hydroxylation has radical or cationic
character. Previous semiempirical9 and local density approximation
(LDA)10 calculations on the reaction mechanism provide only
qualitative insight into these questions.

Our DFT computations11 use the B3LYP functional, which gives
accurate results in studies of aliphatic P450 reactivity,7 as well as
for other porphyrin12 and bioinorganic systems.13 We address first
the reaction pathway for hydroxylation of benzene itself. Compound
I has several close-lying electronic states,14 with the ground state
a quasi-degenerate pair of triradicaloid states, labeled2A2u and4A2u,
which differ only in the spin coupling of their three unpaired
electrons, two of which reside on the iron-oxo moiety, the other
residing in a porphyrinπ orbital. We optimized the geometry of
the model system at a set of fixed O-C distances between benzene
and the oxygen atom of compound I (in different electronic states).
The lowest-energy pathway (3 kcal/mol below the next lowest),
was found to be an electrophilic addition leading from the2A2u

state of compound I to a purely cationic tetrahedral intermediate
(Figure 1). The corresponding transition state was then optimized
and confirmed by frequency analysis.

The energy profile for this addition is shown in Figure 1, which
also illustrates the model system used (neutral FeC27N4H21O in the
benzene case), with the protein cysteinato side chain described by
a methyl mercaptide group, and the porphyrin devoid of side chains.
During addition, two electrons of the substrate are transferred into
two singly occupied orbitals of compound I, the porphyrin a2u orbital
and theΠxz* orbital on the FeO moiety. Charge and spin density
analysis demonstrate a wholly cationic nature for the final
tetrahedral adduct, but the electronic structure of the transition state
is of a mixed cationic and radical nature, with considerable spin

and charge transferred to the substrate. The activation energies
presented here are similar to those computed for the epoxidation
of ethene7c and slightly lower than for hydroxylation of C-H
bonds7a,b,ein alkanes.

We also considered further reactivity by locating transition states
for rearrangement of the tetrahedral adduct to a complex of the
ferric P450 system with benzene epoxide or the ketone tautomer
of phenol (this is the “NIH shift”15 product). These very low barriers
to product formation lie only 8.0 and 2.4 kcal/mol above the
tetrahedral intermediate, respectively, so that C-O bond formation
between compound I and the substrate is predicted to be the rate-
and selectivity-determining step.

We next addressed substituent effects by considering first
addition to the meta and para positions of a series of monosubsti-
tuted aromatics. For some of these substrates, the mechanism studied
here may not be metabolically significant as P450 oxidation may
have a different rate-limiting step or follow a different route (e.g.,
side-chain oxidation). However, the present preliminary set of
compounds does span a very broad range of electronic properties
and thereby provides useful insight. The lowest route again goes
through a transition state with mixed radical/electrophilic properties
and leads to cationic adducts, although in the case of the electron-
withdrawing substituents, a radical-like state of the adduct lies
slightly lower in energy than the cationic one. Whereas the barrier
heights with substituents in the meta position are all very similar
to that in benzene, both electron-withdrawing and -donating groups
decrease the barrier height for addition in the para position.

Finding correlations between our computed energy barriers and
known substituent properties16 is a first step toward developing a
quantitative structure-activity relationship.17 Despite the radical-
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Figure 1. UB3LYP/BS I11 energy profile for the addition of compound I
to benzene, showing the model system, the transition-state structure and
product structure. Energies are relative to the separated reactants. Group
charge densities (Q) and spin densities (F) for benzene are shown.
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like pattern of behavior found above, the purely radical18 Hammett
σ-scale does not give a good linear correlation with the computed
barrier heights. Instead, the dual radical and cationic nature of the
transition states computed here suggests that a combination of
radical and cationic19 σ-scales would provide a better correlation.
The best such equation that we have found so far (R2 ) 0.86),Ea

) 17.53-5.01(σrad - 0.3σ+) kcal/mol, is shown in Figure 2. This
also agrees with the small meta substituent effects, asσ parameters
are small for meta substituents.

Gas-phase barrier heights provide only indirect information on
enzyme reactivity, which can be affected by steric and electrostatic
effects. To assess the latter, single-point energies were computed
for several substrates and electronic states using an electrostatic
continuum model (ε ) 4.0, probe radius 2.60 Å). This raises the
barriers for C-O bond formation by 4-5 kcal/mol without affecting
their relative ordering and also lowers the energy of the cationic
tetrahedral intermediates relative to alternative radical-like electronic
states.

There is little systematic experimental data for the kinetics of
hydroxylation of aromatic compounds catalyzed by cytochrome
P450 enzymes. Burka et al.20 investigated the hydroxylation kinetics
in microsomes for monohalobenzenes and found a correlation of
the overall reaction rates of this narrow range of substrates with
theσ+ Hammett constant. Rietjens et al.21 have presented reactivity
and regioselectivity data for a set of fluorobenzenes and anilines.
Safari et al. studied oxidation of several aromatics by a P450-model
system,22 and found an experimental trend very similar to that
described here, i.e., both electron-withdrawing and -donating groups
increase reactivity.

On the computational side, Jones et al.23 used the methoxy radical
as a model for compound I to study the barrier for addition to
various aromatics at the AM1 semiempirical level and found a linear
correlation between activation energy and heat of addition, a trend
not reproduced by our results. Rietjens et al. have shown that
reactivity and selectivity in arene hydroxylation of polyhalogenated
substrates can be correlated with the properties of the highest
occupied orbitals of the substrates.24 This correlation study,
however, did not include substrates with more typical electron-
withdrawing substituents and does not predict the enhanced
reactivity for the latter found in our calculations.

In contrast, the explicit DFT calculation of barrier heights shows
that the intrinsic electronic contribution to selectivity and reactivity
in arene oxidation by the compound I intermediate of P450 enzymes
can be reasonably well reproduced by a dual parameter equation
based on radical and cationic Hammettσ parameters. This
mechanistic insight25 and new structure-activity relation should

be of great value to researchers interested in this crucial area of
bioinorganic oxidation.
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Figure 2. UB3LYP/BS II11 activation energies for para addition to
monosubstituted benzenes, versus a combination of the substituent radical
(σrad) and cationic (σ+) Hammett parameters.
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