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ABSTRACT: Resolution of the identity PBE (RI-PBE) and B3LYP density functional theory calculations
are used to understand the cytochrome P450-catalyzed, Compound I-mediated oxidation of perchloroben-
zenes, perfluorobenzenes, their phenols, and mixed chlorofluorobenzenes to form benzoquinones. Addition
of Compound I to the chlorine-bearing carbon of perchlorobenzenes and perchlorophenols results in an
apparently barrierless 1,2-shift of the chlorine atom to form hexachlorocyclohexadienones and hydroxy-
pentachlorocyclohexadienones, respectively. Hexachlorocyclohexadienone has a significant electron affinity,
and its radical anion expels chloride in a facile manner to give the pentachlorophenoxyl radical.
Deprotonation of hydroxypentachlorocyclohexadienones results in the expulsion of chloride and provides
a direct route to the production of tetrachloroquinones. Barrier heights for Compound I addition to fluorine-
bearing carbons of hexafluorobenzene and pentafluorophenol are comparable to those computed for
oxidation of benzene via an analogous reaction path. In contrast to the chlorinated cases, fluorine migration
to cyclohexadienones occurs with a moderate barrier. Additionally, gas-phase elimination of fluoride from
the hexafluorocyclohexadienone radical anion and deprotonated hydroxypentafluorocyclohexadienone are
not facile. Rather, consideration of implicit and explicit solvent is required to achieve favorable
thermochemistry for fluoride elimination and generation of the experimentally observed products. Finally,
the theoretical approach described herein is predictive of the experimentally observed preferential
elimination of fluorine from chloropentafluorobenzene and 1,3,5-trichloro-2,4,6-trifluorobenzene. These
studies illustrate the effectiveness of P450 Compound I as an oxidant of halogenated aromatic hydrocarbons,
which are persistent environmental contaminants, and the potential utility of such computational methods
for predicting P450 metabolism.

Polyhalogenated aromatic compounds are persistent, haz-
ardous environmental pollutants (1, 2). Partially chlorinated
benzenes, biphenyls, and dioxins are degradable by some
organisms (3-6). In contrast, more extensively halogenated
species are degraded at very slow rates (7). Many enzymes
require an unhalogenated carbon atom within the aromatic
compound for it to be accepted as a substrate. Therefore,
aerobic metabolism is inaccessible for perhalogenated species
via many enzymatic pathways. The alternative is slower,
reductive metabolism in anaerobic environments (8).

The cytochrome P450 enyzmes have demonstrated the
potential to oxidatively dehalogenate hydrocarbons including
halogenated benzenes. Significant progress has been made
in the protein engineering arena with the goal to develop
bacterial P450 enzymes with enhanced dehalogenation kinet-
ics for application in environmental bioremediation (9-16).
Additionally, these enzymes play an important role in the
bioactivation of halogenated benzenes. P450-catalyzed oxi-
dative dehalogenation results in the formation of their
corresponding arene oxides and benzoquinones (Scheme 1).
Such intermediates can rapidly arylate cellular macromol-
ecules, and benzoquinones may redox cycle to generate
reactive oxygen species (17). We have been particularly
interested in the chemistry of these reactive oxygen species
(18).

The mechanism for P450-catalyzed oxidative dehaloge-
nation of aromatic substrates has been extensively debated
(17). A number of experimental studies have attempted to
address this question; however, the primary oxidation
products have never been directly identified because of their
high reactivity toward covalent modification by proteins or
by rapid reduction from soluble cofactors such as NADPH.
The observed metabolites of microsomal P450 metabolism
of hexachlorobenzene are pentachlorophenol and tetrachlo-
rohydroquinone (Scheme 2). At low O2 concentrations, no
pentachlorobenzene, pentachlorophenol, or covalent binding
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to protein is detected. These results emphasize the relation-
ship between protein binding and the microsomal oxidation
of hexachlorobenzene. Tetrachlorohydroquinone is the pri-
mary metabolite detected after pentachlorophenol metabo-
lism, which is in redox equilibrium with the corresponding
semiquinone and quinone. Protein covalent binding is
inhibited by the presence of ascorbic acid or glutathione in
the incubations, supporting the involvement of a quinone
species (Scheme 2) (19-21).

Experimental evidence suggests that the primary oxidation
products of perhalogenated benzenes are tetrahaloquinones.
P450-dependent monooxygenation at the fluorinated para
position of anilines results in the release of fluoride and the
reactive benzoquinoneimine as the primary reaction products
(22). The oxidation of 2,3,5,6-tetrafluorophenol to tetrafluo-
rohydroquinone is supported by NADPH and artificial
oxygen donors, such as iodosobenzene and cumene hydro-
peroxide. In contrast, the conversion of pentafluorophenol
to tetrafluorohydroquinone is only supported by NADPH.
If cumene hydroperoxide or iodosobenzene are used as
oxygen donors, addition of NADH is required to complete
the transformation to tetrafluorohydroquinone. These studies
suggest that pentafluorophenol is oxidized to a reactive
species that can be reduced enzymatically or nonenzymati-
cally with NAD(P)H. Taken together with the product results
from thepara-fluoroaniline studies, this reactive species has
been suggested to be the tetrafluoroquinone, which has been
demonstrated to rapidly modify microsomal proteins in a
covalent fashion (23).

Direct halogen oxidation followed by hypohalous acid
(HOX) elimination and phenol formation as the result of
water addition has been proposed. However, this mechanistic
possibility was eliminated for chlorine and fluorine substit-
uents because no18O label from [18O] H2O was incorporated

into pentachlorophenol formed from hexachlorobenzene
oxidation (19).

Chemical models for P450 catalysis have been used to
study the oxidative dehalogenation of substituted phenols.
Ohe and co-workers used ameso-tetrakis(2,6-difluorophe-
nyl)porphyrinatoiron(III) chloride with mCPBA as the
oxygen donor. With this model system, halogens were
eliminated with an efficiency trend of F> Cl > Br, and
furthermore,18O from [18O] mCPBA was incorporated into
the benzoquinones (24). The dehalogenation rates of perha-
logenated anilines by the CYP2B1 isoenzyme occur with
the same trend. Additionally, the same reactivity order is
observed with dehalogenation by microperoxidase-8, which
lacks an active site. These results indicate the rate of
dehalogenation is dependent on the intrinsic electronic
properties of the halogen substituents (22).

In this article, the oxidative dehalogenation mechanisms
of a variety of perchlorinated and perfluorinated benzenes,
their phenols, and mixed fluorinated/chlorinated benzenes
are studied using a truncated model of cytochrome P450
Compound I and density functional theory. We locate
transition states and intermediates for mechanistic proposals
consistent with the available experimental data. The com-
putational results described herein provide insight into the
structure and reactivity of novel intermediates in the oxidative
dehalogenation of perhalogenated aromatic compounds.
Additionally, important mechanistic differences in the oxida-
tive dehalogenation of chlorinated and fluorinated compounds
are elucidated.

COMPUTATIONAL METHODOLOGY

Model System. Compound I of cytochrome P450
was modeled as a [(Porphyrin)(FedO)(SH)]0 complex
(Figure 1A). QM/MM investigations by Scho¨neboom and
co-workers, which included the full protoporphyrin IX and
steric and electric field contributions of the surrounding
apoprotein, revealed that this system could be a reliable

Scheme 1

Scheme 2

FIGURE 1: (A) RI-PBE/TZVP,SV(P) fully optimized geometry of
the [(Porphyrin)(FedO)(SH)]0 model of P450 Compound I used
in this study. Key bond distances are listed in Angstroms. Values
for the quartet state are in parentheses. (B) Spin difference density
contours and doublet-quartet energetic splittings (kcal/mol) of the
Compound I model. Blue contours correspond to an excess ofR
spin density, whereas green contours correspond to an excess ofâ
spin density. (*) indicates single-point energies at the RI-PBE/
TZVP,SV(P) geometry.
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mimic for computationally intensive mechanistic studies (25).
We have utilized this model earlier for a theoretical analysis
of the final catalytic step of the aromatase P450 enzyme (26).

Theoretical Methods. Potential energy surfaces for the
oxidation of perhalobenzenes by model Compound I were
performed with the TURBOMOLE 5.71 suite of programs
for electronic structure calculations (27-30). Geometry
optimizations were performed using the Perdew, Burke, and
Erzenhof density functional (31, 32) with the resolution of
the identity approximation for computing the electronic
Coulomb interaction (RI-PBE) (33-35). PBE, similar to
other pure GGA functionals, has a tendency to disfavor high
spin states compared to meta-GGA and hybrid density
functionals; however, PBE was recently demonstrated to
predict the relative spin state energetics for several iron
complexes (36). The TZVP basis set for iron and the SV(P)
basis sets for the remaining atoms were employed in all of
the geometry optimizations (37, 38). Basis set effects were
evaluated with single-point energy calculations using the
TZVPP basis set for all atoms. Single-point energy calcula-
tions with the hybrid B3LYP density functional (39-43) with
the TZVP and SV(P) basis sets were performed to assess
the contribution of exact exchange to the computed proper-
ties, and furthermore, these results can be compared with
previous calculations performed with this functional.

Calculations of isolated halobenzenes and their P450-
catalyzed oxidation products were performed with the
B3LYP functional and the 6-31G(d) basis set in the Gauss-
ian03 suite of programs (44). Single-point energy calculations
were performed with the aug-cc-pVTZ basis set. The effect
of solvation on the electronic structure of these systems and
their relative energetics were evaluated with the polarizable
continuum model (PCM) of Tomasi and co-workers (45-
49). Spherical harmonic (5d, 7f) basis functions were used
in all calculations. Minima were verified to have all real
vibrational frequencies (50). In TURBOMOLE, transition
states were located using the program STATPT and verified
to have a single imaginary vibrational frequency. These
frequency analyses also provided the necessary parameters
to compute zero-point vibrational energy and thermochemical
corrections. These corrections were unscaled. Transition
states were verified to connect appropriate minima on their
potential energy surfaces by distorting the geometries along
the normal modes associated with their imaginary vibrational
frequencies and subsequently re-optimizing the geometries.

Population analyses were carried out with the natural
population analysis (NPA) method (51) in the Gaussian03
suite of programs.

RESULTS AND DISCUSSION

Electronic Structure of P450 Compound I. The pure
density functional theory characteristics of the PBE functional
allow for the application of the resolution-of-the-identity
approximation for the electronic Coulomb interaction
(RI-PBE). This approach allows us to treat relatively large
models of enzyme active sites with significant improvements
in computational efficiency. To our knowledge, there is no
previous application of the RI-PBE method to models of
P450 Compound I in the literature. In the past, these systems
have been studied with the hybrid density functional B3LYP.
Schöneboom and co-workers have calibrated the B3LYP spin

state energetics of further truncated models of P450 Com-
pound I models against the multireference configuration
interaction results. In this impressive work, a complete active
space SORCI (52) and UCCSD(T) wavefunctions for triplet
and quintet [FeO(NH3)4(H2O)]2+ were computed to be within
0.1-0.2 eV (53). We also considered these states of [FeO-
(NH3)4(H2O)]2+ at the RI-PBE and B3LYP levels of theory.
RI-PBE predicts an energetic spacing of 0.53 eV; however,
single-point energy calculations with the B3LYP functional
predict a spacing of 0.15 eV, in excellent agreement with
the ab initio results. B3LYP calculations with truncated
models of Compound I alone or embedded in a P450 protein
as part of a QM/MM study predicted that this species has
two closely lying spin states. We are unaware of any
experimental evidence validating the degeneracy of Com-
pound I spin states in cytochrome P450 enzymes. These
models predict each state having two electrons in a triplet
configuration localized to the FeO moiety, while a third
electron resides in an orbital of mixed porphyrinπ and sulfur
p character from the distal thiolate ligand. Antiferromagnetic
and ferromagnetic coupling of the third electron to the FeO
pair gives rise to doublet and quartet spin states (54-59).
The geometries for the doublet and quartet states, spin
difference density contour plots, and the doublet-quartet
energy splittings computed with the RI-PBE method are
shown in Figure 1. Geometric parameters for the model
Compound I species are in agreement within the estimated
experimental uncertainty in the crystal structure of oxyferrous
cytochrome P450cam (60). RI-PBE predicts an electron
density distribution similar to that of B3LYP. This similarity
is illustrated in Figure 1, where blue contours correspond to
an excess ofR spin density, whereas green contours
correspond to an excess ofâ spin density. The contour
surfaces of both spin states are consistent with an excess of
parallel spin density localized to the FeO unit. In the doublet
state, an excess of antiparallel spin density is localized on
the porphyrin ring and on the sulfur of the thiolate ligand.
In contrast, the contour surface of the quartet state displays
an excess of parallel spin density localized on the porphyin
and sulfur of the thiolate ligand. These results are consistent
with the triradicaloid electronic structure of Compound I
computed at the B3LYP level of theory and validate the
application of this efficient computational method to study
the reactivity of Compound I.

Oxidation of Hexachlorobenzene and Pentachlorophenol.
The energetics for the oxidation of hexachlorobenzene and
all positions of pentachlorophenol are listed in Table 1.
Potential energy surfaces and RI-PBE/TZVPP//RI-PBE/
TZVP,SV(P) and B3LYP/TZVP,SV(P)//RI-PBE/TZVP,SV-
(P) energetics for Compound I addition to hexachloro-
benzene and the para position of pentachlorophenol are
shown in Figures 2 and 3, respectively. RI-PBE barriers for
the oxidation of hexachlorobenzene by the Compound I
model are 15.2-17.1 kcal/mol on the doublet surface and
15.1-16.6 kcal/mol on the quartet surface. The B3LYP
values are somewhat higher on both spin surfaces, with
computed barriers of 20.3 and 19.8 kcal/mol on the doublet
and quartet surfaces, respectively. For comparison, we
computed the barrier for Compound I addition to benzene.
Barrier heights on the doublet surface at the RI-PBE level
of theory were 11.2 to 11.8 kcal/mol for this process. B3LYP/
TZVP,SV(P) single-point energies with these geometries
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yielded a somewhat higher barrier of 15.3 kcal/mol for
benzene oxidation. This value is comparable to that computed
by others for the barrier to formation of the cationicσ
complex of benzene and Compound I (57, 61, 69).

RI-PBE barriers for the oxidation of pentachlorophenol
at the para position are slightly lower than those computed
for hexachlorobenzene oxidation, with computed barriers of
14.0-15.8 kcal/mol and 14.8-16.0 kcal/mol on the doublet
and quartet surfaces, respectively. On the doublet surface,
barriers for the oxidation of pentachlorophenol at the ortho
position are similar to those computed for para oxidation.
These results are consistent with the detection of both
tetrachloro-1,2-quinone and tetrachloro-1,4-quinone in P450
metabolism studies of pentachlorophenol and for which the
1,4-isomer is the dominant product. The ratio of the 1,4-
isomer to the 1,2-isomer in these experiments varied depend-
ing on which P450 enzyme was catalyzing the reaction (20).
Because the calculations do not reveal any energetic differ-
ences in the propensity for oxidation at either the ortho or
para positions, it seems that the experimental predominance
of the 1,4-isomer is related to orientational preferences of
the substrate which is governed by the P450 active site
residues. In contrast to the doublet surface, barriers for ortho
oxidation on the quartet spin surface are significantly higher
(22.0-23.1 kcal/mol at the RI-PBE level of theory and
39.6 kcal/mol at the B3LYP level of theory). These barriers
arise from the increased stability of the pre-reactant complex
relative to the transition state as the result of an apparent
phenol-Compound I hydrogen bond.

The RI-PBE computed barriers of 22.3-22.9 kcal/mol and
27.7 kcal/mol at the B3LYP level of theory for meta
oxidation are significantly higher than those for ortho or para
oxidation. The barriers for oxidation on the quartet surface

are lower and comparable to those computed for hexachlo-
robenzene and the para oxidation of pentachlorophenol.
However, the increased quartet-doublet energy spacing
indicates that the high-spin surface may be inaccessible.
Taken together, these results are consistent with the experi-
mental absence of meta oxidation products in the P450-
catalyzed oxidation of perchlorobenzenes.

The addition of Compound I to the ipso position of
pentachlorophenol was also considered. With the exception
of meta addition to pentachlorophenol, the computed barriers
are 2.9-4.8 kcal/mol higher on the doublet surface, which
is energetically preferred. Additionally, this process is
endothermic on the doublet surface and nearly thermoneutral
on the quartet surface. It is likely that if the phenolic hydroxyl
group oriented itself in the enzyme active site poised for
ipso addition, the oxidation pathway would be required to
compete with an energetically facile proton or hydrogen-
atom abstraction process, and ipso attack is unlikely to
contribute to the oxidation of this compound.

Important geometric parameters, group spin densities and
atomic charges for intermediates and transition states on the
potential energy surfaces for hexachlorobenzene and para
oxidation of pentachlorophenol are shown in Figures 2 and
3. The results for oxidation at other positions on pentachlo-
rophenol are qualitatively similar; therefore, these data are
provided in the Supporting Information. The reaction pro-
ceeds with an early transition state consistent with their
relative energetic similarity to the pre-reactant complexes.
In this transition state, the oxygen of Compound I approaches
hexachlorobenzene at an angle of 107° (62) with a C-O
distance of 1.8 Å. The calculated angles in these transition
states are similar to the approach angle of 105° described
by Bürgi and Dunitz for the nucleophilic addition of amines

Table 1: Energies (kcal/mol) Relative to the Pre-Reactant Complex on the Doublet Surface for Oxidation of Hexachlorobenzene and
Pentachlorophenola,b

theory ISR PRC TS PC ISP

hexachlorobenzene
RI-PBE/TZVP,SV(P) 4.9 (5.5) 0.0 (4.2) 15.2 (15.1) -22.5 (-13.8) -12.3 (-10.1)
RI-PBE/TZVP,SV(P)+ ZPE 4.6 (5.4) 0.0 (3.7) 14.6 (14.6) -22.0 (-13.7) -12.2 (-10.3)
RI-PBE/TZVPP 2.1 (2.2) 0.0 (4.1) 17.1 (16.6) -18.0 (-10.5) -14.9 (-12.8)
B3LYP/ TZVP,SV(P) 11.1 (3.0) 0.0 (0.5) 20.3 (19.8) NC (NC) -28.5 (-31.7)

p-pentachlorophenol
RI-PBE/TZVP,SV(P) 4.5 (5.4) 0.0 (3.9) 14.0 (14.8) -23.6 (-14.8) -13.9 (-11.5)
RI-PBE/TZVP,SV(P)+ ZPE 4.4 (5.1) 0.0 (3.7) 13.4 (14.1) -23.0 (-15.0) -13.7 (-11.7)
RI-PBE/TZVPP 1.7 (2.0) 0.0 (4.0) 15.8 (16.0) -18.9 (-11.9) -16.4 (-14.2)
B3LYP/ TZVP,SV(P) 10.7 (2.9) 0.0 (0.2) 19.2 (19.3) -31.1 (-17.6) -30.4 (-33.2)

o-pentachlorophenolb

RI-PBE/TZVP,SV(P) 4.8 (13.8) 0.0 (-4.2) 14.6 (22.9) -30.1 (-8.0) -18.0 (-7.4)
RI-PBE/TZVP,SV(P)+ ZPE 4.6 (14.4) 0.0 (-5.3) 13.9 (23.1) -29.3 (-7.4) -17.8 (-6.7)
RI-PBE/TZVPP 1.8 (8.1) 0.0 (-2.0) 16.2 (22.0) -19.1 (-7.0) -20.4 (-12.2)
B3LYP/ TZVP,SV(P) 11.0 (9.5) 0.0 (-6.2) 19.5 (39.6) -29.4 (-11.3) -33.7 (-30.2)

m-pentachlorophenol
RI-PBE/TZVP,SV(P) 12.3 (5.0) 0.0 (12.0) 22.9 (14.8) -18.7 (-15.0) -6.0 (-11.6)
RI-PBE/TZVP,SV(P)+ ZPE 12.5 (4.9) 0.0 (12.0) 22.8 (14.5) -17.6 (-14.7) -5.4 (-11.8)
RI-PBE/TZVPP 6.8 (1.8) 0.0 (9.2) 22.3 (16.5) -17.0 (-11.4) -10.8 (-13.8)
B3LYP/ TZVP,SV(P) 18.1 (2.7) 0.0 (7.8) 27.7 (19.8) -28.3 (-17.4) -22.1 (-32.6)

ipso-pentachlorophenol
RI-PBE/TZVP,SV(P) 12.1 (5.8) 0.0 (11.1) 19.2 (12.0) 8.9 (-0.9) 9.9 (5.2)
RI-PBE/TZVP,SV(P)+ ZPE 11.2 (5.7) 0.0 (9.9) 17.5 (11.6) 7.8 (-0.8) 9.0 (4.8)
RI-PBE/TZVPP 7.3 (2.1) 0.0 (9.5) 20.2 (13.9) 11.0 (2.8) 5.4 (2.1)
B3LYP/ TZVP,SV(P) 18.5 (0.0) 0.0 (7.4) 22.9 (16.0) 7.6 (-1.7) -3.0 (-13.1)

a ISR ) infinitely separated reactants, PRC) pre-reactant complex, TS) transition state, and ISP) infinitely separated products. The quartet
energetics are listed in parentheses. NC) unconverged SCF.b The inverted doublet-quartet energy spacing in the PRC arises from an apparent
phenol-Compound I hydrogen bond not present in the doublet PRC.

P450-Catalyzed Aromatic Dehalogenation Biochemistry, Vol. 46, No. 20, 20075927



to carbonyl compounds (62). The Fe-O bond distance is
1.74 Å,∼0.1 Å longer than the computed value for the pre-
reactant complex, which is in close agreement to the value
previously computed for the transition state for benzene
oxidation (57). The ipso carbon rises 10° above the plane
defined by the ortho carbon atom and chlorine atom.

These geometric parameters in the transition state for para
oxidation of pentachlorophenol are similar. Compound I
approaches the para carbon of pentachlorophenol at 108° with
a C-O distance of 1.8 Å. The Fe-O distance is also
1.74 Å in the transition state, and the ipso carbon rises 9.8°
out of the plane defined by the ortho carbons and chlorine
atom. The electronic wavefunctions for the geometries of
the stationary points on the RI-PBE/TZVP,SV(P) potential
energy surface were recomputed in Gaussian for natural
population analyses. These analyses revealed that the sub-
strate units have moderate radical cation character in their
transition states. The computed spin density localized to the
C6Cl6 unit in the doublet transition state is-0.18 e with a
corresponding charge of+0.16 e on the aromatic unit. These
values are-0.19 e and+0.25 e in the transition state on the
doublet surface for pentachlorophenol oxidation. Although
somewhat similar, the slightly larger spin density and charge
in the case of pentachlorophenol is consistent with the
expected smaller ionization potential of pentachlorophenol.
Our research group has reported similar effects for hydroxyl
radical addition to benzene (18) and other aromatic hydro-
carbons (63).

With the exception of the intermediate connected to the
transition state for ipso attack by Compound I, the primary
oxidation products for the model Compound I-catalyzed reac-
tion with hexachlorobenzene and pentachlorophenols are
exothermic. The primary oxidation products, identified by
distorting the transition state geometries along the normal
mode associated with the single imaginary vibrational fre-
quency with subsequent re-optimization are characterized
by a concomitant 1,2-shift of the pendent chlorine atom.
Triradicaloid Compound I is characterized by singly oc-
cupied, nearly degenerateπ*yz andπ*xz, and porphyrin “a2u”
orbitals (64). “a2u” refers to theπ orbital of the isolated
porphyrin withD4h symmetry. Further information regarding
this nomenclature for describing the electronic structure of
P450 Compound I can be found in reference 64. The trans-
formation results in a product complex characterized by a
singly occcupiedπyz molecular orbital localized to the FeO
unit and an elongated Fe-O distance of 2.0 Å. NPA analyses
reveal a small accumulation ofâ spin density and negative
charge on the cyclohexadienone species within these com-
plexes. This observation can be attributed to back-bonding
from the Fe d orbitals to theπ* system of the cyclohexa-
dienone ligand. Oxidation of hexachlorobenzene and pen-
tachlorophenol at the para, meta, and ortho positions results
in the formation of 2,2,3,4,5,6-hexachloro-3,5-cyclohexa-
dienone, 4-hydroxy-2,2,3,5,6-pentachloro-3,5-cyclohexadi-
enone, 5-hydroxy-2,2,3,4,6-pentachloro-3,5-cyclohexadi-
enone, and 2-hydroxy-2,3,4,5,6-pentachloro-3,5-cyclohexa-

FIGURE 2: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to hexachlorobenzene. Geometries were optimized at the RI-PBE/TZVP,SV(P) level of theory.
Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to the quartet surface are in parentheses.
NC indicates that the SCF would not converge.
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dienone, respectively. Perhalocyclohexadienone intermediates
in the oxidation of perhalogenated benzenes have not
previously been reported and could represent key intermedi-
ates toward the direct formation of tetrahaloquinones from
P450 catalysis (Scheme 3).

The experimentally observed P450 oxidation product of
hexachlorobenzene is pentachlorophenol; therefore, the
formation of this product from the cyclohexadienone species
requires loss of a chlorine unit. Chlorine atom or cation
release has not been demonstrated for chlorinated aromatics,
in contrast to the P450-catalyzed oxidation of carbon
tetrachloride (65). Reduction of the cyclohexadienone species
is a prerequisite for chloride ion expulsion. Reduction of this
cyclohexadienone species could be enzyme- or nonenzyme-
mediated. The enzyme-mediated scenario for reduction could
result from electron capture from Fe(II) protoporphyrin IX
previously reduced by NADPH cytochrome P450 reductase

or equivalent (66). Alternatively, the release of these species
into the aqueous environment would subject them to reduc-
tion by soluble biological factors. To assess the susceptibility
of 2,2,3,4,5,6-hexachloro-3,5-cyclohexadienone and the pen-
tachlorophenoxyl radical toward reduction, the vertical and
adiabatic electron affinities were computed.

Geometries were optimized at the B3LYP/6-31G(d) level
of theory and followed by single-point energy calculations
with the more flexible aug-cc-pVTZ basis set. Solvation
effects were included using the PCM model withε ) 5.6
and ε ) 78, with the former to mimic the hydrophobic
interior of the P450 active site. These values are listed in
Table 2. The electron affinity calculations of 2,2,3,4,5,6-
hexachloro-3,5-cyclohexadienone indicate that this species
has a significant potential for reduction with a vertical
electron affinity of 2.30 eV in the gas phase. Solvation of
the neutral and radical anion species result in further increases
in the vertical electron affinity of 1.35 and 1.62 eV in a
hydrophobic environment and water, respectively. Of par-
ticular interest is the large change in electron affinity in the
hydrophobic model of the P450 interior, which supports the
hypothesis that this species could effectively capture an
electron from the reduced iron protoporphyrin IX. Indeed,
geometry optimization of the 2,2,3,4,5,6-hexachloro-3,5-
cyclohexadienone radical anion resulted in the expulsion of
a chloride ion to form a complex with the pentachlorophe-
noxyl radical. The relaxation energies range from 0.75 to
1.20 eV, indicating that electron capture by this species
results in a very exothermic expulsion of the chloride ion.

FIGURE 3: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to the para position of pentachlorophenol. Geometries were optimized at the RI-PBE/TZVP,-
SV(P) level of theory. Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to the quartet surface
are in parentheses.

Scheme 3
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Additionally, the resulting pentachlorophenoxyl radical has
a significant electron affinity, which is also augmented in
the presence of both solvation models, indicating that the
pentachlorophenoxyl radical would be rapidly reduced to
pentachlorophenoxide regardless of the enzyme’s presence.
Reductive dechlorination of 2,2,3,4,5,6-hexachloro-3,5-cy-
clohexadienone mediated by iron protoporphyrin IX is
outlined in Scheme 4.

The Compound I-mediated oxidation of the pentachlo-
rophenols would lead to a hydroxycyclohexadienone. The
transformation of hydroxycyclohexadienones formed from
Compound I addition do not require reduction to form the
corresponding quinones. Deprotonation of the phenolic
hydroxyls followed by re-optimization resulted in a facile
release of chloride ion to give the tetrachloroquinones.
Because one would not expect the pKa of the hydroxycy-
clohexadienone to differ significantly from the pentachlo-
rophenol value of 4.7, this deprotonation process, followed
by chloride ion expulsion, would predominate at physiologi-
cal pH (7.4) (67).

Oxidation of Hexafluorobenzene and Pentafluorophenol.
The energies for the oxidation of hexafluorobenzene and
pentafluorophenol are listed in Table 3. Potential energy
surfaces and RI-PBE/TZVPP//RI-PBE/TZVP,SV(P) and
B3LYP/TZVP,SV(P)//RI-PBE/TZVP,SV(P) energetics for
Compound I addition to hexafluorobenzene and the para
position of pentafluorophenol are shown in Figures 4 and 5,
respectively. Potential energy surfaces for reactions at the
other positions of pentafluorophenol are listed in the Sup-
porting Information. The barrier for oxidation calculated for
hexafluorobenzene at the RI-PBE level was found to be 9.2-
11.8 kcal/mol on the doublet surface, and 10.2-12.4 kcal/
mol on the quartet surface. Calculated barrier heights using
B3LYP were 6.5 and 14.5 kcal/mol for the doublet and
quartet surfaces, respectively. For both spin surfaces, the
barriers were significantly lower than those obtained for the
oxidation of hexachlorobenzene, a result that is consistent
with the experimentally observed rates of elimination: F>

Cl > Br > I (24). In addition, an experimental study on the
oxidation of chloropentafluorobenzene by microsomal cy-
tochrome P450 demonstrated that the fluorine para to the
chlorine was eliminated preferentially, and no chlorine
elimination products were observed, a result that is again
consistent with a lower barrier for attack at the carbon bearing
the fluorine followed by loss of the fluorine (68).

Interestingly, one key difference between the oxidation
of hexafluorobenzene and the above results with hexachlo-
robenzene was the identification of an intermediateσ
complex (Figure 4). While hexachlorobenzene oxidation by
Compound I resulted in an apparently barrierless 1,2-
migration of the ipso chlorine, this migration was not
observed for the oxidation of hexafluorobenzene. Instead,
an intermediate cationicσ complex was identified, a result
similar to that observed in other theoretical studies of P450-
catalyzed benzene oxidation (57, 61, 69). In contrast to these
results, however, the NPA charge on the aromatic substrate
was found to be onlyq ) 0.33 e, whereas de Visser and
Shaik found a value ofq ) 0.51 e for the doublet surface.
We attribute this result to the electron-withdrawing character
of the fluorine substituents. Starting from theσ complex,
subsequent calculations were performed to locate the transi-
tion state for fluorine migration, which was found to be
7.5 kcal/mol at the RI-PBE/TZVPP//RI-PBE/TZVP,SV(P)
level of theory. From the transition state, the primary
oxidation product was obtained by distorting the transition
state geometry along the single imaginary vibrational mode
followed by geometry optimization. The 1,2-migrated prod-
uct at infinite separation was found to be more stable by
17.9 kcal/mol relative to theσ complex at the RI-PBE/
TZVPP//RI-PBE/TZVP,SV(P) level of theory.

Potential energy surfaces were also calculated for oxidation
of the four unique positions of pentafluorophenol. The
potential energy surface for oxidation of the para position is
shown in Figure 5. The barriers for oxidation at the ortho
and para positions on the doublet surface were found to be
significantly lower than that for oxidation of hexafluoroben-

Table 2: Electron Affinitiesa (eV) of 2,2,3,4,5,6-Hexachloro-3,5-cyclohexadieneone and the Pentachlorophenoxyl Radical (C2V)

vertical adiabatic vertical adiabatic

B3LYP/6-31G(d) 2.00 2.76 2.89 3.01
B3LYP/aug-cc-pVTZb 2.30 3.05 3.24 3.32
PCM(ε ) 5.6)-B3LYP/aug-cc-pVTZb 3.65 4.69 4.67 4.75
PCM(ε ) 78)-B3LYP/aug-cc-pVTZb 3.92 5.12 4.97 5.05

a The vertical electron affinities are evaluated as the difference between the electronic energies of the optimized neutral geometry and the anion
at the neutral geometry. The adiabatic electron affinities are evaluated as the difference in electronic energies of the optimized neutral geometryand
optimized anion geometry.b B3LYP/6-31G(d) optimized geometries were used.

Scheme 4
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zene, with RI-PBE-calculated heights of 6.2-8.9 and 7.1-
9.8 kcal/mol, respectively. Using the B3LYP functional, these
values were found to be 4.9 and 12.1 kcal/mol. Barriers
calculated for the quartet surface were found to be 9.7 and
8.8 kcal/mol for ortho and para, respectively, using RI-PBE,
and 13.1 and 13.2 kcal/mol, respectively, using B3LYP. The
quartet surface in both cases was∼4 kcal/mol higher in
energy than the doublet surface when calculated using
RI-PBE. With B3LYP, the quartet surface was found to
be lower in energy than the doublet surface for the pre-
reactant complexes, but the higher transition state barrier
indicates that the quartet surface is not likely for the reaction.
As was found in the oxidation of hexafluorobenzene, the
barrier heights for pentafluorophenol oxidation were gener-
ally lower by several kcal/mol when compared with those
for pentachlorophenol.

On the doublet surface, meta oxidation was found to have
a barrier of 8.4-10.9 kcal/mol using RI-PBE and a barrier
of 6.8 kcal/mol when calculated using B3LYP. On the quartet
surface, the barriers were between 10.0 and 13.4 kcal/mol
when calculated using RI-PBE, and the observed barrier
using B3LYP was 14.9 kcal/mol. Interestingly, although the
barriers for meta attack are higher than those for ortho or
para oxidation, the magnitude of the increase is significantly
smaller than that observed in the chlorinated case; the
difference is only 1-2 kcal/mol when calculated using RI-
PBE. However, no experimental products arising from the
meta oxidation of pentafluorophenol have been observed,
which indicates that either this difference in barrier heights
is adequate to preclude oxidation of the meta position or
orientational factors in the active site are also involved in
determining the regioselectivity of oxidation.

Oxidation at the ipso position of the ring was also
examined and was found to have a much larger barrier on

the doublet surface of 15.0-16.8 kcal/mol using RI-PBE and
21.1 kcal/mol using B3LYP. For the quartet surface, the
barrier heights were 26.2-27.2 at the RI-PBE levels of theory
and 27.7 kcal/mol with B3LYP. This barrier height is not
competitive with ortho or para attack. In addition, and as
was the case with pentachlorophenol, the trajectory required
for oxidation at this position would likely result in hydrogen-
atom abstraction from the phenol as opposed to electrophilic
addition to the ring.

At all four possible locations of attack, oxidation of
pentafluorophenol resulted in the formation of an intermedi-
ate σ complex in a fashion identical to the oxidation of
hexafluorobenzene. Experimental P450 studies for the oxida-
tion of pentafluorophenol have been performed, and their
results support the direct formation of tetrafluoroquinones,
which rapidly react with proteins (23). To our knowledge,
however, these studies have not attempted to distinguish the
formation of the 1,4- and 1,2-benzoquinones from the
oxidation of the para and ortho positions, respectively; in
analogous studies of the oxidation of pentachlorophenol, both
products are observed. Our computational results indicate
that oxidation of the para and ortho positions of pentafluo-
rophenol proceeds with the lowest barriers, a result which
is consistent with both prior experimental and our current
computational studies of the oxidation of pentachlorophenol.
To arrive at the experimentally observed products, however,
loss of fluorine is required, likely occurring after migration
to an adjacent carbon.

Additional calculations were performed to examine the
energetics of fluorine migration in the product of the
oxidation of para-pentafluorophenol bound to the iron
porphyrin. Given that thepKa of the phenolic hydrogen of a
perfluorinated benzene is 5.53 (67) and thus likely ionized
at physiological pH, we considered both protonation states

Table 3: Energies (kcal/mol) Relative to the Pre-Reactant Complex on the Doublet Surface for the Oxidation of Hexafluorobenzene and
Pentafluorophenola

theory ISR PRC TS PC ISP

hexafluorobenzene
RI-PBE/TZVP,SV(P) 6.1 (6.9) 0.0 (4.0) 9.2 (10.2) -9.1 (-11.5) -20.2 (-17.9)
RI-PBE/TZVP,SV(P)+ ZPE 5.6 (6.3) 0.0 (3.8) 9.3 (10.1) -8.8 (-11.3) -19.5 (-17.6)
RI-PBE/TZVPP 2.9 (3.2) 0.0 (4.0) 11.8 (12.4) -6.2 (-8.3) -24.1 (-21.9)
B3LYP/ TZVP,SV(P) 5.1 (5.1) 0.0 (-7.6) 6.5 (14.5) -40.5 (-13.5) -43.9 (-38.9)

p-pentafluorophenol
RI-PBE/TZVP,SV(P) 5.4 (6.1) 0.0 (4.0) 7.4 (9.7) -13.2 (-12.8) -22.5 (-20.2)
RI-PBE/TZVP,SV(P)+ ZPE 4.6 (5.7) 0.0 (3.4) 7.1 (9.9) -13.0 (-12.4) -22.1 (-19.7)
RI-PBE/TZVPP 2.0 (2.3) 0.0 (4.0) 9.8 (11.3) -10.4 (-10.2) -25.7 (-23.5)
B3LYP/ TZVP,SV(P) 4.0 (4.2) 0.0 (-7.7) 4.9 (13.2) -21.9 (-14.6) -46.5 (-41.6)

o-pentafluorophenol
RI-PBE/TZVP,SV(P) 6.5 (7.1) 0.0 (4.2) 6.3 (8.8) -19.1 (-15.6) -24.9 (-22.8)
RI-PBE/TZVP,SV(P)+ ZPE 6.1 (7.1) 0.0 (4.1) 6.2 (8.7) -18.7 (-15.6) -24.0 (-22.3)
RI-PBE/TZVPP 2.7 (3.5) 0.0 (3.4) 8.9 (11.2) -15.2 (-11.6) -28.3 (-25.5)
B3LYP/ TZVP,SV(P) 13.1 (5.5) 0.0 (0.0) 12.1 (13.1) -21.0 (-16.7) -40.0 (-42.7)

m-pentafluorophenol
RI-PBE/TZVP,SV(P) 7.0 (7.4) 0.0 (4.4) 8.4 (10.2) -10.0 (-10.1) -23.4 (-21.5)
RI-PBE/TZVP,SV(P)+ ZPE 6.6 (6.7) 0.0 (4.5) 8.6 (10.0) -9.3 (-10.1) -22.4 (-21.1)
RI-PBE/TZVPP 3.0 (3.2) 0.0 (4.0) 10.9 (13.4) -6.2 (-7.3) -27.3 (-25.1)
B3LYP/ TZVP,SV(P) 5.7 (5.3) 0.0 (-7.2) 6.8 (14.9) -17.5 (-12.1) -47.2 (-42.7)

ipso-pentafluorophenol
RI-PBE/TZVP,SV(P) 13.6 (21.9) 0.0 (-3.6) 15.0 (26.2) 3.5 (11.7) 6.1 (16.0)
RI-PBE/TZVP,SV(P)+ ZPE 14.5 (22.3) 0.0 (-3.2) 16.0 (26.7) 4.9 (12.7) 7.6 (16.5)
RI-PBE/TZVPP 8.6 (16.1) 0.0 (-3.2) 16.8 (27.2) 6.5 (13.8) 1.7 (11.1)
B3LYP/ TZVP,SV(P) 21.1 (17.2) 0.0 (-3.7) 21.1 (27.5) 5.1 (7.9) -5.9 (-4.9)

a ISR ) infinitely separated reactants, PRC) pre-reactant complex, TS) transition state, and ISP) infinitely separated products. The quartet
energetics are listed in parentheses. NC) unconverged SCF.
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for the phenolic oxygen. The RI-PBE/TZVPP//RI-PBE/
TZVP,SV(P) barrier heights for migration were found to be
18.1 kcal/mol for the deprotonated and 6.2 kcal/mol for the
protonated phenol on the doublet surface. As above, the
transition states were characterized by the presence of a single
imaginary vibrational frequency corresponding to the reaction
coordinate, and distortion along the corresponding normal
mode followed by geometry optimization verified that each
saddle point connected to the appropriate reactant and product
on the potential energy surface. Migration was found to be
energetically favorable by-20.1 kcal/mol for the protonated
phenol relative to theσ complex, whereas migration of
fluorine in the deprotonated system was unfavorable by
8.7 kcal/mol. We attribute this result to the ability of the
phenolate system to stabilize the cationic character of theσ
complex via resonance (Figure 6), thereby leading to a higher
activation barrier for the deprotonated phenol.

After fluorine migration, this resonance stabilization is lost,
rendering migration energetically disfavored in our present
model. However, in the enzyme active site, nearby residues
could likely stabilize the charge on the phenolate oxygen
via hydrogen bonding, making fluorine migration more
energetically favorable.

NPA atomic charges were computed for all stationary
points on the potential energy surfaces. As was found with
hexachlorobenzene and pentachlorophenol, in the fluorinated

transition states, the aromatic substrate was found to have a
moderate amount of radical character (F ) -0.15) for both
hexafluorobenzene and pentafluorophenol. The group charges
on the aromatic substrates were determined to be+0.19 and
+0.25 e, respectively, with pentafluorophenol having a larger
group charge. The same trend was observed in the chlorinated
cases and as above can be attributed to the smaller ionization
potential of pentafluorophenol. A comparison of theσ
complex and cyclohexadienone product complexes indicate
an accumulation of charge density on the phenolate oxygen
in the migrated product, withq(O) increasing from-0.53
to -0.62 e, a result consistent with a decrease in resonance
donation upon fluorine migration. The calculated barrier of
7.4 kcal/mol for migration in the neutral pentafluorophenol
is similar to the barrier calculated by Harvey and co-workers
for the migration of hydrogen from theσ complex formed
upon the oxidation of benzene (61, 69). Overall, these results
indicate that fluorine migration in the P450 active site would
be possible for theσ complex formed from Compound I
addition to pentafluorophenol.

Important geometric parameters and spin densities for the
reactions with hexafluorobenzene and para oxidation of
pentafluorophenol are shown in Figures 4 and 5. The
potential energy surfaces are products from the oxidation of
pentafluorophenol qualitatively quite similar to those calcu-
lated for the oxidation of the chlorinated derivatives above,

FIGURE 4: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to hexafluorobenzene. Geometries were optimized at the RI-PBE/TZVP,SV(P) level of theory.
Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to the quartet surface are in parentheses.
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with an early transition state and similar geometries. The
Fe-O and O-C bond distances were found to be 1.72-
1.73 and 1.85-1.89 Å, respectively, values quite similar to
the 1.74 and 1.8 Å found in the chlorinated cases. In addition,
the out-of-plane distortion of the ipso carbon in the transition
state was found to be 9.8-10.8° out from the plane defined
by its three bonded atoms, a range that matches those found
with hexachlorobenzene and pentachlorophenol. The prin-
cipal difference between the fluorinated results and those
found for the chlorinated cases is in the angle of approach
for the Compound I oxygen. In hexafluorobenzene, this angle
is 102°, slightly less than the 107° in hexachlorobenzene.
This trend is reproduced in the oxidation of all fluorinated
positions and with all compounds.

As discussed above, the principle difference in the
mechanism between the chlorinated and fluorinated cases is
the presence of a small barrier for 1,2-halogen migration in
the fluorinated systems. Subsequent migration of fluorine
was found to be thermodynamically favorable in hexafluo-
robenzene and all positions of neutral pentafluorophenol. The

resulting cyclohexadienones and hydroxycyclohexadienones
formed upon oxidation of hexafluorobenzene and pentafluo-
rophenol at the para, meta, and ortho positions were
2,2,3,4,5,6-hexafluoro-3,5-cyclohexadienone, 4-hydroxy-
2,2,3,5,6-pentafluoro-3,5-cyclohexadienone, 5-hydroxy-
2,2,3,4,6-pentafluoro-3,5-cyclohexadienone, and 2-hydroxy-
2,3,4,5,6-pentafluoro-3,5-cyclohexadienone, respectively
(analogous to Scheme 3, but with F instead of Cl).

Subsequent calculations were performed on the isolated
products from the oxidation of hexafluorobenzene (1,2,3,4,5,6-
hexafluoro-2,4-cyclohexadienone and the fluorine-migrated
product, 2,2,3,4,5,6-hexafluoro-3,5-cyclohexadienone) to de-
termine their relative energetics and other properties as well
as to evaluate decomposition pathways analogous to those
identified in pentachlorophenol. Furthermore, various path-
ways for the loss of fluorine were examined. For the isolated
product molecules, the migrated product was found to be
35.9 kcal/mol lower in energy than theσ complex, a result
that is consistent with a higher energy zwitterion converting
to a neutral molecule in the gas phase.

Similar results were observed for the isolated products of
the oxidation of pentafluorophenol. The initialσ complexes
were found to be higher in energy than the product after
fluorine migration. In the case of the oxidation product from
ortho-pentafluorophenol, the migration of fluorine to the
adjacent fluorine-bearing carbon was found to be favorable
by 3.5 kcal/mol. Migration to the phenolic carbon was
nearly thermoneutral, with an energy change of less than

FIGURE 5: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to the para position of pentafluorophenol. Geometries were optimized at the RI-PBE/TZVP,-
SV(P) level of theory. Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to the quartet surface
are in parentheses. Transition-state barrier heights for fluorine migration in deprotonated phenol are in brackets.

FIGURE 6: Resonance structures for theσ complex formed on
addition to pentafluorophenolate.
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-0.01 kcal/mol. For the product of oxidation ofmeta-
pentafluorophenol, migration to the para position was found
to be favorable by-39.9 kcal/mol, whereas migration to
the ortho position was found to be favorable by-38.1
kcal/mol. In the case of the product of the oxidation of
para-pentafluorophenol, fluorine migration to the meta
position was found to be favorable by-31.3 kcal/mol.

However, while these migrations were found to be
energetically favorable, they do not directly lead to the
observed final products of oxidation, namely, pentafluo-
rophenol and tetrafluoroquinone, for the oxidation of hexaflu-
orobenzene and pentafluorophenol, respectively. The for-
mation of the observed products most likely requires the loss
of a fluoride anion from the system, a process which requires
reduction. To determine the relative reduction potentials, both
vertical and adiabatic electron affinities were calculated for
the isolatedσ complex and hexafluorocyclohexadienone,
using the same methods and levels of theory as previously
outlined. The results of these calculations are shown in
Table 4. In the case of the oxidation products of hexafluo-
robenzene, theσ complex was found to have a vertical
electron affinity of 2.86 eV, with consideration of PCM
solvation models (ε ) 5.6 and 78) increasing the value by
1.52 and 1.79 eV, respectively. Hexafluorocyclohexadienone
has a somewhat smaller electron affinity of 1.92 eV in the
gas phase. Analogous PCM solvation increased the electron
affinities by 1.52 and 1.80 eV. The values obtained for the
isolatedσ complex were comparable with those found for
hexachlorocyclohexadienone, whereas for hexafluorocyclo-
hexadienone, the calculated electron affinities were smaller
by ∼1 eV. As was observed for the chlorinated systems
above, the large electron affinities, in particular those
calculated using a hydrophobic model, are indicative of the
potential for trapping an electron from the reduced iron
protoporphyrin IX.

A key distinction observed between the chlorinated and
fluorinated cases, however, is that the loss of fluorine was
not observed after the optimization of the reduced products.
In both the isolatedσ complex and hexafluorocyclohexadi-
enone, optimization of the radical anions did not result in
fluoride expulsion and were in fact followed by very little
change in geometric parameters. Similarly, deprotonation of
the phenolic oxygen in hydroxypentafluorocyclohexadi-
enones does not lead to the loss of fluoride, which is the
result observed for the hydroxypentachlorocyclohexadi-

enones. Hence, decomposition of the fluorinated analogues
occurs via more complex pathways including additional
barriers for fluoride loss.

Confronting these differences, we computed the thermo-
chemistry for the loss of fluoride from the isolatedσ complex
and hydroxycyclohexadienone oxidation products of pen-
tafluorophenol (para) as well as from corresponding products
from hexafluorobenzene. A schematic of the considered
pathways is shown in Figure 7.

Fluoride loss from hexafluorocyclohexadienone and the
isolatedσ complex in the gas phase were strongly endo-
thermic, with calculated reaction energies of 47.5 and
28.3 kcal/mol, respectively (Figure 7a and b). Using PCM
with ε ) 78, the energies of reaction were improved to 1.2
and -11.9 kcal/mol. Similar calculations were performed
on the isolatedσ complex and hydroxypentafluorocyclo-
hexadienone formed from the oxidation of pentafluoro-
phenol (Figure 7c-f). In this case, the situation is compli-
cated by the two possible protonation states of the phenolic
oxygen. Hence, we considered two possible pathways for
the loss of fluoride: deprotonation of the phenolic oxygen
to directly eliminate fluoride and reduction to the radical
anion, which could expel fluoride leading to a neutral radical.
Analogous pathways are possible for the isolatedσ complex
of pentafluorophenol; therefore, the thermochemistry of four
reactions were computed. In all cases, the gas-phase energies
of reaction were endothermic; however, PCM solvation again
provided some stabilization of the products. The expulsion
of fluoride was found to be favorable from hydroxypen-
tafluorocyclohexadienone (Figure 7d), but this was not the
case for the deprotonated hydroxypentafluorocyclohexa-
dienone (Figure 7e).

The crystal structure of dioxygen-ligated CYP101 reveals
ordered water molecules near the active site (60), which are
believed to be necessary to achieve O-O bond scission (70-
72). As a result, we next attempted to evaluate the energetics
for the loss of fluoride from the same model systems along
with two coordinating water molecules. Calculations were
performed without implicit solvation models as well as using
PCM withε ) 78. The results of these calculations are shown
in Figure 8.

With the inclusion of two waters, presolvating the reactant,
and solvating the isolated fluoride, the reaction was found
to be favorable by-6.6 kcal/mol and-12.5 kcal/mol for
hexafluorocyclohexadienone and hydroxypentafluorocyclo-

Table 4: Electron Affinitiesa (eV) of 1,2,3,4,5,6-Hexafluoro-3,5-cyclohexadieneone, 2,2,3,4,5,6-Hexafluoro-3,5-cyclohexadieneone, and the
Pentafluorophenoxyl Radical (C2V)

vertical adiabatic vertical adiabatic vertical adiabatic

B3LYP/6-31G(d) 2.13 2.47 1.22 1.63 2.20 2.39
B3LYP/aug-cc-pVTZb 2.86 3.21 1.92 2.28 2.90 3.05
PCM(ε ) 5.6)-B3LYP/aug-cc-pVTZb 4.38 4.74 3.44 3.79 4.50 4.63
PCM(ε ) 78)-B3LYP/aug-cc-pVTZb 4.65 5.01 3.72 4.08 4.81 4.94

a The vertical electron affinities are evaluated as the difference between the electronic energies of the optimized neutral geometry and the anion
at the neutral geometry. The adiabatic electron affinities are evaluated as the difference in electronic energies of the optimized neutral geometryand
optimized anion geometry.b B3LYP/6-31G(d) optimized geometries were used.
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hexadienone radical anions, respectively, using PCM in
conjunction with explicit water molecules (Figure 8a and
b). For the deprotonated phenolate, the reaction was favorable

by -5.8 kcal/mol with PCM (Figure 8c). It should be noted
that in the active site cavity, the phenolic oxygen could likely
be stabilized by hydrogen-bond donors, which would likely
result in the reaction energetics becoming more favorable
as its electronic structure becomes more akin to that of
hydroxypentafluorocyclohexadienone. In both cases, how-
ever, the loss of fluoride was found to be energetically
favorable. After the loss of fluoride in the sequence shown
in Figure 8a, the formation of the experimentally observed
product, pentafluorophenol, requires only hydrogen-atom
abstraction by the oxygen-centered radical, a process that
would likely be quite rapid. Alternatively, the pentafluo-
rophenoxyl radical has a significant electron affinity
(Table 5), which could be reduced to pentafluorophenolate.
The situation is somewhat more complex for the products
formed in the sequences shown in Figure 8b and c. The
experimentally observed product of the oxidation of pen-
tafluorophenol by cytochrome P450 is tetrafluorohydro-
quinone. However, it has been suggested that the formation
of this product is preceded by the generation of a reactive
intermediate, most likely tetrafluoroquinone (23). If the
reaction sequence in Figure 8b dominates, then the oxygen

FIGURE 7: Six pathways considered for the loss of fluoride anion from the products of oxidation of hexafluorobenzene and pentafluorophenol,
calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-31G* level. Energies are given in kcal/mol.

FIGURE 8: Three favorable pathways for the loss of fluoride anion
from the products of oxidation of hexafluorobenzene and pen-
tafluorophenol calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-
31G* level of theory. Energies are given in kcal/mol.
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will likely abstract a hydrogen atom to form tetrafluorosemi-
quinone, which is a likely precursor to tetrafluorohydro-
quinone, rather than the tetrafluorobenzoquinone. If, instead,
the pathway in Figure 8c dominates, then tetrafluorobenzo-
quinone is directly formed. There are still a few uncertainties,
however. The calculations were performed on the isolated
product, no longer associated with the P450 enzyme. It is

possible that fluorine could be lost while the cyclohexadi-
enone was still in the P450 active site.

Oxidation of Chlorofluorobenzenes. InVitro and in ViVo
rat biotransformation studies of chloropentafluorobenzene
and 1,3,5-trifluoro-2,4,6-trichlorobenzene by cytochrome
P450 have been performed and the products characterized
by 19F NMR spectroscopy (68). para-Chlorotetrafluorophenol

Table 5: Energies (kcal/mol) Relative to the Pre-Reactant Complex on the Doublet Surface for the Oxidation of Chlorofluorobenzenesa

theory ISR PRC TS PC ISP

chloropentafluorobenzene Cl oxidation
RI-PBE/TZVP,SV(P) 5.7 (6.5) 0.0 (4.0) 12.5 (16.2) -25.5 (-18.2) -14.0 (-11.6)
RI-PBE/TZVP,SV(P)+ ZPE 5.4 (6.1) 0.0 (3.7) 12.1 (15.8) -24.2 (-17.9) -13.6 (-11.6)
RI-PBE/TZVPP 2.4 (3.0) 0.0 (3.6) 14.5 (17.9) -21.7 (-15.7) -17.6 (-15.0)
B3LYP/ TZVP,SV(P) 4.3 (5.0) 0.0 (-8.3) 11.0 (36.7) -38.4 (-17.4) -37.4 (-31.7)

chloropentafluorobenzenep-F oxidation
RI-PBE/TZVP,SV(P) 5.9 (6.6) 0.0 (4.1) 7.4 (9.6) -10.8 (-12.1) -13.8 (-11.5)
RI-PBE/TZVP,SV(P)+ ZPE 5.6 (6.3) 0.0 (3.7) 7.3 (9.5) -10.6 (-11.8) -13.4 (-11.4)
RI-PBE/TZVPP 2.5 (2.8) 0.0 (4.0) 10.1 (11.7) -17.0 (-9.0) -17.4 (-15.2)
B3LYP/ TZVP,SV(P) 4.2 (4.7) 0.0 (-8.1) 6.3 (NC) -10.1 (-14.0) -37.4 (-32.0)

1,3,5-trichloro-2,4,6-trifluorobenzene Cl oxidation
RI-PBE/TZVP,SV(P) 5.7 (6.2) 0.0 (4.3) 15.0 (16.2) -24.7 (-18.3) -13.3 (-11.2)
RI-PBE/TZVP,SV(P)+ ZPE 5.3 (5.9) 0.0 (3.9) 14.2 (15.5) -24.2 (-18.4) -13.3 (-11.5)
RI-PBE/TZVPP 2.4 (2.5) 0.0 (4.1) 25.1 (17.3) -21.5 (-15.7) -16.8 (-14.8)
B3LYP/ TZVP,SV(P) 12.4 (4.1) 0.0 (0.6) 20.4 (21.3) -29.6 (-10.6) -28.4 (-31.8)

1,3,5-trichloro-2,4,6-trifluorobenzene F oxidation
RI-PBE/TZVP,SV(P) 5.8 (5.8) 0.0 (4.7) 10.5 (10.3) -7.1 (-10.0) -13.6 (-12.0)
RI-PBE/TZVP,SV(P)+ ZPE 5.4 (5.5) 0.0 (4.3) 9.9 (9.8) -7.5 (-9.8) -13.7 (-12.3)
RI-PBE/TZVPP 2.5 (2.6) 0.0 (4.1) 12.2 (12.2) -4.3 (-6.6) -17.4 (-15.4)
B3LYP/ TZVP,SV(P) 4.3 (4.4) 0.0 (-7.7) 7.8 (28.5) -16.8 (-10.4) -37.3 (-32.2)

a ISR ) infinitely separated reactants, PRC) pre-reactant complex, TS) transition state, and ISP) infinitely separated products. The quartet
energetics are listed in parentheses. NC) unconverged SCF.

FIGURE 9: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to the para position of chloropentafluorobenzene. Geometries were optimized at the RI-PBE/
TZVP,SV(P) level of theory. Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to the quartet
surface are in parentheses.
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and its phase II reaction products were identified as the
primary metabolites in rat urine, demonstrating the prefer-
ential elimination of thep-F atom in the metabolism of
chloropentafluorobenzene. In similarin ViVo 1,3,5-trifluoro-
2,4,6-trichlorobenzene biotransformation experiments, only
1,3-difluoro-2,4,6-trichlorophenol and its corresponding phase
II metabolites were observed.In Vitro studies of chloropen-
tafluorobenzene biotransformation by rat liver microsomal
P450 also demonstrated preferential elimination of thep-F
atom to givepara-chlorotetrafluorophenol. Previous theoreti-
cal work on the oxidation of benzene and monosubstituted
analogues (57, 61, 69) as well as the results presented here
for hexachlorobenzene and hexafluorobenzene indicate that
the rate-determining step in P450 oxidation of benzenes is
the addition of Compound I to the aromatic ring; thus, we
computed the potential energy surfaces for the oxidation of
these mixed F/Cl compounds whose oxidative metabolism
has been experimentally considered.

For chloropentafluorobenzene, we considered the addition
of Compound I to thep-F substitituted position as well as
the chlorinated position, and the potential energy surfaces
for these processes are shown in Figures 9 and 10. For the
following discussion, we will only mention the RI-PBE
activation barriers; the corresponding B3LYP barriers are
in Table 4. The barriers for this process were consistently
lower for addition to thep-F position for all levels of theory
examined. Barriers for addition to thep-F position were 7.4-

10.1 kcal/mol on the doublet surface and 9.5-11.7 on the
quartet surface. Barriers for addition to the chlorinated
position were computed to be 12.1-14.5 kcal/mol on the
doublet surface and 15.8-17.9 kcal/mol on the quartet
surface. We also computed the potential energy surface for
the addition of Compound I to both fluorinated and chlori-
nated positions on 1,3,5-trifluoro-2,4,6-trichlorobenzene.
Oxidation of a fluorinated position in this case was again
energetically preferred, with barriers for addition to the
fluorinated position of 9.9-12.2 kcal/mol on the doublet
surface and 9.8-12.2 kcal/mol on the quartet surface, as
compared to addition to a chlorinated position for which the
barriers were computed to be 14.2-25.1 kcal/mol on the
doublet surface and 15.5-17.3 kcal/mol on the quartet
surface. As in the previously described perhalogenated
benzenes and phenol, oxidation at a chlorine-bearing carbon
resulted in an apparently barrierless shift of the chlorine to
the adjacent atom, and transition states for oxidation at a
fluorine-bearing carbon could be connected to intermediate
σ complexes. Despite the small number of compounds
considered to validate the ability of these theoretical methods
to predict the regiospecificity of P450 metabolism, these
results are encouraging and consistent with experiments.

CONCLUSIONS

We have presented a density functional theory study of
the mechanisms by which cytochrome P450 Compound I

FIGURE 10: RI-PBE/TZVPP (top) and B3LYP/TZVP,SV(P) (bottom, italics) relative energy diagram of stationary points along the reaction
coordinate for model Compound I addition to the chlorinated position of chloropentafluorobenzene. Geometries were optimized at the
RI-PBE/TZVP,SV(P) level of theory. Bond distances are listed in Angstroms, and energies are in kcal/mol. The values corresponding to
the quartet surface are in parentheses.
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oxidizes perchlorinated and perfluorinated benzenes to phe-
nols and subsequently to benzoquinones. The computation-
ally efficient resolution-of-the-identity method with the PBE
density functional is predictive of the triradicaloid electronic
structure of P450 Compound I, similar to the B3LYP density
functional, which does not benefit from this approximation.
A novel mechanism has been identified by which perhalo-
genated benzenes are transformed directly into tetrahalo-
quinones. The addition of P450 Compound I to chlorinated
positions of the hexahalogenated species considered in this
study resulted in an apparently barrierless migration to the
adjacent carbon yielding a perhalocyclohexadienone coor-
dinated to the Fe via the carbonyl group. The relative barriers
for the addition to nonequivalent positions of pentachlo-
rophenol were consistent with the observation of only ortho
and para oxidation products experimentally. Conclusions
drawn from these calculations do not consider the contribu-
tions of the P450 reduction rate, substrate binding and
orientation, formation of oxygen intermediates, rates of
product release, and other processes to the observed product
distribution. However, we hypothesize that the addition of
the Compound I oxygen to the aromatic ring is at least
partially rate-determining because of the correlation of our
results with available experimental data. Computation of the
electron affinities of hexachlorocyclohexadienone and the
pentachlorophenoxyl radical revealed that these species could
be reduced efficiently by enzymatic or nonenzymatic medi-
ated mechanisms. The hexachlorocyclohexadienone radical
anion undergoes facile expulsion of chloride to form the
pentachlorophenoxyl radical, an obvious precursor to the
experimentally observed pentachlorophenolate product. More-
over, the products of pentachlorophenol oxidation, the
hydroxypentachlorocyclohexadienones, expel chloride to
directly form the tetrachloroquinones upon deprotonation of
the hydroxyl functionality.

Compound I addition to hexafluorobenzene and pentafluo-
rophenol results in the formation of a characteristicσ
complex intermediate like that previously computed for
hydrogen-bearing positions of benzene and monosubstituted
analogues (61). Interestingly, the barrier computed for the
formation of this intermediate is smaller than that previously
computed, and also verified by us, for hydrogen-bearing
positions. The pendent fluorine atom of theσ complex
migrates with a moderate barrier to form hexafluorocyclo-
hexadienones and hydroxypentafluorocyclohexadienones from
hexafluorobenzene and pentafluorophenol, respectively. Un-
like the analogous perchlorinated species, the radical anion
of hexafluorocyclohexadienone does not spontaneously lose
fluoride in the gas phase. Additionally, deprotonation of the
hydroxypentafluorocyclohexadienones does not decompose
to fluoride and tetrafluoroquinone in a facile manner.
Thermochemical calculations support the conclusion that
explicit coordination by water molecules is necessary in order
for fluoride expulsion to be energetically favorable.

These theoretical approaches predicted the experimentally
observed preferential oxidation of the para-fluorinated posi-
tion of chloropentafluorobenzene and of one of the three
equivalent fluorinated positions of 1,3,5-trichloro-2,4,6-
trifluorobenzene. Despite the small number of molecules
considered in this study, the results presented here underscore
the importance that these theoretical methods could play in
the prediction of the chemoselectivity of xenobiotic metabo-

lism by cytochrome P450 enzymes combined with the ever-
increasing knowledge of mammalian P450 enzyme structure
(73). This study also demonstrates that cytochrome P450
Compound I is an effective oxidant toward these perhalo-
genated aromatic species as it is toward hydrocarbons. This
knowledge illustrates the importance of ongoing P450
protein-engineering efforts to develop enzymes with im-
proved kinetics toward these substrates, and such enzymes
could have broad applications including environmental
remediation and chemical synthesis.
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