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ABSTRACT: Bisphenol A (BPA, 2,2-bis-(4-hydroxyphenyl)propane) is used as a precursor
in the synthesis of polycarbonate and epoxy plastics; however, its availability in the
environment is causing toxicity as an endocrine-disrupting chemical. Metabolism of BPA and
their analogues (substitutes) is generally performed by liver cytochrome P450 enzymes and
often leads to a mixture of products, and some of those are toxic. To understand the product
distributions of P450 activation of BPA, we have performed a computational study into the
mechanisms and reactivities using large model structures of a human P450 isozyme (P450
2C9) with BPA bound. Density functional theory (DFT) calculations on mechanisms of BPA
activation by a P450 compound I model were investigated, leading to a number of possible
products. The substrate-binding pocket is tight, and as a consequence, aliphatic hydroxylation
is not feasible as the methyl substituents of BPA cannot reach compound I well due to
constraints of the substrate-binding pocket. Instead, we find low-energy pathways that are
initiated with phenol hydrogen atom abstraction followed by OH rebound to the phenolic
ortho- or para-position. The barriers of para-rebound are well lower in energy than those for
ortho-rebound, and consequently, our P450 2C9 model predicts dominant hydroxycumyl alcohol products. The reactions proceed
through two-state reactivity on competing doublet and quartet spin state surfaces. The calculations show fast and efficient substrate
activation on a doublet spin state surface with a rate-determining electrophilic addition step, while the quartet spin state surface has
multiple high-energy barriers that can also lead to various side products including C4-aromatic hydroxylation. This work shows that
product formation is more feasible on the low spin state, while the physicochemical properties of the substrate govern barrier heights
of the rate-determining step of the reaction. Finally, the importance of the second-coordination sphere is highlighted that determines
the product distributions and guides the bifurcation pathways.

■ INTRODUCTION
Bisphenol A (BPA, 2,2-bis-(4-hydroxyphenyl)propane, Scheme
1) is used universally in industrial processes for the synthesis of
polycarbonate and epoxy plastics. Due to its extensive use, BPA
is ever present in the environment and humans are exposed to
it through dietary and non-dietary sources.1,2 In particular,
inside the human body, it behaves as a weak estrogen and thus
is regarded as one of the endocrine-disrupting chemicals.3−5

Various studies carried out so far reported on the extensive
occurrence of BPA in human serum, placental tissue, umbilical
cord blood, urine, and breast milk, posing serious threats to
human health.1,2,6 As a consequence, BPA has been shown to
have prominent developmental, reproductive, immune, car-
diovascular, and metabolic effects.6 Due to its toxicological
nature, efforts are in progress by, e.g., food companies, to find
substitutes of BPA, and currently various of its analogues are
being tested.7 These analogues often share the basic structural
features of two phenol groups separated by an alkyl chain.

The most common products from activation of BPA by
biosystems are shown in Scheme 1 and result in either
aromatic ring hydroxylation to give 3-hydroxy-BPA, methyl

hydroxylation to give 4,4′-(1-hydroxypropane-2,2-diyl)-
diphenol or release of fragmentation products like hydrox-
ycumyl alcohol. Interestingly, bacterial P450s were found to
produce mostly aliphatic hydroxylation products, while plant
(apple) P450s dominantly produced 3-hydroxy-BPA.8−10 In
mammals including humans, BPA was shown to be activated
by the P450 group of enzymes in the liver resulting in toxic
metabolites that affected the hormone biosynthesizing P450
enzymes.7,11−14 In particular, the isozymes mainly responsible
for BPA activation are the CYP2C subfamily in the liver.13

Conjugation with the enzyme and sulfate is responsible for
almost 90% of activity of all BPA metabolites,15−17 and hence,
they work as an inhibitor of P450 enzymes. Thus, in human
P450s, BPA reacts through aromatic hydroxylation resulting in
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the formation of a catechol (3-hydroxy-BPA, Scheme 1), which
is a metabolite that shows weak androgenic and antiandrogenic
activities.18,19 Further oxidation of 3-hydroxy-BPA produces
the ortho-quinone, i.e., BPA-3,4-quinone, which was found to
form adducts with DNA and therefore is a toxic metabolite.20

In addition to monohydroxylated metabolites, the P450s react
with BPA to form hydroxycumyl alcohol, although the product
distributions vary between the different P450 isozymes. How
these various products are formed through P450 activation of
BPA remains under dispute; therefore, we decided to start a
computational study using large enzymatic structures.

The P450s are found in nearly all life forms in nature and are
involved mostly in phase I metabolism reactions.21−26 They
carry out the oxygen insertion reactions of a variety of different
substrates through the use of molecular oxygen, two reduction
equivalents, and two protons on a heme active site.27−31 The
P450s are regarded as versatile catalysts used by nature for
biotransformation reactions with functions related to biosyn-
thesis, detoxification processes, and carcinogenicity via DNA
mutations.22−33 Details of the reaction mechanisms catalyzed
by the P450s have been studied over the past few decades
through a combination of experimental and computational
approaches.27,34−39 It is generally believed that P450 catalysis
proceeds through the formation of a strong oxidant in the
catalytic cycle, namely, the iron(IV)-oxo cation radical species
(compound I, CpdI).36,39 CpdI was characterized spectro-
scopically,40 while theoretical studies have focused on its
electronic structure, properties, and reactivity.41−47 It was
shown to have an unusual ground state with a quasi-degenerate
pair of triradicaloid states, denoted as 2A2u and 4A2u, with the
same electronic configuration and unpaired electrons that
contain an electronic triplet spin on the iron-oxo moiety (in
π*xz and π*yz orbitals) coupled to an unpaired electron residing
in a π-type orbital of the porphyrin ring with a2u symmetry.48

Modeling and computational analysis of enzymatic reactions
such as P450 oxygenation have given understanding into the
electronic features that govern reactivity while also comple-
menting experimental information.27,49 Density functional
theory (DFT)-based calculations were employed to thoroughly
understand energy profiles and the intrinsic electronic features
and its contribution to selectivity and reactivity.49−57 In this
work, we focus on realistic enzymatic structures of the liver
P450 2C9 and ask ourselves what products can be expected
from a reaction between P450 CpdI and BPA. We find a novel
pathway starting with hydrogen atom abstraction from the
phenol group followed by a bifurcation pathway of OH attack
on either the ortho- or para-position with respect to the phenol
group. These mechanisms are shown to be affected by the size
and shape of the substrate-binding pocket and possible proton
relay channels.

■ METHODS
Model Setup. Our models are based on typical crystal structure

coordinates of P450 isozymes and contain the heme- and substrate-
binding areas only. These large structural models that include the
first- and second-coordination spheres of the oxidant and substrate are
generally good mimics that describe enzymatic reactivity well and
consider substrate and oxidant positioning. Previous studies on large
active-site cluster models from our group have shown that they can
reproduce experimental product distributions and rate constants
well.58,59 As the dominant isozymes responsible for BPA activation in
the liver are the CYP2C subfamily,13 we started the work from the
P450 2C9 crystal structure coordinates as deposited in the 1OG5
Protein Data Bank (PDB) file.60,61 This is an enzymatic dimer with
warfarin bound. We selected chain A of the PDB file and replaced
warfarin with BPA manually. Hydrogen atoms were added in Chimera
assuming pH 7 conditions.62 Based on the structure, we then created
active site cluster models. Exploratory work was done with a minimal
cluster model, i.e. model A (shown in blue and red in Figure 1), which

is a truncated model that consists of the iron embedded into
protoporphyrin IX with all side chains replaced by hydrogen atoms
and cysteinate abbreviated by thiolate, i.e., SH−. Its distal site is
connected to the oxo oxygen. Model A has overall charge 0 and was
calculated in the doublet and quartet spin states. We will focus here,
however, on the larger active site model (model B) of 222 atoms
(Figure 1) that incorporates part of the protein that describes the
substrate-binding pocket. In particular, model B contains model A
supplemented with the protein chains Val113−Phe114 and Ala297−
Gly298−Thr299−Glu300−Thr301−Thr302−Ser303−Thr304−Thr305,

Scheme 1. Products Obtained from BPA Metabolism by Human P450 Isozymes

Figure 1. Model B as studied in this work.
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whereby the Thr299 and Ser303 residues were truncated to Gly. In
addition, the side chains of Leu208 and Leu362 and three water
molecules were included in the model. As hydrogen bonding
interactions to the axial ligand can sometimes affect selectivities, we
expanded the axial ligand description to Cys435−Val436−Gly437,
whereby Val was truncated to Gly. Protein residues were truncated
by replacing an aliphatic C−C bond by C−H. No atoms were fixed in
the geometry optimizations.
Procedures. DFT-based calculations were performed using the

Gaussian09 software package.63 All local minima and transition state
structures were optimized in the gas phase without constraints. Two
spin states were taken into consideration for the study of the overall
reaction mechanism, namely, the S = 1/2 and S = 3/2 spin states. The
calculations were done using the unrestricted hybrid density
functional UB3LYP64,65 with a split-valence basis set described with
the LANLD2Z basis set with effective core potential on iron, and for
the remaining of the atoms (C, H, N, O, and S), 6-31G* was
employed, designated basis set one (BS1).66,67 Relaxed potential
energy scans (PES) were performed along various reaction
coordinates to establish potential mechanisms and to obtain starting
structures for the transition state searches along a particular degree of
freedom. Full geometry optimizations for the transition state
structures were performed and ascertained by an analytic frequency
calculation at the same level of the theory. A single imaginary
frequency involving the correct vibrational distortion confirmed the
structure to be a transition state, while local minima had real
frequencies only.

To validate the results, single-point calculations with a larger basis
set were performed. The basis set used here is referred to as basis set
two (BS2), and it involves a triple-ζ quality basis set with effective
core potential on iron (cc-pVTZ) and a 6-311+G* basis set on other
atoms. These calculations also included a conductor-type polarized
continuum model with a dielectric constant mimicking chlorobenzene
(ε = 5.7),68 which is a value typical for enzymatic active sites.69,70 The
methods and approaches applied in this work have been extensively

tested and validated against experimental data and were shown to
reproduce spectroscopic constants, and free energies of activation of
oxygen atom transfer reactions have been experimentally determined
well.71−73 Although all energies reported in this work exclude
dispersion corrections, actually the effect of dispersion on the
energetics and geometries was also tested using the method of
Grimme, but little change in the optimized geometries was seen and
the same electronic configuration was obtained (Supporting
Information, Figure S3).74

■ RESULTS AND DISCUSSION
We started our work with a detailed analysis of the reactant
complexes for models A and B. The reactant complexes ReA
and ReB represent CpdI models of an iron(IV)-oxo heme
cation radical species, and their structures are shown in Figure
2. In both structures, the lowest energy doublet and quartet
spin states are close in energy (within 1 kcal mol−1).
Geometrically, the Fe−O distance is short and typically
around 1.63 Å for model A and 1.65 Å for the model B
structures, which matches previous calculations on P450 CpdI
well.41−47,49,50,75,76 The Fe−S bond is rather long, and
specifically with the axial protein chain included in model B,
it is around 2.609 Å for 2ReB and 2.640 Å for 4ReB, while for
the truncated model A the distances are slightly shorter.
Previous studies using either QM/MM or DFT cluster models
gave CpdI Fe−S distances in the range 2.512−2.676
Å;27,42,44,77−80 hence, our calculated values fit that window
nicely. The optimized geometry compares well with the crystal
structure coordinates, and an overlay of the two (left-hand side
of Figure 2) gives a good match. As such, no dramatic changes
have occurred during the geometry optimizations. The
substrate phenol group in 4,2ReB undergoes hydrogen bonding
interactions with two water molecules in the substrate-binding

Figure 2. Optimized geometries of the reactant complexes in the doublet and quartet spin states for models A and B. Bond lengths are in
Ångströms. Also shown are relevant molecular valence orbitals as obtained for model A with orbital energies of 4ReB. The overlay depicts the
structures of 2ReB with chain A of the 1OG5 PDB file.
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pocket that link it with the alcohol group of Thr301 and the
carbonyl group of Ala297.

Figure 2 also shows the relevant valence orbitals of CpdI on
the right-hand side. As discussed before,27,34 the valence
orbitals are dominated by the 3d metal orbitals and several π*
heme orbitals. The z-axis here is considered along the O−Fe−
S axis perpendicular to the plane of the porphyrin ring, while
the x- and y-axes are placed in between Fe−N bonds of
porphyrin. The lowest energy orbitals are shown at the bottom
of Figure 2 and represent bonding-type metal orbitals along the
Fe−O bond, namely, the σz2, πxz, and πyz orbitals. The former
is formed from the interactions of the 3dz2 orbital on iron and

the 2pz orbital on the oxo group, while the latter two are from
mixing of the 3dxz and 3dyz metal orbitals with the 2px and 2py

orbitals on the oxygen atom. These three molecular orbitals are
doubly occupied orbitals during the entire reaction mechanism
and are low in energy. The mixing also gives rise to the
antibonding pair of degenerate orbitals π*xz and π*yz. In CpdI,
the π*xz and π*yz orbitals are singly occupied but their
occupancy changes as the reaction proceeds. A low-lying
doubly occupied non-bonding orbital δx2‑y2 resides in the
plane of the heme and is shown in the middle image of Figure
2.

Scheme 2. Aliphatic Hydroxylation Pathway of Methyl Activation of BPA by P450 CpdI

Scheme 3. Viable Reaction Mechanisms of BPA Activation by P450 CpdI Explored in This Work
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On the complete right-hand side of Figure 2 are given two
porphyrin ring orbitals, which under D4h symmetry have the
labels a1u and a2u.

48 These orbitals are degenerated for an
isolated porphyrin without distal and axial ligands, but the
binding of axial and distal ligands leads to a mixing of metal
orbitals particularly with the porphyrin a2u orbital that is
thereby raised in energy. To be specific, the mixing of the a2u
orbital on porphyrin with orbitals from an anionic axial ligand
such as thiolate raises the mixed molecular orbital substantially
in energy. The two unpaired electrons in π*xz and π*yz
ferromagnetically or antiferromagnetically couple to the
unpaired electron in the a2u orbital to give an overall quartet
or doublet spin state for the CpdI complex. Finally, there are
two antibonding virtual orbitals, i.e., σ*z2 and σ*xy, that result
from the mixing of metal, oxygen, and the sulfur atom of the
axial thiolate ligand along the O−Fe−S bond to generate σ*z2
or a mixing of metal and nitrogen lone pair orbitals to give rise
to σ*xy. Overall, CpdI in the doublet and quartet spin states has
orbital occupation σz22 πxz

2 πyz
2 δ2 a1u2 π*xz

1 π*yz
1 a2u1. In the

quartet spin state, the three unpaired electrons are
ferromagnetically coupled, while in the doublet spin state,
the two π* electrons are up-spin whereas the a2u electron is
down-spin. The doublet and quartet spin states are within 1
kcal mol−1 in energy, and local environmental perturbations
and the nature of the axial ligand determine their energy
splittings. Next, we investigated the competitive aliphatic and
aromatic hydroxylation pathways and phenol hydrogen
abstraction of BPA catalyzed by P450 CpdI following the
mechanisms shown in Schemes 2 and 3. The aliphatic and
aromatic hydroxylation reaction pathways have been exten-
sively studied for P450-catalyzed reaction mechanisms for a
variety of alternative substrates and generally show stepwise
pathways.27,34,54,81−90 The aliphatic hydroxylation mechanism
(Scheme 2) initially begins with the abstraction of the
hydrogen atom of the substrate by CpdI. This happens via
two-state reactivity (TSR) patterns on competing doublet
(low-spin, LS) and quartet (high-spin, HS) spin surfaces as
they are degenerate for CpdI.27

Generally, H abstraction results in the formation of a radical
intermediate (I1) via transition state TS1 and is followed by a
rebound transition state (TS2) to produce an alcohol product
(PA).54,81−83,91−94 The aliphatic hydroxylation pathway
(designated pathway 1) was attempted for the BPA-bound
P450 cluster model B; however, due to the tight substrate-
binding pocket of the enzyme, the BPA substrate cannot rotate
sufficiently in the substrate-binding pocket to bring the
substrate methyl groups pointing toward the heme. All
attempts to calculate pathway 1, therefore, failed and led to a
collapse of model B (without geometric constraints) or high-
energy pathways (with geometric constraints on atoms of the
protein). Consequently, aliphatic hydroxylation of the methyl
groups of BPA by P450 2C9 can be ruled out as a viable
mechanism due to the shape and size of the substrate and the
P450 substrate-binding pocket. This result matches exper-
imental work on the reaction of BPA with P450 2C9 that did
not detect any products originating from aliphatic hydrox-
ylation of the methyl groups.15−18

As aliphatic hydroxylation of BPA by human P450 2C9
structures appears to be an unviable reaction channel, we
considered two alternative pathways for oxygen atom transfer
to BPA by CpdI of P450 2C9 instead, as described in Scheme
3. These mechanisms are designated pathway 2 for direct
aromatic hydroxylation and pathway 3 for phenol activation

followed by OH rebound to either the ortho- or para-position
with respect to the phenol group. In contrast to the aliphatic
hydroxylation by P450 CpdI, in the aromatic hydroxylation
mechanism, an electrophilic reaction step for the C−O bond
formation between substrate and oxy-ferryl cation radical
species (CpdI) via transition state TS3 leads to the
intermediate I3.84 The electrophilic attack (or π attack) of
CpdI on the arene ring results in the formation of a
Meisenheimer complex, which is either a cation-type
intermediate (I3cat) or a radical intermediate (I3rad). Previous
work showed these cation- and radical-type intermediates to be
within a few kilocalories per mole and their ordering and
relative energies were found to be influenced by external
perturbations.95,96 Subsequently, a proton is transferred from
the ipso-carbon of the substrate to the nearest pyrrole nitrogen
atom via a transition state TS4 (H → N) barrier to form the
protonated porphyrin intermediate I4. The proton shuttle to
the nitrogen of the porphyrin ring happens as a result of the
basic nature of nitrogen atoms of the porphyrin scaffold. From
intermediate I4, a subsequent proton shuttle to the oxo group
of the substrate then results in the hydroxylated product PC,
via transition state TS5 (H → O).

An alternative pathway from I3 would lead to ring closure
via transition state TS4′ to form the epoxide-bound product
PB. This mechanism was proposed for BPA activation by P450
CpdI using minimal cluster models, e.g., model A.97 However,
for model B, the epoxidation reaction is strongly endothermic
(see the Supporting Information for details) and encounters a
high barrier. Therefore, we do not expect P450 2C9 to react
with BPA to give epoxide products and, indeed, this product
has never been characterized from human P450 reactivities.

Finally, CpdI can react with BPA through hydrogen atom
abstraction from the phenolic O−H group via transition state
TS6 to form the iron(IV)-hydroxo with phenolate radical
intermediate I6. It has been hypothesized based on
experimental product distributions that the phenolate radical
is attacked by the OH group at either the ortho- or para-
position to trigger a pathway leading to 3-hydroxy-BPA and
hydroxycumyl alcohol products.14 Indeed, DFT calculations on
small cluster models of P450 CpdI with BPA showed this a
feasible pathway.98 Furthermore, recent calculations on P450
OxyB showed that the radical obtained after phenol hydrogen
atom abstraction can attack another aromatic ring and lead to
ring closure to create the three-dimensional structure of the
antibiotic vancomycin.99

We hypothesized, therefore, that a similar mechanism may
apply here whereby structure I6 reacts further, for instance
through OH transfer to the radical. Two pathways were tested
for the OH group transfer from I6, namely, attack on the ortho-
position of the radical via transition state TS7o to form the
quinone intermediate I7o or attack on the para-position via
transition state TS7p to give intermediate I7p. A C−C bond
dissociation in the quinone of I7p would then lead to
deprotonated dihydroquinone and hydroxycumyl cation
through heterolytic cleavage. With the assistance of a water
molecule, the final products dihydroquinone and hydrox-
ycumyl alcohol or PD are formed. In contrast, a proton relay
from I7o would lead to the catechol product PC. Alternatively,
in structure I7o, the proton is shuttled to the porphyrin ring to
give intermediate I4 that relays the proton back to the phenol
oxygen atom to give final products PC.

Next, we ran full DFT calculations on the mechanism
displayed as pathway 3 in Scheme 2 for the electrophilic attack
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of CpdI on BPA for model B, and the first transition states for
these pathways are shown in Figure 3. Surprisingly, the C−O
activation barriers 4,2TS3B are relatively high in energy (ΔG‡ =
17.6 and 16.3 kcal mol−1 in the quartet and doublet spin
states) and, hence, the pathways may be too high for
reasonable turnover numbers at room temperature. These

barriers are substantially higher in energy than those previously
calculated for electrophilic addition of CpdI to an aromatic
substrate using either small model complexes or large
enzymatic cluster models.84−90 Clearly, the shape of the
substrate-binding pocket and the large substrate size prevent
the ideal orientation for direct electrophilic addition pathways

Figure 3. Competitive phenol hydrogen atom abstraction (via TS6) and aromatic electrophilic addition (via TS3) transition states from reactant
complexes with model B. Geometries obtained at UB3LYP/BS1. Energies are zero-point-corrected values at UB3LYP/BS2//UB3LYP/BS1 + ZPE
in kilocalories per mole with free energies obtained at 298 K in parentheses. Structures give bond lengths in Ångströms, angles in degrees, and the
imaginary frequency of the transition state in per centimeter.

Figure 4. BPA activation by CpdI as described by pathway 3 for para-OH rebound for model B. Geometries obtained at UB3LYP/BS1. Energies
are zero-point-corrected values at UB3LYP/BS2//UB3LYP/BS1 + ZPE in kilocalories per mole with free energies obtained at 298 K in
parentheses. Structures give bond lengths in Ångströms, angles in degrees, and the imaginary frequency of the transition state in per centimeter.
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in P450 2C9. The transition state geometries of 4,2TS3B are
shown on the left-hand side of Figure 3. The Fe−O bond has
elongated with respect to the reactants complexes to 1.75 Å in
both transition states, while the aromatic C6 atom has
approached the oxo group to 1.837/1.878 Å in 4TS3B/2TS3B,
respectively. The imaginary frequency represents the C−O
stretch vibration and has magnitudes of i571 and i540 cm−1 for
the two structures. The optimized geometries and imaginary
frequencies for the transition states match previous aromatic
hydroxylation barriers well.84−90

An analysis of the group spin densities and charges shows
that the transition states and their subsequent intermediates
have an electronic configuration of π*xz

2 π*yz
1 a2u1 ϕSub

1 with
ϕSub the π-orbital on the substrate. These systems, therefore,
have an electronic configuration [FeIII(OSub•)(Por+•)], and an
electron transfer from the substrate into the π*xz orbital has
taken place. Previous work with smaller models, however, led
to an [FeIV(OSub•)(Por)] configuration, where the electron
transfer went into the a2u orbital instead. We attempted to
swap molecular orbitals to find the iron(IV) transition state
and radical intermediate, but in all cases, the self-consistent
field calculation converged back to the iron(III) state that is
therefore the ground state. Most probably the polarity of the
model stabilizes the iron(III) state below the iron(IV) state.
Previous work also highlighted close energy differences (within
a few kilocalories per mole) between the iron(III) and
iron(IV) radical intermediates and transition states and the
effect of external perturbations on their energy differences and
ordering.100 Nevertheless, the DFT calculations on the large
cluster model B implicate that the “normal” P450 mechanisms
for aliphatic and aromatic hydroxylation do not apply for BPA
activation by P450 2C9 enzymes due to the protein structure,
the large shape of the substrate, and the weak phenolic O−H
bond. Therefore, we attempted a number of alternative
mechanisms to form the experimentally obtained products
starting from an initial phenol hydrogen atom abstraction.

Subsequently, we explored reaction mechanisms for 3-
hydroxy-BPA and hydroxycumyl alcohol formation after an
initial phenolic hydrogen atom abstraction step and start with
the pathway leading to hydroxycumyl alcohol products shown
in Figure 4. The mechanism essentially follows the pathway
described at the bottom of Scheme 3, where after phenolic
hydrogen atom abstraction an OH rebound takes place to the
para-position of the phenol. The obtained product then
undergoes a heterolytic C−C cleavage via TS8 followed by a
water-assisted step to form hydroxycumyl alcohol and
hydroquinone. Not surprisingly, the mechanism starts with a
relatively low energy barrier for substrate activation by CpdI
through a phenolic hydrogen atom abstraction via 4,2TS6B with
values of ΔG‡ = 11.1 and 9.9 kcal mol−1 on the quartet and
doublet spin states (Figures 3 and 4), respectively. These
barriers are similar to phenol hydrogen atom abstraction
calculated before for P450 reactions, such as those that take
part in the biosynthesis of antibiotics and the biodegradation of
lignin components.78,99 The optimized geometries are shown
in Figure 3 as well. Typically, there are two short O−H bonds
between the donor and acceptor oxygen atoms for the
hydrogen transfer with the substrate O−H distance at 1.272
and 1.276 Å and the oxo-H distance at 1.153 and 1.151 Å for
the quartet and doublet spin state transition state structures,
respectively. These transition states have a large imaginary
frequency of well over i1400 cm−1 for the hydrogen transfer.

The potential energy landscape for the mechanism of BPA
activation by P450 CpdI via pathway 3 is shown in Figure 4. As
discussed above in Figure 3, the phenolic hydrogen atom
abstraction has small barriers (2,4TS6), and after the hydrogen
atom abstraction, the systems collapse to a very stable radical
intermediate 2,4I6 that is ΔG = −25.2 kcal mol−1 more stable
in the quartet spin state and ΔG = −35.0 kcal mol−1 in the
doublet spin state. Both I6 structures have an orbital
occupation corresponding to π*xz

1 π*yz
1 a2u2 ϕSub

1; hence,
the electronic configuration of the complex is [FeIV(OSub•)-
(Por)] and an electron transfer from the substrate into the a2u
orbital has taken place. We tried to reoptimize the quartet spin
state structure starting from the doublet spin geometry for I6B;
however, this did not give a lower energy structure.

Next, the OH group from the iron(IV)-hydroxo inter-
mediate I6 attacks the para-position of the aromatic ring with
barriers via TS7pB of ΔG‡ = 11.5 kcal mol−1 on the quartet spin
state with respect to 4I6 and ΔG‡ = 17.3 kcal mol−1 on the
doublet spin state as compared to 2I6. As such, the quartet spin
barriers 4TS6B and 4TS7pB are of similar magnitude and will
determine the rate constant. In contrast, on the doublet spin
state 2TS7pB is well higher in energy than2TS6B and
consequently there is a rate-determining OH rebound step
on the doublet spin state surface. However, since the phenolic
hydrogen atom abstraction is a highly exothermic process, we
can assume that the energy released for this step will be used to
cross the TS7p barriers rapidly. Optimized geometries of the
4,2TS7p transition states are shown in Figure 4. They have an
imaginary frequency of i535 and i318 cm−1 for 4TS7p and
2TS7p, respectively, for the C−O stretch vibration and the
binding of the OH group to the para-position. The transition
states are early with a relatively long C−O bond of 2.140 Å
(4TS7p) and 2.233 Å (2TS7p), while the Fe−O bonds are
2.003 Å (4TS7p) and 1.928 Å (2TS7p).

After the C−O bond formation on the para-position of the
substrate, the system relaxes to the highly stable 2,4I7p
structures that are more stable than reactants by ΔG =
−58.9 (doublet) and −63.7 (quartet) kcal mol−1. These
structures have lost the radical character on the substrate and
have configuration 2I7p = π*xz

2 π*yz
1 a2u2 ϕSub

0 and 4I7p = π*xz
1

π*yz
1 σ*z2

1 a2u2 ϕSub
0. These are the iron(III) configurations

that the resting state structure of the heme in P450 enzymes
has, which means no further electron transfer to the heme can
take place.34,35,101 The subsequent C−C bond cleavage of the
substrate into two fragments (TS8p) has barriers of less than
10 kcal mol−1 on both spin state surfaces and generates an
hydroxycumyl cation and deprotonated dihydroquinone.
Optimized geometries of 2,4TS8p are shown on the right-
hand side of Figure 4. The imaginary frequency of both TS8p
structures represents the C−C stretch vibration and the
splitting of the product into two fragments and has values of
i215 (doublet) and i214 (quartet) cm−1. The C−C distance
has elongated to 2.282 (doublet) and 2.277 (quartet) Å, while
the oxygen atom is fully released from the iron center: Fe−O
distances of 3.441 (doublet) and 3.506 (quartet) Å. After the
C−C cleavage, the shallow minimum 2,4I8p is reached. We then
took the hydroxycumyl cation and deprotonated dihydroqui-
none groups from the I8 structure and with the assistance of a
water molecule investigated the pathway leading to final
products. The reaction was found to be highly exothermic at
ΔG = −41.6 kcal mol−1 with respect to I8, and as a
consequence, no transition state can be characterized as the
barrier was small. In principle, the OH rebound in
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intermediate 4,2I6B can take place on the para-position as well
as the ortho-position and lead to alternative products. We
hypothesized that ortho-attack would lead to 3-hydroxy-BPA
products as the aromatic pathway was found to be high in
energy. Figure 5 shows the obtained energy landscape using
the middle reaction pathway as described in Scheme 3 above.
After phenolic hydrogen atom abstraction, the OH rebound
takes place on the ortho-position with respect to the phenol via
4,2TS7oB. Free energies of activation with respect to I6B of ΔG
= 20.6 kcal mol−1 on the quartet spin state and ΔG = 31.2 kcal
mol−1 on the doublet spin state are found. The 4,2TS7oB
transition state structures are shown in Figure 5. Both
structures retain the electronic configuration of I6B, and
hence, they are similar in structure. The C−O bond formation
happens at a distance of 2.197 Å for both, and also the Fe−O
and Fe−S distances are the same. The barrier is characterized
with an imaginary frequency for the C−O stretch vibration and
has a magnitude of i330 cm−1 for 4TS7oB and i437 cm−1 for
2TS7oB. After the transition states, the structures relax to a
highly stable I7oB intermediate that is ΔG = −59.0 (doublet)
and ΔG = −63.8 (quartet) kcal mol−1 more stable than
reactants. After 4,2I7oB, we attempted direct proton transfer
from the ipso-position to the phenol group either directly or via
the ortho-phenol group; however, these pathways gave a high
energy mechanism. We then attempted a proton-shuttle
mechanism as proposed before for aromatic hydroxylation
reactions, whereby the ipso-proton is initially transferred to one
of the nitrogen atoms of the heme via barrier TS10. From the
protonated heme structure I4, a proton relay via TS5 gives the
3-hydroxy-BPA products. Optimized geometries of the proton-
transfer barriers 4,2TS10B are shown in Figure 5.

As little electronic change occurs on the doublet and
quartets spin states, these proton-transfer barriers are very
similar with a large imaginary frequency for proton shuttle
from the ipso-carbon to the nitrogen atom: values of i971 cm−1

for 4TS10B and i953 cm−1 for 2TS10B. These barriers are
relatively central with long C−H distances (1.30 Å) and long
N−H distances (1.38 Å). Energetically, these barriers are 20.4
kcal mol−1 on the doublet spin state and 25.5 kcal mol−1 on the
quartet spin state with respect to the I7 intermediates. The
proton transfer intermediates via small and negligible barriers
(via TS5) collapse to the 3-hydroxy-BPA product complexes
with large exothermicity.

To understand the differences in product distributions for 3-
hydroxy-BPA versus hydroxycumyl alcohol formation from the
reaction of P450 CpdI with BPA, we analyzed the radical
intermediates 4,2I6B as they lead to the bifurcation channels to
form the two products. In particular, from 4,2I6B, there is OH
rebound to the ortho-position of substrate via 4,2TS7oB for the
pathway leading to 3-hydroxy-BPA as well as OH rebound to
the para-position of the substrate via 4,2TS7pB for the pathway
leading to hydroxycumyl alcohol products. Thus, a comparison
of the four TS7 barrier heights from Figures 4 and 5 shows that
ortho-OH rebound appears to have considerably higher
barriers than para-OH rebound. Specifically, a comparison of
the 4,2TS7pB values in Figure 4 with those for 4,2TS7oB in
Figure 5 shows that the latter barriers are very high, i.e., ΔG =
31.2 and 20.6 kcal mol−1 for the doublet and quartet spin
states, whereas the para-OH rebound barriers are ΔG = 17.3
and 11.5 kcal mol−1 for the two spin states, respectively.
Consequently, for the P450 2C9 structure investigated here,
we predict a dominant pathway for para-rebound leading to
hydroxycumyl alcohol products with limited amount of 3-
hydroxy-BPA forming. These relative barrier heights are not
surprising, as considerably different radical characters are seen
on the C4 and C2/C6 carbon atoms of the substrate in 4,2I6B, as
shown in Figure 6. In particular, the para-carbon atom C4 has a
spin of 0.39 in 4I6B and −0.40 in 2I6B, whereas the spin
densities on the ortho-carbon atoms C2 and C6 are only 0.21
and 0.29 in the quartet spin state and −0.22 and −0.30 in the

Figure 5. BPA activation by CpdI as described by pathway 3 for ortho-OH rebound for model B. Geometries obtained at UB3LYP/BS1. Energies
are zero-point-corrected values at UB3LYP/BS2//UB3LYP/BS1 + ZPE in kilocalories per mole with free energies obtained at 298 K in
parentheses. Structures give bond lengths in Ångströms, angles in degrees, and the imaginary frequency of the transition state in per centimeter.
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doublet spin state, respectively. The higher radical character on
C4 will push the reaction pathway to para-OH rebound
favorably and indeed give the lowest rebound barriers.
Interestingly, the radical character of an isolated BPA molecule
with a hydrogen removed from the phenol group also gives a
slightly larger spin on the C4 atom than on the C2/C6 atoms.
Therefore, the protein does not change the spin distributions
dramatically and keeps the preference of the C4 radical over
the C2 or C6 radical.

To further explain the bond-formation and bond-cleavage
patterns in the bifurcation pathways from 4,2I6B, we give a
valence bond description of the bonds that are broken and
formed in the process in Figure 6. As described above, CpdI
has close-lying doublet and quartet spin states with orbital
occupation π*xz

1 π*yz
1 a2u1 πSub,

2 whereby the πSub orbital
represents a substrate orbital smeared over the aromatic ring.
Hydrogen atom abstraction from the phenol group leads to a
radical intermediate 4,2I6B, where the proton is abstracted by
the oxo group and the electron is transferred to the heme into
the a2u orbital that becomes doubly occupied. This process
leads to the formation of a σOH orbital for the O−H interaction
and leaves a radical on the substrate in πSub. This radical as
shown at the top image of Figure 6 is distributed over the

aromatic ring, and four electromeric states can be drawn, which
will be in equilibrium. The spin density associated with single
occupation of the πSub orbital gives a dominant spin on the C4
atom (para to the OH group), and consequently, this will be
the dominant target place for the OH rebound. Indeed, the
4,2TS7pB barriers are the lowest in energy starting from 4,2I6B. A
comparison of the electronic states for 4,2IM7pB versus 4,2IM7oB
local intermediates shows that they have the same electronic
configuration in each spin state. Thus, the metal is in the
iron(III) oxidation state with δx2‑y22 3dxz

2 3dyz
1 σ*zz

1

configuration in the quartet spin state. Note that OH rebound
leads to cleavage of the Fe−O orbital interactions and the π*xz
and π*yz orbitals change back to atomic iron 3d orbitals in this
step. Overall, the metal-heme is in the same oxidation state
with the same orbital occupation in IM7oB as in IM7pB. Indeed,
energetically, the IM7oB and IM7pB structures show similar
driving forces and, based on the Bell−Evans−Polanyi principle,
equal product distributions would be expected. In our system,
however, the barriers for ortho-OH rebound are considerably
higher than for para-OH rebound and, therefore, second-
coordination sphere effects of the protein and substrate-
binding pocket influence the bifurcation pathways and product
distributions dramatically. Recent works of ours highlighted

Figure 6. Valence bond description of the electron transfer and bond formation pathways for the reaction mechanism of BPA activation by CpdI
through OH rebound to the ortho- or para-position of the phenol group. Dots represent electrons, and a line separated by two bonds is a bond
orbital occupied by two electrons. The inset shows the various electromers of the phenoxy radical with spin density populations on the various
atoms.
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that second-coordination sphere effects in proteins indeed can
influence bifurcation pathways and lead to negative catalysis,
where a lesser exothermic pathway is preferred over a more
exothermic reaction.102,103

■ CONCLUSIONS
In this work, a detailed computational study is presented on
the activation of BPA by the P450 isozyme 2C9. A large active
site cluster model was created that includes the first- and
second-coordination spheres of the heme and substrate. Our
optimized structures compare well to previously reported data
(computational and spectroscopic) on analogous P450
systems. We tested various pathways for substrate activation
by P450 CpdI on the doublet and quartet spin states. We show
that aliphatic hydroxylation of the BPA methyl groups is
difficult in this particular protein due to the size and shape of
the substrate-binding pocket. Much lower energy barriers were
found for phenol hydrogen atom abstraction leading to a
radical intermediate, where the spin is distributed over the C2,
C4, C6, and phenolic oxygen atoms. As the spin is largest on
the C4 carbon atom, the lowest energy rebound is on the C4
position and leads to dominant hydroxycumyl alcohol product
complexes. Our studies show that P450 catalysis is dependent
on the P450 isozyme, where the second coordination sphere
determines the reactivity and product distributions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03984.

Tables with energies (absolute and relative), group spin
densities and charges and Cartesian coordinates of
optimized geometries (PDF) XYZ coordinates of
optimized structures (ZIP)

■ AUTHOR INFORMATION
Corresponding Authors

Chivukula V. Sastri − Department of Chemistry, Indian
Institute of Technology Guwahati, Guwahati, Assam 781039,
India; Email: sastricv@iitg.ac.in

Devesh Kumar − Department of Physics, Siddharth
University, Kapilvastu, Siddharthnagar 272202, India;
Email: dkclcre@yahoo.com

Sam P. de Visser − Manchester Institute of Biotechnology and
Department of Chemical Engineering, The University of
Manchester, Manchester M1 7DN, United Kingdom;
orcid.org/0000-0002-2620-8788; Email: sam.devisser@

manchester.ac.uk

Authors
Artur Hermano Sampaio Dias − Center for Computing in
Engineering & Sciences, University of Campinas, Campinas
13083-861, Brazil; Manchester Institute of Biotechnology
and Department of Chemical Engineering, The University of
Manchester, Manchester M1 7DN, United Kingdom

Rolly Yadav − Department of Chemistry, Indian Institute of
Technology Guwahati, Guwahati, Assam 781039, India

Thirakorn Mokkawes − Manchester Institute of Biotechnology
and Department of Chemical Engineering, The University of
Manchester, Manchester M1 7DN, United Kingdom;
orcid.org/0000-0002-0361-4556

Asheesh Kumar − Department of Physics, Babasaheb Bhimrao
Ambedkar University, Lucknow, Uttar Pradesh (U.P.)
226025, India

Munir S. Skaf − Center for Computing in Engineering &
Sciences, University of Campinas, Campinas 13083-861,
Brazil; orcid.org/0000-0001-7485-1228

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.2c03984

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
A.H.S.D. acknowledges support from the Sa ̃o Paulo Research
Foundation (FAPESP) for a travel grant and a PhD
studentship under grant codes 2021/10472-3 and 2013/
08293-7. Research support was provided to C.V.S. by the
Department of Science and Technology (SERB), India,
through the grant code CRG/2019/000387. R.Y. acknowl-
edges IIT Guwahati for research support through Institute
Postdoctoral Fellowship.

■ REFERENCES
(1) Vandenberg, L. N.; Hauser, R.; Marcus, M.; Olea, N.; Welshons,

W. V. Human exposure to bisphenol A (BPA). Reprod. Toxicol. 2007,
24, 139−177.
(2) Geens, T.; Aerts, D.; Berthot, C.; Bourguignon, J.-P.; Goeyens,

L.; Lecomte, P.; Maghuin-Rogister, G.; Pironnet, A.-M.; Pussemier,
L.; Scippo, M.-L.; Van Loco, J.; Covaci, A. A review of dietary and
non-dietary exposure to bisphenol-A. Chem. Toxicol. 2012, 50, 3725−
3740.
(3) Kang, J.-H.; Kondo, F.; Katayama, Y. Human exposure to

bisphenol A. Toxicology 2006, 226, 79−89.
(4) Cacho, J. I.; Campillo, N.; Viñas, P.; Hernández-Córdoba, M.
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(76) Iṡçi, Ü.; Faponle, A. S.; Afanasiev, P.; Albrieux, F.; Briois, V.;

Ahsen, V.; Dumoulin, F.; Sorokin, A. B.; de Visser, S. P. Site-selective
formation of an iron(iv)−oxo species at the more electron-rich iron
atom of heteroleptic μ-nitrido diiron phthalocyanines. Chem. Sci.
2015, 6, 5063−5075.
(77) Colomban, C.; Tobing, A. H.; Mukherjee, G.; Sastri, C. V.;

Sorokin, A. B.; de Visser, S. P. Mechanism of oxidative activation of
fluorinated aromatic compounds by N-bridged diiron-phthalocyanine.
What determines the reactivity? Chem. Eur. J. 2019, 25, 14320−
14331.
(78) Ali, H. S.; Henchman, R. H.; de Visser, S. P. Lignin

biodegradation by a cytochrome P450 enzyme: A computational
study into syringol activation by GcoA. Chem. Eur. J. 2020, 26,
13093−13102.
(79) Louka, S.; Barry, S. M.; Heyes, D. J.; Mubarak, M. Q. E.; Ali, H.

S.; Alkhalaf, L. M.; Munro, A. W.; Scrutton, N. S.; Challis, G. L.; de
Visser, S. P. Catalytic Mechanism of Aromatic Nitration by
Cytochrome P450 TxtE: Involvement of a Ferric-Peroxynitrite
Intermediate. J. Am. Chem. Soc. 2020, 142, 15764−15779.
(80) Mokkawes, T.; Lim, Z. Q.; de Visser, S. P. Mechanism of

melatonin metabolism by CYP1A1. What determines the bifurcation
pathways of hydroxylation versus de-formylation? J. Phys. Chem. B
2022, 126, 9591−9606.
(81) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de Visser, S. P.;

Shaik, S. A Model ‘rebound’ mechanism of hydroxylation by
cytochrome P450: stepwise and effectively concerted pathways, and
their reactivity patterns. J. Am. Chem. Soc. 2000, 122, 8977−8989.
(82) Kamachi, T.; Yoshizawa, K. A Theoretical study on the

mechanism of camphor hydroxylation by compound I of cytochrome
P450. J. Am. Chem. Soc. 2003, 125, 4652−4661.
(83) de Visser, S. P.; Kumar, D.; Cohen, S.; Shacham, R.; Shaik, S. A

Predictive pattern of computed barriers for C−H hydroxylation by
compound I of cytochrome P450. J. Am. Chem. Soc. 2004, 126, 8362−
8363.
(84) de Visser, S. P.; Shaik, S. A proton-shuttle mechanism mediated

by the porphyrin in benzene hydroxylation by cytochrome p450
enzymes. J. Am. Chem. Soc. 2003, 125, 7413−7424.
(85) Bathelt, C. M.; Ridder, L.; Mulholland, A. J.; Harvey, J. N.

Mechanism and structure−reactivity relationships for aromatic
hydroxylation by cytochrome P450. Org. Biomol. Chem. 2004, 2,
2998−3005.
(86) Bathelt, C. M.; Mulholland, A. J.; Harvey, J. N. QM/MM

modeling of benzene hydroxylation in human cytochrome P450 2C9.
J. Phys. Chem. A 2008, 112, 13149−13156.
(87) Shaik, S.; Milko, P.; Schyman, P.; Usharani, D.; Chen, H.

Trends in aromatic oxidation reactions catalyzed by cytochrome P450
enzymes: a valence bond modeling. J. Chem. Theory Comput. 2011, 7,
327−339.
(88) Kumar, D.; Sastry, G. N.; de Visser, S. P. Axial Ligand Effect On

The Rate Constant of Aromatic Hydroxylation By Iron(IV)−Oxo

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03984
Inorg. Chem. 2023, 62, 2244−2256

2255

https://doi.org/10.1002/chem.201700363
https://doi.org/10.1002/chem.201700363
https://doi.org/10.1021/acs.jpcb.8b04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202101878
https://doi.org/10.1002/chem.202101878
https://doi.org/10.1002/chem.202104167
https://doi.org/10.1002/chem.202104167
https://doi.org/10.1002/chem.202104167
https://doi.org/10.1038/nature01862
https://doi.org/10.1038/nature01862
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0RA10412D
https://doi.org/10.1039/D0RA10412D
https://doi.org/10.1002/cbic.202200257
https://doi.org/10.1002/cbic.202200257
https://doi.org/10.1002/cbic.202200257
https://doi.org/10.1039/C6CC03904A
https://doi.org/10.1039/C6CC03904A
https://doi.org/10.1021/acs.jpca.6b09765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b09765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b09765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/anie.200453867
https://doi.org/10.1002/anie.200453867
https://doi.org/10.1002/anie.200453867
https://doi.org/10.1002/anie.200453867
https://doi.org/10.1039/C5SC01811K
https://doi.org/10.1039/C5SC01811K
https://doi.org/10.1039/C5SC01811K
https://doi.org/10.1002/chem.201902934
https://doi.org/10.1002/chem.201902934
https://doi.org/10.1002/chem.201902934
https://doi.org/10.1002/chem.202002203
https://doi.org/10.1002/chem.202002203
https://doi.org/10.1002/chem.202002203
https://doi.org/10.1021/jacs.0c05070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991878x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991878x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991878x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0208862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0208862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0208862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048528h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048528h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048528h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034142f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B410729B
https://doi.org/10.1039/B410729B
https://doi.org/10.1021/jp8016908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8016908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100554g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100554g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2113522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2113522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Complexes Mimicking Cytochrome P450 Enzymes. J. Phys. Chem. B
2012, 116, 718−730.
(89) Asaka, M.; Fujii, H. Participation of electron transfer process in

rate-limiting step of aromatic hydroxylation reactions by compound I
models of heme enzymes. J. Am. Chem. Soc. 2016, 138, 8048−8051.
(90) Cantu ́ Reinhard, F. G.; Sainna, M. A.; Upadhyay, P.; Balan, G.

A.; Kumar, D.; Fornarini, S.; Crestoni, M. E.; de Visser, S. P. A
systematic account on aromatic hydroxylation by a cytochrome P450
model Compound I: A low-pressure mass spectrometry and
computational study. Chem. Eur. J. 2016, 22, 18608−18619.
(91) Shaik, S.; Cohen, S.; de Visser, S. P.; Sharma, P. K.; Kumar, D.;

Kozuch, S.; Ogliaro, F.; Danovich, D. The “rebound controversy:” An
overview and theoretical modeling of the rebound step in C−H
hydroxylation by cytochrome P450. Eur. J. Inorg. Chem. 2004, 2004,
207−226.
(92) Pickl, M.; Kurakin, S.; Cantu ́ Reinhard, F. G.; Schmid, P.;

Pöcheim, A.; Winkler, C. K.; Kroutil, W.; de Visser, S. P.; Faber, K.
Mechanistic studies of fatty acid activation by CYP152 peroxygenases
reveal unexpected desaturase activity. ACS Catal. 2019, 9, 565−577.
(93) Kumar, D.; Tahsini, L.; de Visser, S. P.; Kang, H. Y.; Kim, S. J.;

Nam, W. Effect of Porphyrin Ligands on the Regioselective
Dehydrogenation versus Epoxidation of Olefins by Oxoiron(IV)
Mimics of Cytochrome P450. J. Phys. Chem. A 2009, 113, 11713−
11722.
(94) Kumar, D.; de Visser, S. P.; Shaik, S. Oxygen economy of

cytochrome P450: what is the origin of the mixed functionality as a
dehydrogenase−oxidase enzyme compared with its normal function?
J. Am. Chem. Soc. 2004, 126, 5072−5073.
(95) de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik, S. What

factors affect the regioselectivity of oxidation by cytochrome P450? A
DFT study of allylic hydroxylation and double bond epoxidation in a
model reaction. J. Am. Chem. Soc. 2002, 124, 11809−11826.
(96) Shaik, S.; de Visser, S. P.; Kumar, D. External electric field will

control the selectivity of enzymatic-like bond activations. J. Am. Chem.
Soc. 2004, 126, 11746−11749.
(97) Yadav, R.; Awasthi, N.; Kumar, D. Biotransformation of BPA

via epoxidation catalyzed by Cytochrome P450. Inorg. Chem.
Commun. 2022, 139, No. 109321.
(98) Ji, L.; Ji, S.; Wang, C.; Kepp, K. P. Molecular Mechanism of

Alternative P450-Catalyzed Metabolism of Environmental Phenolic
Endocrine-Disrupting Chemicals. Environm. Sci. Technol. 2018, 52,
4422−4431.
(99) Ali, H. S.; Henchman, R. H.; de Visser, S. P. Cross-linking of

aromatic phenolate groups by cytochrome P450 enzymes: A model
for the biosynthesis of vancomycin by OxyB. Org. Biomol. Chem.
2020, 18, 4610−4618.
(100) Schöneboom, J. C.; Cohen, S.; Lin, H.; Shaik, S.; Thiel, W.

Quantum Mechanical/Molecular Mechanical Investigation of the
Mechanism of C−H Hydroxylation of Camphor by Cytochrome
P450cam: Theory Supports a Two-State Rebound Mechanism. J. Am.
Chem. Soc. 2004, 126, 4017−4034.
(101) Dixit, V. A.; Warwicker, J.; Visser, S. P. How do metal ions

modulate the rate-determining electron transfer step in cytochrome
P450 reactions? Chem. Eur. J. 2020, 26, 15270−15281.
(102) de Visser, S. P. Second-coordination sphere effects on

selectivity and specificity of heme and nonheme iron enzymes. Chem.
Eur. J. 2020, 26, 5308−5327.
(103) de Visser, S. P.; Lin, Y.-T.; Ali, H. S.; Bagha, U. K.; Mukherjee,

G.; Sastri, C. V. Negative catalysis / non-Bell-Evans-Polanyi reactivity
by metalloenzymes: Examples from mononuclear heme and non-
heme iron oxygenases. Coord. Chem. Rev. 2021, 439, No. 213914.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03984
Inorg. Chem. 2023, 62, 2244−2256

2256

https://doi.org/10.1021/jp2113522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201604361
https://doi.org/10.1002/chem.201604361
https://doi.org/10.1002/chem.201604361
https://doi.org/10.1002/chem.201604361
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1021/acscatal.8b03733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0318737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0318737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0318737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026872d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026872d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026872d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026872d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja047432k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja047432k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.inoche.2022.109321
https://doi.org/10.1016/j.inoche.2022.109321
https://doi.org/10.1021/acs.est.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1021/ja039847w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja039847w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja039847w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202003024
https://doi.org/10.1002/chem.202003024
https://doi.org/10.1002/chem.202003024
https://doi.org/10.1002/chem.201905119
https://doi.org/10.1002/chem.201905119
https://doi.org/10.1016/j.ccr.2021.213914
https://doi.org/10.1016/j.ccr.2021.213914
https://doi.org/10.1016/j.ccr.2021.213914
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

