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Abstract

Phenols are ubiquitous environmental pollutants, whose biotransformation involving phenol
coupling catalyzed by cytochromes P450, may produce more lipophilic and toxic metabolites.
DFT computations were performed to explore the debated phenol coupling mechanisms, taking
triclosan as a model substrate. We find that a diradical pathway facilitated by Compound I and
protonated Compound II of P450 is favored vs. alternative radical-addition or electron-transfer
mechanisms. The identified diradical coupling resembles a “two-state reactivity” from
Compound I characterized by significantly high rebound barriers of the phenoxy radicals, which
can be formulated into three equations for calculating the ratio [coupling]/[hydroxylation]. A
higher rebound barrier than H-abstraction for triclosan in the high-spin state can facilitate the
phenoxy radical dissociation and thus to enable phenol coupling, while H-abstraction/radical-
rebound causing phenol hydroxylation via minor rebound barriers mostly occur in the low-spin
state. Therefore, oxidation of triclosan by P450 fits the first equation with a ratio
[coupling]/[hydroxylation] of 1:4, consistent with experimental data indicating different extents
of triclosan coupling (6-40%). The high rebound barrier of phenoxy radicals, as a key for the
mechanistic identification of phenol coupling vs. hydroxylation, originates from their weak
electron donor ability due to spin aromatic delocalization. We envision that the revealed
mechanism can be extended to the cross-coupling reactions between different phenolic pollutants,

and the coupling reactions of several other aromatic pollutants, to infer unknown metabolites.
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Introduction

Oxidative phenol couplings catalyzed by cytochromes P450 (P450) occur widely during
natural product biosynthesis, e.g. phenol couplings are necessary for alkaloid and antibiotic
biosynthesis in plants." In the meantime, phenolic xenobiotics distribute ubiquitously in the
environment,”” such as a significant proportion of pharmaceuticals and personal care products
(PPCPs) contain phenolic moieties, and many emerging pollutants with phenolic residues can be
formed readily via aromatic hydroxylation, which may undergo P450 biotransformation via
phenol coupling to produce more lipophilic metabolites with higher toxicity; for example, more
estrogenic products have been detected within and among triclosan and several other phenolic
pollutants such as bisphenol A (BPA) in both in vitro and in vivo assays.'® A full understanding
of these metabolic mechanisms is necessary for accurately estimating the occurrence and
possibility of specific phenol coupling reactions, which can then provide the putative metabolites
for exploring the potential toxicological effects of phenolic pollutants with susceptibility to
metabolism in organisms.

The concept of phenol coupling as a diradical mechanism was proposed as far back as 1957
for alkaloid salutaridine biosynthesis by C-C coupling of R-reticuline.'' With the advancement of
P450 chemistry, its active species was recognized as the remarkable iron(IV)-oxo heme cation
radical cofactor known as compound I (Cpd I) (Scheme 1, top).'>"* The diradical mechanism,
shown in Scheme 1(i), has been thought to involve the initial abstraction of a phenolic H-atom
by Cpd I to create a phenoxy radical and the protonated iron-hydroxo species Cpd II.
Subsequently, this phenoxy radical rotates or another phenolic substrate approaches in

juxtaposition to the iron of protonated Cpd II, leading to abstraction of another phenolic
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hydrogen atom and formation of a second phenoxy radical, followed by inter- or intramolecular

phenol couplings within a catalytic cycle of the P450 enzyme."'*!?
Scheme 1. Structure of Compound I of P450 and Alternative Mechanisms for Phenol-Coupling

Catalyzed by P450

(i)

L . ’
Lu, Radical /"_,0‘, . O OH
\ Addition i or 4 ,:'
Cys | - |

0

@
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O- O
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___________
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v Y
SH Single Electron Transfer f”

[#] »#° represents spin delocalization

Another possible coupling pathway is radical addition to the m-ring, as shown in Scheme
1(ii)." If the diradical or radical addition enables oxidative phenol coupling, the phenoxy radical
needs long lifetime. Several studies indicate that the radicals formed in P450-catalyzed oxidative
reactions are relatively short-lived and restricted in their motions, in favor of H-
abstraction/phenoxy-radical rebound leading to aromatic hydroxylation as supported by the

119 Therefore, the major bottleneck to explain the

tendency of H-abstraction from phenols.
traditionally proposed radical mechanism especially the diradical mechanism is that why
normally short-lived radicals herein have enough long lifetime to enable phenoxy radical

coupling. In addition, oxidative coupling of phenolic compounds through consecutive electron-

transfer (ET) steps is considered the most typical peroxidation reaction catalyzed by peroxidases
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such as horseradish peroxidase (HRP).?>* Since both HRP and P450 are heme enzymes, the
possibility that P450 performs oxidative coupling reactions of phenols is of substantial interest,
as shown in Scheme 1(iii)." We expect that HRP with its computed larger electron affinity of
Cpd I (6.41 eV) may more readily participate in ET reactions than P450 (3.06 ¢V).** Therefore,
the mechanism of phenol coupling poses a fascinating dilemma.

Computational analysis can reveal the electronic structure properties determining

25-30

transformation mechanisms of environmental pollutants, which has been performed on P450

oxygenation reactions leading to the concept of two-state reactivity (TSR) of Cpd I to resolve the

1- .. . .
3136 a5 well as other mechanistic controversies in

“rebound controversy” of alkane hydroxylation,
alkene epoxidation,’’ nitrosamine denitrosation,*® alkane desaturation®” and so on. According to
TSR, the alkyl radicals and iron-hydroxy species are produced by Cpd I through H-abstraction
on two closely-lying spin surfaces involving a high-spin (HS, quartet) and low-spin (LS, doublet)
states, which then react differently; in the LS state, the alkyl radicals rebound onto the iron-
hydroxy intermediate to generate the alcohol complex with no product rearrangement since the
rebound is essentially barrierless, thus the radical lifetime is negligible whereas in the HS state
the barrier for rebound is small but significant (1—-5 kcal/mol); accordingly, the radical lifetime is
relatively long such that the radical rebound after rearrangement can compete with direct
rebound.’'*****4! Since the initial H-abstraction is rate-determining in both spin states, the
existence of other competitive pathways for alkyl radicals was considered unlikely, although the
dissociation of radicals from the P450 active site requires very little energy.”’ However, the

radical dissociation pathway has proven prominent in the area of synthetic iron—oxo

complexes.”*** Although phenol coupling by P450 should inherently relate to the non-rebound
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mechanism, this mechanism, to our knowledge, remains unexplored in the context of P450
reactivity.

We have recently shown that P450-catalyzed aromatic hydroxylation of bisphenols and
alkylphenols proceeds via H-abstraction/phenoxy-radical rebound on the LS surface, due to the
fact that the phenoxy radical rebound onto the aromatic ring in the HS state has higher barriers
than the initial H-abstraction barrier.*® Studies of CYP2D6 indicate that dopamine synthesis is
facilitated by H-abstraction/phenoxy-radical rebound, with a very high barrier (19 kcal/mol) for
the phenoxy radical rebound onto the aromatic ring.*’ However, we hypothesize that these
radical-rebound steps can be less favorable than other non-rebound reactions such as phenoxy
radical dissociation, which will provide a pathway to generate phenol coupling products. It is
unclear whether high rebound barriers of phenoxy radicals are common to P450-catalyzed
phenol oxidations and whether this makes phenoxy radical dissociation and phenol coupling
products possible. This would greatly affect the mechanistic relationship between phenol
coupling and hydroxylation and thus deserves to be addressed in mechanistic detail.

In order to elucidate the complete scenario of P450-dependent phenol coupling, we
performed density functional theory (DFT) in investigating the phenol coupling reactions.
Triclosan, one commonly used antibacterial ingredient and one of the widely concerned PPCP
pollutants, was selected to get the complete mechanistic picture of phenol coupling, with
available experimental data to confirm the derived mechanisms.'® As will be shown, this work
provides the fundamental insight into how do the phenol coupling reactions catalyzed by P450
proceed based on the high rebound barrier of phenoxy radical within the framework of “two-state
reactivity”, and such coupling mechanism can be mapped to the coupling reactions of several

other aromatic pollutants.
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Computational Methodology

Enzymatic Reactions

. . . 48 .4
Level of Theory. As in previous studies,””***

the six-coordinate tri-radicaloid ferryl
complex Fe4+02'(C20N4H12)'1(SH)'1 was used to model the enzymatic active site of Cpd I of P450.
The geometries were optimized with unrestricted DFT using the B3LYP hybrid density
functional’®' with the LANL2DZ basis set>> for iron and 6-31G** for other atoms (denoted
BSI). B3LYP was used since it can reproduce the measured kinetic isotope effects® and electron
paramagnetic resonance parameters for penta-coordinated heme,* generates geometries
consistent with crystal structures,” and shows qualitatively accurate relative energies vs.
benchmark CASSCF calculations.’® The basis-set superposition error (BSSE) was shown to be
very small for reactant complexes in P450-catalyzed reactions by DFT-B3LYP method,’' so this
work did not consider the minor contributions of BSSE to the energies. The vibrational
frequencies were calculated to confirm the nature of all ground states (no imaginary frequencies)
and transition states (one imaginary frequency), while the intrinsic reaction coordinate (IRC)
approach was used to verify the connection from transition state to its reactant and product. The
computed vibrational frequencies were used further for quantifying the zero-point energy
correction (ZPE) as well as the thermal contributions to the Gibbs free energy at T = 298.15 K
and 1 atm pressure.

For better estimating Gibbs free energies, single-point calculations were done using the
LANL2DZ basis set for iron and the 6-31+G** basis set augmented with diffuse basis functions
for all other atoms (denoted BSII), employing the polarizable continuum solvation model
(PCM)® using chlorobenzene (¢ = 5.7) to include solvation free energies. Chlorobenzene was

used because it can provide a good estimate of the polarization caused by the dipoles of the
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protein pocket near the axial cysteine.®* Dispersion interactions could be important in the close
interaction of the strained phenol rings and were thus considered by single-point calculations
with the B3LYP-D3/BSI level since B3LYP itself does not include dispersion.’® The relative
Gibbs free energies of the P450 oxidation reactions shown below were estimated by combining
PCM solvation (chlorobenzene) single-point energies at B3LYP/BSII level and dispersion
corrections, as well as thermochemical contributions to free energy from optimizations at the BSI
level, unless pointed out specifically.

Variation of DFT Functional and Basis Set. In order to further access the sensitivity of
the reaction mechanism toward the choice of density functional, we performed single-point
calculations with other hybrid, local, and non-hybrid functionals, i.e. TPSSh,*”*® B3PW91,°!?
BLYP,”*® MPWI1PW91°' and M06L®* om the B3LYP/BSI optimized geometries. Whereas
absolute barriers and intermediate energies changed to some extent, we found that the relative
pathway energies, and thus the reaction preferences and overall qualitative picture were similar
with all the functionals (Table S10), and the main findings on the relative preference of the
pathways are thus insensitive to method choice.

To access whether the effect of diffuse basis functions on geometry optimizations influence
the mechanism, we reoptimized the inner-sphere oxidation pathway of triclosan in the HS state at
the B3LYP/BSII level followed by analytical frequency calculations. The results provide the
same mechanistic picture with only minor geometric differences from those done with BSI
(Figure S1). We also tested the basis set effect of the single-point calculations on the H-
abstraction from the phenolic group, O-addition onto the aromatic ring of triclosan, and phenoxy

radical rebound steps, using the SDD basis set on iron coupled to the 6-311++G** basis set for
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other atoms; the result gives just few energetic discrepancies compared to the results got from
the BSII level (Table S12).

Variation of Solution and Solvation Model. To evaluate the sensitivity of our results to
the solution choice, we calculated PCM energies in cyclohexane (¢ = 2.0), 1-bromopropane (¢ =
8.0), ethanol (¢ = 24.9), and acetonitrile (¢ = 35.7), resulting in the same qualitative picture
except for a minor energy difference (Tables S13). We further tested the bulk polarity effect
using the SMD solvation model® in chlorobenzene, the results of which shows that the SMD
solvation model has very similar solvation effect to that of the PCM solvation model, analyzed
from the detailed comparison at both the quantitative and qualitative levels (details see Section II
in the Supporting Information, SI).

Protein Environment Effect. The quantum chemical cluster (QCC)*’ and quantum
mechanics/molecular mechanics (QM/MM)®® are two recognized methods in investigating the
protein effects of known structure on the catalytic mechanism in enzymatic reactions. However,
until now there is no any study reporting the specific P450 isoforms responsible for the
intermolecular coupling of phenolic pollutants including triclosan, while human CYP1A2 was
shown to have the highest activity in metabolizing triclosan via hydroxylation into 2,4-
dichlorophenol, 4-chlorocatechol and 5’-hydroxytriclosan.®® As mechanism revealed from the
small Cpd 1 model, H-abstraction and high-barrier phenoxy radical rebound are two
preconditions for the phenoxy radical dissociation and subsequent phenol coupling. Therefore,
the QCC approach was carried out to check the reaction mechanism of H-abstraction and
phenoxy radical rebound of triclosan, which treated the active site of CYP1A2 (PDB code: 2HI4)
with important surrounding amino acids quantum mechanically (details see Section III in the SI).

The QCC approach shows that the cluster model is mechanistically consistent with the Cpd I

ACS Paragon Plus Environment
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model (H-abstraction is much more favorable than O-addition, followed by phenoxy radical
rebound with very high rebound barrier), namely, the geometric constraints near the active site of

CYPI1A2 do not restrict the preferred pathways obtained from the small model.

Non-Enzymatic Reactions

Radical Addition and Diradical Coupling Reactions. All geometries of various reactions
were optimized at the B3LYP/BSI level in both the polar (water solution, € = 78.4) and non-polar
(chlorobenzene solution, € = 5.7) environments with PCM. Single-point energies were computed
with PCM for both water and chlorobenzene with D3 dispersion corrections at the B3LYP/6-
311++G** level. The reported reaction free energies for reactions were described by
B3LYP/BSIII single-point energies with solution and D3 dispersion corrections, as well as free
energy corrections from B3LYP/BSI geometry optimizations.

Molecular Property Computations. Ionization potentials (IPs), electron affinities (EAs)
and bond dissociation energies (BDEs) were obtained from the molecules optimized at the
B3LYP/BSI level in the gas phase, using single-point calculations at the B3LYP/BSIII level with
free energy corrections for IPs and EAs, and enthalpy corrections for the BDEs.

All computations of this work were performed using the Gaussian 09 D.01 program.”®

Results and Discussion

Outer-Sphere Oxidation Mechanism

We firstly focused on the mechanism of outer-sphere ET from the electron-rich phenolic

group of triclosan to Cpd I of P450 producing the phenolic radical-cation and Cpd II, according

to eq. (1):
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OH OH o)

o
” vt ” v
1 o — ————— 1 — o — (l)
R | R |
SH SH

The free energy barriers of the outer-sphere ET (AG”gr) can be appropriately estimated from the
Marcus theory71'73. The Marcus theory relies on the transition-state formalism defining AG7gr in
terms of two thermodynamic parameters, the free energy of reaction (AGgr) and the

reorganization energy (A), as shown in eq. 2:

A AGgr>
AGE; = Z(l + )\ET) )

The parameter A consists of two parts, the solvent reorganization energy Ao and the inner
reorganization energy A, i.e. A = A + A¢ (the details are shown in Section IV in the SI).
Accordingly, Table 1 shows the obtained reorganization energies, reaction energies and

activation barriers for the ET reaction between triclosan and Cpd I of P450.

Table 1. The computed reorganization energies, free energies and activation barriers for the

electron transfer from triclosan to Cpd I of P450 in both the HS and LS states

b Ao AG7er AGer

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
HS 9.7 7.8 54.4 44.1
LS 9.9 12.3 49.1 43.8

The obtained AG gt is 54.4/49.1 kcal/mol for triclosan in the HS/LS states. The free-energy
barriers are high (>20 kcal/mol), indicating that outer-sphere ET by P450 is unlikely for triclosan,
consistent with the much higher IPs of this phenolic substrate than the spin-averaged electron
affinities (EA) of only 2.9 eV for Cpd | of P450. Although this study only focused on the outer-

sphere ET mechanism for triclosan, the results suggest that P450 is not able to catalyze
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efficiently the oxidative phenol coupling by HRP-like peroxidation, partly because the spin-
averaged EA of Cpd | of HRP (6.0 eV) approaches the IPs of diverse phenolic substrates
(6.6-8.1 eV), including monophenols, bisphenols, polyphenols, alkylphenols and chlorophenols

(Table S20), and is thus much higher than EA of 2.9 eV for Cpd | of P450.

Inner-Sphere Oxidation Mechanism

Free Energy Profiles for H-abstraction vs. O-addition. The free energy profiles for the
inner-sphere oxidation pathways of triclosan catalyzed by Cpd I of P450 are shown in Figure 1,
together with geometric details of the critical molecular species. The reactions start from reactant
complexes (**RCy), in which the H-atom of the phenolic group of triclosan interacts with the
iron-oxo moiety of Cpd I, existing in close-lying HS and LS spin states. “*RCy can traverse H-
abstraction transition states **TSy (confirmed by almost linear OessHe++O angles and high
imaginary frequencies), producing the intermediate complex **IMy with the iron-hydroxo
species (protonated Cpd II) and the phenoxy radical. And another pathway is O-addition onto the
aromatic ring of triclosan. We find the H-abstraction pathway is the most favorable during inner-
sphere oxidation of triclosan and by P450, as reflected in reaction barriers for O-addition at all
unsubstituted aromatic carbons that are 21-27 kcal/mol higher than that for H-abstraction. This is
in accordance with recent computational chemistry studies indicating that P450 GsfF performs
phenolic O—H abstraction rather than O-addition during catalyzed oxidation of griseophenone
B.”* In the oxidation of triclosan, the dispersion energies lower the H-abstraction barriers by 1.5
kcal/mol, in accord with previous findings.*”""

Compared to toluene, an archetypical substrate for understanding regioselectivity in P450

chemistry, according to our calculations, the O-H BDE of triclosan (73.1 kcal/mol) is distinctly

smaller than the C-H BDE of toluene (79.5 kcal/mol), indicating that H-abstraction is more likely
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to occur for triclosan than for toluene. And even toluene oxidation gives mostly benzyl alcohol
as H-abstraction product beyond cresol as O-addition product of the phenyl group.”® We further
computed the O-H BDEs for several other phenols such as monophenols, bisphenols,
polyphenols, alkylphenols and chlorophenols (Table S22). The O-H BDEs for these diverse
phenols are all within 68—74 kcal/mol, distinctly smaller than the C-H BDE of toluene, which
suggests that P450-catalyzed H-abstraction is likely a common pathway during inner-sphere

oxidation of phenols.
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Figure 1. Free energy profiles for inner-sphere oxidation of triclosan by Cpd I of P450, along
with the optimized geometries of the key reaction species in the HS and LS states. Free energies
(kcal/mol) are relative to the doublet reactant complex “RC including dispersion corrections (no
parentheses) and without dispersion (in parentheses). Geometrical parameters (lengths in A and
angles in degrees) are shown as the HS [LS] state. For the transition states, the imaginary
frequencies are shown.
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Two-State Reactivity Patterns in Hydroxylation. As shown in Figure 1, the intermediate
complex **IMy may lead to phenoxy radical rebound onto the hydroxo group of protonated Cpd
II via its aromatic ring to yield the ortho-, meta-, para-, or ipso-addition quinol products in either
spin state (4’2P0nh0, 4’2Pmeta, 4’2Ppara or 4’2Pipso). The rebound reactions for the triclosan phenoxy
radical at the ortho-, para- and ipso-carbon are highly exothermic, whereas the rebound reaction
at the meta-carbon is highly endothermic. Considering the thermodynamically feasible rebound
reactions, “IMy encounters minor barriers of 0.7/5.6/2.7 kcal/mol for the triclosan phenoxy
radical rebound onto the ipso/ortho/para-carbon. In contrast, we find that the rebound barriers of
*IMy onto corresponding aromatic carbons are typically 8—12 kcal/mol higher (or about 5—9
kcal/mol higher than the barriers of the H-abstraction steps). Accordingly, formation of the
quinol intermediates mostly occurs in the LS state, which can further evolve into the
hydroxylated products. Note that without dispersion effects, the phenoxy radical rebound steps in
both spin states are rate-determining, but the dispersion energies lower the rebound barriers by 1-
7 kcal/mol, whereas the LS rebound barriers of the triclosan radical at ipso-carbon, used to be
called “essentially barrierless”. However, regardless of this important dispersion contribution,
the mechanism involving LS rebound is consistently more favorable than the HS rebound.

In the LS state, the barrier for rebound of the triclosan phenoxy radical at the ipso-carbon is
2.0 kcal/mol lower than the corresponding reaction at the para-carbon. When comparing the
respective rate-determining steps, H-abstraction (2.5 kcal/mol) and radical rebound at the para-
carbon (3.2 kcal/mol), considering a minor energy difference between 2Pip50 and szara, almost the
same amount of quinols can be estimated. Accordingly, the most favorable quinol products
formed in triclosan oxidation from both thermodynamical and kinetic considerations are

expected to be 2Pparal and 2Pipso. 2Ppara can further evolve into para-hydroxy-triclosan through
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tautomerization with an exothermic reaction free energy of -22.8 kcal/mol (eq. 3), and 2Pipso can
lead to 2,4-dichlorophenol with 4-chloroquinone through H-transfer and ether bond breaking,
with an exothermic energy of -11.5 kcal/mol (eq. 4). Human P450 are known to catalyze
hydroxylation of triclosan mainly at the para-position, with cleavage of the diphenyl ether bond
at the ipso-position giving rise to para-hydroxy-triclosan, 2,4-dichlorophenol and 4-
chlorocatechol, respectively.”” The exothermic free energies of our reaction profiles explain

these observations well.

G e XL .
Jopoit = @ <j .

Secondary Phenolic H-Abstraction. Figure 1 also shows another pathway available to the
*2IMy, intermediates, whose conversion into ferryl-hydroxo species and a free triclosan radical is
computed to be highly exothermic. Although their corresponding radical rebound reactions are
more exothermic, under kinetic control we predict that the dissociation for “IMy (but not *IMy,) is
more favorable than radical rebound with higher barriers, and we expect the radical species in the
HS state can have large chance to detach. Note that the radical dissociation pathway has been
shown to be prominent along with C—H hydroxylation by synthetic nonheme complexes (i.e.
Fe'YO, Mn"V O, Ru'v O et. al.), while subsequent theoretical work has shown the rebound barrier
is the key to determine the selectivity of radical rebound vs. radical dissociation.” Similarly, the
triclosan phenoxy radical can leave the heme center unless other factors such as H-bonding

prevent dissociation.
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CYPI58A1 and CYP158A2 have been shown to be able to catalyze the intermolecular
coupling of flaviolin in Streptomyces coelicolor A3(2), which are the only intermolecular
coupling enzymes with known three-dimensional structures in the presence of two phenolic
substrates in one pocket.””’® Until now, no P450 isoforms has been reported to be responsible for
phenol coupling of triclosan, we can make some hypothesis below. If the diradical coupling
mechanism works, in case with enough space in the P450 protein pocket, the distal triclosan
molecule may exchange with the proximal triclosan radical in the active site; Or in case that one
P450 protein pocket is not enough to accommodate two molecules, the triclosan radical may
leave the protein pocket and another triclosan molecule may enter into pocket near the heme
center. In both situations, the formed reactant complexes (3 RC,p), can then undergo H-
abstraction from the phenolic group of triclosan by protonated Cpd II. As shown in the upright of
Figure 1, this H-abstraction from the phenolic group of triclosan by protonated Cpd II in the
ground triplet state is essentially barrierless and is exothermic by -12.7 kcal/mol, with formation
of the resting state of P450, and a triclosan phenoxy radical ready for radical collision.

Regioselectivity for Phenol Coupling. Considering the fate of phenoxy radicals involving
radical addition or diradical coupling to yield the C—C/C—-O coupling products (O—O coupling
does not take place on account of the instability of the resultant peroxide), it is hard to obtain the
structures of all coupling products in experiments due to their structural heterogeneities.
However, the regioselectivity of phenol coupling is partially determined by the distribution of
unpaired electron spin in the radicals, with a high electron spin density at a particular site
indicating high reactivity.” As shown in Figure 2, for non-substituted positions, 022 and C15 of
the triclosan phenoxy radical are expected from this reasoning to be the two most reactive sites,

as they have the largest spin densities.
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TCS-O- 22-15 sites diradical coupling TCS-O-TCS

Figure 2. Spin densities for the triclosan phenoxy radical, and the most favorable diradical
coupling reactions and subsequent tautomerization reactions with computed reaction free
energies given (no parentheses: in polar environment; in parentheses: in non-polar environment).

We then speculate two possibilities, radical-addition or diradical coupling, for phenol
coupling, dependent on the environment based on no available protein structural concerning
phenol coupling of triclosan: 1) proximal triclosan radical addition to the distal neutral triclosan,
or diradical coupling, happen in one P450 protein pocket (non-polar environment); 2) the
phenoxy radical leaving the P450 pocket and reacting with another neutral phenol, or diradical
coupling, happen in solution outside of the P450 pocket (polar environment). Thus, to further
understand the linkage distributions during phenol coupling, a full study of the radical addition
and diradical couplings in both polar and non-polar solution was performed. As shown in Tables
S24—S25, all of the radical addition reactions are highly endothermic by 15—48 kcal/mol in polar
and 20—38 kcal/mol non-polar environments, probably due to the low radical nature of the
addition sites, and we thus focus on the diradical coupling reactions.

We studied the self-intermolecular coupling processes of triclosan phenoxy radical to form
the dimeric intermediates, during which a total of 14 coupling reactions shown in Tables
S26—S27 were considered to encompass different linkages and identify the most stable
stereoisomeric products. When analyzing these coupling reactions, C15-022 (para C—O)
coupling as shown in Figure 2 emerges as the most likely coupling reaction with the most

exothermic energy of -9.4 kcal/mol in the polar environment (-9.2 kcal/mol in the non-polar
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environment), followed by C11-022, C14—022, C14—C14, C15—C15 and C15—C14 coupling
reactions with exothermic energies from -7.5 to -2.9 kcal/mol in the polar environment (-7.1 to -
2.8 kcal/mol in the non-polar environment); all other coupling reactions involving the C13 site
are highly endothermic. These findings are very consistent with the spin density distributions on
the triclosan phenoxy radical (C15 = 022 > C14 >> C13). Note just six triclosan-O-triclosan
metabolites were detected in mass spectra when triclosan was incubated with microsomes. '

Up to now, the favorable intermediates of radical coupling have been characterized. In most
cases where the ring has lost aromaticity, the intermediates may undergo tautomerization to
regain ring aromaticity in water solution. As shown in Figure 2, the energy of this
tautomerization reaction is -16.6 kcal/mol for triclosan-O-triclosan formation in water solution.
The results indicate that the tautomerization step is thermodynamically favorable, since barriers
for hydrogen transfers through water bridging are small, and likely to yield the stable and fully

aromatic products. Note that the constitutive androstane receptor (CAR) activity of triclosan-O-

triclosan was reported to be about 7.2 times higher than that of triclosan.'’

Fundamental Characteristics of Phenoxy Radical Rebound

Phenol Coupling vs. Phenol Hydroxylation. During P450-catalyzed alkane hydroxylation,
the HS state may produce a radical with a significant barrier for rebound, although still much
lower than that for the rate-determining H-abstraction step, whereas the LS state rebound is
essentially barrierless.’'*~**® Differently, oxidation of phenols such as triclosan, the real
rebound transition states may be both on the HS and LS surfaces. The phenoxy radical rebound
at some aromatic carbons in the LS state and at all aromatic carbons in the HS state are rate-
determining. With high rebound barriers for phenoxy radicals at the thermodynamically feasible

aromatic carbons, we propose a “two-state reactivity” as formulated in eq. 5 to eq. 7, which
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reflect different rebound conditions. 1) When the LS rebound barrier is lower at least at one
aromatic carbon and the HS rebound is higher than the H-abstraction barrier, most of the HS
intermediates can proceed via the coupling pathway, while the LS species can mostly proceed to
the hydroxylated products, giving the relative yield ratio [coupling]/[hydroxylation] of eq. 5 as
simply the relative barriers of the HS and LS H-abstraction processes, since H-abstraction is the
rate-determining step for both pathways. 2) When the barrier for LS rebound at all aromatic
carbons is higher and the HS rebound barrier is distinctly higher than the H-abstraction barrier,
the LS species can be subject to both hydroxylation and coupling, whereas the HS species can
only proceed via coupling since the HS radical rebound is unfeasible; In this situation, as shown
in eq. 6, the ratio of yields [coupling]/[hydroxylation] is approximately given by the relative
barriers of the HS or LS H-abstraction (the lower one) and LS radical rebound steps, as these are
the favorable rate-determining steps for coupling and hydroxylation pathways, respectively. 3)
When both the LS and HS rebound steps have far higher barriers than the H-abstraction step, as
shown in eq. 7, the LS and HS species can only proceed via the coupling pathway.

When AG'Ls ren < AG'Ls 1 and AGlus rep > AG's i
[Coupling]/[Hydroxylation] = kus-n/Kis-H (5)

When AG's.ep > AG' 5.1 and AG'ys.rep >> AGhs hi:

[Coupling]/[Hydroxylation] = Kus.n/Ks-reb iIf AG'hs-n < AG'Ls.h ©)
[Coupling]/[Hydroxylation] = Kis-i/Kisreb if AG'ust > AG Lsn

When AG'is.eb >> AG'Ls.1 and AG'ws.reb >> AG ns.pi:

(7)
[Coupling]/[Hydroxylation] = o
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Based on the data provided in Figure 1, oxidation of triclosan by P450 fits well into the
situation of eq. 5. According to the model, we can estimate the ratio [coupling]/[hydroxylation]
using the Eyring equation (eq. 8) as roughly 1:4 for oxidation of triclosan (AG*HS_H — AG'Lsn=
0.8 kcal/mol), which implies that the phenol hydroxylation is favorable for oxidation of triclosan.

= KeT 1 AG*
“h P TRT ®)

k: reaction rate constant; kg: Boltzmann constant; h: Planck constant; R: gas constant; T: tempe-

rature in Kelvin; ¢: concentration defining the standard state (typically 1 mol/L).

This model largely explains the experimental ratios of the reaction rates of hydroxylation vs.
coupling in the range of (1.5-17):1 for triclosan incubated in human microsomes.'® In order to
further limit the effect of molecular specificity on phenol coupling mechanism obtained from
triclosan, we extended the study on the phenol coupling mechanism of 3-chloro-bisphenol A (3-
CIBPA), as the free energy profiles shown in Figure S5. It shows that 3-CIBPA resembles well
the phenol coupling mechanism of triclosan that a diradical pathway is successively facilitated
by Cpd I and protonated Cpd II of P450, thus we can estimate its ratio [coupling]/[hydroxylation]
as roughly 1:2 via eq. 5 and eq. 8. This result is in consistent with that 3-CIBPA-O-3-CIBPA is a
significant metabolite from 3-CIBPA incubated by P450 in experiment.'

Origin of the High Rebound Barrier for Phenoxy Radicals. As the spin densities show in
Table S3, the intermediate complexes (“*IMy) of the triclosan consist of an iron-hydroxo group
(PorFe'YOH) with a closed-shell porphyrin and a nearby phenoxy radical (electronic
configuration: 6x2—y2275*le7'[*yzla2u2¢Radl)- In the subsequent phenoxy radical rebound leading to the
iron-quinol species, the electron from the phenoxy radical shifts onto the low-lying orbitals (n*y;)

in the LS state, while the HS process involves the electron shifting onto the high-lying ¢*2?
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429  orbital to conserve the HS state, with elongation of the Fe-O and Fe-S bond lengths in the quinol

430  products (Figure 1). Previous studies on alkane hydroxylation mechanisms catalyzed by P450

431  have indicated that the HS rebound barriers for the alkyl radicals are 1-5 kcal/mol, owing to the

432 excitation energy to the o*z orbital 32344941 This electron excitation partly contributes to the

433 high HS rebound barrier of the phenoxy radical, but is not enough to cause the HS rebound

434 barrier more than 8 kcal/mol and even a significant rebound barriers in the LS state.

435  Table 2. The calculated spin delocalization ratios, SOMQOs and IPs for diverse phenoxy and

436  alkylbenzene radicals

. Spin SOMO _ Spin SOMO
Radical Delocalization (o)) Radical Delocalization V)
Ratio (%) Ratio (%0)
Cl1 \N
/@(OQ 61 -0.23 63 -0.20
el ) Cl OH
—o0 o /0
’ L, 57 0.22 ’><‘ 57 0.22
Ho O © HO O O 0°
0. OH «0
O O 58 021 Q—oﬁ 62 -0.20
@ .
OH O° °
. N
62 -0.19 m 64 -0.19
HO OH o
.
'o@—cm 58 0.22 \©\ 61 0.22
CoHyo
Cl1 Cl
'OQCI 64 -0.25 Qénz 22 -0.18
Cl Cl
@—Q\{ 4 017 @% cn, 2 017
CH, .
QN/ 18 -0.14 QC\H 23 -0.17
‘o, CH,
o/H o,H
Fe—] § 3 -0.18 <5 4 -0.16
CH;, CH;
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/ //0
Q&l 17 -0.14 QC\N,% 23 -0.17

As shown in Table 2, the radical spin formed initially on the hydroxyl oxygen can readily
delocalize into the aromatic ring (58%—64%) in monophenols, bisphenols, polyphenols,
alkylphenols and chlorophenols, while little spin delocalization occurs for several common
alkylbenzene radicals (2% —23%). Spin delocalization may result in lower electron donor ability
of the phenoxy radicals, as reflected in Table 2 by the significantly lower energies of the singly
occupied molecular orbitals (SOMOs) of phenoxy radicals in the range from -0.25 to -0.19 eV,
compared to alkylbenzene radicals (between -0.18 and -0.14 eV). Thus, another factor leading to
the high rebound barriers in phenol coupling by P450 could be the low electron donor ability of
the phenoxy radicals. In order to further understand this, we compared the computed HS rebound
barrier heights (B3LYP/BSI level with free energy correction, Table S32) with the phenolic
radical IPs (Table S33 as shown in Figure 3. The trend demonstrates an increase of rebound
barrier heights with increasing phenolic radical IPs, which strongly suggests that when the
phenoxy radical center becomes a weaker electron donor (higher IP), the rebound barrier
increases. Considering the very strong correlation, we conclude that the electron donor ability of
the phenoxy radicals is the main factor determining the barrier height of rebound, and this
physical model for P450 rebound reactivity may be of substantial use in many other contexts of

P450 chemistry.
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Figure 3. Correlation of rebound barrier heights in the HS state with the IPs of diverse phenolic
radicals

Environmental Implications

Most emerging pollutants proceed through the biotransformation processes, especially by
P450 enzymes, which may produce metabolites with altering environmental behavior and
toxicological profile. Especially, it has been found that as the number of aromatic rings increase,
there is a concomitant increase in lipophilicity of the compounds,® resulting in potentially higher
toxicity, and thus the biotransformation involving coupling reactions of emerging phenolic
pollutants has important environmental significance. Understanding the biotransformation
mechanisms of emerging pollutants such as phenol coupling to develop mechanism-based
methods for screening of metabolites will undoubtedly improve the efficiency of metabolites-
oriented analysis in environmental risk assessment. As the mechanism revealed in this work,
aromatic delocalization is arguably the decisive factor that lowers the electron donor ability of
triclosan phenoxy radical and enables radical dissociation and self-coupling reaction catalyzed

by P450 enzymes. Furthermore, aromatic delocalization as an intrinsic nature for most phenolic
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pollutants (Table 2), which can endow the phenoxy radical sufficient lifetime during P450-
mediated reactions, thus the phenol coupling reactions have great chance to happen between
different phenolic pollutants when they co-exposure to the biotransformation system. As more
attention has been paid in the joint metabolic effect of multiple environmental chemicals
recently,® our proposed phenol coupling mechanism can be helpful to screen the possible cross-
coupling metabolites between different phenolic pollutants, as a leading step of experiments.
Aromatic delocalization is a common feature also of other radicals of aromatic pollutants,
i.e. benzenamino radicals, thiophenoxy radicals, and phenylphosphine radicals (for example, the
spin delocalization ratio is 55% for 2,6-(CH3),C¢H3zNHe, 70% for CgHsSe, and 87% for
CgHsPHe), and thus we predict that they may undergo coupling reactions as well. P450-catalyzed
coupling of norharman and aniline has been reported, and this coupling product can be further
oxidized into a mutagenic hydroxylamine.*> However, it is difficult to propose a reaction product
of either norharman or aniline that is stable enough to migrate from the P450 and reactive
enough to couple with aniline, or vice versa. The phenol coupling mechanism proposed in this
work provides a simple rationale for this disputed coupling mechanism. The free energy profile
for the reaction of norharman catalyzed by Cpd I of P450 is displayed in Figure S6, specially
showing much higher rebound barriers for the norharman amino radical than for H-abstraction in
the HS state to lead to aromatic hydroxylation and the N-hydroxylation products. In contrast, the
rebound barriers for the norharman amino radical at the aromatic ring in the LS state are slightly
lower than for H-abstraction; this situation is importantly covered by our model’s first scenario,
eq. 5, where the HS H-abstraction (leading to coupling) is more favorable than the LS
counterpart (leading to hydroxylation), and the model can thus explain the observation of

coupling products upon oxidation of norharman. In both norharman and aniline amino radicals,
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about 50% and 40% radical spin delocalizes into the aromatic rings from the amino nitrogen.
Aromatic delocalization in amino radicals may produce large radical rebound barriers, further
facilitating radical dissociation and coupling reaction. We hope that the fundamental mechanism
described in this work will aid the high-throughput screening of putative metabolites of aromatic
pollutants in toxicological assays, in particular considering the probable overlooked importance

of many of these metabolites.
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