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ABSTRACT: The application of high-valent iron-oxo species for Coordination effect Reactionipathway
the degradation of organic contaminants is a promising strategy.

However, the role of the catalyst’s coordination sphere in regulating B-carboxyl (1. H)I’dtrOXY-

the reaction mechanism remains ambiguous. Here, we elucidate ;‘a‘ ,—% . el °“
this structure—reactivity relationship by deploying three iron o %} "’; P

porphyrins with strategically varied ligand substitutions to activate 2 % o';,% o &

H,0, for bisphenol A (BPA) degradation. We demonstrate that the <. oa ~ @ %, o }Qumom-
ligand coordination of the catalyst directs the nature of the oy, 2T _ Zig
generated Fe''-oxo species, the identity of the cogenerated radicals, meso-  go

and the pollutant degradation pathways. Specifically, the p- ~ Sufovl “g - > \ad

substituted catalyst exclusively generates the Fe''=0 unit with a e cr;if)?(;/l . T\:I:”_ clelj\r/]agge ] J\/

ligand 7#-cation radical, transforming BPA to hydroxylation
products via an oxygen adduct formation pathway with strong
matrix tolerance. Conversely, meso-substituted catalysts generate protonated Fe''—OH species and coexisting oxygen-centered
radicals. Meso-carboxyl substitution yields (por)Fe'"—OH and HO®, which synergistically induce ring cleavage of BPA through a
single-electron-transfer (SET)-initiated attack. Meso-sulfoxyl substitution produces [(por)Fe"'—OH]* and HO,®, which drive
quinonization of BPA via a coupled SET and hydrogen-atom-abstraction mechanism. These findings reveal that the coordination
environment of the catalyst critically modulates the protonation state and reactivity of the generated high-valent iron-oxo species,
thereby steering pollutant degradation toward pathway-selective transformations. This work provides fundamental mechanistic
insights into the targeted detoxification of organic compounds.

KEYWORDS: high-valent iron-oxo species, coordination environment, reaction mechanism, pathway-selective degradation,
molecular orbital, iron porphyrin

1. INTRODUCTION biomimetic models and enzymatic systems, such as cyto-
chromes P450 and peroxidases with Fe/N,—C structures.'°~ 18
It is well established that the primary oxidant in these enzymes
typically exists with Fe''=0O unit coupled to porphyrin 7-
cation radical ((por)**Fe™=0, Compound I),'” and its
reactivity pattern follows well-established hydrogen-atom-
abstraction (HAA) and oxygen-rebound pathways.””*' The
reactivity and selectivity of high-valent iron-oxo species are
intimately governed by their local coordination environment.
Several works have highlighted that ligand perturbations, such
as the introduction of electron-withdrawing substituents,
heteroleptic ligand architectures, or asymmetric equatorial
environments on porphyrin or phthalocyanine macrocycles,

Advanced oxidation processes (AOPs) represent a promising
array of treatment technologies for remediating recalcitrant
organic pollutants, possessing excellent removal efliciency,
remarkable adaptability, and technical versatility.l_3 The
conventional AOPs rely on the generation of nonselective
radicals to eliminate pollutants, such as hydroxyl radicals
(HO®), sulfate radicals (SO,*”), and super oxygen radicals
(0,°7).*7° However, these radicals are often hampered in
practical applications by scavenging from background water
matrices,’~ which diminishes their efficiency against micro-
pollutants. This limitation has stimulated interest in alternative
oxidants, such as high-valent metal-oxo species, which offer

greater selectivity and stability for targeted wastewater
treatment.' ! Received: July 27, 2025

High-valent iron-oxo species have garnered increasing Revised:  December 9, 2025
interest due to their strong oxidizing capacity, diverse reaction Accepted:  January S, 2026
pathways, and longer lifetimes.'”~'* High-valent iron-oxo Published: January 9, 2026
species are among the most potent oxidants known in
nature,'”> which have been extensively investigated in
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can dramatically tune the oxidizing power and selectivity of
high-valent iron-oxo species.”””** Furthermore, Shaik and
coworkers have pioneered the concept of electric-field effects,
revealing that charged substituents in the coordination sphere
generate a directional electric field.”>™*” These electric fields
stabilize specific electronic states and modulate reaction
barriers by lowering the energy of electron-acceptor
orbitals.”* ™ In the past 2 years, studies based on Fe/Nx-C
structures have revealed that reducing the electron density of
the central iron through coordination-field effects can
strengthen the Fe—N bond and feature stronger peroxide
adsorption affinity, facilitating the generation of Fe'V=0
species and enhancing catalytic durability.’”** These insights
form the foundation for catalyst design strategies that exploit
subtle ligand and electronic modifications to control reactivity.

One of the outstanding applications of these insights is the
synthesis of single-atom catalysts (SACs) with Fe/Nx-C
structure,”** which can maximize atomic utilization and
exhibit unique reactivity for environmental remediation.***° It
is well documented that organic substrates can be oxidized into
hydroxylated, epoxidated, or quinone products in the reaction
catalyzed by Fe/Nx-C complexes, where high—valent iron-oxo
species are the key oxidative intermediates.”” —>” Nevertheless,
current research has primarily focused on catalyst design for
oxidant activation, pollutant degradation efliciencies, and
product analysis.*>***'" Despite the widespread recognition
that the coordination environment regulates catalytic activity,
the mechanistic role of the coordination environment in
defining the electronic configuration and directing the reaction
pathway of high-valent iron-oxo species has remained poorly
understood in the field of materials catalysis. Extensive studies
have elucidated the metabolic activation of bisphenol A (BPA)
by the P450 enzymes. Interestingly, while the key oxidant is
consistently the high-valent iron-oxo species, the degradation
products vary significantly depending on the biological source.
For instance, human hepatic P450s primarily induce aromatic
hydroxylation,42 whereas certain microbial or plant P450s
facilitate oxidative rearrangement or cleavage.””** These
divergences suggest that the local environment of the heme
cofactor plays a decisive role in tuning the reaction product.
However, disentangling these environmental factors within the
complex protein matrix remains experimentally challenging.
This underscores the need for well-defined biomimetic models
to unravel structure—reactivity relationships.

Iron porphyrins are particularly attractive as homogeneous
biomimetic catalysts with Fe/N,—C structure, serving as well-
defined molecular analogues of cytochrome P450 enzymes.*
The tunable molecular structure of porphyrins allows for
precise and systematic modification of the coordination
environment to isolate the effects of ligand isomerism (- vs
meso-site) and electronic tuning, offering a level of control that
is unattainable with heterogeneous SAC catalysts or complex
P450 enzyme systems, thus making them an ideal platform to
deconstruct the structure—reactivity relationship of high-valent
iron-oxo species. Recent computational studies revealed
energetically feasible pathways for (por)®*Fe'V=0-mediated
BPA hydroxylation and aromatic-ring activation through
theoretical calculations on human CYP 2C9,* which establish
an important biochemical and computational foundation for
understanding how high-valent iron-oxo species react with
substrates. Our previous work highlighted that the substituent
position on iron porphyrins (f-site and meso-site) dictates the
catalytic behavior in organic pollutant degradation,”** but the
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underlying reaction mechanisms and the precise role of the
coordination environment in governing the interaction
between active species and pollutants remained unresolved.
The present study fills this critical gap through a synergistic
experimental and in-depth theoretical approach.

In this study, three types of iron porphyrins with distinct
ligands were used to activate H,O, for the degradation of BPA,
a model pollutant due to its environmental relevance,
amphiphilic electronic structure, and well-documented degra-
dation pathways that allow for clear mechanistic analysis. To
further assess the generality of the catalytic behavior, several
representative phenolic pollutants were also examined. This
work provides the systematic and comparative demonstration
that ligand isomerism (f3- vs meso-site) and electronic tuning
(carboxyl vs sulfoxyl) of the coordination environment can be
strategically employed to control the formation of distinct
high-valent iron-oxo/radical groups within a tunable homoge-
neous catalytic platform, rather than within complex protein
matrices. By combining kinetic studies, active species and
product identification, and deep molecular-level insights from
density functional theory (DFT) calculations, we establish a
predictive roadmap linking catalyst structure to the nature of
the generated Fe'-oxo species, the identity of the cogenerated
radicals, and the pollutant degradation pathways. For the first
time, this study uses a precisely defined homogeneous system
to reveal how specific ligand placements and electronic
properties control the nature and reactivity of the active
Fe'V-oxo species, providing transferable mechanistic insights
that may inspire rational coordination design in environmental
oxidation catalysis for pathway-selective pollutant degradation.

2. MATERIALS AND METHODS

2.1. Chemicals

All chemical reagents were used as received (Text S1). Three
types of iron porphyrins with distinct ligand environments,
including Fe(III) chlorophyll (ChlFe, f-carboxyl substitution),
Fe(III) meso-tetra(4-carboxyphenyl)porphine chloride
(TCPFe, meso-carboxyl substitution), and Fe(IIl) meso-
tetra(4-sulfophenyl)porphine chloride (TSPFe, meso-sulfoxyl
substitution), were employed for BPA degradation. The
schematic molecular structures of these catalysts are provided
in Figure SI.

2.2. Experimental Procedures

Iron porphyrin stock solutions with a concentration of 1 mM
were prepared using ultrapure water and quantified by
Inductively Coupled Plasma Optical Emission Spectroscopy
after acid digestion. The experiments on H,O, activation by
iron porphyrin for phenolic pollutants degradation were
carried out in a 100 mL conical flask under constant magnetic
stirring at ambient temperature (25 + 0.5 °C) and pressure. In
a typical reaction, the iron-porphyrin stock solution was mixed
with the phenolic contaminant stock solution, and ultrapure
water was added to achieve a total volume of 39 mL, yielding a
final catalyst concentration of 0.02—0.12 mM, depending on
the system studied. The initial pH value of the solution was
adjusted using NaOH (0.1 M) or HCI (0.05 M) and measured
with a pH meter (Sartorius PB-10, Germany). The oxidation
reaction was initiated by introducing H,0,. During the
reaction, 1 mL of solution was quickly sampled from the
reactor at certain time intervals, in which 0.3 mL of 0.8 M
Na,SO; solution was preinjected to quench the reaction.
Samples were filtered through a 0.22 ym PVDF membrane
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Figure 1. Degradation behaviors of BPA in iron-porphyrin/H,0, systems. (a) BPA degradation profiles in iron-porphyrin/H,0, systems. (b)
Pseudo-second-order kinetics in ChlFe/H,0, system. (c) First-order kinetics in TCPFe/H,0, and TSPFe/H,0, systems. (d) Effect of various
matrices on BPA degradation in iron porphyrin/H,0, systems. Initial experimental conditions: ChlFe = 0.12 mM, H,0, = S mM, BPA = 0.1 mM,
pH =9 in the ChlFe/H,0, system; TCPFe = 0.02 mM, H,0, = 4 mM, BPA = 0.3 mM, pH = 7.5 in the TCPFe/H,0, system; TSPFe = 0.02 mM,
H,0, = 4 mM, BPA = 0.3 mM, pH = 4 in the TSPFe/H,0, system. CI” = S mM, HCO;™ = 5§ mM, H,PO,” = S mM, and HA = 20 mg/L.

prior to analysis. The solution pH was monitored and
confirmed to remain nearly constant throughout the reaction.
All experiments were performed in triplicate, and the results
are presented as means with standard deviations shown as
error bars.

2.3. Computational and Analytical Methods

The computational and analytical methods and details are
listed in Text S2.

3. RESULTS AND DISCUSSION

3.1. Degradation Kinetics of BPA by Catalysts with
Different Ligand Coordination

The catalytic activity of the three-iron porphyrin/H,0,
systems for BPA degradation was evaluated (Figure la). All
systems achieved efficient BPA removal within minutes, but
their kinetic profiles differed significantly. The ChlFe/H,0,
system, featuring a f-carboxyl substituent, exhibited the fastest
degradation, following pseudo-second-order kinetics (R®
0.977) with a rate constant (ky,) of 69.3 L-mmol™'-min~*
(Figure 1b). For comparison, a pseudo-first-order fitting was
also performed (Figure S2), but it yielded a poorer correlation
(R* = 0.731). In contrast, the meso-substituted TCPFe and
TSPFe systems both followed pseudo-first-order kinetics, with
ks values of 0.4 min~ ' and 0.6 min~ ', respectively (Figure
1c). In addition, the introduction of typical matrices that are
omnipresent in environmental waterbodies showed only minor
influences on BPA degradation. Specifically, the ChlFe/H,0,
system maintained nearly unchanged removal efficiency,
whereas TCPFe/H,0, and TSPFe/H,0, systems showed
slightly lower degradation rates in the presence of HCO;™ and
HA, and the addition of H,PO,” significantly hindered BPA
removal due to the acidification of the solution in the TCPFe/
H,O, system (Figure 1d). This comparison highlights that the
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P-substituted ChlFe catalyst possesses a higher matrix
tolerance than the meso-substituted analogues. These
divergences point to fundamental differences in the BPA
degradation mechanisms between f- and meso-substituted
porphyrins.

The UV—vis spectra of the three iron porphyrins exhibit a
similar Soret band at ~400 nm and Q-bands at 500—700 nm,
but variations in their substituent groups induce slight shifts in
the characteristic absorption bands (Figure S3a). By observing
the changes in Soret band intensity and H,O, concentration,
distinct trends were obtained between the S-position
porphyrin system and the meso-position porphyrin systems.
In the ChlFe/H,0, system, a large quantity of H,0, was
consumed (Figure S3b), whereas ChlFe showed less
attenuation, with a high initial rate in the intensity of its
Soret band (Figure S3c), indicating a more efficient catalytic
cycle of the homogeneous ChlFe catalyst. The fastest H,O,
consumption rate was observed in the meso-carboxyl-
substituted TCPFe/H,0, system, which is consistent with
DEFT analysis revealing the lowest energy barrier required for
the O—O bond cleavage in H,O, activation by TCPFe,
according to transition state theory (Figure $3d).*” While the
kyps values of 0.4 min~ ' was the lowest, indicating that more
complex elementary reactions are involved for BPA degrada-
tion in the TCPFe/H,0, system. Although H,0, was rarely
consumed in meso-substituted porphyrin systems (Figure
S3b), the intensity of the Soret band of the iron porphyrins
exhibited significant attenuation (Figure S3c). This phenom-
enon may be attributed to the absence of reaction substrates,
where homogeneous iron porphyrin is oxidized instead,
implying the presence of strongly oxidizing species in the
meso-substituted porphyrin systems. These observations
collectively establish the distinct activation behaviors of
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Figure 2. Identification of active species in iron-porphyrin/H,0, systems. (a) DMPO-trapped EPR spectra of iron-porphyrin/H,0, systems in
aqueous or methanol solution. (b) BPA degradation profile in iron-porphyrin/H,0, systems with the addition of different scavengers. (c)
Temporal absorbance variations at 590 nm of iron porphyrins and the H,O, mixture during the reaction process. ESI-FTMS spectra of mixtures of
(d) ChlFe, (e) TCPFe, and (f) TSPFe were recorded with H,O,. Initial experimental conditions: ChlFe = 0.12 mM, BPA = 0.1 mM, H,0, = §
mM, pH =9 in the ChlFe/H,0, system; TCPFe = 0.02 mM, BPA = 0.3 mM, H,0, = 4 mM, pH = 7.5 in the TCPFe/H,0, system; TSPFe = 0.02
mM, H,0, = 4 mM, BPA = 0.3 mM, pH = 4 in the TSPFe/H,0, system; PMSO = 200 M, tBA = 1.3 M.

catalysts, modulated by ligand coordination, for BPA
degradation.

To further assess whether the ligand coordination-depend-
ent kinetic behavior observed for BPA degradation is
generalizable to other phenolic pollutants, additional degrada-
tion experiments were performed using phenol and TCP under
identical catalytic conditions. Similar ligand coordination-
dependent degradation kinetics were observed among different
organic contaminants (Figure S4). In addition, there were
differences in the degradation efliciency of different pollutants
and the selectivity of different catalytic systems. The ChlFe
catalyst exhibited pronounced selectivity, rapidly and prefer-
entially degrading BPA, while phenol and TCP were less
reactive (Figure S4a). The meso-substituted TCPFe and
TSPFe exhibited a broader but less selective oxidation behavior
(Figure S4b,c). These divergences are caused not only by the
ligand coordination effect of the catalyst but also by the
intrinsic electronic structures and substituents of the pollutants
themselves. These observations confirm that ligand coordina-
tion not only regulates the formation of distinct active species
but also governs substrate selectivity toward diverse pollutants.
The consistency of degradation kinetics across different
substrates highlights the generality of the proposed struc-

ture—reactivity mechanism.

3.2. Ligand Coordination Control of the Generation of
Distinct Active Species

It should be noted that the optimal pH values (9.0 for ChlFe,
7.5 for TCPFe, and 4.0 for TSPFe) were chosen to achieve the
highest catalytic efficiency. Although variations in pH may
influence the speciation and protonation state of the Fe center,
these effects are inherently associated with the intrinsic
coordination characteristics of the respective ligands. There-
fore, the main focus of this study is the fundamental role of
ligand coordination effects. Distinct active species were
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identified in different iron porphyrin/H,O, systems. EPR
spectra of DMPO-trapped radicals reveal the generation of
distinct reactive species in each system (Figure 2a). In the
ChlFe/H,0, system, the EPR signal corresponding to
DMPOX indicates the presence of a powerful oxidant, while
the absence of the characteristic DMPO—OH adduct and tBA
quenching experiments rules out free hydroxyl radicals (Figure
2b). The sharp increase in the Q-band absorbance of ChlFe
within the first 100 ms of the reaction indicates the formation
of Fe'-oxo porphyrin (Figure 2c).”” ESI-FTMS analysis was
performed to further characterize the active species, revealing a
species at m/z 646.152 that corresponds to the oxygen adduct
of ChlFe (Figure 2d), denoted as (Chl)**FeV=0.* Given
that Fe'V=0 species react with PMSO to form phenyl methyl
sulfone (PMSO,), whereas other radicals transform PMSO
into hydroxylated products, PMSO is widely recognized as a
well-established probe for Fe''=0 species.'* The temporal
variation of PMSO and PMSO, concentrations confirms that
this Fe''=0 species dominates the oxidation pathway in the
ChlFe/H,0, system (Figure SSa). This result further confirms
the predominant role of (Chl)**Fe’¥=0 in the ChlFe/H,0,
system.

Conversely, the meso-substituted iron porphyrin systems
generated a mixture of species. The TCPFe/H,0, system
produced characteristic EPR signals for DMPO—HO® (Figure
2a), confirming the generation of HO®. Scavenging experi-
ments with tBA partially inhibited BPA degradation, further
supporting the role of HO® but also implying the presence of
other tBA-resistant species (Figure 2b). The absorbance
changes in the Q-band of TCPFe during the initial reaction
stage revealed the formation of the Fe'-oxo porphyrin (Figure
2c). ESI-FTMS revealed a species at an m/z of 437.554
(Figure 2e), which is consistent with the isotope distribution
patterns of the oxygen adduct of TCPFe ((por)Fe'V=0) with
two negative charges. Although PMSO was extensively
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consumed in the TCPFe/H,0, system, negligible sustained
generation of PMSO, was observed (Figure SSb), indicating
that the presence of the (por)Fe™'=0 species is extremely
limited. Upon the introduction of tBA, the consumption of
PMSO was significantly reduced (Figure SSb), suggesting that
PMSO degradation in the TCPFe/H,0, system is primarily
mediated by HO®. However, both tBA and PMSO did not
completely inhibit BPA degradation in the TCPFe/H,0,
system (Figure 2b), implying the existence of other reactive
species. This phenomenon is aligned with our previous
inference, where (por)Fe'V=0 is the precursor to the active
Fe''—OH species, (por)Fe''—OH."’ Therefore, (por)Fe™—
OH species is not directly detected but is inferred as the most
logical candidate based on the above constellation of indirect
evidence.

The TSPFe/H,0, system, with strongly electron-with-
drawing sulfoxyl groups at the meso-position, exhibited EPR
signals for DMPO-H* in aqueous solution and DMPO- HO,*
adducts in methanol (Figure 2a). These HO,*® radicals
reversibly equilibrate with their conjugate base O2 " as the
pKa is 4.8 under experimental pH conditions.”" It is well-
known that tBA also has H* scavenging capacity’” and pBQ
could selectively block O,°™ participation in BPA degradation
with a high reaction rate (kOZO—/pBA =10 x 10° M~ s~ 1) *!
The addition of pBQ notably retarded BPA degradation during
the initial stage of the reaction (Figure SSc). The Q-band
absorbance changes of TSPFe during the reaction manifested
the formation of the Fe'V-oxo porphyrin (Figure 2c). The
PMSO probe experiment similarly indicates that Fe'V-oxo does
not exist in the Fe""=0 form (Figure S5d). More importantly,
ESI-FTMS detected a species with an m/z shifting from
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327.989 to 338.656 following the addition of H,0, (Figure S6
and Figure 2f), which is consistent with the isotope
distribution of a cationic iron-hydroxo complex, ie., [(por)-
eV—OH]"*. The BPA degradation was largely unaffected by
the addition of PMSO but was almost completely suppressed
by ABTs (Figure SSc), a probe for electron-transfer pathways,
confirming that a nonradical electron-transfer mechanism
dominates the overall process in the TSPFe/H,0, system.

In summary, the coordination environment of the iron
porphyrin catalyst indicates the protonation state of the Fe'"-
oxo species and the generation of radicals. The f-substituted
ChlFe exclusively produces (Chl)**Fe’=0. The meso-
carboxyl-substituted TCPFe cogenerates (por)Fe"'—OH and
HO®. The meso-sulfoxyl-substituted TSPFe cogenerates
[(por)Fe'Y—OH]" and HO,*. These distinct groups of active
species are responsible for the observed differences in
degradation kinetics. Therefore, due to variations in the ligand
coordination of iron porphyrin catalysts, different forms of Fe'"
species are generated. Furthermore, oxygen-centered radicals
are also produced in meso-substituted iron porphyrin systems,
coexisting with Fe''-oxo species. Extensive research has been
conducted on the coordination effects influencing the
activation of peroxides by iron-based catalysts to generate
high-valent iron-oxo species.‘%_55 However, the influence of
the coordination environment on the reactivity of the
generated high-valent iron-oxo species and their reaction
mechanisms with contaminants remains poorly understood. In
this study, the reactivity of different forms of Fe'V-oxo species
with distinct ligand coordination, as well as their reaction
mechanisms with BPA, are systematically investigated.
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3.3. Different Reaction Mechanisms of Active Species with
BPA

Diverse types of BPA degradation products (DPs) have been
identified by U-HPLC-Q-Exactive Orbitrap HRMS in these
iron porphyrin/H,0, systems (Table S1). These products
generally exhibit significantly lower endocrine-disrupting
potency and estrogen receptor binding affinity compared
with BPA, as reported in previous studies.”™” According to
QSAR calculations,”®*” the bioconcentration factors of these
DPs are all lower than that of the parent BPA. Furthermore,
the lethal concentration 50% (LCsy) for Daphnia magna
increased in all cases (Figure S7), which indicates that the
toxicity of BPA is decreased or even eliminated through
degradation by iron porphyrin systems. The BPA degradation
can be proposed into three distinct pathways (Figure 3a): (i)
The first pathway involves the hydroxylation of BPA, which
typically occurs in the ChlFe/H,0, system. (ii) The second
pathway forms products involving cleavage of isopropyl bridges
or ring-opening of phenol moieties, primarily observed in the
TCPFe/H,0, system. (iii) The third pathway entails the
quinonization of BPA, predominantly found in the TSPFe/
H,0, system.

Analysis of BPA’s electronic structure revealed that its
highest occupied molecular orbital (HOMO) is localized on
the 7-conjugated benzene rings (Figure 3b), rendering them
susceptible to electrophilic attack. The condensed Fukui index
effectively identified the active atoms (Table S2). C4 (f ~ =
0.057) and C14 (f ~ = 0.058) show the highest propensity for
electrophilic attack, attributed to their higher f ~ values and
minimal Af indices, while C2 (f ® = 0.061) and C12 (f°
0.059) demonstrate potential for radical targeting (Figure 3c).
The hydrogen atoms bonded to C2, C12, and O17 are the
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most reactive sites for electrophilic attack because of their
higher condensed f ~ values among all hydrogen atoms (Table
S3). The symmetric structure of BPA molecules, therefore,
prompted an in-depth analysis of C12, C14, and O17 as
putative active sites for active species attack.

The active species responsible for BPA degradation exhibit
distinct chemical reactivities. The electronic characteristics of
these active species can be quantified through single-occupied
molecular orbital (SOMO) distributions and electrophilicity
indices (). In the ChlFe/H,0, system, (Chl)**Fe""=0
possesses three SOMOs (Figure 4a), which could promote
hydrogen atom abstraction followed by oxygen rebound
mechanism to realize oxygen adduct formation (OAF).%°
(por)Fe"Y—OH exhibits higher electron affinity (w = 85.74 ¢V)
(Figure 4a), which could oxidize the substrate through single
electron transfer (SET). The cationic [(por)Fe™—OH]* shows
a radical character (localized SOMO) and high electrophilicity
(Figure 4a), enabling dual reaction pathways: SET and HAA.
Comparatively, oxygen-centered radicals (HO® and HO,")
exhibit high redox potential (1.8 ~ 2.7 V for HO**” and 1.46 V
for HO,*""), enabling synergistic interaction with coexisting
Fe'V-oxo species to achieve complete degradation of BPA.
Furthermore, they can exploit their respective radical proper-
ties and small radius to oxidize substrates via HAA and OAF
mechanisms (Figure 4a).

The elementary reaction between BPA and active species
can proceed through three mechanisms: SET, HAA, and OAF.
The calculated free energy diagrams of each initial elementary
reaction at specific reactive sites are shown in Figure 4b,c. The
feasibility of a reaction can be determined by calculating the
corresponding reaction rate constant by using the activation
energy barrier. The protonated species, (por)Fe'"—OH and
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[(por)Fe'V—OH]", exhibit Fe—O bond lengths of 1.815 A and
1.821 A, respectively (Table S4), which align perfectly with the
typical range (1.81—1.84 A) for protonated Compound I1.°>%*
The negligible barrier of 1.6 kcal/mol and the Fe—O bond
elongation to 1.913 A support an efficient SET mechanism for
the (por)Fe''—OH species generated in the TCPFe/H,0,
system (Figure 4b). This facile SET process is rationalized by
the electric field effect induced by the meso-charged groups.®*
Although [(por)Fe'™V—OH]* exhibits a relatively high activa-
tion energy barrier (AG' = 20.2 kcal/mol) for BPA
degradation via the SET pathway, a reaction rate constant of
0.58 min~ ' and a BPA degradation half-life of 1.2 min were
calculated based on first-order kinetics through transition state
theory.”” These theoretical values show excellent agreement
with experimental observations (Figure la,c), confirming that
BPA degradation by [(por)Fe'"—OH]* through the SET
pathway remains viable. In contrast, significantly higher
activation energy barriers associated with the SETyg,, and
SET (Chpjesrerv—o Pathways indicate that these alternative
pathways are kinetically unfavorable. The detailed analysis of
reaction energy and kinetic parameters is provided in Text S3.
By analogous reasoning, transition states were identified for the
HAA pathway at the C12 site via HO® and at the O17 site via
HO,*, as well as for the OAF pathway at the CI2 site via
(Chl)**Fe'V=0 (Figure 4c), and these reactions are calculated
to be kinetically feasible. The contradiction between the higher
calculated activation energy barrier for BPA activation and the
faster observed degradation rate of BPA in the ChlFe/H,0,
system was discussed and explained in Text S4 (Figure 4d).
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3.4. Selective hydroxylation via OAF Pathway in the
ChlFe/H,0, System

The BPA degradation proceeds through an OAF pathway
mediated by (Chl)**Fe'V=0 in the ChlFe/H,0, system. Prior
to the reaction, spin density is primarily localized on the axial
Fe=0 moiety and the porphyrin ring (Figure S). The bonding
molecular orbitals of the active O atom consist of one 6p,_¢
orbital, one 7p._o orbital, and two ng orbitals. Notably, the
(Chl)**Fe'Y=0 species characterized here exhibits an Fe=0
bond length of 1.658 A and a spin density distribution
consistent with an Fe'"=O center coupled to a porphyrin
radical, which matches the benchmark range (1.64—1.69 A)
and electronic descriptions reported for Compound L**° The

ChlFe system promotes BPA degradation via the OAF pathway
to yield hydroxylated products. During the reaction, the Fe=
O bond elongates from 1.658 A to 1.799 A, which matches the
geometric characteristics of H-abstraction transition states, and
the subsequent elongation to 3.589 A signifies the completion
of oxygen transfer (Table $4).°” The calculated barrier for the
direct aromatic hydroxylation of BPA by (Chl)*'Fe'V=0
(18.7 kcal/mol) is slightly higher than that of direct aromatic
hydroxylation (12—17 kcal/mol) and the energy barrier for
P450 metabolism of BPA (16.3 or 17.6 kcal/mol).**®® These
differences are chemically reasonable, given the larger steric
hindrance of BPA and the distinct coordination environments
of the Fe=O unit. The ability of the f-carboxyl-substituted
ChlFe to selectively reproduce this biological hydroxylation
pathway, which is in contrast to the varying pathways observed
with other ligand architectures, demonstrates that it is an
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effective biomimetic model and confirms that ligand
coordination is a primary driver for pathway selectivity.

The initiation of the OAF reaction is triggered by hydrogen
abstraction from the C12 position of BPA, which is facilitated
by the radical character inherent in the porphyrin ring. The
C12 atom within BPA exhibits sp* hybridization, characterized
by three 6¢_c/c_y orbitals and one z._c orbital, along with
their corresponding antibonding orbitals (6*c_c/c_y and
7*c_c). The unpaired electron from the chlorin ring transfers
to the 7%p,_o orbital of the O atom, disrupting the mp,_q
orbital and reducing the chlorin ring cation radical ((Chl)®*)
to Chl. Subsequently, the resulting unpaired electrons on O
further transfers to o%-_y of the C12, breaking o_y orbital
and forming a 6_y orbital (Figure S). Significantly, the iron
center remains in the +4 oxidation state (Figure S8), thereby
retaining its high oxidizing power for further attack.
Consequently, the unpaired electron on C12 is transferred to
the 6%g,_o orbital, breaking the og,_o orbital and forming a
new oOc_g orbital. As a result, BPA is transformed into the
hydroxylation products (DP-243), and (Chl)**Fe™=0 is
reduced into ChlFe. Furthermore, DP-243 can undergo
additional hydroxylation via the OAF pathway with
(Chl)**Fe™=0 to yield DP-259 and DP-291. Subsequent
reactions involving these hydroxylation products and
(Chl)**Fe™=0 lead to the formation of products, including
DP-197, DP-181, DP-151, and DP-109 (as illustrated in Figure
3a).

3.5. Ring-Cleavage via SET Pathway in the TCPFe/H,0,
System

The degradation of BPA in the TCPFe/H,0, system primarily
proceeds via electrophilic attack, as the generated active species
(por)Fe'V—OH exhibits electron affinity. SET reaction
mediated by (por)Fe'—OH is thermodynamically favorable
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(Figure 4b). The SET pathway involves the transfer of an
electron from BPA to (por)Fe™'—OH. HOMO and f ~ results
indicate that C14 is the most active site for electrophilic attack
(Figure 3b,c). The C14 atom of BPA exhibits sp® hybrid-
ization, including three o._c orbitals and one 7-_ orbital.
Based on the comparative analysis of bond orders before and
after an electron loss in BPA (Text S5), (por)Fe'V—OH
captures an electron from the conjugate z-system of BPA via
the C14 site. The molecular orbital interactions between BPA
and (por)Fe'Y"—OH were illustrated based on the changes in
oxidation state and spin density analysis (Figure 6). Consistent
with the electronic structure of the Fe™'—OH species in P450
characterized by Shaik et al,'>* the Fe!¥ center is analyzed in
its triplet spin state, characterized by two unpaired electrons in
the Fe(3d) orbitals. An electron from the 7-system of BPA was
transferred to 6%*p,_o of (por)Fe'"—OH via the Cl14 site,
facilitating cleavage of the op,_q, reduction of (por)Fe'"—OH
to TCPFe, and formation of OH™ and a BPA radical cation
(BPAe™). This destabilization of BPAe* renders the ring highly
susceptible to subsequent attack of the coexisting HO® with
high redox potential, leading to the cleavage of the aromatic
ring and formation of the unique ring-opened products (e.g.,
DP-16S, DP-87, DP-73, and DP-57) observed exclusively in
the TCPFe/H,0, system (Figure 3a). In addition, BPA was
also attacked by HO® via the HAA pathway to generate
products such as DP-243 and DP-241 (Text S6).

3.6. Quinonization via a Coupled SET-HAA Pathway in the
TSPFe/H,0, System

BPA exhibits characteristic quinonization degradation products
in the TSPFe/H,0, system, where the generated active species
of [(por)Fe"—OH]* and HO,* mediate BPA degradation
through the SET and HAA pathways. The degradation of BPA
by [(por)Fe'V—OH]" via the SET pathway is supported by
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Figure 7. Spin density evolution and the coupled SET-HAA mechanism for BPA degradation by [(por)Fe’Y—OH]* and HO,". (a) The coupled
SET-HAA process, where electron transfer from BPA to [(por)Fe’'—OH]" triggers Fe—O bond cleavage, and then the H atom at C12 was
abstracted to form TSPFe, H,O, and the intermediate [BPA(—H)e]**. (b) The subsequent reaction between [BPA(—H)e]** and HO,®, where
unpaired electrons on C12 and O atoms were paired to induce O—O bond cleavage and C—O bond formation, leading to quinone-type products.

kinetic analysis (Figure 4b). The direct HAA barrier for
[(por)Fe™V—OH]" is relatively high (23.6 kcal/mol), which is
consistent with the consensus that Compound II is a sluggish
oxidant for H-abstraction compared to Compound 1.°*7° The
bond elongation to 1.923 A during reaction indicates reduction
to Fe(Ill) by the SET pathway (Table S4), and the coupled
SET-HAA degradation pathway has been further validated
through analysis of spin density distribution and oxidation
state. As spin density gradually distributes onto the BPA

molecule (Figure 7a), the oxidation state of BPA increases
from O to 1, while the oxidation state of Fe decreases from +4
to +3 (Figure S9), indicating a single-electron transfer from
BPA to [(por)Fe™—OH]*. As the reaction proceeds, the
hydrogen atom bonded to C12 gradually forms a bond with
the O atom of [(por)Fe"—OH]*. Therefore, the [(por)Fe'V—
OH]*-driven coupled SET-HAA pathway proceeds with three
key steps: (i) electron transfer from the conjugated z-system of
BPA to [(por)Fe™'—OH]J", (ii) cleavage of the C12—H bonds,
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Figure 8. (a) Comparative summary of coordination-dependent catalytic systems. The S-substituted ChlFe produces (Chl)**FeV=0, while meso-
substituted TCPFe and TSPFe generate (por)Fe™ —OH and [(por)Fe™—OH]* accompanied by HO® and HO,®, respectively. (b) Mechanistic
illustration of the corresponding degradation pathways of BPA affected by the coordination effect of iron-based catalysts. OAF-mediated
hydroxylation by (Chl)**Fe'Y=0, SET-induced ring cleavage by (por)Fe’"—OH/HO®, and coupled SET—HAA-driven quinonization by

[(por)FeV—OH]*/HO,".

and (iii) formation of the O—H bond. Similar to the neutral
species, the Fe'" in cationic [(por)Fe'"—OH]" also adopts a
triplet spin state in accordance with theoretical bench-
marks.”""* During the reaction, an electron is transferred
from the conjugated 7-system of BPA into 6*g._o, promoting
the cleavage of the Fe—O bond and reducing Fe'" to FeHI
Subsequently, the unpaired electron of [(por)FeV—OH]" i
transferred to the 6*_y orbital, facilitating cleavage of the C—
H bond to generate TSPFe, H,0O molecule and [BPA(—H)
o]** (Figure 7a). This highly reactive [BPA(—H)e]**
intermediate can be further attacked by coexisting HO,®
radicals in the TSPFe/H,0, system, which have a high affinity
for the radical cation. [BPA(—H)e]** contains two unpaired
electrons, mainly localized on the C12 atom. The O atom of
HO,* exhibits sp> hybridization, comprising one 6,_¢ orbital,
two nonbonding orbitals (n,), and one orbital occupied by an
unpaired electron. Mechanistically, the unpaired electron on
the O atom of HO,® pairs with the unpaired electron on the
C12 atom of [BPA(—H)e]** to form a o6c_o orbital.
Meanwhile, the second unpaired electron on CI12 triggers
the homolytic cleavage of the O—O bond in HO,®. This
electron then pairs with the newly formed unpaired electron on
the O orbital to form a 7c_g orbital (Figure 7b), ultimately
driving the formation of the quinone product in the TSPFe/
H,0, system (Figure 3a). Additionally, HO,® can directly
initiate HAA at the phenolic hydroxyl group (O17 site) of
BPA, which also leads to quinonization products such as DP-
259 (Text S7).

4. ENVIRONMENTAL IMPLICATIONS

This study elucidates that the reactivity of high-valent iron-oxo
species in environmental remediation is not intrinsic but is
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intimately governed by the catalyst’s coordination environ-
ment. By systematically comparing f- and meso-substituted
iron porphyrins, we demonstrated that ligand positioning
dictates the nature of active species and the subsequent
degradation pathways (Figure 8a,b). This coordination-
dependent selectivity is rationalized by the electric-field
effect,’" where meso-charged substituents stabilize electron-
acceptor orbitals to favor SET-initiated pathways, while f-
substituents support direct oxygen transfer. The discovery
indicates that rational ligand engineering can predictably steer
pollutant transformation at the molecular level. Crucially, we
found that the Fe"Y=0-mediated OAF pathway exhibits
superior tolerance to complex matrices compared to Fe'V—
OH/radical-based SET pathways. A key implication for
creating robust and efficient systems in complex environmental
matrices is that catalytic designs should favor direct oxygen-
atom transfer from an active species, rather than pathways that
release small, nonselective free radicals into the bulk solution.
These findings establish a foundational mechanistic principle
that may inform the rational design of next-generation
biomimetic catalysts, enabling the more targeted and efficient
transformation of organic pollutants within complex environ-
mental matrices.
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