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ABSTRACT: The first-coordination sphere of catalysts is known to
play a crucial role in reaction mechanisms, but details of how
equatorial ligands influence the reactivity remain unknown. Heter-
oatom ligated to the equatorial position of iron centers in nonheme
iron metalloenzymes modulates structure and reactivity. To investigate
the impact of equatorial heteroatom substitution on chlorite oxidation,
we synthesized and characterized three novel mononuclear nonheme
iron(II) complexes with a pentadentate bispidine scaffold. These
complexes feature systematic substitutions at the equatorial position in
the bispidine ligand framework where the pyridine group is replaced
with NMe2, SMe, and OMe groups. The three iron(II)−bispidine
complexes were subjected to studies in chlorite oxidation reactions as
a model pathway for oxygen atom transfer. Chlorine oxyanions, which
have the halide in an oxidation state ranging from +1 to +7, have numerous applications but can contaminate water bodies, and this
demands urgent environmental remediation. Chlorite, a common precursor to chlorine dioxide, is of particular interest due to the
superior antimicrobial activity of chlorine dioxide. Moreover, its generation leads to fewer harmful byproducts in water treatment.
Here, we demonstrate that these complexes can produce chlorine dioxide from chlorite in acetate buffer at room temperature and
pH 5.0, oxidizing chlorite through the in situ formation of high-valent iron(IV)−oxo intermediates. This study establishes how subtle
changes in the coordination sphere around iron can influence the reactivity.
KEYWORDS: chlorite oxidation, electron transfer, oxygen atom transfer, equatorial perturbation, biomimetic models

■ INTRODUCTION
Iron-containing metalloenzymes are well-known for perform-
ing essential oxidative transformations in the human body.1−4

Mononuclear iron enzymes, which are present in nearly all life
forms, can be classified into heme and nonheme categories.
Heme enzymes include the cytochromes P450 (P450s) and
nitric oxide synthases, which feature an axial cysteine unit at
the fifth coordination site.5−10 The nature of this axial ligand is
believed to influence the physicochemical properties of
compound I (Cpd I). Specifically, the push effect of the
thiolate in the Cys axial ligand reduces the electron affinity (or
redox potential), thereby increasing the reactivity of Cpd
I.11−15 However, second coordination sphere effects can
modulate the push effect of the axial ligand.16 Nonheme iron
dioxygenases, by contrast, show a large variety of ligand
coordination types with the cofactor-dependent dioxygenases
(tetrahydrobiopterin or α-ketoglutarate) adopting a typical
facial coordination with two histidine and one carboxylate
amino acid side chain,17−19 whereas sulfur activating

dioxygenases such as cysteine dioxygenase bind the metal
through three histidine side chains.20

To better understand the functional properties of these
metal-containing active sites, biomimetic models have been
developed that mimic the coordination environment of the
metal and help study the structure, spectroscopy, and reactivity
of these complexes.21−35 Over the past two decades, extensive
research has focused on mononuclear nonheme iron
complexes with iron(IV)−oxo units supported by polydentate
ligands, which resemble intermediates found in metal-
loenzymes. It has been observed that small changes in the
ligand environment may alter reaction pathways and
mechanisms.27−29 Equatorial perturbation in metalloenzymes
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refers to modifications in the coordination environment
around the metal ion at the enzyme’s active site, which can
be crucial for its catalytic function. The ligand environment
and the first coordination sphere of the iron centers are
therefore significant. Researchers have developed biomimetic
models with axial and equatorial heteroatom substitutions,
achieving changes in reactivity and reaction mecha-
nisms.34,36−38 Heteroatom substitution can profoundly influ-
ence the reactivity of nonheme iron complexes by modifying
their electronic properties, ligand field, redox behavior, and
ability to engage in secondary interactions. In a computational
study, authors have proposed that with the introduction of
more sulfur atoms in the equatorial position of iron(IV)−oxo
cyclam complexes, the reactivity of C−H activation increases.39

In this work, we explore the effect of equatorial ligand changes
through heteroatom-substituted nonheme iron model com-
plexes on their structure, spectroscopic features, and reactivity
patterns. In particular, we investigate chlorite oxidation
because this is relevant to the development of environmentally
sustainable oxidation processes.

Chlorine oxyanions, with oxidation states ranging from +1 to
+7, have a variety of applications, including use as bleaching
agents, explosives, herbicides, disinfectants, and oxidants in
rocket fuels.40 Perchlorate, despite its strong oxidizing
potential, is quite inert in aqueous solutions, leading to
environmental accumulation concerns. Advances have been
made in perchlorate remediation using microbes and chemical
catalysts.41−44 Chlorite ions (ClO2

−) are also utilized as
oxidants in diverse areas. Additionally, chlorite ion is a
precursor in the generation of chlorine dioxide, which is
extensively used in water/wastewater treatment technologies
and pulp bleaching.45−47

Previous research on catalysts for the one-electron oxidation
of chlorite to ClO2 has predominantly centered on heme-based
manganese or iron porphyrin complexes.48−51 In these catalytic
systems, chlorite oxidation is initiated with the oxidation of
Mn(II or III) or Fe(III) by chlorite ions, resulting in the
formation of high-valent Mn and Fe(IV or V) and hypochlorite
ions. Metal ions with elevated oxidation states such as, +IV and
+V can directly oxidize chlorite to ClO2. Lau and co-workers
reported on a ruthenium bisphenanthroline complex capable of
producing ClO2.

52 However, there are few reports based on
nonheme iron/manganese enzymes for chlorite oxidation.
Nam and co-workers demonstrated that under ambient
temperature and pH 5.0, two nonheme manganese complexes
Mn-BnTPEN and Mn−N4Py [where BnTPEN = N-benzyl-N,
N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine and N4Py =
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl) methylamine] cat-
alyze the formation of chlorine dioxide from chlorite.53

Additionally, lignin-derived nonheme iron and manganese
complexes have been studied for chlorine dioxide production
from chlorite in an aqueous solution, employing poly(acrylic
acid).54 Our group has investigated the oxidation of chlorite to
chlorine dioxide at ambient temperature and physiological pH
using various nonheme iron(II) complexes wherein, we have
demonstrated bifurcation of the reaction pathway between
electron-transfer vs atom-transfer reactions.55,56 During these
studies, it was reported that changes in the ligand architecture
do influence the reaction rates and the mechanistic pathway. In
this study, we further explore the influence of equatorial
heteroatom substitution on chlorite oxidation. We systemati-
cally replaced equatorial pyridine with nitrogen, oxygen, and
sulfur in the parent iron bispidine complex (see Figure 1) to

investigate how these substitutions influence the overall
reaction. This approach will further enhance the general
understanding of the ligand environment around the metal
center in directing the reaction pathway during chlorite
oxidation.

■ METHODS

Materials
The reactions were conducted by using deionized water, which was
obtained through a Millipore Milli-Q water purification system. All
chemicals used in the study were obtained from Aldrich Chemical Co.
and were of the highest purity available. No further purification was
performed. Solvent acetonitrile was dried according to the published
procedure and freshly distilled before use.57 Acetate buffer (pH = 5.0)
was used and was freshly prepared for the reactions. The sodium
chlorite used as a substrate was obtained from Sigma and underwent
purification through recrystallization from an ethanol/water mixture.
The piperidone-based ligand N5 was synthesized with a slight
modification from a previous report.58−60 The synthesis of the ligands
N4S and N4O was accomplished by replacing N,N-dimethyl
ethylenediamine in the second step of the Mannich reaction with 2-
(methylthio)ethylamine and 2-methoxyethylamine, respectively. The
metal complexes [FeII(N5)](OTf)2, [FeII(N4S)](OTf)2, and
[FeII(N4O)](OTf)2 were synthesized using dry acetonitrile as the
solvent inside the glovebox (Jacomex) under an argon gas
atmosphere. The detailed experimental procedure is available in the
Supporting Information.
Instrumentation
UV−vis spectra and kinetic experiments were recorded on a Hewlett-
Packard 8453 spectrophotometer equipped with either a constant
temperature circulating water bath or a liquid nitrogen cryostat
(Unisoku) with a temperature controller. Nuclear magnetic resonance
(NMR) spectra (1H and 13C{1H}) were obtained from Bruker
AVANCE III HD 400 and 600 MHz NMR spectrometers using
tetramethylsilane as the internal standard. High-resolution electro-
spray ionization mass spectrometry (ESI-MS) spectra were recorded
on a Agilent G6546 series ultra-high-performance liquid chromatog-
raphy (UHPLC)−LC/Q-TOF-high-resolution mass spectrometry
mass spectrometer at 298 K with a 2 kV nozzle voltage and 325 °C
gas temperature. X-band electron paramagnetic resonance (EPR) was

Figure 1. Ligands and the corresponding metal complexes are
investigated in this work.
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measured on a JES-FA200 ESR spectrometer at 77 K in acetate buffer
solution. Experimental conditions (frequency, 9135.99 MHz; power,
0.995 mW; field center, 336.00 mT, width, ±50.00 mT; sweep time,
30.0 s; modulation frequency, 100.00 kHz, width, 2 mT; amplitude
CH1 = 10, CH2 = 2.0, and time constant, 0.03 s) were kept the same
for all the samples. Electrochemical measurements (cyclic voltamme-
try (CV) and differential pulse voltammetry were carried out in dry
degassed acetonitrile using CH Instruments electrochemical work-
station (CHI 1120B) with a glassy carbon working electrode, a Pt-
wire auxiliary, and an Ag/AgCl reference electrode; 0.1 M
tetrabutylammonium hexafluorophosphate in acetonitrile was used
as the electrolyte. All of the values were reported against Ag/Ag+ and
calibrated with the Fc+/Fc couple. Single-crystal data analysis for the
crystals of [FeIIN4S]2+ and [FeIIN4O]2+ was collected at room
temperature using a single source Super Nova CCD System
instrument from Agilent Technologies equipped with a fine focus
1.75 kW sealed tube with Mo−Kα radiation. The data were reduced
using CrysAlis RED36. The structure solution and refinement were
performed using SHELXL97 and Olex2 1.5 programs. CIF check was
carried out and submitted to the repository of CCDC.

Reactivity Studies
All of the reactions were run in triplicate in a 10 mm path length
quartz cuvette by monitoring the UV−vis spectral changes of the
reaction solutions. The formation of the ClO2 was monitored with the
increase in absorbance at its characteristic wavelength at 360 nm in
the UV−vis spectrum as a function of time. The rate constants were
determined under pseudo-first-order conditions with excess chlorite
concentrations (8 mM) with varying concentrations of iron(II)
complexes.

o-Tolidine Product Analysis
Chlorate content was determined using 3,3′-dimethyl-4,4′-diamino-
biphenyl (o-tolidine), as described previously.55,56 A typical reaction
was carried out with 10 μM Fe(II) oxidant, 4.0 mM NaClO2, and 1
mM o-tolidine in acetate buffer at ambient temperature. The resulting
o-tolidine product was extracted from the aqueous medium into ethyl
acetate and subsequently analyzed by ESI-MS.

■ RESULTS AND DISCUSSION
Our initial work started by synthesizing the pentadentate
ligand frameworks (namely; N5, N4S, and N4O). N5 was
synthesized by using previously reported procedures.58−60 The
ligands N4S and N4O were synthesized following the same
protocol as that of N5. Thereafter, the corresponding metal
complexes were prepared by dropwise addition of an
acetonitrile solution containing FeII(OTf)2·2CH3CN to
predissolved ligand solution (see the Supporting Information
for detailed description). The final complexes were obtained by
ether layering of the reaction mixture, resulting in obtaining
the desired product. The complex [FeII(N5)]2+ gave yellow
colored solid while the complexes [FeII(N4O)]2+ and
[FeII(N4S)]2+ yielded yellow and brown colored solids,
respectively. The obtained metal complexes were characterized
by UV−visible (UV−vis) spectroscopy, ESI-MS, CV, solution
state spin only magnetic moment using modified Evans
method, and single X-ray crystallography (see Figures S1−
S17). The UV−vis spectra of these iron(II) complexes at 298
K show a ligand to metal charge transfer band having a
comparable molar extinction coefficient (ε) with a slight shift
in λmax values (Table 1). While all three complexes show a
signature LMCT band in the region 370−380 nm typical of
Fe(II) bispidine complexes,61 [FeII(N4S)]2+ gives additional
shoulder at 428 and 545 nm. These additional spectral features
may be due to charge transfer from electron-rich thioether S to
iron (Supporting Information Figure S9). The complexes were
further characterized using ESI-MS at 298 K. The positive ion

scan for [FeII(N5)]2+ complex in acetonitrile gave major
signals at m/z = 700.13 which corresponds to [FeII(N5)-
(OTf)]+. Another strong signal at m/z = 275.59 was also seen,
which could be attributed to [FeII(N5)]2+ species. Addition-
ally, the peak at m/z = 718.14 corresponds to [FeII(N5)-
(OTf)(H2O)]+. For the complex [FeII(N4S)]2+ two significant
peaks were observed at m/z = 721.08 and m/z = 286.07
corresponding to [Fe I I (N4S)(OTf)(H2O)]+ and
[FeII(N4S)]2+, respectively. The ESI-MS spectrum for the
[FeII(N4O)]2+ complex gave two sets of significant signals.
The set at m/z = 705.11 and m/z = 687.10 corresponds to
[FeII (N4O)(OTf)(H2O)]+ and [FeII(N4O)(OTf)]+, respec-
tively, while the second set at m/z = 278.08 and m/z = 269.07
can be assigned to [FeII(N4O)(H2O)]2+ and [FeII(N4O)]2+.
These assignments are further confirmed by their signature
isotopic distribution patterns, as given in the inset of the
figures (Supporting Information Figures S10−S13)

To have a better understanding of the nature of the
coordination around the iron center, we further carried out CV
(polarographic) and differential pulse voltammogram studies
of the three complexes. It is interesting to note that
[FeII(N5)]2+ shows an irreversible couple with E1/2 at 1311
mV against Ag/Ag+ electrode. On the contrary, the heteroatom
substitution of N5 replaced with sulfur or oxygen resulted in
irreversible/quasi-irreversible Fe(II)/Fe(III) redox couples.
Additionally, it was observed that upon replacing NMe2 with
SMe or OMe has resulted in lowering the Fe(III)/Fe(II)
couple by about 143 mV and 200 mV for [FeIIN4S]2+ and
[FeIIN4O]2+, respectively (Table 1 and Supporting Informa-
tion Figure S14). The irreversible feature of the cyclic
voltammogram indicates that these could be high-spin Fe(II)
complexes. These results clearly indicate that the replacement
of NMe2 with SMe and OMe has significantly brought the
Fe(III)/Fe(II) potential significantly. However, it is worth
noting that the difference in the Fe(III)/Fe(II) couple for SMe
and OMe ligated Fe(II) complexes differ marginally. This
suggests that the nature of the equatorial heteroatom
significantly affects the electronic environment of the iron
center. To determine the spin state of these iron(II)
complexes, the modified 2H Evans method was employed
using CD3CN and CDCl3 as the markers.62 The effective
magnetic moment was calculated, and the values suggest that
these complexes exist in a high-spin S = 2 state (see Supporting
Information Figure S15)

The structural characterizations of these new complexes
[FeII(N4S)]2+ and [FeII(N4O)]2+ were carried out by single-
crystal XRD which clearly shows the penta-co-ordination of
ligands N4S and N4O, indicating equatorial sulfur and oxygen

Table 1. Wavelength, Redox Potential, and Kinetics Data
(Second-Order Rate Constants, Product Yields, and
Turnover Numbers for the Oxidation of ClO2

− in Aqueous
Acetate Buffer) of Iron(II) Complexes

complex N5 N4S N4O L255,61

λmax (nm)a 37
(1061)

380 (1057), 428 (573), 545
(60)

373
(1112)

390

E1/2 (mV) 1311 1168 1111 n.d.b

k2
(M−1 s−1)

34 445 514 31

% ClO2 12 15 18 10
TON 30 233 242 25
aValues in parentheses are molar absorbance coefficient (M−1 cm−1).
bn.d. not determined.
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ligation to the iron center, respectively (Figure 2a,b). In the
sixth coordination position, trans to the N7, the solvent H2O
occupies this position in [FeII(N4O)]2+, while the OTf
counteranion occupies it in [FeII(N4S)]2+. The bond angle
for ∠N7−Fe1−OOTf is 172° while ∠N7−Fe1−OH2O is
167.45°, and other bond angles suggest that these complexes
exist as distorted octahedral geometry. The bond length Fe1−
S1(2.510 Å) is somewhat longer than Fe1−O1 (2.116 Å).
Furthermore, the average bond length is higher in the case of
[FeII(N4S)]2+ compared to that of [FeII(N4O)]2+, which is
due to the larger size of sulfur and also the longer bond length
of Fe1−S1 (2.510 Å). The Fe1−OOTf ([FeII(N4S)]2+)/Fe1−
O2H2O ([FeII(N4O)]2+) and the average bond length of these
complexes suggest a high-spin character of the metal.28,63

Unfortunately we could not crystallize the structure of
[FeII(N5)]2+, hence we have optimized its structure using
density functional theory to get the information on the bond
length and angle (Supporting Information Figure S18 and
Table S5). The other bond angles and bond lengths are shown
in the Supporting Information in Tables S3 and S4.

With well-characterized Fe(II) complexes on hand, we then
studied the oxidation of chlorite (ClO2

−). Upon the addition
of iron(II) complexes (40 μ M) to a solution containing 8 mM
sodium chlorite in 50 mM acetate buffer at pH 5.0, at room
temperature, we observed an increase in UV absorption at 360
nm corresponding to the formation of chlorine dioxide (ε =
1250 M−1 cm−1). Simultaneously, there was a decrease in
absorption at 260 nm, indicating the consumption of chlorite
(Figure 3a) Similar spectral changes were observed for the
reactions involving [FeII(N5)]2+ and [FeII(N4S)]2+ complexes
(Supporting Information Figures S19 and S20). We measured
the change in absorbance from the UV−vis spectra at 360 nm
and plotted it as a function of time, which enabled us to
determine the pseudo-first-order rate constant (kobs) for the
reaction. Subsequently, these observed rate constants at
varying iron(II) concentrations were used to calculate
second-order rate constants by plotting kobs as a function of
the catalyst concentration. The second-order rate constants
(k2) were found to be 34, 445, and 514 M−1 s−1 for the
reaction of sodium chlorite (ClO2

−) with [FeII(N5)]2+,
[FeII(N4S)]2+, and [FeII(N4O)]2+, respectively (Figure 3b).
Also, The observed k2 for [FeII(N5)]2+ is almost comparable to

the previously reported [FeII(L2)]2+ system, which has nearly a
similar ligand structure,55 and a k2 of 31 M−1 s−1. However, in
the heteroatom-substituted (sulfur and oxygen) iron bispidine
systems, the reaction rates increase significantly. The reactivity
of heteroatom-substituted [FeII(N4S)]2+ and [FeII(N4O)]2+ is
nearly 15 times faster than that of their nitrogen analogue, i.e.,

Figure 2. ORTEP diagrams (with 30% ellipsoid probability) of complexes (a) [FeII(N4S)]2+ and (b) [FeII(N4O)]2+. Color coding: carbon (gray),
iron (orange), nitrogen (blue) oxygen (red), and sulfur (yellow). Hydrogen atoms and counterions have been omitted for clarity.

Figure 3. Spectroscopic and kinetic studies of the reaction of iron(II)
complexes with ClO2

−. (a) Upon the addition of 8.0 mM NaClO2 to a
solution containing 40 μM [FeII(N4O)]2+ in an acetate buffer,
changes in the UV−vis absorption spectra were observed at a
scanning interval of 10 s. The inset shows a time trace for the
formation of ClO2. (b) Second-order rate constants were determined
for the reaction of ClO2

− with [FeII(N5)]2+ (blue line), [FeII(N4S)]2+
(yellow line), and [FeII(N4O)]2+ (red line).
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[FeII(N5)]2+/[FeII(L2)]2+.55 This finding aligns with our
recent work, where we observed a nine-fold increase in the
rate of sulfoxidation reactions with sulfur-containing systems
compared to nitrogen systems. Moreover, we noted a change
in the reaction mechanism from oxygen atom transfer to
electron transfer in sulfoxidation reactions and from hydrogen
atom transfer to hydride transfer in C−H bond activation
reactions. In these C−H bond activation reactions, the sulfur-
containing system exhibited rates 2−4 times higher than the
nitrogen system.34 These observations clearly indicate that
introducing a sulfur heteroatom in the equatorial position of
the ligand framework significantly enhances reactivity.34

The two heteroatom-substituted bispidine iron complexes
exhibit a comparable rate of chlorite oxidation. However,
previous studies have shown that oxygen-containing species
exhibit faster reactivity than sulfur- and nitrogen-containing
species.37 Furthermore, the amount of ClO2 formation was
found to be dependent on the chlorite concentration as
indicated by absorption maxima (Supporting Information
Figures S21−S23). We have also determined that the %
yield of ClO2 on the reaction of 8 mM of chlorite and 40 μM
of iron(II) complexes were found to be 12, 15, and 18%,
respectively. Also, the turnover numbers were calculated by
varying concentrations of chlorite at the fixed metal complex
concentration. The TON values were in agreement with the
observed reaction rates. These observations of the reactivity
and yield are in line with previous studies of analogous
ruthenium, manganese, and iron catalysts.52,53,55

Previous studies have also shown that the reaction between
the iron(II) complexes and ClO2

− proceeds through a high-
valent iron(IV)-oxo intermediate.55,56 However, in the
aforementioned iron(II) systems, this intermediate was not
observed upon the addition of a stoichiometric amount of
ClO2

−. Instead, the formation of ClO2 proceeded via in situ
generated iron(IV) oxo. Futile attempts were made to generate
iron oxo intermediates of these complexes by using different
oxidants at room temperature. This in situ generated FeIV�O
intermediate then reacts with another molecule of ClO2

−,
either through electron transfer, yielding ClO2, or through
direct oxygen atom transfer, predominantly forming ClO3

−

products. These two reaction pathways are energetically
comparable.55 Consequently, the overall reaction requires the
involvement of two molecules of chlorite per iron center to
produce one molecule of ClO3

− (or ClO2).

Fe ClO Fe (O) ClOII 2
2

IV 2[ ] + [ ] ++ +

Fe (O) ClO Fe (O) ClOIV 2
2

III
2[ ] + [ ] ++ +

Fe (O) ClO Fe ClOIV 2
2

II 2
3[ ] + [ ] ++ +

To elucidate the mechanism of chlorite oxidation, we
employed o-tolidine as a model substrate, known to selectively
react with ClO3

−.55,56,64 When the iron(II) complexes were
reacted with 4 mM NaClO2 and 40 μM o-tolidine in an acetate
buffer at room temperature, we observed a new absorption
band at 442 nm (Figure 4a). This band decayed over time,
with a new band forming at 388 nm. It is well understood that
the formation of 442 nm band in the UV−vis spectra
corresponds to the formation of 3,3′-dimethyl-4-amino-4′-
nitrobiphenyl (tolidineoxd) which proceeds via the formation of
3,3′-dimethyl-4-amino-4′-nitrosobiphenyl (Scheme 1). The
388 nm absorption band is attributed to the formation of
ferric-tolidineoxd.55,56,64 It is generally believed that 442 nm

band corresponds to the reaction proceeding via atom-transfer
reaction, resulting in the oxidation of one of the −NH2 group
in o-tolidine to −NO and subsequently to −NO2 and the in
situ generation FeIV�O undergoing two electron reduction to
FeII. On the contrary during the electron-transfer reaction in
the oxidation of o-tolidine FeIV�O undergoes one electron
reduction to FeIII�O which subsequently leads to the
formation of ferric complex with a signature peak at 388 nm
in the UV−vis spectrum.55,56,64 In the current study, it was
observed that upon addition of the iron(II) complexes results

Figure 4. (a) UV−vis absorption spectra of [FeII(N4O)]2+ (10 μM)
was recorded after the reaction with 4.0 mM NaClO2 and o-tolidine
(40 μM) in pH 5 acetate buffer. (b) ESI-MS spectra of the products
obtained after the completion of the reaction (4 mM NaClO2 and 1
mM of o-tolidine) with [FeII(N4O)]2+ (10 μM), and the inset shows
the mass of various oxidation products of o-tolidine (sample taken at
60 s) (product + H+).

Scheme 1. Reaction of o-Tolidine with ClO2
− in the

Presence of Iron(II) Complexes
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in the immediate formation of the 442 nm band. However, the
decay of this 442 nm band varied among the complexes:
[FeII(N5)]2+ showed the slowest decay, followed by
[FeII(N4S)]2+, and [FeII(N4O)]2+ exhibited the fastest decay
(Supporting Information Figure S24). The oxidation of o-
tolidine proceeds by in situ generated FeIV�O intermediate,
resulting in the predominant formation of ClO3

− through an
oxygen atom transfer pathway. This chlorate then reacts with
o-tolidine, resulting in partially oxidized 3,3′-dimethyl-4-
amino-4′-nitrosobiphenyl and eventually, the fully oxidized
3,3′-dimethyl-4-amino-4′-nitrobiphenyl species as observed
with the formation of 442 nm absorption band (Figure 4a).
However, to understand the formation of the ferric species,
further experiments were warranted. To have a clear
understanding of the reaction pathway, additional EPR
experiments were carried out. The samples were collected
immediately upon the formation of 442 nm species (almost
instantly) and again after the complete formation of 388 nm
species.

The X-band EPR spectra at 77 K of the frozen glass of the
reaction mixture immediately after the addition of Fe(II)
complexes to the buffer solution containing chlorite and o-
tolidine can be considered as EPR silent with a trace impurity
of Fe(III) species (red line). As the reaction proceeds,
resulting in the formation of a 388 nm band, a rhombic signal
with gx = 2.03, gy = 1.99, and gz = 2.09 was observed, indicating
the formation of a low-spin Fe(III) species (black line) (see
Supporting Information Figure S25). Comparing the redox
potential values of the complexes and the rate of formation of
ferric species from the UV−vis spectrum, it would well be
concluded that after the initial atom-transfer reactions, the
Fe(II) species generated gets subsequently oxidized to the
corresponding Fe(III) complexes. The product analysis of the
oxidized o-tolidine was carried out by extracting the reaction
mixture in ethyl acetate. The ESI-MS spectrum revealed signals
at m/z 213.13, 227.24, and 243.24, corresponding to the
starting material o-tolidine, the partially oxidized product, and
the fully oxidized product, respectively (Figure 4b) (Scheme1).
These findings suggest that all of these iron(II) complexes
react with chlorite primarily through oxygen atom transfer,
leading to the formation of ClO3

−, followed by oxidation of
Fe(II) to form Fe(III).

Previous studies on chlorite oxidation demonstrated that any
equatorial perturbation of the systems, such as by methyl
substitution in the [FeII(O)(N4Py)]2+ system, shifts the
mechanism from electron transfer to oxygen atom transfer.
Building on these insights, our current findings indicate that
substituting heteroatoms, such as oxygen and sulfur, in place of
nitrogen within the ligand framework preserves the oxygen
atom transfer mechanism. Moreover, these substitutions
significantly enhance the reactivity, yield, and turnover number
of the reaction. This suggests that the presence of oxygen and
sulfur in the equatorial plane not only supports but also
improves the catalytic efficiency of these iron(II) complexes in
chlorite oxidation.

■ CONCLUSIONS
In this study, we have demonstrated the experimental
investigations of three nonheme iron(II) complexes,
[FeII(N5)]2+, [FeII(N4S)]2+, and [FeII(N4O)]2+, for their
ability to oxidize ClO2

− to ClO2 at ambient temperature and
pH 5.0 in acetate buffer. The work focused on the equatorial
perturbation by heteroatom substitution of the systems on the

product distribution. The results show that these three
complexes react with ClO2

− via the formation of FeIV�O
intermediate. The rate and yield of ClO2 and TON were
calculated, and the mechanism was established by using o-
tolidine as the model substrate. Our findings present that all
these complexes react with chlorite via an oxygen atom transfer
via in situ formation of iron(IV)−oxo species.
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