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The ability of four mononuclear nonheme iron(iv)-oxo complexes supported by polydentate nitrogen
donor ligands to degrade organic pollutants has been investigated. The water soluble iron(i) complexes
upon treatment with ceric ammonium nitrate (CAN) in agueous solution are converted into the corres-
ponding iron(iv)-oxo complexes. The hydrogen atom transfer (HAT) ability of iron(iv)-oxo species has been
exploited for the oxidation of halogenated phenols and other toxic pollutants with weak X-H (X = C, O, S,
etc.) bonds. The iron-oxo oxidants can oxidize chloro- and fluorophenols with moderate to high yields
under stoichiometric as well as catalytic conditions. Furthermore, these oxidants perform selective oxi-
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dative degradation of several persistent organic pollutants (POPs) such as bisphenol A, nonylphenol, 2,4-
D (2,4-dichlorophenoxyacetic acid) and gammaxene. This work demonstrates the utility of water soluble
iron(iv)-oxo complexes as potential catalysts for the oxidative degradation of a wide range of toxic pollu-

Published on 17 March 2021. Downloaded by RUTGERS STATE UNIVERSITY on 5/15/2021 11:35:28 AM.

rsc.li/dalton

Introduction

Numerous toxic organic matters in the environment cause
severe health issues to human beings and other habitants.">
Various synthetic organic compounds having adverse effects on
the environment include polychlorinated phenols (PCPs), pesti-
cides, petroleum products, aromatic/heteroaromatic com-
pounds, etc. (Chart 1).> Twelve such compounds have been
registered as persistent organic pollutants (POPs)*® that are
toxic and resistant to biodegradation processes.® While poly-
chlorobiphenyls (PCBs) are associated with neurotoxicity,”
hydroxylated PCBs show toxicity toward wildlife and humans.®°
Pentachlorophenol, a useful substance used as a coolant in
capacitors and transformers, is often released into the environ-
ment from industrial sources. Besides these PCBs, bisphenol A
(BPA), nonylphenol (NP), tetrachloroethylene, DDT, and gam-
maxene are amongst the other toxic organic pollutants which
have adverse effects on humans and marine lives.'***

Bacterial biodegradation of toxic organic compounds pro-
vides insights into the degradation of organic pollutants in
soil.*> While nonylphenol is biodegraded by microorganisms in
water, sediment and soil,"* dehydrohalogenation of lindane, a
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tants, and these oxidants could be considered as an alternative to conventional oxidation methods.

POP, takes place in moist soil by Clostridium sporogenes or
Bacillus coli."> Taking inspiration from bacterial degradation
processes, advanced oxidation processes (AOPs) have been
developed for efficient decomposition of organic pollutants.'®*™®
At neutral pH, the AOPs can generate the hydroxyl radical ("OH)
as the active oxidant® in the presence of transition metal
ions.’®' Catalytic systems such as copper complexes under
visible light irradiation,>* bicarbonate-activated H,O, in the
presence of a cobalt catalyst,>® and Fe-TAML activators>**® have
been developed for this purpose. Electrochemical degradation
of bisphenol A by the iron(u)-activated peroxydisulfate process
has been explored very recently.*® Sharma et al. investigated the
degradation of endocrine disruptors, antibiotics, anticonvul-
sants, and anti-inflammatory agents along with cosmetic pro-
ducts by ferrate ions.”” Very recently, Sun et al developed a
method for the activation of ferrates by CNT in the degradation
of bromophenol contaminants in water.>® However, most of the

OH OH OH a
Cl Cl Cl Cl Cl Cl
Cl Cl
Cl Cl Cl
. o cl Cl
Trichlorophenol p-chlorop P hl h I DDT
NH, i
Cl Cl Cl Cl
S =
XX s i
el Cl Cl CgHqg HO' OH

N” “COOH
Piclofain Tetrachloroethylene Bisphenol A

Nonyl phenol

Chart 1 Common organic pollutants present in the environment.
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Chart 2 Complexes used in this study. X = counterion or solvent.

methods suffer from the kinetic sluggishness of the reaction.
Additionally, these catalysts work at low pH and recycling the
catalysts is quite complex.”>*° In this context, the development
of bioinspired catalytic methods for the degradation of toxic
pollutants using dioxygen or reduced oxygen species is a topic
of contemporary interest.

Oxidative transformations of organic substrates in biologi-
cal systems are catalyzed by dioxygen-activating mononuclear
nonheme iron enzymes. Mononuclear nonheme iron(iv)-oxo
species have been proposed as reactive intermediates in
several biologically important oxidation reactions including
biodegradation of toxic pollutants.*’ Inspired by the high-
valent iron-oxo oxidants in biological oxidations, several syn-
thetic nonheme iron(iv)-oxo complexes have been isolated and
characterized.*”** Nonheme iron complexes allow the tuning
of their reactivity by stereo-electronic modification of the sup-
porting ligands. Over the last few years, a number of water-
soluble iron complexes have been reported to form high valent
iron-oxygen intermediates.***® These complexes display versa-
tile reactivity in terms of hydrogen atom transfer (HAT) and
oxygen atom transfer (OAT) activities.**”*' However, the poten-
tial of high valent metal-oxo catalysts in the oxidative degra-
dation of pollutants has not been explored even after two
decades since the synthesis of the first iron(iv)-oxo species. In
this direction, we have investigated the ability of a series of
water soluble nonheme iron(iv)-oxo species (Chart 2) sup-
ported by nitrogen-rich tetradentate and pentadentate ligands:
TPA (tris(2-pyridylmethyl)amine), BPMEN (N',N>-dimethyl-N",
N?-bis(2-pyridylmethyl)ethane-1,2-diamine), ~ N4Py  (1,1-di
(pyridin-2-yl)-N,N-bis( pyridin-2-ylmethyl)methanamine)  and
Bn-TPEN  (N'-benzyl-N',N? N*-tris(pyridin-2-ylmethyl)ethane-
1,2-diamine). These ligands have been reported to support the
iron(iv)-oxo unit.**** The high-valent iron-oxo species are gen-
erated from the respective iron(u) precursor complex in the
reaction with ceric ammonium nitrate (CAN). Various toxic
organic pollutants are oxidatively degraded by these metal-
based oxidants. The concept of using purely metal-based oxi-
dants in performing the oxidative degradation of toxic organic
pollutants in wastewater is presented in this work.

Results and discussion
Generation of the iron(iv)-oxo complexes

The iron(u) complexes were oxidized to the corresponding iron
(v)-oxo species upon treatment with ceric ammonium nitrate

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Optical spectra of the iron(iv)-oxo species (1-4) (0.5 mM in water
at 298 K).

(CAN) (6 equiv.) in aqueous solution. When CAN was added to
aqueous solutions of the complexes at room temperature, pale
green intermediates were formed in all the cases (Fig. 1).***°
The intermediates were characterized by ESI-mass spec-
trometry and optical spectroscopy (see the Experimental
section and Fig. S1-S4, ESI{). The absorption bands in the
near-IR region bear similarities to those of the well-character-
ized S = 1 iron(iv)-oxo complexes reported in the literature, and
the position of the absorption band shifts with the number of
pyridine donors on the ligand.?” In addition, complex 4 was
characterized by Méssbauer spectroscopy. The zero-field *’Fe
Mossbauer spectrum of a frozen sample of complex 4 at 77 K
(Fig. S5, ESIt) shows a major species with isomer shift () and
quadruple splitting (AE,) values of —0.08 mm s ' and
0.71 mm s, respectively. The optical spectral data along with
the Mossbauer spectral data unambiguously support the for-
mation of iron(iv)-oxo species in aqueous solution. The iron
(v)-oxo complexes (1-4) can also be generated by using potass-
ium peroxymonosulfate (oxone) at room temperature in
aqueous solution (Fig. S6, ESIT). The half-lives of the inter-
mediates are found to be dependent not only on the geometry
and electronic properties of the supporting ligands but also on
the reaction conditions. The half-lives of [(BPMEN)Fe(O)]*" (1)
and [(TPA)Fe(O)]*" (2) are 12 min and 20 min, respectively,
whereas the half-lives of [(N4Py)Fe(O)]** (3) and [(Bn-TPEN)Fe
(O)P* (4) are calculated to be 6 d and 1 d, respectively. The
half-lives of the intermediates generated with CAN are longer
than those of the intermediates generated with PhIO or oxone
because of the higher stability of the iron(iv)-oxo species under
acidic conditions.**

Oxidation of sulfur containing compounds by the iron(iv)-oxo
species

The oxygen atom transfer (OAT) ability of the nonheme iron
(v)-oxo complexes was tested using thioanisole as a model sub-
strate. In each case, thioanisole oxide (Fig. S7, ESI{) was found
as the sole product without the formation of the double-oxyge-
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Table 1 Time taken and yields in thioanisole oxidation by the iron(iv)-
oxo oxidants

Complex 1 2 3 4
Half-life (¢,/,) 12min 20min 6d 1d
Reaction time 30min 1h 16 h 12h
% Yield (TON) of thioanisole 76 60 120 130
oxide (1.2) (1.3)

Reaction conditions: complex : CAN : substrate = 1: 6 : 10; 0.01 mmol of
iron(n) precursor complex in water at 298 K. Yield is calculated with
respect to the iron(u) complex. TON = mol of product/mol of iron
complex.

nated sulfone product (Table 1).*® The iron-oxo complexes of
the tetradentate ligands can oxygenate thioanisole with up to
76% yield within an hour, whereas those of the pentadentate
ligands display higher stoichiometric conversion after several
hours. Thus, the S-containing pollutants especially hetero-
cyclic compounds can be oxidized to less harmful sulfoxide
products.

Reaction of the iron(iv)-oxo species with chlorophenols

In the reaction between the iron(iv)-oxo species 1 and 4-chloro-
phenol (2 equiv.), the characteristic absorption band at
770 nm decays within 15 s with concomitant formation of a
broad shoulder at around 500 nm. The absorption band at
500 nm may be attributed to phenolate to iron(ir) charge trans-
fer transitions (Fig. 2a). The faster decay of the 770 nm band
compared to the self-decay rate of 1 suggests oxidative conver-
sion of phenol during the reaction. The second order rate con-
stant (k,) for the oxidation of 4-chlorophenol, obtained by
varying the amount of 4-chlorophenol, is calculated to be 363
M~ ' s (Fig. 2b).

With the other iron(iv)-oxo complexes (2-4), similar optical
spectral changes are observed in the reaction with 4-chloro-
phenols. The k, values with the complexes are found to be in
the range of 175-287 M~' s~ (Fig. $8-510, ESI{). The rate of
oxidation is faster with the iron-oxo complexes of the tetraden-
tate ligands. Among all the complexes, the iron(iv)-oxo
complex (1) of the BPMEN ligand shows the highest rate,
whereas that of the pentadentate N4Py ligand is least reactive
(Fig. 3). It should be noted that in photo-Fenton systems with
iron(mr), humic acid (pH = 5.0) and hydrogen peroxide, com-
plete oxidations of PCPs take around 300 min.*" In contrast,
the iron-oxo complexes take only a few seconds to oxidize
4-chlorophenols. Thus, the high-valent iron-oxo systems are
effective in degrading chlorophenols.

Analyses of the products after the reaction of 4-chlorophe-
nol and 1 reveal that the substrate undergoes oxidative
dechlorination (Table 2). 4-Chlorophenol is degraded to
p-benzoquinone in a (sub)stoichiometric yield by 1 and 2.
However, higher than stoichiometric yields are observed in the
oxidation by complexes 3 and 4. The other chlorophenolic sub-
strate, 2,4,6-trichlorophenol, is selectively converted into 2,6-
dichloro-p-benzoquinone by complexes 1 and 2 with 1.5 and
1.0 turnover numbers (TONs), respectively (Fig. S11 and S12,
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Fig. 2 (a) Optical spectral changes with time during the reaction
between 1 (0.5 mM in acetonitrile) and 4-chlorophenol (1 mM) at 298 K.
Inset: Time trace for the 770 nm band. (b) Second order rate constant
for 4-chlorophenol oxidation by 1.
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Fig. 3 Second order rate constants for 4-chlorophenol oxidation by
the iron(iv)-oxo complexes at 298 K.

ESI}). The iron-oxo complexes 3 and 4 oxidize 2,4,6-trichloro-
phenol to 2,6-dichloro-p-benzoquinone as the major product
along with the minor product 2,6-dihydroxy-p-benzoquinone
(Table 2). The chlorine atoms of chlorophenols remain as
chloride ions (CI7) after the reaction, which has been con-
firmed by the silver nitrate test. The presence of chloride ions

This journal is © The Royal Society of Chemistry 2021
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Table 2 Yields of products derived from chloro- and fluorophenols in the oxidative dechlorination by the iron(iv)-oxo oxidants
% Yield (TON)

Substrate Product 1 2 3 4
4-Chlorophenol p-Benzoquinone 94 84 170 (1.7) 180 (1.8)
2,4,6-Trichlorophenol 2,6-Dichloro-p-benzoquinone 150 (1.5) 100 90 130 (1.3)

2,6-Dihydroxy-p-benzoquinone — — 32 50
Pentafluorophenol 2,3,5,6-Tetrafluoro-p-benzoquinone 70 55 20 75

Reaction conditions: complex: CAN: substrate = 1:6:10; 0.01 mmol of iron(i) precursor complex in water at 298 K. Yield is calculated with

respect to the iron(u) complex. TON = mol of product/mol of iron complex.

in the final solution clearly points toward the two-electron oxi-
dation of chlorophenols and rules out the possibility of any
radical reactions.

With the increasing amount of CAN, the catalytic efficiency
of the complexes in the degradation of chlorophenols
increases. When the reaction is carried out with 60 equiv. of
CAN, 2,4,6-trichlorophenol is degraded -catalytically with a
maximum TON of 12, whereas 4-chlorophenol is converted
into p-benzoquinone with a TON of 25 by complex 3 (Fig. 4).
This outcome clearly signifies the role of high valent iron-oxo
species in affecting oxidative dehalogenation reactions.

Thus the nonheme iron(v)-oxo complexes can degrade
PCPs catalytically in aqueous medium. Most of the earlier
reports on the degradation of PCPs rely on Fenton-type chem-
istry, by which PCPs are converted into more toxic biphenyl
compounds via the one-electron oxidation process.>"*® In con-
trast, the iron(u)/CAN/H,O systems presented here selectively
oxidize PCPs to less toxic quinones via the two-electron oxi-
dation process and the iron(wv)-oxo oxidants revert to the
corresponding iron(u) precursor displaying catalytic activity.

Reaction of the iron-oxo species with fluorophenols

Fluorinated compounds are one of the major harmful con-
taminants in aqueous medium. They are exceptionally difficult
to degrade. In nature, several enzymes carry out the breakdown

25+

[ 2,6-dihydroxy-
p-benzoquinone
2,6-dichloro-

p-benzoquinone

TON

15 30 45 60
Equiv. of CAN

0 15 30 45 60 0
Equiv. of CAN

Fig. 4 Catalytic oxidation of 4-chlorophenol (left) and 2,4,6-trichloro-
phenol (right) by 3 (0.01 mmol) using CAN (60 equiv.) at 298 K.

This journal is © The Royal Society of Chemistry 2021

of C-F bonds, e.g., fluoroacetate dehalogenase, fluoroacetate-
specific defluorinase, and 4-fluorobenzoate dehalogenase.**°
The radical Fenton processes are not efficient in breaking
strong C-F bonds. Sorokin et al. reported the oxidative defluor-
ination of fluorinated aromatic compounds by high valent
iron-porphyrin compounds.”** The iron-oxo species reported
in this work not only perform the oxidative degradation of
chlorophenols, but are equally effective in the oxidative
defluorination of fluorophenols (Table 2). The high valent
iron-based oxidants carry out the degradation of fluorinated
phenols to benzoquinone. Pentafluorophenol is selectively oxi-
dized to 2,3,5,6-tetrafluoro-p-benzoquinone by complexes 1, 2,
3 and 4 with 70%, 55%, 20% and 75% yields, respectively
(Fig. S13 and S14, ESIY).

Furthermore, the catalytic activity of the complexes has
been investigated towards the defluorination reactions in the
presence of 60 equiv. of CAN. However, the catalytic efficiency
of the complexes in the defluorination reaction is lower com-
pared to the dechlorination reaction. The maximum TONs of 2
and 5.2 were observed for 2,3,5,6-tetrafluoro-p-benzoquinone
by 2 and 4, respectively (Fig. S15, ESI{).

Reaction of the iron(iv)-oxo species with POPs

Using the strategy for the oxidation of PCPs, the oxidizing
ability of the iron(iv)-oxo complexes was tested in the degra-
dation of more toxic and environmentally hazardous sub-
stances. The iron(wv)-oxo species are capable of degrading
bisphenol A to phenols in good yields. The yields vary in the
range of 40-75% depending on the oxidizing capacity of the
complexes (Table 3). The end product of the reaction is
phenol or substituted phenol (Fig. S16-S18, ESIt); these pro-
ducts are much less toxic and biodegradable and can be
degraded further by the oxidants. Nonylphenol is also
degraded by these high valent iron-oxo oxidants to substi-
tuted phenol and benzoquinone in 30-40% yields (Fig. S19
and S20, ESIT) (Table 3). In addition, the iron-based oxidants
can dehalogenate lindane (commercially known as gammax-
ene), an insecticide, to form pentachlorocyclohexene (Fig. 5
and Fig. S21, ESI{) but with low yields (Table 3). The reason
for the low yields is the high C-H bond energy of this cyclo-
hexane derivative, as the iron(iv)-oxo species performs the
hydrogen atom abstraction reaction from C-H bonds for this
kind of substrate.

Dalton Trans., 2021, 50, 5590-5597 | 5593
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Table 3 Products derived from different pollutants by the iron(iv)-oxo
complexes

% Yield
Substrate Product 1 2 3 4
Bisphenol A OH 18 11 21 32
©/ 39 35 50 75
"
HO OH \[‘/@/
Nonylphenol o 40 36 18 45
OH ¢ 30 13 19 35
o
CoHyg oi H
Lindane Cl 8 6 4 6
Cl Cl
Cl Cl
Cl Cl
Cl Cl Cl
Cl
2,4- 2,4- 40 91 38 57

dichlorophenoxy
acetic acid

OH
i Cl/@CI
joas:
Cl Cl

Reaction conditions: complex : CAN : substrate = 1:6:10; 0.01 mmol of
iron(n) precursor complex in the acetonitrile : water (9:1) mixture at
298 K. Yield is calculated with respect to the iron(u) complex.

dichlorophenol

75 100 125 150 175 200 225 250
m/z

Fig. 5 GC-mass spectrum of pentachlorocyclohexene formed in the
reaction of 1 with lindane (10 equiv.).

2,4-Dichlorophenoxyacetic acid (2,4-D), a widely used herbi-
cide, can be oxidized by the high valent iron(iv)-oxo species.>
Complex 2 oxidatively converts 2,4-dichlorophenoxyacetic acid

5594 | Dalton Trans., 2021, 50, 5590-5597
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Scheme 1 Proposed pathway of the oxidative degradation of pollutants
by iron(iv)-oxo complexes. “L" stands for the tetradentate or pentaden-
tate supporting ligand.

into the corresponding dichlorophenol with 91% yield. The
yields are found to be 57%, 38% and 40% in the case of 4, 3
and 1, respectively (Table 3). It is important to note that the
product 2,4-dichlorophenol (Fig. S22 and S23, ESI{) is also a
substrate for the iron-oxo oxidants. The oxidizing ability of the
iron(iv)-oxo complexes, generated by oxone, has also been
investigated with 2,4-D as the substrate. 2,4-D is oxidized to
2,4-dichlorophenol with 44% and 75% yields by complexes 1
and 3, respectively. Therefore, it can be concluded that the
reported iron(iv)-oxo complexes can perform oxidative degra-
dation of the toxic substances irrespective of the oxidant used
for the generation of these iron(iv)-oxo species.

The nonheme iron(iv)-oxo complexes degrade different
types of organic pollutants by HAT reactions, a common
pathway invoked for iron(iv)-oxo species.’* These oxidants can
perform epoxidation of alkenes, oxyfunctionalization of the C-
H bonds and abstraction of the H atom from phenol groups.
Therefore, the pollutants bearing such functional groups can
easily be degraded. The metal-based active oxidants can
abstract the H atom from the O-H bond of the phenolic sub-
strates. The resulting iron(m)-OH species then combines with
the phenoxyl radical and reverts to iron(u) in the catalytic cycle
(Scheme 1).

Experimental
Methods and equipment

All reagents were purchased from commercial sources and
were used without further purification, unless otherwise men-
tioned. Solvents were distilled, dried and deoxygenated before
use. The preparation and handling of air-sensitive iron(ir) com-
pounds were carried out under an inert atmosphere in a glove
box. Although no problem was encountered during the syn-
thesis of the complexes, perchlorate salts are potentially explo-
sive and should be handled with care. The ligands were syn-
thesized according to the procedures reported in the
literature.”>>” The precursor iron(un) complexes, [(BPMEN)
Fe"(OTf),], [(TPA)Fe"(OTf),], [(N4Py)Fe'(CH;CN)](ClO,), and
[(Bn-TPEN)Fe"(OTf),], were prepared according to the reported
procedures.***°

This journal is © The Royal Society of Chemistry 2021
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Single and time-dependent electronic spectra in solutions
were obtained on an Agilent 8453 diode array spectrophoto-
meter. Electrospray mass spectra were recorded on a Waters
QTOF Micro YA263 spectrometer. The spectra were normalized
against the most intense peak having an intensity of 100%.
The Méssbauer spectrum was recorded with a *’Co source in a
Rh matrix using an alternating constant acceleration Wissel
Mossbauer spectrometer operated in the transmission mode
using a Janis Research SuperVariTemp cryostat. Isomer shifts
are given relative to iron metal foil at ambient temperature.
Simulation of the experimental data was performed using the
Igor Pro 8 program. All NMR spectra were recorded on a
Bruker DPX-500/300 MHz spectrometer. GC-MS measurements
were carried out with a PerkinElmer Clarus 600 chromato-
graph using an Elite 5 MS column (30 m x 0.25 mm x 0.25 pm)
at a maximum temperature of 300 °C.

Characterization of the iron(iv)-oxo complexes (1-4)

To an aqueous solution (0.5 mM) of the iron(u) complex, ceric
ammonium nitrate (CAN) (6 equiv. dissolved in water) was
added at 298 K. A pale green species corresponding to the iron
(v)-oxo complex was formed immediately. The reactive species
were not isolated as solids, but were characterized in solution.

[(BPMEN)Fe™(0)** (1). ESI-MS (+ve ion mode in H,0): m/z =
491.06 for {[Fe(O)(BPMEN)](OTf)}". UV-vis: Amax (in H,O at
298 K) =770 nm (&g ~370 M~ em ™).

[(TPA)Fe™(O)]** (2). ESI-MS (+ve ion mode in H,0): m/z =
511.08 for {[Fe(O)(TPA)](OTf)}". UV-vis: Amay (in H,O at 298 K) =
735 nm (e ~350 M~ ecm™).

[(N4Py)Fe™(0)]** (3). ESI-MS (+ve ion mode in H,0): m/z =
219.54 for {[Fe(O)(N4Py)[}**. UV-vis: Ana (in H,O at 298 K) =
690 nm (e ~450 M ecm™).

[(Bn-TPEN)Fe™(O)]** (4). ESI-MS (+ve ion mode in H,0): m/z
= 644.13 for {[Fe(O)(Bn-TPEN)](OTf)}". UV-vis: Amay (in H,O at
298 K) = 735 nm (e ~340 M~ " em ™). Zero-field *’Fe Mossbauer

spectrum: § = —0.08 mm s~ ' and AE, = 0.71 mm ™.

Kinetic study of phenol oxidation by the iron(iv)-oxo complexes

Iron(iv)-oxo complexes were generated in situ by adding CAN (6
equiv.) to an acetonitrile solution of the precursor iron(u)
complex (0.5 mM-1.0 mM). After de-aeration of the solutions
and temperature equilibration at 25 °C in a UV-vis cuvette, the
substrate was added to the solution under stirring. The con-
centration of the subtrate was maintained in the range of
10 mM-400 mM. The time course of the decay was then moni-
tored at 298 K by UV-vis spectroscopy. Time courses were sub-
jected to pseudo-first-order fit, and second order rate con-
stants were evaluated from the concentration dependence
data.

Reactions of the iron(iv)-oxo complexes with phenols

The iron(u) complex (0.01 mmol) was dissolved in water
(0.8 mL). To the solution was added the substrate (10 equiv.
dissolved in 0.1 mL water) followed by the addition of 0.1 mL
aqueous solution of CAN (6 equiv.). The reaction solution was
stirred at 298 K. At the end of the reaction, the organic pro-

This journal is © The Royal Society of Chemistry 2021
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ducts were extracted with diethyl ether, dried over anhydrous
sodium sulfate, filtered and evaporated to dryness. The pro-
ducts were analyzed by "H NMR spectroscopy using 1,3,5-tri-
methoxybenzene as an internal standard and/or GC-MS using
naphthalene as a standard.

Catalytic reactions of the iron(iv)-oxo complexes with phenols

The iron(un) complex (0.01 mmol) was dissolved in water
(1.6 mL). To the solution was added the substrate (100 equiv.
dissolved in 0.2 mL acetonitrile) followed by the addition of
0.2 mL aqueous solution of CAN (60 equiv.). The reaction solu-
tion was stirred at 298 K. At the end of the reaction, the
organic products were extracted with diethyl ether, dried over
anhydrous sodium sulfate, filtered and evaporated to dryness.
The products were analyzed by "H NMR spectroscopy using
1,3,5-trimethoxybenzene as an internal standard and/or
GC-MS using naphthalene as a standard.

Reactions of the iron(iv)-oxo complexes with POPs

The iron(u) complex (0.01 mmol) was dissolved in water
(0.8 mL). To the solution was added the substrate (10 equiv.
dissolved in 0.1 mL acetonitrile) followed by the addition of
0.1 mL aqueous solution of CAN (6 equiv.). The reaction solu-
tion was stirred at 298 K. At the end of the reaction, the
organic products were extracted with diethyl ether. The pro-
ducts were analyzed by GC-MS using naphthalene as a
standard.

Control experiments

Control experiments were carried out with iron(u) triflate and
CAN following the procedure described above. Trace amounts
of oxidized products from some substrates were formed. This
yield was subtracted while calculating the yield of products in
the oxidation by the iron complex. Control experiments were
also conducted under catalytic conditions.

Conclusions

With an objective to develop bioinspired metal-based oxidants
for the oxidative degradation of organic pollutants, four iron(u)
complexes supported by nitrogen-rich tetradentate and penta-
dentate ligands were investigated. The iron(un) complexes gene-
rate the corresponding iron(iv)-oxo species in aqueous solution
using ceric ammonium nitrate (CAN) as the oxidant. The high
valent iron-oxo species, thus generated, act as potential cata-
lysts for the oxidative degradation of divergent organic pollu-
tants in moderate to good yields. This study provides useful
insights into the development of effective green catalysts and
metal-based catalytic systems to replace the traditional oxi-
dants based on Fenton-type chemistry in the oxidative degra-
dation of toxic organic pollutants. Further studies on the
development of more reactive, oxidatively robust and recyclable
metal-based oxidants for the degradation of toxic organic com-
pounds are being carried out in our laboratory.
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