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ABSTRACT: This work presents ferrate(VI) (FeVIO4
2−, FeVI)

oxidation of a wide range of sulfonamide antibiotics (SAs)
containing five- and six-membered heterocyclic moieties (R) in
their molecular structures. Kinetics measurements of the reactions
between FeVI and SAs at different pH (6.5−10.0) give species-
specific second-order rate constants, k5 and k6 of the reactions of
protonated FeVI (HFeO4

−) and unprotonated FeVI (FeVIO4
2−)

with protonated SAs (HX), respectively. The values of k5 varied
from (1.2 ± 0.1) × 103 to (2.2 ± 0.2) × 104 M−1 s−1, while the
range of k6 was from (1.1 ± 0.1) × 102 to (1.0 ± 0.1) × 103 M−1

s−1 for different SAs. The transformation products of reaction
between FeVI and sulfadiazine (SDZ, contains a six-membered R)
include SO2 extrusion oxidized products (OPs) and aniline hydroxylated products. Comparatively, oxidation of sulfisoxazole
(SIZ, a five-membered R) by FeVI has OPs that have no SO2 extrusion in their structures. Density functional theory calculations
are performed to demonstrate SO2 extrusion in oxidation of SDZ by FeVI. The detailed mechanisms of oxidation are proposed
to describe the differences in the oxidation of six- and five-membered heterocyclic moieties (R) containing SAs (i.e., SDZ versus
SIZ) by FeVI.

■ INTRODUCTION

Antibiotics have been widely used as human and veterinary
medicines to treat infections and to enhance animal growth.1−3

The consumption of antibiotics has increased because of an
increase in the world population and the aging population in
industrialized countries.4,5 Significant portions of the anti-
biotics are excreted in feces and urine without metabolization.
An overuse of antibiotics has caused growing concern because
their release from hospitals, wastewater treatment plants, and
livestock farms into the environment presents potential risks to
human health and ecosystems. Among the antibiotics,
sulfonamides (SAs) have been extensively used, which may
result in ecological health hazards, food contamination, and
pollution of drinking water supplies as well as the development
of antibiotic resistant bacteria (ARBs) and antibiotic resistant
genes (ARGs).6−8

Many investigations have been carried out to treat SAs in
water before their release into the environment, such as

biological treatment, adsorption, membrane processes, chlori-
nation, electrochemical means, and advanced oxidation
technologies.9−18 This current work pertains to the use of
the chemical oxidant, ferrate(VI) (FeVIO4

2−, FeVI), on which
several studies on its application to treat micropollutants have
appeared in the past decade.19−23 Few investigations, including
some studies from our laboratory, have been carried out on the
kinetics and mechanisms of the oxidation of SAs by FeVI.24−28

SAs contain two aromatic moieties: an aniline ring and a
heterocyclic N-containing aromatic ring (R) that are joined
through a sulfonamide linkage (−NH−SO2−) (Figure 1). The
R can be either a five- or a six-membered ring. Most of the
studies on the oxidation of SAs by FeVI were performed on
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sulfamethoxazole (SMX) containing a five-membered R.
Products seen were from the attacks by FeVI on the aniline
and the moieties of R.24,25,27,28 The research in the present
work is stimulated from our recent product analysis on the
oxidation of sulfadimethoxine (SDM) by FeVI that showed
extrusion (or release) of SO2 during the transformation of the
parent molecule.29 SDM contains a six-membered R.
Comparatively, products identified in the oxidation of SMX
by FeVI showed no extrusion of SO2 from the parent
molecule.24,25,27,28 We thus question if the extrusion of SO2

is related to the heterocyclic ring (i.e., five- or six-membered R)
of the SAs. To further clarify the mechanisms, we selected
sulfadiazine (SDZ) and sulfisoxazole (SIZ), individually
containing six- and five-membered R in their structures,
respectively, and monitored their transformation products in
reactions with FeVI. We hereby demonstrate for the first time
that the extrusion of SO2 by metal-based oxidant depends on
the heterocyclic moiety of the SAs (i.e., R).
The formation of SO2 extrusion products has been reported

during the transformation of SAs with a six-membered R by
photodegradation,30 sulfate radical-based oxidation,9,31,32

horseradish peroxidase,10 chlorination,33 and permanganate.34

In these studies, reaction pathways have been given without
any mechanistic details on how the oxidant is involved in the
reaction steps. This information is available on describing
photochemical oxidation of aqueous SAs using theoretical
approaches.35 In the current paper, we performed density

functional theory (DFT) calculations to elucidate the SO2

extrusion step of the mechanism via single electron transfer
(SET) as an initial step. The obtained transition states (TS) of
DFT calculation clearly show the ability of SO2 extrusion from
SAs containing a six-membered R. This is the first example of
FeVI inducing SO2 extrusion, via a single electron transfer
initiation step. We also provide an explanation for the absence
of SO2 extrusion in SAs that bear a five-membered ring in the
presence of FeVI. The role of the heterocyclic ring substituent
(R) of SAs was further elaborated via kinetics studies of the
reaction between FeVI and SAs with varying R substituents
(Figure 1) as a function of pH (6.5−10.0).
The overall aims of the paper are to (i) determine species-

specific rate constants (k) of the reactions between FeVI and
SAs, (ii) identify the transformation products of the oxidation
of SDZ and SIZ by FeVI using a high-resolution liquid
chromatography−mass spectrometry (HR-LC−MS) techni-
que, (iii) apply quantum chemical calculations and transition
state theory to elucidate the SO2 extrusion mechanism of SDZ
by FeVI, and (iv) compare the oxidation of SAs with five-
membered and six-membered R to learn when the formation of
SO2 extrusion products from the SAs is feasible.

■ MATERIALS AND METHODS

Chemicals and Reagents. Detailed information on the
test SAs (sulfisoxazole (SIZ), sulfamethizole (SMIZ),
sulfamethoxazole (SMX), sulfathiazole (STZ), sulfapyridine

Figure 1. Molecular structures of sulfonamide antibiotics (SAs) and their dissociation constants and logKow values.
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(SPY), sulfadiazine (SDZ), sulfamerazine (SM1), sulfametha-
zine (SM2), sulfamonomethoxine (SMM), sulfamethoxypyr-
idazine (SMP), sulfadimethoxine (SDM), and sulfadoxine
(SFD)), FeVI, buffers, and preparation of all reaction solutions
is provided in Text S1 of the Supporting Information (SI).
Stopped-Flow Experiments. Experiments were carried

out under pseudo-first-order conditions to perform the kinetics
of the reactions between FeVI and seven different kinds of SAs
(i.e., STZ, SPY, SDZ, SM1, SMM, SMP, and SFD). Under
these conditions, the concentrations of SAs (5.0−10.0 × 10−4

M) were higher than FeVI (5.0 × 10−5 M). The kinetic
measurement was performed using a stopped-flow spectropho-
tometer (SX-20 MV, Applied Photophysics, Surrey, U.K.).
Details are provided in Text S2 and Figure S1.
Oxidized Products Experiments. The identification of

the oxidized products (OPs) of SDZ (4.0 × 10−5 M) or SIZ
(4.0 × 10−5 μM) by FeVI (2.0 × 10−4 M) at pH 9.0 was
conducted by the solid phase extraction-liquid chromatog-
raphy-high-resolution/accurate mass (HR/AM) spectrometry
(SPE-LC−HRMS) technique (Text S2).36 The analysis of OPs
by the other oxidants aided us to identify the transformation of
SDZ by FeVI.31,32

Quantum Chemical Calculations. All calculations were
performed with the Gaussian 09 program37 using primarily the
unrestricted M06 DFT functional38 with the 6-311++G(d,p)
basis set. Details are provided in Text S3.
The structure of each species with bond lengths is provided

in Figure S2 along with a table of enthalpies and Gibbs free
energies (Table S1). The charges and spin densities for all
species were calculated with Hirshfeld population analysis39−41

and are given in Table S2 and Figures S3 and S4, respectively.
Additionally, the atomic labeling of SDZ is provided in Figure
S5. The zero-point-energy-corrected Gibbs free energy scale
was chosen since the Gibbs free energy of activation can be
related directly to the experimental rate constants.42

Eighteen kinds of representative quantum chemical
descriptors of all 12 SAs after structural optimization were
calculated using the unrestricted M06 DFT functional with the
6-311++G(d,p) basis set to investigate their possible
correlations with the observed species-specific rate constants
by FeVI. These parameters included the energy of the highest
occupied molecular orbitals (EHOMO‑n, n = 0−5), the energy of
the lowest unoccupied molecular orbital (ELUMO), the energy
difference of EHOMO and ELUMO (ΔE (EL − EH)), the most
negative net charge in the atom of the molecule (q−), the most
positive net atomic charge on a H atom (qH+), dipole moment
(μ), average polarizability (α), ionization potential (IP),

electron affinity (EA), hardness (η), softness (S), electro-
negativity (ζ), and electrophilicity index (ω). The obtained
values with the SMD solvent model are presented in Table S3.
The correlation analysis was conducted using SPSS software
(Version 16.0).

■ RESULTS AND DISCUSSION

Kinetics. In this study, additional SAs were included to
learn the trend of variation of rates with SAs containing R of
five- and six-membered moieties. An approach used to
determine the second-order rate constant (k, M−1 s−1) of the
reaction between FeVI and SAs was similar to earlier kinetic
investigations (eq 1).24,25,28

− [ ] = [ ][ ]t kd Fe /d Fe SAVI VI (1)

The values of k at different pH were determined from 6.5 to
10.0. Results are presented in Figure S6. Rates were decreased
with an increase in pH, and the pattern was similar in the
reactions of FeVI with several inorganic and organic
compounds.23,43

The variation in the values of k with pH was interpreted
quantitatively using acid−base equilibrium of FeVI and SAs. In
the pH range of the study, only monoprotonated and
unprotonated species of FeVI and SAs (X) are involved (eqs
2 and 3).28,44−48

+ =
− + − KHFeO H FeO , p 7.234 4

2
a3F (2)

+ = −
+ − KHX H X , p 5.00 8.56a2F (3)

The dependence of k on the pH can thus be modeled by eq 4.

α β− [ ] = [ ] [ ] = Σ [ ] [ ]

=

=

t k k

i

j

d X /d Fe X Fe X

1, 2

1, 2

ij i j
VI

tot tot
VI

tot tot

(4)

where [FeVI]tot = [HFeO4
−] + [FeO4

2−]; [X]tot = [HX] +
[X−]; αi and βj represent the species fractions of FeVI and
selected SA, respectively; i and j are each of the species of FeVI

and selected SA, respectively; and kij is the species-specific
second-order rate constant for the reaction between the FeVI

species i and the X species j. Overall, four reactions could
possibly contribute to eq 4.
Equation 4 was applied to empirically fit the kinetic data of

the oxidation of SAs by FeVI in Figure S6. It was observed that
only two of the four reactions were needed to reasonably fit the

Table 1. Species-Specific Rate Constants for Oxidation of SAs by FeVI at 25.0 °C

SAs pKa2 k5 (M
−1 s−1) k6 (M

−1 s−1) R2 source

five-membered heterocyclic aromatic group SIZ 5.0028 (1.1 ± 0.1) × 104 28

SMIZ 5.7028 (2.2 ± 0.2) × 104 28

SMX 5.3028 (7.0 ± 0.5) × 103 28

STZ 7.0745 (1.2 ± 0.1) × 103 (1.1 ± 0.1) × 102 0.938 this study

six-membered heterocyclic aromatic group SPY 8.5646 (2.7 ± 0.3) × 103 (2.1 ± 0.1) × 102 0.971 this study

SDZ 6.2845 (1.5 ± 0.1) × 103 (9.0 ± 0.1) × 102 0.979 this study

SM1 6.7745 (1.6 ± 0.1) × 103 (9.0 ± 1.0) × 102 0.999 this study

SM2 7.4028 (1.9 ± 0.1) × 103 (2.25 ± 0.2) × 102 28

SMM 6.0145 (4.5 ± 0.2) × 103 (6.0 ± 0.5) × 102 0.997 this study

SMP 7.1947 (1.8 ± 0.2) × 103 (1.0 ± 0.1) × 103 0.954 this study

SDM 6.1028 (1.88 ± 0.04) × 104 24

SFD 6.0148 (5.2 ± 0.2) × 103 (6.5 ± 0.4) × 102 0.964 this study
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experimental data (see solid lines in Figure S6). These two
reactions are presented by eqs 5 and 6.

+ →
−HFeO HX products4 (5)

+ →
−FeO HX products4

2
(6)

Values of the species-specific rate constants, k5 and k6, for
the reactions 5 and 6, respectively, are given in Table 1. Values
of k5 were found in the range from (1.2 ± 0.1) × 103 − (2.2 ±
0.2) × 104 M−1 s−1, while the range of k6 was from (1.1 ± 0.1)
× 102 to (1.0 ± 0.1) × 103 M−1 s−1. It seems that the variation
in k5 is related to change in R, which influences the aniline
moiety, the attacking site by FeVI in oxidizing SAs. More is
discussed in later sections. The reaction between FeVI and SAs
has proton ambiguity, i.e., the reaction of HFeO4

− with X− is
involved instead of reaction 6 (i.e., FeO4

2− + HX). The
reactivity of protonated FeVI (or HFeO4

−) with X− would be
faster than that with HX due to higher electron density on the
X−. This possibility may occur because FeO4

2− is a weaker
oxidant than HFeO4

−. However, the kinetics measurements of
our study do not fully distinguish which of the two reactions
would be preferable.
In the case of sulfadiazine (SDZ), the kinetics of the reaction

with FeVI were extended to the acidic pH range (Figure S6).
This allowed the calculation of the rate constant values of the
reaction between diprotonated FeVI and protonated SDZ (or
HX) as (2.7 ± 0.5) × 104 M−1 s−1. The result suggests that the
reactions of FeVI with the protonated species of SDZ follow the
order of reactivity as H2FeO4 > HFeO4

− > FeO4
2−. Overall,

results of different SAs showed that the protonated FeVI

(HFeO4
−) reacted faster with SAs than the unprotonated

FeVI (FeO4
2−) (i.e., k5 > k6). It has been suggested that the

partial radical character of FeVI (FeVI = O ↔ FeV − O•) is
proton stabilized to yield higher reactivity of protonated
species than the unprotonated species of FeVI.49 Furthermore,
the oxo ligands in HFeO4

− have larger spin density than in
FeO4

2− that result in increased oxidation ability of protonated
FeVI.50,51 The fraction of the HFeO4

− (αHFeO4−) decreased

with increase in pH, and hence the overall rate constant of the
reactions between FeVI decreased with increase in pH (see
Figure S6).
Understanding of the variation of rates for the oxidation of

SAs by FeVI was attempted by calculating molecular structure
descriptors of SAs. A total of 18 kinds of these descriptors were
obtained using the unrestricted M06 DFT functional with the
6-311++G(d,p) basis set, which included EHOMO‑n (n = 0−5),
ELUMO, ΔE (EL − EH), q

−, qH+, μ, α, IP, EA, η, S, ζ, and ω

(Table S3). A similar approach has been applied in
understanding the reactivity of organic pollutants with FeVI52

and other oxidants.52−56 The rate constants showed no
significant correlation with any individual descriptor (Table
S4); therefore, no further evaluation of variation of rate
constants of different SAs using the calculated molecular
descriptors was performed.

Oxidized Products and Reaction Pathways. In this
study, the oxidized products (OPs), generated via the
oxidation of SDZ (a representative SA with six-membered
heterocyclic group) and SIZ (a representative SA with five-
membered heterocyclic group) by FeVI, were characterized
using high-resolution LC−MS (ESI pos). Structural assign-
ments of OPs were performed by product ion scans, based on
the corresponding MS/MS spectra and their proposed
fragmentation patterns. The detailed data and proposed
structures of the OPs and their MS/MS fragments are shown
in Table S5 and Figures S7 and S8. Errors of m/z between the
experimental and theoretical values errors were mostly <3
ppm. It is necessary to analyze the mass spectrum of the parent
compound and the fragment losses generated, which may also
be detected in the structural identification of the OPs.57,58 For
example, SDZ (m/z 251.06027 and Rt at 2.62 min) has four
main product ions at 156.01183 and 96.05644, 108.04513, and
92.05033, corresponding to the cleavage of the S−N bond in
SDZ, and losses of SO (48 Da from 156.01183) and SO2 (64
Da from 156.01183), respectively (Figure S7a). Although
some MS/MS information regarding the OPs of SDZ and SIZ
by FeVI oxidation is lacking, recent investigations of trans-

Figure 2. Proposed transformation pathways of SDZ (a) and SIZ (b) by FeVI (experimental conditions: [SDZ] = [SIZ] = 4.0 × 10−5 M, [FeVI] =
2.0 × 10−4 M, pH = 9.0, T = 25.0 °C).
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formation products of these two SAs could facilitate the
structural identification of these OPs.9,10,31−34

Representatively, OP-187 with a protonated form at m/z
187.09831 and chromatographic retention time at 5.22 min
was proposed in our study as the product generated from the
SO2 extrusion in SDZ molecule (Table S5 and Figure S7e).
This structure was confirmed by six detected product ions at
m/z 170.07178, 160.08734, 108.06863, 92.05029, and
65.03954. These MS/MS fragments corresponded to the
individual losses of such fragments as NH3 (17 Da from
187.09831), CN (27 Da from 187.09831), C3H2N (52 Da
from 160.08734), NH2 (16 Da from 108.06863), and CN (27
Da from 92.05029), respectively. Similarly, in view of the
repeated MS/MS fragments and proposed fragmentation
patterns of the OPs of SDZ and SIZ, the individual structures
of OP-281, OP-217, OP-201, OP-187, OP-298, OP-282, OP-
248, OP-231, and OP-217’ were proposed, and the possible
fragmentation pathways are shown in Figures S7 and S8. It is
difficult to obtain the MS/MS spectra of the OPs with low MS
intensity (i.e., OP-267, OP-265, OP-203, and OP-284).
Therefore, the structures of such OPs were thus tentatively
proposed based on the accurately measured molecular
compositions (Table S5) and the possible transformation
pathways.
On the basis of the structures of the identified OPs, the

proposed transformation pathways of SDZ and SIZ by FeVI at
pH 9.0 are presented in Figure 2. An initial oxidative attack on

the aniline site of SDZ by FeVI is suggested, which can lead to
the two products: the SO2 extrusion and the hydroxylation of
the aniline ring. In pathway I, FeVI can initiate a single electron
transfer oxidative pathway of the aniline ring, resulting in a
radical cation and FeV. The cation in turn induces the SO2

extrusion of SDZ leading to OP-187 (Figure 2a). FeV has a
much higher reactivity than FeVI and may participate in the
oxidation of SDZ alongside FeVI.59,60 The intermediates
resulting from a potential FeV oxidation would be identical
to those resulting from the single electron transfer observed
with FeVI. However, the self-decomposition of FeV is fast with a
rate constant of order of 107 M−1 s−1.49 The competing rate
constants of the reaction of FeV with SDZ and its self-
decomposition would determine the involvement of FeV in the
reaction mechanism.
It should be noted that OP-187 is itself not any more

oxidized than SDZ, rather, formed as a result an
unprecedented catalytic effect of FeVI. However, subsequent
oxidation of OP-187 proceeded by hydroxylation of the aniline
ring to form OP-203 with an −NHOH group, which was
successively oxidized to generate OP-201 with an −NO group
and OP-217 with an -NO2 group (Figure 2a). Pathway II was
initiated by hydroxylation in the aniline ring of SDZ, with the
resultant product of OP-267. Afterward, similar reaction steps
like pathway I after SO2 extrusion occurred to yield OP-265
and OP-281 (Figure 2a).

Figure 3. Plausible mechanism of FeVI-catalyzed extrusion of SO2 from SDZ and other aminopyridine-type sulfa drugs, via initiation of an oxidative
single electron transfer from the aniline moiety.
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In the oxidation of SIZ by FeVI, pathway I involved ring
opening of the five-membered isoxazole ring and hydroxylation
taking place on the N atom between the two rings of SIZ
(Figure 2b), resulting in the formation of OP-248. Opening of
the isoxazole ring has also been suggested during FeVI

oxidation of SMX.24,28 This ring opening may involve the
−NH−SO2− group in SMX because isoxazole itself has no
reactivity with FeVI. Theoretical investigations suggested that
this step was initiated via nucleophilic attack of FeVI followed
by isomerization, H-bond assisted C−O cleavage and Fe−O
bond cleavage.27 With the reaction progressing, further attacks
on the heterocyclic ring happened to generate OP-231 and
OP-217′. Similar to pathway II of SDZ, OP-284, OP-282, and
OP-298 were produced in pathway II of SIZ (Figure 2b).
Overall, these identified OPs allowed the enhanced under-
standing of oxidation of SAs by FeVI.
Possible reaction mechanisms of hydroxylation of SDZ

(Figure S5) to form OP-267 in pathway II can, in principle,
occur on either the aniline N or the sulfonamide N, leading to
products of identical masses. In basic pH, the sulfonamide N
may become deprotonated and will therefore be more
susceptible to oxidation. Hydroxylation of either N atoms
can be achieved via two plausible pathways: (i). Sequential two
single-electron transfer to FeVI leading to FeIV, and subsequent
trapping by water and loss of a proton as described in our
earlier work on SMX,24 or (ii). A direct oxygen transfer from
FeVI to the N of aniline in SAs, followed by rapid proton
transfer from the resulting ammonium salt to the N-oxide
leading to hydroxylamine (Figure S9).
FeVI Oxidation of SDZSO2 Extrusion. Two pathways

are proposed in which FeVI oxidizes either of the two aromatic
rings of SDZ via a single-electron transfer leading to FeV

(Figures 3 and S10). Figure 3 corresponds to single-electron
transfer from aniline ring. The electron-transfer from R
(pyrimidine ring) of SDZ is another possibility (Figure S10).
These mechanistic pathways are unique to SAs containing a
six-membered ring with a nitrogen ortho to the amido
nitrogen. The presence of the ortho nitrogen heteroatom
enables the formation of a five-membered ring intermediate
initiated by any number of pathways including oxidative
conditions (SO4

•− and FeVI) or photochemical excitation to
triplet states.30,32 The formation of a five-membered ring
annihilates the aromaticity of the aniline ring, therefore raising
the energy by close to 18 kcal/mol according to our
computations. The extrusion of SO2 then becomes plausible
to restore aromaticity (Figure 3), or to generate another
intermediate that will itself act as an oxidant to another
molecule of the SA leading to a radical cation intermediate and
subsequently restoring the aromaticity which leads to the SO2

extruded product. Although these reactions are occurring in
the presence of the strong oxidant FeVI, the overall extrusion of
SO2 and rearrangement is not a net oxidative pathway, and
FeVI is acting to initiate the catalytic cycle (i.e., chain
reactions). This is supported by the observed products
discussed in the prior section.
Transition State Calculations. The calculations for the

radical cation intermediate support oxidation according to
Figure 3 rather than Figure S10. In other words, R is not
involved in initial oxidation of SDZ by FeVI (i.e., ruling out the
possibility of single-electron transfer as depicted in Figure
S10). As stated earlier in the experimental method, C1−C6 are
carbon atoms and N17 is N atom of the aniline ring (see
Figure S5 for labels). The spin density is almost entirely on the

aniline ring (see Figures S4), indicating that the unpaired
electron in the radical resides on that ring. The two largest
values are on C5 (0.26) and N17 (0.29). Likewise, the largest
positive increase in charge in oxidizing SDZ occurs on the
aniline ring, especially the amino N17 (0.1705) (see Table S2).
These results suggest that C5 and N17 are likely to be active
participants in succeeding steps. Additionally, the diprotonated
FeVI was chosen for transition state calculations since it reacts
most readily with SDZ. The optimized structural parameters of
all chemical species involved are briefly discussed below.

H2Fe
VIO4 vs H2Fe

VO4
−. H2Fe

VIO4 has shorter computed
bond lengths, Fe−OH 1.76 Å vs 1.86 Å and Fe = O 1.59
(1.56) Å vs 1.62 Å than H2Fe

VO4
−, as a result of less electron

repulsion. The charge on Fe is more positive, +0.55 vs +0.42,
and the oxygen atoms are less negative, −0.25 vs −0.42,
because there is one less electron. Also, the spin density is
lower, 1.68 vs 2.63, on FeVI because there is one less unpaired
electron.

SDZ vs SDZ Radical Cation. The atomic charges on the
radical cation are best interpreted by comparison with SDZ
(Table S2). The column to the right gives the difference in
charge between the cation and SDZ. Notice that there is a
much more positive increase on the aniline ring with the
largest increase on N17 even though the N17 charge in the
cation is only slightly positive (see Figure S5 for the atom
numbering). The unpaired electron resides largely on N17 and
C5, as indicated by the spin density. The changes in bond
lengths are more subtle, with the H17−C2 bond becoming
0.04 Å shorter and the C5−S7 bond stretching by 0.04 Å.

Reactant Complex. An H-bonded complex is formed
between the H2Fe

VIO4 and SDZ. The H-bond involves an
O−H group on the FeVI with N17 on SDZ. The primary
contribution of the H-bond is to bring the two molecules close
enough together that transfer of an electron can occur. The
N17−C2 bond and O−H FeVI bond both increase by 0.03 Å as
a result of the H-bond. The charge on N17 is slightly less
negative. However, the zero spin densities on SDZ indicate
that no electron has been transferred.

TS1. The H-bond involving N17 on SDZ and an O−H
group on the FeVI has broken and a new H-bond is forming,
involving N17−H26 on SDZ and an O on the FeVI. As a result,
the charge on N17 has become 0.06 more negative. The spin
density indicates no electron transfer at this stage. The
principal action is the change in H-bonding.

Radical Cation Complex. The new H-bond has formed
between N17−H26 on SDZ and an O on the FeVI. At the same
time, an electron has transferred from SDZ to the FeVI as
indicated by the nonzero spin densities on SDZ, principally
0.32 on N17, 0.25 on C5, 0.19 on C1, and 0.17 on C3 that
result from the loss of an electron. Likewise, the spin density
on Fe has increased from 1.70 to 2.67 as a result of an
additional unpaired electron. After oxidation occurs, there are
now three unpaired electrons on the FeVI and one unpaired
electron on SDZ. With a total of four unpaired electrons, one
might consider the spin state for the complex to be a quintet.
However, much better results were obtained for the triplet spin
state, indicating that the unpaired electron on SDZ remains
opposite in spin to the added electron on FeVI. This in turn
indicates that the complex is so loose that Hund’s rule does not
apply. Consistent with the electron transfer, the FeVI has
become less positive and the oxygen atoms more negative, and
SDZ is overall more positive with the principal changes on
N17.
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As a consequence of the electron transfer, all the Fe−O
bonds have increased. The N17−C2 bond has decreased to
1.32 Å. The aniline ring has become more quinoidal and the
C5−S7 bond has increased to 1.79 Å.
SDZ Radical Cation. There is very little geometry change as

the complex dissociates to form the radical cation and
H2Fe

VO4
−. There also is no significant change in either the

charges or the spin densities. Since the complex has
dissociated, the spin states for FeVI and the SDZ radical cation
are now quartet and doublet, respectively.
TS2. An intrinsic reaction coordinate calculation (IRC)

involving TS2 is very illuminating. As TS2 is approached, the
C5−N12 distance decreases while the C5−S7 bond is
stretched. The C5−C7 bond is broken shortly after the top
of the energy barrier, and after that the C5−N12 bond is
formed. Finally, the S7−C10 bond is broken, releasing SO2.
The TS2 structure can be considered to include a five-
membered ring although some bond lengths are stretched,
especially the C5−N12 distance (1.79 Å vs 1.40 Å in the
product radical cation) but also N10−S7 (1.74 Å vs 1.66 Å in
SDZ radical cation) and S7−C5 (1.89 Å vs 1.79 in SDZ radical
cation).
Product Radical Cation. As before, the unpaired electron is

almost entirely on the aniline ring, principally N17 and C5.
Likewise, the positive charge is located principally on the
aniline ring. The most negative charge (−0.29) is on N10, now
exo to the diazine ring.
TS3. Only the doublet state is stable, which means that there

is still one unpaired electron. Thus, the bond lengths, charges,
and spin densities are all very similar to the product radical
cation. The major change occurring as TS3 is approached is
that the two ring systems are becoming more planar; the
dihedral angle between the two planes increases from 136° in
the product radical cation to 178° in TS3.

Product. The aniline ring returns from a quinoidal structure
to an aromatic structure with nearly equal C−C bond lengths.
The C2−N17 and C5−N12 bond lengths have both increased,
and the dihedral angle between the two rings has decreased
significantly to 111° to minimize steric interaction. The
charges on the aniline ring are similar to those in SDZ. Like the
product radical cation, the most negative charge (−0.37) is on
N10.
The Gibbs free energy pathway for diprotonated FeVI and

SDZ is shown in Figure 4. The diprotonated FeVI and SDZ
form an H-bonded reactant complex involving a hydroxyl H on
the FeVI and the negatively charged N17 on SDZ. Although
this H-bond lowers the enthalpy by 4.8 kcal/mol, the entropy
loss increases the free energy by 8.2 kcal/mol. The transition
state (TS1) involves breaking of the original H-bond and
formation of a new H-bond between an amino H on SDZ and
an O on FeVI along with transfer of an electron from SDZ to
FeVI, forming a radical cation complex with FeV. This complex
dissociates to give the more stable radical cation and FeV as
separate species. Thus, the sole role of FeVI is the oxidation of
SDZ. The expected large energy required to oxidize SDZ is
offset by the difference between FeV and FeVI, ΔH = −143.1
and ΔG = −144.4 kcal/mol (Table S1).
The SDZ radical cation goes through another transition state

(TS2) to form the product radical cation, releasing SO2. It is
interesting that while molecular mechanics (UFF) and
semiempirical (PM6) calculations predict a stable five-
membered ring intermediate as shown in Figure 3, DFT
calculations do not. However, TS2 is close to the formation of
the five-membered ring. As an azine nitrogen (N12) is forming
a bond with C5 to form the five-membered ring, the C5−S7
bond starts to break, followed by dissociation of the N10−S7
bond to release SO2. Formation of the much more stable final,
neutral product is very exothermic with a low barrier (TS3).

Figure 4. Free energy pathway (kcal/mol) of SO2 extrusion and rearrangement of SDZ in the presence of diprotonated FeVI to produce OP-187.
Only the organic structures are drawn.
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The net oxidation of SDZ to give the product plus SO2 has a
ΔH = +7.1 kcal/mol and ΔG = −5.3 kcal/mol (Table S1).
The oxidation step is rate determining as indicated by TS1

having the highest energy (12.3 kcal/mol) relative to the
reactants. This corresponds to a rate constant of 5.7 × 103 M−1

s−1 for H2FeO4 in good agreement with the experimental value
of 2.7 × 104 M−1 s−1. Further confirmation of this mechanism
is that the TS1 barrier height for HFeO4

− oxidation of SDZ is
calculated to be 13.9 kcal/mol, corresponding to a rate
constant of 4.0 × 102 M−1 s−1 compared to the experimental
rate constant of 2.0 × 103 M−1 s−1. Both experimental rate
constants were determined from data obtained over the pH
range of 4.0 to 10.0, where the diprotonated and
monoprotonated FeVI are more involved than the non-
protonated FeVI. As further validation, the ratio of the
diprotonated/monoprotonated calculated rate constants is
14.3 compared to the experimental ratio of 13.5.
Six-Membered R versus Five-Membered R Contain-

ing SAs. Experimental results and theoretical calculations
further support our proposed SO2 mechanism for the oxidation
of SDZ by FeVI, already corroborated by the energy
computations for transition states, in that the formation of
the five-membered ring transition state TS2, albeit a fleeting
transient state, is indeed essential for SO2 extrusion. It is
interesting to note that SO2 extrusion was not observed in
SMX and other five-membered ring SAs (see Figures 1 and
2b). Identified OPs showed no extrusion step of the oxidation
of SMX by FeVI, and reaction pathways have been described
effectively by DFT calculations.27 In SMX, the five-membered
ring of the isoxazole places its N further away geometrically
from the aniline ring C holding the S, than a six-membered
ring would place the N of the pyrimidine ring. The SO2N−
CN angle in SMX is about 122.3°, whereas it is 117.2° in
SDZ as measured in semiempirical computations (see Figure
5). This is mainly a geometric difference.
Furthermore, the N of the isoxazole in SMX, which is

bonded to the O, may have less propensity to curl around
forming the “transient five-membered ring TS2” shown in
Figure 5. Our DFT results show that the N in the isoxazole of
SMX has more electron density (−0.21 atomic charge) than
the N in pyrimidine of SDZ (−0.19 charge), plus the overall
electronic density of the isoxazole ring in SMX (−0.12 net
charge) is richer than that of the pyrimidine of SDZ (+0.05 net
charge). This is likely a reason why FeVI breaks down the
isoxazole ring, as seen in our previous work.24 It is therefore
plausible that the rate of −NH−SO2−R oxidation in SMX is
faster than the SO2 extrusion, hence not observed in SMX, but
observed in SDZ.
Implications. Previous experimental and theoretical

calculations supported no extrusion of SO2 during the
oxidation of SAs containing five-membered heterocyclic

moieties (e.g., SMX) by FeVI. However, a study of oxidized
products and DFT calculations presented herein on the
oxidation of SA with a six-membered heterocyclic moiety (e.g.,
SDZ) by FeVI indicate that the step of extrusion of SO2 is
involved, forming FeV and a radical. The presented mechanism
of SO2 extrusion may be possible for structurally similar six-
membered heterocyclic containing SAs.
The species-specific rate constants of the reactions of FeVI

with SAs could describe the experimental second-order rate
constants of the oxidation of SAs by FeVI. The values of k at
pH 7.0 and 8.0 were used to learn the half-lives (t1/2) of the
elimination of SAs by FeVI. If the concentration of FeVI is in
excess over SAs at a dose of [K2FeO4] = 10 mg L−1, as may be
expected in practical application, then the t1/2 values of the
reactions would be short and in the range from 12.52 s (SPY)
to 361.20 s (SMIZ) at pH 8.0 and 25.0 °C (Figure S11).
Because the values of k are pH-dependent, the t1/2 values for
the removal of SAs by FeVI would also vary with the solution
pH. At pH 7.0, the t1/2 values would be much shorter, from
8.14 s (SPY) to 173.74 s (SDM) (Figure S11). Variation in the
dose of FeVI would also change the t1/2 to remove SAs by FeVI.
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