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Abstract

Radical forms of sulfur dioxide (SO2), sulfite (SO3
2−), sulfate (SO4

2−), and their conjugate acids
are known to be generated in vivo through various chemical and biochemical pathways. Oxides of
sulfur are environmentally pervasive compounds and are associated with a number of health
problems. There is growing evidence that their toxicity may be mediated by their radical forms.
Electron paramagnetic resonance (EPR) spin trapping using the commonly used spin trap, 5,5-
dimethyl-1-pyrroline N-oxide (DMPO), has been employed in the detection of SO3

•− and SO4
•−.

The thermochemistries of SO2
•−, SO3

•−, SO4
•−, and their respective conjugate acids addition to

DMPO were predicted using density functional theory (DFT) at the PCM/B3LYP/6-31+G**//
B3LYP/6-31G* level. No spin adduct was observed for SO2

•− by EPR but an S-centered adduct
was observed for SO3

•− and an O-centered adduct for SO4
•−. Determination of adducts as S- or O-

centered was made via comparison based on qualitative trends of experimental hfcc’s with
theoretically calculated ones. The thermodynamics of the non-radical addition of SO3

2− and
HSO3

− to DMPO followed by conversion to the corresponding radical adduct via the Forrester-
Hepburn mechanism was also calculated. Adduct acidities and decomposition pathways were
investigated as well, including an EPR experiment using H2

17O to determine the site of hydrolysis
of O-centered adducts. The mode of radical addition to DMPO is predicted to be governed by
several factors, including spin population density, and geometries stabilized by hydrogen bonds.
The thermodynamic data supports evidence for the radical addition pathway over the nucleophilic
addition mechanism.
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INTRODUCTION

Sulfur dioxide (SO2) and its derivatives are environmentally pervasive compounds emitted
during combustion of coal, natural gas, and other fossil fuels. A water soluble acid, SO2
reacts with moisture in the atmosphere or in the lungs to form bisulfite and sulfite (HSO3

−,
SO3

2−) as well as bisulfate and sulfate (HSO4
−, SO4

2−). Due to their antimicrobial-growth
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properties and antioxidant color-preservation properties, sulfites are also common additives
in food, beverages, and pharmaceuticals.1

Sulfite, whether ingested or inhaled as SO2, is known to cause bronchioconstriction in
asthmatics,2 and is toxic to cells of the lung3 and central nervous system.4 Sulfite is
generated endogenously during the metabolism of the sulfur-containing amino acids
cysteine and methionine.5 Sulfite is detoxified in animal cells by conversion to sulfate via
the mitochondrial inter-membrane-space enzyme sulfite oxidase.6 Genetic deficiency of
sulfite oxidase in humans results in severe neurological deformity7 and early death.8

There is reason to believe that the toxicity of sulfites is mediated by their radical forms.9

These radicals have been shown to be photochemically10 and enzymatically11,12 generated,
or by oxygen-mediated metal-catalyzed oxidation of their respective anions.13 Reactive
oxygen species generated by transition-metal-catalyzed autoxidation of sulfite cause DNA
damage14 and lipid peroxidation.15 Studies have shown that the toxicity of sulfites in sulfite-
oxidase-deficient rats is prevented by treatment with transition metal chelating agents and
antioxidants,15 suggesting a role of sulfur-oxide radicals in toxicity. Once generated via the
enzymatic actions of prostaglandin synthase,11 horseradish peroxidase,11 or in the O2-rich
capillaries of the lungs via transition metal catalysis,13 SO3

•− will react readily with O2 to
form peroxymonosulfate radical anion (−O3SOO•, Equation 1), with peroxymonosulfate
radical reacting with sufite to form sulfate and sulfate radical anion (Equation 2).9

(1)

(2)

As an extremely strong oxidizing agent, SO4
•− radical chain propagation can be furthered by

the tendency of free sulfite to reduce cysteine-cysteine disulfide bonds, forming S-
sulfocysteine (Equation 3).16

(3)

This equilibrium effectively serves as a reservoir and transporter of HSO3
− to areas of low

disulfide concentration. S-sulfocysteine can be reduced to yield SO3
•− and initiate the

radical chain reaction (Equation 4).

(4)

Investigation into the reactivity of sulfur oxide radical species with probes or with
antioxidants is of value in expanding knowledge on the role of sulfites in diseases. In the
present study, spin trapping was used to analyze the properties of sulfur oxide radicals
(SORs) such as radical anion forms of sulfur dioxide (SO2

•−), sulfite (SO3
•−), and sulfate

(SO4
•−). The nitrone, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is the most widely used

spin trap due to the ability of its spin adducts to impart discernable EPR spectra from
radicals that have very little variations in their structures. For example, the EPR spectrum
arising from the addition of HO• or O2

•− to DMPO can be distinguished from one another.
While generation of SO2

•− in the presence of spin traps is known to not give a signal,17

generation of SO3
•− 18,19 and SO4

•− 20 in the presence of spin traps have been shown to give
EPR spectra. However, to date, comparative studies on the energetics of spin trapping of
SORs using DMPO and structural studies of the possible adducts formed are still lacking.
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Controversy still arises in regards to the nature of these SOR adducts and their formation,
since for example, Khramstov and co-workers21,22 have proposed a non-radical pathway for
the DMPO•-SO3

− adduct formation via nucleophilic addition reaction (Scheme 1).

The importance of spin trapping using nitrone spin traps is twofold; first, spin trapping has
been widely employed for the detection of radical species using electron paramagnetic
resonance (EPR) spectroscopy,23 and second, the spin trapping process can yield
chemistries24–31 that are relevant toward the understanding of the antioxidant properties of
nitrones.32,33

In this work, the relative energetics of SOR additions to DMPO were explored and structural
studies of adducts were theoretically performed to address a lack of information in the
literature; these studies would otherwise be difficult to experimentally pursue due to the
poor yield and instability of the spin adducts.

EXPERIMENTAL METHODS

General Computational Methods

For the addition of each radical species (SO2
•−, HSO2

•, SO3
•−, HSO3

•, SO4
•−, and HSO4

•) to
DMPO and for the nucleophilic addition of each non-radical anion (SO3

2−, HSO3
−), two

products were theoretically calculated; an S-centered adduct and an O-centered adduct.
Density functional theory34,35 was applied in this study to determine the optimized
geometry, vibrational frequencies, and single-point energy of all stationary points.36–39 The
effect of solvation on the gaseous phase calculations was also investigated using the
polarizable continuum model (PCM).40–44 All calculations were performed using Gaussian
0945 at the Ohio Supercomputer Center. Single-point energies were obtained at the B3LYP/
6-31+G** level based on the optimized B3LYP/6-31G* geometries, and the B3LYP/
6-31+G**//B3LYP/6-31G* wave functions were used for Natural Population Analyses
(NPA).46 These basis set calculations used the standard six Cartesian d functions.
Vibrational frequency analyses (B3LYP/6-31G*) for each of the stationary points for
DMPO and its spin adducts yielded only real vibrational frequencies. A scaling factor of
0.9806 was used for the zero-point vibrational energy (ZPE) corrections with the B3LYP/
6-31G* and the B3LYP/6-311+G* levels of theory.47 Spin contamination for all of the
stationary point of the radical structures was negligible, i.e., 0.75 < 〈S2〉 < 0.77 except for
the S-centered DMPO•-SO4 adduct that has S2 = 1.72.

Calculation of Isotropic Hyperfine Coupling Constants (hfcc)

The prediction of hfcc of the nitrogen atom in simple nitroxides was demonstrated in several
benchmark studies.43,48–50 Based on these previous studies, we employed similar models in
the prediction of hfcc’s of the nitrogen, β-hydrogen and γ-hydrogens of the various sulfur
oxide radical (i.e., SO2

•−, SO3
•−, SO4

•−, and their respective conjugate acids) adducts of
DMPO. A discussion of the comparative study of calculated hfcc for DMPO-O2H optimized
at the B3LYP density functional and basis sets, 6-31+G**, 6-31G*, EPR-II and EPR-III,51

and the core-valence correlation-consistent cc-pCVDZ52 in the gas and aqueous phases can
be found in pages S13–S18 of Supplementary Material Section of our previous paper.53 In
the same paper,53 the hybrid PBE0 functional and EPR-II basis set was found50 to yield
accurate aN values in simple nitroxides and was also employed in the calculation of hfcc for
DMPO-O2H. Although the levels of theory mentioned above gave accurate aN for 2,2,5,5-
substituted pyrrolidine nitroxides, the calculated hfcc’s for DMPO-O2H using the same
levels of theory gave hfcc’s comparable to that predicted at B3LYP/6-31+G**//B3LYP/
6-31G*. Hence, in this study, the aN, aβ-H and aγ-H for all of the spin adducts were only
calculated at the B3LYP/6-31+G**//B3LYP/6-31G* level to show qualitative trends in the
hfcc compared to the experimental.
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Calculation of pKa

In order to establish the final form of the DMPO-radical adducts in solution, the adduct and
its corresponding conjugate acid (i.e., DMPO-X−/DMPO-XH, respectively) were
theoretically optimized at the PCM/B3LYP/6-31+G**//B3LYP/6-31G* level. The free
energies of proton dissociation were then used to approximate the acidity of the adducts
based on our previous work, according to the relationship

derived from a list of similar compounds.53

EPR Measurements

EPR measurements were carried out on an X-band spectrometer with HS resonator at room
temperature. General instrument settings are as follows unless otherwise noted: microwave
power, 10 mW; modulation amplitude, 0.5 G; receiver gain 3.17–3.56 × 105, time constant,
82 ms, time sweep 42 s. The hyperfine splittings (hfcc) of the spin adducts were determined
by simulating the spectra using the WinSim (NIEHS/NIH) package.54 The relative intensity
of each component of the spectra was also determined.

Spin Trapping Studies

DMPO, Na2S2O4, Na2SO3, (NH4)2S2O8, all of high purity (>99.0%), H2O (20% 17O atom)
and 80% H2O2 were all obtained commercially. All solutions were prepared using
Dulbecco’s phosphate buffered saline (Sigma). The total volume of each solution used for
the EPR measurement was 50 μL, and was loaded into a 50 μL quartz micropipette. All
samples had a 100 mM salt concentration in 100 mM DMPO in PBS. Sulfate radical anion
and sulfur dioxide radical anion were generated from irradiation with a low-pressure
mercury vapor lamp at 254 nm wavelength in aqueous solutions of 100 mM (NH4)2S2O8 or
100 mM Na2S2O4 respectively.10,16,55 Sulfite radical anion was generated following the
same method as for the sulfate and sulfur dioxide radicals with the addition of H2O2 (0.2%
in solution) in aqueous solution of 100 mM Na2SO3.56 EPR spectra were acquired over the
course of 10 min while the UV lamp was on.

RESULTS AND DISCUSSION

Sulfur Dioxide Radical Anion (SO2
•−) and Spin Adducts

Theoretical analysis of SO2
•− carried out at the PCM/B3LYP/6-31G**//B3LYP/6-31G*

level of theory is consistent with a bent geometry. The O-S-O bond angle deviates from the
trigonal planar 119° of the non-radical SO2 to 116.7° in the optimized structure of the
radical anion. The charge density distribution of SO2

•− from a natural population analysis
reveals negative character on the two O atoms (−1.03 e) (Figure 1) and a positive charge on
the S atom (1.05 e). Calculated S-O bond lengths in SO2

•− gave a bond distance of 1.54 Å
which are longer compared to the expected S-O double bond distances of 1.435 Å in SO2

57

indicating that the S-Os are singly bonded in the radical anion form.
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Natural population analysis also reveals a greater spin population density on S (0.58) than on
the O atoms (0.21), indicating that the bond formed via radical addition will be between S
and Cα of DMPO. This is confirmed by the energetics of formation for the radical anion
addition to DMPO, in which the S-centered adduct (ΔG298K,aq = 20.5 kcal/mol) is
significantly less endoergic than the O-centered adduct (ΔG298K,aq = 37.3 kcal/mol) (Figure
S1), however in the HSO2

• adduct formation, there was no significant difference in the
energetics of formation between the S-centered adduct (ΔG298K,aq = 14.9 kcal/mol) (Figure
2) and the O-centered adduct (ΔG298K,aq = 15.0 kcal/mol) (Figure S1), perhaps due to the
increased spin density on the unprotonated O in HSO2

• (0.35) from the O atoms in the
radical anion (0.21). Differences in charge on unprotonated O atoms in the radicals was not
significant between the protonated and unprotonated forms (−0.82 e and −1.03 e
respectively, Figure 1). Nevertheless, all sulfur dioxide radical adducts were calculated to be
too endoergic to form in significant concentration, and only a singlet spectrum
corresponding to SO2

•− with no SO2 spin adduct was detected by EPR in a solution of
Na2S2O4 (100 mM) and DMPO (100 mM) under 254 nm light, despite a slightly favorable
free energy of formation calculated for the radical species:

Similar species such as chlorine dioxide radical (ClO2
•) and nitrogen dioxide radical (NO2

•)
react readily with spin traps leading to the formation of oxygenated aminoxyl products,
while SO2

•− annihilates aminoxyl radical signals via reduction or addition and is known to
be unreactive with spin traps.17 Whereas ClO2

•, NO2
• and SO2

•− are all persistent radicals,
reactions with spin traps vary greatly. On the other hand, the carbon dioxide anion radical
CO2

•− can readily form a spin adduct with DMPO.

Sulfur Trioxide Radical Anion (SO3
•−) and Spin Adducts

Theoretical analysis of SO3
•− was carried out at the PCM/B3LYP/6-31G**//B3LYP/6-31G*

level of theory and shows a trigonal pyramidal geometry. The charge density distribution of
SO3

•− from an NPA (Figure 1) reveals negative character on all three O atoms (−.99 e) and a
positive charge on the S atom (1.97 e).

Additionally, the NPA reveals increased spin density distribution on the unprotonated O
atoms of the bisulfite (HSO3

•) radical (0.24 and 0.26) versus the sulfite radical anion O
atoms (0.19). Only the bisulfite radical adducts (both O- and S-centered) were calculated to
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be significantly exoergic (DMPO•-OSO2H ΔG298K,aq = −11.3 kcal/mol, DMPO•-SO3H
ΔG298K,aq = −3.1 kcal/mol, Figure 2). The formation of the sulfite radical adducts were
calculated to be more endoergic (DMPO•-OSO2

− ΔG298K,aq = 3.2 kcal/mol, DMPO•-SO3
−

ΔG298K, aq = 4.9 kcal/mol) than the formation of the bisulfite radical adducts. In spin
trapping studies of aqueous sulfite/bisulfite (100 mM Na2SO3) and DMPO (100 mM) in
2.0% H2O2 under 254 nm light, a spin adduct was detected (Figure 3). Comparison of the
hyperfine splitting constants taken from computer simulation of the experimental spectra (aN
= 14.5, aH-β = 16.1) qualitatively correlates best with the theoretical hyperfine splitting
constants (Table 1) corresponding to DMPO•-SO3H (aN = 12.2, aH-β= 14.1). In the
calculated hfcc’s of the DMPO-SO3H radical adduct, the aN is 1.87 G less than the aH-β
compared to 1.59 G for our experimental sulfite radical adduct. All other calculated sulfite
adducts exhibited the opposite trend (i.e., aN > aH-β).

The determination that the adduct exists in the protonated S-centered form can be explained
by the presence of a stabilizing intramolecular hydrogen bond yielding a pseudo-six-member
ring in this structure (see section on adduct pKa). The observed spectrum gradually
decomposed to DMPO•-OH over the course of the experiment. Simulations of spectra taken
at 0, 5, and 10 min showed increasing intensity for DMPO•-OH and decreasing sulfite/
sulfate radical adduct concentrations as a function of time (Table 2). For the sake of
thoroughness, we calculated the thermochemistries at the same level of theory for various
conformers of a system consisting of a DMPO-bisulfite radical adduct with two water
molecules and in consideration of the bulk dielectric effect of water. It was interesting to
note that the most thermodynamically favourable structure did indeed break the
intramolecular H-bond of the ring, however the next most favourable structure included the
intramolecular H-bond of the intact ring and the difference in energy was only less than 7.5
kcal/mol leading us to believe that the ring conformer is a contributing structure and that
these two forms may exist in equilibrium in solution. The intramolecular H-bond would
needless to say contribute more in a less polar solvent. Perhaps more importantly, we found
that the hyperfine coupling constants of the ring conformer still exhibited the qualitative
trends that most closely matched our experimental data.

Sulfur Tetroxide Radical Anion (SO4
•−) and Spin Adducts

Theoretical analysis of SO4
•− was carried out at the PCM/B3LYP/6-31G**//B3LYP/6-31G*

level of theory and shows a tetrahedral geometry. Natural population analysis of the
electronic structures of SO4

•− and HSO4
• reveal the S center is highly oxidized in both forms

(2.52 e) and with negligible spin density (−0.06 and −0.07 respectively).

The only conceivable radical addition would yield an O-centered adduct, as the majority of
the spin character is found to be distributed over two O atoms in both the sulfate and
bisulfate radicals. The calculated free energies of adduct formation supports this reasoning:
the S-centered adducts are calculated to be highly endoergic (DMPO•-SO4

− ΔG298K,aq =
105.8 kcal/mol, DMPO•-SO4H ΔG298K,aq = 77.7 kcal/mol) (Figure S1) while the O-
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centered adducts are highly exoergic (DMPO•-OSO3
− ΔG298K, aq = −17.1 kcal/mol,

DMPO•-OSO3H ΔG298K,aq = −28.9 kcal/mol) (Figure 2). The difference in energetics
between the unprotonated and protonated O-centered adducts can be explained by the
presence of a stabilizing intramolecular hydrogen bond in the protonated adduct (see section
on adduct pKa). In the spin trapping study of aqueous (NH4)2S2O8 (100 mM) and DMPO
(100 mM) under 254 nm light, a signal was observed (Figure 3). Comparison of the
hyperfine splitting constants taken from the computer simulation of the experimental spectra
(aN = 13.7, aβ-H = 10.5, aγ-H = 1.5) qualitatively correlates best with the theoretical
hyperfine splitting constants (Table 1) corresponding to DMPO•-OSO3H (aN = 11.4, aβ-H =
8.9, aγ-H = 1.5). In the calculated hfcc’s of DMPO-OSO3H, the aN was 2.55 G greater than
the aβ-H compared to 3.2 G for our experimental sulfate radical adduct. The DMPO•-OSO3H
adduct, like DMPO•-SO3H was shown to gradually decompose to DMPO•-OH (Table 2) but
at a relatively slower rate.

Acidity of Adducts

A pKa value was calculated53 for each DMPO•-SO2H (both O- and S-centered), DMPO•-
SO3H (both O- and S-centered), and DMPO•-OSO3H and the results are presented in Table
3. The pKas of the DMPO•-SO2H and DMPO•-OSOH adducts were calculated to be 5.9 and
13.2 respectively. The difference in acidity can be deduced from the adduct structures where
the lack of resonance and charge delocalization in the conjugate base of the O-centered
adduct is the likely cause of its high pKa (Scheme 2). The structural assignments for the
sulfite and sulfate radical adducts may prove puzzling as the experimentally observed hfcc’s
for the sulfur trioxide and sulfur tetroxide adducts were determined to be closer to the
predicted hfcc’s for DMPO•-SO3H and DMPO•-OSO3H respectively (Table 1). Yet, these
adducts should be deprotonated at pH 7 as sulfonic acids (RSO3H) and sulfate esters
(ROSO3H) are extremely acidic (pKa Me-SO3H = −1.92, pKa Me-OSO3H = −3.54)58,59 and
the calculated pKa values for these species, although greater, are still highly acidic (Table 3).
However, studying the structure of both adducts reveals that the acidic protons of both
adducts are engaged in an intramolecular hydrogen bond with the nitronyl O atom, forming
a pseudo-six-member ring in DMPO•-SO3H, and a pseudo-seven-member ring in DMPO•-
OSO3H (Figure 4). Pseudo-five and six-member rings formed by intramolecular H-bonds
have been long known to be uniquely stable structures that help stabilize a conjugate acid
over its base form.60 The inconsistency between the observed structure and the calculated
pKa can be rationalized by the fact that the calculation used to determine pKa was developed
as a method of approximation, and does not account for such intramolecular interactions.
This idea may also help explain why the S-centered adduct was observed in the sulfite spin
trapping experiment; the S-centered adduct results in a pseudo-six-member-ring, while an
O-centered adduct would result in a less favorable pseudo-seven-member ring. It is also
likely that despite the stabilizing geometry of the rings that the adducts would still exist in
equilibrium with their conjugate bases and that the theoretical geometries assigned to these
adducts resemble the most favorable approach-geometry of the bisulfite and bisulfate
radicals to DMPO.

Mechanisms of Decomposition of SO3
•− and SO4

•− Adducts

Adducts of both sulfite and sulfate radical anions decomposed to DMPO•-OH and the
possible mechanisms of decomposition were investigated. Although oxidation of DMPO by
any present radicals to its radical cation form (DMPO•+) followed by hydration to form
DMPO•-OH is possible, this mechanism is highly unlikely to occur based on [17O] isotopic
labeling experiments as previously discussed in detail by Mason and coworkers.61,62 This
suggests that nucleophilic substitution via hydrolysis is responsible for producing the
hydroxyl radical adduct.63 Two plausible mechanisms for the decomposition of the observed
adducts to DMPO•-OH are hydrolysis at the Cα-O bond or O-S bond in O centered adducts
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or the Cα-S bond in S-centered adducts (Scheme 3), or an intramolecular cleavage reaction
(Scheme 4). Calculations were performed at the PCM/B3LYP/6-31G**//B3LYP/6-31G*
level of theory for both mechanisms (Table 4). The results suggest that hydrolysis is most
favorable, and thus responsible for most of the observed decomposition to DMPO•-OH.

Based on electrophilicity alone, nucleophilic attack of H2O appears more likely to occur at
the S atom than at the Cα in either adduct (DMPO•-SO3H charge S = 2.34 e Cα = –0.32 e,
DMPO•-OSO3H charge S = 2.56 e Cα = 0.20 e). To confirm this hypothesis, an EPR
experiment with DMPO, (NH4)2S2O8, and H2

17O was UV irradiated and yielded EPR
spectrum. Figure 5 shows spectra with a multiplet EPR signal consistent with hfcc
contribution from the 17O isotope. Simulation of the spectra revealed hfcc’s of aN = 15.0–
15.1, aβ-H = 13.9-13.8, a17-O = 4.0 which can be assigned to the formation of DMPO•-17OH.
This data is consistent with those reported by Mason and coworkers for DMPO•-17OH with
hfcc values of aN = 15.01, aβ-H = 15.01, a17-O = 4.66. Figure 5a shows DMPO•-17OH
formation in the presence of FeCl3 alone as control via metal-catalyzed Forrester-Hepburn
mechanism, and Figure 5b shows a significant amount of DMPO•-17OH (~ 12%) formed in
the presence of irradiated (NH4)2S2O8. The formation of DMPO•-17OH in Figure 5b
suggests nucleophilic substitution by H2

17O occurs at the Cα in DMPO•-OSO3H and
predominates over the S-centered substitution in spite of the higher charge on the S atom
compared to the Cα (Scheme 3). This suggests that sterics may be the more predominant
factor over electrostatics in determining the mode of hydrolysis in O-centered adducts.

Examining the EPR spectra (Figure 3) from 0 minutes to10 minutes shows that the DMPO•-
OSO3H is more stable than the DMPO•-SO3H. This stability for DMPO•-OSO3H can be due
to the fact that –OSO3H group is bulkier than the –SO3H group and thus presents a less
favorable nucleophilic substitution reaction of H2O. The intramolecular cleavage reaction on
the other hand, is unaffected by steric factors as the first step is dissociative. The Cα-O bond
of DMPO•-OSO3H at 1.44Å is also shorter and hence stronger than the Cα-S bond of
DMPO•-SO3H at 1.86Å. The highly oxidized S atom of the –SO3H group is also highly
electron withdrawing (charge of S in DMPO•-SO3H = 2.34 e), making it a much better
leaving group than –OSO3H (charge of O in DMPO•-OSO3H = –0.75 e) in either an SN1 or
SN2 type hydrolysis.

Nucleophilic Addition versus Radical Addition

Evidence regarding the Forrester-Hepburn adduct formation pathway is consistent with
previous studies which have found it to be an unlikely source of the radical adducts.62

Calculations were performed at the PCM/B3LYP/6-31G**//B3LYP/6-31G* level of theory
for the mechanisms outlined in Table 5. Only the unprotonated sulfite adduct formation is
thermodynamically feasible via the nucleophilic addition mechanism (DMPO-SO3

−

ΔG298K,aq = 1.6, DMPO-OSO2
− ΔG298K,aq = −0.1) and while these values are slightly more

exoergic than the equivalent radical addition mechanism (DMPO-SO3
− ΔG298K,aq = 4.9,

DMPO-OSO2
− ΔG298K,aq = 3.2) it is noted that the addition of the bisulfite radical is more

exoergic (DMPO-SO3H ΔG298K,aq = −3.1, DMPO-OSO2H = −11.3) compared to the
Forrester-Hepburn pathway in which the first step (i.e., nucleophilic addition of SO3

2− to
DMPO) is highly endoergic (DMPO-SO3

2− ΔG298K,aq = 36.2 kcal/mol, DMPO-OSO2
2−

ΔG298K,aq = 36.0 kcal/mol) (Table 5).

CONCLUSIONS

Additions of SO2
•−, SO3

•−, and SO4
•− to the spin trap DMPO were investigated

experimentally using EPR and computationally at the PCM/B3LYP/6-31+G**//B3LYP/
6-31G* level of theory. Spin trapping studies revealed signals for an S-centered sulfite
radical adduct and an O-centered sulfate radical adduct, but no signal was observed for an
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adduct of sulfur dioxide radical anion and DMPO. The spin trapping results were consistent
with the computations that showed unfavorable addition for sulfur dioxide radical anion, a
predominant S-centered adduct for SO3

•−, and a predominant O-centered adduct for SO4
•−.

Both adducts were predicted to be protonated based on their optimized structures and
qualitative comparison of the experimental and theoretical hfcc’s. In the EPR study both
adducts decomposed over time to DMPO•-OH, most likely via hydrolysis at the Cα as
confirmed by 17O isotope labeling of H2O. An alternate, nucleophilic-addition mechanism
to formation of the sulfite radical adduct (Forrester-Hepburn) was investigated at the PCM/
B3LYP/6-31+G**//B3LYP/6-31G* level of theory and found to be unfavorable with respect
to the radical addition mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Aqueous phase bond distances, spin and charge (in parentheses) densities of various radicals
at the PCM/B3LYP/6-31+G**//B3LYP/6-31G* level.
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Figure 2.

Bond distances, spin and charge densities (in parentheses) of selected SO2, SO3, and SO4
radical adducts of DMPO and their respective conjugate acids. Also shown are the aqueous
phase free energies and enthalpies of reaction (ΔG298K, aq, ΔH298K, aq in kcal/mol) at the
PCM/B3LYP/6-31G**//B3LYP/6-31G* level of theory.
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Figure 3.

X-band EPR spectra of DMPO (100 mM), Na2SO3 (100 mM) and H2O2 (2.0% v/v) under
254 nm light taken at (A) t = 0 min, (B) Simulation of A (DMPO•-SO3: aN = 14.52, aβ-H =
16.11; DMPO•-OH: aN = 15.02, aβ-H = 14.50), (C) at t = 5 min, (D) at t = 10 min. Spectra of
DMPO (100 mM) and (NH4)2S2O8 (100 mM) under 254 nm light taken at (E) t = 0 min, (F)
Simulation of E (DMPO•-SO4: aN = 13.66, aβ-H = 9.97, aγ-H1 = 1.55, aγ-H2 = 0.73; DMPO•-
OH: aN = 15.02, aβ-H = 14.72), (G) at t = 5 min, (H) at t = 10 min.
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Figure 4.

Hydrogen bonding and the pseudo-ring formation of the optimized structures of DMPO•-
SO3H (left) and DMPO•-OSO3H (right).
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Figure 5.

(A) X-band EPR spectra of DMPO (100 mM), FeCl3, and H2
17O (20% 17O atom). (B)

Simulation of A (DMPO•-16OH: aN = 14.96, aβ-H = 14.68; DMPO•-17OH: aN = 15.11, aβ-H
= 13.93, a17-O = 4.81). (C) Spectra of DMPO (100 mM), (NH4)2S2O8, and H2

17O. (D)
Simulation of C (DMPO•-OSO3H: aN = 13.74, aβ-H = 9.93, aγ-H1 = 1.47, aγ-H2 = 0.57;
DMPO•-16OH: aN = 15.01, aβ-H = 14.74; DMPO•-17OH: aN = 15.02,, aβ-H = 13.84, a17-O =
4.84). Literature value for DMPO•-17OH: aN = 15.01, aβ-H = 15.01, a17-O = 4.66.62
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Scheme 1.

(A) Radical addition and (B) Forrester-Hepburn pathways for the formation of radical
adduct
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Scheme 2.

Acid-base chemistry of sulfur dioxide radical adducts
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Scheme 3.

Hydrolysis of sulfite radical adduct showing nucleophilic substitution at the (A) Cα; (B) S;
of the O-centered adducts as well as (C) Cα of the S-centered adduct. Only hydrolysis at Cα
of an O-centered adduct will result in additional epr signal splitting in the presence
of 17OH2.
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Scheme 4.

Intramolecular cleavage decomposition of (A) O-centered sulfite radical adducts; and (B) O-
centered sulfate radical adduct
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Table 1

Calculated hyperfine splitting constants (in Gauss, G) at the PCM/B3LYP/6-31G**//B3LYP/6-31G* level of
theory and experimentally obtained hyperfine splitting constants.

adduct isotropic hyperfine splitting constants (G)

Nitronyl-N β-H γ-H

theoretical

DMPO•-OSO− 10.8 6.1 2.3

DMPO•-OSOH 9.0 6.2 1.8

DMPO•-SO2
− 11.7 18.8 1.9

DMPO•-SO2H 9.4 13.8 1.3

DMPO•-OSO2
− 12.1 3.8 1.2

DMPO•-OSO2H 10.8 6.1 1.6

DMPO•-SO3
− 11.0 9.4 1.0

DMPO•-SO3H 12.2 14.1 1.6

DMPO•-OSO3
− 11.0 4.2 1.7

DMPO•-OSO3H 11.4 8.9 1.5

experimental

DMPO•-SO3
− 14.52 16.11 -

DMPO•-SO4
− 13.66 10.46 1.53

DMPO•-OH 15.04 14.75 -

reported experimental61,62

DMPO•-SO3
− 14.7 15.9

DMPO•-SO4
− 13.8 10.1 1.38
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Table 2

Relative areas of the sulfite and sulfate radical adducts with DMPO•-OH as a function of time

spin adduct prevalence

scan time (min) DMPO•-SO3 DMPO•-OH

0 79% 21%

5 47% 53%

10 14% 86%

scan time (min) DMPO•-SO4 DMPO•-OH

0 59% 41%

5 56% 44%

10 43% 57%
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Table 3

Calculated pKa of the conjugate acids of various adducts

DMPO•-X pKa

-OSOH 13.2

-SO2H 5.9

-OSO2H 3.6

-SO3H 0.9

-OSO3H −1.3
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N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Zamora and Villamena Page 25

Table 4

Thermochemistries (in kcal/mol) of the various decomposition pathways at the PCM/B3LYP/6-31G**//
B3LYP/6-31G* level of theory.

hydrolysis

DMPO•-X + H2O DMPO•-OH + HX ΔG298K,aq ΔH298K,aq

DMPO•-SO3
− HSO3

− −3.5 7.2

DMPO•-OSO2
− HSO3

− −1.8 9.8

DMPO•-OSO3
− HSO4

− −2.6 3.9

intramolecular cleavage

1

DMPO•-OXn DMPO•-O− + XOn-1 ΔG298K,aq ΔH298K,aq

DMPO•-OSO2
− SO2 16.9 29.8

DMPO•-OSO3
− SO3 48.8 62.4

2

ΔG298K,aq ΔH298K,aq

DMPO•-O−, H2O DMPO•-OH, OH− 5.4 59.0

net intramolecular cleavage energetics

Adduct ΔG298K,aq ΔH298K,aq

DMPO•-OSO2
− 22.4 88.8

DMPO•-OSO3
− 57.2 121.4
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Table 5

Thermochemistries (in kcal/mol) of the Forrester-Hepburn-mediated spin adduct formation at the PCM/
B3LYP/6-31G**//B3LYP/6-31G* level of theory.

free energies and enthalpies of reaction (kcal/mol)

Anion (X) Products (DMPO−-X) ΔG298K,aq ΔH298K,aq

SO3
2− DMPO−-SO3

− 36.3 −37.9

SO3
2− DMPO−-OSO2

− 36.0 −41.4

HSO3
− DMPO−-SO3H 13.4 −6.5

HSO3
− DMPO−-OSO2H 10.7 −4.8

DMPO−-X Protonated nitrone (DMPOH-X) ΔG298K,aq ΔH298K,aq

DMPO−-SO3
− DMPOH-SO3

− −2.7 −40.0

DMPO−-OSO2
− DMPOH-OSO2

− −5.8 −38.9

DMPO−-SO3H DMPOH-SO3H 52.4 110.6

DMPO−-OSO2H DMPOH-OSO2H 47.4 98.1

DMPOH-X Radical adduct (DMPO•-X) ΔG298K,aq ΔH298K,aq

DMPOH-SO3
− DMPO•-SO3

− −31.9 −21.9

DMPOH-OSO2
− DMPO•-OSO2

− −30.3 −22.0

DMPOH-SO3H DMPO•-SO3H −30.6 −27.4

DMPOH-OSO2H DMPO•-OSO2H −31.0 −21.6

Overall energetics for the Forrester-Hepburn Mechanism (sum of steps 1–3)

Radical adduct ΔG298K,aq ΔH298K,aq

DMPO•-SO3
− 1.6 −99.8

DMPO•-OSO2
− −0.1 −102.4
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free energies and enthalpies of reaction (kcal/mol)

Anion (X) Products (DMPO−-X) ΔG298K,aq ΔH298K,aq

DMPO•-SO3H 35.2 76.6

DMPO•-OSO2H 27.1 71.6
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