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Sulfenic acids are involved in major chemical processes occurring in the atmosphere, in food chemistry
and in biological systems. In these diverse environments, oxidation reactions caused by reactive oxygen
species, especially hydroxyl (OH) and hydroperoxyl (HO,) radicals, are very important, but their
mechanisms remain poorly understood. To address this question, in this paper we present high-level
theoretical results on selected reactions in gas phase and in aqueous solution. The study shows that the
abstraction of the acidic hydrogen by OH or HO is the most important process in all cases. It leads to
the formation of sulfinyl radicals and H,O or H,O,, respectively, following a proton-coupled electron
transfer (pcet) mechanism. The associated rate constants depend on sulfenic acid derivative when the
oxidizing species is HO,, but all processes are diffusion controlled in the case of reaction with OH. From
structurally simple systems to a cysteine-derived model peptide, this work provides a systematic study
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Introduction

Oxidation reactions are ubiquitous and play key roles in the
chemistry of the atmosphere, in environmental chemistry and
in biological systems. Among the most important oxidants in
all these environments, the hydroxyl (OH) radical, the hydro-
peroxyl (HO,) radical and its associated superoxide anion O,
hydrogen peroxide (H,0,) and ozone (O;) have special rele-
vance and are commonly classified as reactive oxygen species
(ROS). In the atmosphere, the gas-phase chemistry of the HO,
radicals and ozone prevails. In living organisms, ROS can
originate from pollutants in the environment,"” but they can also
have an endogenous origin, initiated by electron reduction of
molecular oxygen.” They have important biological signaling
activities, but cause oxidative stress when dysfunction within
the antioxidant system occurs.*® Excess ROS in living organisms
can lead to problems such as protein oxidation, through either
cleavage of the polypeptide chain or modification of amino acid
side chains, and lipid oxidation.”"* The chemistry of ROS in the
atmosphere and in biological systems has many similarities
despite the different composition and thermodynamic conditions
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that contributes to a comprehensive understanding of the reactivity of sulfenic acids with radicals.

between these media, and this similarity has been discussed by
bringing in data across the literature to highlight the common
chemistry connections to all of these systems and chemical
reaction environments.> Here we report on our study of the
reactivity of sulfenic acids with ROS species (i.e. OH and HO,)
across different reaction environments, namely gas- and solution-
phases.

Sulfenic acids (R-SOH) have been of keen interest for more
than three-quarters of a century and play important roles
in different environments. They have been found to be key
reaction intermediates in organic and bioorganic sulfur chem-
istry, as they can exhibit both nucleophilic and electrophilic
character.”'°

In the atmosphere, dimethyl sulfide (CH;SCH;, DMS)*" and
dimethyl disulfide (CH;SSCH;, DMDS)"? are major sources of
atmospheric sulfur, with a great impact on the formation of
aerosols, on climate and on air quality.”**® The atmospheric
oxidation of DMS and DMDS are mainly initiated by OH and
the major products are methane sulfonic acid and sulfur
dioxide, which further reacts with OH and H,O leading to
sulfuric acid. However, between 3% and 7% of the DMS
oxidation product forms methane sulfenic acid (CH3;SOH,
MSEA),"®'” and about 98% of the oxidation of DMDS by
hydroxyl radical produces MSEA.'®*?° Indeed, methane sulfenic
acid is quite stable in the gas phase®' and has been characterized
by microwave spectroscopy, by photoelectron spectroscopy, and
by Fourier transform infrared spectroscopy,'>*"** and its photo-
chemistry has recently been investigated.”® However, its reactiv-
ity remains largely unexplored, with the exception of its reaction
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with ozone.?® Consequently, investigating the reactions of MSEA
with OH and HO,, two of the primary atmospheric oxidants, is of
significant interest.

In food chemistry, allium plants such as garlic, onion,
leeks and shallots are known to play important roles in cure
and prevention of human diseases, including bacterial,
viral and fungal infections. These plants also show antioxidant,
anti-blood pressure or even anticancer properties, which are
mostly attributed to the sulfur compounds they contain, with
sulfenic acids among them.*** In particular, the enzyme
alliinase catalyzes the cleavage of S-allyl-L-cysteine S-oxide
(in garlic)® or S-alkenylcysteine S-oxide (in onion)*® producing
2-propenesulfenic acid (CH,—CH-CH,SOH) and 1-propen-
sulfenic acid (CH;-CH—CHSOH), respectively. These acids
are potent antioxidants,”” ' having a much greater radical
scavenger abilities than other sulfur compounds.®? It is worth
mentioning that when onions are cut their cells are broken and
release the enzyme alliinase and water, which react with
S-alkenylcysteine S-oxide, producing 1-propenesulfenic acid.
The oxidation of this sulfenic acid by lachrymatory factor
synthase leads to the formation of syn-propanethial S-oxide
(CH3CH,CHSO), which irritates the lachrymal glands, causing
tears when peeling onions.

Sulfenic acids are also formed by the oxidation of thiol
groups (-SH),** such as the cysteine residues of proteins,*
or by the oxidation of cysteine disulfides by hydroxyl radical.
They play an important role in enzyme catalysis, redox home-
ostasis, and cell signaling.>**® Consequently, they are crucial
in the regulatory system and in combating elevated concen-
tration of reactive oxygen species (ROS) under oxidative
stress conditions.®*? Sulfenic acids can also be formed by a
two electron oxidation mechanism involving hydrogen perox-
ide, superoxide anion, hydroperoxides, nitric oxide, peroxyni-
trite, by hydrolysis and oxidation of disulfides or by reaction
with monooxygenases.”?”***! Sulfenic acids can either act
as nucleophiles or electrophiles,’®?” reacting with hydrogen

3

Scheme 1 Sulfenic acids considered in this work.
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peroxide, thiols, thiolates, amines and others,
as radical trapping species.®?* " It has also been proposed that
protein—-SOH intermediates react with a secondary thiol group
leading to the formation of a disulfide bond.*®*”*® However
hydroxyl radical can also react with disulfide bonds leading to
the back formation of sulfenic acids.’”*" Very interestingly, it
has recently been shown that sulfenic acid can activate the
decomposition of H,0, producing OH radicals.* Little is
known about the evolution and degradation of these sulfenic
acids, and we hypothesized that oxidation with HO, could be a
relevant degradation route.

In this work we investigate the affinity of sulfenic
acids 1 to 4 (Scheme 1) with OH and HO, (HO,) radicals,
both in gas phase and in water solvation. Compounds 1, 2,
and 3 are important species in the atmosphere, in garlic,
and in onion, respectively, whereas compound 4, which
includes two peptide bonds, is chosen to model the sulfenic
acid that would arise from oxidation of cysteine side-chain in
proteins.

The goal is to provide insight into the molecular drivers
behind the reactivity of sulfenic acids with OH and HO,
radicals, from fundamental, structurally simple sulfenic acids
to more complex systems, and to develop a common reactivity
scale that crosses atmospheric, environmental, and biological
media, where this chemistry takes place.

Theoretical methods

All the reactions between compounds 1, 2, and 3 with OH and
HO, radicals have been investigated, in a first step, with
the M06-2X>° density functional using the 6-311+G(2df,2p)
basis set.>" In a second step, and in order to obtain accurate
relative energies, we have performed single-point energy calcu-
lations at the optimized geometries using different theoretical
approaches, depending on the system, namely:

?“

W
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(1) The domain-based local pair natural orbital coupled
cluster including perturbative triplet excitation DLPNO-
CCSD(T)** method with the aug-cc-pVTZ basis set,** and

(2) the coupled cluster method with single and double
excitations, and a perturbative treatment of all connected triplet
excitations CCSD(T) method>® employing the aug-cc-pV(T+d)Z,
aug-cc-pV(Q+d)Z and complete basis set (CBS) limit.>>>*>>7

For the reaction of compound 4 with OH and HO, radicals, the
computational methods employed include a combination of
molecular mechanics (MM) methods,*® ab initio density func-
tional theory with the M06-2X density functional approach fol-
lowed by single point energy calculations at DLPNO-CCSD(T).>>>°

The solvation effects have been considered by re-optimizing
and characterizing all stationary points employing the M06-2X
functional using a polarizable implicit solvent model (PCM)®
with water as solvent, where the solvation free energies have been
calculated taken into account the conversion between the gas
phase standard state at 298 K and 1 atm to 1 M reference state in
solvation (see ESIt). The role of explicit water molecules has also
been discussed using a combined implicit-explicit model.

For the reactions involving compounds 1, 2, and 3 with HO,
radical, the rate constants have been calculated according to
conventional transition state theory taking into account tunnel-
ing effects for an unsymmetrical Eckart barrier.®! For reactions
with compound 4 with HO, radical, the kinetics calculations
have been computed according to conventional transition state
theory, but in the framework of multi-conformer transition
state theory (MC-TST). In this case we have taken into account
the tunneling effects according to the Wigner approach The
reactions of sulfenic acids with OH radical are predicted to be
diffusion controlled, and we have computed the association
rate constants of 1, 2, and 3 with OH radical employing the
VRC-VTST (variable reaction coordinate - variational transition
state theory).®>®* Further details of theoretical approaches used
are described in the ESL¥

Results and discussion

All reactions investigated begin with the formation of a pre-
reactive complex between the corresponding sulfenic acid and
the hydroxyl or hydroperoxyl radical. The reactions continue
through a transition state and lead to the formation of a post-
reactive complex before the release of the products. We have
named every stationary point by a number, which identifies the
compound as in Scheme 1, followed for the letter A or B,
identifying that the reaction takes place with HO, of HO
radicals respectively, followed by the letters R for reactant, CR
for pre-reactive complex TS for transition states, or CP for post-
reactive complex, and followed by a number. Thus, for instance,
1ATS2 identifies the transition state number 2 for the reaction
of compound 1 (CH;SOH) with HO,, while 3BCR1 identifies the
pre-reactive complex number 1 of the reaction of compound 3
(CH;CHCHSOH) with OH.

We will begin analyzing some properties of the 1-4 sulfenic
acids, and continue by discussing the reaction mechanisms.

8858 | Phys. Chem. Chem. Phys., 2025, 27, 8856-8867
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First, we will pay attention to the reaction of the parent
methane-sulfenic acid (1) with hydroperoxyl and hydroxyl
radicals, and will discuss the main electronic features. We will
continue analyzing the reactivity of compounds 2, 3, and 4.
Finally, we will discuss the effects of water solvation, and we
will report the computed rate constants.

In a previous work, we investigated the reactivity of hydroper-
sulfide (CH3SSH) with hydroxyl radical,®* showing that there is a
competence between the addition of the radical to one of the sulfur
atoms and the abstraction of the acidic hydrogen atom. Because
CH;SSH and CH;SOH have the same number of valence electrons,
we have also considered both possibilities for the reaction of
sulfenic acids with OH and HO, radical. In addition, we have also
considered the possible abstraction of one hydrogen atom of the
methyl group for the reaction of 1 + OH and the addition of the OH
radical to the © bonds in the reactions of 2 and 3 with OH.

A. The sulfenic acids 1-4

Little is known about the acidity of sulfenic aids, and the few
available values in the literature cover a wide range of pK,, from 4.8
for lumazine-sulfenic acid and 6.3 for 1-methyluracil-4-sulfenic
acid,* to 12.5 for triptycenyl sulfenic acid®® and 10.47 for 2-methyl-
2-propanesulfenic acid.®® Therefore, we have first calculated
the gas phase acidity and estimated the corresponding pK, in
water. The pK, values have been calculated by considering the
thermodynamic cycle reported in the ESL{ Absolute pK, values
are obtained by taking the experimental pK, of 2-methyl-2-
propanesulfenic acid, (CH3);SOH, as the reference, and calculating
relative 0pK, values from the process R-SOH + (CH3);-SO” — R-
SO~ + (CH3)3-SOH. Our results are displayed in Table 1. Note that
our computed gas phase acidity of compound 1 compares very well
with the experimental value. The estimated pK, values of com-
pounds 1-4 range between 8.4 and 11.3 implying that all these
species will be in an unionized form aqueous environments, such
as in atmospheric clouds or in biological conditions, and that
therefore they can react with OH and HO, radicals.

B. Reaction of sulfenic acid compounds with HO, radical

Our results, presented in Fig. 1-3 and Table 1, provide new
insights into the reaction of methane sulfenic acid with HO,,

Table 1 Calculated gas phase acidity (in kcal mol™), free energies of
solvation (in kcal mol™) and pK, values for sulfenic acids?

AGaC;dityb (gas phase)

Compound Calculated Exp.© AGso1y (RSOH) AGsor, (RSOT) pKa

(CH;);SOH 349.0 — —3.7 —61.5 10.47¢
1 352.5 352.0 £3.0 —4.0 —66.1 9.90°
2 349.0 — -3.7 —63.8 8.88°
3 345.7 — —4.1 —61.4 8.46°
4 334.6 — —12.2 —54.5 11.30°

“ Calculated taking the CCSD(T) energies (DLPNO-CCSD(T) in the case
of compound 4) and free energy corrections at M06-2X level. ” Corre-
sponds to the R-SOH — RSO~ + H' reaction. ¢ Taken from ref. 67.
d - e . .

Experimental value from ref. 66. ¢ Calculated by adding to the experi-
mental values the dpK, according the R-SOH + (CH;);-SO™ = R-SO™ +
(CH3)5-SOH equilibrium.

This journal is © the Owner Societies 2025
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1ATS4 (addition)

1ACR2 475

CH;,SOH + HO,

1ATS1 (pcet)
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1ATS2 (pcet)
|4

e
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1ATS3 (hat)

CH;SO0 + H,0,

Fig. 1 Schematic free energy surface for the reaction of methane sulfenic acid CH3zSOH with HO,, computed at CCSD(T)/aug-cc-pV(T+d)Z level of

theory with free energy corrections obtained at M06-2X level.

complementing previous studies on sulfenic acids reacting with
HO, and methoxy radicals reported in the literature.**"® Fig. 1
illustrates the free energy profile of the gas-phase reaction of
methane sulfenic acid with HO,, offering a representation of the

reaction pathway. Fig. 2 highlights the most relevant electronic
features of the processes involved, revealing details that enhance
our understanding of the reaction mechanisms. Further data
can be found in Table 1 and the ESL}

6 ‘gs J&:\b ’ol } ‘}
U ey 3
. , . 3 \4‘: ") o H
\If)l/—c/z éi/ N ‘J{)‘ (./
1ATS1 (pcet) 1ATS2 (pcet) 1ATS3 (hat)

Fig. 2 Electronic features for the different elementary reaction of the hydrogen abstraction of CHzSOH by HO,.
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Fig. 3 Relative free energy differences at 298 K between the different conformers of the transition states with the lowest reactant 4. Each elementary
reaction involves the acidic hydrogen abstraction by HO, following the pcet mechanism with the same electronic features as described for 1ATS1 above.
The free energies are computed at DLPNO-CCSD(T)/aug-cc-pVTZ level of theory, with free energy corrections obtained at M06-2X level, and corrected
by —3.8 kcal mol™2. See (ESIY).

We have found three different kinds of processes for the
abstraction of the hydrogen acid by the radical, with free energy
barriers at 298 K of 10.65, 12.00, and 14.12 kcal mol™*
(via 1ATS1, 1ATS2, and 1ATS3, respectively), all of them leading
to the formation of methylsulfinyl radical (CH;SO) radical® and
H,0,. The reaction is calculated to be exoergic by 16.69 kcal mol .

We have also found an additional reaction path involving the
addition of the HO, radical to the sulfur atom (via 1ATS4) with a
computed energy barrier of 16.43 kcal mol ’, producing the
CH,S(OH), radical which is endoergic by 14.31 keal mol ™. Further
work (not displayed in Fig. 1) has shown that the CH3S(OH),
radical easily hydrolyzes to CH3SO + H,0, + H,O (see the ESI}).

Table 2 Relative energies (A(E + ZPE)g,s), free energies at gas and aqueous phases (AGg,s and AGs,) at 298 K, and computed rate constants (in M~ts™Y
at 298 K

d

A(E + ZPE)gas AGgaus AGsol kgas ksolv
RSOH + HO, — RSO + H,0,
1ATS1” 0.17 10.65 11.35 3.84 x 10° 8.74 x 10*
(6.38 x 10°*%)
2ATS1? —0.45 10.11 11.19 1.39 x 107 2.14 x 10°
(2.31 x 1071
3ATS1? 0.37 10.98 11.62 2.12 x 10° 6.87 x 10*
(3.52 x 107"
4ATS17°¢ —4.33 6.76 6.86 1.15 x 10® 5.37 x 10’
(7.37 x 107"%)
A(E + ZPE)gﬂs AGgas AGsol kgasd
RSOH + OH — RSO + H,0
1BTS1¢ —14.27 —5.41 —5.51 Diffusion controled
(6.31 x 10 ')
2BTS1? —~16.75 —7.71 —6.87 Diffusion controled
(2.51 x 107
3BTS1” —-15.71 —6.92 —7.61 Diffusion controled
(7.96 x 107"
4BTS1%¢ —14.33 —5.63 —4.49 Diffusion controled

¢ Computed at CCSD(T)/aug-cc-pV(T+d)Z level, with zero point energy and free energy corrections obtained at M06-2X level. > Computed at DLPNO-
CCSD(T)/(aug-cc-p)Z level, with zero point energy and free energy corrections obtained at M06-2X level. The corresponding values are corrected by
—3.8 keal mol . See ESI. © Relative energy between the reactant having the lowest free energy and the transition state with the lowest energy. ¢ Gas
phase rate constants are given in M~ s~ to allow comparison with solvation. The values in cm® molecule * s~ are given in parenthesis. ¢ Gas
phase rate constant computed at VRC-VTST level of theory.” Rate constant of VRC-VTST association reaction of three pre-reactive complexes
(2BCR1 = 7.37 x 10~ '° cm® molecule * s, 2BCR1a = 1.2 x 10~ ° cm® molecule * s™* and 2BCR1b = 6.48 x 10 '® cm® molecule " s™*, see ESI).
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The analysis of the electronic structure, displayed in Fig. 2, shows
that 1ATS1 and 1ATS2 follow a proton coupled electron transfer
(pcet) mechanism and 1ATS3 involves a conventional hydrogen
atom transfer mechanism (hat).

1ATS1 has the same electronic features described for the
reaction of HSOH + HO, and the reaction of sulfenic acids with
methoxy and alkoxy radical,”®*>° and involves the transfer of
one electron from the sulfur atom 2 to the oxygen atom 6 and
simultaneously the jump of the proton 4 to the oxygen atom 7
(see Fig. 2 for atom numbering). On the other side, in 1ATS2 the
electron is transferred from the sulfur atom 2 to the oxygen
atom 5 and the proton is transferred to the same oxygen atom.
Please note that the distance of the atoms with which the
electron is transferred is much larger in 1ATS2 (3.01 A) than in
1ATS1 (2.83 A), having the latter a smaller free energy barrier by
3.6 kcal mol™' (see ESIt for more details). The elementary
reaction through 1ATS3 (hat mechanism) occurs by the simul-
taneous breaking and forming of the (RS)O-H and H-(OOH)
bonds requiring a much higher energy barrier than in 1ATS1.

Substitution of the -CH; by -CH,-CH—CH, and -CH—CH-
CH; groups (compounds 2 and 3) in the reaction with HO, does
not lead to significant differences, neither in the reaction
mechanisms nor in the corresponding energy barriers.
Table 2 shows that the reaction free energy of the lowest reaction
path differ in these cases by tens of kcal mol™*, and the free
energy barrier compare very well with that reported in the
literature.>* The addition of the radical to the sulfur atom lies
higher in energy and differs by less than 1 kcal mol~" compared
with the reaction of CH;SOH, and is described in the ESIL.}

The results for the reaction of the model 4 with HO,, are
summarized in Fig. 3, which collects the relative free energy

AGg,s(298K)/kcal-mol!

8.61

View Article Online
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barrier of the different conformers of the transition states with
respect to the free energies of the most stable R-SOH + HO,
reactants. The figure shows differences up to 11 kcal mol " in
the energy barrier of the hydrogen abstraction process along
the different compounds studied. Our results show that the free
energy barrier of the most favorable path is computed to be
about 4 kcal mol ' smaller than in the reaction of compounds
1, 2, and 3 with HO, (see Table 2). A detailed analysis of the
different transition states indicates that in all cases considered,
the processes have the same electronic features as described for
1ATS1 above, and the differences in the energy barriers may be
associated to side interactions. In Fig. 3 we have also included
the structures of the transition states of the reaction paths with
the lowest and highest energy barrier (4ATS1_1, and 4ATS1-33,
numbers 1 and 29 in Fig. 3). Fig. 3 shows that the 4ATS1_1 is
stabilized by a strong hydrogen bond (d(H-O) = 1.65 A) between
the terminal hydrogen atom of the hydroperoxyl moiety and
one oxygen atom of the carbonyl group, which does not exist in
4ATS1_33, and these results clearly highlight the importance of
further interactions on the energy barriers of these processes.
Again, other elementary reactions, such as the addition of the
radical to the S atom, do not have any impact in the reaction
rate and are discussed in the ESI.{

C. Reaction of sulfenic acid compounds with OH radical

Fig. 4 contains a schematic potential free energy surface for the
reaction of methane sulfenic acid with hydroxyl radical. Again,
and as mentioned above, each elementary reaction begins with
the formation of a pre-reactive complex before the transition
state and the release of the products.

3.05
0.00 1BCR2
CH;SOH + OH
-6.31
1BCR1

CH,SOH---H,0

CP1

Fig. 4
theory with free energy corrections obtained at M06-2X level.

This journal is © the Owner Societies 2025

CH,SOH + H,0

CH,SO + H,0

Schematic free energy surface for the reaction of methane sulfenic acid CHsSOH with OH, computed at CCSD(T)/aug-cc-pV(T+d)Z level of
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As pointed out above, we have considered three different
elementary reactions, namely the abstraction of the acidic
hydrogen by the OH radical (via 1BTS1), the addition of the
radical to sulfur atom (via 1BTS2), and the abstraction of one
hydrogen atom of the methyl group (via 1BTS3). Our results
show that the two first elementary processes begin with the
1BCR1 pre-reactive complex, and the free energy of the transition
state for the hydrogen abstraction by the OH radical (1BTS1) lies
below the free energy of the reactants (—5.41 keal mol™"), which
means that the reaction is controlled by diffusion, in contrast
with the reaction of CH;SOH with HO, described above, and any
encounter between methane sulfenic acid and hydroxyl radical
will produce the CH,;SO radical and H,0. We predict this
reaction to be exoergic by 48.08 kcal mol . Fig. 4 shows that
the free energy barrier fort the addition of the OH radical to
CH;SOH (via 1BTS2) is isoergonic with respect to the separate
reactants, producing CH;S(OH),, which, although not shown in
Fig. 4, easily hydrolyzes producing CH;SO + 2H,0 (see the ESIT).
Finally, the abstraction of one hydrogen atom of the methyl
group by the OH radical (via 1BTS3) requires a much higher free
energy barrier (8.61 kcal mol™ '), producing either CH,SOH +
H,O0 or through a double proton transfer (via 1BTS4) leading to
CH;SO + H,0. Because the abstraction of the acidic hydrogen
atom by OH is predicted to be diffusion controlled, we can
conclude that the abstraction of the hydrogen atom of the
methyl group will not occur.

Fig. 5(a) shows that the abstraction of the acidic hydrogen
atom (1BTS1) follows a pcet mechanism, which is characterized

View Article Online
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by a system of three electrons in two orbitals and involve the
transfer of one electron from the sulfur atom 2 to the oxygen
atom (5) of the radical and the simultaneous transfer for the
proton 4 from the oxygen of the CH3;SOH to the oxygen of the
radical. This kind of pcet processes described by a system of
three electrons in two orbitals has been already described for
other kind of reactions.®*”%7*

It is also worth comparing the reactions of sulfenic acid and
hydropersulfide (CH3;SSH) with hydroxyl radical. Both com-
pounds show great similarities as they have the same number
of valence electrons and behave as good antioxidants with great
ability to scavenge radicals.”>”® Moreover, RSSH can be also a
precursor of sulfenic acids by reacting with OH radicals.®*
In the case of the oxidation of CH;SSH with OH, results from
the literature indicate that there is a competition between the
addition of the radical to one sulfur atom and the hydrogen
abstraction, the latter, taking place via a pcet mechanism.**
For the purposes of the present work, we have compared the H
abstraction process in both reactions. Fig. 5(a) and (b) reveal
that both reactions follow a pcet mechanism, having the same
electronic features at the transition states as described above.
However, there are significant differences in their energetics.
Whereas the reaction of OH with RSSH needs to surmount a
free energy barrier of 6.41 kcal mol ' with respect to the
reactants, the substitution of SH by OH in CH3;SOH results in
a drop of the relative free energy of the transition state by
11.8 kecal mol ™" so that the reaction becomes diffusion con-
trolled as discussed above. The differences in these energy

«
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z v Q’ & 29—,
- e ¢ v ‘/‘Q’V '
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CH3SOH + OH —> CH,S0 + H,0 CH3SSH + OH —> CH3SS +H,0
AGH=-541 AG,=-44.96 AG*=6.41 AG,=-47.42
d) «
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Fig. 5 Electronic features of the pcet mechanisms of the reactions between CHzSOH and CH3SSH with OH and the thermodynamic cycles comparing
the deprotonation of the CH3SOH and CHzSSH reactants with those of the transition states and the energetic requirements for the formation of these
structures. The energies are computed at CCSD(T)/aug-cc-pV(T+d)Z level of theory with free energy corrections obtained at M06-2X level.
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barriers can be rationalized considering a thermodynamic cycle
following Mayer and co-workers”” and also applied in ref. 72. As
described in Fig. 5(c) and (d), the first step correspond to the
deprotonation energy of the reactants, which requires more energy
for the CH;SOH compared with CH;SSH (17.6 kecal mol ). The
second step consist in bringing the anions and the hydroxyl radical
to the structure of the transition state without the proton (1BTS1*
and STS1*), which is more favorable in the case of sulfenic acid by
7.5 kea mol ™, and the third step consist in calculating the energy
liberated in bringing the proton to the structure of the transition
state (1BTS1 and STS1), favorable by 21.7 kcal mol~" for the
sulfenic acid with hydroxyl radical process, so that the formation
of 1BTS1 is more favorable by 11.7 kecal mol " than the formation
of STS1.

The potential impact of these reactions in the chemistry of
the atmosphere deserves some comments. In one hand, for the
CH3;SOH + HO, reaction, our calculations predict a rate con-
stant of 6.38 x 10™*°> cm® molecule™ s7, at 298 K, and an

Arrhenius equation k = 4.45 x 10-15¢(§7) in the range of 200-
320 K temperatures. Although the atmospheric concentration of
HO, is about two orders of magnitude greater than that of OH,"
the reaction of sulfenic acid with HO, cannot compete with the
reaction with OH, which is predicted to be diffusion controlled.
Table 2, Fig. 4 and Table S2 (ESIt) show that the free energy at
298 K of 1BTS1 lies 5.41 kcal mol~ " below the free energy of the
separate reactants and therefore the rate constant depends on the
association between CH;SOH and OH. Calculations at VRC-VTST®?
predict a rate constant of 6.31 x 10~ '° cm® molecule " s~ (see
Table 2).
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PCCP

On the other hand, recent work has shown that in the
troposphere, methane sulfenic acid reacts with ozone, with a
reported rate constant of 2 x 10~ ** cm® molecule " s7'.*° It is
therefore expected that this reaction is the major cause of
atmospheric CH;SOH oxidation in ozone polluted areas, where
the atmospheric concentration of ozone may be 5 to 7 orders of
magnitude greater that the concentration of hydroxyl radical.
However, in O; free atmospheres, where the OH radical is
formed by photolysis of HONO,”® the reaction of methane
sulfenic acid with hydroxyl radical should play the major role.

The reaction of compounds 2, 3, and 4 with OH follows the
same trends as for the reaction of compound 1. In all cases, the
hydrogen abstraction by the radical involves a pcet mechanism,
and we have found three different elementary reactions for the
reaction between 2 and OH and one elementary reaction for the
reaction between 3 and OH (see Table 2 and Tables S5, S6 of
the ESIf). In all these processes, the free energy barrier lies
below the free energy of the reactants indicating that all these
reactions are diffusion controlled. For reactions of 2 and 3 with
OH radical we have also calculated the association rate con-
stant at VRC-VTST level of theory and the computed values are
2.51 x 10~ ° and 7.96 x 10 *° cm® molecule * s7*, respectively
(see Table 2).

Beyond the acidic hydrogen abstraction by the hydroxyl
radical, we have also considered the addition of the radical to
the S atom of the sulfenic acid and for the reactions of 2 and 3
with OH the addition of the radical to the n bond. In all these
cases, these processes require to surmount a free energy barrier
and therefore are expected not to occur (see Tables S3-S6 of the
ESIY).

-4
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solution
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Fig. 6 Free energy barriers at 298 K of the different conformers of the transition states relative to their reactants for the reaction of 4 with OH. Each
elementary reaction involves the acidic hydrogen abstraction by OH following the pcet mechanism with the same electronic features as described for
1BTS1 above. The free energies are computed at DLPNO-CCSD(T)/aug-cc-pVTZ level of theory, with free energy corrections obtained at M06-2X level,

and corrected by —3.8 kcal mol™. See the (ESI).
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In Fig. 6 we have collected the free energy barriers of all
elementary reactions involving the abstraction of the acidic
hydrogen of the sulfenic acid by the hydroxyl radical, along the
structures of the transition state of the elementary reaction
having the smaller and larger energy barrier. In line with the
reaction of 4 with HO, discussed above, we have found differ-
ences up to 10.83 kcal mol ! in the energy barriers which
depend on the interaction of the reacting group with other
groups. Thus, in the transition state with the highest energy
barrier, there is a repulsive interaction between the oxygen
atom of the radical moiety and one nitrogen atom of the
peptide bond which makes this stationary point less stable.

D. Aqueous environments

The kinetics of the oxidation reactions described above in the
gas phase involving sulfenic acids and HO, radicals may change
when the processes take place in aqueous environments, such as
aqueous aerosols in the atmosphere, surface waters (rivers,
lakes, etc.) or biological systems. To estimate the importance
of solvent effects in such conditions, we have made systematic
calculations for these processes in water solution using the PCM
implicit solvent model. All structures have been reoptimized in
solution and the free energies have been calculated according to
the methodology described in the computational section.

As shown in Table 1 and Fig. 3, 6, the inclusion of solvent
effects through the PCM model modifies the activation free
energies of the different mechanisms and systems, but the
changes are small. Again, the most favorable reaction involves
the abstraction of the acidic hydrogen by the radical, via a pcet
mechanism. The values in Table 1, which summarizes the
activation free energies, illustrate the main trends. In the case
of the reactions in aqueous solution with HO,, the barriers are
slightly higher compared to gas phase values, with the largest
difference amounting about 0.7 kcal mol™", in line with the
data reported for the reaction of 2 with HO,.>" Again, the free
energy barriers for compounds 1-3 are very close to each other,
but it is smaller by about 3.5 kcal mol ™" for compound 4 in the
same way as discussed for the gas phase.

In the case of the reactions with OH, which all display
negative energy barriers, with differences in the free energy
barrier smaller than 1.0 kcal mol " compared to the gas phase,
all abstraction reactions are expected to be diffusion controlled.

Overall, Table 1 shows that our calculated rate constants
obtained for the reaction between compounds 1-3 with HO,,
using a continuum solvent model are between 31 and 65 times
smaller than in gas phase, and range between 6.87 x 10 and
2.15 x 10° M ' s, compared with the 2.60 x 10" M ' s "
reported for the 2 + HO,.*" For the reaction between compound
4 with HO,, the computed rate constant in solvation is just 2.14
times smaller than that in gas phase, and the reaction is
predicted to be much faster than for compounds 1-3, with a
computed rate constant of 5.37 x 10’ M~ ' s~ in liquid phase.

Nevertheless, the reactive systems contain several polar
bonds that are likely to exhibit specific solute-solvent interac-
tions such as hydrogen-bonds, and these interactions bring an
additional stabilizing contribution to the solvation energies of

8864 | Phys. Chem. Chem. Phys., 2025, 27, 8856-8867

View Article Online

Paper

the structures. The effect of solute-solvent hydrogen-bond
formation with the reactants and the transition state was
examined before in the case of the reaction 2 + HO, using a
similar quantum level as the one used in ref. 31. The authors
used a discrete-continuum solvation model in which one
explicit water molecule is included in the calculations, and
the PCM model is used to account for the interactions
with the dielectric continuum. They reported a barrier of
11.65 kecal mol™, which is close to the value obtained with a
pure PCM model (10.17 kcal mol ). In order to see if this effect
could be extended to our systems, we have also carried out a
similar calculation on the most stable conformer of the reac-
tion between 4 and HO,, and our results indicate that using a
discrete-continuum solvation model with one explicit water
molecule, the free energy barrier increases by 1.5 kcal mol "
compared to the calculations with a pure PCM model in a
similar way as reported for 2 + HO,, (see the ESI} for more
details), and therefore we conclude that this effect is small.

In addition, as the reactions studied involve the transfer of
H atoms carrying a varying degree of positive charge, it is also
conceivable that water molecules actively assist the processes
by participating to the reaction coordinate as proton relays.
In order to take into account this possibility we have looked for
processes where one water molecule acts as an intermediate in
the proton transfer, namely one electron is transferred from the
S atom to the terminal O atom of OH or HO,, whereas the acidic
proton of the sulfenic acid is transferred to the water molecule
and simultaneously, one proton from water is transferred to the
OH or HO, moiety. Our results are detailed in the ESIT and
predict that the reactions with HO, radicals require higher
energy barriers, so that this mechanism should not be opera-
tive. For the reaction with OH, all transition states still have a
negative energy barrier, and consequently, the reactions remain
diffusion controlled.

The high reactivity of sulfenic acids with hydroxyl radical in
different environments suggests a strong antioxidant ability of
these species, in line with the antioxidant capacity of disulfide
compounds, whose reaction with OH radicals*' contributes to
the defense of biological systems against ROS species. Besides,
one may note that one of the products of the reactions
investigated are sulfinyl radicals (R-SO), which are less reactive
than HO,, thiyl and perthiyl radicals, and have interest in
environmental, organic and biochemical chemistry.""7?%
Finally, it must be emphasized that in aqueous environments,
the reaction of sulfenic acids with hydroperoxyl radical, whose
pK, is 4.8, will have relevance in acidic media.

Conclusions

In summary, we explored the structure—function relationship
for a series of sulfenic acids reacting with OH and HO, in both
gas phase and aqueous environments. We identified two main
mechanisms: hydrogen abstraction (hat) and proton-coupled
electron transfer (pcet), and our findings indicate that pcet
predominates.
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The reactions with either OH or HO, can proceed via two
pathways: addition or abstraction. For the CH3SOH (1) + HO,
reaction, the two pathways lead to the same product, which is
consistent with the existing literature, and favors H,0, production,
which has significant biochemical implications. For the CH;SOH
(1) + OH reaction, the major products are CH3SO (H abstraction)
and CH3S(OH), (OH addition), with the latter compound easily
hydrolyzing to CH;SO and water. Abstraction of the hydrogen from
the methyl group of CH3;SOH will not occur; this step was found
to have the largest activation energy among the collective steps
in the mechanism. The CH;SOH + OH, reaction has relevance
in the atmosphere and we predict a rate constant of 6.38 X
107" cm® molecule™ s™' at 298 K for the reaction with HO,
and diffusion control for the reaction with OH, implying that the
latter will be the most important oxidation process of CH;SOH in
ozone free atmosphere.

An important finding is that the reactions of all sulfenic
acids with hydroxyl radical are diffusion controlled, even when
a water molecule participates as reactant in the whole process.
Their rate constants depend on the association process
between the sulfenic acid and the hydroxyl radical, and have
been calculated to be 6.31 x 107'°, 2.51 x 10~°, and 7.96 x
107"° em® molecule ™" s7*, for the gas phase reactions of 1, 2,
and 3 with OH respectively. Our results suggest that in O; free
atmospheres, where the OH radical is formed by photolysis of
HONO, the reaction of methane sulfenic acid with hydroxyl
radical should play the major role.

For the reaction of 2, and 3 with HO,, our calculations
predict rate constants 6.87 x 10* and 2.14 x 10° M~ ' s,
which is not very different from the rate constant for compound
1, but a much larger value is obtained for the reaction of the
model system 4 with HO, (5.37 x 10’ M~ ' s~ ). In the last case,
the interaction of the reacting group with the peptide bond
patterns in the molecule produces a significant stabilization
effect of the transition state that can be translated to the
reaction of sulfenic acids in proteins. The very high reactivity
of sulfenic acids with the hydroxyl radical suggests a strong
antioxidant capacity of these species.
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