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The mechanisms of the reactions of dimethylsulfide (DMS) and dimethylselenide (DMSe) with peroxynitrite
anion, ONOO-, and peroxynitrous acid, HOONO, were studied at the B3LYP/6-311+G(d,p) level of theory.
It was shown that the gas-phase reactions with ONOO- proceed via an O-atom (O3) transfer (two-electron
oxidation) mechanism and produce the corresponding oxides (DMSO and DMSeO, respectively) and NO2

-

anion. The rate-determining barrier, the O-O bond cleavage, is found to be higher by 6-7 kcal/mol for
DMS than for DMSe, indicating that DMSe is more reactive toward ONOO- than DMS. The inclusion of
solvent effects decreases the rate-determining barrier and makes it<13.5 kcal/mol in aqueous solution for
the DMS reaction. These data indicate that neither DMS nor DMSe catalyze the direct peroxynitritef nitrate
isomerization. It was shown that the reaction of DMS withcis-HOONO might proceed via two distinct
pathways, stepwise and concerted, and is much faster than that with ONOO-. The stepwise pathway starts
with homolysis of the HO-ONO bond to discrete HO• and ONO• radicals, which then coordinate to DMS
and produce the(CH3)2S(OH)(NO2) intermediate product. This product undergoes further transformations
via two different pathways: (a) a barrierless and endothermic pathway leading to the(CH3)2S(OH)• and
NO2

• radicals, and (b) an exothermic H-atom transfer pathway forming DMSO and HONO via a barrier at
theTS2(H-transfer) transition state. The∆H(∆G) values of the rate-determining steps of these two pathways
are 24.3 (11.0) and 11.5 (13.1) kcal/mol, respectively, in the gas phase. The concerted pathway proceeds
with an O-O bond cleavage barrier of 6.1 (6.3) kcal/mol and leads to DMSO and HONO. It is predicted that
the reaction of DMS with HOONO in the gas phase most likely proceeds via the stepwise (one-electron
oxidation) pathway only after including entropy effects. However, in the solution phase the stepwise and
concerted pathways will effectively compete with each other.

I. Introduction

Peroxynitrite51 is a powerful inorganic oxidant, which can
be formed in vivo by a diffusion-controlled1 recombination of
nitric oxide (NO) and superoxide anion (O2

•-):

Peroxynitrite anion is fairly stable in alkaline solution, but
quickly (τ1/2 ∼ 1.2-1.3 s) isomerizes to nitrate upon protonation
(pKa ) 6.8).2-4 The aspects of the mechanism of HOONO
isomerization to nitrate remain uncertain. However, on its way
to nitrate, HOONO produces highly reactive “radical-like”
intermediates, believed to be•OH and NO2

• radicals.2a,5 Per-
oxynitrite and its related radicals (HO• and NO2

•) rapidly react
with numerous bio-molecules, including proteins, lipids, DNA,
and aromatic compounds.6-14 Their high reactivity and ability
to cross biological membranes7,8 implicate peroxynitrite in many
disease states.15 Accumulating evidence16 for peroxynitrite
formation in vivo has led to the search for drugs that can
intercept this powerful oxidizing and nitrating agent, and
detoxify it.

A series of water-soluble FeIII -porphyrin complexes,17,18

heme-containing proteins,19 selenoproteins,20 as well as synthetic
organo-selenium compounds21 (e.g., ebselen, [2-phenyl-1,2-
benzisoselenazol-3(2H)-one22], and organo-sulfur compounds
(e.g., methionine, (Met))23 were shown to intercept, and/or to
catalyze the decomposition and isomerization of peroxynitrite.
For example, Met reacts23awith peroxynitrous acid and peroxy-
nitrite anion with bimolecular rate constants of (1.7( 0.1) ×
103 and 8.6( 0.2 M-1 s-1, respectively. Interestingly, one
peroxynitrite is converted to nitrate for every two sulfoxides
and nitrites formed over a wide range of concentrations and
pH.23a In other words, Met seems to catalyze the isomerization
of peroxynitrite to nitrate. The mechanisms of the reaction of
Met with peroxynitrite are not clear. In general, reaction may
occur via one- and/or two-electron oxidation pathways. The one-
electron oxidation may occur via a hydroxyl radical intermediate
(possibly generated from HO-ONO homolysis) or the meta-
stable reactive intermediate, ONOOH*.23b,24However, recently,
the participation of free hydroxyl radicals in peroxynitrite
oxidation has been called into question.2c,25-27 Alternatively,
the two-electron oxidation pathway involves O-atom transfer
from peroxynitrite to sulfide to form the corresponding sulfox-
ide. Thus, peroxynitrite reactions with thioethers are certainly
more complex than simple “oxygen atom” transfer, and the* Corresponding author. E-mail: dmusaev@emory.edu.

NO + O2•- f ONOO-
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elucidation of their mechanisms requires more comprehensive
(both experimental and theoretical) studies.

In this paper we use density functional theory to rationalize
the reactions of peroxynitrite with thioethers. Dimethylsulfide
(DMS) is a simplest thioether and is the most attractive for
computational studies. Therefore, in this paper we study the
mechanisms of the reactions of DMS with both peroxynitrite
forms, ONOO- and HOONO. Its Se analogue, dimethylselenide
(DMSe), is also studied for comparison:

where X) S and Se.
A majority of the reactions of peroxynitrite with thioethers

take place in hydrophobic environments or in aqueous solution
with a high content of organic material, at lipid/water or on
gas/liquid interfaces, and, in general, are solvent dependent. It
has been shown that the decay rate of organic peroxynitrites,
ROONO, in alcoholic solution is roughly 200 times greater than
that in water.1c Also, it has been pointed out that peroxynitrite-
dependent nitration of tyrosine in the aqueous phase is different
from that in the membrane.28 Therefore, elucidation of the role
of solvent effects on the mechanism of the reaction of DMS
with peroxynitrite is very important. In the present paper we
include the solvent effects in the calculations in two different
ways: using the single-point Polarizable Continuum Model29

approach, and explicitly including several water molecules into
the calculations.

Previously, several theoretical studies on the reaction of the
peroxynitrite with numerous organic and inorganic molecules
have been reported. Houk and co-workers30 have investigated
the reactions of peroxynitrite with amines, sulfides, alkenes, and
ketones. Their B3LYP/6-31G* calculations have demonstrated30a

that the reaction of HOONO with SH2 has a 17.8 kcal/mol
barrier for the two-electron oxidation transition state. Further,
they have shown47,30s the existence of the hydrogen-bonded
[HO•‚‚‚NO2

•] radical pair, which is predicted to be involved in
the peroxynitrite-to-nitrate isomerization and one-electron oxida-
tion processes. However, the recent studies of Musaev and
Hirao31 using higher level methods (such as MP2 and CCSD-
(T)), and including entropy and explicit solvent effects in the
calculations did not support the existence of this radical pair.
Bach and co-workers32 have studied the reaction of HOONO
with alkenes (ethylene and propene), dimethylsulfide, trimethyl-
amine, and trimethylphosphine at the various levels of the
theory. The oxidation barriers of dimethylsulfide, trimethyl-
amine, and trimethylphosphine by HOONO were reported to
be 8.3, 4.6, and 0.5 kcal/mol at the QCISD(T)/6-31G*//B3LYP/
6-311G** level of the theory.32 Recently, Shustov and co-
workers33 applied computational methods to study the mecha-
nism of aliphatic C-H bond oxidation in methane, propane,
isobutane, propene, and 1,4-pentadiene with peroxynitrous acid
and peroxynitrite anion. They have analyzed three different
mechanisms, namely, (a) direct oxygen insertion into the C-H
bond (two-electron oxidation), (b) H-atom abstraction (one-
electron oxidation), and (c) HO-ONO bond homolysis to form
hydroxyl radical. Their data include entropy effects and support
mechanism (c), an involvement of discrete hydroxyl radicals
in lipid peroxidation by O2 initiated in the presence of
peroxynitrite. The direct (two-electron) hydroxylation of allylic
C-H bonds and CdC bond epoxidation are predicted to have
higher activation energies in comparison with the energy of
homolysis. Musaev and co-workers31,34 arrived at similar

conclusions on the mechanisms of the reaction of ebselen (and
its derivatives) with peroxynitrite using the B3LYP/6-311+G-
(d,p) approach. These calculations have demonstrated that, at
the enthalpy level, the two-electron oxidation of ebselen (and
its derivatives) is energetically the most favorable pathway both
in the gas phase and in solution. However, the inclusion of
entropy corrections makes the one-electron oxidation pathway
the most favorable in the gas phase.

II. Calculation Procedure

All calculations were performed using the quantum chemical
package GAUSSIAN-98.35 The geometries, vibrational frequen-
cies, and energetics of all the reactants, intermediates, transition
states, and products were calculated using hybrid density
functional theory employing the B3LYP method.36 In these
calculations, we used the 6-311+G(d,p) basis set. Previous
studies30-34,37,38have demonstrated that the B3LYP/6-311+G-
(d,p) approach provides excellent geometries compared with the
more sophisticated approaches, such as CCSD(T), G2 and
CBS-Q using the 6-311+G(d,p) basis sets. Furthermore, we31,34

and others32,39 have demonstrated that the B3LYP/6-311+G-
(d,p) approach underestimates the calculated energetic barriers
by a few kcal/mol relative to the CCSD(T) and QCISD(T)
methods. Since our major task in this paper is to compare the
reactivity of the compounds (CH3)2X (where X ) S and Se)
with HOONO and ONOO- calculated at the same (B3LYP/6-
311+G(d,p)) level of theory, we believe that the underestimation
of the O-O bond cleavage barriers by the B3LYP method will
not affect our major conclusions. Nevertheless, for some
selective structures (see below) we performed the CCSD(T),
MP4(SDQ), MP3, and MP2 calculations using 6-311+G(d,p)
basis sets and the B3LYP/6-311+G(d,p) optimized geometries.

The solvent effect on the mechanism of reaction 1 was
examined in two different ways. First, we performed single-
point Polarizable Continuum Model29 calculations using the
6-311+G(d,p) basis set and the B3LYP/6-311+G(d,p) optimized
geometries, referred to below as PCM-B3LYP/6-311+G(d,p).
In these calculations we used water, dichloromethane, benzene,
and cyclohexane as the solvents. Their default dielectric
constants were taken from the Gaussian-98 program.35 Second,
we explicitly included several water molecules into the calcula-
tions and re-optimized geometries of the important intermediates
and transition states of reaction 1 for X) S.

Note that the thermodynamic analyses were carried out at
278.15 K of temperature and 1 atm of pressure, using the
principal isotope for each element type and un-scaled vibrational
frequencies (all these conditions are default in the Gaussian_98
quantum chemical package,35 that was used in these calcula-
tions).

This paper is organized as follows. Section III addresses the
mechanism of reaction 1 for X) S and Se. Section IV presents
studies of the mechanism of reaction between (CH3)2S and
HOONO, and Section V gives a few conclusions and predictions
from these studies.

III. Reactions of (CH3)2X (where X ) S and Se) with
ONOO-

III.1. Gas-Phase Studies.The lowest energy structures of
the reactants, (CH3)2S, (CH3)2Se and ONOO- (PN), of reaction
1 are given in Figure 1.

PN has been the subject of many previous theoretical
studies.30-33,40 In general, we and others have identified two
different isomers, cis and trans.cis-ONOO- is found to be 2-4
kcal/mol more stable thantrans-ONOO- and separated from it

(CH3)2X + ONOO- (1)

(CH3)2X + HOONO (2)
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by energy barrier of about 21-27 kcal/mol. In Figure 1 the
structure of onlycis-ONOO- is given, and in this paper, the
reactivity of the energetically most favorable cis isomer with
(CH3)2S and (CH3)2Se is studied. The Mulliken charges
calculated at the B3LYP/6-311+G(d,p) level show the large
negative charges,-0.524e and-0.366e, on the terminal oxygen
atoms, O3 and O1, respectively (see Supporting Information,
Table S3).

The structures of DMS and DMSe have also been discussed
in the literature.41,42Our findings (Figure 1) are consistent with
the previous data, and they show that these compounds have
C2V symmetry with the X-C bond distances of 1.824 and 1.970
Å for X ) S and Se, respectively.

As expected from the charge distributions, the first step of
reaction 1 is coordination of the negatively charged O3-end of
PN to the X center to form(CH3)2X(cis-ONOO-) (see Figure
2).

As seen in Figure 2, where we present only the most
important geometrical parameters (the Cartesian coordinates of
all of the calculated structures are given in Table S1 of the
Supporting Information), the coordination ofcis-ONOO- to
(CH3)2X does not significantly change the geometries of both
reactants relative to their un-complexed forms. This indicates a
weak interaction between thecis-ONOO- and (CH3)2X.

As seen in Table 1, where we give the energies (relative to
the reactants) of all the calculated intermediates, transition states,
and products of reaction 1, the first step of the reaction, which
is the formation of the ion-molecular complex(CH3)2X(cis-
ONOO-), is exothermic by 6.4 and 6.8 kcal/mol for X) S
and Se, respectively, at the∆H level. However, the inclusion
of the entropy corrections make it endothermic by (1.2) and
(0.8) kcal/mol for X) S and Se, respectively. (Here and below,
all numbers presented without parentheses are∆H values, while
those given in parentheses are∆G values).

In the next step, the O3-O2 bond cleavage takes place at the
transition stateTS1(O-O activ.) (Figure 2), which is positively
characterized by normal-mode analysis: it has only one
imaginary frequency (469.1i cm-1 and 409.6i cm-1 for X ) S
and Se, respectively) corresponding to the O3-O2 bond cleav-

age. Intrinsic reaction coordinate43 (IRC) calculations show that
this transition state connects the pre-reaction complex(CH3)2X-
(cis-ONOO-) to the(CH3)2XO(NO2

-) product. In this transi-
tion state, the broken O3-O2 bond is significantly (0.408 and
0.394 Å) elongated, while the forming X-O3 bond distance is
shortened by 1.672 and 2.100 Å, for X) S and Se, respectively,
relative to the corresponding pre-reaction complex (see Figure
2). Furthermore, the O1-H bond formed (from the C1H3 group)
is also shortened by 0.749 and 1.167 Å for the X) S and Se,
respectively. All these geometrical changes are consistent with
the nature of this transition state, where the O3-O2 bond is
cleaved, but the M-O3 and N1dO2 double bonds are formed.

The O3-O2 bond cleavage barrier is 21.7 and 15.7 kcal/mol
at the∆H level for the X) S and Se, respectively, calculated
from the corresponding pre-reaction complex(CH3)2X(cis-
ONOO-). At the∆G level the pre-reaction complex lies higher
than reactants. Therefore, at the∆G level the O3-O2 bond
cleavage barrier is calculated from the reactants, and found to
be (26.2) and (19.9) kcal/mol for the X) S and Se, respectively.

Overcoming the barriers at the transition stateTS1(O-O
activ.) leads to the product(CH3)2XO(NO2

-), where the product
XdO3 bond distance is 1.533 and 1.692 Å for X) S and Se,
respectively. The NO2 unit is bound to the(CH3)2XO fragment
via two H-atoms of the methyl groups.

The comparison of the geometrical parameters of NO2 unit
in the product complex with those for the NO2 and NO2

- mol-
ecules (see Figure 1) show that bound NO2 in (CH3)2XO(NO2

-)
is the nitrite anion. Thus, the product of the O3-O2 bond
cleavage,(CH3)2XO(NO2

-), is the complex of NO2- with
DMSO or DMSeO, respectively. This is also consistent with
the Mulliken charge (see Table S3 of Supporting Information)
analysis indicating an overall 0.92-0.93e negative charge on
the NO2 unit. In addition, the X-center is oxidized: the positive
charge on X is 0.49 and 0.52e for X) S and Se, respectively.

The intermediate(CH3)2XO(NO2
-) is lower in energy

than the reactants by 51.5 (42.3) and 46.3 (38.0) kcal/mol
for X ) S and Se, respectively. The reaction of PN with
DMS is 4.3 kcal/mol more exothermic than the corresponding
reaction with DMSe, in agreement with a difference in the

Figure 1. The B3LYP/6-311+G(d,p) calculated important geometrical parameters of the reactants and possible products of the reaction of (CH3)2X
with cis-ONOO- andcis-HOONO, where X) S and Se (in parentheses). All distances are in Å, but angles are in degrees.
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strengths of the SdO and SedO bonds formed, which are 124.7
( 1.0 and (111.1( 5.1 kcal/mol), respectively.44

From the resulting(CH3)2XO(NO2
-) product, the reaction

may split into two distinct channels: (a) dissociation into NO2
-

and (CH3)2XO (pathwayI ), and (b) nitrate (NO3-) formation

with recovery of starting (CH3)2X complex (catalytic peroxy-
nitrite f nitrate isomerization, pathwayII ).

Our calculations show that a pathwayI is a barrierless and
an endothermic process: 17.3 (8.6) and 17.6 (9.5) kcal/mol for
X ) S and Se, respectively. The final products ((CH3)2XO +

Figure 2. The B3LYP/6-311+G(d,p) calculated important geometrical parameters of all possible intermediates and transition states of the reaction
of (CH3)2X with cis-ONOO-, where X) S and Se (in parentheses). All distances are in Å, and angles are in degrees.

TABLE 1: The Energies of the Intermediates, Transition States, and Products of the Reaction (CH3)2X + cis-ONOO-,
Calculated at the B3LYP/6-311+G(d,p) Level of Theorya

structures ∆E ∆E + ZPC ∆H ∆G

X ) S
(CH3)2S + cis-ONOO- -758.437964 -758.351524 -758.341053 -758.404427
TS1 (O-O activ.) 15.4 15.3 15.3 26.2
(CH3)2SO(NO2

-) -52.9 -51.8 -51.5 -42.3
TS2 (O-NO2 format.) 5.6 5.4 5.5 15.8
(CH3)2S(NO3

-) -62.3 -59.9 -59.5 -51.3
(CH3)2SO + NO2

- -34.4 -34.2 -34.2 -33.7
(CH3)2S + NO3

- -54.2 -52.4 -52.7 -52.2

X ) Se
(CH3)2Se+ cis-ONOO- -2761.771815 -2761.686696 -2761.675896 -2761.741166
TS1 (O-O activ.) 9.3 8.8 8.9 19.9
(CH3)2SeO(NO2

-) -47.3 -46.7 -46.3 -38.0
TS2 (O-NO2 format.) -0.6 -1.2 -0.9 9.3
(CH3)2Se(NO3

-) -62.4 -59.9 -59.6 -51.3
(CH3)2SeO+ NO2 -28.4 -28.9 -28.7 -28.5
(CH3)2Se+ NO3

- -54.2 -52.4 -52.7 -52.2

a Relative energies are in kcal/mol, but total energies of the reference structures are in hartree.
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NO2
-) lie 34.2 (33.7) and 28.7 (28.5) kcal/mol lower than

reactants, for X) S and Se, respectively.
A pathway II starting from the same(CH3)2XO(NO2

-)
complex includes the transition stateTS2 (O-NO2 format.).
The normal-mode analysis shows that this is a real transition
state with one imaginary frequency (531i cm-1 and 377i cm-1

for X ) S and Se, respectively) corresponding to formation of
the N-O3 bond. The nascent N-O3 bond distance inTS2 (O-
NO2 format.) is 1.921 and 1.986 Å for X) S and Se,
respectively. In addition, the broken X-O3 bond distance is
elongated by 0.278 and 0.186 Å compared to that in the pre-
reaction complex(CH3)2XO(NO2

-), for X ) S and Se,
respectively. IRC calculations show that theTS2(O-NO2

format.) connects the complex(CH3)2XO(NO2
-) with the

product(CH3)2X(NO3
-) (Figure 2).

The energy of the transition stateTS2(O-NO2 format.) is
much above the corresponding pre-reaction complex(CH3)2XO-
(NO2

-): 57.0 (58.1) and 45.4 (47.3) kcal/mol, for Xd S and
Se, respectively. This makes the peroxynitritef nitrate isomer-
ization pathway highly unfavorable compared to an oxygen atom
transfer. The resulting complex(CH3)2X(NO3

-), where the
NO3

- ligand is already formed lies 8.0 (9.0) and 13.3 (13.3)
kcal/mol lower than pre-reaction complex(CH3)2XO(NO2

-),
while the entire process,(CH3)2X + cis-ONOO- f (CH3)2X
+ NO3

- is exothermic by 52.7 (52.2) kcal/mol for the both X
) S and Se. The calculated ONOO- isomerization energy, 52.7
(52.2) kcal/mol in the gas phase, is close to∆G° ) (40.5-
43.1) kcal/mol45 that was experimentally estimated in water.

Summarizing this part of the paper one can conclude that, in
the gas phase, reaction 1 is a two-electron oxidation process
and proceeds via an O-atom transfer pathway and leads directly
to the final products, (CH3)2XO and NO2

-. The entire reaction
is exothermic by 34.2 (33.7) and 28.7 (28.5) kcal/mol for X)
S and Se, respectively. The rate-determining barrier, the O-O
bond cleavage, is 21.7 (26.2) and 15.7 (19.9) kcal/mol for X)
S and Se, respectively.Thus, (a) DMSe reacts faster with
peroxynitrite anion than DMS, and (b) peroxynitritef nitrate
isomerization process catalyzed by DMS and DMSe isVery
unfaVorable relatiVe to the oxygen atom transfer process.

III.2. Validation of the B3LYP Results. To validate our
B3LYP data presented above we performed the single-point

energy calculations of the reactants, pre-reaction complex
(CH3)2S(cis-ONOO-, andTS1 (O-O activ.) of reaction 1 for
X ) S at the more sophisticated levels of theory, CCSD(T),
MP4(SDQ), MP3, and MP2 (see Table 2).

As seen in Table 2, the B3LYP method provides results close
to the CCSD(T), while it underestimates the calculated O-O
bond cleavage barrier by 5 kcal/mol. However, we believe that
this underestimation will not affect our final conclusions (see
the Computational Procedure).

III.3. The Solvent Effects. At first, let us discuss the PCM
results. In Table 3 we present the∆G(solution) values for
reaction 1 calculated at the PCM level which can be compared
to the corresponding∆E values in the gas phase. This
comparison shows that including bulk solvent effects into the
calculations results in more stabilization of the reactants and
products of reaction 1 than the intermediates and transition
states. As a result, the pre-reaction complex(CH3)2X(cis-
ONOO-) becomes unstable relative to the reactants, and the
rate-determining O-O bond cleavage barrier increases slightly.
Furthermore, dissociation of theO(CH3)2X(NO2

-) complex to
(CH3)2XO and NO2

- becomes more favorable than its trans-
formation to nitrate and (CH3)2X. These changes are more
profound in polar solvents (such as water). The overall exo-
thermicity of reaction 1 changes only slightly.

At the next stage, we explicitly included several water
molecules into calculations in order to elucidate whether water
(solvent) molecules are directly involved in the reaction. Our
calculations (not presented here) show that the water molecules
coordinate to the peroxynitrite anion stronger than to DMS or
DMSe because of the large negative charge of the former.

As seen in the Figure 4, where we present the calculated
structures of the(H2O)n(cis-ONOO-) complexes forn ) 1-4,
the water molecules preferably coordinate to the most negatively
charged O3 atom of the OONO-unit. Forn ) 1, the H2-O3

distance (where H2 is a coordinated hydrogen atom of the first
water molecule) is 1.670Å. In the case ofn ) 2, where both
water molecules are simultaneously coordinated to the O3-atom,
the H2-O3 distance is elongated to 1.893 Å because of the
formation of H4-O3 (where H4 is a coordinated hydrogen atom
of the second water molecule) and H3-O (of the second H2O
molecule) forms hydrogen-bonds with lengths of 1.764 and
2.237 Å, respectively. In this case there also exists a weak H5-
O1 interaction with bond distance of 2.609 Å.

For the complexes(H2O)n(cis-ONOO-) with n ) 3 and 4
we have located two isomers. In isomer_1, all water molecules
are clustered in the vicinity of the O3-atom; in isomer_2, one
of the water molecules coordinates to the N-O1 bond. Isomer_2
is about 5-6 kcal/mol higher in energy than isomer_1, and,
therefore, will not be discussed below.

In Table 4 we present the calculated sequential hydration
energies of thecis-ONOO-, (e.g., energy of the reaction(H2O)n-

TABLE 2: The Energy (in kcal/mol) of Hydration of the
cis-ONOO-, as Well as the O-O Bond Activation Barrier of
the Reaction (CH3)2S + cis-ONOO- Calculated at the
Different Level of Theorya

Structures B3LYP CCSD(T) MP4(SDQ) MP3 MP2

H2O + cis-ONOO- 0.0 0.0 0.0 0.0 0.0
H2O(ONOO-) -17.6 -17.7 -15.7 -19.2 -18.3
(CH3)2S + cis-ONOO- 0.0 0.0 0.0 0.0 0.0
(CH3)2S(cis-ONOO-) -6.4 -8.3 -8.1 -8.6 -8.4
TS1 (O-O activ.) 15.8 17.9 23.3 26.7 24.9

a In these calculations we have used B3LYP optimized geometries.

TABLE 3: The ∆G(solution) Energies (relative energies are in kcal/mol, but total energies of the reference structures are in
hartree) of the Reactants, Intermediates, Transition States and Products of the Reaction (CH3)2X + cis-ONOO-, Calculated at
the PCM-B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) Level

X ) S X ) Se

structures C6H12 C6H6 CH2Cl2 H2O C6H12 C6H6 CH2Cl2 H2O

(CH3)2X + cis-ONOO- -758.48811 -758.48935 -758.52709 -758.54565 -2761.81596 -2761.81739 -2761.85459 -2761.871842
(CH3)2X(cis-ONOO-) 0.2 0.4 3.2 10.1 -0.1 0.1 3.2 6.9
TS1 (O-O activ.) 23.8 23.6 26.6 30.4 15.5 15.5 18.4 18.2
(CH3)2XO(NO2

-) -42.3 -42.2 -37.1 -30.5 -40.2 -40.1 -36.5 -36.1
TS (O-NO2 format.) 16.2 16.1 20.5 -26.4 5.8 5.8 7.9 7.3
(CH3)2X(NO3

-) -54.2 -54.0 -49.8 -44.5 -55.1 -55.0 -51.4 -49.1
(CH3)2XO + NO2

- -33.9 -34.5 -35.6 -34.5 -31.1 -31.4 -33.8 -34.8
(CH3)2X + NO3

- -53.9 -53.9 -53.3 -51.5 -53.9 -53.9 -53.3 -51.5
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(cis-ONOO-) f (H2O)n-1(cis-ONOO-) + H2O), which is also
presented graphically in Figure 5.

As seen from the Table 4 and Figure 5, the∆H and∆G values
of the sequential hydration ofcis-ONOO- decreases upon
increasingn: ∆H values are 16.3, 14.3, 11.8, and 11.8 kcal/
mol, while ∆G values are 9.0, 4.0, 3.0, and 2.6 kcal/mol, forn
) 1, 2, 3, and 4, respectively.

In water the reaction of DMS withcis-ONOO- becomes the
reaction of the DMS with hydratedcis-ONOO-, (H2O)n(cis-
ONOO-). Therefore, one should study reaction 3

In this paper we study only the rate-determining O-O bond
cleavage (including reactants, pre-reaction complex, and O-O
bond cleavage transition state) of reaction 3 forn ) 1 and 2,
and X) S. The calculated structures and energetics of(CH3)2S-
(H2O)n(cis-ONOO-) intermediates and O-O bond cleavage
transition states are given in Figure 6 and Table 4, respectively.

A comparison of the important geometrical parameters of pre-
reaction complexes and O-O bond cleavage transition states
of reactions 1 and 3 (presented in Figures 2 and 6, respectively)
shows that the explicit inclusion of water molecules in the
reaction significantly affects the calculated X-O3 distance in
the pre-reaction complexes. At the same time, inTS1 the
important S-O3 and O3-O2 bond distances elongate by 0.141
and 0.012 Å forn ) 1, and 0.208 and 0.010 Å forn ) 2,
respectively.

Thus, the hydration ofcis-ONOO- makes theTS1 more
“reactant-like”, and shifts the equilibrium in favor of the
reactants. Indeed,∆H of (CH3)2S(H2O)n(cis-ONOO-) forma-
tion becomes more positive with the increasing ofn: -6.4,-4.6,
and+0.1 kcal/mol forn ) 0, 1, and 2, respectively. Extrapola-
tion of these data ton > 2 indicates that(CH3)2S(H2O)n(cis-
ONOO-) will be unstable, and, therefore, rate-determining
O-O bond cleavage barrier should be calculated relative to the
reactants, rather than from the pre-reaction complex(CH3)2S-
(H2O)n(cis-ONOO-).

As seen in Tables 1 and 4, the enthalpy of O-O bond
cleavage calculated from the reactants is 15.3, 14.7, and 13.5
kcal/mol forn ) 0, 1, and 2, respectively. Extrapolation of these
data ton > 2 indicates that at larger values ofn the barrier for
O-O bond cleavage incis-ONOO- by DMS will be even
smaller. In the other words,water molecules reduce the rate-
determining O-O bond cleaVage barrier of reaction 3, e.g.,
they facilitate it. Here, we predict that the O-O bond cleaVage
barrier in PN by DMS will be less than 13.5 kcal/mol in water.

We did not study the explicit solvent effect on the mechanism
of reaction 1 for X) Se, but it is likely to be very similar to
the case of DMS.

Thus, our explicit solvent studies show that the hydration of
PN reduces the acidity of its O3-center, resulting in the lowering
of the O-atom transfer (or O-O bond cleavage) barrier. Water
also destabilizes the pre-reaction complex and makes it unstable
relative to the reactants. In general, similar effects should be
expected from the PCM studies, which take into account the
bulk solvent effects. Indeed, similar to the explicit solvent
studies, the PCM significantly destabilizes the pre-reaction
complex. However, contrary to the explicit solvent studies, PCM
calculations predict an increase in the O-O bond cleavage
barrier. This discrepancy between the PCM and explicit solvent
studies is likely due to the use of the B3LYP/6-311+G(d,p)
gas-phase geometries in PCM calculations.

IV. Reaction of DMS with HOONO

Theoreticians have already extensively studied the peroxyni-
trous acid, HOONO.26,32,46It was shown that the cis-perp and
cis-cis isomers of this molecule, which differ from each other
by rotation (about 90-100 deg.) around the O-H bond, are
energetically the lowest ones. The cis-cis isomer is predicted
to be 0.5-1.5 kcal/mol lower in energy (∆E values) than the
cis-perp isomer at different levels of the theory (MP2, QCISD-
(T), CCSD(T), G2, and CBS-APNO). Our B3LYP/6-311+G-

Figure 3. Schematic presentation of potential energy surface (PES) of the reaction (CH3)2X + cis-ONOO- for X ) S (first row) and Se (second
row). Numbers given without parentheses are∆H values, while numbers presented in parentheses correspond to∆G values. This scheme is scaled
for the ∆H values of the reaction (CH3)2S + cis-ONOO-.

(CH3)2X + (H2O)n(cis-ONOO-) (3)
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(d,p) calculations show that the cis-cis isomer is lower by 0.5
kcal/mol than the cis-perp isomer at the∆H level. However,
the inclusion of entropy effects makes the cis-perp isomer lower
by only 0.1 kcal/mol than the cis-cis isomer. Since these two
isomers are practically degenerate in energy and can easily re-
arrange to each other,46 we study reaction 2 (discussed below)

for the cis-cis isomer of HOONO. Subsequently, for simplicity,
we refer tocis-cis-HOONO as “cis-HOONO” (see also Figure
1).

In general, the reaction of DMS with HOONO (eq 2) may
proceed via two pathways: stepwise and concerted. First, we
address the concerted pathway. The calculated important geo-

Figure 4. The B3LYP/6-311+G(d,p) optimized structures of the (H2O)n(cis-ONOO-) (wheren ) 1, 2, 3, and 4) and their important geometrical
parameters. All distances are in Å.

TABLE 4: The Sequential Hydration Energy of the cis-ONOO- Anion [(H 2O)n(cis-ONOO-) f (H2O)n-1(cis-ONOO-) + H2O],
as Well as the Relative Energies of the Intermediates, Transition States, and Products of the Reaction (CH3)2S +
(H2O)n(cis-OONO-) Calculated at the B3LYP/6-311+G(d,p) Level of Theorya

structures ∆E ∆E + ZPC ∆H ∆G

H2O + cis-ONOO- -356.829734 -356.797346 -356.788967 -356.840790
(H2O)(cis-ONOO-) -17.6 -15.9 -16.3 -9.0
H2O + (H2O)(cis-ONOO-) -433.316285 -433.259869 -433.248253 -433.310001
(H2O)2(cis-ONOO-) -16.3 -13.4 -14.3 -4.0
H2O + (H2O)2(cis-ONOO-) -509.800756 -509.718336 -509.704350 -509.771125
(H2O)3(cis-ONOO-) -13.6 -11.3 -11.8 -3.0
H2O + (H2O)3(cis-ONOO-) -586.280818 -586.173544 -586.156573 -586.230750
(H2O)4(cis-ONOO-) -13.7 -11.1 -11.8 -2.6
(CH3)2S + (H2O)(cis-ONOO-) -834.924515 -834.814047 -834.800339 -834.873638
(CH3)2S(H2O)(cis-ONOO-) -5.8 -5.3 -4.6 3.0
TS1_H2O (O-O activ.) 14.2 15.0 14.7 27.6
(CH3)2S + (H2O)2(cis-ONOO-) -911.408986 -911.275140 -911.256436 -911.334762
(CH3)2S(H2O)2(cis-ONOO-) -1.3 -0.2 0.1 6.2
TS1_(H2O)2 (O-O activ.) 13.2 13.8 13.5 25.5

a All relative energies are in kcal/mol and relative to the reactants the given total electronic and Gibbs free energies of the reactants are in
hartree.

5868 J. Phys. Chem. A, Vol. 107, No. 30, 2003 Musaev et al.



metrical parameters of the intermediates, transition states, and
products of reaction 2 for X) S are shown in Figure 7. Their
relative energies are presented in Table 5.

As seen in Figure 7, in the pre-reaction(CH3)2S(cis-
HOONO) complex thecis-HOONO molecule coordinates to
the S-center via its H-atom: the S-H1 distance is 2.243 Å. Such
an interaction results in significant changes of the geometries
of the cis-HOONO molecule. At first, the intramolecular H1-
O1 interaction in freecis-HOONO is completely destroyed and

the OH-group is rotated, becoming almost perpendicular to the
O3O2NO1-plane. Second, the N-O2 bond is elongated by
0.072Å compared to that of the freecis-HOONO molecule. The
geometry of the (CH3)2S fragment in the complex withcis-
HOONO is almost the same as that of free DMS, and, therefore,
will not be discussed.

The calculated(CH3)2S + cis-HOONO f (CH3)2S(cis-
HOONO) complexation energy is 10.2(1.0) kcal/mol (Table
5).

The next step of the reaction is HO3-O2 bond cleavage at
the TS1(O-O activ.) transition state, which is confirmed to
be a real transition state with one imaginary frequency of 411.2i
cm-1. Normal-mode analyses shows that this imaginary fre-
quency corresponds to the HO3-O2 bond cleavage. InTS1 the
broken HO3-O2 bond is elongated by 0.333 Å, and the N-O2

bond (π-bond) that is formed is shortened by 0.192 Å relative
to their values in the pre-reaction(CH3)2S(cis-HOONO)
complex. The nascent S-O3H bond has a distance of 2.395 Å.
The HO3-O2 bond cleavage barrier is 6.1 (7.3) kcal/mol relative
to the pre-reaction complex(CH3)2S(cis-HOONO).

Intrinsic reaction coordinate (IRC) calculations show that the
product of the HO3-O2 bond cleavage is the complex(CH3)2S-
(O)(cis-HONO), wherecis-HONO fragment is H-bound to the
O3-atom of the (CH3)2SO fragment. The calculated O3-H1 and
O1-H1 distances are 1.648 and 1.013 Å, respectively. As seen
in Table 5, the complex(CH3)2S(O)(cis-HONO) is stable by
10.9 (1.5) kcal/mol relative to the dissociation limit of (CH3)2-
SO + cis-HONO. The entire reaction (CH3)2S + cis-HOONO
f (CH3)2SO + cis-HONO is exothermic by 32.4 (31.6) kcal/
mol.

Figure 5. Graphical representation of the calculated sequential
hydration energies of the peroxynitrite anion, i.e. reactioncis-ONOO-

+ n(H2O) f (H2O)n(cis-ONOO-).

Figure 6. The B3LYP/6-311+G(d,p) calculated important geometrical parameters of the pre-reaction complexes (CH3)2S[(H2O)n(cis-ONOO-)]
and O-O bond activation transition states (TS1) for n ) 1 and 2. All distances are in Å.
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The first step of the alternative stepwise pathway is HO-
ONO homolysis to yield two radicals, HO• and NO2

•, which
proceeds with an energy of 12.3 (2.2) kcal/mol in the gas phase,
as shown by the B3LYP/6-311+G(d,p) level calculations. The
previous calculations at the various levels of theory predicted a
homolysis HO-ONO bond enthalpy in the gas phase of 20-
22 kcal/mol.47,48 Recently, Janoschek and co-workers49 have
reported∆H and∆G values of 18.6 and (8.3) kcal/mol for HO-
ONO homolysis in the gas phase using the more sophisticated
G3MP2B3 method. The experimentally reported enthalpy and
Gibbs free energy of HO-ONO homolysis are 21( 3 and 11
( 3 kcal/mol, in the gas phase, and 18( 1 and 17( 1 kcal/
mol in water, respectively.27 These data clearly show that (a)
the entropy effect is significantly smaller in water than in the
gas phase, and (b) the B3LYP/6-311+G(d,p) approach under-
estimates the HO-ONO homolysis by 6-7 kcal/mol and should
be used with great care.

In the next step the HO• and NO2
• radicals formed coordinate

to DMS step-by-step and/or simultaneously to form the(CH3)2S-
(OH)•, (CH3)2S(NO2)•, and(CH3)2S(OH)(NO2) products, re-
spectively. Since our calculations show that HO• coordinates
to DMS a few kcal/mol more strongly than NO2

•, below we

will not discuss the structure and energetics of the less stable
(CH3)2S(NO2) complex. The (CH3)2S(OH)• complex, the
structure of which is given in Figure 1, is 16.7(8.3) kcal/mol
stable relative to the dissociation limit (CH3)2S + HO•.
Meanwhile, the radicals (CH3)2S(OH)• + NO2

• lie 4.4(6.1) kcal/
mol lower than reactants (CH3)2S + cis-HOONO, and their
recombination gives the complex(CH3)2S(OH)(NO2), with the
S-O3H and S-O2NO1 bonds of 1.796 and 2.156 Å, respec-
tively. This complex lies by 28.7 (17.1) and 41.0 (19.3) kcal/
mol lower than (CH3)2S + cis-HOONO and (CH3)2S + HO• +
NO2

• dissociation limits, respectively. The(CH3)2S(OH)(NO2)
product decays via two distinct pathways. The first one, called
the dissociative or “radical” pathway, is a reverse process to
the NO2

• coordination and leads to NO2• and (CH3)2S(OH)•

radicals. Our calculations show that this process is endothermic
by 24.3 (11.0) kcal/mol. The dissociation of(CH3)2S(OH)(NO2)
to HO• and (CH3)2S(NO2

•) is expected to be slightly less
favorable and will not be discussed.

The second process starts from the same(CH3)2S(OH)(NO2)
complex, the H-atom transfer pathway, proceeds via the H-atom
transfer from the OH to ONO fragment, and leads to the
(CH3)2S(O)(cis-HONO) complex discussed above. The reaction

Figure 7. The B3LYP/6-311+G(d,p) calculated important geometrical parameters of the all possible intermediates and transition states of the
reaction of (CH3)2S with cis-HOONO. All distances are in Å.

TABLE 5: The Energies of the Intermediates, Transition States, and Products of the Reaction (CH3)2S + cis-HOONO,
Calculated at the B3LYP/6-311+G(d,p) Level of Theory

structures ∆E ∆E + ZPC ∆H ∆G

(CH3)2S + cis-HOONO -758.985800 -758.887380 -758.876369 -758.940726
(CH3)2S(cis-HOONO) -11.0 -10.3 -10.2 -1.0
TS1 (O-O activ.) -4.4 -4.1 -4.1 6.3
(CH3)2S(OH)(NO2) -30.5 -28.7 -28.7 -17.1
TS2 (H-transfer) -18.1 -16.6 -17.2 -4.0
(CH3)2SO(cis-HONO) -44.9 -43.4 -43.3 -33.1
(CH3)2SO + cis-HONO -32.6 -32.3 -32.4 -31.6
(CH3)2SOH + NO2 -3.8 -5.2 -4.4 -6.1

a Relative energies are in kcal/mol, but total energies of the reference structures are in hartree.
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(CH3)2S(OH)(NO2) f (CH3)2S(O)(cis-HONO) is exothermic
by 14.6 (16.0) kcal/mol, and proceeds with a 11.5 (13.1) kcal/
mol H-atom transfer barrier at theTS2(H-transfer) transition
state, where the O1 atom of the O1NO2 fragment is coordinated
to the H1-atom of the O3H1-unit. In the TS2(H-transfer)
transition state, the O1-H1 bond is 2.860 Å, while the broken
S-O2 bond is elongated by 0.39 Å compared to that in the
complex(CH3)2S(OH)(NO2). These changes in S-O2 and O1-
H1 distances correlate with a decrease in the N-O2 bond
distance by 0.040Å, but an elongation of the N-O1 bond by
0.047 Å. Normal-mode analysis shows that theTS2(H-transfer)
is a real transition state with one (139.1i cm-1) imaginary
frequency. Furthermore, IRC calculations confirmed thatTS2
connects(CH3)2S(OH)(NO2) with the product(CH3)2S(O)(cis-
HONO).

Comparison of these two processes starting with the complex
(CH3)2S(OH)(NO2) shows that the dissociation of the NO2 unit
is a barrierless, but endothermic (24.3 (11.0) kcal/mol) reaction.
In contrast, the H-atom transfer pathway is exothermic by 14.6
(16.0) kcal/mol, but proceeds with an activation barrier of 11.5
(13.1) kcal/mol. Thus, at the∆H level, a high endothermicity
of the dissociation (radical) pathway and low activation energy
of H-atom transfer (sulfoxidation) makes the sulfoxidation much
more likely to occur in the gas phase. However, the inclusion
of the entropy corrections in the gas phase makes the NO2

dissociation slightly (by 2.1 kcal/mol) more favorable than the
unimolecular H-atom transfer process. A competition between
these two pathways should be mostly determined by further
reactions of the product (CH3)2S(OH)• and NO2

• radicals.
The overall potential energy surface of the reaction of DMS

with cis-HOONO consists of both the concerted and stepwise
pathways and is shown in Figure 8.

As seen from this Figure, the O-O bond cleavage on the
concerted pathway occurs with 6.1 kcal/mol barrier, calculated
from the pre-reaction complex(CH3)2S(cis-HOONO). The
inclusion of the entropy effect destabilizes the pre-reaction
(CH3)2S(cis-HOONO) complex andTS1(O-O activ.) and
shifts theTS1(O-O activ.) transition state by (6.3) kcal/mol

higher than reactants. At the same time, the stepwise mechanism
occurs with 12.3 kcal/mol enthalpy, while the inclusion of
entropy reduces it to only (2.2) kcal/mol. The comparison of
these data shows that, in the gas phase, reaction 2 most likely
will proceed by the concerted pathway at the∆H level.
However, the inclusion of entropy corrections (∆G values) could
make the stepwise pathway favorable in the gas phase. As
mentioned above, the B3LYP/6-311+G(d,p) approach used in
this paper underestimates both the concerted O-O bond
cleavage barrier and the HO-ONO bond homolysis. However,
the value of these under-estimations are shown to be similar
(5-7 kcal/mol), and therefore, unlikely to affect the conclusion
above.

It is worth mentioning that the(CH3)2S(OH)• and NO2
•

radicals formed on the stepwise pathway could also be formed
during the concerted pathway. The transition state (TS1′) leading
to these products on the concerted pathway is expected to be
energetically higher thanTS1(O-O activ.) reported in this
paper. Here, TS1′ was not located. However, in solution TS1′
could be more stabilized thanTS1(O-O activ.). To resolve
this uncertainty, one should optimize the geometries of all the
intermediates and transition states of reaction 2 in water using
both the PCM and explicit water approaches. These investiga-
tions are in progress.

We also would like to mention that the stepwise mechanism
is kinetically completely different from the concerted one. In
the stepwise mechanism, the rate-limiting step is a unimolecular
process, which is independent of DMS concentration. While,
the concerted pathway should obey a first-order reaction rate
law with respect to both HOONO and DMS concentrations.
Therefore, a stepwise pathway could dominate at low DMS
concentrations, while a concerted one could dominate at high
DMS concentrations.

The single-point PCM calculations performed at the B3LYP/
6-311+G(d,p) optimized geometries show that the inclusion of
the solvent effects destabilizes the(CH3)2S(cis-HOONO)
complex and theTS1 (O-O activ.) transition state relative to
the reactants, and only slightly changes the O-O activation

Figure 8. Schematic presentation (based on∆G values) of potential energy profile of the reaction (CH3)2S with cis-HOONO in the gas phase.
Numbers presented here were calculated at the B3LYP/6-311+G(d,p) level. Numbers given without parentheses are∆H values, while those in
parentheses are∆G values.
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barrier (see Table 6). Combining this finding with the fact that
in solutions the entropy contributions to the energetics of the
reaction are going to be smaller than in the gas phase, one may
expect that both concerted and stepwise pathways of reaction 2
are likely to be feasible.

Furthermore, the solvent effects significantly destabilize the
dissociation of the(CH3)2S(OH)(NO2) complex to radicals and,
consequently, render the H-atom transfer (sulfoxidation) path-
way even more favorable. Indeed, the barrier (∆E values) of
the H-atom transfer process at the transition stateTS2 (H-
transfer) is found to be 12.4, 13.6, 13.2, 12.6, and 11.1 kcal/
mol in the gas phase, in cyclohexane, benzene, dichloromethane,
and water, respectively, relative to the(CH3)2S(OH)(NO2)
complex. At the same time, NO2 dissociation from the(CH3)2S-
(OH)(NO2) complex is 26.7, 28.3, 28.9, 29.4, and 29.2 kcal/
mol in the gas phase, in cyclohexane, benzene, dichloromethane,
and water, respectively.

As mentioned above, the presented data are obtained at the
PCM level using the B3LYP/6-311+G(d,p) optimized geom-
etries, which do not take into account the geometry relaxation
and entropy corrections in solution. In fact, the free energies of
hydration∆G°g-aqof (CH3)2S(OH)• and NO2

• are negative,-12
( 3)50a and-3 kcal/mol,50c respectively. Thus, the endother-
micity of the dissociation pathway can be even lower in aqueous
solutions, making it very competitive to sulfoxidation.

Finally, let us compare our results on the reaction DMS+
HOONO with those of Bach and co-workers,32 who have found
only the concerted pathway for reaction 2 and located the
corresponding transition stateTS1. In agreement with our data
they concluded that the products should be exclusively DMSO
and HONO. The barrier height (∆E value), 1.8 and 8.3 kcal/
mol, calculated at the B3LYP/6-311G(d,p) and QCISD(T)/6-
31G(d)//B3LYP/6-311G(d,p) levels, respectively, is in very good
agreement with our data (∆E value, 6.6 kcal/mol), obtained at
the B3LYP/6-311+G(d,p) level. Furthermore, their B3LYP/6-
311G(d) and MP2(full)/6-31G(d) optimized geometries of the
TS1 are also very close to our data obtained at the B3LYP/6-
311+G(d,p) level.

V. Conclusions and Predictions

From the results and discussions presented above one can
make the following conclusions and predictions.

(1) In the gas phase, the reaction of DMS (and DMSe) with
peroxynitrite anion, ONOO-, proceeds by an O-atom transfer
mechanism and produces DMSO (and DMSeO) and NO2

-

anion. The O-O bond cleavage barrier at theTS1 (O-O activ.)
transition state is 21.7 (26.2) and 15.7 (19.9) kcal/mol, while
the overall exothermicity of the reaction is 34.2 (33.7) and 28.7
(28.5) kcal/mol for XdS and Se, respectively. Thus, ONOO-

should react faster with DMSe than with DMS. Both DMS and
DMSe are unlikely to catalyze the isomerization of peroxynitrite
to nitrate.

(2) The inclusion of solvent effects reduces the acidity of
the transferred O3 atom to the DMS and decreases the rate-

determining barrier, thus, accelerating the reaction. The explicit
inclusion of water molecules (n ) 1-2) into calculations reduces
the enthalpy of the O-O bond cleavage: 15.3, 14.7, and 13.5
kcal/mol (relative to the reactants) forn ) 0, 1, and 2,
respectively. In water the O-O bond cleavage barrier of the
reaction ofcis-ONOO- with DMS is likely to be smaller than
13.5 kcal/mol.

(3) Further reduction of the acidity of O3-atom in ONOO-

by its protonation (which corresponds to a decrease in pH in
water), significantly reduces the O-O cleavage barrier. The
reaction of DMS withcis-HOONO proceeds much faster than
with cis-ONOO-.

(4) The reaction DMS+ cis-HOONO may proceed via two
pathways, stepwise and concerted, both are feasible in solution.

(5) The stepwise pathway starts with HO-ONO bond
homolysis to form discrete HO• and ONO• radicals. Both
radicals coordinate to DMS and generate the intermediate
(CH3)2S(OH)(NO2), which can undergo further transformation
through two different pathways: dissociation to (CH3)2S(OH)•

and NO2
• radicals, and H-atom transfer (sulfoxidation) to form

DMSO and HONO viaTS2(H-transfer) transition state. The
first pathway is barrierless, but endothermic (24.3 (11.0) kcal/
mol); the second pathway is exothermic by 14.6 (16.0) kcal/
mol, but proceeds with an activation barrier of 11.5 (13.1) kcal/
mol. A competition between these two pathways should be
mostly determined by further reactions of the product (CH3)2S-
(OH)• and NO2

• radicals.
(6) The concerted pathway of the reaction DMS+ cis-

HOONO proceeds via the O-O bond cleavage barrier of 6.1
(6.3) kcal/mol at theTS1(O-O activ.) transition state, and leads
exclusively to DMSO and HONO.
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