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Theoretical Studies of the Reaction Mechanisms of Dimethylsulfide and Dimethylselenide
with Peroxynitrite

I. Introduction

Peroxynitrité! is a powerful inorganic oxidant, which can
be formed in vivo by a diffusion-controllédecombination of
nitric oxide (NO) and superoxide anion £0O):

Peroxynitrite anion is fairly stable in alkaline solution, but
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The mechanisms of the reactions of dimethylsulfide (DMS) and dimethylselenide (DMSe) with peroxynitrite
anion, ONOQ, and peroxynitrous acid, HOONO, were studied at the B3LYP/6+33(,p) level of theory.

It was shown that the gas-phase reactions with ONQ@@ceed via an O-atom @transfer (two-electron
oxidation) mechanism and produce the corresponding oxides (DMSO and DMSeO, respectively),and NO
anion. The rate-determining barrier, the-O bond cleavage, is found to be higher by ® kcal/mol for

DMS than for DMSe, indicating that DMSe is more reactive toward ONG@@n DMS. The inclusion of
solvent effects decreases the rate-determining barrier and maké8 i kcal/mol in agueous solution for

the DMS reaction. These data indicate that neither DMS nor DMSe catalyze the direct peroxynitiitate
isomerization. It was shown that the reaction of DMS wiis-HOONO might proceed via two distinct
pathways, stepwise and concerted, and is much faster than that with QNI®© stepwise pathway starts
with homolysis of the HG-ONO bond to discrete HGand ONO radicals, which then coordinate to DMS
and produce théCH3),S(OH)(NO,) intermediate product. This product undergoes further transformations
via two different pathways: (a) a barrierless and endothermic pathway leading {€thgS(OH)* and

NO2 radicals, and (b) an exothermic H-atom transfer pathway forming DMSO and HONO via a barrier at
the TS2(H-transfer) transition state. ThAH(AG) 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-0O 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.

A series of water-soluble He-porphyrin complexed’18
heme-containing proteirdg selenoproteind’ as well as synthetic
organo-selenium compourids(e.g., ebselen, [2-phenyl-1,2-
benzisoselenazol-3(D-one*?, and organo-sulfur compounds
(e.g., methionine, (Met}§ were shown to intercept, and/or to
catalyze the decomposition and isomerization of peroxynitrite.
For example, Met reaciwith peroxynitrous acid and peroxy-
nitrite anion with bimolecular rate constants of (#70.1) x
10® and 8.6+ 0.2 M1 s71, respectively. Interestingly, one

NO + OZ — ONOO"

quickly (z12 ~ 1.2—1.3 s) isomerizes to nitrate upon protonation
(pKa = 6.8)274 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 B®H and NQ* radicals?®® Per-
oxynitrite and its related radicals (M@nd NQ*) rapidly react
with numerous bio-molecules, including proteins, lipids, DNA,
and aromatic compounds* Their high reactivity and ability

to cross biological membranféamplicate peroxynitrite in many
disease staté8. Accumulating evidendé for peroxynitrite
formation in vivo has led to the search for drugs that can
intercept this powerful oxidizing and nitrating agent, and
detoxify it.
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peroxynitrite is converted to nitrate for every two sulfoxides
and nitrites formed over a wide range of concentrations and
pH.2321n 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 HOONO homolysis) or the meta-
stable reactive intermediate, ONOOFP:2*However, recently,
the participation of free hydroxyl radicals in peroxynitrite
oxidation has been called into questi§i#> 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
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elucidation of their mechanisms requires more comprehensiveconclusions on the mechanisms of the reaction of ebselen (and
(both experimental and theoretical) studies. its derivatives) with peroxynitrite using the B3LYP/6-3tG-

In this paper we use density functional theory to rationalize (d,p) approach. These calculations have demonstrated that, at
the reactions of peroxynitrite with thioethers. Dimethylsulfide the enthalpy level, the two-electron oxidation of ebselen (and
(DMS) is a simplest thioether and is the most attractive for its derivatives) is energetically the most favorable pathway both
computational studies. Therefore, in this paper we study the in the gas phase and in solution. However, the inclusion of
mechanisms of the reactions of DMS with both peroxynitrite entropy corrections makes the one-electron oxidation pathway
forms, ONOO and HOONO. Its Se analogue, dimethylselenide the most favorable in the gas phase.

(DMSe), is also studied for comparison:
II. Calculation Procedure

(CHy),X + ONOO @) All calculations were performed using the quantum chemical

package GAUSSIAN-98 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 methétlin these
calculations, we used the 6-3tG(d,p) basis set. Previous
studie§®3437.38have demonstrated that the B3LYP/6-31G3-
(d,p) approach provides excellent geometries compared with the
more sophisticated approaches, such as CCSD(T), G2 and
'CBS-Q using the 6-3HtG(d,p) basis sets. Furthermore,3#&
and other®2? have demonstrated that the B3LYP/6-313-
(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 (G)X (where X='S and Se)
with HOONO and ONOQO calculated at the same (B3LYP/6-
311+G(d,p)) level of theory, we believe that the underestimation
of the O—0O 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 6-313(d,p)
basis sets and the B3LYP/6-3t&(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 Mod&lcalculations using the
6-311+G(d,p) basis set and the B3LYP/6-31G&(d,p) optimized
geometries, referred to below as PCM-B3LYP/6-3G(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 progfa®econd,
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=XS.

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

theory. The oxidation barriers of dimethylsulfide, trimethyl- frequencies (all these conditions are default in the Gaussian_98

amine, and trimethylphosphine by HOONO were reported to quantum chemical packagethat was used in these calcula-
be 8.3, 4.6, and 0.5 kcal/mol at the QCISD(T)/6-31G*//B3LYP/ 1ONS)- _ _ .

6-311G** level of the theory? Recently, Shustov and co- This paper is orggnlzed as follows. Sectlonllll addresses the
workers?® applied computational methods to study the mecha- rr;eghamsfmtr(])f reactlr(])n _1for *f S an(ttl_ Se.beV(\:ltmn v presednts
nism of aliphatic G-H bond oxidation in methane, propane, SH(u)(;?\ISOO desm(te_c a\r/ns_m 0 ;eac 1on I etween ?’? i
isobutane, propene, and 1,4-pentadiene with peroxynitrous acid » and section V-gives a few conclusions and predictions

and peroxynitrite anion. They have analyzed three different from these studies.
mechanisms, namely, (a) direct oxygen insertion into théHC . _ .
bond (two-electron oxidation), (b) H-atom abstraction (one- I(QNI(?)%aEtlons Of (CHg)oX (where X = S and Se) with

electron oxidation), and (c) HOONO bond homolysis to form

hydroxyl radical. Their data include entropy effects and support  Ill.1. Gas-Phase StudiesThe lowest energy structures of
mechanism (c), an involvement of discrete hydroxyl radicals the reactants, (CS, (CH;).Se and ONOO (PN), of reaction

in lipid peroxidation by Q@ initiated in the presence of 1 are given in Figure 1.

peroxynitrite. The direct (two-electron) hydroxylation of allylic PN has been the subject of many previous theoretical
C—H bonds and &C bond epoxidation are predicted to have studies’®-3340 In general, we and others have identified two
higher activation energies in comparison with the energy of different isomers, cis and trangssONOO is found to be 2-4
homolysis. Musaev and co-workéts$* arrived at similar kcal/mol more stable thainansONOO™ and separated from it

(CH,),X + HOONO @)

where X= S and Se.

A majority of the reactions of peroxynitrite with thioethers
take place in hydrophobic environments or in agueous 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 wateri Also, it has been pointed out that peroxynitrite-
dependent nitration of tyrosine in the aqueous phase is different
from that in the membran@.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 Médel
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-workétsave investigated
the reactions of peroxynitrite with amines, sulfides, alkenes, and
ketones. Their B3LYP/6-31G* calculations have demonstféted
that the reaction of HOONO with SHhas a 17.8 kcal/mol
barrier for the two-electron oxidation transition state. Further,
they have showAi3%sthe existence of the hydrogen-bonded
[HO*---NOy"] 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
Hirao®! 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-worke?3 have studied the reaction of HOONO
with alkenes (ethylene and propene), dimethylsulfide, trimethyl-
amine, and trimethylphosphine at the various levels of the



5864 J. Phys. Chem. A, Vol. 107, No. 30, 2003 Musaev et al.
0:\ | 2 0[
0 O~ 0]
116.7/134.4
A 1138 106.8
1.388\118.3 1163 £ 513 1256/1.199X0 L1840 “af 0.980
) o
1.366 Lol
cis-O0ONO" cissHOONO NO,y/NO, ¢is-HONO
ZC°X,Cl0Y =864 H!
(84.1) @_.AB
£C2XCL0°0 = 1098 87.2 1
(105.6) o3 (85.0) } 2.361
1(2.370)
1.260 :
o0 o :
6.6 (1.673)
(94.6) ‘. %
X
(1.982)
D3y, Cy, Cs Cs
NOy (CH3),X (CH3),X0 (CH3),X(OH)

Figure 1. The B3LYP/6-31#G(d,p) calculated important geometrical parameters of the reactants and possible products of the reactiggpXof (CH
with cis-ONOO~ andcis-HOONO, where X= S and Se (in parentheses). All distances are in A, but angles are in degrees.

by energy barrier of about 2127 kcal/mol. In Figure 1 the
structure of onlycisONOO™ is given, and in this paper, the
reactivity of the energetically most favorable cis isomer with
(CHg),S and (CH).Se is studied. The Mulliken charges
calculated at the B3LYP/6-3#1G(d,p) level show the large
negative charges;0.524e and-0.366e, on the terminal oxygen
atoms, G and G, respectively (see Supporting Information,
Table S3).

age. Intrinsic reaction coordin4#&IRC) calculations show that
this transition state connects the pre-reaction comiiis),X-
(cissONOO") to the (CH3),XO(NO;") product. In this transi-
tion state, the broken ©-02 bond is significantly (0.408 and
0.394 A) elongated, while the forming-X0? bond distance is
shortened by 1.672 and 2.100 A, for=XS and Se, respectively,
relative to the corresponding pre-reaction complex (see Figure
2). Furthermore, the B-H bond formed (from the &3 group)

The structures of DMS and DMSe have also been discussedis also shortened by 0.749 and 1.167 A for the=)S and Se,

in the literature!>420ur findings (Figure 1) are consistent with

respectively. All these geometrical changes are consistent with

the previous data, and they show that these compounds havéhe nature of this transition state, where th&-Q? bond is

C,, symmetry with the X-C bond distances of 1.824 and 1.970
A for X = S and Se, respectively.

cleaved, but the MO3 and N.=02 double bonds are formed.
The G—0? bond cleavage barrier is 21.7 and 15.7 kcal/mol

As expected from the charge distributions, the first step of at theAH level for the X='S and Se, respectively, calculated

reaction 1 is coordination of the negatively chargede@d of
PN to the X center to fornfCH3)2X(cissONOOQO™) (see Figure
2).

from the corresponding pre-reaction compléXH3).X(cis-
ONOO"). At the AG level the pre-reaction complex lies higher
than reactants. Therefore, at theS level the G—0? bond

As seen in Figure 2, where we present only the most cleavage barrier is calculated from the reactants, and found to
important geometrical parameters (the Cartesian coordinates ofbe (26.2) and (19.9) kcal/mol for the=x S and Se, respectively.

all of the calculated structures are given in Table S1 of the

Supporting Information), the coordination ¢fssONOO™ to

Overcoming the barriers at the transition state1(0O—0O
activ.) leads to the produ¢CH3),XO(NO; "), where the product

(CHs)2X does not significantly change the geometries of both X=03 bond distance is 1.533 and 1.692 A for=XS and Se,
reactants relative to their un-complexed forms. This indicates a respectively. The N@unit is bound to théCH3),XO fragment

weak interaction between tles-ONOO™ and (CH)2X.

As seen in Table 1, where we give the energies (relative to

via two H-atoms of the methyl groups.
The comparison of the geometrical parameters of, Nt

the reactants) of all the calculated intermediates, transition statesjn the product complex with those for the N@d NGQ~ mol-
and products of reaction 1, the first step of the reaction, which ecules (see Figure 1) show that bound NiO(CH3),XO(NO2 ™)

is the formation of the iormolecular compleXCH3).X(cis-
ONOOQO™), is exothermic by 6.4 and 6.8 kcal/mol for X S
and Se, respectively, at theH level. However, the inclusion

is the nitrite anion. Thus, the product of the>-@D? bond
cleavage,(CH3)2XO(NOy"), is the complex of N@ with
DMSO or DMSeO, respectively. This is also consistent with

of the entropy corrections make it endothermic by (1.2) and the Mulliken charge (see Table S3 of Supporting Information)

(0.8) kcal/mol for X= S and Se, respectively. (Here and below,
all numbers presented without parenthesed\desalues, while
those given in parentheses a6 values).

In the next step, the ©®-02 bond cleavage takes place at the
transition statd S1(O—0O activ.) (Figure 2), which is positively
characterized by normal-mode analysis:
imaginary frequency (469.tm! and 409.6cm~1for X = S
and Se, respectively) corresponding to the-O? bond cleav-

analysis indicating an overall 0.92.93e negative charge on
the NG unit. In addition, the X-center is oxidized: the positive
charge on X is 0.49 and 0.52e forX S and Se, respectively.
The intermediate(CH3),XO(NO,") is lower in energy
than the reactants by 51.5 (42.3) and 46.3 (38.0) kcal/mol

it has only one 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
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All distances are in A, and angles are in degrees.

TABLE 1: The Energies of the Intermediates, Transition States, and Products of the Reaction (CHLX + cisONOO™,

Calculated at the B3LYP/6-31HG(d,p) Level of Theory?

structures AE AE+ ZPC AH AG
X=S
(CH3),S + cisONOO~ —758.437964 —758.351524 —758.341053 —758.404427
TS1 (O—0 activ.) 15.4 15.3 15.3 26.2
(CH3)2,SO(NO,) —-52.9 —-51.8 —-51.5 —42.3
TS2 (O—NO, format.) 5.6 5.4 55 15.8
(CH3)2S(NGsY) —62.3 —59.9 —-59.5 —-51.3
(CH3);SO + NO,~ —34.4 —34.2 —34.2 —33.7
(CH3)2S+ NO3~ —54.2 —52.4 —-52.7 —52.2
X =Se
(CH3),Se+ cissONOO~ —2761.771815 —2761.686696 —2761.675896 —2761.741166
TS1 (O—0 activ.) 9.3 8.8 8.9 19.9
(CH3)2,SeO(NG) —47.3 —46.7 —46.3 —38.0
TS2 (O—NO; format.) -0.6 —-1.2 -0.9 9.3
(CH3)2Se(NG;) —62.4 —59.9 —59.6 —-51.3
(CH3),SeO+ NO; —28.4 —28.9 —28.7 —28.5
(CH3),Se+ NO3~ —54.2 —52.4 —-52.7 —52.2

@ Relative energies are in kcal/mol, but total energies of the reference structures are in hartree.

strengths of the SO and Se=O bonds formed, which are 124.7
+ 1.0 and (111.H- 5.1 kcal/mol), respectivel§!

From the resultingdCH3),XO(NO2~) product, the reaction
may split into two distinct channels: (a) dissociation into,NO
and (CH)2XO (pathwayl), and (b) nitrate (N@") formation

with recovery of starting (CkJ.X complex (catalytic peroxy-
nitrite — nitrate isomerization, pathway).

Our calculations show that a pathwhys 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 (MO +
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TABLE 2: The Energy (in kcal/mol) of Hydration of the energy calculations of the reactants, pre-reaction complex

CisONOO™, as Well as the O-O Bﬁond Activation Barrier of (CH3),S(cissONOO~, andTS1 (O—O activ.) of reaction 1 for

g]i?feﬁgﬁﬁl_%%ﬁ;‘b)fﬁegr;?()'\lOO Calculated at the X = S at the more sophisticated levels of theory, CCSD(T),
MP4(SDQ), MP3, and MP2 (see Table 2).

St_rucwres BSLYP CCSD(T) MPA(SDQ) MP3 MP2 As seen in Table 2, the B3LYP method provides results close
Ho fasonoor . 00 00 00 00 00 tothe CCSD(T), while it underestimates the calculated@
(C2H3()25+ ciS)ONoo— 0.0 00 0.0 00 00 bond cleavage barrier by 5 kcal/mol. However, we believe that
(CH3)-S(cis-ONOO™) —6.4 -83 -81 -86 -84 this underestimation will not affect our final conclusions (see
TS1 (00 activ.) 15.8 17.9 23.3 26.7 249  the Computational Procedure).
2|n these calculations we have used B3LYP optimized geometries.  !l.3. The Solvent Effects. At first, let us discuss the PCM

o results. In Table 3 we present thG(solution) values for
NO,") lie 34.2 (33.7) and 28.7 (28.5) kcal/mol lower than (eaction 1 calculated at the PCM level which can be compared

reactants, for Xx= S and Se, respectively. to the correspondingAE values in the gas phase. This
A pathway Il starting from the samgCHz).XO(NO.") comparison shows that including bulk solvent effects into the

complex includes the transition stat&2 (O-NO; format.).  cajculations results in more stabilization of the reactants and

The normal-mode analysis shows that this is a real transition pyoqycts of reaction 1 than the intermediates and transition

state with one imaginary frequency (83in™* and 377 cm™* states. As a result, the pre-reaction compl(©Hs) X(cis-

for X = S and Se, respectively) corresponding to formation of oNOO-) becomes unstable relative to the reactants, and the

the N—O? bond. The nascentNO® bond distance iTS2 (O— rate-determining @0 bond cleavage barrier increases slightly.

NO, format) is 1.921 and 1.986 A fgr X= S and Se,  pyrthermore, dissociation of tH@(CH3),X(NO»~) complex to
respectively. In addition, the broken—>0O3% bond dlsta_mce is (CH3)-XO and NQ~ becomes more favorable than its trans-
elongated by 0.278 and 0.186 A compared to that in the pre- formation to nitrate and (CilX. These changes are more

reaction complex(CH3),XO(NOz"), for X = S and Se,  profound in polar solvents (such as water). The overall exo-
respectively. IRC calculations show that tA&2(0O—NO; thermicity of reaction 1 changes only slightly.

format.) connects the complexCH3),XO(NO,") with the
product(CH3)2X(NO3™) (Figure 2).

The energy of the transition stat&s2(O—NO; format.) is
much above the corresponding pre-reaction comfild*s),XO-
(NO27): 57.0 (58.1) and 45.4 (47.3) kcal/mol, for S and
Se, respectively. This makes the peroxynitritenitrate isomer-

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

ization pathway highly unfavorable compared to an oxygen atom DMSe beca'use of the large negative charge of the former,
transfer. The resulting comple§CH3),X(NO3"), where the As seen in the Flgur_e 4, whe[e we present the calculated
NOs~ ligand is already formed lies 8.0 (9.0) and 13.3 (13.3) Structures of thgH20)y(cis ONOO™) complexes fon =1-4,
kcal/mol lower than pre-reaction complé€Hzs),XO(NO,"), the water molecules preferably coor.dlnate to the most negatively
while the entire proces§CHa),X + cisONOO~ — (CHz)x ~ charged O atom of the OONO-unit. Fon = 1, the H-0°
+ NOs~ is exothermic by 52.7 (52.2) kcal/mol for the both X distance (where ?_—hs a coordinated hydrogen atom of the first
= S and Se. The calculated ONO@omerization energy, 52.7 water molecule) is 1.§7OA. In the case m_f= 2, where both
(52.2) kcal/mol in the gas phase, is closeAG° = (40.5— water mol3ecgles are §|multaneously coordinated to that@m,
43.1) kcallmafs that was experimentally estimated in water, ~the H—O? distance is elongated to 1.893 A because of the
formation of H—O?3 (where H is a coordinated hydrogen atom

Summarizing this part of the paper one can conclude that, in P
the gas phase, reaction 1 is a two-electron oxidation processC! the second water molecule) and+D (of the second kO
olecule) forms hydrogen-bonds with lengths of 1.764 and

and proceeds via an O-atom transfer pathway and leads directly™ : h ;
to the final products, (C,XO and NQ~. The entire reaction 2.12_37 A, re_spect_lvely. In th_ls case there also exists a wéak H

is exothermic by 34.2 (33.7) and 28.7 (28.5) kcalimol forx O Interaction with bond distance of 2.609 A,

S and Se, respectively. The rate-determining barrier, th©O For the complexe¢H;0)n(cissONOO™) with n = 3 and 4
bond cleavage, is 21.7 (26.2) and 15.7 (19.9) kcal/mol fer X ~ We have located two isomers. In isomer_1, all water molecules
S and Se, respectivelyThus, (a) DMSe reacts faster with ~are clustered in the vicinity of the ¥&atom; in isomer_2, one

peroxynitrite anion than DMS, and (b) peroxynitrite nitrate of the water molecules coordinates to the ® bond. Isomer_2
isomerization process catalyzed by DMS and DMSeeiy is about 5-6 kcal/mol higher in energy than isomer_1, and,
unfavorable relatve to the oxygen atom transfer process. therefore, will not be discussed below.

111.2. Validation of the B3LYP Results. To validate our In Table 4 we present the calculated sequential hydration

B3LYP data presented above we performed the single-point energies of theisONOO™, (e.g., energy of the reacti¢hl ,0),-

TABLE 3: The AG(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 (GHX + cisONOO™~, Calculated at
the PCM-B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) Level

X=S X=Se

structures @"12 CGHG CHgClz Hzo C6H12 CsHs CHgClz Hzo
(CH3)2X + cissONOO~ —758.48811 —758.48935 —758.52709 —758.54565 —2761.81596 —2761.81739 —2761.85459 —2761.871842
(CH2)2X(cis-ONOO") 0.2 0.4 3.2 10.1 -0.1 0.1 3.2 6.9
TS1 (O—0 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—NO, format.) 16.2 16.1 20.5 —26.4 5.8 5.8 7.9 7.3
(CH3)2X(NO35") —54.2 —54.0 —49.8 445 -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 —515 —53.9 —53.9 —53.3 —51.5
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15.3(26.2)
100 8.9(19.9)
5.5(15.8)
0.0 -0.9(9.3)
-109 -6.4(1.2)
-6.8(0.8)
200,
=09 (CH3),XO + NOy
-40.0 -34.2(-33.7)
28.7(-28.5)
-50.0
n (CH;),X + NO;y"
51.5(-42.3)
-60.0/ -46.3(-38.0) -52.7(-52.2)
-59.5(-51.3) -52.7(-52.2)
-70.0 -59.6(-51.3)
(CH3)2X(cIis-ONOO') | (CH3),XO(NO;) (CH3),X(NO3) | Structures
| |

(CH3),X + cis-ONOO" TS1 (0-O act.)

TS2 (O-NO, format.)

Dissociation
Limits

Figure 3. Schematic presentation of potential energy surface (PES) of the reactigpXCH cis-ONOO™ for X = S (first row) and Se (second
row). Numbers given without parentheses Al¢ values, while numbers presented in parentheses correspd@ t@lues. This scheme is scaled

for the AH values of the reaction (GHS + cis-ONOO™.

(cisONOO™) — (H20),-1(cisONOO™) + H,0), which is also
presented graphically in Figure 5.

As seen from the Table 4 and Figure 5, tiid andAG values
of the sequential hydration ofisONOO~ decreases upon
increasingn: AH values are 16.3, 14.3, 11.8, and 11.8 kcal/
mol, while AG values are 9.0, 4.0, 3.0, and 2.6 kcal/mol, fior
=1, 2, 3, and 4, respectively.

In water the reaction of DMS withisONOO™ becomes the
reaction of the DMS with hydratedisONOO~, (H,0),(cis-
ONOO™). Therefore, one should study reaction 3

(CH,),X + (H,0),(cissONOO) 3)
In this paper we study only the rate-determining-O bond
cleavage (including reactants, pre-reaction complex, an@O
bond cleavage transition state) of reaction 3rior 1 and 2,
and X= S. The calculated structures and energeti¢€éfs),S-
(H20)n(cissONOO™) intermediates and ©0 bond cleavage

As seen in Tables 1 and 4, the enthalpy of© 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 valuesmthe barrier for
O—0 bond cleavage irtisONOO™ by DMS will be even
smaller. In the other wordsyater molecules reduce the rate-
determining G-O bond cleaage barrier of reaction 3, e.g.,
they facilitate it. Here, we predict that the-@D bond cleaage
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%enter, resulting in the lowering
of the O-atom transfer (or ©0 bond cleavage) barrier. Water
also destabilizes the pre-reaction complex and makes it unstable
relative to the reactants. In general, similar effects should be

transition states are given in Figure 6 and Table 4, respectively.expected from the PCM studies, which take into account the
A comparison of the important geometrical parameters of pre- bulk solvent effects. Indeed, similar to the explicit solvent

reaction complexes and-€D bond cleavage transition states

studies, the PCM significantly destabilizes the pre-reaction

of reactions 1 and 3 (presented in Figures 2 and 6, respectively)complex. However, contrary to the explicit solvent studies, PCM

shows that the explicit inclusion of water molecules in the
reaction significantly affects the calculated-X? distance in
the pre-reaction complexes. At the same time,Tigl the
important S-O% and G—0? bond distances elongate by 0.141
and 0.012 A forn = 1, and 0.208 and 0.010 A far = 2,
respectively.

Thus, the hydration otissONOO™ makes theTS1 more
“reactant-like”, and shifts the equilibrium in favor of the
reactants. Indeedy\H of (CH3),S(H,O),(cissONOO™) forma-
tion becomes more positive with the increasingiof- 6.4, —4.6,
and+0.1 kcal/mol forn = 0, 1, and 2, respectively. Extrapola-
tion of these data ta > 2 indicates tha{CH3),S(H,O)n(cis-
ONOO™) will be unstable, and, therefore, rate-determining

calculations predict an increase in the-O bond cleavage
barrier. This discrepancy between the PCM and explicit solvent
studies is likely due to the use of the B3LYP/6-31G(d,p)
gas-phase geometries in PCM calculations.

IV. Reaction of DMS with HOONO

Theoreticians have already extensively studied the peroxyni-
trous acid, HOONG$%3246|t was shown that the cis-perp and
cis-cis isomers of this molecule, which differ from each other
by rotation (about 96100 deg.) around the €4 bond, are
energetically the lowest ones. The cis-cis isomer is predicted

O—0 bond cleavage barrier should be calculated relative to theto be 0.5-1.5 kcal/mol lower in energyAE values) than the

reactants, rather than from the pre-reaction comps),S-
(H20)n(cissONOO).

cis-perp isomer at different levels of the theory (MP2, QCISD-
(T), CCSD(T), G2, and CBS-APNO). Our B3LYP/6-3t6G-



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

H2 1.364
Ht.ﬁ?[) 1.205
1006~ ""-~~. "1 401

03

Musaev et al.

H,0(cis-O0ONO")

H° .
Isomer_1 Isomer_2 2.094 -, H'
(H,0)3(cis-OONO") HS
H’
5004 3
H? 1. ' = :
1. ?w

2,013

. \ o} 1.366 %@ 948, :
: ; 1.198 !
e g %2
s #1937 2020 e
’Hﬁ S5 H
H'J‘
@ Isomer_1
(H,0)4(cis-OONO")

Figure 4. The B3LYP/6-31%G(d,p) optimized structures of the {8),(cisONOO") (wheren = 1, 2, 3, and 4) and their important geometrical
parameters. All distances are in A

Isomer_2

TABLE 4: The Sequential Hydration Energy of the cisONOO~ Anion [(H 20),(cisONOO~) — (H20),-1(cisONOO™) + H,0],
as Well as the Relative Energies of the Intermediates, Transition States, and Products of the Reaction (g6 +
(H20)n(cisOONO™) Calculated at the B3LYP/6-311-G(d,p) Level of Theory?

structures AE AE + ZPC AH AG
H,0 + cissONOO~ —356.829734 —356.797346 —356.788967 —356.840790
(H20)(cissONOO") —-17.6 —-15.9 —-16.3 -9.0
H>0 + (H20)(cisONOO") —433.316285 —433.259869 —433.248253 —433.310001
(H20)2(cissONOO") —-16.3 —-13.4 —-14.3 —-4.0
H20 + (H20),(cissONOO") —509.800756 —509.718336 —509.704350 —509.771125
(H20)3(cissONOO") —-13.6 -11.3 —-11.8 -3.0
H20 + (H20)3(cissONOO") —586.280818 —586.173544 —586.156573 —586.230750
(H20)4(cissONOO") —-13.7 -11.1 —-11.8 —-2.6
(CH3),S + (H20)(cisONOOQO™) —834.924515 —834.814047 —834.800339 —834.873638
(CH3)2S(H20)(cissONOO™) —-5.8 —-5.3 —4.6 3.0
TS1_H0 (O—0 activ.) 14.2 15.0 14.7 27.6
(CH3)2S + (H20)2(cissONOO") —911.408986 —911.275140 —911.256436 —911.334762
(CH3)2S(H20)2(cissONOOQO™) -1.3 -0.2 0.1 6.2
TS1 (H.0), (0O—0 activ.) 13.2 13.8 13.5 255

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.

(d,p) calculations show that the cis-cis isomer is lower by 0.5 for the cis-cis isomer of HOONO. Subsequently, for simplicity,
kcal/mol than the cis-perp isomer at thé1 level. However, we refer tocis-cisHOONO as tis-HOONO” (see also Figure

the inclusion of entropy effects makes the cis-perp isomer lower 1).

by only 0.1 kcal/mol than the cis-cis isomer. Since these two  In general, the reaction of DMS with HOONO (eq 2) may
isomers are practically degenerate in energy and can easily reproceed via two pathways: stepwise and concerted. First, we
arrange to each othéfwe study reaction 2 (discussed below) address the concerted pathway. The calculated important geo-
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Figure 5. Graphical representation of the calculated sequential
hydration energies of the peroxynitrite anion, i.e. reactisdONOO~
+ n(H20) — (H20),(cissONOO").
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the OH-group is rotated, becoming almost perpendicular to the
OPO?NO!-plane. Second, the NO? bond is elongated by
0.072A compared to that of the fress-HOONO molecule. The
geometry of the (Ch),S fragment in the complex witkis-
HOONO is almost the same as that of free DMS, and, therefore,
will not be discussed.

The calculated(CH3),S + cissHOONO — (CH3),S(cis
HOONO) complexation energy is 10.2(1.0) kcal/mol (Table
5).

The next step of the reaction is HOO? bond cleavage at
the TS1(O—0 activ.) transition state, which is confirmed to
be a real transition state with one imaginary frequency of 411.2
cm~L. Normal-mode analyses shows that this imaginary fre-
guency corresponds to the BO0? bond cleavage. ITS1the
broken H3—02 bond is elongated by 0.333 A, and the-®2
bond (z-bond) that is formed is shortened by 0.192 A relative
to their values in the pre-reactio(CHs3),S(cisHOONO)
complex. The nascent-803H bond has a distance of 2.395 A.
The HG—O? bond cleavage barrier is 6.1 (7.3) kcal/mol relative
to the pre-reaction complefCH3),S(cisHOONO).

Intrinsic reaction coordinate (IRC) calculations show that the

metrical parameters of the intermediates, transition states, angProduct of the H3-0? bond cleavage is the complé&Hs),S-

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-reactiqiCH3),S(cis-
HOONO) complex thecissHOONO molecule coordinates to
the S-center via its H-atom: the-$1! distance is 2.243 A. Such

(O)(cisHONO), wherecissHONO fragment is H-bound to the
O8-atom of the (CH),SO fragment. The calculated?©H* and
O'—H! distances are 1.648 and 1.013 A, respectively. As seen
in Table 5, the compleXCH3),S(0)(cisHONO) is stable by
10.9 (1.5) kcal/mol relative to the dissociation limit of (&

an interaction results in significant changes of the geometries SO + cis-HONO. The entire reaction (GtS + cissHOONO
— (CHs)2S0O + cisHONO is exothermic by 32.4 (31.6) kcal/

mol.

of the cissHOONO molecule. At first, the intramoleculartH
Ol interaction in freecisHOONO is completely destroyed and

1.361

1.205

(CH3),S(H,0)(cis-ONOO")

i g
1 ISJ

(CH;3);S(H;0),(cis-ONOO")

Figure 6. The B3LYP/6-311#G(d,p) calculated important geometrical parameters of the pre-reaction complexgsS{GHHO),(cissONOO)]
and O-0 bond activation transition state§§1) for n = 1 and 2. All distances are in A.

TS1_(H,0); (0-O activ.)
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TS1 (0-0 activ.)
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- I
2011 O

TS2(H-transfer)

Figure 7. The B3LYP/6-31%#G(d,p) calculated important geometrical parameters of the all possible intermediates and transition states of the

reaction of (CH),S with cisHOONO. Al distances are in A.

TABLE 5: The Energies of the Intermediates, Transition States, and Products of the Reaction (CihS + cisHOONO,

Calculated at the B3LYP/6-31H1-G(d,p) Level of Theory

structures AE AE+ ZPC AH AG
(CH3),S + cissHOONO —758.985800 —758.887380 —758.876369 —758.940726
(CH3),S(cissHOONO) —11.0 —10.3 —10.2 -1.0
TS1 (00 activ.) —4.4 —4.1 —4.1 6.3
(CH3),S(OH)(NOy) —30.5 —28.7 —28.7 —-17.1
TS2 (H-transfer) —18.1 —16.6 —-17.2 —4.0
(CH3),SO(cissHONO) —44.9 —43.4 —43.3 —33.1
(CH3),SO + cisHONO —32.6 —32.3 —32.4 —31.6
(CH3).SOH + NO> —3.8 —5.2 —4.4 —6.1

@ Relative energies are in kcal/mol, but total energies of the reference structures are in hartree.

The first step of the alternative stepwise pathway is-HO  will not discuss the structure and energetics of the less stable

ONO homolysis to yield two radicals, H@nd NQ*, which

(CH3)2S(NO;) complex. The (CH3)2S(OH)* complex, the

proceeds with an energy of 12.3 (2.2) kcal/mol in the gas phase,structure of which is given in Figure 1, is 16.7(8.3) kcal/mol

as shown by the B3LYP/6-31#1G(d,p) level calculations. The

stable relative to the dissociation limit (GHS + HO-".

previous calculations at the various levels of theory predicted a Meanwhile, the radicals (CHS(OHY + NO;* lie 4.4(6.1) kcal/

homolysis HG-ONO bond enthalpy in the gas phase of-20
22 kcal/mol4748 Recently, Janoschek and co-workérsave
reportedAH andAG values of 18.6 and (8.3) kcal/mol for HO

mol lower than reactants (GHS + cisHOONO, and their
recombination gives the complé&€H3),S(OH)(NO,), with the
S—03%H and S-O?NO! bonds of 1.796 and 2.156 A, respec-

ONO homolysis in the gas phase using the more sophisticatedtively. This complex lies by 28.7 (17.1) and 41.0 (19.3) kcal/
G3MP2B3 method. The experimentally reported enthalpy and mol lower than (CH),S + cisHOONO and (CH).S + HO* +

Gibbs free energy of HOONO homolysis are 2% 3 and 11
+ 3 kcal/mol, in the gas phase, and 481 and 17+ 1 kcal/
mol in water, respectivel§’ These data clearly show that (a)
the entropy effect is significantly smaller in water than in the
gas phase, and (b) the B3LYP/6-31G&(d,p) approach under-
estimates the HOONO homolysis by 6 7 kcal/mol and should
be used with great care.

In the next step the HGnd NQ* radicals formed coordinate
to DMS step-by-step and/or simultaneously to form(tbkl 5),S-
(OH)*, (CH3)2S(NOy)*, and (CH3),S(OH)(NO) products, re-
spectively. Since our calculations show that Hfdordinates
to DMS a few kcal/mol more strongly than NObelow we

NOy* dissociation limits, respectively. THEH3).S(OH)(NO,)
product decays via two distinct pathways. The first one, called
the dissociative or “radical” pathway, is a reverse process to
the NO* coordination and leads to NOand (CH).S(OHYy
radicals. Our calculations show that this process is endothermic
by 24.3 (11.0) kcal/mol. The dissociation(@H3),S(OH)(NO,)

to HO and (CH).S(NOy) is expected to be slightly less
favorable and will not be discussed.

The second process starts from the s&@td3),S(OH)(NO,)
complex, the H-atom transfer pathway, proceeds via the H-atom
transfer from the OH to ONO fragment, and leads to the
(CH3)2S(0)(cisHONO) complex discussed above. The reaction
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(CH;),S + 'OH + NO,
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(CH3),S(OH) + NO;
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CHj),SO + cis-HONO
433(33.1y  (CHSO+cis

TS2 (H-transfer)

[ I |
(CH3),S(cissHOONO)

(CH3),S(OH)(NOy)
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(CH3),S0(cis-HONO)

Structures

Figure 8. Schematic presentation (based &6 values) of potential energy profile of the reaction {43 with cisHOONO in the gas phase.
Numbers presented here were calculated at the B3LYP/6-31d,p) level. Numbers given without parentheses &ké values, while those in

parentheses ar&G values.

(CH3)2S(OH)(NO2) — (CH3)2S(0)(cissHONO) is exothermic

by 14.6 (16.0) kcal/mol, and proceeds with a 11.5 (13.1) kcal/
mol H-atom transfer barrier at tHES2(H-transfer) transition
state, where the Catom of the GNO? fragment is coordinated
to the H-atom of the GH-unit. In the TS2(H-transfer)
transition state, the ©-H* bond is 2.860 A, while the broken
S—0? bond is elongated by 0.39 A compared to that in the
complex(CH3),S(OH)(NO,). These changes in-80? and G—

H! distances correlate with a decrease in the @ bond
distance by 0.040A, but an elongation of the-&! bond by
0.047 A. Normal-mode analysis shows that T2 (H-transfer)

is a real transition state with one (13B.dm™1) imaginary
frequency. Furthermore, IRC calculations confirmed th&p
connectgCH3),S(OH)(NOy) with the produc{CH3),S(O)(cis-
HONO).

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 tiAéd level.
However, the inclusion of entropy correctionsd values) could
make the stepwise pathway favorable in the gas phase. As
mentioned above, the B3LYP/6-3t5G(d,p) approach used in
this paper underestimates both the concertedOObond
cleavage barrier and the H@DNO 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 th§CH3),S(OH)* and NQ°
radicals formed on the stepwise pathway could also be formed

Comparison of these two processes starting with the complex during the concerted pathway. The transition state (JTi8ading

(CH3)2S(OH)(NOy) shows that the dissociation of the B@nit

is a barrierless, but endothermic (24.3 (11.0) kcal/mol) reaction.

to these products on the concerted pathway is expected to be
energetically higher thafS1(O—O activ.) reported in this

In contrast, the H-atom transfer pathway is exothermic by 14.6 paper. Here, TSIwas not located. However, in solution TS1

(16.0) kcal/mol, but proceeds with an activation barrier of 11.5
(13.1) kcal/mol. Thus, at thAH level, a high endothermicity

could be more stabilized thahS1(O—0O activ.). To resolve
this uncertainty, one should optimize the geometries of all the

of the dissociation (radical) pathway and low activation energy intermediates and transition states of reaction 2 in water using
of H-atom transfer (sulfoxidation) makes the sulfoxidation much both the PCM and explicit water approaches. These investiga-
more likely to occur in the gas phase. However, the inclusion tions are in progress.
of the entropy corrections in the gas phase makes the NO We also would like to mention that the stepwise mechanism
dissociation slightly (by 2.1 kcal/mol) more favorable than the is kinetically completely different from the concerted one. In
unimolecular H-atom transfer process. A competition between the stepwise mechanism, the rate-limiting step is a unimolecular
these two pathways should be mostly determined by further process, which is independent of DMS concentration. While,
reactions of the product (GhS(OHY and NQ- radicals. the concerted pathway should obey a first-order reaction rate
The overall potential energy surface of the reaction of DMS law with respect to both HOONO and DMS concentrations.
with cis-HOONO consists of both the concerted and stepwise Therefore, a stepwise pathway could dominate at low DMS
pathways and is shown in Figure 8. concentrations, while a concerted one could dominate at high
As seen from this Figure, the-@D bond cleavage on the = DMS concentrations.
concerted pathway occurs with 6.1 kcal/mol barrier, calculated  The single-point PCM calculations performed at the B3LYP/
from the pre-reaction comple¥CH3),S(cisHOONO). The 6-311+G(d,p) optimized geometries show that the inclusion of
inclusion of the entropy effect destabilizes the pre-reaction the solvent effects destabilizes thH€H3),S(cissHOONO)
(CH3)2S(cisHOONO) complex andTS1(O—0O activ.) and complex and th& S1 (O—0 activ.) transition state relative to
shifts theTS1(O—0 activ.) transition state by (6.3) kcal/mol  the reactants, and only slightly changes the @ activation
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TABLE 6: The AG(solution) Energies of the Reactants, Intermediates, Transition States, and Products of the Reaction (k5
+ cisHOONO, Calculated at the PCM-B3LYP/6-31+G(d,p) Level

structures GHio CsHs CH.CI, H,O
(CH3)2S + cisHOONO —758.997584 —758.994341 —759.001465 —759.003261
(CH3)2S(cisHOONO) —-3.5 —-3.8 —-2.9 0.8
2TS1 (O-0 activ.) 2.3 1.8 1.8 3.7
(CH3)2S(OH)(NOy) —26.5 —-27.1 —27.7 —26.0
TS2 (H-transfer) -12.9 —-13.9 —-15.1 -149
(CH3)2SO(cisHONO) —-375 —38.2 —37.6 —34.0
(CH3)2SO + cisHONO —26.7 —27.1 —28.1 —28.7
(CH3)2S(0OH) + NO, 1.8 1.8 1.7 3.2

barrier (see Table 6). Combining this finding with the fact that determining barrier, thus, accelerating the reaction. The explicit
in solutions the entropy contributions to the energetics of the inclusion of water molecules (= 1—2) into calculations reduces
reaction are going to be smaller than in the gas phase, one mayhe enthalpy of the ©0 bond cleavage: 15.3, 14.7, and 13.5
expect that both concerted and stepwise pathways of reaction cal/mol (relative to the reactants) far = 0, 1, and 2,
are likely to be feasible. respectively. In water the ©O bond cleavage barrier of the
Furthermore, the solvent effects significantly destabilize the reaction ofcisONOO~ with DMS is likely to be smaller than
dissociation of théCH3),S(OH)(NO,) complex to radicals and,  13.5 kcal/mol.
consequently, render the H-atom transfer (sulfoxidation) path-  (3) Further reduction of the acidity of%atom in ONOO
way even more favorable. Indeed, the barriéE(values) of by its protonation (which corresponds to a decrease in pH in
the H-atom transfer process at the transition s&#2 (H- water), significantly reduces the-@D cleavage barrier. The
transfer) is found to be 12.4, 13.6, 13.2, 12.6, and 11.1 kcal/ reaction of DMS withcissHOONO proceeds much faster than
mol in the gas phase, in cyclohexane, benzene, dichloromethanewith cisONOO™.
and water, respectively, relative to t{€H3).S(OH)(NO,) (4) The reaction DMSt+ cissHOONO may proceed via two
complex. At the same time, N@issociation from th¢CH3).S- pathways, stepwise and concerted, both are feasible in solution.
(OH)(NOQ) complex is 26.7, 28.3, 28.9, 29.4, and 29.2 kcal/ (5) The stepwise pathway starts with HONO bond
mol in the gas phase, in cyclohexane, benzene, dichIoromethaneh0mo|ysiS to form discrete HOand ONO radicals. Both

and water,.respectlvely. . radicals coordinate to DMS and generate the intermediate
As mentlon_ed above, the presented data are obtained at the{CHg)zS(OH)(NOZ), which can undergo further transformation
PCM level using the B3LYP/6-31G(d,p) optimized geom-  rq,9h two different pathways: dissociation to (§#$(OH}
etries, which do not take into account the geometry relaxation 4.4 NG radicals, and H-atom transfer (sulfoxidation) to form
and entropy corrections in solution. In fact, the free energies of DMSO and HONO vial S2(H-transfer) transition state. The
hydrationAG®g-aq 0f (CH3)2:S(OH) and NG are negative;-12 first pathway is barrierless, but endothermic (24.3 (11.0) kcal/
+ 3)°2and —3 kcal/mol>® respectively. Thus, the endother- mol); the second pathway is exothermic by 14.6 (16.0) kcal/
micity of the dissociation pathway can be even lower in aqUeoUs 14| hut proceeds with an activation barrier of 11.5 (13.1) kcal/
solutions, making it very competitive to sulfoxidation. mol. A competition between these two pathways should be

Finally, let us compare our results on the reaction DMS g1y determined by further reactions of the product {38
HOONO with those of Bach and co-worké¥syho have found (OH) and NQ- radicals.

only the concerted pathway for reaction 2 and located the
corresponding transition staléS1. In agreement with our data
they concluded that the products should be exclusively DMSO
and HONO. The barrier heighAg 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\g value, 6.6 kcal/mol), obtained at
the B3LYP/6-31%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.

(6) The concerted pathway of the reaction DMS cis-
HOONO proceeds via the-©0 bond cleavage barrier of 6.1
(6.3) kcal/mol at th&'S1(O—0 activ.) transition state, and leads
exclusively to DMSO and HONO.
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V. Conclusions and Predictions ) ] ) ] )
] ] Supporting Information Available: Cartesian coordinates

From the results and discussions presented above one cayf a|| calculated reactants, intermediates, transition states, and
make the following conclusions and predictions. products of the reaction 1, (2) and (3)able S1), and their

(1) In the gas phase, the reaction of DMS (and DMSe) with tota| energies Table S2. The Mulliken chargesTable S3
peroxynitrite anion, ONOQ, proceeds by an O-atom transfer anq the calculatedG(solvation) values at the PCM level for
mechanism and produces DMSO (and DMSeO) and;NO g the reactants, intermediates, transition states, and products

anion. The G-O bond cleavage barrier at ti&1 (O—O activ.)  of the reaction 1 and (2). This material is available free of charge

the overall exothermicity of the reaction is 34.2 (33.7) and 28.7
(28.5) kcal/mol for X=S 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 (1) (a) Nauser, T.; Koppenol, W. K. Phys. ChemA 2002 106, 4084,
to nitrate and references therein. (b) Goldstein, S.; CzapskiF®e Radical Biol.
. . - Med. 1995 19, 505, and references therein. (c) Huie, R. E.; Padmaja, S.
(2) The inclusion of solvent effects reduces the acidity of Free Radical Res. Commuri993 18, 195. (d) Beckman, J. S. The

the transferred ®atom to the DMS and decreases the rate- Physiological and Pathophysiological Chemistry of Nitric OxideNitric
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