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The reaction mechanism of a model compound of ebselen,2, [1,2-benzisoselenazol-3(2H)-one], with
peroxynitrous acid (HOONO) has been investigated using the density functional (B3LYP), coupled-cluster
(CCSD(T)), and polarizable continuum model (PCM) methods, in conjunction with the 6-31G(d), 6-311G(d,p),
6-311+G(d,p), and 6-311+G(3df,2p) basis sets. It was shown that the B3LYP method is not reliable for
studying the energetics and stability of the weakly bound•OH‚‚‚ONO• structure and may lead to the wrong
conclusions. The CCSD(T) calculations with the 6-311+G(d,p) and 6-311+G(3df,2p) basis sets show that
the disputed•OH‚‚‚ONO• structure is unlikely to exist in the gas phase. Including explicit solvent (water)
molecules in the calculations resulted in a complete cleavage of the weak interaction between the•OH and
ONO• radicals in•OH‚‚‚ONO•. The reaction of2 + HOONOf 2-O + HONO was found to be exothermic
in the gas phase by 25.3 (24.9) kcal/mol and may proceed via two different pathways: stepwise and concerted.
The concerted mechanism, which proceeds via the O-O bond cleavage transition state, was found to be
more favorable at the enthalpy level. However, including an entropy correction makes the stepwise mechanism
more favorable, which proceeds through the O-O bond homolysis incis-HOONO. Even in solution, the
reaction of compound2 (and ebselen) with HOONO prefers to proceed via the concerted mechanism. A
comparison of the reaction mechanisms of2 with HOONO and ONOO- (as reported previously (J. Am.
Chem. Soc., in press)22) shows that the reaction of2 (and ebselen) with HOONO should be slower than that
with ONOO- in both the gas phase and in solution. We have shown that the observed (FEBS Lett.1996, 398,
179)20 lower yield of selenoxide at high pH values is partially due to the large O-O bond cleavage barrier
for HOONO versus ONOO-. Our analysis shows that reaction of2 with ONOO- is a two-electron oxidation
process and occurs via heterolytic O-O bond cleavage, whereas the reaction of2 with HOONO is a one-
electron oxidation process and occurs via homolytic O-O bond cleavage.

I. Introduction

The peroxynitrite anion (ONOO-, PN) formed by the direct
and rapid combination of nitric oxide (NO) and superoxide anion
(O2

-).

is stable in alkaline solution1 but quickly isomerizes to its nitrate
form, or undergoes homolysis to yield•OH and •NO2 radical
pairs (or an•OH‚‚‚•NO2 “cage-radical”) upon protonation.2,3

Peroxynitrite† and the related•OH, •NO2, and •CO3
- (formed

from the reaction of ONOO- with CO2) radicals rapidly react
with numerous bio-molecules, including proteins (via the
nitration of tyrosine and tryptophan), lipids (via peroxidation),
DNA, and aromatic compounds.4-12 The high reactivity of
peroxynitrite (or related radicals) with biological targets,
combined with their high mobility (even in the presence of

biological membranes), implicates it in many diseases states,
including heart disease, cancer, and apoptotic cell death in
leukemia cells, aortic smooth muscle cells, and neural cells.
Therefore, it is quite important to search for drugs that can
intercept the powerful oxidizing and nitrating agent, peroxy-
nitrite, and thus, detoxify it. In this respect, elucidation of the
detailed mechanisms of the reaction of ONOO- and peroxy-
nitrous acid (HOONO) with numerous potentially useful organic
and organometallic antioxidants becomes extremely important.
The better understanding of the roles of the electronic, steric,
and solvent effects in these reactions will enhance our ability
to search for more effective drugs against peroxynitrite.

In the literature, it has been shown that a series of water-
soluble Fe(III) porphyrin complexes,13,14heme-containing pro-
teins,15 selenoproteins,16 and synthetic organo-selenium com-
pounds17 (e.g., ebselen, [2-phenyl-1,2-benzisoselenazol-3(2H)-
one18] and organo-sulfur compounds (e.g., methionine)19 can
intercept and/or catalyze the decomposition and isomeriza-
tion of peroxynitrite. Among these species, ebselen is one of
the promising candidates17,18 (see Scheme 1). It has been
shown that ebselen reacts with ONOO- with a rate constant of
2.0× 106 M-1 s-1 in alkaline pH solutions via an oxygen atom

† Peroxynitrite is used to refer to the peroxynitrite anion, OdNOO-,
and peroxynitrous acid, ONOOH, unless otherwise indicated. The IUPAC
recommended names are oxoperoxonitrate(-1) and hydrogen oxoperoxo-
nitrate, respectively. The abbreviation PN is also used to refer to the
peroxynitrite anion.

NO + O2
- T ONOO-
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transfer mechanism to produce the selenoxide and nitrite.20,21

This reaction also occurs at acidic pH, where the peroxynitrite
anion is predominantly protonated to form peroxynitrous acid
(HOONO), and produces the selenoxide as the main product.
However, in solutions with high pH’s, a lower yield of
selenoxide is observed.20 This can be explained in terms of either
the larger O-O bond cleavage barrier for HOONO versus
ONOO-, or the existence of competing ebselen oxidation
reactions, such as the spontaneous decay of HOONO, and the
pH-dependent formation of byproducts, or a combination of all
of these. However, to the best of our knowledge, the answers
to these questions still need to be elucidated. Furthermore,
current experiments20,21 have not provided any information on
the geometries and energetics of the reactants, the expected
intermediates, the transition states, or on the products. The roles
of the electronic, steric, and solvent effects on the reaction of
ebselen with ONOO- and HOONO also need to be elucidated.
For solving these questions the quantum chemical calculations
on the reaction mechanisms of ebselen with ONOO- and
HOONO could be extremely useful.

In a previous paper22 we carried out detailed studies on the
reaction mechanism of ebselen,1, and its derivatives,2-7 (see
Scheme 1), with the peroxynitrite anion. Briefly, we shown that
the reaction of2 (a model of ebselen) with ONOO- (PN)
proceeds via the pathway:2 + PN f 2-PN f 2-TS1 (O-O
activ.)f 2-(O)(NO2

-) f 2-O + NO2
-. In the gas phase, the

rate-determining Gibbs free energy barrier of (14.8) kcal/mol
corresponds to the NO2- dissociation step (throughout this paper,
the Gibbs free energy will be given in parentheses, and the total
energy values will be given without parentheses). The direct
products of this reaction are the NO2

- anion and selenoxide.
The second possible process, the NO3

- formation starting from
the2-(O)(NO2

-) complex, requires (7.9) kcal/mol more energy
than NO2

- dissociation from2-(O)(NO2
-) and so is unlikely

to energetically compete with the latter. Thus, in the gas phase,
peroxynitritef nitrate isomerization catalyzed by complex2
is unlikely to occur. Furthermore, the calculated Gibbs free
energy difference,∆, between the rate-determining steps of the
NO2

- dissociation and NO3- formation processes, increases with
the increasing electron-withdrawing ability of the R group, i.e.,
H(2.6)≈ CH3(2.0) < C6H5(8.1) < CF3(14.8). (Here, we show
the∆E values, which do not include the zero-point energy and
entropy corrections). We found that the energy for the NO3

-

formation process is slightly (3.3 kcal/mol after including the
zero-point energy and entropy corrections) more favorable than
the NO2

- dissociation process for compound4, which possesses
the strongest electron-withdrawing group, R) CF3. Therefore,
we predicted that compound4 would be a good catalyst for the
peroxynitriteT nitrite isomerization in the gas phase. Another
promising catalyst for the peroxynitriteT nitrite isomerization
in the gas phase is predicted to be complex6, with R ) OH.

Also, we have shown that the Se-N2 bond of compound2 is
extremely flexible, undergoing significant changes during the
reaction, and so facilitating the entire reaction. We predicted
that the ebselen derivatives with nonexistent (or weak) Se-N2

bonds would be extremely active for ONOO- coordination and
the O-O bond cleavage, as well as for nitrate formation,
whereas the ebselen derivatives with a strong Se-N2 bond are
expected to be extremely useful for the NO2

- dissociation step.
However, the inclusion of solvent effects changes the rate-

determining step of reaction2 with PN from the NO2
-

dissociation to the O-O cleavage step, which is calculated to
occur with energy barriers of 8.3 (13.9), 7.8 (8.4), 7.8 (8.4),
and 7.6 (8.2) kcal/mol in water, dichloromethane, benzene, and
cyclohexane, respectively. Furthermore, solvent effects make
the peroxynitriteT nitrate isomerization process practically
impossible, even for complex4, with R ) CF3. Therefore, the
direct products of the reaction of1-7 with PN are predicted to
be nitrite and selenoxide molecules. This conclusion is in
agreement with available experiment data.20,21

The present work is a continuation of our previous studies
and is concerned with studies on the mechanism of, and factors
affecting, the reaction of ebselen with peroxynitrous acid. We
believe that studies on the reaction mechanism of ebselen with
HOONO, and the comparison the obtained results with our
previous22 results for ONOO-, will allow us to elucidate the
differences and/or similarities in the O-O bond cleavage of
ONOO- and HOONO by ebselen. Previously,22 complex2, [1,2-
benzisoselenazol-3(2H)-one] was found to be a good model for
ebselen. Therefore, below, we studied the reaction of the model
complex2 with HOONO, in a manner similar to that previously
reported for ONOO-.22

II. Calculation Procedures

All calculations were performed using the quantum chemical
package GAUSSIAN-98.23 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.24 In these
calculations, we used two types of basis sets: 6-311G(d,p) and
6-311+G(d,p). Our benchmark studies22 on the geometries of
several intermediates and reactants of the reaction of2 with
ONOO- at the B3LYP/6-311G(d,p) and B3LYP/6-311+G(d,p)
levels, show that a diffuse function is not important for the
geometry calculations. Differences in the calculated geometrical
parameters are negligible upon going from the B3LYP/6-
311G(d,p) to the B3LYP/6-311+G(d,p) level. Therefore, we,
mainly, report on the B3LYP/6-311G(d,p) calculations alone,
for the optimized geometries and vibrational frequencies of the
reaction of2 with HOONO. Our studies22 have also revealed
that the role of a diffuse function can be crucial in the
calculations of the relative energies. Therefore, we will discuss
only the B3LYP/6-311+G(d,p) energetics (where the total
energy-based values will be given without parentheses, and the
Gibbs free energies will be presented in parentheses) calculated
at the B3LYP/6-311G(d,p) optimized geometries for all located
structures (below, this approach is denoted as B3LYP/6-
311+G(d,p)//B3LYP/6-311G(d,p)), unless otherwise stated.
Previous studies25,26 on the structure and stability ofcis- and
trans-HOONO, as well as the transition state that separates them,
show that the B3LYP method, and more sophisticated ap-
proaches, such as CCSD(T), G2 and CBS-Q using the
6-311+G(d,p) basis sets are in very close agreement. Meantime,
the extensive studies of the reactivity of HOONO with alkenes,
sulfides, amines, and phosphines by Bach and co-workers27 at

SCHEME 1: Schematic Presentation of the Se
Compounds Used in Our Previous Paper22
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various levels of theory (e.g., B3LYP, MP2, MP4, CISD,
QCISD, and QCISD(T)) indicate that the B3LYP method
underestimates the calculated O-O bond activation barriers by
a few kcal/mol compared to the QCISD(T) method. Because
our major task is to compare the reactivity of compound2 with
HOONO and ONOO- by investigating them at the same
(B3LYP/6-311+G(d,p)) level of theory, we believe that any
underestimation of the O-O bond cleavage barriers by the
B3LYP method will not affect our conclusions.

Furthermore, in our studies on the structure and stability of
the actively debated hydrogen-bound•OH‚‚‚ONO• structure, we
have used both the B3LYP, MP2(full), and the more sophisti-
cated CCSD(T) methods with different quality basis sets
including very large one, 6-311+G(3df,2p). The details of these
calculations will be presented in section III.

To analyze the effect of the solvent on the reaction mechanism
of 2 with HOONO, we have performed single point Polarizable
Continuum Model28 calculations at the B3LYP/6-311G(d,p)
level optimized geometries, PCM-B3LYP/6-311+G(d,p). The
solvents we choose are water, dichloromethane, benzene, and
cyclohexane. The default dielectric constants of these solvents
were taken from the Gaussian-98 program.23

This paper is organized as follows. In section III, we discuss
the mechanism of the reaction of compound2 with HOONO
in the gas phase and compare our results with available
theoretical and experiment data, whereas in section IV, we
elucidate the role of solvent effects. Section V is devoted to a
comparison of the reaction mechanisms of compound2 with
ONOO- and HOONO, followed by our conclusions.

III. Results and Discussion

We begin our discussions with the structure, stability, and
reactivity of the HOONO molecule. The calculated geometries
and energetics of HOONO are given in Figure 1 and Table 1,
respectively.

Compound2 was discussed in detail in a previous paper,22

and we will not repeat those discussions here. However, to
facilitate our analysis of the mechanism of reaction2 with

HOONO, we have included the energies, structure, and geom-
etries of2 in Figure 1 and Table 1.

As mentioned above, peroxynitrous acid has been the subject
of numerous previous theoretical studies.25,27,29,30Briefly, it has
been shown thatcis-HOONO is more stable thantrans-HOONO
by 1-2 kcal/mol and that the barrier separating these isomers
corresponds to the torsion around the HO-ONO bond, which
is found to have an energy of about 12 kcal/mol. The data
presented in Figure 1 and Table 1 are consistent with those
reported previously.25,29 Indeed, we found thatcis-HOONO is
more stable thantrans-HOONO by 1.6 kcal/mol and separated
from the latter by a 12.5 kcal/mol energy barrier. The torsion
angle at the transition state was calculated to be 81.7°, which
is very close to that reported previously.25

It has been shown that the protonation of ONOO- catalyzes
the rearrangement of peroxynitrite to nitrate.2,3 The experimental
activation enthalpy and Gibbs free activation energy of this

Figure 1. B3LYP/6-311G(d,p) calculated important geometrical parameters (distances in Å, angles in deg) of the reaction of compound2 with
HOONO. Numbers given in the parenthesis were calculated at the MP2(full)/6-311+G(d,p) level.

TABLE 1: Calculated Relative Energies (kcal/mol) of the
Reactants, Intermediates, Transition States, and Products of
the Reaction of 2 with HOONO

6-311G(d,p) 6-311+G(d,p)

structures ∆E ∆E + ZPC ∆G ∆∆ ∆E ∆G

HOONO
cis 0.0 0.0 0.0 0.0 0.0 0.0
TS 15.1 14.3 14.2 0.9 13.4 12.5
trans 3.6 3.3 3.1 0.5 2.1 1.6

HONO
cis 0.0 0.0 0.0 0.0 0.0 0.0
TS 13.3 12.0 11.9 1.4 11.8 10.4
trans 0.3 0.3 0.3 0.0 -1.1 -1.1

2 + cis-HOONO 0.0 0.0 0.0 0.0 0.0 0.0
2-cis-HOONO-with_OH -2.9 -2.7 5.6 8.5 -2.1 6.4
2-cis-HOONO-with_N -1.3 -0.9 6.8 8.1 -0.8 7.3
2-trans-HOONO -0.2 0.1 9.9 10.1 -1.0 9.1
2-TS1 (O-O activ.) 0.5 0.3 11.0 10.5 0.9 11.4
2-(OH)(NO2) -34.8 -33.5 -21.1 13.7 -34.8 -21.1
2-TS2 (H-transfer) -32.3 -33.5 -20.8 11.5 -32.3 -20.8
2-O(HONO) -35.3 -34.3 -23.2 12.1 -35.8 -23.7
2-O + HONO -23.0 -23.1 -22.6 0.4 -25.3 -24.9
2-OH + NO2 -10.4 -11.2 -11.1 0.7 -12.1 -12.8
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process were found to be 18( 1 and 17( 1 kcal/mol in
solution.31,32 In the literature,33 two distinct mechanisms of
peroxynitrite to nitrate isomerization are actively debated: (1)
the homolysis of the O-O bond in HOONO to yield HO• and
ONO• radicals or a weakly bound•OH‚‚‚ONO• radical pair and
(2) a unimolecular concerted pathway. Numerous theoretical
studies33,34 have been performed at different levels of theory
and have demonstrated that a concerted barrier for HOONOf
HNO3 isomerization is very high, at 47-60 kcal/mol, and cannot
contribute to the peroxynitrite-to-nitrate isomerization. There-
fore, the most likely pathway for HOONOf HNO3 isomer-
ization is the O-O bond homolysis, which may proceed with
and/or without the formation of a weakly bound•OH‚‚‚ONO•

intermediate. In the gas phase, the enthalpy and Gibbs free
energies of the O-O bond dissociation in HOONO are
calculated to be 20-22 and (9-10) kcal/mol at the different
levels of theory.33,35Recently, from the B3LYP/6-31G* calcula-
tions, Houk and co-workers35 have predicted the existence of a
weakly bound•OH‚‚‚ONO• structure, which was suggested as
an attractive structure for the potent oxidizing intermediate
HOONO*, suggested by experimentalists.31 They have predicted
two distinct isomers,A andB for •OH‚‚‚ONO• (see Figure 2),
which lie 1.9 and 2.5 kcal/mol lower than the dissociation limit
of •OH + •NO2. The predicted Gibbs free energy of the reaction
•OH‚‚‚ONO• f HOONO is 15.6 and 15.0 kcal/mol for structures
A and B, respectively. Because the existence of the weakly
bound •OH‚‚‚ONO• structure is one of the actively debated
issues in the peroxynitrite-related literature, below we will
discuss this problem in more detail.

O-O Bond Homolysis in Peroxynitrous Acid, and the
Possibility of the Existence of the Weakly Bound•OH‚‚‚ONO•

Structure. Initially, we performed B3LYP/6-31G(d) calculations

on thecis-HOONO and•OH‚‚‚ONO• (isomerA) structures, as
well as on the•OH+ONO• dissociation limit. As can be seen
in Table 2, where we present the obtained energetics at the
B3LYP/6-31G(d) level, the Gibbs free energy of the reaction
•OH‚‚‚ONO• f cis-HOONO is 14.7 kcal/mol, which is con-
sistent with the 15.0 kcal/mol reported by Houk and co-
workers35 by using the same level of theory.

The •OH‚‚‚ONO• structure lies 1.5 kcal/mol lower than the
•OH+ONO• dissociation limit at the∆E + ZPC level. How-
ever, the inclusion of an entropy correction lowers the stability
of the •OH‚‚‚ONO• structure by 5.2 kcal/mol versus the
•OH‚‚‚ONO• dissociation limit. In other words, our calculations
show that at the Gibbs free energy level, the•OH+ONO•

structure is not stable relative to the•OH+ONO• dissociation
limit in the gas phase.

To clarify the method and basis set effects on the structure
and stability ofcis-HOONO and•OH‚‚‚ONO• (isomerA) and
on the•OH+ONO• dissociation limit, we performed extensive
calculations using the B3LYP, MP2 and the more sophisticated
CCSD(T) methods. In these calculations, we used higher quality
basis sets, such as the 6-311G(d,p), 6-311+G(d,p), and
6-311+G(3df,2p). The results obtained are presented in Figures
1 and 2 and in Table 2.

The B3LYP data presented in Figure 2 shows that the
important geometrical parameters of the•OH‚‚‚ONO• structure
are not basis set dependent. The maximum difference was found
to be along the O1-H1 bond distance, which was elongated by
0.07-0.09 Å upon moving to the large 6-311+G(d,p) and
6-311+G(3df,2p) basis sets. However, in the hydrogen-bonded
systems, like •OH‚‚‚ONO•, the qualitative accuracy often
requires more accurate treatment of electron correlation, disper-
sion and van der Waals interactions. Unfortunately, as it
previously was demonstrated,36 the B3LYP method used in the
optimization geometries of thecis-HOONO and•OH‚‚‚ONO•

structures, may not properly describe these interactions. Previ-
ously,36 the MP2 method in conjunction with the large basis
sets was recommended to be an optimal approach for these types
of studies. Therefore, to evaluate the accuracy of the B3LYP
optimized geometries of thecis-HOONO and •OH‚‚‚ONO•

structures we have performed the MP2(full)/6-311+G(d,p)
optimization of the geometries of these systems. The obtained
geometries are given in the Figures 1 and 2. As seen from these
data, B3LYP/6-311+G(d,p) and MP2(full)/6-311+G(d,p) op-
timized geometries are almost identical (within ca. 0.01 Å) with
the exception of the O1-H1 bond distance: in thecis-HOONO
and •OH‚‚‚ONO• structures the MP2 optimized O1-H1 bond
distance is 0.019 Å shorter and 0.128 Å longer than its B3LYP
values, respectively. In any case, these two methods provide
very close results. Similar conclusion were made by Bach and

TABLE 2: Calculated Energies (Relative tocis-HOONO, in kcal/mol) of the OH‚‚‚ONO Structure and OH + ONO Dissociation
Limit at the Various Levels of Theory

•OH‚‚‚ONO• •OH + ONO•

method basis sets ∆E ∆E + ZPC ∆G ∆∆(∆G - ∆E) ∆E ∆E + ZPC ∆G ∆∆(∆G - ∆E)

B3LYP 6-31G(d) 20.0 16.9 14.7 -5.3 22.5 18.4 9.5 -13.0
6-311G(d,p) 8.1 8.9 6.0 -2.1 18.4 14.4 5.5 -12.9
6-311+G(d,p) 8.8 6.0 2.0 -6.8 14.8 11.0 2.2 -12.6
6-311+G(3df,2p) 16.1 13.1 9.2 -6.9 17.3 13.3 3.9 -13.4

CCSD(%)a 6-311+G(d,p) 13.7 [11.9]b [7.9] 14.9 [11.0] [2.2]
6-311+G(3df,2p) 19.1 [16.1] [12.2] 20.1 [16.1] [6.7]

MP2(full) 6-311+G(d,p) 10.1 11.6
CCSD(T)c 6-311+G(d,p) 13.4 15.0

a These CCSD(T) results were obtained at the B3LYP optimized geometries using the same basis sets.b In brackets were given the estimated
values using the ZPC and∆∆ calculated at the B3LYP/same basis sets level.c These CCSD(T) data were obtained at the MP2(full)/6-311+G(d,p)
optimized geometries.

Figure 2. Presentation of the two isomers (A andB) of •OH‚‚‚ONO•

structure reported in ref 35. In the present paper we study only isomer
A, the geometrical parameters (in Å) of which, calculated at the B3LYP
level with various basis sets, are presented in this figure. Numbers given
in the parenthesis were calculated at the MP2(full)/6-311+G(d,p) level.
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co-workers27 on the optimization of the geometries ofcis-
HOONO at the B3LYP, MP2, QCISD and QCISD(T) levels.

However, the calculated B3LYP energetics show a strong
oscillation upon using the improved basis sets. Indeed, the
calculated energy difference (using∆E + ZPC values) between
the•OH+ONO• structure and the•OH‚‚‚ONO• dissociation limit
is found to be 1.5, 5.3. 5.0, and 0.2 kcal/mol at the 6-31G(d),
6-311G(d,p), 6-311+G(d,p), and 6-311+G(3df,2p) basis sets,
respectively. In other words, for the best and worst basis sets
used in this paper, the•OH‚‚‚ONO• structure is only slightly
more stable than the dissociation limit. Using the medium quality
basis sets, the stability of the•OH‚‚‚ONO• structure is signifi-
cantly increased. The inclusion of the entropy correction makes
the •OH‚‚‚ONO• structure either highly unstable (by 5.2 and
5.3 kcal/mol for the 6-31G(d) and 6-311+G(3df,2p) basis sets,
respectively) or only slightly stable (by 0.5 and 0.2 kcal/mol
for the 6-311G(d,p) and 6-311+G(d,p) basis sets, respectively).
Furthermore, the calculated energy difference between thecis-
HOONO and•OH‚‚‚ONO• structures are 16.9, 8.9, 6.0, and 13.1
kcal/mol using the∆E + ZPC values, and 14.7, 6.0, 2.0, and
9.2 kcal/mol using the Gibbs free energy values, for the
6-31G(d), 6-311G(d,p), 6-311+G(d,p), and 6-311+G(3df,2p)
basis sets, respectively. Thus, the smallest basis set provides
better agreement with the experimentally measured enthalpy and
Gibbs free energy of activation of peroxynitrite-to-nitrate
isomerization in solution, of 18( 1 and 17( 1 kcal/mol,
respectively.32 HoweVer, the general conclusion from the data
is that the B3LYP method proVides an inconclusiVe picture of
the energetics and the stability of the weakly bound•OH‚‚‚ONO•

structure.
The data presented in the Table 2 shows that the MP2(full)

method provides the same conclusion as the B3LYP method:
the•OH‚‚‚ONO• structure lies lower in energy (∆E values) than
the •OH + ONO• dissociation limit. However, the energy
difference (∆E) between the•OH‚‚‚ONO• structure and the•OH
+ ONO• dissociation limit is much smaller (1.5 kcal/mol) in
MP2 level than in the B3LYP level (6.0 kcal/mol). In the other
words, the including more electron correlation effects reduces
the energy difference between the•OH‚‚‚ONO• structure and
the •OH + ONO• dissociation limit.

In the next step, we have performed two sets of CCSD(T)
calculations to include much more electron correlation effects
in the calculations compared to the MP2(full) method. The first
set of CCSD(T) calculations uses the largest basis sets,
6-311+G(d,p) and 6-311+G(3df,2p), and the B3LYP/6-
311+G(d,p) and B3LYP/6-311+G(3df,2p) optimized geom-
etries, respectively, whereas the second set of CCSD(T)
calculations uses the 6-311+G(d,p) basis set and MP2(full)/6-
311+G(d,p) optimized geometries. The obtained results are
shown in Table 2.

At first, these calculations show that the CCSD(T) method
using 6-311+G(d,p) basis sets, and B3LYP/6-311+G(d,p) and
MP2(full)/6-311+G(d,p) optimized geometries provide ex-
tremely close results. Indeed, the•OH‚‚‚ONO• structure is
calculated (∆E values) to be 13.7 and 13.4 kcal/mol higher than
cis-HOONO using the B3LYP/6-311+G(d,p) and MP2(full)/
6-311+G(d,p) optimized geometries, respectively. The•OH +
ONO• dissociation limit is found to lie only 14.9 and 15.0 kcal/
mol higher thancis-HOONO using the B3LYP/6-311+G(d,p)
and MP2(full)/6-311+G(d,p) optimized geometries, respectively.
In the other words, these calculations, once again, demonstrate
that B3LYP and MP2(full) methods provide very close geom-
etries for cis-HOONO, •OH‚‚‚ONO• structures and related
species.

Meantime, our best calculations at the CCSD(T)/6-
311+G(3df,2p) level using B3LYP/6-311+G(3df,2p) geom-
etries show that the•OH‚‚‚ONO• structure lies 19.1, 16.1, and
12.2 kcal/mol higher thancis-HOONO, at the∆E, ∆E + ZPC,
and∆G levels, respectively, whereas the•OH+ONO• dissocia-
tion limit was calculated to be 20.1, 16.1, and 6.7 kcal/mol
higher than thecis-HOONO structure at the∆E, ∆E + ZPC,
and∆G levels, respectively. In other words, the•OH‚‚‚ONO•

structure is not thermodynamically stable relative to the
•OH+ONO• dissociation limit. The O-O bond dissociation
energy of 16.1 kcal/mol (∆E + ZPC value) calculated at the
CCSD(T)/6-311+G(3df,2p) level is in very good agreement with
the 18 ( 1 kcal/mol experimental enthalpy of activation of
peroxynitrite-to-nitrate isomerization in solution.31 However, the
calculated Gibbs free energy values for the reactions,cis-
HOONOf •OH‚‚‚ONO• andcis-HOONOf •OH + ONO• of
12.2 and 6.7 kcal/mol, respectively, are significantly smaller
than the experimental Gibbs free energy of activation of 17(
1 kcal/mol for the peroxynitrite-to-nitrate isomerization in
solution.32 However, one should note that we cannot compare
the calculated Gibbs free energy in the gas phase with its
experimental value in solution, because in solution, the entropy
effect is expected to be much smaller than in the gas phase.

Thus, our CCSD(T) calculations (after including the zero-
point energy (ZPC) and entropy corrections)show that the
•OH‚‚‚ONO• structure most likely does not exist in the gas phase.

It is noteworthy that the performed T1 test during the
CCSD(T) calculations shows that the wave functions of both
thecis-HOONO and the•OH‚‚‚ONO• structures have, mainly,
single determinant characters: their T1 diagnostic values are
calculated to be 0.0141 and 0.0219 at the CCSD(T)/6-
311+G(d,p) level, respectively. Therefore, it is expected that
the application of multi-determinant based methods such as
MCSCF, CASSCF, etc. to the study of these structures will not
change the conclusions made on the basis of the single-
determinant approaches such as B3LYP, MP2, and CCSD(T).
Similarly, the comparison of the MCSCF results of Krauss37

for peroxynitrite anion with those obtained at the single
determinant levels (B3LYP, MP2, QCISD(T), etc.)25,30 show
that the multi-determinant character of ONOO- (and most likely
of HOONO) is negligible.

To elucidate the role of the solvent molecules on the structure
and stability of •OH‚‚‚ONO•, we explicitly included solvent
molecules in our calculations. The B3LYP/6-311+G(d,p)
optimization of the geometrical structures of the (H2O)n(•OH‚
‚‚ONO•) complexes (withn ) 1 and 2) shows that the weak
interaction between the•OH and ONO• radicals completely
disappears on increasing the number of surrounding water
molecules (see Figure 3).

For n ) 1, there still exists a weak interaction between•OH
and ONO• radicals with an H1-O1 bond distance of 2.241 Å,
whereas forn ) 2, this interaction completely vanishes, and
the •OH radical becomes solvated by water molecules. In other
words, these data clearly demonstrate that in water the weak
•OH-ONO• interaction in •OH‚‚‚ONO• completelyVanishes,
and the •OH and ONO• radicals are surrounded by solVent
molecules. Thus, in solution, the reactiVity of HOONO with
antioxidants, if it proceedsVia an O-O homolysis mechanism,
should resemble that of a solVated•OH radical, at least in polar
solVents, such as water.

Reactivity of HOONO with Complex 2. The reactivity of
peroxynitrous acid with numerous antioxidants has been the
subject of many previous theoretical27,33,35and experimental38

studies. In general, it was shown that peroxynitrous acid acts
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as both a one- and a two-electron oxidant. One-electron
oxidation by HOONO proceeds via either direct electron transfer
to peroxynitrous acid, or via O-O bond homolysis, leading to
a hydroxyl radical or to hydrogen-bound radical pairs, ac-
companied by electron transfer. As an example, the one-electron
oxidation of methionine by HOONO leads to the formation of
ethylene.39 Two-electron oxidation is an oxygen transfer process.
Note that the reactivity of peroxynitrous acid with amines,
sulfides, alkenes, and phosphines has been discussed at different
levels of theory, including the B3LYP level.27,33,35

In the present paper we studied the reaction mechanism of
the Se-containing compound2 with HOONO. As we stated
above, the reaction of compound2 with HOONO may proceed
via two different pathways: stepwise and concerted. The
concerted pathway starts with the O-O bond cleavage via one-
electron oxidation by HOONO, whereas the first step of the
stepwise pathway corresponds to the O-O bond homolysis in
cis-HOONO leading to the formation of HO• and ONO• radical
pairs. Because the O-O bond homolysis incis-HOONO was
detailed discussed above, below we describe the stepwise
pathway of the reaction of2 with HOONO. The first possible
intermediate of the reaction of2 with HOONO is expected to
be a2-HOONO molecular complex.

2-HOONO Complex.As discussed above, HOONO has two
different isomers: cis and trans. Therefore, the2-HOONO
complex could have various isomeric forms. We have located
three different2-HOONO isomers:2-cis-HOONO_with_OH,
2-cis-HOONO_with_N, and2-trans-HOONO (see Figure 4).

The first two isomers correspond to the coordination of the
most energetically stable cis form of HOONO to compound2,
whereas the third isomer is the result of the coordination of
trans-HOONO to 2. As seen in Figure 4, in isomer2-cis-
HOONO_with_OH thecis-HOONO is coordinated to compound
2 by its most negatively charged O3 atom, whereas in2-cis-
HOONO_with_N,cis-HOONO is coordinated by its N1 center.
In 2-trans-HOONO, thetrans-HOONO is coordinated to2 by

its H1 end. The main geometric parameters of HOONO and
compound2 in the 2-HOONO complex are almost the same
as those of the free reactants (for more information, see Table
S1 of the Supporting Information Available). The calculated
Se-O3, Se-N1, and Se-H1 bond distances are 3.001, 3.369,
and 2.510 Å for isomers2-cis-HOONO_with_OH, 2-cis-
HOONO_with_N, and2-trans-HOONO, respectively. In ad-
dition, the weak hydrogen bonds exist between the coordinated
atomic centers of thecis-HOONO fragment and the H2 atom
of the phenyl group. The calculated O3-H2 and N1-H2 bond
distances are 2.746 and 2.893 Å, respectively, for2-cis-
HOONO_with_OH and2-cis-HOONO_with_N.

The discussed geometric parameters are consistent with the
existence of an extremely weak interaction between the HOONO
molecule and compound2. As can be seen in Table 1, the
reaction ofcis-HOONO and2 is exothermic (from the∆E
values) by 2.1 and 0.8 kcal/mol for the formation of the2-cis-
HOONO_with_OH and2-cis-HOONO_with_N isomers, re-
spectively. The reaction oftrans-HOONO + 2 f 2-trans-
HOONO is slightly more exothermic, at 3.1 kcal/mol. How-
ever, the inclusion of entropy and zero-point energy cor-
rections makes the formation of the2-HOONO complex an
endothermic process by (6.4), (7.3), and (10.7) kcal/mol (relative
to trans-HOONO) for the2-cis-HOONO_with_OH,2-cis-
HOONO_with_N, and2-trans-HOONO isomers, respectively.
Thus, it is most likely that the reaction of HOONO and
compound2 does not form a2-HOONO intermediate in the
gas phase. Therefore, the first step of the reaction of HOONO
with 2 in the gas phase is expected to be a HO-ONO bond
cleavage.

Transition States for HO-ONO Bond Cleavage.The
transition state,2-TS1(O-O activ.), corresponding to the O3-
O2 bond cleavage ofcis-HOONO by compound2, is shown in
Figure 4. The nature of this transition state was positively
characterized by performing normal-mode analysis: it is a real
transition state with only one imaginary frequency of 259.9i
cm-1, corresponding to the O3-O2 activation process. The
intrinsic reaction coordinate40 (IRC) calculations that were
performed show that this transition state connects the2-cis-
HOONO_with_OH complex with the O3-O2 bond cleavage
product,2-(OH)(NO2), shown in Figure 4.

As can be seen in Figure 4, in2-TS1(O-O activ.), the
broken O3-O2 bond distance is elongated by 0.289 Å, whereas
the formed Se-O3 and N1-O2 bond distances are shortened
by 0.614 and 0.119 Å, respectively, when compared to the
corresponding pre-reaction complex2-cis-HOONO_with_OH.
All these geometrical changes are consistent with the nature of
this transition state, where O3-O2 bond cleavage and Se-O3

and N1dO2 double bond formations occur. One should note
that during the process the strong Se-O3 bond is formed,
whereas the Se-C1 and Se-N2 bonds are slightly elongated.

The enthalpy and Gibbs free energy activation barriers were
calculated to be 0.9 and (11.4) kcal/mol, respectively. Note that
because the pre-reaction complex2-HOONO does not exist
at the Gibbs free energy level, the barriers were calculated
relative to the reactants,cis-HOONO and2.

We did not calculate the O3-O2 bond activation transition
state for the energetically less favorable trans isomer of
HOONO. We do not expect this transition state to be signifi-
cantly different, either energetically or geometrically, from that
of 2-TS1(O-O activ.) discussed above, and it can therefore
be ignored.

Products of O-O Bond Cleavage. As stated above,
overcoming the transition state of2-TS1(O-O activ.), leads

Figure 3. B3LYP/6-311+G(d,p) calculated structures and important
distances (in Å) of the (H2O)n(•OH‚‚‚ONO•) complexes, wheren ) 0,
1, and 2.

1568 J. Phys. Chem. A, Vol. 107, No. 10, 2003 Musaev and Hirao



to the formation of the complex,2-(OH)(NO2) (see Figure 5),
where the Se-O3H1 bond is located out of the Se(C6H4CONH)
plane with the∠C1SeO3 and∠N2SeO3 angles being 105.3 and
91.1°, respectively.

The calculated Se-O3H1 bond distance of 1.784 Å is
significantly shorter (by 0.603 Å) than that in the2-TS1(O-O
activ.) transition state. Interestingly, despite the formation of
strong Se-O3H1 bond, the Se-N2 bond distance in2-(OH)(NO2)
is almost the same as that in2-TS1(O-O activ.) or in the
2-cis-HOONO_with_OH complex, indicating an insignificant
cis effect between the Se-N2 and Se-O3 bonds. The calculated
∠N2SeO2 angle is 170.6°, indicating that the NO2 group is bound
to the Se-center trans to the Se-N2 bond. The calculated Se-
O2 bond distance is 2.300 Å, indicating a weak Se-O2N1O1

interaction energy. However, the O1 end of the O2N1O1 fragment
involved a strong hydrogen bonding interaction with the H1 atom
of the O3H1-group. The calculated O2-H1 and O3-H1 bond
distances are 1.641 and 1.007 Å, respectively. This H-bonding
causes an elongation of the N1-O1 bond by 0.031 Å in
2-(OH)(NO2) compared to that in2-TS1(O-O activ.). In
addition, we believe that the hydrogen bonding in O2-H1 is a
major reason for the existence of the O2N1O1 group in the
coordination sphere of the Se-center.

The energetic data, given in Table 1, show that the product
2-(OH)(NO2) complex lies 34.8 (21.1) kcal/mol lower in energy
than the reactants,cis-HOONO and2.

We are aware of the existence of other, energetically less
favorable, isomers for complex2-(OH)(NO2). However, the
existence of these isomers does not make a significant contribu-
tion to the mechanism of the reaction of HOONO and2 and,
therefore, will not be discussed here.

Process Starting from the 2-(OH)(NO2) Complex. From
the 2-(OH)(NO2) complex, the reaction may split into two
distinct channels:•NO2 dissociation and formation of selenenic
acid,2-OH•, and H-atom transfer from HOSe(C6H4CONH) to
the NO2 fragment to form HONO and selenoxide,2-O (see
Figure 6). We will discuss these processes separately.

Our calculations show that•NO2 dissociation from the
complex2-(OH)(NO2) occurs without any energy barrier and
is endothermic by 24.7 (8.3) kcal/mol. Comparison of the values
given with and without parenthesis shows that the entropy effect
is very important. The inclusion of an entropy term in the

Figure 4. B3LYP/6-311G(d,p) calculated important geometries (distances in Å, angles in deg) of2-HOONO intermediate and O-O activation
transition state,2-TS1, of the reaction of2 with HOONO.

Figure 5. B3LYP/6-311G(d,p) calculated important geometrical
parameters (distances in Å, angles in deg) of2-(OH)(NO2) and
2-O(HONO) intermediates, as well as2-TS2(H-transfer) transition
state of the reaction of2 with HOONO.
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calculations reduces the endothermicity of the reaction by 16.4
kcal/mol. The final products,2-OH• and •NO2, lie 12.1(12.8)
kcal/mol lower than the reactants,2 andcis-HOONO.

However, the second process, starting form the same
2-(OH)(NO2) complex, involving an H-atom transfer from
HOSe(C6H4CONH) to an NO2 fragment, occurs with a small
energy barrier (2.5 (0.3) kcal/mol) at the2-TS2(H-transfer)
state and leads to formation of the2-O(HONO) complex (see
Figure 5), which lies only 1.0(1.6) kcal/mol lower than for
complex2-(OH)(NO2).

As can be seen in Figure 5, the2-TS2(H-transfer) state is a
real transition state, with a single imaginary frequency at 856.2i
cm-1, corresponding to an H1-atom transfer from H1OSe-
(C6H4CONH) to an NO2 fragment. Compared to complex
2-(OH)(NO2), in this transition state, the Se-O2 and O3-H1

bonds are elongated by 0.236 and 0.195 Å, but the O1-H1 and
Se-O3 bonds formed are shortened by 0.416 and 0.061 Å,
respectively. The N1-O1 and N1-O2 bonds in the2-TS2(H-
transfer) state are changed according to the nature of this
process.

Overcoming the small H-atom transfer barrier leads to the
formation of the2-O(HONO) complex (Figure 5), where the
Se-O2 bond (3.053 Å) is completely broken, but where O1-
H1 and Se-O3 bonds (1.014 and 1.668 Å, respectively) are
formed. The HONO molecule formed is bound to an OSe(C6H4-
CONH) fragment with an H1-O3 hydrogen bond of 1.640 Å in
length.

The dissociation of the HONO molecule from2-O(HONO)
is calculated to be endothermic by 10.5 kcal/mol at the∆E level.
However, the inclusion of entropy and zero-point energy
corrections makes this process slightly more exothermic by 1.2
kcal/mol.

Nitrogen-containing adducts of the reaction, the•NO2 radical
and the HONO molecule, are given in Figure 6. As can be seen
from this figure, HONO has two different isomers: cis and trans,
which are separated by a transition state, TS, corresponding to
a rotation around the HO-NO bond. The rotational angle in
the TS was found to be 87.5°. The results given in Table 1
show that thetrans-HONO molecule is slightly, by 1.1(1.1) kcal/
mol, more stable than thecis-HONO molecule. The energy

barrier separating these two isomers was calculated from the
cis-HONO molecule to be 10.8 (10.4) kcal/mol.

Overall Potential Energy Surface of the Reaction of 2 with
cis-HOONO in the Gas Phase.The overall potential energy
surface of the reaction of2 with cis-HOONO in the gas phase
is shown in Figure 7.

As can be seen from this figure, the reaction2 + cis-HOONO
f 2-O + cis-HONO is exothermic in the gas phase with an
energy of 25.3 (24.9) kcal/mol and may proceed via two
different pathways: stepwise and concerted. The concerted
pathway starts with O-O bond cleavage with an energy barrier
of 0.9 (11.4) kcal/mol at the2-TS1(O-O activ.) transition state
and leads to the2-(OH)(NO2) intermediate. From the resultant
complex, the reaction proceeds via an H-atom transfer from
HOSe(C6H4CONH) to NO2 and leads to the formation ofcis-
HONO and selenoxide,2-O. The H-atom transfer from
HOSe(C6H4CONH) to NO2 was calculated to be exothermic
by 1.0 (2.6) kcal/mol and occurred with only a 2.5 (0.3) kcal/
mol energy barrier.

Figure 6. B3LYP/6-311G(d,p) calculated important geometrical parameters (distances in Å, angles in deg) of possible products of the reaction of
2 with HOONO.

Figure 7. Schematic presentation (based on∆G values) of potential
energy profile of the reaction2 with HOONO in the gas phase. Numbers
presented here were calculated at the B3LYP/6-311+G(d,p)//B3LYP/
6-311G(d,p) level. Numbers given without parenthesis are∆E values,
whereas those in parenthesis are∆G values.

1570 J. Phys. Chem. A, Vol. 107, No. 10, 2003 Musaev and Hirao



The first step of the stepwise pathway is O-O bond
homolysis incis-HOONO, which occurs with an energy of 14.8
(2.2) kcal/mol, and leads to the formation of HO• and ONO•

radical pairs. In the next step, the recombination of the HO•

radical with compound2 occurs and leads to formation of
selenenic acid,2-OH•. The2-OH• and•NO2 energies lie 12.1
(12.8) kcal/mol lower than the reactants,2 and cis-HOONO.
Later, the•NO2 radical simultaneously coordinates with2-OH•,
and this leads to formation of the2-(OH)(NO2) complex, where
the stepwise pathway merges with the concerted pathway
described above.

A comparison of the concerted and stepwise mechanisms
shows that the rate-limiting step of both mechanisms is the O-O
bond utilization, which occurs much more easily for the
concerted process at the∆E and∆E + ZPC (enthalpy) levels.
However, including entropy corrections alters the positions of
the 2-TS1(O-O activ.) transition state and the2 + •OH +
•NO2 dissociation limit on the energy scale, and this makes the
stepwise mechanism more favorable in the gas phase.

In either case, the only selenium-containing product of the
reaction of compound2 (and ebselen) withcis-HOONO is going
to be selenoxide, which is in agreement with the available
experimental data.20,21

IV. Role of the Solvent

The effects of the solvent were taken into consideration at
the PCM-B3LYP/6-311+G(d,p) level using the B3LYP/6-
311G(d.p) optimized geometries. Here, we used water, di-
chloromethane, benzene, and cyclohexane as the solvent. Their
dielectric constants were taken from the Gaussian98 quantum
chemical package.23 Note that the single point PCM calculations
provide a value called the∆G(solution), which does not include
the zero-point energy and entropy corrections,∆∆, and can be
compared only with the∆E value from the gas phase. Therefore,
we will denote this value by∆E solution. To include the zero-
point energy and entropy corrections, one has to optimize the
geometries and recalculate the frequencies of each structure in
the solution phase. However, these calculations were not
performed as part of this work, and therefore, we calculated
∆∆ in the gas phase and added it to deltaG (solution). The final
quantity was called∆G, because it included the zero-point
energy and entropy corrections.

In Table 3 we show the calculated relative energies of the
important points of the potential energy surface of the reaction
of 2 with HOONO.

As seen from this table, the inclusion of solvent effects
slightly increases the rate-determining O-O bond utilization
barriers for both the concerted and stepwise pathways. For the
concerted pathway, the O-O bond cleavage barrier at the
2-TS1(O-O activ.) transition state, which was calculated to
be 0.9 (11.4) kcal/mol in the gas phase, becomes 2.6 (13.1),
2.4 (12.9), 3.3 (13.8), and 3.9 (14.4) kcal/mol in cyclohexane,
benzene, dichloromethane, and water, respectively. In addition,
the ∆E value of the O-O bond homolysis incis-HOONO,
which was 14.8 kcal/mol in the gas phase, becomes 14.9, 14.0,
15.2, and 13.5 kcal/mol in cyclohexane, dichloromethane,
benzene, and water, respectively. The inclusion of solvent effects
only slightly changes the other calculated gas-phase energies.

Thus, the∆E values for the rate-determining O-O bond
utilization step of the concerted and stepwise mechanisms are
2.6, 2.4, 3.3, and 3.9 kcal/mol, and 14.9, 14.0, 15.2, and 13.5
kcal/mol, in cyclohexane, benzene, dichloromethane, and water,
respectively. A comparison of these data indicates thateVen in
solution, the reaction of compound2 with HOONO prefers to
proceedVia the concerted mechanism.Because we did not
explicitly calculate the entropy effects in solution, which can
be dramatically different in the gas and solution phases, here,
we prefer to discuss only the∆E values of the concerted and
stepwise pathways. Because the energy difference between the
rate-determining barriers of the concerted and stepwise mech-
anisms is large (10 kcal/mol or more), we do not expect that
the inclusion of the entropy effects in solution (which are
expected to be only a few kcal/mol) will greatly change our
∆E-based conclusions.

V. Comparison of the Reaction Mechanisms of Ebselen
(Compound 2) with ONOO- and HOONO

We will now compare the calculated mechanisms of the
reactions of compound2 with ONOO- and HOONO.

As has been discussed,22 the reaction of2 with ONOO-

(below called PN) proceeds via the following pathway:2 +
PNf 2-PNf 2-TS1 (O-O activ.)f 2-(O)(NO2

-) f 2-O
+ NO2

-. In the gas phase, the first step of the reaction, the
formation of2-cis-PN, is highly exothermic, with an energy

TABLE 3: Calculated Relative Energies (kcal/mol) of the Reactants, Intermediates, Transition States, and Products of the
Reaction of 2 with HOONO in the Gas Phase (at the B3LYP/6-311G(d,p)//B3LYP/6-311+G(d,p) Level) and Cyclohexane,
Benzene, Dichloromethane, and Water (Calculated at the PCM-B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) Level).

gas phase C6H12 C6H6 CH2Cl2 H2O

structures ∆E ∆G ∆E ∆G ∆E ∆G ∆E ∆G ∆E ∆G

HOONO
cis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS 13.4 12.5 13.1 12.2 13.1 12.2 12.0 11.1 9.8 8.9
trans 2.1 1.6 1.5 1.0 1.5 1.0 0.4 -0.1 -1.8 -2.3

HONO
cis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS 11.8 10.4 11.7 10.3 11.7 10.3 11.4 10.0 10.9 9.5
trans -1.1 -1.1 -1.2 -1.2 -1.2 -1.2 -1.3 -1.3 -1.0 -1.0

2 + cis-HOONO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-cis-HOONO-with_OH -2.1 6.4 -0.1 8.4 -0.4 8.1 0.7 9.2 0.9 9.4
2-cis-HOONO-with_N -0.8 7.3 1.1 9.2 0.9 9.0 1.6 9.7 2.5 10.6
2-trans-HOONO -1.0 9.1 2.0 12.1 1.7 11.8 2.5 12.6 3.7 13.8
2-TS1 (O-O activ.) 0.9 11.4 2.6 13.1 2.4 12.9 3.3 13.8 3.9 14.4
2-(OH)(NO2) -34.8 -21.1 -34.9 -21.2 -35.2 -21.5 -34.9 -21.2 -34.9 -21.2
2-TS2 (H-transfer) -32.3 -20.8 -32.4 -20.9 -32.8 -21.3 -32.5 -21.0 -32.6 -21.1
2-O(HONO) -35.8 -23.7 -35.0 -22.9 -35.2 -23.1 -34.8 -22.7 -34.7 -22.6
2-O + HONO -25.3 -24.9 -26.5 -26.1 -26.5 -26.1 -28.2 -27.8 -31.4 -31.0
2-OH + NO2 -12.1 -12.8 -11.8 -12.5 -11.6 -12.3 -11.7 -12.4 -11.4 -12.1
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of 32.2 (20.9) kcal/mol. The O-O activation barrier is only
7.1 (7.7) kcal/mol relative to the pre-reaction complex,2-cis-
PN.More importantly, the transition state corresponding to the
O-O bond cleaVage lies about 25.1 (13.2) kcal/mol lower than
the reactants, indicating that the O-O actiVation process should
occur extremely fast in the gas phase.The rate-determining 26.4
(14.8) kcal/mol barrier for this reaction corresponds to the
dissociation energy of NO2-, which is the final step of the
reaction. The entire reaction is exothermic with an energy of
31.6 (31.2) kcal/mol.

However, in the gas phase, the rate-determining step of the
reaction of compound2 with HOONO is the O-O bond
utilization step, for both the concerted and stepwise mechanisms.
The transition state,2-TS1(O-O activ.), and O-O bond
homolysis corresponding to the concerted and stepwise pathways
lie 0.9 (11.4) and 14.8 (2.2) kcal/molhigher than the reactants,
respectively. A comparison of these data for HOONO and
ONOO- indicate that,in the gas phase, the transition states
corresponding to the O-O bond cleaVage lies lower than the
reactants for the reaction with ONOO-, but higher than the
reactants for the reaction with HOONO. As a result, the reaction
of compound2 (and ebselen) with HOONO is significantly
slower than that of compound2 (and ebselen) with ONOO-.
Although the final selenium-containing products of both reac-
tions are going to be selenoxide, the reaction of2 with ONOO-

in the gas phase may also produce the O-O bond cleavage
complex,2-(O)(NO2

-).
The inclusion of solvent effects changes the rate-determining

step of the reaction of2 with ONOO- from NO2
- dissociation

to an O-O cleavage step, which is calculated to occur with
energy barriers of 8.3 (13.9), 7.8 (8.4), 7.8 (8.4), and 7.6 (8.2)
kcal/mol in water, dichloromethane, benzene, and cyclohexane,
respectively. Importantly, in water, the transition state for O-O
activation is calculated to be 2.0 kcal/mol higher than the
reactants. However, in relatively nonpolar solvents, such as
dichloromethane, benzene, and cyclohexane, it is still lower in
energy than the reactants by 4.4, 12.2, and 13.0 kcal/mol,
respectively. For the reaction of2 with HOONO, inclusion of
the solvent effect does not change the conclusion derived from
the gas phase studies. It only slightly increases the rate-
determining O-O cleavage energy barrier calculated from the
reactants: from 0.9 kcal/mol in the gas phase to 3.9 (14.4), 3.3
(13.8), 2.4 (12.9), and 2.6 (13.1) in water, dichloromethane,
benzene, and cyclohexane, respectively. Comparison of these
data for the reaction of2 with ONOO- and HOONO indicates
that eVen in solution, the reaction of2 (and ebselen) with
HOONO should be slower than that with ONOO-, especially
in nonpolar solVents. The only selenium-containing product of
both reactions is going to be selenoxide.All the conclusions
derived in the present paper are in good agreement with available
experimental data.20,21

It is noteworthy that the reaction of2 with peroxynitrite anion
is found to be a two-electron oxidation process and occurs via
a heterolytic O-O bond cleavage, whereas the reaction of2
with HOONO is found to be a one-electron oxidation process
and occurs via a homolytic O-O bond cleavage.

Thus, our data clearly show that the observed20 lower yield
of selenoxide at high pH values is partially due to the large
O-O bond cleavage barrier for HOONO compared to ONOO-,
which is caused by a weaker ebselen-HOONO interaction than
an ebselen-ONOO- interaction.

VI. Conclusions

From the above presented discussions we can deduce the
following conclusions.

1. The B3LYP and CCSD(T) calculations with numerous
basis sets show that the B3LYP method is not a reliable method
for studying the energetics and stability of the weakly bound
•OH‚‚‚ONO• structure and may lead to the wrong conclusions.

2. The CCSD(T) calculations with the 6-311+G(d,p) and
6-311+G(3df,2p) basis sets (after including the zero-point
energy and entropy corrections) indicate that the•OH‚‚‚ONO•

structure is unlikely to exist in the gas phase. Furthermore, the
inclusion of solvent (water) molecules in the calculations
resulted in a complete cleavage of the weak interaction between
the •OH and ONO• radicals in •OH‚‚‚ONO•. Therefore, it is
predicted that in solution, the reaction mechanism of HOONO
with antioxidants, if it proceeds via O-O homolysis, should
resemble that for a solvated•OH radical, at least in polar
solvents, such as water.

3. The reaction2 + cis-HOONOf 2-O + cis-HONO was
found to be exothermic in the gas phase with an energy of 25.3
(24.9) kcal/mol; it can proceed via two different pathways:
stepwise and concerted. Among these two, the concerted
pathway proceeds via an O-O bond cleavage transition state,
2-TS2(O-O activ.), which is more favorable at the enthalpy
level. However, on including an entropy correction, the stepwise
mechanism via an O-O bond homolysis incis-HOONO is more
favorable in the gas phase. The only selenium-containing product
of the reaction of ebselen with HOONO is predicted to be
selenoxide, which is in agreement with the available experi-
mental data.20,21

4. The inclusion of solvent effects only slightly increases the
rate-determining O-O bond cleavage energy barrier and the
O-O bond homolysis energy for the concerted and stepwise
mechanisms, respectively. Comparison of the calculated en-
thalpy data indicates thateVen in solution, the reaction of
compound2 (and ebselen) with HOONO prefers to proceed
Via a concerted mechanism.

5. A comparison of the energetics of the reactants, intermedi-
ates, and transition states of the reaction of2 with cis-HOONO
and cis-ONOO- shows that, in both the gas phase and in
solution, the reaction of2 (and ebselen) with HOONO is
significantly slower than that of2 (and ebselen) with ONOO-.
Our data clearly show that the observed20 lower yield of
selenoxide at high pH values is partially due to the larger O-O
bond cleavage barrier for HOONO than for ONOO- and is
caused by a weaker ebselen-HOONO interaction compared to
an ebselen-ONOO- interaction.

6. It is noteworthy that the reaction of2 with peroxynitrite
anion is a two-electron oxidation process and occurs via a
heterolytic O-O bond cleavage, whereas the reaction of2 with
HOONO is a one-electron oxidation process and occurs via
homolytic O-O bond cleavage.
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