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Abstract: The reaction of ebselen and its derivatives (1-7) with peroxynitrite anion (ONOO-; PN) has
been studied in gas phase and in aqueous, dichloromethane, benzene, and cyclohexane solutions using
B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) and PCM-B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) ap-
proaches, respectively. It was shown that the reaction of 2 (RdH) with PN proceeds via 2 + PN f 2-PN
f 2-TS1 (O-O activation) f 2-O(NO2

-) f 2-SeO + NO2
- pathway with a rate-determining barrier of 25.3

(14.8) kcal/mol at the NO2
- dissociation step (numbers presented without parentheses are enthalpies, and

those in parentheses are Gibbs free energies). The NO3
- formation process, starting from the complex

2-O(NO2
-), requires by (7.9) kcal/mol more energy than the NO2

- dissociation process and is unlikely to
compete with the latter. Thus, in the gas phase, the peroxynitrite f nitrate isomerization catalyzed by
complex 2 is unlikely to occur. It is shown that the NO3

- formation process is slightly more favorably than
the NO2

- dissociation process for complex 4, with a strongest electron-withdrawing ligand RdCF3. Therefore,
complex 4 (as well as complex 6 with RdOH) is predicted to be a good catalyst for peroxynitrite T nitrite
isomerization in the gas phase. Solvent effects (a) change the rate-determining step of the reaction 2 +
PN from NO2

- dissociation in the gas phase to O-O activation, which occurs with barriers of (13.9), (8.4),
(8.4), and (8.2) kcal/mol in water, dichloromethane, benzene, and cyclohexane, respectively, and (b)
significantly reduce the NO2

- dissociation energy, while only slightly destabilizing the NO3
- formation barrier,

and make the peroxynitrite T nitrate isomerization process practically impossible, even for complex 4.

Introduction

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

-), is a potent cytotoxic agent and has attracted great interest
over the past decades.1 (The term 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 used to refer
peroxynitrite anion OdNOO-). The reaction

is a diffusion-controlled process and occurs at an average rate
constant1d,2-4 of 1.9 × 1010 M-1 s-1, which is∼3 times faster

than the rate of superoxide scavenge by superoxide dismutase.5

The peroxynitrite anion is stable in alkaline solution, but under
physiological conditions, it quickly protonates and forms
peroxynitrous acid,4 HOONO, which undergoes rapid homolysis
to give the OH and NO2 radical pairs.1a,6,7 Both PN and
HOONO, as well as the PN-related radicals (OH, NO2, and
CO3

- formed during the reaction of PN with CO2 molecule8-10),
react rapidly with numerous biomolecules, including proteins,
lipids, DNA, antioxidants, and aromatic compounds.2,11-19 It
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was shown that PN crosses lipid membranes at a rate signifi-
cantly faster than the rates of its known decomposition pathways
and travels distances of cellular dimensions, even in the presence
of biological membranes. Its high reactivity with biological
targets combined with its high mobility even in the presence of
biological membranes implicates it in many disease states.1,2

Therefore, it is quite important to search for the drugs that can
intercept this powerful oxidizing and nitrating agent and, thus,
to detoxify it. Such a strategy represents a novel therapeutic
intervention in diseases associated with the overproduction of
nitric oxide and superoxide.

Recently, it was shown that a series of water-soluble FeIII

porphyrin complexes,20 heme-containing proteins,21 and seleno-
proteins,22 as well as synthetic organoselenium23 (for example,
ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one24) and -sulfur
(for example, methionine25) compounds, can intercept PN and
catalyze its decomposition and isomerization or reaction with
antioxidants. The elucidation of detailed mechanisms of the
interception and neutralization of peroxynitrite is extremely
important and will enhance our ability to search for more
effective drugs for interception of this powerful oxidizing and
nitrating agent. Such a task requires more comprehensive
experimental and theoretical investigations.

As shown in the literature, one of the promising endogenous
lines of defense against PN toxicity is ebselen24 (Chart 1), which
has been identified as an antiinflammatory agent.26 Ebselen
reacts27 with PN at the rate constant of 2.0× 106 M-1 s-1 and
exhibits glutatione peroxidase (GPx) activity,28 which is believed

to be only reason for its peroxynitrite reduction activity (see
Scheme 1). The early studies have demonstrated27,29that ebselen
reacts with PN quantitatively and produces selenoxide as the
sole selenium-containing product in alkaline pH. The main
nitrogen-containing product derived from peroxynitrite in the
reaction is expected to be nitrite, which should be produced in
proportion to the amount of PN that reacts with ebselen.
However, the recovery of nitrite was lower than expected: 40%
of PN reacted with ebselen was recovered as nitrite.29 Unfor-
tunately, in these experiments, the nature of other nitrogen-
containing products was not elucidated. One of the possible
products could be nitrate, the formation of which from the
peroxynitrite was experimentally demonstrated during the
reaction25 of methionine with PN. One may expect that the
ebselen catalyzes the nitrate formation, which proceeds either
in a concerted manner or by the stepwise (at the first step, the
reaction leads to the selenoxide and nitrite and then the formed
nitrite reacts with selenoxide to produce the nitrate) mechanism.
In any case, if this is true, then the peroxynitriteT nitrate
isomerization process catalyzed by ebselen could be an alterna-
tive (to its GPx activity) mechanism of ebselen’s defense activity
against PN toxicity. Therefore, studies of the feasibility of the
OONO- T NO3

- isomerization process by ebselen are ex-
tremely important and need more detailed analysis. (It is
noteworthy that the isomerization of free OONO- to NO3

- is
a highly energy demanding process and does not occur in the
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Chart 1. Se Compounds Used in this Paper

Scheme 1. Glutatione Peroxidase (GPx)-Type Activity of Ebselen
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modest conditions.9) Furthermore, the existing experiments do
not provide information about the geometries and energetics of
the reactants, expected intermediates, transition states and
products, and factors (electronic, steric, solvent) affecting to
the mechanism of the reaction of ebselen with PN. These data
are also important in the search for better antioxidants for PN.

Therefore, the goal of this paper is to elucidate the mecha-
nisms and the factors (such as electronic, steric, and solvent
effects) affecting the mechanisms of reaction of ebselen and its
derivatives with PN. Here we plan the following: (a) to elucidate
the geometrical and electronic structures, as well as the
energetics of the assumed intermediates and transition states of
the reaction of ebselen and its derivatives with PN, (b) to analyze
the mechanism and the factors affecting both the peroxynitrite
T nitrate isomerization and selenoxide and nitrite formation
(which is the first step of its GPx activity) processes, and (c) to
check the feasibility of ebselen (and its derivatives) as catalysts
for the peroxynitriteT nitrate isomerization process.

Calculation Procedures

All calculations were performed with quantum chemical package
Gaussian-98.30 The geometries, vibrational frequencies, and energetics
all structures were calculated using hybrid density functional theory,
B3LYP.31 In these calculations, we used two types of basis sets:

6-311G(d,p) and 6-311+G(d,p). Our benchmark studies of the geom-
etries of several intermediates and reactants of the reaction of complex
2 (see Chart 1) with PN at the B3LYP/6-311G(d,p) and B3LYP/6-
311+G(d,p) levels show that diffuse function is not important for the
geometry calculations (see Figures 1, 2, and 4). Therefore, below we
will report only B3LYP/6-311G(d,p) optimized geometries and vibra-
tional frequencies for all structures (see Chart 1). Meantime, our studies
revealed that the diffuse function is crucial for the calculations of
relative energies (see Table 1), especially for the steps involving
ONOO- coordination and NO2- and NO3

- dissociation. For these steps,
the inclusion of a diffuse function could reduce the B3LYP/6-311G(d,p)
calculated energies by up to 10 kcal/mol. Therefore, below we will
discuss only the B3LYP/6-311+G(d,p) energetics 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 studies32 on the structure
and stabilities ofcis- and trans-peroxynitrite anion, as well as their
hydrated forms, show that the B3LYP and more sophisticated CCSD(T),
G2, and CBS-Q approaches using the 6-311+G(d,p) basis sets provide
a very close agreement. Meantime, we33 and others34 have demonstrated
that the B3LYP/6-311+G(d,p) approach underestimates the calculated
energetic barriers∼5 kcal/mol compared to the CCSD(T) and
QCISD(T) methods. Since in this paper we discuss relative energies
calculated at the same (B3LYP/6-311+G(d,p)) level of theory, we
believe that any underestimation of the calculated barriers by the B3LYP
method will not affect our general conclusions.

To analyze the solvent effects we have performed single-point
polarizable continuum model35 calculations at the B3LYP/6-311G(d,p)
optimized geometries using 6-311+G(d,p) basis sets, named below as
PCM-B3LYP/6-311+G(d,p). As a solvent we used water, dichloro-
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M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
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98, 5648.
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Table 1. Relative Energies (in kcal/mol, Relative to the Reactants, Complex 2, and cis-OONO-) of the Obtained Intermediates, Transition
States, and Products of Reaction 2 + PN, Calculated at the B3LYP/6-311G(d,p) and B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) Levels of
Theory

6-311G** 6-311+G**

structuresa ∆E ∆E+ZPC ∆H ∆G ∆E ∆Hb ∆Gb

OONO-, cis 0.0 0.0 0.0 0.0 0.0 0.0 0.0
OONO-, ts 28.6 27.4 27.4 27.3 27.1 25.9 25.8
OONO-, trans 4.6 4.2 4.3 4.3 3.4 3.1 3.1

2 + cis-OONO- 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-PN-cis-cis -34.1 -33.2 -33.0 -21.6 -25.3 -24.2 -12.8
2-PN-cis-trans_1 -42.1 -41.1 -40.9 -30.8 -32.2 -31.0 -20.9
2-PN-cis-trans_2 -42.6 -41.7 -41.5 -30.2 -32.5 -31.4 -20.1
2-PN-trans-trans_1 -38.8 -38.0 -37.7 -26.2 -29.5 -28.4 -16.9
2-PN-trans-trans_2 -39.3 -38.5 -38.3 -26.9 -30.1 -29.1 -17.7
2-TS1-cis-cis -19.4 -19.3 -19.4 -7.3 -11.5 -11.5 0.6
2-TS1-cis-trans -34.6 -34.6 -34.5 -22.7 -25.1 -25.0 -13.2
2-TS1-trans-trans -27.8 -28.1 -28.0 -16.4 -20.8 -21.0 -9.4
2-O(NO2)-cis-cis -65.0 -64.2 -63.8 -52.4 -58.2 -57.0 -45.6
2-O(NO2)-cis-trans -63.5 -62.7 -62.3 -51.5 -58.0 -56.8 -46.0
2-O(NO2)-trans-trans -61.5 -60.8 -60.1 -48.1 -55.7 -54.3 -42.3
2-O(NO2)_with_N -58.6 -57.4 -57.1 -46.0 -53.7 -52.2 -41.1
2-TS2(cis-cisf cis-trans) -58.8 -58.4 -58.3 -46.5 -52.7 -52.2 -40.4
2-TS2(trans-transf with_N) -54.7 -53.7 -53.6 -42.1 -50.4 -49.3 -38.3
2-TS3_NO3

- -39.9 -39.9 -39.6 -29.0 -34.2 -33.9 -23.3
2-NO3

- -83.3 -80.7 -80.7 -69.4 -74.9 -72.3 -61.0
2 + NO3

- -55.1 -53.3 -53.6 -53.1 -54.2 -52.7 -52.2
2-SeO+ NO2

- -25.5 -25.7 -25.4 -25.1 -31.6 -31.5 -31.2

a Structures are given in Figures 1-5. b The zero-point energy, temperature, and entropy corrections were evaluated at the B3LYP/6-311G(d,p) level and
added to the final B3LYP/6-311+G(d,p) energetics.
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methane, benzene, and cyclohexane. The default dielectric constants
of these solvents were taken from the Gaussian program.

Results and Discussion

This paper is organized as follows. First, we discuss the
mechanism of the reaction2 + PN in the gas phase. Here, we
(a) discuss the geometrical structures and energetics of the
reactants, intermediates, transition states, and products of the
reaction; (b) analyze the mechanisms of the both peroxynitrite
T nitrate isomerization and the selenoxide and nitrite formation
processes; and (c) check the feasibility of the peroxynitriteT
nitrate isomerization process catalyzed by2. In the next two
sections, we elucidate the roles of electronic and solvent effects,
respectively. Conclusions are given in the last section.

Reaction of 2 with OONO-. First, let us discuss the
reactants, ONOO- and complex2. The calculated geometries
of the ONOO-, complex2, and possible nitrogen-containing
products of the reaction are given in Figure 1. Their energetics
are presented in Table 1.

ONOO- has been the subject of many previous theoretical
studies.32,36 In general, it was found that PN has two different
isomers, cis and trans, between which the cis isomer is reported
to be 2-4 kcal/mol more stable than the trans isomer. These
isomers are separated by a 21-27 kcal/mol barrier correspond-
ing to the rotation around the ON-OO bond. Our data presented
in Table 1 are consistent with those from the previous studies:
we have found that cis isomer lies by 3.1 (3.1) kcal/mol lower
than the trans isomer and is separated from the latter by 25.9
(25.8) kcal/mol barrier, calculated from the cis isomer. Note,

here and below, energies given without parentheses are relative
enthalpies,∆H, while those given in parentheses are relative
Gibbs free energies,∆G, including zero-point energy, temper-
ature, and entropy corrections. Note, the zero-point energy,
temperature, and entropy corrections were calculated at the
B3LYP/6-311G(d,p) level and added to the B3LYP/6-311+G(d,p)
calculated energetics (see Table 1).

As seen from Figure 1, complex2, which is the simplest
ebselen derivative, is a planar molecule with strong Se-C1 and
Se-N2 bonds. The calculated Se-C1 and Se-N2 bond distances
are 1.912 and 1.876 Å, respectively.

2-PN Complexes.As could be expected from the charge
distributions (see Table S3 in the Supporting Information), the
first step of the reaction is the coordination of the negatively
charged O3 end of PN to the positively charged Se center, to
form a2-PN complex. Since, PN has two different isomers, cis
and trans, each of them could coordinate to the Se center of2
via two different orientations, cis and trans, to the Se-N2 bond,
and form of various isomers, such as cis-cis, cis-trans, trans-
cis, and trans-trans. Here, the first definition stands for the
isomer of PN, and the second definition stands for the position
where PN coordinates (see Figure 2). Furthermore, each of these
isomers may have several additional forms, which could be
classified by the rotation of O1N1O2 unit around the O2-O3

bond.
We have studied three isomers corresponding to the coordina-

tion of cis-PN to complex2, namely, the cis-cis and cis-
trans_1 and cis-trans_2 isomers (Figure 2). As seen in Table
1, cis-trans_1 and cis-trans_2 isomers are degenerate: the
energy difference between them is only 0.5-0.7 kcal/mol. Their
main geometrical parameters are almost the same too (see Table
S1 of the Supporting Information). Therefore, below, we discuss
only 2-PN-cis-trans_1. As seen from Table 1, the2-PN-cis-
trans_1 isomer is more stable than the cis-cis isomer by 6.8
(8.1) kcal/mol. The lower stability of the cis-cis isomer could
be explained by the existence of the strong trans effect from
the Se-C1 bond compared to Se-N2 in the cis-trans complex.

(35) (a) Miertus, S.; Scrocco, E.; Tomasi, J.Chem. Phys.1981, 55, 117. (b)
Miertus, S.; Tomasi, J.Chem. Phys.1982, 65, 239. (c) Cossi, M.; Barone,
V.; Cammi, R.; Tomasi, J.Chem. Phys. Lett.1996, 255, 327. (d) Cances,
M. T.; Mennucci, V.; Tomasi, J.J. Chem. Phys.1997, 107, 3032. (e)
Barone, V.; Cossi, M.; Tomasi, J.J. Comput. Chem.1998, 19, 404.

(36) (a) Liang, B.; Andrews, L.J. Am. Chem. Soc. 2001, 123, 9848. (b)
Bartberger, M. D.; Olson, L. P.; Houk, K. N.Chem Res. Toxicol.1998,
11, 710. (c) Houk, K. N.; Condroski, K. R.; Pryor, W. A.J. Am. Chem.
Soc. 1996, 118, 13002. (d) Yang, D.; Tang, Y. C.; Chen, J.; Wang, X. C.;
Bartberger, M. D.; Houk, K. N.; Olson, L.J. Am. Chem. Soc. 1999, 122,
11976.

Figure 1. Calculated important geometries (distances in Å, angles in deg) of the reactants (cis and trans forms of OONO-, the transitition states separating
these isomers, and complex2), as well as expected nitrogen-containing products (molecules NO2

-, NO2, and NO3
-) of the reaction2 + PN. Data presented

without parentheses were obtained at the B3LYP/6-311G(d,p) level, while those given in the parentheses were obtained at the B3LYP/6-311+G(d,p)level.
The full geometrical parameters of these species are given in the Table S1 of the Supporting materials.
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This is also the reason for the longer Se-O3 bond distance in
the cis-cis isomer, 2.384 Å, than in the cis-trans_1, 2.224 Å.
These energy and geometrical data for2-PN-cis-cisand2-PN-
cis-transisomers are correlated with other obtained geometrical
changes, especially with the elongation of Se-N2 and Se-C1

bonds upon coordination ofcis-PN to 2. Indeed, as seen in
Figure 2, in 2-PN-cis-trans_1, the Se-N2 bond distance
elongated, by 0.145 Å, compared with that in the free complex
2, while this effect is insignificant in2-PN-cis-cis. Meantime,
the coordination ofcis-PN to complex2 only slightly changes
the Se-C1 bond distance. These geometrical changes clearly
indicate that in complex2 the Se-N2 bond is much weaker
than the Se-C1 bond.

Since the cis coordination ofcis-PN to the Se center is
energetically less favorable than its trans coordination, for the
trans-PN, we have studied only its trans coordination mode
leading to two different isomers2-PN-trans-trans_1 and2-PN-
trans-trans_2. As seen in Table 1, they are are again degenerate
with energy difference of∼0.7 kcal/mol. Their main geometrical
parameters are also very close, and again only one of them,
isomer PN-trans-trans_1, will be discussed below. As seen in
Figure 2, in PN-trans-trans_1 the Se-N2 bond is again
significantly elongated, by 0.169 Å compared to the free
complex2.

As expected, coordination of PN to complex2 also changes
the geometry of the OONO- unit. However, these changes are
insignificant with a larger change in O3-O2 bond distance,
which is elongated by 0.017, 0.034, and 0.045 Å in the
complexes2-PN-cis-cis, 2-PN-cis-trans_1 and2-PN-trans-
trans_1, respectively, compared with free PN.

Thus, coordination ofcis- and trans-PN to complex2 leads
to formation of numerous isomers, which can easily rearrange
to each other with very small rotational barriers (which were
not calculated, because their role in the overall reaction
mechanism is thought to be negligible). Among the isomers
corresponding to the coordination ofcis- and trans-PN, the
2-PN-cis-trans_1and 2-PN-trans-trans_1are energetically
lowest, respectively. The calculated energies of the reaction2
+ PN f 2-PN are 31.0 (20.9) and 28.4 (16.9) kcal/mol for
formation of 2-PN-cis-trans_1and 2-PN-trans-trans_1, re-
spectively. In other words, the cis-trans isomerization energy
of the coordinated PN, 2.6 (4.0) kcal/mol, is only slightly
different from that for the free PN, 3.1 (3.1) kcal/mol, reported
above.

Transition States for the O-O Bond Cleavage.In the next
stage of the reaction, the O3-O2 bond cleavage takes place via
the transition states2-TS1-cis-cis, 2-TS1-cis-trans, and2-TS1-
trans-trans (Figure 3). Each of these transition states was
positively characterized and has only one imaginary frequency
(396i, 232i, and 148i cm-1, respectively) corresponding to the
O-O cleavage. Intrinsic reaction coordinate37 (IRC) calculations
show that these transition states are connected to the corre-
sponding complexes2-PN-cis-cis,2-PN-cis-trans, and2-PN-
trans-trans, respectively. In these transition states (Figure 3),
the broken O3-O2 bond distances are elongated by 0.385, 0.446,
and 0.496 Å, while the formed Se-O3 and N1-O2 bond
distances are shortened by 0.472, 0.403, and 0.401 Å and by
0.096, 0.107, and 0.082 Å, compared with the corresponding

(37) (a) Gonzalez, C.; Schlegel, H. B.J. Chem. Phys.1989, 90, 2154. (b)
Gonzalez, C.; Schlegel, H. B.J. Phys. Chem.1990, 94, 5523.

Figure 2. Calculated important geometrical parameters (distances in Å, angles in deg) of the isomers of2-PN complex.
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prereaction complexes2-PN-cis-cis, 2-PN-cis-trans, and
2-PN-trans-trans, respectively. All these geometrical changes
are consistent with the nature of these transition states, where
the O3-O2 bond cleavage and the SesO3 and N1dO2 double
bond formation occurs. Since during this process the strong Se-
O3 bond is formed, the Se-C1 and Se-N2 bonds located trans
to the formed Se-O3 bond are elongated significantly.

The calculated activation barriers from the prereaction
complexes2-PN-cis-cis, 2-PN-cis-trans, and 2-PN-trans-
trans are 12.7 (13.4), 6.0 (7.7), and 7.4 (7.5) kcal/mol,
respectively.

Note that we are aware of the existence of several different
O-O activation transition states connected to the numerous
isomers of the2-PN complex, discussed above. However, we
do not expect these transition states will be significantly different
from those discussed in this section either energetically or
geometrically and therefore can be ignored.

It is noteworthy that the O-O bond cleavage by2 can be
considered to be a heterolytic process similar to O-atom transfer,
which is common in organometallic chemistry.38

Products of the O-O bond cleavage are complexes2-O(NO2)-
cis-cis, 2-O(NO2)-cis-trans, and2-O(NO2)-trans-trans, re-
spectively (see Figure 4). The connectivity of these products
with the corresponding transition states,2-PN-cis-cis, 2-PN-
cis-trans, and2-PN-trans-trans, has been confirmed by the
IRC calculations.

In all of these isomers, the SedO3 double bond, with bond
distances ranging from 1.651 to 1.654 Å, is located out of the
Se(C6H4CONH) plane with the∠C1SeO3 and∠N2SeO3 angles
of 104.0°-106°. Furthermore, in these isomers, the NO2 unit
is bound to the Se center trans to the Se-N2 (the weakest) bond.

However, in these isomers, the orientations of terminal NO-
groups and location of NO2-units relative to the Se(C6H4CONH)
plane are different. In2-O(NO2)-cis-cis and 2-O(NO2)-cis-
trans, the NO2 units are located on the perpendicular plane to
Se(C6H4CONH) with their terminal N1O1 groups in and out
position to the Se center, respectively. Therefore, in the
2-O(NO2)-cis-cis there is a weak N1O1-Se interaction, while
in 2-O(NO2)-cis-trans, this type of interaction is absent.
Meantime, in2-O(NO2)-trans-trans, the NO2 unit is located
almost on the Se(C6H4CONH) plane with the terminal N1O1

group out of Se center. Interestingly, despite formation of the
strong SedO3 bond, the Se-N2 bonds in these products are
much shorter than that in the corresponding O-O activation
transition states. In other words, after O-O bond cleavage, the
Se-N2 bond partially recovers.

The comparison of the geometrical parameters of NO2 units
in the product complexes with those for the NO2 and NO2

-

molecules (see Figure 1) shows that NO2 units in 2-O(NO2)-
cis-cis, 2-O(NO2)-cis-trans, and 2-O(NO2)-trans-trans are
NO2

- ligands. Thus, all these products are the complexes of
NO2

- anion and selenoxide OSe(C6H4CONH) molecule. This
conclusion is consistent with the Mulliken charge analysis (see
Table S3 in the Supporting Information): in these complexes,
NO2 unit has overall 0.62-0.66e negative charge. Meantime,
Se center is already fully oxidized:: the positive charge on Se
center is calculated to be 0.85-0.90e.

A seen in Table 1, the complexes2-O(NO2)-cis-cis,
2-O(NO2)-cis-trans, and2-O(NO2)-trans-transare 57.0 (45.6),
56.8 (46.0), and 54.3 (42.3) kcal/mol lower than reactants and
32.8 (32.8), 25.8 (25.1), and 25.9 (25.4) kcal/mol lower than
corresponding2-PN-cis-cis, 2-PN-cis-trans, and2-PN-trans-
transcomplexes. These data illustrate that the product2-O(NO2)-
cis-cis, connected via the energetically unfavorable transition

(38) Wu, G.; Rovnyak, D.; Johnson, M. J. A.; Zanetti, N. C.; Musaev. D. G.;
Morokuma, K.; Schrock, R. R.; Griffin, R. G.; Cummins, C. C.J. Am.
Chem. Soc. 1996, 118, 10654 and references therein.

Figure 3. Calculated important geometrical parameters (distances in, Å, angles in deg) of various transition states corresponding to the O-O bond activation
of the OONO- by complex2.
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state TS1-cis-cis to the complex2-PN-cis-cis, becomes most
favorable product because of existence of an additional interac-
tion between the NO2- fragment and the Se-center.

Thus, all these product complexes are energetically close to
each other and expected to be interconnected, according to their
structures presented in Figure 4. The energetic barrier connecting
the complexes2-O(NO2)-cis-cis and 2-O(NO2)-cis-trans is
4.8 (5.2) kcal/mol, calculated from the isomer2-O(NO2)-cis-
cis. This relatively large barrier for the2-O(NO2)-cis-cis f
2-O(NO2)-cis-transrearrangement could be explained in term
of existence the Se-O1 interaction in isomer2-O(NO2)-cis-
cis. The transition state of this process,2-TS2(cis-cis f cis-
trans), is given in Figure 5. Another rearrangement process,
transformation of2-O(NO2)-cis-trans to 2-O(NO2)-trans-
trans, is expected to follow via a simple rotational transition
state around the Se-O2N1O1 bond. Therefore, the associated
barrier is not expected to be more than 1-3 kcal/mol and was
not calculated.

During the studies of these rearrangement processes, we have
located an additional isomer, complex2-O(NO2)_with_N (de-
picted in Figure 4), where an NO2 fragment coordinated to Se
center via its N1 center and cis to the Se-N2 bond. This isomer
lies 52.2 (41.1) kcal/mol lower than reactants, but 2.0 (1.2) kcal/
mol higher than isomer2-O(NO2)-trans-trans and separated
from it with a 5.0 (4.0) kcal/mol barrier, at the transition state
2-TS2(trans-transf with_N) (Figure 5). We are aware of the
existence of other isomers for2-O(NO2), but we expect them
to be close in energy to those that were located (see Figure 4)
and separated by a small energetic barriers. Therefore, we did
not locate all possible isomers and transition states for com-
plex 2-O(NO2). We believe that these will not affect our
conclusions.

Thus, all the isomers of2-O(NO2) are energetically close and
separated with reasonably low energetic barriers. Therefore,
below, for simplicity, we study the important processes starting
only from the lowest isomer,2-O(NO2)-cis-trans.

Figure 4. Calculated important geometrical parameters (distances in Å, angles in deg) of the O-O activation products, various isomers of the2-O(NO2)
complex. Numbers presented in parentheses were calculated at the B3LYP/6-311+G(d,p) level.

Figure 5. Calculated important geometrical parameters (distances in Å, angles in deg) of some transition states corresponding to the rearrangement of the
various isomers of2-O(NO2) complex.
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From the complex2-O(NO2) the reaction may split into two
distinct channels, NO2- dissociation and selenoxide formation,
nitrate (NO3

-) formation (peroxynitriteT nitrate isomerization),
or both. Let us discuss these processes separately.

Our calculations show that the NO2
- dissociation from the

complex2-O(NO2)-cis-trans to give the experimentally ob-
served29 selenoxide,2-SeO, occurs without barrier and is
endothermic by 25.3 (14.8) kcal/mol. Comparison of the values
given without and with parentheses shows that the inclusion of
the entropy effect reduces the endothermicity of the reaction
by 10.3 kcal/mol and makes the reaction more facile (with a
dissociation energy of only 14.8 kcal/mol). The final products
2-SeO+ NO2

- lie 31.5 (31.2) kcal/mol lower than reactants2
+ PN. As seen in Figure 6, dissociation of NO2

- results in
complete recovery of Se-N2 bond: the calculated Se-N2 bond
distance is 1.907 Å in2-SeO, which is close to that, 1.876 Å,
in the reactant2.

The second process starting from the2-O(NO2) complex is
NO3

- formation, which occurs via transition state2-TS3-NO3
-,

given in Figure 6. Our normal-mode analysis shows that this is
a real transition state with one imaginary frequency of 186i cm-1

corresponding to the formation of the N1-O3 bond. The N1-
O3 bond distance in2-TS3-NO3

- is calculated to be 2.316 Å,
which is significantly smaller than that in prereaction complex
2-O(NO2)-trans-trans, 3.223 Å. Meantime, the Se-O3 bond
distance in2-TS3-NO3

- is elongated by 0.035 Å compared
with that in the prereaction complex2-O(NO2)-trans-trans.
These data show that the transition state2-TS3-NO3

- is a
relatively early transition state, where the important geometrical
parameters are closer to those in the prereaction complex. IRC
calculations show that the2-TS3-NO3

- connects complex
2-O(NO2)-trans-transwith the product2-NO3

-, given in Figure
6.

The barrier height at the transition state2-TS3-NO3
- is 22.9

(22.7) kcal/mol calculated from the complex2-O(NO2)-cis-
trans.

In the resulting complex2-NO3
-, the NO3

- ligand is already
formed and coordinated to the Se center of2 with one of its
O-atoms, O3 (see Figure 6). The calculated Se-O3 bond distance
is 2.391 Å. Meantime, the calculated Se-N2 bond distance in
2-NO3

-, 1.963 Å, which is slightly shorter than that in
2-O(NO2)-trans-trans, 2.062 Å, indicating that NO3- is a
weaker trans ligand than NO2-. Indeed, the calculations show
that Se-NO3

- binding energy in2-NO3
- is 19.6 (8.8) kcal/

mol versus 25.3 (14.8) kcal/mol Se-NO2
- binding energy in

2-O(NO2)-cis-trans. Complex2-NO3
- is calculated to be about

16.5 (15.0) kcal/mol more stable than the lowest (cis-trans)
isomer of the prereaction complex2-O(NO2). Thus, the entire
process,2 + PN f 2 + NO3

- is found to be exothermic by
52.7 (52.2) kcal/mol. These numbers are the peroxynitritef
nitrate isomerization energies.

Overall potential energy surface of the reaction2 + PN in
the gas phase is presented in Figure 7. As seen from this figure,
the reaction2 + PN is highly exothermic. It starts with
coordination of PN to Se center, which is exothermic by 31.0
(20.9) kcal/mol. Then, the resulting intermediate converts to
2-O(NO2) via O-O bond cleavage barrier of 6.0 (7.7) kcal/
mol. The complex2-O(NO2) is a (NO2

-)-2-SeO type of
complex, which has several isomers that can easily rearrange
to each other. The lowest energy isomer, the cis-trans isomer,
lies about 56.8 (46.0) and 25.8 (25.1) kcal/mol lower than the
reactants,2 + PN and the lowest energy isomer of2-PN,
respectively. Thus, the reaction2 + PN f 2-O(NO2) is believe
to be very fast in the gas phase.

The processes starting from the complex2-O(NO2) are rate-
determining steps of the entire2 + PN reaction and may lead
to two different sets of final products. One of them, the NO2

-

dissociation and selenoxide formation reaction, was experimen-
tally reported29 to proceed extremely fast at alkaline pH. Our
calculations performed in the gas phase show that entire reaction
2 + PN f 2-SeO+ NO2

- is exothermic by 31.5 (31.2) kcal/

Figure 6. Calculated important geometrical parameters (distances in Å, angles in deg) of the intermediates, transition states, and products of the two
different pathways, NO2- dissociation and NO3- formation, starting from the same2-O(NO2)-trans-trans complex.
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mol, while its final step,2-O(NO2) f 2-SeO + NO2
-, is

endothermic by 25.3 (14.8) kcal/mol.
Meantime, the second process, nitrate formation, takes place

with 22.9 (22.7) kcal/mol barrier at the transition state2-TS3-
NO3

-. The resulting2-NO3
- complex lies 16.5 (15.0) kcal/mol

lower than the lowest (cis-trans) isomer of the prereaction
complex2-O(NO2). The last step of this path,2-NO3

- f 2 +
NO3

-, is found to be endothermic by 19.6 (8.8) kcal/mol. The
entire process,2 + PN f 2 + NO3

- is exothermic by 52.7
(52.2) kcal/mol.

Thus, the rate-determining step of the nitrate formation
process, the kinetic barrier at the transition state2-TS3-NO3

-,
calculated from the complex2-O(NO2)-cis-transis (22.7) kcal/
mol, including zero-point energy, temperature, and entropy
corrections. This value is significantly (7.9) kcal/mol larger than
the rate-determining step (14.8) kcal/mol of the NO2

- dissocia-
tion pathway starting from the same complex2-O(NO2)-cis-
trans. Therefore, the nitrate formation process is unlikely to
compete with the NO2- dissociation process. In other words,
the products of the reaction2 + PN will be NO2

- and
selenoxide, eVen in the gas phase. Thus, the peroxynitritef
nitrate isomerization catalyzed by complex2 is unlikely.39

Furthermore, the analysis of the important geometrical
parameters along the potential energy surface (PES) of the
reaction2 + PN shows that the Se-N2 bond is very flexible
and significantly changes during the reaction, thus facilitating
it. In the first step of the reaction, coordination of PN to2, the
Se-N2 bond elongates, which is crucial for formation of the
strong Se-PN bond. In the next step, O3-O2 cleavage, the Se-
N2 bond elongates further to facilitate Se-O3 bond formation
and, consequently, O3-O2 bond cleavage. Most likely in the
close vicinity of the O3-O2 cleavage transition state the
reorganization of geometrical parameters, especially movement
of the Se-O3 bond from the trans to cis with respect to the
Se-N2, occurs and results in the partial recovering of Se-N2

bond. This in turn, increases the overall exothermicity of the
reaction2-PN-cis-trans f 2-O(NO2)-cis-trans. In the last

stage of the reaction, the dissociation of NO2
- and formation

2-SeO, the Se-N2 bond almost fully recovers and reduces the
endothemicity of this step of the reaction. On the basis of these
observations, one may predict that ebselen derivatives are similar
to 2, but with no Se-N2 bond, will be extremely active in the
first part of the reaction, i.e., for the PN coordination and O-O
bond activation. At the same time, ebselen derivatives such as
2, but with a strong Se-N2 bond, will be extremely desirable
for the final step of the reaction, the dissociation of NO2

- and
formation of2-SeO complex.

In addition, the Se-N2 bond distance significantly elongates
at the transition state2-TS3-NO3

- compared with the pre
reaction complex2-O(NO2)-trans-trans and facilitates the
reaction. Therefore, one could expect that catalysts similar to
complex2, but with a weak, or nonexistent, Se-N2 bond, will
facilitate the NO3

- formation process. However, having a weak,
or nonexistent, Se-N2 bond in the reactant complex may hamper
the final step, NO3- dissociation, which is expected to be easier
for the complexes with strong Se-N2 bonds.

In summary,one may expect that the ebselen deriVatiVes with
nonexistent(or extremely weak) Se-N2 bonds(or any Se-X
bond, where X is bound to the N2 center) may facilitate the
peroxynitritef nitrate isomerization process.

Testing these ideas and predicting the ebselen derivatives that
could make feasible peroxynitritef nitrate isomerization will
be the subject of our independent studies. But below, we would
like to partially check the above presented ideas and elucidate
the roles of electronic effects in the rate-determining steps of
NO2

- dissociation and NO3- formation. For these purposes, we
have replaced the H ligand bound to N2 by the electron-
withdrawing CH3, C6H5, and CF3 and electron-donating OSiH3,
OH, and NH2 groups (see Scheme 1).

Elucidating the Role of Electronic Effects in the NO2
-

Dissociation and NO3
- Formation Processes.Now let us

address the effects of the more electron-withdrawing CH3, C6H5,
and CF3, and electron-donating OSiH3, OH, and NH2 groups
on the energetics and geometries of the complexesn-O(NO2)-
cis-trans, the transition statesn-TS3-NO3

-, and the products
n-SeO+ NO2

-. The calculated relative energies and important
geometrical parameters of these structures are given in Tables

(39) Since the dissociation of2-O(NO2) to NO2
- and selenoxide is endo-

thermic and its isomerization to2-(NO3
-) requires large energetic barrier

in the gas-phase, one may expect the formation of2-O(NO2) as a final
product.

Figure 7. Schematic representation of potential energy surface of the reaction2 + PN, calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-311G(p,d) level.
Here, we have presented energies of only the lowest possible isomers of calculated intermediates and transition states. The numbers outside the parentheses
are∆H values, while those inside the parentheses are∆G values.
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2 and 3, respectively, forn ) 1-7. Note that the relative
energies given in Table 2 do not include the zero-point energy
and entropy corrections except for RdCF3 and OH. Therefore,
here, the numbers given without parentheses are∆E values
rather than enthalpies. We believe that the discussion of∆E
values will not affect our final conclusions because they are
very close to the corresponding∆H values (see Table 1).

As seen from Table 2, the energy difference,∆, between the
rate-determining steps of NO2- dissociation and NO3- forma-
tion, which are the NO2- dissociation energy from the complex
n-O(NO2)-cis-trans and the energy barrier at the transition
states n-TS-NO3

-, respectively, increases with increasing
electron-withdrawing nature of the R group, i.e., via H (2.6)≈
CH3 (2.0)< C6H5 (8.1)< CF3 (14.8). The increasing electron-
withdrawing nature of the R group strongly destabilizes the
n-SeO+ NO2

- dissociation limit, while it slightly stabilizes
n-TS-NO3

- (there is destabilization in the case RdCH3). As
a result,∆ increases, and consequently, the feasibility of the
NO3

- formation process increases. Most promising is complex
4 with the strongest electron-withdrawing ligand RdCF3, for
which we also evaluated the zero-point energy, temperature,
and entropy corrections,∆∆, at the B3LYP/6-311G(d,p) level
and added to the final B3LYP/6-311+G(d,p) energetics. As seen
in Table 2, the NO3- formation process even after including
∆∆, is slightly (3.3 kcal/mol) more favorable than the NO2

-

dissociation processindicating that4 could be a good catalyst
for peroxynitriteT nitrite isomerization in the gas phase.

Table 3, where we have presented the calculated important
bond distances, shows that the trend in the energetics noted
above agrees well with the calculated Se-N2 bond distance in
the prereaction complexn-O(NO2)-cis-trans and product
n-SeO, which, in general, increases as RdH < CH3 < C6H5 <
CF3. Thus, the weaker Se-N2 bond, the larger the NO2-

dissociation energy, as predicted aboVe.However, there are no
well-defined trends in the geometries of the transition states
n-TS-NO3

-.

Similar trends were obtained for the derivatives of2 with
electron-donating groups, NH2, OSiH3, and OH: ∆ increases
as H (2.6)< NH2 (3.5)< OSiH3 (9.2)< OH (12.3). This trend
in energetics correlates well with the calculated Se-N2 bond
distances, which increase as NH2 < OSiH3 < OH. Thus, among
these catalysts,6, with RdOH, looks most promising. Even after
including zero-point energy and entropy corrections, the NO3

-

formation process is slightly (0.7 kcal/mol) more favorable than
the NO2

- dissociation process. Thus,complex6 could catalyze
the peroxynitriteT nitrite isomerization in the gas phase.

Role of Solvent Effects.Here, we divide our discussions into
two parts. First, we discuss the effects of solvent on the
calculated relative energies of the reactants, intermediates,
transition states, and products of reaction2 (RdH) with PN.
Second, we elucidate the roles of solvent molecules in the
important steps of reaction4 (RdCF3) with PN, because
complex4 is predicted to be a good catalyst for the peroxynitrite
T nitrate isomerization process in the gas phase. In these
calculations, we use water, dichloromethane, benzene, and
cyclohexane as the solvent. Note that the single-point PCM
calculations provide the value called deltaG(solution), which
does not include zero-point energy and entropy corrections,∆∆,
and could be compared only with∆E value for the gas phase.
Therefore, below it will be called∆E solution. To include zero-
point energy and entropy corrections, one has to optimize
geometries and recalculate the frequencies of each structure in
the solution phase. However, these types of calculations are
unavailable. Therefore, we have calculated∆∆ in the gas phase
and added this to deltaG(solution). The final quantity is called
∆G, because it could be compared with relative Gibbs free
energies for the gas phase. Note, previously it was demon-
strated40 that this type of approach is reasonably accurate and
does not influence the final conclusions. The data presented
below for the peroxynitriteT nitrate isomerization energy

(40) Szilagyi, R. K.; Musaev, D. G.; Morokuma, K.Organometallics2002, 21,
555 and references therein.

Table 2. Energies (in kcal/mol, Relative to the 2-O(NO2)-cis-trans) of the Rate-Determining Steps for NO2
- Dissociation and NO3

-

Formation Pathways Calculated for Different R (RdH, CH3, CF3, C6H5, OSiH3, OH, and NH2) (see Chart 1)a

structures 2, H 3, CH3 1, C6H5 4, CF3 5, OSiH3 6, OH 7, NH2

n-O(NO2)-cis-trans_1 0.0 0.0 0.0 0.0(0.0 0.0 0.0(0.0) 0.0
n-TS3_NO3 23.8 23.6 21.4 20.6(19.2) 19.5 18.9(18.5) 22.4
n-SeO+ NO2

- 26.4 25.6 29.5 35.4(22.5) 28.7 31.2(19.2) 25.9
∆[2-TS3_NO3 - (2-SeO+ NO2

-)] -2.6 -2.0 -8.1 -14.8(-3.3) -9.2 -12.3(-0.7) -3.5

a All numbers were obtained at the B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) level and do not include the zero-point energy and entropy corrections
except those (in parentheses) for RdCF3 and OH.

Table 3. Calculated Important Bond Distances (in Å) of the Crucial Structures of the NO2
- Dissociation and NO3

- Formation Pathways for
Different R (RdH, CH3, CF3, C6H5, OSiH3, OH, and NH2) (see Chart 1)a

structures parameters 2, H 3, CH3 1, C6H5 4, CF3 5, OSiH3 6, OH 7, NH2

n-O(NO2)-cis-trans Se-N2 2.062 2.068 2.179 2.244 2.096 2.180 2.097
Se-C1 2.004 1.991 1.980 2.001 1.995 2.005 1.995
Se-O3 1.647 1.652 1.648 1.637 1.659 1.642 1.647
Se-O2 2.284 2.264 2.179 2.171 2.196 2.208 2.235
O3-N1 3.223 3.711 3.567 3.159 3.614 3.681 3.626

n-TS3_NO3 Se-N2 2.271 2.274 2.422 2.349 2.456 2.453 2.337
Se-C1 1.962 1.955 1.945 1.968 1.946 1.965 1.965
Se-O3 1.682 1.683 1.671 1.644 1.669 1.666 1.678
O3-N1 2.316 2.327 2.369 2.374 2.365 2.473 2.348

n-SeO Se-N2 1.907 1.915 1.940 1.965 1.968 1.976 1.940
Se-C1 1.973 1.965 1.959 1.963 1.961 1.976 1.965
Se-O3 1.643 1.646 1.646 1.636 1.640 1.642 1.642

a All numbers presented here were obtained at the B3LYP/6-311G(d,p) level.
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calculated in water and compared with its experimental value
indicate that the accuracy of this type of approach is within
3-5 kcal/mol.

In Table 4 we have presented the calculated relative energies
for the reaction2 + PN. Since the largest contributions from
the solvent to the calculated energetics are electrostatic terms,
one may expect that solvent effects will be significant at the
beginning,2 + OONO- and also at the end,2-SeO+ NO2

-

and2 + NO3
-, of the reaction. Indeed, the calculations show

that including solvent effects dramatically (up to 26 kcal/mol)
reduces the ONOO- complexation, as well as the NO2

- and
NO3

- dissociation energies, and these effects increase with
increasing solvent polarity. In the most polar solvent, water,
the coordination of PN to2 becomes endothermic and the O-O
activation step, which was not rate-determining in gas phase,
becomes rate determining for the overall reaction. The calculated
the O-O bond activation transition state lies about 13-14 kcal/
mol higher in energy than the reactants,2 + PN. In the relatively
nonpolar solvents (benzene and cyclohexane), this transition
state is still lower in energy than the reactants and can proceed
relatively fast (with barriers of 7.8 (8.4) and 7.6 (8.2) kcal/mol,
respectively). Even in these nonpolar solvents, the O-O
activation step becomes a rate-determining step of the reaction.
Furthermore, since solvent effects significantly reduce the NO2

-

dissociation energy, while only slightly destabilizing the NO3
-

formation barrier at2-TS3-NO3
- (calculated from2-O(NO2)-

cis-trans), the peroxynitriteT nitrate isomerization process
becomes impossible in solution, and therefore, the only direct
products of the reaction2 with PN are going to be nitrite and
selenoxide molecules.

Similar solvent effects were found for the important steps,
the NO2

- dissociation and the NO3- formation, of the reaction
of 4 with PN. Because of strong stabilization of the NO2

-

dissociation process by solvent, even for the reaction4 + PN,
the peroxynitriteT nitrate isomerization process, in spite being
favorable in the gas phase, becomes impossible in solution.

As seen in Table 5, the calculated peroxynitriteT nitrate
isomerization energy in gas phase, water, dichloromethane,
benzene, and cyclohexane, are 54.2 (52.2), 51.5 (49.5), 53.3
(51.3), 53.9 (51.9), and 53.9 (51.9) kcal/mol, respectively, where
numbers without the parentheses are∆E values. The values
obtained in aqueous solution, 51.5 (49.5) kcal/mol, are in
reasonable agreement with the available experiment data for
Gibbs free energy of peroxynitriteT nitrate isomerization, 40-
43 kcal/mol.41

Conclusions

From above presented discussions one may draw the follow-
ing conclusions:

Table 4. Relative Energies (in kcal/mol) of the Intermediates, Transition States, and Products of the Reaction 2 + PN, in the Gas Phase
and in Water, Dichloromethane, Benzene, and Cyclohexane Solutions

gas phase H2O CH2Cl2 C6H6 C6H12

structuresb ∆E ∆G ∆Ec ∆Gd ∆E ∆G ∆E ∆G ∆E ∆G

OONO-, cis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
OONO-, ts 27.1 25.8 24.5 23.2 25.6 24.3 26.5 25.2 26.6 25.3
OONO-, trans 3.4 3.1 4.8 4.5 4.3 4.1 3.9 3.6 3.9 3.6

2 + cis-OONO- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-PN-cis-cis -25.3 -12.8 0.4 12.9 -6.9 5.6 -14.0 -1.5 -14.4 -1.9
2-PN-cis-trans_1 -32.2 -20.9 -6.3 5.0 -12.2 -0.9 -20.0 -8.7 -20.6 -9.3
2-PN-trans-trans_1 -29.5 -16.9 -3.1 9.5 -9.1 3.5 -17.1 -4.5 -17.6 -5.0
2-TS1-cis-cis -11.5 0.6 11.8 23.9 5.0 17.1 -1.1 11.0 -1.7 10.4
2-TS1-cis-trans -25.1 -13.2 2.0 13.9 -4.4 7.5 -12.2 -0.3 -13.0 -1.1
2-TS1-trans-trans -20.8 -9.4 4.2 15.6 -1.0 4.2 -8.5 2.9 -9.2 2.2
2-O(NO2)-cis-cis -58.2 -45.6 -40.7 -28.6 -42.8 -30.2 -48.3 -35.7 -49.0 -36.4
2-O(NO2)-cis-trans -58.0 -46.0 -39.7 -27.7 -42.1 -30.1 -47.9 -35.9 -48.5 -36.5
2-O(NO2)-trans-trans -55.7 -42.3 -38.5 -25.1 -40.3 -26.9 -45.7 -32.3 -46.4 -33.0
2-O(NO2)_with_N -53.7 -41.1 -35.2 -22.6 -37.6 -25.0 -43.2 -30.6 -43.7 -31.1
2-TS2(cis-cisf cis-trans) -52.7 -40.4 -33.5 -21.1 -37.0 -24.7 -42.3 -30.0 -43.2 -30.9
2-TS3_ NO3

- -34.2 -23.3 -12.8 -1.9 -15.9 -5.0 -22.5 -11.6 -23.2 -12.3
2-NO3

- -74.9 -61.0 -52.2 -38.3 -56.7 -42.8 -63.7 -49.8 -64.2 -50.3
2 + NO3

- -54.2 -52.2 -51.5 -49.5 -53.3 -51.3 -53.9 -51.9 -53.9 -51.9
2-SeO+ NO2

- -31.6 -31.2 -37.1 -36.7 -35.7 -35.3 -33.9 -33.5 -33.8 -33.4

a All numbers presented here were calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-311G(d,p) (for gas phase) and PCM- B3LYP/6-311+G(d,p)//
B3LYP/6-311G(d,p) (for solution) levels of theory.b Structures given in Figures 1-6. c PCM calculations provide the value called deltaG(solution), which
does not include zero-point energy and entropy corrections,∆∆ (see Table 1), and could be compared only with∆E value for the gas phase. Therefore, here
it is called∆E for solution.d ∆G ) ∆E + ∆∆. Here, the∆∆ calculated at the gas phase and added to deltaG(solution). The final quantity is called∆G,
because it could be compared with relative Gibbs free energies for the gas phase (see text for more details).

Table 5. Relative Energies (in kcal/mol) of the Important Intermediates, Transition States, and Products of Reaction 4 + PN, in the Gas
Phase and in Water, Dichloromethane, Benzene, and Cyclohexane Solutions

gas phase water CH2Cl2 C6H6 cyclohexane

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

4-O(NO2)-cis-trans 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4-TS3_NO3

- 23.8 22.7 19.4 18.3 20.7 19.6 20.9 19.8 20.9 19.8
4-SeO+ NO2

- 26.4 14.8 4.4 -7.2 11.7 0.1 14.7 3.1 15.2 3.6
∆[2-TS3_NO3

- - (2-SeO+ NO2
-)] -2.6 7.9 15.0 25.5 9.0 19.5 6.2 16.7 5.7 16.2

a All numbers presented here were calculated at the B3LYP/6-311+G(d,p) //B3LYP/6-311G(d,p) (for gas phase) and PCM- B3LYP/6-311+G(d,p) //B3LYP/
6-311G(d,p) (for solution) levels of theory.a See footnotes of Table 5 for explanations of∆E and∆G.
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1. The reaction of2 with PN proceeds via2 + PN f 2-PN
f 2-TS1 (O-O activation)f 2-O(NO2

-) f 2-SeO+ NO2
-

with a rate-determining barrier of 25.3 (14.8) kcal/mol for the
NO2

- dissociation step at the gas phase. The direct products of
this reaction are NO2- anion and selenoxide. This conclusion
is in agreement with available experiment.29

2. The second possible process, NO3
- formation, starting from

the 2-O(NO2
-) complex, requires (7.9) kcal/mol more energy

than NO2
- dissociation and is unlikely to compete with the latter.

Thus, in gas phase, the peroxynitritef nitrate isomerization
catalyzed by complex2 is unlikely to occur.

3. The Se-N2 bond is found to be extremely flexible. It
changes significantly during the reaction and facilitates the
reaction. The ebselen derivatives with nonexistent (or weak)
Se-N2 bonds are predicted to be active for the PN coordination
and the O-O bond acleavage steps, as well as for the nitrate
formation process. Meantime, the ebselen derivatives with strong
Se-N2 bond are predicted to be useful for the NO2

- dissociation
and selenoxide formation.

4. The energy difference,∆, between the rate-determining
steps of NO2

- dissociation and NO3- formation increases with
increasing electron-withdrawing ability of the group R, in the
order H (2.6)≈ CH3 (2.0) < C6H5 (8.1) < CF3 (14.8). The
NO3

- formation process is slightly (3.3 kcal/mol) more favorable
than the NO2

- dissociation process for the compound with the
strongest electron-withdrawing group RdCF3, 4. We predict that
4 could be a good catalyst for peroxynitriteT nitrite isomer-

ization in the gas phase. Another promising catalyst for the
peroxynitriteT nitrite isomerization in gas phase is predicted
to be the complex6 (RdOH).

5. Solvent effects changes the rate-determining step of the
reaction of2 + PN. O-O activation becomes rate determining
with 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, since solvent effects significantly
reduce the NO2- dissociation energy, while only slightly
destabilizing the NO3- formation barrier, the peroxynitriteT
nitrate isomerization becomes practically impossible in solution,
even for complex4. Therefore, the formation of nitrate during
the reaction of complexes1-7 with PN is unlikely.
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(41) Calculations are based on∆fG° (NO3
-) ) -26.6 kcal/mol, and∆fH° (NO3

-)
) -49.6 kcal/mol (see:CRC Handbook of Chemistry and Physics; Lide,
D. R., Frederikse, H. P. R., Eds.; CRC Press: Boca Raton, FL, New York,
1996);∆fG° (ONOO-) ) 16.4 kcal/mol (see: Goldstein, S.; Czapski, G.;
Lind, J.; Merenyi, G.Chem Res. Toxicol. 2001, 14, 657); and 14(3 kcal/
mol (see: Koppenol, W. H.; Kissner, R.Chem Res. Toxicol. 1998, 11,
87).
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