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The mechanism of the reaction of an ebtellur derivative2•Te, [1,2-benzisotellurazol-3(2H)-one], with
peroxynitrite anion, ONOO- (PN), was studied at the density functional (B3LYP) level using triple-ú quality
basis sets. It was shown that the reaction proceeds via the pathway2•Te + PN f 2•Te-PN f 2•Te-TS1
(O-O activ) f 2•Te-O(NO2

-). From the intermediate2•Te-O(NO2
-) it splits into two distinct pathways,

NO2
- dissociation leading to2•Te-O + NO2

- and NO3
- formation via the transition state2•Te-TS2.

These two pathways proceed with∆H ) 36.6 (∆G ) 25.9) and 26.6 (26.9) kcal/mol energy loss, respectively.
The inclusion of the strongest electron-withdrawing substituent, R) CF3, creating complex4•Te, effectively
pushes the reaction toward the peroxynitritef nitrate isomerization in the gas phase. The comparison of
these data with our previous results (Musaev, D. G.; Geletii, Y. A.; Hill, G.; Hirao, K.J. Am. Chem. Soc.
2003, 125, 3877) on the reaction of ebselen derivatives with PN indicates that the probability of peroxynitrite
f nitrate isomerization is higher for ebtellur than ebselen derivatives in the gas phase. It is predicted that the
ebselen and ebtellur derivatives with nonexistent (or weak) M-N2 bonds will be more active in the steps of
PN coordination, O-O bond cleavage, and nitrate formation. Meanwhile, the ebselen and ebtellur derivatives
with strong M-N2 bonds are predicted to be useful for NO2

- dissociation and selenoxide formation. The
inclusion of solvent effects at the polarizable continuum model (PCM) level makes the reaction2•Te + PN
more facile and stabilizes the NO2

- dissociation pathway over the nitrate formation one. It makes the
peroxynitriteT nitrate isomerization practically impossible.

I. Introduction

Peroxynitrite anion (ONOO-, PN) has attracted great interest
over the past several decades.1 (The term peroxynitrite is used
to refer to the peroxynitrite anion OdNOO-, and peroxynitrous
acid, HOONO, unless otherwise indicated. The IUPAC recom-
mended names are oxoperoxonitrate (-1) and hydrogen oxo-
peroxonitrate, respectively. In this paper, the abbreviation PN
is used to refer to the peroxynitrite anion OdNOO-.) It is fairly
stable in alkaline solution,2 but quickly isomerizes to nitrate
upon protonation (pKa ) 6.8).2-4 On its way to nitrate,
peroxynitrous acid HOONO may produce highly reactive•OH
and NO2

• radicals (or an•OH‚‚‚NO2
• “cage-radical”).2b,5 Both

PN and HOONO, as well as the radicals•OH and NO2
• react

rapidly with numerous biomolecules, including proteins, lipids,
DNA, antioxidants, and aromatic compounds.6-14 The high
reactivity of peroxynitrite (and related radicals) with various
biological targets implicates it in many disease states.15 There-
fore, the search for drugs that can intercept this powerful
oxidizing and nitrating agent and detoxify it becomes one of
the major tasks of pharmaceutical and chemical sciences.

One of the effective exogenous defense lines against PN
toxicity is glutathione peroxidase (GPx), a selenium-containing
enzyme that destroys peroxides through their catalytic reduction
by thiol glutathione (GSH).16 Therefore, in the search for drugs
against peroxynitrite, a variety of organic selenium compounds
that mimic the GPx enzyme have been proposed.17 Among these
species, ebselen (Chart 1), which has been identified as an anti-
inflammatory agent,18 is one of the most promising. Although

it reacts19 with PN with a rate constant of 2.0× 106 M-1 s-1,20

it shows poor GPx activity. Therefore, the search for better
selenium-containing antioxidants is continuing. For example,
recently,21 it was reported that allyl 3-hydroxypropyl selenide
exhibits better GPx activity than ebselen.

Simultaneously, the focus of experimental studies has ex-
tended to the organotellurium analogues of the organoselenium
compounds. It has been demonstrated that some organotellurium
compounds exhibit potent antioxidative properties and higher
GPx-like activity than their selenium analogues.22-25 Further-
more, different peroxynitrite reduction rates for organoselenium

CHART 1: Schematic Presentation of the Se- and Te-
Compounds Used in This Paper
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and analogous organotellurium compounds were reported. This
was interpreted in terms of both a basic difference between the
reaction mechanisms of selenides and tellurides and their having
different rate-determining steps.23 We believe that the elucidation
of the differences and similarities of the organoselenium and
analogous organotellurium compounds could be extremely
important for designing better antioxidants against peroxynitrite.

Therefore, the goals of this paper are (a) to elucidate the
mechanisms and the factors affecting the mechanisms of the
reaction of ebtellur (tellurium analogue of ebselen) with
peroxynitrite and (b) to compare the results for ebtellur with
those for the analogous reaction of ebselen, reported earlier.26,27

We have previously studied the mechanism of the reaction
of ebselen (1) and its derivatives (2-7) (Scheme 1) with
ONOO-26 and HOONO.27 It was demonstrated that the reaction
of complex2 (the model of ebselen, which will be denoted as
2•Se in this paper) with PN proceeds via the pathway:2•Se
+ PN f 2•Se-PN f 2•Se-TS1 (O-O activ) f 2•Se-(O)-
(NO2

-) f 2•Se-O + NO2
-. In general, from the complex

2•Se-(O)(NO2
-), the reaction may split into the second

possible pathway of NO3- formation. However, this pathway
was shown to be less favorable for ebselen in solution.

In this paper, we elaborate the same mechanism of the
reaction of2•Te with PN. We compare the results for2•Se,
studied previously, and2•Te, reported in this paper. These
studies will allow us to elucidate similarities and differences in
the reactivities of ebselen and ebtellur, which could be crucial
in designing better antioxidants against peroxynitrite.

II. Calculation Procedures

All calculations were performed with the quantum chemical
package GAUSSIAN-98.28 The geometries, vibrational frequen-
cies, and energetics of all structures were calculated using the
hybrid density functional theory, B3LYP.29 In these calculations
we used the 6-311+G(d,p) split-valence basis sets for all atoms
except Te. For Te, we used the Stuttgart-Dresden relativistic
effective core potential and associated basis set.30 The combina-
tion of these basis sets will be called BS1.

To test the accuracy of the B3LYP/BS1 approach used in
this paper, we calculated the geometries of the molecules Te2,
TeO, and TeH2 and compared our findings with the available
experimental data.31 This comparison shows that the B3LYP/
BS1 approach provides very good agreement with the experi-
ment. Indeed, the B3LYP/BS1 calculated bond distances in Te2,
TeO, and TeH2 are 2.657, 1.860, and 1.652 Å, compared to
their experimental values of 2.556, 1.825, and 1.658 Å,
respectively. Similarly, the calculated bond angle in TeH2, 90.8°,
is very close to its experimental value of 89.5°.

Previous studies32 on the structure and stabilities ofcis- and
trans-ONOO- as well as their protonated forms show that the
B3LYP and the more sophisticated CCSD(T), G2, and CBS-Q
approaches using the 6-311+G(d,p) basis sets provide very close
agreement. Meanwhile, we27 and others33 have demonstrated
that the B3LYP/6-311+G(d,p) approach underestimates the
calculated energetic barriers by about 5 kcal/mol compared to
the CCSD(T) and QCISD(T) methods. In the current paper, we
discuss relative energies calculated at the same level of theory;
therefore, we believe that any underestimation of the calculated
barriers by the B3LYP method will not affect our general
conclusions. Note that the same approaches were used in our
previous studies on ebselen.27

III. Results and Discussion

This paper is organized as follows. First, in section III.1, we
discuss the mechanism of the reaction2•Te + PN in the gas

phase. We compare the potential energy surfaces (PESs) of the
reactions of2•Te and2•Sewith PN in section III.2. In section
III.3, we discuss the roles of the solvent effects, while in the
final section, section IV, we draw some conclusions from our
studies.

Note that the peroxynitrite anion ONOO-, as well as the
possible nitrogen-containing products of the reaction of2•Te
with ONOO-, the molecules NO2, NO2

-, and NO3
-, have been

the subject of numerous studies.34 Therefore, here we will
discuss those molecules only very briefly, as necessary, while
we include their calculated geometries and energetics in Tables
1S and 2S of the Supporting Information.

III.1. Mechanism of the Reaction of 2•Te with ONOO-

in the Gas Phase.In general, it was found that PN has two
different isomers, cis and trans, among which the cis isomer is
reported to be 2-4 kcal/mol more stable than the trans isomer.32,35

These isomers are separated by a 21-27 kcal/mol barrier,
corresponding to rotation around the ON-OO bond.

The calculated important geometrical parameters of the
complex 2•Te are given in Figure 1. As shown there, the
complex2•Te, which is the simplest ebtellur derivative, is a
planar molecule with strong Te-C1 and Te-N2 bonds of 2.114
and 2.058 Å, respectively.

The first intermediate of the reaction2•Te + PN is expected
to be the molecular complex2•Te-PN. As expected, this
complex forms by coordination of the negatively charged O3

end of PN to the positively charged Te center of2•Te. Since
PN has two different isomers, cis and trans, each of them could
coordinate to Te center of2•Te via two different orientations,
cis and trans, relative to the Te-N2 bond, and form 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 (Figure
1). Furthermore, each of these isomers may have several
additional forms, which could be classified by the rotation of
the O1N1O2 unit around the O2-O3 bond.

We first studied the coordination of the most favorable cis
isomer of PN via cis and trans to the Te-N2 bond. We have
identified three different isomers of the2•Te-PN complex
corresponding to the different coordination modes ofcis-PN
and 2•Te, namelycis-cis_1, cis-cis_2,and cis-trans (Figure
1). As seen in Table 1, among these three isomers thecis-trans
is energetically the most stable and lies∆H ) 39.9 (∆G )
28.9) kcal/mol lower than the reactants. Thecis-cis_1andcis-
cis_2 isomers, which are almost equivalent (the energy differ-
ence between them is only 0.2-0.3 kcal/mol), are about 9 kcal/
mol higher thancis-trans. The lower stability of thecis-cis
isomers compared to thecis-transcould be explained by the
existence of a strong trans effect from the Te-C1 bond in the
cis-cis isomers compared to the Te-N2 effect in thecis-trans
isomer. Note that another possiblecis-trans isomer, with the
O1N1O2 unit located on the Ph-ring side, is energetically
unfavorable and converges to2•Te-PN-cis-trans.

Thus, these results show that the cis coordination ofcis-PN
to 2•Te is energetically less favorable than its trans coordina-
tion. Therefore, fortrans-PN we have studied only the trans
coordination, leading to two different isomers2•Te-PN-trans-
trans•1 and 2•Te-PN-trans-trans•2. (The geometries of
these isomers are presented in the Supporting Information; see
Table 1S and Figure 1S). As seen in Table 1, they are again
degenerate with an energy difference of about 0.5-0.8 kcal/
mol.

Thus, coordination ofcis- and trans-PN to complex2•Te
leads to the formation of numerous isomers, which can easily

5632 J. Phys. Chem. A, Vol. 107, No. 29, 2003 Sakimoto et al.



rearrange to each other with very small rotational barriers (which
were not calculated because their role in the overall reaction
mechanism was thought to be negligible). Because among these
isomers the2•Te-PN-cis-transis energetically the lowest, we
will discuss the processes starting from this isomer.

As seen in Figure 1, the coordination ofcis-PN andtrans-
PN via the trans position to Te-N2 of 2•Te elongates the Te-

N2 bond by 0.14-0.15 Å, compared with that in the free2•Te.
As expected, the coordination of PN to complex2•Te also
changes the geometry of the ONOO- unit. However, these
changes are insignificant and will not be discussed in detail.

In the next stage of the reaction, the O3-O2 bond cleavage
occurs via the transition state2•Te-TS1(Figure 1), which was
positively characterized and has only one imaginary frequency
(105.4i cm-1) corresponding to the O3-O2 cleavage. Intrinsic
reaction coordinate (IRC)36 calculations show that this transition
state connects the complex2•Te-PN-cis-trans and product
2•Te-O(ONO). As shown in Figure 1, in2•Te-TS1the O3-
O2 bond length is elongated by 0.967 Å, while the Te-O3 and
N1-O2 bond lengths are shortened by 0.417 and 0.147 Å,
respectively, compared with those in the pre-reaction complex
2•Te-PN-cis-trans. All these geometrical changes are con-
sistent with the nature of this transition state, where the O3-O2

bond cleavage and the Te-O3 and N1dO2 double bond
formation occurs. The Te-C1 and Te-N2 bonds located trans
to the formed Te-O3 bond are also slightly (0.02-0.03 Å)
elongated because during this process the strong Te-O3 bond
forms.

Transition state2•Te-TS1 is found to be 29.2 (18.8) kcal/
mol lower than reactants. Meanwhile, the calculated O3-O2

bond cleavage barrier from the pre-reaction complex2•Te-
PN-cis-trans is 10.7 (10.1) kcal/mol.

Note that we are aware of the existence of several different
O3-O2 activation transition states connecting different isomers
of 2•Te-PN (discussed above) with those of2•Te-O(ONO)
(see below). For example, we have located the transition state
2•Te-TS1•cis (see Table 1S and Figure 1S in the Supporting
Information) corresponding to the O3-O2 bond cleavage in the
complex2•Te-PN-cis-cis•1. However, it lies significantly
higher in energy than2•Te-TS1 (see Table 1) and will not be
discussed. Furthermore, we do not expect that the other possible

Figure 1. Calculated important geometries (distances in Å, angles in deg) of the reactant,2•Te, various isomers of the2•Te-PN complex, and
the O-O activation transition state2•Te-TS1. The full geometries parameters of these species are given in Table 1S of the Supporting Information.

TABLE 1: B3LYP/BS1 Relative Energetics (in kcal/mol) of
the Intermediates, Transition States, and Products of the
Reactions of 2•Te (Relative to the Reactants) and 4•Te
(Relative to the Intermediate 4•Te-O(NO2)•1) with
OONO- (PN)′

gas phase
water

structures ∆Etot

∆Etot +
ZPC ∆H ∆G ∆G(sol)a)

R ) H
2•Te + cis-OONO- 0.0 0.0 0.0 0.0 0.0
2•Te-PN-cis-cis•1 -31.9 -30.8 -30.6 -19.3
2•Te-PN-cis-cis•2 -31.7 -30.7 -30.4 -19.7
2•Te-PN-cis-trans -41.3 -40.1 -39.9 -28.6 -11.0
2•Te-PN-trans-trans•1 -38.2 -37.2 -36.9 -25.6
2•Te-PN-trans-trans•2 -38.7 -37.7 -37.4 -26.4
TS1(O-O activ.) -29.5 -29.6 -29.2 -18.8 -6.8
TS1(O-O activ.)•2 -19.7 -19.4 -19.4 -7.6
2•Te-O(NO2)•1 -64.1 -63.3 -62.8 -51.9 -42.4
2•Te-O(NO2)•2 -63.5 -62.6 -62.1 -51.6
2•Te-O(NO2)•3 -60.2 -58.9 -58.5 -47.6
2•Te-NO3

- -82.0 -79.3 -79.3 -68.1 -52.4
2•Te-TS2(O-NO2 form.) -36.8 -36.4 -36.2 -25.0 -13.1
2•Te + NO3

- -54.1 -52.4 -52.7 -52.2 -51.4
2•Te-O + NO2

- -26.3 -26.5 -26.2 -26.0 -33.4

R ) CF3

4•Te -O(NO2)•1 0.0 0.0 0.0 0.0 0.0
4•Te-O + NO2

- 47.7 46.8 46.6 35.7 15.4
4•Te-TS2(O-NO2 form.) 23.3 23.0 22.7 23.0 26.4

a This should be compared with∆Etot of the gas phase (see text for
more details).

Reactivity of Ebtellur Derivatives with the Peroxynitrite Anion J. Phys. Chem. A, Vol. 107, No. 29, 20035633



O-O cleavage transition states will be significantly different
from 2•Te-TS1 and 2•Te-TS1•cis and, therefore, can be
ignored.

It is noteworthy that the O3-O2 bond cleavage by the
compound2•Te can be considered a heterolytic process similar
to O-atom transfer, which is common in organometallic
chemistry.37

The product of the O-O bond cleavage is the complex
2•Te-O(NO2), as shown by IRC calculations performed from
the 2•Te-TS1. However, the resulting complex may have
various isomers, three of which are presented in Figure 2.
Among these three isomers,2•Te-O(NO2)•1 and 2•Te-
O(NO2)•2 are almost energetically degenerate, while the isomer
2•Te-O(NO2)•3 lies only 4.3 (4.3) kcal/mol higher than
isomer2•Te-O(NO2)•1 (see Table 1). As shown previously26

for ebselen,2•Se, the complex2-O(NO2) may have even more
isomers. However, we expect all these isomers to be close to
each other in energy and separated by only small energetic
barriers. Therefore, we did not identify all possible isomers and
transition states for complex2•Te-O(NO2). We believe that
these will not affect our conclusions. Below, for simplicity, we
discuss geometries of the most stable isomer2•Te-O (NO2)•1,
which is a product of the O-O bond activation via the transition
state2•Te-TS1, and the important processes starting from this
isomer.

As seen in Figure 2, in2•Te-O(NO2)•1, the TedO3 double
bond, with a bond length of 1.850 Å, is located out of the Te-
(C6H4CONH) plane. Furthermore, the NO2 unit is bound to the
Te-center trans to the Te-N2 (the weakest) bond. Interestingly,
despite the formation of the strong TedO3 bond, the Te-N2

bond in2•Te-O(NO2)•1 is slightly (0.027 Å) shorter than
that in the corresponding O2-O3 activation transition state
2•Te-TS1. In other words, after O2-O3 bond cleavage, the
Te-N2 bond partially recovers.

The product2•Te-O(NO2) is a complex of NO2- anion
and OTe(C6H4CONH) molecule. Its lowest isomer,2•Te-O-
(NO2)•1, lies 62.8 (51.9) kcal/mol lower than the reactants and
22.9 (23.0) kcal/mol lower than the corresponding2•Te-PN-
cis-transcomplex (see Table 1).

From the complex2•Te-O(NO2) the reaction may split into
two distinct channels, NO2- dissociation and telluroxide forma-
tion, and/or nitrate (NO3-) formation (peroxynitritef nitrate
isomerization). Let us discuss these processes separately.

Our calculations show that the NO2
- dissociation from the

complex2•Te-O(NO2)•1 to give 2•TeO occurs without a
barrier and is endothermic by 36.6 (25.9) kcal/mol. The final
products,2•TeO + NO2

-, lie 26.2 (26.0) kcal/mol lower than
the reactants2•Te + PN. As seen in Figure 2, dissociation of
NO2

- results in complete recovery of the Te-N2 bond: the
calculated Te-N2 bond length is 2.075 Å in2•TeO, which is
close to the value of 2.058 Å found in the reactant2•Te.

The second process starting from the2•Te-O(NO2)•1
complex is NO3

- formation, which occurs via the transition state
2•Te-TS2, shown in Figure 3. Normal-mode analysis shows
that this is a real transition state with one imaginary frequency
of 200.4i cm-1 corresponding to the formation of the N1-O3

bond. The N1-O3 bond length in2•Te-TS2 is calculated to
be 2.347 Å, which is significantly smaller than that in the pre-
reaction complex2•Te-O(NO2)•1 of 4.270 Å. Meanwhile,
the Te-O3 bond length in2•Te-TS2 is elongated by 0.033 Å
compared with that in the pre-reaction complex2•Te-O-
(NO2)•1. These data show that the transition state2•Te-TS2
is a relatively early transition state: its important geometrical
parameters are close to those in the pre-reaction complex. IRC
calculations show that2•Te-TS2connects the complex2•Te-
O(NO2)•2 with the product2•Te-NO3

- shown in Figure 3.

Figure 2. Calculated important geometrical parameters (distances in Å, angles in deg) of the O-O activation products, various isomers of the
2•Te-O(NO2) complex, and the complex2•Te-O. The full geometries parameters of these species are given in Table 1S of the Supporting
Information.
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The barrier height at the transition state2•Te-TS2 is 26.6
(26.9) kcal/mol calculated from the complex2•Te-O(NO2)•1
(which is energetically almost degenerate with2•Te-O-
(NO2)•2).

In the resulting complex2•Te-NO3
-, the NO3

- ligand is
already formed and coordinated to the Te-center of2•Te
through one of its O2-atoms (Figure 3). The calculated Te-O2

bond length is 2.441 Å. Meanwhile, the calculated Te-N2 bond
length in2•Te-NO3

-, 2.148 Å, is slightly shorter than that in
2•Te-O(NO2)•1, 2.203 Å, indicating that NO3- is a weaker
trans ligand than NO2-. Indeed, the calculations show that the
Te-NO3

- binding energy in2•Te-NO3
- is 26.6 (15.9) kcal/

mol vs 36.6 (25.9) kcal/mol Te-NO2
- binding energy in

2•Te-O(NO2)•1. Complex2•Te-NO3
- is calculated to be

about 16.5 (16.2) kcal/mol more stable than the pre-reaction
complex2•Te-O(NO2)•1. The entire process,2•Te + PN
f 2•Te + NO3

-, is found to be exothermic by 52.7 (52.2)
kcal/mol.

III.2. Comparison of the Potential Energy Surfaces (PESs)
of the Reaction 2•M + PN for M ) Se and Te.The overall
PESs of the reaction2•M + PN for M ) Se and Te are
presented in Figure 4.

As Figure 4 shows, the coordination of PN to2•M is about
8.9 (8.0) kcal/mol more exothermic for M) Te than for M)
Se, which is consistent with the fact that organo-tellurium

compounds are more nucleophilic than their selenium ana-
logues.38 However, the calculated O2-O3 cleavage barrier is
larger for ebtellur than ebselen: for ebtellur it is found to be
10.7 (10.1) kcal/mol, while for ebselen it is 6.0 (7.7) kcal/mol.
The product of the O2-O3 cleavage,2•M-O(NO2), is an
(NO2

-)-2•MO type of complex and is again more stable for
M ) Te than for M) Se: it lies 62.8 (51.9) and 56.8 (46.0)
kcal/mol lower than the reactants for M) Te and Se,
respectively. This trend is not correlated with the fact that the
TedO bond (92.5( 2 kcal/mol) is smaller than the SedO bond
(100 ( 3 kcal/mol),31 and indicates that NO2- binds more
strongly to2•TedO than to2•SedO. Indeed, our calculations
show that the NO2- dissociation energy from2•M-O(NO2)
is larger for M ) Te than for M) Se: 36.6 (25.9) vs 25.3
(14.8) kcal/mol.

The second process, nitrate formation, starting from the same
2•M-O(NO2) complex, also occurs with a slightly larger
barrier for M) Te than for M) Se: it occurs with 26.6 (26.9)
and 22.9 (22.7) kcal/mol barriers at the transition state2•M-
TS2 for M ) Te and Se, respectively. The resulting2•M-
NO3

- complex again lies slightly lower by energy than the
reactants for M) Te than for M) Se and is more stable relative
to the dissociation limit of2•M + NO3

-.
Thus, in the gas phase, the processes of NO2

- dissociation
and NO3

- formation starting from the complex2•M-O(NO2)

Figure 3. Calculated important geometrical parameters (distances in Å, angles in deg) of the NO3 formation transition state,2•Te-TS2(O-(NO2

format) and2•Te-NO3
- complex.

Figure 4. Schematic representation (based on∆G values) of potential energy surfaces of the reaction2•M + PN, for M ) Se the first line) and
M ) Te (the second line) calculated at the B3LYP/6-311+G(d,p) and B3LYP/BS1 levels, respectively. 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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are rate-determining steps of the entire2•M + PN reaction
for both Te and Se. However, for M) Se the barrier for nitrate
formation is∆G ) (22.7) kcal/mol, while the NO2- dissociation
requires significantly, (7.9) kcal/mol, less energy. Therefore,
for M ) Se the nitrate formation process is unlikely to compete
with the NO2

- dissociation, andthe products of the reaction
2•Se + PN will be NO2

- and selenoxide in the gas phase.
Thus, in the gas phase the peroxynitritef nitrate isomerization
catalyzed by complex2•Se is highly unlikely.39 Meanwhile,
for M ) Te the nitrate formation barrier,∆G ) (26.9) kcal/
mol, is only 1.0 kcal/mol higher than the NO2

- dissociation
energy, (25.9) kcal/mol,which indicates that the formation of
nitrate will compete with NO2- dissociation during the reaction
of ebtellur with PN in the gas phase.In other words,the
probability of peroxynitrite to nitrate isomerization is higher
for ebtellur than ebselen in the gas phase.

Furthermore, the analysis of the important geometrical
parameters along the PES of the reaction2•M + PN shows
that the M-N2 bond is very flexible and changes significantly
during the reaction, thus facilitating it. In the first step of the
reaction, coordination of PN to2•M , the Te-N2 bond
elongates. In the next step, the O3-O2 cleavage, it elongates
further to facilitate the M-O3 bond formation, and consequently,
the O3-O2 bond cleavage. The re-organization of geometrical
parameters, especially movement of the M-O3 bond from trans
to cis with respect to the M-N2 bond, most likely occurs in
the close vicinity of the O3-O2 cleavage transition state and
results in the partial recovery of the M-N2 bond. After
dissociation of NO2-, the M-N2 bond almost fully recovers
and reduces the endothermicity of this step of the reaction. On
the basis of these observations we predict that ebtellur and
ebselen derivatives similar to2•M , but with no M-N2 bond,
will be extremely active in the first part of the reaction, i.e., for
the PN coordination and O-O bond cleavage. At the same time,
ebtellur and ebselen derivatives such as compound2•M , but
with a strong M-N2 bond, will be extremely desirable for the
NO2

- dissociation.
In addition, the M-N2 bond length significantly elongates

at the transition state2•M-TS2 compared with the pre-reaction
complex2•M-O(NO2)•1 and facilitates the reaction. There-
fore, we expect that catalysts similar to complex2, but with a
weak or nonexistent M-N2 bond, will facilitate the NO3-

formation process. However, having a weak or nonexistent
M-N2 bond in the reactant complex may hamper the final step,
NO3

- dissociation, which is expected to be easier for complexes
with strong M-N2 bonds.

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

To test these ideas and elucidate the roles of electronic effects
(the role of Se-N2 bond strength) in the NO2- dissociation and
NO3

- formation steps of the reaction of ebselen derivatives with
PN, in our previous paper26 we replaced the H ligand bound to
the N2 by the electron-withdrawing CH3, C6H5, and CF3 groups.
We demonstrated that the energy difference,∆, between the
rate-determining steps of NO2- dissociation and NO3- forma-
tion, increases with the increasing electron-withdrawing ability
of the group R in the order of H (2.6)≈ CH3 (2.0) < C6H5

(8.1) < CF3 (14.8). On the basis of these studies, we predicted
that the ebselen derivative with the strongest electron-withdraw-
ing group R) CF3 could be a good catalyst for peroxynitrite
f nitrite isomerization in the gas phase. For the reaction of
2•Te with ONOO-, the energy difference,∆, between the rate-

determining steps of NO2- dissociation and NO3- formation is
very small,-10.0 (1.0) kcal/mol (here “-” indicates that the
TS2 is energetically lower than the2•TeO + NO2

- dissociation
limit), so we may expect that the replacement of the H ligand
bound to the N2 by a CF3 group in ebtellur derivatives will
significantly enhance the peroxynitritef nitrate isomerization.
To test this expectation we investigated the important intermedi-
ates and transition states of the reaction of4•Te (where the H
ligand bound to the N2 is replaced by the CF3 group) with
ONOO-. We calculated geometries and energies of the complex
4•Te-O(NO2)•1, the transition state4•Te-TS2, and the
products4•TeO + NO2

-. The calculated relative energies and
important geometrical parameters of these structures are given
in Table 1 and Figure 5, respectively.

As shown in Figure 5, the replacement of the H ligand bound
to N2 by CF3 elongates the Te-N2 bond length by 0.16 Å, and
facilitates the coordination of the NO2-unit to the Te-center.
As a result, the calculated Te-O2(ONO) and Te-O3 bond
lengths become shorter by 0.08 and 0.01 Å, respectively, in
4•Te-O(NO2)•1 compared to those in2•Te-O(NO2)•1.
From these geometrical changes one may expect the stabilization
of the Te-O2(ONO) interaction in4•Te-O(NO2)•1 compared
to that in2•Te-O(NO2)•1. Indeed, the calculated∆H (∆G)
of NO2

- dissociation in4•Te-O(NO2)•1, 46.6 (35.7) kcal/
mol, is 10.0 (9.8) kcal/mol larger than that in2•Te-O-
(NO2)•1, 36.6 (25.9) kcal/mol.

Similar geometrical changes in the Te-N2 and Te-O3 bond
lengths were observed inn•Te-TS2 when going fromn ) 2
to n ) 4. The Te-N2 bond elongated by 0.20 Å, while the
Te-O3 bond shrank by 0.02 Å. The O--N1 bond length was
elongated by 0.10 Å, while the Te-O2 bond shortened by 0.23
Å. As a result of these changes in geometry the barrier height
at the transition staten•Te-TS2 calculated from the Te-
O(NO2) complex is reduced by 3.9 (3.9) kcal/mol and becomes
22.7 (23.0) kcal/mol for the complex4•Te.

Thus, the calculated difference∆ in the ∆H (∆G) values of
the rate-determining steps of NO2

- dissociation and NO3-

formation from the n•Te-O(NO2)•1 complex is -23.9
(-12.7) and-10.0 (1.0) kcal/mol forn ) 4 and n ) 2,
respectively. These data clearly show thatthe reaction of the
complex 4•Te with ONOO- will mainly proceedVia the
peroxynitrite to nitrate isomerization pathway in the gas phase.
Thus, the weaker the Te-N2 bond, the larger the NO2--
dissociation energy, as predicted aboVe.

The comparison of the data obtained for ebtellur derivative
4•Te with those for ebselen derivative4•Se shows that the
former significantly promotes the peroxynitritef nitrate
isomerization in the gas phase.

III.3. Role of Solvent Effects.Here, we divide our discussion
into two parts. First, we discuss the solvent effects on the
calculated relative energies of the reactants, intermediates,
transition states, and products of the reaction2•Te (R ) H)
with PN. Second, we elucidate the roles of solvent molecules
in the important steps of the reaction4•Te (R ) CF3) with
PN, because the complex4•Te is predicted to catalyze the
peroxynitritef nitrate isomerization in the gas phase. In these
calculations, we use water as the solvent. Note that the single-
point PCM40 calculations provide the value called∆G (solution),
which does not include zero-point energy and entropy correc-
tions, and should be compared only with the∆E value for the
gas phase.

In Table 1, we present the calculated relative energies for
the reactionn•Te + PN forn ) 2 andn ) 4 in water. Because
the largest contributions from the solvent to the calculated
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energetics are electrostatic terms, one may expect that solvent
effects will be significant at the beginning,2•Te + OONO-,
and end,2•TeO + NO2

- and2•Te + NO3
-, of the reaction.

Indeed, the inclusion of solvent effects dramatically (30.3, 28.8,
and 19.0 kcal/mol, respectively) reduces the ONOO- complex-
ation, and NO2- and NO3

- dissociation energies: these values
are calculated to be 11.0, 9.0, and-9.0 kcal/mol, respectively,
in water. Meanwhile, the solvent destabilizes the O-O bond
activation transition state relative to the reactants: in water the
2•Te-TS1 lies only 6.8 kcal/mol lower than the reactants,
compared to 29.5 kcal/mol in the gas phase. As a result, the
solvent effects reduce the calculated O-O bond cleavage barrier
from 10.8 kcal/mol in the gas phase to 4.2 kcal/mol in water.
However, the solvent effects only slightly increase the peroxy-
nitrite f nitrate isomerization barrier: from 27.3 in the gas
phase to 29.3 kcal/mol in water.

These data indicate that in water the reaction2•Te +
ONOO- will occur much faster than in the gas phase and will
lead to the formation of telluroxide (2•TeO) and NO2

-. The
peroxynitrite f nitrate isomerization will be unfavorable
because the NO3- formation barrier (29.3 kcal/mol) is signifi-
cantly higher than the NO2- dissociation energy (9.0 kcal/mol).
It is expected that the inclusion of the entropy, temperature,
and zero-point energy corrections will further enhance the NO2

-

dissociation over NO3- formation.
Similar solvent effects were found for the important steps of

NO2
- dissociation and NO3- formation in the reaction of4•Te

with PN. The large stabilization of the NO2
- dissociation

channel by the solvent, compared to the NO3
- formation barrier,

makes the peroxynitritef nitrate isomerization by4•Te
impossible in water.

Previously, we have reported26 the same trends for the
reaction ofn•Sewith ONOO- upon including solvent effects.

IV. Conclusions

From the above discussion we may draw the following
conclusions:

1. The reaction of2•Te with PN proceeds via2•Te + PN
f 2•Te-PN f 2•Te-TS1 (O-O activ) f 2•Te-O(NO2

-)
pathway. The processes, NO2

- dissociation leading to2•Te-O
+ NO2

- and the NO3
- formation via the transition state2•Te-

TS2, starting from the complex2•Te-O(NO2
-) are the rate-

determining steps of the entire reaction and proceed by 36.6
(25.9) and 26.6 (26.9) kcal/mol energy loss, respectively. Since
the NO3

- formation barrier is only (1.0) kcal/mol higher than
the NO2

- dissociation energy, we predict that nitrate formation
will effectively compete with the NO2- dissociation during the
reaction of ebtellur with PN in the gas phase. Furthermore, the
reaction of the ebtellur derivative with the strongest electron-
withdrawing group R ) CF3, 4•Te, with ONOO- will
effectively push toward the peroxynitritef nitrate isomerization
products in the gas phase.

2. Previously26 it was shown that the nitrate formation barrier
is (7.9) kcal/mol larger than the NO2- dissociation barrier for
the reaction of the ebselen derivative2•Se with PN, and,
therefore, the products of the reaction2•Se + PN were
predicted to be NO2- and selenoxide, in the gas phase. The
inclusion of the strongest electron-withdrawing substituent R
) CF3 only slightly favors the peroxynitritef nitrate isomer-
ization pathway. The comparison of this conclusion with
conclusion (1) indicates that the probability of peroxynitritef
nitrate isomerization is higher for ebtellur than ebselen deriva-
tives in the gas phase.

3. The M-N2 bond is extremely flexible. It changes
significantly during the reaction and facilitates the reaction. It
is predicted that the ebselen and ebtellur derivatives with
nonexistent (or weak) M-N2 bonds will be more active for the

Figure 5. Calculated important geometrical parameters (distances in Å, angles in deg) of4•Te-O-(NO2)•1 complex, the NO3 formation transition
state,4•Te-TS2(O-(NO2 format) and4•Te-O complex. The full geometry parameters of these species are given in the Table 1S of Supporting
Information.
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PN coordination steps, the O-O bond cleavage steps, and the
nitrate formation steps. Meanwhile, the ebselen and ebtellur
derivatives with strong M-N2 bonds are predicted to be useful
for NO2

- dissociation and selenoxide formation.
4. Solvent effects make the reaction2•Te + PN more facile

and they stabilize the NO2- dissociation pathway over the nitrate
formation one. They make the peroxynitritef nitrate isomer-
ization practically impossible, even for complex4•Te. The
same conclusion was made26 for the reaction of the ebselen
derivatives with ONOO-.
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