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A mechanism describing the scavenging ef ®y NO to produce N@ in the condensed phase is presented.

In the proposed mechanismy® acts as an overall catalyst. However, it is oxidized temporally by ONOO

to a second intermediate complex consisting of,N@nd HO,. This complex is subsequently rearranged to
hydrated nitrate, [N@, H,O]. The structures of the various species in the elementary reactions are investigated
by ab initio methods. The thermodynamical data in condensed media are estimated from polarized continuum
calculations. Thermodynamic considerations show that the proposed mechanism is feasible. However, the
estimates for the activation energies suggest that the mechanism is not of much physiological importance.

1. Introduction its corresponding acid, peroxynitrous acidk{s= 6.8), has a
lifetime of a few seconds onf? The reactivity of ONOO is
subject of much current researkh?2

We consider the following mechanism for scavenging gf O
to harmless species in a water-containing medium:

In the oxidative stress, the cells are exposed to excessive
levels of molecular oxygen or reactive oxygen species, like O
Itis currently widely accepted that increases in oxidative stress
are involved in a variety of diseases such as diabgetes
atherosceloris, and essential hypertengibrEndothelium-

derived nitric oxide plays an important role in the regulation of O, +NO—ONOO (2)
vascular tone via stimulation of vascular smooth muscle _ _

relaxation, and it also exhibits a number of beneficial effects ONOO + H,0—[ONOO , H,0] 3)
on conditions associated with oxidative stress. Recently, it has

been demonstrated that nitric oxide also plays a crucial role in [ONOO , H,0] — [NO, , H,0O,] (4)
the central nervous system: it is involved in neuromodulation,

neurotransmission, and synaptic plasticity. A body of ac- [NO,, H,O,] = [NO;~, H,0] (5)
cumulating data, on the other hand, indicates that nitric oxide

could act as an antioxidant as well as a prooxidaFiterefore, with the overall process

understanding the mechanism of interaction of nitric oxide with

reactive oxygen species may lead to more successful and safer 0O, +NO—NO;~ (6)

medical interventions of various pathophysiological processes
involving oxidative stress. To shed some light on the basal Our investigation proceeds according to the following strategy.
chemical reactions involved, we have investigated theoretically First, we use ab initio quantum chemical methods to estimate
a pathway for scavenging of ;O by nitric oxide to produce  the enthalpy change for reaction 6 at various levels of theory
NOs~ eventually. for the purpose of assessing the accuracy of the methods by
Previously, the formation of the peroxynitrite ion, ONOO  comparing to gas-phase thermodynamic data. As a result of this
has been investigated in the gas phase, where the rate constantbmparison, we establish the level of theory to be used in the
for the reactions investigation. Second, the structure and thermodynamics of the
complexes, ONOQ, formed by Q~ and NO, are identified.
[0, , nH,0] + NO— ONOO + nH,0, n=1,2 (1) Third, we investigate the reaction of ONOQvith one HO
molecule to form a solvated complex [ONOH,O]. This part

were measured by a flowing afterglow techni§e formation ~ €ncompasses an investigation of the structure and thermo-

of ONOO™ has also been studied in aqueous solutibithe ~ dynamics of the isomers [NO, H;O] and [NG;™, Hz0]. To

ion is stable in basic solutions for days, whereas at neutral pH, Study the trend in thermodynamics on solvation, we calculate
structures and energies of [OONCH,0], [NO,~, H,O,], and

* Corresponding author. Phone:(45)8942 3862. Fax:-(45)8619 6199.  [NO3z™, H20] solvated by one water molecule. It is currently
E-rTnail: kemskj@kemi.aau.dk. computationally unfeasible to follow the solvation process by
. Aarhus University, Denmark. adding more and more water molecules to small complexes.
Semmelweis University of Medicine, Hungary. . . .
$ University of North Texas, U.S.A. Instead, we use the approximate Tomasi method of polarized
Il University of Toronto, Canada. continuum simulation$4 to estimate the thermodynamic

10.1021/jp011402b CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/07/2001



9030 J. Phys. Chem. A, Vol. 105, No. 39, 2001 Jensen et al.
TABLE 1: Standard Enthalpy Change AH® (kJ/mol) at 25 separated 1.351 1.158

°C for Reaction 6 in the Gas Phase Calculated at Various doublets H @—‘
Levels of Theory

MP2/ MP2/ B3LYP/ 122.2 ki/mol
6-31+G(d,p) AUG-cc-pvDZ  6-31+G(d,p)  experimental

—382.4 —388.5 —345.9 —350.9

c. 1
properties of the species in condensed media. That is, we find *

the energies of the various species in a medium with a chosen
dielectric constant. Finally, we calculate the transition states and
activation energies pertaining to the reaction mechanism (eqgs
4 and 5) in the gas phase and subsequently in aqueous solution.
The article is organized as follows: In section 2, we list the
used theoretical methodologies, and we compare the calculated
enthalpy changes for the overall reaction 6 to thermodynamical
data. In section 3, we present the structures of the various
reactants, intermediates, and products, and we list the enthalpy
changes for reactions-5. Section 4 contains the results from
the polarized continuum simulations, and section 5 deals with 221.6 K/mol
the transition states and activation energies. Finally, the results
are discussed and summarized in section 6.

13.0 kJ/mol

Co 4+

2. Calculational Details 1.265

The structures of the various species appearing in et 2
were determined by quantum chemical ab initio optimizations
using the package Gaussian98lhe chosen levels of theory
were second-order Mler—Plesset (MP2) and a hybrid DFT
(B3LYP) method. In a special case, the coupled cluster method
(CCSD) was used to decide among conflicting results. No Figure 1. Structures of @ and NO and their complexes calculated
geometry constraints were used in the optimizations. The 2t the BSLYP/6-3%G(d,P) level of theory. The numbers indicate the
determination of transition states was facilitated by using a difference in electronic energy between the structures connected by

. . . S the arrow. The distances and angles are in A and deg, respectively.
synchronous transit-guided quasi-Newton metHogixplicit The experimental value of the internuclear distances jn &d NO

calculations (IRC) were performed to identify the structures are 1.347+ 0.005° and 1.1506 &° respectively. In this and all
linked by the transition states. We used the basis setst@s31 subsequent figured indicates an oxygen atom, afid indicates a

(d,p)*” and AUG-cc-pVDZ!8 The standard enthalpy change, hydrogen atom.
AH?®, for the overall reaction 6 was calculated at the various
levels of theory. The results are listed in Table 1, which shows
that the best agreement with thermodynamic data is obtained
with the B3LYP/6-3#G(d,p) method.

The identification of hydrogen bonds in the various complexes
is based on distances. Whenever the distance between
hydrogen atom (in KD or H,O,) and an electronegative atom

an insertion of the N atom between the atoms ef G\t the
B3LYP/6-314+-G (d, p) level, this complex turned into the trans
conformer of ONOO. To resolve the conflicting results from
these two methods, we optimized the pyramidal structure using
the advanced theory of coupled cluster CCSD/6-G1d, p). It
3urned out that the MP2/AUG-cc-pVDZ structure collapsed into
. .ol . the trans conformer, indicating that the pyramidal structure is
n another molecule or ion is less than the t_hreshold_ OIIStancelikely to be fictitious in the ground state whereas it may actually
given by the sum o_f the van der Waals radii of the involved be the transition state in the photochemical conversion of NO
atoms, we may assign a hydrogen bond between them. to ONOO".

. 3.2. [OONO~, H,0] and [OONO~, 2H,0] Complexes.

3. Ab Initio Results Several structurally different complexes result when the per-
3.1. Complexes between © and NO. Both G,~ and NO oxynitrite ion is solvated by a single water molecule, [ONQO
have electronic ground states that are spin doublets. The binaryH,0]. It appears from the calculations that a water molecule

complexes formed from them are therefore either spin singlets tends to solvate at the terminal positions in ONO@lso, it is
or spin triplets. The calculations show that the singlet and triplet energetically more attractive for a water molecule to bind to
complexes are similar in structure. The electronic energy of the the OO part of ONOO than to the NO part. In Figure 2, we
triplet states, however, is about 80 kJ/mol higher than that of show four of the complexes. There are additional conformers,
the singlets (at the MP2 level of theory), and consequently, the separated in energy by a few kilojoules per mole only. The
triplet complexes will not be considered any further. complexes B, C, and D are planar. The hydrate with the lowest
Two conformers of the complex formed by, Oand NO are energy has a cis configuration of the ONO®oiety.
shown in Figure 1 along with the nitrate ion isomer and the = The complexes [ONOQ H,O] are isomeric with the
separated doublets. It appears from Figure 1 that the ciscomplex, [NQ™, H,O,], which may be formed from N& and
conformer has an electronic energy 13 kJ/mol lower than that H,O.. It is also isomeric with the complex formed by solvating
of the trans isomer. This number agrees well with the result of a NO;~ ion with one water molecule. (A complex formed from
calculations performed at a higher level of thedryBoth H,0O0 and NQ~ was also identified. The energy of this complex
conformers are planar. Actually, an additional complex between is 30.7 kJ/mol higher than the energy sum of the separated
O,~ and NO was identified at the MP2/AUG-cc-pVDZ level. species ONOO and HO and will therefore not be considered
This complex was pyramidal-like and could be considered as any further.) In Figure 3, we display the three types of isomers.
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Figure 3. Structures of selected isomers, [ONQQH,0], [NO,,

Figure 2. Structures of complexes, [ONOQH,0], formed from the H.0;], and [NG;~, H0], calculated at the B3LYP/6-31G(d,p) level

cis and trans conformers of the peroxynitrite ion, ONQ@&nd a water of theory. The symbols are explained in Figure 1.

molecule. The structures are calculated at the B3LYP/B&U,p) level

of theory. The symbols are explained in Figure 1. a good description of the thermodynamics of this system. In
) ) ) Figure 5, we showAE(n) as a function ot. We note that small

For future reference, Figure 3 also includes three isomers (A, yalues of the dielectric constants model a hydrophobic environ-

B, and C) of [NQ™, H20], which differ in the orientation of  ment, such as a cell membrane, whereas largalues are

the hydrogen bonds. It appears that the [ONO®0] and representative of a hydrophilic environment. As might be

[NO2~, H20;] complexes are rather close in energy, whereas expectedAE(n) exhibits a steep rate of change for small values

the energy separation between [NOH,0, ] and [NG;™, H20] of € (<5) and a modest, almost linear, growth for larger values.
is substantially larger. In Figure 4, we show some selected

complexes of the three types of isomers with one additional 5. Transition States

water molecule. -
n = 0 Case We have found that the reacticisONOO™ —

NOs~ proceeds through two transition states. The first one is a
] o ] _ cis—trans rearrangement. At the B3LYP/6-B15(d,p) level of
Before we describe the effect of solvation in a medium with theory, the activation energy for this process is 113 kJ/mol,
dielectric constant, we will consider the overall reaction 6 in  \hich is in good agreement with the values-880 kJ/mol
aqueous solution because available experimental data offers &ptained by Tsai et &8 using higher levels of theory. The other
benchmark in this case. Thus, we study the reaction transition state connectsansONOO™ with NOs™. The energy
of this state is 208 kJ/mol higher than the energytrahs
[0, ,nH,0] + NO—[NO; ,nH,0], n=0,1,2 (7) ONOO". The large value of the activation energy is consistent
with the absence of N© in the gas-phase reaction ofCand
where we have chosen to place alwater molecules on £ NO S5 The activation energies are found to be the same within
and none on NO because the solvation enthalpy fori©about 1-2% in a medium corresponding to water.
1 order of magnitude larger than that for NO. From the ab initio  n = 1 Case We have investigated two reaction paths leading
results, we may derivAH°(n) at 25°C. We may also calculate  from cis[ONOO~, H,O] to [NO3~, H,O]. The first one is the
the energy chang@E(n), for the reaction in a solvent with the  direct transition between the two species. It appears that the
dielectric constant of water using the polarized continuum transition proceeds through the trans isomer. The transition state
method.AH°(n) andAE(n) are listed in Table 2 along with the  is depicted in Figure 6. The activation energies fromtthes-
experimental standard enthalpy change for the reaction in water,[ONOO™, H,O] isomer are 214 and 216 kJ/mol in the gas and
AH°(aq). It appears thatH°(n) rises (from larger negative  aqueous phases, respectively.

4. Results from Polarized Continuum Simulations

toward smaller negative values) withand thatAH°(n=2) is The other reaction path follows the mechanism described in
roughly midway between the experimental values in the gas eqs 3-5. The calculations show this path involves four transition
phase and the agueous solutidkE(n) also increases with, states, which are depicted in Figure 7. In passing, we note that
andAE(n=2) is very close to the experimental valaél°(aq), the long G-0 bonds found in the transition states | and IV are

suggesting that the polarized continuum approximation will give similar to the long G-O bond in the transition state connecting
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Figure 4. Structures of selected isomers, [ONQQH,0], [NO,,
H,0,, H:Q0], and [NG~, 2H;Q], calculated at the B3LYP/6-3G-
(d,p) level of theory. The symbols are explained in Figure 1.

1.404

1361
yHes 1.765

1.216

6.5 kl/mol

12.3 kJ/mol

2.055 101.8"
- 2.301
4.5 ki/mol

1.874 1.712

B 1.265

0.7 kJ/mol

186.4 kJ/mol

TABLE 2: Some Data (kJ/mol) for the Reaction [O,,
nH,0] + NO — [NO3~, nH0] (n = 0, 1, 2}

n AHC(n) AE(n)

0 —345.9 —295.3
1 —317.2 —284.2
2 —298.3 —271.1

a AH°(n) is the standard enthalpy change at’€5calculated at the
B3LYP/6-31+G(d,p) level of theoryAE(n) is the energy change in a
continuum with the dielectric constant of water calculated at the B3LYP/
6-31+G(d,p) level of theory using the polarized continuum approxima-
tion. The experimental standard enthalpy chang at 25°C for the
reaction @ (aq) + NO(g) — NOs; (aq) is—264.3+ 8 kJ/mol.

peroxynitrous acid and nitric acfd.The transition state with
the highest energy is the one that conneONOO, H,0]

Jensen et al.
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Figure 5. Change in energy for the reaction fQ nH0] + NO —
[NOs;7, nH20], n=0, 1, and 2, as a function of the dielectric constant,
¢, of the solvent. The data are calculated at the B3LYP/-G(d,p)
level of theory, and the solvation energy is derived from the Tomassi
continuum model. * an# indicate the experimental values for standard
enthalpy changeAH° at 25 °C in the gas and aqueous phases,
respectively.

Figure 6. Transition state connectingans[ONOO~, H,O] (B in
Figure 2) with the [N@~, HO] complex. The structure is determined
at the B3LYP/6-3%+G(d,p) level of theory.

energies are 135 and 127 kJ/mol in the gas and aqueous phases,
respectively. These values are very close to the values obtained
in the case ofi = 1, which is in line with the similarity of the

two transition states in Figure 9 and Figure 7 (I). Consequently,
the evidence derived from thre= 1 andn = 2 cases suggests
that the activation energy is too high for the reaction mechanism
to be of much physiological importance.

6. Discussion and Summary

The calculations have shown that the activation energy for
the direct ONOO to NO;~ reaction is high-in excess of 200
kJ/mol. The proposed stepwise mechanistrtb3where water
acts as a catalyst, requires substantially lower activation energy
to proceed. The highest activation energies are 139 and 127
kJ/mol in the gas and aqueous phases, respectively. However,
the value in the aqueous phase is too high for the mechanism
to be of much physiological importance. This conclusion is in
accordance with the experimental observation that the peroxy-

and [NQ~, H,O2]. In the gas phase, the activation energy is hitrite ion is stable for days in basic solution. Another merit of
139 kJ/mol, and in aqueous solution, it is 120 kJ/mol. The the mechanism is that it seems to offer an easy explanation for
variation of the energies along the reaction path is shown in the presence of N©O and HO; in aqueous solutions of NO

Figure 8.
n = 2 Caseln this case, we have only investigated the second

that have been exposed to UV radiatidn.
The above estimates for the activation energies were obtained

reaction path and only the transition which involves the largest using the approximate theory of B3LYP/6-8G(d,p). It is

activation energy in the case of= 1, i.e., the reactiomtis-
[ONOO™, 2H,0] — [NO,~, H.0O,, HxO]. Experience gained

pertinent to consider if a more advanced theoretical method may
change our findings qualitatively. This question may be

from other studie¥ suggests that the extra water molecule may answered by comparing our data for the activation energy for
increase the flexibility of the transition state, which may lead thecisONOO™ — transONOQO™ reaction to data derived from
to a reduction of the activation energy. The transition state is higher levels of theory. Our estimate is 113 kJ/mol, whereas
depicted in Figure 9. The calculation shows that the activation other investigators find 88100 kJ/mol, which amounts to a
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Figure 7. Four transition states determined at the B3LYP/6-Gt
(d,p) level of theory. | connectsis-[ONOO~, H,QO] (A in Figure 2)
with [NO2~, H,O5] (A in Figure 3). Il connects the A and C isomers
of [NO;~, H20;] in Figure 3. lll connects the C and B isomers of [NO
H20;] in Figure 3. IV connects the B isomer of [NQ H,O;] (Figure
3) with the [N&~, H2O] complex.
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Figure 8. Sketch of a reaction path for the overall reactios-
[ONOO~, H0] — [NO3~, HxO]. I-IV indicate the transition states
shown in Figure 7 and AC refer to the complexes depicted in Figure

3. Thus, | and IV are associated with reactions 4 and 5, respectively,

while Il and Il correspond to rearrangements of the [NOH,O;]
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Figure 9. Structure of the transition state connecticig[ONOO™,
2H,0] (E in Figure 4) with [NQ~, H,O,, H,O] (B in Figure 4). The
transition state is determined at the B3LYP/6+&(d,p) level of theory.

) 118.2°

1.221

basis set AUG-cc-pVDZ. In this case, we find that the activation
energy is 136 kJ/mol, whereas the calculations at B3LYP/
6-31+G(d,p) lead to 139 kJ/mol. This small reduction is of no

significance for the conclusion.
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