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Nitric oxide is a small molecule with diverse roles in biology.'
These include regulation of key physiological functions such as
neurotransmission, dilation of the blood vessels,” and the immune
response.* Nitric oxide is also involved in the production of the
strong oxidant, peroxynitrite (ONOO™), in a diffusion-controlled
reaction with superoxide in cells.’

Peroxynitrite, with a pK, of 6.8,%7 is readily protonated to give
peroxynitrous acid (HOONO) under physiological conditions.
HOONO decays to nitrate with a half-life of ~1 s at room
temperature.” The mechanism by which this transformation takes
place has been the subject of an ongoing debate. In 1992, Koppenol
et al. calculated the transition states (TS) and energetics (AG*gas =
17 kcal/mol) of the potential decomposition mechanisms using the
semiempirical PM3 method.® These calculations supported a
mechanism (Figure 1a) by which the nitric acid is generated from
peroxynitrous acid via a loose three-membered cyclic TS. On the
basis of the PM3 energetics, Koppenol et al. concluded that the
decomposition of peroxynitrite occurs via this activated complex
and that decomposition of HOONO via the homolysis of the
peroxide bond (Figure 1b) does not compete.® In 2001, Goldstein
et al. obtained a AG™ value of 16 kcal/mol for the decomposition
of peroxynitrite.’

The decomposition of peroxynitrite generates a strong oxidant
in solution with properties that are similar to those of the hydroxyl
radical (HO").'° The three-membered loose TS, also called a high-
energy intermediate, HOONO*, was speculated to account for the
hydroxylation and nitration reactions, since the amount of the
hydroxyl radical produced seemed to be insufficient to be accounted
for by homolysis.

The decompositions of peroxynitrite and HOONO have been
studied extensively. The kinetics of decay of peroxynitrite in the
presence of CO, and methionine were reported to be second
order.®'" This is evidence for the direct reaction of peroxynitrite
with these substrates. On the other hand, oxidation rates of substrates
such as dimethyl sulfoxide and deoxyribose by peroxynitrite are
first order and only depend on the peroxynitrite concentration.'®
Although these first order rates were speculated to originate from
the direct reaction of the substrates with the high energy intermedi-
ate, HOONO*,*'° the possibility of formation of a long-lived HO®
and NO, pair caged by the solvent water molecules (“caged radical
pair”) was also raised.®

The experiments of Merenyi et al. established that the HOONO
decomposition occurred by formation of HO" and NO,.'? Experi-
ments showed that HO™ can be trapped during the decomposition
of the HOONO by using high concentrations of HO" scavengers
such as deoxyribose and dimethyl sulfoxide; these give malon-
dialdehyde and formaldehyde upon reaction with the HO®, respec-
tively.'® The yields of HO" formed during the decomposition of
HOONO range from 0—40%."*'* It is possible that the low yields
of hydroxyl-derived products come from the reaction of HOONO
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Figure 1. Decomposition of HOONO via HOONO#* and homolysis.
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Figure 2. MT reconstructed free energy surface for the decomposition of
HOONO (left) and MT simulation parameters (right).

with CO,;'"'>1¢ high yields might arise from the direct reaction
of NO, with the HO" scavenger.'?

Homolysis activation free energies have been calculated for
HOONO and its derivatives with various levels of theory in the
gas phase. These calculations agree with the experimental activation
free energy for the decomposition of HOONO.'>'7-!8 In contrast
to the initial PM3 energetics reported by Koppenol et al.,® the energy
of the HOONO* was found to be significantly higher than AG*
required for homolysis of the peroxide bond of HOONO.' In the
gas phase, formation of nitric acid from HOONO occurs via
homolysis.'® These gas phase calculations provide evidence against
the formation of HOONO#* and in favor of homolysis of the
peroxide bond. However, the effect of water solvation could be
profound, and the effect of a water cage on the lifetime of the HO*/
NO; radical pair is not known.

We have applied the metadynamics (MT)?° method to the
determination of the lowest free energy reaction path for the
decomposition of HOONO in water. MT simulations were run by
using the CPMD Langrangian, and the electronic structure of the
system was described with the UBLYP functional.>' The MT
parameters are given in Figure 2. The details of the calculations
are given in the Supporting Information (SI). In this method, biasing
potentials are introduced into the configurational space with
collective variables to push the system out from the basin of
attraction defining the solvated reactant, HOONO, into new basins
of attractions (solvated intermediates or products).

The HOONO convex hull was filled by biasing potentials in
about 6.5 ps. The MT simulation led to peroxide bond cleavage
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Figure 3. MT simulation determined snapshots for the homolysis of the
HOONO in water: (A) HOONO, (B) TS, (C) caged radical pair, (D) solvent-
separated radical pair.
with formation of HO™ plus NO,, defined as r(O1—02) = 3.0 A.
Two additional MT simulations began from the 5 ps MT simulation
history. In these simulations, water molecules were randomly rotated
with a maximum rotation amplitude of 15° and displaced with a
maximum displacement amplitude of 0.2 A in order to generate
different starting configurations for trajectories. These two MT
simulations also led to the formation of HO" and NO, separated
by water molecules. These simulations show that homolysis is the
preferred minimum free energy pathway for the decomposition of
HOONO in water. The free energy surface, reconstructed from the
biasing potentials for the homolysis of the peroxynitrous acid around
the HOONO convex hull, is shown in Figure 2. The full
reconstructed FES is given in the SI. Figure 2 shows a local
minimum in the region from 2.0 < n(O1—02) < 2.8A. This region
corresponds to a series of structures in which the HO® and NO; are
in close proximity. These two radical species are held together by
the surrounding water molecules; this shallow local minimum arises
because solvent reorganization is required for the separation of the
hydroxyl radical and NO,. According to the MT simulations, the
homolysis activation free energy is 12.5 = 0.6 kcal/mol. This value
underestimates the experimental value of 16 kcal/mol. The dis-
crepancy between the experimental value and MT computed value
arises because the BLYP functional underestimates the endother-
micity of the HOONO homolysis reaction by 3 kcal/mol (see SI
for details) due to a variety of errors in this nonhybrid method.
Additional errors could arise because of the choice of collective
variables in the MT simulations. The results of the simulations can
further be improved by using more accurate quantum mechanics,
although the time for simulations is currently prohibitive.
Representative MT generated snapshots for HOONO in water
(A), the TS that connects the HOONO to the caged radical pair
(B), the regions that represent the caged radical pair (C), and the
solvent-separated radical pair (D) are shown in Figure 3. The
locations of these structures are marked in Figure 2. As seen in
structure A, the minimum energy structure for HOONO in water
is different from that found in the gas phase. While HOONO forms
an intramolecular H-bond in the gas phase, it forms intermolecular
H-bonds with the surrounding water molecules in water. The

01—02 distances in structures represented by structures B and C
are ca. 2.0 A and between 2.0 and 2.8 A, respectively.

No direct pathway from HOONO to nitrate was found. Instead,
a caged radical pair is formed along the minimum free energy path.
However, the dynamic fluctuations within the water cage connect
the water-caged radical pair to the thermodynamic product, nitrate.
CPMD simulations started from series of structures that correspond
to the region C (Figure 2) showed that nitrate is formed from the
water-caged radical pair 86% of the time and the water-caged radical
pair gave solvent-separated radical pair 14% of the time. In these
CPMD simulations, sampling of the geometries like those proposed
for HOONO* was not observed and the caged radical pair collapsed
to NHO; by radical pair coupling of the N—O bond.

Acknowledgment. We thank Prof. G. L. Squadrito for his
valuable suggestions and the NIGMS-NIH Grant GM059446 for
financial support of this research. This work was partially supported
by the National Center for Supercomputing Applications under
Grant CHEO40013N and utilized the NCSA SGI Altrix supercom-
puter cluster.

Supporting Information Available: Details of the calculations and
full FES for the HOONO decomposition. This material is available
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