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The O-0 bond breaking reactions of peroxynitrous acid and methyl peroxynitrite, ROONS KR Me),

were investigated theoretically using the (U)CCSD/6-&F, (U)CCSD(T)/6-3HG*//(U)CCSD/6-3HG*,

and CBS-QB3 methods. The OONO dihedral angle has a remarkably large influence on the barriers for
cleavage of the ©0 bonds, which influences the subsequent radical recombination to yield nitrates GRONO
A barrier of ca. 18-19 kcal/mol is predicted for RGONO dissociation involving 8A;-like NO, fragment

in transition states beginning fromcégs-OONO conformation. This pathway is significantly favored relative
to a?B-like transition state with aransONOO conformation; the latter has a barrier of-38!} kcal/mol.
Notably, the favoredissOONO pathway is “electronically correct” (becaisg NO; is a N-centered radical),

but “geometrically incorrect” for subsequentf® bond formation to yield RON® The imperfect initial
orientation of RO/N@ for N—O bond formation rationalizes some escape of free radicals, in competition
with low-barrier RG and NQ orientational motions followed by near-barrierless collapse to RONOr
HOONO, the pathway for HONOformation may include a hydrogen-bonded intermedie@i---ONOe,
earlier proposed as a source of one-electron processes occurring affebénd cleavage. TheissONOO
rearrangement barrier is in accord with the experimental free energy of activatian 11&al/mol) for the
rearrangement of peroxynitrous acid (HOONO) into nitric acid (HN®IeOONO has a similar rearrangement
mechanism, although the pathways for its rearrangement lack any hydrogen-bonded intermediates.

Introduction ci 1227 1.198 0
Peroxynitrite and related compounds play a very important 00984 N 0Q.984 Pll 133.4
role in biochemistry and atmospheric chemistry. Peroxynitrite Ho £ 1204 Heeeoo 1.209
may be formed in vivo from superoxide and nitric oxid&he 2129 2.160
anion is fairly stable, but the protonated forniKge= 6.8) decays endo- exo-
to nitrate with a rate constant of 0.6850.5 s'1 at 37°C2 The Figure 1. Calculated intermediate complexes of homolysis of HOGNO.

igpfrllmkigl?rln%ftzgyin3pirgm(§§/r;L%Dlt(hlzr?(;g(;siﬁafs z kcal/mol, while the free energy for this homolysis is only 9.0

a .
1 kcal/mol? Oxidations arising from HOONO involve both one- Ecal/r’rpolz '_I'has(;ac;:ﬁlcc;lflat:jonts al_;? su??estetd thtatGﬁbondll
and two-electron processtdt has been proposed that the ho(rjno yS|st|)n ded d'eal stoel Fgro ivogrltjr(]:;;; ySIrgl ar
intermediates (H® and NQs) formed in the HOONO— ydrogen-bonded radical pairs (Figure 1). Bo 6 an

HONGO; rearrangement reaction may participate in one-electron E)g}mte:jm:gat%s allre Sgab'l'ziq b%{ 2 k(f:?kl]/ mol, relatlv;a“to fre dpj,
oxidative reaction8.The formation of hydroxyl radical from 2e an radicais. recombination orthese nascent ‘cage

eroxvnitrous acid is still disputable according to the studies radicals to form nitric acid is barrierless, except for the 2 kcal/
Ey Kgppenol and co-workergs.ln the atmospghere organic mol necessary to break the hydrogen bonds. Therefore) O

peroxyl radicals, RO® combine with nitric oxide, an NO cleavage is the rate-determining step for HOONO rearrange-

4 . . . ment.

species formed photochemically in smog and also found in . . .
automobile exhaustSubsequent rearrangement of the ROONO t'lll-lowever, the dett§|led (r)r}echzir'usrln Of ttheot crlleav%ge IS th
formed in this way is an important reaction that yields alkyl stll an open question. particuiar intérest has been the
nitrates, RON@28 An intermediate of the rearrangement, NO !nvolvem_ent (or lack thereof) of d|screte_ Rand NG radical
leads to tropospheric ozone formatibAmong the motivations intermediates. Even though an experimental free energy of

to understand the mechanism of rearrangement is that it may%cggasgop%;:; d7okl‘_():sa(-|}/rr\T/]§tli,oE)sr EE;;?))(()};PIttr:geh\ggz I?sﬁssol;rﬁ((j)g?\?o
help to evaluate the hypotheses that air traffic in the upper . : . .
P yP P to OHe and NQe, the mechanism of this transformation has

troposphere leads to substantial increases in tropospheric ozon . o
Posp Posp een heavily debateef In recent years, transition structures

levels. . .
: . : corresponding to ©0 cleavage from thérans-conformation
Using density functional theory (DFT), the enthalpy of O have been characterized at the MP4SBQ@B3LYP and

bond dissociation in HOONO to Nf® and HG has been . 3 .
calculated as only 19.7 (CBS-QB3) or 22.5 (B3LYP/6-31G*) CASSCF(8,8% levels. These calculations typically predict that

the concerted mechanism has an activation energy 6687
t University of California. kcal/mol*3If true, this cannot be a contributing pathway in the
* Eastman Kodak Co. HOONO—-HONGO, conversion.
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Figure 2. Orbital occupation of the groundX;) and excited 3B5)

states of N@. (The?B, state, with a smaller ONO angle, is 27.8 kcal/

mol higher in energy than the ground state.)

It has been reported that the reaction between Me@al
*NO is very fast, with a barrier of only 1.2 0.3 kcal/mol, but
no direct MeONQ product was detected if MeQadicals are
scavenged by a high concentration of '®®This suggests that

J. Phys. Chem. A, Vol. 108, No. 27, 2008865

concerted or stepwise) tends to appear most compatible with
the transOONO conformation as the starting point.

We note that Dixon et &’ recently located a very dissociative
transition state (RE-N distance 2.784 A, R& 0O distances 3.36
and 3.42 A) for the HOONGHONO, rearrangement, using
MP2/cc-PVTZ geometry optimization. This structure (Figure 2
of ref 16) is of some concern with respect to our conformational-
preference hypothesis, as the computed activation energy
(CCSD(T)/CBS//IMP2/cc-PVTZ) is only 21.4 kcal/mol relative
to perptransHOONO, despite the unfavorabteansONOO
conformation. We note that not only are the HO/Nfistances
rather long, but also the NGragment (ONO angle 139°bis
clearly in the?A; electronic state, hence the relatively low energy
of the radical pair.

Earlier, we discussed initial findings regarding ti@ OONO
effect on G-O bond breakage in HOON®.However, using

a concerted rearrangement is not achievable at room temperaturéU)B3LYP/CBSB?Y calculations, we were unable to locate true
and 100 Torr of pressure. Smog chamber studies show thatsaddle points for this process. Here, we provide new theoretical
organic nitrates do begin to form as the size of the alkyl group evidence for the mechanisms of ROONO dissociation into RO
increased® Until recently, computational efforts to find a low- ~and NQ radicals through a low-energy pathway via ttie-
energy pathway for the ROONO unimolecular isomerization, conformation. We report both reaction energetics and transition

like that of HOONO, have also failed.
In a recent CBS-QB3 study of the unusual Nfimer species

ONOONO!8 we reported the phenomenon of conformation-

states for reactions of interest that may help establish which
mechanisms are feasible.

dependent state selectivity that strongly influences the energetics! Neoretical Methods

of its O—0 bond breaking transition states (TSs). The confor-

mational feature of importance is the-@—N—O dihedral
angle. This has a large effect on the-O bond breaking
activation barriers; i.e., that fdransperptransONOONO is
29.8 kcal/mol, that fotransperpcisONOONO is 13.0 kcal/
mol, and that foris,perpcisONOONO is 2.4 kcal/mol. (Similar

Geometries and energies were calculated with DFT using the
(U)B3LYP functional?® with the 6-311-+G** (for HOONO)
or 6-3H-G* (for MeOONO) basis set using Gaussian 23.
Minima and transition states were fully optimized and character-
ized by harmonic vibrational frequency analysis. The stationary
points were also optimized with the complete basis set (CBS-

results were obtained at other theoretical levels besides CBS-QBg) methodology, known to provide thermochemical estimates

QB3.) ThetransperptransONOONO O-O bond breaking
activation energy is close to a typical dialkyl peroxide RO
OR BDE of ~30 kcal/mol, but the presence of oois-OONO

approaching experimental accuracy, and also with a coupled-
cluster approximation using single and double substitutions ((U)-
CCSDY? using Gaussian 03 (only this last version supplies

moiety lowers the activation energy by 16.8 kcal/mol, and the ccsp-level optimization). The stationary points were also
presence of two such moieties lowers the activation energy by gevaluated with the (U)CCSD(T) method based on (U)CCSD-

27.4 kcal/mol. On average, this is about 14 kcal/mol ger
ONOO group.

The reason for this has to do with the-XONO fragment

optimized structures. All energetics for minima adopted the
results of the CBS-QB3 method, because of its high accuracy
for minima23 All activation energies were deduced from (U)-

being formally bound as a (distorted) O-centered radical, similar CCSD(T) single-point calculation based on (U)CCSD-optimized

to the2B; electronically excited state of NOThe energy gap
of 2A; and 2B, NO, has been reported as17—28 kcal/mol
(Figure 2)1° When the G-O bond breaks, the NOfragment
can relax to the grounéA; state and recover some of tfig,
— 2A, potential energy, hence the low BDEs of RONO

structures, since it is the highest level calculation in the present
work. The energies of the first-order saddle points were also
calculated step-by-step manually following the CBS-QB3
methodology?* The CBS-QB3 results were consistent with the
(U)CCSD(T) calculation, typically within 82 kcal/mol for

species (lower than those of simple dialkyl peroxides), when relative energies.
the ROONO starting material is compared to the separated Al calculations were verified at the UB3LYP level using

radical pair R@ and (relaxedA;) NO,. Note that this effect is
not general to nitrogen oxides; e.g., RONO, bond dissocia-

broken-symmetry wave functions (guessamix) for optimiza-
tions and/or to assess the expectation value oSthaperator.

tion energies are not similarly lowered, becausesl@es not  The ground states, rotational transition states, and products are
have a relaxation pathway of nearly the same magnitude of pure singlet species§? = 0. Radical-pair-like species showed
energy as is available to NG To the extent that the N&IB, typical diradical character, i.e$ = 1, and used only the

— ?A; energy loss is available in the transition state, the ynrestricted method for geometry optimizations. The largest

activation energy of the ©0 bond breakage may be lowered. amplitudes of the single and double excitations in the CCSD
At least for the ONOONO case, this condition is satisfied Only wave function, another check on the accuracy of the Sing|e_

from the cisONOO conformation, not thgansONOO con- determinant assumption, were at most 0.2 for biradicaloid
formation. species and were deemed acceptable as less than 0.3 (we thank
We reasoned that thisisONOO effect of lowering the a reviewer for this suggestion). We note that a recent charac-
activation barrier by~10—17 kcal/mol would not be peculiar  terization of HO/NQ biradicaloid singlet statésused a set of
to ONOONO but might encompass better known yet related methodologies similar to those used herein (i.e., UB3LYP and
species such as ROONO (R H, alkyl), discussed herein. In UQCISD optimizations, the latter method being well-known as
ROONO, such ais effect might easily have been overlooked, a reasonable facsimile of UCCSD), checked using CASSCF-
inasmuch as the ROONE& RONG; transformation (whether  {12,1G geometry optimizations to test for multireference
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Figure 3. CCSD/6-31%#G*-, B3LYP-, and CBS-QB3-optimized structures @$,cis-, transperp-, andcis,perp-conformers of peroxynitrous acid
andcis,perp- andtransperp-conformers of methyl peroxynitrite (selected bond lengths in angstroms; angles and dihedral angles are shown).

character. The UB3LYP, UQCISD, and CASSCF results were

oxygen atoms, is 43 kcal/mol higher in energy with the

in agreement with each other, and it was concluded that, for B3LYP, CBS-QB3, or CCSD(T) method but 0.5 kcal/mol lower

the HO/NQ system, unrestricted single-determinant calculations
performed well even in cases with spin contamination. (Their

at the CCSD level. Theis,perp-conformer3 is the most stable
conformation with the CCSD method, 0.4 kcal/mol lower in

calculations are also in accord with ours in other respects, for energy thartis,cis-conformerl, but becomes a little bit higher

example, the finding of genuine minima on the HO/NsIhglet
potential energy surface and the finding that gigsONOO
O—0 bond breaking activation energy is quite low: in their
case, 12.515.7 kcal/mol, depending on the basis set and
method)3*

(0.2—1 kcal/mol) in energy when it is revalued with the CBS-
QB3 and CCSD(T) methods. In the case of MeOONO, the
cis,perp-conformer 4 is more stable than théransperp
conformer5 by about 1.5 kcal/mol. The fluctuation in energy
for cis,cis-conformerl with different methods could be argued

Another comment concerning the theoretical methods usedas due to the competing contribution betweer@Ilone-pair

herein is that although the 6-31#G** and 6-31+G* basis

sets are not extremely large (mostly due to the CCSD compu-

tational demands), the chief findings of this study have to do
with (1) the interesting phenomenon of quite large differences
in O—O0 bond breaking activation energiesH,:= 17—18 kcal/
mol) betweencissOONO andtransONOO conformations of
ROONO and (2) the frankly unsurprising suggestion that
reorientations of RO/N@fragments to yield favorable NO
bonding orientations (followed by near-barrierless collapse to
RONGQO,) should be reasonably facile. In neither case would
thermochemistry shifts of perhaps a few kilocalories per mole
from use of larger basis sets significantly alter the overall
mechanistic picture.

Results and Discussion

Conformation of Peroxynitrous Acid and Methyl Peroxy-
nitrite. Structures of peroxynitrous acid have been explored
previously using ab initio calculations. Our results agree with
earlier calculation3®17:2534For peroxynitrous acid, the lowest
energy conformation is ais,cis-conformer with an intra-
molecular hydrogen bondl (Figure 3). Thetransperp
conformer2, which has the oxygenhydrogen bond nearly

repulsion and OH-O hydrogen bonding.

The calculated geometrical parameters @$,ciss and
transperp-conformers of HOONO are quite consistent with the
IR vibrational data available from NIST (Table 1). Since a
hydrogen bond is present in this,cis-conformer, the vibrational
frequencies of the ©H and N=O stretches are red-shifted by
260 and 100 cmt, respectively, compared to those of the
transperp-conformer. A 30 cm! blue shift for the G-O
stretching frequency is associated with a 0.008 A shorter bond
in the transperp-conformer at the CCSD/6-31G* level.

Transition States for Conformational Isomerization. The
isomerizations of peroxynitrous acid (HOONO) have been
previously investigated using B3LYP and MP2 meth&t&.
Here we consider onlgis/trans isomerization of the ©0—
N—O moiety, not isomerizations of the-HO—O—N moiety.
Both inward and outward rotations around the® bond were
located, with a barrier of~13—15 kcal/mol at the B3LYP/6-
311+G** level or ~9—11 kcal/mol at the MP2/6-31G**
level, with outward rotation favored by about 1 kcal/mol.

The current CBS-QB3 and coupled-cluster results for HOONO
and MeOONO are in agreement with earlier reported calcula-
tions for HOONO with B3LYP and MP2. The rotation barrier

perpendicular to the plane defined by the nitrogen and the is 10-11 kcal/mol for HOONO and MeOONO. Transition states
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Figure 4. Calculated transition states for the outward and inward isomerization pathways befgregmmd trans-conformers of ROONO (R= H
and Me) with the CCSD/6-3tG*, B3LYP, and CBS-QB3 methods (selected bond lengths in angstroms).

TABLE 1: IR Vibrational Data Observed Experimentally
and Corresponding Bond Lengths (ca.) ofis,cis- and
trans,perpHOONO with the CCSD Method

bond length  stretching vibration ref
A (cm™) medium  26a—f
cis,cis-Conformer
O—-H 0.990 3285.4 Ar a, b
N=0 1.197 1600.3 Ar a,b
O0-0 1.448 927.2 Ar a, b
N—O 1.381 629.1 Ar a,b
transperp-Conformer
O—H 0.978 3545.5 Ar a,ef
3563.3 Ar a, ee
3541.7 N c,d,f
N=0O 1.180 1703.6 Ar a,ef
1708.3 Ar a, ee
1701.4 N cdf
0-0 1.440 952.0 Ar a,ef
957.4 Ar a, ce
960.5 N c,df
SCHEME 1
OR
g O_g__a +10-11 keal/mol L—Q
S G
minima rotation TSs

for outward rotation,6 and 8, are favored by +2 kcal/mol
relative to those for inward rotatiof,and 9 (Figure 4).
Rotational isomerization betweais/trans-conformers has
been found to be rapid at 26300 K, occurring within 1.5
0.35 ms after formation of HOONO from HO+ NOge in a
flow chamber?8 A barrier to rotation is present because the O
N=0O fragments in ROONO have someconjugation, which

in a rotational TS, because the conjugated lone-pair electrons
are replaced by ar O—O bond (Scheme 1). Near room
temperature, gaseous HOONO may exist as a mixture of three
the lowest conformers:cis,cis-, cis,perp, and transperp
conformers, with thecis,cis-conformer predominatingf This
would be consistent with observed IR and photodissociation
spectra®

O—0 Cleavage of Peroxynitrous Acid and Methyl Per-
oxynitrite. In the absence of oxidizable substrates, peroxynitrous
acid decays to nitric acidkfps = 1.3 st at 25°C)2 The
mechanism for this transformation is problematic. It has been
proposed that this is a concerted rearrangement or, alternatively,
that it is a dissociative biradical process wherein the activated
complex (the intermediate that leads to nitric acid) can also serve
as a potent oxidant. In one study, the transition state for the
concerted rearrangement of HOONO to HN@Was found to
lie 60 kcal/mol higher in energy than HOONO (MP4SDQ/6-
31G*//HF/6-31G* with SCRF solvation) These authors took
the results to support a nonconcerted mechanism. More recent
studied?17find transition states either 39.0 kcal/mol (B3LYP/
6-31H+G**) or 21.6 kcal/mol (MP2/cc-pVTZ) above HOONO
for this process, via dissociative pathways that resemble weakly
interacting OH and NQe radicals. Because of the dramatic
difference in activation energies for € bond cleavage
reactions in the ONOONO systeth,we postulated that a
transition state arising from thes-OONO conformation would
give a lower activation energy as a result of orbital interactions
between two separating parts of the R@NO radical pair.

In the present work, botlis- and transOONO transition
states were located at the UCCSD/6+%3* level (Figure 5).
The transition states are generally diradicaloid, though the degree
to which this is true depends on the basis set and method.

may be distorted by a perpendicular orientation of the OR group  The transition states in thgs-conformation are lower than
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Figure 5. Optimized structures of transition states for O cleavage of ROONO (R H, Me) with the UCCSD, B3LYP, and CBS-QB3 methods
(selected bond lengths in angstrori§;optimized by the B3LYP/6-31t+G** and CBS-QB3 methods results in a 1,3-shift TS).
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those in therans-conformation, by 17 kcal/mol (UCCSD(T))
for both HOONO and MeOONO. Because the ground-state
relative energy of thérans-conformer is higher than that of
thecis-conformer by 1.52 kcal/mol (HOONO and MeOONO,
respectively, on the basis of the CBS-QB3 method), the
activation barrier difference between thds- and trans
conformers becomes a bit smaller, e.g., 15 kcal/mol (UCCSD-
(T)). Note the magnitude of this result is similar to what was
found previously for eachisONOO moiety in the ONOONO
systen? Because the isomerization betweeis- and trans
conformers has a barrier of #01 kcal/mol, much lower than
the barrier of G-O cleavage in thdrans-conformation, the
transperp-ROONO will rotate around the central-ND bond

to yield thecissOONO conformer first and then dissociate in a
cis fashion.

This startling difference in activation barriers between the
two conformations can be attributed to state correlations
occurring upon formation of the ONO and OR fragments. In
the first excited?B, state of ONO, a state with the unpaired
electron localized on the two terminal oxygen atdfithie singly
occupied MO is largely localized on oxygen atoms in an in-
plane orbital that is antisymmetric with respect to @eaxis>
In the 2A; state, a state with the unpaired electron largely
localized on the center N atoththe SOMO is largely localized
on an in-plane orbital on the nitrogen atérhe structures of
the cisOONO transition states resemble fifg state of ONO,
with a larger ONO angle of 127128 (UCCSD) and a smaller
differencé® of 0.05 A (UCCSD) in N-O bond lengths for the
two peroxynitrites; théransOONO transition state more closely
resembles théB, state, with a smaller ONO angle of 118
119 (UCCSD) and a larger difference of 068.09 A
(UCCSD) in N-O bond lengths for both peroxynitrites (Chart
1).

At the UB3LYP level, lengthening the ©0 distance into
isolated ONG@ and OH radicals is purely uphill in energy. The
more accurate UCCSD method indicates thatdiséransition
state is a true first-order saddle point fo—O cleavage of
HOONO, with an activation energy of 389 kcal/mol, similar
to recent findings by Bach et & .The partial 3-O bond length
of 1.91 A is in the typical range for single bond breaking,
compared with the long ©0 distances of 2.4 (£-0s) and
2.8 (3—0y) A at the B3LYP level. This energy is in excellent
agreement with the experimental activation enthalpy of-1B
kcal/mol. In the case of MeOONO, with both the conventional
B3LYP and current CCSD methods, eigenvector analysis of the
negative eigenvalue indicates simple-O cleavage for theis
transition state, with similar activation energies. The BDE of
the O—0O bond in MeOONO is 6.7 kcal/mol (CBS-QB3) lower
than that in HOONG!

The Nature of HOONO* and Recombination to HNO:s.

<

trans- TSs

Zhao et al.

proposed even earlier as both an intermediate for the HOONO
— HONGO; rearrangement and a powerful one-electron oxidant
form of peroxynitrous acid.This species has been invoked
frequently in the literature, most recently as a hydrated complex
with 1—4 water molecules associated preferentially with the HO
fragment3334 [t was even thought that HOONO* might be a
trappable intermediate in the rearrangeniefhe energy of
HOONO* was estimated at 17 kcal/mol above that of peroxy-
nitrous acid'® close to either the HOON©&- HONG; activation
energy, or what we now know is the energy of the HOMNO
radical pair. The structures @ndoe and exoH-bonded com-
plexes, named according to which lone pair of ONO is involved
in hydrogen bonding, have been optimized at the UB3LYP level
and also reevaluated as single-point energies using UMP2 and
UCCSD(T)>32The hydrogen-bonding energies for the diradical
complexes (i.e., relative to the isolated radicals) have been
calculated as 1.9 and 2.5 fegende and exocomplexes,
respectively. In the present work, we reoptimized two complexes
with the UCCSD/6-3%G* method and tried to locate transition
states for the conformational isomerization between the two
complexes and also the recombination to nitric acid. We located
two complexes and two rotational transition stat&4-17,
involved in these isomerizations at the UB3LYP/6-311G**

level (Figure 6). Thendaecomplex intermediaté4 is the direct
product from thecis transition state for ©0 cleavage, while
theexocomplex intermediaté5is involved in the recombina-
tion to HONG,. Structuresl4 and 15 are connected by the
twisting transition staté6. A diradicaloid planar transition state,
17, with a long N-O distance of 3.07 A, was located for
recombination to nitric acid with the B3LYP method. We find
that structurel 7 represents the transition state f&r— HONO,,
although it is reminiscent of Dixon et al.’s dissociative transition
state for HOONO— HONO; isomerization. At the UB3LYP
level, all those stationary points are very similar in energy, in
a range of 1 kcal/mol lower than the free isolated radical pair
HOe and ONG.

To further study the above stationary points, these structures
were reoptimized with the UCCSD/6-3G* method, resulting
in only one stationary poinf,5. At the UCCSD/6-3%+G* level,
attempts to reoptimize thendecomplex 14 gave theexo
complex15 instead. The transition-state structure for radical-
pair recombinationl7, could not be located with the UCCSD
method due to geometry convergence problems due to the flat
potential energy surface, which is consistent with the require-
ment of only about 1 kcal/mol in energy found by B3LYP to
distort the weak hydrogen bond between the radical pair. (Note
that this is also consistent with the above-mentioned comparison
of our structurel 7 with the dissociative MP2/cc-pVTZ HOONO
— HONO; transition state, which is described as “very difficult
to obtain”, often an indication of a very flat potential energy
surface.) Taken as a whole, these data support the idea that a
hydrogen-bonded intermediate formed prior to recombination
(especially theexacomplex) might be among the species
exhibiting the “HOONO*” behavior of one-electron oxidation
processes.

For the MeOONO system, without the possibility of forming
hydrogen-bonded intermediates as in HOONO, the nascent
radical pair of R@ and ONG should simply collapse into alkyl
nitrate directly after G-O cleavage, dependent on collision

Interestingly, our most recent results still suggest that the direct probability. Stepwise formation of MeONdits the experi-

product of the G-O cleavage of HOONO may involve an

mental observation of the MeOO/NO reactiithe structures

earlier-proposed hydrogen-bonded complex as an intermediateof the final products for HOONO and MeOONO rearrange-

i.e., «OH--*ONGs.5>32 An activated species, HOONO*, was

ments, nitric acid and methyl nitrate, are shown in Figure 7.
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Figure 6. Geometrical parameters of H-bonded intermediates and transition states with the UCCS${/§-BBLYP/6-311-+G**, and CBS-
QB3 methods. (selected bond lengths in angstroms).

conformer with a barrier of 11 kcal/mol, and then this-
conformer dissociates with a barrier of 19 kcal/mol. The
diradical products R©®and ONG recombine to generate the
final product alkyl nitrate exothermically.

In both cases, similar to earlier results with ONOORQY,
appears that ais-conformation of the ©O—N—0O moiety is
the key to a dissociation process that smoothly evolves the NO
fragment from the distortetB,-like state of the starting material

0.983
(0.972)

into the lower-energyA; state. The reasons for this have to do
(1.415) 4 . . . ; . .
[1.424] Ao with differences in steric effects and orbital overlaps indlse
{13.0° [17.2° andtrans-conformers. The favorable state change results in an

O—0 dissociation that is lower in activation energy than
ordinary O-O bonds {30 kcal/mol for typical peroxides), e.g.,
17—18 kcal/mol for ROONO. The imperfect initial orientation

1210 (129.6% 1.220

}:;igﬁj“”-"j‘[}:ié% of RO/NQ; for N—O bond formation rationalizes some escape
[1.194] [1:209] of free radicals, in competition with low-barrier R@nd NG
orientational motions followed by near-barrierless collapse to
18 19 RONO,
Figure 7. Calculated structures of nitric acid and methyl nitrate with ’ ) )
the CCSD, B3LYP, and CBS-QB3 methods. Understanding ©0 bond breaking from th&gans-conforma-
) tion is much more troublesome, especially for HOONO, which
Conclusions has hydrogen-bonded radical pairs as stationary points on a flat

A summary of all energetic data is shown in Table 2. The Potential energy surface. Superficially, ttrans-conformation
energetic profiles for ROONO (R H and Me) rearrangement ~ S€ems as if it is the best starting point (i.e., “geometrically
to RONQ; are also displayed in Figure 8. For the case of correct’) to accomplish the ROONS RONG, isomerization, -
HOONO conversion to nitric acid, thieansperp-component but it is “electronically incorrect”, as activation energies for this
in the mixture isomerizes intoais,cis-conformer with a barrier ~ Process have been reported anywhere from 21.6 to 60 kcal/mol
of 10 kcal/mol first and then subsequently undergoesCD (tending toward much higher activation energies than 21.6 kcal/
cleavage in a low-energy pathway via this-isomer with a Mol in most cases)'*131720Much of this broad disparity in
barrier of 18 kcal/mol. The intermediate complexe©Ki--- energies is probably related to the degree to which the theoretical
ONO») may comprise at least part of the HOONO* species method _(and/or the details of the input geometry) permits the
taking part in one-electron oxidative processes, along with one- NOz radical to resemble the favoréd, state. This, in turn,
electron oxidations induced by isolated OH and N@dicals ~ depends on the degree to which thensOONO transition state
that may escape from the hydrogen-bonded radical pair. in question is a concerted process tending to have a quite high
Although the radical pairs may be oriented in a “geometrically activation energy or resembles two weakly interacting radicals
incorrect” fashion for N-O bond formation, they can reorient ~tending to have a lower activation energy (although still higher
when necessary and recombine into nitric acid without a than that of thecis transition state), because the hftagment
significant barrier. The case of MeOONO conversion to methyl iS ?Ar-like.
nitrate follows a similar pathway. Theansperp-conformer first It is a difficult question whether a highly dissociatitrans
undergoes a slightly exothermic conversion to thgperp transition state with @A; NO, radical fragment should be
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TABLE 2: Calculated Relative Energies for HOONO and MeOONO Conversion to HONG, and MeONO, with the B3LYP,
(U)CCSD, and CBS-QB3 Method3

B3LYP /6-31H-+G** (U)ccsb (U)CCSD(T) CBS-QB3
Eelec E H G Ecorr Ecorr EOK E H G
HOONO
1 —14.6 —11.6 —-12.2 -1.6 —15.6 —18.0 —18.8 —19.6 —20.1 —-9.8
2 —12.5 —-9.4 —10.0 +0.2 —15.1 —-16.3 —15.9 —-16.4 —17.0 7.2
3 —14.2 —11.2 —-11.7 -1.7 —16.0 —-17.8 —-17.8 —18.3 —18.9 -9.3
6(out) -1.2 +1.1 +0.5 +11.1 —4.9 —6.3 —6.0 —6.7 -7.3 +2.8
7(in) —-0.3 +2.0 +1.4 +11.9 —4.4 —5.7 —55 —6.2 —6.8 +3.3
10(TS) —2.3 -11 -1.7 +7.1 +3.5 +0.4 +1.6 +1.5 +0.9 +9.2
11(TS) +15.2 +16.2 +15.6 +25.1 +21.8 +17.5 +19.9 +19.5 +18.9 +28.0
14 -13 +0.3 —-0.3 +4.4 collapse intd5 -13 -0.7 -13 +4.0
15 —-16 +0.0 —0.6 +4.8 —-21 -1.9 —-1.8 -1.2 -18 +3.5
16(TS) -13 -0.3 —-0.9 +5.3 —-2.3 —2.0 —2.6 +3.0
17(TS) -1.0 +0.0 —0.6 +6.7 +1.4 +1.5 +0.9 +8.4
18 —47.4 —42.8 —43.4 —32.2 —43.9 —45.5 —48.3 —49.4 —50.0 —39.2
MeOONO

4 —-8.3 4.7 —-5.3 +6.6 —-11.9 —-14.1 —-12.6 —-12.8 —13.4 -1.4
5 7.1 —3.4 —4.0 +8.0 —-11.3 —-12.9 —-11.2 —-11.4 —12.0 0.0
8(out) +5.6 +8.3 +7.7 +20.1 —0.4 2.1 —-0.7 —1.0 —-16 +10.7
9(in) +6.4 +9.1 +8.5 +20.9 +0.3 —-1.4 -0.1 —0.5 -11 +11.3
12(TS) +2.1 +4.3 +3.7 +14.9 +6.1 +3.0 +7.9 +7.8 +7.2 +18.4
13(TS) +17.2 +18.7 +18.1 +29.4 +18.2 +19.7 +21.8 +21.8 +21.2 +32.5
19 —39.0 —33.9 —34.5 —21.4 —38.4 —40.0 —42.1 —42.7 —43.3 —30.3

aWith a reference of free RO and ONQOg&andE.. are the electronic energies and the energies after coupled-cluster correction, respectively.
E, H, andG are the energy involving the ZPE, enthalpy, and Gibbs free energy, respechyelg.the energy 80 K with the CBS-QB3 method.
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Figure 8. Profiles for HOONO and MeOONO conversion to HON&nhd MeONQ. (Note: Relative energies of minima based on the CBS-QB3
calculation, activation energies of transition states and HOONO* based on the UCCSD(F&+81CCSD/6-3H-G* calculation.)

regarded as real or perhaps simply ill-defined with respect to somehow be accessible frotransOONO conformations, a

direct HOONO— HONGO;, isomerization. Like structur&7 such

process possibly not detectable by the present theoretical

a structure exists on a flat energy surface that may simply methods. However, our preliminary CASSCF calculati®os
represent collapse of a preformed radical pair, for example, the the approach of separated HO &Ad NO, radical pairs indicate

conversion ofl5to HONG,.

that O—0O bond breaking from th#zanssONOO conformation

This has to do with the more complicated issue of whether would receive little or no energy benefit from this conical

the vibronically coupledB, — 2A; conical intersectioft might

intersection. In this work, as well as in previous wébkye
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have consistently found that RO/N@adical pairs, such ak5
and 14, are much more readily formed fromissROONO
conformations (as depicted in Figure 8) than frdmans
ROONO conformations.
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