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Abstract: Various high levels of theory have been applied to the characterization of two higher lying
biradicaloid metastable singlet states of peroxynitrous acid. A singlet minimum (cis-2) was located that
had an elongated O-O distance (2.17 Å) and was only 12.2 kcal/mol [UB3LYP/6-311+G(3df,2p)+ZPVE]
higher in energy than its ground-state precursor. A trans-metastable singlet (trans-2) was 10.9 kcal/mol
higher in energy than ground-state HO-ONO. CASSCF(12,10)/6-311+G(d,p) calculations predict the
optimized geometries of these cis- and trans-metastable singlets to be close to those obtained with DFT.
Optimization of cis- and trans-2 within the COSMO solvent model suggests that both exist as energy minima
in polar media. Both cis- and trans-2 exist as hydrogen bonded complexes with several water molecules.
These collective data suggest that solvated forms of cis-2‚3H2O and trans-2‚3H2O represent the elusive
higher lying biradicaloid minima that were recently (J. Am. Chem. Soc. 2003, 125, 16204) advocated as
the metastable forms of peroxynitrous acid (HOONO*). The involvement of metastable trans-2 in the gas
phase oxidation of methane and isobutane is firmly established to take place on the unrestricted [UB3LYP/
6-311+G(d,p)] potential energy surface (PES) with classical activations barriers for the hydrogen abstraction
step that are 15.7 and 5.9 kcal/mol lower than the corresponding activation energies for producing products
methanol and tert-butyl alcohol formed on the restricted PES. The oxidation of dimethyl sulfide and dimethyl
selenide, two-electron oxidations, proceeds by an SN2-like attack of the heteroatom lone pair on the O-O
bond of ground-state peroxynitrous acid. No involvement of metastable forms of HO-ONO was discernible.

1. Introduction

More than a decade has passed since the physiological
significance of peroxynitrous acid (HO-ONO), a fleeting
intermediate with a half-life of less than a second, was disclosed
by Beckman et al.1 The peroxynitrite anion (NO-OO-), formed
by the direct combination of nitric oxide (NO) and superoxide
anion (O2

-) is stable in alkaline solution. At physiological pH,
the anion is partially protonated and its fate in aqueous media
has been a primary point of contention. It was suggested that
this strong oxidant might be a source of very potent biologically
relevant hydroxyl radicals.2 One of the more intriguing aspects
of HO-ONO chemistry is the earlier suggestion that O-O bond
homolysis was slow and the reactive species is a vibrationally
excited form of HOONO.2d However, its lifetime of∼10-11 s
would preclude its involvement in bimolecular reactions, and

Pryor et al.3 advocated the existence of a high-energy metastable
form of peroxynitrous acid (HO-ONO*) that is in steady-state
equilibrium with ground-state HO-ONO. A number of theoreti-
cal groups have unsuccessfully attempted to characterize such
a metastable form of HO-ONO. Consequently, conventional
wisdom has proposed either homolysis to produce•OH and•-
NO2 or a caged radical (•OH‚‚‚•NO2). Careful experimentation
has suggested that the yield of hydroxyl radicals at room
temperature in deoxygenated and bicarbonate free water at pH
6.8 is about 10%.4 However, reports of the yields of hydroxyl
radicals from the decomposition of HO-ONO have ranged from
0 to 40%.4aTo date no experimental evidence has been presented
for the presence of such a metastable species. There have also
been numerous experimental and theoretical studies on the
potential role peroxynitrous acid plays in three-body recombina-
tion reactions involving OH and NO2 in atmospheric chemistry.5

There have been several theoretical studies that have described
the geometry,6a decomposition pathways6b and reactivity7a,b,8a

of peroxynitrous acid. The ground-state (GS) structures of HO-
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ONO have been well studied by a number of theoretical
groups.6-8 A thermally excited form of peroxynitrous acid
(HO-ONO*) has only recently been located by maintaining
the search for an optimized geometry minimum on the unre-
stricted or open-shell surface. In a preliminary report we
described cis and trans higher lying singlet minima of perox-
ynitrous acid (HO‚‚‚ONO) at several levels of theory including
CASSCF.9 We now expand upon this new development and
also provide theoretical data that these metastable forms of
peroxynitrous acid (HO-ONO*) are directly implicated in the
gas-phase oxidation of methane and isobutane to methanol and
tert-butanol but do not appear to be involved in the oxidation
of dimethyl sulfide or dimethyl selenide.

2. Computational Details

Quantum chemistry calculations were carried out using the Gauss-
ian98 program10asystem utilizing gradient geometry optimization.10d-f

Geometries were fully optimized using the B3LYP functional11 with
6-311+G(d,p), 6-311+G(3df,2p), and Aug-cc-pVTZ basis sets. Vibra-
tional frequency and IRC calculations at the same level as the geometry
optimization were performed to characterize the stationary points as
either minima or transition structures (first-order saddle point). Cor-
rections for solvation were made using polarizable conductor COSMO
model calculations.12aMultireference complete active space (CASSCF)
calculations were performed mostly with the GAMESS13 program. For
the multireference configuration interaction (MRCI) calculations and
CIPT2 correlation corrections to the CASSCF wave function, the

MOLPRO14 suite of programs was used. The Gaussian0310b program
was employed for examination of the effect of basis set superposition
error (BSSE) using the counterpoise method. The refinement of the
relative energies of metastable statescis-2 and trans-2 and hydrogen
bonded structures4A and4B utilized a variation of the G3B3 scheme
in Gaussian0310c where we used geometry optimization and scaled zero-
point vibrational energy corrections, ZPVE, (scale factor 0.96) at the
B3LYP/6-311+G(3df,2p) level instead of the standard protocol at
B3LYP/6-31G(d). The general expression for the total G3B3 energy
has not been changed from its original form.10c

where

the nR andnâ are the number ofR andâ valence electrons (nR g nâ),
All the calculations on the “excited” HO‚‚‚ONO stationary points

indicate a significant triplet spin contamination in the wave function,
as evidenced by the〈S2〉 values close to 1. Therefore, the nature of the
wave functions for these structures is intermediate between singlet and
triplet spin multiplicities, and the energy values so obtained need to be
refined by a spin-projection method to eliminate the spin contaminants.
This was accomplished in an approximate way by using the formula
suggested by Yamaguchi et al.12b-d It allows elimination of the triplet
contaminant of the singlet:

Esc andEmix denote the spin corrected and noncorrected (obtained using
guess) mix) singlet energies;Etriplet is a triplet energy (single-point
calculation). The fraction of spin contamination,fsc, was calculated
according to the formula:

3. Results and Discussion

(a) Characterization of the Elusive Higher Lying Singlet
States of Peroxynitrous Acid.While the GScis conformer is
the ground state for HO-ONO at B3LYP, the perpendicular
conformer is slightly more stable at the QCISD and CASSCF
levels (Figure 1A).

We initiated our study with a search for the so-called “excited
state” that would presumably have a highly elongated O-O
bond. A potential problem associated with the location of such
a biradicaloid species on the unrestricted potential energy surface
(PES) is that, despite attempting to optimize with an unrestricted
(UB3LYP) description, the wave function can converge to the
restricted solution (〈S2〉 ) 0). However, you can be assured of
at least starting the geometry search with an unrestricted
initial guess by mixing HOMO and LUMO (guess) mix,
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E0(G3) ) E[MP4(FC)/6-31G(d)]+ ∆(+) + ∆(2df,p)+
∆(QCI) + HLC + ZPVE

∆(+) ) E[MP4(FC)/6-31+G(d) - MP4(FC)/6-31G(d)]

∆(2df,p)) E[MP4(FC)/6-31G(2df,p)- MP4(FC)/6-31G(d)]

∆(QCI) ) E[QCISD(T,FC)/6-31G(d)- MP4(FC)/6-31G(d)]

HLC ) -6.760nâ - 3.233(nR - nâ)

Esc ) Emix + fsc(Emix - Etriplet)

fsc ) 〈S2〉mix/(〈S
2〉triplet - 〈S2〉mix)
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〈S2〉 ) 1.0).10a Following this protocol, using a fairly flexible
basis set [6-311+G(d,p) or larger] with a relatively small step
size, we were able to readily locate a singlet minimum (A′
symmetry) having an elongated O-O distance of 2.17 Å that
was only 12.2 kcal/mol [UB3LYP/6-311+G(3df,2p)+ ZPVE]
higher in energy than itscis-peroxynitrous acid GS precursor

(Figure 1, cis-2). A second higher lying minimum,trans-2,
derived from thetrans-conformer of HO-ONO was only 10.9
kcal/mol higher in energy than ground-state HO-ONO. At the
UQCISD(T)//UQCISD/6-311+G(d,p) level,trans-2 is 12.7 kcal/
mol higher in energy than GScis-HO-ONO in excellent
agreement with the DFT calculations. The ONO fragments of

Figure 1. (A) Energy diagram showing the relative energies of metastable HO-ONO isomers and their transition structures (TScis-1 and TStrans-2) for O-O
bond elongation of ground statecis- andtrans-HO-ONO to form their respective higher lying singlet biradicaloid minimacis-2 andtrans-2. Structures4A
and4B are isomers ofcis-2 andtrans-2 with the OH radical hydrogen bonded to the2A1 state of NO2 radical. Plain numbers are at the UB3LYP/6-311+G-
(3df,2p)+ZPVE level. Numbers in brackets are spin-corrected G3B3//UB3LYP/6-311+G(3df,2p) relative energies. Bold numbers correspond to UQCISD-
(T)/6-311+G(d,p)//UQCISD/6-311+G(d,p). Red numbers are B3LYP//B3LYP/Aug-cc-pVTZ energy differences between trans-HO-ONO and TStrans-2 and
between trans-2 and TStrans-2. For a summary of the calculations at other levels of theory, see Table 1. (B) UB3LYP/6-311+G(3df,2p)-optimized biradicaloid
minima and transition structures characterized on the energy diagram. Geometrical data in brackets are at the CAS(12,10)/6-311+G(d,p) level.
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the metastable states appear to correlate with the2A1 state of
the NO2 radical with an ONO bond angle of∼134° as discussed
below.

The transition state for O-O bond stretching (TScis-1, RO-O

) 1.947 Å,ν ) 250.8i cm-1) was found to be only 0.3 kcal/
mol higher in energy than metastable singletcis-2. The TS
associated with formation of slightly more stable singlettrans-2
(Figure 1A) was 11.5 kcal/mol above the GS cis minimum for
HO-ONO (TStrans-1, RO-O ) 1.889 Å,ν ) 333.9i cm-1). Both
of these TSs have reaction vectors comprised largely of O-O
bond elongation with secondary contributions from expansion
of the ONO angle to its2A1 state with an ONO bond angle of
∼134°. While both TSs have a contribution from hydrogen
bonding of the O-H hydrogen with the proximal oxygen of
the developing ONO fragment, neither TS upon animation of
the vectors looks like it is connected to H-bonding complexes
4A and4B. The expansion of the O‚‚‚‚H-O angle approaching
the∼180° in 4A and4B is absent from both TSs prompting us
to suggest that TScis-1 and TStrans-2 are connected to metastable
isomerscis-2 and trans-2 retaining a weak contribution of the
O-O bond. cis-2 and trans-2 may be interchanged almost
without barrier (TS-3, Figure 1B and Figure 6) by a simple in-
plane migration of the OH group (∆Eq+ZPVE ) 0.01 kcal/
mol) between the two terminal oxygen atoms of the ONO radical
fragment (ν ) 112.0i cm-1).

The expectation values of the S2 operator (〈S2〉 ) 0.77 and
0.73) forcis-2 andtrans-2 suggest a significant contamination
of the singlet wave function with triplet character. A complete
active space (CASSCF) calculation was used to assess the
multireference character of the wave function. The active space
comprised 12 electrons and 10 active orbitals [CAS(12,10)] that
included the threeσ-bonds of the O-O, O-N, and N-O
framework, an in-plane lone pair on oxygen, and the two highest
π-orbitals in the occupied space. The virtual orbitals included

the three antibondingσ-orbitals and oneπ-orbital (see Sup-
porting Information). With a 6-311+G(d,p) basis set, the
CASSCF optimized geometries ofcis-2 andtrans-2 were quite
close to those obtained with the DFT method (Figure 1B).
Another indication of the closeness of the DFT and CASSCF
geometries was gleaned from single-point Brueckner Doubles
calculations10a on the energy differences between the GSs and
cis-2 and trans-2. At the UBD(TQ)/6-311+G(d,p) level, the
energy difference between GSperp-HO-ONO andcis-2 is 15.1
kcal/mol with the DFT geometry and 14.3 kcal/mol with the
CASSCF geometries (Table 1). These energy differences are
also in good accord with the DFT energies without ZPVE
corrections (Table 1, compare columns A and G). Similarly,
the energy difference between minimum GSperp-HO-ONO
andtrans-2 is 13.6 and 12.1 kcal/mol at the DFT and CASSCF
geometries. A CIPT2 correlation correction to the CASSCF
wave function suggested an energy difference between the GS
perpandtrans-2 of 4.9 kcal/mol. This agrees well with the spin-
corrected DFT and G3B3 values given in columns B and E,
Table 1. A multireference configuration interaction (MRCI)
calculation with the above active space (6.8 million contracted
configurations) gave energy differences between GS and
metastable conformers of 11.7 and 9.0 kcal/mol forcis-2 and
trans-2. These relative energies garnered by the various methods
are summarized in Table 1.

Since the O-O distances in these metastable states are greater
than 2 Å and the energy differences between TStrans-2 and trans
minimum 2 are also relatively small, we also examined the
potential effect of basis set superposition error (BSSE) using
the counterpoise method. We, however, found that comparing
total energies of BSSE calculations at the B3LYP/6-311+G-
(3df,2p) level for both the metastable trans minimum2 and the
corresponding TStrans-2, the change in geometry with respect
to the non-BSSE structures is negligible. In fact, both optimiza-

Table 1. Relative Energies (kcal/mol) for HOONO and Its Isomeric Compounds Calculated at Different Levels of Theorya

A B C D E F G S−T

cis-HO-ONO 0.0 0.0 0.0 0.0 0.0 0.0
perp-HO-ONO 1.4 (1.0) 1.4 (1.0) -0.2 (1.2) 0.7 0.8 0.0 -0.4-0.9
trans-HO-ONO 2.6 (1.6) 2.6 (1.9) 1.2 (2.5) 2.1 2.1
TScis-1 14.6 (12.5)

0.52
7.8 (5.7) 15.7 (6.3)

0.98
19.1 3.9 (15.9) 17.2 (19.3)

cis - 2 14.4 (12.2)
12.10.77

8.2 (5.8) (13.4)
1.02

18.0 10.2 11.7 12.7 (15.1)
1.04
11.4 (14.3)

8.0 (10.0)

TS-3 14.8 (12.2)
0.87

10.6 (8.0) (15.8)
1.03

16.8 13.3 3.7 (5.4)

trans- 2 12.9 (10.9)
10.80.73

6.7 (4.6) 12.7 (11.3)
1.00

17.3 7.5 9.0 (4.9) 11.1 (13.6)
1.01
12.3 (12.1)

10.4 (10.8)

TStrans -2 13.2 (11.5)
0.43

7.2 (5.4) (1.3)
0.96

17.9 0.4 10.0 (14.0)
0.98

20.0 (21.7)

4A 16.2 (12.9)
14.91.01

16.3 (13.0) 13.8 (18.9)
1.04

16.6 16.6 0.1 (-0.1)

4B 15.8 (13.1)
14.61.01

15.8 (13.1) 13.4 (18.5)
1.03

16.5 16.5 (13.2)1.05 0.2 (0.0)

a A: UB3LYP/6-311+G(3df,2p) (without ZPVE). Numbers in parenthesis are with ZPVE; numbers in italic are calculated at the same level with Gaussian
03 solvent correction, COSMO (solvent) water); the〈S2〉 values are given in bold.B: spin corrected UB3LYP/6-311+G(3df,2p). Numbers in parentheses
are with ZPVE.C: [UQCISD(T)/6-311+G(d,p)//UQCISD/6-311+G(d,p). Numbers in parentheses are at the spin corrected UQCISD(T,E4T)/6-31G(d)//
UB3LYP/6-311+G(3df,2p) level; the〈S2〉 values are given in bold.D: G3B3//B3LYP/6-311+G(3df,2p).E: Spin corrected G3B3//B3LYP/6-311+G(3df,2p).
F: MRCI and CIPT2 (in parentheses) relative energies with correlation correction applied to the CAS(12,10)/6-311+G(d,p) results.G: RBD(TQ)//UB3LYP/
6-311+G(3df,2p). Numbers in parentheses are at the UBD(TQ)//UB3LYP/6-311+G(3df,2p) level obtained with guess) mix; the resulting〈S2〉 values are
given in bold; numbers in italic correspond to the same restricted and unrestricted BDTQ calculations on CAS(12,10)/6-311+G(d,p)-optimized structures.
The last column contains singlet-triplet energy gaps without spin correction (S-T, kcal/mol) at the G3B3 and UB3LYP/6-311+G(3df,2p) (in parenthesis)
levels of theory for UB3LYP/6-311+G(3df,2p) optimized structures.
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tions took only two steps to converge. The final difference in
the BSSE corrected energies between these two forms is,∆E
) 0.47 kcal/mol. We have also repeated part of the PES given
in Figure 1A (red arrows and numbers) with a somewhat larger
(207 versus 165 basis functions) augmented basis set (Aug-cc-
pVTZ)10a that contains both d and f functions. This exhibits
only a minimal basis set effect, and the calculated energy
difference between trans GS HO-ONO and TStrans-2 for O-O
bond elongation is 11.0 kcal/mol and between trans GS HO-
ONO andtrans-2 is 10.8 kcal/mol. The reverse energy barrier
for O-O bond elongation (fromtrans-2 to TStrans-2) is
slightly reduced to 0.2 kcal/mol with this more flexible basis
set (Figure 1).

The O-O bond dissociation enthalpy (BDE) for GScis-HO-
ONO is calculated to be 19.1 kcal/mol (∆H298) at the G3 level
of theory (Table 2). The bond energy (BE) based upon G3 total
energies is 17.4 kcal/mol. At the G3B3 level the BDE for HO-
ONO dissociation is 19.0 kcal/mol and its BE is 17.6 kcal/mol.
The B3LYP/6-311+G(3df,2p) calculated dissociation limits for
the GScis-, GSperp- and GStrans-HO-ONO are 17.3, 15.9
and 14.6 kcal/mol. With zero-point energy corrections [ZPE
corrections also at B3LYP/6-311+G(3df,2p)] these dissociation
limits are 15.3, 14.3, and 13.4 kcal/mol; values were well above
the energies of the higher lying minima located. The O-O
dissociation limit of 15.3 kcal/mol for GScis-HO-ONO is in
good accord with the Gibbs experimental enthalpy and free
energy of activation (18( 1 kcal/mol,∆Sq ) 3 eu and 17( 1
kcal/mol, ∆Sq ) 12 eu) for the isomerization of peroxynitrite
to its nitrate form (presumably by a dissociative mechanism).
However, the calculated Gibbs free energies for dissociation of
cis-HO-ONO (5.9 kcal/mol,∆S) 36 eu) are significantly less
than the experimental value for O-O dissociation in solution.
While gas-phase and solution entropies are not directly com-
parable, the existence ofcis-2 and trans-2 in the gas phase
remains an open question. These same arguments have been
used to question the relevance of weakly bound complexes of
NO2 and hydroxyl radical suggested earlier by Houk7c to
represent the so-called “excited” structure of HO-ONO*. The
stability of these isomeric hydrogen-bonded radical pairs (4A
and4B, Figure 1B) was recently questioned by Musaev.15a On
the basis of B3LYP, MP2, and CCSD calculations it was
suggested that such hydrogen bonded structures (•OH‚‚‚‚ONO•)
of dissociated peroxynitrous acid (including zero-point energy
and entropy corrections) do not exist in the gas phase.

The relative energies of the metastable forms of HO-ONO,
cis-2, andtrans-2 versus the isomeric H-bonded complexes4A
and4B remain an important mechanistic issue especially if either
class of compound is involved in hydrocarbon oxidation. In
principle, the “excited” singlet isomers of HO-ONO could
rearrange with a very small activation barrier to hydrogen
bonded isomers4A and 4B. However, this PES is very flat,
and we were unable to locate the transition structures for
rearrangement of these very loosely bound structures. Our initial
series of calculations with the B3LYP calculations and more
highly correlated methods (Table 1) all suggest that H-bonded
complexes4A and 4B are several kcal/molhigher in energy
thancis-2 with and without solvent correction (COSMO).

The G3 and G3B3 protocols have been shown to provide
experimental accuracy for the bond energies in a number of
relatively small molecules albeit with normal covalent bonding
interactions. Since the standard G3B3 method employs a series
of higher level single-point energy corrections on geometries
optimized at B3LYP with the relatively small 6-31G(d) basis
set, we opted to improve upon this standard procedure by using
a higher quality basis set [6-311+G(3df,2p)] for the initial
geometry optimization and frequency as described above in the
Computational Details section. The G3//B3LYP/6-311+G(3df,-
2p) O-O BE for GScis-HO-ONO is 17.6 kcal/mol (almost
identical to the G3B3 value). The O-O BDE for this GS
peroxynitrous acid at the G3 and B3G3 are very close (19.1
and 19.0 kcal/mol, Table 2). This suggests that neither the
method of geometry optimization nor the quality of the basis
set has a significant effect. However, with the G3B3//B3LYP/
6-311+G(3df,2p) method, we find that H-bonded complexes
4A and 4B are slightly more stable (1.4 kcal/mol) thancis-2
and 6.4 kcal/mol less stable if spin corrections are applied within
the G3B3 computational scheme (Table 1, columns D and E).
We conclude, based upon this level of theory, that both isomeric
forms of HO-ONO are of comparable energy in the gas phase.

Our ability to locate these higher lying singlets of peroxyni-
trous acid is largely a consequence of the fact that we were
able to discourage the wave function from converging on closed-
shell solutions (zero spin densities) during geometry optimiza-
tion by using guess) mix10a which forces, initially, HOMO
and LUMO to be mixed so as to destroyR-â and spatial
symmetries. Having demonstrated the potential effects of BSSE
and the influence of a more flexible basis set, it would now
seem prudent to examine the possible influence of spin
contamination. We have up to now assumed that the resulting
open-shell description is at least qualitatively satisfactory in
terms of calculated spin densities and that the structures in Figure

(15) (a) Musaev, D. G.; Hirao, K.J. Phys. Chem. A. 2003, 107, 1563. (b) Musaev,
D. G.; Geletii, Y. V.; Hill, C. L. J. Phys. Chem. A. 2003, 107, 5862.

Table 2. Calculated Bond Dissociation Energies (BDE ) ∆H°298, kcal/mol) at the Different Levels of Theory for Selected Compounds

B3LYP/6-311+G(d,p) B3LYP/6-311+G(3df,2p) G2 G3

HO-H 114.8 117.9 118.0
ONO-H 74.0 74.3 77.6
O2NO-H 96.8 97.6 106.7 106.3
cis-ONOO-H 87.3
cis-ONO-OH 12.2 16.7 19.1 (19.0)a)

H3C-H 103.1 105.8 104.1
(CH3)3C-H 92.1 92.0 98.8 96.7
(CH3)2CHCH2-H 99.0 99.0 103.6
(CH3)2C‚CH2-H radicalb 38.3
(CH3)2CHCH2‚ radicalc 31.4

a The BDE is at the G3B3 level of theory.b The BDE is based upon the enthalpy of reaction: isobutene radicalf H• + isobutylene.c The BDE is based
upon the enthalpy of reaction: 2-methylpropyl radicalf H• + isobutylene.
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1 are reasonable. It is evident from the〈S2〉 values in Table 1
that the extent of triplet contamination in the UDFT monode-
terminantal wave function is significant. In some cases such as
H-bonded complexes4A and 4B, where the〈S2〉 values are
approaching unity, the wave function is essentially an equal
mixture of singlet and triplet spin multiplicities and the total
energies are no longer reflective of the assigned singlet state
and need to be corrected. The spin-projection method of
Yamaguchi,12b,calthough controversial for DFT calculations,12d

was designed to refine the total energy by elimination of the
spin contamination from the singlet wave function for MPn
calculations. A comparison of therelatiVe energies of the
uncorrected minima and TSs in column A (Table 1) with those
with the spin-contamination corrected UB3LYP/6-311+G(3df,-
2p) energies in column B shows a considerable reduction in
the energy differences between GScis-HO-ONO andcis- and
trans-2 (5.8 and 5.4 kcal/mol). The latter value is now in close
agreement with the CIPT2 corrected CAS(12,10)/6-31+G(d,p)
energy fortrans-2 (4.9 kcal/mol, column F). Significantly, this
energy correction places the H-bonded minima4A and4B much
higher in energy relative tocis- andtrans-2. When therelatiVe
energies for the presumably more accurate G3B3//B3LYP/6-
311+G(3df,2p) [column D] are corrected for spin-contamination
[column E], the results mirror those without the G3B3 energy
correction scheme in column B and suggest thatcis-andtrans-2
are 6-9 kcal/mol more stable than4A and 4B. A list of the
series of MPn calculations involved in the G3B3 protocol is
given in the Computational Details section. Since the Yamaguchi
correction12b depends on the calculated energy difference
between the singlet and triplet states (see Computational Details
section), this energy difference (S-T, kcal/mol), as well as the
〈S2〉 value, is important. It is worthy of note that the singlet-
triplet energy differences for the TSs involved in Figure 1 are
greater than those of the minima with the exception of H-bonded
minima4A and4B where〈S2〉 ) 1 but the singlet-triplet energy
difference is essentially zero and hence the Yamaguchi correc-
tion is very small. This is not that surprising since4A and4B
are essentially separated radicals with oxygen-oxygen distances
of 3.194 and 3.168 Å. Finally we point out that the corrections
to the Brueckner Doubles calculations [BD(TQ)] also afford
relative energies [column G] that support the basic conten-
tion thatcis- andtrans-2 exist as discrete minima on this PES
(Figure 1).

From a biochemical perspective the more important question
is the relative stability in aqueous solution. The relationship of
the above gas-phase calculations to HO-ONO under physi-
ological conditions now becomes the more relevant question.
While we cannot address this question directly, we have carried
out full geometry optimizations ofcis- and trans-2 using the
COSMO solvent model.10a,12 In THF solvent the energy dif-
ference between GScis-HO-ONO andcis-2 and trans-2 was
12.3 and 10.2 kcal/mol [B3LYP/6-311+G(d,p)]. The energy
differences between the GSs and their metastable forms with
this smaller basis set in the gas phase are 12.2 and 9.9 kcal/
mol. In methanol solvent these energy differences increased to
13.9 and 12.4 kcal/mol, and in water media the energy increases
were 14.3 and 12.7 kcal/mol [15.4 and 14.2 kcal/mol with the
larger 6-311+G(3df,2p) basis set]. Significantly,cis-2 and
trans-2 both exist as energy minima in polar media with

elongated O-O distances (2.140 and 2.089 Å) forcis-2 and
trans-2 in water (COSMO solvent model).

Since hydrogen bonding is not explicitly treated in the
COSMO solvent model, we examined the stability oftrans-2
H-bonded to several water molecules. We located minima for
trans-2 H-bonded to one, two, three, and four H2O molecules
(see Supporting Information) with O-O distances of 2.13, 2.12,
2.15, and 2.11 Å [B3LYP/6-311+G(d,p)]. As anticipated the
overall complexation energy increased almost linearly with
increasing numbers of H2O molecules (-5.6, -15.9, -28.2,
and-34.7 kcal/mol). The water molecules exhibited very little
affinity for O-N-O with all of the H-bonding being to the
hydroxyl fragment. A water molecule placed near the O-N-O
fragment migrates to the vicinity of the nearest hydroxyl group.
Optimization ofcis-2 H-bonded to three waters resulted in a
perp-2‚3H2O complex (Figure 2,∠HOON ) 68°). The energy
difference between this complex andtrans-2 H-bonded to 3H2O
is only 0.3 kcal/mol (Figure 2).

By contrast the weak interaction between the hydrogen
bonded (•OH‚‚‚‚ONO•) radical pairs in4A and4B6c (Figure 1B)
completely dissociates upon inclusion of just two H2O
molecules.15aAt the G3B3//B3LYP/6-311+G(3df,2p) level the
hydroxyl radical in4A and4B is bound to the ONO radical in
the gas phase by only 1.12 and 1.07 kcal/mol. Bothcis- and
trans-GSs of HO-ONO when H-bonded to 3H2O result in
perpendicular complexes (Figure 2,∠HOON ) 91.4° and
116.2°, ∆E ) 0.3 kcal/mol). The energy difference between
trans-2‚3H2O and the corresponding GSperp-HO-ONO‚3H2O
is 12.1 and 12.2 kcal/mol for theperp-2‚3H2O complex thereby
supporting the existence of these higher lying singlets in aqueous
media (Figure 2). When GSperp-HO-ONO‚3H2O and its
metastable form H-bonded to three waters are optimized within
the COSMO solvent model (solvent) water), the metastable
trans-2‚3H2O form is 12.9 kcal/mol (12.8 kcal/mol with ZPE)
higher in energy than GSperp-HO-ONO‚3H2O compared with
12.1 kcal/mol in the gas phase. We suggest that solvated forms
of cis-2‚3H2O and trans-2‚3H2O represent the elusive higher
lying biradicaloid minima that have been advocated as the
metastable forms of peroxynitrous acid (HOONO*)2,3 largely
responsible for the rich chemistry associated with this highly
reactive oxidant. We base this conclusion largely on the basis
of the presumed stability ofcis-2 and trans-2 in aqueous
solution.

(b) Origin of the Stability of the Metastable States of HOs
ONO. The OsO bond in the higher lying singlet HO-ONO is
unquestionably a uniqueσ-bond, and the origin of this type of
metastable peroxide requires an explanation. First, it should be
recalled that this type of “excited“ OsO σ-bond is not entirely
unexpected, since it is well established that the simplest cyclic
peroxide, dioxirane, has several higher lying singlet minima
where the OsO bond is elongated above that in its ground state.
In the case of dioxiranes the electrons of the OsO σ-bond and
the oxygen lone pairs in the GS and in the respective di-
oxymethane biradicals (OsCH2sO) occupy different spatial
orientations, represent different electronic states, and conse-
quently meet the definition of an excited state. Using the
Goddard nomenclature,16a ground-state dioxirane and its low-

(16) (a) Wadt, W. R.; Goddard. W. A., III.J. Am. Chem. Soc.1975, 97, 3004.
(b) Bach, R. D.; Andres, J. L.; Owensby, A. L.; Schlegel, H. B; McDouall,
J. J. W.J. Am. Chem. Soc.1992, 114, 7202. (c) Anglada, J. M.; Bofll, J.
M.; Olivella, S.; Sole, A.J. Chem. Phys. 1998, 102, 3398.
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lying 2π, 3π, and 4π excited states are all discrete singlet
minima with different O-O bond distances (1.530, 2.350, 2.138,
and 2.203 Å)16b and relative energies.16c It was, in fact, just
this set of excited minima and how one can arrive at these
excited states16b that guided us in the present study. Second, it
is instructive to compare the electronic properties of the NO2

radical with those obtained upon homolytic OsO bond dis-
sociation in other peroxides. In an earlier report8b we assigned
an OsO BDE (∆H298) for HOsONO of 22 kcal/mol (G2) as
compared to the much stronger OsO bonds in CH3OsOH
(∆H298 ) 45 kcal/mol) and peroxyformic acid, H(CdO)Os
OH (∆H298 ) 48 kcal/mol). First we will provide a rationale
for these rather remarkable differences in BDE using the DFT
method. Rauk has shown that MPn calculations gave the same
order of states as CASPT2 calculations,7a and it has been
established that B3LYP calculations are capable of adequately
treating the symmetry breaking and zero-point energy problems
associated with this type of radical. This DFT variant has been
used successfully to analyze such problems8b,7a and will
consequently be used in the present study.

In addition to the OH radical, homolytic O-O bond dis-
sociation of methyl hydroperoxide (CH3O-OH) produces the
CH3O oxyradical that has two competitive electronic states (2A′
and 2A′′) that are nearly degenerate.8b Thus, the spatial
orientation of the electron spin on the oxyradical cannot
influence the stabilization of the RO oxyradical, and hence,
CH3O-OH has a normal O-O bond energy (45 kcal/mol).

However, both alkyloxyl (RCO2) and NO2 radicals have aσ
ground state, and bothσ and π types of radicals suffer from
problems of symmetry breaking. The2B2 state of HCO2 radical
has two closely relatedσ orbitals. The2B2 state is the minimum,
lying just 2.3 kcal/mol below the2A1 σ state (Scheme 1).7a

The π states are significantly higher in energy than theσ
states. The calculated energy difference between the lower lying
σ andπ states (σ 2B2 - π2A2) was 10.9 kcal/mol for the HCO2
radical and 14.5 for CH3CO2. Significantly, upon homolytic
O-O bond dissociation RCO2-OH provides alkyloxy radicals
that correlate with theirσ ground states. For peracids the higher
lying 2A2 π state, where the electron spin is delocalized up in
the π system, does not provide an opportunity for any special
type of stabilization, and hence peracids have rather typical
O-O BDE (47-48 kcal/mol).8b

Another type of peroxide bond where a unique opportunity
exists for resonance stabilization of an oxy radical is where the

Figure 2. UB3LYP/6-311+G(d,p)-optimized structures ofcis- and trans-2 H-bonded to 3H2O (a, b) and their corresponding RB3LYP/6-311+G(d,p)-
optimizedcis- and trans- ground-state HO-ONO isomers (c, d).

Scheme 1
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oxygen radical is conjugated to a carbon-carbon double bond.
We reported earlier that simple vinyl hydroperoxides (H2Cd
CHOsOH) such as isopropenyl hydroperoxide had an atypically
low OsO BDE due to the delocalization of the O-centered
radical to a C-centered radical.8b Cleavage of the OsO bond
in isopropenyl hydroperoxide produces a putative isopropeny-
loxy radical with the spin on oxygen oriented in theσ plane of
the molecule (σ 2A′) that corresponds to an OsO BDE of 42.9
kcal/mol (G3). However, in this case and in direct contrast to
the aforementioned OsO dissociation of peroxyformic acid
(Scheme 1), the electronic spin density prefers to reside on the
carbon atom resulting in a stabilization energy of 23.1 kcal/
mol (∆Eδπ, G3) due to electron delocalization in theπ system.
Equilibrium OsO bond dissociation correlates with the lower
lying π 2A′′ state, and the OsO BDE is dramatically reduced
to 19.6 kcal/mol (G3). The lesson to be gleaned from this
discourse is that OsO bond dissociation attended by some form
of unique stabilization of the alkoxy radical produced can be
directly responsible for an exceptional type of atypically weak
peroxy bond. Just such an extraordinary reduction in bond
dissociation energy accompanies homolytic OsO bond cleavage
in HOsONO!

In the case of HO-ONO we do not have a competition
betweenσ andπ states of different energies, but rather between
two σ states. The NO2 radical correlates with a low lyingσ
type orbital that undergoes both electronic and geometric
reorganization upon O-O bond cleavage resulting in a very
low O-O bond dissociation energy. The NO2 radical has been
thoroughly studied starting with the seminal paper by David-
son.17 The ground state of NO2 is 2A1 that has an O-N-O
bond angle of 134°.

The 2A1 orbital of NO2 is nominally an in-plane nitrogen-
centered orbital with a symmetric but smaller in-plane contribu-
tion of the oxygen lone pair orbitals (6a1, Figure 3) where the
spin density is localized extensively on the nitrogen atom (Figure
4 and Table 3). The electron distribution in this MO is
approximately evenly distributed between the two oxygen atoms
and the nitrogen atom.

The higher lying first excited2B2 state of NO2 is characterized
by orbital 4b2 which is an antibonding combination of the in-
plane oxygen lone pair orbitals, the 6a1 orbital is doubly
occupied thereby providing a much smaller O-N-O angle of
102° due to its bonding character (Figure 4).

The2B2 orbital of the NO2 radical has a different spin density
with a larger contribution from the two oxygens. This higher
energy state with an O-centered orbital is calculated to be 41.4,

28.4, 29.0, and 30.2 kcal/mol less stable than GS2A1 at the
B3LYP/6-311+G(3df,2p), CBS-Q, G3B3, and MRCI+Q/
cc-pVQZ18a levels of theory.

A fundamental question is why the higher lying metastable
singlet of HO-ONO,cis-2, does not simply collapse to ground
statecis-HO-ONO? Both metastablecis-andtrans-2 “excited”
state peroxides have the same symmetry (A’) but a different
electron spin distribution relative to ground-state HO-ONO.
At some point during the O-O bond elongation process the
electron of the developing ONO radical fragment shifts from
being localized largely on the oxygen of the O-O bond to the
central nitrogen atom of the ONO fragment thereby relaxing to

(17) (a) Davidson, E. R.J. Am. Chem. Soc.1977, 99, 397. (b) for recent studies
on potential energy surfaces of NO2, see refs 18.

(18) (a) Kurkal, V.; Fleurat-Lessard, P.; Schinke, R. J. Chem. Phys. 2003, 119,
1489. (b) Mahapatra, S.; Ko¨ppel, H.; Cederbaum, L. S.; Stampfuss, P.;
Wenzel, W.Chem. Phys.2000, 259, 211. (c) Hirsch, G.; Buenker, R. J.;
Petrongolo, C.Mol. Phys. 1991, 73, 1085. (c) Salzgeber, R. F.; Mandelsh-
tam, V.; Schlier, C.; Taylor, H. S.J. Chem. Phys.1998, 109, 937.

Figure 3. Characteristic occupied and virtual orbitals for the2A1 state of NO2 optimized at the UB3LYP/6-311+G(d,p) level of theory. Alpha orbitals:
(occupied) ...3b2 4b2 1a2 6a1; (virtual) 2b1 7a1 5b2. Beta orbitals: (occupied) ...3b2 1a2 4b2; (virtual) 6a1 2b1 7a1 5b2.

Figure 4. Schematic presentation of the2B2 and 2A1 states of the NO2
radical. Total atomic spin densities for the2B2 and2A1 states of the NO2
radical are shown as italic numbers [UB3LYP/6-311+G(3df,2p)].

Table 3. Total Atomic Spin Densities for the 2B2 and 2A1 States of
NO2 Radical at the UB3LYP/6-311+G(3df,2p) Level

atom 2A1
2B2

N 0.455 -0.065
O 0.272 0.532
O 0.272 0.532
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the ground2A1 state and recovering a part of the potential energy
associated with this2B2 to 2A1 electronic reorganization. In both
cis- andtrans-2 the electron spin of the OH fragment is still in
the plane (A′ symmetry). As the O-O bond elongates, the
O-N-O angle widens as it approaches the 134° of the 2A1

minimum with a consummate lowering of the total energy of
cis-2. It is this electronic reorganization attending O-O bond
elongation that is responsible for the stabilization of the
metastable state of peroxynitrous acid (HO‚‚‚‚ONO*) and hence
its short-lived existence.

Although ground statecis-HO-ONO has an O-N-O angle
of 115° [UB3LYP/6-311+G(3df,2p), CAS(12,10)/6-311+G-
(d,p)], examination of Figure 4 shows that this angle places the
O-N-O fragment between the2B2 and2A1 surfaces. Examina-
tion of the HOMOs ofcis-2 and trans-2 shows that there is a
large contribution from the nitrogen orbital, as noted for the
NO2 radical itself. This is also evident from the total atomic
spin densities forcis-2 and trans-2 (Table 4, Figure 5).

The LUMO orbitals are antibonding combinations of the 6a1
orbitals of ONO and in-plane lp(O) of OH. Electron occupations
of LUMO for cis-2 andtrans-2 are 0.61 and 0.68. A full electron
is not transferred to LUMO during O-O bond elongation. Thus,
peroxynitrous acid represents an exceptional type of peroxide
where O-O bond cleavage is attended by a unique stabilization
of one of the resultant radical fragments.

(c) The Rearrangement of Peroxynitrous Acid to Nitric
Acid. One of the primary reactions of peroxynitrous acid
observed in aqueous solution is its rapid exothermic (∆E )
-29.1 kcal/mol, G3;∆E ) -29.4 kcal/mol, G3B3) rearrange-
ment to nitric acid. The reaction enthalpies for this rearrange-
ment by these two closely related methods are-29.2 and-29.6
kcal/mol. The energy of the so-called “excited” form of
peroxynitrous acid (HO-ONO*) has been estimated to be
approximately the same as the experimental activation barrier
for the HO-ONO f HO-NO2 rearrangement barrier (∼ 17
kcal/mol).2,3 Since this rearrangement exhibits a very high
calculated barrier for aconcerted 1,2-OH shift, it could
potentially involve O-O bond dissociation with a simple
recombination. Consequently, we elected to briefly revisit the
rearrangement of HO-ONO to nitric acid (path b, Scheme 2)
to examine the potential role of metastable peroxynitrous acid
(cis-2) that might exhibit a lower barrier on the open-shell
surface.

Location of the TS for this formal 1,2-OH shift has proven
to be difficult but both Peyerimhoff et al.6a and Dixon et al.6b

have reported activation barriers of 39.0 kcal/mol (B3LYP) and
21.4 kcal/mol (MP2/cc-pVTZ). Presumably the latter second-
order perturbation method does not treat the diradical nature of
the TS adequately.6b This MP2 TS was rather loose and had an
OH to central nitrogen of the ONO fragment distance of 2.78
Å. These relatively high level calculations also suggest that the

energy to form OH+ NO2 from HO-ONO dissociation is 19.8
kcal/mol if all calculated values are used and 18.3 kcal/mol if
mostly experimental values are used.6b

We initiated the potential rearrangement from GScis-HO-
ONO and observed an activation barrier of 41.2 kcal/mol
[B3LYP/6-311+G(3df,2p)+ZPVE]. The O-O distance was
2.53 Å with an O-N distance of 2.38 Å in the transition state
for OH to migrate from O to N in the NO2 fragment of HO-
NO2 (Figure 6). In the TS the OH is essentially stationary
between the two ONO oxygen atoms, and animation of the
single imaginary frequency (νi ) 704.1i cm-1) showed largely
a rocking motion of the ONO nitrogen toward the OH group.
This concerted rearrangement takes place on the restricted PES
as a pure singlet (〈S2〉 ) 0.0) despite our repeated attempts to
the contrary initiating the TS search with a wave function having
〈S2〉 ) 1.0 (guess) mix). While the magnitude of the barrier
may seem surprisingly high for such a loosely bound TS, it
should be remembered8c that all such concerted 1,2-rearrange-
ments to a lone pair of electrons are four-electron processes
that are formally forbidden and hence typically exhibit very high
barriers well in excess of 40 kcal/mol. For example, the barrier
for the 1,2-hydrogen shift in hydrogen peroxide to form water
oxide is 55 kcal/mol.8d Thus, all three theoretical studies6a,b

suggest that the facile rearrangement of HO-ONO to HO-
NO2 involves O-O bond dissociation to its free radical
components followed by some form of recombination. The
calculated concerted rearrangement barrier is simply too high
to be consistent with experiment. Presumably the first step in
this dissociative pathway involves the TS for O-O cleavage
(TScis-1) to cis-2 followed by solvation to a radical pair that
can recombine to isomeric nitric acid essentially without a
barrier. Since completion of this work Houk and co-workers19

have suggested that H-bonded complex4B, formed prior to
recombination to nitric acid, might be among the species
exhibiting the HO-ONO* behavior of one-electron oxidation
processes. The potential involvement of hydrogen bonded
complexes4A and4B (Figure 1) in biological reactions remains
an open question in aqueous media.

(d) Oxidation of Methane with Metastable Peroxynitrous
Acid. Two fundamental questions of pertinence to the chemistry
of higher lying metastable states of peroxynitrous acid are their
relative stability in aqueous media and possible involvement in
biological reactions. We have attempted to answer the former
question by showing that HO-ONO* would be stable in a polar
environment using the COSMO solvent model and by an explicit
examination of these metastable states in the presence of several
water molecules. We have previously shown that GS HO-ONO
can be involved in such two-electron processes as alkene
epoxidation and the oxidation of amines, sulfides, and
phosphines.8a There has also been a controversy about the
mechanism of HO-ONO oxidation of saturated hydrocarbons.
Rauk et al.7a have advanced the hypothesis that the reactive
species in hydrocarbon oxidations by peroxynitrous acid, and
in lipid peroxidation in the presence of air, is the discrete
hydroxyl radical formed in the homolysis of HO-ONO. The
RB3LYP/6-31+G* wave functions for a series of TSs involving
C-H oxidation with HO-ONO were found to suffer from an
RHFfUHF instability. However, attempted reoptimizations on
the unrestricted PES (UB3LYP) produced structures identical

(19) Zhao, Y.; Houk, K. N.; Olson, L. P.J. Phys. Chem. A2004, 108, 5864.

Table 4. Total Atomic Spin Densities for Metastable HO-ONO*
cis-2 and trans-2 Structures Optimized at the UB3LYP/
6-311+G(3df,2p) Level

atom cis-2 trans-2

O -0.196 -0.224
N -0.464 -0.452
O -0.183 -0.140
O 0.870 0.842
H -0.026 -0.0261
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in geometry and energy to those at RB3LYP.7a Geletii and co-
workers7d have also presented arguments that alkane oxidation
can proceed in both the gas phase and the liquid phase. These
data were extended to include similar processes in lipophilic
media.

We initiated our study with the HO-ONO oxidation of
methane (eq 1)

by first reexamining the RB3LYP surface (Scheme 2) and then
making a comparison with the PES on the UB3LYP surface.9

Our RB3LYP surface for concerted methane oxidation was
essentially identical to that previously reported7a with the
differences being due a slightly different basis set. At the
RB3LYP/6-311+G(d,p) level we calculate a classical activation
barrier for methane oxidation of∆Eq ) 31.1 kcal/mol (TS-6R

Figure 7). The HO-ONO oxidation of methane on the restricted
surface with the B3LYP and QCISD methods gave similar
values of activation energy (31( 3 kcal/mol) irrespective of
basis set size;7a attempted reoptimization of these TSs on the
UB3LYP PES gave an identical solution with〈S2〉 ) 0.0.

We have chosen not to address directly the free radical
pathway (Scheme 2, path c) since this has been thoroughly
studied by Rauk.7aThe next issue to resolve is whether hydrogen
abstraction with this metastable HO-ONO*/methane complex
on the unrestricted surface (Scheme 3) is possible, and to
determine if this pathway is a higher or lower energy process
than the concerted two-electron closed-shell oxidation from GS
HO-ONO.

For comparison of the relative energetics of this overall
oxidation we chose GS HO-ONO (cis-conformer with this
method) and methane as the isolated reactants. The initial
prereaction complex (MIN-5) between GS HO-ONO and CH4

is stabilized by 0.4 kcal/mol (Figure 7). This is a rather loose
complex stabilized by three weak H-bonds (two CH‚‚‚‚OH and
one CH‚‚‚‚ONO, Figure 7) and a distance between the peroxy-
nitrous acid OH group and the C of methane of 3.55 Å. As in

Figure 5. Highest occupied and lowest unoccupied orbitals (HOMO and LUMO) ofcis-2 and trans-2 optimized at the CAS(12,10)/6-311+G(d,p) level.
Electron occupations are given in parentheses. Italic numbers correspond to total atomic spin densities in the structures optimized at the UB3LYP/6-311+G-
(3df,2p) level.

Figure 6. Transition structures (UB3LYP/6-311+G(3df,2p)) for the
isomerization of metastablecis-2 to trans-2 (TS-3) and the isomerization
of ground-state HO-ONO to nitric acid, HO-NO2(TS1,2-OH), optimized
at the RB3LYP/6-311+G(3df,2p) level of theory.

Scheme 2

HOONO+ CH4 f CH3OH + HONO (1)
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the HO-ONO molecule itself, we were also able to locate a
transition state (TS-6) for the O-O bond elongation process,
where the deVeloping HO-ONO* is complexed to a methane
molecule (C‚‚‚‚O distance 3.54 Å). Metastable O-O bond
elongation TS-6 is 10.2 kcal mol-1 higher than isolated reactants
and has〈S2〉 ) 0.34. The structure of the HOONO fragment is
almost identical with the TS for formation oftrans-2 itself from
GS HO-ONO (TStrans-2) with an O-O bond distance of 1.889
Å and a〈S2〉 ) 0.44. A subsequent IRC calculation confirmed
that this TS connects the initial prereaction complex (MIN-5)
with the product complex (MIN-7) with a structure similar to
the trans-2 minimum and a CH4 molecule interacting with the
OH group (C‚‚‚‚O distance 3.53 Å). Significantly, this “excited
state” prereaction complex is only 9.6 kcal/mol above isolated

reactants (Figure 7). The difference in energy between MIN-7
and TS-6 is only 0.6 kcal mol-1 and an〈S2〉 ) 0.74 is consistent
with its biradicaloid nature. The HO-ONO* fragment in MIN-7
has an O-O distance of 2.13 Å and an overall structure nearly
identical to that oftrans-2. It is also significant that a weak
O-O bonding interaction is still in evidence, a feature that is
conspicuously absent in H-bonded complexes4A and 4B.
Presumably we arrive on the PES of the trans metastable isomer,
sincetrans-2 itself is 1.6 kcal/mol lower in energy thancis-2
(Figure 1).

It was gratifying to locate a TS for H abstraction from
methane on the unrestricted PES because this provides cor-
roborative evidence for the earlier suggestion2,3 that metastable
forms of HO-ONO can play a role in biochemical processes.
The highest point on the PES for methane oxidation is the
transition state for hydrogen abstraction by theweakly bound
hydroxyl radical (TS-8). This key TS for the oxidation step is
located 5.8 kcal mol-1 higher than trans MIN-7 but is 15.8 kcal/
mol higher in energy than prereaction minimum MIN-5. This
is clearly a biradicaloid transition structure, since it has〈S2〉 )
0.93 with a geometry that closely resembles the TS for methane
H abstraction by OH radical itself (TS-12, Figure 8). Hydrogen
abstraction from methane by isolated hydroxyl radical has an
activation barrier of only 2.3 kcal/mol compared to the HO-
ONO* barrier of 15.4 kcal/mol (TS-8). By contrast, the NO2
radical exhibits a very low propensity for hydrogen abstraction
from methane exhibiting a corresponding activation barrier of
33.2 kcal/mol (TS-13, Figure 8).

Figure 7. B3LYP/6-311+G(d,p) energy diagram for the HO-ONO oxidation of CH4 to produce methanol. Relative energies in kcal/mol are with respect
to isolated reactants (values in parentheses are with ZPE correction): prereaction complex of GS HO-ONO and methane, MIN-5 (-321.460 89 au); transition
structure for hydrogen abstraction from methane on the closed-shell surface, TS-6R (-321.410 79 au); TS for O-O bond elongation on the unrestricted
surface, TS-6 (-321.443 98 au); MIN-7 (-321.444 98 au); transition structure for hydrogen abstraction from methane, TS-8 (-321.435 79 au); MIN-9
(-321.460 31 au); transition structure for the hydroxylation of methyl radical, TS-10 (-321.452 09 au); product complex of methanol and HONO, MIN-11
(-321.548 95 au).

Scheme 3

A R T I C L E S Bach et al.

3150 J. AM. CHEM. SOC. 9 VOL. 127, NO. 9, 2005



Following the IRC from TS-8 toward products, we located
MIN-9, a structure than can be formally described as NO2 and
CH3 radicals interacting with a water molecule. As a conse-
quence of its biradical nature the calculated〈S2〉 ) 1.0. The
transition structure for concerted transfer of a hydroxyl radical
to produce methanol, with hydrogen transfer to the NO2 radical
fragment forming H-ONO (TS-10), is just 5.2 kcal/mol higher
in energy than MIN-9. This transition structure (〈S2〉 ) 0.74) is
almost symmetrical with O‚‚‚H distances between the NO2 and
the H2O fragment of 2.092 and 2.095 Å and an O‚‚‚C distance
of 2.438 Å. An IRC calculation reveals that TS-10 connects
the H3C‚‚‚‚H2O‚‚‚‚NO2 complex to the CH3OH‚‚‚‚HONO
product complex (MIN-11). The first step along this pathway
is C-O bond formation, and after the barrier is crossed an H
transfer from the developing CH3-OH2

+ to the ONO fragment
takes places leading to products, MIN-11. This final H-bonded
product complex of methanol and HONO is 60.8 kcal/mol lower
in energy than TS-10.

The oxidative process for the formation of methanol from
HO-ONO and methane involves a number of intermediates that
are weakly bonded. Consequently, the caveat must be included
that in solution the actual process could resemble the one
presented in Scheme 3. Solvent interactions could also poten-
tially stabilize the intermediate complexes, and the solvent cage
could involve diffusion of the intermediate radicals (‚CH3,
‚NO2, ‚OH). It is also possible that the water molecule that forms
from HO-ONO in MIN-9 and TS-10 could be replaced by
solvent water. However, all species involved are sufficiently
short-lived with an activation barrier from MIN-9 of only 5.2
kcal/mol that it is unlikely that diffusion could compete with a
concerted collapse of MIN-9 to product complex MIN-11. This
is a highly exothermic oxidative process overall (-46.8 kcal/
mol) that proceeds with a very low barrier once the metastable
oxidizing reagent is formed. Additional evidence that the
metastable form of peroxynitrous acid is involved in this
hydrocarbon oxidation is the very large difference in activation
energies for the unrestricted versus the closed-shell PES (∆∆Eq

) 15.7 kcal/mol) as shown by comparison of hydrogen
abstraction transition structures TS-6R and TS-8 (Figure 7).
These data strongly support involvement of the metastable form
of peroxynitrous acid (HO-ONO*) advocated with tremendous
insight by Pryor et al.2,3 at the very outset of this rich new area
of chemistry. These theoretical observations serve to corroborate
the existence of a highly reactive reagent that has proven very
difficult to pinpoint by experimental means.

(e) Oxidation of Isobutane with Metastable Peroxynitrous
Acid.

We extended the study to the more realistic hydrocarbon
substrate, isobutane, because this will involve a tertiary carbon
center that can produce a much more stable tertiary radical
center. It is for this reason tertiary carbon centers are typically
attacked by open-shell reagents. The initial prereaction complex
(MIN-14) between GScis-HO-ONO and isobutane (Figure 9)
is stabilized by only 0.2 kcal/mol with a distance between the
oxygen atom of the peroxynitrous acid OH group and the
hydrogen on thetert-carbon of 2.76 Å. The prereaction complex
with cis-2 is very weakly bound, and the TS for O-O bond
elongation with the intramolecularly H-bondedcis-isomer is
much more difficult to locate. Therefore, we usedtrans-2 all
along the reaction coordinate because it is lower in energy and
because we found that it is much easier to locate the “excited”
state intermediates on the reaction pathway. The TS for the O-O
bond elongation process (TS-15) to form trans-HO-ONO*, in
this case complexed with a molecule of isobutane (C‚‚‚O
distance 3.38 Å), is 10.0 kcal/mol higher than isolated cis
reactants. The structure for O-O bond elongation for trans HO-
ONO TS-15 (complexed to isobutane) has an O-O bond
distance of 1.871 Å and〈S2〉 ) 0.38. This TS, connecting to
prereaction complex MIN-16, is almost identical with the TS
for O-O bond breaking for trans HO-ONO itself (TStrans-2).
The O-O bond elongation TS leads to a complex (MIN-16)
with an HO-ONO* fragment similar to that in thetrans-2
minimum albeit withan isobutane molecule interacting with
the OH group(C‚‚‚O distance 3.201 Å, O-O ) 2.171 Å). The
difference in energy between this minimum and the TS for O-O
bond elongation (TS-15) is only 0.7 kcal mol-1, and an〈S2〉 )
0.76 emphasizes its biradicaloid nature. MIN-16has a geometry
poised for a facile H abstraction by the hydroxyl-like metastable
reactant. The H abstraction TS (TS-17) is located only 0.3 kcal/
mol higher than MIN-16. The geometry of this water producing
TS is essentially that for H abstraction by OH radical complexed
with an NO2 radical. As noted above for the oxidation of
methane, the free OH radical is not inVolVed and the〈S2〉 )
0.86 for this structure is consistent with its open-shell character.
Significantly, the pathway for this hydrogen abstraction step
involving metastabletrans-2 has a lower activation barrier
(∆∆Eq ) 5.9 kcal/mol) than the concerted oxidation of isobutane
involving TS-15R on the RB3LYP PES (Figure 9). It is also
noteworthy that the barrier for hydrogen abstraction from
isobutane (TS-17, ∆Eq ) 9.6 kcal/mol) is considerably lower
than that for the corresponding oxidation of methane (TS-8, ∆Eq

) 15.4 kcal/mol) reflecting among other things the rather large
difference in the C-H bond energies for isobutane and methane
(G3, BDE ) 96.7 and 104.1 kcal/mol, Table 2).

Figure 8. Transition structures for hydrogen abstraction from CH4 by OH
radical (TS-12) and ONO radical (TS-13) optimized at the UB3LYP/6-
311+G(3df,2p) level of theory. The classical energy barriers (∆Eq) are based
upon total energies of the isolated reactants and the corresponding TSs.
E(OH•) ) -75.765 57 au;E(CH4) ) -40.536 79 au; E(ONO•, 2A1) )
-205.155 30 au.

HO-ONO + isobutanef (CH3)3C-OH + HONO (2)
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Based upon the reaction vectors for TS-17, it is highly likely
that this hydrogen abstraction reaction producing a water
molecule is connected to MIN-18. This minimum structure can
be described as NO2 and C(CH3)3 radicals interacting with a
water molecule. The O-H bond of the water molecule is weakly
bonded to the carbon radical center at a distance of 2.24 Å.
The ONO radical has retained its2A1 geometry with an ONO
angle of 134.2°, and the diradicaloid complex has〈S2〉 ) 1.01.
However, the bonding interaction of an open-shell species such
as a carbon radical with an oxygen atom containing a filled
octet of electrons is bound to be extremely weak as exemplified
by the interaction of dimethyl ether with atert-butyl radical
(21, Figure 10). The oxygen atom is not interacting with the
carbon radical center but is weakly hydrogen bonded to an
adjacent methyl group C-H with an essentially nonbonding
binding energy (0.01kcal/mol). The same is true for the
interaction of a water oxygen with thetert-butyl radical where
the C‚‚‚O distance is 4.3 Å and the complexation energy is only
0.15 kcal/mol (22, Figure 10). To achieve the hydroxylation

step the water oxygen must be oriented toward the carbon
radical. This requires that the water molecule in MIN-18 must

Figure 9. B3LYP/6-311+G(d,p) energy diagram for the HO-ONO oxidation of isobutane totert-butyl alcohol. Relative energies in kcal/mol are with
respect to isolated reactants (values in parentheses are with ZPE correction). [Prereaction complex of GS HO-ONO and isobutane, MIN-14 (-439.433 09
au); transition structure for the abstraction of hydrogen from isobutane on the closed-shell surface, TS-15R (-439.408 04 au); Transition structure for O-O
bond elongation intrans-2 complexed to isobutane, TS-15 (-439.416 87 au); MIN-16 (-439.418 03 au); transition structure for hydrogen abstraction from
isobutane on the unrestricted surface, TS-17 (-439.417 56 au); MIN-18 (-439.452 62 au); transition structure for the hydroxylation step, TS-19 (-439.468 60
au); Product complex oftert-butyl alcohol and HONO, MIN-20 (-439.536 67 au).]

Figure 10. Complex of atert-butyl radical with dimethyl ether (21) and
with a water molecule (22) and optimized at the UB3LYP/6-311+G(d,p)
level of theory. Complexation energies are calculated with ZPVE corrections.
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rotate within the complex to achieve a more favorable geometry
for forming the C-O bond of producttert-butyl alcohol. There
is also the question of the extent of biradical character of the
TS and whether this is the point at which the surface shifts from
biradical to a pure singlet (〈S2〉 ) 0.0). The initial reactants and
the final products of this overall oxidation scheme are obviously
closed-shell species, so at some point along the overall reaction
coordinate the open-shell character must revert to a ground-
state closed-shell wave function with〈S2〉 ) 0.0.

We were able to locate a TS for this hydroxylation step (TS-
19) that is 22.5 kcal/mol lower in energy than isolated reactants
and also has〈S2〉 ) 0.0. It is noteworthy that the oxidation of
methane (Figure 7) occurred completely on the open-shell
surface until the final product complex (MIN-11). The surface
for the oxidation of isobutane is distinctly different in that the
latter half of the reaction pathway takes place on the closed-
shell surface reflecting the greater stability of the tertiary carbon
radical. Transition structure19 has O‚‚‚‚H distances between
the NO2 and the H2O of 2.76 and 1.68 Å and an O‚‚‚C distance
of 2.37 Å. This hydroxylation TS is characterized by a low
imaginary frequency (208.5i cm-1) and finally leads to MIN-
20 which is the result of C-O bond formation with a H atom
transfer from the developing (CH3)3C-OH2

+ fragment to the
ONO radical fragment presumably after the barrier is crossed.
The reaction vector is comprised largely of an interaction of
the hydrogen (0.38) and oxygen (0.42) of the transferring O-H
group with thetert-butyl carbon center (C-O bond formation)
and transfer of the H atom from the water molecule to the ONO
fragment (0.31). The very relevant contraction of the ONO bond
angle (116.4°) to its2B2 state was also represented in the reaction
vector.

The difficulty in locating this particular gas-phase TS is a
consequence of the fact that the attack of an open-shelltert-
butyl free radical on the water molecule can occur from several
directions, as determined by the spatial orientation of the oxygen
lone pairs and must be accompanied bythe obligatory transfer
of a hydrogen atomto the ONO radical fragment. As noted
above, the NO2 radical, even in its higher energy2B2 state, does
not readily engage in hydrogen abstraction from C-H bonds
as noted by its high barrier (33.2 kcal/mol) for hydrogen
abstraction (TS-13, Figure 8). In the absence of this compli-
mentary H-transfer step, the water is weakly bound to thetert-
butyl radical at a distance far too great (4.3 Å) to achieve C-O
bond formation (22, Figure 10). The exact balance of this
nonsynchronous but concerted process must be maintained in
the reaction vector in order to even get close to the correct
transition structure. As noted above TS-19has a low imaginary
frequency (208.5i cm-1) characteristic of the heavy atom motion
attending C-O bond formation with H atom transfer from the
(CH3)3C-OH2

+ fragment to the ONO radical presumably after
the barrier is crossed finally leading to MIN-20. It is highly
unlikely that a hydrogen atom is first transferred from water to
the ONO radical due to a very large disparity in the O-H bond
energies involved. The O-H BDE of H-ONO is 77.6 kcal/
mol (Table 2) in contrast to the strong O-H BDE of water
(G3, 118.0 kcal/mol). The O-H bond in H-ONO is much
weaker than that in eithercis-ONO-O-H (87.3 kcal/mol) or
nitric acid (106.3 kcal/mol). These data argue strongly for a
concerted hydroxylation step with hydrogen transfer to the2B2

NO2 radical late along the reaction coordinate. This final H

bonded structure (MIN-20) is a closed-shell singlet (〈S2〉 ) 0.0)
and is 65.2 kcal/mol more stable than isolated HO-ONO and
isobutane. The overall oxidation process is exothermic by-56.2
kcal/mol (Figure 9).

The overall reaction surface for HO-ONO* isobutane
oxidation does have one problem that remains to be resolved.
The TS for O-O bond elongation (TS-15), the prereaction
complex MIN-14, the TS for hydrogen abstraction (TS-17), and
MIN-18 all have open-shell character suggesting that the
oxidation of isobutane involves two steps, but not necessarily
involving a discrete long-lived biradicaloid intermediate on the
entire reaction pathway. The hydrogen abstraction TS (TS-17)
is indeed a diradical (〈S2〉 ) 0.86) with very little charge
separation. Thetert-butyl radical fragment has a calculated
charge of-0.057 electrons, while the sum of the ONO radical
(0.021 e) and the water molecule has a charge of 0.057e.

The second part of the reaction surface constitutes the
hydroxylation step (TS-19) that is connected to thetert-butyl
alcohol HONO complex on the product side (MIN-20). Both
the TS and products are closed-shell in nature (〈S2〉 ) 0.0).
However, we had difficulty in identifying a singlet minimum
on the reactant side of TS-19. While TS-19 may formally be
considered to be a diradical, examination of the charges on the
three fragments show that the2B2 NO2 fragment (ONO angle
of 116.4°) has a charge of-0.697 while the charge on thetert-
butyl fragment is actually positive (+0.584) exhibiting car-
bonium ion character. Consequently, this charge-separated ionic
complex is not actually biradicloid in nature and has an〈S2〉 )
0.0. All attempts to locate the minimum connected to this singlet
on the reactant side of TS-19 resulted in an elimination pathway
affording isobutene. A series of putative intermediates poten-
tially connected to TS-19 on the reactant side of the reaction
surface all had total energies that were essentially identical. An
IRC calculation shows that TS-19 is, as anticipated, connected
to the productstert-butyl alcohol, but surprisingly it is also
connected to the elimination surface leading to isobutene (Figure
11, MIN-23). This behavior is reminiscent of the bifurcation
point behavior suggested earlier by Rauk and co-workers for
the dioxirane oxidation of hydrocarbons.7e Although this second
potential pathway for HO-ONO* oxidation of isobutane
involves the formation of isobutene, the primary oxidative
pathway for the HO-ONO* oxidation of isobutane totert-butyl
alcohol is more exothermic [∆∆E ) 12.4 kcal/mol, Figure 11)
than the secondary pathway leading to isobutylene (eq 3).

Our search for the reactant minimum connected to TS-19
proved quite difficult. We were surprised initially to observe a
facile abstraction of a hydrogen atom from thetert-butyl radical
by the ONO fragment. This is all the more confusing when you
observe that the ONO radical is actually a rather feeble reagent
for H abstraction when compared to the OH radical (∆∆Eq )
30.9 kcal/mol, Figure 8). However, it is the very weakR-C-H
bond of the methyl group (BDE) 38.3 kcal/mol) adjacent to
the carbon radical center intert-butyl radical in developing MIN-
23 that determines the overall pathway (Table 2).

(f) Oxidation of Dimethyl Sulfide and Dimethylselenide.
It now remains to resolve the issue of HO-ONO attack on
closed-shell systems with a filled octet of electrons. The attack

HOsONO + isobutanef (CH3) 2CdCH2 + H2O +
HsONO (3)
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of an open-shell species on a second or third row element can
in principle proceed by expansion of the octet of electrons. A
comparison of the minima resulting from addition of hydroxyl
radical to O, S, and Se atoms is demonstrated in Figure 12 (24,
25, and26). While the bonding distance of the OH radical to
the heteroatoms of dimethyl ether dimethyl sulfide (DMS) and
dimethyl selenide (DMSe) remains surprisingly constant at 2.3
Å, the binding energy increases with the size of the heteroatom.

Thus, it would appear quite feasible that HO-ONO could
react with such two-electron substrates quite readily on the free
radical pathway (Scheme 1). This problem has been thoroughly
examined by Museav et al.,15b and it was concluded, on the
basis of relative energetics, that in the gas phase a stepwise
pathway (one-electron oxidation) involving O-O bond homoly-
sis followed by coordination with DMS is the lower energy path.

Our primary objective was to search for an unrestricted or
open-shell PES for oxidation of DMS and DMSe. Ground-state
HO-ONO does form a prereaction complex with DMS with a

stabilization energy of-2.85 kcal/mol relative to isolated
reactants DMS and HO-ONO (27a, Figure 13).

In this loosely bound complex the S-O and O-O distances
are 3.085 and 1.445 Å. However, the “excited state” of HO-
ONO also forms loosely bound complex27b with DMS with
S-O and O-O distances of 2.31 and 2.66 Å that is only 1.7
kcal/mol higher in energy despite the larger energy difference
betweencis-GS HO-ONO andcis-2 (12.2 kcal/mol, Figure 1).
These data are suggestive of a possible oxidation involving
hydroxylation of DMS with a hydrogen transfer producing the
H-ONO fragment later along the reaction pathway much in
the same fashion as peracid oxidation.

However, despite repeated attempts on the unrestricted surface
(UB3LYP) with an initial 〈S2〉 ) 1.0, we always arrived at the
transition structure with an〈S2〉 ) 0.0 on the closed-shell
restricted surface. The relatively short O-O distances in TS-
28 and TS-29 (Figure 13) are also quite indicative of a two-
electron oxygen transfer reaction as we described previously.8a

We are left with the conclusion that the oxidation of such two-
electron nucleophiles as DMS and DMSe follow the pathway
originally suggested, an SN2-like attack of the heteroatom lone
pair on theσ* O-O orbital of GS HO-ONO.

Conclusion

(1) Both cis and trans forms of metastable isomers of
peroxynitrous acid with elongated O-O bonds have been found
and verified at several levels of theory including QCISD, BD-
(TQ), and CASSCF. Metastable isomerscis-2 and trans-2 are
only 14.4 (8.2) and 13.2 (7.2) kcal/mol higher in energy than
ground state cis HO-ONO at the UB3LYP and spin-corrected
UB3LYP (in parentheses) levels. This is in excellent agreement
with the MRCI values of 11.7 and 9.0 kcal/mol forcis-2 and
trans-2 with respect toperp-HO-ONO ground state.

(2) Transition structures for O-O bond elongation of both
cis and trans ground-state HO-ONO have been located [〈S2〉
) 0.52 and 0.43 at the UB3LYP/6-311+G(3df,2p) level], and
we suggest that both TScis-1 and TStrans-2 are connected to the
metastable isomerscis-2 andtrans-2 retaining a weak contribu-
tion from the O-O bond (HO‚‚‚‚ONO).

Figure 11. Potential bifurcation point showing TS-19 leading to both the anticipatedtert-butyl alcohol product (MIN-20) and elimination from thetert-
butyl fragment to form water and isobutylene (MIN-23). The IRC was carried out at the B3LYP/6-311+G(d,p) level. Relative energies in kcal/mol are with
respect to isolated reactants (values in parentheses are with ZPE correction).

Figure 12. OH radical adducts of CH3OCH3 (24), CH3SCH3 (25), and
CH3SeCH3 (26) optimized at the UB3LYP/6-311+G(d,p) level of theory.
Energy of binding (Ebinding) is based upon total UB3LYP/6-311+G(d,p)
energies of the adducts, OH radical, and DMS/DMSe. Numbers in
parentheses are calculated with the ZPVE corrections.
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(3) Geometry optimization of bothcis-2 and trans-2 within
the COSMO solvent model suggest that both could exist as
energy minima in polar media. Specifically solvated forms of
metastablecis-2 and trans-2, hydrogen bonded to three mol-
ecules of water (cis-2‚3H2O and trans-2‚3H2O), are stable
minima only 12 kcal/mol higher in energy than solvated ground-
state HO-ONO. We suggest that these types of solvated
metastable forms of peroxynitrous acid represent the elusive
higher lying biradicaloid minima (HO-ONO*) described previ-
ously in the experimental literature.

(4) Isomeric forms ofcis-2 and trans-2 (4A and 4B) with
the hydroxyl radical weakly hydrogen bonded to the ONO
radical fragment (•OH‚‚‚‚ONO•) are slightly higher in energy
than metastablecis-2 and trans-2 at the UQCISD/6-311+G-
(d,p)//UQCISD/6-311+G(d,p) level (Table 1) but slightly lower
in energy with a G3B3 energy correction when the geometries
are optimized at the B3LYP/6-311+G(3df,2p) level. The energy
difference does widen to 6-9 kcal/mol when the Yamaguchi
correction to the spin-contamination is included. However,
isomeric4A and4B have weak hydrogen bonds between the
hydroxyl radical and the ONO radical fragment (1.1 kcal/mol)
and do not appear to be stable in aqueous solution.15 However,
in a hydrophobic environment both forms of these higher lying

singlet of peroxynitrous acid could potentially serve as a latent
source ofweakly boundhydroxyl radical.

(5) Isomerization of peroxynitrous acid to nitric acid does
not involve a concerted 1,2-OH shift but rather involves prior
O-O bond dissociation and recombination.

(6) The potential energy surface for the HO-ONO oxidation
of methane to methanol takes place on the unrestricted or open-
shell surface and involves metastabletrans-2. The transition
state for the O-O bond elongation of HO-ONO, complexed
to a molecule of methane, produces a prereaction complex
(MIN-7 , Figure 7) in which the HO-ONO fragment is
essentially identical to metastabletrans-2 maintaining a weak
but discernible O-O bond. The transition state for hydrogen
abstraction from methane (TS-8, Figure 7) involving the
metastable form of HO-ONO is 15.7 kcal/mol lower than the
corresponding hydrogen abstraction on the closed-shell surface
(TS-6R, ∆Eq ) 31.1 kcal/mol). The activation barrier for
hydrogen abstraction from methane by a free hydroxyl radical
is only 2.3 kcal/mol (Figure 8).

(7) Peroxynitrous acid oxidation of isobutane also involves
metastabletrans-2 hydrogen bonded to isobutane (MIN-16 ,
Figure 9). The hydrogen abstraction step (TS-17) has an
activation energy of 9.6 kcal/mol relative to isolated reactants
GS HO-ONO and isobutane but only 0.3 kcal/mol relative to
its prereaction complexMIN-16 . Significantly, the metastable
form of HO-ONO, trans-2, is readily identifiable in the
transition structure for hydrogen abstraction having an O-O
bond distance of 2.37 Å and an ONO angle of 134.1°. This
hydrogen abstraction TS on the unrestricted surface (TS-17) is
5.9 kcal/mol lower in energy than the corresponding closed-
shell or restricted potential energy surface (TS-15R, ∆Eq ) 15.5
kcal/mol). These combined data corroborate earlier suggestions3

that some form of activated or excited peroxynitrous acid (HO-
ONO*) could be involved in biochemical processes.

(8) The overall hydrocarbon oxidation process involving
metastable forms of peroxynitrous acid is very likely a concerted
but nonsynchronous reaction, since the hydroxylation step (TS-
19) involving attack of a water molecule on a putativetert-
butyl radical cannot readily take place in the absence of the
obligatory transfer of a hydrogen atom from water to the
developing2B2 ONO radical. The reaction of the closed-shell
oxygen atom of a water molecule with a carbon radical center
is extremely weak (Figure 10).

(9) While metastablecis-2 can form a weak complex with a
two-electron nucleophile like dimethyl sulfide or dimethyl
selenide (Figure 12), the oxygen atom transfer step to produce
the heteroatom oxide takes place on the closed-shell or restricted
surface.
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Figure 13. UB3LYP/6-311+G(d,p)-optimized complexes ofcis-GS HO-
ONO and metastabletrans-2 with DMS [27a (〈S2〉 ) 0.0) and27b (〈S2〉 )
0.9)] and two transition structures for the reaction of HO-ONO with DMS
(TS-28) and DMSe (TS-29) optimized at the RB3LYP/6-311+G(d,p) level
of theory. The complexation energy (Estab) and the activation barriers [∆Eq

and∆(E+ZPVE)q] are calculated with respect to isolated reactants [DMS
(-478.066 69 au), DMSe (-2481.400 54 au), and HOONOcis-cis
(-280.926 38 au)].
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