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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 A) 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-2:3H,0 and trans-2-3H,0 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 frans-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 Sy2-like attack of the heteroatom lone pair on the O—0O
bond of ground-state peroxynitrous acid. No involvement of metastable forms of HO—ONO was discernible.

1. Introduction Pryor et aP advocated the existence of a high-energy metastable
form of peroxynitrous acid (HOONO?¥) that is in steady-state
equilibrium with ground-state HOONO. A number of theoreti-
cal groups have unsuccessfully attempted to characterize such
a metastable form of HOONO. Consequently, conventional
wisdom has proposed either homolysis to prod@ and*-
NO; or a caged radicatQH---*"NO,). 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%.However, reports of the yields of hydroxyl
radicals from the decomposition of HIDNO have ranged from
0 to 40%?2To 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 NOn atmospheric chemistfy.
t University of Delaware. There have been several theoretical studies that have described
*Universidade de Vigo. the geometrya decomposition pathwa§sand reactivitya.-8a
(1) Beckman J. S.; Beckman, T. W.; Chen, J.; Marshall, P. A.; Freeman, B A. of peroxynitrous acid. The ground-state (GS) structures ofHO

Proc. Natl. Acad. Sci. U.S.A99Q 87, 1620.
(2) (a) Pryor, W. A AAm. J. Physiol1995 268 L699. (b) Pryor, W. A.; Jin,

More than a decade has passed since the physiological
significance of peroxynitrous acid (HGDNO), a fleeting
intermediate with a half-life of less than a second, was disclosed
by Beckman et al.The peroxynitrite anion (N©OO"), formed
by the direct combination of nitric oxide (NO) and superoxide
anion (Q") 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 radical¥One of the more intriguing aspects
of HO—ONO chemistry is the earlier suggestion that@ bond
homolysis was slow and the reactive species is a vibrationally
excited form of HOONC However, its lifetime of~10"1! s
would preclude its involvement in bimolecular reactions, and

X.; Squadrito, G. L.Proc. Natl. Acad. Sci. U.S.A994 91, 11173. (c) (3) Pryor, W. A; Jim, X.; Squadrito, G. LJ. Am. Chem. So4996 118 3125.
Koppenol, W. H.; Moreno, J. J.; Pryor, W. A.; Ischiropoulos, H.; Beckman, (4) (a) Richeson, C. E.; Mulder, P.; Bowry, V. W.; Ingold, K. I.Am. Chem.
J. S.Chem. Res. Toxicol992 5, 834. (d) Crow, J. P.; Spruell, C.; Chen, Soc 1998 120, 7211. (b) Hodges, G. R.; Ingold, K. U. Am. Chem. Soc.
J.; Gunn, C.; Ischiropoulos, H.; Tsai, M.; Smith, C. D.; Radi, R.; Koppenol, 1999 121, 10695.

W. H.; Beckman, J. SFree Radical Biol. Med1994 16, 331. (5) Mathews, J.; Sinha, A.; Francisco, J.JSChem. Phys2004 120, 10543.
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ONO have been well studied by a number of theoretical
groups®~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

CASSCPF? We now expand upon this new development and

MOLPRO* suite of programs was used. The Gaussia#Q&ogram

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 statés?2 andtrans2 and hydrogen
bonded structure$A and4B utilized a variation of the G3B3 scheme

in Gaussian08¢where we used geometry optimization and scaled zero-
point vibrational energy corrections, ZPVE, (scale factor 0.96) at the
B3LYP/6-311G(3df,2p) level instead of the standard protocol at
B3LYP/6-31G(d). The general expression for the total G3B3 energy

also provide theoretical data that these metastable forms ofnhas not been changed from its original folf.

peroxynitrous acid (H&ONO¥*) are directly implicated in the

gas-phase oxidation of methane and isobutane to methanol and,(G3) = E[MP4(FC)/6-31G(d)H- A(+) + A(2df,p)+

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 progrartf2system utilizing gradient geometry optimizatit.
Geometries were fully optimized using the B3LYP functidhatith
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 calculationg?Multireference complete active space (CASSCF)
calculations were performed mostly with the GAMES&ogram. For

the multireference configuration interaction (MRCI) calculations and
CIPT2 correlation corrections to the CASSCF wave function, the

(6) (a) Sumathi, R.; Peyerimhoff, S. D. Chem. Phys1997, 107, 1872. (b)
Dixon, D. A.; Feller, D.; Zhan, C. G.; Francisco, J. B.Phys. Chem. A
2002 106, 3191.

(7) (a) Shustov, G. V.; Spinney, R.; Rauk, A. Am. Chem. So@00Q 122,
1191. (b) Olson, L. P.; Bartberger, M. D.; Houk, K. Bl.Am. Chem. Soc.
2003 125 3999. (c) Houk, K. N.; Condroski, K. R.; Pryor, W. A. Am.
Chem. Soc1996 118 13002. (d) Rudakov, E. S.; Lobachev, V. L.; Geletii,
Y. V. Chem. Res. Toxicok00], 14, 1232. (e) Shustov, G. V.; Rauk, A.

Org Chem.1998 63, 5413.

(8) (a) Bach, R. D.; Glukhovtsev, M. N.; Canepa,JCAm. Chem. Sod998
120, 775. (b) Bach, R. D.; Ayala, P. Y.; Schlegel, H. B.Am. Chem. Soc.
1996 118 12758. (c) Bach, R. D.; McDouall, J. J. W.; Owensby, A. L.;
Schlegel, H. B.J. Am. Chem. Socl99Q 112 7064. (d) Bach, R. D;
Owensby, A. L.; Gonzalez, C. Schlegel, H. B.; McDouall, J. J.JVAM.
Chem. Soc1991, 113 6001.

(9) Bach, R. D.; Dmitrenko, O.; Estevez, C. Ml.Am. Chem. So2003 125
16204.

(10) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. @gussian 03
revision B.05 (SGI64-G03RevB.05); Gaussian, Inc.: Pittsburgh, PA, 2003.
(c) Baboul, A. G.; Curtiss, L. A.; Redfern, P. C.; Raghavachari].},Chem.
Phys.1999 110, 7650. (d) Schlegel, H. BJ. Comput. Chem1982 3,
214. (e) Schlegel, H. BAdv. Chem. Phys1987, 67 (Pt. 1) 249. (f) Schlegel,

H. B. In Modern Electronic Structure Thearyarkony, D. R., Ed.; World
Scientific: Singapore, 1995; p 459.

(11) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785. (b) Becke, A. DJ. Chem. Phys1993
98, 5648. (b) Stevens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M.
J.J. Phys. Chem1994 98, 11623.

(12) (a) Barone, V.; Cossi, M.; Tomasi,J.Comput. Chenl998 19, 404. (b)
Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. B®hem. Phys. Lett.
1988 149, 537. (c) Yamanaka, S.; Kawakami, T.; Nagao, K.; Yamaguchi,
K. Chem. Phys. Lett1994 231, 25. (d) Wittbrodt, J. M.; Schlegel, H. B.

J. Chem. Phys1996 105 6574.

(13) The GAMESS (General atomic and molecular electronic structure system)
program: Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.,JrComput. Chem
1993 14, 1347. (c) Fletcher, G. D.; Schmidt, M. W.; Gordon, M./A&lv.
Chem. Phys1999 110, 267.

A(QCI) + HLC + ZPVE
where

A(+) = EIMP4(FC)/6-31-G(d) — MP4(FC)/6-31G(d)]
A(2df,p)= E[MP4(FC)/6-31G(2df,p)- MP4(FC)/6-31G(d)]
A(QCI) = E[QCISD(T,FC)/6-31G(d)- MP4(FC)/6-31G(d)]

HLC = —6.760n, — 3.2330, — )

then, andng are the number oft and valence electronsf = ),

All the calculations on the “excited” H&ONO stationary points
indicate a significant triplet spin contamination in the wave function,
as evidenced by thé&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’d ¢ It allows elimination of the triplet
contaminant of the singlet:

Esc= Emix + fsc(Emix - Etriplet)

EscandEnix denote the spin corrected and noncorrected (obtained using
guess= mix) singlet energiesEgiet iS a triplet energy (single-point
calculation). The fraction of spin contaminatidig, was calculated
according to the formula:

fsc: [$2Dnix/([$2[-—hliplet - [SZQHX)

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 HOONO 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 elongatedGD
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[J= 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,

(14) MOLPRO is a package of ab initio programs designed by H.-J. Werner
and P. J. Knowles. The authors are R. D. Amos, A. Bernhardsson, A.
Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert,
C. Hampel, G. Hetzer, P. J. Knowles, T. Korona, R. Lindh, A. W. Lloyd,
S. J. McNicholas, F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P.
Palmieri, R. Pitzer, G. Rauhut, M. Sdlay U. Schumann, H. Stoll, A. J.
Stone R. Tarroni, T. Thorsteinsson, and H.-J. Werner.
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Figure 1. (A) Energy diagram showing the relative energies of metastable ®IRO isomers and their transition structures (&% and TSans-2) for O—0
bond elongation of ground statés- andtransHO—ONO to form their respective higher lying singlet biradicaloid miniom2 andtrans-2. StructuretA
and4B are isomers o€is-2 andtrans2 with the OH radical hydrogen bonded to th#; state of NQ radical. Plain numbers are at the UB3LYP/6-313-
(3df,2p)+ZPVE level. Numbers in brackets are spin-corrected G3B3//UB3LYP/6-&I(Bdf,2p) relative energies. Bold numbers correspond to UQCISD-
(T)/6-311+G(d,p)//UQCISD/6-311G(d,p). Red numbers are B3LYP//B3LYP/Aug-cc-pVTZ energy differences between tran®©NO and TSans2 and
between tran®-and TSans2. For a summary of the calculations at other levels of theory, see Table 1. (B) UB3LYP468=33dlf,2p)-optimized biradicaloid
minima and transition structures characterized on the energy diagram. Geometrical data in brackets are at the CAS(12,GQi/®BEVel.

0= 1.0)1% Following this protocol, using a fairly flexible  (Figure 1,cis-2). A second higher lying minimumtrans-2,
basis set [6-311G(d,p) or larger] with a relatively small step  derived from therans-conformer of HG-ONO was only 10.9
size, we were able to readily locate a singlet minimum (A kcal/mol higher in energy than ground-state HONO. At the
symmetry) having an elongated-@ distance of 2.17 A that  UQCISD(T)//UQCISD/6-31#G(d,p) levelrans2is 12.7 kcal/
was only 12.2 kcal/mol [UB3LYP/6-31G(3df,2p)+ ZPVE] mol higher in energy than G8$is-HO—ONO in excellent
higher in energy than itsisperoxynitrous acid GS precursor agreement with the DFT calculations. The ONO fragments of

3142 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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Table 1. Relative Energies (kcal/mol) for HOONO and Its Isomeric Compounds Calculated at Different Levels of Theory?

A B C D E F G S-T

cisHO—ONO 0.0 0.0 0.0 0.0 0.0 0.0

perpHO—ONO 1.4 (1.0) 1.4 (1.0) -0.2(1.2) 0.7 0.8 0.0 —-0.4-0.9

transHO—ONO 2.6 (1.6) 2.6 (1.9) 1.2 (2.5) 2.1 2.1

TSusl 14.6 (12.5) 7.8(5.7) 15.7 (6.3) 19.1 3.9 (15.9) 17.2 (19.3)
0.52 0.98

cis— 2 14.4 (12.2) 8.2 (5.8) (13.4) 18.0 10.2 11.7 12.7 (15.1) 8.0 (10.0)
12.10.77 1.02 1.04

11.4 (14.3)

TS3 14.8 (12.2) 10.6 (8.0) (15.8) 16.8 13.3 3.7(5.4)
0.87 1.03

trans— 2 12.9 (10.9) 6.7 (4.6) 12.7(11.3)  17.3 75 9.0 (4.9) 11.1(13.6)  10.4(10.8)
10.80.73 1.00 1.01

12.3 (12.1)

TSians -2 13.2 (11.5) 7.2 (5.4) (1.3) 17.9 0.4 10.0 (14.0)  20.0(21.7)
0.43 0.96 0.98

aA 16.2 (12.9) 16.3 (13.0) 13.8(18.9)  16.6 16.6 0.140.1)
14.91.01 1.04

4B 15.8 (13.1) 15.8 (13.1) 13.4(185) 165 16.5 (13.21.05 0.2 (0.0)
14.61.01 1.03

aA: UB3LYP/6-311G(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 (solventwater); the[$values are given in bold: spin corrected UB3LYP/6-3HG(3df,2p). Numbers in parentheses
are with ZPVE.C: [UQCISD(T)/6-311G(d,p)//UQCISD/6-311+G(d,p). Numbers in parentheses are at the spin corrected UQCISD(T,E4T)/6-31G(d)//
UB3LYP/6-31H-G(3df,2p) level; theFvalues are given in bold: G3B3//B3LYP/6-313G(3df,2p).E: Spin corrected G3B3//B3LYP/6-331G(3df,2p).
F: MRCI and CIPT2 (in parentheses) relative energies with correlation correction applied to the CAS(12,18)&,p) resultsG: RBD(TQ)//UB3LYP/
6-311+G(3df,2p). Numbers in parentheses are at the UBD(TQ)//UB3LYP/6+-&(Bdf,2p) level obtained with guess mix; the resulting’&values are
given in bold; numbers in italic correspond to the same restricted and unrestricted BDTQ calculations on CAS(12,#¥/@tp)doptimized structures.
The last column contains singtetriplet energy gaps without spin correction«$, kcal/mol) at the G3B3 and UB3LYP/6-3315(3df,2p) (in parenthesis)
levels of theory for UB3LYP/6-311G(3df,2p) optimized structures.

the metastable states appear to correlate witi?Ahestate of the three antibonding-orbitals and oner-orbital (see Sup-
the NG radical with an ONO bond angle 6f134° as discussed  porting Information). With a 6-31:tG(d,p) basis set, the
below. CASSCF optimized geometries o2 andtrans-2 were quite

The transition state for 80 bond stretching (T&-1, Ro-o close to those obtained with the DFT method (Figure 1B).
= 1.947 A,v = 250.8i cnt?) was found to be only 0.3 kcal/  Another indication of the closeness of the DFT and CASSCF
mol higher in energy than metastable singt&t-2. The TS geometries was gleaned from single-point Brueckner Doubles
associated with formation of slightly more stable singlahs2 ~ calculation$®on the energy differences between the GSs and
(Figure 1A) was 11.5 kcal/mol above the GS cis minimum for Cis-2 andtrans2. At the UBD(TQ)/6-31%-G(d,p) level, the
HO—ONO (TSrans'1, Ro-o = 1.889 A,» = 333.9i cnt?). Both energy difference between G8rp-HO—ONO andcis-2 is 15.1
of these TSs have reaction vectors comprised largely-e00  kcal/mol with the DFT geometry and 14.3 kcal/mol with the
bond elongation with secondary contributions from expansion CASSCF geometries (Table 1). These energy differences are
of the ONO angle to itdA; state with an ONO bond angle of ~also in good accord with the DFT energies without ZPVE
~134. While both TSs have a contribution from hydrogen corrections (Table 1, compare columns A and G). Similarly,
bonding of the G-H hydrogen with the proximal oxygen of the energy difference between minimum @&pHO—-ONO
the developing ONO fragment, neither TS upon animation of andtrans2is 13.6 and 12.1 kcal/mol at the DFT and CASSCF
the vectors looks like it is connected to H-bonding complexes geometries. A CIPT2 correlation correction to the CASSCF
4A and4B. The expansion of the ®+-H—0 angle approaching ~ wave function suggested an energy difference between the GS
the~18C in 4A and4B is absent from both TSs prompting us  perpandtrans-2 of 4.9 kcal/mol. This agrees well with the spin-
to suggest that Tg-1 and TSans2 are connected to metastable corrected DFT and G3B3 values given in columns B and E,
isomerscis-2 andtrans2 retaining a weak contribution of the  Table 1. A multireference configuration interaction (MRCI)
0O—0 bond. cis2 and trans2 may be interchanged almost calculation with the above active space (6.8 million contracted
without barrier (TS3, Figure 1B and Figure 6) by a simple in-  configurations) gave energy differences between GS and
plane migration of the OH groupAE"+ZPVE = 0.01 kcal/ metastable conformers of 11.7 and 9.0 kcal/moldsr2 and
mol) between the two terminal oxygen atoms of the ONO radical trans2. These relative energies garnered by the various methods
fragment ¢ = 112.0i cn1?). are summarized in Table 1.

The expectation values of the? Sperator (0= 0.77 and Since the G-O distances in these metastable states are greater
0.73) forcis-2 andtrans2 suggest a significant contamination than 2 A and the energy differences betweep,f and trans
of the singlet wave function with triplet character. A complete minimum 2 are also relatively small, we also examined the
active space (CASSCF) calculation was used to assess thepotential effect of basis set superposition error (BSSE) using
multireference character of the wave function. The active spacethe counterpoise method. We, however, found that comparing
comprised 12 electrons and 10 active orbitals [CAS(12,10)] that total energies of BSSE calculations at the B3LYP/6-8GE
included the threes-bonds of the GO, O—N, and N-O (3df,2p) level for both the metastable trans minim2mnd the
framework, an in-plane lone pair on oxygen, and the two highest corresponding Tgns2, the change in geometry with respect
sr-orbitals in the occupied space. The virtual orbitals included to the non-BSSE structures is negligible. In fact, both optimiza-
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Table 2. Calculated Bond Dissociation Energies (BDE = AH’,gs, 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
O,NO—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)
HsC—H 103.1 105.8 104.1
(CHg)3C—H 92.1 92.0 98.8 96.7
(CHs)2CHCH—H 99.0 99.0 103.6
(CHs)2C-CH,—H radical® 38.3
(CHg),CHCHy- radical® 31.4

aThe BDE is at the G3B3 level of theory The BDE is based upon the enthalpy of reaction: isobutene rachdad + isobutylene® The BDE is based
upon the enthalpy of reaction: 2-methylpropyl radiealH* + isobutylene.

tions took only two steps to converge. The final difference in  The relative energies of the metastable forms of-HINO,

the BSSE corrected energies between these two fornasHs,  cis-2, andtrans2 versus the isomeric H-bonded complexds

= 0.47 kcal/mol. We have also repeated part of the PES given and4B remain an important mechanistic issue especially if either
in Figure 1A (red arrows and numbers) with a somewhat larger class of compound is involved in hydrocarbon oxidation. In
(207 versus 165 basis functions) augmented basis set (Aug-ccrinciple, the “excited” singlet isomers of HGDNO could
pVTZ)1% that contains both d and f functions. This exhibits rearrange with a very small activation barrier to hydrogen
only a minimal basis set effect, and the calculated energy bonded isomergdA and 4B. However, this PES is very flat,
difference between trans GS H@ONO and TQans2 for O—0 and we were unable to locate the transition structures for
bond elongation is 11.0 kcal/mol and between trans GS-HO rearrangement of these very loosely bound structures. Our initial
ONO andtrans-=2 is 10.8 kcal/mol. The reverse energy barrier series of calculations with the B3LYP calculations and more
for O—O bond elongation (fromtrans?2 to TSans2) is highly correlated methods (Table 1) all suggest that H-bonded
slightly reduced to 0.2 kcal/mol with this more flexible basis complexes4A and 4B are several kcal/mahigher in energy

set (Figure 1). thancis-2 with and without solvent correction (COSMO).

The O-0 bond dissociation enthalpy (BDE) for GB-HO— The G3 and G3B3 protocols have been shown to provide
ONO is calculated to be 19.1 kcal/malii,gg) at the G3 level experimental accuracy for the bond energies in a number of
of theory (Table 2). The bond energy (BE) based upon G3 total relatively small molecules albeit with normal covalent bonding
energies is 17.4 kcal/mol. At the G3B3 level the BDE for HO interactions. Since the standard G3B3 method employs a series
ONO dissociation is 19.0 kcal/mol and its BE is 17.6 kcal/mol. ©Of higher level single-point energy corrections on geometries
The B3LYP/6-313G(3df,2p) calculated dissociation limits for ~ OPtimized at B3LYP with the relatively small 6-31G(d) basis
the GScis-, GSperp-and GStransHO—ONO are 17.3, 15.9  Set, we opted to improve upon this standard procedure by using
and 14.6 kcal/mol. With zero-point energy corrections [zZPE @ higher quality basis set [6-31153(3df,2p)] for the initial
corrections also at B3LYP/6-331G(3df,2p)] these dissociation =~ 9eometry optimization and frequency as described above in the
limits are 15.3, 14.3, and 13.4 kcal/mol; values were well above Computational Details section. The G3//B3LYP/6-313(3df,-
the energies of the higher lying minima located. The @ 2p) O-0 BE for GScisHO—ONO is 17.6 kcal/mol (almost
dissociation limit of 15.3 kcal/mol for G8isHO—ONO isin ~ identical to the G3B3 value). The @D BDE for this GS
good accord with the Gibbs experimental enthalpy and free PEroxynitrous acid at the G3 and B3G3 are very close (19.1
energy of activation (1& 1 kcal/mol,AS = 3 eu and 17 1 and 19.0 kcal/mol, Tabl_e _2). _Thls suggests t_hat neither t_he
kcal/mol, ASf = 12 eu) for the isomerization of peroxynitrite method of geometry optimization nor the quality of the basis
to its nitrate form (presumably by a dissociative mechanism). set has a significant effect. Hovyever, with the G3B3//B3LYP/
However, the calculated Gibbs free energies for dissociation of 6-311G(3df,2p) method, we find that H-bonded complexes
cis-HO—ONO (5.9 kcal/mol AS= 36 eu) are significantly less ~ 4A and 4B are slightly more stable (1.4 kcal/mol) thars2
than the experimental value for-@ dissociation in solution. and 6.4 kcal/mol Ies; stable if spin corrections are applied within
While gas-phase and solution entropies are not directly com- e G3B3 computational scheme (Table 1, columns D and E).

parable, the existence @is-2 and trans2 in the gas phase We conclude, based upon this level of theory, that both isomeric

remains an open question. These same arguments have beelQ"™Ms of HO-ONO are of comparable energy in the gas phase.
Our ability to locate these higher lying singlets of peroxyni-

used to question the relevance of weakly bound complexes of I
trous acid is largely a consequence of the fact that we were

NO, and hydroxyl radical suggested earlier by HGuko : g )
able to discourage the wave function from converging on closed-

represent the so-called “excited” structure of HONO*. The - ' ™ ! DS
stability of these isomeric hydrogen-bonded radical pai#s ( shell solutions (zero spin densities) during geometry optimiza-
tion by using guess= mix%@which forces, initially, HOMO

and4B, Figure 1B) was recently questioned by Musa&On _ :
the basis of B3LYP, MP2, and CCSD calculations it was and LUMO to be mixed so as to destrey- and spatial
suggested that such hydrogen bonded structe@4 (--ONO) symmetries. Having demonstrated the potential effects of BSSE
of dissociated peroxynitrous acid (including zero-point energy and the influence of a more flexible basis set, it would now

and entropy corrections) do not exist in the gas phase. seem prudent to examine the possible influence of spin
contamination. We have up to now assumed that the resulting

(15) (a) Musaev, D. G. Hirao, KL. Phys. Chem. /2003 107, 1563. (b) Musaev, open-shell descrlptlo_n is at_I_east qualitatively satlsfac_tory in
D. G.; Geletii, Y. V.; Hill, C. L. J. Phys. Chem. /2003 107, 5862. terms of calculated spin densities and that the structures in Figure
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1 are reasonable. It is evident from tfCvalues in Table 1 elongated G-O distances (2.140 and 2.089 A) fois-2 and
that the extent of triplet contamination in the UDFT monode- trans-2 in water (COSMO solvent model).

terminantal wave function is significant. In some cases such as Since hydrogen bonding is not explicitly treated in the
H-bonded complexedA and 4B, where the[¥[values are COSMO solvent model, we examined the stabilitytizns-2
approaching unity, the wave function is essentially an equal H-bonded to several water molecules. We located minima for
mixture of singlet and triplet spin multiplicities and the total trans2 H-bonded to one, two, three, and foug® molecules
energies are no longer reflective of the assigned singlet state(See Supporting Information) with-€0 distances of 2.13, 2.12,
and need to be corrected. The spin-projection method of 2.15, and 2.11 A [B3LYP/6-31G(d,p)]. As anticipated the
Yamaguchi2bcalthough controversial for DFT calculatiof?s, overall complexation energy increased almost linearly with
was designed to refine the total energy by elimination of the increasing numbers of # molecules 5.6, —15.9, —28.2,
spin contamination from the singlet wave function for MPn anfj_—34.7 kcal/mol). The water molecules e_xhibite_d very little
calculations. A comparison of theelative energies of the  affinity for O—N—0O with all of the H-bonding being to the
uncorrected minima and TSs in column A (Table 1) with those Nydroxyl fragment. A water molecule placed near thel>-O
with the spin-contamination corrected UB3LY P/6-313(3df,- frag_mgnt .mlgrate.s to the vicinity of the nearest hydroxyl group.
2p) energies in column B shows a considerable reduction in Optimization ofcis-2 H-bpnded to three waters resulted in a
the energy differences between GSHO—ONO andcis-and p_erp-2-3H20 complex_(Flgure 2. JHOON = 68). The energy
trans2 (5.8 and 5.4 kcal/mol). The latter value is now in close difference between this complex atrens-2 H-bonded to 3HO

agreement with the CIPT2 corrected CAS(12,10)/6-G1d,p) ° gzlycgﬁ?;rz(;?”trgg | \Ev':e:gt(jr?nfg.raction between the hydrogen
energy fortrans-2 (4.9 kcal/mol, column F). Significantly, this . g o
energy correction places the H-bonded mind#eand4B much bonded OH:---ONO) radical pairs intA and4B® (Figure 1B)

. . . . - completely dissociates upon inclusion of just two,(H
higher in energy relative tois- andtrans2. When therelative 15a i}
energies for the presumably more accurate G3B3//B3LYP/6- molecules>*At the G3B3//B3LYP/6-311 G(3df,2p) level the

. L hydroxyl radical in4A and4B is bound to the ONO radical in
311+G(3df,2p) [column D] are corrected for spin-contamination the gas phase by only 1.12 and 1.07 kcal/mol. Beith and

[colum|j El, t::e regults IrmrrorBthoze W'thOUtﬂti;? GS’BS er;ergy trans-GSs of HG-ONO when H-bonded to 3 result in
correction scheme in column B and suggest tigtandtrans- perpendicular complexes (Figure ZIHOON = 91.4 and

are 6-9 kcal/mol more stable thadA and4B. A listof the 115> AE = 0.3 kcal/mol). The energy difference between
series of MPn calculgtlons |nvplved in the-GBB3 protocol is trans 2-3H,0 and the corresponding G@rpHO—ONO-3H,0
given in the Computational Details section. Since the Yamaguchi i 12 1 and 12.2 keal/mol for theerp2-3H,0 complex thereby
correctiot?® depends on the calculated energy difference supporting the existence of these higher lying singlets in aqueous
between the singlet and triplet states (see Computational Detailsyedia (Figure 2). When GPerpHO—ONO-3H,0 and its
section), this energy difference {3, kcal/mol), as well asthe  metastable form H-bonded to three waters are optimized within
[$Ovalue, is important. It is worthy of note that the singtet  the COSMO solvent model (solvert water), the metastable
triplet energy differences for the TSs involved in Figure 1 are trans2-3H,0 form is 12.9 kcal/mol (12.8 kcal/mol with ZPE)
greater than those of the minima with the exception of H-bonded higher in energy than GgerpHO—ONO-3H,0 compared with
minima4A and4B where[®[= 1 but the singlettripletenergy  12.1 kcal/mol in the gas phase. We suggest that solvated forms
difference is essentially zero and hence the Yamaguchi correc-of cis-2:3H,0 andtrans2:3H,O represent the elusive higher
tion is very small. This is not that surprising sinéA and4B lying biradicaloid minima that have been advocated as the
are essentially separated radicals with oxygexygen distances  metastable forms of peroxynitrous acid (HOON&*)argely
of 3.194 and 3.168 A. Finally we point out that the corrections responsible for the rich chemistry associated with this highly
to the Brueckner Doubles calculations [BD(TQ)] also afford reactive oxidant. We base this conclusion largely on the basis
relative energies [column G] that support the basic conten- of the presumed stability o€is-2 and trans2 in aqueous
tion thatcis- andtrans22 exist as discrete minima on this PES  solution.
(Figure 1). (b) Origin of the Stability of the Metastable States of HO—
From a biochemical perspective the more important question ONO- The OG-0 bond in the higher lying singlet HOONO is
i the relative stability in aqueous solution. The relationship of Unquestionably a unique-bond, and the origin of this type of
the above gas-phase calculations to HAONO under physi- metastable per_OX|de requires an explanat|on._F|rst, it s_hould be
ological conditions now becomes the more relevant question. '€c@lled that this type of “excited" ©0 o-bond is not entirely
While we cannot address this question directly, we have carried unexp_ected_, since itis well establls_hed thaF the §|mplest_cycllc
out full geometry optimizations ofis- andtrans2 using the peroxide, dioxirane, _has several higher Iylr.lg.smglet minima
COSMO solvent modéf212In THF solvent the energy dif- where the G-O bond is elongated above that in its ground state.

ference between G8s-HO—ONO andcis2 andtrans2 was m;hg casee;olfoil]lgxw:r;:s_rt]htehzleétsror;ié)f;hi(](z Orggngc?n: di
12.3 and 10.2 kcal/mol [B3LYP/6-3#G(d,p)]. The energy Xygen fone pairs | n- pective di

; - ... oxymethane biradicals (©CH,—O) occupy different spatial
differences between the GSs and their metastable forms with . . - ’

. . . rientations, represent different electronic states, and conse-
this smaller basis set in the gas phase are 12.2 and 9.9 kcal

mol. In methanol solvent these energy differences increased toquently meet the definition of an excited state. Using the
X 9y Goddard nomenclatufé? ground-state dioxirane and its low-

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 (16) (a) wadt, W. R.; Goddard. W. A., 1ll. Am. Chem. Sod.975 97, 3004.

B H iyifi o (b) Bach, R. D.; Andres, J. L.; Owensby, A. L.; Schlegel, H. B; McDouall,
larger 6-313%G(3df,2p) basis set]. SignificantlyGis-2 and 3.3, W.J. Am. Chem. $0d992 114, 7202. (c) Anglada, J. M.: Bofll, J.
trans2 both exist as energy minima in polar media with M.; Olivella, S.; Sole, AJ. Chem. Phys199§ 102, 3398.
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Figure 2. UB3LYP/6-311G(d,p)-optimized structures afis- and trans2 H-bonded to 3HO (a, b) and their corresponding RB3LYP/6-31G(d,p)-

optimizedcis- andtrans- ground-state HGONO isomers (c, d).

lying 27, 37, and 4r excited states are all discrete singlet
minima with different G-O bond distances (1.530, 2.350, 2.138,
and 2.203 A¥P and relative energie’§¢ It was, in fact, just
this set of excited minima and how one can arrive at these
excited staté$b that guided us in the present study. Second, it
is instructive to compare the electronic properties of the, NO
radical with those obtained upon homolytic-@ bond dis-
sociation in other peroxides. In an earlier repowe assigned

an O—0 BDE (AHgg) for HO—ONO of 22 kcal/mol (G2) as
compared to the much stronger—@ bonds in CHO—OH
(AH29s = 45 kcal/mol) and peroxyformic acid, HE0)O—

OH (AHy9g = 48 kcal/mol). First we will provide a rationale
for these rather remarkable differences in BDE using the DFT

Scheme 1
7 radical o radical o radical
_— 8 H—C/ %
2A2 292 2A|

However, both alkyloxyl (RCg and NQ radicals have a
ground state, and both and x types of radicals suffer from
problems of symmetry breaking. ThB, state of HCQ radical

method. Rauk has shown that MPn calculations gave the samehas two closely related orbitals. The?B, state is the minimum,

order of states as CASPT2 calculatidAsand it has been

lying just 2.3 kcal/mol below théA; ¢ state (Scheme T}

established that B3LYP calculations are capable of adequately The x states are significantly higher in energy than the
treating the symmetry breaking and zero-point energy problemsstates. The calculated energy difference between the lower lying

associated with this type of radical. This DFT variant has been
used successfully to analyze such prob@&s and will
consequently be used in the present study.

In addition to the OH radical, homolytic ©O0 bond dis-
sociation of methyl hydroperoxide (GB—OH) produces the
CHs0 oxyradical that has two competitive electronic states (2A
and 2A') that are nearly degenerdfe.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 ©0 bond energy (45 kcal/mol).
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o andr states ¢ 2B, — 72A,) was 10.9 kcal/mol for the HCO
radical and 14.5 for CBCO,. Significantly, upon homolytic
O—0 bond dissociation RC£S-OH provides alkyloxy radicals
that correlate with theio ground states. For peracids the higher
lying 2A, & state, where the electron spin is delocalized up in
the r 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)®

Another type of peroxide bond where a unique opportunity
exists for resonance stabilization of an oxy radical is where the
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2b,,

Figure 3. Characteristic occupied and virtual orbitals for fi#g state of NQ optimized at the UB3LYP/6-31G(d,p) level of theory. Alpha orbitals:
(occupied) ...3p4b, 1& 6a; (virtual) 2by 7& 5by. Beta orbitals: (occupied) ...3H& 4by; (virtual) 6a 2b; 7a 5by.

oxygen radical is conjugated to a carbararbon double bond.
We reported earlier that simple vinyl hydroperoxides@H
CHO—OH) such as isopropenyl hydroperoxide had an atypically _u_ +
low O—O BDE due to the delocalization of the O-centered yj
6a

radical to a C-centered radic#&lCleavage of the ©0 bond

in isopropenyl hydroperoxide produces a putative isopropeny- 1

loxy radical with the spin on oxygen oriented in thglane of N

the molecule ¢ ?A’) that corresponds to an-6D BDE of 42.9 _I_%/ y

kcal/mol (G3). However, in this case and in direct contrast to

the aforementioned ©0 dissociation of peroxyformic acid A

(Scheme 1), the electronic spin density prefers to reside on the

carbon atom resulting in a stabilization energy of 23.1 kcal/

mol (AEs., G3) due to electron delocalization in thesystem.

Equilibrium O—O bond dissociation correlates with the lower

lying 7 2A" state, and the ©0 BDE is dramatically reduced

to 19.6 kcal/mol (G3). The lesson to be gleaned from this

discourse is that ©0 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 homolytie@bond cleavage <ONO angle, deg

in HO—ONO!
In the case of HGONQ we do nOt. have a competition Figure 4. Schematic presentation of tB, and?A; states of the N©@

betweerv andz states of different energies, but rather between radical. Total atomic spin densities for tAB, and?A; states of the N@

two o states. The N@radical correlates with a low lying radical are shown as italic numbers [UB3LYP/6-313(3df,2p)].

type orbital that undergoes both electronic and geometric Table 3. Total Atomic Spin Densities for the 2B, and 2A; States of

reorganization upon ©0 bond cleavage resulting in a very NO, Radical at the UB3LYP/6-311+G(3df,2p) Level
low O—O bond dissociation energy. The Méadical has been

006 e

0.53

0.27

L
»

Energy, kcal/mol

"D, 207 134°

2A1

Y

atom A, B

thoroughly studied starting with the seminal paper by David- - :
17 . N 0.455 —0.065
son!’ The ground state of Nis “A; that has an ©&N—-0O o 0.272 0.532
bond angle of 134 o] 0.272 0.532

The 2A; orbital of NG, is nominally an in-plane nitrogen-

centered orbital with a symmetric but smaller in-plane contribu- g 4 29 0 and 30.2 kcal/mol less stable tharPAGSat the

tion of the oxygen lone pair orbitals (6al, Figure 3) where the B3LYP/6-311G(3df,2p), CBS-Q, G3B3, and MREQ/
spin density is localized extensively on the nitrogen atom (Figure cc-pVQZ8a jevels of ’thec,)ry. ' ’

4 and Table 3). The electron distribution in this MO is
approximately evenly distributed between the two oxygen atoms

and the nitrogen atom. statecissHO—ONO? Both metastablgs- andtrans-2 “excited”

The higher lying first excitedB; state of NQis characterized  giate peroxides have the same symmetry (A’) but a different
by orbital 4k which is an antibonding combination of the in-  glectron spin distribution relative to ground-state HONO.
plane oxygen lone pair orbitals, the j6arbital is doubly At some point during the ©0 bond elongation process the
occupied thereby providing a much smaller -0 angle of electron of the developing ONO radical fragment shifts from
102’ due to its bonding character (Figure 4). being localized largely on the oxygen of the-O bond to the

The?B; orbital of the NQ radical has a different spin density  central nitrogen atom of the ONO fragment thereby relaxing to
with a larger contribution from the two oxygens. This higher

energy state with an O-centered orbital is calculated to be 41.4,(18) () Kurkal, V.; Fleurat-Lessard, P.; Schinke JRChem. Phy<2003 119,

1489. (b) Mahapatra, S.; Kpel, H.; Cederbaum, L. S.; Stampfuss, P.;

Wenzel, W.Chem. Phys200Q 259, 211. (c) Hirsch, G.; Buenker, R. J,;

(17) (a) Davidson, E. Rl. Am. Chem. Sod977, 99, 397. (b) for recent studies Petrongolo, CMol. Phys 1991, 73, 1085. (c) Salzgeber, R. F.; Mandelsh-
on potential energy surfaces of lGee refs 18. tam, V.; Schlier, C.; Taylor, H. S]. Chem. Phys1998 109, 937.

A fundamental question is why the higher lying metastable
singlet of HO-ONO, cis-2, does not simply collapse to ground
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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
(6] —0.183 —0.140
O 0.870 0.842
H —0.026 —0.0261

the grouncfA; state and recovering a part of the potential energy
associated with thidB, to 2A; electronic reorganization. In both
cis-andtrans-2 the electron spin of the OH fragment is still in
the plane (A symmetry). As the 0O bond elongates, the
O—N-—O angle widens as it approaches the 184 the 2A;
minimum with a consummate lowering of the total energy of
cis-2. It is this electronic reorganization attending-O bond
elongation that is responsible for the stabilization of the
metastable state of peroxynitrous acid (+@DNO*) and hence

its short-lived existence.

Although ground stateisHO—ONO has an ©N—0 angle
of 115 [UB3LYP/6-311+G(3df,2p), CAS(12,10)/6-3HG-
(d,p)], examination of Figure 4 shows that this angle places the
O—N—-0 fragment between tH8, and?A; surfaces. Examina-
tion of the HOMOs ofcis-2 andtrans-2 shows that there is a
large contribution from the nitrogen orbital, as noted for the
NO, radical itself. This is also evident from the total atomic
spin densities focis-2 andtrans-2 (Table 4, Figure 5).

The LUMO orbitals are antibonding combinations of the 6al
orbitals of ONO and in-plane Ip(O) of OH. Electron occupations
of LUMO for cis-2 andtrans2 are 0.61 and 0.68. A full electron
is not transferred to LUMO during ©0 bond elongation. Thus,

energy to form OHt+ NO, 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 us¥d.

We initiated the potential rearrangement from 8SHO—
ONO and observed an activation barrier of 41.2 kcal/mol
[B3LYP/6-311+G(3df,2pH-ZPVE]. The O-O distance was
2.53 A with an G-N distance of 2.38 A in the transition state
for OH to migrate from O to N in the N©fragment of HG-

NO; (Figure 6). In the TS the OH is essentially stationary
between the two ONO oxygen atoms, and animation of the
single imaginary frequency (= 704.1i cntt) 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#[= 0.0) despite our repeated attempts to
the contrary initiating the TS search with a wave function having
[F0= 1.0 (guess= mix). While the magnitude of the barrier
may seem surprisingly high for such a loosely bound TS, it
should be remember&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/mofd Thus, all three theoretical studfés
suggest that the facile rearrangement of HONO to HO-

NO, 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 cleavage
(TS:is1) 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-workérs

peroxynitrous acid represents an exceptional type of peroxide,,,q suggested that H-bonded compis formed prior to

where G-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 exotherm& &
—29.1 kcal/mol, G3AE = —29.4 kcal/mol, G3B3) rearrange-
ment to nitric acid. The reaction enthalpies for this rearrange-
ment by these two closely related methods-a28.2 and—29.6
kcal/mol. The energy of the so-called “excited” form of
peroxynitrous acid (HOONO*) has been estimated to be

approximately the same as the experimental activation barrierquestiOn by showing that HOONO*

for the HO-ONO — HO—NO; rearrangement barrier( 17
kcal/mol)22 Since this rearrangement exhibits a very high
calculated barrier for aconcerted 1,2-OH shift, it could
potentially involve G-O bond dissociation with a simple
recombination. Consequently, we elected to briefly revisit the
rearrangement of HOONO to nitric acid (path b, Scheme 2)
to examine the potential role of metastable peroxynitrous acid
(cis2) 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 & and Dixon et afP
have reported activation barriers of 39.0 kcal/mol (B3LYP) and
21.4 kcal/mol (MP2/cc-pVTZ). Presumably the latter second-

recombination to nitric acid, might be among the species
exhibiting the HG-ONQO" behavior of one-electron oxidation
processes. The potential involvement of hydrogen bonded
complexegtA and4B (Figure 1) in biological reactions remains
an open question in agueous 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 agueous media and possible involvement in
biological reactions. We have attempted to answer the former
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 GSHOINO
can be involved in such two-electron processes as alkene
epoxidation and the oxidation of amines, sulfides, and
phosphines?2 There has also been a controversy about the
mechanism of HG-ONO oxidation of saturated hydrocarbons.
Rauk et all2 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 HGDNO. The
RB3LYP/6-3H-G* wave functions for a series of TSs involving
C—H oxidation with HO-ONO were found to suffer from an

order perturbation method does not treat the diradical nature OfRHF—»UHF instability. However, attempted reoptimizations on

the TS adequatelP. This MP2 TS was rather loose and had an
OH to central nitrogen of the ONO fragment distance of 2.78
A. These relatively high level calculations also suggest that the

3148 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

the unrestricted PES (UB3LYP) produced structures identical

(19) Zhao, Y.; Houk, K. N.; Olson, L. Rl. Phys. Chem. 2004 108, 5864.



Biradicaloid Singlet States of Peroxynitrous Acid

ARTICLES

(0.61)

LUMO cis-2

-0.46

(1.44)

HOMO cis-2

(0.68)

LUMO trans-2

(1.35)

HOMO irans-2

Figure 5. Highest occupied and lowest unoccupied orbitals (HOMO and LUMQJi®2 andtrans 2 optimized at the CAS(12,10)/6-3315(d,p) level.
Electron occupations are given in parentheses. Italic numbers correspond to total atomic spin densities in the structures optimized at the3WB3GYP/6

(3df,2p) level.

B3LYP/6-311+G{3df, 2p)

A(E+ZPVEY=0.01 keal/mol AE+ZPVEY=41.16 keal/mol

;- <52>=0.00
TS-3 TSl,Z-OH
E=-280.92475 a.u. F=-280.87962
v, =112.0i em” oot o
<82>=0.87 v, =704.11 em

Figure 6. Transition structures (UB3LYP/6-3%#1G(3df,2p)) for the

isomerization of metastablgs-2 to trans-2 (TS-3) and the isomerization
of ground-state HOONO to nitric acid, HO-NOy(TS; 2-on), optimized

at the RB3LYP/6-313G(3df,2p) level of theory.

Scheme 2
solvent caged
radical pair
. . . .
HO-ONO [HO---ONOJ] HO + ONO
RH (a) (b) RH [ (c) free radical
pathway
concerted \J .
restricted B+ H,0 +ONO
ROH + ONOH HONO, l

products

in geometry and energy to those at RB3L¥¥eletii and co-

We initiated our study with the HOONO oxidation of
methane (eq 1)

HOONO+ CH, — CH,OH + HONO 1)

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

Our RB3LYP surface for concerted methane oxidation was
essentially identical to that previously reportedvith the
differences being due a slightly different basis set. At the
RB3LYP/6-31HG(d,p) level we calculate a classical activation
barrier for methane oxidation @fE¥ = 31.1 kcal/mol (TS6r
Figure 7). The HO-ONO oxidation of methane on the restricted
surface with the B3LYP and QCISD methods gave similar
values of activation energy (3%t 3 kcal/mol) irrespective of
basis set sizé attempted reoptimization of these TSs on the
UB3LYP PES gave an identical solution witB?0= 0.0.

We have chosen not to address directly the free radical
pathway (Scheme 2, path c) since this has been thoroughly
studied by Rauk2 The next issue to resolve is whether hydrogen
abstraction with this metastable H@NO*/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 HOONO (cis-conformer with this
method) and methane as the isolated reactants. The initial
prereaction complex (MING) between GS HOONO and CH

workergd have also presented arguments that alkane oxidationis stabilized by 0.4 kcal/mol (Figure 7). This is a rather loose
can proceed in both the gas phase and the liquid phase. Theseomplex stabilized by three weak H-bonds (two ©HOH and
data were extended to include similar processes in lipophilic one CH---ONO, Figure 7) and a distance between the peroxy-

media.

nitrous acid OH group and the C of methane of 3.55 A. As in
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Figure 7. B3LYP/6-31HG(d,p) energy diagram for the HGDNO oxidation of CH to produce methanol. Relative energies in kcal/mol are with respect
to isolated reactants (values in parentheses are with ZPE correction): prereaction complex of G8l@@nd methane, MIN-(—321.460 89 au); transition
structure for hydrogen abstraction from methane on the closed-shell surfa&g, (F821.410 79 au); TS for ©0 bond elongation on the unrestricted
surface, TS5 (—321.443 98 au); MINF (—321.444 98 au); transition structure for hydrogen abstraction from methan@,(¥321.435 79 au); MINS
(—321.460 31 au); transition structure for the hydroxylation of methyl radicall@6-321.452 09 au); product complex of methanol and HONO, MIN-

(—321.548 95 au).

Scheme 3
. .
HO-ONO [HO <+« ONOJ* HO + ONO
free radical

RH| (a) RH | (b) RH | (¢) pathway

concerted concerted . .

restricted unrestricted R + H,0 +ONO
ROH + ONOH |

TS-2[RH++OH <+« ONO] \ ]
Y
« TS-3

R+ H,O +ONO — ROH + ONOH

the HO-ONO molecule itself, we were also able to locate a
transition state (T$%) for the O-O bond elongation process,
where the deeloping HO-ONO* is complexed to a methane
molecule (C-++--O distance 3.54 A). Metastable O-O bond
elongation TS5 is 10.2 kcal mot? higher than isolated reactants
and had®[= 0.34. The structure of the HOONO fragment is
almost identical with the TS for formation ofans-2 itself from
GS HO-ONO (TSrans2) with an O-0 bond distance of 1.889
A and a[®0= 0.44. A subsequent IRC calculation confirmed
that this TS connects the initial prereaction complex (MIN-
with the product complex (MINA with a structure similar to
the trans2 minimum and a Chimolecule interacting with the
OH group (G-++O distance 3.53 A). Significantly, this “excited

reactants (Figure 7). The difference in energy between MIN-
and TS6 is only 0.6 kcal mof! and an[® (= 0.74 is consistent
with its biradicaloid nature. The HOONO* fragment in MIN<

has an G-O distance of 2.13 A and an overall structure nearly
identical to that oftrans2. It is also significant that a weak
O—0 bonding interaction is still in evidence, a feature that is
conspicuously absent in H-bonded complexes and 4B.
Presumably we arrive on the PES of the trans metastable isomer,
sincetrans-= itself is 1.6 kcal/mol lower in energy thasis-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 suggestidtihat 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 theakly bound
hydroxyl radical (TS8). This key TS for the oxidation step is
located 5.8 kcal molt higher than trans MINZbut is 15.8 kcal/
mol higher in energy than prereaction minimum MENThis
is clearly a biradicaloid transition structure, since it B =
0.93 with a geometry that closely resembles the TS for methane
H abstraction by OH radical itself (T$2, 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). By contrast, the N@
radical exhibits a very low propensity for hydrogen abstraction
from methane exhibiting a corresponding activation barrier of

state” prereaction complex is only 9.6 kcal/mol above isolated 33.2 kcal/mol (TS13, Figure 8).
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= 15.7 kcal/mol) as shown by comparison of hydrogen
@ abstraction transition structures Bx-and TS8 (Figure 7).
1.318A 1914 These data strongly support involvement of the metastable form
O O] 179 n of peroxynitrous acid (HS ONO*) advocated with tremendous
1 s insight by Pryor et ak:2 at the very outset of this rich new area
1331A 1 2 974A of chemistry. These theoretical observations serve to corroborate
'1 1'115’\ R the existence of a highly reactive reagent that has proven very
g y difficult to pinpoint by experimental means.
9‘ vi=1442i cm (e) Oxidation of Isobutane with Metastable Peroxynitrous
1 Acid.
1,4?2A
! HO—ONO + isobutane— (CH;),C—OH + HONO (2)
i We extended the study to the more realistic hydrocarbon
E=-116.29875 a.u E=-245.63918 a.u. substrate, isobutane, because this will involve a tertiary carbon
AE"=2.26 keal/mol AE"=33.20 keal/mol center that can produce a much more stable tertiary radical
center. It is for this reason tertiary carbon centers are typically
TS-12 TS-13 attacked by open-shell reagents. The initial prereaction complex
Figure 8. Transition structures for hydrogen abstraction froms®W OH (MIN-14) between GSis-HO—ONO and isobutane (Figure 9)

radical (TS12) and ONO radical (TS3) optimized at the UB3LYP/6- . L . .
311+G(3df, 2p) level of theory. The classical energy barriev& are based 1S Stabilized by only 0.2 keal/mol with a distance between the

upon total energies of the isolated reactants and the corresponding TSsoxygen atom of the peroxynitrous acid OH group and the
E(OH) = —75.76557 aufE(CH,) = —40.536 79 au; E(ONQ?A;) = hydrogen on théert-carbon of 2.76 A. The prereaction complex
—205.155 30 au. with cis-2 is very weakly bound, and the TS for-@ bond
Following the IRC from TS8 toward products, we located elongation with the intramolecularly H-bondeds-isomer is
MIN-9, a structure than can be formally described as M much more difficult to locate. Therefore, we usedns-2 all
CHs radicals interacting with a water molecule. As a conse- along the reaction coordinate because it is lower in energy and
guence of its biradical nature the calculat&= 1.0. The because we found that it is much easier to locate the “excited”
transition structure for concerted transfer of a hydroxyl radical State intermediates on the reaction pathway. The TS for th@ O
to produce methanol, with hydrogen transfer to the;Xe@lical bond elongation process (TI%) to form transHO—ONO?, in
fragment forming H-ONO (TS-10), is just 5.2 kcal/mol higher ~ this case complexed with a molecule of isobutane-(@
in energy than MIN9. This transition structure = 0.74) is distance 3.38 A), is 10.0 kcal/mol higher than isolated cis
almost symmetrical with ©-H distances between the N@nd reactants. The structure for-€® bond elongation for trans HO
the H;O fragment of 2.092 and 2.095 A and ar- @ distance ONO TS45 (complexed to isobutane) has an—O bond
of 2.438 A. An IRC calculation reveals that TI® connects distance of 1.871 A an@®?0= 0.38. This TS, connecting to
the HC-+--H,O---:NO, complex to the CHOH:---HONO prereaction complex MINEG, is almost identical with the TS
product complex (MIN11). The first step along this pathway for O—O bond breaking for trans HOONO itself (TSans2).
is C—O bond formation, and after the barrier is crossed an H The O-O bond elongation TS leads to a complex (Mg}
transfer from the developing GHOH,* to the ONO fragment ~ with an HO-ONO* fragment similar to that in thérans-2
takes places leading to products, MIN- This final H-bonded minimum albeit withan isobutane molecule interacting with
product complex of methanol and HONO is 60.8 kcal/mol lower the OH group(C++-O distance 3.201 A, 80 =2.171 A). The
in energy than TS:0. difference in energy between this minimum and the TS fei@D
The oxidative process for the formation of methanol from bond elongation (TS5) is only 0.7 kcal mot?, and an(®=
HO—ONO and methane involves a number of intermediates that 0.76 emphasizes its biradicaloid nature. MlI8has a geometry
are weakly bonded. Consequently, the caveat must be includedpoised for a facile H abstraction by the hydroxyl-like metastable
that in solution the actual process could resemble the onereactant. The H abstraction TS (T3} is located only 0.3 kcal/
presented in Scheme 3. Solvent interactions could also poten-mol higher than MIN16. The geometry of this water producing
tially stabilize the intermediate complexes, and the solvent cage TS is essentially that for H abstraction by OH radical complexed
could involve diffusion of the intermediate radical€CHs, with an NG radical. As noted above for the oxidation of
‘NO,, -OH). It is also possible that the water molecule that forms methanethe free OH radical is not imolved and the[$0=
from HO—ONO in MIN-9 and TS10 could be replaced by  0.86 for this structure is consistent with its open-shell character.
solvent water. However, all species involved are sufficiently Significantly, the pathway for this hydrogen abstraction step
short-lived with an activation barrier from MIN-of only 5.2 involving metastabletrans2 has a lower activation barrier
kcal/mol that it is unlikely that diffusion could compete with a (AAE* = 5.9 kcal/mol) than the concerted oxidation of isobutane
concerted collapse of MINg-to product complex MINt1. This involving TS-15;z on the RB3LYP PES (Figure 9). It is also
is a highly exothermic oxidative process overal46.8 kcal/ noteworthy that the barrier for hydrogen abstraction from
mol) that proceeds with a very low barrier once the metastable isobutane (TSE7, AEF = 9.6 kcal/mol) is considerably lower
oxidizing reagent is formed. Additional evidence that the than that for the corresponding oxidation of methane §TAE*
metastable form of peroxynitrous acid is involved in this = 15.4 kcal/mol) reflecting among other things the rather large
hydrocarbon oxidation is the very large difference in activation difference in the €H bond energies for isobutane and methane
energies for the unrestricted versus the closed-shell RRE{ (G3, BDE= 96.7 and 104.1 kcal/mol, Table 2).
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Figure 9. B3LYP/6-31H-G(d,p) energy diagram for the HGDNO oxidation of isobutane ttert-butyl alcohol. Relative energies in kcal/mol are with
respect to isolated reactants (values in parentheses are with ZPE correction). [Prereaction complex ef@80Hd isobutane, MIN4 (—439.433 09
au); transition structure for the abstraction of hydrogen from isobutane on the closed-shell surfabe,(¥839.408 04 au); Transition structure for-Q
bond elongation irfrans2 complexed to isobutane, TE (—439.416 87 au); MINt6 (—439.418 03 au); transition structure for hydrogen abstraction from
isobutane on the unrestricted surface, T/R—439.417 56 au); MINE8 (—439.452 62 au); transition structure for the hydroxylation step195-439.468 60
au); Product complex diert-butyl alcohol and HONO, MIN20 (—439.536 67 au).]

Based upon the reaction vectors for T%-it is highly likely
that this hydrogen abstraction reaction producing a water
molecule is connected to MIN8. This minimum structure can
be described as Nand C(CH); radicals interacting with a
water molecule. The ©H bond of the water molecule is weakly 2
bonded to the carbon radical center at a distance of 2.24 A.
The ONO radical has retained #8,; geometry with an ONO
angle of 134.2, and the diradicaloid complex h&®[= 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 tert-butyl radical \ D - 23430483 o
(21, Figure 10). The oxygen atom is not interacting with the | E=-312.92309 a. E omplexation= - 0.15 keal/mol
carbon radical center but is weakly hydrogen bonded to an ¥ Ecompicutio” - 0.01 keal/mol
adjacent methyl group €H with an essentially nonbonding  Figure 10. Complex of atert-butyl radical with dimethyl etherl) and
binding energy (0.0lkcal/mol). The same is true for the with a water molecule2?) and optimized at the UB3LYP/6-331G(d.p)
. . . . level of theory. Complexation energies are calculated with ZPVE corrections.
interaction of a water oxygen with thert-butyl radical where
the G--O distance is 4.3 A and the complexation energy is only step the water oxygen must be oriented toward the carbon
0.15 kcal/mol 22, Figure 10). To achieve the hydroxylation radical. This requires that the water molecule in MIRmust

22 N
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rotate within the complex to achieve a more favorable geometry bonded structure (MINRQ) is a closed-shell singlef%(= 0.0)

for forming the C-O bond of productert-butyl alcohol. There and is 65.2 kcal/mol more stable than isolated-HONO and

is also the question of the extent of biradical character of the isobutane. The overall oxidation process is exothermie 5.2

TS and whether this is the point at which the surface shifts from kcal/mol (Figure 9).

biradical to a pure singlefJ= 0.0). The initial reactants and The overall reaction surface for HEGDNO* isobutane

the final products of this overall oxidation scheme are obviously oxidation does have one problem that remains to be resolved.
closed-shell species, so at some point along the overall reactionThe TS for G-O bond elongation (T35), the prereaction
coordinate the open-shell character must revert to a ground-complex MIN-14, the TS for hydrogen abstraction (TS}, and
state closed-shell wave function witli?0= 0.0. MIN-18 all have open-shell character suggesting that the

We were able to locate a TS for this hydroxylation step (TS- oxidation of isobutane involves two steps, but not necessarily
19) that is 22.5 kcal/mol lower in energy than isolated reactants involving a discrete long-lived biradicaloid intermediate on the
and also has®[1= 0.0. It is noteworthy that the oxidation of ~ €ntire reaction pathway. The hydrogen abstraction TSXTB-
methane (Figure 7) occurred completely on the open-shell i indeed a diradical (f?J= 0.86) with very little charge
surface until the final product complex (MIN2). The surface ~ Separation. Theert-butyl radical fragment has a calculated
for the oxidation of isobutane is distinctly different in that the Ccharge of—0.057 electrons, while the sum of the ONO radical
latter half of the reaction pathway takes place on the closed- (0-021 €) and the water molecule has a charge of 0.057e.
shell surface reflecting the greater stability of the tertiary carbon ~ 1h€ second part of the reaction surface constitutes the
radical. Transition structur&9 has O---H distances between ~ Nydroxylation step (TS:9) that is connected to theert-butyl
the NQ; and the HO of 2.76 and 1.68 A and an-6C distance  alcohol HONO complex on the product side (MRG). Both
of 2.37 A. This hydroxylation TS is characterized by a low the TS and products are closed-shell in natu(= 0.0).
imaginary frequency (208.5i cm) and finally leads to MIN- However, we haq difficulty in |d§nt|fy|ng a singlet minimum
20 which is the result of €O bond formation with a H atom O the reactant side of TS0, While TS19 may formally be
transfer from the developing (GHC—OH,* fragment to the considered to be a diradical, examination of the charges on the
ONO radical fragment presumably after the barrier is crossed. three fragments show that tiB, NO, fragment (ONO angle
The reaction vector is comprised largely of an interaction of Of 116.4) has a charge 0f0.697 while the charge on thert-
the hydrogen (0.38) and oxygen (0.42) of the transferrirgHO butyl fra}gment is actually pOS|t|ve+(O.$84) exhibiting car-
group with thetert-butyl carbon center (€O bond formation) bonium ion character. Co_nseque_ntl_y, this charge-separated ionic
and transfer of the H atom from the water molecule to the ONO COMPlex is not actually biradicloid in nature and has =
fragment (0.31). The very relevant contraction of the ONO bond 0.0. All attempts to locate the minimum connected to this singlet

angle (116.9) to its 2B, state was also represented in the reaction ON the reactant side of TEresulted in an elimination pathway
vector. affording isobutene. A series of putative intermediates poten-

The difficulty in locating this particular aas-phase TS is a tially connected to TS:9 on the reactant side of the reaction
tyf the f t%h t thp ttack Qf] P I surface all had total energies that were essentially identical. An
consequence ot the 1act that the attack ot an open- IRC calculation shows that T$9is, as anticipated, connected
butyl free radical on the water molecule can occur from several

. . . . . to the productdert-butyl alcohol, but surprisingly it is also
dlrectlops, as determined by the spa tial onen;atmn of the oxygen connected to the elimination surface leading to isobutene (Figure
lone pairs and must be accompaniedthy obligatory transfer

f a hvd tonio the ONO radical f O A ted 11, MIN-23). This behavior is reminiscent of the bifurcation
oba ythro?\len ad(') Io €t it L"?‘ kllca ragment. i s;o € point behavior suggested earlier by Rauk and co-workers for
ahove, the ora cal, even In Its higher e_nerﬁazs ate, does  he dioxirane oxidation of hydrocarboffsAlthough this second
not readily engage in hydrogen abstraction fromHbonds

otential pathway for HGONO* oxidation of isobutane
as noted by its high barrier (33.2 kcal/mol) for hydrogen P P Y

b . T3 Fi 8) In the ab ¢ thi i involves the formation of isobutene, the primary oxidative
abstraction ( , Figure 8). In t € absence o this compli- pathway for the HG-ONO* oxidation of isobutane ttert-butyl
mentary H-transfer step, the water is weakly bound toihie

butvl radical di ¢ 3 A hi alcohol is more exothermidNAE = 12.4 kcal/mol, Figure 11)
utyl radica gt a 'S‘af‘ce ar too great (4.3 A) to ac |eue:C. than the secondary pathway leading to isobutylene (eq 3).
bond formation 22, Figure 10). The exact balance of this

nonsynchronous but concerted process must be maintained irHO—ONO + isobutane— (CH,) ,C=CH, + H,O +
the reaction vector in order to even get close to the correct H—ONO (3)

transition structure. As noted above TShas a low imaginary

frequency (208.5i cmt) characteristic of the heavy atom motion Our search for the reactant minimum connected to18S-
attending G-O bond formation with H atom transfer from the  proved quite difficult. We were surprised initially to observe a
(CHg)sC—OH,* fragment to the ONO radical presumably after facile abstraction of a hydrogen atom from teet-butyl radical

the barrier is crossed finally leading to MIRD. It is highly by the ONO fragment. This is all the more confusing when you
unlikely that a hydrogen atom is first transferred from water to observe that the ONO radical is actually a rather feeble reagent
the ONO radical due to a very large disparity in the @bond for H abstraction when compared to the OH radids\EF =
energies involved. The ©H BDE of H—ONO is 77.6 kcal/ 30.9 kcal/mol, Figure 8). However, it is the very wealC—H

mol (Table 2) in contrast to the strong—® BDE of water bond of the methyl group (BDE 38.3 kcal/mol) adjacent to
(G3, 118.0 kcal/mol). The ©H bond in H-ONO is much the carbon radical center fart-butyl radical in developing MIN-
weaker than that in eitheris-ONO—O—H (87.3 kcal/mol) or 23 that determines the overall pathway (Table 2).

nitric acid (106.3 kcal/mol). These data argue strongly for a  (f) Oxidation of Dimethyl Sulfide and Dimethylselenide
concerted hydroxylation step with hydrogen transfer to?Be It now remains to resolve the issue of HONO attack on
NO. radical late along the reaction coordinate. This final H closed-shell systems with a filled octet of electrons. The attack
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Figure 11. Potential bifurcation point showing TS-19 leading to both the anticiptgebutyl alcohol product (MIN20) and elimination from theert-
butyl fragment to form water and isobutylene (MRB8). The IRC was carried out at the B3LYP/6-32G(d,p) level. Relative energies in kcal/mol are with
respect to isolated reactants (values in parentheses are with ZPE correction).

Epinding -4.9 (-3.2) -13.9 (-11.6)  17.1 (-14.8) kcal/mol
<CC00=-107.9 <CCS0=-86.4 <CCSe0=-84.2
<COC=112.9 <CSC=100.6 <CSeC=98.2
24 25 26

Figure 12. OH radical adducts of C¥DCHs (24), CHsSCH; (25), and
CHsSeCH; (26) optimized at the UB3LYP/6-31G(d,p) level of theory.
Energy of binding Eninding is based upon total UB3LYP/6-3315(d,p)
energies of the adducts, OH radical, and DMS/DMSe. Numbers in
parentheses are calculated with the ZPVE corrections.

stabilization energy of—2.85 kcal/mol relative to isolated
reactants DMS and HOONO (27a Figure 13).

In this loosely bound complex the- and G-O distances
are 3.085 and 1.445 A. However, the “excited state” of-HO
ONO also forms loosely bound compl@rb with DMS with
S—0 and OG-0 distances of 2.31 and 2.66 A that is only 1.7
kcal/mol higher in energy despite the larger energy difference
betweercis-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 (0= 1.0, we always arrived at the
transition structure with ai®0= 0.0 on the closed-shell
restricted surface. The relatively short-O distances in TS-
28 and TS29 (Figure 13) are also quite indicative of a two-
electron oxygen transfer reaction as we described previdasly.
We are left with the conclusion that the oxidation of such two-
electron nucleophiles as DMS and DMSe follow the pathway
originally suggested, an\3-like attack of the heteroatom lone

of an open-shell species on a second or third row element CaNpair on theo* O—O orbital of GS HG-ONO.

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 Figur@4,2 (

Conclusion
(1) Both cis and trans forms of metastable isomers of

25, and26). While the bonding distance of the OH radical to peroxynitrous acid with elongated-@D bonds have been found

the heteroatoms of dimethyl ether dimethyl sulfide (DMS) and and verified at several levels of theory including QCISD, BD-

dimethyl selenide (DMSe) remains surprisingly constant at 2.3 (TQ), and CASSCF. Metastable isomeis-2 andtrans-2 are

A, the binding energy increases with the size of the heteroatom.only 14.4 (8.2) and 13.2 (7.2) kcal/mol higher in energy than
Thus, it would appear quite feasible that HONO could ground state cis HOONO at the UB3LYP and spin-corrected

react with such two-electron substrates quite readily on the free UB3LYP (in parentheses) levels. This is in excellent agreement

radical pathway (Scheme 1). This problem has been thoroughlywith the MRCI values of 11.7 and 9.0 kcal/mol fois-2 and

examined by Museav et dfb and it was concluded, on the

trans2 with respect toperpHO—ONO ground state.

basis of relative energetics, that in the gas phase a stepwise (2) Transition structures for ©O bond elongation of both

pathway (one-electron oxidation) involving=® 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
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cis and trans ground-state H@NO have been located®0]
= 0.52 and 0.43 at the UB3LYP/6-3315(3df,2p) level], and
we suggest that both T$1 and TSans2 are connected to the
metastable isomerds-2 andtrans-2 retaining a weak contribu-
tion from the G-O bond (HG---ONO).
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singlet of peroxynitrous acid could potentially serve as a latent
' source ofweakly bounchydroxyl radical.
26624

1.936A

1.445A X . (5) Isomerization of peroxynitrous acid to nitric acid does
H \;;‘3843”‘ not involve a concerted 1,2-OH shift but rather involves prior
2959 ! 3085A , O—0 bond dissqciation and recombination. o
1, 2311A (6) The potential energy surface for the HONO oxidation
! of methane to methanol takes place on the unrestricted or open-
27a 27h shell surface and involves metastaldans2. The transition

state for the G-O bond elongation of HOONO, complexed
<CSC=99.8 <CSC=100.7 to a molecule of methane, produces a prereaction complex

<CCS0=-80.4 a2 (MIN-7, Figure 7) in which the HOONO fragment is
E=-758.99762 a.u e & essentially identical to metastakifans2 maintaining a weak
ELyp =2.85 keal/mol Egiap.=-1.13 kcal/mol but discernible G-O bond. The transition state for hydrogen
E.;, (ZPVE)=-4 86 kcal/mol Estap (ZPVE)=-4.54 keal/mol abstraction from methaneT$-8, Figure 7) involving the
metastable form of HOONO is 15.7 kcal/mol lower than the
.’\ .)\, corresponding hydrogen abstraction on the closed-shell surface
1757A 1.6464A (TS-6r, AE* = 31.1 kcal/mol). The activation barrier for
0_‘ hydrogen abstraction from methane by a free hydroxyl radical
) : is only 2.3 kcal/mol (Figure 8).
2.3 5A 2'61"6’3‘ (7) Peroxynitrous acid oxidation of isobutane also involves
. . metastabletrans2 hydrogen bonded to isobutan#IN-16,

Figure 9). The hydrogen abstraction stepS{17) has an
<CSC=100.6 <CSeC=97.8 activation energy of 9.6 kcal/mol relative to isolated reactants
<CCS0=-89.0 <CCSe0=-84.6 GS HO-ONO and isobutane but only 0.3 kcal/mol relative to
Ts-28 TS-29 its prereaction compleMIN-16. Significantly, the metastable
=-758.99287 a.u E=-2762.32896 a.u. form of HO—ONO, trans2, is readily identifiable in the
W=168'5' cm-1 v,-=328.6| om-1 transition structure for hydrogen abstraction having anGD
AE?=0.13 kcflf'ml AE™=1.28 k:a”m"l bond distance of 2.37 A and an ONO angle of 134This
A(E+ZPVE)"=-2.17 keal/mol  A(E+ZPVE)™=-3.86 kcal/mol hydrogen abstraction TS on the unrestricted surfa&17) is

g"ﬁl‘g e 13& U‘f3'-tYEICS'31§* Gfﬁvg)“hoé’?gzﬁgégzng'%es gfzs;g(sm'jg: 5.9 kcal/mol lower in energy than the corresponding closed-
and metastablkgans2Z wi a .0)an . . _

0.9)] and two transition structures for the reaction of HONO with DMS shell or restricted pOIer_]t'al energy surfa@&(1%, A_E =155 )
(TS-28) and DMSe (TS29) optimized at the RB3LYP/6-31G(d,p) level kcal/mol). These combined data corroborate earlier suggetions
of theory. The complexation energlis(x) and the activation barrierE* that some form of activated or excited peroxynitrous acid {HO

andA(E+ZPVE)] are calculated with respect to isolated reactants [DMS * ; in hi ;
(~478.066 69 al) DMSe-(2481.400 54 au), and HOONGQis—cis ONO*) could be involved in biochemical processes.

(—280.926 38 au)]. (8) The overall hydrocarbon oxidation process involving
metastable forms of peroxynitrous acid is very likely a concerted
but nonsynchronous reaction, since the hydroxylation st€p (
19) involving attack of a water molecule on a putatitert-
butyl radical cannot readily take place in the absence of the
obligatory transfer of a hydrogen atom from water to the
developing?B, 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 metastableis-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.

(3) Geometry optimization of bothis-2 andtrans-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 dis-2:3H,O and trans2:3H,0), are stable
minima only 12 kcal/mol higher in energy than solvated ground-
state HG-ONO. We suggest that these types of solvated
metastable forms of peroxynitrous acid represent the elusive
higher lying biradicaloid minima (HOONO?*) described previ-
ously in the experimental literature.

(4) Isomeric forms oftis-2 andtrans2 (4A and 4B) with
the hydroxyl radical weakly hydrogen bonded to the ONO
radical fragment*OH----ONCO) are slightly higher in energy
than metastableis-2 and trans2 at the UQCISD/6-311G- Acknowledgment. This work was supported by the National
(d,p)//UQCISD/6-311G(d,p) level (Table 1) but slightly lower  Science Foundation (CHE-0138632) and partially supported by
in energy with a G3B3 energy correction when the geometries the National Computational Science Alliance under CHE990021N
are optimized at the B3LYP/6-33#1G(3df,2p) level. The energy ~ and utilized the NCSA SGI Origin2000 and University of
difference does widen to-8 kcal/mol when the Yamaguchi  Kentucky HP Superdome.
correction to the spin-contamination is included. However,
isomeric4A and 4B 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 agueous soldtittawever,
in a hydrophobic environment both forms of these higher lying JA044245D
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