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Rearrangement Pathways of Arylperoxy Radicals. I. The Azabenzenes
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The potential energy surfaces for the reaction of pyridinyl radicals withh&e been studied using the
B3LYP method. The initial production of the pyridinylperoxy radical followed by either simple decomposition

or rearrangement to yield the intermediates (pyridinyloxy, dioxiranylpyridinyl, or dioxetanylpyridinyl radicals)
has been explored. Transition-state structures for most of the steps are presented as well as relative free
energies over a range of temperatures from 298 to 2000 K. The energetics of the analogous intermediates for
the reaction of @and other azabenzene radicals derived from pyridazine, pyrimidine, and pyrazine are also
provided. Q dissociation from the arylperoxy radical is preferred rather than the loss of O atom to generate
the corresponding aryloxy radical, and this preference is contrary to phenylperoxy radical decomposition.
However, the formation of a dioxiranyl radical intermediate is the most accessible intermediate from the
peroxy precursor at temperature800 K. Dioxetanyl intermediates are less favored but may provide a route

to NOy generation from nitrogen substitution in aromatic fuels.

I. Introduction <|J
Understanding the processes involved in coal combustion is 0.

difficult owing to the complex nature of coal and the diverse _—

structural units present in the different ranks of o resolve TS 2b-5b

the chemical processes that occur during coal combustion, many 2b

workers have relied on the use of monocyclic model compounds,
such as benzene, pyridine, furan, and thiophene, to gain some '

o—o0O

understanding into the combustion of organic fuels. As the

“standard” aromatic ring, numerous studies have been completed

on the oxidative, thermal decomposition of benzérfe. /v; 5a
Nitrogen-containing aromatic rings also constitute a signifi- ®

s
O
cant fraction of coal, and oxidation of these units contribute to . 0\0. }0
NO generation in coal-fired boilerdMost studies with pyridine Y0 — o S
or the diazines have focused on the pyrol§/sié of these )
2a

compounds, and oxidative pyrolysis has been less well stdéied. ! 4
C—H bond dissociation enthalpies (BDEs) have been determined

h L 75 0
for some of these monocyclic azabenzenes, and a significant Xas\
+0
3

TS 2a-2b

I\\\\\‘..

stabilizing effect on the radical has been noted when nitrogen
is present in the ring?

Several studies on the reaction of phenyl radidiith O, Figure 1. Reaction mechanism of phenyl radical with,.OThis
have shown the importance of phenylperoxy radi@lg(s a numbering sequence will be used throughout the text, tables, and figures

i i 3,14 i i i . . ; . o
key_'ntermed'até' As depicted in Figure 1, the pher_lylperoxy to identify the analogous intermediate and transition state for each
radical can then further decompose or rearrange via a numberazapenzene system.

of different pathways, including a phenoxy radicd),(a

dioxiranyl radical 4), or possibly a dioxetanyl radicab) before In this paper, we present a detailed potential energy surface
ultimately decomposing to the cyclopentadienyl radical, CO, for the reaction of pyridinyl radicals with £ as we have
CO,, and a number of other hydrocarbdi§:16 explored the analogous decomposition pathways as depicted in

Recently, we have explored the mechanisms for the reactionFigure 1 for phenyl radical with ©1n particular, the reactivity
of phenyl radical with @ in great detail (including transition  ©f the pyridinylperoxy and diazaarylperoxy radicals are com-
states), and earlier, we have presented a thermodynamic studpared with phenylperoxy radicals at temperatures ranging from
for the decomposition of some other aryl species, including the 298 to 2000 K.
2-pyridinyl radical*® We, and others, have shown that density
functional theory (DFT) method%can be accurately applied
to aromatic radicals, and at reasonable expense, as spin All geometry optimizations, vibrational frequency calcula-
contamination is not a significant probleih® tions, and single-point energy determinations were completed
with Gaussian 94 and 98 at the Ohio Supercomputer Center or
* Corresponding author: hadad.1@osu.edu, 614-292-1685 (FAX). on our IBM RS/6000 workstation'§:2°
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The B3LYP/6-31G* hybrid density functional theory level
was employed to determine the optimized geometries and
vibrational frequencies of all stationary poigts24 Single-point
energies were also determined at the B3LYP/6-8G1* level,
as it has been shown that there is a small basis set effect with
oxygen-containing systems when determiningkCbond dis-
sociation energie® The B3LYP/6-313-G** single-point ener-
gies should provide better relative energies. We have also
determined single-point energies at the UCCSD(T)/6-31G**
level of theory for several key intermediates and transition states
in order to compare with our B3LYP resuf%All basis sets
used six Cartesian d functions.

Vibrational frequencies were calculated for each stationary
point in order to confirm each structure as a minimum or a
saddle point, and each stationary point had the correct number
of real and imaginary vibrational frequencies. The zero-point
vibrational energy (ZPE) corrections were also obtained and
scaled by a factor of 0.980%. All transition states were
confirmed to connect to the corresponding reactant and product
by displacing (typically 10%) the geometry along the reaction
coordinate for the imaginary vibrational frequency in either
direction, which was then followed by a careful optimization
(opt=calcfc or opt=calcall) to the corresponding minimum.

Spin contamination for most stationary points was negligible.
The [F0values for all of the minima and for most of the
transition states fell below 0.80 for these doublet species. Those
specific transition states that suffered from excessive spin
contamination will be discussed below, and their energies and
geometries are considered to be suspect.

To determine the thermodynamic contribution to the free
energy of each molecule at temperatures ranging from 298 to
2000 K, Thermo9% was used to calculate the partition function
contributions derived from the optimized geometry and the
unscaled vibrational frequencies as calculated by Gaussian. The
overall Gibbs free energy at each temperature was derived from
the single-point energy, the scaled ZPE, the thermodynamic
contribution (enthalpy and entropy), and the electronic contribu-
tion to the free energy. The only molecule that received different
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treatment was O atom, where experimentllgetermined

splitting energies were included in the electronic component of

the partition function for the free energy calculation.

The energies discussed throughout are Gibbs free energies

computed at the B3LYP/6-3#1G**//B3LYP/6-31G* level (at

298 K, unless noted otherwise) and are relative to the Gibbs

free energy of the corresponding arylperoxy radical.

IIl. Mechanism of the Pyridinyl Radical + O, Reaction

A. Formation of the Pyridinylperoxy Radical Intermediate
(1 — 2a). Experimentally, pyridinylperoxy radicals are formed
by the rapid addition of @to the pyridinyl radical in the
condensed phasé At 298 K, this reaction is calculated to be
exoergic by—28.5 kcal/mol for 2-pyridinyl radicak-30.4 kcal/
mol for 3-pyridinyl radical, and-29.9 kcal/mol for 4-pyridinyl
radical. The free energy of activatiolG*, 298 K) for the
formation of 2-pyridinylperoxy and 4-pyridinylperoxy radicals
from their respective precursors is 6.2 kcal/mol, while the
corresponding value for 3-pyridinylperoxy radical is 7.2 kcal/
mol.

The transition states for the formation of the pyridinylperoxy
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Figure 2. Mechanisms of the (a) 2-pyridinyt O, (b) 3-pyridinyl +

O, and (c) 4-pyridinyl+ O; reactions showing Gibbs free energy of
activation barriers (relative to the appropriate reactant) and Gibbs free
energies of each intermediate at 298 K (relative to the corresponding
23) at the B3LYP/6-313+G**//B3LYP/6-31G* level.

kcal/mol andAG* = 6.1 kcal/mol, and the transition state for
formation of phenylperoxy radical ha@]= 1.76 and an
imaginary vibrational frequency of 6.2m=116 The lowest
energy conformations of the 2-, 3-, and 4-pyridinylperoxy
radicals haveCs symmetry with?A" electronic ground states.
The rearrangement or unimolecular decomposition of the
pyridinylperoxy radicals to yield several different intermediates
was explored. To compare structures between phenyl radical

radicals have been found, but they suffer from excessive spinand the azaaryl radicals, we have chosen to use a consistent

contamination (800~ 1.8) and have very small imaginary
vibrational frequencies, ranging from 718 16.5 cm~%. These

naming system, as depicted in Figure 1, where, for example,
each2aisomer is a peroxy radical derived from the correspond-

values are very similar to previously reported calculations for ing aryl radical. Also, thex isomer is always more stable than

the addition of @ to phenyl radical whereAG = —32.3

theb isomer when there is more than one unique way to orient
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135N TABLE 1: Gibbs Free Energies (298 K) for All
1.311_N.q.387 0 1350 N<4.321 B Intermediates and Transition States at the B3LYP/
Z 1.248 L C s 1.382 6-311+G**//B3LYP/6-31G* Level
1.424 1.455 . .
S 1,257 1.447 1 TS1-2a 2a TS2a3 3 TS2a4 4
1398 71,383 17T 0 Iz phenyl 323 384 00 510 273 272 226
» . » 2-pyridinyl 285 347 00 376 305 30.8 253
2-pyridinyloxy (3) 3-pyridinyloxy (3) 4-pyridinyloxy (3) 3-pyridinyl  30.4 37.6 0.0 a 26.8 271 220
5 ) : . . . . . .
G oA Cora oA 4-pyridinyl 299 361 0.0 37.7 310 303 26.0
Figure 3. Molecular structures and critical bond lengths (A) of the
pyridinyloxy radicals (B3LYP/6-31G*). TS2a5a 5a TS2a2b 2b TS2b-5b 5b
phenyl 46.2 448 b b b b
the group. (For phenyl radical, theaeandb isomers are the 2-pyridinyl 42.7 40.0 45 1.3 46.7 —33.7
same structure.) 3-pyridinyl 48.1 46.9 4.2 0.6 43.8 41.3
4-pyridinyl 47.3 45.5 b b b b

The first pathway in the unimolecular decomposition of
pyridinylperoxy radical 2a) is the cleavage of the ©0 bond aDespite numerous attenlpts, this stationary point could not be
to yield the pyridinyloxy radical and O ator@g— 3). Another Ioc;tsed_atsghe B3LYP/6-31G* levet.Owing to symmetry2a = 2b
pathway would be the rearrangement of the pyridinylperoxy &"4°2= =
radical to form a dioxiranyl intermediat@# — 4). Finally, the decomposition of 2- and 4-pyridinylperoxy radicah88 kcal/
production of dioxetanyl intermediates either from the lowest o] with barriers of~7 kcal/mol for the reverse reaction. In
energy conformation of pyridinylperoxy radic&d— 5a) or  ap analogous computational study, it was determined that the
from a rotation of the peroxy functional group followed by ring o atom addition to vinyloxy radical (Ci#CHOs) to form
closure pa— 2b— 5b) are also possibilities. All of the energies ¢ =CHOO is nearly barrierles® This observation correlates
reported in the tables as well as those discussed within the textye| with the B3LYP/6-314G**//B3LYP/6-31G* bottom-of-
are relative to the energy of the most stable conformation of he_well energy difference of only0.1 kcal/mol between the
the respective arylperoxy radical (i.e., the correspondlag 2. and 4-pyridinyloxy radicals and O atom complexes, as

structure). N o compared to their respective transition states that lead to the
B. Unimolecular Decomposition of the Pyridinylperoxy peroxy radicals. Also, both calculated transition states suffer

Radicals to Yield Pyridinyloxy Radicals and O Atom (2a— from excessive spin contaminatiof{]= 1.72), and these

3). Pyridinylperoxy radicals can decompose via the homolysis energies are suspect quantitatively.

of the O-0O bond to produce the pyridinyloxy radica, (Figure C. Rearrangement of Pyridinylperoxy Radicals to Yield

2) and O atom. This reaction is an endoergic process at 298 Kthe Dioxiranylpyridinyl Radical Intermediates (2a — 4). The
for the 2-, 3-, and 4-pyridinylperoxy radicals. The order of isomerization of an arylperoxy radical through the ring closure
stability of the pyridinyloxy radicals as compared to their peroXy of the terminal oxygen to the proximal ring carbon (1,1-addition)
radical precursors is 3= 2- > 4-pyridinyloxy radical. From  forming a dioxiranyl intermediate4( Figure 2) was first
the B3LYP/6-31G* Optimized geometries of these molecules proposed by Carpenﬁéras a possible key Step in the uni-
(Figure 3), it is apparent that all of the pyridinyloxy radicals molecular decomposition of phenylperoxy radical. This proposal
delocalize the unpaired electron around the ring, resulting in was further supported by B3LYP and CCSD(T) studies, which
some enhanced stability. This delocalization also occurs for haye shown that the dioxiranyl radical pathway for phenylperoxy
phenoxy radicat® The 2-pyridinyloxy radical has dominant ragdical is favored at temperaturest250 K16 Therefore, it is
C=N and C=C bonds in the ring. The 4-pyridinyloxy radical  not surprising that the dioxirany! radical intermediates from the
is more delocalized, and the-M bonds are more similar to  pyridinylperoxy radicals are the most stable at 298 K.
the 3-pyridinyloxy radical. Each of these structures has an  The rearrangement of pyridinylperoxy radica) fo form the
azapentadienyl radical delocalization; however, they differ in dioxiranyl radical ) is an endoergic process owing to the loss
the location of the N atom relative to the unpaired electron. In of gromaticity in the pyridinyl ring, but some stability is gained
the 3-pyridinyloxy radical, the unpaired electron cannot be on through the delocalization of the electron throughout the ring.
N, and this confers some stability as the electrefectron  The order of stability for the dioxiranylpyridinyl radicals is 3-
repulsion between the N lone pair (in tesystem) and the  (4+22.0 kcal/mol)> 2- (+25.3 kcal/mol)> 4- (+26.0 kcal/
unpaired electron (in the system) is minimized. In the 2- and  mol) and is related to the ability of each system to delocalize
4-pyridinyloxy radicals, the unpaired electron can be delocalized the electron as well as the electron-withdrawing nature of the
onto N. These results are not surprising given that the ring nitrogen with respect to the position of the dioxirany!
experimental G-H bond dissociation energies of 2-, 3-, and  functional group.
4-pyridinol are 99, 93, and 100 kcal/mol, respectivély. The free energies of activation at 298 K for forming the

The differences in stability of these pyridinyloxy intermediates dioxiranyl radicals 4) are the lowest of any explored on these
are reflected in theAG(298 K) for the unimolecular decomposi-  potential energy surfaceAG*(298 K) is ~30 kcal/mol for the
tion of the pyridinylperoxy radicals to the pyridinyloxy radical  formation of 2- and 4-dioxiranylpyridinyl radicals, while the
and O atom (at infinite separation). The endoergicity of this barrier is only ~27 kcal/mol for the 3-dioxiranylpyridinyl
reaction for 3-pyridinylperoxy radical i$26.8 kcal/mol, which radical. Therefore, the rearrangement of the pyridinylperoxy
is very similar to the+27.3 kcal/mol value calculated for the radical @a) to yield the corresponding dioxiranylpyridinyl
analogous reaction with phenylperoxy radical. This energy is radical @) is the energetically most favorable pathway at 298
3—4 kcal/mol more favorable than for the 2- or 4-pyridinyl- K, which is similar to the observations made for phenylperoxy
peroxy radicals (Table 1). radical.

The free energies of activation for the scission of the@ D. Rearrangement of Pyridinylperoxy Radicals To Form
bond in 2- and 4-pyridinylperoxy radicals have been determined, a Dioxetanylpyridinyl Radical Intermediate (2a — 5a or 2a
but attempts to find the analogous transition state for 3-pyridi- — 2b — 5b). The 1,2-addition of the terminal oxygen in the
nylperoxy radical have been fruitless. TAG&*(298 K) for the pyridinylperoxy radicals to a neighboring carbon or nitrogen
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TABLE 2: Free Energies of Activation Leading from TABLE 3: Gibbs Free Energies (298-2000 K) for All
Arylperoxy Radicals as a Function of Temperature at the Intermediates at the B3LYP/6-31H1-G**//B3LYP/6-31G*
B3LYP/6-311+G**//B3LYP/6-31G* Level Level
TS 1-2a TS 2a-2b TS ?2a-3 TS2a-4 TS 2a-5a TS 2b-5b 1 2a 2b 3 4 5a 5b
298 K 298 K
phenyl 38.4 a 51.0 27.2 46.2 a phenyl 323 00 a 273 226 448 a
2-pyridinyl  34.7 4.5 376 308 427 46.7 2-pyridinyl 285 0.0 1.3 305 253 40.0-33.7
3-pyridinyl ~ 37.6 4.2 b 271 481 43.8 3-pyridinyl 304 00 06 268 220 469 413
4-pyridinyl ~ 36.1 a 377 303 473 a 4-pyridinyl 299 00 a 31.0 260 455 a
500 K 3-pyridazinyl 271 0.0 1.1 253 259 39.6-44.6
phenyl 34.9 a 49.8 27.6 46.9 a 4-pyridazinyl 269 0.0 06 28.6 23.6 453 427
2-pyridinyl ~ 31.0 5.2 363 311 43.4 47.0 2-pyrimidinyl 284 0.0 a 342 281 —-336 a
3-pyridinyl  34.5 5.0 b 27.4 48.8 445 4-pyrimidinyl  26.8 0.0 1.2 34.6 293 40.4-333
4-pyridinyl ~ 32.4 a 371 305 48.0 a 5-pyrimidinyl 289 0.0 a 294 217 432 a
1000 K pyrazinyl 26.2 0.0 0.8 285 2238 35.4-34.3
phenyl 26.6 a 46.8 28.6 49.0 a 500 K
2-pyridinyl  22.1 7.6 33.0 32.3 455 48.3 phenyl 249 00 a 20.6 22.8 452 a
3-pyridinyl  27.3 7.4 b 28.4 50.9 46.8 2-pyridinyl 20.5 0.0 11 23.8 255 40.5-33.6
4-pyridinyl  23.5 a 35.9 315 49.9 a 3-pyridinyl 225 0.0 0.5 20.1 22.2 47.3 41.8
1500 K 4-pyridinyl 220 0.0 a 243 261 459 a
phenyl 18.7 a 4.3 30.1 51.5 a 3-pyr!dazinyl 19.2 0.0 0.4 18.4 25.8 40.1-44.4
2-pyridinyl  13.6 104 301 339 481 50.0 4-pyridazinyl ~ 19.1 00 05 218 237 455 431
3-pyridinyl  20.5 10.3 b 298 534 495 2-pyrimidinyl 206 0.0 a 275 284 -333 a
4-pyridinyl  15.0 a 35.0 32.7 52.2 a 4-pyrimidinyl 18.8 0.0 1.0 27.8 294  40.8-33.1
2000 K 5-pyrimidinyl 211 00 a 23.1 218 438 a
phenyl 11.0 a 420 318 542 a pyrazinyl 183 0.0 0.6 21.7 229 36.0-34.0
2-pyridinyl 5.4 13.6 274 357 50.9 51.9 1000 K
3-pyridinyl  13.9 13.6 b 31.5 56.2 52.5 phenyl 71 00 a 39 229 460 a
4-pyridinyl 6.8 a 343 342 548 a 2-pyridinyl 19 00 05 6.8 255 41.4-33.2
a0wing to symmetry2a = 2b and5a = 5b. ? Despite numerous igzzg:%: gé 88 a0'4 7:_353 2%_21'1 4?3?5'2 a42.9
atteTpts, this stationary point could not be located at the B3LYP/6- 3-pyridazinyl 05 00 —15 11 25.3 41.1 —43.9
31G* level. 4-pyridazinyl 0.6 00 04 47 235 460 439

. - . . 2-pyrimidinyl 24 00 a 10.7 289 —32.9 a
atom in the pyridine ring can occur either from the most stable 4-B¥rimidingl 02 00 05 107 292 41.7-32.9

conformation 2a) of the pyridinylperoxy radical or following 5-pyrimidinyl 30 00 a 71 218 452 a

the rotation Ra — 2b) of the peroxy group (Figure 2). The  pyrazinyl -01 00 00 47 229  37.4-335

barrier to rotation AG*, 298 K) is~4 kcal/mol for both 2- and 1500 K

3-pyridinylperoxy radicals, while the activation barrier for phenyl -10.1 00 a —127 228 466 a

dioxetane formation (1,2-addition) ranges from 42.7 to 48.1 g-pyriginy: —13-% 8-8 —0(-)12 —ig-‘ll gig ig-s —3i-§9
i i i idi -pyridin —13. . 2 —13. . . .

I:;;I(/:rglgl. for the formation of all possible dioxetanylpyridinyl 4-8¥ridin¥ll “1ia 00 a “os 58 469 =

. . Lo . 3-pyridazinyl —17.6 0.0 —3.5 —-16.2 246 42.0 —43.3
Formation of the dioxetane ring is endoergic, wits(298 4-B§ridazin§| —172 00 03 —12.3 231 46.3 446

K) ranging from +40.0 to +46.9 kcal/mol for all reactions  2-pyrimidinyl —15.2 0.0 a -6.1 29.2 —-325 a
explored except for the one resulting in the 2-pyridiByl- 4-pyrimidinyl —17.9 00 -01 —6.5 289 424 -327
intermediate (Figure 2). The reaction, which yields 2-pyridinyl- S-pyrimidinyl —14.5 00 a  —88 216 465 a
5b from 2-pyridinyl-2b, is highly exoergic +33.7 kcal/mol at pyraziny| -178 00 -05 -123 227 388 —32.9
298 K). This 1,2-addition reaction is unique as the activation 2000 K
barrier is similar to the production of the other dioxetanes, but P"eY! —26.9 00 a = —293 227 472 a

. . o 2-pyridinyl —33.6 0.0 —-0.7 —27.0 253 43.0 —32.6
the product gains stability through the scission of theG@bond. 3-pyridinyl —311 00 00 —-301 216 496 449
The B3LYP/6-31G* optimized geometry of this molecule 4-pyridinyl 319 00 a -261 255 473 a

suggests that the radical is localized on the O attached to the N3-pyridazinyl —35.2 0.0 —5.4 —33.3 239 429 —428
since the N-O bond length is 1.270 A, which is typical of an ~ 4-pyridazinyl —34.5 0.0 0.2 —29.3 226 46.6 452

N—O single bond. (Such nitrosyl radicals are very stable and igg:m:g:%: :gg-i 8-8 786 :gé-g gg-g _3fé00 7334
are often used as spin traps in EPR spectroségpy. S-pyrimidingl —31.6 00 a -247 213 477 a

The reaction mechanism and energetics for NO extrusion from pyrazinyi —351 0.0 —1.0 —-293 224 401 —-32.4
2-pyridinyl-5b (and related isomers) will be presented in a
subsequent pap&rand may proceed in a manner analogous to
CO extrusion from the phenoxy radical as first proposed by to occur with similar energetics for all of the dioxetanylpyridinyl
Colussi et aft radicals.

Although the dioxetanyl pathway possesses the largest E. Comparison of the Reaction Pathways as a Function
activation barrier of any of the reactions studied here, it cannot of Temperature. Several general trends are observed when the
be wholly discounted. In our previous study of the unimolecular Gibbs free energies and activation barriers are compared at
decomposition of phenylperoxy radical, the dioxetanyl inter- temperatures ranging from 500 to 2000 K (Tables 2 and 3). On
mediate showed similar energetics (Table 1) but could readily the basis of free energies of activation, the most accessible
break the @-O bond AG* = —0.3 kcal/mol at 298 K) to form pathway for the pyridinylperoxy radicals at temperatur&®0
a very stable intermediaté\G = —18.0 kcal/mol at 298 K}% K is the production of the dioxiranyl intermediate. At temper-
This overall, exoergic process for<D cleavage, analogous to  atures>1000 K, the loss of @from the pyridinylperoxy radical
the one-step reaction that yields 2-pyridifd; can be expected  to regenerate the pyridinyl radical has the lowest activation

a0wing to symmetry2a = 2b and5a = 5h.
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TABLE 4: Relative Energies (kcal/mol) at Different Theoretical Levels for a Few Important Intermediates and Transition

States for 2-Pyridinyl Radical

2a TS 2a-2b TS 12 TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b
UMP2/6-31G** 0.0 3.1 61.7 64.0 54.5 70.6 105.6
UMP3/6-31G** 0.0 2.8 56.1 432 45.9 62.6 91.9
UMP4(SDQ)/6-31G** 0.0 3.2 51.4 40.6 41.9 57.3 86.8
UCCSD/6-31G** 0.0 3.6 43.0 31.7 33.3 46.6 60.2
UCCSD(T)/6-31G** 0.0 4.0 443 36.9 325 44.7 b
UB3LYP/6-31H-G** 0.0 4.4 4138 42.0 321 43.4 476
UB3LYP/6-31G* 0.0 5.1 44.5 46.1 31.7 43.0 49.1
UB3LYP/6-311-G** [$0] 0.76 0.75 1.76 1.79 0.78 0.77 0.76
UCCSD(T)/6-31G*[$] 0.77 0.76 2.40 2.40 1.43 1.43 1.90

2The B3LYP/6-31G* geometry was used in each case, and the energies are at the bottom-of-thEhee€.CSD equations could not be
converged to the necessary accuras{@ ’ au) by Gaussian 98 in order to complete the UCCSD(T) calculation. The corresponding CCSD energy

for TS 2b-5breflects a 10° au convergence.

barrier. This feature, especially when coupled with the knowl-
edge that the reaction of pyridinyl radical with, @t temper-
atures greater than 1000 K is endoergic, decreases the likelihood
of the pyridinylperoxy radical as an intermediate at high
temperatures. Furthermore, at 2000 K, the transition state for
loss of Q has a lower free energy of activation than rotation of
the peroxy functional group on the pyridinylperoxy radicals.

Another distinct trend is the similarity of the 3-pyridinyl
radical with G potential energy surface (PES) with that of the
phenyl radical with @. Notably, the Gibbs free energy of the
3-pyridinyloxy or phenoxy radical3) with O atom at infinite
separation is more stable than the 3-pyridinyl or phenyl radical
with O, at temperatures<1500 K. In stark contrast, 2- and
4-pyridinyl radical with Q complexes are more energetically
favored than their pyridinyloxy radical counterpart at all
temperatures. This is an important trend since théHBDESs
in pyridine, based on either calculatédr experimentaf values,
is 2- < 4- ~ 3-pyridinyl radical. As the €H BDE to generate
the 2-pyridinyl radical is~5 kcal/mol more favored than at the
other positiond?12the trends of the 2-pyridinylperoxy radical
are of increased importance. The greatest contrast in the PES
of 2-pyridinylperoxy radical versus that of 3- or 4-pyridinyl-
peroxy radicals is that at temperatures as low as 500 K, the
free energy of activation for the loss 0, @1.0 kcal/mol) is
equivalent to the barrier for dioxiranyl formation (31.1 kcal/
mol), while the overall loss of ©is less endoergic.

F. Comparison of Theoretical Levels. We have also
calculated single-point energies at the UCCSD(T)/6-31G** level
for 2-pyridinylperoxy radical and its transition states to evaluate
the quantitative accuracy of the B3LYP energies. These relative
energies (at the bottom of the well) are provided in Table 4.
The UCCSD(T) energies are in good qualitative and quantitative
agreement with the B3LYP results, except for structur&s
2a-3andTS 2b-5h

The TS 2a-3calculations at both the B3LYP and UCCSD-
(T) levels experience significant spin contamination problems
(0= 1.79 and 2.40, respectively), and these energies are
suspect quantitatively. FOFS 2b-5b, the B3LYP calculation
had negligible spin contaminatiod®= 0.76), while the UHF/
6-31G** wave function had excessive spin contaminatich[{
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= 1.90) and also failed to converge the coupled-cluster equationsFigure 4. Mechanisms of the (a) 3-pyridazinyt O, and (b)

for the UCCSD calculation.

4-pyridazinyl + O, reactions showing Gibbs free energies of each

intermediate at 298 K (relative to the correspond2apat the B3LYP/

IV. Other Azabenzenes: Pyridazine, Pyrimidine, and
Pyrazine

6-3114+-G**//B3LYP/6-31G* level.
As noted in previous computatioddf®> and experimental

We have also examined the reactivity (by calculating relevant studies?° H-atom abstraction is favored at positions ortho to
intermediates) of three diazines: pyridazine (Figure 4), pyri- the ring nitrogen followed by a slight preference for para over
midine (Figure 5), and pyrazine (Figure 6). In observing trends meta (Figure 7). When the-€H BDE is low for generating
for these diazines, the best indicator for reactivity of the peroxy the parent radical prior to £addition, the relative free energies

radicals are the €H BDEs from the parent aromatic compound.

for the decomposition or rearrangement of the peroxy radical
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Figure 5. Mechanisms of the (a) 2-pyrimidinyt O, (b) 4-pyrimidinyl
+ O, and (c) 5-pyrimidinyH- O, reactions showing Gibbs free energies

of each intermediate at 298 K (relative to the correspondeaat the
B3LYP/6-311G**//B3LYP/6-31G* level.

are similar to those calculated for the 2-pyridinylperoxy radical.
On the contrary, the higher the-& BDE, the more closely
the system resembles that of phenylperoxy radical.

The first significant trend is that the loss o @om the parent
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Figure 6. Mechanism of the pyrazinyt+ O, reaction showing Gibbs
free energies of each intermediate at 298 K (relative to the correspond-
ing 2a) at the B3LYP/6-31+G**//B3LYP/6-31G* level.

Increasing C-H Bond Dissociation Enthalpy?
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Figure 7. Observed trends of arylperoxy radical decomposition
compared to the related-¢H BDE as a function of temperature.

Vertical lines represent the temperature of the crossover point for
preference of the first pathway over the secch8ee ref 12.

500K 1000 K

3-pyridazinyloxy (3)

arylperoxy radical is less endoergic than the loss of O atom
leading to the aryloxy radical at all temperatures studied for -
most of the azabenzenes (Figure 7 and Table 3). Exceptions td_'9uré 8. Molecular structure and critical bond lengths (A) of
this trend are the 3-pyridazinylperoxy and 3-pyridinylperoxy 3-pyridazinyloxy at the B3LYP/6-31G* level.

radicals. The reasons for the inverse relationship for 3-pyridin- ¢ system (Figure 8). This is in contrast to all of the other aryloxy
ylperoxy radical were discussed above and are not the sameradicals, for which théA'"" (r) electronic state is more stable
causes for the unique stability of 3-pyridazinyloxy radical. than the?A’(o) state. Therefore, in the 3-pyridazinyloxy radical,
Calculations for the 3-pyridazinyloxy radical reveal that the most the unpaired electron is centered on the proximal ring N to the
stable electronic state #8\’, i.e.; the unpaired electron is in the carbonyl group in as orbital so as to maintain the ring's

C,, A
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