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Key Intermediate in the Oxidation of Benzene
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Density functional theory was utilized to determine whether the addition,(£¢) to 2-oxepinoxy radical,

a proposed intermediate in the unimolecular decomposition of phenylperoxy radical, followed by unimolecular
rearrangement and decomposition results in the formation of experimentally detaet€d @oducts via
oxidative combustion of benzene. B3LYP/6-31G* geometries for possible pathways resulting from the initial
formation of 1,2-dioxetanyl, 1,3-peroxy, 1,4-peroxy, hydroperoxy, and peroxy moiety scission intermediates
were calculated. Energies were determined by B3LYP/6+33* single-point energy calculations on the
B3LYP/6-31G* geometries. For the;@ddition steps and most favored pathway, the B3LYP/6-31G* geometries
were reoptimized and energies obtained via the CBS-QB3 method. The B3LYP/6-31G* geometries were
also used to obtain the energetic parameters to generate the free energy profiles for all pathways at 298, 500,
750, 1000, and 1250 K. For temperatures between 298 and 750 K, the formation of peroxyoxepinone radicals
and their decomposition pathways and products are competitive with those proposed by Fadden for the
unimolecular decomposition of 2-oxepinoxy radical. However, a large entropic penalty, associated with the
step for Q addition to 2-oxepinoxy radical, is incurred at higher temperatures, thereby making these pathways
less competitive as the temperature rises. At temperatut@80 K, the same pathway maintains the lowest
overall free energy profile and corresponds to rearrangement of 6-peroxyoxeplapteeform a 1,4-peroxy
intermediate between the ring carbons adjacent to the ester mbiy followed by release of C£xo form
5-oxapentenal radicaR(c), which then cyclizes32c) and releases formyl radical, thereby generating furan,
CO,, and formyl radical as final productd@a). At 1250 K, all pathways proceeding from 2-peroxyoxepinone

(1a) and through the peroxy bond scission intermedid&s) have the lowest free energy profile.

I. Introduction species. The commonly accepted high-temperature mechanism
) ) for the initiation reaction of benzene oxidation with molecular

~ For years, chemists have been working toward an understand-oyygen results in the generation of phenyl and hydroperoxyl

ing of the oxidation of aromatic compounds. Aromatic cOm- | a4icals (eq T)1followed by the addition of molecular oxygen

pounds are major constituents in various fuels, including coal 5n4 concomitant or simultaneous loss of oxygen até) (eq
and gasoline, thereby consumed by combustion processes tQ) 7-o

generate energy for numerous uésBenzene, as well as

toluene and other mono- and dialkyl benzenes, have been shown CgHg + O, — CgHs + HO, (1)
to be present in air masses around industrial regions in
significant amount$: Most of their presence can be attributed CeHs + 0,— CH:0 + OCP) 2

to incomplete decomposition of the fuel during combusfén.

Benzene and benzene derivatives have also been shown to Yu and Lin!2 however, successfully performed kinetic studies
aggregate into polycyclic aromatic hydrocarbons (PAHS) in to determine the rate of reaction of phenyl radical withuSing
pyrolysis environments. Heavy PAHs, in turn, can act as seedscavity ring-down (CRD) spectroscopy and detected phenyl-
for the formation of particles of soot, which leads to poor local peroxy radical at temperatures as high as 473 K. Using a flow
and regional air quality and has adverse effects on humansystem to analyze the reaction of benzene apih@ nitrogen
health®® An understanding of the processes involved during diluent at 685 K, Norrish and Tayl¥t predicted that phenyl-
the combustion and oxidation of aromatic compounds is peroxy radical was a probable intermediate by identification of
necessary to control their emission and influence on air quality. o- and p-dihydroxybenzenes formed as products.

Due to the prominence of aromatics in fuels, the oxidation = Computational methods have also been utilized to determine
of benzene, the most basic aromatic compound, has been théhe most thermodynamically and kinetically viable mechanistic
subject of numerous studies. Experimental studies using masgpathways involved in benzene oxidati®n?® Theoretical studies
spectrometric detectidnt! at high to intermediate temperatures by this group'® based on B3LYP/6-31G**//B3LYP/6-31G*
and various fuel/oxidant ratios indicate that the most common free energies, predicted that the phenylperoxy radical is the more
products of benzene oxidation are £@0O, GH; (acetylene), thermodynamically favored intermediate, relative to phenoxy
cyclopentadienyl radical, and various unsaturatgd,@nd GOy radical, atT < ~450 K, whereas al > 450 K, entropy

dominates, thereby making phenoxy radical the preferred

* Corresponding author. E-mail: hadad.1@osu.edu. Fax: (614) 292- intermediate based on free energies. However, kinetic barriers
1685. were significant. This implies that under low-temperature
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QO 0O, O- [I. Computational Details
O @ 11.3* @ All geometry optimizations and energy and frequency cal-
o 2% 1057 § culations were performed using Gaussia#i98t the Ohio
236 (46.1)\ o} Supercomputer Center or on IBM RS/6000 workstations.
© b Stationary points were determined using B3LYP hybrid density
00 ~462% o O 11 aa functional theory (DFT) with the 6-31G* basis $ét?* The
"y, ) B3LYP functional has been shown to evaluate aromatidiC
"H_0.3* ~H and other homolytic bond dissociation energies accurately
e oo relative to more expensive high-level ab initio methods with

minimal cost and spin contaminatiéh?°25In general, [0
values were as expected and typically were G<75[1< 0.80,
except were noted in the text. Frequency calculations were
performed on all stationary points to confirm the nature of the
| geometry. Minima were confirmed to have all real vibrational
frequencies. All transition state geometries were confirmed to
: have a single imaginary vibrational frequency corresponding
radical. i . .
to motion along the reaction coordinate and were further shown

Carpentef* utilized PM3/UHF semiempirical calculations t0 4 connect the proper reactant and product by displacement along
elucidate possible decomposition pathways for phenylperoxy yhe transition vector for the imaginary frequency in both the

radical to fo_rm cy_clopentadienyl radica! and £@e considered positive and negative directions (typically 10%), followed by
a pathway in which phenylperoxy radical rearranges to form a ¢ refy| optimization using either of the calcfc or calcall options.

spirodioxiranyl radical intermediate, with an enthalpic barrier ajiernatively, intrinsic reaction coordinate (IR€yalculations

of 26.1 kcal/mol, to form a thermodynamically stable seven- \yere performed for the more difficult cases. Single-point energy
membered ring radical, 2-oxepinoxy)( as shqwn inFigure 1. cgjculations on each stationary point were calculated at the
Barckholtz et al. and Fadden et al. have refined the Carpentergs| yp/6-31HG** level with the scf= tight option. All basis
pathway energies using density functional theory and high-level sets for these B3LYP calculations used six Cartesian d functions.
ab initio calculations to study this decomposition process as The Thermo9# program was used to determine the thermal
well as to probe for the formation of a dioxetanyl radical contriputions to the Gibbs free energy in the temperature range
intermediate leading to 2-oxepinoxy radica).{>*°Decomposi-  from 298 to 1250 K. (The Supporting Information provides all
tion through a spirodioxiranyl radical was shown to be the most of the enthalpic and free energy corrections at different
viable reaction path leading to 2-oxepinoxy radical, with a free  temperatures.) All thermal contributions were calculated using
energy barrier of-41.6 kcal/mol at 298 K, due to the inclusion  ynscale@ harmonic vibrational frequencies and rotational
of an additional high-energy tri-radical intermediate (Figuré®1).  constants derived from the B3LYP/6-31G* geometries and
Despite the inclusion of the high-energy tri-radical species, the assuming an ideal gas at 1 atm of pressure, and such assumptions
spirodioxiranyl pathway exhibited a lower barrier than that for may create some uncertainty for a true combustion flame. Al
the formation of phenoxy radical and oxygen atom, which has |ow-frequency modes were treated as harmonic oscillators. Zero-
a calculated free energy barrier of51.0 kcal/moF® These  point vibrational energy (ZPE) corrections were scaled by
barriers are rough estimates, however, because of spin con{0.9806%° To account for the thermal contribution of the radical
tamination in the wave functions of these key intermediates. species, a factor oRT In 2 was added to the Thermo94 free
At the B3LYP/6-311-G**//B3LYP/6-31G* level, 2-oxepinoxy energy corrections. All energies discussed in this paper are Gibbs
radical was calculated to haveA5(298 K) energy of—79.9 free energies derived from the B3LYP/6-34G**//B3LYP/6-
kcal/mol with respect to infinitely separated phenyl radical and 31G* energies and thermal and entropic corrections as stated
O(%%y) reactants® Consistent values were obtained with above, unless otherwise noted.

Figure 1. Reaction scheme for the generation of 2-oxepinoxy radical
(1). Energies are at the B3LYP/6-3tG**//B3LYP/6-31G* level
AG(298 K) relative to phenylperoxy radical.

combustion and atmospheric conditions, phenylperoxy radica
is likely to play an important role in the decomposition of phenyl

UMP4(SDQ)/6-31G** and UCCSD(T)/6-31G** energy calcula-
tions in the same study. Mebel and Liin a theoretical study

of CgHsO, geometrical isomers estimated 2-oxepinoxy radical
(1) to have aAH(0 K) of —91.8 kcal/mol, with respect to phenyl
radical and molecular oxygen, based on PUMP3/6-31G*//UHF/
6-31G* energies. The stability of 2-oxepinoxy radical indicates
that it should be relatively long-lived after its initial formation
and therefore potentially susceptible to further oxidation by

reactive species with appreciable concentration contained in a¢ 0,

typical radical pool.
In this study, we utilized the B3LYP hybrid density functional

The CBS-QBS3° composite method was used to recalculate
the geometries and energies for the addition gt@®2-oxepi-
noxy radical as well as the most favored pathway, to render a
comparison to the energetics of our B3LYP/6-313**//
B3LYP/6-31G* surface.

Ill. Results

A. Oxygen Addition to 2-Oxepinoxy Radical. The addition

to 2-oxepinoxy radicalX) can occur at three different
positions on the 2-oxepinoxy radical ring, forming three
distinctive peroxyoxepinone radicalsg 1b, or 1c, Figure 2),

theory method to analyze the potential energy surface for the due to delocalization of the free electron within thaetwork

decomposition of 2-oxepinoxy radical after further addition of

O (°Zy). The energies of stationary points for these decomposi-

tion pathways following the initial formation of 1,2-dioxetanyl,

of the ring carbons. Addition of £to 1 can occur at the 2-, 4-,
and 6-ring carbon positions (see Figure 2), numbered relative
to the carbonyl carbon as position 1, moving counterclockwise

1,3-peroxy, and 1,4-peroxy intermediates, as well as scission(1). Also shown in Figure 2 are the 298 K free energi®&(298

of the O—-0 peroxy bond and abstraction of an H-atom by the K)) for each intermediate and transition state relative to reactants
geminal peroxy moiety, were examined. The energies for theseat infinite separation. Each free energy of activation barrier is
surfaces were evaluatedlat= 298-1250 K, the range in which  relative to the reactant for that individual step.

phenylperoxy radical has been shown to be a viable combustion A.1. 2-AdditionThree unique transition state (TS) structures
component to determine the viability of these pathways. for the formation of 2-peroxyoxepinone radi¢ah) were found.
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0 for the lowest energy TS, with the-a@D oxygen bond residing
above the GO ring bond, is 17.5 kcal/mol with aif?Cvalue
/ Q . of 1.1. The reaction is endoergic by 9.0 kcal/mol, makiry
o the most stable of the peroxyoxepinone radical species. Return
T = to reactants ha_ls AG*(298 K) of 8.5 kcal/mol, the largest of
104 1 0.0 the return barriers.
' 0.0 B. Reaction Mechanism and Products of Peroxyoxepinone
+ (1a, 1b, 1c) DecompositionFollowing the formation of each
peroxyoxepinone radicalg, 1b, 1c), rearrangement to several
isomers leading to decomposition is possible. Five general

O
/ O
O,

\_/

o rearrangement intermediates have been explored to include the
o formation of a dioxetanyl (1,2-peroxy), 1,3-peroxy, 1,4-peroxy,
/ and an abstraction intermediate. Furthermore, scission of the
/ peroxy O-O bond prior to decomposition was considered.
. 4 Figures 3-5 show the possible decomposition pathways cal-
07" 132 culated forla, 1b andlc, respectively. ThAG(298 K) energies

Figure 2. Reaction scheme for the addition of molecular oxygei)( for each intermediate relative to 2-oxepinoxy radical an(fxy)

to 2-oxepinoxy radical). Free energies (298 K) are at the BSLYP/  at infinite separation andG*(298 K) for each individual step
6-311+G**//B3LYP/6-31G* level, relative to @ and 2-0xepinoXy  relative to the reactant(s) for that step at the B3LYP/6-
radical at infinite separation. 311+G**//B3LYP/6-31G* level are given in each figure.

B.1. 2-Peroxyoxepinone Radical (1&bstraction by the
peroxy group, on 2-peroxyoxepinone, of the hydrogen on the
2-carbon gives 2-hydroperoxyoxepin-1-one-2-yl radiczd) (
The abstraction productg) is the most stable of the initial
intermediates with an exoergicity of 12.4 kcal/mol relative to
2-peroxyoxepinonel@). The barrier to formation o2ais one

In each transition state, the oxygen molecule approaches
perpendicular to the ring plane and differs in the orientation of
the O-0O bond relative to the forming €O bond. All three
TS wave functions have considerable spin contamination, giving
[Fvalues of~1.0, rendering the transition state barriers to be
suspect. This level of spin contamination is not surprising . .
because the separated reactants form a quartet state but th fthe largest due to astral_ned four-memb_ered rng TS geometry.
product is a doublet. Regardless, the 298 K free energy barrier acile _IOSS of hygiroxyl rad!cal forms oxepln-1,2-d|0|’:i_§a)( The
(AG¥(298 K)) for the lowest energy TS structure, with the O formation of_3a Is exoergic by .25'9 kc_al/ mol relafuve @a.
oxygen bond setting above the,;-€C; ring bond, is 17.7 The cumulat[ve free energy barrier relativeltand Q is +47.7 .
kcal/mol with anf®value of 0.96, the least spin contaminated kcal/mol. This pathwaylleads to a stable, clqsed-shell Species
of the three TS wave functions. The 298 K reaction is endoergic and further decomposition &a was not examined.
by 10.4 kcal/mol with a reversdG*(298 K) of only 7.3 Isomerization of 2-peroxyoxepinone radicab) by addition
kcal/mol. of the free end of the peroxy moiety to carbon-3 forms the
A.2. 4-Addition.Two TS structures were found for addition radical derived from 3,8,9-trioxabicyclo[5.2.0]non-4-ene-2-one
of oxygen to the 4-carbon to form 4-peroxyoxepinone radical (48). Scission of the shared ring-€&C bond of4a is followed
(1b). In both transition structures, the oxygen molecule ap- by O—O bond breakage to form, in a highly exoergic process,
proaches perpendicular to the ring plane. In the lower energy @ radical derived from 4-oxobut-1-enyl oxoacetdie)( Break-
TS, the -0 bond adds anti to the-eH bond at the 4-position ~ iNg the ester carbonyloxygen bond of5a gives 1,4-but-2-
whereas the h|gher energy structure has theQbond almost enedial and 1,2-ethanedia| radicﬁhx. Further decomposition
eclipsing the G-H bond. Spin contamination for both transition  0f 1,2-ethanedial radical gives formyl radical and carbon
states was also significanf®0~ 1.0). TheAG¥*(298 K) for monoxide 7a). Completion of this pathway is exoergic by 45.0
the lowest energy transition structure was 17.0 kcal/mol. This kcal/mol with a total free energy barrier of 44.6 kcal/mol.
barrier is the lowest for molecular oxygen addition at either of Alternatively,5acan cyclize and form furanyl oxoacetate radical
the three carbon positions. A simple’¢kel MO analysis for (8a). After two facile bond scissions, this pathway results in
the 5-carbon ringr system forl would indicate that most of ~ the generation of furan, GOand formyl radical 10g). The
the electron density should be localized on the 4-carbon, Pathway frombaleading tolOahas the same overall free energy
allowing for the relative ease of oxygen addition. Examination barrier as the pathway leading Ta; however,5a— 8a— 9a

of the C-C bond lengths on the ring are consistent witrckiel — 10ais much more thermodynamically favored with an overall
theory, as the two €C bonds containing the 4-carbon are 1.40 €xoergicity of—84.9 kcal/mol.
and 1.42 A, bond lengths intermediate between typicaloC 2-Peroxyoxepinone radicalg) can rearrange to form a 1,3-

single and double bond character. The adjacen€®onds have peroxy bicyclic intermediate by addition of the free end of the
lengths of 1.38 and 1.36 A, exhibiting more pure-C character. peroxy group to carbon-4, resulting in 3,7,8-trioxabicyclo[4.2.1]-
Formation oflb, however, is endoergic by 13.2 kcal/mol and non-4-ene-3-one-9-yl radical{d). Two pathways for decom-

is the most unstable addition product, due to disruption of position ofllaare considered. One is discussed here and shown

resonance interaction between the double bonds of gystem. in Figure 3. The second will be discussed, and shown in Figure

Re-crossing back to reactants costs a mere 3.8 kcal/mol. 4, with relation to 4-peroxyoxepinone decomposition, because
A.3. 6-Addition. Three transition state structures for the 1lais also formed by rearrangementtf. Decomposition of

formation of 6-peroxyoxepinone radicélc) were also found. 11acan result from breaking the bond between a bridge carbon

Each TS structure has the oxygen molecule approachingand the 5-carbon, leaving a high-energy vinyl radical intermedi-
perpendicular to the ring plane and differs only by a rotation of ate (L2g). Subsequent loss of,8,, followed by CQ, results
the O—0 bond about the forming-€0 bond. All three TS wave in CO,, C,H,, and 3-oxopropanal-2-yl radical4a) as products.
functions have considerable spin contaminati®,values of The step froml3ato 14a corresponding to loss of CQis
~1.0, making the TS energies to be suspect. ABE(298 K) extremely exoergic 498 kcal/mol) and is possible to be a
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Figure 3. Unimolecular decomposition pathways of 2-peroxyoxepinone radl@l The relative free energies (kcal/mol, 298 K) at the B3LYP/
6-3114+-G**//B3LYP/6-31G* level are shown for each intermediate relativelt@Figure 2), and each free energy of activation is relative to the

reactant for that specific step.

barrierless reaction, given AG¥(298 K) of only —0.5
kcal/mol for the step. The overall reaction is exoergic by 44.7
kcal/mol with a free energy of activation ef61.6 kcal/mol
due to the formation ol4a

Two 1,4-peroxy intermediates can be formed fram The
formation of 2,6-peroxyoxepinone radicd5g) has a relatively
low AG*(298 K) of 18.6 kcal/mol and is the least endoergic of
the peroxy ring intermediates atG(298 K) of only 6.4
kcal/mol. Decomposition of5ais discussed in the section for

lato 16astep is highly endoergic, and the TS barrier has to be
at least that value. Rearrangementl®ia by addition of the
oxy moiety across the ring to the 6 carbon forms a bicyclic
pyranyl lactone radicall(7g). Liberation of CQ from 17agives
pyranyl radical, C@, and oxygen atoml@a) with a total path
exoergicity of—6.4 kcal/mol.

Cleavage of the C-C, bond ofl16agives the radical derived
from 5-oxopentas-cis1,3-dienyl formate radicall®g). Two
pathways for the decomposition df9a were considered.

1c and shown in Figure 5, as 6-peroxyoxepinone radical also Extrusion of CO from19aresults in the radical derived from

forms the 1,4-peroxy intermedial®a Rearrangement to form
2,5-peroxyoxepinone radicaR§a) from la is also possible.
Scission of the ester linkage &6a results in 3-formyl-6-
carbonyl-1,2-oxocyclohex-4-ene radicalrg). Upon extrusion
of CO from 27a,the O-0O ring bond can break, resulting in
5-formyl-4-oxypentenal radicaB8a) which can easily lose the
formyl group to form7a. This pathway has an overalG*-
(298 K) of 45.9 kcal/mol due to breakage of the ester linkage
to form 27aand aAG(298 K) of —45.0 kcal/mol.

The final pathway examined for the decomposition of
2-peroxyoxepinone radicallg) involves G-O bond scission

5-oxo-2-pentenal 20q), which can cyclize 218 and then
extrude formyl radical, thereby forming furan, CO, formyl
radical, and oxygen atom as eventual produ2®s); Formation

of 22ais endoergic by 31.8 kcal/mol. Alternatively, isomer-
ization of the dienyl moiety ofl9a from a cis to a trans
orientation results in 5-oxopentatransl,3-dienyl formate
radical @38 with a trivial barrier of 0.3 kcal/mol. Extrusion of
CO, from 23agives 5-oxopenta-trans2,4-dienyl radical 243),

CO;, and oxygen atom. Further decomposition via extrusion of
acetylene, from24a, gives 3-oxo-l-propenyl radical2%a).
Decomposition via this pathway is considerably endoergic at

and therefore release of an oxygen atom from the peroxy group298 K with a free energy oft58.8 kcal/mol. The overall

to form 2-oxyoxepinone radical 6a). This reaction is analogous
to the proposed mechanism for formation of phenoxy radical

activation free energy for reaction4s81.9 kcal/mol due to the
loss of CQ from 23ato 24a If it is assumed that the addition

and oxygen atom in the high-temperature reaction betweenof OCP) to 16a the reverse of ©0 scission, is barrierless,

phenyl radical and molecular oxygen. A reliable TS for this

then theAG*(298 K) to form16awould be~60 kcal/mol and

O—0 scission step has not been found. First-order saddle pointswould not be the rate-limiting step for pathways passing through
have been located but each suffers from excess spin contaminai6a

tion and do not feature a normal coordinate displacement vector

The rotation of 5-oxopenta-trans2,4-dienyl radical 24a),

that connects the correct reactant/product pair. However, thisresulting in the 5-oxopents-—cis2,4-dienyl radical rotamer, is
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Figure 4. Unimolecular decomposition pathways of 4-peroxyoxepinone radidgl The relative free energies (kcal/mol, 298 K) at the B3LYP/
6-311+-G**//B3LYP/6-31G* level are shown for each intermediate relativelt@Figure 2), and each free energy of activation is relative to the

reactant for that specific step.

an intermediate in a previous study by this group of the of the ester linkage leads to 4-oxobut-3-enal-2-yl radical and

unimolecular decomposition of 2-oxepinoxy radicBl.¥! Fad-
den et al. showed that 5-oxopergais2,4-dienyl radical can

trans-ethanedial§b). Rotation around €-C, bond of6b results
in the formation ofy-butyrolactonyl radical anttans-ethanedial

possibly rearrange to form pyranyl radical and 2-cyclopenten- (7b). The overall pathway is exoergic having a 298 K free
one-1-yl radical as well as decompose to vinyl radical, acetylene, energy of reaction 0f-67.9 kcal/mol, and an overalG*(298
and two CO molecules. The thermodynamically most favorable K) of +49.3 kcal/mol, due to the formation dbfb and
products of those unimolecular “Fadden” pathways is 2-cyclo- endoergicity of4b formation.

pentenone-1-yl radical with AG(298 K) of —50.5 kcal/mol
relative to the cis isomer df4a Pyranyl radical has AG(298

Formation of another dioxetanyl intermediate is possible via
the addition of the free end of the peroxy moiety of 4-peroxy-

K) Of —38.7 kcaI/mOI, WhereaS the decompOSition prOdUCtS haVe oxepinone radlcau(b) to Carbon_3 forming 4’819_trioxabicyc|o_

a AG(298 K) of +15.4 kcal/mol relative to the cis isomer of
24a Formation of all of the “Fadden” products are more
exoergic than formation ad25avia Figure 3.

B.2. 4-Peroxyoxepinone Radicdld). The pathways consid-
ered for the decomposition of 4-peroxyoxepinohk) @re given
in Figure 4. Abstraction of the hydrogen on carbon-4bfjives
4-hydroperoxyoxepin-1-one-4-yl radicaly). Loss of hydroxyl
radical forms oxepin-1,4-dione3lp) and proceeds without a
barrier. The formation of3b is exoergic at 298 K by 33.3
kcal/mol relative to reactants with an activation barrief-df7.1

[5.2.0]non-4-en-3-one-2-yl radicaBlf). Cleavage of the EC
fusion is followed by concomitant breakage of the dioxetane’s
O—0 bond, in a process with AG(298 K) of —78 kcal/mol,
thereby forming 3-oxopropenyl 3-oxopropenoate radiééal).(
Scission of the ester's-€0 linkage results in the formation of
two intermediates, 3-oxopropenal and propan-1,3-dial-2-yl radi-
cal (10b). Decomposition pathways of bottDb species have
been calculated, each yielding 2-oxoethanyl radical, carbon
monoxide, carbon dioxide, and acetylerd®lf). The energies
listed in Figure 4 for these separate branching paths correspond

kcal/mol, owing to the strained hydrogen-abstraction TS. This to that of the intermediate shown and the individual component
pathway leads to a stable closed-shell species, and the furthebf 10b. 3-Oxopropenal can cyclize to forf+propenolactone

decomposition oBb was not considered.
Addition of the free end of the peroxy moiety db to

(15b), which can break apart to form acetylene and carbon
dioxide. Decomposition of propane-1,3-dial-2-yl radical is

carbon-5 forms one possible dioxetanyl intermediate, 3,8,9- initiated by bond rotation and a 1,4-hydrogen-atom transfer

trioxabicyclo[5.2.0]non-4-en-3-one-2-yl radicalk). Scission

resulting in 3-hydroxy-1-oxoprop-2-eneyl radicalf). From

of the dioxetane’s ©0 bond results in the immediate cleavage 12b, two pathways have been considered. Bond scission gives

of the C-C ring fusion to yield an acyclic radical derived from
2-oxoethyl-4-oxobutan-2-enoatgh). Scission of the €0 bond

CO and 2-hydroxyethenyl radicall3b). 2-Hydroxyethenyl
radical can undergo a 1,3-hydrogen shift to form 2-oxoethanyl
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Figure 5. Unimolecular decomposition pathways of 6-peroxyoxepinone radia@yl The relative free energies (kcal/mol, 298 K) at the B3LYP/
6-311+G**//B3LYP/6-31G* level are shown for each intermediate relativelt@Figure 2), and each free energy of activation is relative to the
reactant for that specific step.

radical (L6b). Rearrangement to form the tautomel@b (14b) The CQ extrusion pathway has a similar exoergicity, at 298
affords a more facile CO extrusion to give the same products. K, to the CO extrusion pathway\G = —44.7 kcal/mol). The
The overall free energy of activation for this pathwayt+49.3 largest barrier for this path comes from €&xtrusion with a
kcal/mol, due to the formation dib, and is exoergic by 68.7 298 K free energy barrier 0f62.4 kcal/mol.

keal/mol. . . . The final pathways calculated fdb decomposition include
Two 1,3-peroxy intermediates resulting from the rearrange- the O-0 peroxy bond scission intermediat@b. Formation of

ment oflbinclude11a which was introduced as an intermediate 17 js endoergic at 298 K by-62.6 kcal/mol, and the barrier

for 1adecomposition, and 2,7,8-trioxabicyclo[4.2.1Jnon-4-ene- for 0—0 bond scission has not been determined because a

3-one-9-yl radical 139, an intermediate also generated by |egitimate TS has not been found. Further decompositidivbf

6-peroxyoxepinone radical Q. One pathway for decomposition .o pe initiated by attack at the carbonyl carbon by the oxy

of 11awas discussed in the previous section, and a second Se'inoiety causing simultaneous breakage of theQester linkage

will bet d(;SC.l:E.Sei hglre. (T.he dfet%ongposmon ifc w ill be di Iresulting in a ring contractiorl@b). From18b, two decomposi-
presented within the discussion ot the b-peroxyoxepinone radical; , pathways have been examined. If the exocyclic oxygen of

(10) pathways, shown in Figure 5.) Bond scission of-C; 18b adds to the ring carbom to the carbonyl carbon, the

bond of 11aresults in the radical derived from 2-(3H-[1,2]- S ; . . -

dioxol-3-yl)-vinyl formate @1b). Expulsion of CO has a bicyclic structurel9bis generated, which can easily eliminate

relatively low free energy barrier at 298 K of 10 kcal/mol, _COZ to yield pyranyl radlca_[18a. If the ring C~O bond 0f18b

yielding 22b. Scission of the ©0 bond of 22b causes a is broken, the radical derived from 1,6-oxohex-2,4-en-1-oxy
. radical QOb) is formed, which can easily extrude gG@hereby

rearrangement of the carbon backbone 2@h, forming a € . )
transitory 2,3-diformyl-1-oxycyclopropane radical intermediate 9€nerating24a As shown for the 2-peroxyoxepinone radical

that undergoes ring opening, yielding 3,3-diformylpropanal (18 (Figure 2),24acan decompose to form:8;, CO,, OCP),
radical @3b). Facile loss of one of the formyl groups at the @nd 3-oxo-1-propenyl radica?%a). Bond rotation o4aallows
3-position of23b gives 1,4-butendial, CO, and formyl radical ~an intersection with pathways for the unimolecular decomposi-
(7a). This pathway has AG(298 K) of —45.0 kcal/mol. The tion of 2-oxepinoxy2! as mentioned in the previous section.
largest barrier for this pathway results from formation2db Neither of the oxygen atom extrusion products are the most
from 11a Instead, if21b extrudes CQ@as an initial fragmenta-  thermodynamically favored at low temperatures. Formation of
tion, then24b can lose acetylene, which is followed by ring pyranyl radical {8g) is exoergic only by—6.4 kcal/mol, and
opening to yield 3-oxopropenal radical, g@nd GH (149). formation of 25a is endoergic by 58.8 kcal/mol. The 298 K
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Figure 6. Unimolecular decomposition pathways of 2-peroxyoxepinone radiealfiom 298 (a), 500 (b), 750 (c), 1000 (d), and 1250 (e) K using
the mechanistic pathways shown in Figure 3. The relative Gibbs free energies at the B3LYPGB*3IB3LYP/6-31G* level are shown relative
to 2-oxepinoxy radical and £F%,) at infinite separation.

free energy barrier for both pathways is at least 76.5 kcal/mol pathway leads to a stable closed-shell species and further
due to the formation o18b from 17h. decomposition steps froBc were not examined.

B.3. 6-Peroxyoxepinone Radical (1&he pathways consid- Ring closure of 6-peroxyoxepinone radicat) by addition
ered for the decomposition of 6-peroxyoxepinone radita) ( of the free end of the peroxy moiety to carbon-5 forms 3,8,9-
are shown in Figure 5. Abstraction of the hydrogen on carbon-6 trioxabicyclo[5.2.0Jnon-4-ene-2-one-3-yl radicdt). A greater
by the terminal oxygen of the peroxy moiety gives 6-hydro- degree of delocalization for the unpaired electrod@makes
peroxyoxepin-1-one-6-yl radica®€). Barrierless fragmentation it the most stable dioxetanyl intermediate considered here.
of hydroxyl radical forms oxepin-1,6-dion&8d). The formation Cleavage of the dioxetane’s-D bond leads to the formation
of 3c is exoergic at 298 K by 41.4 kcal/mol relative to of a bicyclic oxiranyl structure, 2-oxy-3,8-dioxabicyclo[5.1.0]-
2-oxepinoxy and oxygen with a free energy barrieHaf6.0 oct-5-en-4-one radical5€¢). The transition state leading to
kcal/mol due to the tight H-atom-abstraction TS geometry. This formation of5cfrom 4c suffers from excess spin contamination
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Figure 7. Unimolecular decomposition pathways of 4-peroxyoxepinone radi¢alffom 298 (a), 500 (b), 750 (c), 1000 (d), and 1250 (e) K using
the mechanistic pathways shown in Figure 4. The relative Gibbs free energies at the B3LYPGB*3IB3LYP/6-31G* level are shown relative

to 2-oxepinoxy radical and £F%,) at infinite separation.

((8’=1.0), rendering it to be suspect. Breaking the@ester
linkage of5c opens the ring of the oxepinone, while the epoxide
ring is maintained, to give 3-(3-formyloxiranyl)acrylic carboxy
radical ©¢), which can easily eliminate GOand form 7c.
Following two bond rotations, vi8c and 9c, a 1,5-hydrogen
shift yielding 10c allows for the extrusion of CO to form 1,2-
epoxy-3-buten-1-yl radicall(Lc). Facile opening of the epoxide
ring gives 1-oxo-3-buten-2-yl radical along with g@nd CO
(12¢). Formation ofl2cis extremely exoergic due to the relief

K activation free energy of33.6 kcal/mol relative to reactants
(1), due to the barrier for thedc — 5c transformation.
Additionally, expulsion of acetylene fromc gives formyloxi-
ranyl radical 23c), which can undergo facile ring opening to
form ans-transisomer ofl4a s-trans3-oxa-propanal radical
(240).

6-Peroxyoxepinone radical€) can undergo ring closure to
form a 1,3-peroxy intermediate by addition of the free end of
the peroxy group to carbon-4 to give 2,8,9-trioxabicyclo[4.2.1]-

of ring strain and increased delocalization. The overall process non-4-ene-3-one-9-yl radical 3q). The 1,3-peroxy intermediate

is exoergic at 298 K by-104.5 kcal/mol with an overall 298

(13c)is also formed, in a similar fashion, frofb. Bond scission
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Figure 8. Unimolecular decomposition pathways of 6-peroxyoxepinone radlcafiom 298 (a), 500 (b), 750 (c), 1000 (d), and 1250 (e) K using
the mechanistic pathways shown in Figure 5. The relative Gibbs free energies at the B3LYPGB*3IB3LYP/6-31G* level are shown relative
to 2-oxepinoxy radical and £F%,) at infinite separation.

of the G—C3 bond of 13cresults in the radical derived from  1-oxacyclohex-4-ene radical§c). Following an exocyclic 1,4-
3H-[1,2]dioxol-3-ylacrylate {4¢). Loss of GH (15¢) followed hydrogen transfer from the formyl group to the oxy moiety of
by CO; results in 3-oxopropanal-2-yl radicdl4a). The barrier 16cto generatel7¢c CO can be extrudedl8¢), allowing for
for loss of CQ from 15¢ — 14ais very small. This may be  further fragmentation of OH radical, resulting itdzyran-2-
attributed to the exoergicity of the step that is aided by opening one (L9¢). The overall pathway is exoergic at 298 K by 54.7
of the ring AG(298 K) = —93.3 kcal/mol). The overall pathway  kcal/mol with a 298 K free energy of activation of 38.8 kcal/
is exoergic at 298 K by-44.7 kcal/mol with a 298 K free energy  mol due to the formation of the 1,3-peroxy intermediétt8d].
of activation of 69.0 kcal/mol due to the barrier to expeHg 6-Peroxyoxepinone radical¢) can also rearrange to form
Alternatively, upon scission of the g€O bond on the the 1,4-peroxy intermediatesa by addition of the free end of
oxepinone ring ofL3¢ the oxygen may form a bond withsC the peroxy moiety to carbon-2. This intermediate is also formed
and the peroxy bond is broken to yield 2-formyl-6-keto-3-oxy- via rearrangement of 2-peroxyoxepinone radida) ((Figure
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TABLE 1: Relative Gibbs Free Energies for All Intermediates and Transition States (2981250 K) at the B3LYP/6-31H-G**//
B3LYP/6-31G* Level Related to 1a Decomposition

EP AG(298 K) AG(500 K) AG(750 K) AG(1000K)  AG(1250 K) other (PG,
structuré (hartrees/part)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) B0 ES, Nimag)®
phenyl+ 2(0,) —532.36918 80.4 73.3 64.7 56.3 48.0 0.76 Cy, %A1, 0
1d —532.51741 0.0 0.0 0.0 0.0 0.0 0.78 Cy,—,0
TS (1-1a) —532.50807 17.7 25.2 34.4 43.6 52.7 0.96 G, —, 1
la —532.52289 10.4 18.4 28.1 37.6 47.0 0.75 Cy, —, 0
TS (la—2a) —532.45727 47.7 55.6 65.3 74.9 84.4 0.78 Cy, —,
2a —532.54115 -2.0 5.7 14.9 23.8 32.6 0.78 Cy;,—,0
TS (2a—3a) —532.53925 2.3 5.1 14.2 23.2 32.1 0.81 Cy —,
3a° —532.56069 —27.9 —27.9 —28.0 —28.3 —28.5 000 C;,—,0
TS (la—4a) —532.48181 36.2 44.9 55.8 66.7 77.6 0.78 C, —, 1
4a —532.49525 28.2 36.5 46.7 56.7 66.6 0.78 C;, —, 0
TS (4a—5a) —532.46631 44.6 53.3 64.0 74.7 85.2 0.80 C;, —, 1
5a —532.61728 —53.1 —47.5 —40.8 —34.3 —28.0 078 C,—,0
TS (5a—6a) —532.57070 —27.3 —22.8 -17.5 —12.2 -7.0 076 Cy,—,1
6a —532.57062 —39.5 —42.7 —46.7 —50.6 —54.5 0.76  Cs2A", 0;
Cy A0
TS (6a—7a) —532.55145 —-30.4 —34.3 —-39.1 —43.7 —48.2 076 Cy'A 0
7a —532.55835 —45.0 —55.0 —67.4 —79.5 —-91.4 0.00 GC;,—,0
TS (5a—8a) —532.58376 —30.9 —23.7 —14.9 —-6.2 25 076 Cp,—,1
8a —532.62024 —52.8 —46.1 —-37.9 —29.9 —22.0 077 C,—,0
TS (8a—9a) —532.60612 —46.3 —40.2 —-32.8 —25.4 -18.1 076 C,—,1
9d —532.58120 —41.9 —42.8 —43.8 —44.6 —455 076 C,—,0
TS (9a—10a) —532.57821 —41.3 —42.0 —42.7 —43.2 —43.5 075 C;,—,1
10&8 —532.63164 —84.9 -92.3 —101.1 —109.8 —118.1 0.75 Cy,'A4,0
TS (la-11a) —532.46386 46.3 54.6 64.9 75.2 85.4 0.80 C, —, 1
1la —532.49746 27.0 35.8 46.5 57.0 67.4 0.75 C, —, 0
TS (11a-12a) —532.43741 61.6 69.7 79.6 89.3 99.0 0.78 C;, —, 1
12a —532.44987 52.7 59.3 67.1 74.7 82.1 0.76 C;, —, 0
TS (12a-13a) —532.42110 67.2 72.8 79.4 85.7 91.9 0.77 C, —, 1
13d —532.39614 52.9 52.1 50.8 49.3 47.8 0.76 C;, —, 0
TS (13a-14ay —532.39573 52.3 62.3 65.5 66.0 66.3 0.76 C;, —, 1
144 —532.53108 —44.7 —53.4 —64.4 —75.3 —86.0 0.78 Cy,%B1,0
TS (la—15a) —532.49401 29.0 38.2 49.6 61.0 72.3 0.80 C;, —, 1
15a —532.53186 6.4 155 26.7 37.8 48.6 0.78 C, —, 0
TS (la—16a) p
164 ‘ —532.40029 57.1 58.3 59.6 60.7 61.7 0.75 C;, —, 0
TS (16a-17a) —532.39419 61.1 63.4 66.2 68.9 71.6 0.77 C, —, 1
174 _ —532.44296 32.4 34.8 37.7 40.4 43.0 0.78 C;, —, 0
TS (17a-18a) —532.42239 43.7 45.9 48.6 51.3 54.0 0.77 C, —, 1
18& _ —532.48249 —6.4 —12.2 —19.5 —26.8 —34.0 0.78 Cy,°B1, 0
TS (16a-19a) —532.38418 65.1 65.9 66.9 67.8 68.6 0.76 C;, —, 1
194 ! —532.39411 58.2 57.8 57.0 56.1 55.0 0.75 C;, —, 0
TS (19a-20a) —532.37773 65.8 65.0 63.7 62.4 61.0 0.78 C;, —, 1
20d —532.41811 28.8 20.9 10.9 0.8 -9.3 0.79 GC,?2%A,0
TS (20a-21a) —532.38547 49.7 42.8 34.1 25.5 17.1 0.76 C, —, 1
21d —532.41807 30.2 23.0 13.9 4.7 -45 077 Ci,—,0
TS (21a-22a) —532.38567 48.9 415 32.3 23.1 14.0 0.77 C, —, 1
224" _ —532.39388 32.2 17.7 -0.2 -17.8 —35.3 0.75 Cu,'A3,0
TS (19a-23a) —532.39262 58.4 58.3 58.0 57.7 57.3 0.76 C;, —, 1
234 _ —532.40440 50.9 49.8 48.2 46.5 44.5 0.75 Cy, —, 0
TS (23a—24a) —532.35038 81.9 80.6 78.6 76.5 74.4 0.76 C, —, 1
24 —532.42135 28.2 20.5 11.2 1.8 —-7.6 0.77 Cy,—,0
TS (24a-25af —532.34789 69.0 59.5 47.8 36.1 245 0.78 C;, —, 1
25d —532.31748 58.8 43.4 24.0 4.7 —14.5 076 C;,—,0
TS (la—26a) —532.48693 33.2 42.4 53.7 65.0 76.2 0.77 C, —, 1
26a —532.49847 26.4 35.1 45.8 56.3 66.6 0.76 C;, —, 0
TS (26a-27a) —532.46471 45.9 54.6 65.5 76.2 86.9 0.76 C;, —, 1
27a —532.49695 23.9 30.7 38.9 46.9 54.8 0.75 C;, —, 0
TS (27a-28a) —532.48577 28.5 34.8 42.4 50.0 57.4 0.77 C, —, 1
28 —532.56351 —-32.9 —34.2 —36.2 —38.2 —40.2 075 C,—,0
TS (28a—7ay —532.55745 —30.5 -31.9 —33.8 —35.6 -37.3 076 C,—,1

aSee Figure 3 for structuresBottom-of-the-well energy: Point group (PG), electronic state (ES), number of imaginary vibrational frequencies
(Nimag)- ¢ E andAG(T) values includeE andG(T) of O.. ¢ E andAG(T) values includeE andG(T) of OH.  E and AG(T) values includeE andG(T)
of furan.9 E and AG(T) values includeE and G(T) of furan, CQ, and formyl radical" E and AG(T) values includeE and G(T) of C;H,. ' E and
AG(T) values includeE andG(T) of CO, and GH,. | E and AG(T) values includeE and G(T) of O(P). X E and AG(T) values includeE and G(T)
of CO, and OFP).' E and AG(T) values includeE andG(T) of CO and OfP). ™ E and AG(T) values includeE and G(T) of furan, CO, OfP), and
formyl radical.” E and AG(T) values includeE and G(T) of CO,, OCP), and GH,. ° E and AG(T) values includeE and G(T) of CO.P A reliable
transition state was not found for this process.

3). Loss of CQ from 15a, by breaking the €O oxepinone however, th&0cto 10aintermediates have a thermodynamically
bond, results in simultaneous scission of the peroxyGtbhond favorable 298 K free energy relative to 2-oxepinoxy radical and
to give 5-oxo-3-pentenal radica@c). Further, decomposition  oxygen. This pathway is highly exoergic at 298 K-a84.9

of 20c can proceed by the same mechanism as that for kcal/mol with a 298 K free energy barrier of 26.5 kcal/mol

decomposition fron20ato 22a(cyclization followed by formyl resulting from the formation df5a This pathway has the lowest

extrusion,20c to 10a Figure 3). Unlike the20ato 22a steps, 298 K free energy barrier of all examined steps.
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TABLE 2: Relative Gibbs Free Energies for All Intermediates and Transition States (2981250 K) at the B3LYP/6-31H-G**//
B3LYP/6-31G* Level Related to 1b Decomposition

EP AG(298K)  AG(00K)  AG(750K)  AG(1000K)  AG(1250 K) other (PG,
structuré (hartrees/part)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) =0 ES,Nimag)®
TS (1-1b) —532.50851 17.0 24.0 32.7 414 50.0 094 Cy, —, 1
1b —532.51691 13.2 20.4 29.1 37.6 46.1 0.75 Cy, —, 0
TS (1b—2b) —532.45786 47.2 54.9 64.3 73.6 82.8 0.77 C, —, 1
2b —532.54148 -3.3 3.4 11.4 19.2 26.8 0.77 C,—,0
TS (2b—3b) —532.54198 —-43 2.8 11.6 20.3 28.8 079 C,—,1
3bd —532.57036 —33.3 —33.0 —32.8 —-32.7 —32.6 0 Cy,—,0
TS (1b—4b) —532.47045 42.9 51.4 62.0 72.6 83.1 0.77 C, —, 1
4b —532.47919 37.8 46.1 56.2 66.1 75.9 0.75Cy, —, 0
TS (4b—5b) —532.45734 49.3 57.6 67.7 77.8 87.8 090 Cy, —, 1
5b —532.60706 —46.5 —40.8 —34.0 —27.5 -21.1 076 C;,—,0
TS (5b—6b) —532.58222 —34.2 —29.4 —23.8 —18.2 -12.8 0.77 Cy,—,1
6b° —532.59294 —52.5 —55.7 —59.2 —62.6 —66.0 0.77  Cup, *Ag, O;
C,?A", 0
TS (6b—7b)® —532.56801 —38.2 —41.4 —44.7 —47.9 -50.9 076 Ci,—,1
7be —532.62256 —67.9 —69.4 —70.6 —71.8 —72.9 0.77 C;,—,0
TS (1b—8b) —532.47086 42.4 50.9 61.4 71.8 82.2 0.78 C, —, 1
8b —532.48332 35.2 43.2 53.1 62.8 72.3 0.76 C, —, 0
TS (8b—9b) —532.45816 49.2 57.6 67.9 78.1 88.2 0.78 Cy, —, 1
9b —532.59941 —41.8 —36.1 —29.3 —22.6 —16.2 0.77 C;,—,0
TS (9b—10b) —532.58112 —31.9 —26.1 —19.2 —12.4 -5.6 0.77 C,—,1
10b —532.57167 —39.8 —42.7 —46.2 —49.7 -53.1 0.76  Cs*A',0;
Coy, ?B1, 0
TS (10b—11bY —532.58372 —47.4 —49.6 —52.2 —54.6 —56.9 077 Ci,—,1
110 —532.57139 —39.1 —41.8 —45.1 —48.3 -51.5 0.78 C;,—,0
TS (11b—12bY —532.57281 —41.5 —43.3 —45.4 —47.4 —49.2 0.76 Ci,—,1
12b —532.59788 —54.2 —56.5 —-59.4 —-62.3 —65.1 0.75 C;,—,0
TS (12b—13bY —532.54312 —24.8 —28.8 —33.9 —38.9 —43.8 0.76 C,?A",0
13p —532.54207 —34.0 —43.9 —56.4 —68.7 —80.8 0.76 C,?A",0
TS (13b—16by —532.48523 -1.6 —-11.4 —23.4 —35.2 —46.7 076 Cp,—,1
14b —532.59198 —53.1 —56.5 —60.8 —65.1 —69.3 0.75 C;,—,0
TS (14b—16bY —532.57817 —46.5 —50.3 —55.0 —59.5 —63.9 077 Cy,—,1
TS (10b—15b) —532.53593 -17.3 —-19.4 -21.8 —24.1 —26.2 0 Cy,—, 1
150 —532.54824 —16.7 —18.8 —21.5 —24.1 —26.7 0 Cy,—,0
TS (15b—16b) —532.47124 20.3 17.2 134 9.6 6.0 0 GCy,—,1
160 —532.54899 —68.7 —84.4 —104.0 —123.4 —142.5 077 Cy,—,0
TS (1b—17b) I
170 —532.39077 62.6 63.6 64.6 65.3 66.0 0.76 C, —, 0
TS (17b—18b) —532.36886 76.5 78.7 81.3 83.8 86.3 0.76 Cy, —, 1
180 —532.43907 31.2 31.7 32.1 32.3 32.3 0.77 C,, —, 0
TS (18b—19b) —532.39713 59.2 61.4 64.1 66.8 69.5 0.77 C, —, 1
190 —532.40935 53.0 55.2 57.8 60.2 62.5 0.75Cy, —, 0
TS (19b—18a) —532.39317 61.6 63.7 66.2 68.6 711 0.77 C, —, 1
TS (18b—20b) —532.40485 51.1 51.5 51.9 52.2 52.5 0.78 Cy, —, 1
200 —532.41667 43.1 42.1 40.7 39.1 37.3 0.76 C;, —, 0
TS (20b—24a) —532.40230 49.7 48.5 46.6 44.7 42.7 0.76 Cy, —, 1
TS (1b—11a) —532.46518 46.4 55.2 66.1 77.0 87.9 081Cy,—, 1
TS (11a-21b) —532.46387 46.34 54.73 65.11 75.42 85.67 0.78Cy, —, 1
21b —532.48731 29.5 35.6 42.9 50.1 57.0 0.75Cy, —, 0
TS (21b—22b) —532.46737 39.3 45.0 51.8 58.5 65.1 0.77 C, —, 1
22 —532.49938 8.2 7.1 5.6 4.1 2.5 0.77 Cy,—,0
TS (22b—23b) —532.47251 22.6 21.8 20.6 195 18.4 0.89 Cy, —, 1
23b¢ —532.60598 —59.6 —61.4 —63.7 —66.1 —68.5 0.77 C;,—,0
TS (23b-7a¥ —532.56878 —39.8 —42.8 —46.5 —50.2 —53.9 0.77 Ci,—,1
TS (1b—13c) —532.46387 47.3 56.3 67.4 78.4 89.4 0.79 C, —, 1

a See Figure 4 for structuresBottom-of-the-well energys Point group (PG), electronic state (ES), number of imaginary vibrational frequencies
(Nimag)- ¢ E andAG(T) values includeE andG(T) of OH. ¢ E andAG(T) values includeE andG(T) of trans-glyoxal. ' E and AG(T) values include
E and G(T) of formylketene 9 E and AG(T) values includeE and G(T) of CO and formylketene! E and AG(T) values includeE and G(T) of
2-malonaldehyde radicalE and AG(T) values includeE and G(T) of CO, CQ, and GH,. | E and AG(T) values includeE and G(T) of OCP)X E
and AG(T) values includeE and G(T) of CO.'A reliable transition state was not found for this process.

The final pathways examined for the decomposition of of CO,from 20b, 24ais formed, providing another intersection
6-peroxyoxepinone radical€) involve the release of an oxygen  with a 2-peroxyoxepinone radicdld) process (Figure 3), which
atom from the peroxy group to form 6-oxyoxepinone radical has CQ, C;H,, OCP), and 3-oxo-1-propen-1-yl radica25a)
(220. From22c,two possible pathways have been calculated. as products.

Rearrangement, by addition of the oxy moiety to carbon-2, C. Comparison of Decomposition Pathways from 298 to
results in17a which can then form pyranyl radical upon loss 1250 K. To contrast all of the proposed decomposition pathways
of the bridging CQ (18a). The second possible pathway for (Figures 3-5) as a function of temperature, the free energy
22c decomposition involves scission of the;€0 bond to profiles for all intermediates and transition states in each
provide 1,6-oxohex-2,4-en-1-oxy radicabp). After expulsion pathway at 298, 500, 750, 1000, and 1250 K have been plotted
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TABLE 3: Relative Gibbs Free Energies for All Intermediates and Transition States (2981250 K) at the B3LYP/6-31H-G**//
B3LYP/6-31G* Level Related to 1c Decomposition

EP AG(298 K) AG(500 K) AG(750 K) AG(1000K)  AG(1250 K) other (PG,
structuré (hartrees/part)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mo) (kcal/mol) 0 ES, Nimag)®

TS (1—1c) —532.50740 17.5 24.7 33.6 42.4 51.2 1.09 C, —, 1
1c —532.52526 9.0 17.0 26.7 36.2 45.6 0.75 C, —, 0
TS (1c—2c) —532.46008 46.0 53.9 63.6 73.2 82.6 0.77 C, —, 1
2c —532.54729 —6.9 0.1 8.5 16.6 24.5 0.78 Cy,—,0
TS (2¢-3c) —532.54723 -7.9 -0.8 7.9 16.4 24.9 080 C;,—,1
3cd —532.58274 —41.4 —41.3 —41.4 —41.5 —41.5 0 Cy,—,0
TS (1c-4c) —532.49135 30.2 38.9 49.8 60.7 715 0.79 C, —, 1
4c —532.50668 20.9 29.2 39.4 495 59.4 0.78 C3, —, 0
TS (4c-5c) —532.48428 33.6 41.8 52.0 62.2 72.4 099 C,—, 1
5c —532.56092 —-12.9 —43 6.3 16.7 26.9 0.75 C,—,0
TS (5¢c-6¢) —532.53662 -0.3 7.8 17.8 27.8 37.6 0.77 C,—,1
6¢ —532.56802 -211 —14.7 -7.0 0.5 7.8 0.76 Cy,—,0
TS (6c=7c) —532.55245 —-14.0 —-8.3 —1.4 55 12.2 0.76 C;,—,1
7c —532.57137 —35.5 —36.2 -37.1 —38.0 —39.0 0.76 Cy,—,0
TS (7c-8cy —532.56289 —-30.4 —30.5 —30.6 —30.5 —30.3 076 C,—,1
8c® —532.56613 —32.4 —33.0 —34.0 —34.9 —35.9 0.76 C,—,0
TS (8¢c—9cy —532.56140 —29.5 —29.7 —29.9 —29.9 —29.8 076 C,—,1
9 —532.57077 —-35.5 —36.4 —-37.7 —38.9 —40.2 0.76 C,—,0
TS (9c-10cy —532.55503 -27.1 —26.9 —26.7 —26.4 —26.1 0.76 C,—,1
10¢ —532.60727 —57.3 —58.1 —59.2 —60.2 —61.2 075 C,—,0
TS (10c-11cy —532.57797 —42.9 —45.2 —48.0 —50.7 —53.2 0.76 C;,—,1
11d —532.58234 —55.1 —63.2 —27.8 —83.1 —92.8 075 C,—,0
TS (11c-12c) —532.57238 —50.0 —58.0 —20.6 -77.1 —86.3 076 C,—,1
12¢ —532.66042 —104.5 —112.9 —123.3 —133.6 —143.7 0.78 Ci,—,0
TS (1c—13c) —532.47794 38.8 47.8 59.0 70.2 81.3 081 Cy,—, 1
13c —532.50669 214 30.1 40.8 51.3 61.7 0.75 C, —, 0
TS (13c-14c) —532.46387 45.1 53.1 62.9 72.7 82.3 0.78 C, —, 1
1l4c —532.45970 46.6 53.3 61.2 68.9 76.4 0.76 C, —, 0
TS (14c-15c) —532.41875 68.9 74.6 81.2 87.6 93.9 0.77 C, —, 1
15¢ —532.40469 48.6 48.1 47.2 46.1 45.0 0.75 Cy, —, 0
TS (15¢c-14ay —532.38842 56.7 56.0 54.8 53.6 52.4 0.76 C, —, 1
TS (13c-16c¢) —532.48962 30.5 39.1 49.7 60.2 70.7 0.77 C, —, 1
16¢c —532.59437 —35.8 —28.5 —19.6 —10.8 2.2 075 C;,—,0
TS (16¢-17c¢) —532.57602 —26.3 —18.4 —8.6 11 10.7 0.76 C;,—,1
17c —532.61487 —47.9 —40.6 —31.8 —23.2 —14.7 075 C,—,0
TS (17¢-18c¢) —532.59781 —39.5 —32.7 —24.4 —16.2 -8.0 076 Ci,—,1
18¢ —532.61104 —59.4 —59.7 —60.2 —60.7 —61.3 0.76 C,—,0
TS (18c-19c) —532.58952 —-47.7 —48.2 —48.8 —49.4 —49.9 0.77 C,—,1
19¢ —532.58369 —54.7 —61.5 —70.1 —78.5 —86.8 0 C,—,0
TS (1c—15a) —532.49778 26.5 35.5 46.7 57.9 69.0 0.80 Cy, —, 1
TS (15a-20c) —532.50011 23.9 325 43.1 53.7 64.3 0.76 C, —, 1
20¢ —532.65587 —88.3 —89.1 —90.1 -91.1 —-92.1 0.79 Cy%A0
TS (20c-21cy —532.62323 —67.3 —67.2 —66.9 —66.4 —65.8 076 C,—,1
21¢ —532.65583 —86.9 —87.0 -87.1 —87.2 —87.3 0.77 C,—,0
TS (21c-10ay —532.62343 —68.2 —68.5 —68.7 —68.8 —68.8 077 C,—,1
TS (1c-22c) k

22d —532.40773 52.1 53.2 54.3 55.3 56.2 0.76 C,, —, 0
TS (22¢c-17a) —532.39825 58.7 60.9 63.7 66.4 69.2 0.78 C, —, 1
TS (22c-20b) —532.36788 75.3 76.4 77.6 78.7 79.8 0.78 C, —, 1

a See Figure 5 for structuresBottom-of-the-well energyt Point group (PG), electronic state (ES), number of imaginary vibrational frequencies

(Nimag)- ¢ E and AG(T) values includeE and G(T) of OH. ¢ E and AG(T) values includeE and G(T) of CO,. f E and AG(T) values includeE and
G(T) of CO and CQ. ¢ E and AG(T) values includeE and G(T) of C;H,. " E and AG(T) values includeE and G(T) of CO.' E and AG(T) values

include E andG(T) of CO and OHJ E and AG(T) values includeE and G(T) of O(P). ¥ A reliable transition state was not found for this process.

and are shown in Figures® for the decomposition dfa, 1b,
and 1c, respectively. Additionally, the bottom-of-the-well

radicals is not the highest point on the free energy surface for
any of the proposed decomposition pathways at any of the

electronic energies and Gibbs free energies at 298, 500, 750 temperatures considered. Despite the large barrier fad@ition

1000, and 1250 K for all intermediates and transition states, and small endoergicity of formation of each of the peroxyox-

relative tol, as well as theS[value, point group, electronic  epinone radicals, their free energies are still well below that of

state, and number of imaginary vibrational frequencies are listed phenyl radical and 2 g°%3) molecules at temperaturesl 250

in Tables 1-3 for decomposition ofa, 1b, andlc, respectively.

kcal/mol at 298 K to~50 kcal/mol at 1250 K. The relative

K due to the large exoergic formation of 2-oxepinoxy radical
The free energy of activation barriers for the addition of (1). The free energy of phenyl radical and two molecular
molecular oxygen to 2-oxepinoxy radicd) {ncrease from~17

oxygens, relative td and Q, are+80.4,+73.3,+64.7,+56.3,

and +48.0 kcal/mol at 298, 500, 750, 1000, and 1250 K,

ordering of the free energies of activation remains unchangedrespectively.

through this temperature regime witfS (1—1b) being the

Figure 6 shows the free energy profiles for the decomposition

lowest energy barrier throughout the temperature range (Tablepathways ofla. At 298 K, the unimolecular decomposition of

1). The barrier for formation of either of the peroxyoxepinone lathroughl5ais the lowest energy process. The complete free
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Figure 9. Potential energy surfaceaf, kcal/mol at 0 K) at the B3LYP/6-3HG**//B3LYP/6-31G* and CBS-QB3 (parentheses) levels for the
lowest energy pathway for the oxygen initiated decomposition of 2-oxepinoxy radjcdiie energies for each intermediate are relativé amd

each barrier is relative to the reactant for that specific step.

energy profile for decomposition dbais shown in Figure 8,
wherel5aalso emanates frorhc. Regardless, the free energy
barrier for 1a or 1b to form 15ais the highest point on the
energy profile, irrespective of whether the reactarita®r 1b.
Thermodynamically, furan, Cand formyl radical 108 as
products represent the most exoergic pathwa@(@98 K) =
—84.9 kcal/mol) formed from the dioxetanyl intermediad&)(

via 1b — 4a — 5a — 8a — 9a — 10a Pathways resulting
from the peroxy G-O bond scission intermediate lie near the
top of the 298 K free energy profile fota decomposition.
Furthermore, the only exoergic intermediate or product at
298 K is18astarting from the decomposition @6a The high-
energy profile for decomposition df6a can be attributed to
the unfavorability of generating free oxygen atom at low
temperatures. Next to the formation b6a the lowest profile

is through4a followed by 26a With increasing temperature
through to 1250 K, the free energy profiles for the rearrangemen

pathways increase steadily, with the ordering between pathway

remaining generally consistent. The increasing height olL.the
free energy profiles is due to a small negative value for the
entropy of the addition step of molecular oxygen to 2-oxepinoxy
radical (). In contrast, the free energy profiles fba decom-
position throughl6a remain approximately constant through

the first few steps, after which they become exoergic, due to
an increased influence of entropy, resulting from breaking the

peroxy O-O bond to generate the oxygen atom. At 1250 K,
the decomposition pathways through the-O scission inter-
mediatel6ahave lower overall free energy profiles than those

S

to the energy of phenyl radical and 2 oxygen molecules as well
as the “Fadden” pathways for unimolecular decomposition of
131

The free energy profiles for the decomposition pathways of
1bandlc(Figures 7 and 8, respectively) are qualitatively similar
to those forla At 298 K, the lowest overall profile for
decomposition ofLb is throughlla resulting in formation of
7a (Figure 7). The highest free energy profile at 298 K is for
decomposition through peroxy @D bond scission 17b).
Thermodynamically16b products, formed via the dioxetanyl
intermediate8b, provide the most exoergic pathway for the
decomposition oflb at all temperatures. Though the profile
trends forlb are consistent with those @& as the temperature
is increased, pathways throudfTb become lower in energy
and sufficiently competitive with the other pathways at 1250
K. The lowest overall free energy pathway at 298 K is for the

tprofile 1c— 15a— 20c— 21c— 10a(Figure 8) and remains

the lowest profile up to 1250 K, wherein the pathwaylof—
22c— 17a— 18ais slightly lower AG*(1250 K)= 68.6 kcal/
mol vs 69 kcal/mol). The overall most exoergic pathway at all
temperatures corresponds to formatioria€followed by 10a

D. Comparison of DFT Energetics. Due to a lack of
experimental data for the energetics of the intermediates
proposed in the preceding pathways, CBS-QB3 optimization
and energy calculations were performed on the three 2-oxepi-
noxy + O, addition steps as well as the lowest energy pathway,
1c — 104 via the 1,4-peroxy intermediateba Table 4 lists
the AH(298 K) andAG(298 K) values for the intermediates
and the transition states for the interconversiod of 1a, 1 —

through rearrangement intermediates. However, the profile 1b, 1 — 1c, and1lc— 10aat the B3LYP/6-314+G**//B3LYP/

throughl15aremains the lowest of the rearrangement profiles.
The formation ofl0a (furan, CQ, and formyl radical) is the
most stable overall product &k decomposition throughout the

6-31G* and CBS-QB3 levels. Figure 9 illustrates the relative
AH(0 K) values for thelc — 10a pathway. TheAG*(298 K)
values for addition of molecular oxygen at the CBS-QB3 level

298-1250 K temperature range. Between 500 and 750 K, the agree well with those obtained using our DFT method, differing
free energies for rearrangement and decomposition through theat most by 2 kcal/mol for addition of 1o carbon-4 ofl. The
chosen intermediates start to become uncompetitive with respecthree peroxyoxepinond g, 1b, andlc) free energies at 298 K,
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TABLE 4: Relative Energies (kcal/mol) of Selected associated with the addition step of @ 2-oxepinoxy radical
Intermediates at the B3LYP/6-311G**//B3LYP/6-31G* and as compared to previously calculated pathways for unimolecular
CBS-QBS Levels decomposition mechanisr#s.
B3LYP? CBS-QB3 The present paper reflects an attempt to estimate the competi-
molecule  AH(298 K) AG(298 K) AH(298 K) AG(298 K) tion of oxidative interference on the unimolecular decomposition
1 0.0 00 0.0 00 products of phenylperoxy radical that generates 2-oxepinoxy
TS (1-1a) 75 17.7 5.8 16.9 radical in a very exothermic reaction. Due to the complex
TS (1—-1b) 7.2 17.0 4.6 15.0 physical and chemical nature of combustion environments as
TS (1-1c) 7.5 17.6 5.6 16.2 well as the high exothermicity for the initial generation of
la —04 104 —-11.1 0.7 2-oxepinoxy radical, a more thorough treatment of the branching
ib _3'4 132 __5'3 _ 51 pathways via a multiwell master-equation analysis may also be
c 1.7 9.0 12.5 0.8
TS (1c-15a) 14.8 265 3.1 16.2 warranted.
15a —5.5 6.4 —23.3 -9.9
TS (15a-20c) 12.4 23.9 4.7 17.6 Acknowledgment. We gratefully acknowledge The Ohio
20c —87.9 —88.7 —90.5 —91.9 State University Environmental Molecular Science Institute
TS (20c-21c) ~ —67.4 —67.3 —714 —r12 (EMSI) funded by NSF, the Ohio Supercomputer Center, the
.Zl.éc ~868 —86.9 —941 —94l Department of Energy, a GAANN and Amoco Fellowship to
(21c-10a) —67.8 —68.2 ~72.7 —73.0
10a —746 853 —775 _838 J.K.M. We also thank Paul R. Rablen (Swarthmore College)

) for providing his Thermo94 program.
aEnergies correspond to the B3LYP/6-31G**//B3LYP/6-31G*

level. Supporting Information Available: Energies, enthalpies,

free energies as a function of temperature, and moments of
inertia for all intermediates and transition states. Cartesian
coordinates and harmonic vibrational frequencies for all inter-

mediates and transition states. This material is available free of
charge via the Internet at http://pubs.acs.org.

on the other hand, appear to be significantly underestimated by
the B3LYP method. The difference inG(298 K) between the
two methods, for the peroxyoxepinone intermediates, range from
8.1 to 9.8 kcal/mol, with the CBS-QB3 method giving more
exoergic values. The difference &G(298 K) increases upon
formation of 15ato 16.3 kcal/mol, approximately double that References and Notes
for the G addition products Xa, 1b and 1c). This trend is
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