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The potential energy surfaces for the reaction of furanyl and oxazolyl radicals with O2 have been examined
using the B3LYP method. The initial production of the arylperoxy radical followed by either simple
decomposition or rearrangement to yield several intermediates (aryloxy, dioxiranylaryl, or dioxetanylaryl
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 O2 and other five-membered heterocyclic radicals derived from pyrrole and thiophene are
also provided. The loss of an O atom is generally the most accessible and energetically favored pathway of
decomposition at all temperatures. Dioxiranyl formation is favored over O2 loss at temperaturese500 K and
favored in the same temperature range over O atom loss in several cases. Dioxetanyl formation incurs the
greatest barrier to formation, and direct routes are not available in every molecule surveyed. However, in
some cases the dioxetane radicals transform rapidly into very stable species.

I. Introduction

Understanding coal combustion is a challenge because of
coal’s complex structure and the many functional groups and
aromatic rings present in the various ranks of coal.1 Many
researchers have focused on understanding the behavior of
model aromatic rings, such as benzene, pyridine, pyrrole, furan,
and thiophene, to clarify this complex puzzle. With these model
compounds, experimentalists have utilized pyrolysis and oxida-
tive pyrolysis assays in order to provide an understanding of
coal combustion.

Many experimental and computational studies have been
conducted on the thermal, oxidative pyrolysis of benzene,2-6

but few studies have been conducted on other aromatic
compounds.7 Of these limited studies, six-membered monocyclic
and bicyclic nitrogen-containing aromatic rings have received
some attention. Numerous experimental studies have been
reported on the pyrolysis of five-membered aromatic hetero-
cycles,8-12 but none have dealt with oxidative, thermal decom-
position. Computational studies13 have focused on the decom-
position of five-membered rings either prior to or after H atom
abstraction, but none have dealt with reaction of O2 prior to
decomposition.

Recently, we explored the decomposition of phenyl radical
with O2

14 as well as similar reaction pathways for the analogous
decomposition of a wide range of azabenzenes, as depicted in
Figure 1.15 Earlier, we presented a thermodynamic study of the
decomposition of arylperoxy radicals derived from furan,
pyrrole, and thiophene to yield CO, CO2, and other smaller
hydrocarbons.16 However, at that time, we were not able to
present a complete potential energy surface for decomposition.

In our continued examination of the reactivity of functional
groups present in coal, we now turn our attention to a detailed
evaluation of five-membered heterocyclic rings (Figure 2). In
this study, we examine the potential energy surfaces, including
transition states, for the reaction of furan and oxazole with O2

after H atom abstraction. The thermodynamic free energies from
these reaction mechanisms will then be compared to those for
thiophene and pyrrole.

II. Computational Methods

All geometry optimizations, vibrational frequency calcula-
tions, and single point energy determinations were completed
with Gaussian 94 and 98 at the Ohio Supercomputer Center or
on our IBM RS/6000 workstations.17,18* Corresponding author. E-mail: hadad.1@osu.edu. Fax: 614-292-1685.

Figure 1. Reaction mechanism for phenyl radical with O2. This
numbering sequence will be used throughout the text, tables, and figures
to identify the analogous intermediate and transition state for each five-
membered heterocycle.

Figure 2. Molecular structures and numbering of furan, pyrrole,
thiophene, and oxazole.
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The B3LYP/6-31G* hybrid density functional theory (DFT)19

level was employed to determine the optimized geometries and
vibrational frequencies of all stationary points.20-23 We,24 and
others,25 have shown DFT methods can be used to provide
accurate energies for aromatic radicals. Single point energies
were also determined at the B3LYP/6-311+G** level, as
Bauschlicher and Langhoff have shown that there is a small
basis set effect with oxygen-containing systems when determin-
ing C-H bond dissociation enthalpies,26 so single point energies
were also determined at the B3LYP/6-311+G** level in order
to 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 results.27 All basis sets used six
Cartesiand 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 0.9806.28 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.
In some cases, intrinsic reaction coordinate (IRC) searches were
used.29

Spin contamination for most of the stationary points is
negligible. The〈S2〉 values 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, Thermo9430 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
treatment was the O atom, where experimentally31 determined
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/6-311+G**//B3LYP/6-31G* level (at
298 K, unless noted otherwise), and are relative to the Gibbs
free energy of the corresponding arylperoxy radical.

III. Results and Discussion

A. General Reaction Pathways.The reaction pathways
explored are shown schematically in Figure 1. The numbering
system depicted in Figure 1 will be used in all of the other
figures and throughout the text. (For comparative purposes, we
have chosen to use the same numbering system as in our recent
paper on the oxidative decomposition of the azabenzenes.15)
The first pathway calculated is O2 addition to the aryl radical
(1) in order to form the arylperoxy radical (2). The arylperoxy
radical may exist as two distinct isomers (2a and2b), and for
our discussion below, the2a isomer always represents the more
stable isomer. The2b isomer will not be shown in cases where
the 2b isomer does not lead to another intermediate or when
2a ) 2b due to symmetry (as for the phenyl radical).

We further explored the fragmentation or unimolecular
rearrangement of the arylperoxy radical. Loss of an O atom from
the arylperoxy radical yields the aryloxy radical (3) via O-O
bond cleavage. Unimolecular rearrangement pathways can lead
to the dioxiranyl radical (4) or the dioxetanyl radicals (5a and
5b) via 1,1- and 1,2-addition, respectively. We have previously
demonstrated that other pathways (such as 1,3- and 1,4-addition)
for the decomposition of the phenylperoxy radical are highly
disfavored due to very large activation barriers.14

B. Mechanism of the Furanyl Radical+ O2 Reaction.The
formation of furanylperoxy radical via the addition of O2 to
furanyl radical initiates the process, as shown in Figure 3.
Relative energies are provided in Tables 1 and 2. At 298 K,
this reaction is exoergic for both 2- and 3-furanyl radicals by
-36.1 and-34.7 kcal/mol, respectively. The free energy of
activation (∆Gq, 298 K) for the formation of either the 2- or
3-furanylperoxy radical is∼6 kcal/mol. The transition states
found for O2 addition to 2- and 3-furanyl radicals suffer from
excessive spin contamination (〈S2〉 ∼ 1.8) and have small
imaginary vibrational frequencies (19.3i and 41.6i cm-1,

Figure 3. Mechanisms of the (a) 2-furanyl+ O2 and (b) 3-furanyl+
O2 reactions showing Gibbs free energies of activation barriers (relative
to the appropriate reactant) and Gibbs free energies of each intermediate
at 298 K (relative to the corresponding2a) at the B3LYP/6-311+G**//
B3LYP/6-31G* level.
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respectively). These values are very similar to the previously
reported transition state for O2 addition to the phenyl radical
(∆Gq(298 K) ) 6.1 kcal/mol,〈S2〉 ) 1.76, and 6.2i cm-1).14

Following the production of the 2- or 3-furanylperoxy radical,
cleavage of the O-O bond can occur to yield the aryloxy radical
(3). There is a significant difference in the energetics of this
reaction between the 2- and 3-furanylperoxy radicals. The
formation of the 2-furanyloxy radical (3) is only slightly
endoergic at 298 K (+3.4 kcal/mol), while production of the
3-furanyloxy radical undergoes a free energy penalty of+20.4
kcal/mol at the same temperature. One previously stated
explanation for this variance is the enhanced ability for
π-delocalization by the 2-furanyloxy radical over the 3-fura-
nyloxy radical (Figure 3).16

Multiple transition states have been obtained that link the
2-furanylperoxy radical with several different 2-furanyloxy
radicals with O atom complexes. The most stable of these
requires a free energy of activation barrier of 16.2 kcal/mol at
298 K (and a 12.8 kcal/mol barrier for the reverse reaction). A
27.3 kcal/mol activation barrier is calculated for the generation
of the 3-furanyloxy radical (3) via loss of an O atom from the

TABLE 1: Gibbs Free Energies (kcal/mol, 298-2000 K) for
All Intermediates at the B3LYP/6-311+G**//B3LYP/6-31G*
Level

298 K 1 2a 2b 3 4 5a 5b

phenyl 32.3 0.0 a 27.3 22.6 44.8 a
2-furanyl 36.1 0.0 b 3.4 5.4 36.4 b
3-furanyl 34.7 0.0 0.6 20.4 19.7 c -58.7
2-oxazolyl 32.3 0.0 0.5 6.3 6.8 b -51.1
4-oxazolyl 34.4 0.0 b 3.8 5.8 31.6 b
5-oxazolyl 33.6 0.0 1.2 17.9 17.5 -62.0 -20.8
pyrrol-1-yl -21.1 0.0 a 20.8 12.5 28.1 a
pyrrol-2-yl 39.9 0.0 3.0 10.2 12.2 c -41.4
pyrrol-3-yl 36.6 0.0 0.2 20.8 21.2 -43.8 -49.5
thiophen-2-yl 33.3 0.0 1.4 9.1 10.5 37.6 c
thiophen-3-yl 32.1 0.0 0.1 21.8 20.0 53.6-46.5

500 K 1 2a 2b 3 4 5a 5b

phenyl 24.9 0.0 a 20.6 22.8 45.2 a
2-furanyl 28.1 0.0 b -3.3 5.7 36.8 b
3-furanyl 26.9 0.0 0.6 13.8 19.8 c -59.0
2-oxazolyl 24.5 0.0 0.4 -0.3 7.2 b -50.8
4-oxazolyl 26.6 0.0 b -2.8 6.1 32.2 b
5-oxazolyl 25.7 0.0 0.8 11.3 17.6-62.3 -20.7
pyrrol-1-yl -28.7 0.0 a 14.6 12.7 28.9 a
pyrrol-2-yl 31.5 0.0 2.7 3.4 11.7 b -41.8
pyrrol-3-yl 28.7 0.0 0.2 14.3 21.1 -45.7 -49.7
thiophen-2-yl 25.3 0.0 1.3 2.3 10.6 b 37.9
thiophen-3-yl 24.2 0.0 0.1 15.2 20.1 53.8-47.0

1000 K 1 2a 2b 3 4 5a 5b

phenyl 7.1 0.0 a 3.9 22.9 46.0 a
2-furanyl 9.5 0.0 b -19.8 6.0 37.8 b
3-furanyl 8.5 0.0 0.7 -2.8 19.6 c -59.7
2-oxazolyl 6.1 0.0 0.3 -16.7 8.1 b -50.0
4-oxazolyl 8.3 0.0 b -19.2 6.6 33.7 b
5-oxazolyl 7.3 0.0 0.0 -5.4 17.4 -63.2 -20.7
pyrrol-1-yl -46.5 0.0 a -0.6 12.9 30.9 a
pyrrol-2-yl 11.9 0.0 2.1 -13.4 10.1 b -43.0
pyrrol-3-yl 10.2 0.0 0.3 -2.1 20.6 -50.7 -50.3
thiophen-2-yl 6.5 0.0 1.0 -14.7 10.6 b 38.7
thiophen-3-yl 5.7 0.0 0.2 -1.4 20.2 54.2 -48.3

1500 K 1 2a 2b 3 4 5a 5b

phenyl -10.1 0.0 a -12.7 22.8 46.6 a
2-furanyl -8.5 0.0 b -36.3 6.2 38.8 b
3-furanyl -9.2 0.0 0.7 -19.3 19.4 c -60.5
2-oxazolyl -11.6 0.0 0.1 -33.1 8.9 b -49.2
4-oxazolyl -9.4 0.0 b -35.6 7.0 35.1 b
5-oxazolyl -10.5 0.0 -0.9 -22.0 17.1 -64.1 -20.8
pyrrol-1-yl -63.6 0.0 a -15.8 13.0 32.8 a
pyrrol-2-yl -7.0 0.0 1.5 -30.2 8.4 b -44.3
pyrrol-3-yl -7.6 0.0 0.4 -18.4 19.9 -55.6 -50.9
thiophen-2-yl -11.7 0.0 0.7 -31.6 10.4 b 39.5
thiophen-3-yl -12.2 0.0 0.3 -17.9 20.1 54.5 -49.6

2000 K 1 2a 2b 3 4 5a 5b

phenyl -26.9 0.0 a -29.3 22.7 47.2 a
2-furanyl -26.1 0.0 b -52.7 6.4 39.8 b
3-furanyl -26.5 0.0 0.8 -35.6 19.0 c -61.4
2-oxazolyl -28.9 0.0 0.0 -49.4 9.6 b -48.4
4-oxazolyl -26.7 0.0 b -51.9 7.3 36.5 b
5-oxazolyl -27.8 0.0 -1.8 -38.6 16.7 -65.1 -20.9
pyrrol-1-yl -80.3 0.0 a -30.7 13.2 34.7 a
pyrrol-2-yl -25.5 0.0 0.9 -46.9 6.6 b -45.6
pyrrol-3-yl -25.0 0.0 0.5 -34.6 19.1 -60.7 -51.5
thiophen-2-yl -29.4 0.0 0.4 -48.4 10.2 b 40.2
thiophen-3-yl -29.5 0.0 0.3 -34.3 19.9 54.8 -51.0

a Because of symmetry,2a ) 2b and 5a ) 5b. b The 2b isomers
were higher in energy and did not lead to any stable isomers. The5a
or 5b isomers are not stable, or an analogous product is simply not
possible.c Despite numerous attempts, this stationary point could not
be located at the B3LYP/6-31G* level.

TABLE 2: Free Energies of Activation Leading from
Arylperoxy Radicals as a Function of Temperature at the
B3LYP/6-311+G**//B3LYP/6-31G* Level

298 K TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b

phenyl 38.4 a 51.0 27.2 46.2 a
2-furanyl 42.0 b 16.2 16.6 c b
3-furanyl 40.8 4.3 27.3 24.2 d 37.7
2-oxazolyl 37.7 3.3 19.6 20.9 b c
4-oxazolyl 50.3 b 16.4 17.1 c b
5-oxazolyl 49.3 3.8 25.1 24.1 37.6 b

500 K TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b

phenyl 34.9 a 49.8 27.6 46.9 a
2-furanyl 38.1 b 16.0 16.9 c b
3-furanyl 37.1 5.0 26.1 24.6 d 38.4
2-oxazolyl 33.5 4.1 19.5 21.3 b c
4-oxazolyl 46.3 b 16.3 17.5 c b
5-oxazolyl 45.0 4.5 24.5 24.5 38.2 b

1000 K TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b

phenyl 26.6 a 46.8 28.6 49.0 a
2-furanyl 28.6 b 15.8 18.1 c b
3-furanyl 28.1 7.4 23.5 25.7 d 40.4
2-oxazolyl 23.4 6.7 19.3 22.8 b c
4-oxazolyl 36.4 b 16.1 18.8 c b
5-oxazolyl 34.6 6.8 23.2 25.7 39.9 b

1500 K TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b

phenyl 18.7 a 44.3 30.1 51.5 a
2-furanyl 19.6 b 16.0 19.8 c b
3-furanyl 19.5 10.3 21.1 27.3 d 42.8
2-oxazolyl 13.6 9.8 19.5 24.7 b c
4-oxazolyl 26.9 b 16.3 20.6 c b
5-oxazolyl 24.7 9.7 22.2 27.3 42.0 b

2000 K TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a TS 2b-5b

phenyl 11.0 a 42.0 31.8 54.2 a
2-furanyl 10.8 b 16.5 21.7 c b
3-furanyl 11.2 13.5 19.1 29.2 d 45.5
2-oxazolyl 4.1 13.2 20.0 26.9 b c
4-oxazolyl 17.8 b 16.8 22.6 c b
5-oxazolyl 15.0 12.9 21.6 29.2 44.4 b

a Because of symmetry,2a ) 2b and5a ) 5b. b Did not search for
this transition state because of irrelevance of the product for energetic
reasons or an analogous product is simply not possible.c Numerous
transition state searches to link the peroxy precursor and each of these
dioxetanes resulted in discovery of transition states for the loss of O
atom.d Despite numerous attempts, this stationary point could not be
located at the B3LYP/6-31G* level.
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3-furanylperoxy radical (2a). These two transition states differ
markedly not only in their energetic values for the forward and
reverse reactions but also in the geometry of the respective
transition states and the magnitude of their imaginary vibrational
frequencies. In the 2-furanyloxy case, the O atom is cleaved
perpendicular to the plane of the furan ring and the transition
state has an imaginary vibrational frequency of 542i cm-1. In
the 3-furanyloxy case, the O atom is parallel to the ring with a
small imaginary vibrational frequency of only 15i cm-1. Both
of these transition states suffer from excessive spin contamina-
tion with 〈S2〉 values of 1.23 and 1.77 for 2- and 3-furanyloxy
radical formation, respectively.

In studying the unimolecular rearrangement of the 2- or
3-furanylperoxy radical, we examined two possible transforma-
tions (Figure 3). The bonding of the terminal oxygen to the
proximal carbon (1,1-addition) to form the 2- or 3-dioxiranyl-
furanyl radical (4) was examined. The formation of the
2-dioxiranylfuranyl radical possesses a similar free energy of
activation barrier at 298 K as cleavage of the O-O bond but is
slightly more endoergic for product formation. On the other

hand, formation of the 3-dioxiranylfuranyl radical (2a f 4) not
only is the more accessible pathway but also is more favorable
energetically than O atom loss from the 3-furanylperoxy radical
(2a f 3) at 298 K (Tables 1 and 2).

The second rearrangement is the formation of the 2-furanyl-
5a and 3-furanyl-5b dioxetanyl radicals (Figure 3). Although
the 2-furanyl-5a species was found as a stable minimum using
the B3LYP method, all attempts to find a transition state that
linked the 2-furanylperoxy radical to the 2-furanyl-5a radical
failed. Each search resulted in a transition state for the loss of
an O atom from the 2-furanylperoxy radical. Two transition
states were found that connect to 2-furanyl-5a as shown in
Figure 3a, but these structures do not link 2-furanyl-5a to the
2-furanylperoxy (2a) radical.

Two dioxetanyl radicals could result from the unimolecular
rearrangement of the 3-furanylperoxy radical (Figure 3b). The
3-furanyl-5a radical could not be found using the B3LYP
method, and all attempts to maintain the four-membered
oxetanyl ring resulted in ring opening and convergence to the
3-furanylperoxy radical. This is not surprising since the 3-fura-

Figure 4. Pictorial representation of the possible unimolecular rearrangements of (a) phenylperoxy, (b) 2-furanylperoxy, and (c) 3-furanylperoxy
radicals to yield dioxetanyl intermediates. Transition state geometries with resonance structures are also depicted and marked withq.
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nyl-5a product would be an anti-Bredt32 bicyclic system, as
shown in part c of Figure 4, and would be unable to delocalize
effectively the radical’s spin density. The only confirmed
dioxetanyl transition state for the rearrangement of a furanyl-
peroxy radical results in the production of the 3-furanyl-5b
radical. The free energy of activation barrier is∼5-10
kcal/mol lower than that seen in the phenyl16 or pyridinyl15

potential energy surfaces for the analogous reactions. The
production of the 3-furanyl-5b radical is significantly exoergic
even though it possesses the highest activation barrier of these
considered pathways. This effect is due to the concerted nature
of the isomerization where the transfer of an O atom is coupled
to the breaking of the C2-C3 bond in the 3-furanyl-5b radical.

In general, there is a direct correlation between the ability of
each system to delocalize the radical center and the discovery
of a transition state structure (Figure 4). The phenylperoxy
radical readily rearranges to form a dioxetanyl intermediate, yet
no transition state has been discovered that links the 2-fura-
nylperoxy radical (2a) with 2-furanyl-5a. However, the con-
nection of the 3-furanylperoxy radical to 3-furanyl-5b has been
established (Figure 4c). This transition state and the one for
phenylperoxy radical rearrangement can effectively delocalize
the radical around the ring, while the 2-furanylperoxy radical
is not afforded this ability. In what has been seen in the furanyl
and will be shown in the oxazolyl system, dioxetane formation

Figure 5. Mechanisms for the (a) 2-oxazolyl+ O2, (b) 4-oxazolyl+
O2, and (c) 5-oxazolyl+ O2 reactions showing Gibbs free energies of
activation barriers (relative to the appropriate reactant) and Gibbs free
energies of each intermediate at 298 K (relative to the corresponding
2a) at the B3LYP/6-311+G**//B3LYP/6-31G* level.

Figure 6. Mechanisms for the (a) pyrrol-1-yl+ O2, (b) pyrrol-2-yl+
O2, and (c) pyrrol-3-yl+ O2 reactions showing Gibbs free energies of
each intermediate at 298 K (relative to the corresponding2a) at the
B3LYP/6-311+G**//B3LYP/6-31G* level.
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appears to be significantly dependent on delocalization of the
radical in the intermediate and also in the transition state.

C. Comparison to the Oxazolyl Radical+ O2 Reaction
Mechanism. The oxidation of 2-, 4-, and 5-oxazolyl radicals
and further rearrangement was studied to determine the effect
of a second heteroatom within a five-membered ring (Figure
2). In particular, oxazole allows for an examination of the effect
of N, O, or both heteroatoms on the relative rearrangement
pathways. For instance, the 5-position of oxazole is ortho only
to N, while the 4-position is ortho only to O. The 2-position is
ortho to both N and O, and a mechanistic analysis allows for
an examination of any synergistic effects. However, in general,
the energetics of the intermediates and transition states of the
oxazolylperoxy radical (2) are very well correlated with those
for the furanylperoxy radicals (Tables 1 and 2).

The rearrangement of the 2- and 4-oxazolylperoxy radicals
closely follow all of the major trends seen in the 2-furanylperoxy
radical’s rearrangements (Figure 5). For both 2- and 4-ox-
azolylperoxy radicals, the least endoergic reaction at 298 K is
the loss of an O atom to yield the 2- and 4-oxazolyloxy (3)
radicals. The cleavage of the O-O bond also has the lowest
calculated free energy of activation barrier (∆Gq, 298 K), but
these calculations are suspect due to the excessive spin
contamination. The presence of the N atom in the ring raises
slightly the calculated energies at the 2-position compared to
the 4-position or even those of the 2-furanyl system. Another
similarity is seen in the search for transition states that lead to
formation of the possible dioxetanyl radicals, 2-oxazolyl-5b and
4-oxazolyl-5a. In both cases, all attempts failed; transition states
found during these searches linked the 2- and 4-oxazolylperoxy
radicals to 2- and 4-oxazolyloxy (3) radicals.

The 5-oxazolylperoxy radical pathways mirror that of the
3-furanylperoxy radical (Figure 5c). The activation barriers and
endoergicities are slightly lowered for the reactions that form
the 5-oxazolyloxy radical (3) and the 5-dioxiranyloxazolyl
radical (4) as compared to the 3-furanylperoxy potential energy
surface. In general, the 5-oxazolylperoxy radical has higher
barriers for rearrangement as compared to the 2- and 4-ox-
azolylperoxy radicals. However, for both 3-furanylperoxy and
5-oxazolylperoxy radicals, the dioxiranyl pathways are favored
at 298 K over all of the other rearrangements examined.

D. Comparison of Theoretical Levels.We also calculated
single point energies at the UCCSD(T)/6-31G** level for the
3-furanylperoxy radical, 5-oxazolylperoxy radical, and their

TABLE 3: Relative Energies (kcal/mol) at Different Theoretical Levels for a Few Important Intermediates and Transition
States on the Potential Energy Surface of 3-furanylperoxy and 5-oxazolylperoxy Radicalsa

3-furanylperoxy radical 2a TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2b-5b

UMP2/6-31G** 0.0 44.9 -5.0 54.8 26.0 56.4
UMP3/6-31G** 0.0 46.2 -3.6 43.7 26.7 51.6
UMP4(SDQ)/6-31G** 0.0 44.8 -1.6 44.0 26.3 48.1
UCCSD/6-31G** 0.0 44.1 2.0 35.3b 25.5 38.6
UCCSD(T)/6-31G** 0.0 45.6 2.4 b 24.0 35.8
UB3LYP/6-311+G** 0.0 47.9 4.1 31.1 25.5 38.5
UB3LYP/6-31G* 0.0 50.2 4.5 35.3 25.5 38.2

UB3LYP/6-311+G** 〈S2〉 0.76 1.77 0.75 1.77 0.77 0.78
UCCSD(T)/6-31G**〈S2〉 0.95 2.16 0.77 2.02 1.09 1.41

5-oxazolylperoxy radical 2a TS 1-2a TS 2a-2b TS 2a-3 TS 2a-4 TS 2a-5a

UMP2/6-31G** 0.0 48.0 2.5 39.0 29.3 64.4
UMP3/6-31G** 0.0 49.0 1.8 28.2 29.2 57.5
UMP4(SDQ)/6-31G** 0.0 47.1 2.4 28.4 28.5 53.2
UCCSD/6-31G** 0.0 45.1 2.6 25.7b 26.8 40.3
UCCSD(T)/6-31G** 0.0 46.3 2.8 b 25.0 37.0
UB3LYP/6-311+G** 0.0 57.2 3.5 28.0 25.3 38.7
UB3LYP/6-31G* 0.0 60.0 4.1 32.2 25.4 38.3

UB3LYP/6-311+G** 〈S2〉 0.76 1.76 0.75 1.49 0.77 0.78
UCCSD(T)/6-31G**〈S2〉 0.87 2.11 0.86 1.93 1.04 1.44

a The B3LYP/6-31G* geometry was used in each case. The relative energies are at the bottom-of-the-well.b The CCSD equations could not be
converged to the necessary accuracy (<10-7 au) by Gaussian 98 in order to complete the UCCSD(T) calculation. The corresponding CCSD energy
for TS 2a-3 reflects a 10-5 au convergence.

Figure 7. Mechanisms for the (a) thiophen-2-yl+ O2 and (b) thiophen-
3-yl + O2 reactions showing Gibbs free energies of each intermediate
at 298 K (relative to the corresponding2a) at the B3LYP/6-311+G**//
B3LYP/6-31G* level.
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transition states for rearrangement in order to evaluate the
quantitative accuracy of the B3LYP energies. These relative
energies (at the bottom of the well) are provided in Table 3.
The UCCSD(T) energies are in good qualitative and quantitative
agreement with the B3LYP results (within∼3 kcal/mol).
Because of the high level of spin contamination for the UHF
reference wave function, the 3-furanyl-TS 2a-3and the 5-ox-
azolyl-TS 2a-3 calculations at the UCCSD(T) level failed to
converge the coupled-cluster equations. However, overall there
is general consensus between the B3LYP and UCCSD(T)
energies.

E. Comparison of Reaction Pathways as a Function of
Temperature. Upon observing the changes in relative Gibbs
free energy as the temperature increases from 298 to 2000 K,
several trends become evident (Tables 1 and 2). At temperatures
<1500 K, the addition of O2 to the furanyl or oxazolyl radicals
is exoergic, which demonstrates that the formation of the
arylperoxy intermediate is thermodynamically favorable across
a wide range of temperatures. At temperatures>1500 K, if the
arylperoxy radical intermediate is formed, then the simple
decomposition of arylperoxy to aryl radical and O2 has the
lowest activation barrier, except for the 4-oxazolylperoxy radical.

Another important trend is the proclivity of the arylperoxy
radicals derived from the five-membered rings to lose an O atom
at temperaturesg500 K. In general, the furanyloxy and
oxazolyloxy radicals (3) are the most stable intermediates from
500 to 2000 K, except for a few dioxetanyl radical species.
These dioxetanyl radicals include 3-furanyl-5b, 2-oxazolyl-5b,
5-oxazolyl-5a, and 5-oxazolyl-5b (Figures 3-5); however, in
these peculiar cases, either the activation barriers for formation
of the oxetanyl radicals are at least 10 kcal/mol higher than the
loss of O atom or transition states were not found for the direct
conversion of the peroxy radical precursor to yield the dioxetanyl
radical intermediate. The production of the dioxiranyl radical
intermediates is only favored kinetically or thermodynamically

at low temperatures (e500 K) for the 3-furanyl and 5-oxazolyl
potential energy surfaces.

F. Other Five-Membered Rings: Pyrrole and Thiophene.
We also calculated the analogous intermediates (but not their
respective transition states) for the pyrrolyl and thiophenyl
radicals (Table 1 and Figures 6 and 7). When the energetics for
these systems are compared with those of the phenyl, furanyl,
and oxazolyl radicals, several trends become evident. These
trends are shown schematically in Figure 8. The trends are
consistently related to the position of the radical center relative
to the heteroatom (2- vs 3-position) as well as the magnitude
of the C-H bond dissociation enthalpy (BDE) for generating
the carbon-centered radical.24

In general, the preference for the loss of O atom over the
loss of O2 from the five-membered arylperoxy radical precursor
increases for arylperoxy radicals derived from the 2-position
over the 3-position, and within these subsets, the preference
increases with respect to increasing C-H BDE. The only five-
membered arylperoxy radical in this study that prefers O2 loss
over O loss at all temperatures is the pyrrol-1-ylperoxy radical
(2a) (derived from the N-centered radical). This is due to the
unique stability of the pyrrol-1-yl radical (Figure 6), as this
radical, like the cyclopentadienyl radical, has the unpaired
electron in theπ-systemsfor a total of 5 electrons in the
π-system.24,33,34 Most carbon-centered aryl radicals have the
unpaired electron in theσ-system.24

The same trend is seen for the relative stability of dioxira-
nylaryl radicals (4) as compared to aryloxy radicals (3). At 298
K, all peroxy radicals derived from the 2-position favor O atom
loss over isomerization to the dioxiranyl product, except for
the 5-oxazolylperoxy radical. By 500 K, the aryloxy radical
intermediate is more stable than every corresponding dioxiranyl
radical intermediate except in the case of the pyrrol-1-ylperoxy
radical.

Figure 8. Observed trends of five-membered heterocyclic radical oxidation and further rearrangements as compared to the related C-H BDE in
the parent aromatic ring.aSee ref 24.
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Finally, dioxetanyl radical products resulting from the rear-
rangement of pyrrolylperoxy and thiophenylperoxy radicals have
been explored (Figures 6 and 7). Only three bicyclic structures
were converged to be stable minima using the B3LYP method:
pyrrol-1-yl-5a, thiophen-2-yl-5a, and thiophen-3-yl-5a. All of
the other structures exhibited O-O bond scission, a C-C bond
cleavage, or a combination of both. It is doubtful that transition
state structures can be found that directly link the parent peroxy
intermediate to either pyrrol-2-yl-5b or pyrrol-3-yl-5adioxetanyl
radicals based on our previously noted observations in the
furanyl and oxazolyl potential energy surfaces. With regard to
the dioxetanyl radicals derived from the thiophenyl system, it
is highly likely that direct linkage between the thiophenylperoxy
radical and each dioxetanyl radical may exist due to the
increased polarizability of sulfur as compared to oxygen.

IV. Conclusions

We have explored the potential energy surfaces, including
transition states, for the reaction and subsequent rearrangement
of O2 addition to furanyl and oxazolyl radicals. Thermodynamic
comparisons have been presented for these systems with the
thiophenyl and pyrrolyl radical systems. A range of temperatures
relevant to both atmospheric and combustion processes have
been explored for all of these reaction mechanisms.

Throughout the five-membered ring heterocycles, the forma-
tion of the aryloxy intermediate is generally the most favored
intermediate evolving from the arylperoxy radical. This prefer-
ence is greater than that observed in the phenylperoxy radical14,16

or other six-membered ring heterocycles.15 The thermodynamic
stability and activation barriers for formation of the dioxiranyl
intermediates are comparable to the aryloxy intermediates at
low temperatures. However, the dioxetanyl radical intermediates
are much less favored. If the dioxetanyl radicals demonstrate
more stability than their aryloxy counterparts, they suffer
kinetically with higher activation barriers or the lack of a direct
pathway (i.e., no transition state) for formation from the initial
arylperoxy radical intermediate.
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