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In this study, the reaction mechanism of toluene 1,2-epoxide/2-methyloxepin with OH radical was studied by
means of quantum chemical computations performed using B3LYP/6-31G(d,p), B3LYP/6-311G(2df,2p), and
BHandHLYP/6-31G(d,p) methods. Ground state, intermediate, and transition states were determined. The
results indicated that the 2-methyloxepin,A, isomer is more stable, by 2.4 kcal/mol, than toluene 1,2-epoxide,
B. Two reaction pathways were studied,RP-A andRP-B, corresponding to the reaction of OH with toluene
1,2-epoxide and 2-methyloxepin, respectively. The localization of a pre-reactive complex forRP-A is crucial
for the accurate estimation of the rate constant,k ) 1.0× 10-10 cm3 molecule-1 s-1, which is in good agreement
with that determined experimentally, whereas forRP-B the rate constant is 1.3× 10-14 cm3 molecule-1 s-1.
Under atmospheric conditions, both pathways yield 6-oxohepta-2,4-dienal as a main product, and from the
energetic and kinetic results it was found thatRP-A is the preferred pathway. The study of the oxide/oxepin
mechanism is relevant because, aside from its relatively high concentration in the troposphere, this compound
has carcinogenic and mutagenic properties.

1. Introduction

Volatile organic compounds (VOC) are emitted in substantial
quantities from both biogenic and anthropogenic sources1a,band
have a major influence on the chemical composition of the
atmosphere at the level of lower atmosphere or troposphere.
Certain oxidized organic products with low volatility can remain
at the level of troposphere and can promote both aerosol
formation and growth of these aggregates.2 The important
contribution of such primary oxygenated organics to secondary
organic aerosols (SOA) is becoming increasingly recognized.3

Nowadays, there has been some evidence that SOA may affect
human health and global warming. In fact, the probable
formation of toxic epoxide species from aromatic oxidation is
of paramount importance, because the epoxy functional group
can act as an electrophile in its interaction with DNA and
nucleosides, producing carcinogenic and mutagenic damages.4

Aromatic hydrocarbons constitute the largest fraction, 20%,
of VOCs in polluted atmosphere in urban areas,5 with anthro-
pogenic activities being their main source of origin. Toluene is
the most abundant aromatic hydrocarbon in the troposphere;
during the day, the main loss process is the gas-phase reaction
of this aromatic compound with the OH radical. Theoretical
studies have been realized to investigate the preferential position
for the primary addition of the OH radical.6,7 Within the
framework of density functional theory (DFT), Inseon et al.6

using the B3LYP/6-31G(d,p) method determined a preferential
position for theortho addition of OH to toluene. Whereas Uc
et al.,7 using Hartree-Fock theory at the PMP2 level, concluded
that theipso addition of OH to toluene is the most important.
In particular, theortho addition yields a radical intermediate,
which is oxidized by molecular oxygen to toluene 1,2-epoxide

and 2-methyloxepin; a rapid equilibrium was observed for these
species,8a which have both toxic and mutagenic properties.4

The mechanisms for the reaction of toluene 1,2-epoxide/2-
methyloxepin with the OH and NO3 radicals were proposed by
Klotz et al.8a For the reaction with OH, these authors obtained
a rate constant of (2.1( 0.1)× 10-10 cm3 molecule-1 s-1 and
6-oxohepta-2,4-dienal was identified as the final product. They
also found that the reaction with the NO3 radical proceeded with
a rate constant of (1.3( 0.1)× 10-11 cm3 molecule-1 s-1 and
that the main products were unidentified nitrogen-containing
compounds. Besides, other authors have proposed the formation
of m-xylene oxide/oxepin to explain the formation of the
observed 2-methyl-6-oxo-2,4-heptadienal and 4-methyl-6-oxo-
2,4-hexadienal species as final products.9 On the other hand,
Kassaee et al.,10 by means of anab initio Hammet study, have
determined the substituent effects on the tautomerization of
oxepine to benzene oxide. They concluded that electron-
withdrawing groups shift the equilibrium slightly in favor of
benzene oxide. Raoult et al.11a,bhave determined experimentally
and theoretically the primary oxidation steps of benzene+ OH
in the gas phase. Using B3LYP/6-31G(d) and single point
CCSD(T)/6-31G(d)//B3LYP/6-31G(d) calculations, these au-
thors pointed out that near atmospheric conditions, the O2

addition to the benzene-OH intermediate is in equilibrium with
the corresponding peroxy radical (ROO), which, despite the
possible reaction routes with high activation barriers, forms
glyoxal as a primary product. Whereas Frankcombe et al.,12

using the B3LYP/6-311G(2df,2pd) method, have studied the
toluene-OH-O2 system following the proposal of oxide/oxepin
mechanisms by Klotz et al.8a and found that the hydrogen
abstraction by O2, leading to the formation of the toluene oxides,
presents barriers of=9.6 kcal/mol, with respect to the energy
of the toluene entrance channel.

Even though the carcinogenic and mutagenic properties of
the oxide/oxepin system are known, there are few experimental
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and theoretical studies8a,b,10,12,13of these compounds. In this
study, investigations are particularly performed on the structural,
electronic, andenergetic properties of toluene 1,2-oxide and
2-methyloxepin at the B3LYP/6-31G(d,p), B3LYP/6-311G(2df,-
2p), and BHandHLYP/6-31G(d,p) levels of theory. The calcu-
lated vibrational frequencies were compared with the experi-
mental FT-IR spectrum8a of toluene 1,2-oxide/2-methyloxepin.
As shown below, the present results indicate that BHandHLYP/
6-31G(d,p) is an appropriate method for the analysis of these
kind of compounds. We have investigated several possibilities
for the OH radical addition to toluene 1,2-epoxide/2-methylox-
epin and determined the corresponding transition state that
connects the reactants with each organic compound. An

important feature of the theoretical results is based on the fact
that these two isomers have nearly similar energies, thereby
complicating the analysis of their reactivity. The estimation of
the rate constant using the BHandHLYP/6-31G(d,p) method
indicates that the reaction of OH+ toluene 1,2-epoxide
dominates over the OH+ 2-methyloxepin pathway in the
atmospheric chemistry.

Also, we report the potential energy surface (PES) for the
mechanism of OH+ toluene 1,2-oxide (RP-A) and OH +
2-methyloxepin (RP-B). Both pathways produce 6-oxohepta-
2,4-dienal as one of the main final product. The activation
energy (Ea) and the reaction energy (RE, calculated as the
difference between two contiguous intermediates) were evalu-

Figure 1. B3LYP/6-311G(2df,2p) optimized structure of toluene 1,2-oxide/2-methyloxepin (A/B). The transition state structure is also indicated.

TABLE 1: IR Stretching Vibration of A and B Calculated at the B3LYP Level with 6-31G(d,p) and 6-311G(2df,2p) Basis Sets

toluene 1,2-oxide (A) 2-methyloxepin (B)

stretching (cm-1)
B3LYP

6-311G(2df,2p)
B3LYP

6-31G(d,p)
B3LYP

6-311G(2df,2p)
B3LYP

6-31G(d,p) experimentala

C-H (vinylic) 3153 3171 3141 3157 3050
C-H (methyl group symmetric) 3034 3046 3027 3038 3000
C-H (methyl group asymmetric) 3090 3112 3121 3140 3000
CdC symmetric 1689 1702 1633 1647 1600
CdC asymmetric 1602 1618 1710 1722
C-O (epoxide) 1307-1377 1316-1385
C-O (oxepin) 1258 1260 1235
C-O (oxepin) 1164 1171 1157
C-O (epoxide or oxepin) 1075 1080 1089 1070 1074
C-O (epoxide or oxepin) 1008 1011 1063 1064 1047

a As assigned in ref 8a.
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ated, which allow us to verify whether the proposed channel to
yield 6-oxohepta-2,4-dienal is energetically favorable. Under-
standing the atmospheric oxidation of aromatic hydrocarbons
is needed for an insight into such kind of reactions and for an
improvement in the predictions of the model calculations.

2. Computational Procedure

The geometry and electronic structure of all compounds
studied in this work were determined by means of calculations
carried out in the spin-restricted and the spin-unrestricted

formalisms for closed-shell and open-shell systems, respectively.
We performed geometry optimizations using three different
electronic structure approaches of hybrid density functional
theory (HDFT).

At the HDFT level, the B3LYP hybrid functional was used.
B3LYP is the combination of Becke’s three-parameter exchange
functional, and the correlation is provided by the Lee, Yang,
and Parr expression (LYP) functional. This hybrid scheme was
used in conjunction with the split valence polarized basis sets,
6-31G(d,p) and 6-311G(2df,2p). Several authors have already

SCHEME 1

TABLE 2: Zero-Point Corrected Reaction Energies (RE, kcal/mol) and Activation Energies (Ea, kcal/mol) for Toluene
1,2-Oxide-OH Reaction Mechanism for Reaction Pathway A

reaction pathwayA

B3LYP/6-31G(d,p) B3LYP/6-311(2df,2p) BHandHLYP/6-31G(d,p)

RE Ea RE Ea RE Ea

reactantsf P-C -6.41
P-C f TS-A 2.25
A f A2 -41.63 -40.1 -40.86
TS-A2_A3 9.41 9.1 11.3
A2 f A3 -31.85 -30.65 -31.23
TS-A3_A4 6.03 4.8 12.17
A3 f A4 + O2 -28.33 -31.26 -23.37
TS-A4_A5 -44.47 -41.7 -37.7
A4 f A5 -38.46 -38.12 -39.94
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proved that B3LYP is adequate to describe OH-toluene
reactions.6,7 Similarly, it is also now well-known that B3LYP
systematically underestimates barrier heights (particularly,
hydrogen-abstraction barriers).14,15Thus, other functionals were
tested in this work. That is, the PES was also studied using the
BH&HLYP functional,16 because empirically it has been found
that this method gives more accurate barrier heights than
B3LYP.14,17The calculations were realized using the Gaussian
(03) program.18

The located transition states, TS, were confirmed by means
of the analysis for the vibrational frequencies; a single imaginary
frequency, defined along the reaction coordinate was presented
by such states. The rate constant for the OH addition to oxide/
oxepin has been calculated assuming that the reaction occurs
according to a two-step mechanism. In the first step, there is a
fast pre-equilibrium between the reactants and the pre-reactive
complex, and in the second step, the addition of OH radical
occurs. Therefore, the equilibrium constant of the fast pre-
equilibrium may be obtained as19a

In the first step,k1 and k-1 are the rate constants for the
forward and reverse reactions, respectively, whereask2 is the

rate constant for the second step, a steady state analysis origin
a rate constant for the overall reaction, which is possibly written
as

BecauseE1 is zero, the activation energy of the overall reaction
is

whereER, EP-C, andETS are the total energy for the reactants,
transition state, and pre-reactive complex, respectively. At high
pressures, the activation energy can be calculated as eq 2. Then,
the constant of the fast equilibrium reaction between the
reactants and the pre-reactive complex can be obtained using
basic statistical thermodynamic principles

whereQR andQP-C are the partition functions of the reactants
and pre-reactive complex, respectively. Under high-pressure
conditions, an equilibrium distribution of reactants is maintained

TABLE 3: Partition Functions Qcorr
a and Pre-exponential FactorsA for Paths A (Toluene 1,2-Oxide) and B (2-Methyloxepin)

for Complex Mechanism of the OH Addition Reaction, Calculated at the BHandHLYP/6-31G(d,p) Level (Experimental Rate
Constant (2.1( 0.1) × 10-10 8)

toluene 1,2-oxideA
(no elemental reaction)

2-methyloxepinB
(elemental reaction)

QOH 5.99913× 107 QOH 5.99913× 107

QA 8.39202× 1013 QB 1.68144× 1014

QAcorr 1.0325790× 1013 QBcorr 6.88× 1012

QP-C 2.86414× 1016

QP-Ccorr 2.73943× 1016

QTS 1.95399× 1015 QTS 5.55473× 1014

QTScorr 5.56648× 1015 QTScorr 1.2360× 1015

A (cm3 molecule-1 s-1) 1.262369 x 1012 A (cm3 molecule-1 s-1) 2.538555× 107

Keq (cm3 molecule-1) 3.67× 10-21

k (s-1) 2.83× 1010

keff (cm3 molecule-1 s-1) 1.0× 10-10 keff (cm3 molecule-1 s-1) 1.3× 10-14

a The indicated partition functions have been corrected (Qcorr) for internal rotations (see text); the other values are those obtained from Gaussian03.

Figure 2. Optimized structure for the pre-reactive complex (a) and transition state (b) forRP-A at the BHandHLYP/6-31G(d,p) level of theory.

k )
k1k2

k-1
) (A1A2

A-1
) exp[-(E1 + E2 - E-1)/RT] (1)

Ea ) E2 - E1 ) (ETS - EP-C) - (ER - EP-C) ) ETS - ER (2)

Keq )
QP-C

QR
exp[(ER - EP-C)/RT] (3)First Step: C6H5OCH3 + OH• T [C6H5OCH3-OH]•

Second Step: [C6H5OCH3sOH]• f C6H5OCH3OH
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in a unimolecular process, and the classical transition state
theory19b formula can be used to estimatek.

Partition functions,Q, are computed from the rotational
constants and the vibrational frequencies of the BHandHLYP
results. The effective rate constant for the overall mechanism
is obtained according to the following equation:

3. Results and Discussion

The main objective of this study is to explore the potential
energy surface (PES) for the oxidation mechanism of toluene
1,2-oxide and 2-methyloxepin to yield 6-oxohepta-2,4-dienal.
As mentioned above, calculations were performed using the
B3LYP functional and the 6-31G(d,p) and 6-311G(2df,2p) basis
sets. The located adducts of lowest energy were re-optimized
using the BHandHLYP/6-31G(d,p) method.

The computed B3LYP/6311-G(2df,2p) lowest energy struc-
ture of toluene 1,2-oxideA and of 2-methyloxepinB are shown
in Figure 1. For the isomerA, the Mulliken population analysis
reveals an uneven distribution of the atomic charges. The oxygen
atom, with -0.41 electrons (e), is the most negative center,
followed by the carbon atom of the methyl group, which has

-0.15 e. Other small negative charges appear at C3-C4-C5-
C6, which is a consequence of the electronic density from the
two double bonds. This atomic net charge distribution produces
a dipole moment of 1.82 Debyes (D), indicating a high polarity
for toluene 1,2-oxide. Note that this dipole matches that of the
water molecule (the calculated dipole moment for H2O is equal
to 1.88 D, at the B3LYP/6311-G(2df,2p) level of theory). In
the absence of degradation reactions forA, these results suggest
a high solubility of this compound in polar solvents. The
structural features of 2-methyloxepin (B) indicate, as compared
to the oxide, a less stressed ring. In fact, the results of total
energy indicate thatB is 2.4 kcal/mol more stable thanA. The
electronic charge inB is also unevenly distributed, producing
a polar compound, but with a smaller dipole, 1.18 D, than that
of A; see Figure 1. In addition, we found that the activation
energy (Ea) of transition stateTS-A-B for reactionA f B is
7.9 kcal/mol, whereas for the inverse reactionB f A, theEa is
of 10.3 kcal/mol; see Figure 1. These results are in agreement
with the observation that the equilibrium is displaced toward
the less polar oxepin moiety when theA/ B system is dissolved
in CF3Br.20a

In Table 1, the theoretical frequencies for the optimizedA
andB geometries using the B3LYP functional, are compared
with the experimental gas-phase FT-IR. The experimental and
theoretical values for the stretching vibrations are in close
agreement. The FT-IR8a spectrum shows absorption at 1235 and
1157 cm-1 corresponding to C-O stretching vibrations of vinyl

Figure 3. Intermediates and transition states for reaction pathwayA, at the B3LYP/6-311G(2df,2p) level of theory.

k )
kBT

h

QTS

QP-C
exp[(EP-C - ETS)/RT] (4)

keffec ) Keqk (5)
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ethers or epoxides. The bands at 1074 and 1047 cm-1 are also
typical regions for vinyl ether. Comparison between the
experimental, 1235 and 1157 cm-1, and theoretical, 1258 and
1164 cm-1, frequencies (see Table 1) indicates they can be
assigned to the C-O group ofB. No assignments were made
for the absorption at 1300-1390 cm-1,8a but their calculated
counterparts, 1307 and 1377 cm-1, indicate that this absorption
corresponds to the C-O stretching of the epoxideA. The most
intense absorptions in the spectrum8a are due toB, suggesting
that this isomer may be present in higher concentrations than
A, at 300 K. These results are in agreement with the fact that
B is more stable thanA, by 2.4 kcal/mol, and with theB f A
activation energy of 10.3 kcal/mol. The results in Table 1
indicate that the chosen methods, B3LYP/6-311G(2df,2p) and
B3LYP/6-31G(d,p), accurately describe the absorption spectrum
of toluene 1,2-oxideA and of 2-methyloxepinB. This analysis
helps to distinguish between both isomers.

According to Klotz et al.,8a the equilibrium of toluene 1,2-
oxideA with 2-methyloxepinB is of critical importance to their
atmospheric chemistry behavior. Gunther et al.20b measured the
rate constant for the conversion of toluene 1,2-oxide to
2-methyloxepin and found that the equilibrium of these species
is established much more rapidly than any conceivable atmo-
spheric degradation reaction. In fact,A and B have been
considered as a single compound, which complicates the analysis
of their reactivity. The following text gives the reaction
mechanism for bothA andB compounds.

3.1. Reaction Pathway A: Toluene 1,2-Oxide+ OH. The
addition of the OH radical to the C6 position ofA produces
the A2 intermediate, shown in Scheme 1. In a primary ring
cleavage,A2 is stabilized, resulting in the formation of theA3
intermediate, a further cleavage yieldsA4, which, through an
abstraction of the H-atom by the O2 molecule, produces
6-oxohepta-2,4-dienalA5. This compound has been experimen-
tally identified as one of the products in the reaction of toluene
1,2-oxide with the OH radical.8a The obtained activation energy
(Ea) and the reaction energy (RE), at several levels of theory,
for the involved species inRP-A are shown in Table 2. All

necessary parameters for the calculation of the rate constants
are given in Table 3. In this study, the rate constants were
estimated, considering the barrier for the (a) elemental and (b)
nonelemental reactions:

As will be shown below, the nonelemental reaction produces
results in close agreement with the experimental determina-
tions.7,21,22It is to be highlighted that theR f P-C f TS step
was evaluated using the BHandHLYP functional, because it was
found that it is adequate to obtain more accurate energy
barriers.16,18

The hydrogen atom of the O-H radical appears to approach
a lone pair of the oxygen atom in the toluene 1,2-oxide to form
a stable pre-reactive complex (P-C), and this complex is 6.41
kcal/mol more stable than the energy of the reactants. The
oxygen atom of the OH radical may flip in the plane, in the
direction of the C6 carbon atom to form a new C6-O bond;
see Figure 2a. At this point, we do not use the B3LYP method
because it is inherently inadequate to describe some of the
bonding interactions presented in different pre-reactive complex
structures.23 This pre-reactive complex will undergo stabilization
by collision, dissociation back to reactant, and fragmentation
to final product.24 The existence of a pre-reactive structure was
observed by other authors.21,22 Uc et al.7 found a pre-reactive
structure with energy below that of the reactants for the addition
of the OH radical to toluene and concluded that it can be
considered as the precursor structure for all further addition
reactions.

After the pre-reactive complex formation, the corresponding
transition stateTS-A geometry was obtained at the BHandH-
LYP/6-31G(d,p) level of theory; see Figure 2b. The activation
energy of this transition state is given in Table 2. From the
estimated frequencies forTS-A, two modes were identified as
internal rotations corresponding to rotation of OH and of the

Figure 4. PES, at BHandHLYP/6-31G(d,p) and B3LYP/6-311G(2df,2p), for reaction pathway A (RP-A).

R f TS (reactantsf transition state) (a)

R f P-C f TS
(reactantsf pre-reactive complexf transition state) (b)

•OH Reaction with Toluene 1,2-Epoxide/2-Methyloxepin J. Phys. Chem. A, Vol. 111, No. 50, 200713093



methyl group. The calculation of rate constants involves the
determination of the correct partition functions, in which the
internal rotations, with rotational barriers lower than 3 kcal/
mol, are treated as hindered rotations rather than as vibrations.
The calculated barriers for the internal rotation of OH and CH3

are lower than 3 kcal/mol. Thus, in the partition function (Q)
for the transition state, their harmonic contributions were
corrected and replaced by those of hindered rotors (Qcorr).25

Thus, the pre-reactive complex inR f P-C f TS yields an
actual activation energy (ER - EP-C) of 6.41 kcal/mol for the
pre-equilibrium and a rate constant of 1.0× 10-10 cm3

molecule-1 s-1, in good agreement with the experimental results.
When we assume an elementary mechanism,R f TS, the
calculated reaction constant is only 3.5× 10-11 cm3 molecule-1

s-1.
We explore all the possibilities of addition inA, and the

results show that the C6 carbon atom is the preferred position
for the OH addition, yielding theA2 intermediate, which is
stabilized by 40.1 kcal/mol with respect toA. Frankcombe et
al. obtained similar results for this step.12 The OH addition to
A reduces the C1-C2-O7 bond angle by 2.3° to form a more
stressed oxide ring inA2. Then, a further reaction may take
place at this oxide region. In fact, in the stressed oxide ring,
the breaking of the C2-O7 bond occurs with an activation
energy of 9.1 kcal/mol (at B3LYP/6-311G(2df,2p) level) to yield
the A3 intermediate. The corresponding transition stateTS-
A2_A3 presents only one imaginary frequency with an associ-
ated vector involving the C2-O7 bond stretching. InTS-
A2_A3, the C2-O7 distance increases by 0.533 Å; moreover,
the C1-C2 bond is relaxed significantly, from 1.485 to 1.503
Å, whereas the C1-O7 bond length, 1.383 Å, has started to
move to a double C-O bond. The spin density ofTS-A2_A3
is located on the C2-C3-C4-C5 chain, with a contribution of
0.63 v on the O7 atom. The distribution of the spin density in
the ring indicates an anti-ferromagnetic coupling on the C2-
C3-C4-C5 chain; see Figure 3.

TheA3 intermediate is 9.8 kcal/mol, at B3LYP/6-311G(2df,-
2p), less stable than the parentA2 oxide, suggesting thatA3
could revert back to the formation of theA2 compound, instead
of forming another product. This behavior was observed in the
case of the B3LYP/6-31G(d,p) and BHandHLYP/6-31G(d,p)
methods; see Table 2. Some parameters of theA3 structure are
shown in Figure 3. A typical double bond character is found in
C2-C3 (1.358 Å) and C4-C5 (1.345 Å), whereas C3-C4
(1.445 Å) is intermediate between double and single bonds; the
remaining C-C bonds show characteristics of single C-C
bonds. In theA3 intermediate, the spin density is mainly located
on the O7 atom, suggesting a high reactivity of this oxygen
site.

The vibrational analysis forTS-A3_A4 shows a negative
frequency with a vector displacement along the C1-C6 bond,
which is the one that is broken during the formation ofA4 from
A3. Indeed, in TS-A3_A4, the C1-C6 bond exhibits a
significant increase in length of 0.371 Å. At the same time, the
C1-O7 distance decreases from 1.383 Å inA3 to 1.28 Å,
indicating the beginning of the CdO double bond formation.
As a consequence of ring opening at C1-C6, the C6-O17 bond
length decreases considerably by 0.55 Å.

TheA4 intermediate is significantly more stable, by 31.3 kcal/
mol, than theA3 adduct. Furthermore, we have located the
transition stateTS-A4-A5, connectingA4 with A5, which
corresponds to the abstraction of hydrogen, H18, by oxygen.
The O17-H18 bond increases in length from 0.96 Å inA4 to
1.147 Å, and simultaneously the H18-O19 bond begins to form,T
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Figure 5. (a) Intermediates and transition states for the reaction pathwayRP-B-a, at the B3LYP/6-311G(2df,2p) level of theory. (b) Intermediates
and transition states for the reaction pathwayRP-B-b, at the B3LYP/6-311G(2df,2p) level of theory.

•OH Reaction with Toluene 1,2-Epoxide/2-Methyloxepin J. Phys. Chem. A, Vol. 111, No. 50, 200713095



with an internuclear distance of 1.255 Å; see Figure 2.
Consistently, the spin density of this transition state is mainly
localized on the O20 (0.58v), O19 (0.48v), and H18 (0.12v)
centers. Finally, abstraction of the H18 acidic hydrogen gives
the formation of 6-oxohepta-2,4-dienal,A5. It is interesting to
note in Table 2 that the B3LYP/6-311G(2df,2p) results present
lower activation energies than the other two methods, but only
BHandHLYP gives the more stable final product (A5). Figure
4 shows the computed BHandHLYP/6-31G(d,p) and B3LYP/
6-311G(2df,2p) PES for this reaction pathwayRP-A.

3.2. Reaction Pathway B: 2-Methyloxepin+ OH. This
RP-B pathway originates two routes: the first one,B-a, begins
with the addition of the OH radical at the C2 atom, and in the
other route,B-b, the OH addition occurs at the C1 atom. The
total energies for all species, at different levels of theory, are
shown in Table 4. The B3LYP/6-311G(2df,2p) optimized
structures forB-a and B-b are shown in Figure 5a,b, respec-
tively.

The B3LYP/6-311G(2df,2p) calculations show the localiza-
tion of a TS-Bab transition state, which presents only one
imaginary frequency of 736 cm-1. TheTS-Bab indicates two
possible paths for the OH addition, and it can occur on C2 to
give B-a, or on C1 to give theB-b pathway. This result was
confirmed by an internal reaction coordinate (IRC) calculation.
The OH addition has no preference for C1 or C2, which may
be partially due to the charge distribution of 2-methyloxepin
(B), as in this moiety, both C1 and C2 have similar positive
charges:+0.16 and+0.10 e, respectively. InTS-Bab, the C1
and C2 centers become more positive,+0.39 e and+0.24 e,
respectively, which is due to the transference of electronic charge
toward the O7 and O17 atoms. Note that the C1-O17 and C2-
O17 internuclear distances are quite similar, 1.842-1.831 Å.
Moreover, the unpaired electron, originated from the OH radical,
has been almost completely transferred to 2-methyloxepin,
showing a delocalization around the ring.

The rate constant is estimated assuming an elementary
reaction. As a matter of fact, for the elementaryR f TS
mechanism, the rate constant calculated using the BHandHLYP/
6-31G(d,p) method is only 1.3× 10-14 cm3 molecule-1 s-1.

This value is significantly lower than the rate constant ofA.
Moreover, the pre-exponential (A) factors for theA and B
channels were calculated using the partition functions derived
from the frequency calculations using the BHandHLYP method.
The following A values were obtained: 1.26× 1012 cm3

molecule-1 s-1 for oxide and 2.54× 107 cm3 molecule-1 s-1

for oxepin. It is interesting to note the large difference in the
pre-exponential factors between these two channels. Thus, the
small activation energies forB (R f TS-B_ab), of 0.97 kcal/
mol, is expected to compensate for the small value forA in the
final evaluation of “k” through the Arrhenius equation. The
obtained values ofk for A (1.0 × 10-10 cm3 molecule-1 s-1)
andB (1.3 × 10-14 cm3 molecule-1 s-1) suggest that pathway
A is the dominant reaction. Note that the addition of thesek
values matches thek value determined experimentally (2.1(
0.1) × 10-10 cm3 molecule-1 s-1. Nevertheless, differences in
reactivity have been observed in the measured concentration-
time profiles for benzene oxide/oxepin.8a Klotz et al.8a pointed
out that it is difficult to state which pathway might be dominant;
considering the estimations fork, we may suggest that the
pathwayA, dominates over pathwayB.

B-a. Addition of the OH radical to the C2 carbon atom yields
the B-a1 compound, which shows a stabilization energy, with
respect toB, of 52.98 kcal/mol. Consequently, the C2-C3
double bound inB disappears, and the unpaired electron is now
mainly localized on the C5 site, with a spin density population
of v 0.44.

The breaking of the C-O bond produces theB-a2 adduct,
which is the same as that obtained in the routeA, and this feature
can be clearly appreciated in theTS-a1_a2structure shown in
Figure 5a. TheTS-a1_a2transition state yields an activation
energy of 9.8 kcal/mol and the C2-O7 distance increases from
1.453 to 1.989 Å, whereas the bond distances of the C2-O17
and C1-O7 bonds decrease. In this transition state, the C2-
C3-C4-C5-C6-C1 chain equally shares the spin density; in
all these C atoms the spin occurs along the same direction.

The B-a2 adduct radical is formed fromTS-a1_a2, joining
the routesA andB at this point; see Figure 5a. The activation
energy, involved in the rupture of the C-C bond ofA3, is lower

Figure 6. PES, at BHandHLYP/6-31G(d,p) for the reaction pathwayB (RP-B).
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than the required value for the C-O bond breaking inB-a1;
see Table 3, suggesting that routeA is more favorable for the
formation of the sameA3 or B-a2 compound. Finally, a proton
abstraction by the O2 molecule yields the principal product
6-oxohepta-2,4-dienal. As in routeA, only the BHandHLYP
method locates the productB-a3 belowTS-a2_a3; see PES in
Figure 6.

B-b. The OH addition to the C1 atom results in the formation
of theB-b1 intermediate; some parameters of this state are given
in Figure 5b. The total spin density distribution reveals values
of approximately 0.44 and 0.41 for C4 and C6, respectively,
indicating the formation of delocalized double bonds in a
resonant structure involving the C4-C6 region.

TheTS-b1_b2structure for the C1-O7 rupture is shown in
Figure 5b. The C1-O7 distance, 1.972 Å, is 0.5 Å longer than
the corresponding value in theB-b1 adduct. The activation
energies are shown in Table 4. Note that the three methods
indicate activation energies for this pathway lower than those
of B-a. These results predict that theB-b route could have a
major contribution to the formation of 6-oxohepta-2,4-dienal
than theB-a route.

As C1-O7 is broken, theB-b2 intermediate is formed; see
Figure 5b. TheB-b2 intermediate is stabilized by 10.7 kcal/
mol with respect toB-b1. Moreover, as shown in the PES,
Figure 6, theB-b2 intermediate is more stable than itsB-a2
counterpart of theB-a pathway. This is probably due to the
donor effect of the methyl group adjunct to C1 inB-b2.
Examination of the atomic charges shows that H18 is the most
acid hydrogen atom. The spin density reveals values ofv 0.4
for C3 and C5, suggesting that the double bond is delocalized
on these carbon atoms. Under atmospheric conditions, the next
step is the abstraction of H18 by O2. The corresponding
transition stateTS-b2_b3 is shown in Figure 5b. A negative
activation energy was obtained for this abstraction; with a lowest
value of 37.9 kcal/mol, at B3LYP/6-311G(2df,2p). The geom-
etry indicates that the O17-H18 bond length is increased by
0.17 Å, whereas the new H18-O19 bond distance is 1.28 Å.
Finally, the abstraction of H18 by the O2 molecule produces
the 6-oxohepta-2,4-dienal compound. The results shown in
Tables 3 and 4 indicate that only in the BHandHLYP method
is a final product produced that is more stable than its
corresponding transition state. Overall, the estimated activation
energies forRP-B-b and RP-B-a revealed that the C-O
dissociation is the rate-determining step.

4. Conclusions

Reaction mechanisms for the addition of the OH radical to
toluene 1,2-epoxide/2-methyloxepin were studied using the
B3LYP/6-31G(d,p), B3LYP/6-311G(2df,2p), and BHandHLYP/
6-31G(d,p) methods. The obtained results indicate that these
two species are quasi-degenerate, because the 2-methyloxepin
(B) isomer is more stable by only 2.4 kcal/mol. The B3LYP/
6-311G(2df,2p) method accurately reproduces the determined
vibrational modes of the toluene 1,2-epoxide and 2-methylox-
epin compounds. The unambiguous assignments of the calcu-
lated signals at 1307 and 1377 cm-1 for A and at 1258 and
1164 cm-1 for B help differentiate between these isomers. The
rate constant was estimated for two reactions pathways:

The reactionRP-A is not elemental, and the overall pathway
involves a pre-reactive complex. According to the results for
these rate constants, it can be concluded that the dominant
reaction isRP-A. Even more, a complete (intermediate, pre-
reactive complex, transitions states, and the involved energetic
properties) mechanism for the formation of the 6-oxohepta-2,4-
dienal compound was characterized. We also concluded that
6-oxohepta-2,4-dienal mainly originated from theRP-A path-
way, because this channel requires a smaller amount of energy
to break the C-C bond than that is required for C-O breaking
in the RP-B pathway. This C-C breaking is accomplished in
RP-A by the charge-transfer effect of the methyl group adjacent
to this bond. Moreover, although theRP-B pathway has fewer
reaction steps, their activation energies are higher than those
of reaction pathwayA, as indicated by the three methods used
in this work. Nevertheless, both routes are complementary to
get the right balance of carbons atoms. It was found that only
BHandHLYP/6-31G(d,p) predicts that the 6-oxohepta-2,4-dienal
is a stable compound. This study allows for a deeper under-
standing of the reaction mechanism during the oxidation of
toluene 1,2-epoxide/2-methyloxepin in urban atmospheres.
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