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Abstract: Three different attacks 6%y O, on the hydroxycyclohexadienyl radical intermediat@enerated

from the reaction of OMwith benzene) have been studied by Density Functional Theory. Both abstraction by
O, of the hydrogengemto OH in | (affording phenol) and ©addition to thesr-delocalized system off
(producing a hydroxycyclohexadienyl peroxyl radical intermediate) appear to be very viableAMith=

3—4 kcal mol'l. The former reaction is exothermic by 27 kcal milthe latter only by 1 kcal mot. In

contrast, a recently repropounded pathway, which would lead to benzene oxide/oxepin, via hydrogen abstraction
from the hydroxyl inl operated by @ appears not to be competitive, showing a significantly higher barrier
(AH* = 32 kcal mofl). Benzene oxide and oxepin are estimated to lie 21 and 19 kcalrabbvel,
respectively.

Introduction Scheme 1

Aromatic hydrocarbons are commonly considered as one of OH
the most important category of compounds implied in tropo-
spheric oxidation. Among them, the most important are benzene > + HO;
and the methylated benzerlesn the latter, H abstraction from
CHs; groups accounts for ca. 10% of the decay products, yielding
benzaldehyde derivatives; this minor reaction channel does not
appear to present particular mechanistic probléfn3he preva-
lent reaction channel for benzene is believed to be the addition
of OH* to the aromatic ring, yielding a hydroxycyclohexadienyl
radical ( in Scheme 1). However, the subsequent degradation
mechanisms are not well assessed and largely speculative.
Moreover, less than 50% of the initial carbon is generally
accounted for in the experimentally observed prodéicts.

As an example of the uncertainties still existing, it can be
mentioned that recent experimental results indicate a rapid |
formation of HOO,* which has been generally associated to
phenol formation. Phenol can indeed result from either direct
H abstraction operated by,®n | or HOO elimination oc-
curring in a peroxyl adduct of £andl. However, HOOcould
also form through different mechanisms not involving phenol.

In fact, it has been recently postulated to derive from the
formation of benzene oxide.Still another possibility depends

HO H
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further aspect of the problems involved in the interpretation of
experimental outcomes, quite variable phenol yields (0 to 35%
of the detected products) were reported in the literat@rdhis

Ghigo and Tonachini

The aim of the present study is the assessment of the relative
feasibility of the initial steps corresponding to three major
channels that have been postulated in the literature (Scheme

depends on the different experimental techniques, and is alsol). These imply tranformations of the initial hydroxycyclo-

likely to be due to the existence of parallel reaction pathways;

hexadienyl radical intermediate(generated from the reaction

it has indeed been shown to be dependent on the reactionof OH* with benzene) operated by triplet, O Three reaction

conditions, within the same experimént.
The atmospheric chemistry of benzene oxide/oxepin very
recently has been studied experimentallyhe results collected

pathways are examined: two H-abstractions (A and C in Scheme
1) and one addition to the-system (B). The study is carried
out by determining the relevant transition structures (TS) and

in this research appear to be consistent with the variable phenolthe corresponding intermediate products.

yields mentioned above and with the rapid release of HOO
However, the formation itself of benzene oxide/oxepin has not
been documented experimentally yet.

As regards the fate of the hydroxycyclohexadienyl radical
initially formed, it has been found to react more rapidly with
NO, than with Q,38 with rate constants that imply, on the basis

Method

The study of the model reactions discussed below was performed
by determining, on the reaction energy hypersurfaces, the critical points
corresponding to stable and transition structures. These were fully
optimized by using gradient procedutesit the unrestricted DFT-

of the relative abundance, that the latter reaction is however (B3LYP) level of theory:3with the polarized split-valence shell 6-31G-

more important in the tropospheteYet, experiments carried
out with variable [Q])/[NO;] ratios did not show changes in
the yields of the more important products. This in turn would
imply that rather similar product yields result from either
reaction.

Recently, a study of the photochemical oxidation of ben¥ene
has been carried out by combining thermochemical group
additivity rule$® and the semiempirical UHF/PM3 method.

(d) basis set¥a enriched with diffuse sp functiof® on the oxygen
atoms, hereafter denoted as 6-8)G(d). In the study of pathways A

and C, where transfer of one H takes place, a model test was conducted
by adding p polarization functions to that H. This affected the relative
energies in a nonnegligible way, but the TS geometry to a moderate
extent. Therefore, the 6-31{G(d) optimum geometries were subse-
quently used in single-point energy evaluations with more extended
basis sets. In the figures the more important optimum interatomic
distances are reported in angstroms and angles in degrees. The nature

Reverse reactions were found to be important, and equilibrium of the critical points (energy minima, transition structures) was

was observed for both Otdddition to benzene and,@ddition
to the resulting adduct.

A recent theoretical study has investigated the addition
mechanisms of OHand Q to methylated benzenes, as well as
some exploration of N@reactions of the initial hydroxyl

adducts. This study has been carried out by initial semiempirical

UHF/PM3 geometry optimizations, followed by DFT(B3LYP)/
6-31G(d,p) single point energy calculations. While structures
corresponding to energy minima were fully optimized, transition

determined by diagonalization of the analytic Hessian (vibrational
analysis). In two cases an Intrinsic Reaction Coordinate (IRC)
analysi$® was carried out, to unambiguously define the nature of the
process to which the transition structures pertained. The energy
differences relevant to the three reaction pathways were recomputed
at the unrestricted DFT(B3LYP)/6-3315(d,p) levelt*c corresponding

to the DFT(B3LYP)/6-31¢)G(d) optimized geometries. These unre-
stricted computations present moderate spin contaminations for the
stable species, but depart significantly from the cor@8axpectation
value in the transition structures. These DFT doublet energies were

structures were located by an approximate procedure (a seriegorrected for spin contamination by the quartet, and triplefo@the

of PM3 energy minimizations in correspondence of fixed values
of a chosen parameter). For the addition oft® four meth-
ylated hydroxycyclohexadienyl radicals, energy barriers ranging
from 6.5 (m-xilene) to 8.6 (toluene) kcal mol were estimated.

A previous theoretical study on toluene, carried out at the
DFT level of theory!! had been focused on the identification

of plausible reaction intermediates, on the basis of their relative

stabilities (without reaction path study). Thus, 1-hydroxy-2-
methylcyclohexadienyl radical was first identifyed as the most
stable initial intermediate, followed by one peroxyl radical
adduct among six considered, resulting fromadditionortho

quintet, by using a formula analogous to that suggested by Yama§uchi.
These last corrected energy data were used in turn, in conjunction with
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Table 1. Relative Energies (kcal mol) of the Critical Points

AE? AEP AE¢  ZPE' AH
benzene-OH+- O, 0.0 0.0 0.0 0.0 0.0
TS(A) 2.8 3.9 3.9 —-05 2.8
phenol+ HOO —-26.9 -294 -27.7 0.6 —27.1
TS(B) 1.9 3.8 34 15 4.3
peroxy adduct -82 52 34 30 -11
TS (C) 26.7 29.0 30.2 —-1.3 32.1
benzene oxide- HOO 16.9 19.2 20.9 0.1 21.0
oxepin+ HOO 171 16.9 18.6

aDFT(B3LYP)/6-31()G(d) spin contaminatedE values corre-
sponding to optimized geometrigsDFT(B3LYP)/6-31H-G(d,p) spin
contaminatedAE values obtained at the DFT(B3LYP)/6-31)G(d)
optimized geometries.Spin projectedAE values.? Differential zero-
point energy corrections computed at the DFT(B3LYP)/63%(d)
geometries.

computations were executed on IBM RISC/6000 550 and 360 computers
(64 MB RAM both). A typical CPU timing for a single gradient on
transition structure C (see below) was ca. 5 h; the frequency calculations
on the same structure tho3 d 16 h. IRC computations were
accomplished on a DEC Alpha 500/500 station (512 MB RAM), and
required somewhat more than 14 h for six steps.

Results and Discussion

Three possibly competing reaction pathways were studied in
their first step, to assess their relative feasibility (Scheme 1).
All involve different reactions ofZy O, with the hydroxycy-
clohexadienyl radical intermediate which is taken as the
reference in reporting energy differences. The first two cor-
respond to mechanisms postulated in the past yesmd, begin
either with the abstraction operated by @ the hydrogergem
to OH inl, affording phenoll( , pathway A), or with @ addition
to the z-delocalized system df, producing a hydroxycyclo-
hexadienyl peroxyl radical intermediatéd (, pathway B). Both
appear to be very viable, with energy barriers e#iacal mol?
(Table 1). On the basis of the literature reports, the importance
of the already mentioned reaction pathway A, leading to phenol,
is controversial. In some studies large yields were repdrted,
but it seems quite dubious that this channel could generally
prevail? In this respect, it also appears interesting to consider
the recent communication of Koch and Zetzsch on the oxidation
of CgDg by the OH radical, which yields mainly HCGand not
DO,, and seems to minimize the importance of pathwal? A.

Pathway A. The transition structure corresponding to
reaction A, TS(A), is reported in Figure 1. The transition vector
(corresponding to an imaginary frequency of 449.4-&nis
dominated by two contributions: the distance between the
attacking oxygen and the hydrogen being abstracted (HO,
coefficient 0.838) and the distance between this hydrogen and
the tetracoordinated carbon (CH, coefficier@.349). However,
comparison with some results obtained by Ignatyev & ial.a

(18) GAUSSIAN94: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill,
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B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P;
Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian, Inc.: Pittsburgh,
PA, 1995.
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Southampton, UK, 1996.
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Figure 1. Transition structure for hydrogen abstraction from the
hydroxylated carbon in the hydroxycyclohexadienyl radicaperated
by O, and leading to phenol (reaction A).

theoretical study of the {5 + O, reaction could cast some
doubts on the real nature of TS(A). In particular, the cis
transition structure displayed in Figure 6 of ref 20, relevant to
a concerted elimination process in the ethylperoxy radical, must
be considered. It can suggest that the nature of TS(A) might
as well be that of a transition structure for HO&imination
from one of the possible adducts of @ith | (namely, the one
with O, bound to the ortho carbon, from the cycle face opposite
to hydroxyl). Indeed, the distance of the terminal oxygen from
the ortho carbon (OC) is not large, 2.44 A, and compares with
that of 2.20 A, determined for elimination in the ethylperoxy
radical?® To better assess if TS(A) is really relevant to the
process of sheer H-abstraction fropma standard IRC analysfs
was carried out. This computation yields a series of steps,
starting from the critical point, in a chosen direction. In the
present case, the system was directed toward the still undeter-
mined “reactant”. On one hand, in both events (mere H-
abstraction or concerted elimination), the system shift on the
hypersurface would correspond to a lengthening of the HO
distance and a shortening of the CH distance, because H-
abstraction operated by one oxygen is part of the elimination
process. On the other hand, the evolution of the suspicious OC
distance, together with that of the OO bond length, could better
help to clarify the matter. Indeed, if TS(A) were originating
from a peroxyl adduct, OC should shorten (from 2.44 A toward
the adduct value of 1.50 A), while the OO bond would be
stretched out (the values of 1.26 A in TS(A) and 1.32 Ain a
peroxyl adduct provide a reference). In contrast, if TS(A)
derived from the @and | moieties, its OC and OO values should
change in the opposite direction (G91.215 A in Q). This

test led to an unequivocal conclusion. As a result of a first
series of twelve steps, OO underwent a shortening of 0.014 A,
corresponding to ca. 30% of the way toward thev@lue. At

the same time OC was elongated by 0.035 A.

The changes in the geometrical parameters relevant to the H
transfer in the transition state with respect to reagents and
products can be defined AsandA’, respectively. They suggest
in the present case a fairly early transition structure, consistent
with the significant exothermicity. In fachCH = +0.101 A
(+9%), while the G-H distance, 1.541 A, is still larger than
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Figure 2. Transition structure for @addition to hydroxycyclohexadi-

enyl radicall, leading to an ortho peroxyl radical adduct (reaction B).
Figure 3. Transition structure for hydrogen abstraction from the

the final one (0.983 A in HO® by +57%. However, the  hydroxyl group in the hydroxycyclohexadieny! radidaloperated by
change in OO bond length is significantly more advanced: the O,. Closure of an epoxidic rin_g is concerted with this process, and
increase of 0.047 from the initial value of 1.215 A3g, O, leads to benzene oxide (reaction C).

corresponds to 40% of the total change, being ©@.333 A ) . ) ]

in HOO". These variations describe a rather early and asyn- the isomeric couple benzene oxide/oxeplNa IVb), via
chronous process. hydrogen abstraction from the hydroxyl inoperated by @

A second transition structure corresponding to pathway A The atmospheric chemistry of benzene oxide/oxepin very
was also determined. Its geometry (not reported in a figure) fecently has been studied experimentélyith very interesting
differs from the one just discussed primarily in that the OO res_ults, in that thls_ chemistry appears to pe consistent with the
bond is oriented in the opposite direction, away from the cycle. vVariable phenol yields and with the rapid release of HOO
The geometrical parameters which depart more significantly quever, as mentioned above, the formation |tsglf of benzene
from those of Figure 1 are: CH (1.180 A) and HO (1.667 A). Oxide/oxepin has not been documented experimentally yet.
Moreover, the terminal oxygen of the;@oiety interacts with Therefo_re, it is of some importance to assess if this isomeric
the H in the hydroxyl group, at a distance of 2.002 A. The couple is actually reachable in energy terms.
energy of this structure with respect tas 4.2 kcal mot?, to _ The transition structure cqrrespondlng to reaction C, TS(C),
be compared with 2.8 kcal ndl for TS(A). is reported in Figure 3. This structure desc_rlbes a concerted

Pathway B. The addition pathway has already been con- Process. In fact, as the hydroxyl hydrogen is transferred, the
sidered in ref 10, by the procedure reported in the Introduction, ©Xygen bound to the cycle bends toward trého carbon, to
for methylated benzenes but not for benzene itself. However, Cl0Se an epoxidic cycle. The transition vector (corresponding
the energy barrier resulting from the complete DFT optimiza- 0 an imaginary frequency of 1384.3 cf) is dominated by
tions presented in this paper is significantly lower than those the following contributions: the.dlstance between the attag:k_mg
reported in ref 10. Kinetic data for Caddition tol in the gas ~ ©xygen and the hydrogen being abstracted (HO, coefficient
phasé (and in aqueous solutidnhave been reported in the last 0-527); the distance between this hydrogen and the oxygen
few years. Related data for structurally similar resonating Pound to the cycle (OH, coefficient0.497); and one planar
radicals have also been discusdkdThe transition structure ~ and one dihedral angle, relevant to the hydroxyl oxygen, which
corresponding to reaction B, TS(B), is reported in Figure 2. describe together its bending toward trénho carbon -0.469

The transition vector (corresponding to an imaginary fre- and —0.224, respectively). All these transition vector coef-
quency of 303.1 cmt) is dominated by a single contribution, f|C|ents_ are again consistent with aconce(ted process. However,
the distance between the attacking oxygen and the cautiba the variations in some important geometrical parameters suggest
to the tetracoordinated carbon (CO, coefficient 0.936 A). The SOme asynchronicity in the transition structure for this concerted
changes in the more important geometrical parameters are arocess. These are the previously definecand A" of the
follows: A'CO= 0.607 A, which corresponds to a value larger Parameters OO (in dioxygen and HOO radical), HO, and OH
than the final one by-40% (1.502 A in the addudtl ), AOO (relevant to H transfer), and the distance of the hydroxyl oxygen
= 0.044 A, andA’OO = 0.065 A. The last values would from the ortho carbon. Of these changes the following
indicate again a rather early transition structure. However, in cqrrespond toa rathgr late transitio_n structure, and are consistent
this case, the reaction step exothermicity is much more modestWith the endothermicity of the reaction (Table WOO = 0.081
(Table 1). This result is consistent with the reversibility of the A, A’00 = 0.037 A andAOCortno = —0.573 A, A'OCortno =
addition process observed experimentafy. —0.426 A. In contrast, it can be noted that in Figure 3: HO

Pathway C. The last process has been recently repro- 1.276 A (A'HO = 0.293) and OH= 1.169 A (AOH = 0.197).

poundedt on the basis of the hypothesis put forward years ago 1hus, as mentioned above, the H transfer appears to be
by Shepson, Edney, and CofeThis pathway would lead to somewhat behind the other elementary processes, and suggests
the idea of an asynchronous transition structure.

(21) Pan, X.-M.; Schuchmann, M. N.; von Sonntag,JCChem. Soc.,
Perkin Trans. 21993 1021-1028. Porter, N. AAcc. Chem. Resl986 (22) Shepson, P. B.; Edney, E. O.; Corse, E.J\WPhys. Chem1984
19, 262—268. 88, 4122-4126.
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As was the case for TS(A), some small but favorable are also affected to a similar extent: pathways A and G-by8
interaction keeps the terminal oxygen of the f@oiety rather kcal molt and pathway B by+2.1 (the identical correction
close to the ring carbons. The shortest distance is that with thefor pathways A and C is obviously due to the HOO radical).
para carbon (2.67 A). An IRC analysback in the direction A further refinement is then introduced by the computation
of the “reactant”, allows one to assess if TS(C) is really relevant of zero-point vibrational energies and enthalpies with the smaller
to the Q H-abstraction process just described. Once again, if basis set (Table 1). Also this correction does not alter
TS(C) were an hydroperoxyl elimination transition structure substantially the overall picture obtained. Barrier A is lowered
originating from a para peroxyl adduct, OC should shorten, by 0.5 kcal mot?; barrier B is raised by 1.5 kcal mo}; and
tending to a value of ca. 1.50 A, and the OO bond would barrier C is lowered by 1.3 kcal mdl. The reaction energy A
undergo an elongation toward the value of 1.32 A. In contrast, is affected to a very moderate extertQ.6 kcal mot?) and
the result of a series of six steps shows OO undergoing areaction energy C is almost unmodified@.1). The largest
shortening of 0.029 A, corresponding to ca. 62% of the way correction is found for the ©adduct (3.0 kcal mot?). The
toward the Q value. At the same time OC was elongated by final estimate of the enthalpy differences for the three reactions
only 0.003 A. (column 5) associates these values to the energy differences

A search for a nonconcerted pathway leading to the same computed with the largest basis set.
intermediate product was also attempted. Hydrogen abstraction In conclusion, both energy barrier and endothermicity indicate
from hydroxyl in a separate first step would produce a that pathway C is not favored with respect to the previous two.
ylooxycyclohexadienyl diradical. To determine an approximate These in turn present energy barriers of similar height (Table
estimate of its energy, a triplet calculation was performed, 1). It is apparent from these data that reaction A is not easily
assuming that the singlet would be located at a similar energy. reversible, while B is. That oxygen addition was a reversible
The optimization resulted in an estimate of 53 kcal Mdfor process that had already been observed in experimental studies,
the diradical plus hydroperoxyl radical) above the reagents, as mentioned in the IntroductiGa.
corresponding to ca. 26 kcal mélabove TS(C). This result ) _ )
ruled out any possible importance of a two-step diradical ~Acknowledgment. The figures were obtained with the
pathway. program MolMol 2.4%3 This research has been funded in part

Energetics. The energies relevant to the three pathways were Py the Italian CNR, under the project “Modellistica Com-
refined by estimating the spin contamination for the single-point Putazionale di Sistemi Molecolari Complessi”, and has also
calculations with the more extended basis set. All energy received financial support from MURST.
minima show moderate contamination. THevalues are 2.0089 . . . )
for 20, 0.7854 for |, 0.7538 for HOQand 0.7545 for théO, Supporting Information Available: ~ Tables of DFT-
adduct. The transition structures exhibit larger contaminations. (B3LYP) energies of critical points and vibrational frequencies
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0.8066 for TS(C). This correction brings about small energy ordering information and Web access instructions.
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