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Abstract: In the tropospheric oxidation of benzene and methylated benzenes, unsaturated dicarbonyls are
commonly detected products. Aldehydes are known to contribute on their own to some aspects of air pollution,
and hexa-2,4-dien-1,6-dial (muconaldehyde) in particular is interesting because of its multiform toxicity. This
study investigates the likelyhood of some benzene oxidation steps and is especially focused on ring opening
and generation of muconaldehyde. With sufficientlyhigh NOx concentration, O abstraction by NO from the
cis peroxyl group in the 2-hydroxy-cyclohexadienyl peroxyl radicalIII can play a role. In fact, it is shown to
open a facile cascade of oxidation steps by first forming the 2-hydroxy-cyclohexadienyl oxyl radicalVI . This
intermediate is prone to ring opening viaâ-fragmentation and generates the open-chain delocalized 6-hydroxy-
hexa-2,4-dienalyl radicalVII , in which one terminus is the first carbonyl group of the final dialdehyde. The
second one can form either by simple H abstraction operated by O2 or by O2 addition followed by HOO•

elimination. The overall free-energy drop with respect toIII is estimated to be 48 kcal mol-1. Exploration of
other pathways, possibly playing a major role in yielding aldehydes in the case oflow NOx concentration,
indicates that only ring closure of the 2-hydroxy-cyclohexadienyl peroxyl radicalIII to the [3.2.1] bicyclic
endo-peroxy allyl radical intermediateXIII is promising. In this case, however, the outcome of a subsequent
ring opening can ultimately be the production of 1,2 and 1,4 dialdehydes (as direct oxidation of muconaldehyde
itself can actually do).

Introduction

In the tropospheric oxidation of hydrocarbons, aromatics
(especially benzene and the methylated benzenes) are a very
important component, particularly in polluted areas.1-3 Unsatur-
ated carbonyls and phenol are detected. The addition of HO• to
the aromatic ring, yielding a hydroxycyclohexadienyl radical
(the so-called benzene-OH adduct,I in Scheme 1), is commonly
considered to be the prevalent reaction in initiating benzene
oxidation. Phenol formation can occur by simple H abstraction.
Unsaturated carbonyls can form through several steps, which
see the intervention of O2, HO•, and nitrogen oxides (NOx). The
detailed mechanism of the degradation steps following the
formation of I is still debated, though a considerable number
of experimental studies has been carried out in the past years.
The role of O2 is intertwined with that of NO and NO2, and
their relative importance is mainly a function of the NOx

concentration. The hydroxycyclohexadienyl radicalI initially
formed has been found to react more rapidly with NO2 than

with NO, and even more slowly with O2,4 on the basis of the
relevant rate constants. But this implies that, if their relative
abundance in the troposphere is considered, the latter reaction
is more important.3 Actually, going through the extensive and
diverse experimental literature leaves one with the impression
that some important aspects of the evolution of aromatic
pollutants in the atmosphere are still to be clearly described.
To exemplify one of the difficulties which can be encountered,
we can mention that experiments carried out with variable [O2]/
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[NO2] ratios did not show changes in the yields of the more
important products.5a This result seems to presuppose that rather
similar product yields ensue from either reaction, if they
compete. Another illustrative point concerns the formation of
HOO•.1,4b,5b This has been indirectly observed through OH•

formation (defined as “prompt”) and should, of course, be
properly taken into account when postulating oxidation mech-
anisms. In this respect, one has to heed that it could form in
different ways (ref 1a, p 374).

The facts that the steps following the formation ofI are not
well assessed yet3 and that the field is thus open to speculation
justify the undertaking of theoretical investigations. These can
provide useful information, complementary to the large amount
of experimental results collected so far. Some theoretical studies
appeared in the last years. Namely, a 1995 DFT study on
toluene6 was aimed to identify plausible O2 addition intermedi-
ates, on the basis of their relative stabilities (without reaction
path study). Then the addition of OH• and O2 to four methylated
hydroxy-cyclohexadienyl radicals was studied in 19967 by
semiempirical UHF/PM3 geometry optimization of the energy
minima (transition structures were located by an approximate
procedure), followed by DFT(B3LYP) single-point energy
calculations. The thermochemical properties of species involved
in photochemical oxidation of benzene were determined in
19968aby the same semiempirical approach, used in conjunction
with thermochemical group additivity rules.8b Our preliminary
theoretical study9 on the initial steps of the oxidative degradation
of benzene (dealing with three different attacks of O2 on I )
indicated as viable steps both phenol formation and O2 addition,
which yields the 2-hydroxycyclohexadienyl peroxyl radical
intermediate, while benzene oxide formation, recently suggested,1a

resulted to be much harder.
The oxidation channels of benzene and methylated benzenes

can be rather intricate, thus posing some problems also to a
theoretical investigation. Benzaldehydes, phenols,10 1,2 and 1,4,
as well as 1,6 unsaturated dicarbonyls11,12 are commonly
detected products of these degradation processes (ref 1a, pp 374,
375). Incidentally, it can be said that aldehydes are important
on their own, because they are involved in aerosol formation,
and, through their transformation into peroxyacyl nitrates
(R.CO.OONO2), play a role in photochemical smog chemistry.13

In the case of benzene, the mentioned dicarbonyls are glyoxal,
butenedial, and muconaldehyde (hexa-2,4-diene-1,6-dial). The
first two could form not only by direct oxidation of the 1,6
dicarbonyl precursor, but also through ring fragmentation

channels different from those leading to muconaldehyde. The
interest in muconaldehyde itself lies in its toxicity. As its
precursor benzene, it exhibits carcinogenic activity (bone
marrow toxicity) and has also been shown to be cytotoxic and
genotoxic to mammalian cells.14a It can be mentioned in this
respect that the metabolic pathways from benzene to mucon-
aldehyde and muconic acid have been the subject of several
studies, along with the metabolic pathways of muconaldehyde
itself, whose chemistry has been investigated recently.14b

Because of the complex picture of the possible pathways
branching from benzene, the present theoretical investigation
is focused on purpose only on part of them. Namely, this paper
will deal with those channels that initiate from the intermediate
III , generated by O2 addition toI , and possibly lead to hexa-
2,4-diene-1,6-dial. In analyzing the more likely gas-phase
pathways, the two different situations corresponding to high and
low NOx concentrations were considered. Alternative pathways
were also explored, of which some were recognized as possibly
leading to shorter-chain aldehydes, and left to further investiga-
tion.

Method

The study of the 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 using gradient procedures15 at the DFT(B3LYP) level of
theory,16,17 with the polarized split-valence shell 6-31G(d) basis set,18a

enriched with diffuse sp functions18b on the oxygen atoms, hereafter
denoted as 6-31(+)G(d). In the figures the more important optimum
interatomic distances are reported in ångstro¨ms. The nature of the critical
points (energy minima, transition structures) was determined by
diagonalization of the analytic Hessian (vibrational analysis). The
energies relevant to the different reaction pathways were subsequently
recomputed at the DFT(B3LYP)/6-311+G(d,p) level,18c in correspon-
dence of the DFT(B3LYP)/6-31(+)G(d)-optimized geometries. These
DFT doublet energies were corrected for spin contamination by the
quartet, by using a formula analogous to that suggested by Yamaguchi.19
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1999, 109, 7298-7304. It appeared to be a rather good compromise between
reliability and feasibility in studying the degradation of aromatics.

(18) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.1972,
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P. v. R.J. Comput. Chem.1983, 4, 294-301. (c) 6-311+G(d,p): Frisch,
M. J.; Pople, J. A.; Binkley, J. S.J. Chem. Phys.1984, 80, 3265-3269.
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can suggest not to use them.20 Both projected and unprojected energies
are reported in the tables, where only the former are used in conjunction
with the above-mentioned vibrational analysis data to provide activation
and reaction enthalpies and free energies.21 All calculations were carried
out using the GAUSSIAN94 system of programs.22,23

Results and Discussion

1. Preliminary Steps in Benzene-OH Oxidation.Initially,
as mentioned above, the reaction of HO• with benzene generates
the hydroxy-cyclohexadienyl radical intermediate (I ). Three
alternative ensuing reaction steps were already discussed in the
first paper,9 in which∆H values were provided. In the following,
∆G estimates computed at 298.15 K will be reported. On one
hand, abstraction of the hydrogengemto OH in I , operated by
O2, affords phenol (II ), thus leaving again an aromatic species
subject to further oxidation (Scheme 1). For this step, the free-
energy barrier is not very high, and the step is quite exoergic
(Table 1). On the other hand, O2 addition to theπ-delocalized
system ofI can produce, in a reversible way, the 2-hydroxy-
cyclohexadienyl peroxyl radical intermediate (III ), which opens
several possible channels toward further degradation. Although
this alternative step is endoergic, the related barrier is just
slightly higher than the previous one (Table 1). When these
processes are compared with benzene oxide (IV ) formation, this
last pathway does not appear to be competitive, because it is
sharply endoergic and is accompanied by a large free-energy
barrier (Table 1).

In the following, the Figures 1-4 report the more interesting
transition structures relevant to the further evolution ofIII , while
Figure 5 summarizes the free-energy changes discussed in this
section.

2. O Abstraction by NO in the Peroxyl Intermediate. In
polluted areas the concentration of both aromatics and nitrogen
oxides is significant (ref 3, p 265). Moreover, the ROO• + NO

reaction is generally fast (ref 24, Table 6). Therefore, the first
part of this study contemplates the possible intervention of the
NO radical (energetics are reported in Table 2). This species
reacts withIII to give, without any energy barrier, a peroxyni-
trite adductV (Scheme 2), with a large energy drop with respect
to the separate reactants,-19 kcal mol-1 (the ∆E values
reported hereafter are the spin-projected values obtained with
the 6-311+G(d,p) basis set). By contrast, the free-energy change
results to be much more modest, due to the translational entropy
contribution (∆G ) -6 kcal mol-1). Dissociation ofV to the
2-hydroxy-cyclohexadienyl oxyl radicalVI and NO2 requires
less than 2 kcal mol-1 to exit the energy dip, but in terms of
∆G, there is a further gain of 13 kcal mol-1. If the backward
process is considered, no barrier is present on the energy
hypersurface to impede reassociation of the fragmentsVI and
NO2 to produce again the peroxinitriteV. Thus,V corresponds
to a depression in both directions (towardIII or towardVI ).
However, the features of the free-energy surface contrast those
of the energy surface (compare the third and fifth columns of
Table 2). A more moderate G drop fromIII to V, accompanied
by a much larger decrease in G fromV to VI , suggests that the
importance of the peroxynitrite adductV as an intermediate is
rather dubious.

3. Ring Opening to Muconaldehyde.From the hydroxycy-
clohexadienyl oxyl radicalVI , â-fragmentation takes place, with
a∆Gq of 3 kcal mol-1. The relevant transition structure is shown
in Figure 1. Arrows in this figure and in the following ones
display the major atomic shifts present in the transition vector.
The open-chain intermediateVII is thus generated (Scheme 3).
This step is exoergic by∼24 kcal mol-1 (∆G). It can be seen
in Table 3 that both∆G values are lower by∼2 kcal mol-1

than the corresponding energy values. One terminus ofVII is
the first carbonyl group of the final dialdehyde, and the second
terminus is a planar CHOH center: the unpairedπ electron is
thus delocalized over the whole system. FromVII , the second
carbonyl group ofVIII could form by simple H abstraction
brought about by O2. This step requires overcoming a free-

(19) Yamanaka, S.; Kawakami, T.; Nagao K.; Yamaguchi, K.Chem.
Phys. Lett.1994, 231, 25-33. Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk,
K. N. Chem. Phys. Lett.1988, 149, 537-542. See also: Baker, J.; Scheiner,
A.; Andzelm, J.Chem. Phys. Lett.1993, 216, 380-388.

(20) For discussions concerning the effect of spin projection on the
performances of DFT methods, see: Wittbrodt, J. M.; Schlegel, H. B.J.
Chem. Phys.1996, 105, 6574-6577; Goldstein, E.; Beno, B.; Houk, K. N.
J. Am. Chem. Soc.1996, 118, 6036-6043.

(21) Reaction enthalpies were computed as outlined, for instance, in:
Foresman, J. B.; Frisch, Æ.Exploring Chemistry with Electronic Structure
Methods; Gaussian, Inc.: Pittsburgh, PA, 1996; pp 166-168. McQuarrie,
D. A. Statistical Thermodynamics; Harper and Row: New York, 1973;
Chapter 8.

(22) GAUSSIAN94: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill,
P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.;
Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
Zakrzewski, V. G.; Ortiz, J. W.; Foresman, J. B.; Cioslowski, J.; Stefanov,
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.

(23) A typical CPU timing on a DEC Alpha 500/500 station for a single
gradient calculation on peroxynitriteV was 96 min; the frequency calculation
on the same structure took 25 h.

(24) Wallington, T. J.; Dagaut, P.; Kurylo, M. J.Chem. ReV. 1992, 92,
667-710.

Table 1. Relative Free Energies for the Preliminary Steps in
Benzene-OH Oxidation (in Kilocalories per Mole)

benzene-OH+ O2 I a 0.0
H-abstraction TSI - II 13.6
phenol+ HOO• II -27.6
addition TSI - III 15.6
cis peroxyl adduct III 10.5
H-abstraction TSI - IV 39.5
benzene oxide+ HOO• IV 21.0

a Bold roman numerals make reference to Scheme 1.

Table 2. Relative Energies for the O-Abstraction by NO (in
Kilocalories per Mole)

∆Ea ∆Eb ∆Ec ∆Hd ∆Gd

cis peroxyl adduct+ NO III e 0.0 0.0 0.0 0.0 0.0
peroxynitrite adduct V -21.1 -19.4 -19.1 -17.5 -6.0
oxyl radical+ NO2 VI -16.8 -16.8 -17.4 -17.6 -19.0

a DFT(B3LYP)/6-31(+)G(d) spin-contaminated∆E values corre-
sponding to optimized geometries.b DFT(B3LYP)/6-311+G(d,p) spin-
contaminated∆E values obtained at the DFT(B3LYP)/6-31(+)G(d)-
optimized geometries.c Spin projected∆E values.d Differential zero-
point energy corrections computed at the DFT(B3LYP)/6-31(+)G(d)
level. e Bold roman numerals make reference to Scheme 2.

Scheme 2
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energy barrier of∼14 kcal mol-1 (the corresponding energy
barrier height is about one-half this value). It would produce
muconaldehyde,VIII , with a final gain of∼3 (∆E) or 5 (∆G)
kcal mol-1. The H abstraction transition structure is displayed
in Figure 2. However, an alternative step could see addition of
an O2 molecule on the delocalized radicalVII . By adding O2

to the terminal carbon carrying the hydroxyl, we found the step
to be exoergic by 12 kcal mol-1 in terms of∆E. By contrast,
the ∆G estimate is close to zero. Thus, although the radical
coupling takes place without any energy barrier, the G profile
would presumably go through a maximum. Then, from the
adductIX so obtained,VIII can again be produced through a
HOO• elimination step. The HOO• concerted elimination transi-
tion structure is shown in Figure 3.

The energy barrier for the elimination step is not large,∼7
kcal mol-1. Its height decreases by∼3 kcal mol-1 in terms of

∆G, putting theVII -IX -VIII process on a better ground with
respect to theVII -VIII H-abstraction step. However, consider-
ing the significant amount of energy presumably carried by the
system at the end of the energy cascade associated to the
preceding transformations, both steps can be regarded as
possible.

As recalled in the Introduction, formation of hydroperoxyl
has been indirectly detected1,4,5band should be associated to an
early step of the degradation mechanism. On the basis of our
results, it seems reasonable to relate it to theI-II step (Scheme
1), and possibly to the free-energy fall of Schemes 2 and 3,
where the last step involves HOO• formation. The downhill
pathway fromIII is indeed accompanied by an overall free-
energy drop of 48 kcal mol-1.

Considering that low NOx concentration would diminish the
importance of this pathway, one has to look for other possibly
promising transformations that do not involve nitrogen oxides.

4. H-Abstraction Processes in Peroxyl Intermediates.Two
kinds of intramolecular H-abstractions have been examined. The
first one is the H-abstraction from the hydroxyl inIII , operated
by the terminal oxygen, which could yield the 2-hydroperoxy-
cyclohexadienyl oxyl radicalX (Scheme 4). This species is
similar in some respect toVI and could be interesting as a new
starting point for ring opening viaâ-fragmentation. The H
transfer could be accompanied (in a concerted or two-step

Figure 1. Transition structure for theâ-fragmentation taking place in
the hydroxycyclohexadienyl oxyl radicalVI . Bond lengths in ångstro¨ms.

Table 3. Relative Energies for the Ring Opening to
Muconaldehyde (in Kilocalories per Mole)

∆Ea ∆Eb ∆Ec ∆Hd ∆Gd

oxyl radical VI e 0.0 0.0 0.0 0.0 0.0
â-fragmentation TSVI - VII 6.2 4.5 4.9 3.3 3.0
open-chain radical VII -17.9 -21.0 -21.4 -22.0 -23.8

open-chain radical+ O2 VII 0.0 0.0 0.0 0.0 0.0
H-abstraction TSVII - VIII 6.8 9.4 7.5 5.4 14.1
muconaldehyde+ HOO• VIII -7.4 -4.9 -3.4 -3.3 -5.2
VII -O2 adduct IX -16.8 -13.3 -11.7 -9.2 0.5
HOO• elimination TSIX - VIII -8.4 -5.8 -4.3 -5.4 5.0

a DFT(B3LYP)/6-31(+)G(d) spin-contaminated∆E values corre-
sponding to optimized geometries.b DFT(B3LYP)/6-311+G(d,p) spin-
contaminated∆E values obtained at the DFT(B3LYP)/6-31(+)G(d)-
optimized geometries.c Spin projected∆E values.d Differential zero-
point energy corrections computed at the DFT(B3LYP)/6-31(+)G(d)
level. e Bold roman numerals make reference to Scheme 3.

Figure 2. Transition structure for H abstraction operated by O2 on
VII to produceVIII , muconaldehyde. Bond lengths in ångstro¨ms.

Figure 3. Transition structure for the HOO• elimination step from the
adductIX , to give againVIII . Bond lengths in ångstro¨ms.

Scheme 3
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process) by HO• loss, possibly leading to muconaldehyde. The
first step, fromIII to X (a in Scheme 4), sees one hydrogen
transferred from the hydroxyl group to the terminal oxygen of
the peroxyl group. However, the relevant 6-center TS is
associated to a∆Gq ) 17 kcal mol-1 with respect toIII , a value
just slightly higher than the step endoergicity. The backward
step is therefore easy. For this reason, if the ring-opening
pathway shown in Scheme 3 were not viable under a too low
NO concentration, the present pathway does not seem to open
a likely alternative.

The second intramolecular H-abstraction could take place
after I has undergone O2 addition to theπ-delocalized system
to give XI (Scheme 4). This peroxyl adduct is similar toIII
(and has similar stability). It differs from it in that the OO group
lies trans with respect to the hydroxyl, while inIII it is cis. At
this point, two pathways could be promising. (i) In the case of
high NOx concentration, a NO-mediated ring opening (via
â-fragmentation ofXI ) could take place by a course analogous
to that shown forIII (due to this similarity, it has not been
explored in this study). (ii) InXI the terminal oxygen of the
peroxyl group could as well abstract the hydrogen bound to
the carbonipso to the hydroxyl (b in Scheme 4). This time the
step is very exoergic: the hydroxy-hydroperoxy-cyclohexadi-
enyl radical intermediate productXII is more than 19 kcal mol-1

belowXI . This intermediate could, in turn, give phenol by HOO•

loss with a further free-energy gain (II is 28 kcal mol-1 below
I and 38 kcal mol-1 below III ). However the step fromXI to
XII requires overcoming a sizable free-energy barrier: the
5-center TS is estimated 20 kcal mol-1 aboveXI . Therefore
this process is not competitive with that leading to phenol and
studied in ref 6 (stepI-II , ∆Gq ) 13.6 kcal mol-1). In
conclusion, both intramolecular H-abstractions considered in this
subsection are not likely to occur, and it seems reasonable to
discard right from the outset the pathways that could originate
from them (see Table 4).

5. Ring-Closure Processes of the Peroxyl Intermediate III.
Ring closure inIII by formation of a peroxy bridge could be
another promising process. Two ring-closure processes have
been considered. Both produce endoperoxidic bicyclic radical
intermediates (Scheme 5) and can lead in principle to different
fragmentations.

The first ring closure produces a rather stable intermediate
XIII , whose structure is defined by two fused five- and seven-
membered rings, the latter containing a delocalized allyl radical
π-system. A similar intermediate (with a methyl group in a
central position on the allylic part) was found by Andino et al.7

This was located at-7.2 kcal mol-1 (DFT energy) with respect
to the related peroxyl adduct. This is best compared with our

unprojected∆E value of -8.2 kcal mol-1 (Table 5, first
column). The intermediateXIII is 5 kcal mol-1 belowIII (∆G),
and the ring-closure TS is associated to a barrier (∆Gq )14
kcal mol-1 with respect toIII ) which appears to be rather large
but not forbidding. This transition structure is displayed in Figure
4. The intermediateXIII can thus be expected to open further
pathways toward 1,4 and 1,2 dialdehydes (to be dealt with in a
forthcoming paper).

The second cyclization mode yields a localized radicalXIV ,
whose structure is defined by two fused six-membered rings,
one of which contains a double bond, the other the radical center,
and the hydroxyl. Its modest stability in terms of∆G (XIV is
almost 18 kcal mol-1 aboveIII ) is accompanied by a large
energy barrier (the formation TS has a∆Gq of more than 24
kcal mol-1 with respect toIII ). The above results are in accord
with those discussed in refs 6 and 7. Another bicyclic radical,
structurally similar toXIV and shown in parentheses in Scheme
5, could be obtained by a third cyclization process. Due to the
high energy ofXIV , this pathway was not explored.

Scheme 4 Table 4. Relative Energies for the H-Abstraction Processes
(in Kilocalories per Mole)

∆Ea ∆Eb ∆Ec ∆Hd ∆Gd

cis Peroxyl adduct III e 0.0 0.0 0.0 0.0 0.0
H-abstraction TSIII -X 19.7 19.9 19.9 15.6 16.8
hydroperoxy oxyl radical X 17.4 18.1 18.0 16.8 16.9
trans peroxyl adduct XI 2.0 1.5 1.5 1.6 0.4
H-abstraction TSXI -XII 25.0 23.6 23.1 20.3 20.7
hydroxy hydroperoxy

cyclohexadienyl radical
XII -13.3 -17.0 -17.9 -18.5 -19.1

a DFT(B3LYP)/6-31(+)G(d) spin-contaminated∆E values corre-
sponding to optimized geometries.b DFT(B3LYP)/6-311+G(d,p) spin-
contaminated∆E values obtained at the DFT(B3LYP)/6-31(+)G(d)-
optimized geometries.c Spin projected∆E values.d Differential zero-
point energy corrections computed at the DFT(B3LYP)/6-31(+)G(d)
level. e Bold roman numerals make reference to Scheme 4.

Scheme 5

Table 5. Relative Energies for the Ring-Closure Processes (in
Kilocalories per Mole)

∆Ea ∆Eb ∆Ec ∆Hd ∆Gd

cis peroxyl adduct III e 0.0 0.0 0.0 0.0 0.0
ring-closure TSIII -XIII 13.8 14.6 13.8 12.7 14.2
[3.2.1] peroxyl radical XIII -8.2 -6.2 -6.8 -6.9 -5.4
ring-closure TSIII -XIV 24.2 25.0 24.6 23.2 24.6
[2.2.2] peroxyl radical XIV 15.4 17.0 17.0 16.5 17.8

a DFT(B3LYP)/6-31(+)G(d) spin-contaminated∆E values corre-
sponding to optimized geometries.b DFT(B3LYP)/6-311+G(d,p) spin-
contaminated∆E values obtained at the DFT(B3LYP)/6-31(+)G(d)-
optimized geometries.c Spin projected∆E values.d Differential zero-
point energy corrections computed at the DFT(B3LYP)/6-31(+)G(d)
level. e Bold roman numerals make reference to Scheme 5.
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In Figure 5 a free-energy flow is sketched, only for the three
processes that appear to open realistic possibilities on the basis
of the theoretical calculations. From the discussion of the
preceding subsections, it can be concluded that two are the
pathways originating fromIII which can possibly compete: the
NO-promoted ring opening of Schemes 2 and 3 (a in Figure 5)
and the intramolecular process of Scheme 5 leading toXIII
(c in Figure 5). Their relative importance has to be assessed on
the basis of the NO concentration. It can be interesting to define
the conditions necessary for the two processes to compete with
the same rate. However, the stepIII + NO f V (Scheme 2)
did not allow the detection of a transition structure on the energy
hypersurface. For this reason, a computed estimate of∆Gq is
not immediately available. However, an experimental estimate
of the rate constant can be exploited: a value ofk ≈ 5 × 109

M-1 s-1 was determined for a different system which undergoes
the same elementary process (iPrOO• + NO f iPrO• + NO2).24

This allows us to attempt drawing a comparison of the second-
order reaction of NO andIII with the first-order ring closure
to XIII , for which the estimatek ) 2.6× 102 s-1 results from
the computed∆Gq. It provides the conditions necessary for the
two processes to compete with the same rate: the two velocities

are equal if [NO] is as high as 5× 10-8 M, corresponding to
3 × 1013 molecules cm-3 (or 1 ppm). On one hand, this
tropospheric concentration value can be compared for instance
with that reported in ref 13 as typical of a nonpolluted
situation: 108-109 molecules cm-3 (or ref 3, pp 254, 255) and
results to be very high. On the other hand, a significant NO
concentration can be assumed, yet lower than 1 ppm. It can be
chosen, for instance, to be lower by an order of magnitude:
0.1 ppm is a value that can be reached in polluted areas (see
ref 13, p 252), equivalent to [NO]) 2.7× 1012 molecules cm-3.
The monomolecular and the bimolecular processes will then
take place with different rates (V1 andV2, respectively), whose
ratio can be estimated as follows. AsV1 ) 2.6 × 102 s-1 ×
[III ] and V2 ) 5 × 109 M-1s-1 × [III ] × 4.5 10-9 M ) 22.5
s-1, thenV1/V2 ≈ 11.6. Therefore, the NO-promoted pathway
could be relatively important in polluted areas.

Conclusions

The first step of benzene oxidation is believed to see the
formation of the so-called benzene-OH adduct (I) . Abstraction
of the hydrogengemto OH in I , operated by O2 (with ∆Gq )
13.6), affords phenol,II , which can undergo further oxidation.
O2 addition toI (with ∆Gq ) 15.6 kcal mol-1) can produce (in
a reversible way) the 2-hydroxycyclohexadienyl peroxyl radical
intermediate,III , which opens several possible channels toward
further degradation, some of which are considered in this study.

A NO-promoted benzene degradation pathway is described
by the present computations as particularly appealing. It leads
to ring opening and generation of Z,Z-muconaldehyde. The
process is started by O abstraction from the peroxyl group in
the 2-hydroxy-cyclohexadienyl peroxyl radical (intermediateIII )
operated by NO. The resulting oxyl radicalVI is prone to ring
opening viaâ-fragmentation and generates in turn the open-
chain radicalVII . Muconaldehyde can then form either by
simple H abstraction operated by O2 or by O2 addition followed
by hydroperoxyl elimination. The overall sequence is described
as a free-energy cascade, with a total gain of 48 kcal mol-1.

Figure 4. Transition structure for ring closure inIII to give the bicyclic
radical adductXIII . Bond lengths in ångstro¨ms.

Figure 5. Free-energy flow along different symbolic reaction cooordinates: (a) the NO-promoted ring opening leading to muconaldehyde (solid
line); (b) H abstration by O2, leading to phenol formation (lower dashed line on the left); (c) ring closure of the peroxyl radical to a bicyclic
intermediate (upper dashed line on the left); (d) the final formation of muconaldehyde in two different ways (on the right; see text). These are the
processes that the theoretical calculations indicate as more promising. Only intermediate structures are displayed.
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As an alternative, ring closure to the bicyclic peroxy-bridged
intermediateXIII seems to be particularly interesting (∆Gq )
14.2 kcal mol-1 with respect toIII ). This could lead to 1,2 and
1,4 unsaturated aldehydes. Other intramolecular processes have
been investigated and do not seem very promising.

An attempt to estimate the relative importance of the NO-
promoted and ring-closure pathways (assuming a top NO
concentration as reported for polluted areas) has brought to the

conclusion that the former can contribute to benzene oxidation
up to less than 10% of the latter. In case of low NOx concen-
tration, the monomolecular process should prevail.
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