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Oxidative Degradation of Benzene in the Troposphere. Theoretical Mechanistic Study of the
Formation of Unsaturated Dialdehydes and Dialdehyde Epoxides
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Unsaturated dialdehydes and their epoxides are toxic products involved in aerosol formation and in the chemistry
of the photochemical smog. They are detected when benzene is oxidatively degradated in the troposphere or
in experiments that simulate tropospheric conditions. This theoretical study is focused at assessing the viability
of some benzene oxidation channels that lead to their formation and could either follow or flank the previously
studied pathway to hexa-2,4-diene-1,6-dial (muconaldehyde). In the former case, further oxidative degradation
of muconaldehyde entails NO intervention and easily leads to glyoxal and butenedial, as secondary oxidation
products. In the latter case, the pathways examined branch from an early intermediate in benzene oxidation,
the 2-hydroxy-cyclohexadienyl peroxyl radical, and originate either from the corresponding oxyl Ndical

(the “channel VI”) or from the bicyclic endo-peroxy allyl-radical intermedi#td , generated by the closure

of a peroxy bridge (the “channel XlII"). The channel Xlll can produce epoxy muconaldehyde without NO
involvement, as well as some epoxy butenedial, glyoxal, and butenedial, as minor products and through NO-
mediated pathways. Though the epoxy aldehydes could also form from the rdbi¢caiough NO-mediated
pathways, this is not competitive with the formation of muconaldehyde f\dimHow a variable NO
concentration can modulate the relative importance of the channel Xlll vs the channel VI is estimated. Other
pathways have been investigated and discarded as less favorable.

Introduction Among the products identified in different experiments on
the oxidation of benzene and methylated benzenes, we could
mention phenol§;1,2-, 1,4-, and 1,6-unsaturated dicarbofiyls
n(compare also ref 1 pp 374 and 375); epoxy and hydroxy
derivatives of dicarbonyl compounésas well as furan deriva-
tives'3 and other ring compounds as maleic anhydtd&mong
the oxidation products, the aldehydes are important because
(apart from exhibiting some toxicity on their own) they are
involved in aerosol formation and take part in the chemistry of
the photochemical smdgThis occurs through their transforma-
a}ion into peroxyacyl nitrates, R.CO.OONOknown to be
irritating agents for the eyes and phytotoxic. In the case of
benzene, the dicarbonyls detected are glyogdl butenedial
XXI, and muconaldehydélll (hexa-2,4-diene-1,6-dial; Chart
1). The first two could form both by direct oxidation of this
1,6-dicarbonyl precursor or through independent ring fragmenta-
tion reactions distinct from those producing muconaldehyde.

The fact that the details of the oxidative degradation following
the formation ofl are not completely knowrand that even the
nature of many oxidation products is not determfiiéencour-
ages us to pursue theoretical investigations, as has been done
very recently also by other researchers on different systéms.
Useful mechanistic and thermochemical information are ex-
pected, which will be complementary to the mass of experi-
mental results accumulated as yet.

Our foregoing theoretical studies on the oxidative degradation
of benzene were intended as such a contribution. The first
study!® dealt with three different attacks ob©n| and indicated

* Towhom correspondence should be addressed. E-mail: glauco.tonachini@that both irreversible phenol formation, through abstraction by
unito.it. Fax: 39-011-6707642. O of the Hgemto OH inl (Chart J), and reversible @addition

Benzene, its methylated derivatives, and other aromatics
contribute significantly to the atmospheric pollution, especially
in urban areas, and can be of serious concern to the humal
health!=* Their tropospheric oxidation processes produce a
variety of compounds that have been only partially identified.
Benzene oxidation is believed to begin with the addition of the
reactive hydroxyl radical to the aromatic ring. The initial
intermediate is thus the hydroxy-cyclohexadienyl radicBrom
this species, several reaction pathways can originate. Though
significant amount of data has been collected so far, the
mechanistic details of the reaction steps leading to further
oxidation ofl need to be revealed through the hopefully synergic
concourse of additional experimental and theoretical studies.

The oxidative pathways can be characterized by monomo-
lecular steps or by the involvement of other species, a$lOr,
or NO. These have different reactivitieand their concentra-
tions are variabl@#® from the ca. 10 molecules cm?® of
hydroxyl, through the range of values encountered for the
nitrogen oxides, typically 18-10° molecules cm?, up to the
relatively high concentration of dioxygen, ca.'8@nolecules
cm3. Different environmental conditions can thus in principle
modulate the relative importance of possibly competing path-
ways. Of particular importance seems to be the concentration
of nitrogen oxides (NO and N{ that shows peaks of even
102 molecules cm?® in very polluted aredsand is usually
reported as a collective N@oncentration.
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CHART 1 phase pathways, the different situations corresponding to high
and low NQ concentration have to be taken into account.

Some reaction pathways considered in this study originate
either fromXIIl or from VI, whose direct common precursor
is the peroxyl radicallll , which is one of the very first
intermediates in the benzene oxidation process (Chart 1). All

Xl structures displayed in Chart 1 and in the schemes that follow

are numbered by bold roman numerals consistently with the
| ordering of the two preceding papéfs’ These pathways lead
to glyoxal XX and butenedialXXl or to the epoxidized
dialdehydesXXXIl and XL (Chart 1. The 1,4- and 1,2-

Vil

dialdehydes can be generated through different channels. One
possibility is the further oxidation oWIll (section 1). An

alternative is offered by a NO-mediated pathway that originates
from XIII (section 2). In addition, other pathways can branch
from VI and XIll and then converge on an oxyl epoxy

intermediateXXVI , from which the epoxidized muconaldehyde
XXXII XXX XL XXXII is obtained (section 3). Another NO-mediated pathway
heads off from the preceding one, in correspondenc&df|
and leads to the epoxidized butenedidl (section 4). How
butenedial (and muconaldehyde) could directly transform into
their epoxy derivatives is briefly examined in section 5. Finally,
a third pathway leading to glyoxal and butenedial and starting
from VI (but not involvingVIIl ) has been considered (section
6). All of these possibilities are described in detail in the Results
section.

(vielding the 2-hydroxycyclohexadienyl peroxyl radical inter-
mediatelll ) were realistic initial phases of benzene degradation.
In the second study, the subsequent steps which lead to the
formation of the carcinogenic, cytotoxic, and genotéki®
muconaldehyd® 11l were studied. A viable pathway, evolving
through the NO-mediated formation of the oxyl radigalfrom
the peroxyl radicalll , and itsp-fragmentation, was compared
with an alternate monomolecular step that generates the [3.2.1]
bicyclic endo-peroxy allyl radical intermediabélll by ring Method
closure oflll (see Figure 5 of ref 17). The study of the reaction pathways was performed by
In addition, some theoretical investigations on the tropo- determining the critical points of the reaction energy hyper-
spheric oxidation of aromatics have been carried out in the last surfaces that correspond to stable and transition structures
years by other research groups and can be mentioned here. Therel'S). All structures were fully optimized using gradient
was a 1995 DFT study on tolueAtaimed to identify plausible ~ procedure¥ at the DFT (B3LYP) level of theor§$?° with
0, addition intermediates. Also, there was a 1996 semiempirical the polarized split-valence shell 6-31G(d) basis3$&fThe
UHF/PM3 study! of the intermediates in hydroxyl and dioxygen ~more important optimum interatomic distances reported in
addition to four methylated hydroxy-cyclohexadienyl radicals the figures are in angstroms. The nature of the critical
(transition structures were located by an approximate procedure),points optimized was checked by diagonalization of the
followed by DFT(B3LYP) single-point energy calculations. 6-31G(d) analytic Hessian (vibrational analysis). Energies were
Relevant thermochemical properties were calculated in2996 refined by DFT(B3LYP)/6-311+G(d,p)//6-31G(d) single-point
by the same semiempirical approach, used in conjunction with calculations®®< The doublet energies so computed were cor-
thermochemical group additivity ruléd.More recently, the rected for spin contamination by the quartet, by using a formula
hydroxyl attack on toluene was studied by MP2 and DFT- analogous to that suggested by YamagdéRi.The corrected
(B3LYP) optimizations, followed by MP4 and coupled cluster €Nergies were used in turn, in conjunction with the above-
(CCSD) energy difference estimafésSimilarly to ref 20, the mentlone(_j V|brat|ongl analysis data, to evaluate the activation
relative stability of several HOtoluene-O, isomeric adducts ~ nd reaction enthalpies and free energfeSG values (and to

has been investigated by MP2 and DFT(B3LYP) calculatins. SOMe extent\H values) based on the relevant spin-projected
. . . 6-3114-G(d,p) energies, will be discussed throughout the text.
The complex picture of the conceivable pathways branching

. : .2 All calculations were carried out by using the Gaussian 98
from benzene is further explored in the present theoretical system of program¥.
|n\éebs;g:tgrznnvg:thlethoelzlnpl{[(r)pols i OT aizcgrtfézggafhe mgﬁ,t The oxidative degradation of muconaldehyde to glyoxal
pr L S leading to glyoxa utenedial, as Well S, putenedial was chosen at the outset as a benchmark to
to epoxidized derivatives of the unsaturated dialdehydes. Some

£ 1h i that lead to f df derivati h compare the results of 6-31G(d) optimizations with those
of the reactions that léad 1o furan and furan dervatives have ,piainaq with a more extended basis set, denoted as

points of contact with those dealt with here and will be discussed 6-31(4+)G(d), in which diffuse sp functiod® were added on
in a forthcoming paper. the oxygen atoms. This basis set had been used in the geom-
In some transformations, intramolecular steps may intervene, etry optimizations of two preceding studi®st” The geom-
as well as reactions with the hydroxyl radical or H abstraction etries of seven minima and three transition structures rele-
by dioxygen. These reactions can be reasonably postulated evenant to Scheme 1 (see the next section) were obtained with
in conditions of low pollution. By contrast, other processes the two basis sets and resulted not to differ significantly. Then,
involve dioxygen addition and consequently require the inter- DFT(B3LYP)/6-31H-G(d,p)//6-31G(d) calculations were com-
vention of NO, which transforms peroxyl radicals into oxyl pared to DFT(B3LYP)/6-31:£G(d,p)//6-31¢-)G(d) calculations,
radicals, and thus may prompfragmentation. The importance  and enthalpy and free energy differences were found to be at
of the latter reactions can rise in case of a relatively high nitrogen variance by 0.22 kcal mot at most. Therefore, the procedure
oxide concentration. Thus, in comparing the more likely gas- of using the 6-31G(d) optimized structures in the final single-
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point calculations with the more extended&L1+G(d,p) basis

set was deemed safe and adopted throughout the study. A simila
test was also carried out by adding p polarization functions on
the hydrogens in the DFT(B3LYP)/6-31G(d,p) optimizations
pertaining to a H-transfer process. DFT(B3LYP)/6-31(d,p)
energy calculations on these geometries differ by only 0.02 kcal
mol~! from those carried out on the 6-31G(d) geometries.
Details on both tests are in the Supplementary Information.

Results

The various reaction pathways mentioned in the Introduction
will be described in detail presently. Enthalpy and free energy
relative values are collected in Tables3. In the text, every
AG* barrier and the\G for the related step will be reported by
making reference to the foregoing energy minimum, and
compared with the relevant enthalpy differences, when these
differ significantly, to call attention to the entropy contribution.
All free energy plots make reference to the closest closed-shell
precursor molecule. So, in all free energy profiles but one, the

reference zero line corresponds to benzene plus all small specie:'60 ]

involved in the steps shown in that figure. The exception is the
plot in Figure 1a, in which the closed shell intermedisié
is chosen as the reference instead of benzene.

1. Formation of Glyoxal and Butenedial from Muconal-
dehyde. In polluted areas, the significant concentration of
nitrogen oxides opens a pathway leading to the 1,2- and 1,4-
dialdehydes through the intervention of the NO radical on
intermediates previously oxidized by hydroxyl and dioxygen.

A kinetic study of the reaction of hydroxyl with hexa-2,4-
diene-1,6-dialVIll and 2-methylhexa-2,4-diene-1,6-dial has
shown that these compounds react very promptly witht O
~ 1 x 10719 molecules?! cm? s71).37 Glyoxal, butenedial, and
their methylated derivatives are the expected products of the
hydroxyl-initiated oxidative degradation pathwas.

VIII can initially undergo complexation with hydroxyl and
then addition to € (Scheme 1). The rather small free energy
barrier of 6 kcal mot! is accompanied by a negativeH
estimate in correspondence of the T kcal mol™ (i.e., 1.5
above the complex). The adduXl is then obtained with a
large free energy drop with respect to the separate reactants
—27 kcal mof, which corresponds to an even larger enthalpy
difference,—37 kcal mot . Addition to G is not favored: the
relevant adduct is ca. 13 kcal mélhigher in electronic energy
than XV. Then, dioxygen addition t&XV gives the peroxyl
radical XVI, which is located ca. 8 kcal mdl above the two
reactantsXV and Q. The barrier for this endoergic step is 14
kcal mol* high. By contrast, in terms of enthalpy change, this
step is exothermic by-2 kcal moll, and the barrier is only 3
kcal mol? high. Reduction to the relevant oxyl radical is a
necessary step toward the filafragmentation. NO intervention
accomplishes the task. §@ddition is more or less reversible
in function of the NO concentration: though the free energy
profile suggests a favored forward process toward the oxyl
radical, low [NO] could cause the velocity of the backward
process to be competitive.) First, a peroxynitrite addXi¢tl
is formed, without any free energy barrier. It is located almost
6 kcal mol! below the reactantXVl and NO. In terms of
enthalpy, the step is more exoergiel7 kcal mofl. Then,
dissociation by cleavage of the-«€® bond to the oxyl radical
XVIIlI and NQ takes place. Although exiting the shallow dip
on the enthalpy profile requires only 2 kcal mglin terms of
AG, there is a further gain of 14 kcal mof™. If the backward

process on the enthalpy profile is considered, no reassociationlimit. The g fragmentation transition structureXVIll

barrier is present for the separate fragmextdll and NQ
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Figure 1. (a) Free energy profile for the formation of glyoxal and
butenedial by oxidative degradation of muconaldehyde. (b) Fhe
fragmentation transition structurgVIll — XIX + XXI). Bond lengths
are in A, and angles are in degrees.

(to form the peroxinitriteXVIl again). By contrast, the traits

of the free energy reaction profile imply that the role as
intermediate of the peroxynitrite addux¥Il is uncertain. A
similar picture emerged in the preceding paper, concerning the
formation ofVIIl .17 A final 8 fragmentation of the oxyl radical
produces s-cis (z for shorRIX , a radical precursor of glyoxal
XX, and butenediaKXI. This step is very easy: both the
enthalpy and free energy estimates of the barrier suggest that it
is very low or even absent.

The free energy profile is shown in Figure la. In it, the
reference “zero” line is set to the/fll + HO* + O, + NO”

—

Zz-XIX +XXI) is displayed in Figure 1b.



4414 J. Phys. Chem. A, Vol. 106, No. 17, 2002 Motta et al.
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‘ | [3.2.1] Bicyclic Endo-Peroxy Allyl Radical Intermediate
0 P Xl a
o}
Xxvil XXI AEP AE° AH¢ AGH
TABLE 1: Formation of Glyoxal and Butenedial from )T(glx:lrl CE,XX” (1)'2 8'(3) 2'8 18'3
Muconaldehyde VIII2 XXII —171 —13.2 —10.4 0.9
AEP AE® AHd AGH XXII + NO 0.0 0.0 0.0 0.0
muconaldehyd¥Ill + HO" 00 00 00 00 pooymiexat a8 e oYt
VIII —OH complex -96 —-54 -—-38 4.6 XXIV 2 0.0 0.0 0.0 0.0
AL a8 T80 28 83 TSXXIV — XVl 8.3 6.2 5.2 4.7
’ ’ : : XVIII —49.5 —55.5 —56.3 —60.8
XV + O, 0.0 0.0 0.0 0.0
TSXV — XVI 2.3 2.4 3.1 14.1 aFor each reaction step: energy, enthalpy, and free energy values
XVI -89 —-48 -24 8.4 (kcal mol?) relative to each preceding intermediate or intermediate
XVI +NO 0.0 0.0 0.0 0.0 plus reactant. Bold roman numerals make reference to Schehkedn
peroxynitriteXVIl —-21.6 —-18.7 —-17.2 58 DFT(B3LYP)/6-31G(d) energy values obtained at the geometries
XVIII 4 NO; —-164 —-18.4 -19.0 —19.9 optimized at the same levélFrom DFT(B3LYP)/6-314G(d,p) energy
XVl 0.0 0.0 0.0 0.0 evaluations with correction of spin contamination (at the DFT(B3LYP)/
TSXVIIl —z-XIX + XXI 14 07 —-02 -01 6-31G(d) optimized geometries)From enthalpy or free energy values
z-XIX + butenediaXXI —18.2 —-21.2 -226 —34.7 estimated at 298.15 K. Differential zero-point energy corrections are
z-XIX + O, 0.0 0.0 0.0 0.0 computed at the DFT(B3LYP)/6-31G(d) level.
H-abstraction TS 21X — z-XX 17.6 13.9 13.7 22.0
z-XX (glyoxal) + HOO 10.8 105 9.4 7.6 . .
TS 2XIX — z-XIX- O, adduct 16 07 12 110 endoergic step (less than 5 kcal m¥l The most stable_|sor_ner
2-XIX- O, adduct —-10.7 -74 -56 4.7 of the adduct is however the s-trans (e for short), which is less
e-XIX- O adduct -92 -6.0 -81 2.6 than 3 kcal mot! above the reactants. In an eliminative step
TS eXIX- O, —~ eXX +HOO 1042 20 127 from this e-adduct (with a barrier of 10 kcal m&), HOO forms
e-XX (glyoxal) + HOO 6.6 6.0 5.0 3.4 ( ),

_ again, together with e-glyoxal. These final products are some-
& For each reaction step: energy, enthalpy, and free energy valueswhat higher than 3 kcal mot with respect to the reactants.

(kcal mot™) relative to each preceding intermediate or intermediate e sjtyation is similar to that encountered in the formation of
plus reactant. Bold roman numerals make reference to Schehfedm

DFT(B3LYP)/6-31G(d) energy values obtained at the geometries Muconaldenyde (ref 17, Table 3, Figures 2 and 3).
optimized at the same levelFrom DFT(B3LYP)/6-31%+G(d,p) 2. Glyoxal and Butenedial from the Bicyclic Early

energy evaluations with correction of spin contamination (at the |ntermediate XIll. Another path to the same dialdehydes can

DFT(B3LYP)/6-31G(d) optimized geometrie$)From enthaipy orfree o ¢ 10ed by starting off back from the intermediatéll .

energy values estimated at 298.15 K. Differential zero-point energy hi ies is the i | S fth | ical

corrections are computed at the DFT(B3LYP)/6-31G(d) level. This species is the ring-closure d.erlv.atlve of the peroxyl radical
11, which is one of the earlier oxidation products of benz&ne.

A final phase is needed to produce g|y0xa|_ As a first In the preViOUSIy discussed pathWay, the benzene ring had first
possibility, H abstraction by ©in z-XIX can give directly ~ to be opened to give/Ill " and then a further oxidation
z-glyoxal XX. This demands to get ahead of a barrier of 22 occurred (Scheme 1). In contrast, an additional oxidation of the
kcal mol 2. z-Glyoxal and HO®are higher in energy than the  original six-membered ring, still presentXill , takes place in
reactants by more than 7 kcal mélAs an alternative, dioxygen  the processes discussed in this section, and ring opening occurs
can add to 2XIX , with a barrier of 11 kcal mol, in a slightly at a later stage (Scheme 2). To our knowledge, this pathway



Degradation of Benzene to Dicarbonyl Compounds J. Phys. Chem. A, Vol. 106, No. 17, 2002415

201 A (kcal mol™") to G. It can also be commented that, @ddition is again
reversible to an extent that depends on [NO]J: a low nitrogen
10 monoxide concentration would slow the reductionXfll to
the corresponding oxyl radical and make the velocity for O
loss fromXXIl competitive.
i The likely fate of the oxyl intermediatéXIV is to undergo
ap fragmentation with formation of a carbonyl group and further
-10 4 cleavage of the endoperoxidic bond. There are convincing
indications from our calculations that the partially open-chain
20 4 intermediateXXV shown between brackets in Scheme 2 does
not exist. On attempts to define its structure as an energy
minimum, the G-O bond spontaneously cleaves, and a second
= carbonyl forms. Therefore, the two carbonyl groups form
concertedly, though in an asynchronous manner (see below).
-40 Taking XXIV as the reference, thg fragmentation TS is 5
kcal molt higher. The open-chain radical intermedixtél||
-50 (already encountered in the preceding section) is thus obtained
in a very exoergic stepAG = —61 kcal mot?). Its B
G- fragmentation has already been discussed.
The free energy profile is shown in Figure 2a (see also Table
2). The concerted asynchronous transition struct¥ddy —
-70 + XVIIl ) for g fragmentation and subsequentO bond cleavage
is shown in Figure 2b. Among the major atomic shifts repre-
-80 - sented in the relevant transition vector, the motions pertinent

a to the fragmentation are clearly present, whereas there is no
trace of G-O bond cleavage that takes place beyond the TS.

One butenedial isomer has been shown in Scheme 1 and
another in Scheme 2. It is however known that 1,4-dicarbonyl
compounds easily undergo photoisomerizabt?.Butenedial
can also undergo further degradation, as it has been shown in
either HO- or Os-initiated smog chamber experiments on it and
its mono- and dimethyl-substituted analogdfs.

Reaction schemes similar to those proposed by Killus and
Whitten for toluené? or by Atkinson, Carter, and Winer for
o-xylene3® and leading to CHO.CHO, GHCO.CHO, CH.CO.
CO.CH; (these two closely related to glyoxal), and CHOEH
CH.CHO were not explored. The reason is that a localized
Figure 2. (a) Free energy profile for the formation of glyoxal and radical with a bicyclic endoperoxy structure is crucial to both

butenedial from the endoperoxy intermediatgl . (b) The g frag- mechanistic proposals. This is the intermedil® , whose
mentation and @O bond cleavage transition structurEX(ll —

XVIII ). Bond lengths are in A, and angles are in degrees.

HO
was first proposed by Darnall, Atkinson, and Pitts in 1%79
and later on discussed by Yu, Jeffries, and SeXfon.
The endo-peroxy radical intermediax¢ll can be attacked XV

by dioxygen, thus producing the peroxyl radicgXll . This

step (Scheme 2) requires the subsequent intervention of NO to
transform the peroxyl group into oxyl. The peroxyl radisl|

is obtained with the free energy barrier estimate of 11 kcal
mol™?, in correspondence of the TS geometry. This reaction
step is approximately isoergid G = 1 kcal mol?). In contrast,

the enthalpy barrier is estimated to be only 1 kcal Thdligh,

and the peroxyl intermediate is located-at0 kcal mof? in
terms of enthalpy.

stability was found modest{18 vs.—5 kcal moi?® for XIV
andXIIl , respectively, relative to the peroxyl adduidt) and
whose formation implied overcoming a barrier of ca. 25 kcal
mol~1, whereas only 14 were required to gétl .7

Another sequence of steps can be conceived that originates
from XXII . A first monomolecular step (in competition with

HO HO
Then, XXIlI necessitates to be reduced XXIV . First, a
peroxynitrite XXIIl  forms, by coupling of NO to the peroxyl . ‘0.0 _©
group. There is no barrier to overcome, and the peroxynitrite is et
lower thanXXIl in enthalpy by—16 kcal moit but only by o\o- -
—5 kcal mol® in terms of free energy. When N@issociates
and leaves the oxyl intermedia¥Xl1V , this dissociation limit
has the same enthalpy #XII (and there is no barrier for the o
inverse process), but a further drop efl7 kcal mot? is 0 3 H
estimated in terms of free energy. Here, the same comments of on ‘
0

the preceding section on the role of the peroxynitrite intermedi-
ate hold, on the basis of the changes observed in going fffom 3 B-fragmentations
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SCHEME 3 TABLE 3: Pathways to the Oxyl-Epoxy Intermediate and
Last Steps from It to Epoxy-Muconaldehyde?

HO O  HO -9

@ g 9 oo O A AEAHT AGY
[ — @ C'j:"', 0o A. PathwayA to the Oxyl-Epoxy Intermediate
m

(and Its Conversion to the Biepoxy Intermediate)

Xl XXVI Xl 0.0 0.0 0.0 0.0
TSXII — XXVI 17.7 15.3 14.0 14.0
. oxyl-epoxy intermediatXXVI —-152 -16.4 —-16.3 —16.7
(b) ﬁ g it o TSXXVI — XXVII -78 —-95 -10.0 —-10.1
T No | bi-epoxy intermediat&XXVII —13.1 -13.2 —-13.0 —134
~ -NO, L B TSXXVI — XXVI' 10.8 8.7 7.9 8.0
m vi B. PathwayB to the Oxyl-Epoxy Intermediate
VI 0.0 0.0 0.0 0.0
Hok Lt TSVI — XXVIII 03 03 -10 -01
N, 00 o XXV -95 -89 -89 -82
\\;_//O — 0— XXVII 4+ 0,+ NO 00 00 00 00
TSXXVIII — XXIX + NO 2.3 25 3.1 13.6
xxvin XXIX XXIX 4+ NO -129 -76 -51 6.6
peroxynitrite XXX —34.7 —-26.4 —-22.1 0.9
HO HO XXVI + NO, —29.4 —26.4 —-245 —-13.8
ONOO, ' o )
T . -NO, C. The Last Steps from the Oxyl-Epoxy Intermediate
\VPO - © Toward Epoxy-Muconaldehyde, Common to PathwayendB?
oxyl-epoxy intermediatXXVI 0.0 0.0 0.0 0.0
XXX XXVI B-fragm. TSXXVI — XXXI 11.5 10.3 8.6 8.1
oH o XXXI -3.0 -53 -6.3 —-10.2
(c) . o i XXXI + O, 0.0 0.0 0.0 0.0
N o0 O XXXI =00 —-28.3 —24.4 —215 —10.4
XXVI mw\>0 — UO TSXXXI-OO— XXXII + HOO —17.8 —139 —-148 -—-22
o -HOO XXXl + HOO -129 -128 -12.6 -12.3
XXXI XXX

aFor each reaction step: energy, enthalpy, and free energy values
(kcal mol™?) relative to each preceding intermediate or intermediate
plus reactant. Bold roman numerals make reference to Schehkean
DFT(B3LYP)/6-31G(d) energy values obtained at the geometries
optimized at the same levélFrom DFT(B3LYP)/6-31%#+G(d,p)
energy evaluations with correction of spin contamination (at the
DFT(B3LYP)/6-31G(d) optimized geometrie$)From enthalpy or free
energy values estimated at 298.15 K. Differential zero-point energy
corrections are computed at the DFT(B3LYP)/6-31G(d) level.

(d)

B does, and so it is also characterized by the NO intervention
that sets the stage for a subsequerfitagmentation.

In pathwayA, the cleavage of the ©0 bond inXIll has a
barrier of 14 kcal moi and triggers the ring closure of one
epoxy ring. The oxyl epoxy intermediadXVI (Scheme 3a)
can form this way in a single exoergic stepG = —17 kcal
mol~1). This intermediate is closely related to Bartolotti and
Edney’$° epoxidic structure (IV), also labeled as “3,6-1” in
that paper, which was estimated to be more stable-th.0
the NO attack of Scheme 2) would generate a tricyclic localized kcal mol™ than its isomer (lll), also labeled as *1,3". This is
radical by closure of a peroxy bridge.,Caddition, NO in turn the methyl-substituted analogueXifl and was found
intervention, and a sequence of thygéragmentations would {0 lie below the analogue of our peroxyl addiitt, which was
potentially produce glyoxal. However, the first step is associated labeled as (Il) or “3", by—18.6 kcal mof*.
to an exceedingly high activation electronic energy (39 kcal ~As Scheme 3c shows, once the oxyl epoxy intermediate
mol~1), and this pathway cannot be in competition with that of XXVI has formed, it can then open iafragmentation to the

Scheme 2, even in conditions of very low [NO]. radical intermediat&XXXI , in which the first carbony! group

3. Epoxy Muconaldehyde from the Early Peroxyl Adduct has formed?2 This step is related to a free energy barrier of 8
lll. As discussed in a previous pagétwo channels branch ~ kcal mol™.
from the peroxyl intermediatdl (see Figure 5 in ref 14). The The open-chain radica{XXI is obtained with a free energy
intermediateXIll is produced by ring closure (pathway), gain of 10 kcal mot! with respect toXXVI . An H-abstraction
whereas NO attack onto the terminal oxygen atomllbf step is necessary for the second carbonyl to form. This can again
produced/I, which is its oxyl analogue (pathwds). Once these take place either by simple action of,@r via O, addition
intermediates are formed, the two reaction chanAeblnd B followed by HOO elimination. The final product is in either
lead to a common oxyl epoxy intermediaXXVI and finally case the epoxy muconaldehya&XIl , with a further free

to the epoxy muconaldehydgXXIl . Their details will be energy gain of-12 kcal moft. The more convenient way to
examined presently. As can be seen in Scheme 3 parts a and bget also the second carbonyl group is the addition/elimination
pathwayA does not require ©addition to produce an oxyl  process, as much as seen in section 1. The relevant free energy
intermediate (necessary to give ring opening), whereas pathwayprofile is shown in Figure 3a (lower curve).
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Figure 3. (a) Free energy profile for the formation and interconversion of the epoxy structures. Pathway to epoxy muconaldehyde from the
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endoperoxy intermediatélll . (b) The free energy profile for the formation of epoxy muconaldehyde from the oxyl intermé&tlia¢e) The O-O
bond cleavage and epoxy ring formation transition structure conneXlimgto XXVI . Bond lengths are in A, and angles are in degrees. The
interconversion transition structure between epoxy intermedkiXa4 . Bond lengths are in A, and angles are in degrees. (d) Thad@ition to
XXVIII transition structure. Bond lengths are in A, and angles are in degrees.

Turning now to pathway, the formation of an epoxide ring
in the oxyl compoundVI is found to take place quite easily.
The allyl radical epoxy intermediad@XVIll so formed is lower
than its precursovI, by —8 kcal molt (AG). Then reversible
O, addition to ther-delocalized system takes place, with a low
enthalpy barrier AH* = 3 kcal molt) but a more substantial
free energy barrier of almost 14 kcal mél The step to the
peroxyl adductXXIX is exothermic by—5 kcal moli! (AH)
but is endoergic by almost 7 kcal mélin terms of free energy.
The usual NO addition, with formation of the peroxynitrite
XXX, takes place without any barrier and is exothermici22
kcal moi (AH) but almost isoergic in terms &G (less than
1 kcal mof1). In this case, the limit relevant to the oxyl-epoxy
intermediateXXVI + NO;is estimated to have a slightly lower
enthalpy than the peroxynitritéXX ; hence, NQ is described

Thus, the intermediatéXVI that forms this way is common
to the alternative monomolecular pathwayhat starts off from
Xl and to the pathwaB just described. Whichever the channel
by whichXXVI is created, the next step is the six-ring opening
via  fragmentation to giveXXXl , followed by G addition
and HOO elimination, as already seen. The free energy profile
for pathwayB to XXVI and then toXXXII is shown in Figure
3b.

Let us now consider again the-® bond cleavage iXIII .
The oxyl epoxy intermediate can form fradill in two specular
ways. The enantiomeric intermediat¥XVI and XXVI' so
obtained can interconvert, through a TS in which one epoxy
ring is destroyed, whereas the other concertedly forms (center
of Scheme 3d). The free energy barrier height for this process
is 25 kcal mot?! aboveXXVI . So, the concerted interconversion

to depart very easily, more so in terms of free energy, as it hadis not easy, unlesXXVI is considered as still carrying a

been found in other caseAG = —15 kcal mot? for the
peroxinitrite dissociation).

significant extra energy coming from its exothermic formation.
From each of these intermediates, a biepoxy struckix¥ll
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can be reached, by closure of the oxyl group onto the double
bond. A localized radical is thus produced. This process is
associated to a lower free energy barrier, less than 7 kcal'mol
The intermediat&XXVII is higher than the intermediat¥XVI
andXXVI' by only 3 kcal mot?, in terms of free energy. The
biepoxy intermediate is in equilibrium with both oxyl epoxy
structures, with @G barrier of only 3 kcal molt. So, an easier
two-step interconversion pathway is available to the system.

Motta et al.

TABLE 4: Pathway toward Epoxy-Butenedial?

AEP  AE® AHY AGH
XXVII + O+ NO 0.0 0.0 0.0 00
XXX+ NO —259 —22.2-19.2 78
XXXIV + NO» —40.3 —38.7 —36.7 —26.2
XXXIV 0.0 0.0 0.0 00
S-fragm. TSXXXIV — XXXV 181 155 141 127
XXXV 11.8 99 91 6.0
epoxy ring opening TXXXV — XXXVI 281 247 226 195
XXXVI —245 —27.8 —28.6 —32.1
XXXVl + O+ NO 0.0 0.0 00 00
XXXVII + NO -18.1 —14.1 -11.8 —-0.9
XXXV + NO, —35.9 —35.3 —34.0 —24.0
XXXVIII 0.0 0.0 0.0 00
B-fragm. TSXXXVIII — e-XX + XXXIX 6.8 58 48 44
e-XX + XXXIX 27 -04 -—-25-154
XXXIX + Oz 0.0 0.0 0.0 0.0
XL + HOO —11.6 —12.0 -12.1 —13.3

aFor each reaction step: energy, enthalpy, and free energy values
(kcal mol?) relative to each preceding intermediate or intermediate
plus reactant. Bold roman numerals make reference to Schehkeam
DFT(B3LYP)/6-31G(d) energy values obtained at the geometries
optimized at the same levélFrom DFT(B3LYP)/6-31%G(d,p) energy
evaluations with correction of spin contamination (at the DFT(B3LYP)/
6-31G(d) optimized geometries)From enthalpy or free energy values
estimated at 298.15 K. Differential zero-point energy corrections are
computed at the DFT(B3LYP)/6-31G(d) level.

oxirene and a precursor of epoxy butenediXXIX (in
brackets), or the opening of one epoxide ring.

The former process is not energetically convenient, and the
latter is clearly preferred. By the ring opening, the second
carbonyl group forms (structutéXXV1 ). If O, adds again to
this radical, the usual sequence of events (strucxesvil —
XXXVIII ) opens the way for a furthgt fragmentation (with
formation of glyoxal XX and structureXXXIX ). Finally,
production of epoxy butenediXlL is possible in an @addition/
HOCO elimination phase similar to that presented in section 1.
In Figure 4, theAG values are reported as if the reaction were
proceeding fronXXVI in Figure 3b. From this and Figure 3a,
arelative free energy of 32.3 kcal mot? is assigned t&XXVII .

5. Epoxy Butenedial from Butenedial.This section briefly
deals with another possibility of getting epoxy aldehydes, the
formation of an epoxy ring in the parent aldehydes themselves.
The process (exemplified for butenedial, Scheme 5) can be set
off by hydroxyl addition to the unsaturated system. Hydrogen
abstraction in the adduetL| by dioxygen induces the closure

Inspection of Scheme 3d appears to suggest that the biepox>pf the epoxy ring. The related energetics make this channel

structure cannot be reached directly frotil .
The interconversion free energy profile is shown in Figure

unlikely (Table 5).
6. Glyoxal and Butenedial from the Intermediate XXVIII.

3a (upper curve), and the relevant energy data are shown inStill another pathway branches from that of Scheme 3b (by

Table 3a. The transition structurl{l — XXVI ) for the O-O

which the epoxy dialdehydes formed through the intermediacy

bond cleavage and concerted epoxidation is shown in Figure of XXVI). The bifurcation is in correspondence of the epoxy

3c. The interconversion transition structure between the enan-

tiomeric epoxy intermediateXXVI and XXVI' is shown in
Figure 3d. The transition structure for,@Gddition to the
m-delocalized system of the epoxy intermedi®VIIl is
shown in Figure 3e.

4. Epoxy Butenedial from the Bicyclic Endo-Peroxy Allyl
Radical Intermediate XlIl. From the biepoxy intermediate

intermediateXXVIIl , which can undergo reversible,@ddition

to the z-delocalized allyl radical system, not onty to the
hydroxyl group, as was shown in Scheme 3b, but &go it
(Scheme 6¥20 This different regiochemistry opens a further
possibility for the formation of the 1,2- and 1,4-dialdehydes
through the usual reaction sequence initiated by the NO
intervention and thg fragmentation of the resulting oxyl radical.

XXVII just presented, a convenient series of transformations After the formation of the first carbonyl group, the sequence of
can produce glyoxal and epoxy butenedial (Scheme 4). Revers-steps that follows is quite similar to that shown in Scheme 4

ible O, addition toXXVII (to give structureXXXIIl ), followed
by NO intervention, generates an oxyl intermedixteXIV ,
which is prone to undergo @ fragmentation, with formation
of a first carbonyl group. The radicXIXXV so formed could
either undergo again # fragmentation, with formation of

for the biepoxy intermediate. This includes (as sketched in
Scheme 6) the opening of the epoxy ring that creates the second
carbonyl group, dioxygen addition, and NO intervention. The
formation of an oxyl radical triggers a secofidragmentation

that produces glyoxal and a precursor of butenedial. A final
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TABLE 5: Formation of Epoxy-Butenedial from the Parent

T ! |

NO

Dialdehyde!

AEP AE® AHd AG?
XXI + HO 0.0 0.0 0.0 0.0 Similarly to thea attack, they proceeds with a low enthalpy
XLl agguct —371 =331 -30.6 —20.3 barrier AH* = 1 kcal mol %) but a higher free energy barrier
%f'-' adductt O, 0.0 0.0 0.0 0.0 (AG* = 11 kcal mot2). The step to the peroxyl adduxtIl
SXLI +0,—XL +HOO 365 374 347 445 : . N ; ;
XL + HOO' 8.0 9.8 9.8 9.4 is exothermic by—9 kcal mof™* (AH) but is endoergic by 2

kcal moitin terms of free energy. The usual NO addition, with

(kcal mol?) relative to each preceding intermediate or intermediate S;ormatlon IOf a dpe(;c_)xynltrltg,_takes placg by exhibiting t:e same
plus reactant. Bold roman numerals make reference to Schehieam eatures already !Scusse in previous instancesy Haghway
DFT(B3LYP)/6-31G(d) energy values obtained at the geometries {0 the aldehydes is thus more favorable, to some extent, than
optimized at the same levélFrom DFT(B3LYP)/6-314+G(d,p) energy ~ the o, that was shown to bring about the formation of epoxy
evaluations with correction of spin contamination (at the DFT(B3LYP)/ aldehydes.

6-31G(d) optimized geometries)From enthalpy or free energy values

estimated at 298.15 K. Differential zero-point energy corrections are Discussion

computed at the DFT(B3LYP)/6-31G(d) level.

aFor each reaction step: energy, enthalpy, and free energy value

The viability of the oxidation pathways to 1,2- and 1,4-
dioxygen attack onto this intermediate, followed by hydroper- dialdehydes, and to their epoxy derivatives, will be now
oxyl elimination, leads to butenedial. examined, with the help of Scheme 7, on the basis of the

All of these steps correspond to a free energy cascade that iscomputational data just presented. In Scheme 7, bold arabic
equivalent to that shown in Figure 4 for the biepoxy intermedi- numerals refer to the figures and schemes of the preceding
ate, with the only difference that one epoxy ring is now replaced section. Oxidation products can form through channels that
by a double bond. In view of this fact, only the energetics of either require the intervention of NO or do not. So, the variable
the first steps are presented at this point, to allow the concentration of nitrogen oxides could be expected to modulate
consideration of the role of this channel in the Discussion the relative importance of pathways that imply NO intervention
section. in their energetically more demanding transformation steps vs
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pathways that do not. The tropospheric value of [N@nges TABLE 6: Relative Flows? along the Channels that

approximately from 18to 102 molecules cm3 (ca. 5x 1071— Originate from IIl and Lead to the Products
5 x 17 ppb) in going from unpolluted to very polluted areas.  sjtuation®  unpolluted  polluted expt local peak
It can be higher in some experiments«(E ppm}°1lor even [NO] = 5 ppt 50 ppb 5 ppm 500 ppm
exceedingly high (of the order of 4@pm) in local situations, N ~1 ~1 2% 10! 2x 103
as in close proximity of an exhaust souréélherefore, some Vi <10°° 4x102 8x 10t ~1
channels could be in principle thought of as being insignificant Channel Xl
or important, depending on the situation. However, if competing xxyi ~1 ~1 2% 101 2x 103
NO-dependent and NO-independent processes were convergingxx + XXI ¢ <107 5x 10°° 1x10° 7x10*
on the same product, the [NJOfactor might be ultimately ch

. . : annel VI
considered as uninfluent on the final result (compare ref 4, p <105 <105 <105 <10
271). In the following, when estimating how the different v <105 4 % 10°2 8x 10! ~1
pathways compete in the formation of primary products, the XX + XXI¢ <10°° <10°° <105 <10°%
steady-state approximation is applied whenever the key steps XX +XXI¢ ~ <10®  <4x10? <8x10*% <1
of a pathway involve reversible formation of one or two FromXXVI
intermediated® and [Q] = 5 x 10 molecules cm?® is XXXII ~1 ~1 2x 101 2x1073
assumed. A stab can be made at the used kinetic constants byXX + XL <10° 2x10° 4x10* 3x10°

inserting in the Eyring equation the computed estimates of the  ayie|ds of the intermediates and products, having set to 1 the
AG* values for the forward and backward steps connecting the availability of the intermediatell . ® See text, and the Supporting
intermediates. Information for [NO] values in different unit$.As primary products
The 2-hydroxy-cyclohexadienyl peroxy! radic#l and the (see text)d As secondary products, fromilll (see text).
bicyclic endo-peroxy allyl-radical intermediaxdll intermedi-
ates play a central role in the competing and intertwined reaction
sequences of the preceding section. Both originate back from
the 2-hydroxycyclo-hexadienyl peroxyl radicll , an early
intermediate in benzene oxidation. NO attack onto the terminal
oxygen atom ofll irreversibly produce¥!|, which is its oxyl
analogue (bimolecular process, ratg —v). Formation of a
peroxy bridge iflll generates instead the bicyclic intermediate
Xl , also by an irreversible monomolecular process (rate
v —xm ). Upon inspection of Scheme 7, it is evident that all
primary closed-shell products considered in this study can in
principle be attained through the intermediacy>dfl or VI
(all-trans compounds alone would appear as exceptions, but onl
if photoisomerization were disregardedy® Therefore, it is
convenient to define a “channel XllI” as composed by the
formation steplll =XIIl in pathway 3a, followed by the
continuation of3ato give XXVI , which is flanked by pathway
2. Through these two transformationd]! itself is consumed.
A “channel VI" can be similarly defined as thdl —VI
formation step, followed by the pathways through whighis
consumed, namel$, 3b, andp. In the four situations mentioned
above, the ratioy —x /vy —vi is ca. 2x 10° for an unpolluted
situation (U), 2x 10! for a polluted situation (P, the only
situation examined in our previous papgr2 x 10~1 with an
NO concentration as that set for some experiments (E), and(pathwayl).

finally 2 103 for a peak local value (L). ) The closed shell stable intermediatél has a chance to
The relative importance of the two pathways that contribute get in thermal equilibrium with the surrounding gas before
to channel XIlI, 2 and 3a (Scheme 7, left), as that of the  encountering hydroxyl, and so the M® VIl system can be
pathways that contribute to channel \8l,3b, andf (Scheme  spposed, when reacting, to carry none of the extra energy
7, right), can also be estimated. The result will depend on NO ¢oming from the free energy cascade of Figure 5 in ref 17. It
concentration. Pathway3, 3b, and 6 involve the reversible  nas thus to overcome a barrier of more than 6 kcalfaith
formation of G adducts, whereas another equilibrium is present 5 hydroxyl concentration of only 1.% 10-5 M (i.e., ca. 16
beetwen intermediatél andXXVIIl . The relevant rate ratios  molecules cm3, an average tropospheric value), we see that
(see the Supporting Information for the full equations) are as the formation ofXX andXXI through channel VI has to slow
follows, depending on the four situations defined above. Channel considerably. Thus, a relatively smaller amount of dialdehydes
Xl vsgfvp ~ 2 x 108 (U), 2 x 10 (P), 2x 1% (E), and 2 can be expected to form rather early via pathvZagnd 6,
(L). Channel Vl:yglve ~ 2 x 101 (U), 2 x 107 (P), 2x 10° whereas the greater part will come from pathwiaybut with
(E), and 2x 10° (L), Wherea&/ﬁ/U;J,b ~ 3 x 104 (U), 3 x 10 some de|ay.

(P), 3x 1C® (E), and finally 2x 10% (L). These comments can be compared to the findings of Yu,
Once the intermediat&XVI is formed, both epoxy dialde-  Jeffries, and SextoH. Glyoxal (and methylglyoxal) exhibited
hydes originate from it, by distinct pathwayas; and4. On the two peaks in their concentration/time plots (ref 10, Figure 5).
one handXXXIl is obtained by an irreversibJgfragmentation Butenedial had indeed a single peak, but the methylated
(30). On the other hanXL can form through pathwag, which derivative 4-oxo-2-pentenal showed two again. A rather early

begins with the reversible formation of the biepoxi&VII ,
followed by a reversible @addition. The following values are
obtained for the relevant rate ratio, depending on [N@}/va
~ 5 x 10° (U), 5 x 10* (P), 5 x 1% (E), and 5x 10 (L).

Table 6 contains information on the flows along the various
channels open to the early intermedidite, for the four NO
concentrations considered above, i.e., the yields of the various
intermediates and products, if the availability of the intermediate
[l is set to 1. An obvious caution is that the information has
to be seen as only qualitative, because of the different ap-
proximations used, as the intrinsic limitations of the computed
free energy values, and the choice made once and for all for
Ythe concentration of fused in the calculations. Though very
approximate, nevertheless these estimates suggest some trends.
(1) The relative importance o¥l and XIll , hence, of the
channels that originate from them, changes drastically as [NO]
rises. (2)XXVI irreversibly forms via channeXlll in every
situation, whereas the contribution to its formation by channel
VI is negligible. (3) FromXXVI , only epoxy muconaldehyde
can be an important product. (4) Glyoxal and butenedial are
minor primary products. (5) The formation o¥Ill via the
pathwayg is strongly dependent on [NO]. (6) When [NO] is
high, a more important source of glyoxal and butenedial (as
secondanyproducts) could be the further oxidation\#iill itself
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