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In recent years the gas-phase ozonolysis of alkenes has received N + .0

renewed attention as a source of radicals in the earth’s atmosphere. -D/\=(_ _D)=<)_ : o o
D : D)H ‘)\D
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Numerous scavengetand tracet® studies indicate that ozore
alkene reactions produce hydroxyl radicals (OH) in high yields.
These conclusions have been confirmed by direct OH measurement
using laser-induced fluorescence (LIF), carried out in our laboratory
and elsewheré Hydroxyl is a central species in the chemistry of -~ oH formation involving vinylic hydrogens. The identity of this
the atmosphere, dominating the oxidation of most volatile organic pathway is uncertain for ethene, and it is completely unknown
compounds (VOCs), and playing a major role in processes such asyhether this channel also contributes to OH formation for substi-
urban smog formation and biomass burning. Formation of OH has tted alkenes with vinylic hydrogens. This is due in part to the
long been understood to occur via photolytic channels, which are gjfficulty in distinguishing OH formed from syn carbonyl oxides
active only during the daytime. However, OH yields from 0zo- from any OH formed by a different pathway.

nolysis are high enough to be a major contributor to total OH  Here we present measurements of radical yields from the

trans-3-hexene-3,4-d;  cis-3-hexene-3,4-dy

igure 1. Deuterated alkenes studied in this work and the carbonyl oxides
ormed by their reactions with ozone.

production during both the day and nighindeed, ozonealkene  gz0nolysis of two alkenes labeled at their vinylic sitefs: and
reactions may be responsible for the high levels of nighttime OH {rans 3-hexene-3,4% (Figure 1). Because of differences in reduced
observed very recentfy. mass, OH and OD may be distinguished by the use of LIF, allowing

The primary features of the gas-phase mechanism are generallyfor the direct investigation into any secondary hydroxyl-forming
accepted. As shown in Scheme 1, the first two steps follow the channel involving vinylic hydrogens.
Criegee mechanisfiforming a carbonyl and a chemically activated Yield measurements are carried out using the techniques
carbonyl oxide. While the fraction of carbonyl oxide stabilized by gescribed in previous work from our laboratdrxperiments are
the bath gas is a matter of some deBétethe majority undergoes  carried out in a 12.4-cm diameter flow tube. Ozone, generated by
unimolecular reaction, either via chemically activated or thermal high-voltage corona discharge through oxygen, is introduced with
channels. The available pathways depend on the stereochemistryye nitrogen carrier gas and is measured downstream in a UV
of the carbony! oxide. Syn carbonyl oxides lead to OH formation, apsorption cell. The reaction is initiated when alkene is injected
by a-hydrogen transfer forming a highly activated hydroperoxide, into the flow through a loop injector. Reaction times are long 100
which quickly decomposes to OH. This channel is not available to 5o ms), ensuring that thermalized carbonyl oxides undergo
anti carbonyl oxides, which undergo ring-closure to form dioxirane. nimolecular reaction: at these time scales OH yields are known
There is little evidence of interconversion between the syn and anti 15 pe pressure-independéftb OH (OD) is measured using LIF,
species. by exciting theAZS (' = 1) — X2Ig(¢v" = 0) transition at 282.1
(287.9) nm and detecting the fluorescence at 309 nm. Absolute

Scheme 1. Gas-Phase Ozone—Alkene Reaction Mechanism OH calibration is described in ref 4c. We periodically check our

0@ . o _;?,H calibration by measuring the OH yield of ozone plus 2,3-dimethyl-
HJ\CH H’gCHZ Q 2-butene (TME), which is well established to be 100% under these
3 L.
G b oo O, /{fcarbonyloxidc excited H” T CH, conditions34*5 TME-dy, is used for OD calibration.
g 3 o 0 (syn) hydroperoxide . . .
H>=<CH — HaCHH CHyCHO _ Hydroxyl radicals are measured at steady state, formed in yield
° H CHs \<~ *© 0-0 You by the Q—alkene reaction (rate You kos [O3] [alkene]) and
i HgCJ\H _ chXH Iqst by the OH-alkene reaction (rate kQH [OH] [alkene]). OH
carbonyl oxide dioxirane yields follow from the steady-state relation:

(anti)

You = d[OH] Jd[O
The number of allylic hydrogens is a major determinant of OH on = Korfkos d[OH].J[O4]

yield from ozonolysis of a particular alkene. While this might Forcis- andtrans-3-hexenekon equals 6.7 and 6.8 1011 crr?
suggest zero OH formation from ethene, yields are consistently molecule! s, respectively (following ref 2), ankb, equals 1.44
found to be 12-18%;23>4cindicating an additional pathway to  4n4 1 575 10716 ¢ molecule? s (ref 9). Reaction rates of the

deuterated alkenes in this study with OH, OD, angih@ve not

*To whom correspondence should be addressed. E-mail: kroll@huarp.

parvard.edu.. ) been measured, but the secondary kinetic isotope effects (SKIES)
i(":'::‘éggfeu,\ﬂg?gﬁ"ﬁ'niversity are likely to be small£10%)\° so that we assume the rates are
§ SUNY-Albany. those of the unlabeled alkenes.
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Table 1. Yields of OH and OD from the Ozonolysis of 3-Hexenes

alkene Yor? Yoo? You + Yoo
trans-3-hexene 0.5% 0.02 0 0.53+ 0.02
trans-3-hexene-3,4h 0.49+ 0.02 0.07+ 0.01 0.56+ 0.03
cis-3-hexene 0.3@:0.02 0 0.30+ 0.02
cis-3-hexene-3,4h 0.23+0.02 0.11+0.01 0.34+ 0.03

a Averages of 14 measurement$.Averages of 6-7 measurements.

Experimental OH and OD yields measured at 6 Torr and 298 K
are shown in Table 1. Uncertaintiesojlreflect precision as well
as potential errors from incomplete deuteration of the alkenes.
Yields are independent of laser power, indicating no laser-generation
of radicals. Measured OH yields from the unlabeled 3-hexenes agre
with those from a recent tracer stugéiwhich found yields of 0.36
4+ 0.07 and 0.53t 0.08 forcis- andtrans-3-hexene, respectively.
OD is formed in the ozonolysis of both deuterated alkenes, with
the Yop:You ratio significantly greater for theis alkene than for
the trans Within the error of the measurements, the sum of mea-

€,

ratios. Assuming 100% OH yield from syn carbonyl oxides (the
TME value) and 15% yield from anti carbonyl oxides (the ethene
value), OH and OD vyields from both alkenes give reasonably
consistent syn:anti ratiosy50:50 fortrans-3-hexene and-20:80

for cis-3-hexene. Recent calculations on 2-butene ozondh/Sis
indicate that steric interactions within the ozonide decomposition
TS lead to a preference for formation of anti carbonyl oxides from
cis-alkenes, but little preference from trans alkenes, in excellent
agreement with the present results.

Hydroxyl formation from anti carbonyl oxides is not a minor
channel, accounting for roughly one-third of the total OH vyield
from cis-3-hexene. For larger cis alkenes, as well as terminal
alkenes, the steric interactions affecting ozonide decomposition are
expected to have a still greater effect on syn:anti rdfiesy that
this channel may be a more important, even dominant, contributor
to total OH formation from the ozonolysis of larger alkenes.

Anti carbonyl oxides thus play an important role in radical
formation from gas-phase ozonalkene reactions. This role has

sured OH and OD yields from the deuterated species equals the| qely heen ignored in mechanistic studies of OH formation,

OH vyield from the unlabeled species. The fact that this sum is
slightly high may arise from SKIEs of the rate constants or from
the possibility that TMEd,;; produces OD in yields slightly below
unity. In either case the differencesYap: Yo ratios from the two
alkenes are not affected.

This work provides conclusive evidence that the ozonolysis of
substituted alkenes produces hydroxyl radicals via a pathway involv-
ing vinylic hydrogens. As shown in Scheme 2, anti carbonyl oxides

Scheme 2. Possible Mechanisms of OD Formation
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may lead to OH (OD) formation by (1) concerted dissociation via
a four-membered TS or (2) isomerization of dioxirane to an exci-
ted (“hot”) carboxylic acid via a dioxyalkane intermediate, followed
by fragmentation into many radical and molecular speti#tshas

also been suggested that (3) hydroxyl radicals may be formed not
by the carbonyl oxide but rather the decomposing ozoffidfe.

In mechanisms (1) and (3), the rate-limiting step is a hydrogen
transfer, so that the primary kinetic isotope effect introduced by
deuterium substitution should lead to a large decrease in total OH
yield. On the other hand, the rate-determining step in mechanism
(2) is ring-closure to form the dioxirane, which should exhibit no
primary kinetic isotope effect. Since no significant decrease in total
OH yield is observed, the likely OH formation channel is pathway
(2), decomposition of the “hot acid” arising from rearrangement
of the anti carbonyl oxide. This is supported by methane yields
from 2-butene ozonolysis, believed to occur by the same channel.
Ozonolysis ofcis- andtrans-2-butene produces CHn yields of
~0.17 and~0.11, respectively? the relative yield of 3:2 is in
excellent agreement with relative OD vyields from the deuterated
hexenes in this study. While further work is necessary, it is

reasonable to assume this is also the channel by which OH is formed

in the ozone-ethene reaction.
The large differences in radical yields froaos- and trans-3-
hexene likely arise from differences in carbonyl oxide syn:anti

explaining why models of the ozonolysis of less-substituted alkenes
tend to under-predict measured OH yiett§” These results also
imply that anti and unsubstituted carbonyl oxides behave similarly,
as do syn and disubstituted carbonyl oxides. Thus, in studies of
gas-phase ozonolysis reactions, only two major classes of carbonyl
oxide need to be considered.
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