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A theoretical analysis of the gas phase ethene-ozone reaction is
presented. A complete survey of low energy channels reveals several
new intermediates, and provides a rationale for the efficient forma-
tion of OH radicals in the gas phase ozonolysis of ethene.
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INTRODUCTION

Since its discovery in 1855,! the reaction of unsaturated organic mole-
cules with ozone, the so-called ozonolysis, has attracted attention of organic
chemistry not only for its broad synthetic potential®>® but also for its possi-
ble use as an analytical tool in structure elucidations. In addition to these
well-known and thoroughly reviewed applications, interest in the study of
ozonolysis has been revived in recent years mainly due to its ecological im-
portance. In this respect, attention is increasingly being paid to the study of
gas phase ozone-alkene reactions, which play a crucial role in various pro-
cesses in atmospheric chemistry” 10 such as, for example, in the photochemi-
cal smog production! and as a source of organic acids and hydroperoxides
in the troposphere.'?-1* The scope of these studies is very broad and ranges

* Author to whom correspondence should be addressed.
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from purely experimental investigations of the kinetics and the mechanism
of alkene-ozone reaction'®26 to theoretical reports aiming at a detailed mi-
croscopic insight into the individual reaction steps of the basic Criegee
mechanism?’ as well as of the concomitant processes.28-3°

27

The nowadays generally accepted Criegee mechanism*’ assumes that

the ozonolysis proceeds in three basic steps:

i) formation of 1,2,3-trioxolane (the so-called primary ozonide, POZ) in
the first, 1,3-dipolar cycloaddition step of ozone to the alkene double
bond.

ii) splitting of the primary ozonide into a mixture of carbonyl compo-
nent (CC) and reactive carbonyl oxide (COX), often called Criegee in-
termediate.

iii) the retro-cycloaddition of CC and COX to form the final or secondary
ozonide (SOZ).

This mechanism is, however, predominantly operative in solution, where
due to efficient dissipation of excess energy, the reaction follows the mini-
mum energy Criegee path and secondary ozonides can often be isolated in
high yields.

The situation with the gas phase reaction is, however, slightly different,
since many of the transient species generated by primary splitting of POZ
have enough excess energy to overcome the energy barriers, opening new re-
action channels for their decay. To take these concomitant processes into ac-
count, the original Criegee mechanism was modified. Such a modification
usually assumes that the main precursor of these processes is the energy-
rich molecule of COX formed by the splitting of the primary ozonide.

An example of such a modified mechanism was recently analyzed by
Cremer and coworkers,?® who considered that the main side-reaction of en-
ergy-rich COX was its rearrangement to the isomeric dioxirane and hydro-
peroxycarbene (Scheme 1).

The main problem of the theoretical description of the above reaction
scheme is that, because of the biradicaloid nature of ozone, carbonyl oxide

0
00 ——= /A

HC-O0OH —= HCO + OH

Scheme 1
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and some other participating species, calculations of extremely high quality
are required and a satisfactory inclusion of electron correlation is absolutely
necessary. The best so far reported calculations involving the complete
Criegee mechanism were recently performed using the density functional
theory at B3LYP/6-31G** level, but even this sophisticated approach failed
to properly describe even the first step of the reaction.?? Sufficient reliabil-
ity of the calculations can be reached, as shown by Olzman,?® only at the
CCSD(T)/TZ+2P level of theory. Calculations of such sophistication can even
now be performed only for systems with three heavy atoms, so that even for
the simplest case of parent ethene-ozone reaction only some reaction steps,
but not the whole reaction scheme, could be analyzed. We can thus see that,
despite appreciable progress in computation methodology, reliable theoreti-
cal analysis of the whole ozonolysis mechanism is still beyond the reach of
even the contemporary state-of-the-art calculations. As a consequence, our
knowledge of the mechanism of ozonolysis is still far from complete and, ex-
cept for the above mentioned study by Olzman,3® there are very scarce reli-
able data about the individual processes participating in the mechanism of
ozonolysis.

In an attempt to obtain a consistent picture of the whole gas-phase reac-
tion mechanism, we decided to perform a detailed study of the potential en-
ergy surface of the reacting C,H,O5 system at a lower, but completely con-
sistent semi-empirical AM1 level of theory. We are, of course, aware of the
simplicity of such an approach in the light of present standards, but since
the other feasible alternative applicable to a thorough potential energy
scan, the ab-initio SCF calculations with MP2 correlation correction, was
shown to be insufficiently satisfactory,?® we assume that at this point a com-
plete semi-empirical study of this system can provide a valuable insight into
the gas-phase mechanism. This method cannot be trusted to provide correct
absolute values of energy barriers for individual reaction steps, but we be-
lieve that the trends revealed by the relative energies calculated for individ-
ual steps represent the physical reality.

RESULTS AND DISCUSSION

The main goal of our analysis of gas-phase ozone-alkene reaction was to
perform a thorough potential energy scan of the C,H,O5 reactive system.
Being aware of the necessity to include electron correlation in describing the
species participating in this reaction, we first performed the potential en-
ergy scan using ab-initio SCF calculations in 6-31G** basis with MP2 cor-
rection for correlation. The calculations were performed using the PC Gamess
version?? of the Gamess-US QC package.*! Some calculated results for the
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species participating in the basic Criegee mechanism are summarized in Ta-
ble I. In keeping with previous findings by the Cremer group,®® this level of
theory is clearly not capable of giving a reliable description of the process.
For example, the MP2 calculated barrier for the first cycloaddition step
leading to the POZ is negative, while the experimental value is around 5
kcal mol~1.15 Similarly dubious results were calculated also for other reaction
steps. Using a simple semi-empirical approach, we performed a scan of the
complete potential energy surface. This scan revealed the minima and tran-
sition states for the species participating in the basic Criegee mechanism
but, in addition, the minima and transition states at relatively low energies
were found for other concomitant processes. A complete list of the energetic
data is summarized in Table II. The results of this scan reveal a complex re-
action scheme, which may be represented by five distinct steps. In the fol-
lowing part, we discuss each of these steps separately.

Step 1

The ozonolysis reaction is initiated by the attack of ozone on the alkene
double bond, leading to the formation of an unstable intermediate, the
so-called molozonide. Although there was some discussion concerning the

0]
O/ \O
TS1
(11.4)
CH,
|(lH2 362
M1 TS3
not found TS4
639
O_
+/
O0—0
M5

Scheme 2. The values in parentheses (kcal mol™!) refer to the activation barriers of
individual reaction steps.
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structure of this molozonide*? and, for example, in early years the structure
M5 was proposed by Staudinger,*? the nowadays preferred one is the struc-
ture M3, based on Criegee’s proposal, who identified the molozonide with
the 1,2,3-trioxolane, now often called primary ozonide (POZ). This structure
has been experimentally observed by microwave spectroscopy** and is now
the accepted one.

In our potential-energy scan, we were able to localize both POZ and the
structure M5 as minima on the potential energy surface and also the transi-
tion state TS1 leading from the initial reactants to POZ. The attempts to lo-
calize also the other transition state TS3 for the formation of M5 were, how-
ever, unsuccessful. Despite that, it is possible to expect that, owing to a
much higher energy content of the structure M5 compared to POZ, also the
energy barrier leading to its formation will be substantially higher. The for-
mation of POZ can thus be regarded as the energetically most favorable
path of initiating the ozonolysis. This conclusion remains valid even if an-
other reaction path leading to the formation of oxirane...oxygen complex is
localized together with the corresponding transition state T'S2. Although the
corresponding energy barrier is apparently too high to allow a substantial
population of this reaction channel in this particular case, the formation of
oxiranes has indeed been reported in the ozonolysis of sterically hindered
alkenes.*?*6 Consistent with this observation, we have been able to show that
the ratio of the activation energies for the basic Criegee path and the forma-
tion of oxiranes does indeed decrease on going from ethene to the sterically
crowded 1,1-di-tert-butylethene (Scheme 3).

0]
CH, o~ o
TS1'
t-Bu t-Bu .
-Bu
M1’ M2 TS2 M3’
(29.0)
0,
o)
t-Bu
t-Bu
M4

Scheme 3. The values in parentheses (kcal mol™!) refer to the activation barriers of
individual reaction steps.
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Step 2

Based on the results of the PE scan, the second step of the reaction
mechanism consists of reaction channels leading to unimolecular decay of
the primarily formed POZ. According to the basic Criegee mechanism, such
decay proceeds via the concerted splitting of POZ (TS5), forming the CC and
COX pair. Clearly, this reaction path is electronically favorable also accord-
ing to our PE scan but, in addition, we have been able to elucidate also some
other reaction paths.

One of them, corresponding to the primary splitting of O-O bond in POZ
and leading to biradical intermediate B1 is energetically even less demand-
ing, as compared to the classical Criegee path, and certainly cannot be ex-
cluded as an alternative to the concerted path. This result is very interesting
since, based on earlier thermochemical studies by Benson,*’ the non-con-
certed path of the splitting of POZ was usually excluded from the consider-
ations. As it can be seen from Scheme 4, the non-concerted and the con-
certed paths are energy-comparable, even if we admit that stability of the
open-shell transition state (TS7) and the corresponding intermediate B1
can be slightly exaggerated in our calculations due to the systematic bias of
the UHF approach used. Participation of this non-concerted reaction path is
important, especially because the rearrangement of the resulting biradical

CHQO + HQCOO

M6 M7
TS5
(19.5
0
VAN
0
P — .+ ChcHo - O,
M8 M9
M3 TS7
(14.0)
.0 0
+
0—O0 S8 G o
| —@sr = \ ]
M5 B1

Scheme 4. The values in parentheses (kcal mol™1) refer to the activation barriers of
individual reaction steps.
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intermediate B1, taking place in further steps, opens a new efficient chan-
nel for the formation of hydroperoxides, which serve as the main precursors
of OH radicals in the troposphere. It is interesting to note that the biradical
B1 can be also formed by cleavage of Staudinger’s molozonide M5.

Step 3
This step describes the destiny of COX and other transient species

formed by the splitting of POZ. As it can be seen from Scheme 5, the most
energetically favorable of all these processes is the classical Criegee paths

."O
2T CHy g °
HZCOO + CHZO —_— H2C\ —5 ( >
TS11 M10 M11
(33.4)
TS10
{33.9)
OHC-CH,00H o
M13 /Ny * CHeO
M12 M6
0
TS12
H,COO —gam L\O
M7 M12
TS13
55.8)
HC-OOH ~—1oH—» HCO + OH
M14 B2 B3
O 'O\O TS 1516
v —=PB»  HO-CHCH,00 —ae OHC-CH,O0H
B4 M13
B1

Scheme 5. The values in parentheses (kcal mol™!) refer to the activation barriers of
individual reaction steps.
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leading, via the postulated dipole complex DC (M10),3334 to the formation of
1,2,4-trioxolane, the so-called SOZ (M11).

This path is usually preferred in solution ozonolysis, where the efficient
dissipation of excess energy allows the system to follow the least energy
path but, as reported in a recent IR-laser study,*8 secondary ozonides can be
formed in high yields also in a low temperature gas-phase ethene-ozone re-
action.

At ordinary temperatures, however, the classical Criegee path is accom-
panied by several reactions, which, although energetically more demanding,
still represent plausible and efficient reaction channels for the decay of en-
ergy-rich species formed by the splitting of POZ. Some of these paths, de-
scribing the destiny of the reactive COX, were recently studied by Cremer’s
group,®”39 and their data can be used as a certain standard with which our
AM1 results can be confronted. Thus, e.g., Cremer reports the rearrange-
ment of COX to dioxirane (M12) to be roughly 13 kcal mol~! more favorable
than its alternative transformation to hydroperoxycarbene (M14), which might
serve as a precursor for the formation of OH radicals. Quite in keeping with
this observation are also the results of our AM1 analysis.

As can be seen from Scheme 5, the rearrangement of COX to dioxirane is
clearly more favorable than an alternative path to hydroperoxycarbene
(M14). In addition to qualitatively reproducing previous results of Cremer, we
report here that there are also some other reaction channels, not considered
so far, whose evaluation would certainly be desirable so as to make the pic-
ture of the mechanism of the gas phase ozonolysis more realistic. Among such
new reaction channels, it is worthwhile mentioning, for example, the direct
isomerization of the dipole complex M10 to dioxirane and formaldehyde via
the TS10, the rearrangement of COX and CC to hydroperoxy-acetaldehyde
OCHCH,00H (M13), and the transformation of biradical intermediate B1
to the isomeric biradical HO-CH-CH,OOH (B4). This biradical subsequently
transforms to the hydroperoxy-acetaldehyde OCHCH,OOH (M13), which
serves as the precursor for the production of OH radicals in subsequent steps.

Step 4

This step involves the decomposition pathways of dioxirane to formic
acid via B5 as well as the concomitant transformations of the biradical in-
termediate B4 (Scheme 6). None of these reactions has been studied so far
by either ab-initio or semiempirical methods, so the reported results (Table
IT) represent the first theoretical data for these processes. In the PE scan for
the decomposition of dioxirane, the biradical structure B5, usually assumed
to be the intermediate in the isomerization to HCOOH, was indeed localized
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O 1517 O 1518
< I not found < (37.2) HCOOH

0 o M15
M12 B5

o—0O

. . TS19 T!

HO-CH-CH,-00 e = CH0 + HCOOH
5
B4 M16 OH M6

Scheme 6. The values in parentheses (kcal mol™!) refer to the activation barriers of
individual reaction steps.

as a minimum on the PE hypersurface, but unfortunately the attempts to
localize also the corresponding transition state (T'S17) were not successful.
As it can be seen from Table II, and quite in keeping with the Hammond
postulate, the barrier can be expected to be fairly low. We have, however, lo-
calized the transition state (T'S18) for the isomerization of B5 to formic acid.

In contrast to incomplete localization of critical points for the isomeri-
zation of dioxirane, the potential energy scan for the decay of biradical B4
was completely successful and all the species participating in the corre-
sponding reaction path were localized as minima or transition states on the
PE hypersurface. An interesting feature of this hypersurface is the presence
of the M16 species, which opens a new feasible path for the formation of
HCOOH and CH,O0.

Step 5

The final step of our PE scan concerned the decomposition pathways of
the secondary ozonide SOZ. Like in the previous case, this process did not
receive any systematic attention either and the only reported theoretical
study was published by Dewar?® using the semi-empirical AM1 approach. In
his study, Dewar assumes two possible pathways for the decomposition of
SOZ; the stepwise process via the biradical intermediate (presumably B6),
and the concerted process via the transition state TS26. Although no nu-
merical data were reported for the stepwise path, Dewar claims that the
concerted path is more favorable.

Because of the lack of data for the stepwise non-concerted path, we per-
formed a detailed PE scan in which an open-shell biradical B6, identical to
the biradical presumed by Dewar?® was localized as a minimum on the PE
hypersurface. In addition to this biradical, also the transition states for its
isomerization to B5 + CH,0 (T'S22) as well as for the direct rearrangement
to hydroxymethylformiate (T'S 23) were localized.
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Unfortunately, the attempts to localize also the T'S21 for the formation
of B6 from SOZ failed. We believe, however, that the barrier to this process,
which involves only the splitting of the relatively weak O-O bond, will not be
very high. In addition to the above stepwise reaction channels, we have been
able to localize also the transition states TS24 and TS26 for the concerted
rearrangement of SOZ to hydroxymethylformate and/or HCOOH+CH,0, re-
spectively. These two concerted paths are more or less equally demanding
but the corresponding barriers (55.9 and 60.5 kcal mol~!, respectively) are
considerably higher that the barriers to the rearrangement and the decom-
position of B6. If we now take into account that the barrier to the formation
of B6 from SOZ is unlikely to be very high, it is possible to conclude that,
contrary to Dewar’s claims,?® the non-concerted path of SOZ decomposition
via B6 is quite probably more favorable than the concerted one.

O
O.
TS22
( 7 @0 < +  CHy0
B6 B5 M6
TS21
not foun lTS23
O (38.4)
v — e OHC-O-CHz0H
0—0 M17
M11
TS26
28 irff.f;

HCOOH + CH,O
M15 M6

Scheme 7. The values in parentheses (kcal mol™!) refer to the activation barriers of
individual reaction steps.

CONCLUSIONS

A comprehensive theoretical analysis of the gas-phase ozonolysis of ethene
is presented using the semi-empirical quantum chemical method. This method
allows consideration of all important reaction channels observed in the gas
phase, and accounts for the observation of products such as oxiranes, OH
radicals (possibly via hydroperoxycarbene (M14) or hydroperoxy acetaldehyde
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(M13)). The method reveals some possible reaction channels that were not
considered before. Even though the absolute accuracy of the calculations is
less than that of some ab-initio methods, experience shows that the relative
values of the different barriers are correctly predicted.
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SAZETAK

Teorijsko istrazivanje mehanizma reakcije etana s ozonom i popratnih
procesa u plinskoj fazi

Robert Ponec, Jana Roithova i Yehuda Haas

Prikazana je teorijska analiza reakcije etana s ozonom u plinskoj fazi. Potpuno
pretrazivanje kanala niskih energija otkrilo je nekoliko novih intermedijara i pruzilo
objasnjenje za u¢inkovito nastajanje radikala "OH pri ozonolizi etana u plinskoj fazi.



