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Ozonolysis of ¢is- and trans-diisopropylethylene in the presence of 180-labeled isobutyraldehyde leads to in-

corporation of the 180 label in both the ether and peroxide bridges of the resulting diisopropylozonide.

More of

the 180 label is incorporated in the peroxide bridge at lower temperatures.

We have recently shown? that ozonolysis temperature
has an important effect on ozonide isomer ratio and
vield. These results are important to the problem of
the mechanism of ozonolysis, since they contain support
for an additional mechanism for the reaction which we
had suggested earlier.?* According to our earlier sug-
gestion, under suitable reaction conditions the initial
olefin—ozone adduct 3 (Scheme I) might react directly
with the aldehyde to give 10 and eventually ozonide 13
with an isomer ratio which differs from that produced
in the accompanying Criegee® zwitterion pathway 3 —
8§ — 14.

The use of *O-labeled aldehyde in principle permits
one to distinguish the two reaction pathways described.
Thus the pathway through a partially cleaved initial
adduct 6 eventually places the *O only in the peroxide,
whereas the Criegee pathway places the 180 only in the
ether bridge of the final ozonide, 14.

In some early work® it was found that, in the case of
trans-diisopropylethylene ozonized at low temperature
in the presence of ®QO-labeled acetaldehyde, a sizable
amount of the *0 label is found in the peroxide bridge
of the methylisopropylozonide produet. In this case
the location of the label was determined by chemieal
means.

Fliszdr and coworkers’? have also used the 20-
labeling technique and have concluded that, in the ozo-
nolysis of phenylethylenes in the presence of #0-labeled
benzaldehyde, the 0O label is incorporated exclusively
in thé ether bridge. In this work, mass spectrometry
was used to determine the location of the label. It
should also be noted that most of these ozonolyses were
carried out at room temperature.? These workers also
felt that the simple Criegee pathway was inadequate!®
and suggested an alternative path to ozonide forma-
tion, 3 = 2 — 11 — 14, which places the 0 label in the
ether bridge.

For the sake of completeness, Scheme I contains all
possible structures 2, 3, 4, and 5 for the initial adduct.
In fact, structure 3 is now considered the preferred
structure except in those cases of hindered 1 olefins in
which 5 seems to be the most likely structure.!!
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Scheme I also includes an alternative form 7 of a par-
tially cleaved initial adduct as well as indicating that
the zwitterion pathway may include both cage and sol-
vated possibilities.

Results and Discussion

The results obtained from mass spectrometric anal-
ysis of diisopropyl ozonides produced by ozonolysis of
0.2 M solutions of cis- and trans-diisopropylethylene in
the presence of varying concentrations of 180-labeled
isobutyraldehyde are given in Table I. It should be
noted that separate results were obtained for the cis and
trans ozonide in order to obtain the maximum amount
of information regarding the total mechanism. The
total labeling was obtained from the molecular ion peaks
160 and 162. The labeling of the ozonides in the ether
bridge was derived from the peaks at m/e 128 and 130,
assuming the loss of two oxygen atoms (mass 32 or 34)
occurs only from the peroxide bridge. In this connec-
tion, it is important to note that loss of methyl groups
is not important, leading to small peaks at M — 15 and
M — 30. The errors reported in Table I are calculated
for the 909, confidence limit. The #O-labeling was
calculated as follows.

HM+2) Hy (M+2)

L H (M) H, (M)
% labeling = 100 - H(M+2) _ HZ (M + 2)

The index zero refers to unlabeled ozonide and H corre-
sponds to the peak heights at the given m/e ratio. The
labeling of the ozonides in the peroxide bridge is calcu-
lated as the difference between the total #O-labeling
and the labeling in the ether bridge.

As shown in Table I, considerable amounts of ¥0-
labeled aldehyde are incorporated into the ozonide at
both ends of the temperature range of interest. Fur-
thermore, ¥0 is definitely incorporated into the per-
oxide bridge and more 80 is incorporated into the per-
oxide bridge at the lower temperatures for both the cis
and trans olefins. These results are thus compatible
with the conclusions reached earlier® in a similar system
where the 0 distribution was determined by chemical
methods.

Two significant differences distinguish the Fliszér,
et al., work™? and that reported here. All of the ole-
fins studied by Fliszdr, et al., contain an aromatic sub-
stituent at the double bond. In these cases, the phenyl
group would be expected to stabilize the zwitterion thus
favoring this reaction pathway. Second, and perhaps
more important, the lowest temperature studied by
these workers was —78°7 with most of the ozonolysis to

(11) R. W. Murray, Accounts Chem. Res., 1, 313 (1968).
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TasLe I
Mass SPECTROMETRIC RESULTS FOR 180-LABELED DisoProrPYL OzZONIDES*?
Alde-
hyde Ozoniza- 180 labeling in the 180 labeling in the
conen, tion temp, ——Total 80 labeling, %—— ———sther bridge, % —~——peroxide bridge, Y%p————
Olefin mol/l. °C Warm-up  Cis ozonide Trans ozonide Cis ozonide Trans ozonide Cis ozonide Trans ozonide
0.2 —117 Slow 114 &= 1.1 188 4- 1.4 11.0 = 1.8 122 £ 1.0 0.4 4= 2.1 6.6 &= 1.6
—-117 Fast 22.2 = 0.8 259 & 1.4 182 = 4.4 14.3 £ 3.3 4.0 &= 4.5 11.6 == 3.6
o -1 Fast 23.0 £ 0.8 25.8 == 0.8 19.2 &= 0.9 222 £ 1.9 3.8 & 1.2 3.6 £ 2.0
1.0 —122 Fast 22.0 = 0.3 24.0 &= 1.6 16.2 &= 2.6 11.3 &+ 0.7 5.8 £ 2.6 12,7 &= 1.8
0.2 —118 Slow 188=+14 16906 153+£12 17x07 35%x18 15209
—-113 Fast 17.8 = 1.5 17.1 = 1.0 13.6 &= 1.3 6.8 £ 1.5 42 £ 1.9 103 = 1.8
\<=>/ -1 Fast 20.2 &= 1.3 20.2 + 0.8 156 &= 1.4 16.4 =+ 2.6 46 1.9 3.8 &+ 2.7
0.4 —120 Fast 173 = 1.8 183 = 04 17.2 &= 1.6 7.6 X 1.6 0.1 &= 24 10.7 &= 1.6

¢ Obtained by ozonolysis of 0.2 M solutions of ¢is- and ¢rans-diisopropylethylene in the presence of 0-labeled isobutyraldehyde.
Errors are given for the 90% confidence limit. ? 20 enrichment of the aldehyde was 349, for the experiments at 0.2 M aldehyde con-~

centration and 229, in the other cases.

give ¥O-labeled ozonides being carried out at room fem-
perature.® The mechanism we have suggested,®* per-
mitting ®0 incorporation in the peroxide bridge, gives
a role to the initial adduet and thus would be expected
to be more significant at lower temperatures. The re-
sults in Table I are at least consistent with this expecta-
tion. It may be significant that Fliszédr, ef al.,” con-
sidered that up to 109, *0 incorporation in the peroxide
bridge at the lowest temperature used (—78° for cis-
stilbene and —20° for trans-stilbene) would be consis-
tent with their data. However, the stilbene ozonide ob-
tained from the ozonolysis of styrene in the presence of
18O.labeled benzaldehyde at —78° was labeled exclu-

sively in the ether position. The extension of #O-
labeling studies to lower temperatures for olefins with
aromatic substituents should perhaps be completed be-
fore a final conclusion concerning the mechanism is
made for these cases.

In agreement with the results found in ref 2, solutions
of the trans olefin ozonized at low temperature show less
incorporation of bulk aldehyde on slow warm-up than
on fast warm-up. For the trans olefin, also, fast warm-
up at low temperatures leads to a greater incorporation
of 180 into the peroxide bridge than slow warm-up, with
the trans ozonide receiving about two-thirds of the to-
tal. For the cis olefin, with its less stable initial adduct,
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TasrLe II

RaNces For THE 180 LasrriNG IN THE ETHER BRIDGE (IN PER CENT OF THE TOTAL LABELING) AND
FoR THE OzoNipE Cis/TRANS RATIOS FOR LABELING IN THE ETHER BRIDGE AND
LaBELING IN THE PEROXIDE BRIDGE®

Most probable ranges
of the B8O labeling in the

Aldehyde Ozoniza-

conen, tion temp,
Olefin mol/l. °C Warm-up Cis ozonide
0.2 —117 Slow 74 to 100
-117 Fast 60 to 100
o -1 Fast 77 to 91
1.0 —122 Fast 61 to 87
0.2 —118 Slow 70to 95
\<—>/ —-113 Fast 64 to 91
= —1 Fast 66 to 90
0.4 —120 Fast 82 to 100

ether bridge in %
———o0f total labeling———
Trans ozonide

——Most probable ranges of the ozonide cis/trans ratios——
Ozonide labeled in Ozonide labeled in

Total ozonide the ether bridge the peroxide bridge

55 to 76 52/48 43/57 to 55/45 0/100 to 35/65
40 to 72 34/66 29/71 to 51/49 0/100 to 35/65
76 to 96 35/65 29/71 to 35/65 20/80 to 63/37
41 to 54 44/56 47/53 to 58/42 15/85 to 38/62

6 to 15 74/26 94/6 to 98/2 23/77 to 51/49
29 to 52 73/27 80/20 to 88/12 34/66 to 66/34
66 to 98 56/44 49/51 to 61/39 35/65 to 88/12
32 to 51 70/30 80/20 to 88/12 0/100 to 39/61

e Qbtained from ozonolyses of 0.2 M solutions of ¢is- and trans-diisopropylethylene in pentane in the presence of isobutyraldehyde

enriched in 180,

both fast and slow warm-up at low temperature lead to
sizable amounts of 0 being incorporated into the per-
oxide bridge. Here again the trans ozonide receives a
greater percentage of the total.

The experiments at 0.4 and 1.0 M aldehyde concen-
trations were carried out to investigate the importance
of the different labelings at high aldehyde concentra-
tion. These data are important to an interpretation of
the relative labeling in the ether and peroxide bridges
sinee it is at least conceivable, although probably not
very likely, that some *#0 could be incorporated into the
peroxide bridge as shown in Scheme II.
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If this scheme were an important source of %0 label-
ing in the peroxide bridge, then it would be expected to
play a reduced role at higher aldehyde concentrations
where there is greater opportunity for interception of
9a prior to equilibration through 15 and 16. In fact,
the relative importance of peroxide and ether bridge
labeling does not change greatly with aldehyde concen-
tration, although one does observe a higher incorpora-
tion of bulk aldehyde. It is significant also that Fliszdr
and coworkers'? have demonstrated in an elegant way
that structure 16 does not participate in the mechanism
of ozonide formation in the ozonolysis of trans-4-methyl-
2-pentene.

Table II gives the mass spectral data in a form which
is perhaps more suitable for a discussion of the mecha-
nisms leading to cross ozonide. It contains the labeling
in the ether bridge as a percentage of the total labeling
and estimated ranges for the ozonide cis/trans ratios for
both ether and peroxide bridge labeled material. The
ranges given are estimated to be the most probable val-
ues and were calculated from the data in Table I by
taking the extreme cases of the 9097 confidence limits.

(12) G. Klutsch, J. Grignon, J. Renard, and 8. Fliszdr, Can. J. Chem., 48,
1598 (1970).

At an aldehyde concentration of 0.2 M, the label went
to about two-thirds or more into the ether bridge of the
cis ozonide for all reaction conditions. In the trans
ozonide, the label is also placed preferentially in the
ether bridge in the ozonolyses at high tempera-
tures.

However, for the trans ozonide at low temperature,
the labeling in the peroxide bridge becomes more im-
portant for both cis and trans olefing and, in the case of
the cis olefin, even becomes dominant.

From the ranges reported in Table II for the cis/trans
ratios of the ozonide labeled in the ether bridge, it ap-
pears that the cis and trans olefins are giving different
cis/trans cross ozonide ratios at all temperatures, the
cis olefin giving a higher percentage of cis ozonide and
both olefins tending toward a higher percentage of cis
ozonide at lower temperatures. The ozonide with
labeling in the peroxide bridge contains a larger percent-
age of trans ozonide in the case of the trans olefin while
the cis olefin can give a higher percentage of cis ozonide.

Summary and Conclusions

It has been shown that ozonolysis of c¢is- and trans-
diisopropylethylene in the presence of ®*Q-labeled iso-
butyraldehyde leads to incorporation of the 0 label
at both the ether and the peroxide bridge of the result-
ing disopropylozonide. The incorporation of the 120
label in the peroxide bridge is temperature dependent
with more of this labeling occurring at lower tempera-
tures. These results are consistent with our earlier sug-
gestion®* that ozonide formation by the Criegee zwit-
terion pathway may be accompanied by an additional
pathway involving reaction of the initial adduct 3 with
aldehyde.

In the simplest interpretation, the per cent labeling
in the ether bridge could be taken as the percentage con-
tribution of the Criegee zwitterion pathway. The per-
oxide bridge labeling would then indicate the percentage
contribution of some other pathway, possibly the alde-
hyde—initial adduct pathway. On this basis, for the
trans olefin, the Criegee zwitterion pathway is most im-
portant (809,) at —1° with fast warm-up. Its lowest
contribution (609) is at —122°, fast warm-up and
high added aldehyde concentration. For the cis olefin,
maximum influence of the zwitterion path is also ob-
served at —1° (79.59;) and fast warm-up, while the
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lowest contribution (609,) of this path was observed
at —113° and fast warm-up.

According to the working hypothesis suggested ear-
lier by us,** operation of the path 6 — 10 — 13 should
give relatively more cis ozonide from the ecis olefin than
from the trans olefin. As yet there does not appear to
be a way to put this prediction on an absolute basis.

The results shown in Tables I and II indicate that if
cis and trans olefins are compared under the same con-
ditions, then in all cases studied the cis olefin gives rela-
tively more cis ozonide in the nonzwitterion pathway.
In the other cases studied, which are not directly com-
parable, the trans olefin with 1.0 M added aldehyde and
at —122° gives more cis ozonide than the cis olefin at
0.4 M added aldehyde at —120°. In this last compari-
son, the cis olefin gives very little cis ozonide contrary to
the stereochemical predictions made earlier.?4

While the relative ozonide cis/trans ratios observed
are consistent in most cases with the predictions previ-
ously made,?* the differences are small and cannot be
regarded as substantiating these predictions. In all
cases except one (—1°) the trans ozonide incorporstes
more B0 labeling than the cis ozonide. It is difficult
to go from these data to an absolute ozonide cis/trans
ratio for the nonzwitterion pathway. The most prob-
able ranges are given in Table II. These ranges do not
permit any definite statement on the stereochemical
course of the additional reaction pathway.

Experimental Section

The ozonolysis and analytical procedures have been described.?

Preparation of #0Q-Labeled Isobutyraldehyde.—Isobutyralde-
hyde and ®¥O-labeled water (YEDA, normalized in hydrogen)
were mixed and kept at room temperature for several days. The
water was separated from the aldehyde on a 10 ft by */4in. column
filled with 80-100 Poropak W (He flow rate 1-6 ml/sec, column
temperature 135°). Minor impurities, such as acids, were re-
moved from the aldehyde by means of a 30 ft by 3/s in. column
containing 5% XF-1150 on Chromosorb G (He flow rate 10
ml/see, column temperature 57°). Two lots of different 80
labeling were prepared. Aldehyde, 349 enriched in *O, was
used for the experiments with 0.2 M aldehyde concentration,
whereas the experiments with 0.4 and 1.0 M aldehyde concentra-
tions were carried out with isobutyraldehyde, 229, enriched in
1®0. The percentage enrichment was determined from mass
spectra. "

Preparation of #¥0-Labeled Ozonides.—The #¥0-labeled diiso-
propylethylene ozonides- were produced by ozonizing 0.2 M
solutions of cis- or trans-diisopropylethylerie in pentane in the
presence of varying concentrations of ®¥0-labeled isobutyralde-
hyde. Ozonolysis was carried out to 509, conversion in a pro-
cedure similar to that described for the unlabeled aldehyde
experiments.
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Mass Spectra of the Diisopropylethylene Ozonides.—The mass
spectra were run on a Consolidated Electronics Corporation
Model 21-104 mass spectrometer. Since the ozonides decompose
at an appreciable rate above ca. 80°, it was necessary to vaporize
the samples at room temperature. The source temperature was
165° and the ion voltage was set at 70 V. Under these conditions,
the molecular ion peak was quite stong, but by no means the
strongest signal. The most intense lines were at m/e 43, 41, 72,
and 56. Above 73 the most intenseline was at m/e 117 (M — 43),
which corresponds to a fragment where the molecular ion has
lost an isopropyl group.

The intensities of the mass peaks in the region important for
this investigation are given below (velative to the molecular peak
intensity = 100).

—~————Relative intensities of mass peaks (m/e)=—w—

162 161 160 159 130 129 128 127
Cis ozonide 1.1 8.7 (100) 1.7 0.12 0.39 2.78 2.48
Trans ozonide 1.1 8.8 (100) 3.4 0.18 0.78 6.57 3.72

These intensities were obtained as an average of several mass
spectra traces of unlabeled diisopropylethylene ozonides. The
peaks at m/e 158 and 126 were negligible and the peaks at m/e
145 (M — 15) and 144 (M — 186), which correspond to fragments
produced from the molecular ion by loss of a methyl group or an
oxygen atom, were generally much smaller than the peak at m/e
128. In some cases the peaks at m/e 145 and 128 were of the
same order of magnitude. The relative intensities of the peaks
at m/e 127 and 128 were rather characteristic for the two ozonide
isomers although they varied occasionally for no obvious reason.

The total ¥O labeling of the ozonides was calculated from the
m/e peaks at 160 and 162 and the labeling in the ether bridge was
determined from the peaks at m/e 128 and 130, taking into account
the relative peak intensities I(162)/1(160) and I(130)/I(128)
obtained from the unlabeled ozonides. Generally two separate
gpe collections from the same ozonolysis were analyzed with the
mass spectrometer for each isomer with three traces taken for
each collection. Since no obvious differences between two
analogous collections were obtained, the average of all six traces
was calculated and reported in Table I. Sometimes the amounts
of ozonide available were so small that the two collections had
to be combined for the mass spectral analysis and in these cases
six traces were taken. The errors were calculated for the 909,
confidence limits. They do not include possible errors due to
relative intensity variations of 7(162)/I(160) and 7(130)/I(128)
for unlabeled samples.

The labeling in the peroxide bridge was calculated by difference
and assuming that the following formula applies.

8 = & + 82

Registry No.—cis-Diisopropylethylene, 10557-44-5;
trans-diisopropylethylene, 692-70-6; !20-labeled iso-
butyraldehyde, 27720-65-6.
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