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servable, the unsubstituted bridge carbon is essentially sp3 hy
bridized, maximizing in this way the overlap between its electron 
pair and the proton of the opposite bridge. 

Although there appears to exist no previous proof for the ex
istence of an intramolecular hydrogen bond between carbon atoms 
only, we believe that the data presented here find their most 
attractive interpretation in a three-center, four-electron C-H-C 
hydrogen bond. 
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Many recent studies have focused attention on the transfer of 
an oxygen atom from carbonyl oxides, a reaction believed to be 
a model for certain reactions catalyzed by monooxygenase en
zymes.1 Carbonyl oxides are produced in the ozonolysis2 of 
alkenes, alkynes, and ketenes and during the photooxidation of 
diazo compounds.3"5 Carbonyl oxides transfer oxygen atoms to 
alkanes,3 alkenes,4-6 sulfides,5'7 and aromatic compounds,5'8 but 
until recently very little was known about the characteristics of 
this reaction. Ogata et al.5 have recently shown that carbonyl 
oxides are nucleophilic oxygen-atom-transfer agents. 

Oxygen-atom-transfer reactions are relevant to the mechanism 
of ozonolysis of certain olefins as well. For example the ozonolysis 
of haloolefins leads to high yields of epoxides,9 and the ozonation 
of certain olefins in the presence of tetracyanoethylene (TCNE) 
produces the epoxide of TCNE.10a It is generally not possible 
to identify the actual oxygen-atom-transfer agent in olefin ozo
nation reactions; ozone, 1,2,3-trioxolane, and the carbonyl oxide 
are all potential oxygen-atom-transfer agents, and all three coexist 
under normal ozonolysis conditions. Furthermore, the competing 
reaction of the carbonyl oxide with aldehydes to form stable 
ozonides makes it difficult to study the oxygen-transfer reaction 
of carbonyl oxides under ozonolysis conditions. 

We therefore have examined the decomposition of ozone-free 
samples of the trioxolane of rrans-di-terf-butylethylene (1) in the 
presence of various electron-deficient oxygen acceptors. Com
pound 1 is an unusually stable trioxolane,11 stable to -60 0C, and 
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Figure 1. ESR spectra recorded during the decomposition of trioxolane 
1 in the presence of PBN. (A) Spectrum recorded at -60 0C; (B) at 
-30 °C; (C) spectrum recorded on a sample that has been warmed at 
20 0C for 5 min. 

its decomposition in a polar solvent does not yield stable ozonides.12 

Using ESR, product isolation, and carbonyl oxide trapping ex
periments we show that the carbonyl oxide 2 and not trioxolane 
1 is the actual oxygen-atom-transfer agent in our systems (see 
eq 1, Scheme I). 

When a degassed sample of trioxolane 1 in dichloromethane 
at -90 0C is allowed to warm up in the ESR cavity, free radical 
signals are not observed, confirming the result of Murray and 
Ramachandran.12 However, when 1 is allowed to warm in the 
presence of a-phenyl-terf-butyl nitrone (PBN), a well-known spin 
trap,13 ESR signals begin to appear at about -60 0C. The 
spectrum obtained at -60 0C shows (Figure IA) a triplet of 
doublets (aN = 13.40 and aH = 1.25 G) and a triplet (aN = 7.85 
G); these two signals can be ascribed to the peroxyl radical spin 
adduct of PBN14 and an acyl radical spin adduct of 2-methyl-
2-nitrosopropane (NtB).15 As the temperature is raised above 
-60 0C, these signals grow and a second triplet (aN = 15.84 G) 
due to di-tert-butyl nitroxide appears (Figure IB). As the reaction 
mixture is warmed to room temperature, the triplet of doublets 
slowly disappears, as would be expected of a peroxyl radical spin 
adduct,14 but the other signals remain (Figure IC). 

The formation of di-ferf-butyl nitroxide indicates that NtB and 
tert-butyl radicals are produced in this system. The appearance 
of a blue color in the reaction mixture, characteristic of nitroso 
compounds, also indicates the formation of NtB. The decom
position of 1 in the presence of NtB in the dark gives an acyl-
tert-butyl nitroxide and di-tert-buty\ nitroxide but not a peroxyl 
radical spin adduct. This result indicates that the acyl nitroxide 
produced in the presence of PBN probably is not benzoyl-?er/-butyl 
nitroxide (PBNOx);15 rather, it seems likely that the acyl nitroxide 
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is derived from spin trapping the acyl radical produced by hy
drogen abstraction from trimethylacetaldehyde, a product of 
ozonolysis of ?njrt,s-l,2-di-tert-butylethylene. 

Benzaldehyde also is produced during the decomposition of 1 
in the presence of PBN. The yield of benzaldehyde (by GLPC), 
based on the amount of olefin, is 30% for a 1:1 mole ratio of the 
olefin to PBN and 40% for a 1:2 mole ratio of olefin to PBN. 
Generally PBN is stable, and its decomposition to NtB and 
benzaldehyde is unusual under spin-trapping conditions at low 
temperatures. Previous work of ours has shown that warming 
ozone-olefin reaction mixtures from -78 to 20 0C does not produce 
NtB from PBN.16 Therefore, we propose the mechanism shown 
in Scheme I to explain the production of NtB (and the radicals 
derived from it) from PBN in the present system. We suggest 
that the carbonyl oxide 2 reacts with the nitrone double bond to 
produce intermediate 3 by an oxygen-atom transfer." Inter
mediate 3 is similar to the intermediate proposed in the oxidation 
of oxaziranes by peracids18 and is known to decompose to a 
carbonyl compound and nitrosoalkanes. The oxidation of ox
aziranes is a well-known synthetic procedure for the preparation 
of nitrosoalkanes. The formation of di-?erf-butyl nitroxide and 
the acyl radical spin adduct of NtB can then be rationalized by 
the reactions shown in Scheme I (reaction 3a,b). 

The fact that all the ESR signals shown in Figure 1 originate 
from the reactions of carbonyl oxide 2 is shown by the following 
observations: (a) The addition of methanol before the addition 
of PBN to 1 inhibits the formation of all the spin adducts. 
Methanol scavenges carbonyl oxides to produce methoxy hydro
peroxides preventing their reaction with PBN. (b) When 1 is 
allowed to warm up to -40 0C until its decomposition is complete 
and then treated with PBN, no free radical signals are produced. 

It has been reported that the 1,2,3-trioxolanes produced during 
the ozonation of alkynes are oxygen-atom-transfer agents.6 

However, since no free radical signals are produced when 1 is 
incubated at -80 0C with PBN for periods up to 2 h, we conclude 
that the trioxolane itself is not the oxygen-atom-transfer agent 
in our system. Moreover, addition of methanol should not have 
any effect on the reactions of the trioxolane itself.6 

The mechanism of the formation of the peroxyl radical spin 
adduct (Figure 1A,B) is not clear. The reaction of ferf-butyl 
radicals with residual exogenous oxygen cannot be the source of 
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the peroxyl radicals, since the samples were first deoxygenated 
with N2 and then degassed by repeated freeze-pump-thaw cycles. 
The decomposition of the polyperoxides or ozonide oligomers 
induced by PBN also is not the source of the peroxyl radicals, 
since samples that have been warmed to -40 0C and then treated 
with PBN do not yield any free radical products. However, the 
decomposition of the peroxide oligomers induced by tert-buty\ 
radicals cannot be ruled out, especially since the structure of the 
oligomers and polymers from the ozonolysis of olefins are not well 
understood.I0b 

The decomposition of 1 in the presence of 5,5-dimethyl-l-
pyrroline N-oxide (DMPO) also yielded a nitroxide (aN = 15.50 
G); this probably arises from a nitroso compound, as shown in 
reaction 4. However, ESR signals were not produced in this case 
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0 

- > O H O R2NO- (4) 

until the reaction mixture was warmed to room temperature, 
probably because of the stability of 4 or 5 at lower temperatures. 
Note that the peroxyl radical spin adduct of DMPO has been 
reported to be too unstable to be observable.14 

The decomposition of the trioxolane 1 in the presence of TCNE 
in ethyl acetate at -60 0C gave TCNE oxide in 60% isolated yield. 
(TCNE oxide was identified by its melting point and by com
parisons of its infrared spectrum with an authentic sample prepared 
by the method of Criegee and Gunther.19) The formation of 
TCNE oxide provides further support for the proposed oxygen-
atom-transfer mechanism for the reaction between 2 and nitrones. 
The double bonds in PBN and TCNE are both electron deficient. 
As mentioned, carbonyl oxides are nucleophilic oxygen-atom-
transfer agents; thus they would not be expected to react with 
normal olefins under ozonolysis conditions. Our preliminary results 
indicate that only a trace, if any, of cyclohexene oxide is formed 
when 1 is allowed to decompose in neat cyclohexene at -60 0C.20 

We suggest that oxygen-atom transfer is a general reaction of 
the carbonyl oxide produced during the ozonolysis of olefins when 
suitable oxygen-accepting substrates are present. This oxygen-
transfer reaction can rationalize the formation of epoxides during 
the ozonolysis of electron-deficient olefins. One major objection 
that has been raised against such a mechanism is that 1,2-diox-
etanes like 6, resulting from the 1,3-dipolar cycloaddition of the 
carbonyl oxide to the substrate, have never been isolated. This 

X0<H 
:4TC< 

is a valid argument if the cycloaddition mechanism is operative. 
However, ozone and carbonyl oxides are isoelectronic, mainly 
differing in their reactivity toward various substrates; therefore, 
the oxygen-atom transfer we observe could involve a complex 7, 
similar to the mechanisms proposed for the epoxidation of sterically 
hindered olefins by ozone.21 Such a mechanism also is supported 
by the product studies on the ozonolysis of fluoroolefins by GiIIeS22" 
and Gilles and Agopovich.22b 
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