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electrons to give back Fe" and hydroxylated substrate or the 
iron-bound oxene. The relationship between the reaction of '02 
and a-ketoglutarate and the enzymic reaction is that in each 
the keto acid is the intermediary dioxygen acceptor. The 
oxygen-oxygen bond cleavage is coupled with loss of carbon 
dioxide. This mechanism assigns a role for the hitherto unex
plained action of the keto acid in the enzymic reaction." 
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other products derived from zwitterionic or perepoxy inter
mediates.1 Over 60 years ago, the autoxidation of ketenes was 
reported to result in an unusual copolymerization to produce 
polyester (arylketenes) or polyperester2 (alkylketenes) as the 
major products. We have reinvestigated these autoxidations. 
In addition to confirming and expanding the earlier studies,2 

we provide evidence (a) for the occurrence of two distinct 
mechanisms (zwitterionic and diradicaloid) in the reaction of 
triplet oxygen with ketenes, (b) for the occurrence of a novel 
(overall) cycloaddition of triplet molecular oxygen to ketenes 
to form a-peroxylactones, and (c) for the intermediacy of 
trappable diradicaloid and zwitterionic transients. 

The autoxidation of dimethylketene3a (la) was effected by 
bubbling oxygen gas through an ether solution (—20 0C) of 
la (~0.1 M) for several hours. 1H NMR analysis of the re
action demonstrated the formation of a major product (96%). 
A white precipitate developed which, after collection, washing 
with solvent and filtration (all manipulations at —20 0C), was 
assigned a polyperester structure (2a, eq 1) on the basis of the 
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following properties: (a) its tendency to undergo unpredictable, 
violent detonation as a dry solid; (b) its quantitative conversion4 

to acetone and CO2 at temperatures >0 0C; (c) its spectral 
properties, especially 1H NMR (5Me"Si, CDCl3, -30 0C) 1.60 
and IR (cm-1, CH2Cl2) 1775. The polyester 3a is produced315 

as a minor (~4%) product in the autoxidation of la. No ace
tone is produced as a primary product of autoxidation of la at 
temperatures below -20 0C. A similar course for autoxidation 
was found to occur for methyl-n-propylketene (Ie). 

The autoxidation of diphenylketene (lb)5 leads to results 
that contrast sharply with those found for autoxidation of la. 
The autoxidation of lb is much more sluggish and must be 
conducted at room temperature (benzene solvent) for over 3 
days. The products of autoxidation of lb (~0.1 M, 1 atm of O2) 
are polyester6 3b (~70%), 4b (~30%), and CO2 (~30%). No 
polyperester 2b could be detected by IR analysis, even when 
the reaction was conducted at —78 0C (CS2). The infrared 
spectrum of polyester 3b is experimentally indistinguishable 
from that of the polymer produced63 by reaction of lb with 
O3. 

Autoxidation of la or lb in methanol solvent again leads to 
contrasting results.7 In the case of la, the only significant au
toxidation product is a-hydroperoxy methyl isobutyrate. In 
the case of lb, in contrast, a-methoxydiphenylperacetic acid 
(5, eq 2) is a significant oxidation product. The latter is also 
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Autoxidation of Ketenes. 
Diradicaloid and Zwitterionic Mechanisms of 
Reactions of Triplet Molecular Oxygen and Ketenes 

Sir: 

The reaction of ketenes with singlet molecular oxygen has 
recently been shown to yield a-peroxylactones in addition to 

the major oxidation product of reaction of 1O2 with lb in 
methanol.1 

The autoxidation of la (CS2 solvent, —20 0C) was found 
to be strongly inhibited (~98%) by 2,6-di-?e/7-butyl-4-meth-
ylphenol (6), but autoxidation of lb (CS2 solvent) was only 
partially (~85%) inhibited by 6. The formation of 5 (CH3OH 
solvent) was not inhibited at all by 6. 

Autoxidation of phenylalkylketenes (Ic and Id, 0.1 M) in 
benzene at room temperature produces polyesters 3c (65%) 
and 3d (40%) and ketones 4c (35%) and 4d (60%) as the major 
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products. In both cases, a yield of CO2 equivalent to the yield 
of ketone is produced.4 In addition to these products, low yields 
of peroxylactones 7c and 7d are produced at —78 0C in 
CH2CI2. 7c and 7d may be directly observed by infrared 
spectroscopy;9 the yields of 7c and 7d are estimated as 1 and 
5%, respectively. Support for these structures is provided by 
the observation that solutions containing 7c or 7d are chemi-
luminescent. The rate of disappearance of chemiluminescence 
of 7 is equal to the rate of disappearance of the characteristic 
peroxylactone infrared band1 at 1870 cm -1 (eq 3), and ace-
tophenone (0.1% detected by GC) is produced, presumably 
from excited valerophenone. Reaction of lb and Ic with oxygen 
in dimethyl sulfide yields dimethly sulfoxide (40 and 3%, re
spectively) in addition to polyester and ketone.1' 
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The above results may be interpreted in terms of the path
ways shown in Scheme I. We postulate that the autoxidation 
of a given ketene may proceed via two distinct intermediates: 
(1) a diradical D (produced by direct reaction of triplet oxygen 
and ketene) which may participate in a polymerization to form 
a polyperester and (2) a zwitterion Z (either produced directly 
from reaction of triplet oxygen and ketene or via D), which may 
rearrange to a peroxylactone or be trapped (e.g., by a ketene, 
methanol, or dimethyl sulfide). 

Thus, the autoxidation of la is viewed as producing poly
perester (~96%) via a copolymerization involving D (path a 
—• c) and polyester (~4%) via epoxidation of la by Z thereby 
generating dimethyl-a-lactone. The latter then polymerizes 
to yield 3a (path b (or a —* j) —• g —• h). The lack of significant 
formation of trapping products (Me2SO and 5) from Z support 
the postulate that the pathways involving Z are only of minor 
importance in the autoxidation of la. 

The autoxidation of lb (as well as Ic and Id) is postulated 
to yield polyester 3b (or 3c and 3d, respectively) via formation 
of Z, followed by epoxidation of lb by Z to form diphenyl-
a-lactone and polymerization of the latter (path b (or a -»• j) 
—*• g —* h). Benzophenone is postulated to be produced via a 
copolymerization (involving D) to form a polyperester 2b that 
decomposes under the reaction conditions to 4b and CO2 (path 
a —* c -»• d). The incomplete efficiency of 6 as an inhibitor of 
the autoxidation of lb relative to la and the formations of 5 

Scheme I. Postulated Pathways for Diradicaloid and Zwitterionic 
Reactions of Ketenes and Molecular Oxygen 
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Figure 1. Schematic representation of the mechanism for generation of 
Z (Scheme I) by direct interaction of a ketene with triplet molecular 
oxygen. 

and Me2SO during autoxidation of lb (or reaction of lb with 
1C^) in methanol and dimethyl sulfide support the occurrence 
of a significant zwitterionic pathway. 

In the case of Ic (or Id), Z may undergo rearrangement to 
a a-peroxylactone (path e) in competition with epoxidation of 
excess Ic (or Id) and formation of polyester (path g —• h). In 
the case of lb, it is probable that some a-peroxylactone is also 
formed but that under our reaction conditions either its rate 
of destruction is too fast or its rate of formation is too slow to 
allow a detectable steady concentration of 7b to be formed. 

The autoxidation of la differs from those of lb, Ic, and Id 
in two major respects: (1) autoxidation of la proceeds nearly 
exclusively via pathway a —* c, whereas autoxidations of lb, 
Ic, and Id proceed comparably via pathway a —• c —• d and 
pathway b —* e or g; (2) The polyperester 2a is isolable under 
our reaction conditions, whereas the polyperesters 2b-d de
compose into ketones and CO2 under the reactions conditions. 
The greater preponderance of the diradical pathway for la 
could be due to a relatively slow rate of formation of Z via path 
b (or a —• j) or to a relatively faster rate of copolymerization 
via path c. We feel that the aryl group probably does not sig
nificantly influence the rate of conversion of D to Z. If this 
conversion is determined by intersystem crossing, its rate is 
probably determined by the spin-orbit coupling, generated by 
building odd-electron character on the oxygen atom.'2 Alter
natively, Z may be formed relatively faster for aryl ketenes, 
as a result of a better interaction (Figure 1) leading to spin-
orbit coupling. 

The greater stability of 2a relative to 2b, 2c, and 2d is con
sistent with the relative rates of decomposition of structurally 
related tert-b\i\y\ peresters.13 

It is possible that a radical mechanism may lead to formation 
of polyesters,6b ketones, and peroxylactones even in the case 
of aryl ketones. However, we suggest that the following ob
servations are more suitably interpreted in terms of completing 
zwitterionic and diradicaloid mechanisms: (1) 2a decomposes 
quantitatively to acetone and CO2 and does not even produce 
a trace of 3a; (2) 3a is only produced in trace amounts (~4%) 
from autoxidatioa of la; (3) in methanol trapping experiments 
with lb, no polyester or trapping products derived from di-
phenyl-a-lactone are formed (but a substantial amount of 
benzophenone is produced (30%); (4) at various pressures of 
3Ch, the ratio of yields of ketone and polyester varies, as ex
pected if ketone and polyester are produced via two indepen
dent pathways, each with different order in oxygen.14 For ex
ample, for 0.15 M Ic in benzene at room temperature the ratio 
of 3c/4c decreases from 3.5 at 2 atm to 1.6 at 4 atm of oxygen. 
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Although each piece of evidence is circumstantial, we feel that 
the weight of the data argue against 2b as a precursor to 3b. 

Since triplet oxygen is a "textbook example" of a conven
tional diradical, it is perhaps surprising that this species be
comes involved in "zwitterionic" reactions with ketenes.12 

However, the problem of a D —* Z conversion and the problem 
of triplet-singlet intersystem crossing are probably strongly 
coupled in the systems studied here. Indeed, a 3D -» Z con
version10 was recently proposed to accommodate the apparent 
catalytic conversion of 3C>2 to '02 by strained acetylenes. The 
same mechanism for the 3D —*• Z conversion can be put forth 
(Figure 1) to explain the zwitterionic reactions of ketenes; i.e., 
an interaction of the C=C bond of a ketene with one atom of 
triplet oxygen induces a strong spin-orbit interaction of the 
distal oxygen atom and facilitates collapse to Z. 
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Ozonation of Ketenes. Nature of Intermediates 

Sir: 

In 1970 Wheland and Bartlett reported that ozonation of 
diphenylketene and di-terf-butylketene at —78 0C yielded the 
related a-lactones which underwent rapid polymerization to 
the polyesters.1 In an accompanying paper, Turro et al. have 
obtained a-lactones in the reaction of triplet dioxygen with 
ketenes.2 In our present investigation of the ketene-ozone re
action we confirm the results of earlier and subsequent work3 

and present evidence for intermediates in reaction 1. 

C=C=O + 0 , -+ R \ / \ > 

R 

- 0 — C -
I 
R 

The mechanism of a-lactone formation was not dealt with 
in the previous study.1'3 We now propose a pathway for this 
transformation which accounts for the products shown in eq 
1 as well as other rearrangement products.4 To separate the 
ozone reaction from the triplet dioxygen-ketene reaction we 
absorbed the ozone on silica gel and released it therefrom.5'6 

The central point in devising a mechanism for the reaction of 
ketenes with ozone is whether (a) ketene + O3 -*• a-lactone 
+ O2 or (b) ketene + O3 —*• an oxidizing agent -* (ketene) 
a-lactone + other products derived from the oxidizing agent. 
If route a prevails a 100% yield of a-lactone is theoretically 
possible, while route b leads to a maximum yield of 50% of 
a-lactone because 1 equiv of ketene is consumed in generating 
the oxidizing agent (assuming the oxidizing agent cannot de
compose unimolecularly to either a-lactone or ketene). Routes 
a and b may be exemplified by the expressions in Scheme I. 

Route a resembles the suggested pathway for epoxide for-

Scheme I 
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