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The oxidation of several ketenes with peracids has been examined. Di-tert-butylketene (3) reacts with peracetic 
acid to give carbon dioxide, di-tert-butyl ketone, p-lactone 4, and a-acetoxy acid 6. The formation of these prod- 
ucts is rationalized by invoking a-lactone 9 as a key intermediate. It was independently demonstrated that peracid 
converts 9 to di-tert-butyl ketone. Ketene 14 yields a-acetoxy acid 17 upon reaction with peracetic acid and con- 
jugated acid 18 when treated with MCPBA. Diphenylketene is oxidized by peracetic acid to benzophenone and 
benzhydryl acetate. The latter product appears to be formed by decomposition of intermediate diacyl peroxide 26. 
Ketene 30 is unreactive to peracid oxidation but is converted to esters 31 and 32 by ozone, apparently in a normal 
oxidative cleavage process. The nature of these conversions is discussed. 

The success of work directed toward the synthesis of al- 
lene oxides by peracid oxidation of allenes2 has prompted 
us to examine the analogous reactions of ketenes with 
oxygen-transfer reagents as a possible synthetic pathway 
to the elusive a-lactone structure 1. a-Lactones have long 
been proposed as reactive intermediates in reactions such 
as the solvolysis of a-halocarboxylate  anion^;^ the interac- 
tion of appropriate ketenes, acid chlorides, and acid anhy- 
drides with pyridine N - o x i d e ~ ; ~  the thermal and photo- 
chemical decomposition of certain diacyl  peroxide^,^ per- 
esters,6 and cyclic per anhydride^;^ the air oxidation of 
ketenes;8 the addition of carbenes to C02;9 and, in one in- 
stance, the peracid oxidation of diphenylketene.1° During 
the course of the present investigation three reports of 
more substantial nature have appeared in the literature. 
Bartlett and Wheland presented evidence for oxygen 
transfer from ozone to ketenes, including low-temperature 
nmr characterization of the presumed a-lactone derived 
from di-tert-butylketene.ll The most convincing demon- 
stration for a-lactones comes from low-temperature in- 
frared studies of the photolysis products from several mal- 
onyl peroxides. The intermediates thus generated show in- 
tense carbonyl bands a t  about 5.3 p (-1900 crn-l).12 
Most recently, bis(trifluoromethyl)acetolactone, a reason- 
ably stable a-lactone, has been also prepared by this 
method.13 In general, however, a-lactones are apparently 
extremely reactive, yielding predominantly polymers and 
products derived from nucleophilic attack at the a carbon. 
These reactions are readily understood in terms of a facile 
opening of 1 to the reactive zwitterionic intermediate 2. 
Theoretical support has been gathered for this conjec- 
ture.11 

The oxidation of ketenes with peracids14 was studied 
most extensively with di-tert-butylketene (3), a highly 
hindered, unreactive member of this class of com- 
pounds.l5 In principle, the bulky tert-butyl substituents 
should help to stabilize an a-lactone intermediate by 
shielding this species from attack by external reagents. 
Reaction of 3 with 2 equiv of peracetic acid in CHzCl2 a t  
0" gave a 22% yield of p-lactone 4, 33% of di-tert-butyl ke- 
tone (5) and 3% of a-acetoxy acid 6 in addition to unchar- 
acterized polymeric material. A similar reaction in the 
presence of 8 equiv of methanol gave 5% of a-methoxy 
acid 7 in addition to 3% of 4 and 26% of 5. Utilization of 1 
equiv of rn-chloroperbenzoic acid (MCPBA) as the oxi- 
dant gave a 31% yield of C02 as well as 34% of 4 and 31% 
of 5 (based on ketene consumed). Analysis of the effluent 
gases for CO demonstrated that only a trace (0.8%) was 

produced in this reaction. Product characterization was 
accomplished by glpc isolation and spectral examination, 
except for 4, which was unstable to glpc and required 
careful vacuum distillation and column chromatography 
for purification. However, it  was shown that 4 smoothly 
pyrolyzed to 8 under the glpc conditions and the latter 
was used as a quantitative measure of the amount of 4 
present. The acidic products were isolated and character- 
ized as their methyl esters. 

These results implicate a-lactone 9 as a reactive inter- 
mediate in this ketene oxidation. Reasonable transforma- 
tions of 9 outlined in Scheme I account for the observed 
products, most likely via the intermediacy of zwitterion 
10. Reaction of acetate at the electrophilic site of 10 leads 
to the a-acetoxy acid, whereas the inclusion of methanol 
in the reaction mixture results in the diversion of 10 to a -  
methoxy acid i'. Methyl migration transforms 10 into a 
new zwitterion 11, the probable precursor of 4.16 Alterna- 
tively, 10 can react with additional peracid, ultimately 
producing 5 and CO2, most likely by the indicated frag- 
mentation of the nucleophilic adduct 12.17 
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An opportunity to test this hypothesis was provided by 
the report that  a-lactone 9 could be prepared by ozone 
treatment of 3.11 Firstly, the assigned structure 9 was 
conclusively demonstrated by a low-temperature ir spec- 
trum which manifests an intense 5.29-p (1889 cm-l) car- 
bonyl band. A solution of 9 in CHzClz a t  -78" was pre- 
pared by the reaction of 1 equiv of 0 3  with 3. Warming a 
sample of this solution gave 35% of 4 and 6% of 5. How- 
ever, when the solution was treated with an excess of 
peracetic acid before warming, 9% of 4 and 18% of ketone 
5 were obtained. The threefold increase in 5 demonstrates 
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that 9 reacts with peracid to yield 5. The diminution of 
the yield of 4 is likewise consistent with this explanation. 

The source of the small amount of ketone 5 in the blank 
ozonolysis experiment was explored briefly. Although air 
oxidation of ketenes to ketones and C02 is known,8J8 3 
did not react with 0 2  under the reaction conditions nor 
does singlet 0 2  react with 3.l9 Oxidative decarbonyla- 
tion20 of the a-lactone by O 3  is also excluded by the ob- 
servation that prolonged reaction with excess 0 3  did not 
increase the amount of 5. Spontaneous decarbonylation21 
of 9 is another potential pathway to 5 which appears to be 
excluded experimentally by the stability of the a-lactone 
over a long period of time a t  -78". (However, it  is possible 
that decomposition of 9 takes place during glpc analysis.) 
Addition of O3 to 3 in a fashion analogous to that for sim- 
ple olefins22 should lead to 13 or its equivalent. The ex- 
pected fragmentation of this primary ozonide would gen- 
erate 5 and C03,23 or C02 and the carbonyl oxide of 5, 
decomposition of which could lead to 5 itself.24 

The interaction of a second hindered ketene, dineo- 
pentylketene (14), with peracids was also studied briefly. 
Ketene 14 was synthesized by a similar route to that used 
for 3,l5 but is a more typical ketene in regard to its reac- 
tivity. Although no evidence was obtained for dimeriza- 
tion, 14 does react readily with atmospheric moisture to 
give acid 15 and anhydride 16. 

The reaction of 2 equiv of peracetic acid with dineo- 
pentylketene gave anhydride 16 as the major product, but 
4% of a-acetoxy acid 17 was also isolated. Utilization of 2 
equiv of MCPBA as the oxidant resulted in the formation 
of 30% of a$-unsaturated acid 18. Assignment of the stere- 
ochemistry of 18 is based on the low extinction coefficient 
for its uv transition a t  215 nm ( c  4090), which indicates 
steric inhibition of conjugation between the double bond 
and the carbonyl 

These results are best rationalized using a-lactone 19 as 
the key intermediate (Scheme 11). Transformations of 19 
uia zwitterion 20 account for the observed products. Thus, 
attack of acetate leads to a-acetoxy acid 17. Alternatively, 
zwitterion 20 can undergo loss of a proton (perhaps by a 
1,4-hydrogen transfer to the carboxylate function) to gen- 
erate a$-unsaturated acid 18. The fact that  dineopentyl 
ketone (21) is not a product in these reactions is explained 
by this new reaction pathway which appears to compete 
successfully with peracid attack on 20. This pathway is 
not available for di-tert-butylketene, which has no p hy- 
drogens. 
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Reaction of diphenylketene (22) with 1 equiv of perace- 
tic acid in CHzClz a t  0" gave 14% of benzophenone (23) and 
17% of benzhydryl acetate (24) (Scheme 111) in addition to 
considerable polymeric material. Although the polymeric 
material was not analyzed in this particular experiment, 
it  is undoubtedly the polyester of benzilic acid which was 
also obtained in the ozonolysis of diphenlyketene, presum- 
ably via a-lactone 25.11 The ir spectrum of the crude reac- 
tion mixture displayed additional absorption a t  5.50 /.L and 
the nmr spectrum had singlets at 6 1.88 and 6.79 which do 
not arise from characterized products of the reaction. 
These data are consistent with those expected for mixed 
diacyl peroxide 26. Refluxing the crude reaction mixture 
in benzene for 8 hr resulted in the disappearance of the 
5.50-/.L ir absorption. Performing the epoxidation of 22 in 
the presence of 4 equiv of methanol gave 23 and 24 in ad- 
dition to methyl diphenylacetate. Among the acidic prod- 
ucts were small amounts of a-acetoxy acid 27 (0.3%) and 
a-methoxy acid 28 (3%), as well as diphenylacetic acid. 
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The formation of ketone 23 and trapped products 27 
and 28 is understood in terms of an intermediate a-lac- 
tone. A new type of product not seen in the previous ke- 
tene oxidations, however, is acetate 24. This material is 
viewed as arising from the indicated six-center decompo- 
sition of unisolated peroxide 26 (spectroscopic evidence for 
which was cited above). This unsymmetrical diacyl perox- 
ide is derived from nucleophilic addition of peracetic acid 
to diphenylketene. The emergence of a new product path- 
way leading to acetate 24 appears to be the result of a 
more favorable conversion of 22 to diacyl peroxide 26, rel- 
ative to the related transformation for the dialkylketenes. 
This can be appreciated if a-lactone formation occurs by 
way of an intermediate such as 29. Stabilization by phe- 
nyl groups should slow down ring closure of this species to 
the a-lactone, thereby allowing tautomerization of 29 to 
26 to become an important competing process. Alterna- 
tively, the two competing processes may be between a 
one-step oxygen transfer from peracid to the ketene dou- 
ble bond and nucleophilic addition of peracid. The latter 
process should also be aided by phenyl substituents. 

The lability of proposed intermediate 26 was corrobo- 
rated by several attempts a t  its synthesis. Thus, treat- 
ment of diphenylperacetic acid with either acetyl chloride 
or ketene at  low temperatures gave acetate 24 as the only 
isolable product. Likewise, reaction of peracetic acid with 
diphenylacetyl chloride also resulted in 24. However, the 
crude reaction product of these reactions displayed ir and 
nmr absorptions appropriate for diacyl peroxide 26 in ad- 
dition to those of 24. 

Treatment of butylethylketene2'j with 1 equiv of perace- 
tic acid afforded 19% each of 3-heptanone and COS as the 
only important volatile products. Examination of the aci- 
dic material revealed only acetic acid. 

The oxidation of tert-butylcarbethoxyketene (30) was 

27, R = CH,CO 
28, R = CH, 
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examined, since this readily a ~ a i l a b l e , ~ ~ . ~ ~  stable ketene 
should give an @-lactone intermediate whose zwitterionic 
form is destabilized by the electron-withdrawing carbeth- 
oxy group. However, this substituent also retards electro- 
philic attack on the ketene, Thus, treating 30 with per- 

acids resulted in the slow formation of very complex prod- 
uct mixtures which could not be effectively examined. 
However, reaction with an excess of 0 3  at 0" (no apprecia- 
ble reaction occurred a t  -78") resulted in a 26% yield of 
a-keto ester 31 and 59% of oxalate ester 32 (Scheme IV). 
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Keto ester 31 was not converted to 32 under the ozonol- 
ysis conditions. 

These products can be adequately explained by a nor- 
mal 1,3-addition of O3 across the carbon-carbon double 
bond of 30 and do not require an a-lactone intermediate. 
The resulting ozonide 33 can decompose to a-keto ester 31 
and C 0 3 .  Alternatively, fragmentation in another manner 
gives carbonyl oxide 34, which may lose oxygen to give 
31.24 This species can also lead to 32, since it is conceiv- 
able that charged species 34 is in equilibrium with its 
closed form 35, rearrangement of which (in a fashion anal- 
ogous to that  of a Baeyer-Villiger oxidation) gives 32. A 
bimolecular reaction between 31 and 34 could also result 
in 32. 

Oxidation of ketene itself with excess 0 3  resulted in an 
extremely complex mixture. Nonetheless, the isolation of 
about 5% of succinic anhydride from this reaction is of in- 
terest. The formation of this unexpected product could be 
the result of a 1,3-dipolar addition of the a-lactone zwit- 
terion to ketene.29 (However, the production of succinic 
anhydride can be explained without postulating an a-lac- 
tone intermediate.)29 Finally, the only characterized 
product of the reaction of dimethylketene with 0 3  was ac- 
etone. 

In summary, it appears that certain ketenes react with 
peracids and with 0 3  to give products which apparently 
are derived from intermediate a-lactones. In other cases, 
more classical processes are sufficient to explain the ex- 
perimental results. 
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