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Ethyl cis-2-Methyl-3-phenylglycidate (cis-la). A mixture of 
glycidic esters from the Darzens reaction which contained 53% of 
the cis isomer was saponified with 0.5 equiv of KOH in absolute 
EtOH with stirring a t  room temperature for 3 min. After filtration 
of the pure trans salt, the solution was diluted with water and ex- 
tracted with ether. The extract was dried, concentrated, and dis- 
tilled at  97-99' (0.5 Torr) to yield 6 g of a mixture which was 94% 
cis- and 6% trans-la. Pure cis-la may be obtained by using 1.1 
equiv of base with respect to the trans ester in the mixture. 

Thermolysis of la. General Procedure. The Pyrex tubes were 
thoroughly washed with 6 N NaOH, water, and acetone and flame 
dried. After either the ester la or an equimolar mixture of 1 and 2 
was introduced, the tube was sealed and placed in a sand bath. 
Identical results were obtained when soft glass washed as de- 
scribed above was used instead of Pyrex, or when the tubes were 
washed with concentrated HCl, water, and acetone and flame 
dried. Just before use, 2 was washed with aqueous NaHC03 and 
distilled from Zn dust. The sample of 2b was prepared according to 
Burgstahler, et d . , 9  and was pure from nmr. 

A. A 250-mg sample of trans-la was heated a t  230° for 17 hr. 
Over 90% of the starting material was still present, hut as a mix- 
ture of 84% trans and 16% cis isomers. Some 2a and 3a were also 
identified by glc and nmr. 

B. A 250-mg sample of l a  containing 94% of the cis isomer was 
heated for 3.5 hr a t  270O. Over 90% of l a  containing 60% of the 
trans isomer was recovered, in addition to small amounts of 2a, 3a, 
and 5. 

C. A mixture of la (200 mg, ca. 50% trans) and 2a (100 mg) pro- 
duced 16% conversion to 3a when heated at  235O for 2 hr, and 60% 
conversion to 3a when heated at  280' for 2 hr. However, decompo- 
sition took place, and no 3a could be isolated above 300O. The iso- 
mer of 3a obtained in these experiments was the same as that ob- 
tained photochemically, with nmr (CC14) at  0.90 (t, J = 7 Hz, 3 H),  
1.75 (s, 3 H), 3.65 (q, J = 7 Hz, 2 H),  4.95 (s, 1 H), 6.00 (s, 1 H), and 
7.25-7.90 ppm (10 H).I0 The sample of 3c obtained by thermolysis 
of la and 2b was identical, except for the absence of the 4.95-ppm 
signal, while the signal a t  6.00 was missing in 3b from the thermol- 
ysis of 1 b and 2a. 

Thermal  Stability of Ethyl Pyruvate. A mixture of 0.169 of 
ethyl pyruvate and 0.200 g of la (60% cis) was heated as above for 
2 hr a t  275'. Nmr and gc-mass spectra showed that no ethyl pyr- 
uvate was present in this reaction mixture. 

Thermolysis of 3a. A crystalline sample of 3a did not show any 
change when heated in a sealed tube at  250' for 2 hr. After 0.5 hr 
a t  300', the nmr integration showed 50% 3a, 25% 2a, and 25% ethyl 
(E)-a-methylcinnamate. The assignments were confirmed by glc 
and glc-mass spectra against authentic samples. Neither l a  nor 
benzoic acid was detected. 
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As part of a study on the mechanism of the migration of 
an ethoxycarbonyl group to an electron-deficient center,l 
the dehydrochlorination of ethyl 2-hydroxy-3-chloro-3- 
phenylbutyrate (1) a t  132' was investigated. Surprisingly, 
acetophenone (2) was a major product. 

The shortest pathway from 1 to 2 involved the epoxide 3 
obtained by dehydrochlorination, in which an oxygen atom 
was a t  the required position. While 3 was found to be con- 
verted into 2 under the acidic reaction conditions, nmr 
showed that both 1 and 3 initially yielded the allylic alcohol 
4, which further isomerized into the keto ester 5 in the 
presence of an excess of acid. This product was the actual 
precursor to 2, and also yielded carbon monoxide, carbon 
dioxide, ethanol, and monoethyl oxalate a t  132O. The con- 
version was accelerated by bubbling air through the solu- 
tion, and was completely suppressed in the absence of oxy- 
gen. There was no oxidation with singlet oxygen, generated 
photochemically with rose Bengal as sensitizer, or obtained 
from the triphenyl phosphite-ozonide adduct. 
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A mechanism patterned after the well-known cumene 

oxidation to phenol and acetone was considered, in which a 
hydroperoxide is decomposed with acid, and undergoes a 
phenyl migration from carbon to oxygen.2 The correspond- 
ing rearrangement in 7 with either phenyl or methyl migra- 
tion could not possibly give 2, and needs no further consid- 
eration. 

The migration of the acyl moiety from carbon to oxygen3 
in the decomposition of 7 would produce a tertiary, oxygen- 
stabilized, benzylic cation intermediate 8. 

Subsequent decomposition as shown in Scheme I, incor- 
porating the molecule of water produced in the conversion 
of 7 to 8, would account for the observed products. For the 
sake of convenience, this decomposition is written as pro- 
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Scheme IV 

0-0 
I : I  

7 - C,H,-C+C-CCOOC,H,- 2 + 6 
CH, 1 . 1  OH 

A mechanism which accounts for all the experimental 
facts in the base-catalyzed autoxidation of 5 involves cycli- 
zation of the presumed hydroperoxide intermediate 7 onto 
the ester carbonyl, giving an a-ketoperlactone 12 (Scheme 
VI. 
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ceeding from the attack of water onto the carbonyl group 
which leads to 3 and 6 ,  the latter further decomposing to 
carbon monoxide, carbon dioxide, and ethanol. Alterna- 
tively, attack onto the other carbonyl with displacement of 
ethanol, and decarboxylation-decarbonylation, could also 
take place, but not as the exclusive pathway since it would 
not account for the presence of 6. The process expressed in 
Scheme I may also be slightly modified to involve the cyclic 
intermediate 9 (Scheme 11). In this case, competition with 
a t  least one other scheme producing 6 is also required. Fi- 
nally, another hypothesis is that fragmentation occurred 
directly from 7 without prior group migration (Scheme 111). 
Control experiments showed that the oxalate was only par- 
tially stable under the reaction conditions, and an exact de- 
termination of i t s  contribution to the formation of carbon 
monoxide, carbon dioxide, and ethanol could not be ob- 
tained. 
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The synthesis of 7 was attempted, by alkaline 90% hy- 
drogen peroxide treatment of the bromide 10. We did not 
succeed in isolating the desired product down to -40°, and 
the formation of 2 was observed as soon as any reaction of 
10 was detected. Although the nucleophile could either dis- 
place the bromide or attack one carbonyl, the former was 
suggested by the isolation of the substitution product 11 
when water was substituted for hydrogen peroxide in this 
experiment. No reaction took place when this treatment of 
10 was performed in acidic or neutral medium. 

The mechanism for the conversion of 7 to 2 in basic solu- 
tion need not be identical with that in acidic medium. Here 
the only reaction products were carbon monoxide, carbon 
dioxide, and ethanol. The often proposed mechanism for 
the degradation of a-hydroperoxy carbonyl compounds in 
neutral or alkaline medium does not apply,4 since, as shown 
in Scheme IV, a dioxetanol intermediate would have pro- 
duced monoethyl oxalate, which was proved to be stable 
under the reaction conditions. 

CYl 
12 

Although perlactones have been known since 1966,s and 
some have even been formed from @-hydroperoxy esters,6 
there is no record of any with an a-carbonyl, and this work 
suggests their thermal lability. 

The mode of fragmentation proposed for 12 is analogous 
to one pathway observed in the thermolysis of simple per- 
lactones' where a carbene must have been generated beside 
the ketone and carbon dioxide and which, understandably, 
required a much higher temperature than for the elimina- 
tion of the stable carbon monoxide fragment. The extent to 
which the mechanisms expressed in Schemes IV and V con- 
tribute to the formation of 2 in the thermolysis of 1 or in 
the autoxidation of 5 in addition to those suggested in 
Schemes 1-111 is unknown. 

Two reports of unexpected formation of acetophenone 
came to our attention. House and Blaker found that sodi- 
um /3-phenyl-/3-methylglycidate (13) yielded 2 beside the 
expected 2-phenylpropionaldehyde (14) when heated in 
aqueous solution.* The amount of 2 was considerably re- 
duced (from 32 to less than 2%) when the salt was acidified 
at  0'. The difference was attributed to the intervention of a 
base-catalyzed retro-aldol reaction following opening of the 
epoxide. No explanation was provided for the formation of 
2 in the acid-catalyzed reaction. 

-+ 

CY, 0- 
I 

CH, 
13 

A- 

While the retro-aldol cleavage of /3-hydroxy esters occurs 
either in baseg or in acid,lc that of @-hydroxy acids is only 
known in acid medium.1° The enolate ion of a carboxylic 
acid is only formed with great difficulty, and is therefore 
not expected to be a good leaving group. The autoxidation 
of 14 provides a more reasonable explanation for the pres- 
ence of 2 in House and Blaker's experiments. The base-cat- 
alyzed treatment of 13 was repeated as described, with a 
control solution treated identically, but under nitrogen. 
The amount of 2 was found to be small in both cases (less 
than 3%), but the latter had about one-sixth the amount of 
2 found in the former (nmr determination just following 
immediate work-up). As expected, the yield of 2 increased 
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markedly when the sample of 14 was allowed to stand in 
the presence of base without nitrogen protection. 

The warning by House and Blakers that  any procedure 
involving heating a glycidic ester with aqueous alkali as 
part of the degradation to a carbonyl compound was unde- 
sirable is 110 longer justified, To the extent that saponifica- 
tion precedes glyceric ester formation (we know of no ex- 
ception) the real problem rests with the protection of the 
initially formed carbonyl product from further autoxida- 
tion, easily solved by running the reaction under nitrogen. 

Thummel and Rickborn reported the unexpected forma- 
tion of 2 in the base-induced rearrangement of l-methyl- 
2-phenyloxirane (15, 94% trans), and commented on the 
absence of analogy for the production of this material in 
the 1iterature.l' 

A similar treatment of trans-1,2-diphenyloxirane had 
been reported to yield diphenylacetaldehyde,12 and 14 was 
therefore expected from 15. Its absence, and the failure by 
the authors to mention any protection from oxygen in the 
base-catalyzed treatment of 15, point to the autoxidation of 
14 as the most, satisfactory explanation for the formation of 
2 in these experiments. 

Experimental Section 
threo- and erythro-Ethyl 2-Hydroxy-3-chloro-3-phenyl- 

butyrate ( 1 ) .  Ether saturated with HCl(100 ml) was added to 10 g 
of 313 frozen in liquid nitrogen. The mixture was stirred while 
being allowed to melt, and was then kept in a refrigerator for 23 hr. 
After concentration under vacuum, the residue crystallized from 
petroleum ether. It was recrystallized to yield 10.55 g of I, mp 53- 
59'. 

Anal. Calcd for C1ZH1503Ck C, 59.42; H, 6.22; C1, 14.60. Found: 
C, 59.44; H, 6.22; C1, 14.59. 

Ethyl 2-Hydroxy-3-phenyl-3-butenoic Acid (4) .  A solution of 
5 g of 3 in 25 ml of C6HsCl was refluxed for 16.5 hr after HC1 had 
been bubbled through for 5 min. The solvent was removed and 
nmr showed the crude product to be 4, at  least 90% pure. I t  was 
distilled bulb-to-bulb at  70" (0.07 Torr): nmr (CDC13) 0.95 (t, J = 
7 Hz, 3 H), 4.07 (9, J = 6.75 Hz), and 4.08 (q, J = 7 Hz, total 2 H), 
4.57 (s, 1 H,  exchanges with DzO), 5.28 (s, 1 H), 5.56 (5, 1 H), 5.60 
(s, 1 H), 7.30 (m, 3 H), and 7.55 ppm (m, 2 H). 

Anal. Calcd for ClzH1403: C, 69.85; H, 6.84. Found: C, 69.61; H, 
7.11. 

Ethyl 2-Oxo-3-phenylbutyrate (5). A solution of 10 g of 4 and 
0.6 g of p-toluenesulfonic acid in 60 ml of C,jH&l was refluxed for 
30 hr. The solvent was removed under vacuum, and the residue 
was dissolved in ether, extracted with aqueous NaHC03, and dried 
over MgS04. The product, over 90% pure by nmr, was distilled and 
yielded 5: bp 65' (0.07 Torr); nmr (CDC13) 1.13 (t, J = 7 Hz, 3 H), 
1.80 (d, J = 7 Hz, 3 H), 4.07 (4, J = 7 Hz, 2 H), 4.38 (q, J = 7 Hz, 1 
H),  and 7.18 ppm (s, 5 H). 

Anal. Calcd for C12H1403: C, 69.88; H, 6.84. Found: C, 69.92; H, 
6.95. 

Ethyl 2-0xo-3-bromo-3-phenylbutyrate (IO). To a refluxing 
solution of 7.50 g of 5 and 8.1 g of N-  bromosuccinimide in 190 ml 
of C c b ,  0.30 g of benzoyl peroxide was added over 3 hr. After an- 
other 18-hr reflux, the mixture was cooled, filtered, and concen- 
trated under vacuum. The crude product was over 90% pure: bp 
145' (3.5 Torr); nmr (CDC13) 1.15 (t, J = 7 Hz, 3 H), 2.22 (s, 3 H), 
3 .02(q,J=7Hz,2H),and7.33ppm(m,5H).  

Decomposition of 1. The bottom of a nmr tube containing 
about 0.20 g of 1 was immersed in refluxing CeHdCl, contained in a 
flask fitted with a condenser which also cooled the top of the nmr 
tube. The progress of the reaction at  132' was monitored by nmr 
between 15 min and 54 hr. 2 was identified by comparison with an 
authentic sample (nmr, tlc, and glc), and 3, 4, and 5 were also de- 
tected by nmr. 

Decomposition of 3. A sample of 1 containing a trace of HC1 
was heated as above. After 1.25 hr a t  132O, 4 was formed in over 
90% yield. In another experiment, the nmr tube containing 0.10 g 
of 3 and 0.01 g of I was sealed. After 63 hr a t  13Z0, 5 had been 
formed in over 90% yield. In both cases 2 was detected by its char- 
acteristic signals a t  2.5 and near 7.9 ppm in the nmr. 

Decomposition of 5. The air used for the oxidation was purified 
through PdClz in 0.005 M HCl, followed by solid NaOH and Linde 
molecular sieves. The sample of 5 was heated to 132 or 155" for 16 

hr in the presence of a stream of air, which was then run into a trap 
cooled in liquid nitrogen. After reaction, this trap was allowed to 
warm up, and the gases released were passed through successive 
traps containing (a) NaOH and molecular sieves, (b) concentrated 
HzS04, (c) saturated Ba(OH)Z, (d) aqueous Pb(OAc)z, and (e) 
PdCl2 in 0.005 M HCl.I4 The only product left in the reaction ves- 
sel was 2, while COz and CO were detected in traps c and e, respec- 
tively, and the nongaseous products left in the first trap were 
EtOH, monoethyl oxalate, and 2. 

Treatment of 5 with Singlet Oxygen. A. Ozone was bubbled 
through a solution of 1.5 g of triphenyl phosphite in 40 ml of 
CHzClz at  -78" until the blue color persisted. The excess of 0 3  was 
removed by a stream of Nz, 1.0 g of 5 was added, and the solution 
was allowed to warm slowly to room temperature.15 Nmr of the 
mixture after removal of the solvent showed that no reaction had 
taken place. 

B. Air was bubbled through a solution of 0.479 g of 5 and 0.034 g 
of rose Bengal in 250 ml of CH&N during its irradiation at 350 nm 
for 2 hr in a Rayonet reactor. After removal of the solvent, nmr 
showed that only a trace amount of 2 had been formed. 

Attempted Synthesis of Ethyl 2-0~0-3-pheny1,-3-hyaroper- 
oxybutyrate (7). A solution of 0.552 g of 10 and 0.32 ml of 90% 
Hz02 in 5 ml of acetone was stirred for 50 min after the addition of 
0.145 g of KzCO3. The gas evolved was shown to contain CO with 
PdClz in HCl. After standing for another 105 min, the mixture was 
filtered and the filtrate was concentrated to yield pure 2. The solid 
obtained had no CH bonds as shown by nmr in D20. Control ex- 
periments indicated that 2, 5,  and 616 were all stable under the 
reaction conditions. The same results were obtained when the 
reaction was run a t  5' in HzO with NaOH, 24' in dioxane with 
K2C03, and -40" in THF with KzC03. A similar result was also 
observed at  5' in ether with K2CO3, but unreacted 10 was still 
present. At 24' in THF with HCl, no reaction took place. When 
the reaction in acetone with K&03 was run with HzO rather than 
H202, i t  yielded ethyl 2-0~0-3-phenyl-3-hydroxybutyrate without 
decomposition. 

2-Phenylpropionaldehyde (14) from 3. The published proce- 
dure was followed exactly,* with the exception that no stirring was 
used. A control reaction under Nz was also performed. Nmr analy- 
sis showed that the amount of 2 was about 3% in the former and 
less than 0.5% in the latter. The crude reaction product was treat- 
ed with 2,4-dinitrophenylhydrazine, and yielded the derivative 
from 14, mp 135'. 

Air Oxidation of 14. Air was bubbled for 1 hr through a solu- 
tion of 1.25 g of 14 and 0.15 g of KO-t-Bu in 30 ml of t-BuOH. 
After concentration under vacuum, the nmr of the CC11-soluble 
fraction of the residue showed that over 50% of 14 had been oxi- 
dized to 2. 
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