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ABSTRACT 
Ethyl 3-hexenoate was oxidized for 6 hr at 150 C. 

The "more  volatile" fraction was swept out  of the 
oxidiz ing flask and into a cold trap. The "less vola- 
tile" products remaining in the oxidizing flask were 
isolated by direct injection onto a preparative-scale 
gas chromatographic column followed by trapping in 
glass capillary tubes. The decomposit ion products 
w e r e  i d e n t i f i e d  by gas chromatography,  mass 
s p e c t r o m e t r y ,  infrared spect rophotometry ,  and 
chemical derivatization. The major products included 
epoxy esters, unsaturated keto- and hydroxy-esters,  
and dehydrodimers.  Aldehydes,  short chain esters, 
and ketones were produced less abundantly.  No 
aldehyde esters were detected. 

I NTRODUCTI ON 
The oxidation of short chain fat ty acids has not been 

extensively studied because they are present in substantial 
amounts in only a few fats. Most investigators choose to 
study fat ty acids containing more than 10 carbon atoms. 
Yet short chain, mono-unsaturated fat ty acids have been 
reported in oxidizing fats. For  example,  2-octenoic acid was 
found among the products of autoxidat ion of methyl 
linoleate by Horvat and co-workers (1), and hexenoic and 
octenoic acids are also produced in corn oil during frying 
(2). Obviously, these fat ty acids can undergo further 
degradation themselves. Furthermore,  short chain fat ty 
acids are suitable as model systems for studying the full 
spectrum of  oxidation products from the more volatile 
degradation products through the dimeric ones. 

Seyfarth and Schulz (3) and Rieche et al. (4) studied the 
oxidat ion at 65 C of 2- and 3-butenoate esters, 0~-hydroxy 
butenoate esters, 3,6-heptadienoic acid esters, and the 
gamma lactones of 4-hydroxy-2-pentenoic and 4-hydroxy- 
3-pentenoic acids. Analysis of  the peroxides formed showed 
that  the position of hydroperoxide  formation depends on 
factors which influence the activation of C-H groups (e.g., 
double bonds, ester, and hydroxyl  groups). Hydroperoxides 
containing a conjugated structure were highly favored. 
Thus, the number of hydroperoxide isomers formed was 
less than that  predicted by Farmer 's  Theory. The formation 
of  dimeric and polymeric compounds was noted,  but the 
structures of  these were not  identified. Substrates with 
unsaturation in the 3-position were oxidized at a much 
faster rate than those with 2-position unsaturation because 
of the activating influence of  both  the double bond and 
carbonyl groups. The introduct ion of  an alpha hydroxyl  
group increased the rate of oxidation of  both esters. 

EXPERIMENTAL PROCEDURES 

Materials 
Ethyl 3-hexenoate was purchased in the highest purity 

available. Gas chromatographic analysis showed several 
lower mot wt impurities and a number of higher mol wt 
compounds.  After  purification by vacuum Vigreaux distilla- 
tion, the ester became colorless and all impurit ies as 
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detected by GC were eliminated with the exception of the 
ethyl 2-hexenoate isomer, which const i tuted ca. 17% of the 
purified ester. To determine the contribution of  ethyl 
2-hexenoate, this isomer was also obtained, purified, and 
oxidized under conditions identical to those used for ethyl 
3-hexenoate. 

Oxidation Treatment 
Half-gram samples of each ester were oxidized in a glass 

tube which was heated in an oil bath at 150 C for 6 hr 
(occasionally at 130 C for 8 hr). Dry compressed air was 
bubbled slowly through the ester. The "more volatile" 
degradation products  were swept out  of the oxidizing flask 
into a trap cooled with dry ice-acetone. 

Gas Chromatography 
An F & M dual column Model 810 gas chromatograph 

equipped with a flame ionization detector  and temperature 
programming was used. 

The "more  volatile" compounds were collected by 
rinsing the cold trap with 5 ml of  CS 2. The rinsings were 
condensed to ca. 100/al, and 1 gl aliquots were analyzed on 
three different columns: a 12 ft x 1/8 in. Carbowax 20 M 
(15% on Gas-Chrom P), a 6 f t x  1 1/8 in. diethylene glycol 
succinate (DEGS) (2% on Gas-Chrom P with 2% H3PO4), 
and a 500 ft x 0.2 in. SF-96 capillary column. 

The "less volati le" compounds which remained in the 
oxidation flask were analyzed on a 6 ft x 1/8 in. silicone 
rubber SE 30. For  the identification of individual com- 
pounds, however, trapping from a 1/2 in. preparatory GC 
column followed by separation on various 1/8 in. columns 
was necessary. 

Combined Gas Chromatography-Mass Spectrometry 
A Varian Aerograph series 1200 gas chromatograph 

connec t ed  to a Hitachi Perkin-Elmer RMU-6A mass 
spectrometer  was used under the conditions outlined 
previously by LeTellier and Nawar (5). 

Infrared Spectroscopy 
A Perkin-Elmer 337 grating infrared spectrophotometer  

with a 4% beam condenser was used. Compounds purified 
by repeated trappings from GC columns were rinsed into a 
0.05 mm path length NaC1 cavity cell with spectral grade 
CC14 or CS 2. 

I dentification 
For most of the oxidative decomposit ion products,  

identification was accomplished by comparison of  their 
mass spectra and GC retention times (on two or more 
columns) with those of authentic compounds which were 
purchased or synthesized in our laboratory.  Infrared 
analysis and/or  chemical derivatization were done in certain 
cases. Hydrogenation of double bonds was carried out 
according to  procedures described by Lustre and Issenberg 
(6). Ozonolysis was performed according to Beroza and 
Bierl (7,8) using a dry ice-toluene cold bath and CS 2 
solvent. Silylation of hydroxyl  groups was done with the 
aid of Trisil-Z (N-trimethylsilylimidazole,  Pierce Chemical 
Co., Rockford,  IL). Ketonic carbonyl groups and oxirane 
rings were selectively reduced in the presence of ester 
carbonyts and double bonds by reacting an alcoholic solu- 
tion of  the sample with sodium borohydride.  
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T A B L E  I 

Iden t i f i ed  D e c o m p o s i t i o n  Produc t s  f r o m  the Ox ida t ion  o f  
E thy l  3 -Hexenoa te  and E thy l  2 - H e x e n o a t e  

F r o m  e thy l  3 -hexenoa te  

Pea k Figure 
n u m b e r  n u m b e r  F r o m  e th y l  2 -h ex en o a t e  

More volat i le  p r o d u c t s  
A c e t a l d e h y d e  ÷ 1 1 + 
Propana l  + 2 1 + 
E thy l  f o r m a t e  + 
E thy l  ace t a t e  + 4 1 
Butanal  + 4 1 + 
E thano l  + 5 1 + 
Ethyl p r o p a n o a t e  + 6 1 + 
2 -Pen tanone  + 7 i + 
E thy l  ac ry la te  + 8 1 + 
Ethyl b u t a n o a t e  + 9 1 + 
Ethy l  p e n t a n o a t e  + 1 + 
Ethyl  c r o t o n a t e  + 1 + 
3-Penten-2-one  + 1 
3 - H e x a n o n e  + 
4 - H e p t a n o n e  + 
Propano ic  acid + 1 
Butanoic  acid + 

Less volat i le  p r o d u c t s  

E thy l  h e x a n o a t e  + + 
Ethyl  2 -hexenoa te  + + 
E thy l  3 -hexenoa te  + 
Ethy l  3 , 4 - e p o x y h e x a n o a t e  + 4 2 + 
Ethy l  2 , 3 - e p o x y h e x a n o a t e  + 5 2 + 
Ethyl  4 -oxo -2 -he xe noa t e  + 6 2 + 
E thy l  4 - h y d r o x y - 2 - h e x e n o a t e  + 8 2 + 
Ethy l  3-et hy l -4 -oxo -he xa noa t e  + 9 2 + 
D e h y d r o d i m e r s  + 1 1 2 + 
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FIG. 1. GC analysis, on Carbowax, of the "more volatile" frac- 
tion from oxidized ethyl-3-hexenoate. Peak numbers correspond to 
identified compounds in Table I. 
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FIG. 2. GC analysis, on SE-30, of the "less volatile" fraction 
from oxidized ethyl-3-hexenoate. Peak numbers correspond to 
identified compounds in Table L 

RESULTS 

Oxidation of Ethyl 3-Hexenoate 
At the end of the oxidation period, the colorless ester 

had darkened to a clear gold color, and its aroma was 
characterized as sweet, earthy, and pungent. When periodi- 
cal determinations of the peroxide value were made, values 
varied slightly from sample to sample, but the general pat- 
tern was the same. The peroxide value increased slightly in 
the first few hours of the oxidation period, reaching a 
maximum PV of ca. 350 meq/kg, after which it decreased 
sharply to ca. 60 after 8 hr, and to 20 after t 2 hr. 

Typical GC analyses of the "more volatile" and "less 
volatile" products are shown in Figures 1 and 2, respec- 
tively. Table I gives a list of the identified oxidation 
products. These include aldehydes, ketones, low mol wt 
simple esters, epoxy-esters, oxo-esters, an unsaturated 
hydroxy-ester, and three isomeric dehydrodimers. Propa- 
noic acid was a major component of the "more volatile" 
decomposition products. Ethyl hexenoate remaining in the 
residual sample contained 20% of the 2-isomer, while that 
collected in the  cold trap had only 12%. Details of the 
identification of only certain products, which required 
synthesis or the preparation of chemical derivatives, are 
discussed below. 

Ethyl 3,4-Epoxyhexanoate 
The GC retention and the mass and infrared spectra of 

this component were identical to those of synthesized ethyl 
3,4-epoxyhexanoate. The molecular ion (Fig. 3A) is 
detectable at m/e 158 but extremely small; the loss of H20 
from the molecular ion yields the first clearly visible peak 
at m/e 140. Ions at m/e 113 and 112 are formed by the 
losses of the ethoxy group and ethanol, respectively, form 
the molecular ion. The fragment at m/e 129 represents the 
loss of an ethyl group from the hydrocarbon end of the 
molecule; this ion apparently loses ethanol to form the 
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FIG. 3. Mass spectra of compounds identified from thermally 
oxidized ethyl-3-hexenoate. (A) Ethyl-3,4-epoxy-hexanoate, (B) 
ethyl-2,3-epoxy-hexanoate, (C) ethyt-4-oxo-2-hexenoate. 

peak at m/e 83. The large fragment at m/e 101 may cor- 
respond to a transannular cleavage with the transfer of one 

hydrogen atom (9) to yield the ion CH 2-CH2-~-OCH 2 CH3 + ". 
The opposite transannular cleavage with accompanying 
hydrogen arrangement probably produces the peak at m/e 
43 which corresponds to the ion CH3CH2CH2 + ' .  Cleavage 
of the bond between C 2 and C3 would produce the two 
fragments at m/e 71 and 87. 

The infrared spectrum showed the characteristics of a 
saturated ester and the bands near 890 cm -] and 1250 cm -l 
which are characteristic of epoxides. The spectrum was also 
similar to that  published by Horvat et al. (1) for methyl  
2,3-epoxyoctanoate.  Absorption at 887 cm -I indicates a 
trans-epoxy ester (10). 

Hydrogenation indicated the absence of double bonds, 
and reduction with sodium borohydride  yielded the 2,3- 
unsatura ted-4-hydroxy ester and gamma caprolactone, 
confirming the presence of the epoxide function in the 
3,4-position. 

Ethyl 2,3-Epoxyhexanoate 

The peak representing this component  (peak 5, Fig. 2) 
was much smaller in size than that  of the 3,4-epoxy ester 
discussed above. Its mass spectrum (Fig. 3B) is considerably 
different from that  of the 3,4-isomer, but  identical to that  
of  the synthesized reference compound.  As with the 
3-isomer, the molecular ion at m/e 158 is extremely small. 
A simple cleavage of  the bond between the carbonyl group 
and the oxirange ring produces the ions at m/e 85 and 73. 
A similar cleavage on the other side of  the epoxy group 
yields the fragments at m/e 43 and I 15. The ion at m/e 130 
represents the loss of 28 mass units from the molecular ion. 
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FIG. 4. Mass spectra of compounds from thermally oxidized 
ethyl-3-hexenoate, (D) ethyl-4-hydroxy-2-hexenoate, (E) ethyl- 
3-ethyl-4-oxo-hexanoate, (F) dehydrodimer of ethyl-3-hexenoate. 

As with the 3-isomer, the peak at 113 corresponds to the 
loss from the molecular ion of the e thoxy group. 

Ethyl 4-Oxo-2-hexenoate 

The mass spectrum of this component  (Fig. 3C) supports 
the proposed structure of  an unsaturated oxo-ester. The 
molecular ion is visible at m/e 156. The base peak at m/e 
127 is formed by cleavage of the bond alpha to the car- 
bonyl  group and beta to the double bond. A metastable 
peak at 77.17 corresponds to the loss of  C=O from the base 
peak to yield the fragment at m/e 99. The peak at m/e 83 
may result from cleavage between the double bond and the 
ester carbonyl. The loss from the molecular ion of the 
e thoxy group would produce the fragment at m/e 111. 

The infrared spectrum showed absorption at 1740 cm "1 
and 1715 cm-l ,  indicating the presence of an ester carbonyl 
and a ketone carbonyl,  respectively, and absorption at 
977 cm "l , indicating a trans double bond. 

Further  confirmation of  structure was accomplished by 
hydrogenation with plat inum oxide in ethanol, which 
yielded ethyl 4-oxohexanoate,  T-caprolactone, and ethyl 
4-hydroxy-2-hexanoate.  Apparent ly the hydrogen added to 
the double bond only,  to the oxo-group only,  and in some 
cases to both functions to yield these three products. 
Synthesis of authentic ethyl 4-oxo-hexanoate confirmed 
the identiy of the major product of hydrogenation, the 
saturated oxo-ester. 

Ethyl 4- Hydroxy-2-hexenoate 

Compounds corresponding to peaks 8 and 9 (Fig. 2) 
were trapped from the preparative scale SE-30 gas chro- 
matographic column and rechromatographed on a t2  ft x 
1/8 in. DEGS with 2% HaPO 4 column which allowed the 
two components  to be collected and examined separately. 
Peak 8 was about twice as large as peak 9. 

Peak 8 was identif ied as ethyl 4-hydroxy-2-hexenoate.  
Its mass and infrared spectra as well as its GC retention on 
DEGS-HaPO 4 and SE-30 agreed with those of  the synthetic 
reference compound. The molecular ion is not visible (Fig. 
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4D). The fragment at m/e t29 may result from cleavage 
alpha to the hydroxyl  group and beta to the double bond. 
This ion further decomposes to give rise to the base peak at 
m/e 101, as evidenced by a metastable peak at m/e 79.08 
(129 + ~ 101 + + 28). Loss of ethylene from the ester por- 
tion could occur via a McLafferty rearrangement. The ion 
at m/e 129 could lose ethanol to yield the fragment at m/e 

83. The peak at m/e 73 may represent the ion [~-OCH2CH3] +. 

Infrared absorption at 3450 cm-1 and the a,~3-unsatu- 
rated ester carbonyl absorption at t725 cm "l supported the 
proposed structure. 

Further  support  for the structure of  this compound was 
obtained by chemical derivatization. Hydrogenation with 
plat inum oxide yielded gamma caprolactone as the sole 
product.  Apparently the saturated gamma hydroxy ester is 
unstable and immediately forms the lactone. Hydrogena- 
tion of the tr imethylsilyl  derivative resulted in the addit ion 
of two mass units to many fragments in the upper mass 
region of its mass spectrum. 

Ethyl 3- Ethyl-4-oxohexanoate 
The mass spectrum of the component  corresponding to 

peak 9 had a molcular ion at m/e 186 (Fig. 4E). The frag- 
mentation pattern suggests that the ethyl group is attached 
to carbon 3. The base peak at m/e 57 may arise from 
cleavage of the bond between the ketone carbonyl and the 
tert iary carbon with the ketone fragment retaining the 
charge. Some of the ester fragment, however, does retain 
the charge as indicated by the peak at m/e 129. The promi- 
nent ion at m/e 157 could result from the loss of an ethyl 
group. The peak at m/e 141 is due to the loss of the e thoxy 
group. Three metastable peaks were observed at m/e 
105.99, 79.08, and 68.21, corresponding to the loss 28 
mass units from the fragments at m/e t57,  129, and 101, 
respectively. 

The infrared spectrum contained a saturated ester 
carbonyl and a saturated ketone absorption maxima. 

Dehydrodimers of Ethyl 3-Hexenoate 
Three isomeric structures (I, II, and III, as shown below) 

are proposed. Peak 11, Figure 2, represents an important  
part of the "less volatile" decomposit ion products of 
oxidized ethyl 3-hexenoate. After elution from the SE-30 
preparative scale GC column, further fractionation was 
possible only on a 500 f t x  0.2 in. Carbowax 20M capillary 
column held at 205 C. Three peaks of relatively long reten- 
tion time could be partially separated. 

The mass spectra of the three peaks were similar. A small 
M+ molecular~_~ ion is visible at m/e 282 (Fig. 4F). The strong 

and 1.~+ 1 are typical  of dehydrodimers,  as discussed by 

Wheeler and White (11). In the upper mass range, fragments 
at 236, 237, and 253 are due to losses of ethanol, e thoxy,  

c~ 
and ethyl groups, respectively. The loss of [~-OCH2CH 3] 
from the molecular ion gives rise to the fragment at m/e 
209. The peak at m/e 163 may result from the loss of  one 
ethyl  and two ethoxy groups. The loss of an ethyl group 
from the base peak yields a large peak at m/e 113. The 
fragment at m/e 99 probably corresponds to the ion 

[ CH=C H-~'-OCH 2 CH 3 ] + 
Further analysis could be done only on the combined 

isomers. In the infrared spectrum, two ester carbonyl 
absorptions were observed at 1740cm -1 and t730cm-~ ,  
indicating the presence of saturated and a,/3-unsaturated 
ester groups. Doublets near 1240cm -1 and l l 6 0 c m  -1 
indicated C-O-C asymmetric and symmetric stretching of 
two ester groups, one conjugated with a double bond and 
one not  (12). Similarly, a doublet  near 970 cm "1 indicated 

two isolated trans double bonds, one conjugated with the 
ester carbonyl and one not. 

The mixture of the three components  was hydrogenated 
with plat inum oxide and the resultant material subjected to 
GC-MS analysis. The mass spectrum of the hydrogenated 
mixture is similar to that of the nonhydrogenated dehydro- 
dimer in its general pattern. The molecular ion has shifted 
to m/e 286, an increase of four mass units, indicating the 
presence of two double bonds in the original structure. 

Ozonolysis yielded propanal, and two compounds with 
M ÷ 228 and M + 184. As shown below, the products 
expected from structures I and II are propanal and two 
compounds with M + 230 and M + 186. Perhaps two protons 
are lost upon electron impact in the mass spectrometer.  
The other  two products  predicted from ozonolysis of 
structure III (i.e., M ÷ 142 and M + 102) may have been 
formed but not  detected by GC. Dialdehydes and many tri- 
and polyfunctional  compounds produced by ozonolysis 
have been reported to be unstable under condit ions of  GC 
analysis (13). Dialdehydes with at least one active methyl- 
ene group are so reactive that they disappear soon after 
liberation from the ozonide. Upon ozonolysis, structure III 
would give rise to such unstable products. 

As did the components  of peak 11, the synthetic 
dehydrodimers separated into three peaks only on the 
capillary Carbowax 20 M column. Mass and infrared spectra 
as well as GC retention data on three different columns 
were similar for both the synthetic and the isolated com- 
pounds. 

Oxidation of Ethyl 2-Hexenoate 
The decomposit ion products identified from the thermal 

oxidation of  ethyl  2-hexenoate are shown in Table I. As in 
the oxidation of  ethyl 3-hexenoate, aldehydes, ketones, 
simple esters, and ethanol were produced. Butyric acid 
consituted a major product.  Ethyl crotonate,  the epoxy- 
ester, and ethyl-substi tuted oxo-ester were also products of 
oxidation of ethyl 3-hexenoate, as shown above. 

The dehydrodimer  peak from ethyl  2-hexenoate is 
smaller in proport ion to the other "less volati le" products 
than in the case of ethyl 3-hexenoate. Its mass spectrum is 
identical to that  of the dehydrodimer  from ethyl 3- 
hexenoate. 

As with the ethyl 3-hexenoate, the largest peak in the 
"less volatile" fraction corresponds to the epoxy ester; 
however, the oxirane ring in this structure is located in the 
2,3-position. 

The qualitative composit ion of  the "more  volatile" 
portion of the oxidation products of ethyl 2-hexenoate is 
very similar to that  of ethyl 3-hexenoate. The unsaturated 
ketone 3-penten-2-one, prominent in the "more  volatile" 
fraction of the 3-isomer, is absent. Ethyl formate was not  
detected in the oxidation products of the 3-isomer. 

Although many of  the same compounds were present in 
both esters, important  differences in quanti ty are obvious. 
Ethyl butanoate,  ethyl pentanoate,  ethyl  crotonate,  and 
ethyl hexanoate correspond to large peaks in the case of 
ethyl 3-hexenoate, but they are present only at extremely 
low levels in the case of the 2-isomer. The very small 
amount  of ethyl 3-hexenoate produced during the oxida- 
tion of the 2-isomer contrasts with the large increase in 
proport ion of ethyl  2-hexenoate during the oxidat ion of  
the 3-isomer. A small amount of methyl 2-hexenoate was 
also found among the "more volatile" components  from 
the oxidat ion of ethyl 2-hexenoate. 

DISCUSSION 
From the results of this study it appears that most of the 

oxidat ion products of short  chain, mono-unsaturated fat ty  
acids arise from the decomposit ion of both  hydroperoxide 
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and epoxy intermediates. The position of the double bond 
is important  since the predominance of specific hydro- 
peroxide isomers varies according to whether or not con- 
jugation of the double bond with the carbonyl function of 
the carboxyl group was produced. This observation was also 
reported by Rieche et al. (4). 

In case of ethyl 3-hexenoate, alpha hydrogen abstraction 
may occur at position 2 or 5. 

O 
II 

CH 3CH2-CH=CH-CH2-C-OC 2H5 

~-H 
" 

o o 
o r  

CH3C~2CH- =CH-~-OC2Hs CH3-CH---CH-~ H-CH2-~-OC2Hs 

Position 2 is likely to be the preferred site since the free 
electron would be in conjunction vdth both the double 
bond and the carbonyl group. Isomerization of the double 
bond places the free radical in positions 4 and 3. Of all four 
sites, position 4 seems the most likely to predominate, since 
the double bond and the carbonyl would be in conjugation. 
In accordance with this, the oxo- and hydroxy:esters 
identified among the "less volatile" products were substi- 
tuted in the 4-position. 

In the case of ethyl 2-hexenoate, alpha hydrogen 
abstraction can occur only at position 4. The resulting free 
radical can theoretically isomerize to position 2, but  that is 
unlikely since the double bond would no longer be in con- 
jugation with the ester carbonyl. Thus, both the 2- 
hexenoates and the 3ohexenoates favor hydroperoxide 
formation on carbon 4. This explains why many products, 
particularly the oxo- and hydroxy-esters in the 4-position, 
are identical for both the 3- and 2-isomers. 

Along with the epoxy-ester and 4-oxo-ester, the de- 
hydrodimers were major compounds produced early in the 

? 9 
HC-~H-qH-CH 

~H2CH2 
CH3CH3 

+ 

OO 
I I  II 

2HC-C-OCH2CH 3 

M + 142 

M + 102 

oxidation of the hexenoates. Dehydrodimers have been 
produced from unsaturated esters by the action of heat 
alone (14), of heat plus oxygen (15), and of gamma irradia- 
tion (16). They form from the union of two free radicals 
with or without isomerization of the double bond. 
Theoretically, 10 dehydrodimers could form from the 
3 - h e x e n o a t e s .  However, Howton (16) reported that 
dehydrodimers from irradiated oleate do not form in 
proportions equal to those of chance combinations; the 
isomers containing the cross-linkage closer to the carboxyl 
group predominated. In the present study, only the I-I and 
I-II dimers were produced in quantities sufficient for 
detection. The amount of dehydrodimers produced from 
the 2ohexenoates was less than that produced from the 
3-isomers. This may reflect the reduced number of free 
radicals available for dimerization of the 2-hexenoates. 

Epoxy esters with the oxirane group at the site of the 
double bond were major products of the oxidation of the 3- 
and 2-hexenoates in this study. Controversy exists regarding 
the mechanism of epoxide formation (17-19). Epoxides 
may form by direct attack of hydroperoxides or peroxy 
radicals on the carbon-carbon double bond (20). 

ROOH 
-CH-CH- + ROH [ 1 ] 

\ /  
O 

-CH=CH- 

or 

-CH=CH . 
ROO o 

~-CH-CH ) -CH-CH- + RO" [2] 
! \ /  
02R O 

Epoxides may also form intramolecularly by decomposi- 
tion of hydroperoxides. 

o H,  

-CH=CH-CH - ~ -CH=CH-CH--~-CH-CH-CH - --~ -CH2-CH-CH- 
I I x /  ..,,. # 

OOH O O O 

[31 
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F r o m  the  3-isomers,  the  3 , 4 - e p o x y h e x a n o a t e s  cou ld  be 
f o r m e d  in t r amolecu l a r ly  as p roposed  b y  Swern  (18) .  A free 
radica l  wou ld  abs t r ac t  an a lpha  h y d r o g e n  f r o m  C2, the  
doub le  b o n d  would  i somer ize  to  the  2 -pos i t ion  to  b e c o m e  
con juga t ed  wi th  the  es ter  ca rbony l ,  and  the  h y d r o p e r o x i d e  
would  fo rm at C4. 

02 , H • 
CH3CH2CH=CH-C H-COOR----~CH3CH2-C H-CH=CH-COOR 

CH3CH2~H-CH=CH-COOR 

OOH 

Degrada t ion  of  the  h y d r o p e r o x i d e  acco rd ing  to  r eac t ion  3 
would  lead to  the  3 ,4 - epoxyhexanoa t e s .  However ,  th is  
m e c h a n i s m  is no t  l ikely to  be  respons ib le  for  the  p roduc-  
t ion  of  2 , 3 - e p o x y h e x a n o a t e  f r o m  the  2-isomer.  A b s t r a c t i o n  
of  an a lpha  h y d r o g e n  f r o m  C4 would  occu r  as the  ini t ia l  
s tep in h y d r o p e r o x i d e  f o r m a t i o n ,  bu t  i somer i za t ion  of  the  
double  b o n d  to  the  3-pos i t ion  is un l ike ly  because  this  
would  resul t  in  the  loss of  con j uga t i on  s tab i l iza t ion .  Thus ,  
the  h y d r o p e r o x i d e  group mos t  p r o b a b l y  fo rms  at C4, and  
the  e p o x y  group  p roduced  accord ing  to  r eac t i on  3 would  
again be in the  3 ,4-posi t ion.  Since 2 ,3 -epoxy  esters were 
p r o d u c e d  dur ing  the  o x i d a t i o n  of  t he  2 -hexenoa tes ,  t he  
mos t  plausible  m e c h a n i s m  involves d i rec t  a t t a c k  o n  the  
double  b o n d  accord ing  to  r eac t ions  1 or  2. 

To c o n f i r m  the  mechan i sms  p r o p o s e d  here ,  the  t h e r m a l  
ox ida t i on  of  some 6-carbon  and  8 -ca rbon  m o n o - u n s a t u -  
ra ted  free acids as well as t he i r  m e t h y l  es ters  was examined .  
The  resul ts  are r epo r t ed  in a s u b s e q u e n t  paper .  
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