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ABSTRACT 

The gas chromatography-mass spec- 
t rometry  (GC-MS) method developed in 
the preceding papers was extended to the 
analysis  of autoxidat ion products of 
methyl  linolenate. Four isomeric hydroxy 
allylic trienes with a conjugated diene 
system were identified after reduction of 
the linolenate hydroperoxides.  All eight 
geomet r i c  trans, eis- and trans, trans- 
conjugated diene isomers of these hy- 
droxy allylic compounds were identified 
and partially separated by GC of the trim- 
ethylsilyl (TMS) ether derivatives. The 
proport ion found of 9- and 16-hydro- 
p e r o x i d e s  was s i g n i f i c a n t l y  higher 
(75-81%) than the 12- and 13-hydro- 
peroxides (18-25%). The tendency of 
the 12- and 13-hydroperoxides to form 
c y c l i c  p e r o x i d e s ,  cyclic p e r o x i d e -  
hydroperoxides,  and prostaglandin-like 
endoperoxides was supported by indirect 
evidence for the presence of 9,10,12- and 
13 ,15 ,16 - t l } ihyd roxyoc t adecanoa t e  in 
hydrogenated derivatives of  the highly 
oxygenated products. The quantitative 
GC-MS method was used to determine 
the relative contr ibution of  linolenate, 
linoleate, and oleate in mixtures to the 
formation of hydroperoxides.  

INTRODUCTION 

In the first two papers in this series (1,2), 
structural investigations were made of autoxida- 
tion products of methyl  oleate and linoleate by 
gas c h r o m a t o g r a p h y - m a s s  s p e c t r o m e t r y  
(GC-MS). We showed that this analytical tool  is 
powerful for qualitative studies, but  quantita- 
tive studies require standardization with au- 
t h e n t i c  synthetic compounds. Quantitative 
GC-MS was also used as a method for deter- 
mining isomeric hydroperoxide composit ion of 
autoxidized mixtures of methyl  oleate and lin- 
oleate (2). This paper reports an extension of 
these studies to the autoxidat ion products of 
methyl linolenate and to the analysis of its 

lpresented  at the AOCS Meeting, New York, May 
1977. 

autoxidized mixtures with methyl  linoleate and 
oleate. 

EXPERIMENTAL PROCEDURES 

Methyl linolenate was prepared from methyl  
esters of linseed oil and purified by counter- 
double current distribution (3). It analyzed 
99.9% linolenate by  GC. 

Procedures for autoxidation,  analyses, KI 
and NaBH4 reduction, catalytic hydrogenation,  
silylation, and GC-MS were the same as before 
(1). Catalytic hydrogenation of  autoxidized 
linolenate with PtO2 in 95% EtOH caused no 
apparent hydrogenolysis of oxidation products 
because GC analysis showed no increase in 
stearate. Authentic 9-. 13-, and 16-hydro- 
xyoctadecanoate were derived by NaBH4 re- 
d u c t i o n  of the corresponding keto esters 
synthesized by literature methods (4). Methyl 
12-hydroxyoctadecanoate  was derived from 
ricinoleate by catalytic hydrogenation and pur- 
i f i e d  c h r o m a t o g r a p h i c a l l y  (5 ) .  Methy l  
9,10,12-tr ihydroxyoctadecanoate was prepared 
by hydroxylat ion of  either ricinoleic acid with 
alkaline KMnO4 to obtain the erythro acids, or 
methyl  ricinoleate with formic acid-H202 to 
obtain a mixture of diastereoisomers (6). For  
these polyhydroxy compounds to achieve corn- 

l 

lime 

FIG. 1. Gas chromatogram of silyl ethers from 
hydroxy derivatives of methyl linolenate autoxidized 
at room temperature to a peroxide value of 1315. A. 
NaBH4 reduced. B. KI reduced, C. Catalytically 
hydrogenated. 
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TABLE I 

Mass Spectral Data 

Characteristic fragments Identificationa,b 
Peak m/e (relative abundance) (C-18 OTMS methyl esters) 

Figure 1A NaBH 4 reduced-oxidized linolenate 
I 183 (79o7), 365 (2.0) M-15,380 (1.3) M 12-OH-triene (B)C 

223 (23~ 9-OH-triene (A) 
311 (56.3) 13-OH-triene (C) 
183 (78.7),d 365 (2.0) M-15,380 (1.7) M 16-OH-triene (D) 
351 (15o9) 

Figure 1 B KI reduced-oxidized linolenate 
I 183 (67.6), 365 (1.8) M-15,380 (1.5) M 12-OH-triene (B)C 

223 (30.1) 9-OH-triene (A) 
311 (55.8) 13-OH-triene (C) 

II 183 (95.4), 365 (1.5) M-15, 380 (1.5) M 12-OH-triene (B) e 
351 (13.8) 16-OH-triene (D) 

III 223 (45.3), 365 (1o7) M-15, 380 (2.5) M 9-OH-triene (A) 
311 (56.7) 13-OH-triene (C) 

IV 183 (75o3), c 365 (1.6)/V'r-15, 380 (1.5) M 16-OH-triene (D) 
351 (18.4) 

Figure 1C Hydrogenated-oxidized linolenate 
I 229 (93.9), 259 (100), 371 (4.3) M-15 9-OH-ane 

187 (26o5), 301 (22.7) 12-OH-ane 
173 (12.6), 315 (8.3) 13-OH-ane 

II 131 (100), 357 (27o4), 371 (1.7)M-15 16-OH-ane 
III 187 (100), 259 (37.2), 503 (1.0) M-59 9,10,12-triOH-ane 
IV 131 (3604), 315 (100), 503 (1.0) M-59 13,15,16-triOH-ane 

aBased on comparison with reference compounds: methyl 9-, 12-, 13-, 16-hydroxy- 
octadecanoate, methyl 9,10,12-trihydroxyoctadecanoate, and by analogy with reported 
fragmentation schemes (9,10). 

bSee structures and fragmentation given in text. 
CDue to cis;trans-12-OH-trieneo 
dRearrangement fragment from Do 
eDue to both trans, trans-12-OH-triene and to rearrangement from D. 

plete silylation, it was necessary to use pyri-  
d i n e ,  h e x a m e t h y l  disilazane, and t r imeth-  
ylchlorosi lane (7). 

RESULTS 

Four  isomeric allylic h y d r o x y  t r ienes wi th  a 
conjugated trans, cis/cis, trans diene sys tem are 
fo rmed by  reducing the co r respond ing  l inolen- 
ate hydrope rox ides  (8). The s t ructure  of  the 
t r imethyls i ly l  e ther  (OTMS) derivatives and the  
expec ted  MS f ragmenta t ion  are as follows: 

I 
I 9 1 0  12 15 

R--I--CH--CH=CH-CH=CH-CH2-CH=CH-CH2CH 3 A 
I I 
f oTMS 

223 
I 

9 I 12 13 15 
R-CH=CH-CH2-t--CH-CH=CH-CH=CH-CH2 CH 3 B 

I I 
[ OTMS 

183 
9 13 I 15 

R-CH=CH-CH=CH-CH----~H2-CH=CH-CH2-CH3 C 
I I 
OTMS | 

9 12 311 I I 16 I 
R-CH=CH-CH2-CH=CH-CH=CH-CH : CH2-CH3 D 

I I 
OTMS I 
351 I 

[ R = - (CH2)7COOCH 3 ] 

When m e t h y l  l ino lena te  was au tox id ized  at 
room t empera tu re  to  min imize  the fo rma t ion  
of  trans, trans-diene isomers,  two p r o m i n e n t  

peaks I and  lI  were ob t a ined  on  GC af ter  
NaBH4 reduc t ion  and si lylation (Fig. 1A). MS 
showed  tha t  peak I is due to  a mix tu re  of  9-, 
12-, and 13-OTMS esters (A, B, and C) by  the 
respect ive masses 223, 183, and 311 ; and tha t  
peak II is due to  the  16-OTMS ester (D) (Table 
1). The expec ted  f ragment  mass for  this i somer  
D, m/e  351, is accompanied  by m/e  183, due to  
the  12-OTMS isomer  B. Apparen t ly ,  on mass 
spec t rome t ry ,  there  is a rea r rangement  be tween  
D and B, and the f ragment  of  m/e  183 is fav- 
ored because it has only  one oxygena ted  func- 
t ion or because it t ends  no t  to fo rm the  high en- 
ergy e thyl  radical. Any  cor responding  rearrange- 
men t  expec ted  be tween  the 9- and 13-OTMSiso- 
mers  (Ar could no t  be de tec ted  because these 
two isomers are no t  separated and emerge to- 
gether  wi thin  peak I. Ident i f ica t ions  o f  the four  
h y d r o x y  isomers is conf i rmed  below by analyses 
of  the sa tura ted derivatives. 

When me thy l  l inolenate  was autoxid ized  at 
60 C, peaks Il l  and IV increased in relative size. 
These peaks became  especially p r o m i n e n t  when  
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KI was used instead of NaBH 4 as the reducing 
agent (Fig. 1B). In our previous paper (2), we 
observed that the 9- and 13-dienols from auto- 
xidized linoleate are separated by GC according 
to the conjugated diene configuration, the trans, 
trans-isomers having a longer retention than 
the cis, trans-isomers. Also, it was shown that KI 
reduction results in an increase in the relative 
proportion of the trans, trans-dienol isomers. 
Infrared analyses showed that the ratio of the 
bands at 983 (tram, tram plus cis, trans} and 945 
cm -1 (cis, trans) was greater in the KI-reduced 
sample (12.0) compared to the NaBH4-reduced 
sample (6.5). On the basis of these observations 
and of the MS data (Table I), the following 
structural assignments can be made for the gas 
chromatogram in Figure 1B. Peak I: mixture of 
trans, cis-9-OTMS (m/e 223), -12-OTMS (m/e 
183) and -13-OTMS (m/e 311) esters; peak II: 
mixture of trans, trans-12-OTMS (m/e 183)and 
trans, cis-16-OTMS (m/e 351 and m/e 183 by 
rearrangement); peak III: mixture of trans, 
trans-9-OTMS (m/e 223) and -13-OTMS (m/e 
311); and peak IV: trans, trans-16-OTMS (m/e 
351 and m/e 183 by rearrangement). 

The more polar peaks of longer retention 
than peak IV (Fig. 1A and 1B) are more diffi- 
cult to identify without proper reference com- 
pounds. However, significant mass fragment of 
m/e 131 and 259 suggests the presence of poly- 
hydroxy esters with OTMS substituents on 
C-16 and C-9, respectively. Less abundant frag- 
ments at m/e 183 and 311 also indicate the 
presence of polyhydroxy esters with OTMS 
substitutents on C-12 and C-13, respectively. 

After double bond hydrogenation of the 
autoxidized linolenate, the gas chromatogram 
showed four well-separated peaks (Fig. 1C). MS 
identifications (Table I) were confirmed by 
comparison of chromatographic (GC and TLC) 
and MS data with those of authentic com- 
pounds and by mass chromatography (1,2). The 
9-, 12-, and 13-OTMS saturated esters are 
partially separated in peak I, and the 16-OTMS 
ester is completely separated in peak II. There 
was no evidence of any other mono OH ester 
that might be derived from hydroperoxides on 
C positions 8, 10, 15, and 17. The tri-OTMS 
derivatives with end substituents on C-9 (m/e 
259) and C-12 (m/e 187) emerge in peak III, 
and with end substituents on C-13 (m/e 315) 
and C-16 (m/e 131) emerge in peak IV. These 
assignments were confirmed by mass chromato- 
graphy showing a scan of the appropriate 
masses (Fig. 2). The identity of peak III was 
further confirmed by peak enhancement result- 
ing when ery thro-9,10,12-trihydroxyoctadeca- 
noates were added to the sample. The small 

12-0H 
13-,H 

~ / - - - - ~  9,10,12- 13,15,16- 
L _ _  triOH 

30 40 50 60 70 80 90 100 110 
9 10 12 

90, 

OTMS[OTMS |OTMS 
259 |187 

m/e 229 I/ ~ \ 

 /it ..... 
m/e 259 / M "  . . . .  Y 

m/e 187 

m/e 301 
t 13 15 16 
13.0, , c , - t c ,2  c, 

/| OTMS [ OTMS I OTMS 
I! 315/ 1 TM 

m/e 131 

m/e 357 

10 20 30 40 50 60 70 80 90 100 110 
Spectrum Number 

FIG. 2. Mass chromatography of hydrogenated- 
autoxidized methyl linolenate (peroxide value 1315). 

shoulder of lower retention was also enhanced 
when the mixture of diastereoisomeric 9,10,12- 
trihydroxy esters was added to the sample. The 
MS of fractions from peak II! obtained with 
those mixtures were identical to those of the 
original hydrogenated oxidized sample. These re- 
sults are consistent with the presence of 9,10,12- 
triOTMS esters (peak III) and 13,15,16-triOTMS 
esters (peak IV). 

Quantitative GC-MS analysis was carried out 
by the same computer summation method 

standardized in the preceding papers for auto- 
xidized oleate and linoleate (1,2). The results 
obtained with artificial mixtures of synthetic 
9-, 12-, 13-., and 16-hydroxyoctadecanoate were 
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T A B L E  II 

Analysis  of  S yn the t i c  H y d r o x y o c t a d e c a n o a t e s  by GC-MS and by GC 

GC-MS (rel. %)a GC (rel. %)b 

K n o w n  9- + 12- + 
m i x t u r e s  9-OH 12-OH 13-OH t 6 - O H  13-OH 16-OH 

Mixture  1 24.8 24.8 26.3 24.1 75.9 24.1 
F o u n d  23~ 25o 1 26~ 25.0 76.2 23 .8  

Mixture  2 29~ 10o6 10.7 49.5 50o5 49.5 
Found  27~ 11o6 13o0 47 .8  50.5 49.5 

Mixture  3 15o9 35.8 31.7 16.6 83.4 16.6 
Found  14.7 36.5 32.6 16.2 83.4 16.6 

Mixture  4 31o4 21o8 18.4 28.4 71.6 28.4 
Found  28.6 24~ 18o9 28.5 71.5 28.5 

Mixture  5 20.3 28.7 28 .8  22.2 77~ 22.2 
Found  18o4 29~ 29.8  22.2 78~ 21.3 

Mean rel. % for  
5 mix tu re s  24~ 24.3 23.2 28.2 71.8 28.2 
Found  22.4  25.3 24.3 28.0 72.1 27.9 

S tanda rd  
devia t ion  0063 0 .28  

aBased on c o m p u t e r  s u m m a t i o n  o f  masses 229 +2 5 9  fDr 9-OH isomer ,  masses  187+301 
for  12-OH isomer ,  masses  173+315  for  13-OH isomer ,  and  masses 131-357 for  16-OH iso- 
m e r  (OTMS der ivat ive) .  

bBased on separa t ion  s hown  in Figure 1C: Peak I = 9- + 12- + 13-OH isomer ,  Peak II  
= 16-OH isomer .  

T A B L E  II I  

GC-MS Analysis  a o f  I somer ic  H y d r o x y o c t a d e c a n o a t e  
f r o m  A u t o x i d i z e d  Methyl  L ino lena te  

Relative pe rcen t  

Peroxide  value T e m p . ,  C 9-OH 12-OH 13-OH 16-OH 

134 25 28.1 11.4 11.4 49.1 
495 25 31.7 10.7 10.9 46 .7  

1315 25 31.9 8.2 10.0 49 .9  
337 40 30.4 11.9 13.0 44 .8  
710 40 33~ 10.6 11o9 44.1 

1183 40 35. t 10o0 12.2 42 .7  
212 60 26.6 10.3 11.1 52.0 
639 60 33.4 10.9 12.5 43 .4  

1130 60 28.2 13ol 11.7 47 .0  
466  80 34.8 13o2 10.S 41 .4  

1839 80 33.5 8.9 12.5 45.1 

aSee f o o t n o t e  a in Table  II. 

quantitatively reliable as shown by a calculated 
standard deviation of 0.63 between known 
compositions and experimental values (Table 
II). A further check was made by quantitative 
GC analysis of the 16-hydroxy isomer which 
was separated from the other three hydroxy 
isomers (Fig. 1C). The standard deviation from 
the known mixtures calculated to be 0.28. 

Samples of methyl linolenate oxidized to 
different peroxide values and at different tem- 
peratures show that the proportion of 9- and 
16-hydroxy esters was significantly higher 
(75-82%) than the 12- and 13-hydroxy esters 

(18-25%) (Table IIl). In a previous paper (8), 
we estimated the hydroperoxides from linolen- 
ate autoxidized at 37 C by analyzing cleavage 
products of monoenes derived by dehydration 
from hydroxyoctadecanoate derivatives. The 
distr ibution obtained (30.2% 9-OH, 10.7% 
12-OH, 9.8% 13-OH, 48.1% 16-OH) is in good 
agreement with out present GC-MS analyses in 
Table III. 

The quantitative GC-MS method was also 
applied to the analysis of autoxidized mixtures 
of linolenate with linoleate and with oleate. 
Two different binary mixtures and one ternary 
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15 12 9 

02 02 ~-H" 02 02 
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+ 
OOH HO0 

12- § 16- Hydreperoxides 9- * 13- 

F I G .  3. Mechanism of linolenate autoxidation. 

00. 0--0 

9,10,12- + 
+ 02 =, . - ~  13,15,16- 
+ H" Trihydroxy- 

E OOH octadecanoate 

Cyclic peroxide- 
hydroperoxides 

FIG. 4. 1,4-Cyclization of 12- and 13- 
hydroperoxides of linolenate. 

OOH 

~ - H -  

0-0 0 0 

F +H .~  Malonaldehyde 

I i 

0 + isomers 0 0-0 

0 
D 
H 

FIG. 5. Prostaglandin-like endoperoxides and 
malonaldehyde formation by 1,3-cyclization of 12- 
and 13-hydroperoxides of linolenate (14). 

mixture were autoxidized at different levels, 
and the hydroxyoctadecanoate TMS derivatives 
were analyzed by GC-MS. With these mixtures, 
the 9-hydroxy ester comes from the hydro- 
peroxides of  all three fatty esters and the 
13-hydroxy ester from both linoleate and lino- 
l e n a t e  hydroperoxides .  The 8-, 10-, and 
l l -hydroxy esters come from oleate hydro- 
peroxides whereas the 12- and 16-hydroxy 
esters come only from linolenate hydroper- 
oxides. To estimate the different hydroper- 
oxides in these autoxidized mixtures, one can 
use the values for the 12- and 16-hydroxy esters 
which are unique for the linolenate hydroper- 
oxides, and the values for the 10- and l l- 
hydroxy esters which are unique for the oleate 
hydroperoxides. The different hydroperoxides 
were thus estimated in autoxidized mixtures by 
assuming that the sum of the 12- and 16- 
hydroxy esters are formed in the same propor- 

tion (averaging 56.5%) as in pure linolenate, 
and that the sum of the 10- and l l -hydroxy  
esters form 50% of the oleate hydroperoxides. 

With equal binary mixtures of esters auto- 
xidized at levels below 10% (PV less than 610), 
the proportion of  linolenate hydroperoxides 
varied from 36 to 48% compared to 52 to 64% 
for linoleate hydroperoxides, and was much 
greater than that of  oleate hydroperoxides 
(Table IV). At higher peroxide values, the pro- 
portion of linoleate hydroperoxides was even 
larger than that of linolenate hydroperoxides 
which in turn was larger than that of oleate 
hydroperoxides. 

With the linoleate-linolenate mixture con- 
taining 10% linolenate autoxidized to a per- 
oxide value of 340, 32% of the hydroperoxides 
originated from linolenate. At the more advan- 
ced levels of oxidation, as expected, the dom- 
inant hydroperoxide originates from the dom- 
inant fatty ester in the mixture. 

With the oleate-linoleate-linolenate mixtures 
autoxidized to a PV of 114, 52% of the hydro- 
peroxides were derived from linolenate and 
39% from linoleate. This ratio is reversed at the 
higher peroxide levels. In all samples, the con- 
tribution from oleate hydroperoxides remained 
constant at 9%. 

D I S C U S S I O N  

In previous papers (8,11), we formulated a 
mechanism for linolenate autoxidation based 
on that of methyl linoleate. Hydrogen abstract- 
ion on C-11 and C-14 of linolenate produces 
two pentadiene radicals, each having two equiv- 
alent sites for 02 attack: C-9 and C-13 on one 
hand, and C-12 and C-16 on the other hand 
(Fig. 3). As with linoleate (11), the products 
expected by this scheme would be equal 
amounts of 9-, 13-, 12-, and 16-hydroperoxides 
with cis, trans/trans, cis-conjugated diene sys- 
tems. However, our present GC-MS results show 
a significantly larger concentration of the 9- 
and 16-hydroperoxides than the 12- and 
13-hydroperoxides. This distribution is in re- 
markably good agreement with our earlier re- 
sults based on an entirely different chemical 
characterization scheme (8). We suggested at 
that time that either the pentadiene radicals 
prefer to react with 02 at the end C-9 and C-16 
positions, or that the 12- and 13-hydroperoxide 
isomers are more easily decomposed. Steric 
factors might indeed be invoked for greater at- 
tack of 02 on C-9 and C-16 than on C-12 and 
C-13 on one hand, and greater attack on C-16 
than on C-9 on the other hand. 

Fol lowing our earlier work, Haverkamp 
Begemann et al. (12) identified isomeric cyclic 
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p e r o x i d e - h y d r o p e r o x i d e s  a m o n g  the  more  polar  
p roduc t s  o f  l ino lena te  au tox ida t ion .  The  per- 
oxides  w i th  a s i x -membered  ring b e t w e e n  C-9 
and  C-12 on  one  hand ,  and  b e t w e e n  C-13 and  
C-16 on  the  o the r  hand ,  are derived f rom the  
co r re spond ing  12- and  13-hydroperox ides  of  
l inolenate .  Indeed,  G u n s t o n e  ( 1 3 ) s u g g e s t e d  
t h a t  t h e  r educ ted  yield of  12- and 13- 
h y d r o p e r o x i d e s  we r epo r t ed  (8) m a y  be due  to  
the i r  un ique  1,5-diene s t ruc tu re  leading to  t he  
f o r m a t i o n  of  the  s ix -membered  cyclic pe rox ide-  
h y d r o p e r o x i d e s  (Fig. 4). 

T h e  r e d u c e d  y i e l d s  o f  12- and  13- 
h y d r o p e r o x i d e s  f rom l ino lena te  can also be  ex- 
pla ined b y  the i r  t e n d e n c y  to cyclize i n to  pro-  
s taglandin- l ike endoperox ides .  P ryo r  et  al. (14)  
r epo r t ed  evidence  for e n d o p e r o x i d e s  f rom auto-  
xidized l ino lena te  w i th  s t ruc tu res  re la ted  to  
those  of  the  e n d o p e r o x i d e s  fo rmed  f rom ara- 
ch idonic  acid in the  b i o s y n t h e t i c  p a t h w a y  es- 
t ab l i shed  for  p ros t ag land in  (15) .  T h e y  fo rmu-  
la ted the  in te rna l  12- and  13-hydroperox ides  as 
the  source  of  endope rox ides  wh ich  on  decom-  
pos i t ion  give m a l o n a l d e h y d e  and a posi t ive  
TBA test  (Fig. 5). The  chemis t ry  of  l ino lena te  
a u t o x i d a t i o n  b e c o m e s  par t icu lar ly  i m p o r t a n t  
t o d a y  if  t he  suggest ion of  P ryor  et  al. (14)  is 
valid t ha t  some  of  the  s y m p t o m s  of  l ipid per- 
ox ida t i on  in vivo could  or ig ina te  f rom n o n e n z y -  
m a t i c a l l y  p r o d u c e d  pros tag land ins  or the i r  
s tereoisomers .  

The  h igher  o x y g e n a t e d  p roduc t s  ind ica ted  in 
this  pape r  b y  GC-MS in r educed  or  hydro -  
gena ted  ox id ized  l ino lena te  inc lude  t r i h y d r o x y  
esters. The  9 ,10 ,12-  and 1 3 , 1 5 , 1 6 - t r i h y d r o x y  
esters d e t e r m i n e d  in this  pape r  and  iden t i f i ed  
b y  Haverkamp B e g e m a n n  et al. (12)  can  be  pro-  
duced by  h y d r o g e n a t i o n  f rom e i the r  the  six- 
m e m b e r e d  cyclic p e r o x i d e - h y d r o p e r o x i d e  o f  
t ype  E or  f rom the  e n d o p e r o x y h y d r o p e r o x i d e s  
of  t ype  F f o r m u l a t e d  b y  P r y o r  et  al. (14).  

In the  previous  paper  of  this  series, we ana- 
lyzed  the  h y d r o p e r o x i d e s  f rom d i f fe ren t  au to-  
xidized mix tu re s  of  oleate  and  l inolea te  (2). 
Linoleate  h y d r o p e r o x i d e s  d o m i n a t e d  the  pro- 
ducts  f rom d i f fe ren t  m ix tu re s  at  low levels of  
ox ida t ion .  In t he  p resen t  s tudy ,  w i th  equal  mix-  
tures  of  esters au tox id ized  at levels be low 10%, 
the  p r o p o r t i o n  of  l ino lena te  h y d r o p e r o x i d e s  
ac tual ly  de t ec t ed  was less t h a n  t h a t  o f  l ino lea te  
b u t  m u c h  grea ter  t h a n  t h a t  of  o lea te  h y d r o p e r -  
oxides.  These  resul ts  ref lect  n o t  on ly  the  great-  
er ease of  h y d r o g e n  abs t r ac t i on  f rom l ino lena te  
and  l inolea te  c o m p a r e d  w i t h  t h a t  o f  oleate ,  b u t  
also suggest the  loss of  l ino lena te  h y d r o p e r -  
oxides  b y  cyc l i za t ion  and seconda ry  ox ida t ion .  
When the  m i x t u r e s  c o n t a i n e d  on ly  10% l inolen-  
ate, the  p r o p o r t i o n  o f  l ino lena te  h y d r o p e r -  
oxides  was cons iderab ly  greater.  In  m i x t u r e s  

con ta in ing  the  same ini t ia l  c o n c e n t r a t i o n  of  
l inolea te  and  l ino lena te ,  t he  h igher  level found  
of  l inolea te  h y d r o p e r o x i d e  can  be  expla ined  by  
the  d i f fe rence  in relat ive rates  of  p ropaga t ion  
and  t e r m i n a t i o n  of  t he  respect ive  p e r o x y  radi- 
cals. A l t h o u g h  p r e d o m i n a n t  a u t o x i d a t i o n  o f  
l ino lena te  is l ikely,  l ino lena te  hydroperoxi~les  
would  b e  expec t ed  to  d e c o m p o s e  more  readi ly  
and n o t  accumula t e  to  as h igh  a level as the  
o t h e r  h y d r o p e r o x i d e s  (11).  

The  GC-MS app roach  is t hus  usefu l  in deter -  
min ing  the  origin o f  h y d r o p e r o x i d e s  f o r m e d  in 
a u t o x i d i z e d  mix tu re s  of u n s a t u r a t e d  fa t ty  
esters. The  nex t  pape r  in th is  series will deal  
wi th  a s t udy  of  ox ida t i on  p r o d u c t s  f rom mix-  
tures  of  u n s a t u r a t e d  fa t ty  esters in  vegetable  
oils to  d e t e r m i n e  the i r  relat ive role as precurs-  
ors o f  off-flavors. 
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