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Abstract 
Quantitative measurements of epoxyoleic acid 

and co-occurring fat ty  acids in maturing Ver- 
nonia anthelmintica (L.) Willd. seeds were made 
to elucidate partially the mode of epoxyoleic bio- 
synthesis. Free (+)  threo-12,13-dihydroxy-cis- 
9-octadecenoie acid was the major component at 
an intermediate maturation stage, and is believed 
'to be dehydrated to free epoxyoleic acid before 
incorporation into glycerides. 

Introduction 

T HE PRINCIPAL constituent (ca. 70%) in the oil 
extracted from mature Vernonia antheImintica 

(L.) Willd. (irouweed) seeds has been shown to be 
cis- 12,13-epoxy-cis-9-octadecenoic acid (6), commonly 
called epoxyoleic or vernolic acid. To elucidate the 
mode of biosynthesis of cpoxyoleic acid and its quan- 
titative relationship to co-occurring fat ty acids, com- 
positional studies were made on the oils extracted at 
different stages of seed maturation. Oxygenated fat ty  
acids occurring only in immature seeds were sought 
as probable precursors to epoxyoleic acid. Oleic and 
linoleic acid concentrations were also examined for 
trends which would provide some bases for the assump- 
tion that either may be the substrate for epoxidation. 
"Free"  and "g lycer ide"  fat ty acid fractions were 
analyzed separately to determine the gtate in which 
the fat ty  acids existed when undergoing epoxidation. 

Experimental 

Seed Preparation. Vernonia anthelmintica (iron- 
weed) plants were grown in a controlled environment, 
and seeds were collected at 3-day intervals, beginning 
12 days after initiation of flowering and ending after 
36 days when seeds were considered mature. All seeds 
were stored at --20C immediately after harvesting to 
minimize chemical changes. 

Preliminary Seed and Oil Analyses. The weight per 
thousand seeds was determined for each sample, and 
then the seeds were ground in a 6-in. hammer mill for 
moisture determination and oil extraction, each ac- 
cording to procedures recommended by the AOCS 
(11). The extracted oil was analyzed for epoxyoleic 
acid content by t tBr  titration (4), for free fa t ty  acid 
content by aqueous ethanolic KOH titration, and for 
total fa t ty  acid content by saponification (17). 

Separation of Free Fatty Acids. Isolation of free 
fa t ty  acids and preparation of methyl esters from 
glyceride (or any esterified) fat ty acids were carried 
out in a single process. Because the oxirane ring of 
epoxyoleic acid is subject to chemical changes by acid 
catalysts, methanolie sodium methoxide was used. The 
equivalency ratio of sodium methoxide to total fa t ty  

1 Presented before the Division of Biological Chemistry, Am. Chem. 
Soc. meeting in St. Louis, Mo., 1961. 

A laboratory of the No. Utiliz. Res. & Dev. Div.', ARS, U.S.D.A. 

acids was 1.0, calculated from the saponification value 
of the oil. 

The oil (0.95 g, 1 mmole of triglyeeride), sodium 
methoxide (0.069 g, 3 mg atoms of sodimn in 6 g  of 
methanolic solution), anhydrous methanol (50 ml) 
and anhydrous ethyl ether (5-20 ml, depending on 
solubility of the oil in methanol) were shaken gently 
in a ~F, 250-ml, round-bottom flask at room ~tempera- 
ture (23-26C) for 4 hr. The stopper was lubricated 
with methanol and fastened to the flask to prevent 
loss of sample. 

The solution was concentrated under vacuum to 
approximately 5 ml and transferred to a 125 ml sep- 
aratory funnel with 25 ml of ACS ethyl ether. The 
solid sodium derivatives remaining in the flask were 
dissolved in 5 ml of water and slowly transferred to 
the separatory funnel, as a layer. Upon standing for 
1 min the solid sodium derivatives dissolved into the 
aqueous phase, which was then withdrawn. The 
round-bottomed flask was rinsed with 10 ml of ethyl 
ether and 5 ml of water, and the heterogeneous rinse 
was transferred to the separatory funnel. After 
gently swirling the aqueous phase was withdrawn. 
The reaction flask was rinsed twice again in this man- 
ner; after each transfer the separatory funnel was 
shaken with increasing vigor. After the four with- 
drawals, the system was free from emulsification even 
with vigorous shaking. The ether phase was further  
washed with five 10-ml portions of water, and 'the 
combined aqueous phase was acidified with 31 ml of 
0.10 N HC1 and extracted with five 20-ml portions of 
ethyl ether. The latter ether extract was concentrated 
by vacuum distillation of the ether and methanol. 
The residue was dissolved in 20 ml of ethyl ether and 
washed five times with 5 ml of 0.5 N KfCOa and three 
times with 5 ml of water. The combined aqueous ex- 
tracts contained the unesterified free fa t ty  acids. The 
ether phase was combined with t h e  previous ether 
phase and concentrated by vacuum distillation under  
nitrogen. Traces of water were removed by distil- 
lation at 40C (bath) and 15-20 mm for 1 hr. F rom 
the weight of recovered methyl esters, the yield of 
glyceride fat ty acids was calculated after composition 
of the methyl ester was determined by gas-liquid chro- 
matography (GLC). 

Free fat ty acids were recovered from the aqueous 
phase, their yield was determined and methyl esters 
were prepared by the diazomethane method (1). 

Fatty Acid Composition by GLC. A Burrell Kromo- 
Tog K-5 gas chromatograph equipped with thermal 
conductivity cells was used to analyze the methyl 
ester derivatives. Details of experimental conditions 
and identification procedures have been reported ear- 
]ier (12). Composition based on methyl esters was 
corrected to the fat ty acid basis before tabulation. 

Characterization of 12,13-Dihydroxyvleic Acid. The 
major component in the 21-day oil, believed to be 'the 
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immediate precursor of epo.xyoleie acid, was charac- 
terized by gas chromatography using equivalent chain 
lengths (ECL) (12) and by comparison with a syn- 
thetic s tandard of 12,13-dihydroxyoleie acid (2). In- 
f rared  absorption spectra were obtained for methyl 

T A B L E  I 
F r e e  a n d  Total  F a t t y  Acids  in ~ a t u r i n g  Vernonia a~thelmintlea Seed 

(lVIilliequivalents pe r  g r a m  of oil) 

F r e e  f a t t y  acids  Total  fa t ty  acids  
Sample  

ident i f ied 
by day  

12 
15 
18 
21 
24 
27 
30 
33 
36 

( Matu  re)  

By  By  isolat ion 
t i t ra t ion  and  G L C  

ana lys i s  

1,8 2.3 
2.2 2.2 
] .9 1.8 
2.0 2 . l  
1.9 1.8 
5.7 1.6 
1.6 1.7 
1.1 1.2 
1.1 0.7 

By  By  isolat ion 
saponif icat ion and  G L C  

ana lys i s  

3.2 

3.1 3.0 
3.1 3.2 

3.1 

3.1 3.1 
3.0 3.3 
.... 3.3 

esters of the 21-day free, 33-day free, and 33-day 
glyeeride fa t ty  acid fractions to s tudy the correlation 
between IR and GLC analyses for  the concentration 
of the hydroxy constituent. 

Isolation of the 12,13-dihydroxyo]eie acid was ac- 
complished by separating the free f rom the glyeeride 
f a t ty  acids in the 21-day oil sample (0.1850 g) accord- 
ing to the procedure given above, dissolving the free 
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fa t ty  acids (0.1240 g) in 25 ml of distilled aeetonitrile, 
removing the nonpolar fa t ty  acids (0.0514 g) with 
seven 10-ml portions of n-hexane and finally reerys- 
tallizing, three times, tile dihydroxyoleie acid from 
analytical grade acetone cooled to --140 by solid car- 
bon dioxide in ethanol. (Yield = 0.0302 g). 

Melting point (Fisher-Johns melting point appa- 
ratus) and specific rotation (Rudolph polarimeter) 
determimftions were followed by part ial  catalytic hy- 
drogenation (13) of the monoenoic acid. In order to 
establish the positions of the unsaturat ion and the two 
hydroxyls  in a single step, hydrogen was added semi- 
quanti tat ively aiming to convert approximately 15% 
of the monoenoie to the saturated acid. The mixture 
of dihydroxyoleic and dihydroxystearie  acids was sub- 
jeeted to permanganate-periodate oxidative cleavage 
(18). The C9 and C12 saturated diearboxylie acids 
were recovered, and their ratio was determined by 
gas chromatographic analysis of the methyl esters, 
prepared by reacting the acids with diazomethane (1). 

Partial Identification of Unknowns. Six unknowns 
were found in the gas ehromatograms of the fa t ty  acid 
methyl  esters, as shown in Table II.  Evaluation of the 
ehromatograms suggested the possibility that five of 
the six may be bound as Coenzyme A thioesters in the 
extracted oil as discussed in the Results section. UV 
spectrophotometrie analysis was carried out on the 
15-day oil to acquire additional evidence for the pres- 
ence of Coenzyme A (5,10). The same oil sample was 
also tested qualitatively for sulfur by sodium fusion 
and lead acetate addition (15). 

R e s u l t s  

Preliminary Seed and Oii Analyses. The dry  weight 
per thousand seeds at different stages of maturat ion 
is shown in Figure 1, as well as the amount of oil 
extracted. Although growth rate was highest between 
18 and 21 days, maximum rate of oil production was 
observed at 24 to 27 days, coinciding with the maxi- 
mum rate of increase of epoxyoleie acid; little change 
in total d ry  weight of the seed occurred during this 
period. F rom 21 days on to matur i ty  the curves for 
oil and epoxyoleic acid are aln/ost parallel and indi- 
cate that  the oil increase is pr imarly  due to epoxyoleie 
acid. Oil content increases only slightly from 30 days 
on to maturi ty.  

A comparison between the analyses for epoxyoleie 
acid content by l t B r  t i t rat ion of the oil and by GLC 
analysis of total methyl esters is shown in Figure 1. 
Generally the agreement between the two is good. The 
largest discrepancy is in the mature sample, 1.28 vs 
1.18 g per 1,000 seed kernels. In the I iBr  t i t rat ion 
the mean deviation of duplicate runs was 6 parts per 
1,000 (ranging from 1 to. 15 parts per 1,000). 

Free  and total fa t ty  acid contents, determined by 
direct analysis of the oil are given in Table I. The 
mean deviation of duplicate runs in the free fa t ty  acid 
t i t rat ion analysis was 9 parts per 1,000 (ranging from 
0-13 parts  per 1,00'0), and that for 'total fa t ty  acid 
by saponification was 7 parts  per 1,000 (ranging from 
0-17 parts  per 1,000). For  comparative purposes, val- 
ues obtained from the isolated free acid and glyeeride 
fractions are also given in Table I. The values were 
calculated by assigning molecular weights to the com- 
ponents found by GLC analysis af ter  part ial  iden'tifi- 
cation was made on the unknowns. Discussion of the 
unknowns is presented in a later section. 

Separation of Free from Glyceride Fatty Acids. 
The relationship between free fa t ty  acids and glyeer- 
ides is shown in Figure  2. The broken lines represent 
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a second series run a year later to evaluate the repro- 
dueibility of the experimental results. Since matura- 
tion of seeds in the second series appeared to lag 
when results were compared, the curve was displaced 
3 days to the left. 

At the earliest stage of maturation free fat ty acids 
predominate. As the seed matures, the free fat ty acid 
percentage decreases as the amount of glycerides in- 
creases. This trend was reversed temporarily between 
the 18th and 'the 21st day when the rate of glyceride 
formation decreased�9 In the original series the net 
increase in. weight of free fatty acids per thousand 
seeds duril~g the 18- to 21-day period was 6 times 
greater than the increase in glyceride fat ty acids, 
whereas, between the 15th and 18th day, glycerides 
were favored 1.5 times. With further active produc- 
tion of oil, the ratio of free fatty acids to glycerides 
gradually approached 1. After 30 days, when active 
oil production had ceased, the free fat ty acids were 
rapidly incorporated into glycerides. 

Fatty Acid Composition by GLC. The free and 
glyceride fat ty  acid composition for each sample is 
listed in Table II. The values represent percentage 
of acids in the whole oil, converted from the methyl 
ester composition of each fraction determined by 
GLC analysis. 

Gas chromatographic identification of each acid is 
listed by its ECL (12). Factors for converting per- 
centage in oil to gram per thousand seeds are given 
at the bottom of Table II. 

At the earliest stage of maturation free oleic and 
linoleic acids are the major components, at 21 days, 
free dihydroxyoleic, and from 27 days on to maturity, 
free and glyceride epoxyoleic constitute the majority 
of the acids. 

The relationship among free and glyceride epoxy- 
oleic and free dihydroxyoleic acids is shown in Fig- 
ure 3. Between 12 and 18 days, the free epoxyoleic 
acid increased rapidly, dropped to less than 3% of 
the total oil at 21 days, ~hen ~ncreased subs~an'tially 
until 30 days. The glyceride epoxyoleie acid increased 
slowly in the early stages, remained unchanged be- 
tween 18 and 21 days and increased, along with the 
free epoxyoleic, between 21 and 30 days. From this 
point to maturity the increase in glyceride epoxyoleic 
was approximately equal to the decrease in free epoxy- 
oleic, indicating the incorporation of free epoxyoleic 
acid into glycerides. 

Dihydroxyoleic acid, which was found only in the 
free fat ty acid fractionation, increased at a rate equal 
to the glyeeride epoxyoleic between 12 and 18 days. 
Between 18 and 21 days, dihydroxyoleie increased rap- 
idly, mainly at the expense of free epoxyoleic. Dihy- 
droxyoleie remained a major component while the 
seed actively produced oil, but when the seed matured 
and active oil production ceased, it disappeared com- 
pletely. These data suggest that biosynthesis of epoxy- 
oleie acid 'takes place in the free fatty acid state by 
dehydration of dihydroxyoleic acid and is followed by 
esterification to glyeeryl epoxyoleate. 

Characterization of (+) threo-12,13-Dihydroxy-cis- 
9-octadecenoic Acid. The gas chromatographic ECL 
of the dihydroxy acid were found to be identical to 
those of the synthetic s'tandard--20.8 in Apiezon L 
grease and 29.6 in Resoflex 446 polyester. Infrared 
absorption analysis showed a strong absorption for 
OH stretching at 2.87 ~ and a weak one for C-OH 
bending at 9.45 tr for the 21-day free fat ty  acid frac- 
tion, very weak ones at 2.87, and none at 9.45 t~ for 
both 33-day samples. 
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FIG. 3. Epoxyoleic and dihydroxyoleic acid content of matur-  

ing Vernonia  a~thelmint iea  seeds. (Analysis by gas-liquid chro- 
matography.)  

The isolated dihydroxyoleic acid melted at 55-57C, 
which agrees with the threo-12,13-dihydroxy-cis-9-octa- 
decenoic acid reported previously (2,3). The specific 
rotation [a]~ ~ = +20 (ethanol, e ---- 0.302) also agrees 
with the dextrorotatory threo form reported earlier 
(3). 

Partial hydrogenation of the dihydroxyoleic acid 
was found to be in the range of 86-91% instead of the 
intended 75% and the dicarboxylie acids recovered 
(94%) after oxidative cleavage were found by GLC 
to be nonanedioic 7% and dodecanedioic 93%, prov- 
ing the hydroxyls to be at the C~e and Cla positions 
and the double bond, at the C9, C~o position. 

Partial Identification of Other Components. Five 
of the six unknowns listed in Table II  were similar in 
several respects and were found primarily in the glye- 
eride fraction, thereby suggesting their occurrence as 
esters or thioesters. All showed minima in their per- 
centage composition curves at 21 days, indicating an 
intimate relationship with biosynthesis of the free 
fa t ty  acids since greatest fluctuation in the content of 
free fa t ty  acids occurred at 21 days. According to 
gas chromatography all five showed the same devia- 
tion from 'their related common fat ty acids; namely, 
increased ECL and 0.6 and 0.2 in Apiezon L and Reso- 
flex 446, respectively. Generally, increases in ECL 
greater in Apiezon L than in Resoflex 446 indicate a 
modification that resulted in an increased boiling point 
rather than an increased polarity by oxygenation. In- 
creasing the number of isolated double bonds ordL 
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FIG. 4. Free f a t ty  acids in immature Vernonia  anthe lmint ica  

seed oil. 

narily leads to a decreased ECL in Apiezon L and an 
increased ECL in Resoflex 446. However, an a,~-de- 
saturation may lead to an increased boiling point with 
negligible increase in effective olefinic polarity. For 
example, crotonic acid boils 25C higher than butyric 
acid (189 vs 165) ( 8 ) a n d  the difference between their 
methyl esters is 18C (120.7 vs 102.3). Also 2-hexenoic 
acid boils 12-15C higher than hexanoic acid. 

The speculation that these five unknowns have a,~- 
unsaturation and are present in the oil as Coenzyme A 
derivatives (7,14,16) has some credibility. They were 
present almost exclusively as esters. (An epoxyoleo- 
unknown was found in the free fat ty acid fraction at 
the later stages of maturation.) The ultraviole't ab- 
sorption curve of the 15-day oil in ethyl ether showed 
absorption at 238 m~, indicating a thioester (10), and 
a shoulder at about 260-270 mt~, which suggests lhe 
presence of an adenine uucleotide. The 33-day glyc- 
eride fraction converted to methyl esters and free 
from thioesters showed peaks at 225 and 228, either 
one of which may be due to absorption by an a,fl-un- 
saturated ester (10). Reduc'tion of the 15-day o~il by 
sodium fusion followed by addition of lead acetate 
produced black crystals of lead sulfide, which were 
insoluble in cold 6 N nitric acid but soluble when 
heated. 

The sixth or hydroxy-unknown occurred in an iden- 
tical manner as did dihydroxyoleic acid. It  was found 
only in the free fat ty acid fraction, went 'through its 
maximum content at 21 days, disappeared after 33 
days, and behaved gas chromatographically as a highly 
polar compound. 

Discuss ion  
Biosynthesis of Epoxyoleic Acid. Oleic and linoleic 

acids were the major constituents in the early stages 
of ma'turation. At the earliest stage (the 12-day oil 
of the second series), free oleic (25%) and free lin- 
oleic (26%) outweighed the free dihydroxyoleic (2%) 
and epoxyoleic (1.5%) fourteen-fold. As the seed 
matured and the epoxyoleic acid content increased, 
the weight of total linoleic acid remained fairly con- 
stant; whereas, the oleic acid conten~ decreased to 
about half of that found at the earliest stage. This 
decrease represents actual conversion of oleic to an- 
other component. 

When the free oleie, linoleic, dihydroxyoleie and 
epoxyoleic percentage composition of the 12- and 15- 
day oils from the second series were taken as 9- and 
]2-day oils and plotted along with the 15- and 18-day 
oils from the original series, an interesting correlation 
among these four acids was revealed. The plots in 
Figure 4 suggest the oxygenation of oleic acid to dihy- 
droxyoleic which, in turn, is dehydrated to epoxyoleic 
acid. Possibly in the earliest stages of maturation the 
seed is deficient in the enzyme system that oxygenates 
oleic or linoleic acid; between 18 and 21 days, the 
seed produces this system rapidly and in sufficien~ 
quantity to stock a large amount of dihydroxyoleic 
acid. Other enzymes having major functions are the 
dehydrating and esterifying systems. 

A simplified diagram of the proposed biosynthetic 
pathways is as follows: 

Free oleic a c i d ,  

I{ ~ x y g e n a t i o n )  
I 

(Desaturation) I Free, dihydroxyoleie acid (--H20) ) Free epoxyoleic acid 

~1 I~ x 1 + / (Hydroxylation) t~ ycery po yo eate 
Free linoleic acid t 

Recently, Krewson et al. (9) reported that grinding 
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mature  Vernonia anthelmintica seeds tr iggers enzyme 
act ivi ty  that  releases free f a t t y  acids f rom the triglye- 
erides. We observed similar results when the ground 
mature  seeds were allowed to stand at room temper-  
a ture  (ca. 23C) for  1~, 1~, 4, and 24 hr before extrac- 
tion. Ti t ra t ion of the recovered oils showed a progres- 
sive increase in milliequivalents of acid per g ram of 
oil; namely, 0.11, 0.17, 0.43, and 1.1. However,  no 
hydroxy  acids were found in either the free or glyc- 
eride f a t ty  acid fract ion f rom a sample of mature  seed 
which was ground, allowed to stand 24 hr at room 
temperature ,  extracted with petroleum ether and the 
oil stored in the re f r igera tor  at ca. - 7 C  for  8 months. 
Acidulation dur ing the recovery of free epoxyoleic acid 
did not induce any  hydrat ion of the oxirane ring, even 
when the epoxyoleic acid content was as high as 82%. 

On the other hand, in the immature  seed the free 
f a t t y  acid content did not va ry  at all when the 15-day 
seeds were ground and handled as described above. In  
addition, one port ion was ground within the extract-  
ing solvent to eliminate any  interval between gr inding 
and extracting. All five samples had identical acidity ; 
i.e., 2.2 milliequivalents of acid per g ram of oil. This 
would indicate tha t  the free acids are present  in t h e  
immature  seed intrinsically. Fur thermore ,  in the sam- 
ple with zero-delay between gr inding and extracting, 
dihydroxyoleic acid was present  in the free f a t t y  acid 
fract ion to an appreciable extent, thus providing evi- 

denee for  the occurrence of free dihydroxyoleic acid 
in the immature  seed. 
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Epoxy Resins from Fatty Esters Derived from 
Cyclohexane and Epoxycyclohcxane I 
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Research Laboratory, 3 Philadelphia, Pennsylvania 

Abstract 
The magni tude of the physical propert ies  of 

resins obtained by the phthalie anhydr ide  cure 
of non-terminal  epoxy monomers, p repared  f rom 
f a t t y  derivatives, was shown to be dependent  
on the distr ibution of the epoxy groups in the 
n l o n o m e r .  

The monomers were prepared  by epoxidizing 
a series of unsa tura ted  esters, selected to test, the 
effect of the addition of a single symmetr ical ly  
disposed epoxide group. Oleoyl and linoleoyl 
esters of t e t rahydrophtha ly l  alcohol, as well as 
dioleyl and di~linoleyl te t rahydrophthala te ,  were 
epoxidized and cured with phthalie anhydride  
(Group A) .  F o r  comparison, epoxy monomers 
were prepared  f rom oleoyl and linoleoyl esters of 
hexahydrophthaly l  alcohol, as well as dioleyl and 
dilinoleyl hexahydrophthala te  (Group B).  When 
these epoxides were cured with phthalic anhy- 
dride, it was found that  the resins derived f rom 
Group A had heat distortion tempera tures  which 
were approximate ly  55-65C higher than those 
f rom Group B. 

Introduction 

I N T H E  D E V E L O P M E N T  o f  epoxy resins, considerable 
research has been centered on glycidyl ethers of 

bifunctional  phenols such as bisphenol A. Dearborn 

1 Presented in par t  at the AOCS meeting in New Orleans, La., 1962, 
I t  is V in the series "Epoxy t~esins from Fats." 

2 Present  address: Avco Corp., Wilmington, Mass. - 
a A laboratory of the E. Utillz. /r & Dev. Div., ARS, U.S.D.A. 

et al. (1) and Wyns t r a  (2) have reported on the 
effect of va ry ing  the s t ructure  of the glyeidyl ether 
on the physical propert ies  of 'the resins. 

In  contrast  with glyeidyl resins, much less has been 
repor ted on the prepara t ion  of epoxy resins f rom 
non-terminal  epoxides. However,  dur ing recent years, 
investigations concerning the prepara t ion  of epoxy 
resins f rom animal fa t  derivatives have been carried 
out at this laboratory  and elsewhere. As a result  of 
this work, it has been shown that  resins can be pre- 
pared f rom epoxidized f a t t y  glyeerides, and tha t  fat-  
based epoxy monomers can be used to modify  or even 
replace commercially available epoxy monomers,  such 
as the diglycidyl ether of bisphenol A ( 3 , 4 ) .  

I t  has been fu r the r  demonstrated that  var ia t ion of 
the chemical s t ructure  of the monomers p repared  
f rom fat-derived chemicals, leads to changes in the 
physical propert ies  of the epoxy resins p repared  f rom 
them. Correlations have been made between the 
chemical s t ructure  of epoxidized f a t t y  esters and the 
propert ies  of resins derived theref rom by  curing with 
phthalic anhydr ide  ( 5 , 6 ) .  I t  has been shown that  
linoleic acid derivatives produced epoxy resins ex- 
hibit ing higher heat  distortion tempera tures  than 
those of resins p repared  f rom corresponding oleic acid 
intermediates.  This was believed caused by the in- 
creased number  of epoxide groups obtainable f rom 
linoleic acid derivatives, as well as by a more favor-  
able distr ibution of these linkages within the mono- 
mer  molecule. 

The purpose of the present  research was to s tudy  


