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Frac t ions  o f  cycl ic  fat ty  acid m o n o m e r s  ( C F A M )  w e r e  
i so l a t ed  from l i n s e e d  oi l  h e a t e d  at 275~ for  12 hr 
under  ni trogen,  at  240~ for 10 hr under  n i t rogen  and 
at 240~ for 10 hr under  air. Cycl ic  fat ty  acid m o n o m e r s  
frac t ions  w e r e  a l so  i so la t ed  from a s u n f l o w e r  oi l  
h e a t e d  at 275~ for 12 hr u n d e r  n i t rogen  and at  200~ 
for  48 hr in a c o m m e r c i a l  fryer.  The  CFAM frac t ions  
w e r e  h y d r o g e n a t e d  and the ir  c o m p o s i t i o n  s t u d i e d  by 
gas  l iquid c h r o m a t o g r a p h y  coup led  wi th  m a s s  spec-  
t r o m e t r y  (GC-MS).  The CFAM in the  fract ion  i s o l a t e d  
from h e a t e d  l i n s e e d  oil  s a m p l e s  w e r e  a m i x t u r e  (1:1)  
o f  c /s  and trans  cyc lopenty l  and cyc lohexy l  i s o m e r s ,  
w h i l e  the  CFAM in the  f rac t ions  i s o l a t e d  from h e a t e d  
s u n f l o w e r  o i l s  w e r e  m o s t l y  cyc lopenty l  i s o m e r s .  The 
major  cyc lopenty l  i s o m e r s  w e r e  t rans  and c/s  m ethy l  7- 
( 2 ' -hexy lcyc lopenty l ) -heptanoate ,  methy l  9-(2'-butyl- 
c y c l o p e n t y l ) - n o n a n o a t e  and m e t h y l  10-(2'-propylcyclo-  
p en ty l ) -decanoate .  The major  cyc lohexy l  i s o m e r s  
w e r e  the  t rans  and c/s  methy l  9 - (2 ' -propylcyc lohexyl ) -  
n o n a n o a t e  w h i c h  r e p r e s e n t e d  a b o u t  50% o f  t h e  CFAM 
i s o m e r s  i so la ted  from h e a t e d  l i n s e e d  oi l  s a m p l e s .  

Recent s tudies  (1, 2) have conf i rmed an earl ier  work (3) 
showing the format ion of C~s a -d i subs t i tu ted  cyclopen- 
tane  isomers af ter  the heat  t r e a t m e n t  of vegetable oils 
along with C~8 a-d isubs t i tu ted  cyclohexane monomers .  
Even though the s t ruc tures  of the  cyclohexane isomers 
begin to be well established, especial ly by GC-MS and by 
compar ison  with some synthesized molecules (4-9), 
much work still needs to be car r ied  out  on the  cyclopen- 
tane  derivatives. 

Recently we have shown tha t  an oil rich in linolenic acid 
( l inseed) gave mainly some Z, E diethylenic cyclic fat ty  
acids while an oil rich in linoleic acid (sunflower)  gave a 
mix ture  of Z and E monoethylenic CFAM isomers (1). In 
each case, both  cyclohexyl and  cyclopentyl  s t ruc tu re s  
were detected.  However, the complete  s t ruc tu re  of these 
isomers could not  be e lucidated  due to the  complexi ty  of 
the  isolated CFAM mixtures.  During tha t  work, we also 
proposed  a more complex MS f ragmenta t ion  for the  cyc- 
lopentane  derivatives if compared  to the  well-known one 
for the cyclohexyl CFAM (3). 

The purpose  of this work was to establish the  comple te  
s t ruc ture  of these mono- and d i -unsa tu ra t ed  CFAM 
esters, and  it was necessary as a first  s tep to hydrogena te  
the  CFAM fractions.  The effects of the hydrogenat ion  are 
to el iminate the  geometr ica l  and  posi t ional  isomers  and 
thus  to simplify the  result ing CFAM mixtures.  It was then 
possible to establish the  carbon skeleton of the  compo- 
nents  from the different  fract ions (na tu re  of the  substi t-  

~For part II in this series see Ref. 1. 

uents, size of the  ring). Fur the rmore ,  the  MS s p ec t r a  of 
the  isolated CFAM esters  were c o m p a r e d  with those of 
some synthesized Cls a -d i subs t i tu ted  cyc lopen tane  mon- 
omers  (10). 

The compar i son  of the  MS spec t ra  of the  synthesized 
molecules and  those  ob ta ined  in f rac t ions  i sola ted  from 
hea ted  oils and  fu r the r  hydrogena ted  showed tha t  the  
hea t  t r e a t m e n t  of an oil rich in linolenic acid gives a mix- 
ture  of C18-cyclohexane and  cyc lopentane  monomers ,  
while t ha t  of an oil rich in linoleic acid gives mainly  some 
Cxs-cyclopentane isomers and minor  amoun t s  of Cls- 
cyclohexane monomers .  

MATERIALS AND METHODS 

Purification of solvents. All the solvents were redist i l led 
before use. 

Heating conditions and isolation procedure. The lin- 
seed oil was hea ted  at  275~ for 12 hr  under  nitrogen, a t  
240~ for i0  hr under  nitrogen and at  240~ for 10 hr  
under  air. The sunflower oil was hea ted  at  275~ for 12 hr  
under  ni trogen and at  200~ for 48 hr  as previously 
descr ibed (1, 11). CFAM fract ions were isola ted by a com- 
binat ion of column chromatography ,  u rea  a d d u c t  frac- 
t ionat ion  and high pe r fo rmance  liquid c h r o m a t o g r a p h y  
as previously descr ibed (11). 

Hydrogenation of cyclic fatty acid monomers. The 
hydrogenat ion  was effected using p la t inum oxide as cat-  
alyst in 10 ml of a mix ture  of chloroform and  methano l  
(2:1) as solvent and  a hydrogen pressure  of 2 bars.  Each 
react ion was allowed to proceed  3 hr. The ca ta lys t  was 
removed by fi l t rat ion and the s a t u r a t e d  methyl  es ters  
were ex t r ac t ed  with chloroform af ter  the  addi t ion  of 
water.  

Gas liquid chromatography-mass spectrometry (GC- 
MS). The GC-MS analyses were effected on a Ribermag R 
10-10C (Nermag)  quadrupo le  mass  spec t rome te r  
coupled to a Girdel 31 gas c h r om a t og r a ph  fi t ted with a 
capi l la ry  column coa ted  with Carbowax 20M (35 m • 0.32 
mm i.d., film thickness  0.25~m). Helium was used as the  
car r ie r  gas with a l inear  velocity of 35 cm/sec ,  and  the 
oven t e m p e r a t u r e  was main ta ined  at  180~ Mass spec t r a  
were genera ted  at  70 eV with a source  t e m p e r a t u r e  of 
150~ 

A Hewlet t -Packard  5970 Mass Selective Detector  
coupled with a Hewlet t -Packard  gas c h r om a tog raph  
(model  5890) was also used for some GC-MS studies.  The 
column used was a fused silica column (J & W Scientific 
Rancho Cordo, California) coated with DB Wax (30 m 
long and 0.25 mm i.d., film thickness  0.5 ~m). The temper-  
a tu re  was p r o g r a m m e d  from 50 to 200~ at  20~ 
held at  200~ for 25 min, then p r o g r a m m e d  from 200~ to 
220~ and  held at  220~ until  complet ion of the  analyses. 
Splitless injection was used in all cases, and  the injection 
por t  was main ta ined  at  240~ 
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RESULTS A N D  D I S C U S S I O N  

Heated linseed oils. The total ion chromatograms of the 
hydrogenated CFAM fraction isolated from a linseed oil 
heated under nitrogen and under  air are shown in Figure 
1. The peak identification code numbers  and letters used 
in the present s tudy are included in this figure. Mass spec- 
t ra  were obtained for all the numbered peaks with molec- 
ular ions at m/z  296, confirming that  these peaks are 
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FIG. 1. Total  ion chromatograms (DB Wax column, 30 m long x 
0.25 mm i.d.)  o f  the  hydrogenated CFAM iso lated  from a l i n se e d  
oi l  hea ted  at A, 275~ hr/N2; B, 240~ hr/N2; and C, 240~ 
10 hr /a ir .  

hydrogenated CFAM. The expected fragmentat ions for 
sa tura ted  cyclic acid esters (1) were observed for each 
spectrum (Table 1). Ion fragments A to D and their rear- 
rangement  ions D-32, D-32-18 and B +1 derived from a 
well established fragmentat ion of the substituents in the 
a-position of the ring (12-14). The structures were unam- 
biguously assigned to each peak (Table 2) on the basis of 
their individual mass spectrum. As already postulated 
(1) and verified on MS of synthesized disubstituted cy- 
clopentane derivatives (10), f ragmentat ions of the alkyl 
chain in the disubstituted cyclopentyl esters take place in 
~- and fl-positions, leading to two series of ions D, D-32 
and D-32-18 (Table t). 

The s tructures  of the trans- and cis-isomers of methyl 
9-(2'-butylcyclopentyl)-nonanoate (Fig. 2, MS of the 
trans-isomer)  were definitely established by comparison 
of their respective retention times and MS with those of 
authentic samples (10). 

The configurations reported in Table 2, the trans- one 
being assigned to the earlier eluting isomer, were also 
confirmed for the disubstituted cyclopentane isomers 
(10). 

The only cyclohexyl esters isolated from linseed oil 
heated under  nitrogen were the trans- and cis-isomers of 
methyl 9-(2'-propylcyclohexyl)-nonanoate. These cyclic 
fatty acid esters isomers were the major p roduc t  charac-  
terized in previous studies on heated linseed oil (3, 14). 
This was also a confirmation of our previous hypothesis 
(1), i.e., the cyclohexenyl-alkenoates characterized in lin- 
seed oil heated under  nitrogen differ only by the position 
of the E-ethylenic bond present on the carboxylate 
moiety. 

For linseed oil heated under  air (Fig. 1C), a higher level 
of methyl stearate appeared in the CFAM fraction, prob- 
ably resulting from a less efficient nonurea  adduct  frac- 
tionation. Moreover, four extra major peaks were 
detected (identified with letters in Fig. 1). Peaks a and b 
with respective retention times of 21.06 and 22.02 min on 
a DB Wax Column under  the conditions described in the 
experimental section have mass spectra  very similar to 
that  of methyl stearate with a molecular ion at m/z  298. 
These were identified as some methyl-branched chain iso- 
mers of methyl stearate. 

Some branched fatty acids can be found naturally in 
small amounts  in some vegetable oils (15), and these were 

TABLE 1 

GC-MS Fragmentat ion o f  Some Hydrogenated Cyclic Fatty Acid Monomers  i so la ted  From a Heated  Linseed Oil (275C, 12 hr, N2) 

Compound Ion fragment: m/z (% relative intensity) 
(Fig. 1) 

M* M-32 M-31 D" D-32  D-32-18 B B+I C A Base 
1 296(5.2)  264(4.9) 265(2.4) 239(2.7) 207(3.9) 189(4.6) 171(1.3) 172(2.4) 125(17.5) 57(23.8) 55 

253(3.7) 221(1.1) 203(1.1) 
2 296(12.2) 264(6.5) 265(3.1) 253(7.2) 221(4.4) 203(2.1) 185(5.4) 186(3.3) 111(30.8) 43(43.2) 55 

267(0.8) 235(0.8) 217(0.4) 
3 296(3.8)  264(5.0) 265(1.1) 239(1.6) 207(3.8) 189(2.7) 171(1.1) 172(2.7) 125(18.8) 57(22.2) 55 

253(3.3) 221(2.2) 203(1.6) 
4 296(6.7)  264(1.0) 265(1.6) 253(10.5) 221(8.0) 203(5.1) 171(1.2) 172(8.6) 125(42.3) 43(37.9) 55 
5 296(10.0) 264(6.3) 265(2.9) 253(6.3) 221(4.1) 203(2.6) 185(3.7) 186(2.9) 111(30.2) 43(45.8) 55 

267(0.3) 235(0.7) 217(0.7) 
6 296(7.2)  264(1.2) 265(2.0) 253(13.5) 221(10.2) 203(5.6) 171(1.1) 172(10.2) 125(53.0) 43(39.8) 55 

aSuccessive cleavage of the alkyl moiety for the cyclopentyl derivatives, 
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TABLE 2 

Hydrogenated CFAM Identi f ied by GC-MS in Heated Linseed Oil 

Peak 
code a 

ECL b 

Supelcowax (' Carbowax 20M, 180~ 
Component  Configuration 

1 18.12 18.12 

2 18.27 18.28 

3 18.49 18.51 

4 18.54 18.54 

5 18.67 18.70 

6 18.74 18.76 

methyl 9-(2'-butylcyclopentyl)- t rans-  
nonanoa te  

methy 10-(2'-propylcyclopentyl) - trans-  
decanoate  

methyl 9-(2'-butylcyclopentyl)- c/s- 
nonanoa te  

methyl 9-( 2'-propylcyclohexyl)- trans-  
nonanoa te  

methyl 10-( 2'-propylcyclopentyl)- c/s- 
decanoate  

methyl 9- (2'-propylcyclohexyl)- c/s- 
nonanoa te  

apeak code according to Fig. 1. 
bEquivalent chain length. 
cSee Ref. 2. 

also repor ted  in oxidized soybean oil (16) and in partially 
hydrogenated soybean oil heated in simulated deep fat 
frying conditions (2). The iso- and anteiso-isomers are 
those most often found in nature,  the iso- compound  
being eluted first (15,17,18). In fact, their  respective mass 
spectra  were very similar to those of the 16-methyl- 
hep tadecanoate  (iso-18) and 15-methylheptadecanoate  
(anteiso-18) published by Ryhage and Stenhagen (19). 

Peak d (Fig. 1) was unambiguously identified using the 
mass spectrum (2) as methyl 8-(2'-butylcyclohexyl)- 
oc tanoate  (trans). Peak c (Fig. 1), despite a poor  chroma- 
tographic resolution for the GC-MS analysis (shoulder in 
Fig. 1) which did not allow a clear mass spectrum, was 
tentatively identified as methyl 7-(2'-pentylcyclohexyl)- 
hep tanoa te  (trans). Their configurations were tenta-  
tively proposed from the observation that  in all the  
heated oils presently studied trans-isomers are in higher 
propor t ion than their  corresponding c/s-counterparts .  
Moreover, their relative retention times agreed well with 

those of the trans-isomers character ized in partially 
hydrogenated soybean oil (2). 

No major differences were observed in the two CFAM 
fractions isolated from linseed oil samples hea ted  a t  
240~ with or without  nitrogen. (Fig. 1B and C). However, 
at 275~ (Fig 1A), only t races of components  a, b and d 
were observed. Scanning of peak 2 did not permit  detec- 
tion of component  c, which was detected for the oils 
heated to 240~ with or without  nitrogen. In fact, it is very 
difficult to make conclusions about  the influence of the 
t empera tu re  on the formation of cyclic fat ty acids after  
heat  t r ea tment  of linseed oil. As mentioned earlier, the 
urea fractionation was not as good for samples B and C as 
for sample A. It is, therefore, possible tha t  some of the 
branched fat ty  acids (a and b) could have been lost dur- 
ing the urea  fractionation. However, this would not  in 
theory explain the differences observed for components  c 
and d which seem to be some cyclohexyl isomers. 

Heated su~Zower oils. For all the peaks identified by 
code numbers  or letters in the total  chromatograms of 
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FIG. 2. Mass spectrum of peak 1 {Fig. 1) identified as trans-methyl 9-(2-butyleyclopentylFnonanoate. 
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FIG.3. GLC analyses  on a Carbowax 20 M, g lass  capil lary column 
(35 m long x 0.32 mm i.d.) of  the  hydrogenated CFAM from a 
sunf lower  oil heated at 275~ for 12 hr under N 2 (A)  and at 200~ 
for 24 • 2 hr under air (B) .  

the hydrogenated CFAM fractions isolated from a sun- 
flower oil heated under  nitrogen and under  air (Fig. 3), 
the mass spectra  were those of sa tura ted  cyclic esters, 
with molecular ions at  m/z  296 or characterist ic ions 
derived from them: M-18, M-32 and M-32-18 at m/z  278, 
264 and 246, respectively. Structures of all the numbered 
peaks (1T-8T) were deduced from their respective mass 
spectra  (Table 3) where the expected fragmentat ions for 
CFAM were always observed. Characteristic fragments 
for some of the CFAM, newly identified in this study, are 
presented in Table 4. As already stated, more than  one 
fragmentat ion occurred in the alkyl moiety of the cyclop- 
entane derivatives. 

The s tructures  of the t r a n s -  and c/s-isomers of the 
methyl 7-(2'-hexylcyclopentyl)-heptanoate were defi- 
nitely established by comparison of their respective 
retention times and MS with those of a synthetic sample 
(10). Mass spectra  of peaks 2T and 4T, tentatively identi- 
fied as the t r a n s -  and c/s-methyl 4-(2'-octylcyclohexyl)- 
butanoates,  were very similar with the published spec- 
t rum of an authentic methyl 4-(2'-octylcyclohexyl)- 
butanoate  (20). The main feature of this spec t rum is a 
very intense ion fragment at  m/z  220. This M-76 fragment 
was attr ibuted to a rearrangement  ion with successive 
loss of CH3OH and CH2=CHOH from the molecular ion, 
and is characterist ic of fat ty acid esters branched on C-6 
of the carboxylate moiety (21). Substitution in the 4- or 5- 
position affords only small peaks at the parent  mass less 
76, and on branching in other  positions, no peak appears  
(21). 

The mass spect rum of peak aT (Fig. 4) is obviously 
related to this mechanism of fragmentation, with an 
intense ion at m/z  220. Owing to its retention time (ECL 
=17.90), an attractive candidate was therefore methyl 
5-(2'octylcyclopentyl)-pentanoate. However, the mass 
spectrum of an authentic sample of methyl 5-(2'-octyl- 
cyclopentyl)-pentanoate was found significantly differ- 
ent (10). Particularly, an unat tr ibuted ion fragment at m/  
z 148 appeared at m/z  134 in the mass spect rum of aT. 
After a careful examination of the spectrum, however, 
peak aT was tentatively identified as t r a n s - m e t h y l  4-(2'- 
nonylcyclopentyl)-butanoate, peak cT (ECL = 18.26) 
being identified as its c/s-isomer. However, these com- 
pounds  should be confirmed by synthesis. As previously 
outlined (10), the intensity of fragment C decreases when 
the length of the alkyl chain increases. Thus, fragment C is 

TABLE 3 

Hydrogenated CFAM Ident i f ied by GC-MS in Heated Sunf lower Oil 

Peak code, ECLb Component Configuration 
Carbowax 20M, 180~ 

IT 17.96 
2T 18.07 
3T 18.12 
4T 18.28 
5T 18.34 
6T 18.51 
7T 18.54 
8T 18.76 

methyl 7-( 2'-hexyicyclopentyl)-heptanoate trans- 
methyl 4- ( 2'-octylcyclohexyl)-butanoate c trans- 
methyl 9- (2'-butylcyclopentyl)-nonanoate trans- 
methyl 4-( 2'-octylcyclohexyl)-butanoate c c/s- 
methyl 7-(2'-hexylcyclopentyl) -heptanoate c/s- 
methyl 9- (2'-butylcyclopentyl)-nonanoate c/s- 
methyl 9- ( 2'-propylcyclohexyl)-nonanoate trans- 
methyl 9- (2'-propylcyclohexyl)-nonanoate c/s- 

aPeak code according to Fig. 3. 
bEquivalent chain length. 
cSee Ref. 20. 
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TABLE 4 

GC-MS Fragmentat ion  o f  Some Hydrogenated  Cyclic Fatty  Acid Monomers  I so lated  From Heated  Sunf lower  Oils  (200~ 24 • 2 hr 
under  air and 275~ 12 hr under N~) 

Compound Ion fragment:m/z (% relat~e intensity) 
(Fig. 3) M* M-32 M-31 D a D~-32 Da-32-18 B B+I C A base 
IT 296(15.8)  264(7.1) 265(3.4) 211(3.7) 179(11.8) 161(5.8) 143(42.7) 144(7.1) 153(2.2) 85(7.5) 55 

225 (0.6) 193(1.2) 175(2.3) 
239(1.6) 207(0.6) 189(2.0) 
253(1.9) 221(0.7) 203(0.2) 
183(4.3) 151(23.7) 133(20.8) 113(2.3) 74 
211(3.7 179(9.1) 161(4.9) 85(8.0) 55 
225(0.2) 193(1.2) 175(1.7) 
239(2.9) 207(2.8) 189(3.2) 
253(1.1) 221(0.6) 203(/) 

2T b 296(3.2) 264(9.7) 265(4.4) 101(11.2) 102(10.1) 195(0.7) 
5T 296(11.3)  264(5.6) 265(2.8) 143(37.4) 144(6.5) 153(1.7) 

aSuccessive cleavage of the alkyl moiety for the cyclopentane derivatives. 
bSpectrum of the c/s-isomer 4T was obtained in mixture with cT. 
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FIG. 4. Mass  spectrum of  peak aT (Fig.  3 )  tentat ive ly  ident i f i ed  as trans-methyl  4- (2-nonylcyclopentyl ) -butanoate .  

absent in the spectra  of the octylcyclohexyl (2T and 4T) 
and nonylcyclopentyl (aT and cT) derivatives�9 

The MS fragmentations of the remaining peaks identi- 
fied with letters indicate that  the peaks bT (ECL = 18�9 
and dT (ECL = 18�9 are ring isomers�9 This is also the 
case for the pair eT (ECL = 18�9 and IT (ECL = 19.17)�9 

The isomers bT and dT were not identified, even though 
their ECL values were in good correspondence with the 
ECL values given for trans- and c/s-methyl 7-(2'-pentyl- 
cyclohexyl)-heptanoate (2). Peaks eT and iT were tenta- 
tively identified as the trans- and c/s-isomers of methyl 

I 
10-(2-ethylcyclohexyl)-decanoate, but abundances  of the 
diagnostic ions were rather  low. Moreover, their ECL 
values did not correspond to those given for the methyl 
10-(2'-ethylcyclohexyl)-decanoates characterized in par- 
tially hydrogenated soybean oil (2). 

Other minor components  in the chromatogram pres- 
ented in Figure 3A were not identified. The mass spectra  
of some of them displayed a molecular ion at m/z  294. 
This could indicate that  they are bicyclic components,  as 
already signaled in another  fraction of the same sun- 
flower oil heated under air (1). 

For oils heated under  the same conditions there are 
about 10 times more cyclic fatty acid monomers  in heated 
linseed oil which contains both linoleic and linolenic acid 
than in heated sunflower oil which only contains traces of 
linolenic acid (1,11). Furthermore,  the s t ructures  of the 
CFAM formed from linolenic acid are different from those 
arising from linoleic acid. Linoleic acid gives mainly a mix- 
ture of c/s- and trans-cyclopentyl  CFAM while linolenic 
acid gave a mixture of cis- and trans-cyclopentyl  and 
cyclohexyl components.  In the latter case only two major 
cyclohexyl isomers were observed, the c/s- and trans- 
methyl 9-(2'-propylcyclohexyl)-nonanoates. 

From these data, it is difficult to make conclusions on 
the respective influence of the tempera ture  and the oxy- 
gen. Under low or high temperatures  the same impor tant  
CFAM are formed�9 Differences were observed only in their 
relative proport ions and their amounts  in the oils. Most of 
the major cyclic fat ty acids were identified by GC-MS. 
However, some structures  still have to be confn'med by 
synthesis. These are methyl 4-(2'-nonylcyclopentyl)-buta- 
noate and methyl 10-(2'-ethylcyclohexyl)-decanoate. 
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