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Abstract 
The preparat ion of Cls-saturated cyclic acids 

from linseed oil by heat t reatment  in the pres- 
ence of alkali, followed by hydrogenation and 
subsequent isolation of the cyclic fraction, gives 
rise to a series of at least 11 isomers as evidenced 
by GLC. Eight  of these isomers have now been 
shown to be geometric pairs of positional isomers 
with the following general formula: 

@ (CH2)..:CHa -5 = 10 X Y 
(CH2).~COOH 

An unequivocal synthesis of isomers (x = 0,1,2 
and 3) indicates that  the principal positional 
isomer (ca. 55%) of HCal  is 9-(2'-n-propyleyclo- 
hexyl)-nonanoie acid. This isomer undoubtedly 
results f rom the cyclization of 10,12,14-octa- 
deeatrienoie acid present in the isomerized mix- 
ture. The predominance of this isomer is fur ther  
substantiated by mass spectral analysis. The 
four positional isomers prepared constitute about 
80% of the mixture as determined by gas-liquid 
chromatography. The four synthetic aromatic 
positional isomers show single peaks whereas 
their hydrogenated counterparts  show two peaks. 
Thus each of the positional isomers of saturated 
cyclic acids is composed of two geometric isomers. 

Introduction 

T IlE FORMATION of cyclic compounds from poly- 
unsaturated fa t ty  acids has been recorded in the 

l i terature f requent ly  since Cloez (4) first reported 
the presence of monomeric cyclic fa t ty  acid (CFA) 
in heat-treated tung oil fa t ty  acids. Cyclic structures 
are generally postulated for the liquid, nonurea- 
addueting, fa t ty  acid fractions obtained from poly- 
unsaturated fa t ty  acids and oils by various types of 
processing. These processes include heat t reatment  
(with and without a hydrogenation catalyst) ,  alka- 
line isomerization and catalytic hydrogenation. For  
the most part ,  researeh on CFA has fallen into four 
categories: studies of conditions which favor their 
formation (1,5,16,24), methods of purification (10, 
17), evaluation of their toxicity (6-8),  and synthesis 
and evaluation of selected derivatives (2,9,14,15,22). 
Very little has been done to elucidate their structures 
specifically. 

Rossmann (26) in 1933 was among the first to 
postulate a specific s tructure for CFA made by heat- 
treating eleostearic acid. He concluded that  the CFA 
was a 5,6-disubstituted 1,3-cyelohexadiene, more 
specifically 8- (2-n-butyleyelohexa-3,5-dienyl) oetanoic 
acid. Rivett  (25) also reported evidence for 1,2- 
dialkyl-3,5-eyclohexadiene structures in heat-treated 
fl-eleostearate. Five years later  MeInnes et al. (21) 
separated CFA from heated linseed oil into three 
fractions by preparat ive gas-liquid chromatography 
(GLC).  On the basis of their inf rared (IR) spectra 
and analysis of their oxidation products it was con- 
cluded that  all three fractions had the same carbon 
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skeleton, 1-propyl-2-alkeneearboxyeyclohexene bu t  
that  they differed in the position of the double bond 
in the side chain. 

In  seeming contrast to this finding Hutehison and 
Alexander (18) reported the isolation and identifi- 
cation of ethyl 11- (2-methylcyelohex-2-enyl) undec- 
trans-9-enoate in a mixture of CFA ethyl esters f rom 
heated linseed oil. This compound was separated 
from the mixture by preparat ive GLC, and its car- 
bon skeleton was determined by comparison of its 
hydrogenated and aromatized derivatives with a 
model synthetic compound. More recently Coenen, 
Wieske, and co-workers (5) state that  under certain 
conditions catalytic hydrogenation of linseed oil leads 
to the formation of o-disubstituted benzene monocar- 
boxylic acids. The predominant aromatic isomer 
(85% of the mixture)  was reportedly 9-(2'-propyl- 
phenyl)-nonanoic acid. This s t ructure  was again 
verified by comparison with an authentic mode] 
compound. 

Research at the Northern Laboratory on cyclic 
acids has been directed toward their  potential uti l i ty 
as industrial  chemicals. This research is part  of the 
program undertaken to find new and extended uses 
for linseed oil. The linseed cyclic acids (Cal) are 
produced by prolonged alkaline isomerization of lin- 
seed oil at high temperatures in a suitable solvent. 

These acids contain a cyclohexadiene ring (17) and 
can be either hydrogenated to the cyelohexane deriva- 
tive ( t ICal)  or aromatized (ACal) as shown in the 
flow diagram (Fig. 1). Both HCal  and ACal are 
mixtures of isomers as demonstrated by GLC. Since 
relatively little is known about the specific structures 
of this class of compounds, generally referred to as 
cyclic acids, and since there appears to be some dis- 
agreement among those who have reported specific 
structures, we initiated a detailed structural  s tudy 
to identify the isomers of ACal and tICal. Our ap- 
oroaeh was to synthesize the pure individual posi- 
tional isomers believed to be present in ACal, hydro- 
genate a portion of each, and then compare these 
model compounds with ACal and HCal  by IR, GLC, 
NMR, and mass spectrometry. This paper describes 
the synthesis of the model compounds and reports 
the comparative studies. 

Experimental 
The synthesis of model compounds is shown sche- 

matically in Fig. 2. 

Linolenic Acid 
A IAlkali 

Conjugated Acids 

1,2 Disobstituted 
Cyclohexadienoic Acids 

Pd, A ~  ~ P d ,  A, H2 
x+Y =10 ~ ,  

~ (CH2]xCH3 ('S'~[C H2)x CH 3 
(CH2JyCOOH '~j~"(CH2)yCOOH 

:FIG. 1. Prepara t ion  of hydrogenated and aromatic cyclic 
acids f rom linseed oil. 
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0 

:FIG. 2. Synthesis of individual pure aromatic isomers. 

Bromination of n-alkylbenzenes 

o-Bromotoluene and o-bromoethylbenzene were pur-  
chased f rom the Aldrich Chemical Company (28) 
and used without fu r ther  purification. The bromina-  
tion of commercially obtained n-propyl-  and n-butyl-  
benzene was carried out according to the method of 
Lamneck (20). The reaction vessel was a 500-cc, 
jacketed, three-necked, round-bottom flask. The flask 
was equipped with an addition funnel, condenser 
with dry ing  tube, and thermistor  probe for  tempera-  
ture control. The thermistor  controller operated a 
centr i fugal  pump  which circulated cool water  through 
the jacket of the flask. Adequate agitat ion was 
achieved with a magnetic stirrer. All glass equip- 
ment  was painted black to eliminate light. The re- 
actions were carried out for four  days at 17-18C. 

Purification of Bromoalkylbenzenes 

The crude reaction products  were poured into a 
separa tory  funnel,  and the lower layer containing 
unreacted bromine, iodine and iron salts in acetic 
acid was drawn off. The upper  layer was diluted 
with chloroform and washed three times with water, 
once with dilute sodium bisulfite, and finally with bi- 
carbonate. The chloroform solution was then dried 
over anhydrous  sodium sulfate and the chloroform 
subsequently s t r ipped off. Flash distillation of the 
s t r iooed products  at 45 mm removed the unreacted 
alkylbenzenes. Based on their  recovery, conversion of 
bath n-propyl-  and n-butylbenzene was about 45%. 
The remaining brominated derivatives were refluxed 
at atmospheric pressure for  4 hr  to decompose side- 
chain brominat ion products,  t I B r  was given off, and 
the resul tant  dark  products  were washed and dried 
before fractionation. GLC of these products  showed 
four pr incipal  peaks. The chromatogram of brom- 
inated n-butylbenzene (Fig. 3) is typical. 

Distillation of these products  was carried out in 
a 2-ft × 13-ram Podbielniak column containing stain- 
less steel Helipac. The pressure was 46 ram, and the 
reflux ratio was 40:1. The composition of the distilled 
fractions was monitored by  GLC. Material  corre- 
sponding to peaks I and 2 were easily separated f rom 
3 and 4 and were shown, respectively, to be unre- 
acted n-alkylbenzenes and alkenyl benzenes produced 
by the decomposition of side-chain brominat ion prod- 
ucts. Compounds corresponding to peaks 3 and 4 
were not cleanly separated f rom each other. Those 
fractions rich in 3 were redistilled through the same 
column at about 400 mm, yielding pure  compounds 
as shown by GLC. I R  absorbance at  750 cm -1 for  3 
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and at 820 cm -1 for 4 indicated that  they were the 
ortho- and para-isomers, respectively. 

Preparation of Grignar4 Reagents 

The reaction of o-bromotoluene and o-bromoethyl- 
benzene with Mg in d ry  ether proceeds without diffi- 
cul ty by s tandard  techniques; however, as the size of 
the alkyl group on the aromatic  r ing increases, the 
reaction becomes more difficult to initiate and pro- 
ceeds slowly. To form the Gr ignard  reagent  of o- 
bromo-n-butylbenzene, the following techniques were 
combined. The equipment  was flame-dried and d ry  
air was subsequently metered through the system for 
several hours. Magnesium (10% excess) tha t  had 
been activated with HC1 and dried in vacuum was 
then added to the flask. About  3 par t s  ether and 1 
pa r t  benzene, previously dried over sodium, were 
distilled f rom sodium directly into the reaction ves- 
sel. The o-bromo-n-butylbenzene was then intro- 
duced; the mixture  was st irred and warmed to re- 
flux, and a crystal  of iodine and several "active" 

ch ip s  of magnesium taken f rom a tube of ethyl 
bromide in ether were added. E the r  was then slowly 
distilled until  the tempera ture  of the reaction mix- 
ture  became high enough to initiate the reaction. 
About  6 hr  were required for  complete reaction. 

Preparation of Organo-Cadmium Reagents 

This reaction proceeded quite smoothly with the 
addition of anhydrous  CdC12 powder directly to the 
Gr ignard  reagent. A 10% excess of CdC12 was added 
slowly with s t i r r ing to prevent  the solvent f rom re- 
fluxing too vigorously. (Care must  be taken to en- 
sure tha t  the CdC12 is anhydrous.)  D r y  benzene was 
then added, and the ether s t r ipped off. 

Preparation of Methyl (~-chloroformyl) n-alkanoates 

These compounds were p repared  by adding 100% 
molar excess of SOC12 to appropr ia te  methyl  hydro- 
gen alkanoate at 0-5C and then slowly warming to 
room tempera ture  (3). When the reaction subsided, 
the mixture  was refluxed for  4 hr. Excess SOC12 was 
then removed under  house vacuum, and the residue 
was fraet ionated in a short  Vigreux column at  0.075 
ram. These compounds, obtained in high yield 
( > 9 0 % ) ,  were quite pure  ( > 9 8 % )  as determined 
by potentiometric t i t ra t ion and GLC of their  methanol- 
derived diesters. 

V Time 
FIG. 3. Gas ehromatogram of brominated n-butylbenzene, 

Pye Argoa chromatograph, 4-ft X l~-in, column, EGSSX on 
100 120 Gas Chrom, 136C, 21 cc/min, (1) n-butylbenzene (2) 
1-phenylbutene (3) o-bromo-n-butylbenzene (4) p-bromo-n- 
butylbenzene. 
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Era. 4. Gas chromatogrmn of aromatic cyclic acids derived 
from linseed oil and pure individual aromatic isomers: Ba~'ber 
Cohnan chromatograph, 200-ft × 0.01-in. column, column 
coated with an experimental nitrile silicone resin No. 238- 
149-99 produced by General Electric, 200C. I =methyl ll- 
(o-methylphenyl)undeeanoate, II  = methyl 10-(o-ethylphenyl) 
deeanoate, I I I  -- methyl 9-(o-n-propylphenyl)nonanoate, IV= 
methyl 8-(o-n-butylphenyl)oetanoatc, V, VI, and VII hs.ve not 
been identified. 

Coupling React ion 

A 50% solution of the methyl (~-chloroformyl)n- 
alkanoate in dry benzene was added slowly with stir- 
ring to the appropriate organo-cadmium reagent pre- 
viously described. After  reflux due to the reaction 
subsided, the mixture was heated and reflux main- 
tained for 1/z-hr. The crude product in benzene was 
acidified with HC1, and the benzene layer containing' 
the coupled product  washed several times with water. 
The dried organic layer was then stripped of benzene 
under house vacuum, and the crude product  frae- 
tionated under high vacuum (0.05 ram) through a 
short Vigreux column. The fraction boiling 125-145C 
showed strong IR absorption at 1683 cm ~ (ketone) 

760, 1495, and 1600 cm 1 (ortho-disubstituted ben- 
zene) and 1175, 1200, 1250 cm 1 (methyl ester). 

Reduction of Coupled Product 

The methyl ~- (2'-n-alkylbenzoyl)-n-alkanoates were 
reduced without fur ther  purification by the Huang- 
Minlon modification of the Wolff-Kishner reduction. 
The recovered crude reduction products were frac- 
tionally distilled at 0.035 mm through a short-path 
nficrodistillation apparatus. A water-white fraction 
bD 128-134C was collected, which showed the same 
]R spectrum as the coupled product except for the 
absence of the band at 1683 cm -1 (ketone). Each 
methyl ester of these products [methyl l l -(o-methyl-  
Dhenyl)undecanoate ( I ) ,  methyl 10-(o-ethylphenyl) 
decanoate ( I I ) ,  methyl 9-(o-n-propylphenyl)non- 
anoate ( [ I I ) ,  and methyl 8-(o-n-butylphenyl)oc- 
tanoate IV] showed essentially one peak by GLC 
(Fig. 4). The yield of I based on the o-bromo-toluene 
(limiting reagent) was 76.5%. The yields of I I ,  I I I ,  
and IV were only 15 to 20%; the low yields can be 
traced directly, at least in part,  to moisture in the 
supposedly anhydrous CdC]2. 

Hydrogenat ion of Aromatic  Isomers  I - IV 

These isomers were hydrogenated at high pressure 
in acetic acid with a Pd-C catalyst (13). The UV, 
JR, and GLC analyses of the recovered products 
[methyl l l - (2 ' -methylcyclohexyl)undeeanoate  ( IH) ,  
methyl 10-(2 '-ethylcyelohexyl)-deeanoate ( I I H ) ,  
methyl 9- (2'-n-propyleyelohexyl) nonanoate ( I I I H ) ,  
and  m e t h y l  8 - ( 2 ' - n - b u t y l c y e l o h e x y l ) o c t a n o a t e  
( I V H ) ]  showed no trace of residual aromatic 
contaminants. 

Preparation of Linseed Cyclic Acids  and Their Aromatic  
and Hydrogenated  Der ivat ives  

Cal was prepared by alkaline isomerization of lin- 
seed oil in ethylene glycol according to the method 

J 

I I  
, . J  

li 

III Ji . . . . . .  

iv JL 

~ J  

2 3 4 5 6 7 8 9 10r 

FIG. 5. NMR spectra of ACal and pure individual aromatic isomers: I-IV as in Figure 4. 



APRIL, 1967 FRIEDRICH: C~s-SATVR.ATED CYCLIC ACIDS 247 

of Eisenhauer  et al. (12). The dehydrogenat ion of 
Cal to ACal in the presence of Pd  has been previously 
described (13). Hydrogenat ion of Cal to HCal has 
also been reported earlier by Eisenhauer  et al. (11). 

D i s c u s s i o n  

The GLC curves of ACal  and the pure  aromatic  
isomers ( I - I V  (Fig. 4) show that  the pr incipal  
isomer in ACal is I I I  and, by an approximat ion  of 
the areas under  the curve, I I I  constitutes about 56% 
of the sample, I I  and I V  about 9%, and I about 6%. 
The two peaks V (6%) and VI  (8%) ,  which immedi- 
ately precede IV, have not been identified but are 
believed to be methyl  7-(2 ' -n-pentylcyelohexyl)hep-  
tanoate and methyl  6- (2'-n-hexyleyelohexyl) hexanoate. 
Peak V I I  (6%) ,  also not yet identified, represents at 
least three minor components. These three peaks may 
be residual cyclohexadiene s tructures  result ing f rom 
incomplete dehydrogenation. 

The NMR spectra of ACal  and the pure  aromatic 
isomers I - I V  (Fig. 5) show common signals at 2.9r 
(aromatic protons) ,  6.4r (methoxy protons) ,  and 8.5- 
8.7r (isolated methylene).  The large signal exhibited 
by I at 7.7r is caused by the methyl  group at tached 
direct ly to the ring. The absence of a t r iplet  between 
8.7 and 9.2r in I also indicates no methylene between 
the methyl  group and the ring'. In  I I ,  the downfield 
band of this t r iplet  is near ly  lost in the isolated meth- 
ylene signal. This t r iplet  in I I I  and IV  is more typi-  
cal of long-chain terminal  methyls. The relatively 
stronger signal a t  7.7r in ACal as compared to those 
of I I ,  I I I ,  and I V  indicates the presence of snmll 
amounts of I in the mixture.  The signal in I I  at 
7.15r, which is pa r t  of a quadrupl ieate  7.15 to 7.5r, 
is also evident in ACal. The most str iking overall 
similarity, however, is between I I I  and ACal, which 
is in agreement  with the GLC findings. 

Mass spectrographic analysis of ACal  did not give 
the f ragmenta t ion  pa t t e rn  expected. Appa ren t l y  both 
side chains are cleaved, producing only relatively 
light-weight f ragments  that  do not give adequate in- 
formation for  establishing the position of the aro- 
matic ring. Thus the appearance of a strong peak at 
mass 105 (o-xylyl ion) does not necessarily mean that  
the pr incipal  isomer is I. This contention is in agree- 
ment  with the data of Meyerson (23) on the frag- 
mentat ion of 1,4-di-(1-deeyl)benzene. 

Hydrogenat ion  of the pure  aromatic  isomers I - I V  
gives the corresponding eyelohexane derivatives I H -  
IVH.  The gas ehromatogram of I I I  and I I I H  (Fig. 
6) shows tha t  the hydrogenat ion of a pure  (one) 
aromatic species gives rise to two cyclohexyl species. 
T h e  two cyelohexyl species have a shorter retention 
time and appear  to be present  in differing amounts. 
These (two) species are eonfigurational isomers of the 
disubsti tuted cyclohexanes (chair form).  Because 
substi tuent groups prefer  to assume the equatorial  
position for  steric reasons, one would predict  that  the 
predominant  isomer should be the trans (e,e + a,a) 
form. The lesser isomer would then be the cis (a,e + 
e,a) form. I t  should be pointed out tha t  each of these 
forms is a racemic mixture  of a dl pair. One would 
expect little i f  any  of the (a,a) trans fo rm to be 
present in the mixture,  and the predominant  cis form 
would be the one in which the alkyl group is axial 
and the long chain containing the ester function 
equatorial. This predominance may  become insignifi- 
cant as the alkyl group becomes larger  (27). 

F rom the ehromatogram of HCal  (Fig. 7) it is 
evident that  the first peak in each pair  is the larger  

m 

t~H 

4" Time ~, 

I~IG. 6. Gas ehromatogram of methyl 9-(o-n-propylphenyl) 
nonanoate I I I  and methyl 9-(2'-n-propyleyclohexyl)nonanoate, 
Pye Argon chromatograph, 4-ft × l~-in, column, EGSSX on 
100-120 Gas-Chrom, 175C, 35 ce/min. 

and should, according to previous reasoning, be the 
trans form. Because of its configuration one would 
expect the trans form to have a shorter  retention time 
than the cis form. I t  can also be seen that  as the 
alkyl group becomes larger, I--> IV, the ratio of the 
two peaks also becomes larger. This observation is 
also in agreement  with the previous reasoning, i.e., 
as the alkyl group becomes larger  the equatorial  posi- 
t~on is favored. 

The isomer pairs  in HCal  were identified first by 
comparing their  retention times with the pure  hydro- 
genated isomers I H - I V H  and then by GLC analysis 
of mixtures  of each pure  isomer with HCal.  A mix- 
ture of HCa] with a combination of I I H - I V I t  is 
shown in Fig. 7B. I t  is significant that  no new peaks 
appear  and that  there is obvious enrichment of the 
peaks corresponding to I I H - I V H .  The peaks eor- 
re:~ponding to I H  and the unidentified peaks are con- 
versely great ly  suppressed. 

mH 

Laurate ~IH//III/// IIH 

k Steara 

l 
I 

Time 

]* 
HH ~IH 

FI~. 7. Gas ehromatograms of: (A) HCa] methyl esters with 
saturated C,2-~s fatty methyl ester markers; (B) mixture of 
A and C; and (C) pure methyl 10-(2'-ethyl eyelohexyl)decanoate 
(IIH),  methyl 9- (2'-n-propylcyclohexyl)nonanoate ( I I IH) ,  and 
methyl 8-(2'-n-butylcyclohexy])octanoate (IVIt). Barber Col- 
man chromatograph, 200-ft × 0.01-in. co]unto, Apiezon 3~, 200C. 
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Mass spectral  analyses of HCal  methyl  esters and 
the pure  hydrogenated isomers I H - I V H  showed a 
much niore useful f ragmenta t ion  pa t t e rn  than their  
corresponding aromatic  derivatives. Significant mass 
numbers  corresponding to cleavage of each side chain 
were evident in the spectra. This cleavage is illus- 
t ra ted  by the following general formula.  The inten- 
sities of f ragments  A - C  resulting f rom this cleavage 
were measured. 

D C 

0 H H 

~ e ' ) - - C - -  (CH2) x - - - - C  -C -(CH2) lo_~CH~ 
/ \ 

CH2 CH2 
\ / 

CH2--CH2 
fi £ 

Three other significant peaks (A + 1 via rearrange-  
ment  of A, D-32, and D-23-18 by fur ther  f ragmen-  
tat ion of D) are also evident in the spectra of the 
hydrogenated derivatives. The only exception is the 
absence of D,D-32, and D-32-18 in the spectra of I. 
This lack is to be expected since the cleavage would 
involve the methyl  at tached to the ring. Such cleav- 
age is not favored because of the high energy of the 
methyl  f ragment .  To make a quanti tat ive e~timation 
of the percentage of each of the isomers I H - I V H  in 
the mixture  t tCal ,  one prominent  mass number  was 
chosen for each pure  isomer. The mass number  show- 
ing the least interference f rom the same number  in 
the other three isomers was used for the calculation. 
These mass numbers and their relative intensities in 
scale divisions per  microli ter  are given in Table I. 
These f ragments  correspond to D-32-18 for I I H - I V H .  
Since the peak corresponding to D-32-18 does not 
exist for  IH,  the mass number  corresponding to frag-  
ment  A was used for  this isomer. The approximate  

TABLE I 

Selected Mass Spectral Intensities of Pure 
Hydrogenated Cyclic Isomers and (HCal) 

Mass number 199 189 203 217 

Intensities 
( Scale divisions/Microliter ) 

Methyl 9 - ( 2' methylcyclohexyl) 
undecanoate 108 ].8 1.2 1.0 

Methyl 8 (2' ethylcyclohexyl) 
decanoate 4.3 2.0 1.6 38.3 

]/[ethyl 7- (2'-n-propylcyclohexyl) 
nonanoate 1.0 3.7 58.6 0.8 

Methyl 6- (2'-n-butylcyclohexyl) 
octanoate 2.1 94.2 1.1 0.6 

Methyl ester of hydrogenated cyclic 
acids (HCal) 8.5 ]3.5 35.9 5.0 
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percentages of the isomers in HCal  are as follows: 
1H- -5 .5%,  1 IH- -10 .5%,  I I I H - - 5 3 . 5 % ,  and I V H - -  
9.5%. I I I H  is undoubtedly derived f rom cyclization 
of 10,12,!4-oetadeeatrienoie acid present in the isom- 
erized mixture  (19). The percentages are in reason- 
ably good agreement  with the percentages of I - I V  as 
calculated f rom the GLC curve of ACal. Methyl 7- 
(2 ' -n-pentyleyc!ohexyl)heptanoate  and methyl  6-(2'-  
n-hexycyelohexyl)hexanoate were not synthesized; 
therefore their  contribution to the isomer mixture  
(HCal)  cannot be definitely established. The pres- 
ence of these two isomers in the mixture  is evident 
however f rom the appearance  of mass numbers cor- 
responding to the f ragmenta t ion  pa t t e rn  shown by 
the other isomers. The intensi ty of these peaks are 
of the same order as I H  and IVH.  There is some 
evidence for  the presence of methyl  5-(2 '-n-heptyley- 
clohexyl)pentanoate in the mass spectrum of the mix- 
ture but no evidence for the remaining members of 
the series. 
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