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sensitivity. By condensing in a scintillation solution, 
the radioactivity may be subsequently observed at 
the convenience of the operator and for sufficiently 
long periods of time to obtain the desired statistical 
results. 
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Fatty Acid Structure Determination by Chemical Means 
ROBERT A. STEIN, Department of Physiological Chemistry, 
University of California, Los Angeles, California 

T 
HE UTOPIAN GOAL for a chemist performing a 
structure determination is to possess an unknown 
compound in a high state of puri ty and to com- 

mand reactions that proceed in an unambiguous man- 
ner. In practice, a compromise with either of these 
ideals still makes it possible to adequately determine 
a structure, but the lack of both of them will severely 
cloud the interpretation of the data. 

The various chromatographic techniques are effec- 
tive in preparing pure samples of fa t ty  acids that are 
initially contaminated with homologues or dissimilar 
compounds, but greater stress is placed on such tech- 
niques in separating closely allied isomers. Obvious 
examples of these are the isomeric unsaturated fat ty 
acids (including geometric as well as positional iso- 
mers) and positional isomers of branched chain acids. 
The extent to whictl small quantities of these isomeric 
compounds can be found depends on the specificity of 
the chemical reagents used in the structure determi- 
nation. For this reason, this discussion will consider 
the qualitative nature and quantitative limitations of 
some reactions useful to the lipid chemist in solving 
identification problems not easily solved by chromato- 
graphic techniques alone. Further,  consideration will 
be limited to the fat ty  acids with a hydrocarbon chain 
and will not include those with other functional 
groups. 

Potassium permanganate is useful in cleaving fat ty 
acids at centers of unsaturation. An examination of 
the mechanism and experimental conditions used with 
this reagent will assist in understanding the limita- 
tions or sources of difficulty in using it. 

A simplified view of a thorough permanganate oxi- 
dation of a double bond shows the products as two 
carboxylie acids with a concomitant reduction of the 
~ n ( V I I ) .  The reaction however is not simple, and 

inevitably other products are formed; the course of 
the reaction is determined by pH conditions. An 
investigation of the oxidation of oleic acid using 
01S-labeled permanganate (1) in alkaline solution 
confirmed the theory that the first step of the oxida- 
tion involved the formation of a cyclic ester between 
the olefin and permanganate ion which was followed 
by hydrolysis in the alkaline solution to the glycol. 
The recovery of high yields of the glycol indicates it 
is stable toward oxidation under these conditions. 

N /  
c 
[I + Mno,- 
c 

/ \  

\ /  \ /  
0_.~O C--OIt 

> ] >MnO2- ) I 
C--O C--OIt 

/ \  / \  

Oxidation under less alkaline conditions results 
in a further oxidation of the olefin to the ketol or 
acyloin (2). 

N /  
G--OH 
I 
C=O 

/ 

Conditions (pH 9) that give the kctol in good yields 
(75%) from oleic acid do not oxidize the glycol to 
the ketol (3). To reconcile this apparent anomaly, 
it is considered (1) that the cyclic ester is a common 
intermediate in both reactions and undergoes rapid 
hydrolysis to the half ester. At high pH, hydrolysis 
is complete, resulting in glycol formation, while in 
somewhat less basic medium the ketol formation in- 
volves a further oxidation of the Mn(V) in the ester 
which then undergoes a concerted elimination reac- 
tion with base. 
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MN02- H20, H20- I 

J M N  04- 

O ~ N  O3H 0 3 H 
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One consequence of the oxidation of an olefin with 
potassium permanganate  is that  the solution becomes 
alkaline dur ing the reaction and thus may change its 
course (2).  As the pH  increases the major  product  
being formed changes from ketol to glycol. 

3 --CI-I=CH-- + 4MnO(  § 2H~O > 

3- -C-CI t  + 4 MnO_~ + 4 0 H -  

O OH 

Under  neutral  or acid conditions, the course of the 
oxidation changes and results in carbon-carbon bond 
cleavage. By one proposed mechanism, fu r the r  oxi- 
dation of the first-formed cyclic ester intermediate 
yields a neutral  ester which cleaves to the two alde- 
hydes. These subsequently are oxidized to the cor- 
responding acids (1). 

\ /  \ /  
13-0 MnO~ 0 - 0  
] > M n O ~ -  > I >l~[nO~ 

O--O C~-O 
/ \  / \  

\ /  
C 
II 
O O + 3~nO~ 

IT 
O 

/ \  

Since neutral  or acid conditions for the permanga- 
nate oxidation results in olefin splitting, these are the 
conditions most useful in obtaining fragments for  a 
s t ructure  determination. The double bond cleavage 
however does not give the corresponding carboxy]ic 
acids free f rom other products (4). Chromatographic 
evidence indicates that  the oxidation of various un- 
saturated acids in acetic acid produces a series of 
dicarboxylie acids shorter than that  expected. To 
fu r the r  investigate the extent of this overoxidation 
and the effect of the method of addition and type of 
solvent, oleic acid was oxidized with permanganate 
under  varying conditions (5). 

In  general the oxidations were performed on 0.1 
m3s of oleic acid with 1 m3/[ of KMnO4 in 0.5 ml of 
solvent at 15-21~ When the solvent was acetic acid 
the amount  of Cs dicarboxylic acid formed with re- 
spect to the expected C9 was consistently between 3 
and 5%. The addition of fluoride ion, as KF,  which 
is known to inhibit the oxidation of oxalic and malo- 
nic acids by acid permanganate (6) had no effect 
on the extent of overoxidation. Other overoxidation 
products  include Cv dicarboxylic acid (10-20.% of 
the Cs diacid) and an unknown compound in lower 
concentration that  has a trivial coincidence with the 
methyl  ester of Cn dicarboxylic acid on a polyester 
gas column. The relative amounts of these extra oxi- 
dation products  are independent  of order of addition 
of the reactants (e.g., solid KMnO4 to the oleic acid in 
solvent or the oleic acid to the KMnO~ in solvent). The 
type of solvent used however changes the relative 

yield of Cs and C9 diacids. In acetone and butanone 
the amount  of Cs increased to 8-14%. In pentane 
and benzene very  little oxidation occurred, but  that  
which was oxidized gave near ly  equal quantities of 
Cs and C9 diacids. 

F rom these data obtained in nonpolar  solvents it 
seems evident that  the formation of the lower chain 
homologues does not occur by oxidation of the car- 
boxylie acids once they are formed, but ra ther  at some 
intermediate stage. In  the oxidation of ketones by 
other oxidants it has been shown that  the rate of oxi- 
dation is dependent upon the rate of enolization of 
the ketone. In the present examples of the overoxi- 
dation of monoenoic fa t ty  acids, it  is probable that  
the extent of overoxidation is being determined by a 
rate or extent of enolization of an intermediate com- 
pound pr ior  to fu r ther  oxidation. This intermediate 
might be a ketol, for example, which can enolize in 
two ways. 

OH O1=[ OH O OI=[ OH 
T I 1 Ii l I 

--C = C--CH2-- H --CH-C-CtL_,-- H - C H - C - C H -  

F u r th e r  oxidation of the ketol or the enol on the left  
would result  in the expected cleavage products, while 
oxidation of the other enol would ult imately result 
in an acid one carbon shorter than expected. 

The oxidation of stearolie acid gives evidence that  
the overoxidation can occur before the chain is broken. 
Cleavage of the triple bond gives acids without an 
intervening aldehyde. Since a homologous series of 
acids is formed as overoxidation products  during the 
oxidation of stearolic acid, and since the earboxylie 
acids themselves are not oxidized under  the conditions 
used, it  seems clear that  the overoxidation started 
before the chain was broken. 

However the oxidized but  still intact  chain is not 
the only source of overoxidation products. Oxidation 
of f a t t y  aldehydes by permanganate  in acetic acid 
gives a homologous series of f a t ty  acids shorter than 
the anticipated product  (5).  I t  is expected that  the 
stepwise degradation of the aldehyde occurs by oxi- 
dation of the enol to form a new aldehyde one carbon 
shorter, thereby completing one tu rn  of the degrada- 
tion spiral. 

With  a judicious choice of conditions, permanga- 
nate cleavage of olefins to carboxylic acids is a sat- 
isfactory method for s t ructure  determination;  but  
because of the formation of small quantities of extra 
oxidation products, its use in determining the small 
amounts of closely allied isomers (e.g., 5% A s Cls 
acid in oleic acid) would be unsatisfactory. The 
practical use of permanganate  oxidations is also com- 
plicated by  the necessity of isolating the products 
f rom the reaction mixture. As each product  is ex- 
t racted f rom the reaction mixture, it  will be dis- 
t r ibuted in the solvents according to its par t icular  
par t i t ion coefficient. Since this coefficient is different 
for  each product,  the extract  will not be quantita- 
t ively representative of the original products unti l  
the extraction is complete. 

Acetylene bonds arc also cleaved by  permanganate  
oxidation, the reaction being p H  dependent. Stearolic 
acid at p H  7 is oxidized in 92-96% yield to 9,10- 
dioxooctadecanoic acid. At  a higher or lower pH  no 
diketone is isolated and the expected carboxylic acids 
are obtained (9). Since these cleavage fragments  are 
identical to those obtained from an ethylene bond in 
the same position, permanganate oxidation would not 
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be the reagent of choice to differentiate between dou- 
ble and triple bonds. 

An interesting adjunct  to double bond cleavage by 
permanganate  is the use of a catalytic amount of per- 
manganate with an excess of periodate (7). The per- 
manganate oxidizes the olefin to a glycol or ketol and 
the periodate effects both the cleavage and the regen- 
eration of permanganate.  The aldehydes are oxidized 
to the acids by the permanganate.  

\/MnO,- \/ I 0 (  \/ 
C > C--OH ) C 
It I I1 
C C=O O + COOK 

/ \  / / 

The reported yield of the expected dicarboxylic acid 
from the oxidation of unsaturated acids is within 2 % 
of the expected values, but again one major drawback 
is the quantitative recovery of the products from the 
dilute solutions. 

An interesting speculation on the permanganate- 
periodate oxidation is that the periodate is not the 
obligatory glycol-splitting oxidant in the reaction, 
but that its function is to maintain a low concentra- 
tion of permanganate. If this is the case, the perio- 
date could be replaced by another oxidant capable of 
oxidizing manganese dioxide to permanganate. 

For a more detailed account of the oxidations with 
permanganate, attention is directed toward two recent 
reviews (8).  

Ozonolysis 

Ozono]ysis is an alternative to other oxidative means 
of multiple bond cleavage. In  conjunction with sensi- 
tive chromatographic means of ident ifying the prod- 
ucts it becomes a simple, fast, quanti tat ive process 
substantially free f rom side reactions. Reviews of the 
reaction of ozone with organic compounds document 
the excellent research that  revealed the mechanisms 
of these reactions (10). 

Ozone, acting as an electrophilic reagent, adds to an 
elefin to form a pr imary  ozonide, which in tu rn  de- 
composes to an aldehyde (or ketone) plus a zwitterion. 
There is some evidence that  the p r imary  ozonide is 
stable below --60 ~ C. but  undergoes changes above this 
temperature  (11). 

\ /  \ /  \ /  
C O8 C C-00- 
II , 1 > o 3  , I 
C C C-O+ 

/ \  / \  / \  
ozonide primary 

\ /  
c - o - o -  + > c - o  

> + 

The zwitterion is capable of polymerizing, rearrang- 
ing, reacting with an H X  solvent (X = OH, OR, 
OCOR), and adding to aldehydes and ketones to form 
the " t r u e "  ozonide. 

The zwitterion rearrangement  occurs when there is an 
allylic substi tuent such as hydroxy,  ether or amino 
in the original olefin. 

O - O  0 

o, / El 
~C--CH=CH-- ) ~C--CK ) ~C--O-CH 

I I + E 
OH OH OH 

Awareness of the possibility of such rearrangements  
will prevent  misinterpretat ion of data obtained from 
some hydroxyla ted  unsatura ted  f a t ty  acids. 

With  the exception of the rearranged compound, 
the ozonolysis products  give the expected carboxylic 
acids and /o r  ketones on oxidation, and aldehydes 
and /o r  ketones on mild reduction. Both techniques 
have been used in obtaining products  f rom unsatu- 
rated fa t ty  acids. Oxidation of ozonized o]eic acid 
by molecular oxygen gives only moderate yields of 
diearboxylic acid (12), while silver oxide, even af ter  
a prolonged reaction time of three days, did not com- 
pletely oxidize all of the aldehydes to the correspond- 
ing acids (4d).  Hydrogen  peroxide and performic 
acid are also unsat isfactory in giving clean oxidation 
products  (4b). 

Reduction of ozonides to the aldehydes and /o r  
ketones, on the other hand, can give pure  products 
and avoids the necessity for  esterification before gas 
column analysis. No at tempt  will be made here to 
review all of the reducing agents that  have been used, 
and this discussion will consider only a catalytic hy- 
drogenation and one chemical method that  arc known 
to give superior results with unsatura ted f a t ty  acids. 

In brief, when hydrogenation is chosen for the re- 
duction, a suitable method is as follows (13): a few 
milligrams of the sample to be oxidized in methylene 
chloride or methanol at - 6 0 ~  are allowed to react 
with ozone (3% in 02) unti l  a fa int  blue color de- 
velops in the solution. Oxygen and ozone are then 
removed from the solution by a nitrogen purge. Hy- 
drogen is next  bubbled through at room temperature,  
the addition of Lindlar  catalyst affecting the desired 
reduction within 30 rain. Removal of the catalyst 
leaves a solution of neutral  products  that  may be 
analyzed direct ly by gas chromatography. 

The chemical reduction method is at tractive because 
of its even greater simplicity (14). The ozonized sam- 
ple in methylene chloride or other solvent, af ter  being 
flushed with nitrogen, is reacted at the ozonization 
temperature  with t r iphenyl  phosphine. The phosphine 
may be added in the solid form or as a solution. The 
reaction solution is allowed to warm to room temper- 
ature and a sample is injected directly into a gas 
chromatographic column. 

The phosphine reduces the ozonide and is itself oxi- 
dized to the corresponding phosphine oxide (15). 

\ /  
C - O - O -  
+ 

1 
> + > C - O - O - C - O - O -  

I 

OOH 
HX / 

) >C 
\ 

X 

0 - 0  
> c=o / \ 

) > C  C <  ~ t r u e " o z o n i d e  
\ / 

\ /  
o 

> po lymer  O--O 
/ \ 

>c  d <  + O~P 
\ / 

\ /  
0 

> 2 > C  = O + ~b~PO 

Unlike the catalytic hydrogenation method, which 
results in a chemically purer  reaction product,  the 
chemically reduced samples contain the phosphine 
and phosphine oxide. I f  the analysis is performed 
by gas phase chromatography on a polyester column 
the t r iphenyl  phosphine is eluted with a relative 
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retention time of approximately 10 with reference 
to methyl stearate; no evidence that the phosphine 
oxide is eluted has been obtained. The contaminating 
phosphorus compounds thus do not normally inter- 
fere in the chromatography. 

In order to examine both the short chain aldehydes 
and the aldehyde esters obtained from the usual un- 
saturated fat ty  esters, it has been found convenient 
to perform the ozonolysis in different solvents and to 
analyze the product on polyester columns at different 
temperatures. Methylene chloride allows an exami- 
nation of the aldehyde esters but obscures the more 
volatile simple aldehydes. For these, pure methyl 
octanoate is a good solvent, as it allows the chroma- 
tography of more volatile aldehydes before they are 
swamped by the solvent peak. Ozonolysis in methyl 
octanoate requires a higher temperature because of 
the decreased solubility of some of the samples in this 
ester, but the -20~ temperature at which it may be 
used does not affect the character of the products. 

The cleavage products obtained from oleic, linoteic, 
linolenic, and araehidonie methyl esters were obtained 
free from contaminating products and semiquantita- 
tively. Malonaldehyde is exceptional in that its ob- 
served response with an argon detector is less than 
expected. 

The ozonolysis of acetylene bonds may occur in two 
stages. On ozonolysis, stearolie acid yields the ex- 
pected carboxylic acids and in addition a 4% yield 
of 9,10-dioxooctadecanoic acid (9). This diketone 
is formed by a partial cleavage of the triple bond. 
As the acetylene bond does not give an aldehyde on 
ozonolysis, this method is useful in determining the 
positions of double and triple bonds in the same 
molecule (16). Acetylenes are also less reactive than 
ethylenes and, under controlled conditions, a mole- 
cule containing both types of unsaturation may be 
cleaved at the double bond only, thus leaving the 
acetylene intact (17). 

Determinat ion of Posit ion of Methyl  Branches 

A problem considerably more refractory than that 
of the position of unsaturation is locating the posi- 
tion of a methyl substituent of the fat ty  acid chain. 
With sufficient material and patience the entire mole- 
cule could be degraded one carbon at a time until the 
substituents were found; but this being impractical, 
except for substituents close to the carboxyl group, 
alternative methods must be sought. 

One such alternative method is the chromic acid 
oxidation and cleavage at the site of branching (18). 

CH8 
I 

CH8 (CH~) ~CH (CH2) sCOOH 

CHs 
I 

CH~ (CH~) ~C=O 
D] 

CH~ (CH2 ] 6COOH 
[3] 

HOOC (OHm) ~C0 OH 
[2] 

CH, 
[ 

O=C-- (CH~) 8C00H 
[4] 

For example, when the oxidation of 300 mg of 10- 
methylstearic acid occurs in acetic acid for 2-3 hours 
at 60-70~ and with a 6:1 ratio of chromium trioxide 
to fat ty acid, the yield of products 1, 2, 3, and 4 are, 

respectively, 1, 22, 10, and 9%. A preliminary sep- 
aration of the ketone from the acidic products re- 
vealed the expected ketone to be the primary neutral 
product. Gas chromatography of both the neutral and 
the acidic material (after conversion to the methyl 
esters) may be expected to yield sufficient informa- 
tion for an unequivocal structure determination. With 
conversion to isolable products so low however the 
ability to identify small amounts of positional isomers 
in a mixture might be seriously limited. 

The presence of the methyl substituent at positions 
2, 3, 4, and 5 decreases the yield of identifiable prod- 
ucts and, in the case of 3- and 4-methyl, none of the 
expected products are formed. This apparent change 
in reactivity as the site of action approaches the ear- 
boxyl group needs further clarification, but presently 
suggests caution in interpreting results from com- 
pounds with suspected branches near the carboxyl 
group. 

Methods are available for the introduction of a 
tert iary hydroxy group at the site of branching in 
fat ty acids. Yields of 50-90% are obtained with alka- 
line permanganate or manganate (19). Exploiting 
this substitution with subsequent chain cleaving reac- 
tions should give an attractive micromethod for deter- 
mining branched chain positions. 

Cyclic Fat ty  Acids 

Fat ty  acids with a carbocyclic structure in the chain 
are exemplified by sterculic and chaulmoogrie acids. 
The sterculic acid contains a cyclopropene structure 
(20) and chaulmoogrie a cyelopentene ring (21). In 
both acids the double bonds behave as normal olefins 
on oxidation with permanganate or ozone. A difference 
however is found between the reactivity of the dihy- 
dro (saturated) compounds with respect to catalytic 
hydrogenation. The five-membered ring is unaffected, 
while the cyclopropane structure of dihydrostereulic 
acid is opened by hydrogenation (Adams catalyst) to 
three compounds: two with methyl branches and one 
with a normal chain (20). 

CH2 

CH~ (CH2) ~Ct[--CH (CH2) :COOt]: > 
PtO~ 

CH~ CH~ 

CH3 (CHD ~CH (CH~) ~COOH + CH3 (CHD,CH (CH2) ~COOH + 
CH~ (CH~) 17C00H 

The problems posed by carbocyclic systems in fatty 
acids may thus be reduced to those that have been 
dealt with above: namely, the interpretation of oxi- 
dation data obtained from multiple bond cleavage 
and the location of chain branching, whether it be in 
a carbocyclic ring or as a methyl group. 

Determinat ion of Cis-Trans Isomers 

Despite the great sensitivity of gas column chroma- 
tography for some types of structural features, the 
identification of cis and trans isomers is not possible 
with the usual polyester liquid phases that are widely 
used for fat ty ester analyses. I t  may be argued that 
the small differences in dipole moment between the 
cis and trans configuration is insufficient to permit 
separation, and hence that incorporation of a dipole- 
moment-enchancing substituent might well make such 
differentiation possible. 
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Studies of gas column chromatography of 9- or 10- 
bromo-substituted methyl  oleate and elaidate jus t i fy  
this working hypothesis (22). The vinyl substituted 
oleate is expected to have a higher dipole moment than 
the corresponding elaidate because of a resonance con- 
t r ibut ion having a dipole oriented in the same direc- 
tion as that  of the C-Br dipole (23). 

Br H P)r 
\ / \ / 

C=C < ) C=C 
/ \ / /  \ 

-CH2 CH.~-- -CH2 CH:-- 
§ 

H ) ~ r  
\ 

C-C 
/ \ 

--CH= CH2- 

This difference between the cis and trans compounds 
allows a separation on a polyester gas column with the 
]ess polar trans or elaidate preceding the more polar 
cis o~: oleate. 

Exper imental ly  the monoenoic acids are readily con- 
verted into the vinyl bromides via two stereospecifie 
reactions (24). 

/ \ 
R R' 

s .  H , ..R' 
8. . 

Rf... ~ = 

c = c  / / \ 
R BR 

A cis olefin is stereospecificity converted into the threo 
dibromide, which dehydrobrominates in the presence 
of base to yield the trans olefin with a vinyl bro- 

mine substituent. Conversely, the trans isomer yields 
a product  having cis geometry. 

The ut i l i ty  of these transformations in determining 
cis and trans isomers has been demonstrated with mix- 
tures of oleic and elaidic acids (22). Thi r ty  mg. of 
f a t ty  acids, better  than 99% pure, were brominated 
and dehydrobrominated with sodium methoxide, then 
esterified with diazomethane, and chromatographed 
on a polyester column. 01eie acid containing 5.9% 
elaidic by weight gave a chromatographic analysis 
of 5.3%, while elaidie acid containing 2.5% oleic 
gave 4.5%. 
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