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p R E V I O U S  studies have shown that  oxygen adds 
direct ly to the double bond of a conjugated 
system (1). The mechanism involved in the 

autoxidat ion reaction as yet  has not been clearly 
defined. The hydroperoxide  hypothesis proposed by  
F a r m e r  (2) for  the autoxidat ion of a nonconjugated 
f a t t y  acid does not seem to app ly  to a conjugated 
system. Robertson, Hartwell ,  and Kornbe rg  (3) have 
shown that  the peroxides of conjugated acids may  dif- 
fer  f rom those of the nonconjugated acids. Fu r the r -  
more Triebs (4) observed differences in the reactions 
of hydroxylamine  and  lead te t raaceta te  with the au- 
toxidation products  of the two types of unsa tu ra ted  
f a t t y  acids. 

Brauer  and S teadman (5) found that  oxygen adds 
to eleostearic acid in dilute solution in the rat io of 
one-half mole of oxygen for  every double bond de- 
stroyed. These workers were able to separate  a dimer 
of the acid which was thought  to have at least one 
new carbon to carbon bond  between the molecules. 
Fu r the rmore  Triebs (6) was able to isolate a dihy- 
droxy  stearie acid a f t e r  hydrogenat ion of par t ia l ly  
oxidized eleostearie acid. By  compar ing  this glycol 
with one obtained f rom oxidized ricinoleic acid, he 
concluded that  oxygen added 1,4 to produce a perox- 
ide which could polymerize through peroxide bridges 
or tautomerize to more stable forms. However  Triebs 
effected the separat ion of tile autoxidat ion product  by  
distillation which may  have caused some thermal  de- 
composition of the oxidation product.  

In  the present  s tudy the proper t ies  of the main 
p r i m a r y  oxidation product  of methyl  eleostearate and 
the kinetics of the reaction were investigated. 

Experimental 
Preparation of Materials. The eleostearic acid was 

separated f rom tung oil 6 b y  the method described b y  
Braue r  and  S teadman (5).  The pure  acid was esteri- 
fled with methanol,  the ester extracted with pet roleum 
ether and purified by  allowing it  to pass through a 
column of alumina.  The ester was f reed f rom the 
solvent under  vacuum, subjected to distillation in a 
fal l ing film type of molecular still, sealed under  vac- 
uum m small glass ampoules, and  stored at  - -20°C.  
The specific absorpt ion coeffÉcient at  2700 A in ethyl  
aicohol was 184. 

Analytical Procedures. The hydroxyl  oxygen was 
determined according to the method of egg ,  et al. 
(7) using one ml. of acetylat ing reagent.  The a, fl 
dihydroxy compounds were determined b y  the method 
of Ross, et al. (8).  The ul t raviolet  absorpt ion spectra  
of the oxidized samples were carr ied out in a solution 
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of 15% ethyl  ether in e thyl  alcohol by  means of a 
Beckman quartz  spectrophotometer.  

Apparatu s. The rate  of autoxidat ion was followed 
with the aid of an appara tus  (F igure  1) similar  to 
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FIcl. 1. Oxidation apparatus. 
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the one described by  Kahman  (9).  A 15 ml. reaction 
flask A was fitted with a side a rm of sufficient diame- 
ter to permit  the introduct ion of a sealed ampoule of 
ester. A solid glass rod held by  a short  r u b b e r  tube 
served both to close the tube and to break the sealed 
ampoule of ester. The reaction flask was a t tached to 
a bure t te  by  means of a g round  glass jo int  and a 
flexible heavy rubbe r  tube. The la t ter  permi t ted  agi- 
tat ion of the reaction flask by  a motor  driven eccen- 
tric. The bure t te  B of 30 ml. capaci ty  was connected 
to a mercu ry  reservoir  and an electrolytic cell C. The 
la t ter  contained a solution of oxalic acid, the elec- 
trolysis of which was controlled b y  the mercu ry  
manometer  D. The manomete r  E was filled with 
bu ty l  phtha la te  and served as a sensitive manomete r  
to determine when the inside and outside pressures  
were equal. The entire a p p a r a t u s  was placed in a 
thermostat ical ly  controlled water  ba th  which was 
fitted with bo th  ref r igera t ion  coils and  knife  heaters.  

The procedure  used to measure the rate  of autoxi- 
dation was as follows: The sealed ampoule of ester 
was introduced into the side a rm of the reaction 
flask, the appa ra tus  swept  with d ry  oxygen, allowed 
to reach t empera tu re  equi l ibr ium and the ampoule 
of ester broken. Stopcock G was opened and stop- 
cock F closed, and the time, bure t te  reading, and 
atmospheric  pressure noted. The agi tat ion of the re- 
action flask was s ta r ted  at  two- to five-minute inter- 
vals, the mercury  level in the bure t te  was noted and 
the volume of oxygen absorbed calculated to moles 
of oxygen per  mole of ester. 

Results 
Oxidative Changes in the Ultraviolet Absorption 

Spectra of Methyl.Eleostearate. The ul t raviole t  ab- 
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sorption spectra of the methyl eleostearate samples 
were determined during the autoxidation and found 
to show a decrease at 2700 A while the band at 2340 

increased as the amount of oxygen in the samples 
increased. The linear relationship of the changes in 
the absorption bands with the amount of added oxy- 
gen i~ shown in Figure 2. 
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Isolation of Primary Oxidation Product. The 
primary products obtained on autoxidation were 
separated by the fractional crystallization method 
described by Swift, et aS. (10). One hundred twenty- 
one g. of methyl eleostcarate was oxidized at 20°C. 
until 0.2 mole of oxygen per mole of ester had been 
absorbed. The resulting product was dissolved in 500 
mt. of acetone and cooled to --80°C. in a dry ice- 
acetone bath. The liquid and solid phases were sep- 
arated by filtration. The filtrate was reduced to 300 
ml. of acetone in volume and again subjected to low 
temperature crystallization. The crystalline material 
was removed by filtration and the filtrate freed of 
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acetone under vacuum at room temperature. The re- 
sulting viscous residue was poured into a separatory 
funnel and washed twice with 700 ml. of Skellysolve 
F. A flow sheet of the operations involved and the 
yields based on weights and ultraviolet absorption 
analysis of the fractions are given in Figure 3. 

Properties of the Oxidation Product. The prod- 
ucts separated from both partially oxidized a and 
fl methyl eleostearate were viscous colorless liquid 
which did not become solid at temperatures as low 
as --80°C. The characteristics of the products ob- 
tained from the autoxidation of the a and fl forms of 
methyl eleostearate are shown in Table I with cal- 
culated values for methyl eleostearate -~ 02. The 
ultraviolet spectra of typical preparations are shown 
in Figure 4. 

The ultraviolet absorption spectra of the oxidation 
product in alcoholic potassium hydroxide solution was 
not altered in 1 and 5% alcoholic potassium hydrox- 
ide solution, but the absorption at the shorter wave 
lengths was decreased markedly in 10 and 15% so- 
lution as shown in Figure 4. 0nly slight increases 
were noted at the longer wave lengths in this solvent. 

Hydrogenation. The hydrogenation :of the oxida- 
tion product was accomplished by the  use of Raney 
nickel catalyst and a hydrogen pressure of 60 p.s.i. 

TABLE I 
Character is t ics  of Oxidation Produc t s  F rom a and  

Methyl Eleostearate  

Peroxide value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Refract ive index N~ .............................. 
Absorption coea?ieient 2340 )~ . . . . . . . . . . . . . . . .  

Absorpt ion coefficient ............................. 
% Carbon ............................................... 
% Hydrogen  ........................................... 
% Oxygen (by difference) ...................... 
Saponification equivalent  ....................... 
Molecular weight  c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

c$ 

0 
1,498 

62 
19 a 
70.47 

9.74 
19.74 

320 
660 

1.500 

60 
28 b 
70.49 

9.94 
1:9.95 

321 
632 

CaIcu- 
luted d 

70.34 
9.95 

19.71 
324 

a 2700 .~. 
b 2680 A. 
¢ Determined by cr-yoscopic method us ing ni trobenzene as solvent. 
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FIa. 4. Ultraviolet absorption spectra of autoxidation p r o d u c t s .  
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The hydrogenated product was crystallized twice from 
10% acetone in petroleum ether and resulted in a 
70% yield of methyl dihydroxystearate. Analysis of 
this product indicated carbon, 68.96%; hydrogen, 
11.9%; hydroxyl, 9.84%; saponification equivalent, 
326; compared with the calculated values of carbon, 
69.05% ; hydrogen, 11.59% ; and saponification equiv- 
alent, 330. The a,fl hydroxyl groups varied from 4 
to 12% in the different preparations. 

The methyl dihydroxystearates were partially sepa- 
rated by chromatography, employing an alumina col- 
umn and ether acetone as eluting agent. Fractions of 
the eluate were collected in tared beakers, the solvent 
evaporated, and the residue weighed. By combining 
the small residues, four main fractions were obtained. 
The first, a very small fraction, was identified as 
methyl stearate. The second and third, which had 
melting ranges of 61-63 ° and 56-57 °, respectively, 
contained no a,fl hydroxyl groups while the fourth 
had a melting range of 86-89 ° and contained 96% 
a, fl dihydroxy groups. Analysis showed the latter 
three fractions were methyl dihydroxystearates. 

Oxidation Wi th  Potassium Permanganate. Disrup- 
tive oxidation of the autoxidized product was carried 
out essentially by the method described by Arm- 
strong and Hilditeh (11). Characterization of the 
disrupted products showed that only valeric and 
azelaic acids were present. 

Kinetic Study. The oxygen uptake of methyl elco- 
stearate as a function of time at several different tem- 
peratures is given in Figure 5. The reaction started 
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FIG. 5. Rate of autoxidation of methyl eleostearate. 

immediately after the ester was allowed to contact the 
oxygen, but the rate of reaction was slow at first; it 
gradually increased to a maximum at about 0.2 mole 
oxygen uptake and then approached zero slowly. The 
rate of reaction (moles O2/mote ester/minute) was 
not l inear with the extent of oxidation so the reaction 
did not follow first order kinetics during the primary 
reaction. Hovfever the rate of reaction was found to 
show a linear relationship with the square root of 
the extent of oxidation as shown in Figure 6. 

The effect of the initial concentration of methyl 
eleostearate on the rate of autoxidation is shown in 
Figure 7. Samples of methyl eleostearate were di- 
luted with freshly distilled butyl stearate and the 
rates of reaction determined. The rate was found to 
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Fm. 6. Dependence of rate of autoxidation on the square root 
of product concentration. 

be dependent on the initial concentration of methyl 
eleostearate. 

The catalytic effect of benzoyl peroxide was inves- 
tigated by the addition of benzoyl peroxide to methyl 
eleostearate. As shown in Figure 7, the rate of oxy- 
gen uptake was found to be proportional to the square 
root of the concentration of benzoyl peroxide. 
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FIG. 7. Dependence of rate  of autoxidation on initial 
concentration of methyl eleostearate and benzoyl peroxide 
concentration. 

Discussion 
The results obtained from these studies are added 

evidence for the view (1, 3) that conjugated and iso- 
lated systems of double bonds give different initial 
products during autoxidation. 
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The changes in the ultraviolet absorption spectra of 
the fat ty acid during the primary stages of autoxida- 
tion indicated that the triene system of double bonds 
was being destroyed from the outset of the reaction. 
Also the decrease in the absorption coefficient was 
linear with the oxygen added at low levels of oxida- 
tion and indicated that one mole of oxygen was neces- 
sary to destroy the triene system. This was in contrast 
to the conclusion reached by Brauer and Steadman 
(5) that one-half mole of oxygen will destroy the 
triene. 

The chromaphore produced at 2320-2340 A during 
the first stages of oxidation indicated the formation 
of a carbon diene system. Although the intensity of 
this band was reduced in strong alkaline solution, as 
would be expected from a carbonyl group, the ab- 
sence of any new chromophore in basic solution indi- 
cated that the absorption band at 2340 A was not due 
to an unsaturated carbonyl compound. 

The data indicated that the position occupied by 
the oxygen in the oxidized ester was confined to 
the triene system and occurred at the 1,2, 1,4, and 
1,6 positions, 'therefore the following structures were 
possible : 

t ¢ - - C H = C H - - C H = C H - - C H - - C I t - - R  1 
t l 

O O 
I l 

I 

R - - C H - - C H = C H - - C H - - C H : C H - - R  1 
I I 

O O 
I I 

I I  

R - - C H - - C H : C H - - C H = C H - - C H - - R  ~: 
I ] 

O O 
I I 

I I I  

The experimental observations supporting such 
structures were as follows: 

The production of only valeric and azealic acids 
by disruptive oxidation indicated that the reaction 
was confined to the triene system. The decrease of 
the triene and increase of the diene absorption bands 
were indicative of double bond reaction and also 
suggested the position of the oxygen. If the three 
structures were produced in equimolar amounts, the 
specific absorption coefficient at 2340 A could be 
assumed to be two-thirds of 115, as only structures 
I and I I I  would absorb at this wave length. The 
observed value of 62 of a product which was 90% 
pure agreed with the calculated value of 71. 

Furthermore the formation by hydrogenation of at 
least three isomeric dihydroxy methyl stearates, only 
one of which contained an a,fl dihydroxy group, added 
evidence that the three structures were produced. 

From the kinetic study the rate of the reaction of 
oxygen with methyl eleostearate may be summarized 
by the expression: 

d o j d t  ~ K (Product) ~/" (Ester) 

From the observed kinetics of the reaction, the 
product of the reaction must be the sole catalyst and, 
m common with many different types of oxidation, 
be a chain reaction. The product was decomposed to 
form free radicals which initiated the chains, and 
termination of the chains occurred by reaction of two 

of the particular radicals formed. The generalized 
reaction scheme may be shown as follows, X and Y 
being designated as the chain carriers: 

Initiation 
(1) Product ---> X or Y kl 

Propagation 
(2) x + O~-~ Y k.~ 
(3) Y + ester --> X + product ks 

Termination 
(4) x + x - . }  k4 
(5) X + Y ---> end products k~ 
(6) Y + ¥ --o. k6 

The reaction velocity constants for the various reac- 
tions are k I to k 6. 

The concentration of Y at any time will be deter- 
mined by the rate at which it is formed by initiation 
reaction 1 and propagation reaction 2 ,  and by the 
rate at which it is destroyed by termination reactions 
5 and 6. The high oxygen pressure employed in this 
study would adjust the concentration of X and Y so 
that termination would occur only by reaction 6. I f  
k6, is much larger than kl, the "s teady s ta te"  treat- 
ment may be applied. The concentration of the radi- 
cal Y is soon reached so that the rates i of initiation 
and cessation become equal and may be written: 

kl (Product) ~--- k6 (Y)~. 
Solving this for Y we obtain: (Y) ~ (kl/k6 [Product])~/~ 

By using this expression to replace the concentra- 
tion of Y in the propagation reaction 3,:which is the 
reaction actually measured, the observed kinetics of 
the reaction, first order with respect to monomer and 
half order with respect to the product,  are obtained. 

dO~/dt --~ l~ (Ester) (kl/k6 [Product]:) 1/2 

The benzoyl peroxide catalyzed reactions add proof 
to the above expression as it has been shown (12) 
that benzoyl peroxide decomposes by a first order 
chain reaction and the chains are terminated by mu- 
tual deactivation of two chain carriers. 

In conformity with the foregoing general kinetic an- 
alysis X can be identified as an eleostearate molecule 
and Y as a diradical with the following structure: 

CtI-- (CtI~)~CH~-CH--Ctt~CH--  C H - - C t t ~  (Oil:) ,COOH 

O 
I 

O 
I 

This radical would be stabilized by resonance of 
the free radical center along the unsaturated carbon 
chain, thus producing free radical centers on any of 
the carbon atoms in the triene system. This radical 
could react with an olefinic double bond to form a 
dimer which would still have free radical centers 
present. Such a reaction is shown as follows: 

--CII~--CII--CH-~-CtI--OH--OH-- + R--~H=CI-I--R:---> 
T 

O 
T 

o 
I 

O 
I 

O 

R - - C H - - C H - - R '  

The dimeric radical thus produced could again add 
oxygen to the free radical centers to produce per- 
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oxide radicals which could add olefin, thus building 
up a polymeric chain in which the repeating unit is 
- -CHR' - -CHRO0-- .  

Although molecular weight measurement indicated 
only dimer formation, the solvent used possibly par- 
tially decomposed the polymers to the more stable 
perdioxane structure. 

Treibs in a recent report (13) stated that only a 
1,4 reaction occurred and produced polymers through 
peroxide bridges. The data presented here support 
this view but add the possibility of both 1,2 and 1,6 
addition to the conjugated triene system. 

Summary 
The autoxidation of methyl eleostearate was studied 

by observing the kinetics of the reaction and separat- 
ing the primary oxidation products. The results indi- 
cate that an eleostearate free radical adds oxygen to 
the 1,2, 1,4, or 1,6 position of the triene system to 
produce polymers through peroxide bridges. 
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Autoxidation of Methyl Oleate, Methyl Stearolate, and 
Methyl 9,10-Dideutero leate 1'2 
N. A. KHAN, 3 J. B. BROWN, and F. E. DEATHERAGE, Institute of Nutrition and Food Technology, 
Deportments of Agricultural Biochemistry and Physiological Chemistry, Ohio State University, 
Ohio Agricultural Experiment Station, Columbus, Ohio 

T HE past decade has seen notable progress in 
understanding the nature of the autoxidation 
of fats and oils. Many of these advances have 

been made by studying the autoxidation of pure 
compounds which have led to postulations regarding 
the mechanisms involved in this complex phenome- 
non. Swern, Scanlan, and Knight (1) and T~iufel 
and Rothe (2) have reviewed these theories. More 
recently a number of notable contributions have 
been made to the knowledge of the mechanism of the 
autoxidation of fats, and these will not be reviewed 
here. 

It has been often reported that water is formed 
during the autoxidation process, and it was thought 
that perhaps some information of value might result 
when fat derivatives containing deuterium were stud- 
ied and the resulting water characterized for deu- 
terium content. Such studies might give information 
concerning the induction period, peroxidation, poly- 
merization, and fragmentation of the molecule giving 
rise to rancidity. Accordingly this paper will deal 
with the autoxidation of methyl 9,10-dideuteroSleate, 
a mono-olefin where the olefinic hydrogens (on car- 
bons 9,10) have been replaced by deuterium. In an- 
other paper there will be reported the autoxidation of 
8, 8,11,11- tetradeutero-cis-9-octadecene, a mouo- olefin 
where the hydrogens, on the carbons 8 and 11, a to 
the double bond, have been replaced by deuterium. 
In both instances the corresponding compounds con- 
taining no deuterium are also to be reported. 

Since the deuteroSleate was prepared from stea- 
rolic acid, the autoxidation of this compound and its 
methyl ester was also studied. 

Supported in part by a gra~t from /he Graduate School. 
~Journal article No. J 31-50 of the Ohio Agricultural Experiment 

Station, published with the permission of the assistant director. 
A scholar of the gcvarnme~$ of Pakistan. 

Some investigations have been carried out on 
the nature of the non-aqueous volatile matter from 
the autoxidized compounds which were reported by 
Deatherage and Mattill (3) to contain a high con- 
centration of peroxidic oxygen. 

Materials 
The substrates, " reduced"  oleic acid, "reduced"  

methyl oleate, methyl 9,10-dideuteroSleate, stearolic 
acid, and methyl stearolate used for the autoxida- 
tion studies were prepared according to the meth- 
ods described by Khan, Deatherage, and Brown (4) 
whereas those designated as "crystal l ized" oleic acid 
and "crystal l ized" methyl oleate were prepared ac- 
cording to the methods of Brown and Foreman (5). 
The characteristics of the different substrates were: 

Reduced oleie ac id :  B.P.,  183-184 ° a t  1.8-2.9 m m . ;  L N. 
( I od ine  N u m b e r ) ,  89.4; n 2° ~ 1.4600; hyd rogen  up take ,  1.00 
mole H2 pe r  mole. 

Reduced me thy l  o lea te :  B.P. ,  171-172 ° a t  1.9-2.0 ram.;  I .  N., 
85.1; n ~° == 1.45215; h y d r o g e n  up take ,  1.00 m01e H~ p e r  mole. 

Methy l  9 ,10-d ideuteroSlea te :  B.P. ,  173-174 ° a t  1.8-2.0 ram. ;  
I. N. 84.7; n 2° = 1.45186, n 2s = 1.4492; d e u t e r i u m  content ,  
5.05 a toms  per  cent  o f  h y d r o g e n  and  d e u t e r i u m  ( theo ry  5.55).  

Stearo l le  ac id :  M.P. 46.0-46.5°;  t .  N., 89.5; n ~4"~ ~ 1.4510, 
n 61~ = 1.4484; hyd rogen  up t ake ,  1.98 moles  It2 per  mole (the- 
ory, 2 moles ) .  F r e e z i n g  p o i n t  curve,  ca rbon  and  h y d r o g e n  an- 
a lys is ,  and  ozonolysis  confirmed the  p u r i t y  of the  m a t e r i a l  as 
9-octadeeinoic  acid.  

Me thy l  s t e a r o l a t e :  B.P.,  174.175 ° a t  2.6-3 ram.;  I .  N., 86.2; 
hyd rogen  up take ,  2.00 moles  H2 pe r  mole ;  n :° ~- 1.4562, n ~~ 
1.4435. 

Crys ta l l i zed  oleic ac id :  M.P., 13.3-13.4°; I .  N., 89.99; n ~° 
1.4600. 

Crys t a l l i zed  m e t h y l  o]eate :  B.P.,  171-172 ° a t  1.9-2.0 ram. ;  
I .  N., 84.97; n ~° ~ 1.4521. 

H y d r o x y  h e p t y l  peroxide ,  9 5 % ;  me thy l  amyl  ke tone  perox- 
ide, 9 5 % ;  and  t - bu ty l  hydroperox ide ,  60%.  These were  dona ted  
by the  Luc ldo l  Divis ion,  ~Novadel-Agene Corpora t ion .  


