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PRIMARY PRODUCTS OF OLEFINIC AUTOXIDATIONS
by Deniel Swern
le Introduction

a, Background Material

Atmospheric oxygen is the most universelly prevelent as well as economically
importent oxidizing agent for féts and fatty acids, for petroleum and its com=-
ponents, and for meny other classes of organic compoundse. Its action may be bene-
ficial or deleterious depending on the conditions eand circumstences under which
it occurss It is advantageously employed in the productioh of blown oils and in
various oxidetion and polymerization products in the drying oil industry. Large
quantities of organic chemicals are produced by the controlled oxidation of pet-
roleun hydrooaybons. The process of film formation in applied protective coatings
is essentielly an oxidetive processs The ultimate failure of these protective
coatings, however, is a result of prolonged and excessive oxidation. Rancidifi-
cation and other forms of oxidetive deterioration of many fets and fat-containing
materiels are likewise due to autoxidation. Other important groups of orgenic
campounds, such &s rubber and plastics, gasoline and fuel oil also undergo autoxi-
dative deterioration unless precautions are taken to control ite. These reactions
are highly undesirable and result in serious economic losses.

Both the favorsble and unfavorable results of atmospheric oxidation follow
from the seme tyﬁe of reactions between oxygen end the orgasnic components of the
meterials just discusseds Consequently en enormous emount of effort has been and
is still being expended in attempting to unravel the mystery which hes enshrouded
the fundemental end primery reactions involved in these processes. A vast litera-
ture has appeered on the subject since about 1830 but it has been only within the
pest decade that a reasonably clear understanding of the reaction mechanisms hes
eppearede

Because of the sponteneous nature of the reaction between atmospheric oxygen

and many types of orgenic compounds the process is frequently referred to &s



autoxidetion., Without attempting to justify this terminnlagy, it is used hexe be-
ceuse of its convenience end bocause it effords a means of avoiding the repititious
use of the cumbersome phrase "oxidation with atmospheric oxygene"

Light, heat, concentretion of oxygen, moistwre, and the presence of catalysts
or inhibitors affect the reaction betwsen oxygen end orgenic compounds, often with
seemingly very different results. It is probable, however, that the same or simi-
ler mechanisms are involved or would ultimately be involved if the reaction process
were permitted to run its oourse. It is sometimes difficult to evaluete the effect
of a specific environmental factor in the overall oxidatiénrprocess because in
most cases several of these factors are operating simﬁltaneously. Of the several
factors which may be significant, one may predominate under one set of conditions
end quite a different one under another. For exemple, in a relatively thick
layer of orgenic compound maintained in a completely filled gless container at
room temperature and exposed to sunlight or ultraviolet light, the absorbed
éadiant energy mey be the predouminent factor influencing the oxidation reactionm,
and the temperature and concentration of oxygen may be quite secondarye. On the
otherf hend, in the process of passing air through oils the temperature and con=-
centretion of oxygen are the predominant factors and the effect of light is
secondarye

Catalysts or inhibitors of various types may be added to or may be present
naturally, thus markedly influencing the reaction velocitys For example, traces
of copper accidentelly introduced jncrease the rate of oxidative rancidification.
The eddition of metel oxides or metellic salts in the menufacture of boiled oils
accelerates the oxidation end subsequent polymerization reactions in this process,
end similer use of these substances in protective coatings enhances their rate of
drying and film formation. On the other hend, the presence of entioxidents acts

4o inhibit these same reections.



In planning end executing en investigation in autoxidetion, the careful
worker attempts to minimize the number of varisbles which may affect the course
of the reaction, or at least control them within reletively narrow limitse
Thus, the effect of light may be avoided by excluding it entirely from the
reaction, or the effect of heat may be minimized by mainteining a oonstant low
temperature in the reacting system. Unfortunately the literature contains
reports of many inveétigations in which little or no control was exercised
over the various environmen+tal factors, or if they were controlled the author
failed to mention ite In such cases it is often difficult to evaluete the
date reported or determine the validity of the conclusions drewn by the in=-
vestigator,

Underlying ell investigaticmsof autoxidation is a desire not only to
learn the nature of the products formed but also to understand the primery
mechanisms involved, since only by control of these mechenisms cen the de-
sired products be produced or the undesireble products be avoided. Natural
fats, for exemple, are gemerally too complex to permit drawing far-reaching
generalizations ooncerning the mechenisms involved in autoxidative processes.
Hence, much work involving these reactions, cspecially during the past
twenty yeers, has been carried out with simple substances such as oleioc,
linoleic, or similar acids and their monocesters, because they can be ob=
tained in pure form. Generslizations made on the basis of the results with
these simple substances have then been applied to natural fats, In some cases
such generaligations may be velid but a&s in all cases of reasoning by anelogy
they may not be entirely justifiede It should therefore be borne in mind that
epplying the results and conclusions derived from one substrate, such as methyl

oleate at 100°C., to & quite differentvsubstrate, such as cottonseed or soybean



0il at room temperature, mey not be entirely justifiede It is known, for ex-
emple, thet peroxides are releatively unstable at or above 100°C., whereas at
room temperature they ere relatively stable; therefore quite different end
products mey be produced under the two reaction conditions. Of course, if the
time is sufficiently extended &t the lower temperature the seme end result might
ultimately be echieved although it cennot be assumed that this will always be
the oase. If these limitations are borne in mind, however, it is entirely
possible to proceed from the simple to the more complex with reasongble prospects
of ultimately resolving the whole of the complicated phenomene involved in
autoxidation.
b. Modern Irends

Prior to abéut 1940 most investigators studied the autoxidation of mixtures,,
such as fats and petroleum. This epproach not only introduced meny additional and
complicating reactions but it wads the imterpretation of analyticel results
difficult, if not impossible. :n eddition, it soon became evident that some
analyticel methods were not relisble when applied to eutoxidation mixtures, thus
meking some of the early conclusions dubious. Furthermore, before 1940 modern
instruments, such as ultraviolet and infrared spectrophotometers and the polero-
graph, end efficient separation methods, such &s urea complexing techniques,
countercurrent distribution, chrometogrephy, molecular and fractional distillation.
and low temperature orystallization, were either not generally aveilable or were
incompletely developede

Modern investigators not only evailsd themselves of new instruments and
separation techniques but they also studied a large number of highly purified
model campounds. DMany of these were not directly derived from fats or petroleum
but contained structures known to be present in them end in their autoxidizing
systems. The autoxidation process was studied in detail kinetically and greater

insight wee obtained into the phenomena of oatalysis and inhibition.



The large increase in activity in autoxidation has resulted in a flood of pub-
licationss For the student who wishes more detail than can be given in this chapter

some excellent reviews have been published recently on verious phases of the autoxi-

dation processet™ > (This is only a partiel list).
2+ Development of the Concepts of Autoxidation

Sincd autoxidation is & phenomenon which concerns unsaturated compounds meinly,
this chapter will be devoted largely to the primary products of olefinic autoxida-
tions. Furthermore, since a large emount of fundamental work has been done on
pure unsaturated components isolated from fats a major portion of the space must
necessarily be devoted to the autoxidation of olefinic compounds derived from them.

Any explanation of the process of autoxidation must begin, as in all related

oxidation reactions, with en understanding of the nature of the first reaction of
oxygen with the double bond system. Until this initiel step is kmown with certainty

the subsequent steps of the process must remain more or less speculative. It is
for this reason that every theory of autoxidation has been founded on some oconcept
concerning this initial reaction and upon the chemical nature of the products
thus formede
8. Cyclic Peroxide Theory

Although the autoxidation of fatty meteriels had besn studied over one hundred
years ago by De Saussureu* and by othersl5’16 shortly thereaﬁ:ér, the first ob-
servation of eutoxidetion of & carbon-to-carbon double bond has been attributed
to Soh't!m‘r:uain:"7 who also inveétiga’ced the reactions of a variety of oxidizing
agents with umsaturated substences, such as almond oil and turpentine. The modern
theories of autoxidation, however, are generally essumed to dete from about 1900
with the work of Bachl8 and of Engler and co~workersl921 who investigated the role
of orgenic peroxides in slow oxidation processes and introduced the term "activeted
oxygen." Prior to these studies, molecular oxygen was presumed to be broken down,
at least to a small extent, into atomic oxygen in a menner analogous to the libere-
tion of oxygen from hydrogen peroxide, and this "active oxygen" was presumed to
be responsible for the slow oxidation observed in verious unsaturated organic sub-

stances. Bach and Engler, however,



believed that autoxidation by atmospheric oxygen was molecular and not atomic
in nature, that is, a molecule of oxygen added at the double bond to form a
peroxidized compound corresponding to the formula R) « O = 0 - R, and that
this campound, like hydrogen peroxide, could in turn oxidize another oxidizable
substancee The "activated oxygen" was not considered to be & free oxygen atom
but wes, rather, chemically bound in such & memmer that it could readily be
liberated to enter into autoxidative reactionse

In en attempt to explain the action of driers in the formetion of linseed
oil films, Fa.hriona2 end later Ell:':.s23 agsumed that an autoxidation occcwred
in the fatty acid part to fom a cyclic peroxide which underwent rearrangement
to a dihydroxyethylenic or & hydroxyketo configuretion as followss

Ry~ CH -0 Ry~ C-—OH Ry— CH — OH

] = =

Ry — CH-— 0 Ry— C—CH By—C ==0

It was also oresumed that tio cyclic peroxide might give rise to more
stable products corresponding to the formulas:

RyCOCHoR,  end Rlc\H 7CHR2
0

Staudingerzh proposed & theory of autoxidation based on the .assumption
that the oxidation reaction originelly proposed by Bach and by Engler was
probably not the first but the second step in the autoxidation of ethylenic
compounds. He essumed that a molecule of oxygen added at the ethylene bond
to form a moloxide, corresponding to formula I, which subsequently

underwent & rearrangement to form a cyclic peroxide, II:

EE
0 Ry CH=HC
i .
0 0—0

(1) (11)



This theory wes predicated on an investigation of the autoxidation of asym=
diphenylethylens, (06H5)26:CEg. Diphenylethylene peroxide was isolated end
found to be relatively stable, whereas the product of first addition of oxygen,
‘which could not be isolated, was unsteble and exploded when heated in & steel
bomb to 4O=-509C. Subsequently, it was learned thet the isolable peroxide wes
a polymer smd not a oyclic peroxide.

Although the majority of workers in the field accepted, at least until very
recently, the theory of the formation of a heterocyclic peroxide of the formula
- (iBH - CH = as the primary step in the autoxidation process, all the evidence

0-—0
for the existence of such peroxides was indirect, and no product containing
this grouping had ever been isolated or identifieds The existence of cyclic
peroxides was assumed on the basis of certain analytical data which were inter-
preted as substantiating the existence of such structures in olefinic autoxida-
tion systems. These analyticel d»terminations included iodine, thiocyanogen,
and diene values, total absorbed oxygen, peroxide value, molecular weight,
saponificetion, hydroxyl, and cerbonyl velues. If the autoxidized substrate
contained & single oxidation produét only, end the methods gave quantitative
end relisble results, the structure of the primafy autoxidetion product might
have been deduced on the basis of these data, at least for the simpler wmsaturated
compounds. As & general rule, however, all of these methods were applied to
unfractionated autoxidetion mixtures in which oxidation had proceeded to the
point where there existed in the reaction system & number of oxidation, degra=-
detion, and polymerization products. Consequently, the interpretation of the
analytical date was extremely complicated. Furthermore, the methods were not
entirely quentitative or specific in their application, especielly in the

presence of the cmsidereble number of oxidation and degradetion productse.



bes Ethylene Oxide Theory
In 1909, Fokin25 proposed & theory in which the first step in the autoxi=~

dation of an ethylenic bond was the formation of an ethylene oxide ring:
~CH=CH=- + 1/20 — - CH=~CH=
N,/
0

Compounds containing the ethylene oxide (oxirene) ring have also been celled
epoxides, monoxides and oxido compoundse This structure is now known to be
formed dwring epoxidation of unsatwrated compounds with perbenzoic, performic,
peracetic and other peracids, end many of these pure epoxy derivatives have

been isolated and chtatrs.c'l:er.ized..26
23,28

27 Although epoxy compounds heve been isolated
from autoxidation mixtures, it is doubtful that they are primary products.
Experimental wark in support of the ethylene oxide theory is the least extensive
of eny of the proposals, end it is no longer seriously considered by investigators
in the field of autoxidation.
ce Eydroperoxide Theory

Much information regarding the mechenism of autoxidation of olefinic campounds
derived from fats and other mixtures has been obtained by.studying the oxidation of
simple, monounsaturated compounds such as cyclohexens, which can be readily puri-
fieds In 1928, Stephen329 reported the isolation of & peroxide of oyclohexene,
06H10°2’ which he obtained by treating cyclohexene with oxygen 4in daylight.
He assumed, on the basis of the theories of oxidation accepted at that time,

that the product was saturated:



Further research, however, by Criegee and co-workers,3o »31 Hock32-35 and
notably by Farmer and S\.mdra].i.ngeun,36 established the fact that Stephens!
product was a hydroperoxide and that a double bond was present:

CH - (OCH)

\
e
|
c CH

%

CH2

It was also detem;ned by Farmerts group that l-methyl=l-cyclohexene and 1,2~
dimethyl-l=-cyclohexene behaved similarly when autoxidized. » r; The isola=-
tion of purified hydroperoxides from these and many other autoxidized olefins
wes & tremendous step forward; end it cast much doubt on the validity of the

older concepts of olefin oxidation. Riech637’38 postulated that unsaturated

fats end oils probebly behaved similarly. He suggested that the autoxidation
of mono- or polyunsaturated substances may occur through the formation of

oxygen~activated methylene groups according to the follbwing scheme:

00H
i
~CH=CH~CH,~CH=CH~ ~CH=CH=~CH~CH=CH~
———y
or + 0 OOH OH
OH P
~CH=CH~CHp=CH~ «CH=CH~CH=CH-

To Farmer and his co-workers ,39"'145 however, is due the mejor credit for
developing the hydroperoxide hypothesis of autoxidatiomn, especially in its
application to fetty acids, and for substemtiating it with convincing ex-
perimental evidencee According to Farmer, the autoxidation of practically
all unconjugated olefinic compounds proceeds by & chain reactiom involving
addition of a molecule of oxygen to the carbon atmm adjacent to the double
bond to form a hydroperoxide heving en intact double bond:

~CHy=CH=CH= + Oy ——=> =CH(OOH)=CH=CH~



As we shall see, this may not be the primery step, but it is the main chain=-propa=-
ating reaction,

Recently, Hergrave and Morrism"' reported the hydroperoxide yields from twenty
olefins under conditions where the kinetic chain length is of the order of 100.
Yields ranged from 12-100% indicating that in certain cases the simple hydroper=
oxide mechanism of olefin autoxidation requires modifications. These include en
elternative path for the reaction between & peroxy radical end en olefin molecule
involving ROp* addition to the double bond, the absorbed axygen then being
pertitioned between hydroperoxide and diperoxide groups determined by the nature
of the olefin, Also, for olefins containing & trisubstituted double bond pert of
the oxygen is found in carbonyl- and carbinolecontaining compounds believed to
arise by cleavage of the olefin during autoxidation.

The hydroperoxide concepts are discussed in detall under the headings to
follow, namely, autoxidetion of monownsaturated oomﬁounds, autoxidetion of non=-
conjugated polyunsaturated compounds, autoxidation of conjugated polywmseaturated
compounds and autéxida’cion of saturated compoundse

i. Autoxidation of Monounsatwrated Compounds

The autoxidetion of pure monounsaturated fatty acids and esters although
eutocatalytic is slow at ordinary temperatures (below 60°C.). TUltraviolet radia-
tion, metal catalysts and highar temperatures have been used to speed up the re-
actionse. The rate of oxygen absorption of pure inethy.l oleate, methyl linoleate,
end methyl linolenate has been shown to be about 1:10-12:16-25, at comparable
'l:.empera.-bures.""5’,'l6 Quantitative date of this type serve to confirm the hydroper-
ox>ide theory since if oxygen added to the double bonds exclusively, as had been
proposed by so many earlier warkers, the relationship just described should be
closer to 1:2:3.

The early studies of reaction mechanism concentrated on the isolation of re-
action products usually after extensive eautoxidation had occurrede These investi=-
gations served to confirm the complexity of autoxidation but did not reveal the
nature of the initial reactions.

In e logical extension of the earlier work on pure monoolefins of relatively
low molecular weight, Fermer and Sutton"‘l isolated nearly pure methyl octadecenoate
hydroperoxides fram methyl oleate autoxidation mixtures which had been oxidized
in the presence of ultraviolet to low peroxide levels. Moleculer distilletion
end chromatogrephic adsorption were useds The hydroperoxide was shown to contain

about the theoretical peroxide cxygen contents



Catalytic hydrogenation yielded & mixture of monchydroxystearates and partial
reduction with aluminum amelgem yielded a mixture of hydroxy-octadecenoates, thus
demonstreting the presence of a double bond in the peroxide, Oxidation of
methyl elaidate under similar conditions also ylelded hydroperoxides.m

Later, Swift, Dollear &and O'COnnozl‘B employed low temperature solve;rb
orystellization to obtain & 90% peroxide concentrate from eutoxidized methyl
L

oleates More recently, Fugger, Zilch, Cannon and Dutton™’ by counter-current
distribution and also Privett, Lundberg and Nickellso by & modified extraction
procedure heve frectionated autoxidized methyl oleate between aqueous ethenol
end hydrocarbon solvents and obtained 80-90% peroxide concentratese 2ilch

end Duttondl also exemined mumerous model compounds kmown to be preéent in
autoxidation mixtureses For large scale laboratory preparations, Colemen,
Knight and Swern>2 employed the urea complex separation technique to precipitate
unoxidized methyl oleate thereby concentrating the peroxides in the filtrate.
Hydroperoxide contents of about 907 were consistently obtained if the extent

of autoxidetion did not exceed 15-20%.

According to Farmer, methyl oleate yields & mixture of mono- and dihy-
droperoxides (the former predominating) in which the hydroperoxide group 1s
attached to the eighth or eleventh carbon atom. As Ross, Gebhart and Ge:t'echt-53
and others 5k, 55 have shown, however, the hydroperoxide group is attached to the
8,9,10 or 11 position:

033-( CHy )x'-CH=CH-;3H-( cne)y-coo CHz
- OOH
0113-(ca,z),,:-ga-mi:ca«-(<:,52)y--coocla3

00H
(x +y=13)



Based on  recent evidence’? it has been proposed that the hydroperoxldes
consist largely of methyl 9-hydroperoxido-g'_g_p_s;-lo-octadecenoate and methyl
10~hydroperoxido~trans-8~octadecencete.

Although it has been assumed (tacitly perhaps) that the peroxides from
autoxidized methyl oleate are exclusively hydroperoxides, it is doubtful that
such is the cases Willits, Ricciutl, Knight, and Swem-56 heve shown that
polerographic analysis is a convenient and accurate way to determine hydro-
peroxides in the presence of other peroxide typese Polarographic examination of
many peroxide concentrates from asutoxidized methyl oleate has shown that, al-
though hydroperoxides p:edominate , analytically significant amounts of non-
hydroperoxides are also present. Polerographic studies of autoxidized methyl
oleate and other materials have also been reported by Lewls and Quackenbush,57’58
Nogami, Matsuda, and Ne.gasawa,59 Pequot and Mercier ,60 Willits, Ricciuti, Ogg,
Morris, and Riemenschneider,61 end Saunders, Ricciuti emnd Swern.62

The structure of these monhydroperoxides is still unknowne It 1s possible
thet they may be the cyclic peroxides which earlier worke rs proposeds The fact
that reduced peroxide concentrates show an O=glycol content substantially
equel to the original norhydroperoxide content has been offered as evidence
that oyclic peroxides are formed.63 Until they are isolated however, the evi-
dence must be regarded as circumstential particularly since a-ketols have been
repoi‘ted as components of the autoxidation mixture end these are &also readily
reduced to a-glycols.éh

The facile formation of hydroperoxides from methyl oleate, and other
olefins, had prompted Farmer and other investigetors to propose that hydro-
peroxides are the initial products of autoxidation. Because of the energy
required to rupture en G~methylenic C-H bond, and for other reasons,é’n

Farmer,39’65 Bolland and Gee ,66 end Gunstone and Hilditoh67 more or less



simultaneously concluded that the initial point of oxidative attack was at the
double bond and not at the d~methylene groupe It was agreed that double bond
atteack must occur to only a minor extent, probably in sufficient amount to

"irigger" the O~methylenic chain reaction which predominates by far, as showns

0 ~CHp=CH=CE=
~CHp~CE=CH~ 2.3 -cne-in-crx( 00%)- “CHRrCBCH=, _cg \~CH~CE(OOH)~ + =CH~CH=CH~

* *
.,
g;l’aﬂgzhgzﬁ‘; (& ~CH=CH=CE= + ~CHp~Clp~CE(00H)~ Pl \._L
*
~CH=CH=CH~
00%
Chein Resction «.- H% + =CH=CH-CH(OOH)= <& G-Mothylenic

Chain Reactlion

This reaction scheme is completely satisfactory kineticelly and thermochemical~
1y.6-6
In the free redical mechanism, resomance between the three-carbon systems
1 2 3 12 3

=CH=-CB=CH~ eénd «~CH=CH-CH-
* *

will 060112""‘5 and when a molecule of oxygen and en atom of hydrogen ere in-
corporeted into the oxidizing molecule, there should be an approximately equal
tendency for the hydroperoxide group to eppear at positions 1 and 3, thus
fixing some of the double bonds in the original position and the remainder

et the adjecent pair of carbon atamse This shift of the double bond, which had
been demonstrated spectrophotometrically by Farmer, Koch, emnd Sv.rt:i:on,'*3 in the
case of polyunsaturated compounds (dis_cussed later), was suggested by them

for moroolefins, although at that time no experimental evidence wes offerede
Evidence for this conclusion was subsequently obtained in the air oxidation of

purified methyl oleates 53=55 Additional chemical evidence that & double bond



shift occurs in monolefin oxidations end, therefore, that & free-radicel
mechenism is probably applicable in theéfe end comparable oxidations, was also
supplied by Farmer and Sn'l:'t:c:vnos)4 They gtudied the oxidation of 1,2-dimethyl-
l-cyclohexene end concluded that both 1 J2-dimethyj;ial-cyclohexem-}hydroperoxide

and 1,2-dimethyl-2-cyclchexene-l-hydroperoxide must have formsds

CH(OOH)
VAN
— | i
o, CHp /10 - CHy
/3N \CHE’
‘.’32 25 - CH, ,
\CHz/
/cg\
/ 3\*
c 20 - CH,
s L . | (ofm)
L/  C
CHy

Recently it was demonstrated by infrared observations thet in the early
stages of autoxidation of methyl oleate under ultraviolet light, peroxide
. formation is eccompanied by the appearence of trens double bonds in an amount
approximately 90% of the peroxide forme¢. 55 Among the possible mechanisms for
this isomerization, the following was gi(ven. In the free radical formed, the
r‘atoms probably lie in a plene providing meximum resonance energye The radical

could then have two isomeric forms:
H H

!
H c |

H
1 S 3 R c B
\c/z\\\\c/ \;/2\2/
| !

I R &t I lH 1'11



Addition of oxygen to carbon 1 of either I or II or carbon 3 of I would yield

a Eigrhydroperoxide. Infrared observations suggest that most of the radicals
assume the configuration II end add oxygen to carbon 3 ylelding & mixturc of
Esgggroctadecenoates. This preferential attack may be favored by steric factorse.

Under mild comditions and during the initiel stages, the mechanisms of
autoxidation favored at the present time have been described. These are
probebly supplanted, at least in part, by other mechanisms at later stages of
the autoxidetion, at higﬁer temperatures and in the presence of catalysts.
These conditions are conducive to accelerated peroxide decomposition, and the
numerous redicels formed alter the course of the oxidation to one in which
predominent attack may be at the double bond.

ii. Autoxidation of Nonconjugated Polyunsaturated Compounds -

The rete of oxidetion of methylene-interrupted polyunsaturated systems
is much higher than that of momoethenoic systems beceause of the activation of
a methylene group by two adjacent double bonds. This double activation results
in oxidation retes twenty to forty times as great as in singly umsaturated
compounds, meking the polyethenoié acids the main source of oxidative rancidity
problems in fets. The oxidetion of the polyunsatupreted hydrocerbons, dihydromyreense,
dihydrofarnesene, and squalene was studied by Farmer emd Sutton.68 who showed
thet during the early stages of oxidation substantielly all the absorbed oxygen
was in the form of hydroperoxides and that the original umsaturation of>tha
compounds was uneffected.

The current theories of autoxidation of nonconjugated polyunsaturated
fatty compounds began to develop when it was observed that conjugation of
double bonds occurred in autoxidizing fish oil acids.hl When oils containing
linoleate or more highly unsaturated systems are autoxidized, the diene con-

[+
jugation as measured by ultraviolet light absorption at 2340 A increases



parellel with oxyzen uptake an¢ peroxide formation in the early stages of
oxidations That this light ebsorption is not due to peroxide structure has
been shown:.in an experiment in which thermel decomposition of peroxide did dot
diminish the abso::rption.‘9

The spectral chenges occurring in autoxidizing fatty materials have been
independently observed by several investigetors and have been studied in con-
siderable detail. The spectral changes accompanying oxidation are qualitatively
similer for fatty acids containing two or more double bonds interrupted by
methylene groups. Oxidized linoléate has a principel absorption at 2300-2360 Z,
due to diene conjugation, and a secondary smooth absorption maximum at 2600~
2800 X, probably due to small amounts of unsaturated ketomes. The principal
bend is the same for linoleate, linolenate, and arachidonate, but the greater
the degree of unsaturation, the lower the diene conjugation absorption per mole
of absorbed oxygen. Conversely, the more umsaturated the fatty ester, the
greater the light absorption caused by secondary reaction products.

In the oxidation of ethyl linoleate the momchydroperoxide which forms wes
shown by ultraviolet absorption measurements to contain approximetely 70% of -
conjugated diene :1.smners.‘g~*3 This calculation was based on spectral date

availeble at that timee. The mechanism of reactiom originally proposed

is showm!
1. =CH=CH-CHp~CH=CH- abstraction of a hydrogen atom
E2
7

II. =CH=CH=CH-CH=CH~- \\
]

III. =CH=CH~CH=CH~-CH= resonance hybrid free radical

IV. «CHeCH=CH=~CH=CH=

e



Ve

VI.

VII.

VIII.

IX.

Xe

~CH=CH-CH~CH=CH

\
00°*

«CH=CH~CH=CH-CH~

\
00«

«CH~CH=CH-CH=CE~

\
00
+ B

«CH=CH=-CH~-CH=CH=~

v’

\
OCH

=-CH=CH-CH=CH~-CB=-
!

0OH

«CH~CH=CH-CH=CH=-

OOH

three possible peroxy redicals

addition of hydrogen atom
abstracted from another
linoleate molecule

three possible hydroperoxide products,
two of which are conjugated

The value of 707 canjugetion was teken as supporting evidence for the

concept of rendom attack of oxygen on the free radical from linoleate, giving

rise to three products, two-thirds of which were conjugated diene hydroperoxides

Bergstr’o’m,7O however, has separated the hydrogenated products of linoleate

oxidation by chromatographys

He isoleted and identified 9~ amd 13-~hydroxy=-

stearates but wes unable to detect any of the 1ll-isomer which would have been

produced if oxygen attacked the resonance hybrid at random. These results

do not prove conclusively that the ll-hydroperoxide had not formed because

under the conditions of hydrogenation, rearrangement of the nonconjugated hy-

droperoxide to conjugeted iscmers could have taken place.



Until very recently only thermodynemic evidence had been offered in suppart
of Bergstr'&n's evidence for the formation of conjugated hydroperoxide in excess
of rendom emounts. 1272 Khen, Lundberg and Holmen?? have obtained chramatographic
evidence to support Bergstrgm. Methyl linoleate was oxidized either by autoxidas=
tion in the dark at =10°C, under visible or ultraviolet light, or in the presence
of copper catalyst. The peroxides developed were separated by countercurrent
extraction and then reduced by stannous chloride. These hydroxylinoleates were
then separated by displecement chromatographye In the above-mentioned examples
the produsts consisted almost entirely of conjugated compounds, but in the case
where oxidation was stimulated by chlorophyll and irradiation a nonconjugated
product was isolatede. These observations suggest strongly that the conjugation
observed was not induced by the reduction, and the autoxidetion results largely
in conjugated products. Sephton and Subton7,4 have obtained similar results by
the use of reversed phase partition chromatogrephy. The possibility was suggested
thet e minor emount of oxidation also occurred in the 2=position.

Much of the wmcertainty regerding the true extent of conjugation produced
arises from leck of proper standards of comparisone The estimates in the litera-

ture are based upon comperison with trans, trans=10,12-octadecadienoic acid which

has a molar extinction coefficiemt of ebout 32,000, However, the effect of the
peroxide group in the molecule, end the effect of cis, trans isomerism were not
takgn into consideration in making these coamperisons.

Recent infrared spectrel studies on the ois, trans lscmers of linoleic
£cidlD indicete that the conjugated linoleate hydroperoxide is mot trans,
j;x:_a__n_g_ and that estimetes of the degree of conjugation present in the product
uust be revised upwarde Recent studies of conjuga:&ed linoleate isomers cob-
tained by alkali isomerization of linoleete indicate that these isomers have
lower extinction coefficients at 230 X than the better known trans, trans

isomrs.76’77 Privett snd t:o-uvmrk:ors",8 and Dutton and co-worhers79 have



recently studied the infrared spectra of linoleate hydroperoxide preparations
of high purity end have found that the product is at least 90% conjugated and
that it consists largely of cis, trans isomerse The degree of conjugation
calculated from ultreviclet absorption of the percxide and known conjugated cis,
trens linoleate also indicated at least 90% conjugation. These high degrees

of conjugated cis, trans hydroperoxide were found only in preparations oxidized
pear 0°C. Oxidation at 2L4°C ylelded peroxide concentrates in which appreciable

amounts of conjugated trans, trans forms existeds Thse authors suggested thet

conjugeted cis, trans isomers were initially formed and that the ‘the rmodynamically

rmore stable conjugated trans, trans isomers arose from them through some catalysi:

oy sibly BY Feroxides. The possibility that ois,cis~-conjugated isomers dlso form has

jeon suggesTe I T
In the light of these observations, a simplified mechanism for the main
course of linoleate autoxidation has been px-oposecll:LL
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Linoleate, I, loses a hydrogen atom to some radical and becomes & free
redical II. This free radical is a resonance hybrid, the two extreme forms of
which are shown as III. Oxygen edds to the resonating redical, predominantly
at the ends of the resonating system to yield two typef of hydroperoxy radicals,
IV. These radicals accept hydrogen Hatoms from other linoleate molecules to
become isomeric conjugated cis, trans hydroperoxides, and in so doing per-
petuate the cycle, Other reactions which occur to a limited extent under ideal
conditions should be mentioned:

(1) Oxygen may add to the intermediate form of the free radical II to yield non-

conjugated peroxides:

H Q0 H O0H
\ o N/ - \c/
\ P T ;T 77 N /N /
c=C c=C c==c =C c=C c=C
/N /A \ / /N /N
B EH & H HEH \}{ H HE H

(2) The conjugated cis, trens linoleate peroxide may be 1scmerized to & traus,

trans form:

HOO HOO
\C \ /
Catalyst » /
\c=c/\H == E \c=c \n
~_ 7\ N4 \
c=C H c=C
/7 N\ 7 \
H H

(3) Polymers may be formed by addition of radicals II, III, IV with each other:

ROO* + R* —= ROOR

Re + Re —-> R-R



The mechanism of formation of trans double bonds #uring autoxidation may be
similar to that during alkali isomrization.ao

The cyclic or chain mature of the reaction is well establishede The entire
mechanism, however, involves three types of reactions: chain initiation, chain
propagatioxi, end chain-stopping reactimse The reaction chein cen be injitiated
by the attack of smy free radicel upon 1inoleatee The most probable radicals
to initiate chains are those formed by decomposition of & peroxide. It was
formerly believed that peroxide was not required for chain starting, for Bollgé?a
hed shown that ethyl linoleate had a low but measureble rate of oxidation at 0%
nxidation. Lundberg and Chipeult ,81 however, demonstrated that highly purified
linoleate had a long induction period, thet is, it had no measurable oxidation
rete for several hours after exposure to oxygene The firsf chain must thus be
initiated by some noneperoxidic free radical or by strey radiation. Parallel
oxidetion chains are initiated by radicals formed by decomposition of hydro-
peroxide. The higher the concentration of peroxide the more rapid is its rate
of decomposition. Thus as the oxidation proceeds it generates its own catelyst.
Hence the autocatalytic nature of the reaction. The reaction cheins can be
stopped by collision of two radicals, for example:

R* + R* ——== RR
Re + ROO» ——=> ROOR
ROOe + ROO® -——=> RCOR + O

Tf the radicals attack molecules of other substances present, products may be
formed which do not decompose to form redicals end are thus incapable of
oropagating the reaction chain.

The reader is also referred to the work of Hilu:l:i.i:cl'xe2 whose conception of
the reaction mechanism is not in agreement with that presented here, and to

Gibse. B3 who presents the mechenism of oxidation in a rather unique mannere



In the case of ethyl l.ino].enarl:el"'3 there should be two initial radical forms
(I and II) which could rearrange to III, IV, V and VI. The hydroperoxides de-
rived from III through VI would then show dlene conjugation. If both the active
methylene groups were attacked consecutively by oxygen, which would happen
frequently only in advanced stages of oxidation, then numerous diperoxide forms
would become possible, some of which would show diene conjugation, scme triene
conjugation, and one the original state of unconjugation. The autoxidation of
linolenates is thus even more camplicated than that of linoleates. The autoxi-
dation shows the characteristics of a chain resction, hydroperoxides form, emnd
8Ly

double bond migration occurs but the fine details have not yet been developed.

At 0°C, 60% of the products are monomeric cis, trens-conjugated diene monohydrow

peroxides.
~CH+~CH=CH~CH=CH~CHp~CH=CH=
16151, 1312 11 10 9 *
= CH=CHwCH~CH=CHnCHy= CH=CH~ —— 111
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I ~CH=CHCH=CH=~CH~CH, -CH=CH~
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= (H=CH~CHp~CH~CH=CH~CH=CH~
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——
«CH=CH~CH,=CH=CH~CH~CH=CH~ -
~CH=CH~CH,,=CH=CB~CH=CH~CH~
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' VI

Methyl ch)cc:sa.hexa,enot:e,m"b'3 which is an extremely complex substance, also
displeys en increased absorption in the ultra-violet region, indicating thet
conjugated compounds are formed, but no quentitative data have been reported

on this material.



In the case of squalens and ru‘oberl*‘3 no large inorease in wltra-violet ab-
sorption which could be ascribed to the formation of conjugated units was observed.
In these materials the reactive a~methylene groups are flanked on only one side by
a double bonde This leads to a much lower reactivity of the olefin and requires
two peroxidations to occur in eny diene unit of the chain, =C=C=C=C=C=C=, before
conjugation can appear. There is little doubt, howaver, that double-bond migration

is ocourringe It is wnfortunate that the ultra=violet ebsorption technique is

ineppliceble to such systems,

iii., Autoxidation of Conjugated Polyunsaturated Compounds
Tho autoxidation of conjugaeted oompounda has received much less study then

thet of the nonconjugated polyunsaturated fatty compounds, even though the former
are importent constituents of tung oil, oiticioa oil and dehydrated castor oil
which are widely used in protective coatingse The mechenism of oxidation of con=
‘ugated polywnsaturated fatty compounds is different from that of the ‘nonconjugeted,
and the reaction products are not the seme.

8590

Studies with model conjugated hydroocarbons by Kern and co-workers has
shown that oxidetion ocours by addition of oxygen to the dieno systems to yield
polymeric nonoyolio peroxides mainly, although monomeric cyclic peroxides can also
form in same instances. Both 1,2- end 1,l~addition coccur depend:.ng upon the diene
hydrocarbon. Methyl 9,1l=-octedecadienoate adds oxygen both 1,2 end 1,l to yield
low molecular weight oxygen copolymers which autocatalyze the oxidetion reactions
They are steble, however, end can be stared with little or no change. Hock and
Clebert, 9 however, have reported the formation of both monomeric end polymerio
cyolic peroxides by 1,l=addition, as well as by simultaneous a~hydroperoxide
tormatidzs..

Pioneering work in the autoxidation of conjugated polyunsaturated fatty
w~npounds was done by Morrell and co-worloers,gz’93 end by Miller and 01axton.9h
w3 former group, wnfortunately, investigated an extremely complex system,

remely, the addwots of methyl eleostearate with maleic enhydride. Both Morrellts
group and Miller and Claxton carried the oxidation to advanced stages and



followed the oxidation by analytical means which, as we now kmow, is unreliable.
They concluded that oxygen-containing polymers were formed and that ketol and
enol groups were present in the productse

Brauer and Steadma.n95 studied the course of oxidstion of P-eleostearic
acid by means of spectrophotometric measurementse They observed that the light
ebsorption in the 2600-2800 X region due to conjugated triene, decreesed es the
oxidation proceeded and that sbsorption due to conjugated diene increased.

This has been found to be true also for pseudoeleostearic, a=eleostearic, and
B-~licanic auc:ids.96 Allen, Jackson, and Ku:mnerm'r9'7 compared the oxidation of 9,
12~ and 10 ,E-methyl lincleate and found that in the early stages of oxidatiom of
9,12-1lincleate, 81l the axygen absorbed was found es peroxide, whereas in the
oxidation of the conjugated isomer, mo peroxide accumulated in the first stages
of the processe The disapéearance of conjugated double bonds was equivalent

to oxygen absorbed, suggesting that caerbon-to-oxygen polymerization ogcurred
rather then carbon-to=-carbon polymerization. The work of Jackson and Kmnmerawg8
on oxidation of the two linoleate isomers in the présence of metallic naphthenate
driers indicates that the driers had less effect upon the oxidation of conjugated
linoleate than upon nonconjugated linoleate. This would also suggest that
‘peroxide decomposition is not a major factor in the mecheanism of oxidation of
conjugated substances.

The oxidation of conjugated umsaturated substances is eccompanied by less
breekdown than is the oxidation of the nonconjugated. The conjugated triens
fatty acids and esters oxidize at a faster rate then do their nonconjugated
isomers. This was showm by Myers, Kass, and Burr99 who compared the oxidation
of small emounts of trienoic acids and esters on filter paper. Comparison of
the rates of oxidation of linoleic acid and 10,12-linoleic acid, however, showed

no essential difference.mo On the other hand, oxidation of the conjugated methyl



linoleate proceeded slower than oxidation of methyl linoleate in the experiments
reported by Allen, Jackson and K\mmerow_g7
The mast thorough report on eleostearate oxidation is that of Allen end

Kummerowe 101

They found that the emount of triene conjugation lost and the
emount of diene conjugation formed were both proportional to oxygen absorbed.
The primary product of oxidation was isolated by low temperature crystellization
end found to possess strong conjugated diene absorption in the ultraviolet. The
effect of alkali upon this absorption was minimel. Hydrogenation of this oxi-
dation product yielded mostly methyl dihydroxysteeratess Oxidation of these
with alkeline permengenate yielded only valeric end azelaic acids, indicating
that the originel oxidative attack had been confined within the trieme system.
The attack of oxygen upon the conjugated system was postulated to be 1,2-, 1,4-,

or 1,6~ yielding the following possible partial structures:

I. R~CH=CH~CH=CH-~CH~-CH~R

[ ] [ ]
II. R=CH~-CH=CH~C~CH=CH-R
III. R~CH~CH=CH~-CH=CH-CH~-R

Two of these three possess residual diene conjugation. The isolated primary
product of oxidation had & specific extinction coefficient of 62, compared
with & value of 71 obtained by calculation. Upon hydrogenation at least three
isomeric dihydroxystearates were 6btained, only one of which conteined an Q,B-
dihydroxy group. In accord with fhese chemical date end & kinetic study of the
reaction, the following mechanism waes proposed:
CH 5( CHy )),CB=CH=CB=CH=CH=CH~(CHp )7CO0H + 0p  ——3>

033( CHp) hcn=cn-ca=cn-pnacn-( CHy )7c 00H

ne



This diradical is stabilized by resonance along the unsaturated system,
allowing addition at eny of the carbons of the triene system. Reaction with
ancther unsatwrated molecule would yield a dimer still possessing free radical

centers:

=CH=CH~CH=CH~CH~CH= + R=CH=CH-R —u3>
o | :
. Q00

-CH=CH-CH=CH-‘CH~(’3H-
e

0

!

0

o |
R-CH~-CH~-R
This dimeric diredical could stebilize itself internally to give a cyclic peroxid.
~CH=CH=-CH=CH~CH=CH ~
/0
R=CH O
\ !
CH-0
!
R
However, the dimeric radical could agaim add oxygen &xd olefin thus building a
polymeric chein in which the repcating wnit is -CHR-CHR-00-. Oxidation of pure
material would favor the latter course whereas dimer formatioh would be favor
in diluted media. The kinetic studies allow the rate of reaction of eleostearate

oxidation to be summarized by the equation:

dop/at = K(produc*l:)l/2 (ester)
The rates of oxygen uptake for various conjugated unsatureted systems
diminish markedly when the total oxygen upteke approaches 2 moles of oxygen
per mole of ester or acide This is true even for G- and B-parinaric acids

102

which possess a conjugated tetraene system. Apparently polymer formation

increases the steric hindrance meking further oxidative attack difficulte



Increasing viscosity and diminished diffusion of oxygen is apparently a lesser
factor, for Chipault, Nickell and LundbergloBfound that trieleostearin, pentaery-
thritol eleostearate and an eleostearic elkyd all becams hard at a very early
stage of oxidation, long before the meximum oxygen upteke had been achieveds
On the other hand, the films set and herdened at later stages in the oxidation
of similar linoleate and linolenate compounds.

The reaction mechanism quoted above does not account for ell the observa-
tions concerning conjugated polyene oxidations The oxidation of the eleo-~

stearates has been shown to be autncatalytic both by Braver and Steadmangs

in
solutions, and by Myers, Kass end Lurr’? in thin films. According to the di-
redical reection mechanism of Xummerow and his associates, propagation of the
chain reaction is by polymerization only. The farmetion of smell molecule
products such as the dimers found by Brauwer and Steadman is by early termination
of the Areacti on chains. Chain reastion leading to monomeric or dimeric products
could be only vie a monoradicel mechanisme Such & mechanism would involve the
abstraction of a hydrogen from an sleostearate molecules

The mechenism es postulated does not provide for autocatalysis. The chain
polymerization reaction is not autocatalytice. lioreover, it is implied that
polymerization is primarily through carbon to oxygen bonds, whereas it is known
that eleostearate sets & hard film very early in the process of oxidation, before
sufficient oxygen has been absorbed to account for the cross linkinge Thus the
nolymerization is probably mostly through carbon~to-carbon linkagese It does
not appeer that the free radical reaction mechenism for conjugated polyene oxi-
getion is obligatory. The simple 1,2- or 1 ,4= addition of oxygen mey account
for many of the facts, except that it does not account for autocatalysise. It
would explain the partly conjugated primary product of oxidation isolated by
Allen end Kummerow, esnd early polymerization could be stimulated by peroxide

catalysis. The reaction mechemism is by no means settlede



More recently, O'Neill.l7 studied the autoxidation of methyl eleostearate.
exposed to ultraviolet. VWhen 1.2 etoms of oxygen had been ebsorbed per mole
of substrate, it cansisted of unchanged ester (38%), crystalline peroxide (7%),
monomeric peroxidic, hydroxylic and ketonic products (35%), polymers (19%)
end cleavage products (5%)s Anelysis of the orystelline peroxide suggested that
1t consisted of about 75% of en easily reducible 1,L-cyclis peroxide (I or I1)
end about 25%, of & more difficultly reducible and probabiy isomeric peroxidee

i

e 00

CH 3-(CH2 ) 3—?H-CH=CH-§H6(§H=CH-( CH, )i.,--coacn3

(1)
CHz~(CHp ) 3~CH=CE~ ?H-' 'JH=CH-(;‘H-(CH2 )q=COCHZ

i 0--0!

(11)

The remeining monomeric frzction consisted of other peroxidic material
including ebout 15% of 1,2-cyclic peroxide; probably some 1,6-peroxide and
hydroxylated end ketonic material not yet identified.

The polymeric material, the yield of which was unexpectedly low considering
that & tung 911 film will dry at en oxygen uptake of sbout one atum per fatty
acid radical, was of higher molecular weight { number average about 1000) then the
polymeric material obtained from experiments with the nonconjugated esters, and
light scattering measurements suggested the presence of same high polymeric
meterial. It contained peroxide groups which could not be readily hydrogenated
and did not resct with potessium iodide but which reacted with hydrogen iodide.
The reaction with hydrogen iodide, however, yielded omly small smounts of mono-
meric materiel, indiceting that the chains were not linked by peroxide groups
" but were carbon-cerbon bondede
On oxidation of nonconjugeted fatty esters, conjugated double bond systems

ere developed end the later steges of oxidation of these esters would be expected



More recently, O'Nei.ll7 studied the autoxidation of methyl elecostearate
exposed to ultraviolets When 1.2 atoms of oxygem had been ebsorbed per mole
of substrate, it consisted of unchanged ester (38%), crystalline peroxide (7%)
monomeric peroxidic, hydroxylic and ketonic products (35%), polymers (15%)
end cleavage products (5%)s Analysis of the orystelline peroxide suggested thet
it consisted of ebout 75% of an easily reducible 1,L-cycli- peroxide (I or II)
end about 25%, of & more difficultly reducible and probably isomeric peroxide.
CH 3-(0}!2) 3-?H-CH=CH-?H-CH'4CH-( CH, )7--0020113

b 00—
(1)
CHz~(CHp ) 3=CH=CH~ ?H- CH==CH-:3H-( CHp ) 7~CO,CH

R —

(11)

The remaining monomeric frzction consisted of other peroxidic materiel
including ebout 15% of 1,2-cyclic peroxide, probably some 1,6-peroxide and
hydroxylated end ketonic material not yet idemtified.

The polymeric meterial, the yield of which was unexpectedly low considering
that & tung oil film will dry at an oxygen uptake of about one atom per fatty
acid radicel, was of higher molecular weight (number average about 1000) than the
'polymeric mterial obtained from exéeri.ments with the nonconjugated esters, and
light scattering meeasurements suggested the presence of same high polymeric
maferial. It contained peroxide groups which could not be readily hydrogenated
and did not resct with potessium iodide but which rescted with hydrogen iodide.
The reaction with hydrogen iodide, however, yielded only small amounts of mono-
meric meteriel, indiceting that the chains were not linked by peroxide groups
but were carbon~carbon bondede

On oxidation of nonconjugeted fatty esters, conjugated double bond systems

are developed and the later steges of oxidation of these esters would be expected



to folidw the seme oourse as the oxidation of the comjugated esters. Evidence has
peen obteined for the presence of difficulty reducible peroxides in the autoxide-
tion of monconjugeted fatty esters by first reducing hydroperoxides by hydrogena=~
tion with platinum at atmospheric pressures The system then contains peroxides
which will react with hydrogen iodide but not with potassium iodide, and which can
be hydrogenated to hydroxy compounds with Reaney nickel at 7 atmospheres.

iv. Autoxidation of Saturated Compounds

Although the oxidetion of seturated compounds is not the subject of this
chaptér, brief discussion of their behevior is werranted since they frequently
are present in end are importent components of mixtures of compounds exposed to
nutoxidation conditions. The products resulting from their autoxidation may have
& signifiocant effect on the behavior of the umsaturated components.

Under the mild conditions usually employed in autoxidation, satureted com-
pounds have often been assumed to be inert. It is true that the main problems of
a.utoxidation are associeted with the wmsaturateg, but it is now known that satu-
reted campounds undergo a slow autoxidation particularly et or ebove 100°C.
Stirton, Turer and Rismenschneidert have shown that et 100°C the ratio of rate of
oxygen ebsorption of methyl stearate: methyl oleate:methyl linoleate :methyl
linolenate. is 1:11:111:179. A large emount of work has been published on the
aufo:dd'a-bioh 6£‘ pwe saturated hydrocarbons, because such studies ere important
fof petroleum lubrication problems, end information obtained in this field is un=
soubtedly applicable to other saturated c:::mpounds.10)4"'108
At 110°C saturated normal hydrocarbons autoxidize , the rate increasing with

105 gbsord oxygen slowly during

ohedin: lengthe Thus, n-decene and n-hexadeceanse
the early stages of autoxidetion (the first 20 hours), and then en sutocatalytio

= csleration to & constent rate occurse. Autoxidative attack is probably

104,106-110

:-:-!md.om,:"oa’109 and the primary product is a hydroperoxide.
nosition of the hydroperoxide yields a ketone, an alcohol, or products of chain

~.eavage, as illustrated:



HE OCH

CH3(CH2)n-c::-t;3-H ~——c12——;> 01st3(c1€f2)n--%--cﬁ3

HEE / :
c215(c:r12)nco<:1i3 + Ey0 \ (!)H

\Loz 033(032);;:-01{3 +0
CH,(CH_) COOH + HCHO H
3" 2'n

Atteack can also be made at other garbon atoms, giving rise to other species
of compounds. The aldehydes, ketones, amd acids among the reaction products are
gsubject to further oxidation amnd polymerizatione As en example giving some con-
ception of the rate of these oxidations, cetane ebsorbs aporoximately 04002 mol
oxygen per hour at 110°C. There is a slight increase in rate of oxidation with
increased chain length. Branched and normal paraffins show similar autoxidation
curves, having typicel induction periodse The reaction is aut ocatalytic and
is subject to acceleration by metallic ions and to inhibition by either metal-
binding compounds or by entioxidantse The reaction is believed to be & chain
reaction.

The autoxidetion of saturated fatty acids or derivatives has received
detailed study by Paquot and de Goursa.c.n'l Ethyl palmitate and ethyl caprate
were blown with air at 120%using 1% of nickel phthalocyanine as catalyst.
About L0~50% of the original esters were recovered uﬁchanged, 0.5% was lost
as carbon dioxide, 5% was lost by entrainment, and the remsinder was eutoxidized
Sodium and potassium soaps heve also been autoxidized by these investigators.
Twe principal products were shorter chain acids end oxalic acid, thus suggesting
"bhat Beattack predominatede Minor emounts of lectones were also isolated in-

dicating some S—- end J-attacke Methyl ketones were also isolated in even

smeller amounts.



It cen probably be concluded, that during the early steges of the "drying"
process the saturated components of an oil play little or no part in the reactions
but that as oxygenated components eccumulate, particularly peroxides, the rate of
reaction of long=-chain seturated compounds begins to be significant. In fact, the
oxidetion of the saturated components of an 0il may play an important role in the
ultimate deterioration of paint films end similar coating materials.

de Kinetics of Autoxidation

Detailed deseription of the kinetics of autoxidation is covered elsewhere in
this book. Certain salient points, however, &are worth discussing briefly here,
particularly the relationship of structure of substrate to réte of autoxidation.

Accurete camperisons of oxidation retes for various unsaturated fatty acids
end esters camnot be mede from the literature, for much depends upon the tempera-
ture end the menner of relating time with peroxide data. A number of investigator
have shown, however, that the 1inolenates oxidize approximstely twice as fast &s
the linoleates .h5,h6 This mey be correlated with the fact that linolenate has
twice as meny active methylene groups &s has the linoleates In oleate, where ther

ere no methylene groups between umsaturated carbons, the oxidation is reported as
ranging from one twelfth to one fiftieth that of linoleate., When the double bonde
in fatty a.cids are separated by more then one methylene group, the reaction rate
for each double bond approaches that of monounseturated aclidse

Allen and «::o-vmr];:ers97 found that when the active methylene group is mis sing,
‘as in conjugated A\ 10312 13551650 acid, the oxidetion rate is ome third that of
the nonconjugeted Ag'lz linoleic acide Furthermere, the /\ 10¢12 35101610 acid
absorbed 1 mole of oxygen per mole of ester before any eppreciable formetion of
peroxides took place. In compounds with more than two conjugated double bonds,

however, conjugation increased the rate of oxidation. Myers, Kass, end Burr 7%
found that conjugeted triene esters oxidized more rapidly than nonconjugeted

triene esters,



The effect of the presence of smell portions of linoleate upon the rate
of oleate oxidation has been studied by Gunstone and H:llcl:i:l:ch.}"‘6 From these
studies it is apparent that high purity of substrate is important in oxidation
studies, Highly purified oleate esters are extremely resistant to autoxidationz;]

In his kinetic studies on linoleate oxidatiom,. Bollanduz' likewise studied
the effect of ethyl lincleate concentration in ethyl oleates He observed that
the relative rate of oxidation bore a linear relationship to the molar concen-
tration of linoleatse Thus the oxidation of the diluezﬁt, oleate, is not "cate
alyzed" by the presence of linoleate; the effect is one of dilution.,

The more common unseturated acids oxidize at maximum rates sometimes twice
as great as that of their esters.log This effect is probably due to particl=-
pation of the carboxyl groups in the decomposition of peroxidese This reletion-
ship 1s indicated by the work of Privett, Nickell, and Lundberg’C in which
addition of free linoleic acid to methyl linocleate peroxide accelerated its
decompositions Total oxygen uptake for free oleic acid izas also been found
to be less than for its esters.‘nh’ns

Although the preceding qualitative information on the effect of structure
on rates of autoxidation 1s interesting and important, quantitative kinetic
date ere much more meaningful. One of the earliest kinetic studies was thet

of Henderson and Ycungn6 who derived the following rate law for the autoxideatior

of oleic acid:

- 40,
=k +k (peroxido) (02)1/2

dt

For oxygen pressures betwesen 0.5 and 10 atmosphere the average value for kl
was 2.2 and for k, 226.

The detailed end complete studies of the kinetics of autoxidation des-

1,2

oribed by Bolland, Bateman and co-workers, however, are emong the outstending

contributions to the mechanisms of autoxidetion of unsaturated fatty materialse



These results domonstrate unequivocally that the low temperature liquid phase
oxidation of olefins occurs by & chain mechanism. Thus, if inhibitors or
initlators are added, spectacular decreases or increases in reaction rate,
respectively, are observeds Also, if the reaction is accelerated photochemical:
the quantum yield may exceed unity.

Comparison of the experimentelly determined rate equations for the inter-
actlon of oxygen with olefins in the presence of benzoyl peroxide, ultra-violet
radiation, or in the dark in the absence of added initiators shows an obvious
perallelism in the way the rate of oxidetion depends on [' 02.7 end [ RH].
Kinetic analysis shows that photo~ and nonphoto-catalyzed oxidestions proceed
by the seme basic mechanisms. The three rate equations reduce to the common

i‘orm:]"2
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(Ry is the rate of formation of chein carriers)

Rate = Rll/ " VAW

The kinetic characteristics embodied in this generalized relation can be account
for in terms of a single chain-reaction mechanism as follows:
INITIATION (Production of radicals R+ or RO,°) Ry

Benzoyl Peroxide\}

or RO-H + hv -~ k-(R.,)

2 - > Re or ROy * T

or 2ROgH ky(®;)
PROPAGAT ION

Re + 02 ___._}/,302’ k’a(Re)

ROp® + RH ——=> RO,H + Re k5(R;)



TERMINATION

Re + Re \ k,(R))
Re* + ROp* active Products k5(R5)
ROy* + RO5° kg(Rg)

The rate of oxidation is related to the velocity coefficient of the various

elementery reactions (kl-k7) by
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The correspondence between the experimental (A) emnd the theoretical (B)

relations is complete since the term JW; becomes negligible at chain
lengths as great as those encountered in these a\;toxidations.

The efficiencies with which the initiation process (Rl) and the termination
reaction (Ré) occur are sensibly the same for a variety of nonconjugeteé un-
saturated hydrocarbons, The resultant influence of the propagetion end termina-
tion reactions involving the R-type chein carrier is negligible. The remaining

chain-propegation step (R3') is sufficiently sensitive to the nature of RH to
jntroduce considersble veriations in oxidetionwchain length; R3 must thus be
regarded as the key reaction in controlling rates of autoxidation. Further

details arnd discussion of these equations dre given in Bolland's re'sriew.‘2
A somevhet modified Xinetic scheme besed on o study of twenty olefins has

recently been rerorted by Hargreve and lorris .L"z*L
Chlorophyll elso accelerates the autoxidation of oleic acid in the light

and derk, but the mechanism of the reactiom is not knovm.117

Recently Khen, Brown, and Desrl:herexge,]-:"":l Mex and Deatherage ,118 and
Kham:'”:L9 studied end compared the rates of autoxidation of methyl oleate, methyl
9,10~dideuterooleate, end 8,8,11,l1-tetradeutero-cis-octadecene. These in-

vestigators showed thaet deuterium compounds oxidize at a slower rate than do



the corresponding hydrogen compounds. They concluded thet initial autoxidative
attack is at the double bond, and thev mein sustaining reaction is attack at the
a~posit ion.
e. Initisl Side Products of Autoxidation

Numerous investigators have studied the secondary products of autoxidaetion
of fatty materisls. In the early studies of reaction mechanism the isolatidn of
reaction products, usually after extensive esutoxidation hed occurred, was a
msjor objective of meny workerse It was hoped that the mechanism could be
worked out by & careful separation emd quantitative estimation of the products.
The large number of products formed emd the dependgnce of their yield on re-
action conditions mede this approach relatively fruitless, except to reaffirm
the complexity of autoxidation. Unfortunately, in many of the early studies
jmpure starting meterisls were chosen, thus complicating further an already

complex situatione.

120 who

One of the first systematic investigetions was that of Skellon
oxidized pure oleic acid at 100-120°C for long periodse. He isoleted two 9,10~
dihydroxystearic acids, & monohydroxystearic acid, end numerous compounds arising
from chein cleavages Years later, Feuell end Skellonlzl' reinvestigated
the problem end shaved that, in addition to the earlier reported products,
oxiranes, unsaturated carbonyls end dimers foarmed. 47‘.:115,323’28 oxidized oleic
and eleidic acids until 1-3 moles of oxygen were sbsorbed at 55-80° with a
cobaltous elaidate catalyst. Epoxide formetion accounted for at least 20%
of the products when catalyst wes useds This was taken as evidence that oxygen
attacked the double bond, but as we shall see later, this conclusion is not
justified. Cleavege products included nonanoic, octanoic, suberic, azelaic,

and oxelic acids, as well as carbon dioxide and water. Peroxides were minor

products. Deatherage and Matt111115 largely confirmed these results and showed



that epoxy derivatives were among the chief products of autoxidetion. Swern,
Knight, Scanlan end Aul‘l:l‘?2 used molecular distillation to fractionate the
products of en extensive cobalt salt-catalyzed autoxidation of methyl oleatse
end showed thet oxygen-linked polymers were formede Using acetic acid as a

123 showed

solvent and & cobalt salt-cetalyst, Knigkt, Jorden, Koos and Swern
thet oleic acid end methyl oleate gave 6~68% yields of mixed cleavage products
(mono- and dibasic acids) end 12-17% of high-melting 9,10-dihydroxystearic acid.
Thus ebout 80% of the starting materiel was accounted for but the cleavage
products consisted of Cg~Cip mono- and dibasic acids, with no particular ones
predominating.

Recently it was shown that in the uncatalyzed autoxidation of methyl oleate
substantially all of it undergoes single attack by oxygen or peroxides before
eny significant quentity of multiple ettack in the chain ocours. 2l 4 typical
composition, after the peak in peroxide content has been passed, is about 30-35%
peroxide, 25-30% hydroxy compounds, 20-25% oxirane compounds, 15-20% a,f-un=
saturated carbonyl compounds end some residual methyl oleate, cleavage products,
polymers, and multiply attackea mothyl oleate. Hydrogenation of such mixtures
with Raney mickel and palladium as catalysts yields monchydroxystearic acids
in high yleldel®D

o,B-Unsaturated carbonyl compounds have been isolated by Ellismé&lz?
from autoxidized oleic and elaidic acids. These products would appear to be
obtained directly from the corresponding a—methylenj.c hydroperoxides simply
by the loss of a molecule of water. 12-Ketoelaidic end 12-ketooleic acids,
isomers of the a,PB-unsaturated carbonyls obtained in autoxidation, have been
prepared synthetically by controlled oxidation of ricinelaidic and ricinoleic

acids. 127 12-Ketoelaidic acid is relatively stable toward autoxidation whereas

12-ketooleic acid absorbs oxygen even at 0°C. This relative autoxidizability



is of particular significance because it hes been shown that most, if not all, or
the hydroperoxides formed from methyl oleate have the trans configuration.55 The
a,B~unsaturated carbonyl compounds deriveble from these hydroperoxides should also
be trans since dehydration does not involve the double band. Although the Q,(3-
wnsaturated carbonyls formed during autoxidation are not identical with l2-keto-
eleidic acid they are closely related, and it might be assumed that they too would
be resistent to further eutoxidative attack in the absence of catalysts. The fact
that single attack on the methyl oleate chain predominates supports this conclu-
sion; otherwise & significent emount of multiple attack would occur before all the

methyl oleate had been autoxidized.
Tt is known thet oxirane compounds are elso resistant to further autoxidative

attack at moderate temperatures, and it would appear that the unsaturated hydroxy
campounds must be too. Although this latter point has not been resolved experi-
mentally, it is probeble that the hydroxy compounds, as well as some of the oxirane:
are converted to esters, thereby emhancing their stability.

KfmgéLL recently published a desailed analytiocel study of the autoxidetion of
elaidic acid at L7°C end 78°C with end without a cobalt selt catalyst. The forma-
2on of ketol derivatives was confirmed, emnd formic acid was identified emong the
volatile products of autoxidations DMethods were algo reported for estimeting ketol

and other carbonyl compounds. Similer oxidationl®8 of oleic acid yielded keto

acids as principal products at room temperctures With cobalt salt catalyst high
yields of 8~ and ll=-ketooleic acid were obteined, &as well as oxirane and cleavage
products. At L9 end 78°C the oxidations followed the seme general pattern ob-
served with eleidic acid but in the ebsence of a catalyst both isomeric 9,10-di-
hydroxystearic acids were formed whereas elaidic acid gives only the higher
malting fcorme

Skellon end Thrustonl2? studied the catalytic oxidation of elaidic ecid,
methyl elaidate and g-propyl elaidate. About 33% peroxides formed with methyl
claidate at 98°C but only 10-157% with elaidic acid. (This parallels the ex=-
perience with msthyl oleate and cleic acid.) Decomposition of the hydroperoxides
occurred slong threse lines: 8) monomeric oily complexes conteining carbonyl
groups, b) other secondary products such as oxiranes and keto esters and c)

cleavage productse



It was shown by El.li.s28

thet both oleic and elaidic acids on autoxidation
give m-»‘),lo-epoxystearic‘ acid in about 20% ylelde The fact that both a cis
end a trans compound yield the same, rather than different, products by the
jdentical oxidetion method is indeed surprising and remained unexplained for
meny yeers. With the development of infrared spectrophotometric methods for
determining trens compounds in eutoxidized end other materials, it wes shown

that the majority of radicals in the autoxidation of oleic (and elaidic) acid

teke the configuration shown below,

|
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and add oxygen at cerbon atom 3.55?123 The resulting hydroperoxides, S-hydro-
peroxido-»lo-m-octadeoenoic acii and lO-hydroperoxido-S~E§E§E—octadecenoic
acid (I and II), on homolytic cleavege yield the radicals HO* and RO® (III end
IV)e Both III and IV, by shift of onefy-electron of the double bond to couple
with the odd electron on oxygen, would form the oxirame ring in the 9,10~position.

Reacquisition of & hydrogen atom then yields trans-9,10=-epoxystearic acide

CH3-(CHZ)6-CH=CH~QH-(032)7-00211 (1)
bom

cn3~(m2)7-?ﬂ-ca=c3--(cﬁg)6-cogn (11)

COH

CHE-(CBZ)6~CH=CH—?H~(CH2)7—602H (111)
0

CHy~( CH, )7—(}H-CH=CH-(CH2 )=COoH (1)

R

0



This mechenism also eccounts for the formation of high-melting 9,10-dihydroxy-
stearic acid from both oleic & nd elaidic acids.

In the uncatalyzed autoxidation of methyl oleate, polymer formation does
not occur until advanced stages.lgh VWhen metal cetalysts are present, however,
polymers form even in the early stages. The structure of the polymers formed
from esutoxidizing methyl oleate is not knowne Evidence has been published sug-
gosting that they are largely oxygen-linked7’122 as distinguished from methyl
linoleate polymers in which carbon-carbon linkeges are known to be present
certainly in‘the dimers.7’13° Ell:i.s]‘26 has proposed that the dimers from autoxi=-
dized oleic acid are substituted dihydrofurans (V) which are formed from the
ayB=-unsaturated carbonylss

| R=CH=C=CH,=R'
|
o \
v
R?=CH=-C-CO=R (V)

Kern!3! has pointed out that fatty chains are linked by C-0-C, C-0-0-C,
end C=C bridges in autoxidatively produced polymerse No true chain propagetion
oocurs because of & low polymerizing tendency in these systems and also because
of the inhibiting action of oxygene.

Swift, Dollear, Brown, end 0'(3onnor]'32 have shown that one of the decom=
position resctions of methyl oleate hydroperoxides is cleavage to a,pf-unsaturated
carbopyls, one of which is 2-undecenal. Swift end Dolleatr:"33 have reported that
oleic acid cen be intermolecularly oxidized at 90° by methyl oleate hydroperoxides
to form cis=9,10-epoxystearic acid, mep. 59°, and low melting (but not high-
melting) 9,10-dihydroxystearic acid, meps 95°, in small quantitys

In a study of the volatile compounds produced by the autoxidation of methyl
oleate, oleic acid and gﬁ-‘?-octadecene et 80°C. Fritsch and DaatherageBh
identified formic end acetic acids end a crystelline peroxide with properties

similar to those of bis (hydroxyheptyl) peroxide. Hydroxyalkyl peroxides yield

formic end acetic acid on decompositlon.



Recently Ahlers end MbTaggart135 heve devised infrared spectroscopic methods
for the quantitative determination of secondary products of autoxidation, such as
hydroxy end carbonyl compounds. The method requires only about 20 milligreams' of
sample (which can be recovered after exemination), and the accuracy of each de-
tormination is similar to that of the corresponding conventional chemical method.

Most of the modern published work on secondary products of autoxidaetion has
been devoted to monounsaturated fetty materialse Swift, OtConnor, Brown and
Dollear,136 however, have identified one satwrated and two umsaturated aldehydes
as oxidetion products from decomposed hydroperoxides of cottonseed oile Linoleic
acid is the principal fatty ecid constituent as well as the most readily oxidized
component of this oile Johnson, Cheng and Kummerow137 isolated mothyl ethyl
ketone, acetaldshyde, G~pentenal, crotonaldehyde and en unknowvn five-carbon
carbonyl compound in the volatile decomposition products of the axidative polymers
of ethyl linolenate. Similar cleavage products have been isolated from autoxi-
dized soybean,138’139 corn and ev«roczs.d.ol,"Q oils and methyl linolenate.138

Privett and Nickelllhl have recently investigated the problem of the con=-
current autoxidation of the initielly formed hydroperoxides thet acoumulate
during the autoxidation of methyl linoleate in an effort to explein certain
anomalous observations, notably the low moleculer extinction coefficient for the
péroxides formede They concluded that concurrent oxidation of preformed hydro-
peroxides may be expected to take place at ell stages of the autoxidation of
mothyl linoleates The low ebsorptivity observed for diene éonjugation, compared
to that expected for exclusive production of cis, trens diene conjugeted hydro-
peroxides, was attributed mainly to concurrent oxidation of accumulated hydro-
peroxides, although some isomerization to form isolated trans double bonds also
ocourred. The primery autoxidation products of the conjugeted hydroperoxides
were polymers (the reader is referred to the section on Autoxidation of Con-

jugated Polyunseturated Compounds).



%, Quentitative Determination of the Primary Products of Autoxidation

& Peroxides

Quantitative determination of peroxides is the most cmnmonlyrx‘xsed asnalytical
method for following the course of eutoxidation reactions. Memny methods have
been described for determining peroxides; these have been discussed ocritically
by Barnard and Ha.:c'grt;i.ve]'l"2 end several of the more importent ones heve been

exemined in a statistical memmer by Ricciuti, Colemen and V\I:'i.].li:{:‘s.-:”'L3

i. TIodimetry

Todimetric determinetion of peroxides is the most populare. The methods
are all based on the eassumption that potassium iodide (or other salt) and hy=
driodic acid when brought in contact with fatty perbxides liberate iodine
quentitatively in some simple stoichiometric memner, nemely, 2 atoms of lib-

ereted iodine are equivalent to 1 atom of active oxygen.

The peroxide methods of I..ee.]'}-')'L end of Wheele:c']"‘LS ere widely used, but
recent studies show that improvément cen be made by exclusion of oxygen from
the reagents and reaction flask and elso by excluding 1:’0.gh-l:.J’h'é"]""7 Because
¢ its widespread use, the Vheeler method, with modifications, is described

here.

Modified Wheeler Method.lhs’ 17,118 _ Twenty milliliters of 3 to 2 acetic

acidwchloroform are introduced into e glass-stoppered 250-ml. iodine flaske

A weighed sample is transferred to the flask which is flushed with nitrogen.



Two milliliters of freshly prepared 50% solution of potassium iodide in water
are added, emd the flask is agein flushed quickly with nitrogen. After 15
minutes, 50 ml. of water are added, and the liberated iodbine is immediately
titrated with 01N sodium thiosulfates The entire procedure is so arranged
that the contents of the reaction flask are not in contect with eny apprecieble
amount of dissolved or atmospheric oxygen at eny time until the water is added.

Under these conditions, the liberated iodine rises to & meximum concen=-
tration in less than 15 minutes, and thereafter remeins constent. Peroxide
velues obteined with reection times up to 2 hours zre no different from those
obtained in 1% minutes.

% Peroxide Oxygen = mle of thiosulfete X normelity X 0.008 X 100
wte of sample

ii. Polarography

Polarogrephy has recently been used in the snalysis of fat oxidation
productse Lewis, Quackenbush, and De Vries57’58 found a linear relatiomship
between wave height and peroxide value in the early stages of the oxidation
of fatse.

A more detailed exemination of the polarographic behavior of autoxidation
products was carried out by Willits, Ricciuti, EKnight and S"«rex'2156 These
workers showed that peroxides, hydroperoxides, sldehydes, ketones conjugeted
with e double bond and a-diketones could be measured polarographically. 1In
particular, they demonstrated thet hydroperoxides could be determined quenti~-
tatively in the presence of other peroxide types.lh;

i{ii. Miscellaneous Peroxide Analytical Methods

Ferric Thiooyanate Methode = This method lends itself to colorimetry, but is

subject to comsiderable errors Chepmen and co-workersmg and Erdmann and

SeelichISO describe such & method, but the peroxide as determined by this



meens is far higher than that found by iodometric methods. Leal?! found thet
by exclusion of oxygem from the reaction medium the color formation is dim=
inished to about one-fourth that cbtained in the presence of oxygem, and that
the values were lower than theoretical. The thiocyanate method has its use
in comperative studies where a quick colorimetric method is desired, but it
requires rigid exclusion of air for reproducibility. The values obteined in
the presence of air are proportional to, but higher than iodometric valuese
It is more sensitive then the iodometric method end can be used in lower
renges of peroxide valuee

Dichlorophenol-Indophenol Methode = This method, introduced by Hertmemn and

Glavind152 likewise yields high values in the presence of air.ls3 However,
the values are reproducible and are useful only in comparative studies.
Perhaps the most significant use of this reagent has been to detect the
presence of peroxides histochemicallyolsh

Stamnous Chloride Method. - Barnard and Hargrﬁnrell42 have proposed & modification

of the stennous chloride method which they believe to be satisfactorye The
method is titrimetric amd requires about 1 milliequivalent of peroxide for
determination. A weighed sample containing 0.75 to 1le0 meqe of peroxide is
dissolved in acetic acid (10 mle) in & 250-ml. Erlemmeyer flask, which is then
evacuated to 20 mm. of mercury and filled with nitrogen. Fifteen milliliters
of 0.1N stannous chloride solution are added from & pipet, and the flask is
jmmediately re-evacuated and filled with nitrogen, the latter procedure being
repeated twice. After stending for 1 hour at room temperature, & boiling
solution consisting of 5 mle of stock ferric solution, 1 gram of emmonium
chloride, end L5 mle water is eddeds The mixture is kept at 75°C. for 30
seconds end then rapidly cooled, and 10 ml. of phosphoric acid solution are

addede The ferrous ion is titrated with 0.05N potassium dichromate solution



and 6 drops of indicaetor solution (0425% solution of diphenylamine sulfonic
acid in water). The end point is a sherp transition from green to violet.

Blenk determinations are carried out in & similar manners

% Peroxide Oxygen = (blank - titer) X dichromate normelity X 0,008 X 100
wt. of semple

b. Other Oxygen-conteining Species

The determination of autoxidation products other then peroxides is not
simples IZarly investigators in the field failed to realize that conventional
fat=anelyticel methods were not necessarily applicable to autoxidation mixtures.
For this reeson much of the early work on autoxidation, particulerly the com=
position of the oxidation mixture, is open to serious question.

A detailed re-exemination of analyticel methods as epplied to autoxi-
dation systems was published by Knight and Swern,l-55 end the modified proce-
dures were epplied to autoxidizing methyl oleate.156 It was shown thet in
the ebsence of peroxide and oxirane groups, the analytical procedures were
reliable. Tlhen peroxides were present, as is usually the cese, high and variable
velues for carbonyl oxygen were obtained, end the iodine end seponification
numbers were generally unreliebles Determination of hydroxyl oxygen was inter-
fered with by large proportions of oxirene compounds but apparently not by
peroxides. Determination of acid number and peroxide and oxirane oxygen wes
reliable in the presence of all the other functional groups investigated.
Techniques were reported for the acourate determination of functional groups
| when peroxide end oxirane groups were presents Skellon and Feu911157A have
recently described methods for estimating ketonic groups in complex oxidation
products.,

Ahlers and McTaggart135 heve devised infrared spectroscopic methods of

enalysis which require only 20 milligrams of semple end the accuracy of each



determination compares favorebly with that of the corresponding chemical
methode This procedure offers much promise in the rapld, accurate analysis
of smell quentities of autoxidation products.

lie ‘Ascellaneous Autoxideation Studies

Acetylenic Compounds. - Although acetylenic fatty acids do occur in natural

oils and these substances are subject to autoxidation, very little information
has been gained regerding the mechanism of this oxidatione Khan, Deatherage,
and Brownllh heve made & study of the autoxidatiom of stearolic acid amd its
methyl ester in comperison with oxidation of oleates. In contrast to oleates,
stearolic acid and methyl stearolate had no indpction periode The oxidation
begen at its méximum rato. The scetylenic compounds absorbed oxygen at &
faster rete (LX) then did the oleates. Oxidetion of stearolate was accompanied
by considerable polymerization end the residues contained a considerable amount
of carbonyl oxygen. No diketostearic acid was found, however. Acid and ester
groups were present but only smell emounts of peroxide and hydroxyl groups
were presente | The volatile products of oxidation of stearolate consisted of
water, cerbon dioxide, emd other crganic productse In the case of methyl
stearolate, water evolved equelled more than 0.8 mol per mole substrate and
cerbon dioxide more than O.l mol per mole substrete. The nonaqueous volatile
products of stearolate oxidetion had & rancid odour but geve & negative Kreis
test, whereas the corresponding product from oleate gave & positive teste
These striking differences between the kinetics and products of oxidetion
strongly indicate a difference between the mechanism of oxidation of oleate
and stearolates Khen, Deatherage and Brown suggest that a~methylene

attack of acetylenic compounds is the predominant type of oxidation rather

then eddition to the double bonde



A study of the oxidetion of matricaria ester (n-decadiene-2 ,8=diyne=li,6=

oic acid methyl ester) by Holmsn and S[frensenﬁe indicates that in this con-
jugated system the oxygen addition follows & biphasic curvee Likewise, the
increase in light absorption at 3550 X in alkaline solution increases repidly in
itially, whereas the increase in absorption at 6000 X corresponds to the second
phese of oxygen addition. The oxidetion was accompanied by rapid polymerization
and intense deepening of colore. The mechanism of oxidation of conjugaeted un-
saturated systems involving triple bonds, such as occur in metricaria ester,
and iseno oil, is probably much different from that of isolated triple bonds.
It is likely that the mechanism of oxidation of these mixed double and triple
bond conjugated systems is similar to that of conjugated polyenes, for rapid
polymerization occurs during their oxidatione. One would expect oxygen to add
to the two types of resonating systems in similer menners.

Physical State of Substrates. = The degree of dispersion of unsatureted sub-

ctrates hes & marked effect upon their oxidation. The spreading of oil films
on porous material can, and often does, lead to spontaneous combuetion of the
oile Honn, Bezman, and Daubert159 heve studied the oxidation of drying oile
sdsorbed on the surfece of finely divided silica gelse. There is & critical
oil/solid ratio which yields a meximum rate of oxygen uptake, The results
were interpreted as indicating the existence of a closely packed monomolecular
layer of oil on the adsorbent at the ecritical ratio, and thet this arrengement
is most favoreable for promoting oxidatione At oil congentrations below the
critioal oil/soli.d ratio, the o0il molecules are separated by distances de-
pendent upon the ratio, end thus the rate of oxidation depends upon the
average distance between oil molecules. Above the critical ratio, the oil
molecules form multimolecular films, and the rate of oxidation is decreased,

because diffusion of oxygen becomes & limiting factor. This interpretation



wae verified by the observation that et the critical ratio, the calculated
area occupied by thet smount of oil as & monolayer nearly equalled the area
aveilable on the silica gel surface.

In aqueous colloidal selution, sodium linoleate oxidetion appears to be
slightly different fromvoxidation of -1linoleate esters in bulk. Bergstrbh,
Blomstrand, and Laurellléo found that in this system the rate of oxidation
wes dependent upon copper ions, thet maximum oxygen uptake is 2 moles of oxygen
per mole linoleate, and that the spectral chemges were similar to those observed
in oxidizing linoleate esterse Isolation of the renetion products &s a low
viscosity oil indicated that polymerization had been inhibited, and the sharp
termination of the reaction at 2 moles of oxygen per mole linoleate suggests
that the product of oxidation mey be rather reproducibles The authors pro-

posed that monomeric diperoxides of the structure

“CH~CH=CH~CH~CH~
\ 2
0——0 OCH

may be formed by the oxidation of the primary peroxides This method ghould
prove useful in preparation of the product of iinoleate oxidation which has
2 moles of oxygen per moleculee

Emulsified oils are subject to oxidation, but because of the instability
and nonreproducibility of emulsions, 1ittle work has been done on fat oxide<
tion in this type of system, with the exception of enzymatic studiess HoOw=
ever, emulsions are of biological and medical interest. 0il in the dispersed
phase is subject to the same type of oxidation as o0il in bulk, but the presence
of weter-soluble cetalysts has en influence upon the oxidation. Metallic
galts and haemoproteins are of particular importance as catelysts in oxida-
tion of biological systemse Much of the ocatalysis in animal tissue fats
which hes been considered enzymatic is due %o oxidation cetalyzed by haemoglobin,

myoglobin emnd caﬁ&laseolél



Most work on fat oxidetion has used liquid systemse. Oxidation of solid
fats is much inhibited by the presence of considerable amounts of saturated
fatty acids which act as diluents. On the other hand, oxldation is sharply
limited by the s0lid state of matter in which penetration and diffusion of
oxidation is much reduced.

Restriction of unsaturated fatty acids and esters within the crystal
structure of urea complexes is effective in inhibiting oxidation of these
readily oxidizable substances. The inhibition of oxidation in this cése
could be either by nrotection ageinst oxygen senetration, or by prohibition
of chain reaction as & consequence of the rigid, lattice to which the substrate
1s restricted. ¢

Oxidation in the gaseous phase is extremely rapid, but little is known
of its mechanisme Contact of hot vapors of fatty acids or esters with air
can lead to explosive oxidation.

Irradiation. -~ The oxidation of unsaturated acids end esters is stimulated by
various types of irradiation. The absorbed radiant energy activates substrate
molecules to the energy level necessary for chemical reactiom to téke place.
Infra=-red and visible radiation are somewhat effective, but ultraviolet light,
‘because of its higher emergy content, is far more effectives X-ray has re-
cently been foﬁnd to be effective in inducing fat oxidation.

Ultr&violét light has been used successfully by Farmer and Suttonpl to
promote the oxidation of methyl oleate to the hydroperoxide. Su‘t:i:on’"‘7 used
the seame method for oxidation of methyl elaidate to the hydroperoxide. Swift,
Dollear, and O’Connorhs were able to oxidize methyl oleate rapidly by ultra-
violet 1light irradiation emd to prepare the hydroperoxide in 90% purity.

Bateman and Gee'®3 have made & thorough kinetic study of the photo-
oxidation process, using cyoclchexene, l-methylcyclohexene, 2,6-dimethyl-

2,6~0ctadiene, and ethyl linoleate as substratess They concluded that



photo~oxidation proceeds by & chain mechanism in which the generstion of free
radicals by light ebsorption is the chain initiation mechenisme The predom-
inant initiation process is the photolysis of the hydroperoxidess When

light intensity is fixed emnd wavelength chosen such that light absorption is
weak, the photooxidation is autocatalytic, because the products formed are
more strongly light-sbsorbing then the substrate, end their photolysis leads
to additional chein formation.

Photo-oxidetion is somewhat modified by the presemce of chlorophy11.73’léh
Khen, Lundberg, Tolberg, and Wheelerléh have studied the chlorophyllephoto-
oxidation of methyl oleate end methyl linoleates The visible light energy
ebsorbed by the chlorophyll is in some menner transferred to the substrate,
thereby activating the substrate to an energy level sufficient for oxidative
attack to take places The products of linoleate oxidation have & lower light
absorption in the ultraviolet region characteristic of conjugated dienes,
whereas the products isolated from thermel and plain photo-oxidation are very
similar in light absorption. Infra-red studies of the product suggest the
presence of isolated Esggg_material in the product, whereas this is not found
in products of plain photo-oxidation. Chlorophyll photo-oxidized linoleate
' yiélded a peroxide concentrate of high peroxide velue, which after reduction
to the alcohol end chrometographic separation yielded a significent fraction
which was nonconjugeteds These results suggest that the ll-hydroperoxido-
octadecedienoate can exist end thet by some means becomes & significant
product by the action of chlorophyll im spite of the greater thermodymamic
stability of the conjugated isomerse

Maadl65 has found in his studies on x-irradiation of linoleate that
the reesction is also & chain reactions He has measured the quantum yield

and found that with incressing concentration, the ionic yield increases.



With increasing cysteine concentration, the ionic yield decreeses, indicating
protection of linoleate against oxidation by sulfydryl compoundss Presumebly
the mechanism of x-ray stimulated oxidation of linoleate is the seme as in

autoxidation. The possibility also exists that radiation-initiated chain oxi-

dation of unsaturated fat accompanies radiation injury of animals.

Qualitative Dectection of Oxidation Productse The Kreis Test. = This test has

been used widely for the assay of oxidatlve status of oils, but it offers the
disedvantages of being highly empiricals The test as ordinarily used involves
two phase systems or other means of separation of the active components. Mo@i-
fication of the test making it suitable for colorimetry has improved the mna'l:hod:}66
Phloroglucinol has been shown to yield color with epihydrinaldehyde, malonic
dieldehyde, or ecrolein treated with HyOp ,167 but the presence of these com=
pounds has not been demonstrated in oxidized fat, nor do these substances
appear in the currently accepted mechanism of oxidation. Their presence, how-

ever, is not umreasonsble as secondary oxidation productse Thus the Kreis

test, although & proven qualitative test for oxidation, has been of little
theoretical velue in studies of fat oxidations It appears that the Kreis test

detects substences formed from the decomposition of peroxides, and represents &
meesure of terminal oxidatien productse It mey yet prove to be of value in

studies of secondary oxidetions end peroxide decomposition.

‘Thiobarbituric acid Test. - This test has been developed in the past few years,

end appears to be related to the Kreis test. It wes originally used by Kohn

and L:i.versen:lge:'-'s’8 who observed that animel tissues, upon aerobic incubation,



were able to give a color resction with thiobarbituric scide Bernheim and
cc-wwhar3169’17° heve traced this reaction to products of oxidation of wn=

saturated fatty acids, principally linolenic acide Patton end Kurtzrn have
studied the reaction involved in the test and applied the test to detection
of oxidation in milk fate They foumd that malonic dieldehyde geve a strong
test and that the thiobarbituric acid test is much more sensitive than the

Kreis tests The latter did not begin to yieid measurable colors until after
decided oxidized flavors eppeared, whereas the thiobarbituric acld test gave

weasurable responses during the development of perceptible rencidity., Methyl

oleate hydroperoxide also gives the colar reaction.172 The thiobarbituric acid

test appears, therefore, to hold more pramise than does the Kreis test. It

would be of value in detection of oxidetion in its early stages.

Stemm Teste. = This test depends upon reaction of oxidized fat with s=diphenyl

carbagide to yleld a color'.]'?} It has been correlated with orgenoleptic de=

tection of rancidity and found to give a rather good correlation} Tt

Dicerbonyl Compounds. = These compounds are supposedly present among the

products of oxidatiom of fats, end OtDaniel end Parsons175 heve postulated
that the color developed by oxidized fats in alkali is duwe to the formation
of quinones from a~dicarbonyl compounds by double eldol condensation. They
suggested that alkeli color is a test for a-dicarbonyls. Prill has also

developed a color test involving their dioximes.176 The alkell color test
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has been shown to be affected by fat concentration and by tims. Never-
theless, the a=dicarbonyl test was considered the best method for assessing

rencidity because the dicarbonyl value of oils is not affected by heat treat-

ments of the oils.

Alkali Color. = When oxidized fats are dissolved in en alkeline medium, in-

tense oresnge or red colors are producede This is the result of production

of ohromophores whose principal absorption is in the ultraviolet range. The
color is merely absorption in the visible region by ultraviolet chromophorese
The alkali color hes been studied spectrophotometrically by Holmen, Lundberg
end Burr177 and it was concluded that the color wes probably not dus to
quinones formed from diocerbonyl in the oxidized fat. dJasperson, Jones and
Lord178 also concludéd thet dicaerbonyl tests on oxidized fats are fundementally

different from those on model compounds. Present opinion is that the color:
is due to oondensation of unsatureted cerbonyl compounds. Chipault and Lund-
ber5179 heve found that the alkeli color is due to two reactions, one which
is instanteneous, &nd one which continues over long periodse

'Hendrickson, Cox, end Konenleo used spectral study of the alkali color
in essessing the oxidative changes teking place in film formation. Chipault

g1029119538L 341 owise used this color formtion in describing the

and Lundber
chemicel chenges dur ing £ilm formetion from pure triglycerides, pentaerythritol
esters, and elkyds prepared from known pure fatty acidse

Tt would appear that the a-dicarbonyl coler reactions, based upon sketchy

knowledge, however, do possess merit for assessing oxidation of fats. It is



to be hoped that & better understanding of their chemistry will lead to more
effective use.

Ultraviolet Absorption. = Oxidation of polyunsaturated fatty acids is accom-

panied by increased ultraviolet ebsorption. The magnitude of change is not
easily related to degree of oxidation because the effects upon the various
unsaturated acids are different in quality and magnitude.m However, the
spectral change for a given substance cen be used as & relative measure of
oxidation, and probably hes its best application in the detection of oxidation
réther than its measuremente The examination of ultraviolet spectrum is a
rapid and sure method for assessing the purity and freshness of umsaturated
fatty materials. The higher the absorption, the greater has been the exposure
to oxygen.

183

Infrared Analysis. - Henick has applied infrared analysis to the detection

of 6xidation products in milk fat. Spectral changes were detected before off
flavors developed, and both loss of flavor and development of off flavors were
correlated with definite ebsorption bands. Dugan, Beadle and Henickleh

studied autoxidized methyl linoleate in the hydraxyl and carbonyl regions.

They assigned the 3,30=-3LL5 cme ™1 region to the -00H group. Homn, Bezmen and
Daubert 185 eand Crecelius, Kagerise amd Alexa.nderlaé employed infrared to
follow the autoxidation of linseed oils Study of the fats is extremely camplica-
ted spectrally.

Classification of Oxidation Reactions on & Temperaturs Basis. = The effect of

tempereturs on the oxidation mechanism end the products of oxidation of umsat-
urated fats or fatty acids is such that for practical purposes three temperature
renges are readily distinguished and meny investigations have been confined

to one or enother of these ranges. These temperature ranges are gemerally:



(1) atmospheric temperature or 0-40%C. (32-10L4°F.); (2) 60-120°C. (140-2L8°F.);
(3) 200-300°C, (392-572°F.). Meny of the oxidetion reactions involved in the
rancidification of fats occur at the lowest temperature mentionede Blown oils,
used in the drying oil industry, are generally prepered at temperatures between
€0° and 120°C., and it is in this temperature range that most of the investi-
gations on accelerated fat deterioration are conductede The highest tempera-
tures are employed in the menufacture of boiled oils, stend oils, and related
polymerized fat productse

Atherton end Hilditchls7 measured chenges in iocdine velue in methyl oleate
and concluded that at 20° oxygen reucted with the methylenic group to form
hydroperoxides, eand elso with the olefinic linkages At 120° the reaction
appeared to occur exclusively at the olefinic linkage 8nd to be followed by
secondary reactions at other points. Paquotl88 concluded that at 20° hydro-
peroxide formetion predominated while et 120° a moloxide was formede

From & study of the oxidation of elaidic acid and its esters, Skellon
and.Thruston189 concluded that at 55° and 85° the oxidation reaction is marked
‘by an induction period and that chemical changes at these temperatures ere
slighte At 120° the induction period is said to be absent and carbonyl cam-
pounds, carbon dioxide and polymers are formed.

The oxidation products of triglycerides have also been classified in this
mannere In & recent paperlgo the products of the oxidation of fatty oils are
reported to fall into four groups that pess into each other with considerable
overlappinge. The author classified the products on the basis of temperature
and the products of the oxidation at any temperature are said to be & mixture
of all typese

A difference in chemical nature emong the oxidation products of lerd

formed at different temperatures has been demonstrated by Lewis and Quackaﬂbuahsz



by the use of polarographic analysis.

The effects that differences in reaction tempereture exert on the in-
duction period and oxypolymerization of raw linseed oil have been investigated
by Hess and O'Hare.191 They found three distinct temperature regions, each
charecterized by different types of oxidative changess The regions are:
above 130°, between 8l and 130°, and below 8L°s Temperature was found to
have an effect on the induction period and on the peroxide values of the oil.
Ultraviolet ebsorption analyses indicated that the formation of conjugated
diene systems reached a maximum and thet at temperatures between 8L° and 200°
the diene configuration wes never apprecisbly greater than 5 per cente. Higher
velues were obteined at lower temperatures. In addition, these investigators
proposed & chelate-type of intermediate in autoxidatively produced polymeriza=-
tion.

This clessificetion of oxidation reactions on the basis of the tempera-
ture at which they take place should be of interest to .all concerned with the
processing of fats end oils.
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‘Ricinoleic Acid and Methyl Ricinoleate. ~ Ellis obtained unsaturated ketones

from the eutoxidation products of ricinoleic acid and showed that there is
considerable polymerization at high temperatures. Autoxidation of methyl
ricinoleatelo with uranyl ricinoleate as catalyst gave typical oxygen absorption
curves at 55°, 85° and 120°. At 85° repid peroxidation occurred with little
change in iodine number, suggesting addition of oxygen to the molecule without
affecting the unsaturation. At later stages, the peroxide and iodine numbers
decreased together.

Erucic and Brassidic Acids. - Skellon and Te.ylor193 have recently described

the autoxidation of erucic acid and of methyl end propyl erucates at 55°, 85°

and 120°, Chenges in the observed active oxygen content followed the usual



course, but the percentage of active oxygen was highest in the autoxidized
propyl ester. The influence of alkyl groups was markeds The oxidation products
consisted of small percentages of epoxides and cleavage products, ketohydroxy,
dihydroxy, end aldehydo derivetives, together with oily complex productse. Un-
saturated keto derivatives were not conclusively identified.

The autoxidetion of brassidic acid at 73° end 120° has also been studied.lah
In contrast to erucic acid, monoperoxy acids were not isolated from the autoxi-
dation productse After saponification, dihydroxybehenic acid (8%) end an oily
monomer (72%) were recovered. The latter may be either acyloin or en unsat-
urated ketonic derivetivee

These results are qualitatively similar to those reported earlier by Doree
and Pepper,195 who employed cobalt erucete as catalyst in most of their worke.
Yields of epoxides were as high as 15%7.

10-Hendecenoic Acid. = The autoxidation of lO=hendecenoic acid or its methyl

ester at 80° yields some sebacic acid, 10ylledihydroxyhendecenocic acid and

polymer.196 The polymer mey arise from aldol condensation of oxidation pro-

ducts containing carbonyl groups.
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