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Food lipid systems are very complex and so is oxidative 

degradation that render them-unpalatable for human consumption. 

The significance of lipid degradation and the key reactions involved 

have been thoroughly studied and are well understood today.    This 

is not true,  however,  of the secondary products of the autoxidation 

reactions.    Of the many hydroperoxide decomposition products, the 

carbonyls are generally considered the most important.     Much work 

has been published on the identification of carbonyls in autoxidizing 

lipids and model systems,   and in practically every case where oxida- 

tion mechanisms were considered,   the authors have repeatedly 

referred to fatty acid hydr©peroxides as immediate precursors.    At 

the present time,   there are a number of carbonyl compounds that are 

always observed in oxidized lipid systems that can not be explained 

by generally accepted mechanisms.    In view of this,  it seemed fea- 

sible to look for other possible substrates in lipids that are readily 



oxidized and that might account for some of the variety of carbonyls 

observed.     The carbonyl compounds,   themselves a product of autoxi- 

dation,   were selected for this study. 

In a preliminary study,   the carbonyl products of carefully 

autoxidized methyl linolenate was qualitatively and quantitatively 

compared to the theoretically derived carbonyls to determine those 

compounds not accountable by currently accepted mechanisms.     The 

analysis included TBA number,   peroxide value,   total saturated and 

unsaturated carbonyl content and total saturated and unsaturated 

volatile carbonyl content.     The volatile monocarbonyls were isolated 

by reduced pressure steam distillation,   separated    as 2, 4-dinitro- 

phenylhydrazones.   by column chromatography and analyzed. 

Forty-seven percent of the oxygen consumed by linolenate 

was found in the hydroperoxides and 54 percent was found in the total 

carbonyl content.     The monocarbonyls identified were ethanal,   prop- 

anal,   butanal,   but-2-enal,   pent-2-enal,   hex-2-enal,  hept-2-enal, 

oct-2-enal,   hexa-2, 4-dienal,   hepta-2, 4-dienal,   and nona-2, 4-dienal. 

One member from each of the major monocarbonyl classes 

encountered in autoxidizing lipids was autoxidized under controlled 

conditions.     The carbonyls selected were n-nonanal,   non-2-enal, 

hepta-2, 4-dienal,   and oct-l-en-3-one.    Samples which had consumed 

0. 25 and 0. 5 moles of oxygen per mole of sample were analyzed for 

peroxide,   malonaldehyde,   and acid production.     The degradation 



products were analyzed,  as 2, 4-dinitrophenylhydrazones,  using col- 

umn,   paper,   and thin layer chromatography,   ultraviolet and infrared 

spectroscopy,  and melting point determinations. 

Non-2-enal and hepta-2, 4-dienal oxidized immediately with 

no induction period,  whereas,   n-nonanal had an induction period of 

approximately 12 hours and oct-1-en-3-one did not oxidize when held 

at 450C for 52 hours.     The major oxidation product of non-2-enal 

was non-2-enoic acid.    However,   eight carbonyl compounds were 

identified as degradation products.    These listed in order of decreas- 

ing concentrations were ethanal,   n-.heptanal,   a-ketooctanal,  n-octanal, 

propanal,   glyoxal,   a-ketononanal,   a-ketoheptanal,   and malonaldehyde 

(measured by the TBA reaction). 

The major oxidation products of hepta-2, 4-dienal were poly- 

mers.     The carbonyl compounds produced by autoxidation,   listed in 

order of decreasing concentrations,   were propanal,   ethanal,   cis- 

but-2-en-l, 4-dial,  n-butanal,   a-ketopentanal,   glyoxal,   malonalde- 

hyde (measured by TBA reaction),   a-ketohexanal,   a-ketoheptanal. 

Hepta-2, 4-dienal produced 10 times more malonaldehyde and had a 

more pronounced pro-oxidant effect on methyl   linoleate  than non-2- 

enal.     n-Nonanal had no pro-oxidant effect at the concentration used 

(0. 1 percent). 

The above results coupled with data in the literature again 

clearly illustrated the complexity of oxidative degradation of food 



lipids.     It was shown that many of the carbonyls in oxidized lipids 

could originate from the oxidation of the initially formed carbonyl 

compounds.     This could account for many of the carbonyls which 

have been identified in oxidized lipids,   but not explained by generally 

accepted oxidation mechanisms. 
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THE AUTOXIDATIVE DEGRADATION OF SOME 
SECONDARY PRODUCTS OF AUTOXIDIZING LIPIDS 

INTRODUCTION 

All lipids,   especially food lipids,   undergo autoxidation in the 

presence of oxygen.     The oxidative attack not only renders objectional 

aromas and flavors to the lipids,   but may also impair their nutritional 

value.     For these reasons,   the research effort on oxidative deteriora- 

tion of food lipids has surpassed that conducted on other food defects. 

However,   many phases of this phenomenon still remain a mystery. 

The autoxidation of lipids involves at least four phases:    The 

induction period,  peroxide formation,   peroxide decomposition    and 

secondary degradation or polymerization.     From a flavor standpoint, 

the hydroperoxide decomposition and secondary degradation are the 

most important because during these phases,   numerous carbonyl 

compounds are produced which repeatedly have been shown to contri- 

bute to the flavor of oxidized lipids. 

Many attempts have been made to determine the origins and 

mechanisms involved in the formation of the carbonyl compounds in 

autoxidizing lipids.     In most investigations,   after the identification 

of the carbonyls,   their origins have been postulated using the cur- 

rently accepted theories of hydroperoxide formation.     This approach 



has failed to elucidate the origin of many carbonyl compounds; mainly, 

because the lipids are a complex system and the initial secondary 

products are capable of being oxidized further.    Although most work- 

ers have concluded that oxidative degradation of secondary products 

may take place,   only a limited amount of experimental data has been 

published to support this view. 

The purpose of this investigation was to qualitatively and 

quantitatively analyze the degradation compounds obtained from the 

autoxidation of representatives of the major monocarbonyl classes 

(n-nonanal,   non-2-enal,   hepta-Z, 4-dienal,   and oct-1-en-3-one) 

found in autoxidizing lipids.    An investigation was also conducted on 

volatile monocarbonyl compounds isolated from autoxidized methyl 

linolenate.     The latter investigation was designed to show that some 

of the carbonyl compounds,   identified as oxidation products but not 

theoretically predicted ,  were produced by secondary oxidation of 

the initially formed carbonyl products. 



REVIEW OF LITERATURE 

Development of Autoxidation Theories 

In general,  autoxidation may be defined as the reaction of any 

material with molecular oxygen.     Many organic compounds such as 

hydrocarbons,   aldehydes,   esthers,   ethers,   sulfhydryl compounds, 

fatty acids,  phenols,   and amines can undergo autoxidation under 

suitable conditions.     Many mechanisms have been proposed for these 

types of autoxidations.     Berzelius (11,  p.   294) first recognized lipid 

autoxidation in 18Z7.    Since then lipid autoxidation has been studied 

extensively.    However,  the reaction mechanisms involved in the 

autoxidation of lipid materials are not clearly understood today. 

This may be attributed to the complexity of most natural lipid systems 

which are mixtures of triglycerides containing many different fatty 

acids.     To overcome this difficulty,   the chemists have been forced 

to study less complex model systems.     The compounds most com- 

monly used have been oleic,   linoleic,  and linolenic acids or their 

methyl esters.    Some of the original work on the accepted theories of 

autoxidation was conducted on cyclohexene (25,   p.   75-96; 39,  p-   228- 

236; and 40,  p.   541-547).    Generalizations,   made on the basis of 

these model systems,  have been applied to natural lipids. 



The unsaturated fatty acids of lipid materials are the most 

susceptible sites for oxygen attack and their concentrations in lipids 

largely influence the extent to which the system will readily oxidize. 

The influences of the type of unsaturation on autoxidation are the 

main criteria for differentiating between the many proposed mech- 

anisms. ,.   . 

Berzelius (11,  p.   294) illustrated the induction period,   oxy- 

gen uptake,   carbon dioxide formation and the polymerization of lin- 

seed oil in his early experiments.    Schonbein (103,  p.   328-340) first 

reported that oxygen and the double bonds of fatty acids were involved 

in the autoxidation phenomenon.    It was first believed that molecular 

oxygen was cleaved into atomic or "active oxygen" which was respon- 

sible for autoxidation.    The term "activated oxygen" was introduced 

by Bach (4,  p.   951-954) and Engler and coworkers (36,  p.   3046-3055; 

and 37,   p.   1669-1681) to describe molecular oxygen,  which they pro- 

posed as the culprit in autoxidation of ethylenic bonds.     The activated 

oxygen molecule was believed to react at the double bond to give a 

compound, 

/ 
R—O—O—R 

which,   could oxidize another oxidizable substance. 

Bach's theory was modified by Staudinger (110,  p.   1075-1079), 

who reported that upon autoxidation of a double bond,  a moloxide was 



formed which then rearranged to a cyclic peroxide: 

+0., 

O—O 

R-rCH=CH-4l^ ^-R,—CH-CH-R0 *R-CH-CH-R, 
1 2 1     \    / 2 ^1||2 

In 1928,   Stephens (111,   p.   568-571) oxidized cyclohexene and 

obtained cyclohexene peroxide.    He believed this peroxide to be cyclic 

across the double bond.    Criegee (25,   p.   75-96) showed,   however, 

that a double bond was still present in cyclohexene peroxide. 

Rieche (96,  p.   520-524) in 1937 proposed that the autoxidation 

of unsaturated substances may occur through the formation of oxygen- 

activated methylene groups giving products of the nature described 

by Criegee (25,  p.   75-96): 

R —CHcCH—CH—CH=CH—R 

R, —CH=CH—C—CH=CH—R 

i 
H 

However,   the major credit for developing the hydroperoxide 

hypothesis of autoxidation is due to Farmer and co-workers (38, 

p.   340-348; 39,  p.   228-236; 40,  p.   541-547; 41,  p.   121-145; 42, 

p.   119-122; and 43,   p.   10-13),   who substantiated it with convincing 



experimental data. 

It was believed,  before Farmer's hypothesis,  that the reac- 

tions at the ethylenic bond of simple olefins were additive reactions 

with polar reagents-    Farmer and co-workers pointed out that the 

experimental data did not fit into the polar scheme,   as governed by 

Markovnikov1 s rule.    Rather,   the data suggested the occurrence of 

polar type reactions in which the participants were short lived, 

neutral entities displaying free radical character. 

According to Farmer (40,  p.   541-547),  free radical forma- 

tion in an olefinic system depends on the hydrogen lability of the 

methylene carbon atoms.     This hydrogen lability depends largely on 

the type of unsaturation and the presence or absence of substitutions 

on the carbon atoms.     Farmer arranged the unsaturated system into 

four groups according to hydrogen lability. 

H H   H 
I I     I 

—CH=CH—C—CH=CH— _CH=CH—C—C_JC=CH— 
I I     I 

H H   H 

Group I Group II 

H H 
I I 

_C_CH=CH—C— _CH=CH—CH=CH— 
r I 

H H 

Group III Group IV 



The hydrogen lability decreases from Group I to Group IV.    Group I 

has the highest degree of hydrogen lability because the alpha methyl- 

ene group is flanked by double bonds.     The influences of the double 

bonds are divided in Group II; therefore,   less hydrogen lability.    In 

Group III two methylenic groups share one double bond,   resulting in 

very little hydrogen lability.     Finally Group IV shows practically no 

hydrogen lability due to resonance stability of conjugated double 

bonds. 

The pentadiene system (Group I) is the basis for the presently 

accepted theory.    When the system is excitated by an external energy 

source,   the energy may be expended through the escape of an electron 

which takes a proton with it to form a hydrogen atom.    The free radi- 

cal which is formed first on the a-methylene carbon sets up reso- 

nance isomers with the adjacent  unsaturated  groups.    An oxygen 

molecule is absorbed by the free radical to form a peroxide free 

radical which in turn accepts a hydrogen atom to form a hydroper- 

oxide.     The hydrogen usually comes from another fatty acid ester 

thus forming another free radical which propagates the chain reaction. 

The hydroperoxide concepts are discussed in the following 

discussions on the autoxidation of monounsaturated,  nonconjugated 

polyunsaturated,  conjugated polyunsaturated, saturated compounds 

and carbonyl compounds. 



Autoxidation of Monounsaturated Compounds:    The mechanisms 

involved in the autoxidation of monoethenoic fatty acids and esters 

have been found to be different from that of polyunsaturated acids. 

With the aid of molecular distillation and chromatographic adsorption. 

Farmer and Sutton (42,  p.   119-122) isolated pure methyl oleate hydro- 

peroxides from oxidized methyl oleate.     The methyl oleate hydroper- 

oxides were found to have two isomers,   one on carbon eight and the 

other on carbon 11.    Subsequently Farmer et al.   (43,  p.   10-13) pro- 

posed a free radical mechanism for monounsaturated acid oxidation 

which involved two,  three carbon systems,  in resonance: 

8        9      10     11 8       9      10     11 
—CH—CH=CH—CH— "— —CH—CH=CH—CH— 

• 2 I 2 
O-O—H 

—CH _CH—CH=CH— — —CH—CH—CH=CH- 
2    • 2 

O—O—H 

-CH=CH-CH-CH — — —CH=CH-CH—CH- 

O—O—H 

-CH —CH=CH—CH— — _CH —CH=CH—CH— 
2 • 2 

I—CH— 

O-CU-H 

According to the above mechanism,   a hydroperoxide could be 

formed at carbons 8,   9,   10 and 11.    Originally Swift et al.   (114, 

p.   297-300) as well as Farmer and Sutton (42,   p.   119-122) found only 

the 8 and 11 isomers,  therefore it appeared that there was some 

preference in the oxygen addition in the above mechanism.    However, 



9 

Ross et al.   (100,  p.   282-286) have found the hydroperoxide group 

attached to all four positions.     They estimated the relative propor- 

tions of the oleic isomeric hydroperoxides in the following decreas- 

ing order:    10,   11,   8,  and 9-     The authors suggested that during the 

low temperature crystallization purification of hydroperoxides, 

some selective fractionation of the isomers could have occurred. 

Recently,   Privett and Nickell (95,  p.   842-845) demonstrated that 

equal proportions of the isomeric hydroperoxides are present in 

autoxidized oleate.    Farmer (39,  p.   228-236),   Gunstone and Hilditch 

(57,  p.   1022-1025),  and Bolland and Gee (15,  p.   236-243 and 16, 

p.   244-252) simultaneously concluded that the point of oxidative 

attack was at the double bond instead of at the a-methylene group as 

first thought.     These conclusions were based on thermodynamic data 

and on the fact that initiation of oxidation was greatly accelerated by 

the presence of impurities.    Also,  it was questioned whether the 

CH    group adjacent to a double bond in monoethonic acids has suffi- 

ciently labile hydrogen to initiate such an oxidation.    It was agreed 

that double bond attack occurred only to a minor extent,  but in suffi- 

cient amounts to "trigger" the methylenic chain reaction which pre- 

dominates.    The reaction scheme,  that satisfies kinetic and thermo- 

chemic considerations ,  is shown below: 



+o. 
-CH —CH=CH- 

2 
CH —CH- 

CH —CH—CH 

ZH—CH- 

O—o» 

-CH -CH=CH- 
2 

+ CH —CH=CH- 

6-O-H 

-CH —CH —CH -CH=CH—CH- 

+ O—O- )-H 

-CH-CH=CH- 

methylenic 
chain reaction 

+ O—O—H 

H« 

chain reaction 

-CH—CH=CH- 

+ O, 

CH—CH=CH- 

O-O* 

methylenic 
chain reaction 

10 

Knight et al. (73,  p.   188-192) demonstrated by infrared ob- 

servations that in the early stages of methyl oleate autoxidation under 

ultraviolet light,   95 percent of the hydroperoxides contained trans 

double bonds.    One of the possible mechanisms for this isomeriza- 

tion was given by the authors.    In the formed free radical,  the atoms 

probably lie in a plane providing maximum resonance energy.     The 

two isomeric forms of this radical are: 

H H 

9     9 
R ^ 

RV2V 
./ 

H 
\ 
R 

(I) (ID 
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A cis hydroperoxide is formed by the addition of oxygen to carbon 1 

of either I or II or to carbon 3 of I.    As shown by infrared spectro- 

photometry,   most of the radicals assume configuration II,  and by 

addition of oxygen to carbon 3,  yield a mixture of trans-hydroper- 

oxides.     This preferential attack may be favored by steric factors. 

Knight et al.    (74,  p.   498-501) observed striking differences 

in the course of the oleate autoxidation reaction at different temper- 

atures.    Samples taken for analysis at different stages of autoxida- 

tion may therefore lead to different, conclusions relative to the main 

products.     This could account for some of the confusion that has 

developed concerning the primary autoxidation products of mono- 

ethenoic compounds. 

Autoxidation of Nonconjugated Polyunsaturated Compounds: 

The polyunsaturated systems that contain Farmer's Group I have a 

higher rate of oxidation than the monounsaturated systems.     The 

pentadiene systems produce autoxidation rates 20 to 40 times that of 

the monoethonic compounds.     Therefore,  fatty acids containing these 

pentadiene groups are the main source of the autoxidization problem 

in fats. 

Of the diethenoic acids jin lipids,   linoleic acid which contains 

the pentadiene system,  is the most important and has received the 

greatest attention.     The following autoxidation mechanism for 
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linoleate was originally proposed by Bolland and Koch (14,  p.   445- 

447) and is based on the free radical theory of Farmer et al. (40, 

p.   541-547). 

9       10     11        12     13 
I. -CH=CH—CH —CH=CH- 

l-H 

ii.     -<:H=CH—CH-CH=CH- . 

Abstraction of hydrogen 
atom 

in.       -CH—CH=CH—CH=CH- 

IV.       -CH=CH—CH=CH—CH- 

Resonance hybrid free 
radicals 

V. -CH=CH—C—CH=CH- 
I o-o- 

VI. -C—CH=CH—CH=CH- 

O—O- 

Three possible peroxy 
radicals 

VU.    -CH=CH-CH=CH—CH- 

o-o 

+H 

VIII. -CH=CH—C—CH=CH- 
I 

O—O—H 

-C—CH=CH—CH=CH- 

O—O—H 

-CH=CH—CH=CH—CH- 

O—O—H 

Addition of hydrogen atom 
abstracted from another 
linolate molecule 

Three possible hydro- 
peroxide products,   two of 
which are conjugated 



13 

According to the above scheme,  three hybrid free radicals are pos- 

sible which give hydroperoxides in position 9,   11 and 13.    Addition 

of oxygen to carbon 11 would yield a non-conjugated peroxide where- 

as the other hybrids would give conjugated systems. 

Bolland and Koch (14,  p.   445-447) by a comparison of the 

molecular extinction of oxidized linoleate with that of conjugated 

linoleic acid,   calculated that approximately 70 percent of the initial 

autoxidation products were conjugated.    Due to impure autoxidation 

products,  this evidence was not considered sufficient to determine 

whether equal amounts of the three hydroperoxides are formed, 

giving 67 percent conjugation,   or whether the two conjugated forms 

are favored because of their resonance energy,   resulting in 100 

percent conjugation.    Many other investigators have answered this 

question by producing evidence which shows that most of the reso- 

nance hybrids are conjugated.    Bergstrom (10,  p.   1-8) chromato- 

graphed the hydrogenated products of linoleate oxidation on alumina 

and identified the 9 and 13-hydroxystearates, thus indicating only 9 

and 13 conjugated hydroperoxides.    Cannon (20,  p.   447-451) and 

Privett (93,  p.   61-66) purified the mixed hydroperoxides from methyl 

linoleate by counter cur rent distribution and found them to be 90 per- 

cent conjugated.    Using infrared spectrophotometric techniques, 

Privett (90,  p.   23-27) showed that the hydroperoxides consisted of 
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cis -trans and trans-trans configurations,   with the latter form being 

more prevalent at higher temperatures and levels of autoxidation. 

Recently,  Sephton and Sutton (106,  p.   263-372) as well as Banks (8, 

p.   1078) confirmed the work of Bergstron,   Cannon et al. ,    and 

Privett.     The majority of the evidence suggests that the 9 and 13 

positions are the predominate sites of attack,  but indirect evidence 

has been obtained,  which suggests some hydroperoxide formation at 

the number 11 carbon.     The aldehydes deca-2, 4-dienal,   oct-2-enal 

and hexanal have been found in autoxidized methyl linoleate (55, 

p.   371-375) and (5,  p.   648-650).    These aldehydes are believed to 

come from the cleavage of the 9»   11.   13 hydroperoxides of this acid. 

However,   oct-2-enal,  which would be produced from the 11 isomer, 

was not identified in autoxidized methyl linoleate by Patton et al. 

(88,  p.   280-283).    This coupled with the fact that oct-2-enal has 

been reported as a degradation product of deca-2, 4-dienal (113, 

p.   111-119) further questions the formation of unconjugated hydro- 

peroxide in autoxidizing methyl linolenate. 

Aside from the evidence presented above,   only thermodynamic 

evidence supports the postulation of the formation of conjugated hydro- 

peroxides in lieu of the unconjugated.     The resonance energies 

associated with free radical conjugated and unconjugated systems 

are estimated to be 30. 8 and 17. 8 kcal respectively (13,  p.   133-138). 
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Thus the formation of the unconjugated type radical is much less 

probable than the conjugated. 

There is disagreement in the literature on the mechanism of 

autoxidation of trienoic compounds.     Linolenic acid,  which is the 

most important of this group,  has not been studied as extensively 

as the mono and dienoic compounds.     The data published in the liter- 

ature are conflicting since some investigators have claimed that 

only small amounts of conjugated hydroperoxides are formed while 

other workers have reported the contrary. 

The first attempt to isolate hydroper oxides from autoxidized 

methyl linolenate was made by Fugger et al. (51,  p.   285-289) by use 

of countercurrent distribution.    They made the following conclusions: 

1. Monomeric hydroper oxides,  if present,   existed in 
very small quantities. 

2. Dimers were formed during autoxidation or immediately 
thereafter. 

3. Less than half of the oxidized linolenate was converted 
to a conjugated form and more than half of the double 
bonds were destroyed; probably through polymerization 
initiated on the ethylenic bond. 

These results suggest that autoxidation of linolenate differs 

significantly from that reported for monoene anddiene systems. 

Contrary results were reported by Privett et al. (90,  p.   23-27),  who 

studied the autoxidation products by means of infrared spectrophoto- 

metry.    Privett et al.   concluded that: 



16 

1. Sixty percent of the oxidation products consisted of 
cis-trans conjugated diene methyl octodecatrienoate 
monohydroperoxide. 

2. No evidence of uncojijugated hydr oper oxides was found. 

3. Only 18 percent polymeric material was found. 

Recently,  these conclusions were supported by Frankel et al. 

(50,  p.   4663-4669),  who isolated relatively pure hydr oper oxides,  by 

liquid partition chromatography and countercurrent distribution, 

from methyl linolenate autoxidize.d at 370C.     These hydr oper oxides 

were monomeric,  had three double bonds,  and had a conjugated 

diene system with predominately ci-s,   trans with some trans,   trans 

configuration.    The authors were able to conclude,  by acid dehydra- 

tion,   catalytic hydrogenation,   and oxidative splitting of the double 

bonds,   that the hydroperoxides were a mixture of methyl 9-,   12-, 

13-,   16-hydroperoxyoctadecatrienoate with unsaturation in the 10, 

12,   15; 9.   13,   15; 9,   11,   15; and 9.   12,   14 position respectively. 

16     15      14       13     12      11      10      9 
R —CH=CH—CH -CH=CH-CH-CH—CH—R, 

O—O—H 

R —CH=CH--CH —CH—CH=CH—CH=CH—R, 
2 2    1 1 

O—O—H 

R —CH=CH—CH=CH—CH—CH —CH=CH—R 1-CH—C] 

O-O—] •H 

R—CH—CH=CH—CH=CH—CH —CH=CH—R, 
2    | 2 1 

O-O-H 
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Using the Farmer et al.    (40, p.   541-547) free radical theory, 

a mechanism can be formulated for the autoxidation of methyl linole- 

nate which is analogws to that for methyl linoleate.    Linolenate,   con- 

taining two pentadiene systems (A) and (B),  will give two hybrid 

radicals,   (a) and (b),  as follows: 

16     15      14       13     12      11       10     9 
R^—CH=CH—CH-—CH=CH—CH—CH=CH—R, CH=CH—CH -CH=C] 

I 1 I 
(A) (B) 

16 14 12      I -H 13 11 9 
-CHTTCH^CHTTCH^CH- -CHTTrCHnTCHTnCH^CH- 

6 6 6 6 6 6 

(a) (b) 

The formation of 9-,   13-,   12,   and 16-hydroperoxides indicated that 

reaction with oxygen occurred exclusively at the end position of each 

resonance hybrid,   (a) and (b).    According to the above scheme the 

four isomeric hydroperoxides should be formed in equal amounts. 

However the observed higher concentration for 9- and 16-hydro- 

peroxides indicated that the 12- and 13-isomers were decomposed 

more easily or that there were preferential reactions on the end 

positions,   9 or 16. 

It can be seen from the above information that the autoxida- 

tion of methyl linolenate is complex and has not been completely 

elucidated.    Furthermore,   the difference in results may be due to 
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the manner in which the systems were oxidized,   the degree of oxida- 

tion and methods used for studying the oxidation products. 

Autoxidation of Conjugated Polyunsaturated Compounds:    The 

autoxidation of conjugated polyunsaturated compounds has received 

less study than that of the nonconjugated ones.     This is due,   perhaps, 

to the uncommon occurrence of the conjugated polyunsaturated fatty 

acids in natural lipids.    However,   the conjugated fatty compounds are 

important constituents of tung oil,   oiticica oil,   and dehydrated castor 

oil,   which are widely used in protective    coatings.     Furthermore the 

formation of hydroperoxides in unconjugated systems leads to the 

conjugation of the double bonds and finally to conjugated secondary 

reaction products.     The autoxidation of these conjugated hydroper- 

oxides and secondary products are important in lipid autoxidation and 

should receive much more attention in future investigations. 

Early work by Morrell (81,   p.   795-798) and by Miller and 

Claxton (80,   p.   43-48) led to the conclusion that oxygen containing 

polymers were formed and that ketol and enol groups were present 

in the products of autoxidized methyl eleostearate.    However,   the 

procedures used in their investigations are questioned by the present 

investigators of lipid autoxidation. 

Brauer and Steadman (17,   p.   563-569) studied the autoxida- 

tion of p-eleostearic acid by means of oxygen uptake and 
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spectrophotometric measurements.    They concluded that 0. 5 mole of 

oxygen destroyed one mole of acid and that the conjugated triene was 

destroyed with formation of a conjugated diene.    Allen et al.  (1, 

p.   395-399) indicated that the autoxidation of conjugated linoleate 

proceeded three times slower and in a different manner than the non- 

conjugated ester.    The disappearance of the conjugated double bonds 

were equivalent to the amount of oxygen uptake,   which indicated that 

oxygen to carbon bonds were formed.    No peroxide oxygen was form- 

ed in the conjugated system until the ester had been oxidized for over 

100 hours. 

Allen and Kummerow (2,  p.   101-105) oxidized methyl eleo- 

stearate and isolated the primary oxidation products by low-tempera- 

ture crystallization.    Hydrogenation of these products yielded methyl 

dihydroxystearates,  which were oxidized with alkaline permanganate 

to valeric and azelaic acids.    This indicated that the original oxida- 

tive attack had been confined within the triene system.    The attack of 

oxygen upon the conjugated system was postulated to be 1,2; 1,4; or 

1, 6 yielding three possible structures: 

6       5       4       3       2       1 
R—CH=CH—CH=CH-CH—CH—R, 

R—CH=CH—CH-CH=CH—CH—R „ 
2 

R—CH—CH=CH—CH=CH—CH—R „ 
2 
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Two of these three possess residual diene conjugation. The follow- 

ing mechanism was proposed: 

R_CH=CH—CH=CH--CH=CH—R 
2 

+ 02 

R—CH=CH—CH=CH—CH—CH—R^ 
* I 2 

O 

The addition at any of the carbons of the triene system may be accom- 

plished by the resonance stabilization along the unsaturated system. 

Reaction with another unsaturated system would yield a dimer still 

possessing free radical centers: 

R,—CH=CH—CH=CH—CH— CH—R., 
1 •        J. 2 

+ R0—CH=CH—R,, 
3 4 

R1-<:H=CH—CH=CH—C^—CH—R^ 
1 2 2 

R_——C—CH—R 
3 4 

R —CH=CH—CH=CH—£H—CH—R H=CH-pH—CH— 

R3-<5H \) 
^CH—O 

A. 
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Thi§ dimeric radical stabilizes itself internally to form a cyclic 

pepoxi^e or could again add oxygen and olefin thus forming a poly- 

rnsFic chain in which the repeating unit is   —CHR—CHROO—. 

The reaction mechanism does not answer all question that 

have been raised from the observations concerning conjugated poly- 

ene oxidation. The oxidation of the eleostearates have been shown 

to be autocatalytic by Brauer and Steadman (17, p. 563-569)- How- 

ever, the mechanism given by Allen and Kummerow (2, p. 101-105) 

does not provide for autocatalysis because the chain polymerization 

reaction is not autocalaytic. Therefore, the reaction mechanism is 

by no means complete. 

Recently,   O'Neill (84,   p.   384-387) reported that methyl eleo- 

stearate,   autoxidized by ultraviolet rays,   consisted of unchanged 

ester (38 percent) crystalline peroxide (7 percent)   monomeric perox- 

idic,   hydroxylic and ketonic products (35 percent),   polymers (15 

percent),   and cleavage products (5 percent).     The crystalline perox- 

ide was composed of an easily reducible 1,4-cyclic peroxide (75 

percent) and a difficultly reducible isomeric peroxide (25 percent). 

The monomeric fraction included 1, 2-cyclic peroxide,   1, 6-peroxide 

and nonidentified hydroxylated and ketonic material. 

Privett (91,   p.   507-512 and 94,   p.   156-163) reported that the 

autoxidation of methyl linoleate hydroperoxide resembled that of 
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conjugated fatty acids with minor differences in the kinetics of the 

two reactions.     The hydroperoxide autoxidation was not autocatalytic, 

while the autoxidation of the conjugated fatty acids have been demon- 

strated as such.    However,   the hydroperoxide group may function as 

a built-in catalyst for the reaction,   thus masking its autocatalytic 

characteristic.     Therefore,   the two mechanisms may be the same. 

Autoxidation of Saturated Compounds:   Even though it is 

known that the major site of lipid autoxidation lies in the unsaturated 

compounds,   saturated fatty acids are known to undergo slow oxida- 

tion at elevated temperatures.    At temperatures above 100oC.   the 

attack is predominantly at the beta carbon atom and the initial oxida- 

tion product is believed to be a hydroperoxide (63,   p.   62).    Forma- 

tion of the initial product is postulated as follows: 

CH —(CH  ) —CH -CH —COOH 

l+0
2 

CH — (CHJ —CH—CH -COOH 
3 2x| 2 

O-O-H 

It can be concluded that the saturated fatty acids do not play 

a vital role in the initial stages of lipid autoxidation.    As the hydro- 

peroxides and free radicals accumulate,  however,  the long chain 

fatty acids become significant in the complete picture of lipid autoxi- 

dation. 
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Autoxidation of Carbonyl Compounds:    That carbonyl com- 

pound are secondary reaction products of lipid autoxidation is well 

known (19,  p.   975-999; 30,   p.   585-597; 34,  p.   1047-1056; 45, 

p.   91-102; 67,  p.   372-377; 69,  p.   713-718; and 115,  p.   284-291). 

Carbonyl compounds are also capable of undergoing autoxidation in 

the presence of oxygen.     The mechanism of the initial reaction 

between aldehyde and oxygen is unknown even today.    In the initial 

work on autoxidation of aldehydes,   Baeyer and Villiger (7,  p.   1569- 

1585) working with benzaldehyde,  found that a perbenzoic acid was 

an intermediate in the process.    Haber and Willsattler (58,  p.   2844- 

2856) postulated a mechanism for the autoxidation of benzaldehyde. 

,H —C   H 
>   5 

l-H 

C6--5 

+   C,H —CK 

P |+ C,HC-C—H 
6   5 

.M CfcH5-d'-6-O^HC6H5 

I H 

.H.^5, 2 C.H,,—C—O—H 
6   5 
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Cooper and Melville (22,  p.   1984-1993) conducted kinetic 

studies on the autoxidation of n-decanal and concluded that it had the 

same mechanism as that postulated for benzaldehyde. 

Sulzbacher et al.    (113,  p.   111-119) reported that the unsat- 

urated aldehyde,   deca-2, 4-dienal undergoes autoxidation to form 

other carbonyl compounds. 

In a natural lipid that is in a state of autoxidation,   the second- 

ary reaction products (carbonyl compounds) are situated in an ideal 

oxidizing atmosphere.    Therefore,  the secondary products are 

oxidized to acids or other short chain products,  which add more 

confusion to the issue when trying to propose mechanisms for the 

secondary products that are formed by autoxidation. 

Factors Affecting the Rate of Lipid Autoxidation 

The rate of autoxidation is affected by many factors.    These 

include the degree and type of unsaturation,  the free fatty acid con- 

tent,  dilution of the fat,   oxygen pressure,   temperature,  presence of 

pro-oxidants,  antioxidants,  and physical state of the substrate (63, 

p.   72-86). 

Holman (63, p.   72-86) reported that the rate of autoxidation 

was increased by increasing the number of double bonds.    An increase 

in double bonds reduces the energy required to start the chain reac- 

tion. 
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The type of unsaturation determines the mechanisms involved 

in autoxidation (2,  p.   101-151 and 17,  p.   563-569),  however,  there 

is disagreement in the literature regarding the effect of double bond 

conjugation on the rate of lipid autoxidation.     Myers et al.     (83, 

p.   107-109) found that conjugated triene esters oxidize more rapidly 

than unconjugated triene esters.    Allen et al.   (1,  p.   395-399) con- 

cluded that conjugated methyl linoleate oxidized slower than unconju- 

gated methyl linoleate,  whereas Holman (63,  p.   72-86) reported that 

the autoxidation rates of the two esters were equal. 

Paschke and Wheeler (85,  p.   52-57) demonstrated that an 

increase in temperature increased the rate of autoxidation by the 

thermal activation of reacting molecules and the thermal decomposi- 

tion of the peroxides formed. 

Pro-oxidants tend to increase the rate of autoxidation. 

Heavy metals possessing two or more valency states,  with a suitable 

oxidation-reduction potential between them,  increase  the  rate  of 

autoxidation (66,  p.  93-121).    Several possible mechanisms of metal 

catalysis have been described by Uri (122, p.   133-169).    One of the 

more important of these is n reduction activation",   which is the reduc- 

tion of hydroperoxides by metals to form hydroxyl ions and free radi- 

cals: 

,,n+      „^^TT ,.(n+l) ^Tx- ^^ M      + ROOH    -~    Mx       '   +   OH      +   RO« 
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All the other mechanisms listed involve the formation of free radicals 

which initiate the chain reaction. 

Antioxidants are substances which delay or prevent the oxida- 

tion of fats.    The general type of organic compounds able to inhibit 

lipid autoxidation are phenols,  amines,   or amino phenols (112, 

p.   139-152).    Riemenschneider (99,  p.   50-63) theorized that antioxi- 

dants function by interrupting the chain reaction of free radicals. 

He proposed the following scheme as a possible mode of action: 

F-        +       AH        ■ —        FH       +      A- 

F O*    +        AH — F O     H + A. 

Where   F   is the fatty acid molecule,    A   is the antioxidant and   A* 

its free radical.    The free radical.  A* ,   does not propagate the chain 

reaction because it is stabilized by resonance in its phenolic struc- 

ture (122,  p.   133-169). 

All natural lipids contain natural antioxidants.    In milk lipids 

these include tocopherol,  carotene,  and cephalin (97,  p.   13-16). 

Mar cuss (79,  p.   97-103) reported that certain amino acids have an 

antioxidant effect on the autoxidation of methyl linoleate.    Histidine 

and tryptophane were found to have higher antioxidant ability than 

the other amino acids used by the author. 

Hematin compounds and lipoxidase are important biocatalysts, 

which have been shown to catalyze lipid oxidation in biological 
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systems (49.  p.   267-281) and (64,  p.   559-580).    The mechanism of 

hematin-catalyzed unsaturated lipids per oxidation is as follows 

(118,  p.   122-138): 

dH 

LOOH    Nv |/N 
(Lipid peroxide)/ ^^      Fe    ^ 

N       ^N 

(Hematin compound) 
L 
6 

I 

N      \   N 

LH 

Fe 

LO 

The hematin compound catalyzes the homolytic cleavage of peroxide 

(LOOH) to form free radicals which propagate  the  chain reaction 

with the hematin compound being regenerated in the cycle.    In the 

enzymatic oxidation by lipoxidase,  free radicals were produced 

which initiated lipid autoxidation (119»  p.   267-281). 

Formation of Secondary Products in Lipid Avitoxidation 

It is now widely accepted that hydroperoxides are the initial 

reation product of lipid autoxidation.    The hydr ope r oxides are quite 

unstable; therefore,  their concentration in an autoxidizing lipid, 

depends upon the conditions which affect their stability.    According 
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to Bell et al.    (9.  p.   242-249) hydroperoxides decompose in many 

ways,   leading to many type of secondary products.     The following 

scheme illustrates the major pathways of hydroperoxide decomposi- 

tion: 

R—CH—R '^ R—CH—R +  "OH (A) 

O—O—H 0 

I—CH—R — R—C—H     +    R- 

R—CH—R+R"H — R—CH—R   +   R-' (C) 

A 
R—CH—R   +   R' -~ R—Q—R       +  R—H (D) 

O O 

R—CH—R   +   R' O '   — R-C—R       +  R O H (E) 

O O 

In reaction (A) the hydroperoxide is decomposed to the alkoxy and 

hydroxy free radicals.    Reactions (B - E) illustrate the reaction of 

the alkoxy free radical with other free radicals or molecules to 

form secondary products. 

Since the hydroperoxides are flavorless (59.  p.   1-3 and 76, 

p.   1290),   it is their decomposition products that contribute to the 

oxidized flavor .of lipids.     The secondary products identified from 

autoxidized lipids include:   carbonyl compounds,   alcohols,   semi- 

aldehydes,   acids,   hydroxyacids and hydrocarbons.     Other type of 
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secondary products may be produced,  but due to the complexity of 

the secondary reactions,   few of the products have been thoroughly 

studisd,     The carbonyl compounds have received more attention 

than any other family of compounds due to their importance to oxi- 

dized flavor.     These compounds have been shown to be the major 

contributors to oxidized flavors (19,   p.   975-999; 30,   p.   585-597; 

45,   p.   91-102; 59,   p.   1-3; 67,   p.   372-377; .69,  p.   713-718; 109, 

p.   173-180; and 115,  p.   284-291. 

The types of carbonyl compounds found in various autoxidized 

lipid systems have been discussed in several comprehensive reviews 

(6,   p.   215-242; 75,  p.   1303-1309; 82,  p.   125-132; and 97,  p.   1-39). 

Much confusion existed in the early literature as to the type of 

carbonyl compounds that were produced in lipid autoxidation.     This 

was partly due to tentative identification,   inadequate techniques,   and 

the analysis of complex lipid systems.    However,   most scientists 

now agree that many classes of carbonyl compounds are produced in 

lipid autoxidation.     The following classes of compounds have been 

reported (30,  p.  585-597; 45,  p.   91-102; 46,  p.   345-348; 55,  p. 3.71-- 

375; 59,  p. .1-3; 62, p.   1-12.; 71,  p..   72:8-734; 98,  p.   73; 109,  p.   173- 

180; and.116,   p.  487-j498):   n-Alkan-2-ones,   n-alk-l-en-3-ones, 

n-alkanals,  alk-2-enals,   alk-3-enals,  alk-2, 4-dienals,   a-keto- 

alkanals. 
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Not all of the classes of carbonyls listed above have been 

found in any particular lipid system by a single group of investiga- 

tors.    The saturated aldehydes (butanal,  heptanal,  nonanal) were 

first recognized as oxidative products of milk fat by Scala in 1908 

(101,  p.   307-327).    Keeney and Doan (69,  p.   713-718; 70,  p.   719- 

722 and 71,  p.   728-738) reported that the volatile carbonyls,  ob- 

tained by high heat-vacuum distillation of milk fat,  were composed 

of non-methyl ketones with the majority being unsaturated.    Tamsma 

(115,  p.   284-291 and 116, p.   487-498) concluded that the volatile 

material from oxidized milk fat was comprised of unsaturated- 

unconjugated ketones and conjugated dienals. 

Day and Li Hard (30,  p.   585-597),  using vacuum steam dis- 

tillation,   isolated the volatile material from autoxidized milk fat 

and identified the bulk of the material as aldehydes.    They reported 

that 64 percent of the volatiles were C. -C      n-alkanals and 34 per- 

cent were C .—C, , alk-2-enals-    Trace amounts of the odd numbered 
4        11 

C_-C1_ alk-2-ones were found in-the autoxidized milk fat as well as 
5      15 

fresh milk.    It was concluded that the ketones were not secondary 

products of autoxidation.    Refinements in the techniques used for 

identification,  led to the identity of-hept-2, 4-dienal (78,  p.   623-632). 

Forss et al.    (44,  p.   211-219) reported the same type of compounds 

in autoxidized milk fat as Day and Lillard,  namely alkanals. 
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alk-2-enals,  and alk-2, 4-dienals. 

The carbonyl compounds isolated from autoxidized phospho- 

lipids are slightly different from those isolated from milk fat. 

Forssetal.    (45,  p.   91-102 and 46,  p.   345-348) and Duin (31, 

p.   81-89) concluded that the predominating classes of compounds in 

autoxidized milk phospholipids were the alk-2-enals and alk-2, 4- 

dienals.    This has been attributed largely to the higher concentra- 

tion of polyunsaturated acids in the .phospholipid fraction which are 

preferentially oxidized. 

Recently,  new classes of^carbonyls have been identified as 

secondary products of autoxidation.    Stark and Forss (109,  p.   ITS- 

ISO) reported that oct-1-en-3-one was the compound responsible 

for metallic flavor in dairy products.    The origin of this compound 

has not been elucidated,  but a possible source of its origin is oct-1- 

en-3-ol,  which has been identified by Hoffmann (60,  p.   439-444) as 

the mushroom flavor compound in autoxidized soybean oil and 

methyl linoleate.    Hoffmann (59,  p-» 1-3) studied the "green bean" 

fraction of autoxidized soybean oil and identified cis-hex-3-enal as 

the compound responsible for this flavor. 

The study of lipid autoxidation has been conducted on many 

natural occurring fats and oils (53,  p.   283-297; 54,  p.   495-506; 

55,  p.   371-375; and 125,  p.   192-197).    The classes of carbonyl 
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compounds isolated from these systems are the same as those iso- 

lated from autoxidized milk fat.    However,  the predominate classes 

differ from lipid to lipid,  due to the difference in the fatty acid com- 

position of the triglycerides. 
v. 

There has been much evidence for dicarbonyl formation in 

lipid autoxidation.    However, ..very little has been published concern- 

ing their identity.    Gaddis et al.    (53,  p.   283-297) suggested that 

a-dicarbonyls were present in autoxidized pork fat.    Schepartz and 

Daubert (102,  p.   367-373) conclusively identified maleic dialdehyde 

in autoxidized soybean oil.    Kawahara et al.    (68,  p.   633-639) pre- 

sented presumptive evidence for C.-dialdehyde in autoxidized methyl 

linolenate.    Forss et al.    (45,  p..   211-219) has found evidence for 

a-ketooctanal in autoxidized milk fat by gas chromatography.    The 

most extensive study of the dicarbonyls has been conducted on 

malonaldehyde.    Its major point of interest deals with its reaction 

with 2-thiobarbituric acid (TBA),  which is used as a test for autoxi- 

dation of lipids.    Patton and Kurt^(86,  p.   669-674) first obtained 

evidence that malonaldehyde waa.the compound responsible for the 

reaction with TBA in autoxidized fats.     Later,   Sinnhuber et al. 

(108,  p.  626-634) reported experimental evidence that characterized 

the TBA reactant as malonaldehyde.    This was done by comparing 

the TBA reaction product isolated from autoxidized lipid systems 
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with the TBA-malonaldehyde reaction product.    The origin of malon- 

aldehyde has not been experimentally determined.    Much speculation 

has been done on the possible mechanisms involved in its formation 

in autoxidizing systems (28,  p.   1360-1365). 

Dahle et al.    (27,  p.   253-261) studied the TBA reaction of 

autoxidized single methylene—interrupted diene,   triene,  tetra6ne, 

pentaene,  and hexaene fatty acid esters at various stages of autoxi- 

dation.    With the exception of the diene acid,  which gave no TBA 

reaction at early stages of autoxidation,  all acids gave good correla- 

tion of TBA value with diene conjugation.    Using the above results 

and Farmer's currently accepted mechanism of autoxidation of 

methylene-interrupted polyuneaturates,   Dahle et al.    (27,  p.   253- 

261) proposed a mechanism for the formation of malonaldehyde from 

these acids.    This is as follows'on page 34. 

The formation of malonaldehyde is based on the formation of 

p, Y-unsaturated peroxide radicals'which undergo cyclization to form 

a five membered peroxide ring.    This ring cleaves to form malon- 

aldehyde.    According to the accepted theories of autoxidation,  a 

triene would form two p,"Y-unsaturated peroxide radicals.    Linoleate, 

which contains only two double bonds,  cannot form a p,Y-unsaturated 

peroxide radical; therefore,  it does not give a TBA reaction in early 

stages of oxidation. 
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The above review has indicated th-e   complexity of second- 

ary products in lipid autoxidation.    It can be concluded that the 

results obtained by any investigator are applicable only to the speci- 

fic substrate and conditions used in carrying out the experiment. 
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EXPERIMENTAL 

Synthesis  and Purification of Secondary Reaction Products 

There are many classes of compounds that have been identi- 

fied as secondary products of lipid autoxidation.     These include 

n-alkanals,   alk-2-enals,   alk-2,4-dienals,   alk-2-ones,   alk-l-en-3- 

ones,   acids,   semialdehydes,   alcohols,   and many type of compounds 

that have  not been identified.     Of these compounds,   the carbonyl 

group has received the major portion of the scientific investigations 

that have occurred in the field of lipid autoxidation.     Therefore,   in 

this investigation,   on the degradation of secondary products,   n- 

nonanal,   non-2-enal,  hepta-2, 4-dienal,   and oct-1-en-3-one,which 

are members of the major monocarbonyl classes encountered in 

autoxidizing lipids,were used as model systems. 

n-Nonanal and non-2-enal were obtained commercially.    A 

Barber-Colman Model 20 gas chromatograph was used to determine 

90 
the purity of the aldehydes.     The. operating conditions were:   Sr 

(3-ionization detector; 9 ft. -l/l6-inch ID,   column packed with 20 

percent Apeizon M on 100 to 120 mesh Celite 545; column tempera- 

ture  1650C; direct on-column injection; flow rate 16 ml/min; cell 

current 1250 v.     The purity of n-nonanal was greater than 98 per- 

cent,   therefore,   it was not purified further.    Since non-2-enal was 
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not pure when purchased,   it had to be purified using preparative 

scale gas chromatography.     The operating conditions were:    Ther- 

mal conductivity detector; 8 l/2 ft x 5/8 inch OD column packed 

with 20 percent diethylene glycol succinate on 120 to 140 mesh 

Celite 545; column temperature 187<>C; injector temperature 190oC; 

flow rate approximately 1, 000 ml/min; size of injected sample,   0. 5 

ml.     The non-2-enal was collected as it came off the column in a 

trap cooled by a dry ice-ethanol mixture (-720C).     The purity of the 

non-2-enal after this purification step was 99- 5 percent as deter- 

mined by the analytical gas chromatograph. 

Hepta-2, 4-dienal was synthesized by the procedure of Pippen 

and Nonaka (89,  p.   1580-1582) and purified by fractional distillation 

at 4 mm Hg pressure.     The purity was 94 percent when determined 

according to the previously described procedure,   with the exception 

of column temperature which was 1750C instead of 1650C. 

Oct-l-en-3-one was prepared from oct- l-en-3-ol by the 

method of Brown and Carg (18,  p.- 2952-2953).    Oct-l-en-3-ol was 

prepared according to the procedure of Crabalona (25,   p.   67-75) and 

purified by fractional distillation.     The oct-1-en-3-one could not be 

completely separated from the oct-l-en-3-ol  by fractional distillation. 

For this reason the oct-l-en-3-one was composed of 87 percent 

oct-l-en-3-one and 12 percent oct-l-en-3-ol.     The purity was 
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determined by gas chromatography      The conditions were:   aerograph 

Model-A-100 with a thermal conduativity detector; 6 ft.  x l/4 inch 

OD   column packed with 20 percent diethylene glycol succinate on 

80-100 mesh Celite; column temperature 97<>C. 

The methyl linoleate and methyl linolenate were obtained 

commercially from the Hormel Foundation. 

2-Thiobarbituric Acid Number 

The 2-thiobarbituric acid number is an expression of the 

milligrams of malonaldehyde per kilogram of sample.    The proce- 

dure used in this investigation was essentially that described by Yu 

and Sinnhuber (124,  p.   104-108).    However,   the modifications made 

by Lillard and Day (78,  p.   623-632) were also employed here. 

Instead of using a Beckman Du Spectrophotometer to measure the 

absorbancy,   a Beckman DK-I was used to record a complete spec- 

trum from 650 to 450 mp..     The size of sample used for the TBA 

reaction depended upon the substrate and its degree of autoxidation. 

Peroxide Value 

The peroxide value is an expression of milli-equivalents of 

peroxides per kilogram of sample.     The modified iodometric method 

of Dahle and Holman (26,  p.   1960-1961) was used to determine the 
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peroxides.     This procedure has many advantages over the A. O. C. S. 

method (3,  p.   cd 8-53),  which include:   use of a single-phase solu- 

tion; elimination of the oxidation of iodine by air; immediate titra- 

tion of iodine as it is liberated thus destroying its chance of reacting 

with double bonds; it can be used for semimicro determinations. 

Determination of Acid Produced by Autoxidation 

The amount of acid produced by the autoxidation of carbonyl 

compounds was determined by titrating weighed samples of the 

autoxidized material with 0. 1  N alcoholic potassium hydroxide. 

The results were reported as equivalents of acid per mole of oxi- 

dized substrate. 

Autoxidation of Secondary Reaction Products 

The samples were autoxidized at 45°C in a Warburg constant 

volume respirometer under an oxygen atmosphere.    After the de- 

sired amount of oxygen was utilized,  the Warburg flasks were re- 

moved from the water bath,  and the TEA number,  peroxide value, 

and titjratable acidity were determined immediately.    A sample of 

the autoxidized material was reacted with 2, 4-dinitrophenylhydrazine 

and the resulting hydrazones were qualitatively and quantitatively 

analyzed.     The experimental procedure for the autoxidation of the 
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carbonyl compounds is as follows. 

Non-2-enal:   It was found,  from preliminary investigations, 

that the maximum oxygen uptake by non-2-enal was 0. 5 mole oxy- 

gen per mole of non-2-enal.     Therefore,  this experiment was de- 

signed to analyze the autoxidation products when the samples had 

taken up 0. 25 and 0. 5 moles of oxygen per mole of non-2-enal. 

Two 0. 3g samples of non-2-enal were weighed into Warburg 

flasks which were connected to a manometer and placed into a 450C 

Warburg water bath.    The system was flushed with nitrogen for 1 5 

minutes to allow for equilibration.    The nitrogen was introduced 

through the three-way stopcock,  passed over the sample,  and 

escaped,  through the open gas vent of the side arm stopper.    After 

equilibrium was attained and the nitrogen replaced with oxygen,  the 

stopcocks were closed and the oxygen uptake recorded.    After the 

induction period was over,   the oxygen was continually passed 

through the system.    At 1 5 minute intervals the stockcocks were 

closed and the rate of oxygen uptake was recorded.    The rates of 

oxygen uptake vs time were plotted on regular graph paper.     Meas- 

urement of the area under the resulting curve gave the total oxygen 

uptake.     The reading of the manometers and calculation of the flask 

constants were done according to the manometric techniques des- 

cribed by Umbreit et al.   (121,  p.   1-20). 
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Hepta-2, 4-dienal:   The procedure for the autoxidation of 

hepta-2, 4-dienal was essentially that used for the non-2-enal.    The 

sample weights were 0. 5 g.    One sample was removed from the 

water bath after 0. 25 mole of oxygen per mole of hepta-2, 4-dienal 

had been absorbed and received the same treatment as non-2-enal. 

The sample,  which had absorbed 0. 5 mole of oxygen per mole of 

hepta-2, 4-dienal,  had polymerized-to a semi-solid state.     This 

sample was dissolved in absolute ethanol and made up to volume in 

a 1 00 ml volumetric flask.    Samples were removed from this stock 

solution for the various chemical analysis. 

Oct-1 -en-3-one:   The samples of oct-l-en-3-one were autox- 

idized as previously described.    The samples were removed from 

the water bath after 52 hours with no oxygen being absorbed and no 

change noted in the oct- l-en-3-one by gas chromatography.    It was 

concluded that no autoxidative change had occurred in the samples. 

n-Nonanal:   Two samples of n-nonanal were autoxidized by 

the described procedures for 52 hours. 

Qualitative Analysis of the Degradation Products 

The identification of the car.bonyl compounds produced by 

the autoxidation of secondary reaction products was accomplished 

by use of column,   paper,  and thin layer chromatography,   ultraviolet 
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spectroscopy,   infrared spectroacopy.  and the determination of melt- 

ing points of derivatives.     The steps involved in the identification of 

the carbonyl compounds are as follows: 

1 .      Reaction of the carbonyls with 2, 4-dinitrophenylhydra- 

zine to form the 2, 4-dinitrophenylhydrazones. 

2. Separation of the 2,.4-dinitrophenylhydrazones into 

classes by adsorption column chromatography. 

3. Separation of the 2, 4-dinitrophenylhydrazone classes 

into single components by partition column chromato- 

graphy. 

4. Identification of the individual compounds. 

The experimental procedure for each step is described below. 

Reaction of the Carbonyls with 2, 4-dinitrophenylhydrazine: 

The reaction mixture was the same for the autoxidized non-2-enal, 

hepta-2, 4-dienal,andrwionanal-    The samples,   consisting of . 01  - 

. 02 g were weighed into 125 ml Erlenmeyer flasks.    Fifty milliliters 

of carbonyl-free absolute ethanol and 50 ml of 5 N HC1 saturated 

with 2, 4-dinitrophenylhydrazine were added to the flask.     This mix- 

ture was allowed to stand for 24 hours for the reaction to occur. 

The 2, 4-dinitrophenylhydrazones of the carbonyl compounds were 

then removed from the reaction mixture by extracting five times 

with chloroform.     The chloroform extracts were combined and the 
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chloroform was removed at reduced pressure to yield a dry residue. 

Since the oct-1 -en-3-one absorbed no oxygen and no change was 

noticed by gas chromatography,  it was not reacted with 2, 4-dinitro- 

phenylhydrazine after the oxidation period. 

Separation of the 2, 4-dinitrophenylhydrazones into Classes: 

The dry residues,  which was obtained by the above procedure and 

contained the 2, 4-dinitrophenylhydrazones of the carbonyl compounds, 

were separated into classes.    The class separation was achieved by 

modification of the procedure originally described by Schwartz et al. 

(105,  p.  699-671).    The detailed procedure used for studying the 

carbonyls from oxidized non-2-enal is as follows: 

Material: 

Ethylene chloride (Dow Chemical) was distilled 

and stored over potassium carbonate. 

Nitromethane (Mathe son Coleman & Bell practical 

grade) was distilled over boric acid. 

Celite 545 (John Mansville & Co. ) was dried for 

24 hours at l60oC. 

Seasorb 43 (Fisher Scientific) was activated for 

48 hours at 400oC. 
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Procedure:   Five grams of Seasorb 43 and 1 0 g of Celite 545 

were slurried together with 1 50 ml of ethylene chloride and poured 

into a chromatographic column (Z. 5 cm OD).    The column was 

packed under air pressure until the solvent above the packing was 

reduced to a height of about 2 mm.     The column was now ready for 

application of sample. 

The dry residue,  containing the derivatives,  was dissolved 

in 1 0 ml of ethylene chloride and five milliliters were applied to the - 

top of the column.    After adsorption of the derivatives,  the sides of 

the column were washed with the solvent and the column was devel- 

oped with ethylene chloride.    As the column developed,  four distinct 

bands were formed.    Band one (fastest moving) was brown,  indicat- 

ing alkanals; band two was rust-red,  indicating alk-2-enals; band 

three was pink indicating mono-dinitrophenylhydrozones of the dicar- 

bonyls; band four was blue,  indicating bis-dinitrophenylhydrazones 

of the dicarbonyls.    After the alkanal and alk-2-enal bands had 

eluted from the column,  the dicarbonyl bands were eluted with 

nitromethane-ethylene chloride (1-4) solvent.     The solvent was re- 

moved from the fractions at reduced pressure to yield dry residues. 

The classes of carbonyls were confirmedby determining the absorp- 

tion maxima in chloroform using the Beckman DK-I and DU spectro- 

photometers.    This was possible because the classes have their 
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absorption maxima at distinct wave lengths.    In chloroform these 

are:   alkanals--358 ni|j.; alk-2-enals--373; bis-derivatives of the 

dicarbonyls--395 and 438. 

The procedure used to separate the derivatives isolated 

from the autoxidized hepta-2, 4-dienal was primarily the same as 

that used for the non-2-enal.    However,   some phases of the proce- 

dure were changed to account for the differences that developed 

during the course of analysis. 

The size of column and amount of packing material were in- 

creased over that used for non-2-enal.    Ten grams of Seasorb and 

20 g of Celite 545 were slurried together with 250 ml of ethylene 

chloride and poured into a chromatographic column (3. 5 Cm OD) 

and the column was packed as described previously.    The carbonyl 

derivatives isolated from the hepta-2, 4-dienal were dissolved in 

1, 000 ml of ethylene chloride and 25 ml of the 'solution were applied 

to each of two columns.    As was the case with;the non-2-enal,  four 

bands separated but a lavender band indicative of alka-2, 4-dienals, 

was present instead of the alk-2-enal band observed with non-2-enal. 

The remainder of the procedure was the same as described for the 

autoxidized non-2-enal. 

When the 2, 4-dinitrophenylhydrazones obtained from the 

autoxidized n-nonanal were applied to the column for class 
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separation,  only the n-alkanal band appeared. 

At this point the classes of 2, 4-dinitrophenylhydrazones 

were separated into single compounds by column-partition chromato- 

graphy. 

Separation of the Carbonyl 2, 4-Dinitrophenylhydrazone 

Classes into Single Components:   The 2, 4-dinitrophenylhydrazones 

of the monocarbonyl classes (alkanal,  alk-2-enal,  alk-2, 4-dienal) 

were separated by means of a, hexane-nitromethane Celite partition 

column.    The procedure was the same for each class; therefore,  it 

will be described as if one class was being analyzed. 

The column (Method B) was prepared as described by Day 

et al (29,  p.  463-474).    The derivatives were dissolved in 1 0 ml of 

carbonyl free hexane and five milliliters were carefully added to 

the top of a 1 5 g chromatography column (2. 0 Cm OD).    After the 

solution of derivatives moved into the column,  hexane equilibrated 

with nitromethane,  wag added and the column was allowed to develop. 

Each band was collected as it was eluted from the column and the 

solvent was removed under reduced pressure.    The chain length of 

the compounds representing each band was determined in a subse- 

quent step. 

The bis-2, 4-dinitrophenylhydrazones of the dicarbonyls were 

separated by a benzene-ethanolamine Celite partition column that 
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was developed by Schwartz (104,  p.   187-194).    According to 

Schwartz,  three types of columns can be used; each differs only in 

the water-ethanolamine ratio in the stationary phase.    Tyf>e I was 

used to separate glyoxal and methyl glyoxal from the higher a-keto- 

aldehydes.   Type II was used to separate the C .-CQ a-keto-aldehydes, 

and Type III was used to separate the 2, 3-diketones. 

The columns were prepared as described by Schwartz (104, 

p.   187-194).    The bis-2, 4-dinitrophenylhydrazone derivatives were 

dissolved in five tnilliliters of mobile phase (benzene saturated with 

ethanolamine) and added to the top. of a Type I column.    After the 

solution had moved onto the column,  the mobile phase was added 

and the column was developed.    Only two dicarbonyl fractions were 

evident in the material isolated from non-2-enal; a blue band that 

migrated slow and a yellow band which moved with the solvent front. 

Three fractions,  two blue bands and a yellow band were observed on 

the column used for separation of the dicarbonyl derivatives obtain- 

ed from oxidized hepta-2, 4-dienal.    The bands were collected as 

they eluted off the column and the solvent was removed under re- 

duced pressure.    The blue bands were saved for chain length deter- 

minations.    The yellow band was iractionated by means of a Type II 

column and a number of blue bands and a yellow band were formed 

on this column.    The material constituting the yellow band from the 
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Type II column was fractionated on a Type.Ill column in which case 

no blue bands were formed.     This indicated the absence of 2, 3- 

diketones.    The yellow band was found to be composed of mono- 

derivatives of the dicarbonyl compounds.   The solvent was removed 

from the fractions which were collected from the columns and the 

dry residues were analyzed in order to determine the chain length 

of the fraction. 

Identification of the Individual Compounds:   The residue from 

each chromatographic band was dissolved in 1 0 ml of chloroform. 

The proper dilutions were made and the absorbance and absortion 

maxima were determined in a Beckman DK-I and DU spectrophoto- 

meters using one cm matched cells. 

The chain lengths of the monocarbonyl derivatives were 

determined by the paper chromatographic method of Huelin (65, 

p.   3Z8-334) and the thin layer chromatographic method of Libbey 

and Day (77). 

The bis-2, 4-dinitrophenylhydrazones of the dicarbonyls 

were identified by first determining the dicarbonyl class using 

ultraviolet absorption,  and by the thin layer chromatographic 

metJiod of Cobb (21).    The chain length was determined by a co- 

chromatographic technique.     The chain length of the unknown was 

approximated by its movement on the Schwartz ethanolamine column 
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(104,  p.   187-194).    A mixture of the unknown and known was run on 

a column,  and if one band formed,  the known and unknown were as- 

sumed to have either identical chain lengths or identical chromato- 

graphic properties.    If coincidence in the chromatographic behavior 

was due to factors other than identical chain length,  this became 

evident by evaluation of data obtained from the other procedures 

described herein.    When sufficient amounts of derivatives were avail- 

able,   melting points of the 2, 4-dinitrophenylhydrazones were taken 

with a Kofler micro hot stage.    Infrared spectra were obtained on 

the derivatives with a Beckman IR-5 spectrophotometer using the 

KBr micro pellet technique. 

Determining the Effect of Secondary Reactions Products on the 
Autoxidation Rate of Methyl Linoleate 

Since non-Z-enal and hepta-2, 4-dienal were readily oxidized, 

it was of interest to see if these compounds would have a pro-oxidant 

effect on methyl linoleate.    Four 0. 5 g samples of methyl linoleate 

were weighed into four Warburg flasks and to one of these was added 

0.1 percentrvnonanal; to the second 0.1 percent non-2-enal; to the 

third 0. 1 percent hepta-2, 4-dienal,  and the fourth was the control, 

containing only methyl linoleate. 

The samples were autoxidized using the procedure previously 

described and the oxygen uptake measured.    When the samples were 
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removed from the 45°C water bath,  the TBA number and peroxide 

value were determined on each sample. 

In order to determine what concentration of secondary prod- 

ucts would be necessary to produce a pro-oxidant effect on methyl 

linoleate,  the following experiment was undertaken.    An isopentane 

solution containing equal weights of n-nonanal, non-2-enal,  and hepta- 

2, 4-dienal was prepared.    The desired amounts of the above solution 

were added to 0. 5 g samples of methyl linoleate in order to obtain 

samples containing 0. 1,   0. 01,  and 0.001 percent carbonyls.    These 

samples and an isopentane solution of the control were autoxidized 

and the rate of oxygen uptake recorded. 

Identification of the Volatile Monocarbonyl Compounds in Autoxidized 
Methyl Linolenate 

Five grams of methyl linolenate were autoxidized according 

to the procedure described previously.    After one mole of oxygen 

per mole of linolenate was consumed,  the linolenate was removed 

from the 450C water bath, and the TBA number and peroxide value 

were determined. 

The volatile carbonyl compounds were isolated from 2. 5 g of 

the oxidized methyl linolenate.by means of the distillation procedure 

of Day and Lillard (30,  p.   585-597) except that a 50 ml flask was 

used in place of flask number three.    The distillation was carried 
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out at 40-50oC and 2-4 mm Hg.    The volatile carbonyl compounds 

were collected in traps cooled by powdered dry ice (-78. 5 C).    The 

distillation was stopped after 100 ml of water had passed from the 

steam generator and the frozen distillate was melted.    The distillate 

was added to 1 00 ml of 5 N HC1 saturated with 2, 4-dinitrophenyl- 

hydrazine.    The dry ice traps were washed with 50 ml of ethanol, 

which was added to the distillate-reagent mixture.    After the mix- 

ture had reacted for 24 hours,  the 2, 4-dinitrophenylhydrazones 

were extracted five times with 50 ml portions of chloroform.    The 

extraction mixture was made-up to 500 ml with chloroform,    A 1 00 

ml portion of the above solution was taken to dryness under reduced 

pressure and the dry residue was separated into the monocarbonyl 

classes according to Schwartz (105,  p.  669-671).    The alkanal,  alk- 

2-enal,  and alk-2, 4-dienals were separated from the volatile mono- 

carbonyls isolated from autoxidized methyl linolenate. 

Quantitative data were collected on each class by reading the 

absorbance of a chloroform solution at the absorption maxima of 

each class.     The millimoles of compounds of each class were deter- 

mined using molar absorptivities,  of 22, 500,   27, 500 and 37, 500 for 

alkanals,  alk-2-enals and alk-2, 4-dienals,  respectively. 

Each 2, 4-dinitrophenylhydrazone mixture obtained from the 

class separation was resolved into individual components by the 
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column-partition method of Corbin et al.   (23,   p.   322-329)-     The LKB 

Radi Rac fraction collector was used to collect the eluate from the 

column in 1 0 ml fraction.     The absorbance of each 10 ml fraction 

was measured at the wave length of maximum absorption for the 

respective classes.     When the data were plotted according to Corbin 

et al.   (23,  p.   322-329),   peaks representing a specific member of a 

2, 4-dinitrophenylhydrazone class were produced.     The area under 

each peak was measured with a planimeter and was used to deter- 

mine the percentage of each compound in each class of carbonyl de- 

rivatives.     The millimoles of each compound were calculated using 

the percent composition data and the quantitative data for each class, 

which were determined, in the previous step. 

The identity of each fraction,   which was obtained from the 

partition-column of Corbin et al.   (23,   p.   322-329),   was determined 

by ultraviolet absorption,  paper chromatographic methods of Ellis 

et al.     (32,  p.   475-479),   and melting point determinations. 
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RESULTS AND DISCUSSION 

Autoxidation of Secondary Reaction Products 

Table 1   shows the amount of oxygen uptake,   malonaldehyde, 

peroxides,  and acid produced by the autoxidation of n-nonanal, non-2- 

enal,  hepta-2, 4-dienal,  and oct-1 -en-3-one.    The uptake of oxygen 

by non-2-enal was virtually zero after approximately 0. 5 mole of 

oxygen per mole of non-2-enal was consumed.     The hept-2, 4-dienal 

was in the initial stage of polymerization after 0. 5 mole of oxygen 

per mole of hept-2, 4-dienal was utilized.    Oct-1 -en-3-one did not 

consume a detectable amount of oxygen when held at 450C for 52 

hours. 

The autoxidation rates of the carbonyl compounds are pre- 

sented in Figure 1  and 2.    No induction period was apparent for 

non-2-enal and hepta-2, 4-dienal, whereas n-nonanal had an induction 

period of 1 2 hours. 

Figure 1   shows that the autoxidation rates of non-2-enal and 

hept-2, 4-dienal were different.    Non-2-enal oxidized at a faster rate 

than hept-2, 4-dienal,  but the rate approaches zero as the amount 

of oxygen uptake approached 0. 5 mole per mole of non-2-enal.    On 

the other hand,  hept-2, 4-dienal oxidized at a rate which was almost 

linear with time.     The difference in the autoxidation rates can be 
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TABLE 1 

Chemical analysis of autoxidized carbonyl compounds 
_ , Oxygen uptake Malonaldehyde Peroxides Acid equivalents 
Compound , _*' 

moles per moles x 10  per moles per per 
oxidized 
 mole compound mole compound     mole compound    mole compound 
Non-2-enal 0.35 0.18 0.08 0.70 
Non-2-enal 0.46 0.17 0.05 1.00 

Hepta-2,4-dienal 0.26 0.92 0.09 0.37 
Hepta-2, 4-dienal 0.53 1.18 0.56 0.07 

Oct-1 -en-3-one 0.00 0.00 0.00 0.00 

n-Nonanal 0.18 0.00 0.01 0.28 

explained by the major type of oxidation product resulting from each 

component.     Non-2-enal was oxidized to the acid (see Table 1) with 

the maximum amount of oxygen uptake being 0. 5 mole oxygen per 

mole of non-2-enal.    Hept-2, 4-dienal,  unlike non-2-enal,  did not 

oxidize to the acid,  but underwent oxidative polymerization and de- 

gradation.    This is evident from the rate curve in Figure 1. 

Figure 2 shows the rate curve for n-nonanal which was much 

slower than for the unsaturated aldehydes.     The differences in the 

autoxidation rate of the aldehydes may be due to rate of the initiation 

reaction.    According to Cooper and Melville,   (22,  p.   184-193) the 

initiation reaction of thermal induced autoxidation of aldehydes in- 

volved the reaction of the aldehydes with molecular oxygen to form 

the free radical: _ 
O O 
II II 

R—C—H      +     <3       —       R-O        +        H   O • 



.62. 

.56. 

o   Non-2-enal 

X   Hepta-2, 4-dienal 

i I 
140 160 

Time (minutes) 

r 
200 220 

T 
260 

Figure 1.    Rate of oxygen uptake during the autoxidation of non-2-enal and hepta-2, 4-dienal 
at 450C. 
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Figure 2.    Rate of oxygen uptake during the autoxidation of n-nonanal at 458C. 
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In the a, p-unsaturated aldehyde,   the double bond may make the 

carbonyl carbon more susceptible to the attack by oxygen to form 

the free radical.    The free radical which is formed with the unsat- 

urated aldehydes is stabilized by resonating with the double bond, 

whereas,   resonance cannot occur with saturated aldehydes. 

These findings tend to indicate that the concentrations of 

monocarbonyl compounds found in autoxidized lipids depend not only 

on their formation, but also on their rates of oxidative degradation. 

The rapid oxidative degradation of unsaturated carbonyls would 

explain the odd results obtained by Wyatt and Day (1Z3,  p.   305-312). 

They reported that a sample of salmon oil,  oxidized to a TBA num- 

ber of 350,  had less volatile unsaturated monocarbonyls than the 

control fresh oil,  while the concentrations of the saturated com- 

pounds increased.    These results can be explained by the fact that, 

in the early stages of the salmon oil autoxidation,  the unsaturated 

monocarbonyls were being degraded faster than they were formed. 

As the autoxidation continued,   the rates of their formation exceeded 

the rates of degradation; therefore,  an increase in the unsaturated 

carbonyl content was observed.    However,  in the later stages of 

autoxidation the rates of formation decreased,  probably due to the 

expenditure of unsaturated acid precursors,   and the rates of degrada- 

tion again surpassed those of formation and the concentration of 
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unsaturated carbonyls (alk-2, 4-dienal) decreased.    Subsequent dis- 

cussion in this manuscript will point out,   that the n-alkanals which 

Wyatt and Day (123,  p.   305-312) reported as increasing in concen- 

tration may have been formed from the alk-2, 4-dienals,   which de- 

creased in concentration. 

The resistance of oct-1 -en-3-one to autoxidation may be of 

significance in the flavor of oxidized lipids.    Since the aldehydes 

present in oxidized lipids have a fast oxidation rate,   their concentra- 

tions are limited to small quantities,   whereas oct-1 -en-3-one,   if it 

is produced at a sufficient rate,   will become one of the major flavor 

components in oxidized lipids.    Forss et al.     (47,  p.   373-380) and 

Stark and Forss (1 09,  p.   1 73-1 80) reported that oct-1 -en-3-one was 

the compound responsible for the metallic flavor in dairy products. 

However,   they found that this compound existed in small quantities 

in tallowy and painty flavored butterfat (oxidized at 450C for 2-10 

weeks),   and that it was one of the major components in the fish-oil 

flavor which developed immediately in washed cream containing 

copper and ascorbic acid and held at 20C.    They concluded that the 

origin of the metallic compound was probably the highly unsaturated 

fatty acids which were more concentrated in the phospholipids of the 

48 percent cream than in the butterfat.    Forss et al.    (47,  p.   373-380) 

also reported that the concentration of the metallic compound . . 
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increased at a faster rate than the other carbonyls,   when the butter 

made from the cream was stored at -150C for five weeks.    This 

may be due to the fact that oct-1 -en-3-one is more resistant to 

autoxidation than the other unsaturated carbonyls; hence it is not 

destroyed as rapidly. 

Formation of Malonaldehyde in Autoxidized Secondary 

Reaction Products:   Malonaldehyde,  as measured by the TBA reac- 

tion,  was produced by the autoxidation of non-2-enal and hepta-2, 4- 

dienal.    Table 1 lists the moles of malonaldehyde per mole of alde- 

hyde.     The yield from hepta-2,4-dienal was nearly 10 times that 

from non-2-enal.    Figure 3 and 4 show the ultraviolet absorption 

spectra of the TBA reaction pigments for non-2-enal and hept-2, 4- 

dienal respectively.    The absorption maxima for non-2-enal were 

at 452 and 532 mjj..    The absorbancy at 452 mji. was the largest for 

unoxidized non-2-enal,  but during the course of autoxidation,   the 

absorbancy at 452 my, decreased while the absorbancy at 530 slightly 

increased.    The decrease at 452 mjjL was due to the autoxidation of 

the carbonyl group to the acid and other oxidative products,  while 

the increase at 532 nap. indicated the formation of malonaldehyde. 

The absorption maxima for unoxidized hept-2, 4-dienal were 

at 532 and 496 mfi (Figure 4).     Upon autoxidation,   the absorbancy at 

532 my. increased and a new maximum appeared at 452 mjji.     This 
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suggested that malonaldehyde was formed by the autoxidation of 

hepta-2,4-dienal and that autoxidation produced other carbonyl com- 

pounds which react with TBA to form pigments absorbing at 452 mfi. 

Other investigators have reported that unsaturated carbonyls 

will react with TBA,   in the presence of oxidizing agents,   to form 

pigments having spectral characteristics similar to the malonalde- 

hyde-TBA reaction pigment (87,  p.   901 and 120,  p.   226-234). 

Patton and Kurtz (87,  p.   901) reported that acrolein,   crotonaldehyde, 

and hept-2-enal produced a pink color when submitted to the TBA 

test in the presence of small quantities of cupric ion or when they 

were exposed to air for several days at 250C.    Spectral data for this 

pink colored pigment was similar to the TBA-malonaldehyde pigment. 

Taufel and Zimmerman (120,  p.   226-234) reacted hepta-2, 4-dienal 

with TBA in the presence of Fe and obtained pigments with the same 

spectral properties as those obtained in this investigation. 

The formation of a malonaldehyde-TBA type pigment by the 

autoxidation of unsaturated carbonyl compounds may partly account 

for the so-called bound malonaldehyde, which has been reported as 

existing in oxidized lipid systems (78, p. 623-632; 86, p. 669-674; 

and 108, p. 626-634). The precursors of the bound malonaldehyde, 

which cannot be removed from oxidized lipids by steam distillation, 

by water extraction,   or by flushing with nitrogen,   may be,   to some 
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extent,   unsaturated carbonyl compounds.     The TBA-reaction mix- 

ture of an oxidizing lipid contains hydroperoxides,  free radicals and 

the secondary reaction products.    Therefore,  at the TBA reaction 

temperature,  usually 100oC,  the conditions for autoxidation are 

highly favorable.    Consequently,   the unsaturated secondary products 

may be oxidized to form malonaldehyde or similar products during 

the course of the TBA reaction. 

Oct-1-en-3-one gave no TBA reaction.    Autoxidized n-nonanal 

produced a TBA reaction pigment with an absorbancy maxium at 452 

m^i which is characteristic for all saturated aldehydes (120,  p.   226- 

234). 

Formation of Hydroperoxides in Autoxidized Secondary 

Products:    The peroxide values of the autoxidizing samples are list- 

ed in Table 1.    The peroxide value includes the hydroperoxides and 

peroxy acids in the sample analyzed.    Peroxy acids are intermedi- 

ates in the autoxidation of aldehydes to acids and have the structure: 

O 
R—C—O-O—H 

Therefore,  it is essentially a hydroperoxide. 

During the autoxidation of non-2-enal 11 to 20 percent of the 

oxygen absorbed was   measurable   as peroxides.    The peroxides of 

hepta-2, 4-dienal accounted for approximately 34 and 100 percent of 

the oxygen absorbed in samples one and two.    The latter value was 
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high because the procedure undoubtedly measured the peroxide type 

products,  which were formed in the hepta-2, 4-dienal,  while the 

former value was measuring only the peroxy acids in the sample. 

Three percent of the oxygen consumed by n-nonanal was found in 

the peroxy acid. 

Formation of Acids in Autoxidizing Secondary Reaction 

Products:   The formation of acids by the autoxidation of aldehydes 

can be seen in column five of Table; 1.    The acids,  listed as equiva- 

lents per mole,  were the major oxidation products of non-2-enal and 

n-nonanal.    To oxidize one mole of non-2-enal to the non-2-enoic 

acid would require 0. 5 mole of oxygen.    The sample of non-2-enal 

that had consumed 0. 35 moles of oxygen produced 0. 70 equivalents 

of acid and the sample utilizing 0. 46 moles of oxygen produced 1. 0 

equivalent of acid.    This indicated that non-2-enal was completely 

oxidized to the acid.      However,    subsequent analyses revealed that 

shorter chain carbonyls were formed and the autoxidation of these 

to acids would raise the measurable acid equivalents over that nor- 

mally found in a sample containing only one acid. 

The major acid produced by the autoxidation of non-2-enal 

was isolated and identified as non-2-enoic acid.     The isolated acid 

was tentatively identified as non-2-enoic acid by gas chromato- 

graphic analysis (conditions identical to those used for purity 
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determinations).     The p-bromo-phenacyl ester of the unknown acid 

was made according to Shriner et al.   (107,  p.   200) and compared 

with the derivative of the known acid:   Ester of unknown,   mp 74. 5 - 

75.50C; ester of non-2-enoic acid,   mp 74. 5 - 750C.    The infrared 

spectra of the isolated acid and non-2-enoic acid are shown in Figure 

5.    It will be noted that the two spectra are identical which is taken 

as conclusive evidence that the compound is non-2-enoic acid. 

The decrease in acid equivalents in hepta-2, 4-dienal with an 

increase in the degree of oxidation can be rationalized in the follow- 

ing way.    In the initial stages of autoxidation,  the hepta-2, 4-dienal 

was primarily oxidized to the acid..    As autoxidation progressed, 

polymerization and degradation of the hepta-2, 4-dienal began to 

occur.     The polymerization reduced the acid equivalents per given 

sample weight due to the large molecular weights of the polymers. 

The only oxidation product of n-nonanal was n-nonanoic acid. 

Oct-1-en-3-one did not oxidize,   therefore,   no acid was produced. 

Qualitative and Quantitative Analysis of Degradation Products 

The carbonyl compounds,   identified as 2, 4-dinitrophenyl- 

hydrazones,  from autoxidized non-2-enal and hepta-2, 4-dienal are 

listed in Tables 2 and 3.     The concentrations of the degradation 

products are shown in Tables 4 and 5.    Non-2-enal was degraded 

into nine carbonyl compounds:   ethanal,  propanal,  n-heptanal. 
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Carbonyl compounds in autoxidized non-2-enal 

Compound 
Absorption maxima* 

Authentic Unknown 
Methods used 

for identification 

Ethanal 356 
Propanal 358. 
n-heptanal 358 
n-octanal 358 

Glyoxal 395;440 
a-ketoheptanal 395;438 
cx-ketooctanal 395;438 
c(-ketononanal 395;438 
M alonaldehyde 532F 

357 
358 
358 
358 

395;440 

395;438 

395;438 

395;438 

532F 

A, B 
A,B 
A.B 
A.B 

C.D 
C.D 

C.D.E 
C,D 
F 

TABLE 3 

Carbonyl compounds in autoxidized hepta-2, 4-dienal 

Compound Absorption maxima-;*1 

Authentic Unknown 
Methods used 

for identification 

Ethanal 356 
Propanal 358 
n-But anal 358 

Glyoxal 395;440 
a-ketopentanal 395;438 
ot-ketohexanal 395;438 
c(-ketoheptanal 395;438 
cis -But-2-en-l, 4-dial 403;445 
M alonaldehyde 532r ,F- 

357 
358 
358 

395;440 
395;438 
395;438 
395;438 
405;446 

532F 

A, B 
A, B 
A, B 

C, D 

c, D 
C, D 
C, D 

c, D,E, G 
F 

*   Determined in chloroform 

A. Paper chromatography method of Huelin (65,  p.  328-334). 
B. Thin layer chromatography method of Libbey and Day (77). 
C. Thin layer chromatography method of Cobb (21). 
D. Co-chromatography on Celite-ethanolamine column of Schwartz (104,  p.  187-194). 
E. Melting point determinations of 2, 4-dinitrophenylhydrazones. 
F. 2-Thiobarbituric acid reaction. 
G. Infrared spectroscopy. 
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TABLE 4 

Concentration pf carbonyl compounds 
compounds/mole non 

in autoxidized 
-2-enal 

non -2-enal 

Sample la Sample 2" 
Moles x 10*                         Percent Moles x 10* Percent 

Ethanal 1.47 
Propanal 0.65 
n-heptanal 1.21 
n-octanal 2.99 
Total 6.32 

Glyoxal 0.70 
Q-ketoheptanal 0.05 
c(-ketooctanal 0.62 
oc-ketononanal 0.08 
Malonaldehydec 0.02 
Total 1.47 

Total carbonyls 7.79 

Non-2-enal 11.73 

18.87 
8.34 

15.54 
38.38 
81.13 

8.98 
0,.64 
7.96 
1.03 
0.26 

18.87 

100.00 

2.80 
0.19 
0.55 
0.24 
3.78 

0.09 
0.04 
0.43 
0.04 
0.02 
0.62 

4.40 

0.95 

63.64 
4.32 

12.50 
5.45 

85.91 

2.05 
0.91 
9.77 
0.91 
0.45 

14.09 

100.00 

Oxygen uptake equals 0. 35 mole per mole of compound. 
"Oxygen uptake equals 0. 46 mole per mole of compound . 
cMeasured by the TBA reaction. 

TABLES 

Concentration of carbonyl compounds in autoxidized hept-2, 4-dienal 
 compounds/mole hepta-2. 4-dienal  

Moles x 102 
Sample 1' 

Percent Moles x 102 
Sample 2 

Percent 

Ethanal 2.71 
Propanal 4.19 
n-butanal 0.75 
Total 7.65 

Glyoxal 0.22 
a-ketopentanal 0.17 
a-ketohexanal 0.05 
<X-ketoheptanal 0.04 
cis-But-2-en-l, 4-dial 0.36 
Malonaldehyde0 0.09 
Total 0.93 

Total carbonyls 8.58 

Hept-2, 4-dienal 51.53 

31.59 1.97 27.48 
48.83 2.85 39.74 
8.74 0.56 7.81 

89.16 5.38 75.03 

2.56 0.30 4.18 
1.98 0.31 4.32 
0.58 0.06 0.84 
0.47 0.04 0.56 
4.20 0.96 13.40 
1.05 0.12 1.67 

10.84 1.79 24.97 

00.00 7.17 

3.40 

100.00 

Oxygen uptake equals 0. 26 mole oxygen per mole compound. 
Oxygen uptake equals 0.53 mole oxygen per mole compound. 

cMeasured by TBA reaction. 
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n-octanal,   glyoxal,   a-ketoheptanal,   a-ketooctanal,   a-ketononanal, 

and malonaldehyde (measured by TBA reaction).    The nine carbonyls 

identified from autoxidized hepta-2, 4-dienal were ethanal,  propanal, 

n-butanal,   glyoxal,   a-ketopentanal,   a-ketohexanal,   a-ketoheptanal, 

cis-but-2-en-l, 4 dial,  and malonaldehyde (measured by the TBA 

reaction). 

The concentration of secondary carbonyl compounds in 

autoxidized non-2-enal and hepta-2, 4-dienal decreased as the degree 

of autoxidation increased.    This is due to their fast rates of autoxi- 

dation,  which enable them to be oxidized as they were formed.    In 

non-2-enal,  the major degradation products were alkanals which 

made up 81. 1 3 and 85. 91 percent of the total carbonyls in samples 

one and two respectively.    The alkanals found in largest quantities 

were ethanal,  n-octanal and n-heptanal.    Ethanal was the only alk- 

anal that increased in quantity as the degree of autoxidation increas- 

ed.     The major dicarbonyls identified in autoxidized non-2-enal were 

glyoxal and a-ketooctanal.     Malonaldehyde,  as measured by the 

TBA reaction,  was not affected by the increase in autoxidation. 

The total carbonyl picture of autoxidized hepta-2, 4-dienal 

was similar to that of non-2-enal.   .However,  the dicarbonyl fraction 

increased with increased autoxidation,  while the alkanals decreased 

in quantity.    Of the alkanals,  propanal was found in the highest 
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amount.     The percentage of ethanal in oxidized hepta-2, 4-dienal, 

unlike that of non-2-enal,  decreased with the increase of oxidation. 

The major dicarbonyl compound in oxidized hepta-2, 4-dienal, 

which increased in concentration,  was cis-but-2-en-1, 4-dial (4. 2 

and 13. 4 percent).    The actual quantities of cis-but-2-en-l, 4-dial 

were higher than the values reported in Table 5.    The bis-2, 4- 

dinitrophenylhydrazone of this compound was only slightly soluble 

in the solvent used for chromatographic separation which resulted 

in a loss of this compound during its identification.    As the molar 

absorptivity for the bis-hydrazone was not known,  the molar absorp- 

tivity for saturated a-ketoaldehydes was used in determining its 

concentration.    This may lead to errors in the calculations because 

the compounds do not have the same molar absorptivities.    The in- 

frared spectra of the isolated and authentic cis-but-2-en-l, 4-dial 

bis-2, 4-dinitrophenylhydrazones are shown in Figure 6. 

cis-But-2-en-l, 4-dial was identified as an oxidation product 

of soybean oil by Schepartz and Daubert (103,  p.   367-373),  who 

postulated that its origin might be from the 13, 1 6-dihydroperoxide 

of linolenic acid.     The results presented in this manuscript show 

that this compound may have been produced by the autoxidative de- 

gradation of hepta-2, 4-dienal,  whose presence in autoxidized methyl 

linolenate has been established by several investigators (Table 8) 
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and (33,   p.   1 31-138 and 55,   p.   371-375).     Sulzbacher et al.   (113, 

p.   111-119) also predicated that cis-but-2-en-l , 4-dial was a degrada- 

tion product of autoxidized deca-2, 4-dienal.     These results indicate 

that the but-2-en~l , 4-dials are produced from alk-2, 4-dienals,   and 

their presence would be expected in oxidized lipid systems that con- 

tain the precursors of the alk-2, 4-dienals. 

The identification of numerous carbonyl compounds from 

autoxidized lipids has induced scientists to study model systems, in 

order to determine their origin.    However,   these model systems, 

composed of methyl esters of oleic,   linoleic,   and linolenic acids, 

have produced carbonyls compounds that cannot be explained by the 

currently accepted theories of lipid autoxidation and hydroperoxide 

degradation (5,   p.   648-650; 33,  p.   131-138; 55,   p.   371-373; and 88, 

p.   280-283).     Many of the authors concluded that unusual bond migra- 

tions or rearrangements had taken place to produce these compounds. 

The data presented in this manuscript has shown that the unsaturated 

carbonyls are capable of being autoxidized to shorter chain mono- 

and dicarbonyl compounds,   which may explain the origin of several 

carbonyl compounds that are products of lipid oxidation. 

Theoretically,   when applying Farmers' autoxidation theory 

to methyl linolenate only two alkanals (propanal and ethanal) can be 

derived from the hydroperoxides.    In addition to these,   however, 



73 

rt-butanal has been identified as an oxidative product of methyl linole- 

nate (33,  p.   131-318; 55,  p.   371-373,  and Table 8.    Hepta-2, 4- 

dienal,   upon autoxidation,  yielded butanal as a degradation product, 

and since hepta-2, 4-dienal was a major compound of oxidized 

linolenate,   it can be concluded that the origin of n-butanal was hepta- 

2, 4-dienal. 

,A Theoretical Scheme for the Autoxidation of Secondary 

Reaction Products;   In postulating a mechanism for the autoxidation 

of unsaturated aldehydes to secondary carbonyl compounds,   it is 

logical to start with the information available in the literature on 

similar products.    Since the double bonds in hepta-2, 4-dienal are 

conjugated,  the initial reaction may be similar to the reaction pro- 

posed for the autoxidation of eleostearate by Allen and Kummerow 

(2,  p.   101 -105).    This reaction involved the attack of oxygen on the 

double bonds to form a diradical.    Theoretically this attack may 

occur for hepta-2, 4-dienal as follows: 

7 6 5       4       3       2     9 
CH —CH —CH=CH—CH=CH—CH 

t+02 
o 

(A) CH —CH -CH-CH-CH=CH—CH 

or (B)   CH —C1L-CH=CH—CH-CH—CH 
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The two diradicals,   (A) and (B),   are stabilized by resonance 

along the unsaturated system allowing addition at any carbon of the 

diene system.     The major routes of reaction for these diradicals, 

as proposed by Allen and Kummerow (2,  p.   101-105),   are to react 

with other unsaturated molecules to form dimers and higher poly- 

merized products.     These polymerization reactions did occur with 

hepta-2, 4-dienal because polymerizations was evident in the sannples 

oxidized.    Since only dimers and higher polymers can be produced by 

this diradical mechanism,   the formation of monomeric compounds 

must involve the abstraction of hydrogen from another compound to 

form monoradicals.    The diradical,   initially formed,   may abstract 

a hydrogen from another molecule of hepta-2, 4-dienal as follows: 

O 
(A)   CH_—CH_—CH—CH—CH=CH—&H "1 

i   + 2 CH —CH -CH=CH—CH=CH—CH 

CR-CIL-CH-CH-CH=CH-CH     +   CR-CH-CH=CH-CH=CH-CH 

H 

a-methylene chain 
hydroperoxide reaction 

According to the above scheme hydroperoxides are formed on 

carbons two, three, four, five, and six. These hy dr ope r oxides may 

decompose to give the identified compounds: 
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o?)   <*> 2 9 9 
(C)C^-}<;H-|CH=CH-CH=CH-CH —   (a)CI^-CH +-CH=CH-CH=CH-CH 

ethanal free radical 

9 
•+ CH-C1£=CH-CH=CH- 

.    hex-2, 3-diene-l, 6-dial 
radical 

(b) CR-+ CH-Clt=CH-CH=CH-CH 

<V <«!> 9 9 2 
(D) CI^-<:i^-jCl^CH2-<:H=CH-GH —   (a) CR-CfL-CH +-Clt-CH=CH-CH 

iO     i 
propanal      free radical 

t + CH-CH-CH=CH-CI (b) CFL-C*t + CH-CH-CH=CH-CH 

free radical    pent-2-en-l, 5-dial 

<b)    (a) 9       • ^ o 
II 

(E) CPL-CI%-CI^CH-^H=CH-CH   —   (a) CHj-ClL-CK-CH + .CH^H-CH 

' u  *       i free 
butanal ,.     , 

radical 

free radical      but-Z-^en-l ,4-dial 

(b)    (a)       O O O 
(F) CH^-Ciy-CH=<:H-MZH-<:B^-CH  —   (a)CR-^H-<:B<:H-CH+-CR--CH 

pent-2-enal ^?e , 
radical 

(b) CIL-CIL-<:H=CH- + HC-CR-CH 

free radical malonalde- 
hyde 



V% 9   976 
(G) CH-CH-Ctt<:H-CIL-|CH-|CH    — (a) CR-<:R-Ctt=CPt-CH-CH-CH 

'Q     i free 
I hex-3-enal radical 
H x^ (b) CR CH   CH CH CFfc + HC-CH 

free radical glyoxal 

The compounds,   ethanal,  propanal,  n-butanal,   glyoxal,   cis- 

but-2-en-l, 4-dial and malonaldehyde were obtained from hepta-2, 4- 

dienal by the above mechanism,  but the formation of a-ketopentanal, 

a-ketohexanal,  and a-ketoheptanal cannot be explained.    However, 

all of these compounds occurred in small quantities and may have 

been formed by rearrangements and by oxidation of the compounds 

initially formed.    The identification of these compounds was based on 

chromatographic and ultraviolet spectral properties.    It has been re- 

ported that a double bond,  not conjugated with the carbonyl group, 

had no effect on the chromatographic and ultraviolet spectral proper- 

ties of the compound.    The hydroperoxidfe (G) of hepta-2, 4-dienal 

could be degraded in the following way according to Bading (6,  p.   215- 

242). 
O 

(G)   CH —CH —CH=CH—CH —QH—CH 

+ -R 

o o 
(H)   CH,—CH —CH=CH—CH -£-<!}H      +     R-OH 
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This reaction would produce a-ketohept-4-enal,   which may have 

chromatographic and spectral properties similar to a -ketoheptanal. 

The mechanism for the autoxidation of non-2-enal is,   per- 

haps,   similar to that for hepta-2, 4-dienal,   but not as involved 

because of one less double bond.     Three isomeric hydroperoxides 

for non-2-enal are: 

9 o 
ii 

(I) R-CJ^-CR,—-CH—CH (J)        R—CH2—CH—CH2—CH 

(L)        R—CH—CH =CH—CH 

where   R   equals   CH —CH -CH -CH —CH - • 
J C* C* c* c* 

Degradation of hydroperoxide (I) would yield octanal and glyoxal; 

hydroperoxide (J) gives heptanal and malonaldehyde; hydroperoxide 

(L) gives hexanal and cis-but-2-en-l , 4-dial.     The degradation prod- 

ucts for hydroperoxide (L) were not identified as oxidative products 

of non-2-enal; therefore,   this hydroperoxide may not exist, 

a-ketononanal can be formed from hydroperoxide (I). 

(I)      R—CH —CH —CH—CH 

\ +'R 

;H —c-CH   + R-CH —CH —C—CH     +   R-H 
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The formation of a-ketooxtanal and a-ketoheptanal cannot be 

explained unless rearrangements and dihydroperoxide formation 

takes place during the autoxidation of non-2-enal.    One such scheme 

that may give a-ketooxtanal is: 

9 
R— CH — CH ■—CH=CH-CH 

+ 202 

+ 2 H- 

^_CH-C-<;J (M) R—CH —CH —Q—g-CH 

This dihydr ope r oxide may be attacked by radicals to undergo decar- 

bonylation to form a-ketooctanal.    Decarbonylations are free radical 

reactions in nature (52,  p.   662) and could conceivably take place in 

this case. 

Propanal and ethanal also were identified as degradation 

products of non-2-enal,  but the preceding mechanisms do not explain 

their origin.    It was reported by Gaddis et al.   (56,  p.   1391-1392) 

that ethanol was oxidized to ethanal, in the presence of 2, 4-dinitro 

phenylhydrazine.    Ethanol was used as a solvent for the 2, 4-dinitro- 

phenylhydrazine reaction mixture and it may be the precursor for 

ethanal in this investigation. 
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The Effect of Secondary Reaction Products on the Autoxidation of 
Methyl Linoleate 

The effect of the carbonyl compounds on the autoxidation rate 

of methyl linoleate is shown in Figure 7.    It can be seen that hepta- 

2, 4-dienal had a pro-oxidant effect on the autoxidation of methyl 

linoleate.     The pro-oxidant effect of non-2-enal was not as great as 

that for hepta-2, 4-dienal, whereas,  n-nonanal had no pro-oxidant 

effect at the concentration used (0.1- percent).    It is not surprising 

that the unsaturated aldehydes exhibited a pro-oxidant character, 

since the autoxidation rates of these compounds are much faster 

than methyl linoleate.    The hydroperoxides formed by these com- 

pounds,  undergo degradation to form free radicals which accelerate 

the initiation reactions in the autoxidation of methyl linoleoate. 

Bhalerao et al.   (1 2, p.   28-30) reported that long chain carbonyl 

compounds have a strong pro-oxidant effect on corn oil.    They con- 

cluded that the a-keto-acid oxidiz-ed very rapidly to form hydro- 

peroxides.     The hydroperoxides,   upon decomposition,  formed free 

radicals and these radicals accelerated the autoxidation of the corn 

oil. 

The autoxidation rate for n-nonanal did not proceed at a suf- 

ficient rate to have any pro-oxidant effect. 
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Figure 8 illustrates the effect of concentration on the pro- 

oxidant action of the unsaturated aldehydes.    A 0. 1  percent solution, 

containing equal amounts of n-nonanal,   non-2-enal and hepta-Z, 4- 

dienal,   had a pro-oxidant effect on methyl linoleoate.     Mixtures 

containing 0. 01  and 0. 001  percent of the carbonyls had no effect on 

the autoxidation rate of the ester.   This indicated that at the concen- 

trations of the aldehydes studied, the fr.ee radical concentrations 

were insufficient to initiate the autoxidation of methyl linoleate. 

The fact that carbonyl compounds can accelerate the autoxida- 

tion of lipids may be important in the food industry.    Most foods that 

contain lipids also contain carbonyl compounds,   either natural or 

from autoxidative reactions.    When the unsaturated carbonyls occur 

at a yet undetermined concentration,   they could conceivably initiate 

the autoxidation of the lipids. 

Volatile Carbonyl Compounds in Autoxidized Methyl Linolenate 

The data obtained from the chemical analysis of autoxidized 

methyl linolenate are given in Table 6.    Similar.data for methyl 

linoleate,   which was taken from an investigation by Keith and Day 

(72) are included in this table.    As indicated by the chemical meas- 

urements of autoxidation,   the two esters appear to be in different 

stages of autoxidation even though both have consumed one mole of 
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TABLE 6 

Chemical analysis of autoxidized methyl linolenate 
and linoleate. 

Chemical Test Methyl linolenate Methyl linoleate1 

Peroxide value 
Malonaldehyde 
Total carbonyls 

Un saturated 

3,430 3,246 
7,900 1,097 
1,265 1,968 

785 658 
Saturated 

4 
Total volatile carbonyls 

480 1,310 
41 304 

Unsaturated^ 18 54 
Saturated^ 23 250 

Data from Keith and Day (72). 

2 
Expressed as milliequivalents of peroxide per kilogram of 

ester. 

3 
Expressed as milligrams of malonaldehyde per kilogram 

of ester. 

4 
Expressed as millimoles of carbonyl per kilogram of ester. 

oxygen per mole of ester.    The amount of malonaldehyde produced 

by linolenate was seven times as great as the yield from linoleate, 

whereas,  the peroxide values of the two esters were nearly equal, 

and linoleate had a larger quantity of measureable total carbonyls 

than linolenate.   The differences in the chemical measurements 

were due to the higher degree of unsaturation in methyl linolenate. 

Since linolenate oxidized at a faster rate than linoleate,   the hydro- 

peroxides of linolenate were undoubtedly decomposed at a faster 

rate to form unsaturated secondary products,  which were 
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polymerized or oxidized to acids and other compounds.    The poly- 

merization evident in linolenate,  would reduce the total carbonyl 

content of the oxidized ester.     The high yield of malonaldehyde in 

linolenate may be explained by its production directly from linole- 

nate hydroperoxides,  whereas,  the low yield from linoleate was 

due to the production of malonaldehyde from only the secondary 

reaction products (alk-2-enals and alk-2, 4-dienals).    This is sup- 

ported by the mechanism, proposed by Dahle et al.   (27,  p.   253-261) 

for malonaldehyde formation in unsaturated fatty acid esters. 

Table 7  shows the distribution of absorbed oxygen in the 

various oxygenated products isolated from the oxidized esters. 

Forty-seven percent of the oxygen absorbed was in the form of 

hydr ©peroxides for both esters.    The carbonyl groups of the total 

carbonyls contained a large portion of the absorbed oxygen.    This 

data clearly illustrate    that the hydroperoxides were decomposed 

to yield carbonyls during the total carbonyl determinations in lipid 

systems. 

The volatile carbonyl compounds isolated from autoxidized 

methyl linolenate and linoleate are shown in Table   8 .     The three 

major classes (n-alkanaL, alk-2-enal,  alk-2, 4-dienal)   were pres- 

ent in both esters with the major class in both samples being 

n-alkanals.    Approximately,  1 5 and 3 percent of the total volatile 



85 

TABLE 7 

The distribution of absorbed oxygen in the various oxygenated 
 products of oxidized methyl linolenate and linoleate  

Percent of total oxygen absorbed 
Oxygenated product Methyl linolenate Niethyl linoleate^ 

Hydroperoxides 47.1 47.4 
Malonaldehyde 6.0 0.9 
Total carbonyls 54. 1 76. 9 
Volatile carbonyls 1.3 10.2 

Data of Keith and Day (72). 

carbonyls found in methyl linolenate and linoleate,   respectively, 

were alk-2, 4-dienals.    Representatives of each class found in 

largest concentrations were:   propanal,  46.1 percent; hex-2-enal, 

5. 9 percent; and hepta-2, 4-dienal,  1 0. 9 percent for linolenate and 

n-hexanal,  35. 0 percent; ethanol,  28. 5 percent; oct-2-enal, 5. 2 

percent and deca-2, 4-dienal,   2. 2 percent for linoleate. 

In Table  9   the carbonyl compounds,  isolated from oxidized 

methyl linolenate and linoleate,  are compared to the results obtain- 

ed by Gaddis et al.   (55,  p.   371 -375) and to the compounds theoreti- 

cally obtainable from the hydroperoxides of these esters.    The data 

tabulated in this table clearly show the discrepancies among car- 

bonyls identified from methyl linolenate and linoleate by various 

workers.    In addition to the above data,   Patton et al.   (88,  p.   280- 

283) did not find oct-2-enal and hexanal in the carbonyl fraction 

isolated from oxidized methyl linoleate. 
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TABLE   8 

Comjlosition of volatile monocaibonyl compounds in autoxidized 
 methyl linolenate and linoleate ^  

Compound 
Methyl linolenate Methyl linoleate 

Percent of 
fraction 

Percent of 
total volatdles 

Percent of 
fraction 

Percent of 
total volatile s 

n-alkanal 

c2 31.6 22.5    . .   32.3 28.5 
C3 64.6 46.1 6.4 5.7 

C4 3.8 2.7 

C5 11.6 10.2 
C6 39.7 35.0 
c7 10.0 8.8 

Total 100.0 71.3 100.0 88.2 

Alk-2-enal. 
C4 3.7 1.0 

C5 31.7 2.1 
C6 42.5 5.9 
C7 14.9 4.4 29.8 2.6 
C8 7,2 0.5 59.7 5.2 
c9 10.5 1.0 

Total 100.0 13.9 100.0 8.8 

Alk-2,4-dienal 
C6 16.7 2.5 
C7 74.5 10.9 
C9 8.8 1.4 25.0 0.8 
C10 75.0 2.2 

Total 100.0 14.8 100.0 3.0 

Data of Keith and Day (72). 
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TABLE .9 

Volatile monocarbonyl compounds isolated and theoretically postulated 
from autoxidized methyl linoleate and linolenate 

Carbonyl Methyl linoleate Methyl linolenate 
compounds Keith1 Gaddis2 Theoretical Lillard4 Gaddis Theoretical 

n-Alkanals 

C2 
. + + . + + + 

C3 + + + + + 
C4 + + 

C5 
+ + 

C6 + + + 
c7 
c9 

+ 
+ 

Alk-2-enals 
C4 + + + 
C5 + + + 
C6 + + + 
C7 + + + + + 

C8 + + + + + 
C9 + + + + 

C10 + 
+ '11 

Alk-2, 4-dienals 
C6 
c7 
C8 
c9 
C10 
Cll 

Data from Keith and Day (72).    Peroxide value equals 3, 246. 
Data from Gaddis et al (55, p.   371-373).    Peroxide value equals 200. 
Data from Hoffman (61, p.  215-229). 
Data from Table . 8..    Peroxide value equals 3, 430. 
Data from Gaddis et al. (55,  p.  371-373).    Peroxide value equals 93. 
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Several of the carbonyl compounds that have been reported 

in oxidized fatty acid esters,  but not predicated from the hydro- 

peroxides,   may undoubtedly be produced by the oxidative degradation 

of the initially formed products.    One example of this secondary oxida- 

tion can be illustrated with n-butanal, which was found in oxidized 

linolenate,  but cannot be predicted theoretically.    Hepta-Z, 4-dienal, 

a major constituent of oxidized linolenate,  was found to yield n-butanal 

when oxidized (Table 3) and could be the precursor of n-butanal in 

autoxidized linolenate.    Ethanal,  propanal,  and n-heptanal cannot be 

predicated from linoleate,  but were found nevertheless.    However, 

in this study these compounds were found as oxidative products of 

non-2-enal,  a component of oxidized linoleate.    This could account 

for their presence in oxidized linoleate. 

The identity of hexa-2, 4-dienal,  a compound previously 

unreported in oxidized linolenate,  was established by comparing its 

chromatographic and ultraviolet absorption properties to the known 

compound.    However,  its identity could not be confirmed by melting 

point data,   due to the insufficient amount of sample.    Recently,   Ellis 

and Gaddis (33,  p.   131-138) reported that a new class of compounds 

(alk-2, 4, 6-trienals) may be present in autoxidized linolenate.    The 

chromatographic and ultraviolet data that they reported for this class 

were very similar to those found for the compound identified as 

hexa-2, 4-dienal.     Therefore,   these two compounds could be the same. 
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SUMMARY AND CONCLUSIONS 

Model systems consisting of secondary reaction products 

of autoxidizing lipids (n-nonanal,  non-2-enal,  hepta-2, 4-dienal,  and 

oct-1-en-3-one) were oxidized in a Warburg constant volume respiro- 

meter under an oxygen atmosphere.    The oxidations were monitored 

by measuring the oxygen uptake and,  when the amount of oxygen 

reached approximately 0. 25 and 0. 5 moles per mole of sample,  the 

TBA numbers,  peroxide values and acid values were determined on 

each sample.    Column,  paper,  and thin layer chromatography,  ultra- 

violet and infrared spectroscopy,  and melting point determinations 

were used to qualitatively and quantitatively analyze the oxidation 

products (carbonyl 2, 4-dinitrophenylhydrazones) of the secondary 

reaction compounds.    In addition the pro-oxidant effect of the second- 

ary reaction products on methyl linoleate was determined. 

Methyl linolenate was oxidized under the same controlled 

conditions as the secondary reaction products.     The oxidation was 

terminated when one mole of oxygen per mole of ester was absorbed 

and the peroxide value,   TBA number,  total saturated and unsaturated 

carbonyl content,  and total saturated and unsaturated volatile carbonyl 

content were determined on the ester.    The volatile monocarbonyls 

were isolated from the oxidized ester,   separated into single 
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components, as 2, 4-dinitrophenylhydrazones, and the identification and 

concentration of each component were determined. 

The results of this investigation that are believed to be of 

significance to the complex problem of lipid autoxidation were as 

follows: 

1. The monocarbonyl compounds were autoxidized at 450C 

in an oxygen atmosphere.     The rate of autoxidation depended upon the 

class of carbonyl being oxidized.    No induction period was observed 

for non-2-enal and hepta-2, 4-dienal.    n-Nonanal had an induction 

period of 1 2 hours and oct-1 -en-3-one did not oxidize when held at 

450C for 52 hours. 

2. The oxidation products for non-2-enal were non-2-enoic 

acid and a number of carbonyl compounds.     The carbonyls listed in 

order of decreasing concentrations were ethanalyn-heptanal/.-n-o'ctanal, 

propanal,   a-ketooctanal,   glyoxal,   a-ketononanal,   and a-ketoheptanal. 

3. Polymerization and degradation took place with hepta- 

2, 4-dienal.     The carbonyl:   compounds identified,   listed in order of 

decreasing concentration,   were propanal,   ethanal,   n-butanal,   cis- 

but-1-en-1 , 4-dial,   a-ketopentanal,   glyoxal,   a-ketoheptanal,   and 

a -ketohexanal. 

4. The only oxidation product of n-nonanal was n-nonanoic 

acid. 
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5. Malonaldehyde,   as measured by the TBA reaction, was 

produced by the autoxidation of non-2-enal and hepta-2)4-dienal.but not by 

n-nonanal and oct-1-en-3-one.     The amount of malonaldehyde meas- 

ured in oxidized hepta-2, 4-dienal was 10 times that found in non-2- 

enal. 

6. The monocarbonyl compounds with a rapid rate of oxida- 

tion had a pro-oxidant effect on methyl linoleate.    The pro-oxidant 

effect was greater with hepta-2, 4-dienal than with non-2-enal. 

n-nonanal,   at the concentration used (0. 1  percent) had no pro-oxidant 

effect on methyl linoleate. 

7. Three major classes of monocarbonyls were in the 

volatile fraction isolated from oxidized linolenate.    These were 

alkanals (71 . 3 percent),   alk-2-enals (1 3. 9 percent),   andalk-2,4- 

dienals (14. 8 percent).     The individual monocarbonyls identified in 

linolenate were ethanal,   propanal,   n-butanal,   but-2-enal,   pent-2- 

enal,   hex-2-enal,  hept-2-enal,   oct-2-enal,   hexa-2, 4-dienal,   and 

nona-2, 4-dienal. 

The above results bear out the complexity of lipid autoxida- 

tion.     The monocarbonyl compounds,   as seen above,   are in a dyna- 

mic state.     The ease by which they were oxidized indicated that their 

concentrations not only depended upon their rates of formation but on 

their rates of oxidation.    In view of this,   the predominating class of 
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monocarbonyls in oxidized lipids^   would be that class which has the 

slowest rate of autoxidation coupled with a fast rate of formation. 

This has been substantiated by many investigators,  who have found 

the alkanals,   which have a slower oxidation rate than other major 

classes of carbonyls, to be the largest monocarbonyl class in autoxi- 

dizing lipids. 

Since a considerable amount of malonaldehyde was produced 

by hepta-2, 4-dienal,   the secondary reaction product may contribute 

to the malonaldehyde production in oxidized lipids. 

It can be concluded from this investigation that unsaturated 

monocarbonyl compounds are degraded to many other types of car- 

bonyl compounds.     This partly explains the origin of many carbonyls 

in oxidized lipids which heretofore could not be explained according 

to the accepted mechanisms for fatty acid oxidations. 
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