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INTRODUCTION

Lipid hydroperoxides are the initial products of autoxidation, and
their decomposition results in a variety of carbonyl compounds that are
largely responsible for the off-flavors and odors of deteriorated lipids.
Even though there has been extensive investigation of the volatile
products of autoxidizing triglycerides and other fatty esters, there is
little information concerning the type of carbonyls and yields from the
decomposition of pure lipid hydroperoxides.

To study the conversion of hydroperoxides to carbonyls, pure
hydroperoxide isomers can be decomposed under anaerobic conditions.
Recent work of this nature has been done at the temperatures of gas
chromatographic injection ports (210°), but it is not clear how these
hydroperoxides decompose under more realistic and less drastic conditioms.

Recently in this laboratory, a rapid, quantitative method for
carbonyl determination in oxidized oils was developed (97). This thesis
is a report of the use of this method for the quantification of carbonyls
resulting from the decomposition of cyclohexene hydroperoxide and fatty
acid hydroperoxides. The effect of some antioxidants and metal ioms on

the scission products was also explored.



LITERATURE REVIEW

Fatty Acids Oxidation
The reaction of oxygen with the unsaturated fatty acids in lipids
results in the formation of hydroperoxides as major initial products
(24,71). Even though these hydroperoxides are tasteless and odorless,
their degradation products are responsible for the off-flavors that

characterize deteriorated lipid-containing foods.

Cyclohexene Hydroperoxide

Much information regarding the mechanism of autoxidation of olefiniec
compounds derived from fats and other mixtures has been obtained by
studying the oxidation of simple, monounsaturated compounds such as
cyclohexene. In 1928, Stephens (89) reported the isolation of a peroxide
of cyclohexene which he obtained by treating cyclohexene with oxygen in
daylight. He assumed, on the basis of the theories of oxidation accepted
at that time, that the product was saturated. However, during the early
1940s, Farmer (20) and Farmer and Sundralingam (2!} sstablishad that the
product of Stephens was a hydroperoxide and that a double bond was
present. It was also determined by Farmer's group tﬁat l-methyl-1-
cyclohexene and 1,2-dimethyl-l-cyclohexene behaved similarly when
autoxidized. To this group is due the major credit for developing the
hydroperoxide hypothesis of autoxidation, especially in its application to

fatty acids, and for substantiating it with convincing experimental

evidence.



Autoxidation and photo—oxidation

The oxidation of fatty acids may proceed by a free radical mechanism
with atmospheric oxygen or by photo-oxidation involving singlet oxygen.
Generally accepted mechanisms for 1lipid autoxidation have been reviewed
recently (25,26,27,78). Autoxidation is conceived as a free radical chain
reaction that can be described in terms of initiation, propagation, and
termination processes.

Initiation : Formation of free radicals

RH ————D R. + He .
In this stage, an unsaturated hydrocarbon loses a hydrogen to form free
radicals. This reaction may take place by direct thermal dissociation
(thermolysis), by hydroperoxide decomposition, by metal catalysis, and by
exposure to light (photolysis), with or without the intervention of
photosensitizers.

Propagation : Free radical chain reaction

R* + 0 —====—==> RO0O0.

ROO* + RH =—=—==——~ > ROOH + R*.

During propagation, the chain reaction forms peroxy radicals (ROO ),

hydroperoxides (ROOH), and new hydrocarbon radicals (R ).

Termination : Formation of nonradical products
Re + R+ ==———- > RR

ROO* + ROO® -————-- > ROOR + 0,

RO* 4+ R* ———e——e > ROR

ROO* + R*  ———mremm > ROOR

2RO + 2R0O0°* =—————- > 2RO0R + O

2
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Farmer et al. (20,23) showed that the hydrogen extracted from RH was
adjacent or allylic to the double bond. The susceptibility of unsaturated
fatty acids to autoxidation varies according to the ability of their
allylic hydrogens. The attack on the "n-methylene group” leads to the

formation of allylic radicals that react with oxygen to form allylic

hydroperoxides:
-CH2 - CH = CH- + ROO°
I
v
~CH = CH = CH~ 2z ~CH = CH - CH-
02,H° l 02,H°

-CH - CH = CH- -CH = CH- CH-
OOH LOH
The reaction of singlet oxygen proceeds by a different mechanism from
free radical autoxidation (35,43). The activated oxygen involved in this
reaction is produced from the more usual triplet form of this element by
interaction of light and a sensitizer such as chlorophyll, rose bengal, or
methylene blue. The reaction proceeds by insertion of oxygen at either

end carbon of a double bond, which is shifted to yield an allylic hydro-

peroxide with the double bond in the "trans” configuration.

c t

-Cl, -CH =CH -CH, =--~-> ~CH, -CH -CH =CH -
2 ~_A 2 2

N\ oo

Photo-oxidation occurs at a much faster rate than autoxidation and

produces some different hydroperoxide isomers (43).



4b

Mechanism of action of antioxidants

Antioxidants are substances that have been found to be effective in
retarding oxidation of umsaturated acids in fats and oils, thus preventing
development of oxidized flavor defects. They are usually thought to
function as free radical acceptors, ﬁhus breaking the free radical chain

reaction that forms hydroperoxides:

-He 02 RH
RH =====> Re —=—-= > ROO+ =---~=> ROOH + Re
Rn
AH > A* + RH
ROO* ROOH
Phenolic Relatively stable
antioxidant antioxidant

There is abundant literature (69,70,88,90) about the mechanisms of
antioxidant action and the effectiveness of various antioxidants, but

information about their effects on hydroperoxide scission is very meager

if not totally absent.

Fatty Acid Hydroperoxides

Hydroperoxides from oleic acid

Farmer and Sutton (22) isolated methyl oleate peroxides and showed
that these somewhat impure peroxides consisted mainly of monohydroperoxide
but also contained a little dihydroperoxide together with some peroxide
transformation product. The first structural characterization of oleate
hydroperoxides was carried out by Ross et al. (82). They found the four
possible isomers predicted by Farmer's theory and reported shift of the
double bond in the autoxidation of methyl oleate. Piretti et al. (80)

reported obtaining four isomers in mixtures of hydroperoxides from



methyloleate autoxidation at different temperatures. Differeant structural
characterization schemes have been used to determine the isomeric distri-
bution of oleate hydroperoxide and the results of different workers were
summarized by Frankel et al. (29).

According to Frankel (24), the most accepted mechanism for oleate
autoxidation involves hydrogen abstraction at carbon 8 and 1l with the

formation of four resonance hybrid free radicals:

11 - 8 - _
CH3 (CH2)6 CH2 - CH = CH CH2 (CHZ)6 COOH
‘[ - He - Ho
11 8
="CH - CH = CH - CH2 - - CH2 - CH=CH- CH -
and and
- CH = CH -9§H - CH2 - - CH2 logﬁ - CH =CH -

These radicals react with oxygen to produce a mixture of 8-, 9-, 10-, and
11-peroxy radicals leading to the formation of four isomeric
hydroperoxides. Although these isomers are expected to form in equal
amounts, a wide variation in their relative distribution has been reported
by different workers (29). Recent studies (29,74) showed small but
consistently higher concentrations of the 8- and li-hydroperoxides than
the 9- and 10-. These differences were explained (29) on the basis of an
allylic isomerization of the hydroperoxide isomers.

The photosensitized oxidation of methyl oleate was studied by Chan
(10) who used riboflavin as a sensitizer. The hydroperoxide mixture was
found to contain only the 9~ and 10- positional isomers. Their mechanism

of formation is as follows:



10... 9
CHy - (CH,), - CH, ="CH = 01‘{\ CH, - (CH,), - COOH
% )
10 J
- CHZ =CH - CH =CH -~ ~CH=CH-CH -~ CH2 -
00 00°
j/ H' H' l
- CH2 - CH ~-~CH =CH - - CH =CH - Cr - CH2 -
00H O00H
Hydroperoxides from linoleic acid
Autoxidation According to the mechanism of reaction originally

proposed by Bolland and Koch (9), the abstraction of a hydrogen om the
reactive doubly allylic carbon-ll produces three resonance hybrid free

radicals that lead to the formation of three isomeric hydroperoxides:

- CH = CH LlCH2 - CH =CH -
~He
9
- CH=CH -CH=CH -"CH -
11 Three resonance hybrid
- CH =CH =CH - CH =CH -~
13 free radicals
="CH - CH =CH - CH = CH -
l 0, , He
-~ CH=CH ~CH =CH -9?H -
OOH
11 Three possible isomeric
- CH =CH = ?H - CH =CH -
00l . hydroperoxides
13 = CH -

= ?H - CH=CH-CH



Many studies have been carried out to find the position of the hydro-
peroxide group in linoleate hydroperoxides. Bergstrom (6), after
hydrogenating autoxidized methyl linoleate, isolated 9- and 13-
hydroxystearates but not ll-hydroxystearate. His results, therefore, left
it an open question whether any ll-hydroperoxide or other unconjugated
hydroperoxide is formed to any appreciable extent during the autoxidation
of methyl linoleate. From kinetic studies on the autoxidation of ethyl
linoleate, Bolland and Gee (8) concluded that there would be little
probability of the formation of appreciable amounts of unconjugated
}11-hydroperoxide. Other workers (7,45,86) also reported the absence of
li-hydroperoxide, but Khan et al. (62) and Lundberg et al. (72) found some
11-hydroperoxide in the autoxidation of methyl linoleate.

Chan and Levett (l1), by high performance liquid chromatography
(HPLC) and absorption chromatography could separate and identify four
major isomers as 9~ and 13-positional isomers having the trans—-trans and
cis-trans configuration. Frankel et al. (30) used a computerized GC-MS
method to analyze a large number of samples of methyl linoleate obtained
at different peroxide values (93 to 3150) and autoxidation temperatures
(40°C to 80°C). All the samples showed equal amounts cf 9- and 13-hydroxy
isomers.

Recently, Haslbeck and Grosh (51) showed that when phenyl linoleate
is autoxidized, in addition to the major products (9- and l3-hydro-
peroxides), four other hydroperoxides (8-, 10-, 12—, and l4-hydro-

peroxides) are produced in small quantities (4%).



Photo—oxidation Photo-oxidation of linoleate forms a mixture of

9-, 10~, 12~-, and 13-hydroperoxides (16). Frankel et al. (28) determined
the relative amounts of these isomers: 327% 9-, 177 each cof 10- and 12-,

and 35% 13-hydroperoxides.

Hydroperoxides from linolenate

The mechanism for linolenate autoxidation is based on that of
linoleate. Hydrogen abstraction on the two active methylenes on carbon 1l
and carbon—14 produces four resonance hybrid free radicals on carbon 9,
12, 13, and 16, leading to the formation of the four corresponding
hydroperoxides. Chan and Levett (12) analyzed the mixture of methyl
hydroxylinolenates obtained by reduction of the hydroperoxides. They
found four positional isomers with the hydroxyl group at positioms 9, 12,
13, and 16. Furthermore, the relative proportions of the four positional
isomers are not equal but favor the 9- and l6-isomers by a ratio of over 3
to l. The authors concluded that the autoxidation of methyl linolenate is
regioselective in favoring the formation of the "outer” isomers: the 9-
and l6-hydroperoxides. Frankel et al. (31) also found that the proportion
of 9- and l6~hydroperoxides was significantly higher (75-81%) than the 12-
and 13-hydroperoxides (18-25%). They explained these differences by the
tendency of the 12- and 13-hydroperoxides to form cyclic peroxides, cyclic
peroxide-hydroperoxides, and prostaglandin-like endoperoxides.

Photosensitized oxidation of linolenate produces, in addition to the

four isomers produced by autoxidation, the 10— and 15-hydroperoxides

(16,74,94).



Table 1 summarizes the hydroperoxides formed by autoxidation and

photo-oxidation of oleate, linoleate, and linolenate.

Fatty acid hydroperoxides formed by plant lipoxygenases

Lipoxygenases catalyze the oxidation by molecular oxygen of linoleic
and other polyunsaturated fatty acids to hydroperoxides. The reaction
mechanism and specificity of plant lipoxygenases were reviewed by Veldink
et al. (96).

The ratio of 13- to 9-hydroperoxides formed from linoleic acid with
soybean lipoxygenases has been variously quoted as 7:3 (46), 4:1 (99),
23:2 (47), and 100:0 (17).

Galliard and Phillips (37) partially purified a lipoxygenase from
potato tubers that converted linoleic acid almost exclusively (95%) into
9-D-hydroperoxyoctadeca-trans-10, cis-12-dienoic acid. The 13-
hydroperoxide isomer was formed only as a minor product (5%). A crude
potato extract gave the same isomer ratio. Linolenic acid was an equally

effective subtrate, and was also oxygenated specifically at the 9-

position.

Hydroperoxide Decomposition Products

Scission of hydroperoxides

Secondary degradation products of 1lipid oxidation are formed largely
from the decomposition of hydroperoxides, which involves a very compli-
cated set of reaction pathways. The early schemes advanced by Bell et al.

(5) for the general decomposition of peroxides to scission products are



Table 1. Hydroperoxides formed by autoxidation and photo—oxidation of oleate, linoleate, and

linolenate
Hydroperoxide

Fatty acid Isomeric hydroperoxides position
Oleic CHB—(CH2)6-CH2—CH = CH-CHZ—(CH2)6-COOH

CH3—(CH2)6—CH2—CH = CH—?H—(CHZ)G-COOH 8 (a)

OOH
CH3—(CH2)6—CH = CH-?H-(CH2)7—COOH 9 (A,P)
OOH
CHB—(CH2)6—(CH2)—?H-CH = CH—(CHZ)G—COOH 10 (A,P)
OOH
CH3—(CH2)6—?H—CH = CH~CH2—(CH2)6—COOH 11 (A)
00H

Linoleic CH3~(CH2)4—CH = CH-CHZ—CH = CH—(CH2)7—COOH

CH3—(CH2)4—CH = CH~CH = CH—?H—(CH2)7—COOH 9 (A,P)

OCH
CH3—(CH2)4—CH = CH~CH2-TH-CH = CH-(CH2)6—COOH 10 (p)

OOH



CH3—(CH2)3—CH = CH—?H—CHZ-CH = CH—(CH2)7-COOH 12 (p)
OOH

CH3—(CH2)4—?H-CH = CH—-CH = CH—(CH2)7—C00H 13 (A,P)

OOH
Linolenic CH3—CH2—CH = CH-CH2~CH = CH—CHZ—CH = CH-(CH2)7—COOH
CH3—CH2—CH = CH—CHZ—CH = CH-CH = CH-?H-(CH2)7—COOH 9 (A,P)
O0H
CH3—CH2—CH = CH—CHZ—CH = CH—CHZ-CH—CH = CH—(CH2)6—C00H 10 (pP)
OH
CH3—CH2-CH = CH-CH = CH—C?—CHZ—CH = CH—(CH2)7—COOH 12 (A,P)
OCH
CH3—CH2—CH = CH—CHZ—C?—CH = CH-CH = CH—(CH2)7—COOH 13 (A,P)
OOH
CH3—CH = CH—FH—CHZ—CH = CH—CHZ—CH = CH—(CH2)7—COOH + 15 (P)
O0OH

CH3~CH2—CH-FH = CH-CH = CH“CHZ—CH = CH-(CH2)7—COOH 16 (A,P)

OOH
8A: Formed by autoxidation only. P: Formed by photo~oxidation only. A,P: Formed by

autoxidation and photo—oxidation.

11
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still generally accepted today. The first step is visualized as decompo-

sition to the alkoxy- and hydroxy-free radicals:

R~ CH - Rl ———mmmm > R-ci-R'+ OH

00H Qe
The secondary alkoxy radical may then cleave on either side of the

radical to yield an aldehyde and a new alkyl-type radical (B-scission):

0. 1

R = CH =R —=mmmmn >(R - cHo + R
Re + R CHO

It can also react as in the following reactions:

R-CH-R' +RH --——==-> R=-CGH-R'+W

O . OH
(Alcohol)
R -CH -R'+R" =————mv > R—ﬁ-R"+R'H
O 0
(Ketone)
R - ?H - R' + R"0 ———wm— > R - ﬁ ~ R' + R"OH
0- 0 '

(Retone) (Alcohol)
Alkoxy radicals may also be formed by:
~-interaction of peroxy radicals:

ROQ+ + ROOe =—-——-—- > 2R0- +0,

-~homolytic cleavage of a peroxide:

ROOR ~———--=> 2RO"
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The thermal homolysis of the 0-0 bond is complicated by induced
decomposition in which radicals attack hydroperoxides (52):
RO+ + ROOH =—=-—-—=> ROH + ROO-

2R00s  ——==m——=m-m > 2RO + 0,

Other routes for radical production include:

—-bimolecular decomposition of hydroperoxides:

2ROOH  —=-——=- > RO+ +ROO- + H,0
ROQ» + RH =——=——- > ROOH + Re
Re +0,  ———-- > ROO

——metal~catalyzed decomposition.
Transition metal ions and metallaproteins effectively catalyze

homolytic reactions of hydroperoxides as outlined by Ingold (56):

U™ + ROOH ~===—-- > MY Lpoe v on”
+

wPH* L roon —> ™t + Rooe + ', or

ZROOH ———————————— > RO' + ROO' + H O d

2

Decomposition of cyclohexene hydroperoxide

Homolytic cleavage products The products expected from decompo-

sition of cyclohexene hydroperoxide and their route of formation are

presented in the set of reactions on the following page.
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-C-H
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0 0
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2-cyclohexenone
2-cyclohexenol

5-hexenal

6-hydroxy—-2-hexenal

2-hexenal

1, 6-hexanedial (adipaldehyde)
cyclopentene carboxaldehyde
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As reported in the early investigations on the thermal decomposition
of cyclohexene hydroperoxides, 2-cyclohexenol and/or 2-cyclohexenone were
the major volatiles formed. Farmer and Sundralingam (21) isolated
2-cyclohexenol as the principal volatile product from the decomposition of
the hydroperoxide at 100°C. They also reported that when the hydroper-
oxide was gradually heated in an open test tube, standing in an oil bath,
very vigorous decomposition set in at about 120°C, steam and volatile
vapors being evolved, the lat;er containing cyclopentene carboxaldehyde.
Bateman and Hughes (4) decomposed cyclohexene hydroperoxide in benzene
under vacuum at 100°C for 42 hours and identified 2-cyclohexenone and
2-cyclohexenol as decomposition products. Their molar yields were 307 and
137, respectively.

Compounds C, D, E, F, G are B-scission products of the alkoxy free
radical and their quantification could be a measurement of the extent of
this reaction. Cyclopentene carboxaldehyde would be the predominant
carbonyl in this group since there are at least two pathways for its
formation.

An interesting insight into the relative importance of the B-cleavage
reaction to produce carbonyls was gained from decomposition of the
oxidation products of l-methoxycyclohexene (3) as outlined on page 16.
Photooxidation of l-methoxycyclohexene produces hydroperoxides (1) and
(I1) and a dioxetane (III) as primary products. 3-Hydroperoxy-2-
methoxycyclohexene (I) is thermolyzed in the VPC injector port to the
corresponding allylic ketone (IV) and alcohol (V). 3-Hydroperoxy-3-

methoxycyclohexene (II) is thermolyzed to cyclohexenone (VI) and
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Hock~cleavage product, dione (VII). The latter is also the dioxetane

cleavage product:

5’ AN CHB X OCHB
A ‘+ v//J
A \
0 OH

“ooH
(I) v )
‘ 0 0 OCH
3
_,0CH, OCHy \ I !
[::::]] [:::::rgoa +
1
(1) D) iy’
OCH
P
=0 A
|
-0
(11I)

Seemingly in the case of cyclic secondary allylic hydroperoxides, and at

high temperatures, B—cleavage does not occur.

Heterolytic decomposition of cyclohexene hydroperoxide

Under acidic conditions, cyclohexene hydroperoxide decomposes
heterolytically to form compounds (F) and (G), a reaction referred to as
Hock-cleavage, after Hock and Schrader (55) who first reported in 1936
that cyclohexene hydroperoxide, when allowed to stand with sulfuric acid

at 35-40°C, gave cyclopentene carboxaldehyde in about 20% yield:
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0
: G-H i
\——'OOH / \‘O
JR— H + e =0 ~H Z_O

F G

Kharash and Burt (63) decomposed cyclohexene hydroperoxide im the presence
of glacial acetic acid and perchloric acid. The major products reported
were cyclopentene carboxaldehyde (G, 397 yield) and cyclohexenyl acetate

(38%). Adipaldehyde was also formed (6%).

Decomposition of fatty acid hydroperoxides

The breakdown of secondary alkoxy radicals leading to the B-scission
recognized for alkyl hydroperoxides has been generally accepted and
authenticated for the allylic system of fatty ester hydroperoxides
(24,61). The carbon-carbon cleavages on both sides of the alkoxy radical

(A, B) leading to aldehydes and aldehyde esters can be represented as

follows:
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B A
| !
- = | H - -
R - CH ] ?H i CH2 (CHZ)x CO0Me
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OHC - CH2 - (CHZ)x -~ COOMe R - CH = CH - CHO
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R~-CH-= R ~CH =CH - OH CH3 - (CH?)V - COOMe
R - CH2 - CHZ—CHO HO - CH2 - (CH2)x - COQOMe

A survey of the aldehydes which would form according to this scheme
from the decomposition of oleate, linoleate, and linolenate hydroperoxides
is.presented in Table 2.

Considerable effort has been devoted to isolating, identifying, and
sometimes to quantifying the carbonyls resulting from fatty acid hydro-
peroxides. The hydroperoxide dismutation theory can be used to explain
the occurrence of most of the decomposition products. However, reaction
variations have been suggésted by numerous authors in speculating about
the mechanism of formation of specific or unexpected compounds found in
oxidized fatty acid esters or pure fatty acid hydroperoxides. These
speculations were, in general, based on the special conditions used in the
experiment, such as substrates or separation and analytical techniques

used.

Oleate hydroperoxides decomposition products Swift et al. (91)

decomposed methyl oleate hydroperoxide by immersing it in an oil bath



Table 2. Aldehydes expected from the decomposition of fatty acid hydroperoxides

Cleavage
Fatty acid Alkoxy radical involved side Aldehydes
Oleic CH,~(CH,),~CH = CH-(CH,),~COOH
B A
CH,(CH,),~CH = CH } CH(0*) } (CH,) —COOH Ax 2-Undecenal
3 277 276
8 B: Decanal
B A
CH4(CH, ) ~CH = CH } CH(0%) { (CH,),~COOH A: 2-Decenal
9 B: Nonanal
B A
CH,(CH,), { cH(0*) } cH = CH-(CH,) -COOH A: Nonanal
37207 T T 276
B A
CH,(CH,), + CH(0-) } CH = CH-(CH,),~COOH A: Octanal
Linoleic CH;(CH,),~CH = CH-CH-CH = CH-(CH,),~COOH
B A
CH,(CH,),~CH = CH-CH = CH } CH(0-) } (CH,),—COOH A: 2,4-Decadienal
3 274 277
9 B: 3-Nonenal
B A
CH,(CH,), } ?g(o-) + CH = CH-CH = CH-(CH,),~COOH A: Hexanal
B A a
CH,(CH,),-CH = CH-CH, } caco.) + cu = CH(CH,,) .~COOH A: 3-Nonenal

10



Linolenic

B A

- e a
CH,(CH,);~CH = CH } CH(0.) } CH,~CH = CH(CH,);COOH

CHBCHZ-CH

CH3CH2—CH

CH3-CH2—CH

CH3—CH2-CH

B
CH,y~CH, f ?2(0')

CH,CH,-CH = CH-CH,—-CH

372

3 15

CH-CH = CH f CH(O-) + CH,~CH

cu-cu, ¥ cuco) § cu = cu-cu =
13 :

A
+ CH = CH-CH = CH-CH,~CH =

12 -

CH-CH-CH = CH-CH-CH = CH-(CH2)7—COOH

: B A
CH-CH,~CH = CH-CH = CH } CH(0 ) } (CH,),~COOH

9

B A

CH cu—(cu2)7—coon

CH—(CH2)7—COOH

cu—(cn2)7—coou

B A
_ _ _ a
t fg(o-) } cu = cu-(en,) ~coon

2 CH-CH2

B A
= ™ = | | - d a
CH,CH = CH { CH(0.) } CH,~CH = CH~-CH,~CH = CH-(CH,),~COOH

2-Heptenal
Hexanal

2,4,7-
Decatrienal
3,6—-Nonadienal

2,4-Heptadienal
3-Hexenal

3-Hexenal
Pentenal

Propanal

3,6—Nonadienal

2-Butenal
Propanal

4From photo—-oxidation.

0¢



21

heated to 150°C. They isolated different distillate fractions from the
decomposition mixture and prepared their 2,4-dinitrophenylhydrazones
(DNPH). Their results indicated that one of the decomposition reactions
is fission to produce 0, B-unsaturated carbonyl compounds, one of which is
2-undecenal.

Badings (2) cited a study done by Horikx and Schogt in 1959. Horikx
and Schogt studied the carbonyl compounds formed in the initial phase of
autoxidation of methyl oleate and triolein. They identified the saturated
aldehydes of chain lengths C5 to Cyy, and the Cg to Cio 2-enals. The
formation of C8 and Cy n-aldehydes and Cio0 and C1y 2-enals was in line
with the theory of decomposition of four isomeric hydroperoxides of oleic
acid.

Gaddis et al. (36) quantitatively estimated the steam volatile mono-
carbonyl compounds in mildly autoxidized esters of oleic, linoleic, and
linolenic acids and animal and vegetable fats. The major aldehydes iso-
lated in oleate were those that might be expected from the scission of ;he
reported four monomeric hydroperoxide isomers. Z-Undecenal, Z-decenal,
n-nonanal, and n-octanal were the major compounds but were not individu-
ally equal. They also found that higher temperatures seem to increase the
proportions of the major aldehydes that were unsaturated (2-undecenal and
2-decenal).

Unsaturated aldehydes were not present in the volatile compounds
isolated by Loury (68) from the autoxidation of oleate. He claimed that

this might be caused by either the severe conditions of autoxidation used,
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or the fact that these aldehydes are engaged in other combinations during
the primary stages of autoxidation.

Kimoto and Gaddis (65) converted the monocarbonyl compounds formed
from the decomposition of autoxidized triolein into their 2,4-dinitro-
phenylhydrazones and analyzed them by thin layer chromatography and paper
chromatography. Special conditions such as the presence of acid and metal
catalysts were investigated. In the decomposition of autoxidized triolein
with acid-washed fuller's earth, alkanals were the only monocarbonyl
products found, whereés when metal catalysts or heat were used to decom-
pose the peroxides, 2-alkenals were the primary products. From the dif-
ferences in distribution of monocarbonyl products, the authors concluded
that the scission of the hydroperoxides is a selective process depending
upon the conditions of decomposition: heterolytic (ionic) cleavage
catalyzed by strong acids and homolytic (radical) cleavage with heat or
metal catalysts.

Selke et al. (84) thermally decomposed pure methyl oleate hydro-
peroxides in the injector port (210°C) of a gas chromatograph attached to
a computerized mass—spectrometer (GC-MS). Carbonyls identified were those
expected from the well-recognized mechanism of carbon-carbon scission on
either side of the alkoxy radical intermediate produced from hydroper-
oxides, except for heptanal and 2-nonenal. The yields of A and B cleavage
products from the 8-, 9-, 10-, and ll-hydroperoxides were checked and
found in good agreement. The presence of great amounts of octanal, non-
anal, and decanal indicated that cleavage occurring between the alkoxy-

free radical and the allylic unsaturation seemed to be favored kinetically
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with oleate hydroperoxides at high temperatures. Using the same GC-MS
technique, Frankel et al. (32) compared the thermal decomposition products
of pure oleate hydroperoxides from autoxidation and photosensitized
oxidation. Both kinds of hydroperoxides formed the same major volatile
products. The great relative value for 2-undecenal found in the photo-
sensitized sample was explained by the significant isomerization of the
hydroperoxides mixture observed under the conditions of thermal

decomposition.

Linoleate hydroperoxides decomposition products The decomposition

products of linoleate hydroperoxides have received the most attention
since linoleate is the major unsaturated fatty acid in most vegetable
oils.

Swift et al. (92) collected the steam—volatile products from autoxi-
dized cottonseed oil and identified n—hexanal, 2,4-decadienal, and
2-octenal. Badings (1) also reported the formation of these carbonyls
from a limited autoxidation of ammonium linoleate. The hydroperoxide
scission theory was advanced to explain the formation of hexanal and 2,4-
decadienal as dismutation products of the 9~ and l3-hydroperoxides. The
formation of 2-octenal was attributed to the decomposition of a non-
conjugated ll-hydroperoxide. However, this hydroperoxide has never been
detected under a wide range of autoxidation conditions (25,74).

Gaddis et al. (36) determined the carbonyl compounds in oxidized
ethyl linoleate and found n—hexanal, 2,4-decadienal as major products.
2-Heptenal, 2-octenal, and 2-nonenal were also present as a minor group

with the predominance of 2~heptenal. Other workers (2,19,85) also
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reported 2-heptenal in autoxidized 1linoleate esters and fats containing
linoleate. When pure hydroperoxides from autoxidized and photosensitized
oxidized linoleate were compared (32), 2-heptenal was detected almost
exclusively in the photo-oxidized sample. Therefore, the origin of
2-heptenal would be the 12-hydroperoxide isomer.

It is well-established that the 9- and l3-hydroperoxide isomers form
in equal amounts in linoleate autoxidation. Hence, 2,4-decadienal and
n-hexanal are expected to form equally. However, early reports (64)
showed a preferential formation of hexanal at moderate temperatures and
2,4=decadienal at higher temperatures. Swoboda and Lea (93) explained
this effect of temperature by further selective oxidation of 2,4-
decadienal. Kimoto and Gaddis (64) advanced another explanation. They
compared the carbonyls obtained from lard under different situations (mild
temperatures, heat, Cu++, acid, etc.) and explained the low amount of 2,4—
decadienal obtained under the mild conditions by a selective course of
scission of the hydroperoxides: at moderate temperatures, the point of
scission tends to be at the carbon-carbon bond between the peroxide group
and a double bond, therefore, favoring the formation of hexanal. At
higher temperatures and under stress (heat, acid, Cu++), scission also
takes place at the 9-8 carbons to yield 2,4-decadienal.

Individual studies (14) of the decomposition of the positional
isomers of linoleate hydroperoxides (9— and 13-) revealed that, at
temperatures above 100°C and in the absence of oxygen, both the 9- and
13-isomers gave rise to hexanal and 2,4-decadienal. To explain this, it

was assumed (14) that rearrangement of the hydroperoxy group is involved
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in the homolytic cleavage of the hydroperoxides. Chan et al. (13,15) had
shown previously that both the 9- and 13-isomers of linoleate hydroper-
oxide undergo isomerization readily at low temperatures. However, at
ambient temperature and in the presence of oxygen and ascorbic acid,
hexanal resulted as the major volatile carbonyl compound in addition to
traces of 2,4-decadienal from both the 9- and 13-hydroperoxides (42).
Hexanal was also found (41) to be the main component (70%) of the aldehyde
fraction when a mixture of linoleic acid hydroperoxide isomers (757%
13-00H, 25% 9-00H) was decomposed at amblent temperature in the presence
of ferrous ions or ascorbic acid.

Linolenate hydroperoxide decomposition products Most of the

products expected from the scission scheme of linolenate hydroperoxides
have been reported. Kawahara et al. (60) identified acetaldehyde,
2-pentenal, propanal, and hexene-3-dial-1,6 as carbonyl compounds of
autoxidizing methyl 1linolenate. The major carbonyl compounds identified
by Gaddis et al. (36) were propanal and 2,4-heptadienal. They also
‘reported the presence of butanal, 2-butenal, 2-pentenal, and 2-hexenal and
found that heating had the effect of making 2,4-heptadienal and 2,4-
nondienal the predominant compounds.

Kimoto and Gaddis (65) reported that thermal- and metal-catalyzéd'
decomposition of autoxidized methyl linolenate resulted in the formation
primarily of propanal and 2,4-heptadienal, whereas with acid washed
fuller's earth, the primary products were propanal, 2-hexenal, and what

was believed to be 2,6-nonadienal.
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Hammond and Hill (50) found 2-trans-6-cis-nonadienal as a decompo-
sition product of autoxidized trilinolenin. Seals and Hammond (83)
identified cis-4-heptenal and 2,4-pentadienal in autoxidized linseed oil
and proposed mechanisms for their formatiom.

In their extensive investigation of the volatile thermal decomposi-
tion products of hydroperoxides obtained by autoxidation and photosensi-
tized oxidation of fatty acid methyl esters, Frankel et al. (32) reported
the formation of acrolein, propanal, 3-hexenal, 2,4-heptadienal, and
2,4-decatrienal as major volatile carbonyls from linolenate hydroperoxides
obtained by autoxidation. Thermal decomposition of the hydroperoxide from
photosensitized oxidized methyl linolenate produced many of the same
volatiles as did the corresponding hydroperoxides for autoxidized
lino}enafe, but in different proportion. Peers et al. (79) prepared
purified single isomers of methyl linolenate hydroperoxide (9-, 12-, 13-,
and l16-hydroperoxides) and examined the thermal decomposition products
under the same conditions used by Chan et al. (l4). They reported many of
the volatiles found by Frankel et al. (32). The predominant character-
istic compounds were 2,4,7-decatrienals from the 9-hydroperoxide, 2,4-
heptadienals from the 12-hydroperoxide, and methyl 13-oxotrideca-9,11-
dienocates from the l3-hydroperoxide. The 16-~hydroperoxide produced no
detectable characteristic volatiles but did produce trace amounts of
2,4-heptadienals and 4,5-epoxyheptadienal. The authors also showed that
under their thermal decomposition very little, if any, isomerization of
the individual hydroperoxides had occurred before fragmentation, which was

not the case with the 9- and l3-hydroperoxide isomers of linoleate (14).
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Secondary oxidation products

Recent studies have revealed the formation of dihydroperoxides,
five-membered hydroperoxy epidioxides, hydroperoxy bicycloendoperoxides,
and six-membered hydroperoxy epidio%ides from the autoxidation or photo—
sensitized oxidation of linoleic and linolenic acids (33,34,40,75,76,87).
These secondary oxidation products are the results of further reactions of
unsaturated hydroperoxides with oxygen. The volatile decomposition
products of some of these oxidation products have been investigated
(76,33, 40,34,79) and found to be, in general, similar to those from
corresponding monohydroperoxides. In the case of hydroperoxy cyclic
peroxides, they undergo thermal cleavage mainly between the peroxide ring
and the hydroperoxide bearing the carbon (33). The following scheme shows
the pathways of formation and decomposition of a hydroperpxy cyclic

peroxide: HOO

l

LV
+00

I: 13 linolenic acid hydroperoxide. Rl = (CH,),CO0H.

2)7
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MATERIALS AND METHODS

Materials
Linoleic acid, linolenic acid, their methyl esters (997 pure),
and soybean lipoxygenase (lipoxydase type 1) were obtained from Sigma

Chemical Co. (St. Louis, MO).

Tricaprin

Tricaprin was synthesized by reaction of methyl caproate (3M) and
triacetin (IM) in the presence of 5% sodium methoxide. It was purified

through alumina (57).

Dodecane

Dodecane (99% pure) was purchased from Aldrich .Chemical Co., Inc.

(Milwaukee, W1) and used directly.

Hydrogen peroxide

A 75% aqueous hydrogen peroxide was obtained by concentration of 30%
solution under reduced pressure in a rotary evaporator. The temperature

was kept under 50°C.

Florisil

Florisil (60-100 mesh, Floridin Co.) was purchased from Fisher
Scientific Company. For purifying hexane, Florisil was activated at 300°C
overnight. For column chromatography, Florisil was activated at 250°C
overnight and 107% of its weight of water was added and allowed to equili-

brate for 24 hours before use.
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Hexane
Hexane (certified grade, Fisher Scientific Co.) was distilled slowly
through a 100-cm column of porcelain saddles to remove high-boiling

impurities, then passed through a column of activated Florisil (30 ml/g)

to remove carbonyl impurities.

Ether

Ether was reacted overnight with LiAlHa and distilled fresh when

needed.

2,4,6-Trichlorophenylhydrazine (TCPH)

TCPH was purified by recrystallization from ethanol as described by

White and Hammond (97).

Ethanol

Ethanol was refluxed over aluminum foil and trace of iodine and

distilled.

Tetrachloroethane (TCE)

TCE was purified‘by heating with lauroyl peroxide at 100° for 1 hr,
distilled at reduced pressure, and a second time distilled under reduced

pressure from 1-5-diphenylcarbohydrazide (66).

Alumina

Alumina (80-200) was purchased from Fisher Scientific Company and

used directly.
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Silica gel (G and GF)

Silica gel was purchased from Sigma and used directly.

Standards
A series of 2-ketones (C4 to Cll), aldehydes (C5 to Cl0), 2-enals (C5
to Cl10), and 2,4~dienals (C6 to Cl0) were checked for purity by gas

chromatography and distilled if necessary.

1-Bromo—2 cyclohexene

1-Bromo—~2 cyclohexene was prepared by reaction of cyclohexene and
N~bromosuccinimide (NBS) as reported by Ziegler et al. (98): 18.3 g of
NBS in 75 cc of carbon tetrachloride (CC14) and 51.5 cc of cyclohexene was
refluxed for about 1 hour, after which the white succinimide formed was
filtered off. CCl4 and the excess of cyclohexene were distilled at

atmospheric pressure, and the residual cyclohexene bromide distilled under

reduced pressure.

Cyclohexene hydroperoxide

Cyclohexene hydroperoxide was prepared according to Gunstone et al.
(44): A mixture of bromocyclohex-2-ene (1.6 g, 10 mmole), cyclohexene
(1.6 g, 19 mmole); 50 ml acetonitrile and hydrogen peroxide (75% aqueous
solution, 1.6 ml, 50 mmoles) was kept at room temperature for 2 hours.

The solution was then concentrated to 5 ml in a rotary evaporator and
added to a silica gel column. The hydroperoxide was eluted with a mixture
of 207 ethyl ether in petroleum ether and further purified by thin layer
chromatography on a 0.5-mm thick plate. After development with the

solvent system n—hexane/ether (70:30 v/v), the hydroperoxide band was
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located by spraying the edges of the plates with a spray containing
ammonium thiocyanate and ferrous sulfate (44). The band was then scraped

off, eluted with ether and stored under nitrogen at -20°C.

Cyclopentene carboxaldehyde

Cyclopentene carboxaldehyde was prepared by periodate—osmium
tetroxide oxidation of cyclohexene according to a procedure described by
Pappo et al. (77): A mixture of 15 ml of ether, 15 ml of water, 0.405 g
of cyclohexene, and 65.4 mg of osmium tetroxide (OsOA) was stirred at
24-26° during the addition of 2.32 g of finely ground sodium periodate
over a period of 40 min. Stirring at 24-26° was continued for 80 min, by
which time the color had changed to yellow and considerable sodium iodate
had separated. The mixture was extracted thoroughly with ethyl acetate,
and the combined organic layers were filtered through sodium sulfate and
concentrated to 2 ml in a rotary evaporator. The carbonyl was isolated by

preparative thin layer chromatography (ether/hexane: 45:55 v/v)

13-Linoleic acid and 13-linolenic acid hydroperoxides

A linoleic acid hydroperoxide mixture enriched in the 13 isomer was
produced using the soybean lipoxygenase procedure of Gardner (38). The
reaction mixture (480 ml total volume) was 5.4 mM linoleic acid, 0.1%
Tween 80, 5.0 mM borate, and 0.04 mg lipoxygenase/ml. Before lipoxygenase
was added, the reaction solution was adjusted to pH 10 with KOH. Good
oxygenation was ensured by using a sintered glass tubé through which pure
oxygen was bubbled into the reaction mixture. The oxidation proceeded at

21°C for 40 min at which time the reaction was adjusted to pH 4 with HCl
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and immediately extracted with chloroform~ethanol 2:1. The chloroform
layer was washed several times with water, dried over sodium sulfate,
evaporated to a volume of 5 ml, and the hydroperoxide purified by thin
layer chromatography on a O.5-mm plate of silica gel GF. After being
developed twice with the solvent system n~hexane/ether/acetic acid
{(60:40:1 V/V), the hydroperoxide band was located by UV, scraped off and
eluted with methanol. The hydroperoxide band also was identified by
spraying the edge of the plates with a spray containing ammonium
thiocyanate and ferrous sulfate, as described by Gunstone et al. (44).
The hydroperoxide solution was stored at —=20°C under a nitrogen blanket
until use. The same procedure was applied to linolenic acid to obtain a

hydroperoxide mixture enriched in the 13-isomer.

9-Linoleic and 9-linolenic acid hydroperoxides

The method of Galliard and Phillips (37) as adapted by Chan et al.
(14) was used to prepare the 9-hydroperoxide isomers of linoleic and
linolenic acids. Briefly, the ammonium salt of linoleic or linolenic acid
was made by adding ammonium hydroxide (2M, 40 ml) followed by Tween 80 to
the fatty acid (750 mg) in a 1-1 round bottom flask. Excess ammonia was
displaced under a nitrogen stream until the pH of the solution was 5-9.5.
Potato extract was prepared, combined with 0.5M acetate buffer (100 ml, pH
5.5) and added to the ammonium salt fatty acid solution. The solution was
adjusted to 25°C and oxygen was bubbled thrqugh it for 60 sec at 5-min
intervals. After 30 min, the reaction was stopped by acidification to pH
3 using 2M HC1l, and the emulsion was extracted with ether. The ether

extract was washed several times with water, dried over anhydrous MgS0,,
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and evaporated to 10 mi. The purification and storage conditions were the

same as outlined previously for the 13~hydroperoxide isomers.

Hydroperoxides from the autoxidation of methyl linoleate and methyl
linolenate

Autoxidation was done with 1 g of pure fatty acid methyl ester in a
40-ml beaker at 37°C in the dark. When the peroxide value was approxi-
mately 1000-1500, the autoxidized samples were dissolved in 5 ml of
hexane, and the methyl ester hydroperoxides were isolated by chromatog-
raphy on O.5-mm plate of silica gel GF. After being developed twice with
the solvent system hexane/diethyl ether (70:30 v/v), the hydroperoxides

were located as before, scraped off, eluted with methanol, and stored at

—20 °C .

Methods

Preparation of the hydroperoxide solutions

The hydroperoxides previously prepared were freed of methanol or
ether under nitrogen and dissolved in either tricaprin (cyclohexene

hydroperoxide) or dodecane (fatty acid hydroperoxides).

Cyclohexene hydroperoxide

Fifteen gréms of tricaprin were added to approximately 70 mg- of
cyclohexene hydroperoxide and mixed thoroughly. The tricaprin was kept
‘1iquid by immersion in a water bath set at 31-33°C. The solution was then
distributed (ca. 0.5 g) over 28 constricted glass tubes (¢ 10 mm, 80 mm).
The tubes were made from l0—~cm pieces of 10 mm glass tubing that had

been soaked overnight in alcoholic KOH. The tubes were then flushed with
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nitrogen and sealed under vacuum. Incubation temperatures were 55°C (for
24, 48, 72 hours, ! week), 80°C and 130°C (for 24, 48, and 72 hours) in
the dark, and 55°C in the presence of light (24, 48, 72 hours). Two tubes
were not incubated and served as the control (To). At the end of each
incubation term, 2 tubes were opened and analyzed. Similar preparations
were made to investigate the effects of free fatty acids (caprylic acid),
monoglycerides (monoolein) and metal ions (copper acetate). These factors

were added (1%) to the tubes which were then sealed and incubated at 55°C.

Free fatty acids and methyl ester hydroperoxides

Each hydroperoxide was mixed thoroughly with dodecane in glass stop-
pered centrifuée tubes. The free fatty acid hydroperoxides formed an
emulsion which was shaken for 2 min, centrifuged sufficiently to obtain a
clear dodecane layer and transferred to another test tube leaving the
excess of hydroperoxides in the bottom of the first test tube.

For linoleic acid 13-hydroperoxide, two portions of 90 mg in two
15-ml centrifuge tubes with glass stoppers were mixed with 10 ml of
dodecane. The emulsions were centrifuged and the top 9 ml from each tube
were collected, combined and mixed thoroughly. The concentration of the
hydroperoxide was then determined by the peroxide value of the solution.
The dodecane and hydroperoxide mixture was then distributed among 35
constricted glass tubes (each receiving ca. 0.4 ml): gight tubes to
investigate the thermal effects, 21 tubes for metal ions and antioxidants
effects, and three tubes with ethanol as additive. For each trial, one
tube was saved as To (not decomposed) and duplicates were analyzed. Three

tubes with no additives were saved as To. The additives were previously
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dissolved in either ethanol (PG, TBHQ, copper acetate, iron II acetate) or
dodecane (BHA, BHT, G-tocopherol) and added to the hydroperoxides in a
molar ratio equal to l. The tubes were then flushed with nitrogen and
sealed at the point of constriction by a hand torch under vacuum.

The other hydroperoxides (9-18:2~00H, 9-18:3-00H, 13-18:3-00H, Me
18:2-00H, Me 18:3-00H) solutions were prepared following basically the
same procedure as for 13-18:2-00H, but only the thermal effects were
investigated. The concentrations of the hydroperoxides and the incubation
conditions for each hydroperoxide are specified in the section Results and
Discussion.

Thermal effects were investigated at 160°C (oven, in the dark for 6
hr), 80°C (oil bath, in-the dark for 96 hr), 55°C (oven, in the dark for 6
days), and 40°C (oven, dark, 6 days). The samples containing the addi-

tives were decomposed at 55°C for 6 days.

Analysis of the decomposition products

After incubation, the tubes were opened and the samples analyzed. If
they had to be stored after the thermal treatment and before analysis,
this was done at -20°C for a period not exceeding 1 week.

For each sample, the extent of decomposition was determined by
peroxide value, and the carbonyls were quantified using the method of
White and Hammond (97):

To form the TCPHs from the carbonyls, the sample (0.1 to 0.2 g) was
accurately weighed and placed in a 50-ml round bottom flask with 11 g
octanone (internal standard), 0.1 g TCPH, and 0.5 g Florisil in 15 ml

ether. Florisil catalyzed the reaction, allowing immediate derivatization
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of the carbonyls with no added acid. The ether was evaporated in a rotary
evaporator at a temperature below 25°C to avoid thermal breakdown of
hydroperoxides. To separate the TCPH derivatives from dodecane and excess
reagent, the dry Florisil-TCPH-dodecane mixture was slurried with hexane
and packed on top of an ll-mm id x 33-cm column containing 9.5 g Florisil.
The column was washed with 30 ml hexane/ether (99:1) which was discarded,
and the TCPHs were collected in the ngxt 45 ml. The solvent containing
the derivatives was concentrated to V3 ml by rotary evaporation and
transferred to a 15-ml centrifuge tube and evaporated to 60 ul under
nitrogen in a 30°C water bath. A l-ul sample was injected into the GC.
For quantification, sample peak heights were compared with the internal
standard (2-octanone). For identification, retention times were compared
with those of known compounds. A chart mapping the retention times of the
TCPHs of selected 2~ketones (C3-C1l0), aldehydes (C5-Cl0), 2-enals
(C5-C10), and 2,4-dienals (C6~C1l0) using the same procedure outlined

above, was prepared for this purpose.

Gas chromatography (GC)

For cyclohexene hydroperoxide investigations, the TCPHs were aunalyzed
on a Varian Aerograph Series 1520 gas chromatograph equipped with a
hydrogen flame detector. A fused silica capillary column (30 m) coated
with SE 30 (Supelco, Belfonte, PA) was used. The column temperature was
programmed from 50° to 250°C at 10°C/min.

For fatty acid hydroperoxide investigations, the TCPHs were analyzed
on a Varian Model 3700 gas chromatograph equipped with a hydrogen flame

detector. A fused silica capillary column (SPB-1 15 m) was purchased from
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Supelco. The column temperature was programmed from 50° to 250°C at

12°C/min.

Peroxide value

Peroxide values of the samples before and after decomposition were

determined by the method of Hamm et al. (48).



39
RESULTS AND DISCUSSION

Thermal Decomposition of Cyclohexene Hydroperoxide

Thermal decomposit#on products of cyclohexene hydroperoxide were
previously investigated in this laboratory using Schwartz et al's.
procedure (87) to isolate the cérbonyls formed. Beside cyclohexenone, the
major carbonyl expected and found, some other minor carbonyls resulting
from the B-scission of the hydroperoxide (such as cyclopentene carboxalde-
hyde) were also observed. However, these compounds might have been the
result of an acid-catalyzed scission of the hydroperoxide rather than
being thermal decomposition products. Phosphoric acid present in the
reaction column would decompose the hydroperoxide resulting in the
formation of the same kind of carSonyls expected from the thermal
f-scission of the hydroper;xide.

Recently, in this laboratory, White and Hammond (97) developed a
rapid and sensitive method for the quantification of carbonyls in oxidized
fats as trichlorophenylhydrazones. No acid was necessary for the forma—
tion of the TCPH derivatives because it was observed that Florisil
catalyzed the reaction. Because of the sensitivity of the method and the
absence of acid as catalyst, it was thought of interest to use it for the
identification and quantification of the carbonyls resulting from the
thermal decomposition of cyclohexene hydroperoxide. This approach would
provide some information about the decomposition of allylic hydroperoxides
and the factors that control the extent of the B-scission.

Cyclohexene hydroperoxide in solution in tricaprin (3 mg/g) was

decomposed anaerobically under different conditions. Temperatures of
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55°C, 80°C, 130°C at times varying from 12 hours to 1 week were
investigated. Factors such as free fatty acids (1% caprylic acid),
monoglyceride (monoolein 1%), and metal ions (copper acetate) were added
to the tricaprin-cyclohexene hydroperoxide mixture to investigate their
effects.

The results obtained showed that invariably, the only carbonyl
detectable from decomposition of the hydroperoxide was 2=-cyclohexenone.
A typical chromatogram obtained from cyclohexene hydroperoxide decompo-
sition is shown in Figure l. The retention time of cyclopentene carbox-~
aldehyde was determined using the same column procedure and found to be
slightly shorter than the retention time of cyclohexenone. When injected
together, the 2 carbonyls presented two clearly separated peaks.
Obviously, cyclopentene carboxaldehyde could have been dete;ted by the
procedure if it had been present as a decomposition product of the
hydroperoxide.

Attempts to quantify the cyclohexenone produced resulted in amounts
much smaller than expected. To check the sensitivity of the method for
cyclohexenone, the pure compound was tested in the presence of the same
amount of an internal standard (heptanone). A very poor GC response was
observed for cyclohexenone. Even when the reaction was carried out in a
test tube for a prolonged time of ! or 2 hours, and the column separation
step was omitted; the same low results for cyclohexenone were obtained.
It was thought that the TCPH derivative of cyclohexenone might decompose
under our GC conditions. However, lowering the temperaturés of the

injector and detector from 250°C to 200° and even lower, did not bring



Figure 1. Chromatograms of carbonyl-TCPHs from cyclohexene hydroperoxide
decomposed at 80°C for 72 hours

A: Cyclohexene hydroperoxide before decomposition (To)
B: Cyclohexene hydroperoxide decomposed at 80°C for 72 hrs

1,2,3,4,6: Carbonyl impurities from solvents and tricaprin
5: Internal standard {2-heptancne)
7: 2-Cyclohexenone
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about any improvement. Reducing the length of the column from 30 m to 20
m decreased the retention time of all the carbonyls but did not affect the
GC response. One explanation for this behavior of cyclohexenone would be
a poor reactivity with the TCPH due to a steric hindrance effect.
Nevertheless, by reacting various amounts of cyclohexenone and heptanone
with TCPH, a linear GC response was observed for both ketones, and it was
possible to calculate a correction factor for cyclohexenone based on the
GC response for heptanone. This factor was equal to 0.1l and represents
the ratio of the height of the peak obtained for cyclohexenone over the
height of the peak of the same amount of heptanone. The molar yield of
cyclohexenone produced from cyclohexene_hydroperoxide decomposed at 80°
for 72 hours was ~607%.

The method is sensitive to about 107/ g of carbonyl, and usually
enough decomposed hydroperoxide was analyzed so that a carbonyl formed
with a yield of 1% or more would be possibly detected. One can conclude
from these observations that cyclohexene hydroperoxide decomposed to give

only 2-cyclohexenone with less than 1% 3—-scission carbonyls under the

conditions investigated.
Quantification of Carbonyls Produced From
the Decomposition of Fatty Acid Hydroperoxides
The method of White and Hammond (97) for the quantification of
carbonyls in oxidized soybean oil as trichlorophenylhydrazones was
extended to the analysis of carbonyls formed by decomposition of linoleic

and linolenic acid hydroperoxides. The first step in White’s procedure
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was omitted in this investigation, since the purpose of the first column
was to remove interfering hydrocarbons from the fat sample.

The decomposition of linoleic and 1linolenic acid hydroperoxides and
their methyl esters was investigated in dodecane as solvent instead of
tricaprin used for cyclohexene hydroperoxide. Impurities observed in
tricaprin interfered with the analysis of carbonyls formed from the
hydroperoxides and it was not possible to remove these impurities even
after repeated purification of tricaprin through alumina.

Preliminary trials showed that incubating the hydroperoxides at 55°C
for 6 days, 80°C for 96 hours, and 160°C for 6 hours was enough to lead to
a fairly complete decomposition of the hydroperoxides. It was also
observed from these trials that metal ions and antioxidants did have some
effects on the formation of carbonyls. Therefore, the effects of these
factors were investigated in incubations at 55°C for 6 days.

Corrections and Response Factors Used in
the Calculations of the Yields

When the carbonyl standards (2-ketones, saturated aldehydes, 2-enals
and 2,4-dienals) were applied to the column, it was observed that the
TCPHs of the saturated aldehydes (only these carbonyls) formed double
peaks under our GC analysis conditions. The secondary peak was usually
smaller (20%) than the main peak. Previous workers also reported the
formation of double peaks in the gas—1liquid chromatography analysis of
2,4~-dinitrophenylhydrazones (59,67) or 2,4,6-trichlorophenylhydrazones
(97) of carbonyl compounds. Kallio et al. (59) reported that the occur-

rence of the double peaks (possibly syn- and anti-isomers) depends on the
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compound, but especially on the solvent employed: clear double peaks were
formed when hexane was the solvent, which is the case in this study.
Johnson and Hammond (58) also reported double-peak formatiom, but when all
metal was removed from the GC column and replaced by glass, the double
peaks disappeared. This observation suggested thot possible rearrangement
products, rather than syn—anti-isomerization, were responsible for the
double peaks. White and Hammond (97) did not report the formation of such
double peaks, possibly because they used cyclohexane as solvent and a
different capillary column.

In these investigations, the main peak as well as the secondary peak
were considered (added together) in the case of the saturated aldehydes.
In the case of hexanal, the identity of the secondary peak was checked by
GC-MS and found to be a saturated C6 carbonyl; in other words, a hexanal
isomer.

During this preliminary work, it was also observed that the use of
different amounts of carbonyl standards (to check the accuracy of the
procedure) showed a fairly linear GC response with the amount of carbonyl
introduced; however, the GC response decreased significantly with the
increase of the carbon chain length of the carbonyls. These carbonyls
were, in general; éluted at higher temperatures. Correction factors were
then calculated for carbonyls eluting after 2-octanone (the internal
standard). They were determined by taking the ratio of the GC response

for the carbonyl over the GC responmse for the internal standard when the

same amounts were introduced.
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The third and last correction adapted in the calculation of the
amounts of the carbonyls produced accounts for artifact production from
decomposition of hydroperoxides through the Florisil column. White and
Hammond (97) reported that some hydroperoxide scission had occurred in
their TCPH procedure. In the present investigations, it was observed that
when linoleic acid hydroperoxide (in dodecane) was passed through the
column, considerable amounts of scission product (hexanal) were obtained.
The possibility of hexanal formation from the hydroperoxide during its
preparation and prior to passage through the column was ruled out since
the TLC purification of the hydroperoxide eliminated any hexanal that
would be present. Indeed, the Rf values for the hydroperoxide and the
carbonyl where checked under our TLC conditions and found clearly
distinct. These artifacts might have formed not only by passage through
the column, but also prior to the column step, during the preparation of
the TCPH derivatives.

Because not all the samples were totally decomposed prior to the
column analysis, artifact production from the remaining hydroperoxide
should be considered. To account for this, the amount of carbonyls
determined for partially deccomposed samples was corrected by subtracting
the amount of artifacts that the remaining hydroperoxides would producé.v
For this purpose, a sample that had not been incubated (To) was passed
through the column, and the amounts of carbonyls produced from the

hydroperoxide were determined.
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Thermal Effects

Decomposition of linoleiec acid 9~ and l3-hydroperoxides at 40°C,
55°C, 80°C, and 160°C resulted, as shown in Tables 3 aund 4, in hexanal and
2,4-decadienal as the only two quantifiable aldehydes identified. Figure
2 shows a typical chromatogram of the carbonyl-TCPHs obtained from the
decomposition of linoleic acid hydroperoxides. Peak numbers 1, la, 2, and
7 correspond to hexanal, 2-heptanone (the internal standard), and 2,4-
decadienal, respectively. Tia two peaks eluting before hexanal were
carbonyl impurities coming from the solvents (hexane and ether), the peak
shown after 2-heptanone is also an impurity resulting from TCPH.

2,4-Decadienal was produced essentially at high temperatures (80°,
160°C). A statistical analysis using the Duncan multiple range test shows
that the yields of hexanal at 40°C, 55°C, and 80°C were significantly
higher than those obtained at 160°C for both hydroperoxides.

The yield of these carbonyls (5.5% to 11.7% for hexanal, 0% to 6% for
2,4=decadienal) were much lower than those reported by Chan et al. (14)
who decomposed neat linoleate 9- and l3-hydroperoxides at 160°C in the
injection port of a gas chromatograph and obtained yields of 67% to 80%.
They suggested thelr yields were high because they used anaerobic condi-
tions in the absence of unreacted linoleate. However, since our peroxides
were decomposed under similar conditioms, it is not clear how to account
for the difference in yields. These results are much closer to those
reported by other investigators who decomposed hydroperoxides under
various conditions and obtained yields between 10% and 20% (36,64). Grosh

(41) reported a yield of 6% for hexanal when a mixture of linoleic acid
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Table 3. Yields (Mol. %) of carbonyls produced from linoleic acid 13-
hydroperoxidea decomposed at various temperatures

Temp. of Time of Z Hexanal 2,4-—Decadienalb
incubation  incubation Decomposition (Mol )¢ (Mol %)°

40°C 6 days 5028 10.4 A 0.0 A

55°C 6 days 100% 11.7 A 1.3 A

80°c 96 hours 1007 8.5 A 4,3 B

160°C 6 hours 100% 7.1 B - 4.1 B

8Concentration of the hydroperoxide in dodecane was 4.2 mg/g.
bCorrection factor = .25.

“Means that share the same letter are not significantly different
(p<0.05).

dCorrected for artifacts produced.

Table 4. Yields (Mol. %) of carbonyls produced from linoleic acid
9-hydroperoxidea decomposed at various temperatures

Temp. of Time of pA Hexanal 2,4-Decadienalb
incubation incubation Decomposition (Mol Z)c (Mol %)C

40°C 6 days 4078 11.7 A 0.0 A

55°C 6 days 80z  10.5 4 0.0 A

80°C 96 hours 100% 7.2 A 5.6 B

160°C 6 hours 100% 5.5 B 5.7 B

%The concentration of the hydroperoxide in dodecane was 3.1 mg/g.
b
Correction factor = .25.

cMeans that share the same letter are not significantly different
(p<0.05).

dCorrect:ed for artifacts produced.



Figure 2. Chromatogram of carbonyl-TCPHs from the decomposition of
linoleic acid 13~hydroperoxide at 55°C for 6 days. GC c§Y}1-
lary column is 15 m SPBl, attenuator 64, electrometer 10

,la: Hexanal
2-0ctanone (internal standard)

1
2
7: 2,4-Decadienal
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hydroperoxide isomers (75% 13-00H, 25% 9-00H) was decomposed at ambient
temperature in the presence of ascorbic acid.
The carbonyls obtained are those expected from a simple carbon~carbon

bond scission adjécent to an alkoxy radical at both positions 9 and 13:

9
CH,(CH,),-CH = CH-CH = CH-CH-(CH,),—-COOH 9-alkoxy radical from
3V72%% 277
| linoleic acid
0 9~hydroperoxide

CH3(CH2)4-CH = CH-CH = CH-CHO: 2,4~decadienal

13
CH. (CH,),~CH~CH = CH~CH = CH-(CH,),~COOH 13-alkoxy radical
3 274 277
0. from linoleic acid
13~hydroperoxide
CH3(CHZ)4-CHO: hexanal

According to the scheme outlined above, 2,4-decadienal is expected to form
exclusively from the 9-hydroperoxide and hexanal from the 13-isomer.
However, our results showed (especially at high temperatures) that both
isomers formed hexanal and 2,4-decadienal, which means that a positional
isomer of linoleate hydroperoxide can give rise to products normally
attributed to the other isomer. These apparently anomalous results were
also observed by Chan et al. (14) when they decomposed pure individual
isomers of linoleate hydroperoxides at 160°C and obtained hexanal and
2,4~decadienal from both isomers. According to these authors, this
phenomenon can be explained by the rapid isomerization of the individual
isomers prior to decomposition. Chan et al. (13,15) have already shown
that both the 9- and l3-isomers of linoleate hydroperoxide undergo

isomerization readily at low temperatures. Thus, sufficient isomerization
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could have taken place during the preparation, purification and incubation
of the hydroperoxides to account for the results observed in this study.
The almost exclusive formation of hexanal at lower temperatures and
the relatively high yields of 2,4-decadienal at higher temperatures was
also reported by previous researchers (64,93). Swoboda and Lea (93)
explained this effect of temperature by further selective oxidation of
2,4-decadienal. This reasoning cannot hold in our study, for the hydro-
peroxides were decomposed essentially under anaerobic conditions. The
most plausible explanation would be the one proposed by Kimoto and Gaddis
(64) which is based on a selective course of scission of the hydroper-
oxides. The carbon—carbon bond between an alkoxy radical and a double
bond was considered to be most easily cleaved (side A). Thus, the
13-hydroperoxide yields predominant amounts of hexanal and the 9-
hydroperoxide can form a little 2,4-decadienal spontaneously, but mostly

the semi-aldehyde.

{ |
1131
] SN .
CH, (CH, ) A-E-(IZH-‘II-CH = CH-CH = CH~(CH,),~CO0H
10,
B A
CH3(CH2)4-CH0 : hexanal
9 |
CH3(CH2)4 CH = CH-CH = CHT?HT(CH2)7_COOH
100
A B
OHC-(CH2)7‘COOH
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At higher temperatures, scission takes place also at the other side (B) of
the alkoxy radical and the formation of 2,4-decadienal becomes signifi-
cant.

No 2-alkenals were observed, but considerable amounts of carbonyls
with retention times not matching those of any of the normal aldehydes,
2-enals, 2,4-dienals or 2-ketones standards, were formed exclusively at
160°C. A typical chromatogram of these unknown carbonyls showing their
elution temperature is presented in Figure 3. Table 5 shows the molar

ylelds of these carbonyls.

Metal Ions Effects

Linoleic acid 13-hydroperoxide was decomposed at 55°C for 6 days in
the presence of copper acetate and iron acetate which were previously
dissolved in ethanol and added to the hydroperoxide solution (4.2 mg/g of
dodecane) to give a molar ratio concentration of 1. The results were
compared with a sample decomposed under the same circumstances in the
presence of ethanol only. Table 6 shows that metal ions gave higher
yields of both hexanal and 2,4~decadienal. The same pattern of unknown
carbonyls reported previously at 160°C was also observed under these
conditions. These carbonyls were formed in much higher yields with Cu++
than with Fe'' (Table 6). Metal ions and especially cupric ions (Cu++)
are well-known as powerful decomposers of hydroperoxides (64,65,68).
These results are in agreement with previous work of Kimoto and Gaddis
(64) who showed a similar effect of heat and cupric stearate when they

decomposed autoxidized trilinolein in sealed tubes. However, we were not



Figure 3. Chromatogram of the unknown carbonyls observed during decompo-
sition of linoleic acid hydroperoxides at 160°C. GC capillag¥l
column is 15 m SPB-1l, attenuator 64, electrometer setting 10

l,la: Hexanal

2: 2-0Octanone (internal standard)
3,4,5,6: Unknown carbonyls

7: 2,4-Decadienal
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Table 5. Yields (Mol. %) of unidentified carbonylsa produced from
linoleic acid hydroperoxides decomposed at 160°C for 6 hours

Peak No.
3 4 5 6
Elution temperature
223°C  225°C 227°C 230°C Total

13-hydroperoxide 2.0 1.5 1.3 2.0 6.8
9-hydroperoxide 2.6 1.7 1.7 3.5 9.5

83ince their retention times were close to 2,4-nonadienal, their

yields were calculated assuming that they have the MW of 2,4-nonadienal
(138). Correction factor = .45.

Table 6. Yields (Mol. %) of carbonyls produced from linoleic acid
l3-hydroperoxidea decomposed in the presence of metal ions

o 2,4- c.d Unknown carbonylsb
Trial Hexanal Decadienal >°223°C 225°C 227°C 230°C Total
Nonee 6.3 B 0-9 A - - - - 1.5
Cut™ Acet. 9.1 A 4,78 8.9 6.3 7.6 10.6  33.4
Fe't Acet. 7.6 B 2.0C 3.0 1.9 2.7 5.6 13.2

3The concentration of the hydroperoxide in dodecane was 3.1 mg/g.

inelds calculated assuming that MW = 138, correction factor = .45
(values for 2,4-nonadienal).

“Means that share the same letter are not significantly different
(p<0.05).

dCorrection factor = .25.

eOnly ethanol was added (5%).
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also to identify any 2-alkenals, even though the authors (64) obtained

2-heptenal in amounts similar to those of hexanal.

Antioxidants Effects

Several well-known antioxidants were investigated under the same
conditions used for metal ions. Butylated hydroxytoluene (BHT), propyl
gallate (PG), tertiary butylhydroquinone (TBHQ), butylated hydroxyanisole
(BHA), and o~tocopherol (a-Toco.) were dissolved in either ethanol (PG,
TBHQ) or dodecane (BHA, o.~Toco., BHT) and added to the hydroperoxides in a
molar ratio equal to l. The results are presented in Table 7. Because
the antioxidants were dissolved in either ethanol or dodecane, their
effects were compared with control samples: dodecane only or dodecane in
the presence of 5% ethanol. In the presence of ethanol, the hydroper-
oxides decomposed to a lesser extent (30%). Possibly a hydrogen binding
between the alcohol and the hydroperoxide would form a complex that makes
the hydroperoxide more stable. In general, the antioxidants showed a
tendency to accelerate the decompoéition of hydroperoxides as has been
previously reported by Privett (81) and by Hill et al. (54). This was
more evident in preliminary investigations where the hydroperoxides were
decomposed for shorter times (3, 5 days). It was noted that a—tocopherol
and TBHQ were the most effective in accelerating hydroperoxide
decomposition. The results show that hexanal and 2,4-decadienal were
the only carbonyls identified. Some antioxidants (BHA, a-Toco.) gave
lower yields of hexanal, and PG and TBHQ resulted in higher yields of
2,4-decadienal. The results obtained with antioxidants dissolved in

ethanol should be considered cautiously because of the possible
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Table 7. Yields (Mol. %) of carbonyls produced from linoleic acid
13~hydroperoxide?® decomposed in the presence of various

antioxidants
% b c 2,4~ c,d
Trial Decomposition Hexanal  Decadienal "’
None (dodecane) 100% 11.7 A 1.3 4
BHA (in do.) 73% 7.9 B 0.4 A
BHT (in do.) 63-67% A 0.4 A
0~Toco. (in do.) 100% 5.6 B 3 A
None (ethanol)® 30~35% 6.3 B 0.9 A
PG (in EtOH.) . 73% 5.9 B 3.2 B
TBHQ (in EtOH.) 100% 4.5 B 2.5 B

3The concentration of the hydroperoxide in dodecane was 3.1 mg/g.

Samples not completely decomposed were corrected for artifacts
production.

“Means that share the same letter are not significantly different
(p<0.05).

dCorrection factor = .25,
eOnly ethanol was added (57%).

interactions of the alcohol with the hydroperoxides or intermediate
decomposition products. However, when only the antioxid;nts dissolved in
dodecane were considered, it is clear that carbonyls were produced in
lower yields. To account for this, one can speculate that the alkoxy
radicals that are intermediate in the decomposition and scission of hydro-
peroxides were reduced to alcohols by a hydrogen donated'by the anti-
oxidant, thus inhibiting further scission of the alkoxy radicals to
carbonyls. Another possibility would be a radical addition of the hydro-

peroxide to the antioxidant. Gardner et al. (39) have already shown that
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either linoleic acid hydroperoxide or methyl linoleate hydroperoxide
reacts anaerobically with either O0~tocopherol or its model compound
2,2,5,7,8-pentamethyl-6—-hydroxychroman to form principally an additional
compound of the two reactants. The mechanism appears to be free radical
addition of alkoxy radicals from the hydroperoxide and chromanoxy radicals
from tocopherol. Even though more systematic investigations using various
concentrations of antioxidants would lead to more conclusive results, it
is clear that antioxidants do have some effect on the decomposition of
hydroperoxides to carbonyls. Therefore, it is important in choosing an
antioxidant to consider its effects on scission product yields, as well as
its effect on the accumulation of hydroperoxides during autoxidation.
Carbonyls Produced From the Decomposition of Methyl
Linoleate and Methyl Linolenate Hydroperoxides
Produced by Autoxidation

Methyl linoleate and methyl linolenate hydroperoxides were decomposed
at 160° and 55° for 6 hours and 6 days, respectively. Table 8 shows the
molar yields of the carbonyls identified. At the lower temperatures, when
compared with the free fatty acid hydroperoxides, the methyl esters were
found to be much more stable (only 5% decomposition). Possibly the free
carboxyl group acted as catalyst of hydroperoxide decomposition. Most of
the aldehydes identified in this study were also reported by Frankel et
al. (32) from the decomposition of pure hydroperoxides from autoxidized
and photosensitized oxidized methyl linoleate and linolenate. At 160°C,
methyl linoleate hydroperoxide formed hexanal and 2,4-decadienal as major

products. Their yields (8% and 5%, respectively) were comparable with
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Table 8. Carbonyl yields fgom the decomposition of methyl linoleate,a
methyl linolenate” hydroperoxides and linolenic acid®

13-hydroperoxide
Aldehydes Carbonyl yields (Mol. %)

Me 18:2-00H 160°C (100% decomposition) 55°C (5% decomposition)d
Pentanal 1.1 -
Hexanal 7.8 8.4
2-Heptenal 1.1 -
2,4-Decadienal 5.8 -

Me 18:3-00H
Propanal 4.0 3.6
Butanal tr. (<1%) tr. (<1%)
2-Butenal 1.0 -
2~Pentenal 1.3 -
2-Hexenal o tr. (K1%) -
2,4-Heptadienal 3.7 4,1

18:3-13-00H"
2-Pentenal 2.5 6.9
2/3-Hexenal 3.2 -

ZConcentration of the hydroperoxide in dodecane = 4.4 mg/g.
Concentration in dodecane = 5 mg/g.

cConceﬁtration in dodecane = 2.3 mg/g.

dCorrected for artifacts produced.

®Correction factor = .45.

fEight:y percent decomposition at 55°C.

those reported previously for the free fatty acid hydroperoxides.
Pentanal and 2-heptenal were produced as minor products. 2-Heptenal
probably arises from the 12-hydroperoxide that has been identified among

photooxidized linoleate hydroperoxides. Pentanal was also reported by
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Frankel et al. (32); however, its presence at this relatively significant
level was not expected. Seemingly, the hydroperoxides formed by autoxi-
dation were a more complex mixture than the 9- and 13-isomers formed
enzymatically. The formation of pentanal cannot be explained by the
classical cleavage mechanism of linoleate hydroperoxides. It is possible
that it resulted from the decomposition of secondary oxidation products of
linoleate hydroperoxides or from a further oxidation of the final scission
products. Indeed, secondary oxidation of aldehydes may occur by reaction
with the same peroxy radical formed by carbon—oxygen fission supported by
Chan et al. (14) to explain the isomerization between the 9- and
13-1inoleate hydroperoxides.

A mechanism for oxidative degradation of aldehydes postulated without
direct experimental evidence proceeds through a peracid intermediate and
would explain the formation of lower aldehydes (41):

0

2
R - CH2 - CHO —=-->R ~ CH2 - CO3H ——=>R - CHZCOOH

Pentanal would then originate from further oxidation of hexanal. However,
when 1é’C—labeled hexanal was oxidized in soybean oil, hexanoic acid was
produced at 50°, but no lower aldehydes were produced (73).

The mixture of methyl linolenate hydroperoxides decomposed at 160°
gave rise to a larger number of carbonyls than did methyl linoleate.
Among them, propanal and 2,4-hep£adienal were the major products. The
origin of propanal would be the l6~hydroperoxide and 2,4-heptadienal would

be a scission product of the 12-hydroperoxide isomer. Other carbonyls
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formed as minor products were butanal (traces), 2-butenal (1.0%),
2-pentenal (1.3%), and 2-hexenal (traces). Autoxidation of linolenate
leads to the formation of 327% 9-, 11% 12—, 11% 13-, and 467 16-00H (32).
In this study, the relatively high yield found for propanal is in
agreement with the high concentration of its precursor (the 16-00H).
However, for the other carbonyls, their yields do not match their
respective precursor hydroperoxides. The products expected from the
decomposition of the 9-hydroperoxide (2,4,7-decatrienal) and the 13 isomer
(2- or 3-hexenal) are completely absent or present as traces. Further
discussion of the decomposition of these 2~hydroperoxides is presented in
the following section. 2-Butenal might be the decomposition product of
the l5-hydroperoxide identified in photosensitized oxidized methyl
linolenate.

Butanal and 2-pentenal might have been formed from the decomposition
of secondary oxidation products of linolenate hydroperoxides. For exam—
ple, butanal can form f?om the decomposition of methyl 16-hydroperoxy-13,
15-epidioxy-cis-9, trans—ll-octadecadienoate as presented on page 28.

When compared with linoleate, linolenate hydroperoxides quantita-
tively formed less total carbonyl yield, indicating that the problem of
the potency of the off-flavors produced in oils containingblinolenic acid
might be related to the nature of the carbonyls produced rather than to
high yields. However, the carbonyls reported in this study are only those
best amenable to our column and GC detection technique and their relative
concentration is probably also affected by their thermal stability. The

fact that the carbonyls expected from the 9—-hydroperoxide decomposition
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were not detected is a good example. The possibility that linolenic acid
yields a greater amount of scission products or more stable scission
products than linoleic acid has been suggested lately by Hammond (49)
after he converted the carbonyl analysis of oxidized soybean o0il by White
and Hammond (97) into relative flavor potency by the data of Dixon and
Hammond (18). The flavor potency of the products from linolenic acid was
found to be higher than that from linoleic acid, but not by a large
amount. Based on its percentage in the o0il and its rate of oxidation,
linolenic acid seems to give greater yield of carbonyls than expected.

In this study, if one supposes that the carbonyl yield from the
9~hydroperoxide is the same as that from the l6-isomer (4%) and that no
polymerization of the carbonyls had occurred under the incubation condi-
tions, linolenate hydroperoxides still do not seem to give higher yields
of carbonyls than linoleate.

Carbonyls Produced From 9- and 13-Linolenic
Acid Hydroperoxides

9- and 13-Linolenic acid hydroperoxides were produced enzymatically
and decomposed at 160° for 6 hours and 55°C for 6 days. Table 8 shows
that 2-pentenal and 2- or 3-hexenal were the only two quantifiable
carbonyls that resulted from the decomposition of the l3-isomer at 160°C;
however, only 2-pentenal was formed when the hydroperoxide was decomposed
at 55°C. Hexenal is the expected product of decomposition of the

13-hydroperoxide, but the formation of 2-pentenal is not so easily

explained.



64-65

The decomposition of the 9-hydroperoxide led to no significant yield
of carbonyls. Peers et al. (79), however, identified 2,4,7-decatrienal as
a major carbonyl from thermally decomposed pure 9-hydroperoxide. Even
though there is no reasoa for our procedure not to detectg this tridecadi-
enal, this possibility should be checked by using pure 2,4,7-decatrienal
as a standard.

It does not seem that the isomerization found in the case of linoleic
acid had occurred with linolenic acid, for it would result in hydroper-
oxide isomers (12— and 13-} whose decomposition products would be
identifiable. Peers et al. (79) also found little evidence of isomeriza-
tion_between the various positional isomers of linolenic acid hydroper-
oxides during the process of their decomposition. Why isomerization
occurs with oleate hydroperoxides and linoleate hydroperoxides but not

with linolenate hydroperoxides remains unclear.
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SUMMARY

Cyclohexene hydroperoxide produced by reaction of cyclohexene bromide
with hydrogen peroxide was dissolved in tricaprin (3 mg/g) and decomposed
under vacuum to investigate the effects of various decomposition condi-
tions on the carbonyls formed by B-scission. The carbonyls were isolated
as 2,4,6-trichlorophenylhydrazones and quantified by gas chromatography.
The only carbonyl detectable was 2-cyclohexenone with less than 1%
B-scission carbonyl products. The molar yield of cyclohexenone produced
was "60%.

Linoleic acid and linolenic acid~13-hydroperoxides produced by soy-
bean lipoxygenase, linoleic and linolenic acid 9-hydroperoxides produced
by potato lipoxygenase, and methyl linoleate and methyl linolenate hydro-
peroxides produced by autoxidation were dissolved in dodecane and decom—
posed anaerobically at various temperatures to investigate the effects of
temperature on the yields of carbonyls produced. Linoleic acid
13-hydroperoxide also was decomposed at 55°C in the presence of metal ions
(copper acetate, iron II acetate) and antioxidants (BHA, BHT, PG, G-toco.,
TBHQ). At lower temperatures (40° and 50°C) only hexanal was identified
from the decomposition of both linoleic acid 9- and 13-hydroperoxides. At
higher temperatures (80°C, 160°C), both hydroperoxides gave rise to
hexanal and 2,4-decadienal. The molar yields of these 2 carbonyls varied
from 5% to 12% for hexanal and 0% to 6% for 2,4-decadienal. Sufficient
isomerization of the 2 hydroperoxides could have taken place during their
preparation and incubation to account for the production of hexanal and

2,4-decadienal from either hydroperoxide. A selective course of scission
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of the hydroperoxides where the carbon—carbon bond between the alkoxy
radical and a double bond is considered to be the most easily cleaved,
would be the reason for the exclusive formation of hexanal at lower
teﬁperatures.

Linoleic acid 13-hydroperoxide decomposed in the presence of cutt and
Fe++ gave higher ylelds of hexanal and 2,4~decadienal. The same unknown
carbonyls observed at higher temperatures (160°C) were also formed in the
presence of metal ions. These unknown carbonyls were formed in much
higher yields with Cu'' (33.4%) than with Fe'' (1.51%).

The presence of antioxidants accelerated peroxide decomposition and
resulted in lower yields of hexanal. 0-Tocopherol and TBHQ produced the
lowest yields (5.6% and 4.5%, respectively). PG and TBHQ which were
dissolved in ethanol before they were édded to the hydroperoxides resulted
in the formation of slightly higher yields of 2,4-decadienal. The anti-
oxidants dissolved in dodecane (BHA, BHT, ®-Toco.) formed less carbonyls
than did the control sample.

The methyl ester hydroperoxides were found to be much more stable
than the free fatty acid hydroperoxides. Methyl linoleate hydroperoxides
formed hexanal and 2,4-decadienal as major products in yields comparable
to those obtained from the 9- and 13-hydroperoxides. Pentenal and
2-heptenal were present as minor products (l.1% at 160°C).

The major carbonyls formed from methyl linolenate hydroperoxides
decomposed at 160° and 55°C were propanal (4%) and 2,4-heptadienal (3.7%)
resulting from th: decomposition of the 16— and 12-hydroperoxides. Other

carbonyls formed at yields 1% were butanal, 2-butenal, 2-pentenal, and 2~
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or 3-hexenal. Except for 2- or 3-hexenal, the presence of these minor
carbonyls could not be accounted for by the classical scheme of scission
of simple hydroperoxides.

Linolenic acid 13-hydroperoxide decomposed at 160° formed 2- or
3~hexenal (3.2%) and 2~pentenal (2.5%), but only 2-pentenal was produced
at 55°C. No quantifiable carbonyls were obtained from the decomposition

of linolenic acid 9-hydroperoxide.
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GENERAL CONCLUSIONS

Thermal decomposition of cyclohexene hydroperoxide resulted in the
formation of cyclohexenone as the only carbonyl identified (60% molar
yield).

The yields of hexanal and 2,4-decadienal resulting from the decompo-
sition of linoleic acid hydroperoxides varied from 5% to 12% for
hexanal and 0% to 7% for 2,4-decadienal, depending on the temperature
of decomposition. Mild temperatures seem to favor the formation of
hexanal and high temperatures, the formation of 2,4-decadienal indi-
cating a selective decomposition of the hydroperoxides.

Metal ions accelerated the decomposition of hydroperoxides and their
effects were very close to high temperature effects. Cu++ formed
remarkably high ylelds of carbonyls, most of them unknown carbonyls.
Most antioxidants accelerated the decomposition of hydroperoxides but
resulted in lower yields of carbonyls depending on the antioxidant.
The efficiency of an antioxidant should then be judged not only on
the basis of its effect on the accumulation of hydroperoxides but
also on the basis of its effect on scission products.

Linolenate hydroperoxides gave a larger number of carbonyls than
linoleate, but linolenate hydroperoxides gave a lower total carbonyl

yield than linoleate hydroperoxides.
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