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amount of unsaponifiables found is corrected for the
0.13% originally present in the stearic acid. The
data are presented in Table III. Good recoveries were
obtained in all cases, and the average deviation from
theory is == 4%. This is equivalent to a standard
deviation at the 1% level of uunsaponifiable of only
0.05%.

The reproducibility for replicate analyses of three
different tallows, a coconut oil, and a soap is pre-
sented in Table IV, and the results are compared to
the macro method values.

TABLE IV
Unsaponifinble Content of Some Fats

Yo Unsap.

No.of |
Sample " ¢

runs Semimicro (én(z)&ro Std. dev.
Tallow A............... 6 0.79 0.57 0.12
Tallow B. 10 0.83 0.556 0.05
Tallow C. 2 0.58 0.45 0.04
Coconut oil. 4 0.40 0.39 0.05
Soap 3 0.45 0.44 0.04

The semimicro method gave the same or slightly
higher unsaponifiable values than the macro pro-
cedure, A.0.C.S. Ca 6a-40. Since the semimicro (ion
exchange) method is a diree¢t determination of non-
ionie material whereas the macro (extraction) method
is empirical, the semimicro results should be more
accurate and more nearly true values. The reproduci-
bility of the semimicro method i1s good and is com-
parable to that obtained by the macro method. The
standard deviation from the mean for the five sam-
ples was 0.06%.

Twenty-threc additional determinations on fat and
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o1l samples were run under routine analytical condi-
tions. The standard deviation from the mean for the
range 0-29% unsaponifiable matter was 0.06%.

‘When soaps arc examined for unsaponifiables plus
unsaponified materials, the sample is dissolved in
warm water and extracted with ethyl ether without
any saponification. The ion exchange procedure is
the same as that in the method.

The unsaponifiable determination is applicable to
all normal fats and oils (both c¢rude and refined), to
partial glycerides and esters, and to fatty acids and
soaps containing mno more than 22 ecarbon atoms.
Severely oxidized fats or polymerized fatty acids can-
not be analyzed because these fatty acids are not re-
tained by the ion exchange resin. Some modification
of the eluting system could possibly give better re-
tentions.

This method has been used in various nutritional
studies and should find application in c¢linical investi-
gations. Where it is desirable to use this technique
on a preparative scale or where larger samples arc
to be used, proportionate incrcases in reagents and
equipment were found to give satisfactory results.
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Thermal Dimerization of Fatty Ester Hydroperoxides

E. N. FRANKEL, C. D. EVANS, and J. C. COWAN, Northern Regional

Research Laboratory,” Peoria, Illinois

ORMATION of conjugated fatty hydroperoxides as
F initial products in fat autoxidation is well estab-

lished (1,6,8,22,23,28). However knowledge on
the subsequent decomposition of hydroperoxides is
relatively incomplete. Some of the confusion in the
literature arises from the great variety of conditions
of decomposition used by different workers.

Thermal decomposition of fat hydroperoxides pro-
duces a variety of scission products (3,10,13,19) and
high-molecular-weight material, principally dimerie
in nature (7,8,27,31,35,36). When decomposition is
carried out at relatively low temperatures and in the
presence of oxygen, dimeric products appear to be
oxygen-linked. By molecular distillation Swern et al.
(31) isolated polymerie fractions from methyl oleate
autoxidized at 65°C. in the presence of cobalt ole-
ate. To account for the excessive oxygen they believed
that the polymers were oxygen-linked and assumed
an ether linkage since the polymers were resistant to

1 Presented at 33rd fall meeting, American OQil Chemists’ Society, Los
Angeles, Calif., Sept. 28—-30, 1959.

2This is a laboratory of the Northern Utilization Research and De-
velopment Divigion, Agricultural Research Service, U. S. Department
of Agriculture.

saponification. Chang and Kummerow (7) and Wit-
ting et al. (36) used solvent extraction to isolate
polymers from ethyl linoleate and linolenate, respec-
tively, which were autoxidized at 30°C. They were
able to split the polymers into monomeric units with
concentrated halogen acids, thus indicating an oxygen-
linkage.

When decomposition of fat hydroperoxides is car-
ried out at temperatures above 100°C. and in an
inert.atmosphere, the dimerie products appear to be
linked by a carbon-to-carbon bond. Williamson (35)
decomposed autoxidized methyl linoleate (33°C.,
U.V. light) by heating it at 100°C. in nitrogen.
Dimers isolated by solvent fractionation and molec-
ular distillation contained monomeric units linked by
carbon-to-carbon bonds since they were not cleaved
with hydrogen iodide. In these studies the isolation
procedures were complicated by the presence of in-
completely decomposed fat hydroperoxides and other
products of autoxidation similar in solubility char-
acteristics to the polymerized material. It is difficult
to isolate polymerized material by solvent fraction-
ation of autoxidized mixtures without contamination
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by peroxides. On the other hand, molecular distil-
lation of incompletely decomposed autoxidized fats
would be expected to result in further thermal de-
composition of fat hydroperoxides.

In the present study the dimeric products (here-
after ecalled dimers) were isolated from autoxidized
fats and methyl esters and from purified fatty hydro-
peroxides after complete decomposition of the hydro-
peroxides at 210°C. in an inert atmosphere. These
conditions are similar to, but not identical with, the
commercial processing conditions encountered during
deodorization of vegetable oils. The purpose of our
work was to characterize the dimers formed under
these conditions. Previously these dimers were shown
to lower the flavor and oxidative stability of soybean
oil (11) and may therefore contribute to the flavor
reversion problem.

Experimental

Preparation of Methyl Esters. The methyl esters
of safflower oil and soybean oil were prepared by a
standard transesterification procedure with sodium
methoxide in methanol, followed by vacuum distilla-
tion. Methyl linoleate was prepared by esterification
of a linoleic acid concentrate derived from safflower
fatty acids by Podbielniak extraction with furfural
and hexane (2). The fraction boiling at 147-150° /0.5
mm. was used (I.V. 170.0, theoretical 172.2). Gas-
liquid chromatography showed the presence of 1.2%
oleate. Methyl oleate (99.5+9% pure)., obtained from
Applied Science laboratories Ine., State College,
Pa., had no deteectable impurities by gas-liquid
chromatography.

Alkali-conjugated methyl linoleate was prepared
from safflower fatty acids crystallized from hexane
at —40°C. to remove saturated acids.  lsomerization
was carried out with 159% KOIL in ethylene glycol at
190-202°C. for 45 min. The conjugated acids were
methylated in methanol and sulfuric acid, and the
methyl esters were distilled at 144-160° /40 . The
conjugated methyl linoleate had an absorptivity of
76.9 at 232 mup (the corresponding absorptivity of
cis-trans conjugated methyl linoleate is 93.7) and
contained approximately 85% cis,trans diene by in-
frared analysis.

Auwtoridation. The soybean oil was autoxidized at
60°C. in the dark with oxygen. The methyl esters
were autoxidized at 5°C. by exposure to a high-
pressure, mereury-vapor Hanovia lamp (100 watts)
and a coutinuous stream of oxygen. Iydroperoxide
concentrates were prepared from autoxidized methyl
esters of safflower oil (peroxide value 1,800 me/kg.)
by the countercurrent extraction procedure of Zileh
et al. (37). The purified hydroperoxide fractions had
peroxide values ranging trom 3,630 to 5,300.

Decomposition. The autoxidized esters were decom-
posed by heating at 210°C. for 15 to 30 min. with
agitation from a fine stream of nitrogen. This treat-
ment was sufficient to destroy all the peroxides as
determined iodometrically with potassium iodide.
‘When the peroxide value of the esters exceeded 1,000,
the initial stages of decomposition at 210°C. were very
vigorous, and it was neecessary to treat the esters in
small lots of 50 to 100 ¢. The volatiles were collected
through an air condenser and consisted of water and
liguid products. Decomposition of autoxidized soy-
bean oil was carried out under the conditions of
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laboratory steam deodorization: 210°C., 2 hr., pres-
sure below 1 mm. Hg.

Preparation of Dimers. The dimers were distilled
from thermally decomposed autoxidized esters at
5-15 p in a molecular still. The deodorized-autoxi-
dized soybean oil was converted to methyl esters prior

to distillation. Typical fractionations are given in
Table I.

TABLE I

Molecular Distillation of Thermally Decomposed
Autoxidized Fatty Esters

Temper- | Percent- | Molecu-
Fractions ature, age of lar
°C. total weight
Cyelic still.> Safflower methyl esters (P.V.
1525), Pressure: 15-50 u. Two passes
at each temperature.
1. 100 41.2 301
120 5.0 336
150 5.7 421
175 5.9 517
200 7.8 568
225 5.6 706
250 4.6 763
250 24.7 1160
Falling-film still. Soybean oil methyl esters
(P.V. 1410). Pressure: 5-10 x. Frac-
tions recycled at each temperature.
1. 120 73.7 287
200 16.5 527
250 5.4 708
250 4.4 1350
“Rota-Film” still (Asco “5077).p Methyl
linoleate (I.V. 2210). Pressurc 5-10 u.
. o 120 65.9 300
2. . 200 28.1 603
Rest LT e 200 6.0 1140

 Consolidated Vacuum Corporation, Rochester, N, Y.
b A, K. Smith Company, Rochester, N. Y.

Analytical Procedures. Molecular weights were
determined eryoscopically in benzene saturated with
water (to minimize absorption of moisture from the
atmosphere).  Peroxides were determined iodomet-
rically by reduction with potassium iodide (12) or
hydriodic acid (15). Todine values were determined
by the standard Wijs method. Attempts were made to
hydrogenate the dimers in ethyl acetate solution with
palladium catalyst at atmospherie pressure. Ilowever
the dimers were not completely hydrogenated as indi-
cated by the slow hydrogen absorption, which did not
reach a maximum value in several hours. The diffi-
culty in obtaining guantitative measurement of un-
saturation of polymeric material is well known (35).
Carbonyl and oxirane oxygen were determined by
procedures similar to those deseribed by Knight and
Swern (21). Diene conjugation was determined spee-
trophotometrically in absolute methanol by using a
Carcy Model 14 instrument. The infrared meas-
urements were made with a Baird-Atomic KM-1 in-
strument, using sodium chloride cells. An infrared
procedure was devised for hydroxyl determination
with methyl ricinoleate as standard. Beer’s law was
followed in the range of 1 to 5% ricinoleate. Dimers
analyzed etther in dilute carbon tetrachloride solu-
tions (less than 5%) or undiluted gave results that
deviated within 10% of the average and that agreed
with the chemical analysis for hydroxyl groups (26).

Reaction with Hydrogen Iodide. Dimers (6 g., 0.01
M) were refluxed for 2-3 hrs. with constant boiling
hydriodic acid (30 ce., 55-58%). The reaction mix-
ture was extracted with ether, and the extract was
treated with aqueous sodium bisulfite. Combined
iodine was removed by refluxing in glacial acetic acid
m the presence of zine dust (35). After 30 min. the
reaction mixture cleared, then it was filtered and ex-
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tracted with ether. The extract was dried over so-
dium sulfate to give a yield of 94%. Since hydrogen
iodide converted the dimers to the free acids they
were remethylated with diazomethane prior to char-
acterization.

Reduction Procedures

a) Catalytic Hydrogenation. Dimers were catalyt-
ically hydrogenated for 2 hrs. in a Parr shaker in
ethyl acetate solution at 50-60°, 40 p.s.i. hydrogen
pressure, with 3-6% platinum oxide catalyst.

b) Sodium Sulfite. The dimers (6 .} were stirred
with 20 ml. of ethanol and 5 g. of sodiwm sulfite for
24 hrs. The solution was filtered and extracted with
ether. The extract was dried over sodium sulfate,
and the solvent was removed in vacuo.

¢) Sodium Bisulfide. Reduction with sodium bisul-
fite was carried out by the procedure of Knight and
Swern (20) for the reduction of peroxides.

d) Hydrodic Acid. Reduetion with hydriodic acid
consisted of determining peroxide with hydriodie aeid
(18), followed by ether extraction of reduced dimers.

e) Acetic Acid-Zine. The dimers (6 g.) were re-
fluxed with 50 ml. glacial acetic and 5 g. zine dust for
30 min. The mixture was poured in water and ex-
tracted with ether. The ether extract was washed with
water, then with dilute alkali, followed by water un-
til the washings were neutral, and was dried over
sodium sulfate.

£) Lithium Aluminwm Hydride. This (0.2 ¢, 0.005
mole) was suspended in 10 ml. of dry ether in a round-
bottom flask and mixed with a magnetie stirrer in a
nitrogen atmosphere. A solution of dimer (1.5 g,
0.0025 mole) was added dropwise to the suspension of
lithinm aluminum hydride from a dropping funnel
stoppered with a drying tube. After addition of the
dimer, the mixture was refluxed for 30 min. The
lithium aluminum hydride was then inactivated with
25 ml. of 0.1 N hydrochloric acid. The reaction mix-
ture was filtered, and the ether layer was washed with
water and dilute acid, followed by water until the
washings were neutral. The ether solution was dried
over sodium sulfate, and the solvent was removed
1N VACUO.

Results

Polymerization of Autoxidized Fatty Esters and
Fat Hydroperoxides. To determine the effect of hy-
droperoxide concentration on the extent of polymeri-
zation, a series of autoxidized fatty esters and of fat
hydroperoxide mixtures were decomposed at 210°C.
in nitrogen for 15 min. The decomposed esters were
distilled molecularly at 120-140°/5 u to remove the
mixed monomeric materials. Results in Table 11 show
a linear relation between the peroxide value of the
esters before decomposition and the amount of poly-
mer formed. There is good agreement between the
experimental yields of polymers and the yields cal-
culated on the basis that only hydroperoxides poly-
merize. In the presence of alkali-conjugated fatty
esters, as with the nonconjugated fatty esters, the
yvields of polymers agreed with the yields calculated
from the peroxide value of the mixtures. The fresh
esters did not polymerize under conditions used for
decomposition. Analyses of the monomeric fractions
showed that they consist mainly of the nonoxidized
methyl esters plus a small portion of low-molecular-
weight decomposition products of hydroperoxides. In
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TABLE 1T

Tolymerization by Thermal Decomposition of Fatty
Kster Hydroperoxides

L 4 Yield of polymer
s PO e o >eroxide
Hydroperoxide mixtures value Fount Caleu-
rou lated ®
me./kg. Yo )
Autoxidized soybean oil me hyl
ESLRTS. .eiiiriiiiriiiiiec e 0 0 0.0
113 2.6 1.8
642 9.3 10.5
1059 16 17.3
1382 21 22.5
Mixtures of methyl linoleate hydroper-
oxides and methyl linoleate................ 0 0 0.0
13256 25 21.6
2650 43 43.3
3975 65 64.9
5300 ks 86.5
Mixtures of methyl linoleate hydroper-
oxides and alkali-conjugated methyl
Jinoleate.....oovvivviiiinii
[} QO 0.0
1250 21 20.4
2315 43 40.4
3550 62 59.8
4630 71 75.6

# Assuming that methyl linoleate hydroperoxide (P.V. 6125) gives
100% polymer.

the monomerie¢ fractions from the mixtures of conju-
gated methyl linoleate and methyl linoleate hydro-
peroxides, the diene conjugation increased in direct
proportion to the coneentration of conjugated methyl
linoleate in the mixtures before heating (Figure 1).

100.0
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e
g — ~\
5.0 —m=Mixtures, before heoting J.
=~e==Monomers, after heating
0.0 ] I !
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Hydroperoxide Concentrate, ¥, mmmp—
~g===Conjugated Methyl Linoleate
Fra. 1. Dicne conjugation in mixtures of methyl linoleate
hydroperoxide and alkali-conjugated methyl linoleate before
and after heating.

The polymers from all the mixtures of hydroperox-
ides and methyl esters had approximately the same
characteristics, e.g., saponification equivalent, iodine
values, and hydroxyl concentrations. The amount of
volatiles produced from the polymerization of fat
hydroperoxides in sealed tubes at 210°C. in inert at-
mosphere varied from 8 to 10% of the weight of hy-
droperoxides. These volatiles consisted of 48 to 52%
water, which is equivalent to approximately one mole
per mole of hydroperoxide.

The effect of autoxidation and subsequent thermal
decomposition on the infrared spectra of soybean oil
esters i1s shown in Figure 2. The autoxidized esters
show an hydroxyl band at 2.95 x and cis-trans conju-
gation at 10.2 and 10.6 p, which are attributed to the
formation of fat hydroperoxides (6,25,28,30). An
accumulation of carbonyl compounds is also indiecated
by the broadening of the carbonyl band at 5.8 u to
5.9 p. On polymerization the hydroxyl band decreased
and shifted from 2.95 to 2.88 x. This absorption is
attributed to a secondary hydroxyl group and is sub-
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Thermal Decomposition of Autoxidized Soybean Methyl Esters
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Fie. 2. Effect of thermal decomposition of autoxidized soy-
bhean methyl esters on infrared speetra.

stantiated by the absence in the polymerized esters of
peroxides as determined iodometrically with potas-
sium lodide. Only a trace of cis-trans absorption is
shown in the autoxidized-thermally decomposed esters,
which is replaced by trans-trans conjugation at 10.1 u.
The decrease in cis-trans conjugation was confirmed
by the loss of diene conjugation measured at 232 mpu.
After thermal decomposition the diene conjugation in
the autoxidized esters decreased from 18.1% to 8.4%
|using an absorptivity of 81.3 for pure methyl lino-
leate hydroperoxide (6)]. The broad carbonyl band
at 5.8 p remained unchanged in the decomposed esters.
The monomer obtained by molecular distillation of
the decomposed ester shows a much smaller hydroxyl
band at 2.88 g, less trans-trans absorption at 10.1 g,
and a narrower carbonyl band at 5.8-5.9 p than the
dimer. The diene conjugation measured at 232 mp
was 3.5% for the monomer and 23% for the dimer.
The infrared spectra of the polymeric fractions in
thermally decomposed autoxidized safflower methyl
esters were similar to each other (Figure 3).
Characterization of Dimers. The principal fractions
obtained by molecular distillation of the various ther-
mally decomposed hydroperoxides were the dimers.
The yields of dimer in polymers from the decom-
posed hydroperoxides were safflower esters, 70 ; soybean
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esters, 62.7; soybean oil, 66.8; methyl oleate, 90.9;
and methyl linoleate, 82.4%. The analyses of dimeric
fractions are given in Table ITI. The unsaturation of
the dimers can only be estimated from the iodine val-
ues measured, which probably represent minimum
values (35). Determinations of hydrogen iodine val-
ues in the dimers agreed with those by the Wijs
method, but precision was poor. Each dimer containg
about two double bonds according to these data. The
dimers from polyunsaturated fatty ester hydroper-
oxides showed diene conjugation ranging from 10 to
20%. 'This diene conjugation could be partly, but not
entirely, attributed to conjugated carbonyl because a
poor correlation exists between diene and the carbonyl
content of the dimer. All the nonester oxygen cannot
be accounted for by the hydroxyl and carbonyl oxygen.

Molecular Distillation Fractions
Thermally Decomposed Auvtoxidized Sofflower Methyl Esters
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Fra. 3. Iofrared speetra of molecular distillation fractions

from thermally decomposed autoxidized saffiower esters.

The dimers of polyunsaturated esters contain about
1 mole hydroxyl and 0.5 mole of carbonyl per mole of
dimer. The concentration of these funetional groups
is somewhat lower in the oleate dimer.

In Figure 4 a comparison is made of the infrared
spectra of methyl oleate and methyl linoleate with
their corresponding hydroperoxide dimers. The spee-
tra of the dimers were similar to those of the original
fatty esters except for the appearance of a band at
2.85 p for the secondary hydroxyl group, a broaden-
ing of the carbonyl band at 5.7-5.8 y, and a decrease
in the ¢is peak at 6.1 u. The oleate dimer showed a

TABLE TII

Characteristics of Thermal Dimers

Sap.

T ] Todine

Dimers wt equiv. C (by diff.) value Diene 1 OH l Carbonyl

% A % % mole/mole | mole/mole
Methyl oleate...........oovvervininnn. 552 290 74.2 11.2 14.6 76.7 3.7 0.36 0.23
Methyl linoleate... 603 304 73.6 10.4 16.0 98.0 23.4 0.64 0.52
Safflower methyl esters. 544 263 70.9 11.5 18.6 83.3 29.5 1.1 0.55
Soybean methyl esters.. 527 299 72.9 10.6 16.5 96.2 23.0 1.0 0.34
Soybean oil.......ccooeeieeenn , 546 288 73.1 10.6 16.0 86.5 12.3 7.2 0.31
Dimeric oleate (calculated 591 206 77.8 11.2 11.0 861 | ... 1 b
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TABLE 1V
Characteristics of Reduced Thermal Dimers
Tod Infrared
- odine oo Mol
Dimers value Diene oH wt Cis- Trans- Tsol.
trans trans trang
% %%
Soybean ester dimer...... 96.2 23.0 3.1 530 —+ + 4+
Hydrogenated dimer.. 22.2 0 3.1 540 — — +
Soybean 01l dIMeT.......covvvriieniniiniiir | e 12.3 3.5 | o - -+ +4-
Reduced dimer with:
Sodium SUlfife.....oooirnniiiieee 11,1 3.6 + + 4-
Sodium bisulfite...c..recerseivivisiinercrimi e [ e 1049 3.7 4+ + 4
Zinc-acetic acido. e e 9.3 2.6 4+ + +
Hydriodic acid.......... 6.5 free acid — — e
Lithium aluminum hydride 1.1 5.9 — * -

sharp band for isolated trans at 10.3 p which is the
same as the corresponding oleate hydroperoxide (20),
whereas the linoleate dimer showed absorption for
{rams-trans conjugation at 10.1 I (16) and for cis-
trans conjugation at 10.2 and 10.5 p.

Since the oxygen unaccounted for in the dimers
varied from 0.4 to 2%, the possible presence of other
oxygen-containing groups was investigated. The di-
mers showed no oxirane oxygen or peroxidic oxygen
iodometrically with potassium iodide. Evidenee of
other peroxidic oxygen was sought by using hydriodic
acid. This reagent is used for determining ditertiary
butyl peroxide {9), which is not reduced by potas
sium iodide (21). The dimer from soybean ester
hydroperoxides was veduced with hydriodie acid, and
the liberated jodine was equivalent to 2.65% “active’’
oxyegen, a valne higher than the oxygen unaccounted
for (1.4%). On catalytic hydrogenation of the dimer
the active oxygen content decreased from 2.65 to 0.49%.
This evidence may possibly indicate the presence of
intramolecular peroxide groups in the dimers.

Reaction of the soybean ester hydroperoxide dimer
(OT1, 3.1; diene, J, oxygen, 16.5% ; mol. wt., 530)
with hydrogen iodide climinated the hydroxyl group
and diene conjugation. The hydrogen iodide-treated
dinier had the following characteristics: OLI, 0; diene,
0; oxygen, 13.0% ; mol. wt., 670. Elimination of the
hydroxyl group accounts for the decrease in oxygen
content. Since no cleavage of the dimer occurred,
it is concluded that a carbon-to-carbon bond exists
between the monomeric¢ units.

The reduction of soybean oil and soybean ester
hydroperoxide dimers with different agents is shown
in Table 1V. Hydriodic acid and lithium aluminum
hydride were the only chemical reducing-agents that
decreased the diene conjugation. Lithium aluminum
hydride almost doubled the hydroxyl content indicat-
ing the reduction of oune ester group to the aleohol.
Although the eatalytic hydrogenation of the dimer
was not complete, the diene conjugation was elimi-
nated by this reaction. The molecular weight of the
hydrogenated dimer did not change.

The attempted aromatization of methyl linoleate hy-
droperoxide dimer by bromination with N-bromosue-
cinimide and dehydrobromination with N N-dimethyl
aniline (32) failed. The dehydrobrominated dimer
showed no aromatic absorption in the ultraviolet re-
gion. The residue (2.6%) obtained after exhaustive
oxidation with permanganate (5 hrs.) was also not
aromatic before or after sublimation. Sinece the pres-
ence of an hydroxyl group in the vicinity of a cyelic
structure might prevent aromatization, the bromina-
tion-dehydrobromination procedure was repeated with
the linoleate dimer, which was freed of hydroxyl by
treating with hydrogen iodide and acetic acid-zine.
The products obtained after dehydrobromination and

after permanganate oxidation (2%) showed no aro-
matic character in the ultraviolet.

The dimerie acids of methyl oleate and safflower
ester hydroperoxides obtained by saponification of the
dimer esters were subjected to permanganate-perio-
date oxidation (18) to estimate the position of double
bonds. The titration per weight of acids obtained
after oxidation was twice that of the starting dimeric
acids. This effect would be expected from the forma-
tion of either two dibasic acids or one monobasic acid
and a tribasie acid.

The oxidation treatment yicelded a complex mixture
of mono- and dibasic acids and other acids, which
were not all identified. The chromatographic separa-
tions are shown in Table V. An appreciable polar

TABLY V

Chromatographic Separation of the Acids from Dimers after Oxidntion
w 1th l’m nmngan.tto l’vrlodutl‘

()l('.no Safllower

Fractions dimer oster diner
Yo V4
1. “Monobasi¢’” peak... 4]0.4 26.6
2. Cio dibasic acid. 0.0 6.6
3. Cv dibasic ac 9.9 30.2
4. Csdibasic ac 15.1 10.4
5. 7 dibasic acid 42
6. Cs dibasic acid 5.6
7. Ether eluate...... 149 ) L
TOtal 1eCOVErY. ..o 91.6 73.8
fraction remained adsorbed on the column, which

could be eluted with cther. The dibasic acid fractions
were identified by chromatographing the mixed acids
containing pure sebacic and azelaic acids. The pre-
sumed monobasic peaks were rechromatographed on a
special column, using a stationary phase rich in meth-
anol to separate C;» and C,4 dibasic acids from pel-
argonic acid (17). The monobasic fraction from the
safflower ester dimer was all recovered as a single
peak showing no higher dibasie acids. It was rechro-
matographed on a Nijkamp column (24) and was
identified to be chiefly pelargonic acid.

The presumed monobasic fraction from oleate di-
mer on rechromatographing yielded 70% of a mono-
basic peak and 21% of a mixture of polar dibasic
acids which were not completely separated. The first
peak (70%) gave only 27% wmonobasic steam-distill-
able acids. The nondistillable residue had a neutrali-
zation equivalent of 330, indicating that it consisted
of the original dimeric acid which was not oxidized
by the permanganate-periodate procedure. The com-
plete fractionation of the acids from oxidized methyl
oleate dimer gave the following composition: dibasic
acids (Cg to Cyo), 35%; unidentified polar dibasic
acids, 9% ; polar acids eluted with ether, 15% ; steam-
volatile monobasic acids, 8% ; and dimer not oxidized,
15%. It is concluded that the dimeric acids behave
like monounsaturated mixtures containing double
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['16. 4. Infrared spectra of methyl esters and the correspond-

ing hydroperoxide dimers.

bonds in positions Cg, Cg, and Cy, in the safflower ester
dimer and in positions Cg, Cy, Cg, Cy, and Cyp in the
oleate dimer.

Discussion

The thermal deconiposition of autoxidized fatty
esters at 210°C. gave yields of polymers approxi-
mately equal to the percentage of concentration of
hydroperoxides. The dilution of hydroperoxides with
alkali-conjugated methyl linoleate did not increase the
yields of polymers. Furthermore the characteristics
of the polymers obtained from mixtures of hydroper-
oxides and nonconjugated and conjugated fatty esters
were similar, These data suggest that only the hydro-
peroxides are involved in the polymerization reactions.

This conelusion is in contrast with the deduction of
Williamson (35) that methyl linoleate and its hydro-
peroxide are involved in the polymerization. He car-
ried out the decomposition at 100°C. to 90% com-
pletion and found that the oxygen content of the
monomeric compounds formed was equal to more than
half the oxygen present in the hydroperoxide. At the
levels of autoxidation studies in the present paper,
the hydroxyl content of the monomerie products was
only a small part of that found in the polymers. Qur
dimers from polyunsaturated fatty ester hydroper-
oxides are similar to those isolated by Williamson
since they showed a carbon-carbon bond between the
monomeric units. However our dimers showed about
half as muech unsaturation and diene conjugation and
more oxygen than the principal dimerie fraction iso-
lated by Williamson. A smaller dimerie fraction iso-
lated by him showed more similar characteristics (low
unsaturation and higher oxygen) to the dimers iso-
lated In the present work. Williamson postulated
that this second dimeric product is derived from the
first major dimer, probably through reaction with
hydroxyl radicals.

A number of analytical problems remain to be
further explored before one can obtain a clearer pic-
ture of the structure of these hydroperoxide dimers.
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The oxygen content of the dimers, which was not
all accounted for by the hydroxyl and carbonyl con-
tent, may only be a reflection of some inaceuracy in
the analytical methods used. The data on hydriodic
acid reduction suggest a source of additional oxygen
in the dimers, which could be attributed to difficultly
reducible peroxide linkages, ¢.g., intramolecular per-
oxides. The presence of these linkages in various
produets of autoxidation and polymerization has been
suggested by different workers (4,5,6,22). Such link-
ages, like the dialkyl peroxides, are not reducible with
potassium or sodium iodide (29,33). Hydriodic acid
reduction is a standard procedure to determine di-
alkyl peroxides like ditertiary butyl peroxide (9).
Recent unpublished evidence in this laboratory in-
dicates that the presence of allylic unsaturation in
aleohols and corbonyl compounds, as well as epoxy
groups, give a positive test for hydriodie reduction.
This may account for the excessive oxygen values
obtained by hydriodic acid reduction of the dimers.

The complex structure of the dimers is demonstrated
by the mixtures of acids obtained with permanganate-
periodate oxidation. One of the double bonds in the
dimers was resistant to this oxidation treatment, pos-
sibly as a result of steric hindrance. The acids from
oxidative fission of the oleate dimer support the fol-
lowing structures:

R (It = 001l
R C — COOII
R— = — ¢ COOI
R e (1 COOTI

B

Structure A on oxidative splitting would yield one
short dibasie acid (C4 to Cs) and a higher dibasie
acid (Cyr to Uye) whereas Structure B would yield
one short monobasic acid and a higher tribasic acid.
The isolation of ouly 8% monobasic acid from this
dimer would indicate that Structure A is the pre-
dominant one. Although only the G4 to (4, dibasie
acids and the Cy monobasic acid were positively
identificd, the presence of polar higher dibasic acids
containing an hydroxyl group or a tribasic acid is
probably indicated in the highly polar chromato-
graphic fraction that was ecluted with ether.

The establishment of a mechanism for the dimer-
ization of fat hydroperoxides must await further
kinetic investigations of this reaction. The present
data however do not support a Diels-Alder addition
sinece no evidence of a six-membered cyelic structure
was obtained by bromination-dehydrobromination of
the thermal dimers. This mechanism is excluded in the
thermal decomposition of methyl oleate hydroperox-
ides that yielded 90% dimer. From present informa-
tion on the decomposition of organic hydroperoxides
(34) one may postulate that the thermal decomposi-
tion of fat hydroperoxides yields an alkoxy and a
hydroxyl radical by homolytic fission of the hydro-
peroxide linkage. These radicals would, in turn, at-
tack other hydroperoxide molecules to yield water
and alkyl radicals that would either dimerize with
themselves or with alkoxy hydroperoxide radicals.
The failure of added alkali-conjugated fatty esters
to react and the substantial loss of conjugation from
the hydroperoxides during the reaction suggest that
the hydroperoxide free radicals must rearrange be-
fore dimerization. Since the hydroperoxides are con-
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jugated, their free radicals would be more reactive
with each other than with the nonconjugated ester
molecules (14). The high proportion of dimers ob-
tained under our conditions of decomposition is
therefore attributed to interaction of free radicals
derived by homolytic fission of the hydroperoxides.

Summary

‘When autoxidized fatty esters and purified fatty
hydroperoxides were decomposed in the absence of
oxygen at 210°C., the principal reaction was dimeri-
zation of the fdtty acid chains with elimination of the
hydroperoxide groups. Dimers isolated by molecular
distillation (60 to 90% of the polymer) have approxi-
mately 1 mole hydroxyl, 0.5 mole carbonyl, and two
double bonds per mole of dimer. Diene conjugation
in the dimers from polyunsaturated fat hydroperox-
ides varied from 10 to 23%. The infrared spectra of
the dimers were similar to those of the original fatty
esters except for one striking band at 2.9 u, which is
attributed to the sccondary hydroxyl group. The cis-
trans diene in the polyunsaturated hydroperoxides
was isomerized to the trans-trans configuration on
dimerization. The methyl oleate hydroperoxide di-
mer showed only absorption for isolated trans double
bond. The dimer was not split either by catalytic
hydrogenation or by hydrogen iodide, indicating a
carbon-carbon bond between the monomer units. On
oxidation with permanganate and periodate, the di-
merie acids behaved like a monounsaturated mixture
containing double bonds in the Cgq, Cy, Cg, Cy, and Cyy
positions in the oleate dimer and in the Cy, Cy, and Cy,
positions in the safflower ester dimer. Although the
dimers showed no peroxidie oxygen iodometrically
with potassiumn iodide, a reduction occurred with
hydriodic acid that may indicate the presence of in-
tramolecular peroxide groups and/or allyliec aleohol
or carbonyl groups. Bromination with N-bromosuec-
¢inimide and dehydrobromination with N,N-dimethyl
aniline produced no aromatization. Subsequent oxi-
dation of the dehydrobrominated dimer yielded 2.6%
residue, which was not aromatic. This evidence indi-
cates that the dimer does not have a six-membered
cyclic structure. Dimerization of the hydroperoxides
is suggested as occurring through alkyl or alkoxy
hydroperoxide radicals to give earbon-carbon linked
fatty acid dimers and some higher polymeric units.
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