Volume 32

SEPTEMBER, 1955

Thermal Polymerization of Methyl Linolenate,

Alpha- and Beta-Eleostearates’

R. F. PASCHKE and D. H. WHEELER, General Mills Inc., Minneapolis, Minnesota

REVIOUS STUDIES on the kinetics of thermal poly-

merization of the linoleate isomers (1, 2) indicated

that dimerization of the conjugated dicnc isomers
is by a Diels-Alder addition between two moles of
conjugated diene. Dimerization of non-conjugated
(1,4 diene) linoleates was considered to occur by
thermal conjugation, followed by a Diels-Alder addi-
tion between a conjugated linoleate (as diene) and
non-conjugated linoleate (as dieneophile).

The Diels-Alder mechanism for thermal polymeri-
zation of polyunsaturated fatty esters was supported
by the findings of Waterman's group (3,4) that re-
sidual dimers of linoleate contained about 1.3 rings
per molecule while those of linolenate and eleostearate
contained about 2 rings per mole. Their statistical
method did not prove the size of the rings.

Definite proof of the eyclohexane ring with four
adjacent substituents (as demanded by the Diels-
Alder mechanism) was recently shown by Clingman,
Rivett, and Sutton (5). They aromatized molecularly
distilled dimers by bromination with N-Bromosuecini-
mide and dehydrobromination with N,N-diethyl ani-
line. Oxidation with permanganate afforded prehnitie
acid (benzene, 1,2,3.4 tetra carboxylic acid) identified
as the tetramethyl ester. DBeta-eleostearate dimer af-
forded 9%, linolenate dimer 2%, and linoleate dimer
3-4% of the theoretical amount of isolated prehnitie
ester. It is not clear whether the low vields are due to
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low content of c¢yclohexene structure or due to inher-
ently low yields in the degradation steps involved.
Their work for the first time, by classical orgaunic
methods, satisfuctorily proved the presence of a six-
membered ring in these thermal dimers. While the
low yields of derivative do not prove this as the pre-
dominant structure, they do not preclude it.

Discussion of Results

The present study is on the kinetieg of the polymeri-
zation of normal methyl linolenate and of methyl a-
and B-eleostearates.

Normal Lanolenate. The general picture on normal
linolenate is rather similar to thosc on the non-conju-
gated Jinoleates (1, 2) in that conjugation (dienocie)
rapidly appears at a low level, remaing fairly con-
stant during most of the reaction, and then drops off.
Dimer forms more rapidly at first, and trimer forms
more rapidly later on so that the dimer-trimer ratio
is high at low conversions, and relatively low at high
conversion (Table I). However dimer is the predomi-
nant polymer at all stages. No tricne conjugation was
evident in any samples. In the triene region general
absorption was quite low k55/">1, with no peak.
The iodine number of the recovered monomer dropped
off rapidly, indicating side reactions, such as eyecliza-
tion or disproportionation. Also isomerization to form
isolated f{rans double bonds was evident by infrared
adsorption at 10.32 p. This was more rapid than with
normal linoleate. In view of the known effect of trans

TABLE I
Normal ‘Linolenate, Thermal Polymerization

270° Large Samples

o ) - Conj
Monomer | Dimer | Trimer Ling? i % n® kY 1.V IV k, Fi
Hours 3 Diene D D np V. Y. , First
% L) %o % Krgs Whale Monomer Dimer Monomer | Whole Orderb
12... 74.3 19.6 6.3 58.7 7.3¢ 1,4734 1.4678 1 4866* 229.7 0.0415
24, 53.9 30.9 148 288 5.5¢ 1.4784 | 1.4686 | 1.4888 205.4 0.0595
48... 39.5 26.4 25.0 16.0 3.6° 1.4824 | 31,4691 | 1.4B8T7 179.7 0.0441
290° Large Samples
16.8 4.7 62.1 7.5¢ 1.4726 1.4677 1.4885 2294 | e 0.148
31.8 9.9 38.2 6.5¢ 1.4769 1.4683 1.4881 2086.3 0.209
35.4 19.8 13.5 4.8¢ 1.4812 1.4688 1.4890 1806 | ... 0.150
40.1 29.3 2.0 3.0¢ 1.4845 1.4690 1.4892 1571 | ...l i 0.159
290° Small Samples
............ 92.9 [ AL ] 14687 %45.7 0.0523
...... 83.4 8.04 1.4700 2324 0.1474
...... 65.5 9,34 1.4728 210.1 0.1595
...... 38.6 8.24 1.4788 180.6 0.17566
...... 14.9 5.8d 1.4815 1521 0.1589
2o | e | 4.1 3.94 1.4851 138.1 0.1075

esters.

b Caleulated from 9% Ling.
¢ On menpmer,
% On whole esters.
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2 o linolenate in whole esters caleulated from % menomer X % Lmns in monomer, excopt small samples, where analysis was made on whole hodied
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TARLE IT
Eleostearate Polymerization 270°C.
o Alpha Eleostearate
Monomer Dimer Trimer " a4 Bleo 8 Eleo Total n¥ k, Second
Y% Yo % o A Fleo 9% Whole Order
66.0 29.5 4.5 43.2 17.7 62.5 1.49890 | ...
55.6 38,6 5.8 33,0 16.0 50,4 1.4968 0.0818
51.2 41.1 7 29.1 15.0 45.¢ 1.4961 0.0455
453 46.1 8.6 19.6 14.6 A6.4 1.4943 0.0590
36.8 58.0 10.2 131 11.4 25.9 1.4928 0.0R83
28.6 565.4 18.0 6.2 8.1 154 1.4912 0.0703
24.4 55,4 20,2 3.1 5.8 9,1 1.4905 0.0600
21,3 55.0 23.7 1.3 3.4 7.3 1.4900 0.01817)
Beta leostearate
( o 7 - - i B
Q. 50.6 45.6 3.8 1.6 42.3 45.0 1.4964
Q. 43.6 50.3 6.1 2.5 33.9 37.1 1.4950 0.1007
Q. 41.7 51.4 6.9 6.6 25.2 34.2 1.4944 0.0486
0. 35.9 57.4 6.7 4.4 22,7 28.9 1.49385 0.0657
a. 29.6 E h8.8 11.6 4.9 15.7 21,9 1.4922 0.0589
0. 25.8 55.4 18.8 3.4 11.3 15.8 1.4911 0.0550
1. 23.6 53.2 23.2 1.6 7.8 10.3 1.4908 0.0423
3. 21.1 48.5 30.4 1.0 4.8 6.1 1.4905 0.0446

1

isomers on the ultraviclet spectral analysis of linole-
ate, it is very probable that the analyses shown for
linolenate are only an approximation and are proba-
bly lower than the true value for total non-conjugated
linolenate., The mueh more complicated problem of
analysis for total non-conjugated linolenate has not
been solved, as is the case with lincleate (6). It is
therefore somewhat presumptuous to make kinetie
studies and deduce reaction mechanisms from the
rates of disappearance of linolenate or of monomer.
However, if one does yicld to the temptation to calcu-
late orders of reaction from the data, the disappear-
ance of linolenate is found to follow a first order re-
action at 270° and 290° (Figures 1 and 2). When
percentage monomer is similarly plotted to determine
the order of reaction, it appears as first order for the
270° (Figure 1) but fits a second order of reaction at
290°. This is very similar (except the last case) to
the kinetics of the non-conjugaied linoleate polymeri-
zations, and along with the similarity of pattern of
development of conjugation, dimer and trimer, sug-
gests that the general mechanism is the same as that
sugeested for linoleate (2):
(1) N—— C slow, 1st order rate determining
step
(2) N+ C—D fast, 2nd order dimerization as
principal reactions, and:
3 D+ C—sT
4) C+C—D
(5) Nor 0 ——= X
as reactions of lesser importance.
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Here N = non-conjugated linolenate, C == dienoi-
cally conjugated linolenate, D == dimer, T = trimer,
and X represents cyclic or other isomers of linolenate
ineapable of participating in polymerization, and igo-
mers which are pot analyzed by the present spectral
method.

The principal differences between normal linoleate
and normal linolenate are that the linolenate develops
conjugation and trans isomers more rapidly and poly-
merizes more rapidly. This is reasonable since lino-
lenate has two active methylenes between two double
bonds while linoleate has only one.

Alpha- and Beta-Eleostearates. Since these isomers
are conjugated and each has at least one pair of ad-
Jacent frams, trans eonjugated double bonds, they
should polymerize rapidly and directly by a second
order [dels-Alder addition. Thig is shown to be the
case whether total eleostearate or monomer is plotted
(Figures 3 and 4, Tables IT and III). The faster rate
of polymerization of the beta-eleostearate is very rea-
sonable in view of its all-frans conjugated structure,
corupared to the cis, {rems, frans structure of the
alpha isomer (7, 8).

This follows from the fact that a (rans, trans
acyclic conjugated diene is mueh more reactive as
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TABLE IIT
Fleostearate Polymerization 230°C.
Aipha Eleostearate
Hours Monomer Dimer Trimer a Lleo £ Eleo Total ng k, Second
b Yo Yo o Yo Eleo % Whola Order
{ Heat-up) !
Duvirriene 90.6 8.4 1.0 78.3 14.2 93.0 1.5044 | L
88.3 10.9 0.8 72.1 15.8 88.4 1.50356 0.01k9
84.7 13.4 1.9 G5.1 18.9 85.7 1.5032 0.0076
1.8 16.1 2.1 58.1 18.5 80.5 1.5017 0.0080
71.2 25.8 3.5 49.9 17.3 69.8 1.5005 0.0107
58.0 38.1 3.9 38,7 14.3 54.6 1.4982 0.0104
44 .0 51.3 4.7 24.7 11.9 38.1 1.4956 0.0106
27.8 §0.9 11.3 13.1 8.6 22.6 1.4932 0.0120
21.4 61.9 17.4 6.4 5.0 12.2 1.4918 0.0126
Beta Eleostearate
84.1 14.6 1.8 neg 91.3 83.5 15035 | .
7.5 21.4 11 neg. 83,3 77.3 1.5022 0.0204
73.8 24.8 14 neg. 76.3 74.8 1.5014 0.6082
66.8 32.1 1.1 neg. 68.2 67.1 1.5001 0.0163
56.6 41.3 2.1 0.8 51.0 56.2 1.4980 0.0168
42.4 54,7 2.9 36.8 38.1 1.4954 0.0226
30.9 64.2 4.9 2,1 21.8 256.8 1.4934 0.0167
21.4 68.9 2.7 2.3 12.9 16.4 1.4920 0.0148
18.1 69.7 12.2 1.2 8.4 10.4 1.4913 0.0117

diene in the Diels-Alder reaction than is a cis-trans
diene (2,8,9,10,11). The trans, trans, trans conju-
gated B-isomer has two pairs of irams, frans conju-
gated dienes (with one double bond in common)
whereas the a-isomer has only one such pair.
The reason that a trans-trans conjugated diene re-
acts more readily than the cis-trans or cis-cis isomer
in the Diels-Alder diene addition reaction is evident
when one considers that a planar ‘‘bent-back’ or
“‘half-ring’’ or s-cis configuration is required for
facile approach of the dieneophile in a manner which
will produece the cyclohexene ring of the adduet after
reaction. It is difficult to describe, but very evident
from inspection of scale models, that {rans, frons
acyelic dienes can most readily assume this planar
s-cis eonfiguration whereas the cis-trans diene shows
some interference (with the ‘“*outside’” H of the trans
double bond) in assuming this configuration while
the (so far unknown) c¢is-cts conjugated isomer has
great interference between the H’s of the methylenes
adjacent to the double bonds.
The a-eleostearate isomer, with only one trans-trans
conjugated diene pair, is faster than the trans, trans
conjugated linoleate (2). There may be several rea-
sons for this:
a) the eis-trans pair has some activity as a dienc;
b) the a-form isomerizes to the more active g-form during
the polymerization (Table II);

¢) the double bonds (particularly the ceniral double bond
activated by two adjacent double bonds) may be a more
active dieneophile than the double bond of a simple
diene; and

d) comparisons of scale models of e-cleostearate with trams,

trans linoleate show even less interferences with a-cleo-
stearate than with the t{rans, trans linoleate.

Asg a summary and comparison of the relative poly-
merization rates of the linoleate and linolenate iso-

TABLE 1V
Linoleate and Linolenate Polymerization
Relative Speed l Conjugation | Pouble Bonds l (is, tran.
no 2 cts, trans
no 2 cis, cis
no 2 trans, trans
. no 3 eis, eir, ¢l
. yes i 2 cig, trans
.o yes 2 trans, trans
. ves ’ 3 clis, trans, trans
‘ yes 3 transg, trans, trans

mers studied by uns, the following chart of relative
speeds is shown. This is based on normal linoleate as
unity and using the (reciproeal of) time required for
formation of 60% polymer as an indication of speed,
at comparable temperatures.

The non-conjugated isomers are all in a slow elass
where the number of double bonds is morc Important
than cis-frans configuration. The conjugated isomers
are all muech faster and depend greatly on the cis-
trans configuration. Thesc relative rates are explain-
able by the conjugation and Diels-Alder addition
mechanism of dimerization, assuming thermal dimeri-
zation of non-conjugated isomers, and considering the
effect of cis, trans isomers on the diene astivity of
conjugated isomers,

Experimental

Methyl linolenate was obtained from the Hormel
Foundation. Infrared absorption at 10.32 p indicated
that about 5-10% of the double bonds were trans.
This value rose rapidly to a maximum of about 50%
in 1.5 hours at 290°C. and then gradually deereased
as the reaction progressed. Analyses on the starting
material were: 1.V. = 2594 (theory 260.4): after
alkali isomerization at 180°C. for 25 min. (KOH,

m./liter gm. /liter
glycol) (12) kB MY 599 p BMLAUWT 499
glycol) (12) 933, 1 cm. 268, 1 cm,
)
%
ol - AND - ELEOSTEARATES, 230°
= o PLOTTED 'AS 2nd ORDER REACTION 40
3
(+]
1]
—
g
(=3
g
g
x
— 2o}
=
o
E 30
a
40f
501
100




472 THE JOURNAL OF THE AMERICAN O1n CHEMISTS’ Sootery

|
A
ol - AND }3- ELEOSTEARATES, 270°
-~ 1o} AS SECOND ORDER REACTION 10
Y A
<
Q
0Hn
o
<
O
o
[4
a .
S .
w
= 108
. 20l ./ |
8 . Jo4
E // Jo3
e
T et Hoz
50%./.
ooy 1 ) 1 1 { 1 1 I i 1 ) I 1 1 ol
! o | 2 3 & 5 1.0 1.5
HOURS
Tig. 4

Micromolecnlar distillation (14) showed 100%
monomer,

Methyl B-eleostearate was made from B-eleostcarate
acid by agitation under CO, with 20 parts of absolute
methanol containing 0.4% p-toluenc sulfonic acid for
3 hrs. at room temperature. The esters were recovered
by dilution with water, extracted with Skelly F' and
benzene, washed free of toluene sulfonic acid, washed
free of fatty acids with dilute NaOH, and dried over
Na,80,. The solvent was removed under vacuum with
only mild heat (<50°). The esterification at room
temperature was necessary becanse it was found that
the umsual method of refluxing with methanol and
strong acid promoted 8 = o isomerization. The ester
showed the following wvalues in cyclohexane, calcu-
lated to the basis of free acid: ks == 201.0; kypy s =
165.4; Kup0.. = 120.7. The values of O’Connor ef al.
(13) for the B acid were: k,, =—2024; k,,,=—
178.1; Ky, ,—1225. Our values agree well with
theirs except at 271.5 mu. The errors involved in cal-
culations of «- and B-content from differences in ab-
sorption between curves at points of steep slope have
been discussed by them (13). If their formulae are
used, the above ester would show 98.5% total eleo-
stearate, 122.09% B* and —30.8% o eleostearate. It
showed only a trace of the infrared band at 10.37 u
which the « isomer shows (8). It showed 99.5%
monomer and 0.59, dimer by micromoleculayr distil-
lation (14). n¥ = 1.5067, M. P. 14.0°C.

The B-eleostearic acid was prepared from raw tung
0il. The 1,000 g. of tung oil, 400 g. of KOH in 270
ce. water plus 2,000 ce. of ethanol were refluxed 20
min. It was diluted with 2,000 ce. of H,0, acidified
under CO, with cxcess cold 20% H,S0,, and ex-
tracted with Skellysolve B. The mineral acid was
washed out with water. The Skellysolve solution was
dried with Na,S0,, diluted to 4,000 cc. with Skelly-
solve B, and treated with 85 ce. of 0.005 N I, in
diffused outdoor light for one hour. It was diluted
with 3,000 cc. of methanol and stored for two days in
a cold room at 4°C. It was filtered on a Buchner filter
and washed with 3,000 ce. of methanol cooled to
—10°C. The wet crystals were esterified direetly as
deseribed above. Yield of methyl esters was 169% of
crude oil. The crude oil analyzed 81.0% total, 79.9%
a- and 1.3% pf-eleostearic acid.

Methyl a-eleostearate was made by esterifying a-
eleostearic acid In the same manner as deseribed above

2 8uch an extraordinarily high content can only be ageribed to the
fact that this paper was presented at the Paul Bunyan Meeting of the
Society. R.I.P.
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for the B-isomer. The methyl a-eleostearate showed
the following extinction coefficients calculated to the
acid: k. = 159.0; ky;,.; = 178.3; Ky, = 125.9. The
values of O’Connor ef al. (13) for the « acid are:
kypo = 149.5; ky;, s =168.6; kype. =—1225. In this
case all of our values are higher than theirs.

By their formulae our a-eleostearate would analyze
102.8% total, 103.8% «, and 1.9% pB-eleostearate.
Distillation on a micromolecular still (14) showed
99.79% monomer and 0.3% dimer. _

The a-eleostearic acid was made from the same
crude tung oil. The crude acids from 1,000 g. of oil
were crystallized once from 5,000 ce, of Skellysolve
B at 4°C. and twice from 4,000 ce. of methanol at
—30°C. The wet erystals were esterified directly, as
described above, to afford a 15% yield of ester based
on oil.

Polymerization was done by heating samples sealed
in evacuated glass ampoules. They were heated in a
thermostatically controlled, electrically heated alumi-
num block which had suitable holes drilled into it.
With linolenate 70 g. samples were used. Heat-up
time was 30 min. on this size of bateh. One set of
linolenate polymerizations at 290° was also done with
1 g. samples in small tubes, Heat-up time was 10
min. on these samples. The eleostearates were all poly-
merized as 1 g. samples in the small tubes, with a 10-
min. heat-up time. The heat-up time Is quite signifi-
cant only in the case of eleostearates at 270° (Table
II) sinee 1/3 to 1/2 of the reaction has occurred in
this period. The intersection of the line with the base
line in Figure 8 at —0.1 hr. indicates that the 10-min,
heat-up time is equivalent to about 6 min. at reaction
temperature,

Analyses for monomer, dimer, and trimer on the
large linolenate samples were made by alembic distil-
lation as in previous studies on linoleate isomers. On
the eleostearatc and the small-sample linolenate runs,
analyses for monomer, dimer, and trimer were made
with a micromolecular still, which required only 0.5 g.
(14). Speectral analyses on linolenate were by essen-
tially the method of Mitchell et af. (12) (KOH glyeol,
180° 25 min.). Apparent linolenate (non-conju-
gated) was calculated from the difference between
k.. before and after analytical conjugation, by divid-
ing this difference by 51.0. Comments on the possible
effect of frans double bonds on the inherent aceuracy
of this method on the thermally polymerized linoleate
have been given above. Analyses for total - and g-
eleostearates were made by the equations of O’Connor
¢t al. (13). The rate constants were calculated from
the values for total eleostearate. The values for o and
B isomers are approximations sinee it is not known
whether other isomers are formed or how they would
affeet the method. The values certainly do indicate
qualitatively that cis-trans isomerization does occur
with heat and that the 8 form is the favored isomer.

Summaty

The rates of polymerization of alpha and beta eleo-
stearates agree with second order kineties, as would
be expeected for a bimolecular Diels-Alder addition.
The all-trans, beta isomer reacts faster than the eds,
trans, trons alpha isomer, in agrecment with known
cis, trams effects on diene activity.

The polymerization of normal linoleate follows an
apparent first order reaction, It is suggested that
conjugation is the slow rate determining monomo-
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lecular reaction, as has been proposed for the non-
conjugated linolcate isomers.
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0ssMAN, in 1933, was the first to consider seri-

ously the cyeclization of fatty acids (1). For

many years the problem was of only mild aca-
demic interest. However in 1951 Professor Crampton
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intensive study of cyclie isomers of linolenie acid
(2, 3,4, 5.

Our own interest began with our earlier work with
methyl linoleate (6). It was noted that after pro-
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olefinic and did not hydrogenate to methyl stearate.
The material was considered to be cyelie. Investiga-
tion of this material is now in progress.

This paper describes onr study of the eyclic isomer
of methyl eleostearate. Hleostearate iz known to ey-
clize readily at temperatures of 250° or less. Lino-
leate however requires much more drastic conditions
(290° or above), and disproportionation or ¢ven rup-
ture of carbon to carbon bonds may occur, Hence,
since the eleostearate would give a cleaner product
and higher yields, it was chosen for our first study.
The determination of the structure of cyclic eleoste-
arate was only a secondary purpose. The primary
purposc was to develop methods (aromatization, oxi-
dative degradation, etc.) and to obtain data (infra-
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Experimental

A. Preparation of Alpha-Fleostearic Acid. The acids
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B. Preparation of Methyl Eleostearate. Methyl es-
ters were preparcd by esterification (10 vol. methanol,
2% sulfuric acid, 3 hrs. reflux), crystallizaiion, and
high vacunum distillation. They showed about 50%
B3- and 509% a-clcostcarate by ultraviolet analyses (8).
Both heat and mineral acid catalyze cis, trans isomer-
ization of the double bonds of eleostearates. [n the
above case the mincral acid was probably the prin-
cipal cause.

C. Cyclization of Methyl Eleostearate (Figure 3).
The cyclization of the methyl eleostearate was done
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as a 10% solution in methyl laurate to promote the
presumably monomolecnlar cyclization reaction and
to minimize bimolecular rcactions, such as dimeriza-
tion and disproportionation. Thus 58.5 g. (0.2 mole)
of eleostearate was heated with 540 g. methyl laurate
at 260° C. for 48 hrs. in a sealed, evacuated ampoule.
Methyl laurate was stripped off through a short col-
umn to a pot temperature of 145° at 0.0d mm. The
residue (67.5 g.) showed 39.9% monomer, 48.2% di-
mer, and 11.9% residnal trimer by wmicromolecular
distillation (11). In eontrast, undiluted eleostearate
would be 80% or more polymerized in only 3 hrs. at
only 230°C. (9).

Cyelized eleostearalec was concentrated from this
residue by removal of noncyelic material as urea ad-
duets (5), followed by distillation to separate it from
polymers. Thus 64 g. of the residue in methanol (ca




