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Abstract 
The thermal  dimer (290C) of normal  methyl  

linoleate and its hydrogenated fo rm have been 
examined by  mass spectrometry.  Pa ren t  mass 
peaks of the hydrogenated dimer show the pres- 
ence of monoeyclic, bicyelic, and t r i c y c l i c  
structures.  

The monocyclic s t ructure  is formed via the 
conjugation-Diels-Alder mechanism. 

The bicyclic s t ructure  is best explained by an 
extension of the hydrogen t ransfer  free radical 
coupling mechanism. The noncyclic dehydro- 
dimer result ing f rom free radical coupling un- 
dergoes a relatively rapid  intramoleeular  cycli- 
zation to a bicyelic structure,  probably  by an 
interval  Diels-Alder reaction. A model non- 
cyclic dehydro-linoleate dimer was shown to give 
a bieyclic diraer as the predominant  s t ructure  
under  thermal  dimerization conditions. 

The tricyclic dimer may  result  f rom intramo- 
leeular alkylation of the bicyclic structures. 

Introduction 

T HE STRUCTURES O f  tWO types of dimer have been 
shown in previous studies: one, a noncyclic de- 

hydrodimer ;  the second, a Diels-Alder addition 
structure.  

The first type  is i l lustrated by the dehydrodimer  
of methyl  oleate, which is a noncyclic dimer with two 
double bonds, one in each oleate segment, with join- 
ing of the two oleate segments by a single bond at 
positions 8, 9, 10, and 11 (1). I t  is made at 135C 
by the action of the t-butoxy radical f rom di-t-butyl 
peroxide on methyl  o]eate. In  the mass spectrograph 
it gave a single parent  peak of mass M = 590, cor- 
responding to no ring and two double bonds and gave 
a s t rong M/2  peak because of cleavage of the 
branched bond joining the two oleate segments. 

The hydrogenated form of this dimer showed the 
correct paren t  mass of 594 for  a noncyclic sa turated 
structure. I t  also gave a strong M/2 peak since the 
same branched s t ructure  was present. 

Dehydrolinoleate has also been made similarly 
f rom normal  linoleate and shown to contain conju- 
gated linoleate segments (ca 50% or more) and four  
double bonds (2). The noncyclie s t ructure  of this 
dimer was recently confirmed by mass spectrometry.  

These dehydrodimers are formed at  125-135C so 
tha t  ]title, i f  any, secondary r ing closure reactions 
o c c u r .  

The second type  of established dimcr s t ructure  is 
the Diels-Alder s t ructure  which results f rom thermal  
polymerization of a pure  methyl  10-t, 12-t conju- 
gated linoleate (3). The 10- or 12-double bond of 
one molecule acts as dienophile to add 1,4 to the con- 
jugated diene of a second molecule to give a 1,2,3,4- 
te tra-subst i tuted cyclohexene dibasic acid ester, 
which gave a single paren t  mass peak, iV[ = 588, 
corresponding to one r ing and two double bonds. 
This dimer also gave a strong M/2 peak on account 

1Presented at the AOCS ~ e e t i n g ,  Philadelphia, October 1966. 
Journal Series No. 450, Genera l  ~ i l l s  Research Laboratories. 

of a reverse or retro-Diels-Alder, as has been observed 
with other analogous Diels-Alder adduets. I t  also 
showed preferent ia l  loss of the groups in the 2,3 po- 
sitions. On hydrogenation,  this dimer gave a single 
parent  peak of IV[ = 592, corresponding to one r ing 
and no double bonds. This sa tura ted  dimer did not 
give an M/2  peak since it  was no longer a Diels-Alder 
adduct  s t ructure  as such. 

With  these known behaviors of the two model 
dimer structures,  one may  conclude tha t  a s trong 
M/2 peak both before and af ter  hydrogenat ion in- 
dicates a noneyclic dehydrodimer s t ructure;  a s trong 
M/2 peak before hydrogenation,  but  no strong M/2 
peak af ter  hydrogenat ion indicates a Diels-Alder ad- 
duct s t ructure;  and a parent  peak of 594 of a satu- 
rated dimer indicates a noncyelic dehydrodimer  
structure,  and its absence denotes the lack of this 
structure.  

The relationship of molecular masses of Ca6 dimer 
methyl  esters to possible s t ructures  as to the num- 
ber of double bonds and number  of rings as shown 
in Table I will be valuable in following the subse- 
quent discussions. 

The bottom figure in each column is for the satu- 
rated dimers (no double bond) where 594 indicates 
no ring, 592 one ring, 590 two rings, etc. A satu- 
rated dimer of mass 592 with one ring could come 
f rom an unsa tura ted  monocyclie dimer of mass 590 
with one double bond or f rom a monocyclic dimer of 
mass 588 with two double bonds, etc. Similarly a 
sa turated dimer of mass 590 would have two rings 
and could come f rom a bicyclie dimer of mass 588 
with one double bond or f rom a bicyclic dimer of 
mass 586 with two double bonds, etc. Thus the mass 
spectrum of a sa tura ted  dimer tells exactly the num- 
ber of rings in the s t ructure  and, combined with the 
mass spectrum of the unsa tura ted  dimer f rom which 
it  was derived, may  give impor tan t  clues as to the 
nature  of the unsa tura ted  dimer. 

Conj ugation-Diels-Alder Mechanism 
This is the most commonly mentioned mechanism 

for  thermal dimerization of normal  linoleate (4). 
Normal  linoleate is thermal ly  isomerized to 9,11 

or 10,12 conjugated linoleate and then acts as a 
diene, adding to a double bond of a normal (or con- 
jugated)  linoleate which acts as a dieneophile to give 
a monoeyclic dimer with two double bonds. This 
dinler of mass 588 would be similar in s t ructure  to 
the model dimer  of 10,12 linoleate, differing only in 
the size of side-chains and position of unsaturat ion.  
I t  should give a s trong M/2  peak before hydrogena- 
tion but  no prominent  1V[/2 peak af ter  hydrogenat ion 
to mass 592. 

T A B L E  I 
Relationship of Mass to Number of Rings (R)  and Number  of 

Double Bonds ( D B )  of C~ Dimer Methyl Esters 

Mass ---~ 594 592 590 588 586 

I% D B  R D B  R D B  R D B  R D B  

0 0 0 1 0 2 0 3 0 4 
1 0 1 1 1 2 1 3 

2 0 2 1 2 2 
3 0 3 1 

4 0 

298 
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~zG. 1. ~ass  spectrographic properties of a model dehydro- 
dimer type of dimer structure. 

Bimolecular Hydrogen Transfer l~ree Radical  Mechanism 

This has been proposed by Rushman and Simp- 
son (5). I t  suggested the bimolecular reversible 
t ransfer  of a hydrogen from the Cll methylene of 
one molecule to the carbon of a double bond of a 
second molecule. This would result in equal num- 
bers of free radicals R1 and R2. They also indicated 
that  the radical R1 would have limiting resonance 
forms in which the two double bonds would be con- 
jugated. The Re with only one double bond, which 
is nonallylic to the free radical, would not have limit- 
ing isomeric resonance forms of any significance. 
They wrote the dimerization reaction as a coupling 
of radicals R1 and Re (presumably randomly) to give 
the dimer. There were no comments on the resulting 
structures. A simple coupling of such radicals 
would obviously give a noncyelic dehydrodimer type 
of structure. 

Although they recognized that  thermal  linoleate 
dimers are cyclic and have essentially no conjuga- 
tion, they did not comment on the fact  that  their 
mechanism would require some subsequent reaction 
to explain these facts. 

~t should be noted that  R~, resultnig from loss of 
a hydrogen, would have a mass of 293 and Re, re- 
sulting from a gain of a hydrogen, would have a mass 
of 295. Random coupling should result in dimers 
R1 + R1 (586), R1 + R~ (588), and R2 + R2 (590) in 
the ratio of 1/2/1.  

The present s tudy shows that  the thermal dimer 
of methyl 1]noleate at 290C is predominant ly  a mix- 
ture of structures with one, two, and  three rings. 
The monocyclic s t ructure is best explained by the 
conjugation-Diels-Alder mechanism. Tile bicyclie 
s t ructure  is best explained by an extension of the 

COOCH 3 
1 

(CHE) e 

CH- CH = CH - ( CH 2 ) s COOCH 3 CH = CH-  ( CH 2 )S COOCH3 ~> It 

' ~ (CH2 ) 4 -  CH3 ELECTRON CH ( CH2}4.- CH 5 
IMPACT 

(CHz)  4 5 8 8  
1 "RETRO - DIELS - ALDER" ! 

CH 5 
~/ H2 2 9 4  M / 2  

COOCH 3 
! 

(CH2) 8 

~ . . ~  CH 2 - CHE- (CH2) 8 COOCH 3 

~ 4,~_ ( CH2)4_ CH 3 > N o  M / P '  

( CH2)4 592  | RING ! 
CH 3 

Fie. 2. Mass spectrographic properties of a model Diels- 
Alder type of dlmer structure. 
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FIG. 3. Conjugatlon-Diels-A]der mechanism of thermal dim- 
erization of normal linoleate. 

SUBSTITUENTS 

(CH2) 7 COOCH 3 

(CH2} s COOCH3 

CH2-CH=CH-(CH2) 7 COOCH 3 

free radical coupling mechanism with a rapid intra- 
molecular eyelization. 

Experimental 
Thermal Dimer of Methyl  T,inoleate 

This was made by heating" in an evacuated sealed 
tube for 48 hr at 290C, followed by fractional mo- 
lecular distillation in an alembic still to remove 
monomer and trimer,  as previously described (6). 
Analysis: tool. wt. = 554 (588) ; % C = 76.7 (77.5) ; 
% H = 11.2 (11.7) ; % monomer = 0.6. 

Hydrogenated Thermal Dimer 

This was made by hydrogenation in acetic acid 
with PtO2 catalyst, 150C, 1000 psi, 72 hr  with re- 
esterifieation of free acid formed by aeidolysis (1). 
Analysis: mol. wt. =548 (592) ; % C = 77.2 (77.5) ; 
% H = 1 2 . 1  (12.2); I . V . = 2 . 8 ;  % monomer=0 .1 .  

In addition to the large 48-hr sample, small sam- 
ples (2 g) were similarly polymerized at 290C for 
1, 2, 4, 8, 16, and 32 hr and analyzed for monomer, 
dimer, and tr imcr as well as for  composition of 
monomer. Mass spectra were run on the whole sam- 
ple since dimer parent  peaks were the principal items 
of interest. Peaks were seen only at 588 and 586, and 
the ratio of 588/586 was very  close to 2, as it was on 
the pure isolated 48-hr dimer (el. below). 

The 4-hr and the 8-hr samples were hydrogenated 
as above, and mass spectra were obtained. Peaks 
were seen only at 592, 590, and 588 in about the 
same ratio as in the hydrogenated 48-hr. dinler (el. 
below). 

Mass Spectrum (1) of 48-Hour Dimer Sample 

This is shown in Figure  5. The parent  peak MI= 
588 is 2.1 times as intense as the parent  peak M2= 
586. A mass of 588 could result f rom a Diels-Alder 
dimerization or from the free radical coupling of 
R1 + R e  as previously mentioned. The following 

N X-  CH = CH - CH - CH = CH- y~'~ 

r - - - r - H - - - r - n  v ~ v 
N X-CH = CH-CHECH= CH y 

294 

RI + R I - - ~  D 
293 + 293 586 

Rz + R 2 - - ~  D 
295 + 795 590 

Rt + R2 ~ D 
293 + 29,5 588 

X-  CH=CH-CH-CH=CH-Y~ '~ t 

X-CH = CH-CH=CH-CH-Y RI 
293 or 

R -OH-  CH = CH- CH= CH-Y 

+ 

X-  CR- CH2-CH2- CH = CH-Y"  1 

X-CH£CH-CH2-CH= CHY ~ R z  

X-CH = CH-CHz-CHE-CHY 1 295 

X-CH =CH- CH2-CH-CN2Y J 

FIe. 4. ~imolecular hydrogen transfer free radical mech- 
anism of dimerization of normal linoleate. 
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TABLE I I  
Thermally Polymerlzod Linoleate (290C) 

Monomer composition 
Ratio 

)/Ionomer Dimer  Tr imer  N Cct Ctt 01 X 588 / 586 
Hr .  % % % % % % % % peaks 

0 (orig.) 100.0 99.0 1.0 0 0 0 .... 
1 99.0 i:O ()'" 97.6 1.7 0.4 0.3 0 
2 97,9 2,2 0 97,4 1.5 0.8 0,2 0.1 118 
4 96.3 3,7 0 95.8 2,1 1.6 0,8 0,2 1,8 
8 87.9 I0,0 2,0 94.2 2,4 2,5 0,7 0,2 1,7 

]6  76.2 1.7,2 5,6 86,6 5.0 5.6 2,4 0,4 1.9 
32 45.6 38,5 15,9 77,1 6.9 7,3 8.0 O,7 2,0 

facts indicate that it is caused by a Diels-Alder dim- 
erization to a considerable extent: a) a strong 
M1/2= 294 peak (1.2 × 588 intensity) which disap- 
pears on hydrogenation (el. below); b) a strong 
peak at M ~ -  267 = 321, corresponding to the simul- 
taneous loss of the two groups in the 2,3 positions 
of the Diels-Alder dimer structure with hydrogen 
transfer (also seen in the model dimer of conjugated 
10,12 linoleate); c) relatively strong peaks cor- 
responding to loss of the expected alkyl groups 
on the cyctohexene ring: M1 -- C~H~ = 517, M~ - 
C~HI~ : 503, M - -  CsH~ = 477 ; d) relatively strong 
peaks corresponding to loss of the ester-contain- 
ing side-chains: M ~ -  (CHe)7COOCH~, M ~ -  (CH~)s 
COOCH~, and M1 - CHzCtt = CH - -  ( C H 2 ) 7  - -  

C00CH~. 
Many of these peaks are accompanied by peaks 

at 2 mass units less, presumably similarly related 
to the Me = 586 peak. 

Mass Spectrum of  Hydrogenated  Dimer 

This is shown in Figure 6. The major parent 
peaks at 592, 590, and 588 correspond to saturated 
dimers with one, two, and three rings. 

The M1 = 592 peak corresponds to the monocyclic 
dimer expected from the Diels-Alder dimerization. 
The following facts indicate that the M1 is attrib- 
utable to this structure: a) absence of strong M~/2-- 
296 peak; b) relatively strong peak at M1--271-- 
321 corresponding to loss of the two groups in the 
2,3 positions of the Diels-Alder adduet with hydro- 

gen transfer; preferential loss of these groups was 
also seen in the hydrogenated model 10,12 linoleate 
dimer; c) relatively strong peaks owing to 
loss of CH3OH plus alkyl groups: M 1 -  (C5Hll + 
CH~OH) = 489, M, - (C6H13 + CH3OH) = 475, 
M1 - -  (CHTH15 + CH30H) = 461, M1 - -  (C8H17 + 
CH:~OH) = 447; and d) relatively strong peaks 
corresponding to the loss of ester-containing side- 
chains: M1 -- (CH.o)7COOCHa = 435, M1 -- (CHe)8 
COOCH~ = 421, M1 - -  (CH~)loCOOCHs = 393. 

The CsHH, C6Hla, and C8H17 atkyl groups and 
the (CH~)7COOCHa, (CHe)sCOOCH3, and (CHu)I~ 
COOCH~ would be expected in the Diels-Alder dimer 
if the 9- or 12- double bond of uneonjugated linoleate 
acted as dieneophile. If  the Clo double bond of 10,12 
conjugated isomer acted as dieneophile, the C7 alkyl 
group would also be expected; and if the Cll double 
bond of the 9,11 conjugated isomer acted as diene- 
ophile, the (CH2)9C00CHa group would also be 
expected. 

These assignments of substituents on the cyclo- 
hexene ring from cleavage fragments are complicated 
by the presence of three prominent parent mass 
peaks and by the prominent simultaneous loss of 
methanol with the alkyl side-chains. The preferen- 
tial simultaneous loss of methanol with substituents 
in the hydrogenated form compared with the unhy- 
drogenated form was also seen in the model dimer 
of 10,12 linoleate. 

The peaks discussed above in relation to the 592 
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peak were generally accompanied by peaks two and 
four  mass units lower, usually stronger but  some- 
times weaker (C6Hl3 and CsH~7) than those related 
to the 592 peaks. These are presumably related to 
the 590 and 588 parent  mass peaks. 

Dehydrolinoleate Dimer 

This was made by heating methyl tinoleate (Hor-  
mel) (0.177 mole) with all-t-butyl peroxide (0.0212 
mole) at 130C for 72 hr. Most of the unreacted 
monomer was str ipped in an alembic still to a max- 
imum temperature of 130C. The residue was then 
fractionally distilled in a micromolecular still, oper- 
ated to isolate the pure dimer fraction (7). The 
dimer fraction showed 21% conjugated cis,trans and 
29% conjugated trans, trans linoleate by IR (8). 
U.V. showed k236 = 47.0. Thus the dimer has about 
50% of conjugated linoleate segments. The mass 
spectrum showed a highly predominant parent  peak 
at M = 586, with weaker peaks at 584 (0.11 × 586 
intensity) at 582 (0.03 × 586), and 588 (0.15 × 586). 
I t  also showed a strong peak at M/2 = 293 (13 × 
586). Mass 586 corresponds to a noncyclie dimer 
with four double bonds. 

Hydrogenated Dehydrolinoleate Dimer 

This was made by hydrogenating the crude 
stripped dimer, as above (1), then fractionally dis- 
tilling in the micromolecular still, as above, to get 
a pure dimer fraction. This saturated dimer showed 
a highly predominant  parent  mass peak M = 594, 
with weaker peaks at 592 (0.12 × 594 intensi ty) ,  at 
590 (0.16 × 594), and at 588 (0.03 × 594). I t  also 
showed a very  strong peak at M/2 = 297 (19 × 594) 
and at M / 2 + 1 = 2 9 8  ( 1 8 × 5 9 4 ) .  These data con- 
firm the noncyclic, conjugated structure of dehydro- 
linoleate, as proposed previously (2). 

Intramoleeular  Ring  C l o s u r e  

Closure of the unhydrogenated dehydrolinoleate 
dimer was accomplished by heating a 10% solution 
of it in methyl  laurate as inert  diluent for 8 hr at 

290C. (Normal methyl  linoleate would be about  
10% dimerized under  these conditions.) The methyl  
laurate was str ipped off in vacuo to a maximum tem- 
perature of 130C in an alembic still. The residual 
dimer showed k2:~4 = 5.0, indicating that  the conju- 
gation had mostly disappeared. The mass spectrum 
of this residual dimer still showed 586 as the highly 
predominant  peak, with less intense peaks at 584 
(0.11 × 586), at 582 (0.065 × 586), and at 580 
(0.04 × 5s6). 

This residual dimer was hydrogenated and recov- 
ered as above (1). The mass spectrum showed a par- 
ent mass peak M = 590 (2 rings) as the highly pre- 
dominant peak, with minor peaks at 588 (0.24 × 
590) and at 586 (0 .11× 590). There was no rela- 
tively strong peak at  M/2 = 2 9 5  (0.5 × 590) com- 
pared with the uncyclized hydrogenated dehydro- 
linoleate, where the peak at M/2 = 297 is 19 × 594 in- 
tensity. There was no detectable peak at 594 (no 
ring) or 592 (one r ing) .  

Discussion 
The rather  strong M/2 peak in the unhydrogenated 

dimer and its absence in the hydrogenated dimer, 
plus the fragmentat ion patterns,  strongly suggest 
the Diels-Alder addition mechanism for the mono- 
cyclic dimer. Although the M/2 peak was quite 
strong, it was not nearly as strong relative to parent  
molecular peak (1.2 x 588 intensity) as was the case 
of the dimer f rom pure conjugated 10,12 linoleate, 
where the peak at M/2 = 294 was 27 × 588 intensity. 
The lesser relative intensity of the M/2 peak of the 
thermal dimer of nornlal linoleate may result from 
the fact that, when it undergoes retro-Diels-Alder 
cleavage, only one conjugated linoleate is formed plus 
one nonconjugated linoleate whereas retro-Diels- 
Aider reaction of the dimer from 10,12 linoleate 
would give two conjugated linoleates with greater 
resonance stabilization. The amount  of the mono- 
cyclic Diels-Alder dimer present is not easily deter- 
mined since parent  peak sensitivities depend on 
structure. I f  one assumes that  the hydrogenated 
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]?IG. 6. Mass spectrum of hydrogenated thermal dimer of normal linoleate. 
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Fro. 7. Intramolecular eyclization of a dehydrolinoleate 
dimer. 

dimer of the model 10,12 linoleate may be used as 
a standard, then the 48-hr dimer would have only 
about 32% of monoeyelie dimer structure (by rela- 
tive parent peak intensities of 592 of the hydroge- 
nated dimers, run the same day and under the same 
conditions). It  is interesting to note that the hydro- 
genated 4-hr and 8-br samples (Table II, 3.7 and 
12% conversion) had essentially the same ratio of 
592 to 590 peaks as the 48-hr sample, indicating 
that the monocyelic Diels-Alder structure is formed 
in the early stages of dimerization. 

The bicyclie dimer, indicated by the 590 parent 
mass peak in the hydrogenated dimer, is best ex- 
plained by the free radical coupling theory, with 
subsequent rapid intramoleeular cyelization. The 
dehydro-linolcate synthesized from normal linoleate 
is a model of the dimer which would result from 
coupling of R~ + R1 according to the free radical 
coupling theory. The fact that it did eyclize to a 
predominantly bicyelic structure shows that this 
mechanism is possible. The particular dehydrodimer 
structure shown in Figure 7 has two conjugated 
linoleate segments, resulting in two fused cyclohexene 
rings. I f  one of these segments were the nonconju- 
gated form of R1, joined at Cll, then intramolecular 
DiMs-Alder cyclization would result in a cyclobutane 
ring fused to the cyelohexene ring. If  free radicals 
were formed by loss of hydrogen from linoleate at 
Cs or C14 (2) and these radicals or their limiting 
resonance forms were coupled with a conjugated 
segment (R~), bicyclic dimers could be formed with 
four- and five-membered rings fused to the cyclo- 
hexene ring. 

As mentioned earlier, the 588 peak of the unhy- 
drogenated dimer could be caused in part by cou- 
pling of R1 + R2 of the free radical mechanism. If  
this occurred, this conjugated noncycIic triene dimcr 
must also undergo intramolecular cyclization to a 
bicyclic dimer since noncyclic structure was absent 
(no 594 peak in hydrogenated dimer). Such bicyclic 

dimers could have cyclopentane or cyclohexane rings 
fused to the cyclohexene ring. 

The possible bicyclic structures mentioned above 
are those which give 1,2 or a,fl fusion of the second 
ring to the cyelohexene ring that is formed by intra- 
molecular Diels-Aldcr cyclization. By adding the 
conjugated diene in the "opposite" head-to-tail vs. 
head-to-head sense, rings of 5,6,7, or 8 carbons fused 
1,3 or a,7 to the cyclohexene ring are theoretically 
possible. Since mass spectrometry would not be ex- 
pected to differentiate the ring size in such poly- 
cyclic structures, the ring sizes and structures of 
these poIycyclic dimers are not established with the 
present data. 

The absence of dimer of mass 590 in the unhydro- 
genated dimer indicates that there is no coupling of 
R2 + R2--590, as originally proposed by Rushman. 
There is no obvious mechanism by which such a de- 
hydrodimer of mass 590 would form a cyclic dimer 
of mass less than 590. 

A possible explanation for the absence of dimer 
of mass 590 in the unhydrogenated dimer is that 
radical Rf, which is not appreciably stabilized by 
allylic resonance, would preferentially abstract a 
hydrogen atom from a normal linoleate (and gener- 
ate an R1 radical) and thus become an oleate isomer, 
which is actually observed in the monomers of par- 
tially polymerized linoleate (el. Table II  and Ref. 
6). Thus for each oleate isomer formed, an addi- 
tional R1 radical would be formed, which would be 
available for reacting with another R1 to give a 586 
mass dimer or with Re to give a 588 mass dimer. 

The tricyclic dimer indicated by the 588 peak in 
the hydrogenated dimer might arise by an intramo- 
lecular alkylation reaction of an exocyclic double 
bond of the bicyclic dimer. No speculation as to pos- 
sible structures of these tricyclic dimers is offered. 

The weak peak at 586 in the hydrogenated dimer 
could be attributable to any one of three possibilities 
or combinations of them: a saturated tetracyclic 
dimer, a tricyclic dimer with one double bond (the 
hydrogenated dimer had an I.V. = 2.8), and a menD- 
cyclic benzene ring with saturated substituents (UV 
could detect no aromatic structure). The second ex- 
planation seems most likely. 
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