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ABSTRACT 

An isomeric mixture of linoleic acid 
h y d r o p e r o x i d e s ,  13-hydroperoxy-cis- 
9,trans-11-octadecadienoic acid (79%) 
and 9-hydroperoxy-cis-12,trans-10-octa- 
decadienoic acid (21%), was decomposed 
homolytical ly by Fe(II)  in an ethanol- 
water solution. In one series of experi- 
ments, the hydroperoxides were decom- 
posed by catalytic concentrations of 
Fe(II).  The 10 -5 M Fe(III)  used to initiate 
the decomposit ion was kept  reduced as 
Fe(II) by a high concentration of cysteine 
added to the reaction in molar excess of 
the hydroperoxides.  Nine different mono- 
meric (no detectable dimeric) fatty acids 
were identif ied from the reaction. Analy- 
ses of these fat ty acids revealed that they 
were mixtures of positional isomers iden- 
tified as follows: (I) 13-oxo-trans, trans- 
(and cis, trans-) 9,11-octadecadienoic and 
9-oxo-trans,trans- (and cis, trans-) 10,12- 
octadecadienoic acids; (II) 13-oxo-trans- 
9,10-epoxy-trans-11-octadecenoic and 
9-oxo-trans- 12, 13-epoxy-trans-10-octa-  
decenoic acids; (III) 13-oxo-cis-9,10- 
epoxy-trans-ll-octadecenoic and 9-oxo- 
cis-1 2,1 3-e po x y-trans-l  O-octadecenoic 
a c i d s ;  ( I V )  1 3 -hy  dr  oxy-9 ,11-oc ta-  
decadienoic and 9-hydroxy-10,12-octa- 
decadienoic acids; (V) 1 1-hydroxy-trans- 
1 2,1 3 -epoxy -c i s -9 -oc tadeceno ic  and 
1 1 -hydroxy-trans-9,10-epoxy-cis-12-octa- 
decenoic acids; (VI) l l-hydroxy-trans- 
1 2,1 3-e p oxy-trans-9-octadecenoic and 
1 1 -hy  dr  o x y - t r a  n s-9, lO-epoxy-trans-12- 
octadecenoic acids; (VII) 13-oxo-9-hy- 
droxy-trans-lO-octadecenoic and 9-oxo- 
13-hydroxy-trans-1 1-octadecenoic acids; 
(VIII) isomeric mixtures of 9,12,13-dihy- 
droxyethoxy-trans-l  O-octadecenoic and 
9, I O, 1 3-dihydroxyethoxy-trans-11-octa- 
decenoic acids; and (IX) 9,12,13-trihy- 
d r o x y - t r a n s - l O - o c t a d e c e n o i c  a n d  
9,1 O, 13-trihydroxy-trans-1 I-octadecenoic 
acids. In another experiment,  equimolar 
amounts of Fe(II) and hydroperoxide 
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were reacted in the absence of cysteine. A 
large proport ion of dimeric fat ty acids 
and a smaller amount  of monomeric fat ty  
acids  resulted. The monomeric fat ty acids 
were examined by gas liquid chromatog- 
raphy-mass spectroscopy. Spectra indi- 
cated that the monomers were largely 
similar to those produced by the Fe(III)-  
cysteine reaction. 

INTRODUCTION 

The decomposit ion of linoleic acid hydro- 
peroxide (LOOH) by enzymes or systems pos- 
tulated to be enzymes has been studied exten- 
sively. Among the products identified were 
oxooctadecadienoic acid (1); 13-oxotrideca- 
dienoic acid, n-pentane (2); dimers (3); isomeric 
oxohydroxyoctadecenoic  acids (4,5); trihy- 
droxyoctadecenoic acid, hydroxyepoxyocta-  
decenoic acid (6); hydroxyoctadecadienoic  
acid; (6,7) and an unsaturated ether, 9- (nona- 
1 ' ,3 '-dienoxy)-non-8-enoic acid (8). 

In contrast to all this enzymatic research, 
complete structural determination of products 
from the decomposit ion of LOOH by non- 
enzymatic reactions has been less thoroughly 
investigated, except for studies concerning the 
identification of pentane (9), addition prod- 
ucts with 0~-tocopherol (10), and 11 -hydroxy-12, 
13-epoxy-9-octadecenoic acid (11). Most in- 
vestigators indicate that the overall mechanism 
of decomposit ion is probably homolytic.  In 
some studies, fa t ty  ester hydroperoxides were 
decomposed, neat, both thermally (12) and at 
low temperatures (13). Products in both in- 
stances were primarily dimers, whose structural 
details were not determined completely.  

Transition metal ions are especially effective 
in catalyzing free radical reactions in the 
presence of peroxides or hydroperoxides.  In 
their lower valency state, metal ions readily 
produce alkoxy radicals (RO o) from hydroper-  
oxides (ROOH), whereas higher oxidation 
states promote peroxy radical (ROO-) forma- 
tion (14). O'Brien (15) observed that LOOH 
degraded with Fe(II) yielded numerous prod- 
ucts, but he did not  identify them. O'Brien also 
discovered that Fe(II1) was much less effective 
in decomposing LOOH, but, when electron 
donors like cysteine were present, the reaction 
resembled the decomposit ion caused by Fe(II)  
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according to his parameters. This similarity can 
be attributed to the reduction of Fe(III) to 
Fe(II) by cysteine. 

We examined nonvolatile products after 
homolytic degradation of LOOH in dilute 
solution. When equimolar Fe(II) was added to 
the LOOH solutions, we observed facile forma- 
tion of dimers, which complicated the isolation 
of the monomeric fatty acids also formed. 
Catalytic amounts of Fe(III) (10 -s M) in the 
presence of cysteine in molar excess of LOOH 
moderate decomposition enough that only 
monomeric fatty acids can be detected. We 
identified the major fatty acid products of this 
reaction and compared them with equimolar- 
Fe(II) products. 

METHODS 

Hydroperoxides 

LOOH was prepared by soybean lipoxy- 
genase ([EC 1.13.1.13] lipoxygenase type 1, 
Sigma Chemical Co., St. Louis, Mo., 134,000 
units/mg) oxidation of linoleic acid. The 
method of oxidation, including the concentra- 
tion of enzyme (units/ml), and the isolation of 
LOOH were the same as used previously (10). 
By thin layer chromatography (TLC) densitom- 
etry (16), LOOH was determined to be an 
isomeric mixture of 13-hydroperoxy-trans- 
l l,eis-9-octadecadienoic (79%) and 9-hydro- 
peroxy-trans-l O,cis-12-octadecadienoic (21%) 
acids. 

Reaction Conditions 

Fe(III)-cysteine: The final reaction solution 
was 3.2 mM LOOH, 12.8 mM cysteine (free 
base, Nutritional Biochemicals Corp., Cleve- 
land, Ohio) and 10 -s M FeC13 in 80% ethanol. 
The reaction was initiated by the addition of a 
small volume of FeC13 solution (10 -3 M), while 
stirring vigorously for 1 hr at room temperature 
in the presence of air. In certain experiments, 
the reaction proceeded under either pure 02 or 
N 2. The reaction mixture was extracted once 
with a 1.6 times larger volume of chloroform. 

Equimolar Fe (II) : The reaction solution was 
3.2 mM LOOH and 3.2 mM ferrous ammonium 
sulfate in 80% ethanol. The other conditions 
were the same as those used with Fe(III)-cys- 
teine, except that the reaction time was 10 min. 

Chromatography 

Fatty acids initially were isolated with two 
different chromatographic columns. The first 
column, serving as a preparative procedure, was 
packed with silicic acid, as described previously 
(5). The column was equilibrated with chloro- 
form before the crude product (ca. 0.7 g) was 

applied. Elution was stepwise with 100 ml 
chloroform, 150 ml 2% methanol, and 250 ml 
10% methanol in chloroform. The free fatty 
acids were eluted in the first 320 ml, except for 
trih~(droxyoctadecenoic acid which eluted 
mixed with other minor components between 
320-380 ml. The fatty acids (less than 260 mg) 
collected in the first 320 ml were applied to a 
second column (inside diameter 2.5 cm) packed 
with 50 g Mallinckrodt SilicAR CC-4 in iso- 
octane. Stepwise elution was with 40 ml 20% 
ether, 260 ml 24% ether, 250 ml 30% ether, 
250 ml 40% ether, 300 ml 50% ether, 250 ml 
70% ether in hexane, 200 ml ether, and 200 ml 
methanol. 

Column fractions found to be mixtures were 
purified further by TLC (10). Solvent systems 
were: hexane-ether-acetic acid 50:50:1 and 
30:70:1 for most fatty acids and dihydroxy- 
ethoxyoctadecenoic acid, respectively; chloro- 
form-methanol-acetic acid 65:10:1 for trihy- 
droxyoctadecenoic acid; hexane-ether 80:20 
for methyl oxostearate; hexane-ether 60:40 and 
50:50 for most methyl esters; hexane-ether 
3 0 : 7 0  for  methyl dihydroxyethoxyocta- 
decenoate; and chloroform:methanol 95:5 for 
methyl trihy droxyoctadecenoate. 

Silyl derivatives of fatty esters were sepa- 
rated by gas liquid chromatography (GLC), as 
described by Kleiman and Spencer (17). Col- 
umn temperature was programed from 175-375 
C at 4 C/min. Products from oxidations with 
periodic acid were separated by GLC with a 4 ft 
x 1/4 in. glass column packed with Silar 5 CP 
on Gas Chrom Q (Applied Science Labora- 
tories, State College, Pa.). The column tempera- 
ture was programed from 50-230 C at 4 C/min. 
Calculated carbon number of the dimer was 
determined by GLC using a standard wax ester 
(jojoba oil). The column for this determination 
was 3 ft x 1/8 in. and packed with 3% OV-1 on 
Gas Chrom Q. The column was temperature 
programed from 200-400 C at 2 C/min. 

Spectroscopy 

Mass spectrometry (MS) was employed in 
tandem with GLC, as described by Kleiman and 
Spencer (17). Multiple spectra were recorded 
throughout the GLC elution of each fatty ester 
to detect positional isomers. NMR spectra were 
determined as before (5). IR spectra were 
recorded by a Perkin-Elmer model 621 with 0.1 
mm thick NaC1 cells containing 10% solutions 
in CC14 and CS 2. 

Derivatives 

Diazomethane was used to esterify and 
Hz-Pd or NaBH 4 to reduce (10). Hexamethyl- 
disilazane-trimethylchlorosilane-pyridine 2:1 : 1 
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T A B L E  I 

Yield o f  F a t t y  Ac ids  P r o d u c e d  by  D e c o m p o s i t i o n  o f  
L O O H  a by  F e ( l l I ) - C y s t e i n e  as S e p a r a t e d  b y  

C o l u m n  C h r o m a t o g r a p h y  b 

H.W. G A R D N E R ,  R. KLE1MAN A N D  D. W E I S L E D E R  

C o m p o u n d  c Wt,  m g  d E l u a n t  v o l u m e ,  ml 

U n k n o w n  4.1 0 - 2 1 0  
I 29 .4  2 1 0 - 5 9 0  
II 40.1 5 9 0 - 7 5 0  
l i l t  
| V ~  12.9 7 1 0 - 8 1 0  

V 9 .4  8 1 0 - 9 1 0  
VI 16.4 8 7 0 - 1 0 1 0  
U n k n o w n  8 .0  9 8 0 - 1 0 8 0  
VII 12.4  1 0 8 0 - 1 2 1 0  
VIII  e 51.5  1 1 5 0 - t  2 6 0  
IX f 116 3 2 0 - 3 8 0  
O t h e r  4 0 . 2  Minor  c o m p o n e n t s  

a n d  p o l a r  ma te r i a l  

a L O O H  : l inole ic  ac id  h y d r o p e r o x i d e .  

b C r u d e  p r o d u c t  ( '720 mg)  was  a p p l i e d  to  a si l icic 
ac id  c o l u m n  a n d  e lu t ed  wi th  c h l o r o f o r m - m e t h a n o l .  
VIII was  c o l l e c t e d  as t a b u l a t e d .  The o t h e r  c o m p o n e n t s  
s t u d i e d  ( 2 5 3  mg) were  c o l l e c t e d  as a m i x t u r e  in the  
f irst  3 2 0  ml e l u t e d  f r o m  the  c o l u m n .  This  m i x t u r e  
was  app l i ed  to  a s e c o n d  silicic ac id  c o l u m n  a n d  
e l u t e d  wi th  h e x a n e - e t h e r  as t a b u l a t e d  above .  

CKey to  the  R o m a n  n u m e r a l s  is given in Figure  1. 

d w t  d e t e r m i n e d  f r o m  a c t u a l  w t  o f  f r a c t i o n s .  T h o s e  
fractions c o m p o s e d  o f  a m i x t u r e  o f  t w o  c o m p o n e n t s  
were  a n a l y z e d  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  densi-  
t o m e t r y  so t h a t  ind iv idua l  w t  c o u l d  be c a l c u l a t e d .  

e T w o  pa r t i a l ly  s e p a r a t e d  i somer i c  fo rms .  

f i x  plus o t h e r  m i n o r  c o m p o n e n t s  as d e t e c t e d  b y  
thin l aye r  c h r o m a t o g r a p h y .  

was selected to silylate fatty esters with more 
than one hydroxyl group and bis(trimethyl- 
silyl)-trifluoroacetamide (Regis Chemical Co., 
Chicago, 111.) for monohydroxylated esters. 

Diols and epoxides were oxidized with peri- 
odic acid (18), except that epoxides required 
1/2 hr at 60 C instead of t5 min at room 
temperature used for diol oxidation. Quantita- 
tion of the molar ratio of the oxidation 
fragments, hexanal and methyl 9-oxo-non- 
anoate, was made possible by comparison with 
f r a g m e n t s  f r o m  a s t a n d a r d ,  me thy l  
9,10,12,13-tetrahydroxystearate, oxidized under 
the same conditions. Methyl tetrahydroxy- 
stearate was prepared by alkaline KMnO4 oxi- 
dation of linoleic acid (19) at 0 C reaction 
temperature followed by esterification and iso- 
lation by TLC. 

RESULTS 

Fe(lll)-Cysteine Reaction 

Catalytic quantities of Fe(llI) ions in the 
presence of excess cysteine rapidly decompose 
LOOH to a number of chloroform-ethanol-solu- 
ble products. The reaction is complete within 

20 min. Fatty acids are 52% of the mixture of 
lipid products. In addition to fatty acids, a 
number of ninhydrin-positive lipids are pro- 
duced and accotmt for the remainder of the 
total lipid. Other highly polar material was 
extracted into the chloroform layer, which was 
not recovered from the silicic acid column, and 
was subsequently assumed to be nonlipid. 
Preliminary data indicated that the ninhydrin- 
positive lipids arose from an additon reaction 
between cysteine and LOOH. Isolation and 
characterization of these adducts will be de- 
tailed in a subsequent publication. First, we 
concentrated on identifying the fatty acids. We 
did not examine the volatiles produced, but 
surmise their presence from the unusual ahnost 
breadlike aroma emanating from the reaction 
mixture. When Fe(IIl) was not added to the 
reaction mixture, LOOII failed to decompose 
substantially.after 1 hr. 

ra t ty  acids were isolated by column chroma- 
tography in quantities sufficient for structural 
work (Table I). Yields of individual fatty acids 
fluctuated somewhat from one experiment to 
another, presumably because the free radical 
reactions taking place were so complex. Al- 
though yields shifted for each product in repli- 
cate experiments, the identity of fatty acids pre- 
dominating remained nearly the same, as far as 
we could ascertain. 

Structures of the fatty acids identified and 
labeled by Roman numerals are summarized in 
Figure 1. 

In certain experiments, the reactions were 
made to proceed either under a N 2 atmosphere 
or under pure 02,  instead of under air. Compar- 
ison of products from reactions under the three 
conditions were strikingly different. Compared 
to the products from reaction in air, the 
products from the pure 02 reaction were 
observed to have the following changes in 
product distribution: (A) production of II and 
Ill was enhanced and (B) formation of the 
cysteine-fatty acid addition compounds was 
inhibited. On the other hand, compared to the 
air reaction, the N 2 experiment resulted in: (A) 
no detectable formation of II and III and (B) an 
enhanced production of cysteine-fatty acid 
addition compounds. 

Structure Determinations 
Product I: Its UV spectrum compared favor- 

ably with that reported by Binder, et al., (20); 
~'max (methanol) = 277 nm, ema x = 20,300. 

An IR spectrum (I methyl ester) also com- 
pared with that reported by Binder, et al., (20) 
for methyl 9-oxo-trans, trans-lO,12-octadeca- 
dienoate, except there was a small absorption at 
955 cm -I due to the presence of some cis, 
IrclllS-OX OdieFle. 

LIPII)S,  V O L .  9, NO.  9 
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TABLE II 

Mole Percent of Isomers as Determined by Thin Layer 
Chromatography or Periodic Acid Oxidationa 

Carbons of Carbons of 
hydroperoxy-, epoxide- or 
or oxo-group diol-group 

Compound b 9 13 9,10 12,13 

LOOH 21 79 . . . . .  
I 26  74 . . . . . .  
II . . . .  22 78  
III . . . . . .  51 49 

--- 12 88 
V -- 29123 71177 VI . . . . . .  
IX . . . . . .  40 60 

aThe appropriate derivatives of linoleic acid hydro- 
peroxide (LOOH) and I were determined by TLC 
separation of isomers followed by char densitometry. 
The other compounds were oxidized by periodic acid 
and their cleavage products quantitated by GLC. 

bKey to the Roman numerals is given in Figure 1. 

Some fea tu res  in  the  N MR spec t rum were:  
m e t h y l e n e  p r o t o n s  a to  the  con juga ted  car- 
b o n y l  at  6 2 .54  ( t ,  2 H);  o le f in ic  p r o t o n  ~3 to  
c a r b o n y l  c en t e r ed  at  6 7.51 (dd  J = 15 Hz, J = 
11 Hz, 1 H);  o lef in ic  p r o t o n s  cen te red  at 6 6 .10 
(m,  3 H); m e t h y l e n e  p r o t ons  cz to  t he  car- 
boxyl ic  acid at  6 2 .34 ( t ,  2 H); and  m e t h y l e n e  
p ro tons  a to  the  con juga t ed  olef in  at  ~ 2 .20 (m,  
2 H). 

MS c o n f i r m e d  the  p roposed  s t ruc tu re  on  the  
basis of a t r ime thy l s i l y l  o x o o c t a d e c a d i e n o a t e  
derivative.  Ions w i t h  n o r m a l i z e d  in tens i t i es  
grea ter  t h a n  35% were:  67;  73,  (CH3)  3 Si+; 75,  
(CH3)2SiOH+;  81;  95;  151,  cleavage of  C-8 and  
C-9; 166, cleavage of  C-7 and  C-8 wi th  rear- 
r a n g e m e n t  (18) ;  276,  M - 90;  295,  f r agmenta -  
t ion  b e t w e e n  C-13 and  C-14; 341,  M - 15; and  
366,  M. 

Percentages  of  13- a n d  9-oxo isomers ,  as 
d e t e r m i n e d  by TLC c h a r - d e n s i t o m e t r y  (21)  
a f te r  h y d r o g e n a t i o n  and  es te r i f i ca t ion ,  are re- 
.ported in Table  II. Iden t i t i es  of  the  co r r e spond-  
mg  spots  sc raped  f r o m  TLC plates  were ascer- 
t a ined  by MS c o m p a r e d  w i th  MS of  a u t h e n t i c  
m e t h y l  13- and  9-oxos teara tes  descr ibed  by  
Ryhage  and  S tenhagen  (22) .  

Produc t  II: The two  i somers  of  II were 
inseparable  by TLC or c o l u m n  c h r o m a t o g r a p h y  
in all solvents  tes ted .  On TLC,  II reac ted  readi ly  
wi th  a 2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  spray  (1)  
y ie lding a ye l low-orange  spot .  

The  UV s p e c t r u m  of II was charac te r i s t ic  of 
spect ra  of  a~3-unsa tura ted  ca rbonyls ;  )tma x 
( e the r )  = 229 n m ,  6max = 16,500.  

Charac te r i s t ic  IR abs o r p t i ons  (II m e t h y l  
es ter )  were 1635 c m  -1, o le f in  0tg to  a c a rbony l ;  
1680 and  1700  cm -1, con juga ted  ca rbony l ;  
1740 cm -1, es ter  c a r b o n y l ;  973 cm -1, trans- 

O 

( R t ] R ~ R t t R )  - I  
0 

trl)R 
0 

[ R . I ) R ~ R i [ R ]  
0 

( R 1 ) R ~  RI[R) T11 

[Ri )R--CH OH--CH=CH--CH--C H--R 1 (R) 
OH 

( R t l R , / ~ - - / R t ( R )  I 
OH 

IRIIR RtIR) 
0 OH 

( R 1 ] R ~ R I ( R )  "VTT 
OH OH - 

[ R I ] R ~ R I ( R )  
0CH2CIt3 

OCH2CH3 OH 
Z@ R R1 

OH 

OCH2CH3 OH 

R ~ R , I  
OH 

OH OH 

(R~IR RllR) 
OH 

R : --[CH2J,(--CH~ 
R1 = --(CH2)?--COOH 

FIG. 1. Numerical key and structures of fatty acids 
isolated as products of the Fe(III)-cysteine reaction. 
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monoene; and 885 cm -1 , trans-epoxide (23). 
NMR delineated the sequence of the substit- 

uents as follows: epoxide proton a to methyl- 
ene at 8 2.90 (m, 1 H); epoxide proton a to 
unsaturation at 8 3.20 (dd, J = 6 Hz, J = 2 Hz, 
1 H); olefinic proton a to the epoxide centered 
at 8 6.57 (dd, J = 16 Hz, J = 6 Hz, 1 H); 
olefinic proton a to carbonyl centered at 8 6.36 
(d, J = 16 Hz, 1 H); methylene a to conjugated 
carbonyl at 8 2.52 (t, 2 H); and methylene a to 
carboxylic acid carbonyl at 8 2.34 (t, 2 H). 
Double irradiation of the epoxide proton at 
3.20 8 confirmed its position a to the double 
bond. The epoxide protons were assigned a 
trans-configuration because of their upfield 
absorption compared to the corresponding cis- 
epoxide, product III. The difference in chemi- 
cal shift between the cis- and trans-epoxide 
protons a to methylene and a to olefin were 
0.24 and 0.27 8, respectively, which correspond 
closely to 0.22 8 difference reported for cis- 
and trans-epoxides of saturated fatty esters 
(24). Reduction of II with NaBH 4 yielded the 
corresponding hydroxyepoxyoctadecenoic acid, 
which was examined by NMR. The epoxide 
protons a to methylene and a to olefin ab- 
sorbed at 2.78 and 3.05 8, respectively, upfield 
from the corresponding cis-epoxide reported by 
Graveland (6). 

MS of the trimethylsilyl ester of II resulted 
in poor spectra which could not be interpreted 
readily. However, NaBH4 reduction of If, ester- 
ification and preparation of the trimethylsiloxy 
derivative yielded a compound that fragmented 
into intense ions. MS compared favorably with 
the reported by Graveland (6) who also exam- 
ined a mixture of methyl 13-trimethylsiloxy- 
9,10-epoxy- 11-octadecenoate and methyl 9-tri- 
me t h y l s i l o  xy - 12,13-epoxy- 10-octadecenoate. 
Our spectra differed from Graveland's in that 
the cleavage between the epoxide and the 
double bond was reduced greatly, which re- 
sulted in small intensitites of m/e 199 and 285. 

Periodic acid oxidation showed that the 
epoxide was mostly at C-12,13 (Table II). 

Product III: I l l  migrated in TLC with a 
slightly lower Rf compared with II, as expected 
for cis- vs trans-epoxides (25). III eluted from 
column chromatography mixed with IV but 
was isolated almost completely from IV by 
esterification followed by TLC. 

The UV spectrum of III was similar to the 
one reported for II, )tma x (ether) = 229 nm. 

An IR spectrum (III methyl ester) had 
features similar to the spectrum of II. The 
notable difference was a shift in epoxide 
absorption from 885 cm -~ in II to 825 cm -1 in 
III, indicating that III was a cis-epoxide (23). 

Assignments of an NMR spectrum of III 

(methyl ester) are as follows: epoxide proton a 
to methylene at 8 3.14 (m, 1 H); epoxide 
proton a to unsaturation at 8 3.47 (dd, J = 6 
Hz, J = 4 Hz, 1 H); olefinic proton a to epoxide 
at 8 6.63 (dd, J = 16 Hz, J = 6 Hz, 1 H); the 
other olefinic proton at 8 6.34 (d, J = 16 Hz, 1 
H); carbomethoxy methyl at 8 3.62 (S, 3 H); 
methylene a to ester carbonyl at 8 2.27 (t, 2 
H); and other assignments identical to those 
observed for II. Double irradiation experiments 
confirmed the structure. 

MS (III methyl ester) was less than satisfac- 
tory; however, a small molecular ion (m/e 324), 
M - 18, and M - 31 were observed. After NaBH4 
reduction and trimethylsilylation, the MS was 
similar to the comparable derivative of II. 

III was shown to be a nearly equal mixture 
of positional isomers by periodic acid oxidation 
(Table II). 

Product IV: IV was present in trace quanti- 
ties compared to the other constituents and 
thus was difficult to isolate. After preparative 
TLC of the column fraction containing a 
mixture of III and IV, a partially purified 
sample of IV was obtained. The TLC fraction 
was separated further by GLC after trimethyl- 
siloxy derivatization. Replicate MS sampled 
over the appropriate GLC peak gave spectra 
comparable to trimethylsiloxy derivatives of 
methyl 9-hydroxy-trans, trans-10,I 2-octadeca- 
dienoate and others more comparable to 
methy l  13-hydroxy-cis-9,trans-11-octadecadi- 
enoate, as indicated by a shift in ratios of m/e 
225 to 311 (17). The geometric configuration 
of the diene was not determined. 

Product V: Product V separated from the 
analogous product VI both by column chroma- 
tography and TLC. Although the difference in 
structures reported here is proposed to be cis- 
vs trans-unsaturation, this difference would not 
be expected to result in chromatographic sepa- 
ration with the techniques used in this study. 
We did not examine these products for either 
erythro or threo isomerism. This type of 
isomerism may be the additional criterium that 
caused the separation of V from VI. 

Characteristic IR absorptions (V methyl 
ester) were 890 cm -1, trans-epoxide, and 3480 
cm -1, hydroxyl. Absorptions at 970 cm d ,  
indicative of a trans-double bond, and at 1660 
or 710 cm -1, indicative of cis-unsaturation, 
were weak and not definitive enough to assign 
either geometry to the unsaturation. 

NMR assignments are as follows: carbinol 
methine proton at C-11, 8 4.63 (dd, J = 4 
[epoxide] and 8 [olefin] Hz, 1 H); epoxide 
proton o~ to carbinol methine, 6 2.77 (dd, J = 2 
[epoxide] and 4 [carbinol methine] Hz, 1 H); 
epoxide proton 0~ to methylene, 8 2.98 (m, 1 
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FIG. 2. Mass spectrum of VI; methyl ester-trimethylsiloxy derivative. 

H); olefinic proton a to carbinol methine, 
5.32 (dd, J = 11 [olefin] Hz, 1 H); olefinic 
proton ~ to methylene, centered at ~ 5.60 (m, J 
= 11 [olefin], 1 H); methylene a to olefin, 
2.06 (m, 2 H). Double resonance experiments 
determined the sequence of substituents, as 
well as the J values. The coupling between 
epoxide protons of 2 Hz indicates that the 
epoxide is trans- which agrees with the cou- 
pling constant of similar epoxides (26). The 
coupling observed between the olefinic protons 
of 11 Hz suggests that the double bond is 
probably cis-. 

MS of V clearly supported the proposed 
structure and were identical to the MS obtained 
with VI (Fig. 2). Replicate MS taken over the 
GLC peak showed first a spectrum of the one 
isomer, the derivative of l l-hydroxy-12,13- 
epoxy-9-octadecenoic acid, characterized by m]e 
285 ion. At later elution times, the former 
isomer mixed with the derivative of l l-hy- 
droxy-9,10-epoxy-12-octadecenoic acid was 
observed as characterized by both m/e 285 and 
199. The m/e 285 ion predominated in inten- 
sity relative to the 199 ion in all the spectra 
taken pointing to a preponderance of the one 
positional isomer. The observation on posi- 
tional isomerism was confirmed by periodic 
acid oxidation (Table II), i.e. a preponderance 
of 12,13-epoxide. 

Product  VI: IR absorptions were largely 
similar to those observed with V. Relative to V, 
VI had a more intense absorption of a trans- 
epoxide at 890 cm -] ; however, a weak absorp- 
tion at 840 cm -1 indicated the possibility of a 
minor amount of cis-epoxide. Like V, the 
absorptions characteristic of unsaturation were 
not definitive for VI. 

NMR was most helpful in determining the 
difference between V and VI. The olefinic 
coupling constant could not be determined, but 
the narrow absorption at 6 5.54 (m, 2 H) 
indicates that the double bond is trans- rather 
than the cis- in V. Absorption of the C-11 
carbinol methine proton was at 6 4.25 (dd, J = 
6 [epoxide] and 8 [olefin] Hz, 1 H). The 
difference in chemical shifts of the C-11 
methine in products V and VI is 0.38 ppm. This 
difference in shift is of the magnitude and 
direction expected for a difference in geometry 
(cis- vs trans-) of the a-unsaturation (27). Other 
absorptions are similar to those observed in the 
spectrum of V, except that the proton of the 
epoxide a to methylene was slightly upfield at 
6 2.93 (m, 1 H). Coupling of the epoxide 
protons is the same as in V, i.e. J = 2 Hz, and, 
therefore, the epoxide is predominantly trans-. 

MS of VI is shown in Figure 2. A shift in ion 
intensities during the GLC elution of VI sug- 
gested a separation of the two positional 
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FIG. 3. Mass spectrum of VII; methyl ester-trimethylsiloxy derivative. 

isomers as described for V. The 12,13-epoxide 
predominated over the 9,10-epoxide, Table II. 

Product VII: The positional isomers of VII 
were not chromatographically separable by our 
methods. On TLC, VII reacted with 2,4-dinitro- 
phenylhydrazine spray forming orange-yellow 
spots. 

Features of the IR spectrum (methyl ester) 
are 970 cm -1, isolated trans-olefin; 1717 cm -1, 
oxo-carbonyl; 1740 cm-],  ester carbonyl; and 
3460 cm -~ , hydroxyl.  

The NMR spectrum is interpreted as follows: 
olefinic proton a to carbinol C-H at 6 5.56 (m, 
J = 16 Hz, 1 H); olefinic proton a to methylene 
centered at 6 5.7 (m, 1 H); carbinol proton at 6 
4.08 (m, 1 H); methylene groups a to ester and 
ketone carbonyl at 6 2.33 (t, 4 H); and 
methylene protons between the carbonyl and 
oiefin at 6 3.11 (d, J = 6 Hz). Integration of the 
absorption at 6 3.11 yielded 1.1 H, instead of 
the 2 expected. Another NMR study, (H.W. 
Gardner and D. Weisleder, unpublished results) 
of 12-oxo-13-hydroxy-cis-9-octadecenoic acid 
showed that similar protons at C-11 usually 
integrated considerably less than two. Double 
irradiation experiments completed the NMR 
studies and confirmed the positions of the 
functional groups. 

MS (Fig. 3) demonstrated fragment ions 
characteristic of two positional isomers. MS 
scans of the GLC peak showed a shift in ion 

intensities indicating a partial separation of one 
isomer from the other. 

Product VIII: There was a partial separation 
in two isomers of VIII that could be discerned 
both in column chromatography and TLC. We 

do not have sufficient information, especially 
of the minor component,  to understand the 
reason for the separation. Identification of VIII 
was based upon the major component;  how- 
ever, spectral data for the minor component 
were similar to the major one. There is the 
possibility of geometric isomerism (erythro- 
threo), as well as three possible positional 
isomers each of 9,10,13-dihydroxyethoxy- 
trans-11-octadecenoic and 9,12,13-dihydroxy- 
ethoxy-trans-10-octadecenoic acids that depend 
upon the positions of the hydroxyls relative to 
the ethoxy. Certain isomers were considered to 
be less probable on the basis of some of the 
NMR and MS evidence. 

Characteristic absorptions of the IR spec- 
trum are: 978 cm -1, isolated trans-olefin; 1090 
cm -], ether-alcohol C-O stretch; and 3420 
cm -1 , hydroxyl.  
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FIG. 4. NMR spectrum of VIII. 

As shown in Figure 4, absorptions in the 
NMR are: methyl of ethoxy group at 6 1.16 (t, 
3 H); methylene of ethoxy group centered at 
3.44 (m, showing splitting due to two or more 
isomeric forms, 2 H); carbinol C-H proton c~ to 
olefin at ~ 4.12 (m, 1 H); ether C-H c~ to olefin 
and carbinol C-H at 6 3.62; carbinol OH at 6 
5.60 (2 H); and olefinic protons at 6 5.63 (m, 2 
H). Double irradiation (Fig. 4) indicated that 
the double bond is situated between a second- 
ary alcohol and an ether C-H, at least in a 
significant proportion of the total isomeric 
m i x t u r e .  Thus, 9,12-dihydroxy-13-ethoxy- 
trans-lO-octadecenoic and 10,13-dihydroxy-9- 
ethoxy-trans-ll-octadecenoic acids were prob- 
ably not the prevalent isomers. 

Replicate GLC-MS were made on both chro- 
matographically separable components of VIII. 
MS of both yielded similar fragment ions. One 
of these spectra is (Fig. 5) sampled from the 
center of the GLC peak. The fragment ions 
observed would be characteristic of four differ- 
ent isomers (Fig. 1), including 9,12-dihydroxy- 
13-ethoxy-trans-10-octadecen0ic acid, although 
NMR data are not in accord with this structure. 
The two isomers with a 9-ethoxy group were 

eliminated from consideration because the char- 
acteristic expected ions, m/e 215, 215-46, or 
215+73, were absent in all the MS. Because two 
pairs of the remaining four isomers have frag- 
mentation ions that are identical, one cannot 
select which are prevalent. However, the vary- 
ing intensities of m/e 343 or 416 vs 257 from 
one spectrum to another suggest that both 
9,1 3 -d ihy  dro xy-  1 2-ethoxy-trans-10-octadec- 
enoic and 9,13-dihydroxy-10-ethoxy-trans-11- 
octadecenoic acids are present. The existence of 
9,1 0 - d i h y  d r o x y -  1 3-ethoxy-trans-11-octadec- 
enoic acid was considered to be unlikely, since 
the rearrangement ion, m/e 332 (TMSO-CH- 
(CH2)7-COTMS-OCH~), was not present in the 
MS (17). On the basis of NMR, one might 
assume that 9,12-dihydroxy-13-ethoxy-trans- 
10-octadecenoic also was not present; however, 
decoupling experiments by NMR would prob- 
ably not be sensitive to minor components. 
Even though the four isomers shown in Figure 
1 must be considered as possible, we conclude 
t h at 9,13-dihy droxy- 12-ethoxy-trans-10-octa- 
decenoic and 9,13-dihydroxy-10-ethoxy-trans- 
l l-octadecenoic acids are the major compo- 
nents of product VIII on the basis of all the 
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FIG. 5. Mass spectrum of VIII ; methyl ester-trimethylsiloxy derivative. 

available information. 
Product IX: IR, NMR, and MS were essen- 

tially as described by Graveland (6), who also 
examined a mixture of 9,12,13-trihydroxy- 
10-octadecenoic and 9,10,13-tr ihydroxy-l l-  
octadecenoic acids. We found a few minor 
differences in MS data; for example, the inten- 
sity of the rearrangement ion, m/e 460 (TMSO- 
C H -CH=CH-CHOTM S-[ CH 2 ] 7-COTMS-OCH 3), 
was much reduced. Also, the MS we obtained 
of hydrogenated IX presistently had more 
fragment ions, especially at m/e less than 173 
and a persistent ion of 213 (303-90) in a l l  

spectra taken. We found m/e 389 to be virtually 
absent, but m/e 389-90 was intense. Three 
oxidation products of IX (methyl ester) were 
identified by GLC-MS after periodic acid treat- 
ment: hexanal, methyl 9-oxononanoate, and 
4-hydroxy-2-nonenal. The molar quantities of 
hexanal and methyl 9-oxononanoate are re- 
ported in Table II. 

Equimolar Fe(ll) Reaction 

LOOH was decomposed with an equimolar 
quantity of ferrous ammonium sulfate. The 
reaction occurred immediately as expected and 
could be assessed visually by the formation of 
brown Fe(III). Products were separated by 
column chromatography, and fractions from it 
were separated further by GLC. Among the 

products, we detected substances giving MS and 
chromatographic properties identical to I, IV, V 
(and VI), VIII, and IX, as well as many 
compounds other than those resulting from the 
LOOH-cysteine-Fe(III) reaction. Because of the 
complexity of the Fe(II) system, the presence 
of trace quantities of II, III, and VII could 
easily have been missed. A determination of the 
geometry of the epoxides or unsaturation was 
not possible, except for oxooctadeca-(trans, 
trans)-dienoic acid which was isolated relatively 
pure in ca. 15% yield. 

Other products detected were compounds 
yielding MS and chromatographic data that 
indicated they were ethoxyoctadecadienoic 
acid and diethoxyhydroxyoctadecenoic acid. 
Additional IR data confirmed the identity of 
ethoxyoctadecadienoic acid. Other compo- 
nents, including a large amount of compounds 
tentatively identified as dimer, were not re- 
searched in detail. Typically, the silylated 
methyl ester of the dimer eluted from GLC as 
one peak centered at calculated carbon number 
of 41.4 calculated from the standard wax 
esters. The 41.4 value is consistent with a 
structure of dimeric C-18 esters containing 
some oxygenated functional groups. Detailed 
structure determinations of the dimer were not 
made, except that a few MS recorded had 
fragments up to m/e 706. In the more polar 
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fractions elut ing f rom a hexane-ether  silicic acid 
co lumn (over 800 ml),  dimers accounted  for  
69-92% of  the total  as de termined  by GLC. The 
percentage dimer decreased with  decreasing 
elut ion volumes.  

DISCUSSION 

The homoly t i c  decompos i t ion  of LOOH by 
a catalyt ic  concent ra t ion  of  Fe(III) ,  10 -5 M, 
was made possible by keeping Fe(III)  reduced 
as Fe(II)  by cysteine in molar  excess of LOOH.  
According to present theories ,  the homoly t i c  
breakdown of LOOH by Fe(II)  proceeds 
through the a lkoxydiene radical (14). Sup- 
posedly,  the variety of  products  fo rmed  results 
f rom fur ther  reactions of  the a lkoxydiene free 
radical. More evidence is needed  to determine 
whether  the final  products  are formed ent i re ly  
by a free radical mechanism or by par t ic ipat ion 
in part or total  by ionic mechanisms.  Cysteine 
in the absence of  10 .5 M Fe(III)  was relatively 
ineffect ive in decomposing LOOH, an observa- 
tion that  indicates the react ion was at least 
ini t iated homolyt ica l ly .  

Many of the same products  were p roduced  
with Fe(II)  equimolar  to  LOOH without  cys- 
teine. The major difference be tween  equimolar  
Fe(II)  and the Fe(III)-cysteine system was 
format ion  of  dimer by the former .  Apparent ly ,  
the rapid react ion with equimolar  Fe(II)  caused 
a high concent ra t ion  of  radicals that  p r o m o t e d  
terminat ion reactions.  

Informat ion  provided by quant i ta t ive analy- 
ses of  posi t ional  isomers gave clues as to the 
origin of  the products .  When the 9- to 13-oxo 
ratio of  I is compared  to the 9- to 13-hydro- 
peroxy ratio of  LOOH (Table II), i t  can be 
concluded that  I was derived from LOOH by a 
net  loss of  one molecule  of  water. The cis, 
trans-diene of LOOH was only partially re- 
ta ined in the fo rmat ion  of  I as the trans, trans- 
diene was a significant por t ion  of  the mixture  
of  isomers found.  In a previous s tudy (10) of  

the decompos i t ion  of  LOOH in the presence of 
a - tocopherol ,  I was observed as one of  the  
major products ,  except  that  only the trans, 
trans-diene was detected.  

Because IV was only a trace product ,  the 9- 
to 13-hydroxy rat io of  isomers could not  be 
determined readily, but  IV is assumed to  be 
fo rmed  f rom the a lkoxydiene  radical, possibly 
through gain of  a hydrogen  radical f rom sulfhy- 
dryl. It was surprising that  the yield of  IV was 
so low, leading us to believe IV may have been 
uti l ized in secondary reactions.  

Epoxides were located predominant ly  at 
carbons-12,13 in a molar  percentage corre- 
sponding to  the percentage of  13-hydroper-  

oxide used as a reactant  (Table II). The 
except ion  was III, which was a minor  product  
compared  to II, V, and VI. Apparent ly ,  the 
predominant  react ion is cycl izat ion of the 
hyd rope roxy  group to the a-unsaturat ion.  
These epoxides may have fo rmed  ei ther 
th rough a free radical mechanism similar to that  
proposed  by Gardner,  et al., (10) or th rough an 
ionic mechanism as out l ined  by Hamberg  and 
G o t t h a m m a r  (11). Even though  epoxide  forma- 
tion by the addi t ion of  peroxide  oxygen across 
a double  bond  is a well documented  react ion,  
the epoxides  found  by us do not  appear to  be 
p roduced  in this manner ,  because the posi t ional  
isomers largely do not  correlate.  

At this t ime li t t le can be said of the 
fo rmat ion  of  products  VII,  VIII ,  and IX,  as well 
as the mechanist ic  details of  the fo rmat ion  of 
the o ther  compounds .  We current ly  are at- 
t empt ing  to sort out  the various pathways and 
plan to  repor t  fur ther  on the details of  these 
reactions in the future.  
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