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Thermal degradation of several possible precursors of the 
intense flavor compound trans-4,5-epoxy-(E)-2-decenal in 
model experiments revealed that the odorant is formed in 
significant yields from 13-hydroperoxy-9,11~ctadecadienoic 
acid (13-HPOD) and 9-hydroperoxy-10,12-octadecadienoic 
acid (9-HPODt. Of these hydroperoxides, arising in equal 
amounts during autoxidation of linoleic acid, the 9~HPOD 
was established as the more effective precursor. The key 
intermediates in the generation of the epoxyaldehyde were 
found to be 2,4-decadienal, arising from 9-HPOD, and 
12,13~epoxy-9-hydroperoxy-10~ctadecenoic acid, a degrada- 
tion product of 13-HPOD. Isolation and characterization 
of the precursors from a baking margarine confirmed 
glycerine-bound 9- and 13-HPOD as the intermediates in 
the formation of the epoxyaldehyde during heating of fats 
that contain linoleic acid. 

KEY WORDS: Autoxidation, baking margarine, 4,5-epoxy-(EF2- 
decenal, flavor formation, flavor precursors. 

The flavor compound trans-4,5-epoxy-(E)-2-decenal (ED) has 
been reported among the volatiles of thermally degraded 
trilinolein (1). This odorant, exhibiting the extremely low 
odor threshold of 0.5 pg/L air (2), was shown to contribute 
to the green, hay-like off-odor in soybean oil stored in the 
dark (3) and to the warmed-over flavor of stored beef (4). 
Furthermor~ ED has been detected among the odorants 
of wheat bread crumb (2), popcorn (5) and roasted sesame 
seeds (6). Model studies have revealed that the epox- 
yaldehyde is formed among other volatiles during thermal 
degradation of methyl 12,13-epoxy-9~hydroperoxy-10-octade ~ 
cenoate (7). Because this hydroperoxide has been character- 
ized as a degradation product of methyl 13-hydroperoxy- 
9,11-octadecadienoate (13-HPOD)(8,9) a reaction scheme 
leading from linoleic acid to the epoxyaldehyde has been sug- 
gested (3). 

Based on the results of an aroma extract dilution analysis 
and the calculation of odor activity values, we have recently 
(10) identified ED as one of the main contributors to the 
green, lard-like fatty odor of puff-pastries prepared with a 
baking margarine (shortening). Previously, a homologue of 
ED, 4,5-epoxy-(E)-2-heptenal, had been reported to cause a 
fishy-tainted off-flavor in butterfat (11). The odor threshold 
of the epoxyheptenal is, however, a factor of 106 higher 
than the odor threshold of ED (2). 

Because no exact quantitative data on the generation of 
ED from the postulated precursor compounds are available 
in the literature the aim of this investigation was to measure 
the liberation of ED from different precursors in model ex- 
periments and to isolate and characterize its precursors from 
a commercial baking margarine by means of a stable~isotope 
dilution assay. 
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EXPERIMENTAL PROCEDURES 

Material. The fatty acid composition of the baking 
margarine (shortening-type), supplied by a manufacturer 
of commercial baking fats, is given in Table 1. 

Chemicals. trans-4,5-Epoxy-(E)-2-decenal and (2H)- 
trans-4,5-epoxy-(E)-2-decenal were synthesized according 
to the literature {2,12). Trilinolein and methyl linoleate 
(ML) {Sigma, Munich, Germany) were freed from perox- 
idic compounds by thin-layer chromatography (TLC) on 
silica gel with n-pentane/diethyl ether (9 + 1, by volume) 
as the solvent. {E,E)-2,4-Decadienal (Aldrich, Steinheim, 
Germany) was purified by TLC and by high-performance 
liquid chromatography (HPLC) as described recently (10). 

13-HPOD was prepared as reported earlier (13). Methyl 
9-hydroperoxy-{E, Z)-I 0,12-octadecadienoate (9-HPOD) 
was prepared from linoleic acid with a potato lipoxygenase 
as described by Grosch {14). The isomeric purity of both 
hydroperoxides was checked by HPLC of the reduced 
derivates (>92%) according to Chan and Prescott (15). 
Methyl trans-12,13-epoxy-9-hydroperoxy-(E)-lO-octade- 
cenoate (12,13-EP-9-HPOD) was prepared by photolysis 
of 13-HPOD in cyclohexane and isolated by TLC and 
HPLC (Fractions I I I f  and IIIh) as previously reported 
(16). 

Isolation of the precursors in baking margarine. The fat 
(10 g), dissolved in n-pentane/diethyl ether (20 mL, 85 + 
15 by volume), was placed on the top of a water-cooled 
column (30 cm • 3.2 cm), filled with a slurry of silica gel 
in n-pentane, and separated into two fractions: Fraction 
I (400 mL n-pentane]diethyl ether, 85 + 15 by volume) and 
Fraction II  (600 mL diethyl ether/ethanol, 100 + 2 by 
volume). Fraction II was further separated into three sub- 
fractions by TLC on silica gel in the solvent system n- 
pentane/diethyl ether (7 + 3 by volume): Fraction IIa (R~: 
0.2-0.6), Fraction IIb (Rf: 0.63-73) and Fraction IIc (R~: 
0.8-1.0). HPLC-separation of Fraction IIb was performed 
isocraticaUy on a stainless-steel column (50 cm • 0.46 cm) 
filled with Shandon Hypersil (5 ~; Shandon Products, 
Eastmore, Great Britain) by using a pump of type l l0B 
{Beckman, Munich, Germany). The effluent (n-hexane/di- 

TABLE 1 

Fatty Acid Composition of the Baking Margarine a 
Relative peak 

Fatty acid area (%) 

C16:0 36.1 
C18:1 (cis) 33.6 
C18:2 9.6 
C18:1 (trans) 8.6 
C18:0 7.1 
C18:3 2.3 

aFatty acids occurring in amounts >2% are displayed. 
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TABLE 2 

Amounts of trans.4,5-Epoxy-(E}.2-Decenal (ED) Formed from Several Precursors 

ED 
Experiment Precursor a (~g/100 ~mol precursor) 

1 Methyl linoleate 1.9 
2 Methyl 13-hydroperoxy-(Z,E)-9,11-octadecadienoate (13-HPOD) 18.6 
3 13-HPOD b 43.9 
4 13-HPOD c 5.2 
5 Methyl 12,13-epoxy-9-hydroperoxy-(E)-i 0-octadecenoate 49.0 
6 Methyl 9-hydroperoxy-(E,Z)-10,12-octadecadienoate (9-HPOD) 27.0 
7 (E,E)-2,4-Decadienal 128.4 d 
8 (E,E)-2,4-Decadienal 35.5 
aThe precursor (100 ~mol) dissolved in trioctanoate (16 g) was heated for 7 min at 150~ in a closed vessel. 
bFeSO4 (2 mg) and water (300 ~L) Were added. 
CTert. butyl hydroxyanisol (25 mg) was added. 
49-HPOD (80 ~mol) was added prior to heating. The amounts liberated from the added 9-HPOD were 
subtracted. 

ethyl  ether, 100 + 0.3 by volume; 2 mL/min) was moni- 
tored a t  230 nm with an SP-4 UV-detector (Gynkotek, 
Munich, Germany). 

Model experiments; quantification of trans-4,5-epoxy- 
(E)-2-decenal. Each  of the precursors given in Table 2 and 
each of the fractions obtained by separat ion of the 
margar ine  as described above was dissolved in trioc- 
tanoate  and then  heated for 7 min at  150~ in a closed 
vessel. After  cooling, diethyl e ther  (80 mL), containing 
(2H)-trans-4,5-epoxy-(E)-2-decenal (10 ~g), was added, and 
the flavor compound and the internal s tandard  were 
isolated by high-vacuum subl imat ion (17}. E D  was then 
quant i ta ted by a stable-isotope dilution assay with a 8230 
mass  spectrometer  (MS) (Finnigan, Bremen, Germany) 
running in the chemical ionization (CI) mode with 
isobutane as the reac tant  gas (MS/CI) (12). 

Characterization of the precursors; capillary gas chro- 
matography (HRGC)/MS. Fract ion IIb,  which gave a 
posit ive reaction with po tass ium iodine/starch, was re- 
duced with t r iphenylphosphine (9), the hydroxy-tr iacyl-  
glycerides formed were then converted into methyl  esters 
by t r ea tmen t  with sodium methy la te  (18) and silylated 
(9). The derivatives were analyzed by HRGC on a silicone 
SE-54 column (25 m • 0.32 m m  fused-silica capillary col- 
umn; Fa. Machery  and Nagel, Dtiren, Germany) by the 
on-column injection technique a t  35 ~ C. An initial hold at  
35~ for 2 min was followed by  tempera ture  program- 
ming to 150~ and then to 260~ at  8~ with a final 
hold at 260~ The peak areas, calculated by using an int~ 
grator, were not corrected for response factors. For the 
identification experiments,  the capillary column was 
coupled with the MS 8230 (Finnigan) running in the elec- 
tron impact  (EI) mode at  70 eV (MS/EI). 

Peroxide values. Hydroperoxides were quant i ta ted with 
the Fe(II)-test  (19) by using a s tandard  curve obtained 
with known amounts  of 13-HPOD (13). 

RESULTS AND DISCUSSION 

Model experiments. ML, 13-HPOD and 12,13-EP-9- 
H P O D  were thermal ly  degraded in a model system, and 
the amounts  of E D  formed were measured by a stable- 
isotope dilution assay. The resul ts  summar ized  in Table 
2 revealed tha t  only low amount s  of the odorant  were 

formed from ML (Exper iment  1) and trilinolein (data not  
shown). Subst i tu t ion of ML by 13-HPOD or 12,13-EP-9- 
H P O D  increased the yields of the epoxydecenal by fac- 
tors of ten or twenty-five, respectively (Experiments  1, 2 
and 5, Table 2). The da ta  confirmed especially the 
12,13-EP-9-HPOD as an effective precursor of the epox- 
ydecenal (7) and were in good agreement  with the reac- 
t ion pa thway leading from linoleic acid to ED via 13- 
H P O D  as the intermediate  (Scheme 1). Because 12,13- 
EP-9-HPOD was closest to the epoxydecenal, lower 
amounts  of this precursor were consumed by side reac- 
t ions compared to 13-HPOD or ML, respectively. 

Additions of Fe(I I)-ions increased the formation of epox- 
ydecenal from 13-HPOD by a factor of more than  two (cf. 
Exper imen t s  2 and 3, Table 2). Format ion of 12,13- 
EP-9-HPOD from 13-HPOD as well as the format ion of 
ED from 12,13-EP-9-HPOD requires the cleavage of the 
hydroperoxy group into an alkoxyradical  (cf. Scheme 1). 
Because Fe(II)-ions initiate this cleavage of the hydro- 
peroxy group (8), the results are a fur ther  confirmation 
of the reaction pathway shown in Scheme 1. Additionally, 
in the presence of an antioxidant,  much  lower amounts  
of the ED were formed from 13-HPOD (cf. Exper iments  
2 and 4, Table 2). 

In  a fur ther  model experiment,  the amounts  of ED 
formed by thermal  degradat ion of 9-HPOD were deter- 
mined. Comparat ively  higher amoun t s  of the epoxyde- 
cenal were formed from 9-HPOD than from the 13-HPOD 
(cf. Exper iments  2 and 6, Table 2). I t  is known that ,  dur- 
ing heat  t rea tment ,  9-HPOD isomerizes into 13-HPOD 
(15), which in turn  liberates the epoxydecenal (cf Scheme 
1). However, this pa thway does not  explain the compara- 
t ively higher yields obtained from 9-HPOD. 

A specific degradat ion product  of 9-HPOD is 2,4-de- 
cadienal (20). To gain an insight  into the extent  of iso- 
merizat ion of the hydroperoxides, the  amounts  of 2,4- 
decadienal formed during thermal  t rea tment  of 13-HPOD 
and 9-HPOD were compared (Table 3). The results showed 
tha t  more than  seven t imes higher amounts  of the deca- 
dienal were formed from 9-HPOD, indicating t ha t  a rear- 
rangement  of the hydroperoxy group was negligible under 
our reaction conditions. To explain the favored format ion 
of the epoxydecenal from 9-HPOD, it might,  therefore, be 
assumed tha t  oxidation of the ),-double bond in 2,4-de- 
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cadienal by, e.g., hydroperoxides, in analogy to the well- 
known Prilezhaev reaction (21) would result in the forma- 
tion of epoxydecenal. To clarify the role of the dienal in 
the formation of the epoxydecenal, (E,E)-2,4-decadienal 
was thermally treated in the presence and absence of 
hydroperoxides (9-HPOD was added), and the amounts 
of the ED formed were measured. The results indicated 
that heating of 2,4-decadienal in the presence of 9-HPOD 
(Experiment 7, Table 2) yielded nearly five times higher 
amounts of the epoxydecenal than from 9-HPOD itself. 
These results established that the epoxydecenal was in- 
deed formed from 9-HPOD via 2,4-decadienal as the in- 
termediate, as suggested on the left side of Scheme 2; reac- 
tion pathway leading from 9-HPOD to ED. Because ED 
was already generated in significant amounts singly by 
heating 2,4-decadienal alone (Experiment 8, Table 2), it 
might be speculated that traces of unknown peroxides, 
possibly occurring in the 2,4-decadienal used in the ex- 
periments, initiated the formation of further peroxides, 
such as the peroxy decadienoic acid, which then oxidized 

TABLE 3 

Amounts  of (E,E}-2,4-Decadienal Formed from 9-HPOD 
and 13-HPOD a 

Precursor (E,E)-2,4-Decadienal b (~g/mmol) 

9-HPOD 1824 
13-HPOD 243 

aThe precursor (100 ~mol) was dissolved in t r ioctanoate (16 g) and 
heated  for 7 min at  150~ in a closed vessel. See Table 2 for 
abbreviations.  
bThe decadienal was determined by a stable-isotope dilution assay 
(Ref. 12). 
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another molecule of the unsaturated aldehyde (Scheme 2, 
right side). 

Precursors in margarine. In a previous investigation 
(10), we found that pastry prepared with margarine 
formed significant amounts of ED during baking. To in- 
vestigate the margarine as the source of the odorant, we 
compared the changes in the concentrations of ED and, 
additionally, 2,4-decadienal, which are induced by heating 
of the margarine itself. Data showed that heat treatment 
increased ED in the margarine by 38 times, indicating a 
significant amount of its precursors in the fat (Table 4). 
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TABLE 4 

Amounts of ED and 2,4-Decadienal Isomers Present in the Margarine 
Before and After Heating 

Amount (t~g/kg) 
Odorant Before After beating a 

ED 30 1130 
2,4-Decadienal 219 21300 b 

aThe margarine (10 g) was heated for 7 min at 150~ The quantita- 
tion of the odorants was performed by a stable-isotope dilution assay 
as recently described (Ref. 7). See Table 2 for abbreviation. 
bThe sum of the E,E- and E,Z-isomers is given. 

In  addition, 2,4-decadienal showed a more than  ninetyfold 
increase during the thermal  t r ea tmen t  (Table 4). Similar 
da ta  were found for two different batches of margar ines  
(data not  shown). To localize the precursors of ED, the 
margar ine  was fract ionated by column chromatography,  
followed by TLC. Each  fraction was made up to the  same 
weight (10 g) by  adding the respective amounts  of trioc- 
tanoate.  After  heating, the amount  of E D  formed was 
determined. The results, summar ized  in Table 5, indicate 
tha t  Fraction I I b  showed by far the highest precursor ac- 
tivity. Compared with the control, a 115-fold enr ichment  
of the precursors could be achieved (cf. Exper iments  1 and 
5, Table 5). 

The fraction was fur ther  separated by HPLC. Figure 
1 shows tha t  no complete separat ion could be achieved. 
Because the FE- tes t  (16) indicated the presence of perox- 
ides in all four subfractions (1 to 4, Fig. 1), the compounds 
eluting between 11 and 22 min were combined, t reated 
with triphenylphosphine to reduce the peroxides, and then 
the hydroxy-tr iacylglycerides  formed were converted in- 
to the corresponding methyl  esters. After  silylation, the 
derivatives were analyzed by H R G C  and HRGC/MS. The 
results revealed (data not  shown) tha t  Fract ion I I b  con- 
sisted of methyl  palmitate, methyl  stearate, methyl  oleate 
and ML (74%) and a mixture of methyl  9-trimethylsiloxy- 
and 13-tr imethylsi loxyoctadecadienoates (26%). The lat- 
ter were identified by compar ing  their  mass  spectra  with 
literature data (22). From these results, it can be calculated 
tha t  about  80% of the triacylglycerides present  in Frac- 
tion I Ib ,  contained one molecule of either 9-HPOD or 
13-HPOD. Assuming  tha t  these acids are the precursors 
of ED in Fract ion I Ib ,  it can be roughly calculated tha t  

1318 

3 I 

1~5 (rain} 1'8 2'1 

FIG. 1. High-performance liquid chromatography-separation of Frac~ 
tion IIb (cf. Table 5), which contain the precursors of trans-4,5-epoxy- 
(E)-2-decenal. 

from about  23 mg  of 9- and 13-HPOD present in this frac- 
t ion (26% of 90 mg; cf. Table 5), 10.3 t~g of ED were 
generated (no. 5, Table 5). Because, in the model experi- 
ments,  pure methyl  13- or 9-HPOD liberated the ED in 
the same concentration level (13.7 t~g or 19.7 ~g per 23 mg, 
respectively, cf Exper imen t s  2 and 6, Table 2), both  
hydroperoxides can be regarded as the main precursors 
of E D  in the margarine.  

Fur ther  exper iments  revealed tha t  the amounts  of ED 
formed during the heat ing  of different margarines were 
not correlated with the amounts  of linoleic acid present  
in the tr iacylglycerides (data not shown). Recently we 
demonstrated tha t  during the baking of fat-rich products, 
the epoxydecenal is only formed if the hydroperoxides are 
already present  in the  bak ing  fat  (23). These da ta  imply 
tha t  the hydroperoxidation of linoleic acid during the bak- 
ing process is only of minor importance  in the generation 
of the epoxydecenal. 

The  p o t e n t  f l avo r  c o m p o u n d  trans-4,5-epoxy- 
(E)-2-decenal was formed from both  13-HPOD and 9- 
HPOD, which arose in equal amounts  from peroxidation 

TABLE 5 

Amounts  of ED Liberated by Heating Fractions of a Margarine a 

ED Fraction b ED 
(t~g/10 g of weight (~g/10 g of 

Experiment Fraction margarine) (g) fat fraction) 

1 Unfractionated 9.9 10 9.9 
(control) 

2 I 2.9 9.20 3.1 
3 II 9.8 0.80 122.5 
4 IIa 2.6 0.65 39.4 
5 IIb 10.3 0.09 1144.4 
6 IIc 2.5 0.06 416.7 

aThe margarine contained 9.6% of linoleic acid (cf Table 2). See Table 2 for abbreviation. 
bThe fractions were made up to 10 g by adding trioctanoate and then heated for 7 min 
at 150~ in a closed vessel. 
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of t r i a c y l g l y c e r i d e s  t h a t  c o n t a i n e d  l inoleic  ac id  (20), b u t  
t he  l a t t e r  was  found  to be  t h e  more  effect ive  precursor .  
In  model  s tudies ,  2 ,4-decadienal  and  12,13-epoxy-9-hydro- 
peroxy-10-oc tadecenoic  ac id  were e s t a b l i s h e d  as  t he  key  
i n t e r m e d i a t e s  in t he  t h e r m a l l y  i n d u c e d  f o r m a t i o n  of t h e  
odoran t .  B e c a u s e  g lyce r ine -bound  9- a n d  1 3 - H P O D  have  
been  iden t i f i ed  as  t he  p recu r so r s  of t he  e p o x y a l d e h y d e  in 
margar ine ,  i t  can  be  a s s u m e d  t h a t  t h e  f lavor  c o m p o u n d  
will  u n d o u b t e d l y  be  f o r m e d  d u r i n g  h e a t  t r e a t m e n t  of fat-  
r ich  p roduc t s ,  such  as  pas t r i e s ,  if t h e s e  p r ecu r so r s  are  
a l r e ady  p r e s e n t  in t he  raw ma te r i a l .  
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