
AUTOXIDATION OF n-HEXANAL 

work by Lammens and Verzele (1968), isolating m- and 
p-camphorene from hop oil, and confirm their explanation 
of the role of myrcene as the precursor. 

While the remaining polymerization components are as 
yet unidentified, the similarity of their mass spectral 
cracking patterns to the two identified components would 
tend to indicate that they are myrcene rather than limo- 
nene derivatives. 

I t  is interesting to note that the elevation of the reac- 
tion temperature greatly increased polymerization, while 
its effect upon further oxidation of limonene was by no 
means as drastic. This would tend to support the proposi- 
tion that the precursor to most of the combination prod- 
ucts volatile to gc is myrcene and not limonene. 

Higher polymerization products were experimentally 
measured during the course of the reactions by distillation 
of the aliquots a t  190" (12 mm) and gravimetric analysis 
of the residual polymeric tars (Figure 8). Thus, while only 
46% of the original myrcene had polymerized in 48 hr a t  
65", almost 82% had become nondistillable in 48 hr a t  
100". Infrared analysis of the residual gum from these 
higher polymers showed, instead of the expected trimer 
and higher hydrocarbon analogs, a resin containing poly- 
meric hydroxyl and ester linkages, quite similar to the 
resin isolated bk Hashimoto (1970) in his work with the 
degradation of whole hop oil in beer model systems. 

SUMMARY 
The effects of autoxidation of myrcene have been stud- 

ied and found to  proceed in four reaction classes: cycliza- 
tion, oxidation, disproportionation, and polymerization. 
Pathways and intermediates have been proposed and the 

final products identified. The flavor importance of these 
final products is the subject of our continuing research 
and will be reported upon its completion. 
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Autoxidation of n-Hexanal. Identification and Flavor Properties of Some 
Products of Autoxidation 

S. Rao Palamand* and Robert H. Dieckmann 

n-Hexarial was subjected to autoxidation by pass- 
ing a slow stream of air through the sample a t  
70" for varying lengths of time. The products of 
autoxidation were analyzed by gas-liquid chro- 
matographic and thin-layer chromatographic 
methods. Under the conditions of the experi- 
ment, n-hexanal underwent oxidation, polymer- 
ization, and degradation, resulting in the produc- 

tion of a number of compounds possessing inter- 
esting flavor properties. Some of the flavor notes 
were similar to those produced in stored cereal 
grains such as rice, in which n-hexanal is present 
as an oxidation product of unsaturated fatty 
acids. In this paper gc, ir, and mass spectral data 
are presented on the identification of some of the 
products of autoxidation. 

Like other natural products, cereal grains are suscepti- 
ble to chemical d.eterioration when subjected to storage a t  
elevated temperatures in the presence of atmospheric oxy- 
gen. One of the most important manifestations of such 
deterioration is the production of off-flavors. A number of 
carbonyl compounds have been found to be responsible for 
these off-flavors, and in many instances, lipids, particu- 
larly those containing unsaturated fatty acids, have been 
found to be their major source. Several studies have been 
reported in the literature on the oxidative deterioration of 
unsaturated lipids (Brodnitz, 1968), lipid containing prod- 
ucts (Watts, 1968), and unsaturated carbonyl compounds 
(Lillard and Day, 1964), but only a few reports are avail- 
able on the behavior of saturated fatty acids and saturat- 
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ed carbonyls toward oxidative conditions of storage (Brod- 
nitz, 1968; Watanabe and Sato, 1970). In our laboratories 
we have found that n-hexanal, an off-flavor compound 
present in stale rice, undergoes further autoxidation, giv- 
ing rise to a number of volatile and nonvolatile com- 
pounds. In this paper, identification of some products of 
autoxidation of n-hexanal will be reported. 

EXPERIMENTAL SECTION 
n-Hexanal was purchased from K&K Laboratories 

(Plainview, N.  Y. 11803), and its purity assayed by gas 
chromatographic analysis. The sample was found to be 
98% pure, the remaining 2% consisting of hexanoic acid. 
This compound was used for our studies without further 
purification. 

Autoxidation. Fifty milliliters of n-hexanal was placed 
in a 100-ml round-bottomed flask and subjected to a slow 
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Figure 1. Rate of autoxidation of hexanal 

stream of air (100 ml/min) for 48 hr a t  70". Two ice water 
condensers were attached in a series to prevent the loss of 
reaction products through volatilization. Sample aliquots 
were removed every 8 hr for analysis by gas chromatogra- 
phy in order to follow the course of the degradation. 

Fractionation. Since the chromatogram of the reaction 
mixture was rather complex, the mixture was separated 
into acidic and nonacidic fractions, and the two fractions 
were analyzed by gas chromatography. The acid fraction 
was esterified before gas chromatographic analysis. 

The reaction mixture was dissolved in a minimum of 
diethyl ether and run through a silica gel (80-100 mesh) 
column which had been precoated with potassium hydrox- 
ide as described previously (Tripp et  al . ,  1968). The neu- 
tral fraction was eluted by continuous washing with addi- 
tional diethyl ether, and the acid fraction was eluted by 
subsequent washing with 2% phosphoric acid in ether. 
After removal of the solvent in uacuo, the acid fraction 
was esterified with ethanol. Esterification was accom- 
plished by refluxing the sample with 15 ml of absolute 
ethanol in the presence of a catalytic amount of sulfuric 
acid for 4 hr. The sample was partitioned between diethyl 
ether and distilled water and the organic layer was rinsed 
twice more with water to remove residual ethanol and 
phosphoric acid, dried over magnesium sulfate, and con- 
centrated to near dryness in uacuo. Analysis of both frac- 
tions was by gas chromatography and mass spectrometry. 

Identification. Identification of the products of autox- 
idation was attempted by gas chromatographic and mass 
spectrometric methods. 

Gas Chromatography. Gas chromatographic (gc) analy- 
sis was carried out using an Infotronics 2420 gas chroma- 
tograph equipped with a flame ionization detector and an 
automatic temperature programmer. Conditions of gc 
analysis are as listed: column: Teflon, 12 ft X 2 mm (i.d.); 
packing: 8% FFAP on acid-washed DMCS treated Chro- 
mosorb W, 80-100 mesh; injection port temperature: 250"; 
column temperature: 65-195", programmed a t  the rate of 
5"/min after holding a t  65"/5 min (analysis was terminat- 
ed after holding a t  the upper limit for 60 min); detector 
temperature: 250"; carrier gas: helium, a t  40 ml/min; hy- 
drogen: 25 ml/min; air: 200 ml/min; chart speed: 0.5 in./ 
min up to 20 min, then changed to 0.25 in./min. 

Mass Spectrometry.  All mass spectral data were col- 
lected on a Varian MAT 111 GNOM gas chromato- 
graphic-mass spectral system equipped with an electron 
impact ionization detector. The same analytical column 

Table I. List of Compounds Present in the Sample 
Represented in Figure 2 (Acid Fraction, 
Ethyl Esters) 

Method of 
Peak Compound ident. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14  
15 
16 

17 
18 

19 
20 
2 1  
22 
23 
24 

25 

Diethyl ether 
Acetone 
Ethyl acetate 
Ethanol 
Ethyl butyrate 
Ethyl valerate 
Ethyl caproate 
Ethyl heptanoate 
Ethyl caprylate 
2,6-Dimethoxyheptanone 
Propyl hexyl ketone 
Ethyl caprate 
Ethyl levulinate 
Unidentified 
Valeric acid 
7-Hexalactone and an 

unidentified ester 
Ethyl undecanoate 
Ethyl dodecanoate and 

hexanoic acid 
Unidentified lactone 
Heptanoic acid 
Unidentified lactone 
Unidentified ester 
Ethyl myristate 
Caprylic acid and an 

unidentified ester 
Unidentified ester 

Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc 
Ms 
Ms 
Gc, ms 
Gc, ms 

Gc, ms 
Gc, ms 
Ms 
Gc, ms 
Gc, ms 
Gc, ms 
Ms 
Gc, ms 
Ms 
Ms 
Gc, ms 
Gc, ms 
Ms 
Ms 

used for gas chromatographic analysis was employed in 
the gc-mass spectral system, and interfacing was accom- 
plished by the use of a molecular effusion separator. The 
ionization potential of the ionizing beam was set a t  80 eV. 
Mass spectral scanning was made a t  the rate of 25 mass 
units/sec, and several scans of a given peak were obtained 
in order to determine the homogeneity of the eluting 
peaks. Spectral identification of compounds was accom- 
plished by reference to published spectra (Cornu and 
Massot, 1966) in most cases and by interpretation of mass 
spectral fragmentation patterns in a few cases. The iden- 
tified compounds were purchased, and the identification 
data were verified by gas chromatographic peak matching 
(retention time analysis). 

RESULTS AND DISCUSSION 
The extent of autoxidation of n-hexanal as a function of 

time is represented in Figure 1. The figure shows a de- 
crease in concentration of n-hexanal with time when heat- 
ed a t  70" for different lengths of time under a constant 
flow of air. The figure also shows a plot of concentration of 
n-hexanoic acid as a function of time, which indicates 
that the concentration of this acid increases steadily up  to 
32 hr in the autoxidation process. This graph is presented 
merely to show that oxidation was taking place in the 
sample under the conditions of our experiment. Other 
products of autoxidation are shown in subsequent figures. 

Figure 2 shows a gas chromatogram of acidic com- 
pounds formed by the autoxidation of n-hexanal a t  70" for 
48 hr, converted into ethyl esters for the analysis. Identity 
of the compounds shown in Figure 2 along with the meth- 
ods used for their identification are listed in Table I. Fig- 
ure 3 and Table I1 represent the gas chromatogram and 
list of compounds identified, respectively, in the nonacidic 
fractions of the autoxidation products of n-hexanal. These 
results show that under the conditions of our experiment, 
n-hexanal undergoes extensive breakdown and partici- 
pates in a variety of reactions resulting in the formation of 
a large number of compounds representing several classes. 

It is interesting to note that several compounds present 
in the reaction mixture possess molecular weights much 
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Table 11. List of Compounds Present in the Sample Represented in Figure 3 (Nonacid Fraction) 

Peak Compound 
Method 
of ident. Peak Compound 

Method 
of ident. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Diethyl ether 
Acetone 
Unidentified ketone 
Ethyl ac(etate 
Unidentified ketone 
2-Methy L-B-ethylheptane 
2,2-Dimt!thylpentane 
Hexanal 
Unidentified 
Ethyl valerate 
2-Methylpentanal 
1-Pentariol 
6-Valerolactone 
7-Hexalactone 
6-Hexalactone 
unidentified ketone (M + 128) 
4-Ethyl-2-octene 
unidentified ester 
Di-n-amyl ketone 
C yclohexyl propyl ketone 
2-Dodecenal 
Unidentified hydroxy ester (M + 154) 

Gc, ms 23 
Gc, ms 24 
Ms 25 
Gc, ms 26 
Ms 27 
Ms 28 
Ms 29 
Gc, ms 30 

31 
Gc, ms 32 
Gc, ms 33 
Ms 34 
Ms 35 
Gc, ms 36 
Gc, ms 37 
Ms 38 
Ms 39 
Ms 40 
Ms 41 
Ms 42 
Gc, ms 43 
Ms 

R.R. 

3 

Unidentified ester (M + 182) 
Unidentified lactone 
Unidentified ketone 
Ethyl laurate and hexanoic acid 
trans-Hexenyl caproate 
Unidentified ester 
Unidentified lactone 
Unidentified ketone 
Unidentified ketone 
7-Nonalactone 
6-Nonalactone 
yDecalactone 
&Decalactone 
€-Decalactone 
Unidentified &lactone 
Unidentified ester 
yUndecalactone 
8-Undecalactone 
Unidentified &lactone 
?-Dodecalactone 
6-Dodecalactone 

Ms 
Ms 
Ms 
Gc, ms 
Ms 
Ms 
Ms 
Ms 
Ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Gc, ms 
Ms 
Ms 
Gc, ms 
Gc, ms 
Ms 
Gc, ms 
Gc, ms 

TIME(MIN.1  

Figure 2. Gas chrornatogram of ethyl esters of the acids formed by the autoxidation of hexanal. 

T I  M E  (MIN.) 

Figure 3. Gas chromatogram of the nonacid fraction of the autoxidation products of hexanal 

higher than that of the parent compound, n-hexanal. This 
would indicate that breakdown of n-hexanal is followed, 
in some cases, by recombination of fragments to form the 
high molecular weight species. The reaction products of 
our experiments are predominantly esters and lactones 
(intramolecular esters), carbonyl compounds, and acids, 

other compounds such as alcohols and hydrocarbons being 
present in smaller numbers and lower concentrations. 

Brodnitz (1968) and Watanabe and Sato (1970) suggest 
that autoxidation of saturated fatty acids and aldehydes 
proceeds uia a free-radical mechanism. The presence of 
hydrocarbons such as methylethylheptane, dimethylpen- 
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tane, and ethyloctene (peaks 6, 7, and 17, respectively, 
shown in Table 11) support speculation that free-radical 
reactions could be involved here. 

Watanabe and Sato (1970) further suggest that the lac- 
tones identified in their work with saturated alcohols, 
acids, and aldehydes are formed by a free-radical mecha- 
nism. These authors used rather drastic conditions for ox- 
idation of the saturated compounds in that they employed 
0.1% KMn04 as the oxidizing agent. In our experiments, 
comparatively milder conditions were used for autoxida- 
tion, but these conditions appear sufficiently adequate to 
break down almost 100% of the hexanal in about 48 hr. 

The small impurity of hexanoic acid present in our 
sample, along with the large amount of this acid produced 
by the oxidation of hexanal, would be sufficient to induce 
acid-catalyzed degradation of hexanal, with subsequent 
formation of other compounds. 

Based on the work reported by Watanabe and Sato 
(1970), as well as on the nature of compounds formed in 
our experiments, one is tempted to consider that free-rad- 
ical reactions were indeed involved in the formation of the 
numerous compounds, particularly in the formation of 
various lactones. The lactones formed from the alde- 
hyde (Watanabe and Sato, 1970) consisted of Clz and 
smaller carbon chain ‘lengths, whereas, in our studies, we 
have identified lactones possessing carbon atoms greater 
in number (peaks 32-43 in Table 11) than the parent com- 
pound, in addition to the shorter chain lactones (peaks 13, 
14, and 15, Table 11). 

In the formation of lower molecular weight lactones 
from n-hexanal, it is possible to consider that the first 
step in this process is the oxidation of n-hexanal to n-hex- 
anoic acid, which could then undergo attack by molecular 
oxygen a t  different carbon atoms in the chain as shown in 
Scheme I. Similarly, 6-hexalactone is formed by the hy- 
droperoxidation of hexanoic acid a t  the 6-carbon atom. 
The longer chain compounds (acids, esters, and lactones) 
identified in this work were probably formed by the addi- 
tion of alkyl and acyl free radicals in appropriate chain 
lengths, present in the system, followed by attack on 
these compounds by molecular oxygen. Also, saturated al- 
dehydes undergo polymerization when subjected to the in- 
fluence of heat and oxygen and these polymers could con- 
ceivably provide further substrates for autoxidation and 
lactonization reactions. 

No attempt was made in this study to determine if the 
autoxidation proceeded with the initial formation of free 
radicals as this was not our objective. It should be men- 
tioned here that the autoxidation of n-hexanal did indeed 
produce a great many compounds possessing significant 
odor and taste properties. 

Further work in regard to the identification of the re- 
maining compounds in the reaction mixture of n-hexanal 
autoxidation as well as the determination of their flavor 
properties is in progress. 

SUMMARY 
n-Hexanal was subjected to autoxidation by holding the 

sample a t  70” for 48 hr while passing a stream of air 
through it. 

Scheme I 

CH&H2CH2CH2CH2CH0 3 CHJCH2CH2CH2CH,COOH 

CH3CH2CHCH2CHCOOH 
0 
0 
H 

hydroperoxide of hexanoic acid 
(at the y-carbon atom) 

CH3CH2CHCH2CH2COOH 
0 
0 
H 

- - - - _ _  

J-OH. 

CH3CH2CHCH2CHZCOOH 
I 
I 
0 

i“. 
CH3CH&HCH2CH,COOH 

I 
OH 

1 - H20 

CH3CH2CCH,CH C-0 
I I ] -  
0 

y-hexalactone 

The products of autoxidation were separated into acidic 
and nonacidic compounds by column chromatography and 
the two fractions were subjected to gas chromatography- 
mass spectrometry for separation and identification of the 
various products formed. 
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