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Abstract - The photochemical and thermal behaviour of cyclic olefins like p-mentha-1,3,8-triene
(2)and structural related p-mentha-1,3- and -1,4-dienes under the influence of oxygen have been
investigated. Dehydration, ring opening, (4+2)-cycloaddition of singiet oxygen! and dimerization were
observed as concurring mechanisms. The photochemical and thermal dehydrogenation of x-terpinene
(1), a-phellandrene (3), y-terpinene (4) and p-mentha-1,3,8-triene (2) leads to p-cymene (5) and p-
cymenene (6), respectively. The mechanism of this aromatization reaction will be discussed in this
paper.
INTRODUCTION

The deterioration of certain essential oils containing the widespread terpenic hydrocarbons x-terpinene
(1-methyl-4-(1-methylethyl)-1,3-cyclohexadiene) (1), «-phellandrene (2-methyl-5-(1-methylethyl)-1,3-
cyclohexadiene) (3) and y-terpinene (1-methyl-4-(1-methylethyl)-1,4-cyclohexadiene) (4) as well as p-
mentha-1,3,8-triene (1-methyl-4-(1-methylethenyl)-1,3-cyclohexadiene) (2), which is believed to be essen-
tial for the typical fresh parsley flavour, 2 is characterized by the formation of the aromatic system p-
cymene (1-methyl-4-(1-methylethyl)-benzene) (5) or p-cymenene (1-methyl-4-(1-methylethenyl)-ben-
zene) (6) and the development of a so-called "cymey" odour. In the case of lemon oil for example, the
deterioration is parallel to the appearance of p-cymene (5) and the dissapearance of y-terpinene (4). 3

In order to elucidate the chemical reactions involved, model studies about the stability of p-menthadiene

hydrocarbons in solution and in the gas phase against light, temperature and oxygen were performed.

RESULTS AND DISCUSSION

Light induced dehydrogenation, ring opening, dimerization and photooxygenation are observed during
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UV irradiation of p-mentha-1,3,8-triene (2) ! or related p-menthadienes under different experimental con-
ditions (see fig. 1). Thermal treatment leads to the aromatization product in high yield. (see fig. 3). In
the case of limonene (1-methyl-4~(1~methylethenyl)-1-cyclohexene) (7) and terpinolene (2-methyl-5 -
(1-methylethyliden)-cyclohexene) (8) no aromatization but only reaction with singlet oxygen is ob-
served. 476 The conversion of y-terpinene (4) or «-terpinene (1) via p-cymene (5) to thymol (5-methyl-
2-(1-methylethyl)-phenol) (7) and / or carvacrol (6-methyl-3-(1-methylethyl)-phenol) (8) as discussed
in literature 7. 8 could not be confirmed under the described nonenzymatic reaction conditions.

The kinetics of the involved reactions could be pursued directly by GC because of the insolubility of

the functionalized rose bengal sensitizer in the used organic solvent.
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Fig. 1. Reaction products of the irradiation of 2, representing the discussed 1,3-dienic systems.

Dimerization

A) Dehydrogenation. The reactions observed in liquid and gaseous phase, especially the reaction in pre-
sence of the radical scavenger BHT (fig. 2, column IlI) and the AIBN-induced radical reaction without
irradiation (fig. 2, column VI ), the nonsensitized irradiation in gaseous phase (fig. 3, column II, HI)
and the thermal treatment under nitrogen (fig. 3, column IV) can be interpreted as follows: The elimi-
nation of hydrogen of the investigated 1,3- and 1,4-cyclohexadienic skeletons proceeds by means of at
least two aromatization mechanisms. A temperature-independent but oxygen-dependent radical photo-

dehydration is superimposed by a temperature- dependent but oxygen-independent dehydrogenation.
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Fig. 2. Irradiation of 1 and 4 in pentane and 2 in acetone (repressed ring opening) over 4¢h under
different reaction conditions at 10°C. . The distribution of the reaction products of 1 and
a-phellandrene 3 is comparable.

I zero level IV sensitized irradiation, 0,, DABCO
Il sensitized irradiation, 0, \ sensitized irradiation, --

Il sensitized irradiation, O,, BHT VI —— -— , ——, AIBN
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Fig. 3. Irradiation of 1, 2 and 4 in gaseous phase under different reaction conditions. The distri-
bution of the reaction products of 1 and x-phellandrene 3 is comparable.

[ zero level Il  irradiation, 0, , -10°C.
I irradiation, N, ., -10°C. v --—- ,N,, 100°C.

The formation of phenanthrenes and related polynuclear aromatic molecules by ultraviolet irra-
diation of stilbenes or stilbene derivatives in solutions containing an oxidant like iodine or oxygen

has been extensively studied. 9712 As an intermediate the reaction involves a dihydrophenanthrene
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system with two tertiary and doubly allylic hydrogen atoms which are susceptible to abstraction by a
suitable oxidant. It is believed that the radical formed by hydrogen abstraction is stabilized by the
phenyl groups. As can be seen from our results, the reaction can also proceed with systems possessing
a p-menthadiene skeleton. Based on literature data and own experiments (see fig. 2 and 3), a propa-

gation mechanism as shown in figure 4 can be proposed for the discussed radical reaction.

+ o0, —p ? + -OOH
+ .00H — ij + HOOH

Fig. 4. Propagation mechanism of the radical aromatization of the discussed dienic systems.

The particularity of this radical reaction is the propagation step. Since formation of hydroperoxides is
not observed, !3 the hydrogen abstraction mechanism prevails over the addition of a peroxy radical to
the double bound. - 18 This effect is apparently related to the presence of secondary doubly activated
allylic hydrogen atoms in the ring system. An influence of rose bengal on the radical reaction cannot
be excluded, as it is capable of forming a stable radical cation. 1° In the gas phase oxidation (fig. 3),
a marked difference in the reactivity of 1,3- and 1,4-p-menthadienes is observed. From these ex-
periments it can be concluded, that in addition to the photooxidation a thermal aromatization occurs.
The results obtained are in accordance with the Woodward- Hoffmann rules, which state that a syn-
chronous thermal elimination of hydrogen for 1,4-cyclohexadienes can be expected. A higher activation
energy is required for the aromatization of 1,3-cyclohexadienes which takes place via a complex radical
reaction, 17- 18

Depending on the temperature and alignment of the transfer line with the E.I. ion source a marked

increase in typical aromatic fragments m/e 91, 119 and 134 is observed.
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B) Photochemical reaction with singlet oxygen (photooxidation). The reaction mechanism of the in-
vestigated p-mentha-1,3-dienes with singlet oxygen 1+ 4+ 6. 13. 1922 .4 the rearrangements of the
oxygenated derivatives has been already described in literature. Based on the results presented in
figure 2 and 3, especially those obtained with DABCO, it is concluded that the reaction of p-mentha-
1,3.8-triene (2) with singlet oxygen (02(‘Ag)) represents a (4+2)-cycloaddition. The reaction products
1-methyl-4-(1-methylethenyl)-2,3-dioxabicyclo [2.2.2)oct-5-ene (9) and 4-methyl-7-{1-methylethenyl)-
3,8-dioxatricyclo [5.1.02-41 octane (10), their structure elucidation and their sensorical properties were
discussed in a separate paper. !

C) Photochemical ring opening. The yield of products due to the ring opening reaction under different
experimental conditions is shown in figure 2 and 3. Irradiation of a solution of «-phellandrene (3}
can result in the formation of a mixture of the four possible geometrical isomers of 3,7-dimethylocta-
1,3,5-triene (13). 23-26 These findings are in accordance with our results obtained with o-terpinene (1)
and p-mentha- 1,3,8-triene (2), which are converted upon ring opening to cis- and trans- 2,6-dimethyl-
5-methenyl-hepta- 1,3-diene (14, 15), and cis- and trans-2,6-dimethyl-5-methenyl-hepta-1,3,6-triene (11,
12) . respectively. Hydrogenation of each isomer leads to 2,3,6-trimethylheptane (16). The conrota-
toric electrocyclic ring opening is preferentially exhibited by the p-menthatriene system, but cannot
take place with limonene (7), terpinolene (8) and y -terpinene (4), as they do not possess the 1,3-cyclo-
hexadienic moiety. In the case of p-mentha-1,3,8-triene (2) the solvent dependence of the ring opening
reaction is noticeable. In pentane this mechanism predominates and 'upon prolonged irradiation other
concurring reactions except polymerization are neglectable.

D) Dimerization (polymerization). Dimerization and polymerization were ouly observed in the case of

27. 28 ;ould not

p-mentha-1,3,8-triene (2). Dimerization products as described for 1,3-cyclohexadiene
be found in the case of the investigated dienes. A low amount of a dimer of 2 was observed during

irradiation in solution and in fresh parsley extracts as already reported in literature. 29 prolonged

irradiation as well as the radical reaction induced by AIBN results in the case of 2 and 6 in the dis-
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appearance of substances detectable by means of gas chromatography. This is a strong evidence for
the formation of polymeric compounds derived from oa-p-dimethylstyrene (6). In the presence of

oxygen photooxygenation predominates. {see fig. 2 and 3).

EXPERIMENTAL

Isolation of p-mentha-1,3,8-triene (2). It was isolated from a commercial oil (Melchers & Co, Bremen,
No. 4/2176/7670) by means of "flash-chromatography”. 1. 30

Irradiation in liquid phase. The photoreactions were carried out in an irradiation vessel as described 31
at 10°C., while a slight stream of oxygen or nitrogen was bubbled through the stirred solution. The
sensitizer was prepared as follows: A solution of 10mg Rose Bengal (3,4,5,6-tetrachloro-2-(2,4,5,7-
tetraiodo-6-hydroxy-3-oxo~3H-xanthen-9-yl)benzoic acid disodium salt, SIGMA) in 50ml distilled
water and 10g Dowex 1x8 (100-200 mesh, anionic exchange resin, SERVA) was stored for 12 h, filtered
and washed exhaustively with water and acetone. The fixed sensitizer (3g) and a solution of 100 mg
of 2 in organic solvent (90ml) was irradiated (Phillips HPK 125, high-pressure Hg-lamp) through Pyrex
{()\>290nm). The irradiations were performed with solvents of different polarity (methanol, acetone,
ether and pentane) and /or treatment with 0.1 g of the quencher DABCO (1,4-diazabicyclof2.2.2] octane),
the radical scavenger BHT (2,6-di-tert.-butyl-p-cresol) or by replacement of oxygen by iodine. Com-
mercially available o -terpinene, y-terpinene, x-phellandrene, limonene and terpinolene (Roth) were
treated in the same way.

Initiation of a radical reaction with AIBN. Same configuration as described above, but without irra-
diation and streaming of oxygen or nitrogen. 0.1 g of the initiator AIBN (a,a-azaisobutyronitrile) and
each of the investigated molecules including p-cymenene were dissolved in methanol as well as in
heptane and stirred over 17h at a temperature of 60°C.

Reaction in gaseous phase. The reactions were performed without solvent and sensitizer in a 10ml
headspace vessel, closed with a septum. 5ul of the pure investigated substance were injected with a
Hamilton syringe into the thermostated vessel, previously purged with oxygen or nitrogen. For GC-in-
jection a thermostated 250yl gas tight syringe was used. Irradiation time 4 h, for 2 only 2h.
Hydrogenation of the ring opening products. Hydrogenation of the two pairs of ring opening products
of a-terpinene and p-mentha-1,3,8-triene were performed with H, over Pd/C in ethanol for 4h at 20°cC. .
GC. Siemens Sichromat | equipped with a 26m x 0.25mm i.d. fused silica capillary column coated with
0.3ym cross-linked SE 54. Carrier gas, 1.7ml/min H,: temp. programme, 60°{(5min)-2°/min-250°;
injectorand detector temperature, 250°C..

GC/MS. Finnigan 1020 (quadrupole) linked on-line to an Incos data processing system; directly coupled
to a Sigma III (Perkin Elmer) GC. J&W 30m x 0.25mm i.d. fused silica capillary column coated with
0.25um bonded DB 5: carrier gas, 1.2ml/min He; temp. programm, 60 (5min)-2°/min-250°; injector
and transfer-line temperature, 200°C.; ionization energy, 70 eV,
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