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Intermolecular Ene Reactions in a High-Pressure/High-
Temperature Flow Apparatus{™]

By Jiirgen Metzger and Peter K5lil*]

In the thermal degradation of chitin in supercritical ace-
tone!!! we were able to demonstrate the presence of large
amounts of diacetamide (1 ), which can be formed by dimeriza-
tion of the acetamide molecules in the sense of an ene reaction.

LA

“CHy ¢y

a3 r?

CH;

\N/
'H

\CH e, HyC”

This finding encouraged us to investigate some ene reac-
tions!?, as example of the numerous types of thermal pericyclic
reactions’®), in the same high-pressure/high-temperature
apparatus (“HP-HT” apparatus)!!l, which enables relatively
unproblematical operation at pressures of up to ca. 500bar
and temperatures of up to ca. 700K, and is readily built
from commercially available HPLC and GC equipment. The
apparatus offers all the advantages of a flow reactor, such
as exceptionally rapid withdrawal of sensitive products from
the reaction zone and the possibility of quickly changing
the reaction parameters with slightest consumption of sub-
stances.

Whereas numerous intramolecular ene reactions, even with
nonactivated enophiles, have already been reported'®), intermo-
lecular ene reactions generally require active enophilest?. It
was predicted, however, that if the latter reactions were to
be carried out at high pressures, besides the usual conditions
employed for ene reactions, namely high temperatures and
long reaction times, then intermolecular ene reactions with
nonactivated enophiles should also be possible. Thus, the reac-
tions carried out at high temperatures under pressure by
Nemtsov et ai.**! in 1938 with the aim of polymerizing olefins
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may be regarded as ene reactions. The reaction of acetylene
as moderately active enophile with olefins at 623K and 170
bar to give 1,4-dienes—Ilikewise in a flow reactor—also
demonstrates the influence of pressure in such reactions'®l,

In all the examples so far investigated by us (cf. Table 1)
the expected products were seen to be formed in the overall
main reaction. Even toluene was found to react as “deacti-
vated” ene component with non-activated enophiles; reaction
with cyclohexene afforded o-cyclohexyltoluene (2).
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The yields quoted in Table 1 are not optimized and might
easily be increased to preparatively satisfactory values by
increasing the residence time of the reactants (incorporation

N

Table 1. Some intermolecular ene reactions with non-activated enophiles.
Reaction conditions: 673K, 450bar, 10min residence time, ene:enophile
=10:1, conversion based on enophile. Characterization of the products
by GC-MS. .

Ene Enophile Reaction product(s) Conver-
sion{ %
-H 1-H Mixture of isomeric dodecenes 5
Cyclohexene ~ Cyclohexene  3-Cyclohexylcyclohexene 4.5
Acetone Cyclohexene  Cyclohexylacetone 0.5
Toluene Cyclohexene o-Cyclohexyltoluene 1.2
Toluene Tolan 1,2-Diphenyi-1-tolylethylene 15

of a longer reaction capillary or reduction in the rate of flow
of reactants). A typical example here is the synthesis of 3-cyclo-
hexylcyclohexene from cyclohexene (see Experimental). Such
a dimerization apparently proceeds regiospecifically, corre-
sponding to the expected pericyclic mechanism. (With longer
residence times, however, about 5% of the primary product
isomerizes to 1-cyclohexylcyclohexene.) Thus, the thermal ole-
fin-dimerization and the alkylation of toluene described here
are superior to the catalytic methods, at least as far as regiose-
lectivity is concerned.

Experimental

Synthesis of 3-cyclohexylcyclohexene: Cyclohexene (20¢g)
is pumped through the “HP-PT” apparatus!!! at 673K and
460bar at a flow-rate of 0.12ml/min and with a residence
time of ca. 50min. A 15-m long stainless steel capillary (O.D.
1.6 mm, I.D. 0.7 mm) can be used as reactor. Unreacted ¢yclo-
hexene {16 g) is removed by distillation. The residue {3.4g,
17 %) mainly consists of pure 3-cyclohexylcyclohexene, which
is further purified by distillation: b.p. 98°C/10 torr,
ng®=1.4912 (b.p. 224°C/760 torr, nd°=1.4941!")), The IR,
NMR, and mass spectra are consistent with the given structure.
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