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Addition of formic acid to nortricyclene
or tricyclene produced only one formate
in both cases, exo-2-norbornyl or isobornyl
formate.! We have studied the analogous
treatment of cyclofenchene (I), and found
it to lead to a very complicated mixture of
initial, intermediate and final products.
«-Fenchene (II) was the most important
early intermediate of the reaction of I. A
closer study was made of the rates and
product ratios at different temperatures of
the reactions of I and II in a formic acid-
methylene chloride 1:1 mixture. The
initial hydrocarbons I and II were purified
by preparative gas chromatography. Gas
chromatography, IR, mass and NMR-

spectrometry were used for productanalysis
All products except one formate X were
identified by comparing the spectra with
the authentic samples of the Department
of Chemistry, University of Helsinki.

The kinetic measurements were done
from the start until 50 9; of the initial
hydrocarbon had reacted. The consump-
tion of I and II during the reactions fol-
lowed first order kinetics. The experimental
rate constants and Arrhenius parameters
together with the wvalues of apparent
entropy and free energy of activation at
25 and 105°C are collected in Table 1. The
free energy difference of cyclofenchene (I)
and «-fenchene (II) was determined at
105°C by equilibrating the mixture without
formic acid using silica gel as catalyst.
Other fenchenes appeared in the mixture,?
but the molar ratio II:I approached 17.5:1.
Thus 4G°= —RT In K= —2.15 kecal/mol;
a-fenchene (II) being thermodynamically
more stable than cyclofenchene (I). From
the apparent free energies of activation at
105° (Table 1), the calculated free energy
of the apparent transition state for the
reaction of cyclofenchene (I) is 3 keal/mol
higher than for the reaction of «-fenchene
(II). This indicates different mechanisms
for the reactions of I and II. The Arrhenius
parameters and apparent entropies of ac-
tivation (Table 1) also show differences in
the reaction mechanisms: the reaction of «-

Table 1. The first order rate constants (k), Arrhenius parameters and the apparent values of the
entropies and free energies of activation of the reactions of cyclofenchene (I) and «-fenchene (II)
in a formic acid-methylene chloride 1:1 mixture.

Com- Temp. kx 10° E log A Corr. 48* @ 4G* 4
pound °C sec™! keal/mol factor cal/degr.  kecal/mol
mol
I 0. 0.294
13.8 2.975
26.2 16.54 23.184+1.62 13.06+1.22 —0.9952
32.0 23.24
25.0 13.7° —0.726 22.81
105 —1.20 22.88
II 0. 2.107
15.4 12.31 17274 0.58 9.15+0.44 —0.9995
25.4 31.01
25.0 30.2°% —18.62 22.23
105 -19.10 23.74

¢ Calculated from E and log 4 according to the theory of absolute reaction rates.
Interpolated from the experimental values at different temperatures.
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fenchene (II) is electronically favored over
the reaction of cyclofenchene (I), as is dem-
onstrated by the lower energy of activa-
tion of I1.2 From the apparent entropies of
activation it could be concluded that the
transition state of the reaction of II has a
definite structure, while conversely, the
reaction of I proceeds via random collisions
of protonated-I with surrounding (mainly
solvent) molecules.

A
20x10% s

Fig. 1. Product composition (mol 9%, of the
sum I + products) in the reaction of cyclo-
fenchene (I) in a formic acid-methylene

chloride 1:1 mixture at 0°C. Notation as in the
text.

Fig. 2. Product composition (mol 9, of the

sum II + products) in the reaction of a-

fenchene (II) in a formic acid-methylene

chloride 1:1 mixture at 0°C. Notation as in
the text.
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The product ratios (see Figs. 1 and 2)
also show differences in the reactions of I
and II. Exo-a-fenchene hydrate formate
(IV) seems to be the only first intermediate
product formed from «-fenchene (II).
Cyclofenchene (I), however, appears to
react via three main routes: «-fenchene
(II), exo-B-fenchene hydrate formate (III)
and exo-x-fenchene hydrate formate (IV)
all appear to be direct reaction products
from I. Tertiary endo-isomers of III and
IV, endo-g-fenchene hydrate formate (VII)
and endo-a-fenchene hydrate formate
(VIII), appeared as the next intermediates,
and the secondary exo-formates o-iso-
fenchyl formate (V) and g-fenchyl formate
(VI) as the final products on the main reac-
tion routes. «-Fenchyl formate (I1X), e-
fenchene (XI), g-fenchene (XII), and an
unknown formate X appeared as minor
side products of the reaction of cyclo-
fenchene (I). Only e-fenchene (XI) and
cyclofenchene (I), however, were observed
as side products in the reaction of «-
fenchene (II) (see Fig. 2). The progress of
the reactions of I and II can be presented
as follows (most reverse reactions are un-
marked; the main reactions are shown by
solid arrows): Scheme 1.

The results of the product analysis show
that no Wagner-Meerwein rearrangement
occurs in the additions of formic acid to
cyclofenchene (I) or a-fenchene (II) with
the conditions employed. Such rearrange-
ments are, however, involved in the forma-
tion of the final products V and VI from
the adducts III and IV or their (Walden
inversion products) epimers VII and VIII.
This behavior is completely different from
the reaction of nortricyclene, norbornene,
and tricyclene under corresponding condi-
tions, in which only secondary exo-
products were formed.! In the present reac-
tions, the final product ratio V:VI was 4:1,
quite the same as the corresponding ratio
of the final product acetates from the reac-
tion of cyclofenchene (I) in Bertram-
Walbaum solution (acetic acid containing
a little 50 9, sulfuric acid).?*?

Both kinetic and product ratio data in-
dicate different reaction mechanims for
the consumption of I and II, with no
Wagner-Meerwein rearrangement occurring
in the first phases. Thus, intermediate cat-
ion structures, if any, other than “asym-
metrically bridged” (see Ref. 1), following
the protonation of I or 1I, should be con-
sidered. The opening of the cyclopropane
ring of cyclofenchene (I) to give III and
IV can be considered as normal Markowni-

24



1100

1

-

OCHO
v

OCHO ﬁ = %,ocuo I 5/
v , I L viI

SHORT COMMUNICATIONS

OCHo
1X

OCHO
J

v

‘5£52’ T ‘763F36Ho

X1 YI

Scheme 1.

kov-addition reactions. Reasonable first
structures formed from I might be the edge-
protonated cyclopropanes,® ‘C-cyclofen-
chonium ions”’,” XIII and XIV. These ions
closely resemble intermediate (Syl type)
structures, which form the products II, 111,
and IV by random collisions with formic
acid molecules through ‘‘disorganized tran-
sition states”. Addition of formic acid to
a-fenchene (II) seems to be more syn-
chronous; perhaps an ion-pair transition
state with a fixed structure is formed. The
considerable exo-preference of the product
(IV as sole or major product) gives some
justification for a partially o-bond-
delocalised structure XV as the cation
part of the transition state. This structure
is analogous to the partially delocalised 2-
methylnorbornonium ion (XVI), experi-
mentally deduced by Paasivirta ® and by
Olah et al.?%
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