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Bei der Wiedergabe von Gebrauchsnamen, Ha_ndelsnamen, Waren-
bezeichnungen und dgl. handelt es sich haufig um gesetzlich ge-
schiitzte eingetragene Warenzeichen, auch wenn sie nicht als solche
mit ® gekennzeichnet sind.

Tﬁe Influence of Polar and Steric Effects on the
Selectivity of the p-Cleavage of Alkyl Radicals**

By Kurt Klenke, Jiirgen O. Metzger,* and Stefan Liibben

The p-cleavage of radicals plays an important role in the
complex reaction mechanisms of pyrolysis, combustion,
photooxidation, the thermal degradation of polymers,"
and increasingly also in preparatively useful reactions.”
The selectivity of the p-cleavage has been the subject of
very few studies. We have therefore carried out experi-
ments aimed at demonstrating the influence of polar and
steric effects on the B-cleavage of alkyl radicals.

The radicals 2 were generated by addition of cyclohexyl
radicals (c-CsHS)) to the alkenes 1. These fragment in an
intramolecular competition reaction to give the products 3
and 4 with cleavage of methyl and ethyl radicals, respec-
tively.” The polar effect of X on the selectivity of the radi-
cal cleavage can be investigated by variation of the substit-
uents X on the radical carbon atom.”™ The products 3 and
4 are each formed as (E)- and (Z)-isomers, so that also the
polar effect of X on the stereoselectivity can be mea-
sured.
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a, X = COOMe; b, X = Ph; ¢, X = p-MeO—CgHy;

d, X = p-Cl=CgH,

Et~CH=C
~N

The results (Table 1) are in many respects surprising.
The benzyl radical 2b fragments more slowly than the me-
thoxycarbonylalkyl radical 2a, since 2b is about 15 kJ/mol
more stable than 2a.' The selectivity of the cleavage of the
more reactive radical 2a is, however, clearly greater. The
stereoselectivity is also greater. This reversal of the reactiv-
ity-selectivity principle can be explained, in analogy to the
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the leaving radical and of the substituents X in the alkyl
radical 2. The cleavage of the more nucleophilic ethyl
compared to the methyl radical is accelerated by the elec-
tron-withdrawing substituent X = COOMe. This polar ef-
fect is especially evident on considering the difference in
the activation energies, which amounts to ca. 18 kJ/mol
for the fragmentation of 2a to 3a and 4a. The difference
in the stability of the products is only ca. 8 kJ/mol.®! The
polar effect of the methoxycarbonyl group is thus about 10
kJ/mol referred to the two leaving groups in question and
increases the selectivity. The converse is true in the case of
the nucleophilic radical 2b, which gives the more electron-

Tabie 1. f-Cleavage of the radicals 2 to give the products 3 and 4 at 350°C
B3

2 Yield[a] [4)/[31b] [(E)4V(Z2)4] AE, [c] Ad/45 (¢}
[mot-%] {kJ/mol}

a 147 17.8 (1.25) 3 ~-18.2+2 0.6+0.2

b 60 7.3 (0.86) 2.5 — 45+05 3.0:03

¢ 74 8.9 (0.95) 23 — 84+£06 16+02

d 90 ©.4 (0.97) 2.3 - 72408 24+0.5

[a] Sum of the B-cleavage products 3 and 4 based on alkene 1 used. [b] In
parenthesis: selectivity S=1g([4]/{3]). {c] AE,= E.(4)~ E.(3); 300-450°C.

rich alkenes 3b and 4b. The cleavage of nucleophilic radi-
cals is all the more difficult the more nucleophilic they are.
The cleavage of the ethyl radical is more strongly retarded
than that of the methyl radical. The difference of 4.5 kJ/
mol in the activation energies again makes the polar effect
especially noticeable. The transition states lie ca. 3.5 kJ/
mol closer together than the ground states of the products
that are formed. In this case the polar effect of the phenyl
group reduces the selectivity of the p-cleavage.

Smaller but significant effects are observable on com-
paring the fragmentation of the radicals 2b, 2¢ and 2d
(Table 1). The electron withdrawal by chlorine in 2d in-
creases the reactivity and the selectivity compared to 2b.
Surprisingly, the p-methoxy group in 2¢ apparently reacts
only through its —1I effect. The selectivity of the ethyl/
methyl cleavage is increased significantly compared to 2b.
This is understandable only in terms of the p-methoxy
group having an electron-attracting effect.

The radicals 6 were obtained by the addition of cyclo-
hexyl radicals to the alkenes §. These fragment in a com-
petition reaction to give the products 7 and 8 and a methyl
radical.® The relative effect of the substituents attached to
the carbon atom at which the C-C bond is ruptured on the
cleavage of the methyl radical can be determined from the
ratio of the products 7:8. .

The fragmentation is remarkably selective (Scheme 2):
the thermodynamically more stable alkene 7 is formed in
only slight excess at 400°C. Normalized to the number of
cleavable methyl groups, the methyl radical is even prefer-
entially cleaved from the lesser substituted alkyl group to
give the thermodynamically more unstable alkene 8.
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Table 2. Selectivity of the B-cleavage of the radicals 6 at 400°C.

6 [7} [mol-%} {8] [mol-%)] tz/K1lnore. [a] S [b]
a 57 43 23 0.36
b 52 48 [c] 1.4 0.15
¢ 62 [} 38 S 12 0.08

[a] Relative rate normalized to one methyl group. [b] S=1gk,/k,. {c] (E)- and
(Z)-products.

At first sight this result is surprising. One might expect
that the stabler alkene is formed with higher selectivity!™
and that the cleavage of the methyl radical preferably oc-
curs at the more substituted alkyl group. However, the re-
sult is understandable if the B-cleavage is considered from
the point of view of the addition (Fig. 1). Substituents on
the C atom that is attacked sterically hinder the addi-
tion." '% The free enthalpy of activation for the addition of
the methyl radical to the alkene 7 is raised in comparison
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Fig. 1. Reaction coordinate of the p-cleavage of radical 6a.

to the alkene 8 by the larger number of methyl groups on
the C atom that is attacked. This means that the transition
state of the B-cleavage is correspondingly also raised and

the reaction retarded.!'®
The steric effects of substituents in B-cleavages should
also play an important role in a-cleavages. Evidence to this
effect is provided, for example, in Sy reactions of alkyl-
tin and alkylboron compounds.""® Our results show that
it is essential that polar and steric effects be taken into ac-
count as well the generally dominating influences of prod-
uct stability!” when considering the selectivity of B-cleavage.
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