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Thermally Induced Redox Reaction of
Carbonyl Compounds and Alcohols in a
Radical Chain Reaction: Comproportionation to
Two Hydroxyalkyl Radicals

By Dietmar Malwitz angd Jiirgen Q. Metzger*

The reduction of carbonyl compounds to alcohols is a
very important reaction in organic chemistry.!! But reduc-
tions with alcohols also play an important role and, com-
mencing with the Meerwein-Ponndorf-Verley reduction,
numerous variants have been described in the literature.”
Ponndorf™ pointed out in his classical work more than
half a century ago the possibility of a thermally-induced
redox reaction, but so far no mechanism has been de-
scribed for this reaction. Two routes are conceivable: a) a
comproportionation of carbony! compound and alcohol to
two hydroxyalkyl radicals and their further reaction to give
the products, or b) a pericyclic reaction in which two hy-

drogen atoms are transferred from the alcohol to the car-
bonyl group in one step.

-We have found that aldehydes 1 aré reduced by 2-pro-
panol 2 in a thermal reaction to the alcohols 3, whereby 2
is oxidized to acetone 4.1 Instead of 2, methanol, primary
alkyl alcohols and benzyl alcohols can alsv be used,
whereas tertiary alcohols are not reducing.

RCH=0 +(H,C),HCOH <= RCH,OH + (H,C),C=0
1 2 3 4

a, R=4-iPr-CcHy; b, R=CHs

To elucidate the reaction mechanism we investigated the
kinetics of the reaction of 2 and 4-isopropylbenzaldehyde
1a. Preliminary experiments showed that the reaction pro-
ceeds as a radical chain reaction: active carbon as radical
trapping agent completely inhibits it; radical formers such
as di-tert-butyl peroxide!™ or atmospheric oxygen acceler-
ate it; as soon as the radical formers are consumed, the
rate is the same as for the reaction without radical former.
Under the conditions used for the kinetic measurements,®
no secondary reactions were observed. The rate law for the
reaction is described by equation (1), and the Arrhenius
equation is fulfilled quite well in the temperature range in-
vestigated (Eq. (2), ©=2.303 [RT kJmol ~']).
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With deuteriated 2, an almost temperature-independent
kinetic isotope effect is obtained, both when 2 is O-deuter-
iated ky/ky=2.06), as well as C-deuteriated (ky/kp=
2.61). For perdeuteriated 2 one obtains ky/kp=

534/ A Hammet correlation gave a reaction constant9=
—-0.62.%

ArylCH,~OH (H;C)30—0H ArylCH=0
3a 5 1a
k; L13 L2
(H3C) ,CH~OH Arylgﬁ-OH (H3C).C=0
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Aryl = 4-iPr~C¢H,
Scheme 1.
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All results are consistent with a radical chain reaction as
shown in Scheme 1: Chain initiation starts with the forma-
tion of the hydroxyalkyl radicals 5 and 6 from 1a and 2.
The radical § is converted by H-transfer to 1a into the ox-
idation product 4, a reaction which is already known from
the analogous photochemical’ and radical-induced™
reactions, and which here is thermodynamically con-
trolled; further reaction of the radical 6 to give the prod-

uct 3a by H-abstraction from 2 is the rate-determining
step in the radical chain reaction. Reaction of the two
chain-carrying radicals § and 6 with each other leads to
chain termination. After a relatively small conversion of ca.
5%, the comproportonation of 3a and la dominates as
initiation reaction, since this reaction requires an activation
energy about 45 kJ mol ™' less than the original initiation
reaction because of the formation of two hydroxybenzyl
radicals 6.1'! »

With this mechanism the experimental rate law is easy
to simulate {Eq. (3)], both regarding the reaction order [Eq.
(1)] as well as the Arrhenius parameter [Eq. (2)).!"*! The iso-
tope effect!' and the reaction constant'* are also consis-
tent with this mechanism, a mechanism which is remarka-
ble in two ways: 1) It describes a radical chain reaction '
with a “kinetic chain length” of ca. 107 at 200 °C.'"® In
contrast, the analogous photochemical'’” and the radical-
induced™ reduction are not chain reactions. 2) The initia-
tion reaction is the back reaction of the known dispropor-
tionation of hydroxyalkyl radicals and thus is analogous to
the comproportionation of alkanes and alkenes to alkyl ra-
dicals." Decisive is the “molecule-induced” homolysis!'®!
of a C-H bond [Eq. (4)] with a markedly reduced activation
energy in comparison to the monomolecular bond cleav-
age.

RCH=0+HCR;0H == RCH=0O..-H.--CR}OH ==

R&H-0H+&Rp—on ¥

In comparison, a pericyclic transfer of two H-atoms
would be considerably slower!' and, in view of the ob-
served kinetics, highly unlikely, since according to equa-
tion (4) a radical chain reaction can be initiated. Our re-
sults are consistent with equation (4) most likely being the
initiation reaction of the radical chain reaction.
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