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The addition of a radical to carbon monoxide is an
important key step in free-radical carbonylation.! The
absence of kinetic data for this process in organic
solvents??® may have constituted one of the main reasons
for the long-delayed development in this promising
synthetic area. In this paper, we wish to disclose
approximate rate constants for addition of a primary
alkyl radical to carbon monoxide, which was calibrated
by employing a well-established radical clock system.*
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Since the CO trapping of alkyl radicals is reversible,
there is the necessity of taking into account the rate of
the backward decarbonylation reaction (eq 1). Unfortu-
nately, the only known kinetic data for decarbonylation
of acyl radicals to give primary alkyl radicals and CO
were those measured in the gas phase and were varied
from 102 to 10¢ at 80 °C.5 This led us to employ a
“decarbonylation free” system comprising the sequential
CO trapping of an alkyl radical followed by the rapid
5-exo cyclization of the resulting acyl radical onto a styryl
terminus. The decarbonylation possibility was checked
beforehand. Thus, 6-phenyl-5-hexenoyl phenyl selenide
(1) and nonanoyl phenyl selenide, for comparison, were
exposed to tin hydride mediated free-radical reaction
conditions (0.02 M, 80 °C, 2 h), respectively. Nonanoyl
radical yielded significant amounts of octane (36%),
decarbonylation product, together with nonanal (60%).6
In contrast, reaction of 1 under identical condi-
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tions yielded 2-(phenylmethyl)cyclopentanone (2) in high
yield (90%) with no detectable amount of decarbonylation
product 3 (by GC (<1:150)) (eq 2).” When the reaction
of 1 was conducted at 100 °C, only a trace amount of
decarbonylation product 8 was detected.
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Scheme 1 summarizes our plan to estimate the rate
constant for the addition of a primary alkyl radical to
carbon monoxide. Two paths are available from the key
radical 4, cyclization to produce a cyclopentylmethyl
radical 8 proceeding with a known rate constant (ks.cx,)
versus addition to carbon monoxide to give 8 proceeding
with a rate constant of kco. In the latter case, the
resulting acyl radical 5§ would be trapped efficiently by
the styryl terminus to furnish stable benzyl type radical
7. Thus, from the ratio of (products B arising from 7)/
(products A arising from 6), the ratio of rate constants
(kco/ks.exo) could be calculated using eq 3.
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As a prelude to the kinetic CO studies, the tin hydride
mediated cyclization of 8 was carried out under a
nitrogen atomosphere. This experiment yielded a mix-
ture of cyclization product 9 and a tandem cyclization
product 10 (eq 4). It is important to point out that no
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direct reduction or cyclization onto the styryl unit of the
primary radical 4 was detected.

Kinetic studies of the carbonylation of radical 4 in
benzene solution were performed over the temperature
range of 60—118 °C at 34—107 atm using V-65 (2,2'-
azobis(2,4-dimethylvaleronitrile)), V-40 (1,1’-azobis(cy-
clohexane-1-carbonitrile)), and AIBN as radical initiators.
In one experiment, 2-methyl-2-propanol was employed
as the solvent to ensure that solvent effects on the
kinetics of the radical carbonylation would be minor.8

(7) The same acyl radical cyclization starting with the corresponding
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Kusano, K.; Hasegawa, M.; Kambe, N.; Sonoda, N. J. Chem. Soc.,
Chem. Commun. 1991, 1018.
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Table 1. Rate Data for Addition of a Primary Alkyl
Radical to Carbon Monoxide at Various Temperatures

t"e]:np kB-exoa CO [CO}” kCO
°C) (s7Y) (atm) M) B/A M-1s71)
60 2.1 x 108 97 0.82 0.150 3.9 x 108
96 0.81 0.130 3.4 x 105
93 0.78 0.120 3.2 x 108
70 2.7 x 108 - 96 0.81 0.125 4.2 x 108
93 0.78 0.132 4.6 x 108
80 3.6 x 108 106 0.89 0.158 6.4 x 105
99 0.83 0.161 7.0 x 10°
88 0.74 0.115 5.6 x 105
34 0.28 0.053 6.7 x 105
100 5.8 x 108 107 0.90 0.142 9.2 x 105
107 0.90 0.155 1.0 x 108
97 0.81 0.113 8.0 x 108
118 8.6 x 108 107 0.89 0.137 1.3 x 108
93 0.78 0.120 1.3 x 108
80¢ 3.6 x 108 99 0.89 0.148 6.4 x 108

@ Reference 9. b See ref 10. ¢ 2-Methyl-2-propanol was used as
a solvent.

When the radical reaction was performed under CO
pressures two carbonylation products 11 and 12 were
obtained together with uncarbonylated products 9 and
10 (eq 5). Aldehyde 11 arises from carbonylation of the
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cyclized radical 8, and ketone 12 arises from carbonyla-
tion and cyclization of 4. Thus, the ratio of B/A corre-
sponds to the ratio of 12/(9 + 10 + 11). These results
are summarized in Table 1.

Rate constants for CO trapping of a primary radical 4
at the different temperatures were calculated from the

(8) For solvent effect on decarbonylation rates of acyl radical, see:
(a) Lunazzi, L.; Ingold, K. U.; Scaiano, J. C. J. Phys. Chem. 1983, 87,
529. (b) Tsentalovich, Y. P.; Fischer, H. J. Chem. Soc., Perkin Trans.
2 1994, 729.
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experimentally obtained values of B/A along with known
values of k5.5, and with postulated CO concentrations.
The ks..x, values used as the radical clock were obtained
from the reported value by Beckwith for 2-methyl-5-
hexenyl radical cyclization.® The CO concentrations in
benzene were calculated by multiplying the CO pressures
used times the reported value for [CO] under atomo-
spheric pressure.1?

The calculated kco values gave the Arrhenius function
shown in eq 6. Equation 6 leads to the Arrhenius

In koo = 21.8 — (8.0 x 10%/T (6)

parameters E, = 6.0 kcal/mol and log A = 9.5. The
calculated rate constant for addition of the primary
radical 4 to CO at 80 °C is approximately 6.0 x 105 M™!
s~

During the course of previous synthetic work in our
laboratory, we frequently observed that primary alkyl
radicals were more efficiently carbonylated than second-
ary and tertiary alkyl radicals.’>* However, the obtained
rate constant for a primary radical in this study (2.7 x
10° M1 s71 at 50 °C; a converted value for comparison)
is similar to the rate constant for addition of cyclohexyl
radical to CO (1.2 x 105 M1 g7! at 50 °C)*® which was
reported by Goldman and Boese recently. Very recently,
Chatgilialoglu and co-workers estimated approximate
decarbonylation rates of primary, secondary, and tertiary
acyl radicals.!! According to the report, the rate constant
for decarbonylation of a secondary acyl radical is 30 times
faster than that for decarbonylation of a primary acyl
radical at 80 °C. Hence, we consider that the superiority
in carbonylation of primary alkyl radicals over secondary
radicals can result from slow backward decarbonylation
reaction rather than from CO trapping process.

In summary, the present work has provided the first
kinetic data for addition of a primary alkyl radical to
carbon monoxide.!? We hope that the present data will
serve as a useful guide in the planning of free-radical
reactions of CO.
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