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The Mechanism of Metal-Ammonia Reduction of Alkyl Halides

By JoBN JacoBus* and JEROME F. EASTHAM

(*Department of Chemistry, Princeton University, Princeton, N. ] ., 08540; and Department of Chemistry, University of
Tennessee, Knoxville, Tennessee)

WHILE reduction of organic halides (RX) by alkali metals
(M) in ammonia is an old, well known reaction,® and one
whose mechanism has received some study,??® the kinetics
of these reductions have never been examined. In order
to study this reaction we devised an apparatus which

RX + 2M + NH, - RH + MX + MNH, (1

would allow the controlled addition of blue metal-in-
ammonia solutions from a burette to clear ammonia
solutions of a variety of organic halides in a stirred reactor.
The apparatus (burette and reactor) was vacunum-jacketed
and the solutions were maintained at —33°.

to be of the same order of magnitude in reaction rate as the
reduction. Collected in the Table are data obtained for the
reduction by lithium of cyclohexyl chloride and bromide in
liquid ammonia in the presence of ammonium salts as
competitive reactants.

The reaction of e~(NH,) with ammonium ion is diffusion~
controlled.* As can be seen from the data in the Table
(experiments 1—4), in competition with ammonium ion
the relative rate of the reaction of cyclohexyl chloride is in
the range 0-5—1-0, ¢.e. the rate constant is ca. 10° < %
< 10, while for cyclohexyl bromide the relative rate is in
the range 0-1—0-2, i.e. the rate constant is ca. 10°.

Competitive reductions®

Experiment number 1 2
X in CH,X .. .. C1 Cl

X in NH.X .. .. C1 Br
CH,;, X .. . .. 25-3 65-8
NH, X .. .. 24-9 65-8
Li .. .. .. 48-7 1311
H, (produced) 117 21-0
C¢H;, (produced) 12-2v 44-2p

& All values in millimoles.
plus recovered halide.

‘With all halides studied, with one exception, the reduc-
tions were stoicheiometric according to equation (1) and
were extremely fast, occurring as rapidly as the metal
solution was added. The blue metal solution acted as its
own coloured indicator. In other words, this colour dis-
appeared in the reactor immediately, until an equivalent
of metal solution had been added; with the next drop of
metal solution, the solution in the reactor became a per-
sistent blue. Saturated chlorides, bromides, and iodides
and unsaturated fluorides, chlorides, bromides, and iodides
all were reduced immediately. The one exception to this
reduction being extremely fast was with saturated fluorides.
Neither alkyl fluorides nor polyfluoroalkanes were reduced
by the metal-in-ammonia solutions.

Because the reduction (1) of alkyl halides proved to be
too fast to be amenable to kinetic analysis by common
techniques, competitive reactions were employed to
ascertain approximate rate constants. Liberation of
hydrogen from ammonium salts [equation (2)] was found

NH,X + M — NH, + }H, )

b Sole organic product except for recovered halide.
4 Product contained 0-25 mmole of cyclohexene plus recovered halide.

3 4 5 6

Cl Cl Br Br

Cl Br Cl Br

22-6 22-8 234 29-0
449 457 46-8 58-0
454 47-3 46-7 60-6
181 18-0 21-4 256

4-6% 5-5% 2-9¢ 4-5¢

¢ Product contained 0-2 mmole of cyclohexene

M4-NHy =3 M*(NH,) +e~(NH,)

RX +e~(NHy) = RXe

4 RX* B

/ e (NH)
X-+R* R +Xx-
le-m;» 1:«3.
R™ NH, > RH
SCHEME

A priori, two mechanisms by which the reaction might
proceed are a free-radical pathway (4) or a carbanionic
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pathway (B) (Scheme). In a series of papers, Wepster ef al.?
have considered both pathways and have concluded,
mainly on stereochemical grounds, that the reduction pro-
ceeds via pathway B., since A study of data in the litera-
ture which in reason must be assumed to relate to reactions
proceeding via free radicals leads to the conclusion that
free radicals always undergo racemization before any other
reaction. . .can take place.”’%s

Bartlett ef al. have demonstrated that free radicals can
be trapped prior to loss of stereochemical integrity;® the
9-decalyl radical has been successfully trapped with oxygen
(A >3 x 10'M~* sec.”?). Garst® has shown that the
reaction of hex-5-enyl radical with sodium naphthalenide
(e”) has & > 10®m-2sec.~!. The reaction of alkyl carbanions
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with proton donating solvents such as NH, should be
diffusion controlled.” In other words, it is reasonable that
the reaction of an intermediate free radical with e~(NH,)
has a rate constant of the order 108—10*m~1 sec.~! to form
a relatively configurationally stable carbanion and that
protonation of the carbanion thus formed is also rapid;
hence, the stereochemical results are not contrary to path-
way A, the free radical pathway. We believe that the
data of Wepster et al. can be interpreted as the first evidence
of an optically active free radical. Experiments currently
under investigation will distinguish between pathways
A and B.
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