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Summary The relative intensities of the Co-H/D stretch-
ing vibrations in the precipitated products show that the
reaction of H, with [CollL,]3~ (L = CN—) in D,0 pro-
duces equal amounts of [CoMIL,H]}3~ and [Co!IL,D]3~
which, taken together with kinetic and electrochemical
data, indicates that H, reacts with a binuclear [Co,L,,]¢~
ion by heterolytic fission.

Tue fastest known reaction of H, with a metal complex in
homogeneous solution at room temperature is that with
aqueous solutions of cobalt(11) cyanide complexes,! in
which the main complex is [CoML;}*~ (1) where L = CN—,
possibly with a very labile H,O as the sixth ligand.2:* The
rate increases with ionic strength and cobalt concentration
and £, can be less than 1 min.* We report here the first
test for homolytic versus heterolytic fission for this reaction,
which provides evidence that this very efficient ‘activation’
of H, involves heterolytic fission by a binuclear complex.

The main product of hydrogenation is [CollIL,H13— (2)3
and the reaction, which reaches equilibrium with ca. 109,
of unchanged (1) under an atmosphere of H,, can be written
as in equilibrium (1), even though the equilibrium is only
completely reversible after the first hydrogenation.® The
rate of H, uptake in 0-Im KCI shows a second-order de-
pendence on the concentration of (1), a first-order depend-
ence on P(H,) and independence of cyanide and hydroxide
concentrations;? ¢f. also references 8—10. We have found
that in 3m KCI the initial rate of the reverse dehydrogena-
tion (which is easier to study than the faster H, uptake)
also shows a second-order dependence on the concentration
of (2), but is independent of cyanide and hydroxide con-

1 Studied spectrophotometrically using a cell? in which a brisk stream of H, or N, could be passed through the solution.

centrations.t The kinetic evidence therefore indicates that
H, reacts with an intermediate of composition [Co,L,,1¢~
(3). A mechanism involving the rapid, reversible reaction
of H, with (1) to give [CoL;H,]3~, followed by a slower
reaction with a second molecule of (1), cannot be excluded
on kinetic grounds alone, but would involve structures and
mechanisms without any known analogues. There is no
experimental evidence to indicate whether H, undergoes
homolytic fission (as is generally assumed’—!!) or hetero-
lytic fission. To test for homolytic wersus heterolytic

2[CoML 3~ + H, = 2[ColILH]3~ (1)

fission, solutions of (1) in D,0 (2ml samples of 0-1m
CoCl,, 0-55M NaCN, 2m NaCl, pH 11-4) were treated with
a brisk stream of H, for varying periods of time (5—90 min).
The product was precipitated by the addition of 0-7 g of
CsCl as the mixed Cs,Na salt of (2)% and, after filtration and
drying under N,, the relative intensities of the Co-H and
Co-D stretching vibrations, at 1840 and 1340 cm™! respec-
tively, were measured. Under these conditions ¢,, is ca. &
min, ¢.e. the reaction mixtures were sampled from the
position of ca. 509, reaction to the steady-state condition
under H,. Neglecting any isotope effect on the evolution
of gas, the relative steady-state concentrations of the Co-H
and Co-D complexes should reflect the relative rates of for-
mation of Co-H (from H,;) and of Co-D (from heterolytic
fission of H, and/or independent Co-H/D,0 exchange).
Complications due to further reactions with HD or D,
are prevented because these products are swept away in the
stream of H,. However, reactions such as the evolution
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of NH, and/or MeNH, connected with the ‘ageing’ of the
solutions proceed even during the steady-state under H,®
and may therefore cause gradual changes both in the species
present and in the available mechanistic pathways. 1f there
is no pathway for Co-H/D,O exchange independent of the
pathway for reversible hydrogenation, then we expect
homolysis to produce exclusively Co-H, and heterolysis
to give equal amounts of Co-H and Co-D, and we expect}
the ratios of the integrated intensities of the Co-D to Co-H
stretches to be 0:1 and 0-53:1 for homolytic and hetero-
lytic fission respectively; both values would, of course, be
increased by the existence of a separate pathway for Co-
H/D,0 exchange.

All samples gave single bands in the Co-H and Co-D
stretching regions though the latter band at 1340 cm™!
overlaps with the H,0O bands at ca. 1450 cm™!, which
increases the error in determining the integrated intensities.
The following values were obtained for the ratios of the
integrated intensities of the Co-D to Co-H stretching
vibrations: 5 min, 0-26; 10 min, 0-58; 15 min, 0-36; 20 min,
0:68, 043, and 0-44; 30 min, 0-71; 50 min, 0-75; and
90 min, 1-04. In spite of the relatively large error and
possible slight increase with time (perhaps connected with
‘ageing’), the experimental results (average 0-58) clearly
distinguish between the values expected for heterolytic
(0-53) and simple homolytic (0-0) fission, although they
could also be explained by a mechanism involving homo-
lytic fission and a separate pathway for exchange together
with a quite fortuitously correct ratio of rates. However,
since the ion [Co,(CN), H]'~ (4), which would be the im-
mediate product of heterolysis, has already been identified
as the immediate product of the polarographic reduction of
various pentacyanocobalt(ii1) complexes,’® the balance of
probability strongly favours heterolytic fission of H,. We
therefore propose the sequence of reactions§ shown in the
Scheme, where ion-pairs have been omitted and formal
oxidation states written for (3), (4), and (5), even though
there would probably be extensive delocalisation in such
structures. In fact, the marked reactivity towards H, can
probably be ascribed to the ease with which such a delocal-
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ised system can be polarised under the influence of the
attacking H,.

2[ColL,]*~ + H,
2y

I
[LyCo-NC-CoL,J5~ + H,
(3)

I
[L,Col-NC-ColML,H]— + H+
4)

I
[(HL)L,Co'-NC-Co!IL,H]*~
(5)

I
[ColL,(HL)J*~ + [ColllL H]3~

(6) (2)
I
2[CotIL H]3~
2 (2)
ScHEME. L = CN-.

The reaction of H, with (3) appears to be the first example
of heterolysis by a transition-metal complex containing more
than one metal atom. It is interesting to note that the
hydrogenases, which possess Fe—S clusters, also activate H,
by heterolytic fission.!®* Similar mechanisms are appar-
ently exploited both by enzymes and by the most active
known protein-free metal complex.
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1 The summation X(I/w?), where I is the intensity and  the frequency, over all vibrations within a given symmetry species, is

invariant to isotopic substitution.!?

1f, because of the small mass of H/D compared to Co, we ignore the possibility of coupling

between the Co-H/D and CN (2110 cm™?) stretching vibrations, then I¢o-n/Ico-n = (1340/1840)% = 0-53.

§ The inability!4 to account for the reaction of (1) with benzoquinone via the loss of H* to give [ColL,]}4~ provides independent
evidence for the existence of a second pathway [such as (2) — (6)] for the ‘labilisation’ of (2).
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