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Photosynthetic energy conversion involves, as a
key step, the photo-induced charge separation
through electron transfer processes affording a pair
of oxidant and reductant [1, 2]. We are currently
making an alternative approach in place of the photo-
induced mechanism; utilization of metal-ion dispro-
portionation (2M™ = M+ 1" + M(®~1*) which also
produces a pair of oxidant (M™*1") and reductant
M=) simultaneously. The first unambiguous
evidence is reported here for the disproportionation
of a cobalt(IT) complex of N4-macrocycle along with
further reduction of the resulting cobalt(III) com-

Me Me
Me Et
Me
Me
Me £t
Me Me
Col{TDHC)

plex. Schrauzer and Windgassen [3] suggested the
disproportionation of vitamin B;,, and cobaloxime-
(I) in strongly alkaline media, based on indirect
spectral evidence. Fukui and his collaborators [4]
also claimed the disproportionation of B,,, occurred,
on the basis of other observations; a mixture of B,,,
and methyl jodide in aqueous electrolyte solution
at neutral pH was converted to an equimolar mixture
of Bj;a and the methylcobalt derivative. However,
a thorough kinetic analysis of the related alkylation
reactions of Bj,, led to a quite different conclusion
which does not invoke the disproportionation [5].
Similarly, an early proposal made by Schrauzer as
regards the disproportionation of cobaloxime(II)
[3] has been disproved recently in the light of detail-
ed kinetic analysis of the reaction concerned [6].
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Experimental

The Co(II) and Co(III) complexes of 8,12-diethyl-
1,2,3,7,13,17,18,19-octamethyltetradehydrocorrin
(TDHC), [Co(IIYTDHC)]ClO, and [(OH;),Co(IlI)-
(TDHC)]Cl,, were prepared as described previously
[7]. Electronic spectra were obtained with a Union
Giken SM-401 high sensitive spectrophotometer.

Auto-reduction of (OH),Co(III)(TDHC) was
initiated by injection of an appropriate amount of
aqueous NaOH (18.8 M) to an aqueous solution of
[(OH,),Co(III(TDHC)]** [7] containing a small
amount of methanol. Auto-reduction of (OH),Co-
(II(TDHC) derived from disproportionation of
Co(II(TDHC) was initiated by injection of a
methanol solution of Co(I)(TDHC) to water con-
taining an appropriate amount of NaOH. In kinetic
runs of both auto-reduction reactions, the final solu-
tions were adjusted to contain 0.8% (v/v) methanol
and 381 X 1075 M of the cobalt complex. Metha-
nol as a co-solvent could be eliminated without
affecting the reaction rate. The reduction of the
Co(IIl) complex was followed spectrophotometri-
cally by monitoring the absorbance change at 675 nm
[an absorption maximum for (OH),Co(III{TDHC)]
or 530 nm (an absorption maximum for
Co(ITDHC)].

Rapid reaction between (OH),Co(III}(TDHC) and
HS(CH;),OH was measured with a Union Giken RA-
401 stopped flow spectrophotometer: equal volumes
of a solution of (OH),Co(III)Y(TDHC) (1.69 X 107*
M) in water—methanol (97.4: 2.6 v/v), which contain-
ed 7.6 X 1072 M of the hydroxide ion, and an
aqueous solution of HS(CH,),OH (an appropriate
amount) were rapidly mixed to initiate the reaction.

Activation parameters were calculated by utiliz-
ing relations: E, = AH* + RT (E,, activation energy
from Arrhenius plot); k = (kT/h)exp(—AG¥/RT),
and AG* = AH* — TAS" at 38.4°C.

Results and Discussion

In strongly alkaline aqueous media ([OH ] 2 1 M)
containing 1% (v/v) methanol at 3 °C, Co(II(TDHC)
[7-9] underwent instantaneous and complete dis-
proportionation to an equimolar mixture of well-
characterized Co(I) (TDHC) [10, 11] and (OH),-
Co(III) (TDHC) (the hydroxo ligands being at the
axial sites) [7]. The electronic spectrum of the result-
ing solution exhibited all of the characteristic features
of the Co(I) and Co(IIl) species and was super-
imposable on the calculated spectrum for the equi-
molar mixture of these two complexes (Fig. 1). The
disproportionation mixture underwent no further
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TABLE I. Fractions of Co(I), Co(II), and Co(IIl) Complexes of TDHC in water—methanol (99%:1 \:/v at 3 °C.
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[OH /M [Co(D} /M [Co(lID ] /M [Co(ID)] /M K/M 2P
1.03x 107} 264 X 107° 2.64 x 1075 1.10x 10°% 546
7.76 X 1072 2.51x 1075 2.51x 1073 1.36 X 107° 563
5.15x 1072 2.255 % 1075 2255 X 10°° 1.87 % 1075 548

3Total concentration of the cobalt species. 6.38 X 107> M.

Optical Density

Wavelength / nm

Fig. 1. Electronic absorption spectra of cobalt complexes in
water—methanol (99:1 v/v) at 3 °C: , Co(II(TDHC)
(6.38 x 10 ° M) after disproportionation at [OH] = 1.0

M; —-—, (OH),Co(III){(TDHC) (3.19 X 105 My at [OH ] =
0.2 M; — — —, Co(I(TDHC) (3.19 X 10°° M) at [OH ] =
0.1 M; ------ , calculated spectrum for a solution containing

(OH), Co(II(TDHC) (3.19 X 10~° M) and Co(I)(TDHC)
(3.19 X 107° M.

reaction at 3 °C (vide infra). At lower concentrations
of the hydroxide ion, the disproportionation was
incomplete. Analysis of the compositions of Co(J),
Co(II), and Co(III) complexes was performed in refer-
ence to the absorbance change at 675 nm (Table I),
the stoichiometry being established by eqn. (1):
552 M™? as an average value at 3 °C for K = [(OH),-
Co(III)z(TDHC)] [Co(IXTDHC)] /[Co(IIXTDHC)] *-
[OHT]%.

2Co(II(TDHC) + 20H" = (OH),Co(III)TDHC) +
+ Co(I)(TDHC) (1)

The tervalent cobalt complex, (OH),Co(IID)-
(TDHC), underwent reduction quite readily to afford
Co(IXTDHC) upon treatment with a thiol. The
reduction with excess HS(CH,),OH was investigated
in some detail at 1.5 * 0.4 °C by the stopped flow
technique following the absorbance decay at 675
nm for the Co(Ill) complex: initial concentrations
in water—methanol (98.7:1.3 v/v); (OH),Co(IID)-
(TDHC) 8.45 X 107 M, OH 3.8 X 107 M. A cor-
relation between pseudo-first-order rate constant
(as regards the cobalt complex) and initial thiol

by = [ Co(IID)] [Co()] &[Co(1)] > [OH]2.
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Fig. 2. Correlation of pseudo-first-order rate constant for
reduction of (OH),Co(III(TDHC) (8.45 x 107> M) with
concentration of HS(CH;)20H at 1.5 °C in water—methanol
(98.7:1.3 v/v) containing 3.8 X 1072 M of the hydroxide
ion.

concentration is shown in Fig. 2; a rate constant at
the saturation range being ca. 350 s' [2 ms half-
life with respect to the Co(III) complex] and an
apparent second-order rate constant at lower thiol
concentrations ca. 5 X 10° M~' 57!, The saturation-
type correlation indicates the existence of pre-
equilibrium formation of the thiol adduct, fol-
lowed by intramolecular electron transfer from the
thiol to the cobalt species. Such being the case, the
rate enhancement along with an increase of thiol
concentration is primarily due to the increase in
a fraction of the thiol adduct and the reaction rate
at saturation level may be referred to the electron
transfer process. An alternative mechanism involves
a pre-equilibrium ligand dissociation to give penta-
coordinate intermediate which may be either re-
converted to the original hexacoordinate species
or reduced with the thiol. In the light of the latter
mechanism, the saturated rate is referred to the rate-
determining ligand dissociation process.

In the absence of any additional reductant, (OH),-
Co(III(TDHC), either prepared by oxidation of
Co(II)(TDHC) or derived from disproportionation of
Co(I)(TDHC) as above, was observed to undergo
auto-reduction to Co(I)(TDHC) in strongly alkaline
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Fig. 3. Analysis of kinetic data for reduction of (OH);Co-

(II(TDHC) in water—methanol (99.2:0.8 v/v) containing

1.2 M of the hydroxide ion at 38.4 °C; half-order plot (0)

and first-order plot (o). Percentage numerals in parentheses

indicate the conversion rates of the cobalt(IIT) complex.
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aqueous media ([OH] 2 1 M) at higher tempera-
ture (20—40°C). The conversion from Co(IIl) to
Co(T) species exhibited good spectral behavior accom-
panied with clear isosbestic points at 306, 597 and
703 nm, and followed some complicated kinetics
as shown by egn. (2). Plot of 2([Co(IID]}? —
[Co(IID)]#?) vs. time (t) at

—d[Co(IIN)] /dt = k[Co(II1)] ¥ [OH]? ©))

a fixed hydroxide-ion concentration gave a straight
line throughout the run up to almost 100% con-
version (Fig. 3), and the slope (k' = k[OH ]?) was
correlated linearly with [OH ]? as shown in Fig. 4;
Co(Ill) stands for (OH),Co(IIITDHC). Figure 3
also includes the first-order plot, In([Co(III)]o/
[Co(IID)]) vs. t; a serious deviation from linearity
being evident. All the rate data in Fig. 4 are satis-
factorily placed on a single line irrespective of the
methods for formation of the Co(III) complex
(oxidation or disproportionation of the Co(Il)
species); the slope in Fig. 4 providingk = 6.7 X 1076
M 32 ¢! at 38.4°C. The temperature dependence
(20-38.4 °C) of k allows to evaluate the activation
parameters: AH*, 20.0 kcal mol™*; AS*, —18.5 cal
deg™' mol™'. The apparent two-electron reduction
of (OH),Co(III(TDHC) under strongly alkaline
conditions seems not to involve the Co(I111)—OH bond
homolysis in a marked contrast to the kinetic behav-
ior of [(OH,)J(OH)Co(IIIYTDHC)]" [7]: the present
reaction rate exhibits strong dependency on the
hydroxide-ion concentration (eqn. (2)), and is not
influenced by the presence of the carbonate ion,
a powerful hydroxyl radical scavenger.

The reaction with which we are presently concern-
ed may bear a closer resemblance to the reductions
of the tris(2,2"bipyridine) and tris(1,10-phenanthro-
line) complexes of iron(III) [12], osmium(III) [12,
13], and ruthenium(Il) [14] to the corresponding
bivalent metal complexes. The simplest mechanism
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Fig. 4. Correlation of apparent half-order rate constant k'

(= k[OH ]?) with [OH ]2 for reduction of (OH)zCo(lII}

(TDHC) in water—methanol (99:1 v/v) at 38.4 °C: Co(IIl)

(TDHC) used; by disproportionation (¢), and by direct

oxidation of Co(II)(TDHC) (o) [refer to eqn. (2)].

in our favor, consistent with the observed kinetics
(eqn. (2)), is given by eqns. (3)—(5).

[Co(II)], === 2Co(IID) ©)
Co(Ill) === [Co(lI)—OH > Co()—OH']  (4)

[Co(IIN)~OH™ = Co(I)—OH"] ——— Co(I) + H,0,

%)
This mechanism assumes that Co(III}TDHC) in
strongly alkaline media exists practically as a dimer,
[Co(IID)],, which is in equilibrium with two mole-
cules of the active monomer (eqn. (3)) so that [Co-
(IM] = (4)K4[Co(IIN)]¥?; T stands for total concen-
tration. The assumption of the initial existence of a
dimer species is somewhat obligatory in order to
explain the half-order kinetic dependence on [Co-
(II)]¢. Furthermore, the dimer formation has many
and good precedents in porphyrin and phthalocyanin
chemistry [15]. The mode of dimerization would be
a simple association [15] or, instead, involve a
covalent linkage such as a u-oxo bridge prominent
for ferric porphyrin in alkaline solutions [15].

The monomer is then reduced by successive attack
of two molecules of OH . The first step (eqn. (4))
is the reversible association of OH- with the Co(III)
species, and then the resulting adduct undergoes
the rate-determining reaction with the second OH™
in the second step [equation (5)]. Such a rate-deter-
mining process is consistent with the observed large
negative entropy of activation. Reactions of the
iron(III), osmium(III), and ruthenium(IIT) complexes
cited above with the hydroxide ion have been claimed
to involve addition of OH  to the unsaturated
ligands.

Reduction of metal complexes with the hydroxide
ion (or ideally water) may constitute a half reaction
of water splitting into oxygen and hydrogen mole-
cules. The most important finding in the present
study is that such a powerful oxidant as (OH),Co-
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(HI)(TDHC) can be derived from disproportionation
of the corresponding Co(Il) complex without retro-
reaction with its reductant partner Co(I)}(TDHC)
to the original Co(Il) complex in strongly alkaline
media. It is interesting to note that an artificial
photosynthesis system of wide use in these days
involves photoinduced electron transfer from a
donor (e.g., a Ru(Il) complex) to an acceptor (e.g,
dialkylviologen dication). Such a donor-acceptor
reaction process is considered to stand as a reference
to the present disproportionation reaction. However,
a special device is required to avoid the thermal retro-
electron transfer [16] between the resulting Ru(IIT)
complex and the viologen cation radical so that the
charge separation is effectively performed [17].
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