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The 12-tungstocobaitate(I1I/II) redox couple, both oxidation states being highly
negatively charged (5-/6-), is strongly influenced by the nature of the counterion
present. In particular, tetraalkylammonium ions decrease E°[Co(III)/(II)] signif-
icantly, relative to that measured in the presence of alkali-metal ions in an organic
solvent such as acetonitrile, thus causing large decreases in redox reactivity with
respect to oxidation. An increasing proportion of water in the solvent increases E°.
The redox properties of the hexachloroiridate(IV)/(III) couple are affected by cations
in a similar way.

A new high-potential couple at ca. 1.8 V vs. the Ag/AgCl electrode was detected in
the 12-tungstocobaltate system, presumably due to the 12-tungstocobaltate(I'V/III)

couple.

Certain heteropoly anions, e.g. the [12-tungstocobalt-
ate(II1)]~ ion [to be abbreviated Co(III)W/, in the follow-
ing], are close to ideal outer-sphere redox reagents toward
organic compounds by virtue of their deeply embedded
central ion, surrounded by a spherical sheath of chemically
inert oxygen atoms exposed to the solution.! Typical
examples include the oxidation of 4-methoxytoluene? by
Co(IIT)W,, via an initial, reversible outer-sphere electron
transfer (ET) step followed by a rate-determining proton
transfer from the radical cation to a base (an acetate salt,
MOACc), and the reduction of carbon tetrabromide®
[12-tungstocobaltate(II)]~ ion in a rate-determining ET
step, followed by very fast cleavage of (CBr,)™". In both
cases the nature of the counterion (supplied as the counter-
ion of the heteropoly anion salt and/or the acetate ion
source, MOAC) influenced the reaction rate, particularly
for the oxidation of 4-methoxytoluene. Here an exchange
of sodium acetate for tetrabutylammonium acetate at the
0.5 M concentration level decreased the observed rate con-
stant by a factor of ca. 1500. For reduction of carbon
tetrabromide, the same change increased the rate constant,
although only by a maximum factor of 3.

This type of kinetic effect is by no means unknown,*
although Co(III)W, oxidation of 4-methoxytoluene repre-
sents an unusually strong effect that seems to run counter
to accepted behaviour (see the Discussion). Redox poten-
tials are influenced by the nature of the solvent and the
ionic components present,’ and the effects are both of
kinetic and thermodynamic origin.

*To whom correspondence should be addressed.
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In the case of Co(III)W,,, the rate decrease was found to
be of thermodynamic origin, in that E°[Co(IIT)/Co(1I)]
decreased from 1.01 to 0.76 V vs. NHE (normal hydrogen
electrode) upon change from potassium to tetrabutyl-
ammonium ion as the counterion.? This is in itself enough
to explain the rate decrease in terms of the kinetics of the
forward step of the ET equilibrium; one can calculate a
theoretical A[log(kgr)] = 3.0 by the Marcus equation, to be
compared with a change in log (k) of 3.2. It must how-
ever be noted that the counterion can also exert its effect
on the kinetics of an ET step, as exemplified by the follow-
ing rate constants for self-exchange in the hexacyanoferrate
(IID)/(11) system.®

Ion(0.01M) None K* MeN* Et,N* Pr,N* Bu/NN* Pe,N*
Rate con-

stant of 6.0 230 1260 250 41 23 16
Fe(IIT)/Fe(Il)

exchange/M™! s~!

The effect upon the rate of the ET step is positive for all
ions, in comparison with an extrapolated situation at zero
cation concentration. The cation effect was attributed to
reduction of the coulombic repulsion between the highly
charged (37/47) reactants in the transition state which in-
deed should lead to a rate enhancement for all types of
cations.

Since the use of tetrabutylammonium salts of heteropoly
anions,” which are unusually highly charged species, is
mandatory in many applications in order to solubilize these
reagents in organic solvents, the above-mentioned decrease
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in redox reactivity is a bothersome problem for several
reasons. A practical drawback is that many reactions sim-
ply become too slow to be of any use, whereas studies of
reactivity problems become complicated by the sensitivity
of the redox reactivity of the heteropoly anion to even
small variations in its environment. We therefore consid-
ered it important to map the redox potential of a hetero-
poly anion, Co(IIT)/(II)W,,, in order to obtain an empirical
description of these variations.

Results

A new, high-potential couple in the I12-tungstocobaltate
system. The 12-tungstocobaltate system has available a
number of oxidation states,® but we limited our study to the
easily accessible Co(III)/Co(II) transition (see below).
However, we wish to put on record that cyclic voltammetry
on the tetrabutylammonium salt of Co(III)W,, without any
supporting electrolyte present revealed the existence of a
new high-potential, quasi-reversible (E,, — E,. = 170 mV
at a sweep rate of 100 mV s™!') couple with E° around 1.6 V
(Fig. 1, Table 1). Presumably, this couple has previously
escaped detection by being hidden in the background
oxidation curve. It was also easily seen with sodium per-
chlorate as the supporting electrolyte when the tetrabutyl-
ammonium salt was used (Fig. 1) and also with the potas-
sium salt in acetonitrile/water (82.5/17.5 v/v) without sup-
porting electrolyte. The insert in Fig. 1 demonstrates the
near-reversibility of the couple, i,,/(v)*® (v = sweep rate)
varying between 0.23 and 0.17 over a variation in v from 5
to 3200 mV s~'. We tentatively ascribe this quasi-reversible
couple to the electron transfer between a Co(III) and
Co(1V) state. Very few compounds of cobalt in the +IV
state are known.’

Electrochemistry of the Co(Ill)/Co(Il) couple. Cyclic
voltammetry at 50-100 mV s™' of 1 mM solutions of
K;Co(III)W,,0,, in media containing a supporting electro-
lyte (0.1 M) in general displayed the behaviour of an al-
most reversible redox couple with peak-to-peak separa-
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Fig. 1. Cyclic voltammograms of (a) 1 mM (Bu,N);Co(Ill)W,, in
acetonitrile without supporting electrolyte and (b) in acetonitrile/
sodium perchlorate (0.13 M) at 100 mV s~'. The insert shows
aplot of iy, vs. v between 5 and 3200 mV s~' [concentration of
Co(lll) salt = 4.6 mM].

tions of 60-90 mV, and reversible potentials (denoted E°)
were determined as (E,, + E,)/2. In order to make possible
a study of the effect of the solvent water contents on the
two salts, KsCo(III)W,, and (Bu,N);Co(IIT)W,,, not influ-
enced by external counterions we chose to work without

Table 1. Electrochemical characteristics of the new, high-potential [Co(IV)/Co(Ill)W,,0,,]* 5~ couple, as established by cyclic

voltammetry at 100 mV s~'. Reference electrode, Ag/AgCl.

Salt Medium E/mV E,/mV AE/mV E°/mV @
K* AN/H,0 (82.5/17.5), no supporting electrolyte 1870 1671 199 1771
Bu,N* AN, no supporting electrolyte 1571 1402 169 1487
Bu,N* AN/NaCIO, (0.13 M) 1643 1567 76 1605
Bu,N* AN/NaCIO, (0.30 M) 1653 1570 77 1615
Bu,N* AN/H,0 (70/30)/Bu,NCIO, (0.1 M) 1636 Not reversible

IE° = (Epy + Epo)l2.
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Fig.2. Effect of water content upon E° of K;Co(lll)/(I)W,, (1 mM)
in acetonitrile without supporting electrolyte at v = 50 mV s™":
O, Pt electrode; A, glassy carbon electrode.

any added supporting electrolyte. A 1.0 mM solution of
these salts has an ionic strength of 0.015 M, enough for
good voltammetric data to be obtained. Under these condi-
tions, peak-to-peak separations were larger, of the order of
150-200 mV, which, only to a small extent, was due to an
uncompensated iR term (ca. 20 mV). For solubility rea-
sons, it was not possible to find a potassium-ion-based
supporting electrolyte that was compatible with all solvent
compositions. All measurements of potentials were per-
formed with the Ag/AgCl electrode as the reference.

Fig. 2 shows the effect upon E° of increasing the water
content of the solvent for the potassium salt (no supporting
electrolyte) on the Pt and glassy carbon electrodes. With
the exception of the first point, at the lowest water concen-
tration (5 %), an increase in the water content increases
E°; this is even more apparent for the tetrabutylammonium
salt which displays E° ca. 0.15 V in anhydrous acetonitrile
with a strong increase of about 0.3 V over the first 10 % of
added water on both Pt and glassy C (Fig. 3). The beha-
viour was similar in the presence of a supporting electro-
lyte, except that excess tetrabutylammonium ion brought
down E° even further (Fig. 3).

Table 2 shows the effect upon E° of different supporting
electrolytes at a Pt electrode; in cases where the anion of
the supporting electrolyte was varied, practically no influ-
ence was noted. Thus the effect upon E° is exerted by the
cation and is stronger in media of low water content.

Effect of tetrabutylammonium ion upon the redox potential
of the hexachloroiridate(IV/IIl) couple. The effect of a
tetraalkylammonium-ion-containing electrolyte was also
briefly tested on the Ir(IV)Cl? /Ir(III)Cls*~ system, an of-
ten used, substitution-inert ET reagent in inorganic as well
as organic chemistry.!” Cyclic voltammetry of the potas-
sium salt (100 mV s7!) in acetonitrile/sodium perchlorate
(0.1 M) demonstrated a fully reversible [peak-to-peak sep-
aration 60(2) mV] Ir(IV)/Ir(1II) couple* at 0.51 V whereas
sodium hexachloroiridate under the same conditions gave
E° =0.57 V and in acetonitrile/lithium perchlorate (0.1 M)

* In addition, the known, reversible, high-potential couple with E°
around 1.65 V was discernible (literature value," 1.74 V vs. SCE
in dichloromethane/tetrabutylammonium hexafluorophosphate).
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Table 2. Effect of cations upon E°[Co(lll)/(I)W,,]? (given in V vs.
Ag/AgCl) in acetonitrile/water.

Salt (0.1 M) Water (%, v/v)

15 20 30 40 100
LiClO, 0.65 0.70
LiNO, 0.66
NaClO, 0.76 0.72 0.71 0.87
NaNO, 0.76
KCIO, 0.73% 0.72
KOAc 0.73
Bu,NCIO, 0.49 0.53
Bu,NPF, 0.52¢ 0.53
Me,NCIO, 0.68
Mg(CIO,), 0.80 0.76
Ca(NO,), 0.78
Sr(NO;), 0.78

2Measurements were made on 1 mM solutions of
KsCo(ll)W,,0,, at a sweep rate of 50 mV s~' and with Pt as the
working electrode. ®Electrolyte concentration = 0.050 M.
°Sweep rate = 100 mV s™'.

0.39 V. With tetrabutylammonium hexafluorophosphate
(0.1 M) as supporting electrolyte, E° decreased to 0.21 V
and with tetracthylammonium perchlorate (0.1 M) to
= 0.2 V. Thus the potential decreasing effect of tetraalkyl-
ammonium ion upon highly negatively charged redox
couples is quite respectable in this system too.

Discussion

It is well established that both solvent and counterion
strongly influence the electron transfer reactivity of metal
complexes, and highly charged anions seem to be especially
sensitive in this respect.*® As noted in the introduction, the
kinetic effect of the cation upon the self-exchange electron
transfer of the hexacyanoferrate(II/II)**~ couple is cata-
lytic for all types of cation, including tetraalkylammonium
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Fig. 3. Effect of water content upon E° of (Bu,N);Co(ll)W,,
(1 mM) in acetonitrile without supporting electrolyte (O, Pt;
A, glassy C) or acetonitrile/Bu,NPF, (0.1 M) (O, Pt;

A, glassyC)atv=50mV s
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ions.> This is logically explained by relief of coulombic
repulsion between the two anions in the transition state. As
for the thermodynamic effect of cations upon E°, it is
expected that the more negatively charged component of
the redox couple should be stabilized, thus leading to an
increase in the E° value. This has been demonstrated
clearly for mono-, di- and tri-valent metal cations in the
hexacyanoferrate(I1I/I1)*~"~ system where cation/anion as-
sociation constants differ by a factor of ca. 10 between the
two oxidation states.'> Why do we then observe the very
strong and at first sight somewhat paradoxical decrease of
E° of by tetraalkylammonium ions? The effect of such ions
upon self-exchange kinetics is to increase the rate, and the
thermodynamic effect should be to increase E°, just as
metal cations do.

This paradox is resolved by noting that the reference
point for the E° value also should be a hypothetical
situation where no cation is present (see above). Then all
cations should increase E° by virtue of the stronger
coulombic stabilizing effect upon the more negatively
charged component; tetraalkylammonium ions are much
less efficient than metal cations, most likely for steric
reasons but also because of better ligand-binding properties
of the more easily polarizable metal ions.

The most important consequence of the ‘tetraalkyl-
ammonium effect’ upon the redox reactivity of highly
charged anionic reagents is of course a practical one: one
can tune the redox potential simply by varying the nature of
the counterion in the system. In many cases, the effect
unfortunately makes reagents of this type less useful by
decreasing their reactivity to very low levels.

Experimental

Potassium 12-tungstocobaltate(III) was prepared as re-
ported by Simmons," except for a minor modification of
the purification procedure.? The corresponding tetrabutyl-
ammonium salt was prepared by ion-pair extraction
according to Ref. 7. Potassium and sodium hexachloro-
iridate(IV) were of commercial quality. Acetonitrile was of
UVASOL® (Merck, Darmstadt) quality, and all salts used
were of highest quality commercially available. CV meas-
urements were performed under Ar protection by means of
a BAS-100 instrument, using an Ag/AgCl electrode as the
reference. In general, compensation for iR drop was not
performed, since at the low sweep rates employed it turned
out to be negligible even in electrolytes without a support-
ing electrolyte.
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