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Abstract 

A correlation of the activation parameters for 
complexation and reduction of aquocobalt(II1) 
species CoOH,,‘+ by a wide range of substrates B 
indicates that the redox reaction rates are limited 
by substrate coordination at this metal center. The 
activation parameters are remarkably insensitive to 
the formal substrate charge. Although the rates of 
reduction of the homologue CO(NH~)~OH,~*+ by 

BraP, H202, N2Hsad and NHJOH,6 also suggest 
a substitution-controlled rate-determining step, we 
agree with M.P. Hayward and C.F. Wells (Inorganica 
Chimica Acta, 148 (1988) 241) that there are insuf- 
ficient data available to make this conclusion as 
definite. The implications of substitution-controlled 
redox phenomena on electrocatalysis by the aquo- 
cations of cobalt(III), manganese(II1) and silver(H) 
are considered. 

range of molecules and ions B at different acidities. 
In these reactions, the characteristic second-order 
rate law for forward complexation of cobalt(II1) 
or the only observable redox process is found to be 
eqn. (2) [l ,4-71. Rate law (2) accounts for com- 
plexation and redox reactions with species like Cl,, 
[6] and Braq- [7], respectively, that are not expected 
to be involved in significant acid-base equilibria of 
their own. For this reason experimental parameters 
a and b have been specifically associated with reac- 
tions of Coaq3+ and CoOH,,*+, with a = k3 and b = 

kfih, respectively, in rate-determining steps (3) 
and (4) of mechanisms for complexation and reduc- 
tion of aquocobalt(II1) [ 1,4-71. 

Coaq3+ + Hz0 C_ CoOH,*+ t H30+ fast, Kh (1) 

rate = kobs D(W1 PI 
= (a + b/ [H30+])[Co(III)] [B] 

(2) 

Introduction 

Solutions obtained by facile electrolytic oxidation 
of cobalt(H) perchlorate in 3 M aqueous perchloric 
acid at a Pt anode at O-25 “C contain the mono- 
nuclear blue ion Coaq3+, which is of considerable 
interest because of its extremely strong oxidizing 
character (Credo = 1.86 V in 3.0 M HC104 at 23 “C) 
[ 1,2]. Good electrocatalytic oxidants have this 
property [3]. This implies that the aquocobalt(III)/ 
(II) couple should be an excellent prospect for 
elect,rocatalyzed oxidation of a wide range of sub- 
strates [3b]. A major limitation in such applications 
might be the relative rates of competitive reduction 
of cobalt(II1) by the target substrate and solvent 
water [l-3]. This paper addresses the rates and ac- 
tivation parameters of relatively slow substrate oxi- 
dation by aquocobalt(II1) species. 

co$+ t B --+ products slow, k3 (3) 

CoOH,,*+ t B --+ products slow, k4 (4) 

The goal of kinetic and mechanistic studies of 
complexation and redox reactions of metal ions is 
to account for the observed rate law and to associate 
empirical parameters like a and b with events occur- 
ring at specific metal ion centers [5]. 

Experimental Limitations 

There are two well known experimental limita- 
tions in the assignment and discussion of kinetic 
data for reactions of aquocobalt(II1) species Coaq3+ 
and CoOH,*+. 

The rates of slower known aquocobalt(II1) reac- 
tions generally decrease with increasing experimental 
acidity [ 1,4,5]. Evidence for equilibrium (1) comes 
mainly from kinetic studies of aquocobalt(II1) 
complexation and reduction by excesses of a wide 

First, it is commonly observed for relatively slow 
reactions of aquocobalt(II1) (e.g. with B = Hz02 
[7,8]) that the term b/[H30’] of eqn. (2) is so 
dominant that a = k3 obtained from the intercepts 
of plots of the experimental second-order rate con- 
stant kobs versus 1/[H30+] at fixed temperature and 
ionic strength are small and subject to considerable 
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uncertainty (see, for example, Fig. 1 of ref. 7). For 
this reason our present understanding of the variation 
of k3 with B is restricted to the most rapid reactions 
of co$+ with species such as Feaq2+ and I-, which 
have been discussed previously [ 1,4,7,9]. Because 
we have far less accurate information for the slower 
reactions of Coaq3+ (eqn. (3)) than for those of 

~t$$+(;qn. (4)) we focus attention on the latter 

Second, the form of eqn. (2) indicates that K,, in 
eqn. (1) is smaller than the lowest practical acidity 
[5]. The latter is generally set at [H,O+] = 0.05 M 
because the rate of oxidation of solvent water 
increases very sharply at lower acidities. Attempts 
to estimate Kh spectrophotometrically are frustrated 
by cobalt(II1) instability and the danger of forming 
polymeric aquocobalt(II1) species [ 1,2]. Thus, we 
cannot derive accurate values of k4 from the relation- 
ship k4 = b/K,,. However, since Kh and its thermo- 
dynamic parameters are associated just with Coaq3+, 
eqn. (1) we can investigate the dependence of b and 
its associated activation parameters (eqns. (5) and 
(6)) on the characteristics (charge, oxidation poten- 
tial, etc.) of B and try to see if some inherent prop- 
erty of COOH,~’ governs dominant term b/ [HaO’] 
oftheratelaw [1,4,5]. 

Reaction Mechanisms 

Reactions with a large driving force, such as those 
involving reduction of aquocobalt(II1) species, might, 
for a variety of reasons, proceed by outer-sphere or 
inner-sphere mechanisms. 

Outer-sphere systems are identifiable from only 
one observable reaction with relatively large, com- 
parable values of a and b and relatively small respec- 
tive AH*. On this basis the reactions of Coaq3+ and 
COOH,,~+ with such species as I,- and hydroqui- 
none proceed by outer-sphere mechanisms (see Fig. 
1 of ref. 4). 

Most of the other reactions of aquocobalt(II1) 
also proceed with only one observable step, no 
kinetic evidence for rapidly equilibrated precursors 
but at significantly lower rates. In these cases we 
observe small or negligible a, larger Mb* and relative- 
ly positive Mb* (see Fig. 3 of ref. 4). Although 
positive &$, (indirectly estimated at 22 cal deg-’ 
mol-’ at 25 “C [l, 51) always contributes to these 
positive A&* through eqn. (6) the latter already 

suggest a dissociatively-controlled rate-determining 
process. 

In rare cases involving smaller driving forces one 
can monitor two slow but distinct processes at wave- 
lengths where cobalt(II1) absorbs (see, for example, 

Fig. 4 of ref. 1 for the observed (at 280 nm) two-step 
reaction of aquocobalt(II1) with excess B = Cl,,- 
at [H30’] = 1 .OO M and 25 “C) [6]. The first process 
must correspond to complexation of B by aquo- 
cobalt(R) because an absorbance increase is ob- 
served (aquocobalt(I1) absorbs much more weakly 
than aquocobalt(II1) [l]). The second must be due 
to cobalt(III) reduction because the absorbance 
decreases to that of aquocobalt(I1). In such cases the 
kinetic data for the first process (complexation) are 
very valuable for comparison with data for systems 
exhibiting only one step but which are too slow to 
be outer-sphere. Similarity of b for slow one-step 
and the first of two-step complexation/redox pro- 
cesses is good evidence that many slow reactions of 
COOH,,~’ are limited by the rate of substitution of 
B at this very strongly oxidizing cobalt(II1) center 
[l, 4,5]. We will now examine this conclusion in 
more detail. 

Activation Parameter Correlation 

We endorse the recent recommendation of Hay- 
ward and Wells [lo] that rate constants and their 
associated activation parameters should be compared 
when trying to draw conclusions about a possible 
common rate-determining substitution step in 
reactions of a particular metal complex with dif- 
ferent B. The question is how should the data be 
compared? 

One approach is to see if the activation parameters 
vary in a predictable manner with the formal charge 
of B (rather than with its reductive power) as the 
most dominant contribution of B to either an inner- 
or outer-sphere rate. This expectation has been dem- 
onstrated for some reactions of CoOH,,‘+ (see Figs. 
2 and 3 of ref. 4, but note the following comments). 
It makes sense that the activation parameters for 
a series of reactions whose rates are governed by a 
common slow event should be correlated [l 11. 
Thus, another approach is to plot Mb+ versus A,Sb* 
to see if these parameters are correlated for reactions 
with widely different B, as might be expected for 
a series of reactions with a common rate-determining 
step [12,13]*. 

Before presenting the result of the second 
approach for slower CoOH,‘+ reactions it is neces- 
sary to point out some inherent limitations. It has 
been observed in several laboratories [6,7, 14-16]** 

*Figure 4 of ref. 12 shows an activation parameter correla- 
tion for fourteen isomerization reactions of heterotetranu- 
clear nickel(II)-copper(H) complexes. Figures 4-6 of ref. 13 
classify and correlate activation parameters for 35 mono- 
transmetalations of dinuclear copper targets with M(NS), 
transmetalators. 
**Recalculated activation parameters from the data of ref. 

15 (see Table 8 of ref. 1) have been plotted in Fig. 1 of the 
present work. 
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Fig. 1. Plots of Mu* vs. ASd (at 25 “C) for complexation 

and reduction of CoOH,02+ and cisCo(NHa)aOHaq2+ by 

reagents B. The data for complexation and reduction of 

CoOHaq2+ are taken from refs. 1, 6, 7, 14, 15 and 16. The 

data for complexation and reduction of cis-Co(NHa)20Haq2+ 

are taken from refs. 19 and 20. Key: 1, propionic acid; 2, 
oxalic acid; 3, malonic acid; 4, Zethylmalonic acid; 5, 

glycinium cation; 6, a-alaninium cation; 7, p-alaninium ca- 

tion; 8, hydroxylammonium cation; 9, hydrazinium mono- 

cation; 10, binoxalate anion; 11, thiocyanate; 12, chloride; 

13, HaOa; 14, bromide; 15, thiourea; 16,N,N’-diethylthio- 
urea; 17, ethylenethiourea; 18, bromide; 19, chloride: 20, 

HaO2; 21, hydroxylammonium cation; 22, hydrazinium 

monocation. Formally anionic, neutral and cationic reactants 

B are distinguished by squares, closed circles and open circles, 

respectively. Typical standard deviations of Me* and ASe* 

(not shown) are 50.5 kcal mol-’ and +4 cal deg-’ mol-‘, 

respectively, except for the data from ref. 15, which have 

about twice these standard deviations (see Table 8 of ref. 1). 

The respective slopes, intercepts and correlation coefficients 

of the lower and upper lines are as follows: 309 K, 14.9 kcal 

mol-r, 0.972; 294 K, 22.4 kcal mol-‘, 0.939. 

that the rate constants b for reactions of CoOH,,‘+ 
with a range of complexing/reducing substrates B 
cover only a small range in rate law (2). As noted 
above, this is good but incomplete [lo, 171 evidence 
for a common (ostensibly substitution-controlled) 
rate-determining step. However, it also results in 
similar AGq * in the reaction series. Thus, a plot of 
AHt,* versus ASb* from eqn. (7) is expected to be 
linear provided that none of the reactions being 
considered has a distinctly different rate-determining 
step [18]. 

A&,’ = TASb* •t AGb’ (7) 

Figure 1 shows a plot of eqn. (7) which includes 
previous [l ,7] and more recent (complexation, 
[ 161) data for relatively slow reactions of CoOH,*+. 
Different symbols are used to distinguish between 
formally anionic, neutral and positively charged 
reductants B in Fig. 1. 

The benefit of inclusion of new data [ 161 for 
monocomplexation by CoOH,,*+ of a range of car- 
boxylic acids R-COOH that are either neutral (e.g. 

propionic acid, R = Et, point 1) or monopositive 
(e.g. a-alaninium, R = (CHs)(NHs+)CH-, point 6) 
is a demonstration that the activation parameters 
for complexation of CoOH,a2+ actually are quite 
insensitive to the formal charge of reactant B (sub- 
stitution-controlled redox reactions of CoOH,*+ 
were expected to be faster for anions that form 
stronger ion-pair precursors than would cations [l , 

4,511. 
It is unlikely that the rate of water exchange at 

CoOH,‘+ will ever be measured directly because it 
invariable co-exists with CO,~*+, rapidly oxidizes 
solvent water [l] and is never present in significant 
concentrations at [HsO’] > 0.05 M because of the 
small value of Kh in eqn. (1) [ 11. This information 
would help to prove that all the data in Fig. 1 refer 
to substitution-controlled redox processes, as is the 
case for several oxidations of Vaq2+ [17]. Never- 
theless, we feel that the correlation of activation 
parameters in Fig. 1 very strongly suggests a common 
ratedetermining substitution step in the cited sub- 
stitution and redox reactions of CoOH,‘+. This 
classification and correlation of the data is all the 
more impressive when one considers that it (i) covers 
the wide ranges AHb* = 15.7-31.6 kcal mol-’ 
and ASb* = 3-53 cal deg-’ mol-’ at 25 “C; (ii) 
covers reactions with likely ligand donor atoms S 
(points 15-17 [15]), halide (but not I-, which is 
oxidized in the outer sphere [ 1,4]), N (from SCN- 
[7] and N2HS+ [14]) and 0 (from a variety of reduc- 
tants); (iii) correlates kinetic data from six labo- 
ratories employing different monitoring instruments 
and reagent sources*. 

Also included in Fig. 1 (upper line) are much more 
limited data for monocomplexation and reduction 
of the homologue c~s-CO(NH~)~OH~~~+ [19,20] by 
some of the B that also correlate for substitution- 
controlled reduction of COOH,,~+. Hayward and 
Wells [lo] are correct in their opinion that insuf- 
ficient activation parameter data are available to 
allow their use to support a substitution-controlled 
mechanism for reduction of cis-Co(NHs)20Haq2+ 

by Braq- and H202 [19]. However, we note that 
AH,,’ appears to be larger (by about 7 kcal mol-’ 
at fixed aSt,*) and that A&,* apparently is smaller 
(by about 15 cal deg-’ mol-’ at 25 “C) than for the 
corresponding reaction of CoOH,‘+ with any one of 

the cited reductants. This indicates that cis-Co(NHs)= 
OH,,‘+, while still a strong oxidant [19a], is more 
substitutionally inert than COOH,,~+, which is in line 
with the expected trend on progressive replacement 

*Our attempts to detect discrete aquocobalt(III)-Ha02 
complexes (as reported in ref. 8) with different stopped- 
flow instruments and different reagent sources have been 
unsuccessful at [HaO+] > 0.05 M and temperatures in the 
range 0.8-43.6 “C. The correlation in Fig. 1 suggests that 
the rates of formation and redox decomposition of such 
complexes are similar (if they differ at all). 



86 G. Davies 

of water in aquocobalt(II1) species with ammine 
ligands [ 191. 
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