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A. INTRODUCTION

Two broad categories of reaction mechanism have emerged from studies of
redox reactions of metal complexes over the last twenty years. Reactions of
inert complexes proceed via outer-sphere mechanisms, and theoretical models!
have been applied with some success in these systems?. However, it has be-
come apparent that most reactions of the transition metal ions involved in
homogeneous enzymic catalysis?, transport phenomena?® and autsxidation
processes® involve an inner-sphere process, in which the electron-transfer act
occurs during the existence of some metal—substrate complex.

The development of good models for inner-sphere elecfron transfer seems a
worthwhile goal, since, as is often pointed out®, the use of model systems to
simulate real biochemical processes often fails if the environment of the metal
center in the two situations is radically different. In addition, some investiga-
tors® have noted the same types of free energy relationships in inner-sphere
reactions as are predicted theoretically for outer-sphere processes® 2. v'his sug-
gests that similar activation processes are required for electron transfer in the
two types of mechanism, and that, at least in some cases, a general sort of
mechanism might apply. The question of the development of general theories
of mechanism for redox reactions is certainly of interest. Should we continue
to study models in the hope of simulating highiy specific catalytic systems, or

* Author to whom correspondence should be addressed,
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might the most detailed possible decription of a given system be all that should
realistically be hoped for? Perhaps the best approach would be to try to com-
plement general quantitative theories of electron transfer with more qualitative
{phenomenological) mechanisms having recognizable limits’. Endicott’s recent
work® has shown that in cobalt(III} systems, which have proved so valuable
in providing the foundations of the field of inorganic reacticn mechanism, the
quantitative theories are inadequate even for redox reactions with 2 moderate
overall free energy change®®. Any phenomenoclogical model is surely specula-
tive, but it does offer the possibility of using complete kinetic data (activation
parameters) rather than rate constants alone.

An inner-sphere mechanism requires the formation of a complex between
the reactants prior to electron transfer

-3
MX+B — MXB K, (1)
—1
Ra
MXB — products (2)

Here MX is a metal complex, B is the other reactant and X servesas a
bridging group between the reaction partners in MXB. Evidence for an inner-
sphere mechanism may take one of several forms, depending on the reaction
type.

(1) When MX is inert, B is labile, and the product B’ (the oxidized or re-
duced form of B, a metal atom) is inert, then the incorporation of X into RB',
i.e. a reaction product B'X which can analytically be characterized, constitutes
proof of an inner-sphere mechanism'?. Studies of reactions of inert cobalt(III)
complexes LsCoX"* with labile reducing agents such as CrZ} have enabled
assessment of the roles of different groups L and X in influenecing the rate of
electron transfer between metal centers®-11; in other cases, inner-sphere prod-
ucts which are moderately labile have been kinetically characterized®?.

{(2) If M is a metal aquo-ion, i.e. contains at least one labile water molecule,
then B may provide the bridging group or B may be directly linked to the
metal center, These latter cases are obviously much more likely for non-metal-
lic co-ordination at M in an inner-sphere mechanjsm?®, Evidence for the in-
volvement of a metal complex MB in such a system is usually obtained in reac-
tions where it is sufficiently stable to allow deviations from simple reaction
orders to occur, as in the familiar Michaelis—Ment=n kinetics of enzymatic
reactions®,

_ kK, [M][B] _
rate = — o pi X, 1B (3)

This situation arises when step (1) is at equilibrium while step (2) is rate-
defermining. Although this type of rate law does not prove that reaction pro-
ceeds through such a complex®4, it is almost invariably taken to do so, based
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on the idea that electron transfer between the reactants is more likely within
such a complex than between the separated reactants. This is a troublesome
point, since strong coordination of metal centers often decreases their thermo-
dynamic tendency to electron transfer?s,

In other cases, fast spectral changes accompany mixing of the reactants!®
and these sometimes allow confirmatory estimates of the equilibrium constant
K, to be made.

Another line of evidence which is receiving increasing atfention is the anal-
ysis of experimental activation parameters. In reactions involving a moderate
or small overall free energy change there is usually a substantial enthalpy of
activation (AH5,.4 = 10—30 kcal mole™). Now

AHGp.a = AHn + AH, (4)

where AHL,, refers to the electron-transfer act and AH, is the enthalpy change
in reaction {1). If AHg, .4 is small or negative, then this is good evidence of
discrete complex formation between the reactants in the overall reaction
mechanism*?.

The high efficiency of enzymatic systems involving transition metal ions is
often ascribed to some unusuat “ground-state’ stereochemistry at the metal
center or its easy attainment in the catalytic mileu®8, Thus, such centers may
be much more active redox centers than are common coordination complexes
of a particular element. Under some circumstances a single step may be rate-
determining in the catalytic system, and for an inner-sphere mechanism this
may be the setting up of equilibrium (1) or the electron-transfer act {(2).

These possibilities may be explored analytically if the inner-sphere complex
MXB is in a steady state [MXB]. If d[MXBY/d¢ = 0, then!3

[MXB] = k1kz[M][B}/(k.q + &2) {5)
and
Ropsa = Rikaf(k, + R32) (6)

Activation parameters for such systems are composite, and plots of log
Eo1ca V5. 1/T may be found to be non-linear over wide temperature ranges.
Equation (6) suggests the consideration of two limits.

(1Y ky €k,
and
Ropsa = Ki1ko (7)

which corresponds to rate-limiting electron-transfer (step (2}}, the usual situa-
tion in most inner-sphere model systems. [f

{ii) B, > R,y we have
Ronsa = Ry (8)
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corresponding to rate-determining complex formation (step (1), forward). If
this complex formation mechanism is dissociative, then the rates of electron-
transfer will be largely determined by the identity of the metal center'®, In
other cases where the metal center is more labile, the rate constants will re-
flect a larger dependence on the nature of the other reactant®, and such
limits will be much harder to recognize.

There is one final point before we go on to consider this type of analysis
in more detail. This concerns the involvement of solvent-separated precur-
sors'? in both complexation and redox processes. Step (1) of the above
scheme can be broken down further

fast

MX+B+=— (MX,B) K, (9)
ky

(MX, B) === MXB K; (10)

-1

The measured equilibrium constant is actually K; = KyK3, and the mea-
sured rate of complexation is given by k a0 = Kpky for limiting case (ii)
above?®,

A recognition of the existence of such precursors in sohution-phase reac-
tions provides a starting point for the detailed analysis of redox systems where
limiting behavior is apparent.

E. A PHENCOMENOLOQGICAL MECHANISM

{i) Theory

Consider a general mechanism for a solution-phase redox reaction hetween
a solvated metal jon M and a substrate B*.

M+B=M,B Kg, fast (11)
LK
M, Bz= (M, BY* K, {12)
R.1
k
(M, B)¥ = products (13)
k
M, By = (M—B)* K; (14)
k.3
ka
(M—B)}* — products (15)

* In this general case the coordination sphere and charge of the metal ion center have been
omitted for c.lanty. Specific examples of interest are ions of the type M(H,O}G.q and

M(H20)50HZ] .
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The first reaction involves a fast equilibrium between the reactants and a
solvent-separated precursor. The existence of such equilibria is amply sup-
ported by thermodynamic?® and kinetic2? studies, and approximate theoreti-
cal models!?*2 (which depend on the formal charges on the reactants) and
experimental data? are available for the estimation of K and its thermo-
dynamic components.

Reaction (12) involves the activation of the precursor prior to electron
transfer. Theoretical models**? for electron transfer associate this activation
process with the rearrangement of the coordination spheres of metailic reac-
tants to avoid violation of the Franck-Condon principle in the electron-trans-
fer act?4. Conversion of the activated complex to products is step (13) of the
mechanism.

Steps (11—13) of the scheme are a phenomenological description of an
outer-sphere electron-transfer process. If [{M, B)*1 is in a steady state then

O oo
and

diproducts] _ KohakalMIIBL_, _ tarytn a7y
where

L Kokiks a8)

obad k-l + kz

Under the conditions where eqn. (18) applies the rate constant and its acti-
vation parameters are evidently composite. However, two limiting cases of
egn. {18) are of interest.

(i) if k3 » ko, then step {12) is at equilibrium s¢ that

Rovsa = KoK1k2 (19)

and the rate-determining step is-the electron-transfer act within the activated
complex (step (13)). One may expect under these circumstances that the reac-
tion rate will be influenced by AGg, the overall free energy change of the
reaction, which is related to the ease with which M and B can accept or release
electrons! .

(ii) if &, <€ ko, then

Ronsa = Kok (20)

and the rate-determining step is now the activation process, step (12). The

overall free energy change of the reaction presumably will have to be compar-
atively large and negative to allow limit (ii) to be realized®:28. Thus, in studies
involving a given metal center and a range of substrates B, the rate constant is
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Flg 1 Variation of AGY,.s with AGg for outer-sphere cobalt(Ill). Reactions: Data for
C-oaq Reductants are as follows: 1, Coz'" 2, MnZ}; 3, tris(5-nitro 1, 10-phenanthroline)-
iron{I1}; 4, Hvdroquinone; 5, tm(S-chlorol 10~p%enanthrolme}1ron(ll} 6, tns(l 10-
phenanthroline}iron{II}; 7, trm(s -methyl 1,10-phenanthroline)iron(II}); 8, Fe T 9, V *-
10, CrZ¥; 11, BuZi(est.). Data are from refs. 13 and 39.

Q

expected to increase as the free energy change becomes more negative, ranging
from conditions where eqn. {19} applies (AGg small) through the general case
egn. {17} and finally toward the situation represented by eqn. (20). However,
smooth trends in free energy correlations will only be recognizable if &, and
K, are approximately constant, implying that activation of the metal center
M is the major factor in step (12)%25. Equation (20} thus represents a “limit-
ing” outer-sphere mechanism, which will prevent outer-sphere processes from
becoming diffusion-controlled as the driving force for electron transfer in-
creases,

Figure 1 illustrates data for a number of outer-sphere electron-transfer reac-
tions of the strongly oxidizing Co32 complexla +25_1t is evident that the ob-
served free-energy of activation, AGob,d, at first decreases as the overall free-
energy change becomes more negative; however, when the free energy change
is extremely negative the measured free energies of activation are essentially
invariant, and some kind of “limiting’* behavior seems to be indicated.

The Marcus relationship!+2*

AGiynsa =% (8GT, * AGE2) + 1 AGy + (8Go)?/B(AGT, + AGSg) (21)

has previously been applied to outer-sphere reactions with a small or moderate

* For example, AGoh.,d would be the (observed} free energy of activation for the reaction

Cos"' + FeZt + Co2¥ + Fedt and AGu and AG would ‘be the {(measured) free energles
2 g 21 3+ 2+ 3 2+ 2+

of actwatmn for the processes Co,g + Coly > Co + + Co * and Fe + Fezg +Fey, + Fe

respectively,
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overall free-energy change where the last term can justifiably be neglected.
Under these circumstances a plot of AGY, .4 vs. AG, for reactions of a com-
mon oxidant with a series of similar reactants is a straight line of slope 0.5.
This equation is derived from a harmonic oscillator model and higher order
terms have been neglected. The factor 2 amounts to the assumption that the
electron is “half-way” between the two metal centers in the transition state
of the redox reaction, which is only.reasonable for an electron exchange reac-
tion involving identical nuclei, e.g., Co®* + Co?* - products, with AG, = 0.
The lower line drawn in Fig. 1 is 2 plot of eqn. (21} for these CoJ} reactions,
and predicts that the free energy of activation will approach zero at AGy =~
—60 kcal mole™, which is clearly not the case. It is worthwhile to consider
possible reasons for this discrepancy.

The first point which should be made is that the rigorous application of
eqn. (21) demands that free energies of activation should be corrected for
the amount of work necessary to bring reactants and products together in
the transition state!. However, theoretical and experimental considerations®®
suggest that these terms are not altogether responsible for the non-zero
values of AGLy.q at very negative AGy. In addition, the fastest reactions of
Coj} are still orders of magnitude slower than the diffusion-controlled limit,
indicating that some specific energy requirements obtain even under very
extreme reaction conditions.

Recent work by Rosseinsky® suggesis the application of a more general,
but essentially empirical, form of egn. (21}, namely

AGE .4 = (170) AGE; +aAGEL+* aAGy + (AGL)?/16{(1—a)AG], + aAGS,}
(22)

where the “unequal® distribution of the transferring electron in the transition
state is accounted for by the term o. Minimization of this function gives

AG{pu = (1—4a®){(1—=)AG]; + aAGEy) (23)

and the experimental curve in Fig. 1 can be fitted to egn. (22) if a minimum
in the experimental curve has actually been reached at AGg = —69 kcal molel,
This modified Marcus equation would then account for the data if @ were
allowed to vary from 0.5 at AGe = 0 to ca. 0.3 at AGy ~ —60 keal mole™.

A second possible reason for the anomalously high “limiting™ value for
A Gy is then as follows. A plot of AG{y.a vs. AGg will only be meaningful
if the first two terms of eqn. (22) are essentially constant. In principle, a
knowledge of a for a given set of values of AG}{, AG3, and AGy would
enable a calculation of these two terms to be made and correction to a com-
mon intercept could then be applied in a plot of AG {4 vs. AGq for, say,
reactions of a common oxidant with a series of very dissimilar reductanis.
Rearrangement of eqn. (22) gives a quadratic equation in a whose coefficients
are functions of AZEy.4, AGI:, AGS, and AG,. The small variation of « ob-
served (vide supra) and the reasonable fit of the data to a single line in Fig. 1
may mean that & depends largely on A Gy, although this remains to be proven.
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The net result of these considerations is a functional form of the basic
Marcus relationship which leads to approximate constancy for the term « at
large A Gy and provides an empirical description of the observed variations for
outer-sphere reactions at fixed temperature. However, the apparent range of
values for a is small enough to suggest considerable difficulty in rationalizing
the enthalpic and entropic contributions to the free energy of activation for
these outer-sphere processes on this basis alone and it seems worthwhile to
explore an alternative aprroach in analyzing these terms. Consideration of
this alternative suggests an approach based on the relationship between the
energetic requirements of outer- and inner-sphere limiting mechanisms.

If electron transfer through an outer-sphere activated precursor (step {13)}
is slow, then case (ii) applies and the possibility exists for reaction via an
inner-sphere mechanism. Reaction {12) may be considerad to he at equilib-
riumn when k.; > k,. Step {14) involves the formation of an inner-sphere,
activated complex (MB)*, by loss of a solvent molecule (not shown in eqn.
(14) from the inner coordination sphere of (M, B)*. Since [(M, B)*] was
postulated to be in a steady-state concentration, so too will [{MB}*], whose
concentration is given by

[(MB)*] = K"i‘:"’f ‘,‘ZEM} LB] (24)
thus
Robsa = %‘%‘2& (23)
and two Limiting cases are again suggested.

(iii) if k.3 > B4, then step (14) is at equilibrinm and
Eovsa = KoK Kk, (26)

Under these conditions electron transfer takes place within an activated,
inner-sphere complex (MB)*, as is the case in most labile inner-sphere systems
involving a moderate driving force for electron transfer {see page 271).

The final imit supggested by this general scheme is

(iv) k.3 <€ k4, in which case

kobwa = KoKy k3 27

In this Iimit the rate of the redox reaction is determined by the rate of
formation of the inner-sphere complex, formulated here as (MB)*. The reac-
tion of a particular metal aquo-ion with a range of substrates will thus be com-
paratively constant if the slowest step in the overall electron-transfer act is
solvent exchange at the metal center in (M, B)*. This limit has been termed
substitution controi®®, and has so far been characterized unequivocally for
reactions of V37 (ref. 26), CoOH2Z] (ref. 13) and RuZly (ref. 27), all of which
are ions with a ground-state n-electronic configuration.
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The evidence for the assignment of substitution-control in these compara-
ively inert systems is two-fold.

(1) The rate constants for redox reactions of these ions with a range of
videly different substrates B cover only a small range which appear to be
‘haracteristic of the particular metal ion center M*3-26.27,

{ii} These electron-transfer rate constants are themselves similar to those
or substitution of a range of substrates at the metal center in the absence of
lectron transfer!?-26-27, This indicates a dissociative interchange mechanism
or both complex formation and substitution-controlled redox processes. In
me case, that for V:’; reactions, the direct measurement of solvent exchange
t the metal center confirms the conclusion that this is the slow step in both
ypes of reaction?8. .

It is useful at this stage to summarize the predictions of this general mech-
nism (Table 1).

it) Experimental evidence

Now if there are to be any links between the rate parameters for inner- and
nuter-sphere reactions of a particular metal center®7, then the most likely
tarting point for establishing them would be at substitution-controlled,
nner-sphere processes, since the rates of these reactions appear to he character-
stic of the particular metal center concerned. As pointed out. earlier, one
nterpretation of the trends for outer-sphere reactions of Cod} and CoOHZ! is
hat when the driving force for electron-transfer is sufficiently large, then
imit {iv) applies, the rate again being characteristic of the metal center M and

FABLE 1

redictions of general mechanism

\ssumption Robsd AHohs ASghsa

L Outer-sphere reactions

+ Kokiks
teady state in {M, B)" ] —_— composite compaosite
k. + ka
(iYky > ko KoKiko M0+M1+M; ASQ'PAS'I‘HQS;
i) kg €kg Kok AH+AH, ASo+AS3
}. Inner-sphere reactions
KoKihgk
teady state in [MB)*] To71737 composite comnasite
ka+k,
iii) kg kg KoK1Kahy AHg+AH +AHy+AH§ ASy+ASyj+AS,+ASS

iv) hay<Shg KoK k3 AHo+AH +AHS ASq+AS) +ASE
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largely independent of the activation requirements of the other reactant B.
This suggests that the most fruitful comparison would be that between the
situations predicted by limits (ii} and (iv)".

For substitution-controlled and limiting outer-sphere behavior we have
respectively

(AH{psa)Ymoer= AHg + AH, + AHY (28)
(ASIpea) 2T = AS, + ASy + AS] (29}
(AHpea )™= AH, + AHY (30)
(AS8,.q)°0%7= AS + AS] ' (31)

Equations (28) and (30) predict that plots of AH},.4 vs. AH, will both be
linear with unit slope. Aithough estimates of AHy from theoretical models
are very approximate?, especially for substrates B which are not even crudely
spherical, the values obtained for a series of reactions involving a given metal
ion with a range of substrates of different formal charge enable such plots
to be attempted. Figure 2 shows these plots for substitution-controlled and
outer-sphere reactions of CoOH2;. The corresponding plots for eqns. (29)
and (31) are shown in Fig. 3.

Although these plots are very much subject to the inherent experimental
errors of the kinetic data and the uncertainty of predicting values of AH, and
A8, for a given charge product, they do seem to divide the data into two
broad reaction groups. It is evident that substitution-controlled reactions have
higher enthalpies and entropies of activation than the corresponding outer-
sphere processes involving the same formal charge product: this is reason-
able, since the discrete bond-breaking required for dissociative substitution
is not a feature of outer-sphere reactions, whose rates are faster and depend
on the magnitude of the overall free-energy change!?. It is somewhat sur-
prising to note that the CoOHZ; /CoOH}, exchange reaction is classified as
a substitution-contrulled redox reaction on the basis of its activation param-
eters. This emphasizes the point that limiting behavior has to be assumed
in grouping these reactions, and this is almost certainly not valid for the
excharge process. Thus, any tendency away from limiting behavior will
lead to composite activation parameters, and, in the limit of rate-determining
electron transfer, to greater activation enthalpies and entropies (see Table 1).

It should be pointed out that the actual values plotted in Figs. 2 and 3 are
derived from the temperature dependence of k,p.a = 2Ky, Where & is the

* Note that the identification of apparent limiting behavior depends on the same free-
energy relationships as are used in testing more quantitative theoryl:26.8,
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Fig. 2. Plot of AHf,bsd vs. Aty for reactions of CoOH“* at 25 and ionic strength M,
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Fig. 3. Piot of AS5yo vs. ASg for reactions of CoOHEZ! at 25° and ionic strength 3 M.
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second-order rate constant for reaction of CoOHE&' with the substrate and
K, is the acid-dissociation constant of Coj (ref. 13). Then we have

AHppsq = AHYLy, + AHy, {32}
and
AS§nsa = ASgin + ASy (33}

where the kinetic and thermodynamic components have been separated. Un-
fortunately, there are no accurate values of AH, and AS,, available because
of experimental difficulties connected with the instability of aquocobalt{1II)
species, although values of 10 keal mole™? and 20 cal deg? mole, respectively,
seemn reasonable estimates!3

The intercepts at AHg = 0 in Fig. 2 and ASy = 0 in Fig. 3 are ~ 19 keal
mole™ and ~ 22 cal deg? mole™?, respectively, for the outer-sphere reactions,
Substitution into eqns. {32) and (33}, respectively, gives AHE = AHf ~9
keal mole™ and AS;,, = AS] = 2 cal deg™ mole? at 25°, This corresponds to
avalue of ; = 4 X 10° sec "1 for CoOHZ2; at 25°. Since k., is unlikely to be
much greater than 102! sec®, this corresponds to Ky > 4 X 105,

According to our analysm the spacings between the roughly parallel lines
in Figs. 2 and 3 are given by

AAHj b4 = AH; + AH — AHj (34)

AASya = AS, + ASE — AST (35)

respectively. Since AH; = AH% — AHj and AS; = AS{ — ASY, then AHS —
AHY ~ 6 keal mole™ and ASE — ASY = 11 cal deg? mole? at 25° for these
reactions of CoOHZ2;. The relationship between the requirements for outer-
spin electron transfer (step {(12) and substitution (step (14; is seen to be re-
tained in these final expressions through the involvement of A HS 1 and ASY.

It is <~vorthwhile speculating on the magnitude of AH; and AS3, since such
estimates would allow determination of AH, and AS, through the above rela-
tionships. Co2} and FeOHZ} are possible models for hlgh—spm CoOHZ; since
they both have two antibonding electrons. It is interesting to note that the
observed enthalpies of activation for substitution by neutral ligands are in
the region of 10—12 kecal mole™ for both complexes?®®. The corresponding
entropies of activation are about —3 cal deg? molel, and so values of AH§ =
11 kecal mole™ and AS% = 0 may be approximated, leading to AHY =~ 5 kcal
mole™ and ASY, = ~10 cal deg™ mole®. We may thus estimate that AH, = 4
kcal mole™ and AS] =12 cal deg® mole™ at 25°. However, these values would
predict that aquocobalt(111} complexes would be high-spin under normai
conditions, which is contrary to observation'?, Indeed, the lack of experimental
evidence for  any high-spin aquocobalt(ITI) species suggests that AG, is at least
4 keal mole™, which might be explained if AS, is close to zero. It is unfortu-
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nate that so many assumptions concerning the values for AH,,, AS,, AH3 and
AS% have to be made to arrive at an estimate of AG,. However, it is interesting
to note that if AH5 und ASJ are both close to zero, then, with the same as-
sumptions for AH, and AS,, AH; ~ 9 kcal mole™? and AS, = 2 cal deg?
mole?, corresponding to K, = 10%; a more negative value of ASY; would tend
to make K, larger.

The Franck-Condon principle?* requires that the coordination sphere of a
metal ion which is accepting an electron from the substrate be expanded in
the transition state. This also is required in a rate-determining dissociative
interchange mechanism®® for complex formation and so the identification of
(M, B)* as the common intermediate for outer-sphere electron transfer and
substitution is not so artificial as might first appear. Since (M, B)*] is postu-
lated to be in a steady state, then K; must be small. A better description of
the activation process (12} might be

M, B)= (M*,B) K, (36)
(M*,B)= (M, B)" K, (37)

in which egn. (36) now represents a thermal equilibrium between different
spin states of the metal center and eqn. (37) describes the activation of the
other spin state (M*, B) for electron-transfer or substitution. Then K; = K.X,,

and
AH, =AH + AH,, {38)
AS, = AS,+ AS,, (3N

Thus the establishment, of any limiting outer-sphere behavior {(Fig. 1) still
requires that net activation of the metal center be rate-determining. Since
eqgn. {(36) may, to a first approximation, be considered to represent a thermal
equilibrium whose extent is largely unaffected by the presence of B in the
solvent-separated precursor complex, we are identifying this limit with the
rate at which the thermal equilibrium is set up in the forward direction. If
this limit is genuine-then the rate constant derived above from eqns. (30)

and {31) refers to this process.

Only two high-spin cobalt{(lIII) complexes with simple monodentate ligands,
viz. CoF¥" and Co(H,Q)gF,, are known??. The spectrochemical series predicts
that the ligand field strengths of H, O and OH" are such that the aquocobalt-
(II1) complexes may well be close to the spin crossover point from low to
high spin®. A range of simple salis containing the Co(H,Q)3* unit is extremely
difficult to obtain because of their high solubility and high oxidation poten-
tial (they oxidize water)!3. Any high-spin form of Co3} will not only be more
strongly oxidizing than the low-spin form but will also be considerably more
labile because of increased electron density in the antibending eg orbitals®®,
This may be the origin of the 107-fold increase in ligand exchange rate in the
series Co(NHZ)3* — Co(H,0)3* (ref. 30).
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Thermal spin equilibria with small equilibrium constants (K, =~ 10°) are
not detectable by bulk magnetic susceptibility measurements3! or by emf
measwrements®? but may, in principle, be determined quantitatively from
the electronic spectrum. _

A transition from the low-spin (1A ;) to high-spin {®T';,) states must in-
volve an increase in metal-ligand bond distances since the population of the
e orbitals is thereby increased. Wherland and Gray®? have recenitly made
allowance for this ‘““non-vertical” transition in their analysis of the spectrum
of CsCo{50,)2.12H,0 by taking the Racah parameters 10 Dq, B and C from
the electronic spectrum of the (low-spin) cobalt complex and assuming that
the corresponding parameters for the high-spin form are identical to those
of Fe(H,0)&*. This choice of model is reasonable, since, like the high-spin
cobalt{II1) species, Fe{H,0)3* has two 9; electrons. The value of the promo-
tion energy is then obtained from the strong field diagonal element E = 2-
(10Dq)-5RB-8C.

Although the choice of a realistic model for the high-spin form is crucial
to these calculations®3, especially with respect to the Racah parameter C,
and the expression for E is greatly simplified, the calculated values for the
transition energy (0—13 kcal mole) are substantially smaller than those ob-
tained by Johnson and Sharp?4 (15—20 kcal mole?, with no allowance for
changes in metal—ligand distances). Wherland and Gray?? have also calcu-
lated a spin-change activation energy of 13.4 kecal mole® for the Co(NH;3)2*/
Co(NH,)2* electron-exchange reaction, which is more than 10 keal mole?
lower than that estimated by Stynes and Ibers?® for the same system: this
suggests that a thermal spin equilibrium is a realistic basis for explaining the
origin of the kinetic effects noted earlier in the reactions of the pair
Co(H,0)23q/Co(H,0)sOHZ} .

As pointed out earlier, substitution contro! has only been firmly established
for reactions V23 (:3,), RuZ (t§,) (both of which are reducing ions} and for
CoOH2? (t5,), which is strongly oxidizing®?. Limiting outer-sphere behavior
is suggested by analysis of published data for the fastest redox reactions of
V2% (ref. 36} and by the trends in rate constants for outer-sphere reactions
of Co3} and CoOHEY ; very few fast outer-sphere reactions of RuZg have been
studied so the establishment of limiting outer-sphere is an open question in
+his case. In addition, there is an indication of some kind of limiting behavior
in reactions of MnOHZ;, and although the rate constants for complexation
by HF are similar to those for electron transfer in these faster reactions, in-
dicating substitution control!'®, the evidence is meager, particularly in the
absence of accurate activation parameter data which would allow the applica-
tion of analyses such as those suggested above.

Again, in the absence of any substantially quantitative theory, there is no
simple correlation of electronic configuration (e.g. CoZJ(£8,;) and Mni3-
(t34¢4)) with the appearance of substitution control, although the final prod-
ucts in these two cases, Co2:(t3,€2) and MnZ2{{t3¢Z) both have extra electrons
in e; (antibonding) orbitals of g-symmetry. The only obvious requirement
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would seem to be a moderate-to-large driving force for electron transfer
coupled with a moderate or slow rate of inner-sphere solvent exchanged?.

Two considerations limit the applicability of any general mechanism for
electron transfer, First, there is a general lack of experimental activation pa-
rameter data, which appears from the above discussion to be useful for ana-
lytical purposes, at least for cases where the reactants are sufficiently struc-
tureless to allow the calculation of X, and its thermodynamic components,
as appears to be approximately true for reactions of aquocobalt{1I) ions. The
second difficulty is in rationalizing the application of the mechanism to both
electron gain and loss at metal centers, for in the latter case activation for
oxidation formally requires a contraction of the coordination sphere {Franck-
Condon principle) while dissociative substitution formally requires a weaken-
ing of metal—ligand bonding as the solvent molecule is lost from the first co-
ordination sphere. The model’s predictions should perhaps first be investigated
for reactions involving reduction of a metal center. It is for this reason that
we would value further studies of complexation and oxidation reactions in-
volving metal ions with a redox potentials for the couple

M3* + o= M2

of the order of 1.4 V or greater, since the systems which exhibit substitution-
control are evidently of this type. Recent evidence from studies of oxidation
reactions of strongly oxidizing Np(VII) species, where narrow ranges of rate
constants are also noted®®, might be explicable in terms of the nature of the
overlap of potential energy surfaces?-3?, but the explanation in these terms

is based on free energy considerations and no analysis of activation enthalpias
and entropies has been put forward.

C. SUMMARY

The application of a phenomenoclogical model which appears to link limit-
ing cases of inner- and outer-sphere mechanisms has been investigated for
aquocobalt(IIl) redox reactions, and the requirements for the interpretation
of the apparent limits have been explored. Although the mechanism is specu-
lative and relies on the existence of steady-state conditions without the
necessity of distinct limits, it does offer the advantage of a classification of
reaction series in terms of their activation parameters rather than in terms of
their free-energy changes alone.
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