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(reactions 1 and 2, for example) are small or slightly nega- 

Fe(H,O), '+ -k Fe(bipy), 3 +  --f Fe(N,O), 3 +  + Fe(bipy), '  ' (1) 

Fe(H,O),'+ + R u ( b i p ~ ) , ~ + - .  Fe (H,0 ) ,3 t  + Ru(bipy)," (2) 

tive.1-3 This has led to the suggestion2J that these reactions 
occur by a "non-Marcus" path which includes at  least one 
distinctive feature not considered in a current outer-sphere 
electron-transfer model.4-8 We wish to point out that small 
or even negative activation enthalpies are in themselves not 
necessarily inconsistent with this model and indeed are pre- 
dicted by it for the systems under consideration, 

In terms of the model referred to above, the rate constant 
for an outer-sphere electron-transfer reaction is given by 

(3) k = p ~ g - A G * / R T  

where p is the probability of electron transfer in the activated 
complex and 2, the collision frequency between two uncharged 
particles in solution, is taken to be 1011 M-1 sec-1. The 
following relations between the kinetic parameters for a cross 
reaction and the component self-exchange reactions can also 
be derived from this model4-* 

kl2 = (kllk2zK,d12)1'2 (4) 
logf12 = ( l o g K i ~ ) ~ / 4  log (k11k?2/z2) (5  1 
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Figure 1. Relative energies of the  molecular orbitals i n  metallocene 
c o m p l e x e ~ . ~  

but it is closer in structure to the d7 than to d9 case.5 These 
data when considered with the apparent differences in stability 
between the C2B10H12, C2B10H12-, and C2B10H122- systems 
may indicate that opening of the icosahedral system occurs 
simply upon addition of the second electron and may not 
require a proton. 
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Electron-Transfer Reactions with Unusual Activation 
Parameters. A Treatment of Reactions Accompanied 
by Large Entropy Decreases 

AIC40369B 

Sir: 

The activation enthalpies for the oxidation of Fe(H20)62+ 
by poly(pyridine)iron(III) and -ruthenium(III) complexes 

where ki2, K12, AGi2*, and AG12' refer to the cross reaction 
and ki 1, k22, AGi I.*, and AG22* refer to the exchange reac- 
tions.5-10 Usually a is small; it is negative in reactions of 
negative AG12" and becomes increasingly so with decreasing 
AG12'. 

The value of AS12* can be obtained by differentiating eq 
6 with respect to temperature [AS  = -a(AG)/aT] 

hS12* =[y + -](I a s 2 2  * - 4012) t 
2 

(1 + 2a) 
2 

The value of M12* can similarly be obtained from eq 6 by 
using a Gibbs-Helmholtz equation [AiY = d(AG/T)/a(l/T)] 
for AHi2*, AHii*, AH22*, and AH12" 

It is readily apparent from eq 9 that AH12* will decrease with 
decreasing AHi2" and that AH12* will be small or even 
negative if AH12' is sufficiently negative. 

The relationship between AG*, AH*, and AS* and the usual 
experimentally derived quantities AG*, AH*, and AS* is 
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noting that Z is proportional to v’T. 
The fo!lowing are among the more important assaimptions 

made in deriving eq 4-S.i: 
( 1 )  Differences in the stabilities of the precursor and 

successor complexes for the various reactions (including work 
terms for bringing the reactants together and separating the 
products1 1) have been neglected. Nuncancelation of these 
stabilities can lead to difficulties12 siuce the derived relations 
are really between Franck-Condon reorganization energies 
rather than between free energies of activation. Bf the stability 
constants of the precursor arid successor complexes are in- 
cluded? then eq 4 becomes 

Correspondence 

’Table I.  Thermudynaiii ic aiirl Kine’ia: Paiarnel ers fur the Hcdraction 
,,f F e ( b i p ~ ) , ~ ’  End R u ( h j p ~ ) , ~ *  by Fc(H,O),~‘  at Zoa 

where & I ,  Pz2, and Pi2 are the stability constants o f  the 
precursor complexes, and P21 Is the stability constant of the 
successor complex for the cross reaction (the su~esssor complex 
for a forward reaction is the precursor complex for the rwerse 
reaction). Evidently zq 11 reduces to eq 4 if P12P21 = PiiP22 
alrdfr-  1. 

(2) It has been assumed that none of the reactions involved 
in the rate comparisons are nonadiabatic. If aliowance is made 
for the possibility that oiie or inure of the reactions could be 
nonadiabatic, then eq 4 takes the fr~rrnl3 

Equation 12 reduces to eq 4 ifpi2 -I (p11p22)1 /2  andJ:- 1.10 
Equations 4-6 also assume that, if adiabatic, the interaction 
energies are not large enough to decrease significantly the free 
energies of activation. 

(3) Nuclear turtneling contributioas h2.ve been neglected 
in deriving eq 4. A iiuclear tunneling contribution for the usual 
electron-transfer reactions i s  discussed elsewtierel4 in terms 
of Franck--Condon vibrational overlap factors and is presumed 
to bt: small. However in the so-called “inverted” region, where 
the intersection of the poterztiul energy surfaces of the reactants 
and products occurs on the left-hand side of the reactants curve, 
for example, when log Kiz 2 2 log (Z:j/kiikz2j, the 
electron-transfer can only occur via a nonadiabatic mecha.- 
nism.15 Indeed, it has been shown16 that in this “inverted” 
region, nuclear tunneling effects may become important. 
Because of nuclear tunneling, rates will remain constant a t  
the diffusion-controlled limit rather than decreasing again as 
the standard free energy change for the reaction becomes very 
negative, In other words, the “inverted” behavior predicted 
by the simple mode15,9 may iiot be seen because of nuclear 
hnneiing considerations.16 

(4) In deriving eq 4 it has bcen assumed that no very rapid 
preequilibrium changes (for example, a spin change) take piace 
prior to the electron-transfer step. If such a change does occur 
in one of the reactants, then the system will still be described 
by eq 4 but with f now given by eq 13 where P I *  is the 

equilibrium consianr for the preequilibrium change. A rapid 
preequilibrium change wiIl have important consequences. For 
example, if AGO becoines very iregative, then the late constant 

W i l l  l lO t  !eve1 O f f  al  kdifr RS described above, buf. a t  %l*kdiff, 
where k d i ~  is the diffusiodi&d rfi~e.17.18 

~~~~~)~~~~~~~~~~ ~~~~~~~~~~~~~ GonnpBexee, ‘The above 
consid eratioirs applied ‘to the oxidation of iron(11) by 
the tris(bipyridir1e) cornpiexes of iron(I4I; and rutkeni:am(l [I), 
Thc relevant thermodynami~19.20 and k eticL3 parameters for 
the cross reactions are summarized in able 1. The va!ues of 
AGI I $ ,  bHii*? and ASi i ‘  for the Fe(~~0)62~--F’elH2&))631- 
exchange rcaction Which were used to caictalate the aclivatioir 
parameters for the cross reactions are 162, and 9.3 kmi mol-1 
and -25 cal deg mol-1, respcctively~21 Tlic actlwtion pa- 
rameters for the Fe(bipy)3”‘--Fs(bipy)33+ and W u -  
(b lp~)~zc-Ru:b ipyl31~ exchange reactions in 0.3-1 .O Ad 
perchlork acid have not been measured directly; however, the 
rates are very close to being diffusion controlled22J3 and for 
purposes of calculation we vv.ii1 assume AG22*, Aff22+, and 
A S 2 2 *  values of 6 and 3 kcal mol--’ and -18 cal deg--l mol-’, 
respectively.24 81 is apparent from Table I that the calculated 
activation enthalpies and entropies are in satisfactory 
agreement with the observed ones. In particular, it should be 
noted that negative values of A%fiz* are predicted by the sirnple 
mode!. Neverthelcss, mine difficulties reraiain. The free 
energies of activation calculated trom eq 6 and 10 are several 
kilocalories per mole lower than the observed ones (see also 
ref 2 5 ) .  This discrepancy could. be due to the breakdown of 
the first, second, and/or third assumptions made above. Thus 
the relatively low observed cross-reaction rates could be due 
to P12P21 << PI  i h ,  a condition which could arise because of 
an unfavorable hydrophobic--hyciroph~~i~ interaction in the cross 
reaction or lxxause of the need for the Fe2-t to penetrare 
between the phenanthroline rings in the cross reaction.lJ6 
Alternatively, the slow rate could arise from a nonadiabaticity 
such that pi2 < (piip2:?)]/~. Although it i s  difficult to assess 
the magnitude of the p factors, i t  wotild be surprising if p22 
were much less than unity. In this connection it is of interest 
that the rates of reduction of Go(bipy)$+ and C13(phen)3~+ 
by V2+ and the rates of oxidation of Co(phen)32+ by Fe3+ are 
consistent with eq 6 and 70.13,2’7,28 Finally, because of the 
highly negative ~ L f f r ! 2 ~ ,  the states of  the system that do react 
may be in the inverLed region so that nuclear tunneling 
correciions may be necded.16 Such corrections would lead to 
a lowering of the calculaieii activation energy. To decide 
whether this last factor i s  important one would need to know 
the shapes of the lowest potential energy surfaces for reaction, 
SO as to determine whether they are of the inverted type. I f  
tbey turn out eo be of this type, then orie would have to modify 
the basic equations either along the !ines used in recent 
publications16 or perhaps by using diffcrenl mcthods. 

A ~~~~~U~~~~ ~~~~~~~~~~~~~~~~ of the Negatire ~~~~V~~~~~ 
E ~ ~ ~ ~ ~ ~ i ~ ~ .  The above considerations show that the negative 
activation enthalpics for ihc oxidation of F‘e(?-hO)Gzc by thc 

~~~~~~~~~~~~ ~X~~~~~~~ of ~~~~~~~~~ by Poily(pgri- 
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Figure 1. Posjtions si* of activated complexes for a reaction of very 
negative AS,, . Potential energy curves for a few of the many quan- 
tum states of the system are given. For brevity, the usual adiabatic 
splittings at  the intersections of corresponding curves for a given pair 
of reactants and products, to yield three adiabatic curves, have been 
omitted. 

poly(pyridine) complexes of iron(II1) and ruthenium(II1) are 
not necessarily inconsistent with eq 4-6. We next explore the 
reasons for the negative AH12* in molecular terms. The 
standard entropy changes for the reactions M 1 2 O  are very 
negative (Table I) indicating that the quantum states of the 
products are more widely spaced than those of the reactants, 
as discussed in footnote 29. Figure 1 gives a schematic de- 
scription of this behavior using the usua15-9114 pair of inter- 
secting potential energy curves for the reactants and products.29 
Here, however, we have sketched the curves for several of the 
quantum states of the reactants and for several of the cor- 
responding quantum states of the products.29 (The case where 
curves for two low-lying quantum states of the system 
“intersect” in an “inverted” configuration, while the high ones 
intersect in a normal one, is shown in Figure 2.) For a few 
quantum states labelled 1, 2, 3, ..., the intersection of cor- 
responding curves occurs at values of the reaction coordinate 
given by si*, s2*, s3*, .... The mean energy of the reactants 
is obtained from the energy of each quantum state of the 
system for a given pair of reactants, multiplied by the 
probability of finding the system (reactant pair plus sur- 
rounding solution) in that state and summed over all states. 
(The probability involves the usual Boltzmann weighting 
factor.) In solution, the average energy E of a specified system 
(reactant pair plus solution) is essentially equal to the ther- 
modynamic heat content H of that system, since PYis  neg- 
ligible. This average for reactants is indicated by a horizontal 
line Hr in Figure 1, while the corresponding quantity for the 
products is indicated by the line H p .  

The positions of the activated complexes, indicated by the 
sI*’s in the figures, are seen to be quantum state dependent. 
The internal energy of any quantum state i of the activated 
complex is the value of this energy at SI*. The mean energy 
for the activated complexes is a Boltzmann-weighted average 
and is indicated by the horizontal line labeled H* in Figure 
1. It is defined more precisely for quantum state dependent 
activated complexes in a recent article.30 The method described 
there shows how a free energy maximum criterion can be used 
to define an effective activated complex at some mean $1’ for 
a reaction whose activated complexes each occur a t  positions 
which are quantum state dependent. 

In Figure 1, where AH12’ is very negative, A N i 2 *  can be 
negative also: the principal reason, in the case of the system 
under consideration, is that the more energetic states of the 
activated complex are less reactive than the less energetic ones, 
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Pigme 2. This figure is the same as Figure 1, except that two low 
potential energy curves “intersect” in an “inverted” configuration 
and the high ones intersect in a normal one.29 Only o n e  example of 
the first and two of the second are shown. In the first case, a dp- 
namical calculation involves corrections for nonadiabaticity (e.g., as 
in ref 16) and so sl* is not shown. 

a result directly due to the wider spacing of the product 
quantum states (compared to reaciant states spacing) and to 
the lack of appreciable activation energy for the lowest state 
(for this diagram). Thus, only the lower energy states of the 
reactants react readily, and the mean energy of the species 
which do react is less, therefore, than the mean thermal energy 
of the reactants. By Tolman’s thecrem31 the activation energy 
is therefore negative. 

With the approximation30 embodied in the free energy 
maximum criterion, one then uses the usual electron-transfer 
theory4-8 to obtain eq 3-10. 

Further studies on these and related systems should prove 
very illuminating. 
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Isomerism in Complexes of Bidentate Meso Chelates 

AIC404113 

Sir: 
The possibility of a, /? (or facial, meridional) isomerism in 

octahedral complexes of unsymmetrical bidentate ligands is 
well known.1 However, that a similar type of isomerism is 
possible in octahedral complexes of meso chelates, whose halves 
are distinguishable by their chirality (in the simplest case, R 
and S ) ,  has generally gone unrecognized.2 Thus, recent 
papers3?4 interpreting pmr spectra of Ni(ms-bn)32+ (bn = 
2,3-diaminobutane) have failed to consider the possible 
presence of two diastereomers-the fac isomer (1) with 
dissymmetric sites of only one chirality about each trigonal 

B 2 

The distinction between the two isomers is not a trivial one 
nor is their interconversion. Molecular models show a sig- 
nificant difference between the proton environments in fac- 
and mer-Ni(ms-bn)32+, The fac isomer, apparently the only 
one considered to date in pmr spectral interpretations for these 
and similar complexes,42 has C3 symmetry (ignoring ligand 
conformation) and contains two magnetically nonequivalent 
sets of three methyl groups (or methine protons) each. The 
nonequivalence of the two methyl groups of a chelate in 
f~c-Wi(ms-bn)3~+ is easily explained since the R and S dis- 
symmetric centers must be chemically distinct in the overall 
A or A dissymmetry of the complex. In the mer isomer (Cl 
symmetry), all methyl groups and ai1 methine protons are 
magnetically nonequivalent. 

Though the room-t,emperature pmr spectrum of Ni(ms- 
bn) 32-+ solutions can be interpreted assuming only the presence 
of the fac isomer, the extreme broadness reported for the 
spectral peaks may indicale a mixture of fac and mer.4 
Molecular models indicate slightly more favorable nonbonded 
contacts in fac-Ni(ms-bn)32+; however, the mer isomer has 
a statistical entropy contribution of R In 3 to its stability.6 Thus 
the temperalure-dependent pmr studies reported4 for Ni- 
( m s - b n ) P  may, in fact, be affected by the presence of a 
temperatuse-dependent diastereomer equilibrium. 

In their pioneering paper on ligand conformation,7 Corey 
and Bailar, likewise, failed to notice the unique symmetry 
properties of meso chelates when they started that “even though 
a,  isomerism does not exist, there are 20 possible isomers 
of the ion [Co(~tien)3]3+’~ (stien = stilbenediamine). Isomer 
enumeration by literature methodss.9 for a system of RR, SS, 
and RS tris chelates shows that there are actually 32 isomers 
possible. Neglecting A, h isomerism, there are two structures 
each for the complexes Co(ms-stien)33+ and Co(d-stien)(l- 
stien)(ms-stien)3+ and three structures each for the complexes 
Co(d-stien)(ms-stien)z3+ and Co(1-stien)(ms-stien)23$. 

Isomers similar to those discussed above for an octahedral 
geometry are also possible for square-planar and tetragonal 
systems, where chelate ends of the same chirality may be either 
cis or trans. The presence of such isomers may explain some 
of the variations observed in (ms-stien)zNiII and related 
complexes.loIl1 Appleton and Hall have recently proposed 
cis-trans structures for two isomers of square-planar bis- 
(r~zeso-pentane-2,4-diamine)platinum(II) . I *  
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