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Abstract: Simple electron-transfer reactions involving Ni"UI(N4) and Cum,II(N4) couples have been examined and compared 
in relative rates to reactions of Coin,II(N4) and Fe(0H2)6

3+,2+ couples (N4, a tetraaza-macrocyclic ligand). These couples 
provide a relatively systematic variation in metal ion electronic structure and permit an evaluation of the dependence of 
electron-transfer rates on reactant electronic configurations. Outer-sphere cross-reactions and redox potentials of the couples 
have been used to estimate the range of self-exchange rate constants for the MIII,n(N4) complex. These are 105±1 and 10-104 

M"1 s"1 for M = Cu and Ni, respectively. These relatively facile exchange rates may be contrasted to 10"1 to 10"5 M"1 s"1 

for M = Co, and the ranges and variations are readily explained in terms of differences in ground-state structural parameters 
and the resulting first coordination sphere reorganizational energies. No additional specific role for the differences in electronic 
structure could be found in outer-sphere reactions. In contrast, Cl'-bridged, inner-sphere reactivity patterns were found to 
vary dramatically with reactant electronic structure. The kinetic advantage of the inner-sphere pathway has been defined 
in terms of the ratio of rate constants for bimolecular inner-sphere and the equivalent outer-sphere reactions. For example, 
rates of Co(OH2)SCl2+ and Co(OH2V+ oxidations of Mn(N4) complexes may be taken as approximate measures of the appropriate 
parameters, and the ratio of these rates, kls/kos, serves as an index of the kinetic advantage of the inner-sphere pathway for 
the various complexes. Other comparisons have employed Mm(N4)Cl oxidants or Fe(OH2)6

2+ substrates. Values of kls/kos 

Qi 106±1, 105±1, ~ 2 , ~104, and ~102-2, respectively, for Co111/Co", Co11VNi", Cora/Cun, Co11VFe11, and Nim /Ni" reactions. 
These variations in reactivity are rationalized in terms of a three-center (M-Cl-M) transition-state-bonding interaction. It 
is proposed that the inner-sphere pathway becomes more effective as the number of electrons in the 3-center system decreases, 
with 3- and 4-electron configurations resulting in reasonably stable transition states and the 5-electron configuration destabilizing 
the interaction. It is also concluded that the bridging pathway is only effective if the 3-center-bonding interaction effectively 
mixes the electron-transfer donor and acceptor orbitals; this feature is discussed in terms of symmetry constraints and 
surface-crossing restrictions. 

The dependence of reaction rates upon reactant electronic 
configurations is a fundamental concern in systematic discussions 
of chemical reactivity. However, the reactivity patterns found 
in the simplest class of oxidation-reduction reactions of transi
tion-metal complexes, viz., outer-sphere electron-transfer processes, 
can be largely2"10 (but not entirely9"13) attributed to the changes 
in nuclear position that accompany electron transfer. Conse
quently, the models used to describe the reaction coordinate in 
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such systems employ Born-Oppenheimer potential energy surfaces 
for the reactant and product "states", and the electronic contri
bution is treated as a perturbation coupling the Born-Oppenheimer 
surfaces at their intersection point.2"10,14'15 Related models for 
more complex oxidation-reduction reactions are much more 
primitive. In the simplest of these reactions, those which couple 
transfer of a bridging ligand to the electron-transfer process,2'16,17 

L5Mm-X + M'"S6 — L5M
11S+- S5M' in-X (1) 

(for S a solvent species), it has been frequently postulated that 
such purely electronic factors as donor-acceptor orbital symmetry 
should play a major role in determining reactivity patterns.2'16-22 

Such a major role for electronic factors should lead to a very 
different model for inner-sphere and for outer-sphere electron-
transfer reactions. 

In fact there is reason to believe that Franck-Condon factors 
still contribute significantly to inner-sphere electron-transfer re
actions,23,24 and that, at least to some degree, Born-Oppenheimer 
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potential energy surfaces could be a useful starting place for 
descriptions of the reaction coordinate.2'24"26 It is pertinent that 
this kind of approach has received increasing attention in sys
tematic descriptions of many related types of group-transfer re
actions.24^-25-32 

Unfortunately, much of the earlier work on inner-sphere 
electron-transfer reactions involved systems with unknown 
equilibrium constants K1, as when product species equilibrate very 
rapidly with the solvent (L5M

11S + 5 S - M11S6 + 5L). Thus, 
it is rare that the intrinsic (free-energy independent) barriers have 
been distinguished in the reactivity patterns. Nevertheless, cor
relations between inner-sphere and outer-sphere reactivity pat-
terns2,17-24a-24d demonstrate that Franck-Condon factors do con
tribute to the inner-sphere pathway and ensure that the reaction 
rates will be free-energy dependent.24_26-31 In order to progress 
in the understanding of such complex reactions, it is necessary 
to obtain free-energy-independent reactivity patterns. This is 
especially important in any search for the effects of factors that 
are electronic in origin, since electronic factors are not dependent 
on the reactant-product energy gap. 

The traditional approach to the bridging ligand dependence of 
inner-sphere reaction patterns emphasizes the substitutional nature 
of the reaction by postulating the intermediacy of metastable 
"precursor" (e.g., L5M1LX-M^1S5) complexes,2'16-17-20'21'24"-33'34 

in which it is at least implicit that the electrons are valence trapped 
at the individual metal centers and that bond breaking/making 
processes occur independent of electron transfer. In this approach, 
in the limit that precursor complex formation is not rate limiting, 
the reaction rate is often discussed in terms of variations in stability 
of these precursor complexes, e.g., as fcobsd a* Kpkt

p, where K9 is 
an equilibrium constant for precursor complex formation and /ce

p 

is the electron transfer rate in the precursor complex. In our view, 
this approach suffers from a number of difficulties: (1) it ov
eremphasizes a heterolytic reaction coordinate; (2) if metastable 
(or valence trapped) intermediates do not exist the partitioning 
of the rate constant (kobsi m KpIc1P) is not likely to lead to useful 
models; (3) the orbitals involved in bonding in the "precursor 
complex" in the systems of concern here are the same orbitals that 
are involved in electron transfer and this makes the whole de
scription internally inconsistent; and, (4) the "precursor complex" 
formulation does not provide any useful insight into reactions in 
which alkyl groups function as "bridging ligands".24b'c-35'36 There 
is a very limited amount of X-ray structural work pertinent to 
Co m -X-M interactions; thus, the Co-S bond in j((en)2Co-
( S C H 2 C H 2 N H 2 ) X C U ( C H 3 C N ) 2 ) I 2

6 + 3 7 is about 3 pm longer than 
the Co-S bond in ((en)2Co(SCH2COO))2Ag3+.38 Since the 
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Chart I 
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' — N H N—I ' NH HN ' 

U. U 
Me2[14]4,ll-dieneN4 Me2[14]4,7-dieneN„ Me2pyo[14]trieneN4 

0 . _ . O 2 ' 

Me4[14]tetraeneN4 Me6[14]aneN4 2,4-02[14]anato(-2)N4 

Cu(I)/Co(III) electron transfer proceeds at a measurable rate,37 

the slightly longer bond in this complex is suggestive of appreciable 
donor-acceptor mixing (or electron delocalization) in the precursor 
complex; the small difference in bond lengths observed in these 
complexes is consistent with the very small value expected for the 
electron transfer (Cu1 -* Co111) equilibrium constant. 

We have been considering approaches in which the inner-sphere 
reaction coordinate can be described in terms of simple ground-
state properties of the reactant complexes. We consider only those 
reactions for which metal-ligand heterolysis on the labile partner 
is not rate limiting. Under these circumstances, the probability 
of an encounter appropriate to the inner-sphere pathway is pro
portional to K0Kw (K0 is the outer-sphere association constant; 
K„ is the equilibrium constant for M"-OH2 dissociation), and 
&obsd — K0K^k1. This approach has led us to propose24""* some 
features which should be important in a model for the intrinsic 
barrier to coupled bridging ligand-electron transfer reactions: (a) 
a homolytic reaction coordinate for kt (to account for anhar-
monicities and because the Mm-X~ bond breaking is homolytic); 
(b) a reorganizational barrier resulting from any changes in bond 
length, angles, etc.; and (c) a three-center transition-state-bonding 
interaction, mediated by the bridging ligand. For sufficiently 
strong transition-state bonding, the three-center bond should have 
the effect of reducing the Franck-Condon barrier. This approach 
is useful for both alkyl- and halide-bridged electron-transfer re-
actions,24b,c and it incorporates general features found in the models 
and concepts proposed previously by Halpern and Orgel,'8b 

Burdett,22 and Cannon.2-39 It is also closely related to several 
models of nucleophilic-displacement, group-transfer, or atom-
transfer reactions.25"32 A unique feature of the model which we 
have evolved is our description of the transition-state donor-ac
ceptor interactions in terms of a 3-center bond. There are a 
number of qualitative features of 3-center bonding interactions 
that should be amenable to experimental investigation. 

The present study was designed to explore the response of 
electron-transfer reactivity patterns to stepwise changes in the 
reactant d-electron configurations. Among the couples compared 
in this study, the electron-transfer donor orbital is varied in oc
cupation (dr2 or dz2

2) or symmetry (dz2, &xi-yi or dxz, dyz). Since 
the macrocyclic ligands that we have employed restrict any 
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coordinate. On the other hand Burden's approach22 seems inherently ho
molytic. 
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bridging-Iigand electron-transfer pathway to the axial coordination 
positions, these simple changes in electron configuration might 
have a profound influence on reactivity patterns. 

Experimental 

Reagents. Most of the cobalt, nickel, and copper macrocyclic com
plexes were prepared as given in the literature. 10'24t40"42 Cu"([14]-
aneN4)43 was prepared by adding Cu(C104)2-6H20 to a solution of 
[14]aneN4 in ethanol and recrystallized from hot water. Anal: Calcd. 
for C10H24N4O8Cl2Cu: C, 25.95; H, 5.23; N, 12.1!; Cl, 15.32. Found: 
C, 26.54; H, 5.62; N, 12.33; Cl, 15.31. The 2,4-02[14]-anato(-2)N4 

ligand was prepared as described in ref 44. The copper complex was 
prepared by adding an equimolar amount of Cu(CH3COO)2-H2O to a 
hot solution of ligand in water. Ni"(Me4[14]tetraeneN4) was prepared 
by the literature method, but we found purification difficult. To purify 
(Ni(Me4[14]tetraeneN4))(ZnCl4), prepared as described in ref 42, a 
column was prepared with DOWEX 50W-X4, 100-200 mesh cation 
exchange resin in the H+ form. A 100-mL solution approximately 0.1 
M in (Ni(Me4[14]tetraeneN4))(ZnCl4) was used to load the column. 
The loaded column was washed with distilled water and 0.1 M and finally 
0.2 M HClO4 until the effluent was free of Cl". The nickel complex was 
eluted with 2 M HClO4 and the eluent solution concentrated on a rotary 
evaporator. Addition of a mixture of ethanol and ether precipitated the 
complex. The precipitate was dried and then recrystallized from dilute 
HClO4. 

The Cu"(Me4[14]tetraeneN4) complex was isolated as the PF6" salt 
of the imidazole adduct from a synthesis similar to that reported for 
Fe'"(Me4[l 4] tetraeneN4).45 The perchlorate salt was obtained by re-
crystallization from 1 M HCIO4. 

Warning: The perchlorate salts used in this study are explosive and 
potentially hazardous. 

All the solutions for kinetic studies were prepared with water distilled 
in a Corning-Mega Pure still. The perchlorate solutions of Fe(phen)3

3+ 

and Ru(bpy)3
3+ were obtained fresh for each determination by PbO2 

oxidation of the divalent metal complexes in HClO4. Solutions of Co-
(OH2)6

3+ were prepared by electrolysis of Co(ClO4)2-xH20 in 3 M 
HClO4 at 0 0C;46 [Co(OH2)6

3+] was determined from the absorbances 
of stock solutions at 605 nm (e 35 M - ' cm"1).46 Solutions of Nim(N4) 
complexes were obtained by PbO2 or CeIV oxidations of acidic solutions 
of the corresponding Nin(N4) complexes. The conversion of Ni(II) to 
Ni(III) was confirmed from the product spectra. Solutions of reducing 
agents were deaerated by purging with a stream of Cr2+-scrubbed N2 or 
Ar. The solutions of NF(Me4[14]tetraeneN4) and Ni"'(Me6[14]4,ll-
dieneN4) were used within 30 min of preparation. 

Electrochemistry. Half-wave potentials were determined by cyclic 
voltammetry on a Princeton Applied Research Model 173 Potentiostat 
and a Model 175 Universal Programmer. All electrochemical studies 
were done in 1-6 M HClO4. Solutions were deaerated with Cr2+-
scrubbed, purified N2. Most of the studies employed a Pt working 
electrode and a NaCl-calomel reference electrode. 

Kinetic Techniques. Kinetic studies of thermal reactions were made 
with an Aminco stopped flow instrument that was thermostated at the 
desired temperature. All reactions were run under pseudo-first-order 
conditions with either reductant or oxidant in large excess. Most reac
tions involved small changes of absorbance, and values of koisi were 
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calculated from either log (7"„ - T1) vs. time plots or reaction half-lives. 
Pseudo-first-order plots were linear for about 90% of the reaction. 
Second-order rate constants were calculated from the slope of kabsi vs. 
concentration of excess reagent by least-squares analysis. 

Photochemical Generation of Cl2" and Co(OH2)5Cl2+. These oxidants 
were generated in situ by using flash photolysis techniques described 
previously.243,47,48 (a) Cl2" was generated by flash photolysis (xenon 
flash; sample cell jacket containing a UV cut-off filter such as 0.015 M 
toluene in hexane) of Co(NH3)sCl2+ in HCl; (b) Co(OH2)5Cl2+ was 
generated by flash photolysis of Co(NHj)5Cl2+ in HCl and Co2+. Co-
(C104)2 was prepared by dissolving high-purity Co metal (99.999%) in 
HClO4. By adjusting reactant concentrations, any of the thermal reac
tions subsequent to irradiation may be observed. 

HjO 

5H+ + Co(NHj)5Cl2+ + h„ • Co(OH2)6
2+ + 5NH4

+ + -Cl (2) 

•CI + Cl" ^ Cl2" 

Cl2" + Co(OH2V+ -^* Co(OH2)5Cl2+ + Cl" (3) 

Cl2" + M(N4)2+ -* C1-M(N4)2+ + Cl" (4) 

Co(OH2)sCl2+ + M(N4)2+ -* C1-M(N4)2+ + Co(OH2J6
2+ (5) 

In the present experiments, transient transmittance changes generated 
from the flash photolysis apparatus have been stored in a Nicolet Ex
plorer III digital oscilloscope and subsequently analyzed by using local 
variations of standard least-squares programs. 

The jacket of the flash photolysis cell was filled with 0.015 M toluene 
in hexane when Co(NH3)5Cl2+ or Co(Me4[14]tetraeneN4)(OH2)Cl2+ 

were used to generate Cl2". The jacket contained 0.015 M naphthalene 
in hexane when FeCl2+ was used to generate Cl2

-. In these experiments, 
[Co(NH3)5Cl2+] was usually 5 X 10"5 M; [Co2+] = 0.1 M; [M(N4)

2+] 
= (0.08-2) X 10"4 M; [Cl"] = 0.01-1 M, ii = 1.0 M (HClO4). 

Results 
A. Electrochemistry. The pertinent electrochemical data are 

presented in Table I. The cyclic voltammograms were obtained 
in 2 X 10"3 M solutions of the nickel(II) and/or copper(II) 
complexes which were strongly acidic. It has been our experience 
that the aqueous stability of the respective M m ( N 4 ) complexes 
decreases rapidly as pH increases. Most of these voltammograms 
were quasireversible, with 60-100-mV separations of the anodic 
and cathodic peaks, and the oxidations occurred at relatively high 
potentials (Table S-I).49 While most of the N i m ' " ( N 4 ) couples 
were reasonably well behaved, there was a significant difference 
in cathodic and anodic peak amplitudes for the Ni1 1 1^(Me2-
[14)-4,7-dieneN4) couple even in strong acid; this system ap
parently involves ligand oxidation and is discussed in detail 
elsewhere.50 The potential for the Ni m ' n ( [14 ]aneN 4 ) couple 
becomes smaller in chloride media. This shift in potential is in 
accord with the relatively strong axial coordination of anionic 
ligands frequently observed for N i l n ( N 4 ) complexes,51"53 and 
implies large association constants for Ni n l ( [14]aneN 4 ) and Cl - , 
qualitatively as reported by Haines and McAuley.54 We did not 
detect any such pronounced variation of potential with (Cl") for 
any other Ni111,11 couples since the onset of Cl" oxidation obscures 
much of the high-potential region. 

The Cu l n , I I(N4) couples were electrochemically more complex. 
In general, the Cu n l(N 4) complexes are stronger oxidants and have 
shorter lifetimes than the corresponding Ni m (N 4 ) complexes. The 
best behaved copper system in our hands was the Cu m , I I (Me 6 -
[14] 4,1 l-dieneN4) couple for which we observed a good quality, 
nearly reversible voltammogram with E^2 = 1.16 V vs. SCE (A_Ep 

(47) (a) Malone, S. D.; Endicott, J. F. J. Phys. Chem. 1972, 76, 2223. (b) 
Caspari, G.; Hughes, R. G.; Endicott, J. F.; Hoffman, M. Z. J. Am. Chem. 
Soc. 1970, 92,6801. 

(48) Thornton, A. T.; Laurence, G. S. J. Chem. Soc, Dalton Trans. 1973, 
804. 

(49) Supplementary material. See paragraph at end of paper. 
(50) Switzer, J. A.; Endicott, J. F.; Khalifa, M. A.; Rotzinger, F. P.; 

Kumar, K. J. Am. Chem. Soc. 1983, 105, 56. 
(51) (a) Jacobi, M.; Meyerstein, D.; Lilie, J. J. Inorg. Chem. 1977,18, 429. 

(b) Cohen, H.; Kirschenbaum, L. J.; Zeigerson, E.; Jacobi, M.; Fuchs, E.; 
Ginzburg, G.; Meyerstein, D. Int. J. Radiat. Phys. Chem. 1975, 7, 611. 

(52) Maruthamuthu, P.; Patterson, L. K.; Ferraudi, G. Inorg. Chem. 1978, 
17, 3157. 

(53) Zeigerson, E.; Bar, I,; Bernstein, J.; Kirschenbaum, L. J.; Meyerstein, 
D. Inorg. Chem. 1982, 21, 73. 

(54) Haines, R. I.; McAuley, A. Inorg. Chem. 1980, 19, 719. 
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Table I. Summary of Kinetic Data for Outer-Sphere Electron-Transfer Reactions of Ni(N4) and Cu(N4) Complexes (25 0C) 

oxidant reductant" 10"[Ox], M 104[Red],M medium k, M'1 s" 

Fe(PhCn)3
3+ 

Fe(dmpy)3
3+ 

Fe(dmph)3
3+ 

Co(OH2),3+ 

Ru(bpy)3
3+ 

Ni111L(I) 

Ni m L(2) 

Ni!IIL(3) 
Ni i nL(6) 

Ni11L(I) 
Ni11L(I) 
Ni11L(I) 
Ni11L(I) 
Ni"L(2) 
Ni11LO) 
NinL(6) 
NinL(4) 
Cu11L(I) 
CunL(2) (racemic) 
Cu11LO) (meso) 
NinL(2) 
Ni11LO) 
NinL(6) 
Co11L(I) 
ConL(2) 
Co11LO) 
ConL(4) 
Co11L(I) 
ConL(2) 
ConL(3) 
ConL(4) 
Co11LO) 
Ru(bpy)3

2+ 

ConL(2) 
Ni11L(I) 
ConL(2) 
Co11LO) 
ConL(4) 

0.3-1.0 

2-27 
17-85 
23-230 
13-38 
6.3-50 

20-80 
25-75 
20-75 

1-5 
0.5-20 
0.10 
0.50 
0.50 
0.50 
1-10 
0.50 
0.50 
6.3-25 
2.5-10 
0.50 
1.3-7.5 
1.0 
0.50 
0.25 
1.2-5 
2.5-12 

0.10 

0.16 
1.0 
1.0 
1.0 
1.0 
1.0 
5.0 
4.0 
0.10 
0.10 
0.25-1.0 
2.3-5.0 

10-50 
1.3-15 
0.55 
2-10 
2.5-25 
1.0 
0.91 
1-10 
0.10 
5-20 
3-20 
5.25 
0.50 
1.0 

1.5 MHClO4 

1 M TPSA b 

1M TPSAb 

1.5 MMClO4 (M=H+ , Lf) 
1.5 MMClO4 (M = H+, Na+) 
1.5 MMClO4 (M = H+, Li+) 
3.0 M HClO4 

3.0 M HClO4 

1.5 MHClO4 

3.0 M HClO4 

3.0 M HClO4 

0.1 MHClO4 

0.1 M HClO4 

1.0 M HClO4 

1.5 MHClO4 

1.5 M HClO4 

1.5 M HClO4 

1.5 MHClO4 

1.5 M HClO4 

1.5 MHClO4 

1.5 MHClO4 

1.5 MHClO4 

1.5 MHClO4 

1.0 M HClO4 

3.0 M HClO4 

1.0 M HClO4 and 1.0 M NaClO 
1.0 M HClO4 

1.6 XlO6 

2.9 X 10s c 

5.7 X 10s e 

86d 

6 0 d , e 

50d 

750 
947 
2.8 X 103 

1.0 XlO2 

1.0 XlO2 

1.4 XlO3 

7.8 X 10s 

3.3 XlO6 

2.3 XlO4 

7.6 XlO2 

4.6 XlO4 

1.3 X 10s 

2.0 XlO5 

2.8 XlO3 

3.1 XlO4 

9.5 XlO3 

1.5 X 104 

2.7 XlO4 

2.1 XlO4 

1.9 XlO3 

2.0 XlO2 

1.4 X 10" 
3.1 X 104 

a L ( l ) = [14]aneN4;L(2) = Me6 [14]4,ll-dieneN4; L(3) = Me 4 [H] tetraeneN4; L(4) = Me2pyo[14]trieneN4; L(5)= [15]aneN4; L(6) = 
Me2[14]4,ll-dieneN4. b Toluenesulfonic acid. c Reference 56a. d Rate constant obtained by extrapolating fc0bsd = %1 + ^nV[H+] to 
[H+P = 0. e Activity correction used in evaluation based on the following: Harned, H. S.; Owen, B. B. "The Physical Chemistry of 
Electrolyte Solutions"; Reinhold Publishing Co.: New York, 1958; pp 597-599. 

= 60 mV). This may be compared to E1J2 = 1.22 V vs. SCE 
reported for the same complex in acetonitrile.55 Voltammograms 
of the remaining complexes exhibited only an oxidation wave (Epa 

in the range 1.1-1.3 vs. SCE), consistent with rapid decomposition 
of the C u t n ( N 4 ) product. 

B. Absorption Spectra and Formation Constants for M m (N 4 )C l 
Species. Figure 1 summarizes the absorption spectra of transient 
species which result from Cl2" (or Co(OH 2 ) 5 Cl 2 + ) oxidations of 
Ni n (N 4 ) and Cu"(N 4) complexes. The Ni r a (N 4 )Cl products were 
generally slow to equilibrate for N 4 = [14]aneN4 , Me2[14]4,7-
dieneN4 , and Me4[14]tetraeneN4 (r^, > 1 ms) under conditions 
of our experiments, while N i m (Me 6 [14 ]4 , l l -d i eneN 4 )C l was 
always at equilibrium with the medium over the duration of flash 
photolysis experiments ( T ^ < 60 ^s) . Equilibration of Ni"1-
([14]aneN4)Cl could be observed on long time scales and appeared 
consistent with literature reports.54,56 

The Cu m (N 4 ) complexes were always significantly shorter lived 
than the corresponding NiU I(N4) complexes; however, the lifetimes 
of many of these species are greater than 0.1 ms and adequate 
for the kinetic studies described. Both spectroscopic and kinetic 
data imply that the interactions of Cu l n (N 4 ) complexes with Cl" 
are weak. Of course, one expects only very weak axial association 
of solvent or anionic species for low-spin d 8 -M(N 4 ) complexes 
(weak at least in comparison to the electron-pairing energy).57,58 

It is not important for our immediate purposes whether these axial 
interactions are labeled "ion-pair", "solvation", or "weak-bonding" 

(55) (a) Olson, D. C; Vasilevskis, J. Inorg. Chem. 1969,8, 1611. (b) Ibid. 
1971, 10, 463. 

(56) (a) McAuley, A.; Macartney, D. H.; Oswald, T. J. Chem. Soc, 
Chem. Commun. 1982, 274. (b) Brodovitch, J. C; McAuley, A. Inorg. Chem. 
1981, 20, 1667. 

(57) Very recently Hunt and co-workers58 have found that the rate of axial 
substitution coupled to spin change in Ni"([14]aneN4),

 1(Ni([14]aneN4)
2+) 

+ H2O =2 3(Ni([14]aneN4)(OH2)
2+), is 2 X 107 s"'. This is clearly a lower 

limit on the rate at which nearest neighbor solvent is displaced from the axial 
region without a change in spin multiplicity. 

(58) Pell, R. J.; Dodgen, H. W.; Hunt, J. P. Inorg. Chem. 1983, 22, 529. 
(59) Endicott, J. F.; Lilie, J.; Kuszaj, J. M.; Ramaswamy, B. S.; 

Schmonsees, W. G.; Simic, M. G.; Glick, M. D.; Rillema, D. P. J. Am. Chem. 
Soc. 1977, 99, 429. 
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Figure 1. Product spectra for Cl2 and Co(OH2)5Cl2+ oxidations of 
Ni"(N4) and Cu"(N4). All spectra in 1 M HCl, containing 10"5 M 
M"(N4) and 1-10) X 10"5 M Co(NH3)5Cl2+: (a) Niln([14]aneN4)Cl 
(7.5 ms after flash); (b) Nim(Me6[14]4,ll-dieneN4)Cl (1.5 ms after 
flash); (c) Ni'"(Me2[14]4,7-dieneN4)Cl (3.5 ms after flash); (d) Ni1"-
(Me4[14]tetraeneN4)Cl (200 MS after flash); (e) Cu'"([14]aneN4) (from 
Cl2- reaction only; 300 ^s after flash); (f) Cum(Me6[14]4,l l-dieneN4) 
(from Cl2" reaction only; 2.1 ms after flash). Optical densities in the flash 
photolysis experiments refer to a 20-cm path length. 

interactions. Since the interactions are so weak, replacement of 
the axial species will generally be more rapid than one finds for 
the low-spin (d7) Co"(N 4 ) analogues.33,59 As far as we could 
ascertain, the Cu(III) complexes were always at equilibrium with 
the solution environment during our experiments. 
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Table II. Kinetic Parameters for Formation and Decomposition of M1^(N4) Complexes 

formation 

oxidant reductant ^51M-1S"1 ATip&y, M~2 s"' 

decomposition" 

k, s"J k', M"1 s"1 

Co(OH2)Xl2+6 

Cl, 

Nin([14]aneN„) 
Nin(MeJ14]4,ll-dieneN4) 
Nin(Me2[14]4,7-dieneN4) 
Ni11CMe4 [ 14] tetraeneN4) 
Cun([14]aneN4) 
Fe(OH2),

2+ 

Cun([14]aneN4)c 

Cun(meso-Me6[14]4,ll-dieneN4) 
Cun(Me4[14]tetraeneN4)

c 

Nin(Me6[14]aneN4)
d 

Nin(Me6[14]4,ll-dieneN4)d 

Nin(Me6[14]l,4,8,ll-tetraeneN4)d 

Con(Me6[14]4,ll-dieneN4)e 

(5.3 ±0.6) X 10' 
(7.9 ± 0.7) X 10s 

(1.2 ±0.5) XlO7 

(1.6 ±0.4) XlO5 

(4.5 ±4.0) XlO3 

(1.0 ±0.4) XlO" 
(137 ± 4) X 107 

(15 ± I)XlO7 

(1.9 ± 0.4) X 107 

2.0 X 109 

9.6 X 109 

8.7 XlO9 

1.0 X 109 

(8.4 ± 1.I)XlO7 

(2.1 ±0.1) XlO6 

(3.9 ±0.8) XlO7 

(1.7 ±0.3) XlO5 

(1.09 ±0.07) X 105 

(5.0 ±0.6) XlO4 

(30 ±5) X 107 

(2.5 ± 0.7) X 10' 

6.1 ±0.3 
0.36 ± 0.03 
(f1/2 < 6 0 M S ) 

0.63 ± 0.04 

a Rate laws of the form kohsd = k + k'[CV]. h 25 ± 1 0C; 1 M H+; 5 XlO"5 M Co(NH3)Xl2+; 0.9 M > [Cl"] > 0.01 M (perchlorate media). 
Most transient absorbance changes observed at 344 nm. Data fitted to eq 6. c Rate laws of the form kobsd

 = ^s + Kipks'[Cl~]. No entry 
for kt' means that no chloride dependence has been observed {k'Ik) < 0.05 in our work. 1.0 M HClO4, 25 ± 1 0C; ~105 M Co(NH3)Xl2+ or 
FeCl2+(see text). d Reference 52. e Reference 47a. 

For some of the comparisons developed below, it was necessary 
to know formation constants for some Co(N4)(OH2)Cl2+ com
plexes. As a matter of convenience we have examined the 
first-order approach to equilibrium of Co(Me6[14]4,ll-dien-
eN4)(OH2)2

3+ in 1.0 M HClO4 with 0.013 M < [Cl"] < 0.208 
M. Guggenheim plots60 were linear over 2.5 half-lives. The 
observed rate law was kobsd = /cf[Q~] + kd, k( = (4.0 ± 0.4) X 
10"4 M"1 s"1, and kd = (3.9 ± 0.4) X 10"5 s"1. Thus, kf = ktlkd 

= 10.3 ± 1.6 M"1. The kinetic data are summarized in Table 
S-II.49 

The equilibrium constant for 

Co(Me4[14]tetraeneN4)(OH2)Cl2+ + 
Co(Me6 [ 14] 4,11 -dieneN4)(OH2)2

2+ «=± 
Co(Me4[14]tetraeneN4)(OH2)2

2+ + 
(OH2)Cl2+Co(Me6 [ 14] 4,11 -dieneN4) 

has been determined to be 0.36 ± 0.04.24a This equilibrium 
constant may be re-expressed as 

where kos = 1.0 is the equilibrium constant for outer-sphere 
electron transfer between the diaquo complexes,10d and K\ is the 
formation constant for Co(Me6 [14] 4,1 l-dieneN4) (OH2)Cl2+, K\ 
= 29 ± 5 M-'. 

C. Outer-Sphere Electron-Transfer Reactions; Oxidations of 
Ni"(N4) Complexes. Kinetic data for oxidations with Co(OH2)6

3+, 
Ru(bpy)3

3+ are summarized in Table I. Simple rate laws, first 
order in each reactant, were found for these reactions. The detailed 
kinetic data are reported in Table S-III.49 Most of the Co-
(OH2)6

3+/Nin(N4) reactions were found to be pH dependent, with 
ôbsd(M~' s"1) = kx + &n/(H+). These kinetic data are summarized 

in Table S-IV.49 Only the values of ^1 are included in Table II. 
Reductions of Ninl(N4) Complexes. Kinetic data for NiHI(N4) 

oxidations of Con(N4) and Ru(bpy)3
2+ complexes are summarized 

in Table I; kinetic details are presented in Table S-V.49 Rate 
constants of these reactions were independent of [H+] over the 
range 0.5 M < [H+] < 1.5 M. 

Oxidations of Cu"(N4) Complexes. The kinetic data for oxi
dation by Co(OH2)6

3+, Ru(bpy)3
3+, and Fe(phen)3

3+ are presented 
in Table I while the details can be found in Table S-III.49 We 
were unable to keep any of the Cum(N4) complexes for more than 
a few seconds in aqueous solutions. While the reactions of 
Cu"([14]aneN4) with Co(OH2)6

3+, Ru(bpy)3
3+, and Fe(phen)3

3+ 

were reasonably straightforward (and pH independent), the ox
idations of Cu"(Me6[14]4,l l-dieneN4) by the polypyridyl com
plexes were slow and thermodynamically unfavorable so that the 
results are probably complicated by the rate of product decom
position. Such data have been excluded from Table I. 

D. Reactions with Potential Inner-Sphere Oxidants. 1. Re
actions with O2". The Cl2" oxidations of Nin(N4) complexes were 

all very rapid (>1 X 109 M"1 s"1) and difficult to distinguish 
rigorously from the decay of scattered excitation light (re ~ 60 
/xs for our excitation flash). For example, a rate constant of 9 
X 109 M"1 s"1 has been reported for the Cl2" oxidation of Ni"-
(Me6[14]4,ll-dieneN4)

52 (see Table II). For Niln(N4) complexes 
where N4 = [14]aneN4, Me2[14]4,ll-dieneN4, and Me4[14]-
tetraeneN4, generated by this means, the product spectra were 
stable for nearly 1 ms. 

The Cl2" oxidations of Cu"(N4) complexes were relatively slow. 
The rates of these reactions were generally [Cl"] dependent with 
fcobsd = kA + k\ (Cl"1) (Tables II and S-VI49); the chloride-de
pendent pathway is most simply attributed to the reactions of a 
(Cu1^N4),Cl") ion pair. The Cum([14]aneN4) and Cum(Me6-
[14]4,1 l-dieneN4) products are relatively stable, and the decom
position rate parameters are summarized in Table II (details in 
Table S-VII49). The Cum(Me4[14]tetraeneN4) species was too 
short lived to be observed in our experiments (r1//2 < 60 ^s). 

2. Co(OH2)5Cl2+ Oxidations of M"(N4). Reaction 3 is re
ported48 to occur with a rate constant of 1.3 X 106 M"1 s"1 at 22 
0C. For this reaction to be competitive with Cl2" oxidations of 
the Nin(N4) and some of the Cun(N4) complexes requires that 
[Co(OH2)(S

2+] » [M"(N4)]. In most of our experiments [Co-
(OH2)6

2+] = 0.1 M while [M11CN4)] < 10"4 M. The product 
Co(OH2)5Cl2+ complex equilibrates sufficiently slowly with the 
medium that it can be regarded as a stable species on the flash 
photolysis time scale (rd ~ 0.6 s for our conditions). The observed 
reaction rates were generally dependent on [Cl"], with the observed 
dependence conveniently expressed 

*obsd — 

k5 + K1?k'5[C\-] 

1 + K1P[Cl-] 
(6) 

When Â 1P < 1 M"1, this expression reduces to kobsi ^ k$ + 
Kxpk'slCr] for [Cl"] < 0.2 M. The kinetics data are summarized 
in Table II, and the details can be found in Table S-VIII.49 

In the course of this work we have also examined the reaction 
of Co(OH2)5Cl2+ with Fe(OH2)6

2+. For this reaction, kobfi = k$ 

+ Kipk'5[Cr], where we interpret the second term as originating 
from reactions of the weak chloro-iron(II) complexes such as 
Fe(OH2)5Cl+. We find ks = (1.0 ± 0.4) X 104 M"' s"1 and ^ ' 5 
= (5.0 ± 0.6) X 104 M"2 s"1 (1.0 X 10"5 M < [Fe(II)] < 1.2 X 
10"4 M; 0.5 M < [Cl"] < 0.9 M; [H+] = 1 M in perchlorate/ 
chloride media; 25 ± 1 0C). 

3. Oxidations by Macrocyclic Complexes. The NiH1(N4)Cl 
complexes formed from Cl2" reactions were reasonably tractable 
species and their behavior as oxidants of Co"(N4) and Ni"(N'4) 
was investigated. Equilibration of the Nim([14]aneN4)Cl and 
Ninl(Me4[14]tetraeneN4)Cl complexes with the medium was 
sufficiently slow that the electron-transfer reactions of these 
Ni(III) oxidants exhibited simple chloride-independent rate laws. 
In contrast, the Nini(Me6[14]4,l l-dieneN4)Cl complex was 
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Table HI. Rate Constants for Ninl(N„)Cl Oxidations of Co11CN',) and Nin(N'4) (25 ± 1 0C; 1 M HClO4) 

(N4)OfNi11HN4)Cl reductant k7, M- ^f(Ni111CN4)Cl), M" 

(3.1 ± 0.3) XlO6 

(2.1 ±0.1) X 10' 
(1.1 ± 0.5) XlO7 

(1.0 ±0.4) XlO7 

(4.0 ± 0.9) X 106 

(2.6 + 0.2) XlO7 

(3.4 ± 0.4) X 107 

(1.2 ± 0.1) XlO8 

210 + 40" 

5.1 ± 2.7 
17 + 7 
7.9 ± 2.7 

[14]aneN4 

Me6[14]4,ll-dieneN4 

Me4[14]tetraeneN4 

Cou(Me6[14]4,ll-dieneN4) 
Con(Me4 [ 14] tetraeneN4) 
Co11CMe6 [14] 4,1 l-dieneN4) 
Con(Me4[14]tetraeneN4) 
Nin([14]aneN4) 
Con(Me6 t l4]4,l l-dieneN4) 
Co11CMe4 [ 14] tetraeneN4) 
Nin([ 14]aneN4) 

Reference 54. 

Table IV. Summary of Kinetic Data for Reactions of Cu111CN4) Complexes" 

oxidant reductant I0~6k, M"1 s" IQ-7A:', M- ' s-' 

Cu l u([14]aneN4) 

Cu111CMe6 [14]4,ll-dieneN4) 

Co(Me6 [14]4,ll-dieneN4)(OH2)2
J t 

Co(Me4 [14] tetraeneN4)(OH2V+ 

Ni([14]aneN4)2t 

Fe(OH2),2+ 

Co(Me6 [14]4,ll-dieneN4)(OH2)2
J+ 

Fe(OH2),2* 

1.2 ± 0.6 
0+ 17 
7± 1 
1.5 ±0.3 
2.7 ± 1.2 
2.4 ± 1.2 

3.0 ±0.5 
63 ± 16 

5.7 ± 0.4 
2.6 ± 0.2 

3.6 + 0.2 
a 1 MH+; 25 ± 1 0C; 0.9 M > [CP] > 0.1 M (ClO4" media); fcobsd = k + A:'[CL]. 

Table V. Formal Potentials and Apparent Outer-Sphere Self-Exchange Rate Constants for Some Ni111-11 and Cu111'11 Couples 

equational ligand MllI.II Ef, V" A G * , b k J m o r ^exch: ,M-

[14]aneN4 

Me6[14]4,ll-dieneN„ 
Me2[14]4,ll-dieneN4 

Me4[14]tetraeneN4 

[14]aneN4 

Me6[14]4,ll-dieneN4 

OL2AIb3)3" 
(H_3G4a)3" 
(H_3G3a)3" 
(H_2Aib3)3" 

Ni 
Ni 
Ni 
Ni 
Cu 
Cu 
Ni 
Ni 
Ni 
Cu 

1.03c 

1.32d 

LOl'' 
1.26e 

1.25* 
1.406 

0.86h 

0.84^ 
0.837 

0.66fe 

(1.26)e 
4 4 + 2 (8) 
65 ± 10(6) 
53 ±6 (6) 

•42(3) 
•31 (5) 
- 4 ( 3 ) 
47' 
37' 
34' 
35.5 ! 

4 X103±0-2 

1 0o±2 

6 XlO1*1 

~3 XlO3 

106±1<r 
1 0 s ± 1 * 
550 ± 90' 
(1.2 + 0.2) X l O 5 ' 
(1.2 ± 0.2) X 10s ' 
5.5 X lO 4 ' 

0 vs. NHE. b Iterative least-squares fit of data for cross-reactions to eq 8 except for polypeptide complexes at the bottom of the table. 
Number of different cross-reactions in parentheses. c 1.5 M HClO4. d Calculated from the forward and reverse rates with Ru(bpy)3

3+,2+ e 6 
MHClO4. f 1.0 M HClO4. * Based on iterative fit of cross-reaction data to the square root form of eq 7. h Reference 64a. ' Murray, C. K.; 
Margerum, D. W. Inorg. Chem. 1983, 22, 463. Values are based on several cross-reactions and corrected for work terms. ' References 64c 
and 64d. k Reference 64a. ' Reference 84a. 

sufficiently labile that the electron-transfer reactions of this species 
were strongly chloride dependent, and described by eq 2, 4, and 

Cl -M(N 4 ) 2 + 5=± M m ( N 4 ) + CT 

Cl -M(N 4 ) 2 + + M'(N' 4 ) 2+ - 1 * M(N 4 ) 2 + + Cl-M'CN',,)2+ (7) 

rCfihsH 

MTf[CT] 

1 + ^ f [Cl - ] 

Discussion 

Evaluation of the kinetic advantage of an inner-sphere elec
tron-transfer pathway requires a reference rate to which the 
suspected rate advantage may be compared. In the limit that there 
is no kinetic advantage to the inner-sphere pathway, the rate of 
outer-sphere electron transfer will tend to dominate the oxida
tion-reduction chemistry owing to the added complication of 
metal-ligand dissociation for the inner-sphere pathway. Ideally 
one would like to reference the free energy independent component 
of the inner-sphere rate constant to the similar component of the 
equivalent outer-sphere pathway. This is rarely possible, but it 
is clear that equivalent outer-sphere pathways must be investigated 
in order to assess the intrinsic kinetic advantages of various in
ner-sphere electron-transfer pathways. 

A. Outer-Sphere Reactions: Intrinsic Reactivities of the 
M"U I (N 4 ) Couples. The N i l n ( N 4 ) and C u m ( N 4 ) complexes are 
all very strong oxidants, and they all have smaller Franck-Condon 
barriers to outer-sphere electron transfer than do the corresponding 
cobalt complexes. Such factors make systematic study of many 
of these compounds difficult. 

In evaluation of the intrinsic barriers to electron transfer in these 
systems, we have made the usual corrections for the variations 
in reactivity with driving force (AG°ab) and for counter-reagent 
contributions to the intrinsic Franck-Condon barrier (AG*aa) by 
iterative fitting of the cross-reaction kinetic (AG*ab) data to the 
Marcus equation,3 

AG*ab = - (AG* a a + AG*bb) + 
AG0 (AG° a b)2 

8(AG*a a+ A G \ b ) 

(8) 

For reactions involving the Ni , I I ' I I([14]aneN4) couple, our results 
are in very good agreement with those of McAuley and co-
workers:56"-61 our data yield AG*b b(Ni I I U I) = 44 ± 2 k j mol"1 

(̂ exch ~ 2 X 103 M - 1 s"1) compared to McAuley's estimate of 
AG' 48 ± 9 kJ mol ' from cross-reactions and /c„. 103 

M 1 S 1 from ESR line broadening.563 

The cross-reaction data imply that the Ni i n ' " ( [14]aneN 4 ) , 
Ni I I I ' I I(Me4[14]tetraeneN4) , and Ni m - n (Me 2 [14]4 , l l-dieneN4) 
couples all have similar intrinsic barriers to outer-sphere (self-
exchange) electron transfer; i.e., /ccxch ~ 103 M"1 s"1 (Table V). 
The equatorial ligands of these complexes do not significantly 
obstruct the axial coordination sites, so that the axial interactions 
(here presumed to be with water), which are apparently important 
in the low-spin d7-Ni(III) complexes,53 are relatively unimpeded. 
On the basis of the similarity of the inferred barriers to Ni" 1 ' " 
self-exchange in this group of complexes, one would expect weak 

(60) Moore, J. W.; Pearson, R. G. "Kinetics and Mechanism"; 3rd ed.; 
John Wiley and Sons: New York, 1981; p 71. 

(61) Haines, R. I.; McAuley, A. Coord. Chem. Rev. 1981, 39, 77. 
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Table VI. Estimated Kinetic Advantage of the CI'-Bridged Inner-Sphere Pathway 

oxidant" 

Co(OH2), 3+(OS) 
and 

Co(OH2)5Cl2H 

Ni111L(I) 

NimL(2) 

Nin lL(4) 

h(IS) 

reductanta 

ConL(2) 

ConL(4) 
Ni11L(I) 
NinL(2) 
NiuL(4) 
Cu11L(I) 
Fe(OH2),2+ 

ConL(2) 
ConL(4) 
ConL(2) 
ConL(4) 
Ni11L(I) 
ConL(2) 
ConL(4) 
Ni11L(I) 

no. in 
Figure 2 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

kos, M~' s"1 

10d 

2.2 X 1 0 2 d 

86g 

60« 
9 X 1 0 2 * 
2.8 X l O 3 * 

50'' 
7.6 X l O 2 * 
1.3 X 1 0 5 ^ 
2.8 X 1 0 3 g 

9.5 X l O 3 * 
5.9 X 1 0 3 i 

2.0 X 1 0 " * 
5.1 X l O 5 * 
4.7 X 1 0 4 i 

kls/kos 

1.6 X 1 0 s e ' ' 

6.8 X 10" eJ 

6.2 X 10 s 

8 X 10 s 

1.8 X l O 2 

2 
2 0 0 ' 

4.1 X l O 3 ' 
16 ' 

3 . 9 X l O 3 ' ' 
1.1 X l O 3 ' 
6.8 X l O 2 

1.3 X l O 3 ' 
6 7 ' 

2.6 X l O 3 

log 
fUS/i-OS-, b 
\K /ft Jcorr 

OSAY 

(>4.8) ' 
5.3 
6.2 

(3)h 

0.3 
(>2.7) ' 

3.6 
1.2 

( » 3 . 6 / 
( »3 ) ' 

2.2 
{>3)f-h 

(>2)f'h 

(3A)h 

no. of 
electrons 

in 3-
center 
bond 

3 

3 
4 
4 
4 
4 
y 
4 
4 
4 
4 
5 
4 
4 
5 

donor 
orbital 

dz2 

d,2 

d*2 

de2 

d,2 

dx2-y2 

dxz or dyz
k 

d*> 
d*» 
d2

2 

^ 
d*2 

d22 
d,» 
Iz* 

a L( l )= [14}aneN4;L(2) = Me6[14]4,l 
multiplying kl^/kos by the square root o 
sum of dzi + dzi' + P2 electrons in M(II) 
limited by substitution on M(N4)(OH2)2

2' 
; In a simple one-electron picture. k For 
use of eq 8. 

l-dieneN4; L(3) = Me2[ 14]4,7-dieneN4; L(4) = Me[ 14] tetraeneN4.
 b (A;IS/A:os)col.r obtained by 

f the ratio of the formation constants of reactant and product chlorocomplexes. c Counted as the 
, M(II)', and Cl, respectively. d Reference 10c. e Reference 24a. 'inner-sphere rate may be 
* or Fe(OH2),. * Table I. h Formation constant of chloro product is unknown. ' Reference 70. 
C41, symmetry dxz and dyz are degenerate. ' Calculated from ^'values and estimates of &exch w l t n 

but similar axial Ni m -OH 2 bonding interactions in each. Cou-
lombic work terms and solvent reorganization should contribute 
about 17 kJ mol"1 to AG*bb in complexes of this size.9c,l0a,d Most 
of the remaining ~29 kJ mol-1 activation energy can be attributed 
to the first coordination sphere reorganizational energy (AG*in) 
which must accompany the considerable weakening of the axial 
(Ni-OH2) interaction on reduction of Ni(III) to Ni(II). That 
this apparent inner-sphere contribution is about half of that found 
for the analogous Co"1,11 couples10d is in accord with the expectation 
that the axial bonding must be weaker for low-spin Ni(III) than 
for low-spin Co(III).62,63 The somewhat smaller self-exchange 
barriers reported64 for polypeptide-Ni111,11 couples (Table VI) are 
in part a consequence of the smaller Coulombic work term (3-4 
kJ mol-1) for the corresponding +1/0 charged couples. 

The inferred self-exchange rate of the Ni I IUI(Me6[14]4,ll-
dieneN4) couple is appreciably smaller than the self-exchange rates 
inferred for the other Ni111,11 couples (Table V). This is surprising 
since non-bonded interactions with the equatorial ligand (pre
sumably with the geminal methyl groups) appear to significantly 
lengthen the weak axial bonds in Co(Me6[14]4,l 1-diene)-
(OH2)2

2+,59 and similar equatorial ligand-axial ligand interactions 
in the Ni(III) and Ni(II) complexes, in combination with the 
reasoning outlined above, would predict a smaller value of A(7*in 

(or of A(7*bb) for this complex. The reversed ordering of observed 
reactivities implicates some equatorial ligand rearrangement in 
the Niln'"(Me6[14]4,ll-dieneN4) couple. In support of this in
ference, it is to be noted that the equatorial ligand-N-Ni" bond 
lengths tend to be several picometers shorter than the corre
sponding Co m -N (or Co"-N) bond lengths in these complex
es,10d'59'63 and that some of the macrocyclic ligands of Ni"-(N4) 

(62) One expects the Ni,n-OH2 bond length to be intermediate between 
those of the axial bonds in the corresponding Com(N4)(OH2)2 and Co"-
(N4)(OH2)2 complexes.10d'33'53'59'63 While the actual difference between 
MnI-OH2 and M"-OH2 bond lengths could well be greater for the nickel than 
for the cobalt complexes, the substantial decreases in effective M-OH2 force 
constant associated with their longer axial bonds should adequately account 
for the smaller values of AC1n found for the Ni111,11 couples (note that the force 
constant ratio, ~fnfm/(Ju +/in), contributing to AG'; is very sensitive to/J1 
and approaches Z11 when/In >>/n). 

(63) Curtis, N. F. In "Coordination Chemistry of Macrocyclic 
Compounds"; Melson, G. A., Ed.; Plenum: New York, 1979; p 219. 

(64) (a) Kirksey, S. T.; Neubacker, T. A.; Margerum, D. W. J. Am. Chem. 
Soc. 1979, 101, 1631. (b) Margerum, D. W.; Owens, G. D. In "Metal Ions 
in Biological Systems"; Sigel, H., Ed.; Marcel Dekker, Inc.: New York, 1981; 
Vol. 12, p 75. (c) Bossu, F. P.; Margerum, D. W. J. Am. Chem. Soc. 1979, 
97, 4003. (d) Bossu, F. P.; Margerum, D. W. Inorg. Chem. 1977,16, 1210. 

complexes are "buckled" to such an extent that geminal methyl 
groups very nearly occupy axial coordination positions.63 These 
same ligands have been found to have strong Nim-axial bonds.53 

The Cu ln(N4) complexes have proved to be powerful and re
active oxidants, and generally have very short lifetimes. We have 
been able to obtain reasonably good cyclic voltammometric data 
for the CuIII'II(Me6[14]4,ll-dieneN4) couple in aqueous media. 
Electrochemical oxidations of the other couples were either ir
reversible (presumably owing to rapid product decomposition) or 
occurred at potentials too positive for good electrode response in 
our media. Electrochemical data exist for several of these couples 
in nonaqueous media;55b'65 however, differences in junction po
tentials and solvation prevent these observations from being a 
reliable basis for the estimation of potentials for CuIluI(N4) couples 
in aqueous media. 

We have been able to study some Cum(N4) reactions by gen
erating the oxidant flash photolytically as described above. While 
these reactions were always carried out in chloride media, their 
rates were only weakly dependent on [Cl"], and we attribute the 
chloride-independent components of such reactions to outer-sphere 
electron-transfer reactions. By this means we have been able to 
obtain rate constants for some CuHI(N4) oxidations of Co-
(N4)(OH2)2

2+ and Fe(OH2)6
2+- For a combination of reasons 

(including oxidant stability, small Cun(N4) absorptivity, rapid 
reaction with Cl2", lack of complicating photochemistry, etc.) 
reactions of Cunl([14]aneN4) have proved to be the most con
venient to investigate. By an iterative fitting of the rate constants 
and equilibrium constants of the cross-reactions (Table I) we have 
found that a potential of ~1.25 V and a self-exchange rate 
constant of 1O6+1 M~l s"1 give the best fit to the kinetic data. This 
may be compared to £1 / 2 = 1.35 V (vs. SCE) for the Cu l i u l-
([14]aneN4) couple obtained in acetonitrile by Fabbrizzi and 
co-workers,65 E! = 1.40 V for the aqueous Cu1IUI(Me6[14]4,l 1-
dieneN4) couple, and the expectation of more positive potentials 
for Mm-II(Me6[14]4,ll-dieneN4) than for Mnul([14]aneN4) 
couples.33,65 

The small intrinsic reorganizational energy inferred for the 
Cu I IUI(N4) couples probably originates from the change in 
equatorial Cu-N bond lengths66 with very little contribution arising 
from the undoubtedly very weak axial interactions; however, 
differences in axial interactions and equatorial ligand strain un-

(65) Zanello, P.; Seeber, R.; Cinquantini, A.; Mazzocchin, G.-A.; Fab
brizzi, L. /. Chem. Soc, Dalton Trans. 1982, 893. 
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doubtedly make some contributions to AG*in. 
Overall, we find the intrinsic barriers to outer-sphere electron 

transfer to be far greater in low-spin Coln,II(N4) couples than in 
the analogous Ni ln,II(N4) couples. The limited evidence now at 
hand indicates greater variability and slightly larger intrinsic 
barriers for the low-spin NiIII ,n(N4) than for the Cun l 'n(N4) 
couples. These activation barriers, and the resulting reactivity 
patterns, are most likely dominated by Franck-Condon factors. 
Although we do not yet have precise knowledge of the structural 
parameters contributing to the Franck-Condon factors for the 
nickel and copper complexes, there is little doubt that these 
contributions must be smaller than those for the Co"UI(N4) 
complexes. The details of donor-acceptor orbital occupation are 
not distinguishable as factors contributing to outer-sphere elec
tron-transfer reactivity patterns among these Ni and Cu com
plexes.66 

B. Phenomenology of Coupled Cl" and Electron-Transfer 
Processes. Because the transition-state geometry is relatively well 
defined by a three-center-bridging interaction, there is considerable 
potential for large contributions of donor-acceptor orbital sym
metry effects to inner-sphere electron-transfer reactions. Indeed, 
such contributions have often been postulated.17,18"22,67 The major 
focus of this work has been the examination of reaction pathways 
in very closely related series of macrocyclic complexes for man
ifestations of the effects of variations in donor-acceptor orbital 
occupations. We have chosen reactions with a potential for 
mediation by a Cl'-bridging ligand, because chloride-bridged 
pathways have been found to exhibit a 106-107-fold intrinsic rate 
enhancement over outer-sphere pathways in both self-exchange 
reactions (Co(N4)(OH2)Cl2+/Co(N4)(OH2)2

2+) and cross-reac
tions of Co(N4)(OHj)2

2+,24a and because there are relatively few 
complicating features (or side reactions) in chloride media. 

The reactions of Co(OH2)5Cl2+ have proved particularly useful. 
One would expect this species to be a poorer oxidant than Co-
(OH2)6

3+ by 0.1 to 0.2 V.68 The tendency of the weaker oxidant 
to be less reactive (in outer-sphere electron-transfer reactions) 
will be at least partly compensated by the smaller charge and 
possibly by smaller first coordination sphere reorganizational 
energies.69,70 In any event, the smallest ratio of rate constants 
for Co(OH2)5Cl2+/M" to Co(OH2)6

3+/M" reactions is about 2, 
found for M" = Cu"([14]aneN4). This is clearly an upper limit 
for the ratio of outer-sphere reaction rates of Co(OH2)5Cl2+ and 
Co(OH2)6

3+. As a matter of convenience in the discussion below, 
we have used the rates of Co(OH2)6

3+ reactions as the reference 
reactions for the inner-sphere rate advantage of Co(OH2)5Cl2+. 

Since substitution at a labile metal center is a prerequisite for 
the inner-sphere pathway2,1617 this pathway can only be advan
tageous, compared to the outer-sphere pathway, if at least one 
of the following conditions obtains: (a) there is a distinct ther
modynamic advantage to the inner-sphere pathway; or (b) the 
activation barrier for the inner-sphere pathway is much smaller 
than that for the equivalent outer-sphere pathway. The first 
condition appears to be dominant when -CH 3 functions as a 
"bridging" group,10a,24c but appears to be of much less consequence 
for halide-bridging groups. The issues we wish to explore are the 
origin of the purely kinetic advantage, if any, of the Cl"-bridged 

(66) This argument is based on expected differences in CunI-N (~190 
pm) and Cu"-N (~200 pm) bond lengths; details may be found in ref 10a, 
p 154. We would estimate AG'in ~ kJ mor1 and AC00, + w m 17 kj mol"1 

for these systems. 
(67) Bennett, L. E. Prog. Inorg. Chem. 1973, 18, 1. 
(68) Switzer, J. A. (Ph.D. Dissertation, Wayne State University, 1979) has 

found some quasireversible Co(N4)Cl2
+0 couples in HCl media to be about 

100 mV less oxidizing than the corresponding Co(N4)(OH2)2
3+,2+ couples in 

HClO4 media. Assuming formation constants of 26 and 3 M-' respectively 
for Co(OH2)5Cl2+ and Co(OH2J5Cl+ and a 40 J deg"1 smaller AS" for the 
redox couple with the smaller charge, we would estimate Co(OH2)5Cl2+,+ to 
be 0.18 V less oxidizing than Co(OH2)6

3+,2+. 
(69) Note that the Co(N4)Cl2

+/Ru(NH3)6
2+ reactions1<w,70a tend to be 

10-100 times faster than the corresponding Co(N4)(OH2)2
3+/Ru(NH3)6

2+ 

reactions1M,70b even though the latter appear to have larger equilibrium con
stants. 

(70) (a) Rillema, D. P.; Endicott, J. F.; Patel, R. C. J. Am. Chem. Soc. 
1972, 94, 394. (b) Liteplo, M. P.; Endicott, J. F. Inorg. Chem. 1971, 10, 1420. 

inner-sphere pathway. To this end the ratio of second-order rate 
constants for the inner-sphere and outer-sphere processes, &IS//cos, 
should be an approximate indication of the inner-sphere kinetic 
advantage provided the contributions of AG0 are the same for 
both pathways. In general, this will not be the case, and the ratio 
kls/kos should be extrapolated to similar AG0 contributions in 
the rate constants. It is convenient to represent this limiting ratio 
as 

( * I S A O S ) A G - O = x 

The effect of variations of AG° on the rates of inner-sphere 
reactions are not well established, but there are some hints2,243,25"32 

that the dependence may not be much different from that for 
outer-sphere reactions, i.e., as in eq 8. Furthermore, we have 
previously noted20a that kls/kos is comparably large whether one 
compares Co(N4)(OH2)Cl2+/Co(N4)(OH2)2

2+ (k]S) and Co-
(N4)(OH2)2

3+/Co(N4)(OH2)2
2+ (kos) self-exchange reactions 

(AG0 = 0) or cross-reactions of the Co(N4)(OH2)2
2+ species (AG0 

< 0 for both inner-sphere and outer sphere reactions) at similar 
values of AG°. The comparisons we are making, of the order-
of-magnitude variations in kls/kos , are largely isoergonic in the 
two pathways. 

Our approach is usefully illustrated in the Co(OH2)5Cl2+/ 
Fe(OH2)6

2+ reaction, for which kis = 1.0 X 104 M"1 s"1.71 For 
the Co(OH2)6

3+/Fe(OH2)6
2+ reaction, kos = 50 M"1 s"1,72 so 

kls/kos = 2 X 102. This is indicative of a considerable kinetic 
advantage for the inner-sphere pathway, but the rate ratio is not 
quite isoergonic since there is a difference in stability of the 
M(OH2)5Cl2+ complexes.73"75 We assume that this small driving 
force correction affects the rate constants as (K1(CoCl2+) /Kr 

(FeCl2+))1/2 as implied by eq 8, so (kls/^)00n ^ 5 X l O 2 . Since 
the rate of water exchange on Fe(OH2)6

2+ is only k2 = 3 X 106 

s"1,76 and the limiting rate for substitution of a dipositive ligand 
could be 105 M"1 s"1 (assuming for substitution, kobsd = K0k„\ K0 

is the outer-sphere association, or ion pair, constant), the Co-
(OH2)5Cl2+/Fe(OH2)6

2+ reaction may approach the limit for 
substitution of water on iron(ll). For comparison, the Co-
(OH2)5Cl2+ oxidations of Co(N4)(OH2)2

2+ appear to be substi
tution limited (since they occur in a range where the rate becomes 
independent of AG°)24a when k^ ~ 107 M"1 s"1 and kw ~ 108-109 

s-i 59 JJ1115^ tn e observed rate constants yield a ratio, (^IS//cos)corr, 
which may be smaller than the intrinsic rate advantage (x) of 
the inner-sphere pathway. 

If one compares the value of k]s/kos obtained above, for the 
Co(OH2)5Cl2+/Fe(OH2)6

2+ reaction, to /cIS/fc0S ~ 5 reported for 
the Fe(OH2)5Cl2+/Fe(OH2)6

2+ self-exchange reactions,77"81 it 
appears that the Cl"-bridged pathway is more than two orders 
of magnitude more important for the Co-Fe cross-reaction than 
for the Fe111,11 self-exchange. This apparent kinetic advantage of 
the Ci"-bridged pathway could be largely a reflection of the very 
large intrinsic kinetic advantage of the Cl"-bridged pathway in 
Co"1,11 couples (~ 106 for Co(N4) couples)243 if the contributing 
components can be approximately factored: x(Co,Fe) ~ (x-

(71) This is the (Cl") independent rate constant. The weak dependence 
of this reaction on [Cl"] undoubtedly originates from contributions of Fe-
(0H2)5C1+, etc., to the rate. 

(72) Bennett, L. E.; Sheppard, J. J. Phys. Chem. 1962, 66, 1275. 
(73) Connick, R. E.; Coppel, C. P. J. Am. Chem. Soc. 1959, 81, 6389. 
(74) Conocchioli, T. J.; Nancollas, G. H.; Sutin, N. Inorg. Chem. 1966, 

5, 1. 
(75) The small correction applied here is similar to that employed by 

Cannon and discussed on p 260 of ref 2. 
(76) Swift, T. J.; Connick, R. E. J. Chem. Phys. 1962, 37, 307. 
(77) Hudis, J.; Wahl, A. C. J. Am. Chem. Soc. 1953, 75, 3826. 
(78) (a) Sutin, N.; Rowley, J. K.; Dodson, R. W. J. Phys. Chem. 1961, 

65, 1248. (b) Moorhead, E. G.; Sutin, N. Inorg. Chem. 1967, 6, 428. (c) 
Campion, R. J.; Conocchioli, T.; Sutin, N. Ibid. 1964, 86, 4591. 

(79) The actual value of kls/kos for Fe(OH2)5Cl2+/Fe(OH2)6
2+ may be 

greater than implied in ref 74 since most outer-sphere cross-reaction data 
suggest A:os » 5 M"1 s"1.80 It has been suggested80 that the Fe(OH2)6

3+/ 
Fe(OH2J6

2+ reaction is mediated by water bridging. On the basis of these 
considerations, a plausible estimate of k's/kos for Fe(OH2)5Cl2+/Fe(OH2)5

2+ 

would be ~103. 
(80) Hupp, J. J.; Weaver, M. J. Inorg. Chem. 1983, 22, 2557. 
(81) Silverman, J.; Dodson, R. W. J. Phys. Chem. 1952, .56, 846. 
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Figure 2. Graphical representation of the inner-sphere rate advantage 
for chloride-mediated reactions of several complexes. Open points (1-6) 
are based on the reaction rates with Co(OH2)5Cl2+ (Ic®) and Co(OH2)6

3+ 

(fcos), squares for Co"(N4), circles for Ni(N4), triangle for Cu"(N4) 
substrates, and diamond for Fe". For key to numbers 1-15 refer to Table 
VI. Closed circles are for NiIII(N4)Cl/Co"(N'4), and closed triangles are 
for Ni"'(N4) reactions. Closed rectangles are based on Co'"(N4)-
(OH2)Cl/Co"(N4) (kls) and Com(N4)(OH2)2/Co"(N4) (kos) self-ex
change rates (data from refs 1Od, 24a,b, and C-L. Wong, unpublished 
work). Lower limits are indicated by vertical arrows for those inner-
sphere rates that are likely to be limited by substitutions on Co"(N4)-
(OH2)2. Parentheses indicate that we were unable to correct for dif
ferences in reactant and product Mm-Cl formation constants. Macro-
cyclic Hgands in self-exchange reactions are as follows: Me4[14]tetrae-
neN4 (16); Me6[14]4,l l-dieneN4 (17); Me2pyo[14]trieneN4 (18); and 
Me2[14]4,7-dieneN4 (19). Boxes in the center of the figure indicate the 
ranges of the inner-sphere rate advantage (x) for different classes of 
compounds extrapolated to kos = 1: (a) Conl-Co" and Co11^Ni" re
actions; (b) Ninl-Co" reactions; (c) NiIU-Ni" and CoUI-Cuu reactions. 

(Co,Co)-x(Fe,Fe))'/2. At face value these observations suggest 
a reactivity order x(Co,Co) > x(Fe,Fe). Similar orderings of 
reactivity patterns have led to the postulated correlation of the 
significance of the inner-sphere pathway to the symmetry of donor 
and acceptor orbitals.67,82 

In comparing the Co(OH2)6
3+ and Co(OH2) 5C12+ reactions with 

M"(N4) and Fe(OH2)6
2+ complexes (Tables I, II, and VI), it is 

to be noted that the most effective reductant toward Co(OH2)6
3+ 

is the poorest reductant of Co(OH2)5Cl2+: Cun([14]aneN4). It 
is also pertinent that the reaction of Co(OH2)6

3+ with Cu11-
([14]aneN4) is an exception among the Mn(N4) reactions studied, 
in its independence of pH (in the range of 2 < pH < I).83 As 
noted above, a small first coordination sphere reorganizational 
barrier for the low-spin Cu ln , II(N4) couples is reasonable and 
appears to be generally observed. That Cu"([14]aneN4) does not 
significantly discriminate between the Co(OH2V+ ar>d Co-
(OH2)5Cl2+ oxidants provides no evidence for the reaction pathway 
for the later oxidant, but it does demonstrate that the inner-sphere 
pathway offers no significant rate advantage for the Cu ln '"(N4) 
couple. The contrast in kinetic behavior is dramatic for the same 
oxidants with Co"(N4), NiH(N4), and even Fe(OH2)6

2+. The 
observed order of magnitude variations in the selective reactivity 
toward Co(OH2)5Cl2+ (i.e., in kls/kos) are strong evidence for 
a kinetically important inner-sphere pathway in all these systems. 
That values of kls/kos based on the Co(OH2)5Cl2+-Co(OH2)6

3+ 

comparison with Co"(N4) substrates approach those obtained from 
CoIIUI(N4) self-exchange reactions,242 despite the limitations of 
rate imposed by Co"-OH2 bond breaking and the order of 

(82) Stritar, J. A.; Taube, H. Inorg. Chem. 1969, 8, 2281. 
(83) In view of the strongly oxidizing couples involved, one might be 

tempted to postulate a water bridged pathway"'' (as suggested by a referee) 
for the Co(OH2)J

3+ZCu11JN4) reactions. The insensitivity to variations in pH 
and the correlations with other outer-sphere reaction rates of the Co-
(OH2)6

3+'2+ and CuIlul(N4) couples support the proposed outer-sphere path
way. 

magnitude difference in the individual rate constants, is in accord 
with the mechanistic inference and argues that such large values 
of kis/kos (105-107) are a characteristic of the Co-Cl-Co tran
sition state for the Cr-bridged reactions (see Figure 2). 

The Co(OH2)5Cl2+/Ni'I(N4) reactions are roughly comparable 
in rate to the Co(OH2) 5Cl2+/Con(N4) reactions, but inner-sphere 
pathways of low-spin d8 Ni(II) are not likely to be rate limited 
by axial substitution.57 Considerations outlined above indicate 
that these reactions are 104—105 times faster than expected for 
the equivalent outer-sphere electron-transfer processes; i.e., k^/k08, 

~ 104±1 for Con i /Nin(N4) . The intrinsic advantage of the in
ner-sphere pathway is very large with Nin(N4) and Co"(N4) 
substrates. Note that on the time scale of our flash photolysis 
studies, the Nim(N4) product of the Co(OH2)5Cl2+ reactions was 
always Nilrl(N4)Cl. For N4 = [14]aneN4, Me2[14]4,7-dieneN4, 
and Me4[14]tetraeneN4 this product could be generated in non-
equilibrium amounts, since anation and aquation are relatively 
slow in these Ni(III) complexes. This and the relative rate 
considerations noted indicate that these are indeed inner-sphere 
reactions. 

The stability of Nim(N4)Cl makes it relatively easy to use as 
an oxidant. We have used Nim([14]aneN4)Cl, Nim(Me4[14]-
tetraeneN4)Cl, and NiIH(Me6[14]-4,ll-dieneN4)Cl (this last 
species was, of course, always in equilibrium with the solution) 
as oxidants toward Con(N4) and Ni"(N4) complexes. Many of 
these reactions are again limited by the rate of water loss on 
Co(II), but those for which such restrictions are not likely to be 
a problem (see Table VI) indicate that (kls/kos)C0TT ~ 103-104 

for such combinations. This approaches the range of observations 
in Co(OH2)5Cl2+/Ni"(N4) reactions (see Figure 2) and suggests 
that the intrinsic inner-sphere rate advantage for Ni-Cl-Co 
transition states does not depend on the details of formulating the 
inner-sphere transition states; i.e., it is independent of which metal 
is the oxidant, independent of the nominal coordination numbers 
of the reactants, etc. 

C. Likely Origins of the Inner-Sphere Rate Advantage in the 
Cl"-Bridged Systems. The intrinsic kinetic advantage for the 
inner-sphere, Ci~-bridged pathway shows a distinct dependence 
on the metal: x(Co,Co) > x(Co,Ni) > x(Ni,Ni) > x(Co,Cu) 
(see Figure 2). This is in part in the order of the increasing number 
of electrons in the formal transition state M-Cl-M' three-center 
bond; counting the occupation of the d^ orbitals of the homo-
lytically dissociated divalent metals, and the p2 orbital of the Cl 
radical, these are respectively 3, 4, 5, and 4. Since a three-cen
ter-bonding arrangement is associated with one bonding, one 
non-bonding, and one anti-bonding orbital, the order of decrease 
in x(M,M') can be associated with an increase in the number of 
electrons in this orbital system. The greatest number of electrons 
along the z axis (5 for Ni/Ni) would have to populate the an-
tibonding orbital, and thus de-stabilize the transition-state-bridging 
interaction. The three- and four-electron cases exhibit very 
considerable rate advantages for the inner-sphere pathway. That 
x(Co,Ni) ~ x(Ni,Co) argues against any simple dependence on 
reactant substitutional properties. 

The Co/Ni reactions raise some interesting conceptual points. 
Our description of the transition state is referenced to the ho-
molytic dissociation limit (Co", -X, Ni"). Referenced to this limit, 
the formal description of a three-center transition-state-bonding 
interaction is independent of the precise electron configurations 
of the reactants, i.e., whether the reactants are Co111 and Ni11 

(d6/d8) or Ni"1 and Co11 (d7/d7). Both reactant electron con
figurations result in four electrons in the M-X-M' transition-state 
bond. 

The failure to observe a significant rate enhancement in Co-
(OH2)5Cl2+/Cun(N4) reactions is very interesting. Owing to the 
steric constraints of the macrocyclic ligand, the formal bonding 
interactions are the same for (Co-Cl-Ni) and (Co-Cl-Cu) 
transition states (three-center, four-electron bond). However, 
x(Co,Cu) is much less than x(Co,Ni) and probably smaller in 
magnitude than x(Ni,Ni). On the other hand, this is the single 
system investigated in which the electron transfer-donor orbital 
(d^ys on Cu") is sterically constrained to be orthogonal to the 
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axis of the (M-X-M) transition-state bond. We propose that this 
orthogonality results in an unfavorable inner-sphere pathway in 
Co11VCu11 reactions. It is to be noted that this prohibition must 
be quite strong in view of the preference of Co111'11 couples for a 
chloride-bridged, electron-transfer pathway. 

The instability of Cum(N4) complexes has frustrated our at
tempts to examine further the validity of the proposed relationship 
between electron-transfer-oribtal/transition-state-bonding-orbital 
orthogonality and the kinetic advantage of inner-sphere elec
tron-transfer pathways. For example, attemps at the reactions 
of Culn(2,4-02[14]anato(-2)N4) with Co"(N4) complexes, even 
at a compromise pH of 3, were complicated by the apparent 
decomposition of the Cu111 complex leading to poorly reproducible 
rates; our limited observations indicate that 1 < x(Cu,Co) < 4 
X 102 for these reactions. More significant are the surprisingly 
slow Cl27Cun(N4) reactions (Table II). The Cl2" radical is a 
powerful oxidant (E! ^ 2.6 V) with a strong tendency to react 
by "oxidative addition" rather than by simple outer-sphere electron 
transfer. The results argue that the Cun(N4) substrates are 
somewhat more reluctant to react by such a pathway than are 
Con(N4) and Nin(N4) complexes. 

It is important to note that while the reactions 

Cl2- + M"(N4) — Cl- + M'"(N4)C1 

are formally comparable to the coupled ligand-electron transfer 
reactions 

M m -Cl + M"(N4) — M" + MI11CN4)Cl 

of concern in this study, reactions that form metastable adducts 
as product species may not be conveniently described in terms of 
a homolytic reaction coordinate. Reactions in which metastable 
adducts form are likely to involve relatively strong M-X-M' 
transition-state-bonding interactions (or relatively small changes 
in M-X bond lengths), and few features of the approach we have 
considered are likely to apply. Common examples that appear 
to involve M-X-M' transition-state interactions but not necessarily 
M-X homolysis are reactions involving the IrCl6

2"-3- and Fe-
(CN)6

3"4- couples. Margerum and co-workers64,84 have combined 
such reactants with polypeptide-Cu"1,11 couples and obtained 
results that they interpret in terms of a dominant inner-sphere 
pathway. Unfortunately, interpretation of the original report843 

was complicated by a failure to take into account a large work 
term correction (arising from the difference in charge types of 
the cross-reaction and the component self-exchange reactions) in 
the estimates of the rate constant for outer-sphere electron transfer. 
Making an approximate work term correction, one finds 
(ytobsd//tos(calcd)) < 102 for all the reactions reported64'84 and 
(feobsd/fe

os(calcd)) ~ 1 for several of the reactions. These small 
ratios of observed to calculated rate constants are not particularly 
helpful in establishing the reaction mechanism, but they do suggest 
that "fcIS/A:0S" is small for such reactions. In the present context 
it may be more significant that the polypeptide-Cu111,11 cross-
reactions (and self-exchange reactions) were found to be inde
pendent of [Cl"] .84a 

In a systematic discussion of the reaction coordinate, the 
"forbiddenness" of the Co(OH2)5Cl2+/Curl(N4) reaction should 
be treated in terms of a forbidden crossing from the reactant 
and/or product potential energy surfaces to the three-center 
transition state. This is most conveniently discussed in terms of 
a hypothetical Cu ln(N4)Cl/Cun(N4) self-exchange reaction. The 
homolytic cleavage of the Cu11^N4)(Cr) "bond", to yield the 
Cu"(N4) product, does not correlate with the ground-state 
Cuu(N4) product since the Cu dx2_̂ ,2 orbital cannot contribute to 
the Cu-Cl "bonding" interaction along the z axis. Rather, any 
such interaction must involve high-energy Cu orbitals (e.g., 4s 
or 4sp) and be correlated with a high-energy Cu" excited state. 

(84) (a) Koval, C. A.; Margerum, D. W. Inorg. Chem. 1981, 20, 2311. (b) 
Rybka, J. S.; Margerum, D. W. Ibid. 1981, 20, 1453. (c) Anast, J. M.; 
Margerum, D. W. Ibid. 1982, 21, 3494. 

(85) The axial interaction energy need not exceed that associated with 
normal solvation interactions. Real but very weak, axial Cu-ligand interac
tions are routinely found for Cu"(N4) complexes. 
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Figure 3. Qualitative correlation diagram representing the effects of a 
forbidden crossing on the transition-state energetics for an inner-sphere 
reaction. Solid curves represent (lower curve) homolytic dissociation of 
the (Mm-Cr) ground state to an electronically excited metallo fragment 
(*M",-C1) and (upper curve) an unbound charge-transfer state corre
lating with the ground-state M" electronic configuration (*(MC1)CT ""•" 
M1VCl). The dashed curve indicates the effect of the forbidden crossing 
on the hypothetical transition state for the inner-sphere pathway (*(IS)*). 
If the M111Cl" ground-state homolysis correlated smoothly with product 
ground states (M11, Cl) as in the dotted curve, this would result in a 
lower-energy inner-sphere transition state (IS)'. Approximate energy 
relations are based on charge-transfer and thermal energetics in a 
(Cunl(N4),Cr)-Cun(N4) system. Reactant (R) and product (P) po
tential energy surfaces are included for convenience in correlating with 
transition states, but product excited states, dissociation limits, etc., are 
omitted for clarity. 

The resulting promotion energy is consistent with a weak 
Cu m (N 4 ) -Cr bond. The approximate correlation diagram is 
presented in Figure 3. Assuming overall Dn transition-state 
symmetry, the transition-state-bonding interaction would have A2u 

symmetry, and crossing to this configuration from the Cu1"-
(N4)Cl/Cun(N4) potential energy surface for the reactants in their 
ground states is forbidden owing to the B lg (ground state) sym
metry of Cu"(N4). In lower symmetry (e.g., C41) the crossing 
from the ground-state surface would still be symmetry forbidden 
(B1 -* A1), and considerable promotion energy (3d —• 4s) would 
be required to achieve the lowest excited state for which crossing 
to the transition state is allowed. The forbidden crossing to the 
transition state and mixing of the excited states results in a large 
value of AG*ls as illustrated in Figure 3. 

Some similarities of the Cu111,11 and Fe111,11 couples might be 
expected. Again, one has a forbidden crossing from the 
ground-state potential energy surface to the transition state (E 
—• A); however, the promotion energy to the correlated excited 
states, some mixture of (5E;t3e3)Fe(II) and (4T1It

4C)Fe(III), should 
be smaller for the iron couple. This smaller promotion energy 
could account for a meaningful three-center transition-state-
bonding interaction and the observation of a small value of fcIS/^os 

for the Fe(OH2)5Cl2+/Fe(OH2)6
2+ couple.77"81 A cobalt partner 

in the transition-state three-center bond should lead to a stronger 
interaction and larger value of kls/kos, as observed. As a final 
comment on the iron system, we note that for a C21-. transition-state 
symmetry, the ground-state/transition-state surface crossing is 
symmetry allowed. This may account for the apparent effec
tiveness of hydroxide bridging in promoting the Fe(OH2)6

3+,2+ 

self-exchange.81 

The analogous descriptions of Co/Ni or Ni/Ni reactions do 
not involve symmetry-forbidden ground-state/transition-state 
surface crossings, nor do they require correlation with excited 
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electronic states of the reactants. 
D. Summary and Conclusions. By using macrocyclic ligand 

complexes it has been possible to systematically examine the 
response of simple electron-transfer reactivity patterns to changes 
in reactant electron configuration. As one would anticipate there 
is no special effect, over and above variations in Franck-Condon 
factors, detectable for reactions approaching the outer-sphere limit. 
In contrast, a large variation in reactivity patterns is observed for 
inner-sphere, Cr-bridged, electron-transfer reactions. In order 
to evaluate the effectiveness of the inner-sphere pathway in 
promoting electron transfer we have approximated the free energy 
independent reactivity, or the intrinsic rate advantage of the 
inner-sphere pathway (x) in terms of the ratio of the rate constants 
for inner-sphere and outer-sphere electron transfer, k^/k05. For 
Co(OH2)5Cl2+ oxidations (k°s determined from the corresponding 
Co(OH2)6

3+ reactions) of M"(N4) complexes, x = 104-106, 
105-106, and 2, for M = Co, Ni, and Cu, respectively. For 
Mln(N4)Cl/Mn(N'4) reactions % = 106±1 and 101±2, respectively, 
for M = Co and Ni. Finally, for the Co(OH2)5Cl2+/Fe(OH2)6

2+ 

reactions x ^ 103 compared to x ~ 10 reported for the Fe-
(OH2)5Cl2+/Fe(OH2)6

2+ reaction. 
The results of this work suggest the following general features 

for reactions in which electron transfer is coupled with transfer 
of a bridging ligand: 

1. A homolytic (Mm-X") bond-dissociation coordinate is a 
useful starting place for discussion of the inner-sphere reaction 
coordinate. 

2. With reference to this coordinate, the transition state for 
inner-sphere electron transfer may be usefully described in terms 
of a three-center, M-X-M bond formalism, constructed from 
metal dzi and X pz orbitals (for a* —* a* reactions). 

3. The stability of the inner-sphere transition state tends to 
decrease with increases in the number of electrons in a three-center 
transition-state bond. In particular, three-electron and four-
electron transition-state-bonding configurations result in an ap
preciable kinetic advantage for the inner-sphere pathway while 
there is relatively little advantage to the five-electron configuration. 

4. The inner-sphere pathway is kinetically advantageous only 
if the three-center-bonding interaction also mixes the electron-
transfer donor and acceptor orbitals. This amounts to a symmetry 
requirement and is best formulated in terms of the electronic 
configurations of the individual metal reactants that correlate with 
the electronic configuration of the three-center (nM-X-M') bond. 

The symmetry constraints can then be discussed in terms of 
symmetry-allowed or -forbidden crossing from the reactant po
tential energy surface to the three-center transition state. 

This approach provides a model for the transition state in 
reactions in which transfer of a bridging ligand occurs in concert 
with electron transfer. The transition-state model is referenced 
to the homolytic dissociation limit and thus does not include a 
detailed description of the association of reactant species to form 
the bridged transition state; more specifically, the larger reactivity 
variations are attributed to properties of the three-center transition 
state rather than to peculiarities of precursor complexes. The data 
available regarding free energy independent inner-sphere re
activities are in reasonable accord with the view that the electronic 
properties of the three-center transition-state M-X-M' bond are 
of much greater importance to reactivity variations than are the 
substitutional properties of the reactant complexes. 
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