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noanions are better competitors than (Table V). The 
[ (NH3)5CoF]2+ ion appears to behave anomalously both in 
its competition properties with anions32 and with the isotopes 
of water6 and is the sole exception to this generalization. 
Furthermore, NCS- can be captured either through nitrogen 
or through sulfur; S capture increases with increasing charge 
on the reactant while N capture appears to remain essentially 
constant (Table V). Finally, [ (NH3)5CoOS03]+ produces the 
amido precursor complex [ (NH3)4NH2CoOS03] of zero 
charge, yet anion competition in 1 M NaN3 occurs to an 
appreciable extent (Table VI). These observations are difficult 
to reconcile with an ion pair mechanism. 

There is still, therefore, a considerable degree of consistency 
in the evidence in favor of an S,lcB mechanism which gen- 
erates a reactive five-coordinate intermediate on a time scale 
comparable with, or shorter than, that for the relaxation of 
its precursor's ionic atmosphere. The atmosphere appears to 
be at least partly controlled by the overall charge and largely 
independent of the leaving group. There is no correlation with 
the size, geometry, or electronic properties of the leaving group. 
Nor is there a general correlation with the ion-pairing ability 
of competitors. Moreover, it appears that ion-paired species 
do not always capture the paired ion effectively and that ion 
pairing may even inhibit the competition properties of the 
generated intermediate at least toward anions. 

The evidence for discrete intermediates is compelling not 
only in this instance but also in related systems. Notable 
examples are the base hydrolyses of the (R)-  and (S)-a,P- 
[(nitrato)(tetraethylenepentamine)cobalt(III)] (2+) and &- 
(RR,SS)-[C~(trien)((gly)OR)Cl]~+ (R = H, C2H5) ions, 
which require intermediates to account for rearrangement after 
loss of the leaving group and before the entering group is 
~ a p t u r e d . ~ ~ , ~ ~  

Although, for the pentaamminecobalt(II1) complexes, the 
intermediate [(NH3),CoNH2I2+ appears to be common to all 
of the systems, the data require it to be generated in different 
environments. The evidence indicates that it is a short-lived 
species which does not equilibrate with the total system. Yet 
it lives long enough to undergo rearrangements.* 

There is still a need for more competition data, especially 
for low-charged, zero-charged, and anionic complexes, and we 
are currently exploring these aspects. The situation is akin 
to that of the "hot* carbonium ion in organic chemistry, and 
we can presume a variety of "solvent cage" phenomena will 
be observed in systems where the lifetimes of the intermediates 
are too short to allow their equilibration with the whole me- 
dium. 

Acknowledgment. We thank the Microanalytical Section, 
The Australian National University, for elemental analyses. 

Registry No. [ (NH3)SCoOC(NH2)2]3+,  31253-57-3; 
[(NH3)sCoOSMe2]3+, 44915-85-7; [(NH3)5CoOP(OMe)3]3+, 

14970-14-0; [(NH3)5CoI]2+, 15392-08-2; N3-, 14343-69-2; MeCOc, 
71-50-1; SCN-, 302-04-5; MeOH, 67-56-1. 

14970-17-3; [(NHj)SCoOS03]+, 18661-07-9; [(NH3)SCoC1I2+, 

Supplementary Material Available: Two tables of kinetic data 
(Tables I1 and IV) (3 pages). Ordering information is given on any 
current masthead page. 

(43) Foxman, B. M.; Herlt, A. J.; Marzilli, P. A,; Sargeson, A. M., to be 
submitted for publication. A preliminary account is given in ref 4, p 
328. 

(44) Buckingham, D. A.; Marty, W.; Sargeson, A. M. Helu. Chim. Acta 
i 9 7 a , 6 i ,  2223. 

Contribution from the Department of Chemistry, 
State University of New York, Stony Brook, New York 11794 

Electron-Transfer Reactions of Ion Pairs: Reductions of Various Substituted 
(Pyridine) pentaamminecobalt (111) Complexes by Hexacyanoferrate(I1) 
ALTONY J. MIRALLES, ALEK P. SZECSY, and ALBERT HAIM* 

Received June IS, 1981 

The reductions of a series of substituted (pyridine)pentaamminecobalt(III) complexes by hexacyanoferrate(I1) proceed 
via formation of an ion pair C O ( N H ~ ) ~ L " +  + Fe(CN)64- + C O ( N H ~ ) ~ L " + I F ~ ( C N ) ~ ~ ,  Qw followed by internal electron 
transfer within the ion pair C O ( N H ~ ) & " + [ F ~ ( C N ) ~ ~  - CO(NH~)~L(~')'IF~(CN)~~-, ket. Values of QrP (in M-I) and k,, 
(in s-l) at  25.0 OC, ionic strength 0.10 M, and pH 5.0 are as follows: nicotinamide, (2.5 i 0.4) X lo3, (5.04 i 0.18) X 

4,4'-bipyridine (bpy), (2.3 i 0.2) X lo3, (2.40 * 0.05) 
X N-methyl-4,4'-bipyridinium (N-Mebpy), (3.2 
i 0.4) X lo3, (4.74 i 0.17) X pyridine-bonded 
4-cyanopyridine, (2.5 i 0.2) X lo3, (15.1 f 0.3) X nitrile-bonded 3-cyanopyridine, (1.5 i 0.2) X lo3, (76 i 4) X 

The ion pairs c ~ ( N H ~ ) ~ p y ' + l F e ( c N ) , ~  and CO(NH~)~(N-M~~~~)~+~F~(CN)~~- exhibit charge-transfer bands at 
445 (molar absorbance 160 M-' cm-I) and 470 nm (molar absorbance 240 M-' cm-I). It is postulated that the ion pairs 
feature approach of Fe(CN)6& on the ammonia side of the cobalt(II1) complexes. The electron-transfer process is assumed 
to be adiabatic and the variations in rate are associated with changes in the reduction potentials and/or rate constants 
for self-exchange of the cobalt(II1) complexes. 

isonicotinamide, (5.3 i 2.3) X lo3, (3.58 i 0.25) X 
1,2-bis(4-pyridyl)ethane, (2.8 i 0.4) X lo3, (1.01 i 0.03) X 

pyridine-bonded 3-cyanopyridine, (1.3 0.2) X lo', (34.6 2.4) X 

Introduction 
The importance of measuring rates of electron-transfer 

reactions in the intramolecular mode has been emphasized 
repeatedly.2 In previous publications, we have reported rate 
constants for intramolecular electron transfer in binuclear 

complexes containing iron(I1) and cobalt(II1) bridged by 
various  pyridine^.^-^ For inner-sphere reactions, the geom- 
etries of the binuclear complexes are well established, and, 
therefore, structure-reactivity relationships can be studied. For 

(1) Abstracted in part from the Ph.D. Dissertation of A.J.M., State Univ- 
ersity of New York at Stony Brook, July 1974. 

(2) Haim, A. Acc. Chem. Res. 1975, 8, 264. 

(3) Gaswick, D.; Haim, A. J .  Am. Chem. SOC. 1974, 96, 7845. 
(4) Jwo, J. J.; Haim, A. J. Am. Chem. SOC. 1976, 98,1172. 
( 5 )  Jwo, J. J.; Gaus, P. L.; Haim, A. J .  A m .  Chem. SOC. 1979, 101, 6189. 
(6) Szecsy, A. P.; Haim, A. J .  A m .  Chem. SOC. 1981, 103, 1679. 

0020-1669/82/1321-0697$01.25/0 0 1982 American Chemical Society 



698 Inorganic Chemistry, Vol, 21, No. 2, 1982 

example, we were able to find an inverse linear correlation 
between the free energy of activation and the distance between 
the metal centers.6 In contrast, for outer-sphere reactions, 
because of the lability of the ion pairs, the relative orientation 
of the two metal complexes, when at least one of them is not 
symmetrical, is unknown.' Under these circumstances, in- 
direct criteria must be invoked' to obtain information about 
the details of the pathway for the electron transfer, and it 
becomes important to accumulate kinetic data for outer-sphere 
reactions of a variety of complexes for which the inner-sphere 
reactivity is known. In the present paper, we report mea- 
surements of intramolecular electron transfer within ion pairs 
formed by hexacyanoferrate(I1) and substituted (pyridine)- 
pentaamminecobalt(II1) complexes (eq 1 and 2). The in- 
ner-sphere reactivity of these complexes toward pentacyano- 
ferrate(I1) has been studied ex tens i~e ly .~"~~ 

Miralles, Szecsy, and Haim 

C O ( N H , ) ~ L ~ +  + Fe(CN)64- CO(NH,)~L~+~F~(CN); -  

CO(NH, )~L~+IF~(CN) ,~ -  -k CO(NH,),L~+IF~(CN),~- 

(1) 

(2) 
Experimental Section 

Materials. The purifications of the distilled water, the sodium and 
lithium perchlorates, the argon, and the sodium hexacyanoferrate(I1) 
were described p r e v i ~ u s l y . ~ ~ ~  All other materials were reagent grade 
and used as received. 

Preparation of Complexes. The perchlorate salts of the pentaamine 
complexes of nicotinamide? i~onicotinamide,~ 4,4'-bi~yridine,'~ N- 
methyl-4,4'-bipyridini~m,~~ 1,2-bi~(4-pyridyl)ethane,~ 3-cyanopyridine 
(both linkage isomers)? and 4-cyanopyridme" (pyridinebonded isomer) 
were prepared according to the references cited. 

Kinetic Measurements. The slower (half-lives longer than - 15 
s) reactions were measured spectrophotometrically with a Cary 14 
spectrophotometer according to the method described previously for 
Co(NH3),py3+.' The faster reactions (half-lives shorter than - 10 
s) were measured with a Durrum 110 stopped-flow apparatus. Rate 
Constants were obtained by nonlinear least-squares fitting of absorbance 
vs. time measurements to the equation A ,  = A ,  + (Ao - A,)  exp- 
(-kobst). A. and kobd were taken as floating parameters, and excellent 
agreement between experimental and calculated A, values was obtained 
for about 4 half-lives. 

Spectra of Ion Pairs. The spectra of the ion pairs 

were obtained by mixing rapidly at  5 OC a solution of the appropriate 
cobalt(II1) complex with a large excess of Fe(CN)64-, followed by 
repetitive scanning of the resulting solution. Extrapolation to the time 
of mixing gave the spectra of the ion pairs. 
Results and Discussion 

All measurements were carried out in the presence of 
EDTA2- to prevent precipitation of cobalt(I1) hexacyano- 
ferrate(I1) and/or -(III)." Under these conditions, mixing 
of the yellow-orange pyridine complex of pentaammine- 
cobalt(II1) with the colorless hexacyanoferrate ion results in 
a sequence of three color changes. The first is the instanta- 
neous formation of an orange color. This is followed by a 
change, over a period of seconds, to a yellow color. Finally, 
a reddish purple color is produced over a period of hours. The 
interpretation of the color changes is straightforward. The 

(7) Miralles, A. J.; Armstrong, R. E.; Haim, A. J .  Am. Chem. Sor. 1977, 
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(11) Gaswick, D.; Haim, A. J .  Am. Chem. SOC. 1971, 93, 7347. 
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Figure 1. Pseudo-first-order rate constants (kobd) for reduction of 
various pyridine complexes of pentaamminecobalt(II1) by hexa- 
cyanoferrate(I1) at  25 O C ,  f i  0.10 M, pH 5.0, [EDTA2] = (1.5-2.0) 
X M. Each point is the average 
of 2-4 replicate measurements. Complexes: A, IV; B, 111; C, 11; D, 
V; E, VI; F, VIII; G, VI1 (bound a t  pyridine N);  H, IX (bound at  
cyano N).  

first change corresponds to the diffusion-controlled formation 
of the ion pairs (eq 1). The second change is the internal 
electron transfer which produces yellow Fe(CN),,- and, in the 
presence of EDTA2-, CoEDTA2- (eq 2 and 3). Finally, the 
CO(NH,),L*+~F~(CN),~- + EDTA2- - 

CoEDTA2- + Fe(CN),,- i- 5NH3 (3) 

CoEDTA2- and Fe(CN)63- produced in eq 3 undergo an 
electron-transfer reactionI2 (eq 4) that produces purple 
CoEDTA-. This reaction is very slow and does not interfere 
with the reaction of interest, eq 2. 

[Co(III)] = (2.0-5.0) X 

CoEDTA2- + F L ~ ( C N ) ~ ~ -  -P COEDTA- + Fe(CN)64- (4) 
Values of koW for all the complexes studied are plotted vs. 

[Fe(CN),"] in Figure 1. It will be seen that the reactions 
become less than first-order in Fe(CN)64- as its concentration 
increases. The ion pair mechanism represented by eq 1 and 
2 predicts a value of koM given by eq 5 .  The measured values 

of kobd were fitted to eq 5 by means of a nonlinear least- 
squares calculation, and the resulting values of k,, and QIP are 
listed in Table I. The solid lines in Figure 1 are calculated 
from the parameters in Table I, and it will be seen that the 
parameters reproduce the experimental results reasonable well. 

The values of Qw (1.3-6.3) X lo3 M-l, are as expected for 
4-/3+ ion pairs. By utilization of 4.5 X 
for the radii of Fe(CN)b4- and of the cobalt complex (if the 
approach by the iron complex is on the side of ammonia), 
respectively, the equilibrium constant calculated from eq 6 and 
7 is 4.2 X lo2 M-'. If the approach of the iron complex is on 

and 3.6 X 

U(a)  = ZlZ2e2 /Da( l  + K U )  (7) 
the side of the heterocyclic ligand, then the calculated equi- 
librium constants, with radii in the range (6.0-12.0) X 
cm, are in the range 77-144 M-l. The agreement with the 

~~ 
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with a metal (Fe) to metal (Co) charge-transfer band. 

plexes (NH3)5C0111LFe1* (CN), where 
Intramolecular electron transfer within the binuclear com- 

Table 1. Ion Pair Formation Constants and Internal 
Electron-Transfer Rate Constants for Reactions of Fe(CN),4- 
with Co(NH,),L3+" 

2.4 c 0.2 1.51 c 0.08 

2.5 t 0.4 5.04 c 0.18 hq (:I) 
CONHZ 

N S C O N H ;  1111) 5.3 t 2.3 3.58 t 0.25 

2.3 c 0.2 2.40 t 0.05 

3.2 t 0.4 4.74 c 0.07 

1.3 t 0.2 34.6 c 2.4 

C N  

N$=&-ch ivI:I) 2.5 t 0.2 15.1 t 0.3 

-hi 

NC-Q I I X )  1.5 t 0.2 76 c 4 

(1.5-2.0) X M. 
At  25 'C, ionic strength 0.10 M, pH 5.0, [EDTAZ-] = 

experimental value of QIP is considerably better for the cal- 
culation with a = 8.1 X lo-* cm, and, therefore, we suggest 
that the structure of the ion pair involves closest approach 
between the iron and cobalt complexes on the side of the 
ammonia ligands. However, even with the smaller value of 
a, the calculated equilibrium constants are smaller than the 
experimental values. Perhaps, as suggested previously,6 hy- 
drogen bonding adds stability to the already favorable elec- 
trostatic interaction. The orientation assigned to the ion pairs 
is compatible with the spectroscopic information. The ion pairs 
C O ( N H ~ ) ~ ~ ~ ~ + ~ F ~ ( C N ) ; -  and C O ( N H ~ ) ~ ( N - M ~ ~ ~ ~ ) ~ + I F ~ -  
(CN),"exhibit maxima at 445 f 10 (molar absorbance 160 
f 15 M-' cm-l) and 470 f 15 nm (molar absorbance 240 f 
25 M-' cm-l), respectively. Had the iron approached the 
cobalt complex on the side of the heterocyclic ligand, we would 
have expected the absorption maxima to be near those of the 
l i ga~~d-Fe [CN)~~-  charge-transfer complexes. No value is 
available for pyridine, but the Fe(CN),"!N,N'-Mezbpy2+ 
charge-transfer complex exhibits an absorption maximum at 
530 nm.l4 The large difference between the wavelengths for 
the maxima of CO(NH,)~(N-M~~~~)~+(F~(CN),~- and of 
N,N'-Me2bpyZ+IFe(CN)64- as well as the similarity between 
the former and the ion pair (CO(NH,)~PY~+~F~(CN),"  leads 
us to suggest that the orange color of the ion pairs is associated 

was found previously5 to proceed with rate constants 2.6 X 
1.4 X 2.0 X and 4.8 X s-l, respectively. 

For the first two ligands, which are rigid and keep the two 
metal ions away from each other, electron transfer presumably 
occurs through the ligand. In contrast, for the last two ligands 
electron transfer is probably "outer sphere", the flexibility of 
the hydrocarbon chain that connects the two pyridine rings 
allowing for close approach between the cobalt and iron cen- 
ters. The similarity in rate between the "inner sphere" and 
the "outer sphere" rates can be interpreted on the basis of 
adiabatic electron transfer, the coupling between the metal 
orbitals, whether through the aromatic ligand or through the 
ammonia and cyanide coordination shells, being sufficient to 
result in unit probability of electron transfer once the appro- 
priate nuclear configuration has been achieved. With recog- 
nition of the insensitivity of these rates to the detailed pathway 
of electron transfer, it is noteworthy that the range of rates 
(from 1.5 X to 34.6 X s-l) for internal, outer-sphere 
electron transfer within the ion pairs containing a pyridine 
bound to cobalt is somewhat wider than the range of rates for 
intramolecular electron transfer in the binuclear complexes. 
Presumably, the internal electron-transfer processes within the 
ion pairs are also adiabatic, whether through the aromatic 
ligand or the ammonia coordination shell, the variation in rates 
reflecting differences in the reduction potentials and/or the 
rate constants for self-exchange in the cobalt(II1) complexes. 
Interestingly, the rate constants for intramolecular molecular 
electron transfer in the ion pairs C O ( N H ~ ) ~ O S ( C H ~ ) ~ ~ + ( F ~ -  
(CN)5L3- (L = imidazole, ammonia, pyridine, pyrazine, iso- 
nicotinamide, pyrazine-2-carboxamide) after correction for the 
differences in the thermodynamic driving forces show little 
or no ~ar ia t i0n . l~  The implication is that electron transfer 
is adiabatic and that the rate constants for the self-exchange 
reaction of the iron complexes do not vary much. 
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