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solution, succinic acid being the sole organic product. 
Therefore, inner-sphere electron transfer through the un- 
protonated forms of complexes 4, 5,  and 6 would conform to 
the present picture for this type of mechanism. It is noted that 
acetylenedicarboxylic acid has been shown to be a lesr effective 
electron-mediating structural unit as compared to fumaric acid 
when the strong reductant [Cr(OH2)6]2+ is used.14 It seems 
plausible that for the weaker reductant TiOH2+ the outer- 
sphere reduction of the unprotonated form of 6 is energetically 
as favorable as or more favorable than the inner-sphere path. 

The presence of two @-carbonyl groups suitable for the 
formation of a chelated precursor complex with the reductant 
is thought to be responsible for the very high rates of electron 
transfer in the Cr2+ reductions of oxalatotetraammine- 
~ o b a l t ( I I 1 ) ~ ~  and oxalatopentaamminecobalt(III).31 This was 
bolstered by the observation of a decrease in the rate of in- 
ner-sphere Cr2+ reduction by 3-4 orders of magnitude when 
binuclear p-oxalato complexes which contain only one remote 
carbonyl oxygen are the oxidants. Finally, if no carbonyl 
oxygen is available a t  all as in the tetranuclear p4-oxalato 
complex 7, an outer-sphere mechanism has been observed.1° 
A very similar pattern emerges from this study when TiOH2+ 
is the reductant. Thus the unprotonated [ C O ( N H ~ ) ~ C ~ O ~ ] +  
is reduced by TiOH2+ at a very high rate6 (Table 111), whereas 
complex 7 is reduced very slowly via an outer-sphere mech- 
anism. Although the inner-sphere TiOH2+ reduction of 
[ ( N H 3 ) 4 C ~ C 2 0 4 ] +  is surprisingly slon bearing in mind the 
Cr2+ results, a rate enhancement by a factor of 15 is still 
observed as compared to the reduction of the unprotonated 
p-oxalato complex 4. 

The importance of chelation in inner-sphere electron 
t r a n ~ f e r ~ , ~ ~  is also demonstrated by the observation that the 
binuclear p-salicylato complex 3 is reduced by Cr2+, V2+, and 
TiOH2+ very slowly via outer-sphere mechanisms, indicating 
that either the phenolic OH group alone is not suitable for 
precursor complex formation or electron transfer through the 
ligand is energetically not favorable (it should be noted that 
both oxygen atoms of the carboxylate are coordinated to 
Co(II1) and are not available for the reducing aquo ions). In 
contrast, reduction of the mononuclear salicylatopenta- 
amminecobalt(II1) complex by Cr2+ 21 and TiOH2+ (or 
[Ti(OH2)6]3+)7 shows marked enhancement of rates of re- 
duction respectively due to attack of the reductant at  the 

Daniel H. Huchital and Joseph Lepore 

adjacent carbonyl oxygen and chelation a t  the phenolic hy- 
droxo group. 
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Oxidation-Reduction Reactions between Cobalt (11) and - (111) Chelate and 
Iron(II1) and - (11) Cyanide Complexes. Outer- vs. Inner-Sphere Mechanisms' 
DANIEL H. HUCHITAL* and JOSEPH LEPORE 

Received August 12, 1977 
Both the forward and reverse reactions for the systems Co"(che1ate) + Fe"'(CN),X + Co"'(che1ate) + Fe"(CN)SX have 
been studied at  ionic strength 0.26 M, at  pH 6.00, and at  several temperatures. The chelates were ethylenediaminetetraacetate 
ion (EDTA), 1,2-propyIenediaminetetraacetate ion (PDTA), and trans-l,2-~yclohexanediaminetetraacetate ion (CyDTA). 
The X was either CN- or triphenylphosphine (Ph,P). Rate  data for the forward reactions follow the same pattern as in 
earlier studies: a rapid formation of a binuclear cyano-bridged complex and a slow formation of mononuclear products. 
The reverse reactions were studied more extensively. Runs were done in the presence and absence of ascorbic acid (added 
to drive the reactions to completion). Equilibrium constants for the overall reaction were calculated from data obtained 
in the absence of ascorbic acid. These values were in good agreement with constants obtained from kinetic data.  Trends 
in rates and activation parameters and comparisons with similar systems lead to the conclusion that the reactions occur 
by an outer-sphere mechanism. This is the same conclusion Haim reached based on limited studies at 25 'C. 

The electron-transfer reaction between cobalt(I1)-chelate 
complexes of the type Co"Y (where Y = EDTA, PDTA, 

(where X = CN-, P(C6HJ3, etc.) has the overall stoichiometry 

(1) CyDTA, etc.) and iron(II1)-cyanide oxidants. Fe111(CN)5X Co"Y t Fe111(CN)5X t CoIIIY + FeII(CN),X 
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In the initial studies r e p ~ r t e d ~ - ~  for this reaction the presence 
of a deeply colored intermediate was taken as evidence of an 
inner-sphere electron-transfer process and the reaction was 
treated according to the scheme 

K 
Co"Y + F e''' (CN) , X 

[YCo1I1-NC-FeII(CN),X] CoI"Y + FeI'(CN),X (3) 

[ YCoI"-NC-FeII(CN), XI (2) 
k 

k-2 

In this scheme the intermediate observed is the binuclear 
successor complex between cobalt(II1) and iron(I1) centers. 
The mononuclear products are formed via the dissociation of 
this binuclear complex. For purposes of discussion this 
mechanism is termed "inner sphere". 

An alternate mechanism has been proposed by Haim and 
co-workers6 which attributes the formation of mononuclear 
products to a direct outer-sphere electron-transfer path between 
iron(II1) and cobalt(I1) reactants. The proposed scheme 
involves the formation of the same cobalt(II1)-iron(I1) species 
observed above (i.e., eq 2) with eq 4 representing the pathway 

k 
Co"Y + FelI1(CN),X ColIIY + FeII(CN),X (4 1 

k-3 

for product formation. 
mechanism is termed "outer sphere". 

outlined above lead to the same rate law, viz. 

For purposes of discussion this 

Both the inner-sphere'' and "outer-sphere" mechanisms 
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Table I. Derived Parameters for the Slow Reaction for 
Co"(che1ate) and Fe(CN), 3- 

COIICYDTA~ 

T ,  "C K,, M-' 103k,,b S - I  i o k , , ~  M-1 S-1  

a [ CoIIY] [ Felll(CN)S XI 
1 + b[Co"Y] 

rate = (5) 

when [Co"Y] >> [Fe111(CN)5X]. Plots of the inverse of the 
observed first-order rate constant k-lobsd vs. [Co"Y]-' are linear 
with a = k2Kl and b = K1 for the inner-sphere scheme and 
a = k3 and b = K1 for the outer-sphere scheme. Thus, the 
rate data obtained can be treated to yield inner- or outer-sphere 
constants and the choice of mechanism must be made on 
indirect (nonkinetic) evidence. 

Haim and co-workers obtained this indirect evidence from 
the study of the reverse reaction (i,e,, the reduction of 
CoII'EDTA by Fe(CN),4-). Their study led them to conclude 
that the cobalt(II1)-iron(I1) species was a "dead end" to the 
production of products. In a study using four different 
pentacyanoiron(II1) oxidants, Ewall and Huchita17 proposed 
that both paths were operative with the choice of inner sphere 
or outer sphere dependent on the value of K1 (eq 2 ) .  

In an effort to find other avenues of evidence we have further 
investigated both the forward and reverse reactions of eq 1 
under both sets of ionic strength and pH conditions reported 
for these systems in the literature. We have determined the 
values of k2 (dissociation, inner-sphere path), k3 (outer-sphere 
path), and k-3 (reverse reaction) and their associated activation 
parameters. The results at  ionic strengths 0.66 and 0.26 M 
are comparable and lead to the same conclusion-that both 
the forward and reverse reactions occur by an outer-sphere 
mechanism. The results of the studies at  ionic strength 0.26 
M are reported here. 
Experimental Section 

Materials. Na4Fe(CN),. 10H20 ,  N a O H ,  and ascorbic acid were 
Fisher reagent grade chemicals. Na3Fe(CN),  was purchased from 
Pfaltz and Bauer, PDTA as the acid from LaMont Laboratories and 
CyDTA as the acid from J. T. Baker. All of the above were used 
without further purification. NaC104 was initially prepared by reaction 
of N a 2 C 0 3  with HClO4 and purified by recrystallization. Later work 
employed G. F. Smith hydrated reagent NaC104. Results of ex- 
periments using both preparations agreed within experimental error. 
Na3.Fe(CN)JP(C6H5)3.2H20 was prepared and analyzed as described 
by Nast and Krieger.* The hexadentate chelated cobalt(II1) complexes 
(COY-, Y = EDTA, ethylenediaminetetraacetate; PDTA, 1,2- 
propylenediaminetetraacetate; Cy DTA, trans- 1,2-~yclohexanedi- 

10.02 t 0.04 76.9 f 2.4 4.27 f 0.13 3.46 2 0.05 
14.97 f 0.02 56.4 f 3.3 7.81 f 0.45 4.41 2 0.08 
19.99 f 0.02 35.2 f 3.0 14.5 f 1.0 5.09 f 0.02 
25.00 f 0.02 26.2 ?: 1.7 22.0 f 1.4 5.77 2 0.03 

COIIPDTA~ 

19.98 f 0.02 6.02 f 0.21 2.36 f 0.04 1.42 ?r 0.04 
25.00 f 0.02 3.55 f 0.30 4.79 f 0.17 1.70 f 0.14 
30.03 f 0.02 2.70 f 0.06 8.88 f 0.08 2.40 2 0.04 
35.00 f 0.02 2.32 i 0.14 13.9 f 0.40 3.22 2 0.10 

AH,* = 17.9 f 0.6 kcdl 
AH,* = 5.25 f 

a Ionic strength 0.26 M; pH 6.00. 
mol- ' ,  AS2# = -5.94 f 0.40 cal mol-' deg-'. 
0.40 kcal mol-', AS,* = -40.7 f 1 .4  cal mol-' deg-'. 
20.6 f 0.8 kcal mol-', AS2* = +0.27 f 1.5 cal mol-' deg-'. 
e AH,* = 9.4 f 0.8 kcal mol-', AS,* = -25.7 f 2.5 cal mol-' 
deg-' . 

aminetetraacetate) were prepared according to literature proce- 
d u r e ~ . ~ - "  Visible spectra showed absorption maxima and molar 
absorptivities in agreement with literature  value^.^^'^.'^ 

Solution Preparation. Stock solutions of all chemicals were prepared 
by weight except for cobalt(I1) nitrate solutions which were 
standardized by titration with standard EDTA using xylenol orange 
i n d i ~ a t 0 r . I ~  Cobalt(I1)-chelate solutions were prepared in situ for 
each run using a 10% excess of the appropriate chelate. Hexa- 
cyanoferrate(I1) solutions were analyzed spectrophotometrically after 
oxidation to the iron(II1) complex with peroxydisulfate using a molar 
absorbance of 1023 M-' cm-I a t  420 nm for Fe(CN),3-. Concen- 
trations of cobalt(II1) chelates and iron(II1) complexes were checked 
spectrophotometrically. Sample solutions were prepared so that kinetic 
runs were at I = 0.26 M and p H  6.00. The  p H  was set using the 
multidentate chelate, N a O H ,  and NaC104 and checked before and 
after each run using a Fisher Accumet Model 520 pH meter. 

Kinetic Measurements. All runs were carried out under pseu- 
do-first-order conditions. For the forward reactions the cobalt(I1) 
chelates were in excess, whereas for the reverse reactions the iron(I1) 
complex was in excess. Kinetic measurements and spectra were 
obtained using a Cary 15 spectrophotometer. The  wavelengths of 
observation for kinetic runs were at  the maxima for the most absorbing 
species (420 nm for the forward reactions and 536-540 nm for the 
reverse reactions). 

Results 
Forward Reaction. When Co"EDTA or related complexes 

are mixed with ferricyanide ion or substituted pentacyano- 
ferrate(II1) complexes, there is a rapid color change repre- 
senting the formation of the cobalt(II1)-iron(I1) species 
(written as [YCO"'-NC-F~"(CN)~X]). This is followed by 
a slower reaction to form the final cabalt(II1) and iron(I1) 
products. Kinetic measurements were made on this process. 
Reactions were carried out at  pH 6.00 and Z = 0.26 M under 
conditions where the cobalt(I1)-chelate complex was in large 
excess. The absorbance data at  420 nm obeyed a first-order 
kinetic scheme (log (A ,  - A,) plotted against time). The 
first-order rate constants obtained from these plots were then 
treated according to eq 5 as outlined above. The results are 
reported in Table I for Y = CyDTA and PDTA. The results 
for Y = EDTA and X = CN- or triphenylphosphine were, 
within experimental error, identical with literature valuese7 A 
linear regression plot of the temperature variation of K1 yields 
the values AHl' = -12.4 f 0.6 kcal mol-] for Y = CyDTA 
and AHl' = -1 1.2 f 1 .O kcal mol-] for Y = PDTA. Line- 
ar-regressed Eyring plots for k2 and k3 yielded activation 
parameters for each path. These are shown in Table I. 

Reverse Reaction. Kinetic studies on the reverse reaction, 
the oxidation of Fel'(CN),X by Co"'Y, have been reported6 
for only one system and at  only one temperature. We have 

AH2* = 
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Table 11. Rate Constants for the Reduction of Co"IY by Fel'(CN),Xa 
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1O2k_,, M" s-' 

T,b " C  

1.41 i. 0.03 15.OC 11.3 c 0.1 
20 .o 19.7 i 0.4 8.82 i: 0.24 1.59 i: 0.02 
25 .O 29.7 i: 0.3 13.9 i: 0.2  2.59 i: 0.03 3.08 i. 0.03 

5.22 i. 0.14 30.0 46.4 i: 0.4 21.6 t 0.1 4.05 i: 0.06 
35 .0 70.4 i: 0.7 32.8 t 0.1 6.70 k 0.08 8.38 k 0.07 

Y = EDTA, X = CN- Y = PDTA, X = CN- Y = CyDTA, X = CN- Y = EDTA, X = Ph,P 

AH-,* = 15.4 i- 0.3 AH-,* = 15.0 i. 0.2  AH-,* = 16.3 i 0.2 AH-,* = 16.8 i: 0.2 
AS.,* e = -9.3 ?: 0.2 as_,* =-12.0 t 0.2 AS_ ,*=-11 .2 t  0 .2  AS.,* = -8.8 i 0.2 

a pH 6.0; ionic strength 0.26 M. [Ascorbic acid] = 6.70 X lo- ,  M;  [CO"~Y] = (2.20-2.35) X M .  Temperature variation between 
runs was 20.1 "C (different Y's); k0.04 "C otherwise. 
deg-' . 

For Y = EDTA, X = Ph,P, the temperature was 17.0 "C. kcal mol- ' ,  e cal mol-' 

Table 111. Comparison of Rate Constants for the Reduction of 
CoII'Y by Fe(CN),4- a 

102k-, ,  M-' s.'l 
With Without 

Complex ascorbic acidb ascorbic acidC 
~ ~~ 

CoEDTA- 29.7 ?r 0.3  29 i. 3 
CoPDTA- 13.9 * 0.2 14 i: 2 
CoCyDTA- 2.59 i: 0.03 2.6 i 0.4 

Temperature 25.0 "C; pH 6.00;  ionic strength 0.26 M .  Ob- 
tained from slopes of k,, vs. [FeII]  (see text)  plots. 
from initial slopes of absorbance vs. time data. Each entry is the 
average of a t  least 4 runs. 

extended these studies to all the systems where the forward 
reaction has been investigated. As the reductions of 
C0"'EDTA and other similar chelate complexes by Fe(CN)6" 
are thermodynamically unfavorable, ascorbic acid was added 
to the solutions. Under these conditions the Fe11'(CN)5X 
products were rapidly reduced, maintaining pseudo-first-order 
conditions for all reactions independent of initial Fe(I1) 
concentration. Tests in the absence of Fe(I1) confirmed that 
Co"'Y complexes were not reduced by ascorbic acid a t  pH 6 
to any appreciable extent compared to Fe(I1) reduction. 
Pseudo-first-order rate constants kobsd for the loss of Co"'Y 
were obtained from slopes of log ( A ,  - A,) vs. time plots, all 
of which were linear for a t  least 4 half-lives. For each system 
kobsd was plotted vs. the concentration of Fe(I1) reductant. 
Each plot was linear with a zero intercept and thus the 
second-order rate constants k-3 were obtained from the slopes 
of these lines. The results for the four systems studied are 
reported in Table 11. Least-squares analyses of the tem- 
perature variations of these constants resulted in the activation 
parameters listed in Table 11. Temperature control was f0.04 
OC for replicate runs. 

Although the direct reductions are unfavorable on the whole 
under the reaction conditions used, there is a substantial 
absorbance change (up to 40-50% of total Co"'Y loss) even 
when the reaction is run in the absence of ascorbic acid. 
Analysis of the data, however, is complicated by the formation 
of the intermediate (via eq 2). Thus, initial-rate studies were 
used to determine the second-order rate constants. The re- 
sultant k-3 values are reported in Table I11 for the Co"'Y/ 
Fe(CN)63- systems along with comparison values obtained in 
the presence of ascorbic acid. 

Equilibrium Constants. The reverse reaction in the absence 
of ascorbic acid occurs to a reasonable extent under the ex- 
perimental conditions employed. Using this information and 
the fact that ascorbic acid rapidly reduces Fe(CN)63- allows 
us a facile method to determine the equilibrium constants for 
the reaction 
COY- 4 Fe(CN),4- 

and designated K,. Reactions were conducted at  pH 6.00 and 
ionic strength 0.26 M. The reactants (Fe(CN)64- in excess 

Obtained 

COY'. t Fe(CN), 

Time 

Figure 1. Schematic absorbance-time plot for the reduction of COY- 
by Fe(CN)64- in the absence of and after the addition of ascorbic acid. 

over Co"'Y) were mixed in the absence of ascorbic acid and 
the absorbance change followed at  the spectral maximum of 
the cobalt(II1) species. When the absorbance leveled off, 
ascorbic acid was added and the reaction was followed to 
completion. A typical absorbance vs. time curve is shown in 
Figure 1. which can be explained as follows. 

Initially there are two complexes in solution, COY- and 
Fe(CN)64-. At  the wavelength chosen, only COY- absorbs, 
and the absorbance change reflects the disappearance of this 
complex. As the reaction proceeds, the concentrations of 
COY*- and Fe(CN)63- products, and hence the cobalt(II1)- 
iron(I1) species (I,), become appreciable. Five species are now 
present in solution with both 1, and COY- contributing to the 
observed absorbance. After the system reaches equilibrium 
( l e ) ,  ascorbic acid is added. This causes the destruction of 
Fe(CN)63- and I,, leaving COY- as the only absorbing species. 
Once again the absorbance change reflects the disappearance 
of COY-. Now, however, the COY- reacts until it is completely 
consumed. 

The difference between the initial absorbance, A,,, and the 
absorbance at  equilibrium, A,, is proportional to the con- 
centration of COY- reacted. From this and the reaction 
stoichiometry, values of K, can be obtained. The equation used 
was 

K ,  = 
U 

A,([Fel'Jie - a )  

where a = (A ,  - Ae) ,  [Fe"Ii is the initial Fe(CN)64- con- 
centration, and t is the extinction coefficient of the COY- 
complex. Values of K, and associated thermodynamic pa- 
rameters are listed in Table IV. 

The validity of this approach to the determination of K, is 
shown through the quantity A (see Figure 1).  The value of 
3 is directly related to the concentration of I , ,  this being the 
only absorbing species which is destroyed upon addition of 
ascorbic acid. Thus, the equilibrium constant K ,  can be 
calculated. Values at  25 "C are 300 for Y = EDTA, 23 for 
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Table IV. Equilibrium Constants for the Reduction of COY- by 
Fe(CN),4- at Ionic Strength 0.26 Ma 

+ 
Inorganic Chemistry, Vol. 17, No. 5, 1978 1137 

Table VI. Activation Parameters Calculated for Inner- and 

1O2KC, M-' 
T ,  ' C . Co(EDTA)- Co (PDTA)- Co(CyDTA)- 
20.13 7.40 5.40 3.44 
25.10 10.3 6.53 4.34 
30.04 13.1 9.20 5.95 
35.18 16.8 10.9 7.95 

AH= ~ 9 . 8  * 0.4 aH" = 9.5 2 0.7 aH" = 10.4 !I 0.4 
A S o C = 2 7 . 9 k  1.2 A S 0 = 2 6 . 5 *  2.3 A S 0 = 2 8 . 9 i : 1 . 2  

a [COY-], = 2 X~ M, [Fe(CN),4-], = (5-10.5) x lo-, M .  
I ,  kcal mol- ' .  

Table V. Kinetic and Thermodynamic Results for Forward and 
Reverse Reactions of C o y 2 -  with Fe(CN),'- a 

cal mol-' deg-' , 

X = CN- 103k2 = 9.56 k - 2 61 1O2k_, = 29.7 
Y = EDTA AH* = 22.3 LH' 9.5 AH' = 15.4 

As*  = +7.1 AS* = -24.8 AS* = -9.3 

X =  CN- 103k, = 4.79 k - 1.70 102k_,  = 13.9 
Y = PDTA AH'= 20.6 LH'= 9.4 AH* = 15.0 

A s *  = -10.27 As*  = -25.7 AS* = -12.0 

X =  CN- 103k, = 22.1 k - 0.577 1 0 3 k 3  = 2.59 
Y = CyDTA AH' = 17.9 A%' = 5.3 AH* = 16.3 

X =  Ph,P lo%, = 1.09 k - 2 19 1O2k-, = 3.08 
Y = EDTA AH* = 23.0 LH'=' 12.3 AH* = 16.8 

AS* = +6.4 AS* = -15.8 AS* = -8.8 

AS* = -5.9 AS* = -40.7 AS* = -1 1.2 

a pH 6.00; I 0.26 M; T = 25 "C. kcal mol-'. cal mol-' deg-' , 

Y = CYDTA, and 320 for Y = PDTA. All values are in good 
agreement with those reported previ~usly.~ 

Discussion 

Two distinctly different mechanisms, inner sphere (reactions 
2 and 3) and outer sphere (reactions 2 and 4), have been 
postulated to account for the stoichiometric significance of 
reaction 1. The results of the forward reaction treated by both 
mechanisms and of the reverse reaction are presented in Table 
V. The original inner-sphere interpretation reflected the fact 
that all systems exhibited a common complex rate law and that 
a cyano-bridged binuclear intermediate was identified in each 
case. The equilibrium-constant and rate-constant trends for 
the formation of this intermediate (K,) and its subsequent 
first-order dissociation (kz) were satisfactorily explained in 
terms of steric interactions which are present in the PDTA 
and CyDTA systems but absent in the EDTA system4,, or in 
terms of charge and size effects upon replacement of a cyano 
group by another ligand. Examination of K1 and k2 values 
listed in Table V tends to support this argument. Alternatively, 
however, the results are also in accord with the outer-sphere 
mechanism proposed by Haim and co-workers.6 The decrease 
in k3 going from EDTA to CyDTA is small (a factor of less 
than 5 )  and can be attributed to small steric contraints. 

Several approaches might be considered to distinguish 
between these two mechanisms. One such approach is to study 
the reverse reactions. By invoking the principle of microscopic 
reversibility, the reaction between COY- and Fe(CN)64- should 
proceed by either an inner-sphere or outer-sphere process. For 
the outer-sphere case the observed rate constant is simply k-3. 
For the inner-sphere case the rate law is expected to be in the 
form of eq 5 with a = k-,K-* and b = K-z. Using the values 
for K,  obtained in this study along with the known values of 
K1, K-z can be calculated to be 28 M-', 23 M-I, and 2.0 M-l, 
respectively, for the EDTA, PDTA, and CyDTA systems ( I  
= 0.26 M). The magnitude of K-z for the first two systems 
is sufficient to instill hyperbolic behavior in their respective 
plots of the pseudo-first-order constants vs. the concentration 
of the excess reagent.', Such behavior is not observed because 

Outer-Sphere Processes: Dependence on  Ionic Strengtha 

m,*, As%*,  AH,+, 
k&l cal mol-' kcal cal mol-' 

I ,  M mol-' deg-' Ref mol-' dep-' Ref 
~ _. 

Y = EDTA 
0.26 22.3 +7.1 7 9.5 -24.8 b 
0.66 25.4 +16.1 4 8.7 -26.5 b 

Y = CyDTA 
0.26 17.9 -5.9 b 5.3 -40.7 b 
0.66 23.0 +10.9 4 5.5 -40.6 b 

Y = PDTA 
0.26 20.6 +0.27 b 9.4 -25.7 b 
0.66 26.5 +14.5 5 7.7 -31.3 b 

a Fe(CN),3- as oxidant. This work. 

the equilibrium described by K-z is slow compared to the 
proposed dissociation of the intermediate (k-l). A steady-state 
treatment on the cobalt(II1)-iron(I1) species yields the rate 
law 

rate = k-2[Fe(CN)64-] [ C o y 1  - ,-[Fe(CN):-] k 1k2 [COY'-] (7) 
IC- 1 

The second term in eq 7 is negligible or zero since any Fe- 
(CN)63- which might form is rapidly reduced back to Fe- 
(CN)64- by ascorbic acid.I6 Thus, the absence of curvature 
cannot be used as a criterion for mechanism. 

In the absence of this type of direct evidence the mechanism 
must be deduced, as in other electron-transfer reactions,17 from 
indirect evidence. Such evidence was presented by Haim and 
co-workers in their study.6 If the reduction of COY- by 
Fe(CN)64- proceeds by an inner-sphere mechanism, the ob- 
served second-order rate constant reflects the substitution of 
Fe(CN)64- into the first coordination sphere of COY- to 
produce the cyano-bridged binuclear species. However, 
substitution rates (ring-opening processes) of CoEDTA- 
complexes6J8 fall in the range 10-3-104 s-l and should be even 
slower for CoPDTA- and CoCyDTA- c~mplexes . ' ~  These 
rates are much less than the redox rates (0.026-0.30 M-' s-~).~O 

Hence, the outer-sphere mechanism is  more realistic for  
the reverse reaction, and, when microscopic reuersibility 
considerations are used, the forward reaction also proceeds 
by an outer-sphere mechanism. 

Comparisons of the activation parameters for the forward 
reaction among themselves and with other similar processes 
support the above conclusions. The activation parameters for 
the kz process (see Table V) are not in line with those for 
dissociation of similar CoYX" (X = OH-, C1-, Br-) complexes. 
I t  has been demonstrated that these reactions proceed by an 
SN1 mechanismz1 and exhibit entropies of activation which 
vary by only a few entropy units as a function of ionic strength. 
Our results as shown in Table VI indicate a marked depen- 
dence on ionic strength for the k2 (inner-sphere) path but not 
for the k3 (outer-sphere) path. 

Additional support for the outer-sphere mechanism is found 
in the application of the Marcus relationship22 

kl2 = (kllbKlz)1'2 (8 )  

where k l l  and kz2 are self-exchange rates and K l 2  is the 
equilibrium constant for the reaction. Using self-exchange 
rate constants of 2 X and 1 X M-' s-l 23,24 for 
COEDTA-'I-~ and Fe(CN)6-3/-4, respectively, and the value 
of Kl2 from the present work, kI2 is calculated to be 0.5 M-' 
s-l, which is in reasonable agreement with the value of k3 = 
2.61 obtained here.z5 

For the reverse reaction (the reduction of COY- by Fe- 
(CN)64-) the rate constants decrease in the order EDTA > 
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B. Grossman, Ph.D. Thesis, State University of New York at Buffalo, 

W. H. Woodruf, B. A. Burke, and D. W. Margerum, Inorg. Chem.. 13, 
2573 (1974). 

1969, pp 109-110. 
PDTA > CyDTA. This order is not unexpected since Co- 
CyDTA- is known12 to be a weaker oxidizing agent than 
CoEDTA-. The equilibrium constants for these reactions are 
in agreement with the rate data. The decrease in k-3 values 
can be attributed partly to the greater size of the CyDTA 
chelate, resulting in a greater tunneling distance and thus a 
lower probability for barrier penetration.26 The rate constant 
for the reduction of CoEDTA- by Fe(CN),PPh,3- is explained 
by a decrease in electrostatic interaction and a weaker driving 
force (lower A E o )  for the reaction. 

Registry No. CoIICyDTA, 65802-32-6; CoI'PDTA. 52021-76-8; 
CoIIEDTA, 1 1063-56-2; Fe(CN)63-, 13408-62-3; Fe(CN)5(Ph3P)2-, 
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32. Synergism in Redox Catalysis, Leading to Four-Membered in 
Vitro Electron-Transport Chains' 
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Several pairs of redox catalysis have been found to exhibit catalytic effectiveness, for the E d +  reduction of C ~ ( e n ) , ~ + ,  
considerably more marked than the sum of the individual catalyses. One  catalyst in each pair has a donor site which may 
function as a lead-in group and appears to react with ELI'' via an inner-sphere process; the other member may participate 
only in outer-sphere electron transfer. The  proposed catalytic sequence, illustrated for the combination of isonicotinamide 
(I) and methylviologen (V), leads to  a rate law (eq 4 in the text) corresponding to that observed. Specific rates for some 

k l  ELI** + I F== Eu3+ + I .  
k-1 

k2 I .  + v e  I t v .  
k-  1 

k v. + Co(lI1) -1, v + co2+ 

of the steps comprising each of the catalytic sequences have been obtained from studies on single-catalyst systems, whereas 
the ratio k2/k-* is determined by the standard potentials of the catalysts. For most sets of conditions here examined, the 
specific rate of the overall reaction approaches klkzk3/k_,k_2.  The  observed specific rate for the reaction, as catalyzed 
by the isonicotinamide-methylviologen couple, is found to be in reasonable agreement with that obtained by combination 
of the known specific rates for the individual steps, both in 1 M HC104 and in acetate buffer. Ratios of reactant to catalyst 
in the latter medium can be adjusted to estimate a value of k2 which, in conjunction with the  E,  values for the catalysts 
in this medium, allows assignment of a specific rate to each step in the sequence. Radicals derived from both catalysts 
react rapidly and completely with Co(en)33+. The  enhanced effectiveness of the two catalysts in tandem arises because 
the radical from the outer-sphere member (e.g., V.) which attains the greater steady-state concentration, is generated by 
the action of Eu2+ a t  a lower specific rate than the radical from the inner-sphere member (e.g., I.). 

In an earlier report2 we pointed out the formal analogy 
between in vivo electron-transport chains and electron-transfer 
reactions catalyzed by external organic species in solution. The 
latter processes, however, may at best be considered highly 
abbreviated models of the bio systems, for they feature, aside 
from the metal ion centers which furnish the driving force for 
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the net reaction, only a single catalytic intermediary. 
The present communication deals with several systems in 

which the in vitro electron-transfer chain has been expanded 
to four members by inclusion of two catalysts exhibiting a 
combined action greatly exceeding the sum of their individual 
effects. The "outer-members" of the chains, C ~ ( e n ) ~ ~ +  and 
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