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Abstract: The reaction between hexachloroiridate(IV) and pentacyanocobaltate(II) to produce hexachloroiridate-
(III) and hydroxopentacyanocobaltate(III) proceeds in two stages. The first stage, too fast to be measured (Jc, > 
107 M - 1 sec-1), is attributed to the inner-sphere redox reaction of IrCl8

2- with Co(CNV - to produce the metastable 
intermediate Cl5IrClCo(CN)5

6-. The second stage is attributed to the dissociation of the intermediate via Co-Cl 
bond rupture, and yields the final products. The dissociation of the intermediate is a first-order process with kd = 
4.0 sec - 1 at 25° and ionic strength 0.10 M, AH * = 15.4 kcal/mol, and A S * = - 4 . 2 eu. The mechanism of this and 
related r eactions is discussed. 

Since the discovery of the bridged activated complex 
in oxidation-reduction reactions,2 there has been 

considerable interest in the binuclear complexes formed 
as the primary products of the electron transfer step.3 

The direct detection and characterization of such 
bridged, binuclear products, either as long-lived species 
or as transient intermediates, is possible only under very 
favorable circumstances.3 The first example of a 
chloride-bridged binuclear complex, namely Cl5IrClCr-
(H2O)6 , was found in the reaction between hexachloro-
iridate(IV) and chromium(ll) , originally studied by 
Taube and Myers,4 and recently reexamined in detail 
by Thorneley and Sykes.5 Additional oxidation-re
duction systems that feature chloride-bridged binuclear 
intermediates have been recently found in the reactions 
of various chlororuthenium(III) complexes with chro-
mium(II) . 6 - 8 In the present study, we are concerned 
with the binuclear, chloride-bridged intermediate Cl5Ir-
ClCo(CN) 5

6 - produced in the oxidation of C o ( C N ) 5
3 -

by I rCl 6
2 - . The question of whether the bridging 

chloride is transferred to the reductant or retained by the 
oxidant is examined in considerable detail. 

Experimental Section 

Materials. All solutions were prepared with triply distilled 
water. Ionic strength was maintained with sodium perchlorate 
prepared from 70% perchloric acid and anhydrous sodium car
bonate. Manipulations involving oxygen-sensitive solutions were 
carried out in an atmosphere of argon. The argon was purified 
by passing it over a BTS catalyst (B.A.S.F. Colors and Chemicals, 
Inc.). Sodium hexachloroiridate(IV) hexahydrate was tested for 
the presence of iridium(III) species by comparing the spectra of 
solutions in 2.36 M perchloric acid before and after saturation 
with chlorine.9 No reduced species were detected. Sodium cy-

(1) This work was supported by Grants GP-6528 and GP-9669 from 
the National Science Foundation. 

(2) H. Taube, H. Myers, and R. Rich, J. Amer. Chem. Soc, 75, 4118 
(1953). 

(3) For a review, see A. G. Sykes, Advan. Inorg. Chem. Radiochem., 10, 
183 (1967). 

(4) H. Taube and H. Meyers, J. Amer. Chem. Soc, 76, 2103 (1954). 
(5) R. N. F. Thorneley and A. G. Sykes, J. Chem. Soc, 232 (1970). 
(6) W. G. Movius and R. G. Linck, /. Amer. Chem. Soc, 91, 5394 

(1969). 
(7) J. A. Stritar and H. Taube, Inorg. Chem., 8, 2281 (1969). 
(8) D. Seewald, N. Sutin, and K. O. Watkins, J. Amer. Chem. Soc, 

91, 7307 (1969). 

anide was standardized by titration with silver® in the presence 
of iodide ion as an indicator.10 Solutions of cobalt(II) perchlorate 
were standardized against Na2H2EDTA • 2H2O using murexide as 
an indicator.11 Solutions containing Co(CN)6

3- were prepared by 
adding the appropriate amount of the deoxygenated cobalt(II) 
perchlorate stock solution to a deoxygenated solution containing 
the desired quantities of sodium cyanide, sodium hydroxide, and 
sodium perchlorate. 

Kinetic Measurements. The rates of reaction were measured 
spectrophotometrically in a rapid flow apparatus constructed 
following the design of DuIz and Sutin.12 The disappearance of 
the intermediate produced in the reaction of IrCl6

2- with an excess 
(usually 10%) of Co(CN)5

3- was followed at 420 nm, near an ab
sorption maximum for the intermediate, and at 487 nm, an ab
sorption maximum for IrCl6

2-. Plots of log (At — Ax) vs. time 
were linear over three-four half-lives, and the slopes of such plots 
were used to calculate the first-order rate coefficient for the dis
appearance of the intermediate. 

Stoichiometry of the IrCl6
2 --Co(CN)5

3 - Reaction. Considerable 
difficulty was experienced in determining the concentrations of 
IrCl6

3- and Ir(OH2)Cl5
2- produced in the IrCl6

2--Co(CN)6
3-

reaction. Briefly, the procedure consisted of mixing the IrCl6
2-

with a slight excess of Co(CN)6
3-, allowing the reaction to proceed 

to completion, adding perchloric acid to decompose the excess 
Co(CN)5

3-, oxidizing the IrCl6
3- and Ir(OH2)Cl6

2- produced in 
the reaction to IrCl6

2- and Ir(OH2)Cl5
-, respectively, by means of 

chlorine,9 sweeping out the chlorine, and finally examining the 
resulting solution spectrophotometrically in the 700-300-nm region. 
It was found that the absorbances at 487 nm of samples of the 
product solution taken in succession and subjected to the above 
procedure decreased as the time elapsed between the completion 
of the reaction and the acidification increased.13 There was also 
a slight decrease in absorbance for successive oxidations of a given 
acidified product solution,14 but oxidized solutions were quite 
stable. In order to minimize the above changes, the following 
procedure was adopted. The reaction was carried out in a 100-ml 
volumetric flask fitted with a serum cap. Manipulations were 

(9) I. A. Poulsen and C. S. Garner, ibid,, 84, 2032 (1962). 
(10) I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative 

Analysis," Macmillan, New York, N. Y., 1952, p 546. 
(11) G. Schwarzenbach, "Complexometric Titrations," Interscience, 

New York, N. Y„ 1957, p 68. 
(12) G. DuIz and N. Sutin, Inorg. Chem., 2, 917 (1963). 
(13) It was also observed that product solutions (basic medium) 

developed a slight turbidity after 1 hr. Possibly, olation phenomena 
are responsible for this effect. 

(14) The rate of decrease in absorbance was somewhat faster than 
that expected on the basis of the early9 kinetic measurements on the 
aquation of IrCIs3", but appears to be compatible with the recent mea
surements of A. J. P, Domingos, A. M. T. S. Domingos, and J. M. P. 
Cabrial, /. Inorg. Nucl. Chem., 31,2563 (1969). 
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Table I. Kinetics of the Dissociation of (CN)5CoClIrCl6
6-

Expt 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

[IrCl,»-]o X 1OS 
M 

8.0 
2.0 
2.0 
2.0 
0.20 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

[Co(CN)6
3-]o X 10S 
M 

8.4 
20 
4.0 
2.1 
0.21 

20 
4.0 
2.1 
2.1 
2.1 
2.1 
2.1 
4.0 

[CN-]o X 10S 
M 

2.0 
2.0 
2.0 
2.0 
2.0" 
2.0 
2.0 
2.0 

10/ 
200 

1000 
2.0 
2.0 

Temp, 
0C 

10 
10 
10 
10 
10 
20 
20 
20 
20 
20 
20 
30 
30 

ki, s ec - 1 b 

1.08 
1.00,0.90,0.98» 
0.96,0 .99 
0.86,0.82 
0.94,0.93« 
2.35 
2.43,2.38 
2 .35,2 .40 
2.61,2.74 
2.67,2.57 
2.53,2.50 
5.85,5.90 
6.22,5.87 

° Ionic strength 0.10 M maintained with sodium perchlorate. [OH-] = 5.0 X 10-3 M unless otherwise indicated. h Unless indicated 
otherwise, first entry from measurement at 420 nm and second entry from measurement at 487 nm. Each figure represents the average of 
duplicate experiments with the same pair of solutions. c Measurement at 390 nm. d [OH-] = 1.0 X 10~3 M. ' Measurement at 260 nm. 
i [OH-] = 5.0 X 10-2 M. 

performed in the absence of oxygen by means of syringe techniques. 
The desired amount of a stock cobalt(II) perchlorate solution was 
added to ca. 40 ml of a solution containing the appropriate amounts 
of sodium cyanide, sodium hydroxide, and sodium perchlorate. 
The required amount of IrCl6

2- solution was then added, followed 
immediately (ca. 15 sec at 0° and 2-3 sec at room temperature) 
by the addition of 10 ml of chilled 1 M perchloric acid (.CAUTION: 
HCN). The flask was placed in a 0° bath, the serum cap was re
moved, and then 20 ml of 11.8 M perchloric acid at —15° was rap
idly added. After dilution to volume, the solution (hereafter 
called the product solution) contained ca. 2 X 10~4 M Co(III), 
ca. 2 X 10-4 M Ir(III), and ca. 2.4 M perchloric acid. A 10-ml 
aliquot of the product solution was added to a chilled solution 
containing 18 ml of 11.8 M perchloric acid and 60 ml of water. 
After dilution to 100 ml, the solution was treated with chlorine for 
1 min followed by a vigorous stream of nitrogen for 10 min. The 
spectrum of the resulting solution in a 10-cm cell was recorded in the 
600-300-nm region. A total of three aliquots was taken from the 
chilled product solution over a period of about 45 min and treated 
as described above. The concentrations of IrCl6

2- and Ir(OH2)-
Cl5

- were calculated from the measured absorbances at 487 and 
450 nm and the known extinction coefficients.9'16 In order to 
identify the cobalt(III) products formed, the spectrum of the prod
uct solution in a 10-cm cell was also recorded in the 600-300-nm 
region.16 

Spectroscopy. Routine spectra were measured with a Cary 14 
recording spectrophotometer. The spectrum of the Cl5IrClCo-
(CN)5

6- intermediate was determined in the rapid flow apparatus. 
As will be seen, at reactant concentrations larger than 10-6 M, 
the redox reaction between Co(CN)5

2" and IrCl6
2- is complete in 

the mixing time of the flow apparatus (2-3 msec); therefore, all 
that is seen in the oscilloscope is the decay of the intermediate. 
The decrease in absorbance, AA, accompanying the dissociation 
of the intermediate was measured at 5-nm intervals from 605 to 
250 nm in a series of stop-flow measurements. 

Results 

Kinetics of the IrCl6
2 --Co(CN)5

3 - Reaction. The 
reaction between I rCl 6

2 - and C o ( C N ) 5
3 - was found to 

proceed in two stages. At 487 nm, an absorption 
maximum for I rCl 6

2 - , both stages are accompanied by 
absorbance decreases. The first stage corresponds to 
the rapid disappearance of I rC l 6

2 - and C o ( C N ) 5
3 - with 

the formation, at least in part, of an intermediate which 
disappears in the subsequent, slower second stage. At 
1 0 - 4 M reactant concentrations, the first stage (at
tributed to the redox reaction OfIrCl 6

2 - and Co(CN) 5
3 - ) 

was too fast to be followed in the flow apparatus. At 

(15) At these wavelengths the absorbances of cobalt(III) are negligible 
compared to the absorbances of iridium(IV). 

(16) In this wavelength region the extinction coefficients of the chloro-
iridium(III) complexes and the pentacyanocobalt(III) complexes are 
comparable. 

10"5 M concentrations, however, the last portion of the 
redox stage could be detected as a slight initial curva
ture in the \n{At — AJ) vs. t ime plots (487 nm) for the 
decay of the intermediate. Assuming the redox stage 
to be a second-order reaction between I rC l 6

2 - and Co-
( C N ) 5

3 - , it is estimated that kT, the second-order rate 
constant, is larger than 107 M - 1 sec - 1 . The second 
stage could be readily followed by measuring the ab
sorbance decrease accompanying the decay of the inter
mediate. The observed first-order absorbance decrease 
defines a rate coefficient kd which is identified as the 
first-order rate constant for the disappearance of the 
intermediate. 

d i n (A1 - AJ 

dt 

d In [Int] 
= ^d (D 

The values of kd obtained in the present work are 
presented in the last column of Table I. It will be seen 
that all the measurements were carried out in the pres
ence of an excess of Co (CN) 5

3 - . When the I rCl 6
2 -

was in excess, following the disappearance of the inter
mediate, a subsequent slower (by a factor of ca. 10 
under usual concentration conditions) absorbance 
decrease was observed. Blank experiments in which 
I rC l 6

2 - was mixed with alkaline cyanide solutions (no 
cobalt(II) added) indicated that the slower absorbance 
decrease was caused by a reaction of I rC l 6

2 - with 
cyanide, and, consequently, all measurements were 
restricted to the conditions [Co(II)]0/[Ir(IV)]0 > 1. An 
examination of the data presented in Table I will show 
that kd is independent of wavelength and of the initial 
concentrations of I rC l 6

2 - (40-fold change), C o ( C N ) 5
3 -

(100-fold change), cyanide (500-fold change), and hy
droxide (10-fold change). The average value of kd at 
20° is 2.49 ± 0.14 sec - 1 , and the associated activation 
parameters, calculated by using a nonlinear least-
squares program, are AH* = 15.2 ± 0.2 kcal m o l - 1 

and A S * = - 4 . 2 ± 0.7 eu. 
The Yield of the Intermediate. Although it is not 

possible to obtain an absolute value of the yield of the 
intermediate, the changes in absorbance, AA, ac
companying the decay of the intermediate provide a 
relative measure of the amount of intermediate produced 
under various conditions. The measurements were 
performed at a series of selected wavelengths in the 
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Table H. Yield of Intermediate in the IrCl6
2--Co(CN)S3- Reaction" 

[IrCl6
2-],, X 

104, M 

0.20 
1.0 
2.0 
2.0 
2.0 
8.0 

[Co(CNV-]o 
X 10S M 

0.21 
1.05 
2.1 
4.0 
4.0 
8.4 

[CN-]o X 10', 
M 

2.0 
2.0 
2.0 
2.0 

1000 
2.0 

489 

0.39<<.« 
0.32 
0.31 
0.30 

10aA^//[IrCl6
2-]o, 

\, nm-
420 315 

1.12» 

1.05' 1.45s 

1.00 1.44 
1.02 1.50 
1.13 1.32 

M- 1 c m - 1 6 

300 

1.17 
1.13 

1.09 

260 

7.8 
7.8 

8.0 
8.2 

" Ionic strength maintained at 0.10 Mwith sodium perchlorate. [OH -] = 5.0 X 10 - 3 M. h AA is the change in absorbance accompanying 
the decay of the intermediate. / is the path length of the observation tube of the flow apparatus, 0.2 cm. Average of duplicate measurements. 
« Corrected for the last portion of the first stage of the reaction. See text. d At 490 nm. « Single measurement. ' Average of three inde
pendent measurements. 

500-250-nm region, and the results are presented in 
Table II. 

It will be seen that the yield of the intermediate, as 
measured by the quantity AAjI [IrCl6

2-Io, is unaffected 
by a 40-fold change in the initial concentrations of 
IrCl6

2- and Co(CN)5
3-. Of particular importance is 

the independence of the yield of the intermediate on the 
concentration of excess cyanide (500-fold change), and 
the significance of this observation will be discussed 
below. 

Final Products of the IrCl6
2--Co(CN)5

8- Reaction. 
The nature and concentration of the iridium(III) and 
cobalt(III) products formed in the overall reaction 
between IrCl6

2- and Co(CN)5
3- (e.g., upon completion 

of the two stages described above) were determined by 
spectrophotometric techniques. The spectra of IrCl6

3-

and IrCl3OH2
2-, the anticipated iridium(III) mono

nuclear products, are quite similar, and spectral mea
surements are not useful in the quantitative determina
tion of mixtures of these two complexes.9 However, 
the quantitative oxidation of these species to IrCl6

2-

and IrCl5OH2
-, respectively, provides a sensitive spec

tral method for such a determination.9 As indicated 
in the Experimental Section, within a particular experi
ment there was a decrease in absorbance for successive 
oxidations of the product solution. For example, the 
absorbances at 487 nm (10-cm cell) of oxidized solu
tions from the reaction of 2.05 X 10 -4 M IrCl6

2- with 
2.1 X 10 -4 M Co(CN)5

3- decreased from 0.800 to 
0.789 over a sampling time of 60 min. This cor
responds to a decrease from 97.1 to 93.4% in the yield 
of IrCl6

3-. The absorbance decrease is small and slow, 
and, therefore, the absorbances of the first sample in 
each experiment are considered to represent, as far as 
can be ascertained, an accurate measurement of the 
amount of IrCl6

3- produced. The results of the mea
surements are presented in Table III, and it will be seen 
that the yield of IrCl6

3- is independent of temperature 
and has an average value of 98.5%. As an additional 
check of the reaction stoichiometry, the absorption 
spectra of the product solutions in each experiment 
listed in Table III were recorded and compared with the 
spectrum calculated on the basis of quantitative forma
tion of IrCl6

3- and Co(CN)5OH2
2-.17 The results are 

included in Table III, and the agreement between ex
perimental and calculated values is considered satis
factory. 

(17) Since the IrCl5
2--Co(CN)5

3- reaction is carried out in alkaline 
solution, the pentacyanocobalt(III) species present at the end of the 
reaction is Co(CN)5OH3-. In the calculated extinction coefficients pre
sented in Table III, the cobalt species is Co(CN)5OH2

2- since product 
solutions are acidic. 

Table m . Final Products of the IrCl6
2--Co(CN)53- Reaction" 

[IrCl6
2-]„ 

X 104, 
M 

1.94d 

2.03d 

2.08* 
2.00* 
2.02« 
2.05« 
Av 
Calcd' 

% IrCIe3" 
formed6 

101 
97 
97 

101 
98 
97 
98.5 

' 

450 
0.56 
0.56 
0.47 
0.59 
0.48 
0.45 
0.52 
0.50 

10^//[IrCl6
2-; 

420 
1.75 
1.87 
1.61 
1.76 
1.66 
1.58 
1.71 
1.73 

— K 
400 
2.74 
2.95 
2.58 
2.71 
2.62 
2.53 
2.69 
2.87 

lo, M - 1 

M H * 

380 
3.15 
3.45 
3.09 
3.10 
3.08 
3.00 
3.14 
3.33 

c m - 1 ' 

360 
2.64 
2.74 
2.57 
2.70 
2.59 
2.50 
2.62 
2.73 

* 

340 
1.59 
1.71 
1.55 
1.65 
1.45 
1.47 
1.57 
1.63 

" Ionic strength maintained at 0.10 M with sodium perchlorate. 
[Co(CN)5

3-]O = 2.1 X 10-" M; [CN-]„ = 2.0 X 10"« M; [OH"] 
= 5.0 X 10 - 3 M. h Defined as 100 X mol of IrCl6

3 - produced in the 
reaction/mol of IrCl6

2 - initially present. « A is the absorbance of 
the product solution; / is path length of the cell. d Measurements at 
0°. 'Measurements at 22 ± 2°. ' Values calculated assuming 
quantitative formation of IrCl6

3 - and Co(CN)5OH2
2-. 

The Spectrum of the Intermediate. As already indi
cated, it is not possible to obtain an absolute value of 
the yield of the intermediate formed in the IrCl6

2--Co-
(CN)6

3- reaction. Consequently, unless an assump
tion is made about the yield of the intermediate, it is 
not possible to calculate absolute values of the extinc
tion coefficients of the intermediate. However, an 
apparent extinction coefficient, eapp, can be defined by 
the expression 

AA 
/[IrCl6

2-]O 
+ «Ir + eCo (2) 

where AA is the change in absorbance accompanying the 
decay of the intermediate, / is the path length of the 
observation tube in the flow apparatus, [IrCl6

2-]0 is the 
initial concentration of IrCl6

2-, the limiting reagent, 
and eir and «co a r e the extinction coefficients of IrCl6

3-

and Co(CN)5OH3-, respectively, the known final prod
ucts of the reaction.17 The values of eapp calculated 
from eq 2 in the wavelength region 600-250 nm are 
plotted in Figure 1. Included in the figure for compara
tive purpose are the absorption spectra of Co(CN)5Cl3-

and IrCl6
3-. 

Discussion 
The absorbance changes observed on mixing solu

tions of IrCl6
2- and Co(CN)5

3- demonstrate that, 
under the experimental conditions used, the overall 
reaction 

IrCl6
2 - + Co(CN)5

3" + O H - = IrCl6
3 - + Co(CN)6OH3- (3) 

Grossman, Haim / Reaction of HexachloroiridateilV) and PentacyanocobaltatefJI) 
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Figure 1. Absorption spectra of (A) intermediate Cl5IrClCo-
(CN)5

6-; (B)IrCl6
3-; (C)Co(CN)5Cl3-. 

proceeds in at least two stages. The first stage cor
responds to the very rapid disappearance of the IrCl6

2-

and Co(CN)5
3- reactants to produce, at least in part, 

an intermediate. The second stage corresponds to the 
somewhat slower first-order decay of the intermediate 
by a process independent of the initial concentrations of 
IrCl6

2-, Co(CN)6
3-, CN-, and OH-. It is reasonable to 

assume that the rapid disappearance of the reactants in 
the first stage is a second-order process, and, conse
quently, the reaction sequence given by eq 4 and 5 
adequately represents the two steps demanded by the 
observations. Moreover, since the amount of inter

ior 
IrCl6

2" + Co(CN)6
3- —>- intermediate (4) 

ki 

intermediate —> products (5) 
mediate produced in the first stage is proportional to 
the initial concentration of IrCl6

2- (the limiting re
agent), but independent of the excess concentration of 
Co(CN)-,3-, it is concluded that the formation of the 
intermediate in eq 4 is a thermodynamically favored 
process with an equilibrium constant larger than 3 X 
106 M - 1 .1 8 It is noteworthy that, although the kinetic 
and stoichiometric studies provide conclusive evidence 
for the existence of an intermediate, these studies give 
no direct information about the yield, composition, or 
structure of the intermediate. However, there is little 
doubt that the intermediate is the chloride-bridged, 
binuclear complex Cl6IrClCo(CN)6

5-. A chloride-
bridged structure, rather than a cyanide-bridged one, 
is favored on the basis of the ready availability of the 
sixth coordination position on Co(CN)6

3- and the slow 
substitution rate on IrCl6

2-. Two alternative formula
tions are possible for the binuclear, chloride-bridged 
structure. 

Cl,JrIVClCon(CN)5
6- Cl5IrmClConl(CN)5

6 

A B 

(18) This figure is obtained by recognizing that at the lowest IrCl6
2" 

and Co(CN)5
 3~ concentrations used, reaction 3 proceeds to at least 90% 

completion. 

Formulation B is strongly favored over formulation A 
on the basis of the following arguments. An equilib
rium constant larger than 3 X l O 6 M - 1 for the formation 
of A from IrCl6

2- and Co(CN)6
3- appears unreasonable. 

Although the sixth coordination position of Co(CN)6
3-

is readily attained kinetically, there is little thermody
namic tendency for Co(CN)6

3- to increase its coordina
tion number. For example, the upper limit for the 
formation constant of Co(CN)6

4- from Co(CN)6
3- and 

CN- has been estimated as 0.1 M -1.19 On the other 
hand, an equilibrium constant of at least 3 X 106 M - 1 

for the formation of B is quite consistent with the known 
oxidation potentials of the Ir(III)/(IV) and Co(II)/(III) 
couples. The spectrum of the intermediate presented in 
Figure 1 provides additional support for formulation B. 
It has been noted5,20'21 that binuclear complexes for 
which interaction absorption does not obtain display 
absorption spectra similar to those of the parent 
mononuclear complexes, the absorption maxima of the 
binuclear complexes being somewhat shifted and more 
intense. Although the detailed interpretation of the 
spectrum in Figure 1 depends on an assumption about 
the absolute yield of the intermediate (vide infra), the 
similarity of the spectrum of the intermediate (maximum 
at 420 nm) with the spectra of IrCl6

3- (maximum at 
417 nm) and Co(CN)6Cl3- (maximum at 393 nm) sug
gests that the correct oxidation states of the cobalt and 
iridium atoms in the intermediate are those given in 
formulation B. 

On the basis of these arguments, it is concluded that 
the intermediate has structure B, and, consequently 
reaction 4 is formulated as the inner-sphere redox re
action 

ki, 
IrCl6

2- + Co(CN)5
3- — > Cl5IrClCo(CN)6

6- (6) 

One question that we have been unable to resolve 
satisfactorily is related to the absolute yield of the inter
mediate. Although the results demonstrate that IrCl6

2-

and Co(CN)6
3- react via the inner-sphere reaction to 

produce the intermediate (eq 6), a parallel outer-sphere 
reaction (eq 7) giving products directly cannot be ruled 
out on the basis of the kinetic measurements. Nor 

/Co a 

IrCl6
2- + Co(CN)5

3- — > IrCl6
3" + Co(CN)5OH3" (7) 

oil
can eq 7 be ruled out on the basis of the calculated 
values of eapp, as will be seen from the following con
siderations. Assume that the IrCl6

2--Co(CN)6
3- pro

ceeds via parallel inner- and outer-sphere reactions 
according to eq 6 and 7. The fraction of reaction 
leading to the formation of the intermediate is denoted 
as / ( = k-Jkis + kos)). It can be shown that eapp is 
related to eint, the extinction coefficient of the intermedi
ate at a particular wavelength, by eq 8. For eint to be 

*app = A n t + (1 - /)(«lr + Ĉo) (8) 

positive or zero, as required by the physical significance 
of the quantity eint, it is necessary that eapp > (1 — / ) • 
(fir + «co)- This inequality will be obeyed for any value 
of / in the interval O < / < 1 as long as eapp > eIr + eCo. 
However, if «app < eIr + eCo, it would be possible to 

(19) J. P. Candlin, J. Halpern, and S. Nakamura, J. Amer. Chem. Soc, 
85, 2517 (1963). 

(20) A. W. Adamson and E. Gonick, Inorg. Chem., 2, 129 (1963). 
(21) J. P. Birk, ibid., 9, 125 (1970). 
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set an upper limit (within the 0-1 interval) on / . Un
fortunately, for all wavelengths investigated (in the 
600-250-nm region) it was found that €app > «ir + «co, 
and consequently, it is not possible to set an upper 
limit on / on the basis of the requirement eint > 0. 
However, a lower limit on / can be obtained by con
sidering the results of the stoichiometry of the overall 
reaction. In order to develop the argument, it is 
necessary to recognize that the intermediate can dis
sociate via Ir-Cl or Co-Cl bond rupture (eq 9 or 10). 

Cl6IrClCo(CN)6
6- - ^ - IrCl6OH3- + CO(CN)6CI8" (9) 

OH-

Cl6IrClCo(CN)5
6- - ^ - IrCi6

3- + Co(CN)6OH3" (10) 
OH-

On the basis of reactions 6, 7, 9, and 10, the yield of 
IrCU3- (expressed as the ratio of IrCl6

3- produced 
divided by (IrCl6

2-)O) is given by the expression 1 — 
kul(kiT + kCo)- Since the average value of the yield 
OfIrCl6

3-is 0 .985, / = 0.015(/cIr + kCo)/kiT, and there
fore 1 > / > 0.015. 

On the basis of the information presented so far it is 
not possible to decide whether IrCl6

3- and Co-
(CN)SOH3- are formed in an outer-sphere reaction 
(eq 7) and/or by decomposition of the intermediate via 
Co-Cl bond rupture (eq 10). However, some ad
ditional arguments, albeit indirect, will be advanced in 
favor of the mechanism given by eq 6, 9, and 10. In 
previous work19 it has been demonstrated that, when a 
suitable bridging ligand is present in the oxidant, 
Co(CN)6

3- reacts rapidly and via an inner-sphere 
mechanism. However, when such a ligand is absent, 
the oxidation of Co(CN)5

3- becomes extremely slow, 
or even ceases, and an outer-sphere path involving the 
species Co(CN)6

4-, in equilibrium with Co(CN)5
3- and 

CN - , becomes important.19 Invoking an outer-sphere 
reaction between Co(CN)5

3- and IrCl6
2- would clearly 

violate the above reactivity pattern. First, the redox 
stage of the IrCl6

2--Co(CN)5
3- is extremely rapid, as 

expected for an inner-sphere reaction mediated by a 
chloride bridge. Second, although kinetic studies of 
the redox stage were precluded by the rapidity of the 
reaction, the independence of the yield of the inter
mediate upon the excess cyanide ion concentration 
(Table II) clearly demonstrates that Co(CN)6

4- is not 
implicated as a reactive species in this system, and, 
consequently, that an outer-sphere mechanism between 
IrCl6

2- and Co(CN)6
4- is unimportant. Admittedly, 

the arguments are insufficient to rule out an outer-
sphere reaction between IrCl6

2- and Co(CN)5
3-. How

ever, the arguments suggest that such a reaction is un
likely to be important. 

A second approach to the problem involves an ex
amination of the significance of the eapp values plotted 
in Figure 1. The extinction coefficients of the inter
mediate, 6int, are related to eapp by eq 8, and it will be 
seen that in order to calculate eint it is necessary to know 
/ . As already indicated, / , the fraction of the redox 
reaction proceeding via the inner-sphere pathway, can
not be determined However it is instructive to cal
culate the values of eint for the two limiting values of/. 
W h e n / = 1, €int = eapp, and the values obtained (for 
example eint at 420 nm = 1250 M - 1 cm -1) are con
sidered reasonable for a binuclear complex containing 
two metal ions with d6 electronic configurations.20,22-24 

When/ = 0.015, the calculated values of eint at 550,420, 
300, and 250 nm are 6.2 X 103, 7.3 X 104, 7.9 X 104, 
and 8.8 X 106 M - 1 cm - 1 , respectively. These values 
are several orders of magnitude higher than those ob
served for the entirely analogous binuclear complexes 
(NC)5FeCNCo(CN)5

6-,2 2 (NC)6FeCNCoEDTA6-,20'2 3 

(NHa)5CoNCCo(CN)6,2 4 (H2O)6RuClCr(H2O)5
 4+,8<26 

(NHs)4ClRuClCr(H2O)5
3+,6 and Cl6IrClCr(H2O)5.

6 

These comparisons suggest that the lower limit / = 
0.015 is much too conservative, and, in fact, that the 
upper l imit/ = 1 is probably approached. 

The suggested mechanism, eq 6 and 10 with a minor 
contribution from reactions 7 and/or 9, is entirely 
analogous to the one previously proposed for the Fe-
(CN)6

3--Co(CN)5
3- and Fe(CN)6

3--Co(EDTA)2- re
actions,20'22,23 but contrasts, in part, with the mech
anism recently postulated for the IrCl6

2--Cr2+ reaction.6 

The portion of the latter reaction that proceeds via the 
inner-sphere pathway produces the bridged intermedi
ate Cl5IrClCr(H2O)5, which decomposes by Ir-Cl bond 
fission, and, consequently, in the overall reaction, 
chloride transfer from iridium to chromium obtains. 
In contrast, the Fe(CN)6

3--Co(CN)5
3-, Fe(CN)6

3--
CoEDTA2-, and IrCl6

2--Co(CN)5
3- reactions proceed 

via inner-sphere mechanisms without transfer of the 
bridge, e.g., following the dissociation of the binu
clear complexes the bridging ligand is retained in the 
coordination sphere of the reduced form of the oxidant. 
These results demonstrate that transfer of the bridging 
ligand from oxidant to reductant is not, at least for 
these systems,7 an essential feature of the inner-sphere 
mechanism. Whether or not ligand transfer obtains 
depends on the position of bond scission in the bridged 
binuclear complexes. The dissociation of the binu
clear complexes may be viewed as metal-catalyzed 
aquations of the parent complexes, and it is noteworthy, 
although the available data are admittedly limited, that 
the position of bond breaking appears to depend on the 
rate constants rather than the activation energies for 
aquation of the parent complexes. The pertinent 
information is summarized in Table IV. It is also 

Table IV. Rate Constants and Activation Parameters for 
Dissociation of Chloride-Bridged Binuclear Complexes and for 
Aquation of Mononuclear Chloride Complexes 

Complex 

Cl6IrClCo(CNV-
Cl6IrClCr(OH2)6 
IrCl6

3' 
Co(CN)6Cl3-
Cr(OH2)6Cl2+ 

Bond 
rup
tured 

Co-Cl 
Ir-Cl 
Ir-Cl 
Co-Cl 
Cr-Cl 

k, sec-1 

(25°) 

4.0 
4.2 X 10"2 

9.4 X 10"6 

6.4 X 10"5 

2.8 X 10-7 

Aff*. 
kcal 

mol-1 

15.4 
21.8 
29.4 
23.2 
24.4 

AS*, 
eu 

- 4 . 2 
8.4 

19 
O 

- 7 

Ref 

a 
b 
C 

d 
e 

<• This work. b Reference 5. c Reference 9. d From data in ref 
26 and a single measurement at 30°. eT. W. Swaddle and E. L. 
King, Inorg. Chem., 4, 532 (1965). 

noteworthy that the acceleration in the rates of metal-
chloride bond rupture of the intermediate as compared 
to the parent complexes is associated with a decrease of 

(22) A. Haim and W. K. Wilmarth, J. Amer. Chem. Soc, 83, 509 
(1961). 

(23) D. Huchital and R. G. Wilkins, Inorg. Chem., 6, 1022 (1967). 
(24) R. Castello, C. Piriz, N. Egen, and A. Haim, ibid., 8, 699 (1969). 
(25) The values in column 5 of Table I of ref 8 must be multiplied by 

103 (N. Sutin, private communication). 
(26) R. G. Grassi, A. Haim, and W. K. Wilmarth, Inorg. Chem., 6, 

237 (1967). 
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ca. 8 kcal in activation energy. Moreover, in common 
with other aquations of pentacyano-cobaltate(III) 
complexes, the dissociation of Cl3IrClCo(CN)5

6- pro
ceeds at a rate independent of hydroxide ion concen
tration, and, presumably, yields as the primary cobalt-
(III) product the pentacoordinate species Co(CN)5

2-.26 

Finally, the results of the present study must be com
pared with those of the study of the IrCl6

2 --CoEDTA2 -

reaction.27 In the latter system, no intermediate was 
detected, but the authors suggested an inner-sphere 
mechanism via the intermediate Cl5IrClCoEDTA4-, 
with the chloride bridge being retained by the iridium 
following the dissociation of the intermediate. If this 
mechanism is correct, then the position of bond rupture 
in the Cl5IrClCoEDTA4- postulated intermediate 
would correlate with the activation energies for aqua
tion of the parent complexes, rather than the rate 
constants.28 Moreover, this system would provide an 
additional example of an inner-sphere reaction which 
does not result in transfer of the bridging ligand, and 
would conform to the findings in the related Fe(CN)6

3 --
CoEDTA2- , Fe(CN)6

3--Co(CN)5
3-, and IrCl6

2--Co-
(CN)5

3- systems. However, it is surprising, in view of 
the stability of the intermediates produced in the latter 
three systems, that the intermediate Cl6IrClCoEDTA4-

was not detected. Furthermore, some anomalies 
become apparent when the rates of these reactions are 
compared. The second-order rate constants (25°) for 
the redox stages of the latter three inner-sphere re
actions are 1.3 X 105,23 4.5 X 104,29 and >107 M - 1 

sec-1, respectively. The second-order rate constant 
for the IrCl6

2--Co EDTA2 - reaction is 4 X 103 M - 1 

sec -1 at 22°.27 The rate order for oxidation of Co-
EDTA2 - , Fe(CN)6

3- > IrCl6
2-, is opposite to that pre-

(27) R. Dyke and W. C. E. Higginson, J. Chem. Soc, 2802 (1963). 
(28) The rate constant and activation enthalpy for loss of chloride 

from CoEDTACl2" are 2.8 X IO"6 sec"1 and 22.8 kcal mol-1, respec
tively: R. Dyke and W. C. E. Higginson, ibid., 1998 (1960). 

(29) B. Grossman and A. Haim, unpublished measurements. 

dieted on the basis of either free energy considerations 
and/or the relative electron mediating abilities of chlo
ride and cyanide ions. It would appear that this un
expected order is caused by an abnormally fast rate 
for Fe(CN)6

3- rather than a slow rate for IrCl6
2-. This 

is seen by comparing the rates of reduction of Fe(CN)6
3-

by CoEDTA2 - and Co(CN)5
3-. The order CoEDTA2 -

> Co(CN)5
3- is opposite to that predicted on the basis 

of either free energy considerations and/or general 
reactivity patterns in reductions by CoEDTA2 - or 
Co(CN)5

3-. It was noted previously23 that the Fe-
(CN)6

3 --CoEDTA2 - reaction proceeds ca. 105 times 
faster than predicted on the basis of Marcus' equation 
fcw = (kuknKn)1/!,30 and this was attributed to the 
rate accelerating action of an inner-sphere process. 
This explanation must be at least incomplete, since the 
Co(CN)5

3- reduction of Fe(CN)6
9- also proceeds via 

an inner-sphere mechanism, but with a slower rate than 
the CoEDTA2 - reduction. A satisfactory rationaliza
tion for all the observed trends is not available. How
ever, it is noteworthy that the rate constant for the 
IrCl6

2 --CoEDTA2 - reaction calculated31 using Marcus' 
equation for outer-sphere reactions gives a value of 
2 X 103 M~l sec-1, in remarkable agreement with the 
measured value 4 X 103 M - 1 sec -1. It is tempting to 
suggest, on the basis of this agreement, that the IrCl6

2 --
CoEDTA2- reaction proceeds via an outer-sphere 
mechanism. If the outer-sphere mechanism obtains, 
then it is easy to understand why an intermediate was 
not detected in this system. But then the question 
would remain: why is an inner-sphere mechanism so 
ineffective for bringing about the IrCl6

2 --CoEDTA2 -

reaction, when for the analogous systems Fe(CN)6
3--

CoEDTA2-, IrCl6
2--Co(CN)5

3-, and Fe(CN)6
3--Co-

(CN)5
3- the inner-sphere mechanism represents the 

major pathway to products? 

(30) R. A. Marcus, Annu. Rev. Phys. Chem., 15, 155 (1964). 
(31) The values used are kn = 2 X 10"' A/"' sec-', fe = 2 X 10s 

A/"1 sec"1, and Ku = 108. 

Journal of the American Chemical Society j 92:16 / August 12, 1970 


