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The discrepancy in the effect of inserting CH2 on the rates in 
the two series does, however, not vitiate the conclusions which 
have been reached about the Co(III)-Ru(II) system. In other 
work it has been observed that breaking conjugation by in
serting a CH2 group diminishes the rate by a factor of only 
1.5.15 While changes in coupling when gross changes in 
structure occur can probably be predicted qualitatively, the 
subject is not at all well understood, nor for that matter is the 
coupling mechanism when a group such as CH2 separates the 
pyridine rings known. Is there direct 7r-ir (TT-TT*) overlap, or 
is the effect transmitted through the bond system? The mixed 
valence species provide an especially convenient approach to 
illuminating this issue. 
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The syntheses of the title compounds, (NH3)5CoNC-
Co(CN)5 and (NH3)5CoCNCo(CN)s,2-3 were designed to 
yield binuclear complexes containing two oxidizing metal 
centers in different ligand environments of controlled kinetic 
and thermodynamic properties with respect to one-electron 
reduction. The Co(CN)s2~ moiety is conducive to facile 
inner-sphere electron transfer, but the metal center is ther-
modynamically a poor oxidant, whereas the Co(NH 3 ) 5

3 + 

moiety is reduced very slowly by inner-sphere oxidants, but the 
metal center has a higher reduction potential. In this manner, 
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it was thought that addition of a good inner-sphere reductant 
would bring an electron into the Co(CN) 5

2 - moiety, but the 
electron would ultimately go to the Co(NH3)S3+ moiety. If the 
rate of electron transfer from external reductant to Co(CN) 5

2 -

is fast compared to the rate of electron transfer from one metal 
center to the other in the binuclear complex, the measurement 
of intramolecular electron transfer rates becomes feasible.4 

We have applied this approach, alas unsuccessfully, to the 
reactions of (NH3)5CoNCCo(CN)5 and (NH3)5CoCN-
Co(CN)5 with chromium(II) and with pentacyanobaltate(II). 
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Abstract: The Co(CN)5
3--catalyzed reactions of (NC)5CoCNCo(NH3)5 and (NC)5CoNCCo(NH3)5 with cyanide ion yield 

2 mol of Co(CNV - per rnol of binuclear complex. The rate law for the reactions has the form &os[Coj(NH3)5(CN)6]-
[Co(CN)5

3-][CN-] with kos = (1.82 ± 0.04) X 104 and (3.22 ± 0.17) X 103 M - 2 s - 1 at 25 0C and ionic strength 0.50 M for 
(NC)5CoCNCo(NH3)5 and (NC)5CoNCCo(NH3)S, respectively. The rate-determining step involves the outer sphere reac
tion of Co(CN)64- with the binuclear reactant. By comparing the observed rate constants with those for the corresponding re
actions of mononuclear pentaamminecobalt(III) and pentacyanocobaltate(III) complexes, it is suggested that an electron is 
transferred from Co(CN)64- to the Co(NH3)5

3+ moiety to yield the mixed valence intermediates (NC)5Co111CNCo11-. 
(NH3)5~ and (NC)SCO 1 1 1 NCCO 1 ^NH 3 )S - . It is postulated that dissociation of these intermediates by bond rupture at the 
cobalt(II) site produces Co(CN)63- and Co(CN)5NC3-, respectively. The previously studied Co(CN)5

3--catalyzed reaction 
of Co(NH3)5CN2+ with C N - was reexamined. In agreement with previous work, the rateilaw was1 found to be fcis + ^os'-
[CN-])([Co(NH3)5CN2+][Co(CN)5

3-]),! with *is = (2.6 ± 0.3) x 102 M - 1 s - 1 and ^0S = (4.8 ± 0.4) X 103 M - 2 s -1. 
However, an experiment used previously to postulate the intermediacy of Co(CN)5NC3- in the k\s path could not be repro
duced, and it is concluded that, if Co(CN)5NC3- is formed, its rate of isomerization is considerably higher than the 1.6-s half-
life reported previously. 
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Upon mixing chromium(II) with either binuclear complex, 
immediate precipitation occurred (presumably cobalt(II) 
hexacyanocobaltate(III)), and therefore homogeneous kinetic 
studies were precluded. Reduction of the binuclear complexes 
by Co(CN)53 - by-passed the possible inner-sphere path,5 and 
outer-sphere reduction via C o ( C N V - obtained.5 Although 
an outer-sphere oxidant could deposit an electron initially in 
the Co(CN) 5

2 - moiety and be followed by intramolecular 
electron transfer, the evidence we obtained favors direct 
electron transfer to the Co(NH3)53+ moiety. 

Experimental Section 

Materials. House distilled water was passed through a Barnstead 
ion exchange demineralizer, and then distilled in a modified Corning 
AG-Ib distilling apparatus. Sodium perchlorate was prepared by 
neutralization of sodium carbonate with perchloric acid. The argon, 
used to carry out manipulations with oxygen-sensitive solutions, was 
purified by passing it over a column of BTS catalyst (B.A.S.F. Colors 
and Chemicals, Inc.). Solutions of Co(CN)5

3- were prepared by 
adding the appropriate amounts of cobalt(II) perchlorate solutions 
to solutions containing the desired quantities of sodium cyanide and 
sodium hydroxide. 

The complex ji-cyano-pentacyanopentaamminedicobalt(III,III) 
was prepared by a slight modification6 of the method reported pre
viously.2 The solid material was obtained by concentration of the ef
fluent from the cation and anion exchange resins instead of addition 
of ethanol. Anal. Calcd for (NC) 5COCNCO(NH 3 )S: C, 20.06; H, 4.21; 
N, 42.86. Found: C, 19.99; H, 4.28; N, 42.60. An aqueous solution 
of the complex exhibits maxima at 475 and 313 nm with molar ab-
sorbancies 69 and 252 M - 1 cm-1, in excellent agreement with values 
reported previously.2 

The complex ^-isocyano-pentacyanopentaamminedicobalt(III,III) 
was prepared as reported earlier.3 Anal. Calcd for (NC)5CoNC-
Co(NH3)S-H2O: C, 19.11; H, 4.54; N, 40.85. Found: C, 19.19; H, 
4.46; N, 40.40. An aqueous solution of the complex exhibits maxima 
at 440 and 342 nm with molar absorbancies 71.5 and 259 M - ' cm-1, 
in excellent agreement with values reported previously.3 

Cyanopentaaminecobalt(III) perchlorate hemihydrate was pre
pared by Siebert's method.7 An aqueous solution of the complex ex
hibits maxima at 440 and 327 nm with molar absorbancies 56.3 and 
53.2 M - 1 cm-1, in excellent agreement with values reported pre
viously.7 

Kinetic Measurements. Kinetic measurements of the reactions of 
the binuclear complexes were performed in a stopped-flow apparatus8 

by mixing solutions of the desired complex and sodium perchlorate 
with solutions of Co(CN)5

3-, excess sodium cyanide and sodium 
perchlorate. For (NC)sCoCNCo(NH3)s, the reaction was monitored 
by following the decrease in absorbance at 500, 475, and 440 nm and 
the increase in absorbance at 310 nm. For (NC)sCoNCCo(NH3)s, 
the wavelengths of observation were 440 and 358 nm (decrease in 
absorbance) and 310 nm (increase in absorbance). Voltage vs. time 
data were collected in an IBM 1800 computer.9 Twenty to thirty points 
were collected during the first 4 half-lives and infinity values were 
obtained by averaging five readings taken at 1 half-life intervals 
starting at 9 half-lives. The voltage vs. time readings were treated by 
a nonlinear least-squares program10 to obtain first-order rate constants 
defined by —d In [binuclear]/d; = &0bsd-9 

Kinetic measurements of the Co(NH3)5CN2+-Co(CN)5
3_ reac

tion were carried out in the stopped-flow apparatus by mixing solutions 
of Co(NH3)sCN2+ and Co2+ with solutions of sodium cyanide, so
dium hydroxide, and sodium perchlorate. The concentrations and the 
experimental conditions approximate as closely as possible those used 
by Nakamura." Some measurements were carried out by mixing 
solutions of Co(NH3)5CN2+ with solutions of preformed Co(CN)5

3-. 
The two mixing procedures gave identical results. The wavelengths 
of observation were 440 (decrease in absorbance) and 320 nm (in
crease in absorbance). Pseudo-first-order rate constants, £0bsd> w e r e 

obtained from log {A, — A„) vs. 1 plots. 
Stoichiometric Measurements. These measurements were designed 

to determine the final cobalt(III) products of the reactions between 
cyanide ion and the binuclear complexes. A solution of the desired 
binuclear complex containing a small amount of cobalt(II) was mixed 
anaerobically (syringe techniques) with a solution of the desired 
concentrations of sodium cyanide, sodium hydroxide, and sodium 
perchlorate. The reaction was allowed to proceed to completion and 

Table I. Stoichiometrics of the Reactions of 
(NC)5CoCNCo(NH3)s and ( N C ) 5 C O N C C O ( N H 3 ) S with 
CN- Catalyzed by Co(CN)5

3-" 

10[CN-], M 

0.30 
0.30 
0.30 
3.50 
3.50 
3.50 
0.30 
0.30 
0.30 
3.50 
3.50 
3.50 

104[binuclear], M* 

9.52 
9.88 

10.9 
8.95 
9.60 

11.8 
8.62 
8.91 

10.2 
11.0 
9.95 
9.62 

A c 

0.761 
0.770 
0.880 
0.712 
0.766 
0.939 
0.680 
0.708 
0.782 
0.880 
0.776 
0.769 

Ae* 

0.758 
0.786 
0.868 
0.712 
0.764 
0.939 
0.686 
0.709 
0.812 
0.876 
0.792 
0.766 

" At 25 0C and [Co(CN)5
3-] = 4.87 X IO"5 M. * The first six 

experiments pertain to (NC)5CoCNCo(NH3)s and the last six to 
(NC)5CoNCCo(NH3)5.

 C Measured absorbance at 310 nm corrected 
for absorbance of the blank; 2-cm cell. d Calculated from 2 X [binu
clear] X 2 X 199. 

then the catalytic amount of Co(CN)5
3" was destroyed by addition 

of a slight excess of peroxydisulfate. After the appropriate dilution, 
the resulting solution was examined spectrophotometrically in the 
500-280-nm region in a Cary 14 recording spectrophotometer. Blank 
experiments, containing identical concentrations of all reagents except 
for the binuclear complexes, were performed for each stoichiometric 
experiment, and the absorbances reported are those of the unknown 
solutions minus those of the blanks. 

The stoichiometry of the Co(NH3)5CN2+-Co(CN)5
3- was de

termined utilizing two different procedures. In the first, a solution of 
sodium cyanide was added slowly to a solution containing Co-
(NH3)5CN2+ and Co2+. At the completion of the reaction, excess 0.10 
M perchloric acid was added [Caution: HCN), a slight amount of 
precipitate was filtered out, and the resulting solution was examined 
spectrophotometrically. Blank experiments were performed under 
identical conditions except that the Co(NH3)5CN2+ was omitted. In 
the second procedure, a solution containing Co(CN)5

3- and CN - was 
added rapidly to a solution containing Co(NH3)5CN2+. At the 
completion of the reaction excess 1.0 M perchloric acid was added, 
and the spectrum of the solution was recorded. 

Analytical Methods. Sodium cyanide was standardized by titration 
with silver(I) in the presence of iodide ion as an indicator.12 Solutions 
of cobalt(II) perchlorate were standardized against disodium dihy-
drogen ethylenediaminetetraacetate dihydrate using murexide as an 
indicator.13 Carbon, hydrogen, and nitrogen analyses were performed 
by Galbraith Laboratories. 

Results 

Stoichiometry. The results of the experiments designed to 
determine the stoichiometrics of the reactions of (NC)5-
CoCNCo(NH3)5 and (NC)5CoNCCo(CN)5 with cyanide ion 
in the presence OfCo(CN)5

3 - are summarized in Table I. The 
product solutions exhibit absorption maxima at 310 nm and 
the values of the measured absorbances (corrected for the 
blank) are given in column 3. The 310-nm wavelength is 
characteristic of the absorption maximum of Co(CN) 6

3 - . 7 

Using the known7 molar absorbance of Co(CN) 6
3 - and as

suming that both cobalt(III) centers in the binuclear complexes 
end up as hexacyanocobaltate(III), values of the absorbances 
of the product solutions were calculated, and the results are 
given in column 4. The excellent agreement between measured 
and calculated absorbance value is taken to indicate that the 
net stoichiometrics of the reactions of the binuclear complexes 
with cyanide ion are given by 

(NC)5CoCNCo(NH3)5 + 6 C N - ->• 2Co(CN) 6
3 - -I- 5NH 3 

(D 
(NC)5CoNCCo(NH3)5 + 6 C N - ->• 2Co(CN) 6

3 - + 5NH 3 

(2) 
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Table II. Kinetics of the Co(CN)5
3--Catalyzed Reaction of 

(NC)5CoCNCo(NH3)5 with Cyanide Ion" 
Table III. Kinetics of the Co(CN)5

3--Catalyzed Reaction of 
(NC)5CONCCO(NH3)S with Cyanide Iona 

10[CN-], M 

0.43* 
0.43 
1.00* 
2.00 
2.00e 

3.00 
3.00* 
3.00* 
4.00 
4.00 
4.00^/ 

500 nm 

0.63 ± 0.02 
0.60 ± 0.02 
1.93 ±0.08 
3.61 ±0.12 
3.66 ±0.10 
5.36 ±0.17 
5.31 ±0.11 
5.36 ±0.12 
7.32 ±0.19 
7.17 ± 0.15 
6.98 ± 0.20 

103Ar2, 

475 nm 

0.61 ±0 .02 
0.62 ± 0.03 
1.91 ±0.05 
3.70 ± 0.06 
3.75 ± 0.08 
5.35 ±0.17 
5.24 ±0.12 
5.33 ±0.15 
7.46 ± 0.00 
7.44 ± 0.28 
7.24 ±0.15 

M-1S-1 

440 nm 

0.61 ± 0.03 
0.59 ± 0.03 
1.86 ±0.09 
3.73 ±0.19 
3.61 +0.12 
5.76 ± 0.23 
5.42 ±0.19 
5.49 ±0.15 
7.23 ±0.23 
7.61 ±0.26 
7.12 ±0.22 

310 nm 

0.84 + 0.05 
0.72 ± 0.05 
2.24 ±0.19 
4.50 ±0.25 
4.60 ± 0.20 
5.55 ±0.23 
6.13 ±0.23 
5.84 ±0.45 
8.41 ± 0.45 
7.78 ± 0.62 
8.07 ± 0.28 

10[CN-], M 

0.43* 
1.00* 
1.00*'c 

1.00 
2.00 
3.00 
3.00c 

3.00 
4.00 
4.00rf 

4.0O* 

440 nm 

1.34 ±0.06 
3.04 ± 0.09 
3.00 ± 0.08 
3.12 ±0.14 
6.55 ± 0.25 
9.54 ± 0.48 
9.65 ± 0.44 
9.72 ± 0.40 

13.1 ±0.3 
13.1 ±0.5 
13.5 ±0.5 

10 2 ^ 1 M- 1 S- 1 

358 nm 

1.23 ±0.04 
2.92 ± 0.04 
3.12 ±0.07 
2.90 ±0.15 
6.27 ± 0.28 
9.37 ±0.39 
9.35 ±0.29 
9.09 ±0.35 

13.1 ±0.4 
12.9 ±0.4 
12.9 ±0.6 

310 nm 

1.36 ±0.10 
3.88 ±0.12 
3.88 ±0.14 
3.67 ± 0.25 
7.43 ± 0.35 

10.9 ±0.3 
10.5 ±0.5 
9.80 ±0.55 

15.0 ± 1.0 
14.6 ±0.9 
14.5 ± 1.0 

a At 25 0C and ionic strength 0.50 M (NaClO4). Unless indicated 
otherwise, [Co2(NH3)5(CN)6] = 0.51-3.3 X IO"3 M, [OH-] = 2.50 
X 10-2 M, and [Co(CN)5

3-] = 6.49 X lO"4 M. Each entry is the 
average of at least three replicate experiments with the same pair of 

[Co(CN)5
3-] = 2.16 

X 10-4 M. d [Co(CN)5 
M./[OH-] = 5.00 X 

3-] = 3.25 X 10-4M. 
0-2M. 

e [OH-] = 5.00 X 10" 

" At 25 0C and ionic strength 0.50 M (NaClO4). Unless indicated 
otherwise, [Co2(NH3)5(CN)6] = 0.48-3.8 X 10~3 M, [OH"] = 2.50 
X 10-2 M, and [Co(CN)5

3-] = 6.49 X 10~4 M. Each entry is the 
average of at least three replicate experiments with the same pair of 
solutions. * [Co(CN)5

3-] = 1.30 X 10~3 M.c [OH-] = 5.00 X 10"3 

M. d [OH-] = 5.00 X 10-2 M. e [Co(CN)5
3-] = 2.16 X 10~4 M. 

Previous workers14'15 have identified Co(CN)6
3- as the final 

product of the cobalt(II)-catalyzed reaction between 
Co(NH3)SCN2+ and CN - . We have confirmed this observa
tion for the cyanide ion independent path14 of this reaction. In 
the first experiment, slow, dropwise addition of 25 mL of 0.056 
M sodium cyanide to 25 mL of 5.40 X 10 -5 M Co2+ and 4.04 
X 10-3 M Co(NH3)SCN2+ followed by addition of 20 mL of 
0.10 M perchloric acid (Caution: HCN), filtration, and dilu
tion to 100 mL gave a solution which exhibited a maximum at 
310 nm with absorbance (corrected for the blank) 1.05 (5-cm 
cell). The calculated absorbance for quantitative formation 
of Co(CN)6

3- is 1.01. The the second experiment, 50 mL of 
a solution 1.0 X 1O-4 M in Co(CN)5

3-, 3.0 XlO-2M in CN", 
and 2.0 X 1O-2 M in O H - was added to 10 mL of a solution 
2.07 XlO- 2M in Co(NH3)5CN2+. At the completion of the 
reaction (~2 min at ambient temperature), 5 mL of 1.0 M 
perchloric acid was added (Caution: HCN), and dilution to 
100 mL resulted in a solution which exhibited a maximum at 
310 nm with absorbance (2-cmcell) 0.78. A blank experiment 
in which the Co(NH3)sCN2+ was replaced by an equivalent 
amount of Co(CN)6

3- yielded a solution with absorbance 0.81. (NH3)5CN2+ has been reported14 to react with Co(CN)5 

apparent wavelength dependence was associated with con
tamination by oxygen. Blank experiments in which the binu
clear complexes were omitted exhibited absorbance increases 
at 310 nm equal to 1-10% of the absorbance decreases ob
served in the presence of the binuclear complexes. The time 
scale for the changes in the blank measurements was 10-20 
s compared to 2.0-30 s for the measurements with the binu
clear complexes. No changes in absorbance were noted for the 
blank experiments at wavelengths longer than 340 nm. Based 
on these observations, we tend to disregard the wavelength 
dependence as a manifestation of intrinsic chemical changes 
in the system, and we conclude that the higher rates at 310 nm 
are the result of contamination by traces of oxygen. However, 
since Co(CN)5NC3- is a possible intermediate in the reaction 
of (NC)5CoNCCo(NH3)s and is reported14 to absorb strongly 
at 320 nm, we considered the possibility that the higher rates 
observed at 310 nm were associated with the presence of this 
intermediate in our system. In order to test this hypothesis we 
carried out an experiment identical with the fourth experiment 
in Table III except that the solution of the binuclear complex 
also contained Co(NH3)5CN2+ at ~1 X 10-3 M. Co-

Therefore, our results confirm the stoichiometry given by 

Co(NH3)5CN2+ + 5CN- — Co(CN)6
3- + 5NH3 (3) 

Kinetics. Since there is no net oxidation-reduction in these 
reactions, the concentration of Co(CN)5

3- remains constant 
and this species acts as a catalyst. Therefore, every kinetic 
experiment was effectively carried out under pseudo-first-order 
conditions. The pseudo-first-order rate constants, £0bsd> for the 
disappearance of the binuclear complexes divided by the 
concentration of Co(CN)5

3- yield second-order rate constants 
&2 which are presented in Tables II and III for (NC)5-
CoCNCo(NH3)5 and (NC)5CoNCCo(NH3)5, respectively. 
It will be seen that ki is independent OfCo(CN)5

3- (cf. expt 
I and 2, 6 and 8, 9, 10, and 11 of Table II; expt 2 and 4, 9 and 
II of Table III) and hydroxide ion (cf. expt 4 and 5, 6 and 7, 
9,10, and 11 of Table II; expt 2 and 3,6,7, and 8,9 and 10 of 
Table III). 

At a particular cyanide ion concentration, it will be seen that 
the values of ki are independent of the wavelength of obser
vation except for the measurements at 310 nm, where values 
of /c2 are 10-15% higher. Moreover, the scatter of the rate 
constants measured at 310 nm is somewhat higher than at the 
longer wavelengths. Since pentacyanocobaltate is oxidized 
rapidly by oxygen,16,17 we considered the possibility that the 

to produce the isocyano complex Co(CN)5NC3- which iso-
merizes to the stable linkage isomer Co(CN)6

3- with a half-life 
of 1.6 s.14 On the basis of the published rates and oscillo
grams,14 we expected the absorbance vs. time traces at 320 nm 
to exhibit a maximum. The first-order plots at 310, 358, and 
440 nm were curved and had initial half-lives of the order of 
3 s, but no maximum was observed at 320 nm. Therefore, we 
reexamined the kinetics of the Co(NH3)5CN2+-Co(CN)5

3-

system, and the results are summarized in Table IV. It will be 
seen that our measurements at 440 nm are in excellent 
agreement with the previous14 measurements (also carried out 
at 440 nm). A least-squares treatment of our data according 
to the two-term rate law 

* = *is + A:OS[CN-] (4) 

reported previously14 gave k\s = (2.6 ± 0.3) X 102 M - 1 s - 1 

and £os = (4.8 ± 0.4) X 103 M - 2 s - 1 compared to 2.9 X 102 

M - 1 s - 1 and 4.5 X 103 M - 2 s -1 reported previously.14 We also 
carried out measurements at 320 nm, a wavelength where the 
absorbance vs. time data were reported to go through a max
imum.14 We could not confirm the reported14 behavior at 320 
nm. Our traces show only an exponential increase in absorb
ance with infinity traces constant on the 1-s sweep used in the 
previous work.14 The absorbance changes at 320 nm yielded 

Journal of the American Chemical Society / 99:24 / November 23, 1977 



Table IV. Kinetics of the Co(CN)5
3--Catalyzed Reaction of Co(NH3)SCN2+ with Cyanide Ion" 

7897 

103[Co(NH3)5CN2+], 
M 

2.00 
1.50 
1.50 
1.50 
1.50 

103[Co(CN)5
3-], 

M 

2.05 
2.00 
2.00 
1.00 
2.00 

102[CN-], 
M 

3.00 
4.04 
8.02 
9.03 

19.0 

*obsd 
440 nm 

0.89 ±0.01 
1.00 ±0.04 
1.26 ±0.02 
0.59 ± 0.02 
2.42 ± 0.02 

320 nm 

0.95 ± 0.05 
0.95 ±0.01 
1.29 ±0.02 
0.62 ± 0.05 
2.46 ± 0.08 

*obsdcalcd<-

0.87 
0.94 (0.94) 
1.30(1.39«0 
0.70 (0.69e) 
2.29(2.3) 

" At 25 0C and ionic strength 0.20 M maintained with NaClO4. * kohsi = -d(ln [Co(NH3)5CN2+])/df obtained from log|(^t - A„)\ 
vs. t plots. c Values are calculated from the equation kohsi = &is[Co(CN)5

3-] + fc0s[Co(CN)s3"][CN"] where A:is = 2.9 X 102 M-1 s"1 

and &os = 4.5 X 103 M-2 s-1. Values in parentheses are measured values from ref 11 under the same concentration conditions except where 
noted. d At 0.090 M cyanide ion concentration. e At 0.095 M cyanide ion concentration. 

rates in excellent agreement with the rate measurements at 440 
nm. Least-squares values of A; is and kos for the measurements 
at 320 nm are (2.6 ± 0.3) X 102 M"1 s"1 and (4.9 ± 0.4) X 103 

M - 2 s_1, respectively. We have no explanation for the dis
crepancy between our observations and those reported ear
lier,14 but note that contamination by oxygen causes spurious 
traces at 320 nm that resemble the published14 oscillogram. 

An examination of Tables II and III will show that the 
values of ^2 increase with increasing cyanide ion concentration. 
In studies of the Co(CN)5

3~-catalyzed reactions of pen-
taaminecobalt(III) complexes with cyanide ion,5-14 it was 
found that the second-order rate constants defined by 
-d[Co(NH3)5X"+]/dr = yt[Co(NH3)5X"+] [Co(CN)5

3"] 
were independent of [CN -] for some systems (X = N 3

- , 
NCS-, OH-), first order in [CN -] for other systems (X = 
NH3, C2O4

2-), or consisted of two terms (eq 4) for still other 
systems (X = F - , NO2

- , CN -) . Attempts to fit the measured 
values of kj in Tables II and III to eq 4 yielded values of &is 
which were small and within experimental uncertainty of zero. 
Thus, at 440 nm, values of A:is and Arrjs for (NC)5CoCN-
Co(NH3)5 are 51 ± 100 M - 1 s -1 and (1.85 ± 0.03) X 104 M"2 

s -1 , respectively. The corresponding values for (NC)5-
CoNCCo(NH3)5 are 10 ± 62 M - 1 s - 1 and (3.28 ± 0.16) X 
10 3 M - 2 S - 1 . Therefore, the values of ki in Tables II and III 
were treated on the basis of the one-term rate law Ar2 = 
A;os[CN-], and yielded A;0s = (1.82 ± 0.04) X 104 M - 2 s - 1 

and A;os = (3.22 ± 0.17) X 103 M - 2 s"1 for (NC)5CoCN-
Co(NH3)5 and (NC)5CoNCCo(NH3)5, respectively. 

Discussion 

The two-term rate law (eq 4) reported previously5'14 for the 
Co(CN)5

3--catalyzed reactions of pentaamminecobalt(III) 
complexes with cyanide ion was taken to be the manifestation 
of parallel inner-sphere and outer-sphere reactions of 
Co(CN)5

3- and of Co(CN)6
4- (rapidly formed in small 

equilibrium concentrations from Co(CN)5
3- and CN -) with 

Co(NH3)5X"+. We adopt a similar interpretation for the 
one-term, cyanide-dependent rate law obtained in the present 
work, and formulate the mechanism on the basis of eq 5 and 

Co(CN)5
3- + C N - ̂  Co(CN)6

4- rapid equilibrium (5) 

(NC)5CoCNCo(NH3)5 + Co(CN)6
4-

— (NC)5CoCNCo(NH3)5
- + Co(CN)6

3- slow (6) 

(NC)5CoNCCo(NH3)5 + Co(CN)6
4-

— (NC)5CoNCCo(NH3)5
- + Co(CN)6

3- slow (7) 

6 or 5 and 7 for the cyano and isocyano complexes, respectively. 
Reactions 6 and 7 account for only 1 of the 2 mol of Co-
(CN)6

3 - produced per mol of binuclear complex that reacts, 
and therefore additional reactions of the intermediates 
(NC)5CoCNCo(NH3)5

- and (NC)5CoNCCo(NH3)5
- must 

be considered. However, before doing so, it is instructive to 
discuss the structures of the intermediates. 

Table V. Rate Constants for the Reactions of Co(NH3)5X
n+ and 

Co(CN)5X"- with Co(CN)6
4-

Cobalt(III) complex 

Co(NH3)5P04 

Co(NH3)5C03
+ 

Co(NH3)5C204
+ 

Co(NH3)502CCH3
2+ 

Co(NH-O5F
2+ 

Co(NH3)6
3+ 

Co(NH3)5CN2+ 

Co(NH3)5CNCo(CN)s 
Co(NH3)5NCCo(CN)s 
Co(CN)5Br3" 
Co(CN)5N3

3" 
Co(CN)5I3" 

/tos,0 M - 2 S - 1 

5.2 X 102 

1 X 103 

1.0 X 104 

1.1 X 104 

1.7 X 104 

8 X 104 

4.5 X 103 

3.2 X 103 

1.8 X 104 

<2X 1O-3 

<6X 1O-3 

<2X 1O-2 

Ref 

b 
b 
b 
b 
b 
b 
C 
d 
d 
e 
e 
e 

" At 25 0C, ionic strength 0.20 M. fc0s = (-d[cobalt(III) com-
plex]/dO/[Co(CN)5

3-][CN"]. * Reference 5. c Reference 19. d This 
work, ionic strength 0.50 M. e Reference 19, ionic strength 0.50 
M. 

(NC)5ComCNCon(NH3)5-

Ia 
(NC) 5 CO 1 1 1 NCCO 1 HNH 3 )S-

Ha 

(NC)5ConCNCo in(NH3)5-
Ib 

(NC) 5 CO 1 1 NCCO 1 1 KNH 3 )S-

Hb 
Two formulations for each of these intermediates can be 

conceived. These are shown as Ia and Ha, and Ib and Hb, for 
the cyano and isocyano intermediates, respectively. Two re
lated questions can be asked at this point. First, which is the 
primary binuclear product of the redox reaction between 
Co(CN)6

4- and the binuclear reactants? In other words, is Ia 
or Ib formed in reaction 6? Is Ha or Hb formed in reaction 7? 
Second, if redox equilibria between Ia and Ib and between Ha 
and Hb are established rapidly compared to dissociation, which 
are the thermodynamically favorable forms of I and II? It must 
be mentioned that these questions appear to be meaningful for 
mixed valence ions of the type under consideration. Since the 
amminecobalt(III) and cyanocobalt(III) moieties are nonin-
teracting in the parent complexes,2,3 there appears to be little 
delocalization of molecular orbitals between the cobalt centers, 
and the binuclear complexes I and II are, undoubtedly, of the 
trapped valence type.18 

In order to answer the first question raised above, the fol
lowing indirect approach is proposed. Rate constants for the 
outer-sphere reductions of a series of Co(NH3)5X"+ complexes 
by Co(CN)6

4- have been measured and found5 to show a small 
dependence on the nature of X. The range of measured rates 
is 5 X 102 to 8 X 104 M"2 s - 1 (cf. Table V). In contrast, rate 
constants for the outer sphere reductions of a series of 
Co(CN)5X"- complexes by Co(CN)6

4- are too slow to be 
measured,19 and upper limits in the range of 2 X 10 -3 to 2 X 
10-2 M - 2 s - 1 (cf. Table IV) have been assigned to these 
outer-sphere rate constants.19 If rate constants in the 103-104 

M - 2 s - 1 range are taken to be characteristic of pentaammine 
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complexes, and upper limits in the 10 - 2-10 - 3 M - 2 s - 1 range 
correspond to pentacyano complexes, then the observed values 
for ( N C ) 5 C O C N C O ( N H 3 ) S and ( N C ) 5 C O N C C O ( N H 3 ) S (in 
the 103-104 M - 2 s_1 range) clearly place these complexes in 
the pentaammine category. In particular, we note the re
markable similarity in rates between Co(NH3)5CN2+ and 
(NC)5CoNCCo(NH3)5. We infer that the electron is trans
ferred from Co(CN)6

4- to an orbital localized on the 
Co(NH3)5 moiety and, therefore, that the primary products 
formed in reactions 6 and 7 are Ia and Ha, respectively. 

The kinetically controlled products Ia and Ha are also 
thermodynamically favored over the corresponding isomers 
Ib and lib. Although reduction of Co(CN)6

3- is not reversible, 
a value of ~—0.8 V for the reduction potential appears to be 
substantially correct.20 Using this value, and the value 0.3 V 
estimated21 for the reduction potential of Co(NH3)5X"+ 

complexes, the equilibrium constant for Ia ^ Ib or Ha =̂* lib 
isomerization is 2.6 X 1O-19. With such an unfavorable equi
librium and with the known22 rate of ligand detachment from 
cobalt(ll) ammine complexes (>106s~1), it seems quite cer
tain that, once an electron is accepted by the pentaammi-
necobalt moiety, the most likely fate for intermediates Ia and 
Ha is breaking of the Co111CN-Co11 and Co111NC-Co11 bonds, 
respectively. 

Therefore, following reactions 6 and 7, we must consider 
reactions 8, 9, and 10. Reaction 10 accounts for the catalytic 
role of Co(CN)5

3-. 

(NC)5ConiCNCon(NH3)5
-

H2O 

-^- Co(CN)6
3" + Co(NH3)5OH2

2+ (8) 

(NC) 5 CO 1 1 1 NCCO 1 HNH 3 )S -

- ^ S . Co(CN)5NC3- + Co(NH3)5OH2
2+ (9) 

Co(NH3)5OH2
2+ + 5CN -

— Co(CN)5
3- + 5NH3 + H2O (10) 

Reaction 8 accounts for the second mole OfCo(CN)6
3- pro

duced in the Co(CN)5
3--catalyzed reaction of (NC)5-

CoCNCo(NH3)5 with cyanide ion. However, the analogous 
reaction for (NC)5CoNCCo(NH3)5 (eq 9) produces the 
linkage isomer Co(CN)5NC3-. This isomer was reported14 

as a transient intermediate (half-life of 1.6 s) in the inner-
sphere portion of the Co(NH3)5CN2+-Co(CN)5

3- reaction, 
but we have been unable to reproduce the experimental ob
servation14 which provided the evidence for the intermediacy 
of Co(CN)5NC3-. Although our kinetic and stoichiometric 
measurements show that Co(CN)5NC3- is neither a detect
able intermediate nor a stable reaction product, it does seem 
reasonable, however, that Co(CN)5NC3" be formed as an 
(undetectable) intermediate in the inner-sphere Co-
(NH3)5CN2+-Co(CN)5

3- reaction. Using the well-estab
lished23 sequence of precursor complex formation, electron 
transfer, and successor complex dissociation, the mechanism 
of the Co(NH3)5CN2+-Co(CN)5

3- reaction is given by eq 11, 
12, and 9. 

Co(CN)5
3- + Co(NHa)5CN2+ 

^ ( N C ) 5 C O 1 1 N C C O 1 1 H N H 3 ) S - (11) 

(NC) 5 CO 1 1 NCCO 1 1 HNH 3 )S- ^ (NC) 5 CO 1 1 1 NCCO 1 HNH 3 )S -

(12) 

It is noteworthy that the successor complex in reaction 12 is 
identical with the postulated primary binuclear product of 
reaction 7 (structure Ia). Since adjacent attack in reaction 11 
is probably precluded because of the absence of a basic, lone 
pair of a electrons on the carbon of the bridging cyanide,23 

remote attack obtains and Co(CN)5NC3- is the primary, 
mononuclear cobalt(III) product of the redox reaction. 
However, it is not detected, presumably because its rate of 
isomerization, either spontaneous or catalyzed by Co(CN)5

3-, 
is rapid compared to its rate of formation. Assuming that a 
concentration of Co(CN)5NC3- equal to 1Ao that of 
Co(NH3)5CN2+ in the first experiment of Table IV would 
have been detected, a lower limit of 7 s - 1 is estimated for the 
rate constant for spontaneous isomerization according to re
action 13. 

C O ( C N ) 5 N C 3 - ^ C O ( C N ) 6
3 - (13) 

Although at first glance this value might be viewed as unrea
sonably high for the reaction of a low-spin, d6 cobalt(III) 
complex, it is noteworthy that isomerization of Ru-
(NH3)5NC2+ to Ru(NH3)5CN2+, the identical reaction of 
another low-spin, d6 complex, has been reported to proceed 
with a rate constant larger than 0.7 s-1.24. Therefore, it is 
postulated that, following reaction 9, reaction 13 proceeds 
rapidly, and thus the second mole of Co(CN)6

3- produced in 
the (NC)5CoNCCo(NH3)5-CN- reaction is accounted for. 
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