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has been obtained in 4% yield from the reaction of CF;CN with
(NSCI); in SO, at 55 °C in a Teflon autoclave,’® and 9 (R = ‘Bu)
has been isolated in unspecified yield from the reaction of tri-
methylacetamidine and (NSCl),.%!

Summary and Conclusions. The initial product of the reaction
of organic nitriles with (NSCI); in carbon tetrachloride is the
six-membered ring 2. This direct synthesis of 2 should expedite
investigations of the corresponding eitht-w-electron systems, 4.
The rate of formation of 2 is much faster for R = R’,N than for
R = 'Bu, Ph, and CCl;. This difference is attributed to the
stabilization of the intermediate 7 by electron donation from the
R’,N group to the electron-deficient carbon (pr—pw bonding). The
isolation of 7 (R = Me) offers the possibility of preparing polymers
of the type [(R)CNSN], via reduction. The thermal conversion
of 2 into 1 upon thermolysis explains previous reports of the
formation of 1 from the reaction of organic nitriles with (NSCI),

(30) Héfs, H. V.; Hartman, G.; Mews, R.; Sheldrick, G. M. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 988.

(31) Boeré, R. T.; Oakley, R. T.; Cordes, A. W. Acta Crystallogr., Sect. C
1985, C41, 1686.

at elevated temperatures and provides a good synthesis of di-
alkylamino derivatives of the five-membered ring. The reaction
of Me,NCN with (NSCI); in nitromethane is an improved route
to the trithiatetrazocine ring system 9 (R = Me,N) that will
facilitate studies of this eight-membered ring.
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Note Added in Proof. The synthesis of 1 (R = NMe,) in 54% yield
from the reaction of N,N-dimethylguanidinium hydrochloride with excess
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The chromium(II) and vanadium(II) reductions of the pentacyanocobaltate(III) complexes of pyrazine (pyz), isonicotinamide
(isn), 4-cyanopyridine (4-CN-py), and pyridine (py) have been studied. For chromium(II), the reductions are first order in Cr(II)
and cobalt(I1T) complex and independent of hydrogen ion concentration. At 25 °C, I = 1.0 M (LiClOy), k¢, = 1.5 X 10 19,
28, and 1.2 M™! s} for pyz, isn, 4-CN-py, and py, respectively. A radical-ion mechanism is proposed for the reduction of the first
three complexes. For V(II), two reactions are observed with rate laws kg = &, [VZ*] + k_; and kg, = k[VZ]/(1 + K [VF]).
The first reaction is the formation of a binuclear intermediate precursor complex bridged by a cyanide from the oxidant. Values
of k; (M~ sV, k_, (s7) for pyz, isn, 4-CN-py, py: 65, 1.1; 55, 1.0; 46, 1.2; 49, 1.0. The saturation type kinetics observed in the
second reaction are consistent with formation of a precursor complex that is a “dead end” on the reduction pathway and a subsequent

outer-sphere reduction between monomeric reactants.

Introduction

The chemistry of pentacyanocobaltate(I1I) complexes has
provided a wealth of information concerning thermal and pho-
tochemical substitution reactions in octahedral systems.! Com-
parison of UV-vis and 1*C NMR spectra for these complexes with
those for analogous pentacyanoferrate(II) systems has been im-
portant in the study of w-back-bonding interactions between the
metal center and coordinated ligands.? Surprisingly, however,
few investigations of the reduction of pentacyanocobaltate(III)
complexes have been made.

Espenson and Davies® reported the first studies on the vana-
dium(II) reductions of [(CN)sCo!"L] complexes where L = CI-,
Br~, I, SCN-, N7, and H,O. For the N;” and NCS™ complexes,
an inner-sphere redox pathway was proposed. The reaction was
postulated to proceed via ion-pair formation followed by a V(II)
substitution-controlled electron transfer as illustrated for the azide
complex.

(1) Abou-El-Wafe, M. H.; Burnett, M. G. J. Chem. Soc., Chem. Commun.
1983, 833. Borea, R.; Ellis, J.; Tsao, M.; Wilmarth, W. K. Inorg. Chem.
1967, 6, 243.

(2) Figard, J. E.; Paeekstelis, J. V.; Byrne, E. F.; Petersen, J. D. J. Am.
Chem. Soc. 1977, 99, 8417,

(3) Davies, K. M.; Espenson, J. H. J. Chem. Soc. Chem. Commun. 1969,
111. Davies, K. M.; Espenson, J. H. J. Am. Chem. Soc. 1969, 91, 3093.

[V(OH)4]** + [Co(CN)sN;* =
[V(OH,)6,Co(CN)sN;- K

[V(OH,)6,Co(CN)sN; - —
[Co(CN)s]* + [V(OH,)sN5]* &k

In order to investigate the generality of the above mechanism
and because of the paucity of data on the redox reactions of
(CN)sCo'" complexes, we report here the kinetics of the chro-
mium(II) and vanadium(II) redox reactions with pentacyano-
cobaltate(I111) complexes possessing potential organic bridging
ligands. We also report the results of a reinvestigation of the
vanadium(II) reduction of [Co(CN)sN;]* and [Co(CN)sSCN]*.

Experimental Section

All reagent solutions were prepared in water that had been passed
through a Milli-Q Water purification system. Perchloric acid solutions
were prepared by dilution of 70% doubly distilled perchloric acid (G. F.
Smith Chemical Co.) and standardized with standard sodium hydroxide.
Lithium perchlorate stock solutions were prepared from G. F. Smith
anhydrous reagent grade LiClO, and filtered through a 0.5-um Millipore
filter. The solutions were standardized by charging aliquots on an ion-
exchange column of Amberlite IR 120(H) resin and determining the acid
released by titration with standard sodium hydroxide.

Chromium(II) perchlorate solutions were prepared by reduction of
solutions of G. F. Smith chromium(III) perchlorate with zinc amalgam.
Chromium(II) concentrations were determined as described previously.*

0020-1669/89/1328-4548%01.50/0 © 1989 American Chemical Society
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Table I. Kinetics of the Cr?*/[(CN)sCoL]? Reaction? and the
Analogous Cr?*/[(NH;)sCoL]** Reduction
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Table II. Rate Constants for the First Reaction in the
V2 /[(CN)sCoL]*" System*

L kCr' M—l S-l kCrv h’i-l S_lb kNH;/kCNc L kl! M-l S_l k-l’ S‘1 K](kl/k_l)
pyrazine 1.5x 100 87x 104 58 pyrazine 65 1.1 59
4-cyanopyridine® 28 124/ 4.4 4-cyanopyridine 46 1.2 38
isonicotinamide® 19 17.4% 0.9 pyridine 49 1.0 49
pyridine 1.2 40% 1078 33x1073 isonicotinamide 55 1.0 55

. ) N;~ 53 1.0 53
4 Conditions: / = 1.0 M (LiClQ,), [H*] = 0.1 M (HCIO,), [Co] ~ SCN- 52 1.3 40

0.1 mM, T = 25.0 °C. ®[(NH,)s;CoL]** complexes, I = 1.0 M (Li-
ClO,), T = 25 °C, reductions independent of [H*]. <¢Ratio of
[(NH;)sCoL]** rate constant to [(CN)sCoL]*" rate constant.
4Reference 7. ¢Bonded through the pyridine nitrogen. /Reference 8.
8Reference 6a.

Vanadyl perchlorate was prepared by adding a stoichiometric amount
of barium perchlorate to a solution of vanadyl sulfate and filtering the
barium sulfate with a 0.6-um Millipore filter. Standardization of stock
vanadyl solutions was performed spectrophotometrically after oxidation
to vanadium(V). It was assumed that the VO** was quantitatively
reduced to V(II) by zinc amalgam.

The pentacyanocobaltate(III) complexes were prepared by literature
methods.> The complexes were characterized by UV-vis spectropho-
tometry and proton NMR.

Instrumentation. All kinetic measurements were performed by using
a Dionex D-110 stopped-flow spectrophotometer interfaced with a DA-
SAR digital storage unit. Observed rate constants were obtained from
the DASAR instrument by matching exponential traces with a calibrated
curve generator. UV-vis measurements were obtained from a Beckman
Acta CIII spectrophotometer. The rapid-scan stopped-flow apparatus
used a Harrick rapid-scan monochromator and was designed by Dr. R.
DeSa (OLIS, Jefferson, GA).

Kinetic Measurements. Solutions for kinetic studies were deoxygen-
ated with argon. Syringe techniques were used for dilution and transfer
of reagent solutions. All reactions were carried out under pseudo-first-
order conditions with the reductant concentration in at least 10-fold
excess over the cobalt(IIl) concentration. Measurements were made at
330 nm and at 1.0 M ionic strength unless otherwise indicated.

Results and Discussion

Chromium(II) Reductions. Reduction of the pentacyano-
cobaltate(IIT) complexes by chromium(II) was established by
observing the bright blue CoCl,2" jon upon addition of concentrated
hydrochloric acid to the reaction mixtures. Several attempts at
product analysis using standard chromatographic techniques
proved unsuccessful. Elution with sodium perchlorate typically
showed two or three poorly resolved bands. This behavior was
attributed to the presence of relatively large amounts of HCN
from the oxidant, which may coordinate to chromium either during
or after the redox reaction. It was therefore not possible to
conclude whether the reaction proceeds via an inner- or outer-
sphere pathway from the product analysis. For an outer-sphere
reduction, the products expected would be [Co(CN)s])* and
[Cr(OH,)¢]?* and the free organic ligand. Therefore, the visible
spectra of each product mixture would be expected to be similar.
On the other hand, in an inner-sphere process where the reductant
attacks the heterocyclic ligand, the chromium(III) product would
contain the organic ligand and the product spectra would vary
depending on the cobalt complex reduced. Spectra were obtained
for I:1 ratios of Cr¥*~[(CN);CoL]? immediately after reduction.
For pyrazine, 4-cyanopyridine, and isonicotinamide, different
spectra were observed, thereby supporting an inner-sphere process.
An inner-sphere process is also observed for reduction studies on
pentaamminecobalt(IIT) complexes with these ligands.®’% Fi-
nally, if the reductant attacked at one of the cyanide groups,
identical spectra should be obtained for all complexes (not ob-

(4) Balahura, R. J.; Jordan, R. B. J. Am. Chem. Soc. 1971, 93, 625.

(5) Wohlers, H. D.; Van Tassel, K. D.; Bowerman, B. A.; Petersen, J. D.
Inorg. Chem. 1980, 19, 2837.

(6) (a) Nordmeyer, F.; Taube, H. J. Am. Chem. Soc. 1968, 90, 1162. (b)
Dias, H.; Taube, H. Inorg. Chem. 1970, 9, 1304.

(7) Wu, M.-Y.; Paton, S. J.; Fanchiang, Y.-T.; Gelerinter, E.; Gould, E.
S. Inorg. Chem. 1978, 17, 326.

(8) Balahura, R. J. J. Am. Chem. Soc. 1976, 98, 1487.

«Conditions: /= 1.0 M (LiCIO,), [H*] = 0.1 M (HCIO,), [Co] ~
10* M, T =250°C, A = 330 nm. °k, values are good to £3 M1 57!
and k_, values to +0.1 s7!. ¢The value of K, reported in ref 3 is 31
ML

Table III. Activation Parameters for ; in the V2*/[(CN)sCoL]*
Reaction?

L AH?*, keal mol™ AS?, eu
pyrazine 10.6 -15
pyridine 10.4 -17
isonicotinamide 10.5 ~25

¢ = 1,0 M (LiClO,); [H*] = 0.10 M (HCIO,).

served). The fact that there is a substantial variation in the rate
constants as a function of the organic ligand (Table I) also lends
support to an inner-sphere process. Thus, it appears reasonable
that reduction occurs by attack of chromium(II) at the organic
ligand for pyrazine, 4-CN-pyridine, and isonicotinamide.

The kinetics of the reaction were found to be first-order in both
chromium(II) and each pentacyanocobaltate(III) complex. No
dependence on the hydrogen ion concentration was observed
between 0.1 and 1.0 M perchloric acid. The data are consistent
with a rate law of the form

d[Co(III
- = kfcoum) M

where kg = ke, [Cr?*]. A tabulation of k¢, for the complexes
studied is shown in Table I along with the reduction rate constants
for the analogous pentaamminecobalt(III) complexes.

The relative rates of reduction of the pentaamminecobalt(IIT)
versus the pentacyanocobaltate(III) complexes (column 3 in Table
I) indicate that the inner-sphere reductions occur via a chemical
or radical-ion mechanism. The basis for this premise comes from
the work of Taube and Nordmeyer®® on the reduction of (iso-
nicotinamide)pentaamminecobalt(III) by chromium(II). The
mechanism requires a rate-determining step that involves transfer
of an electron to the organic ligand coordinated to the oxidant.
For such a rate-determining step, it is expected that the rate
constants would be relatively insensitive to the nature of the oxidant
and its nonbridging ligands. For the first three entries in Table
I, the reduction rates for the pentacyano and pentaammine com-
plexes are roughly comparable® for the same ligand. As pointed
out by Diaz and Taube,® the ratio of reduction rates need not
be exactly 1, and in their study, a ratio of 80 was observed. Since
the redox potentials for each pair of complexes should be very
different, the data are consistent with the requirements for a
radical-ion type mechanism. Note that for the pyridine complexes
an outer-sphere mechanism is probably operable and the rate
constants are not similar. However, it should be noted that this
criterion for a radical-ion mechanism must be applied cautiously,
especially when different metal ions are compared where the
rate-determining step for one metal may be reduction by a rapidly
formed radical and the rate-determining step for the other metal
is formation of the radical.®

Vanadium(II) Reductions. The addition of excess vanadium(II)
to a solution of a pentacyanocobaltate(IIT) complex results in the
rapid formation of a brown intermediate, followed by its slow
decay. As the vanadium(II) concentration is increased, the brown
color intensifies, which is indicative of an equilibrium situation.

(9) Davies, R.; Jordan, R. B. Inorg. Chem. 1971, 10, 2432.
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Table IV. Activation Parameters for V2* Substitution Reactions

L AH?*, kcal mol™! AS*, eu ref
NCS¢ 13.5 -7 11
[(OH,)sCrSCN]2+# 13.0 -11 12
[(NH})4CoC,0,] ¢ 123 -10 13

o] = 0.84 M (LiClO,); [H*] = 0.50 M. *I = 1.0 M (Mg(Cl0,),);
acid-independent step. °J = 1.0 M (LiClQ,); [H*] = 0.20 M.

The kinetics of the intermediate formation were studied at 330
nm and yielded the rate law

d[int]
dt

where kg = ki [V(IT)] + k_;. The values of k; and k_; were
graphically determined from a plot of kg vs [V(II)]. Values
of these rate constants for each complex studied are given in Table
IL.

No hydrogen ion dependence was observed between 0.1 and
0.5 mol L™! acid concentrations. The temperature dependence
of k, was studied and activation parameters are reported in Table
III as calculated by the method of Eyring.

The kinetic data are virtually identical for all six systems listed
in Table [l and indicate a complexation equilibrium for the first
step. Values of other vanadium(Il) complexation rate constants,
along with activation parameters, are listed in Table IV. As may
be seen, these agree reasonably well with the kinetic and ther-
modynamic data determined in this study. The slightly larger
values of AH* for the [Co(CN)sL]* complexes may be due to
a larger association equilibrium constant as a result of favorable
electrostatic interactions (see later).

Therefore, the overall first step in the reaction can be repre-
sented by

= kapsi [Co(IID)] (2

[V(OHy)]?* + [(CN)sCoL]* —k.k:
[V(OH,);Co(CN)sL] + H;0 (3)

The substitution site on the cobalt(IIT) complexes by vanadium(II)
may be at one of three positions: the trans CN, the cis CN, or
the organic ligand. For the chromium(II) reductions, the spectral
data determined for product solutions as well as the relative rates
obtained indicate attack at the organic ligand. For V(II), the
spectra of the V(II)/Co(IIT) complexes with pyridine, pyrazine,
isonicotinamide, and 4-cyanopyridine were obtained by using
rapid-scan stopped-flow methods. In each system, the absorption
maximum occurred at ~360 nm. Since the pyridine complex has
no organic binding site and yet has an absorption spectrum
identical with those of the other complexes studied, it is reasonable
to conclude that binding occurs at a cyanide nitrogen for all
complexes. Whether binding is at the cis or trans CN cannot be
ascertained. This behavior is in contrast to the earlier work by
Davies and Espenson? where binding was “observed” at the sixth
ligand. As may be seen later, their assignment of the binding site
may be in error.

The second reaction was found to have a more complicated
vanadium(II) dependence than the first reaction. The data fit
the rate law

d[int]
- dt = kOsz[int]
. _ a[v2+]
obs2 = 1—+b[Tz+] 4)

At low vanadium(II) concentrations a linear dependence of Ky,
on V(II) was observed. However, at high V{II) concentrations,
the rates became independent of the V(II) concentration.

No hydrogen ion dependence was observed between 0.1 and
0.5 M acid. The terms a and b may be evaluated from the slope
and intercept of a plot of kg™ vs [VZ*]71. At the low V2*
concentrations, the absorbance changes are small and reproducible
data difficult to obtain. Table V lists the values of a and b for
the isonicotinamide, pyrazine, and pyridine complexes.

Balahura and Johnson

Table V. Kinetics of the Redox Step in the V**/[(CN)sCoL]*
System?

L atMls! bh M
2 141 128 £ 10
KO-t
A 131 98 %10
-N N
=

‘N:O> 23+0.2 19+£2

eT = 250 °C, ] = 1.0 M (LiClOy), and [H*] = 0.10 M. 2a =k
and b = K, in Scheme I.

Before any mechanistic conclusions can be made, it is necessary
to unambiguously establish which step corresponds to electron
transfer. Several qualitative experiments were performed by
adding concentrated HCI to reaction mixtures (typically, 10 mL
of concentrated HCl to 5 mL of a solution containing 107> M
complex and 1072 M vanadium(II)) at various times and observing
the production of or lack of a bright blue color due to Co(II).
Addition of HCI within 1-2 s after addition of V?* (at the end
of the first reaction) gave no discernible color. Addition of HCI
30-60 s after addition of V2* (at the end of the second reaction)
produced a bright blue color, indicating that the reduction step
corresponds to the second of the observed reactions. A more
quantitative approach was also used. Since reduction produces
the [Co(CN);]* species, itself a good reductant, the disappearance
of an appropriate redox scavenger may be used to determine the
redox step. The redox scavenger chosen was {(NH;);CoNCS]#,
as first suggested by Espenson.’

A solution of [(CN)sCoL]? and [(NH;)sCoNCS]?** was mixed
with vanadium(II) in a stopped-flow apparatus and the decrease
in the [(NH,)sCoNCS]?** absorbance monitored. Since the redox
reaction between V2* and [(NH;)sCoNCS]?** is slow but that
between [Co(CN);]*~ and [(NH;);CoNCS]?* is very fast, any
absorbance changes observed must be due to reduction of
[(NH;)sCoNCS]?** by [Co(CN)s]?>- produced in the V*/
[(CN)sCoL]* reaction. The reactions involved are

V2* 4+ [Co(NH;)sNCS]** — products & ~ 0.3 M s
[Co(CN)s]*~ + [Co(NH;)sNCS]** — products
k~ 108 M1

The results of the experiment for [(CN)sCo[isn)]>" (isn = iso-
nicotinamide) are shown in Figure 1. Under the conditions used,
the first reaction between V2* and [(CN)sCo(isn)}?*" is essentially
complete after 2 s and the second reaction between V2* and
[(CN)sCo(isn)]* is complete after 20 s (Figure 1A, 330 nm).
Figure 1B shows that at 500 nm and under exactly the same
conditions there is no detectable absorbance change for the
V2*/[(CN)sCo(isn)]?" reaction on exactly the same time scale.
For reduction of [(NH;);CoNCS]?*, an absorbance decrease is
expected at 500 nm; however, since the reduction of
[(NH;)sCoNCS]?* by V?* is slow, no absorbance change is ob-
served as shown in Figure 1C. When a solution of
[(NH,)sCoNCS]?* and [(CN);Co(isn)]* is mixed with V?* the
absorbance change observed at 500 nm is shown in Figure 1D.
The decrease in absorbance takes place over the full 20-s time
period. If reduction of [(CN)sCo(isn)]?" was occurring in the first
step, the decrease in absorbance should be complete after ap-
proximately 2 s. Clearly, the V2*/[(CN);sCo(isn)]*" electron
transfer reaction occurs in the second step. The same results were
obtained for concentrations of [(NH;)sCoNCS]?* of (1-3) x 10~
M. This is in contrast to the earlier report by Espenson and
Davies® where reduction was postulated to occur in the first step.
To resolve this discrepency, we repeated the scavenging experi-
ments with the complexes [Co(CN)sN;3]3 and [Co(CN)sSCN]3*-
investigated in the earlier study. Both complexes gave results
identical to those obtained with [(CN)sCo(isn)]; i.e., the ab-
sorbance changes indicated that reduction occurs in the second
step.
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Figure 1. Absorbance changes for the reaction of V2* with [(CN)Co-
(isn)]*" and [(NH;)sCoNCS]?*: (A) [V?*] = 0.010 M, [[(CN)Co-
@ism))¥] = 1 x 103 M, [H*] = 0.10 M; (B) [V**] = 0.010 M,
[[(CN)sCo(isn)]*] = 1 X 107 M, [H*] = 0.10 M; (C) [V*] = 0.010
M, [[(NH;)sCoNCS]**] = 1 X 102 M, [H*] = 0.10 M; (D) [V**] =
0.010 M, [[(CN)sCo(isn)]*] = 1 X 107> M, [[(NH,);CoNCS]?*] = 1
X 103 M, [H*] = 0.10 M.

The kinetics of the reaction of V2* with [(CN);CoNCS]*- and
[(CN)sCoN;]*- were also reinvestigated at several wavelengths.
At 330 nm, the absorbance changes were virtually identical with
those observed in the heterocyclic systems (increase followed by
a decrease). When the same reactions were monitored at the
wavelengths reported in the earlier work, monophasic absorbance
changes were observed for low vanadium(II) concentrations (<0.01
M). However, at high vanadium(II) concentrations (>0.01 M),
the reaction was biphasic. The change was difficult to observe
and could account for the data reported by Espenson. The rate
constants for the first reaction (increase in absorbance) are given
in Table IT and are identical with those found for the heterocyclic
systems.

A mechanism consistent with the observations is given in
Scheme 1. In this mechanism, step one represents the formation
of an inner-sphere “dead-end” complex!® where V(II) has com-
plexed with one of the cyanide nitrogens on the oxidant. The redox
reaction then occurs by an outer-sphere pathway in step 2. For
this mechanism, a and b in eq 4 correspond to X, and k, re-
spectively. Adequate agreement is obtained between K; measured
in the first step and K, determined from saturation kinetics in the
second (Tables Il and V).

Scheme I
[Co(CN)SLI + [V(OHy) ]2 ===
[L(CN),CoCNV(OH,)s]° K,

[Co(CN)sL]>" + [V(OH,)g]2* —»
[Co(CN)s]* + Vi*(aq) + L

(10) Wilkins, R. G. The Study of Kinetics and Mechanism of Reactions of
Transition Metal Complexes; Allyn and Bacon, Inc.: Boston, MA,
1974; p 28.

(11) Malin, J. M.; Swinehart, J. H. Inorg. Chem. 1968, 7, 250.

(12) Orhanovic, M.; Po, H. N.; Sutin, N. J. Am. Chem. Soc. 1968, 90, 7224.

(13) Hwang, C.; Haim, A. Inorg. Chem. 1970, 9, 500.
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Reaction of the binuclear complex with V2* does not appear
to be involved since the redox step has the expected dependence
on ionic strength for a 2 +/2- interaction.

A somewhat similar situation pertains in the reactions of
[CoEDTA]? with [Fe(CN);L]?>" complexes.!*!¢ In the latter
case, however, a cyano-bridged binuclear complex is formed that
contains Co(III) and Fe(II). This dead-end complex undergoes
back-electron-transfer and the products [CoOEDTA]" and [Fe-
(CN)sL]* result from a parallel outer-sphere pathway. In this
study, the dead-end complex can be characterized unambiguously
by making use of the charge-transfer properties of the (CN);Fel!
unit and the general inertness of cobalt(IIT). In the present study,
due to the lability of both V(II) and V(III),"” the existence of the
binuclear complex was inferred from the kinetic data. The data
collected in Tables II and III are consistent with the formation
of a binuclear complex where the bridging ligand is cyanide in
all six cases reported. The binuclear complex is formed via the
ion-pair [Co(CN);L?",V(OH,)¢**], followed by slow interchange
of a bound water molecule for a cyanide nitrogen. The rate
constant for the interchange reaction can be estimated from the
experimental values of k; and the calculated'® value of Kjp, the
outer-sphere association constant. For Kjp = 3 M™L!° the in-
terchange rate constant is approximately 17 s™! (k;, ~ 50 M! 5!
for all complexes). Nichols, Ducommun, and Merbach have
obtained a value for the interchange rate constant of 20 s™! for
the [V(OH,)¢]**/SCN- system.?® It is likely that the substitution
reaction described herein corresponds to an I, mechanism.

Furthermore, the assignment of the oxidation states in the
binuclear complex as V(II) and Co(IIl) is confirmed by the
scavenging experiments described earlier. Thus, electron transfer
takes place in a second subsequent step, and the data suggest an
outer-sphere pathway. It is not clear why the inner-sphere bi-
nuclear complex is unreactive to reduction by V(II).

Conclusions. The chromium(1I) reductions of pentacyano-
cobaltate(IIT) complexes with pyrazine, 4-cyanopyridine, and
isonicotinamide proceed via attack at the organic ligand in an
inner-sphere process. A radical-ion mechanism is postulated for
these reactions on the basis of rate comparisons.

In the vanadium(II) reductions of these complexes, a binuclear
inner-sphere complex between V?*(aq) and [(CN)s;CoL]% is
produced that is redox inactive. Reduction of the cobalt(IIT) center
proceeds by an outer-sphere pathway between the two monomeric
reactants.
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