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A redugdo do [Co(bipy)g]p em solugdes de agua-dimetilformamida (2:1) foi realizada quimi-
camente por borohidreto de sodio. A solugdio azul-escura obtida mosirou comportamento eletro-
quimico diferenciado com a variagdo da quantidade de borohidreto utilizada na redugdo. Foi
proposto que hidretos complexos intermedidrios formam-se em solugdo. Os estudos polarogréficos
mostraram também uma onda anédica catalitica em -1.10 V x E.C. NaCl 3 M.

The reduction of [Co(bipy)::.]2+ in water-dimethylformamide (2:1) solutions was chemically
performed with sodium borohydride. The deep blue solution obtained showed different electro-
chemical behavior with varying amounts of borohydride. Intermediate hydride-complexes which
form in solution were proposed . The polarographic studies showed also an anodic catalytic wave

at-1.10 Vx E.C. 3 M NaCl.
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Introduction

The deep blue complex [Co(bipy)s)* (Amax = 600 nm)
can be chemically prepared by reducing [Co(bipy);])** or
[Co(bipy)s]* in the presence of excess 2,2’-bipyridine with
sodium borohydride. The compound of the Co (I) complex
is relatively stable in the absence of oxygen and is slightly
soluble in water'.

The reduction of transition metal complexes of 2,2’-
bipyridine with sodium borohydride is considered to pro-
ceed via labile hydride-intermediates, which may be
trapped by the addition of ligands such as triphenyl-
phosphine?®. Transition-metal hydrides are important
stoichiometric reagents and catalyze many reactions, in-
cluding the water-gas shift reaction and hydrogenation,
hydroformylation, hydrosilylation and polymerization of
olefins’. Electrochemical methods, specially polarographic
techniques, can provide information concerning the chemi-
cal reactions involving the intermediate hydride-com-
plexes in a catalytic system.

This paper reports on a study of the electrochemical
behavior of [Co(bipy):]** solutions in the presence of an

excess of sodium borohydride. The kinetics and mecha-
nism of the homogeneous chemical reduction of
{Co(bipy)s*" with NaBHa was also considered.

Experimental

Reagents

All chemicals were reagent grade and were used with-
out further purification. [Co(bipy)](ClO4)2 (bipy = 2,2’-
bipyridine) was prepared as previously described®.
Polarographic grade 0.067 M tetraethylammonium bro-
mide (TEAB) was used as the supporting electrolyte. The
solvents were spectrophotometric grade N,N'-Dimethyl-
formamide (DMF) and distilled water.

Polarography

The polarograms were obtained with a Tacussel PRG 5
and an EPL 3 recorder using a three-compartment electro-
chemical cell. The dropping mercury electrode was me-
chanically controlled and the drop time was 1.3 s. The
calomel reference electrode (3 M NaCl) was isolated from
the bulk solution by a glass frit. The auxiliary electrode was
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a platinum wire. Solutions were deoxygenated with pure
argon (99.999%). The temperature was 25 °C in all experi-
ments. The potential scan rate was 10 mV.s™'. Pulse widths
employed were 75 ms in the pulse mode.

Results and Discussion

Preliminary experiments

On the addition of solid sodium borohydride to an
aqueous [Co(bipy)s]** solution, the BHs" immediately re-
acts with water, and a considerable amount of hydrogen is
liberated. The complex reduction is a slower reaction than
the borohydride reaction with water. The reducing ability
of the borohydride solution is diminished due to this paral-
lel reaction and a large excess of borohydride is required to
carry out the total complex reduction.

The alkali-metal borohydride is stable in a highly basic
medium® and in aprotic solvents. However, the blue cobalt
(I) complex is unstable in alkaline solution'®. Thus, quali-
tative experiments were carried out with aprotic solvents
(acetonitrile, dimetil sulfoxide etc.), and DMF proved to be
the most suitable. The physicochemical properties of DMF
supports its use as a solvent in hydride chemistry'’. Sodium
borohydride in DMF is stable for several days. When
[Co(bipy)s] {ClO4) aqueous solution was treated with so-
dium borohydride in DMF, the reduction took place imme-
diately, forming a stable deep blue solution.

Spectrophotometric studies on [Co(bipy)s]>*/NaBH, so-
lutions showed that a water - DMF medium with ca. 2:1
composition, wich a maximum stability for the complex
concentrations ranging from 0.10 to 1.0 mM can be obtained.

Polarography of [Co(bipy)s)*" in the presence of sodium
borohydride

The polarograms of 1 x 10 M [Co(bipy):]** solution
with different additions of NaBHqs in DMF (0 to 0.25 M)
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Figure 1. Tast polarograms of | mM [Co(bipy)a)?* at different NaBHa
concentrations. 1) 0: 2) 4.1 mM: 3) 8.8 mM; 4)12.3 mM; 5) 17.6 mM;
6) 250 mM.
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are shown in Fig. 1. In the absence of borohydride the
[Co(bipy)s]** solution exhibited a cathodic wave at -1.07
V. The first reduction step and the first oxidation step for
the Co(11)/bipy complex is a reversible one-electron step in
aqueous’'® or non-aqueous media'’?. The original yellow
solution changed to blue on the addition of 4.0 mM NaBHj,
and the half-wave potential of the cathodic wave shifted 30 |
mV toward a more negative potential. At more concen-
trated borohydride solutions the cathodic component de- .
creased and the anodic component merged, affording a .
composite wave. Finally, an anodic wave was observed .
which showed catalytic behavior. A color change in the
[Co(bipy)s]** solution when NaBH4 4 mM was added was
not observed.

The experimental data showed that hydride-complexes
are involved in the electrochemical process. The chemical
reaction between [Co(bipy)3)** and BH4 ™ takes place with |
the formation of the hydride [Co(Il)H (bipy)2]” (A) and
subsequent [Co(I) H (bipy)2]° (B) in the bulk of the solu-
tion, according to the formal scheme:

[Co(bipy)s]** + BHs —— [Co(Il) H (bipy)s)" + |
l +bipy (1)

[Co (bipy)2]" + 112 Ha

[Co(II) H (bipy)2]" + BHy —— 3

(Co(l) H (bipy)a]® (2) §
Hydride-complex A is electrochemically reduced to

hydride-complex B in the following reaction:

[Co(ID) H (bipy)2]" + ¢ ==== [Co(l) H (bipy)2]’ (3)

The cathodic and anodic waves can be described by this
electrode process. A mixture of A and B in the solution
gives a mixture of cathodic and anodic currents corre-

sponding to the relative concentration of each species. The A8 L

anodic wave shows catalytic behavior in the presence of a
large excess of borohydride. The mechanism of the anodic
catalytic currents can be outlined as follows:

[Co(t) H (bipy)2)® === [Co(ll) H (bipy)a] +¢ (4) {l
(Co(ll) H (bipy)2]* + BHy ——» ’

[Co(l) H (bipy)]® (5)
The hydrogen ion in a transition-metal complex has

a very large ligand-field strength, which is manifested
by a shift in the Ei22 of the [Co(bipy),]***" reduction to

more negative potentials. The borohydride ions may B

function as a source of hydride ions and also as a reduc-
ing agent. Parallel reactions in the solution are involved
such as substitution or dissociation of the initial complex
with salvent molecules, reaction of BH4™ with water,
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reaction of the hydride-complex with water etc. The hy-
dride-complexes were represented by formal oxidation
states.

The hydride-complexes can be stabilized by ligands
with high ligand-field strength (for example, tertiary
phosphines or cyanide). These ligands are more useful for
stabilizing hydride-complexes than conjugated chelating
ligands, such as 2,2’-bipyridine. It has been shown that
hydride-complexes with 2,2’-bipyridine are unstable in air
and moisture, but can be isolated and characterized in the
presence of tertiary phosphines®™*'>. The preparation of the
hydride-complex of cobalt (I) with phosphine ligands has
been previously described'*'”.

Borohydride concentration

The dependence of the wave heights of the 1 x 104 M
[Co(bipy)s)** solution on borohydride concentration is
shown in Fig. 2. The limiting current was measured at a
suitable potential on the plateau of the waves. Progressive
lowering of the cathodic current and the concomitant
increase of the anodic current were observed with an
increase in the borohydride concentration. Beyond 40 mM
NaBHy, the wave became totally anodic and the current
increased sharply.

Cobalt ( I ) bipyridine concentration

The height of the wave, measured at the limiting
current, is shown in Fig. 3 as a function of the concen-
tration of [Co(bipy)s]** for 3.3 x 10 M NaBH solu-
tions. The cathodic current increased linearly, showing
the tendency to remain unchanged at concentrations 23.0
mM of the Co(1l) complex. Similarly, the anodic current
increased linearly until it reached a steady state at ca. 1.0
mM ([Co(bipy)s]**. Thus, experimental evidence indi-
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Figure 2. Dependence of the current on the concentration of NaBHg for
1x 104 M [Co(bipy)s)** + 0.067 M TEAB.
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Figure 3. Dcpendence“of the current on the concentration of
[Colbipy):)** for 3.3 x 10> M NaBHa + 0.067 M TEAB.

cates that Reaction 2 is slower than Reaction 1. This ex-
periment was repeated witha3.0x 10" M NaBHj solution
by changing the Co(II) complex concentration (Fig. 4).
The solution presented an anodic wave which increased
linearly. Beyond the 3.6 x 10° M Co(Il) complex, the
anodic current falls as a result of the precipitation of the
dark-blue compound.

2,2 -bipyridine concentration

The composite wave of the 0.50 x 10> M [Co(bipy)s]**
+0.05 M NaBHjs solution at -1.10 V presented a decrease
in the anodic current and an increase in the cathodic current
as the concentration of the added bipy (2.0 mM to 10 mM)
was increased. The anodic wave obtained froma 0.50 x 107
M [Co(bipy)s)** + 0.10 M NaBHj solution decreased upon
the addition of free bipyridine (2.0 mM to 10 mM). Simi-
larly, the half-wave potential shifted to a more positive
potential in both cases. This fact indicates that one mole-
cule of bipyridine is lost when the Co(II} complex is re-
duced with NaBH4. The addition of bipyridine stabilizes
the complex [Co(bipy):}** and the formation of the hy-
dride-complex becomes unfavorable.
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Figure 4. Dependence of the current on the concentration of [Co(bipy)}]b
for 3.3 x 10" M NaBH4 + 0.067 M. TEAB.
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Kinetic reactions

The study of the kinetics of the homogeneous
[Co(bipy);]** reduction with sodium borohydride was fol-
lowed by recording time variations in the polarographic
limiting currents of polarographically active species. The
cathodic wave of the 1.0 x 10 M [Co(bipy):)** + 4.0 mM
NaBHj solution remained unchanged up to 2 h, however
the blue solution became unstable at the end of this period.
The polarogram of the 1.0 x 10" M [Co(bipy)s]** + 50 mM
NaBHs solution presented a decrease of the cathodic com-
ponent and an increase of the anodic component for 10 min.
After this period, the waves were not affected forup to 2 h.
The anodic wave of the 1.0 x 102 M [Co(bipy);]** + 100
mM NaBHj solution exhibited a sharp decrease with in-
creasing time up to 2 h. The respective cathodic current was
not simultaneously observed. The electrochemical behav-
ior of the [Co(bipy);)*'/NaBH4 system with time indicates
that the mechanism of the homogeneous reduction involves
the slow-formation of the hydride-complex of Co(I), and
side reactions such as BHs™ with water and hydride-com-
plexes with water.

Polarographic reduction of [Co(bipy)]”" presents one
cathodic wave at -1.29 V in DMF solutions'®. After the
addition of NaBH4 (4 mM - 250 mM) the height of the
wave decreased in a non-lincar fashion. The anodic wave
was not observed even with a Jarge excess of borohydride,
an excess of bipyridine or by recording the pelarographic
limiting current with time. The results suggest that the
mixed complex involving DMF and bipy shows a reduced
stabilizing power and the Co(l} hydride complex is so
unstable that it is not formed. Thus, water has an important
effect on the formation of the intermediate Co(I) hydride
complex (B) in a water-organic solvent.

The dependence of the reaction rate of the Co(I1) com-
plex with borohydride on temperature was also observed
by using a polarographic experiment. The 0.51 x 10° M
[Co(bipy)3)*" + 75 mM NaBHas solution showed cathodic
wave (-1.18 V)at 10°C or 21 °C and an anodic wave (-1.18
V)at 25 °C. With a less concentrated [Co(bipy);]** solution
(0.31 mM) the composite wave was obtained at 21 °C. The
experimental data confirmed that the reducing ability of the
borohydride solution is diminished at low temperatures.
According to the mechanism proposed, lowering the tem-
perature of the reaction reduces the rate of the formation of
{CoH(bipy)2)° (Reaction 2).

]2+

Pulse polarography experiments

The normal pulse polarograms {NPP) and reverse pulse
polarograms (RPP) obtained from a 1 mM [Co(bipy)s)**
solution at different NaBH4 concentrations (4 mM to 250
mM) showed only a small peak in NPP and RPP, which is
typical of the adsorption phenomenon at the dropping
mercury electrode'"'®. The polarograms correspond to
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weak adsorption of both product and reactant on the elec-
trode surface'®. The occurrence of adsorption can be best |
observed when chloride is used as the supporting electro-
Iyte.

The reversibility of the electrode process concerning -
'[l.':c)(bipy)s]1+ solution at different NaBH4 concentrations
was verified by normal pulse polarography. The depend- :
ence between current and t» /2 (1, = measuring time) for
reversible systems must be linear at the potential picked in
the polarographic wave'?. The currents at different pulse
widths are shown in Figs. 5, 6 and 7. The 1.0 mM
[Co(bipy)s]** + 4.0 mM NaBHj solution presents revers-
ible behavior (Fig. 5). The wave of the 1.0 mM
[Co(bipy)s)** + 50 mM NaBHs solution (Fig. 6) is almost
independent of the pulse width at Ei;; and Eja. The 1 vs.
tw' ™ curve for the anodic wave of 1.0 mM [Co(bipy):]** +
250 mM NaBHs solution are independent of the pulse
widths at Esua, Ei2 and Eiu (Fig. 7). Thus, the limiting
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Figure 5. Dependence of the current on the measuring time of | mM
[Co(bipy)3]*” + 4.1 mM NaBHa.
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Figure 6. Dependence of the current on the measuring time of 1 mM
[Colbipy)3)** + 50 mM NaBHs.
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Figure 7. Dependence of the current on the measuring time of | mM
[Colbipy)3]** + 250 mM NaBHa.

current is diffusion controlied, but currents at more positive
potentials are kinetically controlled.

The analysis of the polarographic wave of 1.0 mM
[Co(bipy)s]** + 4.0 mM NaBHs solutions obtained under
suitable conditions was performed in order to obtain the
number of electrons involved in the electrochemical proc-
ess. The value of n obtained by means of the Cottrell
equation®®?' is 0.86, confirming the mechanism proposed.
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