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Bivalent cobalt complexes with the title ligands were synthesized, isolated, and characterized by ab-

sorption spectra and magnetic moments.

flexible structures than the corresponding cobalt(III) complexes.
oxidized to the cobalt(III) complexes in DMSO in the presence of copper(Il) ions.
elucidated the reversible Co!'/Co™ couples of the cobalt complexes in acetonitrile.

the Co!'/Co™ couples were found to depend on the coordinating ligands.

It has been suggested that the cobalt(II) complexes have more

The cobalt(II) complexes were found to be

Cyclic voltammetry
The values of E,. for
The relation between Ei2 and

pK. of the ortho-hydroxyl group in the ligands was discussed.

Some o-hydroxy azo compounds in the following
structural formula? are well known to behave as ter-
dentate ligands,2-® which form colored chelates with
many metal ions.¥ They have been used as sensitive
analytical reagents for the spectrophotometric deter-
mination of cobalt,5:® because they form very stable
cobaly(IIT) complexes.”

0
8- PAN o-PAN PAPhen

In the reactions between cobalt(II) ion and the title
ligands in aqueous media, the cobalt(II) complexes
formed are immediately oxidized by dissolved oxygen
to the corresponding cobalt(IIT) complexes.” There-
fore it is difficult to isolate the cobalt(Il) complexes
and to investigate their characters, whereas the forma-
tion”? and the structures?:® of the cobalt(Ill) com-
plexes have been well characterized. In addition, some
information about redox behavior of such cobalt
complexes has been obtained: (1) The cobalt(II) com-
plexes are easily oxidized in aqueous solution, but
they are considerably stable in organic solvents,5-10
and (2) the cobaly(Ill) complex with B-PAN are
reduced to the cobalt(II) complex by hyperoxide in
dimethyl sulfoxide, DMSO,» though details of the
electrochemical data about the Co!'/Co! couples,
which enable us to predict what complex prefers the
cobalt(III) state, have not been reported so far.

In the present paper,1® we report the synthesis, iso-
lation, and characterization of the cobalt(Il) com-
plexes with the title ligands, as well as the electro-
chemical study of their cobalt complexes in ace-
tonitrile solution by cyclic voltammetry.

Experimental

Measurements. Absorption spectra were recorded on
Hitachi EPS-3T and 340 spectrophotometers. Magnetic sus-

ceptibilities were measured by Gouy method. The pH was
measured with a TOA HM-20E pH-meter equipped with a
composite electrode, type GST-155C.

Cyclic voltammograms were recorded at 2510.3 °C with a
Yanagimoto Polarographic Analyzer P-1100. The three-
electrode system, consisting of a glassy carbon indicator
electrode, GCE, (surface area: 7.1X10-2 cm?2), a platinum-
wire auxiliary electrode, and a reference electrode, was
employed. The reference electrode systems were as follows:
(A) sample || salt bridge with saturated Et4NCIlOy || satu-
rated KCl || agar bridge of saturated KCl || SCE, and (B)
sample || CH3CN salt bridge containing 0.1 mol dm—3
EuNCIO4 || Ag-Ag*(0.01 mol dm—3 AgNQs) in acetonitrile.
G4-sintered glasses were set between bridges and samples
or reference electrodes. The difference in potentials ob-
served for the above two systems, E(Ag/Ag*)—E(SCE), was
always constant, —0.315V, in all our measurements.!? The
potentials measured in (A) are listed in the text and
tables. A glassy carbon electrode was polished up with
diamond powder (Royal Diamond Compound 1-W-47) until
the surface became a mirror before each run, so that suf-
ficient reproducibilities could be obtained. EtyNCIO4 was
used as a supporting electrolyte.

Materials. Commercial grade acetonitrile dried over
CaH: was twice distilled under nitrogen atmosphere. The
purified solvent was stored under nitrogen atmosphere.

The cobalt complexes, [Co'(B-pan)2]CI'? and [Co™(B-
pan)(dien)](ClOy4)2,? were reported previously.

The bivalent cobalt complex, [Co'(B-tan):] was prepared
from the stoichiometric amount of Co(ClQO4)2-6H20 and -
TAN in a similar way to [Co"}(8-pan)z]Cl, and easily iso-
lated. The composition (metal to ligand ratio=1:2) and the
oxidation state of the cobalt were confirmed by UV spectral®
and elemental analysis. On the other hand, the bivalent
cobalt complexes with B-PAN, a-PAN, and PAPhen could
not be obtained by mixing the components. The syntheses
of the cobalt(II) complexes were as follows:

1) Free acid form of B-PAN (1.0 g) and ascorbic acid
(1.0 g) were completely dissolved in ethanol (500 cm?) by
heating under nitrogen atmosphere. To the solution, CoCl;
(0.26 g) dissolved in a small amount of ethanol was added.
The mixture was stirred and kept at 50°C for 1.5
h. The green product formed was filtered, washed with
ethanol, and dried in vacuo (yield 1.25g). The green
complex of a definite composition was always obtained
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under the above conditions. Found: C, 54.51; H, 3.74;
N, 10.86; Cl, 6.62%. Calcd for C3oH20NsO2Co-CsHsOs-
(3/2)HCI: C, 54.99; H, 3.78; N, 10.69, Cl, 6.76%. An
analogous product was obtained for a-PAN. IR spectrum
of the green complex shows the bands corresponding to
ascorbic acid at around 1753 and 1650—1680 cm~!.
The magnetic moment per at 300K is 1.94 BM. ESR
spectra show no signals of organic radicals. Above
data suggest that the green complex is a bivalent cobalt
complex, though the state of ascorbic acid in the green
complex and the structure of the green complex are not
clear. A similar product was obtained for PAPhen by
the analogous method. Found: C, 58.78; H, 3.87; N,
9.77%. Calcd for C3sH24NeO2Co - CsHsOs-2HCI: C, 57.29; H,
3.89; N, 9.54%.

2) To an ethanol solution (500 cm3) of the green com-
plex (1.0 g) with B-PAN, sodium metal (0.1 g) dissolved in
ethanol (5 cm3) was added. The solution turned red imme-
diately. The red complex precipitated by evaporation was
filtered, washed with ethanol thoroughly, recrystallized
from ethanol-chloroform (1:1 v/v) several times, and dried
in vacuo (yield ca. 60%). The red complex is more soluble in
nonpolar solvents such as chloroform than in ethanol and
insoluble in water, indicating itself acting as a noncharged
complex. ESR spectra at 77 K showed the signal of cobalt-
(IT) ion for the red complex, whereas no signal appeared
for [Co'(B-pan)z]Cl. The red complexes, [Co'(a-pan)z]
and [Co'(paphen)z]), were also synthesized by the anal-
ogous method. [Co!}(B-pan)z]: Color: deep reddish purple.
Crystal form: too fine to be identified. Found: C, 63.52;
H, 3.65; N, 14.39; Cl, 1.27%. Calcd for C3oH20NeO2Co-
(1/4)NaCl: C, 63.21; H, 3.54; N, 14.74; Cl, 1.55%. [Co!-
(a-pan)z?]: Color: dark purple. Tabular crystals. Found:
C, 63.17; H, 3.65; N, 14.83%. Calcd for CsoH20NgO2Co-
(1/4)NaCl: C, 63.21; H, 3.54; N, 14.74%. [Co'(paphen)z]:
Color: deep red purple. Tabular crystals. Found: C,
68.04; H, 3.59; N, 12.87%. Calcd for CssH2:sNsO2Co: C,
69.62; H, 3.69; N, 12.82%.

Results and Discussion

Characterization of the Red Cobalt(Il) Complexes.
The data of absorption spectra in CHCls and mag-
netic moments (solid) at room temperature for the
red complexes are listed in Table 1. The absorp-
tion spectrum of [Co!(B-pan)z] is the same as
that of the cobalt(Il) complex observed in the
rapid-scan spectral study of the reaction between
Co?* ion and B-PAN? and in the reduction product

TABLE 1. DATA OF ABSORPTION SPECTRA AND
MAGNETIC MOMENTS
10% mol—! BM
Complex Imagfam  LOION e
[Co!'(B-pan),] 522 2.83 2.31
[Co!!(a-pan),] 322 2.80 2.16
545 3.44 :
[Co'I(paphen),] 310 3.38 2.59
520 3.74 :

Cobalt(II) Complexes of o-Hydroxy Azo Compounds

1521

of [Col(B-pan)z]Cl by Oz~ ion.!? The data of ele-
mental analysis and the absence of absorption bands
assignable to cobalt(III) in the spectra measured
in CHCI3 indicate that the complexes do not con-
tain cobalt(III) complexes. Though the absorption
spectra of these complexes did not change in an
aprotic solvent, DMSO, even bubbled with O: for
ca. 30min, the absorption spectra changed im-
mediately to those corresponding to the cobalt(III)
complexes, when a small amount of water (0.5 cm3
Hz20 to 3.5cm3 DMSO) was added.

Magnetic moments of the red complexes also show
that these complexes are not cobalt(III) complexes
but cobalt(II) complexes with more than one spin. It
is well known that p.sr of a cobalt(II) complex is vari-
able depending on its spin-state, coordination
number and geometry.!® For example, the u.s values
are expected to be 5.0—5.8, 1.80—1.85, and 2.2—2.9
BM, for octahedral high-spin, octahedral low-spin,
and four-coordinated low-spin cobalt(II) complexes,
respectively.’® The u.r values listed in Table 1 are
smaller than those for octahedral high-spin com-
plexes and larger than those for octahedral low-spin
complexes. The reason for this anomalous magnetic
moment is interpreted as follows: 1) A mixture of
high-spin cobalt(Il) complexes and diamagnetic
cobalt(III) complexes, 2) four-coordinated low-spin
complexes, or 3) spin-state equilibrium between 2E,
and 4T, states. The possibility for 1) is excluded
from results of absorption spectra and elemental
analyses as mentioned above. From the results of
temperature-dependence of the magnetic moment for

‘Co!(paphen)z-4EtOH - (1/3)CHCIls (pink complex),

Pandeya et al. took the spin-state equilibrium
between 2E; and 4Ty, into account.!” Though the
composition of their complex is different from that
synthesized in the present study, the similarity of our
data to theirs suggests that the case 3) is more prob-
able for the other red complexes, [Co!l(B-pan)z]
and [Co(a-pan)z]. Therefore, the structures of the
cobalt(II) complexes are expected to be considerably
flexible, whereas cobalt(III) complexes have rigid
structures.?

These cobalt(II) complexes were found to react
with copper(Il) ions in DMSO. The red solutions of
the cobalt(II) complexes in DMSO changed to green
by the addition of copper(Il) perchlorate; the same
changes were observed for other copper(Il) salts as
well. The spectra of the final products corresponded
to those for the cobalt(III) complexes. The effect of
perchlorate ions was neglected, since no changes in
the spectra of the cobalt(II) complexes were observed
by the addition of perchlorates of other metals such
as zinc(II). The oxidation by copper(II) ions should
form copper(I) ions. The difference between the
spectra of the final products with and without addi-
tion of 2,2’-biquinoline gave the spectrum of
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copper(I)-2,2’-biquinoline complex, indicating the
presence of copper(I) ions in the solutions of final
products. These observations reveal the oxidation of
the cobalt(II) complexes to the corresponding cobalt-
(IIT) complexes by copper(II) ions in DMSO.

Cyclic Voltammetry on the Cobalt Complexes.
Cyclic voltammetry was carried out between —0.5
and +0.7V vs. SCE in the scan-speed range from 10
to 500 m V s71. [Co!(B8-pan)2]Cl showed one peak in
both cathodic and anodic runs in this potential
range. The other cobalt complexes with analogous
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ligands also showed similar cyclic voltammograms in
the same potential range. Figure 1 shows the typical
cyclic voltammogram of [Co™Y(B-pan)z]Cl in acetoni-
trile.®  The cyclic voltammograms observed on
[Col(B-pan)2] and [Co!(B-pan)2]JClO4 were essen-
tially the same to that of [Co"(8-pan)2]Cl. The data
for [Co™(B-pan)z]* are listed in Table 2. It was
found that (1) the cathodic and anodic peak currents
of the observed wave, (ip). and (p)s, measured at var-
ious sweep rates, v, were propotional to v'?2, (2) the
difference between cathodic ((Ep).) and anodic ((Ep)a)
peak potentials, AE=(E,).—(Ep). was always ca.
60 mV, (3) the values of (E,). and (E;). were inde-
pendent of v, (4) (ip)s/(ip)=1 for all v, and (5) the
peak potentials were independent of the kinds of in-
dicator electrodes: A very similar wave was obtained
when a GCE was changed to a Pt-electrode. On the
basis of these results, the wave observed can be
regarded as a simple one-electron transfer reversible
system, A+e = B.19

In order to elucidate the products of one-electron
reduction of [Co!l(8-pan)z]*, the constant potential
electrolysis of the cobalt(III) complex at —1.0V wvs.
Ag/Ag* (—0.68V vs. SCE) was performed under the
same conditions as in the measurement of the cyclic

voltammogram. The absorption spectrum of the
T solution was observed during the electrolysis. As the
0 -VO-\?S SCcE absorption at 600 nm due to the cobalt(III) complex

Fig. 1. Cyclic voltamograms of 2.0x 10-%* mol dm—3?
[Co'(B-pan),]t in acetonitrile solution cotaining 0.1
mol dm—? Et,NCIO, at 25°C. Sweep rate: a, 20;
b, 50; ¢, 100; d, 200 mV s-1. e is blank at sweep
rate=100 mV s-1.

decreased gradually, a new band at about 520 nm
due to the cobalt(II) complex appeared. Finally,
the absorption spectrum almost coincided with
that of [Co!(B-pan)z]. Therefore, the above men-
tioned one-electron reversible process can be assigned

TasBLE 2. DATA OF cycLIC VOLTAMMETRY ON [Co!!l(f-pan),]* IN ACETONITRILE®

v/mV s~ (tp) /A (ip)a/1A (Tp)o/ (tp)a (Ep)e/ VP (£p)a/V? AE,/mV
10 1.3, 1.2, 1.0,
20 1.8, 1.7, 1.0,
50 2.84 2.7 1.0,
100 4.0, 3.7, 1.0, —0.18, 0.12, ~60
200 5.7, 5.2 1.0,
500 9.0, 8.1, 1.1,
a) [Col(B-pan),]+: 2.0X 10~* mol dm-2. I=0.1 (Et,NCIO,). T=25°C. b) ss. SCE.
TaBLe 3. DATA OF THE WAVES ASSIGNED TO THE Co!l/Co!!l coupLE®
Complex (Ep)elV (Ep)alV AE,/V E, o/ VD pK,?
[Colll(B-pan),]+ 9 —0.18, —0.12, 0.06, —0.15, 12.7
[Co'(B-pan),]® —0.18, —0.12, 0.06, —0.15,
[Co'1(B8-pan)(dien)]2+ ® —0.32¢ —0.264 0.06, —0.29,
[Co''(a-pan),]® —0.07, —0.01, 0.06, —0.04, 10.7
[Co'I(paphen),]® —0.20, —0.14, 0.06, —0.17, 13.5
[Co!I(B-tan),]® +0.02, +0.08, 0.06, +0.05, 9.5

a) In acetonitrile. »s. SCE. I=0.1 (Et,;NCIO,). T=25°C. b) Eys=((Ey)c+ (Ep)a)/2. ¢) 50%(v/v) dioxane-
water media. I=0.1 (KCl). T=25°C. d) The forward scan is to negative direction and the backward to
positive. e) The forward scan is to positive direction and the backward to negative.



May, 1985]

to the electron transfer, [Co!(8-pan)z]*+e = [Co!l(B-
pan)2). The waves observed for the other cobalt
complexes were also assignable to that for the Co!l/
Co™! couples.

The data for the cobalt complexes with B-PAN
and analogous ligands in acetonitrile are listed
in Table 3 with the values of pK, for the ortho-
hydroxyl groups in the ligands. It is obvious that
Eip of the Col/Co! couple is dependent on the
coordinating ligands. Some features are as follows :
Ei2 of the Col''/Co! couple shifts to the more
negative side in [Co!!(B8-pan)(dien)]?+ which has one
B-PAN, than in [Co"{(8-pan)z]J*. The value of Eyp
of [Co!(B-pan)z] is more negative than that of [Coll-
(a-pan)?] where a-PAN is different from B-PAN
in the position of the azo and ortho-hydroxyl
groups attached to the naphthol moiety. From
the comparison between [Col(8-pan)z] and [Co!(B-
tan)z], in which the ligands have the same moieties,
2-naphthols, Ei2 of the complex with thiazolyl group
is more positive than that of the complex with
pyridyl group. Therefore, [Co!(B-tan):] is expected
to be more stable than [Co!(B8-pan)z] against the
oxidation by dissolved oxygen in aqueous solution
(the half-wave potential for O2—QOz~, E12=—0.05V vs.
SCE in aqueous neutral solution??). Indeed, the
observations such as, the easy extraction of [Col(S-
tan)z] into organic phase!® and the considerably easy
isolation of the complex, support the above idea.
For the cobalt complexes with these analogous
ligands, there is a remarkable feature of the rela-
tion between Ei» and pK. of the ligands. It can
be seen that as the pK. value of the ortho-

hydroxyl group in the coordinating ligand increases,-

Eip shifts to the more negative direction. This
suggests that cobalt(III) state is more stabilized as
the basicity of the coordinating ligand increases, i.e.,
as the ligand can coordinate strongly to the cobalt ion.

The authors thank Professor Akira Yamada, Yoko-
hama City University for the kind advices in the
measurements of cyclic voltammograms and Profes-
sor Yoshio Matsunaga, Hokkaido University for the
kindness in the measurements of magnetic suscep-
tibilities.

References

1) Ligand abbreviations: a-PAN=2-(2-pyridylazo)-1-

Cobalt(II) Complexes of o-Hydroxy Azo Compounds

1523

naphthol; B-PAN=1-(2-pyridylazo)-2-naphthol: PAPhen=
10-(2-pyridylazo)-9-phenanthrol; 8-TAN=1-(2-thiazolylazo)-
2-naphthol; dien=diethylenetriamine.

2) S. Ooi, D. Cater, and Q. Fernando, J. Chem. Soc.,
Chem. Commun., 1967, 1301.

3) M. Kurahashi, Chem. Lett., 1974, 1271; Bull. Chem.
Soc. Jpn., 49, 127, 872, 1419, 2927, 3053 (1976).

4) S. Shibata, ‘“2-Pyridylazo Compounds in Analytical
Chemistry,” in “Chelates in Analytical Chemistry,” ed by
H. A. Flaschka and A. J. Barnard, Jr., Vol. 4, Marcel Dekker,
Inc., New York, (1972), p. 1; R. G. Anderson and Nickless,
Analyst, 92, 207 (1967); 93, 13, 20 (1968); S. Shibata, Bunseki
Kagaku, 21, 551 (1972); H. Wada, 1bid., 21, 543 (1972); H. R.
Hovind, Analyst, 100, 769 (1975).

5) K. L. ChengandR. H. Bray, 4Anal. Chim. Acta, 27, 782
(1955); G. Goldstein, D. L. Manning, and O. Menis, ibid.,
31, 192 (1959); T. Yotsuyanagi, R. Yamashita, and K.
Aomura, ibid., 44, 1091 (1972).

6) R. Yamashita, T. Yotsuyanagi, and K. Aomura, Bun-
seki Kagaku, 20, 1282 (1971) and the literatures cited therein.

7) K. Mochizuki, T. Imamura, T. Ito, and M. Fujimoto,
Chem. Lett., 1976, 1207; Bull. Chem. Soc. Jpn., 51, 1743 (1978).

8) K. Mochizuki, T. Ito, and M. Fujimoto, Bull. Chem.
Soc. Jpn., 52, 441 (1979).

9) K. Mochizuki and M. Fujimoto, Bull. Chem. Soc. Jpn.,
53, 2531 (1980).

10) A preliminary report: K. Mochizuki and M. Fujimoto,
Chem. Lett., 1980, 1541.

11) K. Mochizuki, T. Imamura, and M. Fujimoto, Bull.
Chem. Soc. Jpn., 53, 1757 (1980).

12) Similar results have been reported for the reduction of
Co(Cl0y4)2-6H20 in acetonitrile, E;»=—0.96V (DME,
0.1 mol dm=3 TBAP, Ag/0.01 mol dm—3 AgNOs3, at 25°C)1®
and —0.65 V (DME, 0.1 mol dm—3 NaClQy, SCE, at 25 °C).19

13) 1. M. Kolthoff and J. F. Coetzee, J. Am. Chem. Soc., 79,
1852 (1957).

14) A. I Popov and D. H. Geske, J. Am. Chem. Soc., 72,
2074 (1957).

15) A. Kawase, Japan Analyst, 12, 817 (1963).

16) B. N. Figgis and J. Lewis, “Progress in Inorganic
Chemistry,” Interscience Publishers, New York, N.Y. (1964).
Vol 6, p. 37.

17) K. B. Pandeya, R. P. Singh, and Y. K. Bhoon, J. Coord.
Chem., 6, 71 (1976); Y. K. Bhoon, R. P. Singh and A. K.
Gregson, ibid., 9, 251 (1979).

18) The wave with (E;).=—0.82 and (E,)=—0.77V was
observed by more negative sweep. This is assumed to be due
to the reduction of the azo group or of the cobalt(Il) ion.

19) A. M. Bond, ‘“Modern Polarographic Methods in
Analytical Chemistry,”” Marcel Dekker, Inc, 1980, Chapter 5.

20) I. M. Kolthoff and C. S. Miller, J. Am. Chem. Soc., 63,
1013 (1941).






