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Synthesis, characterization, and X-ray crystal structure for a mixed-valence binuclear Co(II)/
Co(III) complex with the dianionic dithiolate form of a pentadentate ligand 2,6-diacetylpyr-
idinebis(thiosemicarbazone) are reported. A new synthetic methodology has been employed
replacing usual cobalt(II) salts by [Co(NH3)5Cl]Cl2 as a precursor. The coordination geometry
of cobalt(II), CoN2S2, was found to be distorted tetrahedral, whereas the cobalt(III)
coordination sphere, CoN4S2, is slightly distorted octahedral. The magnetic behavior and
molar conductivity of the complex are in agreement with the mixed-valence state.

Keywords: Thiosemicarbazone; Mixed-valence Co(II)/Co(III) complex; X-ray crystal structure;
Tetrahedral and octahedral coordination sphere

1. Introduction

Interest in the field of thiosemicarbazone chemistry lies in potential biological activity

of the ligands and their metal complexes including antitumor [1, 2], fungicidal [3–5],

bactericidal [6–8] and antiviral [9] activities. Some pharmaceutical studies have

demonstrated that substituents on the 4-N position of thiosemicarbazone or

bis(thiosemicarbazone) ligands impart a great influence on their biological activity

[10, 11]. Our interest in synthesizing model complexes for the active sites of meta-

lloenzymes with mixed N/S donor sets [12, 13], such as nitrile hydratase [14–18], has led

us to investigate the coordination chemistry of this class of ligands.
Coordination of thiosemicarbazone ligands is generally accomplished through the

azomethine-N and S atoms. The ligands can bind either through monoanionic thiolate

or neutral thiocarbonyl sulfur (scheme 1), and this difference can be monitored

crystallographically by measuring the length of the C–S bond. The thiocarbonyl form

contains a formal C–S double bond with bond lengths on the order of 1.67–1.72 Å while

the thione form undergoes tautomerization to produce a formal C–S single bond with

lengths on the order of 1.71 to 1.80 Å [19].
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Although not as intensely studied as monothiosemicarbazones, the bis(thiosemicar-
bazones) have been the subject of a number of investigations with some indications of
biological activity on the part of these ligands and their metal complexes [20]. Structural
studies on complexes of thiosemicarbazones with different metals continue to be
of interest because these ligands have a variety of coordination modes with
�-delocalization of charge and configurational flexibility of their molecular chains
[21–30]. Although octahedral cobalt(III) and tetrahedral cobalt(II) complexes are
abundant, combination of both in a single molecule is very rare [31]. Coordination
chemistry of cobalt has been built using cobalt(II) salts as a starting material but
cobalt(III) precursors such as [Co(NH3)5Cl]Cl2 have not yet been extensively explored.

We report here the synthesis and crystal structure of a mixed-valence Co(II)/Co(III)
complex having two different geometries using [Co(NH3)5Cl]Cl2 as precursor, enabling
us to compare coordination behavior and biological activities. Spectroscopic, magnetic
and other techniques have been employed for structural characterization.

2. Results and discussion

2.1. Synthesis

Schiff base condensation of 2,6-diacetylpyridine and thiosemicarbazide produces
a N3S2 donor set, 2,6-diacetylpyridinebis(thiosemicarbazone) (H2L). A brownish-red
mixed-valence Co(II)/Co(III) complex is achieved on treating the ligand with
[Co(NH3)5Cl]Cl2. Since [Co(NH3)5Cl]Cl2 is kinetically inert, a prolonged reflux is
necessary for complete substitution of NH3.

2.2. Description of the structure of [CoIICoIIIL2]Cl .H2O

The crystal structure of [CoIICoIIIL2]Cl �H2O is depicted in figure 1 with data collection
and structure solution parameters given in table 1. Selected bond distances and angles
are shown in table 2. The compound consists of a binuclear cobalt complex cation with
helical structure and one disordered chloride counter anion modeled with half-
occupancy of each Cl�. The dimer is situated on a general position in the monoclinic

N

N N

NHHN

SSH2 2N

N

N N

SS        H2 2N

N N

H H

H L2

NH NH

Scheme 1. Tautomerization of 2,6-diacetylpyridinebis(thiosemicarbazone).
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Figure 1. The ORTEP drawing of the cation in [CoIICoIIIL2]Cl �H2O showing 30% ellipsoids. Hydrogen
atoms were omitted for clarity.

Table 1. X-ray data collection and structure solution parameters for
[CoIICoIIIL2]Cl �H2O.

Empirical formula C22H26N14S4ClOCo2
Formula weight 784.16
Crystal system Monoclinic
Space group Cc (No. 9)
Unit cell dimensions (Å, �)

a 13.6488(6)
b 23.7853(9)
c 11.0536(4)
� 90
� 105.932(2)
� 90

V (Å3) 3450.6(2)
Z 4
DCalcd (g cm�3) 1.509
� (Mo-Ka) (mm�1) 1.322
F(000) 1596
T (K) 150(2)
� (Mo-Ka) 0.71073
Maximum and minimum � range (�) 27.20–1.71
Total data, unique data 44,639, 7159
Observed data [I4 2�(I)] 6332
Rint 0.0426
R1, wR2 [I4 2�(I)] 0.0503, 0.1542
R1, wR2 (all) 0.0608, 0.1651
Goodness-of-fit 1.088
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space group Cc and crystallizes with 1molecule of water per dimer. Each ligand is

dianionic using SNNNS donors via the pyridine nitrogen, two azomethine nitrogens,
and the two thiolate sulfurs. Each ligand bridges two cobalts, with the pyridine and one

arm of each ligand occupying three meridional sites on the octahedral Co(1), and the

thiolate and azomethine donors of the other arm of each ligand on the tetrahedral

Co(2). In order to achieve this geometry, a rotation of 60� around the C–C bond

between the pyridine ring and the imine carbon is necessary (torsion angles for N4–C8–
C9–N5 and N11–C19–C20–N12 are 56.4 and 60.8�, respectively), resulting in a double

helical structure (figure 2). This coordination requires that the cobalt centers have

different coordination and geometry, six for the slightly distorted octahedral N4S2
environment for Co(1) and distorted tetrahedral for the four coordinated Co(2). The
planes defined by the five-membered rings Co2–N5–N6–C11–S2 and Co2–N12–N13–

C22–S4 deviate from perpendicular (dihedral angle 83.9�) indicating the distortion at

Co(2). The most deviated chelate bite angles S2–Co2–N5 and N5–Co2–N12 are 85.43

and 132.08�, respectively, for the distorted tetrahedral geometry. In a binuclear Co(II)/

Co(II) complex with the same ligand, reported earlier, the ligand is also bonded with all
five donors, the major difference being that it is a neutral ligand, ligated through the

thiocarbonyl-S and both cobalts are pentagonal bipyramidal [13]. Therefore, the

thiolate and thiocarbonyl tautomeric forms have an impact on the structural pattern.

Changing of the precursor to [Co(NH3)5Cl]Cl2 instead of the usual cobalt(II) salt may

also have some influence. The present structure can be correlated with reported
binuclear zinc complexes with similar thiosemicarbazone ligands [23, 29]; helicity of

such ligands is achievable if ligands are bonded through dianionic dithiolates. In most

cases with metal centers in þ2 oxidation states, neutral dihelicates are the products.

Cationic helicate complexes have generally been found for neutral N-donor ligand
systems ([29] and references therein). However, in the present case we have isolated

a very uncommon helical cationic complex with the pentadentate dianionic dithiolate

form of the thiosemicarbazone ligand.

Table 2. Selected bond lengths (Å) and angles (�) for [CoIICoIIIL2]Cl �H2O.

Co1–S1 2.2236(14) Co1–S3 2.2287(14)
Co1–N3 1.898(5) Co1–N4 2.025(5)
Co1–N10 1.889(5) Co1–N11 2.019(5)
Co2–S2 2.2676(18) Co2–S4 2.2409(19)
Co2–N5 2.045(5) Co2–N12 2.034(5)
S1–C1 1.748(6) S2–C11 1.748(7)
S3–C12 1.757(6) S4–C22 1.736(7)

S1–Co1–S3 91.81(6) S1–Co1–N3 85.64(14)
S1–Co1–N4 167.59(15) S1–Co1–N10 90.17(14)
S1–Co1–N11 85.81(13) S3–Co1–N3 89.49(14)
S3–Co1–N4 86.64(13) S3–Co1–N10 85.67(15)
S3–Co1–N11 166.79(15) N3–Co1–N4 82.04(19)
N3–Co1–N10 173.5(2) N3–Co1–N11 103.3(2)
N4–Co1–N10 101.98(19) N4–Co1–N11 98.41(18)
N10–Co1–N11 81.3(2) S2–Co2–S4 120.53(8)
S2–Co2–N5 85.43(14) S2–Co2–N12 122.39(14)
S4–Co2–N5 114.80(14) S4–Co2–N12 85.62(15)
N5–Co2–N12 132.08(19)
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Assignment of oxidation states of cobalt can be made by comparing the
bond distances at the two cobalt centers. The average bond distances of
Co(III)–N(azomethine), Co–N(py), and Co–S are 1.903, 2.018, and 2.226 Å,
respectively, coordinated to the Co(1) center, in agreement with the corresponding
bond distances in literature for octahedral cobalt(III) [13, 32, 33]. The
Co–N(azomethine) bond distances are shorter than Co–N(py) bond distances,
indicating greater bond strength [5, 34]. The average bond distances of
Co–N(azomethine) and Co–S at the Co(II) are 2.045 and 2.240 Å, respectively.
Bond distances of Co–S at both cobalt centers cannot differentiate the oxidation
states because in a large number of cases bond distances of Co–S(thiolate) fall in the
same range for both octahedral low spin Co(III) and high spin tetrahedral Co(II)
[35–38]. However, deviation of the Co–N(azomethine) bond distances of about
0.14 Å, typical for differences between corresponding bonds of high spin Co(II) and
low spin Co(III) centers, clearly suggests the oxidation state of Co(2) is þ2, and the
bond distances of Co–N(azomethine) are comparable with the reported values where
imine nitrogen is bonded to a cobalt(II) center in a tetrahedral environment [39–41].
The intramolecular separation of these two cobalt centers is 3.92 Å. Crystallographic
characterization unexpectedly identified the mixed-valence dinuclear Co(II)/Co(III)
complex, although the reductant has not been identified. A few iron(II) complexes
have also been prepared by reaction of similar pentadentate thiosemicarbazone

Figure 2. Ball-and-stick representation of dihelicate structure of [CoIICoIIIL2]Cl �H2O with the two strands
of L highlighted in pink and green.

2604 A. Panja and D.M. Eichhorn

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ligands using iron(III) precursors [13, 28]. The affirmation of mixed-valence state is
further supported by other physiochemical properties described in the following
sections. Molecular packing is stabilized by strong hydrogen bonds involving
terminal NH2 of the ligand, Cl� and water of crystallization.

2.3. IR and electronic spectroscopy

The most significant IR bands are listed in the experimental section. A relatively broad
band at 3426 cm�1 is due to a combination of the stretching frequencies of N–H and
O–H of amine and water of crystallization. Bands from 1356 to 1617 cm�1 attributed to
	(C¼C) and 	(C¼N) experience significant shifts in the spectra of the complex, and
their mixing patterns are different from that in the spectrum of the ligand. The positive
shift of 	(C¼N) in the range 1597 cm�1 in the free ligand to 1617 cm�1 in the complex is
consistent with coordination of the azomethine nitrogen to cobalt [42]. Bands at 1095
and 890 cm�1, due to 	(C¼S) and 
(C¼S), respectively, of the free ligands, are shifted to
lower wavenumbers, indicating coordination of thiolate sulfur to cobalt. The downward
shift of the bands in the complex can be attributed to a change of bond order and strong
delocalization of electrons upon coordination.

Data from the electronic spectrum of the mixed-valence complex are shown in table 3.
The spectrum consists of an absorption in the NIR region of low intensity (1250 nm)
and a relatively stronger broad band in the visible region at 650 nm. Both bands are
consistent with Co(II) with tetrahedral geometry [31, 43]. There are also peaks at 360
and 245 nm which can be assigned as L!M and L!L charge transfer, respectively.

2.4. Electrochemistry

To investigate the electron transfer of [CoIICoIIIL2]Cl �H2O, cyclic voltammetry was
performed in acetonitrile solution within the potential range þ1.5 to �1.5V versus the
saturated calomel electrode (SCE) at ambient temperature using TEAP as supporting
electrolyte. The voltammogram of the complex is in figure 3 and the electrochemical
data are shown in table 3. The complex displayed a quasireversible reductive response
at �1.0V with characteristic cathodic (Epc) and anodic (Epa) peak potentials at �1.1
and �0.90V, respectively. The quasireversible signal is attributed to the reduction
of Co(III) to Co(II), and the relevant electron transfer is shown in Equation (1).
In addition, an irreversible oxidation peak is observed at Eirr¼ 0.85V.
The electrochemical irreversibility possibly arises from the instability of the Co(III)
center in the tetrahedral environment.

CoðIIIÞCoðIIIÞ  ������
�e

CoðIIÞCoðIIIÞ ������*)������

þe

CoðIIÞCoðIIÞ ð1Þ

Table 3. Electrochemicala and electronic spectralb data for [CoIICoIIIL2]Cl�H2O.

lmax (nm) [" (dm3mol�1 cm�1)] E1/2 (V) �Ep (V) Eirr (V)

1250 (160), 650 (275), 695 (sh), 360 (11,500), 245 (29,400) �1.0 0.20 0.85

aSolvent: acetonitrile; working electrode: platinum; reference electrode: SCE; Epa and Epc are anodic and cathodic peak
potentials, respectively; E1/2¼ 0.5(Epa+Epc); �Ep¼Epa�Epc; scan rate: 50mV s�1.
bMolar absorption coefficient is given per dimer in acetonitrile.
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2.5. Magnetochemistry and conductivity

The room temperature magnetic moment value per dimer (�eff¼ 4.56BM) is within
the range observed for mononuclear tetrahedral cobalt(II) complexes. The
effective magnetic moment is larger than the spin-only value of 3.87BM for
high spin cobalt(II), reflecting a significant degree of orbital contribution.
This behavior is typical for cobalt(II) complexes irrespective of their coordination
environment [44, 45].

The molar conductivity value of 105��1 cm2mol�1 in DMF solution reflects the
existence of a 1 : 1 electrolyte in the solution, definitely supporting the mixed-valence
state of cobalt in [CoIICoIIIL2]Cl �H2O [46].

3. Conclusion

A new mixed-valence Co(II)/Co(III) complex has been synthesized and characterized
employing [Co(NH3)5Cl]Cl2 as a precursor complex. Each of the N3S2 donor
thiosemicarbazone ligands coordinates to the metal centers in a helicate. Although it
is not relevant as a nitrile hydratase model complex, other biological activity of this
compound will be pursued.

4. Experimental

4.1. Materials

All chemicals and solvents used for the synthesis were of reagent grade, purchased from
commercial sources and used without purification. Solvents were purified and dried
using standard methods. The [Co(NH3)5Cl]Cl2 [47] and pentadentate N3S2 donor
Schiff-base ligand (H2L) were synthesized following the procedure given in [20].

Figure 3. Cyclic voltammogram (scan rate 50mV s�1) of [CoIICoIIIL2]Cl �H2O in acetonitrile at a platinum
electrode with the internal standard ferrocene and TEAP as supporting electrolyte.
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4.2. Physical measurements

Microanalysis (CHN) was performed on a Perkin-Elmer 240C elemental analyzer. The
IR spectra were obtained on a Nicolet MAGNA-IR 750 spectrophotometer with
samples prepared as KBr pellets. UV-Vis-NIR spectroscopic measurements were
carried out on a JASCO V-750 spectrophotometer equipped with thermostated cell
compartments. Conductivity measurements were made with a Systronics (India) direct
reading conductivity meter (model 304) and magnetic susceptibility measurements were
carried out on a PAR 155 vibrating sample magnetometer. The data were corrected for
diamagnetic susceptibilities using Pascal’s constants. Cyclic voltammetry was
performed at a platinum electrode using an EG&G PARC electrochemical analysis
system (Model 250/5/0) in acetonitrile under dry nitrogen atmosphere in conventional
three electrode configurations with a scan rate of 0.05V s�1.

4.3. Synthesis of [CoIICoIIIL2]Cl .H2O

To 50mL of ethanol, 310mg (2mmol) of 2,6-diacetylpyridinebis(thiosemicarbazone)
and 500mg (1mmol) of [Co(NH3)5Cl]Cl2 was added. The mixture was refluxed for
2 days, giving a brownish-red solution. The resulting mixture was evaporated to dryness
and extracted with methanol, volume was reduced to 10mL and, upon standing at
room temperature, 240mg (0.3mmol, 60%) of [CoIICoIIIL2]Cl �H2O was isolated as
a brownish-red crystalline material. X-ray quality crystals were grown by slow
evaporation of a solution in ethanol–methanol. Anal. Calcd for C22H28N14S4ClOCo2
(%): C, 33.58; H, 3.56; N, 24.93. Found: C, 33.83; H, 3.46; N, 24.45. IR (KBr pellet,
cm�1): 3426br, 1617vs, 1581s, 1384m, 1356m, 1194m, 1113w, 1020w, 827w, 783w, 755w,
673w, 594w (br, broad; vs, very strong; s, strong; m, medium; w, weak).

4.4. X-ray crystallography

Single crystals of [CoIICoIIIL2]Cl �H2O were grown by slow evaporation of a methanol–
ethanol solution of the complex. Data for [CoIICoIIIL2]Cl �H2O were collected using
a Bruker Kappa APEXII diffractometer [l(Mo-Ka)¼ 0.71073 Å] equipped with an
Oxford Cryosystems Cryostream 700 low-temperature apparatus. A suitable crystal of
dimensions 0.52� 0.32� 0.15mm3 was identified under a polarizing microscope and
affixed with oil in a Hampton Research Cryoloop and transferred to the cold stream of
the diffractometer. Data reduction was performed using Bruker SAINT [48] software,
structure solution (direct methods) and refinement (full-matrix least-squares) using
SHELXS-97 and SHELXL-97 [49] within the Bruker SHELXTL suite. Data were
corrected for Lorentz and polarization effects and for absorption using the Bruker
SADABS [48] program (multiscan). Hydrogen atoms were placed at calculated
idealized positions and were not refined. All non-hydrogen atoms were refined using
anisotropic thermal parameters. Pertinent details are given in table 1.

Supplementary material

Crystallographic data for the structural analysis has been deposited to
Cambridge Crystallographic Data Centre; CCDC reference number for
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[CoIICoIIIL2]Cl �H2O is 708956. Copy of the data can be obtained free of charge from

The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK [Fax: þ44-(1223)-
336033; Email: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk].
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