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Asymmetric N2O2 complexes of iron(III) and nickel(II)
obtained from acetylacetone-S-methyl-thiosemicarbazone:

synthesis, characterization and electrochemistry
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‡Engineering Faculty, Chemical Engineering Department, Marmara University, Istanbul, Turkey
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R1, R2 are H, Br, Cl or OCH3

Iron(III) and nickel(II) complexes from acetylacetone-S-methyl-thiosemicarbazone were synthesized
and characterized. The thiosemicarbazidato structures of N2O2 are N1-acetylacetone, N4-salicyl/3-
methoxy/5-bromo-/3,5-dichlorosalicylidene. The square-pyramidal iron(III) and square-planar nickel
(II) complexes of N1-acetylacetone-N4-3-methoxy thiosemicarbazidato were determined by X-ray
diffraction. Electrochemical characterizations of the complexes were carried out by using cyclic vol-
tammetry and square wave voltammetry. While nickel(II) complexes only give ligand based reduc-
tion and oxidation reactions, iron(III) complexes give reversible FeIII/FeII reduction in addition to
the ligand based processes. Changing of the substituents on the ligand, shifts the redox processes
and also affects the stabilities of the electrogenerated species. With respect to the reduction potential
of FeIII/FeII couple, the most easily reduced complex was 3,5-dichloro substituted complexes and
the most difficult to reduce was the 3-methoxy substituted one.

Keywords: Thiosemicarbazone; Iron(III); Nickel(II); Structural analysis; Electrochemistry

1. Introduction

Thiosemicarbazones are multidentate ligands, having a wide range of biological activities
depending on the parent carbonyl compounds [1, 2]. Transition metal complexes of thio-
semicarbazones also show various biological activities such as antitumor [3–5], antimicro-
bial [6–8], antiviral [9–11], antioxidant [12], and cytotoxic [13, 14] effects.

Numerous metal complexes with some N4, N3O, or N2O2 chelating 2-hydroxy-arylidene-
thiosemicarbazones have been reported [15–17]. Characterization of the N3O and N2O2
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complexes derived from acetylacetone thiosemicarbazones have been limited. One is a
copper(II) complex with an N3O chelating benzoylacetone thiosemicarbazone [18], and,
only a few N2O2 complexes with copper(II) and nickel(II) have obtained thiosemicarba-
zones of acetylacetone and benzoylacetone [19–21].

Iron(III) and nickel(II) complexes of N2O2-type thiosemicarbazidato ligands have
cytotoxic activity on K562 leukemia cell lines [14, 22], and thus, studies related to this
class of thiosemicarbazones are noteworthy for improving chemotherapy agents.

Herein, we present the first iron(III) complexes in the type of N2O2 from acetylacetone-
S-methyl-thiosemicarbazone as the starting material, and also four new nickel(II) complexes
of the same ligand were synthesized. The N1-acetylacetone, N4-salicyl/3-methoxy/5-bromo,
and 3,5-dichloro salicylidene-thiosemicarbazidato structures in 1–8 were characterized by
elemental analysis, IR, 1H-NMR, and mass spectra (figure 1). Structural confirmation of the
N2O2 chelates was carried out by X-ray diffraction analysis of the iron(III) and nickel(II)
complexes (3 and 7) bearing the 3-methoxy substituent.

To understand the influences on biological systems, the redox properties of the complexes
were determined to illustrate the effect of the substituents to the electrochemical behaviors
and to predict their possible use in different electrochemical technologies.

2. Experimental

2.1. Materials and physical measurements

All chemicals were reagent grade and used as purchased. Analytical data were obtained
with a Thermo Finnigan Flash EA 1112 analyzer. UV–visible spectra were obtained in
10−5 M CHCl3 solution using an ATI-Unicam UV/visible spectrometer. IR spectra of the
compounds were recorded on KBr pellets with a Mattson 1000 FT-IR spectrometer.
1H-NMR spectra were recorded on a Varian UNITY INOVA-500 MHz spectrometer relative
to SiMe4 using deuterated solvents. The APCI-MS analysis was carried out in positive and
negative ion modes using a Thermo Finnigan LCQ Advantage MAX LC/MS/MS.

Single crystals of 3 and 7 for X-ray diffraction analyses were obtained by slow evapora-
tion of alcohol solutions at room temperature. In 3, C15H17ClFeN3O3S, having approximate
dimensions of 0.60 × 0.40 × 0.05 mm and black crystal of 7, C15H17N3NiO3S, having
approximate dimensions of 0.80 × 0.40 × 0.10 mm were mounted on a glass fiber. The data
were collected at room temperature to maximum 2θ values of 50.1° for 3 and 50.5° for 7.
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Figure 1. R1, R2 are H, H; H, Br; OCH3, H; Cl, Cl for iron(III) (1–4) and nickel(II) (5–8) complexes,
respectively.
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All measurements were made on a Rikagu R-Axis Rapid-S imaging plate area detector with
monochromated Mo-Kα radiation (λ = 0.71070 Å). The data were corrected for Lorentz and
polarization effects and the structures of 3 and 7 were solved by direct methods by using
the program SIR92 [23]. Hydrogen atoms were refined using the riding model and the non-
hydrogen atoms were refined anisotropically. All calculations were performed using the
Crystal Structure crystallographic software package [24, 25].

Electrochemical and spectroelectrochemical measurements were carried out with a Gamry
Reference 600 potentiostat/galvanostat utilizing a three-electrode configuration at 25 °C. For
cyclic voltammetry (CV), controlled potential coulometry (CPC), and square wave voltam-
metry (SWV) measurements, the working electrode was a Pt disk with a surface area of
0.071 cm2. The surface of the working electrode was polished with a diamond suspension
before each run. A Pt wire served as the counter electrode. A saturated calomel electrode
was employed as the reference electrode and separated from the bulk of the solution by a
double bridge. Ferrocene was used as an internal reference. Tetrabutylammonium perchlo-
rate (TBAP) in DMSO and dichloromethane (DCM) was used. Nitrogen was used to
remove dissolved O2 at least 15 min prior to each run and to maintain a nitrogen blanket
during the measurements. IR compensation was applied to the CV and SWV scans to
minimize the potential control error.

2.2. Synthesis

Acetylacetone-S-methyl-thiosemicarbazone was obtained by literature method [26, 27]. The
cream crystals melt at 169–170 °C. Anal. Calcd for C7H13N3OS (187.26): C, 44.90; H,
7.00; N, 22.44; S, 17.12. Found (%): C, 44.87; H, 6.98; N, 22.40; S, 16.95. UV–vis: 240
(4.4), 255 (4.4), 358 (3.8). IR: νas(NH2) 3327, νs(NH2) 3260, δ(NH2), ν(C=N

1), ν(N2=C)
1637–1539, ν(C–S) 738. 1H NMR: 9.39, 8.95 (cis/trans ratio: 1/3, s, 2H, NH2), 7.70
(s, 1H, OH), 3.73 (s, 2H, –CH2–), 2.59 (s, 3H, S–CH3), 2.08 (s, 3H, C–CH3), 1.73 (s, 3H,
C–CH3).

For synthesis of the iron(III) complex (1), FeCl3·6H2O (0.27 g, 1 mM) was dissolved in
methanol (5 mL) and then 1.5 mL of orthoformic ester was added to the solution. After let-
ting it stand for 24 h at room temperature, a solution of the thiosemicarbazone (0.19 g,
1 mM) and 2-hydroxybenzaldehyde (0.1 mL, 1 mM) in 5 mL methanol was added dropwise
to the metal salt solution. After addition of triethylamine (0.1 mM), the mixture was left to
stand at room temperature overnight. The resulting precipitate is in the form of black
powder. The solid product was filtered and recrystallized from ethanol. The other iron(III)
and nickel(II) chelates (2–8) were prepared by a similar procedure.

The color, m.p. (°C), yields (%), elemental analysis, characteristic UV–vis [λmax (log ε),
nm (dm3 cm−1 M−1)], and characteristic IR (cm−1) bands, and NMR (500 MHz, CDCl3,
ppm) data of 1–8 were given as follows:

1: Black, 350, 40. Anal. Calcd for C14H15N3O2SFeCl (380.65 g/M): C, 44.17; H, 3.97;
N, 11.04; S, 8.42. Found (%): C, 43.96; H, 4.01; N, 10.82; S, 7.86. UV–vis: 240 (4.8), 290
(4.9), 421 (4.5), 536 (3.7). IR: ν(C=N1) 1619, ν(N2=C) 1585 ν(N4=C) 1573.

2: Black, 210, 40. Anal. Calcd for C14H14N3O2SFeClBr (459.54 g/M): C, 36.59; H,
3.07; N, 9.14; S, 6.98. Found (%): C, 36.55; H, 3.01; N, 9.01; S, 7.04. UV–vis: 235 (4.9),
285 (5.0), 421 (4.5), 529 (3.8). IR: ν(C=N1) 1610, ν(N2=C) 1593, ν(N4=C) 1577.

3: Black, 266, 30. Anal. Calcd for C15H17N3O3SFeCl (410.67 g/M): C, 43.87; H, 4.17;
N, 10.23; S, 7.81. Found (%): C, 43.86; H, 4.24; N, 10.02; S, 6.99. UV–vis: 240 (4.7), 298
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(4.9), 429 (4.4), 551 (3.5). IR: ν(C=N1) 1607, ν(N2=C) 1585, ν(N4=C) 1571. m/z (+c ESI-
MS): 375.2 (M+ − Cl, 100%), 376.0 ([M − Cl + H], 22%).

4: Black, 269, 35. Anal. Calcd for C14H13N3O2SFeCl3 (449.54 g/M): C, 37.40; H, 2.91;
N, 9.35; S, 7.13. Found (%): C, 37.42; H, 3.17; N, 9.20; S, 7.00. UV–vis: 240 (4.8), 290
(4.9), 418 (4.5), 569 (3.5). IR: ν(C=N1) 1612, ν(N2=C) 1594, ν(N4=C) 1576. m/z (+c ESI-
MS): 448.8 ([M − 1]+, 100%), 450.0 ([M + 1], 36%), 415.8 ([M − Cl + H], 57%), 402.4
([M − (SCH3)], 52%).

5: Claret red, 209–210, 60. Anal. Calcd for C14H15N3O2SNi (348.04 g/M): C, 48.31; H,
4.34; N, 12.07; S, 9.21. Found (%): C, 48.26; H, 4.38; N, 11.96; S, 9.02. UV–vis: 240
(4.7), 288 (4.4), 356 (4.2), 404.5 (4.1), 474 (4.0), 546 (3.6). IR: ν(C=N1) 1623, ν(N2=C)
1606, ν(N4=C) 1581. 1H NMR: 7.85 (s, 1H, N4=CH), 7.32 (d, J = 7.33, 1H, d), 7.29 (d,
J = 1.95, 1H, b), 7.13 (d, J = 9.27, 1H, a), 6.63 (ddd, J = 7.33, J = 8.29, 1H, c), 5.19 (s,
1H,=CH), 2.59 (s, 3H, S–CH3), 2.15 (s, 3H, C–CH3), 2.11 (s, 3H, C–CH3).

6: Claret red, 280, 35. Anal. Calcd for C14H14N3O2SNiBr (426.94 g/M): C, 39.38; H,
3.31; N, 9.84; S, 7.51. Found (%): C, 39.12; H, 3.21; N, 9.23; S, 7.23. UV–vis: 240 (4.7),
290 (4.3), 359 (4.2), 412 (4.1), 486 (4.0), 564 (3.5). IR: ν(C=N1) 1607, ν(N2=C) 1585,
ν(N4=C) 1575. 1H NMR: 7.79 (s, 1H, N4=CH), 7.47 (d, J = 2.44, 1H, d), 7.29–7.34 (m,
1H, b), 7.05 (d, J = 9.28, 1H, a), 5.11 (s, 1H,=CH), 2.60 (s, 3H, S–CH3), 2.27 (s, 3H,
C–CH3), 2.12 (s, 3H, C–CH3).

7: Claret red, 206, 45. Anal. Calcd for C15H17N3O3SNi (378.07 g/M): C, 47.65; H, 4.53;
N 11.11; S, 8.48. Found (%): C, 47.35; H, 4.35; N, 11.08; S, 8.30. UV–vis: 251 (5.0), 305
(4.7), 359 (4.6), 392 (4.5), 488 (4.3), 556 (3.9). IR: ν(C=N1) 1620, ν(N2=C) 1589 ν(N4=C)
1571. 1H NMR: 7.88 (s, 1H, N4=CH), 6.92 (t, J = 4.89, J = 7.79, 1H, d), 6.72 (t, J = 5.85,
J = 6.35 1H, b), 6.57 (t, J = 7.32, J = 6.83 1H, c), 5.18 (s, 1H,=CH), 3.76 (s, 3H, OCH3)
2.61 (s, 3H, S–CH3), 2.27 (s, 3H, C-CH3), 2.02 (s, 3H, C–CH3).

8: Claret red, 231, 55. Anal. Calcd for C14H13N3O2SNiCI2 (416.93 g/M): C, 40.33; H,
3.14; N, 10.08; S, 7.69. Found (%): C, 40.00; H, 3.00; N, 10.01; S, 7.50. UV–vis: 251
(4.8), 298 (4.5), 362 (4.4), 416 (4.3), 492 (4.2), 586 (3.8). IR: ν(C=N1) 1612, ν(N2=C)
1590, ν(N4=C) 1575. 1H NMR: 7.86 (s, 1H, N4=CH), 7.46 (s, 1H, b), 7.29 (s, 1H, d), 5.23
(s, 1H,=CH), 2.61 (s, 3H, S–CH3), 2.28 (s, 3H, C–CH3), 2.13 (s, 3H, C–CH3).

3. Results and discussion

3.1. Synthesis and some physical properties

Fine crystals of acetylacetone S-methyl-thiosemicarbazone are soluble in ethanol and chlo-
roform. The template reactions of the thiosemicarbazone with substituted salicylaldehydes
in the presence of iron(III) or nickel(II) chloride salts give the chelate complexes, [Fe(L)Cl]
and [Ni(L)] (figure 1). The bright black iron and claret red nickel complexes are needle
crystals, all soluble in alcohol and chloroform.

3.2. Spectroscopic data

Absorption spectra of acetylacetone S-methylthiosemicarbazone in CHCl3 shows three
bands at 240, 255, and 358 nm, attributting to π→ π* and n→ π* transitions corresponding
to azomethine and thioamide groups. Intramolecular transitions of the complexes were
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observed at 235–240 and 285–298 nm for 1–4 and 240–251, 288–305, and 356–362 nm for
5–8. Broad bands between 285 and 362 are assigned to n→ π* transitions on the thiosemi-
carbazone backbone of the complex structures [28, 29]. Absorptions of the iron(III) com-
plexes, 1–4, have two main bands in the 418–429 and 529–569 cm−1 regions assigned to
LM-CT transitions. The electronic spectra of 1–4 did not give information about the
expected square-pyramidal structure of the five-coordinate iron(III) because of quite low
intensities of d–d transitions. The spectra of the nickel(II) complexes 5–8 display three
bands at 392–416, 474–492, and 546–586 nm attributting to 1A1g→ 1B2g,

1A1g→ 1A2g,
and 1A1g→ 1Eg transitions, respectively [28, 30]. The appearances of these bands are con-
sistent with diamagnetic nature of 5–8 and so square-planar geometry around nickel(II).

The infrared spectra of acetylacetone S-methylthiosemicarbazone clearly showed the
stretching vibrations of OH, NH2, C=N

1 groups. The δ(NH2) and ν(C=N) bands between
1637 and 1539 cm−1 cannot be clearly analyzed as a consequence of the tautomerism repre-
sented with N2=C(SR)–N4H2←→N2H–C(SR)=N4H. However, the observation is that the
ν(OH) and ν(NH2) bands are absent due to condensation of thioamide nitrogen and
aldehyde. After the metal directed condensation, a new azomethine band, N4=C, was at
1581–1571 cm−1 as a result of the formation of the N2O2 chelate. Thus, the new conjugated
backbone of thiosemicarbazone ligand includes three imine bonds which are C=N1, N2=C,
and N4=C. It is difficult to distinguish these imine vibrations, but shifting of C=N bands to
lower wavenumber by 5–20 cm−1 in the metal complexes is in comparison to the S-methyl-
thiosemicarbazone [31].

The formation of the nickel(II) complexes, 5–8, can also be checked by NMR spectra.
Proton signals of phenolic OH and NH2 disappear due to the complexation. A new proton
singlet, equivalent to one proton, indicates formation of N4=CH and completion of template
condensation. 1H NMR spectra of 5–8 showed expected chemical shifts for the aromatic,
azomethine, and S-methyl protons.

Mass spectra provided supporting evidence for the structures of the iron complexes.
Some peaks, 375.2 [M − Cl]+ and 376.0 [M − Cl + H] for 3, and 415.8 [M − Cl + H] and
402.4 [M–SCH3] for 4 indicated that chlorine and SCH3 are lost first, as expected.

3.3. Crystallography

The basic crystal data and structure refinement parameters for 3 and 7 are shown in table 1
and selected bond distances and angles are presented in table 2.

The template condensation of the S-methylthiosemicarbazone and aldehyde gives a N2O2

chelating thiosemicarbazidato ligand (figures 2 and 3). The iron complex 3 has a square-
pyramidal geometry with O1, O2, N1, and N3 of the tetradentate thiosemicarbazone moiety,
and chloride in the apical position. The chelate complex has three metallo-rings, one five-
membered FeN3C and two six-membered FeNC3O, which are not coplanar. The Fe–O1
and Fe–O2 bonds are relatively short in comparison with Fe–N1 and Fe–N3, therefore, the
five- and six-membered chelate rings are not regular (table 2). Also, the angles of the coor-
dination bond axes, O1–Fe1–N3 (146.3°) and O2–Fe1–N1 (147.9°), indicate bending of
square-planar base in the opposite direction of chloride (Cl1). Iron is above this deformed
square base and compared to the other coordination bonds of the molecule, chloride is
weakly bonded to iron as evidenced by the 2.236 Å bond length.

The chloride is closer to N1 and N3 compared to O1 and O2 in other edges of pyramid
base and results in the square-pyramid distortion in the three-axis direction.

590 B. Kaya et al.
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Four-coordinate nickel(II) connects with thiosemicarbazone through O1, O2, N1, and N3
forming a square-planar environment around nickel(II). Nickel coordination bonds are
approximately the same length and distortions in diagonal axes of the square-plane are neg-
ligible considering the angle values of O1–Ni1–N1 (177.77°) and O2–Ni1–N2 (178.5°).
Therefore, two five-membered NiN3C and two six-membered NiONC3 chelate rings in the
structure are almost coplanar. Given the asymmetric structure of 7 (because of different
moieties bonded to N1 and N4), this square-plane is fairly uniform.

Table 1. Summary of crystal and refinement data for 3 and 7.

3 7

Empirical formula C15H17ClFeN3O3S C15H17N3NiO3S
Crystal color, habit Black, platelet Red, platelet
Formula weight 410.68 378.08
Temperature (K) 293.1 293.1
Wavelength (Å) 0.7107 0.7107
Crystal system Triclinic Triclinic
Space group P-1 P-1
Cell dimensions (Å, °) a = 8.458(6) a = 7.729(11)

b = 8.605(5) b = 10.097(13)
c = 13.487(2) c = 10.810(10)
α = 79.31(3) α = 99.688(4)
β = 88.58(3) β = 97.953(4)
γ = 67.24(2) γ = 100.717(7)

Cell volume 888.5(2) 804.6(2)
Cell formula units (Z) 2 2
Density (calculated) 1.53 1.561
Absorption coefficient 1.133 1.353
F (0 0 0) 422 392
h, k, l ranges −9/10, −10/10, −16/16 −9/8, −12/12, −12/12
Reflections collected 42,918 34,870
Independent reflections 3138 [Rint = 0.064] 2645 [Rint = 0.038]
Data/restraints/parameters 3138/0/234 2645/0/231
Goodness of fit indicator 1.241 0.954
Final R indices [I > 2σ(I)] R = 0.079, Rw = 0.066 R = 0.045, Rw = 0.052
Largest diff. peak and hole (e Å−3) 0.44 and −0.73 0.29 and −0.30

Table 2. Selected bond lengths (Å) and angles (°) for 3 and 7.

Bond Distance Bond Distance
Fe1–O1 1.905(4) Ni1–O1 1.840(2)
Fe1–O2 1.887(3) Ni1–O2 1.841(2)
Fe1–N1 2.047(4) Ni1–N1 1.845(3)
Fe1–N3 2.086(3) Ni1–N3 1.833(2)
Fe1–Cl1 2.236(2)

Bond Angle Bond Angle
O1–Fe1–O2 95.0(1) O1–Ni1–O2 86.07(9)
O1–Fe1–N1 87.2(1) O1–Ni1–N1 177.77(8)
O2–Fe1–N3 86.3(1) O2–Ni1–N3 178.5(1)
N3–Fe1–N1 74.8(1) N3–Ni1–N1 83.8(1)
O2–Fe1–N1 147.9(2) O2–Ni1–N1 95.01(9)
O1–Fe1–N3 146.3(2) O1–Ni1–N3 95.2(1)
Cl1–Fe1–O1 110.5(1) Cl1–Fe1–O2 107.0(1)
Cl1–Fe1–N1 102.1(1) Cl1–Fe1–N3 101.1(1)
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The square-planar base of 3 is approximately parallel, but benzene rings of adjacent mol-
ecules are located so as to be on opposing sides. A similar arrangement was also observed
in the crystal of 7. There are no hydrogen bonds or significant intermolecular interactions in
the crystal structures of 3 and 7.

3.4. Electrochemistry

Electrochemical analysis of the iron(III) and nickel(II) complexes were studied using CV
and SWV measurements in DCM and DMSO containing TBAP as supporting electrolyte
on a Pt working electrode. Table 3, lists the assignments of the redox couples and the elec-
trochemical parameters, which included the half-wave peak potentials (E1/2), anodic to
cathodic peak potential separation (ΔEp), and ratio of the anodic to cathodic peak currents
(Ipa/Ipc). All complexes, 1–8, gave an irreversible one-electron oxidation and an irreversible
one-electron reduction within the potential window of the electrolyte systems. The
one-electron nature of these processes has been established by comparing their peak current
height with that of the standard ferrocene/ferrocenium couple under identical experimental

Figure 2. ORTEP diagram of 3 excluding hydrogens.

Figure 3. ORTEP diagram of 7 excluding hydrogens.
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conditions. CPC analysis of the complexes also indicated one-electron transfer features of
the redox processes [32].

The nickel(II) complexes showed similar voltammetric responses, therefore CV and
SWV responses of 8 are given in figure 4, as a representative of the nickel complexes.
Complex 8 gives a one-electron irreversible reduction at −1.00 V and a one-electron irre-
versible oxidation process at 1.22 V in TBAP/DCM electrolyte system. Both reduction and
oxidation could be assigned to ligand based processes. It is reported that these ligands gave
a one-electron irreversible oxidation and one-electron irreversible reduction processes at the
end of the DCM or DMSO/TBAP electrolyte windows and coordination of the ligands to
metal ion did not significantly affect the redox potential of ligands. The redox responses of
nickel complexes are consistent with similar ones in the literature [33–35]. For example, H.
Bingol and co-workers reported two oxidation processes after 1.0 V and a reduction peak at
−0.45 V for a nickel thiosemicarbazone [36]. They assigned these processes to the electron
transfer reactions of imine and thioamide group of thiosemicarbazone ligands. In our
previous papers, we reported similar redox responses for various N2O2 or N2S2 type com-
plexes [43–47]. This voltammetric behavior shows that reduced complexes give a chemical
reaction and the products of this chemical reaction give the CP1 wave.

Table 3. Voltammetric data of the complexes.

Complexes Peak parameters

Redox processes

L/L+ Metal reduction L/L−

1 (in DCM) aE1/2 0 1.10 −0.22 −1.40 (−1.50d)
bΔEp (mV) 90 70 –
cIpa/Ipc 0.38 0.92 –

2 (in DCM) aE1/2 0 1.24 −0.20 −1.28 (−1.50d)
bΔEp (mV) 100 150 –
cIpa/Ipc 0.41 0.95 –

3 (in DCM) aE1/2 0 1.10 −0.31 −1.58
bΔEp (mV) 90 70 115
cIpa/Ipc 0.38 0.92 0.54

4 (in DCM) aE1/2 1.30 −0.12 −1.18
bΔEp (mV) 100 65 120
cIpa/Ipc 0.40 0.94 0.34

4 (in DMSO) aE1/2 0.94 −0.15 −1.32
bΔEp (mV) 130 58 68
cIpa/Ipc 0.65 0.98 0.34

5 (in DCM) aE1/2 1.17 – −1.38
bΔEp (mV) 72 – 80
cIpa/Ipc 0.55 – 0.51

6 (in DCM) aE1/2 1.18 – −1.10
bΔEp (mV) 76 – 75
cIpa/Ipc 0.45 – 0.32

7 (in DCM) aE1/2 1.12 – −1.42
bΔEp (mV) 79 – 77
cIpa/Ipc 0.62 – 0.56

8 (in DCM) aE1/2 1.22 – −1.00
bΔEp (mV) 74 – 70
cIpa/Ipc 0.41 – 0.35

8 (in DMSO) aE1/2 0.82 – −0.98
bΔEp (mV) 80 – 60
cIpa/Ipc 0.48 – 0.42

aE1/2 = (Epa + Epc)/2 at 0.100 V s−1.
bΔEp = |Epc + Epa|.
cIpa/Ipc for reduction, Ipc/Ipa for oxidation processes at 0.100 V s−1 scan rate.
dE1/2 values for the third reduction reactions.
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Redox responses of other nickel(II) complexes were also determined to indicate the effect
of the substituents to the electrochemical responses of the complexes. The only difference
between the redox responses of the complexes, is shifting of the redox processes due to the
different electron releasing abilities of the substituents. While 8 (3,5-dichloro substituted)
reduced at the most positive potential, 7 (3-methoxy substituted) reduced at the most
negative potential among all nickel complexes.

Iron(III) complexes give completely different voltammetric responses than those of nickel
(II) complexes. While nickel(II) complexes only give a ligand based reduction and a ligand
based oxidation, iron(III) complexes give a reversible metal-based reduction in addition to
the ligand based reduction and oxidation reactions [48, 49]. Figure 5, represents CV and
SWV responses of 4 in TBAP/DCM electrolyte system. Complex 4 gives a reversible
reduction couple Red.1 at −0.12 V and an irreversible reduction wave Red.2 at −1.18 V dur-
ing the cathodic potential scans and an irreversible oxidation wave Oxd.1 at 1.30 V. ΔEp of
the FeIII/FeII couple is in a reversible range especially at very slow scan rates and unity
of the Ipa/Ipc ratios and linearity of Ip versus ν

1/2 changes, indicating the reversible character
of this redox process; Red.2 and Oxd.1 processes are electrochemically and chemically
irreversible.

Electrochemical analysis of 4 is also performed in TBAP/DMSO electrolyte system to
illustrate the solvent effects. Figure 6 shows similar CV and SWV responses with slight

Figure 4. (a) CVs of 8 recorded at various scan rates in TBAP/DCM electrolyte system on Pt working electrode.
(b) SWV of 8 recorded with the SWV parameters: pulse size = 100 mV; pulse width = 5 mV; frequency: 25 Hz.
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difference in peak potentials, reversibility of the peaks, and chemical stability of the electro-
generated species. While reduction processes of the complex are electrochemically more
reversible in DMSO, electrochemical reversibility of the complex is worse in DMSO with
respect to DCM. As shown in figure 6, due to the presence of a chemical reaction following
Red.2 process, a wave CP.1 assigned to oxidation of chemical products is observed at
−0.52 V.

The electrochemical behaviors of iron complexes are in agreement with similar com-
plexes reported [37–39]. Iron thiosemicarbazone derivatives generally have Fe(III)/Fe(II)
based reduction processes between 0 and −0.5 V, depending on the substituents of thiosemi-
carbazone ligands [37, 38]. For example, S.K. Kar reported reversible Fe(III)/Fe(II) reduc-
tion couples at 0 V. They also showed that the peak potential of this wave shifted to
−0.31 V with substitution of the complexes with electron-releasing ligands. Similarly,
Beraldo et al. presented metal-based redox activity of an iron thiosemicarbazone derivative
[38], indicating that Fe(III) reduced to Fe(II) at −0.20 V. Arion et al. indicated Fe(III)/Fe(II)
based activities of 14 different iron thiosemicarbazone derivatives which gave reversible
metal-based reduction between 0 and 0.30 V versus NHE in 0.20 M [n-Bu4 N][BF4]/
CH3CN [39].

Reversible reduction processes of 1–4 indicate their potential in various technologies,
especially electrocatalytic and electrochemical sensor applications. Minimum requirement
of these applications is the existence of at least one reversible metal-based electron transfer

Figure 5. (a) CVs of 4 recorded at various scan rates in TBAP/DCM electrolyte system on Pt working electrode.
(b) SWV of 4 recorded with the SWV parameters: pulse size = 100 mV; pulse width = 5 mV; frequency: 25 Hz.
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reaction at small potentials. Shifting of the redox processes with different substituents on
the ligands indicate that redox processes of these complexes could be arranged for the
desired applications. Thiosemicarbazone derivatives were also used in antimicrobial applica-
tions [38, 40–42]. For these applications, the complex should have a reversible redox
process at around 0 V and this process should be changed as a result of the interaction with
the target species.

CV and SWV responses indicated substituent effects to the electrochemical properties of
the iron(III) complexes, due to differences of substituents by the Red.1 couples of the
complexes (see table 3). While 4 (3,5-dichloro substituted) gives Red.1 couple at −0.12 V
in TBAP/DCM, changing the substituents shifts this couple and 3 (3-methoxy substituted)
gives Red.1 couple at the most negative potential ( −0.31 V).

4. Conclusion

Template condensation of S-alkyl thiosemicarbazones derived from various salicylaldehydes
and benzophenones have been reported [15–17, 22, 48, 50, 51]. Structural analysis of
the iron(III) complexes (1–4) obtained from acetylacetone-S-methyl-thiosemicarbazone

Figure 6. (a) CVs of iron(III) complexes (1–4) recorded at 0.10 V s−1 scan rate in TBAP/DCM electrolyte system
on Pt working electrode. (b) SWV of 1–4 recorded with the SWV parameters: pulse size = 100 mV; pulse
width = 5 mV; frequency: 25 Hz.
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was reported for the first time. New nickel(II) complexes (5–8) of the same thiosemicarba-
zone ligands were also reported. X-ray diffraction analysis of the methoxy substituted nickel
and iron complexes confirmed the N2O2 chelate structures of 1–8.

Complexes 1–8 are promising for cytotoxic potential like analog N1,N4-diarylidene-thio-
semicarbazidato iron(III) and nickel(II) complexes [14, 22]. Some electrochemical parame-
ters of the complexes were determined to understand the behavior of these chelate
complexes in biological systems. CV and SWV analysis indicates that while all complexes
give irreversible ligand based oxidation and reduction reactions, iron(III) complexes (1–4)
give reversible FeIII/FeII based reduction reactions at 0 V. Observation of reversible metal-
based redox processes at small potentials increases the potential in various electrochemical
technologies such as: electrocatalytic, electrosensing, and microbial applications. Altering
the redox processes with different substituents indicates possibilities of arranging electro-
chemical behaviors for desired applications.

Supplementary material

CCDC 976049 and 976048 contain the supplementary crystallographic data for 3
(C15H17Cl1Fe1N3O3S1) and 7 (C15H17N3Ni1O3S1). These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystal-
lographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-033;
or E-mail: deposit@ccdc.cam.ac.uk.
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