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Two nickel(II) isothiosemicarbazone complexes of dianionic 5-bromosalicylaldehyde S-allyl isot-
hiosemicarbazonehydrobromide (H2L.HBr), [Ni(Im)L] and [Ni(2-MeIm)L] (Im: imidazole, 2-MeIm:
2-methylimidazole), were synthesized and characterized by single crystal X-ray crystallography, 1H
NMR spectrometry, IR, and electronic spectroscopy. The complexes have square-planar geometry
and the ligand is coordinated as a dinegative tridentate chelating agent via phenolic oxygen, isot-
hioamide nitrogen, and azomethine nitrogen atoms. To complement the experimental data, density
functional theory (DFT) and time-dependent DFT methods were used to validate the structural
parameters and infrared and electronic spectra.

Keywords: Isothiosemicarbazone; Nickel(II) complex; Crystal structure; DFT; TDDFT

1. Introduction

The synthesis of isothiosemicarbazone led to studies involving its complexes [1–8]. Isothi-
osemicarbazide Schiff bases can exhibit different modes and charge due to the presence of
NH2 [1, 2]. Sulfur alkylation of thiosemicarbazone increases the coordinating ability of N
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(4) of the ligand [3, 9]. Homo and heterometallic complexes were synthesized [4–6] and
these complexes have tunable steric [7] and electronic properties [8]. They are also soluble
in many solvents and have interesting physical and chemical properties. It is reported that
the presence of a lone pair [10] and the inclusion of bulky groups [11] on nitrogen atom of
isothiosemicarbazone enhance the biological activity.

The Ni(II) square-planar Schiff base complexes have redox potentials of the NiI/NiII and
NiII/NiIII couples which enable them to be effective in many catalytic and biological reac-
tions [12]. The lack of water solubility of these types of complexes makes them good candi-
dates as heterogeneous catalysts [13]. In view of the interesting physicochemical properties,
predicted bioinorganic chemistry, redox enzyme systems nuclease-like activity, DNA cleav-
age, and catalysis such as epoxidation of the C=C bond for isothiosemicarbazone com-
plexes, more investigations are needed at molecular level for these complexes.

Theoretical methods have played an important role in gaining better insight into the
bonding properties of complexes and in estimating the stability constants of the metal–
ligand systems [14–17]. Density functional theory (DFT) is the most popular method used
to support experimental data, namely X-ray crystallography and spectroscopic data [18–21].
For instance, Rulíšek and Havlas [22] reported that the B3LYP/6-311+G(d,p) method is
computationally efficient for prediction of the molecular geometries and reaction energies
of complexes. In 2010, Ahmedova and coworkers [23] carried out a combined experimental
and theoretical study on nickel complexes of cyclohexanespiro-5-(2,4-dithiohydantoin). Due
to the unavailability of crystallographic data of the resulting complex, they used the experi-
mentally observed 13C CPMAS NMR to determine the possible structures which were fur-
ther supported by DFT computations, employing the B3LYP functional and the 6-31G(d,p)
basis set. Several groups also characterized nickel complexes whereby the experimental
findings were accurately reproduced by the DFT method [15, 16, 20, 23–29]. Atomic
charge distribution, molecular electrostatic potential, and frontier molecular orbitals were
also determined. These studies were extended by assessing the effect of changing solvents
of the reactions and by analyzing the variation in the thermodynamic parameters at different
temperatures.

Two mixed ligand isothiosemicarbazone Ni(II) complexes, 1 and 2, [figures 1(a) and 1
(b)] were synthesized and characterized using X-ray and spectroscopic methods. This inves-
tigation was complemented using DFT and time-dependent DFT methods for simulating the
electronic spectra.

2. Experimental

2.1. Reagents and physical measurements

All reagents used in the syntheses were commercially available and used without purifica-
tion. 5-Bromosalicylaldehyde S-allyl isothiosemicarbazonehydrobromide was prepared as
previously described [9].

Melting points were determined with a Barnstead Electrothermal 9200 apparatus. Con-
ductivity was measured with a Herisau Metrohm CH-9101 apparatus using 10−3 M DMF
solutions. Elemental analyses were performed on a Thermo Finnigan Flash Elemental
Analyzer, model 1112EA. Infrared spectra of the complexes were recorded in KBr pellets
with a FT-IR 8400-SHIMADZU spectrophotometer from 4000 to 400 cm−1. Electronic

Nickel(II) isothiosemicarbazone complexes 1393
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Figure 1. The crystal structure of 1 showing the atom numbering scheme. (a) Only one position is shown for the
disordered S-allyl tail. (Displacement ellipsoids are drawn at the 50% probability level and hydrogens are shown as
small spheres of arbitrary radii). (b) Perspective view and labeling of one of the two independent crystallographic
units in 2. (Displacement ellipsoids are drawn at the 50% probability level and hydrogens are shown as small
spheres of arbitrary radii). (c) The crystal structure of 3 showing intermolecular hydrogen bonding.
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absorption spectra were recorded using a SHIMADZU model 2550 UV–Vis spectrophotom-
eter in methanol. The 1H NMR spectra were recorded in DMSO-d6 and DMSO with a
Bruker BRX 100 AVANCE spectrometer. Diffraction data were measured using a Bruker
APEX II CCD area-detector diffractometer.

2.2. General method of preparation

Ni(OAc)2·4H2O (1.0 mM, 0.248 g) was added to an ethanolic solution of 5-bromosalicylal-
dehyde S-allyl isothiosemicarbazonehydrobromide (1 mM, 0.395 g) and appropriate amine
(imidazole (2 mM, 0.136 g) for 1 and 2-methylimidazole (2 mM, 0.164 g) for 2). The mix-
ture was refluxed for 1 h at 80 °C. The resulting clear red solution was left to stand at room
temperature. After a few days, crystalline complexes were obtained. The product was fil-
tered off, washed with cold ethanol, and dried over anhydrous silica gel in a desiccator.

Note: For preparation of 1, triethylamine (2 mM, 0.022 g) was added to the mixture.

2.2.1. 5-Bromosalicylaldehyde S-allyl isothiosemicarbazonato(2-)imidazolenickel(II)
(1). [Ni(Im)L]: Irregular, red. Yield: 0.290 g, 66%. M.p.: 211.9 °C. Molar conductivity: 6
Ω−1 cm−2 M−1. Anal. Calcd for C14H14BrN5NiOS (438.96 gM−1): C, 38.31; H, 3.21; N,
15.95; S, 7.30. Found: C, 36.44; H, 3.13; N, 16.97; S, 6.86%. IR (KBr) cm−1: ν(NH) 3411s,
ν(C=N) 1591m, 1623-m, ν(C=C) 1458m, ν(C=N) 1507s, ν(Im) 1225w, ν(C–O) 1185w,
ν(N–N) 1066m. UV/Vis (methanol) λmax, nm (logε, L M−1 cm−1): 220 (4.78), 248 (4.63), 304
(4.37), 380 (4.23). 1H NMR (100MHz, DMSO-d6): δ= 12.8 (s, 1H, N5H), 8.0 (s, 2H,
C5H5, C14H14), 7.6 (d, 1H, C11H11), 7.2 (m, 3H, C9H9, C12H12, C13H13), 6.7 (d, 1H,
C8H8), 5.8 (s, 1H, C2H2), 5.2 (m, 2H, C1H1), 4.2 (s, 1H, N3H), 3.7 (d, 1H, C3H3).

2.2.2. 5-Bromosalicylaldehyde S-allyl isothiosemicarbazonato(2-)2-methylimidazole-
nickel(II) (2). [Ni(2-MeIm)L]: Irregular, red. Yield: 0.229 g, 66.1%. M.p.: 193.1 °C. Molar
conductivity: 8 Ω−1 cm−2 M−1. Anal. Calcd for C15H16BrN5NiOS (452.98 gM−1): C, 39.77;
H, 3.56; N, 15.46; S, 7.08. Found: C, 38.02; H, 3.26; N, 15.71; S, 6.31%. IR (KBr) cm−1:
ν(NH) 3425s, 3467; ν(C=N) 1621w, 1583m, 1496s; ν(C=C) 1420w; ν(C–O) 1237m;
ν(N–N) 1123w. UV/Vis (methanol) λmax, nm (logε, L M−1 cm−1): 222 (3.15), 248 (4.45),
306 (4.49), 376 (4.45), 590 (3.15). 1H NMR (100MHz, DMSO-d6): δ = 12.5 (s, 1H, N5H),
8.1 (s, 1H, C5H5), 7.6 (d, 1H, C11H11), 7.2 (m, 3H, C9H9, C12H12, C13H13), 6.6 (d,
1H, C8H8), 5.9 (s, 1H, C2H2), 5.2 (m, 2H, C1H1), 4.2 (d, 1H, N3H), 3.7 (d, 2H, C3H3),
3.2 (d, 1H, CHIm), 2.8 (s, 3H, C15H15).

2.3. Structure determination

Single-crystal X-ray diffraction data for 1–3 [figures 1(a)–1(c)] were collected on a Bruker
APEX II equipped with a CCD area detector and utilizing Mo-Kα radiation (λ = 0.71073 Å)
at room temperature. Data were collected and reduced by SMART and SAINT software in
the Bruker packages [30]. The structures were solved by direct methods [31]
[SHELXTL.97] and then solved by least-squares refinement on F2 [32, 33]. The complete
conditions of data collection and structure refinements parameters are given in table 1. All
hydrogens were placed in calculated positions and refined as isotropic with the
“riding-model technique”.

Nickel(II) isothiosemicarbazone complexes 1395
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2.4. Computational methods

The structures of the nickel(II) complexes in the ground state were optimized in the gas
phase using the DFT method. Several standard functionals, B3LYP, BH, HLYP, BLYP,
PBE1PBE and X3LYP were used. In all computations, the LANL2DZ basis set was used
for nickel and the 6-311+G(d,p) basis set was used for carbon, nitrogen, oxygen, and sulfur
atoms. Frequency computation of the optimized geometry was performed to ensure that the
complex was a true local minimum. Uncorrected infrared vibrational frequencies and
HOMO–LUMO gap of the two complexes are reported for the B3LYP functional. TDDFT
computations were carried out using the optimized structures in methanol to obtain the
electronic spectra.

In DFT framework [34], two parameters μ and η were calculated using HOMO and
LUMO energies as:

l ffi 1

2
ELUMO þ EHOMOð Þ (1)

Table 1. Crystal data and structure refinements parameters for 1–3.

Empirical formula C14H14BrN5NiOS (1) C15H16BrN5NiOS (2) C14H14BrN5OS (3)

Formula weight 438.98 453.01 380.27
Temperature (K) 298(2) 298(2) 298(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system, space

group
Triclinic, P�1 Monoclinic, P21/c Monoclinic, C2/c

Unit cell dimensions a = 8.0642(2) Å a = 26.1862(8) Å a = 30.4985(14) Å
b = 9.2143(2) Å b = 7.7684(2) Å b = 5.2727(2) Å
c = 13.0313(3) Å c = 18.2586(6) Å c = 23.2595(11) Å
α = 73.9146(9)° β = 110.0680(10)° β = 120.750(3)°
β = 86.7943(9)°
γ = 65.5459(8)°

Volume (A3) 845.02(3) 3488.75(18) 3214.5(2)
Z, calculated density

(mgm–3)
2, 1.725 8, 1.725 8, 1.572

Absorption coefficient
(mm−1)

3.645 3.535 2.696

F (0 0 0) 440 1824 1536
Crystal size (mm) 0.23 × 0.21 × 0.12 0.17 × 0.16 × 0.12 0.23 × 0.18 × 0.16
θ Range for data

collection
2.78–27.00° 0.83–25.00° 1.55–25.00°

Limiting indices −10 ≤ h ≤ 10, −11 ≤ k ≤ 11,
−16 ≤ l ≤ 16

−31 ≤ h ≤ 31, −9 ≤ k ≤ 9,
−21 ≤ l ≤ 21

−36 ≤ h ≤ 36, −6 ≤ k ≤ 6,
−27 ≤ l ≤ 27

Reflections collected/
unique

18,142/3664
[R(int) = 0.0249]

98,704/6146
[R(int) = 0.0405]

42,745/2837
[R(int) = 0.0394]

Completeness to
θ = 26.00

99.50% 99.80% 99.90%

Refinement method Full-matrix least-squares on
F2

Full-matrix least-squares
on F2

Full-matrix least-squares
on F2

Data/restraints/
parameters

3664/2/226 6146/0/433 2837/2/221

Goodness-of-fit on F2 1.043 1.103 1.092
Final R indices

[I > 2σ(I)]
R1 = 0.0291,
wR2 = 0.0746

R1 = 0.0824,
wR2 = 0.1532

R1 = 0.0368,
wR2 = 0.1081

R indices (all data) R1 = 0.0372,
wR2 = 0.0791

R1 = 0.1127,
wR2 = 0.1901

R1 = 0.0481,
wR2 = 0.1334

Largest diff. peak and
hole (e A−3)

0.727 and −0.615 2.166 and −1.355 0.863 and −0.630

1396 R. Takjoo et al.
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g ffi 1

2
ELUMO � EHOMOð Þ (2)

Gaussian 09 program was used for all the computations [35].

3. Results and discussion

Complexes 1 and 2 were obtained from reaction of 5-bromosalicylaldehyde S-allyl isot-
hiosemicarbazonehydrobromide, Ni(OAc)2·4H2O and imidazole (for 1) or 2-methylimidaz-
ole (for 2) with 1 : 1 : 2 M ratio in ethanolic solution. The analytical data of the products are
in agreement with their respective formulas. Molar conductivity values of the complexes
are in accord with their non-electrolytic nature. X-ray crystallography was used to deter-
mine the structures of all crystals.

Similar reactions were performed with manganese(II) instead of nickel(II) and in all
cases, no precipitate was observed. The slow evaporation of the filtrate resulted in an
unknown precipitate and a few small poorly shaped crystals. Recrystallization of this filtrate
led to some pale yellow crystals. The allyl ((5-bromo-2-hydroxyphenyl)(1H-imidazole-1-yl)
methylene)hydrazinecarboximidothioate (3) structure was determined for these crystals by
X-ray crystallography.

3.1. Characterization of the complex species

3.1.1. IR spectra of the complexes. In comparison to the solid state IR spectrum of the
ligand [9] and the complexes, the ν(OH) band of the ligand at 3173 cm−1 does not appear
in the spectra of the complexes and indicates that the ligand coordinated to nickel is in its
deprotonated form [36]. In this section, the data within brackets correspond to the uncor-
rected frequencies predicted at the B3LYP level of theory in the gas phase. The experimen-
tal IR spectra of the complexes are illustrated in figures SI 1(a) and SI 1(b). The simulated
IR spectra in the gas phase for the complexes are collected in figures SI 2(a) and SI 2(b).
Both 1 and 2 display two bands at 3414 (3603) and 3425 (3620) cm−1 which are attributed
to ν(N–H) of isothioamide [7]. The bands at 1509 (1558), 1590 (1562), and 1624
(1653) cm−1 for 1 and 1496 (1552), 1583 (1560), and 1621 (1650) cm−1 for 2 are assigned
to C=N bond stretching vibrations corresponding to the isothiosemicarbazone and imidazole
(or 2-methylimidazole) moieties respectively. The ν(C–O) stretch at 1185 (1344) and 1237
(1343) cm−1 in the spectra of 1 and 2 respectively, supports the coordination of the phenolic
oxygen atom to the metal atom [37]. The absorption appearing at 1066 (1073) and 1123
(1069) cm−1 corresponds to the N–N stretch in 1 and 2 respectively.

3.1.2. 1H NMR spectra of the complexes. Experimental 1H NMR spectra of the two com-
plexes are displayed in figures SI 3(a) and SI 3(b). In these, 1H NMR spectra of 1 and 2 in
DMSO-d6, signals appear at 12.8 and 12.5 ppm for the NH proton of imidazole and
2-methylimidazole respectively. These confirm the presence of an imidazole and 2-methyl-
imidazole in the complexes. The spectra do not exhibit any signal attributable to the OH

Nickel(II) isothiosemicarbazone complexes 1397
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proton which is expected at 11.4 and 10.8 ppm for the ligands. This indicates that the ligand
is coordinated to the metal center via the deprotonated phenolic oxygen. After complex-
formation, the azomethine proton in the ligand at 8.7 ppm is shifted upfield to 8.2 and
8.1 ppm and this suggests coordination via the azomethine nitrogen.

3.1.3. Electronic spectra of the complexes. The electronic spectra of the two complexes
in methanol in the ultraviolet region are given in figures SI 4(a) and SI 4(b). The spectrum
of 1 exhibits bands at 220 and 248 nm, attributed to π→π* transitions of the ring and isothi-
osemicarbazone respectively. Similarly, π→π* transitions are observed at 222 and 248 nm
in 2. In the complexes, the π→π* transitions exhibited significant blue shift compared to
the ligand (226 and 304 nm) and this indicates coordination of nitrogen and oxygen atoms
to nickel ion. The bands at 304–306 and 376–380 nm are assigned to the n→π* transitions
and showed hypsochromic and bathochromic shift compared to the ligand n→π* transitions
(312 and 446 nm) respectively. Complex 1 did not exhibit a band in the visible region but a
band was found at 590 nm in 2. The three expected d–d transitions for square-planar nickel
compounds were hidden by a strong LMCT transition [38]. The simulated electronic spectra
(B3LYP) in methanol for 1 and 2 are shown in figures SI 5(a) and SI 5(b). These electronic
spectra are characterized by three bands at 250–300, 330–360, and 370–400; details at the
molecular level are available from table 2.

The frontier molecular orbitals (HOMO and LUMO) of 1 and 2 in methanol are illus-
trated in figure 2(a) and (b). The electron densities are delocalized over the complexes
excluding the allyl and the imidazole or 2-methylimidazole moieties. The HOMO–LUMO
gaps of 1 and 2 in methanol are 332 and 334 eV respectively. These gaps lead to μ and η to
be 180.50 and 178.99 kJ mol−1, and −358.49 and −353.62 kJ mol−1, correspondingly. These
large gaps and derived parameters contribute to their stabilities which make them suitable
for specific applications such as plastic colorant and drying agents [39].

3.2. Description of the crystal structures

The basic crystallographic data and characteristics of 1–3 are collected in table 1. The
molecular structures of 1–3 with atom numbering schemes are shown in figures 1(a)–1(c)
respectively. The dipole moments of 1 and 2 are 8.8 and 11.6 Debye, correspondingly.
Selected geometrical parameters are presented in table 3 together with the predicted values
using the different functionals. An analysis of the data in the table indicates a good
comparison between the experimental and predicted parameters. To be more precise, for the

Table 2. Selected parameters of the electronic spectra of 1 and 2 in methanol.

Wavelength (nm) Oscillator strength Main configuration

Complex 1
266.9 0.074 HOMO (α) → LUMO+3 (α)
290.5 0.106 HOMO-2 (α) → LUMO (α)
350.0 0.145 HOMO-1 (α) → LUMO (α)
380.5 0.357 HOMO (α) → LUMO (α)
Complex 2
270.2 0.068 HOMO (α) → LUMO+4 (α)
288.6 0.108 HOMO-3 (α) → LUMO (α)
347.9 0.161 HOMO-1 (α) → LUMO (α)
383.2 0.437 HOMO (α) → LUMO (α)

1398 R. Takjoo et al.
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different functionals, the standard deviations range from 0.015 to 0.045 Å and 0.9° to 1.4°
for the selected bond lengths and bond angles respectively.

In both crystals, the isothiosemicarbazone shows an E configuration about the C4–N2–
N1–C5 chain and this is conventional behavior in this type of compound [38, 40]. The L2–

in the complexes is coordinated to nickel in its bi-deprotonated form via phenolic oxygen,
isothioamide nitrogen and azomethine nitrogen atoms. This tridentate dianionic ONN donor
is coordinated to nickel by forming stable five- and six-membered rings. The coordination
around nickel(II) is distorted square planar in both complexes.

The crystal structure of 1 consists of one discrete molecular unit, while that of 2 consists
of two molecular neutral units, Ni1 and Ni2 molecular units which are crystallographically
independent, but chemically similar (see figure SI 6). A comparison of the N(1)–N(2) dis-
tance in 1 (1.398(2) Å) and 2 (1.39(2) Å) with other similar compounds [9, 38, 41] reveals
that this bond is shorter than the expected value for a single N–N bond (1.44 Å). In addi-
tion, C5–N1 bond distance values of 1.286(3) and 1.28(2) Å in 1 and 2 respectively, are in
agreement with the C=N expected bond length. This observation indicates delocalization of
π-charge along the C4–N2–N1–C5 moiety [7]. The dihedral angle between imidazole and
2-methylimidazole mean plane with the mean plane of C4–N2–N1–C5 is 23.84° and 56.93°
in 1 and 2 respectively. The maximum distortions from the ideal geometry around Ni occur
for N1–Ni–O1 angle in these two complexes.

In 1, a short intermolecular hydrogen bond involving imidazole N5 and hydrazinic N2
(N5–H⋯N2 (2.903(3) Å) leads to the formation of a 1-D supramolecular nickel complex
with C1

1(7) graph set (figure 3) along the −110 direction. Hydrogen bonding causes more
crystal growth along (0, 0, 1) and (0, 0, −1) planes. Weak intermolecular interaction of the
type C1-H11A⋯C10 (3.762(7) Å) extended the chain in 1-D along the c axis. In 1, the C2
of the allyl group is disordered over two positions.

Figure 2. (a) Frontier molecular orbital of 1. (b) Frontier molecular orbital of 2.
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In 2, N2 and N7 are hydrogen bond acceptors and they form two C1
1(7) graph set. The

N5–H⋯N2 (2.845(2) Å) and N10–H10⋯N7 (2.845(2) Å) hydrogen bonds develop two indi-
vidual 1-D supramolecular chains along the c axis (figure 4). This collection extends to
another dimension along the c axis by C15–H15B⋯O1 (3.386(3) Å) hydrogen bonding.

We have already prepared the Cu complex which is isostructural to 1 [9]. Comparison
between these two compounds shows interesting cases: (1) they have two different space
groups, (2) the imidazole ring has wrest around the C4–N2–N1–C5 mean plane about
23.84° and 9.97° in 1 and its isostructural Cu-complex respectively, (3) the allyl group is
along the isothiosemicarbazone skeleton and parallel to imidazole in 1 and the Cu complex
respectively, and (4) both Ni and Cu compounds have a C1

1(7) a graph set but 1 and the Cu
complex show two different angles between the mean plane of the two adjacent molecules
which are 0° and 74.18° respectively.

Table 3. Selected bond lengths (Å) and angles (°) of 1 and 2.

Expt. B3LYP BHLYP BLYP PBE1PBE X3LYP

Complex 1
Ni1–O1 1.8344(17) 1.863 1.855 1.878 1.848 1.861
Ni1–N3 1.840(2) 1.874 1.876 1.888 1.855 1.872
Ni1–N1 1.8477(17) 1.873 1.884 1.878 1.857 1.873
Ni1–N4 1.9025(17) 1.954 1.903 1.969 1.931 1.952
S(1)–C(4) 1.756(2) 1.784 1.769 1.801 1.768 1.782
S(1)–C(3) 1.804(3) 1.835 1.814 1.860 1.814 1.833
C(7)–O(1) 1.304(3) 1.311 1.298 1.326 1.303 1.310
N(1)–C(5) 1.286(3) 1.302 1.281 1.322 1.297 1.300
N(1)–N(2) 1.398(2) 1.385 1.377 1.397 1.372 1.384
N(2)–C(4) 1.311(3) 1.316 1.301 1.330 1.311 1.315
C(4)–N(3) 1.321(3) 1.341 1.330 1.354 1.335 1.340

O(1)–Ni(1)–N(3) 176.25(8) 177.3 175.8 178.1 177.6 177.2
O(1)–Ni(1)–N(1) 95.45(8) 95.4 94.5 96.0 95.8 95.4
N(3)–Ni(1)–N(1) 82.54(8) 82.1 81.6 82.3 82.3 82.1
O(1)–Ni(1)–N(4) 88.99(8) 88.1 88.4 88.0 87.9 88.1
N(3)–Ni(1)–N(4) 93.18(8) 94.3 95.5 93.8 94.1 94.4
N(1)–Ni(1)–N(4) 174.65(8) 176.1 176.6 175.9 176.0 176.1

Complex 2
Ni1–O1 1.828(11)/1.840(10) 1.861 1.852 1.878 1.847 1.859
Ni1–N3 1.842(13)/1.796(13) 1.872 1.874 1.888 1.853 1.870
Ni1–N1 1.850(11)/1.838(11) 1.873 1.883 1.878 1.858 1.873
Ni1–N4 1.912(11)/1.913(11) 1.957 1.956 1.976 1.933 1.954
S(1)–C(4) 1.753(15)/1.767(16) 1.783 1.770 1.799 1.768 1.782
S(1)–C(3) 1.808(17)/1.90(3) 1.853 1.828 1.886 1.830 1.850
C(7)–O(1) 1.316(18)/1.302(18) 1.311 1.298 1.326 1.303 1.310
N(1)–C(5) 1.28(2)/1.319(19) 1.303 1.282 1.323 1.298 1.301
N(1)–N(2) 1.389(16)/1.424(18) 1.384 1.376 1.396 1.371 1.383
N(2)–C(4) 1.339(19)/1.31(2) 1.318 1.302 1.332 1.314 1.317
C(4)–N(3) 1.305(18)/1.330(18) 1.343 1.331 1.356 1.337 1.342

O(1)–Ni(1)–N(3) 177.9(5)/177.3(5) 177.5 176.3 177.6 178.0 177.5
O(1)–Ni(1)–N(1) 96.0(5)/95.5(5) 95.5 94.5 96.0 95.8 95.4
N(3)–Ni(1)–N(1) 81.8(5)/83.0(5) 82.3 81.8 82.4 82.4 82.3
O(1)–Ni(1)–N(4) 89.1(5)/89.5(5) 89.3 90.1 88.9 89.2 89.4
N(3)–Ni(1)–N(4) 93.0(5)/92.2(5) 93.0 93.6 92.7 92.6 92.9
N(1)–Ni(1)–N(4) 174.6(5)/174.2(6) 175.2 175.2 175.1 175.0 175.2
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In 3, an intramolecular hydrogen bond forms between the hydrazinic nitrogen (N1) and
the hydrogen of hydroxyl (O1⋯H) by 2.626(3) Å with S11(6) graph set [figure 1(c)]. Two
intermolecular N3–H3A⋯N2 (3.066(5) Å) hydrogen bonds link two adjacent molecules as
a dimer with R2

2(8) graph set (figure 5). The presence of a N3–H3B⋯N5 (2.983(4) Å)
hydrogen bond causes the expansion of these dimers along the a axis with C1

1(9) graph set
as a ribbon (figure 6). The Br1⋯Br1 interaction (2.8673(6) Å) along the a axis connects
these ribbons and makes 2-D networks. The C2–H2⋯O1 hydrogen bond (3.343(5) Å) links
the 2-D structure to form a 3-D network structure.

CSD studies show 21 square-planar structures of tridentate isothiosemicarbazone
complexes and all of these compounds have nickel and copper as central ions (table SI1).

Figure 3. Fragment of molecules of 1 joining up along the −110 direction. Hydrogen bonds are indicated by
dashed lines. Hydrogens have been omitted for clarity except hydrogens that participate in the hydrogen bonds.

Figure 4. Extension of two individual C1
1(7) graph sets along the c axis in 2. Hydrogen bonds are indicated by

dashed lines. Hydrogens have been omitted for clarity except those that participate in hydrogen bonds.
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Among these compounds, the (S-methyl-N1-(salicylidene)-isothiosemicarbazidato)-pyridyl-
nickel(II) perchlorate methanol solvate is the only one in which the NH2 group is con-
nected to Ni(II) without deprotonation and forms a cationic complex [42]. The positively
charged metal center causes the shortest Ni–O (1.809(8) Å) and Ni–N3 (1.87(1) Å) and
the longest Ni–N2 (1.88(1) Å) bond distances to be observed in these 21 square-planar
compounds. Other nickel complexes are neutral and among them, 1 has the shortest
Ni–N3 bond distance (1.902(2) Å). Since the methyl group of 2-methylimidazole causes a
severe steric effect with the chelating ligand and causes high rotation of 2-methylimidaz-
ole by 56.93°, the biggest dihedral angle is observed in 2. Regardless of 2, the dihedral
angle between pyridine and its derivative complexes is bigger than the imidazole
analogous compounds.

Figure 5. A dimer of 3.

Figure 6. 1-D ribbon of 3 along the a axis. Hydrogens have been omitted for clarity except hydrogens that
participate in intermolecular hydrogen bonds.
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4. Conclusions

Two Ni(II) complexes of isothiosemicarbazone were synthesized and characterized by vari-
ous physicochemical analyses. The ligand is binegative NNO tridentate, coordinating
through phenolic oxygen, azomethine and isothioamide nitrogens atoms. The physical data
and X-ray crystallography support square-planar geometry for both complexes. DFT- and
TD DFT-based computations were used for validating the structural and spectroscopic
parameters of the complexes. The findings from this research should be helpful towards the
applications and use of these polar complexes.

Supplementary material

Supplementary data CCDC 943807–943809 contain the supplementary crystallographic
data for the compounds. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
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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