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Abstract: An octahedral complex of Zn(II) with a ligand from a class of pyri-
dine-based 1,3-selenazolyl-hydrazones was synthesized and characterized by 
IR and NMR spectroscopy and single crystal X-ray diffraction analysis. The 
purity of the complex was confirmed by elemental analysis. Two ligands are 
coordinated in the neutral NNN-tridentate form forming a complex cation, 
while the positive charge is neutralized by [ZnCl4]2-. Complex crystallizes in 
monoclinic C2/c space group with the Zn atoms situated in a special position. 
The packing features of the novel complex were analyzed using Hirshfeld 
surfaces, construction of 2D pseudosymmetric plot and DFT quantum mech-
anical calculations and compared with the previously published sulfur-based 
isostere. The key difference in the structures, imposed by replacement of sulfur 
with selenium, were identified. 

Keywords: Zn(II) complex; selenazolyl-hydrazones; X-ray crystal structure; iso-
steres; selenium; intermolecular energies. 

INTRODUCTION 

Zinc is one of the most studied elements in pharmacological research due to 
the fact that it is found in about 10 % of all enzymes in human body. Also, zinc is 
a versatile element extensively employed in various area of material chemistry 
research, including nanomaterial synthesis,1,2 photocatalytic,3 photolumines-
cence4,5 and electrochemical6 studies. The possibility of achieving different 
coordination numbers from 2 to 9 (most often 4-6)7, affinity to N,O,S-donor 
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atoms and high bioavailability makes Zn(II) an excellent candidate for the syn-
thesis of complexes for specific application. By choosing the starting Zn(II) salt 
it is possible to control the nuclearity, geometry and type of complexes. 

A crystallographic study of complexes provides insight into the geometrical 
parameters, the orientation of the hydrophilic/phobic parts of the ligands, as well 
as the types and distribution of weak intermolecular interactions which are 
important for examining potential application.8,9 

N-heteroaromatic (1,3-thiazolyl-2-yl)-hydrazones are a widely studied class 
of compounds as a potential anticancer,10,11 antioxidant,12–18 antibacterial,19–22 
antifungal23–28 and antiparazitic agents.29,30 By suitable selection of N-hetero-
aromatic moiety and substituents on 1,3-thiazole ring, it is possible to design and 
direct the coordination mode. An isosteric replacement of sulfur with selenium 
can lead not only to increase of structural diversity, but also to improvement of 
pharmacological properties and achievement of a better intake of selenium.31 

Selenium is a micronutrient that supports the processes of the immune res-
ponse, fertility, proper function of thyroid hormones, regulation of redox balance 
in cells and cancer chemoprevention.32 Also, there are several studies that exp-
lain the fact that selenium as a part of organic molecule is more acceptable to the 
human body than selenium in an inorganic form (such as SeO3

2–).32,33 In support 
of the growing field of research on 1,3-selenazole derivatives is the fact that there 
are 69 crystal structures deposited in CSD7 containing substituted 1,3-selenazole 
ring. Two of 69 crystal structures containing the hydrazone pharmacophore as a 
substituent in 2-position of 1,3-selenazole ring. Eight of the 69 crystal structures 
are complexes of Zn(II), Co(III) and Cd(II) with N-heteroaromatic (1,3-selenazo-
lyl-2-yl)-hydrazones. Since the properties of a complex is dependent not only on 
the nature of the ligand, but also on weak interactions, this paper presents a crys-
tallographic study and analysis of intermolecular interactions in the crystal struc-
ture of novel Zn(II) complex with 2-(2-(pyridine-2-ylmethylene)hydrazonyl)-4- 
-(4-methoxyphenyl)-1,3-selenazole (HLSe2) and comparison with a previously 
published sulfur isostere.4 

EXPERIMENTAL 

Materials and methods 

Potassium selenocyanate (99 %), hydrazine hydrate (99 %), 2-formylpyridine (99 %) and 
2-4'-methoxyacetophenone (98 %) were obtained from Acros Organics. Anhydrous ZnCl2 (99 
%) was obtained from Merck. All solvents were obtained from commercial suppliers and used 
without further purification. Purity of complex was confirmed by elemental analysis (C, H, N) 
by the standard micromethods using the Elementar Vario EL III CHNS/O analyzer. Infra-red 
(IR) spectra were recorded on a Thermo Scientific Nicolet Summit FT-IR spectrometer by the 
attenuated total reflection (ATR) technique in the region 4000–400 cm-1. Molar conductivities 
were measured at room temperature (298 K) on the Crison multimeter MM41. The NMR 
spectra were performed on a Varian/Aglient 400 MHz. Chemical shifts are given on δ scale 
relative to tetramethylsilane (TMS) as internal standard for 1H and 13C. IR and NMR spectra, 
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as well as analytical and spectral data, are given in Figs. S-1–S-3 of the Supplementary 
material to this paper. 
Synthesis 

The ligand based on (1,3-selenazol-2-yl)hydrazone was synthesized according to a pre-
viously published procedure.34 The ligand (50 mg, 0.14 mmol) was dissolved in 10 ml of hot 
MeOH. When the ligand was dissolved, the solid ZnCl2 (19 mg, 0.14 mmol) was added. The 
dark orange solution was refluxed for 1 h. After 2 days, orange single crystals of the complex 
suitable for single crystal X-ray diffraction analysis crystallized from the mother liquor. The 
crystals were collected by filtration, washed with cold methanol (4 °C) and diethyl ether and 
dried in a desiccator. Yield: 0.057 g (83 %).  
X-ray structural analysis (XRD) 

The 2-Cl-Se (Zn(II) complex with 2-(2-(pyridin-2-ylmethylene)hydrazonyl)-4-(4-meth-
oxyphenyl)-1,3-selenazole) was obtained as single crystal, so its structure in solid state was 
solved by single crystal X-ray diffraction analysis. Diffraction data for 2-Cl-Se were collected 
at 298 K at Xcalibur Ruby Nova diffractometer using monochromatic CuKα (λ = 1.54184 Å) 
radiation. Collection, data reduction and unit cell refinement was performed using 
CrysAlisPro.35 Structure refinement was performed using SHELXL-2016/4.36 Collected data 
were corrected for absorption effects using multiple scan absorption correction method. Most 
of the hydrogen atoms are placed in ideal geometric positions while some are found in the 
differential Fourier map. Calculations for verification of molecular structures, parameters of 
crystal packing as well as preparation of illustrations of molecular structures and crystal pack-
ing were performed using Platon,37 Mercury.38 WinGX39 and OLEX240 programs. Crystallo-
graphic information file is deposited in CSD under the following number – 2291805. Crystal 
data and structure refinement are given in Table S-I of the Supplementary material. Tables of 
bond angles and lengths are given in Supplementary material (Tables S-II and S-III). 

Hirshfeld surfaces and analysis of intermolecular interactions 

Hirschfeld surfaces and pseudosymmetric fingerprint plots of intermolecular interactions 
were generated using crystallographic information file (CIF). Before calculation, bond lengths 
involving hydrogen atoms were normalized to standard values estimated by neutron diffract-
ion. Visualization of surfaces and presentation of results as dnorm, shape indexes and curved-
ness, as well as calculations of 2D plots with de and di distance values were done using 
CrystalExplorer 2141. The distance from the surface to the nearest nucleus of the atom on the 
outside of the surface is denoted as de, while the distance from the surface to the closest 
nucleus of the atom on the inside of the surface is denoted as di. The surfaces are mapped over 
a standard color scale, and 2D fingerprint plots are calculated using de and di values in the 
range 0.4−2.8 Å. 

Calculation of intermolecular interaction energies 

Intermolecular interaction energies were calculated using molecular electron densities 
derived from wavefunctions computed by Gaussian0942 coupled with CrystalExplorer2141 
using B3LYP functional43–46 and DGDZVP basis set.47,48 CIF is used as input file while bond 
lengths involving hydrogen atoms were normalized to standard values estimated by neutron 
diffraction. For calculation purposes, a cluster is constructed around the central molecule 
which implies real molecular environments and usage of corresponding atomic coordinates at 
a distance of 3.8 Å from the central molecule. Calculated wave functions were automatically 
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generated for all symmetrically connected molecules within the cluster and Energy frame-
works49 were constructed for the supercell (2×2×2). 

RESULTS AND DISCUSSION 

Synthesis and spectroscopic characterization 

The complex was synthesized by direct reaction between anhydrous ZnCl2 and 
HLSe2 (in equimolar ratio) in methanol under reflux conditions (Scheme 1). Based 
on the results of elemental analysis and molar conductivity measurements, the 
following molecular formula of the complex was determined: [Zn(HLSe2)2][ZnCl4]. 
The presence of the valence C=N vibration of thiazole ring and the imine bond in 
IR spectrum was observed at 1564 and 1526 cm–1, respectively. These bands are 
shifted in the spectrum of 2-Cl-Se at 1610 and 1546 cm–1, respectively, which 
indicates coordination of the ligands via thiazole and imine nitrogens. Band at 
3099 cm–1 originates from valence N–H vibration which implies that the ligands 
are coordinated in a neutral form. In 1H-NMR spectrum presence of N–H at 
12.46 ppm additionally confirms coordination of ligands in neutral form. Arom-
atic protons are in range 6.93–8.54 ppm. At 3.75 ppm singlet originating from the 
proton of the methoxy group on the periphery of the ligand was observed.  

 
Scheme 1. Synthesis of 2-Cl-Se. 

Molecular structure analysis 

Complex 2-Cl-Se crystallize in the monoclinic C2/c space group. The com-
plex cation consists of Zn(II) atom and two meridionally positioned ligands coor-
dinated in a neutral form, where the positive charge of the complex cation is 
neutralized by the tetrachloridozincate(II) anion. (Fig. 1). The geometry of the 
coordination environment is distorted octahedral where each ligand forms the 
NNN-chelate tridentate coordination via pyridine, imine and azomethine nitrogen 
atoms. The angular distortion from the ideal octahedron geometry is caused by 
the position of nitrogen atoms and planarity of the ligand. The Zn atoms are in a 
special position (Wyckoff letter e, site symmetry 2) which causes that the asym-
metric unit consists of one half of the complex cation and one half of the tetra-
chloridozincate(II) anion.  

In order to visually describe the geometrical differences in the molecular 
geometry between the isostructural 2-Cl (Zn(II) complex with 2-(2-(pyridin-2-yl-
methylene)hydrazonyl)-4-(4-methoxyphenyl)-1,3-thiazole) and 2-Cl-Se, the cat-
ions were overlapped over the donor atoms and the deviations from the root 
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mean planes through the aromatic rings were measured. The substitution of sulfur 
by selenium atom leads to slight deviations: the mean planes drawn through the 
rings A and A' deviate by 3.90°, B and B' by 2.39°, while the corresponding 
angle between C and C' is 2.89° (Fig. 2). The measured deviations are in accor-
dance with the size of sulfur and selenium atoms. 

 
Fig. 1. ORTEP38 drawing of complex 2-Cl-Se. Displacement ellipsoids are given in 50 % 

probability level. Hydrogen atoms are omitted for clarity. 

 

Fig. 2. Overlay of the complex cations of 2-Cl-
Se (yellow) and 2-Cl (blue). Notation of 
aromatic rings: 1,3-thiazole/selenazole (A/A’), 
methoxyphenyl (B/B’) and pyridine (C/C’). 

Crystal structure and Hirshfeld surface analysis 
A comparative study of intermolecular interactions in isostructural 2-Cl and 

2-Cl-Se by combined crystal packing and Hirshfeld surface analysis provides 
valuable insight into key structural differences between them. The contributions 
of intermolecular interactions in 2-Cl-Se are represented in the 2D pseudosym-
metric plot by red circles (Fig. 3) and quantified and compared to the sulfur 
isostere in Table I. The analysis of surface area included in intermolecular inter-
actions shows that both crystal packings are based predominantly on classical 
and non-classical hydrogen interactions which account for 52.8 (2-Cl-Se) and 
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52.9 % (2-Cl) of all interactions. The orientations of adjacent cations and anions 
are in such a position that π–π stacking and anion–π interactions occur (8.5 in 
2-Cl-Se and 7.9 % in 2-Cl). Hydrophobic interactions are slightly represented in 
2-Cl-Se, which is a consequence of the isosteric replacement of sulfur by selen-
ium atom and is caused by the higher polarizability of selenium atom. The rem-
aining contacts in the case of both complexes are H–H contacts. 

 

Fig. 3. 2D pseudosymmetric plot of intermole-
cular interactions in 2-Cl-Se. Numbered regions 
correspond to contacts shown in Table I. 

TABLE I. Relative contribution of the Hirshfeld surface to individual intermolecular inter-
actions (H∙∙∙H contacts are disregarded) in the crystal structure of 2-Cl-Se and 2-Cl 

Complex 

Label of interaction 
1 2 3 4 5 6 7 8 

Interaction type 
H∙∙∙Cl H∙∙∙C H∙∙∙Se(S) H∙∙∙O C∙∙∙C H∙∙∙N Se(S)∙∙∙Cl C∙∙∙O 

2-Cl-Se 19.0 18.1 9.7 4.9 3.6 1.1 2.2 2.7 
2-Cl4 18.8 18.8 9.3 5.2 3.4 0.8 1.7 2.8 

On the Hirshfeld surface most common H∙∙∙Cl interactions are observed as 
red patches (Fig. 4A). The complex cation is a double donor in classical (N2– 
–H2A∙∙∙Cl2, d = 2.287 Å, i = 1–x, y, 1/2–z) and non-classical (C11–H11∙∙∙Cl1i, 
d = 2.744 Å; i = 1–x, y, 1/2–z) hydrogen interactions with the tetrachloride-
zincate(II) anion, which results in the formation of a 1D chain parallel to the 
a-crystallographic axis (Fig. 4B). A higher level of assembly is based on the link-
ing of 1D chains by interactions marked with orange circles on Hirshfeld surface 
(Fig. 4C). By non-classical C14–H14∙∙∙Cl2ii interactions (d = 2.932 Å; ii = 1/2–x, 
1.5–y, 1–z), the chains are connected in a 2D “pleated” layer parallel to the 
ac-crystallographic plane (Fig. 4D). The remaining interactions are responsible 
for stacking of 2D layers into the final 3D crystal structure (Fig. 4E). Hydro-
phobic C–H∙∙∙π and π∙∙∙π stacking interactions with a total contribution of 21.7 % 
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participate of the existence of 3D packing through C10–H10B∙∙∙ πpyridin
 iii (d = 

= 3.956 Å; iii = x, 1–y, 1/2+z) and πmethoxyphenyl∙∙∙πpyridine
iv (d = 3.461 Å; iv = 

= –1/2–x, –1/2+y, 1/2–z). 

 
Fig. 4. Hirshfeld dnorm surface for 2-Cl-Se with neighboring tetrachloridozincate(II) anion 

responsible for formation of 1D chain (A); 1D chain formed parallel to the a-crystallographic 
axis (B); Hirshfeld dnorm surface with neighboring species responsible for the formation of 2D 
and 3D crystal packing (C); Part of a 2D “pleated” layer formed due to the connection of 1D 

chains (yellow, D). The resulting 3D crystal packing as a result of stacking 2D layers 
(blue and ochre, E). 

Analysis of intermolecular interactions by generating full interaction maps 
(FIM) using Mercury38 also provides insight into geometrical analysis of inter-
molecular interactions grouping them into (non)classical and hydrophobic (arom-
atic) interactions. Fig. 5A shows a 3D map of the highest probability of finding 
interactions between certain functional groups, wrapped around the molecule. 
The most common regions are colored red and blue which implies a significant 
influence of classical and non-classical hydrogen interactions in the crystal pack-
ing of 2-Cl-Se. The presence of ocher colored regions indicating the existence of 
aromatic interactions, which are the smallest part of FIM. Fig. 5B shows a hot-
spots which represent the positions of highest local density for each contour sur-
face colored with the same colors as the corresponding part of the 3D surface. 
Arrangement of donor and acceptor functional groups is in good correlation with 
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the surface area included in intermolecular interactions obtained by Hirshfeld 
surface analysis. 

 
Fig. 5. Contour surface colored red (hydrogen bond acceptors), blue (hydrogen bond donors) 

and ocher (interactions which includes aromatic part of molecules) (A); the positions of 
highest local density for each contour surface showed as hotspots (B) around 2-Cl-Se. 

Energy distribution of intermolecular interactions 

The use of B3LYP functional43-46 and DGDZVP basis set47,48 in investig-
ations of molecular crystals based on metal coordination compounds, organic 
salts and solvates, as well as open shell molecules (radicals), provide a suf-
ficiently good relative ratio of computing time and quality of obtained results.49 
The energy models in CrystalExplorer2141 are calibrated and include optimum 
scale factors for B3LYP functional49 (Table II). In the crystal structures of iso-
steres, there is the same trend in energy values. The nature of stabilizing inter-
actions is predominantly electrostatic, with a significantly smaller contribution of 
polarization and dispersion components (Table II). Interactions in crystal struc-
ture of 2-Cl4 (Table S-III, Supplementary material) are realized at shorter dis-
tances (0.1–0.3 Å), thus attractive interactions are stronger (1–6 kJ mol–1) than 
those in 2-Cl-Se. The repulsive interactions are also more pronounced in 2-Cl, 
while the polarization and dispersion components differ in the interval of 1–3 kJ 
mol–1. The crystal packing energy represented as the sum of E_tot values is 
–1330.7 and –1322.0 kJ mol–1 for 2-Cl-Se and 2-Cl, respectively, thus the crystal 
packing energy of selenium based isostere is more stable by –8.7 kJ mol–1. This 
difference comes from isosteric replacement of the sulfur by the selenium atom 
and arises from the nature of the selenium atom. 

In order to visualize intermolecular interaction energies, using the calculated 
interaction energies in Table II the energy framework was calculated (Fig. 6). 
Since 2-Cl-Se and 2-Cl crystallize in the same space group, topology of the 
energies that stabilize and destabilize the crystal packing is complex but the same 
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pattern is observed for both isosteres.4 The strongest interactions are realized in 
3D, but mostly along the a-crystallographic axis while the repulsive interactions 
are located along the b and c-crystallographic axes. The calculated pattern con-
firms three-dimensional crystal packing based on geometrical parameters (vide 
supra). 

TABLE II. Interaction pair energies in the crystal structure of 2-Cl-Se based on the B3LYP/  
/DGDZVP energy model; E_tot represents the sum of individual components with scaling 
factors (k_ele = 1.057; k_pol = 0.740; k_dis = 0.871; k_rep = 0.618), while the individual 
components are not scaled 

R / Å 
Energy component 

E_ele E_pol E_dis E_rep E_tot 
7.39 547.4 –72.0 –119.2 114.5 492.4 
11.80 550.9 –51.3 –15.9 3.4 532.7 
11.79 480.4 –43.0 –30.7 19.9 461.6 
8.37 –622.6 –76.0 –11.7 17.1 –714.1 
9.90 –632.4 –65.8 –11.1 15.6 –717.3 
14.43 407.1 –21.5 –11.3 0.0 404.7 
7.53 –858.7 –162.3 –28.9 102.8 –989.6 
7.18 –662.0 –130.4 –26.1 29.2 –801.1 

 

 

Fig. 6. Diagram of the energy framework of 
the total energies for the supercell (2×2×2) of 
the 2-Cl-Se. The figure shows cylinders of the 
same scale (blue cylinders represent total 
energy, while yellow cylinders represent 
destabilizing energy). 

CONCLUSION 

The synthesis, structural characterization (spectroscopic and SCXRD), crys-
tallographic and DFT analysis of crystal packing and intermolecular interactions 
of a new octahedral Zn(II) complex with a ligand from the pyridine-based 1,3- 
-selenazolyl hydrazone class was performed. The two ligands are coordinated in 
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the neutral form by chelate NNN-tridentate forming a complex cation, while the 
anion is [ZnCl4]2–. The results of a comparative crystallographic study showed 
that novel complex crystallize in the same space group and has the same topo-
logy of intermolecular interactions as its sulfur isostere. However, due to nature 
of selenium, the crystal packing energy of Se-based isostere is higher by –8.7 kJ 
mol–1. Hirshfeld surface analysis showed that the interactions involving the Se 
atom are more prevalent than the analogous ones in the S-based isostere which 
confirms additional contribution of the Se atom to the stabilization of the crystal 
packing. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12573, or from the corres-
ponding author on request. CCDC 2269543-2269546. 
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И З В О Д  
Zn(II) КОМПЛЕКС СА 1,3-СЕЛЕНАЗОЛИЛ-ХИДРАЗОНОМ НА БАЗИ ПИРИДИНА: 

СИНТЕЗА, СТРУКТУРНА КАРАКТЕРИЗАЦИЈА И DFT СТУДИЈА 

ЈОВАНА Б. АРАШКОВ1, ПРЕДРАГ Г. РИСТИЋ1, ALEKSANDAR VIŠNJEVAC2, АНДРЕЈ Љ. МИЛИВОЈАЦ3, 

ДРАГАНА М. МИТИЋ3, НЕНАД Р. ФИЛИПОВИЋ4 и ТАМАРА Р. ТОДОРОВИЋ1 
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центар Хемијског факултета, Универзитет у Београду, Студентски трг 12–16, 11000 Београд и 

4Универзитет у Београду – Пољопривредни факултет, Немањина 6, 11000 Београд 

Октаедарски комплекс Zn(II) са лигандом из класе 1,3-селеназолил-хидразона на 
бази пиридина је синтетисан и окарактерисан IC и NMR спектроскопијом и дифрак-
цијом X-зрака са монокристала. Чистоћа комплекса је потврђена елементалном ана-
лизом. Два лиганда су координована у неутралном NNN-тридентатном облику форми-
рајући комплексни катјон, док је позитивно наелектрисање неутралисано помоћу 
[ZnCl4]2-. Комплекс кристалише у моноклиничној C2/c просторној групи при чему се 
атоми Zn(II) налазе у специјалном положају. Карактеристике кристалног паковања 
новог комплекса су анализиране употребом Хиршфелдових површина, конструкцијом 
2Д псеудосиметричних графикона и употребом DFT квантномеханичких прорачуна при 
чему су добијени резултати упоређени са резултатима анализе претходно објављеног 
изоструктурног комплекса на бази сумпора. Идентификоване су кључне разлике у 
структурама које произилазе из изостерне замене атома сумпора атомом селена. 

(Примљено 31. августа, ревидирано 25. септембра, прихваћено 13. октобра 2023) 
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