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Synthesis, Characterization and Computational Study of Novel Copper(II) Chelate 

Complexes Ligated by Pyridyl-Containing Beta-Diketonates 

Chelate complexes of copper(II) are widely used today in various sectors of the national economy, including 

medicine and pharmacology, biotechnology and agriculture, catalysis, and materials science. Pyridyl-

containing β-diketones possess unique properties and can act as chelating ligands for metals, making them 

promising candidates for the development of metal-based pharmaceutical compounds. Therefore, the devel-

opment and discovery of new copper(II) chelate complexes are of great interest and practical significance. In 

this work, new copper(II) chelate complexes of pyridyl-containing beta-diketonates were synthesized for the 

first time. Complexation between pyridyl-containing β-diketones and copper(II) acetate with molar ratio 2:1 

was carried out in ethanol at a temperature not exceeding 50 ºC for 1 hour, with the yield of products IIIa–d 

ranging from 8.5 % to 31.3 %. The synthesized complexes were characterized using IR spectroscopy, atomic 

emission spectroscopy, and mass spectrometry, as well as DFT calculations, PASS prediction, and molecular 

docking. It was shown that all synthesized chelates exhibit biological activity as nicotinic receptor antago-

nists, with Pa values ranging from 0.821 to 0.915, and as dehydro-L-gulonate decarboxylase inhibitors, with 

Pa values exceeding 0.75. Molecular docking simulations with the alpha2 nicotinic acetylcholine receptor 

(PDB ID: 5FJV) confirmed high potential of synthesized chelates as nicotinic receptor antagonists and they 

can be recommended for further evaluation of therapeutic relevance through in vitro and in vivo studies. 

Keywords: complexation, copper, diketone, atomic emission spectroscopy, mass spectrometry, IR spectros-

copy, chelate, complex compound 

 

Introduction 

Copper chelate complexes are one of the most interesting classes of coordination compounds, since they 

are used as combustion catalysts for solid and liquid fuels, light stabilizers for various types of synthetic pol-

ymers [1], in the practice of gas chromatography [2]. Copper(II) chelate complexes are also known for their 

superoxide dismutase activity [3], as well as antibacterial, antifungal [4–6], anti-AchE [7], and anti-

proliferative effects against cancer cells [8]. It has been observed that interest in the synthesis and investiga-

tion of copper chelate complexes has grown significantly in recent years [9–12]. 

Copper is a crucial trace element involved in hematopoietic processes, the lack of copper exacerbates 

the lack of iron in iron deficiency anemia, causing additional depression of hemoglobin synthesis. Metal che-

lates are the most optimal form of a biogenic metal compound for the body. Thus, one study demonstrated 

the potential of a drug containing copper chelate complexes to stimulate hematopoiesis in animals [13]. 
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Some copper triketone chelates such as diacetyl isovaleryl methane are used as fungicides and insecti-

cides [1]. Also, the chelate form of copper demonstrates enhanced antimicrobial and wound-healing activity 

in therapeutic preparations compared to inorganic salts. 

Сhelate complexes of copper (II) showed anticancer activity [14]. Copper readily forms complexes with 

various bioactive organic ligands and serves as a convenient model for investigating ligand behavior with 

more expensive metals, such as platinum, palladium, etc. In turn, palladium(II) complexes can also exhibit 

biological activity [15]. There are a limited number of papers on the complexation of copper with pyridine-

containing beta-diketones. Although such ligands are highly intriguing [16] and have potential applications 

in various fields [17, 18]. 

Therefore, the aim of this work was the synthesis of new copper chelate complexes of pyridyl-

containing β-diketonates, their characterization and computational study using the in silico approach. Meth-

ods for in silico study of the physicochemical properties and potential biological activity of newly synthe-

sized chemical compounds are now widely used due to the speed of implementation and relative low cost 

compared to in vivo and in vitro methods [19–21]. 

Experimental 

Сopper acetate II was obtained from LLC “JSC REACHIM” (Moscow, Russia). Ethyl alcohol was used 

as solvent [22]. 

IR spectra were recorded on an IR-microscope of “SpecTRA TECH” model “InspectIR” based on the 

IR-Fourier spectrophotometer “Impact 400” (USA). A sample of the substance was deposited onto a gilded 

plate, spread using a roller knife, positioned on a microscope stage, and analyzed using ATR spectroscopy. 

Analysis conditions included an MTC/A detector, a “Si Caplugs” lens, a wave number range of 400–650 cm–1, 

a resolution of 1.928 cm–1, 64 scans, and processing using OMNIC 5.1 E.S.P software. 

Mass-spectra were recorded on a Shimadzu LC/MS-2020 device (Japan) with a RAPTOR ARC-18 100 

column (2.1 mm diameter, 0.1 mm grain, 100 mm length) using a quadrupole Electron Injection Ion 

Source (ESI) mass spectrometer. The rate of direct injection of the sample and eluate composition was 

10 μl/min. The scan range was 20–1000 Da. 

The atomic emission spectrum was recorded on the ICAP 7400 instrument (USA). 

Synthesis and Characterization 

To study the reaction of the complexation of pyridyl-containing beta-diketones with copper, we synthe-

sized β-diketones with pyridine substituents 1-phenyl-3-(pyridin-3-yl)propane-1,3-dion (Ia), 1-phenyl-3-

(pyridin-4-yl)propane-1,3-dion (Ib), 1-(pyridin-3-yl)butane-1,3-dion (Ic) and 1-(pyridin-4-yl)butane-1,3-dion 

(Id) using the Claisen method, following a well-established procedure [23] (Figure 1). 

 

 

Figure 1 Synthesized pyridyl-containing beta-diketonates Ia-d 

The complexation of copper(II) acetate with synthesized pyridyl-containing beta-diketonates 1-phenyl-

3-(pyridin-3-yl)propane-1,3-dion (a), 1-phenyl-3-(pyridin-4-yl)propane-1,3-dion (b), 1-(pyridin-3-yl)butane-

1,3-dion (c) and 1-(pyridin-4-yl)butane-1,3-dion (d) was studied in various molar ratios of 1:1, 1:2, 2:1 (Ta-

ble 1). The best results were obtained at a molar ratio of 2:1 [24]. 
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T a b l e  1  

Chelate complexes yields at different molar ratio 

Chelate  

complexes 
R1 R2 

Yield (%) at the 1,3- diketone : Cu(II) acetate molar ratio: 

1:1 1:2 2:1 

IIIa Ph β-Py 43 25 59 

IIIb Ph γ-Py 55 27 61 

IIIc Me β-Py 35 19 36 

IIId Me γ-Py 40 25 43 

 

We hypothesized that the formation of bis(acetylacetylacetonate) complexes was more likely, and the 

products obtained at a 2:1 ratio of 1,3-diketones to copper(II) acetate were selected as samples (Figure 2). 

The melting point was used as the comparison parameter. It was found that, for all studied ratios, both the 

melting point and the mixing sample analysis remained identical. Thus, all studied ratios yielded the same 

product, with the optimal formation conditions being a 2:1 ratio of 1,3-diketones to copper(II) acetate. Addi-

tional confirmation of the obtained samples’ identity was achieved through thin-layer chromatography data. 

 

  

  

  

Figure 2. Structures of synthesized chelates IIIa-d 

Synthesis of Copper Chelate Complexes IIIa-d 

To 1,3-diketones Ia-d (0.004 mol), dissolved in a minimum amount of ethyl alcohol, copper ace-

tate II (0.002 mol) in 70 % ethyl alcohol was added. The mixture was heated 1 hour at a temperature not 

higher than 50 oС. The color of the solution changed from brown to green during the reaction. The green pre-

cipitate was filtered and air-dried. The purity of the resulting product IIIa-d was confirmed using thin-layer 

chromatography with a hexane-ethyl acetate eluent in a 5:1 ratio. 

Bis(1-phenyl-3-(pyridin-3-yl)propane-1,3-dionate) Cu (IIIa) 

Copper acetylacetonate with beta-pyridyl moiety and phenyl substituent (IIIa). Yield 0.6 g (59 %), 

saturated green powder. IR spectrum, ν, cm–1: 683, 887, 968, 1039, 1149, 1323, 1422, 1595, 1655, 1672, 

3250. Mass spectrum, m/z (I, %): 511 (100) [M]+, 513 (45), 512 (20). AES ICP (Cu) 8.5 %. 
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Bis(1-phenyl-3-(pyridin-4-yl)propane-1,3-dionate) Cu (IIIb) 

Copper acetylacetonate with gama-pyridyl moiety and phenyl substituent (IIIb). Yield 

0.62 g (61 %), saturated green powder. IR spectrum, ν, cm–1: 685, 747, 883, 966, 1038, 1149, 1329, 1425, 

1597, 1687, 3076. Mass spectrum, m/z (I, %): 511 (100) [M]+, 513 (45), 512 (20). AES ICP (Cu) 10.4 %. 

Bis(1-(pyridin-3-yl)butane-1,3-dionate) Cu (IIIc) 

Copper acetylacetonate with beta-pyridyl moiety and methyl substituent (IIIc). Yield 

0.28 g (36 %), light green powder. IR spectrum, ν, cm–1: 691, 753, 1024, 1231, 1311, 1393, 1423, 1450, 

1472, 1526, 1596, 3089. Mass spectrum, m/z (I, %): 387 (100) [M]+, 389 (45), 988 (20). AES ICP (Cu) 

22 %. 

Bis(1-(pyridin-4-yl)butane-1,3-dionate) Cu (IIId) 

Copper acetylacetonate with gama-pyridyl moiety and methyl substituent (IIId). Yield 

0.33 g (43 %), light green powder. IR spectrum, ν, cm–1: 544, 643, 698, 725, 765, 1026, 1068, 1228, 1319, 

1399, 1421, 1452, 1480, 1521, 1588, 1591, 3085. Mass spectrum, m/z (I, %): 387 (100) [M]+, 389 (45), 

988 (20). AES ICP (Cu) 31.3 %. 

Computational Details 

DFT Calculations 

DFT calculations of copper chelate complexes IIIa-d were performed at the B3LYP/6-311++G(d, p) on 

organic (C, H, N, O, P) [25, 26] and LanL2DZ for metal (Cu(II)) [27] part basis set level of theory using 

Gaussian-16 [28]. In order to get as close as possible to the conditions of biological systems, solvation was 

taken into account in the calculations within the framework of the macroscopic polarizable continuum model 

CPCM (water) [29]. Optimization of the geometry of chelate complexes was carried out without any re-

strictions using the keywords OPT+FREQ; achieving geometry with a minimum of energy on the potential 

energy surface (PES) was confirmed by the absence of imaginary frequencies. 

Based on the results of the DFT optimization of the geometry of the studied copper chelate complexes, 

HOMO-LUMO frontier orbitals and maps of the distribution of molecular electrostatic potential (MEP) were 

constructed and analyzed using analytical methods. The obtained values of the energies of the HOMO-

LUMO orbitals were then used for calculations of such global descriptors of chemical activity [30], as: the 

ionization potential (IP), the electron affinity (EA), the energy gap ΔEgap, molecular hardness (η) and soft-

ness (σ), the index of electrophilicity (ω) and nucleophilicity (ε), absolute electronegativity (χ) and chemical 

potential (μ): 

 

IP = –EHOMO,  (1) EA = –ELUMO, (2) gap LUMO HOMO  ( ),E E E= −  (3) 

( )IP EA / 2χ = + , (4) ( )µ IP EA / 2= − + = −χ  (5) ( )IP EA / 2η = − , (6) 
2μ / 2 ,ω = η  (7) σ 1/ 2= η , (8) 1/ε = ω . (6) 

 

Visualization of DFT optimized molecular structures as well as frontier orbitals and MEPs were per-

formed using GaussView 6.0 software [31]. 

In silico Study of Biological Activity 

PASS (Prediction of Activity Spectra for Substances) program was used to predict useful biological ac-

tivity of the synthesized copper complexes IIIa-d [32–34]. The PASS prediction, based on the molecular 

structure data, produces a list of probable activities, Pa being the probability of belonging to the “active” 

class, and Pi being the probability of belonging to the “inactive” class. 

Molecular Docking Simulations 

Molecular docking was performed using AutoDock Vina and AutoDock MGL Tools 1.5.7 [35, 36]. The 

molecular structure of the protein was downloaded from the Protein Data Bank (https://www.rcsb.org). Prep-

aration of the protein molecular structure for docking included the steps of removing the native ligand and 

water molecules, protonation, and specifying the binding site. The position of the binding site was deter-

mined based on PDB data, and the following grid coordinates of the receptor active site were used: 

(x = 12.881, y = 4.486, z = –0.184) for the structure of alpha2 nicotinic acetylcholine receptor (PDB ID: 

5FJV). The docking results were used for comparative analysis of binding affinity and intermolecular inter-

actions between the studied copper chelate complexes and the target protein. The study of intermolecular 

https://www.rcsb.org/
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interactions between the target protein and ligands was carried out using the BIOVIA Discovery Studio Vis-

ualizer 2017 [37] software. 

Results and Discussion 

We assumed that the resulting chelates have the structure IIIa-d (Scheme 1). 

 

 

Scheme 1. Possible pathways for the copper chelates formation 

The structure of the chelates was studied by IR spectroscopy. The IR spectra of chelates IIIa-d contain 

bands corresponding to phenyl and pyridyl fragments, observed in the range of 1680–1440 cm–1. 

At the same time, it is known that the ligands of copper acetylacetonate contain a conjugated bond sys-

tem, –C(O)–CH=C–. The conjugation induces a bathochromic shift, manifesting as three bands at 1575, 

1545, 1525 cm–1, characteristic of a quasi-aromatic metallocycle [38]. In our opinion, for compounds IIIa-d, 

the bands of stretching vibrations –C(O)–CH=C– at 1575, 1545, 1525 cm–1 are partially (for compounds 

IIIc, IIId) or completely (for compounds IIIa, IIIb) overlapped by stretching vibrations of the pyridine or 

phenyl fragments. 

Indeed, the DFT Calculations performed for all chelates IIIa-d showed that with methyl and pyridyl 

substituents (compounds IIIc, IIId) the distortion of geometry at the Cu2+ ion is minimal. Whereas in the 

presence of pyridine and phenyl rings (compounds IIIa and IIIb) there is a distortion of geometry in one of 

the ligands. A detailed description of the DFT Calculations results is provided in the Computational Study 

section of this article. 

The next step in elucidating the structure of copper complexes was identifying the number of ligands. Alt-

hough the reaction proceeded depending on the ratio of 1,3-diketone and copper(II) acetate, the formation of 

either structure III or IV remains possible (Scheme 1). To resolve the uncertainty regarding the formation of 

structure III or IV in the obtained chelate complexes, a chromato-mass spectrometric study was carried out. 

The analysis revealed that the predominant compounds formed contained two molecules of a dicarbonyl 

compound per copper molecule, with molecular weights of 512 g/mol and 388 g/mol, respectively. Addition-

ally, signals corresponding to compounds with one diketone molecule per copper molecule were observed, 

with molecular weights of 226 g/mol and 288 g/mol, as presented in Table 2. 

T a b l e  2  

Results of gas chromatography-mass spectrometry analyses  

Complex R1 R2 Molecular weight, g/mol Retention time, min Peak area, % 

IIIa β-pyridyl Ph 512 6.32 76.8 

IIIb γ-pyridyl Ph 512 5.99 83.0 

IIIc β-pyridyl Ме 388 7.30 91.6 

IIId γ-pyridyl Ме 388 5.77 98.0 
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Additionally, sample analysis revealed that, over time, the content of chelates containing one diketone 

molecule per copper atom, with molecular weights of 226 g/mol and 288 g/mol, decreased. Simultaneously, 

the peak area of detectable compounds with molecular weights of 512 g/mol and 388 g/mol increased. This 

indirectly suggests the instability of product IV (Scheme 1) and the subsequent formation of product III 

(Scheme 1). Thus, we have demonstrated that chelates preferentially take form III. 

To confirm the amount of substance that reacted during synthesis, a study was conducted using atomic 

emission spectroscopy with inductively coupled plasma. The analysis determined the amount of copper that 

reacted with the original β-diketone. The results of the atomic emission analysis are presented in Table 3. 

T a b l e  3  

Results of copper content analysis by the atomic emission spectroscopy 

Complex Me R1 R2 Copper content, % 

IIIa Cu β-pyridyl Ph 8.5 

IIIb Cu γ-pyridyl Ph 10.4 

IIIc Cu β-pyridyl Me 22.0 

IIId Cu γ-pyridyl Me 31.3 

 

In complex containing pyridine fragment and phenyl substituent amount of copper is 10.4 %, and in 

complex with methyl substituent and position of nitrogen in γ-position is 31.3 %. This is most likely due to 

the steric and electron donor properties of the substituents. 

In the complex containing a pyridine fragment and a phenyl substituent, the copper content is 10.4 %. 

In contrast, the complex with a methyl substituent and nitrogen in the γ-position, contains 31.3 % copper. 

This difference is most likely attributed to the steric and electron-donating properties of the substituents. 

Computational Study 

DFT Calculations 

Since chelate complexes of copper pyridyl-containing beta-diketonates were synthesized for the thirst 

time, it was interesting to study their physicochemical properties and biological activity using in silico meth-

ods. First of all, the geometry of the synthesized copper complexes IIIa-d was optimized by the DFT method 

with the use of the 6-311G++(d, p) and LANL2DZ basis sets for the ligands and its complexes, respectively, 

in conjunction with the B3LYP hybrid correlation functional taking into account solvation within the frame-

work of the macroscopic solvation CPCM (water) model. Resulting geometry optimization 3D structures are 

shown in Figures 3 and S1. 

 

  
IIIa  IIIb 

  

IIIс IIId 

Figure 3 Optimized 3D structures of chelate complexes IIIa-d 
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As can be seen in Figures 3 and S1, each copper atom forms a four-center bond with two bidentate 

diketone ligands in chelate complexes IIIa-d. In chelates IIIc and IIId, the central cyclic diketonate frag-

ment with copper is almost planar, while the side pyridyl substituents have deviations from planarity of ap-

proximately 10° relative to the plane of the central fragment of the chelate. The structure of chelates IIIa and 

IIIb is more twisted due to the presence of 4 bulky side substituents, while the central cyclic diketonate 

fragment with copper has small deviations from planarity, while the side pyridyl substituents are rotated at a 

wider angle of about 17°, and the side benzene rings are rotated at an angle of about 13° relative to the plane 

of the central fragment of the chelate. 

It should be noted that the structure of the resulting chelates is quite symmetrical, as a result of which 

compounds IIIa-d are characterized by small dipole moments of 0.2107, 0.1897, 0.0003 and 0.0004 Debye, 

respectively, which indicates a homogeneous charge distribution and a low level of polarity of the chelate 

complexes. 

Frontier Molecular Orbitals and Molecular Electrostatic Potential Map (MEP) Analysis 

Next, based on the optimized structures of synthesized copper complexes IIIa-d, the construction and 

analysis of the boundary HOMO-LUMO orbitals and Molecular Electrostatic Potential Map (MEPs) were 

performed (Figures 4, 5). 
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 3a 3b 3с 3d 

Figure 4. HOMO-LUMO orbital diagrams of chelate complexes IIIa-d 

As can be seen in Figure 4, the electron density on the HOMO and LUMO orbitals is localized in dif-

ferent places: LUMO is predominantly on the central cyclic diketonate copper containing fragment, while 

HOMO is more delocalized throughout the entire structure of the complex. Next, the location of electrophilic 

and nucleophilic centers in the studied complexes IIIa-d was assessed based on the analysis of the molecular 

electrostatic potential (MEP) (Figure 5). 

As can be seen in Figure 5, the negative charge in the studied complexes IIIa-d is expectedly localized 

on the oxygens of the central cyclic diketonate fragment, as well as on the nitrogen heteroatoms; the positive 

charges are concentrated on the complex-forming metal atom, as well as on the hydrogen atoms of the cyclic 

diketonate fragment. Accordingly, this allows us to assume that the nucleophilic center of the studied copper 

complexes IIIa-d is localized on the oxygen and nitrogen atoms, whereas the electrophilic center can be cor-

related with the position of the complex-forming copper atom, as well as with the position of the hydrogen 

atoms of the cyclic diketonate fragment. 

 



Synthesis, Characterization and Computational Study … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 11 

 
 

3a 3b 

 
 

3с 3d 

Figure 5 Molecular electrostatic potential map (MEP) of chelate complexes IIIa-d 

Global Reactivity Indexes 

An assessment of the studied copper complexes IIIa-d global reactivity parameters was performed 

based on the calculated energy of HOMO-LUMO orbitals. The following global descriptors of chemical 

activity were assessed: ionization potential (IP), electron affinity (EA), energy gap ΔEgap, molecular 

hardness (η) and softness (σ), chemical potential (μ), electrophilicity (ω) and nucleophilicity (ε) indexes, 

absolute electronegativity (χ) (Table 4). 

T a b l e  4  

Global descriptors of chemical activity 

Complex IP, eV EA, eV ΔEgap, eV η, eV σ, eV−1 μ, eV ω, eV ε, eV−1 χ, eV 

IIIa 6.5652 3.2904 3.2748 1.6374 0.3053 –4.9278 7.4151 0.1348 4.9278 

IIIb 6.6210 3.3344 3.2865 1.6432 0.3042 –4.9777 7.5392 0.1326 4.9777 

IIIc 6.6409 3.2735 3.3674 1.6837 0.2969 –4.9572 7.2976 0.1370 4.9572 

IIId 6.7106 3.3211 3.3894 1.6947 0.2950 –5.0158 7.4227 0.1347 5.0158 
 

As can be seen in Table 4, the studied copper complexes IIIa-d are characterized by an electron affinity 

EA of about 3.2–3.3 eV and a fairly high ionization potential IP in the region of 6.5–6.7 eV, which indicates 

their low reducing properties. The energy gap ΔEgap at the level of 3.2–3.3 eV indicates the chemical stability 

of the studied copper complexes IIIa–d. The low value of molecular softness σ at the level of 0.3 eV−1, to-

gether with the 1.6 eV value of molecular hardness indicates the hard nature of the studied complexes IIIa-d. 

The negative value of the chemical potential μ and its value of (–4.9)–(–5.0) eV confirm the stability of the 

studied copper complexes. The high level of electrophilicity index ω in the range of 7.2–7.5 eV suggests a 

predominantly electrophilic nature of the reactivity of the studied complexes. The absolute electronegativity 

χ of the complexes IIIa-d lies in the range from 4.9 to 5.0 eV. 
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In silico Study of Biological Activity 

Next, we used a PASS (Prediction of Activity Spectra for Substances) program to predict useful biolog-

ical activity of the synthesized copper complexes IIIa-d. This tool allows to estimate the probability of vari-

ous types of biological activity for chemical compounds based on their structural formulas using such indica-

tors as Pa — the probability of being active and Pi — the probability of being inactive. The predicted proba-

bilities of biological activity are presented in the Table 5. 

T a b l e  5  

PASS predicted biological activity potential of the complexes IIIa-d 

Pa* Pi* Type of activity 
IIIa  

0.887 0.004 Nicotinic receptor antagonist 
0.783 0.011 Dehydro-L-gulonate decarboxylase inhibitor 

0.753 0.001 Glutamylendopeptidase II inhibitor 
IIIb  

0.890 0.004 Nicotinic receptor antagonist 
0.811 0.010 Feruloylesterase inhibitor 
0.787 0.011 Dehydro-L-gulonate decarboxylase inhibitor 

IIIc  

0.867 0.005 Gluconate 2-dehydrogenase (acceptor) inhibitor 
0.821 0.008 Nicotinic receptor antagonist 
0.800 0.009 Dehydro-L-gulonate decarboxylase inhibitor 

IIId  

0.915 0.003 Gluconate-2-dihydrogenase inhibitor (acceptor) 
0.845 0.005 Nicotinic receptor antagonist 
0.773 0.013 Dehydro-L-gulonate decarboxylase inhibitor 
where: Pa — the probability of being active; Pi — the probability of being 

inactive. 

 

As can be seen in Table 5, all comlexes IIIa-d exhibited biological activity as nicotinic receptor antag-

onists with Pa values ranging from 0.821 to 0.915, and as dehydro-L-gulonate decarboxylase inhibitors, with 

Pa values above 0.75. Nicotinic receptor antagonists inhibit acetylcholine activity at nicotinic acetylcholine 

receptors (nAChRs) and are utilized in the treatment of hypertension, nicotine dependence, neurological dis-

orders, and anesthesia. Gluconate-2-dehydrogenase inhibitor (acceptor) activity is strongly predicted for IIIc 

and IIId complexes, with high Pa values (0.867–0.915), suggesting a role in carbohydrate metabolism and in 

the treatment of type 2 diabetes and related cardiovascular diseases. 
The analysis of the data presented in Table 5 indicates that complexes IIIa–d exhibited the highest bio-

logically active potential as nicotinic receptor antagonists. This biologically active property of complexes 

IIIa–d is potentially very beneficial, as according to WHO data, more than 20 % of the world’s population 

currently uses tobacco, with 8 million people dying each year from the consequences of tobacco use, includ-

ing 1.3 million passive smokers. Therefore, the search for new nicotinic receptor antagonists is an important 

area of modern pharmacology, and we further study the inhibitory potential of complexes IIIa–d as nicotinic 

receptor antagonists using the molecular docking approach. 

Molecular Docking Simulations 

Nicotinic receptor antagonists bind with nicotinic acetylcholine receptors (nAChRs) [39]. These recep-

tors are ion channels that perceive nicotine and acetylcholine, so their action is aimed at regulating the 

transmission of nerve impulses. Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels 

that, upon binding nicotine or acetylcholine, open, allowing sodium, potassium, and calcium ions to pass 

through the cell membrane. This results in depolarization of the cell and initiation of a signal important to the 

nervous system. nAChR antagonists block this process by preventing binding of nicotine or acetylcholine 

with the receptor. This results in the prevention of ion channel activation and, accordingly, the suppression of 

nerve signal transmission. This mechanism is used in pharmacology, for example, in drugs used to treat nico-

tine addiction or as muscle relaxants during surgery [40]. Target proteins for nicotinic acetylcholine recep-

tor (nAChR) antagonists include receptor subtypes such as: α4β2 receptors are the most common nAChR 
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subtype in the central nervous system and have been linked to cognitive function and nicotine addiction.; α7 

receptors — these receptors are involved in memory, learning and inflammatory processes, and are also a 

target for the treatment of neurodegenerative diseases [41]. 

According to the literature [42], alpha2 nicotinic acetylcholine receptor in pentameric assembly 

(PDB ID: 5FJV [43]) may act as a target protein for nicotinic acetylcholine receptor antagonists (nAChR), 

so it was used for molecular docking simulations with synthesized copper complexes IIIa-d. Bupropion [44] 

and the native ligand [43] were used as reference drugs. Molecular docking simulation of the studied copper 

complexes IIIa-d with the target alpha2 nicotinic acetylcholine receptor (PDB ID:5FJV) was performed us-

ing the AutoDock Vina program; the obtained data on the binding affinity are presented in Table 6. 

T a b l e  6  

Binding Affinity (kcal·mol⁻¹) of copper complexes IIIa-d  

with alpha2 nicotinic acetylcholine receptor (PDB ID: 5FJV) 

Ligand 
Binding Affinity,  

kcal·mol⁻¹ 

IIIa –8.3 

IIIb –8.1 

IIIc –6.9 

IIId –6.6 

Reference Drug  

Bupropion –5.4 

Native ligand 

(1S,2S,4R)-2-(6-chloropyridin-3-yl)- 

7-azabicyclo[2.2.1]heptane 

–5.9 

 

The data presented in Table 4 show that the studied copper complexes IIIa-d demonstrate higher bind-

ing affinity (–8.3, –8.1, –6.9 and –6.6 kcal·mol–1, respectively) with the alpha2 nicotinic acetylcholine recep-

tor (PDB ID:5FJV) compared to the reference drugs Bupropion (–5.4 kcal·mol–1) and the native ligand  

(–5.9 kcal·mol–1). It should be noted that complexes IIIa and IIIb interact more effectively (–8.3,  

–8.1 kcal·mol⁻¹, respectively) with the alpha2 nicotinic acetylcholine receptor (PDB ID:5FJV) compared to 

complexes IIIc and IIId (–6.9 and –6.6 kcal·mol–1, respectively), which may be due to a larger number of 

intermolecular interactions (Table 7). 

T a b l e  7  

Protein 5FJV — Ligand intermolecular interactions 

Ligand 

Conventional 

Hydrogen  

Bond 

Carbon  

Hydrogen 

Bond 

Pi-Pi 

T-shaped 
Pi-Donor Pi-Sigma Pi-Sulfur Pi-alkyl 

Pi-Pi-

Stacked 

IIIa TRP115 
ARG49, 

ALA48 
TRP178 THR179 VAL120 MET134 ALA130 – 

IIIb – – TRP178 THR179 
ALA130, 

VAL120 
MET134 – – 

IIIc – – – – – – 
VAL120, 

ALA130 

PHE129, 

TRP178 

IIId ARG49 – – ALA48 
MET134, 

ALA48 
– – – 

Reference Drug        

Bupropion 
GLU128, 

THR132 
– – – – – 

ILE152, 

TYR153, 

HIS133, 

ALA151 

– 

Native 

ligand 

TYR122, 

TRP178 
– – – – – 

CYS221, 

CYS222, 

TYR219, 

TYR226 

– 
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As can be seen in Table 7, ligand IIIa forms 8 bonds with amino acids of the target protein 5FJV, in-

cluding one Conventional Hydrogen Bond with TRP115, two Carbon Hydrogen Bond with ARG49, ALA48, 

one Pi-Pi T-shaped with TRP178, Pi-Donor with THR179, Pi-Sigma with VAL120, Pi-Sulfur with MET134, 

Pi-alkyl with ALA130. Ligand IIIb forms 5 bonds with amino acids of the target protein 5FJV, including 

one Pi-Pi T-shaped with TRP178, one Pi-Donor with THR179, two Pi-Sigma with ALA130 and VAL120, 

one Pi-Sulfur with MET134. Ligand IIIc forms four bonds with amino acids of the target protein 5FJV, in-

cluding two Pi-alkyl with VAL120 and ALA130, two Pi-Pi-Stacked with PHE129 and TRP178. Ligand IIId 

forms 4 bonds with amino acids of the target protein 5FJV, including one Conventional Hydrogen Bond with 

ARG49, one Pi-Donor with ALA48, two Pi-Sigma with MET134 and ALA48 (Figures 6, S2-S5). 

 

  
IIIa IIIb 

  
IIIc IIId 

Figure 6 Visualization of protein 5FJV amino acids — ligand IIIa-d interactions 

As can be seen in Figures 6, S2-S5, the pi-electron systems of the pyridyl and benzene rings of the stud-

ied ligands IIIa-d actively participate in intermolecular interactions, therefore their greater number in ligands 

IIIa and IIIb leads to a more effective interaction of these compounds with the target protein 5FJV. 

Overall, molecular docking simulations of synthesized copper complexes IIIa-d with alpha2 nicotinic 

acetylcholine receptor (PDB ID:5FJV) showed their high potential as nicotinic receptor antagonist. Moreo-

ver, compounds IIIa and IIIb showed a more effective interaction with the 5FJV protein compared to com-

pounds IIIc and IIId, may be due to the presence of a larger number of substituents with pi-electron systems. 

Conclusions 

We have obtained previously unknown chelate complexes of copper(II) with pyridyl-containing beta-

diketonates. The syntheses were carried out with different ratios of reagents, the most successful was the ra-

tio of 2:1 1,3-diketone to copper(II) acetate. Complexation with copper(II) took place at a temperature not 

exceeding 50 ºC for 1 hour, with the yield of products IIIa–d ranging from 8.5 % to 31.3 %. The structure of 

the newly obtained chelates has been proven by IR, atomic emission spectroscopy and mass spectrometry. 

Based on DFT B3LYP/6-311++G(d, p) /LanL2DZ CPCM (water) calculations, the non-planar structure of 

the synthesized copper chelate complexes IIIa-d was demonstrated, an analysis of the HOMO-LUMO orbit-

als and molecular electrostatic potential (MEP) was performed, global descriptors of chemical activity were 

assessed. In silico study of biological activity was carried out using the PASS Prediction and AutoDock Vina 

tools. Molecular docking simulations of synthesized copper complexes IIIa-d with alpha2 nicotinic acetyl-

choline receptor (PDB ID:5FJV) showed their high potential as nicotinic receptor antagonist. Moreover, 
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compounds IIIa and IIIb showed a more effective interaction with the 5FJV protein compared to com-

pounds IIIc and IIId, may be due to the presence of a larger number of substituents with pi-electron systems. 

Newly synthesized copper complexes IIIa and IIIb can be recommended for further study of their pharma-

ceutical potential as nicotinic receptor antagonist via in vitro and in vivo methods. 
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