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Abstract: Two new Co(II) coordination compounds viz. [Co(H2O)(bz)2(μ-3-Ampy)2]n (1) and [Co(4-Mebz)2(2-

Ampy)2] (2) (where; bz = benzoate, 4-Mebz = 4-Methylbenzoate and Ampy = Aminopyridine) were synthesized 

and characterized by elemental (CHN), electronic spectroscopy, FT-IR spectroscopy, and thermogravimetric 

analysis (TGA). The crystal structures were determined by single crystal X-ray diffraction analysis, inferring 

that compound 1 crystallizes as a 3-Ampy bridged Co(II) coordination polymer; whereas, compound 2 

crystallizes as mononuclear Co(II) compound. Compound 1 unfolds the presence of N‒H∙∙∙O, C‒H∙∙∙O, O‒

H∙∙∙O, C‒H∙∙∙N and aromatic π∙∙∙π interactions; while for compound 2, N‒H∙∙∙O, C‒H∙∙∙O, C‒H∙∙∙C and C‒H∙∙∙π 

interactions are observed. Both the compounds showcase scarcely reported chelate ring interactions involving 

the benzoate moiety (chelate ring∙∙∙π in 1 and N‒H∙∙∙chelate ring in 2). We have also carried out theoretical 

studies comprising of combined QTAIM/NCI plot analysis, DFT energy calculation and MEP surface analysis 

to analyze the non-covalent interactions present in the crystal structures. As per QTAIM parameters, the 

predominance of π-stacking interactions over hydrogen bonds in stabilizing the assembly in compound 1 is 

affirmed. Likewise, in compound 2, both hydrogen bonding (HBs) and C–H∙∙∙π interactions are deemed pivotal 

in stabilizing the dimeric assemblies. The in vitro antiproliferative activity of compounds 1 and 2 were 

evaluated against Dalton’s lymphoma (DL) malignant cancer cell lines using cytotoxicity and apoptosis assays 

which showcases higher cytoxicity of compound 1 (IC50 = 28 μM) over compound 2 (IC50 = 34 μM). Additionally, 

molecular docking study investigates the structure activity relationship of these compounds and to understand 

the molecular behavior after treatment. 

Keywords: Coordination Polymer; DFT; QTAIM/NCI plot; Apoptosis; Cytotoxicity 

 

1. Introduction 

In recent years, there has been a significant surge in exploration into the design and fabrication 

of metal-organic compounds. This is primarily driven by their tuneable and functional properties 

that bring out wide range of application in the fields of ion-exchange, hydrogen storage, biology, 

catalysis, non-linear optics, and photoluminescence [1–5]. Among those metal-organic compounds, 

coordination polymers stand out as structures formed through the combination of metal centers and 

various bridging ligands, offering a fascinating array of network architectures and topologies [6]. 

Variable coordination modes of bridging organic ligands render them capable of constructing metal-

organic compounds with tailored dimensionalities [7]. However, for achieving desired structural 

topologies in coordination compounds, the synthetic strategy requires a careful manipulation of 
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reaction parameters such as coordination geometry, pH, solvent temperature, etc., which influence 

the binding mode of the ligands as well as the self-assemblies of the molecules [8,9]. 

For the synthesis of mononuclear and poly-nuclear coordination compounds, aromatic 

carboxylates are frequently employed as they possess desirable topologies from a crystal engineering 

perspective on account of their various coordination motifs, thermal endurance and capability to 

form bridging compounds with transition metals [10,11]. Compounds that contain carboxylate 

synthons are excellent motifs for obtaining metal-organic hybrid assemblies and find applications in 

varying domains such as in biology etc. [12–14]. Specifically, both in vitro and in vivo anti-cancer 

studies has been performed for such systems with significant efficacy [15,16]. Aminopyridine ligands 

have also been used very extensively in the synthesis of compounds starting from simple 

mononuclear to polymeric coordination solids (CP’s) holding different dimensionalities [17]. Another 

interesting feature possessed by these compounds is their affinity to show different hydrogen bonds, 

like N‒H∙∙∙O between the amino NH and a coordinated carboxylate, which extends the structure from 

1D to a 3D network [18]. Extra stability also gets generated when π-stacking interactions are formed 

between the aromatic pyridyl ligands, which play a crucial role in stabilizing the supramolecular 

assemblies [19]. 3-Aminopyridine is a simple molecule of the aminopyridine series which can act both 

as a monodentate ligand via binding through the most basic N-pyridyl nitrogen, and a bridging 

ligand connecting two metal ions via the N-pyridyl and N-amino donor atoms [20,21]. 2-

Aminopyridine is largely known for its diverse pharmacological importance, mostly for its usage in 

the synthesis of anti-inflammatories, antihistamines and the potential of its derivatives to coordinated 

with transition metals [22,23]. Several research groups have highlighted that the metal carboxylates 

are of significant importance due to their relevance in biological applications, including anticancer, 

antimicrobial, and antifungal activities [24–26]. Moreover, such complexes hold promise for various 

applications in catalysis, magnetism, optics, and related areas [27,28]. Pyridine-based coordination 

compounds also demonstrate substantial pharmaceutical potential viz. anti-inflammatory [29,30], 

anticancer [31,32], antimicrobial [33,34] etc. 

The most important criteria for supramolecular association is the non-covalent interactions 

which efficiently setup the formation of captivating network architectures with befitting potential 

applications [35–37]. The investigation of non-covalent interactions in metal-organic compounds has 

received substantial attention, with a special focus in illuminating the stability and organization of 

supramolecular assemblies [38]. A lot number of experimental techniques have clarified the roles of 

both intra and intermolecular supramolecular interactions in the synthetic strategies and promotion 

of functional metal-organic compounds [39,40] .Among all types of non-covalent interactions, 

hydrogen bonding stands out as a powerful device in the creation of molecular solids due to its 

directional nature, selectivity, and reversible formation at ambient conditions [41]. Its contribution 

has been the key in the stabilization of supramolecular architectures [42]. Beyond the prominent 

hydrogen bonding networks exemplified by O–H∙∙∙O and N–H∙∙∙O, the subtle yet influential non-

classical C–H∙∙∙N interactions also serve pivotal roles in determining the stability of crystal structures 

[43–48]. Aromatic π-stacking interactions and interactions involving metal-ligand chelate ring(CR) 

also influence the of supramolecular architectures in coordination compounds, thus emphasizing 

their vital significance not only in self-assembly but also in the investigation of the properties of 

functional materials [49–52]. In addition, weak, unusual C–H∙∙∙π interactions with aromatic π systems 

also hold significant importance in both crystal packing and biological systems [53]. 

In this study, we devoted our attention to non-covalent interactions in metal-organic compounds 

by reporting the synthesis and crystal structures of two new Co(II) coordination compounds, viz. 

[Co(H2O)(bz)2(μ-3-Ampy)2]n (1) and [Co(4-Mebz)2(2-Ampy)2] (2). Compound 1 crystallizes as a 3-

Ampy bridged Co(II) polymer; whereas, compound 2 crystallizes as a mononuclear Co(II) compound. 

Additionally, the synthesized compounds were characterized by single crystal XRD, elemental 

analysis, spectroscopic (FT-IR and electronic) techniques and TGA. Crystal structure analysis of the 

compounds reveals the presence of several non-covalent interactions which provide rigidity to the 

structures. Compound 1 reveals the presence of aromatic π stacking interactions along with some 

structure guiding hydrogen bonding interactions ( ��
�(8)  synthon) and intramolecular CR∙∙∙π 
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interaction; whereas compound 2 unfolds the presence of N–H∙∙∙O, C–H∙∙∙O, C‒H∙∙∙C, C–H∙∙∙π and 

N‒H∙∙∙CR interactions. We have also carried out theoretical studies to analyze the non-covalent H-

bonding, π-stacking and C–H∙∙∙π interactions present in the crystal structures. We have used DFT 

calculations, MEP surface analysis, NCI plot and QTAIM computational tools to explore the energetic 

features and the characteristics of the supramolecular assemblies. In this study, the in vitro 

antiproliferative activity of compounds 1 and 2 was evaluated against Dalton’s lymphoma (DL) 

malignant cancer cell line. Cytotoxicity and apoptosis assays were used to assess the ability of these 

compounds to inhibit growth and induce cell death in DL cells. Additionally, molecular docking 

study was conducted to investigate the structure activity relationship of these compounds. This 

combined approach aimed at comprehensive evaluation of the potential of compounds 1 and 2 as 

anticancer agents and identify the key structural features responsible for their activity. Peripheral 

blood mononuclear cells (PBMC) were utilized to assess the potential cytotoxic effects of the tested 

compounds on normal, non-cancerous cells. Cisplatin, a well-known chemotherapeutic drug, was 

used as a reference standard in these experiments. By comparing the cytotoxic effects of the tested 

compounds to those of cisplatin, it is possible to benchmark their efficacy and safety. 

2. Results and Discussion 

2.1. Syntheses and General Aspects 

Synthesis of [Co(H2O)(bz)2(μ-3-Ampy)2]n(1) has been carried out by reacting two equivalents of 

sodium salt of benzoic acid, one equivalent of CoCl2∙6H2O and two equivalents of 3-Ampy at room 

temperature in aqueous medium. However, [Co(4-Mebz)2(2-Ampy)2](2) has been produced by the 

reaction between one equivalent of CoCl2∙6H2O, two equivalents of sodium salt of 4-Mebz and two 

equivalents of 2-Ampy at room temperature in aqueous medium. Both 1 and 2 are well soluble in water 

and common organic solvents. Room temperature μeff values are found to be 3.81 and 3.87 BM 

respectively, for compound 1 and 2, corresponding to three unpaired electrons per Co(II) centers [54–56]. 

2.2. Crystal Structure Analysis 

The molecular structure of polymeric compound 1 is shown in Figure 1. Selected bond lengths 

and angles are presented in Table 1. The single crystal X-ray diffraction study reveals that the 

compound crystallizes in monoclinic crystal system with P21/c space group. In the crystal structure 

of compound 1, there is a 1D polymeric chain which possesses Co(II) centers bridged by 3-Ampy 

moieties. Moreover, one water molecule, two bz and an another 3-Ampy moieties are also 

coordinated to the metal centers. Thus, each Co(II) center is hexa-coordinated with the O atom (O1W) 

from the water molecule, carboxyl O atom (O10A) from the monodentate bz, carboxyl O atoms (O1A 

and O3A) from the bidentate bz and N1, N3 atoms from the two coordinated 3-Ampy moieties. The 

coordination geometry around each Co(II) center is distorted octahedron where the axial sites are 

occupied by the O1W and N3 atoms while the equatorial sites are occupied by the O1A, O3A, O10A 

and N1 atoms. Distance between metal centers in compound 1 is found to be 6.05Å. The average Co‒

O and Co‒N bond lengths are almost consistent with the previously reported Co(II) complexes [57]. 
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Figure 1. Molecular structure of [Co(H2O)(bz)2(μ-3-Ampy)2]n (1). 

The 1D polymeric chain of compound 1 is stabilized by non-covalent intra-molecular C‒H∙∙∙O, 

N‒H∙∙∙O, C‒H∙∙∙N hydrogen bonding interactions along with intramolecular non-covalent CR∙∙∙π (CR 

= Chelate Ring) and C‒H∙∙∙C interactions (Figure 2). ‒C6H6 fragments of the bridging 3-Ampy 

moieties are involved in C‒H∙∙∙O hydrogen bonding with the O12A atom from the monodentate bz 

moiety having C6‒H6∙∙∙O12A distance of 2.83 Å. Similarly, the ‒N3H3B fragments from the amino 

group of the 3-Ampy moieties are involved in N‒H∙∙∙O interactions with the O3A atom from the 

bidentate bz moieties having N3‒H3A∙∙∙O3A distance of 2.08 Å. C‒H∙∙∙N hydrogen bonding 

interactions are observed between the ‒C9AH9A fragments from the bidentate bz and N3 atom from the 

amino group of the 3-Ampy moieties with C9‒H9A∙∙∙N3 separation of 2.87 Å. Intramolecular CR∙∙∙π 

interaction is observed between the bidentate Co-bz chelate and the π-system of 3-Ampy moiety having 

centroid-centroid separation of 3.523 Å. Such kind of interaction involving metal-carboxylate(bidentate) 

chelate is very scarce in the literature. In addition, non-covalent C‒H∙∙∙C interactions are observed between 

bz moieties from two adjacent monomeric units [C6A‒H6A∙∙∙C16A = 3.17 Å, C(sp2)-C(sp2), C6A∙∙∙C16A= 

3.96 Å; C14A‒H14A∙∙∙C8A = 3.30 Å; C(sp2)-C(sp2), C14A∙∙∙C8A= 3.96 Å]. 

 

Figure 2. 1D polymeric chain of compound 1 involving intra-molecular CR∙∙∙π, C‒H∙∙∙O, N‒H∙∙∙O, C‒

H∙∙∙N and C‒H∙∙∙C interactions. 

Table 1. Selected bond lengths (Å) and bond angles (°) of Co(II) centers in 1 and 2, respectively. 

Bond lengths and angles of 1 (Å, °) 

Co1–O1A 2.1411(1) O10A–Co1–O1W 94.82(6) 

Co1–O3A 2.1786(1) O10A–Co1–N1 100.63(6) 

Co1–O10A 2.0096(1) O10A–Co1–N3 83.49(6) 

Co1–O1W 2.1216(1) O10A–Co1–C2A 129.61(6) 

Co1–N1 2.0992(2) O1W–Co1–O1A 91.95(5) 

Co1–N3 2.2681(2) O1W–Co1–O3A 88.62(5) 

Co1–C2A 2.5013(2) O1W–Co1–N3 177.84(6) 

O1A–Co1–O3A 60.90(5) O1W–Co1–C2A 90.33(6) 
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O1A–Co1–N3 90.09(6) N1–Co1–O1A 98.53(6)  

O1A–Co1–C2A 30.57(6) N1–Co1–O3A 159.40(6)  

O3A–Co1–N3 92.98(6) N1–Co1–O1W 93.49(6) 

O3A–Co1–C2A 30.32(6) N1–Co1–N3 85.53(6) 

O10A–Co1–O1A 159.23(6) N1–Co1–C2A 129.09(7) 

O10A–Co1–O3A 99.61(6) N3–Co1–C2A 91.78(6) 

Bond lengths and angles of 2 (Å, °) 

Co1–O1 2.167(6) O3–Co1–N3 107.8(3) 

Co1–O4 2.326(6) O3–Co1–N1 95.2(3) 

Co1–O3 2.070(7) N3–Co1–N1 100.6(3) 

Co1–N1 2.113(7) O3–Co1–O2 156.1(3) 

Co1–N3 2.080(8) N3–Co1–O2 91.7(3) 

Co1–O2 2.156(6) N1–Co1–O2 94.5(3) 

O3–Co1–O1 95.9(3) N1–Co1–O4 154.5(3) 

N3–Co1–O1 146.1(3) O2–Co1–O4 110.0(3) 

N1–Co1–O1 100.9(3) O1–Co1–O4 85.7(2) 

O2–Co1–O1 60.8(2) O3–Co1–C1 125.7(3) 

O3–Co1–O4 59.5(2) N3–Co1–C1 120.6(3) 

N3–Co1–O4 86.0(3) N1–Co1–C1 98.4(3) 

1D polymeric chains of compound 1 propagates along the crystallographic ab plane to form the 

layered architecture (Figure 3) of the compound which is stabilized by C‒H∙∙∙O hydrogen bonding 

and C‒H∙∙∙C interactions. The ‒C16AH16A fragments and carboxyl O12A atom of monodentate bz 

moieties from neighboring polymeric chains are involved in C‒H∙∙∙O hydrogen bonding having 

C16A‒H16A∙∙∙O12A separation of 2.56 Å. Moreover, the coordinated monodentate and bidentate bz 

moieties from adjacent polymeric chains are also involved in C‒H∙∙∙C interactions [C17A‒H17A∙∙∙C7A 

= 3.22 Å, C(sp2)-C(sp2), C17A∙∙∙C7A= 3.85 Å; C6A‒H6A∙∙∙C18A = 3.28 Å; C(sp2)-C(sp2), C6A∙∙∙C17A= 

3.68 Å]. 

 

Figure 3. Layered assembly of polymeric complex 1 along the crystallographic ab plane assisted by 

C‒H∙∙∙O hydrogen bonding and C‒H∙∙∙C interactions. 

The 1D polymeric chains of the compound also propagates along the crystallographic bc plane 

to form the supramolecular layered assembly assisted by O‒H∙∙∙O and aromatic π-stacking 

interactions (Figure 4b). Coordinated water molecule O1W and carboxyl O1A atom of bidentate bz 
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moieties from two adjacent polymeric chains are involved in O‒H∙∙∙O hydrogen bonding interactions 

having O1W‒H1WB∙∙∙O1A separation of 1.89 Å. This results in the generation of a ��
�(8) H-bonding 

synthon (Figure 4a), as denoted by Etter’s graph set notation [58]. Aromatic π-stacking interactions 

are observed between the π-systems of 3-Ampy and bz moieties from two adjacent polymeric chains 

having centroid(C4A-C9A)-centroid(C2-C6, N1) separation of 3.71 Å and slipped angle of 20.18° [59]. 

A dimeric segment of this assembly (Figure 4a) has been theoretically studied vide infra (see Figure 

11). 

  
(a) (b) 

Figure 4. (a). Supramolecular dimer showing ��
�(8)  H-bonding synthon; (b) Layered architecture of 

compound 1 stabilized by O‒H∙∙∙O and aromatic π-stacking interactions along the crystallographic bc 

plane. 

Figure 5 depicts the molecular structure of compound 2. Selected bond lengths and bond angles 

are summarized in Table 1. The single crystal X-ray diffraction analysis reveals that the compound 

crystallizes in monoclinic crystal system with space group Cc. In the crystal structure of compound 

2, the Co(II) centre is six coordinated with four O atoms (O1, O2, O3 and O4) from two 4-Mebz 

moieties and two N atoms (N1 and N3) from two 2-Ampy moieties. The coordination geometry 

around the Co(II) centre is distorted octahedron where the axial positions are occupied by O2 and O3 

atoms whereas the equatorial positions are occupied by O1, O4, N1 and N3 atoms. The Co(II) centre 

deviates by 0.5199 Å from the mean equatorial plane containing O1, O4, N1 and N3 atoms. The 

average Co‒O and Co‒N bond distances are almost consistent with the previously reported Co(II) 

complexes [60]. 

 

Figure 5. Molecular structure of [Co(4-Mebz)2(2-Ampy)2] (2). 
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Adjacent monomeric units of the compound are interconnected via C‒H∙∙∙O hydrogen bonding, 

C‒H∙∙∙π and N‒H∙∙∙CR interactions, developing 1D supramolecular chain, which grow along the 

crystallographic c axis (Figure 6). O4 carboxyl atom of 4-Mebz is involved in C‒H∙∙∙O hydrogen 

bonding interaction with the ‒C12H12 moiety of 2-Ampy of the neighboring monomeric units having 

C12‒H12∙∙∙O4 separation of 2.58 Å. The ‒C4H4 and ‒C17H17 fragments from 4-Mebz and 2-Ampy 

respectively, are involved in C‒H∙∙∙π interactions with the π-system of 4-Mebz from neighboring 

monomeric units having centroid (C20-C23, C25, C26)‒H4 and centroid(C20-C23, C25, C26)‒H17 

distances of  2.79 and 2.60 Å, respectively. Unconventional N‒H∙∙∙CR interaction is found between 

the Co-4-Mebz chelate and the –N4H4B unit of 2-Ampy moiety of adjacent unit having N‒H∙∙∙CR 

distance of 3.00 Å. 

Adjacent 1D chains of compound 2 are interlinked along the crystallographic a-axis by C‒H∙∙∙O 

hydrogen bonding and C‒H∙∙∙π interactions, leading to supramolecular layers, extending in the ac-

plane (Figure 7). C‒H∙∙∙O interactions are established between the ‒C24H24B fragment and O2 atom 

of 4-Mebz from two neighboring monomeric complex units with C24‒H24B∙∙∙O2 distance of 2.64 Å. 

Moreover, the ‒C7H7 moiety of 4-Mebz is involved in C‒H∙∙∙π interactions with the π-system of 2-

Ampy from two adjacent monomers having centroid(C14-C18, N1)‒H7 separation of 2.73 Å. 

 

Figure 6. 1D supramolecular chain of compound 2 assisted by C‒H∙∙∙O and C‒H∙∙∙π interactions along 

the crystallographic c axis. 

 

Figure 7. Layered architecture of compound 2 stabilized by C‒H∙∙∙O and C‒H∙∙∙π interactions along 

the crystallographic ac plane. 

A closer look towards the crystal packing of compound 2 unfolds the presence of an interesting 

dimeric fragment (Figure 8a) involving complex moieties and stabilized by C‒H∙∙∙O, N‒H∙∙∙O, C‒
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H∙∙∙C and C‒H∙∙∙π interactions. The C‒H∙∙∙O and N‒H∙∙∙O interactions results in the formation of a 

��
�(8)  H-bonding synthon, depicted by Etter’s graph set notation [58]. C‒H∙∙∙O interactions are 

observed between the ‒C12H12 fragments of 2-Ampy moieties and O4 atom of 4-Mebz from two 

neighboring mononuclear complex units with C12‒H12∙∙∙O4 distance of 2.58 Å (Table 2). Similarly, 

N‒H∙∙∙O hydrogen bonding interactions are observed between the ‒N4H4B fragments of 2-Ampy 

and O1 atom of 4-Mebz moieties from two adjacent monomers having N4‒H4B∙∙∙O1 distance of 2.09 

Å. Again, the ‒C4H4 moiety of one 4-Mebz is involved in C‒H∙∙∙π interactions with the π-system of 

4-Mebz of the adjacent complex moiety in the dimer with centroid(C14-C18, N1)‒H7 separation of 

2.79 Å (corresponding C‒H∙∙∙π angle of 163.1). The C‒H∙∙∙C interactions are observed between the 4-

Mebz moieties in the dimer [C6‒H6C∙∙∙C24 = 3.16 Å, C(sp3)-C(sp3), C6∙∙∙C24= 3.83 Å; C6‒H6B∙∙∙C25 = 

3.22 Å; C(sp3)-C(sp2), C6∙∙∙C25 = 3.88 Å]. This dimeric fragment is utilized in the generation of another 

self-assembled layered architecture along the crystallographic ab plane (Figure 8b). This 

supramolecular dimer has been established theoretically vide infra (Figure 12). 

 

 
(a) (b) 

Figure 8. (a) Supramolecular dimer of compound 2 stabilized by C‒H∙∙∙O, N‒H∙∙∙O, C‒H∙∙∙C and C‒

H∙∙∙π interactions; (b) Layered assembly of compound 2 stabilized along the crystallographic ab plane. 

Table 2. Selected hydrogen bond distances (Å) and angles (deg.) for compound 1 & 2. 

D–H⋯A d(D–H) d(D⋯A) d(H⋯A) ∠(DHA) 

Compound 1 

C6‒H6∙∙∙O12A 0.95 3.61 2.83 139.8 

N3‒H3A∙∙∙O3A 0.89 2.96 2.08 169.6 

C9‒H9A∙∙∙N3 0.95 3.43 2.87 119.1 

C16A‒H16A∙∙∙O12A 0.95 3.42 2.56 151.8 

O1W‒H1WB∙∙∙O1A 0.87 2.74 1.89 163.6 

Compound 2 

C12‒H12∙∙∙O4 0.95 3.26 2.58 129.2 

C24‒H24B∙∙∙O2 0.98 3.48 2.64 144.2 

N4‒H4B∙∙∙O1 0.88 2.95 2.09 164.0 

2.3. Spectral Studies 

2.3.1. FT-IR Spectroscopy 

The FT-InfraRed spectra of 1 and 2 are performed in the frequency range of 4000-500 cm-1 (Figure 

S1). The broad absorption band in the spectrum of 1 in the region of 3200-3600 cm-1 can be assigned 

to the O–H stretching vibration of the coordinated water molecule [61,62]. The spectrum also exhibits 
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absorption bands corresponding to r (H2O) (716 cm-1) and w (H2O) (685 cm-1) supporting the 

presence of coordinated water molecule in 1 [63]. The differences between the asymmetric νas(COO-) 

and symmetric νs(COO-) stretching vibrations of the carboxylate moieties of compound 1 (204, 176 

cm-1) suggest unidentate [64] and chelate coordination modes of bz to the Co(II) centers in compound 

1 [65]. However, the difference between the asymmetric νas(COO-) and symmetric νs(COO-) stretching 

vibration of carboxylate moiety of 2 (191 cm-1) indicate bidentate coordination of the 4-Mebz ligands 

present in the compound [66]. The absence of bands at around 1710 cm-1 in the spectra of both the 

compounds corroborates the deprotonation of the carboxyl groups of coordinated bz and 4-Mebz 

moties [67]. In the spectra of both the compounds, the ring stretching modes of 3-Ampy and 2-Ampy 

ligands at 1601, 1507, 1435 and 1333 cm-1 have shifted to higher wave numbers confirming the 

coordination via the pyridine ring N atom to the metal centers [68]. The ring wagging vibrations of 

pyridine groups are also observed at around 655 and 716 cm-1 in both the compounds [69,70]. The 

broad peak at 3423 cm-1 for compound 2 is attributed to the N–H stretching vibration of the 

coordinated 2-Ampy molecule [71]. Moreover, –NH2 stretching and bending vibrations of 3-Ampy in 

compound 1 have shifted to lower wave numbers, whereas ‒NH2 wagging mode shifts to higher 

wave number supporting the binding of amino group to the metal centers [71]. 

2.3.2. Electronic spectroscopy 

The electronic spectra of the compounds 1 and 2 were recorded in both the solid and aqueous 

phases and discussed in detail (Figures S2 and S3). The spectra of the compounds indicate the 

presence of distorted octahedral Co(II) centers in 1 and 2, respectively [48,68,72]. The absorption 

peaks for the π→π* transition of the aromatic ligands are obtained at the expected positions [73,74]. 

2.4. Thermogravimetric Analysis 

Thermogravimetric analysis of the crystalline samples of compounds 1 and 2 was conducted 

between 25 and 800°C under a dinitrogen atmosphere at the heating rate of 10 ◦C/min (Figure S4). 

From the multistep weight loss process of compound 1, it is clearly evident that the coordinated water 

molecules are lost first, followed by the loss of the one of the coordinated bz moiety. A loss of 34.57 

% (calcd: 33.66%) in the range of 25−269°C corresponds to coordinated water molecule and one of the 

bz moiety [75]. The continuous weight loss of 1 between 270 and 550°C corresponds to the removal 

of the remaining benzoate moiety and 3-Ampy moiety [76]. The compound 2 exhibits the first weight 

loss of 34.78% in the range 25-289°C, corresponding to two 2-Ampy ligands (calcd: 36.38%) [77]. The 

second weight loss of 51.23% between 290 and 567°C corresponding to the removal of two 4-MeBz 

moiety(calcd: 52.23%) [78]. 

2.5. Theoretical Study 

The theoretical analysis is focused on examining the significant non-covalent interactions within 

both compounds that play a crucial role in determining their solid-state architecture. Theoretical 

study of compound 1 has been directed towards the π-stacking and O–H∙∙∙O hydrogen bonds as 

depicted in Figure 4a. These interactions are interchain and crucial for the development of the layered 

structure seen in compound 1 (Figure 4b). In the case of compound 2, our investigation covers the 

hydrogen bonding and C–H∙∙∙π interactions, which are pivotal in its X-ray crystal packing as 

evidenced in Figures 6–8. It is important to note that the polymeric chain of compound 1 propagates 

through Co–N coordination bonds linking the amino group of the 3-Ampy ligand to the Co(II) metal 

center. For our computational studies, a simplified monomeric model has been employed, as shown 

in Figure 9, where the amino group in the apical position is substituted with NH3. This simplified 

model facilitates the examination of the interactions presented in Figure 4a. 
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Figure 9. Chemical diagrams of the polymer (left) and the theoretical model (right) of 1. 

The theoretical investigation began by calculating the molecular electrostatic potential (MEP) 

surfaces for models of compounds 1 and 2 to identify their nucleophilic and electrophilic regions. For 

the model of compound 1, as shown in Figure 10a, the MEP analysis reveals the MEP minimum near 

two oxygen atoms of the benzoate ligands at –50.8 kcal/mol, indicating a nucleophilic region. 

Additionally, a negative MEP value is observed at the oxygen atoms involved in the intramolecular 

hydrogen bond with the coordinated water molecule, registering at –42.7 kcal/mol. The MEP 

maximum, indicative of an electrophilic region, is found at the hydrogen atom of the coordinated 

water molecule not participating in the intramolecular hydrogen bond, with a value of 43.1 kcal/mol. 

The MEP is also significantly positive at the amino group of the 3-Ampy ligand. Notably, the MEP 

shows a negative value over the center of the benzoate's aromatic ring and a positive value over the 

3-Ampy's center, suggesting the propensity of these rings to engage in electrostatically enhanced π-

stacking interactions. For compound 2, as illustrated in Figure 10b, the MEP minimum is located at 

the oxygen atoms of the 4-Mebz ligand, with a value of –55.0 kcal/mol, and the MEP maximum at the 

amino groups of 2-Ampy, with a value of 46.1 kcal/mol. The MEP is negative over the center of the 

4-Mebz aromatic ring, at –25.1 kcal/mol, and negligible over the center of 2-Ampy. Positive MEP 

values are observed at the aromatic hydrogen atoms of both 2-Ampy and 4-Mebz, at 23.2 kcal/mol 

and 9.4 kcal/mol, respectively, elucidating the role of C–H∙∙∙π interactions in conjunction with 

hydrogen bonding between the amino and carboxylato groups in stabilizing the structure of 

compound 2. 

 

Figure 10. MEP surfaces of compounds 1 (a) and 2 (b). The MEP values at selected points of the 

surfaces are given in kcal/mol. Isovalue 0.001 a.u. 

The QTAIM/NCI plot analysis of a self-assembled dimer of the model for compound 1 (Figure 

4a), designed to replicate the interactions seen in the self-assembly of the 1D polymeric chains, is 

illustrated in Figure 11. This analysis shows that each π-stacking interaction is characterized by two 

bond critical points (BCPs, depicted as small red spheres) and bond paths (represented by orange 

lines) that connect two carbon atoms from the benzoate and 3-Ampy rings. The strong compatibility 

between the two rings is further underscored by a significant "reduced density gradient" (RDG) 

isosurface situated between them, corroborating the MEP surface analysis which indicated the strong 

ability to form π∙∙∙π stacking due to the opposite electronic nature of the π-systems (one being 

electron-rich and the other electron-poor). Furthermore, the NCI plot analysis reveals two 

symmetrically equivalent BCPs and bond paths that characterize the O–H∙∙∙O hydrogen bonds, each 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 December 2024 doi:10.20944/preprints202412.2072.v1

https://doi.org/10.20944/preprints202412.2072.v1


 11 

 

marked by blue RDG isosurfaces that signify the strength of these bonds. The robustness of these 

hydrogen bonds is verified by the QTAIM parameters, with a calculated strength of –14.8 kcal/mol. 

The total interaction energy, amounting to –35.4 kcal/mol, affirms the predominance of the π-stacking 

interactions, which are found to be even more significant than the hydrogen bonds in stabilizing the 

assembly. 

 

Figure 11. QTAIM (BCPs in red and bond paths as orange lines) and NCI plot of the dimeric assembly 

of compound 1 (RDG = 0.5, density cut-off = 0.04, colour range –0.04 a.u. ≤ (signλ2)ρ ≤ 0.04 a.u. The 

dimerization energy is indicated. The contribution of the H-bonds has been computed using the 

formula E = 0.5Vg, where Vg is the potential energy density. 

Figure 12 illustrates the dimer of compound 2, utilized to analyse and assess the N–H∙∙∙O and 

C–H∙∙∙π interactions highlighted in Figure 8a. The QTAIM analysis substantiates the presence of N–

H∙∙∙O, C–H∙∙∙O, and C–H∙∙∙π interactions through the identification of their respective bond critical 

points (BCPs) and bond paths. Specifically, the C–H∙∙∙π interaction between the 2-Ampy and the 4-

Mebz rings is marked by a unique BCP and a bond path that links the hydrogen atom of 2-Ampy to 

a carbon atom of the 4-Mebz ring. This C–H∙∙∙π interaction is more distinctly visualized with the RDG 

surfaces, which encapsulate the entire π-system. Additionally, the interaction involving the 4-Mebz 

ring showcases two BCPs and bond paths, incorporating the methyl group, with one BCP linking the 

hydrogen atom of one methyl group to the carbon atom of an adjacent methyl group, thus revealing the 

role of C–H∙∙∙C(sp3) interactions alongside two C–H∙∙∙C(sp2) contacts. The total interaction energy of –20.8 

kcal/mol underscores the significance of this dimer in the solid-state structure of compound 2. 

 

Figure 12. QTAIM (BCPs in red and bond paths as orange lines) and NCI plot of the dimeric assembly 

of compound 2 (RDG = 0.5, density cut-off = 0.04, colour range –0.04 a.u. ≤ (signλ2)ρ ≤ 0.04 a.u. The 

dimerization energy for the complete assembly and the mutated one is indicated. 
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To dissect the contribution of C–H∙∙∙π interactions, a modified dimer was computed, wherein 

the 4-Mebz ligands engaged in these interactions were substituted with formate ligands, thereby 

eliminating the C–H∙∙∙π interactions. This alteration led to a reduced interaction energy of –13.2 

kcal/mol, attributed to the hydrogen bonds. The difference with respect to the total interaction 

energy, amounting to -7.6 kcal/mol, is ascribed to the C–H∙∙∙π interactions. Consequently, it is 

demonstrated that both hydrogen bonding (HBs) and C–H∙∙∙π interactions are pivotal in stabilizing 

the dimeric assemblies. Thus, the theoretical study provides an interesting insight into the 

supramolecular dimers obtained in the crystal structure analysis of compounds 1 and 2. 

2.6. Trypan Blue Assay 

The Trypan Blue assay serves as a crucial tool in anticancer research, based on its ability to assess 

cell viability through selective staining of non-viable cells. In this context, cancer researchers employ 

the assay to evaluate the cytotoxic effects of potential anticancer agents on cultured cells [79]. When 

cells undergo apoptosis or necrosis upon treatment, their compromised membranes allow Trypan 

Blue dye entry, staining them. Viable cells, with intact membranes, exclude the dye. Quantifying the 

number of stained (non-viable) cells provides researchers with insights into the effectiveness of 

anticancer treatments, facilitating the assessment of cell death induction and overall treatment impact 

[80]. In this cytotoxic study of both the compounds, Trypan Blue assay was employed to assess cell 

viability in the DL cancer cell line. 

The results demonstrated a significant dose-dependent increase in cytotoxicity/ decrease in cell 

viability after a 48-hour period (Figure 13a–c). Within the context of the Trypan Blue cytotoxicity 

assay, these findings offer critical insights into the impact of specific treatments on cell morphology 

and integrity (Figure 13). The untreated control group (Figure 13a) exhibited typical morphology 

under microscopic examination, with cells appearing round and showing no apparent membrane 

abnormalities, establishing a baseline for comparison. In contrast, the treated group displayed 

noticeable changes in cellular morphology under high magnification. Trypan Blue staining revealed 

two distinct alterations: chromatin condensation and membrane damage. Chromatin condensation, 

characterized by the compacting of genetic material within the nucleus, is commonly associated with 

processes like apoptosis or programmed cell death [81,82]. The detection of membrane damage points 

to structural compromise, likely induced by the cytotoxic impact of the treatment. These 

morphological alterations, as evidenced by the Trypan Blue assay, visually affirm the detrimental 

effects of the treatment on the cells under investigation. 

 

Figure 13. (a) Cytotoxicity in DL cell line after 24-hour treatment with varying concentrations of 

Compound 1 and Compound 2. Dead cells are stained, while viable cells remain unstained. (b) 

Percentage of cell cytotoxicity in normal (PBMC) and cancerous (DL) cells treated with different 

dosages of Compound 1 and Compound 2. (c) Percentage of cell viability in DL cells following 
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treatment with varying dosages of Compound 1 and Compound 2. Cisplatin was used as a positive 

control. Data are mean ± S.D., n=3, one way ANOVA, *P≤ 0.05. 

The half-maximal inhibitory concentration (IC50) values highlighted the potency of the 

compounds in DL cell line (Figure 14). The IC50 values for cisplatin, compound 1, and compound 2 

were determined as 0.51 μM, 28 μM, and 34 μM, respectively. This underscores not only the potent 

cytotoxicity of the tested compounds but also positions them as compelling candidates for further 

investigation as lead molecules in cancer treatment and research strategies. Comparative analysis 

showcases higher cytotoxicity of compound 1 over compound 2 in DL cancer cell line. In contrast, 

minimal cytotoxicity (4-6%) was observed in the normal cell line (PBMC) treated with these 

compounds, and this difference was found to be statistically non-significant (Figure 13b). This 

selective cytotoxicity, sparing normal cells while targeting cancerous ones, represents a promising 

characteristic for potential therapeutic applications. Furthermore, the free ligand associated with 

these compounds did not exhibit significant cytotoxicity in the DL cancer cell line (data not shown). 

This result suggests that the observed cytotoxic effects are predominantly due to the complexes 

themselves rather than their individual ligands. 

 

Figure 14. IC50 plot illustrating the efficacy of Compounds 1 and 2 in the DL cancer cell line, 

determined using a dose-response curve. The IC50 value represents the concentration of the 

compound required to inhibit cell viability by 50%, providing a measure of the compounds' cytotoxic 

potency. Data are mean ± S.D., n=3. 

2.7. Apoptosis Assay 

To gain deeper insights into the cytotoxic mechanisms of the compounds, an apoptosis study 

was conducted. This investigation focuses on understanding the biological processes that regulate 

cell growth and proliferation. Apoptosis, characterized by changes in cell morphology such as 

increased membrane permeability to ethidium bromide resulting in red staining, contrasts with 

viable cells that appear green [83,84]. Treatment of DL cells with the synthesized compounds induced 

apoptotic features, including cell shrinkage, membrane blebbing, membrane fragmentation, and 

nuclear condensation (Figure 15). Cisplatin was used as a reference drug due to its ability to exert 

cytotoxic effects by inducing DNA damage through the formation of DNA adducts, ultimately 

leading to irreversible apoptosis. DNA damage recognition proteins play a crucial role in 

transmitting signals of DNA damage to downstream signaling pathways involving p53, MAPK, and 

p73, which orchestrate the induction of apoptosis [85]. Moreover, the findings of several other studies 

indicated that most of the synthesized complexes had anticancer activity due to the development of 

a stable DNA adduct and apoptosis [86]. Again, cancer cells have a higher oxidative stress than the 
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normal cells and therefore suffer more oxidative DNA/protein damage [87]. Oxidative stress is a 

physiological condition characterized by elevated levels of reactive oxygen species (ROS) and free 

radicals. Various signaling pathways involved in carcinogenesis can influence ROS production and 

regulate downstream oxidative mechanisms, potentially impacting anticancer research [87]. In the 

comparative analysis of apoptotic cell death, it was observed that compound 1 exhibited greater 

cytotoxicity and apoptosis-inducing capabilities than compound 2 after 48 hours of exposure (Figure 15). 

 

Figure 15. Fluorescence microscopy of DL cells showing distinct morphological features. Control cells 

display green nuclei, indicating viability. Cells treated with cisplatin (reference drug) exhibit 

red/orange nuclei, characteristic of apoptosis. Treatment with compound 1 and compound 2 results 

in apoptotic cells with visible membrane damage and blebbing. Percentage apoptotic cells after 

treatment with compound 1 and 2 showing dose dependent increase in percent apoptotic cells. Data 

are mean ± S.D., n=3. 

2.8. Molecular Docking 

Molecular docking has emerged as an effective drug design method for determining the potency 

of drugs against specific target proteins [88]. It is possible to explore the binding affinities and 

interaction modes between compounds and the binding pocket of target proteins based on energy-

based scoring functions [89]. It aids to rationalize the biological results obtained and identifies the 

binding mode of the ligands with their receptors [90]. The target proteins BCL-2 and BCL-XL play 

important roles in regulating programmed cell death that are over-expressed in a variety of human 

cancers so targeting their evasion by their selective inhibition would offer effective therapeutic 

opportunities for cancer treatment [91]. Therefore, BCL-2 and BCL-XL were chosen as target proteins 

for docking with the synthetic compounds. The results exhibited significant docking scores which 

validated the findings of biological activity of the compounds. The chemical interaction analysis 

suggested that the ligand-receptor complexes were effectively stabilized by specific hydrogen bonds 

and hydrophobic interactions (Table S1). Compound 1 was found to interact with active sites of 

amino acid such as Ala97 and Tyr199 of BCL-2 by three conventional H-bonds besides other 

hydrophobic and aromatic stacking interactions with the protein (Figure 16). It suggested that 

compound 1 revealed higher binding affinity as compared to the other compound due to the presence 

of extra H-bonds, as compound 2 showed only one hydrogen bond interaction with amino acid 

Arg104 (Figure 17). Compound 1 (Figure 18) showed two H-bond with Lys20 and Ser145 of BCL-XL 

whereas compound 2 interacted only with Lys20 of BCL-XL via one H-bond besides other 

interactions of different bond types (Figure 19). The results obtained from docking revealed that the 

synthetic compounds binds effectively well with high binding affinities with BCL-2 and BCL-XL 

where compound 1 excels over compound 2. The above docking study was consistent with the 

findings obtained from the biological activity screening experiments including cell viability and 

apoptosis studies. The results of molecular docking, along with the evidence from the biological 

studies, indicate that the compounds might play significant roles as potential inhibitors of BCL-2 and 

BCL-XL. 
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Figure 16. Docking structure of the Compound 1 with the BCL-2 receptor, highlighting the 

interactions between the receptor and compound within the active sites. Key binding interactions are 

depicted to provide insights into the molecular mechanism of action. 

 

Figure 17. Docking structure of the Compound 2 with the BCL-2 receptor, highlighting the 

interactions between the receptor and compound within the active sites. Key binding interactions are 

depicted to provide insights into the molecular mechanism of action. 

 

Figure 18. Docking structure of the Compound 1 with the BCL-XL receptor, highlighting the 

interactions between the receptor and compound within the active sites. Key binding interactions are 

depicted to provide insights into the molecular mechanism of action. 
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Figure 19. Docking structure of the Compound 2 with the BCL-XL receptor, highlighting the 

interactions between the receptor and compound within the active sites. Key binding interactions are 

depicted to provide insights into the molecular mechanism of action. 

3. Materials and Methods 

All the chemicals viz. cobalt(II) chloride hexahydrate, benzoic acid, 3-aminopyridine, 2-

aminopyridine and 4-methyl benzoic acid that are readily available commercially are employed in 

the current research work. Perkin Elmer 2400 Series II CHN analyzer was used for elemental analysis 

(C, H, N). The FT-IR spectra from 500 to 4000 cm-1 were measured using KBr pellets with a Bruker 

Alpha Infrared spectrophotometer. Electronic spectra were recorded using Shimadzu UV-2600 

spectrophotometer. For solid state spectra, BaSO4 powder was used as reference (100% reflectance). 

Thermogravimetric analysis was carried out from 25 to 800°C (at a heating rate of 10 °C/min) under 

a dinitrogen atmosphere on a Mettler Toledo TGA/DSC1 STARe system. Room temperature magnetic 

moments of the synthesized compounds were calculated at 300 K using Sherwood Mark1 Magnetic 

Susceptibility balance by Evans method. 

3.1. Syntheses 

3.1.1. Synthesis of [Co(H2O)(bz)2(μ-3-Ampy)2]n (1) 

The compound 1 was prepared by dissolving 0.288g (2 mmol) of sodium salt of benzoic acid in 

10 mL of distilled water, to which an aqueous solution (5 mL) of 0.237g (1 mmol) of CoCl2∙6H2O was 

added with continuous stirring and then left at room temperature for an hour. To the resulting 

solution an aqueous solution (5 mL) of 0.188g (2 mmol) of 3-Ampy was added slowly and the mixture 

kept stirring for another one hour (Scheme 1). The resulting pink solution was left undisturbed, and 

pink block shaped single crystals were obtained after few weeks by slow solvent evaporation in a 

refrigerator below 4°C. Yield: 0.404 g (97.82%). Anal. calcd. For C19H18CoN2O5: C, 55.22%; H, 4.39%; 

N, 6.78%; Found: C, 54.87%; H, 4.23%; N, 6.50%. IR (KBr pellet, cm-1): 3432 (br), 3348 (w), 3251 (sh), 

2939 (w), 1899 (w), 1617 (sh), 1605 (s), 1539 (s), 1515 (sh), 1437 (sh), 1429 (s),1381 (s),1335 (w), 1265 (m), 

1171 (w), 982 (m), 720 (sh), 716 (s), 685 (m), 655 (w), 640 (w), 552 (sh) (s, strong; m, medium; w, weak; 

br, broad; sh, shoulder). 

 

Scheme 1. Syntheses of the compounds 1 and 2. 
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3.1.2. Synthesis of [Co(4-Mebz)2(2-Ampy)2] (2) 

The compound 2 was prepared by dissolving 0.237g (1 mmol) of CoCl2∙6H2O in 10 mL of distilled 

water, to which an aqueous solution (5 mL) of 0.300g (2mmol) of sodium salt of 4-methyl benzoic 

acid was added with continuous stirring and then left at room temperature for an hour. To the 

resulting solution an aqueous solution (5 mL) of 0.188g (2 mmol) of 2-Ampy was added slowly and 

the mixture kept stirring for another one hour (Scheme 1). Under quiescent conditions, the resulting 

solution was allowed to undergo slow solvent evaporation in a refrigerator maintained below 4°C, 

yielding light pink block-shaped single crystals after several weeks. Yield: 0.500 (96.71%). Anal. calcd. 

for C26H26CoN4O4: C, 60.35%; H, 5.06%; N, 10.83% Found: C, 60.30%; H, 5.00%; N, 10.79%; IR (KBr 

pellet, cm-1): 3423 (br), 1914 (w), 1616 (sh), 1593 (s), 1514 (sh), 1437 (sh), 1399 (s), 1340 (w),1225 (s), 

1022 (s), 818 (m), 716 (m), 655 (w), 513 (m)  (s, strong; m, medium; w, weak; br, broad; sh, Shoulder).  

3.2. Crystallographic Data Collection and Refinement 

D8 Venture diffractometer was used to determine the structures of the compounds 1 and 2, with 

a Photon III 14 detector, utilizing an Incoatec high brilliance IμS DIAMOND Cu tube equipped 

having an Incoatec Helios MX multilayer optics. Data reduction and cell refinements were performed 

using the Bruker APEX3 program [92]. SADABS is used for semi-empirical absorption correction, as 

well as scaling and merging the different datasets for the wavelength [92]. Crystal structures were 

solved via direct method and refined via full matrix least squares technique with SHELXL-2018/3 [93] 

using WinGX [94] platform for personal computers. Refinement of all the non-hydrogen atoms were 

carried out with anisotropic thermal parameters by full-matrix least squares calculations on F2. All 

hydrogen atoms, except those attached to O-atoms of water molecules, were placed in ideal positions 

and refined in the isotropic approximation. Diamond 3.2 software was used for drawing the figures 

[95]. Crystallographic data of the compounds 1 and 2 are summarized in Table 3 with CCDC 

deposition numbers cited in Appendix A. 

Table 3. Crystallographic data and structure refinement details for 1 and 2. 

 

Parameters     1     2     

Formula     C19H18CoN2O5   C26H26CoN4O4 

Formula weight   413.28    517.44 

Temp, [K]    100.0     100.0 

Crystal system   Monoclinic    Monoclinic 

Space group   P21/c     Cc 

a, [Å]     13.5185(5)    9.8795(3) 

b, [Å]     9.3996(4)    23.5377(8) 

c, [Å]     14.2297(5)    10.5489(3) 

α, [°]     90     90 

β, [°]     91.846(2)    93.877(2) 

γ, [°]     90     90 
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V, [Å3]     1807.21(12)    2447.43(1) 

Z     4     4 

Absorption coefficient (mm−1)  7.744    5.829 

F(0 0 0)    852.0     1076.0  

calc g/cm3    1.519     1.404 

index ranges    -16 ≤ h ≤ 16, -11 ≤ k ≤ 11, -10 ≤ h ≤ 11, -28 ≤ k ≤ 28, 

     -17 ≤ l ≤ 17    -12 ≤ l ≤ 12 

Crystal size, [mm3]   0.13 × 0.12 × 0.08   0.21 × 0.14 × 0.12 

2θ range, [°]    11.46 to 137.48   9.728 to 136.576 

Independent Reflections 3297     3595 

Reflections collected   31819     28791 

Refinement method   Full-matrix    Full-matrix 

     least-squares on F2  least-squares on F2 

Data/restraints/parameters 3297/0/253    3595/2/318 

Goodness-of-fit on F2   0.939     1.006 

Final R indices [I > 2σ(I)] R1 = 0.0319, wR2 = 0.0809 R1 = 0.0667, wR2 = 0.1821 

R indices (all data)  R1 = 0.0330, wR2 = 0.0822 R1 = 0.0682, wR2 = 0.1841 

Largest hole and peak [e∙Å−3] -0.63 and 0.27   -1.28 and 0.73 

3.3. Computational Methods 

The single point calculations were carried out using the Turbomole 7.7 program [96] and the RI-

BPE0[97]-D4[98]/def2-TZVP [99] level of theory. The crystallographic coordinates have been used to 

evaluate the interactions in compounds 1 and 2 since we are interested to study the noncovalent 

contacts as they stand in the solid state. High spin configuration was used for Co(II). The Bader's 

“Atoms in molecules” theory (QTAIM) [100] and noncovalent interaction plot (NCI Plot) [101] were 

used to study the interactions discussed herein using the Multiwfn program [102] and represented 

using the VMD visualization software [103]. For the calculation of the binding energies we used the 

supramolecular approach, where the sum of energies of the monomers was subtracted to the energy 

of the assembly. For the representation of the MEP surface, the 0.001 a.u. isosurface was used to 

emulate the van der Waals surface. 

3.4. Cell line and Drug Preparation 

The anticancer potential of both the compounds were tested in Dalton’s lymphoma (DL) 

malignant cell line. The DL cells were cultured in RPMI-1640 supplemented with 10% FBS, 

gentamycin (20 mg/mL-1), streptomycin (100 mg/mL-1) and penicillin (100 IU) in a CO2 incubator at 

37°C with 5% CO2; 80% confluent of exponentially growing cells were sub-cultured and used in the 

present study. The different doses (0.01, 0.1, 0.5, 1, 5 and 10 μM) of 1 and 2 were prepared by 
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dissolving in conditioned media (pH = 7.4). PBMCs were used in the present study as healthy cells 

(non-cancerous) to check any toxic effect of synthesized complexes. 

3.5. Trypan Blue Cytotoxicity Assay 

In this assay, cells were stained with Trypan blue, a dye that selectively penetrates and colors 

non-viable cells (dead cells) with compromised cell membranes [104]. To assess the antiproliferative 

and cytotoxic potential of the cobalt complex and its associated ligand, a Trypan blue exclusion 

experiment was conducted using DL (cancer) and PBMC (normal) cell lines [105]. Following 48 hours 

of in vitro treatment in appropriate culture media, cells were stained with trypan blue dye (4%) for 3 

minutes. Subsequently, 1000 cells were counted across multiple fields of view for each experimental 

group (n = 3) to determine the percentage of cytotoxicity compared to the control. 

The following is the non-linear curve fitting function used to get the IC50: 

y = A1 + (A2-A1)/(1 + 10^((LOGx0-x)*p)) 

(Where, A1 = bottom asymptote, A2 = top asymptote, LOGx0 = center and p = hill slope). 

Regarding the said free ligands, the observed cytotoxicity was found to be less than 6%, a value 

that did not reach statistical significance. 

3.6. Apoptosis Study 

Apoptotic cell death mediated by compounds 1 and 2 was assessed using the acridine 

orange/ethidium bromide (AO/EB) double staining method. AO is taken up by both viable and 

apoptotic cells, emitting green fluorescence under UV light, while EB is taken up only by apoptotic 

cells, emitting red fluorescence [106]. In this study, control and treated cancer cells were collected 

after 48 hours of treatment, washed with PBS, and 20 μL of the AO/EB dye mixture (100 μg/mL of 

each dye in distilled water) was added to the cell suspension. The mixture was gently mixed and 

incubated in the dark for 5 minutes. The cells were then thoroughly examined under a fluorescence 

microscope and photographed. Approximately 1000 cells were analyzed, and the percentage of 

apoptotic nuclei was determined based on the differential staining pattern of the nuclei in three 

independent experiments. Viable cells exhibited bright, uniform green nuclei with organized 

structures, whereas apoptotic cells displayed condensed or fragmented chromatin with red or orange 

nuclei [107]. 

3.7. Molecular Docking Simulation 

The results obtained from cell cytotoxicity and apoptosis studies were validated by carrying out 

molecular docking simulation using fully functional Molegro Virtual Docker (Trial MVD 2010.4.0) 

software. Anti-apoptotic proteins considered for the study were BCL-2 (PDB: 2O22) and BCL-XL 

(PDB: 1R2D) and their crystal structures were downloaded from Protein Data Bank. All co-factors 

and water molecules were removed before running the simulation program. MVD algorithm (MVD 

2010 V-3) by default assigns charges to both receptors and ligands during the molecule preparation 

step. The docking settings used were a 15 Å radius grid, 0.30 in resolution with the number of runs: 

10 runs; maximum interactions: 1500; maximum population size: 50; maximum steps: 300; neighbour 

distance factor: 1.00 and with a maximum of 5 poses returned. The best pose generated was visualized 

using Discovery Studio Visualization BIOVIA and Chimera software. 

3.8. Statistical Analysis 

The experimental findings are showcased as mean ± S.D., n = 3 (all measurements done thrice). 

by An analysis of variance (ANOVA) (*P ≤ 0.05) were used for data analysis, followed by Post hoc, 

Tukey’s range test wherever necessary. 
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4. Conclusions 

Two new Co(II) coordination compounds viz. polynuclear [Co(H2O)(bz)2(μ-3-Ampy)2]n (1) and 

mononuclear [Co(4-Mebz)2(2-Ampy)2] (2) (where bz = benzoate, 4-Mebz = 4-methylbenzoate and 

Ampy = aminopyridine) have been synthesized and characterized using single crystal X-ray 

diffraction technique, FT-IR, electronic spectroscopy, TGA and elemental analyses. Crystal structure 

analysis of compound 1 reveals the presence of aromatic π-stacking and intramolecular chelate 

ring∙∙∙π interactions in combination with several hydrogen bonding interactions, including a ��
�(8) 

synthon, which stabilize the crystal structure. The layered assembly of compound 2 is stabilized by 

C–H∙∙∙π interactions along with C‒H∙∙∙O, N‒H∙∙∙O hydrogen bonds forming another ��
�(8) Etter’s 

ring. The studies on compounds 1 and 2 utilizing QTAIM/NCI plot and MEP analyses have 

elucidated the importance of noncovalent interactions, such as π-stacking, hydrogen bonding 

(especially the ��
�(8) synthons) and C–H∙∙∙π interactions, that dictate their solid-state structures. For 

compound 1, π-stacking and O–H∙∙∙O hydrogen bonds are key to its layered architecture, with MEP 

analysis highlighting the electronic complementarity between involved rings. In compound 2, the 

balance of N–H∙∙∙O and C–H∙∙∙π interactions, confirmed through QTAIM analysis and a strategic 

dimer modification, demonstrates that these interactions are important for the dimer's stability. 

Regarding their antiproliferative evaluation, present findings reveals that compound 1 demonstrated 

higher cytotoxicity with IC50 = 28 μM and apoptosis-inducing potential compared to compound 2 

(IC50 = 34 μM) following a 48-hour exposure period. Remarkably, negligible toxicity was observed in 

the normal PBMC cell line for both the compounds. Further, in silico docking study for compound 1 

showed higher number of interactions in comparison to compound 2 with both the BCL family 

proteins which aligns well with the experimental findings. These results underscore the promising 

therapeutic potential of compound 1 in targeted cancer treatments, highlighting its efficacy in 

inducing cell death specifically in cancerous cells while sparing normal cells. Future studies could 

focus on elucidating the specific mechanisms underlying both the compounds selective cytotoxicity 

and further exploring their clinical applications in cancer therapy. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: FT-IR spectra of compounds 1 and 2; Figure S2: (a) UV-Vis-NIR spectrum of 

1, (b) UV-Vis spectrum of 1; Figure S3: (a) UV-Vis-NIR spectrum of 2, (b) UV-Vis spectrum of 2; Figure S4: 

Thermogravimetric curves of the compounds 1 and 2; Table S1: Analysis of intermolecular interactions between 

antiapoptotic receptors and compounds 1 and 2. The reference ligands, obtained from the co-crystallized PDB 

entry files of the respective receptors, were used for comparison. Binding score values are reported in arbitrary 

units, with lower scores indicating stronger affinity as calculated by the software algorithm. Refs [48,68,72–74] 

were cited in Supplementary Materials. 
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Appendix A 

CCDC 2324863 and 2261047 contains the supplementary crystallographic data for the 

compounds 1 and 2. These data can be obtained free of charge at http://www.ccdc.cam.ac.uk or from 

the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 

1223-336-033; or E-mail: deposit@ccdc.cam.ac.uk. 
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