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Abstract: In the last decade, biological processes involving halogen bond (HaB) as a leading interaction attracted great interest. However, 

although bound iodine atoms are considered powerful HaB donors, few iodinated new drugs were reported so far. Recently, iodinated 4,4’-

bipyridines showed interesting properties as HaB donors in solution and in the solid state. In this paper, a study on the inhibition activity of 

seven halogenated 4,4’-bipyridines against malignant melanoma (MM) cell proliferation is described. Explorative dose/response proliferation 

assays were first performed with three 4,4’-bipyridines by using four MM cell lines and the normal BJ fibroblast cell line as control. Among them, 

the A375 MM cell line was the most sensitive, as determined by MTT assays, which was selected to evaluate the antiproliferative activity of all 

4,4’-bipyridines. Significantly, the presence of an electrophilic iodine impacted the biological activity of the corresponding compounds. The 

3,3’,5,5’-tetrachloro-2-iodo-4,4’-bipyridine showed significant antiproliferation activity against the A375 cell line, and lower toxicity on BJ 

fibroblasts. Through in silico studies, the stereoelectronic features of possible sites determining the bioactivity were explored. These results 

pave the way for the utilization of iodinated 4,4’-bipyridines as templates to design new promising HaB-enabled inhibitors of MM cell proliferation. 

Introduction 

The incidence of cutaneous malignant melanoma (CMM) is steadily increasing in the population from Western countries, though it is 

fortunately diagnosed at an early stage of disease - defined as having a low tumor thickness - in most cases and, thus, being effectively 

treated by surgical excision [1]. The malignant proliferation of melanocytes, which are the cells responsible for melanin production, 

underlies onset and development of this disease. Despite the impressive advancements into the treatment of the disease during the 

last decade, with integration of the different therapeutic approaches available (surgery, radiotherapy, immunotherapy, target  therapy, 

and chemotherapy), a large fraction of advanced stages remains refractory to systemic therapies [2]. Moreover, clinical outcome is 

difficult to predict in melanoma patients due to the marked heterogeneity of the disease from the biological and molecular point of view 

[3]. Overall, given that long-term survival is achieved in only about 50% of patients with metastatic melanoma, development of new 

effective pharmacological therapies remains of great interest in the field of cancer research [4,5]. 

The main approaches for research and discovery of new drugs against melanoma are based on in silico, 2D and 3D in vitro, and in 

vivo models [6]. Among them, structure- and ligand-based drug design exploit in silico approaches focusing on noncovalent interactions 

to identify and optimize potential drugs and their interactions with biomacromolecular hosts [7]. 

In biological systems, hydrogen bonds (HBs), dipole-dipole and π-π interactions, and coulombic forces [8-10] are considered the most 

frequent intermolecular noncovalent interactions acting to promote and regulate drug action at different levels including absorption, 
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transport, and distribution in the living body, metabolism, pharmacokinetics, pharmacodynamics, and excretion [8a]. More recently, 

halogen (HaB) [11], chalcogen [12], spodium [13] and π-hole [14] bonds were also identified as interactions underlying ligand-protein 

binding, recognition, and function. These achievements have paved the way for new horizons in drug design and discovery [8a,15,16]. 

On the other hand, over the past decades drug discovery research deviated away from natural products [17], and new forms of 

noncovalent interactivity may orientate drug design towards unexplored regions of the chemical space. This remains an urgent issue 

given that, although the theoretically existing chemical space is extremely vast, the chemical space that is effectively explored in drug 

discovery is limited. 

In the last few years, HaB has especially attracted great interest in drug discovery [11,18]. In Figure 1, the concept of HaB is described 

considering a possible HaB between fluoroiodine and acetone, as representative example, and the electrostatic potential isosurfaces 

(VS) of the interacting species to highlight the electronic bases of the interaction (color legend: blue, electrophilic region featuring low 

electron charge density; red, nucleophilic region featuring high electron charge density). The HaB originates from the anisotropic charge 

distribution which features bound halogens [19]. This electron anisotropy determines the amphoteric behavior of bound halogens given 

that an area of lower electron charge density (δ+), the σ-hole, located on the elongation of the covalent bond, coexists with an area of 

higher electron charge density (δ-), which forms a belt orthogonal to the covalent bond. Thus, halogen atoms behave as Lewis bases, 

or as electrophilic HaB donors, with properties as a Lewis acid and able to interact with a nucleophilic acceptor through the σ-hole. The 

most important features of the HaB are directionality and tunability. Given that the strength of a HaB increases as the polarizability and 

the electronegativity of the halogen increases and decreases, respectively, iodine is considered a powerful HaB donor, particularly 

when it is bound to electron-withdrawing groups or atoms, like the fluorine atom. In this case, the electron charge density is polarized 

toward the electron-withdrawing atom, increasing the depletion of electron charge density on the bound halogen (iodine). 

Figure 1. Description of HaB by considering a possible I···O interaction between 

fluoroiodine and acetone. VS representations on electron density isosurfaces (0.002 au), graphically generated by using Spartan’ 10 (DFT/B3LYP/6-31G*) (color 

legend for VS isosurfaces: blue, electrophilic region featuring low electron charge density; red, nucleophilic region featuring high electron charge density; other 

colors, regions with intermediate values of V) (color legend for ball and stick structures: grey, C; yellow, F; pale grey, H; magenta, I; red, O). 

Most evidence about HaBs, involving iodine atoms in biological contexts, has been derived from the crystallographic structures of 

ligand-protein complexes reported in the Protein Data Bank (PDB) and confirmed by computational analysis [20,21]. In these complexes, 

oxygen atoms belonging to protein backbone and sidechains are the most frequent sites profiled as HaB acceptors. On this basis, 

recent studies have shown that fragments containing halogen atoms, potentially able to exert HaB [11b], bind more often to proteins 

than non-halogenated fragments [22], and halogenated libraries provided interesting hits for lead generation [23]. Bound iodine atoms 

present remarkable properties as HaB donors; thus, their presence in halogenated fragments is very important. Despite that, this heavy 

halogen remains underrepresented in drug discovery [18d], and design, synthesis and application of new iodinated compounds was 

reported in less degree so far. In fact, only 1.4% of the halogenated drugs available in the market are iodinated compounds [20]. 

The interest toward iodinated compounds is not unusual in melanoma research. Halogenated drugs were shown to be potent inhibitors 

of mutated BRAF [24]. Single point mutagenesis experiments and computational analysis indicated that HaB may play a role in 

determining the inhibition activity. Recently, Kozyra et al. studied a series of thiosemicarbazide derivatives, showing that the activity of 

the derivatives against melanoma cell line G-361 increased in the given series of substituents following the order 2-bromophenyl < 

naphth-1-yl < 2-iodophenyl < 4-methylthiophenyl < 4-iodophenyl [25]. Furthermore, iodinated compounds such as iodothiouracils, 

iodoquinolines, and iodobenzamides have been used as imaging and radiotherapeutic agents for malignant melanoma. In this regard, 

the biodistribution and pharmacokinetic profile of [123I]iodobenzamides were found greatly influenced by the substituents on the benzene 

ring, while the uptake values in the tumor correlated with molecule’s lipophilicity [26,27]. 

Given this context, the study described herein represents a proof-of-principle exploration aiming to investigate the effectiveness of new 

iodinated compounds against melanoma cell lines. For this purpose, we explored the antiproliferative activity of the iodinated 3,3’,5,5’-

tetrachloro-4,4’-bipyridines 1-5 (Table 1) against melanoma cells in terms of dose and time dependence, and the capability of inducing 

apoptosis was considered. The antiproliferative activity of 3,3’,5,5’-tetrachloro-4,4’-bipyridines 6 and 7, as non-iodinated references for 

comparison, was also explored. Compounds 1–7 were considered as test probes inside the cells to explore the effect of specific 
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functional groups on the antiproliferative activity against melanoma cells, and on the cytotoxicity toward fibroblasts. For this purpose, 

the substitution pattern of the series could be correlated by means of the subtle addition, deletion, or modification of distinctive functional 

groups, as shown in Table 1. 

By using electrostatic potential (V) analysis, a second aim of the study was to demonstrate that the antiproliferative activity, at molecular 

level, may be correlated with the electrophilic properties of iodine. 

Table 1. Structures of compounds 1-7 highlighting the distinctive functional groups, and list of subtle addition, deletion, or modification of distinctive functional groups 

summarizing the structural relationships within the series. 

 

Compound Functional group modification 

1 ↔ 2 H ↔ I 

1 ↔ 7 I ↔ COOH 

1 ↔ 3 H ↔ Phenyl 

1 ↔ 4 H ↔ C6H4OH 

1 ↔ 5 H ↔ C5H4N 

2 ↔ 3 I ↔ Phenyl 

2 ↔ 4 I ↔ C6H4OH 

2 ↔ 5 I ↔ C5H4N 

2 ↔ 6 I ↔ C6H4OH; I ↔ C5H4N 

3 ↔ 4 Phenyl ↔ C6H4OH 

3 ↔ 5 Phenyl ↔ C5H4N 

4 ↔ 6 I ↔ C5H4N 

5 ↔ 6 I ↔ C6H4OH 

 

We hypothesized that the formation of HaBs involving the iodine atoms of the 4,4’-bipyridines and carbonyl oxygens of protein backbone 

could underlie the antiproliferative activity of the heterocyclic derivatives against melanoma cell lines (Figure 2). 

 

Figure 2. Possible HaB between the iodine atom of compound 1 and the N-methyl acetamide, as a simplified model of the protein carbonyl oxygen. VS 

representations on electron density isosurfaces (0.002 au), graphically generated by using Spartan’ 10 (DFT/B3LYP/6-31G*) (color legend for VS isosurfaces: blue, 

electrophilic region featuring low electron charge density; red, nucleophilic region featuring high electron charge density; other colors, regions with intermediate 

values of V) (color legend for ball and stick structures: grey, C; green, Cl; pale grey, H; magenta, I; violet, N; red, O). 



RESEARCH ARTICLE    

4 

 

Results and Discussion 

Iodinated 4,4’-bipyridines as potential anticancer agents 

The 4,4’-bipyridine core is a powerful electron-withdrawing group, which is able to enhance the electrophilic properties of bound 

halogens, increasing their electrophilic properties, thus their ability as HaB donors [28]. On this basis, iodinated 4,4’-bipyridines were 

designed by Peluso and Mamane groups as test probes with HaB-enabled functions which were confirmed in both chemical and 

biochemical environment [28]. Indeed, the 4,4’-bipyridyl unit exerts an electron-withdrawing effect on the bound iodine atom, increasing 

its electrophilic properties and ability as HaB donor [28]. As a results, this family of compounds proved to be efficient HaB donors at 

the solid state by X-ray diffraction analysis [28a], in separation science [29], and as inhibitors of transthyretin (TTR) fibrillogenesis in 

vitro [28b]. In this latter case, TTR was used as benchmark protein with well-known ability to bind iodinated ligands, like thyroxine, by 

HaB [30].  

Using nitrogen heterocycles presented additional advantages. Indeed, nitrogen is known to be a high-impact design element in drug 

design because substitution of a CH group with a N atom, in aromatic and heteroaromatic ring frameworks, often improves the 

pharmacological profile of a molecular structure at different levels [31]. Furthermore, the two pyridyl nitrogen atoms could work as HB 

acceptors. In terms of pharmacological properties, the 4,4’-bipyridyl system was used to prepare the supramolecular dimetallic trans-

(Pt(II)(salicylaldimine))2(4,4’-bipyridine) 2BF4 complex which showed in vitro anticancer effect comparable to cisplatin in breast (MCF-

7) and liver (HepG2) cancer cells [32]. Moreover, anticancer activity was also reported for a series of 4,4’-bipyridinium amphiphiles that, 

in vitro, showed IC50 values in the low-micromolar range against human cancer cells and the cisplatin resistant A549 cancer cells [33]. 

Another interesting feature of substituted 4,4’-bipyridines is the possibility to introduce chirality in their structure. In this regard, 

compounds 2-6 are chiral for atropisomerism, namely for restricted rotation around the 4,4’-bond (chiral axis), whereas compounds 1 

and 7 feature C2 symmetry and are not chiral. Although enantioselective bioactivity was not considered in the study described herein, 

axial chirality can be used as a tool for finely tuning the antiproliferative activity of these compounds. Indeed, several studies 

demonstrated that in many cases control of atropisomeric conformation may be used as a general strategy to improve the selectivity 

profile of potential drugs [34]. Furthermore, several atropisomeric structures, in both racemic and enantiopure forms, attracted interest 

in anticancer research. For instance, the natural product Gossypol and its derivatives were studied as Bcl-2 inhibitors, this system 

showing marked enantioselective anticancer effects [35]. The atropisomeric forms of Dabrafenib interact enantioselectively with its 

primary target BRAF [36]. In the last few years, Palmieri and Rozzo group studied the antiproliferative activity of a large series of 

functionalized curcumin-like 1,1’-biphenyls, showing that hydroxylated biphenyl derivatives bearing an α,β-unsaturated ketone are 

excellent “lead compounds” for the potential development of drugs that may be useful for treating malignant melanoma [37].  
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Scheme 1. Preparation of compounds 1-7. (a) LDA, THF, -45 to -10 °C then I2. (b) NaI, CuI, trans-N,N’-dimethylcyclohexane-1,2-diamine, dioxane, 120 °C. (c) m-

CPBA, CH2Cl2, rt. (d) (COBr)2, CH2Br2, Et3N, -40 °C. (e) ArB(OH)2, Pd(PPh3)4, K3PO4, toluene/EtOH/H2O, 100 °C (TBDMS = tert-butyldimethylsilyl). (f) TBAF, THF, 

0 °C. (g) TMSCN, Et3N, dioxane, 100 °C. (h) 15% NaOH, 100 °C. 

Synthesis of 4,4’-bipyridines 1-7 

Molecular structures identified for de novo development of new 

drugs must be synthetically accessible, easy to be functionalized, 

and with high interactive potentialities [38]. Thus, to explore new 

regions of the chemical space in drug discovery, the availability of 

versatile synthetic strategies to access series of structural 

analogues by subtle modifications of a lead scaffold is essential. 

Indeed, different biological responses could be associated with 

subtle stereoelectronic differences as a functional group changed. 

Compounds 1-7 bearing different substituents at the 2,2’-

positions were prepared in few steps from 3,5-dichloropyridine 

(8a) and 2-bromo-3,5-dichloropyridine (8b) as starting materials 

(Scheme 1). First, the base-induced dimerization of pyridines 

8a,b furnished the corresponding polyhalogenated 4,4’-

bipyridines 9a,b (reaction conditions a) [28a]. Bipyridine 9b was 

then used for the preparation of compound 2 through a 

diaminocopper-catalyzed aromatic Finkelstein reaction 

(conditions b) [28a]. During this reaction, compound 1 could be 

also isolated as a minor product [28b]. The latter could be 

selectively prepared from bipyridine 9a. After mono-N-oxydation 

(conditions c), the obtained bipyridine oxide 10 was transformed 

to bipyridine 11 (conditions d) [28c] which was submitted to a final 

Finkelstein reaction to afford compound 1 (condition b). For 

compounds 3-6, the previously reported methodology for their 

synthesis was improved. Indeed, their preparation was based on 

non-selective palladium-catalyzed Suzuki reactions involving 

compound 2, generating low yields with tedious chromatographic 

separations [28b]. Herein, we used the key intermediate 12 

bearing non-equivalent halogens in 2- and 2’-positions to provide 

more selective cross-coupling reactions. The unsymmetrical 

bipyridine 12 was prepared from bipyridine 11 through a 

sequence comprising selective oxidation of the less hindered 

nitrogen atom to give 13 (reaction conditions c), Finkelstein 

reaction to generate 14 (conditions b) and final bromination 

(conditions d) [28c]. As expected, palladium-catalyzed Suzuki 

coupling involving bipyridine 12 selectively delivered the 
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functionalized bipyridines 15-17 in 2-position with respectively 

phenyl (15), 4-pyridyl (16) and O-protected 4-phenoxyl (17) 

groups (conditions e) [28c]. The remaining bromine in bipyridines 

15-17 was further exchanged by iodine through Finkelstein 

reaction to provide compounds 3 and 5 as well as bipyridine 18 

(conditions b) [28c]. The latter was deprotected to give compound 

4 (conditions f) [28b-c]. Compound 6 was obtained from 17 

through Suzuki coupling to install the 4-pyridyl in 2’-position of 19 

and final deprotection (conditions e,f) [28b-c]. Compound 7 was 

prepared in two steps from bipyridine oxide 10. After reaction of 

10 with trimethylsilyl cyanide (TMSCN) (conditions g) [28c], the 

resulting cyano-bipyridine 20 was hydrolyzed under basic 

conditions to generate compound 7 (conditions h). The solubility 

of the carboxylic acid 7 was good enough in methanol to allow its 

unambiguous characterization by NMR spectroscopy. In 

particular, the typical chemical shift for the COOH group around 

166 ppm was observed by 13C NMR. The characterization data 

(NMR and HRMS spectra as well as LC traces) for compounds 1-

7 are provided in the Supporting Information. 

Although iodinated heterocyclic compounds were generally 

described to be relatively unstable due to the high polarizability of 

the C–I bond, compounds 1-5 exhibited high stability, even in 

solution. In this regard, it is worth noting that the availability of 

stable iodinated compounds with pharmacological activity is of 

great interest to provide experimental confirmation of HaB-driven 

processes occurring at molecular level. On the other hand, 

experimental data provided by sources other than PDB 

crystallographic structures are important as benchmark to 

validate theoretical and computational methods applied to confirm 

and quantify HaBs identified in biological environment. 

Antiproliferative activity of iodinated 4,4’-bipyridines 1, 3 

and 4 against malignant melanoma cell lines 

To investigate the antiproliferative activity of the halogenated 4,4’-

bipyridine system, we first performed a few explorative 

dose/response proliferation assays using compounds 1 (R = I, R’ 

= H), 3 (R = I, R’ = Ph) and 4 (R = I, R’ = p-OHC6H4) in treating 

A375, GR-mel (GR), CN-mel (CN), and SK-mel 28 (SK), as 

malignant melanoma (MM) cell lines, in parallel with the BJ normal 

fibroblast cell line as control [39]. Cells were treated with 1, 10 or 

100 µM concentrations of either 1, 3 or 4, up to 24, 48 or 72 h 

(Figure S1). The results showed a significant dose and time-

dependent antiproliferative activity of all three compounds against 

MM cell lines, being less effective on BJ control cells. 

None of the three compounds showed a significant effect at the 1 

µM concentration. At the concentration of 10 µM, compound 1 

(Figure S1a) showed to be the most active, being the only one 

inducing a significant decrease of cell growth on all the MM cell 

lines after 48 h. Moreover, on A375 cells, it induced 28.1% growth 

inhibition (p < 0.001), already after 24 h of treatment. The 100 µM 

concentration was obviously the most toxic dose at any treatment 

time point and on all the cell lines tested, giving rise for compound 

1 to cell growth percentages ranging from 28.1% (24 h) and 3.0% 

(72 h) on A375 cells, to 64.6% (24 h) and 35.1% (72 h) on BJ cells. 

Such a difference of activity between A375 MM cells and BJ 

control cells was statistically significant (p<0.001). Compound 4 

(Figure S1c), at the 10 µM concentration, was able to significantly 

inhibit cell proliferation after 48 h, only on A375 and GR MM cells, 

and even if a significant 22,6% of inhibition was also observed on 

GR cells after 24 h. Such activity did not proportionally increase 

by increasing the time of cells treatment, becoming strong (about 

0.0% of cell growth) only at the concentration of 100 µM, at any 

experimental time point. Compound 3 (Figure S1b), showed 

intermediate effects, being significantly active at 10 µM 

concentration against three MM cell lines (CN, GR, SK) only after 

72 h. Additionally, all three compounds showed a significant 

growth inhibition activity on BJ normal fibroblasts, as control cells, 

only at the maximum concentration of 100 µM. Compound 1 was 

the least toxic by allowing 35.1% of cell growth after the longest 

experimental treatment time of 72 h. This evidence suggested a 

good selectivity of compound 1 toward cancer cells. In order to 

clearly establish which was the most effective compound against 

melanoma cells, while being the least toxic on normal fibroblasts, 

we performed exhaustive dose/responses assays which allowed 

us to calculate the IC50 values for the three given compounds on 

each tested cell line (Table S1) and, consequentially, their 

selectivity index (SI) [defined as (IC50,BJ)/(IC50,MM)] values (Table 

S2). Given a compound with antiproliferative capability against a 

cell line, a SI value ≥ 3 is an indication of its potential suitability as 

a cancer therapeutic agent [40]. Figure S2 shows the 

dose/response curves obtained for the most significant cell lines, 

namely A375 melanoma cells and BJ fibroblast cells as control. 

Complete results for the remaining three melanoma cell lines, CN, 

GR, and SK are presented in Figure S3. Compound 1 was 

confirmed as the most toxic against MM cells, especially for long 

term treatments, and the least toxic on normal cells (IC50 values 

at 72 h: 5.0 µM and 52.6 µM, respectively on A375 and BJ) with 

a SI value of 10.5 (Tables S1, S2 and Figure S3a,b). Furthermore, 

for compound 1 most SI values ≥ 3 was determined among all the 

experimental points tested (Table S2). Compound 4 also showed 

a good antiproliferative activity (IC50 value at 72 h: 9.1 µM on A375 

cell line) (Figure S3e) but SI values ≥ 3 were obtained only at 72 

h treatments, while compound 3 was the least active against MM 

cell proliferation (IC50 value at 72 h: 21.3 µM on A375 cell line) 

(Tables S1 and S2). 

Based on the preliminary exploration performed by testing the 

antiproliferative activities of compounds 1, 3, and 4, A375 proved 

to be the most sensitive cell line. Thus, the study was deepened 

by also evaluating compounds 2, and 5-7 with A375 as MM cell 

line. 

Antiproliferative activity of 4,4’-bipyridines 2, and 5-7 

against A375 melanoma cell line 

A375 is a human melanoma cell line, deriving from a very 

aggressive metastatic tumor [41], often used as benchmark cell 

line because of its characteristics and easy availability from 

American Type Culture Collection (ATCC), so representing a 

good model for melanoma in vitro studies. Indeed, A375 cells 

carry the oncogene BRAFV600E mutation, the most common 

mutation associated with MM, and two mutations in the tumor 

suppressor gene CDKN2A, a high penetrance melanoma 

susceptibility gene [3]. It is worth mentioning that some 

organohalogen drugs were reported as potent BRAFV600E 

inhibitors [24], due to the occurrence of strong HaBs. On this basis, 
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a possible inhibition of BRAFV660E mutation exerted by the 

iodinated 4,4’-bipyridines could be hypothesized, as well as a 

HaB-driven enhancement of the antiproliferative activity of 1, 3 

and 4 against A375. Such a hypothesis could also explain the low 

activity observed on BJ normal fibroblasts, which have a low rate 

of proliferation and, unlike melanoma cells, do not present a 

constitutive activation of the proliferative mechanisms driven by 

BRAFV600E mutation and/or CDKN2A impairment.  

The dose/response curves obtained by treating both A375 MM 

cells and control BJ fibroblasts with compounds 2, and 5-7 are 

shown in Figure S4. The IC50 and the SI values obtained for all 

compounds 1-7, after treatments of 24, 48, and 72 h, are 

summarized in Figure 3. Compound 2 was the most active in 

inhibiting MM cells proliferation (Figure S4a), surpassing the 

activity of compound 1 (IC50 values at 72 h: 4.2 vs 5.0 µM), and 

even acting at a shorter incubation time (IC50 values at 48 h: 6.0 

µM vs 14.7 µM). However, compound 2 showed higher toxicity 

toward the BJ fibroblasts compared to 1 (IC50 values at 72 h: 17.7 

vs 52.6 µM, SI 4.2). Compound 5 also showed appreciable 

antiproliferative activity (IC50 value at 72 h: 5.8 µM) (Figure S4c) 

and good SI (9.1 at 72 h), whereas lower activity was observed 

for 6 (IC50 value at 72 h: 17.1. µM, SI 5.0) (Figure S4e). 

Compound 7 was ineffective on both A375 and BJ control cells 

(Figure S4g,h). In all cases, the efficacy of compounds 1-6 in 

inhibiting the growth of the BJ normal cells was significantly lower 

compared to that exerted on MM cells (p < 0.001) (Figures S3b,d,f 

and S4b,d,f), with SI values often above 3 (Figure 3). These 

results confirmed a cancer cells selectivity for the antiproliferative 

activity of these iodinated 4,4’-bipyridines (the statistical 

significance of the obtained findings on MM cells and BJ control 

cells proliferation is reported in Tables S3-S6). 

 

.  

Figure 3. IC50 values [confidence interval, CI], and selectivity Index [SI = (IC50,BJ)/(IC50,MM)] values for compounds 1-7 on A375 MM cells and BJ fibroblasts. IC50 and 

95% CI values are expressed at µM concentration (nc, not calculated). SI values ≥ 3 are highlighted in red. For compound 6 (24 h) and compound 7, it was not 

possible to calculate SI values due to their low or absent antiproliferative activity on BJ cells. N.D.= Not determined. 
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Preliminary data on apoptosis induction 

One of the principal hallmarks of cancer cells is “resisting cell 

death”: cancer cell loses its capability to trigger apoptosis as a 

defense mechanism to stop proliferating in case of stress, DNA 

damage or dysregulation [42]. A common therapeutic anticancer 

strategy is to rescue such a capability by restoring the defective 

mechanism of apoptosis induction. The frequent occurrence of 

clinical chemoresistance in melanoma patients strongly suggests 

an inactivation of apoptotic pathways in this tumor, and most 

preclinical single or combination therapy studies share the 

common aim of reestablishing them [43]. Thus, as compound 1 

was shown to be the most active in inhibiting A375 MM cells 

growth, we also investigated its capability to induce apoptosis by 

Annexin V and Caspase 3/7 activation tests. 

The Annexin-V assay highlights one of the early aspects of the 

apoptotic process, the phosphatidylserine (PS) exposure on 

outside the cell membrane. Indeed, Annexin-V binds to PS that 

externalizes on the surface of apoptotic cells at the beginning of 

the process [44]. A375 cells were treated with 10, 20 and 40 µM 

doses of compound 1 for 24, 48 or 72 h, then processed as 

described in Experimental Section. The results, reported in Figure 

S5a, showed that compound 1 was able to induce apoptosis in 

A375 melanoma cells starting from 24 h of treatment at a 

concentration of 10 µM in about 20% of the cells, raising to 44.4% 

of apoptotic cells after 72 h of treatment with a 40 µM 

concentration. Noteworthy, the effects of compound 1 (10 to 40 

µM concentration) were not so far from those induced by 0.25 µM 

Staurosporine (27.1% to 57.9% of apoptotic cells), the pro-

apoptotic agent used as a positive control for the experiments. 

The obtained data evidenced a clear time-dependence for the 

pro-apoptotic activity of compound 1 that significantly increased 

after longer incubation times. Otherwise, it did not seem to be 

dependent on the increasing dose of the compound, probably due 

to a method bias related to the Annexin-V PS detection assay. 

Caspase 3/7 activation is specifically occurring as an advanced 

apoptosis event. These tests were performed on the A375 cells to 

confirm the apoptosis induction by compound 1, already observed 

with the Annexin-V assays. A375 cells were treated with 20 and 

40 µM doses of compound 1 for 24 or 48 h, then processed as 

described in the Experimental Section. The results, shown in 

Figure S5b, were comparable to those obtained with the Annexin-

V assay, thus confirming the pro-apoptotic activity of compound 

1. In this case, the dose-dependence was more evident, and the 

effects of compound 1 were visible earlier on caspases’ activation: 

about 40% of apoptotic cells were detected only after 48 h of 40 

µM compound 1 treatment. 

The results obtained with such two methods were consistent. 

Annexin V assay is based on detection of PS exposure on cell 

membranes, with cells that gradually went to die with consequent 

loss of the signal. Caspases activation assay, instead, is based 

on detection of cell caspases’ enzymatic activity; in apoptotic cells, 

this proportionally increases, as dose and time of exposure to the 

apoptotic agent also increase. These differences could explain 

why the Annexin V assays’ results did not evidence a clear 

dependence of the apoptotic cells detection on the compound 1 

doses, which instead was well evidenced by Caspase 3/7 assays. 

Similarly, Annexin V results showed higher percentages of 

necrotic cells for any sample (including controls) and the effects 

of compound 1 on A375 cells appeared to be “slower”, in respect 

to those observed with the Caspase 3/7 assays. 

Electrostatic potential analysis 

Compounds 1-7 share the common 3,3’,5,5’-tetrachloro-4,4’-

bipyridyl scaffold and the two linked heteroaromatic rings 

accommodate five (1 and 7) or six (2-6) highly oriented 

substituents. Among them, compounds 1-5 contain electrophilic 

iodine atoms as substituents of the heteroaromatic core. With the 

aim to explore and compare the electron charge density 

distribution on the main interaction sites of compounds 1-7, the V 

extrema, maxima (VS,max) and minima (VS,min), were calculated 

and mapped on 0.002 au electron isodensity surfaces (Table S7). 

V analysis may give information on specific regions of the 

molecules with high electron charge density (negative VS,min 

values), functioning as nucleophiles, or with lower electron charge 

density (positive VS,max values) working as electrophiles. The 

iodine electrophilicity is related to the presence of a region of 

electron charge density depletion, the σ-hole, on its surface, thus, 

calculated VS [11b,45] has been widely used as an indicator of the 

electron anisotropy on iodine [46]. In this frame, the observation 

of a positive VS,max value on the halogen surface allows for a 

quantitative estimation of the σ-hole depth which, in turn, is 

related to the capability of a halogen to behave as a HaB donor 

(electrophile). 

Computation of VS and related parameters were performed by 

using Gaussian 09 (DFT, B3LYP, 6-311G*) [47]. By comparing 

the results reported in Table S7, it could be observed that the 

depth of the σ-hole on the iodine at the 2-position of compounds 

1-5 was modulated by the distinctive substituent at the 2’-position, 

with VS,max values ranging from 0.0496 to 0.0536 au. Compounds 

1, 2, and 5 presented the highest VS,max values on the respective 

iodine atoms (0.0521, 0.0536, 0.0533 au, respectively) which, 

consequently, have higher electrophilic character compared to 

iodine atoms in compounds 3 and 4 (0.0503 and 0.496 au).  

 

Figure 4. Calculated VS for compounds 1 (a) and 7 (b). For each compound, 

tube models are also reported. On the molecule surfaces, electrostatic potential 

(VS) > 0 (lower electron charge density) and VS < 0 (higher electron charge 

density) are indicated in blue and red, respectively. Intermediate values are in 

green, yellow, and orange. 
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Differently, compounds 6 and 7 contain HB sites and/or aromatic 

rings exclusively at the 2,2’-positions of the 4,4’-bipyridyl system. 

By comparing 1 and 7 (Figure 4), it is worth noting that while the 

V surface calculated for compound 1 (R = I) showed a strong 

electrophilic region on the iodine σ-hole (blue region) at the 2-

position of the heteroaromatic scaffold, a region of high electron 

charge density centered on the carboxyl oxygen (VS,min = -0.0578 

au) (red region) could be observed at the same position in 

compound 7 (R = COOH), along with the electrophilic region of 

the acidic proton (VS,max = 0.1104 au) (blue region). As the COOH 

group in 7 is free to rotate around the C(2)–C bond, the 

directionality of the HB sites may change. On the contrary, in 

compound 1 iodine may exert highly directional HaB through its 

σ-hole. 

Correlation between experimental and computed results 

Compounds 1-7 were employed with the aim of evaluating the 

impact of adding/deleting/substituting the 2-R and 2’-R’ functional 

groups (Table 1) on the activity against malignant melanoma 

(MM) cell proliferation, drawing particular attention to the possible 

contribution of the iodine to this function. Interesting structure-

activity correlations emerged by correlating experimental and 

computational analysis (Figure 5). 

 

Figure 5. Dependence of IC50 average values (μM) on the VS,max of iodine σ-

hole calculated for compounds 1-5 (a), and toxicity on normal BJ fibroblast 

(blue) vs A375 MM cells (green) expressed as IC50 average values (μM) 

determined for compounds 1-7 (b). 

As shown in Figure 3, the antiproliferative activity against A375 

MM cell line, after 72 h treatments, decreased following the order 

2 > 1 > 5 > 4 > 6 > 3 > 7. On this basis, 2 and 1 containing two 

and one iodine atoms as distinctive substituents resulted as the 

most active compounds, with the lowest IC50 values, while non-

iodinated compound 7, featuring a different structure at the 2-

position of the 4,4’-bipyridyl unit, was inactive. 

On the other hand, by correlating the antiproliferative activity of 

the iodinated compounds 1-5, in terms of IC50 values, and the 

VS,max on iodine as a measure of its electrophilic capability (Figure 

5a), a significant trend was observed. In fact, the antiproliferative 

activity tended to decrease as the electrophilicity of the iodine 

atom, featuring each compound, also decreased. Thus, 

compounds 2, 1, and 5 showed higher VS,max values associated to 

the iodine σ-hole, ranging from 0.0521 to 0.0536 au, compared to 

4 and 3, bearing less electrophilic iodines (VS,max = 0.0496 and 

0.0503, respectively). Thus, iodine atoms, as substituents, proved 

to exert a pivotal role on the antiproliferative capability of the 

corresponding 4,4’-bipyridines. Conversely, the absence of iodine 

appeared to be detrimental for the antiproliferative activity, the 

non-iodinated compounds 6 and 7 showing very low activity. 

Furthermore, in 3 the presence of a hydrophobic substituent at 

the 2’-position (R’ = Ph) appeared to be detrimental for the 

antiproliferative activity compared to compounds 5 and 4 bearing 

HB sites on the functional group at the 2’-position. Significantly, 

the superior activity of compound 5 against the MM cells 

compared to 4 could be also ascribed to the function of the 

electron-withdrawing 2’-pyridyl group as electronic activator of the 

electrophilic properties of the 2-iodine. 

The HaB is a noncovalent interaction highly directional along the 

elongation of the C-halogen bond. In a binding pocket, HaB may 

require more space compared to more flexible (less directional) 

noncovalent interactions such as hydrogen bond [48]. With the 

aim of evaluating the size impact of compound 1-5 on their 

antiproliferative activity, we also correlated the antiproliferative 

activity observed on the A375 MM cell line to the VS volume 

calculated for the compounds (Figure S6 and Table S7). Also in 

this case, a tendency was observed, and the antiproliferative 

activity appeared to be sensitive to the size of the compounds, 

compounds 2, 1, and 5 being smaller (274.67 ≤ VS volume [Å3] ≤ 

351.77) compared to 4 and 3 (365.77 and 356.87 Å3, respectively). 

Finally, to evaluate the impact of the structural features of the 

compounds on their specificity toward the MM cells, the toxicity 

exerted by compounds 1-7 on normal BJ fibroblast was compared 

to that observed for the seven compounds on A375 cells (Figure 

5b). Considering compounds 2, 1, and 5, as the most active 

against MM cells, the diiodinated 4,4’-bipiridine 2 showed higher 

toxicity on BJ fibroblasts (IC50 17.7 µM at 72 h, see Figure 3). This 

behavior may be an obstacle when approaching therapy design, 

being an indication of low tumor specificity of the potential drug 

and of possible high systemic toxicity. It is likely that the higher 

toxicity could be related to the presence of two iodine atoms. This 

hypothesis could be confirmed by the fact that lower toxicity on 

fibroblasts was observed for compounds 1 and 3-5. 
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Conclusion 

In the last decade, most information about HaB in biological 

environment have been accessed by examining crystal structures 

of protein-ligand complexes extracted from the PDB. In this study, 

we approach the question by integrating biological and 

computational analysis. In this frame, substituted 4,4’-bipyridines 

1-5, containing iodine atoms activated as electrophiles, were 

evaluated as inhibitors against CMM cell line proliferation to 

explore the possible contribution of the iodine atom, as HaB donor, 

to the biological activity. The structures of compounds 1-5 as 

potential HaB donors functioning in biological environment were 

selected based on the following remarks: a) the electrophilic 

features of the iodine atoms were confirmed by electrostatic 

potential analysis; b) previous studies performed in solution [29], 

at the solid state [28a], and in biological environment [28b] clearly 

confirmed the HaB-enabled functions of halogenated 4,4’-

bipyridines. 

As a result of this study, 4,4’-bipyridine 1 showed almost the same 

toxicity on A375 than 2 (IC50 values: 5.0 µM vs 4.2 µM at 72 h), 

but much lower toxicity on control BJ fibroblasts (IC50 value 52.6 

µM at 72 h) (SI 10.5), proving to be a better candidate to develop 

new therapeutic strategies. Otherwise, for compound 2, the 

presence of a second iodine atom on the 4,4’-bipyridine unit 

appeared detrimental for the BJ fibroblast viability (IC50 17.7 µM). 

Significantly, non-iodinated compounds 6 and 7, used as 

reference for comparison showed poor antiproliferative activity. 

Furthermore, although these results are not exhaustive, a 

preliminary evaluation of iodinated 4,4’-bipyridine 1, as pro-

apoptotic agent, was also performed by using two different 

techniques. The obtained results suggested that MM cell death 

induced by 1 might be, at least partially, attributable to apoptosis, 

with a pro-apoptotic activity comparable to that exerted by 

Staurosporin, as positive control. On these bases, we are 

planning to extend the analysis to other iodinated 4,4’-bipyridines 

by also studying in deep other aspects of the apoptosis event, like 

mitochondrial membrane polarization, and by comparison with the 

effect on control normal cells. 

The results obtained herein confirmed the high potential of 

iodinated compounds in designing novel anti-melanoma 

therapeutics strategies, paving the way for a new perspective in 

this field. 

Experimental Section 

The following compounds were prepared according to literature 

procedures: 9a [28a]; 1 and 3-5 [28b]; 9b, 10-15, 17-20 and 6 

[28c]. 

Synthesis of compound 2 

In a dry tube were placed bipyridine 11 (0.268 mmol, 100 mg), 

NaI (0.536 mmol, 80.4 mg), CuI (0.0268 mmol, 5.1 mg) and trans-

N,N’-dimethylcyclohexane-1,2-diamine (0.0536 mmol, 7.6 mg). 

The tube was evacuated and filled with argon before addition of 

degassed dioxane (2 mL). The tube was sealed with a screw cap 

and heated at 120 °C for 60 h. After cooling to room temperature, 

NH4OH (4 mL) and H2O (8 mL) were added then the product was 

extracted with dichloromethane (3x10 mL). After drying over 

MgSO4, filtration and concentration, the crude compound was 

purified by chromatography on silica gel (pentane / CH2Cl2 7/3) to 

give compound 2 as a white solid (75 mg, 67%). 1H NMR (500 

MHz, CDCl3) δ 8.67 (s, 2H), 8.46 (s, 1H). 13C NMR (126 MHz, 

CDCl3) δ 148.0; 147.8; 140.6; 140.3; 137.3; 131.2; 130.9; 119.5. 

HRMS (ESI-TOF) [M+H]+ m/z: Calcd. for C10H3Cl4IN2 418.8168, 

found: 418.8152. 

Synthesis of compound 16 

In a dry tube were placed bipyridine 12 (0.5 mmol, 257 mg), 

Pd(PPh3)4 (0.025 mmol, 29 mg), 4-pyridinylboronic acid (90% 

purity, 0.55 mmol, 68 mg) and K3PO4 (0.25 mmol, 53 mg). The 

tube was evacuated and filled with argon before addition of 

degassed mixture of toluene/water/ethanol (6:1:1, 6 mL). The 

tube was sealed with a screw cap and heated at 100 °C for 15 h. 

The cooled reaction mixture was diluted with water (15 mL) and 

extracted with CH2Cl2 (3 x 20 mL). After drying over MgSO4, 

filtration and concentration, the crude compound was purified by 

chromatography on silica gel (pentane / ethyl acetate 7/3) to give 

compound 16 as a colorless syrup (157 mg, 69%). 1H NMR (500 

MHz, CDCl3) δ 8.79 (m, 3H), 8.50 (s, 1H), 7.71 (d, J = 5.0 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 153.3, 150.1, 148.0, 147.9, 144.6, 

142.4, 140.8, 137.2, 131.1, 130.7, 129.1, 124.0, 119.5. HRMS 

(ESI-TOF) [M+H]+ m/z: Calcd. for C15H7Cl4IN3 495.8433, found: 

494.8400. 

Synthesis of compound 7  

A resealable tube was charged with bipyridine 20 [28c] (70 mg, 

0.219 mmol) and a solution of NaOH (15% in H2O, 2 mL) was 

added. The tube was sealed and heated at 100 °C for 16 h. After 

cooling to room temperature, HCl 2M was added until pH < 4 and 

the mixture was extracted with diethyl ether (4 x 5 mL). The 

combined organic phases were dried over Na2SO4. After filtration 

and concentration under vacuum, bipyridine 7 was obtained as a 

white powder (67 mg, 90%). 1H NMR (CD3OD, 500 MHz) δ 8.83 

(s, 1H), 8.80 (s, 2H) ppm; 13C NMR (CD3OD, 126 MHz) δ 166.4, 

149.6, 149.2, 148.5, 143.2, 141.3, 134.0, 132.3, 130.4 ppm. 

HRMS (ESI-TOF): m/z calcd for C11H3Cl4N2O2 [M-H]-: 334.8954; 

found: 334.8971. 

Cell based assays 

Four malignant melanoma (MM) cell lines have been used as a 

multiple experimental in vitro model for this study. They have been 

chosen among 27 lines collected in our laboratory, as the most 

suitable to represent different molecular types of melanoma [39]: 

1) A375 (CVCL_0132), derived from melanoma cutaneous 

metastasis [41], carrying the CDKN2AE61*-E69* and BRAFV600E 

gene mutations [49], 2) CN-mel (CN) (CVCL_7037), derived from 

melanoma lymph node metastasis, carrying the NRASQ61R gene 

mutation, 3) GR-mel (GR) (CVCL_G320), derived from a primary 

melanoma, carrying a homozygous deletion in the CDKN2B gene, 

4) SK-mel 28 (SK) (CVCL_0526), derived from melanoma lymph 

node metastasis, carrying the PTENT167A gene mutation. As a 
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non-tumor control, we used a human fibroblast cell line from a 

healthy donor, the BJ cell line, purchased by American Type 

Culture Collection (ATCC®, CRL-2522™). CN, GR and SK MM 

cell lines were kindly donated by the Istituto Dermopatico 

dell’Immacolata (IDI, Rome, Italy). A375 MM cell line was also 

purchased by ATCC® (CRL-1619TM). All cell lines were cultured 

in RPMI medium with stable glutamine, supplemented with 10% 

fetal bovine serum (FBS) and penicillin/streptomycin (1 U/mL) 

(complete medium), in a humidified atmosphere with 5% CO2, at 

37 °C. 

Bipyridine compounds 1-7 were dissolved as 100 mM stock 

solutions with dimethyl sulfoxide (DMSO) and stored as 50 µL 

aliquots at −20°C until use. Compound working dilutions were 

prepared using complete medium, immediately before use, so 

that they contained < 0.1% DMSO final concentration. 

Cells were seeded in 96-well plates, RPMI culture medium with 

stable glutamine, supplemented with 10% fetal bovine serum 

(FBS) and penicillin/streptomycin (1 U/mL) (complete medium), 

and grown in a humidified atmosphere with 5% CO2, at 37 °C. 

After 24 h, the medium was replaced by complete medium 

supplemented or not (control) with increasing concentrations of 

any of 1-7 compounds. Cells were grown up to 24, 48 or 72 h and 

the medium was replaced every 48 h (for 72 h assays). Cell vi-

ability was finally determined by MTT assay [50] as described 

previously [51]. All experiments were performed in quadruplicate 

and repeated at least three times. Details about the IC50 values 

calculation and the statistical analysis for the MMT proliferation 

assays are provided as Supporting information. 

The selectivity index (SI) was calculated by dividing the IC50 value 

determined for the activity of compounds 1-7 on BJ fibroblasts by 

the IC50 determined for MM cells for each experimental point. SI 

was considered as interesting for values higher than 3. 

Experimental details about the apoptosis assays in the A375 MM 

cells by Annexin V and Caspase 3/7 activation tests are provided 

as Supporting Information. 

Calculation of electrostatic potential 

For compound 7, conformational search was performed 

employing the density functional theory (DFT) method with the 

B3LYP functional and the 6-311G* basis set, and the Spartan’ 10 

Version 1.1.0 (Wavefunction Inc., Irvine, CA, USA) program [52]. 

Geometry optimization and computation of V mapped on a 0.002 

au isodensity surface (VS) and related parameters (VS extrema, 

VS,max and VS,min values, given in au) were performed by using 

Gaussian 09 (DFT, B3LYP, 6-311G*) (Wallingford, CT, USA) [47]. 

In this regard, it is worth mentioning that, given a molecule, the 

V(r) at each point r in the surrounding space, is created by each 

nucleus (first positive term) and electron (second negative term) 

of the molecule and given by equation (1) 

V(r) = ∑ Z𝐴

R𝐴−𝐫𝐴 − ∫
𝜌(𝐫)d𝐫′

⎥ 𝐫′−𝐫⎥  
     (1) 

where ZA is the charge on nucleus A located at RA, and ρ(r) is the 

electron density function [45]. Thus, the sign of V may be positive 

or negative depending on the dominant contribution, which is 

positive and negative from nuclei and electrons, respectively. 

Search for the exact location of such VS,max and VS,min was made 

through the Multiwfn code [53a] and through its module enabling 

quantitative analyses of molecular surfaces (isovalue 0.002) [53b]. 

For the VS representations, colors towards red depict negative VS, 

while colors towards blue depict positive VS, and colors in be-

tween (orange, yellow, green) depict intermediate values. As part 

of our previous research [28b,29c], this methodology was also 

used for compounds 1-6 to obtain the V values reported in Table 

S7. 

Supporting Information 

Synthesis of 1-7: 1H and 13C NMR spectra, HRMS spectra, and 

LC traces. 

Figure S1. Explorative dose/response assays for compounds 1, 3 

and 4. 

Table S1. IC50 values for compounds 1, 3, 4 on four MM cell lines 

and BJ fibroblast cell line. 

Table S2. Selectivity Index values for compounds 1, 3 and 4 for 

A375, GR, CN, and SK cell lines. 

Figure S2. Antiproliferative activity of compounds 1, 3 and 4 on 

A375 and BJ cell lines. 

Figure S3. Antiproliferative activity of 1, 3 and 4 on MM cell lines 

CN-mel, GR-mel and SK-Mel. 

Figure S4. Antiproliferative activity of compounds 2 and 5-7 on 

A375 and BJ cell lines. 

Table S3. Dose dependence of 1-7 activity: Student’s T test. 

Table S4. Selectivity of compounds 1-7 to MM cells: Holm-Sidak 

test. 

Table S5. Time dependence of 1-7 activity: Holm-Sidak test. 

Table S6. Selectivity of compounds 1, 3 and 4 to CN-mel, GR-mel 

and SK-mel 28 MM cells: Holm-Sidak test. 

Figure S5. Pro-apoptotic activity of compound 1. 

Table S7. VS,max and VS,min (au) (isovalue = 0.002 au) and VS 

volume (Å3) calculated for 1-7. 

Figure S6. Dependence of IC50 (μM) on the surface volume 

calculated for compounds 1-5. 

Experimental Section: Additional details. 
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