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a b s t r a c t 

In this work, N-((5-bromopyridin-2-yl)carbamothioyl)-2-chlorobenzamide (HL 1 ) and N-((5-bromopyridin 

-2-yl)carbamothioyl)furan-2-carboxamide (HL 2 ) and its Cu, Ni and Co metal complexes were prepared. 

Elemental analysis, FT-IR, UV–vis., 1 H NMR, single crystal XRD techniques, magnetic susceptibility and 

DTA/TG analysis were used for structural characterization. The thermal behaviors of the HL 1 , HL 2 and 

its complexes were investigated. HL 1 and HL 2 ligands were thermally stable up to 119 and 134 °C, re- 

spectively. After the structures of the compounds were characterized, anticancer activity studies were 

performed, and the effects of different groups on the activity were investigated. Cell viability test MTT 

was made to determine anticancer activities against MCF-7 breast cancer cells. IC 50 values for MCF-7 cells 

were in the range of 2.07 μM – 21.25 μM. The NiL 1 2 complex showed better antitumor activity when at 

2.07 μM concentration in 24 h. For their ADMET properties, ligands and metal complexes have been com- 

prehensively studied in silico . Notably, when the physicochemical, pharmacological and ADMET properties 

of ligands HL 1 and HL 2 were evaluated together with drug similarity parameters, good drug-like behav- 

ior of the compounds was revealed. In addition, molecular docking studies were performed to assess the 

binding interactions between ligands and complex compounds and BRAF (V600E -protein kinase). Ac- 

cording to the obtained results, it was confirmed that all synthesized compounds exhibited high binding 

affinity and had an inhibitory effect against BRAF (V600E) protein kinase. The results obtained with both 

in vitro and in silico approaches have shown that the synthesized compounds can be evaluated as potent 

anticancer agents. 

© 2022 Elsevier B.V. All rights reserved. 

1

w

n

a

a

h

t

t

c

a

b

t

c

a

N

i

h

0

. Introduction 

Coordination compounds are of great importance due to their 

ide usage areas and hence much effort is devoted to developing 

ew coordination compounds. To this end many different ligands 

re used to endow these compounds chelating properties. The lig- 

nds of preference of choice should meet certain criteria such as 

aving physical and chemical stability, high selectivity toward the 

argeted analyte, eco-friendliness, facile synthesis, and easy extrac- 

ion. 
∗ Corresponding author. 

E-mail address: tyesilkaynak@ksu.edu.tr (T. Ye ̧s ilkaynak) . 
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Thiourea derivatives were investigated for their extractive, 

atalytic and bioactive properties (i.e., antibacterial, antifungal and 

ntitumor). N,N -dialkyl-N’-benzoylthiourea (DABT) derivatives have 

een used for forming water-insoluble complexes with most of the 

ransition metals as their transition metal complexes are neutral 

ompounds. Especially the ligands bearing donor atoms such as N 

nd O in their structure are very good complexants. 

The pioneering studies on thioureas were on synthesis of 

-carbamothioylacetamide and since then the number of studies 

ncreased until today [1] . N,N -dialkyl- N’ -benzoylthioureas, with 

heir synthesis and application studies, shed light on many impor- 

ant studies in coordination chemistry. Many complex compounds 

hat these derivatives formed with transition metal ions (i.e., 

u (II), Ni (II), Co (II), Pd (II) and Pt (II)) were used in different

https://doi.org/10.1016/j.molstruc.2022.133758
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133758&domain=pdf
mailto:tyesilkaynak@ksu.edu.tr
https://doi.org/10.1016/j.molstruc.2022.133758
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pplications [2–7] . Thioureas can form hydrogen bonds with 

onor atoms (i.e., sulfur and nitrogen) in their structure. There- 

ore, their behavior differ in different solvents and especially in 

ater [8] . Moreover, thioureas can form hydrogen bonds among 

hemselves via the compounds containing electronegative atoms 

n their structures. This is of great importance in protonation and 

eprotonation reactions. Many different thiourea derivatives with 

ifferent properties can be obtained as result of the interaction of 

ydrogen atoms in the thiourea compound with different ligand 

roups. 

Thiourea derivatives demonstrate broad-spectrum bioactivity. 

hese studies are not systematic, and their mechanisms could 

ot be elucidated fully yet. Benzoyl thiourea derivatives and their 

etal complexes were reported for their antibacterial [9–11] , an- 

ifungal [12–14] , antitumor [15–19] , antiviral [2] , antithyroid [20] , 

ntioxidant [ 19 , 21–23 ] properties. 

Binding of the proteins to the correct metal is determined 

y the metal ions or the donor ligands preferred in forming the 

ioactive agents and this in turn enable the protein to fold and 

unction properly [24] . The relative stabilities of the complexes 

hat the transition metals form are given in Irving–Williams Se- 

ies.The preferred binding order for the divalent transition metal 

ons of the fourth period proceeds in the order Mn(II) < Fe(II) < 

o(II) < Ni(II) < Cu(II) > Zn(II) [25] . However, there are exceptions 

hen this order is not followed such as when the metal home- 

stasis is compromised or when the proteins bind less competitive 

etal ions at the upper end of this Irving–Williams series. In 

his case, these proteins do not bind to the right metal co-factor. 

u(II) and Co(II) interact with the membrane of the bacteria and 

nduce synthesis of reactive oxygen species (ROS) -by-products of 

etabolism [26] and cause oxidative stress to bacteria membrane 

nd hence are lethal for bacteria cells. ROS synthesis induced 

y metal complexes damage cell membranes, proteins, DNA and 

ntracellular system [27] . As a result, highly reactive radicals 

apable of cell destruction are formed [28] . The electrostatic 

nteractions in the metal ion-bacteria interface arising from the 

nteraction between the metal ion surfaces and the bacteria mem- 

rane, which is also called “contact killing”, leads to neutralization 

f the surface charge of the bacteria membrane which in turn 

ediates electrostatic interaction among the bacteria membrane 

nd different chemical units [ 29 , 30 ]. The surface charge neu- 

ralizes due to the balancing interaction between the positively 

harged metal ions and the negatively charged phosphate and 

arboxylate units on the lipid membranes of the bacteria that 

lters the membrane permeability leading to antimicrobial activity 

 30 , 31 ]. 

Thermal degradation of thiourea-derived compounds have also 

een investigated. The thermal decomposition reactions of N- 

1,10 -biphenyl) −2-chlorobenzoylthiourea complexes of Co(II), Ni 

II) and Cu (II) metal ions were examined and the interme- 

iate products formed were characterized. It was determined 

hat the N-(1,10 -biphenyl) −2-chlorobenzoylthiourea complexes 

f Ni (II) and Cu (II) complexes degraded in three steps and 

he Co (II) complex degraded in foursteps [19] . Complexes of 

-Chloro-N-((5-chloropyridine-2-yl)carbamothioyl)benzamide with 

o(II), Ni(II) and Cu(II) ions were synthesized and their thermal 

egradation mechanisms were investigated using thermogravimet- 

ic and differential thermal analysis methods. The degradation ki- 

etics of the prepared complexes were investigated via DTA/TG 

urves. It was determined that the 2-Chloro-N-((5-chloropyridine- 

-yl)carbamothioyl)benzamide complexes of Ni (II) and Co (II) ions 

egraded in threesteps, while the Cu (II) complex degraded in 

oursteps [22] . 

In this study new N-((5-bromopyridin-2-yl)carbamothioyl) −2- 

hlorobenzamide (HL 1 : C 13 H 9 BrClN 3 OS) and N-((5-bromopyridin- 

-yl)carbamothioyl)furan-2-carboxamide (HL 2 : C 11 H 8 BrN 3 O 2 S)li- 
2 
ands and their transition metal (Co (II), Ni (II) and Cu (II)) 

omplexes were synthesized. The crystal structures of HL 1 and 

L 2 , their thermal and antitumor properties were investigated and 

heir ADMET was studied. Moreover, molecular docking analysis 

as performed to investigate the compound-protein interactions 

nd the anticancer potential of the compounds was assessed using 

n silico approaches. 

. Materials and methods 

.1. Materials and instrumentation 

All the chemicals used were of reagent quality and were ob- 

ained commerciallly from Aldrich or Merck. FT-IR spectra of the 

ompounds were recorded by Perkin Elmer LX-1250 0 0B FT-IR in- 

trumentand scanning was made from 400 to 40 0 0 cm 

−1 . The UV–

is. spectra were obtained via a Shimadzu UV-1800 spectropho- 

ometer and scanning was made in the range from 200 to 800 nm. 

he 1 HNMR spectra were obtained on a Bruker Avance III 400 MHz 

MR instrument. CDCl 3 was used as solvent and TMS was used as 

he internal standard. The elemental analyses (C, H, N) were per- 

ormed using a Costech ECS 410 device. In order to complete the 

ombustion process, copper and tungsten oxide were used as cata- 

ysts. TG/DTA curves were recorded on a SEIKO-II. Magnetic suscep- 

ibilities of the synthesized compounds were determined on Gouy 

alance model 7550 using Hg[Co(NCS) 4 ] as standard. The single 

rystals grown from their ethanol solutions were investigated via 

-ray diffraction analysis. The crystallographic data regarding the 

igand was obtained via Bruker D8 Venture single-crystal XRD by 

sing PHOTON 100 CMOS detector and KryoFlexII low-temperature 

evice operating at 100 K and MoK α monochromatized radiation 

 λ= 0.71073 Å). 

The multiscan technique was used to correct the data for ab- 

orption effects. Direct methods were used for structural charac- 

erization and by using SHELXL 2013, the data was refined on 

 

2 via full-matrix least-squares [32] . Anisotropic displacement pa- 

ameters were used to refine non-H atoms. Mercury CSD 3.5.1 

nd Olex2 software were used to prepare the molecular struc- 

ure plots [ 33 , 34 ]. The crystal and instrumental parameters were 

xploited and given in the supporting file to determine the unit- 

ell and data were acquired. For HL 1 and HL 2 , the CCDC 2,125,519 

nd 2,125,607 contain supplementary crystallographic data in this 

tudy. 

Using Bruker SHELXTL Software Package, the structure was re- 

olved and refined. The molecule with the formula C 13 H 9 BrClN 3 OS 

HL 1 ) was found to have space group of P2 1 /c and Z = 4. The final

nisotropic full-matrix least-squares refinement of the observed 

ata on F 2 that had 1.022 variables was found to converge at 

 1 = 6.43% and for all data obtained wR 2 = 8.65%. The goodness- 

f-fit was 1.022. The final difference in electron density of the 

ynthesized HL 1 exhibited the largest peak of 0.250 e ̊A 

−3 and the 

argest hole of −0.520 e ̊A 

−3 . According to the final model, the cal- 

ulated density was 1.686 g/cm 

3 and F(0 0 0), 736. The molecule 

ith the formula C 11 H 8 BrN 3 O 2 S (HL 2 ) was found to have space

roup of P2 1 /n and Z = 4. The final anisotropic full-matrix least- 

quares refinement of the observed data on F 2 with 648 variables 

as found to converge at R 1 = 16.51% and for all the data observed

R 2 = 15.76%. The goodness-of-fit was 0.982. The final difference 

n electron density of the synthesized HL 2 exhibited the largest 

eak of 0.320 e ̊A 

−3 and the largest hole of −0.530 e ̊A 

−3 . Accord-

ng to the final model, the calculated density was 1.756 g/cm 

3 and 

(0 0 0), 648. The pH measurements were made by using Mettler 

oledo MP 220 pH-meterequipped with a combined electrode, and 

lass electrode was used as the reference electrode. The accuracy 

f the pH measurements was ±0.05. 
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Fig. 1. The reaction scheme for HL 1 (a) and HL 2 (b). 
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.2. Synthesis of compounds 

.2.1. Preparation of ligands 

All chemicals were used without further purification. 0.01 mol 

f 2-chlorobenzoyl chloride for HL 1 and furan-2-carbonyl chloride 

or HL 2 was dissolved in 50 mL acetone. This solution was added 

ropwise to 0.01 mol of KSCN in 30 mL acetone. The solution 

as heated under reflux for 40 min and was cooled to RT. Then 

his mixture was mixed with solution of 2-amino-5–bromo pyri- 

ine prepared by dissolving 0.01 mol of it in10 mL acetone under 

igorous stirring for 2 h. Then the reaction mixture was poured 

nto 300 mL of 0.1 mol.L −1 HCl. The precipitate was filtered and 

as washed with deionized water several times. The solid product, 

hich was obtained, was recrystallized from EtOH/CH 2 Cl 2 [ 35 , 36 ].

he reaction scheme for HL 1 and HL 2 are shown in Fig. 1 . 

N-((5-bromopyridin-2-yl)carbamothioyl) −2- 

hlorobenzamide(HL 1 ): White. Yield: 84%. E. Analysis: C, 41.6; 

, 2.6; N, 11.5; S, 8.8; C 13 H 9 BrClN 3 OS (cal.: C, 42.1; H, 2.5; N, 11.3;

, 8.7%). FT-IR (ATR, cm 

−1 ): υ(Ar-N-H) 3673, υ(N 

–H) 3162, υ(C 

–H 

r-H) 2988, υ(C = O) 1677 (s), υ(C = S) 1151, υ(C-Br) 759, υ(C 

–Cl)

41. 1 H NMR (DMSO): 8.75 (m, 1H, NH), 8.65 (m, 2H, Ar-NH), 

.59–7.43 (s,4H, Ar-H), 6.78–6.76 (m, 3H, Ar-H) ppm. 

N-((5-bromopyridin-2-yl)carbamothioyl)furan-2-carboxamide 

HL 2 ): Yellow. Yield: 85%. E. Analysis: C, 40.1; H, 3.0; N, 13.0; S, 

.7; C 11 H 10 BrN 3 O 2 S (cal.: C, 40.3; H, 3.1; N, 12.8; S, 9.8%). FT-IR

ATR, cm 

−1 ): υ(Ar-N-H) 3681, υ(N 

–H) 3109, υ(C 

–H aro. ) 2970, 

(C = O) 1675 (s), υ(C = S) 1158, υ(C-Br) 758. 1 H NMR (DMSO):

.60 (m, 1H, NH), 8.17–8.15 (m, 2H, Ar-NH), 8.11–7.83 (s, 3H, Ar-H), 

.84–6.56 (m, 3H, Ar-H) ppm. 

.2.2. Preparation of metal complexes 

Co(II), Ni (II) and Cu (II)complexes of HL 1 and HL 2 were pre- 

ared using reagent grade chemicals according to the general pro- 

edure given elsewhere [ 35 , 36 ]. 0.001 mol of CoCl 2 /NiCl 2 /CuCl 2 
alts were dissolved in 10 mL of ethanol. HL solution was prepared 

y dissolving HL (0.002 mol) in 40 mL of Et-OH with a few drops

f Et 3 N. Metal solutions were added to the ligand solution under 

igorous stirring for 30 min. Thus, obtained complexes were fil- 

ered, washed with ethanol, and dried. The molecular structures of 

(L 1 ) and M(L 2 ) complexes are shown in Fig. 2 . 
2 2 

3 
[C o (L 1 ) 2 ]: Pale green. Yield: 80%. E. Analysis: C, 38.9; H, 2.1; N,

0.8; S, 8.2; C 26 H 16 Br 2 Cl 2 N 6 O 2 S 2 Co (cal.: C, 39.1; H, 2.0; N, 10.5;

, 8.0%). FT-IR (ATR, cm 

−1 ): υ(Ar-N-H) 3675, υ(C 

–H Ar-H) 2987, 

(C = N) 1519, υ(C-Br) 745, υ(C 

–Cl) 698. 1 H NMR (DMSO): 8.11–

.09 (m, 4H, Ar-NH), 7.85–7.65 (m, 8H, Ar-H), 7.61–7.40 (m, 6H, Ar- 

) ppm.Electronic spectrum, λmax (cm 

−1 ): 42,918, 27,933. 

[N i (L 1 ) 2 ]: Pale green. Yield: 84%. E. Analysis: C, 38.3; H, 2.2;

, 10.7; S, 8.2; C 26 H 16 Br 2 Cl 2 N 6 O 2 S 2 Ni (cal.: C, 39.1; H, 2.0; N,

0.5; S, 8.0%). IR (ATR, cm 

−1 ): υ(Ar-N-H) 3674, υ(C 

–H Ar-H) 2987, 

(C = N) 1531, υ(C-Br) 742, υ(C 

–Cl) 704. 1 H NMR (DMSO): 8.60–

.28 (m, 4H, Ar-NH), 7.93–7.69 (m, 8H, Ar-H), 7.64–7.36 (m, 6H, Ar- 

) ppm. Electronic spectrum, λmax (cm 

−1 ): 40,946, 32,362. 

[C u (L 1 ) 2 ]: Pale green. Yield: 83%.E.Analysis: C, 37.9; H, 2.1; N, 

0.5; S, 8.2; C 26 H 16 Br 2 Cl 2 N 6 O 2 S 2 Cu (cal.: C, 38.9; H, 2.0; N, 10.5;

, 8.0%). IR (ATR, cm 

−1 ): υ(Ar-N-H) 3672, υ(C 

–H Ar-H) 2964, 

(C = N) 1519, υ(C-Br) 738, υ(C 

–Cl) 708.Electronic spectrum, 

max (cm 

−1 ): 43,872, 32,573. 

[C o (L 2 ) 2 ]: Green. Yield: 79%. E. Analysis: C, 37.2; H, 2.7; N, 11.6,

, 8.7; C 22 H 18 Br 2 N 6 O 4 S 2 Co (cal.: C, 37.1; H, 2.5; N, 11.8; S, 9.0%).

R (ATR, cm 

−1 ): υ(Ar-N-H) 3674, υ(C 

–H aro. ) 2901, υ(C = N) 1519,

(C-Br) 757. 1 H NMR (DMSO): 8.98–8.48 (m, 4H, Ar-NH), 8.37–8.02 

m, 6H, Ar-H), 7.96–7.10 (m, 6H, Ar-H) ppm. Electronic spectrum, 

max (cm 

−1 ): 39,702, 30,864. 

[N i (L 2 ) 2 ]: Pale green. Yield: 81%. E. Analysis: C, 36.8; H, 2.7;

, 11.8, S, 8.7; C 22 H 18 Br 2 N 6 O 4 S 2 Ni (cal.: C, 37.1; H, 2.5; N, 11.8; S,

.0%). IR (ATR, cm 

−1 ): υ(Ar-N-H) 36 6 6, υ(C 

–H aro. ) 2885, υ(C = N)

580, υ(C-Br) 742. 1 H NMR (DMSO): 9.01–8.63 (m, 4H, Ar-NH), 

.56–8.01 (d, 6H, Ar-H), 7.90–7.10 (m, 6H, Ar-H) ppm. Electronic 

pectrum, λmax (cm 

−1 ): 40,480, 32,468. 

[C u (L 2 ) 2 ]: Green. Yield: 78%. E. Analysis: C, 37.1; H, 2.6; N, 11.5,

, 8.6; C 22 H 18 Br 2 N 6 O 4 S 2 Cu (cal.: C, 36.8; H, 2.5; N, 11.7; S, 8.9%).

R (ATR, cm 

−1 ): υ(Ar-N-H) 3672, υ(C 

–H aro. ) 2900, υ(C = N) 1592,

(C-Br) 743. Electronic spectrum, λmax (cm 

−1 ): 40,262, 29,940. 

.3. Determination of anticancer activity 

The method reported by Junkyu Han et al. was used in an- 

icancer activity studies [37] . Standard MTT bioassay was used 

or in vitro cytotoxicity study of thesynthesized compounds on 

ancer cell lines at 24 h drug exposure. Human breast cancer 
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Fig. 2. The reaction scheme for M(L 1 ) 2 (a) and M(L 2 ) 2 (b). (M = Co, Ni, Cu). 
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m  

b  
ells (MCF-7) were used to determine the compounds with high 

ioactivity and assess the efficiency of the compounds. The MCF-7 

ells were purchased from ATCC and were cultured in RPMI-1640 

ediumcontaining 10% FBS, 1% 5.0 0 0 U/mL of penicillin and 

.0 0 0 U/mL streptomycinunder 5% CO 2 atmosphere at 37 °C in- 

ubator conditions. The incubated MCF-7 cells (5 × 10 3 cells/per 

ell) were seeded on 96 well platesseparately for to test each 

omplex in triplicates and then they were further incubated for 

4 h under the same incubator conditions. Then, the supernatant 

f all the wells that contain attached MCF-7 cells were exchanged 

ith solutions of the test complexes (prepared in RPMI-1640 

edium) at concentrations of 3.125, 6.25, 12.50, 25.00, 50 and 

00 μM that were placed in separate wells in triplicates according 

o the labellings of plates. All test plates containing the complexes 

twith the mentioned concentrations were incubated for 24 h 

nd 48 h. Then, 20 μL MTT solution (5 mg/mL in PBS) was 

dded to each well and plates were incubated for another 4 h. 

t the end of incubation, the media were carefully removed, and 

he MTT formazan was dissolved by adding 200 μL of DMSO 

dimethylsulfoxide) to each well. The absorbance measurements 

ere performed via a microplate reader for each well at 540 nm. 

he growth or viability percentages of the treated and untreated 

ells was calculated using the formula below. The half maximal 

nhibitory concentrations (IC 50 ) were detected from the calculated 

iability percentages and used for further experimentations. 

rowthrate = 

(
absorbancetreatedwel l s 

absorbanceuntreatedwel l s 

)
× 100 

.4. In silico ADMET studies 

SwissADME web tools (www.swissadme.ch) were used to eval- 

ate the physicochemical and pharmacological properties of the 
4 
ompounds and display them against Lipinski RO5. Smile notations 

f synthetic compounds and chemical structures were obtained 

ith ChemDraw 20.0 software. The smile notations of the com- 

ounds were then fed into swissADME to calculate many molecu- 

ar ADME properties [38] . A web-based platform, pkCSM, was used 

o predict the toxicological outcomes of compounds [39] . 

.5. Molecular docking studies 

In this study, 3D structures of the compounds were obtained via 

hemDraw 20.0 software. The 3D structures of all the compounds 

ere energy minimized using the MM2 minimization algorithm 

ia Chem3D 20. The molecular docking studies were performed 

sing PyRx (Autodock Vina) docking (academic licensed version 

.9.9) software to determine the binding energy and interactions 

f the synthetic compounds with the target protein BRAF (PDB 

D: 4R5Y). During this analysis, flexible-ligand:rigid-receptor dock- 

ng conditions were chosen [ 40 , 41 ]. The grid on the ligand-binding

ocket of the protein 4R5Y was positioned at the binding site of 

:16.93, Y:10.68, Z: −14.56, and the grid size were 29 × 41 × 38 
˚
 

3 dimensions with 0.375 Å. Discovery Studio 2021 was used to 

how and analyze the findings of the optimum docking positions 

or the interaction and the binding affinities. The resulting binding 

nergies (kcal/mol)) give a score based on the best-docked protein- 

igand complex selected. 

. Results and discussion 

.1. FT-IR 

The FT-IR vibration bands of the HL 1 and HL 2 ligands and their 

etal (Co, Ni and Cu) complexes are given in Tables 1 and 2 . The

ands observed at 3673 cm 

−1 for HL 1 and 3681 cm 

−1 for HL 2 in the
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Table 1 

FT-IR frequency data of HL 1 and its metal complexes (cm 

−1 ). 

Comp. Aro-(N 

–H) (N 

–H) (C –H) (C = O) (C = N) (C = S) (C-Br, C –Cl) 

HL 1 3673 3162 2988 1677 – 1151 759–741 

Co(L 1 ) 2 3675 – 2987 – 1519 – 745–698 

Ni(L 1 ) 2 3674 – 2987 – 1531 – 742–704 

Cu(L 1 ) 2 3672 – 2964 – 1519 – 738–708 

Table 2 

FT-IR frequency data of HL 2 and its metal complexes (cm 

−1 ). 

Comp. Aro-(N 

–H) (N 

–H) (C –H) (C = O) (C = N) (C = S) (C-Br) 

HL 2 3681 3109 3139–2970 1675 – 1158–1140 758 

Co(L 2 ) 2 3674 – 2987–2901 – 1519 – 757 

Ni(L 2 ) 2 3666 – 2987–2885 – 1580 – 742 

Cu(L 2 ) 2 3672 – 3187–2900 – 1592 – 743 

F

g

s

t

a

c

s

f

o

H

v

l

7

b

l

b

l

a

I  

o

a

c

t

b

H

t  

c

N

a  

c

3

[

i

w

w

7  

c

c

p

7  

s

s

d  

o

f

p

p

7  

m

8

a

N

d

3

[

2

m

d

μ

w

c

s

a  

[

t

p

C

s

s

v

o

s

μ

e

c

p

2

3

b

s

S

p

w

s

r

T-IR spectrums shows the N 

–H stretching vibration of the NH 2 

roup located from the ortho position of the pyridine ring. The 

tretching vibration bands of the N 

–H groups outside the ring in 

he structure is observed as a sharp peak at 3162 cm 

−1 for HL 1 

nd 3381 cm 

−1 for HL 2 . The vibration bands observed at 2988 

m 

−1 for HL 1 and 2970 cm 

−1 for HL 2 indicate the aromatic C 

–H 

tretching vibrations, and the bands observed at 1587–1520 cm 

−1 

or HL 1 and 1578–1561 cm 

−1 shows the C 

–C stretching vibrations 

f the ring. The intense bands observed at 1434–1002 cm 

−1 for 

L 1 and 1449–1011 cm 

−1 for HL 2 belong to in-plane C 

–H bending 

ibrations. The bands observed at 759 and 741 cm 

−1 for HL 1 be- 

ong to C-Br and C 

–Cl stretching vibrations. The bands observed at 

58 cm 

−1 for HL 2 belong to C-Br stretching vibration. The intense 

ands observed at 1677 cm 

−1 for HL 1 and 1675 cm 

−1 for HL 2 be- 

ong to the carbonyl group’s stretching vibrations (C = O), and the 

ands observed at 1151 cm 

−1 for HL 1 and 1158 cm 

−1 for HL 2 be- 

ong to the (C = S) stretching vibration. The FT-IR spectrums of lig- 

nds are given in supplementary data (Figs. S1 and S2). In the FT- 

R spectrums of HL 1 ’s and HL 2 ’s metal complexes, the C = S groups

verlap with other bands due to the shift of the vibrational band, 

nd it is difficult to determine in this region. As a result of the 

omplexation reactions, it is observed that the stretching vibra- 

ional bands of the carbonyl group (C = O) shift to lower vibrational 

ands. The stretching vibration band of the N 

–H group (3162 for 

L 1 and 3109 cm 

−1 for HL 2 ) in the structures remains aprotic due 

o binding to the metal atom of HL 1 and HL 2 , and thus this band

annot be observed in the FT-IR spectra of metal complexes. The 

 

–H bands that cannot be observed in the FT-IR spectra of HL 1 

nd HL 2 and the shift of C = O and C = S bands indicate that the

omplexation reaction took place [ 4 , 6 , 19 , 21 , 35 , 42 , 43 ]. 

.2. 1 H NMR 

1 H NMR spectra confirm the proposed structure for HL 1 , HL 2 , 

CoL 1 2 ], [NiL 1 2 ], [CoL 2 2 ] and [NiL 2 2 ]. Two peaks observed for HL 1 

n the 1 H NMR spectrum at 8.75 ppm (ali.) and 8.65 ppm (aro.), 

hich indicate N 

–H group. The C 

–H bonds of the aromatic ring 

ere observed to appear as multiplet peaks at around 8.59–

.43 ppm for ligand. The aliphatic N 

–H peak is not seen in the

omplexes. These data provedthat the complexes were formed and 

onfirmed the structure of the proposed complexes. The Ar-(C 

–H) 

rotons are observed at 7.93–7.36 ppm for the [NiL 1 2 ] and 7.85- 

.40 ppm for the [CoL 1 2 ] complex. The aromatic N 

–H peaks are ob-

erved at 8.60–8.28 ppm for [NiL 1 2 ] and 8.11–8.09 ppm for [CoL 1 2 ]. 

Single and triplet peaks are observed for HL 2 in the 1 H NMR 

pectrum at 8.60 ppm (ali.) and 8.17–8.15 ppm (aro.) which in- 

icate the N 

–H group. The C 

–H bonds of the aromatic ring were

bserved to appear as multiplet peaks at around 8.11–7.83 ppm 
5 
or the ligand. The aliphatic N 

–H peak is not seen in the com- 

lexes. These data prove complex formation and confirm the pro- 

osed complex structure. The Ar-(C 

–H) protons are observed at 

.90–7.10 ppm for [NiL 2 2 ] and 7.96- 7.10 ppm for [CoL 2 2 ]. The aro-

atic N 

–H peaks are observed at 9.01–8.63 ppm for [NiL 2 2 ] and 

.98–8.48 ppm for [CoL 2 2 ]. Since [CuL 1 2 ] and [CuL 2 2 ] are param- 

gnetic, their 1 H NMR spectra could not be obtained [19] . The 1 H 

MR spectrums of HL 1 and HL 2 are given in the supplementary 

ata (Figs. S3 and S4). 

.3. Magnetic susceptibility of complexes 

The magnetic susceptibilities of complex samples of [CoL 1 2 ], 

NiL 1 2 ], [CuL 1 2 ], [CoL 2 2 ], [NiL 2 2 ] and [CuL 2 2 ] were investigated at 

95 K. Magnetic susceptibilities of the compounds were deter- 

ined via Gouy balance model 7550 using Hg[Co(NCS) 4 ] as stan- 

ard. Magnetic moments were calculated from below formula, 

= 2 . 83 (χMT ) 1 / 2 

here: μeff - effective magnetic momentum, χM 

- magnetic sus- 

eptibility per molecule and T - absolute temperature. The mea- 

ured values were 4.54 BM; 3.32 BM; 1.84 BM; 4.60 BM; 3.38 BM 

nd 1.88 BM for [CoL 1 2 ], [NiL 1 2 ], [CuL 1 2 ], [CoL 2 2 ], [NiL 2 2 ] and

CuL 2 2 ], respectively. The observed magnetic momentum value of 

he Co(II) complexes are 4.54 BM and 4.60 BM. These are the ex- 

ected values that lie from 4.20 to 4.88 BM for the tetrahedral 

o(II) complexes, which is the sum of contributions only due to 

pin moments and spin–orbit couplings. Thus, the Co(II) complex 

hows the tetrahedral geometry [ 44 , 45 ]. The magnetic momentum 

alue of 3.32 and 3.38 BM for the Ni(II) complexes are in the range 

f 3.2–4.0 BM expected for the tetrahedral Ni(II) complexes corre- 

ponding to two unpaired electrons [45–47] . Cu(II) complexes have 

eff values of 1.84 BM and 1.88 BM which indicate to the pres- 

nce of one unpaired electron. The magnetic momentum values 

onfirmed the distorted square-planar configuration. Cu(II) square- 

lanar complexes exhibit magnetic momentum in the range 1.8–

.1 BM [ 44 , 45 , 48 ]. 

.4. Crystallographic structure of the ligands 

Molecular structure of the HL 1 and HL 2 with the atom num- 

ering schemes are given in Figs. 3 and 5 . Crystal data and 

tructure refinement parameters are given in Tables 3 and 4 . 

ome experimental geometric parameters are given in the sup- 

orting information (Tables S1–S14). The HL 1 and HL 2 samples 

ith 0.150 mm x 0.100 mm x 0.100 mm approximate dimen- 

ions were used for the x-ray crystallographic analysis. The x- 

ay intensities were measured on a Bruker D8 VENTURE system 
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Fig. 3. ORTEP view of the HL 1 ; thermal ellipsoids are shown at the 50% probability level. 

Fig. 4. Crystal packing of the HL 1 in monoclinic system with P2 1 /c space group. 

6
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Fig. 5. ORTEP view of the HL 2 ; thermal ellipsoids are shown at the 50% probability level. 

Table 3 

Crystal data and structural refinement parameters for the HL 1 . 

Empirical formula C 13 H 9 BrClN 3 OS 

Formula weight 370.65 

Temperature/K 297.11 

Crystal system monoclinic 

Space group P2 1 /c 

a/ ̊A 6.694(2) 

b/ ̊A 13.846(5) 

c/ ̊A 15.763(6) 

α/ ° 90 

β/ ° 91.616(14) 

γ / ° 90 

Volume/ ̊A 3 1460.3(9) 

Z 4 

ρcalc g/cm 

3 1.686 

μ/mm 

-1 3.138 

F(000) 736.0 

Crystal size/mm 

3 0.1 × 0.1 × 0.1 

Radiation MoK α ( λ = 0.71073) 

2 	 range for data collection/ ° 5.884 to 56.696 

Index ranges −8 ≤h ≤ 8, -18 ≤ k ≤ 18, -2 ≤ l ≤ 21 

Reflections collected 27,678 

Independent reflections 3622 [R int = 0.0580, R sigma = 0.0351] 

Data/restraints/parameters 3622/0/181 

Goodness-of-fit on F 2 1.022 

Final R indexes [ I > = 2 σ (I)] R 1 = 0.0349, wR 2 = 0.0751 

Final R indexes [all data] R 1 = 0.0643, wR 2 = 0.0865 

Largest diff. peak/hole / e ̊A −3 0.25/ −0.52 
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Table 4 

Crystal data and structural refinement parameters for the HL 2 . 

Empirical formula C 11 H 8 BrN 3 O 2 S 

Formula weight 326.17 

Temperature/K 100 

Crystal system monoclinic 

Space group P2 1 /n 

a/ ̊A 11.351 

b/ ̊A 8.114 

c/ ̊A 13.812 

α/ ° 90 

β/ ° 104.08 

γ / ° 90 

Volume/ ̊A 3 1233.8 

Z 4 

ρcalc g/cm 

3 1.756 

μ/mm 

-1 3.497 

F(000) 648.0 

Crystal size/mm 

3 0.1 × 0.1 × 0.05 

Radiation MoK α ( λ = 0.71073) 

2 	 range for data collection/ ° 5.87 to 56.676 

Index ranges −1 ≤ h ≤ 15, -10 ≤ k ≤ 10, -17 ≤ l ≤ 18 

Reflections collected 29,674 

Independent reflections 3081 [R int = 0.1786, R sigma = 0.1112] 

Data/restraints/parameters 3081/0/163 

Goodness-of-fit on F 2 0.982 

Final R indexes [ I > = 2 σ (I)] R 1 = 0.0569, wR 2 = 0.1197 

Final R indexes [all data] R 1 = 0.1651, wR 2 = 0.1576 

Largest diff. peak/hole / e ̊A −3 0.32/ −0.53 
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quipped with a multilayer monochromator and a MoK α Sealed 

ube ( λ = 0.71073 Å). The frames were integrated with the Bruker 

AINT software package using a wide-frame algorithm. The struc- 

ures were resolved and refined using the Bruker SHELXTL Soft- 

are Package, using the space groups P2 1 /c, with Z = 4 for the

ormula unit, C 13 H 9 BrClN 3 OS and P2 1 /n, with Z = 4 for the for-

ula unit, C 11 H 8 BrN 3 O 2 S. 

The proposed crystal structure of the HL 1 is presented in 

ig. 3 and in Table 3 is presented the crystal parameters. 

The crystal packing is given in Fig. 4 . The intramolecular hy- 

rogen interaction can be observed for (N 

–H… O) [49] . Here the 

ond length of H 

–O is 1.907 Å. According to the results obtained 

n the structural analysis, C2-S1 and C1-O1 bond lengths are found 

o be 1.657(2) and 1.221(3) Å, respectively. These results suggest a 

ouble bond as they lie in the typical average double bond length. 

he bond lengths of the N1-C2, 1.400(3); N2-C2, 1.338(3) and N1- 

1, 1.371(3) Å are indicative of partial double bond. Bond angles of 

 = O and C = S groups are as follows N1-C2-S1, 118.56(17); N2-

2-S1, 128.07(18); N1-C1-O1, 123.50 ° (2) and O1-C1-C3, 121.30 °(2). 
7

The proposed crystal structure of the HL 2 is presented in 

ig. 5 and in Table 4 is presented the crystal parameters. An in- 

ramolecular hydrogen interaction can be observed (N 

–H… O). The 

ond length of H 

–O is 1908 Å [49] . The necessary parameters are

iven as supporting file. 

The crystal packing is given in Fig. 6 . According to the results 

btained in the structural analysis, the bond lengths of C2-S1 and 

1-O1 are 1.659(5) and 1.211(6) Å, respectively. These results sug- 

est a double bond as they lie in the typical average double bond 

ength. The bond lengths of N1-C1, 1.390(6); N1-C2, 1.406(5) and 

2-C2, 1.334(6) Å are indicative of partial double bond. Bond an- 

les of C = O and C = S groups are N2-C2-S1, 129.30 ° (3); N1-C2-

1,116.70 ° (4); N1-C1-O1, 124.40 ° (4) and O1-C1-C3, 122.50 ° (4). 

.5. Thermal characacterization of the compounds 

DTA-TG analyses of compounds that used 8.0 0–10.0 0 mg range 

ample mass were made at a heating rate of 10 °C/min under N 2 

tmosphere. The results for the DTA-TG study of HL 1 is given in 
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Fig. 6. Crystal packing of the HL 2 in orthorhombic system with P2 1 /n space group. 

Fig. 7. The DTA-TG diagrams of HL 1 . 
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Fig. 8. The DTA-TG diagrams of HL 2 . 
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ig. 7 . The degradation process of HL 1 proceeds over three steps. 

he first degradation step takes place in the range from 119 °C to 

64 °C. 0.5 mol of the ligand was found to leave the structure and

he experimental mass loss is 50.0 0% (calc.:50.0 0%). The intermedi- 

te structure that forms in this step is proposed to be L 0.5 . The sec-

nd degradation step was shown from 264 °C to 462 °C with mass 

oss of 24.50% (calc.:25.00%). In this step, 0.25 mol of the ligand 

ere found to leave the structure and were converted into gaseous 

roducts. The intermediate structure that forms in this step is pro- 
8 
osed to be L 0.25 . In the third degradation step, observed above 

62 °C, the experimental mass loss was 25.70%, while the theo- 

etical loss was calculated to be 25.00%. This indicates that 0.25 

ol of the ligand have degraded. The thermal degradation studies 

f the metal complex have been reported in Table 5 . In the sec-

nd degradation stage of the CuL 1 2 compound, sublimation of the 

.33 mol of the metal is also observed together with the thermal 

egradation of the ligand [ 6 , 50 , 51 ]. 

The result for the DTA-TG study of HL 2 is given in Fig. 8 . The

L 2 degrades in three steps. The first degradation step was ob- 

erved in the range of 134 °C-232 °C. In this step, one 0.6 mol 
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Table 5 

The thermal degradation results of HL 1 ’s metal complexes, [ML 1 2 ]. 

Comp. Stage TG temp. range/ °C Mass loss% Interm. product (or residue) 

Exper. Theor. 

CoL 1 2 I 120–305 29.80 30.96 CoL 4/3 

II 305–505 14.80 15.48 CoL 

III > 505 47.40 46.43 Co 

NiL 1 2 I 116–318 62.20 61.93 NiL 2/3 

II > 318 31.20 30.97 Ni 

CuL 1 2 I 127–339 46.50 46.17 CuL 

II > 339 49.50 46.17 Cu 

Table 6 

The thermal degradation results of HL 2 ’s metal complexes, [ML 2 2 ]. 

Comp. Stage TG temp. range/ °C Mass loss% Interm. product (or residue) 

Exper. Theor. 

CoL 2 2 I 142–243 23.50 23.00 CoL 3/2 

II 243–311 24.70 23.00 CoL 

III > 311 44.80 46.0 Co 

NiL 2 2 I 143–287 31.10 30.67 NiL 4/3 

II 287–458 13.40 15.33 NiL 

III > 458 44.80 46.00 Ni 

CuL 2 2 I 151–454 44.10 45.69 CuL 

II > 454 55.00 45.69 –
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f the ligand was found to leave the structure, corresponding to 

n experimental mass loss of 60.00%. The chemical formula for the 

ntermediate formed at the end of this step is proposed to be L 0.4 .

he second degradation step took place in the range of 232 °C- 

68 °C, with an experimental mass loss of 19.10%, while the the- 

retical mass loss was 20.00%. In this step, 0.2 mol of the ligand 

as found to leave the structure and turn into gaseous products. 

he intermediate, which forms, can be represented with the for- 

ula L 0.2 . The third decomposition stage was observed at a tem- 

erature above 268 °C. After the third degradation step, the lig- 

nd is completely degraded. In Table 6 are given the TG results 

or metal complexes. In the second degradation stage of the CuL 2 2 
ompound, sublimation of the metal is also observed together with 

he thermal degradation of the ligand [ 6 , 51 , 52 ]. The TG diagrams of

omplexes are given in supplementary data (Figs. S5 and S6). 

.6. Anticancer activities 

The MTT assay was used to investigate the cytotoxic effect of 

he complexes against MCF-7 breast cancer cells via the method 

roposed by Han at al [37] . Cell viability was determined via spec- 

rophotometric method and the IC 50 values for each complex on 

CF-7 cells were determined. The viability percentages of MCF- 

 cells upon 24 h and 48 h of exposure to the ligands and their

etal complexes are presented in Tables 7 , 8 , 9 and 10 . The IC 50 

alues of the complexes tested were found to be between 2.07 μM 

nd 21.25 μM. The NiL 1 2 complex shown best antitumor activity at 

4 h with 2.07 μM. Moreover, the IC values for the HL 1 (2.44 μM,
50 

Table 7 

The viability percentages at 24 h of HL 1 and it’s complexes on MCF-7 cells. 

24h HL 1 NiL 1 2 

Doses (μM) Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±
100 11.75 3.96 14.62 7.78 

50 25.93 9.23 15.41 2.22 

25 23.69 0.26 18.08 2.00 

12.5 34.70 7.92 24.37 1.56 

6.25 28.36 12.66 25.00 1.11 

3.125 36.01 9.76 24.37 4.22 

Control 99.81 2.37 100.16 0.67 

IC 50 (μM) 2.44 2.07 

9 
4 h), NiL 2 2 (3.99 μM, 24 h), CuL 1 2 (2.17 μM, 48 h), CoL 1 2 (2.35 μM,

8 h) and CuL 2 2 (3.97 μM, 48 h) compounds indicated that they 

ave good antitumor activities. 

According to the Irving–Williams Series, the stability of com- 

lexing for divalent transition metal ions proceed in the order 

n(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II) [25] . How-

ver, there are cases that do not follow this order. For instance, 

hen the metal homeostasis is compromised or when the pro- 

eins bind less competitive metal ions at the upper end of this 

rving–Williams series is not followed. In this case, these pro- 

eins do not bind to the right metal co-factor. The MTT results 

howed that as compared to the [ML 2 2 ] complexes, the [ML 1 2 ] 

omplexes are more effective against MCF-7 cells. It is seen that 

u(II), Ni(II) and Co(II) are more effective. According to the Irving–

illiams series the activities of the complexes are expected to be 

n the order Co(II) < Ni(II) < Cu(II). However, according the Bohr 

agneton results, while the synthesized Ni (II) and Co (II) com- 

lexes have tetrahedral feometry the Cu(II) complexes have dis- 

orted planar square geometry. It is known that different interac- 

ions are observed with different geometries. Moreover, cytotox- 

city of the complexes cannot be explained only via the type of 

etal ions and geometry. The structure of the ligands play an im- 

ortant role in protein-ligand interaction. While the HL 1 ligand has 

-chlorophenyl ring in its structure, the HL 2 ligand contains a furan 

ing. The Cl substituent in the phenyl ring enabled the HL 1 ligand 

e cytotoxic against the MCF-7 cells at lower concentrations. The 

esults showed that the activity values of NiL 1 2 (24 h) and CuL 1 2 
48 h) compounds were observed to be very close to each other. 
CuL 1 2 CoL 1 2 

) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

5.29 2.04 1.76 0.10 

8.05 0.51 3.87 1.89 

8.65 4.42 5.99 0.50 

21.15 15.98 6.55 1.49 

36.18 17.85 8.59 0.40 

81.37 2.89 83.87 8.66 

100.12 6.63 100.07 13.25 

8.35 9.66 
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Table 8 

The viability percentages at 24 h of HL 2 and it’s complexes on MCF-7 cells. 

24h HL 2 NiL 2 2 CuL 2 2 CoL 2 2 

Doses(μM) Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

100 11.47 1.53 5.96 0.52 9.14 0.19 2.62 0.25 

50 16.02 5.51 4.99 0.86 14.52 0.57 1.14 0.37 

25 16.02 4.29 6.08 0.00 31.12 0.48 5.77 1.24 

12.5 18.61 0.61 6.20 1.20 40.52 5.23 9.27 0.25 

6.25 59.74 0.00 9.25 0.34 69.15 0.48 12.06 0.99 

3.125 63.64 3.67 65.57 7.40 68.48 1.43 72.99 7.05 

Control 100.00 14.08 100.00 25.12 100.07 0.86 100.00 16.57 

IC 50 (μM) 5.19 3.99 10.43 5.78 

Table 9 

The viability percentages at 48 h of HL 1 and it’s complexes on MCF-7 cells. 

48h HL 1 NiL 1 2 CuL 1 2 CoL 1 2 

Doses(μM) Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

100 0.00 30.30 10.89 2.27 8.20 1.50 3.15 0.00 

50 27.98 4.21 15.89 1.77 10.98 9.17 2.85 0.00 

25 47.32 2.95 25.18 0.76 8.60 6.55 9.35 0.14 

12.5 56.25 4.63 42.14 2.02 12.30 7.67 8.66 1.53 

6.25 77.68 0.42 46.25 5.30 16.93 1.50 17.91 0.28 

3.125 90.48 10.10 41.96 1.77 24.87 7.86 30.81 4.18 

Control 99.70 7.16 99.82 0.25 100.40 38.72 100.30 4.87 

IC 50 (μM) 21.25 7.78 2.17 2.35 

Table 10 

The viability percentages at 48 h of HL 2 and it’s complexes on MCF-7 cells. 

48h HL 2 NiL 2 2 CuL 2 2 CoL 2 2 

Doses(μM) Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

Viability (%) Standard 

Deviation( ±) 

100 54.29 24.24 20.97 4.56 11.03 0.60 0.09 0.88 

50 73.57 9.09 13.71 1.14 16.15 1.80 0.09 0.88 

25 93.57 1.01 17.74 2.28 46.00 4.59 8.16 4.01 

12.5 101.43 4.04 45.16 2.28 18.27 6.01 8.51 3.01 

6.25 92.14 5.05 57.26 7.98 25.86 2.83 23.58 1.50 

3.125 90.00 2.02 73.39 10.26 58.94 0.32 78.19 0.50 

Control 85.71 10.10 100.00 4.56 99.62 1.62 102.22 5.14 

IC 50 (μM) – 10.00 3.97 4.74 
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hese activity values were better than the values observed with 5- 

U (5-fluorouracil, IC 50 = 4.7 μM), which is widely used in cancer 

reatment [53] . 

.7. In-silico ADMET results 

When identifying candidate molecules, it is critical to de- 

ermine the pharmacokinetic properties of chemical compounds 

r drug candidate molecules, such as absorption, distribution, 

etabolism, and excretion (ADME). These parameters can help pre- 

ent these compounds from failing in clinical trials and increase 

heir chances of becoming good drug candidates. 

The ADME properties of the compounds were investigated 

or parameters such as molecular weight of the compounds 

gr/mol),%Abs: Absorption percent, TPSA: Topological polar sur- 

ace area, RB: number of rotatable bonds, HBA: number of hy- 

rogen bond acceptors, HBD: number of hydrogen bond donors, 

V: Number of 5 violations of the Lipinski rule, LogPo/w (iLOGP): 

ipophilicity, BS: Bioavailability score, SA: synthetic accessibility 

nd WS: water solubility. The data obtained are summarized in 

able 11 . While HL 1 and HL 2 obey the Lipinski rule, it is possible to

ay that the metal complexes do not obey only two rules. All com- 

ounds showed good compatibility regarding HBA, HBD and RB pa- 

ameters and all of the compounds were expected to ve absorbed 

n the intesstines at high levels. Although the water solubility of 

he compounds ranged from low to very low. Since the TPSA val- 
10 
es have to be less than the critical threshold 130, only HL 1 and 

L 2 were found to conform this parameter. This case is violated 

ince the molecular weight of the metal complexes is above 500. 

his is also the reason for the%abs. values. However, many of the 

ommercially available molecules violate these rules, they are still 

sed as drugs due to other prominent features. 

Using the SwissADME online tool, the scale of similarity of syn- 

hetic compounds with the drug was used to estimate criteria such 

s lipophilicity, size, polarity, solubility, flexibility, and saturation. 

he ideal situation is that when these properties of the molecules 

re located in the pink region. That is to say when the basic con- 

tant properties are on the radar chart. The biocompatibility radar 

raphs of the compounds are given in Fig. 9 . Except for saturation, 

he radar plot shows whether all the ligands, from which the com- 

lexes are synthesized, are in the pink area. 

For some metal complexes data could not be obtained for some 

f the parameters since their molecular weights are above 500. 

owever, as mentioned above, even for some widely used drug 

ompound these parameters could not be compiled [54] . 

Moreover, the ADME properties of the compounds and their 

oxicity profiles were also investigated in silico . The pkCSM web 

ool [39] was used to obtain this information. Aside from the ADME 

roperties of the compounds, their toxicity profiles were investi- 

ated in silico . The pkCSM web tool was used to obtain this in- 

ormation. This tool can predict lethal dose (LD 50 ), AMES Toxic- 

ty, hERG-I and hERG-II inhibitor, human maximum tolerated dose, 
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Table 11 

Physicochemical and drug-likeliness properties of synthetic compounds according to RO5. 

MW %Abs TPSA( ̊A ²) RB HBA HBD Log Po/w LV BS SA WS 

Rules 

Comp. < 500 > 80 < 130 ≤ 9 ≤ 10 ≤ 5 ≤ 5 ≤ 1 – – –

HL 1 370.65 79.29 86.11 5 2 2 3.30 0 0.55 2.44 −5.61 

CoL 1 2 801.25 57.22 150.08 6 6 3 4.75 2 0.17 6.06 −12.24 

CuL 1 2 805.86 57.22 150.08 6 6 3 4.76 2 0.17 5.99 −12.24 

NiL 1 2 801.01 57.22 150.08 6 6 3 4.75 2 0.55 6.02 −12.24 

HL 2 326.17 74.76 99.25 5 3 2 2.23 0 0.55 2.55 −4.61 

CoL 2 2 712.28 48.16 176.36 6 8 3 2.64 2 0.55 5.93 −9.93 

CuL 2 2 716.89 48.16 176.36 6 8 3 2.64 2 0.55 5.86 −9.93 

NiL 2 2 712.04 48.16 176.36 6 8 3 2.64 2 0.55 5.94 −9.93 

Key: MW : Molecular weight (gr/mol). %Abs : Percentage of absorption. TPSA: Topological polar surface area. RB: number of rotatable bonds. HBA: number of 

hydrogen bond acceptors. HBD: number of hydrogen bond donors. LV: number of Lipinski rule of 5 violations. Log Po/w (iLOGP): Lipophilicity. BS: Bioavailability 

score. SA: Synthetic accessibility [From 1 (very easy) to 10 (very difficult)]. WS: Water solubility. Log S (Insoluable < −10 < Poorly < −6 < Moderately < −4 

< Soluable < −2 Very < 0 < Highly). 
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OAEL, Skin sensitization, T. pyriformis toxicity, Hepatotoxicity, and 

innow toxicity of compounds. 

When the toxicity of the synthetic compounds are investigated, 

t is striking that none of the compounds were found to exhibit 

MES toxicity. The hepatoxic effect of the HL 1 and the metal com- 

lexes derived from this ligand were observed to have negative ef- 

ects while HL 2 and its metal complexes had positive effect. More- 

ver, not all compounds would cause skin sensitization. 

The maximum tolerated dose, which should be ≥ 0.5 log 

mg/kg/day), has values ranging from 0.071 log (mg/kg/day) to 

.495 log (mg/kg/day). Metal complexes of HL 2 had the lowest oral 

cute toxicity on rats, which was an LD 50 value of 2.563 mol/kg. 

n the other hand, metal complexes of HL 1 had the lowest chronic 

ral toxicity on rats with 2.711 logs (mg/kg_bw/day). It was ob- 

erved that all of the compounds showed T. pyriformis toxicity in 

he 0.285 to 1.092 log μg/L range, but since the lowest limit of 

innow toxicity is 0.5 mM only HL 1 and its metal complexes were 

ound not to cause Minnow toxicity. Data regarding the predicted 

oxicity of compounds are given in Table 12 . 

.8. Molecular docking study 

Molecular docking analysis is one of the critical methods used 

n rational drug design, as it can examine the interaction between 
Fig. 9. Bioavailability radar related to the ph

11 
rotein and ligands at the atomic level and predict the most sta- 

le structure and mode of interaction of the complex formed. This 

rovided accurate information on identification and investigation 

f interaction in drug discovery and development [ 41 , 55 ]. Cancer 

evelops due to the mutations built up in critical genes that dis- 

upt the normal processes of cell proliferation, differentiation and 

eath. B-type RAFkinase (BRAF), which is the most frequently mu- 

ated serine/threonine kinase in human cancers, is one of the main 

argets in drug research for cancer treatment [ 56 , 57 ]. Particularly, 

RAF, which is a protein mutated at high frequency in melanoma, 

as become an ideal target for antitumor therapeutic development 

n many types of cancer [58] For this reason, BRAF (V600E) ki- 

ase was selected as the target protein, and molecular docking 

tudy was performed on the active site of BRAF for the synthesized 

olecules [59] . 

The intermolecular interactions between synthetic compounds 

nd the receptor BRAF (4R5Y) were analyzed to reveal the binding 

odes of the best binding poses after molecular docking. 2D and 

D interactions were created to visualize and compare the binding 

odes of the compounds.When the binding affinities of the com- 

ounds are examined, the ligands HL 1 and the metal complexes 

CoL 1 2 and CuL 2 2 - have the highest scores. The values of binding 

ffinities are higher than −8 kcal//mol for all compounds, and it 

s possible to say that the compounds form stable complexes via 
ysicochemical properties of molecules. 
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Fig. 10. 3D and 2D representations of the best pose interactions between the BRAF and compound HL 1 (a), CoL 1 2 (b), CuL 2 2 (c). 

Table 12 

Toxicity evaluation of compounds. 

Compounds 

Parameters HL 1 CoL 1 2 CuL 1 2 NiL 1 2 HL 2 CoL 2 2 CuL 2 2 NiL 2 2 

AMES toxicity No No No No No No No No 

Max. Tolerated Dose 0.071 0.095 0.095 0.095 0.068 0.495 0.495 0.495 

Oral Rat Acute Tox. (LD50) 2.760 2.711 2.711 2.711 2.571 2.563 2.563 2.563 

Chronic Oral Rat Tox. (LOAEL) 1.138 1.110 1.110 1.110 0.504 0.002 0.002 0.002 

Hepatotoxicity No No No No Yes Yes Yes Yes 

Skin Sensitisation No No No No No No No No 

T.Pyriformis toxicity 1.092 0.285 0.285 0.285 0.472 0.285 0.285 0.285 

Minnow toxicity −0.178 −1.081 −1.082 −1.079 2.383 1.057 1.055 1.058 

12 
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Tabe 13 

Interaction and amino acid residues are involved in the inhibition of BRAF summary. 

Comp. Binding affinity (kcal/mol) Type of interaction bond Involved receptor residues 

HL 1 −8.3 HB, EC, HP, PS GLU501, ASP594, TRP531, PHE583, PHE595, LEU505, ALA481, LEU514 

CoL 1 2 −10.0 HB, HP, PS PHE595, GLY534, LYS483 

CuL 1 2 −9.3 HB, HP, PS PHE595, GLU533, PHE583, HIS539, ILE463, LYS473, ALA481, TRP531 

NiL 1 2 −9.9 HB, HP, PS GLY534, GLU533, VAL471, PHE583, ALA543, ILE463, TRP531, TYR538 

HL 2 −8.1 HB, HP, EC ALA481, THR529, LYS483, GLU501, CYS532, ILE527, TRP531, PHE583 

CoL 2 2 −9.0 HB, HP GLY534, TRP531, VAL471, LEU514, ILE463, HIS539, PHE595 

CuL 2 2 −9.9 HP, PS PHE595, PHE583, LEU505, LEU514, LEU505, LYS483, ALA481, CYS532, TRP531, TYR538 

NiL 2 2 −8.7 HB, EC, HP GLU501, GLU594, ASP594, ILE573, LYS483, LEU514, 

Key: HB: hydrogen bond. 

C –HB: Carbon-Hydrogen Bond. 

EC: electrostatic interaction. 

HP: hydrophobic interaction. 

PS: Pi-Sulfur. 
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trong interactions in the active site of the target protein. These 

alues ranged from −8.1 to −10 kcal/mol for all compounds, with 

he highest binding affinity being −10.0 kcal/mol for compound 

oL 1 2 . The binding energies of the compounds, the residues with 

hich they interact and the binding types formed are summarized 

n Table 13 and are given in detail in the supplementary file (Tables 

15–S22). 

When a general evaluation of the complexes was made, it 

as seen that synthetic compounds interact with residues such 

s PHE595, VAL471, CYS532, HIS539, PHE583, ALA481, THR529, 

EU514, VAL482 and GLY464 that determine the active or inac- 

ive state of the BRAF protein. The binding modes for compounds 

earing these amino acids confirm the importance of hydropho- 

ic interaction. This can be explained by the predominance of hy- 

rophobic binding types in the complexation interaction with the 

ctive site of BRAF. The protein-ligand interactions at specific bind- 

ng sites of synthetic compounds are shown in Fig. 10 (a)–(c). 

. Conclusion 

N-((5-bromopyridin-2-yl)carbamothioyl) −2-chlorobenzamide 

HL 1 :C 13 H 9 BrClN 3 OS), N -((5-bromopyridin-2-yl)carbamothioyl) 

uran-2-carboxamide(HL 2 :C 11 H 10 BrN 3 O 2 S) and their transition 

etal (Co (II). Ni (II) and Cu (II)) complexes were synthesized. 

hey were characterized via elemental analysis, DTA-TG, FT-IR, 

V–vis., 1 H NMR and magnetic susceptibility methods. The molec- 

lar structures of the ligands were elucidated via single-crystal 

-ray diffraction. It was observed that while HL 1 crystallizes in the 

onoclinic system with the space group P 2 1 / c, and the number 

ormula in the unit cell were found to be 4, HL 2 crystallizes in 

onoclinic system with the space group P 2 1 /n and the number 

ormula in the unit cell was found to be 4. The unit cell param-

ters for HL 1 were a = 6.694 Å, b = 13.846 Å, c = 15.763 Å.

he unit cell parameters for HL 2 were a = 11.351 Å, b = 8.114 Å,

 = 13.812 Å. The thermal behavior of the compounds was also 

xamined. The synthesized ligands were observed to be thermally 

table up to 119 °C and 134 °C, respectively. The results of the 

agnetic susceptibility studies showed that Cu(II) complexes had 

quare planar geometry while the Co(II) and Ni(II) complexes had 

etrahedral geometry. Cytotoxicity activities of the synthesized 

igands and their complexes were determined via MTT assay 

gainst MCF-7 breast cancer cells. The IC 50 values for MCF-7 

ells were found to be in the range 2.07 μM – 21.7 μM. The 

esults indicated that among all synthesized compounds, the NiL 1 2 
omplex was more cytotoxic when applied at a concentration 

f 2.07 μM for 24 h. The ADMET properties of the compounds 

ere also extensively studied in silico . When the physicochemical, 

harmacological and ADMET properties of HL 1 and HL 2 ligands 

ere evaluated together with drug similarity parameters, it was 

ound out that the compounds exhibited good drug-like behavior. 
13
oreover, molecular docking studies were performed to evaluate 

he binding interactions between the compounds and BRAF (V600E 

protein kinase). The results confirmed that all the synthesized 

ompounds showed high binding affinity and had inhibitory effect 

gainst BRAF (V600E) protein kinase. When the results obtained 

ith all in vitro and in silico approaches in this study are evaluated 

ogether, it can be concluded that the synthesized compounds are 

otent agents. 
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