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ABSTRACT

The ligand 4-(naphthalen-1-yl)-1-((quinolin-2-yl)methylene)thiose-
micarbazide (HL) and its cobalt(lll), nickel(ll) and copper(ll) com-
plexes of type [Co"ML,JCI (1), INi"LJ (2), [Cu'"LCll 3) were
synthesized and structurally characterized by various spectral
techniques. The structure of 2 was confirmed through single-crys-
tal X-ray structure determination. Complex 2 crystallized in the tri-
clinic system with the P-1 space group. HL acts as tridentate
chelate with N,N,S-donor sites. The spectrochemical analysis of all
the complexes showed that, in the case of 1 and 2, the metal-to-
L ratio is 1:2, while in the case of 3, the copper-to-ligand ratio is
1:1. The antitubercular studies of the complexes were explored
in vitro against the Mycobacterium strain, M. H37Rv. Complex 3
has better activity compared to the standard drug pyrazinamide.
Cytotoxicity studies were carried out on human embryonic kidney
cell lines (HEK293). Inhibition of tuberculosis bacteria has
increased upon complexation compared to the free ligand.
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1. Introduction

According to the World Health Organization (WHO), tuberculosis (TB), caused by the
bacillus Mycobacterium tuberculosis (Mtb), is one of the top ten reasons for death
across the globe. In 2019, 10 million TB cases were reported worldwide, of which
more than 1.2 million cases were fatal [1]. Certain TB strains have developed resistance
to the two most potent TB drugs, isoniazid and rifampicin, leading to multi-drug resist-
ant tuberculosis (MDR-TB) [2]. Similarly, some TB strains have also developed resistance
to fluoroquinolone and one of the second-line drugs (amikacin, kanamycin, or capreo-
mycin) in addition to MDR-TB leading to extensively drug-resistant tuberculosis (XDR-
TB) [3]. This makes treating MDR and XDR-TB expensive and complicated, posing a
serious threat to humanity [4-7]. Therefore, many research groups across the world
are working diligently to develop an effective antitubercular treatment [8,9]. In these
studies, molecules derived from the thiosemicarbazide core have exhibited promising
activity as anti-TB agents (Figure 1) [10-12]. The mechanism of action for thiosemicar-
bazone is poorly known. From this chemical class, thiacetazone (one of the oldest and
cheapest second-line drugs available) has given some elusive results on the mechan-
ism of action for the anti-TB drug. It has been shown that thiacetazone affects mycolic
acid synthesis in TB bacteria [13]. In many cases complexation of the ligand having a
thiosemicarbazone scaffold has shown improved activity [14]. Thiosemicarbazide and
its derivatives have a wide range of biological applications. To name a few, these are
used to combat HIV-TB co-infection [15], tumors [16], malaria [17], and fungal infec-
tions [18].

Recently, molecules containing a quinoline core are attracting interest in the
field of TB due to the clinical use of some quinoline derivatives like ciprofloxacin,
mefloquine, bedaquiline (also called TMC-207) as anti-TB drugs (Figure 1) [19,20].
Bedaquiline has entered phase-lll clinical trials and was found effective against the
highly resistant form of tuberculosis strain [21]. A mechanistic study of bedaquiline
revealed that it inhibits the proton pump of M. tuberculosis ATP synthase [22].
Quinolines and their derivatives also have other pharmaceutical applications as
anticancer [23], antimalarial [24], antimicrobial [25], and anti-inflammatory
[26] agents.

Liu et al. reported a novel ligand containing both a thiosemicarbazide and
quinoline moiety and its copper(ll) complex and they have studied its interaction with
calf-thymus DNA by an intercalation mechanism [27]. Adsule et al. explored the anti-
proliferative activity of novel copper(ll) complexes having both a thiosemicarbazide
and quinoline scaffold as proteasome inhibitors in human prostate cancer cells [28].

The above literature laid a path for us to design a ligand and its metal complexes
having thiosemicarbazide and quinoline-base structures as parent molecules (Figure
2), and to explore their pharmaceutical importance. Herein, we report the synthesis
and structural characterization of novel ligand 4-(naphthalen-1-yl)-1-((quinolin-2-yl)me-
thylene)thiosemicarbazide (HL) and its complexes [Co"'Lz]CI (1), [Ni”Lz] (2), and
[Cu"LCI] (3). The molecular structure of 2 was established using single-crystal X-ray
structure determination. The anti-TB activity and cytotoxicity of the synthesized com-
pounds were investigated.
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Figure 1. Molecular structures of reported anti-TB drugs derived from thiosemicarbazide (a-c) and
quinoline (d-f) scaffold.
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Figure 2. The design strategy for HL synthesis.

2. Experimental
2.1. Chemistry

All chemicals used for the syntheses were purchased from SD Fine Chemicals Ltd.
(India) and used without purification. FT-IR was recorded on the KBr pellet from 4000
to 400cm ™' on a Nicolet-6700. 'H and '>*C NMR spectra was recorded on a JEOL ECZ
400 MHz spectrometer in deuterated dimethylsulphoxide (DMSO-de) and values are
expressed in & (in ppm). FLASH EA 1112 model by Thermo Finnigan and Perkin Elmer-
2400 series 2 elemental analyzer were used for elemental analyses. Mass spectra of lig-
and and complexes were recorded on Shimadzu QP210S and Waters SYNAPTG2,
respectively. The molar conductivity measurements were made on a Systronics
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conductivity TDS meter 308. TGA-DTA analyses were carried out on the SDT Q600
V20.9 build-20. UV-vis spectra of compounds were recorded at room temperature on
the JASCO V-670 spectrophotometer. A VARIAN E-112 X-band ESR spectrometer was
used for Electron Spin Resonance (ESR) study.

2.1.1. Synthesis of HL

One of the reactants, 4-(naphthalene-1-yl)thiosemicarbazide, was prepared as in litera-
ture [29]. A methanolic solution of quinoline-2-carboxaldehyde (0.217 g, 1.38 mM) was
added to a methanolic solution of 4-(naphthalene-1-yl)thiosemicarbazide (0.300g,
1.38mM) and the mixture was stirred for 8h at room temperature (RT). The precipi-
tated compound HL was filtered and recrystallized in ethanol. Yield: 0.449g (91%). FT-
IR (KBr), v (cm™'): 3290 (N-H), 3050, 1620, 1591 (C=N), 1555 (-N-C=S), 1500
(C=0Q),1469, 1417,1333 (-N-C=5S), 1269, 1184, 1144, 1090, 1058 (-N-C=5S), 974, 951,
936, 907 (C=S), 828, 804, 777, 745, 639, 611, 560, 528, 474, 449; "H NMR (DMSO-dg,
399.87 MHz), & (ppm): 12.29 (s, 1H), 10.67 (s, 1H), 8.61(d, TH), 8.35 (s, 1H), 8.32 (d, TH),
7.93 (m, 5H), 7.74 (dd, 1H), 7.53 (m, 5H); '>C NMR (DMSO-ds, 100.53 MHz), & (ppm):
178.86, 154.41, 147.85, 143.46, 136.83, 136.11, 134.24, 131.09, 130.55, 129.31, 128.58,
128.48, 128.42, 127.78, 127.73, 127.13, 126.75, 126.67, 126.05, 123.94, 119.03; MS (El)
m/z: calcd. for Cy1Hq6N4S- 356.11; found- 356 [M™]. Anal. calc. for C51HigN4S (%): C,
70.76; H, 4.52; N, 15.72. Found: C, 70.53; H, 4.55; N, 15.42.

2.1.2. Synthesis of [Co"L,]CI (1)

A methanolic solution of cobalt(ll) chloride hexahydrate (0.050g, 0.21 mM) was added
to the hot methanolic solution of HL (0.150g, 0.42 mM) and refluxed for 8 h. The clear
solution obtained was cooled, filtered and kept for evaporation at RT. A brown precipi-
tate was obtained after a few days which was then recrystallized in ethanol. Yield:
0.132g (78%). FT-IR (KBr), v (cm™'): 3290 (N-H), 3051, 1626, 1595 (C=N), 1549
(-N-C=5), 1513 (C=0Q), 1491, 1468, 1421, 1339 (-N-C=S), 1263, 1209, 1114, 1078
(-N-C=S), 1015, 994, 938, 871, 769, 673 (C-S), 597, 491; 'H NMR (DMSO-ds,
399.87 MHz), & (ppm): 11.03 (s, 2H), 9.11 (s, 2H), 8.58 (d, 2H), 8.01(t, 6H), 7.93 (d, 2H),
7.86 (d, 2H), 7.79 (t, 2H), 7.66 (t, 2H), 7.58 (d, 2H), 7.49 (t, 4H), 7.41 (d, 2H), 7.27 (d, 2H);
3C NMR (DMSO-dg, 100.53MHz), & (ppm): 159.75, 153.34, 147.94, 141.87, 135.28,
134.35, 133.93, 130.87, 129.28, 129.09, 128.85, 128.15, 127.04, 126.97, 126.15, 124.80,
124.65, 123.41, 123.21, 123.35, 66.89; ESI-MS (positive mode) m/z: ([Col,]") 769.02.
Anal. calc. for C45H30CICONgS, (%): C, 62.64; H, 3.76; N, 13.92. Found: C, 62.43; H, 3.68;
N, 13.53.

2.1.3. Synthesis of [Ni"L,] (2)

The methanolic solution of nickel(ll) chloride hexahydrate (0.050g, 0.21 mM) was
added to the hot methanolic solution of HL (0.150g, 0.42mM) and refluxed for 8h.
The clear solution obtained was cooled, filtered and kept for evaporation at RT. The
brown precipitate obtained was dissolved in dimethylformamide (DMF) and kept for
evaporation at RT. After several days, single crystals suitable for X-ray crystallography
were obtained. Yield: 0.130g (80%). FT-IR (KBr), v (cm™"): 3296 (N-H), 2963, 2785,
1618, 1596, 1580 (C=N), 1519 (-N-C=S), 1500 (C=C), 1465, 1434, 1390, 1337, 1315
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(-N-C=5S), 1258, 1191, 1134, 1112, 1077, 1042 (-N-C=5S), 1017, 989, 886, 823, 768,
744, 675 (C-S), 602, 562, 487; ESI-MS (positive mode) m/z: ([NiL,-H]") 769.02. Anal.
calc. for C4oHzg NgNiS, (%): C, 65.55; H, 3.93; N, 14.56. Found: C, 65.63; H, 3.81;
N, 14.33.

2.1.4. Synthesis of [Cu"LCI] (3)

To the methanolic solution of HL (0.100g, 0.28 mM), a methanolic solution of
copper(ll) chloride dihydrate (0.048g, 0.28 mM) was added and stirred for 10h at RT.
The precipitate obtained was filtered, washed with small amount of cold methanol
and air dried. Yield: 0.110g (86%). FT-IR (KBr), v (cm™'): 3335 (N-H), 3050, 1591
(C=N), 1525 (-N-C=5S), 1504 (C=C), 1476, 1452, 1431, 1372, 1345 (-N-C=5S), 1282,
1243, 1210, 1143, 1117, 1037 (-N-C=5S), 941, 899, 799, 771, 748, 674 (C-S), 622, 556,
521, 485; ESI-MS (m/z, positive mode): ([CuL-Cl-H]") 417.95. Anal. calc. for
Cy1H15CICUN,S (%): C, 55.50; H, 3.33; N, 12.33. Found: C, 55.65; H, 3.75; N, 12.36.

2.2. X-Ray crystallography

Single-crystal X-ray diffraction data of 2 was obtained at 296K on a Bruker SMART X2S
benchtop CCD area detector diffractometer using a graphite monochromated Mo-Ka
radiation source. The structure was solved on Olex2-1.2 [30] with the ShelXT [31] struc-
ture solution program using Intrinsic Phasing and refined with XL refinement package
[31] using Least Squares Minimization. All non-hydrogen atoms were refined aniso-
tropically. Badly-disordered solvent molecules (DMF) could not be resolved and were
removed using the SQUEEZE routine from Platon [32]. These solvent molecules were
located in special positions with a volume of 417 A® and SQUEEZE indicated that this
corresponds to 84 electrons [2 DMF molecules (DMF, C3H;NO, 40 electrons)]. Mercury-
4.1.3 package was used to generate molecular graphics. CCDC 1972174 contains the
supplementary crystallographic data for this article which is available at https://www.
ccdc.cam.ac.uk/structures/.

2.3. In-vitro antitubercular activity

The antitubercular activity of the compounds was evaluated against the M. tuberculosis
H37Rv strain using Microplate Alamar Blue Assay (MABA) [33]. In brief, 200 uL of sterile
deionized water was added to all outer perimeter wells of a sterile 96-well plate to
minimize the evaporation of the medium in the test wells during incubation. The 96-
well plate received 100 uL of the Middlebrook 7H9 broth and serial dilution of com-
pounds was made directly on the plate. The final drug concentrations tested were
100-0.2 pg/mL. Plates were covered and sealed with parafilm and incubated at 37°C
for five days. After this time, 25uL of freshly prepared 1:1 mixture of Almar Blue
reagent and 10% Tween 80 was added to the plate and incubated for 24 h. The blue
color in the well was interpreted as no bacterial growth, and the pink color was
scored as growth. The minimum inhibitory concentration (MIC) was defined as the
lowest drug concentration which prevented the color change from blue to pink.
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Scheme 1. Synthetic route for HL and its metal complexes.

2.4. Cytotoxicity

Cytotoxicity studies were carried out on the human embryonic kidney cell line, HEK293,
by MTT assay. The cells were seeded at a density of approximately 5 x 10* cells/well in a
96-well flat-bottom microplate and maintained at 37°C in 95% humidity and 5% CO,
overnight. The cells were treated with different concentrations (500, 250, 125, 62.5, 31.25,
and 15.625 pg/mL) of the compounds and incubated for another 48 h. The cells in the
well were washed twice with phosphate buffer solution. 20 uL of the MTT staining solu-
tion (5mg/mL in phosphate buffer solution) was added to each well and the plate was
incubated at 37 °C. After 4h, 100 uL of DMSO was added to each well to dissolve the for-
mazan crystals, and absorbance was recorded at 570 nm using a microplate reader [34].

3. Results and discussion
3.1. Synthesis and characterization

HL was synthesized by condensation of 4-(naphthalen-1-yl)thiosemicarbazide and 2-
quinolinecarboxaldehyde (Scheme 1). Metal complexes were synthesized by reacting
HL and metal salts with an appropriate mole ratio (Scheme 1). The synthesized com-
plexes were characterized by FT-IR, ESI-MS, 'H, and '*C NMR, elemental analyses,
UV-vis spectroscopy, and thermogravimetric analysis. The structure of 2 was deter-
mined by single-crystal X-ray crystallography.

FT-IR spectra of the ligand showed a band at 907 cm™" corresponding to v(C=S).
Upon complexation, this band disappeared and a new band appeared at 673, 675,

1
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4

Figure 3. (a) ORTEP diagram of 2. Hydrogen bonds are omitted for clarity. (b) Packing diagram of
2 showing strong intermolecular hydrogen bonding (2.283 A).

and 674cm™" for 1 2 and 3, respectively, corresponding to v(C-S). This indicated the
participation of thioamide sulfur in coordination [29, 35].

ESI-MS of the complexes in the positive mode were analyzed. Values corresponded
to the proposed structure of the complexes (given in the Experimental section). ESI-
MS of 1 indicated the in situ oxidation of Co(ll)-Co(lll) after complexation [36].

Proton and carbon NMR spectra of HL and 1 were recorded. NMR supported the
diamagnetic nature of 1, as expected for the low spin octahedral Co(lll) complex
[36,37]. In '"H NMR spectrum of HL, phenyl -NH and hydrazone -NH peaks were



Table 1. Selected crystallographic data for 2.
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Empirical formula

CaoH30NgNiS,

Formula weight
Crystal system
Space group
Temperature (K)
Unit cell dimensions:

Volume (A3)

z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.898°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2sigma(l)]
R indices (all data)

Largest diff. peak and hole

769.57

Triclinic

P—1

296(2)

a=12.1764(3) A, o =95.2750(10)°
b=13.5808(3) A, £ =111.3480(10)°
c=14.5921(4) A, 7 =109.9500(10)°
2047.20(9)

2

1.248 Mg/m?

0.615mm™~"

796

1.646-23.898°

“13<h<13, —15<k <15, -15<I1<16
23207

6333 [R(int) = 0.0362]

99.6%

None

Full-matrix least-squares on F?
6333/0/486

1.039

R1=10.0328, wR2 =0.0766

R1 =0.0466, wR2 = 0.0823

0.213 and —0.199 e A3

observed at 12.29 and 10.67 ppm, respectively [38] which was further confirmed by
the D,O exchange experiment. In the NMR spectrum of 1, the phenyl -NH peak suffered
an upfield shift at 11.03 ppm and the disappearance of the hydrazone —-NH peak indicated
the deprotonation during complexation. Azomethine proton of HL at 8.35 ppm underwent
a downfield shift in 1 and was resonated at d =9.11 ppm. In the >*C NMR spectrum of HL
thioamide carbon and azomethine carbon peaks were observed at 178.8 and 154.4 ppm,
respectively. In 1, thioamide carbon has suffered an upfield shift at 6 = 66.8 ppm and azo-
methine carbon has shifted downfield at 159.7 ppm. These observations confirmed the
participation of sulfur and nitrogen in complexation [39].

Molar conductance of all the complexes was measured at room temperature in DMF
with 10> M concentration. Conductance value 76.16 ohm™'cm”mol ™" for 1 showed the
1:1 electrolytic nature of the complex. Complexes 2 and 3 were non-electrolytes with con-
ductance value of 26.30 ohm™'cm?mol™" and 30.99 ohm~'cm?mol ™', respectively [40].

Thermogravimetric analysis of 1 exhibited ligand degradation and chloride elimin-
ation above 200°C which resulted in an exothermic peak around 220°C in DTA [41].
In 3, above 213.35°C a weight loss of 36.77% was observed corresponding to the loss
of part of ligand moiety along with the coordinated chloride as HCl which was
observed as an exothermic peak in DTA.

3.1.1. Crystal structure

Single crystals of 2 were grown by slow evaporation of the complex in DMF at room
temperature. Complex 2 crystallized in the triclinic system with the P-1 space group.
An ORTEP representation of 2 with an atom numbering scheme is shown in Figure
3(a). A summary of the crystallographic parameters is compiled in Table 1. Important
bond lengths and angles are given in Table 2. The geometry around the nickel center
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Table 2. Selected bond lengths (A) and angles (°) for 2.
Selected bond lengths

Bond Length (A) Bond Length (A)
Ni-N(1A) 2.2016(18) Ni-N(1B) 2.2084(17)
Ni-N(2A) 2.0068(18) Ni—-N(2B) 2.0128(17)
Ni-S(1A) 2.4097(6) Ni-S(1B) 2.3951(6)
Selected bond angles

Bond Angle (°) Bond Angle (°)
N(2A)-Ni-N(2B) 174.23(7) N(1A)-Ni-S(1B) 89.29(5)

N(2A)-Ni-N(1A) 77.87(7) N(1B)-Ni-S(1B) 158.08(5)
N(2B)-Ni-N(1A) 107.29(7) N(2A)-Ni-S(1A) 80.39(5)

N(2A)-Ni-N(1B) 104.38(7) N(2B)-Ni-S(1A) 94.57(5)

N(2B)-Ni-N(1B) 78.41(7) N(1A)-Ni-S(1A) 158.05(5)
N(1A)-Ni-N(1B) 91.23(6) N(1B)-Ni-S(1A) 91.26(5)

N(2A)-Ni-S(1B) 97.16(5) S(1B)-Ni-S(1A) 96.39(2)

N(2B)-Ni-S(1B) 80.51(5)

in the complex had a distorted octahedral geometry and the two deprotonated L™
moieties were arranged perpendicular to each other. The average Ni-S and Ni-N bond
distances were 2.4024(6) and 2.1074(17) D, respectively, which were similar to the Ni-
N,S type of complexes reported in the literature [42,43]. The packing diagram showed
a strong intermolecular hydrogen bonding via N(4B)-H(4NB) ... N(3B) between neigh-
boring complex molecules (Figure 3(b)).

3.1.2. Electronic spectral studies

Electronic spectra of HL showed two bands at 342 nm and 357 nm corresponding to
transition in the conjugated m-m-p-m electron system [37]. Upon complexation, these
bands suffered a shift of around 310-320nm (Figure 4) [44,45]. Bands observed at
415nm in 1, 404nm in 2 and 455 nm in 3 were due to ligand-to-metal charge-transfer
(LMCT) transition [46]. A weak band at 682 and 837 in 1 and 2, respectively, indicated
the d-d transition. The stability of the complexes was studied in DMF (10> M). UV-vis
spectra were recorded once immediately after dissolution, then after 4h, 8h and 24 h
of dissolution, and no major changes were observed in the spectra (Figures S18-520).

3.1.3. EPR spectral studies

Copper(ll) complex 3 exhibited an axial EPR spectrum (Figure S18). The calculation
showed the result, g;(2.1750) > g.1(2.0407) > g. (=2.0023). This indicated the square
planar geometry of 3 with an unpaired electron predominantly in dy,_,, orbital
[47,48]. The exchange interaction term (G) was found to be greater than 4 (G =4.497).
This suggested that exchange interaction was not operative in 3 [49]. Also, the value
of g, being less than 2.3 pointed out the considerable metal-to-ligand covalent charac-
ter in the complex [50,51].

3.2. M. tuberculosis H37Rv inhibition

All the synthesized compounds were tested for antitubercular activity against the Mtb
H37Rv strain using MABA [33]. The anti-TB activities of 1 and 2 were higher when
compared to the free ligand HL (Table 3). The inhibition activity of 3 improved
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Figure 4. UV-vis data of ligand and its complexes in DMF with 107> M concentration.

Table 3. Inhibition of M. tuberculosis H37Rv by ligand HL and its complexes 1-3 and their cytotox-
icity studies against human embryonic kidney (HEK293) cell lines. Selectivity index (SI) values
are tabulated.

Antitubercular activity Cytotoxicity Selectivity Index

Compounds MIC (uM) ICs0 (LM) (S

HL 280.55 21591 0.76

1 129.90 173.61 1.33

2 129.94 23532 1.81

3 13.75 217.52 15.82
Pyrazinamide 2538

Streptomycin 10.74

Ciprofloxacin 9.43

significantly with a MIC value of 13.75 uM. This was better than the standard drug pyr-
azinamide (25.38puM) and comparable to streptomycin and ciprofloxacin. Such
increased activity of the metal chelates could be explained based on Tweedy’s chela-
tion theory [52]. Chelation can increase lipophilicity, which in turn helps in the perme-
ability of the moiety through the cell membrane of the target making it easier for the
metal complexes to disturb the cell metabolism and thus restrict further growth of the
organisms [53].

3.3. Cytotoxicity studies

The synthesized compounds were examined for their toxicity on human embryonic
kidney cell lines (HEK293) after incubating for 48 h with concentrations ranging from
500 pg/mL to 15.625 pg/miL. 1Csq values of all the complexes were higher than their
respective MIC values for M. H37Rv inhibition (Table 3). Complexes 1 and 2 showed
around one-fold higher 1Cso values when compared to MIC whereas copper complex 3
showed an almost fifteen-fold increase in ICsy value (217.52 uM) when compared to
the MIC value for TB bacillus (13.75 uM). This suggests that 3 shows promising antitu-
bercular activity.
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Selectivity index (SI) was calculated by dividing the compound’s IC5o value by its
MIC value [54]. HL has SI < 1 and 1 and 2 showed SI > 1. For 3 Sl value was found
to be 15.82 (Table 3). Theoretically, if the Sl value of a compound is more than 10, it
is said to be effective and safe during in vivo treatment of TB infection [55]. This indi-
cated that 3 has the potential to be an effective compound in TB treatment.

4. Conclusion

In this study, cobalt(lll), nickel(ll) and copper(ll) complexes of the novel ligand 4-(naph-
thalen-1-yl)-1-((quinolin-2-yl)methylene)thiosemicarbazide were synthesized and char-
acterized. The molecular structure of 2 was confirmed by single-crystal X-ray
diffraction. Complex 1 has undergone in situ oxidation from Co(ll) to Co(lll). Among
the synthesized compounds, 3 has shown high inhibition of M. H37Rv. The cytotoxicity
value for 1 and 2 is higher by one-fold whereas the cytotoxicity of 3 is fifteen times
higher than the corresponding MIC values. Complexation of the free ligand has
increased the inhibition rate of M. H37Rv, copper complex being the better inhibitor.
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