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A B S T R A C T   

In this study, thiourea derivatives were prepared to identify potentially effective compounds against tuberculosis 
and cervical cancer. The newly synthesized compounds, namely N-(cyclohexyl(methyl)carbomothioyl) benzamide 
(TU1), N-(cyclohexyl(methyl)carbamothioyl)-2-methylbenzamide (TU2), N-(dicyclohexylcarbamothioyl) benzamide 
(TU3), N-(dicyclohexylcarbamothioyl)-4-nitrobenzamide (TU4), N-(diphenylcarbamothioyl) benzamide (TU5), and 
N-(diphenylcarbamothioyl)-4-nitrobenzamide (TU6), were obtained in high purity and yields. The compounds were 
successfully characterized by infrared spectroscopy (IR), ultraviolet-visible spectroscopy (UV-Vis), nuclear 
magnetic resonance (NMR), single crystal X-ray diffractometer (SCXRD), mass spectrometry (MS) and the 
melting points (mp). Crystal structure analyses of TU1, TU2 and TU6 were carried out which showed, that in the 
solid state, the molecules were linked together by intermolecular hydrogen bonds, specifically N–H⋯S and 
C–H⋯O interactions. In-vitro testing against M. tuberculosis (Mtb) revealed compounds TU1 and TU2 to be the 
most potent with MIC90 values of 28.2 and 11.2 μM, respectively. However, compounds TU4, TU5, and TU6, 
with MIC90 values of 80.3, 82.8 and 107.7 µM, respectively, exhibit mild antituberculosis activity, whereas TU3 
with a MIC90 value of 752.7 µM is considered inactive against the Mtb strain. None of the compounds demon-
strated significant selectivity for bacterial cells versus human cells and thus further studies could be dedicated to 
creating derivatives of TU1 and TU2 that are more selective. In vitro biological screening against HeLa cells 
revealed two highly toxic compounds, TU2 and TU6, with respective IC50 values of 12.00 ± 1.21 μM (SI = 1.06) 
and 8.45 ± 1.21 μM (SI = 0.08); and two moderately toxic compounds, TU4 (IC50 = 27.75 ± 1.15 µM; SI = 0.35) 
and TU5 (IC50 = 23.66 ± 1.24 µM; SI = 0.29).   

1. Introduction 

Thiourea, also known as thiocarbamide, is an organosulfur com-
pound with the chemical formula (R1R2N) (R3R4N) C––S. Thioureas act 
as chelating agents [1–4] and have found extensive applications in the 
field of medicines and analytical chemistry ([5,6]) Its derivatives have 
demonstrated significant versatility in various academic, pharmaco-
logical, industrial, biological, commercial, and agricultural applications 

([7,8]). Due to their distinctive chemical properties, these compounds 
can be readily altered as ligands, significantly enhancing their bioac-
tivity. These compounds also exhibit a wide range of biological activ-
ities, including but not limited to their use as anaesthetics agents [9], 
anticarcinogens ([10,11]), anticonvulsants [12], and antitubercular 
agents [13]. 

Tuberculosis, commonly referred to as TB, is an infectious bacterial 
disease caused by Mycobacterium tuberculosis (Mtb). It primarily affects 
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the lungs, considered the primary sites, and subsequently disseminates 
through the circulatory and lymphatic systems to other secondary sites 
such as the liver, bones, spleen, and joints [14–16]. TB is one of the top 
ten causes of mortality and a primary contributor among HIV-positive 
individuals. According to the World Health Organization (WHO) 
report, a large number of deaths worldwide are a result of the spread of 
TB disease caused by a single infectious bacterium. Despite the avail-
ability of various commercial anti-TB drugs, the disease continues to kill 
a large number of people around the world. Furthermore, it has been 
reported that approximately 74 million lives were saved through TB 
diagnosis and treatment between the years 2000 and 2021 [17–19]. The 
management of tuberculosis requires the administration of several an-
tibiotics over an extended duration, which may result in antibiotic 
resistance [20]. This is a significant challenge that becomes more pro-
nounced as the prevalence of multiple drug-resistant tuberculosis 
(MDR-TB) rises. Typically, longer treatment duration is associated with 
the occurrence of side effects and the complexity of the drug regimen 
needs to be increased [21–23]. Although new anti-TB medications [24], 
such as bedaquiline [25] and delamanid [26] (as shown in Fig. 1), have 
been approved, some anti-TB drugs also affect the host’s immune system 
while killing Mycobacteriaceae pathogenic bacteria. Therefore, there is 
an urgent need for novel therapeutic agents with reduced toxicity pro-
files to tackle the proliferation of tuberculosis. 

In the present study, we report the synthesis, characterization (IR, 
NMR, MS, UV-Vis), and crystallography studies for six thiourea ligands 
namely; N-(cyclohexyl(methyl)carbomothioyl) benzamide (TU1), N- 
(cyclohexyl(methyl)carbamothioyl)-2-methylbenzamide (TU2), N- 
(dicyclohexylcarbamothioyl)benzamide (TU3), N-(dicyclohex-
ylcarbamothioyl)-4-nitrobenzamide (TU4), N-(diphenylcarbamothioyl) 
benzamide (TU5), and N-(diphenylcarbamothioyl)-4-nitrobenzamide 
(TU6). The single crystal structure analysis of TU1, TU2 and TU6 were 
also performed. The synthesis and characterization data are enriched by 
the in vitro antimycobacterial studies against the H37RV M. tuberculosis 
strain and cytotoxicity studies in human cells including the HeLa cer-
vical cancer cell line and MCF12A non-tumorigenic breast epithelial cell 
line. There is a possibility that thiourea derivatives may be more effec-
tive as antimicrobial and anticancer agents. However, there is still a 
need for a comprehensive investigation relating to the structure and the 
activity of thiourea derivatives as well as their stability under biological 
conditions. 

2. Experimental 

2.1. Material and measurements 

Unless specified otherwise, analytical reagents used for the prepa-
ration and characterization of compounds were bought from Sigma 
Aldrich and Strem Chemicals. Solvents and reagents utilized for 

synthetic purposes were used as received without any additional puri-
fication, except when drying was necessary. All reagents or chemical 
reactions that required anaerobic or oxygen-free conditions were per-
formed using argon or nitrogen gas. For infrared characterization, Per-
kinElmer spectrometer spectrum Two (UATR Two) was used to record 
the absorption of the compound. The IR is coupled to a computer and is 
equipped with a temperature cell regulator (accurate to 0.3 ◦C). All the 
infrared spectra of synthesized compounds were recorded at room 
temperature and solid samples were analysed. IR absorption was 
recorded in wave number (cm− 1) on KBr pellets between 4000 and 400 
cm− 1. All the NMR data were obtained from a Varian Gemini400 
(operating at 400 and 100 MHz for 1H and 13C, respectively) spec-
trometer at room temperature, using acetone (D6) as the solvent. The 
chemical shifts (δ) are reported in ppm with 1H and 13C spectra pri-
marily calibrated relative to the residual deuterated solvents acetone-d6 
(δH = 2.05 and δc = 29.8; 206.3 ppm). All coupling constants (J) are 
reported in Hertz (Hz). A PerkinElmer Lambda XLS+ Ultra-violet/ 
Visible (UV/Vis) spectrometer was used to collect UV/Vis data in 
methanol solvent, using a 1.000 ± 0.001 cm quartz cuvette cell. Waters 
Synapt G2, ESI probe, ESI Pos, and Cone Voltage 15 V were used for the 
determination of quasi molecular ion, MS. 

2.2. General procedure for the synthesis of thiourea ligands 

The ammonium thiocyanate (17 mmol) was dissolved in hot acetone 
(10 mL) and the substituted benzoyl chloride (17 mmol, R = H, NO2, 
CH3) was added dropwise while stirring. The reaction mixture was 
filtered after 20 min, and the carbonyl isothiocyanate filtrate was 
collected and heated at 65 ◦C for 30 min [27,28]. Thereafter, solutions of 
3 x secondary amine (N-methylcyclohexylamine, dicyclohexylamine, 
diphenylamine) were added slowly to the heated carbonyl isothiocya-
nate, as shown in Scheme 1. The resultant reaction mixtures were 
allowed to stir for 30 min at room temperature. On completion, as 
confirmed by TLC, the thiourea ligands were precipitated with distilled 
water, collected by filtration, and washed with water. The final products 
were then recrystallized from n-hexane and ethyl acetate solutions (7:3) 
and obtained yields ranging from 73 to 89 %. 

N-(cyclohexyl(methyl)carbomothioyl) benzamide [TU1]: White crys-
tals. Yield: 73 %. m.p.: 145.9-146.8 ◦C IR: ѵmax (cm− 1) = 3317 (N–H), 
2929 (C–Hasym), 2855 (C–Hsym), 1682 (C––O), 1287 (C–N), 1140 
(C––S), 1086, 1077 and 1044 (C–N). 1H NMR (Acetone-d6, 400 MHz, 
ppm): δH 9.49 (s, 1H), 8.01 (d, J = 7.1 Hz, 2H), 7.60 (t, J = 1.3 Hz, 3H), 
3.33 (s, 2H), 1.72 – 1.49 (m, 4H), 1.41 (q, J = 13.0 Hz, 3H), 1.24 (t, J =
13.1 Hz, 2H). 13C NMR (Acetone-d6,100 MHz, ppm): δc 181.2, 164.2, 
134.2, 133.3, 129.4, 129.1, 128.9, 63.2, 36.5, 34.8, 30.8, 29.6, 26.4. UV- 
Vis (CH3OH): ε (λmax = 223 nm) = 1497 M− 1cm− 1. HRMS (ES+): 
277.1385 [M + H]+ (found), 276.1296 (calculated from C15H20N2OS). 

N-(cyclohexyl(methyl)carbamothioyl)-2-methylbenzamide [TU2]: 

Fig. 1. Structures of new approved anti-TB drugs ([25,26]).  

L. Makhakhayi et al.                                                                                                                                                                                                                           



Journal of Molecular Structure 1314 (2024) 138818

3

White crystals. Yield: 89 %. m.p.: 156.0-156.9 ◦C. IR: ѵmax (cm− 1) =
3258 (N-H), 2932 (C-Hasym), 2860 (C-Hsym), 1689 (C––O), 1284 (C–N), 
1179 (C––S), 1084, 1069 and 1043 (C–N). 1H NMR (Acetone-d6, 400 
MHz): δ 8.79 (s,1H), 7.23 (d, J = 7.8 Hz, 1H), 7.06 (td, J = 7.5, 1.5 Hz, 
1H), 6.94 (dd, J = 13.7, 7.3 Hz, 2H), 2.99 (s, 3H), 2.21 (s, 3H), 2.10 (s, 
1H), 1.69 (d, J = 56.0 Hz, 2H), 1.55 – 1.26 (m, 4H), 1.26 (qd, J = 12.3, 
3.8 Hz, 2H), 1.11 (dd, J = 14.1, 4.9 Hz, 1H). 13C NMR (Acetone-d6,100 
MHz, ppm): δ 180.8, 166.3, 137.8, 136.1, 131.8, 131.2, 128.6, 126.5, 
63.1, 36.5, 35.0, 30.8, 26.6, 26.2, 25.2, 20.2. UV-Vis (CH3OH): ε (λmax =

228 nm) = 1281.4 M− 1cm− 1. HRMS (ES+): 291.1531 [M + H] +, 
(found), 290.1453 (calculated from C16H22N2OS). 

N-(dicyclohexylcarbamothioyl) benzamide [TU3]: Yellow crystals. 
Yield: 81 %. m.p.: 151.4-152.2 ◦C. IR: ѵmax (cm− 1) = 3261 (N-H), 2928 
(C-Hasym), 2852 (C-Hsym), 1688 (C––O), 1288 (C–N), 1143 (C––S), 
1070, 1042 and 1038 (C–N). 1H NMR (Acetone-d6, 400 MHz, ppm): δ 
9.03 (s,1H) 8.06 – 7.98 (m, 3H), 7.56 – 7.48 (m, 3H), 1.89 (s, 1H), 1.85 – 
1.72 (m, 10H), 1.67 – 1.57 (m, 4H), 1.34 (s, 3H), 1.25 – 1.10 (m, 4H). 13C 
NMR (Acetone-d6,100 MHz, ppm): δ 182.4, 165.9, 134.8, 133.0, 132.8, 
129.4, 129.1, 128.8, 54.1, 31.4, 30.6, 26.8, 26.2, 26.1, 25.4. UV-Vis 
(CH3OH): ε (λmax = 243 nm) = 4084.3 M− 1cm− 1. HRMS (ES+): 
345.2015 [M + H]+, (found), 344.1922 (calculated from C20H28N2OS). 

N-(dicyclohexylcarbamothioyl)-4-nitrobenzamide [TU4]: Yellow 
crystals. Yield: 89 %. m.p.: 154.7–155.2 ◦C. IR: ѵmax (cm− 1) = 3350 
(NH), 2978 (C-Hasym), 2865 (C-Hsym), 1690 (C––O), 1540 (Ar-NO2 asym), 
1364 (Ar-NO2 sym), 1290 (C–N), 1166 (C––S), 1088, 1169 and 1056 
(C–N). 1H NMR (Acetone-d6, 400 MHz, ppm): δ 8.03 (s.1H), 8.00 (d, J =
17.8 Hz, 2H), 7.88 (m, 3H), 3.06 – 2.86 (m, 2H), 1.88-177 (m, 3H), 1.57 
(d, J = 8.5 Hz, 5H), 1.41 (dt, J = 12.6, 3.6 Hz, 3H), 1.22 (td, J = 11.4, 
10.4, 2.6 Hz, 3H), 1.21 – 1.14 (m, 4H), 1.01 – 0.94 (m, 2H). 13C NMR 
(Acetone-d6,100 MHz, ppm): δ 182.4, 166.0, 151.5, 139.1, 134.8, 133.1, 
130.4, 129.7, 129.4, 128.8, 54.1, 31.2, 30.6, 26.7, 26.1, 25.3. UV-Vis 
(CH3OH): ε (λmax = 228 nm) = 1251.7 M− 1cm− 1. HRMS (ES+): 
390.1861 [M + H]+, (found), 389.1773 (calculated from C20H27N3O3S). 

N-(diphenylcarbamothioyl) benzamide [TU5]: Yellow crystals. 
Yield: 85 %. m.p.:154.3-155.2 

◦

C. IR: ѵmax (cm− 1) = 3224 (N-H), 2931 
(C-Hasym), 2854 (C-Hsym), 1690 (C––O), 1283 (C–N), 1184 (C––S), 
1083, 1054 and 1038 (C–N). 1H NMR (Acetone-d6, 400 MHz, ppm): δ 
9.99 (s, 1H), 7.86 – 7.70 (m, 2H), 7.65 – 7.47 (m, 1H), 7.34 (m, 9H), 7.26 
– 7.12 (m, 3H). 13C NMR (Acetone-d6,100 MHz, ppm): δ 184.2, 163.1, 
146.3, 143.8, 135.4, 133.3, 133.2, 132.3, 132.3, 130.3, 129.3, 129.1, 
129.0, 128.3, 128.0, 127.1, 126.9, 120.1, 117.2. UV-Vis (CH3OH): ε 
(λmax = 220 nm) = 4188.3 M− 1cm− 1. HRMS (ES+): 333.1068 [M + H]+, 
(found), 332.0983 (calculated from C20H16N2OS). 

N-(diphenylcarbamothioyl)-4-nitrobenzamide [TU6]: Yellow crys-
tals. Yield: 79 %. m.p.: 156.3-157.2 ◦C. IR: ѵmax (cm− 1) = 3286 (NH), 
2944 (C-Hasym), 2876 (C-Hsym), 1689 (C––O), 1533 (Ar-NO2 asym), 1356 
(Ar-NO2 sym), 1279 (C–N), 1134 (C––S), 1092, 1064 and 1058 (C–N). 
1H NMR (Acetone-d6, 400 MHz, ppm): δ 8.46 (s, 1H), 8.31– 8.19 (m, 
2H), 8.17 (d, J = 8.4 Hz, 2H), 8.11 (d, J = 8.4 Hz, 2H), 7.99 – 7.69 (d, J =
7.5 Hz, 3H), 7.52 (d, J = 7.3 Hz, 3H), 7.46 – 7.10 (m, 2H). 13C NMR 
(Acetone-d6,100 MHz, ppm): δ 184.2, 162.6, 151.0, 147.0, 139.6, 131.2, 
130.8, 130.6, 130.0, 129.7, 128.7, 128.0, 127.1, 126.8, 125.5, 124.6, 
124.3, 123.9, 121.0, 118.0. UV-Vis (CH3OH): ε (λmax = 225 nm) = 1087 
M− 1cm− 1. HRMS (ES+): 378.0912 [M + H]+, (found), 377.0834 
(calculated from C20H15N3O3S). 

2.3. Single-crystal X-ray crystallography 

Single crystals of TU1, TU2, and TU6 were analysed on a Rigaku 
XtaLAB Synergy R diffractometer [29], with a rotating-anode Mo/Cu 
X-ray source and a HyPix CCD detector. Data reduction and absorption 
were carried out using the CrysAlisPro (version 1.171.40.23a) software 
package. All X-ray diffraction measurements were performed at 150.0 
(2) K, using an Oxford Cryogenics Cryostat. All structures were solved by 
direct methods with SHELXT-2013 [30] using the OLEX2 [31] interface. 
For data collection and refinement parameters, see Table 1. The 

DIAMOND [32] and Mercury [33] software were utilized to obtain the 
molecular visual depiction of the crystal structures. Thermal ellipsoids, 
depicting structures, are presented at a 50 % probability. The aniso-
tropic refinement was applied to all atoms except for hydrogen, which 
had its isotropic displacement parameters fixed at Uiso (H) = 1.2 Ueq I, 
allowing them to ride on the parent atom. The X-ray crystallographic 
coordinates for all structures have been deposited at the Cambridge 
Crystallographic Data Centre (CCDC), with deposition numbers 
CCDC-2298808 (TU1), CCDC-2295487 (TU2), CCDC-2298807 (TU6). 
The data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

2.4. Antimycobacterial assay 

The antimicrobial activity of the various compounds against the 
H37Rv strain of M. tuberculosis was tested in triplicate using microbroth 
dilution assays. Microtiter plates were then set up using 96 well plates 
containing 12 rows. Antibiotic stocks containing 4 × the initial con-
centration (4 mg/mL) required for the first row in the plate were set up, 
and 100 μL of the stock was inoculated into the first row. Thereafter, 50 
μL of media was inoculated into rows 2 to 12, then a 50 μL aliquot of the 
antibiotic stock from row 1 was inoculated into row 2, mixed, and 50 μL 
was removed from row 2 and inoculated into row 3. This was done 
through to row 12, and a 50 μL aliquot was removed from the last row 
and discarded. 

The inoculum was diluted 10-fold, and a 50 μL aliquot was added to 
each well. These plates were sealed and incubated at 37 ◦C for 14 days. 
Following this, 30 µL of a 0.02 % resazurin solution was aliquoted into 
each well, after which the plates were incubated at 37 ̊ C overnight. 
Microbial growth was measured by observing the resazurin colour 
change from blue to pink. In addition to the compounds tested, 
Ethambutol was included as a positive control, and broth and solvent as 
negative controls. The 90 % minimum inhibitory concentration (MIC90) 

Table 1 
Crystal data and structure refinement for TU1, TU2, and TU6.  

Crystallographic data (TU1) (TU2) (TU6) 

Empirical formula C15H20N2OS C16H22N2OS C20H15N3O3S 
Formula weight (g.mol− 1) 275.38 290.15 377.4 
Temperature (K) 150.0(2) 150.0(2) 150.0(2) 
Wavelength (Å) 1.54184 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Triclinic 
Space group Р21/c Р21/c P-1 
a (Ǻ) 5.531(10) 7.9426(3) 6.8186(2) 
b (Ǻ) 13.514(2) 23.3394(5) 10.03181(2) 
c (Ǻ) 19.571(3) 8.9398(3) 13.2816(3) 
α (◦) 90 90 89.529(2) 
β (◦) 94.76(10) 112.789(4) 78.134(2) 
γ (◦) 90 90 89.102(2) 
Volume(Å3) 1457.86(4) 1527.85(9) 888.96(4) 
Z 4 4 2 
ρcalc (g.cm− 3) 1.255 1.308 1.406 
μ (mm− 1) 1.915 0.283 0.209 
F (000) 588 640 390 
θ range (̊) 3.986-78.810 2.621-30.752 2.559-30.941 
Index ranges − 7 ≤ h ≤ 5 

− 16 ≤ k ≤ 16 
− 24 ≤ l ≤ 24 

- 10≤ h ≤ 9 
- 33 ≤ k ≤ 28 
- 12 ≤ l ≤ 12 

-8 ≤ h ≤ 8 
- 13 ≤ k ≤ 10 
- 16 ≤ l ≤ 17 

Reflections collected 17873 21251 10698 
Reflections with I > 2σ(I) 3 043 4025 4318 
Rint 0.0430 0.0300 0.0303 
Completeness % 99.8 100 98.7 
Data/restraints/parameters 3043/0/172 4025/0/183 4318/0/244 
GooF 1.066 1.054 1.071 
R [I > 2σ(I)] R1 = 0.0488 

wR2 = 0.1355 
R1 = 0.0351 
wR2 = 0.0880 

R1 = 0.0389 
wR2 = 0.0945 

R (all data) R1 = 0.0528 
wR2 = 0.1385 

R1 = 0.0414 
wR2 = 0.0909 

R1 = 0.0500 
wR2 = 0.1002 

Largest diff. peak and hole 
(e. Å− 3) 

0839 and 
-0.510 

0.389 and 
-0.447 

0.358 and 
-0.364  
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was interpreted as the lowest concentration inhibiting a colour change 
from blue to pink [34]. 

2.5. Resazurin assay 

A resazurin assay was used to determine cell viability and the IC50 
values of the compounds, in the HeLa cervical cancer cell line (ATCC 
CCL-22), and a non-tumorigenic breast epithelial `cell line MCF12A 
(ATCC: CRL-10782). The cells were seeded at a density of 5000 cells/ 
well in a 96-well plate and allowed to attach overnight at 37 ◦C and 9 % 
CO2 in a humidified incubator. The cells were then treated for 96 h at a 
concentration range of 15.63 to 500.00 µM. Resazurin (0.54 μM) was 
added to the wells and the cells were incubated for 2–4 h at 37 ◦C in 9 % 
CO2. Fluorescence readings were obtained on a Spectramax spectro-
photometer (excitation and emission wavelength set at 560 nm and 590 
nm, respectively) ([35,36]). The assay was performed in triplicate and 
the data was analysed using GraphPad Prism Inc., (USA) with 
half-maximal inhibitory concentration (IC50 values) determined by 
non-linear regression. Selectivity indices were calculated as the ratio of 
IC50 values in the human cell line over that of the MIC90 against Mtb, 
where a value of 1 indicates that compounds are equally toxic to human 
and Mtb cells, and a value >1 indicates selectivity for human cells over 
Mtb, where an SI > 2 is preferred in terms of true selectivity. 

3. Results and discussions 

3.1. Single crystal X-ray studies 

Single crystals were obtained by slow evaporation of a methanol 
solution of TU1, TU2 and TU6 yielding the subsequent molecular 
structures . The molecular structures of the titled compounds are shown 
in Fig. 2, bond length, bond angles and torsion angles are given in 
Table 2 and hydrogen bonds in Table 3. 

The bond lengths and angles are normal and agree with those ex-
pected from the thiourea derivatives ([37,38]). The bond length of 
O1—C1 and S1—C2 shows a typical double bond character with the 
bond length of 1.216(2), 1.218(14) 1.214(18) Å, and 1.680(2), 1.677 
(11), 1.666(13) Å, for TU1, TU2 and TU6, respectively. The C—N bond 
lengths of the compound are all shorter than the average single C—N 
bond length, which is C2—N1 = 1.331(2), 1.328(14), 1.349(17) Å, 
C3—N1 = 1.465(3), 1.468(14), 1.228(17) Å, C1—N2 = 1.388(2), 1.385 
(14), 1.389(17) Å and C2—N2 = 1.401(2), 1.405(14), 1.395(17) Å for 
TU1, TU2 and TU6, respectively as shown in Table 2. This shows 
different degrees of single-bond characters. The elongation of C2—N2 
relative to C2—N1 corresponds to other reported thiourea derivatives 
([37,38–45]) and is due to the electron-withdrawing effect on the 
carbonyl group. The bond angles of O1—C1—N2 are 123.78(18), 
121.75(11) and 122.99(12) ⁰ for TU1, TU2 and TU6 respectively, 
whereas the thiocarbonyl bond angles for N2—C2—S1 are 117.77(14), 
117.58(8) and 120.35(10) ⁰ and for N1—C2—S1 are 125.45(15), 125.90 
(9) and 123.60(10) ⁰ for TU1, TU2 and TU6 respectively, which 

Fig. 2. Molecular structures of TU1, TU2, and TU6. Thermal ellipsoids are shown at a 50 % probability level, with hydrogen atoms removed for clarity.  
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correlates with reported structures ([46,47]). Table 3 shows the intra-
molecular and intermolecular hydrogen bonding of the compounds. 
TU1 has one intramolecular hydrogen bond from C3—H3C⋯O1, ??? 

with a length of 2.852(2) Å and one intermolecular hydrogen bond from 
C3—H3B⋯O1 with a length of 3.216(3) Å. TU2 has three intra-
molecular bonds from C3—H3B⋯O1, C3—H3C⋯N2 and C4—H4⋯S1 
with a bond length of 2.8846(16) Å, 2.7586(16) Å and 3.0697(12) Å, 
respectively. The intramolecular hydrogen bonds in the structure form a 
5-membered ring and a 7-membered ring structure. Furthermore, the 
structure is again stabilized by an intermolecular hydrogen bonding 
from N2—H2⋯S1 with a bond length of 3.3676(11) Å thus forming an 
8-membered ring with S1, C1, N2, and H2 atoms of the molecule. TU6 
shows that the structure is stabilized by the intermolecular hydrogen 
bonding of the type N–H⋯S with distances of 3.3813(13) Å, thus 
forming an 8-membered ring with S1, C2, N2, and H2 atoms of the 
molecule resulting in dimer related by an inversion centre as shown in 
Figure S9. 

3.2. FT-IR studies 

The synthesized thiourea ligands show strong and broad absorption 
bands between 3350 and 3224 cm− 1 attributed to the stretching vibra-
tion of ѵ(NH). The C–H stretching vibrations of the TU1, TU2, TU3, 

Scheme 1. Synthesis of thiourea ligands.  

Table 2 
Selected bond length and bond angles of TU1, TU2 and TU6.  

Bond length, Å TU1 TU2 TU6 

S1–C2 1.680(2) 1.677(11) 1.666(13) 
O1–C1 1.216(2) 1.218(14) 1.214(18) 
N1–C2 1.331(2) 1.328(14) 1.349(17) 
N1–C3 1.465(3) 1.468(14) 1.448(17) 
C1–N2 1.388(2) 1.385(14) 1.389(17) 
C2–N2 1.401(2) 1.405(14) 1.395(16) 
Bond angles, ⁰⁰    
C2–N1–C3 122.16(17) 122.65(10) 123.78(11) 
O1–C1–N2 123.78(18) 121.75(11) 122.99(12) 
N1–C2–N2 116.73(17) 116.51(10) 116.00(11) 
N1–C2–S1 125.45(15) 125.90(9) 123.60(10) 
N2–C2–S1 117.77(14) 117.58(8) 120.35(10) 
C1–N2–C2 126.01(16) 124.91(10) 124.22(12)  

Table 3 
Summary of the hydrogen interaction bond lengths (Å) and angles (̊) of the crystallized compounds.  

Compound D—H⋯A 
(Å) 

D—H 
(Å) 

H⋯A (Å) D⋯A 
(Å) 

D—H⋅⋅⋅A (̊) Symmetry 

TU1 C3—H3B⋯O1 0.98 2.58 3.216(3) 123 1+x, y, z  
C3—H3C⋅⋅⋅O1 0.98 2.06 2.852(3) 136 x, y, z 

TU2 N2—H2⋯S1 0.88 2.68 3.3676(11) 136 1-x, 1-y, 1-z  
C3—H3B⋅⋅⋅O1 0.98 2.47 2.8846(16) 105 x, y, z  
C3—H3C⋯N2 0.98 2.39 2.7586(16) 102 1-x, 1-y, 1-z  
C4—H4⋯S1 1.00 2.55 3.0697(12) 112 x, y, z 

TU6 N2—H2⋅⋅⋅ S1 0.88 2.56 3.3813(13) 156 -x, 1-y, 1-z  
C16—H16 ⋯O3 0.95 2.54 3.2357(19) 130 1+x, y, z  
C19—H19⋯O1 0.95 2.43 3.1591(17) 133 1+x, y, z  
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TU4, TU5 and TU6 were observed in the 2978–2854 cm− 1 range. The 
carbonyl group (C––O) stretching vibrations were observed as intense 
bands in the range 1690-1682 cm− 1. The bands observed in the 
1290–1279 cm− 1 range belong to C–N stretching vibrations. The C––C 
stretching vibrations of the aromatic rings were observed as multiple 
bands in the range of 1602–1560 cm− 1. The bands observed at 1540 and 
1533 cm− 1 on TU4 and TU6 are assign to asymmetric vibrations of Ar- 
NO2, showing the substituent on the benzoyl ring. The symmetrical vi-
bration observed at 1364 and1356 cm− 1 are attributed to the p-NO2 
substituent on TU4 and TU6 respectively [48–52]. The IR spectra of the 
thiourea derivatives are given in Figure S1 and S2 (Supplemental 
Materials). 

3.3. NMR studies 

The 1H and 13C NMR data for the synthesized thiourea ligands were 
consistent with the proposed structures that were previously reported in 
the literature ([53,54]). The 1H NMR spectrum of all ligands exhibited a 
singlet signal in the region of δ 9.99 and 8.03 ppm, which were assigned 
to the N-H proton. The multiplet signals ranging from δ 8-6 ppm were 
assigned to protons of an aromatic ring; slight variations were observed 
because of the difference in their chemical shifts. The most upfield 
protons in the 1H NMR spectra of the ligands (TU1, TU2, TU3, and TU4) 
appeared as multiplet signals between δ 2.50-0.94 ppm, from the 
cyclohexyl group on the compounds. The other aliphatic protons signals 
(N-CH, N-CH2) appeared downfield compared to the cyclohexyl signals 
as shown in Figures S3 and S4. Figure S5 and S6 showed the 13C NMR 
spectrum of the synthesized compounds. The most de-shielded signals 
correspond to C––S and C––O groups. The C––S carbon atom for TU1, 
TU2, TU3, TU4, TU5, and TU6 are ẟC = 181.2, 180.8, 182.4, 182.4, 
182.2, and 184.2 ppm respectively. However, carbonyl group signals 
appeared at ẟC = 164.2, 166.3, 166.0, 166.0, 163.2, and 162.6 ppm for 
TU1, TU2, TU3, TU4, TU5, and TU6, respectively, due to the existence 
of intramolecular hydrogen bond interaction related to the carbonyl 
oxygen atom [55]. The formation of intramolecular hydrogen bonding 
increases the electronegativity of oxygen and sulphur atoms in different 
environments and conformations cause deshielding effects for these 
signals. Meanwhile, the aromatic carbon resonances were found be-
tween 120.1–146.3 ppm, corresponding to the benzene rings in the 
synthesized compounds. 

3.4. In vitro antimycobacterial studies 

The six compounds were subjected to in-vitro antimycobacterial 
screening against the H37RV M. tuberculosis strain using microbroth 
dilution assays. The 90 % Minimum Inhibitory Concentration (MIC90) is 
defined as the lowest concentration of a compound required to inhibit 
90 % of bacterial growth [56]. Table 4 displays the MIC90 values for the 
thiourea ligands and ethambutol, five of these compounds displayed 
activity against Mtb. Compounds TU1 and TU2, consisting of the mon-
ocyclohexyl group, were the most active among the tested compounds, 
with MIC90 of 28.3 and 11.3 μM, respectively. Compounds TU4, TU5, 
and TU6, which have MIC90 values of 80.3, 82.8 and 107.7 µM, 
respectively are considered to exhibit mild antituberculosis activity, 
whereas TU3 with an MIC90 value of 752.7 µM is considered inactive. 
Based on the obtained results, it is evident that the different moieties 
brought about by the reacted secondary amines significantly influenced 
the antituberculosis activity, with the monocyclohexyl group being the 
most promising compared to the dicyclohexyl and diphenyl groups. 
Moreover, introducing the electron-donating o-methyl group in TU2 
appears beneficial compared to the electron-withdrawing p-NO2 group 
in TU4 and TU6. Dogan and co-workers synthesized N-pyridine-N′-aryl 
thiourea derivatives introducing (substituted) phenyl/naphthyl rings 
into the structure of the compounds. Based on the results derived from 
the investigation, it was observed that two compounds, which under-
went halogen and nitro group substitutions, had reasonable efficacy as 

antimycobacterial agents. These compounds demonstrated a MIC value 
≤ 1.56 μM, distinguishing them from the remaining derivatives. In 
addition, it was observed that the activity of the compounds was com-
parable to that of Ethambutol (7.6 μM), which served as a reference 
standard. The addition of chlorine, bromine, iodine, and nitro atoms 
resulted in a significant reduction in the MIC values as compared to 
unsubstituted phenyl/naphthyl. Moreover, the absence of substitutions 
on the phenyl/naphthyl ring resulted in the loss of the compounds’ 
antitubercular efficacy [57,58]. 

3.5. In vitro anticancer studies 

The IC50 or half-maximal inhibitory concentration, values were 
calculated to evaluate the toxicity of the compounds studied against 
human cells and to predict their therapeutic potential (see Table 4). The 
compounds, TU1, TU2, TU3, TU4, TU5 and TU6 displayed IC50 values 
of 36.89, 12.0, 71.76, 27.75, 23.66 and 8.45 μМ, respectively against 
HeLa cell lines and 11.62, 9.34, 44.95, 45.71, 60.80 and 2.49 μM, 
respectively against the MCF12A. Overall, the compounds were not se-
lective for Mtb over either of the human cell lines, as indicated by 
selectivity indices of < 1 in most cases. Only TU1 and TU2 displayed SI 
values greater than 1 in HeLa cells (1.3 and 1.06). TU3 and TU6, on the 
other hand, were significantly (>10x) more toxic to human cells than 
Mtb bacterial cells (SI = 0.10 and 0.06 for TU3 in HeLa and MCF12A, 
respectively, and 0.08 and 0.02 for TU6 in HeLa and MCF12A, respec-
tively). The results reveal that TU1 and TU2, the most potent against 
Mtb, are also toxic to human cells and the concentrations used to achieve 
90 % inhibition of Mtb would result in approximately 50 % inhibition of 
human cells. 

4. Conclusion 

All the compounds were synthesized and obtained with a high degree 
of purity and yields using a straightforward synthetic methodology. The 
synthesized compounds showed similar structural parameters with 
other comparable thiourea derivatives. The molecules were linked 
together through intermolecular hydrogen bonds, specifically N–H⋯S 
and C—H⋯O interactions. Given the significant global mortality caused 
by tuberculosis, the identification and development of novel drugs 
exhibiting unique structural and mechanistic characteristics is para-
mount. The influence of the molecular structure on the microbial ac-
tivity of the compounds was noted, with the compounds containing the 
monocyclohexyl group being more active than those with dicyclohexyl 
and diphenyl groups. In addition, the compound possessing the electron- 
donating o-methyl group on the benzoyl ring exhibited significant 
antimicrobial properties compared to those with the electron- 
withdrawing p-NO2 group. Thus, compounds TU1 and TU2 offer the 

Table 4 
MIC90 values of antimycobacterial activity of thiourea ligands and the IC50 data 
of cervical cancer (HeLa) and breast epithelial cells (MCF12A).  

Compounds MIC (μg/mL) MIC (μM) HeLa (μM) 
SI 

MCF12A (μM) 
SI 

TU1 7.80 28.26 36.89 ± 1.23 
1.30 

11.62 ± 1.16 
0.41 

TU2 3.90 11.33 12.00 ± 1.21 
1.06 

9.34 ± 1.14 
0.82 

TU3 250 752.76 71.73 ± 1.38 
0.10 

44.95 ± 1.21 
0.06 

TU4 31.25 80.30 27.75 ± 1.15 
0.35 

45.71 ± 1.21 
0.57 

TU5 31.25 82.87 23.66 ± 1.24 
0.29 

60.80 ± 1.23 
0.73 

TU6 31.25 107.70 8.45 ± 1.21 
0.08 

2.49 ± 1.23 
0.02 

Ethambutol 1.95 9.56   

*SI = selectivity index 
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most promise and may be used as hit compounds in designing more 
efficacious and selective derivates. 
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[12] O. Özbek, M.B. Gürdere, A review on the synthesis and applications of molecules as 
anticonvulsant drug agent candidates, Med. Chem. Res. 29 (2020) 1553–1578. 
https://link.springer.com/article/10.1007/s00044-020-02595-4. 

[13] M. Tapera, H. Kekeçmuhammed, K. Sahin, V.S. Krishna, C. Lherbet, H. Homberset, 
E. Sarıpınar, Synthesis, characterization, anti-tuberculosis activity and molecular 
modeling studies of thiourea derivatives bearing aminoguanidine moiety, J. Mol. 
Struct. 1270 (2022) 133899–133942, https://doi.org/10.1016/j. 
molstruc.2022.133899. 

[14] M.G. Moule, J.D. Cirillo, Mycobacterium tuberculosis dissemination plays a critical 
role in pathogenesis, Front. Cell. Infect. Microbiol. 10 (2020) 1–12, https://doi. 
org/10.3389/fcimb.2020.00065. 

[15] S.K. Sharma, A. Mohan, A. Sharma, D.K. Mitra, Miliary tuberculosis: new insights 
into an old disease, Lancet Infect. Dis. 5 (2005) 415–430, https://doi.org/10.1016/ 
S1473-3099(05)70163-8. 

[16] I. Smith, Mycobacterium tuberculosis pathogenesis and molecular determinants of 
virulence, Clin. Microbiol. Rev. 16 (2003) 463–496, https://doi.org/10.1128/ 
CMR.16.3.463-496.2003. 

[17] D.R. Silva, F.C.Q. Mello, G.B. Migliori, Diagnosis and management of post- 
tuberculosis lung disease, J. Bras. Pneumol. 49 (2023) 55–56, https://doi.org/ 
10.36416/1806-3756/e20230055. 

[18] S. Goverdhan, K.M. Sandeep, Y. Perumal, S. Dharmarajan, K. Srinivas, 
Dibenzofuran, dibenzothiophene and N-methyl carbazole tethered 2-aminothia-
zoles and their cinnamamides as potent inhibitors of Mycobacterium tuberculosis, 
Bioorganic. Med. Chem. Lett. 28 (2018) 1610–1614, https://doi.org/10.1016/j. 
bmcl.2018.03.048. 

[19] S. Selvaraju, K. Thiruvengadam, B. Watson, N. Thirumalai, M. Malaisamy, 
C. Vedachalam, S. Swaminathan, C. Padmapriyadarsini, Long-term survival of 
treated tuberculosis patients in comparison to a general population In South India: 
a Matched cohort study, Int. J. Infect. Dis. 110 (2021) 385–393, https://doi.org/ 
10.1016/j.ijid.2021.07.067. 

[20] V.A. Dartois, E.J. Rubin, Anti-tuberculosis treatment strategies and drug 
development: challenges and priorities, Nat. Rev. Microbiol. 20 (2022) 685–701, 
https://doi.org/10.1038/s41579-022-00731-y. 

[21] E. Tatar, S. Karakuas S.G. Küçükgüzel, S.O. Okullu, N. Ünübol, T. Kocagöz, E. De 
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