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Insight into the inhibitory potential of metal
complexes supported by (E)-2-morpholino-N-
(thiophen-2-ylmethylene)ethanamine: synthesis,
structural properties, biological evaluation and
docking studiest

Saira Nayab, 2 #f Kalsoom Jan,”* Seung-Hyeon Kim,? Sa-Hyun Kim,®
Dilawar Farhan Shams,® Younghu Son,” Minyoung Yoon €2 *" and Hyosun Lee () *

A thiophene-derived Schiff base ligand (E)-2-morpholino-N-(thiophen-2-ylmethylene)ethanamine was
used for the synthesis of M(i) complexes, [TEM(M)X;] (M = Co, Cu, Zn; X = Cl; M = Cd, X = Br). Structural
characterization of the synthesized complexes revealed distorted tetrahedral geometry around the M(i)
center. In vitro investigation of the synthesized ligand and its M(i) complexes showed considerable anti-
urease and leishmanicidal potential. The synthesized complexes also exhibited a significant inhibitory
effect on urease, with ICsq values in the range of 3.50-8.05 uM. In addition, the docking results were con-
sistent with the experimental results. A preliminary study of human colorectal cancer (HCT), hepatic
cancer (HepG2), and breast cancer (MCF-7) cell lines showed marked anticancer activities of these

rsc.li/dalton complexes.

1. Introduction

Schiff bases are versatile and flexible ligands that have gained
prominence in bioinorganic chemistry owing to their excep-
tional chelating abilities allowing the synthesis of structurally
diverse complexes.'™ The azomethine group in these Schiff
bases regulates the activity of metals in various useful catalytic
transformations, resulting in various biological, pharmacologi-
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cal, and antitumor effects.*> Schiff base metal complexes have
shown a broad scope of biological activities such as antifungal,
anti-HIV, antimicrobial, antiviral, and anticancer.** Metal
complexes have tunable coordination environments, oxidation
states, and redox potential that can alter the kinetic and
thermodynamic properties of these complexes toward biologi-
cal receptors, in particular, inhibiting enzymatic reactions,
enhancing lipophilicity, and altering cell membrane
functions.>'*'? Therefore, the use of metal complexes as anti-
microbial drugs is of considerable interest. In addition, the
electron-acceptor and -donor properties of a ligand architec-
ture, the functional groups, and the position of the ligand in a
coordination sphere together may govern the properties of
metal complexes.” The multidrug resistance of several patho-
gens to the available antibiotics has rapidly increased in the
past decades, requiring the development of novel and potent
antimicrobial agents with improved pharmacodynamic and
pharmacokinetic characteristics.'**

Recently, thiophene-'*"® and morpholine-derived Schiff
base ligands>'®>' have become attractive research objects
owing to their discovered biological significance. Heterocyclic
compounds with nitrogen, sulfur and oxygen donor sites are
known for their pharmacological potential, dependent on the
type of heterocycle existing in the molecule. A number of
mixed ligand complexes possessing O, S, and N-donor binding
sites, such as morpholine, thiophene, and furan derivatives,
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are completely stable in biological systems owing to their
unusual electromagnetic characteristics, eccentric structure,
and range of chemical kinetics, which result in their promise
for fighting cancer and pathogenic diseases.”” In this regard,
thiophene derivatives have a broad spectrum of biological and
pharmacological applications, such as antipsychotic, antianxi-
ety, antifungal, antimicrobial, antioxidant, anticancer, and
anti-inflammatory agents. Additionally, most of the marketed
drugs including Olanzapine, Sertaconazole, Tioconazol,
Tipepidine, = Benzocyclidine,  Ticlopidine, = Clopidogrel,
Citizolam, Zileuton, and Tenidap contain a thiophene moiety
in their structure.”® Recently, Co(u) and Cu(u) complexes with
N'-(3-hydroxybenzoyl)thiophene-2-carbohydrazide have exhibi-
ted remarkable cytotoxicity toward MCF-7 and HeLa cell lines
in addition to antifungal and antioxidant potential.>*
Similarly, Cu(u), Co(u), Ni(u), and Zn(um) complexes with
2-aminomethylthiophenyl-4-bromosalicylaldehyde showed that
the more effective factors for antimicrobial activities are the
geometrical shape and the nature of the central atoms; Cu(n)
complexes showed superior antibacterial and anticancer pro-
perties.”® Similarly, morpholine is a part of various biologically
active complexes and drugs, for instance, Linezolid and
Finafloxacin are commercially available antibiotics that
possess a morpholine motif.>® Thus, in our study, we intended
to prepare a novel Schiff base ligand system with two different
heterocyclic ~ moieties, (E)-2-morpholino-N-(thiophen-2-yl-
methylene)ethanamine (TEM) with the aim of obtaining an
effective biological agent. The synthesized ligand and its
corresponding Co(u), Cu(u), Zn(u), and Cd(u) complexes were
screened for antioxidant, anti-urease and anticancer potential.
Finally, molecular docking studies were performed to elucidate
the mode of action of these complexes and confirm the
effective binding of molecules at the active site of the protein.

2. Experimental
2.1. General consideration

The synthesis of the ligand (TEM) and its corresponding M(u)
complexes was performed by following a bench-top technique.
The starting materials, including 2-thiophenecarboxaldehyde
(98%), 2-morpholinoethanamine (98%), magnesium sulfate
(MgSO,; 99%), cobalt chloride hexahydrate (CoCl,-6H,0; 99%),
zinc chloride (ZnCl,; 99%), copper chloride dihydrate
(CuCl,-2H,0; 98%), and cadmium bromide tetrahydrate
(CdBr,-4H,0; 98%), were obtained from Aldrich. Barium chlor-
ide dihydrate (BaCl,-2H,0) and solvents such as methanol
(MeOH; 98%), ethanol (EtOH), diethyl ether (Et,O; 98%), di-
chloromethane (CH,Cl,; 98%), ethyl acetate (EA; 98%),
n-hexane (n-Hex; 98%), and dimethyl sulfoxide (DMSO; 98%)
were received from Sigma-Aldrich. NMR solvents such as
DMSO-dg were obtained from Sigma-Aldrich and stored over
3 A molecular sieves. 2,2-Diphenyl-1-picrylhydrazyl (DPPH),
Jack bean (JB) urease, Bacillus pasteurii (BP) urease, sodium
hypochlorite (NaOCl), urea (CH4N,0O), thiourea, phenol, and
sodium nitroprusside were purchased from Sigma-Aldrich.

1296 | Dalton Trans., 2024, 53, 11295-11309

View Article Online

Dalton Transactions

The Leishmania culture was obtained from the microbiology
laboratory of the Institute of Pathology and Diagnostic
Medicine (IPDM) at Khyber Medical University in Peshawar.
Hepatic cancer (HepG2) and breast cancer (MCF-7) cell lines
were purchased from Sigma Aldrich, whereas the human color-
ectal cancer (HCT) cell line was obtained from the Institute of
Molecular Biology and Biotechnology (IMBB), University of
Lahore, Pakistan.

'H (operating at 500 MHz) and *C (operating at 125 MHz)
NMR spectra of the ligand (Fig. S1 and S27), and its corres-
ponding Zn(u) and Cd(u) complexes (Fig. S3-S61) were
recorded on a Bruker Avance II 500-NMR spectrometer
(Bruker, Billerica, MA) using DMSO-d, as a solvent and coup-
ling constants (J) are reported in Hertz (Hz). The NMR spectral
data were recorded as s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet, and br = broad. The Fourier-transform
infrared (FTIR) spectra were recorded on a Bruker FT/IR-Alpha
(neat) and the data are reported in cm™" (Fig. $7-S117). The
melting points of M(u) complexes were determined with an
1A9100 Electrothermal instrument. The empirical formulas of
the synthesized M(u) complexes were determined by elemental
analysis (EA) using an EA 1108-elemental analyzer (Carlo Erba,
Milan, Italy) (Fig. S121). Molar conductance in acetonitrile (1 x
1072 M; Q' em® mol™) solution was determined at room
temperature using a digital multimeter 73301 by Yokogawa
Meters & Instrument Corperation. Electronic spectra in aceto-
nitrile (1 x 10™* M) were recorded using a Cary-50 UV-visible
spectrophotometer (Fig. 1 and Fig. S131). Thermogravimetric
analysis (TGA) was performed with a heating rate of 10 °C
min~' on a thermal analyzer (TGA-Q500) with a mass loss
measurement from 25 to 800 °C under an N, atmosphere
(Fig. S14-S171).

2.2. Synthesis of the ligand and complexes

2.2.1. Synthesis of (E)-2-morpholino-N-(thiophen-2-yl-
methylene)ethanamine (TEM). CH,Cl, (15.00 mL) solution of
2-morpholinoethanamine (2.00 g, 15.36 mmol) was added
dropwise to the solution of 2-thiophene-carboxaldehyde
(1.72 g, 15.36 mmol) in CH,Cl, (15.0 mL). The reaction
mixture was stirred for 72 h at room temperature. TLC was
used to monitor the progress of the reaction using n-Hex: EA =
2:8 as the developing solvent. After the prescribed time,
washing with aqueous NaCl solution was performed. The
organic layer was dried over MgSO, and concentrated. The
final product was obtained after vacuum distillation of the
crude ligand (2.85 g, 82%). '"H NMR (500 MHz, DMSO-d,
298 K): & = 8.43 (1H, br s, N=CH), 7.61 (1H, dt, J = 6.64, 3.26
Hz, Ar-H), 7.41 (1H, d, J = 4.39 Hz, Ar-H), 7.10 (1H, dd, J = 8.74,
3.70 Hz, Ar-H) 3.60 (2H, t, ] = 6.84 Hz, HC=N(CH,-CH,)), 3.52
(4H, t, J = 7.0 Hz, (O-(CH),)), 2.49 (2H, t, J = 6.84 Hz, HC—=N
(CH,-CH,)), 2.38 (4H, br s, (N-(CH,),)). *C NMR (125 MHz,
DMSO-dg): 6 = 155.13 (1C, -N=CH-), 142.34 (1C, Ar-C), 130.98
(1C, Ar-C), 129.23 (1C, Ar-C), 127.63 (1C, Ar-C), 66.17 (2C,
Morpholine-C), 58.78 (1C, -N=CH,), 57.36 (1C, CH,-CH,-N),
53.50 (2C, Morpholine-C). FTIR (cm™"): y(sp> C-H) 2944, v(sp’
C-H) 2849 1(C=N) 1631, y(C=C) 1437, §(C-H) 1301, 1(C-O)
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Fig. 1 UV-visible profile of the ligand (TEM) and the corresponding [TEM(M)X;] (M = Co, Cu, and Zn; X = Cl; M = Cd, X = Br) complexes.

1142, v(C-S) 858. UV-vis (acetonitrile; 1 x 10™* M): 277 (n —
7*); 260 (T — 1*).

2.2.2. Synthesis of [TEM(Co)Cl,]. TEM (1.00 g, 4.45 mmol)
solution in EtOH (10.0 mL) was added dropwise to the
CoCl,-6H,0 (1.05 g, 4.45 mmol) solution in EtOH (10.0 mL).
The solution was stirred for 2 h and a blue precipitate was
formed. The solid was washed with cold EtOH (10.0 mL x 2),
followed by washing with Et,O (5.00 mL x 3). The deep blue
final product was obtained after drying in vacco at 60 °C
(1.51 g, 95%). X-ray quality crystals of [TEM(Co)Cl,] were
obtained by the layering of hexane on the CH,Cl, solution of
[TEM(Co)Cl,]. M.P. (°C) 152. Analysis of C;,H,4Cl,CoN,OS (%):
C 37.30; H 4.55; N 7.91; Found: C 36.99; H 4.60; N 7.74. FTIR
(em™): y(sp® C-H) 3057, y(sp® C-H) 2910, v(C=N) 1627,
1(C=C) 1437, 5(C-H) 1301, 1(C-O) 1114, 1(C-S) 858, 1(M-N)
627. UV-vis (acetonitrile; 1 x 107* M): 318 (n — =n*); 275
(r = 7). Molar conductivity (1.0 x 107> M; acetonitrile Q™"
cm” mol™"): 14.09.

2.2.3. Synthesis of [TEM(Cu)Cl,]. [TEM(Cu)Cl,] was syn-
thesized by following a similar procedure to that utilized for
[TEM(Co)Cl,] except for utilizing CuCl,-2H,O0 (0.75 g,
4.45 mmol) to yield a pale green precipitate (1.30 g, 87%). M.P.
(°C) 157. Analysis of C;3H;6Cl,CuN,0S: C 36.72; H 4.50; N
7.81; Found: C 36.87; H 4.51; N 7.82. FTIR (cm™"): v(sp> C-H)
3088, 1(sp® C-H) 2973, 1(C=N) 1615, 1(C—C) 1454, §(C-H)
1357, 1(C-0) 1108, (C-S) 856, v(M-N) 580. UV-vis (aceto-
nitrile; 1 x 107* M): 305 (n — n*); 268 (x — n*). Molar conduc-
tivity (1.0 x 107 M; acetonitrile Q7' cm® mol™): 16.00.

2.2.4. Synthesis of [TEM(Zn)Cl,]. [TEM(Zn)Cl,] was syn-
thesized by following a similar procedure to that utilized for
[TEM(Co)Cl,] except for utilizing ZnCl, (0.60 g, 4.45 mmol) to
yield an ivory precipitate (1.50 g, 93%). X-ray quality crystals of
[TEM(Zn)Cl,] were obtained by the layering of hexane on the

This journal is © The Royal Society of Chemistry 2024

CH,Cl, solution of [TEM(Zn)Cl,]. M.P. (°C) 168. Analysis of
C1:H;4C1,N,0SZn (%): C 36.64; H 4.47; N 7.77; Found: C 36.56;
H 4.45; N 7.82. "H NMR (500 MHz, DMSO-dg, 298 K): § 8.52
(1H, s, N=CH), 7.70 (1H, d, J = 3.64 Hz, Ar-H), 7.51 (1H, br s,
Ar-H) 7.15 (1H, dd, J = 8.59 Hz, 3.52 Hz, Ar-H), 3.67 (2H, t, ] =
6.51 Hz, HC=N(CH,-CH,)), 3.59 (4H, t, J = 4.00 Hz, (O-(CH),)),
2.58 (2H, t, J = 6.40 Hz, HC=N(CH,-CH,)), 2.47 (4H, br s, (N-
(CH),)). *C NMR (125 MHz, DMSO-dg): 6 = 184.74 (1C,
-N=CH-), 130.40 (1C, Ar-C), 136.54 (1C, Ar-C), 129.44 (1C, Ar-
C), 128.49 (1C, Ar-C), 66.12 (2C, Morpholine-C), 65.55 (1C,
-N=CH,), 59.28 (1C, CH,-CH,-N), 54.15 (2C, Morpholine-C).
FTIR spectra (neat, cm™"): y(sp”> C-H) 3058, v(sp® C-H) 2858,
¥(C—=N) 1637, 1(C—C) 1440, §(C-H) 1308, 1(C-O) 1058, 1(C-S)
853, y(M-N) 610. UV-vis (acetonitrile; 1 x 107> M): 306 (n —
7¥); 276 (n — w*). Molar conductivity (1.0 x 10~ M; acetonitrile
Q' em?® mol™): 11.15.

2.2.5. Synthesis of [TEM(Cd)Br,]. [TEM(Cd)Br,] was pro-
duced by following a similar process to that described for
[TEM(Co)Cl,] except for utilizing CdBr,-4H,0O (1.53 g,
4.45 mmol) and a white precipitate was yielded (2.00 g, 90%).
X-ray quality crystals of [TEM(Cd)Br,] were obtained by the
layering of hexane on the CH,Cl, solution of [TEM(Cd)Br,]. M.
P. (°C) 209. Analysis of elements: C;;H;3Br,CdN,OS (%): C
26.61; H 3.25; N 5.64: Found C 26.88; H 3.33; N 6.04. 'H NMR
(500 MHz, DMSO-ds, 298 K): 6 8.46 (1H, br s, N=CH), 7.65
(1H, dt, J = 7.00, 4.98 Hz, Ar-H), 7.44 (1H, dd, J = 4.52, 2.36 Hz,
Ar-H) 7.13 (1H, dd, J = 8.94, 3.49 Hz, Ar-H), 3.63 (2H, m,
HC=N(CH,-CH,)), 3.55 (4H, t, J = 4.57 Hz, (O-(CH),)), 2.53
(2H, t, J = 7.02 Hz, HC=N(CH,-CH,)), 2.42 (4H, br s, (N-
(CH,),)). *C NMR (125 MHz, DMSO-dg): 6 = 155.29 (1C,
-N=CH-), 142.28 (1C, Ar-C), 131.14 (1C, Ar-C), 129.35 (1C, Ar-
C), 127.72 (1C, Ar-C), 66.16 (2C, Morpholine-C), 58.76 (1C,
-N=CH,), 57.28 (1C, CH,-CH,-N), 53.51 (2C, Morpholine-C).
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FTIR spectra (solid neat cm™): u(sp> C-H) 3108, v(sp® C-H)
2839, 1(C=N) 1630, 1(C=C) 1435, 5(C-H) 1269, 1(C-0) 1110,
1(C-S) 855, y(M-N) 611. UV-vis (acetonitrile; 1 x 107> M): 294
(n = m¥); 270 (1 — n*). Molar conductivity (1.0 x 10~* M; aceto-
nitrile Q! em® mol™): 18.00.

2.3. X-ray crystallographic data collection and refinement

The data collection for X-ray single crystal structure analysis
was performed at room temperature on an XtaLAB mini II
diffractometer equipped with a fine-focus Mo Ka X-ray tube
(power: 600 W) with a SHINE graphite monochromator (4 =
0.71073 A) and a hybrid photon counting detector (HyPix-
Bantam). The Paratone oil-coated crystals were mounted on a
goniometer for the diffraction experiment. The diffraction data
were integrated, scaled, and reduced using the Rigaku
CrysAlisPro software. The crystal structures were solved using
the SHELX structure solution program and refined by full-
matrix least-squares calculations with the SHELXL.?” The posi-
tions of all non-hydrogen atoms were refined with anisotropic
displacement factors. All hydrogen atoms were placed using a
riding model, and their positions were constrained relative to
their parent atoms using the appropriate HFIX command in
SHELXL-2018/3.>” The crystallographic data and the results of
refinements of [TEM(Co)Cl,], [TEM(Zn)Cl,], and [TEM(Cd)Br,]
are summarized in Table S1.7

2.4. Biological studies

2.4.1. Antileishmanial assay. The antileishmanial activities
of TEM and its M(u) complexes, [TEM(M)X,], were determined
using previously studied methods.”® The pre-established
culture of Leishmania major (L. major) was inoculated in
199 medium in Novy-MacNeal-Nicole-medium slants and
incubated at 24 °C for 6-7 days. To prepare the stock solution
of compounds for the antileishmanial assay, 1.00 mg of each
compound was dissolved in 1.00 mL of DMSO to obtain a con-
centration of 1000 pg mL™. This stock solution was further
serially diluted. Approximately, 180 pL of the 199 medium was
added to the wells of 96-well microtiter plates. For each test
compound, 20 pL was added to the first well and then serially
diluted, maintaining the final volume of 180 pL; 20 pL was dis-
carded from the last well. About 100 pL of the L. major suspen-
sion was added to each well, with two rows left for positive and
negative controls. The DMSO serially diluted in the
199 medium was used as a negative control. Amphotericin B
serially diluted in the 199 medium was used as a positive
control. Microtiter plates were incubated in a shaker incubator
at 24 °C for 72 h. The assay was performed in triplicate. After
incubation, 20 pL was taken from each dilution and placed in
an improved Neubauer counting chamber to count live para-
sites under a microscope. The ICs, values of compounds exhi-
biting antileishmanial activity were calculated using the Prism
software (GraphPad Software, San Diego, CA).

2.4.2. In vitro 2,2-diphenyl-1-picrylhydrazyl free-radical
scavenging activity assay. The antioxidant activities of the syn-
thesized ligand and its metal complexes were determined via a
2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging
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assay method using a previously reported procedure® with a
slight modification. First, 0.3 mM DPPH in methanol was pre-
pared. This solution (1.00 mL) was added to 3.00 mL of solu-
tions of TEM and its metal complexes in DMSO (10, 20, 30, 40,
and 50 pM). The mixture was shaken and incubated in the
dark at room temperature for 30 min. Then, the decrease in
the absorbance of DPPH was measured at 517 nm (Fig. S18
and S19t). The suppression ratio of DPPH (scavenging activity
%) was calculated using eqn (1):

Scavenging activity (%) = (Ao — A1/Ao) x 100 (1)

where A, represents the absorbance of DPPH in the absence of
an antioxidant and A, is the absorbance of DPPH in the pres-
ence of an oxidant. All analyses were performed in triplicate,
and the ICs, was calculated using the percentage of activity.
Ascorbic acid was used as a standard.

2.4.3. General procedure of urease inhibitory assay. The
urease inhibitory effect of the complexes was measured using
the conventional indophenol method with slight modifi-
cations.®® The urease of interest (25 pL), solutions of the
studied compounds (5 mL) of various concentrations, and urea
(55 pL) were mixed and incubated at 30 °C for 20 min in 96-well
plates. A mixture of phenol and nitroprusside (approximately
45 pL, 0.005% w/v) along with a solution of NaOH and NaOCl
(0.1% w/v) were added to the above solution. Phosphate buffers
were used to maintain the pH at 6.8. The absorption at 630 nm
(Amax) Was measured using a spectrophotometer (Shimadzu,
USA) to determine the urease activity. All assays were performed
in triplicate, with thiourea used as a positive control.** The per-
centage inhibition (%) was calculated using eqn (2):

%Inhibition = 100 — (ODest/ODcontrol) X 100 (2)

The ICs, values for each M(u) complex were calculated
using the EZ-fit enzyme kinetics software (Perrella Scientific
Inc., Amherst, USA).

2.4.4. Cytotoxicity studies. The cytotoxic potential of the
synthesized ligand and its M(u) complexes was assessed on
colon and breast carcinoma cells (MCF-7, HepG2, and
HCT-116 cell lines) using sulforhodamine B (SRB) as a stain.*”
The cells were injected into a 96-well microtiter plate (10* cells
per well) after 24 h to allow cell adherence to the plate wall.
Before being administered to the cell culture, these test com-
pounds were dissolved in DMSO at a concentration of 1 mg
mL™", and the proper volume of dilution was then applied to
the cell culture. These studied compounds and vinblastine
were administered to the cells at various concentrations (5, 10,
or 20 g L™). Triplicate wells were made for each dose. The syn-
thesized compounds were cultured with monolayer cells for
48 h at 37 °C in a 5% CO, environment. The cells were fixed,
washed, and stained with 0.4% (w/v) SRB dissolved in 1%
acetic acid for 30 min after 48 h. Tris-EDTA buffer was used to
recover the bound stain after four washes in 1% acetic acid
and the unbound dye was removed. The optical density in
each well was measured at 564 nm using an ELISA microplate
reader (United States). The percentage control was calculated

This journal is © The Royal Society of Chemistry 2024
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using eqn (3). The results are reported as the ICs, (concen-
tration required to inhibit 50% of cell growth) and compared
with the vinblastine standard.***?

%Inhibition = 100 — (ODcontrol /ODsample) X 100 (3)

2.5. Molecular docking protocol

A molecular docking method was used to evaluate the antil-
eishmanial and anti-urease activities of the synthesized Schiff
base metal complexes. The three-dimensional (3D) crystal
structures of the strains of Leishmania (L. infantum) and urease
(S. pasteurii) with the codes 2JK6 and 2UBP were retrieved
from the proton data bank. The Molecular Operation
Environment (MOE) 2015 software was used for studying mole-
cular docking.***> The charge correction, missing addition of
hydrogen, and removal of water molecules from the selected
residue were performed before molecular docking. In addition,
corrected protonation was achieved using a 3D protonate
module in the MOE with a generalized Born/volume integral
electrostatic function.’®®” After molecular docking with an
active site, optimal conformation was selected for final
docking to conduct docking analysis and calculate the physio-
chemical descriptors.®®

3. Results and discussion
3.1 Synthesis and physical characterization

As per the synthetic protocols presented in Scheme 1, a single-
step condensation reaction of thiophene-2-carboxaldehyde with
2-morpholinoethanamine yielded TEM as light yellow oil. Thin-
layer chromatography was used to assess the progress and com-
pletion of the reaction (developing solvent n-Hex: EA=9:1; R¢ =
0.56); the formation of the ligand was verified by the dis-
appearance of aldehyde spots. Further confirmation was
obtained from the FTIR spectrum, where the band of ©(C=O0)
disappeared and a new y(C=N) band appeared.*®*° The syn-
thesized TEM was further purified via vacuum distillation.

The M(u) complexes of TEM ([TEM(M)X,], M = Co, Cu, Zn;
X = Cl; M = Cd, X = Br) were obtained in high yields (87-93%)

N TEM
K/ \/\ NH2
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via the direct ligation of TEM with M(u) salts at appropriate
molar ratios in anhydrous EtOH at 25 °C. The M(u) complexes
were stable and soluble in acetonitrile, CH,Cl,, DMSO,, di-
methylformamide, and tetrahydrofuran at ambient tempera-
ture. However, in aqueous media, the ligand was found to be
practically insoluble, whereas the complexes showed improved
solubility compared to the ligand. The structural characteriz-
ation of TEM and its M(u) complexes, [TEM(M)X,], was per-
formed via "H, >C NMR, FTIR, and elemental analyses. In the
'H NMR spectra, the characteristic signal of the imine proton
of the ligand appeared at 8.43 ppm and shifted to a high ppm
in the corresponding Zn(n) and Cd(u) complexes.™* In addition,
the shift in the signals of the imine carbons in the "*C NMR of
the complexes further confirmed their structures.

The characteristic ©(C=N) imine peak was observed at
1637 cm™" in the FTIR spectrum of free TEM (Fig. S91).*%*'
This vibration mode slightly shifted to a low frequency
(1616 cm™) in the spectra of the corresponding M(u) com-
plexes, signifying that complexation occurred by the bonding
of imine nitrogen with the M(u) center.’”*! The C=N bond
became weak upon chelation owing to the inductive effect of a
lone electron pair on imine nitrogen shared with the M(u)
center.*' The medium-to-weak bands in the 2900-3100 cm™*
region of the TEM spectrum were assigned to aliphatic and
aromatic y(C-H) stretching vibrations.*®*' The chelation of
metal ions through the nitrogen of TEM was also confirmed by
the presence of new bands at 580-627 cm™" in the spectra of
M(u) complexes, which were assigned to y(M-N) (Fig. S9-
$131)."%*%*! The peak in the 1454-1437 cm™ ' region was
assigned to symmetrical and asymmetrical v(C=C) stretching
vibrations of the thiophene ring.*> Herein, the (C-S) stretching
vibrations in TEM were observed as a peak at 867 cm™", which
red shifted upon complexation.”® Notably, the band of v(M-S)
stretching vibrations was not observed at 450-430 cm ™" in the
spectra of complexes, confirming that the sulfur in thiophene
did not participate in complexation."****> The characteristic
Y(C-0) band in the FTIR spectra of the ligand and its M(u)
complexes appeared in the 1100-1150 cm™' range.*® In
addition, contents of C, H, and N obtained through elemental
analysis of the synthesized M(u) complexes agreed with the

MX, —\
(M = Co, Cu, Zn, Cd)

X =Cl, Br N\ N=
P —" . M
EtOH/ rt/ 2 h / Ny
N 0 X S
/ /

[TEM(Co)Cl,]
[TEM(Cu)Cl,]
[TEM(Zn)Cl,]
[TEM(Cd)Br;]

Scheme 1 Scheme illustrating the synthesis of TEM and its corresponding M(i1) complexes.

This journal is © The Royal Society of Chemistry 2024
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proposed structures. The molar conductance of the syn-
thesized complexes was determined at ambient temperature
using freshly prepared solutions of the complexes in aceto-
nitrile (1 x 107> M). The low conductance values indicated the
non-electrolytic nature of the synthesized complexes.” The
conductivity values of the synthesized complexes remained
unchanged even after 5 h, demonstrating the stability of the
studied complexes in solution. Additionally, the lower values
of molar conductance signify a 1:1 ratio for the synthesized
complexes in the solution phase. The UV-vis spectra of TEM
and [TEM(M)X,] (M = Co, Cu, and Zn; X = Cl; M = Cd, X = Br)
complexes were recorded in acetonitrile (Fig. 1). Absorption
bands at approximately 239-270 nm were ascribed to the = —
m* transitions of the aromatic ring.*® Bands corresponding to
the n — n* electronic transition owing to the imine C=N
group were observed at approximately 275-355 nm."*?> A bath-
ochromic shift was observed in the absorption wavelength of
complexes, indicating that a lone pair of electrons of N is
donated to M(m) ions upon complexation (Fig. 1).>>** In
addition, representative time-stability curves of [TEM(Cd)Br,]
at 0 and 72 h are shown in Fig. S13.1 No considerable changes
are observed in the intensity or position of the absorption
pattern of the studied complexes during this period, confirm-
ing the stability of the complexes in solution. In addition to
the n - n* and n — n* transitions, [TEM(Co)Cl,] also exhibited
peaks at 575 nm, assigned to *A, — T, (F), and at 664 nm,
assigned to *A, — *T; (P).*° In case of [TEM(Cu)Cl,], weak
bands appeared at 358 (*A;g — 'B,g) and 394 (°B;g — 'Ag)
nm and were attributed to the ligand-to-metal charge transfer
(LMCT) transitions, suggesting square planner geometry.

The thermal stability profile of [TEM(Co)Cl,] is presented
in Fig. S14.7 The TGA curve of [TEM(Co)Cl,] shows no weight
loss up to 235 °C, thereby inferring the absence of coordinated

C12
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water molecules (Fig. S14t). A single-step decomposition
observed at 240-450 °C was attributed to the decomposition of
the ligand, with a weight loss of 54%. In the case of the Cu(u)
complex, [TEM(Cu)CL], no weight loss is observed up to
230 °C. The loss between 250 °C and 370 °C, with an exother-
mic peak in the 250-350 °C range was associated with the loss
of chloride ions and the thiophene moiety. A second decompo-
sition begins at 460 °C and ends at 640 °C, resulting in a hori-
zontal thermal curve above 670 °C (Fig. $151).>° The [TEM(Zn)
ClL,] profile is stable up to 210 °C. The single-step decompo-
sition starts at 215 °C and ends at 450 °C, exhibiting an
exothermic peak at 250-310 °C, associated with the loss of
bromide ions and the thiophene moiety. The second stage of
degradation at 500-700 °C with a weight loss of 35% indicates
the decomposition of [TEM(Zn)Cl,] (Fig. S167).

The TGA profile of [TEM(Cd)Br,] shows a two-step
decomposition. The decomposition starts with an exothermic
peak at 200-320 °C, attributed to the loss of bromide ions and
dissociation of the thiophene moiety, resulting in a weight loss
of 39%. The residue undergoes a second stage of degradation
at 460-610 °C, which was attributed to the decomposition of
the ligand, resulting in a weight loss of 48%. The thermal
curve is horizontal above 620 °C (Fig. S177).

3.2. Molecular structure

The single-crystal X-ray diffraction studies were performed to
determine the geometries of the Co(u) complexes. The ORTEP
diagrams of [TEM(M)X,] (M = Co, Zn; X = Cl; M = Cd, X = Br)
are shown in Fig. 2-4, and the selected bond lengths and
angles are listed in Table 1.

The coordination environment around the M(u) center in
[TEM(M)X,] (M = Co, Zn; X = Cl; M = Cd, X = Br) is distorted
tetrahedral, obtained via coordination to the N,N-bidentate

i C3
C2

C4

C3
Cll

Fig. 2 Molecular structure of [TEM(Co)Cl,] with thermal ellipsoids at 50% probability.
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Fig. 3 Molecular structure of [TEM(Zn)CL,] with thermal ellipsoids at 60% probability.
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Fig. 4 Molecular structure of [TEM(Cd)Br,]-CH,Cl, with thermal ellipsoids at 60% probability.

ligand, along with two halide ligands. The z, value was used as
a simple metric for quantitative evaluation of geometry of
four-coordinated complexes (Table 2).>' Complexes with an

This journal is © The Royal Society of Chemistry 2024

ideal square planar geometry are characterized by z, of 0; at
the same time, 7, is equal to 1 in the case of ideal tetrahedral
geometry. The 7, values of the studied complexes were com-
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Table 1 Selected bond lengths (A) and angles (°) of [TEM(Co)CL,], [TEM(Zn)Cl,], and [TEM(Cd)Cl,]

[TEM(Co)Cl,] [TEM(Zn)CL,] [TEM(Cd)CL,]

Bond lengths (A)

Co(1)-N(1) 2.035(2) Zn(1)-N(1) 2.060(2) Cd(01)-N(1) 2.342(3)
Co(1)-N(2) 2.130(2) Zn(1)-N(2) 2.152(3) Cd(01)-N(2) 2.294(3)
Co(1)-Cl(1) 2.2213(8) Zn(1)-Cl(1) 2.2154(9) cd(01)-Br(1) 2.5305(5)
Co(1)-Cl(2) 2.2258(7) Zn(1)-Cl(2) 2.2164(9) Cd(01)-Br(2) 2.5092(5)
N(1)-C(1) 1.280(3) N(1)-C(1) 1.274(4) N(1)-C(1) 1.280(6)
N(1)-C(6) 1.477(3) N(1)-C(6) 1.482(4) N(1)-C(6) 1.478(6)
Bond angles (°)

N(1)-Co(1)-N(2) 85.90(8) N(1)-Zn(1)-N(2) 85.66(10) N(1)-Cd(1)-N(2) 79.27(13)
N(1)-Co(1)-CI(1) 116.19(6) N(1)-Zn(1)-CI(1) 115.75(8) N(1)-Cd(1)-Br(1) 105.47(9)
N(2)-Co(1)-Cl(1) 104.53(6) N(2)-Zn(1)-Cl(1) 104.65(7) N(2)-Cd(1)-Br(1) 113.03(10)
N(1)-Co(1)-CI(2) 115.40(7) N(1)-Zn(1)-Cl(2) 114.10(8) N(1)-Cd(1)-Br(2) 114.55(9)
N(2)-Co(1)-CI(2) 118.77(6) N(2)-Zn(1)-CI(2) 118.52(7) N(2)Ta-Cd(1)-Br(2) 115.36(9)
CI(1)-Co(1)-CI(2) 112.52(3) Cl(1)-Zn(1)-CI(2) 114.74(4) Br(1)-Cd(1)-Br(2) 121.13(2)
Table 2 Four-coordinate geometry indices (z4) with representative examples from the literature

Complexes Geometry T4 THCpa/100 FCGP/100 Ref.

Square planar (Dyp,) Square planar 0.000 -1.43 —0.400 Yang et al.>'
Trigonal pyramidal (Cs,) Trigonal pyramidal 0.850 0.000 1.00 Yang et al.”*
[TEM(Co)CL,] Tetrahedral 0.822 0.398 0.347 This work
[TEM(Zn)Cl,] Tetrahedral 0.891 0.407 0354 This work
[TEM(Cd)Br,] Tetrahedral 0.876 0.33 0.515 This work
[DE(Cd)BrZL” Square planar 0.859 0.351 0.490 Nayab et al.**
[Lg(zn)CL,] Tetrahedral 0.862 0.388 0.397 Lee et al.*®
[Le(Co)CL,] ¢ Tetrahedral 0.88 — — Kim et al.>®
Tetrahedral (T,) Tetrahedral 1.00 1.00 0.000 Yang et al.>'

“DE = (E)-N',N'-diethyl-N*(thiophen-2-ylmethylene)-ethane-1,2-diamine. ” Ly = 4-(quinolin-2-ylmethyl) morpholine. °L¢ = (E)-N*,N*-dimethyl-N*-

(thiophen-2-ylmethylene)ethane-1,2-diamine.

pared with those in previously reported works and found to be
distorted tetrahedral.’"*> The Njmine-M~Nmorphotine bond
angles for [TEM(Co)Cl,] (85.90(8)°), [TEM(Zn)Cl,] (85.76(14)°),
and [TEM(Cd)Br,] (79.32(10)°) are comparable with the corres-
ponding parameter reported for the tetrahedral complexes.>*>?
The Clterminal_M_Clterminal and Brterminal™M~=BI'terminal bond
angles in the studied complexes were found to be 112.52(3)°,
114.80(5)°, and 121.147(18)°, respectively. In addition, the
angles between the five-membered N,N'-chelating ring and the
thiophene ring in [TEM(M)X,] are in the range of
17.55-21.82°, whereas those with the morpholine ring are
89.01-89.18°. The bond lengths of M-Njnine and M-Np,orpholine
lie in the expected ranges of 2.035(2)-2.294(2) and 2.130(2)-
2.347(6) A, respectively. The M-Ny,orpholine bond is longer than
the M-Njmine bond probably because of the difference in the
basicity and hybridization between the morpholine and the
imine nitrogen atoms. These structural parameters agree well
with those of the tetrahedral imine M(u) complexes.”® As
shown in Table 1, average M-Cl/Br and -N=C distances of
2.213(13)-2.530(6) and 1.280(3) — 1274(5) A, respectively, are in
the acceptable range.>* The C(1)-C(2) bond distances in [TEM
(M)X,] (1.427(6) — 1.438(7) A) fall in the acceptable range,
reflecting delocalized n-electrons.>

The ligand topologies around the M(u) center were visual-
ized and calculated using the SambVca 2.1 software.>® The
comparison of steric maps showed that [TEM(Cd)Br,] has the

N302 | Dalton Trans., 2024, 53, 11295-11309

least crowded environment with a Vi, value of 44.9%, whereas
[TEM(Co)Cl,] exhibits a V;,,, value of 50.4%. The topographic
steric maps of [TEM(M)X,] presenting the steric bulk of the
attached ligand around the M(u) centers are shown in Fig. 5.

3.3 Antimicrobial activities

3.3.1 Antileishmanial activity. Recently, complexes with
sulfur-bearing moieties have been favored in the research on
drugs against parasites causing leishmaniasis because of the
similarity of these complexes to natural products with promis-
ing antileishmanial activities.>” Herein, we also tested the pre-
pared ligand and its M(n) complexes against the intracellular
protozoa L. magjor. All tested compounds showed better antil-
eishmanial activity than Amphotericin B (Table 3). The
complex of Cd(n) shows good antileishmanial activity with ICs,
value of 0.31 + 0.01 pM and the ligand exhibits moderate
activity with ICs, values of 0.74 + 0.01 uM, as presented in
Table 3. Thus, complexation enhances the activity of the
ligand. The complexation of organic ligands with transition
metals can enhance their activity. Among the studied com-
pounds, antileishmanial inhibition at 50 pg mL ™" decreases in
the following order: [TEM(Cd)Br,] > [TEM(Cu)Cl,] > [TEM(Co)
CL,] > [TEM(Zn)Cl,] > TEM (Table 3). The higher activity of the
M(u) complexes than that of the free ligand was attributed to
the improved lipophilicity of the complexes owing to chelation,
based on Overtone’s concept of cell permeability.** *° Notably,

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparison of the topographic maps of [TEM(M)X;] (M = Co and Zn; X = Cl; M = Cd, X = Br), complexes.

Table 3 Antileishmanial activity of TEM and its M(i) complexes against
L. major

S. no Samples IC50 = SEM? (uM)
1 TEM 0.74 + 0.01
2 [TEM(Co)Cl,] 0.39 +1.08
3 [TEM(Cu)Cl,] 0.38 + 0.00
4 [TEM(Zn)Cl,] 0.42 + 1.03
5 [TEM(Cd)Br,] 0.31 +0.01
6 (Amphotericin B) 0.57 + 1.06

“SEM = standard error mean (experiment run in triplicate).

these complexes could be adsorbed on the cell wall of microor-
ganisms, disrupting cellular respiration and thus blocking the
synthesis of proteins, which restricts the further growth of
microorganisms. In addition, the mode of action involves the
formation of hydrogen bonds between the active centers of
various cellular constituents and azomethine and other donor
groups, disturbing normal cellular processes.®® The nature of
the anion (Cl or Br) can also influence the activity of the metal
complexes. Generally, complexes with bromide ligands tend to
exhibit higher potential compared to their chloride analogues.
This can be attributed to the greater polarizability, higher
nucleophilic character and larger size of the bromide ligand,
which can enhance the lipophilic character of the complex and
facilitate its permeation through the lipid membrane of
microbes.®! Therefore, the antileishmanial activity of M(i) com-
plexes cannot be ascribed solely to chelation; it seems to be an
intricate blend of all the abovementioned contributions.>® *
3.3.2 Antioxidant activities. The overproduction of reactive
oxygen species, including superoxide anions or radicals, facili-
tates the degradation of biomolecules, such as proteins, DNA,
and lipids, playing a significant role in the inflammatory
process induced by several human diseases.®> Antioxidants
can protect cells by decreasing oxidative stress that can cause
damage to cells during metabolism. In this regard, transition
metal complexes derived from Schiff base ligands are known
for their antioxidant activity.'®®® Thus, recently, the design of
biomimicking models with additional biological applications
has drawn the attention of bioinorganic chemists. The DPPH

This journal is © The Royal Society of Chemistry 2024

radical-scavenging method is an economic, accurate, and sen-
sitive method for estimating the antioxidant potential of com-
plexes. DPPH is a nitrogen-centered stable radical that can
react with antioxidants, wherein it is reduced to nonradical
species, which produces a change in absorption. The anti-
oxidant activity of TEM and its M(u) complexes was screened
via the DPPH free radical-scavenging assay. Antioxidant poten-
tial was estimated at different concentrations (10, 25, 50, 100,
and 150 pg mL™') using ascorbic acid as a positive control.
Notably, the antioxidant activity of the studied complexes
increases with the concentration (Fig. $197). The ligand shows
moderate antioxidant activity, whereas metal complexes
exhibit considerably higher antioxidant activities than the
ligand. Specifically, [TEM(Cd)Br,] exhibits the highest anti-
oxidant activity, with an ICs, value of 6.01 + 0.11 pM, whereas
[TEM(Co)Cl,] shows the lowest antioxidant activity, with an
ICs, value of 17.22 + 0.19 pM (Table 4). This trend in the anti-
oxidant activities of the studied complexes can be explained by
their structural properties. There is a possibility of the inter-
ference of [TEM(Co)Cl,] with DPPH absorption at 517 nm,
which might result in a slightly higher IC5, value compared to
other metal complexes, as the Co(u) center can contribute to
the absorption in this region. The antioxidant potential of the
studied compounds decreases in the following order: [TEM
(Cd)Br,] > [TEM(Cu)Cl,] > [TEM(Zn)Cl,] > [TEM(Co)Cl,] > TEM
(Table 4). A comparative antioxidant assay of [TEM(Cd)Br,]
and [TEM(Zn)Cl,] with identical ligand architecture and geo-
metry (tetrahedral) revealed that the chloro-bearing complex

Table 4 Antioxidant activity of TEM and its corresponding M(i) com-
plexes towards the scavenging of the DPPH radical compared to
ascorbic acid

S. no Compounds IC5o + SEM” (M)
1 TEM 38.07 £ 0.28

2 [TEM(Co)CL,] 17.22 +0.19

3 [TEM(Cu)Cl,] 11.98 +0.07

4 [TEM(Zn)Cl,] 9.52 +0.22

5 [TEM(Cd)Br,] 6.01+0.11

6 Ascorbic acid 25.32 +1.02

%SEM = standard error mean (experiment run in triplicate).
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showed lower potential as the chloride ions were attached
firmly to the M(u) center, as evident from the bond lengths
(Table 1). Furthermore, the Zn-Cl bond distance was smaller
than the Cd-Br bond distance, thus restricting the approach of
radicals to the M(u) center.®’ The buried volume also signifies
the higher activity of [TEM(Cd)Br,] than that of [TEM(Zn)Cl,]
owing to the different steric encumbrances experienced by
these M(u) centers (Fig. 5).°4%°

SAR was used to predict the relationship between structure
and biological activity. All the synthesized complexes are
remarkably active against the performed biological activities.
The azomethine group (-HC=N-) and thiophene moiety
present in these complexes are responsible for their biological
responses. The synthesized Schiff base ligand, TEM, showed
moderate antioxidant activity, but when the imine ligand was
cyclised with Co(u), Cu(u), Zn(u), and Cd(u) metal ions, the
potency of the compounds started increasing, which demon-
strated that the metal framework was effective in oxidative
stress management. The Cd(u) and Zn(u) complexes have the
highest ability to control oxidation because of the metallic
effect, binding affinity towards the cell, stable aromatic ring,
lipophilicity, hydrophobicity, and DNA binding ability. This is
evident from the previously reported complexes.®***> These com-
plexes offer a promising avenue for the development of novel
antioxidant agents with enhanced efficacy and specificity.

3.3.3. Urease inhibitory potential. Urease enzyme has been
related to various gastrointestinal diseases, such as hepatic
coma, encephalopathy, ulcers, and urinary catheter encrusta-
tion.®® The urease activity can be decreased using inhibitors,
which may constitute a promising remedy for peptic ulcers.
Metal complexes inhibit the urease activity.®” In particular, thio-
phene-based complexes possess strong anti-urease potential.®®®°
Herein, the studied complexes exhibit considerable urease inhi-
bition activity (Table 5). Overall, [TEM(Cd)Br,] demonstrated the
greatest inhibitory effects against JB urease (ICs, = 4.51 =
0.12 pM) and BP urease (IC5o = 3.50 + 0.01 pM), notably higher
than that of the standard thiourea (ICs5, = 5.1 + 0.05 and 4.10 =+
0.11 pM). [TEM(Zn)Cl,] showed slightly low urease inhibitory
effects against JB and BP ureases, with ICs, = 7.15 + 1.11 and

Table 5 Urease inhibition activities of TEM and its corresponding M(i)
complexes

ICso = SEM” (uM)
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8.05 + 1.01 pM, respectively. The type of central metal ion, its
coordination environment, and its coordination state affect the
urease inhibitory profile of the complexes. For instance, Schiff
base Cu(u) complexes of phenylethylamine derivatives have
demonstrated strong urease inhibition; however, their Ni(u)
counterparts have not, suggesting the important role of metal
atoms in the inhibition of urease.”” Herein, TEM exhibited
much lower inhibitory activity than its M(u) complexes. Such a
large difference in activity was attributed to the interactions of
the metal center with the urease residues. Thus, the [TEM(M)X,]
complexes are used as antiulcer agents and hold great promise
for formulating organometallic drugs. However, further investi-
gations of the in vivo inhibitory potential of these complexes are
required to understand their mode of action.

3.3.4. Evaluation of anticancer activity. One of the poten-
tial approaches towards the treatment of cancer is to design
new metal complexes having labile sites and substituents.
Many of these metal complexes initiate their activity via
binding on the DNA molecule and result in the blocking of the
division of cancer cells, resulting in cell death.”* The in vitro
cytotoxic potentials of the synthesized ligand and its M(u) com-
plexes were screened against those of hepatic cancer HepG2,
human colorectal cancer HCT-116, and breast cancer MCF-7
cell lines, and the results are presented in Table 6. The
majority of the compounds are more active against the MCF-7
cell line than against the other cell lines. TEM and its respect-
ive M(u) complexes show high anticancer activities against
HepG2, HCT-116, and MCF-7 cell lines, with ICs, values
ranging from 2.2 + 0.09 to 6.8 + 0.11 uM. Notably, the central
metal ion of the investigated complexes considerably affects
the anticancer activity by varying the ability to bind to DNA.
Evidently, the ICs, values of the studied complexes against
MCF-7 and HCT-116 cancer cell lines are lower than those
reported for 2-amino thiophene-derived M(m) complexes”> but
are similar to those of ethylenediamine-bis-acetylacetonate-
derived M(u) complexes against the studied cancer cell lines.”

3.4. Molecular docking

The experimental results suggested the synthesized Schiff base
metal complexes as a promising candidate for antileishmanial
and anti-urease applications. To evaluate this, molecular

Table 6 Cytotoxic activity of TEM and its M(1) complexes against
HepG2, human colorectal cancer (HCT), and breast cancer MCF-7 cell
lines

Entry Samples JB urease BP urease

1 CoCl,-6H,0 10.9 + 0.13 12.9 +0.22 ICs0 + SEM* (M)

2 CuCl,-2H,0 12.2 £ 0.17 13.2 £0.17

3 ZnCl, 15.2£0.17 17.2+0.17  Entry Samples HepG2 HCT-116 MCF-7

4 CdBr,-4H,0 10.9 + 0.01 11.9 +1.11

5 TEM 17.4 +1.03 201+1.05 1 TEM 10 + 0.04 11.1+1.03 6.0+ 1.00
6 [TEM(Co)Cl,] 5.15 = 1.09 6.25+1.11 2 [TEM(Co)CL,] 58+111 5.0+1.01 4.0+1.06
7 [TEM(Cu)Cl,] 5.35 +0.10 6.51+021 3 [TEM(Cu)Cl,] 6.8+0.11 6.5+021  5.9+0.23
8 [TEM(Zn)CL,] 7.15+1.11 8.05+1.01 4 [TEM(Zn)Cl,] 3.9+0.07 3.6+120  3.3+0.01
9 [TEM(Cd)Br,] 4.51+0.12 3.50+0.01 5 [TEM(Cd)Br,] 3.5+0.30 2.7+0.16  2.2+0.09
10 Thiourea 5.1 +0.05 410+0.11 6 Vinblastine standard 3.0 + 0.05 2.8 +0.17 0.98 £ 0.22

%SEM = standard error mean (experiment run in triplicate).

N304 | Dalton Trans., 2024, 53, 1295-11309

“SEM = standard error mean (experiment run in triplicate).

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt00362d

Published on 11 2024. Downloaded on 18/8/2024 06:50:33.

Dalton Transactions

docking was utilized to investigate the underlying mechanisms
and physical interactions at the atomic and molecular levels.”
Strains of L. infantum (2]JK6) and S. pasteurii (2UBP) were
selected. 2JK6 (residue chain A was selected), a crystal structure
of L. infantum, which participates in thio-based metabolism, is
considered a main target of therapeutic agents, which are used
for treating leishmaniasis.”>’® In the case of 2UBP (residue
chain C was utilized), urease catalyzes the hydrolysis reaction,
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which could be a potential candidate for investigating struc-
ture-based design for a urease inhibitor.””

The 3D ligplots in Fig. 6 and 7 illustrate the molecular
docking results, showing the interactions between selected
receptors and TEM and its [TEM(M)X,] complexes. To investi-
gate the antileishmanial potential of the synthesized com-
plexes, 2]JK6 (L. infantum) was docked with the synthesized
complexes (Fig. 6). The results revealed that TEM interacted

(@

-

(©

Asp A84

Ala A105 3.3 ‘\-

33, A1 A105

Fig. 6 3D ligplot illustrating molecular docked interaction of TEM and its metal complexes with the 2JK6 receptor alongside the corresponding
lengths (A) ((a): TEM, (b): [TEM(Co)CL], (c): [TEM(Cu)CL,], (d): [TEM(Zn)Cl,], and (e): [TEM(Cd)Br,]).
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Fig. 7 3D ligplot illustrating molecular docked interaction of TEM and its metal complexes with the 2UBP receptor alongside the corresponding
lengths (A) ((a): TEM, (b): [TEM(Co)CL], (c): [TEM(Cu)Cl,], (d): [TEM(Zn)Cl,], and (e): [TEM(Cd)Br,]).

with the Gly 56 residue through arene-hydrogen bonding.
Furthermore, [TEM(Co)Cl,] interacted with residue Cys 57,
[TEM(Cu)Cl,] with residues Leu A334 and Lys A60, and [TEM
(zn)Cl,] with residues Thr 335 and Cys 57 through hydrogen
bonding. Notably, [TEM(Cd)Br,] showed a higher interaction
capacity in the active pocket of 2JK6 through hydrogen
bonding with Cys 52, Thr 335, and Cys 57, and arene-hydrogen
bonding with Tyr 198.

1306 | Dalton Trans., 2024, 53, 1295-11309

In addition to the antileishmanial study, the synthesized
metal complexes have the potential to interact to inhibit
urease. TEM showed the interaction with the amino residue of
Arg 339 and His 323 through hydrogen bonding, whereas
[TEM(Co)Cl,] interacted with the amino residue of 2UBP in an
active pocket of the receptor protein, forming two hydrogen
bonds with residues Arg 339 and His 249 by the formation of
hydrogen bonds. Additionally, [TEM(Cu)Cl,] engaged with the

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Selected electronic descriptors obtained from molecular docking of (a) 2JK6 and (b) 2UBP.

active residues of Cys 322 by hydrogen bonding. In the case of
[TEM(Zn)ClL,], only one hydrogen bond interaction occurred
with GIn Ala 170 residues in the active pocket of the 2UBP
receptor. Notably, [TEM(Cd)Br,] exhibited interactions through
four hydrogen bonds with Arg 339, His 249 and Asp 224. The
[TEM(Cd)Br,] inhibition potential aligned well with the experi-
mental finding and showed exceptional activity. These results
showed the dominant and pronounced participation of hydro-
gen bonding among other interactions. It is also anticipated
that the TEM complexes exhibited a stronger interaction than
the free ligand. The activity and interactions of TEM and its
metal complexes with receptors were further evaluated by cal-
culating the negative free energy, binding constant, steric and
electronic descriptors, and surface electrostatic mapping. The
calculated negative free energies are shown in Fig. S20,1 indi-
cating the spontaneous reactivity of all TEM metal complexes
with receptors. The molecular docking results highlighted the
higher antileishmanial and anti-urease potencies of the TEM
complexes than those of the free ligand, i.e., TEM. Notably,
[TEM(Cd)Br,] exhibits the lowest energy conformation and
Gibbs energy across all cases, consistent with our experimental
observations.

Alongside the Gibbs free energy, the binding constants
were computed for TEM and its metal complexes with 2JK6
and 2UBP (Fig. S211). TEM has a lower binding constant than
the TEM complexes when subjected to docking. This under-
scores that the inhibition efficiency of these complexes greatly
depends on their structural properties."* However, [TEM(Cd)
Br,] showed the highest bonding affinity in all cases.

Furthermore, the interaction between the selected strain
and TEM ligands and their complexes was explored by calculat-
ing the physiochemical descriptors such as electronic and
steric descriptors, and is shown in Fig. 8 and Table 7. The elec-
tronic descriptors, particularly the LUMO and HOMO, pro-
vided insights into the mechanism involved between strains
and TEM and its metal complexes, based on the electron-
donating and electron-accepting properties of the compound.

This journal is © The Royal Society of Chemistry 2024

Table 7 Selected electronic descriptors obtained from molecular
docking of 2JK6 and 2UBP with TEM and its corresponding M(i)
complexes

Electronic

Steric

Eele (kcal mol™)  Eigar (kcal mol™)  Hy (keal mol™)

2JK6
TEM —305193.0 —52808.0 54.1
TEM(Co)Cl,] — — 19.0
TEM(Cu)Cl,] — — 19.0
TEM(Zn)Cl,| —419819.0 —68140.0 20.0
TEM(Cd)Br,] —411655.0 —-69675.0 44.3
2UBP

TEM — — —
TEM(Co)Cl,] — — 54.2
TEM(Cu)Cl,] 53 242.1 —66266.1 44.7
TEM(Zn)Cl,] —42561.3 —48681.3 39.4
TEM(Cd)Br,| —62757.3 —-68523.9 70.8

In Fig. 8, the results indicate that the TEM complexes exhibit a
lower HOMO and LUMO than TEM, demonstrating enhanced
electron-accepting properties. The van der Waals force inter-
actions and ionization potential energy also increased with the
coordination of metals to the ligand. This observed trend
suggests that the incorporation of transition metals facilitates
interactions and enhances inhibition activity.

4. Conclusion

Herein, a novel Schiff base ligand, TEM, was synthesized in a
good yield via a condensation reaction. The TEM complexes of
Co(u), Cu(u), Zn(u), and Cd(u) were obtained by direct TEM lig-
ation with metal salts. The structures of the synthesized ligand
and its M(u) complexes were investigated using various spec-
troscopic techniques. The leishmanicidal and anti-oxidant
activities of the synthesized ligand and its M(u) complexes
were screened. [TEM(Cd)Br,] showed prominent inhibitory
potential, higher than the rest of the tested compounds under
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identical experimental protocols. In the preliminary study, the
investigated compounds showed considerable anticancer
activity against human colorectal, hepatic, and breast cancer
cell lines. These complexes also exhibited marked urease
enzyme inhibition with ICs, values in the range of
3.50-8.05 pM. The relationship between their inhibitory
activity and their structure was further demonstrated from the
perspective of molecular docking. The results of molecular
docking were consistent with the experimental results, con-
firming the highest antileishmanial and urease inhibition
potential of [TEM(Cd)Br,]. This study revealed various promis-
ing activities of the studied complexes, which may contribute
to pharmacological assays and drug design.
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