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We report the preparation of four nanosized isomers of N-benzoyl-N'"-(hydroxyphenyl) thioureas by
nanoprecipitation. Direct reactions with CuCl,-2H,O gave the corresponding complexes in good
yields. The structures of the ligands and their copper complexes were characterized using different
analytical and spectroscopic measurements. In all complexes, the data revealed non-electrolytic
mononuclear three-coordinate copper(I) complexes, where the ligand is hypodentate to copper ion
via thioamide sulfur. Thermal studies revealed high thermal stability of the complexes compared to
their parent ligands and the mechanism of decomposition and the thermodynamic parameters were
evaluated. The ligands and their complexes were screened against different pathogenic microorgan-
isms, and subjected to in vitro antioxidant and cytotoxic activities against three human cell lines.
Compared to other isomers, N-benzoyl-N"-(o-hydroxyphenyl) thiourea exhibited significant antimi-
crobial activity and had higher activity than the standard fungicides and bacteriocides. All copper
complexes showed inhibitory potencies, however [Cu(H,L?*),Cl] exhibited remarkable inhibitory
activities against the examined cancer cell lines as evident by the range of ICs, values (4.0-7.4 png/
mL) and the percentage of cell viability. The results obtained can find medical applications as new
therapeutic nanoparticle agents.

Keywords: Hypodentate ligands; Copper(I) complexes; Thermal analyses; Cytotoxic activity

1. Introduction

Metal complexes of hypodentate ligands have importance in design and synthesis of hetero-
polymetallic systems [1] due to their applications in metal separation and extraction [2],
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precursors for nanomaterials [3], and biological activities [4]. N-benzoyl-N'-arylthioureas
have at least three potential donors (N, O, and S) and have been regarded as model com-
pounds for different intra and intermolecular interactions involving sulfur [5]. Hypodentate
coordination only through sulfur as neutral, monodentate ligand is seen in some Au(l) [6],
Ag(D) [7], Hg(I) [8], Pt(ID) [9], and Cu(I) [10] complexes. Such ligands form intramolecular
H-bonds between the oxygen of C=0 and hydrogen of thiourea [11] forming a stable six-
membered ring [12]. For this reason, the hydrogen-bonding ability of the thiourea is used in
construction of anion receptors [13], thiourea-based metal complexes [14], and organo cata-
lysts [15].

Copper is an essential trace metal that has been used for centuries either as copper ions
or in complexes to disinfect liquids, solids, and human tissues [16]. Copper complexes have
been extensively utilized in DNA cleavage for generation of activated oxygen species by
redox cycling properties between Cu(Il) and Cu(l), presumably a hydroxyl radical, which
can react at several nucleic acid sites to break it [17]. Many reports demonstrated that thio-
urea derivatives exhibit interesting biological [17, 18] and anticancer activities [19] that are
enhanced by complexation with copper. In addition, there are several metal complexes that
actively and specifically inhibit the chymotrypsin-like activity of the proteasome in vitro
and in human tumor-cell cultures [20]. This is because the ubiquitin/proteasome system
plays an important role in degradation of cellular proteins, and metal complexes inhibit the
proteasome activity in tumor cells in 15 min [21].

In this aricle, we report the preparation of four nanosized isomers of N-benzoyl-N'-(hy-
droxylphenyl) thioureas (H,L'-H,L*) using nanoprecipitation. Although N-benzoyl-N'-(m-
hydroxyphenyl) thiourea and N-benzoyl-N'-(p-hydroxyphenyl) thiourea were previously
studied by X-ray diffraction [22, 23], no report on the chemistry of nanosized N-benzoyl-N
"-(hydroxyphenyl) thiourea was published. The application of nanomaterials to medical
problems has already demonstrated a clinical impact in terms of delivery strategies for a
range of bioactive molecules including therapeutic agents, nucleic acids, and imaging con-
trast agents [24]. These nanomaterials are used to synthesize a series of copper complexes
and study their bactericidal, fungicidal, and antioxidant activities. The in vitro cytotoxicity
against three human cell lines, liver carcinoma (HEPG2), breast carcinoma (MCF7), and
colon carcinoma (HCT116) have also been evaluated.

2. Experimental

2.1. Materials and physical measurements

Benzoyl chloride, ammonium thiocyanate, o-aminophenol, m-aminophenol, p-aminophenol,
and 2-amino-5-nitrophenol were purchased from Aldrich. Acetonitrile (BDH-PROLABO),
ethanol, 1,4-dioxane (Aldrich), dimethylsulfoxide (DMSO, Aldrich), and diethyl ether were
of analytical grade quality and used without purification. CuCl,-2H,0O was purchased from
Aldrich and used as received. Melting points were determined with an electro-thermal melt-
ing point apparatus and are not corrected. Infrared spectra (IR, KBr pellets; 3-mm thick-
ness) were recorded on a Perkin—Elmer Infrared Spectrophotometer (FTIR 1650). All
spectra were recorded from 4000 to 500 cm™', at 25 °C. Absorption spectra were measured
with a UV 500 UV—vis spectrometer, at room temperature in DMSO. ESR measurements
on polycrystalline samples were measured at 298 K using a Varian E-12 spectrometer and
DPPH as an external standard. "H NMR spectra were recorded on a JEOL 500 spectrometer
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in DMSO-d® solution with TMS as internal standard. The molar conductivity measurements
were carried out using an HI 8033 HANNA conductometer at 25 °C for 10> M solution in
DMSO-d®. Thermal analyses were carried out from 25 to 700 °C or 1000 °C in a stream of
nitrogen by a Shimadzu DTG 60H thermal analyzer. The experimental conditions were:
platinum crucible, nitrogen atmosphere with a 30 mL/min flow rate, and a heating rate
20 °C/min at Cairo University. Elemental analyses were performed at the Regional Center
of Mycology and Biotechnology, El-Azhar University, Cairo. Metal analysis was deter-
mined by atomic absorption technique and by energy-dispersive X-ray spectroscopy (EDX)
(Module Oxford 6587INCA x-sight) attached to JEOLJSM-5500LV scanning electron
microscopy (SEM) at 20 kV after gold coating using SPI-Module sputter coater) at the
E-Microscope Unit, Faculty of Science, Alexandria University. The morphologies of nano-
particles were observed by SEM (JEOL-JSM5300) at the E-Microscope Unit, Faculty of
Science, Alexandria University. The samples were sonicated in de-ionized water for 5 min
and deposited onto carbon-coated copper mesh and allowed to air-dry before examination.
Cytotoxicity and antioxidant studies were performed at the Regional Center of Mycology
and Biotechnology, El-Azhar University, Cairo. Antimicrobial screening tests were
conducted at Faculty of Science, Alexandria University.

2.2. Synthesis of H,L'-H,L* (General method)

H,L'-H,L* were prepared according to the reported procedure [25]. A solution of benzoyl
chloride (5 g, 35 mM) in acetonitrile (30 mL) was added dropwise to a solution of ammo-
nium thiocyanate (2.66 g, 35 mM) in acetonitrile (30 mL) and kept in an ice bath with stir-
ring for 1 h. The white precipitate of ammonium chloride was removed by filtration. A
solution of the appropriate amino phenol, o-amino phenol, m-aminophenol, p-aminophenol,
and 2-amino-5-nitrophenol (35 mM) in acetonitrile (30 mL) was added to the filtrate and
the mixture was stirred, at room temperature for 4 h. The resulting precipitate was filtered,
washed thoroughly with acetonitrile followed by diethyl ether, and then dried in a vacuum
desiccator.

N-benzoyl-N'-(o-hydroxyphenyl) thiourea (H,L'): Yield: 75%. Color: yellow. Anal
Found (Calcd for C14H ,N,SO,, 272.32): C, 61.31 (61.75); H, 4.80 (4.44); N, 9.99 (10.29);
S, 12.09 (11.77).

N-benzoyl-N'-(m-hydroxyphenyl) thiourea (H,L?): Yield: 75%. Color: white. Anal Found
(Caled for Ci4H,N,S0,, 272.32): C, 61.40 (61.75); H, 4.14 (4.44); N, 9.83 (10.29); S,
11.50 (11.77).

N-benzoyl-N"-(p-hydroxyphenyl) thiourea (H,L*): Yield: 75%. Color: violet. Anal Found
(Caled for C14H5N,S0,, 272.32): C, 62.02 (61.75); H, 4.70 (4.44); N, 10.59 (10.29); S,
11.43 (11.77).

N-benzoyl-N'-(2-hydroxy-4-nitrophenyl) thiourea (H,L*): Yield: 88%. Color: yellow.
Anal Found (Caled for Ci4H ;N3SOy, 317.32): C, 53.36 (52.99); H, 3.17 (3.49); N, 12.60
(13.24); S, 9.71 (10.10).

2.3. Synthesis of nanosized ligands (General method)

Benzoyl chloride (1 g, 7.0 mM) dissolved in acetonitrile (50 mL) was added to (0.53 g,
7.0 mM) ammonium thiocyanate dissolved in 50-mL acetonitrile. The solution was kept in
an ice bath for 1 h, filtered, and the precipitate was further washed with additional 10 mL
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of acetonitrile. To the appropriate aminophenol (7.0 mM) dissolved in acetonitrile/water
(110 mL) (100 mL acetonitrile and 10 mL distilled water), the filtrate was added in one por-
tion and the resulting mixture was ultrasonicated for 3 h at 42 kHz. Centrifugation of the
mixture for 15 min. at 6000 rpm produced the required ligand nanoparticles as solid prod-
ucts. The products were washed successively using EtOH followed by Et,O and dried in a
vacuum oven at 60 °C.

2.4. Synthesis of copper complexes

A warm ethanol solution (15 mL) of CuCl,-2H,0 (0.85 g, 5.0 mM) was added to 10.0 mM
of the appropriate ligand H,L'-H,L* in the same solvent (20 mL). The mixture was
refluxed for 2 h and the precipitate formed in each case was collected by filtration, washed
thoroughly with ethanol followed by Et,O, and dried in a vacuum oven at 60 °C.

[Cu(H,L"),CI]-2H,0: Yield: 70%. Color: greenish black. Anal Found (Calcd for
CuC,gHsN4S,04Cl, 679.64): C, 49.82 (49.44); H, 4.43 (4.12); N, 8.60 (8.24); S, 9.75
(9.42); Cu, 9.29 (9.34).

[Cu(H,L?),Cl]: Yield: 68%. Color: yellowish green. Anal Found (Calcd for CuC,gH,4Ny
S,04Cl, 643.64): C, 52.53 (52.20); H, 4.01 (3.73); N, 8.61 (8.70); S, 9.66 (9.95); Cu, 10.00
(9.86).

[Cu(H,L*),Cl]-2H,0: Yield: 55%. Color: greenish black. Anal Found (Caled for
CuC,gHsN4S,06Cl, 679.64): C, 49.52 (49.44); H, 3.50 (4.12); N, 8.60 (8.24); S, 9.41
(9.42); Cu, 9.22 (9.34).

[Cu(H,LH,Cl]: Yield: 75%. Color: yellowish green. Anal Found (Calcd for CuC,gH,,Ng
S,05Cl 733.64): C, 45.83 (45.80); H, 3.00 (3.00); N, 11.63 (11.45); S, 8.70 (8.72); Cu,
8.60 (8.65).

2.5. Biological activity

2.5.1. In vitro cytotoxicity screening. The mammalian cell lines: liver carcinoma cell lines
(HEPG?2), breast carcinoma cell line (MCF7), and colon carcinoma cell line (HCT116) were
obtained from VACSERA Tissue Culture Unit. Chemicals used: DMSO, crystal violet, and
trypan blue dye were purchased from Sigma (St. Louis, MO, USA). Fetal bovine serum,
DMEM, RPMI-1640, HEPES buffer solution, L-glutamine, gentamycin, and 0.25% Tryp-
sin—EDTA were purchased from Lonza. Crystal violet stain (1%) is prepared from 0.5% (w/
v) crystal violet and 50% ethanol, diluted with distilled water then filtered through a What-
man filter paper No.1. Cell lines propagation: the cells were propagated in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum, 1% r-glutamine, HEPES buffer, and 50-ug/mL gentamycin. All cells were main-
tained at 37 °C in a humidified atmosphere with 5% CO, and were subcultured twice a
week. Cell toxicity was monitored by determining the effect of the test samples on cell mor-
phology and cell viability. For cytotoxicity assay, the cells were seeded in a 96-well plate at
cell concentration of 1 x 10* cells per well in 100 uL of growth medium. Fresh medium
containing different concentrations of the test sample was added after 24 h of seeding.
Serial twofold dilutions of the tested chemical compound were added to confluent cell mon-
olayers dispensed into 96-well, flat-bottomed microliter plates (Falcon, Nu, USA) using a
multichannel pipette. The microliter plates were incubated at 37 °C in a humidified incuba-
tor with 5% CO, for 48 h. Three wells were used for each concentration of the test samples.
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Control cells were incubated without test sample, and with or without DMSO. The small
percentage of DMSO present in the wells (maximum 0.1) does not affect the experiment.
After incubation of the cells for 24 h at 37 °C, various concentrations of sample (50, 25,
12.5, 6.25, 3.125, and 1.56 pg) were added and the incubation was continued for 48 h; via-
ble cells were determined by a colorimetric method. In brief, after the end of the incubation
period, media were aspirated and crystal violet solution (1%) was added to each well for at
least 30 min. The stain was removed and the plates were rinsed using tap water until all
excess stain is removed. Glacial acetic acid (30%) was then added to all wells and mixed
thoroughly, and then the absorbance of the plates were measured after gently shaking on a
Micro plate reader (TECAN, Inc.) using a test wavelength of 490 nm. All results were cor-
rected for background absorbance detected in wells without added stain. Treated samples
were compared with the cell control in the absence of the tested compounds. All experi-
ments were carried out in triplicate. The cell cytotoxic effect of each tested compound was
calculated [26, 27]. The inhibitory activity ICs, of the tested vinblastine standard drug
against the studied carcinoma cell lines was detected under the above experimental condi-
tions.

2.5.2. Antimicrobial activity. Antimicrobial activities of the tested samples were deter-
mined using a modified Kirby—Bauer disk diffusion method [28]. All the synthesized com-
pounds were dissolved to prepare a stock solution of 1 mg/mL in DMSO. Stock solution
was aseptically transferred and twofold diluted to have solutions of different concentrations.
The antibacterial and antifungal activities of test compounds were done by paper disk
method [29] and the activities were determined by measuring the diameters of the inhibition
zone (mm). Media with DMSO was set up as control. All cultures were routinely main-
tained on nutrient agar (NA) and incubated, at 37 °C. The inoculums of bacteria were per-
formed by growing the culture in NA broth at 37 °C overnight. Approximately 0.1 mL of
diluted bacterial or fungal culture suspension was spread with the help of a spreader on NA
plates uniformly. Solutions of the tested compounds and reference drugs were prepared by
dissolving 10 mg of the compound in 10-mL DMF. A 100-uL volume of each sample was
pipetted into a hole (depth 3 mm) made in the center of the agar. Sterile 8-mm disks (Hime-
dia Pvt. Ltd.) were impregnated with test compounds. The disk was placed onto the plate.
Each plate had one control disk impregnated with solvent. The plates were incubated at
37 °C for 18-48 h. Standard disks of Tetracycline and Streptomycin (Antibacterial agents;
10 pg/disk) and Amphotericin B (Antifungal agent; 10 ng/disk) served as positive controls
for antimicrobial activity, while filter disks impregnated with 10 uL of DMSO were used as
a negative control.

3. Results and discussion

3.1. Synthesis and characterization

Nanosized aromatic compounds could be obtained by either emulsion or interfacial meth-
ods. A popular method used for such nanosized preparation is solvent displacement, also
referred to as nanoprecipitation [30]. The basic principle of this technique is based on the
interfacial deposition of a product after displacement of a semi-polar solvent, miscible with
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water, from a lipophilic solution. Rapid diffusion of the solvent into the non-solvent phase
results in a decrease of interfacial tension between the two phases, which increases the sur-
face area and leads to formation of small droplets of the organic solvent. The key variables
determining the success of the method and affecting the physicochemical properties of
nanoparticles are those associated with adding the organic phase to the aqueous phase, such
as organic phase injection rate, aqueous phase agitation rate, the method of organic phase
addition, and the organic phase to aqueous phase ratio. Likewise, nanoparticle characteris-
tics are influenced by the nature and concentration of their components [31]. The process of
particle formation in the nanoprecipitation method comprises three stages: nucleation,
growth, and aggregation. The rate of each step determines the particle size and the driving
force of these phenomena is the ratio of product concentration over the solubility of the
product in the solvent mixture. The separation between the nucleation and the growth stages
is the key factor for uniform particle formation [32].

The nanosized N-benzoyl-N'-(o-hydroxyphenyl) thiourea H,L', N-benzoyl-N'"-(m-
hydroxyphenyl) thiourea H,L? N-benzoyl-N"-(p-hydroxyphenyl) thiourea H,L*, and N-ben-
z0yl-N'"-(2-hydroxy-4-nitrophenyl) thiourea H,L* were prepared by reaction of benzoyl
chloride dissolved in acetonitrile with ammonium thiocyanate dissolved in the same solvent
(scheme 1). After removing the white precipitate of ammonium chloride, the filtrate was
added in one portion to the appropriate aminophenol, namely o-amino phenol, m-aminophe-
nol, p-aminophenol, and 2-amino-5-nitrophenol dissolved in acetonitrile/water mixture
(10 : 1). Ultra sonication followed by centrifugation furnished the targeted adducts. The

4@ s
o-Cl 4 anm,sen CHiCN, 0°C, Th ©\,(SCN + 4NH,CI
1] O
NH,
I\ CH,C
4 ) - CH;CN
/\OH

A~ paCl

/

~

, § NH Hj\ ? nH,0 NG
H\N/gs/cu\s N 2CuCl,2H,0 4 )\N/H

Ch + - S

=z | EtOH, reflux, 2h 7 l

~ SOY

HO' N-oH OH
X X X

[Cu (H,LY),Cl].nH,0
y=13 n=2
y=24 n=nul

Scheme 1. Synthesis of free H,L'-H,L* and their copper complexes.
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Table 1.  Characterization data of H,L'-H,L* and their copper(I) complexes.
C-NMR & Jinax
Compound (formula) A "H-NMR ¢ (ppm) (ppm) IR (KBr)v (cm™")  (nm)
H,L' 12.94 (1H, NH), 11.43 (1H, 176.22 (C=S), 3303, 3261, 3035, 279
NH), 10.19 (1H, OH), 8.50— 165.48 (C=0) 1655, 1560, 1372,
6.81 (9H, Ar) 1257, 1197, 929
[Cu(H,L"),Cl]-2H,0 2.2 12.10 (2H, 2NH), 11.43 3378, 3270, 3185, 281
(2H, 2NH), 10.50 (2H, 1676. 1537, 1251,
20H), 7.50-7.00 (18H, Ar) 1397, 1185, 904
H,L? 12.62 (1H, NH), 11.48 (1H, 179.08 (C=S), 3327, 3225, 3125, 270
NH), 9.64 (1H, OH), 7.93— 168.86 (C=0) 1673. 1527, 1262,
6.75 (9H, Ar) 1329, 1143, 994
[Cu(H,L?),Cl1] 2.0 12.52 (2H, 2NH), 11.44 3371, 3271, 3055, 278
(2H, 2NH), 9.68 (2H, 1676, 1533,
20H), 8.13-7.01 (18H, Ar) 1385,1259, 1144,
977
H,L? 11.0 (IH, NH), 10.01 (1H,  (177.89) (C=S), 3328, 3235, 3058, 282
NH), 9.91 (1H, OH), 8.01-  (165.58) (C=0) 1649, 1539, 1363,
6.73 (9H, Ar) 1224, 1170, 983
[Cu(H,L?),Cl]-2H,0 1.2 12.73 (2H, 2NH), 12.44 3303, 3262, 3062, 280
(2H, 2NH), 9.69, 9.59 (2H, 1265, 1665, 1537,
20H), 8.09-5.80 (18H, Ar) 1335, 1216, 925
H,L* 13.3 (1H, NH), 11.76 (1H, ~ (178.64) (C=S), = 3395, 3247, 2996, 286
NH), 11.5 (1H, OH), 8.07—  (169.04) (C=0O) 1657, 1520, 1338,
6.95 (9H, Ar) 1260 1193, 955
[Cu(H,L*,CI1] 1.4 11.52 (2H, NH), 11.27 (2H, 3390, 3225, 3156, 283

NH), 10.04 (2H, 20H),
8.39-6.61 (18H, Ar)

1665, 1569, 1347,
1285, 1173, 934

A = molar conductance in 107> M DMSO in (Q ' ¢cm 2 molfl).

structures of the prepared ligands were fully characterized by different analytical methods,
including FTIR, UV-visible, NMR table 1, and elemental analyses (see section 2).
As judged by SEM photographs (figure 1), the average diameter of the particles ranges

from 26 to 153 nm and interconnection between particles was present in a greater or lesser
extent. The average diameter of the particles was estimated from SEM images and selected
at random. The average diameters of H,L', H,L2 H,L3, and H,L* were 26, 67, 90, and
153 nm; standard deviations were 6.72, 21.11, 8.07, and 2.72, respectively. H,L"', H,L?,
and H,L* were obtained as well-separated spherical nanoparticles with some interconnec-
tion. However, high degree of interconnection between the particles was found in H,L>.
Based on these results, it is possible to conclude that addition of a particular amount of
water to the reaction system was essential for formation of spherical particles and to control
the degree of interconnection. The tendency of spherical particle formation of such isomeric
N-benzoyl-N'-(hydroxyphenyl) thioureas may be correlated to the dispersion stability of par-
ticles in the reaction solution or the precipitation mechanism of the particles.

Reaction of equimolar amounts of the ligands with copper(Il) chlorides furnished the cor-
responding copper complex [Cu(H,L'#),Cl]'nH,0, where n=0 or 2 (scheme 1). For
structural elucidations and comparison purposes, bulk production of free H,L'-H,L* was
considered [25]. Analytical, energy-dispersive X-ray spectroscopy (EDX) (figure 2), molar
conductance, and spectral studies reveal that the obtained complexes are non-electrolytes
and contain two ligand molecules in addition to one chloride. The complexes are air-stable,
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Nanosized H,L? Nanosized H,L?

Figure 1. SEM images of the nanosized H,L'-H,L".

non-hygroscopic, and soluble in both DMSO and DMF. Table 1 compiles the spectral data
of H,L'-H,L* and their copper complexes Cu(H,L'),(Cl)-2H,0, Cu(H,L*),(Cl), Cu
(H,L*),(C1)-2H,0, and Cu(H,L*)»(Cl), in addition to the molar conductivity data of the
copper complexes.

The higher affinity of sulfur to Cu"' seems to play a role in the reduction of Cu(II) to Cu
(I). A plausible explanation is that the synthesized benzoyl thiourea derivative may be oxi-
dized to disulfide and Cu*? is reduced to Cu*' which remains in solution as a complex with
acetonitrile [33]. At the same time, intramolecular hydrogen bonds of the type NH:---Cl
may be assumed to contribute to the stabilization of the Cu(I) complexes [34].

3.1.1. FTIR Spectroscopy. The main bands of FTIR spectra of H,L'-H,L* and their cop-
per complexes are given in table 1. The FTIR spectra of free H,L'-H,L* display bands at
v3395-3303, v3261-3225, v3185-3125, v3062-3035, v1673-1649, v1560-1520 and
v1285-1251 em™! assigned to v(OH), v(N-H), v(N'-H), v(CH), W(C=0), §(N'-H, thioamide
band I), and v(C=S), respectively. The assignment of v(N-H) above 3200 cm ™' while v(N"—
H) above v3000 cm™' could be referred to the intramolecular hydrogen bonding of the form
N"=H...O=C and the possibility of trans—cis conformation of benzoyl thiourea which affects
the vibrational positions and properties of the central —-C(O)NHC(S)N'H- moiety [23, 12,
35]. The intramolecular hydrogen bond between oxygen in C=O and hydrogen of thiourea
forms a six-membered ring which can stabilize the molecular conformation of the prepared
compounds [11, 12]. The lack of w(SH) around 2500-2600 cm™ ' indicated the absence of
the v(N=C-SH) tautomeric form and H,L'-H,L* remain in the thioketo-amine form [36].
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The bands at v1143-1197 cm ™!, v1329-1372 cmfl, and v928-994 cm™! in spectra of the
free ligands are assigned to Vagym(NCN') thioamide band II, vsyn(NCN') thioamide band III,
and thioamide band IV, respectively [37—40]. The v(C=0) is at relatively lower value than
ordinary carbonyl absorption (1700 cm™') attributed to the intramolecular hydrogen bond
and to the conjugated resonance interactions between the carbonyl and the phenyl ring in
N-benzoyl substituted thiourea compounds [34, 38-40]. The band at v1520 cm™ ! in spectra
of H,L* is assigned to w(NO,). The FTIR spectral data of copper complexes (table 1)
demonstrate a shift of v(C=S) to lower wavenumbers compared to the free ligands, suggest-
ing participation of sulfur of the thioamide group in coordination [35]. The coordination of
S of the thiourea derivative with metal ions causes a charge transfer ligand—metal which
reduces the double bond character of the C=S bond and allows a lower frequency shift of
thioimide band (IV). The shift of v(OH) and v(NH) to higher wavenumber compared to
the parent ligands ruled out their involvement in coordination. In all copper complexes,
the value of vC=0 remains unchanged or upward shifted indicating its non-bonding nature
[39, 40].

3.1.2. Electronic spectra. Electronic spectra of H,L'-H,L* and their copper complexes in
DMSO are collected in table 1. The electronic spectra of free H,L'-H,L* exhibited one
band at 41269-280 nm due to intraligand z—=z* transition [40]. The observed band at 1278—
283 nm assigned to ligand centered #—=z* transitions show a small red shift as a conse-
quence of coordination to copper. The ESR spectra of the polycrystalline copper complexes
did not exhibit any signal characteristic of copper(Il) confirming the formation of copper(I)
complexes.

3.1.3. NMR Spectroscopy. NMR spectral data of H,L'-H,L* in DMSO-d, are compiled
in table 1. '"H NMR spectra of H,L' displayed the expected functional group signals at
012.94 ppm (thioamide), 611.43 ppm (amide), and 610.19 ppm (OH), respectively, while
the nine aromatic protons resonated at 66.81-8.50 as a multiplet. Similarly, H,L? displayed
signals at 12.62 ppm (thioamide), 011.48 ppm (amide), d9.64 ppm (OH), and the nine aro-
matic protons as multiplets at 56.75-7.93 ppm. H,L? exhibited signals at 911.00 ppm (thio-
amide), 610.01 ppm (amide), 69.91 ppm (OH), and the nine aromatic protons as a multiplet
at 96.73-8.01 ppm. H,L* showed signals at 613.30 ppm (thioamide), 611.76 ppm (amide),
011.50 ppm (OH), and the eight aromatic protons as a multiplet at §6.95-8.07 ppm. The
low field positions of most signals may be taken as evidence for different hydrogen bonding
participation such as intramolecular NH-O=C- [12, 13], intermolecular OH---DMSO, inter-
molecular DMSO---HN-C=S, or intermolecular hydrogen bonding between the ligand mole-
cules. The deshielding of NH and OH signals in H,L* could be attributed to the presence
of NO,. Moreover, thioamide protons in HZLI—HZL3 are downfield shifted in the order o-
OH > m-OH > p-OH due to intramolecular H-bonding.

"H-NMR spectra of the copper complexes in DMSO-d, are very useful in determining
coordination between the prepared benzoyl thioureas and copper ions. From table 1, it is
clear that an appreciable change occurs in the position of the thioamide signal of H,L',
H,L? and H,L* upon complex formation. The thioamide proton signal in [Cu
(H,L",Cl1]-2H,0, [Cu(H,L?),Cl], and [Cu(H,L*),Cl] is upfield shifted relative to their par-
ent ligands. This shift is attributed to the participation of the thioamide in bonding to the
copper ion, and thus further confirms the FTIR data. The thioamide proton signal in case of
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[Cu(H,L?*),C1]-2H,0 was observed at 612.73 ppm compared to 611.00 ppm in case of the
free ligand. This downfield shift could be attributed to deshielding resulting from bonding
to copper ion. The amide proton signals at 610.01-11.76 ppm in the free ligands did not
exhibit appreciable change for [Cu(H,L"),Cl]-2H,0 and [Cu(H,L*),Cl], however, down-
field shifted in case of [Cu(H,L*),CI]-2H,0 by A9 = +2.43 ppm resulting from H-bonding
formation of the type -NH—CI1 and —NH---O similar to the reported data [34]. On the other
hand, the amide proton signal is upfield shifted by Ad=—-0.41 ppm in case of [Cu
(H,L*,C1] attributed to the electronic effect of the nitro group. The chemical shift of the
aromatic protons of the free ligands did not show appreciable change upon complexation.
The integration values of all signals indicate the bonding of two ligand molecules to the
copper ion, thus confirming the micro analytical data.

In conclusion, the observed spectral data revealed that Cu(Il) is reduced to Cu(I)
during the course of reaction and are in agreement with the proposed molecular formulas
(table 1). As a representative example for the 'H-NMR spectra of the investigated
compounds, figure 3 displays the 'H-NMR spectrum of H,L' and its copper complex
[Cu(H,L"),Cl1]-2H,0.

(a)

Figure 3. '"H-NMR spectra of (a) H,L' and (b) [Cu(H,L"),(Cl)]-2H,0.
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Table 2. Thermal analysis of H,L'-H,L* and their copper complexes.

Mass loss (%)

Decom. found DTG Residue (%) found
Compounds stages TG (°C)  (calculated) (°C) DTA (°C) (calculated)
H,L' I 185-700 99.23 (100) 227 227 (endo) -
390 (endo)
[Cu(H,L",(CD]-2(H,0) I 25-389 57.62 (56.92) 339 339 (exo)  0.5Cu,S +S—CuO + S
I 389-523 25.50 (25.32) 458 458 (exo) 16.82 (16.40)
H,L? I 50-250  62.19 (61.39) 222 191 (endo) —

I 250370 31.20(31.98) 300 221 (endo)
M 370-616  6.13 (6.25) 560 580 (exo)

[Cu(HL2),(C1)] I 30247 23.72(24.23) 230 219 (endo) 0.5Cu,S
I 247369 3520 (3474) 296 301 (endo) 11.50 (12.35)
M 369-700 29.58 (27.83) 560 563 (exo)

H,L3 I 35-252 54.18(55.88) 237 200 (endo) -
I 252-337 31.84(31.98) 288 240 (endo)
M 337-545 13.36(12.12) 482 500 (exo)

[Cu(H,L?),(C1)]-2(H,0) I 30-169 13.46 (13.46) 148 350 (exo) Cu+S
I 169-400 71.90 (72.39) 380 450 (exo) 14.64 (14.06)
H,L* I 70-250 34.731(33.12) 221 221 (endo) C
I 250-360 43.617 (43.86) 272 453 (exo) 3.63 (3.78)
11 360-590 18.023 (18.25) 453
[Cu(H,L*,(C] I 280-380 43.33 (43.20) 300 310 (endo) 56.90 (56.75)
470 (endo)
500 (exo)

3.2. Thermal studies

Thermal data of H,L'-H,L* and their copper complexes were studied utilizing TGA, DTG,
and DTA methods under nitrogen and the results are given in table 2. The correlation
between the different decomposition steps of the compounds with the corresponding %
weight losses are shown in schemes S1-S4 (see online supplemental material at http://dx.
doi.org/10.1080/00958972.2014.982551), in terms of the molecular formulas of the studied
compounds. As a representative example for the thermal profiles of the investigated com-
pounds, figure 4 displays the TGA/DTA curves of H,L' and its copper complex [Cu
(H,L",Cl1]-2H,0. The TGA curve of H,L' shows one decomposition process from 185 to
700 °C with a mass loss of 99.23% (Calcd 100%). This rapid decomposition process dis-
played a maximum DTG peak at 227 °C. The DTA curve gave two endothermic peaks, at
227 and 339 °C, corresponding to the melting and decomposition of the ligand, respec-
tively. The TGA profile of [Cu(H,L"),ClI]-2H,0 proceeds in two degradation steps over a
temperature range 25-525 °C.

The mechanism of decomposition is illustrated in scheme S1 (Supplementary Material).
The DTG and DTA curves pointed to the decomposition of the complex in two successive
peaks at 339 and 458 °C, respectively, followed by oxidation of the metal sulfide to metal
oxide [41].

The TGA curve of H,L? exhibited gradual decomposition in cumulative stages from 50
to 250 °C, 250 to 370 °C, and 370 to 616 °C. The first decomposition step may attribute to
loss of C;H;NSO fragment; weight loss 62.19% (Calcd 61.03%) and an endothermic DTA
peak at 191 °C. The second decomposition step brings an endothermic peak at 221 °C
which may be attributed to elimination of CO and HCNS; mass loss is 31.20% (Calcd
31.98%). The remaining part of the molecule decomposed at 580 °C. The TGA curve of
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Figure 4. The TGA/DTA curves of (a) H,L' and (b) [Cu(H,L"),Cl]-2H,0.

[Cu(H,L?),(C1)] reveals a mass loss in three stages from 35 to 700 °C (scheme S2) (Supple-
mentary Material). The DTA registered two endothermic peaks at 219 and 301 °C and one
exothermic peak at 563 °C. The mass of the remaining residue may refer to either copper
sulfide or copper oxide [42].

The TGA/DTA profile curves of H,L* have three degradation steps with three well char-
acterized DTA peaks at 200, 240, and 500 °C. The degradation steps may account for loss
of C;H¢SNO, CO + HSCN, and NH,OH within estimated mass losses of 54.18% (Calcd
55.88%), 31.84% (Calcd 32.35%), and 13.36% (Calcd 12.12%), respectively. The corre-
sponding [Cu(H,L*),CI]-2H,O complex decomposed thermally in two successive steps
from 30 to 480 °C. The DTA curve displayed two exothermic peaks at 350 and 460 °C,
respectively. The thermal pattern of decomposition is outlined in scheme S3 (Supplementary
Material). The final decomposition step is associated with the final degradation of the com-
plex leaving Cu metal and few sulfur as residues [43].

The thermal decomposition of free H,L* proceeded in three significant thermal events
from 70 to 250 °C, 250 to 360 °C, and 360 to 590 °C. The maximum DTG peaks occur at
221, 272, and 453 °C, respectively. The last degradation step accounted for evolution of
H,S and N, leaving carbon residue [44]. The TGA/DTG profile of [Cu(H,L*),Cl] exhibited
a thermal degradation behavior different than the other investigated copper complexes
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where only one degradation step was demonstrated suggesting the loss of one ligand mole-
cule, C;14H;;04N3S, leaving the rest of the complex as a residue up to 1000 °C (scheme S4)
(Supplementary Material). This result clearly demonstrated the high thermal stability of [Cu
(H,L*),Cl] relative to its analogs. The maximum DTG peak occurs at 300 °C, however, the
DTA curve exhibited two endothermic peaks at 225 and 450 °C, in addition to an exother-
mic peak at 500 °C.

3.3. Biological studies

3.3.1. Antimicrobial activity. The thiourea derivative ligands H,L'-H,L* and their Cu(I)
complexes were screened against pathogenic bacteria strains Staphylococcus aurous, Bacil-
lus subtilis, and Micrococcus luteus (Gram-positive bacteria), Escherichia coli, Pseudomo-
nas aeruginosa, and Proteus vulgaris (Gram-negative bacteria) and Candida albicans
(yeast). Tetracycline and Streptomycin served as standard bacteriocides and Amphotericin
B was used as standard fungicide. Screening results are summarized in table 3 and shown
in figure 5. The bacterial screening results reveal that H,L' showed the most potent activity
against Gram-positive and Gram-negative bacteria. Interestingly, H,L' exhibited significant
pronounced activity against Bacillus subtilis, Micrococcus luteus, and Proteus vulgaris
strains with growth inhibition zone diameter (46, 32 ,and 31 mm, respectively) greater than
the standard bacteriocides in use, tetracycline and streptomycin. In addition, H,L*-H,L*
showed also a good activity against Bacillus subtilis and their activity was found to be in
the sequences H,L' > H,L? > H,L* > H,L>. H,L!, and H,L> displayed moderate activity
against Gram-positive bacteria Staphylococcus aureus, but H,L* showed the least activity,
while no activity was detected for H,L>. The Gram-negative bacteria screening data showed
that H,L' more active against Proteus vulgaris, Escherichia coli, and Pseudomonas aeru-
ginosa bacteria while the other ligands showed moderate to low activity against these
microbes. From the data given in table 3, it is concluded that the efficacy against Gram-neg-
ative bacteria is higher than against Gram positive bacteria. This variation in the activity
may be due to the differences in bacteria’s cell wall, structure [45] which may be a means
to enhance the absorption of various drugs. The anti-yeast activity data revealed that H,L"
exert pronounced antifungal activity (inhibition zone diameter 39 mm) compared to the
standard fungicide (20 mm). On the contrary, H,L* showed no activity against Candida
albicans.

Based on the in vitro screening results, it is possible to demonstrate structure—property
relationship within the investigated ligands. For instance, H,L' has potency as antibacterial
and antifungal agent which may be due to o-OH that enhances the lipophilicity of the com-
pound and allows it to penetrate into the microorganisms. Interestingly, the antimicrobial
results of the prepared metal complexes inferred the following observations:

(a) The inhibition zone values observed for the ligands are higher than those found in
Cu(I) complexes, except [Cu(H,L?),Cl] and [Cu,L?),Cl]-2H,0, against Micrococ-
cus luteus and Proteus vulgaris strains, and Escherichia Coli strains. The results
obtained merit notice because it is known that the presence of Cu ions may substan-
tially decrease the toxic effect of the ligands [46]. Interestingly, this result matches
with that reported for a Ni(II) thiourea complex [40, 47]. The ligand may be more
reactive with the microelements present in the medium or the formed complexes
may have an uncommon coordination that may be inert to cell constituents. Along
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with this explanation, we can conclude that the prepared ligands H,L'-H,L* may
be more reactive with the microelements necessary for bacterial and fungal nutri-
tions.

[Cu(H,L?),Cl] exhibits notable activity against Micrococcus luteus (Gram-positive
bacteria) and Proteus vulgaris (Gram-negative bacteria), while its parent ligand
H,L? was inactive against the same microorganisms. Such increased activity of Cu
(I) complex can be explained on the basis of Overtone’s concept [48]. Accordingly,
it may be said that [Cu(H,L?),Cl] gave sensitive nature for H,L* against some bac-
teria and fungi.

The different degrees of antimicrobial activity of copper complexes in relation to
the tested species depend either on the impermeability of the cells of the microbes
or differences in ribosome in microbial cells [49].

In vitro cytotoxicity screening. Most investigations in the treatment of cancer are

oriented to synthesize new metal complexes analogous to cis-diaminodichloroplatinum(II)
(cisplatin), but there is a growing number of non-platinum metal complexes which also
exhibit remarkable anticancer activities [50, 51]. The preliminary anticancer activities of
[Cu(H2L1_4)2Cl]-nH20, n=0 or 2, were evaluated against three human cell lines, liver

Figure 5

Table 4.

S0 m Escherichia Coli

45 B Pseudomonas Aeruginosa
B ProteusVulgaris

B Bacillus Subtilis

B Staphylococcus Aureus

B Microtoccus Luteus

Inhibition Zone (mm)
8

u CandidaAlbicans

—

)

- ,0‘!.
o

. Antimicrobial activity of H,L'-H,L* and their copper complexes.

ICsy values (ug/mL) of copper(l) complexes and vinblastine standard drug in HEPG2, MCF7, and

HCT116 (doses ranging from 1.56 to 50 pg/mL).

ICs0 (ng/mL)

Test compounds HEPG?2 (liver carcinoma) MCEF7 (breast carcinoma) HCT116 (colon carcinoma)
[Cu,LH,Cl]-2H,0 457 +2.2 >50.0 £2.4 447+ 1.1
[Cu(H,L?),Cl1] 6.1+£0.6 74+1.6 4.0+03
[Cu,L?),Cl]-2H,0 36.8+2.0 432+22 357+0.8
[Cu(H,L*),Cl1] 102+04 98+7.14 9.7+0.4

Vinblastine 4.6 +£0.09 4.6+0.8 2.38+0.6
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Figure 6. Plot of cell viability % vs. increasing of copper complexes concentration against (a) HEPG2, (b) MCF7,
and (c) HCT116.

carcinoma (HEPG2), breast carcinoma (MCF7), and colon carcinoma (HCT116). Various
concentrations of copper complexes were used to calculate 1Cs, values (ICsq corresponds to
the concentration required to inhibit 50% of the culture growth when cells are exposed to
the tested compounds for 48 h), and vinblastine was used as a reference drug. The screening
results are given in table 4 and displayed in figure 6.

All copper complexes exhibited cytotoxicity against the examined cell lines as evident by
the range of ICsy values (table 4) and the percentage of cell viability. Generally, all the
tested compounds tended to be more active against HCT116 than against other cell lines.
From the data in hand, it is possible to correlate the activity and the structure change of the

"-phenyl substituent and thus, the investigated copper(I) complexes follow the order [Cu
(H,L?),Cl] > [Cu(H,L*),Cl] > [Cu(H,L*),Cl1]-2H,0 > [Cu(H,L"),Cl1]-2H,0. [Cu(H,L?),Cl]
showed the highest potency against the tested cell lines with 1Cs, 4.0, 6.1, and 7.4 pg/mL,
respectively, for colon carcinoma HCT116, breast carcinoma MCF7, and liver carcinoma
HEPG2; [Cu(H,L"),Cl]-2H,0 exhibited the lowest activity.
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Table 5.  Statistical analyses of ICs, values (ng/mL) of copper complexes against HEPG2, MCF7, and HCT116.

[Cu(H,L'"),Cl]2H,0  [Cu(H,L?),Cl]  [Cu(H,L*),Cl]-2H,0  [Cu(H,L*),Cl] F (p)

HEPG2 (liver 457+22 6.1 0.6 36.8 2.0 102 +0.4 488.726"
carcinoma) (<0.0017)

i <0.001" 0.009" <0.001"

P2 <0.001" 0.001"

D3 <0.001"

MCF7 (breast >50.0 + 2.4 74+£16 432+22 98+7.14 91.675"
carcinoma) (<0.0017)

P <0.001" 0.022" 0.001"

P> <0.001" 0.600

3 0.002"

HCT116 (colon 447+1.1 4003 35.7+0.8 9.7+04 226.605"
carcinoma) (<0.0017)

P <0.001" 0.001" <0.001"

D> <0.001" <0.001"

D3 <0.001"

Notes: Data were expressed using mean + SD.

F: F test (ANOVA).

p1: p value for Post Hoc test (LSD) for comparing between [Cu(H,L"),Cl]-2H,0 and other copper complexes.
p: p value for Post Hoc test (LSD) for comparing between [Cu(H,L?),Cl] and other copper complexes.

p3: p value for Post Hoc test (LSD) for comparing between [Cu(H,L?),Cl]-2H,0 and [Cu(H,L*),Cl].
*Statistically significant at p < 0.05.

[CulH; L* )y (CT)) 20H0)

50 T

40

Mean

0

20

HEPG2 HCT 116

Figure 7. ICs, values of the investigated copper(I) complexes against HEPG2, MCF7, and HCT116.

3.3.3. Statistical analysis of the data. In vitro, cytotoxicity data were analyzed using
SPSS software package version 18.0 (SPSS, Chicago, IL, USA) (table 5, figure 7). Details
of data analysis using an F-test (ANOVA) to compare the three categories of outcome are
provided as Supplementary Material.
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4. Conclusion

Four copper complexes were synthesized from nanosized isomeric N-benzoyl-N'-(hydroxy-
phenyl) thioureas H,L'-H,L*. Analytical, spectroscopic, and thermal data proved the for-
mation of non-electrolytic mononuclear three-coordinate copper(I) complexes, where the
ligands are hypodentate, bonded to copper ion via their thioamide sulfur. The N-benzoyl-N
"-(o-hydroxyphenyl) thiourea, H,L, exhibited significant antimicrobial effect compared to
the standard fungicides and bacteriocides in use. [Cu(H,L?),Cl] showed potency as antitu-
mor agent against the tested cell lines. The bioactivity results in this study clearly indicate
that the lipophilic nature corresponds to structural change of the N'-phenyl substituent in
membrane binding and facilitates drug penetration within the infected cells.
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