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Ten new thiosemicarbazone derivatives, furan-2-carbaldehyde thiosemicarbazone (1), 3-methyl-furan-2-carbaldehyde thio-
semicarbazone (2), 5-hydroxymethyl-furan-2-carbaldehyde thiosemicarbazone (3), 5-trifluoromethyl-furan-2-carbaldehyde
thiosemicarbazone (4), 5-nitro-furan-2-carbaldehyde thiosemicarbazone (5), 5-phenyl-furan-2-carbaldehyde thiosemicarbazone
(6), 5-(2-fluorophenyl)-furan-2-carbaldehyde thiosemicarbazone (7), 5-(4-methoxyphenyl)-furan-2-carbaldehyde thio-
semicarbazone (8), 5-(1-naphthyl)-furan-2-carbaldehyde thiosemicarbazone (9), and 5-(1H-Pyrazol-5-yl)-furan-2-carbaldehyde
thiosemicarbazone (10) were synthesized by condensing thiosemicarbazide with the respective furan-2-carbaldehyde in methanol.
The prepared compounds were characterized by spectroscopic studies (FT-IR and NMR) and electrospray mass spectrometry. The
molecular structures of 2, 6, 7, and 8 have also been determined by X-ray crystallography. Compounds 2, 6, and 7 crystallize in the
E conformation about the N1-C6, N1-C11, and N1-C11 bonds, respectively, while 8 adopts the Z conformation about the N1-C12
bond with the presence of an intramolecular N2-H...02 hydrogen bond. All prepared thiosemicarbazone derivatives were
evaluated for their in vitro antibacterial, antifungal, and antitumor activities against Staphylococcus aureus strains, Candida
albicans/ Candida tropicalis fungi, and seven human tumor cell lines (HuTu80, H460, DU145, M-14, HT-29, MCF-7, and LNCaP),
respectively. The antioxidant activity was also studied by the DPPH assay. Compound 5 exhibited significant antibacterial activity
against Staphylococcus aureus ATCC700699 (MIC = 1 yg/mL) compared to the nitrofurantoin and gentamicin reference drugs
(MIC=1-25 and 10->100 pg/mL, respectively). Compound 4 was ten times less active than amphotericin B (MIC =5 pyg/mL)
against Candida albicans (ATCC90028 and ATCC10231), while 1 exhibited a moderate effect of scavenging of DPPH radical
(IC5p=40.9 yg/mL) in comparison to ascorbic acid reference compound (ICsy=22.0ug/mL). Among all the studied thio-
semicarbazones, 5 showed a higher cytotoxic activity (ICso=13.36-27.73 uM) in relation to the other tested compounds
(ICso = 34.84—>372.34 uM) against all tested cell lines, except the LNCaP cell line, exhibiting its highest antiproliferative activity
(ICs5p=13.36 uM) on the HuTu80 cell line. Besides, 8 and 9 exhibited high antitumor activity (ICso=13.31 and 7.69 uM, re-
spectively) against the LNCaP cells.
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1. Introduction

The interest in preparing new thiosemicarbazone derivatives
of general formula R-CH=N-NHCSNHR' has attracted the
attention of researchers in the area of organic and co-
ordination chemistry, due to the ease of carrying out the
reaction between different aldehyde groups (R-CHO) or
ketones (R-CO-R’) with derivatives from thio-
semicarbazide (NH,NHCSNHR') to obtain a broad spec-
trum of new thiosemicarbazone derivatives. These
compounds which contain N and S atoms usually act as
bidentate or multidentate chelating ligands and can co-
ordinate to transition metal ions through the sulfur and
hydrazine nitrogen atoms [1]. Extensive investigations
conducted by researchers have demonstrated that metal
complexes with some thiosemicarbazone derivatives present
a wide range of biological applications, such as antibacterial
[2, 3], antifungal [1, 4], antiparasitic [5], antitubercular [6, 7],
antiviral [8, 9], antioxidant [10, 11], and antitumoral ac-
tivities [12-14].

Numerous investigations have been carried out with
a(N)-heterocyclic thiosemicarbazones because some of
them act as potential antitumor agents. The biochemical
mechanism of action is due to the ability of these compounds
in inhibiting the enzyme ribonucleoside diphosphate re-
ductase (RDR) which is responsible for the synthesis of DNA
precursors [15, 16]. Evidence of this finding has been re-
ported for Triapine (3-aminopyridine-2-carboxaldehyde
thiosemicarbzone), a compound that inhibits the tumor cell
growth at nanomolar concentrations and is being in-
vestigated in clinical trials (Phase 1 and Phase 2) for the
treatment of cervical cancer [12]. Besides, Triapine has
chelating properties and forms coordination compounds
with iron ions [17]. Probably, the formation of redox-active
iron complexes is a crucial step of the mechanism of
action [18].

It has been demonstrated that compounds (+)-(R)-
N(1)-(furan-2-yl-methylene)]-N(4)-[2-(4-methylcyclohex-
3-en-1-yl)-propan-2-yl]- thiosemicarbazide (Glsq = 3.3 ug/
mL) and (-)-(S)-N(1)-(furan-2-yl-methylene)]-N(4)-[2-(4-
methylcyclohex-3-en-1-yl)-propan-2-yl]-thiosemicarbazide
(GIso =5.8 ug/mL) show moderate activity against the lung
(NCI-H460) and breast (MCF-7) human tumor cell lines
compared to the doxorubicin antineoplastic drug of clinical
use (Glsp=1.1-1.2 yg/mL) [19]. This evidence demonstrated
that the presence of the R-(+)- and S-(—)-limonene frag-
ments on the terminal amine of the thiosemicarbazone
derivative increased their cytotoxic effect. On the other
hand, it has been reported that 2-(1-(4-methyl- 2-(2-(1-
(thiophen-2-yl) ethylidene) hydrazinyl) thiazol- 5-yl) eth-
ylidene) hydrazinecarbothio-amide (ICsy=76.4uM) ex-
hibits an acceptable activity against MCF-7 cells in relation
to cisplatin (ICso=13.6uM) [20]. On the other hand, 2-
acetylthiophene thiosemicarbazone (IC5,=8.6uM) was
more active than cisplatin ((IC5o=11.9 M) against the
HT-29 human colon adenocarcinoma cell line [21].

Journal of Chemistry

We have earlier reported the in vitro antiproliferative
activity of pyridine-2-carbaldehyde thiosemicarbazone de-
rivatives, assayed against certain types of human tumor cell
lines. The obtained results indicated that the organic de-
rivative 6-(1-trifluoroethoxy) pyridine-3-carbaldehyde thi-
osemicarbazone  showed  antiproliferative  activity
(IC50=3.36 uM) greater than the 5-fluorouracile antineo-
plastic drug (ICsp=7.51 yM) against the M-14 amelanotic
melanoma cell line [22]. This evidence revealed that the
compound’s antiproliferative effect increased when the
substituent group OCH,CF; is at the 6-position of the
pyridine ring. On the other hand, it has been reported that
N(4)-methyl-2-acetylthiophene thiosemicarbazone
(MIC=39.68 ug/mL) shows acceptable activity against
Staphylococcus aureus ATCC 6538, as compared to the
reference drug Ciprofloxacin (MIC=0.62ug/mL) [23].
However, 2-acetylpyrazine N(4)-phenylthiosemicarbazone
(MIC =500 yg/mL) and 2,5-dimethyl-3-acetylpyrazine thi-
osemicarbazone (MIC=512ug/mL) were inactive against
S. aureus with respect to ciprofloxacin (MIC =0.5 yg/mL)
and chloramphenicol (MIC =32 yg/mL) antibacterial drugs
[24, 25]. Besides, it was shown that compound 2-((5-
nitrothiophen-2-yl) methylene)-N-(pyridin-3-yl) hydrazine
carbothioamide (MIC=2.0-128.0 ug/mL) inhibited the
growth of C. albicans strains [26].

Due to the broad spectrum of biological applications of
thiosemicarbazones containing heterocyclic groups, our
research group presents the preparation and characteriza-
tion of new compounds derived from R-furan-2-carbalde-
hyde thiosemicarbazone (R = H, CH;, CH,OH, CF;, NO,,
Ph, F-Ph, CH;O-Ph, naphthoyl, and pyrazoyl) (chemical
structure of these compounds are shown in Figure 1). The
in vitro antibacterial and antifungal activities of the syn-
thesized thiosemicarbazone derivatives were evaluated
against S. aureus and C. albicans, while the in vitro cytotoxic
effect of these thiosemicarbazones was studied against
several human tumor cell lines. The antioxidant activity was
also studied using the DPPH method. Relevant ICs, and
MIC values obtained from biological assays are also pre-
sented in Figure 1.

2. Materials and Methods

2.1. Reagents and Instruments. All the chemicals were ob-
tained from commercial suppliers and used as received.
A Biichi melting point B-545 apparatus was employed for
the determination of melting points. Infrared spectra (KBr
discs) were recorded in the 4000-400cm™" region using
a Nicolet iS10 FT-IR spectrometer. Mass spectra measure-
ments of the prepared compounds in methanol solutions
were performed with the assistance of the Waters-Quattro
Premier XE™ tandem quadrupole and MicrOTOF Bruker
Daltonics mass spectrometers. The NMR spectra were
recorded at 500 or 400 or 300, 125.8 or 101 or 75.5, and
376 MHz for 'H, '°C, and "F acquisition, respectively, using
dimethylsulfoxide-ds as solvent and tetramethylsilane
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(SiMe,) as an internal reference, and employing the Bruker
Avance III HD 500 or Varian Mercury Plus 400 or 300
spectrometers. The chemical shifts expressed in ppm (§)
values for "H and >C spectra were referenced to residual 'H
and ’C present in deuterated dimethylsulfoxide. The NMR
data are reported according to the atom numbers shown on
the structural formulas for thiosemicarbazone derivatives as
seen in Scheme 1.

2.2. Experimental Procedures

2.2.1. General Procedure for the Synthesis of Compounds
1-10. Compounds 1-10 were prepared according to the
procedure described in the literature [22].
Thiosemicarbazones were synthesized (Scheme 1) by
refluxing the methanol solution (40mL) of thio-
semicarbazide (0.182g, 2mmol) with the furan-2-carbal-
dehyde derivative (2 mmol), dissolved in the same solvent
(40-60 mL), for 3h. Then, the mixture was stirred for one
day at room temperature. For compounds 2, 6, 7, and 8,
good quality crystals were grown in methanol by slow
evaporation of the solvent from their solutions. These
crystals were selected and used for single crystal X-ray
diffraction studies. The other prepared compounds were
obtained as solids. These products were filtered, washed with
ethanol (30 mL), dried, and recrystallized from hot acetone.

Furan-2-carbaldehyde thiosemicarbazone (1). Brown solid.
Yield: 90%. m.p.: 170°C. IR (KBr)v/cm™: 3408, 3215 (NH,);
3127 (NHCS); 1607 (C=N); 1275 (C-0); 1016 (N-N); 841
(C=S). ESI-MS, m/z: 168.773 [M-H] (calcd. for CcH,N;OS,
169.203). 1H NMR (500 MHz, DMSO-dg): & (ppm) 11.41 (s,
1H, =N-N-H), 8.20 (s, 2H, NH,), 7.97 (s, 1H, H-C=N), 7.80
(d, 1H, J=1.8 Hz, C5 furan), 7.62 (s, 2H, NH,), 6.96 (d, 1H,
J=3.5Hz, C3 furan), 6.61 (dd, 1H, J= 2.0 Hz, C4 furan). °C
NMR (125.76 MHz, DMSO-dg): 8 (ppm) 178.20 (-C=S),
149.87 (C2), 145.42 (C5), 132.97 (-C=N), 113.24 (C3), and
112.78 (C4).

3-Methyl-furan-2-carbaldehyde  thiosemicarbazone  (2).
Rectangular-shaped yellow crystals. Yield: 69%. m.p.: 157-
158°C. IR (KBr) v/cm™': 3441, 3271 (NH,); 3132 (NHCS);
1599 (C=N); 1242 (C-O); 1047 (N-N); 839 (C=S). ESI-MS,
m/z: 184.054 [M+H]" (calcd. for C,HoN;0S, 183.234). 'H
NMR (300 MHz, DMSO-dg): & (ppm) 11.28 (s, 1H, =N-N-
H), 8.16 and 8.07 (s, 1H, H-C=N), 7.70 (d, 1H, J=1.70 Hz,
C5 furan), 7.35 (s, 2H, NH,), 6.50 (d, 1H, J=1.70Hz, C4
furan), 2.15 (s, 3H, CH;). >*C NMR (75 MHz, DMSO-d): 8
(ppm) 177.39 (-C=S), 144.79 (C5), 144.42 (C2), 132.85
(-C=N), 124.02 (C3), 114.97 (C4), and 10.16 (CHj;).

5-Hydroxymethyl-furan-2-carbaldehyde  thiosemicarbazone
(3). Pale yellow solid. Yield: 86%. m.p.: 185-186°C. IR (KBr)
viem™: 3433, 3310 (NH,); 3119 (NHCS); 1595 (C=N); 1271
(C-0); 1059 (N-N); 851 (C=S). ESI-MS, m/z: 197.912 [M-H]"
(caled. for C,HoN5SO,, 199.230). 'H NMR (500 MHz,
DMSO-dg): § (ppm) 11.31 (s, 1H, =N-N-H), 8.19, 7.94 and
7.56 (s, 1H, H-C=N), 6.89 (d, 1H, ] = 3.40 Hz, C3 furan), 6.43

(d, 1H, J=3.40 Hz, C4 furan), 5.32 (s, 2H, NH,), 4.42 (d, 2H,
J=5.0HHz, -CH,OH). '*C NMR (125.76 MHz, DMSO-d,): 8
(ppm) 178.13 (-C=S), 158.22 (C2), 149.00 (C5), 133.15
(-C=N), 114.18 (C3), 109.86 (C4), and 56.21 (-CH,OH).

5-Trifluoromethyl-furan-2-carbaldehyde  thiosemicarbazone
(4). Pale yellow solid. Yield: 69%. m.p.: 178°C. IR (KBr)
viem™: 3429, 3264 (NH,); 3152 (NHCS); 1601 (C=N); 1308
(C-0); 1018 (N-N); 808 (C=S). ESI-MS, m/z: 235.849 [M-H]
(caled. for C,HgN;OSF;, 237.200). '"H NMR (500 MHz,
DMSO-dy): & (ppm) 11.64 (s, 1H, =N-N-H), 8.38 (s, 2H,
NH,), 7.99 (s, 1H, H-C=N), 7.85 (s, 2H, NH,), 7.34 (d, 1H,
J=3.7Hz, C4 furan), 7.17 (d, 1H, J=3.8 Hz, C3 furan). '°C
NMR (125.76 MHz, DMSO-dy): 8 (ppm) 178.69 (-C=S),
153.04 (C2), 141.89 (q, /=41.3Hz, C5), 131.24 (-C=N),
120.46 (q, ]=269.3 Hz, CF3), 115.57 (d, J=2.7 Hz, C4), and
112.29 (C3).

5-Nitro-furan-2-carbaldehyde thiosemicarbazone (5). Or-
ange solid. Yield: 74%. m.p.: 227°C. IR (KBr) v/cm™": 3458,
3296 (NH,); 3084 (NHCS); 1591 (C=N); 1244 (C-O); 1017
(N-N); 826 (C=S). ESI-MS, m/z: 212.853 [M-H]  (calcd. for
CeHoN, 058, 214.202). 'H NMR (500 MHz, DMSO-dy): 6
(ppm) 11.85 (s, 1H, =N-N-H), 8.52 and 8.02 (s, 2H, NH,),
7.97 (s, 1H, H-C=N), 7.78 (d, 1H, J = 4.0 Hz, C4 furan), 7.37
(d, 1H, J=4.0Hz, C3 furan). °C NMR (125.76 MHz,
DMSO-dq): § (ppm) 178.89 (-C=S), 153.07 (C5), 152.03
(C2), 130.24 (-C=N), 115.58 (C4), and 113.66 (C3).

5-Phenyl-furan-2-carbaldehyde  thiosemicarbazone  (6).
Rombic-shaped beige crystals. Yield: 63%. m.p.: 214°C. IR
(KBr) v/cm™: 3402, 3235 (NH,); 3142 (NHCS); 1599 (C=N);
1273 (C-0); 1020 (N-N); 831 (C=S). ESI-MS, m/z: 246.069
[M+H]" (caled. for Cj,H,;N;0S, 245.301). 1H NMR
(300 MHz, DMSO-dg): 8 (ppm) 11.49 (s, 1H, =N-N-H), 8.26
(s, 2H, NH,), 7.98 (s, 1H, H-C=N), 7.88-7.79 (m, 2H: H2',
Hé', Ph), 7.76 (s, 2H, NH,), 7.51-7.40 (m, 2H: H3', H5', Ph),
7.38-7.28 (m, 1H, H4/, Ph), 7.11 (d, 1H, J=3.6 Hz, C4 fu-
ran), 7.07 (d, 1H, J = 3.6 Hz, C3 furan). °C NMR (76 MHz,
DMSO-dg): § (ppm) 177.66 (-C=S), 154.50 (C5), 148.97
(C2), 131.39 (-C=N), 129.51 (C1’, Ph), 128.93 (C3' and C5’,
Ph), 128.20 (C4’, Ph), 123.98 (C2'and C6’, Ph), 115.32 (C3),
108.29 (C4).

5-(2-Fluorophenyl)-furan-2-carbaldehyde thiosemicarbazone
(7). Needle-shaped beige crystals. Yied: 89%. m.p.: 208-
209°C. IR (KBr) v/cm™": 3402, 3225 (NH,); 3136 (NHCS);
1601 (C=N); 1215 (C-O); 1024 (N-N); 816 (C=S). ESI-MS,
m/z: 264.059 [M+H]" (calcd. for C;,H,(N5OSF, 263.291). '"H
NMR (400 MHz, DMSO-dg): § (ppm) 11.53 (s, 1H, =N-N-
H), 8.29 (s, 2H, NH,), 8.00 (s, 1H, H-C=N), 8.04-7.95 (m,
H6', Ph), 7.81 (s, 2H, NH,), 7.37-7.27 (m, 3H: H3', H4', H5',
Ph),7.12 (d, 1 H, J=3.6 Hz, C3 furan), 6.98 (t, 1H, J=3.7 Hz,
C4 furan). >C NMR (76 MHz, DMSO-d): & (ppm) 177.81
(-C=S), 158.13 (d, F-C2’, J=250.0 Hz, Ph), 157.54 (d, C5,
J=3.4Hz), 149.14 (C2), 131.63 (-C=N), 129.84 (d, C4/,
J=8.20Hz, Ph), 126.39 (d, C6', J=2.30 Hz, Ph), 125.06 (d,
C5',J=3.40 Hz, Ph), 117.54 (d, C1’, J= 11.90 Hz, Ph), 116.22
(d, C3/, J=20.90Hz, Ph), 115.14 (C3), 112.94 (d, C4,
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ScHEME 1: Synthesis of the X-furan-2-carbaldehyde thiosemicarbazone derivatives.
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H

H

IC_(uM)

Tumor cell line

MIC (ug/mL)

Gram-positive bacteria

Compound S S
. aureus . aureus
HuTus0 M-14  INCaP ATCC29213  ATCC700699

5-FU 8.86 57.73 11.97 -
Gentamicin - - - 10 >100

1 (X=H) 196.68  >372.34 >372.34 NA NA

2 (X=3-CH,) 261.96  >343.83  151.46 NA NA

3 (X=5-CH,OH) 11637  >31622 >316.22 NA NA

4 (X=5-CF,) >265.60  >265.60 >265.60 NA NA

5 (X=5-NO,) 13.36 27.73 22.55 10 1

6 (X=5-Ph) >256.25  >25625  55.69 NA NA

7 (X=5-(2'-FPh)) >239.28  >239.28  21.80 NA NA

8 (X=5-(4"-OCH,Ph)) 53.96 206.03 13.31 NA NA

9 (X=5-Naphthoyl)) 10336 >21330  7.69 NA NA
10 (X=5-(1H-Pyrazoyl)) >267.78  >267.78  233.52 NA NA

FIGURE 1: General structure of the prepared X-furan-2-carbaldehyde thiosemicarbazone derivatives with some ICs, and MIC values

obtained from their biological assays.

J=7.78Hz). "F-NMR (376 MHz, 8, ppm, DMSO-d,):
~114.39 - -114.53 (m, F-Ph).

5-(4-Methoxyphenyl)-furan-2-carbaldehyde thio-
semicarbazone (8). Rectangular-shaped orange crystals.
Yield: 75%. m.p.: 203-204°C. IR (KBr) v/cm™": 3362, 3264
(NH,); 3171 (NHCS); 1607 (C=N); 1248 (C-O); 1030 (N-
N); 829 (C=S). ESI-MS, m/z: 276.080 [M+H]" (calcd. for
C,5H,5N;0,S, 275.328). "H NMR (400 MHz, DMSO-d,): 8

(ppm) 11.45 (s, 1H, =N-N-H), 8.23 (s, 2H, NH,), 7.96 (s,
1H, H-C=N), 7.71 (s, 2H, NH,), 7.03-6.96 (m, 2H: H3/,
H5', Ph), 7.80-7.73 (m, 2H: H2’, H6', Ph), 7.02 (d, 1H,
J=3.6Hz, C3 furan), 6.94 (d, 1H, J = 3.5 Hz, C4 furan), 3.79
(s, 3H, OCH3;). ’C NMR (101 MHz, DMSO-de): & (ppm)
177.56 (-C=S), 159.35 (C4/, Ph), 154.86 (C5), 148.21 (C2),
132.07 (-C=N), 125.64 (C2' and Cé¢', Ph), 122.39 (C1’, Ph),
115.61 (C3), 114.40 (C3' and C5’, Ph), 106.59 (C4), and
55.24 (OCHj,).
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5-(1-Naphthyl)-furan-2-carbaldehyde thiosemicarbazone (9).
Beige solid. Yield: 77%. m.p.: 200°C. IR (KBr) vlem™: 3362,
3235 (NH,); 3150 (NHCS); 1601 (C=N); 1248 (C-0); 1020
(N-N); 831 (C=S). ESI-MS, m/z: 293.777 [M-H]  (calcd. for
C16H13N308, 295.361). 1H NMR (500 MHz, DMSO-dy): 6
(ppm) 11.54 (s, 'H, =N-N-H), 8.42 (d, H8/, J=8.4Hz,
naphthyl), 8.27 (s, 2H, NH,), 8.07 (s, 1H, H-C=N), 8.02 (d,
H5', J=8.2 Hz, naphthyl), 7.90 (d, H2', J = 7.6 Hz, naphthyl),
7.72 (s, 2H, NH,), 7.65-7.58 (m, 4H: H3’, H4', H6¢', H7',
naphthyl), 7.22 (d, 1H, J=3.50Hz, C4 furan), 7.12 (d, 1H,
J=3.70Hz, C3 furan). >C- NMR (125.76 MHz, DMSO-d,):
é (ppm) 178.20 (C=S), 154.43 (C5), 150.00 (C2), 134.07
(C=N), 132.69, 129.70, 129.67, 129.20, 127.75, 127.36,
126.89, 126.74, 126.01, 125.33, (Naphthalene), 115.11 (C3),
and 112.69 (C4).

5-(1H-Pyrazol-5-yl)-furan-2-carbaldehyde thio-
semicarbazone (10). Brown solid. Yield: 85%. m.p.: 229°C. IR
(KBr) v/cm™: 3443, 3306 (NH,); 3136 (NHCS); 1564 (C=N);
1275 (C-0); 1015 (N-N); 829 (C=S). ESI-MS, m/z: 236.226
[M+H]" (caled. for CoHgNsOS, 235.266). 'H NMR
(500 MHz, DMSO-de): § (ppm) 13.42 (br, 1H, -NH, pyr-
azole), 13.08 and 11.45 (s, 1H, =N-N-H), 8.24 (s, 2H, NH,),
7.98 (s, 1H, H-C=N), 7.82 (s, H3', Pyrazole), 7.68 (s, 2H,
NH,), 7.05 (d, 1H, J=3.5Hz, C3 furan), 6.83 (s, H4/, Pyr-
azole), 6.67 (d, 1H, J=2.8Hz, C4 furan). >C NMR
(125.76 MHz, DMSO-dg): 8 (ppm) 178.02 (-C=S), 151.42
(C2), 148.72 (C5), 142.73 (C3', Ph), 132.84 (-C=N), 130.27
(C5’, Ph), 115.07 (C4), 108.11 (C3), and 102.95 (C4', Ph).

2.2.2. Single Crystal X-Ray Diffraction Studies. For com-
pounds 2 and 7, crystallographic data were collected at 200 K
using a STOE IPDS-2T imaging plate diffractometer equipped
with a sealed X-ray tube (Mo Ka radiation, A =0.71073 A), while
for compounds 6 and 8, data collection was performed at 180 K
with a STOE StadiVari diffractometer equipped with a micro-
focus X-ray tube (Cu Ka radiation, A = 1.54186 A) and a Dectris
Pilatus 300k detector. Unit cell parameters were determined and
intensity data were integrated using Stoe X-Area software [27].
A numerical absorption correction was applied, and for
microsource data, also, a scaling correction was performed. The
data were corrected for Lorentz and Polarization effects [27].
Direct methods were applied to solve the structures using
ShelxT [28], and the structures were refined with ShelxL [29].
For all nonhydrogen atoms, anisotropic thermal parameters
were used. In the structure analysis of 2, hydrogen atoms were
localized and refined with isotropic thermal parameters, and for
6,7 and the C-H groups in 8, the hydrogen atoms were included
on idealized positions applying the riding model. The N-H
hydrogen atoms in 8 were refined with isotropic thermal pa-
rameters. Diagrams of the molecular structures were obtained
using Diamond software [30]. Crystal data, experimental details,
and refinement results are listed in Table 1.

2.2.3. Biological Experiments
(1) Antitumor Activity. Cytotoxicity of the synthesized thio-

semicarbazone derivatives 1-10 and 5-fluorouracyl as refer-
ence drug was carried out on seven tumor cell lines: H460

(human lung large cell carcinoma), HuTu80 (human duode-
num adenocarcinoma), DU145 (human prostate carcinoma),
MCEF-7 (human breast adenocarcinoma), M-14 (human
amelanotic melanoma), HT-29 (human colon adenocarci-
noma), and LNCaP (human prostate adenocarcinoma), as well
as on the BALB/3T3 nontumor cell line. They were kindly given
by the National Cancer Institute or American Type Culture
Collection (ATCC). Cell viability was evaluated by the sulfo-
rhodamine B colorimetric assay [31].

The tumor cell lines were maintained in Eagle’s minimal
essential medium (MEM) containing 50 ug/mL gentamycin
and 10% fetal bovine serum (H460, HuTu80, and DU145),
and in RPMI 1640 enriched with 7.5% fetal bovine serum
and 50 yg/mL gentamycin (M14, MCF-7, and HT-29). Be-
sides, Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum and 50 yg/mL gentamycin
was used for the maintenance of the BALB/3T3 and LNCaP
cell lines. Cells were grown in a humidified 5% CO, in-
cubator and 95% air at 37°C.

(2) In Vitro Antitumor Assay. For a performed experiment, the
cells were inoculated into 96-well plates at plating densities
ranging from 3000 to 5000 cells per well and kept in humidified
5% CO, incubator for 24 h at 37°C, prior to the addition of the
compounds. After 24h, a plate containing the different cell
lines was fixed with TCA in order to obtain the basal amount of
cells. The solutions of the prepared compounds in DMSO (1.0,
4.0, 16.0, and 63.0 yg/mL) and 5-fluorouracyl in DMSO (0.20,
0.70, 2.90, and 11.70 ug/mL) were transferred to the plates
containing the different cell lines and incubated for an addi-
tional 48 h at 37°C. Appropriate solvent controls were tested for
comparison. After the 48h, each plate was treated with TCA,
washed, and air dried, and then it was stained with 0.4%
sulforhodamine B dissolved in 1% acetic acid for 20 minutes at
room temperature. After staining, unbound dye was discarded
by washing with 1% acetic acid. A 10mM Tris buffer solution
(pH 10.5) was used with the purpose of extracting the protein-
bound dye and then proceeded to read the absorbance at
510nm on an automated microplate reader. The ICs, value
corresponds to the concentration of the compound that in-
hibits cell growth by 50% and was determined graphically from
percentage inhibition results-log concentrations curves. All
compounds were tested in duplicate.

(3) Antibacterial Tests. The in vitro antibacterial activity
of the furan-2-carbaldehyde thiosemicarbazone de-
rivatives 1-10 was studied against some of Gram-positive
bacteria: Staphylococcus aureus ATCC43300, Staphylo-
coccus aureus ATCC29213, Staphylococcus aureus
ATCC25923, and Staphylococcus aureus ATCC700699,
using the standard microdilution method and employing
MO07-A8 protocols CLSI [32]. Nitrofurantoin and Gen-
tamicin were tested and used as standard reference drugs.
Briefly, inoculum was prepared with fresh bacterial
cultures (suspended for 18 h) in NaCl 0.8% until to get an
optical density in the range of 0.08-0.1 at 620 nm, which
was diluted again at 1:20 with Miiller-Hinton broth II
(MHBII, Difco). The prepared compounds were dissolved
in 100% dimethyl sulfoxide (DMSO) to obtain 50 ug/uL
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TaBLE 1: Crystallographic data of compounds 2, 6, 7, and 8.

2 6 7 8
Empirical formula C,;HgN;0S C;,H{1N;30S C;,H;(FN50S C;3H3N50,S
Formula weight 183.23 245.30 263.29 275.33
Temperature (K) 200 180 200 180
Wavelength (A) 0.71073 1.54186 0.71073 1.54186
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic
Space group P2y/c Pbca P2,/c P1
a (A) 7.2206(8) 10.1489(5) 14.9278(6) 7.2431(4)
b (A) 8.3917(4) 27.5972(10) 8.3003(5) 8.5206(4)
¢ (A) 15.3440(5) 8.5485(3) 10.1599(4) 10.8025(5)
a () 90 90 90 81.540(4)
B () 103.465(5) 90 98.083(3) 83.145(4)
y ) 90 90 90 78.709(4)
Volume (A%) 904.18(11) 2394.3(2) 1246.34(10) 643.84(6)
VA 4 8 4 2
Density (calc.) (g/cm?) 1.346 1.361 1.403 1.420
Absorption coefficient (mm™) 0.314 2.298 0.263 2.260
Crystal size (mm3) 0.34-0.38-0.42 0.085-0.24-0.25 0.087-0.14-0.38 0.030.-0.078-0.15
0 range for data collection (°) 2.7 - 28.0 6.0 - 70.9 2.7 -27.0 4.0 - 70.0
Reflections collected 7445 22123 9404 7454
Independent reflections [Riy] 2177 [0.041] 2277 [0.051] 2615 [0.026] 2392 [0.022]
Data/restraints/parameters 2177/0/146 2277/0/154 2615/0/164 2392/0/186
Goodness-of-fit on F? 1.041 1.102 1.029 1.036

R indices [I>20(1)]

R indices (all data)

Largest diff. peak and hole, e.A™
CCDC number

R1=0.030; wR2=0.083 R1=
R1=0.033; wR2=0.085 Rl=
0.23; -0.24
2235827

0.035; wR2=0.100 R1=0.031; wR2=0.082 R1=0.028; wR2=0.076
0.038; wR2=0.102 R1=0.040; wR2=0.086 RI1=0.032; wR2=0.078
0.24; -0.21 0.24; -0.16 0.28; -0.21
2235828 2235829 2235830

stock solutions and then were diluted with MHBII to get
a final concentration of 12.5, 25, 50, 100, 150, and 200 yg/mL.
The wells were filled with these dilutions (100 yL/well) and
10uL of inoculum suspension. Controls of growth and
contamination were added. All the tests were performed in
triplicate. After incubation at 35°C for 24h, 10 4L of tetra-
zolium violet 0.1% (Sigma T0138) was used as a growth in-
dicator. These microplates were incubated again at 35°C for
4h and the minimum inhibitory concentration (MIC) value
was determined considering the lowest sample concentration
(without violet precipitate) that inhibits bacterial growth.

(4) Antifungal Activity. The in vitro antifungal activity of the
furan-2-carbaldehyde thiosemicarbazone derivatives 1-10 was
studied against yeast strains: Candida albicans ATCC90028,
Candida albicans ATCC10231 and Candida tropicalis
ATCC750, using the standard microdilution method. The
M27-2A (CLSI) protocol was applied with few modifications
[32]. Amphotericin B and Nystatin (commercial suspension)
were tested and used as standard reference drugs. Briefly,
inoculum was prepared with fresh cultures (suspended for
18h) in NaCl (0.8%) adjusting at 0.08-0.1 of optical density
(A =620nm) followed by two dilutions (1:20 and 1:50) with
RPMI medium in 2% of dextrose (RPMI-D). The stock so-
lutions of the studied compounds (50 ug/uL) were serially
diluted in RPMI-D to get various final concentrations: 0.1, 0.2,
0.3, and 0.4 mg/mL. These diluted solutions were added into
96-well plates (50 uL per well) and inoculated with 50 uL of
yeast inoculum prepared before. The tetrazolium salt was used

as a growth. Controls of growth and contamination were
prepared, and three replicates were performed. Plates were
incubated at 35°C for 72h. The MIC value was determined
similarly to that for antibacterial activity.

(5) Antioxidant Activity. The antioxidant assay by DPPH
radical scavenging was performed by the microdilution
method [32]. Thiosemicarbazone derivatives (50 mg/L) were
serially diluted with methanol to obtain various concen-
trations in the region 25-2000 yg/mL. Before mixing, 100 uL
of each compound was dispensed inside the microplate and
immediately 10 uL of a fresh solution of DPPH (10 mg/L in
methanol) was added. Plates were placed for 30 minutes in
dark at 25°C. Then, the absorbance values were read at
517 nm. Ascorbic acid (reference antioxidant) was used as
a positive control while methanol was used a negative
control. Also, three replicates for each sample were per-
formed. The 50% antioxidant activity (ICs,) was calculated
from the regression curve (% I vs. sample concentration) of
each tested compound or ascorbic acid [32].

3. Results and Discussion

3.1. Synthesis. The condensation reaction of furan-2-car-
baldehyde derivatives with thiosemicarbazide in a 1:1 molar
ratio in methanol solution resulted in the formation of the
corresponding  thiosemicarbazone  derivatives 1-10
[22, 33, 34]. This reaction condition led to good yields
(63-90%) (Scheme 1).
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All the novel prepared thiosemicarbazones were charac-
terized by mass spectrometry, IR, and 'H, 3C, and °F NMR
spectroscopy. The synthesized compounds are soluble in
MeOH, CH,Cl,, CHCl;, CH;COCH3, DMF, and DMSO. The
mass and spectroscopic data confirmed the proposed structures
and this information is given as Supplementary Material.

3.2. Spectroscopy

3.2.1. Mass Spectral Analysis. The ESI mass spectra of all
thiosemicarbazone derivatives exhibited peaks corre-
sponding to their molecular ions ((M+H]" for 2, 6-8, and 10
or [M-H] for 1, 3-5, and 9). These results summarized in
Table 2 confirm the proposed structural formulas of the
synthesized compounds.

3.2.2. FT-IR Spectral Analysis. All thiosemicarbazone de-
rivatives (1-10) displayed broad bands in the 3215-3458 and
3084-3171 cm ™ regions, which are attributed to the »(NH,)
and »(NHCS) absorptions, respectively [35, 36]. The vi-
brations assigned to the C=N double bond appeared as
strong and medium bands around 1559-1607 cm” ' [37]. The
imino bond formation evidences the preparation of all the
thiosemicarbazone derivatives (1-10). The less intense bands
around 1059-1015 cm ™" were attributed to the »(N-N) ab-
sorptions [36]. In the infrared spectra, absorption bands
assigned to the SH group in the 2650-2570 cm ™' region were
not observed in the solid state [36, 37]. However, all the
thiosemicarbazone derivatives displayed medium intensity
bands at 851-808 cm ™, attributable to the »(CS) absorption.
These evidences indicate that in the solid state, the studied
thiosemicarbazone derivatives exist in the tautomeric thione
form [38-40].

3.2.3. NMR Spectral Analysis. The characterization of the
thiosemicarbazone derivatives 1-10 was carried out by using
"H and >C NMR spectra, recorded in DMSO-ds solution.
The 'H and '>C NMR and 2D NMR spectra rendered the
chemical shifts (§), which were assigned to the corre-
sponding groups. As referential evidence of this charac-
terization, multinuclear ("H, "*C, and '°F) NMR spectra for
compound 7 are presented in Figures 2-4.

The 'H NMR spectra of the prepared thio-
semicarbazones give singlets in the & 11.28-11.85 region
assignable to the protons of the functional group=N-NH
[41]. These chemical shifts are similar to those reported for
other thiosemicarbazones with fragments phenyl, chro-
mone, and pyridine, where these compounds exist in the E
or Z isomeric forms [42-44]. The -CH=N protons appeared
as singlets in the region & 7.94-8.07 [41]. The furan ring
protons were located at § 6.43-7.80 [45]. The chemical shifts
of the =N-NH protons were affected by the presence of the
methyl, hydroxymethyl, trifluoromethyl, nitro, and naphthyl
substituents on the C-2 (in 2) and C-5 (in 3, 4, 5, and 9,
respectively) carbons of the furan ring. For 2 and 3, the
signals of the C-2 and C-5 protons are shifted upfield (0.13
and 0.10 ppm, respectively), while for 4, 5, and 9, the signals

of the C-5 protons are shifted downfield (0.23, 0.44, and
0.13 ppm) in relation to the furan ring without substituent
groups in 1 [45]. For 3, 4, 5, 6, 9, and 10, the signals for the
aromatic furan protons were affected due to the presence of
the hydroxymethyl, trifluoromethyl, nitro, phenyl, naphthyl,
and pyrazoyl substituents at the C-5 carbon of the furan ring.
These protons are shifted, compared to the unsubstituted
furan moiety, 0.18 ppm upfield in the position C-4 for 3 and
also showed a shift to downfield for the C-3 (0.21, 0.41 and
0.16 ppm for 4, 5, and 9, respectively) and C-4 (0.73, 1.17,
0.5, 0.61 and 0.22 ppm for 4, 5, 6, 9, and 10, respectively)
positions. Moreover, the signals for the phenyl ring protons
were affected due to the presence of the fluoro and methoxy
substituents (in 7 and 8, respectively). These signals are
shifted, in relation to the unsubstituted phenyl group in 6,
0.16 ppm upfield for the proton at the C3'carbon (for 7) and
0.46ppm downfield for the protons at the C3’'and
C5'carbons (for 8).

The -NH, protons in compounds 1-10 show two broad
singlets at § 7.35-8.52, due to the delocalization of electron
density on the C-N bond [20, 35].

In the C NMR spectra of the synthesized thio-
semicarbazones 1-10, the signal at § 130.24-134.07 corre-
sponds to the imine carbon (C=N). These chemical shifts are
similar to those found for the pyrazole and pyridine thio-
semicarbazone derivatives [4, 22]. The signals due to the
thiocarbonyl group (C=S) for all the synthesized compounds
appear in the § 177.39-178.89 region [4, 46]. The carbon
chemical shifts found on the furan ring were observed at §
108.11-157.54 [45]. The presence of the different sub-
stituents groups on the furan ring produce slight changes in
the chemical shifts of these aromatic carbons. For 5, the
electron withdrawing effect of the NO, group was confirmed
by the downfield chemical shifts observed for C-1
(2.16 ppm), C-4 (2.80 ppm), and C-5 (7.65 ppm) of the fu-
ran ring with respect to the unsubstituted furan fragment.
For 7 and 8, the phenyl ring carbon signals were affected due
to the presence of the fluoro and methoxy substituents at the
C-2 and C-4 carbons, respectively. These signals are shifted
at § 11.97-12.71 and 6 14.53 upfield at the C1', C3’ and C3/,
C5' carbons for 7 and 8, respectively, compared to the
unsubstituted phenyl fragment present in 6 [4].

On the other hand, the presence of the 2-fluorophenyl
group in 7 was detected by using the '’F NMR spectrum
(Figure 4). A multiplet observed at § —114.46 was due to the
coupling of the fluorine atom with the aromatic protons.
This chemical shift is in agreement with that found for 6-(4-
fluorophenyl)-pyridine-3-carbaldehyde thiosemicarbazone
(8 -114.54) [22].

3.3. X-Ray Diffraction Studies of 2, 6, 7 and 8. Crystals of 2, 6,
7, and 8 suitable for single crystal structure analyses were
grown in methanol by slow evaporation at room tempera-
ture from their respective concentrated methanol solutions.
For the other thiosemicarbazone derivatives, except 1, only
solids were obtained from acetone. Crystal data, data col-
lection, and refinement details are summarized in Table 1.
Besides, selected bond distances and bond/torsion angles are
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TaBLE 2: Experimental values of fragment ions (m/z) found in ESI-MS spectra for thiosemicarbazone derivatives 1-10.

Compounds Molecular formula Exact mass (g/mol) Fragment ions (m/z)
1 CeH,N,08 169.203 168.773 [M—H]~
2 C,HyN;0S 183.234 184.054 [M+H]*
3 C,HoN;S0, 199.230 197.912 [M-H]~
4 C,H(N,OSF, 237.200 235.849 [M-H]
5 CeHN,O,S 214.202 212.853 [M-H]~
6 C1.H;1N;08 245.301 246.069 [M+H]*
7 C,,H,,N;OSF 263.291 264.059 [M+H]*
8 C5H5N;0,8 275.328 276.080 [M+H]*
9 C16H,5N;08 295.361 293.777 [M-H]~
10 CoHoN50S 235.266 236.226 [M+H]*
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FIGURE 2: "H NMR spectrum of compound 7.

given in Tables 3 and 4, respectively. Hydrogen-bonding
interactions for 2, 6, 7, and 8 are summarized in Table 5. The
ORTEP diagrams of compounds 2, 6, 7, and 8 are shown in
Figures 5-8.

As reported in Table 1, 2 and 7 belong to the monoclinic
system, space group P2;/c, while 6 crystallizes in the or-
thorhombic space group Pbca and 8 in the triclinic space
group P1, with one molecule in each asymmetric unit.

All crystal structures show that the thiosemicarbazone
unit binds in the 2-position to the furan ring via the C atom
of the C=N double bond. Packing of the molecules in the
crystal and structural details depend on the other sub-
stituents of the furan group. The ORTEP diagrams

(Figures 5-7) reveal that 2, 6, and 7 exist in the E confor-
mation regarding the substituents at the N1-C6 and N1-C11
bond, respectively. The torsion angles C5-C6-N1-N2 in 2
(-179.5(1)°) and C10-C11-N1-N2 in 6 and 7 (175.6(1) and
175.0(1)°) confirm the coplanar arrangement with E con-
formation. In contrast, the corresponding bond N1-C12 in 8
(Figure 8) exhibits Z conformation with an torsion angle
C11-C12-N1-N2 of —1.3(2)°. This allows an intramolecular
hydrogen bond (Figure 8) involving the furan ring oxygen
atom O2 and -N1-N2-H hydrogen with an O2. . .H distance
0f2.10(2) A and O.. .H-N angle of 128(2)° (Table 5). Eand Z
conformations have been also observed in other thio-
semicarbazone derivatives [14, 17, 40, 42, 47].
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TaBLE 3: Selected bond lengths (A) for compounds 2, 6, 7, and 8.
2 6 7

N(1)-N(2) 1.380(1) N(@1)-N(2) 1.376(2) N(1)-N(2) 1.382(2) N(@1)-N(2) 1.378(2)
C(6)-N(1) 1.288(1) C(1)-N(1) 1.282(2) C1)-N(1) 1.284(2) C(12)-N(1) 1.285(2)
C(7)-N(2) 1.344(1) C(12)-N(2) 1.345(2) C(12)-N(2) 1.343(2) C(13)-N(2) 1.349(2)
C(7)-S(1) 1.694(1) C(12)-S(1) 1.697(1) C(12)-S(1) 1.698(1) C(13)-S(1) 1.693(1)
C(7)-N(3) 1.327(2) C(12)-N(3) 1.324(2) C(12)-N(3) 1.325(2) C(13)-N(3) 1.321(2)
C(1)-C(2) 1.335(2) C(7)-C(8) 1.355(2) C(7)-C(8) 1.359(2) C(8)-C(9) 1.360(2)
C(3)-C(5) 1.365(2) C(9)-C(10) 1.357(2) C(9)-C(10) 1.355(2) C(10)-C(11) 1.359(2)
C(5)-0(1) 1.376(1) C(10)-0Q1) 1.373(2) C(10)-0(1) 1.366(2) C(11)-0(2) 1.380(2)
C(5)-C(6) 1.431(2) C(10)-C(11) 1.438(2) C(10)-C(11) 1.439(2) C(11)-C(12) 1.434(2)
C(3)-C(4) 1.491(2) C(4)-C(5) 1.380(2) C(1)-C(6) 1.391(2) C(1)-C(6) 1.391(2)
C(2)-C(3) 1.377(2) C(1)-C(2) 1.370(2) C(1)-C(2) 1.391(2)
C(1)-C(6) 1.396(2) C(3)-C(4) 1.381(2) C(3)-C(4) 1.397(2)
C(5)-C(6) 1.401(2) C(5)-C(6) 1.403(2)
C(1)-E(1) 1.360(2) C(3)-0(1) 1.364(2)
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TaBLE 5: Hydrogen bonds in X-ray structures for compounds 2, 6, 7, and 8.
Compounds D-H...A d(D-H), A d(H...A), A d(D...A), A <(DHA), deg.
C6-Hé. . .S1' 1.00(2) 2.83(2) 3.700(1) 147(1)
N2-H2...81" 0.86(2) 2.56(2) 3.393(1) 165(1)
2 N3-H3A...S1% 0.86(2) 2.64(2) 3.379(1) 144(2)
N3-H3B...01" 0.85(2) 2.31(2) 2.975(1) 136(2)
i=—x+1, -y, —z+ L ii=-x+1, y+1/2, —z+3/2, iii=-x+1, y—1/2, —z+3/2
N2-H2A...S1' 0.88 2.63 3.459(1) 158.2
6 N3-H3A...S1" 0.88 3.00 3.457(1) 114.1
N3-H3B...S1" 0.88 2.53 3.396(1) 167.9
i=—x+3/2, —y+1, z+ /2 li=x—1/2, y, —z+1/2; ili=—x+3/2, =y +1, z—1/2
CIl1-H11.. .S]i 0.95 3.02 3.837(1) 144.3
” N2-H2.. .Sl"_ 0.88 2.51 3.366(1) 163.1
N3-H3B...S1" 0.88 2.52 3.366(1) 162.7
i=—x+1,y-1/2, —z+3/2;li=—x+1, y+1/2, —z+ 3/2
C4-H4...01" 0.95 254 3.490(2) 176
C12-H12...81" 0.95 2.81 3.708(1) 157.4
g N2-H2...02 0.89(2) 2.10(2) 2.743(1) 128(2)
N3-H3A.. .Nl_lll 0.86(2) 2.45(2) 3.200(2) 146(2)
N3-H3B...S1V 0.86(2) 2.61(2) 3.451(1) 167(2)

i=-x, —y+1, —zii=x, y+1, zyili=—x+1, -y+1, —z+2; iv=—x+1, =y, —z+2

FIGURE 5: ORTEP diagram of 2 with thermal ellipsoids at 50%
probability level.

FIGURE 6: ORTEP diagram of 6 with thermal ellipsoids at 50%
probability level.

The C=N and C=S bond lengths of 1.288(1) and 1.694(1)
A (for C6-N1 and C7-S1) in 2, 1.282(2) and 1.697(1) A (for
C11-N1 and C12-S1) in 6, 1.284(2) and 1.698(1) A (for C11-
N1 and C12-S1) in 7, and 1.285(2) and 1.693(1) A (for C12-
N1 and C13-S1) in 8 are very close to the values found for 2-

Ficure 7: ORTEP diagram of 7 with thermal ellipsoids at 50%
probability level.

FIGure 8: ORTEP diagram of 8 with thermal ellipsoids at 50%
probability level.

acetylpyrazine-N(4)-phenylthiosemicarbazone (1.285(3)
and 1.671(2) A) [24] and 2-formylpyridine-N(4)-allylth-
iosemicarbazone (1.280(6) and 1.673(5) A) [48]. Besides, the
C=N and C=S bond lengths found in this study are very close
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to the established values for these functional groups [40]. In
agreement with IR spectroscopy data, these results indicate
that compounds 2, 6, 7, and 8 adopt the tautomeric thione
form in the solid state. Moreover, the bond distances N1-N2
(1.382-1.376 A), N2-C  (1.349-1343A), and C-N3
(1.327-1.321 A) correspond to intermediate values of dis-
tance lengths between formal single and double bonds. This
evidence confirms an extensive delocalization of the electron
density over the N1-N2-C-N3 chain [49].

In close approximation, the thiosemicarbazone groups
can be regarded as planar evidenced by the obtained values
of the maximum deviations from the least square planes of
the thiosemicarbazone groups (Table S1, supplementary
material). The maximum deviation is observed for C10
(0.1345(8) A) in 7. This planarity, with a slight deviation, is
confirmed by the C-C-N1, C-N1-N2, N2-C-S1, and N3-C-S1
angles of 132.3(1)-121.1(1), 117.4(1)-113.87(9), 119.62(8)-
118.3(1), and 124.2(1)-122.46(9)°, respectively, indicating
the sp2 character of the involved atoms [50]. Besides, this
evidence is supported by the torsion angles C5-C6-N1-N2/
S1-C7-N2-N1, C10-C11-N1-N2/S1-C12-N2-N1, C10-C11-
N1-N2/81-C12-N2-N1, and C11-C12-N1-N2/S1-C13-N2-
N1 of —179.5(1)/-172.73(8), 175.6(1)/171.07(9), 175.0(1)/
170.20(9), and -1.3(2)/176.69(9)° found for 2, 6, 7, and 8,
respectively. These results are in agreement with the pla-
narity of the thiosemicarbazone group which was also
evidenced  for  2-acetylpyrazine-N(4)-phenyl  thio-
semicarbazone (torsion angle N2-N3-C9-N5 of 7.3(2)°) [24]
and 5-iodo-pyridine-3-carbaldehyde thiosemicarbazone
(torsion angles C3-C7-N2-N3:179.8(3)° and N2-N3-C8-N4:
4.1(6)/4.3(5)°) [22].

The dihedral angles between the thiosemicarbazone
group and the furan ring as well as between the furan and the
phenyl groups are also presented in Table S1 as supple-
mentary material. In the crystal structure of 6, the phenyl
group is not coplanar with the furan ring, as evidenced by
the dihedral angle of 2.56(8)° and by the torsion angles C1-
C6-C7-01: 25.1(2) and C1-C6-C7-C8: —148.4(2)°. However,
for 7 and 8 the presence of the fluoro and methoxy sub-
stituent groups attached to the C2' and C4’ carbons of the
phenyl fragment cause a certain coplanarity with the furan
ring, being demonstrated by the dihedral angles of 13.53(9)°
in 7 and 3.47(6)° in 8 (Table S1, supplementary material) as
well as by the torsion angles C1-C6-C7-01:172.6(1) and C5-
C6-C7-01: 10.6(2)° for 7, and C1-C6-C8-02: —3.6(2) and
C5-C6-C8-02: 177.2(1)° for 8. In all studied crystal struc-
tures, the furan ring is coplanar with the thiosemicarbazone
fragment within a deviation of +11°. This evidence is con-
firmed by the torsion angles O1-C5-C6-N1: 1.6(2) for 2, O1-
C10-C11-N1: 2.0(2)" for 6, O1-C10-C11-N1: 2.1(2) ° for 7
and C1-C6-C8-02: —-3.6(2)° for 8.

The packing diagram of compound 2 (Figure 9) reveals
that two parallel molecules, related by inversion symmetry,
located in the central part of the unit cell and ten molecules
located around the cell are stabilized by intermolecular N-
H...O and N-H...S hydrogen bonds (Table 5).

The molecular packing of compounds 6 and 7 (Fig-
ures 10 and 11, respectively) reveals that a number of weak
intermolecular hydrogen bonds (Table 5) occur between N2-

Journal of Chemistry

FIGURE 9: Packing diagram of compound 2: Dashed lines show
hydrogen bonds N-H...O (orange) and N-H. . .S (red).

H and S1 (for 6:2.63 A, 158.2°; for 7:2.51 A, 163.1°), N3-H
and S1 (for 6:2.53/3.00A, 167.9/114.1 for 7:2.52A,
162.7°), and C11-H and S1 (for 7:3.02, 144.3°). The in-
termolecular N-H. ..S hydrogen bonds connect each mol-
ecule of 6 with three neighbors, each molecule of 7 with two
neighbors.

On the other hand, the unitcell of 8 contains two
molecules parallel to each other, related by inversion
symmetry. For clarity, only one of them is shown in Fig-
ure 12. The diagram of compound 8 shows that a molecule
inside the unit cell and two molecules located on the same
side of the outer part of the cell are stabilized by in-
termolecular N3-H.. N1 and N3-H...S1 hydrogen bonds
(Table 5). Besides, neighboring molecules outside the cell are
linked by intermolecular N3-H. . .S1 hydrogen bonds. Fig-
ure 13 shows that molecules of 8 are packed as layers where it
is evidenced by the closest distance between atoms of
neighbouring layers: C2 (phenyl group) of one layer has
a distance of 3.351(2) A to the furan ring O atom (O2) of the
next layer.

For compounds 2, 6, and 7, there are some in-
termolecular contacts that help to stabilize the molecules of
these compounds such us O1...N3 (2.974 A), C5(furan). . .
C5(furan) (3.347A) and C6...C2(furan) (3.327A) for 2,
Ol.. .H2C2(phenyl) (2.673 A), N3.. .H1-Cl (2.632A) and
C8...C11 (3.323 A) for 6, and C11...C8(furan) (3.350 A),
C3-H...F1(2.670 A) and C9 (furan). . .C1(phenyl) (3.265 A)
for 7.

3.4. Biological Activity

3.4.1. In Vitro Antitumor Evaluation. The cytotoxicity of all
the studied compounds 1-10 in were assayed for their
antiproliferative activities in vitro against different human
tumor cells: H460, DU145, HuTu80, MCF-7, M-14, HT-29,
and LNCap, as well as these prepared compounds were
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FiGure 10: Packing diagram of 6 showing N-H...S hydrogen
bonds (red). There are no intermolecular N-H...N bonds.

FiGure 11: Packing diagram of 7 showing N-H...S hydrogen
bonds (red).

evaluated against BALB/3T3 normal cells using the sulfo-
rhodamine B colorimetric method [31]. The 5-fluorouracile
(5-FU) reference drug was assayed as positive control. The
results are summarized as ICs, values in yM in Table 6.

13

FIGURE 12: Diagram of compound 8 showing one layer of mole-
cules and hydrogen bonds. Dashed lines show hydrogen bonds
intramolecular N-H. . .O (orange), intermolecular N-H. . .N (blue),
and N-H...S (red).

FiGgure 13: Packing diagram of 8. All hydrogen bonds are within
the layers.

The obtained results indicate that 5 (X =5-NO,) showed
the greatest cytotoxic effect (ICso=13.36-23.98 uM) in re-
lation to the other tested compounds
(ICs50=34.84>372.34 uM) against all cell lines assayed, ex-
cept for the prostate carcinoma cell line (LNCaP), where 9
showed an excellent antiproliferative activity with ICs, value
of 7.69 uM against these cells. These results evidence that the
cytotoxicity of 5 and 9 is enhanced when the nitro and
naphthoyl substituent groups are attached to the furan ring
at C-5 position, respectively [50, 51]. With respect to
compound 5, the effect of the nitro group in the increase of
the antiproliferative activity is probably related to the
generation of morphological cell changes associated with
apoptosis [52]. Although it was shown that compound 5
exerted a great cytotoxic effect against several tested tumor
cell lines, 5 showed a moderate toxicity (ICso=11.67 uM)
than 5-fluorouracile (IC5o=7.21uyM) against the 3T3
normal cells.
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TABLE 6: In vitro antiproliferative activity (ICs values® in yM) of the furan-2-carbaldehyde thiosemicarbazone derivatives (1-10) against the
3T3 nontumor cells and the different human tumor cell lines.

Comp. 313" H460 HuTu80 DU145 MCEF-7 M-14 HT-29 LNCaP
5-FU* 7.21+£1.52 8.43+0.01 8.86+0.97 8.39+4.03 722112 57.73+23.21 9.22+0.33 11.97 +£0.89
1 >372.34 >372.34 196.68 + 16.09 >372.34 366.43 £6.11 >372.34 >372.34 >372.34

2 >343.83 >343.83 261.96 + 81.87 >343.83 >343.83 >343.83 >343.83 151.46 + 21.14
3 286.10+5.0 >316.22 116.37 £3.72 >316.22 >316.22 >316.22 >316.22 >316.22

4 >265.6 >265.6 >265.6 >265.6 >265.6 >265.6 >265.6 >265.6

5 11.67£2.33 16.62£0.35 13.36 £0.05 23.98+1.34 17.43+£0.03 27.73+3.34  1591+0.53 22.55+£0.17
6 >256.25 >256.25 >256.25 >256.25 >256.25 >256.25 >256.25 55.69+7.15
7 >239.28 >239.28 >239.28 >239.28 >239.28 >239.28 >239.28 21.80£0.59
8 7535+14.20 203.85+£6.81  53.96+5.59 22519+3.63 107.36+16.65 206.03+4.63 120.27+9.44 13.31+2.14
9 190.95 +22.36 >213.30 103.36 £+ 68.89 184.28 +29.02  34.84+4.73 >213.30 >213.30 7.69+0.21
10 >267.78 255.03 £4.25 >267.78 >267.78 >267.78 >267.78 >267.78 233.52 £33.69

“ICsp: Concentration of the compound (¢M) that causes a 50% cell growth inhibition after 48 h of compound exposure. The ICs, values are averages of two
independent assays. The values are mean + standard deviation of two independent experiments. "Mouse embryonic fibroblast cells. °5-fluorouracile. Bold
values represent a comparison of the best obtained results of the tested compounds with those obtained for the antitumoral drug for clinical use, 5-FU.
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FIGURE 14: Structures of the comparative

On the other hand, substituting the hydrogen atom at the
C-5 of the furan ring with the 4-methoxyphenyl group
increased the cytotoxicity of 8 (ICsq=13.31uM) in com-
parison to the other tested thiosemicarbazones, except for 9
against the LNCaP cell line. With respect to the 5-
fluorouracil (5-FU) antitumor drug (ICs5,=11.97 uM)
assayed against LNCaP cell line, 8 exhibited similar cytotoxic
activiy.

Compound 5 was 1.9, 2.8, and 8.3 times less cytotoxic
than 6-(1-trifluoroethoxy)pyridine-3-carbaldehyde thio-
semicarbazone (Figure 14(a)) assayed against HuTu80,
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thiosemicarbazone derivatives I (a-e).

MCE-7, and M-14 cells [22]. These results indicate that the
6-(1-trifluoroethoxy)pyridinyl group bound to the thio-
semicarbazone fragment exerted a greater anti-
proliferative effect than the 5-nitrofuran group. However,
5 assayed against H460 and HT-29 cells was more cyto-
toxic than compounds (+)-(R)-N(1)-{[4-(dimethyla-
mino)-phenyl]-methylene}- N(4)-[2-(4-methylcyclohex-
3-en-1-yl)-propan-2-yl]- thiosemicarbazide
(Figure 14(b)) and (+)-(R)-N(1)-[(2-chlorophenyl)-
methylene]-N(4)-[2-(4- methylcyclohex-3-en-1-yl)-
propan-2-yl]-thiosemicarbazide (Figure 14(c))
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FIGURE 15: Structures of the comparative thiosemicarbazone derivatives II (a-h).

(ICsp=53.4-64.5 and 46.5-71.3 uM, respectively) [53].
Besides, 5 was more cytotoxic than 3-methoxy-4-[2-(pi-
peridine-1-yl)ethoxy)benzaldehyde thiosemicarbazone
(Figure 14(d)) and 3-methoxy-4-[2-(morpholine-1-yl)
ethoxy)benzaldehyde thiosemicarbazone (Figure 14(e))
with ICsy values > 100 uM against M-14 cells [54]. These
evidences demonstrate that the nitro group attached to the
furan ring at C-5 position in 5 favored the increase of the
cytotoxicity in this studied cell line.

Compound 9 was found to be 3.8 and 9.8 times more
active than 4-bromobenzomethyl-1,2,3-triazol-oxindol thi-
osemicarbazone (Figure 15(a)) (IC50=29.23uM) and 4-

(naphthalen-1-yl)-1-[1-(4-hydroxyphenyl)ethylidene) thio-
semicarbazide (Figure 15(b)) (ICso=50.0-75.0 uM) assayed
against LNCaP cells [55, 56]. In addition, 9 (ICso = 34.84 yM)
showed similar cytotoxic activity in comparison to an-
thracene-9-carbaldehyde thiosemicarbazone (Figure 15(c))
(ICs50=33.71 uM) [57], Lup-20(29)-ene-3[3-0l-28-N-(4-tert-
butylphenyl) thiosemicarbazide (Figure 15(d))
(IC50=46.36uM) [58] and salicylaldehyde  thio-
semicarbazone (Figure 15(e)) (ICso=45.20uM) [59] and
was more cytotoxic than (E)-N-phenyl-2-((E)-1-(2-(p-tolyl)
hydrazono) propan-2- ylidene) hydrazine-1-carbothioa-
mide (Figure 15(f)) (IC50=107.0 ug/mL) [35] and 2-(1-(4-
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methyl- 2-(2-(1-(thiophen-2-yl) ethylidene) hydrazinyl)
thiazol-5-yl) ethylidene) hydrazinecarbothio-amide
(IC50=76.40 uM) (Figure 15(g)) [20] against breast ade-
nocarcinoma cell line (MCF-7). Nevertheless, 8
(IC59=53.96 uM) and 9 (IC5, =103.36 uM) tested against the
duodenum adenocarcinoma HuTu80 cells were less cyto-
toxic  than  2-acetylthiophene  thiosemicarbazone
(Figure 15(h)) (ICso=>10.0uM) assayed in vitro on this
same cell line [21].

3.4.2. Antibacterial Activity. All the synthesized thio-
semicarbazones 1-10 and the standard drugs: Nitro-
furantoin and Gentamicin were assayed for their
antibacterial activity in vitro against four Grampositive
bacterial strains: Methicillin and oxacillin-resistant Staph-
ylococcus aureus ATCC 43300 and Methicillin -resistant
Staphylococcus aureus (ATCC 29213, ATCC 25923, and
ATCC 700699). The results of the in vitro antibacterial
activities for the thiosemicarbazone derivatives 1-10 and the
reference drugs are informed in Table 7.

All the prepared thiosemicarbazone derivatives were
found to be inactive (MIC values>200ug/mL) in com-
parison to the Nitrofurantoin and Gentamicin standard
drugs (Table 7), with the exception of compound 5
(X=NO,) which exhibited better inhibitory activity against
the Staphylococcus aureus ATCC43300, Staphylococcus au-
reus ATCC 29213 and Staphylococcus aureus ATCC 700699
strains (MIC=10, 10 and 1ug/mL, respectively). Further-
more, 5 was more effective than the indole-3- carbaldehyde-
semicarbazone (MIC = 100—>200 yug/mL) [3], N’-4-methyl-
N’-1-methylketone  thiosemicarbazone  (MIC =39.68
—>50 ug/mL) [23], N'-4-phenyl-N'-2-acetylpyrazine thio-
semicarbazone (MIC =500 yg/mL) [24], N(4)-phenyl-N(1)-
benzaldehyde thiosemicarbazone derivatives
(MIC=15.63-125 yug/mL) [60, 61] and 3-acetyl-2,5-dime-
thylthiophene thiosemicarbazone (MIC=512ug/mL) [25]
derivatives, assayed against the Staphylococcus aureus strain.
These evidences demonstrate that the NO, group attached at
the furan ring of 5 favored the inhibition of bacterial growth.

3.4.3. Antifungal Activity. The in vitro antifungal activities
of 1-10 were studied along with those of the standard
Amphotericin and Nystatin. The microorganisms used in
this study included 3 yeasts from Candida species, namely,
Candida albicans ATCC 90028, Candida albicans ATCC
10231, and Candida tropicalis ATCC 750. The results of the
in vitro antifungal activities for 1-10, and the reference
drugs, are listed in Table 7.

Among all the tested thiosemicarbazone derivatives, 4
(X=5-CF;) exhibited an acceptable antifungal activity
(MIC=50ug/mL) against the Candida albicans (ATCC
90028 and ATCC 10231) strains. This evidence indicates that
the CF; substituent at the C-5 positon of the furan ring could
be producing an increase of the lipophilicity and enhanced
the penetration of 4 into the lipid membrane and thus in-
hibits fungal growth [62]. However, 4 was less effective than
the standard drugs Amphotericin B and Nystatin (MIC=5
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and 1-3 pug/mL, respectively). Compound 4 showed similar
antifungal activity than the 2,3-dioxoindoline thio-
semicarbazone derivatives (MIC =30-60ug/mL) tested
against Candida albicans PTCC 5027 [63] and was more
active than 1,3-bis-(2-carbaldehyde phenoxy) propan-2-ol
((MIC =250 ug/mL) assayed against azole-sensitive Candida
albicans ATCC 18804 [64]. Nevertheless, 2-((5-nitro-
thiophen-2-yl)methylene)-N-(pyridin-3-yl) hydrazine car-
bothioamide assayed against the Candida albicans ATCC
14053 strain was more effective (MIC =4 pg/mL) [26] than 4.

3.4.4. Antioxidant Activity. As shown in Table 7, 1 exhibited
acceptable antioxidant activity (ICso=40.9 ug/mL) as com-
pared with the other tested thiosemicarbazone derivatives
(ICs0=96.3->100 ug/mL). However, 1 was less active in re-
lation to the standard ascorbic acid (ICsp=22.0 yg/mL). In
comparison to the antioxidant activity of 2-((5-nitrothiophen-
2-yl) methylene)-N-(pyridin-3-yl) hydrazine carbothioamide
using the DPPH method [26], 1 and 4 were 5.6 and 2.4 times
more active. Based on the mentioned results, it is evident that
the presence of the furan ring-bound thiosemicarbazone is
important to increase the antioxidant activity. Compound 1
showed similar scavenging DPPH radical activity with respect
to 1-[(E)-[(4-hydroxy-3-methoxyphenyl)methylidene]amino]-
Imethylthiourea and 1-methyl-1-[(E)-{[3-(trifluoromethyl)
phenyl]methylidene}amino]thiourea [65]. On the other hand,
1 was less effective when evaluated as DPPH radical scavenger,
in relation to 2-hydroxy-4-(N,N-diethylamino) benzaldehyde-
4-(20-isocamphanyl)  thiosemicarbazone containing the
N(CH,CHj;), group (an electron-donating substituent) at-
tached on the phenyl ring (CEsq=16.78uM or 6.76 ug/
mL) [66].

4. Conclusion

In this work, ten furan-2-carbaldehyde thiosemicarbazone
derivatives with different substituents were synthesized and
characterized by mass spectrometry and FT-IR and NMR
spectroscopic techniques. According to single crystal
structure analyses, the crystal structures of 2, 6, and 7 exhibit
E conformation around the N1-C6, N1-C11, and N1-C11
bonds, while the crystal structure of 8 shows Z conformation
around the N1-C12 bond, involving an intramolecular N2-
H...02 hydrogen bond.

The antibacterial and antifungal data revealed that 5
exhibited good activity against the Staphylococcus aureus
ATCC700699 compared to the Nitrofurantoin and Gentamicin
reference drugs. On the other hand, 1 exhibited moderate effect
of scavenging of DPPH radical with respect to the ascorbic acid
reference compound. The new synthesized thiosemicarbazone
derivatives were tested as candidate cytotoxic agents against
different human tumor cells. Compound 5 showed moderate
cytotoxic activity towards all tested cell lines, but it was par-
ticularly active at low micromolar concentrations against H460,
HuTu80, MCF-7, and HT-29cells, whereas compound 9
exhibited high cytotoxicity in comparison to the 5-fluorouracyl
anticancer drug against the LNCaP cells and was more in-
nocuous against 3T3 normal cells.
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Our above mentioned results demonstrate that 5 is
a promising candidate as antibacterial agent, while 5 and 9
can be considered as novel cytotoxic agents. These valuable
findings should have a significant impact on the antibacterial
and antitumor drugs development field.

Data Availability

CCDC 2235827  (3-Methyl-furan-2-carbaldehyde  thio-
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