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Design, synthesis, and in vitro and in vivo
anticancer activity studies of new (S)-Naproxen
thiosemicarbazide/1,2,4-triazole derivatives†

M.İhsan Han, *a Cansu Ümran Tunç,bcd Pınar Atalay,be Ömer Erdoğan,f

Gökhan Ünal,cgh Mehmet Bozkurt,cgh Ömer Aydın, cdij Özge Çevikf and
S- . Güniz Küçükgüzelk

In this study, a series of novel (S)-Naproxen derivatives bearing a thiosemicarbazide/1,2,4-triazole moiety

were designed, synthesized, and evaluated for anticancer activity. The structures of these compounds

were characterized by spectral (1H–13C NMR, FT-IR, and HR-MS analyses) methods. All of the

synthesized compounds (3a–m, 4a–j) were screened for anticancer activity against human breast cancer

cell line MDA-MB-231. Among them, (S)-4-(2,4-dichlorophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-

4H-1,2,4-triazole-3-thione (4b) showed the most potent anticancer activity with a good selectivity

(IC50= 9.89 � 2.4 mM). Inhibition of anti-apoptotic protein Bcl-2 was investigated in MDA-MB-231 cells

treated with compound 4b using Western Blotting. Apoptosis was also detected by AO/EB and JC-1

staining. Furthermore, activation of caspase-3 enzyme activity demonstrated apoptosis. The flow

cytometric analysis results showed that compound 4b decreases the number of cells in the G2/M phase

and increases the cells in the S phase in a dose-dependent manner. The anticancer activity of

compound 4b was also investigated. In the Ehrlich acid tumor model, a well-validated in vivo ectopic

breast cancer model, compound 4b had anticancer activity and reduced the tumor volume at both low

(60 mg kg�1) and high (120 mg kg�1) doses in mice, according to our in vivo results.

Introduction

Cancer is the uncontrolled growth of abnormal cells in the
body. There are more than 100 types of cancer, including breast

cancer. Breast cancer is one of the main reasons for morbidity
and mortality in women.1 It has been a major public health
problem in Western countries for many years. Numerous
studies of its epidemiology have been undertaken.2 There are
many factors causing breast cancer, including family history,
age, and hormonal factors.3 Different treatment strategies have
been applied based on the type of breast cancer.4 Triple-
negative breast cancer (TNBC) is characterized by the lack of
HER2 protein overexpression and the absence of protein
expression of the estrogen receptor (ER) and progesterone
receptor (PR), and is one of the most difficult types of cancer to
treat.5 Numerous molecules have been investigated for the
treatment of TNBC by researchers.

Naproxen is an active ingredient that reduces inflammation
and pain, especially in joints and muscles. It is used in many
diseases such as rheumatoid arthritis, osteoarthritis, and gout.
Naproxen is actually on prescription as pharmaceutical formula-
tions as a gel or tablet.6,7 In the treatment of acute postoperative
pain, a single oral dose of naproxen sodium is an efficient
analgesic.8 In recent years, many researchers have studied the
anticancer activity of Naproxen and its derivatives.9–25 Molecules
containing a thiosemicarbazide structure are intermediate struc-
tures used in the synthesis of heterocyclic rings and are also
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bioactive structures. They attract the attention of researchers
because of these properties. They have various pharmacological
activities, especially anticancer activity.25–35 The 1,2,4-triazole
ring is a five-membered heterocyclic ring that includes two
carbon and three nitrogen atoms. The 1,2,4-triazole ring is
synthesized by heating thiosemicarbazides in a basic medium.
Structures containing a 1,2,4-triazole ring have anticancer
activity.36–46 There exist a few molecules with a 1,2,4-triazole
ring used in breast cancer, such as Vorozole, Anastrazole, and
Letrozole (Scheme 1).47,48

In this study, we synthesized novel (S)-Naproxen thiosemicar-
bazide (3a–m) and 1,2,4-triazole derivatives (4a–j) and investigated
their anticancer activity against breast cancer cell line MDA-MB-
231. The characterization of these compounds was identified with
FT-IR, 1H-NMR, 13C-NMR, and HR-MS spectral data. The anti-
cancer activity of compound 4b was determined as the strongest
compound. In our study, apoptosis assays were expressed by AO/
EB and JC-1 staining, inhibition of caspase activity and Bcl-2
expression. Also, suppression of the tumor volume detected for a
compound indicates anticancer activity for that compound.

Experimental
Chemistry

Material and methods. All chemicals and solvents were
purchased from Sigma Aldrich and Merck. Melting points were
taken on Schmelzpunktbestimmer 9300 SMP II apparatus and
are uncorrected. Synthesis of these compounds was carried out
in the Memmert WNB14 instrument and Heidolph MR Plug
Radley. Merck silica gel 60 F254 plates were used for analytical
TLC. The purity of the compounds was controlled on TLC plates
precoated with silica gel G in a solvent system comprising a
petroleum ether : ethyl acetate (40 : 60 v/v t: 25 1C) mixture as
an eluent. The spots were located under UV light (254 nm).
1H-(400 MHz) and 13C NMR spectra (100 MHz) were obtained
on a BRUKER AM 400 spectrometer in (d6) DMSO solution at
the Erciyes University Technology Research and Application
Center (TAUM). MS spectra were carried out on an LC/MS High-
Resolution Time of Flight (Q-TOF) Agilent 1200/6530 instru-
ment at the Atatürk University-East Anatolian High Technology
Research and Application Center (DAYTAM).

Preparation of the (S)-Naproxen ester (1) and hydrazide (2)

These (S)-naproxen compounds were prepared according to our
literature procedure.42,43

General procedure for the synthesis of (S)-N-(substituted
phenyl/propyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]hydr-
azine-1-carbothioamide (3a–m). Compound 2 (0.01 mol) and
substituted isothiocyanate (0.011 mol) were refluxed for 24 h in
20 mL of n-butanol. At the end of the reaction, n-butanol was
evaporated and washed with cold methanol. The solid com-
pound was filtered, washed with water, dried, and recrystallized
with ethanol.

N-(3-Fluorophenyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3a). White solid, yield 83%, m.p.
163 1C, Rf 0.92; FT-IR nmax (cm�1): 3129 (N–H), 2959 (Arom.
C–H), 2837 (Aliph. C–H), 1671 (CQO), 1544, 1501, 1485, 1453
(Arom. CQC, N–H, C–N), 1262 (CQS), 1216 (C–O), 1161 (C–F).
1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–C�H3), 3.86 (s,
3H, O–C�H3), 4.63 (q, 1H, C�H–CH3), 7.13–7.79 (m, 10H, Ar–�H),
9.59 (s, 1H, –CS–N�H–), 9.74 (s, 1H, –CO–NH–N�H–), 10.17 (s, 1H,
–CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d 188.13 (CQS),
173.48 (CQO), 160.79 (C13), 157.55 (C1), 141.32 (C6), 136.96
(C11), 133.71 (C9), 130.03 (C3), 129.55 (C15), 128.85 (C4), 127.08
(C8), 126.32 (C5), 126.07 (C7), 119.25 (C16), 119.05 (C2), 113.36
(C12), 111.52 (C14), 106.22 (C10), 55.62 (CH3), 40.67 (CH), 19.01
(CH3); HR-MS (ESI): m/z calcd for C21H20FN3O2S (M + H)+,
398.1333; found 398.1337.

N-(2,6-Difluorophenyl)-2-[2-(6-methoxynaphthalen-2-yl)pro-
panoyl]hydrazine-1-carbothioamide (3b). White solid, yield
77%, m.p. 176 1C, Rf 0.53; FT-IR nmax (cm�1): 3170 (N–H),
2992 (Arom. C–H), 2950 (Aliph. C–H), 1685 (CQO), 1578, 1532,
1504, 1471 (Arom. CQC, N–H, C–N), 1268 (CQS), 1237 (C–O),
1119 (C–F). 1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–
C�H3), 3.84 (s, 3H, O–C�H3), 4.62 (q, 1H, C�H–CH3), 7.11–7.78 (m,
9H, Ar–�H), 9.22 (s, 1H, –CS–N�H–), 9.87 (s, 1H, –CO–NH–N�H–),
10.24 (s, 1H, –CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d
183.23 (CQS), 175.05 (CQO), 160.63 (C16), 160.54 (C12),
157.51 (C1), 136.96 (C6), 133.68 (C9), 129.55 (C3), 128.83
(C4), 127.14 (C8), 127.02 (C5), 126.11 (C7), 124.85 (C14),
123.00 (C11), 119.00 (C2), 112.25 (C15), 112.02 (C13), 106.19
(C10), 55.62 (CH3), 43.72 (CH), 18.85 (CH3); HR-MS (ESI): m/z
calcd for C21H19F2N3O2S (M + H)+, 416.1238; found 416.1244.

N-(2,4-Dichlorophenyl)-2-[2-(6-methoxynaphthalen-2-yl)pro-
panoyl]hydrazine-1-carbothioamide (3c). White solid, yield
70%, m.p. 178 1C, Rf 0.78; FT-IR nmax (cm�1): 3180 (N–H),
2963 (Arom. C–H), 2936 (Aliph. C–H), 1671 (CQO), 1524, 1503,
1486, 1459 (Arom. CQC, N–H, C–N), 1261 (CQS), 1213 (C–O),
1088 (C–Cl). 1H-NMR (400 MHz, DMSO-d6) d 1.48 (d,
3H, CH–C�H3), 3.86 (s, 3H, O–C�H3), 4.62 (q, 1H, C�H–CH3),

Scheme 1 Compounds containing a 1,2,4-triazole structure with anticancer effects.
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7.13-7.78 (m, 9H, Ar–�H), 9.31 (s, 1H, –CS–N�H–), 9.85 (s, 1H,
–CO–NH–N�H–), 10.24 (s, 1H, –CO–N�H–); 13C-NMR (100 MHz,
DMSO-d6) d 181.36 (CQS), 170.48 (CQO), 157.49 (C1), 139.06
(C6), 134.97 (C11), 133.72 (C9), 130.18 (C14), 129.58 (C13),
129.17 (C3), 128.80 (C4), 127.70 (C15), 127.11 (C8), 126.89
(C5), 126.11 (C7), 122.13 (C12), 119.01 (C16), 118.77 (C2),
106.18 (C10), 55.64 (CH3), 46.86 (CH), 18.89 (CH3); HR-MS
(ESI): m/z calcd for C21H19Cl2N3O2S (M + H)+, 448.0647; found
448.0650.

N-(2,6-Dichlorophenyl)-2-[2-(6-methoxynaphthalen-2-yl)pro-
panoyl]hydrazine-1-carbothioamide (3d). White solid, yield
56%, m.p. 193 1C, Rf 0.76; FT-IR nmax (cm�1): 3194 (N–H),
2979 (Arom. C–H), 2961 (Aliph. C–H), 1691 (CQO), 1565, 1507,
1488, 1451 (Arom. CQC, N–H, C–N), 1264 (CQS), 1232 (C–O),
1072 (C–Cl). 1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–
C�H3), 3.85 (s, 3H, O–C�H3), 4.64 (q, 1H, C�H–CH3), 7.13-7.77 (m,
9H, Ar–�H), 9.42 (s, 1H, –CS–N�H–), 9.73 (s, 1H, –CO–NH–N�H–),
10.20 (s, 1H, –CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d
182.42 (CQS), 174.00 (CQO), 157.49 (C1), 140.38 (C6), 137.03
(C11), 135.60 (C15), 133.66 (C9), 131.76 (C12), 131.34 (C16),
129.70 (C13), 129.54 (C3), 128.81 (C4), 127.79 (C14), 127.19
(C8), 126.98 (C5), 126.11 (C7), 118.98 (C2), 106.19 (C10), 55.61
(CH3), 43.77 (CH), 18.94 (CH3); HR-MS (ESI): m/z calcd for
C21H19Cl2N3O2S (M + H)+, 448.0647; found 448.0653.

N-(2-Bromophenyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3e). White solid, yield 23%, m.p.
202 1C, Rf 0.76; FT-IR nmax (cm�1): 3169 (N–H), 2966 (Arom. C–
H), 2934 (Aliph. C–H), 1669 (CQO), 1575, 1504, 1487, 1459 (Arom.
CQC, N–H, C–N), 1259 (CQS), 1213 (C–O), 1048 (C–Br). 1H-NMR
(400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–C�H3), 3.86 (s, 3H, O–C�H3),
4.51 (q, 1H, C�H–CH3), 7.13-7.78 (m, 10H, Ar–�H), 9.26 (s, 1H, –CS–
N�H–), 9.77 (s, 1H, –CO–NH–N�H–), 10.25 (s, 1H, –CO–N�H–);
13C-NMR (100 MHz, DMSO-d6) d 178.92 (CQS), 170.63 (CQO),
157.55 (C1), 136.77 (C6), 133.74 (C9), 132.87 (C13), 130.16 (C14),
130.08 (C11), 129.68 (C3), 128.80 (C4), 128.60 (C16), 128.23 (C15),
127.25 (C8), 127.07 (C5), 126.15 (C7), 121.25 (C12), 119.15 (C2),
106.18 (C10), 55.66 (CH3), 43.74 (CH), 18.82 (CH3); HR-MS (ESI):
m/z calcd for C21H20BrN3O2S (M + H)+, 458.0532; found 458.0536.

N-(3-Bromophenyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3f). White solid, yield 17%, m.p.
209 1C, Rf 0.73; FT-IR nmax (cm�1): 3135 (N–H), 3009 (Arom.
C–H), 2958 (Aliph. C–H), 1673 (CQO), 1571, 1500, 1486, 1459
(Arom. CQC, N–H, C–N), 1265 (CQS), 1216 (C–O), 1029 (C–Br).
1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–C�H3), 3.85 (s,
3H, O–C�H3), 4.58 (q, 1H, C�H–CH3), 7.13–7.79 (m, 10H, Ar–�H),
9.57 (s, 1H, –CS–N�H–), 9.76 (s, 1H, –CO–NH–N�H–), 10.15 (s, 1H,
–CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d 181.86 (CQS),
175.22 (CQO), 157.49 (C1), 140.30 (C11), 137.19 (C6), 133.69
(C9), 130.71 (C15), 129.67 (C3), 128.83 (C4), 128.19 (C14), 127.37
(C8), 127.00 (C5), 126.12 (C7), 123.90 (C12), 122.06 (C13), 119.14
(C2), 118.71 (C16), 106.14 (C10), 55.59 (CH3), 43.75 (CH), 18.57
(CH3); HR-MS (ESI): m/z calcd for C21H20BrN3O2S (M + H)+,
458.0532; found 458.0550.

N-(4-Ethylphenyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3g). White solid, yield 49%, m.p.
161 1C, Rf 0.75; FT-IR nmax (cm�1): 3156 (N–H), 2964 (Arom. C–H),

2939 (Aliph. C–H), 1693 (CQO), 1541, 1503, 1479, 1460 (Arom.
CQC, N–H, C–N), 1259 (CQS), 1214 (C–O). 1H-NMR (400 MHz,
DMSO-d6) d 1.17 (t, 3H, CH2–C�H3), 1.48 (d, 3H, CH–C�H3), 2.57
(q, 1H, C�H2–CH3), 3.86 (s, 3H, O–C�H3), 4.55 (q, 1H, C�H–CH3),
7.13–7.78 (m, 10H, Ar–�H), 9.40 (s, 1H, –CS–N�H–), 9.50 (s, 1H,
–CO–NH–N�H–), 10.10 (s, 1H, –CO–N�H–); 13C-NMR (100 MHz,
DMSO-d6) d 182.42 (CQS), 173.52 (CQO), 157.52 (C1), 152.66
(C14), 140.96 (C6), 137.12 (C11), 133.69 (C9), 129.56 (C15),
129.40 (C13), 129.27 (C3), 128.84 (C4), 127.86 (C8), 127.09
(C16), 126.35 (C5), 126.05 (C7), 119.05 (C2), 115.85 (C12),
106.17 (C10), 55.62 (CH3), 43.56 (CH), 28.11 (CH2), 18.75
(CH3), 16.07 (CH3); HR-MS (ESI): m/z calcd for C23H25N3O2S
(M + H)+, 408.1740; found 408.1746.

N-(4-Nitrophenyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3h). Yellow solid, yield 42%, m.p.
187 1C, Rf 0.77; FT-IR nmax (cm�1): 3149 (N–H), 2965 (Arom. C–H),
2940 (Aliph. C–H), 1680 (CQO), 1597, 1571, 1500, 1464,
1415 (Arom. CQC, N–H, C–N, N–O), 1264 (CQS), 1215 (C–O).
1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–C�H3), 3.86 (s,
3H, O–C�H3), 4.55 (q, 1H, C�H–CH3), 7.14-8.20 (m, 10H, Ar–�H),
9.26 (s, 1H, –CS–N�H–), 9.87 (s, 1H, –CO–NH–N�H–), 10.20 (s, 1H,
–CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d 182.67 (CQS),
176.77 (CQO), 157.54 (C1), 140.29 (C14), 140.14 (C6), 136.84
(C11), 133.71 (C9), 129.57 (C3), 128.82 (C4), 128.56 (C15), 127.21
(C13), 127.07 (C8), 126.08 (C5), 124.63 (C7), 119.08 (C2), 114.05
(C16), 113.80 (C12), 106.17 (C10), 55.62 (CH3), 43.72 (CH), 18.79
(CH3); HR-MS (ESI): m/z calcd for C21H20N4O4S (M + H)+,
425.1278; found 425.1285.

N-(3-Pyridil)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]hydr-
azine-1-carbothioamide (3i). Yellow solid, yield 57%, m.p.
173 1C, Rf 0.35; FT-IR nmax (cm�1): 3125 (N–H), 2959 (Arom.
C–H), 2936 (Aliph. C–H), 1663 (CQO), 1634 (CQN), 1526, 1503,
1481, 1446 (Arom. CQC, N–H, C–N), 1253 (CQS), 1225 (C–O).
1H-NMR (400 MHz, DMSO-d6) d 1.48 (d, 3H, CH–C�H3), 3.86 (s,
3H, O–C�H3), 4.57 (q, 1H, C�H–CH3), 7.13-7.79 (m, 10H, Ar–�H),
9.23 (s, 1H, –CS–N�H–), 9.81 (s, 1H, –CO–NH–N�H–), 10.20 (s, 1H,
–CO–N�H–); 13C-NMR (100 MHz, DMSO-d6) d 180.44 (CQS),
173.81 (CQO), 157.48 (C1), 146.79 (C13), 137.29 (C6), 136.76
(C11), 136.33 (C12), 133.68 (C9), 129.59 (C3), 128.76 (C4), 127.24
(C8), 126.81 (C5), 126.03 (C7), 123.74 (C14), 119.10 (C2), 113.97
(C15), 106.09 (C10), 55.59 (CH3), 43.66 (CH), 18.69 (CH3);
HR-MS (ESI): m/z calcd for C21H20N4O4S (M + H)+, 381.1379;
found 381.1382.

N-(Propyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]hydrazine-
1-carbothioamide (3j). White solid, yield 55%, m.p. 165 1C, Rf

0.60; FT-IR nmax (cm�1): 3167 (N–H), 3008 (Arom. C–H), 2958
(Aliph. C–H), 1668 (CQO), 1549, 1503, 1485, 1459 (Arom. CQC,
N–H, C–N), 1261 (CQS), 1216 (C–O). 1H-NMR (400 MHz, DMSO-
d6) d 0.75 (t, 3H, CH2–CH2–C�H3), 0.86 (m, 2H, CH2–C�H2–CH3),
1.45 (d, 3H, CH–C�H3), 2.50 (t, 2H, C�H2–CH2–CH3), 3.85 (s, 3H,
O–C�H3), 4.63 (q, 1H, C�H–CH3), 7.13–7.78 (m, 6H, Ar–�H), 9.15 (s,
1H, –CS–N�H–), 9.50 (s, 1H, –CO–NH–N�H–), 9.91 (s, 1H, –CO–
N�H–); 13C-NMR (100 MHz, DMSO-d6) d 181.80 (CQS), 174.08
(CQO), 157.49 (C1), 136.82 (C6), 133.69 (C9), 129.59 (C3),
128.77 (C4), 127.30 (C8), 126.80 (C5), 125.91 (C7), 119.11 (C2),
106.07 (C10), 55.59 (CH3), 45.75 (CH2), 43.58 (CH), 22.15 (CH2),

NJC Paper



This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022 New J. Chem., 2022, 46, 6046–6059 |  6049

18.40 (CH3), 11.36 (CH3); HR-MS (ESI): m/z calcd for
C18H23N3O2S (M + H)+, 346.1583; found 346.1584.

N-(Cyclohexylmethyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]-
hydrazine-1-carbothioamide (3k). White solid, yield 31%, m.p.
192 1C, Rf 0.70; FT-IR nmax (cm�1): 3174 (N–H), 2972 (Arom.
C–H), 2924 (Aliph. C–H), 1686 (CQO), 1548, 1505, 1486, 1447
(Arom. CQC, N–H, C–N), 1265 (CQS), 1214 (C–O). 1H-NMR
(400 MHz, DMSO-d6) d 0.75–1.04 (m, 11H, CH, –CH2–), 1.45 (d,
3H, CH–C�H3), 2.50 (t, 2H, –C�H2–), 3.85 (s, 3H, O–C�H3), 4.62 (q,
1H, C�H–CH3), 7.13–7.79 (m, 6H, Ar–�H), 9.16 (s, 1H, –CS–N�H–),
9.48 (s, 1H, –CO–NH–N�H–), 9.93 (s, 1H, –CO–N�H–); 13C-NMR
(100 MHz, DMSO-d6) d 181.89 (CQS), 173.96 (CQO), 157.53
(C1), 136.84 (C6), 133.73 (C9), 129.60 (C3), 128.81 (C4), 127.34
(C8), 126.69 (C5), 125.88 (C7), 119.13 (C2), 106.11 (C10), 55.60
(CH3), 50.11 (CH2), 43.58 (CH), 37.14 (CH), 30.46. (CH2), 30.38
(CH2), 26.34 (CH2), 25.65 (CH2), 22.35 (CH2), 18.27 (CH3);
HR-MS (ESI): m/z calcd for C22H29N3O2S (M + H)+, 400.2053;
found 400.2058.

N-(Benzyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]hydrazine-
1-carbothioamide (3l). White solid, yield 31%, m.p. 153 1C, Rf 0.75;
FT-IR nmax (cm�1): 3159 (N–H), 2958 (Arom. C–H), 2928 (Aliph.
C–H), 1686 (CQO), 1553, 1504, 1483, 1454 (Arom. CQC, N–H,
C–N), 1263 (CQS), 1214 (C–O). 1H-NMR (400 MHz, DMSO-d6) d
1.45 (d, 3H, CH–C�H3), 3.34 (s, 2H, –C�H2–), 3.86 (s, 3H, O–C�H3),
4.72 (q, 1H, C�H–CH3), 7.15-7.76 (m, 11H, Ar–�H), 9.20 (s, 1H,
–CS–N�H–), 9.33 (s, 1H, –CO–NH–N�H–), 10.00 (s, 1H, –CO–N�H–);
13C-NMR (100 MHz, DMSO-d6) d 183.20 (CQS), 172.14 (CQO),
157.47 (C1), 139.29 (C11), 136.84 (C6), 133.65 (C9), 129.59 (C3),
128.75 (C14), 128.58 (C4), 128.16 (C15), 128.13 (C13), 127.64
(C12), 127.61 (C16), 127.23 (C8), 126.88 (C5), 125.96 (C7), 119.08
(C2), 106.08 (C10), 55.59 (CH3), 47.08 (CH2), 43.64 (CH), 18.64
(CH3); HR-MS (ESI): m/z calcd for C22H23N3O2S (M + H)+,
394.1583; found 394.1592.

N-(Benzoyl)-2-[2-(6-methoxynaphthalen-2-yl)propanoyl]hydrazine-
1-carbothioamide (3m). Grey solid, yield 28%, m.p. 145 1C, Rf

0.90; FT-IR nmax (cm�1): 3151 (N–H), 2975 (Arom. C–H), 2932
(Aliph. C–H), 1653 (CQO), 1547, 1506, 1454, 1424 (Arom. CQC,
N–H, C–N), 1260 (CQS), 1213 (C–O). 1H-NMR (400 MHz, DMSO-
d6) d 1.49 (d, 3H, CH–C�H3), 3.86 (s, 3H, O–C�H3), 4.07 (q, 1H, C�H–
CH3), 7.13–7.94 (m, 11H, Ar–�H), 11.11 (s, 1H, –CS–N�H–), 11.68
(s, 1H, –CO–NH–N�H–), 12.67 (s, 1H, –CO–N�H–); 13C-NMR (100
MHz, DMSO-d6) d 177.23 (CQS), 171.13 (CQO), 168.43 (CQO),
157.57 (C1), 136.56 (C6), 133.73 (C9), 133.57 (C11), 129.62 (C14),
129.13 (C3), 128.88 (C4), 128.81 (C13), 127.63 (C16), 127.12 (C8),
127.02 (C12), 126.22 (C7), 126.07 (C5), 125.88 (C15), 119.08 (C2),
106.18 (C10), 55.62 (CH3), 42.86 (CH), 18.75 (CH3); HR-MS (ESI):
m/z calcd for C22H21N3O3S (M + H)+, 408.1376; found 408.1379.

General procedure for the synthesis of 4-(substitutedphenyl/
propyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-1,2,4-triazole-
3-thione (4a–j). A solution of many thiosemicarbazide com-
pounds (0.01 mol) was heated under Radley for 24 h, in 4 N
sodium hydroxide solution (20 mL). The solution was set to pH
6 by glacial acetic acid after cooling to room temperature. The
product was precipitated, filtered and washed with distilled
water. The compounds were obtained by recrystallization from
ethanol.

4-(3-Fluorophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-
1,2,4-triazole-3-thione (4a). Beige solid, yield 58%, m.p. 172 1C,
Rf 0.83; FT-IR nmax (cm�1): 3149 (N–H), 3034 (Arom. C–H), 2931
(Aliph. C–H), 1632 (CQN), 1565, 1507, 1484, 1448 (Arom. CQC,
N–H, C–N), 1264 (CQS), 1228 (C–O), 1108 (C–F). 1H-NMR (400
MHz, DMSO-d6) d 1.55 (d, 3H, CH–C�H3), 3.85 (s, 3H, O–C�H3),
4.38 (q, 1H, C�H–CH3), 7.08–7.63 (m, 10H, Ar–�H), 8.64 (s, 1H,
–N�H); 13C-NMR (100 MHz, DMSO-d6) d 168.25 (CQS), 160.89
(C15), 157.58 (C1), 154.85 (C11), 144.97 (C13), 136.32 (C6),
133.55 (C9), 129.46 (C3), 128.59 (C4), 127.58 (C8), 125.92 (C5),
125.88 (C7), 125.03 (C-17), 119.21 (C2), 116.07 (C-18), 110.29
(C16), 106.07 (C10), 104.30 (C14), 55.56 (CH3), 37.10 (CH), 20.30
(CH3); HR-MS (ESI): m/z calcd for C21H18FN3OS (M + H)+,
380.1227; found 380.1236.

4-(2,4-Dichlorophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-
4H-1,2,4-triazole-3-thione (4b). White solid, yield 27%, m.p.
323 1C, Rf 0.86; FT-IR nmax (cm�1): 3128 (N–H), 2964 (Arom.
C–H), 2924 (Aliph. C–H), 1634 (CQN), 1561, 1501, 1484, 1440
(Arom. CQC, N–H, C–N), 1264 (CQO), 1230 (C–O), 1027 (C–Cl).
1H-NMR (400 MHz, DMSO-d6) d 1.60 (d, 3H, CH–C�H3), 3.80 (s,
3H, O–C�H3), 6.43 (q, 1H, C�H–CH3), 6.96-7.60 (m, 9H, Ar–�H), 8.61
(s, 1H, –N�H); 13C-NMR (100 MHz, DMSO-d6) d 167.89 (CQS),
157.51 (C1), 154.65 (C11), 142.71 (C13), 135.50 (C6), 133.67 (C9),
132.30 (C17), 129.77 (C16), 129.36 (C3), 128.83 (C4), 128.59 (C15),
127.43 (C8), 126.34 (C5), 126.21 (C7), 122.19 (C18), 119.09 (C2),
117.94 (C14), 106.09 (C10), 55.55 (CH3), 37.14 (CH), 20.02 (CH3);
HR-MS (ESI): m/z calcd for C21H17Cl2N3OS (M + H)+, 430.0542;
found 430.0549.

4-(2,6-Dichlorophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-
4H-1,2,4-triazole-3-thione (4c). White solid, yield 31%, m.p.
236 1C, Rf 0.90; FT-IR nmax (cm�1): 3169 (N–H), 3046 (Arom.
C–H), 2932 (Aliph. C–H), 1633 (CQN), 1568, 1503, 1476, 1441
(Arom. CQC, N–H, C–N), 1262 (CQO), 1212 (C–O), 1029 (C–Cl).
1H-NMR (400 MHz, DMSO-d6) d 1.60 (d, 3H, CH–C�H3), 3.84 (s,
3H, O–C�H3), 5.32 (q, 1H, C�H–CH3), 7.08–7.63 (m, 9H, Ar–�H), 8.68
(s, 1H, –N�H); 13C-NMR (100 MHz, DMSO-d6) d 168.03 (CQS),
157.58 (C1), 153.93 (C11), 135.68 (C6), 134.16 (C13), 133.82 (C9),
129.67 (C15), 129.62 (C17), 129.28 (C3), 128.68 (C4), 127.81 (C16),
127.39 (C8), 126.24 (C5), 125.22 (C7), 121.46 (C18), 121.34 (C14),
119.08 (C2), 106.15 (C10), 55.57 (CH3), 37.70 (CH), 20.50 (CH3);
HR-MS (ESI): m/z calcd for C21H17Cl2N3OS (M + H)+, 430.0542;
found 430.0548.

4-(3-Bromophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-
1,2,4-triazole-3-thione (4d). Grey solid, yield 50%, m.p. 210 1C, Rf

0.90; FT-IR nmax (cm�1): 3170 (N–H), 3046 (Arom. C–H), 2921
(Aliph. C–H), 1643 (CQN), 1566, 1505, 1474, 1426 (Arom. CQC,
N–H, C–N), 1264 (CQO), 1229 (C–O), 1030 (C–Br). 1H-NMR (400
MHz, DMSO-d6) d 1.54 (d, 3H, CH–C�H3), 3.83 (s, 3H, O–C�H3),
4.04 (q, 1H, C�H–CH3), 7.07-7.64 (m, 10H, Ar–�H), 8.65 (s, 1H,
–N�H); 13C-NMR (100 MHz, DMSO-d6) d 168.38 (CQS), 157.63
(C1), 154.86 (C11), 136.08 (C6), 135.17 (C13), 133.64 (C9), 132.71
(C17), 129.30 (C3), 128.63 (C4), 127.92 (C16), 127.62 (C8), 126.02
(C5), 125.83 (C7), 122.68 (C15), 122.41 (C14), 121.69 (C18), 119.25
(C2), 106.11 (C10), 55.59 (CH3), 37.19 (CH), 20.16 (CH3); HR-MS
(ESI): m/z calcd for C21H18BrN3OS (M + H)+, 440.0426; found
440.0426.
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4-(4-Ethylphenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-
1,2,4-triazole-3-thione (4e). Pink solid, yield 30%, m.p. 118 1C,
Rf 0.86; FT-IR nmax (cm�1): 3179 (N–H), 2964 (Arom. C–H), 2923
(Aliph. C–H), 1633 (CQN), 1550, 1515, 1488, 1405 (Arom. CQC,
N–H, C–N), 1266 (CQS), 1216 (C–O). 1H-NMR (400 MHz, DMSO-
d6) d 1.12 (t, 1H, CH2-C�H3), 1.52 (d, 3H, CH–C�H3), 2.55 (q, 1H,
C�H2–CH3), 3.93 (s, 3H, O–C�H3), 4.32 (q, 1H, C�H–CH3), 7.02-7.62
(m, 10H, Ar–�H), 8.59 (s, 1H, –N�H); 13C-NMR (100 MHz, DMSO-
d6) d 176.22 (CQS), 157.44 (C1), 155.53 (C11), 153.72 (C16),
144.34 (C13), 136.94 (C6), 133.63 (C9), 129.45 (C3), 128.59 (C4),
128.45 (C15), 128.42 (C-17), 127.41 (C8), 126.26 (C7), 126.00
(C5), 119.05 (C2), 113.61 (C-18), 113.54 (C14), 106.09 (C10),
55.57 (CH3), 40.01 (CH3), 38.76 (CH), 25.06 (CH2), 20.43 (CH3);
HR-MS (ESI): m/z calcd for C23H23N3OS (M + H)+, 390.1634;
found 390.1639.

4-(4-Nitrophenyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-
1,2,4-triazole-3-thione (4f). Orange solid, yield 29%, m.p.
309 1C, Rf 0.80; FT-IR nmax (cm�1): 3156 (N–H), 3011 (Arom.
C–H), 2940 (Aliph. C–H), 1632 (CQN), 1563, 1554, 1505, 1483,
1449 (Arom. CQC, N–H, C–N, N–O), 1266 (CQS), 1212 (C–O).
1H-NMR (400 MHz, DMSO-d6) d 1.61 (d, 3H, CH–C�H3), 3.83 (s,
3H, O–C�H3), 5.34 (q, 1H, C�H–CH3), 7.03-7.63 (m, 10H, Ar–�H),
8.77 (s, 1H, –N�H); 13C-NMR (100 MHz, DMSO-d6) d 175.75
(CQS), 157.55 (C1), 154.12 (C11), 145.85 (C13), 144.22 (C16),
136.91 (C6), 133.49 (C9), 129.39 (C3), 128.59 (C4), 127.53 (C8),
125.98 (C5), 125.80 (C7), 123.60 (C17), 123.12 (C15), 119.11
(C2), 114.85 (C18), 114.81 (C14), 106.12 (C10), 55.09 (CH3),
37.23 (CH), 20.51 (CH3); HR-MS (ESI): m/z calcd for
C21H18N4O3S (M + H)+, 407.1172; found 407.1176.

4-(3-Pyridyl)-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-1,2,4-
triazole-3-thione (4g). Brown solid, yield 31%, m.p. 122 1C, Rf

0.66; FT-IR nmax (cm�1): 3153 (N–H), 2964 (Arom. C–H), 2920
(Aliph. C–H), 1635 (CQN), 1566, 1506, 1479, 1432 (Arom. CQC,
N–H, C–N), 1266 (CQS), 1226 (C–O). 1H-NMR (400 MHz, DMSO-
d6) d 1.61 (d, 3H, CH–C�H3), 3.83 (s, 3H, O–C�H3), 4.38 (q, 1H,
C�H–CH3), 6.97–7.61 (m, 10H, Ar–�H), 8.39 (s, 1H, –N�H); 13C-NMR
(100 MHz, DMSO-d6) d 175.75 (CQS), 157.52 (C1), 154.40 (C11),
149.55 (C13), 149.07 (C15), 137.11 (C6), 136.58 (C14), 133.45
(C9), 129.43 (C3), 128.60 (C4), 126.41 (C8), 126.01 (C5), 125.68
(C7), 124.22 (C16), 119.18 (C2), 116.45 (C17), 106.12 (C10), 55.57
(CH3), 37.26 (CH), 20.62 (CH3); HR-MS (ESI): m/z calcd for
C20H18N4OS (M + H)+, 363.1274; found 363.1279.

4-Propyl-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-1,2,4-triazole-
3-thione (4h). White solid, yield 21%, m.p. 327 1C, Rf 0.82; FT-IR
nmax (cm�1): 3157 (N–H), 2959 (Arom. C–H), 2939 (Aliph. C–H),
1634 (CQN), 1561, 1503, 1484, 1412 (Arom. CQC, N–H, C–N),
1268 (CQS), 12304 (C–O). 1H-NMR (400 MHz, DMSO-d6) d 0.59
(t, 3H, CH2–CH2–C�H3), 1.47 (m, 2H, CH2–C�H2–CH3), 1.59 (d, 3H,
CH–C�H3), 2.50 (t, 2H, C�H2–CH2–CH3), 3.84 (s, 3H, O–C�H3), 4.37
(q, 1H, C�H–CH3), 7.15-7.79 (m, 6H, Ar–�H), 8.43 (s, 1H, –N�H);
13C-NMR (100 MHz, DMSO-d6) d 175.67 (CQS), 157.72 (C1),
154.81 (C11), 137.25 (C6), 133.79 (C9), 129.60 (C3), 128.87 (C4),
128.19 (C8), 126.07 (C5), 125.90 (C7), 119.44 (C2), 106.23 (C10),
55.62 (CH3), 45.00 (CH2), 36.62 (CH), 24.92 (CH2), 21.13 (CH2),
20.84 (CH3), 11.00 (CH3); HR-MS (ESI): m/z calcd for C18H21N3OS
(M + H)+, 328.1478; found 328.1480.

4-Cyclohekzylmethyl-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-
4H-1,2,4-triazole-3-thione (4i). White solid, yield 47%, m.p.
198 1C, Rf 0.89; FT-IR nmax (cm�1): 3192 (N–H), 3015 (Arom.
C–H), 2925 (Aliph. C–H), 1632 (CQN), 1585, 1506, 1488, 1441
(Arom. CQC, N–H, C–N), 1265 (CQS), 1231 (C–O). 1H-NMR
(400 MHz, DMSO-d6) d 0.69-1.41 (m, 11H, CH, –CH2–), 1.59 (d,
3H, CH–C�H3), 2.50 (d, 2H, –C�H2–), 3.84 (s, 3H, O–C�H3), 4.38
(q, 1H, C�H–CH3), 7.15-7.80 (m, 6H, Ar–�H), 8.36 (s, 1H, –N�H);
13C-NMR (100 MHz, DMSO-d6) d 167.65 (CQS), 157.79 (C1),
154.79 (C11), 137.38 (C6), 133.82 (C9), 129.58 (C3), 128.93 (C4),
128.01 (C8), 126.18 (C5), 125.79 (C7), 119.38 (C2), 106.22 (C10),
55.63 (CH3), 48.84 (CH2), 36.72 (CH), 36.65 (C13), 30.40 (C14),
30.17 (C18), 26.09 (C17), 25.61 (C16), 25.52 (C15), 21.74 (CH3);
HR-MS (ESI): m/z calcd for C22H27N3OS (M + H)+, 382.1947;
found 382.1950.

4-Benzyl-5-[1-(6-methoxynaphthalen-2-yl)ethyl]-4H-1,2,4-triazole-
3-thione (4j). White solid, yield 57%, m.p. 296 1C, Rf 0.78; FT-IR
nmax (cm�1): 3200 (N–H), 3010 (Arom. C–H), 2928 (Aliph. C–H),
1632 (CQN), 1557, 1504, 1484, 1453 (Arom. CQC, N–H, C–N),
1257 (CQS), 1225 (C–O). 1H-NMR (400 MHz, DMSO-d6) d 1.48 (d,
3H, CH–C�H3), 1.69 (s, 2H, –C�H2–), 3.84 (s, 3H, O–C�H3), 4.64 (q,
1H, C�H–CH3), 7.08-7.71 (m, 11H, Ar–�H), 8.51 (s, 1H, –N�H);
13C-NMR (100 MHz, DMSO-d6) d 167.86 (CQS), 157.63 (C1),
154.38 (C11), 137.17 (C6), 136.74 (C13), 133.70 (C9), 129.69
(C17), 129.58 (C3), 129.28 (C16), 128.80 (C4), 128.74 (C15),
128.36 (C18), 127.95 (C14), 127.08 (C8), 126.25 (C7), 125.79
(C5), 119.14 (C2), 106.17 (C10), 55.62 (CH3), 45.99 (CH2), 37.10
(CH), 21.41 (CH3); HR-MS (ESI): m/z calcd for C22H27N3OS
(M + H)+, 376.1478; found 376.1482.

Biological activity

Cell culture and MTT assay. MDA-MB-231 breast cancer cells
were cultured and maintained in DMEM containing 10% FBS
and supplemented with 1% penicillin/streptomycin. The cul-
tures were incubated at 37 1C in a humidified atmosphere with
5% CO2. Compounds between 0.1 and 1000 mM concentration
were used for the MTT assay as it is previously reported.49 IC50

values were calculated, and cellular analyses were continued
with the selected Compound 4b. Cellular morphological
changes were characterized under a microscope.

AO/EB staining. MDA-MB-231 cells were seeded in 12 well
plates and reached sufficient confluency. Compound 4b was
added to the wells at IC50 concentration and incubated with the
cells for 24 hours. AO/EB dye was prepared, dissolved in PBS at
a ratio of 1 : 1, and incubated with the cells for 10 minutes in
the dark. Then the cells were washed with PBS, and images
were taken under an inverted fluorescence microscope (Zeiss,
Axio Vert A1). Green and red dye ratios were analyzed using
Image J (NIH, USA).

JC-1 staining. Mitochondrial membrane potential (MMP)
was examined using fluorescent dye JC-1 (Abcam, ab113850)
as previously described.50 MDA-MB-231 cells were seeded in 96
well black plates and reached sufficient confluence. Compound
4b was added to the wells at IC50 concentration and incubated
with the cells for 24 hours. Treated cells were washed with PBS.
JC1 solution was added following the instructions and incubated
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at 37 1C for 10 minutes and measured at Ex 535 nm, Em 475 nm
wavelengths using a fluorescence microplate reader. Red/green
fluorescence intensity staining ratios were determined and
analyzed.

Caspase-3 activity assay. In order to determine the cell levels
of caspase-3 activity,51 cells were lysed with cell lysis buffer and
centrifuged for 10 min at 9000 rpm at 4 1C after treatment with
compound 4b for 24 h. Using a commercial kit (Calbiochem,
USA) and following the manufacturer’s instructions, the super-
natant was used for measuring caspase-3 activity as a marker of
apoptosis in cells.

Colony formation assay. For the colony formation assay,
MDA-MB-231 cells were seeded in 6 well-plates at 400 cells per
well. After attachment for 24 h, the cells were treated with
doxorubicin (0.006 mM) and 4b (0.25 mM) in 2 mL of cell culture
medium. The cells were left for 14 days of incubation, and the
medium was removed. The cells were stained and fixed using
1% crystal violet in 10% methanol for 10 min at room tem-
perature. Afterwards, the crystal violet solution was removed,
and the cells were washed with PBS 3 times. More than 50 cells
were counted as a colony, and the number of colonies was
determined. Images of the colonies were taken using a digital
camera. For quantification of colony formation, the cells were
destained using 10% acetic acid in dH2O, and absorbance was
measured at 595 nm.

Migration assay. In vitro cell invasion was examined by a
wound closure assay. MDA-MB231 cells were seeded in 6-well
plates at 200 000 cells per well, with three repeats. Cells were
left to grow to 95% confluency. The cell monolayer was
scratched with a sterile 200 mL pipette tip to create a cross-
shaped wound in the middle of each well. A sterile micropipette
tip was used at an angle of approximately 90 degrees to keep the
width of the scratch constant. The medium in the 6-well plate
was removed and the wells were washed with PBS twice to
remove the detached cells in the well. 1 mM compound 4b, was
added to the wells in the cell culture medium. The total volume
of each well was 2 mL. Images were taken on the addition of
compound 4b (t = 0 h) and at 12 h and 30 h time intervals. The
wound was imaged at 10 times magnification (t = 0 h) using a
Leica DMi8 live cell microscope equipped with a camera. The
obtained images were processed using ImageJ software to
calculate the wound area. The wound area after 30 h was
normalized to the baseline area at t = 0 h.

Cell cycle analyses. Flow cytometry analysis of breast cancer
cell cycle phase distributions was performed after treatment
with Compound 4b. MDA-MB-231 cells were seeded in 24-well
plates at a density of 50 000 cells per well. Following the
attachment, the cells were treated with compound 4b at
increasing concentrations from 0.25 mM to 1 mM for 24 h. The
cells were trypsinized and collected with centrifugation at
2,000 rpm for 5 min. The cells were fixed using 70% ice-cold
ethanol at �20 1C overnight. The ethanol was removed, and the
cells were washed with PBS. Then RNAse (50 mg mL�1) was
added to the cells, and the samples were incubated at 37 1C for
30 min. The cells were collected and stained with propidium
iodide (PI) after the RNAse treatment. The cells were analyzed

using a flow cytometer (FACS Aria II, BD Biosciences), and the
phase distributions were determined according to the DNA
content.

Western blot analyses. The Bcl-2 protein level in breast
cancer cells after treatment with Compound 4b was determined
using Western blotting. MDA-MB-231 cells were seeded in
6 well plates at 150 000 cells per well. After allowing the cells
to attach onto the surface, the cells were treated with 0.06 mM
doxorubicin and 0.50 mM compound 4b for 48 h. The cells were
collected and washed with PBS, then RIPA buffer was added to
the cells and incubated on ice for 30 min to obtain cell lysates.
The samples were centrifuged at 11 000 rpm for 10 min, and the
cell membrane was removed. Total protein concentration was
determined using the Bradford assay. 40 mg of total protein was
subjected to 10% SDS-polyacrylamide gel and run at 100 V for
2 h. The proteins were transferred to a PVDF membrane and
incubated with an anti-Bcl-2 antibody (Abcam, 59348) at 4 1C
overnight. Following the washing steps, the membrane was
incubated in anti-rabbit secondary antibody (Abcam 6721) at
room temperature for 2 h. The proteins were visualized using
the ChemiDoc MP imaging system (Bio-Rad), and the images
were analyzed, and band intensities were determined using
ImageLab Software. The relative protein levels were normalized
to parental control bands.

In vivo study. All experiments in this study were approved by
the Erciyes University Local Ethics Committee for Animal
Experiments. In vivo experiments of this study were performed
in the laboratories of Erciyes University Experimental Research
and Application Center (DEKAM). Female Balb/C mice (10
weeks, 25 � 3 g) were selected in this study.

Acute toxicity test. In order to determine the acute systemic
toxic effects of compound 4b, an acute toxicity test was con-
ducted in 15 healthy Balb/C mice according to European
Pharmacopoeia. An acute toxicity test defines the potential
systemic toxic effect within 24 h after single-dose drug admin-
istration. Briefly, mice were divided into four groups as three
treatment groups (5 mg kg�1, 10 mg kg�1, 20 mg kg�1) and
healthy control mice. The different doses of compound 4b were
administrated to the mice, and saline was administered to the
healthy control group. 24 h after the single administration, all
mice were observed, and each group was evaluated according to
the following criteria;

(1) It is not toxic at the used dose if there is no dead mouse
in the group

(2) It must be repeated if there is one dead mouse in
the group

(3) It is toxic at the used dose if there are at least two dead
mice in a group

It was aimed to investigate the potentially toxic effects of
compound 4 at the 5, 10, and 20 mg kg�1 doses in this study.52

Induction of ectopic solid EAC tumors

The potential antitumoral effect of compound 4b was investi-
gated in a well-defined ectopic solid tumor model of compound
4b in female mice. For this aim, EACs were suspended in
saline and intraperitoneally incubated in two mice with a
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0.5 mL injection. The intraperitoneal acid fluid was aspirated
with a syringe after 5 days of in vivo incubation of EACs. The
number of EACs was counted with an automated cell counter
(Roche Cedex XS. Germany) and diluted with saline to 10 �
106 cells per milliliter. 18 mice were subcutaneously injected
with 2 � 106 cells per animal in a 0.2 mL volume of saline. The
mice were randomly divided into three groups, namely EACs
(n = 6), EACs + low dose compound 4b (5 mg kg�1, n = 6), and
EACs + high dose compound 4b (10 mg kg�1, n = 6). Tween 20
(5%) was used to disperse compound 4b in saline, and the
treatments were administered in a volume of 0.1 mL/10 g mice.
The treatment algorithm was set as a chemotherapy cycle to
avoid its potential cumulative systemic toxicity. For this reason,
compound 4b was administrated once every 2 days for 14 days.
Mice were anesthetized with ketamine/xylazine combination
and tumor tissues were surgically dissected from the mice.
Tumor volumes were measured by a saline-filled graduated
cylinder as an indicator of antitumoral activity.

Statistical analyses

The statistical analyses for all experiments were done with
Graph Pad Prism 8 software. One-way analysis of variance
(ANOVA) and Tukey’s post hoc test were used to compare tumor
volumes among groups in the mice. Data were presented as
mean � standard error of the mean (SEM), and p o 0.05 was
considered as a value of statistical significance.

Results and discussion
Chemistry

In this work, we chose (S)-Naproxen as a starting compound for
the synthesis of new thiosemicarbazide/1,2,4-triazole mole-
cules. In this study, we synthesized twenty-three new com-
pounds, as shown in Scheme 2. In the presence of a few
drops of concentrated sulfuric acid (catalayzer), (S)-methyl
2-(6-methoxy-2-naphthyl)propanoate (1) was synthesized by
the reaction of (S)-Naproxen and ethanol. Compound 1 and
hydrazine hydrate (80%) were refluxed in ethanolic medium,
and (S)-2-(6-methoxy-2-naphthyl)-propanoic acid hydrazide (2)
was synthesized (these molecules were synthesized according

to our previous studies).41,42 Thiosemicarbazides (3a–m) were
synthesized with compound 2 and various chosen isothiocya-
nates in n-butanol. 1,2,4-Triazole molecules were synthesized in
4 N NaOH and neutralized using glacial acetic acid from
compounds 3a-m. Compounds 3a–m and 4a-j are original
molecules. All synthesized compounds were characterized by
their melting points, 1H-NMR, 13C-NMR, FT-IR, and HR-MS
spectroscopic data.

The results obtained from the spectral data were all compa-
tible with the suggested structures. The FT-IR data showed that
hydrazide CQO stretching bands had changed from 1693 cm�1

to 1653 cm�1 which approved the formation of an amide
functionality on the thiosemicarbazides (3a–m). Thiosemicar-
bazide N–H bands were screened at 3194–3125 cm�1. CQS
stretching bands were also detected between 1268–1253 cm�1,
which proved the presence of characteristic thiosemicarbazide
CQS stretching bands. The refluxing of (S)-Naproxen thio-
semicarbazides in aqueous 4 N NaOH changed them into the
target compounds (4a–j) as indicated in the IR spectra by
the appearance of a single absorption for NH in the region
3200–3128 cm�1. All CQO stretching bands disappeared in the
double band region and indicated the formation of triazoles.
The absorption bands at 1643–1632 cm�1 are due to the
presence of the CQN stretch of the triazole ring system.
Furthermore, the appearance of a CQS absorption band in
the region 1268–1257 cm�1 showed that the triazoles are in
their thione form. 1H-NMR spectra results of N1, N2, and N3

protons (3a–m) confirmed the formation of thiosemicarbazide.
The thiosemicarbazide protons were taken between 9.15–11.11,
9.33–11.68, and 9.91–12.67 ppm, respectively. All protons were
seen according to the expected chemical shifts and integration
values in the 1H-NMR spectra. The 1H-NMR data of the
proposed structures of all synthesized naproxen triazoles were
also as expected. Moreover, in the 1H-NMR spectra of naproxen
triazoles (4a–j), additional signals due to the NH group
appeared in the region of 8.36–8.77 ppm, whereas S–H protons
were not detected in the formation of their thionic form.
The formation of thiosemicarbazides was also confirmed with
13C-NMR studies. The CQO and CQS peaks of compounds 3a–m
were observed between 170.48–176.77 and 177.23–188.13 ppm,
respectively. In 13C-NMR studies, the compounds (4a–j) were

Scheme 2 Synthesized compounds of (S)-Naproxen derivatives. (i) C2H5OH/d.H2SO4, D (ii) NH2NH2�H2O/C2H5OH, D (iii) n-C4H9OH/R-NCS, D (iv) 4 N
NaOH/g�CH3COOH, D.

NJC Paper



This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022 New J. Chem., 2022, 46, 6046–6059 |  6053

confirmed to be present in thione form with the observation of
CQS peaks between 176.22–167.65 ppm. The 13C-NMR spectra of
the compounds showed the suitable number of resonances that
exactly gathered the number of carbon atoms. HR-MS studies
were performed on all thiosemicarbazide and triazole com-
pounds. HR-MS studies confirmed the molecular weights and

empirical formulas within o5 mmu. The molecular ion peaks
were observed as expected spots. For all derivatives, the ioniza-
tion formats were electron spray impact (ESI). All compounds
gave the [M + 1] peak at their molecular weight because of
catching a hydrogen atom from the medium according to the
used method with ESI.

Biological evaluation

In vitro anticancer activity. The anticancer activity of the
synthesized novel naproxen thiosemicarbazide (3a–m) and tria-
zole (4a–j) molecules was evaluated against the human breast
adenocarcinoma cell line ER (�) MDA-MB-231. The NIH-3T3
mouse fibroblast cell line was used for the healthy cell control
group. The cytotoxic evaluations were carried out by the
2H-Tetrazolium 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-bromide
(MTT) assay, and subsequently IC50 values were acquired.

Among all the compounds, only naproxen triazole compound
4b demonstrated antitumor activity with IC50 value 9.89 mM
against the MDA-MB-231 breast cancer cell line. Meanwhile,
compound 4b had a higher IC50 value (749 mM) against the
healthy control cell line (NIH-3T3). Only this molecule showed
the highest anticancer activity on this cell line. Other molecules
did not show any activity. The structures of the Naproxen
compounds are dissimilar from each other due to aromatic rings
and substituents. Therefore, in these compounds, the presence of
2,4-dichlorophenyl is required for cytotoxic activity. The results of
the synthesized compounds are reported in terms of IC50 values
in Table 1. In order to investigate the potential anticancer activity
of the obtained Naproxen triazole compound 4b, its cytotoxic
activity against MDA-MB-231 cells was evaluated with the MTT

Table 1 IC50 results (mM) of the novel (+) (S)-Naproxen compounds (3a–
m and 4a–j) against MDA-MB-231 cells

Compounds –R MDA-MB231 NIH-3T3

3a –C6H4–F (3) ND 508 � 12
3b –C6H4–F2 (2,6) ND ND
3c –C6H4–Cl2 (2,4) ND ND
3d –C6H4–Cl2 (2,6) ND 269 � 3
3e –C6H4–Br (2) 845 � 5 741 � 6
3f –C6H4–Br (3) ND 197 � 1
3g –C6H4–C2H5 (4) ND 479 � 9
3h –C6H4–NO2 (4) 288 � 6 163 � 3
3i –C5H4N (3) ND ND
3j –C3H7 ND 278 � 6
3k –CH2–C6H11 ND 2.69 � 0.4
3l –CH2–C6H5 ND 396 � 11
3m –CO–C6H5 195 � 8 ND
4a –C6H4–F (3) 885 � 14 ND
4b –C6H4–Cl2 (2,4) 9.89 � 2.4 749 � 5
4c –C6H4–Cl2 (2,6) ND ND
4d –C6H4–Br (3) ND ND
4e –C6H4–C2H5 (4) 320 � 7 ND
4f –C6H4–NO2 (4) 778 � 10 943 � 14
4g –C5H4N (3) ND ND
4h –C3H7 ND 272 � 8
4i –CH2–C6H11 ND 326 � 14
4j –CH2–C6H5 ND 8.53 � 2.02
Doxo 0.06
Naproxen 4400

Fig. 1 (a) AO/EB staining of MDA-MB-231 cells treated with compound 4b for 24 h. (b) Percentage of AO/EB stained cells. (c) Caspase-3 activity of the
treated compound 4b for 24 h in MDA-MB-231 cells. (d) JC-1 staining ratio of the treated compound 4b for 24 h in MDA-MB-231 cells (***p o 0.001
compared to control).
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assay for 24 h. Compound 4b was bioactive in MDA-MB-231 with
IC50 values in micromolar ranges.

AO/EB staining

Fluorescent AO and EB (AO/EB) double staining in MDA-MB-
231 cells was used to identify apoptosis-related changes in the
cell membranes during the apoptosis process. AO/EB staining of
MDA-MB-231 cells showed that live control cells had large green
nuclei, indicating that their cell membranes remained intact.
However, when treated with Naproxen triazole compound 4b,
the number of cells with large green nuclei was significantly
reduced, and almost all cells exhibited nuclear condensation
and apoptotic body formation, discoloring orange (Fig. 1). It was
observed that apoptotic cells increased significantly with the
treatment of Naproxen triazole compound 4b at the IC50

concentration compared to the untreated control group in
MDA-MB-231 (Fig. 2).

JC-1 staining

JC-1 is a special dye used to detect apoptosis in cells due to
mitochondrial membrane potential change. The JC-1 dye
crosses the cell membrane into the cytosol and moves to the
mitochondria. In healthy cells, it remains in the mitochondrial
matrix as an aggregate (red); whereas in apoptotic cells, it enters
the cytoplasm as a monomer (green) with the disruption of the
mitochondrial membrane potential. When MDA-MB-231 cells
were incubated with the IC50 concentration of Naproxen triazole
compound 4b, it was observed that JC-1 monomers increased
compared to the control group, and the ratio of aggregate to
monomer (red/green) in the cells decreased significantly (Fig. 1).

Caspase-3 activity assay

Caspase-3 activity is an important marker in both mitochondrial
and extrinsic pathways of apoptosis. When the caspase-3 enzyme is
activated, the peptide bonds of many proteins in the cell are cut,
and degradation begins and cell death occurs. It was observed that
caspase-3 enzyme activity increased significantly in MDA-MB-231
cells treated with Naproxen triazole compound 4b at the IC50

concentration compared to the control group (Fig. 1).

Colony formation assay

To determine the colony formation ability of single cells treated with
compound 4b, a clonogenic assay was performed. The MDA-MB-231

cells were treated with doxorubicin and compound 4b and left
for 14 days for colony formation. The results (Fig. 3) showed
that compound 4b decreased the colony formation ability
of breast cancer cells similar to doxorubicin. The untreated
control group had approximately 166 colonies, while the
doxorubicin and compound 4b groups had approximately 80
and 84 colonies, respectively.

Migration assay

We investigated the effect of compound 4b treatment (1 mM) on
cell motility using the wound healing assay. The percentage of
wound healing was determined after normalization with DMSO
treated cells. The analysis revealed that wound healing was
significantly decreased by 64% in MDA-MB-231 cells (p o 0.001)
at a 1 mM dose of compound 4b compared to the cells exposed to
DMSO (Fig. 4). These results suggest that compound 4b markedly
impairs cell motility of MDA-MB-231 cells.

Fig. 2 (a) Cell morphological changes after treatment of compound 4b in MDA-MB-231 cells for 24 h. (b) Ratio of cell growth in MDA-MB-231 cells
treated with compound 4b for 24 h (***p o 0.001 compared to control).

Fig. 3 The effects of doxorubicin and 4b on colony formation of breast
cancer cells.
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Cell cycle analyses

Anti-cancer drugs cause cellular damage to cancer cells, such as
DNA damage, and stimulate cell death. Cancer cell damage
inhibits the progression of the cell cycle through checkpoints
and causes cell cycle arrest, which induces apoptosis. For the
assessment of the anti-cancer activity of compound 4b, also cell
cycle phase distributions of compound 4b-treated breast cancer
cells were evaluated. Fig. 5 shows the effect of compound 4b on
the cell cycle of breast cancer cells. The flow cytometric analysis
results showed that compound 4b decreases the number of
cells in the G2/M phase and increases the cells in the S phase in
a dose-dependent manner. The percentage of cells in the S
phase in the control group was approximately 12, while those
for the compound 4b treated groups at concentrations of 0.25,
0.5, and 1 mM were almost 15, 21, and 28, respectively. The
population of control cells in the G2/M phase was approxi-
mately 47%, and it decreased to around 18% at 1 mM com-
pound 4b concentration. The alterations in the cell cycle phase
distributions of cancer cells after treatment with compound 4b

indicate cell cycle arrest and a sign of compound 4b being a
potent anti-cancer drug.

Western blotting

Compound 4b provided induction of apoptosis in breast cancer
cells. Expression of Bcl-2, one of the most overexpressed anti-
apoptotic genes in cancer, was determined to evaluate the
apoptotic effect of compound 4b at the molecular level. Fig. 6
shows the level of Bcl-2 protein after treatment with doxorubicin
and compound 4b. It was determined that doxorubicin treat-
ment inhibited Bcl-2 expression by approximately 30%, while
compound 4b suppressed around 60% of Bcl-2 protein expres-
sion. The results showed that compound 4b induced apoptosis
through restraining the Bcl-2 protein.

In vivo study

In an acute toxicity test, mice were observed 24 h after the
administration of compound 4b (5 mg kg�1), compound 4b

Fig. 4 Compound 4b inhibits cell migration and invasion in MDA-MB-231 cells. Cell migration was measured by a scratch wound healing assay on MDA-
MB-231 cells. The wounded monolayers were treated with 1 mM of compound 4b. Images were taken at 0, 12 and 30 h after scratching the cultures. Data
are represented as mean � SD of three independent experiments (**p o 0.01 compared to control).
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(10 mg kg�1), or compound 4b (20 mg kg�1). Three of five
animals were dead in the compound 4b (20 mg kg�1) group.
Neither compound 4b (5 mg kg�1) nor compound 4b
(10 mg kg�1) caused animal death in 24 h following the
treatment. Our results showed that compound 4b is toxic for
mice at the dose of 20 mg kg�1, and it was not suitable to use in
this study. In addition, it has been shown that compound 4b
did not induce systemic toxicity with a single dose and could be

used in this study. A subacute toxicity test was not performed in
this study but our observations showed that no animal death
due to drug administration was observed during the 14-day
treatment period in EAC tumor-induced mice.

Tumoral volumes of both treated and non-treated mice
were investigated to evaluate the in vivo antitumoral activity of
compound 4b in mice. Our results showed that a low dose
(5 mg kg�1) of compound 4b markedly decreased (p o 0.05)
the tumor volumes compared to the non-treated EAC group.
Interestingly, the antitumoral effect of compound 4b was
not maintained at a high dose (10 mg kg�1), and it did
not decrease the tumor volumes compared to the EAC group.
Furthermore, the tumor volumes of the low dose (5 mg kg�1)
compound 4b treatment were significantly lower than those
of the high dose (10 mg kg�1) treatment group (Fig. 7).
Representative images of tumor sizes of different groups are
presented in Fig. 8.

Fig. 6 Expression level of Bcl-2 in MDA-MB-231 cells treated with dox-
orubicin and compound 4b.

Fig. 7 Tumor volumes of non-treated and compound 4b treated EAC
administered mice. Data are presented as mean � standard error of the
mean. Statistical analyses were done with one-way ANOVA followed
by Tukey’s post hoc test. *: p o 0.05, compared to EAC administered
mice and #: p o 0.05, in comparison between low and high dose
treatments.

Fig. 5 Cell cycle phase distributions of MDA-MB-231 cells (*p o 0.05, **p o 0.01 compared to control).
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Conclusion

In conclusion, this study revealed the anticancer activity of thiose-
micarbazide and 1,2,4-triazole compounds derived from
(S)-Naproxen under in vitro and in vivo conditions. In this study,
we synthesized novel molecules and evaluated their anticancer
activity against the MDA-MB-231 breast cancer cell line. Among the
compounds, (S)-4-(2,4-dichlorophenyl)-5-[1-(6-methoxynaphthalen-
2-yl)ethyl]-4H-1,2,4-triazole-3-thione (4b) demonstrated the most
potent anticancer activity with a good selectivity (IC50= 9.89 �
2.4). The in vitro cytotoxicity analyses showed that compound 4b
presented an anticancer activity through the Bcl-2 pathway. We
controlled the cell cycle analyses, and the results showed that
compound 4b decreases the number of cells in the G2/M phase
and increases the cells in the S phase in a dose-dependent manner.
Also, the anticancer activity of compound 4b was evaluated in the
Ehrlich acid tumor model, a well-validated in vivo ectopic breast
cancer model, in mice. Our results showed that compound 4b has
efficient anticancer activity and decreased the tumor volume at
both used doses (60 mg kg�1 and 120 mg kg�1) in mice because of
its potential effects on rapid cell growth.
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26 S- . G. Küçükgüzel, S. Rollas, H. Erdeniz, M. Kiraz, A. C. Ekinci
and A. Vidin, Synthesis, characterization and pharmacological
properties of some 4-arylhydrazono-2-pyrazoline-5-one deriva-
tives obtained from heterocyclic amines, Eur. J. Med. Chem.,
2000, 35, 761–771.

27 P. Çıkla, P. Arora, A. Basu, T. T. Talele, N. Kaushik-Basu and
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