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Design, Synthesis, and Herbicidal
Activity Evaluation of Novel
Aryl-Naphthyl Methanone Derivatives
Ying Fu, Kui Wang, Peng Wang, Jing-Xin Kang, Shuang Gao, Li-Xia Zhao and Fei Ye*

Department of Applied Chemistry, College of Science, Northeast Agricultural University, Harbin, China

4-Hydroxyphenylpyruvate dioxygenase (HPPD) is one of the most vital targets for

herbicides discovery. In search for HPPD inhibitors with novel scaffolds, a series of

aryl-naphthyl methanone derivatives have been designed and synthesized through

alkylation and Friedel-Crafts acylation reactions. The bioassay indicated some of these

compounds displayed preferable herbicidal activity at the rate of 0.75 mmol/m2 by

post-emergence application, in which compound 3h displayed the best herbicidal

activity. The molecular docking showed that compound 3h could bind well to the active

site of the AtHPPD. This study shows that aryl-naphthyl methanone derivatives could be

a potential lead structure for further development of novel herbicides.

Keywords: 4-hydroxyphenylpyruvate dioxygenase, design, synthesis, aryl-naphthyl methanone, herbicidal activity

INTRODUCTION

4-Hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27, HPPD) is an iron-dependent, nonheme
oxygenase present in most organisms. It is involved in the second step of the tyrosine degradation
pathway, and catalyses the conversion of 4-hydroxyphenyl pyruvic acid (HPPA) into homogentisic
acid (HGA) (Xu et al., 2014; Wang et al., 2015b). HGA is the intermediate of tyrosine catabolism
and the precursor of the plastoquinone and tocopherols. The plastoquinone plays an important role
in assisting phytoene desaturase to catalyse and synthesize the carotenoid. HPPD inhibiting-based
herbicides cause low level of the carotenoid, which indirectly affects the photosynthesis. When
exposed to sunlight, plants will develop into albinism followed by gangrene and death treated
with HPPD inhibitors (Mitchell et al., 2001; Moran, 2005; Wojcik et al., 2014). There are many
advantages of HPPD inhibitors, such as excellent crop selectivity, low application rate, low toxicity,
broad-spectrum weed control, and benign environmental effects (Beaudegnies et al., 2009; Elmore
et al., 2011; Laschi et al., 2016; Wang et al., 2016).

Up to now, approximately 15 HPPD inhibitors have been commercialized, which are primarily
assorted into three classifications: triketones, pyrazoles, and isoxazoles (Zhu et al., 2005; Witschel,
2009; Wang et al., 2015b). Among the commercial HPPD herbicides, pyrazole and isoxazole
derivatives have been studied diffusely due to their structural diversity. The first commercial
pyrazole product, pyrazolynate, was launched by Sankyo in 1980 for controlling annual and
perennial weeds in rice at a dose of 3–4 kg ai/ha (Kubo et al., 2012). Five years later, Ishihara
Sangyo Kaisha commercialized the second pyrazole herbicide, pyrazoxyfen, which was applied in
irrigated fields for broad-leaved weeds, was used at rates of 3 kg ai/ha (He et al., 2017). In 1990,
the isoxaflutole was registered by BASF, using in corn field for selective pre-emergence herbicide

5
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at a dose of 120–150 g ai/ha (Luscombe and Pallett, 1996). Nearly,
the ultra-efficient herbicide, topramezone, was commercialized
by BASF as a postemergence herbicide with excellent selectivity
to control all major grasses and broadleaf weeds in corn at a dose
of 12–75 g ai/ha (Rene et al., 2003).

The commercialized herbicide pyrazoxyfen and isoxaflutole
were common HPPD inhibitors, and it was found that the
active substructure was mainly based on diaryl ketone (Figure 1).
Many studies on HPPD inhibitors have proven that improved
conjugated system of diaryl ketone will increase the π-π
interaction, and enhance the chelation with Fe2+ to improve
herbicidal activity (Lee et al., 1997; Ahrens et al., 2013; Santucci
et al., 2017). For example, the HPPD inhibitor triketone-
quinoline exhibited promising and broad-spectrum herbicidal
activity at the rate of 150 g ai/ha with increased conjugated
system by introducing quinoline group (Wang et al., 2015a).
Furthermore, a series of pyrazole-quinoline compounds were
included in the BASF patent, which exhibited well weed-
inhibiting activity at the dosage of 63–125 g ai/ha (He et al.,
2017). As a part of our job in designing and synthesizing novel
HPPD inhibitors (Fu et al., 2017a,b, 2018), herein, the skeleton
structure was obtained by replacing benzene with naphthalene
based on bioisosterism. And the aromatic part was modified with
different aromatic heterocycles. Through this strategy, we hoped
that the better herbicidal activity would be attained. Twenty-three
aryl-naphthyl methanone derivatives were synthesized through
alkylation and Friedel-Crafts acylation reactions. The greenhouse
experiments showed that compound 3h at a dose of 2.1 kg ai/ha
has better herbicidal activity than pyrazoxyfen at rates of 3 kg
ai/ha, and most of the synthesized compounds showed “good”
to “excellent” herbicidal activity against barnyard grass at rates of
2–4 kg ai/ha.

MATERIALS AND METHODS

Chemicals and Instruments
All the solvents and reactants were analytical pure
and applied without purification. Analytical thin-layer
chromatography (TLC) was exercised in silica gel GF254.

FIGURE 1 | The design strategy of title compounds.

Column chromatographic purification was carried out using
silica gel. Yields were not optimized. The melting point
was gauged on a Beijing Taike point instrument (X-4) and was
uncorrected. The infrared (IR) spectra were collected on a Bruker
ALPHA-T spectrometer (in KBr pallets). The nuclear magnetic
resonance (NMR) spectrum were collected on a Bruker AV-400
spectrometer using CDCl3 as solvent and tetramethylsilane
(TMS) as internal standard. The high-resolution mass spectrum
was collected on a high resolution mass spectrometer (HRMS)
of Bruker. Crystallographic data of the compound was measured
on a Rigaku R-AXIS RAPID area-detector diffractometer.

General Procedure for Preparation of Intermediate

Naphthyl Ether (2a and 2b) (Momeni, 2007)
The naphthol 1a or 1b (2 mmol) and anhydrous K2CO3 (14
mmol) were ground together into fine powder and stirred
vigorously at 60◦C in 100mL flask. Alkylating agent (dimethyl
sulfate or diethyl sulfate, 3 mmol) was added directly and
heated with vigorous stirring for 2 h, and the TLC was used
to monitor reaction progress. Water was added to the mixture
after the reaction finished, then the solid was filtrated and
washed with water. Collect the liquid, the products were
extracted with diethyl ether, and the solvent was evaporated.
The crude product was purified by column chromatography
with petroleum ether and EtOAc (V:V = 10:1) as eluent or by
recrystallization in EtOAc-n-hexane (in the case of solid ethers).
The spectral data for intermediate 2a and 2b are available in the
Supporting Information.

General Procedure for Preparation of Aryl-Naphthyl

Methanone 3a-w
Naphthyl ether (10 mmol) and aroyl chloride (12 mmol) were
mixed in dry CH2Cl2 (50mL) at 0◦C, and adding anhydrous
AlCl3 (22 mmol) to the solution with stirring. Then the
mixture was refluxed and stirred for additional 2 h. After the
reaction was completed, the solvent was removed. Then 10%
HCl (50mL) were added to the mixture and stirred vigorously
for 30min, the crude product was obtained after filtration.
The crude products were purified by column chromatography
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FIGURE 2 | X-ray crystal structure for compound 3h.

with petroleum ether-EtOAc (V:V=15:1) as eluent or by
recrystallization in EtOAc-n-hexane. In addition, compound 3h

was recrystallized from a mixture of ethyl acetate and petroleum
ether to afford a suitable crystal and its structure was determined
by single crystal X-ray diffraction analysis. The molecular
structure of compound 3h with atom-numbering is shown in
Figure 2.

Compounds Data
(4-Ethoxynaphthalen-1-yl)(Phenyl)Methanone (3a)
White solid; yield, 65%; mp, 109–110◦C; IR (KBr, cm−1) ν: 3073-
2893 (C-H), 1651 (C=O), 1579-1445 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.37-8.47 (d, J = 9.8Hz, 2H, Ar-H), 7.89-
7.84 (d, J = 7.0Hz, 2H, Ar-H), 7.63-7.45 (m, 6H, Ar-H), 6.84-6.74
(d, J = 8.1Hz, 1H, Ar-H), 4.26-4.33 (m, 2H, O-CH2), 1.59-1.64
(t, J = 9.2Hz, 3H, -CH3); 13C NMR (100 MHz, CDCl3, ppm)
δ: 197.36, 157.75, 139.53, 132.71, 132.46, 131.63, 131.63, 130.30,
130.30, 128.26, 128.01, 128.01, 127.83, 125.86, 125.73, 122.38,
102.62, 64.11, 14.74. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 277.1150, found 277.1225.

(2-Chlorophenyl)(4-ethoxynaphthalen-1-

yl)methanone (3b)
Yellow solid; yield, 59%; mp, 143–144◦C; IR (KBr, cm−1) ν:
3056-2894 (C-H), 1643 (C=O), 1578-1429 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.55-8.39 (m, 2H, Ar-H), 8.10-7.83 (m,
4H, Ar-H), 7.61-7.64 (m, 3H, Ar-H), 6.79-6.81 (d, J = 8.1Hz,
1H, Ar-H), 4.27-4.34 (m, 2H, O-CH2), 1.59-1.64 (t, J = 9.2Hz,
3H, -CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 196.03, 158.00,
138.91, 137.90, 132.64, 131.68, 131.68, 131.57, 128.62, 128.62,
128.16, 127.46, 125.93, 125.88, 125.63, 122.48, 102.66, 64.20,
14.75. HRMS (ESI): m/z [M+H+] calculated for monoisotopic
mass 311.0761, found 311.0836.

(4-Chlorophenyl)(4-ethoxynaphthalen-1-yl)methanone

(3c)
White solid; yield, 53%; mp, 138–140◦C; IR (KBr, cm−1) ν: 3055-
2893 (C-H), 1643 (C=O), 1578-1429 (C=C); 1H NMR (400

MHz, CDCl3, ppm) δ: 8.35-8.43 (m, 2H, Ar-H), 7.79-7.81 (d,
J = 8.1Hz, 2H, Ar-H), 7.44-7.60 (m, 5H, Ar-H), 6.79-6.81 (d,
J =8.1Hz, 1H, Ar-H), 4.28-4.35 (m, 2H, O-CH2), 1.60-1.64 (t,
J = 9.2Hz, 3H, -CH3); 13C NMR (100 MHz, CDCl3, ppm) δ:
195.85, 158.34, 147.21, 141.20, 132.67, 132.56, 130.20, 130.20,
128.41, 128.41, 126.90, 125.97, 125.93, 125.62, 125.55, 122.49,
102.57, 64.23, 14.71. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 311.0761, found 311.0836.

(4-Ethoxynaphthalen-1-yl)(4-fluorophenyl)methanone

(3d)
Yellow solid; yield, 57%; mp, 117–119◦C; IR (KBr, cm−1) ν: 3076-
2893 (C-H), 1643(C=O), 1578-1430 (C=C); 1HNMR (400MHz,
CDCl3, ppm) δ: 7.86-8.43 (m, 4H, Ar-H), 7.56-7.59 (m, 3H, Ar-
H), 7.09-7.17 (m, 2H, Ar-H), 6.78-6.80 (d, J = 8.1Hz, 1H, Ar-
H), 4.25-4.32 (m, 2H, O-CH2), 1.59-1.63 (t, J = 9.2Hz, 3H, -
C-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 199.55, 158.77,
140.99, 137.06, 134.84, 132.73, 130.98, 130.13, 129.12, 128.75,
127.53, 126.01, 125.92, 125.87, 125.32, 122,43, 102.74, 64.19,
14.70. HRMS (ESI): m/z [M+H+] calculated for monoisotopic
mass 295.1056, found 295.1126.

(4-Ethoxynaphthalen-1-yl)(4-trifluoromethylphenyl)

methanone (3e)
White solid; yield, 56%; mp, 155–156◦C; IR (KBr, cm-1) ν:
3053-2887 (C-H), 1634 (C=O), 1572-1429 (C=C); 1H NMR
(400 MHz, CDCl3, ppm) δ: 7.43-8.43 (m, 9H, Ar-H), 6.75-6.80
(d, J = 8.1Hz, 1H, Ar-H), 4.28-4.35 (m, 2H, O-CH2), 1.60-
1.64 (t, J = 9.2Hz, 3H, -C-CH3); 13C NMR (100 MHz, CDCl3,
ppm) δ: 195.85, 158.34, 147.21, 141.20, 132.67, 132.56, 132.56,
130.39, 130.20, 128.41, 128.41, 126.90, 125.97, 125.93, 125.62,
125.55, 122.49, 102.57, 64.23, 14.71. HRMS (ESI): m/z [M+H+]
calculated for monoisotopic mass 345.1024, found 345.1094.

(4-Ethoxynaphthalen-1-yl)(4-nitrophenyl)methanone

(3f)
Yellow solid; yield, 61%; mp, 152–153◦C; IR (KBr, cm−1) ν:
3053-2887 (C-H), 1634 (C=O), 1572-1429 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.31-8.57 (m, 4H, Ar-H), 7.95-7.98 (m, 2H,
Ar-H), 7.56-7.67 (m, 3H, Ar-H), 6.78-6.81 (d, J = 8.2Hz, 1H,
Ar-H), 4.28-4.35 (m, 2H, O-CH2), 1.60-1.65 (t, J = 9.2Hz, 3H,
-C-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 195.12, 158.88,
149.75, 145.08, 133.40, 132.64, 132.64, 130.91, 128.73, 128.73,
126.16, 126.12, 125.95, 125.54, 123.47, 122.60, 102.59, 64.35,
14.69. HRMS (ESI): m/z [M+H+] calculated for monoisotopic
mass 322.1001, found 322.1070.

(4-Ethoxynaphthalen-1-yl)(2-methylphenyl)methanone

(3g)
Yellow solid; yield, 50%; mp, 126–127◦C; IR (KBr, cm−1) ν:
3067-2939 (C-H), 1639 (C=O), 1573-1429 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.99-9.02 (d, J = 8.5Hz, 1H, Ar-H), 8.42-
8.45 (m, 1H, Ar-H), 7.25-7.69 (m, 7H, Ar-H), 6.78-6.71 (d, J
= 8.2Hz, 1H, Ar-H), 4.22-4.29 (m, 2H, O-CH2), 2.41 (s, 3H,
-CH3), 1.57-1.62 (t, J = 9.2Hz, 3H, -C-CH3); 13C NMR (100
MHz, CDCl3, ppm) δ: 199.55, 158.77, 140.99, 137.06, 134.84,
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132.73, 130.98, 130.13, 129.12, 128.75, 127.53, 126.01, 125.92,
125.87, 125.32, 122,43, 102.74, 64.19, 20.20, 14.70. HRMS (ESI):
m/z [M+H+] calculated for monoisotopic mass 291.1307, found
291.1375.

(4-Ethoxynaphthalen-1-yl)(2-hydroxyphenyl)

methanone (3h)
Yellow solid; yield, 61%; mp, 125–127◦C; IR (KBr, cm−1) ν: 3272
(-OH), 3051-2932 (C-H), 1624 (C=O), 1575-1443 (C=C); 1H
NMR (400 MHz, CDCl3, ppm) δ: 12.43 (s, 1H, -OH), 7.99-8.54
(m, 2H, Ar-H), 7.47-7.57 (m, 5H, Ar-H), 6.79-7.13 (m, 3H, Ar-
H), 4.28-4.34 (m, 2H, O-CH2), 1.61-1.65 (t, J = 6.8Hz, 3H, -
C-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 202.94, 163.42,
157.34, 136.43, 133.95, 132.03, 129.40, 127.87, 127.53, 125.85,
125.81, 125.23, 122.57, 120.78, 118.65, 118.31, 102.81, 64.15,
14.78. HRMS (ESI): m/z [M+H+] calculated for monoisotopic
mass 293.1099, found 293.1175.

(4-Ethoxynaphthalen-1-yl)(2-ethoxyphenyl)

methanone (3i)
Yellow solid; yield, 32%; mp, 146–147◦C; IR (KBr, cm−1) ν:
3079-2865 (C-H), 1617 (C=O), 1583-1439 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.81-8.93 (d, J = 8.5Hz, 1H, Ar-H), 8.30-
8.43 (d, J = 8.5Hz, 1H, Ar-H), 7.36-7.72 (m, 5H, Ar-H), 6.60-7.10
(m, 3H, Ar-H), 4.22-4.27 (m, 2H, O-CH2), 3.85-3.91 (m, 2H,
O-CH2), 1.55-1.59 (t, J = 6.8Hz, 3H, -CH3), 0.92-0.96 (t, J =
6.8Hz, 3H, -CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 197.31,
158.27, 157.13, 133.51, 132.48, 131.87, 131.35, 130.09, 128.64,
128.34, 125.94, 125.69, 125.56, 122.17, 120.42, 112.88, 102.73,
64.18, 64.08, 14.71, 14.34. HRMS (ESI): m/z [M+H+] calculated
for monoisotopic mass 321.1412, found 321.1490.

(2-Hydroxyphenyl)(4-ethoxynaphthalen-1-yl)

methanone (3j)
Yellow solid; yield, 69%; mp, 108–110◦C; IR (KBr, cm−1) ν:
3032-2917 (C-H), 1606(C=O), 1567-1431 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 12.41 (s, 1H, -OH), 8.35-8.41 (m, 1H,
Ar-H), 8.03-8.09 (m, 1H, Ar-H), 7.45-7.59 (m, 5H, Ar-H), 7.10-
7.14 (d, J = 0.8Hz, 1H, Ar-H), 6.78-6.90 (m, 2H, Ar-H), 4.11
(s, 3H, O-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 202.94,
163.42, 157.93, 136.47, 133.93, 131.97, 129.20, 127.91, 127.82,
125.97, 125.72, 125.26, 122.44, 120.75, 118.66, 118.32, 102.17,
55.85. HRMS (ESI): m/z [M+H+] calculated for monoisotopic
mass 279.0943, found 279.1018.

(4-Methoxynaphthalen-1-yl)(4-methylphenyl)

methanone (3k)
White solid; yield, 80%; mp, 122–123◦C; IR (KBr, cm−1) ν: 3047-
2819 (C-H), 1633 (C=O), 1565-1443 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.27-8.43 (m, 2H, Ar-H), 7.73-7.84 (d,
J = 8.1Hz, 2H, Ar-H), 7.53-7.62 (m, 3H, Ar-H), 7.25-7.32 (d,
J = 8.0Hz, 2H, Ar-H), 6.75-6.87 (d, J = 8.0Hz, 1H, Ar-H),
4.09 (s, 3H, O-CH3), 2.46 (s, 3H, CH3); 13C NMR (100 MHz,
CDCl3, ppm) δ: 197.15, 158.08, 143.44, 136.70, 132.59, 130.75,
130.54, 130.54, 129.01, 129.01, 128.58, 127.90, 125.80, 125.77,
122.24, 122.24, 102.01, 55.79, 21.72. HRMS (ESI): m/z [M+H+]
calculated for monoisotopic mass 277.1150, found 277.1225.

(4-Methoxynaphthalen-1-yl)(4-nitrophenyl)methanone

(3l)
Brown solid; yield, 52%; mp, 105–107◦C; IR (KBr, cm−1) ν:
3060-2923 (C-H), 1629 (C=O), 1561-1431 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.26-8.63 (m, 4H, Ar-H), 7.89-8.03 (d,
J = 8.8Hz, 2H, Ar-H), 7.52-7.70 (m, 3H, Ar-H), 6.76-6.87 (d,
J = 8.2Hz, 1H, Ar-H), 4.11 (s, 3H, O-CH3); 13C NMR (100
MHz, CDCl3, ppm) δ: 195.12, 159.46, 149.78, 144.96, 133.22,
132.56, 130.93, 130.93, 128.76, 126.42, 126.28, 125.89, 125.56,
123.49, 123.49, 122.50, 102.01, 55.98. HRMS (ESI):m/z [M+H+]
calculated for monoisotopic mass 308.0845, found 308.0919.

(4-Trifluoromethylphenyl)(2-methoxynaphthalen-1-

yl)methanone(3m)
White solid; yield, 40%; mp, 119–120◦C; IR (KBr, cm−1) ν: 3040-
2820 (C-H), 1660 (C=O), 1566-1423 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 7.69-8.05 (m, 6H, Ar-H), 7.35-7.56 (m, 4H,
Ar-H), 3.84(s, 3H, O-CH3); 13C NMR (100 MHz, CDCl3, ppm)
δ: 196.75, 154.43, 148.01, 140.69, 131.89, 131.73, 131.61, 129.79,
129.61, 128.84, 128.30, 127.79, 125.93, 125.69, 125.65, 124.33,
123.74, 112.89, 56.48. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 331.0868, found 331,0943.

(2-Methoxynaphthalen-1-yl)(4-nitrophenyl)methanone

(3n)
Brown solid; yield, 59%; mp, 125–127◦C; IR (KBr, cm−1) ν:
3060-2923 (C-H), 1629 (C=O), 1561-1431 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.31-8.57 (m, 4H, Ar-H), 7.95-7.98 (m,
2H, Ar-H), 7.56-7.67 (m, 3H, Ar-H), 6.78-6.81 (d, J = 8.2Hz,
1H, Ar-H), 4.11 (s, 3H, O-CH3); 13C NMR (100 MHz, CDCl3,
ppm) δ: 202.94, 163.42, 157.93, 136.47, 133.93, 131.97, 131.97,
129.19, 127.91, 125.97, 125.73, 125.26, 122.44, 120.76, 118.66,
118.32, 102.17, 55.84. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 294.0688, found 294.0759.

(4-(1-Methyl-3-trifluoromethyl)pyrazole)(4-

ethoxynaphthalen-1-yl)methanone

(3o)
White solid; yield, 33%; mp, 109–110◦C; IR (KBr, cm−1) ν: 3089-
2941 (C-H), 1639 (C=O), 1573-1430 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.28-8.68 (m, 2H, Ar-H), 7.45-7.81 (m,
4H, Ar-H), 6.69-6.82 (d, J = 8.1Hz, 1H, Ar-H), 4.25-4.32 (m,
2H, O-CH2), 3.97 (s, 3H, CH3), 1.58-1.63 (t, J = 9.2Hz, 3H, -
C-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 188.42, 159.10,
136.79, 132.91, 132.19, 129.28, 129.14, 126.78, 126.65, 126.29,
123.56, 123.16, 119.66, 119.66, 103.28, 64.99, 40.53, 15.47. HRMS
(ESI): m/z [M+H+] calculated for monoisotopic mass 349.1086,
found 349.1162.

(3-(2,4-Dichlorophenyl)-5-(Trichloromethyl)-1,2,4-

Triazole)(4-Ethoxynaphthalen-1-yl)Methanone

(3p)
Brown solid; yield, 30%; mp, 166–167◦C; IR (KBr, cm−1) ν:
3086-2887 (C-H), 1650 (C=O), 1572-1426 (C=C); 1H NMR
(400 MHz, CDCl3, ppm) δ: 8.85-9.04 (d, J = 8.4Hz, 1H, Ar-
H), 8.18-8.46 (m, 2H, Ar-H), 7.37-7.77 (m, 5H, Ar-H), 6.78-6.91
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(d, J = 8.4Hz, 1H, Ar-H), 4.28-4.35 (m, 2H, O-CH2), 1.58-
1.62 (t, J = 9.2Hz, 3H, -C-CH3); 13C NMR (100 MHz, CDCl3,
ppm) δ: 183.63, 158.99, 158.69, 154.62, 137.42, 135.17, 133.52,
132.99, 132.25, 130.19, 129.90, 128.40, 127.05, 125.34, 125.24,
125.03, 124.14, 121.78, 102.22, 84.78, 63.64, 14.00. HRMS (ESI):
m/z [M+H+] calculated for monoisotopic mass 527.9529, found
527.9607.

(4-Ethoxynaphthalen-1-yl)(5-methyl-3-phenyl-4-

isoxazole)methanone (3q)
White solid; yield, 71%; mp, 132–133◦C; IR (KBr, cm−1) ν: 2987-
2900 (C-H), 1638 (C=O), 1573-1443 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.13-8.96 (m, 2H, Ar-H), 7.12-7.74 (m,
8H, Ar-H), 6.48-6.67 (d, J = 8.2Hz, 1H, Ar-H), 4.20-4.25 (m,
2H, O-CH2), 2.47 (s, 3H, CH3), 1.55-1.59 (t, J = 6.8Hz, 3H, -
C-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 190.12, 172.64,
162.29, 159.02, 133.76, 132.21, 129.52, 128.95, 128.44, 128.44,
128.30, 128.30, 127.26, 126.03, 125.77, 125.29, 122.46, 117.58,
102.72, 102.72, 64.24, 14.61, 12.91. HRMS (ESI): m/z [M+H+]
calculated for monoisotopic mass 358.1365, found 358.1443.

(5-Methyl-3-(2-fluoro-6-chlorophenyl)-4-isoxazole)(4-

ethoxynaphthalen-1-yl)methanone (3r)
White solid; yield, 70%; mp, 179–180◦C; IR (KBr, cm−1) ν: 3083-
2883 (C-H), 1650 (C=O), 1576-1431 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.11-8.60 (m, 2H, Ar-H), 7.41-7.75 (m,
3H, Ar-H), 6.51-7.21 (m, 4H, Ar-H), 4.18-4.25 (m, 2H, O-CH2),
2.57 (s, 3H, CH3), 1.54-1.59 (t, J = 9.2Hz, 3H, -C-CH3); 13C
NMR (100 MHz, CDCl3, ppm) δ: 188.74, 173.34, 157.99, 155.20,
134.45, 134.40, 131.46, 131.33, 130.90, 130.78, 128.15, 127.05,
125.55, 125.27, 124.87, 121.91, 118.64, 113.79, 113.50, 102.13,
63.85, 14.32, 12.91. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 410.0881, found 410.0961.

(5-Methyl-3-(2-fluoro-6-chlorophenyl)-4-isoxazole)(4-

ethoxynaphthalen-1-yl)methanone (3s)
White solid; yield, 84%; mp, 140–142◦C; IR (KBr, cm−1) ν: 3055-
2821 (C-H), 1638 (C=O), 1562-1431 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.21-8.50 (m, 2H, Ar-H), 7.47-7.67 (m,
3H, Ar-H), 7.12-7.19 (m, 1H, Ar-H), 7.01-7.06 (d, J = 8.1Hz,
1H, Ar-H), 6.59-6.87 (m, 2H, Ar-H), 4.01 (s, 3H, O-CH3), 2.58
(s, 3H, CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 189.10,
173.71, 161.68, 158.92, 155.53, 131.67, 131.54, 131.25, 131.16,
128.52, 127.59, 126.01, 125.46, 125.20, 125.17, 122.11, 118.91,
114.09, 113.87, 101.79, 55.83, 13.28. HRMS (ESI): m/z [M+H+]
calculated for monoisotopic mass 396.0724, found 396.0800.

(4-Ethoxynaphthalen-1-yl)(5-methyl-3-phenyl-4-

isoxazole)methanone (3t)
White solid; yield, 86%; mp, 155–156◦C; IR (KBr, cm−1) ν: 3033-
2919 (C-H), 1629 (C=O), 1562-1432 (C=C); 1H NMR (400
MHz, CDCl3, ppm) δ: 8.75-8.83 (d, J = 8.5Hz, 1H, Ar-H), 8.26-
8.35 (m, 1H, Ar-H), 7.45-7.73 (m, 5H, Ar-H), 7.25-7.30 (d, J =
4.1Hz, 1H, Ar-H), 7.17-7.23 (d, J = 7.6Hz, 2H, Ar-H), 6.56-6.66
(d, J = 8.2Hz, 1H, Ar-H), 4.02 (s, 3H, O-CH3), 2.47 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3, ppm) δ: 190.15, 172.73, 162.31,
159.61, 133.55, 132.13, 129.53, 129.53, 128.98, 128.44, 128.30,
127.58, 127.58, 126.15, 125.70, 125.31, 122.35, 117.56, 117.56,

102.09, 55.87, 12.93. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 344.1208, found 344.1286.

(4-Ethoxynaphthalen-1-yl)(furan-2-yl)methanone (3u)
Yellow solid; yield, 61%; mp, 123–124◦C; IR (KBr, cm−1) ν:
3126-2940 (C-H), 1631 (C=O), 1577-1428 (C=C); 1HNMR (400
MHz, CDCl3, ppm) δ: 8.31-8.47 (m, 2H, Ar-H), 7.47-7.89 (m,
4H, Ar-H), 7.02-7.13 (d, J = 3.3Hz, 1H, Ar-H), 6.76-6.86 (d, J =
8.1Hz, 1H, Ar-H), 6.54-6.62 (m, 1H, Ar-H), 4.26-4.33 (m, 2H, O-
CH2), 1.58-1.63 (t, J= 9.2Hz, 3H, -C-CH3); 13CNMR (100MHz,
CDCl3, ppm) δ: 183.66, 157.91, 153.40, 147.20, 132.29, 130.43,
128.09, 127.14, 125.87, 125.83, 125.28, 122.36, 120.59, 112.09,
102.61, 64.12, 14.74. HRMS (ESI): m/z [M+H+] calculated for
monoisotopic mass 267.0943, found 267.1014.

(Furan-2-yl)(4-methoxynaphthalen-1-yl)methanone

(3v)
Yellow solid; yield, 65%; mp, 133–134◦C; IR (KBr, cm−1) ν:
3089-2916 (C-H), 1620 (C=O), 1567-1456 (C=C); 1H NMR
(400 MHz, CDCl3, ppm) δ: 8.31-8.47 (m, 2H, Ar-H), 7.47-7.89
(m, 4H, Ar-H), 7.02-7.13 (d, J = 3.3Hz, 1H, Ar-H), 6.76-6.86
(d, J = 8.1Hz, 1H, Ar-H), 6.54-6.62 (m, 1H, Ar-H), 4.01 (s,
3H, O-CH3); 13C NMR (100 MHz, CDCl3, ppm) δ: 185.12,
157.24, 152.08, 147.65, 137.72, 134.55, 129.75, 129.73, 127.05,
126.32, 124.10, 121.68, 120.72, 112.66, 112.33. HRMS (ESI): m/z
[M+H+] calculated for monoisotopic mass 253.0786, found
253.0861.

(Furan-2-yl)(2-hydroxylnaphthalen-1-yl)methanone

(3w)
Yellow solid; yield, 43%; mp, 102–103◦C; IR (KBr, cm−1) ν: 3220
(-OH), 3114-2904 (C-H), 1635 (C=O), 1566-1447 (C=C); 1H
NMR (400 MHz, CDCl3, ppm) δ: 11.14 (s, 1H, -OH), 8.84 (s,
1H, Ar-H), 7.82-7.91 (m, 2H, Ar-H), 7.69-7.75 (d, J = 8.4Hz,
1H, Ar-H), 7.46-7.59 (m, 2H, Ar-H), 7.33-7.41 (m, 2H, Ar-H),
6.68-6.75 (m, 1H, Ar-H); 13C NMR (100 MHz, CDCl3, ppm)
δ: 185.12, 157.24, 152.08, 147.65, 137.72, 134.55, 129.75, 129.73,
127.05, 126.32, 124.10, 121.68, 120.72, 112.66, 112.33. HRMS
(ESI): m/z [M+H+] calculated for monoisotopic mass 253.0786,
found 253.1984.

X-Ray Diffraction Analysis
The cell dimensions and strengths of compound 3h (0.54 ×

0.49 × 0.39mm) were using a gauged at 298K on Rigaku
R-AXIS RAPID area detector diffractometer with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å); θmax =

27.48; 13900 measured reflections, 3397 independent reflections
(Rint = 0.0296). The structure was solved by direct method
using SHELXS 97 and refined with SHELXL 97 (Sheldrick,
1997). Full-matrix least-squares refinement based on F2 using
the weight of ω = 1/[σ 2(F2o)+(0.0702P)2+0.0736P] gave final
values of R = 0.0568, ωR = 0.1262, max/min residual electron
density = 0.182 and−0.222 e.Å−3. Crystallographic data has
been deposited at the Cambridge Crystallographic Data Center
as supplementary publication number CCDC 1856302. Copies of
the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK [www.ccdc.cam.ac.uk/
data_request/cif].
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FIGURE 3 | The synthetic route of the compounds 3a-w.

As shown in Figure 2, compound 3h is compose of three rings,
and the bond lengths and bond angles in the structure of 3h are
in the usual ranges. It is obviously that there is π-π conjunctive
effect between benzene ring, C7=O2 and naphthalene ring,
which caused shorter bond length of C6-C7 [1.48(2) Å] and C7-
C8 [1.49(2) Å] than the typical C-C bond length [1.54 Å]. The
torsion angle of C11-O3-C18-C19 is 175.75(1)◦, which indicated
the ethoxy and the naphthalene ring are in a coplanar state. The
molecule structure is almost at the same plane, due to the large
conjugate system and torsion angle.

Biological Assays
Herbicidal activities were determined using barnyard grass as
indicating crops. The barnyard grass was planted in pots and
grown in a greenhouse at around 25◦C. The spraying treatment
was conducted at rates of 2–4 kg ai/ha when the barnyard grass
achieved the two-leaf period. After 7d, the chlorophyll content
was surveyed and evaluated (Table 1). The commercial herbicide
pyrazoxyfen was chosen as a positive control. The content of
chlorophyll a (Ca), chlorophyll b (Cb), and total chlorophyll (Ct)
were determined according to the literature (Wang et al., 2013).

Computational Methods
The structure of compounds 3h and inhibitor DAS869 were
constructed by the sketch module of Tripos Associates,

Inc. (2001). Subsequently, the Gasteiger-Huckel method was
employed to calculate the partial atomic charges and the
molecules were optimized. The crystal structure of Arabidopsis
thaliana HPPD (AtHPPD, PDB ID 1TFZ) was obtained from
the Protein Data Bank (PDB). Docking was modeled using the
CDOCKER method in Accelrys Discovery Studio 2.5 (Catalyst,
Version 4.10, 2005). In the preparation of protein structure, water
and some other co-crystallized small molecules were removed,
and a CHARMM force field was appended. After that, the binding
site was limited in a 13.0 Å subset region from the center of the
known ligand. The prepared protein and compounds were used
to be docking receptor and ligand, respectively. In the process of
docking, after the energy minimization using the smart minimize
way, the top 10 conformations were saved for every ligand based
on -CDOCKER ENERGY, and the remaining parameters were set
to the default values.

RESULTS AND DISCUSSION

Synthetic Chemistry
The synthetic route for the preparation of compounds 3a-w is
depicted in Figure 3. In the process (a), the intermediate 2a was
synthesized using naphthol and dimethyl sulfate as the starting
materials, and anhydrous K2CO3 as the acid-binding agent. It
should be noted that this process was solvent-free reaction, and
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TABLE 1 | The chlorophyll content processed by compounds 3a-w.

Compound OR Ar Barnyard grass

Ca (mg/g) Cb (mg/g) Ct(mg/g)

CK – – 2.032 ± 0.101 1.061 ± 0.093 3.057 ± 0.112

pyrazoxyfen – – 0.387 ± 0.063 0.151 ± 0.091 0.537 ± 0.073

3a p-OEt C6H5 0.974 ± 0.086 0.354 ± 0.109 1.326 ± 0.154

3b p-OEt o-Cl-C6H4 0.827 ± 0.072 0.408 ± 0.117 1.238 ± 0.116

3c p-OEt p-Cl-C6H4 0.863 ± 0.122 0.430 ± 0.109 1.291 ± 0.120

3d p-OEt p-F-C6H4 0.816 ± 0.132 0.358 ± 0.078 1.172 ± 0.129

3e p-OEt p-CF3-C6H4 0.401 ± 0.021 0.172 ± 0.092 0.573 ± 0.112

3f p-OEt p-NO2-C6H4 0.612 ± 0.094 0.255 ± 0.108 0.867 ± 0.104

3g p-OEt o-CH3-C6H4 1.094 ± 0.019 0.524 ± 0.008 1.616 ± 0.011

3h p-OEt o-OH-C6H4 0.321 ± 0.158 0.116 ± 0.057 0.436 ± 0.116

3i p-OEt o-OEt-C6H4 0.750 ± 0.122 0.686 ± 0.108 1.440 ± 0.111

3j p-OMe o-OH-C6H4 0.655 ± 0.104 0.246 ± 0.098 0.901 ± 0.104

3k p-OMe p-CH3-C6H4 0.518 ± 0.104 0.955 ± 0.124 1.471 ± 0.078

3l p-OMe p-NO2-C6H4 0.686 ± 0.095 0.356 ± 0.028 1.091 ± 0.103

3m o-OMe p-CF3-C6H4 0.435 ± 0.124 0.186 ± 0.107 0.622 ± 0.103

3n o-OMe p-NO2-C6H4 0.825 ± 0.083 0.316 ± 0.104 1.139 ± 0.107

3o p-OEt 0.498 ± 0.090 0.191 ± 0.102 0.689 ± 0.093

3p p-OEt 0.591 ± 0.106 0.188 ± 0.100 0.778 ± 0.106

3q p-OEt 1.486 ± 0.124 0.653 ± 0.021 2.136 ± 0.103

3r p-OEt 1.895 ± 0.082 0.939 ± 0.057 2.830 ± 0.124

3s p-OMe 1.562 ± 0.102 0.783 ± 0.055 2.343 ± 0.107

3t p-OMe 1.564 ± 0.106 0.679 ± 0.045 2.240 ± 0.084

3u p-OEt 0.405 ± 0.027 0.626 ± 0.121 1.030 ± 0.106

3v p-OMe 1.248 ± 0.115 0.622 ± 0.071 1.868 ± 0.103

3w o-OH 2.018 ± 0.126 0.835 ± 0.091 2.883 ± 0.117

(0.75 mmol/m2 ). CK is for water treated.
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the mixing rate of naphthol and the alkylating agents played
a vital role. The insufficient mixing rate resulted in low yields.
In addition, the effect of acid-binding agents was explored. As
shown in Table 2, it was found that anhydrous K2CO3 was a
better acid-binding agent than anhydrous NaHCO3 and Et3N.
To further improve the yield, the ratios of naphthol and the
alkylating agents were evaluated. The results indicated that
naphthol-alkylating agent ratio in 1:1.5 provided better yields
than ratio 1:1 or 1:2.5.

The target compounds 3a-w were synthesized via Friedel-
Crafts acylation reaction. The synthesis of 3a was first carried out
with ZnCl2 as catalysts, CHCl3 as solvent, at room temperature
for 24 h, however, the target compound were not obtained.
The different Lewis acids catalysts were evaluated. The results
indicated that anhydrous AlCl3 was the best catalysts with
excellent yield than SnCl4, ZnCl2, or FeCl3. To promote the
yields, the solvent influences were investigated as well. The
experiment results showed that CH2Cl2 possessed better yield
than CH3NO2, CS2, and CHCl3. The detail exploration of the
synthetic process to compound 3a is shown in Table 3.

The effects of substituent pattern on the yields were studied. It
was found that different aromatic substitutents displayed diverse
yields comparing compounds 3g, 3o-q, and 3u, and the order
was as following: isoxazole>furan>benzene>pyrazole>triazole.
The substituted position on the naphthalene ring was also
explored. Generally the yield of α-substitution was better than β-
substitution, and the yield with methoxy substituted was higher
than that of ethoxy, for example, the yield of compound 3e

with 56% was better than compound 3m. Moreover, the yields
of compounds 3q and 3r with ethoxy substituted were lower
than compounds 3s and 3t with methoxy substituted, which was
mainly due to the steric hindrance of ethoxy was greater than
methoxy.

TABLE 2 | Explorations of the reaction conditions of intermediate 2a.

Entry Acid-binding agent Ratio Yield

1 K2CO3 1:1 43%

2 K2CO3 1:1.5 69%

3 K2CO3 1:2.5 54%

4 NaHCO3 1:1.5 55%

5 Et3N 1:1.5 45%

TABLE 3 | Explorations of the reaction conditions of compound 3a.

Entry Catalysts Solvent Yield

1 AlCl3 CH2Cl2 65%

2 AlCl3 CH3NO2 29%

3 AlCl3 CS2 25%

4 AlCl3 CHCl3 54%

5 ZnCl2 CH2Cl2 31%

6 FeCl3 CH2Cl2 38%

7 SnCl4 CH2Cl2 34%

Biological Activity and the
Structure-Activity Relationships (SAR)
The herbicidal activities of compounds 3a-w (2–4 kg ai/ha)
against barnyard grass in the greenhouse are list in Table 1. The
chlorophyll content was gauged after spraying with compounds
3a-w for 7 days, and the commercial herbicide pyrazoxyfen was
selected as positive control. As anticipated, the treated barnyard
grass displayed unique bleaching symptoms, as typical HPPD
herbicides. The biological activity evaluation indicated that most
of the synthetic compounds showed good to excellent herbicidal
activity. Compound 3h at a dose of 2.1 kg ai/ha exhibited better
herbicidal activity than pyrazoxyfen at rates of 3 kg ai/ha.

As shown in Table 1, all of the compounds 3a-w decreased the
content of Ca, Cb, and Ct in different degrees. Comparing the
compounds 3a-n, all of them showed good herbicidal activity,
especially compound 3h exhibited the best activity with a
hydroxyl on the o-benzene ring, even better than pyrazoxyfen
with o-PhCOCH2O, which may be attributed to the steric effects.
It should be noted that the electron-withdrawing groups CF3 (3e,
3m), NO2 (3f, 3l, and 3n), F (3d), and Cl (3b, 3c) introduced on
the phenyl were more beneficial for the herbicidal activity than
electron-donating groups CH3 (3g, 3k) and OEt (3i). And it was
observed that the stronger electron-withdrawing ability exhibited
the better herbicidal activity. For example, compound 3e showed
higher herbicidal activity than compounds 3b and 3c. In the
same cases, the electron-donating substitution showed weak
herbicidal activity. Thus, the SAR could be summarized as follow:
CF3 >NO2 >F>Cl>H>OEt>CH3. The substituted position on
the naphthalene ring was also compared. Generally the herbicidal
activity of α-substitution was better than β-substitution. For
instance, the herbicidal activity of compound 3l with p-OMe
was better than compound 3m with o-OMe. Furthermore,
the aromatic moiety also affected the inhibition. The results
illustrated that benzene ring performed higher herbicidal activity
than pyrazole. Compounds 3e exhibited better activity than
compound 3o. In the same way, as the aromatic ring was triazole
(3p), it displayed worse herbicidal activity than pyrazole (3o),
and the isoxazole (3q) exhibited lower herbicidal activity than

FIGURE 4 | The docking modeling of 3h (A) and DAS869 (B) with AtHPPD at

active site. The carbon atoms are shown in gray, the hydrogen atoms are

shown in cyans, the oxygen atoms are shown in red, and the nitrogen atoms

are shown in blue, the sulfur atom is shown in yellow.
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FIGURE 5 | (A) Binding mode of DAS869 with 1TFZ. (B) Binding mode of compound 3h with 1TFZ. (C) Binding mode of compound 3h with Q9ARF9. Ligands

DAS869 and compound 3h were shown in yellow.

furan (3u). For the synthetic compounds, different aromatic
subunits displayed diverse herbicidal activity, and the substituted
benzene exhibited better herbicidal activity than others aromatic
heterocycles.

Docking Study
During more than 30 years of investigation, knowledge
about HPPD has advanced with technology, including X-ray
crystallography and bioinformatics. Consequently, 40 HPPD
structures have been determined, uploaded, and stored in PDBs
(Ndikuryayo et al., 2017). In order to explain the interaction
of the novel compounds with HPPD at the molecular level,
the docking binding modes was compared with the reported
crystal structure of AtHPPD in complex with pyrazoles inhibitor
DAS869 (Pauly et al., 2013). As shown in Figure 4, both
compounds 3h and DAS869 are well-matched to the active
pocket of HPPD. The simulated complex of DAS869 and
inhibitors 3h with the binding site of AtHPPD are displayed
in Figures 5A,B. The inhibitor 3h was noticed to constitute
a bidentate combination with the Fe2+, forming twisted
square-pyramidal complex with a mainly five-coordinate. The
naphthalene ring was “sandwiched” by the phenyl rings of Phe
360 and Phe 403, forming π-π interplay with the two amino acid
residues, which was similar to DAS869 in complex withAtHPPD.
Compared the distances of π-π interplay, it was observed that
the distance of the naphthalene ring of inhibitor 3h with Phe 360
was 4.0 Å and that with Phe 403 was 3.4 Å; the distance of the
benzene ring of DAS869 with Phe 360 was 4.5 Å and that with
Phe 403 was 4.5 Å. The short distances of the naphthalene ring
from Phe 360 and Phe 403 may be liable for the better AtHPPD
inhibitory activity of inhibitor 3h.

So as to further explain the specificity interaction of the
novel compounds with HPPD of others plants, six plants
HPPD structures in PDB were selected for molecular docking
including maize (PDB ID 1SP8), lectranthus scutellarioides
(PDB ID Q9ARF9), camelina sativa (PDB ID 5YCK), brassica
napus (PDB ID Q60Y65), daucus carota (PDB ID 3VLB) and
hordeum vulgare (PDB ID 3TCM). The docking results showed

that compound 3h could only bind to Q9ARF9, however,
the naphthalene ring didn’t form a favorable sandwich π-π
interaction with the key residues of Q9ARF9 (Figure 5C). These
consequences illustrated that compound 3h was safe for crops.

CONCLUSION

In summary, a series of new aryl-naphthyl methanone derivatives
were designed and synthesized as effective HPPD inhibitors.
The bioassay indicated that the target compounds showed
excellent HPPD inhibitory activity. It is inspiring that compound
3h exhibits the best activity even better than the commercial
herbicide pyrazoxyfen. This present work indicates that aryl-
naphthyl methanone scaffold can be used as a potential lead
structure to develop new HPPD inhibitors.
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Brain tumor, as any type of cancer, is assumed to be sustained by a small subpopulation

of stem-like cells with distinctive properties that allow them to survive conventional

therapies and drive tumor recurrence. Thus, the identification of new molecules capable

of controlling stemness properties may be key in developing effective therapeutic

strategies for cancer by inducing stem-like cells differentiation. Spiropyrazoline oxindoles

have previously been shown to induce apoptosis and cell cycle arrest, as well as

upregulate p53 steady-state levels, while decreasing its main inhibitor MDM2 in the

HCT116 human colorectal carcinoma cell line. In this study, wemademodifications in this

scaffold by including combinations of different substituents in the pyrazoline ring in order

to obtain novel small molecules that could modulate p53 activity and act as differentiation

inducer agents. The antiproliferative activity of the synthesized compounds was assessed

using the isogenic pair of HCT116 cell lines differing in the presence or absence of the

p53 gene. Among the tested spirooxindoles, spiropyrazoline oxindole 1a was selective

against the cancer cell line expressing wild-type p53 and presented low cytotoxicity.

This small molecule induced neural stem cell (NSC) differentiation through reduced SOX2

(marker of multipotency) and increased βIII-tubulin (marker of neural differentiation) which

suggests a great potential as a non-toxic inducer of cell differentiation. More importantly,

in glioma cancer cells (GL-261), compound 1a reduced stemness, by decreasing SOX2

protein levels, while also promoting chemotherapy sensitization. These results highlight

the potential of p53 modulators for brain cell differentiation, with spirooxindole 1a

representing a promising lead molecule for the development of new brain antitumor

drugs.

Keywords: antiproliferative agents, brain tumor, cell differentiation, p53, spirooxindole

INTRODUCTION

Glioblastoma and malignant gliomas are the most common and lethal primary brain tumors in
adults. Following diagnosis, the survival is no longer than 1 year even after surgical resection,
radiation, and temozolomide chemotherapy (Tanaka et al., 2013). A major problem in developing
more effective treatments for cancer, in general, results from the presence of subpopulations
of cancer stem cells (CSCs) with phenotypic similarities to normal stem cells. CSCs have been
implied in tumor initiation, invasiveness, and recurrence due to their long-lasting properties
and chemotherapy resistance. In fact, while traditional chemotherapy or radiotherapy normally
involve the shrinkage of tumors by standard anti-proliferative mechanisms, CSCs are not entirely
eliminated by classical approaches, persisting the tumorigenic potential and rapidly giving rise to
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relapses. Importantly, brain tumors also present subpopulations
of CSCs (Vescovi et al., 2006). Therefore, cancer cells may
instead be coaxed into becoming normal cells by differentiation
therapy eliminating the complete CSC population and sensitizing
tumor cells for classical chemotherapy. This, in turn, could be
achieved by reactivating endogenous differentiation programs
in cancer cells to resume the maturation process and eliminate
tumor phenotypes. In this regard, recent reports have highlighted
the importance of p53 tumor suppressor in controlling stem
cell fate and glioma cell proliferation and invasiveness (Qin
et al., 2007; Molchadsky et al., 2010; Zhao and Xu, 2010; Li
et al., 2013; Merlino et al., 2018). The first indication that p53
could inhibit neural stem cells (NSCs) self-renewal was observed
in p53 knockout mice, in which increased levels of cell self-
renewal were detected in the neurogenic niches, when compared
with wild-type animals (Meletis et al., 2006). Regarding neural
differentiation, we and others have also demonstrated that p53
is an integral component of neurogenesis pathways, promoting
neurite outgrowth and axonal regeneration in neural stem cells
(NSCs) (Xavier et al., 2014) and primary neurons (Giovanni et al.,
2006), and interacting with key regulators of neurogenesis to
redirect stem cells to differentiation, as an alternative to cell death
(Sola et al., 2012). p53 also inhibits the expression of essential
transcription factors responsible for stemness maintenance (Lin
et al., 2005; Abdelalim and Tooyama, 2014; Lin and Lin,
2017). Therefore, p53 activation serves as a barrier for induced
pluripotent stem cells (iPSCs) tumorigenicity (Aloni-Grinstein
et al., 2014). One of the main negative regulators of p53 is the
murine double minute 2 protein (MDM2), so the development of
small molecule p53–MDM2 interaction inhibitors is a promising
approach in drug discovery to reactivate p53 (Zhao et al., 2015;
Ribeiro et al., 2016a). Most of these inhibitors contain a rigid
heterocyclic scaffold with three lipophilic groups tomimic Phe19,
Trp23, and Leu26 of p53. As part of our ongoing efforts in
developing spirooxindoles to activate p53 (Ribeiro et al., 2012,
2014, 2016b, 2017; Monteiro et al., 2014), we have recently
developed a library of spiropyrazoline oxindoles that induce
cell cycle arrest in HCT116 colon cancer cells by partially
inhibiting the p53-MDM2 protein-protein interaction in live cells
(Nunes et al., 2017). However, the effect of this scaffold on cell
differentiation and, consequently, on the regulation of malignant
tumor phenotype, was never explored. Since poor differentiation
is an important hallmark of cancer cells, the manipulation of
p53 for redirecting neural differentiation could emerge as a low
toxicity alternative, in comparison with the conventionally used
therapies, to sensitize brain tumor cells to chemotherapy (Her
et al., 2018). Herein, we report the synthesis of a new library of
spiropyrazoline oxindoles with potential to induce p53-mediated
neural differentiation and thus to develop efficient differentiation
strategies for brain tumors.

MATERIALS AND METHODS

Chemistry
General
All reagents and solvents were obtained from commercial
suppliers and were used without further purification, except

for reaction solvents, which were dried prior to their use.
Hydrazonoyl chlorides 3a–c (Wolkoff, 1975; Zhang et al.,
2010), and 3-methylene indolinones 2a–j (Sun et al., 1998)
were synthesized according to the methods described in the
literature. Melting points were determined using a Kofler camera
Bock monoscope M and are uncorrected. Merck Silica Gel
60 F254 plates were used for analytical TLC. Flash column
chromatography was performed on Merck Silica Gel (230–400
mesh). Preparative TLC was performed on Merck Silica Gel 60
GF254 over glass plates. 1H and 13C NMR spectra were recorded
on a Bruker 300 Avance at 300 MHz (1H NMR) and 75 MHz
(13C NMR). 1H and 13C chemical shifts (δ) are expressed in parts
per million (ppm) using the solvent as internal reference, and
proton coupling constants (J) in hertz (Hz). 1H spectral data are
reported as follows: chemical shift, multiplicity (d, doublet; dd,
doublet of doublets; m, multiplet; s, singlet), coupling constant,
and integration. All compounds tested showed purity ≥ 95%
by LC-MS, performed on a Waters Alliance 2,695 HPLC with
a Waters SunFire C18 column (100 × 2.1mm; 5µm) at 20◦C,
using as mobile phase a solution of acetonitrile with Milli-Q
water containing 0.5% formic acid (v/v) (3:7), and employing
a photodiode array detector to scan wavelength absorption
from 210 to 780 nm. Experiments of mass spectrometry were
performed on a Micromass R© Quattro Micro triple quadrupole
(Waters R©, Ireland) with an electrospray in positive ion mode
(ESI+), ion source at 120◦C, capillary voltage of 3.0 kV and
source voltage of 30V, at the Liquid Chromatography and Mass
Spectrometry Laboratory, Faculty of Pharmacy, University of
Lisbon.

General Procedure for the Synthesis of

Spiropyrazoline Oxindoles 1a–r
Triethylamine (3.0 equiv) was added dropwise to a mixture of 3-
methylene indolin-2-one 2 (1.0 equiv), and hydrazonoyl chloride
3 (1.2–2.0 equiv) in dry CH2Cl2 under nitrogen atmosphere.
The reaction was stirred at room temperature for 16–24 h. The
mixture was then washed with water and the aqueous phase
extracted with ethyl acetate (3x). The combined organic extracts
were dried over anhydrous Na2SO4 and the solvent was removed
under reduce pressure. The residue obtained was purified by flash
chromatography on silica gel using as eluent EtOAc/n-Hexane
1:4, and recrystallized from CH2Cl2/heptane to afford the desired
compound.

5′-(tert-butyl)-6-chloro-5-fluoro-2′,4′-diphenyl-2′,4′-

dihydrospiro[indoline-3,3′-pyrazol]-2 one (1a)
Following the general procedure, to a solution of 2a (40mg,
0.18 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
triethylamine (3 eq). Reaction time: 16 h. White solid (41mg,
92%). Mp: 240–242◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.14 (s, 1H, NH), 7.46–7.29 (m, 3H, ArH), 7.11–7.05 (m, 2H,
ArH), 6.88–6.64 (m, 6H, ArH), 6.00 (d, J = 9Hz, 1H, ArH),
4.45 (s, 1H, H-4′), 1.18 (s, 9H, C(CH3)3); 13C NMR (75 MHz,
CDCl3) δ (ppm): 177.5 (C=O), 161.9 (C=N), 155.7 (d, JC–F =

243Hz), 145.5 (Cq), 138.1 (Cq), 136.6 (Cq), 134.6 (Cq), 129.0
(CH), 128.7 (CH), 121.9 (d, J = 19.5Hz), 116.3 (Cq), 115.4
(d, J = 24,75Hz), 111.9 (CH), 77.3 (Cspiro), 62.5 (CH-4′),
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34.9 (C(CH3)3), 29.4 (C(CH3)3) (Supplementary Datasheet 1);
MS (ESI+) m/z calcd for C26H23ClFN3O: 447, found 448
[M+H]+.

5′-(tert-butyl)-6-chloro-2′-(4-chlorophenyl)-5-fluoro-4′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1b)
Following the general procedure, to a solution of 2a (30mg,
0.09 mmol) in CH2Cl2 (10ml) was added 3b (1.2 eq) and
triethylamine (3 eq). Reaction time: 18 h. White solid (21mg,
70%). Mp: 220–222◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.19 (s, 1H, NH), 7.41–7.29 (m, 4H, ArH), 7.05 (d, J = 9Hz, 2H,
ArH), 6.81 (d, J = 6Hz, 1H, ArH), 6.75–6.68 (m, 3H, ArH), 6.01
(d, J = 9Hz, 1H, ArH), 4.46 (s, 1H, H-4′), 1.18 (s, 9H, C(CH3)3);
13CNMR (75MHz, CDCl3) δ (ppm): 177.2 (C=O), 162.6 (C=N),
155.8 (d, JC–F = 243Hz), 144.2 (Cq), 136.6 (Cq), 134.2 (Cq),
129.0 (CH), 128.8 (CH), 126.7 (Cq), 125.7 (d, J = 7.5Hz), 122.3
(d, J = 19.5Hz), 117.8 (CH), 115.4 (d, J = 25.5Hz), 112.0 (CH),
77.3 (Cspiro), 62.6 (CH-4′), 34.9 (C(CH3)3), 29.4 (C(CH3)3);
MS (ESI+) m/z calcd for C26H22Cl2FN3O: 481, found 482
[M+H]+.

4′-(2-bromophenyl)-6-chloro-2′-(4-chlorophenyl)-5-fluoro-
5′-phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-

one (1c)
Following the general procedure, to a solution of 2b (50mg,
0.15 mmol) in CH2Cl2 (10ml) was added 3c (1.4 eq) and
triethylamine (3 eq). Reaction time: 18 h. White solid (40mg,
67%). Mp: 241–242◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.80 (s, 1H, NH), 7.63–7.60 (m, 2H, ArH), 7.48 (d, J = 6Hz,
1H, ArH), 7.34–7.29 (m, 3H, ArH), 7.25–7.07 (m, 5H, ArH),
6.93–6.89 (m, 1H, ArH), 6.85 (d, J = 9Hz, 2H, ArH), 6.00 (d,
J = 9Hz, 1H, ArH), 5.67 (s, 1H, H-4′); 13C NMR (75 MHz,
CDCl3) δ (ppm): 176.5 (C=O), 162.3 (C=N), 155.2 (d, JC–F =

263Hz), 150.0 (Cq), 142.8 (Cq), 137.7 (Cq), 133.52 (Cq), 133.48
(Cq), 130.7 (CH), 129.2 (CH), 128.8 (CH), 126.9 (CH), 125.6
(d, J = 15.75Hz), 117.7 (CH), 115.1 (d, J = 26.25Hz), 112.4
(CH), 77.3 (Cspiro), 60.8 (CH-4′); MS (ESI+) m/z calcd for
C28H17BrCl2FN3O: 579 found 580 [M+H]+.

4′-(2-bromophenyl)-5′-(tert-butyl)-6-chloro-5-fluoro-2′-

phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1d)
Following the general procedure, to a solution of 2b (40mg,
0.12 mmol) in CH2Cl2 (10ml) was added 3a (1.4 eq) and
triethylamine (3 eq). Reaction time: 18 h. White solid (22mg,
53%). Mp: 243–245◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.04 (s, 1H, NH), 7.48–7.28 (m, 3H, ArH), 7.21–7.15 (m, 1H,
ArH), 7.08 (t, J = 9Hz, 2H, ArH), 6.93–6.80 (m, 4H, ArH),
5.90 (d, J = 9Hz, 1H, ArH), 5.11 (s, 1H, H-4′), 1.20 (s, 9H,
C(CH3)3); 13C NMR (75 MHz, CDCl3) δ (ppm): 176.8 (C=O),
161.7 (C=N), 155.6 (d, JC–F = 243.0Hz), 145.4 (Cq), 137.5 (Cq),
133.7 (Cq), 133.4 (Cq), 130.9 (CH), 130.1 (CH), 129.1 (CH),
127.7 (CH), 125.8 (d, J = 7,5Hz), 121.8 (CH), 116.5 (CH),
114.8 (d, J = 25.5Hz), 112.0 (CH), 77.3 (Cspiro), 60.2 (CH-
4′), 34.8 (C(CH3)3), 29.4 (C(CH3)3); MS (ESI+) m/z calcd for
C26H22BrClFN3O: 525 found 526 [M+H]+.

4′-(2-bromophenyl)-5′-(tert-butyl)-6-chloro-2′-(4-
chlorophenyl)-5-fluoro-2′,4′ dihydrospiro[indoline-3,3′-
pyrazol]-2-one (1e)
Following the general procedure, to a solution of 2b (40mg,
0.12 mmol) in CH2Cl2 (10ml) was added 3b (1.2 eq) and
triethylamine (3 eq). Reaction time: 24 h. White solid (15mg,
30%). Mp: 251–252◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
7.51 (br s, 1H, NH), 7.49–7.39 (m, 2H, ArH), 7.33–7.30 (m, 1H,
ArH), 7.22–7.17 (m, 1H, ArH), 7.05 (d, J = 9Hz, 2H, ArH), 6.85
(d, J = 6Hz, 1H, ArH), 6.75 (d, J = 9Hz, 2H, ArH), 5.88 (d, J
= 9Hz, 1H, ArH), 5.12 (s, 1H, H-4′), 1.19 (s, 9H, C(CH3)3); 13C
NMR (75 MHz, CDCl3) δ (ppm): 175.8 (C=O), 162.4 (C=N),
155.7 (d, JC–F = 241.5Hz), 144.1 (Cq), 137.4 (Cq), 133.5 (Cq),
130.8 (CH), 130.3 (CH), 129.0 (CH), 127.7 (CH), 127.1 (CH),
125.8 (CH), 118.2 (CH), 114.9 (d, J = 24.75Hz), 111.8 (CH),
77.3 (Cspiro), 60.3 (CH-4′), 34.8 (C(CH3)3), 29.4 (C(CH3)3);
MS (ESI+) m/z calcd for C26H21BrCl2FN3O: 559 found 560
[M+H]+.

4′-(3-bromophenyl)-5′-(tert-butyl)-6-chloro-5-fluoro-2′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1f)
Following the general procedure, to a solution of 2c (60mg,
0.16 mmol) in CH2Cl2 (10ml) was added 3a (1.4 eq) and
triethylamine (3 eq). Reaction time: 18 h. White solid (30mg,
52%). Mp: 220–222◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
7.61 (s, 1H, NH), 7.48–7.44 (m, 2H, ArH), 7.13–7.06 (m, 3H,
ArH), 6.89–6.75 (m, 5H, ArH), 6.10 (d, J = 9Hz, 1H, ArH),
4.40 (s, 1H, H-4′), 1.18 (s, 9H, C(CH3)3); 13C NMR (75 MHz,
CDCl3) δ (ppm): 177.4 (C=O), 161.3 (C=N), 155.8 (d, JC–F
= 243.75Hz), 145.2 (Cq), 136.9 (Cq), 131.8 (CH), 129.1 (CH),
125.5 (Cq), 123.2 (CH), 121.9 (CH), 116.4 (CH), 115.2 (d, J
= 23.25Hz), 113.6 (Cq), 112.3 (CH), 77.3 (Cspiro), 61.9 (CH-
4′), 34.9 (C(CH3)3), 29.4 (C(CH3)3); MS (ESI+) m/z calcd for
C26H22BrClFN3O: 525 found 526 [M+H]+.

4′-(3-bromophenyl)-5′-(tert-butyl)-6-chloro-2′-(4-
chlorophenyl)-5-fluoro-2′,4′-dihydrospiro[indoline-3,3′-

pyrazol]-2-one (1g)
Following the general procedure, to a solution of 2c (60mg,
0.16 mmol) in CH2Cl2 (10ml) was added 3b (1.4 eq) and
triethylamine (3 eq). Reaction time: 17 h. White solid (68mg,
72%). Mp: 201–203◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.37 (s, 1H, NH), 7.48–7.45 (m, 2H, ArH), 7.11–7.01 (m, 4H,
ArH), 6.84 (d, J = 6Hz, 1H, ArH), 6.75–6.62 (m, 3H, ArH), 6.05
(d, J = 9Hz, 1H, ArH), 4.39 (s, 1H, H-4′), 1.18 (s, 9H, C(CH3)3);
13CNMR (75MHz, CDCl3) δ (ppm): 177.1 (C=O), 162.0 (C=N),
155.8 (d, JC−F = 243.75Hz), 143.9 (Cq), 142.2 (Cq), 136.6 (Cq),
132.0 (CH), 129.1 (CH), 125.1 (d, J = 8.25Hz), 123.2 (CH),
117.8 (CH), 115.2 (d, J = 32.25Hz), 113.6 (Cq), 112.4 (CH),
77.2 (Cspiro), 61.9 (CH-4′), 35.0 (C(CH3)3), 29.4 (C(CH3)3);
MS (ESI+) m/z calcd for C26H21BrCl2FN3O: 559 found 560
[M+H]+.

4′-(4-bromophenyl)-5′-(tert-butyl)-6-chloro-5-fluoro-2′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1h)
Following the general procedure, to a solution of 2d (20mg,
0.06 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
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triethylamine (3 eq). Reaction time: 17 h. White solid (14mg,
65%). Mp: 209–211◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
9.69 (s, 1H, NH), 7.56–7.35 (m, 4H, ArH), 7.10–7.04 (m, 3H,
ArH), 6.85–6.77 (m, 3H, ArH), 6.15 (d, J = 9Hz, 1H, ArH),
4.81 (s, 1H, H-4′), 1.17 (s, 9H, C(CH3)3); 13C NMR (75 MHz,
CDCl3) δ (ppm): 176.7 (C=O), 162.0 (C=N), 155.9 (d, JC–F =

240Hz), 146.6 (Cq), 139.0 (Cq), 132.2 (CH), 129.6 (CH), 127.2
(d, J = 7.5Hz), 123.3 (CH), 121.9 (CH), 116.8 (CH), 115.7
(d, J = 24.75Hz), 112.7 (CH), 77.5 (Cspiro), 62.2 (CH-4′),
35.5 (C(CH3)3), 29.8 (C(CH3)3); MS (ESI+) m/z calcd for
C26H22BrClFN3O: 525 found 526 [M+H]+.

6-chloro-2′-(4-chlorophenyl)-5-fluoro-4′-(2-fluorophenyl)-
5′-phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-

one (1i)
Following the general procedure, to a solution of 2e (30mg,
0.09 mmol) in CH2Cl2 (10ml) was added 3c (1.2 eq) and
triethylamine (3 eq). After 17 h of reaction was added more 0.8
eq of 3c. Reaction time: 22 h. White solid (25mg, 83%). Mp: 243–
245◦C; 1H NMR (300 MHz, CDCl3) δ (ppm): 7.88 (s, 1H, NH),
7.67–7.63 (m, 2H, ArH), 7.33–7.31 (m, 4H, ArH), 7.11–7.07 (m,
4H, ArH), 6.92–6.82 (m, 4H, ArH), 6.07 (d, J = 9Hz, 1H, ArH),
5.51 (s, 1H, H-4′); 13C NMR (75 MHz, CDCl3) δ (ppm): 176.4
(C=O), 161.3 (C=N), 155.8 (d, JC–F = 256.5Hz), 130.6 (Cq),
129.3 (CH), 129.0 (CH), 128.6 (Cq), 126.7 (CH), 125.1 (d, J =
6.75Hz), 124.6 (Cq), 122.6 (d, JC–F = 21.75Hz), 121.4 (CH),
117.0 (CH), 114.9 (d, J = 24.75Hz), 112.1 (CH), 77.2 (Cspiro),
54.6 (CH-4′); MS (ESI+) m/z calcd for C28H17Cl2F2N3O: 519
found 520 [M+H]+.

5′-(tert-butyl)-6-chloro-5-fluoro-4′-(2-fluorophenyl)-2′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1j)
Following the general procedure, to a solution of 2e (60mg,
0.19 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
triethylamine (3 eq). Reaction time: 18 h. White solid (66mg,
74%). Mp: 210–211◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.65 (s, 1H, NH), 7.24–7.12 (m, 3H, ArH), 7.02–6.97 (m, 2H,
ArH), 6.88–6.82 (m, 1H, ArH), 6.77–6.70 (m, 4H, ArH), 5.84 (d,
J = 9Hz, 1H, ArH), 4.81 (s, 1H, H-4′), 1.20 (s, 9H, C(CH3)3); 13C
NMR (75 MHz, CDCl3) δ (ppm): 177.5 (C=O), 161.7 (d, JC–F =

246Hz), 160.4 (C=N), 155.6 (d, JC–F = 242.25Hz), 145.3 (Cq),
137.0 (Cq), 130.6 (d, J = 8.25Hz), 130.4 (d, J = 3Hz), 129.1 (CH),
125.6 (d, J = 6.75Hz), 124.3 (CH), 122.1 (Cq), 121.7 (CH), 116.2
(d, J = 21Hz), 116.0 (CH), 114.6 (d, J = 26.25Hz), 112.4 (CH),
77.3 (Cspiro), 53.3 (CH-4′), 34.8 (C(CH3)3), 29.3 (C(CH3)3); MS
(ESI+) m/z calcd for C26H22ClF2N3O: 465 found 466 [M+H]+.

5′-(tert-butyl)-6-chloro-5-fluoro-4′-(4-fluorophenyl)-2′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1k)
Following the general procedure, to a solution of 2f (30mg,
0.10 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
triethylamine (3 eq). After 16 h of reaction was added more 0.8
eq of 3a. Reaction time: 21 h. White solid (20mg, 66%). Mp:
216–218◦C; 1H NMR (300 MHz, CDCl3) δ (ppm): 8.65 (s, 1H,
NH), 8.15 (s, 1H, NH), 7.12–7.02 (m, 4H, ArH), 6.87–6.75 (m,
5H, ArH), 6.05 (d, J = 9Hz, 1H, ArH), 4.43 (s, 1H, H-4′), 1.18
(s, 9H, C(CH3)3); 13C NMR (75 MHz, CDCl3) δ (ppm): 177.4

(C=O), 161.8 (C=N), 161.1 (d, JC–F = 255Hz), 155.7 (d, JC–F =

243Hz), 145.3 (Cq), 143.8 (Cq), 136.6 (Cq), 130.4 (d, J = 3Hz),
129.0 (CH), 125.9 (d, J = 7.5Hz), 124.3 (CH), 122.2 (Cq), 121.8
(CH), 120.1 (Cq), 116.4 (CH), 115.3 (d, J = 24.75Hz), 113.6
(CH), 112.1 (CH), 77.3 (Cspiro), 61.6 (CH-4′), 34.9 (C(CH3)3),
29.4 (C(CH3)3); MS (ESI+) m/z calcd for C26H22ClF2N3O: 465
found 466 [M+H]+.

6-chloro-2′-(4-chlorophenyl)-5-fluoro-4′-(4-fluorophenyl)-

5′-phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-
one (1l)
Following the general procedure, to a solution of 2f (40mg,
0.16 mmol) in CH2Cl2 (10ml) was added 3c (1.2 eq) and
triethylamine (3 eq). After 17 h of reaction was added more 0.8
eq of 3c. Reaction time: 23 h. White solid (36mg, 67%). Mp: 217–
219◦C; 1H NMR (300 MHz, CDCl3) δ (ppm): 8.01 (s, 1H, NH),
7.63–7.60 (m, 2H, ArH), 7.32–7.28 (m, 3H, ArH), 7.10 (d, J =
9Hz, 2H, ArH), 6.95–6.82 (m, 7H, ArH), 6.21 (d, J = 9Hz, 1H,
ArH), 5.14 (s, 1H, H-4′); 13C NMR (75 MHz, CDCl3) δ (ppm):
177.0 (C=O), 161.5 (C=N), 155.2 (d, JC–F = 264.75Hz), 149.7
(Cq), 146.9 (Cq), 136.3 (Cq), 130.9 (d, J = 7.5Hz), 129.5 (CH),
129.2 (CH), 128.7 (CH), 127.0 (Cq), 125.9 (d, J = 13.5Hz), 123.3
(CH), 122.5 (Cq), 121.8 (CH), 120.1 (Cq), 117.2 (CH), 116.4 (d, J
= 21Hz), 115.5 (d, J = 25.5Hz), 112.3 (CH), 77.3 (Cspiro), 62.2
(CH-4′); MS (ESI+) m/z calcd for C28H17Cl2F2N3O: 519 found
520 [M+H]+.

5′-(tert-butyl)-6-chloro-4′-(3-chlorophenyl)-2′-(4-
chlorophenyl)-5-fluoro-2′,4′-dihydrospiro[indoline-3,3′-

pyrazol]-2-one (1m)
Following the general procedure, to a solution of 2g (40mg,
0.13 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
triethylamine (3 eq). Reaction time: 17 h. White solid (31mg,
73%). Mp: 231–232◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.17 (s, 1H, NH), 7.37–7.29 (m, 2H, ArH), 7.12–7.00 (m,
3H, ArH), 6.88–6.69 (m, 5H, ArH), 6.08 (d, J = 9Hz, 1H,
ArH), 4.41 (s, 1H, H-4′), 1.19 (s, 9H, C(CH3)3); 13C NMR
(75 MHz, CDCl3) δ (ppm): 177.3 (C=O), 161.4 (C=N),
155.8 (d, JC–F = 243.75Hz), 145.2 (Cq), 136.6 (Cq), 135.1
(Cq), 129.1 (CH), 125.2 (d, J = 7.5Hz), 121.9 (CH), 118.0
(CH), 116.5 (CH), 115.3 (d, J = 22.5Hz), 112.2 (CH),
77.3 (Cspiro), 61.9 (CH-4′), 34.9 (C(CH3)3), 29.4 (C(CH3)3);
MS (ESI+) m/z calcd for C26H22Cl2FN3O: 481 found 482
[M+H]+.

5′-(tert-butyl)-6-chloro-2′,4′-bis(4-chlorophenyl)-5-fluoro-

2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-oneone (1n)
Following the general procedure, to a solution of 2h (20mg,
0.08 mmol) in CH2Cl2 (10ml) was added 3b (1.2 eq) and
triethylamine (3 eq). Reaction time: 19 h. White solid (35mg,
85%). Mp: 128–130◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.43 (s, 1H, NH), 7.43–7.31 (m, 2H, ArH), 7.23–7.12 (m, 1H,
ArH), 7.04 (d, J = 9Hz, 2H, ArH), 6.83 (d, J = 6Hz, 1H, ArH),
6.77–6.69 (m, 3H, ArH), 6.04 (d, J = 9Hz, 1H, ArH), 4.41 (s,
1H, H-4′), 1.16 (s, 9H, C(CH3)3); 13C NMR (75 MHz, CDCl3) δ

(ppm): 177.7 (C=O), 162.4 (C=N), 155.8 (d, JC–F = 243.75Hz),
144.0 (Cq), 136.8 (Cq), 134.8 (Cq), 132.2 (Cq), 129.3 (d, J =
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3.75Hz), 129.0 (CH), 127.0 (CH), 125.3 (d, J = 7.5Hz), 122.6
(d, J = 19.5Hz), 118.0 (CH), 115.3 (d, J = 27Hz), 112.2 (CH),
77.2 (Cspiro), 61.7 (CH-4′), 35.0 (C(CH3)3), 29.4 (C(CH3)3); MS
(ESI+) m/z calcd for C26H21Cl3FN3O: 515 found 516 [M+H]+.

5′-(tert-butyl)-6-chloro-4′-(4-chlorophenyl)-5-fluoro-2′-
phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1o)
Following the general procedure, to a solution of 2h (30mg,
0.09 mmol) in CH2Cl2 (10ml) was added 3a (1.2 eq) and
triethylamine (3 eq). Reaction time: 19 h. White solid (12mg,
42%). Mp: 220–221◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
8.80 (s, 1H, NH), 7.41–7.33 (m, 1H, ArH), 7.20–7.05 (m, 3H,
ArH), 6.88–6.66 (m, 5H, ArH), 6.08 (d, J = 9Hz, 1H, ArH),
4.42 (s, 1H, H-4′), 1.17 (s, 9H, C(CH3)3); 13C NMR (75 MHz,
CDCl3) δ (ppm): 177.1 (C=O), 161.6 (C=N), 155.8 (d, JC–F =

243.75Hz), 145.3 (Cq), 136.7 (Cq), 134.7 (Cq), 133.1 (Cq), 129.1
(CH), 125.7 (d, J = 7.5Hz), 122.3 (Cq), 121.9 (CH), 116.6 (CH),
115.3 (d, J = 24.75Hz), 112.1 (CH), 77.3 (Cspiro), 61.7 (CH-
4′), 34.9 (C(CH3)3), 29.4 (C(CH3)3); MS (ESI+) m/z calcd for
C26H22Cl2FN3O: 481 found 482 [M+H]+.

6-chloro-4′-(3-chloro-2-fluorophenyl)-2′-(4-chlorophenyl)-5-
fluoro-5′-phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-
one (1p)
Following the general procedure, to a solution of 2i (50mg,
0.15 mmol) in CH2Cl2 (10ml) was added 3c (1.2 eq) and
triethylamine (3 eq). After 17 h of reaction was added more 0.8
eq of 3c. Reaction time: 22 h. White solid (62mg, 75%). Mp:
236–237◦C; 1H NMR (300 MHz, CDCl3) δ (ppm): 8.70 (s, 1H,
NH), 7.67–7.63 (m, 2H, ArH), 7.35–7.28 (m, 4H, ArH), 7.11 (d,
J = 9Hz, 2H, ArH), 7.02–6.92 (m, 3H, ArH), 6.83 (d, J = 9Hz,
2H, ArH), 6.08 (d, 1H, J = 9Hz, ArH); 5.51 (s, 1H, H-4′); 13C
NMR (75 MHz, CDCl3) δ (ppm): 177.1 (C=O), 163.5 (C=N),
157.7 (d, JC–F = 247.5Hz), 155.8 (d, JC–F = 268.5Hz), 148.1
(Cq), 142.4 (Cq), 137.0 (Cq), 131.2 (CH), 130.6 (Cq), 129.7 (CH),
129.3 (CH), 128.9 (Cq), 127.2 (Cq), 126.8 (CH), 125.1 (d, J =
4.5Hz), 124.7 (d, J = 6Hz), 123.4 (d, J = 38.35Hz), 123.2 (Cq),
122.0 (d, J = 17.25Hz), 117.0 (CH), 114.7 (d, J = 24.75Hz),
112.9 (CH), 76.2 (Cspiro), 54.8 (CH-4′); MS (ESI+) m/z calcd
for C28H16Cl3F2N3O: 553 found 554 [M+H]+.

5′-(tert-butyl)-6-chloro-4′-(3-chloro-2-fluorophenyl)-2′-

phenyl-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-one (1q)
Following the general procedure, to a solution of 2j (30mg,
0.09 mmol) in CH2Cl2 (10ml) was added 3a (1.1 eq) and
triethylamine (3 eq). Reaction time: 16 h. White solid (49mg,
92%). Mp: 231–232◦C; 1H NMR (300 MHz, CDCl3) δ (ppm):
7.85 (s, 1H, NH), 7.37–7.31 (m, 1H, ArH), 7.24–7.04 (m, 4H,
ArH), 6.86–6.78 (m, 4H, ArH), 7.11 (dd, J = 6Hz, 3Hz, 1H,
ArH), 6.07 (d, J = 9Hz, 1H, ArH), 4.86 (s, 1H, H-4′), 1.21 (s, 9H,
C(CH3)3); 13C NMR (75 MHz, CDCl3) δ (ppm): 176.7 (C=O),
160.5 (C=N), 157.3 (d, JC–F = 247.5Hz), 145.3 (Cq), 144.7 (Cq),
135.8 (Cq), 130.7 (CH), 129.0 (CH), 128.9 (CH), 126.6 (CH),
124.4 (d, JC–F = 4.5Hz), 124.3 (d, JC–F =14.25Hz), 123.5 (Cq),
122.4 (CH), 121.9 (CH), 116.6 (CH), 111.2 (CH), 77.3 (Cspiro),
53.3 (CH-4′), 34.8 (C(CH3)3), 29.3 (C(CH3)3); MS (ESI+) m/z
calcd for C26H22Cl2FN3O: 481 found 482 [M+H]+.

5′-(tert-butyl)-6-chloro-4′-(3-chloro-2-fluorophenyl)-2′-(4-
chlorophenyl)-2′,4′-dihydrospiro[indoline-3,3′-pyrazol]-2-
one (1r)
Following the general procedure, to a solution of 2j (30mg,
0.09 mmol) in CH2Cl2 (10ml) was added 3b (1.1 eq) and
triethylamine (3 eq). Reaction time: 16 h. White solid (43mg,
76%). Mp: 209–211◦C; 1H NMR (300 MHz, (CD3)2CO) δ

(ppm): 9.83 (s, 1H, NH), 7.53–7.48 (m, 1H, ArH), 7.37–
7.24 (m, 2H, ArH), 7.09 (d, J = 12Hz, 2H, ArH), 7.02 (d,
J = 6Hz, 1H, ArH), 6.80 (d, J = 12Hz, 2H, ArH), 6.68
(dd, J = 6Hz, J = 3Hz, 1H, ArH), 6.14 (d, J = 9Hz, 1H,
ArH), 4.96 (s, 1H, H-4′), 1.20 (s, 9H, C(CH3)3); 13C NMR
(75 MHz, (CD3)2CO) δ (ppm): 176.2 (C=O), 161.2 (C=N),
158.0 (d, JC–F = 246Hz), 145.4 (Cq), 144.4 (Cq), 136.3
(Cq), 131.7 (CH), 130.2 (CH), 129.5 (CH), 127.5 (CH), 126.3
(Cq), 126.1 (d, JC–F = 5.25Hz), 125.3 (d, JC–F = 15Hz),
122.4 (Cq), 122.0 (d, J = 18.75Hz), 118.1 (CH), 111.9 (CH),
76.9 (Cspiro), 54.5 (CH-4′), 35.4 (C(CH3)3), 29.5 (C(CH3)3);
MS (ESI+) m/z calcd for C26H21Cl3FN3O: 515 found 516
[M+H]+.

Biology: General Conditions
Cell Culture
HCT116 p53 wild-type (p53+/+) and null (p53−/−) isogenic cell
lines were obtained from GRCF Cell Center and Biorepository
(Johns Hopkins University, School of Medicine, Baltimore, MD,
USA). The GL-261 mouse glioblastoma cell line was kindly
provided by Dr. Dora Brites (University of Lisbon). HCT116
cell lines were grown in McCoy’s medium and GL-261 cells
in Dulbecco’s modified Eagle’s medium (DMEM) (both from
Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Media
were supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 1% penicillin/streptomycin solution (Sigma-Aldrich, St
Louis, MO, USA). Neural stem cells (NSCs) were derived from
14.5-dpc mouse fetal forebrain. This cell line was established
using a method that produces pure cultures of adherent NSCs,
which continuously expand by symmetrical division and are
capable of tripotential differentiation (Pratt et al., 2000; Silva
et al., 2006). NSCs were grown in monolayer and routinely
maintained in undifferentiation medium, Euromed-N medium
(EuroClone S.p.A., Pavia, Italy), supplemented with 1% N-2
supplement (Gibco), 20 ng/mL epidermal growth factor (EGF;
PeproTech EC, London, UK), 20 ng/mL basic fibroblast growth
factor (bFGF; PeproTech EC), and 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific). In differentiating conditions,
NSCs were grown in Euromed-N medium supplemented with
1% B-27, 10 ng/mL bFGF, 1% penicillin/streptomycin solution
(Sigma-Aldrich) and 0.5% N-2. Cell lines were maintained
in a humidified atmosphere of 5% CO2, at 37◦C. HCT-116
and GL-261 cells were seeded in 96-well plates at 10 × 103

cells/well for cell viability assays. Additionally, NSCs were seeded
at 1.8 × 104 cells/well in 96-well plates for cell viability, at
3.0 × 105 cells/well in 6-well plates for flow cytometry, and
at 8.2 × 105 cells/dish in 60-mm dishes for Western blot
analysis.
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Cell Treatment
Compound stock solutions were prepared in sterile dimethyl
sulfoxide (DMSO, Sigma-Aldrich). After seeding, cells were
allowed to adhere for 24 h before exposure to test compounds,
which were diluted in culture medium at the indicated
concentration and time point. All experiments were performed
in parallel with DMSO vehicle control. The final DMSO
concentration did not exceed 0.8% (v/v).

Cell Viability
Cell viability was assessed 72 h after compound incubation
in HCT116 cells and 24 and 48 h after compound incubation
in NSCs and GL-261 cells using the CellTiter96 R© AQueous
Non-Radioactive Cell Proliferation Assay (Promega
Corporation, Madison, WI, USA), according to the
manufacturer’s instructions. This colorimetric assay is based
on the bio-reduction of 3-(4,5-dimethylthiazo-2- yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
inner salt (MTS) to water-soluble formazan by dehydrogenase
enzymes found within metabolically active cells. The amount
of formazan can then be measured through readings at 490 nm
absorbance, correlating with the number of living cells in culture.
Changes in absorbance were assessed using a GloMax R© Multi
Detection System (Sunnyvale, CA, USA).

Total Protein Extraction and Quantification
NCSs and GL-261 cells were exposed to compound 1a at 12.5
and 25µM, or vehicle control (DMSO), for 24 and 48 h. After
that, adherent cells were collected, centrifuged, and the pellet
resuspended in lysis buffer (1% NP-40, 20mM Tris-HCl pH 7.4,
150mM NaCl, 5mM EDTA, 10% Glycerol, 1mM dithiothreitol
(DTT), and 1X proteases and phosphatases inhibitors) for
total protein extraction. Finally, cell lysates were sonicated
and centrifuged at 3,200 g for 10min at 4◦C. Total protein
extracts contained in the supernatants were recovered and stored
at−80◦C.

Protein concentration was determined by the colorimetric
Bradford method using the Bio-Rad Protein Assay reagent
(Bio-Rad), according to the manufacturer’s instructions. Bovine
serum albumine (BSA) (Sigma-Aldrich) was used as standard,
and absorbance measurements were performed at 595 nm using
GloMax-Multi+ Detection System (Promega).

Western Blot and Immunocytochemistry Analysis
Steady-state levels of p53, SOX2, and βIII-tubulin proteins were
determined by Western blot analysis. Briefly, 50 µg of total
protein extracts were separated on 12% (w/v) sodium dodecyl
sulfate (SDS)- polyacrylamide gel electrophoresis (PAGE) and
transferred onto nitrocellulose membranes using the Trans-
blot Turbo Transfer System (BioRad). Uniform protein loading
and transfer was confirmed by transient staining with 0.2%
Ponceau S (Merck, Darmstadt, Germany). Membranes were
blocked with 5% milk solution in Tris-buffered saline (TBS)
for 1 h and incubated overnight at 4◦C with primary mouse
antibody reactive to p53 (Santa Cruz Biotechnology, sc-99,
1:200) or primary rabbit antibodies reactive to SOX2 (Merck,
AB5603, 1:500) and βIII-tubulin (Biolegend, 801201, 1:500).

After washing three times with TBS containing 0.2% Tween
20 (TBS-T), membranes were incubated with anti-rabbit or
anti-mouse secondary antibodies conjugated with horseradish
peroxidase (Bio-Rad; 1:5,000) for 2 h at room temperature.
Finally, membranes were rinsed three times with TBS-T and
the immunoreactive complexes detected by chemiluminescence
using Immobilon Western Chemiluminescent HRP Substracte
(MerckMillipore) or SuperSignalWest Femto substrate (Thermo
Fisher Scientific, Inc.) in a ChemiDoc MP System (Bio-Rad).
Densitometric analysis of images was performed with the Image
Lab software Version 6 Beta (Bio-Rad). Immunocytochemistry
was performed to visualize intracellular levels of SOX2 and βIII-
tubulin. NSCs were fixed with paraformaldehyde (4%, w/v) in
PBS and then blocked for 1 h at room temperature in PBS
containing 0.1% TritonTM X-100 (Roche Diagnostics, Mannheim,
Germany), 1% FBS, and 10% normal donkey serum (Jackson
ImmunoResearch Laboratories, Inc.). Subsequently, cells were
incubated with primary mouse monoclonal antibodies reactive
to βIII-tubulin (BioLegend R©, MMS-435P) or SOX2 (R&D
Systems R©, MAB2018), at dilutions 1:500 and 1:100, respectively,
in blocking solution, overnight at 4◦C. After two washes,
cells were incubated with anti-mouse secondary antibodies
conjugated to Alexa Fluor R© 568 (Molecular Probes R©, Thermo
Fisher Scientific, Inc.) for βIII-tubulin detection, or to DyLight R©

488 (Molecular Probes R©, Thermo Fisher Scientific, Inc.) for
SOX2 detection, diluted 1:200 for 2 h at room temperature.
Nuclei were stained with Hoechst 33258 (Sigma-Aldrich) at
50µg/mL in PBS, for 5min at room temperature. Samples
were mounted using ProLong R© Diamond Antifade Mountant
(Molecular Probes R©, Thermo Fisher Scientific, Inc.) and
visualized with a Zeiss Axio Scope.A1 fluorescence microscope
(Carl Zeiss Microscopy GmbH), equipped with an AxioCam
HRm (Carl Zeiss Microscopy GmbH).

Cell Cycle Analysis
Cell cycle progression was evaluated using a standard staining
procedure with propidium iodide (PI) (Fluka, Sigma-Aldrich)
followed by flow cytometry. NSCs in differentiating conditions
were treated with compound 1a (12.5µM) for the indicated time
points. Next, cells were detached with accutase and collected
by centrifugation at 800 g for 5min, at 4◦C. Cell pellets were
resuspended in ice-cold PBS and fixed under gentle vortexing by
dropwise addition of an equal volume of ice-cold 80% ethanol
(−20◦C), followed by 30min on ice. Subsequently, samples
were stored at 4◦C for at least 18 h until data acquisition. For
cell cycle analysis, cells were centrifuged at 850 g for 5min, at
4◦C, and pellets resuspended in RNase A (50µg/mL, in PBS)
and PI (25µg/mL) and further incubated for 30min, at 37◦C.
Acquisition of at least 10000 events per sample was performed
using the Guava easyCyteTM Flow Cytometer (MerckMillipore).
Data analysis was performed using Mod Fit LT 4.1 software
(Verity Software House, Inc., Topsham, ME, USA).

Self-Renewal Assay
Self-renewal was measured through the cell-pair assay. Briefly,
NSCs were plated in uncoated tissue culture plastic 12-well
plates, at a density of 6,400 cells/cm2. After seeding, NSCs
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were grown in 1/2 EGF/bFGF containing medium supplemented
or not (control) with low doses of 1a (2.5µM) for 24 h to
avoid massive cell death under this cell density. Cells were
then fixed in paraformaldehyde (4%, w/v) in PBS for 30min at
4◦C and then processed for immunocytochemistry against Sox2.
In fact, Sox2, a transcription factor essential for maintaining
self-renewal and pluripotency, tends to become cytoplasmic
or disappear in dividing cells that start to differentiate
(Graham et al., 2003; Thiel, 2013). In this regard, Sox2 pairs
resulting from the division of a single stem/progenitor cell in
undifferentiation conditions were categorized in the following
groups: Sox2+/+; Sox2+/−; and Sox2−/−, which represent
symmetrical division (self-renewal), asymmetrical division, and
symmetrical division (differentiation), respectively. The number
of progenitor pairs undergoing proliferative or differentiative cell
divisions was determined by counting 60 pairs of cells, in control
conditions or with 1a, of at least three different experiments
(Shen et al., 2002; Xapelli et al., 2013).

Statistical Analysis
Student 2-tailed unpaired t-test was used to compare differences
between two groups. p < 0.05 was considered statistically
significant. Analysis and graphical presentation were performed
with the GraphPad Prism Software version 5 (GraphPad
Software, Inc., San Diego, CA, USA). Results are presented
as mean ± standard error the mean (SEM) of at least three
independent experiments.

RESULTS AND DISCUSSION

Synthesis of Spiropyrazoline Oxindoles
To develop the chemical library (Figure 1) we focused our
attention on structural modifications around the pyrazoline ring.
In the oxindole ring we maintained fluor and chlorine atoms
at positions 5 and 6, respectively, as the presence of these
substituents in other spirooxindoles has led to potent MDM2
inhibitors (Wang et al., 2014; Bill et al., 2016; Ribeiro et al.,
2017). In the pyrazoline ring we introduced different aromatic
groups and the alkylic group t-butyl to mimic p53Leu23 and
p53Phe19.

As shown in Scheme 1, spiropyrazoline oxindoles 1a–r
were synthesized by 1,3-dipolar cycloaddition reaction of
3-methylene indoline-2-ones 2a–j and nitrile imines (formed
in situ by dehydrohalogenation of hydrazonoyl chlorides
3a–c), as previously reported (Monteiro et al., 2014). 3-
Methylene indoline-2-ones 2a–j were easily synthesized
by aldolic condensation of indolin-2-ones with different
commercially available benzaldehydes. The hydrazonoyl
chlorides 3a–c were synthesized by reacting the appropriate
hydrazones with triphenylphosphine and carbon tetrachloride.
The structure of all target compounds was confirmed by
nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry. The spiro and C-4′ carbon signals appear
between 76.2–77.5 and 53.3–62.6 ppm, respectively. Moreover,
the H-4′ signal appears between 4.39 and 5.67 ppm, in
line with reported data (Wang et al., 2013; Nunes et al.,
2017).

FIGURE 1 | Structural modifications introduced in the spiropyrazoline oxindole

scaffold.

Screening in Human Colorectal Carcinoma
Cell Lines With and Without P53
To evaluate cytotoxicity and p53 selectivity of the
synthesized compounds, spiropyrazoline oxindoles 1a–
r were screened using the isogenic pair of HCT116
human colorectal carcinoma cell lines differing only in the
presence or absence of the p53 gene. We were particularly
interested in evaluating if these compounds could have
a p53-driven effect without eliciting high levels of cell
death.

We started our study by synthesizing and evaluating
spiropyrazolines oxindoles containing fluor and chlorine atoms
at positions 5 and 6, respectively, of the oxindole moiety, because
previous studies had shown that these substituents increase the
anti-proliferative activity against HCT116 colon cancer cell lines
(Nunes et al., 2017). In substituent R3, we studied the effect
of replacing an aromatic group by an alkyl group to better
mimic the p53Leu23. Moreover, we decided to study the anti-
proliferative effect of introducing halogens in different positions
of the aromatic rings (substituents R2 and R4). Finally, two
spiropyrazolines oxindoles without a fluor substituent in the
oxindole core were synthesized to determine the effect of the fluor
atom on compound activity (Aguilar et al., 2017).

As depicted in Figure 2, with exception of compounds 1b, 1c,
and 1p that did not alter cell viability, all the other compounds
decreased cell viability in both cell lines when compared to
DMSO controls. The results show that compounds 1g, 1h, 1l, 1m,
and 1r induced the highest decrease in cell viability, indicating
high anti-proliferative activity, while compounds 1a, 1d, 1f, 1h,
1k, 1l, and 1o were the most selective compounds for the cancer
cells expressing wild-type p53. In contrast with spiropyrazolines
oxindoles 1f, 1h, 1k, 1l, and 1o that only showed selectivity
for HCT116 cells expressing p53 at 12.5µM concentration,
spiropyrazolines oxindoles 1a and 1d showed selectivity at both
12.5 and 25µM (data not shown).

Cell Viability and Differentiation in Mouse
NSCs
To explore the effect of spiropyrazoline oxindoles on neural
differentiation potential, we selected the spiropyrazoline oxindole
1a. This compound presented a moderate antiproliferative
activity in the HCT116 p53(+/+) colon cancer cell line (IC50

of 25µM; data not shown). Further, compound 1a was shown
to be 1.5-fold more potent for HCT116 p53(+/+) over HCT116
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SCHEME 1 | Synthesis of spiropyrazoline oxindoles 1a–r: Reagents and conditions: (a) Et3N, CH2Cl2, rt, 16–24 h.

p53 (−/−) cells. These two characteristics were indeed crucial
for the choice of this compound since our main goal was
to induce p53-mediated NSC differentiation rather than cell
death. We began by determining the effect of 1a in NSC
viability by evaluating MTS metabolism in mouse NSCs at 24 h
under self-renewing or differentiation conditions (Figure 3A).
Adult NSCs are classified as self-renewing multipotent cells
due to their capacity to differentiate in neurons, astrocytes and
oligodendrocytes (Gage and Temple, 2013). In fact, it has been
suggested that NSCs could be the cell of origin of primary
brain tumors; however, through differentiation, they may also
hold the key to brain tumor treatment (Germano et al., 2010;
Zong et al., 2012). Here, we used an adherent model of NSCs
which continuously expand by symmetrical division and are
capable of tripotential differentiation (Pratt et al., 2000; Silva
et al., 2006). In fact, this model is a more advantageous model
relatively to neurospheres, with homogeneous composition and
high neurogenic potential.

Our results showed that, under both self-renewing and
differentiation conditions, NSC viability was not significantly
affected by 24 h of 1a treatment at either 12.5 or 25µM
concentrations (Figure 3A). We next investigated whether 1a

induced elevated levels of p53 even in the absence of significant
NSC death. For that, p53 total levels were evaluated in 1a-
treated NSCs by Western blot. In fact, after 24 h of treatment,
p53 steady-state levels significantly increased in NSCs, when
compared with untreated NSCs (Figure 3B), confirming that 1a
induced p53 stabilization. The increase of p53 stability by 1a was
corroborated by exposing NSCs to compound 1a or vehicle with
100µg/ml cycloheximide for a maximum of 60 min. Indeed, in
this experiment we also observed increased levels of p53 in cells
treated with 1a when compared with control cells treated with
DMSO (Supplementary Datasheet 2, Figure R1). Although NSC
death was not observed, it remained unclear whether 1a-induced
p53 was associated with neural differentiation.

To better understand the impact of compound 1a in
modulating differentiation of NSCs, we evaluated the steady-
state levels of proteins Sox2 and βIII-tubulin upon exposure to
1a (Figure 4). Sox2 is a transcription factor that plays a key
role in the self-renewal process of stem cells, being considered
a hall-mark of pluripotency, or multipotency in the case of
NSCs. In contrast, βIII-tubulin is a well-known marker of neural
differentiation, found almost exclusively in neuron microtubules.
Therefore, while Sox2 levels are expected to gradually decrease
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FIGURE 2 | Spiropyrazolines oxindoles screen in HCT116 human colorectal

carcinoma cells. HCT116 p53(+/+) and HCT116 p53(−/−) cells were exposed

to spiropyrazoline oxindoles 1a–r or vehicle (DMSO) at 12.5µM for 72 h. Cell

metabolism was evaluated by MTS assay. Results are expressed as mean ±

SEM fold-change to vehicle treated cells from one experiment performed in

duplicates. Dashed line represents vehicle control results.

throughout NSC differentiation, βIII-tubulin is expected to
increase.

Our results showed that 24 h of 1a incubation induced a
significant decrease in Sox2. Further, a significant increase of
60% was detected for the neuronal specific marker βIII-tubulin
in differentiating NSCs, as assessed by Western blot (Figure 4A).
Importantly, immunocytochemistry was in agreement with
immunoblotting results (Figure 4B). Since p53 has been shown
to repress the transcription of the cell surface protein CD133
(Park et al., 2015), the best-characterized stemness marker in
distinct solid tumors, we also assessed the effect of 1a on this
specific p53 target molecule. Notably, our results revealed that 1a
treatment diminished the expression of CD133 marker in NSCs
(Figure 4C). Since this stemness marker has been correlated with
CSC tumor-initiating capacity (Curley et al., 2009), this data also
suggests that this novel spiropyrazoline oxindole may impact on
self-renewal potential.

To go deeper into the mechanisms by which this p53-
stabilizing molecule impacts on NSCs differentiation status, we
evaluated cell cycle progression of NSCs after compound 1a

treatment. Curiously, flow cytometry analysis of NSC DNA
content indicated that this spiropyrazoline oxindole did not
affect cell cycle progression. In fact, 24 h of compound 1a

did not induce significant alterations in G1, S, and G2 phases
in either self-renewing and differentiating NSCs (Figure 5A).
Similar results were obtained after 4, 8, and 48 h of 1a treatment
(data not shown).

To further understand the mechanism of 1a-induced neural
differentiation, and taking into consideration of the 1a-induced
effects on CD133 expression, we used the in vitro self-
renewal cell-pair assay to assess how multipotent and non-
multipotent cells divide in the presence or absence of 1a.
The cell-pair assay was performed by culturing NSCs in low
density and low percentage of growth factors, and evaluating
the expression of the multipotent marker Sox2 in mitotic cell

FIGURE 3 | Spiropyrazoline oxindole 1a does not induce significant toxicity

but stabilizes p53 protein in NSCs. Mouse NSCs were treated with 5, 12.5, or

25µM of compound 1a or DMSO (control) for 24 h and collected for viability

and Western blot assays as described in Experimental. (A) Cell viability as

analyzed by MTS metabolism in self-renewing or differentiating NSCs after 1a

treatment (B) Representative immunoblots (top) and corresponding

densitometry analysis (bottom) showing increased p53 protein levels in

differentiating NSCs after 1a treatment. Ponceau staining was used as loading

control. Data represent mean ± SEM fold-change to control of at least three

independent experiments. *p < 0.05 from respective control by Student’s

t-test.

pairs by immunocytochemistry. Mitotic cell pairs, resulting
from the division of a single stem/progenitor cell, were then
counted and categorized in three groups according to their
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FIGURE 4 | Spiropyrazoline oxindole 1a decreases stemness and increases differentiation of NSCs. Mouse NSCs were grown in differentiation medium, incubated

with 12.5 or 25µM 1a or DMSO (control) for 24 h and collected for Western blot and immunocytochemistry as described in Experimental. (A) Representative

immunoblots (top) and corresponding densitometry analysis (bottom) showing decreased Sox2 (left) and increased βIII-tubulin (right) protein levels after 1a treatment.

Ponceau staining was used as loading control. Data represent mean ± SEM of at least three independent experiments. *p < 0.05 and **p < 0.005 from respective

control by Student’s t-test. (B) Representative images of immunofluorescence detection of Sox2 (left) and βIII-tubulin (right) after 24 h of 1a treatment at 12.5µM.

Nuclei were stained with Hoechst 33258. Scale bar, 25µm. (C) Flow cytometry histograms showing surface marker expression of stemness-associated CD133, after

treatment with vehicle (gray) or 1a at 12.5µM (red) for 24 h, and respective quantification of CD133-positive cells mean fluorescence intensity.

Sox2 nuclear localization: in both daughter cells (Sox2+/+), in
only one daughter cell (Sox2+/−), in none of them (Sox2−/−).
In fact, it has been described that subcellular localization of
Sox2 can be either cytoplasmic or nuclear, depending on the
differentiation levels (Avilion et al., 2003; Baltus et al., 2009);
when cells differentiate, SOX2 becomes cytoplasmic or is lost
altogether. Interestingly, lower levels of nuclear Sox2+/Sox2+

symmetrical divisions were detected after 24 h of 1a incubation,
when compared with control cells (Figures 5B,C). Accordingly,
Sox2+/Sox2− asymmetric and Sox2−/Sox2− symmetric divisions
happened more frequently in 1a-treated NSCs. In addition, to
corroborate the involvement of p53 in 1a-repressed symmetric
divisions, we assessed cell-pair assay in HCT116 p53(+/+) and
HCT116 p53(−/−) cell lines after 1a treatment. Our results
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FIGURE 5 | Spiropyrazoline oxindole 1a decreases NSC self-renewal through

a cell cycle independent manner. Mouse NSCs were treated with compound

1a at 12.5µM or DMSO (control) for 24 h and collected for flow cytometry and

cell-pair assays as described in Experimental. (A) Effect of compound 1a on

cell cycle progression. Cellular DNA was stained with propidium iodide (PI) in

differentiation conditions to determine cell cycle distribution. (B) Representative

quantification data of paired cells Sox2-positive and -negative, in low

EGF/bFGF containing medium after 1a treatment. (C) Representative

microscopy images of undifferentiated NSC pairs labeled with Hoechst 33258

for nuclei staining and anti-Sox2 antibody after 1a treatment. Scale bar,

25µm. Results are expressed as mean ± SEM fold-change for at least three

different experiments. *p < 0.05 from control by Student’s t-test.

showed that 24 h of 1a significantly reduced symmetric stem cell
divisions in HCT116 p53(+/+), but the effect of 1a was completely
abolished in HCT116 p53(−/−) (Supplementary Datasheet 2,

Figure R2). Taken together, this data indicates that this p53
stabilizer molecule regulates the neural differentiation process
by targeting p53 and interfering with the balance between
symmetric and asymmetric divisions of NSCs through a cell
cycle-independent mechanism. Of note, the asymmetric cell
division cycle has been shown to be orchestrated by a complex
gene-protein regulatory network, often independent of the cell-
cycle progression mode (Okamoto et al., 2016).

Differentiation and Chemotherapy
Sensitization of Glioma Cells
To clarify the potential of spiropyrazoline oxindole 1a in
regulating tumor neural cell fate, we evaluated the effect of
1a incubation in the GL-261 mouse glioblastoma cell line. As
depicted in Figure 6A, exposure of GL-261 cells to 1a for 24 h
marginally changed cell survival, indicating no significant toxic
effects. Therefore, based on the available literature regarding
the relevance of differentiation status in tumor chemotherapy
sensitization, and the unique neurogenic properties of 1a here
described, we hypothesized that 1a could also interfere with
glioma cell differentiation. Indeed, Western blot analysis showed
that treatment with 25µM of 1a for 24 h significantly decreased
Sox2 protein levels by ∼40% (Figure 6B), suggesting that this
stemness-related protein may also be a potential target of 1a in
neural tumor cells. The levels of βIII-tubulin, in turn, were only
slightly increased with a lower dose of 1a.

Finally, and because drug combination is widely used to
achieve treatment efficacy in several types of tumors (Patties et al.,
2016), we evaluated the potential of compound 1a in sensitizing
tumor cells to the conventional chemotherapeutic temozolomide
(TMZ). The main goal is to achieve a synergistic therapeutic
effect accompanied by a decrease of toxicity, and diminished
drug resistance. Of note, TMZ is themost used chemotherapeutic
agent in the treatment of primary tumors of the central nervous
system (Friedman et al., 2000). As shown in Figure 6C, when GL-
261 cells were incubated with a combination of 1a and TMZ, for
24 h, cell viability significantly declined when compared to TMZ
treatment alone.

CONCLUSIONS

The antiproliferative activity of eighteen spiropyrazoline
oxindoles was assessed in the HCT116 human colorectal
carcinoma isogenic pair, with and without p53. From this initial
screening, we selected one compound to study the effect of
the spiropyrazoline oxindole scaffold on the induction of other
p53-mediated outcomes in NSC differentiation. Under both
self-renewing and differentiation conditions, NSC viability was
not significantly affected by this compound. The mechanism
of action of spiropyrazoline oxindoles as inducers of neural
differentiation by a p53-dependent pathway was studied in more
detail. Our results showed that p53 steady-state levels in NSCs
significantly increased after 24 h of 1a treatment, when compared
with untreated conditions. Additionally, this spiropyrazoline
oxindole induced a significant decrease in Sox2 levels and a
significant increase of the neuronal βIII-tubulin marker in
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FIGURE 6 | Spiropyrazoline oxindole 1a reduces stemness of GL-261 mouse glioma cells while sensitizes conventional chemotherapeutic-induced cell death.

GL-261 cells were treated with compound 1a or DMSO (control) for 24 h and collected for MTS and Western blot analysis. (A) Cell viability as analyzed by MTS

metabolism in GL-261 cells treated with 5, 12.5, or 25µM of compound 1a. (B) Representative immunoblots (top) and corresponding densitometry analysis (bottom)

of Sox2 and β-III tubulin protein levels after 24 h of 12.5 or 25µM of 1a treatment. Ponceau staining was used as loading control. (C) Cell viability as analyzed by MTS

metabolism in GL-261 cells co-treated with 1a (12.5µM) and the chemotherapeutic agent TMZ (400µM) for 24 h. Data represent mean ± SEM of at least three

independent experiments. *p < 0.05, **p < 0.005, and ****p < 0.0001 from DMSO; ±p < 0.01 and §p < 0.0001 from TMZ-treated cells; ±±p < 0.0001 from

1a-treated cells by one-way ANOVA followed by Tukey’s multiple comparison test. TMZ, temozolomide.

Frontiers in Chemistry | www.frontiersin.org 12 January 2019 | Volume 7 | Article 1526

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Amaral et al. p53 Stabilizer for Brain Cell Differentiation

differentiating NSCs, while also reducing symmetric renewal
divisions in these cells. Furthermore, to clarify the potential
of spiropyrazoline oxindoles in regulating tumor neural cell
fate, the effect of spiropyrazoline oxindole 1a in cell viability of
the tumoral cell line GL-261 was evaluated. MTS metabolism
revealed that there were almost no changes in human glioma cell
survival at 24 h after 1a incubation, indicating no toxic effect of
this small molecule even in neural tumor cells. In contrast, 1a
treatment negatively regulated the GL-261 stemness potential.
Combined treatment with TMZ led to a decline of cell viability
of the neural tumor cell line when compared with treatment with
TMZ alone. These results strongly support the idea that 1a offers
great potential as a drug development tool in combined therapies
for brain cancer, possibly with less side effects. In conclusion,
we successfully identified novel spiropyrazoline oxindoles that
act as p53 stabilizers, with one redirecting cells toward neural
differentiation rather than cell death. To our knowledge, this is
a unique derivative with the ability to selectively influence p53
and sensitize neural cells for chemotherapy through stimulation
of differentiation.
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Betulinic acid (BA) was demonstrated to be a very promising anticancer agent against

various tumor cell lines such as breast, colon, lung, and brain. Despite its strong

cytotoxic effect, betulinic acid exhibits low water solubility, feature that is reflected

in its poor bioavailability. To overcome these drawbacks, numerous strategies were

conducted to improve its physicochemical and pharmacokinetic profile, among which

cocrystalization emerged as a promising approach. Thus, our work consisted in

obtaining slowly grown cocrystals of BA and ascorbic acid (BA+VitC) in isopropyl

alcohol obtained in a hydrothermal experiment. The newly formed cocrystals were

characterized by physico-chemical methods such asSEM, DSC, XRPD, and FT-IR

spectroscopy demonstrating BA+VitC cocrystal formation while their antioxidant activity

revealed an additive antioxidant effect. To investigate the biological effect, BA+VitC

cocrystals were tested on HaCat (immortalized human keratinocytes), B164A5 and

B16F0 (murine melanoma), MCF7 and MDA-MB-231 (human breast cancer), and HeLa

(cervical cancer) cell lines. Results of BA upon the tested tumor cell lines, after co-

crystallization with vitamin C, indicated a superior cytotoxic effect with the preservation

of a good selectivity index assumably due to an improved BA water solubility and

consequently an optimized bioavailability.

Keywords: cocrystal, betulinic acid, vitamin C, antioxidant activity, antiproliferative activity

INTRODUCTION

The field of pharmaceutical formulations is similar to a living organism, constantly changing,
and adapting to new therapeutic needs. Numerous newly reported active chemical compounds
exhibit low water solubility and dissolution rate which may correlate to poor bioavailability,
especially via oral administration (Gadade et al., 2016). Among the current options to mitigate
these flaws (Prasad et al., 2012), crystal engineering provides several possibilities to develop
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single- or multi-component alterations of an active compound,
including the synthesis of pharmaceutical cocrystals
(Pathak et al., 2013). Cocrystals are crystalline complexes of
active/neutral compounds that form a unique crystalline lattice
through non-covalent bonds, in particular hydrogen bonds; the
main benefit associated with cocrystallization consists in the
preservation of the intrinsic pharmacological properties of the
active ingredients while the physicochemical profile (i.e., melting
point, solubility, dissolution, etc.) changes (Prasad et al., 2012).
Drug-drug cocrystals represent a promising line of research in
light of the fact that combined therapies are frequently prescribed
for the effective treatment of numerous pathologies (Sekhon,
2012); cocrystals of multiple active compounds might overcome
the drawbacks of conventionally combined drugs.

Betulinic acid [BA, 3β-hydroxy-20(19)-lupan-28-oic acid] is
a pentacyclictriterpene of lupan skeleton with a wide range of
pharmacological activities such as: anti-inflammatory, antitumor
(Faujan et al., 2009), anti-angiogenic (Mukherjee et al., 2004),
anti-viral (Baltina et al., 2003), and antiplasmodial (Ziegler
et al., 2004); its first anticancer effect against melanoma was
reported by Pisha et al. (1995). The antitumor activity of
betulinic acid is currently known to be selectively exerted on
numerous tumor cell lines (breast, colon, lung, brain) mainly by
apoptosis induction (Fulda and Kroemer, 2009). The favorable
therapeutic index suggests betulinic acid as promising antitumor
agent (Pisha et al., 1995). It also possesses significant antioxidant
properties as revealed by Peng et al. (2015).

Betulinic acid is characterized by high hydrophobicity
and limited aqueous solubility leading to poor bioavailability;
therefore, it qualifies as candidate for cocrystallization in order
to achieve superior pharmacokinetic properties.

Ascorbic acid, vitamin C, (2R)-2-[(1S)-1,2-dihydroxyethyl]-
3,4-dihydroxy-2H-furan-5-one (VitC), is a natural highlywater-
soluble vitamin which acts as a potent reducing and antioxidant
agent; its biomedical uses reside in fighting bacterial infections,
in detoxifying reactions, and in the formation of collagen
in fibrous tissue, teeth, bones, connective tissue, skin, and
capillaries. VitC was previously used as cocrystal former for
several nutraceuticals in a patent issued in 2008 for the
purpose of providing improved properties, in particular as
oral formulations (Zaworotko et al., 2008). It also acted
as cocrystal former for several zwitterion structures (i.e.,
sarcosine, nicotinic acid, betaine) leading to cocrystals that
exhibit carboxylate-hydroxyl supramolecular heterosynthons
(based on intermolecular hydrogen bonds) (Kavuru et al., 2010).

Up until recently, a significant number of computational
methods that can predict new cocrystal formation from various
structures have been developed. Such an approach consists in
the determination of molecular electrostatic potential surfaces
(MEPS) for molecular complementarity assessment, as well as
the assessment of potential cocrystal formation based on an
electrostatic model described by intramolecular interactions as a
set of specific contact interaction points (SSIPs) on the molecular
surfaces (Karagianni and Malamatari, 2018).

A synergistic antioxidant effect of betulinic acid and ascorbic
acid mixture was described by Adesanwo et al. (2013) who
suggested the ascorbic acid-mediated chain-breaking electron

transfer to DPPH (2,2-diphenyl-1-picrylhydrazyl) followed by
ascorbic acid regeneration due to proton transfer from betulinic
acid, thus leading to a resonance stabilized betulinic acid
radical (Adesanwo et al., 2013).

This paper is the first approach to obtain and characterize
slowly grown cocrystals of betulinic acid and ascorbic acid,
using as solvent isopropyl alcohol. Given the already reported
significant antioxidant activity of both compounds and that a
Cambridge data base search was made and the a BA+VitC
cocrystal has yet to be reported, we also aimed to assess the
synergistic/additive result of cocrystallization in terms of this
particular biological effect. To the best of our knowledge, no
previous studies of betulinic acid cocrystals were reported. In
addition, the biological in vitro activity of the cocrystals was
tested on both normal and cancer cell lines.

MATERIALS AND METHODS

Materials
Betulinic acid (99%), L-ascorbic acid (99.7–100.5%), 2,2-
diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma-
Aldrich, Germany; isopropyl alcohol and ethanol 96% (v/v) from
Chemical Company SA, Iasi, Romania. All substances were used
without further purification.

Gas Phase ab initio DFT Calculations for
BA-VitC Cocrystal Formation
This method is based on the calculation of gas phase MEP
for the proposed structures, followed by the conversion of
local MEP maxima and minima into SSIPs, α and β, that
describe the potential H-bond interaction sites (Musumeci et al.,
2011; Grecu et al., 2013). Structure geometry optimization
and DFT calculations were employed by using the GAMESS
software while MEPS were generated using MacMolPlt and
Avogadro. Geometry optimization and MEP for both structures
were achieved by ab initio gas phase DFT calculations, at
the B3LYP 6-31G(d) level of theory. Local MEP maxima and
minima were converted in SSIPs using the following equations
(Equations 1, 2) (Musumeci et al., 2011);

α =0.0000162MEP2max+0.00962MEPmax (1)

β =0.000146MEP2min−0.00930MEPmin, (2)

where:
MEPmaxand MEPmin represent local maxima and minima

(energy values were given in Hartrees)
Calculated SSIPs were paired for the pure structures and the

cocrystal as follows: the highest α values interact with the highest
β values, the second highest α value interact with the second
highest β and so on. After α/β pairing, the total interaction
site energy for the pure solids and cocrystal was estimated
using Equation (3) (Musumeci et al., 2011). Energy values were
converted from Hartrees into kJ/mol.

E = −

∑

ij

αiβj (3)
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The calculated energy difference between the interaction site
pairing energies of the cocrystal and the two pure forms
(Equation 4) provides a probability measure for a cocrystal
formation (1:1) based on the assumption that within the cocrystal
more favorable interactions will be formed.

1E = Eccry − xEa − yEb (4)

where:
Eccry is the calculated interaction energy of the cocrystal,
Ea and Eb are the calculated interaction energies for the pure

structures, and
x,y represent the molar ratio of the two structures within

the cocrystal.

Synthesis of BA+VitC Cocrystals From
Isopropyl Alcohol
30.3mg BA (MW 456.71 g/mole) and 11.7mg VitC (MW
176.12 g/mole) were solubilized in 1:1 molar ratio using 4ml
isopropyl alcohol. The mixture was heated at 55◦C and then
allowed to cool slowly at room temperature, protected from
light. The formation of the first crystals was recorded after
10 days.

Scanning Electron Microscopy (SEM)
The morphology of the sample was investigated by SEM–
scanning electron microscopy (Hitachi S4700, Hitachi Scientific
Ltd., Tokyo, Japan) at 10 kV. The samples were gold-palladium
coated (90 s) with a sputter coater (Bio-Rad SC 502, VG
Microtech, Uckfield, UK) using an electric potential of 2.0 kV at
10mA for 10min. The air pressure was 1.3–13.0 mPa.

Differential Scanning Calorimetry (DSC)
The thermal response of each product was measured using a
differential scanning calorimeter (Mettler Toledo TG 821e DSC
Mettler Inc., Schwerzenbach, Switzerland). About 3–5mg of
powder was precisely weighed into DSC sample pans which were
hermetically sealed and lid pierced. Samples were measured in
the temperature range of 25–350◦C at a heating rate of 10◦C/min
under constant argon flow of 150 ml/min. Data analysis was
performed using the STARe software.

X-Ray Powder Diffraction (XRPD)
The XRPD measurement was carried out with a BRUKER D8
Advance X-ray powder diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) with Cu K λI radiation (λ = 1.5406 Å)
and a VÅNTEC-1 detector. The powder samples were loaded in
contact with a plane quartz glass sample slide with an etched
square, and measured. Samples were scanned at 40 kV and
40mA. The angular range was 3–40◦ 2θ, at a step time of 0.1 s and
a step size of 0.007◦. All manipulations, including Kα2-stripping,
background removal, and smoothing of the area under the peaks
of the diffractograms were performed using the DIFFRACTPLUS
EVA software.

Rietveld analysis on the obtained X-ray diffraction pattern,
was carried out using the MAUD software. The refinement
was carried out using available structural crystallographic
information of the two constitutive phases, namely BA and VitC.

Fourier-Transform Infra-Red Spectroscopy
(FTIR)
FTIR spectra were recorded on a JASCO 670+ instrument
after KBr pelleting. The data were collected in 4,000–400 cm−1

spectral range. Spectra were built up after a number of 24
acquisitions for each spectrum, with a resolution of 2 cm−1.

Antioxidant Activity Assay
An amount of cocrystal material was dissolved in 1ml
isopropanol in order to obtain a final concentration of 1.04
mg/ml. The antioxidant activity (AOA) was evaluated by DPPH
radical scavenging assay, which was originally described by Blois
(1958). Briefly, 1 mmol·L−1 solution of DPPH was prepared and
stored at 4◦C, in the dark, and was used as a standard antioxidant
stock solution. A reference solution of 0.167 mmol·L−1ascorbic
acid in ethanol 96% (v/v)was also prepared; 0.5mL of the
cocrystal and ascorbic acid solutions, were each added to a 2.5mL
diluted stock solution of DPPH (2mL ethanol 96% (v/v)+ 0.5mL
DPPH 1mM). The mixture was then analyzed using an Uvi Line
9400 Spectrophotometer from SI Analytics at 516 nm for 20min.

Antioxidant activity was calculated using the
following equation:

AOA (%) = 100−
A516 (sample)

A516 (DPPH)

· 100 (5)

where:
AOA= antioxidant activity [%];
A516(sample)= absorbance of the sample measured at 516 nm at

a specific time;
A516(DPPH)= absorbance of the standard solution measured at

516 nm (without sample).

Cell Culture
HaCat (immortalized human keratinocytes), B164A5, and B16F0
(murine melanoma) cells were cultured in specific culture
medium–Dulbecco’s modified Eagle Medium (DMEM) with
high glucose (4.5 g L−1), L-glutamine and sodium bicarbonate,
supplemented with 100U mL−1 penicillin, 100 µg mL−1

streptomycin, and 10% fetal bovine serum (FBS). The number
of cells used in the experiments was determined in the presence
of Trypan blue using a Neubauer counting chamber (Coricovac
et al., 2017). HaCat and B16F0 cells were purchased from ATCC
(American Type Cell Collection) and B164A5 from Sigma-
Aldrich Chemie GmbH (Munich, Germany).

Human breast cancer (MCF-7, MDA-MB-231) and cervical
(HeLa) cell lines were purchased from European Collection of
Cell Cultures (Salisbury, UK). The cells were grown in Eagle’s
Minimum Essential Medium (EMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 1% non-essential
aminoacids, and 1% antibiotic-antimycotic mixture. All media
and supplements were obtained from Lonza Group Ltd. (Basel,
Switzerland). The cells were cultured in a humidified atmosphere
with 5% CO2 at 37◦C and were passaged at every two-three days.

Frontiers in Chemistry | www.frontiersin.org 3 February 2019 | Volume 7 | Article 9231

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Nicolov et al. Betulinic/Ascorbic Acid Cocrystals as Anti-cancer Agents

Determination of Cell Viability
The antiproliferative activities of the tested substances were
determined by standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Mosmann, 1984) and Alamar
blue assays. MTT: briefly, cells were plated into 96-well plates at
a density of 5,000 cells/well and pre-incubated overnight. After
incubation for 72 h with test compounds (BA+VitC cocrystal−3,
10, and 30µM), 20 µl of MTT solution was added and the
plates were incubated for another 4 h. The formed formazan
crystals were dissolved in 100 µl dimethyl sulfoxide and the
absorbance was determined at 545 nm.Wells with untreated cells
were utilized as control.

Alamar blue: The cells (1 × 104/200 µL medium/well) were
seeded in a 96-well plate and allowed to attach. After proper
confluence was reached, cells were incubated with different
concentrations (3, 10, and 30µM) of the BA+VitC cocrystal for
48 and 72 h. After the incubation period, the Alamar blue reagent
was added to each well (20 µL/well). The plates were incubated
for 3 h at 37◦C and the absorbance of each well was measured
using a xMark

TM
Microplate Spectrophotometer (Biorad) at 570

and 600 nm (reference) wavelengths. Cell viability was calculated
according to the formula described in our previous articles
(Soica et al., 2014b).

For both assays, MTT and Alamar Blue, DMSO (dimethyl
sulfoxide) was used as negative control. Even at the highest
concentration tested−30µM, the percentage of DMSO in the
growth medium was 0.03%, percentage that is considered non-
toxic for cells.

RESULTS AND DISCUSSIONS

Cocrystallization emerged as a successful procedure to modulate
the properties of solid active ingredients for the purpose of
improving drug delivery as well as drug manufacture; cocrystals
not only provide optimized physicochemical (i.e., solubility,
stability) and mechanical properties of the active drugs but
they also offer the possibility of combined therapies that come
along with intellectual property opportunities (Sun, 2012). In
addition, multidrug cocrystals may exhibit synergistic or additive
pharmacological effects. The design of possible cocrystals
involves the evaluation of potential non-covalent and non-
ionic intermolecular interactions between two or several active
ingredients; in general, cocrystal formers bear functional groups
that have the ability to form hydrogen bonds (Du et al., 2016).

Betulinic acid was identified as a very promising anticancer
agent and included in the Rapid Access to Intervention
Development (RAID) NCI program; however, its low water
solubility and permeability cause a poor bioavailability which,
despite its oral activity, imposes the necessity of large oral
doses (Godugu et al., 2014). BA solubility and permeability
properties may assimilate it as a BCS class IV compound
which generally does not reach market development (Chavda
et al., 2010). Previous studies reported various attempts to solve
BA physicochemical and pharmacokinetic drawbacks through
specific formulations: (1) cyclodextrin complexation (Soica et al.,
2014a), (2) nanoemulsion (Dehelean et al., 2013), (3) liposomes

(Mullauer et al., 2011), carbon nanotubes (Tan et al., 2014), (4)
polymer micelles (Das et al., 2016), or conjugates (Lomkova
et al., 2016). However, such formulations can be problematic
in terms of large scale production as well as storage (Sanphui
et al., 2015); therefore, crystal engineering might offer a superior
formulation alternative.

In designing potential cocrystals, a key point is the possibility
of intermolecular interactions between components, in particular
hydrogen bonds, that may trigger the molecular assembly and
determine the supramolecular architecture (Venugopalaiah et al.,
2016). The formation of a cocrystal depends upon the existence of
a coformer that dramatically influences the cocrystal properties,
mainly solubility, and dissolution (Tomaszewska et al., 2013).
To date, the selection of a suitable coformer is based on several
predictive criteria (Schultheiss and Newman, 2009); however, the
formation of a real cocrystal can be validated only through valid
experimental procedures. The most frequently used coformers
are compounds bearing functional groups such as carboxyle,
amide, hydroxyle, or amino groups (Jain et al., 2015). We assume
that this new compound BA+VitC in isopropanol monosolvate
can be linked together by the carboxylic bond.

Vitamin C was previously involved as coformer in
the formation of cocrystals (Kovac-Besović et al., 2009;
Meepripruk et al., 2016); moreover, its antioxidant activity could
synergistically combine with the intrinsic antioxidant effect
of BA thus leading to a more soluble and higher biologically
active cocrystal. Another key element in cocrystallization is the
selection of solvents which depends on the solubility of both
drug and coformer and strongly influences the stoichiometry of
the resulting cocrystal (Leyssens et al., 2014).

Gas Phase ab initio DFT Calculations for
BA-VitC Cocrystal Formation
Calculated site pairing energy values for the pure forms of the
two structures and the expected cocrystal (1:1 ratio) are depicted
in Table 1. The obtained 1E value (−1.79 kJ/mol) suggests
that in the new cocrystal more favorable interactions may be
formed. Other previously reported 1E values for confirmed
1:1 ratio cocrystals, such as: caffeine:acetic acid (1E=−1),
caffeine:adipic acid (1E = −3), caffeine:sulfacetamide
(1E=−2), caffeine:sulfaproxyline (1E = −1) (Musumeci
et al., 2011), fall in the same range as our reported value. We can
therefore conclude that a BA-VitC 1:1 ratio cocrystal was formed
as a result of our crystallization process.

TABLE 1 | Calculated site pairing energy values for the pure forms of the two

structures and the expected cocrystal (1:1 ratio).

Compound Calculated site pairing energy

–αiβj (kj/mol)

Calculated 1E

(kj/mol)

VitC −22.76

BA −20.71 −1.79

VitC+BA proposed

cocrystal (1:1)

−45.26
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FIGURE 1 | SEM images of BA+VitC cocrystals (A), pure BA (B), pure VitC (C).

Scanning Electron Microscopy (SEM)
Analysis
SEM images of pure BA, pure VitC, and of their 1:1
cocrystal resulted from isopropanol solution are depicted in
Figure 1. The scanning electron microscopy images show
morphological differences between the pure ingredients and their
cocrystallization product, thus indicating the formation of a new
compound, formed through layer by layer deposition.

X-Ray Powder Diffraction Pattern
In order to provide an exhaustive structural characterization
at atomic level, a single crystal structure would be needed;
however, this single crystal might not be representative for the
polycrystalline product used as source. Moreover, single crystal
analysis requires a large enough and flawless crystal which is
difficult to achieve. In light of these facts, the more readily
available X-ray powder diffraction pattern (XRPD) is generally
used to assess a powder crystalline material in terms of crystal
structure, chemical composition, and physical properties.

The XRPD spectra forBA, VitC, and 1:1 BA+VitC cocrystal,
respectively, are presented in Figure 2. The BA+VitC profile
exhibits significant differences as compared to the ones recorded
for the pure compounds, thus suggesting the formation of
the cocrystal; in case of a simple physical mixture, the XRPD
spectrum of the sample would be the sum of the diffraction peaks
recorded for the pure compounds (BA and VitC) lacking any new
diffraction pattern.

The new formed peaks of the BA+VitC cocrystals are present
at 2θ, the most intense peaks are depicted at the following values:
5.04/8.82/8.94/9.86.The XRPD of the pure compounds revealed
the existence of crystal lattices; in the cocrystal diffractogram,
the peaks of starting materials are absent thus indicating
the formation of a new crystalline phase and supporting the
formation of an actual cocrystal.

Rietveld refinement of experimental XRPD pattern
corresponding to the proposed BA+VitC cocrystal is depicted in
Figure 3. The values obtained as a result of quantitative analysis
indicate the following composition, BA weight (%): 64.2742
and VitC weight (%) 35.72522, although calculated analysis
parameters such as the GOF (goodness of fit) = 2.24%, Rwp =

11.24%, and Rexp = 4.65% are slightly above the values that
ascertain a good fit, as indicated by the software developer.
Nevertheless, the refined profile, calculated according to the

corresponding data of the two phases, as seen in Figure 3,
shows a visual overall good fit. The high values of the analysis
parameters, mentioned above and a visual analysis of the refined
profile line, revealing that some peaks are not well-fitted, could
indicate polycrystalline forms (excess crystal forms of the
components) present in the analyzed powder. Taking all of this
in consideration and the fact that there is little crystallographic
structural information regarding the two phases (BA and VitC),
for obtaining a better fit, we can conclude that the formation of
the cocrystal was achieved but proposing a structure for the new
cocrystal is very difficult and it will constitute a research purpose
for future studies.

Differential Scanning Calorimetry (DSC)
Analysis
DSC is a thermal analysis that quantifies the difference between
the heat amounts required to increase the temperature of the
analyzed sample and the reference, respectively, as a function of
temperature or time.

Characteristic and comparable thermograms were recorded
for both pure ingredients BA and VitC and for their cocrystal as
well. The DSC curves for BA, VitC, and BA+VitC cocrystal are
presented in Figure 4.

For BA two small endothermic peaks at 241.23 and 255.56◦C
and a strong endothermic peak at 313.63◦C can be noticed,
corresponding to the melting of the compound accompanied
by decomposition. For VitC a sharp endothermic peak is
present around 192.8◦C, attributed to the melting point of the
compound, followed by a small exothermic peak correlated with
the beginning of chemical degradation. For BA+VitC cocrystal:
3 endothermic peaks appear at 150.85, 173.17, and 186.14◦C,
respectively, followed by an exothermic process that may indicate
the formation of a new structure that starts to decompose at
291.39◦C; the process is finished above 300◦C. The W-shaped
thermogram (Yamashita et al., 2013; Stoler and Warner, 2015)
such as the one obtained for BA+VitC proved to be characteristic
for the cocrystals, different from the V-shaped specific for the
eutectic mixtures.

Fourier-Transform Infra-Red Spectroscopy
(FT-IR) Analysis
The FTIR spectra of the analyzed samples (Figure 5) reveal the
binary adduct formation between the components, by the shifting
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FIGURE 2 | XRPD spectra for BA, VitC, and BA+VitC cocrystal.

FIGURE 3 | Experimental XRPD pattern of proposed BA+VitC cocrystal

compared with Rietveld refined profile (red continuous line).

of bands from the crystal to lower or higher wavenumbers,
outside the range of ±5 cm−1. At high wavenumbers (spectral
range 3,600–2,500 cm−1), the stretching of simple bonds such as
O-H and C-H occurs. The broad band observed in the spectral
range 3,600–3,400 cm−1 reveal the presence of intermolecular
bonds, both in the case of pure BA, as in the case of the
BA+VitC cocrystal. This observation leads to the conclusion that
the formation of cocrystal occurs by hydrogen bonding.

The fingerprint region (spectral range 1,800–400 cm−1)
contains numerous bands, due to the complex mode of vibration

FIGURE 4 | DSC curves forBA, VitC, and BA+VitC.

for both precursors (BA and VitC), as well as for the cocrystal.
The modification of wavenumbers in this region is not easy
to asses and is generally associated with bending and wagging
(Schrader, 2008; Kovac-Besović et al., 2009; Ahmad et al.,
2010; Joshi et al., 2013; Wang et al., 2014; Stoler and Warner,
2015; Zhang et al., 2015; Yang et al., 2016). The experimental
wavenumbers, expressed in cm−1, obtained in this study for
the cocrystal of BA+VitC/VitC/BA present absorption bands at:
748/756/789 that could be assigned to C-C bending vibration;
883/-/884 assigned to = CH2 wagging vibration; 916/821/918
attributed to C-H and C-C bending vibration. The bands located
at 982/869/983, 1010/989/1009, -/1078/1083, 1131/ 1143/ 1106
can be assigned to C-H, C-C and C-O bending vibrations.
At 1235/1222/1239 is the band corresponding to C-H, C-C
and O-H bending vibration. The bending vibration for C-
H2 is located at -/1274/1298 and for C-CH3 is located at
1374/1388/1376. The bending vibration of C-H2 in the ring is
present at 1453/1498/1450. The band present on the spectra
at 1642/-/1643 correspond to C=C stretching vibration. At
1685/1679/1685 is the band that could be assigned to C=O
stretching vibration in the ring. Vitamin C also presents
a band at 1753 that can be attributed to C=O stretching
vibration. C-H stretching vibration is present at 2869 for
BA+VitC and at 2868 for BA. At 2942/2916/2940 is present
the band that can be assigned to –CH2 stretching vibration.
The band characteristic for the O-H stretching vibrations are
3075/3219/3203 and 3437/3315/3471.
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FIGURE 5 | FTIR spectra for BA, VitC, and BA+VitC.

The Antioxidant Activity (AOA) Assessment
The AOA of the BA+VitC cocrystal and ascorbic acid, used
as standard are exhibited in Figure 6. One can notice that the
cocrystal shows as lightly increased AOA compared to that of
pure ascorbic acid.

It can be assumed that the BA used in the preparation of
the cocrystal has contributed to the reaction with DPPH thus
leading to a higher AOA value compared to the one recorded for
ascorbic acid. One can notice that values vary by 2% (ascorbic
acid−95%, cocrystal−97%). The antioxidant activity of vitamin
C was preserved in the 1:1 combination with BA and even
increased by the presence of the triterpenic acid; however, the
slight increase in antioxidant effect can be due to the intrinsic
antioxidant activity of BA itself. Therefore, we can state at most
that the antioxidant activities of both compounds wasmaintained
in their cocrystal.

In vitro Analysis
The cytotoxicity assessment of BA+VitC cocrystal solution
was performed on healthy (HaCaT–immortalized human
keratinocytes) and cancer (B16F10, B164A5–murine melanoma;
MCF-7, MDA-MB-231–human breast carcinoma and HeLa–
human cervix carcinoma) cell lines using three different
concentrations−3, 10, and 30µM by means of both MTT and
Alamar blue assays. DMSO had no impact on cells viability, the
inhibition values being similar with the ones obtained for control
cells (unstimulated).

FIGURE 6 | Recorded AOA of the BA+VitC cocrystal and ascorbic acid.

The stimulation of HaCaT cells with BA+VitC cocrystal at 3
and 10µM for 72 h did not reveal a significant cytotoxic effect,
the cellular inhibition being maintained below 10% (Figure 7A).
The lack of toxic effects of betulinic acid on normal cells
has been reported since the first research paper concerning
its anti-melanoma activity (Pisha et al., 1995) although the
respective paper analyzed its toxicity on in vivo animal models;
therefore, betulinic acid was used as scaffold for various chemical
derivatives with the purpose of preserving its good selectivity
index (Waechter et al., 2017). Our study revealed however a
rather significant cell inhibition (∼40%) for BA alone at 30µM
that is strongly attenuated by the presence of vitamin C, being
reduced at∼15%.

A significant cell inhibition was noted at the lowest
concentration (3µM) against HeLa cells (45%) for both BA and
BA+VitC (Figure 7C); the inhibition increased with the applied
dose for both samples thus presenting a dose-dependent profile:
70% cell inhibition at 10µMand∼100% cell inhibition at 30µM.
The inhibitory effect was virtually equal for BA and BA+VitC at
all concentrations.

Insignificant cell inhibition values were noted at 3µM against
MCF-7 and MDA-MB-231 cells (<10%) for BA and BA+VitC
(Figure 7C). At 10µM a 25% cell inhibition was reported for
BA alone against MCF-7 cells while the inhibitory activity
almost doubled for the cocrystal at the same concentration
thus indicating a strong antiproliferative activity induced by the
presence of VitC. When concentration increased at 30µM a total
cell inhibition was recorded for both BA and its cocrystal with
VitC; therefore, it can be stated that the cell inhibition profile
evolves in a dose-dependent manner.

Interestingly, the MDA-MB-231 cell line was moderately
sensitive to 10µM BA (25% cell inhibition) but did not react
to the same concentration of BA+VitC cocrystal, when cell
inhibition was practically null. The use of the highest tested
concentration, 30µM, induced an inhibitory activity of 60% for
BA alone while in the presence of VitC cell inhibition reached
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FIGURE 7 | In vitro cytotoxicity assessment of BA and BA+VitC cocrystal (3, 10, and 30µM) on immortalized human keratinocytes—HaCat (A); murine melanoma

cells–B16F0 and B164A5 (B); breast–MCF-7 and MDA-MB-231–and cervical–HeLa cancer cells (C), after 72 h stimulation, by the means of MTT assay. The results

are expressed as inhibition index (%) related to control cells (unstimulated). The data represent the mean values ± SD of three independent experiments performed in

triplicate. One-way ANOVA analysis was applied to determine the statistical differences followed by Tukey post-test (**p < 0.01; ***p < 0.001; ****p < 0.0001).

90% thus revealing a highly effective antiproliferative activity of
the cocrystal.

Gao et al. reported in 2017 an important inhibition of the
MDA-MB-231 cell line by various concentrations of betulinic
acid ranging between 10 and 160µM; however, in his study,
cellular viability only decreased to around 50% when 40µM
BA was used, due to ultrastructural and morphological changes
(Gao et al., 2018). In the current study, a similar cell inhibition
was caused by a lower concentration of BA (30µM) which
significantly improves, reaching 90% cell inhibition, when the
BA+VitC cocrystal was used. Our results are in line with
the ones reported by Weber et al. who determined the IC50

value of betulinic acid against MDA-MB-231 cells as 21.9µM
thus revealing a strong cytotoxic effect (Weber et al., 2014).
For HeLa cells, a 50% cellular viability was reported after
48 h stimulation with 30µM BA, with a time- and dose-
dependent inhibitory activity and an IC50 value of 30.42
± 2.39µM (Xu et al., 2017). The same group of authors
reported in 2014 a 50% viability of HeLa cells after 48 h
stimulation with 50µM BA (Xu et al., 2014). By comparison,
our results showed similar inhibition percentages at much
lower concentrations (3–10µM) while at 30µM the cellular
inhibition was almost complete both for BA and its cocrystal with
VitC. An important antiproliferative activity was also previously
reported by our group for BA against MCF-7 and HeLa cell
lines (Soica et al., 2012).

In the case of murine melanoma cells–B16F10 (Figure 7B),
the lowest concentration of both samples (3µM) induced a
negligible cell inhibition, whereas the higher concentrations−10
and 30 µM–exerted significant cytotoxic effects, the highest
inhibition index being recorded after the 30µM stimulation
(around 50% for both samples); at 10µM, a stronger cytotoxic
activity was noted for BA+VitC cocrystal when compared to
BA alone. The cell inhibition activity followed a dose-dependent
profile. BA was previously reported as anti-melanoma agent
(Pisha et al., 1995) and was revealed to increase in a synergistic
manner the antitumor activity of vincristine in an in vitro/in vivo
study on B16F10 cells (Sawada et al., 2004); BA caused the arrest
of B16F10 melanoma cells in the G1 phase.

A visibly higher cytotoxic activity was recorded against
B164A5 murine melanoma cells after stimulation with BA+VitC
cocrystal as compared to BA alone, in all concentrations,
respectively; the cell inhibition activity evolved in a dose-
dependent manner. The highest inhibitory activity for BA alone
(20%) was recorded at its highest used concentration (30µM); in
a similar manner, the strongest cell inhibition was exhibited by
BA+VitC cocrystal at 30µM but the value of cell inhibition was
more than twice compared to BA alone (∼45%).

Our group reported in 2014 the cytotoxic activity of BA
against B164A5 cells leading to 50% cell viability at 10mM;
BA was solubilized by inclusion in octakis-[6-deoxy-6-(2-
sulfanyl ethanesulfonic acid)]-γ-CD (Soica et al., 2014a). By
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comparison, the current study reports a similar citotoxic activity
but using a much lower concentration of BA in the form of
its VitC cocrystal (30µM). The antimelanoma activity of BA
was also confirmed using the murine B16/C57BL6 melanoma
model (Soica et al., 2014a).

In terms of cytotoxic activity of vitamin C, the reported data
is controversial. Most papers revealed the potentiation of the
cytotoxic effects of various drugs following combination with
vitamin C. Bober et al. reported in 2016 the up- and down-
regulation of numerous proteins (229) by the combination of
doxorubicin and vitamin C that resulted in the augmentation
of the antiproliferative effect of doxorubicin (Bober et al.,
2017). Guerriero et al. tested the cytotoxic effect of vitamin
C, mitoxantrone, and their combination, respectively, against
MCF-7and MDA-MB-231 breast cancer cells; they noticed a
dose-dependent cell inhibition on both cell lines for both tested
compounds while their combination provided a synergistic
effect and allowed lower chemotherapic doses (Guerriero
et al., 2014). The association of vitamin C with quercetine
exerted antiproliferative effects against several breast cancer
cell lines (MDA-MB-231, MCF-7, MDA-MB-468) through the
induction of Nrf2-mediated oxidative stress in cancer cells in
a synergistic manner as well (Mostafavi-Pour et al., 2017); the
combination of vitamin C and quercetine with doxorubicin
and paclitaxel caused a dramatical decrease of the IC50 of
drugs and induced apoptosis in early stages (Ramezani et al.,
2017). The administration of non-cytotoxic doses of vitamin C
increased the chemotherapic response and apoptosis of HeLa
cells treated with etoposide and cisplatin (Reddy et al., 2001).
High concentrations of ascorbic acid (7–10mM) administered
intravenously were found to induce apoptosis of HeLa cells
through the intrinsic and extrinsic pathways (Roberts et al.,
2015); also, high doses of vitamin C inhibited energy metabolism
inMCF-7 cancer cells through NAD depletion, thus inducing cell
death (Uetaki et al., 2015). In counterpart, vitamin C was found
to dose-dependently protect MCF-7 cancer cells against lipid
peroxidation caused by tamoxifen thus causing a dose-dependent
attenuation of cytotoxicity and diminishing the therapeutic
response (Subramani et al., 2014).

Taking into account all these data, we can state that the
cocrystallization of BA with vitamin C significantly improved the
cytotoxic effect of BA against the tested tumor cell lines while
preserving its good selectivity index. In part, we can assume that
the increase of the biological activity of BA could be due to the
intrinsic cytotoxic activity of vitamin C. However, the existing
reports that incriminate vitamin C as cancer cell protector cast

a shadow of doubt upon this assumption; in this regard, we may
assume that vitamin C exhibited a protective effect on the MDA-
MB-231 cancer cells when the 10µM concentration was used,
concentration at which BA alone caused a 25% cell inhibition.
The mechanism behind this reported protective activity is yet to
be investigated.

In the meantime, an important parameter in the investigation
of poorly soluble drugs such as BA is solubility, parameter that
can be greatly improved through cocrystallization (Qiao et al.,
2011). As an example, the apparent solubility of vitamin K3
was greatly increased by cocrystallization with naphtoic acids
and sulfamerazine (Zhu et al., 2015). Vitamin C was successfully
employed as coformer in the cocrystallization of acyclovir
for the purpose of improving the latter’s water solubility and
bioavailability (Meepripruk et al., 2016). Therefore, we presume
that the experimental data reported here that revealed a very
strong cytotoxic effect of BA+VitC cocrystals as compared to
previously and currently reported data for BA alone are partially
due to an increased water solubility of BA as a result of vitamin
C cocrystallization; moreover, the presence of vitamin C as
coformer may lead to an optimized bioavailability, subject that
needs however further investigations.
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Kovac-Besović, E. E., Duric, K., Kalodera, Z., and Sofić, E. (2009). Identification
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1-(Phenylsulfonyl)-1H-Pyrazol−4-yl-
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Antonio Carta 2*, Ilenia Delogu 3, Gabriella Collu 3 and Roberta Loddo 3*
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A series of N-((3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-4-yl)methyl)anilines

7a-p and 8a-l, structurally related to previously synthesized and tested

(N-(1,3-diphenyl-1H-pyrazol-4-yl)methyl)anilines (1a-v), were designed and synthesized.

The new derivatives were evaluated in cell-based assays for their cytotoxicity and antiviral

activity against a large panel of RNA and DNA viruses of public health significance.

Generally, the tested compounds did not display cytotoxicity toward the cell lines used.

The majority of derivatives 7a-p were able to interfered with YFV and RSV replication

in the micromolar range showing a marked improvement in potency and selectivity

with respect to the reference inhibitors 6-azauridine and ribavirin, respectively. The

introduction of a p-methoxy substituent on the phenylsulfonyl group (compounds 8a-l)

completely abolished the anti-RSV activity and reduced or eliminated the potency

against YFV. On the contrary, several p-methoxy analogs were able to interfere with

BVDV replication with a comparable (8b, 8c, 8g, and 8k) or better (8a and 8f) potency

than the reference inhibitor, ribavirin. Compound 7e, selected for time of addition

experiments on BHK-21 cell cultures infected with YFV, achieved the highest reduction

of virus titer when added 2 h post infection and maintained up to 4 h post infection.

Keywords: 1-(phenylsulfonyl)-1H-pyrazole derivatives, antiviral activity, anti-Flavivirus activity, BVDV, RSV

INTRODUCTION

The Flaviviridae family comprises single-stranded, positive-sense RNA viruses (ssRNA+) that are
currently classified into four genera: Flavivirus, Hepacivirus, Pegivirus, and Pestivirus (Simmonds
et al., 2017). Flaviviridae viruses are responsible for severe human and animal infectious diseases
worldwide (Holbrook, 2017; Evans et al., 2018; Ray and Ray, 2019).

The genera Flavivirus and Hepacivirus include several human pathogenic viruses
of global medical importance. Within the approximately 70 species of the genus
Flavivirus, Yellow Fever Virus (YFV), West-Nile Virus (WNV), Dengue Virus (DENV),
Japanese Encephalitis Virus (JEV), Tick-Borne Encephalitis Virus (TBEV), and Zika
virus (ZIKV) are arthropod-borne emerging or reemerging pathogens. Flavivirus
infections can result in diseases ranging from a “flu-like” illness with fever and general
malaise, to sever and potentially fatal disease including hemorrhagic fever, jaundice,
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seizures, or fatal encephalitis (Sips et al., 2012; Holbrook, 2017).
The Hepacivirus genus includes only the Hepatitis C Virus
(HCV), a major cause of human hepatitis, worldwide. HCV can
cause both acute and chronic infection. Acute HCV infection
is usually asymptomatic and often undiagnosed. However, more
than 60% of infected person will develop chronic HCV infection
with risk of liver cirrhosis or hepatocellular carcinoma. Recently,
effective, safer and well-tolerated new anti-HCV drugs have been
developed (Li and De Clercq, 2017; Zajac et al., 2019). On
the contrary, no effective antiviral therapy is currently available
to fight Flavivirus infections. Although human vaccines are
available for YFV, JEV, TBEV, and recently DENV, their use is
lacking in many areas and outbreaks of Flavivirus infections still
occur, with a significant mortality rate (Deen, 2016; Collins and
Metz, 2017). Therefore, the development of effective drugs for the
treatment of Flavivirus infections is urgently needed.

Viruses belonging to the Pestivirus genus comprise animal
pathogens producing heavy economic losses for the livestock
industry. The type specie Bovine Viral Diarrhea Virus (BVDV)
together with Border Disease Virus (BDV) of sheep and
Classical Swine Fever Virus (CSFV) are responsible of a
range of clinical manifestations including respiratory problems,
chronic wasting disease, immunosuppression leading to a
higher susceptibility to secondary infections, abortion and
teratogenicity. Despite the morbidity and even mortality caused
by Pestivirus infections, no approved antiviral therapy is
currently available (Yeşilbag et al., 2017).

As a part of our researches on heterocyclic compounds with
antiviral activity (Conti et al., 2014, 2017; Carta et al., 2016;
Fioravanti et al., 2017), we recently identified (N-(1,3-diphenyl-
1H-pyrazol-4-yl)methyl)anilines (1a-v) as a new class of potent
and selective inhibitors of human respiratory syncytial virus
(RSV) replication (Fioravanti et al., 2015). Some derivatives
were also endowed with a moderate activity against YFV and
BVDV representative type members of the Flavivirus genus
and the Pestivirus genus, respectively, within the Flaviviridae
family (Fioravanti et al., 2015). N-((1,3-diphenyl-1H-pyrazol-
4-yl)methyl)anilines (1a-d, 1g-i, 1k-o) able to interfere with
YFV and/or BVDV replication were successively tested against
two additional significant human pathogens such as DENV-2
and WNV, both belonging to the Flavivirus genus. The new
antiviral data showed that the activity of tested compounds (1a-
b, 1d, 1g-i, 1k-o) extended to DENV-2 replication, while WNV
replication was marginally affected by few compounds (1g, 1i,
1n-o) (Table 1). In addition, the compounds exhibited a higher
potency against DENV-2 replication than against other selected
viruses belonging to the Flaviviridae family.

The identification of 5-amino-1-(phenylsulfonyl)-1H-
pyrazol-3-yl benzoate derivatives (SIDs) as potent but
hydrolytically unstable, allosteric inhibitors of WNV NS2B-
NS3 proteinase (Johnston et al., 2007; Sidique et al., 2009)
suggested to combine the 1-phenylsulfonyl fragment of SIDs
with the N-((3-phenyl-1H-pyrazol-4-yl)methyl)aniline core of
compounds 1a-v in order to identify new promising Flaviviridae
inhibitors (Figure 1).

In this paper, we report the design and synthesis of novel
1-(phenylsulfonyl)-1H-pyrazol-4-yl-methylaniline derivatives

(7a-p and 8a-l), and their evaluation in cell-based assays for
cytotoxicity and antiviral activity against a large panel of RNA
and DNA viruses.

RESULTS AND DISCUSSION

Chemistry
As shown in Scheme 1, the compounds 7a-p and 8a-l were
synthesized in five steps starting from the condensation of the
suitable acetophenone with semicarbazide hydrochloride, in the
presence of sodium acetate. The obtained semicarbazones 2a-d
were treated with Vilsmeier-Haack reagent (DMF-POCl3) to
give the corresponding 3-phenyl-1H-pyrazole-4-carbaldehydes
(3a-d) which were converted into the respective 3-phenyl-
1-(phenylsulfonyl)-1H-pyrazole-4-carbaldehydes (4a-g) by
treatment with the appropriate benzenesulfonyl chloride in the
presence of sodium hydride. The following condensation of the
carbaldehydes 4a-g with properly substituted anilines provided
the corresponding Schiff bases 5a-p and 6a-l which were directly
converted into the desired N-((3-phenyl-1-(phenylsulfonyl)-1H-
pyrazol-4-yl)methyl)anilines (7a-p and 8a-l) by reduction with
sodium borohydride.

Antiviral Tests
All the new synthesized pyrazole derivatives (7a-p and 8a-l)
and reference inhibitors were initially tested in cell based assays
for their cytotoxicity and antiviral activity against YFV and
BVDV, representative of the Flavivirus and the Pestivirus genus,
respectively, within the Flaviviridae family (Table 2). Their
efficacy was also initially evaluated against RSV, a single-stranded,
negative RNA virus (ssRNA−) belonging to Paramyxoviridae
family (Table 2). The previously studied N-((1,3-diphenyl-1H-
pyrazol-4-yl)methyl)anilines and the new derivatives able to
inhibit YFV and/or BVDV replication were also evaluated against
two additional pathogenic viruses belonging to the Flavivirus
genus, DENV-2 and WNV (Tables 1, 2). All the new compounds
were further assayed against representative members of a large
panel of virus families. Among ssRNA+ viruses, a retrovirus
(Human Immunodeficiency Virus type-1, HIV-1), and two
Picornaviruses (Coxsackie Virus type-5, CVB-5, and Poliovirus
type-1, Sabin strain, Sb-1) were also considered. Among ssRNA−

viruses, in addition to RSV, a Rhabdoviridae family member
(Vesicular Stomatitis Virus, VSV) was selected. Among double-
stranded RNA (dsRNA) viruses, a reovirus (Reo-1, Reoviridae)
was included. Finally, among DNA viruses, Herpes Simplex
Virus type-1 (HSV-1, Herpesviridae), and Vaccinia Virus (VV,
Poxviridae) were involved (Table 3).

Results reported in Tables 2, 3 displayed that the new N-((3-
phenyl-1-(phenylsulfonyl)-1H-pyrazol-4-yl)methyl)anilines 7a-

p and 8a-l exhibited no cytotoxicity against cell lines (MDBK,
BHK-21, Vero76 and MT-4) used to support replication of
selected viruses. The only exceptions were represented by the
halo derivatives 7b and 7c that showed a significant cytotoxicity
against Vero cells after incubation for 5 days, time necessary to
detect RSV-induced cytopathogenicity (CC50 = 10.0 and 3.0µM,
respectively) (Table 2). Their cytotoxicity decreases substantially
when the CC50 values were detected after 2 or 3 days of contact
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TABLE 1 | Cytotoxicity and antiviral activity of N-((1,3-diphenyl-1H-pyrazol-4-yl)methyl)anilines (1a-d, 1g-i, 1k-o) against DENV-2 and WNV viruses.

Compounds R R1 BHK-21 DENV-2 cSI WNV cSI

aCC50

(µM)

bEC50

(µM)

CC50/EC50
dEC50

(µM)

CC50/EC50

1a CH3 H >100 30.0 ± 4.0 >3.3 eN.A. –

1b Br H >100 22.0 ± 6.0 >4.5 eN.A. –

1c H Br >100 eN.A. – eN.A. –

1d Cl Br >100 11.0 ± 0.4 >9.1 eN.A. –

1g Br Br >100 23.0 ± 6.0 >4.3 80.0 ± 8.5 >1.25

1h H Cl >100 13.0 ± 5.0 >7.7 eN.A. –

1i Cl Cl 73.0 ± 1 14.5 ± 3.5 5.0 57.5 ± 0.5 1.3

1k CH3 Cl >100 12.1 ± 3.0 >8.3 eN.A. –

1l Br Cl >100 12.9 ± 2.3 >7.8 eN.A. –

1m H CH3 >100 11.2 ± 3.6 >8.9 eN.A. –

1n Cl CH3 >100 11.1 ± 1.6 >9.0 39.0 ± 1.0 >2.6

1o CF3 CH3 88.0 ± 0.5 14.3 ± 0.7 6.2 59.0 ± 1.1 1.5

REFERENCE COMPOUND

fNM 108 60.0 ± 3 1.2 ± 0.1 50.0 0.7 ± 0.2 85.7

Data represent mean values for three independent determinations. Variation among duplicate samples was <15%.
aCompound concentration required to reduce the viability of mock-infected BHK (Hamster normal kidney fibroblast) monolayers by 50%, as determined by the MTT method.
bCompound concentration required to achieve 50% protection of BHK cells from DENV-2 induced cytopathogenicity, as determined by the MTT method.
cSelectivity index (SI) was the ratio between CC50 and EC50.
dCompound concentration required to achieve 50% protection of BHK cells from WNV induced cytopathogenicity, as determined by the MTT method.
eNo activity (N.A.) up to the highest concentration tested (100 µM).
fNM108 (2′-C-methylguanosin).

with Vero cells, time appropriate to detect Sb-1, VSV, CVB-5,
VV and HSV-1 induced cytopathogenicity (CC50 = 80.0µM and
85.0µM, respectively) (Table 3).

The majority of new N-((3-phenyl-1-(phenylsulfonyl)-1H-
pyrazol-4-yl)methyl)anilines 7e-p exhibited a better activity than
the parent compounds 1a-v (Fioravanti et al., 2015) against YFV
(EC50 ranging from 3.6 to 11.5µM) coupled with the absence of
cytotoxicity for BHK-21 cell line up to the highest concentration
tested (100µM), resulting in compounds with high selectivity
(SI ranging from >27.8 to >8.7). Moreover, all these derivatives
showed better activity and selectivity than the reference inhibitor,
6-azauridine (EC50 = 46.0µM, SI > 2.2) (Table 2). Concerning
the anti-YFV activity of the unsubstituted analogs in R and R1

(7a-d), the introduction in R2 of an electron-withdrawing group
such as a chlorine (7b) or a bromine (7c) atom, is necessary for
the antiviral activity.

Moreover, despite the presence of a p-methoxy substituent
on the phenylsulfonyl group was required for a potent anti-
flavivirus activity in SID compounds (Johnston et al., 2007;
Sidique et al., 2009), the new p-methoxy phenylsulfonyl analogs

8a-l were totally inactive or less potent YFV inhibitors than the
corresponding unsubstituted compounds 7e-p. Conversely, the
introduction of a p-methoxy substituent generally converted the
inactive or poor effective unsubstituted analogs 7e-p in the more
potent anti-BVDV agents 8a-l. In particular, 8a was the best anti-
BVDV compound among the new derivatives (EC50 = 5.6µM,
SI > 17.9) showing almost a 3-fold improvement in potency and
a 5-fold improvement in selectivity with respect to the reference
inhibitor, ribavirin (EC50 = 16.0µM, SI= 3.4) (Table 2).

Antiviral activities against DENV-2 and WNV of 1-phenyl
and 1-phenylsulfonyl analogs were reported in Tables 1, 2,
respectively. Results revealed that also the DENV replication was
affected by several 1-phenyl derivatives (1a-b, 1d, 1g-i, 1k-o),
whereas only few compounds (1g, 1i, 1n-o) showed a modest
activity against WNV (Table 1). Surprisingly, the replacement
of the phenyl ring at N1 position with a phenylsulfonyl group
completely abolished the activity against DENV-2 and WNV
replication (Table 2).

Similarly to the N-phenyl derivatives 1a-v, N-phenylsulfonyl
analogs 7e-p exhibited anti-RSV activity in the micromolar
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FIGURE 1 | Design of new N-((3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-4-yl)methyl)anilines (7a-p, 8a-l).

concentration (EC50 ranging from 8.5 to 24.0µM) generally
coupled with high selectivity (SI ranging from >11.8 to >4.2).
SAR studies indicated that the para substitution at the 3-phenyl

ring is necessary for RSV inhibitory activity. In fact, compounds
7a-d were devoid of efficacy against RSV up to the highest
concentration tested. On the contrary, the introduction of

Frontiers in Chemistry | www.frontiersin.org 4 April 2019 | Volume 7 | Article 21443

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Desideri et al. Antiviral Activity of Synthetic Pyrazoles

SCHEME 1 | Synthesis of compounds 7a-p and 8a-l. Reagents and conditions (i) (1) EtOH, AcONa, r.t. (2) Semicarbazide hydrochloride, water, refluxed, 6 h. (3) r.t.,

18 h; (ii) (1) dry DMF, POCl3, 0
◦C, 30′ (2) 65◦C, 6 h (3) r.t., 18 h; (iii) dry THF, NaH, r.t., 24 h; (iv) dry EtOH, glacial AcOH, 80–90◦C, 6 h; (v) dry THF, NaBH4, r.t., 24 h.

the p-methoxy substituent on the phenylsulfonyl moiety (8a-
l) abolished the activity (Table 2). Moreover, all the derivatives
7e-p able to interfere with RSV replication showed better
activity and selectivity than the reference inhibitor ribavirin, a

broad-spectrum antiviral agent licensed for the treatment of RSV
infection (Wu et al., 2003).

When tested against HIV-1, Reo-1, CVB-5, Sb-1, VV, HSV-1,
and VSV, the compounds were devoid of antiviral activity up to

Frontiers in Chemistry | www.frontiersin.org 5 April 2019 | Volume 7 | Article 21444

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Desideri et al. Antiviral Activity of Synthetic Pyrazoles

T
A
B
L
E
2
|
C
yt
o
to
xi
c
ity

a
n
d
a
n
tiv
ira

la
c
tiv
ity

o
f
N
-(
(3
-p
h
e
n
yl
-1
-(
p
h
e
n
yl
su

lfo
n
yl
)-
1
H
-p
yr
a
zo

l-
4
-y
l)m

e
th
yl
)a
n
ili
n
e
s
7
a
-p

a
n
d
8
a
-l
a
g
a
in
st

ss
R
N
A
+

(B
V
D
V,

Y
F
V,

D
E
N
V
-2
,
W
N
V
)
a
n
d
ss
R
N
A
−

(R
S
V
)
vi
ru
se
s.

C
o
m
p
o
u
n
d
s

R
R
1

R
2

M
D
B
K

B
V
D
V

c
S
I

B
H
K
-2
1

Y
F
V

c
S
I

D
E
N
V
-2

W
N
V

V
e
ro
7
6

R
S
V

c
S
I

a
C
C
5
0

(µ
M
)

b
E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

d
C
C
5
0

(µ
M
)

e
E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

f E
C
5
0

(µ
M
)

g
E
C
5
0

(µ
M
)

h
C
C
5
0

(µ
M
)

i E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

7
a

H
H

H
>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

7
b

H
H

C
l

>
1
0
0

j N
.A
.

–
>
1
0
0

8
.1

±
1
.3

>
1
2
.3

j N
.A
.

j N
.A
.

1
0
.0

±
0
.1

j N
.A
.

–

7
c

H
H

B
r

>
1
0
0

j N
.A
.

–
>
1
0
0

5
.9

±
0
.2

>
1
6
.9

j N
.A
.

j N
.A
.

3
.0

±
0
.0
1

>
3
.0

–

7
d

H
H

C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
..

–
–

–
≥
1
0
0

j N
.A
.

–

7
e

B
r

H
H

>
1
0
0

1
9
.5

±
2
.1

>
5
.1

>
1
0
0

3
.6

±
0
.8

>
2
7
.8

j N
.A
.

j N
.A
.

8
7
.0

±
1

1
7
.8

±
1
.8

4
.9

7
f

B
r

H
C
l

>
1
0
0

j N
.A
.

–
>
1
0
0

4
.0

±
0
.7

>
2
5
.0

j N
.A
.

j N
.A
.

9
0
.0

±
2

1
5
.3

±
2
.5

5
.9

7
g

B
r

H
B
r

>
1
0
0

j N
.A
.

–
>
1
0
0

6
.2

±
0
.5

>
1
6
.1

j N
.A
.

j N
.A
.

9
0
.0

±
1

1
5
.8

±
2
.0

5
.7

7
h

B
r

H
C
H
3

>
1
0
0

j N
.A
.

>
1
0
0

4
.9

±
0
.9

>
2
0
.4

j N
.A
.

j N
.A
.

9
3
.0

±
0
.5

1
2
.5

±
2
.5

7
.4

7
i

C
l

H
H

>
1
0
0

j N
.A
.

–
>
1
0
0

7
.2

±
0
.9

>
1
3
.9

j N
.A
.

j N
.A
.

>
1
0
0

1
1
.8

±
2
.5

>
8
.5

7
j

C
l

H
C
l

>
1
0
0

4
3
.3

±
1
.1

>
2
.3

>
1
0
0

4
.4

±
0
.4

>
2
2
.7

j N
.A
.

j N
.A
.

>
1
0
0

8
.5

±
0
.5

>
1
1
.8

7
k

C
l

H
B
r

>
1
0
0

j N
.A
.

–
>
1
0
0

5
.6

±
0
.6

>
1
7
.9

j N
.A
.

j N
.A
.

>
1
0
0

1
3
.8

±
0
.4

>
7
.2

7
l

C
l

H
C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

6
.6

±
0
.6

>
1
5
.2

j N
.A
.

j N
.A
.

>
1
0
0

2
4
.0

±
1
.0

>
4
.2

7
m

C
H
3

H
H

>
1
0
0

j N
.A
.

–
>
1
0
0

1
1
.5

±
1
.0

>
8
.7

j N
.A
.

j N
.A
.

>
1
0
0

1
2
.5

±
2
.1

>
8
.0

7
n

C
H
3

H
C
l

>
1
0
0

j N
.A
.

–
>
1
0
0

5
.1

±
0
.6

>
1
9
.6

j N
.A
.

j N
.A
.

>
1
0
0

1
3
.0

±
2
.8

>
7
.7

7
o

C
H
3

H
B
r

>
1
0
0

j N
.A
.

–
>
1
0
0

3
.7

±
1
.3

>
2
7
.0

j N
.A
.

j N
.A
.

>
1
0
0

1
3
.5

±
0
.5

>
7
.4

7
p

C
H
3

H
C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

3
.6

±
0
.5

>
2
7
.8

j N
.A
.

j N
.A
.

>
1
0
0

1
2
.0

±
2
.0

>
8
.3

8
a

B
r

O
C
H
3

H
>
1
0
0

5
.6

±
0
.8

>
1
7
.9

>
1
0
0

j N
.A
.

–
j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
b

B
r

O
C
H
3

C
l

>
1
0
0

2
0
.0

±
1
.4

>
5
.0

>
1
0
0

2
1
.6

±
0
.8

>
4
.6

j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
c

B
r

O
C
H
3

B
r

>
1
0
0

2
3
.0

±
3
.5

>
4
.4

>
1
0
0

>
1
0
0

–
j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
d

B
r

O
C
H
3

C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

1
8
.3

±
1
.1

>
5
.5

j N
.A
.

j N
.A
.

1
0
0

j N
.A
.

–

8
e

C
l

O
C
H
3

H
>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

8
f

C
l

O
C
H
3

C
l

>
1
0
0

7
.9

±
0
.8

>
1
2
.7

>
1
0
0

1
6
.0

±
0
.7

>
6
.2
5

j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
g

C
l

O
C
H
3

B
r

>
1
0
0

1
2
.4

±
0
.8

>
8
.1

>
1
0
0

1
8
.6

±
0
.8

>
5
.4

j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
h

C
l

O
C
H
3

C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

8
i

C
H
3

O
C
H
3

H
>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

8
j

C
H
3

O
C
H
3

C
l

>
1
0
0

j N
.A
.

–
>
1
0
0

j N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

(C
o
n
ti
n
u
e
d
)

Frontiers in Chemistry | www.frontiersin.org 6 April 2019 | Volume 7 | Article 21445

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Desideri et al. Antiviral Activity of Synthetic Pyrazoles

T
A
B
L
E
2
|
C
o
n
tin

u
e
d

C
o
m
p
o
u
n
d
s

R
R
1

R
2

M
D
B
K

B
V
D
V

c
S
I

B
H
K
-2
1

Y
F
V

c
S
I

D
E
N
V
-2

W
N
V

V
e
ro
7
6

R
S
V

c
S
I

a
C
C
5
0

(µ
M
)

b
E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

d
C
C
5
0

(µ
M
)

e
E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

f E
C
5
0

(µ
M
)

g
E
C
5
0

(µ
M
)

h
C
C
5
0

(µ
M
)

i E
C
5
0

(µ
M
)

C
C
5
0
/E

C
5
0

8
k

C
H
3

O
C
H
3

B
r

>
1
0
0

1
9
.5

±
1
.4

>
5
.1

>
1
0
0

N
.A
.

–
j N
.A
.

j N
.A
.

>
1
0
0

j N
.A
.

–

8
l

C
H
3

O
C
H
3

C
H
3

>
1
0
0

j N
.A
.

–
>
1
0
0

N
.A
.

–
–

–
>
1
0
0

j N
.A
.

–

R
E
F
E
R
E
N
C
E
C
O
M
P
O
U
N
D
S

R
ib
a
v
ir
in

5
5
.0

±
7
.0

1
6
.0

±
2
.0

3
.4

>
1
0
0

3
7
.5

±
2
.5

>
2
.7

6
-A

z
a
u
ri
d
in
e

>
1
0
0

4
6
.0

±
1
.5

>
2
.2

9
.3

±
1
.6

1
.3

±
0
.3

7
.2

k
N
M
1
0
8

6
0
.0

±
3
.0

1
.2

±
0
.1

0
.7

±
0
.2

D
a
ta
re
p
re
s
e
n
t
m
e
a
n
va
lu
e
s
fo
r
th
re
e
in
d
e
p
e
n
d
e
n
t
d
e
te
rm
in
a
ti
o
n
s
.
V
a
ri
a
ti
o
n
a
m
o
n
g
d
u
p
lic
a
te
s
a
m
p
le
s
w
a
s

<
1
5
%
.

a
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
re
d
u
c
e
th
e
vi
a
b
ili
ty
o
f
m
o
c
k-
in
fe
c
te
d
M
D
B
K
(B
o
vi
n
e
n
o
rm
a
lk
id
n
e
y)
c
e
lls
b
y
5
0
%
,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

b
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
a
c
h
ie
ve

5
0
%
p
ro
te
c
ti
o
n
o
f
M
D
B
K
c
e
lls
fr
o
m
th
e
B
V
D
V
-i
n
d
u
c
e
d
c
yt
o
p
a
th
o
g
e
n
ic
it
y,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

c
S
e
le
c
ti
vi
ty
in
d
e
x
(S
I)
w
a
s
th
e
ra
ti
o
b
e
tw
e
e
n
C
C
5
0
a
n
d
E
C
5
0
.

d
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
re
d
u
c
e
th
e
vi
a
b
ili
ty
o
f
m
o
c
k-
in
fe
c
te
d
B
H
K
(H
a
m
s
te
r
n
o
rm
a
lk
id
n
e
y
fib
ro
b
la
s
t)
m
o
n
o
la
ye
rs
b
y
5
0
%
,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

e
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
re
d
u
c
e
th
e
vi
a
b
ili
ty
o
f
m
o
c
k-
in
fe
c
te
d
B
H
K
c
e
lls
fr
o
m
th
e
Y
F
V
-i
n
d
u
c
e
d
c
yt
o
p
a
th
o
g
e
n
ic
it
y,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

f C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
a
c
h
ie
ve

5
0
%
p
ro
te
c
ti
o
n
o
f
B
H
K
c
e
lls
fr
o
m
D
E
N
V
-2

in
d
u
c
e
d
c
yt
o
p
a
th
o
g
e
n
ic
it
y,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

g
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
a
c
h
ie
ve

5
0
%
p
ro
te
c
ti
o
n
o
f
B
H
K
c
e
lls
fr
o
m
W
N
V
in
d
u
c
e
d
c
yt
o
p
a
th
o
g
e
n
ic
it
y,
a
s
d
e
te
rm
in
e
d
b
y
th
e
M
T
T
m
e
th
o
d
.

h
C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
re
d
u
c
e
th
e
vi
a
b
ili
ty
o
f
m
o
c
k-
in
fe
c
te
d
V
E
R
O
7
6
(m
o
n
ke
y
n
o
rm
a
lk
id
n
e
y)
m
o
n
o
la
ye
rs
b
y
5
0
%
a
ft
e
r
c
o
n
ta
c
t
w
it
h
th
e
c
e
lls
fo
r
5
d
a
ys
.

i C
o
m
p
o
u
n
d
c
o
n
c
e
n
tr
a
ti
o
n
re
q
u
ir
e
d
to
re
d
u
c
e
th
e
p
la
q
u
e
n
u
m
b
e
r
o
f
R
S
V
(R
e
s
p
ir
a
to
ry
S
yn
c
yt
ia
lV
ir
u
s
)
b
y
5
0
%
in
V
E
R
O
7
6
m
o
n
o
la
ye
rs
.

j N
o
a
c
ti
vi
ty
(N
.A
.)
u
p
to
th
e
h
ig
h
e
s
t
c
o
n
c
e
n
tr
a
ti
o
n
te
s
te
d
(1
0
0

µ
M
).

k
N
M
1
0
8
(2

′ -
C
-m

e
th
yl
g
u
a
n
o
s
in
).

the highest concentration tested, with the exceptions of analogs
6b and 6c that showed a moderate activity against CVB-5 (EC50

= 20.0 and 24.0µM, respectively) and 6e that affected the HIV-1
replication (EC50 = 20.0µM) (Table 3).

Time of Addition Studies
Due to its potency against YFV (EC50 = 3.6µM) and low
cytotoxicity against BHK-21 cell cultures (CC50 > 100µM),
compound 7e were selected for time of addition studies. In
order to determine the possible step(s) in YFV replication cycle
inhibited by the derivative 7e, time of addition experiments
were performed on infected BHK-21 cells under a YFV single
cycle conditions. 6-Azauridine, a nucleoside analog inhibitor
of the orotidine monophosphate (OMP) decarboxylase, was
used as reference inhibitor. This enzyme is essential in the
biosynthesis of pyrimidine nucleotides, as it converts the OMP
in uridine monophosphate (UMP) (Neyts et al., 1996). In time of
addition experiments, the selected pyrazole derivative 7e (at the
concentration of 36µM = 10 x EC50) or the reference inhibitor
6-azauridine (at the concentration of 90µM = 2 × EC50) were
added to BHK-21 cell cultures for 2 h before the infection with
YFV (pre-treatment = time −2), during the 2 h of infection
(during infection= time 0) or every 2 h post infection (p.i.), from
time 0 to 10 h p.i., and removed after 2 h of contact (0–2, 2–4,
4–6, 6–8, 8–10). Data represented in Figure 2 showed that both
pyrazole 7e and 6-azauridine reduced the YFV titer when present
in the pre-treatment or during the 2 h of infection. However, 6-
azauridine lost its effectiveness when added after the infection,
while 7e retained its inhibitory activity when added at any time
p.i. In particular, the highest reduction of virus yield was observed
when 7e was added 2 h post infection and maintained up to 4 h
post infection.

These data suggest that 7e interferes with different steps of
YFV replication starting from the virus binding to host cell
membrane but also covering some subsequent phase of the virus
replication. However, further studies are necessary to identify the
antiviral target(s) of this pyrazole derivative.

CONCLUSIONS

In order to improve the anti-Flaviviridae activity of previously
studied (N-(1,3-diphenyl-1H-pyrazol-4-yl)methyl)anilines (1a-
v), a series of N-((3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-4-
yl)methyl)anilines (7a-p and 8a-l) was designed, synthesized
and assayed against a large panel of viruses belonging to
Flaviviridae, Picornaviridae, Paramyxoviridae, Rhabdoviridae,
Reoviridae, Retroviridae, Herpesviridae, and Poxviridae families.
SAR studies showed that the analogs unsubstituted in R1 (7a-p)
were generally potent and high selective YFV inhibitors (EC50

ranging from 3.6 to 11.5µM and SI ranging from >27.8 to
>8.7). The analogs 7e-p also interfered with RSV replication in
the micromolar concentrations (EC50 ranging from 8.5µM to
24.0µM) providing an improvement in potency and selectivity
with respect to the reference inhibitor ribavirin, the first drug
licensed for the treatment of RSV infection. On the contrary, the
introduction of a methoxy group in R1 resulted in compounds
that preferentially affected BVDV replication. Among these
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FIGURE 2 | Effect of time of (drug)-addition on anti-YFV activity of derivative 7e [36µM] (green). The same test was performed using the reference compound

6-Azauridine [90µM] (blue) for comparison. In red we observe the untreated control. Mean results of two different experiments, each performed in duplicate;

SD < 10%.

derivatives, 8a was the most potent and selective inhibitor of
BVDV replication (EC50 = 5.6µM, SI > 17.9).

In conclusion the results of this work allowed the selection of a
new generation of hits for the development of anti-YFV, -BVDV,
and -RSV agents.

MATERIALS AND METHODS

Chemistry
Solvents and reagents were purchased from Sigma-Aldrich
or Alfa Aesar and were used without further purification.
The progress of reactions was routinely checked by thin-
layer chromatography (TLC). TLC was performed on
silica gel or aluminum oxide fluorescent coated plates
(Fluka, DC-Alufolien Kieselgel or aluminum oxide F254).
Melting points were determined on a Stuar Scientific SMP1
apparatus and are uncorrected. 1H NMR and 13C NMR
spectra were recorded on a Bruker AM-400 spectrometer in
CDCl3 or DMSO-d6, and chemical shifts were reported in
ppm (δ) (Supplementary Figures S1–S31).

General Procedure for the Synthesis of the
(E)-2-(1-
phenylethylidene)hydrazinecarboxamides
(2a-d)
A solution of semicarbazide hydrochloride (2.3 mmol) in
water (43ml) was added dropwise to a stirred solution of
the appropriate acetophenone (2.2 mmol) and sodium acetate
(3 mmol) in ethanol (43ml) at room temperature. After the
addition, the mixture was refluxed for 6 h under magnetic
stirring, cooled at room temperature and further stirred for 18 h.
Afterwards the ethanol was removed under reduced pressure and
the precipitate was collected by filtration and used for the next
reaction without further purification.

(E)-2-(1-Phenylethylidene)hydrazinecarboxamide (2a)
Yield: 83%, m.p. = 196–197◦C. 1H NMR (DMSO-d6, 400 MHz):
δ (ppm) 9.40 (s, 1H, NH), 7.84 (d, 2H, H2, H6, J2−3 = 6.4Hz),
7.37–7.35 (m, 3H, H3, H4, H5), 6.53 (s, 2H, NH2), 2.19 (s, 3H,
CH3). 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 157.29, 143.93,
138.17, 128.32, 128.08, 125.84, 13.21.

(E)-2-(1-(4-

Bromophenyl)ethylidene)hydrazinecarboxamide (2b)
Yield: 77%, m.p. = 198–201◦C. 1H (DMSO-d6, 400 MHz): δ

(ppm) 9.47 (s, 1H, NH), 7.81 (d, 2H, H2, H6, J2−3 = 8.0Hz),
7.54 (d, 2H, H3, H5, J2−3 = 8.0Hz), 6.58 (s, 2H, NH2), 2.18 (s,
3H, CH3). 13C (DMSO-d6, 100 MHz): δ (ppm) 157.23, 142.84,
137.44, 130.99, 127.99, 121.74, 13.05.

(E)- 2-(1(4-

Chlorophenyl)ethylidene)hydrazinecarboxamide (2c)
Yield: 74%, m.p. = 198–199◦C. 1H NMR (DMSO-d6, 400 MHz):
δ (ppm) 9.45 (s, 1H, NH), 7.88 (d, 2H, H2, H6, J2−3 = 8.4Hz),
7.40 (d, 2H,H3, H5, J2−3 = 8.4Hz), 6.57 (s, 2H, NH2), 2.18 (s, 3H,
CH3). 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 157.22, 142.73,
137.06, 133.01, 128.07, 127.70, 13.09.

(E)-2(1(p-Tolyl)ethylidene)hydrazinecarboxamide (2d)
Yield: 87%, m.p. = 199–200◦C (lit. = 200◦C). The compound
exhibited spectroscopic data identical to those previously
reported (Vila et al., 1998).

General Procedure for the Synthesis of the
3-Phenyl-1H-Pyrazol-4-Carbaldeydes
(3a-d)
To a solution of the suitable (E)-2-(1-phenylethylidene)
hydrazinecarboxamides 2a-d (12 mmol) in dry DMF (9ml)
cooled in ice bath, POCl3 (2ml) was added dropwise. The
mixture was stirred in ice bath for 30min and then heated at
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65◦C for 6 h. After cooling and stirring at room temperature for
18 h, the mixture was diluted with water and ice, neutralized with
NaOH 2N and extracted with ethyl acetate. The organic layer was
washed with brine, dried over anhydrous Na2SO4, filtered and
evaporated to dryness. The residue was purified by crystallization
from CHCl3/n-Hexane. Intermediate 3c was purified by column
chromatography on silica gel eluting with a mixture of AcOEt
and n-Hexane 1:1.

3-Phenyl-1H-pyrazole-4-carbaldehyde (3a)
Yield: 93%, m.p. = 129–130◦C (lit. = 145◦C) (Lebedev et al.,
2005) from CHCl3/n-Hexane. 1H NMR (DMSO-d6, 400 MHz):
δ (ppm) 13.72 (s, 1H, NH), 9.91 (s, 1H, CHO), 8.60 (s, 1H,
pyrazole-H5), 7.83 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.56–7.50
(m, 3H, H3, H4, H5). 13C NMR (DMSO-d6, 100 MHz): δ (ppm)
184.71, 140.01, 133.08, 130.10, 128.76, 127.08, 126.49, 110.48.

3-(4-Bromophenyl)-1H-pyrazole-4-carbaldehyde (3b)
Yield 97%, m.p. = 127–128◦C (lit. = 163–165◦C) (Lebedev
et al., 2005) from CHCl3/n-Hexane. 1H NMR (DMSO-d6, 400
MHz): δ (ppm) 13.80 (s, 1H, NH), 9.90 (s, 1H, CHO), 8.49 (s,
1H, pyrazole-H5), 7.83 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.69
(d, 2H, H3, H5, J2−3 = 8.0Hz). 13C NMR (DMSO-d6, 100
MHz): δ (ppm) 184.57, 152.81, 138.86, 138.56, 131.41, 130.39,
122.36, 119.85.

3-(4-Chlorophenyl)-1H-pyrazole-4-carbaldehyde (3c)
Yield: 99%, m.p. = 130–131◦C (lit. = 142–144◦C) (Lebedev
et al., 2005) from AcOEt/n-Hexane. 1H NMR (DMSO-d6, 400
MHz): δ (ppm) 13.70 (s, 1H, NH), 9.91 (s, 1H, CHO), 8.49 (s,
1H, pyrazole-H5), 7.90 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.56
(d, 2H, H3, H5, J2−3 = 8.0Hz). 13C NMR (DMSO-d6, 100
MHz): δ (ppm) 184.64, 140.60, 133.71, 130.18, 128.49, 128.54,
125.39, 119.88.

3-(p-Tolyl)-1H-pyrazole-4-carbaldehyde (3d)
Yield: 60%, m.p. = 123–124◦C (lit. = 123–125◦C) (Lebedev
et al., 2005) fromAcOEt/n-Hexane. 1HNMR (CDCl3, 400MHz):
δ (ppm) 12.58 (s, 1H, NH), 9.94 (s, 1H, CHO), 8.05 (s, 1H,
pyrazole-H5), 7.53 (d, 2H, H2, H6, J 2− 3= 7.6Hz), 7.29 (d, 2H,
H3, H5, J 2− 3 = 7.6Hz), 2.43 (s, 3H, CH3). 13C NMR (CDCl3,
100 MHz): δ (ppm) 185.22, 150.08, 140.5, 138.80, 129.87, 128.69,
125.33, 120.03, 21.41.

General Procedure for the Synthesis of the
3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-4-
carbaldehydes (4a-g)
NaH (6.8 mmol) was added to a stirred solution of the
appropriate 3-phenyl-1H-pyrazole-4-carbaldehyde 3a-d (6.8
mmol) in dry THF (100ml). The mixture was stirred 30min at
room temperature, then the suitable phenylsulfonyl chloride (9.6
mmol) was added. After stirring for 24 h at room temperature,
water was added to the mixture and THF was removed under
reduced pressure. The obtained suspension was extracted with
ethyl acetate and the organic phase was washed with brine and
dried over Na2SO4 anhydrous, filtered and evaporated to dryness.
The residue was purified by crystallization from suitable solvent.

3-Phenyl-1-(phenylsulphonyl)-1H-pyrazole-4-

carbaldehyde (4a)
Yield: 50%, m.p. = 110–111◦C from EtOH/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 9.92 (s, 1H, CHO), 8.71 (s, 1H,
pyrazole-H5), 8.11 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.71–7.69 (m,
3H, H2′, H6′, H4), 7.59 (t, 2H, H3, H5, J2−3 = 8.0Hz), 7.46–7.44
(m, 3H, H3′, H4′, H5′). 13C NMR (CDCl3, 100 MHz): δ (ppm)
184.38, 156.81, 140.93, 136.16, 135.99, 135.34, 130.07, 129.98,
129.68, 129.07, 128.70, 122.66.

3-(4-Bromophenyl)-1-(phenylsulfonyl)-1H-pyrazole-4-

carbaldehyde (4b)
Yield: 85%, m.p. = 121–122◦C from AcOEt/Pet.Et. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 9.97 (s, 1H, CHO), 8.71 (s, 1H,
pyrazole-H5), 8.11 (d, 2H, H2, H6, J2−3 = 7.6Hz), 7.25 (t, 1H,
H4, J3−−4 = 7.6Hz), 7.66–7.56 (m, 6H, H3, H5, H2′, H6′, H3′,
H5′). 13C NMR (CDCl3, 100 MHz): δ (ppm) 183.63, 155.33,
137.24, 135.84, 135.45, 131.84, 130.58, 129.73, 129.02, 128.73,
124.56, 122.61.

3-(4-Clorophenyl)-1-(phenylsulphonyl)-1H-pyrazole-

4-carbaldehyde (4c)
Yield: 60%, m.p. = 121–122◦C from EtOH/n-Hexane. 1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 9.95 (s, 1H, CHO), 9.41 (s, 1H,
pyrazole-H5), 8.15 (d, 2H, H2, H6, J2−3 = 7.6Hz), 7.87 (t, 1H,
H4, J3−−4 = 7.6Hz), 7.83 (d, 2H, H2′, H6′, J2′−3′ = 8.4Hz),
7.74 (t, 2H, H3, H5, J2−3 = J3−−4 = 7.6Hz), 7.54 (d, 2H, H3′,
H5′, J2′−3′ = 8.4Hz). 13C NMR (DMSO-d6, 100 MHz): δ (ppm)
184.65, 153.70, 140.92, 136.02, 135.10, 134.75, 130.52, 130.27,
128.74, 128.55, 128.26, 122.62.

1-(Phenylsulfonyl)-3-(p-tolyl)-1H-pyrazole-4-

carbaldehyde (4d)
Yield: 90%, m.p. = 126◦C da AcOEt/Pet. Et. 1H NMR (CDCl3,
400 MHz): δ (ppm) 9.98 (s, 1H, CHO), 8.69 (s, 1H, pyrazole-H5),
8.10 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.69 (t, 1H, H4, J3−−4 =

8.0Hz), 7.61–7.56 (m, 4H, H2′, H6′, H3, H5), 7.24 (d, 2H, H3′,
H5′, J2−3 = 8.0Hz), 2,38 (s, 1H, CH3). 13C NMR (CDCl3, 100
MHz): δ (ppm) 184.47, 156.87, 140.18, 136.14, 136.07, 135.27,
129.65, 129.41, 128.95, 128.67, 127.22, 122.65, 21.36.

3-(4-Bromophenyl)-1-((4-methoxyphenyl)sulfonyl)-

1H-pyrazole-4-carbaldehyde (4e)
Yield: 62%, m.p. = 110–112◦C from AcOEt/n-Hexane. 1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 9.94 (s, 1H, CHO), 9.33 (s, 1H,
pyrazole-H5), 8.07 (d, 2H, H2, H6, J 2− 3 = 8.0Hz), 7.75 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.67 (d, 2H, H3′, H5′, J2′-3′ =
8.0Hz), 7.23 (d, 2H, H3, H5, J2−3 = 8.0Hz), 3.87 (s, 1H, OCH3).
13CNMR (DMSO-d6, 100 MHz): δ (ppm) 184.84, 164.93, 153.43,
140.27, 131.46, 130.96, 130.70, 129.24, 125.86, 123.43, 122.32,
115.50, 56.09.

3-(4-Chlorophenyl)-1-((4-methoxyphenyl)sulfonyl)-

1H-pyrazole-4-carbaldehyde (4f)
Yield: 35%, m.p. = 114–115◦C from AcOEt/n-Hexane. 1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 9.93 (s, 1H, CHO), 9.34 (s, 1H,
pyrazole-H5), 8.07 (d, 2H, H2, H6, J 2− 3= 8.0Hz), 7.82 (d, 2H,
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H2′, H6′, J2′−3′ = 8.0Hz), 7.52 (d, 2H, H3′, H5′, J2′-3′ = 8.0Hz),
7.23 (d, 2H, H3, H5, J 2− 3 = 8.0Hz), 3.87 (s, 1H, OCH3). 13C
NMR (DMSO-d6, 100 MHz): δ (ppm) 185.15, 165.42, 153.85,
140.94, 135.17, 131.46, 130.98, 129.35, 129.01, 126.33, 122.81,
115.98, 56.58.

1-((4-Methoxyphenyl)sulfonyl)-3-(p-tolyl)-1H-

pyrazole-4-carbaldehyde (4g)
Yield: 68%, m.p. = 107–108◦C from AcOEt/n-Hexane. 1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 9.94 (s, 1H, CHO), 9.27 (s, 1H,
pyrazole-H5), 8.07 (d, 2H, H2, H6, J2− 3 = 8.0Hz), 7.68 (d,
2H, H2′, H6′, J 2′−3′ = 8.0Hz), 7.27 (d, 2H, H3′, H5′, J2′-3′

= 8.0Hz), 7.22 (d, 2H, H3, H5, J 2− 3 = 8.0Hz), 3.86 (s, 1H,
OCH3), 2.35 (s, 1H, -CH3). 13C NMR (DMSO-d6, 100 MHz):
δ (ppm) 185.24, 165.34, 155.25, 140.26, 140.04, 131.40, 129.52,
129.11, 127.65, 126.52, 122.79, 115.94, 56.55, 21.36.

General Procedure for the Synthesis of
(E)-N-((3-Phenyl-1-(Phenylsulfonyl)-1H-
Pyrazol-4-yl)Methylene)Anilines (5a-p and
6a-l)
The suitable aniline (1.09 mmol) was added to a solution
of the appropriate 1-phenylsulfonyl-1H-pyrazol-4-carbaldehyde
4a-g (1.2 mmol) in dry ethanol (30mL) and glacial acetic acid
(0.1mL). The mixture was refluxed for 6 h under magnetic
stirring. After cooling, water was added and ethanol was removed
under reduced pressure. The obtained suspension was extracted
with diethyl ether and the organic layer was washed with
brine, dried on Na2SO4 anhydrous, filtered and evaporated to
dryness. The residual oil was used for the next reaction without
further purification.

General Procedure for the Synthesis of
N-[(3-Phenil-1-(Phenylsulfonyl)-1H-
Pyrazol-4-il)Methyl]Anilines (7a-p and
8a-l)
To a stirred solution of the crude 1-phenylsulphonyl-1H-pirazol-
4-yl-methyleneaniline 5a-p or 6a-l (1 mmol) in dry THF (17mL),
NaBH4 (10 mmol) was added and the mixture was stirred at
room temperature for 24 h. After this period, water was added
and THF was removed under reduced pressure. The suspension
was extracted with ethyl acetate and the organic phase was
washed with brine, dried under Na2SO4 anhydrous, filtered and
evaporated to dryness. The residue obtained was purified by
crystallization from suitable solvent.

N-[(3-Phenyl-1-(phenysulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (7a)
Yield: 64%, m.p. = 139◦C, from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.1 (s, 1H, pyrazole-H5), 8.01 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.66–7.61 (m, 3H, H4, H2′, H6′),
7.52 (t, 2H, H3, H5, J2−3 = J3−4 =8.0Hz), 7.39–7.37 (m, 3H,

H3′, H4′, H5′), 7.17 (t, 2H, H3′
′

, H5′
′

, J2′′−3′′ = J3′′−4′′ = 7.6Hz),
6.76 (t, 1H, H4′′, J3′′−4′′ = 7.6Hz), 6.58 (d, 2H, H2′′, H6′′, J2′′−3′′

= 7.6Hz), 4.27 (s, 2H, CH2). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 155.77, 147.26, 137.17, 134.45, 131.66, 131.45, 129.36,

129.34, 129.11, 128.70, 128.12, 128.01, 121.04, 118.32, 113.20,
39.20. MS-ESI:m/z 390 (M+H+).

4-Chloro-N-[(3-phenyl-1-(phenylsulphonyl)-1H-

pyrazol-4-yl)methyl]aniline (7b)
Yield: 14%, m.p. = 136–137◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.09 (s, 1H, pyrazole-H5), 8.01 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.65–7.60 (m, 3H, H4, H2′, H6′), 7.52
(t, 2H, H3, H5, J2−3 = J3−−4 = 8.0Hz), 7.38–7.37 (m, 3H, H3′,
H4′, H5′), 7.08 (d, 2H, H3′′, H5′′, J2′′−3′′ = 8.4Hz), 6.49 (d, 2H,
H2′′, H6′′, J2′′−3′′ = 8.4Hz), 4.25 (s, 1H, CH2). 13CNMR (CDCl3,
100MHz): δ (ppm) 155.79, 145.29, 137.11, 134.52, 131.74, 131.33,
129.39, 129.18, 128.72, 128.12, 127.98, 123.33, 120.35, 114.62,
39.42. MS-ESI:m/z 424 (M+H+).

4-Bromo-N-[(3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-

4-yl)methyl]aniline (7c)
Yield: 14%, m.p. = 122◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.09 (s, 1H, pyrazole-H5), 8.01 (d,
2H, H2, H6, J2−3 = 7.6Hz), 7.66–7.59 (m, 3H, H4, H2′, H6′),
7.53 (t, 2H, H3, H5, J2−3 = J3−5 = 7.6Hz), 7.37–7.35 (m, 3H, H3′,
H4′, H5′), 7.22 (d, 2H, H3′′, H5′′, J2′′−3′′ = 7.6Hz), 6.45 (d, 2H,
H2′′, H6′′, J2′′−3′′ = 7.6Hz), 4.25 (s, 2H, CH2). 13CNMR (CDCl3,
100MHz): δ (ppm) 155.79, 145.67, 137.10, 134.53, 132.06, 131.75,
131.31, 129.40, 129.20, 128.73, 128.13, 127.98, 120.25, 115.13,
110.46, 39.34. MS-ESI:m/z 470 (M+H+).

4-Methyl-N-[(3-phenyl-1-(phenylsulfonyl)-1H-pyrazol-

4-yl)methyl]aniline (7d)
Yield: 62%m.p.= 199◦C, from CHCl3/n-Hexane. IR: 3396, 1376,
1185 cm-1. 1H NMR (CDCl3, 400 MHz): δ (ppm) 8.12 (s, 1H,
pyrazole-H5), 8.02 (d, 2H, H2, H6, J2−3 = 8.0Hz), 7.64–7.61
(m, 3H, H4, H2′, H6′), 7.52 (t, 2H, H3, H5, J2−3 = J3−4 =

8.0Hz), 7.38–7.36 (m, 3H, H3′, H4′, H5′), 6.97 (d, 2H, H3′′,
H5′′, J2′′−3′′ = 7.2Hz), 6.52 (d, 2H, H2′′, H6′′, J2′′−3′′ = 7.2Hz),
4.25 (s, 2H, CH2), 2.24 (s, 3H, CH3). 13C NMR (CDCl3, 100
MHz): δ (ppm) 155.86, 144.51, 137.25, 134.41, 131.77, 131.47,
129.84, 129.34, 129.08, 128.67, 128.14, 128.05, 120.92, 113.77,
39.74, 20.42. MS-ESI:m/z 404 (M+H+).

N-[(3-(4-Bromophenyl)-1-(phenylsulfonyl)-1H-

pyrazol-4-yl)methyl]aniline (7e)
Yield: 36%; m.p. = 110–11◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.10 (s, 1H, pyrazole-H5), 8.01 (d,
2H, H2, H6, J2−3 = 7.2Hz), 7.64 (t, 1H, H4, J3−4 = 7.2Hz), 7.57–
7.48 (m, 6H, H3, H5, H2′, H6′, H3′, H5′), 7.18 (t, 2H, H3′′, H5′′,
J2′′−3′′ = J3′′−4′′ = 7.6Hz), 6.77 (t, 1H, H4′′, J3′′−4′′ = 7.6Hz),
6.59 (d, 2H, H2′′, H6′′, J2′′−3′′ = 7.6Hz), 4.23 (s, 2H, CH2). 13C
NMR (CDCl3, 100MHz): δ (ppm) 154.67, 147.24, 137.08, 134.57,
131.90, 131.86, 130.41, 129.56, 129.42, 129.40, 128.19, 123.53,
120.83, 118.48, 113.19, 39.12. MS-ESI:m/z 470 (M+H+).

4-Chloro-N-[(3-(4-bromophenyl)-1-(phenysulfonyl)-

1H-pyrazol-4-yl)methyl]aniline (7f)
Yield: 52%; m.p. = 137–138◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 8.01 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.65 (t, 1H, H4, J3−4 = 8.0Hz),
7.55–7.49 (m, 6H, H3, H5, H2′, H6′, H3′, H5′), 7.11 (d, 2H, H3′′,
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H5′′, J2′′−3′′ = 8.4Hz), 6.49 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.4Hz),
4.20 (s, 2H, CH2). 13C NMR (CDCl3, 100 MHz): δ (ppm) 154.61,
145.70, 136.99, 134.64, 131.94, 131.80, 130.31, 129.50, 129.45,
129.23, 128.18, 123.61, 123.10, 120.40, 114.24, 39.16. MS-ESI:m/z
504 (M+H+).

4-Bromo-N-[(3-(4-bromophenyl)-1-(phenylsulfonyl)-

1H-pyrazol-4-yl)methyl]aniline
(7g). Yield: 42%; m.p. = 150–151◦C from AcOEt/n-Hexane. 1H
NMR (CDCl3, 400MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 8.01
(d, 2H, H2, H6, J2−3 = 8.0Hz), 7.65 (t, 1H, H4, J3−4 = 8.0Hz),
7.56–7.49 (m, 6H, H3, H5, H2′, H6′, H3′, H5′), 7.24 (d, 2H, H3′′,
H5′′, J2′′−3′′ = 8.4Hz), 6.44 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.4Hz),
4.20 (s, 2H, CH2). 13C NMR (CDCl3, 100 MHz): δ (ppm) 154.59,
146.10, 136.98, 134.64, 132.10, 131.94, 131.79, 130.28, 129.48,
129.44, 128.17, 123.60, 120.32, 114.71, 110.14, 39.04. MS-ESI:m/z
548 (M+H+).

4-Methyl-N-[(3-(4-bromophenyl)-1-(phenylsulfonyl)-

1H-pyrazol-4-yl)methyl]aniline (7h)
Yield: 37%; m.p. = 112◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.09 (s, 1H, pirazolo-H5), 8.01 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.63 (t, 1H, H4, J3−4 = 8.0Hz),
7.57–7.48 (m, 6H, H3, H5, H2′, H6′, H3′, H5′), 6.98 (d, 2H, H3′′,
H5′′, J2′′−3′′ = 7.6Hz), 6.51 (d, 2H, H2′′, H6′′, J2′′−3′ = 7.6Hz),
4.19 (s, 2H, CH2), 2.24 (s, 3H, CH3). 13C NMR (CDCl3, 100
MHz): δ (ppm) 154.69, 144.99, 137.09, 134.54, 131.87, 130.44,
129.87, 129.57, 129.40, 128.17, 127.73, 123.48, 121.02, 113.36,
39.41, 20.41. MS-ESI:m/z 484 (M+H+).

N-[(3-(4-Chlorophenyl)-1-(phenylsulfonyl)-1H-

pyrazol-4-yl)methyl]aniline (7i)
Yield: 21%, m.p. = 117–118◦C from n-Hexane. IR: 3316, 1375,
1886 cm-1. 1H NMR (CDCl3, 400 MHz): δ (ppm) 8.12 (s, 1H,
pyrazole-H5), 8.02 (d, 2H, H2, H6, J2−3 = 7.6Hz), 7.64 (t, 1H,
H4, J3−4 = 7.6Hz), 7.60 (d, 2H, H2′, H6′, J2′−3′ = 7.6Hz), 7.53
(t, 2H, H3, H5, J2−3 = J3−4 = 7.6Hz), 7.33 (d, 2H, H3′, H5′,
J2′−3′ = 7.6Hz), 7.18 (t, 2H, H3′′, H5′′, J2′′−3′′ = J3′′−4′′ = 7.6Hz),
6.78 (t, 1H, H4′′, J3′′−4′′ = 7.6Hz), 6.60 (d, 2H, H2′′, H6′′, J2′′−3′′

= 7.6Hz), 4.24 (s, 2H, CH2). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 154.72, 146.96, 137.09, 135.22, 134.58, 131.98, 129.87,
129.42, 129.40, 129.31, 128.92, 128.17, 120.50, 118.84, 113.54,
39.30. MS-ESI:m/z 424 (M+H+).

4-Cloro-N-[(3-(4-chlorophenyl)-1-(phenylsulfonyl)-1H-

pyrazol-4-yl)methyl]aniline (7j)
Yield: 21%,m.p.= 142–143◦C from n-Hexane. 1HNMR (CDCl3,
400 MHz): δ (ppm) 8.12 (s, 1H, pyrazole-H5), 8.02 (d, 2H, H2,
H6, J2−3 = 8.0Hz), 7.66 (t, 1H, H4, J3−4 = 8.0Hz), 7.58–7.53 (m,
4H, H2′, H6′, H3, H5), 7.35 (d, 2H, H3′, H5′, J2′−3′ = 6.8Hz),
7.10 (d, 2H, H3′′, H5′′, J2′′−3′′ = 7.2Hz), 6.52 (d, 2H, H2′′, H6′′,
J2′′−3′′ = 7.2Hz), 4.20 (s, 2H, CH2). 13CNMR (CDCl3, 100MHz):
δ (ppm) 154.67, 144.97, 136.93, 135.32, 134.66, 131.98, 129.74,
129.46, 129.43, 129.25, 128.96, 128.18, 123.73, 119.92, 114.78,
39.44. MS-ESI:m/z 458 (M+H+).

4-Bromo-N-[(3-(4-chlorophenyl)-1-(phenylsulfonyl)-

1H-pyrazol-4-yl)methyl]aniline (7k)
Yield: 28%,m.p.= 142–143◦C from n-Hexane. 1HNMR (CDCl3,
400 MHz): δ (ppm) 8.14 (s, 1H, pyrazole-H5), 8.02 (d, 2H, H2,
H6, J2−3 = 8.0Hz), 7.67 (t, 1H, H4, J3−4 = 8.0Hz), 7.57–7.54
(m, 4H, H2′, H6′, H3, H5), 7.35 (d, 2H, H3′′, H5′′, J2′′ − 3′′ =
7.6Hz), 7.24 (d, 2H, H3′, H5′, J2′−3′ = 8.4Hz), 6.48 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 7.6Hz), 4.24 (s, 2H, CH2). 13C NMR (CDCl3, 100
MHz): δ (ppm) 154.66, 145.40, 136.95, 135.33, 134.66, 132.12,
132.01, 129.74, 129.46, 129.25, 128.96, 128.17, 119.89, 115.28,
110.83, 39.35. MS-ESI:m/z 504 (M+H+).

4-Methyl-N-[(3-(4-chlorophenyl)-1-(phenylsulfonyl)-

1H-pyrazol-4-yl)methyl]anyline (7l)
Yield 29%, m.p.= 100–101◦C from n-Hexane. 1HNMR (CDCl3,
400 MHz): δ (ppm) 8.13 (s, 1H, pyrazole-H5), 8.02 (d, 2H, H2,
H6, J2−3 = 8.0Hz), 7.66–7.60 (m, 3H, H4, H2, H6), 7.53 (t, 2H,
H3, H5, J2−3 = J3−4 = 8.0Hz), 7.33 (d, 2H, H3′, H5′, J2′−3′ =

8.0Hz), 6.98 (d, 2H, H3′′, H5′′, J2′′−3′′ = 7.6Hz), 6.53 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 7.6Hz), 4.21 (s, 3H, CH3), 2.25 (s, 2H, CH2). 13C
NMR (CDCl3, 100MHz): δ (ppm) 154.72, 144.38, 137.04, 135.22,
134.55, 131.98, 129.88, 129.41, 129.33, 128.90, 128.27, 128.17,
120.61, 113.79, 39.65, 20.44. MS-ESI:m/z 438 (M+H+).

N-[(1-(Phenylsulfonyl)-3-(p-tolyl)-1H-pyrazol-4-

yl)methyl]aniline (7m)
Yield: 20%, m.p. = 128–129◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.09 (s, 1H, pyrazole-H5), 7.99 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.60 (t, 1H, H4, J3−4 = 8.0Hz),
7.54–7.47 (m, 4H, H3, H5, H2′, H6′), 7.17–7.14 (m, 4H, H3′, H5′,
H3′′, H5′′), 6.76 (t, 1H, H4′′, J3′′−4′′ = 8.0Hz), 6.58 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 8.0Hz), 4.25 (s, 2H, CH2), 2.34 (s, 3H, CH3). 13C
NMR (CDCl3, 100MHz): δ (ppm) 155.89, 146.92, 139.12, 137.25,
134.37, 131.72, 129.38, 129.33, 128.55, 128.08, 127.90, 120.76,
118.57, 114.96, 113.49, 39.39, 21.29. MS-ESI:m/z 404 (M+H+).

4-Chloro-N-[(1-(phenylsulfonyl)-3-(p-tolyl)-1H-

pyrazol-4-yl)methyl]aniline (7n)
Yield: 22%, m.p. = 115◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.05 (s, 1H, pyrazole-H5), 7.98 (d,
2H, H2, H6, J2−3 = 7.2Hz), 7.61 (t, 1H, H4, J3−4 = 7.2Hz), 7.54–
7.48 (m, 4H, H3, H5, H2′, H6′), 7.17 (d, 2H, H3′, H5′, J2′−3′ =

7.2Hz), 7.07 (d, 2H, H3′′, H5′′, J2′′−3′′ = 8.0Hz), 6.47 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 8.0Hz), 4.25 (s, 2H, CH2) 2.34 (s, 3H, CH3) 13C
NMR (CDCl3, 100MHz): δ (ppm) 155.85, 145.52, 139.22, 137.15,
134.44, 131.66, 129.41, 129.35, 129.13, 128.45, 128.06, 127.84,
123.05, 120.43, 114.47, 39.36, 21.29. MS-ESI:m/z 438 (M+H+).

4-Bromo-N-[(1-(phenylsulfonyl)-3-(p-tolyl)-1H-

pyrazol-4-yl)methyl]aniline (7o)
Yield: 24%, m.p. = 110◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ ppm 8.03 (s, 1H, pyrazole-H5), 7.98 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.61 (t, 1H, H4, J3−4 = 8.0Hz),
7.51–7.48 (m, 4H, H3, H5, H2′, H6′), 7.21–7.15 (m, 4H, H3′,
H5′, H3′′, H5′′), 6.42 (d, 2H, H2′′, H6′′, J2′′−3′′ = 7.6Hz), 4.20
(s, 2H, CH2), 2.33 (s, 3H, CH3). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 155.84, 146.00, 139.22, 137.14, 134.44, 131.99, 131.66,
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129.41, 129.35, 128.45, 128.05, 127.84, 120.41, 114.91, 110.05,
39.23, 21.29. MS-ESI:m/z 484 (M+H+).

4-Methyl-N-[(1-(phenysulfonyl)-3-(p-tolyl)-1H-

pyrazol-4-yl)methyl]aniline (7p)
Yield: 41%, m.p. = 123–124◦C from AcOEt/n-Hexane. 1H
(CDCl3, 400 MHz): δ (ppm) 8.08 (s, 1H, pyrazole-H5), 8.00 (d,
2H, H2, H6, J2−3 = 7.2Hz), 7.61 (t, 1H, H4, J3−4 = 7.2Hz), 7.55–
7.47 (m, 4H, H3, H5, H2′, H6′), 7.17 (d, 2H, H3′, H5′, J2′−3′ =

7.6Hz), 6.97 (d, 2H, H3′′, H5′′, J2′′−3′′ = 8.0Hz), 6.51 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 8.0Hz), 4.20 (s, 2H, CH2), 2.34 (s, 3H, CH3-Ar),
2.24 (s, 3H, CH3-Ar′′). 13C (CDCl3, 100 MHz): δ (ppm) 155.90,
144.75, 139.09, 137.29, 134.34, 131.68, 129.81, 129.36, 129.31,
128.61, 128.08, 127.91, 127.78, 121.00, 113.61, 39.69, 21.29, 20.42.
MS-ESI:m/z 418 (M+H+).

N-[(3-Bromophenyl)-1-((4-methoxphenyl)sulfonyl)-

1H-pyrazol-4-yl)methyl]aniline (8a)
Yield: 41%, m.p. = 131–134◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 7.96 (s, 1H, pyrazole-H5), 7.58 (d,
2H, H2′, H6′, J2′−3′ = 8.8Hz), 7,57 (d, 2H, H2, H6, J2−3 =

8.4Hz), 7.52(d, 2H, H3′, H5′, J2′−3′ = 8.8Hz), 7.19 (t, 2H, H3′′,
H5′′, J2′′−3′′ = J3′′−4′′ = 8.0Hz), 6.98 (d, 2H, H3, H5, J2−3 =

8.4Hz), 6.78 (t, 1H, H4′′, J3′′−4′′ = 8.0Hz), 6.60 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 8.0Hz), 4.24 (s, 2H, CH2), 3.86 (s, 3H, OCH3). 13C
NMR (CDCl3, 100 MHz): δ (ppm) 164.04, 146.71, 144.43, 131.37,
131.10, 130.15, 130.02, 129.06, 128.89, 127.65, 122.90, 119.80,
117.98, 114.15, 112.68, 55.28, 38.59. MS-ESI:m/z 498 (M+H+).

4-Chloro-N-[(3-(4-bromophenyl)-1-((4-

methoxphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8b)
Yield: 50%, m.p. = 153–154◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 7.95 (d,
2H, H2, H6, J2−3 = 8.8Hz), 7.52 (m, 4H, H2′, H6′, H3′, H5′),
7.12 (d, 2H, H3′′, H5′′, J2′′−3′′ = 8.8Hz), 6.98 (d, 2H, H3, H5,
J2−3 = 8.8Hz), 6.50 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.8Hz), 4.21 (s,
2H, CH2), 3.86 (s, 3H, OCH3). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 164.05, 153.78, 144.81, 132.55, 131.39, 131.14, 130.15,
129.88, 129.00, 128.73, 127.53, 122.97, 119.17, 114.17, 114.02,
55.31, 38.80. MS-ESI:m/z 534 (M+H+).

4-Bromo-N-[(3-(4-bromophenyl)-1-((4-

methoxphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8c)
Yield: 63%, m.p. = 162–164◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.06 (s, 1H, pyrazole-H5), 7.94 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.52 (m, 4H, H2, H6, H3′, H5′),
7.25 (d, 2H, H3′′, H5′′, J2′′−3′′ = 8.8Hz), 6.98 (d, 2H, H3, H5,
J2−3 = 8.8Hz), 6.46 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.8Hz), 4.20
(s, 2H, CH2), 3.86 (3H, -OCH3). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 164.04, 153.41, 145.57, 132.55, 131.58, 131.40, 131.06,
130.14, 129.90, 128.98, 127.52, 122.97, 119.33, 114.22, 114.17,
55.32, 38.53. MS-ESI:m/z 578 (M+H+).

4-Methyl-N-[(3-(4-bromophenyl)-1-((4-

methoxphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8d)
Yield: 50%, m.p. = 164–166◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): (ppm) 8.06 (s, 1H, pyrazole-H5), 7.99 (d, 2H,
H2′, H6′, J2′−3′ = 8.8Hz), 7.61 (d, 2H, H2, H6, J2−6 = 8.8Hz),
7.53 (d, 2H, H3′, H5′, J2′−3′ = 8.8Hz), 7.03–6.99 (m, 4H, H3, H5,
H3′′, H5′′), 6.55 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.0Hz), 4.23 (s, 2H,
CH2), 3.89 (s, 3H, OCH3), 2.28 (s, 3.H, CH3). 13C NMR (CDCl3,
100MHz): δ (ppm) 163.98, 153.85, 144.44, 131.34, 131.09, 130.14,
129.37, 129.08, 127.68, 127.27, 122.86, 120.22, 119.98, 114.14,
112.87, 55.28, 38.91, 19.99. MS-ESI:m/z 514 (M+H+).

N-[(3-(4-Chlorophenyl)-1-(4-methoxphenyl)sulfonyl)-

1H-pyrazol-4-yl)methy])aniline (8e)
Yield: 42%, m.p. = 143–145◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.09 (s, 1H, pyrazole-H5), 7.95 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.64 (d, 2H, H2, H6, J2−3 =

8.0Hz), 7.35 (d, 2H, H3′, H5′, J2′−3′ = 8.0Hz), 7.19 (t, 2H, H3′′,
H5′′ J2′′−3′′ = J3′′−4′′ = 8.0Hz), 6.98 (d, 2H, H3, H5, J2−3 =

8.0Hz), 6.77 (t, 1H, H4′′, J3′′−4′′ = 8.0Hz), 6.60 (d, 2H, H2′′,
H6′′, J2′′−3′′ = 8.0Hz), 4.24 (s, 2H, CH2), 3.85 (s, 3H, OCH3). 13C
NMR (CDCl3, 100MHz): δ (ppm) 163.99, 153.78, 146.73, 134.60,
131.09, 130.14, 129.56, 128.88, 128.80, 128.41, 127.67, 119.83,
117.94, 114.16, 112.68, 55.29, 38.60. MS-ESI:m/z 454 (M+H+).

4-Chloro-N-[(3-(4-chlorophenyl)-1-((4-

methoxyphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8f)
Yield: 36%, m.p. = 158–159◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.08 (s, 1H, pyrazole-H5), 7.94 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.59 (d, 2H, H2, H6 J2−3 = 7.2Hz),
7.35 (d, 2H, H3′, H5′, J2′−3′ = 8.0Hz), 7.12 (d, 2H, H3′′, H5′′,
J2′′−3′′ = 8.0Hz), 6.98 (d, 2H, H3, H5 J2−3 = 7.2Hz), 6.51 (d,
2H, H2′′, H6′′, J2′′−3′′ = 8.0Hz), 4.21 (s, 2H, CH2), 3.87 (s, 3H,
OCH3). 13C NMR (CDCl3, 100 MHz): δ (ppm) 164.53, 154.26,
145.48, 135.19, 133.05, 131.61, 130.64, 129.92, 129,24, 128.95,
128.01, 123.21, 119.77, 114.40, 114.39, 55.82, 39.22. MS-ESI: m/z
488 (M+H+).

4-Bromo-N-[(3-(4-chlorophenyl)-1-((4-

methoxyphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8g)
Yield: 35%, m.p. = 169–171◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 7.95 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.59 (d, 2H, H2, H6 J2−3 = 7.2Hz),
7.35 (d, 2H, H3′, H5′, J2′−3′ = 8.0Hz), 7.26 (m, 2H, H3′′, H5′′),
6.99 (d, 2H, H3, H5, J2−3 = 7.2Hz), 6.46 (d, 2H, H2′′, H6′′,
J2′′−3′′ = 8.0Hz), 4.22 (s, 2H, CH2), 3.87 (s,3H, OCH3). 13C
NMR (CDCl3, 100MHz): δ (ppm) 164.55, 154.22, 146.01, 135.19,
132.09, 131.60, 130.63, 129.94, 129.23, 128.94, 128.04, 119.80,
114.82, 114.68, 110.18, 55.82, 39.09. MS-ESI:m/z 534 (M+H+).
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4-Methyl-N-[(3-(4-chlorophenyl)-1-((4-

methoxyphenyl)sulfonyl)-1H-pyrazol-4-

yl)methyl]aniline (8h)
Yield: 35%, m.p. = 169–171◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.12 (s, 1H, pyrazole-H5), 7.99 (d,
2H, H2′, H6′, J2′−3′ = 8.0Hz), 7.64 (d, 2H, H2, H6, J2−3 =

7.2Hz), 7.37 (d, 2H, H3′, H5′, J2′−3′ = 8.0Hz), 7.01 (m, 4H,
H3, H5, H3′′, H5′′), 6.46 (d, 2H, H2′′, H6′′, J2′′−3′′ = 8.0Hz),
4.22 (s, 2H, CH2), 3.87 (s, 3H, OCH3), 2.28 (s, 3H, -CH3).
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.48, 154.33, 144.82,
135.07, 131.61, 130.63, 130.10, 129.87, 129.32, 128.88, 128.23,
127.89, 120.42, 114.64, 113.50, 55.78, 39.50, 20.42. MS-ESI: m/z
468 (M+H+).

N-[(1-((4-Methoxyphenyl)sulfonyl)-3-(p-tolyl)-1H-

pyrazol-4-yl)methyl]aniline (8i)
Yield: 40%, m.p. = 154–155◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 7.97 (s, 1H, pyrazole-H5), 7.95 (d,
2H, H2, H6, J2−3 = 8.0Hz), 7.54 (d, 2H, H2′, H6′, J2′−3′ =

8.0Hz), 7.19–7.15 (m, 4H, H3′, H5′, H3′′, H5′′), 6.96 (d, 2H,
H3, H5, J2−3 = 8.0), 6.77 (t, 1H, H4′′ J3′′−4′′ = 7.6Hz), 6.60
(d, 2H, H2′′, H6′′, J2′′−3′′ = 7.6Hz), 4.27 (s, 2H, CH2), 3.85 (s,
3H, OCH3), 2.35 (s, 3H, CH3). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 163.82, 154.99, 146.88, 138.52, 130.83, 130.05, 128.88,
128.83, 128.22, 127.93, 127.39, 120.04, 117.70, 114.06, 112.63,
55.26, 38.70, 20.82. MS-ESI:m/z 434 (M+H+).

4-Chloro-N-[(1-(4-methoxyphenyl)sulfonyl)-3-(p-

tolyl)-1H-pyrazol-4-yl)methyl]aniline (8j)
Yield: 56%, m.p. = 157–158◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.03 (s, 1H, pyrazole-H5), 7.93 (d,
2H, H2, H6, J2−3 = 7.2Hz), 7.52 (d, 2H, H2′, H6′, J2′−3′ =

8.0Hz), 7.18 (d, 2H, H3, H5, J2−3 = 8.0Hz), 7.09 (d, 2H, H3′′,
H5′′, J2′′−3′′ = 8.0Hz), 6.95 (d, 2H, H3, H5, J2−3 = 7.2Hz), 6.48
(d, 2H, H2′′, H6′′, J2′′−3′′ = 8.0Hz), 4.22 (s, 2H, CH2), 3.85 (s,
3H, OCH3), 2.36 (s, 3H, CH3). 13C NMR (CDCl3, 100 MHz):
δ (ppm) 164.38, 155.44, 145.83, 139.10, 131.32, 130.53, 129.40,
129.13, 128.63, 128.33, 127.84, 122.78, 120.11, 114.58, 114.24,
55.77, 39.26, 21.31. MS-ESI:m/z 468 (M+H+).

4-Bromo-N-[(1-(4-methoxyphenyl)sulfonyl)-3-(p-

tolyl)-1H-pyrazol-4-yl)methyl]aniline (8k)
Yield: 33%, m.p. = 151–153◦C from AcOEt/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 7.96
(d, 2H, H2, H6, J2−3 = 8.8Hz), 7.54 (d, 2H, H2′, H6′, J2′−3′

= 8.0Hz), 7.28–7.20 (m, 4H, H3′, H5′, H3′′, H5′′), 7.01 (d,
2H, H3, H5, J2−3 = 8.8Hz), 6.47 (d, 2H, H2′′, H6′′, J2′′−3′′ =

8.8Hz), 4.26 (s, 2H, CH2), 3.88 (s, 3H, OCH3), 2.38 (s, 3H, CH3).
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.36, 155.45, 146.26,
139.14, 132.01, 131.34, 130.54, 129.42, 128.57, 128.25, 127.83,
120.06, 114.68, 114.59, 109.77, 55.80, 39.12, 21.35. MS-ESI: m/z
514 (M+H+).

4-Methyl-N-[(1-((4-methoxyphenyl)sulfonyl)-3-(p-

tolyl)-1H-pyrazol-4-yl)methyl]aniline (8l)
Yield: 25%, m.p. = 145–146◦C from CHCl3/n-Hexane. 1H NMR
(CDCl3, 400 MHz): δ (ppm) 8.07 (s, 1H, pyrazole-H5), 7.95 (d,

2H, H2, H6, J2−3 = 8.8Hz), 7.56 (d, 2H, H2′, H6′, J2′−3′ =

8.0Hz), 7.18 (d, 2H, H3′, H5′, J2′−3′ 8.0Hz), 6.99–6.95 (m, 4H,
H3, H5, H3′′, H5′′), 6.53(d, 2H, H2′′, H6′′, J2′′−3′′ = 8.8Hz), 4.24
(s, 2H, CH2), 3.85 (s, 3H, OCH3), 2.35 (s, 3H, CH3), 2.25 (s, 3H,
CH3). 13C NMR (CDCl3, 100 MHz): δ (ppm) 163.81, 155.02,
144.41, 138.46, 130.86, 130.04, 129.31, 128.84, 128.26, 128.01,
127.41, 127.38, 120.10, 114.04, 113.00, 55.24, 39.14, 20.80, 19.92.
MS-ESI:m/z 448 (M+H+).

Biology
Test Compounds
New compounds and reference inhibitors were solubilized in
DMSO at a concentration of 100mM, and successively subjected
to serial dilutions in the culture medium. The first dilution,
with ratio 1:50, diluted the compounds from 100mM to a
concentration of 2mM, reducing the percentage of DMSO
from 100 to 2%. The second dilution, with ratio 1:20, leads
the compounds from 2mM to a concentration of 100µM and
reduces the concentration of DMSO from 2 to 0.1%, a non-toxic
concentration for cells. Next dilutions, performed with ratio 1: 5,
result in a further decrease in the percentage of DMSO in contact
with the cells.

2′-C-methylguanosin (NM108), efavirenz (EFV), pleconaril,
ribavirin, 6-azauridine were used as reference inhibitors for
ssRNA+ viruses. 6-Azauridine, 2′-C-methylcitidine (NM107),
acyclovir (ACG), and mycophenolic acid (M 5255) were
used as reference compounds of ssRNA−, dsRNA and DNA
viruses, respectively.

Cells and Viruses
Cell lines used to support the multiplication of RNA and DNA
viruses were purchased from American Type Culture Collection
(ATCC). The Hoechst staining method were employed to
check periodically the absence of mycoplasma. Viruses were
acquired from American Type Culture Collection (ATCC),
with the exception of Yellow Fever Virus (YFV), Dengue
virus type 2 (DENV-2), West Nile virus (WNV) and Human
Immunodeficiency Virus type-1 (HIV-1).

Baby Hamster Kidney (BHK-21) [ATCC CCL10 (C-13)
Mesocricetus auratus] cells were used for the replication of
YFV [strain 17-D vaccine (Stamaril Pasteur J07B01)], DENV-
2 [clinical isolate], WNV [clinical isolate], and reovirus type-1
(Reo-1) [simian virus 12, strain 3651 (ATCC VR- 214)]; Madin
Darby Bovine Kidney (MDBK) [ATCC CCL22 (NBL-1) Bos
Taurus] cells for bovine viral diarrhea virus (BVDV) [strain
NADL (ATCC VR-534)]; Monkey kidney (Vero 76) [ATCCCRL
1587 Cercopithecus Aethiops] cells for human respiratory
syncytial virus (RSV) [strain A2 (ATCC VR-1540)], human
enterovirus B [coxsackie type B5 (CV-B5) [strain Faulkner
(ATCC VR-185)], human enterovirus C [poliovirus type-1 (Sb-
1), Sabin strain Chat (ATCCVR-1562)], vesicular stomatitis virus
(VSV) [lab strain Indiana (ATCC VR 158)], vaccinia virus (VV)
[strain Elstree (Lister Vaccine) (ATCC VR-1549)], and human
herpesvirus 1 (HSV-1) [strain KOS (ATCC VR- 1493)]; CD4+

human T-cells containing an integrated HTLV-1 genome (MT-
4) for the IIIB laboratory strain of HIV-1, obtained from the
supernatant of the persistently infected H9/IIIB cells (NIH 1983).
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Cytotoxicity Assays
Cytotoxicity tests were performed in parallel with antiviral tests
following the procedures previously described by us (Fioravanti
et al., 2017). In brief, exponentially growing MT-4 cells were
seeded at an initial density of 1× 105 cells/mL in 96-well plates in
RPMI-1640 medium, supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin G and 100 mg/mL streptomycin.
Cell cultures were then incubated at 37◦C in a humidified,
5% CO2 atmosphere, in the absence or presence of serial
dilutions of test compounds. Cell viability was determined after
96 h at 37◦C by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) method. MDBK and BHK cells
were seeded in 96-well plates at an initial density of 6 ×

105 and 1 × 106 cells/mL, respectively, in Minimum Essential
Medium with Earle′s salts (MEM-E), L glutamine, 1mM sodium
pyruvate and 25 mg/L kanamycin, supplemented with 10% horse
serum (MDBK) or 10% fetal bovine serum (FBS) (BHK). Cell
cultures were then incubated at 37◦C in a humidified, 5% CO2

atmosphere in the absence or presence of serial dilutions of test
compounds. Cell viability was determined after 72 h at 37◦C by
theMTTmethod. Vero76 cells were seeded in 96-well plates at an
initial density of 5 × 105 cells/mL, in Dulbecco′s Modified Eagle
Medium (D-MEM) with L-glutamine and 25 mg/L kanamycin,
supplemented with 10% FBS. Cell cultures were then incubated
at 37◦C in a humidified, 5% CO2 atmosphere in the absence or
presence of serial dilutions of test compounds. Cell viability was
determined after 48–96 h at 37◦C by the by the MTT method
(Pauwels et al., 1988).

Antiviral Assays
Antiviral activity of compounds and reference inhibitors was
evaluated by using the experimental protocol reported previously
(Fioravanti et al., 2017). Protection of BHK-21 cells from
YFV, DENV-2, WNV and Reo-1 -induced cytopathogenicity
were determined by the MTT method (Pauwels et al., 1988).
Similarly, protection of MDBK and MT-4 cells from induced
cytopathogenicity by BVDV and HIV-1, respectively, were
assessed by the MTT method (Pauwels et al., 1988). Antiviral
activity against RSV, CVB-5, Sb-1, VSV, VV, and HSV-1 was

evaluated by a plaque reduction assay in infected Vero 76
cell monolayers.

Time of Addition Assay
Time-of-addition experiments were performed on BHK-21 cells
infected with YFV. The effects of compound 7e (36µM = 10 ×

EC50) and reference inhibitor 6-azauridine (90µM = 2 × EC50)
were evaluated by using the experimental protocol reported
previously (Fioravanti et al., 2017).

Linear Regression Analysis
The extent of cell growth/viability and viral multiplication,
at each drug concentration tested, were expressed as
percentage of untreated controls. Concentrations resulting
in 50% inhibition (CC50 or EC50) were determined by linear
regression analysis.
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Fragment-based screening is an established route to identify low-molecular-weight

molecules to generate high-affinity inhibitors in drug discovery. The affinities of these early

hits from fragment screenings require a highly sensitive biophysical screening technique.

Saturation transfer difference (STD) nuclear magnetic resonance (NMR) is one of the

most popular methods owing to its high sensitivity for low-affinity ligands. It would be

highly beneficial if rank-ordering of hits according to their affinity from an initial or counter-

screen could be performed—a selection criterion found in the literature. We applied

Complete Relaxation and Conformational Exchange Matrix (CORCEMA) theory adapted

for saturation transfer (ST) measurements (CORCEMA-ST) calculations to predict STD

NMR results from a large set of fragment/receptor pairs to investigate the boundaries

under which the assumption holds true that a high STD effect can be applied to select

for higher-affinity fragments. Overall, we come to the conclusion that this assumption

is invalid.

Keywords: fragment-based drug discovery, fragment-based drug design, saturation transfer difference nuclear

magnetic resonance spectroscopy, STD NMR, screening

INTRODUCTION

Fragment-based drug design (FBDD) has successfully complemented the toolbox for developing
small-molecule pharmaceuticals (Baker, 2012; Hann and Keserü, 2012) as highlighted by
Vemurafenib and Venetoclax, the first drugs entering the market originating from FBDD (Bollag
et al., 2010; Souers et al., 2013). In this approach, fragments of drug-like molecules ranging between
∼150 and 250 Da in size are identified binding to a receptor. These initial hits are then developed
into high-affinity leads following fragment evolution strategies such as fragment linking, fragment
growing, or fragment merging (Rees et al., 2004).

The screening of fragment collections is challenged by the low affinities of the initial hits,
which typically range between dissociation constants of 10µM and 10mM. These values are
target dependent, but the average fragment hit resides in the higher micromolar to the single-digit
millimolar range. To overcome the low affinity of fragments, sensitive biophysical techniques
are commonly employed such as surface plasmon resonance (SPR), X-ray crystallography,
and techniques from nuclear magnetic resonance (NMR). In particular, ligand-observed NMR
techniques such as STD NMR are the most frequently used methods owing to their high sensitivity
and low false-positive rate (Gossert and Jahnke, 2016).

During an STD NMR experiment, receptor resonances are selectively saturated for a given
time (saturation time, tsat) by a series of frequency-specific pulses. This magnetization spreads in
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milliseconds in the hydrogen network within the receptor via
spin diffusion (Mayer andMeyer, 1999; Jayalakshmi and Krishna,
2002). Furthermore, the magnetization is transferred to low-
molecular-weight ligands, enabling the identification of actives
from compound mixtures (Mayer and Meyer, 1999; Jayalakshmi
and Krishna, 2002). The ligand will then dissociate from the
receptor site and saturated ligands accumulate free in solution,
which results in a decreased signal intensity of the bulk ligand.
This spectrum is subtracted from a reference spectrum of the
same sample recorded in the absence of saturation. Hence, signals
in an STD spectrum correspond to ligands that bound to the
receptor. Moreover, saturation transfer to the ligand is distance
dependent and ligand hydrogens receiving more saturation are
considered in close proximity to the receptor interface in the
bound state (Mayer and Meyer, 2001). A binding epitope can
thus be derived, normalizing the saturation transfer to the proton
receiving the highest saturation. Additionally, the magnitude of
saturation transfer is affected by the affinity and the kinetics
of complex formation (Jayalakshmi and Krishna, 2002; Meyer
and Peters, 2003). Finally, ligand as well as receptor saturation
is counteracted by nuclear relaxation processes, particularly
T1 relaxation, leading to a dissipation of the magnetization
to the bulk solvent. Consequently, the saturation build-up of
ligand equilibrates at longer duration of the saturation time
(Jayalakshmi and Krishna, 2002).

The coupled dipolar relaxation network of receptor and
ligand hydrogens can be calculated using the complete
relaxation and conformational exchange matrix (CORCEMA)
theory. With this formalism, STD NMR experiments can be
simulated for a given receptor/ligand complex, and CORCEMA-
ST has been successfully applied to refine such complexes
(Jayalakshmi and Krishna, 2002, 2005; Szczepina et al., 2011).
Moreover, CORCEMA calculations allow one to reduce the

FIGURE 1 | Comparing experimental and calculated STD effects using CORCEMA-ST. (A) STD amplification factors observed during fragment screening of langerin

with [P] = 10µM, [L] = 200µM, and tsat = 4 s plotted against affinity estimated by SPR (Aretz et al., 2018). (B) Thirteen fragment/protein complexes were used to

perform CORCEMA-ST calculations of the saturation transfer from the receptor to the low-molecular-weight ligand. The average over all complexes is shown and

depicts the saturation transfer to the ligand proton receiving the highest saturation. A gray box highlights the affinity regime typically populated by fragments (Kd

ranging from 10µM to 10mM). (C) Individual plots of all 13 complexes highlighting the high dispersion of saturation transfer. For CORCEMA-ST calculations, typical

STD NMR screening conditions were assumed: [P] = 20µM, [L] = 1.0mM, saturation time = 2.0 s, τc,bound = 30 ns (corresponding to 50 kDa molecular weight), and

kon = 109 M−1 s−1.

complexity of the STD NMR experiment in theory to explore
parameters influencing the saturation transfer. For example, two
receptor/ligand complexes can be compared assuming that they
share exactly the same affinity and, by that, rule out effects
arising from the exchange kinetics. This then allows extracting
the influence of the geometry of the binding site (Jayalakshmi and
Krishna, 2002). Previous CORCEMA calculations using a single
receptor/ligand pair indicated a correlation between affinity and
saturation transfer to the ligand (Jayalakshmi and Krishna, 2002).
Sufficient residence time of the ligand in the binding site allows
transfer of the magnetization. Consequently, saturated ligand
molecules accumulate free in solution and the overall signal
intensity of the corresponding ligand resonances is decreased.
When the affinity is exceeding a certain threshold, the release
of ligand from the receptor site is limited and the STD effect
decreases again. Taken together, a bell-shaped plot of affinity vs.
saturation transfer is expected.

Here, we calculate theoretical STD effects over a broad range
of receptor–ligand pairs. These insights are combined with
experimental results from STD NMR screening and fragment-
based ligand design. Next, we investigated whether rank-ordering
of fragment-sized ligands from primary screening data based
on the STD amplification factors is suitable. Overall, evidence
from calculations as well as experimental data suggests that such
rank-ordering is invalid.

MATERIALS AND METHODS

Structure Preparation
Fragment/protein complexes were selected from the Protein
Data Bank (PDB) database based on resolution and diversity of
the proteins and ligands, and avoiding sterical clashes between
the ligand and protein originating from unreasonably low

Frontiers in Chemistry | www.frontiersin.org 2 April 2019 | Volume 7 | Article 21558

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Aretz and Rademacher Ranking Hits From STD NMR

distances. All complexes were prepared in Molecular Operating
Environment (MOE, version 2015; Chemical Computing Group
ULC., 2018). Hydrogens were added at pH 7; if necessary,
missing loops were introduced followed by a structure refinement
step as implemented in MOE using standard parameters and
manual inspection. Complexes and their respective affinities
are given in Table S1 in the order they appear throughout
the study.

CORCEMA-ST
CORCEMA-ST (version 3.8) was run on a regular desktop
computer (Jayalakshmi and Krishna, 2002). If not stated
otherwise, the following parameters were assumed: ligand

concentration [L] = 1mM; protein concentration [P] = 20µM;
kon = 109 M−1 s−1; saturation times tsat = 0.5, 2.0, and 8.0 s;
correlation time of the ligand τc = 5× 1010 s. Exchange-mediated
leakage is not taken into account in this model when more
than one binding site is assumed. To significantly decrease the
calculation time, only hydrogens in an 11-Å radius surrounding
the ligand were included (Figure S5). Methyl resonances of
amino acids were assumed to be instantaneously saturated
during the simulation. Only non-exchangeable hydrogens of
the receptor and the ligand were included in the calculation,
and all other atoms were removed from the input structures.
Only protons with the highest saturation transfer were used for
the analysis.

FIGURE 2 | CORCEMA-ST calculations and experimental data of fragments binding to the same binding site. (A) STD amplification factors determined with

CORCEMA-ST of fragments binding to PDE10A and AmpC. For these fragments, a crystal structure and thermodynamic data were available (Barelier et al., 2014;

Recht et al., 2014). (B) Chemical structures of the fragments used to analyze HSP90 (Roughley and Hubbard, 2011) and (C) examples of some of these ligands in

complex with protons colored by their normalized STD effect (red being the highest STD effect and blue being the lowest effect). (D) Saturation transfer with varying

dissociation constants is shown for all complexes shown in (B) for HSP90. For all complexes, the same parameters were assumed: [P] = 20µM, [L] = 1.0mM,

τc,bound, = 30 ns, and kon= 109 M−1 s−1. (E) STD amplification factors derived from a structure-activity relationship (SAR) study of thiazolopyrimidine derivatives

binding to langerin plotted against affinity determined by SPR (Aretz et al., 2018). STD NMR measurements were performed with [P] = 20µM, [L] = 500–1,000µM,

depending on compound solubility, and tsat = 1 s, considering only the proton in the 7-position (carbon highlighted with a circle).
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TABLE 1 | Protein–ligand complexes used for CORCEMA-ST calculations.

PDB ID Name (long) Name (short) Protein class Ligand

2XP3 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 protein Pin1 Isomerase

2YE4 Heat shock protein 90 HSP90 Chaperone

3B25 Heat shock protein 90 HSP90 Chaperone

3PB5 Endothiapepsin EAPA Protease

4B3C DNA repair and recombinant protein RADA RadA ATPase

4B35 DNA repair and recombinant protein RADA RadA ATPase

4FCP Heat shock protein 90 HSP90 Chaperone

4FZJ Pantothenate synthetase Pts Ligase

4IH6 HCV non-structural protein 5B NS5B RNA Pol.

4FPT Carbonic anhydrase 2 CA2 Lyase

2VCZ Prostaglandin D2 synthase PGDS Isomerase

3ZW3 Phosphatidylinositol-4,5-bisphosphate 3-kinase PI3K Kinase

4KAB Focal adhesion kinase 1 FAK1 Kinase
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Saturation Transfer Difference Nuclear
Magnetic Resonance Measurements
STD NMR experiments were performed as described elsewhere
(Aretz et al., 2018). Briefly, 10µMmurine langerin was screened
against a library of 660 fragments at a ligand concentration
[L] = 0.2mM using a saturation time of tsat = 4 s. Hits
were counter-screened by SPR (see the section Estimation of
Affinity Using Surface Plasmon Resonance), enabling affinity
estimation and hit validation. For SPR-validated hits, the STD
amplification factor was determined as reported earlier (Mayer
and Meyer, 2001) and plotted against affinity (Figure 1A). For
epitope mapping of thiazolopyrimidine derivatives (Figure 2E),
protein concentration was [P] = 20µM, ligand concentration
was [L] = 0.5–1mM, and tsat = 1 s. Affinity of all derivatives
was estimated by SPR (see the section Estimation of Affinity
Using Surface Plasmon Resonance), and the STD amplification
factor was determined as reported earlier for the proton in the
7-position of the thiazolopyrimidine scaffold (Mayer and Meyer,
2001). Spectra were analyzed in MestReNova 10.0.0. Compound
structures, estimated affinities, and STD amplification factors are
given in Table S2.

Estimation of Affinity Using Surface
Plasmon Resonance
SPR experiments were performed on a Biacore T100 (GE
Healthcare) as described elsewhere (Aretz et al., 2018). Briefly,
murine langerin was immobilized on a CM7 Series S chip to
a density of 7,500 RU using NHS/EDC coupling. Subsequently,
dilution series of compounds in 25mM HEPES, pH 7.6, 150mM
sodium chloride, 5mM calcium chloride, and 0.005% Tween-20
buffer were injected with a flow rate of 10 µl min−1.

RESULTS AND DISCUSSION

Ideally, a fragment screening technique enables rank-ordering of
hits according to their affinity. Due to recent reports on rank-
ordering hits from STD NMR screening and counter-screening
applying the STD amplification factor (Jose et al., 2012; Begley
et al., 2013; Cala and Krimm, 2015), we retrospectively analyzed
a fragment screening against langerin, a C-type lectin receptor
involved in pathogen uptake by immune cells (Aretz et al., 2018).
Here, fragments were screened by STD NMR, and the affinity of
hits was subsequently estimated by SPR (Figure 1A). Although
the affinity of all hits was in a suitable range for STD NMR, there
was no correlation between STD amplification factor and affinity
(Pearson’s correlation coefficient). Consequently, rank-ordering
of hits according to their STD amplification factor would have
been misleading in this example.

To analyze the missing correlation between STD amplification
factor and affinity more systematically, we assembled a diverse
set of receptor/fragment complexes (Table 1) and computed
the outcome of an STD NMR experiment using CORCEMA-
ST (Figure 1B). Setting a molecular weight of the receptor
to a typical drug target of 50 kDa, e.g., checkpoint kinase
1 (CHK1), we evaluated the influence of the affinity on the
saturation transfer. This setup simulates the situation during

STD NMR-based fragment screening with a larger panel
of different fragments being present in the same mixture
potentially occupying multiple sites with varying geometry and
physicochemical properties. The calculated saturation transfer
plotted against the affinity averaged over all complexes resulted
in a bell-shaped curve as reported earlier (Figure 1B; Jayalakshmi
and Krishna, 2002). For the typical affinity range of fragments,
which is between 10µMand 10mM, these plots indicate elevated
saturation transfer with increasing affinity (gray box, Figure 1B),
suggesting that rank-ordering hits from primary screening would
be suitable. However, the analysis of the individual contributions
of the fragment complexes to the average depiction revealed a
high variability of the calculated saturation transfer (Figure 1C),
demonstrating that even assuming the same thermodynamics
and kinetics, a high variability of the STD NMR readout is to
be expected. This trend was also observed for saturation times
of 0.5 and 8.0 s (Figure S1). Overall, this variability suggests that
binders from initial STDNMR screening cannot be rank-ordered
assuming that the magnitude of the STD effect would correlate
with fragment affinity.

To ensure that a fragment is binding to the targeted site
during the STD NMR screening process, typically competition
experiments are employed. Consequently, under these
conditions, the saturation transfer for all fragments to be
rank-ordered originates from the same binding site. Hence,
to eliminate the effect of the composition of the binding site,
a series of fragments binding to a single receptor pocket was
utilized using two exemplary drug targets: phosphodiesterase
10A (PDE10A) and beta-lactamase (AmpC). In both cases,
crystallographic and thermodynamic data were previously
reported. From these reports, kinetic data were calculated
assuming diffusion-controlled on-rate kinetics and hence STD
amplification factors were determined (Figure 2A; Barelier
et al., 2014; Recht et al., 2014). Similar to our experimental
screening data, there was no correlation between calculated
STD amplification factor and affinity (Pearson’s correlation
coefficient, p > 0.05). We then focused on another receptor with
a high availability of fragment-bound crystal structures, i.e., heat
shock protein 90 (HSP90), to rule out effects coming from the
binding site geometry (Figures 2B–D; Roughley and Hubbard,
2011). A more homogeneous saturation transfer profile was
observed (Figure 2D) in comparison to the simulated screening
data with multiple binding sites (Figure 1C). Still, fragments
were indistinguishable based on their affinity (Figure 2D). Taken
together, if binding to a single protein pocket can be assumed,
slight chemical variations in the structure of the fragments,
which are typically found in a series of derivatives, lead to
substantial variability of the observed STD effects.

To experimentally validate this finding, we analyzed
STD data of a structure-activity relationship study (SAR) of
thiazolopyrimidine derivatives binding to langerin (Figure 2E;
Aretz et al., 2018). These derivatives only differ in substitutions
of the 6-position; hence, the STD amplification factor of the
same aromatic proton in the 7-position was determined. Under
these conditions, a linear correlation between affinity and STD
amplification factor can be inferred (Pearson’s correlation
coefficient, p < 0.05), which is in contrast to the screening
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FIGURE 3 | The influence of altered kinetics and molecular weight of a receptor on the STD amplification factor. (A) CORCEMA-ST calculations were performed for 13

fragment/protein complexes assuming a molecular weight of 166 kDa. CORCEMA-ST calculations were performed on the same fragment/protein complexes as above

(Figure 1; Table 1), but changing the protein correlation time to 100 ns [τc,bound = 100 ns, [P] = 20µM, [L] = 1.0mM, kon= 109 M−1 s−1]. (B,C) CORCEMA-ST

calculations for CA2 varying on- and off-rates of the receptor/ligand complex. Saturation times of 8.0 s are shown [PDB ID: 4FPT, [P] = 20µM, [L] = 1.0mM].

results. Still, the compound with the highest affinity ranked 19
of 30; thus, the high variability of the STD effect predicted by
CORCEMA is in agreement with these experimental data.

Thus far, our analysis was focused on receptors with
a molecular weight of 50 kDa. As the saturation transfer
to the ligand is increased with the increase in molecular
weight, we hypothesized that increasing the correlation time
τc to 100 ns in our calculations might compensate for the
difference in chemical composition of the binding sites. Such
decrease in molecular tumbling rate corresponds to a ∼166
kDa receptor. While the CORCEMA calculations predicted
elevated STD effects and a more homogeneous saturation
transfer compared to our results at 50 kDa (Figure 1B),
these data still do not allow rank-ordering of hits from
screening (Figure 3A). Even at very low saturation times, which
compensate for T1 relaxation effects of the ligands (Yan et al.,
2003), a clear guideline for fragment ranking remains elusive
(Figure S2).

Until now, all CORCEMA-ST calculations assumed a
diffusion-limited on-rate kinetics of kon = 109 M−1 s−1 in
line with previous calculations (Jayalakshmi and Krishna,
2002). However, the influence of kinetics on the correlation
of STD amplification factor and fragment affinity became
already apparent for PDE10A (Figure 2A). To systematically
elucidate the consequences of slower binding kinetics on STD
NMR screening of fragments, carbonic anhydrase II (CA2)
was chosen as a model, as it is a well-studied example for
which fast kinetics cannot be assumed. On-rates between

103 and 106 M−1 s−1 have been reported for low-molecular-
weight inhibitors of CA2 (Navratilova and Hopkins, 2010).
Therefore, we analyzed CA2 in complex with ethyl (2Z,4R)-
2-(sulfamoylimino)-1,3-thiazolidine-4-carboxylate already
included in previous data sets (PDB ID: 4FPT) varying the
exchange kinetics (Figure 3B). If the on-rate is below the
diffusion-limited threshold of 107 M−1 s−1, the affinity range
of fragments receiving high saturation transfer decreases.
Consequently, low saturation transfer can be interpreted
as originating either from high- or low-affinity fragments.
Fragments with low micromolar affinity will give rise to
similar STD effects as low millimolar binders. This potential
caveat became more severe with slower on-rates. The same
results from CORCEMA-ST calculations were observed when
analyzing FAK1 and GSK3b kinases as well as increasing
the molecular weight of these receptors (Figures S3, S4).
Moreover, analyzing the same data, but highlighting the off-rates
instead, emphasizes the off-rate bias in STD NMR screening
(Figure 3C and Figure S4B). Oversimplified, one can state
that a higher off-rate leads to increasing numbers of saturated
ligand molecules and consequently to a higher STD effect.
Hence, applying a rank-ordering based on STD effect during
screening can lead to an accumulation of ligands with fast
off-rate kinetics, contradicting current efforts to identify hits
with slow off-rates (Copeland et al., 2006).

Since the underlying pathways leading to efficient saturation
transfer from a target receptor to a ligand are multifactorial,
it is difficult to identify a single determinant responsible
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for the lack of correlation between STD amplification
factor and affinity. However, our results suggest that
subtle changes in the binding site geometry and binding
kinetics can already significantly alter the size of the STD
amplification factor.

CONCLUSION

In this study, we calculated STD NMR amplification factors
for fragments identified in an experimental NMR screening
against langerin (Aretz et al., 2018) and relate them to
affinity. To expand these findings and rule out flaws in
our analysis originating from experimental imperfections, we
simulated different pairs of receptors and drug-like ligands using
CORCEMA-ST. Varying saturation time, receptor size, binding
kinetics, and interaction site in CORCEMA-ST simulations, there
were no conditions in which the STD NMR amplification factor
correlated unambiguously with affinity. These findings are in line
with our experimental data. In conclusion, these data exemplify
that assuming the observed STD effect relates to affinity and
thereby allowing rank-ordering of hits from STDNMR fragment-
based screening is misleading.
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Human Respiratory Syncytial Virus (RSV) is the primary cause of bronchopneumonia

in infants and children worldwide. Clinical studies have shown that early treatments

of RSV patients with ribavirin improve prognosis, even if the use of this drug is

limited due to myelosuppression and toxicity effects. Furthermore, effective vaccines

to prevent RSV infection are currently unavailable. Thus, the development of highly

effective and specific antiviral drugs for pre-exposure prophylaxis and/or treatment

of RSV infections is a compelling need. In the quest of new RSV inhibitors, in

this work we evaluated the antiviral activity of a series of variously substituted

5,6-dichloro-1-phenyl-1(2)H-benzo[d][1,2,3]triazole derivatives in cell-based assays.

Several 1- and 2-phenyl-benzotriazoles resulted fairly potent (µM concentrations)

inhibitors of RSV infection in plaque reduction assays, accompanied by low cytotoxicity

in human highly dividing T lymphoid-derived cells and primary cell lines. Contextually, no

inhibitory effects were observed against other RNA or DNA viruses assayed, suggesting

specific activity against RSV. Further results revealed that the lead compound 10d was

active during the early phase of the RSV infection cycle. To understand whether 10d

interfered with virus attachment to target cells or virus-cell fusion events, inhibitory

activity tests against the RSV mutant strain B1 cp-52—expressing only the F envelope

glycoprotein—and a plasmid-based reporter assay that quantifies the bioactivity of viral

entry were also performed. The overall biological results, in conjunction with in silico

modeling studies, supported the conclusion that the RSV fusion process could be the

target of this new series of compounds.

Keywords: dichloro-phenylbenzotriazoles, RSV strain B1 cp-52, fusion protein, plasmid-based reporter assay,

in silico modeling
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INTRODUCTION

Viral pneumonia is an increasing health problem worldwide, and
the incidence and number of viruses known to induce respiratory
diseases have expanded in recent years (Lee and Qureshi, 2013).
Human Respiratory Syncytial Virus (RSV) is the main etiological
agent of pneumonia, bronchiolitis, and lower respiratory tract
infections (LRTIs). In particular, RSV is the leading cause of
acute LRTIs in children less than 5 years of age (Wang et al.,
1995; Noyola et al., 2007), and the responsible for substantial
disease burden in the elderly, similar to that of non-pandemic
influenza A (Falsey et al., 2005; Falsey, 2007). Every year, this
pathogen causes 30 million LRTIs and the annual death toll from
RSV-related diseases is now∼ 200,000 (Nair et al., 2010).

RSV transmission occurs mainly through the eye and nose,
rather than the mouth. This may be via large-particle aerosols
or droplets, requiring close contact. The virus, however, does
not seem capable of traversing distances by small-particle
aerosols. Nevertheless, it is able to remain infectious on various
environmental surfaces, suggesting fomites as a source of spread.
These characteristics imply that RSV can be easily spread on
hospital wards during a community break of RSV infection.
The potential for nosocomial RSV infections is further enhanced
by the crowding on pediatric wards that occur during such
a community outbreak since, particularly in winter and early
spring, a great proportion of admissions are infants with LRTI-
related diseases who shed the virus in particularly high titer.

Actually, a prophylactic strategy based on a humanized
neutralizing antibody against RSV is available to protect
newborn babies at high-risk, such as preterm infants and those
suffering from cardiovascular diseases and immunodeficiencies
(Feltes et al., 2003; Cardenas et al., 2005). However, this
approach is costly and unaffordable for most public health
systems worldwide.

Likewise, aerosolized ribavirin (a synthetic guanosine analog)
is available for treating RSV replication. Themechanism of action
of this drug is based on the inhibition of RNA transcription; as
such, ribavirin is characterized by a broad spectrum of antiviral
activity, potential toxicity, besides relatively high cost (Ventre
and Randolph, 2007).Moreover, the use of ribavirin is still limited
because beneficial effects on clinical outcomes remain unproved
(Ohmit et al., 1996; Snell, 2001). This scenario makes RSV—a
negative-sense, single-stranded, enveloped RNA member of the
Pneumoviridae family—an important target for the research and
development of new antivirals.

The RSV RNA genome codes for key internal structural
proteins (the matrix protein M and nucleoprotein N),
proteins required for a functional polymerase complex (the
phosphoprotein P and polymerase L), nonstructural proteins
involved in evasion of the innate immune response (NS-1
and NS-2), externally exposed transmembrane glycoproteins
(the small hydrophobic protein SH, th3 attachment protein
G, and fusion protein F), and the regulatory M2 proteins
(the M2-1 antitermination protein and M2-2, involved in
transcription/replication regulation). RSV entry into target
cells is mediated by the two glycoproteins G and F. These
glycopolypeptides are packed in a dense layer on the viral

surface, together with a third, small hydrophobic polypeptide
(SH), whose function remains unknown. Primary adsorption
of the virus to the target cell is generally promoted by the G
protein, with sialic acid residues or cell surface proteins serving
as receptors. Viral entry is then facilitated by the fusion F protein
that adopts a metastable prefusion conformation when in its
active form. After attachment of F to host-cell factors, one
or more of these factors trigger the protein conformational
rearrangement that results in fusion of the viral and cellular
membranes. Since F is essential for RSV infection, humans
elicit neutralizing antibodies that target it, with the most potent
recognizing the prefusion conformation. Accordingly, this
conformation of F is considered to be the ideal vaccine antigen,
and antibodies and small molecules that disrupt its structure and
function constitute a very active field of current research.

During the last two decades (starting by Sanna et al., 1992),
our group has designed, synthesized and tested for biological
activity a large number of 1(2)(3)H-benzo[d][1,2,3]triazole
derivatives. The phenotypic screening approach to the biological
evaluation against different pharmacological targets of 1(2)(3)H-
benzo[d][1,2,3]triazole (hereafter named benzotriazole)
derivatives (Briguglio et al., 2015) led to the discovery of
compounds endowed with in vitro selective activity against
ssRNA-compounds that exhibited specifically potent activity
against RSV.

Among these, the most potent ones carried a chlorine atom at
position 5 of the heterocyclic scaffold. Given the beneficial role
of the alogen substituent and with the aim of further potentiating
the anti-RSV activity of benzotriazole compounds, in this paper
we report the design and synthesis of 5,6-dichloro-1-phenyl-
1H-benzotriazole amides (5a-d and 7a-h) (Scheme 1) and 5,6-
dichloro-2-phenyl-2H-benzotriazole derivatives 6a-f, 8a-h and
10a-k (Schemes 2, 3) as potential RSV inhibitors.

The antiviral activity against RSV and the eventual related
toxicity of these compounds in cell-based assays are next
described, together with the results of an investigation aimed
at understanding their mode of action in cell-, plasmid-
and computer-based assays. Finally, results of the antiviral
selectivity of these dichloro-phenyl-benzotriazoles, their
cytotoxicity and antiviral activity against representative DNA,
± single-stranded RNA, and double-stranded genome (dsRNA)
viruses families obtained in cell-based assays are also reported
(see Supplementary Material).

MATERIALS AND METHODS

General Experimental
Compound melting points (m.p.s) were taken in open capillaries
in a Köfler hot stage or Digital Electrothermal melting point
apparatus and are uncorrected. 1H Nuclear Magnetic Resonance
(NMR) spectra were determined in CDCl3/DMSO, and were
recorded with a Bruker Avance III 400 NanoBay (400 Mz)
and a Varian XL-200 (200 MHz) instruments. Chemical shifts
(TMscale) are reported in parts per million (ppm) downfield from
tetramethylsilane (TMS) used as internal standard. The chemical
shift values are reported in ppm (δ) and coupling constants (J) in
Hertz (Hz). Signal multiplicities are represented by: s (singlet),
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SCHEME 1 | Synthesis of 5,6-dichloro-1-phenyl-benzotriazole amides 5a–d and 7a–h.

SCHEME 2 | Synthesis of 5,6-dichloro-2-phenyl-benzotriazole amides 6a–f and 8a–h.

d (doublet), dd (double doublet), t (triplet), q (quadruplet) and
m (multiplet). The assignment of exchangeable protons (OH
and NH) was confirmed by the addition of D2O. 13C NMR

were determined in DMSO and were recorded at 400 MHz
with Bruker Avance III 400 NanoBay. Mass spectra (MS) were
performed on combined HP 5790-HP 5970 GC/MS apparatus
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SCHEME 3 | Synthesis of 5,6-dichloro-2-phenyl-benzotriazole urea derivatives 10a–k.

or with a combined Liquid Chromatograph-Agilent 1100 series
Mass Selective Detector (MSD). Column chromatography was
performed using 70–230 mesh (Merck silica gel 60). Light
petroleum refers to the fraction with b.p. 40–60◦C. The progress
of the reactions, the retardation factor (Rf) and the purity of
the final compounds were monitored by TLC using Merck
F-254 commercial plates. Analyses indicated by the symbols
of the elements were within ± 0.4% of the theoretical values.
Acetic anhydride (2a), propionic anhydride (2b) and butyric
anhydride (2c), 4-R benzoyl chloride (3a-h), alkyl- and aryl-
isocyanates (4a-k) were commercially available (from Sigma
Aldrich, USA), 1-(4-aminophenyl)-5,6-dichlorobenzotriazole
(1a) and 2-(4-aminophenyl)-5,6-dichlorobenzotriazole (1b)
were prepared following the procedure previously described by
us (Carta et al., 2006).

General Procedure for Preparation of
N-[4-(1H(2H)-benzo[d][1,2,3]triazol-1(2)-
yl)phenyl] alkylcarboxamides (5a-d
and 6a-f)
A stirred suspension of the 1-(4-aminophenyl)-5,6-
dichlorobenzotriazole (1a) or 2-(4-aminophenyl)-5,6-
dichlorobenzotriazole (1b) (1.4 mmol) in the appropriate
anhydride (acetic, propionic and butyric anhydride) (4mL), was
heated to 100◦C for 1h. After cooling to r.t. and dilution with
an equal volume of water (4mL), the resulting precipitate was
filtered off, washed with water and dried. The afforded crude
products were purified by flash chromatography using as eluent
a mixture of petroleum ether/ethyl acetate in ratio 7:3. Besides
the desired compounds, the diacylated derivatives 5d and 6d-f

were also collected. All solid compounds were crystallized from
ethanol. Melting points, yields, analytical and spectroscopy data
are reported below.

General Procedure for Preparation of
N-[4-(1H(2H)-benzo[d][1,2,3]triazol-1(2)-yl)
phenyl]p-R-arylcarboxamides (7a-h
and 8a-h)
To a stirred solution of the 1-(4-aminophenyl)-5,6-
dichlorobenzotriazole (1a) and 2-(4-aminophenyl)-5,6-
dichlorobenzotriazole (1b) (1.4 mmol) in anhydrous

dimethylformamide (DMFa) (10mL) was added dropwise a
solution in DMFa (2mL) of appropriate R-benzoyl chloride
(1.68 mmol) (ratio 1: 1+20%). The solution was then stirred
at 80◦C for further 0.5 h (7a,d and 8d,f), 1h (7b, c, e, g and
8a), 1.5 h (8b), 2h (7f), 3 h (8e), 12 h (8c), 2 4h (7h), and 72 h
(7g). After cooling, the obtained solids were filtered, and water
was added to achieve quantitative precipitation. The resulting
precipitates were collected by filtration, washed with water,
and the crude products were purified by flash chromatography
(7c, C/M = 95/5), (7d, C/M = 98/2), (7g, 7h, PE/EA = 7/3),
(8b, C/M = 9/1), (8c, PE/DE = 3/7), (8d, PE/EA = 6/4), (8f,
PE/DE = 75/25) or via recrystallization by ethanol (7a, 7b, 7e,
7f, 8a, 8e, 8g, 8h). C: chloroform, M: methanol, PE: petroleum
ether, DE: diethyl ether, EA: ethyl acetate.

General Procedure for Preparation of
1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-alkyl and
aryl-uree (10a-k)
To a stirred solution of the 2-(4-aminophenyl)-5,6-
dichlorobenzotriazole (1b) (1.26 mmol) in anhydrous
N,N-dimethylformamide (DMFa) (6mL), 3.78 mmol (ratio
1:3) of the required isocyanate (4a-k) were added in anhydrous
N,N-dimethylformamide. The mixture was stirred at 80◦C for
24 h (10c), 44 h (10b), 3 days (10a,k), 110◦C for 24 h (10f,g,i,l),
48 h (10h), and 72 h (10e). The reaction mixture was cooled to
room temperature and the precipitates of 4a-k were directly
collected by filtration. For all other compounds, the liquor
mothers were evaporated to dryness and the crude products were
triturated with ether to obtain the corresponding solids, which
were purified either by recrystallization with ethanol (10a,c,d,f-l)
or by flash chromatography using a mixture of petroleum ethyl
ether/diethyl acetate 6/4 (10b,e,k).

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]acetamide (5a)
C14H10Cl2N4O MW 321.16 Elem. Anal. Calc. C 52.36, H 3.14,
N 17.45. Found C 52.70, H 3.09, N 17.35. Compound total yield
82%; m.p. 209–211◦C; TLC (diethylether): Rf 0.23. IR (nujol) ν:
1,700, 3,400 cm−1. UV (EtOH) λmax 245 nm. δ 10.24 (s, 1H, NH),
8.29 (s, 1H, H-4), 7.95 (s, 1H, H-7), 7.89 (d, J = 8.6Hz, 2H, H-2′,
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6′), 7.45 (d, J = 8.6Hz, 2H, H-3′, 5′) 2.38 (s, 3H, CH3). 13C-NMR
(DMSO): 172.4 (CO), 144.6 (C), 140.2 (C), 131.7 (C), 131.0 (C),
130.3 (C), 127.6 (C), 123.6 (2CH), 121.2 (CH), 120.8 (2CH), 112.8
(CH), 23.4 (CH3). GC/MS: m/z 321, 323 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]propionamide (5b)
C15H12Cl2N4O MW 335.19 Elem. Anal. Calc. C 53.75, H 3.61,
N 16.72. Found C 53.60, H 3.41, N 16.68. Compound total yield
33%; m.p. 175–177◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.36. IR (nujol) ν: 1700, 3380 cm−1. UV (EtOH) λmax 217,
260 nm. 1HNMR (CDCl3 /DMSO): δ 10.24 (s, 1H, NH), 8.25 (s,
1H, H-4), 8.06 (s, 1H, H-7), 7.83 (d, J = 8.6Hz, 2H, H-2′, 6′),
7.67 (d, J = 8.6Hz, 2H, H-3′, 5′), 2.46 (q, J = 7.2Hz, 2H, CH2),
1.28 (t, J = 7.2Hz, 3H, CH3). 13C-NMR (DMSO): 172.4 (CO),
144.6 (C), 140.2 (C), 131.8 (C), 131.1 (C), 130.3 (C), 127.6 (C),
123.6 (2CH), 121.1 (CH), 120.8 (2CH), 112.8 (CH), 29.6 (CH2),
9.5 (CH3). GC/MS: m/z 334, 336 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]butanamide (5c)
C16H14Cl2N4O MW 349.21 Elem. Anal. Calc. C 55.03, H 4.04,
N 16.04. Found C 55.33H 4.28N 15.84. Compound total yield
30%; m.p. 202–204◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.73. IR (nujol) ν: 1670, 3390 cm−1. UV (EtOH) λmax 217,
262 nm. 1HNMR (CDCl3 /DMSO): δ 10.30 (s, 1H, NH), 8.25 (s,
1H, H-4), 7.84 (s, 1H, H-7), 7.82 (d, J = 8.8Hz, 2H, H-2′, 6′), 7.67
(d, J = 8.8Hz, 2H, H-3′, 5′), 2.41 (q, J = 7.2Hz, 2H, CH2), 1.81
(q, J = 7.4Hz, 2H, CH2), 1.05 (t, J = 7.2Hz, 3H, CH3). 13C-NMR
(DMSO): 171.7 (CO), 144.6 (C), 140.1 (C), 137.9 (C), 131.8 (C),
131.4 (C), 130.3 (C), 127.6 (C), 123.6 (2CH), 120.9 (CH), 119.9
(2CH), 112.8 (CH), 37.9 (CH2), 18.5 (CH2), 13.6 (CH3). GC/MS:
m/z 348, 350 [M+].

N-butyryl-N-[4-(5,6-dichloro-1H-benzo
[d][1,2,3]triazol-1-yl)phenyl]
butyramide (5d)
C20H20Cl2N4O2 MW 419.09 Elem. Anal. Calc. C 57.29, H 4.81,
N 13.36. Found C 57.33, H 4.58, N 13.84. Compound total
yield 10%; m.p. 202–204◦C; TLC (petroleum ether/ethyl acetate
7/3): Rf 0.74. IR (nujol) ν: 1,670 cm−1. UV (EtOH) λmax 217,
262 nm. 1HNMR (CDCl3 /DMSO): δ 8.28 (s, 1H, H-4), 7.90
(s, 1H, H-7), 7.78 (d, J = 8.8Hz, 4H, H-2′, 3′, 5′, 6′), 2.52 (t,
J = 7.2Hz, 2H, CH2CO), 2.38 (t, J = 7.2Hz, 2H, CH2CO), 1.82
(q, J = 7.2Hz, 2H, CH2), 1.74 (q, J = 7.2Hz, 2H, CH2), 1.04
(t, J = 7.2Hz, 3H, CH3), 0.99 (t, J = 7.2Hz, 3H, CH3). 13C-
NMR (DMSO): 171.5 (CO), 144.6 (C), 140.1 (C), 137.9 (C), 131.8
(C), 131.4 (C), 130.3 (C), 127.6 (C), 123.6 (2CH), 120.9 (CH),
119.9 (2CH), 112.8 (CH), 37.9 (2CH2), 18.5 (2CH2), 13.6 (2CH3).
GC/MS: m/z 418, 420 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]acetamide (6a)
C14H10Cl2N4O MW 321.16 Elem. Anal. Calc. C 52.36, H 3.14,
N 17.45. Found C 52.02, H 3.37, N 17.70. Compound total
yield 74%; m.p. > 290◦C; TLC (diethylether): Rf 0.30. IR (nujol)

ν: 1650, 3370 cm−1. UV (EtOH) λmax 214, 332 nm. 1HNMR
(CDCl3/DMSO): δ 10.32 (s, 1H, NH), 8.47 (s, 2H, H-4, 7), 8.23
(d, J = 8.4Hz, 2H, H-2′, 6′), 7.86 (d, J = 8.4Hz, 2H, H-3′, 5′),
2.11 (s, 3H, CH3). 13C-NMR (DMSO): 168.8 (CO), 143.2 (2C),
140.9 (C), 134.0 (C), 130.4 (2C), 121.1 (2CH), 119.6 (2CH), 119.4
(2CH), 24.1 (CH3). GC/MS: m/z 320, 322 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]propanamide (6b)
C15H12Cl2N4O MW 335.19 Elem. Anal. Calc. C 53.75, H 3.61,
N 16.72. Found C 53.47, H 3.93, N 17.00. Compound total yield
35%; m.p. 258–260◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.73. IR (nujol) ν: 1655, 3380 cm−1. UV (EtOH) λmax 217,
342 nm. 1HNMR (CDCl3 /DMSO): δ 10.20 (s, 1H, NH), 8.37 (s,
2H, H-4, 7), 8.22 (d, J = 9.0Hz, 2H, H-2′, 6′), 7.88 (d, J = 9.0Hz,
2H, H-3′, 5′), 2.38 (q, J = 7.4Hz, 2H, CH2), 1.13 (t, J = 7.4Hz,
3H, CH3). 13C-NMR (DMSO): 172.4 (CO), 143.2 (2C), 140.9 (C),
134.0 (C), 130.4 (2C), 121.1 (2CH), 119.6 (2CH), 119.4 (2CH),
29.6 (CH2), 9.5 (CH3). GC/MS: m/z 334, 336 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]butanamide (6c)
C16H14Cl2N4OMW 349.21 Elem. Anal. Calc. C 55.03, H 4.04N,
16.04. Found C 55.40, H 4.36, N 15.77. Compound total yield
72%; m.p. 243–245◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.64. IR (nujol) ν: 1656, 3330 cm−1. UV (EtOH) λmax: 219,
330 nm. 1HNMR (CDCl3 /DMSO): δ 10.41 (s, 1H, NH), 8.46 (s,
2H, H-4, 7), 8.22 (d, J = 8.4Hz, 2H, H-2′, 6′), 7.91 (d, J = 8.4Hz,
2H, H-3′, 5′), 2.36 (t, J = 7.4Hz, 2H, CH2CO), 1.64 (q, J = 7.4Hz,
2H, CH2CH3), 0.94 (t, J = 7.4Hz, 3H, CH3). 13C-NMR (DMSO):
171.6 (CO), 144.1 (2C), 141.0 (C), 133.9 (C), 130.3 (2C), 121.0
(2CH), 119.6 (2CH), 119.4 (2CH), 38.3 (CH2), 18.5 (CH2), 13.6
(CH3). GC/MS: m/z 348, 350 [M+].

N-acetyl-N-[4-(5,6-dichloro-2H-
benzo[d][1,2,3]triazol-2-yl)phenyl]
acetamide (6d)
C16H12Cl2N4O2 MW 363.20 Elem. Anal. Calc. C 52.91, H 3.33,
N 15.43. Found C 53.20, H 3.66, N 15.77. Compound total
yield 15%; m.p. 224–226◦C; TLC (petroleum ether/ethyl acetate
7/3): Rf 0.64. IR (nujol) ν: 1,660, cm−1. UV (EtOH) λmax 220,
330 nm. 1HNMR (CDCl3 /DMSO): δ 8.61 (s, 2H, H-4, 7), 8.39 (d,
J = 8.0Hz, 2H, H-2′, 6′), 7.93 (d, J = 8.0Hz, 2H, H-3′, 5′), 2.42 (s,
3H, CH3), 2.22 (s, 3H, CH3). 13C-NMR (DMSO): 169.8 (2CO),
148.7 (2C), 145.4 (2C), 136.1 (2C), 126.4 (2CH), 124.9 (4CH),
26.8 (CH3), 23.4 (CH3). GC/MS: m/z 362, 364 [M+].

N-propionyl-N-[4-(5,6-dichloro-2H-
benzo[d][1,2,3]triazol-2-yl)phenyl]
propionamide (6e)
C18H16Cl2N4O2 MW 391.25 Elem. Anal. Calc. C 55.26, H 4.12,
N 14.32. Found C 55.47, H 4.43, N 13.90. Compound total
yield 15%; m.p. 238–240◦C; TLC (petroleum ether/ethyl acetate
7/3): Rf 0.73. IR (nujol) ν: 1655 cm−1. UV (EtOH) λmax 218,
340 nm. 1HNMR (CDCl3 /DMSO): δ 8.60 (s, 2H, H-4, 7), 8.42
(d, J = 9.0Hz, 2H, H-2′, 6′), 7.88 (d, J = 9.0Hz, 2H, H-3′, 5′),
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2.71 (q, J = 7.4Hz, 2H, CH2), 2.59 (q, J = 7.2Hz, 2H, CH2), 1.27
(t, J = 7.4Hz, 3H, CH3), 1.21 (t, J = 7.4Hz, 3H, CH3). 13C-
NMR (DMSO): 171.0 (2CO), 143.2 (2C), 140.9 (C), 134.0 (C),
130.4 (2C), 121.1 (2CH), 119.4 (4CH), 29.6 (CH2), 29.2 (CH2),
9.5 (2CH3). GC/MS: m/z 390, 392 [M+].

N-butyryl-N-[4-(5,6-dichloro-2H-benzo[d]
[1,2,3]triazol-2-yl)phenyl] butyramide (6f)
C20H20Cl2N4O2 MW 419.30 Elem. Anal. Calc. C 57.29, H 4.81,
N 13.36. Found C 57.40, H 4.46, N 13.77. Compound total yield
20%; m.p. 130–133◦C; TLC (diethyl ether/petroleum ether 7/3):
Rf 0.88. IR (nujol) ν: 1,684 cm−1. UV (EtOH) λmax 224, 330 nm.
1HNMR (CDCl3 /DMSO): δ 8.38 (d, J = 9.0Hz, 2H, H-2′, 6′),
8.08 (s, 2H, H-4, 7), 7.67 (d, J = 9.0Hz, 2H, H-3′, 5′), 2.50 (t,
J = 7.2Hz, 2H, CH2CO), 2.34 (t, J = 7.2Hz, 2H, CH2CO), 1.77
(q, J = 7.2Hz, 2H, CH2), 1.35 (q, J = 7.2Hz, 2H, CH2), 1.03 (t,
J = 7.2Hz, 3H, CH3), 0.95 (t, J = 7.2Hz, 3H, CH3). 13C-NMR
(DMSO): 171. (2CO), 143.5 (2C), 140.3 (2C), 130.9 (2C), 121.2
(2CH), 119.7 (4CH), 38.9 (CH2), 32.6 (2CH2), 17.6 (CH2), 13.4
(CH3). 13.2 (CH3). GC/MS: m/z 418, 420 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenil]benzamide (7a)
C19H12Cl2N4O MW 383.23 Elem. Anal. Calc. C 59.55, H 3.16,
N 14.62. Found C 60.20, H 3.16, N 14.92. Compound total yield
36%; m.p. 250–252◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.55. IR (nujol) ν: 1648, 3370 cm−1. UV (EtOH) λmax 216,
284 nm. 1HNMR (CDCl3 /DMSO): δ 9.98 (s, 1H, NH), 8.26 (s,
1H, H-4), 8.13 (d, J = 8.6Hz, 2H, H-2′, 6′), 7.99-8.05 (m, 2H,
Ph), 7.90 (s, 1H, H-7), 7.69 (d, J = 8.6Hz, 2H, H-3′, 5′), 7.52-7.58
(m, 3H, Ph). 13C-NMR (DMSO): 165.9 (CO), 144.6 (C), 140.0
(C), 134.6 (C), 131.9 (CH), 131.8 (C), 131.1 (C), 130.9 (C), 128.4
(2CH), 127.7 (2CH), 127.6 (C), 124.2 (2CH), 121.2 (2CH), 120.9
(CH), 112.9 (CH). GC/MS: m/z 382, 384 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]-4-methylbenzamide
(7b)
C20H14Cl2N4O MW 397.26 Elem. Anal. Calc. C 60.47, H 3.55,
N 14.10. Found C 60.07, H 3.80, N 13.90. Compound total yield
24%; m.p. 226–228◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.51. IR (nujol) ν: 1,680, 3,380 cm−1. UV (EtOH) λmax 208,
282 nm. 1HNMR (CDCl3 /DMSO): δ 10.32 (s, 1H, NH), 8.29 (s,
1H, H-4), 8.16 (d, J = 8.6Hz, 2H, H-2′, 6′), 7.93(d, J = 8.2Hz,
2H, H-2′′, 6′′), 7.99 (s, 1H, H-7), 7.71 (d, J = 8.6Hz, 2H, H-3′,
5′), 7.32 (d, J = 8.2Hz, 2H, H-3′′, 5′′), 2.45 (s, 3H, CH3). 13C-
NMR (DMSO): 165.6 (CO), 144.6 (C), 141.9 (C), 140.1 (C), 131.8
(C), 131.7 (C), 131.2 (C), 130.8 (C), 128.9 (2CH), 127.8 (2CH),
127.7 (C), 123.4 (2CH), 121.2 (2CH), 120.9 (CH), 112.9 (CH),
21.0 (CH3). GC/MS: m/z 396, 398 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]-4-methoxybenzamide
(7c)
C20H14Cl2N4O2 MW 413.26 Elem. Anal. Calc. C 58.13, H 3.41,
N 13.56. Found C 58.13, H 3.40, N 13.36. Compound total yield

54%; m.p. 193–195◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.67. IR (nujol) ν: 1670, 3,360 cm−1. UV (EtOH) λmax 210,
284 nm. 1HNMR (CDCl3 /DMSO): δ 10.23 (s, 1H, NH), 8.28 (s,
1H, H-4), 8.16 (d, J = 8.8Hz, 2H, H-2′, 6′), 8.02 (d, J = 8.6Hz,
2H, H-2′, 6′), 7.98 (s, 1H, H-7), 7.76 (d, J = 8.8Hz, 2H, H-3′,
5′), 7.00 (d, J = 8.6Hz, 2H, H-3′, 5′), 3.89 (s, 3H, OCH3). 13C-
NMR (DMSO): 165.6 (CO), 162.6 (C), 141.9 (C), 140.1 (C), 131.8
(C), 131.7 (C), 131.2 (C), 130.8 (C), 128.9 (2CH), 127.8 (2CH),
127.7 (C), 123.4 (2CH), 121.2 (2CH), 120.9 (CH), 112.9 (CH),
55.4 (OCH3). GC/MS: m/z 412, 414 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]-3,4,5-
trimethoxybenzamide (7d)
C22H18Cl2N4O4 MW 473.31 Elem Anal. Calc. C 55.83, H 3.83,
N 11.84. Found C 56.03, H 4.00, N 12.00. This compound was
obtained in 34% of total yield; m.p. 212–213◦C; TLC (petroleum
ether/ethyl acetate 7/3): Rf 0.84. IR (nujol) ν: 1,680, 3,390 cm−1.
UV (EtOH) λmax 197, 264, 318 nm. 1HNMR (CDCl3 /DMSO): δ
11.83 (s, 1H, NH), 8.27 (s, 1H, H-4), 7.95 (d, J = 8.8Hz, 2H, H-
2′, 6′), 7.89 (s, 1H, H-7), 7.74 (d, J = 8.8Hz, 2H, H-3′, 5′),7.14
(s, 2H, H-2′′, 6′′), 3.97 (s, 9H, 3OCH3). 13C-NMR (DMSO):
165.6 (CO), 152.6 (2C-O), 141.9 (C-O), 140.1 (C), 131.8 (2C),
131.7 (C), 131.2 (C), 130.8 (2C), 128.9 (2CH), 123.4 (2CH), 121.2
(2CH), 120.9 (CH), 112.9 (CH), 60.1 (OCH3), 56.1 (2OCH3).
GC/MS: m/z 472, 474 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]-4-nitrobenzamide (7e)
C19H11Cl2N5O3 MW 428.23 Elem. Anal. Calc. C 53.29, H 2.59,
N 16.35. Found C 53.62, H 2.79, N 16.00. Compound total yield
15%; m.p. 238–240◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.60. IR (nujol) ν: 1684, 3380 cm−1. UV (EtOH) λmax 208 nm.
1HNMR (CDCl3 /DMSO): δ 10.81 (s, 1H, NH), 8.47 (s, 1H, H-4),
8.40 (d, J = 9.0Hz, 2H, H-2′, 6′), 8.21 (d, J = 9.2Hz, 2H, H-3′′,
5′′), 8.29 (s, 1H, H-7), 8.15 (d, J = 9.2Hz, 2H, H-2′′, 6′′), 7.87 (d,
J = 9.0Hz, 2H, H-3′, 5′). 13C-NMR (DMSO): 166.9 (CO), 149.3
(C), 145.6 (C), 140.1 (C), 131.8 (C), 131.7 (C), 131.2 (C), 130.8
(C), 128.9 (2CH), 127.8 (2CH), 127.7 (C), 123.4 (2CH), 121.2
(2CH), 120.9 (CH), 112.9 (CH). GC/MS: m/z 427, 429 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl] 4-chlorobenzamide (7f)
C19H11Cl3N4O MW 417.68 Elem. Anal. Calc. C 54.64, H 2.65,
N 13.41. Found C 54.26, H 2.95, N 13.61. Compound total yield
48%; m.p. 234–236◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.46. IR (nujol) ν: 1,650, 3,400 cm−1. UV (EtOH) λmax 208,
234, 276 nm. 1HNMR (CDCl3 /DMSO): δ 10.27 (s, 1H, NH), 8.26
(s, 1H, H-4), 8.40 (d, J = 8.8Hz, 2H, H-2′, 6′), 8.02 (d, J = 8.6Hz,
2H, H-3′′, 5′′), 8.92 (s, 1H, H-7), 7.70 (d, J = 8.6Hz, 2H, H-2′′,
6′′), 7.51 (d, J = 8.8Hz, 2H, H-3′, 5′). 13C-NMR (DMSO): 164.7
(CO), 144.7 (C), 139.9 (C), 136.6 (C), 133.3 (C), 131.8 (C), 131.1
(C), 129.8 (2CH), 128.5 (2CH), 127.7 (2C), 123.4 (2CH), 121.3
(2CH), 121.0 (CH), 112.9 (CH). GC/MS: m/z 416, 418 [M+].
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N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl]-4-(trifluoromethyl)
benzamide (7g)
C20H11Cl2F3N4OMW 451.23 Elem. Anal. Calc. C 53.24, H 2.46,
N 12.42. Found C 53.64, H 2.68, N 12.75. Compound total yield
20%; m.p. > 290◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.38. IR (nujol) ν: 1648, 3330 cm−1. UV (EtOH) λmax 238,
281 nm. 1HNMR (DMSO): δ 10.82 (s, 1H, NH), 8.64 (s, 1H, H-
4), 8.33 (s, 1H, H-7), 8.21 (d, J = 8.8Hz, 2H, H-2′, 6′), 7.96 (d,
J = 8.6Hz, 2H, H-3′′, 5′′), 7.94 (d, J = 8.6Hz, 2H, H-2′′, 6′′),
7.92 (d, J = 8.8Hz, 2H, H-3′, 5′). 13C-NMR (DMSO): 164.7 (CO),
145.7 (C), 139.9 (2C), 136.6 (2C), 133.3 (C), 131.8 (2C), 131.4
(C), 129.8 (2CH), 128.5 (2CH), 123.4 (2CH), 121.3 (2CH), 121.0
(CH), 112.9 (CH). GC/MS: m/z 450, 452 [M+].

N-[4-(5,6-dichloro-1H-benzo[d][1,2,3]
triazol-1-yl)phenyl] 4-cyanobenzamide (7h)
C20H11Cl2N5O MW 408.24 Elem. Anal. Calc. C 58.84, H 2.72,
N 17.15. Found C 58.44, H 2.38, N 17.47. Compound total yield
20%; m.p. 227–229◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.58. IR (nujol) ν: 1674, 3350 cm−1. UV (EtOH) λmax 208,
240 nm. 1HNMR (CDCl3/DMSO): δ 10.70 (s, 1H, NH), 8.36 (s,
1H, H-4), 8.19 (d, J = 8.8Hz, 2H, H-2′, 6′), 8.10 (s, 1H, H-7) 8.14
(d, J = 8.6Hz, 2H, H-3′′, 5′′), 7.91 (d, J = 8.6Hz, 2H, H-2′′, 6′′),
7.79 (d, J = 8.8Hz, 2H, H-3′, 5′). 13C-NMR (DMSO): 164.5 (CO),
145.7 (C), 139.2 (2C), 138.7 (2C), 132.5 (2CH), 133.3 (C), 131.8
(C), 128.6 (2CH), 123.4 (2CH), 121.3 (2CH), 119.6 (CH), 118.3
(CN), 114.3 (C), 110.9 (CH). GC/MS: m/z 407, 409 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]benzamide (8a)
C19H12Cl2N4O MW 383.23 Elem. Anal. Calc. C 59.55, H 3.16,
N 14.62. Found C 59.65, H 3.40, N 14.32. Compound total yield
44%; m.p. > 290◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.44. IR (nujol) ν: 1655, 3390 cm−1. UV (EtOH) λmax 219,
345 nm. 1HNMR (CDCl3 /DMSO): δ 10.50 (s, 1H, NH), 8.28 (d,
J = 9.0Hz, 2H, H-2′, 6′), 8.24 (s, 2H, H-4, 7), 8.09 (d, J = 9.0Hz,
2H, H-3′, 5′), 8.03-7.99 (m, 2H, arom.), 7.60-7.52 (m, 3H, arom).
13C-NMR (DMSO): 165.9 (CO), 140.3 (2C), 140.8 (C), 134.5
(2C), 131.8 (CH), 130.4 (2C), 128.4 (2CH), 127.7 (2CH), 120.9
(4CH), 119.5 (2CH). GC/MS: m/z 382, 384 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-4-methylbenzamide
(8b)
C20H14Cl2N4O MW 397.26 Elem. Anal. Calc. C 60.47, H 3.55,
N 14.10. Found C 60.17, H 3.35, N 14.50. Compound total yield
35%; m.p. 210–213◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.40. IR (nujol) ν: 1654, 3360 cm−1. UV (EtOH) λmax 208,
350 nm. 1HNMR (CDCl3 /DMSO): δ 9.65 (s, 1H, NH), 8.30
(d, J = 8.6Hz, 2H, H-2′, 6′), 8.08 (s, 2H, H-4, 7), 8.00 (d,
J = 8.6Hz, 2H, H-3′, 5′), 7.90 (d, J = 8.6Hz, 2H, H-2′′, 6′′)
7.30 (d, J = 8.6Hz, 2H, H-3′′, 5′′), 2.44 (s, 3H, CH3). 13C-NMR
(DMSO): 165.9 (CO), 140.3 (2C), 140.8 (C), 134.5 (2C), 131.6 (C),
131.8 (2CH), 130.4 (2C), 128.4 (2CH), 127.7 (2CH), 120.9 (2CH),
119.5 (2CH), 21.0 (CH3). GC/MS: m/z 396, 398 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-4-methoxybenzamide
(8c)
C20H14Cl2N4O2 MW 413.26 Elem. Anal. Calc. C 58.13, H 3.41,
N 13.56. Found C 58.48, H 3.61, N 13.18. Compound total
yield 25%; m.p. 274–276◦C; TLC (petroleum ether/ethyl acetate
7/3): Rf 0.56. IR (nujol) ν: 1,660, 3,370 cm−1. UV (EtOH) λmax

212, 349 nm. 1HNMR (CDCl3 /DMSO): δ 10.15 (s, 1H, NH),
8.30 (d, J = 8.6Hz, 2H, H-2′, 6′), 8.28 (s, 2H, H-4, 7), 8.10(d,
J = 8.6Hz, 2H, H-2′′, 6′′), 7.87 (d, J = 8.6Hz, 2H, H-3′, 5′), 6.98
(d, J = 8.6Hz, 2H, H-3′′, 5′′), 3.90 (s, 3H, OCH3). 13C-NMR
(DMSO): 165.2 (CO), 162.1 (C-OCH3), 143.3 (2C), 141.1 (C),
134.3 (C), 130.4 (2C), 129.7 (2CH), 126.5 (C), 120.9 (4CH), 119.5
(2CH), 113.7 (2CH), 55.5 (OCH3). GC/MS: m/z 412, 414 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3,4,5-
trimethoxybenzamide (8d)
C22H18Cl2N4O4 MW 473.31 Elem. Anal. Calc. C 55.83, H 3.83,
N 11.84. Found C 56.00, H 4.13, N 11.44. Compound total
yield 27%; m.p. 199–201◦C; TLC (petroleum ether/ethyl acetate
7/3): Rf 0.75. IR (nujol) ν: 1,680, 3,360 cm−1. UV (EtOH) λmax

215, 353 nm. 1HNMR (CDCl3): δ 10.00 (s, 1H, NH), 8.35 (d,
J = 9.0Hz, 2H, H-2′, 6′), 8.08 (s, 2H, H-4, 7), 7.86 (d, J = 9.0Hz,
2H, H-3′, 5′), 7.11 (s, 2H, arom), 3.96 (s, 6H, 2OCH3), 3.93 (s, 3H,
OCH3).). 13C-NMR (DMSO): 165.2 (CO), 152.6 (2C-O), 141.9
(C-O), 140.1 (C), 131.8 (2C), 131.7 (C), 131.2 (C), 130.8 (2C),
128.9 (2CH), 123.4 (2CH), 121.2 (2CH), 120.9 (CH), 112.9 (CH),
60.1 (OCH3), 56.1 (2OCH3). GC/MS: m/z 472, 474 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-4-nitrobenzamide (8e)
C19H11Cl2N5O3 MW 428.23 Elem. Anal. Calc. C 53.29, H 2.59,
N 16.35. Found C 53.00, H 2.19, N 16.65. Compound total yield
60%; m.p. > 297◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.44. IR (nujol) ν: 1652, 3420cm−1. UV (EtOH) λmax 216,
250, 345 nm. 1HNMR (CDCl3 /DMSO): δ 10.80 (s, 1H, NH),
8.42 (d, J = 8.6Hz, 2H, H-2′, 6′), 8.20 (s, 2H, H-4, 7), 8.16 (d,
J = 8.6Hz, 2H, H-3′, 5′), 7.96 (d, J = 8.6Hz, 2H, H-3′′, 5′′), 7.72
(d, J = 8.6Hz, 2H, H-2′′, 6′′). 13C-NMR (DMSO): 166.9 (CO),
149.3 (C-NO2), 145.6 (2C), 140.3 (2C), 131.8 (C), 131.7 (C), 128.9
(2CH), 127.9 (2CH), 127.7 (C), 123.4 (2CH), 121.2 (2CH), 120.9
(2CH). GC/MS: m/z 427, 429 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)PHENYL] 4-chlorobenzamide
(8f)
C19H11Cl3N4O MW 417.68 Elem. Anal. Calc. C 54.64, H 2.65,
N 13.41. Found C 54.34, H 2.85, N 13.80. Compound total yield
30%; m.p. 268–270◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.34. IR (nujol) ν: 1654, 3270 cm−1. UV (EtOH) λmax 262,
319 nm. 1HNMR (CDCl3 /DMSO): δ 10.72 (s, 1H, NH), 8.40
(d, J = 9.0Hz, 2H, H-2′, 6′), 8.26 (s, 2H, H-4, 7), 8.20 (d,
J = 9.0Hz, 2H, H-3′, 5′), 8.04 (d, J = 8.6Hz, 2H, H-3′′, 5′′)
7.62 (d, J = 8.6Hz, 2H, H-2′′, 6′′). 13C-NMR (DMSO): 166.3 (C),
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143.3 (2C), 140.6 (2C), 133.1 (2C), 130.5 (2C), 129.7 (2CH), 128.5
(2CH), 121.0 (4CH), 119.5 (2CH). GC/MS: m/z 416, 418 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-4-(trifluoromethyl)
benzamide (8g)
C20H11Cl2F3N4OMW 451.23 Elem. Anal. Calc. C 53.24, H 2.46,
N 12.42. Found C 53.44, H 2.76, N 12.12. Compound total yield
65%; m.p. 210–212◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.28. IR (nujol) ν: 1,660, 3,390 cm−1. UV (EtOH) λmax 195,
254, 330 nm. 1HNMR (CDCl3 /DMSO): δ 9.80 (s, 1H, NH),
8.40 (d, J = 9.0Hz, 2H, H-2′, 6′), 8.34 (s, 2H, H-4, 7), 7.95 (d,
J = 8.6Hz, 2H, H-3′′, 5′′) 7.61 (d, J = 9.0Hz, 2H, H-3′, 5′), 6.70
(d, J = 8.6Hz, 2H, H-2′′, 6′′). 13C-NMR (DMSO): 164.6 (CO),
144.4 (2C), 139.9 (2C), 138.4 (C), 135.3 (C), 133.5 (2C), 131.5
(CF3), 129.7 (2CH), 120.9 (4CH), 119.5 (2CH), 113.7 (2CH).
GC/MS: m/z 450, 452 [M+].

N-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl] 4-cyanobenzamide (8h)
C20H11Cl2N5O MW 408.24 Elem. Anal. Calc. C 58.84, H 2.72,
N 17.15. Found C 59.00, H 3.02, N 17.00. Compound total yield
90%; m.p. 263–265◦C; TLC (petroleum ether/ethyl acetate 7/3):
Rf 0.55. IR (nujol) ν: 1670, 3,400 cm−1. UV (EtOH) λmax 250,
328 nm. 1HNMR (CDCl3 /DMSO): δ 10.93 (s, 1H, NH), 8.51
(s, 2H, H-4, 7), 8.30 (d, J = 8.6Hz, 2H, H-2′, 6′), 8.17 (d,
J = 8.6Hz, 2H, H-3′, 5′), 7.98 (d, J = 8.6Hz, 2H, H-3′′, 5′′), 7.83
(d, J = 8.6Hz, 2H, H-2′′, 6′′). 13C-NMR (DMSO): 164.6 (CO),
144.4 (2C), 139.3 (C), 138.6 (C), 137.9 (2C), 135.5 (C), 132.5
(2CH), 128.6 (2CH), 121.1 (2CH), 120.4 (2CH).118.2 (C), 116.3
(2CH).113.9 (CN). GC/MS: m/z 407, 409 [M+].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-ethylurea (10a)
C15H13Cl2N5O MW 350.20 Elem. Anal. Calc. C 51.44, H 3.74,
N 20.00. Found C 51.86, H 3.75, N 19.61. Compound total yield
52%; m.p. > 290◦C; TLC (ether petroleum /ethyl acetate 7/3): Rf
0.17. IR (nujol) ν: 1630, 1615, 3300 cm−1. 1HNMR (DMSO): 8.91
(s, 1H, NH-ph), 8.45 (m, 2H, H-4, 7), 8.15 (d, J= 8.8Hz, 2H, H-
2′, 6′), 7.68 (d, J = 8.8Hz, 2H, H-3′, 5′), 6.30 (t, J = 5.2Hz, 1H,
NH-CH2), 3.15 (q, J = 7.2Hz, 2H, CH2CH3), 1.08 (t, J = 7.2Hz,
3H, CH2CH3). 13C-NMR (DMSO): 154.9 (CO), 143.2 (2C), 142.5
(2C), 132.4 (C), 130.1 (C), 121.1 (2CH), 119.3 (2CH), 117.9
(2CH), 33.8 (CH2), 15.7 (CH3). LC/MS: m/z 372[M + Na], 352
[M+ 1], 350 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-propylurea (10b)
C16H15Cl2N5O MW 364.23 Elem. Anal. Calc. C 52.76, H 4.15,
N 19.23. Found C 52.46, H 4.50, N 19.40. Compound total yield
41%; m.p. > 300◦C; TLC (ether petroleum /ethyl acetate 7/3):
Rf 0.12. IR (nujol) ν: 1639, 1601, 3310 cm−1. 1HNMR (DMSO):
8.85 (s, 1H, NH-ph), 8.59 (s, H, H-4), 8.21 (s, H, H-7), 7.70 (s,
4H, H-2′, 3′, 5′, 6′), 5.80 (t, J = 5.2Hz, 1H, NH-CH2), 2.90 (q,
J = 7.2Hz, 2H, CH2CH3), 1.49-1.22 (m, 2H, HNCH2), 0.89 (t,
J = 7.2Hz, 3H, CH2CH3). 13C-NMR (DMSO): 154.9 (CO), 143.2

(2C), 142.5 (2C), 132.4 (C), 130.1 (C), 121.1 (2CH), 119.3 (2CH),
117.9 (2CH), 40.9 (CH2NH), 22.9 (CH2), 11.3 (CH3). GC/MS:
m/z 363, 365 [M+].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-butylurea (10c)
C17H17Cl2N5O MW 378.08 Elem. Anal. Calc. C 53.98, H 4.53,
N 18.51. Found C 54.06, H 4.85, N 18.40. Compound total yield
61%; m.p. > 300◦C; TLC (ether /petroleum ether 7/3): Rf 0.29.
IR (nujol) ν: 1634, 1601, 3330 cm−1. 1HNMR (DMSO): 8.82
(s, 1H, NH-ph), 8.59 (s, H, H-4), 8.21 (s, H, H-7), 7.70 (s, 4H,
H-2′, 3′, 5′, 6′), 6.26 (t, J = 5.2Hz, 1H, NH-CH2), 3.13 (q,
J = 7.4Hz, 2H CH2CH3), 1.40–1.22 (m, 2H, 2CH2), 0.91 (t,
J = 7.4Hz, 3H, CH2CH3). 13C-NMR (DMSO): 154.9 (CO), 143.2
(2C), 142.5 (2C), 132.4 (C), 130.1 (C), 121.1 (2CH), 119.3 (2CH),
117.9 (2CH), 32.2 (CH2NH), 31.8 (CH2), 19.5 (CH2), 13.7 (CH3).
LC/MS: m/z 400 [M+ Na], 380 [M+ 1], 378 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-cyclohexylurea (10d)
C19H19Cl2N5O MW 404.29 Elem. Anal. Calc. C 56.45, H 4.74,
N 17.32. Found C 56.86, H 4.95, N 17.00. Compound total yield
25%; m.p. > 300◦C; TLC (ether petroleum /ethyl acetate 8/2): Rf
0.72. IR (nujol) ν: 1,635, 1,584, 3,330 cm−1. 1HNMR (DMSO):
8.74 (s, 1H, NH-ph), 8.47 (s, 2H, H-4, 7), 8.16 (d, J = 8.0Hz, 2H,
H-2′, 6′), 7.65 (d, J = 8.0Hz, 2H, H-3′, 5′), 6.24 (d, J = 5.2Hz,1H,
NH-CH2). 3.51 (m, 1H, CH), 1.84–1.85 (m, 2H, CH2), 1.69-1.66
(m, 2H, CH2), 1.57-1.54 (m, H, CH), 1.34-1.21 (m, 5H, 2CH2

and CH). 13C-NMR (DMSO): 154.0 (CO), 143.2 (C), 142.4 (C),
132.4 (C), 130.1 (C), 121.2 (2CH), 119.4 (2CH), 117.9 (2CH), 47.7
(CH), 32.8 (2CH2), 25.2 (CH), 24.3 (2CH). LC/MS: m/z 426 [M
+ Na], 406 [M+ 1], 404 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-phenylurea (10e)
C19H13Cl2N5O MW 398.25 Elem. Anal. Calc. C 57.30, H 3.29,
N 17.59. Found C 57.62, H 3.36, N 18.00. Compound total yield
69%; m.p. > 290◦C; TLC (ether petroleum /ethyl acetate 6/4): Rf
0.66. IR (nujol) ν: 1,648, 1,593, 3,260 cm−1. 1HNMR (DMSO):
8.67 (s, 1H, NH), 8.39 (s, 2H, H-4, 7), 7.96 (d, J = 9.2Hz, 2H,
H-2′, 6′), 7.50 (d, J = 8.8Hz, 2H, H-2′′, 6′′), 7.32-7.25 (m, 2H,
H-3′′, 5′′), 7.01-6.97 (m, H, H-4′′), 6.74 (d, J = 8.8Hz, 2H, H-
3′, 5′). 5.85 (s, 1H, NH). 13C-NMR (DMSO): 152.5 (CO), 155.8
(2C), 143.0 (C), 139.7 (2C), 129.4 (C), 128.7 (4CH), 128.3 (C),
121.7 (CH), 118.9 (CH), 118.1 (4CH), 113.7 (CH). LC/MS: m/z
420 [M+ Na], 400 [M+ 1], 398 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-(4-methylphenyl)urea
(10f)
C20H15Cl2N5O MW 412.27; Elem. Anal.: Calc. C 58.27, H
3.67, N 16.99. Found C 57.94, H 3.58, N 17.36. Compound
total yield 57%; m.p. > 29 0◦C; TLC (ether /petroleum ether
7/3): Rf 0.40. IR (nujol) ν: 1,714, 1,652, 3,350 cm−1. UV
(EtOH) λmax 208, 356 nm. 1HNMR (DMSO): 9.91 (s, 1H, NH),
9.42 (s, 1H, NH), 8.46 (s, 2H, H-4, 7), 8.21 (d, J = 8.4Hz,
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2H, H-2′, 6′), 7.74 (d, J = 8.4Hz, 2H, H-3′, 5′), 7.37 (d,
J = 7.6Hz, 2H, H-2′′, 6′′), 7.10 (d, J = 7.6Hz, 2H, H-
3′′, 5′′), 2.25 (s, 6H, 2CH3). 13C-NMR (DMSO): 152.5 (CO),
143.2 (2C), 141.9 (C), 137.0 (C), 132,8 (C), 130.7 (C), 130.2
(2C), 129.2 (2CH), 121.2 (2CH), 119.4 (2CH), 118.2 (2CH),
118.1 (2CH), 20.3 (CH3). LC/MS: m/z 434 [M + Na], 414
[M+ 1], 412 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-(4-methoxyphenyl)
urea (10g)
C20H15Cl2N5O2 MW 428.27; Elem. Anal.: Calc. C 56.09, H 3.53,
N 16.35. Found C 56.00, H 3.58, N 16.36. Compound total
yield 53%; m.p. > 290◦C; TLC (ether /petroleum ether 7/3): Rf
0.34. IR (nujol) ν: 1,730, 1,639, 3,310 cm−1. UV (EtOH) λmax

207, 258, 356 nm. 1HNMR (DMSO): 9.96 (s, 1H, NH), 9.52 (s,
1H, NH), 8.98 (s, 2H, H-4, 7), 8.41 (d, J = 8.4Hz, 2H, H-
2′, 6′), 7.94 (d, J = 8.4Hz, 2H, H-3′, 5′), 7.34 (d, J = 7.6Hz,
2H, H-2′′, 6′′), 6.85 (d, J = 7.6Hz, 2H, H-3′′, 5′′), 3.71 (s, 3H,
OCH3). 13C-NMR (DMSO): 162.3 (CO), 152.0 (2C), 147.9 (2C),
136.4 (C), 134,4 (C), 130.7 (C), 130.2 (C), 129.2 (2CH), 121.6
(4CH), 119.2 (4CH), 55.1 (CH3). LC/MS: m/z 450 [M+Na], 430
[M+ 1], 428 [M+ 1].

1-[4-(5,6-dichloro-2H- benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-(4-chlorophenyl)
urea (10h)
C19H12Cl3N5O MW 432.69; Elem. Anal.: Calc. C 52.74, H 2.80,
N 16.19. Found C 53.00, H 2.58, N 16.36. Compound total yield
51%; m.p. > 290◦C; TLC (ether/petroleum ether 7/3): Rf 0.29.
IR (nujol) ν: 1,713, 1,651, 3,350 cm−1. UV (EtOH) λmax 212,
255, 348 nm. 1HNMR (DMSO): 10.02 (s, 1H, NH), 9.81 (s, 1H,
NH), 8.46 (s, 2H, H-4, 7), 8.21 (d, J = 8.0Hz, 2H, H-2′, 6′),
7.74 (d, J = 8.0Hz, 2H, H-3′, 5′), 7.52 (d, J = 8.0Hz, 2H, H-
2′′, 6′′), 7.34 (d, J = 8.0Hz, 2H H-3′′, 5′′), 3.71 (s, 3H, OCH3).
13C-NMR (DMSO): 152.4 (CO), 143.2 (2C), 141.6 (C), 138.6 (C),
133,0 (C), 130.2 (2C), 128.6 (2CH), 125.4 (C), 121.2 (2CH), 119.5
(2CH), 119.4 (2CH), 118.3 (2CH). LC/MS: m/z 454 [M + Na],
434 [M+ 1], 432 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-(4-fluorophenyl)urea
(10i)
C19H12Cl2FN5OMW 416.24; Elem. Anal.: Calc. C 54.83, H 2.21,
N 16.83. Found C 55.00, H 2.00, N 17.00. Compound total yield
62%; m.p. > 290◦C; TLC (ether/petroleum ether 7/3): Rf 0.37.
IR (nujol) ν: 1,727, 1,642, 3,350 cm−1. UV (EtOH) λmax 209,
251, 347 nm. 1HNMR (DMSO): 9.62 (s, 1H, NH), 9.51 (s, 1H,
NH), 8.45 (s, 2H, H-4, 7), 8.16 (d, J = 8.4Hz, 2H, H-2′, 6′),
7.71 (d, J = 8.4Hz, 2H, H-3′, 5′), 7.33-7.16 (m, 4H, H-2′′, 3′′,
5′′, 6′′). 13C-NMR (DMSO): 155.1 (CO), 143.2 (2C), 142.5 (2C),
140.1 (C), 132,4 (C), 130.1 (2C), 128.3 (2CH), 127.2 (2CH), 121.1
(2CH), 119.3 (2CH), 117.9 (2CH). LC/MS: m/z 434 [M + Na],
418 [M+ 1], 416 [M+ 1].

1-[4-(5,6-dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-benzylurea (10j)
C20H15Cl2N5O MW 412.27; Elem. Anal.: Calc. C 54.27, H 3.67,
N 16.99. Found C 55.00, H 2.00, N 17.00. Compound total yield
49%; m.p. > 290◦C; TLC (ether/petroleum ether 7/3): Rf 0.53.
IR (nujol) ν: 1,627, 1,561, 3,400 cm−1. UV (EtOH) λmax 210,
348 nm. 1HNMR (DMSO): 9.57 (s, 1H, NH), 8.46 (s, 2H, H-4,
7), 8.16 (d, J = 8.8Hz, 2H, H-2′, 6′), 7.71 (d, J = 8.8Hz, 2H, H-3′,
5′), 7.38-7.20 (m, 4H, H-2′′, 3′′, 4′′, 5′′, 6′′), 7.12 (t, J = 5.2Hz, 1H,
NHCH2), 4.33 (d, J = 5.2Hz, 2H, CH2NH). 13C-NMR (DMSO):
152.6 (CO), 143.2 (2C), 141.8 (C), 135.9 (C), 132,9 (C), 130.2
(2C), 121.2 (2CH), 119.6 (CH), 119.5 (2CH), 118.3 (2CH), 115.4
(2CH), 115.2 (2CH). LC/MS: m/z 434 [M + Na], 414 [M + 1],
412 [M+ 1].

1-[4-(5,6- dichloro-2H-benzo[d][1,2,3]
triazol-2-yl)phenyl]-3-naphtylurea (10k)
C23H15Cl2N5O MW 448.30; Elem Anal.: Calc. C 61.62, H 3.37,
N 15.62. Found C 62.00, H 2.98, N 16.90. Compound total yield
47%; m.p. > 290◦C; TLC (petroleum ether/ethyl acetate 7/3): Rf
0.71. IR (nujol) ν: 1,635, 1,561, 3,260 cm−1. 1HNMR (DMSO):
9.20 s, (2H, NH), 8.25 (d, J = 8.0Hz, 2H, H-2′, 6′), 8.10 (d,
J = 8.0Hz, 2H, H-3′, 5′), 8.03-7.90 (m, 2H, Ph), 7.78 (s, 2H,
H-4, 7), 7.75-7.40 (m, 5H, Ph). 13C-NMR (DMSO): 154.7 (CO),
153.3 (2C), 152.8 (C), 143.2 (C), 141,6 (C), 134.3 (2C), 133.7
(2C), 128.4 (2CH), 126.1 (CH), 125.9 (2CH), 125.6 (2CH), 122.9
(2CH) 121.4 (2CH). 117.5 (2CH). LC/MS: m/z 470 [M+Na], 450
[M+ 1], 448 [M+ 1].

BIOLOGICAL ASSAY DESCRIPTIONS

Cells and Viruses
Cell lines were purchased from American Type Culture
Collection (ATCC). The absence of mycoplasma contamination
was checked periodically by the Hoechst staining method.
Cell lines supporting the multiplication of RNA and DNA
viruses were the following: CD4+ human T-cells containing an
integratedHTLV-1 genome (MT-4);MadinDarby Bovine Kidney
(MDBK) [ATCC CCL 22 (NBL-1) Bos Taurus]; Baby Hamster
Kidney (BHK-21) [ATCC CCL 10 (C-13) Mesocricetus Auratus];
monkey kidney (Vero-76) [ATCC CRL 1587 Cercopithecus
Aethiops] and human epithelial cell lines (human laryngeal
carcinoma) HEp-2 (HEp-2) [ATCC CCL-23)].

Viruses were purchased from American Type Culture
Collection (ATCC), with the exception of Human
Immunodeficiency Virus type-1 (HIV-1) and Yellow Fever
Virus (YFV). Viruses representative of positive-sense, single-
stranded RNAs (ssRNA+) were: (i) Retroviridae: the IIIB
laboratory strain of HIV-1, obtained from the supernatant of the
persistently infected H9/IIIB cells (NIH 1983); (ii) Flaviviridae:
Yellow Fever Virus (YFV) [strain 17-D vaccine (Stamaril Pasteur
J07B01)] and Bovine Viral Diarrhea Virus (BVDV) [strain NADL
(ATCC VR-534)]; (iii) Picornaviridae: Human Enterovirus B
[coxsackie type B5 (CV-B5), strain Faulkner (ATCC VR-185)]
and Human Enterovirus C [poliovirus type-1 (Sb-1), Sabin strain
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Chat (ATCC VR-1562)]. Viruses representative of negative-
sense, single-stranded RNAs (ssRNA-) were: (iv) Pneumoviridae:
Human Respiratory Syncytial Virus (RSV) strain A2 (ATCC
VR-1540); RSV strain B1 cp-52 clone 2B5 (ATCC-VR-2542);
(v) Rhabdoviridae: Vesicular Stomatitis Virus (VSV) [lab
strain Indiana (ATCC VR 1540)]. The virus representative of
double-stranded RNAs (dsRNA) was: (vi) Reoviridae Reovirus
type-1 (Reo-1) [simian virus 12, strain 3651 (ATCC VR-214)].
DNA virus representatives were: (vii) Poxviridae: Vaccinia
Virus (VV) [vaccine strain Elstree-Lister (ATCC VR-1549)];
(viii) Herpesviridae: Human Herpes 1 (HSV-1) [strain KOS
(ATCC VR-1493)].

Viruses were maintained in our laboratory and propagated in
appropriate cell lines. All viruses were stored in small aliquots at
−80◦C until use.

Cytotoxicity Assays
Exponentially growing MT-4 cells were seeded at an initial
density of 4x105 cells/mL in 96-well plates containing RPMI-
1640 medium, supplemented with 10% fetal bovine serum (FBS),
100 units/mL penicillin G and 100µg/mL streptomycin. MDBK,
Hep-2 and BHK cells were seeded at an initial density of 6
× 105, 5 × 105, and 1 × 106 cells/mL, respectively, in 96-
well plates containing Minimum Essential Medium with Earle’s
salts (MEM-E), L-glutamine, 1mM sodium pyruvate and 25
mg/L kanamycin, supplemented with 10% horse serum (MDBK)
or 10% fetal bovine serum (FBS) (BHK; Hep-2). Vero-76 cells
were seeded at an initial density of 5 × 105 cells/mL in 96-
well plates containing in Dulbecco’s Modified Eagle Medium (D-
MEM) with L-glutamine and 25 mg/L kanamycin, supplemented
with 10% FBS. Cell cultures were then incubated at 37◦C in a
humidified, 5% CO2 atmosphere, in the absence or presence of
serial dilutions of test compounds. The test medium used for
cytotoxic and antiviral assay contained 1% of the appropriate
serum. Cell viability was determined after 72, 96, or 120 h at 37◦C
by theMTTmethod for MT-4, MDBK, Hep-2, BHK and Vero-76
cells (Budge et al., 2004).

Antiviral Assays
Compounds’ activity against HIV-1 was based on inhibition
of virus-induced cytopathogenicity in exponentially growing
MT-4 cells acutely infected with a multiplicity of infection
(m.o.i.) of 0.01. Antiviral activity against YFV and Reo-1 was
based on inhibition of virus-induced cytopathogenicity in BHK-
21 cells acutely infected with a m.o.i. of 0.01. Compounds’
activity against BVDV was based on inhibition of virus-induced
cytopathogenicity in MDBK cells acutely infected with a m.o.i.
of 0.01. After a 3 or 4-day incubation at 37◦C, cell viability was
determined by the MTT method as described by Pauwels et al.
(1988). Compounds’ activity against CV-B5, Sb-1, VSV, VV, RSV
A2 and HSV-1 was determined by plaque reduction assays in
infected cell monolayers, as described by Sanna et al. (2015).

Virucidal Activity Assay
10d (20µM) was incubated with 1x105 PFU/mL of RSV at either
4 and 37◦C for 1 h. The mixture without test sample was used as
the control. At the end of incubation period, samples were serially

diluted in media and titers were determined on Vero-76 cells at
high dilutions, at which the compound was not active. Virus titers
were determined by plaque assay in Vero-76 cells.

Assessment of Antiviral Activity by Antigen
Reduction Assay
10d, 6-azauridine and dextran sulfate were diluted by serial
dilutions inMEM-E to give a range of compounds concentrations
from 100 to 0.8µM. 50µL of RSV (approximately 200 PFU/well)
and 50 µL of compounds dilutions was added in triplicate to
Vero-76 cells in 96 well plates that had been seeded the previous
day at 2.5 × 104 cells per well. At 3 days post infection, samples
were collected and the extent of viral replication was determined
by enzyme-linked immunosorbent assay (ELISA) according to
the manufacturer description (Bioo Scientific RSV Kit).

Cell Pretreatment Assay
Vero-76 cell monolayers were incubated in 24-well plates with
20µM concentration of 10d or 6-azauridine (10µM) for 2 h at
4◦C. After removal of the compound and two gentle washes,
cells were infected with RSV. After virus adsorption to cells, the
inoculum was removed and the cells were then overlaid with
medium, incubated for 3 days at 37◦C, and then virus titers were
determined by plaque assay.

Time of Addition Assay
The confluent monolayers of Vero-76 cells in 96-well tissue
culture plates were infected for 2 h at room temperature with
100 µL of proper RSV dilutions to give a final m.o.i. of
1. After adsorption, the monolayers were washed two times
with MEM-E medium with L-glutamine, supplemented with
1% inactivated FBS, 1mM sodium pyruvate and 0.025 g/L
kanamycin (Maintenance Medium) and incubated with the same
medium at 5% CO2 and 37◦C (time zero). Vero-76 cells were
treated with compound 10d (20µM, approximately 10 times
higher than the IC50) or reference for 2 h during infection period
and at specific time point, 2, 4, 6, and 10 h post infection. After
each incubation period, the monolayers were washed two times
with maintenance medium and incubated with fresh medium
until 10 h post-infection. Then, after 36 h the development of
cytopathic effect (CPE) was evaluated microscopically and each
sample was collected, centrifuged and frozen at−80◦C. The viral
titer was determined by plaque assay (or ELISA).

Immunofluorescence Attachment Assay
Compounds’ inhibitory effects on virus-cell binding event was
measured by immunofluorescence performed according to the
method described previously with some modifications (Maric
et al., 2011). Briefly, Vero-76 cells in 24-well plates were pre-
chilled for 1 h at 4◦C. The medium was removed and then
serial dilutions of RSV in ice-cold MEM-E were added and
allowed to bind for approximately 30min at 4◦C. After this
incubation period, the monolayers were washed three times in
cold PBS in order to remove unbound viral particles and then
were fixed in paraformaldehyde 4%. The presence of bound
virus was detected by indirect immunofluorescence. After a
brief incubation in blocking buffer [PBS with 5% normal goat
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serum (NGS)], cells were incubated with a 1:200 dilution of
primary antibody RSV monoclonal antibody (Ab35958; Abcam,
Cambridge, United Kingdom). Cells were then washed three
times in PBS-Tween-100 and incubated with a 1:500 dilution
of an Alexa Fluor 488-labeled anti-mouse secondary antibody
(Molecular Probes, Eugene, Oreg.). After a series of washes in
PBS-Tween-100, cells were mounted with Vectashield (Vector
Laboratories, Burlingame, CA) containing 4′,6-diamidino-2-
phenylindole (DAPI) and images of each well were captured with
the ZOE Fluorescent Cell Imager (Biorad).

Inhibition of Attachment Assessed
by Immunofluorescence
RSV viral dilution (4 × 106 PFU/mL) was premixed with 20µM
of 10d, 6µg/mL of dextran sulfate, and 5µM of 6-azauridine in
ice-cold MEM, added to Vero-76 cell monolayers at 4◦C, bound,
and detected as reported above.

Syncytium Reduction Assay
The capability of 10d to block cell-to-cell RSV spread was
evaluated using the above described method. Monolayers
cultures of Vero-76 cells in six-well dishes were infected with
RSV (m.o.i.= 0.3) at room temperature. After 2 h of adsorption
period, the monolayer was washed with PBS and overlaid with
fresh medium. 10d was added at concentration of 50, 10, and
2µMat 8 h post infection. 72 h post infection cells were examined
microscopically for syncytium formation.

RSV Strain B1 cp-52 Antiviral Assay
The effect of 10d on RSV cp-52 plaque number was assessed
by a plaque reduction assay. Accordingly, a monolayer of Vero-
76 cells was grown on 24-well plate. Approximate 200 plaque-
forming units (PFU) of RSV cp-52 was added to the cells,
immediately followed by the addition of various concentrations
of the samples. The medium was also added to non-treatment
wells as non-infection controls. The plates were incubated in
5% CO2 at 37◦C for 2 h. After virus adsorption the inoculum
was removed and infected cells were overlaid with 1.2%
methylcellulose medium containing various concentrations of
test samples and incubated for 3 days at 37◦C. Syncytia developed
after 3 days and were fixed with 4% paraformaldehyde solution,
permeabilized and immunostained. The number of plaques in the
control (no inhibitor) and experimental wells were counted.

End-point Cell-to-Cell Fusion Assay
The 293T cell line was purchased from the American Type
Culture Collection (Manassas, VA) and maintained in DMEM
supplemented with 7.5 (v/v) FBS at 37◦C and 5% CO2.
Cell transfection was carried out using Lipofectamine 200
(Invitrogen). A dual split-protein cell content mixing assay
was adopted to quantify the extent of cell-to-cell fusion
mediated by the RSV F-glycoprotein. To the purpose, 293T
cells were transfected with plasmid DNA encoding the eGFP-
renilla luciferase dual-split fusion proteins DSP1−7 or DSP8−11,
respectively (Kondo et al., 2011). Then, one cell population
received the plasmid DNA encoding RSV L19F while another cell
population was transfected with plasmid DNA coding for Mev F

and H proteins for control (Brindley et al., 2012). According to
the protocol of Yan et al. (2014) cell populations were mixed at an
equal ration 4 h after transfection, and incubated with specified
amount of 10d for 26 hrs. The activity of the reconstituted
luciferase was measured after cell loading with 10µM ViviRen
(Promega) for 30 min.

In silico Molecular Modeling
All simulations were performed with the AMBER 16 suite of
programs (Case et al., 2017). The 3D model structure of the
prefusion RSV F glycoprotein was taken from the Protein Data
Bank (file 5EA5.pdb (Battles et al., 2016). Compound 10d was
then docked into the protein-binding site using Autodock 4.2
(Morris et al., 2016). The resulting complex was further energy
minimized to convergence. The intermolecular complex was then
solvated and energyminimized using a combination of molecular
dynamics (MD) techniques (Pierotti et al., 2011; Gibbons et al.,
2014; Genini et al., 2017). 20 ns molecular dynamics (MD)
simulations at 37◦Cwere then employed for system equilibration,
and further, 50-ns MD were run for data production.

The binding free energy, 1Gbind, between 10d and the RSV
F-protein was then estimated by resorting to the MM/PBSA
approach (Massova and Kollman, 2000) implemented in Amber
16. According to this validated methodology, the free energy
was calculated for each molecular species (complex, protein, and
ligand), and the corresponding 1Gbind was computed as:

1Gbind = Gcomplex − (Gprotein + Gligand) = 1EMM + 1GSOL

− T1Sbind = 1Hbind − T1Sbind

in which the enthalpic contribution (1Hbind =1EMM +1GSOL)
accounts for the molecular mechanics energy (contributed by
van der Waals and electrostatic interactions) and the solvation
free energy while T1S is the conformational entropy upon
protein/ligand binding. The corresponding IC50 value for each
compound was obtained from the fundamental relationship:
1Gbind = -RT log 1/IC50. The same computational protocol was
applied for the simulation of TMC353121, an established potent
RSV F-protein inhibitor, in complex with the RSV F-protein for
comparison purposes.

RESULT AND DISCUSSION

Chemistry
The synthetic routes to obtain 5,6-dichloro-1-phenyl-
benzotriazole amides (5a-d and 7a-h), 5,6-dichloro-2-phenyl-
benzotriazole amides (6a-h and 8a-h), and 5,6-dichloro-2-
phenyl-benzotriazole urea derivatives (10a-k) are described
in Schemes 1–3, respectively. Aliphatic amides 5a-d and 6a-f

were obtained in good yield by condensation of the known
anilines 1a,b with the appropriate anhydride (acetic, propionic,
and butyric anhydride) (2a-c) at 100◦C for 1 h. Derivatives 5c
and 6a-c were obtained together to their respective diacylated
compounds 5d, 6d-f, generally in 3:1 ratio. Aromatic amides
7a-h and 8a-h were in turn obtained, generally in good yield,
by reaction of the anilines 1a,b with the appropriate benzoyl
chloride derivative (3a-h) at 80◦C for 0.5–72 h. To obtain the

Frontiers in Chemistry | www.frontiersin.org 11 April 2019 | Volume 7 | Article 24775

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Piras et al. Respiratory Syncytial Virus Entry Inhibitors

TABLE 1 | Anti-RSV activity of 5,6-dichloro-1-phenyl-benzotriazole amides (5a–d

and 7a–h), 5,6-dichloro-2-phenyl-benzotriazole amides (6a–h and 8a–h), and

5,6-dichloro-2-phenyl-benzotriazole ureas (10a–k).

Comp. Vero-76 cells RSV Comp. Vero-76 cells RSV

a CC50
bEC50

aCC50
bEC50

1a >100 20 8a >100 >100

5a 30 3 8b >100 27

5b 30 4 8c >100 >100

5c 10 4 8d 80 3

5d 20 >30 8e >100 33

7a >100 60 8f 80 20

7b >100 >100 8g >100 50

7c >100 35 8h >100 60

7d 90 5 10a >100 >100

7e >100 13 10b 30 3

7f >100 8 10c >100 >100

7g 9 5 10d 90 2

7h >100 11 10e >100 >100

1b >100 6 10f >100 >100

6a >100 >100 10g >100 >100

6b >100 >100 10h >100 >100

6c >100 >100 10i >100 >100

6d >100 40 10j >100 >100

6e >100 6 10k >100 >100

6f >100 6 ribavirin >100 7

6-azauridine ≥14 1.4

Ribavirin and 6-azauridine were used as reference inhibitors. Data represent mean values

from three independent determinations; variation among duplicate samples was <15%.
aCompound concentration (µM) required to reduce the viability of mock-infected VERO-

76 cells by 50%. as determined by the MTT method after 5 days.
bCompound concentration (µM) required to reduce the plaque number of RSV by 50%

in VERO-76 monolayers. The most interesting results are in bold.

urea derivatives (10a-k) (35–70% yield,) the required isocyanate
(4a-k) was condensed with aniline 1b at 80–110◦C for 24–92 h.

After workup, all crude products were purified by
recrystallization with ethanol or by flash chromatography. The
key intermediates 1-(4-aminophenyl)-5,6-dichlorobenzotriazole
(1a) and 2-(4-aminophenyl)-5,6-dichlorobenzotriazole
(1b) were prepared following the procedure described
by Carta et al. (2007).

In vitro Antiviral Activity of the
New Dichloro-phenyl-benzotriazoles
All 39 newly synthesized 5,6-dichloro-1(2)-phenyl-benzotriazole
derivatives were evaluated for their anti-RSV activity in cell-
based assays. Several compounds exhibited significant inhibitory
activity (i.e., <10µM, Table 1), with EC50 values lower than or
comparable to that of ribavirin (7µM). Concomitantly, moderate
to low cytotoxicity was detected for almost all compounds, with
CC50 values mostly in the high micromolar range (> 100µM)
in Vero-76 cells.

Regarding the spectrum of antiviral activity, the most
relevant result concerned the potent and selective activity of ten
1-phenyl-benzotriazole derivatives (1a, 5a,b,c and 7c-h), seven

2-phenyl-benzotriazole derivatives (1b, 6d,e,f, 8b,d,e,f), and two
2-phenyl-benzotriazole urea derivatives (10b,d), with an EC50

against RSV in a range of 2–40 µM.
From a structure-activity relationship perspective,

considering the 1-phenyl-benzotriazole amides the replacement
of a hydrogen atom on the amino group with any aliphatic
moiety (i.e., methyl, ethyl or propyl) in the amidic component
(1a and 5a-c, respectively) did reflect in a good increase in
potency, even if higher potencies were coupled with higher
cytotoxicity (EC50 values 20 vs. 3/4µM, CC50 values >100
vs. 10/30µM, Table 1). On the contrary, the presence of two
acyl substituents on the amino group (5d) was detrimental
to antiviral activity. In essence, these results demonstrate the
need for a hydrogen atom on the amide nitrogen for RSV
replication inhibition. Conversely, in the case of aromatic
amides the unsubstituted phenyl derivative (7a) showed only
a moderate activity (EC50 = 60µM) whereas the introduction
of three methoxy groups on the phenyl moiety (7d) or an
electron-withdrawing group in the 4’ position (7e-h) potentiated
anti-RSV activity (EC50 = 5–35µM, Table 1). On the other
hand, an electron-donor methyl group in the same position
(7b) led to a pitfall of the corresponding EC50 value. Finally,
for the series of 5,6-dichloro-1-phenyl-benzotriazole amides a
small alkyl group on the nitrogen gave the best antiviral activity,
while its substitution with a phenyl ring was only useful if an
electron-withdrawing or three methoxy groups were presents.

Also, the 2-phenyl-benzotriazole amides showed a diffuse
antiviral activity against RSV. Amine (1b), aliphatic amides
(6d,e,f) and aromatic amides (8b,d,e,f) showed activity in the
3–40µM range. Contrarily to the case of 1-phenyl derivatives,
for the 2-phenyl ones the best activity of the diacyl derivatives
(6d,e,f) compared to that of the corresponding monoacyl
compounds (6a,b,c) was probably due to a different arrangement
in the space of the amide chains. Furthermore, also in this series
the simple unsubstituted phenyl amide or 4’ substitution with
an electron-donor group (8a and 8b,c, respectively) generally
did not exhibit high activity (EC50 = 27 - >100µM), while
the derivative bearing three methoxy groups or a nitro group
or a chlorine atom in 4’ on the phenyl moiety (8d and
8e,f, respectively) mostly showed good activity (EC50 = 3–
33µM, Table 1). Finally, about the 2-phenyl-benzotriazole urea
derivatives (10a-k) only two aliphatic derivatives showed a
remarkable activity against RSV (10b,d),with EC50 values of 3
and 2µM, respectively.

With the aim of evaluating the selectivity of the title
compounds against RSV, they were also tested for cytotoxicity
and antiviral activity against a panel of alternative, representative
positive- and negative-sense single stranded RNA, double-
stranded RNA and DNA viruses (see Tables S1, S2 in
Supplementary Material). Among all 39 compounds, 5a,c and
8c were moderately active only against Coxsackie Virus B5
(CV-B5, EC50 = 17, 9 and 14µM, respectively), while 8e,h

showed some activity in cells infected with the Bovine Viral
Diarrhea Virus (BVDV, EC50 = 4 and 11µM, respectively).
Concomitantly, the overall low cytotoxic profile of all inhibitors
was confirmed in the cell lines sustaining the alternative virus
replication (Tables S1, S2).
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Based on the results of all experiments described above, 10d
resulted the most interesting compound, being endowed
with potent and selective antiviral activity against RSV
(EC50 = 2µM, Table 1) and CC50 values lower than 70µM in
most continuous cell lines from different organs and species
(Table 1, Table S2). Therefore, 10d was selected for additional
studies, as reported below.

BIOLOGICAL AND IN SILICO EVALUATION

Viral Antigen Reduction by Compound 10d
The antiviral activity of 10d was further tested in an enzyme-
linked immunosorbent assay (ELISA) aimed at demonstrating
the reduction of viral antigen in presence of the active compound
at non-cytotoxic concentrations during a single round of viral
infection. Results showed a reduction of viral antigen of 80% at
20µM and an EC50 of 5µM, in agreement with previous plaque
reduction assay data.

Virucidal Activity of 10d
To analyze the possibility that compound 10d acts directly on
the virus particle leading to infectivity inactivation, a virucidal
assay against RSV virions was conducted. The virucidal effect
of 10d was negligible at the tested concentration of 20µM at
either 4◦Cor 37◦C and no significant differences between the titer
of RSV treated at the two different temperatures was observed,
as shown in Figure 1A. The compound tested concentration
(20µM) was 10 times higher than its antiviral EC50, indicating
that the inhibitory effect detected by the plaque reduction assay
(2µM, Table 1) could be due to interference with a step along the
RSV replication cycle.

Effect of 10d on RSV Penetration into
Pre-treated Host Cells
To establish whether 10d was able to protect cells from
RSV infection, a pre-attachment assay was then performed by
incubating Vero-76 cell monolayers with the same concentration
of 10d employed in the virucidal activity assay (20µM). 6-
Azauridine (10µM), a broad spectrum DNA/RNA inhibitor
that interferes in pyrimidine biosynthesis pathway, was used
as negative reference compound. Eventual unbound drug was
washed away, cells were infected with RSV, and percent of
infection was determined after 3 days. The results in Figure 1B

shows that, under these experimental conditions, 10d failed to
inhibit RSV infection at the time point analyzed. These findings
demonstrate that pretreatment with 10d does not protect cells
from RSV infection.

Effect of 10d on Viral Infection: Time of
Addition and Immunofluorescence Assays
To determine which step of the RSV replication cycle was
targeted by 10d, time of addition (ToA) experiments were
performed in RSV-infected Vero-76 cells exposed to the
compound at different times of infection. As seen in the top
panel of Figure 2, the most efficient inhibition was observed
in early phases of infection [i.e., during the 2 h of infection
(t = 0) and immediately after], while 10d failed to exhibit

significant antiviral activity when added at later times (4–10 h
after infection). These results (supported by additional ToA tests
performed with two further, active compounds, 8d and 10b,
EC50 = 3µM, Table 1, see Figure S1 in Supplementary Material)
confirm that 10d is active in the earliest stages of viral replication,
that is the virus attachment to target cells or the virus-cell
fusion event.

In the attempt to discriminate between the two possible
mechanisms of action of 10d (i.e., virus attachment or cell-
fusion inhibition), the kinetics of virus adsorption in the presence
10d was investigated in an immunofluorescence assay. Low-
temperature treatment allows binding of RSV to the cell surface
receptors but prevents the internalization of virus particles
into the cells. Accordingly, the ability of 10d to interfere
with virus binding was examined by incubating RSV and
Vero-76 cells at 4◦C in the presence of the compound. As
reported in the bottom panel of Figure 2, 10d and 6-azauridine
(negative control) were not able to block viral binding under
these conditions. On the contrary, dextran sulfate, an RSV
entry inhibitor used as a positive control, efficiently blocked
viral attachment.

In aggregate, these results led us to speculate that either the
virus-cell fusion or the uncoating processes might be affected by
the antiviral action of 10d.

Effect of 10d on the Formation of
Multinucleate Syncytia
Syncytium formation is a mechanism of cell-to-cell infection
that determines virus spread. Common features of severe lower
respiratory infections with RSV are cell fusion, multinucleate
syncytia formation, and cell sloughing. In order to ascertain
whether 10d was able to prevent virus spread after infection,
a syncytium reduction assay was performed by treating Vero-
76 monolayers with different concentrations of 10d at 8 h post
infection (p.i). Syncytia formation was assessed 72 h p.i. The left
panel in Figure 3 shows that big syncytia were evident in Vero-
76 untreated monolayers after 72 h p.i. (a), while the number and
the size of syncytia decreased in a dose-dependent manner in 10d
treated cells (b, c, and d).

The initial phases of RSV infections are controlled by the
two major glycoproteins on the surface of the RSV virion that
is, the attachment glycoprotein (G) and the fusion glycoprotein
(F). G targets the ciliated cells of the airways, and F causes the
virion membrane to fuse with the target cell membrane. The
small hydrophobic (SH) protein is also encoded by the human
respiratory syncytial virus. Its absence leads to viral attenuation
in the context of whole organisms, and it prevents apoptosis
in infected cells (Heminway et al., 1994; Kahn et al., 1999;
Techaarpornkul et al., 2001). Among this protein pool, however,
the F protein alone is sufficient to mediate viral penetration
into host cells and subsequent syncytium formation during RSV
infection (Feldman et al., 2000). As it can be seen in Figure 3

(right panel), 10d was effective in reducing both syncytia area
and number at a concentration of 50µM. This evidence suggests
that 10d could interfere with the RSV F protein-mediated
syncytium formation.
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FIGURE 1 | (A) Virucidal effect (expressed as plaque-forming units (PFU)/mL) of 10d (20µM) against RSV virions at either 4 or 37◦C) for 1 h. (B) Viral titer measured 3

days post infection in Vero-76 cells pretreated with 10 d. The same experiment performed with 6-azauridine (6AZA 10µM) is shown for comparison. Results are

presented as mean ± standard deviation of 3 separate experiments.

FIGURE 2 | (Top) Inhibition of RSV (m.o.i = 1) by addition of 10d (20µM) at different times (filled circles). Data for untreated virus (open circles) and for addition of

6-azauridine (filled squares) are also shown for comparison. Data represent mean values from two independent determinations; variation among duplicate samples

was <15%. (Bottom) Immunofluorescence attachment assay: (a,b) RSV A2 non-treated control; (c,d) 6-azauridine does inhibit viral attachment; (e,f) dextran sulfate

inhibits viral attachment; (g,h) 10d does not inhibit viral attachment. Bound virus is detected by indirect immunofluorescence with an anti-G monoclonal antibody,

followed by an Alexa Fluor 488-labeled secondary antibody (a,e,c,g, green). Nuclei are visualized using 4′,6-diamidino-2-phenylindole (b,f,d,h, blue).

Assessment of Antiviral Activity of 10d
Against RSV Strain B1 cp-52
To confirm the results obtained from the syncytium reduction
assay reported above, 10d was further tested for activity in
cells infected by RSV strain B1 cp-52. cp-52 is an RSV
mutant variant containing a large deletion that ablates the
synthesis of the SH and G glycoproteins. Nonetheless, cp-
52 is infectious and replicates to high titer in tissue cultures
(Karron et al., 1997). In the plaque-reduction assay, 10d inhibited

RSV cp-52 activity with 50% inhibitory concentration of 7
± 1µM, a value comparable to the one determined for the
wild-type strain (EC50 = 2µM, Table 1). In analogy, the
two alternative potent compounds 10b and 8d, tested under
the same conditions, gave comparable results (50% inhibitory
concentration = 7 ± 1µM and 10 ± 2µM or 10b and
8d, respectively). These data support the hypothesis of the
involvement of 10d in fusion events via interaction with the RSV
fusion F glycoprotein.
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FIGURE 3 | (Left) Inhibition of RSV A2-induced syncytium formation in Vero-76 cells by 10d at a concentration of 0µM (a), 50µM (b), 10µM (c), and 2µM (d).

Inoculum was removed 2 h post infection (p.i.), cells were left untreated or incubated 8 h p.i. with 10d, and syncytia formation was assessed 72 h p.i. as described in

Materials and Methods. In the presence of 10d both size and number of syncytia did not increase. Images were taken 72 h p.i. using the ZOE Fluorescent cell imager

(Bio-Rad) (bar size = 100µm). Syncytia are indicated by black arrows. (Right) Quantitative dose-response cell-to-cell fusion assay using the DSP-chimeric reporter

proteins and the ViviRen renilla luciferase substrate in the presence of compound 10d (filled symbols). The MeV (Measles Virus) F and H glycoprotein expression

constructs (open symbols) were included for selectivity control. Reported values are normalized for DMSO-treated samples and are expressed as the mean of three

experiments ± standard deviation. The EC50 value was obtained by 4-parameter variable slope regression fitting.

Inhibition of RSV F Protein-Mediated
Fusion Process by 10d
All biological results discussed above support the inhibition
of viral entry through involvement of fusion process as the
possible mechanisms of action of compound 10d. To investigate
this aspect in more detail 10d was tested in a plasmid-based
reporter assay (Yan et al., 2014) that quantifies the bioactivity
of viral entry (Nakane and Matsuda, 2015). According to this
experiment (Figure 3, right panel), compound 10d was able
to specifically inhibit the RSV F protein-mediated membrane
fusion process, with an EC50 value of 3.2µM (90% confidence
interval = 2.9–3.6). Repeating the same assay using the two
alternative, potent compounds 8d and 10b yielded completely
analogous results (Figure 4).

Taken together, all these data point to the interference with
a protein F-mediated membrane merger as the underlying
mechanism of anti-RSV activity of compound 10d.

In silico Interaction of 10d With the RSV
F Glycoprotein
As the last step in the characterization of the antiviral activity
of 10d, its putative binding mode onto the RSV F-protein was
predicted by molecular modeling (Figure 5A). According to the
in silico experiment, 10d could bind the three-fold symmetric
trimeric protein in its pre-fusion state with a calculated IC50 of
8.2µM (1Gbind = −7.22 ± 0.28 kcal/mol). The binding process
was estimated to be enthalpy-driven (1Hbind = −21.37 ± 0.16
kcal/mol and -T1Sbind = +14.15 ± 0.24 kcal/mol, respectively),
in agreement with evidences from other RSV fusion inhibitors
(Battles et al., 2016).

As seen in Figure 5A, the dichloro-substituted benzotriazole
moiety is encased in a hydrophobic cavity lined by the side chains
of F140, M396, and F488 (protomer A), whilst the phenyl ring
of 10d is engaged in π-π stacking with F140 of protomer B and
other favorable hydrophobic interactions with the side chains
of residues F137 and L138 of the same protomer. Moreover,
two weak yet persistent hydrogen bonds are detected between

FIGURE 4 | Quantitative dose-response cell-to-cell fusion assay using the

DSP-chimeric reporter proteins and the ViviRenrenilla luciferase substrate in

the presence of compounds 10d (black filled symbols), 10b (green filled

symbols), and 8d (red filled symbols). The MeV (Measles Virus) F and H

glycoprotein expression constructs (open symbols) were included for

selectivity control. Reported values are normalized for DMSO-treated samples

and are expressed as the mean of three experiments ± standard deviation.

The EC50 valuesfor the three compounds, obtained by 4-parameter variable

slope regression fitting, are: 3.2µM for 10d, 3.9µM for 10b, and 4.5µM for

8d, respectively. Data for 10b and 8d were obtained under the same

conditions employed for 10d (see main text, Materials and Methods section).

10d and the protein. The first involves the oxygen atom of the
ureidic group of 10d and the E487-F488 backbone NH group of
protomer C. The alternative H-bond is provided by the ureidic
NH group of the compound and the side chain of E487 on
protomer B.

According to the cell-based assay (Table 1), compounds 8d

and 10b exhibited an antiviral activity comparable to that
of 10d (EC50 = 3µM). Thus, we speculated that these two
compounds could adopt a binding mode onto the trimeric
RSV F-protein similar to that proposed for 10d. To verify this
hypothesis, the same computational approach was applied to
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FIGURE 5 | (A) Putative binding mode of compound 10d into the 3-fold symmetric trimeric RSV F-protein in its pre-fusion state. The compound is shown as

atom-colored balls-and-sticks (gray, C; blue, N; red, O; green, Cl). The three F protomers are represented as colored ribbons (light green, protomer A; light orange,

protomer B; light purple, protomer C). The protein residues mainly involved in 10d binding are evidenced and labeled. Hydrogen bonds are depicted as broken black

lines. Hydrogen atoms, water molecules, ions and counterions are omitted for clarity. (B) Structure of the known RSV F-protein inhibitor TMC353121. (C) Details of

TMC353121 in the binding pocket of the three-fold symmetric trimeric RSV F-protein in its pre-fusion state. Representations and colors as in (A).

the 8d/ and 10b/protein complexes (Figure S2). As expected,
the replacement of the cyclohexyl ring of 10d with a propyl
chain in 10b did not lead to any significant variation in
the interaction spectrum described for 10d: indeed, both
fundamental hydrogen bonds and the nice molecular encasement
in the protein hydrophobic cavities are still detected along
the entire simulation trajectory (Figure S2A). Accordingly, the
binding energetic profile is utterlt comparable to that calculated
for the 10d/protein complex with a 1Gbind of −7.18 ±

0.31 kcal/mol (1Hbind = −21.28 ± 0.18 kcal/mol and -
T1Sbind = +14.10 ± 0.25 kcal/mol, IC50 = 8.7µM). On the
other hand, the replacement of the ureidic spacer with an amidic
moiety in 8d allows to perform only the hydrogen bond involving
the compound oxygen atom (Figure S2B). Despite this, 8d is
provided with a good affinity against the RSV F-protein, with a
calculated IC50 of 12.5µM (1Gbind = −6.96 ± 0.29 kcal/mol).
Although a slight decrease in the enthalpic contribution has been
detected (1Hbind = −20.32 ± 0.16 kcal/mol), 8d compensates
with a less entropic penalty, justified from the presence of a more
rigid 3,4,5-trimethoxybenzamide group in its structure.

With respect to current, highly potent inhibitors of RSV
fusion process (e.g., TMC353121 or BMS433771) (Battles et al.,
2016), 10d is less potent since, being somewhat smaller in
structure, it is not able to fully exploit the same plethora of
stabilizing interactions that underlay the binding mode of e.g.,
TMC353121 (Figures 5B,C). Specifically, the hydrophobic
pocket of protomer A (consisting of residues F140, M396,
and F488) and the side chains of F137 and F488 of protomer
B can properly accommodate the benzimidazole moiety of
TMC353121 through favorable hydrophobic interactions. The

morpholine group of the inhibitor optimizes protein binding by
exploiting specific electrostatic interactions, i.e., the positively
charged hydrogen atom performs a permanent ionic bridge
with E487 of protomer C, while the oxygen atom is engaged
in a stable dipole interaction with the side-chain of E487
(protomer B). Actually, the better binding performance of
TMC353121 with respect to 10d is related to the presence
of two bulky substituents on its benzimidazole ring: a) the
(3-hydroxypropyl)-5-methylphenyl moiety, which favorably
interacts with the aromatic side chain of F140 of protomer C via
a π-π stacking, and b) the 2-hydroxy-3-methylpiridin group,
which not only performs positive hydrophobic interactions with
F140 (protomer B) and F488 (protomer C) but is also engaged
in a hydrogen bond with E487 (protomer C). The corresponding
binding thermodynamics for the TMC353121/F-protein
complex formation, i.e., 1Gbind = −10.96 ± 0.31 kcal/mol,
1Hbind = −26.57 ± 0.19 kcal/mol, and -T1Sbind = +15.61
± 0.25 kcal/mol), reflect the high affinity of this compound in
binding the RSV F-protein, with a calculated IC50 of 19 nM, in
very good agreement with the corresponding experimental value
(IC50 = 8.7 nM, Battles et al., 2016).

In summary, preliminary computer-assisted drug design
results reveal the possible binding mode of 10d onto the RSV
F-protein, justify at the molecular level the lower potency of
this compound with respect to the nanomolar RSV F-protein
inhibitor TMC353121, and suggest that further optimization of
both the benzotriazole ring and the ureidic group substitutions
of 10d could lead to a second generation of more, potent RSV
inhibitors. Efforts in this direction are currently ongoing in
our laboratories.
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CONCLUSION

RSV is a widespread pathogen causing human lower respiratory-
tract infections in people of all ages. Despite its long history,
safe and effective cures for RSV remain elusive. In this work, a
series of new 5,6-dichloro-phenylbenzotriazole derivatives were
synthesized and tested for antiviral activity against RSV. All
compounds were generally endowed with high activity (EC50 in
the low micromolar range), low cytotoxicity (CC50 in the high
micromolar range), and very high RSV selectivity in whole-virus
cell-based assays. Among the entire class of compounds, 10d was
identified as a possible lead compound, with a potent anti-RSV
activity (EC50 = 2µM), high RSV selectivity, and an interesting
safety profile against most continuous cell lines from different
organs and species. As such, it was selected for further activity
and mechanistic studies.

ELISA data revealed a dose-dependent reduction of viral
antigen by 10d at non-cytotoxic concentrations, whist a
negligible virucidal effect of 10d was found against RSV virions.
These results indicated that the compound could not induce
significant virion inactivation and that the plaque-reduction
assay data were possibly due to the interference of 10d with some
step of the viral replication cycle.

Cell pretreatment with 10d failed to prevent viral infection,
and time of drug addition assays confirmed that 10d effectively
inhibited RSV activity in infected cells only when added during
or immediately after infection. Both these results supported the
hypothesis that 10d could inhibit viral infection by hampering
the binding and penetration processes of the virus into the
host cells.

To discriminate between these two mechanisms,
immunofluorescence assays were performed from which it
clearly resulted that 10d was not able to block viral binding to
cells. Moreover, a dose-dependent reduction of syncytia area and
number by 10d led to the final speculation that the fusion of the
viral envelop with the cell membrane, mediated by the RSV F
glycoprotein, could be the molecular mechanism underlying the
antiviral activity exerted by 10d.

To confirm this hypothesis. the activity of 10d was measured
in cells infected with a RSV strain expressing only the surface
F glycoprotein instead of the complete pool of F, G, and
SH glycoproteins. An EC50 of 7µM, comparable to the value
measured for the wild-type virus (2µM) indicated that the RSV
F-glycoprotein could be the viral molecular target of 10d. A
subsequent plasmid-based reported assay confirmed that 10dwas
able to specifically inhibit the RSV F protein-mediatedmembrane
fusion process, with an EC50 value of 3.2 µM.

Finally, molecular simulations were used to predict the
putative binding mode onto the RSV F glycoprotein in its pre-
fusion state. All three protomers were found to be involved
in binding 10d via stabilizing hydrogen bonds, π-π and other
hydrophobic interactions, ultimately resulting in an IC50 value of
8.2µM. A comparison with the known and potent RSV F-protein
inhibitor (TMC353121) highlighted the molecular level the lower
potency of this compound

Given all the results presented and discussed above, it might
be concluded that 10d represents a promising and selective
inhibitor of RSV which, in turn, could be considered as a good
starting point for the development of second-generation effective
candidate for early treatment of RSV infection.
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A novel structural series of quinoline derivatives were designed, synthesized and

biologically evaluated as PI3K/mTOR dual inhibitors upon incorporation of C-4

acrylamide fragment. Consequently, all of them exerted remarkable inhibition against

PI3Kα with IC50 values ranging from 0.50 to 2.03 nM. Besides, they exhibited

sub-micromolar to low micromolar anti-proliferative activity against both prostate cancer

PC3 and colorectal cancer HCT116 cell lines. In subsequent profiling, 8i, a representative

compound throughout this series, also significantly inhibited other class I PI3Ks

and mTOR. In PC3 cells, it remarkably down-regulated the crucial biomarkers of

PI3K/Akt/mTOR signaling, including phos-Akt (Ser473), phos-Akt (Thr308), phos-S6

ribosomal protein (Ser235/236), and phos-4E-BP1 (Thr37/46), at a concentration as low

as 5 nM. Moreover, 8i displayed favorable metabolic stability with long elimination half-life

in both human liver and rat liver microsomes. A further in vivo pharmacokinetic (PK) study

demonstrated 8i possessed acceptable oral exposure, peak plasma concentration, and

elimination half-life. Taken together, 8i, as a potent PI3K/mTOR dual inhibitor, merited

further investigation and structural optimization.

Keywords: 4-acrylamido-quinolines, PI3K/mTOR dual inhibitors, anti-proliferative activity, PI3K/Akt/mTOR

signaling, metabolic stability, PK study

INTRODUCTION

Aberrant activation of the phosphoinositide 3-kinase/Akt/mammalian target of rapamycin
(PI3K/Akt/mTOR, PAM) signaling is regarded as a crucial hallmark in a broad spectrum of
human cancers (Folkes et al., 2008; Furet et al., 2013). Among the kinases relevant to the cascade,
PI3Kα, a member of class I PI3K subfamily, has spurred significant pharmaceutical investment in
exploring its inactivating agents, since the identification of oncogenic PIK3CA, the gene encoding
its catalytic subunit (Ma and Hu, 2013; Ndubaku et al., 2013; Heffron et al., 2016; Yadav et al.,
2016). Owing to the high sequence homology shared by the four class I PI3K members within
the ATP-binding pocket, numerous clinically developed PI3Kα modulators also concurrently
inhibit PI3Kβ, PI3Kγ, and PI3Kδ, thereby termed as pan-class I PI3K inhibitors. As a signaling
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effector located downstream of PI3K, mTOR is also intimately
associated with cancer initiation and development (Yang
et al., 2013; Pike et al., 2015). There is abundant evidence
demonstrating that mTOR is relevant to multiple negative
feedback loops, especially mTOR-S6K1-PI3K signaling (Liu et al.,
2011; Ma et al., 2015). Consequently, the sole inhibition of mTOR
may activate PI3K through S6K1 and IRS-1, thus restarting
cancer development and mediating drug resistance (Liu et al.,
2010). Meanwhile, mTOR inhibition has been testified to be
beneficial for the sensitivity to PI3K inhibitors (Elkabets et al.,
2013). In view of the evidence implicating both PI3K and mTOR
in cancer, as well as the potential to obtain synergism and address
drug resistance (Stauffer et al., 2008; Ma and Hu, 2013; Beaufils
et al., 2017; Ma et al., 2018), simultaneous inhibition of PI3K and
mTOR is expected to provide therapeutic advantages over mono-
inhibition of PI3K or mTOR. So far, several PI3K/mTOR dual
inhibitors have been advanced into clinical trials, as exemplified
by GSK2126458 dactolisisb, bimiralisib, gedatolisib, apitolisib,
voxtalisib, PF04691502, BGT226, GDC-0084, LY3023414, and
VS-5584 (Garces and Stocks, 2019).

Quinoline represents a well-established template for
constructing PI3K/mTOR dual inhibitors, and our efforts in
search for PI3K signaling modulators belonging to this class have
culminated in the discovery of numerous quinoline derivatives
with attractive biological profiles (Zhang et al., 2017a,b).
Although C-3 and C-4 positions of the quinoline template
are oriented toward the entrance to PI3Kα active site, some
surrounding residues can be exploited for producing additional
interaction and enhancing the binding affinity. Previously,
we have discovered some promising quinolines via exploring
H-bond contact with residue Arg770 or Ser854 at this region
upon structural elaboration at the C-3 position (Figure 1).
To further broaden the chemical diversity of the quinoline-
based PI3K/mTOR dual inhibitors, our recent medicinal
chemistry efforts prioritize introduction of various acrylamide
functionalities as the C-4 replacements for probing residue
Gln859 at the entrance to the PI3Kα active site. The rationale
for introducing the C-4 acrylamide functionality was based on
the molecular docking analysis, which indicated its potential to
confer H-bond interaction with residue Gln859. Moreover, a
wide variety of terminal moieties of the C-4 acrylamide fragment
were investigated for adjusting physicochemical properties.
Hence, we herein communicate our work that has led to the
discovery of a novel series of 4-acrylamido-quinoline derivatives
as potent PI3K/mTOR dual inhibitors.

MATERIALS AND METHODS

Chemistry
In this research, chemical reagents were commercially
available, and, if necessary, pretreatment was carried out.
With tetramethylsilane as the internal standard, 1H NMR
and 13C NMR spectra were recorded on the 500 and 400
MHz instrument (Bruker Bioscience, Billerica, MA, USA),
respectively. Chemical shifts (δ) were given in ppm and
coupling constants (J) provided in hertz (Hz). ESI-MS data were
measured on an Esquire-LC-00075 spectrometer, while HRMS

data were collected by Waters Q-TOF Micromass. Column
chromatography for the purification of intermediates or target
compounds was performed using silica gel (200–300 mesh).

6-Bromo-4-Methylquinoline (2)
4-Bromoaniline (33.0 g, 193.02 mmol) was added to a three-
neck round bottom flask with acetic acid (200mL). After FeCl3
(32.0 g, 198.96 mmol) was added, the mixture was stirred at
room temperature for 10min. Subsequently, methyl vinyl ketone
(17.0mL, 209.71 mmol) was added dropwise over 30min and the
reaction maintained at 70◦C for 3 h. Then, ZnCl2 (26.0 g, 194.22
mmol) was added and the mixture refluxed for 2 h. After cooling
to room temperature, the mixture was evaporated under reduced
pressure, basified with 1N NaOH solution, and extracted with
EA. The combined organic extracts were dried over magnesium
sulfate and concentrated to give the crude product, which was
further purified by column chromatography (EA/PE=1:5) to
afford the title intermediate (6.78 g, 30.68 mmol; yield 16%)
as a brown solid. 1H NMR (500 MHz, DMSO-d6): δ 8.79 (d,
J = 4.5Hz, 1H, Ar-H), 8.29 (d, J = 2.0Hz, 1H, Ar-H), 7.96
(d, J = 9.0Hz, 1H, Ar-H), 7.88 (dd, J = 9.0, 2.0Hz, 1H, Ar-
H), 7.43 (d, J = 4.5Hz, 1H, Ar-H), 2.67 (s, 3H, CH3). ESI-MS:
m/z= 222 [M+H]+.

6-Bromoquinoline-4-Carbaldehyde (3)
SeO2 (2.5 g, 22.34 mmol) was added to a solution of 6-
bromo-4-methylquinoline (1.0 g, 4.52 mmol) in the mixture of
dioxane/H2O (8/1, V/V) at room temperature. After being stirred
at 100◦C for 2 h, the reaction mixture was filtered and the
filtrate was concentrated under reduced pressure. The residue
was dissolved in EA and washed successively with saturated
aqueous NaHCO3 and water. The organic phase was then dried
with magnesium sulfate and concentrated in vacuo to afford
a brown solid, which was purified by column chromatography
(EA/PE= 1:5) to give 6-bromoquinoline-4-carbaldehyde (0.78 g,
3.32 mmol; yield 73%) as a light yellow solid. 1HNMR (500MHz,
DMSO-d6): δ 10.49 (s, 1H, CHO), 9.28 (d, J = 4.5Hz, 1H, Ar-H),
9.18 (d, J= 2.0Hz, 1H, Ar-H), 8.12 (d, J= 9.0Hz, 1H, Ar-H), 8.11
(d, J = 4.5Hz, 1H, Ar-H), 8.03 (dd, J = 9.0, 2.0Hz, 1H, Ar-H).
ESI-MS: m/z= 236 [M+H]+.

Ethyl (E)-3-(6-Bromoquinolin-4-yl)acrylate (4)
Triethyl phosphonoacetate (350mg, 1.56 mmol) was added to a
suspension of NaH (100mg, 60%, 2.50 mmol) in THF at 0◦C, and
the resultant mixture was stirred for 30min. 6-bromoquinoline-
4-carbaldehyde (300mg, 1.28 mmol) was then added and the
mixture stirred for 1 h at room temperature. The reactionmixture
was cooled to 0◦C, and ice water was added. After extracting
with EA, the organic phase was washed with saturated aqueous
NaHCO3, dried with magnesium sulfate and concentrated in
vacuo to afford the crude product, which was further purified
by column chromatography (EA/PE = 1:5) to give the title
intermediate (342mg, 1.12 mmol; yield 88%) as a white solid.
1H NMR (500 MHz, DMSO-d6): δ 8.98 (d, J = 4.5Hz, 1H,
Ar-H), 8.48 (d, J = 2.0Hz, 1H, Ar-H), 8.36 (d, J = 16.0Hz,
1H, alkene hydrogen), 8.03 (d, J = 9.0Hz, 1H, Ar-H), 7.97–
7.95 (dd, J = 9.0, 2.0Hz, 1H, Ar-H), 7.93 (d, J = 4.5Hz, 1H,
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FIGURE 1 | Quinoline-based PI3K/mTOR dual inhibitors obtained via probing residues at the entrance to PI3Kα active site: our previous and current work.

Ar-H), 6.90 (d, J = 16.0Hz, 1H, alkene hydrogen), 4.28 (q,
J = 7.0Hz, 2H, OCH2), 1.32 (t, J = 7.0Hz, 3H, CH3). ESI-MS:
m/z= 306 [M+H]+.

(E)-3-(6-Bromoquinolin-4-yl)acrylic Acid (5)
Ethyl (E)-3-(6-bromoquinolin-4-yl)acrylate (306mg, 1.00 mmol)
and 2.5N NaOH (20mL) were charged in a round bottom flask.
The mixture was stirred under reflux for 2 h. After cooling to
room temperature, the pH of the mixture was adjusted to 5 with
2N HCl, and the resultant solid was filtered and washed with
water. The filter cake was then dried under reduced pressure to
afford the title intermediate (241mg, 0.87 mmol; yield 87%) as
a white solid. 1H NMR (500 MHz, DMSO-d6): δ 12.89 (s, 1H,
COOH), 8.97 (d, J = 4.5Hz, 1H, Ar-H), 8.45 (d, J = 2.0Hz,
1H, Ar-H), 8.29 (d, J = 16.0Hz, 1H, alkene hydrogen), 8.02 (d,
J = 9.0Hz, 1H, Ar-H), 7.95 (dd, J = 9.0, 2.0Hz, 1H, Ar-H),
7.90 (d, J = 4.5Hz, 1H, Ar-H), 6.80 (d, J = 16.0Hz, 1H, alkene
hydrogen). ESI-MS: m/z= 278 [M+H]+.

General Synthetic Procedure A for the

Intermediates 6a-o
A solution of (E)-3-(6-bromoquinolin-4-yl)acrylic acid (1.0
equiv), EDCI (1.5 equiv) and HOBt (1.0 equiv) in dry DCM
was stirred at room temperature for 2 h. TEA (3.0 equiv) and
corresponding amine (2.0 equiv) were then added, and the
resultant mixture was stirred for 1 h. After this, it was successively
washed with 1N NaOH and water. The organic phase was
dried with magnesium sulfate and concentrated in vacuo to
afford the crude product, which was further purified by column
chromatography to give the desired compounds.

(E)-3-(6-bromoquinolin-4-yl)-N-(tert-butyl)acrylamide(6a)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and tert-butylamine (53mg, 0.72 mmol) according to the general
synthetic procedure A, as a white solid (98mg, 0.30 mmol; yield
83%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d, J = 4.5Hz,
1H, Ar-H), 8.40 (brs, 1H, NH), 8.10–7.98 (m, 3H, Ar-H × 2 +

alkene hydrogen), 7.95 (dd, J = 9.0, 2.0Hz, 1H, Ar-H), 7.68 (d,
J = 4.5Hz, 1H, Ar-H), 6.91 (d, J = 15.5Hz, 1H, alkene hydrogen),
1.37 (s, 9H, CH3 × 3). ESI-MS: m/z= 333 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-(2-
methoxyethyl)acrylamide(6b)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 2-methoxyethan-1-amine (54mg, 0.72 mmol) according to
the general synthetic procedure A, as a white solid (76mg,
0.23 mmol; yield 64%). 1H NMR (500 MHz, DMSO-d6): δ 8.96
(d, J = 4.5Hz, 1H, Ar-H), 8.51 (brs, 1H, NH), 8.43 (brs, 1H,
Ar-H), 8.09 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.02 (d,
J = 9.0Hz, 1H, Ar-H), 7.94 (brd, J = 9.0Hz, 1H, Ar-H), 7.72
(d, J = 4.5Hz, 1H, Ar-H), 6.91 (d, J = 15.5Hz, 1H, alkene
hydrogen), 3.48–3.40 (m, 4H, CH2 × 2), 3.30 (s, 3H, OCH3).
ESI-MS: m/z= 335 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-(2-hydroxyethyl)-N-
methylacrylamide(6c)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 2-(methylamino)ethan-1-ol (54mg, 0.72 mmol) according
to the general synthetic procedure A, as a white solid (88mg,
0.26 mmol; yield 72%). 1H NMR (500 MHz, DMSO-d6): δ 8.97
(d, J = 4.5Hz, 1H, Ar-H), 8.40 (d, J = 2.0Hz, 0.36H, Ar-H),
8.39 (d, J = 2.0Hz, 0.65H, Ar-H), 8.14 (d, J = 15.5Hz, 0.66H,
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alkene hydrogen), 8.10 (d, J = 15.5Hz, 0.38H, alkene hydrogen),
8.02 (d, J = 9.0Hz, 1H, Ar-H), 7.97–7.87 (m, 2H, Ar-H), 7.46
(d, J = 15.5Hz, 0.63H, alkene hydrogen), 7.43 (d, J = 15.5Hz,
0.38H, alkene hydrogen), 4.88 (t, J = 5.5Hz, 0.68H, OH), 4.76
(t, J = 5.5Hz, 0.37H, OH), 3.63 – 3.56 (m, 3.28H, CH2), 3.51 (t,
J = 5.5Hz, 0.70H, CH2), 3.24 (s, 1H, CH3), 3.01 (s, 2H, CH3).
ESI-MS: m/z= 335 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-cyclopropylacrylamide(6d)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and cyclopropanamine (41mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (93mg, 0.29
mmol; yield 81%). 1H NMR (500 MHz, CDCl3): δ 8.95 (d,
J = 4.5Hz, 1H, Ar-H), 8.50 (brs, 1H, NH), 8.42 (d, J = 2.0Hz,
1H, Ar-H), 8.07 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.01 (d,
J = 9.0Hz, 1H, Ar-H), 7.97–7.91 (dd, J = 9.0, 2.0Hz, 1H, Ar-H),
7.71 (d, J = 4.5Hz, 1H, Ar-H), 6.77 (d, J = 15.5Hz, 1H, alkene
hydrogen), 2.82 (m, 1H, CH), 0.73 (m, 2H, CH2), 0.53 (m, 2H,
CH2). ESI-MS: m/z= 317 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-cyclobutylacrylamide(6e)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and cyclobutanamine (51mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (102mg, 0.31
mmol; yield 86%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d,
J = 4.5Hz, 1H, Ar-H), 8.64 (d, J = 7.0Hz, 1H, NH), 8.41 (brs,
1H, Ar-H), 8.07 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.02 (d,
J = 9.0Hz, 1H, Ar-H), 7.94 (brd, J = 9.0Hz, 1H, Ar-H), 7.71 (d,
J = 4.5Hz, 1H, Ar-H), 6.80 (d, J = 15.5Hz, 1H, alkene hydrogen),
4.35 (m, 1H, CH), 2.31–2.18 (m, 2H, CH2), 2.03–1.92 (m, 2H,
CH2), 1.77–1.63 (m, 2H, CH2). ESI-MS: m/z= 331 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(pyrrolidin-1-yl)prop-2-en-
1-one(6f)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and pyrrolidine (51mg, 0.72 mmol) according to the general
synthetic procedure A, as a white solid (95mg, 0.29 mmol; yield
81%). 1H NMR (500 MHz, DMSO-d6): δ 8.98 (d, J = 4.5Hz, 1H,
Ar-H), 8.40 (d, J = 2.0Hz, 1H, Ar-H), 8.15 (d, J = 15.5Hz, 1H,
alkene hydrogen), 8.02 (d, J= 9.0Hz, 1H, Ar-H), 7.94 (m, 2H, Ar-
H), 7.26 (d, J= 15.5Hz, 1H, alkene hydrogen), 3.70 (d, J= 6.5Hz,
2H, CH2), 3.46 (d, J = 6.5Hz, 2H, CH2), 1.95 (m, 2H, CH2), 1.85
(m, 2H, CH2). ESI-MS: m/z= 331 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(piperidin-1-yl)prop-2-en-1-

one(6g)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and piperidine (61mg, 0.72 mmol) according to the general
synthetic procedure A, as a white solid (113mg, 0.33 mmol; yield
92%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d, J = 4.5Hz,
1H, Ar-H), 8.40 (d, J = 2.0Hz, 1H, Ar-H), 8.13 (d, J = 15.5Hz,
1H, alkene hydrogen), 8.01 (d, J = 9.0Hz, 1H, Ar-H), 7.97 (d,
J = 4.5Hz, 1H, Ar-H), 7.93 (dd, J = 9.0, 2.0Hz, 1H, Ar-H), 7.53
(d, J = 15.5Hz, 1H, alkene hydrogen), 3.72–3.65 (m, 2H, CH2),
3.62–3.56 (m, 2H, CH2), 1.64 (m, 2H, CH2), 1.54 (m, 4H, CH2 ×

2). ESI-MS: m/z= 345 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-morpholinoprop-2-en-1-
one(6h)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and morpholine (63mg, 0.72 mmol) according to the general
synthetic procedure A, as a white solid (79mg, 0.23 mmol; yield
64%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d, J = 4.5Hz,
1H, Ar-H), 8.41 (d, J = 2.0Hz, 1H, Ar-H), 8.17 (d, J = 15.0Hz,
1H, alkene hydrogen), 8.00 (d, J = 9.0Hz, 1H, Ar-H), 7.96 (d,
J = 4.5Hz, 1H, Ar-H), 7.95–7.90 (dd, J = 9.0, 2.0Hz, 1H, Ar-H),
7.51 (d, J = 15.0Hz, 1H, alkene hydrogen), 3.74 (m, 2H, CH2),
3.62 (m, 6H, CH2 × 3). ESI-MS: m/z= 347 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(4-methylpiperazin-1-

yl)prop-2-en-1-one(6i)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and N-methylpiperazine (72mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (81mg, 0.23
mmol; yield 64%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d,
J = 4.5Hz, 1H, Ar-H), 8.39 (d, J = 2.0Hz, 1H, Ar-H), 8.15 (d,
J = 15.5Hz, 1H, alkene hydrogen), 8.00 (d, J = 9.0Hz, 1H, Ar-
H), 7.96 (d, J = 4.5Hz, 1H, Ar-H), 7.92 (dd, J = 9.0, 2.0Hz, 1H,
Ar-H), 7.53 (d, J = 15.5Hz, 1H, alkene hydrogen), 3.77–3.69 (m,
2H, CH2), 3.65–3.58 (m, 2H, CH2), 2.40–2.30 (m, 4H, CH2 × 2),
2.21 (s, 3H, CH3). ESI-MS: m/z= 360 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(4-isopropylpiperazin-1-
yl)prop-2-en-1-one(6j)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 1-isopropylpiperazine (92mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (61mg, 0.16
mmol; yield 44%). 1H NMR (500 MHz, DMSO-d6): δ 8.97 (d,
J = 4.5Hz, 1H, Ar-H), 8.41 (brs, 1H, Ar-H), 8.15 (d, J = 15.5Hz,
1H, alkene hydrogen), 8.01 (d, J = 9.0Hz, 1H, Ar-H), 7.97 (d,
J = 4.5Hz, 1H, Ar-H), 7.91 (dd, J = 9.0, 2.0Hz, 1H, Ar-H), 7.53
(d, J = 15.5Hz, 1H, alkene hydrogen), 3.70 (m, 2H, CH2), 3.60
(m, 2H, CH2), 2.70 (m, 1H, CH), 2.47 (m, 4H, CH2 × 2), 0.99 (s,
3H, CH3), 0.98 (s, 3H, CH3). ESI-MS: m/z= 388 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(4-hydroxypiperidin-1-
yl)prop-2-en-1-one (6k)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 4-hydroxypiperidine (73mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (88mg, 0.24
mmol; yield 67%). 1H NMR (500 MHz, DMSO-d6): δ 8.94 (d,
J = 4.5Hz, 1H, Ar-H), 8.38 (d, J = 2.0Hz, 1H, Ar-H), 8.11 (d,
J = 15.5Hz, 1H, alkene hydrogen), 7.99 (d, J = 9.0Hz, 1H, Ar-
H), 7.95 (d, J = 4.5Hz, 1H, Ar-H), 7.91 (dd, J = 9.0, 2.0Hz,
1H, Ar-H), 7.52 (d, J = 15.5Hz, 1H, alkene hydrogen), 4.79 (d,
J = 4.0Hz, 1H, OH), 4.08–3.94 (m, 2H, CH2), 3.75 (m, 1H, CH2),
3.44–3.36 (m, 1H, CH2), 3.26–3.13 (m, 1H, CH2), 1.78 (m, 2H,
CH2), 1.47–1.28 (m, 2H, CH2). ESI-MS: m/z= 361 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(3-hydroxypiperidin-1-
yl)prop-2-en-1-one(6l)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 3-hydroxypiperidine (73mg, 0.72 mmol) according to the
general synthetic procedure A, as a white solid (96mg, 0.27
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mmol; yield 75%). 1H NMR (500 MHz, DMSO-d6): δ 8.97 (d,
J = 4.0Hz, 1H, Ar-H), 8.41 (brs, 1H, Ar-H), 8.11 (dd, J = 15.5,
6.0Hz, 1H, alkene hydrogen), 7.98 (m, 3H, Ar-H), 7.51 (t,
J = 15.5Hz, 1H, alkene hydrogen), 5.01 (d, J = 3.5Hz, 0.48H,
OH), 4.88 (d, J = 3.5Hz, 0.57H, OH), 4.27 (m, 0.49H, CH), 3.99
(m, 0.49H, CH), 3.80 (m, 0.56H, CH2), 3.63 (m, 1H, CH2), 3.54–
3.40 (m, 1.41H, CH2), 3.27–3.12 (m, 0.63H, CH2), 2.86–2.70 (m,
0.50H, CH2), 1.75 (m, 2H, CH2), 1.41 (m, 2H, CH2). ESI-MS:
m/z= 361 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-1-(4-
(hydroxymethyl)piperidin-1-yl)prop-2-en-1-one(6m)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and piperidin-4-ylmethanol (83mg, 0.72 mmol) according to
the general synthetic procedure A, as a white solid (72mg, 0.19
mmol; yield 53%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (brs,
1H, Ar-H), 8.41 (brs, 1H, Ar-H), 8.13 (d, J = 15.5Hz, 1H, alkene
hydrogen), 8.06–7.88 (m, 3H, Ar-H), 7.54 (d, J = 15.5Hz, 1H,
alkene hydrogen), 4.52 (m, 2H, CH2), 4.28 (d, J = 12.5Hz, 1H,
OH), 3.28 (m, 2H, CH2), 3.10 (m, 1H, CH2), 2.70 (m, 1H, CH2),
1.80–1.61 (m, 3H, CH+ CH2), 1.16–1.01 (m, 2H, CH2). ESI-MS:
m/z= 375 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-(2-
morpholinoethyl)acrylamide(6n)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and 2-morpholinoethan-1-amine (94mg, 0.72 mmol) according
to the general synthetic procedure A, as a white solid (85mg, 0.22
mmol; yield 61%). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (d,
J = 4.5Hz, 1H, Ar-H), 8.43 (d, J = 2.0Hz, 1H, Ar-H), 8.37 (d,
J = 5.0Hz, 1H, NH), 8.08 (d, J = 15.5Hz, 1H, alkene hydrogen),
8.02 (d, J = 9.0Hz, 1H, Ar-H), 7.96 (dd, J = 9.0, 2.0Hz, 1H,
Ar-H), 7.74 (d, J = 4.5Hz, 1H, Ar-H), 6.90 (d, J = 15.5Hz, 1H,
alkene hydrogen), 3.63–3.55 (m, 4H, CH2 × 2), 3.37 (s, 2H, CH2),
2.48–2.34 (m, 6H, CH2 × 3). ESI-MS: m/z= 390 [M+H]+.

(E)-3-(6-bromoquinolin-4-yl)-N-phenylacrylamide(6o)
The title intermediate was prepared from 5 (100mg, 0.36 mmol)
and aniline (67mg, 0.72mmol) according to the general synthetic
procedure A, as a white solid (68mg, 0.19 mmol; yield 53%).
1H NMR (500 MHz, DMSO-d6): δ 10.45 (s, 1H, NH), 9.00 (d,
J = 4.5Hz, 1H, Ar-H), 8.49 (d, J = 2.0Hz, 1H, Ar-H), 8.26 (d,
J = 15.5Hz, 1H, alkene hydrogen), 8.04 (d, J = 9.0Hz, 1H, Ar-
H), 7.99–7.93 (dd, J = 9.0, 2.0Hz, 1H, Ar-H), 7.79 (d, J = 4.5Hz,
1H, Ar-H), 7.75 (d, J = 8.0Hz, 2H, Ar-H), 7.38 (t, J = 8.0Hz,
2H, Ar-H), 7.13 (m, 1H, Ar-H), 7.07 (d, J = 15.5Hz, 1H, alkene
hydrogen). ESI-MS: m/z= 353 [M+H]+.

General Synthetic Procedure B for the Target

Compounds 8a-o and 10
To a three-neck round bottom flask was added the aryl bromide
(1.0 equiv), 2,4-difluoro-N-(2-methoxy-5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridin-3-yl)benzenesulfonamide 7 (1.0
equiv), Pd(dppf)2Cl2 (0.1 equiv), K2CO3 (3.0 equiv) and
dioxane/H2O (3/1, V/V). The flask was fitted with a N2 inlet
adaptor and purged with N2 for 15min. The reaction mixture
was then sealed under N2 atmosphere and stirred at 100◦C for
10 h. The mixture was concentrated under reduced pressure, and

the residue was dissolved in DCM, washed with water twice and
dried over magnesium sulfate. The crude product was purified by
column chromatography to yield the desired target compound.
The copies of NMR and HRMS spectra are provided in the
Supplementary Material.

(E)-N-(tert-butyl)-3-(6-(5-((2,4-
difluorophenyl)sulfonamido)-6-methoxypyridin-3-
yl)quinolin-4-yl)acrylamide(8a)
The title compound was prepared from 6a (53mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (27mg, 0.049 mmol; yield
31%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH),
8.94 (d, J = 4.5Hz, 1H, Ar-H), 8.50 (brs, 1H, NH), 8.31
(d, J = 2.0Hz, 1H, Ar-H), 8.24 (d, J = 15.5Hz, 1H, alkene
hydrogen), 8.15 (d, J = 9.0Hz, 1H, Ar-H), 8.05 (m, 3H, Ar-
H), 7.83 (m, 1H, Ar-H), 7.67 (d, J = 4.5Hz, 1H, Ar-H), 7.62
(m, 1H, Ar-H), 7.26 (m, 1H, Ar-H), 6.96 (d, J = 15.5Hz,
1H, alkene hydrogen), 3.70 (s, 3H, OCH3), 1.37 (s, 9H, CH3

× 3). 13C NMR (100 MHz, DMSO-d6): δ 165.41, 165.07 (dd,
JC−F = 254.4, 12.3Hz), 159.34 (dd, JC−F = 257.9, 12.9Hz),
157.59, 150.51, 147.49, 142.78, 140.69, 134.87, 133.95, 132.81,
131.88 (d, JC−F = 11.0Hz), 130.49, 129.09, 128.94, 128.55, 125.83,
125.12 (dd, JC−F = 16.1, 3.5Hz), 120.92, 119.91, 118.64, 111.87
(dd, JC−F = 22.0, 3.4Hz), 105.80 (t, JC−F = 26.1Hz), 53.42, 22.62,
5.86. HRMS (ESI) m/z calcd for C28H27F2N4O4S [M + H]+

553.1721, found 553.1725.

(E)-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-6-

methoxypyridin-3-yl)quinolin-4-yl)-N-(2-
methoxyethyl)acrylamide(8b)
The title compound was prepared from 6b (53mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (18mg, 0.032 mmol; yield
20%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH),
8.94 (d, J = 4.5Hz, 1H, Ar-H), 8.53 (brs, 1H, Ar-H), 8.50 (t,
J = 5.5Hz, 1H, NH), 8.35 (d, J = 1.5Hz, 1H, Ar-H), 8.30 (d,
J = 15.5Hz, 1H, alkene hydrogen), 8.16 (d, J = 9.0Hz, 1H,
Ar-H), 8.10–8.04 (m, 2H, Ar-H), 7.82 (m, 1H, Ar-H), 7.72 (d,
J = 4.5Hz, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.25 (td, J = 8.5,
2.5Hz, 1H, Ar-H), 6.96 (d, J = 15.5Hz, 1H, alkene hydrogen),
3.70 (s, 3H, OCH3), 3.45 (m, 4H, CH2 × 2), 3.30 (s, 3H, OCH3).
13C NMR (100 MHz, DMSO-d6): δ 165.08 (dd, JC−F = 254.0,
11.7Hz), 164.40, 159.34 (dd, JC−F = 257.5, 13.6Hz), 157.57,
150.57, 147.50, 142.87, 140.65, 134.86, 133.95, 133.04, 131.88 (d,
JC−F = 11.4Hz), 130.50, 129.10, 129.06, 128.53, 125.82, 125.06
(dd, JC−F = 14.8, 4.0Hz), 120.91, 119.82, 118.66, 111.87 (dd,
JC−F = 25.6, 3.9Hz), 105.80 (t, JC−F = 26.4Hz), 70.57, 57.89,
53.42, 38.72. HRMS (ESI) m/z calcd for C27H25F2N4O5S [M +

H]+ 555.1513, found 555.1510.

(E)-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-6-

methoxypyridin-3-yl)quinolin-4-yl)-N-(2-hydroxyethyl)-N-
methylacrylamide(8c)
The title compound was prepared from 6c (53mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (20mg, 0.036 mmol; yield
23%). 1H NMR (500 MHz, DMSO-d6): δ 8.90 (d, J = 4.5Hz,
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1H, Ar-H), 8.30 (d, J = 15.5Hz, 0.44H, alkene hydrogen),
8.26 (d, J = 15.5Hz, 0.56H, alkene hydrogen), 8.13 (brs,
1H, Ar-H), 8.10 (d, J = 8.5Hz, 1H, Ar-H), 8.01–7.84 (m,
4H, Ar-H), 7.70 (brs, 1H, Ar-H), 7.52 (d, J = 15.5Hz,
0.45H, alkene hydrogen), 7.49 (d, J = 15.5Hz, 0.56H, alkene
hydrogen), 7.29 (brs, 1H, Ar-H), 7.21 (m, 1H, Ar-H), 4.92
(brs, 0.62H, OH), 4.78 (t, J = 5.5Hz, 0.44H, OH), 3.79
(s, 3H, OCH3), 3.63 (m, 3.22H, CH2), 3.53 (t, J = 6.0Hz,
0.80H, CH2), 3.28 (s, 1H, CH3), 3.04 (s, 2H, CH3). HRMS
(ESI) m/z calcd for C27H25F2N4O5S [M + H]+ 555.1513,
found 555.1516.

(E)-N-cyclopropyl-3-(6-(5-((2,4-

difluorophenyl)sulfonamido)-6-methoxypyridin-3-
yl)quinolin-4-yl)acrylamide(8d)
The title compound was prepared from 6d (50mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (18mg, 0.034 mmol; yield
21%). 1H NMR (500 MHz, CDCl3): δ 8.84 (brs, 1H, NH), 8.27
(d, J = 15.0Hz, 1H, alkene hydrogen), 8.18–8.08 (m, 3H, Ar-
H), 7.99 (d, J = 2.0Hz, 1H, Ar-H), 7.91 (m, 1H, Ar-H), 7.82 (d,
J = 8.5Hz, 1H, Ar-H), 7.45 (brs, 1H, Ar-H), 7.28 (brs, 1H, Ar-
H), 7.07 (m, 1H, Ar-H), 6.90 (m, 1H, Ar-H), 6.54 (d, J = 15.0Hz,
1H, alkene hydrogen), 5.99 (brs, 1H, NH), 3.91 (s, 3H, OCH3),
2.87 (m, 1H, CH), 0.82 (m, 2H, CH2), 0.58 (m, 2H, CH2).
13C NMR (100 MHz, DMSO-d6): δ 165.10 (dd, JC−F = 253.7,
12.0Hz), 163.56, 159.35 (dd, JC−F = 257.6, 13.3Hz), 157.51,
150.49, 147.53, 142.81, 140.84, 134.82, 133.81, 132.21, 131.91 (d,
JC−F = 10.5Hz), 130.49, 130.44, 129.11, 128.52, 125.86, 125.05
(dd, JC−F = 14.2, 3.7Hz), 120.92, 119.82, 118.50, 111.89 (dd,
JC−F = 22.1, 3.2Hz), 105.84 (t, JC−F = 25.6Hz), 53.42, 50.44,
28.45. HRMS (ESI) m/z calcd for C27H23F2N4O4S [M + H]+

537.1408, found 537.1402.

(E)-N-cyclobutyl-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-

6-methoxypyridin-3-yl)quinolin-4-yl)acrylamide(8e)
The title compound was prepared from 6e (53mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (25mg, 0.045 mmol; yield
28%). 1H NMR (500 MHz, DMSO-d6): δ 10.35 (s, 1H, NH),
8.94 (d, J = 4.5Hz, 1H, Ar-H), 8.64 (d, J = 7.5Hz, 1H,
NH), 8.54 (d, J = 2.0Hz, 1H, Ar-H), 8.34 (d, J = 1.5Hz, 1H,
Ar-H), 8.28 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.16 (d,
J = 9.0Hz, 1H, Ar-H), 8.08 (m, 2H, Ar-H), 7.82 (m, 1H, Ar-
H), 7.71 (d, J = 4.5Hz, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.25
(m, 1H, Ar-H), 6.85 (d, J = 15.5Hz, 1H, alkene hydrogen),
4.44–4.30 (m, 1H, CH), 3.70 (s, 3H, OCH3), 2.26 (m, 2H, CH2),
1.98 (m, 2H, CH2), 1.71 (m, 2H, CH2). 13C NMR (100 MHz,
DMSO-d6): δ 165.08 (dd, JC−F = 253.9, 11.6Hz), 163.14, 159.34
(dd, JC−F = 257.5, 13.5Hz), 157.57, 150.51, 147.51, 142.85,
140.73, 134.85, 133.97, 133.10, 131.88 (d, JC−F = 10.1Hz),
130.50, 129.13, 129.11, 128.53, 125.82, 125.09 (dd, JC−F = 14.8,
3.3Hz), 120.94, 119.82, 118.63, 111.86 (dd, JC−F = 22.5, 3.7Hz),
105.81 (t, JC−F = 25.8Hz), 53.42, 44.18, 30.27, 14.80. HRMS
(ESI) m/z calcd for C28H25F2N4O4S [M + H]+ 551.1564,
found 551.1571.

(E)-2,4-difluoro-N-(2-methoxy-5-(4-(3-oxo-3-(pyrrolidin-1-
yl)prop-1-en-1-yl)quinolin-6-yl)pyridin-3-
yl)benzenesulfonamide(8f)
The title compound was prepared from 6f (53mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (21mg, 0.038 mmol; yield
24%). 1H NMR (500 MHz, DMSO-d6): δ 10.37 (s, 1H, NH), 8.94
(d, J = 4.0Hz, 1H, Ar-H), 8.52 (s, 1H, Ar-H), 8.34 (d, J = 15.5Hz,
1H, alkene hydrogen), 8.33 (brs, 1H, Ar-H), 8.16 (d, J = 8.5Hz,
1H, Ar-H), 8.08 (m, 2H, Ar-H), 7.91 (d, J = 4.0Hz, 1H, Ar-H),
7.83 (m, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.28 (d, J = 15.5Hz, 1H,
alkene hydrogen), 7.27 (m, 1H, Ar-H), 3.79–3.63 (m, 5H, OCH3

+ CH2), 3.48 (t, J = 6.5Hz, 2H, CH2), 1.94 (m, 2H, CH2), 1.89–
1.81 (m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 165.09
(dd, JC−F = 254.5, 10.5Hz), 162.87, 159.34 (dd, JC−F = 257.7,
13.2Hz), 157.52, 150.39, 147.50, 142.76, 140.65, 134.81, 134.15,
133.78, 131.90 (d, JC−F = 11.0Hz), 130.49, 129.07, 128.39, 127.15,
125.86, 125.07 (dd, JC−F = 14.5, 2.4Hz), 120.80, 119.84, 119.03,
111.88 (dd, JC−F = 22.5, 2.6Hz), 105.80 (t, JC−F = 26.6Hz),
53.40, 46.18, 45.77, 25.60, 23.84. HRMS (ESI) m/z calcd for
C28H25F2N4O4S [M+H]+ 551.1564, found 551.1568.

(E)-2,4-difluoro-N-(2-methoxy-5-(4-(3-oxo-3-(piperidin-1-
yl)prop-1-en-1-yl)quinolin-6-yl)pyridin-3-

yl)benzenesulfonamide(8g)
The title compound was prepared from 6g (55mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (12mg, 0.021 mmol; yield
13%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH),
8.94 (d, J = 4.5Hz, 1H, Ar-H), 8.53 (d, J = 2.5Hz, 1H, Ar-H),
8.35 (s, 1H, Ar-H), 8.33 (d, J = 15.5Hz, 1H, alkene hydrogen),
8.15 (d, J = 8.5Hz, 1H, Ar-H), 8.11–8.05 (m, 2H, Ar-H), 7.96
(d, J = 4.5Hz, 1H, Ar-H), 7.82 (m, 1H, Ar-H), 7.63–7.58 (m,
1H, Ar-H), 7.55 (d, J = 15.5Hz, 1H, alkene hydrogen), 7.26
(m, 1H, Ar-H), 3.69 (s, 5H, OCH3 + CH2), 3.63–3.56 (m, 2H,
CH2), 1.64 (m, 2H, CH2), 1.55 (m, 4H, CH2 × 2). 13C NMR
(100 MHz, DMSO-d6): δ 165.09 (dd, JC−F = 252.6, 12.1Hz),
163.75, 159.35 (dd, JC−F = 257.7, 13.0Hz), 157.48, 150.33, 147.53,
142.70, 140.62, 134.78, 134.58, 133.63, 131.89 (d, JC−F = 10.8Hz),
130.48, 129.09, 128.32, 125.96, 125.85, 125.11 (dd, JC−F = 14.5,
4.1Hz), 120.74, 119.89, 118.87, 111.85 (dd, JC−F = 22.2, 3.0Hz),
105.77 (t, JC−F = 26.0Hz), 53.38, 46.34, 42.63, 26.44, 25.35, 24.06.
HRMS (ESI) m/z calcd for C29H27F2N4O4S [M+H]+ 565.1721,
found 565.1725.

(E)-2,4-difluoro-N-(2-methoxy-5-(4-(3-morpholino-3-

oxoprop-1-en-1-yl)quinolin-6-yl)pyridin-3-
yl)benzenesulfonamide(8h)
The title compound was prepared from 6h (55mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (19mg, 0.034 mmol; yield
21%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH), 8.95
(d, J = 4.5Hz, 1H, Ar-H), 8.53 (d, J = 2.0Hz, 1H, Ar-H), 8.39 (d,
J = 15.5Hz, 1H, alkene hydrogen), 8.35 (d, J = 1.5Hz, 1H, Ar-H),
8.15 (d, J = 8.5Hz, 1H, Ar-H), 8.10–8.05 (m, 2H, Ar-H), 7.95 (d,
J = 4.5Hz, 1H, Ar-H), 7.82 (m, 1H, Ar-H), 7.62–7.57 (m, 1H, Ar-
H), 7.54 (d, J = 15.5Hz, 1H, alkene hydrogen), 7.25 (td, J = 8.5,
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2.5Hz, 1H, Ar-H), 3.77 (m, 2H, CH2), 3.69 (s, 3H, OCH3), 3.65
(s, 6H, CH2 × 3). 13C NMR (100 MHz, DMSO-d6): δ 165.07
(dd, JC−F = 253.9, 12.1Hz), 164.03, 159.34 (dd, JC−F = 256.5,
14.3Hz), 157.57, 150.36, 147.53, 142.84, 140.49, 135.29, 134.81,
133.98, 131.88 (d, JC−F = 10.7Hz), 130.49, 129.08, 128.41, 125.83,
125.24, 125.10 (dd, JC−F = 14.6, 3.7Hz), 120.80, 119.83, 118.97,
111.86 (dd, JC−F = 22.1, 3.4Hz), 105.79 (t, JC−F = 26.2Hz),
66.36, 66.11, 53.40, 45.82, 42.15. HRMS (ESI) m/z calcd for
C28H25F2N4O5S [M+H]+ 567.1513, found 567.1514.

(E)-2,4-difluoro-N-(2-methoxy-5-(4-(3-(4-methylpiperazin-
1-yl)-3-oxoprop-1-en-1-yl)quinolin-6-yl)pyridin-3-

yl)benzenesulfonamide(8i)
The title compound was prepared from 6i (57mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (22mg, 0.038 mmol; yield
24%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH), 8.94
(d, J = 4.5Hz, 1H, Ar-H), 8.49 (d, J = 2.5Hz, 1H, Ar-H), 8.36
(d, J = 15.5Hz, 1H, alkene hydrogen), 8.34 (d, J = 2.0Hz, 1H,
Ar-H), 8.15 (d, J = 8.5Hz, 1H, Ar-H), 8.08 (dd, J = 8.5, 2.0Hz,
1H, Ar-H), 8.05 (d, J = 2.5Hz, 1H), 7.96 (d, J = 4.5Hz, 1H, Ar-
H), 7.83 (m, 1H, Ar-H), 7.58 (m, 1H, Ar-H), 7.58 (d, J = 15.5Hz,
1H, alkene hydrogen), 7.25 (td, J = 8.5, 2.5Hz, 1H, Ar-H), 3.76
(m, 2H, CH2), 3.70 (s, 3H, OCH3), 3.65 (m, 2H, CH2), 2.45–2.35
(m, 4H, CH2 × 2), 2.25 (s, 3H, CH3). HRMS (ESI) m/z calcd for
C29H28F2N5O4S [M+H]+ 580.1830, found 580.1819.

(E)-2,4-difluoro-N-(5-(4-(3-(4-isopropylpiperazin-1-yl)-3-
oxoprop-1-en-1-yl)quinolin-6-yl)-2-methoxypyridin-3-

yl)benzenesulfonamide(8j)
The title compound was prepared from 6j (62mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (25mg, 0.041 mmol; yield
26%). 1H NMR (500 MHz, DMSO-d6): δ 10.34 (s, 1H, NH), 8.94
(d, J = 4.5Hz, 1H, Ar-H), 8.48 (s, 1H), 8.35 (d, J = 15.5Hz, 2H,
Ar-H + alkene hydrogen), 8.15 (d, J = 9.0Hz, 1H, Ar-H), 8.11–
8.03 (m, 2H, Ar-H), 7.95 (d, J = 4.5Hz, 1H, Ar-H), 7.82 (m, 1H,
Ar-H), 7.56 (m, 2H, Ar-H + alkene hydrogen), 7.24 (m, 1H, Ar-
H), 3.74 (m, 2H, CH2), 3.69 (s, 3H, OCH3), 3.64 (m, 2H, CH2),
2.74 (m, 1H, CH), 2.52 (m, 4H, CH2 × 2), 1.01 (s, 3H, CH3),
0.99 (s, 3H, CH3). 13C NMR (100 MHz, DMSO-d6): δ 167.39
(dd, JC−F = 242.7, 13.7Hz), 163.75, 159.31 (dd, JC−F = 255.8,
14.5Hz), 157.52, 150.33, 147.50, 142.10, 140.52, 135.09, 134.94,
133.20, 131.86 (d, JC−F = 11.0Hz), 130.47, 129.01, 128.40, 125.82,
125.52, 120.70, 118.96, 111.98–111.58 (dd, JC−F = 22.2, 4.4Hz),
105.72 (t, JC−F = 25.3Hz), 53.89, 53.32, 48.66, 47.76, 45.47, 41.90,
17.90. HRMS (ESI) m/z calcd for C31H32F2N5O4S [M + H]+

608.2143, found 608.2135.

(E)-2,4-difluoro-N-(5-(4-(3-(4-hydroxypiperidin-1-yl)-3-

oxoprop-1-en-1-yl)quinolin-6-yl)-2-methoxypyridin-3-
yl)benzenesulfonamide(8k)
The title compound was prepared from 6k (58mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (25mg, 0.043 mmol; yield
27%). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H, NH), 8.94
(d, J = 4.5Hz, 1H, Ar-H), 8.54 (d, J = 2.0Hz, 1H, Ar-H), 8.34

(d, J = 15.0Hz, 1H, alkene hydrogen), 8.36 (d, J = 1.5Hz, 1H,
Ar-H), 8.15 (d, J = 8.5Hz, 1H, Ar-H), 8.10–8.06 (m, 2H, Ar-H),
7.97 (d, J = 4.5Hz, 1H, Ar-H), 7.85–7.79 (m, 1H, Ar-H), 7.64–
7.59 (m, 1H, Ar-H), 7.57 (d, J = 15.0Hz, 1H, alkene hydrogen),
7.25 (td, J = 8.5, 2.0Hz, 1H, Ar-H), 4.80 (brs, 1H, OH), 4.04
(m, 2H, CH2), 3.77 (m, 1H, CH), 3.69 (s, 3H, OCH3), 3.45–3.39
(m, 1H, CH2), 3.24 (m, 1H, CH2), 1.79 (m, 2H, CH2), 1.44–
1.35 (m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 165.14
(dd, JC−F = 252.7, 11.8Hz), 163.78, 159.35 (dd, JC−F = 257.5,
13.5Hz), 157.56, 150.37, 147.53, 142.88, 140.59, 134.77, 133.98,
131.89 (d, JC−F = 10.8Hz), 130.48, 129.11, 128.39, 125.87, 125.85,
125.06 (dd, JC−F = 14.5, 3.8Hz), 120.80, 119.76, 118.91, 111.87
(dd, JC−F = 22.1, 3.4Hz), 105.80 (t, JC−F = 26.1Hz), 65.45,
53.40, 42.83, 41.28, 34.94, 33.90. HRMS (ESI) m/z calcd for
C29H27F2N4O5S [M+H]+ 581.1670, found 581.1666.

(E)-2,4-difluoro-N-(5-(4-(3-(3-hydroxypiperidin-1-yl)-3-
oxoprop-1-en-1-yl)quinolin-6-yl)-2-methoxypyridin-3-

yl)benzenesulfonamide(8l)
The title compound was prepared from 6l (58mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (21mg, 0.036 mmol; yield
23%). 1H NMR (500 MHz, DMSO-d6): δ 10.35 (s, 1H, NH),
8.95 (d, J = 4.5Hz, 1H, Ar-H), 8.53 (brs, 1H, Ar-H), 8.33 (d,
J = 14.0Hz, 2H, Ar-H + alkene hydrogen), 8.15 (d, J = 8.5Hz,
1H, Ar-H), 8.08 (brd, J = 8.0Hz, 2H, Ar-H), 8.03–7.92 (m, 1H,
Ar-H), 7.83 (m, 1H, Ar-H), 7.63–7.49 (m, 2H, Ar-H + alkene
hydrogen), 7.25 (m, 1H, Ar-H), 4.99 (d, J = 4.5Hz, 0.52H, OH),
4.88 (d, J = 4.0Hz, 0.51H, OH), 4.30 (m, 0.53H, CH), 4.02 (m,
0.53H, CH), 3.83 (m, 0.57H, CH2), 3.69 (s, 2H, OCH3), 3.62 (m,
1H, CH2), 3.57 (s, 1H, OCH3), 3.45 (m, 1.56H, CH2), 3.22 (m,
0.63H, CH2), 2.84–2.72 (m, 0.52H, CH2), 1.84 (m, 2H, CH2), 1.41
(m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 165.55 (dd,
JC−F = 254.3, 11.7Hz), 164.80, 164.46, 159.84 (dd, JC−F = 257.6,
13.5Hz), 158.04, 150.87, 148.02, 143.21, 141.19, 141.07, 135.30,
134.89, 134.31, 132.40 (d, JC−F = 10.5Hz), 130.98, 130.12, 130.07,
128.90, 126.65, 126.46, 126.34, 125.63 (dd, JC−F = 14.3, 2.7Hz),
121.27, 120.46, 119.43, 119.28, 112.35 (dd, JC−F = 22.0, 3.2Hz),
106.29 (t, JC−F = 26.1Hz), 66.82, 65.65, 53.89, 52.90, 49.53, 45.98,
42.65, 33.54, 32.74, 25.40, 25.07, 24.36, 22.27. HRMS (ESI) m/z
calcd for C29H27F2N4O5S [M+H]+ 581.1670, found 581.1668.

(E)-2,4-difluoro-N-(5-(4-(3-(4-(hydroxymethyl)piperidin-1-
yl)-3-oxoprop-1-en-1-yl)quinolin-6-yl)-2-methoxypyridin-3-

yl)benzenesulfonamide(8m)
The title compound was prepared from 6m (60mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (28mg, 0.047 mmol; yield
29%). 1H NMR (500 MHz, DMSO-d6): δ 10.35 (s, 1H, NH), 8.93
(d, J = 4.5Hz, 1H, Ar-H), 8.54 (d, J = 2.0Hz, 1H, Ar-H), 8.39–
8.31 (m, 2H, Ar-H + alkene hydrogen), 8.15 (d, J = 9.0Hz, 1H,
Ar-H), 8.11–8.05 (m, 2H, Ar-H), 7.96 (d, J = 4.5Hz, 1H, Ar-H),
7.81 (m, 1H, Ar-H), 7.57 (m, 2H, Ar-H+ alkene hydrogen), 7.25
(m, 1H, Ar-H), 4.53 (m, 2H, CH2), 4.31 (d, J = 12.5Hz, 1H, OH),
3.69 (s, 3H, OCH3), 3.28 (m, 2H, CH2), 3.13 (m, 1H, CH2), 2.71
(m, 1H, CH2), 1.76 (m, 3H, CH + CH2), 1.13 (m, 2H, CH2).
13C NMR (100 MHz, DMSO-d6): δ 165.07 (dd, JC−F = 254.4,
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12.2Hz), 163.74, 159.34 (dd, JC−F = 257.6, 13.1Hz), 157.55,
150.38, 147.52, 142.82, 140.61, 134.77, 134.72, 133.93, 131.89 (d,
JC−F = 11.9Hz), 130.48, 129.09, 128.39, 125.96, 125.84, 125.07
(dd, JC−F = 14.3, 4.5Hz), 120.80, 119.82, 118.92, 111.86 (dd,
JC−F = 22.0, 3.4Hz), 105.80 (t, JC−F = 25.5Hz), 65.46, 53.40,
45.35, 41.77, 38.41, 29.55, 28.42. HRMS (ESI) m/z calcd for
C30H29F2N4O5S [M+H]+ 595.1827, found 595.1820.

(E)-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-6-
methoxypyridin-3-yl)quinolin-4-yl)-N-(2-
morpholinoethyl)acrylamide(8n)
The title compound was prepared from 6n (62mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (15mg, 0.025 mmol; yield
16%). 1H NMR (500 MHz, DMSO-d6): δ 10.32 (s, 1H, NH), 8.94

SCHEME 1 | The synthetic route for target compounds 8a-o and 10. Reagents and conditions: (a) methyl vinyl ketone, FeCl3, CH3COOH, 70
◦C, 3 h; ZnCl2, reflux,

2 h; (b) SeO2, dioxane/H2O, 100
◦C, 2 h; (c) NaH, triethyl phosphonoacetate, THF, 0◦C to rt, 1.5 h; (d) 2.5N NaOH, rt, 2 h; 2N HCl; (e) EDCI, HOBt, DCM, rt, 2 h;

corresponding amine, TEA, 1 h, rt; (f) Pd(dppf)2Cl2, K2CO3, dioxane/H2O, 100
◦C, 10 h.
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TABLE 1 | PI3Kα inhibitory activity and anti-proliferative activity of compounds 8a-o and 10.

Compd. R PI3Kα

IC50 (nM)

GI50 (µM)

PC3 HCT116

10 – 14.28 7.16 3.67

8a 0.63 1.90 0.70

8b 2.03 0.84 1.13

8c 0.67 0.45 0.96

8d 1.03 1.87 1.56

8e 1.43 1.48 1.25

8f 0.62 0.95 1.46

8g 0.68 2.50 1.30

(Continued)
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TABLE 1 | Continued

8h 0.53 0.36 0.51

8i 0.50 0.40 0.47

8j 1.90 0.88 0.97

8k 0.79 0.28 0.32

8l 0.75 1.31 1.56

8m 0.68 2.56 1.29

8n 1.10 1.43 1.79

8o 1.80 4.83 1.52

GSK2126458 - 0.30 0.22 0.18
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(d, J = 4.5Hz, 1H, Ar-H), 8.51 (brs, 1H, NH), 8.35 (m, 2H, Ar-H),
8.28 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.15 (d, J = 9.0Hz,
1H, Ar-H), 8.07 (m, 2H, Ar-H), 7.82 (m, 1H, Ar-H), 7.73 (d,
J = 4.5Hz, 1H, Ar-H), 7.59 (m, 1H, Ar-H), 7.25 (m, 1H, Ar-H),
6.95 (d, J = 15.5Hz, 1H, alkene hydrogen), 3.70 (s, 3H, OCH3),
3.59 (m, 4H, CH2 × 2), 3.39 (m, 2H, CH2), 2.44 (m, 6H, CH2

× 3). HRMS (ESI) m/z calcd for C30H30F2N5O5S [M + H]+

610.1936, found 610.1913.

(E)-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-6-
methoxypyridin-3-yl)quinolin-4-yl)-N-
phenylacrylamide(8o)
The title compound was prepared from 6o (56mg, 0.16 mmol)
and 7 (68mg, 0.16 mmol) according to the general synthetic
procedure B, as an off-white solid (15mg, 0.026 mmol; yield
16%). 1H NMR (500 MHz, CDCl3): δ 10.44 (s, 1H, NH), 10.35
(s, 1H, NH), 8.97 (d, J = 4.5Hz, 1H, Ar-H), 8.51 (brs, 1H, Ar-H),
8.46 (d, J = 15.5Hz, 1H, alkene hydrogen), 8.40 (brs, 1H, Ar-H),
8.17 (d, J= 9.0Hz, 1H, Ar-H), 8.09 (d, J= 9.0Hz, 2H, Ar-H), 7.78
(m, 4H, Ar-H), 7.57 (m, 1H, Ar-H), 7.37 (t, J = 8.0Hz, 2H, Ar-H),
7.24 (m, 1H, Ar-H), 7.15–7.07 (m, 2H, Ar-H+ alkene hydrogen),
3.68 (s, 3H, OCH3). 13C NMR (100 MHz, DMSO-d6): δ 165.03
(dd, JC−F = 254.0, 11.8Hz), 162.82, 159.35 (dd, JC−F = 257.3,
13.7Hz), 157.60, 150.50, 147.56, 142.72, 140.47, 138.98, 135.00,
134.50, 133.87, 131.86 (d, JC−F = 10.6Hz), 130.51, 129.23, 129.08,
128.83, 128.58, 125.82, 125.23 (dd, JC−F = 13.5, 4.9Hz), 123.69,
120.97, 120.09, 119.42, 118.75, 111.81 (dd, JC−F = 22.1, 3.1Hz),
105.76 (t, JC−F = 26.0Hz), 53.39. HRMS (ESI) m/z calcd for
C30H23F2N4O4S [M+H]+ 573.1408, found 573.1402.

2,4-Difluoro-N-(2-methoxy-5-(quinolin-6-yl)pyridin-3-

yl)benzenesulfonamide(10)
The title compound was prepared from 6-bromoquinoline
(25mg, 0.12 mmol) and 7 (50mg, 0.12 mmol) according to
the general synthetic procedure B as an off-white solid (23mg,
0.054 mmol; yield 45%). 1H NMR (500 MHz, DMSO-d6): δ

10.36 (s, 1H, NH), 8.93 (dd, J = 4.0, 1.5Hz, 1H, Ar-H), 8.51 (d,
J = 2.0Hz, 1H, Ar-H), 8.45 (dd, J = 8.5, 1.0Hz, 1H, Ar-H), 8.27
(d, J = 2.0Hz, 1H, Ar-H), 8.12 (d, J = 9.0Hz, 1H, Ar-H), 8.06
(m, 2H, Ar-H), 7.79 (m, 1H, Ar-H), 7.62–7.56 (m, 2H, Ar-H),
7.23 (m, 1H, Ar-H), 3.68 (s, 3H, OCH3). 13C NMR (125 MHz,
DMSO-d6): δ 165.56 (dd, JC−F = 252.5, 11.8Hz), 159.88 (dd,
JC−F = 256.1, 13.4Hz), 158.13, 151.23, 147.58, 143.16, 136.73,
134.78, 134.57, 132.36 (d, JC−F = 16.0Hz), 130.24, 129.37, 128.65,
128.56, 126.65, 125.56 (dd, JC−F = 13.8, 3.6Hz), 122.46, 120.22,
112.31 (dd, JC−F = 22.1, 3.1Hz), 106.27 (t, JC−F = 25.8Hz),
53.90. ESI-MS: m/z= 428 [M+H] +.

Biology
In vitro Enzymatic and Anti-proliferative Assays
Kinase-Glo Luminescent Kinase assay (Promega) was performed
to determine the PI3Kα inhibitory activity, while ADP-Glo
Luminescent assay (Promega) was performed to identify the
inhibitory activity against PI3Kβ, γ, or δ. The kinase buffer was
composed of HEPES (50mM, pH 7.5), MgCl2 (3mM), EGTA
(1mM), NaCl (100mM), CHAPS (0.03%) and DTT (2mM). The
serially diluted compound solutions (2.5mL) were successively
added to a 384-well plate. Afterwards, the solution of kinase

(2.5mL) in the kinase buffer and the solution of substrate (5mL)
in the kinase buffer containing PIP2 and ATP were added to
each well of the assay plate for starting the reaction. Kinase
buffer was added instead to the control well without enzyme.
The final concentrations of PI3Kα, PI3Kβ, PI3Kγ, PI3Kδ, PIP2,
and ATP in corresponding kinase reactionmixture were 1.65 nM,
4.8 nM, 7.6 nM, 5.7 nM, 50mM and 25mM, respectively. After
being incubated at room temperature for 1 h, Kinase-Glo reagent
(10mL) was added to each well of the PI3Kα assay plate to
quench the reaction. Subsequently, the mixture needs to be
mixed briefly with centrifuge and shaken slowly for 15min before
being read on a plate reader for luminescence. As for PI3Kβ,
γ, or δ, reaction mixture (5mL) was transferred to a new 384-
plate and ADP-Glo reagent (5mL) was added for stopping the
reaction. The mixture was treated briefly with centrifuge, shaken
slowly, and equilibrated for 40min. Kinase Detection reagent
(10mL) was added to each well. Before reading on a plate reader
for luminescence, the resultant mixture was incubated at room
temperature for 1 h. After calculating the percent inhibition from
the RLU values, the curves were fitted in Graphpad Prism 5 to
give IC50 values.

Lance Ultra assay was performed to determine the mTOR
(1362-end, Millipore) inhibitory activity. The kinase buffer was
composed of HEPES (50mM, pH 7.5), MgCl2 (10mM), EGTA
(1mM), MnCl2 (3mM), Tween-20 (0.01%) and DTT (2mM).
The solution of substrate in the kinase buffer contained ULight-
4E-BP1 peptide (Thr37/46, PE) and ATP. The kinase reaction
mixture was prepared in a similar way to that for class I PI3K
inhibition assays. The final concentrations of mTOR, ULight-4E-
BP1 peptide and ATP in the kinase reactionmixture were 2.5 nM,
50mM and 10.8mM, respectively. After being incubated at room
temperature for 1 h, kinase detection buffer (10mL) containing
EDTA and Eu-anti-phospho-4E-BP1 antibody (Thr37/46, PE)
was added to each well of the assay plate. Before reading on a plate
reader, the mixture needs to be mixed briefly with centrifuge and
then allowed to equilibrate for 1 h. After calculating the percent
inhibition from Lance signal, the curves were fitted in Graphpad
Prism 5 to give IC50 values.

The anti-proliferative activity of compounds was evaluated
by sulforhodamin B (SRB) assay. After being cultured for 10 h,
cells in 96-well plates were subjected to 72 h-exposure to serially
diluted compound solutions. Cells were washed with PBS and
fixed with trichloroacetic acid (10%, W/V) at 4◦C for 1 h.
Then, cells were successively washed with PBS, stained for 0.5 h
with SRB (0.4%, dissolved in 1% acetic acid), and washed by
1% acetic acid for 5 times. Protein-bound dye was extracted
with unbuffered Tris base (10 mmol). After calculating the
percent inhibition from absorbance, measured at 515 nm with a
multiscan spectrum (Thermo Electron Co., Vantaa, Finland), the
curves were fitted in Graphpad Prism 5 to give GI50 values.

Western Blot Assay
The Western blot analysis for evaluating the capability to
down-regulate phos-Akt (Ser473), phos-Akt (Thr308), phos-S6
ribosomal protein (Ser235/236), and phos-4E-BP1 (Thr37/46)
in PC3 cells was performed according to the protocol disclosed
in our previous study (Zhang et al., 2017a) with a minor
modification. The cells were seeded into six-well plate at 1
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FIGURE 2 | The molecular docking of compound 8i into PI3Kα, indicating the interaction of C-4 acrylamide substructure with Gln859. (A) the binding mode of 8i with

the catalytic site; (B) the binding mode with surface area highlighted.

TABLE 2 | Enzymatic activity of compounds 8c and 8i against PI3Ks and mTOR.

Compd. IC50 (nM)

PI3Kα PI3Kβ PI3Kγ PI3Kδ mTOR

8c 0.67 1.2 0.50 1.3 1.2

8i 0.50 1.5 0.55 1.0 1.3

GSK2126458 0.30 0.19 0.44 0.78 0.34

× 106 cells per well, and then incubated at 37◦C (5% CO2)
overnight prior to drug treatment. Cells were treated with 8i and
GSK2126458 at various concentrations and incubated at 37◦C
for 3 h.

Liver Microsomal Stability Assay
The HLM and SD rat RLM utilized for this experiment
were purchased from Corning and Xenotech, respectively. An
appropriate amount of NADPH powder was weighed and
dissolved in MgCl2 solution (10mM). The microsome working
solutions were prepared with potassium phosphate buffer
(100mM). Cold acetonitrile containing tolbutamide (100 ng/mL)
and labetalol (100 ng/mL) as internal standard was used as
the stop solution. Compound or control working solution (10
µL/well) was added to all plates (T0, T5, T10, T20, T30, T60,
NCF60) except matrix blank. After microsome solution was
dispensed to every plate (80 µL/well), the mixture was incubated
at 37◦C for about 10min. Subsequently, potassium phosphate
buffer (100mM) was added to the plate NCF60 (10 µL/well),
and the mixture was incubated at 37◦C. As for other plates, the
pre-warmed NADPH solution (10 µL/well) was added to start
the reaction. At each time point, the stop solution (precooled in
4◦C) was added to terminate the reaction (300 µL/well). After
shaking and centrifuging, 100 µL supernatant was mixed with an
appropriate amount of water for LC/MS/MS analysis.

Pharmacokinetic (PK) Study
SD rats were utilized for the PK study of 8i following oral gavage
at the dosage of 5 mg/kg, and the oral dose was formulated in
a homogenous opaque suspension of 0.5% methylcellulose. This

experiment was performed with the protocol disclosed in our
previous work (Zhang et al., 2017b). The study was carried out in
accordance with institutional guidelines of the Animal Research
Committee at Jiaxing University (log number JXU2015120812).
The protocol was approved by the institution.

Molecular Docking Study
The co-crystal structure of PI3Kα in complex with BYL-719 (PDB
code 4JPS) was selected as the template for the molecular docking
analysis, which was conducted using Discovery Studio (Version
2.1). For preparing the ligands, 3D structures were generated,
and their energy minimization performed. For preparing the
receptor, the hydrogen atoms were added, and the CHARMm-
force field was employed. The site sphere was chosen based on
the binding location of BYL-719 in PI3Kα. BYL-719 was removed
and 8i, as the ligand, was docked into the defined site. After
analyzing the types of interactions between 8i and PI3Kα, the
final binding conformation was determined according to the
calculated energy.

RESULTS AND DISCUSSION

Chemistry
The synthetic route for 4-acrylamido-quinolines 8a–o and
C-4 unsubstituted quinoline derivative 10 is outlined in
Scheme 1. The reaction of 4-bromoaniline 1 with methyl
vinyl ketone in the presence of FeCl3 and ZnCl2 provided 4-
methyl-6-bromoquinoline 2 (Phanumartwiwath et al., 2013).
Following oxidation of 2 with SeO2 (Perez-Melero et al.,
2004), the newly formed 6-bromoquinoline-4-carbaldehyde 3

was treated with triethyl phosphonoacetate, thereby leading to
the generation of ethyl (E)-3-(6-bromoquinolin-4-yl)acrylate 4

(Lalonde et al., 2013). Afterwards, hydrolysis of 4 afforded (E)-
3-(6-bromoquinolin-4-yl)acrylic acid 5, which was treated with
corresponding amine in the presence of EDCI and HOBt to give
the quinoline derivatives 6a-o. Subsequent Suzuki coupling of
6a–o with the borate 7, which was prepared with a procedure
disclosed in our previous work (Lv et al., 2015), yielded
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FIGURE 3 | The suppressive effect of 8i (A) and GSK2126458 (B) on the phosphorylation of Akt, S6 Ribosomal protein, and 4E-BP1 in PC3 cells following 3

h-treatment: The levels of phos-Akt (Ser473), phos-Akt (Thr308), phos-S6 ribosomal protein (Ser235/236), and phos-4E-BP1 (Thr37/46) in different groups were

determined via Western blot assay. The bar chart represented the quantification of the bands in the Western blot with the results shown as mean ± SD (n = 3

biological replicates). **p < 0.01 vs. control (cells incubated without 8i or GSK2126458).

TABLE 3 | The in vitro metabolic stability of compound 8i in HLM and RLM.

Compd. HLM RLM

T1/2
(min)

CLint(mic)

(µL/min/mg)a
CLint(liver)

(mL/min/kg)b
Remaining%

(T= 60min)

T1/2
(min)

CLint(mic)

(µL/min/mg)a
CLint(liver)

(mL/min/kg)b
Remaining%

(T = 60min)

8i 74.9 18.5 16.6 57.1 >145 <9.6 <17.3 72.8

Testosterone 13.7 101.2 91.1 4.8 0.7 2097.5 3775.6 0.0

Diclofenac 9.6 144.3 129.9 1.2 17.4 79.5 143.0 8.7

Propafenone 6.6 211.1 190.0 0.2 2.1 657.9 1184.2 0.3

aCLint(mic) = 0.693/half life/mg microsome protein per mL.
bCLint(liver) = CL*

int(mic)mg microsomal protein/g liver weight
*g liver weight/kg body weight.

corresponding target compounds 8a–o. Similarly, compound 10

was prepared by Suzuki coupling of 9 with 7.

Biology
In vitro PI3Kα Enzymatic and Anti-Proliferative

Assays
To validate the design rationale for the target compounds,
they were evaluated for the PI3Kα inhibitory activity, as well

as anti-proliferative efficacy against prostate cancer PC3 and
colorectal cancer HCT116 cell lines (Table 1). According to
the experimental results of the PI3Kα enzymatic assay, all
the quinolines bearing acrylamides as the C-4 replacements
exhibited potent PI3Kα inhibitory activity with IC50 values
below 3 nM. Among them, compound 8i exerted the most
potent PI3Kα inhibitory activity (IC50 = 0.5 nM), which was
comparable to that of GSK2126458, the clinically investigated
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FIGURE 4 | The concentration-time curve of 8i in SD rats: three animals for PO dose of 5 mg/kg.

PI3K/mTOR dual inhibitor. Importantly, compounds 8a-o

with various C-4 acrylamide substructures displayed over 7-
fold improvement in the enzymatic activity compared to
the C-4 unsubstituted counterpart 10, suggesting that the
acrylamide replacements played an important role in boosting
PI3Kα inhibitory activity. The structure-activity relationship
was consistent with our docking analysis, which demonstrated
that acrylamide substructure introduced at the C-4 position
of the quinoline template had the potential to probe Gln859
via H-bond interaction, as exemplified by the modeling of
8i, a representative throughout this series, into the currently
available ATP-binding pocket of PI3Kα (PDB code 4JPS)
(Figure 2).

As illustrated by the results of the anti-proliferative
assay (Table 1), all the 4-acrylamido-quinoline derivatives
displayed sub-micromolar to low micromolar anti-proliferative
activity against both PC3 and HCT116 cell lines. Four
compounds in particular (8c, 8h, 8i, and 8k) exerted
remarkable anti-proliferative activity against PC3 cell line
with GI50 values below 0.5µM, which was comparable to
that of the positive reference GSK2126458. Besides, they
also exhibited sub-micromolar GI50 values against HCT116
cell line.

Inhibitory Activity Against Other Class I PI3Ks

and mTOR
Considering their favorable enzymatic and cellular activities,
8c and 8i, as the representatives throughout this series,
were then evaluated for the inhibitory activity against other
class I PI3Ks and mTOR with GSK2126458 as the positive
control. As shown in Table 2, both compounds displayed
strong inhibitory activity with IC50 values against all the
tested enzymes ranging from 0.50 to 1.5 nM. This result

suggested that compounds 8c and 8i were potent PI3K/mTOR
dual inhibitors.

Western Blot Analysis
Subsequently, compound 8i was investigated for its capability
to down-regulate the levels of phos-Akt (Ser473), phos-
Akt (Thr308), phos-S6 ribosomal protein (Ser235/236),
and phos-4E-BP1 (Thr37/46), four important biomarkers
of PAM signaling, in PC3 cells. The suppressive effect of
8i was evaluated at the concentrations of 5, 25, 125, and
625 nM. As illustrated in Figure 3, at the concentration
as low as 5 nM, 8i remarkably down-regulated all the
four monitored biomarkers. In particular, the effect on
the level of phos-Akt (Ser473) was stronger than that
of GSK2126458. These results further demonstrated 8i

can strongly down-regulate PAM signaling. Moreover, the
concurrent down-regulation of the four biomarkers indicated
the potential to fulfill synergism, as well as the advantage
over mono-inhibition of mTOR in conquering the negative
feedback loop.

Liver Microsomal Stability Assay
The evaluation of the in vitro metabolic stability of 8i was
then performed via incubation with human liver microsome
(HLM) and rat liver microsome (RLM). Testosterone, diclofenac,
and propafenone were utilized as the references. According to
the experimental data shown in Table 3, 8i exhibited favorable
stability in both HLM (T1/2 = 74.9min) and RLM (T1/2 >

145min), as illustrated by the long elimination half-lives.

Pharmacokinetics
By virtue of its favorable in vitro potency and metabolic stability,
8i was further evaluated for its PK profiles in Sprague-Dawley
(SD) rats following oral administration at 5 mg/kg (Figure 4). As
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a result, 8i showed acceptable plasma exposure (AUC0−t = 379
h•ng/mL; AUC0−∞ = 412 h•ng/mL), peak plasma concentration
(Cmax= 249 ng/mL), and elimination half-life (t1/2 = 1.73 h).

CONCLUSION

In summary, a novel series of quinoline derivatives were
designed and synthesized as PI3K/mTOR dual inhibitors, via
introducing acrylamide fragment to the C-4 position for
probing residue Gln859. According to the PI3Kα enzymatic
assay, all of them were remarkably potent with IC50s at sub-
nanomolar or low nanomolar level. Consistent with this, they
exhibited attractive anti-proliferative efficacy against both PC3
and HCT116 cell lines. To our expectation, 8i, a representative
throughout this series (IC50: PI3Kα, 0.50 nM; GI50s: PC3,
0.40µM; HCT116, 0.47µM), also significantly inhibited other
class I PI3Ks and mTOR with all the IC50s at sub-nanomolar
or low nanomolar level. In the PC3 cell line, 8i dramatically
down-regulated the levels of phos-Akt (Ser473), phos-Akt
(Thr308), phos-S6 ribosomal protein (Ser235/236), and phos-4E-
BP1 (Thr37/46) at a concentration as low as 5 nM, indicating
its considerable capability to ablate PAM signaling. Besides,
the concurrent down-regulation of the four biomarkers was
beneficial for fulfilling synergism and conquering the negative
feedback loop released by mono-inhibition of mTOR. Moreover,
8i was metabolically stable in both HLM and RLM with
long elimination half-life. A further in vivo PK study of
8i in SD rats following oral administration at 5 mg/kg
illustrated 8i possessed acceptable oral exposure, peak plasma
concentration, and elimination half-life. According to the above
results, it can be concluded that introduction of 4-acrylamide
substructure at the C-4 position of the quinoline core was a
feasible way to attain potent PI3K/mTOR dual inhibitors with
structural novelty. Besides, 8i, with acceptable in vitro and

in vivo biological profiles, merited further investigation and
structural optimization.
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Hepatocellular carcinoma (HCC) is one of the most prevalent cancers worldwide.

Nowadays, pharmacological therapy for HCC is in urgent needs. Paclitaxel is an effective

drug against diverse solid tumors, but commonly resisted in HCC patients. We recently

have disclosed that microtubule affinity-regulating kinase 4 (MARK4) increases the

microtubule dynamics and confers paclitaxel resistance in HCC, suggesting MARK4

as an attractive target to overcome paclitaxel resistance. Herein, we synthesized and

identified coumarin derivatives 50 as a novel MARK4 inhibitor. Biological evaluation

indicated compound 50 directly interacted with MARK4 and inhibited its activity in vitro,

suppressed cell viability and induced apoptosis of HCC cells in a MARK4-dependent

manner. Importantly, compound 50 significantly increased the drug response of paclitaxel

treatment to HCC cells, providing a promise strategy to HCC treatment and broadening

the application of paclitaxel in cancer therapy.

Keywords: MARK4, paclitaxel, Hepatocellular carcinoma, drug resistance, inhibitor

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the leading causes of human death worldwide (Bray
et al., 2018). Although several therapies have been developed, such as sorafenib, the first-line
targeted drug for advanced HCC, their efficacies are not satisfactory, rendering a poor prognosis for
HCC patients (Galle, 2008; Llovet et al., 2008). Novel therapy is urgently needed for HCC treatment.
Paclitaxel, firstly isolated in 1971 from the Pacific yew, is the Food and Drug Administration
(FDA)-approved therapy exhibiting promising efficacy against diverse solid tumors including
breast, ovarian, lung, cervical and pancreatic cancers (Wang et al., 2011; Pignata et al., 2015;
Schmid et al., 2018). Mechanically, paclitaxel stabilizes the microtubule polymer and protects
chromosomes from achieving a metaphase spindle configuration, blocking the mitosis progression
and triggering apoptosis or cell cycle arrest without cell division (Bharadwaj and Yu, 2004; Jordan
and Wilson, 2004; Brito et al., 2008). However, the data of clinical trial reveals that the anticancer
effect of paclitaxel toward HCC patients is limited (Chao et al., 1998; Kavallaris, 2010). Our recent
work indicates the depletion of microRNA-122 (miR-122, a dominant microRNA in normal liver
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Graphical Abstract | In this work, we discovered coumarin derivatives 50 as

a novel MARK4 inhibitor. Compound 50 directly interacted with MARK4 and

inhibited its activity in vitro, significantly suppressed cell viability and induced

apoptosis of HCC cells. Importantly, compound 50 could sensitize HCC cells

to paclitaxel treatment, providing a potential strategy to HCC treatment.

cells) (Bandiera et al., 2015) upregulates septin-9 expression,
facilitates the phosphorylation of microtubule-associated
proteins 4 (MAP4) by microtubule affinity-regulating
kinase (MARK4), causes detachment of the MAP4 from
the microtubule, increasing microtubule dynamics and therefore
conferring paclitaxel resistance in HCC (Sun et al., 2016). In this
process, MARK4-mediated MAP4 phosphorylation is a key step.

MARK4 belongs to the family of serine/threonine kinases,
representing a subfamily of calcium/calmodulin-dependent
protein kinase (Drewes et al., 1997; Goodwin et al., 2014; Rovina
et al., 2014) MARK4 has 752 amino acid residues in length and
consists of a catalytic domain, a ubiquitin-associated domain and
a kinase domain in structure (Kato et al., 2001; Matenia and
Mandelkow, 2009). MARK4 is up-regulated in multiple human
malignancies, including glioma, metastatic breast carcinoma and
HCC (Kato et al., 2001; Beghini et al., 2003; Heidary Arash et al.,
2017), and promotes tumor progression and development by
participating oncogenic signaling pathways (Heidary Arash et al.,
2017). Unlike other MARK members (MARK1-3), MARK4 is
unique in its ability to exhibit direct association with microtubule
(Trinczek et al., 2004), making MARK4 an attractive target to
sensitize HCC to paclitaxel treatment.

Increasing endeavor have been devoted to the development
of small-molecule MARK4 inhibitors. Before the clarification
of MARK4 crystal structure, combined molecular dynamic
simulation and pharmacophore-based virtual screening
identified six 9-oxo-9H-acridin-10-yl derivatives to prevent
MARK4 activity (Jenardhanan et al., 2014). In 2016, the
crystal structure of MARK4 catalytic domain in complex
with a pyrazolopyrimidine was disclosed (Sack et al., 2016),
and thereafter a series of bioactive coumarins or flavonoids
from ZINC database was discovered as potential MARK4
inhibitors via structure-based virtual high-throughput screening
(Mohammad et al., 2018). Until now, scientists have also
recruited polyphenolics, pyrrolopyrimidinone, isatin-triazole
hydrazone and 2-heteroarylchromone derivatives into the
arsenal for MARK4 inhibition (Katz et al., 2017; Khan et al.,
2017; Parveen et al., 2018; Aneja et al., 2019). However, the

development of MARK4 inhibitor is still in its infancy due
to unfavorable potency and selectivity. Importantly, whether
MARK4 inhibitor could sensitize HCC to paclitaxel treatment
remains unknown.

In this work, we discovered compound 50 as a novel MARK4
inhibitor via computer-aided virtual screening. Compound 50

associated with MARK4 catalytic domain and inhibited MARK4
activity in vitro with an IC50 value of 1.301µM. In HCC
cells, compound 50 suppressed cell proliferation in a MARK4-
dependent manner. Moreover, compound 50 could sensitize the
anticancer function of paclitaxel against HCC cells, providing a
new therapeutic approach for HCC and enlarging the potential
application of paclitaxel in cancer treatment.

RESULTS AND DISCUSSION

The catalytic domain of MARK4 recognizes its substrate
MAP4, resulting in the phosphorylation of MAP4 to increase
microtubule dynamics, is a key motif for MARK4 function
(Trinczek et al., 2004). Recently, the crystal structure of
MARK4 in complex with its inhibitor (PDB ID: 5ES1) have
been disclosed (Figure 1A), facilating the discovery of small-
molecule MARK4 inhibitors (Sack et al., 2016). Thus, we
planned to establish the molecular docking model based on this
crystal structure, and conduct computer-aided virtual screening
of TargetMol and self-built compound library via Lipinski’s
filtering and GOLD molecular docking in Discovery Studio
v3.1 software; The hit compounds will be synthesized and
submitted to biological evaluation to obtain promising lead
compounds (Figure 1B).

Small molecules after Lipinski’s filtering in a library containing
5,972 compounds were screened in silico through GOLD
molecular docking. Higher GoldScore.Fitness value implies
higher potential affinity between protein and small molecules.
Among the hit compounds, 3-arylcoumarin 6,8-dichloro-
3-(3-methoxyphenyl)-2H-chromen-2-one had favorable drug-
likeness and GOLDScore (Figure 1C). This coumarin was then
submitted to kinase assay and cell viability assay to evaluate
its biological activity. The results suggested 6,8-dichloro-3-(3-
methoxyphenyl)-2H-chromen-2-one inhibited MARK4 activity
with an IC50 value of 7.804µMand suppressed the cell viability of
HepG2 cells with an IC50 value of 15.92µM (Figure 1D). Thus,
we speculated that coumarin derivatives were favorable to inhibit
MARK4 function.

To verify this speculation, a series of coumarin derivatives,
including 3-acry-, 3-aryl- 4-alkyl-, or 4-aryl coumarins and
3-arylthiocoumarins, were designed and synthesized in vision
with structural and electronic features. Starting from substituted
salicylaldehydes, coumarins 1–10 were successfully prepared via
the Perkin reaction (Scheme 1). 3-Arylcoumarins 11–46 were
synthesized from salicylaldehyde derivatives and phenylacetic
acid derivatives through the Perkin condensation followed by
acid-promoted hydrolysis if necessary, which were described in
our previous work (Scheme 1) (Pu et al., 2014a). Moreover,
salicylaldehydes and reactive methylene compounds were
utilized as substrates in the presence of L-proline via the
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FIGURE 1 | Computer-aided virtual screening of potential MARK4 inhibitors. (A) Crystal structure of MARK4 catalytic domain in complex with pyrazolopyrimidine

inhibitor (PDB ID: 5ES1). (B) Workflow for computer-aided screening of MARK4 inhibitor. (C) Selected hit compound with coumarin moiety after Lipinski’s filtering and

GOLD molecular docking. (D) Biological evaluation of hit coumarin via kinase assay (left) using MARK4 as enzyme and cell viability assay (right) in HepG2 cells.

SCHEME 1 | Synthesis of coumarins 1–46 via Perkin reaction.

Knoevenagel reaction (Karade et al., 2008), 3-acrycoumarin
47–54 were afforded with high yields (Scheme 2).

To prepare 4-methyl or 4-phenyl coumarins, we adapted
Pechmann reaction-based strategy (Smitha and Sanjeeva Reddy,
2004). By using phenol derivatives and reactive methylene
compounds as substrates, zircomiun tetrachloride as the
mediator, compound 55–57 were synthesized with acceptable

yields (Scheme 3). 56 and 57were subsequently transformed into
58–61 via alkylation (Scheme 3). Similarly, 4-benzyloxy- or 4-
methoxylcoumarins (63, 64) were obtained from commercially-
available compound 62 through benzylation and methylation,
respectively (Scheme 4). In addition, following a two-step
strategy (Meth-Cohn and Tarnowski, 1978), we also synthesized
thiocoumarin 65–68 with moderate overall yields (Scheme 5).
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Together, through multiple synthetic strategies, sixty-eight
coumarin derivatives were prepared as candidates for the
investigation of potential MARK4 inhibitors.

With these coumarins in hand, we performed kinase assay
using MARK4 catalytic domain as enzyme to test the MARK4
inhibitory activity of these samples. As in Figure 2A and Table 1,
3-benzoyl-6-methoxy-2H-chromen-2-one (50, Figure 2B) was
the most potent MARK4 inhibitor with about 80% of MARK4
inhibition at 10µM and had an IC50 value of 1.301µM for
its anti-MARK4 function (Figure 2C). By contrast, BX-795, an
ATP-competitive MARK4 inhibitor (Feldman et al., 2005), had
a reduced inhibitory activity against MARK4 with an IC50

value of 4.994µM (Figure 2C). To characterize the selectivity
of compound 50, we performed kinase activity assay by using
PDK1, AKT1, Src, and MARK4 as enzyme. Compared with
MARK4 (IC50: 1.301µM), compound 50 was insensitive to
PDK1, AKT1, and Src with the IC50 values of 5.973, 11.762, and
19.018µM, respectively, while BX-795 showed similar activity
against these kinases, suggesting good selectivity of compound
50 (Table 2).

Based on the data of cell viability assay (Figure 2A
and Table 1), we subsequently analyzed the structure-activity
relationships (SARs) of coumarins as MARK4 inhibitor. The
SARs could be summarized as follow: (1) the substitutions at the
C-4 position of A ring were unfavorable: 55–64; (2) the aryl or

SCHEME 2 | Synthesis of coumarins 47–54 via Knoevenagel reaction.

ketone at C-3 position of A ring were favorable: 13, 24, 25, 35,
47–50; (3) B ring of coumarin should be substituted: 48–50 vs.
51–53; (4) Sulfur or oxygen at X-1 position of A ring was similar:
18 vs. 67, 19 vs. 66, 21 vs. 65 and 22 vs. 68. This conclusion
would give helpful clues for structural optimization of coumarin
as MARK4 inhibitors.

To further check the in vitro interaction between MARK4 and
compound 50, we performed surface plasmon resonance (SPR)
assay and thermal shift assay to characterize the protein-small
molecule interaction. As in Figure 2D, compound 50 showed
strong binding affinity toward MARK4 with a dissociation
constant (Kd value) of 0.346µM in the SPR assay with different
sample concentrations. This affinity was greater than that
between BX-795 and MARK4 (Kd: 6.46µM) (Naz et al., 2015),
interpreting the improved activity of compound 50 over BX-
795. Furthermore, compound 50 significantly increased the
thermal stability of MARK4 with a temperature shift of 3.13◦C,
indicating the direct binding of compound 50 and MARK4
in vitro (Figure 2E).

To interpret the structural basis of MARK4-compound 50

interaction, we simulated the binding pattern of MARK4 and
compound 50 via the flexible docking in Discovery Studio
v3.1 software. The data showed compound 50 directly located
into the active site of MARK4 through the amino acid
residues of Arg177 and Ser215 by hydrogen bond and π-sigma

SCHEME 4 | Preparation of 63 and 64 from alkylation of 62.

SCHEME 3 | Synthesis of coumarins 55–61 based on the Pechmann reaction.
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SCHEME 5 | Synthesis of thiocoumarin 65–68.

FIGURE 2 | Compound 50 targeted catalytic domain to inhibit MARK4 activity in vitro. (A) Kinase assay of coumarin derivatives at the concentration of 10µM using

MARK4 as enzyme. (B) Chemical structure of compound 50. (C) Kinase assay of compound 50 and BX-795 at varied concentrations using MARK4 as enzyme. (D)

Surface plasmon resonance (SPR) assay of compound 50. (E) Thermal shift assay of compound 50.

interaction, respectively (Figures 3A,B). Additionally, Van der
Waals interactions between compound 50 and residues including
Asp178, Leu223, and Tyr229, also enhanced the association of
MARK4 and compound 50 (Figure 3A). These data provide the
experimental and in silico evidence for the MARK4-compound
50 interaction.

We subsequently characterized function of compound 50

in HCC cells. In cell viability assay, compound 50 suppressed
cell viability in HepG2 and SMMC-7721 cells with the IC50

values of 11.20 and 12.82µM, respectively (Figures 4A,B).
MARK4-knockdown (Figure 4C, right) significantly attenuated
the anti-proliferative activity of compound 50 in HepG2 cells
(Figure 4C, left), suggesting a favorable MARK4 specificity
of compound 50 in HCC cells. It is reported that MARK4
participates the regulation of apoptosis (Heidary Arash et al.,

2017). Thus, we investigated the influence of compound
50 on apoptosis via flow cytometry. The results indicated
compound 50, in accordance with previous work, obviously
increased the cell numbers of both early and late apoptotic
cells, inducing apoptosis in both HepG2 and SMMC-7721 cells
(Figures 4D,E). In colony formation assay, compared with the
treatment of vehicle, compound 50 significantly suppressed the
colony formation of HepG2 cells, further supporting the HCC-
preventing function of compound 50 (Figure 4F). Moreover, to
evaluate the downstream of MARK4 inhibition by compound 50,
we performed immunoblotting analysis in the lysates of HepG2
cells with or without compound 50 incubation. As in Figure 4G,
compound 50 decreased the level of MAP4 (the substrate of
MARK4 in HCC) (Sun et al., 2016) phosphorylation, suggesting
the downstream of MARK4 inhibition in HCC cells. In addition,
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TABLE 1 | Kinase activity assay of coumarins.

Cpd. IC50 (µM)a Cpd. IC50 (µM)a Cpd. IC50 (µM)a Cpd. IC50 (µM)a

1 >50 18 30.992 ± 2.813 35 12.761 ± 1.245 52 27.034 ± 3.647

2 >50 19 27.004 ± 2.384 36 33.558 ± 2.749 53 24.9734 ± 2.402

3 >50 20 >50 37 37.805 ± 5.430 54 21.252 ± 1.995

4 40.982 ± 5.401 21 25.503 ± 1.007 38 40.916 ± 4.036 55 >50

5 35.016 ± 3.732 22 27.981 ± 2.012 39 16.883 ± 4.264 56 >50

6 >50 23 17.421 ± 2.686 40 38.770 ± 4.833 57 >50

7 >50 24 10.042 ± 3.652 41 >50 58 >50

8 37.872 ± 3.447 25 7.763 ± 2.931 42 >50 59 >50

9 >50 26 >50 43 >50 60 >50

10 25.127 ± 5.806 27 42.073 ± 3.989 44 >50 61 >50

11 29.705 ± 4.211 28 >50 45 >50 62 >50

12 22.848 ± 4.605 29 37.418 ± 2.840 46 >50 63 >50

13 8.975 ± 2.739 30 39.342 ± 3.119 47 14.609 ± 2.992 64 40.363 ± 2.867

14 34.467 ± 3.298 31 35.009 ± 5.782 48 2.097 ± 0.372 65 36.112 ± 1.652

15 31.502 ± 2.285 32 37.722 ± 6.071 49 4.121 ± 0.605 66 35.603 ± 3.902

16 >50 33 46.340 ± 3.043 50 1.301 ± 0.102 67 11.086 ± 0.786

17 >50 34 >50 51 25.854 ± 2.732 68 32.182 ± 2.753

aThe experiments were run in duplicate and shown as means ± SEM.

TABLE 2 | Kinase assay of molecules using PDK1, AKT1, Src, or MARK4 as

enzyme.

Kinase IC50 value in kinase activity assay (µM)a

Cpd. 50 BX-795

PDK1 5.973 ± 0.289 1.684 ± 0.192

AKT1 11.762 ± 0.336 2.866 ± 0.269

Src 19.018 ± 1.323 5.871 ± 0.405

MARK4 1.301 ± 0.102 4.994 ± 0.812

aThe experiments were run in duplicate and shown as means ± SEM.

we performed the cell viability assay in human normal HEK-293T
cells to characterize the toxicity of compound 50. Because the
cell viability of HEK-293T cells was suppressed only at the high
concentrations (>50µM), the biological function of compound
50 was significantly attenuated in HEK-293T cells than HCC
cells (Figure 4H), indicating a limited toxicity of compound 50

in normal cells. These data suggested compound 50 suppress
cell viability and induce apoptosis of HCC cells in a MARK4-
dependent manner.

Our previous work has revealed that MARK4 phosphorylated
MAP4 to increase microtubule dynamics and confer paclitaxel
resistance in HCC (Sun et al., 2016), giving MARK4 as an
attractive target to overcome paclitaxel resistance. To answer
whether MARK4 inhibition was able to sensitize HCC cells
to paclitaxel, we incubated HepG2 and SMMC-7721 cells
with 2.5µM of compound 50. The cell viability of HCC
cells upon 2.5µM of compound 50 treatment was more than
80% (Figures 4A,B), indicating compound 50 was inactive
against HCC cells at this concentration solely. Intriguingly,
the inhibitory activity of paclitaxel in HCC was remarkably

FIGURE 3 | Compound 50 located in the active site of MARK4. (A) Flexible

docking of compound 50 in complex with MARK4 (PDB ID: 5ES1). (B) Flexible

docking results of MARK4 (PDB ID: 5ES1) and compound 50. The image

represented the charge distribution of MARK4 in complex with compound 50.

enhanced in the presence of compound 50 (Figures 5A,B). In
accord with MARK4 inhibition by compound 50, paclitaxel
also had an increased sensitivity in MARK4-knockdown HepG2
cells (Figure 5C), suggesting the therapeutic role of MARK4
in paclitaxel-resisted HCC. Because paclitaxel has an ability to
induce apoptosis of human solid tumors, we analyzed the effect
of paclitaxel in apoptosis of HCC cells upon compound 50

exposure. As in Figure 5D, both paclitaxel and compound 50

were unable to trigger distinct apoptosis at the concentration
of 2.5µM. Paclitaxel (2.5µM) in combination with compound
50 (2.5µM) activated HCC apoptosis (Figure 5D), providing
further evidence for the conclusion that compound 50 sensitized
HCC cells to paclitaxel treatment.

Many investigations suggested the oncogenic role of MARK4
in human cancer, arousing a great interest to develop
small-molecule inhibitors for targeted therapies. In the past
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FIGURE 4 | Compound 50 suppressed cell viability and induced apoptosis of HCC cells in a MARK4-dependent manner. (A,B) Cell viability assay of compound 50 in

(A) HepG2 and (B) SMMC-7721 cells. (C) (left) Cell viability assay of compound 50 in HepG2 cells transiently transfected MARK4-knockdown and control vectors.

(right) MARK4-knowdown was confirmed by real-time quantitative PCR. (D,E) Cell apoptosis assay of compound 50 (15µM) in (D) HepG2 and (E) SMMC-7721 cells.

(F) Colony formation assay of HepG2 cells with or without compound 50 treatment. (G) Immunoblotting against p-MAP4, MAP4, and actin antibodies of HepG2 cell

lysates with or without the treatment of compound 50 (15µM). (H) Cell viability assay of compound 50 in HepG2 and HEK-293T cells.

few years, a series of MARK4 inhibitors, such as 9-oxo-9H-
acridin-10-yl, pyrazolopyrimidine, pyrrolopyrimidinone, isatin-
triazole hydrazone and 2-heteroarylchromone, were discovered,
suggesting new molecular tools and/or drug candidates for
cancer research and therapy (Jenardhanan et al., 2014; Sack et al.,
2016; Katz et al., 2017; Khan et al., 2017; Mohammad et al., 2018;
Parveen et al., 2018; Aneja et al., 2019). But the limited potency
and specificity of these known MARK4 inhibitors make these
molecules unfavorable solely as clinical drug for the treatment
of cancers, including HCC. Paclitaxel, with clinical safety and
efficacy, is an FDA-approved drug against multiple solid tumors,
but paclitaxel is commonly resisted in HCC patients. Our recent
work indicates that, due to the downregulation of miR-122 in
HCC, the MARK4-mediated MAP4 detachment is activated,
resulting in the augment of microtubule dynamics and paclitaxel
resistance (Sun et al., 2016). Thus, MARK4 inhibition has
the potential to attenuate paclitaxel resistance. In this work,
we demonstrated that MARK4 inhibitor has the ability to
enhance the sensitivity of paclitaxel toward HCC cells (Figure 5),
providing a novel insight for HCC treatment and enlarging
the potential application for paclitaxel. Except for MARK4
inhibition, the treatment increasing the expression of miR-122,

such as Pin1-targeted intervention (Li et al., 2018; Pu et al.,
2018; Zheng et al., 2019), is also a theoretically feasible proposal
to sensitize paclitaxel in HCC, which should be considered in
further study.

In the past few years, the coumarin analogs, both natural
and synthetic origins, were identified as lead compounds
exhibiting attractive anticancer activity (Emani and Dadashpour,
2015; Venkata Sairam et al., 2016). For instance, gemcitabine-
coumarin-biotin conjugates were developed as a target specific
theranostic anticancer prodrug, wherein both a therapeutic effect
and drug uptake can be readily monitored by two photon
fluorescence imaging (Maiti et al., 2013). 4-Substituted coumarin
derivative SKLB060 was discovered as novel tubulin inhibitor,
inhibiting tubulin polymerization and subsequently inducing
G2/M cell cycle arrest and apoptosis in cancer cells (Yan et al.,
2018). In this work, we revealed that coumarin-based compound
50 targted MARK4 kinase to sentisize HCC cells to paclitaxel
treatment, enlarging the therapeutical potential of coumarins in
human cancers. Furthermore, diverse synthetic methodologies
have been established to prepare coumarin scaffold (Pereira
et al., 2018), facilitating the structural optimization and drug
development of coumarins.
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FIGURE 5 | Compound 50 sensitized HCC cells to paclitaxel treatment. (A) Cell viability assay of the varied concentrations of paclitaxel in HepG2 cells with or without

the incubation of compound 50 (2.5µM). (B) Cell viability assay of the varied concentrations of paclitaxel in SMMC-7721 cells with or without the incubation of

compound 50 (2.5µM). (C) Cell viability assay of the varied concentrations of paclitaxel in HepG2 cells with the transiently transfection of MARK4-knockdown or

control vectors. (D) Cell apoptosis assay of paclitaxel (2.5µM) in HepG2 cells with or without the incubation of compound 50 (2.5µM).

CONCLUSION

In summary, the preliminary results of computer-aided
drug design enlightened us that coumarin derivatives could
be potential small-molecule MARK4 inhibitors. Thus, we
prepared a series of coumarin derivatives via multiple synthetic
methodologies and discovered that compound 50 with coumarin
skeleton was a novel MARK4 inhibitor via both computer-aided
virtual screening and intensive biological evaluation. This
compound suppressed HCC cell viability and induced apoptosis
in a MARK4-dependent manner. Importantly, compound 50

significantly increased the drug response of paclitaxel treatment
to HCC cells, which were ordinarily resisted to paclitaxel. Our
discovery offers a promise solution for HCC therapy by use of
paclitaxel effectively.

MATERIALS AND METHODS

Computer-Aided Virtual Screening and
Flexible Docking
In Discovery Studio v3.1 software, we established a virtual
screening model based on the crystal structure of MARK4
catalytic domain (PDB ID: 5ES1), and performed molecular
docking and flexible docking following GOLD docking and
Flexible docking protocols, respectively. The images of molecular
docking results were processed by PyMoL v1.8 software.

Chemical Synthesis
Synthesis of 1–46
A mixture of salicylaldehyde derivative (8 mmol), acetic
anhydride (20mL) and triethylamine (5mL) were heated at
120◦C for 8 h. After cooling to room temperature, the reaction

mixture was slowly poured into ice-water (200mL) with
violent stirring. The precipitated solid was filtered off and
recrystallized from ethyl acetate to give coumarin 1–10. The
characterizations of coumarin 1–10 were previous reported in
references (Scheme 1) (Takaishi et al., 2008; Wei et al., 2013;
Meng et al., 2017). The preparation and characterizations of
3-arylcoumarins 11–46 was described in our previous work
(Pu et al., 2014a,b).

Synthesis of 47–54
The preparation of 47–54 was under the procedures described
in previous report (Karade et al., 2008). In brief, a mixture of 2-
hydroxybenzaldehyde (3 mmol), reactive methylene compound
(3 mmol), and L-proline (10 mol%) was heated under neat
conditions for 0.5 h. The reaction was monitored by TLC. After
completion of reaction, the reaction mixture was cooled and
recrystallized from ethanol to obtain 3-substituted coumarin
derivatives 47–54 with excellent yields. The characterizations
of coumarin 47–54 were previous reported in references
(Scheme 2) (Dean and Park, 1976; Sugino and Tanaka, 2001; Rao
and Sivakumar, 2006; Karade et al., 2008).

Synthesis of 55–64
The synthesis of 55–57 was under the procedures described in
previous report (Smitha and Sanjeeva Reddy, 2004). In brief,
a mixture of phenolic substrate (10 mmol) and keto ester (10
mmol) was heated at 70◦C in the presence of zirconium (IV)
chloride (46mg, 2 mol%). After completion of the reaction, the
reaction mixture was cooled to room temperature and poured
into crushed ice. The solid was filtered off, washed with ice-cold
water, and recrystallized from ethanol to obtain the pure product
55–57 (Scheme 3).
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To a mixture of 56 (57 or 62, 3 mmol) (Serra et al., 2012)
and potassium carbonate (30 mmol) in DMF (10mL) was
added iodomethane (9 mmol). The mixture was stirred at
ambient temperature overnight. The mixture was poured
into water (100mL) and extracted with ethyl acetate. The
combined organic layer was washed successively with
water and brine, dried over anhydrous sodium sulfate,
and concentrated under reduced pressure. The desired
product 58 (60 or 64) was isolated using silica gel column
chromatography (Schemes 3, 4).

To a mixture of 56 (57 or 62, 3 mmol) and potassium
carbonate (30 mmol) in DMF (10mL) was added benzyl chloride
(9 mmol). The mixture was stirred at 60◦C until the reaction
was completed. The mixture was poured into water (100mL)
and extracted with ethyl acetate. The combined organic layer was
washed successively with water and brine, dried over anhydrous
sodium sulfate, and concentrated under reduced pressure. The
desired product 59 (61 or 63) was isolated using silica gel
column chromatography (Schemes 3, 4). The characterizations
of coumarin 55–64 were previous reported in references (Smitha
and Sanjeeva Reddy, 2004; Takaishi et al., 2008; Cavar et al.,
2009; Sun et al., 2011; Zhang et al., 2011; Serra et al., 2012;
Olmedo et al., 2017).

Synthesis of 65–68
The synthesis of 65–68 was under the procedures described in
previous report (Meth-Cohn and Tarnowski, 1978). In brief,
a mixture of 2-t-butylthiobenzaldehydes (10 mmol), phenyl
acetonitrile derivatives (1.6 g), sodium ethoxide solution in
ethanol (0.6mL, 20% w/v) and ethanol (5mL) is heated on a
boiling water bath for 10min, then cooled and diluted with
water, filtered to give the styrene intermediates (p65–p68). The
styrene in polyphosphoric acid (40 g) is heated at 100◦C for
0.8 h. The mixture is cooled and diluted with water, extracted
with ethyl ether. The water phase was diluted with water
and heated for 4 h. The mixture was cooled and filtered. The
crude products were recrystallized from ethanol to give 65–68

(Scheme 5). The characterization of coumarin 65 was previous
reported in references (Nelson, 2004). The copies of NMR
spectra of coumarin 66–68 and their precursor P66-P68, see
Supplementary Material.

(Z)-3-(2-(Tert-butylthio)phenyl)-2-(4-methoxyphenyl)
acrylonitrile (p66): 1H NMR (400 MHz, CDCl3) δ 8.26 (s, 1H),
8.13 (dd, J = 7.8, 1.4Hz, 1H), 7.69–7.62 (m, 3H), 7.50 (td, J =
7.6, 1.4Hz, 1H), 7.40 (td, J = 7.5, 1.4Hz, 1H), 7.02–6.96 (m, 2H),
3.87 (s, 3H), 1.27 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 160.47,
140.82, 139.91, 139.34, 133.65, 129.75, 129.61, 128.84, 127.42,
126.85, 117.96, 114.49, 112.53, 55.48, 48.31, 31.13. HR-ESIMS:
346.1239 [M+Na]+ (calc. for C20H21NNaOS, 346.1237).

(Z)-3-(2-(Tert-butylthio)phenyl)-2-(3,4-dimethoxyphenyl)
acrylonitrile (p67): 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H),
8.17–8.11 (m, 1H), 7.66 (dd, J = 7.7, 1.4Hz, 1H), 7.51 (td, J =
7.7, 1.4Hz, 1H), 7.41 (td, J = 7.5, 1.5Hz, 1H), 7.31 (dd, J = 8.4,
2.2Hz, 1H), 7.20 (d, J = 2.2Hz, 1H), 6.95 (d, J = 8.4Hz, 1H),
3.97 (s, 3H), 3.94 (s, 3H), 1.28 (s, 9H). 13C NMR (100 MHz,
CDCl3) δ 150.08, 149.28, 141.14, 139.80, 139.36, 133.68, 129.83,
129.66, 128.80, 127.22, 119.09, 117.93, 112.60, 111.32, 108.81,

56.07, 56.01, 48.31, 31.14. HR-ESIMS: 376.1349 [M+Na]+ (calc.
for C21H23NNaO2S, 376.1342).

(Z)-3-(2-(Tert-butylthio)phenyl)-2-(4-fluorophenyl)
acrylonitrile (p68): 1H NMR (400 MHz, CDCl3) δ 8.31 (s,
1H), 8.17–8.11 (m, 1H), 7.73–7.64 (m, 3H), 7.52 (td, J = 7.6,
1.4Hz, 1H), 7.43 (td, J = 7.5, 1.5Hz, 1H), 7.20–7.13 (m, 2H), 1.28
(s, 9H). 13C NMR (100 MHz, CDCl3) δ163.25 (d, J = 250.2Hz),
142.84, 142.82, 139.49, 139.37, 133.88, 130.46 (d, J = 3.4Hz),
130.16, 129.68, 128.86, 127.92 (d, J = 8.4Hz), 117.65, 116.23 (d, J
= 22.0Hz), 111.92, 48.40, 31.12. HR-ESIMS: 334.1036 [M+Na]+

(calc. for C19H18FNNaS, 334.1037).
3-(4-Methoxyphenyl)-2H-thiochromen-2-one (66): Yield:

79%. 1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.64 (d,
J = 7.7Hz, 1H), 7.52 (d, J = 8.7Hz, 2H), 7.49–7.44 (m,
2H), 7.43–7.35 (m, 1H), 6.97 (d, J = 8.8Hz, 2H), 3.85 (s,
3H). 13C NMR (100 MHz, CDCl3) δ 185.17, 159.89, 141.94,
137.46, 135.18, 131.55, 130.38, 129.28, 127.91, 127.03, 126.42,
125.12, 113.82, 55.39. HR-ESIMS: 291.0450 [M+Na]+ (calc. for
C16H12NaO2S, 291.0451).

3-(3,4-Dimethoxyphenyl)-2H-thiochromen-2-one (67):
Yield: 71%. 1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H), 7.65 (d, J
= 7.8Hz, 1H), 7.51–7.44 (m, 2H), 7.39 (ddd, J = 8.3, 5.9, 2.6Hz,
1H), 7.12 (d, J = 7.1Hz, 2H), 6.93 (d, J = 8.6Hz, 1H), 3.92 (d,
J = 1.4Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 185.16, 149.43,
148.54, 142.16, 137.46, 135.24, 131.61, 129.38, 128.26, 126.96,
126.46, 125.12, 121.70, 112.40, 110.96, 56.02, 55.98. HR-ESIMS:
321.0556 [M+Na]+ (calc. for C17H14NaO3S, 321.0556).

3-(4-Fluorophenyl)-2H-thiochromen-2-one (68): Yield: 65%.
1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H), 7.69–7.63 (m,
1H), 7.59–7.45 (m, 4H), 7.45–7.37 (m, 1H), 7.16–7.09 (m,
2H). 13C NMR (100 MHz, CDCl3) δ 184.88, 162.89 (d, J =

248.3Hz), 142.72, 137.69, 134.60, 131.75, 131.56 (d, J = 3.4Hz),
130.94 (d, J = 8.2Hz), 129.67, 126.74, 126.56, 125.23, 115.37
(d, J = 21.6Hz). HR-ESIMS: 279.0255 [M+Na]+ (calc. for
C15H9FNaOS, 279.0251).

Expression and Purification of MARK4
MARK4 catalytic domain sequence was subcloned into pET-28a
vector. Protein expression in E. coli. BL21 (DE3) was induced
by IPTG overnight at 16◦C, and the cells were then pelleted by
centrifugation at 4,000 rpm for 15min and resuspended in 20mL
buffer (20mM Tris-HCl, 150mM NaCl, 25mM imidazole pH
8.0). Proteins were purified by nickel-affinity chromatography
followed by thrombin cleavage. The proteins were further
purified by size-exclusion chromatography using a Superdex 75
column (GE Healthcare).

Kinase Activity Assay
The kinase activity of MARK4 was measured via ADP-
GloTM kinase assay kit (Promega, USA) under manufacturer’s
instruction. The recombinant MARK4 catalytic domain was used
as kinase. MARK4 (5 nM) activity was tested in a reaction (10µL)
containing 25mM Tris (pH 7.6), 10mM MgCl2, 150mM NaCl,
1mM EDTA, 1mM DTT, 100µM ATP, 5µM MAP4 and varied
concentrations of samples for 30min. The reaction progress was
monitored on Thermo Scientific Varioskan Flash Multimode
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Reader. Each data point was collected in duplicate and kinetic
parameters were obtained using GraphPad Prism v6.0 software.

Surface Plasmon Resonance (SPR)
The interaction of small molecule with MARK4 was monitored
by surface plasmon resonance (SPR) using a BIAcore T100
instrument (GEHealthcare, USA). In brief, recombinantMARK4
catalytic domain was immobilized on a carboxyl methylated
dextran sensor chip (Sensor Chip CM3). A flow channel blocked
by ethanolamine was used as control surface. The specific
interaction of samples with the immobilized MARK4 catalytic
domain was assessed. All samples were analyzed at a flow rate
of 30 µL/min with 10mM HEPES running buffer and contact
time of 260 s. The surface was washed and regenerated with a
10mM glycine-HCl buffer at pH 3.0 followed by a 30min waiting
time for dissolution after each experiment. The analyses were
performed in BIAcore T100 evaluation software, version 2.0.2
(GE Healthcare, USA).

Thermal Shift Assay
RecombinantMARK4 catalytic domain was diluted with PBS and
divided into two aliquots, with one aliquot being treated with
sample (1µM) and the other aliquot with vehicle. After 20min
of incubation at room temperature, the respective mixtures were
divided into smaller (40 µL) aliquots and heated individually
at different temperatures for 3min, followed by cooling at
room temperature for 3min. The appropriate temperatures were
determined in preliminary CETSA experiments. The heated
mixtures were centrifuged at 20,000 × g at 4◦C for 20min in
order to separate the soluble fractions from precipitates. The
supernatants were transferred to new microtubes and analyzed
by HPLC.

Cell Culture and Transfection
HepG2 and SMMC-7721 cells were cultured in DMEM medium
(Gibco) supplemented with 10% FBS (Gibco, USA). For transient
transfection, cells were transfected with DNA by Lipofectamine
2000 (Thermo fisher, USA).

Cell Viability Assay
HCC cells (100 µL/each well, 20,000 cells/mL) were seeded
in a 96-well culture plate and allowed to grow for 24 h
in DMEM medium supplemented with 10% FBS and 1%
penicillin/streptomycin sulfate. The cells were then treated with
drugs or vehicle control and incubated in a 5% CO2 incubator
for indicated time. At the end of incubation, 10 µL of MTT
stock solution (5 mg/mL) was added into each well. The plate
was continued to be incubated at 37◦C for 4 h before the medium
was removed. Then, DMSO (100 µL) was added into each well,
followed by thorough shaking. The absorbance of the formazan
product was measured at 570 nm on Thermo Scientific Varioskan
Flash Multimode Reader. The IC50 value was obtained by fitting
dose-response data to a three parametric non-linear regression
model using GraphPad Prism 6.0 software.

Cell Apoptosis Assay
HCC cells (2 × 105 cells/well) were plated in a 6-well plate
and treated with samples at 37◦C for 36 h. After incubation,

the cells were harvested and washed with ice-cold PBS.
Annexin V-FITC-PI apoptosis detection kit (Abcam, USA)
was used for a direct observation of viable, early apoptotic,
and late apoptotic cells. Annexin V-FITC and propidium
iodide were added according to the manufacturer’s instructions,
and the samples were incubated in the dark for 15min.
The apoptosis ratio was analyzed using BD FACSCalibur
flow cytometry.

Immunoblotting
HepG2 cells (2 × 105 cells/well) were plated in a 6-
well plate and treated with compound 50 (15µM) and
vehicle at 37◦C for 36 h. Cells were harvested, washed
with physiological saline, and lysed with RIPA lysis buffer
(Beyotime) including phosphatase and protease cocktail
(Bimake). Protein was quantified by BCA protein assay
kit (Bestbio) and subjected to SDS-PAGE. The separated
proteins were transferred onto PVDF membranes and
probed with antibody (anti-p-MAP4, anti-MAP4, and anti-
actin) and peroxidase-conjugated secondary antibody, which
was followed by enhanced chemiluminescence detection
(Amersham Biosciences).
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Podophyllotoxin has long been used as an active substance for cytotoxic activity.

Fourteen novel biotinylated podophyllotoxin derivatives were designed, synthesized, and

evaluated for cytotoxic activity for this study. The synthesized compounds were evaluated

for cytotoxic activity in the following human cancer cell lines, SW480, MCF-7, A-549,

SMMC-7721, and HL-60 by MTT assay. Most of them exhibited potent cytotoxic effects

and compound 15 showed the highest cytotoxic activity among the five cancer cell

lines tested, having its IC50 values in the range of 0.13 to 0.84µM. Apoptosis analysis

revealed that compound 15 caused obvious induction of cell apoptosis. Compound 15

significantly down-regulated the expression level of the marker proteins (caspase-3 and

PARP) in H1299 and H1975 cells, activated the transcription of IRE1α, increased the

expression of GRP78 and XBP-1s, and finally induced apoptosis of H1299 cells. In vivo

studies showed that 15 at a dose of 20 mg/kg suppressed tumor growth of S180 cell

xenografts in icr mice significantly. Further molecular docking studies suggested that

compound 15 could bind well with the ATPase domain of Topoisomerase-II. These

data suggest that compound 15 is a promising agent for cancer therapy deserving

further research.

Keywords: podophyllotoxin derivatives, biotin, anticancer activity, synthesis, apoptosis

INTRODUCTION

Cancer is a kind of frequently-occurring disease that seriously threatens human health. In recent
years, more attention has been focused on targeting anti-cancer drugs. Development of targeted
antitumor drugs, increase of bioavailability and decrease of toxicity are the key topics which are
currently being studied. Research efforts in these topics have already led to the discovery of new
drug leads and molecular scaffolds important for the development of novel antitumor agents
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(Fulda, 2010; Qiao et al., 2011; Wen et al., 2012). Currently,
targeted cancer therapy has attracted a lot of interests in cancer
research and has emerged as a new treatment option for various
types of cancers.

Natural compounds are valuable sources with various
structures, unique biological activities, and specific selectivity.
Natural products have served as important sources of lead
compounds for antitumor agents which have been developed
for clinical use. However, many potential drugs lack tumor
selectivity and often display significant toxic side effects, which
hampers their development for clinical use (Holschneider et al.,
1994; Bermejo et al., 2005). In order to enhance the therapeutic
specificity of anticancer drugs, various targeting strategies have
been explored, including antibodies (Wu and Ojima, 2004;
Schrama et al., 2006; Lambert and Berkenblit, 2018), nanocarriers
(Peer et al., 2007; Bonifácio et al., 2014; Hojjat-Farsangia et al.,
2014; Senthilkumar et al., 2015), peptides (Mastrobattista et al.,
1999; Dharap et al., 2005), and vitamins (Sawant et al., 2008;
Chen et al., 2010; Guaragna et al., 2012). In each case, molecular
features overexpressed on cancer cells are being targeted.

It has been widely recognized that all living cells depend
on vitamins for survival and growth and obviously cancer cells
must require higher amount of vitamins to meet the need
of their rapid growth. Consequently, in order to sustain their
rapid cell growth and enhanced proliferation, many cancer
cells over-express receptors for certain vitamins. Therefore,
vitamin receptors on the surface of these cells are important
biomarkers for the delivery of tumor-targeted drugs (Russell-
Jonesa et al., 2004; Leamon, 2008; Lu and Low, 2012). Biotin
(vitamin H) is a nutrient required for cell growth, and tumor
cells need substantially higher amounts of biotin than normal
cells due to their rapid growth (Russell-Jonesa et al., 2004).
Recent studies have shown that many cancer cell lines express
higher levels of biotin receptors (BRs) than normal cells, e.g.,
L1210FR (leukemia), Ov2008 (ovarian), Colo-26 (colon), P815
(mastocytoma), M109 (lung), RENCA (renal), and 4T1 (breast)
cancer cell lines (Russell-Jonesa et al., 2004; Chen et al., 2010).
Thus, BR has emerged as a useful biomarker for targeted delivery
of anti-tumor agent, and biotin as a tumor-targeting module
has been successfully employed for the construction of small
molecule antitumor drug conjugates (Chen et al., 2008; Ojima,
2008; Ojima et al., 2012).

The natural lignan podophyllotoxin (PPT, 1, Figure 1) is
isolated from Dysosma versipellis and shows cytotoxic activity
against a variety of cancer cell lines by inhibiting microtubule
assembly. However, PPT lacks tumor specificity and its high
toxicity toward normal cells prevents its use in clinic for
cancer treatment (Jardine, 1980; Desbene and Giorgi-Renault,
2002; Liu et al., 2007). The biological activity of PPT has
led to extensive structural modification, resulting in several
clinically useful compounds including etoposide (2, Figure 1), a
semisynthetic glucosidic cyclic acetal of PPT. Etoposide exerts
cytotoxic activity by inhibiting DNA topoisomerase II and the
discovery of its novel mechanism of action led to further studies
on the structure-activity relationship of PPT derivatives resulted
from the structural modification at the C-4-position (Reddy et al.,
2008; Zhang et al., 2014). Studies have shown that improvement

in topoisomerase II inhibitory activity, water solubility, cytotoxic
activity, drug resistance profile, and antitumor spectra of
this class of compounds might be achieved through rational
modification at C-4 position (Bromberg et al., 2003).

With the aim to improve the therapeutic efficacy and reduce
the toxic side effects of podophyllotoxin in the treatment of
cancer, we have designed a group of biotin-podophyllotoxin
(Bio-PT) conjugates by covalently linking a biotin residue to
podophyllotoxin. Such Bio-PT conjugates are anticipated to be
taken up by cells through receptor-mediated endocytosis and
selective delivery of these conjugates to cancer cells may be
achieved due to a higher level of biotion receptors expressed
on cancer cells. Here we report the synthesis of 14 biotinylated
podophyllotoxin derivatives and their anticancer activity against
various cancer cell lines. The compound with the highest
anticancer activity was further studied to reveal the anticancer
mechanisms and its antitumor effect was evaluated through in
vivo studies as well.

MATERIALS AND METHODS

General Information
All cancer cells were obtained from a Shanghai cell bank
in China. All reagents were commercially available and were
used without further purification unless otherwise indicated.
Podophyllotoxin was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd (Shanghai, China). Anhydrous solvents
were obtained by distillation from the indicated systems
immediately prior to use: dichloromethane from calcium hydride
and tetrahydrofuran from sodium. Uncorrected melting points
were measured on a Beijing Taike XT-4. Electrospray ionization
mass spectrometry (ESI-MS) data were acquired on API Qstar
Pulsar instrument; High resolution electrospray ionization mass
spectrometry (HRESI-MS) data were obtained on LCMS-IT-
TOF (Shimadzu, Kyoto, Japan); All NMR spectra were recorded
with Bruker AV-400 or DRX-500 or Bruker AVANCE III-600
(Bruker BioSpin GmbH, Rheinstetten, Germany) instruments,
with tetramethylsilane (TMS) as an internal standard: chemical
shifts (δ) are given in ppm and coupling constants (J) in Hz.
Column chromatography (CC) are carried out using silica gel
(200–300 mesh; Qingdao Makall Group CO., LTD; Qingdao;
China). All reactions were monitored by analytical thin-layer
chromatography (TLC), which was visualized by ultraviolet light
(254 nm) and/or 10% phosphomolybdic acid/EtOH.

Synthesis
General Procedure for the Preparation of Biotinylated

Podophyllotoxin Derivatives 13–26
N,N′-diisopropylcarbodiimide (DIC, 0.6 mmol) and 4-
dimethylaminopyridine (DMAP, 0.2 mmol) were added to
a solution of biotin or 6-biotinylaminocaproic acid (0.2
mmol), podophyllotoxin or its derivative (0.2 mmol) in N,
N-dimethylformamide (DMF, 2.5mL). The reaction mixture was
stirred at room temperature for 24 h under N2. Solvents were
removed under reduced pressure. The residue was purified by
chromatography over silica gel (CHCl3/CH3OH = 9:1) to afford
the desired product.
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FIGURE 1 | Structure of Podophyllotoxin (1), Etoposide (2), Biotin (3), and 6-biotinylaminocaproic acid (4).

4α-(biotin)-4-deoxypodophyllotoxin 13
White amorphous powder, yield 64%; m.p. 210–215◦C; [α]26.2D :
+34.6 (c 0.13, DMSO); 1H-NMR (C2D6SO, 500 MHz) δ 6.83 (s,
1H, C5-H), 6.60 (s, 1H, C8-H), 6.52 (s, 2H, C2′ , C6′-H), 6.01–5.98
(m, 2H, OCH2O), 5.67 (d, 1H, J = 6.0Hz, C4-H), 4.46–4.42 (m,
1H), 4.29 (d, 1H, J = 4.5Hz, C1-H), 4.27–4.23 (m, 2H), 4.10–4.04
(m, 1H), 3.70 (s, 6H, C3′ , C5′-OCH3), 3.62 (s, 3H, C4′-OCH3),
3.05–3.01 (m, 1H), 2.79 (dd, 1H, J = 4.5Hz, 11.5Hz, C2-H), 2.57–
2.54 (m, 2H), 2.43–2.40 (m, 1H, C3-H), 2.16 (t, 2H, J = 9.0Hz,
C8′′′-CH2), 1.58–1.52 (m, 2H), 1.42–4.40 (m, 2H), 1.26–1.21 (m,
2H); 13C-NMR (C2D6SO, 100 MHz) δ 177.5 (C-12), 172.6 (C-
7′′′), 162.8 (C-16′′′), 152.7 (C-3′, C-5′), 147.5 (C-7), 146.3 (C-6),
138.4 (C-1′), 136.0 (C-4′), 132.4 (C-9), 126.8 (C-10), 109.2 (C-5),
108.2 (C-8), 105.6 (C-2′, C-6′), 101.3 (OCH2O), 72.1 (C-11), 70.5
(C-4), 61.0 (C-13′′′), 60.0 (C-14′′′), 59.2 (4′-OCH3), 55.9 (3′, 5′-
OCH3), 55.3 (C-12′′′), 43.6 (C-2), 43.5 (C-1), 40.1 (C-15′′′), 38.9
(C-3), 33.4 (C-8′′′), 28.0, 27.9, 24.4; ESIMS: m/z 641 [M + H]
+, HRESIMS: calcd for C32H36N2O10SH [M + H]+ 641.2138,
found 641.2163.

4α-(6-biotinylaminocaproic
acid)-4-deoxypodophyllotoxin 14
White amorphous powder, yield 54%; m.p. 147–149◦C; [α]26.0D :
−14.6 (c 0.10, Pyridine); 1H-NMR (CDCl3, 400 MHz) δ 6.72
(s, 1H, C5-H), 6.50 (s, 1H, C8-H), 6.35 (s, 2H, C2′ , C6′-H), 5.96
(d, 2H, J = 4.0Hz, OCH2O), 5.85 (d, 1H, J = 9.2Hz, C4-H),
4.57 (d, 1H, J = 4.0Hz, C1-H), 4.50–4.48 (m, 1H), 4.34–4.27 (m,
2H), 4.17 (t, 1H, J = 9.6Hz), 3.77 (s, 3H, C4′-OCH3), 3.73 (s,
6H, C3′ , C5′-OCH3), 3.19–3.12 (m, 2H, C12′′′-H, C3-H), 2.94–
2.89 (m, 1H, C2-H), 2.88–2.84 (m, 2H), 2.79–2.69 (m, 2H), 2.40
(t, 2H, J = 7.2Hz, C2′′′-H), 2.18 (t, 2H, J = 6.8Hz, C8′′′-CH2),
1.68–1.64 (m, 4H), 1.51–1.49 (m, 2H), 1.40–1.35 (m, 2H), 1.31–
1.29 (m, 2H), 1.18–1.17 (m, 2H); 13C-NMR (CDCl3, 100 MHz)
δ 174.1 (C-12), 173.8 (C-1′′′), 173.5 (C-7′′′), 164.1 (C-16′′′), 152.5
(C-3′, C-5′), 148.1 (C-7), 147.5 (C-6), 136.9 (C-1′), 134.9 (C-4′),
132.2 (C-9), 128.3 (C-10), 109.7 (C-5), 108.0 (C-2’, C-6’), 106.9
(C-8), 101.6 (OCH2O), 73.4 (C-11), 71.3 (C-4), 61.8 (C-13′′′),
60.7 (4′-OCH3), 60.3 (C-14′′′), 56.1 (3′, 5′-OCH3), 55.7 (C-12′′′),
45.4 (C-2), 43.6 (C-1), 40.5, 39.2, 38.7, 35.8, 34.1, 29.2, 28.2, 28.0,

26.4, 25.3, 24.5; ESIMS:m/z 789 [M+ Cl]−, HRESIMS: calcd for
C38H47N3O11SCl [M+ Cl]− 789.2625, found 789.2625.

4β-(biotin)-4-deoxypodophyllotoxin 15
White amorphous powder, yield 65%; m.p. 110–112◦C; [α]26.9D :
−51.6 (c 0.21, CHCl3); 1H-NMR (CDCl3, 400MHz) δ 6.86 (s, 1H,
C5-H), 6.54 (s, 1H, C8-H), 6.26 (s, 2H, C2′ , C6′-H), 6.14 (d, 1H,
J = 3.2Hz, C4-H), 5.98–5.96 (m, 2H, OCH2O), 4.66 (d, 1H, J =
4.8Hz, C1-H), 4.52–4.49 (m, 1H), 4.36–4.28 (m, 2H), 3.88 (t, 1H,
J = 8.8Hz), 3.79 (s, 6H, C3′ , C5′-OCH3), 3.73 (s, 3H, C4′-OCH3),
3.24 (dd, 1H, J = 5.2Hz, 14.4Hz), 3.15–3.10 (m, 1H), 2.99–2.96
(m, 1H), 2.89 (dd, 1H, J = 4.8Hz, 12.8Hz, C2-H), 2.75–2.71 (m,
2H), 2.38 (t, 2H, J = 7.2Hz, C8′′′-CH2), 1.71–1.66 (m, 4H), 1.45–
1.43 (m, 2H); 13C-NMR (CDCl3, 100 MHz) δ 174.2 (C-12), 173.3
(C-7′′′), 163.7 (C-16′′′), 152.6 (C-3′, C-5′), 148.8 (C-7), 147.4 (C-
6), 137.2 (C-1′), 134.6 (C-4′), 132.9 (C-9), 127.8 (C-10), 110.2 (C-
5), 109.5 (C-8), 108.0 (C-2′, C-6′), 101.7 (OCH2O), 68.0 (C-11),
67.5 (C-4), 62.1 (C-13′′′), 60.7 (4′-OCH3), 60.3 (C-14′′′), 56.2 (3′,
5′-OCH3), 55.4 (C-12′′′), 43.8 (C-2), 41.5 (C-1), 40.4, 36.7, 34.0,
28.4, 28.1, 24.7; ESIMS:m/z 663 [M+Na]+, HRESIMS: calcd for
C32H36N2O10SNa [M+ Na]+ 663.1983, found 663.1980.

4β-(biotin)-4-deoxy-4′-
demethylpodophyllotoxin 16
White amorphous powder, yield 59%; m.p. 153–159◦C; [α]26.4D :
−69.8 (c 0.17, Pyridine); 1H-NMR (C5D5N, 500 MHz) δ 7.64
(s, 1H, C5-H), 7.50 (s, 1H, C8-H), 7.24 (s, 2H, C2′ , C6′-H), 6.82
(d, 1H, J = 3.2Hz, C4-H), 6.02–6.00 (m, 2H, OCH2O), 4.89 (d,
1H, J = 5.3Hz, C1-H), 4.69 (t, 1H, J = 2.3Hz), 4.54 (t, 1H, J =
2.1Hz), 4.40–4.37 (m, 1H), 3.85–3.84 (m, 1H), 3.71 (s, 6H, C3′ ,
C5′-OCH3), 3.22–3.19 (m, 2H), 3.92 (dd, 1H, J = 5.0Hz, 10.0Hz,
C2-H), 2.89–2.86 (m, 2H), 2.63 (t, 2H, J = 7.3Hz, C8′′′-CH2),
1.77–1.74 (m, 2H), 1.61–1.57 (m, 2H), 1.28–1.26 (m, 2H); 13C-
NMR (C5D5N, 125 MHz) δ 175.7 (C-12), 171.3 (C-7′′′), 164.3
(C-16′′′), 152.3 (C-3′, C-5′), 148.4 (C-7), 147.7 (C-6), 139.5 (C-
1′), 136.1 (C-4′), 134.4 (C-9), 132.0 (C-10), 110.6 (C-5), 110.4
(C-8), 108.5 (C-2′, C-6

′

), 101.9 (OCH2O), 68.4 (C-11), 66.3 (C-
4), 62.5 (C-13′′′), 60.6 (C-14′′′), 56.3 (3′, 5′-OCH3), 56.2 (C-12′′′),
44.7 (C-2), 41.1 (C-1), 41.0, 39.7, 33.9, 29.1, 28.8, 25.4; ESIMS:
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m/z 661 [M+ Cl]−, HRESIMS: calcd for C31H34N2O10SH [M+

H]+ 627.2007, found 627.1978.

4β-(6-biotinylaminocaproic
acid)-4-deoxypodophyllotoxin 17
White amorphous powder, yield 57%; m.p. 101–102◦C; [α]27.0D :
−41.9 (c 0.13, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 6.84 (s,
1H, C5-H), 6.54 (s, 1H, C8-H), 6.26 (s, 2H, C2′ , C6′-H), 6.14 (d,
2H, J = 3.2Hz, C4-H), 5.99–5.98 (m, 2H, OCH2O), 4.66 (d, 1H,
J = 4.8Hz, C1-H), 4.52–4.50 (m, 1H), 4.36–4.32 (m, 2H), 3.87
(t, 1H, J = 8.8Hz), 3.79 (s, 6H, C3′ , C5′-OCH3), 3.73 (s, 3H,
C4′-OCH3), 3.25–3.20 (m, 2H), 3.16–3.10 (m, 1H), 3.01–2.96 (m,
1H, C3-H), 2.89 (dd, 1H, J = 4.8Hz, 12.8Hz, C2-H), 2.76–2.73
(m, 2H), 2.36 (t, 2H, J = 8.0Hz, C2′′′-CH2), 2.25 (t, 2H, J =

6.4Hz, C8′′′-CH2), 1.68–1.63 (m, 6H), 1.53–1.50 (m, 2H), 1.44–
1.41 (m, 2H), 1.35–1.33 (m, 2H); 13C-NMR (CDCl3, 100 MHz)
δ 174.3 (C-12), 173.7 (C-1′′′), 173.3 (C-7′′′), 163.9 (C-16′′′), 152.6
(C-3′, C-5′), 148.9 (C-7), 147.4 (C-6), 137.2 (C-1′), 134.6 (C-4′),
132.8 (C-9), 127.8 (C-10), 110.2 (C-5), 109.5 (C-8), 108.0 (C-2′,
C-6′), 101.7 (OCH2O), 67.9 (C-11), 67.5 (C-4), 61.9 (C-13′′′),
60.7 (4′-OCH3), 60.4 (C-14′′′), 56.2 (3′, 5′-OCH3), 55.6 (C-12′′′),
43.7 (C-2), 41.5 (C-1), 40.5, 39.3, 36.7, 35.7, 34.1, 29.1, 28.0, 27.9,
26.4, 25.7, 24.5; ESIMS:m/z 788 [M+ Cl]−, HRESIMS: calcd for
C38H47N3O11SCl [M+ Cl]− 788.2625, found 788.2627.

4β-(6-biotinylaminocaproic acid)-4-deoxy-
4

′

-demethylpodophyllotoxin 18
White amorphous powder, yield 67%; m.p. 117◦C; [α]25.9D : −6.4
(c 0.11, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 6.88 (s, 1H, C5-
H), 6.50 (s, 1H, C8-H), 6.29 (s, 2H, C2′ , C6′-H), 5.96–5.94 (m,
2H, OCH2O), 4.79 (d, 1H, J = 3.2Hz, C4-H), 4.60 (d, 1H, J
= 5.2Hz, C1-H), 4.49–4.46 (m, 1H), 4.36–4.32 (m, 2H), 4.30–
4.27 (m, 1H), 3.65 (s, 6H, C3′ , C5′-OCH3), 3.30–3.28 (m, 1H),
3.22–3.18 (m, 2H), 3.14–3.10 (m, 1H), 2.86 (dd, 1H, J = 5.2Hz,
12.8Hz, C2-H), 2.79–2.76 (m, 1H), 2.72–2.69 (m, 1H), 2.56 (t,
2H, J = 6.8Hz, C2′′′-CH2), 2.35–2.32 (m, 4H), 2.14 (t, 2H, J =
6.8Hz, C8′′′-CH2), 1.75–1.70 (m, 2H), 1.66–1.60 (m, 2H), 1.53–
1.50 (m, 2H), 1.43–1.36 (m, 2H); 13C-NMR (CDCl3, 150 MHz)
δ 175.8 (C-12), 173.8 (C-1′′′), 171.9 (C-7′′′), 163.9 (C-16′′′), 151.5
(C-3

′

, C-5′), 148.4 (C-7), 147.5 (C-6), 138.2 (C-9), 132.3 (C-10),
131.5 (C-4′), 127.7 (C-1′), 110.4 (C-5), 109.6 (C-8), 107.7 (C-2′,
C-6′), 101.7 (OCH2O), 68.1 (C-11), 66.3 (C-4), 62.1 (C-13′′′), 60.5
(C-14′′′), 56.3 (3′, 5′-OCH3), 55.6 (C-12′′′), 44.1 (C-2), 40.7 (C-1),
40.5, 39.4, 38.6, 35.8, 33.7, 29.0, 28.3, 28.1, 26.2, 25.6, 24.6; ESIMS:
m/z 738 [M – H]−, HRESIMS: calcd for C37H45N3O11SH [M +

H]+ 740.2848, found 740.2809.

4β-amino-(biotin)-4-
deoxypodophyllotoxin 19
White amorphous powder, yield 62%; m.p. 120◦C; [α]26.3D :
+35.3(c 0.22, pyridine); 1H-NMR (C5D5N, 500 MHz) δ 6.90 (s,
1H, C5-H), 6.70 (s, 2H, C2′ , C6′-H), 6.67 (s, 1H, C8-H), 5.96–5.93
(m, 2H, OCH2O), 4.84 (s, 1H, C4-H), 4.58 (d, 1H, J = 6.0Hz,
C1-H), 4.56–4.54 (m, 2H), 4.37–4.34 (m, 1H), 4.32–4.28 (m, 1H),
3.90 (s, 3H, C4′-OCH3), 3.69 (s, 6H, C3′ , C5′-OCH3), 3.39 (t,
1H, J = 9.0Hz), 3.17–3.12 (m, 1H, C3-H), 2.91 (dd, 1H, J =

6.0Hz, 12.0Hz, C2-H), 2.86–2.83 (m, 2H), 2.15 (t, 2H, J = 9.0Hz,
C8′′′-CH2), 1.79–1.72 (m, 2H), 1.46–1.42 (m, 2H), 1.40–1.37 (m,
2H); 13C-NMR (C5D5N, 125 MHz) δ 178.1 (C-12), 173.2 (C-
7′′′), 164.2 (C-16′′′), 154.2 (C-3′, C-5′), 148.0 (C-7), 146.5 (C-6),
141.3 (C-1′), 136.4 (C-4′), 129.5 (C-9), 124.1 (C-10), 112.2 (C-
5), 107.2 (C-8), 107.2 (C-2′, C-6′), 101.7 (OCH2O), 64.2 (C-11),
62.5 (C-4), 60.7 (C-13′′′), 60.6 (4′-OCH3), 56.8 (C-14′′′), 56.4 (3′,
5′-OCH3), 56.3 (C-12′′′), 51.7 (C-2), 47.2 (C-1), 42.9, 41.1, 34.1,
29.0 (2), 25.3; ESIMS: m/z 662 [M + Na]+, HRESIMS: calcd for
C32H37N3O9SNa [M+ Na]+ 662.2143, found 662.2145.

4β-amino-(biotin)-4-deoxy-4
′

-
demethylpodophyllotoxin 20
White amorphous powder, yield 41%; m.p. 153◦C; [α]26.0D : −22.6
(c 0.10, CHCl3); 1H-NMR (CDCl3, 600 MHz) δ 6.82 (s, 1H, C5-
H), 6.51 (s, 1H, C8-H), 6.44 (s, 2H, C2′ , C6′-H), 5.98–5.94 (m,
2H, OCH2O), 5.62 (s, 1H, C4-H), 4.57 (d, 1H, J = 4.2Hz, C1-H),
4.47–4.45 (m, 1H), 4.41 (t, 1H, J = 7.8Hz), 4.28–4.26 (m, 1H),
4.16 (t, 1H, J = 9.6Hz), 3.77 (s, 6H, C3′ , C5′-OCH3), 3.14–3.10
(m, 1H), 2.90–2.86 (m, 2H), 2.75–2.70 (m, 1H, C3-H), 2.65–2.63
(m, 1H), 2.29–2.20 (m, 2H), 1.74–1.69 (m, 2H), 1.56–1.50 (m,
2H), 1.43–1.38 (m, 2H); 13C-NMR (CDCl3, 150MHz) δ 175.0 (C-
12), 174.2 (C-7′′′), 164.5 (C-16′′′), 147.7 (C-7), 147.7 (C-6), 146.6
(C-3′, C-5′), 134.7 (C-1′), 132.0 (C-4′), 131.6 (C-9), 130.7 (C-
10), 110.4 (C-5), 109.2 (C-2′, C-6′), 106.6 (C-8), 101.7 (OCH2O),
71.8 (C-11), 69.7 (C-4), 61.9 (C-13′′′), 60.4 (C-14′′′), 57.1 (3′,
5′-OCH3), 56.1 (C-12′′′), 46.3 (C-2), 43.9 (C-1), 40.8 39.5, 36.0,
28.5, 28.4, 25.9; ESIMS:m/z 660 [M+ Cl]−, HRESIMS: calcd for
C31H35N3O9SH [M+H]+ 626.2167, found 626.2145.

4β-amino-(6-biotinylaminocaproic
acid)-4-deoxypodophyllotoxin 21
White amorphous powder, yield 46%; m.p. 100◦C; [α]27.1D : +58.3
(c 0.12, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 7.48 (s, 1H, NH),
6.66 (s, 1H, C5-H), 6.46 (s, 1H, C8-H), 6.29 (s, 2H, C2′ , C6′-
H), 5.94–5.90 (m, 2H, OCH2O), 4.50 (s, 1H, C4-H), 4.34–4.32
(m, 2H), 4.19–4.17 (m, 2H), 4.09–4.05 (m, 1H), 3.81 (s, 3H, C4′-
OCH3), 3.76 (s, 6H, C3′ , C5′-OCH3), 3.19–3.13 (m, 4H), 2.87–
2.85 (m, 2H), 2.75–2.72 (m, 1H), 2.52–2.50 (m, 2H, C2′′′-CH2),
2.24–2.23 (m, 6H), 1.69–1.64 (m, 2H), 1.51–1.48 (m, 2H), 1.45–
1.42 (m, 2H), 1.29–1.24 (m, 2H); 13C-NMR (CDCl3, 100 MHz)
δ 178.2 (C-12), 173.8 (C-1′′′), 173.4 (C-7′′′), 164.1 (C-16′′′), 153.2
(C-3′, C-5′), 147.6 (C-7), 146.0 (C-6), 140.0 (C-1′), 136.7 (C-4′),
134.2 (C-9), 128.4 (C-10), 111.8 (C-5), 106.7 (C-8), 105.8 (C-2′,
C-6′), 101.2 (OCH2O), 63.4 (C-11), 61.9 (C-4), 60.8 (4′-OCH3),
60.4 (C-13′′′), 56.6 (C-14′′′), 56.2 (3′, 5′-OCH3), 55.6 (C-12′′′),
50.9 (C-2), 46.2 (C-1), 42.1, 40.5, 39.3, 35.6, 33.8, 28.9, 28.0, 27.9,
26.2, 25.7, 24.4; ESIMS:m/z 775 [M+Na]+, HRESIMS: calcd for
C38H48N4O10SNa [M+ Na]+ 753.3164, found 753.3154.

4β-amino-(6-biotinylaminocaproic acid)-4-
deoxy-4′-demethylpodophyllotoxin 22
White amorphous powder, yield 64%; m.p. 100◦C; [α]26.2D : +15.1
(c 0.24, DMSO); 1H-NMR (C2D6SO, 500 MHz) δ 8.28 (s, 1H,
NH), 7.78 (s, 1H, NH), 6.83 (s, 1H, C5-H), 6.45 (s, 1H, C8-H), 6.38
(s, 2H, C2′ , C6′-H), 5.97–5.92 (m, 2H, OCH2O), 4.28 (d, 1H, J =
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5.0Hz, C4-H), 4.26 (d, 1H, J = 5.0Hz, C1-H), 4.24 (s, 1H), 4.16
(s, 1H), 4.11–4.09 (m, 2H), 3.64 (s, 6H, C3′ , C5′-OCH3), 3.30–3.27
(m, 2H), 3.09–3.05 (m, 1H, C3-H), 3.02–2.99 (m, 2H), 2.78 (dd,
1H, J = 5.0Hz, 12.0Hz, C2-H), 2.54–2.50 (m, 3H), 2.02 (t, 2H, J
= 7.5Hz, C8′′′-CH2), 1.61–1.58 (m, 4H), 1.50–1.44 (m, 2H), 1.42–
1.38 (m, 2H), 1.35–1.30 (m, 2H), 1.27–1.24 (m, 2H); 13C-NMR
(C2D6SO, 125 MHz) δ 177.2 (C-12), 171.9 (C-1′′′), 170.8 (C-7′′′),
162.7 (C-16′′′), 151.4 (C-3′, C-5′), 146.6 (C-7), 145.2 (C-6), 143.4
(C-1′), 136.1 (C-4′), 128.4 (C-9), 126.7 (C-10), 111.1 (C-5), 106.9
(C-8), 105.4 (C-2′, C-6′), 100.9 (OCH2O), 61.1 (C-4), 60.6 (C-11),
59.2 (C-13′′′), 55.9 (3′, 5′-OCH3), 55.4 (C-14′′′), 54.9 (C-12′′′),
50.1 (C-2), 45.6 (C-1), 44.8, 40.0, 38.2, 35.2, 33.0, 28.8, 28.2, 28.0,
25.6, 25.3, 24.3; ESIMS:m/z 761 [M+Na]+, HRESIMS: calcd for
C37H46N4O10SH [M+ Na]+ 761.2827, found 761.2829.

4β-{[4-hydroxymethyl-(biotin)-1,2,3-triazol-
1-yl]}-4-deoxypodophyllotoxin 23
White amorphous powder, yield 39%; m.p. 110◦C; [α]27.1D : −21.6
(c 0.16, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 7.39 (s, 1H, C5′′-
H), 6.65 (s, 1H, C5-H), 6.62 (s, 1H, C8-H), 6.32 (s, 2H, C2’, C6′-H),
6.10–6.00 (m, 3H, OCH2O, C4-H), 5.21–5.13 (m, 2H, C6′′-CH2),
4.76 (d, 1H, J = 4.0Hz, C1-H), 4.52–4.51 (m, 1H), 4.40–4.26 (m,
3H), 3.80 (s, 3H, C4′-OCH3), 3.76 (s, 6H, C3′ , C5′-OCH3), 3.22–
3.13 (m, 3H), 2.92–2.89 (m, 1H), 2.77–2.73 (m, 1H), 2.36 (t, 2H, J
= 6.0Hz, C8′′′-CH2), 1.86–1.83 (m, 2H), 1.66–1.63 (m, 2H), 1.42–
1.40 (m, 2H); 13C-NMR (CDCl3, 100 MHz) δ 173.6 (C-12), 173.6
(C-7′′′), 152.7 (C-3′, C-5′), 149.4 (C-7), 148.0 (C-6), 142.9 (C-4′′),
137.4 (C-1′), 134.3 (C-4′), 133.2 (C-9), 124.5 (C-10), 124.3 (C-
5′′), 110.5 (C-5), 108.8 (C-8), 108.1 (C-2′, C-6′), 102.0 (OCH2O),
67.4 (C-11), 62.0 (C-4), 60.7 (4′-OCH3), 60.3 (C-13′′′), 58.7 (C-
14′′′), 57.3 (C6′′-CH2), 56.3 (3′, 5′-OCH3), 55.4 (C-12′′′), 43.6
(C-2), 41.5 (C-1), 40.4 37.1, 33.6, 28.1, 25.6, 24.6; ESIMS:m/z 744
[M + Na]+, HRESIMS: calcd for C35H39N5O10SNa [M + Na]+

744.2310, found 744.2356.

4β-{[4-hydroxymethyl-
(6-biotinylaminocaproic acid)-1,2,3-triazol-
1-yl]}-4-deoxy-4′-
demethylpodophyllotoxin 24
White amorphous powder, yield 60%; m.p. 104◦C; [α]26.3D : −60.3
(c 0.19, Pyridine); 1H-NMR (CDCl3, 400MHz) δ 7.74 (s, 1H, C5′′-
H), 6.57 (s, 1H, C5-H), 6.45 (s, 2H, C2′ , C6′-H), 6.20 (s, 1H, C8-H),
5.93–5.84 (m, 3H, OCH2O, C4-H), 5.23–5.15 (m, 2H, C6′′-CH2),
4.65 (d, 1H, J = 4.0Hz, C1-H), 4.46–4.44 (m, 1H), 4.22–4.16
(m, 2H), 4.11 (t, 1H, J = 9.2Hz), 3.79 (s, 6H, C3′ , C5′-OCH3),
3.30–3.25 (m, 1H), 3.03–2.99 (m, 3H), 2.79 (dd, 1H, J = 4.0Hz,
10.0Hz, C2-H), 2.32 (t, 2H, J = 6.8Hz, C8′′′-CH2), 1.65–1.55 (m,
4H), 1.35–1.33 (m, 2H); 13C-NMR (CDCl3, 100 MHz) δ 173.6
(C-12), 173.5 (C-7′′′), 148.5 (C-7), 147.9 (C-6), 146.8 (C-3′, C-
5′), 143.4 (C-4′′), 134.1 (C-1′), 132.5 (C-4′), 129.9 (C-9), 126.6
(C-10), 123.1 (C-5′′), 110.2 (C-5), 107.5 (C-2′, C-6′), 106.2 (C-
8), 101.8 (OCH2O), 70.1 (C-11), 63.1 (C-4), 62.1 (C-13′′′), 60.2
(C-14′′′), 57.3 (C6′′-CH2), 56.3 (3′, 5′-OCH3), 55.4 (C-12′′′), 45.8
(C-2), 43.6 (C-1), 40.2 38.7, 33.5, 28.2, 28.1, 24.5; ESIMS:m/z 730
[M + Na]+, HRESIMS: calcd for C34H37N5O10SH [M + H]+

708.2334, found 708.2302.

4β-{[4-hydroxymethyl-
(6-biotinylaminocaproic acid)-1,2,3-triazol-
1-yl]}-4-deoxypodophyllotoxin 25
White amorphous powder, yield 47%; m.p. 101◦C; [α]27.2D : −25.4
(c 0.24, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 7.41 (s, 1H, C5′′-
H), 6.62 (s, 1H, C5-H), 6.60 (s, 1H, C8-H), 6.30 (s, 2H, C2′ , C6′-H),
6.11 (d, 1H, J = 3.2Hz, C4-H), 6.00 (d, 2H, J = 4.8Hz, OCH2O),
5.15 (s, 2H, C6′′-CH2), 4.75 (d, 1H, J = 4.8Hz, C1-H), 4.52–4.49
(m, 1H), 4.38–4.31 (m, 3H), 3.79 (s, 3H, C4′-OCH3), 3.75 (s, 6H,
C3′ , C5′-OCH3), 3.20–3.13 (m, 5H), 2.89–2.86 (m, 1H), 2.74–2.71
(m, 1H), 2.32 (t, 2H, J = 7.2Hz, C2′′′-CH2), 2.22 (t, 2H, J =

6.4Hz, C8′′′-CH2), 1.66–1.58 (m, 6H), 1.49–1.46 (m, 2H), 1.42–
1.40 (m, 2H), 1.30–1.28 (m, 2H); 13C-NMR (CDCl3, 100 MHz)
δ 173.7 (C-12), 173.5 (C-1′′′), 173.3 (C-7′′′), 164.0 (C-16′′′), 152.7
(C-3′, C-5′), 149.4 (C-7), 148.0 (C-6), 142.9 (C-4′′), 137.4 (C-1′),
134.3 (C-4′), 133.2 (C-9), 124.4 (C-10), 124.3 (C-5′′), 110.5 (C-5),
108.8 (C-8), 108.1 (C-′, C-6′), 102.0 (OCH2O), 67.4 (C-11), 61.8
(C-4), 60.7 (4′-OCH3), 60.3 (C-13′′′), 58.7 (C-14′′′), 57.2 (C6′′-
CH2), 56.3 (3′, 5′-OCH3), 55.6 (C-12′′′), 43.6 (C-2), 41.5 (C-1),
40.5 39.2, 37.1, 35.7, 33.8, 28.9, 28.1, 27.9, 26.1, 25.7, 24.3; ESIMS:
m/z 857 [M+Na]+, HRESIMS: calcd for C41H50N6O11SH [M+

H]+ 835.3331, found 835.3338.

4β-{[4-hydroxymethyl-(6-
biotinylaminocaproic
acid)-1,2,3-triazol-1-yl]}-4-deoxy-4′-
demethylpodophyllotoxin 26
White amorphous powder, yield 58%; m.p. 119◦C; [α]27.1D :−9.6 (c
0.16, CHCl3); 1H-NMR (CDCl3, 400 MHz) δ 7.36 (s, 1H, C5′′-H),
6.60 (s, 1H, C5-H), 6.59 (s, 1H, C8-H), 6.33 (s, 2H, C2’, C6′-H),
6.10 (d, 1H, J = 4.0Hz, C4-H), 5.99–5.96 (m, 2H, OCH2O), 4.75
(s, 1H, C1-H), 4.68 (s, 2H, C6′′-CH2), 4.49–4.46 (m, 1H), 4.37–
4.36 (m, 1H), 4.30–4.27 (m, 2H), 3.67 (s, 6H, C3′ , C5′-OCH3),
3.20–3.10 (m, 6H), 2.85 (dd,1H, J = 4.8Hz, 12.2Hz, C2-H), 2.64
(m, 2H, J = 7.2Hz, C2′′′-CH2), 2.56 (t, 2H, J = 6.8Hz, C8′′′-CH2),
1.73–1.68 (m, 2H), 1.66–1.58 (m, 4H), 1.53–1.50 (m, 2H), 1.45–
1.35 (m, 4H); 13C-NMR (CDCl3, 125 MHz) δ 174.0 (C-12), 173.6
(C-1′′′), 171.7 (C-7′′′), 164.0 (C-16′′′), 151.6 (C-3′, C-5′), 149.4
(C-7), 148.1 (C-6), 148.0 (C-4′′), 137.2 (C-1′), 132.8 (C-4’), 128.0
(C-9), 124.7 (C-10), 122.9 (C-5

′′

), 110.5 (C-5), 108.9 (C-8), 107.6
(C-2′, C-6′), 102.0 (OCH2O), 67.5 (C-11), 62.1 (C-4), 60.4 (C-
13′′′), 58.7 (C-14′′′), 56.1 (3′, 5′-OCH3), 55.6 (C6′′-CH2), 55.4 (C-
12′′′), 43.6 (C-2), 41.4 (C-1), 40.1, 39.3, 37.0, 35.4, 33.5, 28.7, 28.1,
27.8, 26.0, 25.5, 24.4; ESIMS: m/z 843 [M + Na]+, HRESIMS:
calcd for C40H48N6O11SH [M+H]+ 821.3175, found 821.3195.

Biology Assay
Cell Culture
All cell lines used in this study were cultured in DMEM or RMPI-
1640medium (Hyclone, Logan, UT, USA) which is supplemented
with 50 mg/L of streptomycin, 50 IU/ml of penicillin (Solarbio,
Beijing, China) and 10% fetal bovine serum (HyClone, CA,
USA) in a humidified 5% CO2 incubator at 37◦C. All cells were
sub-cultured 3 times/week by trypsinisation.
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SCHEME 1 | The synthesis of podophyllotoxin derivatives (5–12). Reagents and reaction condition: (a) MeSO3H, NaI, CH3CN/CH2Cl2; then, H2O-Acetone, BaCO3,

rt. 90–92%; (b) NaN3-TFA, CHCl3, 67–70%; (c) PPh3, THF, then H2O, 72–75%; (d) copper (II) acetate, propargyl alcohol, sodium ascorbate, t-BuOH-H2O, THF,

rt. 85–89%.

Cell Viability Assay
Cell viability was evaluated by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, in each well
of a 96-well cell culture plate adherent cells (100 µL) with an
initial density of 1 × 105 cells/mL were seeded and allowed
to adhere for 12 h before a test drug was added. In contrast,
suspended cells with the same initial density were seeded just
before drug addition. Each tumor cell line was exposed to the
test compound at various concentrations in triplicate for 48 h.
After the incubation, MTT (100 µg) was added to each well,
and the incubation continued at 37◦C for 4 h. The cells were
lysed with SDS (200 µL) after the removal of the medium.
The absorbance of the lysate was measured at 595 nm by
spectrophotometry (microtiter plate reader, Bio-Rad 680). Dose
response curves of cell viability were plotted and the IC50

values of test compounds at which 50% reduction in cell growth
were determined.

Cell Apoptosis Assay
The Annexin V/propidium iodide (PI) detection kit (BD
Biosciences, PA, USA) was employed to quantify apoptosis using
flow cytometry. H1299 and H1975 cells were seeded in each well
of a 12-well plate at 2.5× 105 cells/well. After incubation for 24 h,
the cells were treated with compound 15 at 0.5, 1 and 2µM or
PPT (1µM) for 24 h. Then, the cells were collected and binding

buffer (100 µL), FITC annexinV (5 µL), and propidium iodide
(PI, 10 µL) (eBioscience, San Diego, CA, USA) were added to the
cell suspension. The cells were gently vortexed and incubated at
room temperature in the dark for 15min before measurement by
flow cytometry (BD FACSCaliburTM) within 1 h.

Western Blotting Analysis
H1299 and H1975 cell lines were treated with compound 15

at different concentrations in 6-well plates, and then the cells
were collected and lysed with lysis buffer. After sonication cells
were centrifuged at 14,000 rpm at 4◦C for 10min, and total
protein was extracted and detected using a bicinchoninc acid
(BCA) assay kit. The samples were then separated by 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and then the
protein was transferred to nitrocellulose (NC) membranes. The
membranes were probed for the following proteins with primary
antibodies at 4◦C overnight: caspase-3, cleaved caspase-3, PARP,
cleaved PARP, GRP78, CHOP, XBP-1, XBP-1s, and Actin. After
washing the membranes with PBST (× 1), the HRP-conjugated
secondary antibodies were added and incubated for 1 h at room
temperature. The membranes were then washed and the HRP

was detected using Luminata
TM

Forte Western HRP Substrate
reagent. The bands of interest were visualized and imaged
under chemiluminescent detection using a FluorChem E System
(ProteinSimple, San Jose, CA, USA).
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SCHEME 2 | The synthesis of biotinylated podophyllotoxin derivatives (13–26). Reagents and reaction condition: (a) DIC, DMAP, DMF, N2, rt. 39–65%.

Gene Expression Assay
H1299 cells were cultured in 12-well plated at 2.5 × 105 cell/well
in the presence of compound 15 (0.5, 1, and 2µM) for 24 h.
Total RNAs present in the cultured cells were extracted using

the TransZol
TM

Up Reagent (TransGen Biotech, Beijing, China).
Gene expression was detected via quantitative real-time PCR

(qRT-PCR) and SYBR R© Premix EX Taq
TM

II (TaKaRa Bio, Otsu,
Japan) was used to perform the analysis.

Animal Studies
All animal studies were conducted in accordance to procedures
approved by the Animal Care and Use Committee at China
Pharmaceutical University (Jiangsu, China). Forty icr male
mice (10–20 g) were provided from the Comparative Medicine
Centre of Yangzhou University (Jiangsu, China) and were
housed in an SPE animal facility. S180 cancer cells were
injected subcutaneously into the right axillaries of icr male
mice (4.5–5.0 × 106 cells/spot). The mice were divided
randomly into five groups: model; positive control; low-
dose; medium-dose; high-dose. All mice of the therapeutic
groups were injected intraperitoneally (i.p.) every day,
and all mice in the positive control group were injected
intravenously (i.v.) on the first day and the fourth day after
inoculation. Tumor size was measured with caliper and the
volume calculated using the previously reported method
(Qin et al., 2015). The weight of the mice and the volume
of the tumors were measured every day. At the end of the
experiment, the mice were killed and the tumors were isolated
and weighed.

TABLE 1 | The in vitro cytotoxic activity (IC50, µM) of biotinylated podophyllotoxin

derivatives 13 – 26 and PPT.

Compds. IC50 (µM)

HL-60 SMMC-7721 A-549 MCF-7 SW480

13 0.22 0.75 0.73 1.48 1.46

14 0.18 0.65 0.58 1.26 0.96

15 0.13 0.23 0.51 0.84 0.56

16 0.18 0.72 1.19 8.00 0.79

17 0.19 0.71 0.80 2.97 >40

18 0.21 0.70 0.67 0.85 3.09

19 13.94 19.28 28.99 17.57 27.13

20 0.46 1.40 1.34 1.60 1.25

21 13.83 31.23 24.37 16.94 >40

22 >40 >40 >40 >40 >40

23 10.38 19.21 17.33 23.46 39.9

24 3.64 >40 30.67 >40 >40

25 >40 >40 >40 >40 >40

26 >40 >40 >40 >40 >40

PPT <0.064 4.13 <0.064 <0.064 9.42

Etoposide 0.31 8.12 11.92 32.82 17.11

Cisplatin 1.17 6.43 9.24 15.86 13.42

Molecular Docking Studies
The crystal structure of Top-II (code ID: 3QX3) (Wu et al.,
2011) was obtained in Protein Data Bank after eliminating the
inhibitor and water molecules. The missing atoms were added
by Sybyl-X 2.0 molecular modeling. The kinds of atomic charges
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TABLE 2 | IC50 values of compound 15 in twelve cancer cell lines.

Cell line Type IC50 (µM)

H460 Lung cancer 6.53

H1975 Lung cancer 3.31

H1299 Lung cancer 0.86

LS174T Colon cancer 3.30

HCT-116 Colon cancer 1.08

HT-29 Colon cancer 1.39

BGC-823 Stomach cancer 4.41

MGC-803 Stomach cancer 4.45

SKBR3 Breast cancer 5.93

T47D Breast cancer >10

Bel-7402 Hepatoma 10.0

Hela Cervical cancer 1.04

were taken as Kollman-united-atom (Weiner et al., 1984) for
themacromolecule and Gasteiger–Marsili (Gasteiger andMarsili,
1980) for the inhibitor. To find the binding mode of compound
15 to the active site of Top-II, the advanced docking program
Autodock Tools v1.56 (Morris et al., 1998) was used for grid
and docking. The enzyme structure was used as an input for the
AutoGrid program. AutoGrid performed pre-calculated atomic
affinity grid maps for each atom type in the ligand plus a separate
desolvation map, and a separate desolvation map present in the
substrate molecule. Docking parameters were set as the default
values except docking runs was set to 100 on AutoGrid v4.01 and
AutoDock v4.01.

Statistical Analysis
All data are presented as the means ± SD (n = 3). Significance
was calculated using Student’s t-test or one-way ANOVA. P <

0.05 was considered statistically significant. All statistical analyses
were performed with the GraphPad Prism 5.0 (San Diego,
CA, USA).

RESULTS AND DISCUSSION

Chemical synthesis
Podophyllotoxin (PPT) served as the starting material for
the preparation of all the derivatives. The incorporation of
the azido, amino, and triazolyl groups at the 4-position
of PPT followed standard procedures (Scheme 1). PPT was
regioselectively demethylated with methanesulfonic acid and
sodium iodide in dichloromethane (CH2Cl2) followed by weak
basic hydrolysis (water-acetone, barium carbonate) to give 4

′

-
O-demethylepipodophyllotoxin 6 by means of a previously
described procedure (Kamal et al., 2000). When the reaction
was carried out in acetonitrile (CH3CN) as a solvent, 4β-
epipodophyllotoxin 5 was synthesized as product. Compound
5 and 6 were converted into the corresponding 4β-azides
7 and 8 by reaction with sodium azide and trifluoroacetic
acid (NaN3-TFA) in chloroform (CHCl3) according to the
known procedure (Hansen et al., 1993). The 4β-azides 7

and 8 were converted to 4β-amino substituted 9 and 10 by
treatment with triphenylphosphine (Ph3P) and water overnight

at 25◦C as previously reported (Coleman and Kong, 1998).
In addition, the 4β-triazole compounds of 11 and 12 were
prepared in 85–89% yield by the reaction of 7 and 8,
respectively, with 2-propyn-1-ol using copper (II) acetate and
sodium ascorbate as promoters in tert-butanol and water (t-
BuOH-H2O, 1:1) at room temperature (Tae et al., 2010).
Finally, biotin (3)/6-biotinylaminocaproic acid (4) and those
podophyllotoxin derivatives (1, 5, 6, and 9–12) were coupled via
an ester or amide bond. As shown in Scheme 2, biotin (3)/6-
biotinylaminocaproic acid (4) reacted with compounds 1, 5, 6,
and 9–12 in the presence of diisopropylcarbodiimide (DIC) and
4-N,N-dimethylaminopyridine (DMAP) at room temperature to
afford the target compounds 13–26 in 39–65% yields.

All the products were structurally confirmed by 1H and
13C-NMR spectroscopies, as well as low resolution and high
resolution mass spectrometry in electrospray ionization mode
(ESI-MS and HRESI-MS). The proton and carbon-13 NMR
data of these compounds were compared with those of
podophyllotoxin. The configuration of C-4 in compounds 13–26
was assigned based on the coupling constant between H-3 andH-
4 (J3,4). Typically, compounds with C-4β-substitution have J3,4 <

5.0Hz as a result of H-3 and H-4 in cis relationship. The protons
at C-4 of compounds 19–21 appear as a singlet. On the other
hand, compounds with C-4α-substitution have J3,4 > 6.0Hz
because H-4 is trans to H-3 (Fred Brewer et al., 1979; Belen’kiib
and Schinazi, 1994). In the 13C-NMR spectra, the C-4 of these
derivatives produces a characteristic signal between 61.1 and 71.3
ppm. The triazole ting in 23–26 was readily confirmed by its
C5“-H signal (δ 7.36–7.74 ppm) in the aromatic region in the 1H-
NMR spectra, which was further supported by the characteristic
carbon signals at around 123 ppm in the 13C-NMR spectra.

Biology
Cytotoxicity and Structure-Activity Relationship
The cytotoxicity of all biotinylated podophyllotoxin derivatives
13–26 was tested with the following cancer cell lines:
SW480 (colon cancer), MCF-7 (breast cancer), A-549 (lung
cancer), SMMC-7721 (hepatoma), and HL-60 (leukemia),
Podophyllotoxin (PPT), etoposide, and cisplatin were included
for study as control drugs. The IC50 values obtained from MTT
assay are presented in Table 1. Most compounds possessed high
level of cytotoxicity against all five cancer cell lines (Table 1) and
were more active than etoposide which is an antitumor agent
currently in clinical use.

Biotinylated podophyllotoxin derivatives are prepared
by linking a biotinylating agent, biotin (3) or 6-
biotinylaminocaproic acid (4), via an ester bond, an amide
bond, or a trizolyl moiety. Those compounds with an ester
linkage (13–18) display potent cytotoxicity with IC50 values
in sub-µM to low µM (except compound 17 against SW480
cell line). Compounds 13 and 14 are esters of podophyllotoxin
while 15–18 are esters of 4-epipodophyllotoxin, and their
similar potency of activity indicates that the cytotoxic activity
of these compounds is not much affected by the configuration
of C-4. Among the synthesized compounds, compound 15 is
the most active one with IC50 ranged from 0.13 to 0.84µM.
Compound 15 also exhibits higher activity than PPT in both

Frontiers in Chemistry | www.frontiersin.org 8 June 2019 | Volume 7 | Article 434118

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zi et al. Biotinylated Podophyllotoxin as Antitumor Agents

FIGURE 2 | Flow cytometry analysis of lung cancer cell lines H1299 and H1975 after treatment with compound 15. Cells were treated with compound 15 (0.5, 1, and

2µM) and PPT (1µM) for 24 h, then stained with Annexin V/7AAD and analyzed by flow cytometry. The ratio of apoptotic cells in each group was expressed as

percentage. (A) H1299 cell line; (B) H1975 cell line. The data are presented as the mean ± SD (n = 3). *p < 0.01.

FIGURE 3 | Compound 15 regulates the expression levels of apoptosis-related proteins: H1299 and H1975 cell lines were treated with compound 15 (0.5, 1, and

2µM) and PPT (1µM) for 24 h and the expression level of caspase-3, PARP, cleaved-caspase-3, and cleaved-PAPR was detected by western blot (WB). Actin was

tested as a loading control.

SMMC-7721 and SW480 cell lines, with PPT having IC50 of 4.13
and 9.42µM, respectively.

Compounds with an amide linkage (19–22) or a triazolyl
moiety (23–26) show weaker cytotoxicity to all tested cell lines.
Most of these compounds displaymoderate (IC50 > 10.36µM) to
very weak activity (IC50 > 40µM; except compound 20, as well
as compound 24 against HL-60 cell line). The 6-aminocaproic
acid linking spacer present in C-4-substituent can affect the
cytotoxic potency of these compounds but not in a uniform

way. For example, compounds lacking the linking spacer (15,
20, and 23) show higher activity than their counterparts bearing
the linking spacer (17, 22, and 25) in all cell lines tested.
In contrast, compound 13 (lacking the linking spacer) is less
active than 14 (bearing the linking spacer). In most cases, the
effect of 6-aminocaproic acid linking spacer on the cytotoxic
potency of these compounds are relatively small except for the
pair of compounds 15 and 17 in SW480 cell line (IC50 0.56
and > 40µM, respectively). However, it is very interesting to
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FIGURE 4 | Compound 15 induces apoptosis through activating the ER stress pathway: (A) H1299 cell line was treated with compound 15 (0.5, 1, and 2µM) for

24 h, GRP78, CHOP, XBP-1, XBP-1s, ATF4, IRE-1α, and ATF6 were measured by real-time RT-PCR. The data are presented as the mean ± SD (n = 3). *p < 0.01,

**p < 0.001, ***p < 0.0001 and ****p < 0.00001. (B) H1299 cell line was treated with compound 15 (0.5, 1, and 2µM) and PPT (1µM) for 24 h, and WB was

performed to detect the expression levels of protein in the ER stress pathway. Actin was tested as a loading control.

note that compound 20 (lacking the linking spacer, IC50 0.46–
1.60µM) is significantlymore potent than 22 (bearing the linking
spacer, IC50 > 40µM) in all cell lines tested. Furthermore,
compound 19, the 4’-O-methylated form of 20, shows much
lower activity (IC50 13.94–28.99µM) than 20, which is in good
agreement with our earlier observation that the 4’-O-methylation
can significantly affect the anticancer activity of podophyllotoxin
derivatives (Zi et al., 2015, 2017).

Compound 15 Inhibits the Growth of
Cancer Cell Lines
To further identify the anticancer effect and tumor selectivity
of compound 15, we treated 12 more human cancer cell lines
with compound 15, which included lung cancer (H460, H1975,
H1299), colon cancer (LS174T, HCT-116, HT-29), stomach
cancer (BGC-823, MGC-803), breast cancer (SKBR3, T47D),
hepatoma (Bel-7402), and cervical cancer (Hela). MTT assay was
employed to provide the IC50 values of compound 15 against all
these tumor cell lines as shown in Table 2. H1299 cell line was
most sensitive toward compound 15 (IC50 = 0.86µM). For most
other cancer cell lines, compound 15 showed potent anticancer
activity with IC50 values in µM range. In order to test whether
compound 15 can favorably target cancer cells over normal cells,
the growth inhibitory effect of 15, in comparison with PPT,
on a normal human bronchial epithelial cell line (BEAS-2B)
was evaluated. The IC50 value was found to be 3.75µM for
15 and 0.85µM for PPT against BEAS-2B cells (see Table S1).

Comparing with its IC50 values in Table 1 (0.13–0.84µM) and
Table 2 against various cancer cell lines, compound 15 does show
some selectivity against certain tested cancer cell lines over the
normal cells (BEAS-2B).

Compound 15 Induces Apoptosis in the
H1299 and H1975 Cell Lines
Given that compound 15 exhibits broad spectrum inhibitory
activity of cancer cell growth, we studied further the capacity
of compound 15 in the induction of cell death through
apoptosis. Lung cancer cells (H1299 and H1975) were treated
with compound 15 and analyzed by flow cytometry after being
stained with Annexin V/7AAD. Compound 15 at concentration
of 2µM increased significantly both H1299 and H1975 cells
undergoing apoptosis when compared with the untreated control
(Figure 2).

Compound 15 Regulates the Expression
Levels of Apoptosis-Related Protein
It has been recognized that caspase-3 and PARP (poy ADP ribose
polymerase) is a critical initiator and executioner of apoptosis
(Hensley et al., 2013). H1299 and H1975 cells were treated with
compound 15 at the concentration of 0.5, 1, 2 or µM for 24 h
and the expression level of caspase-3, PARP, cleaved-caspase-
3, and cleaved-PARP was monitored using western blot. The
treatment of both H1299 and H1975 cell lines with compound 15
resulted in an increased expression level of cleaved-caspase-3 and
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FIGURE 5 | Compound 15 significantly inhibits the growth of S180 tumor xenografts in icr mice: (A) The chemical structure of compound 15. (B) Tumors collected at

the end of the treatment (day 7). (C) Mouse’s body weights were weighed for those treated with compound 15 (5, 15, 20 mg/kg) compared to TAX control (10 mg/kg)

TAX: Taxol. (D) Tumor weights were presented for the groups treated with compound 15 (5, 15, 20 mg/kg).

cleaved-PARP in a dose-dependent manner (Figure 3). At the
same time, the expression level of caspase-3 and PARP decreased,
indicating that the treatment led to the activation of caspase-3
and the deactivation of PARP and ultimately apoptosis. These
data confirmed that the compound 15 exhibits its anticancer
activity through induction of apoptosis in bothH1299 andH1975
cell lines.

Compound 15 Induces Apoptosis Through
Activating IRE1α, a Key Mediator in the
Endoplasmic Reticulum (ER)
Stress Pathway
Many studies have indicated that endoplasmic reticulum (ER)
stress activates the unfolded protein response (UPR), through
which tumor cells can become resistant to chemotherapeutic
agents (Cheng et al., 2014). PKR-like ER kinase (PERK), inostitol-
requiring transmembrane kinase and endonuclease 1α (IRE-1α),

and activating transcription factor 6 (ATF6) are three primary
UPR sensors that lead to distinct downstream signaling pathways
(Ron and Walter, 2007). Therefore, we next studied the possible
involvement of compound 15 in the activation of the ER stress
pathway. H1299 cell line was treated with compound 15 at
the concentration of 0.5, 1, or 2µM for 24 h and the mRNA
expression level of stress related proteins (GRP78, CHOP, XBP-
1, XBP-1s, ATF4, IRE-1α, and ATF6) in ER was analyzed
(Figure 4A). Interestingly, the mRNA level of all these proteins
except IRE-1α was dramatically increased upon the treatment of
compound 15 at 0.5µM. The effect of 15 at other concentrations
(1 or 2µM) on the mRNA expression level of these proteins
was less significant or negligible. In the case of IRE-1α, the
expression level of mRNA increased by the treatment of 15

in a dose-dependent manner, suggesting that IRE-1α might
play a crucial role in compound 15-induced apoptosis. We
further examined the expression level of a number of these
proteins (GRP78, CHOP, XBP-1, and XBP-1s) related to ER
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FIGURE 6 | Proposed binding models of compounds 15 and PPT to the ATPase domain of Topoisomerase-II. Based on the X-ray co-crystal structure of Top-II in

complex with Etoposide. (A) Binding mode of compound 15 with Topoisomerase-II. (B) Binding mode of PPT with Topoisomerase-II.

stress (Figure 4B). Compound 15 significantly up-regulated the
expression of GRP78 and XBP-1s, and down-regulated the
expression of CHOP and XBP-1.

Compound 15 Significantly Inhibits the
Growth of S180 Tumor Xenografts in
Icr Mice
Since compound 15 suppressed lung cancer cell proliferation in
vitro, we further investigated its ability to suppress the growth
of S180 tumor xenografts in icr mice (Figure 5). As shown
in Figure 5, compound 15 (5, 15, or 20 mg/kg) suppressed
the growth of S180 xenografts over the course of 7 days
(Figure 5A) comparing to the Taxol R© control (10 mg/kg) and
the inhibition rates of compound 15 were 8.8, 15.7, and 37.7%
(Figure 5D), respectively. Tumors were collected at the end
of the experiment (Figure 5B) and the tumor weights were
measured. The data showed that compound 15 significantly
decreased tumor weight when compared to the untreated control,
indicating that 15 effectively inhibited the growth S180 tumor
xenograft. In addition, compound 15 did not cause mice to die
and did not affect mouse body weight significantly at a dose of up
to 20 mg/kg (Figure 5C).

Docking Studies
Based on the X-ray crystal structure of Topoisomerase-II
inhibitors bound to the ATPase domain of Topo-II (PDB: 3QX3)
(Wu et al., 2011), the binding mode between Topoisomerase-
II and 15 or PPT was established by autodocking (Figure 6).
Compound 15 binds Topo-II between the base pairs immediately
flanking the two cleaved scissile phosphates (Figure 6A). Its
polycyclic podophyllotoxin core (rings A to D) sits between
base pairs, while the biotin side chain and the E ring protrude
toward the DNA major and minor grooves, respectively. All
parts of the podophyllotoxin core contribute to drug-DNA
interaction by being located between base pairs. The E ring is
anchored by both interacting with GLY-478, ASP-479, and ARG-
503 residues of the enzyme and being sandwiched between R503

and the deoxyribose ring of the +1 nucleotide. Compared to
PPT (Figure 6B), compound 15 shows additional hydrophobic
interaction with GLN-778 and ARG-820 residues through the
biotin moiety. The biotin moiety in 15 provides an additional
hydrophobic moiety and multiple H-bond donors/acceptor,
which allows the molecule to interact more favorably with Topo-
II and might lead to improved selectivity.

Chemical Stability Investigation
The chemical stability of compound 15 in aqueous phase
was investigated together with podophyllotoxin (PPT, 1) for
comparison. The results indicate that compound 15 degrades
slowly under the physiological condition (37 ± 1◦C, pH 7.0)
with 70% material remaining after 12 h (see Figures S1–S3). A
similar stability profile was observed for PPT with 75% material
remaining after 12 h.

CONCLUSION

In summary, a series of biotinylated podophyllotoxin derivatives
(13–26) were designed, synthesized, and evaluated for
cytotoxicity against five tumor cell lines (HL-60, SMMC-
7721, A-549, MCF-7, and SW480) by using MTT assay. Among
them, compound 15 showed the highest anticancer activity with
its IC50 values at 0.13–0.84µM. Preliminary structure-activity
relationship (SAR) analysis indicated that derivatives bearing an
amide or triazolyl linking moiety showed weaker activity than
those with an ester linkage. The 6-aminocaproic acid linking
spacer affected the cytotoxic potency of these compounds in an
ununiform manner. Compound 15 also reduced the expression
levels of caspase-3 and PARP. Importantly, the pro-apoptotic
activity of compound 15 in H1299 cell line was mediated by
the transcription of IRE-1α, which plays an important role in
the endoplasmic reticulum stress pathway. Finally, compound
15 at a dose of 20 mg/kg suppressed the growth of S180 tumor
xenografts in icr mice significantly. Molecular docking studies
suggested that compound 15 could bind well with the ATPase
domain of Topoisomerase-II. Continuing studies to substantiate
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the further development of compound 15 as an anticancer
agent are underway in our laboratory and will be reported in
due course.
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Among the other members of the adhesion molecules’ family, α4β1 integrin,

a heterodimeric receptor, plays a crucial role in inflammatory diseases, cancer

development, metastasis and stem cell mobilization or retention. In many cases,

its function in pathogenesis is not yet completely understood and investigations on

ligand binding and related stabilization of active/inactive conformations still represent

an important goal. For this reason, starting from the highlight of α4β1 functions in

human pathologies, we report an overview of synthetic α4β1 integrin ligands under

development as potential therapeutic agents. The small molecule library that we have

selected represents a collection of lead compounds. These molecules are the object of

future refinement in academic and industrial research, in order to achieve a fine tuning

of α4β1 integrin regulation for the development of novel agents against pathologies still

eluding an effective solution.

Keywords: α4β1 integrin, agonist, antagonist, small molecules, inflammatory disorders

INTRODUCTION

Integrins represent one of the most important families of cell adhesion receptors that mediate cell-
cell and cell-extracellular matrix interactions. Integrins are heterodimeric transmembrane proteins
composed by stable non-covalent association between α and β subunit. In mammals, 24 possible
heterodimers have been identified, deriving from differential combination of 18 α subunits and 8 β

subunits (Humphries et al., 2006).
Integrins propagate signals bidirectionally across cell membranes (Abram and Lowell, 2009;

Ley et al., 2016) (Figure 1A) and can be classified on the basis of the combination of α and β

subunit (Tolomelli et al., 2017). The α4 subunit can couple with either β7 or β1 subunits. α4β1
integrin (also known as very late antigen-4, VLA-4) is expressed on leukocytes (lymphocytes,
eosinophils, monocytes, macrophages, natural killer cells, basophils, and mast cells) and mediates
homing, trafficking, differentiation, activation, and survival of α4β1 expressing cells (Hemler et al.,
1987; Chan et al., 2001; Baiula et al., 2011; Mitroulis et al., 2015). VCAM-1 (vascular cell adhesion
molecule-1), MAdCAM-1 (mucosal vascular addressin cell adhesion molecule-1), fibronectin and
JAM-B (junctional adhesion molecule-B) are physiological ligands for α4β1 integrin (Imhof and
Aurrand-Lions, 2004).

Targeting integrins has already proven to be a successful therapeutic strategy, with several
agents approved for clinical practice. In this review, starting from the highlight of α4β1 functions
in human pathology, we will give an overview of α4β1 integrin ligands under development as
therapeutic agents.
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FIGURE 1 | (A) Integrins propagate signals bidirectionally across cell membrane: conformational changes in their extracellular domains can occur as a consequence

of signaling events happening inside the cells (inside-out signaling); these events lead to an increase in affinity (integrin activation) and therefore lead to ligand binding

and cell adhesion. On the contrary, outside-in signaling represents the process in which ligand binding and ligand-induced integrin clustering lead to integrin-mediated

intracellular signal transduction (Abram and Lowell, 2009; Ley et al., 2016). (B) Schematic representation of small molecule ligand binding mode to α4β1 integrin,

obtained by combining the models reported in the literature. Side chains of selected residues in the β1 unit have been indicated. HBA, hydrogen bond acceptor;

HYP1, valine mimetic hydrophobic pocket; HYP2-3, leucine mimetic hydrophobic pockets.

α4β1 INTEGRIN AS THERAPEUTIC TARGET
IN INFLAMMATORY DISORDERS

The α4β1 integrin plays a crucial role in inflammation.
Extravasation is a multistep process consisting of leukocytes
recruitment to inflamed tissue. The α4β1 integrin is mainly
involved in the phases of leukocytes tethering and rolling

Abbreviations: VLA-4, very late antigen-4; VCAM-1, vascular cell adhesion
molecule-1; MAdCAM-1, mucosal vascular addressin cell adhesion molecule-
1; JAM-B, junctional adhesion molecule-B; MS, multiple sclerosis; IBD,
inflammatory bowel diseases; DED, dry eye disease; CNS, central nervous
system; PML, progressive multifocal encephalopathy; UC, ulcerative colitis; CD,
Crohn’s disease; mAb, monoclonal antibody; ICAM-1, intercellular adhesion
molecule-1; HSC, hematopoietic stem cell; LDV, Leu-Asp-Val; IDS, Ile-Asp-Ser;
QSAR, quantitative structure-activity relationship; PUPA, benziloxycarbamido
phenylurea; PEG, polyethylene glycol; HSPC, hematopoietic stem and progenitor
cells; IUHCT, in utero hematopoietic cell transplantation; CRT, calreticulin.

on activated endothelial cells and in arrest and adhesion
strengthening through the interaction with adhesion molecules
such as VCAM-1 (Herter and Zarbock, 2019). Moreover,
α4β1 integrin can bind JAM-B, expressed on endothelial
cells, to enable transendothelial migration (Imhof and
Aurrand-Lions, 2004). Therefore, targeting α4β1 integrin
could be valuable for the treatment of inflammatory
disorder, since α4β1 represents an absolute requirement
for extravasation.

Of interest is the role of α4β1 in leukocyte homing to the
CNS: this integrin is required for T cell migration across the
blood brain barrier to the brain, and blocking α4β1 resulted
in the inhibition of experimental autoimmune encephalitis
(Kanwar et al., 2000).

In the following sections we will present a brief overview of
the pathogenesis of the main inflammatory disorders involving
α4β1 integrin.
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Multiple Sclerosis
Multiple sclerosis (MS) is a chronic inflammatory, autoimmune,
demyelinating, and neurodegenerative disease of CNS. The
pathogenesis of MS is very complex and not fully disclosed.
Activated T lymphocytes are recruited from the blood into the
CNS, through the interaction between α4β1 and VCAM-1, and
release pro-inflammatory cytokines causing an inflammatory
reaction that leads to neurodegeneration (Dargahi et al., 2017).
Blocking α4 integrin results in inhibition of trafficking of T cells
from the blood to CNS: natalizumab is a humanized monoclonal
antibody (mAb) that binds to α4 subunit and thus blocks both
α4β1 and α4β7; it has been approved for the treatment of highly
active relapsing and remitting MS (Clerico et al., 2017) and
Crohn’s disease (see below). However, progressive multifocal
encephalopathy (PML) occurred as a fatal adverse effect of
natalizumab (Shirani and Stüve, 2017).

Inflammatory Bowel Diseases
Inflammatory bowel diseases (IBD), including ulcerative
colitis (UC), and Crohn’s disease (CD), are chronic relapsing
inflammatory disorders of the gut (Zundler et al., 2017a). IBD
pathogenesis is not completely understood, and comprises
several factors: among them, infiltration of immune cells in
the gut plays a pivotal role. T lymphocytes homing to the
gut is mainly mediated by α4β7-MAdCAM-1 interaction.
Consequently, vedolizumab, a humanized mAb anti-α4β7, has
been developed and approved for the treatment of both UC and
CD (Feagan et al., 2013; Sandborn et al., 2013). In addition, α4β1
integrin contributes to the infiltration of T cells to the inflamed
intestinal tissue (Zundler et al., 2017b). Natalizumab, targeting
α4 integrin subunit, has been approved for the treatment of MS
and for CD, although due to fatal adverse reactions, its use is very
limited for CD (Li et al., 2018; Nelson et al., 2018). Recently it
has been observed that vedolizumab did not cause a decrement
in homing of T cells into the gut, which instead was achieved
by blocking α4β1. These data suggest that α4β1-dependent
homing can represent a compensatory mechanism to evade α4β7
blockade. It is not still known if this mechanism is clinically
relevant for CD (Zundler et al., 2017b).

Allergic Conjunctivitis
Allergic conjunctivitis is the most common form of ocular
allergy (Baiula et al., 2011; Baiula and Spampinato, 2014). This
disease is mainly characterized by an inflammatory response of
the conjunctival mucosa that leads, through the interaction of
integrins with adhesion molecules, to a long-term infiltration
of neutrophils, eosinophils and T lymphocytes. Integrin α4β1
is strongly involved in the recruitment of circulating cells at
the inflamed conjunctiva, contributing to both rolling and firm
adhesion (Bacon et al., 1998). The reduction of α4β1 expression
at conjunctival level, is part of the mechanism of action of the
antihistamine levocabastine (Qasem et al., 2008).

Dry Eye Disease
Dry eye disease (DED) is a common cause of ocular discomfort
and visual disturbance (Miljanović et al., 2007). DED is
associated with ocular surface inflammation characterized by

infiltration of T cells and overexpression of inflammatory
mediators although the pathogenesis is not fully understood.
α4β1 integrin blockade, using small molecule α4β1 antagonists,
strongly reduced T cell infiltration into the ocular surface
and ameliorated ocular signs in in vivo models of DED
(Ecoiffier et al., 2008; Krauss et al., 2015).

Asthma
Asthma is a chronic inflammatory disease of the lower respiratory
tract (Mims, 2015). α4β1 integrin, expressed on inflammatory
cells, participates in the pathogenesis of asthma (Ohashi et al.,
1992) and sarcoidosis, a disorder characterized by lymphocyte
accumulation in the lung (Berlin et al., 1998). Several α4β1
antagonists have been developed but they lack efficacy in clinical
trials (Teoh et al., 2015).

Stem Cell Mobilization or Retention
Hematopoietic stem cell (HSC) express several integrins,
including α4β1 which is involved in the regulation of HSC
homing and retention within the bone marrow niche (Grassinger
et al., 2009). Novel agents able to mobilize HSC and progenitor
cells are actively searched and clinically important to obtain
cells from healthy donors for transplantation. The blockade of
α4β1/α9β1 with a dual antagonist induced a rapid and transient
mobilization of HSC (Cao et al., 2016). Moreover, bortezomib,
a proteasome inhibitor that blocks the expression of VCAM-
1, had a mobilizing effect by the modulation of α4β1/VCAM-
1 axis (Ghobadi et al., 2014). This strategy based on the
blockade of α4β1 integrin has shown great promise also for HSC
transplantation in utero.

On the contrary, the activation of α4β1 may be a promising
strategy to improve cell retention and engraftment in stem
cell-based therapies (Vanderslice et al., 2013). The homing of
endothelial progenitor cells to sites of ischemia, regulated by
α4β1 integrin, has been shown to promote neovascularization in
ischemic tissue (Duan et al., 2006).

Cancer and Metastasis
Several types of tumor cells express α4β1 integrin and the
interaction with its ligand VCAM-1 increases transendothelial
migration and contributes to metastasis to distant organs
(Schlesinger and Bendas, 2015). Moreover, an aberrant
expression of VCAM-1 has been observed in tumor cells.
In breast cancer cells, VCAM-1 seems to confer an increased
ability to metastasize to the bones and the lungs (Vanharanta
and Massagu, 2013). In addition, α4β1 plays an important
role in tumor angiogenesis, as do other integrins (Gentilucci
et al., 2010), and in the development of drug resistance
(Schlesinger and Bendas, 2015).

Recent evidences hypothesize an apparent tumor-protective
role of α4β1 integrin in a mouse model of colon adenocarcinoma:
when α4β1 was depleted, an accelerated tumor growth was
observed (Oh et al., 2018). Considering these preliminary results,
authors suggest manipulation of α4β1 levels could be achieved
using small molecule agonists.
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SMALL MOLECULES TARGETING
α4β1 INTEGRIN

Small molecules selectively binding to α4β1 integrin have been
designed on the basis of the minimal recognition sequences
with the extracellular matrix proteins. In particular, the
tripeptide LDV (Leu-Asp-Val) that has been recognized as the
binding sequence found in the alternatively spliced connecting
segment (CS1) region of fibronectin (Komoriya et al., 1991), is
homologous and quite isosteric to the fragment IDS (Ile-Asp-
Ser), present in the binding site of VCAM-1 to α4β1.

Due to the lack of crystal structures of ligand-receptor
complexes (Jones et al., 1995), suggestions on the required three-
dimensional features that may ensure optimal affinity have been
deduced only by combining homology models deduced by the
template of β2 integrins (CD11A/CD11B) (You et al., 2002),
QSAR studies on small library of LDV mimicking ligands (Singh
et al., 2002; Hutt et al., 2011; Thangapandian et al., 2011; Amin
et al., 2018), molecular dynamics and ligand-receptor docking
studies (Silva et al., 2010). In general, effective ligands should
possess a hydrogen bond acceptor, typically a carboxylate moiety,
to coordinate the metal cation in the β unit and lipophilic groups
that find accommodation into the pockets usually occupied by
valine and leucine side chains (Figure 1B). Three complete and
detailed overviews on α4β1 synthetic ligands have already been
reported (Jackson, 2002; Tilley, 2002; Huryn et al., 2004), but a
collection of the more recent results in the design and synthesis
of these bioactive compounds is lacking. We report herein a
selection of the most recent examples of bioactive small molecule
ligands to α4β1 integrin. The structures of the cited compounds
are reported in Table 1.

N-benziloxycarbamido Phenylurea (PUPA)
Containing Ligands
Starting from the LDV recognition sequence, Adams et al. (Lin
et al., 1999) synthesized a small library of oligopeptides which
had the terminal amino group capped with benziloxycarbamido
phenylurea (PUPA). Introduction of this moiety allowed to
identify compound BIO1211 (N-PUPA-LDVP), which is 106

fold more potent than the corresponding peptide and possesses
an enhanced resistance toward enzymatic hydrolysis. On this
basis, N-PUPA containing linear peptidomimetics, respecting
the fundamental requirements for affinity, showed micromolar
inhibitory activity on fibronectin adhesion to human T
lymphoblast like cells (Gérard et al., 2012a). Introduction of
five membered rings as amide bond isosters and conformational
restraints have been exploited by several groups. Recently,
5-aminomethyloxazolidine-2,4-dione (Amo) dipeptide scaffold,
analog of the well-known Freidinger lactam, was successfully
introduced as a central core into peptidomimetics, designed
to maintain a 14-bond carboxylate-urea distance, displaying
nanomolar IC50 in cell adhesion assays (De Marco et al., 2015).
On the other hand, since proline has been often inserted
into peptide sequences to induce specific conformations, (D)-
configured β2-proline-containing ligand DS70 was synthesized
and successfully tested in cell assays and in a guinea pig

model of allergic conjunctivitis (Dattoli et al., 2018). A small
library of compounds containing the rigid dehydro-β-proline
ring also showed excellent affinity to α4β1 integrin (Tolomelli
et al., 2015). For these compounds, a strong dependence
on the stereochemistry of the heterocyclic central core was
observed, thus suggesting a specific disposition of the lipophilic
chain for the two enantiomers. Decorating the simpler four
membered β-lactam scaffold also afforded effective ligands. In
particular, agonists and antagonists to α4β1 were identified,
by evaluating their ability to inhibit or activate cell adhesion.
This behavior was ascribed to their ability to promote and
stabilize active or inactive conformations of the receptor (Baiula
et al., 2016). A previous study already suggested that small
modifications in ligand structure could induce dramatic effect on
their agonist/antagonist behavior. Compound TBC3486, a potent
nanomolar antagonist selective for α4β1 integrin (Vanderslice
et al., 2010), was converted into THI0019, a micromolar agonist,
simply by introducing an oxymethylene bond and protecting the
carboxylic terminal as methyl ester. Stabilization of an active
conformation by the agonist, followed by its fast displacement
was suggested to justify this result (Vanderslice et al., 2013).

Increased bioavailability was obtained by Daiichi Sankyo Ltd.
researchers by linking fluoro-prolinol derivatives to halogen or
alkyl substituted aromatic PUPA fragment (Muro et al., 2009).
Benzoic or cyclohexanecarboxylic acids were introduced in this
class of compounds asmetal binding pharmacophores (Setoguchi
et al., 2012). Modifications to the polar surface and the number
of hydrogen bonds by changing PUPA with other lipophilic
groups has also been explored (Setoguchi et al., 2013). Selected
members of this library are currently in clinical development
(Kapp et al., 2013). Another PUPA-containing ligand, HMR 1031,
was enrolled by Aventis Pharmaceuticals to phase II clinical trials,
but the suspect risk of teratogenicity decreased the interest on
this compound (Crofts et al., 2004). Anyway, a similar molecule
was lately reported to prevent development of arthritis in Lyme
disease infection (Gläsner et al., 2005).

N-PUPA Derivatives for
Imaging Application
In the last few years, due to the drawbacks of some promising
integrin targeting compounds in vivo, beside the therapeutic
applications, the use of selective ligands as imaging agents
has been widely explored. For instance, the peptidomimetic
LLP2A, displaying extraordinarily high affinity (IC50 = 2 pM)
to the α4β1 integrin receptor (Peng et al., 2006), was conjugated
with NIR tags through a PEG linker and applied to the
detection of MOLT-4 tumor xenografts. Similar derivatives
were linked to radioactive metal chelators for in vivo imaging
(Denardo et al., 2009; Gai et al., 2018). More recently, 18F-
labeled LLP2A-trifluoroborate bioconjugates were successfully
evaluated in α4β1 integrin-overexpressing tumormodels (Walker
et al., 2016). Bioconjugation of BIO1211 derivatives with
biotin though linear spacer arms allowed the exploitation
of the extraordinary affinity with streptavidin/avidin coated
supports to detect and capture leukemia cells overexpressing
α4β1 (Gérard et al., 2012b).
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TABLE 1 | A collection of lead compounds, ligands of α4β1 integrin.

Entry Structure IC50/EC50 (nM) Biological assay References

1 4.0 Jurkat cell Mn2+-induced

adhesion to VCAM-Ig-AP

Lin et al., 1999

2 24,300 ± 4,500 CCRF-CEM cell adhesion to

fibronectin

Gérard et al.,

2012a

3 19 ± 20 Jurkat cell adhesion to

VCAM-Ig-AP

De Marco et al.,

2015

4 5.04 ± 0.51

antagonist

Jurkat cell adhesion to

VCAM-1

Dattoli et al., 2018

5 10 ± 3

antagonist

Jurkat cell adhesion to

VCAM-1

Tolomelli et al.,

2015

6 1.39 ± 0.04

antagonist

Jurkat cell adhesion to

VCAM-1

Baiula et al., 2016

7 12.9 ± 0.6

agonist

Jurkat cell adhesion to

VCAM-1

8 9.0

antagonist

K562-α4β
+

1 cell adhesion to

VCAM-1-Ig

Vanderslice et al.,

2010

9 1,000

agonist

K562-α4β+1 cell adhesion to

VCAM-1-Ig

Vanderslice et al.,

2013

(Continued)
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TABLE 1 | Continued

Entry Structure IC50/EC50 (nM) Biological assay References

10 2.8 VLA-4/Eu-Human VCAM-1

binding assay

Muro et al., 2009

11 4.7 VLA-4/Eu-Human VCAM-1

binding assay

Setoguchi et al.,

2012

12 1.7 VLA-4/Eu-Human VCAM-1

binding assay

Setoguchi et al.,

2013

13 In clinical development Kapp et al., 2013

14 / Crofts et al., 2004

15 0.29 VCAM-1-IgG adhesion

assay to U937 cells

Gläsner et al.,

2005

16 0.002 Jurkat cell adhesion to CS-1

peptide

Peng et al., 2006

17 / Denardo et al.,

2009

(Continued)
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TABLE 1 | Continued

Entry Structure IC50/EC50 (nM) Biological assay References

18 / Walker et al., 2016

19 14,000 fCCRF-CEM leukemia cell

adhesion to fibronectin

Gérard et al.,

2012b

20 0.92 125 I-VCAM-Ig to VLA-4

binding assay

Hagmann et al.,

2001

21 0.03 ± 0.01 125 I-VCAM-1 binding assay

to Jurkat cells

Venkatraman

et al., 2009

22 1.8 Jurkat T-cell leukemia cell

adhesion to fibronectin

Ramirez et al.,

2009

23 20.1 Saturation binding

experiments

LN18-α4β
+

1 cells

Cao et al., 2014

24 4 ± 2 U937T cell adhesion to

VCAM-1

Soni et al., 2013

25 5.8 ± 1.6 Jurkat T-cell adhesion to

hVCAM-1/Fc

Sugiura et al.,

2013

(Continued)
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TABLE 1 | Continued

Entry Structure IC50/EC50 (nM) Biological assay References

26 / Kawaguchi et al.,

2002; Kim et al.,

2016

27 1.0 Jurkat cell to recombinant

VCAM-1

FACS assay

Semko et al., 2011

28 8.0 Jurkat cell adhesion to

fibronectin

Xu et al., 2013a,b

29 1.7 Jurkat cell adhesion to

VCAM-1

Smith et al., 2013

30 7.72 Jurkat J6 cell (human

lymphoblast cell line)

adhesion to VCAM-1

Krauss et al., 2015

31 150 PMA-induced T cell

adhesion to VCAM-1

Ohkuro et al.,

2018

32 1,000–5,000 PMA-induced Jurkat/U937

cell adhesion to fibronectin

Lee et al., 2009

33 / Noborio-Hatano

et al., 2009;

Ghobadi et al.,

2014

The biological assays in which they have been tested in vitro and their potency/affinity (nM) are reported.
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Proline-Phenylalanine Dipeptide
Deriving Ligands
A second important family of small molecule ligands
possesses, as a common feature, the presence of an N-acylated
para-substituted phenylalanine core. Among them, proline-
phenylalanine derivatives showed excellent activity, lacking
unfortunately of satisfactory bioavailability due to their peptidic
nature. For this reason, much attention has been devoted
to obtain a better pharmacokinetic profile and impart oral
availability. Arylsolfonamide proline dipeptides (Hagmann et al.,
2001), discovered from directed screening of a combinatorial
library, showed picomolar α4β1 affinity, but unfortunately these
compounds were very rapidly cleared from plasma. Thus, a novel
series of potent prolyl dipeptide α4β1 antagonists containing
fluorinated cyclic tertiary amines at the proline 4-position was
developed. In general, the fluorinated compounds provided
improved potency when compared with their des-fluoro analogs
(Venkatraman et al., 2009). The highly potent BIO5192 (Ramirez
et al., 2009) ligand shares some common features with the above
reported molecules, as it is a chimera between arylsolfonamide
proline dipeptides and PUPA-substituted compounds. This
molecule displayed the ability to mobilize hematopoietic stem
and progenitor cells (HSPC) but was not selected for clinical
development. Conjugation of already reported N-phenylsulfonyl
proline-based integrin antagonists (Pepinsky et al., 2002) to PEG-
linker or fluorophore afforded novel compounds, exhibiting high
nanomolar dual binding affinities to α9β1 and α4β1 integrins.
Furthermore, these ligands are capable of binding haemopoietic
progenitor cells and HSC within mice bone marrow in vivo
(Cao et al., 2014).

By replacing the proline ring with a 3-alkyl-isoxazoline-5-
carboxamide, ligands showing nanomolar activity and possessing
stability in microsomes were obtained (Soni et al., 2013).
Compound TR14035, first reported in 2002 by Tanabe, is a
dichloro-substituted benzamides of biphenylalanine scaffold.
This molecule displayed nanomolar IC50, but acted as a dual
ligand, being active both on α4β1 and α4β7 integrins. Anyway, it
represented the lead compound for the development of refined
derivatives, such as AJM-300, developed by Ajinomoto, where
the biphenyl chain was replaced by a phenyl-pirimidindione.
This compound is currently in clinical phase III for ulcerative
colitis (Sugiura et al., 2013). Firategrast (Kawaguchi et al., 2002),
developed by Tanabe and GSK, belonging to the same class
of compounds, reached phase II trials for MS and is currently
studied as a facilitator in the “in utero” hematopoietic cell
transplantation (IUHCT), a pioneering approach for critical fetal
diseases treatment (Kim et al., 2016). By refining the structure
of an already reported antagonist α4β1, the researchers of Elan
Pharmaceuticals faced the limited bioavailability of their lead
compound, by introducing N-arylated heterocycles to mimic the
carboxamide (Semko et al., 2011). This last moiety was indeed
considered partially responsible for the poor pharmacokinetic
profile. As a result, they identified a novel compound displaying a
greatly improved pharmacokinetic profile and robust efficacy in a
sheep asthma model (Xu et al., 2013a). In further investigations,
the same structure was properly modified achieving excellent

bioavailability and, in some cases, dual affinity for α4β1 and
α4β7 integrins (Xu et al., 2013b). Linking these molecules at
each of the termini of a three-arm branched PEG provided
potent in vivo α4 integrin inhibitors (Smith et al., 2013). In
general, due to the high similarity of the α4β1 and α4β7
integrins receptors, several cases of dual ligands have been
reported in the literature (Tilley et al., 2013). Finally, among
the phenylalanine containing dipeptides, particular interest has
been recently paid to GW559090, for its effects on corneal
staining and ocular surface inflammation in murine model of
DED (Krauss et al., 2015).

Tellurium Compound
AS101 [ammonium trichloro(dioxoethylene-o,o′)tellurate],
a small telluriumIV compound, has been shown to inhibit
α4β1 function by redox inactivation of adjacent thiols in the
extracellular domain of α4β1 (Smith et al., 2002; Chigaev
et al., 2004). Since this small molecule is not mimicking the
recognition sequences in the extracellular matrix proteins, it
has no structural similarity with all the other ligands. Through
the regulation of integrin functions and immunomodulatory
properties, AS101 significantly reduced clinical manifestations
of IBD and other autoimmune and inflammatory
diseases (Halpert et al., 2014).

Ligands Indirectly Regulating α4β1
Integrin Activity
The activity of α4β1 integrin may also be controlled by acting
on other biomolecules. For instance, orally active ER464195-
01, an antagonist to calreticulin (CRT), has been reported as
an inhibitor of VCAM-1 mediated cell adhesion (Ohkuro et al.,
2018), having an IC50 in the µM range. The effect is indirect
since CRT is a calcium binding chaperone involved in integrin
α subunit activation. On the other hand, targeting γ-parvin, a
component of focal adhesions involved in the downstream of α4
integrin, allowed for the identification of compound JK273 (Lee
et al., 2009), as an alternative modulator of α4 integrin mediated
leukocyte trafficking.

CONCLUDING REMARKS

Involvement of α4β1 integrin in several diseases still waiting
for an efficacious treatment and for a clear understanding of
their pathogenesis, confirms the importance of this receptor as a
therapeutic target. Already developed agents in late-phase clinical
trial offer great expectations to patients, but the discovery of
novel small molecule ligands, targeting not only binding but also
selective conformation in active/inactive state, may offer great
potential for novel treatments. Improvement of pharmacokinetic
and pharmacodynamic properties of compounds that could allow
managing of oral therapies in home environment is still an issue.
Anyway, the use of α4β1 integrin ligands in bioconjugation with
imaging agents is also a field of growing interest.

Finally, the recognized role of α4β1 integrin in the
regulation of HSC homing, retention and engraftment suggests
a paramount role of these receptor in the future development
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of post-transplantation treatments and prenatal therapy of
fetus pathologies.
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Bacterial resistance to antibiotics has become one of the most challenging problems

of infectious disease treatment. Ten new derivatives of benzenesulphonamide

bearing carboxamide functionality were synthesized and investigated for their in vivo

anti-inflammatory, in vitro anti-microbial and anti-oxidant activities. The base promoted

reactions of the appropriate amino acids with substituted benzenesulphonyl chlorides

gave the benzene sulphonamides (3a-j) in excellent yields. Palladiummediated amidation

of the benzenesulphonamides (3a-j) and butylamine gave the new carboxamides (4a-j) in

excellent yield. Compounds 4a and 4c inhibited carrageenan induced rat-paw edema at

94.69, 89.66, and 87.83% each at 1, 2, and 3 h, respectively. In the antimicrobial activity,

compound 4d (MIC 6.72 mg/mL) was most potent against E. coli, compound 4h (MIC

6.63 mg/mL) was the most active against S. aureus, compound 4a (MIC 6.67 and 6.45

mg/mL) was most active against P. aeruginosa and S. typhi, respectively, compound 4f

(MIC 6.63 mg/mL) was the most active against B. subtilis, compounds 4e and 4h (MIC

6.63 mg/mL) each were the most active against C. albicans, while compound 4e (MIC

6.28 mg/mL) was most active against A. niger. Only compound 4e (IC50 0.3287 mg/mL)

had comparable activity with Vitamin C (IC50 0.2090 mg/mL).

Keywords: benzenesulphonamide, carboxamide, antioxidant, anti-inflammatory, antimicrobial

INTRODUCTION

A major category of human diseases is bacterial infection. Resistance to almost all commercially
available antibacterial drugs has been observed in both wild and laboratory strains of disease
causing bacteria (Hayley and Paul, 2010). Prestinaci et al. (2015) reported four antibiotic-resistant
pathogens of global concern, including S. aureus, K. pneumoniae, S. typhi, and M. tuberculosis.
The resistance mechanisms are genetically encoded and under appropriate conditions, resistance
genes can propagate through the environment (Christopher, 2000). This vast increase in resistance
mechanisms often negates treatment by entire classes of antimicrobial compounds. Thus, the
development of novel classes of antimicrobial compounds is urgently needed.

Reactive-Oxygen-Specie (ROS) is produced in an event of microbial invasion (Spooner and
Yilmaz, 2011). Excess ROS can lead to oxidative stress (Circu and Aw, 2010). Some of these
microorganisms are opportunistic pathogens implicated in chronic inflammatory conditions,
including cystic fibrosis (Bylund et al., 2006).
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Sulphonamides constitute an important class of drugs.
They are quite stable and tolerated in human beings (Shet
et al., 2013). They are the basis of several groups of drugs with
various types of pharmacological agents possessing carbonic
anhydrase inhibitory activity (Supuran, 2008), antibacterial
(Ali et al., 2009), anticancer (Ghorab et al., 2014), anti-HIV
(Selvam et al., 2008), antidiabetic (Hosseinzadeha et al., 2013),
anti-influenza (Tang et al., 2011), antioxidant (Siddique et al.,
2013), anti-inflammatory (Mahtab et al., 2014), antimicrobial
(Chandak, 2012), antitrypanosomal (Papadopoulou et al.,
2012), anticonvulsant (Bhat et al., 2006), anti-insomnia
(Aissaoui et al., 2008), diuretics (Jainswal et al., 2004), and
antileukemic (Nakayama et al., 2005) activities to mention
but a few.

Carboxamides are ubiquitous in their function in drug
molecules as a pharmacophore (Montalbetti and Falque, 2005).
Carboxamides have been reported as antihelmintic (Ugwu et al.,
2018a), antitubercular (Ugwu et al., 2014) anti-trypanosomal
(Ugwu et al., 2018b) agents. They are also present in drug
molecules used in the blockage of cholesterol synthesis (Graul
and Castaner, 1997), treatment of hypertension and andina
(Ananthanarayanan et al., 1993), blockade of angiotensin-II
receptors (deGasparo and Whitebread, 1995), inhibition of
angiotensin converting enzymes (Patchett, 1993), treatment of
HIV (Roskoski, 2003), and management of heart disease (Hogan
et al., 2000), to mention but a few.

This work was designed based on the reported biological
activities of benzenesulphonamide derivatives and carboxamides
and the need to develop newer antimicrobial agents that will
have an added advantage of reducing the reactive oxygen species
and inflammation implicated during microbial invasion while
also acting as an antimicrobial agent using L-amino acids and
substituted benzenesulphonamides.

We herein report the synthesis of some sulphonamides
bearing carboxamide functionalities with good
anti-inflammatory, antimicrobial, and comparable
antioxidant activities.

EXPERIMENTAL

Synthesis of Substituted Benzene
Sulphonamoylalkanamides (3a-j)
Sodium carbonate (NaCO3, 1.59 g, 15 mmol) was added to a
solution of amino acids (2, 12.5 mmol) in water (15mL) with
continuous stirring until all the solutes dissolved. The solution
was cooled to −5◦C and the appropriate benzenesulphonyl
chloride (1, 15 mmol) was added in four portions over a period
of 1 h. The slurry was further stirred at room temperature for
4 h. The progress of the reaction was monitored using TLC
(MeOH/DCM) 1:9). Upon completion, the mixture was acidified
using 20% aqueous hydrochloric acid to pH2. The products (3a-
j) were obtained in their analytical grade after washing with
tartaric acid solution of pH 2.2. The products were dried over
self-indicating fused silica gel in a desiccator (Ugwu et al., 2017).

Palladium catalyzed amidation of unactivated carboxylic acid
and butylamine.

Butylamine (1.0 mmol) and Pd(dba)2 (0.1 mmol) at
room temperature were added to a suspension of substituted
benzenesulphonamides (3a-j, 1.0 mmol) in dry toluene (40mL)
equipped with Dean-Stark apparatus for azeotropic removal of
water, and then refluxed for 12 h. On completion (as monitored
by TLC) the amide products precipitated out in their pure
form from the reaction mixture by adding 40mL n-hexane. The
carboxamides (4a-j) were obtained via suction filtration, washed
with n-hexane and dried over fused silica gel or concentrated
using rotary evaporator and dried over vacuum in the case of oily
products (Scheme 1).

N-Butyl-1-[(4-
Methylphenyl)Sulphonyl]Pyrolidine-2-
Carboxamide (4a)
Yield (0.22 g, 66.7%), Mp, 128–130◦C. UV (λmax): 213.00
nm(ε = 427.5 m2/mol). FTIR (KBr, cm−1): 3,160 (NH),
2,959 (C-H aromatic), 2,871, 2,795 (C-H aliphatic), 1,629
(C = O), 1,569, 1,450 (C = C), 1,342, 1,394 (2S = O),
1,200, 1,156 (SO2NH), 1,092, 1,055 (C-N)0.1 HNMR
(DMSOd6, 400 MHz)δ: 7.68–7.64 (m, 2H, ArH), 7.35–
7.33 (m, 2H, ArH), 3.82 (m, 1H, CH-C = O), 3.22 (m,
1H, CHa of CH2-N), 3.09–3.07 (m, 1H, CHb of CH2-N),
2.67 (m, 2H, CH2-NH), 2.24 (s, 3H, CH3-Ar), 1.69 (m,
2H, CH2CHC = O), 1.47 (m, 2H, CH2-CH2-N), 1.28–1.26
(m, 4H, 2CH2, CH2CH2-CH3), 0.85–0.80 (m, 3H, CH3-
CH2) 0.13CNMR (DMSOd6, 400 MHz)δ: 175.22 (C = O),
143.17, 136.28, 130.07, 127.63 (four aromatic carbons),
63.71, 48.75, 38.99, 31.18, 30.29, 24.66, 21.50, 19.80,14.10
(nine aliphatic carbons). HRMS (m/z): 325.1588 (M+H),
calculated, 325.1586.

N-Butyl-1-(Phenylsulphonyl)Pyrrolidine-2-
Carboxamide (4b)
Yield (0.27 g, 87.1%), Mp, 114–116◦C. UV (λmax): 202.00 nm(ε
= 398.3 m2/mol). FTIR (KBr, cm−1): 3,489 (NH), 2,960 (C-H
aromatic), 2,874, 2,796 (C-H aliphatic), 1,629 (C = O), 1,569,
1,446 (C = C), 1,394, 1,334 (2S = O), 1,193, 1,156 (SO2NH),
1,088, 1,014 (C-N)0.1HNMR (DMSOd6, 400 MHz)δ: 7.80–7.78
(d, J = 8.24Hz, 2H, ArH), 7.62–7.52 (m, 3H, ArH), 3.88–3.86 (t,
J= 3.42Hz, 1H, CH-C=O), 3.14–3.11 (t, J= 6.88Hz, 2H, CH2-
N), 2.68–2.65 (m, 2H, CH2-NH), 1.70 (m, 2H, CH2-CH-C= O),
1.51–1.43 (m, 2H, CH2-CH2-N), 1.29–1.24 (m, 4H, 2CH2, CH2-
CH2-CH3), 0.84–0.81 (m, 3H, CH3-CH2)0.13CNMR (DMSOd6,
400 MHz)δ: 174.99 (C = O), 139.20, 132.97, 129.61, 127.56
(four aromatic carbons), 63.74, 48.72, 31.18, 30.38, 24.67, 19.79,
14.11 (seven aliphatic carbons). HRMS (m/z): 311.1430 (M+H),
calculated, 311.1429.

N-Butyl-4-Methyl-2-(4-
Methylbenzenesulphonamido)Pentanamide
(4c)
Yield (0.31 g, 88.6%), Mp, 110–112◦C. UV (λmax): 202.00
nm(ε = 445.2 m2/mol). FTIR (KBr, cm−1): 3,250 (NH), 3,049
(C-H aromatic), 2,960, 2,866, 2,751 (C-H aliphatic), 1,640
(C = O), 1,580, 1,461 (C = C), 1,394, 1,342 (2S = O),
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1,286, 1,159 (SO2NH), 1,099, 977 (C-N)0.1HNMR (DMSOd6,
400 MHz)δ: 8.18–8.16 (d, J = 8.40Hz, 1H, NH), 7.86–
7.80 (m, 2H, Ar), 6.72–6.70 (m, 2H, ArH), 3.36–3.35 (t, J
= 4.40Hz, 1H, CH-C = O), 3.16–3.14 (m, 2H, CH2-NH),
3.06–3,01 (m, 6H, 3CH2), 2.46 (s, 3H, CH3-Ar), 1.14–1.10
(m, 9H, 3CH3). 13CNMR (DMSOd6, 400 MHz)δ: 167.86
(C = O), 154.70, 137.58, 131.70, 127.16, 125.18, 123.91
(six aromatic carbons), 64.26, 52.65, 46.07, 39.32, 36.45,
8.93 (six aliphatic carbons). HRMS (m/z): 340.1822 (M+),
calculated, 340.1821.

N-Butyl-4-Methyl-2-
[(Phenylsulphonyl)Amino]Pentanamide
(4d)
Yield (0.25 g, 78.1%), Mp, 116–118◦C. UV (λmax): 202.00 nm(ε
= 422.1 m2/mol). FTIR (KBr, cm−1): 3,258 (NH), 3,064 (C-H
aromatic), 2,960, 2,870 (C-H aliphatic), 1,640 (C= O), 1,573,
1,428 (C = C), 1,387, 1,338 (2S = O), 1,290, 1,152 (SO2NH),
1,014, 973 (C-N)0.1HNMR (DMSOd6, 400 MHz)δ: 7.73–7.71 (d,
J = 7.80Hz, 2H, ArH), 7.56–7.47 (m, 3H, ArH), 3.19 (m, 1H,
CH-C = O), 2.61–2.57 (m, 2H, CH2-NH), 1.72–1.65 (m, 1H,

SCHEME 1 | Synthetic route to the new carboxamides.
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CH-(CH3)2), 1.44–1.38 (m, 2H, CH2-CHC = O), 1.31–1.18 (m,
4H, CH2), 0.91–0.87 (m, 3H, CH3), 0.82–0.72 (m, 6H, 2(CH3)).
13CNMR (DMSOd6, 400 MHz)δ: 174.30 (C=O), 141.38, 132.58,
129.37, 127.13 (four aromatic carbons), 56.48, 43.28, 29.77, 24.51,
23.47, 22.61, 19.72, 14.04 (eight aliphatic carbons). HRMS (m/z):
327.1744 (M+H), calculated, 327.1742.

N-Butyl-2-{[(4-
Methylphenyl)Sulphonyl]Amino}-4-
(Methylsulphanyl)Butanamide (4e)
Yield (0.36 g, 100%), Mp, 124–126◦C. UV (λmax): 202.00 nm(ε
= 399.4 m2/mol). FTIR (KBr, cm−1): 3,250 (NH), 3,049 (C-H
aromatic), 2,960, 2,922, 2,870 (C-H aliphatic), 2,624 (S-CH3),
1,640 (C = O), 1,580, 1,521, 1,435, 1,402 (C = C), 1,361, 1,316
(2S = O), 1,208, 1,152 (SO2NH), 1,088, 1,047 (C-N)0.1HNMR
(DMSOd6, 400 MHz)δ: 7.62–7.60 (d, J = 7.32Hz, 2H, ArH),
7.32–7.30 (d, J = 7.92Hz, 2H, ArH), 3.17–3.14 (t, J = 5.18Hz,
1H, CH-C = O), 2.67–2.64 (m, 2H, CH2-NH), 2.39–2.32 (m,
3H, CH3-Ar), 2.25 (s, 3H, CH3-S), 1.99–1.92 (t, J = 5.64Hz,
2H, CH2-S), 1.78–1.76 (m, 2H, CH2-CH), 1.46–1.39 (m, 2H,
CH2-CH2-NH), 1.29–1.20 (m, 2H, CH2-CH3), 0.87–0.84 (t, J
= 5.20Hz, 3H, CH3-CH2). 13CNMR (DMSOd6, 400 MHz)δ:
172.08 (C = O), 143.00, 137.84, 130.00, 127.28 (four aromatic
carbons), 56.68, 41.18, 38.90, 33.54, 29.88, 21.48, 19.67, 15.03,
14.04 (nine aliphatic carbons). HRMS (m/z): 357.1310 (M-H),
calculated, 357.1307.

N-Butyl-2-(4-Methylphenylsulphonyl)-2-
[(Phenylsulphonyl)Amino]Butanmide (4f)
Yield (0.30 g, 92%), Mp, 120–121◦C. UV (λmax): 202.00 nm(ε
= 406.9 m2/mol). FTIR (KBr, cm−1): 3,246 (NH), 3,067 (CH
aromatic), 2,917, 2,918 (CH aliphatic), 2,657 (-S-CH3), 1,710
(C = O), 1,584, 1,416 (C = C aromatic),1,326, 1,233 (2S
= O), 1,155, 1,088, 969, 928 (C-N)0.1HNMR (DMSOd6, 400
MHz)δ: 7.88–7.87 (d, J = 7.40Hz, 2H, ArH), 7.65–7.64 (t, J =
7.32Hz, 3H, ArH), 3.15–3.13 (t, J = 6.22 Hz7, 1H, CH-C =

O), 2.66–2.64 (m, 2H, CH2-NH), 2.23 (s, 3H, CH3-S), 1.97–
1.95 (m, 2H, CH2-S), 1.79–1.77 (m, 2H, CH2-CH), 1.42–1.38
(m, 2H, CH2-CH2-NH), 1.27–1.24 (m, 2H, CH2-CH3), 0.84–
0.82 (t, J = 5.20Hz, 3H, CH3-CH2). 13CNMR (DMSOd6, 400
MHz)δ: 173.38 (C = O), 143.46, 138.65, 130.50, 127.28 (four
aromatic carbons), 56.68, 41.18, 38.90, 33.54, 29.88, 19.67, 15.03,
14.04 (eight aliphatic carbons). HRMS (m/z): 344.1229 (M+),
calculated 344.1228.

N-Butyl-3-Hydroxy-2-{[(4-
Methyl)Sulphonyl]Amino}Butanamide (4g)
Yield (0.28 g, 84.8%), Mp, 162–164◦C. UV (λmax): 213.00
nm(ε = 421.7 m2/mol). FTIR (KBr, cm−1): 3,399 (OH), 3,250
(NH), 2,959 (C-H aromatic), 2,934, 2,874 (C-H aliphatic),
1,603 (C = O), 1,513, 1,465 (C = C), 1,379, 1,327 (2S =

O), 1,159, 1,122 (SO2NH), 1,092, 1,036 (C-N, C-O)0.1HNMR
(DMSOd6, 400 MHz)δ:7.69–7.57 (m, 2H, ArH), 7.48–7.46 (m,
2H, ArH), 3.77–3.76 (d, J = 6,32, Hz, 1H, CH-C = O),
3.08–3.06 (m, 1H, CH-OH), 2.56–2.53 (m, 2H, CH2-NH),

1.41–1.39 (m, 2H, CH2-CH2-NH), 1.33–1.31 (m, 2H, CH2-
CH3), 0.98–0.96 (d, J = 5.96Hz, 3H, CH3-CHOH), 0.83–
0.81 (m, 3H, CH3-CH2). 13CNMR (DMSOd6, 400 MHz)δ:
172.64 (C = O), 142.44, 132.94, 128.71, 127.84 (four aromatic
carbons), 68.01, 60.14, 38.95, 29.70, 21.56, 19.64, 19.09, 14.02
(eight aliphatic carbons). HRMS (m/z): 327.1380 (M-H),
calculated, 328.1379.

N-Butyl-3-Hydroxy-2-
[(Phenylsulphonyl)Amino]Butanamide (4h)
Yield (0.29 g, 90.6%), Mp, 140–142◦C. UV (λmax): 213.00
nm(ε = 362.1 m2/mol). FTIR (KBr, cm−1): 3,401 (OH),
3,191 (NH), 3,056 (C-H aromatic), 2,960, 2,933, 2,870 (C-
H aliphatic), 1,733 (C = O), 1,595, 1,528, 1,476 (C = C),
1,387, 1,305 (2S = O), 1,238, 1,141 (SO2NH), 1,077, 973
(C-N, C-O)0.1HNMR (DMSOd6, 400 MHz)δ: 7.75 (m, 2H,
ArH), 7.59–7.51 (m, 3H, ArH), 3.70–3.69 (d, J = 4.56Hz,
1H, CH-C = O), 3.082 (m, 1H, CH-OH), 2.67–2.65 (m,
2H, CH2-NH), 1.43–1.41 (m, 2H, CH2-CH2-NH), 1.28–1.22
(m, 2H, CH2-CH3), 0.92–0.89 (d, J = 5.96Hz, 3H, CH3-
CHOH), 0.84–0.79 (m, 3H, CH3-CH2). 13CNMR (DMSOd6,
400 MHz)δ: 171.60 (C = O), 140.44, 132.94, 129.61, 127.24
(four aromatic carbons), 68.01, 60.14, 38.95, 29.70, 19.64, 19.09,
14.02 (seven aliphatic carbons). HRMS (m/z): 315.1379 (M+H),
calculated, 315.1378.

N-Butyl-3-Hydroxy-2-{[(4-
Methylphenyl)Sulphonyl]Amino}
Propanamide (4i)
Yield (0.29 g, 90.6%), Mp = 134–136◦C. UV (λmax): 203.00
nm(ε = 330.9 m2/mol). FTIR (KBr, cm−1): 3,466 (OH), 3,243
(NH), 3,060 (C-H aromatic), 2,960, 2,933, 2,873 (C-H aliphatic),
1,733 (C = O), 1,595, 1,494, 1,461 (C = C), 1,365, 1,324 (2S =

O), 1,163, 1,122 (SO2NH), 1,092, 1,033 (C-N, C-O)0.1HNMR
(DMSOd6, 400 MHz)δ: 7.89–7.87 (d, J = 7.36Hz, 1H, NH),
7.62–7.61 (d, J = 6.44Hz, 2H, ArH), 7.32–7.30 (d, J = 6.44Hz,
2H, ArH), 3.51–3.48 (m, 1H, CH), 3.30 (s-br, 1H, OH), 2.47–
2.46 (m, 2H, CH2-NH), 2.33(s, 3H, CH3-Ar), 1.62–1.58 (m, 2H,
CH2-OH), 1.34–1.29 (m, 2H, CH2-CH2-NH), 1.09–1.01 (m, 2H,
CH2-CH3) 0.76–0.71 (t, J = 5.48Hz, 3H, CH3-CH2)0.13CNMR
(DMSOd6, 400 MHz)δ: 172.36 (C = O), 149.93, 147.24, 128.72,
124.78 (four aromatic carbons), 60.89, 37.32, 24.85, 21. 44, 19.54,
15.96, 11.46 (seven aliphatic carbons). HRMS (m/z): 314.1303
(M+), calculated, 314.1300.

N-Butyl-3-Hydroxy-2-
[(Phenylsulphonyl)Amino]Propanamide
(4j)
Yield (0.28 g, 93.3%), Mp = 120–122◦C. UV (λmax): 203.00
nm(ε = 364.7 m2/mol). FTIR (KBr, cm−1): 3,391 (OH), 3,243
(NH), 2,963 (C-H aromatic), 2,875 (C-H aliphatic), 1,733 (C =

O), 1,599, 1,446 (C = C), 1,387, 1,320 (2S = O), 1,252, 1,160
(SO2NH), 1,092, 1,026 (C-N, C-O)0.1HNMR (DMSOd6, 400
MHz)δ: 7.94–7.93 (d, J = 7.36Hz, 1H, NH), 7.63–7.62 (d, J =
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6.44Hz, 2H, ArH), 7.31–7.29 (d, J = 6.40Hz, 3H, ArH), 3.53–
3.49 (m, 1H, CH), 3.30 (s-br, 1H, OH), 2.44–2.42 (m, 2H, CH2-
NH), 1.58–1.56 (m, 2H, CH2-OH), 1.44–1.42 (m, 2H, CH2-CH2-
NH), 1.06–1.04 (m, 2H, CH2-CH3) 0.66–0.64 (t, J = 6.32Hz,
3H, CH3-CH2)0.13CNMR (DMSOd6, 400 MHz)δ: 170.76 (C =

O), 148.43, 146.64, 127.74, 124.78 (four aromatic carbons), 63.44,
38.44, 37.32, 24.85, 15.96, 11.46 (six aliphatic carbons). HRMS
(m/z): 299.1069 (M-H), calculated, 299.1066.

In silico Studies
Drug Targets
Peroxisomes are essential organelles which participate inmultiple
important metabolic processes, including the β-oxidation of
fatty acids, plasmalogen synthesis, and the metabolism of
reactive oxygen species (ROS) (Islinger et al., 2012). Human
peroxiredoxin 5 (PRDX5) (PDB code: 1HD2), aperoxisome, is a
thioredoxin reductase which reduces H2O2, alkyl hydroperoxides
and peroxynitrite (Knoops et al., 2011). PRDX5 is a novel
type of mammalian thioredoxin peroxidase widely expressed in
tissues and located cellularly to mitochondria, peroxisomes, and
cytosol. Functionally, PRDX5 has been implicated in antioxidant

protective mechanisms as well as in signal transduction in cells
(Declercq et al., 2001).

Phosphodiesterase-4 (PDE4) (PDB code: 4WCU) is an
enzyme found in some specific celltypes, and is involved in the
degradation of the second messenger, cAMP. As a result, 4WCU
has a pivotal role in cell signaling. This has made it a target
for clinical drug development of various indications, including
anti-inflammation and several others (Zhang et al., 2005).

Glucosamine-6-phosphate synthase (GlcN-6-P) (PDB code:
2VF5) is a very useful target in antimicrobial chemotherapy as
outlined by Ezeokonkwo et al. (2017) and Festus et al. (2018).
2VF5 is responsible for the metabolism of hexosamine which
is an important process in the biosynthesis of amino sugars.
In the biosynthesis of amino sugars, uridine 5′-diphospho-N-
acetyl-d-glucosamine (UDP-GlcNAc) is formed. UDP-GlcNAc
an important component of thepeptido glycan layermostly found
in the bacterial and fungal cell walls. Inactivation of GlcN-6-P
synthase for a short period is very dangerous for fungal cells.

Molecular Docking Studies
Three drugs targets were selected to study the in silico
antioxidant, anti-inflammatory, and antibacterial activities of the

SCHEME 2 | Butylamine derivatives of carboxamide.
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synthesized compounds. The targets used for the antioxidant
and anti-inflammatory studies are the human peroxiredoxin
5 (PDB code: 1HD2) and phosphodiesterase 4 (PDE4) (PDB:
4WCU), respectively. Glucosamine-6-phosphate synthase (PDB
Code: 2VF5) was used for antibacteria study.

The 3-Dimensional crystal structures of 1HD2, 4WCU, and
2VF5 with their co-crystallized ligands were retrieved from
the protein data bank repository (https://www.rcsb.org/). These
proteins were treated in Discovery Studio where multiple chains
and water of crystallization were removed. The synthesized
compounds were drawn using Accelrys Draw 4.1. Both the
prepared proteins and compounds were energy minimized
using MMFF94x force field. The energy minimized compounds
were docked into the binding cavities of the proteins. The
binding free energy for each compound against the target was
calculated. Biovia Discovery Studio v16.1.0.15350 software was
used for analysis of molecular docking studies. Molinspiration
software (www.molinspiration.com) was used to generate the
physicochemical properties in Table 7.

Biological Studies
In vivo Anti-inflammatory Activities Determination
Male albino rats weighing 300 g where purchased from the
Department of Biochemistry, University of Nigeria, Nsukka, and
kept at room temperature in a light controlled animal house.
They were fasted with free access to water for at least 12 h prior
to the experiments. The tested compounds were prepared as
suspension in vehicle (0.5% methylcellulose) and celecoxib was
used as a standard drug. The positive control received celecoxib
while the negative control received only the vehicle. Oedema was
produced by injecting 0.2mL of a solution of 1% carrageenan in
the hindpaw. The rats were injected intraperitoneally with 1mL
suspension in 0.5% methylcellulose of the tested compounds and
reference drug. Paw volume wasmeasured by water displacement
with aplethysmometer (UGO BASILE) before, 0.5, 1, 2, and 3 h
after treatment. The percentage was calculated by the following
equation (Abdel-Aziz et al., 2014):

Anti− inflammatory activity(%) = (1− D/C)× 100

where D represents the difference in paw volume before and after
drug administration to the rats and C represents the difference
of volume in the control groups. The approval for the use of
animal was obtained from the University of Nigeria committee
on experimental animal use.

In vitro Antimicrobial Activity
The antimicrobial properties of the novel compounds were
investigated by general sensitivity testing and minimum
inhibitory concentration (MIC), with respect to freshly
cultured targeted organisms. The seven organisms used in this
study are two Gram positive bacteria [Staphylococcus aureus
(ATCC 12600), Bacillus subtilis (ATCC 6633)], three gram
negative bacteria [Eschericha coli (O157:H7), Pseudomonas
aeruginosa (ATCC 27853), Salmonellatyphi (H56)], and two
fungi [Candida albicans (ATCC MYA 2876), Aspergillus
niger (ATCC 16404)] were obtained from the Department of
Pharmaceutics, University of Nigeria, Nsukka.

Antimicrobial Sensitivity Testing
Sensitivity test agar plates were seeded with 0.1mL of overnight
culture of microorganism. The seeded plates were allowed to set
after which cups were made in each sector previously drawn on
the backside of the bottom plate using marker. Using a sterile
pipette, each cup was filled with six drops of their corresponding
carboxamides (100 mg/mL). The solubility solvent was DMF. All
the plates were incubated at 37◦C for 24 h for bacteria and 48 h for
fungi. Zones of clearance around each cup allowed inhibition and
the diameter of such zones to be measured. The procedure was
repeated for tetracycline (standard bacteria), fluconazole (fungi
standard), and DMF (solvent). Muller Hinton agar was used for
the fungi in place of nutrient agar for bacteria (Adeniyi and
Odedola, 1996).

TABLE 1 | Binding free energy, 1G (kcal/mol).

COMP 1HD2

1G (kcal/mol)

4WCU

1G (kcal/mol)

2VF5

1G (kcal/mol)

4a −12.03 −10.79 −12.85

4b −10.71 −10.52 −11.35

4c −11.44 −10.15 −10.37

4d −12.60 −10.23 −11.44

4e −13.02 −10.41 −11.71

4f −12.46 −11.03 −12.72

4g −12.83 −11.20 −12.01

4h −12.15 −10.03 −11.96

4i −11.30 −10.21 −11.69

4j −11.54 −10.45 −11.45

Standard drug −13.04 −11.38 −16.74

Standard drugs used: antioxidant = Vitamin C; Anti-inflammatory = indomethacin;

Antibacteria = ciprofloxacin.

FIGURE 1 | Stereoview of compound 4e in the binding cavity of 1HD2.
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Minimum Inhibitory Concentration (MIC) Testing
Serial dilutions of the carboxamides were prepared from 100
mg/mL solution of the compounds to give 100, 50, 25, and
12.5 mg/mL. Six drops of each dilution was added to the
corresponding cup of seeded microorganisms and the agar
previously marked. The cork borer used to make the cup is 8mm
in diameter. The plates were incubated at 37◦C for 24 and 48 h
in the case of fungi. The diameter of the zone of inhibition was
measured and the value subtracted from the diameter of the
borer to give the inhibition zone diameter (IZD). The graph
of IZD (Prestinaci et al., 2015) against the log of concentration
was plotted for each plate containing a specific compound and a
microorganism. The anti-log of the intercept on x-axis gives the
MIC (Adeniyi and Odedola, 1996). The procedure was repeated
for tetracycline and fluconazole.

In vitro Antioxidant Studies
DPPH Radical Scavenging Activity
The new carboxamides were screened for free radical scavenging
activity by 2,2-diphenyl-1-picrylhydrazyl (DPPH) method
(Liyana-Pathiranan and Shahidi, 2005). Compounds of different
concentrations were prepared in distilled ethanol, with 1mL
of each compound solutions having different concentrations

(1.0, 2.0, 3.0, 4.0, and 5.0 mg/mL) were taken indifferent test
tubes, 4mL of 0.1mM ethanol solution of DPPH was added
and shaken vigorously. The test tubes were then incubated in a
dark room temperature for 20min. A DPPH blank was prepared
without the compound and ethanol was used for the baseline
correction. Changes (decrease) in the absorbance at 517 nm
were measured using a UV-Visible spectrometer. The radical
scavenging activities were expressed as the inhibition percentage
and were calculated using:

DPPH radical scavenging activity =
Ac− As

Ac
∗100,

Where Ac, Absorbance of control; As, Absorbance of sample.

RESULTS AND DISCUSSION

Chemistry
Substituted benzenesulphonamides (3a-j) were synthesized from
the reaction of various L-amino acids (2) and substituted
benzenesulphonyl chloride (1) in aqueous medium. Reaction
of compounds (3a-j) with the appropriate alkyl amine in the
presence of catalytic amount of Pd2(dba)3 afforded the target

FIGURE 2 | 2D representation of binding interaction of compound 4e and the amino acid residues of 1HD2.

Frontiers in Chemistry | www.frontiersin.org 7 September 2019 | Volume 7 | Article 634143

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Eze et al. New Biologically Active Benzenesulphonamide Derivatives

compounds (4a-j, Scheme 2) which were characterized using
FTIR, NMR, and HRMS.

Spectral Characterization
The FTIR spectra of the carboxamides showed a N-H
band between 3,489 and 3,160 cm−1. The C = O band
appeared between 1,733 and 1,603 cm−1. These bands
indicates successful coupling of the aliphatic amines with
the benzenesulphonamides.

The appearance of the peaks between 3.16–3.01, 2.86–2.42,
1.92–1.01, and 0.92–0.64 ppm in the proton NMR is supportive
of the formation of the target product.

The carbon-13 NMR showed all the peaks expected of
successful coupled products. The C = O peak appeared between
167.86 and 175.22 ppm. All the aromatic and aliphatic peaks were
accounted for in the carbon-13 NMR.

The high resolution mass spectrometer (HRMS) peak of the
derivatives appeared either as molecular ions (M+), M+H+, or
M–H−. The results corresponded to three decimals with the

calculated values. The spectra used for the characterization of the
new compounds are available as Supporting Materials.

Molecular Docking
Table 1 shows the binding free energy of our synthesized
compounds docked into the binding sites of the receptors: 1HD2,
4WCU, and 2VF5. There were significant binding affinities
of the compounds with the receptors when compared to the
standard drugs. Compound 4e showed comparable in silico
antioxidant activity (−13.05 kcal/mol) as the standard drug
(vitamin C) (−13.04 kcal/mol). Likewise, compound 4g also
showed similar in silico anti-inflammatory (−11.20 kcal/mol)
comparable to indomethacin (−11.38 kcal/mol). However, even
though the compounds showed good binding affinity with
2VF5, none showed antibacterial activity that is comparable to
ciprofloxacin. We went further to gain insight into the nature
of the binding interactions between the compounds and the
receptors. Figure 1 shows the stereo view of compound 4e in
the binding cavity of 1HD2, while Figure 2 illustrates how the

FIGURE 3 | 2D representation of binding interaction of compound 4g and the amino acid residues of 4WCU.
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FIGURE 4 | 2D representation of binding interaction of indomethacin and the amino acid residues of 4WCU.

atoms of compound 4e interacted with the amino acid residues
of 1HD2.

Compound 4e is well-fitted in the binding cavity of 1HD2,
sharing the same binding sites with the native ligand. It
can be seen from Figure 2 that various chemical interactions
played vital roles. There was H-bond interaction between
the compound and THR 147 through a H-bond distance of
4.47Å. The π-electrons of the methylphenyl group interacted
with LEU 116 through π-alkyl interaction. Other π-alkyl
interactions involved PHE 120 and PRO 40. ILE 119, PRO
45, THR 45, and GLY 46 can hydrophobically interact with
compound 4e.

Compound 4g chemically interacted with 4WCU
(Figure 3). There were six hydrogen bonds formed in
this interaction. The following amino acid residues were
involved: HIS 160, ASN 209, THR 271, GLU 230, and
HIS 204. π-S interaction was observed the S-atom of 4g

and HIS 204. The details are shown in Figure 3. These
interactions were compared with the interactions seen

when indomethacin is bound to the binding sites of 4WCU
(Figure 4). HIS 200 and ASP 201 formed H-bonds with
indomethacin. Details of these interactions are shown in
Figure 4. By utilizing different amino acid residues in their
interactions, it is possible that compound 4g and indomethacin
may have different mechanisms of reaction in eliciting
anti-inflammatory actions.

Biological Studies
In vivo Anti-inflammatory Activities
The in vivo anti-inflammatory activity showed that all the
novel compounds (Table 2) tested had a fascinating inhibition
of inflammation (94.69–89.38%) when compared with NSAID
indomethacin (78.76%) at 1 h. The most active were compounds
4a and 4c with percentage inhibitions of 94.69% each at 1 h.
The compounds showed better anti-inflammatory activities at 1 h
of the experiment. It was observed that the anti-inflammatory
activities decreased with increase in time.
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TABLE 2 | In vivo anti-inflammatory.

Sample no 1h (%) 2h (%) 3h (%)

4a 94.69 89.66 87.83

4b 92.92 87.07 85.22

4c 94.69 89.66 87.83

4d 92.92 88.79 86.96

4e 91.15 83.62 78.26

4f 90.45 85,67 83.87

4g 93.81 86.21 85.22

4h 92.04 86.21 84.35

4i 93.81 86.21 84.35

4j 89.38 87.07 85.22

Indomethacin 78.76 71.55 66.09

TABLE 3 | General sensitivity of compounds against microorganism.

Sample no E. coli S. aureus P. aeruginosa S. typhi B. subtilis C. albicans A. niger

4a 11 10 8 8 6 4 6

4b 12 6 10 - 6 7 7

4c 10 9 4 5 4 6 4

4d 8 6 - 10 7 - -

4e 8 10 10 8 6 8 8

4f 7 4 - 10 8 - -

4g - - 3 6 7 5 4

4h 11 8 6 6 - 8 8

4i 10 - - 6 4 - -

4j 4 6 6 6 - - -

Ciprofloxacin 26 25 25 25 26 - -

Fluconazole - - - - - 24 27

- = No inhibition.

TABLE 4 | Minimum Inhibitory Concentration (MIC).

Sample no E. coli S. aureus P. aeruginosa S. typhi B. subtilis C. albicans A. niger

4a 7.44 7.78 6.67 6.45 7.08 - 7.32

4b 8.90 6.99 7.70 - 7.08 8.42 8.39

4c 7.67 7.89 - - - 7.28 -

4d 6.72 7.44 - 7.69 8.12 - -

4e 7.01 8.00 7.72 6.60 7.09 6.63 6.28

4f 8.39 - - 7.68 6.63 - -

4g - - - 7.28 8.42 - -

4h 7.64 6.63 7.30 7.51 - 6.63 6.48

4i 7.93 - - 7.43 - - -

4j - 7.00 7.30 7.42 - - -

Ciprofloxacin 9.65 8.39 9.05 8.68 9.56 - -

Fluconazole - - - - - 9.05 8.39

In vitro Antimicrobial Activities

General sensitivity of compounds against microorganism
Minimum inhibitory concentration (mg/mL). The antimicrobial
studies revealed that most of the novel compounds (MIC
8.90(−6.28 mg/mL) were more potent than the reference drugs
(MIC 9.65(−8.39 mg/mL) against the tested microorganisms
(Tables 3, 4). Compound 4d (MIC 6.72 mg/mL) was the most
active against E. coli. Compound 4h (MIC 6.63 mg/mL) was the
most potent against S. aureus. Compound 4a (MIC 6.67 and

TABLE 5 | In vitro anti-oxidant (% scavenging activity).

Sample

no

0.05 mg/mL

(%)

0.10 mg/mL

(%)

0.15 mg/mL

(%)

0.20 mg/mL

(%)

0.25

mg/mL (%)

4a 2.44 7.07 9.90 14.91 19.15

4b 3.34 8.61 13.50 17.74 22.24

4c 1.54 6.94 10.28 13.37 23.14

4d 2.57 7.46 10.93 15.94 20.18

4e 2.83 8.23 13.24 22.62 32.13

4f 3.31 7.76 10.58 14.31 18.91

4g 2.06 4.76 7.58 11.43 13.88

4h 2.19 6.17 9.25 14.91 20.18

4i 2.31 6.17 9.90 14.65 21.72

4j 3.34 9.00 13.24 19.28 22.75

Vitamin C 11.31 21.85 34.32 48.20 60.15

TABLE 6 | In vitro antioxidant activities (IC50).

Sample no IC50 (mg/mL)

4a 0.5358

4b 0.5080

4c 0.3799

4d 0.5294

4e 0.3287

4f 0.4779

4g 0.8475

4hs 0.5250

4i 0.4653

4j 0.5826

Vitamin C 0.2090

6.45 mg/mL) was the most active against P. aeruginosa and S.
typhi, respectively. Compound 4f (MIC 6.63 mg/mL) was the
most potent against B. subtilis. Compounds 4e and 4h (MIC
6.63 mg/mL) each were the most active against C. albicans,
while compound 4e (MIC 6.28 mg/mL) was the most potent
against A. niger.

The structure activity relationship study revealed that the p-
toluenesulphonamide derivatives possessed better antimicrobial
properties than the benzenesulphonamide analogs. This finding
underscores the importance of the methyl group at position
4 of the phenyl ring mimicking the structure of p-amino
benzoic acid which is needed for the synthesis of folic acid by
the microorganism.

In vitro Antioxidant Activities

In vitro antioxidant activities (% scavenging activity)
In vitro antioxidant activities (IC50). The in vivo antioxidant
activities (Tables 5, 6) revealed that all the novel compounds
had antioxidant activities, though lower than Vitamin C. Only
compound 4e (IC50 0.3287 mg/mL) had comparable activity with
Vitamin C (IC50 0.2090 mg/mL) at 0.25 mg/mL.

DPPH assay is used to predict antioxidant activities by
mechanism in which the compounds tested inhibit lipid
oxidation, so scavenging of DPPH radical and therefore can
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TABLE 7 | Physicochemical properties of the compounds.

Sample no MilogP TPSA (Å2) NA MW HBA HBD NV NRB Volume %ABS

4a 2.63 66.48 22 324.45 5 1 0 6 299.56 86.06

4b 2.19 66.48 21 310.42 5 1 0 6 283.00 86.06

4c 3.64 75.27 23 340.49 5 2 0 9 326.37 83.03

4d 3.19 75.27 22 326.46 5 2 0 9 309.81 83.03

4e 2.78 75.27 23 358.53 5 2 0 10 327.91 83.03

4f 2.33 75.27 22 344.50 5 2 0 10 311.35 83.03

4g 3.11 75.27 22 326.46 5 2 0 8 309.57 83.03

4h 2.66 75.27 21 312.44 5 2 0 8 293.01 83.03

4i 1.35 95.50 21 314.41 6 3 0 8 284.44 76.05

4j 0.91 95.50 20 300.38 6 3 0 8 267.88 76.05

TPSA, total polar surface area; NA, number of atoms; MW, molecular weight; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; NV, number of violations; NRB, number of

rotatable bond.

determine free radical scavenging capacity. The method is used
widely due to relatively short time required for the analysis.
DPPH free radical is very stable and reacts with compounds that
can donate hydrogen atoms. The assay measures the reducing
ability of antioxidants toward the DPPH radical.

Physicochemical properties. Table 7 shows the physicochemical
properties of the synthesized compounds which are useful in the
assessment of the drug-likeness.

Lipinski’s rule of five helps to evaluate the bioavailability
for oral formulations. An oral drug with a good bioavailability
should have MW ≤ 500, HBD ≤ 5, HBA ≤ 10, and Log
P(o/w) ≤ 5. A violation of more than one parameter may be
an indication of poor bioavailability. Table 7 shows that the
synthesized compounds are in agreement with the Lipinski’s
rule of five. In addition, the TPSA, which is a reflection of the
compound’s hydrophilicity, is very important in protein-ligand
interactions. NRB ≤ 10 and TPSA ≤ 140 Å2 would have a high
probability of good oral bioavailability in rats. The compounds
reported in this research possessed TPSA < 140 and NRB <

10 and as such would not pose oral bioavailability problems
if formulated.

CONCLUSIONS

In this paper, we have described an efficient, ecofriendly, and
versatile approach to obtain substituted benzenesulphonamides
bearing carboxamide. All the compounds were evaluated for
their anti-inflammatory, antimicrobial and oxidant activities.
Compounds 4a and 4c were the most active anti-inflammatory
agents, compound 4d was the most active against E. coli,

compound 4h was most active against S. aureus, compound 4a

was most active against P. aeruginosa and S. typhi, compound
4f was the most active against B. subtilis, compounds 4e and
4h was the most active against C. albicans, compound 4e was
most active against A. niger. Compound 4e had comparable
activity to Vitamin C. The derivatives are promising drug
candidates which can take care of inflammation and oxidative
stress that occurs during microbial invasion while acting as
antimicrobial agents.
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We have demonstrated previously that amino-artemisinins including artemiside and

artemisone in which an amino group replaces the oxygen-bearing substituents attached

to C-10 of the current clinical artemisinin derivatives dihydroartemisinin (DHA), artemether

and artesunate, display potent activities in vitro against the asexual blood stages

of Plasmodium falciparum (Pf ). In particular, the compounds are active against late

blood stage Pf gametocytes, and are strongly synergistic in combination with the

redox active drug methylene blue. In order to fortify the eventual selection of optimum

amino-artemisinins for development into new triple combination therapies also active

against artemisinin-resistant Pf mutants, we have prepared new amino-artemisinins

based on the easily accessible and inexpensive DHA-piperazine. The latter was

converted into alkyl- and aryl sulfonamides, ureas and amides. These derivatives were

screened together with the comparator drugs DHA and the hitherto most active

amino-artemisinins artemiside and artemisone against asexual and sexual blood stages

of Pf and liver stage P. berghei (Pb) sporozoites. Several of the new amino-artemisinins

bearing aryl-urea and -amide groups are potently active against both asexual, and

late blood stage gametocytes (IC50 0.4-1.0 nM). Although the activities are superior to

those of artemiside (IC50 1.5 nM) and artemisone (IC50 42.4 nM), the latter are more

active against the liver stage Pb sporozoites (IC50 artemisone 28 nM). In addition, early

results indicate these compounds tend not to display reduced susceptibility against

parasites bearing the Pf Kelch 13 propeller domain C580Y mutation characteristic of
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artemisinin-resistant Pf. Thus, the advent of the amino-artemisinins including artemiside

and artemisone will enable the development of new combination therapies that by virtue

of the amino-artemisinin component itself will possess intrinsic transmission-blocking

capabilities and may be effective against artemisinin resistant falciparum malaria.

Keywords: malaria, gametocytes, sporozoites, amino-artemisinins, transmission-blocking

INTRODUCTION

The introduction by the Chinese during the 1970s and 1980s of
the antimalarial drug artemisinin 1 and its reduced derivative
dihydroartemisinin (DHA) 2, the latter which was converted
into the lactol ether artemether 3, and the hemiester artesunate
4 (Figure 1), ushered in a new era for the treatment of
malaria (Brossi et al., 1988; Haynes, 2006). The introduction
of the artemisinins was particularly opportune, given that the
hitherto most widely-used drug chloroquine (CQ) had become
essentially ineffective due to the emergence in Cambodia in
the 1960s and the rapid spread of the CQ-resistant strain of
the principal parasite Plasmodium falciparum (Pf ) that causes

FIGURE 1 | Artemisinin 1 and current clinical derivatives: dihydroartemisinin (DHA) 2, artemether 3, and artesunate 4. The latter two are rapidly converted into DHA in

vivo via metabolism or facile hydrolysis respectively. As a hemiacetal, DHA rearranges irreversibly under physiological conditions into the peroxyhemiacetal 5 that in

turn rearranges to the inert deoxyartemisinin 6 (Haynes et al., 2007).

malaria (Krogstad et al., 1987). Eventually, in line with the WHO
recommendation, the artemisinins were combined with longer
half-life antimalarial drugs such as piperaquine, mefloquine,
lumefantrine, or other, in artemisinin combination therapies
(ACTs). These were subsequently used with considerable success
in the treatment of malaria (Adjuik et al., 2002; Cui and Su,
2009; Eastman and Fidock, 2009; Wells et al., 2009; Angus, 2014).
However, increasing parasite clearance times in patients treated
with ACTs in Cambodia began to be recorded after 2000 in the
region where CQ resistance was first reported (Noedl et al., 2008;
Amaratunga et al., 2014). More recently, increasing tolerance
of the parasite to the longer half-life partner drugs in the ACT
including piperaquine and mefloquine were recorded, eventually
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leading to overt treatment failures with ACTs (Duru et al., 2015;
Leang et al., 2015; Spring et al., 2015; WHO, 2019).

The enhanced tolerance of Pf parasites to the artemisinins
correlates with the induction of quiescence in early ring blood-
stage parasites in response to drug pressure; thus parasite
development is arrested, resulting in increased parasite clearance
times (Dondorp et al., 2009). As a heritable trait, the increased
tolerance arising via induction of ring-stage quiescence is now
defined as the biomarker for artemisinin resistance (Anderson
et al., 2010). The resistant phenotypes may carry point mutations,
most commonly C580Y, in the Pf Kelch 13 propeller domain
(PfK13) (Ariey et al., 2014; Takala-Harrison et al., 2014; Miotto
et al., 2015; Spring et al., 2015; Kheang et al., 2017; Sá et al.,
2018). The transcription factor Pf phosphatidylinositol-3-kinase
(PfPI3K) in binding to PfK13 mediates ubiquitinylation for
protein degradation on the proteasome. The accepted thesis for
induction of artemisinin resistance holds that DHA 2, used as a
clinical artemisinin in its own right, or as the principal metabolite
of the clinical artemisinins artemether 3 and artesunate 4,
competitively binds to PfPI3K which prevents the kinase binding
to PfK13, thereby inhibiting ubiquitinylation and proteasome
degradation and leading to cell-cycle arrest and quiescence
(Mbengue et al., 2015; Van Hook, 2015). However, the “DHA-
binding” thesis is open to question (Coertzen et al., 2018). The
notable lability of DHA under physiological conditions wherein
DHA rearranges irreversibly via ring-opening and closure to
the peroxyhemiacetal 5 (Figure 1) (Haynes et al., 2007; Jansen,
2010; Parapini et al., 2015) precludes binding of the intact
molecule to PfKI3. No experimental evidence for binding, as
opposed to a best fit generated by in silico modeling of the
intact DHA, was adduced in this respect. In addition, it is
apparent that structurally diverse artemisinin derivatives and
synthetic trioxolanes are affected to varying degrees by the
resistant phenotypes (Lanteri et al., 2014; Siriwardana et al.,
2016; Straimer et al., 2017). Overall, artemisinin resistance more
likely reflects modulation of redox-sensitive signal transduction
pathways according to other closely-related systems (Kim et al.,
2005; Liu et al., 2012; Okoh et al., 2013). Thus, the inhibition
equates with an enhanced response to the oxidative stress
induced by the artemisinin via generation of reactive oxygen
species (ROS) (Haynes et al., 2011, 2012; Coertzen et al., 2018).
The origins of the stress response are in accord with one of
the conceptual models for mechanism of action of artemisinins:
this posits enhancement of oxidative stress brought about by
the facile oxidation by artemisinins of reduced flavin cofactors
of flavin disulfide reductases important for maintaining redox
homeostasis in the malaria parasite (Haynes et al., 2011, 2012).
More recent work indicates that resistance indeed arises through
enhanced adaptive responses to oxidative stress (Bridgford et al.,
2018; Rocamora et al., 2018).

Malaria mortality world-wide continues to decrease—the
405,000 deaths recorded in 2018 represent a 3% decline from
2017, and this seemingly encouraging development has a parallel
in the report of a slight decrease in incidence of the disease,
largely in Africa, from 231 million cases in 2017 to 228 million in
2018 (WHO, 2019). Against this, the rate of decrease of mortality
and incidence has slowed since 2015, and it now appears that

the WHO global technical strategy for malaria milestones for
morbidity in 2025 and 2030 will not be achieved. In addition,
the ongoing spread of artemisinin-resistant parasites and the
decrease in the efficacies of the current ACTs are alarming, and
the situation will be especially prejudiced if ingress into Africa
occurs (Paloque et al., 2016; Thanh et al., 2017; Woodrow and
White, 2017). In the face of the foregoing, a reappraisal of
the use of current artemisinins and the partner drugs in the
combinations is urgently required (Sá et al., 2018).

Whilst neurotoxicity of the clinical artemisinins, principally
of DHA, is long known (Wesche et al., 1994; Nontprasert et al.,
2000), this has not usually been recorded in malaria patients
submitted to normal treatment regimens (Kissinger et al., 2000;
Van Vugt et al., 2000; Hien et al., 2003). However, there are
apparent exceptions (Toovey and Jamieson, 2004), and the
perception of a neurotoxic burden is enhanced by the report of
a fatality due to an artesunate overdose (Campos et al., 2008).
Overall, the persistence with the widespread clinical use and
development of yet newer formulations of DHA in combination
therapies must be questioned, given the literature data indicative
of neurotoxicity of DHA (Toovey, 2006), its reduced efficacy
against artemisinin-resistant parasites (Siriwardana et al., 2016;
Hamilton et al., 2019), its intrinsic instability (Haynes et al.,
2007; Jansen, 2010; Parapini et al., 2015), and reports of major
treatment failures, especially of the DHA-piperaquine ACT
in Thailand, Cambodia, and Vietnam (WHO, 2019). Thus,
artemisinins that do not undergo metabolism to DHA and are
not neurotoxic have to be employed. However, the overarching
aspects now are that for the drug combinations containing the
new artemisinin to be applied successfully in regions of endemic
artemisinin-resistant malaria, the artemisinin-resistant parasites
have to be killed and transmission blocked (Alonso et al., 2011).
Thus, in addition to the new artemisinin component, we need
to examine with particular care the combination partners, and
if these are likely to affect quiescent ring stage parasites so
as to “protect” the artemisinin. We proposed use of the new
artemisinin, which we term an oxidant drug by virtue of its ability
to irreversibly oxidize reduced flavin cofactors, in combination
with a redox (or “pro-oxidant”) drug such as a phenothiazine, e.g.,
methylene blue (MB), phenoxazine, naphthoquinone (Sidorov
et al., 2016), quinone-imine, redox metal chelating agent
(Parkinson et al., 2019), or other (Kubota and Gorton, 1999;
Dharmaraja, 2017), with a third drug with a different mode
of action (Coertzen et al., 2018). MB oxidizes reduced flavin
cofactors of flavin disulfide reductases just as does the artemisinin
(Haynes et al., 2011, 2012). However, the reduced conjugate
leucomethylene blue (LMB) is rapidly reoxidized by oxygen
to MB, a process that also generates ROS and initiates redox
cycling of the MB (Buchholz et al., 2008). Naphthoquinones are
likely to act in the same way as these oxidize reduced flavin
cofactors of other flavoenzymes (Sollner and Macheroux, 2009).
The benefit of combining the oxidant artemisinin with the redox
drug accrues through the artemisinin abruptly inducing oxidative
stress that is then maintained or enhanced by redox cycling
of the MB or other redox active drug (Coertzen et al., 2018).
The specific benefits bestowed by MB are potent activity against
early asexual ring stage parasites (Akoachere et al., 2005) and
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against transmissible blood stage gametocytes (Adjalley et al.,
2011). The lead benzo[α]phenoxazine SSJ-183, that is redox-
active (Kubota and Gorton, 1999), like MB is active against
blood stage asexual parasites, in particular ring-stage parasites
(Shi et al., 2011; Schleiferböck et al., 2013). For the third drug,
we consider the use of quinolones, whose antimalarial activity is
well-established (Ryley and Peters, 1970; Beteck et al., 2014) and
have a distinct target in blocking the quinol reductase site of the
parasite mitochondrial cytochrome bc1 complex (Stickles et al.,
2016). Details of our initial work on the quinolone component
have been published (Beteck et al., 2018).

For the artemisinin component, we commenced with
artemisinins bearing amino groups at C-10 (Haynes et al., 2004),
the most prominent of which are artemisone 8 and its synthetic

precursor artemiside 7 (Figure 2) (Haynes et al., 2006; Chan
et al., 2018). Artemisone is non-neurotoxic (Schmuck et al.,
2003; Haynes et al., 2006) and is significantly more active
than the current clinical artemisinins. It is not metabolized
to DHA but rather to metabolites bearing unsaturation in the
thiomorpholine-S, S-dioxide ring, and hydroxyl groups at C-5
and C-7; these also have potent antimalarial activities (Schmeer
et al., 2005; Haynes et al., 2006; Nagelschmitz et al., 2008).
Artemisone is safe and well-tolerated in a Phase I trial at different
dose levels (Nagelschmitz et al., 2008). In a phase IIa trial with
non-severe malaria patients in Thailand, artemisone was curative
at one-third the dose level of the comparator drug artesunate
(Krudsood et al., 2005). Artemisone is also active against cerebral
malaria in a murine model. Administration at prescribed low

FIGURE 2 | The ’basis-set’ amino-artemisinins 7–12, in which the exocyclic oxygen atom attached to C-10 of the clinical artemisinins (Figure 1) is replaced by a

nitrogen atom, screened to select optimum derivatives (Coertzen et al., 2018).
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dose levels resulted in complete cure; in contrast, at the same dose
levels, each of DHA and artesunate, the latter currently used as a
dual pack formulation for clinical treatment of cerebral malaria,
elicited no cure (Waknine-Grinberg et al., 2010).

Thus, to guide selection of the optimum amino-artemisinins
for the new combinations, we conducted a simultaneous
evaluation under identical screening conditions of the efficacies
of the “basis-set” amino-artemisinins artemiside 7, artemisone
8, the DHA-piperazine derivative 9, its phenyl urea derivative
10, the polar and aqueous-soluble sulfamide 11 (Haynes
et al., 2006; Coertzen et al., 2018) and the readily-accessible
arylamino derivative 12 (Figure 2) (Haynes et al., 2005), using
as comparators DHA 2, artemether 3, and artesunate 4 (Coertzen
et al., 2018). In particular, in view of the requirements for new
antimalarial drugs to exert transmission blocking between the
human host and mosquito vector, either through expunging
blood-stage sexually differentiated gametocytes or in-mosquito
stages of the malaria parasite (Sherrard-Smith et al., 2017),
we evaluated transmission blocking capabilities of the amino-
artemisinins. Additionally, our initial foray into the examination
of oxidant-redox drug combinations revealed that artemiside 7

and artemisone 8 are potently synergistic with MB against both
early and late stage gametocytes (Coertzen et al., 2018). Aside
from vindicating our choice of an oxidant combined with a redox
drug, the observation of synergism enhances the utility of the
oxidant-redox drug combination for malaria treatment, and for
blocking of transmission (Coertzen et al., 2018). In continuation
of the programme, we seek to locate amino-artemisinins that
have efficacy and toxicity properties on a par with or superior
to those of artemiside 7 and artemisone 8. Although the latter
are readily obtained from DHA 2 (Haynes et al., 2006; Chan
et al., 2018), we are attracted to the economically prepared
DHA-piperazine 9 as a relay to inexpensive new derivatives.
This is prepared by activation of DHA with oxalyl chloride-
dimethyl sulfoxide (DMSO) according to our N-glycosylation
technology followed by treatment in situ with piperazine in
one scalable process step (Coertzen et al., 2018; Wu et al.,
2018). Here we continue by converting DHA-piperazine 9 into
alkyl- and arylsulfonamide derivatives, alkyl and aryl ureas,
the latter bearing substitution in the aromatic ring so as to
ameliorate toxicity (c.f. phenyl urea 10, Table 1 below), and
most economically, into acylated derivatives. Efficacies of the
new compounds against Pf are assessed against asexual and
gametocyte blood stage parasites. The most active compounds
from the “basis set” compounds of Figure 2 and the new series
are tested in vitro for causal prophylactic effect against P.
berghei sporozoites expressing luciferase in a liver stage malaria
model (Swann et al., 2016), and against asexual blood stages of
stable phenotypes of artemisinin-resistant Pf carrying the C580Y
mutation originally derived from Cambodian malaria patients
(Hott et al., 2015).

The best overall compounds will be carried forward for
development of new drug combinations. Accessibility and
stabilities are factored into the ultimate choice: from a synthetic
standpoint, the preparations must be economic, and the products
must be thermally and metabolically stable relative to the current
clinical artemisinins.

MATERIALS AND METHODS

Synthetic Chemistry
The full details of the reagents, instrumentation and the
procedures used to synthesize DHA-piperazine 9 and its
conversion into the sulfonamides 13–19, the ureas 20–24,
and the amides 25–28 (Scheme 1) are given together with
characterization data for the products in the Chemistry section
in Supplementary Material. Similarly, preparation and data for
the substituted analogs 29 and 30 of the sulfamide 11 (Scheme 2)
are also given.

Biological Activities
In vitro Maintenance of Asexual Parasites and

Gametocyte Production
P. falciparum parasites (NF54, K1, and W2) were cultured
in vitro in human erythrocytes (A+ or O+) under 90%
N2, 5% CO2, and 5% O2 atmospheric conditions with
supplemented RPMI 1640 media (Sigma Aldrich) containing
Albumax II, as previously described (Verlinden et al., 2011).
This study was carried out according the guidelines set out
by the Faculty of Health Sciences Ethical Committee, Ethical
Clearance no. EC-120821/077. The protocol was approved
by the Faculty of Health sciences ethical committee at the
University of Pretoria. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. Parasite
proliferation was monitored microscopically using Giemsa
stained smears. Synchronized ring stage parasites (>95%) were
obtained using a 5% D-sorbitol (Sigma Aldrich) treatment.
Gametocytogenesis was induced and maintained through a
combination of glucose depletion and a decrease in hematocrit
from a >95% synchronized, ring stage asexual population
(∼10% parasitemia) as previously described (Reader et al., 2015).
Gametocyte cultures were kept stationary under 90% N2, 5%
CO2, and 5% O2 atmospheric conditions at 37◦C and treated
with 50mM N-acetyl-glucosamine (NAG) to eliminate residual
invasion of asexual parasites.

In vitro Antimalarial Assays Against Asexual P.

falciparum Parasites
Working solutions of the derivatives were prepared from
a 10mM stock solution in 100% DMSO in supplemented
RPMI 1640 media containing Albumax II with a final DMSO
concentration of <0.1%, previously determined as being non-
toxic to intraerythrocytic asexual parasites and gametocytes.
Dose responses were assayed using a two-fold serial drug
dilution on in vitro >95% ring stage intraerythrocytic P.
falciparum parasites at 37◦C under 90% N2, 5% CO2, and
5% O2 atmospheric conditions, detecting both parasite lactate
dehydrogenase (pLDH) activity as a metabolic marker following
a 48 h drug exposure (1.5–2% parasitemia and 2% hematocrit;
Makler et al., 1993) and SYBR Green I fluorescence as
proliferative marker following a 96 h drug exposure (1%
parasitemia and 1% hematocrit). Activity against P. falciparum
drug sensitive NF54 and resistant Dd2 (resistant to CQ,
pyrimethamine, mefloquine, and cycloguanil), K1 (resistant
to CQ, quinine, pyrimethamine, and cycloguanil), and W2
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TABLE 1 | Activities in vitro against chloroquine-sensitive and multidrug resistant asexual blood stage P. falciparum and cytotoxicities of amino-artemisininsa.

Compounda Metabolic IC50 nM Proliferative IC50 nMb Cytotoxicity ECc
50

NF54 Dd2 RId NF54 K1 RIe W2 RIf CHO µM SIg HepG2 nM SIh

CQi 10.0 ± 1.6 251 ± 19.9 25.1 10.0 ± 3.0 154 ± 14 15.4 233 ± 49 23.3 ND ND 58.4 5.84

MBi 0.3 ± 0.8 12.6 ± 4.0 43.3 5.0 ± 0.8 6.45 ± 0.30 1.29 5.13 ± 0.31 1.03 52.6 ± 4.5 175,333 ND ND

DHA 2i 0.8 ± 0.1 5.7 ± 2.0 7.1 2.51 ± 0.19 1.51 ± 0.33 0.6 1.74 ± 0.22 0.7 25.2 10,039 ND ND

Artemiside 7i 6.0 ± 1.8 8.2 ± 1.4 1.4 1.11 ± 0.17 1.6 ± 0.4 1.47 1.75 ± 0.27 1.58 >271 >45,166 ND ND

Artemisone 8i 3.0 ± 0.8 2.7 ± 0.3 0.9 1.2 ± 0.4 1.01 ± 0.19 0.85 1.6 ± 0.4 1.36 >249 >83,000 ND ND

DHA-piperazine 9i 3.2 ± 1.4 1.7 ± 0.2 0.5 3.1 ± 0.4 1.9 ± 0.5 0.61 1.4 ± 0.7 0.45 ND ND ND ND

Phenylurea 10i 1.3 ± 0.8 7.5 ± 0.4 5.8 4.7 ± 1.5 2.9 ± 0.6 0.61 1.7 ± 0.5 0.36 2.4 ± 1.0 1,846 ND ND

Sulfamide 11i 10.9 ± 3.4 16.9 ± 2.6 1.55 3 ± 1 1.78 ± 0.26 0.56 2.04 ± 0.11 0.64 56.0 ± 4.6 51,376 ND ND

Arylamine 12i 7.8 ± 1.9 11.1 ± 1.0 1.41 1.3 ± 0.6 0.64 ± 0.10 0.48 3 ± 1 2.55 2.9 ± 1.4 371 ND ND

DHA piperazine sulfonamides

13 ND ND ND 2.7 ± 0.6 3.1 ± 0.1 1.1 4.4 ± 1.0 1.6 ND ND 2,720 1007.4

15 1.3 ± 0.5 3.54 ± 0.32 1.8 2.7 ± 0.7 3.4 ± 0.3 1.3 5.4 ± 0.5 2.0 >177 65,555 1,953 723

16 1.13 ± 0.12 7.46 ± 1.07 5.7 3.4 ± 0.6 5 ± 0 1.5 4.6 ± 0.2 1.4 >178 52,352 430.9 126.7

17 2.0 ± 0.6 6.2 ± 0.7 3.1 3.1 ± 0.2 4.85 ± 1.1 1.6 4.6 ± 0.2 1.5 >196 6,322 637.1 205.5

18 15.3 ± 2.0 74.31 ± 6.42 4.9 13.9 ± 1.2 22.0 ± 2.7 1.6 23.8 ± 1.4 1.7 153.9 11,071 217.3 15.63

19 1.65 ± 0.04 9.8 ± 0.4 5.9 3.4 ± 0.4 4.2 ± 0.1 1.2 4.8 ± 0.5 1.4 >196 57,647 558 164.1

DHA piperazine ureas

22 2.11 ± 0.53 24.7 ± 2.79 11.7 1.87 ± 0.12 1.12 ± 0.08 0.6 1.48 ± 0.14 0.8 2.92 1,561 615.9 329.4

23 1.83 ± 0.2 12.2 ± 1.9 6.7 1.55 ± 0.08 1.12 ± 0.13 0.7 1.41 ± 0.09 0.9 185 119,354 453 292.3

24 1.21 ± 0.04 9.2 ± 1.9 7.6 1.3 ± 0.1 0.85 ± 0.1 0.65 1.16 ± 0.17 0.9 204 156,923 339.5 36.9

DHA piperazine amides

27 0.49 ± 0.04 13.2 ± 9.3 26.9 3.4 ± 0.4 3.5 ± 2.4 1.0 3.0 ± 0.4 0.9 150.4 44,235 135.5 39.85

28 1.06 ± 0.19 1.5 ± 0.6 1.4 2.8 ± 0.2 2.1 ± 1.1 0.75 2.7 ± 0.2 1.0 189.9 67,821 189.8 67.8

DHA sulfamides

29 1.68 ± 0.18 6.4 ± 1.4 3.8 4.3 ± 0.4 4.9 ± 0.9 1.1 3.3 ± 0.7 0.8 >197 45,813 172.6 40.1

30 1.8 ± 0.6 9.64 ± 0.6 5.4 3.3 ± 0.3 4.3 ± 1.3 1.3 3 ± 1 0.9 34.33 10,393 311.2 94.3

aStructures in Figures 1, 2 and Schemes 1, 2; P. falciparum NF54 CQ sensitive; P. falciparum Dd2: chloroquine (CQ), pyrimethamine resistant; K1: CQ, pyrimethamine, mefloquine,

cycloguanil resistant; W2: CQ, quinine, pyrimethamine, cycloguanil resistant.
bResults for proliferative (SYBR Green I) assays are from three independent biological replicates, each performed as technical triplicates; ±SEM.
cCytotoxicity studies using the MTT assay against CHO cells and HepG2 cells using the Cytoselect LDH cytotoxicity assay kit were performed for a single independent biological repeat,

each performed as technical duplicates/triplicates, ± SD.
dResistance index (RI) = IC50 Dd2/IC50 NF54.
eRI = IC50 K1/IC50 NF54.
f IC50 Dd2/IC50 NF54.
gSelectivity index (SI) = EC50 CHO/IC50 NF54 proliferative assay.
hSI = EC50 HepG2/IC50 NF54.
iData from Coertzen et al. (2018).

(resistant to CQ, quinine, pyrimethamine, and cycloguanil)
strains were evaluated. Data analysis was performed using
GraphPad Prism 7. Activity data for the compounds are averages
of at least three independent biological replicates, each performed
in technical triplicates; the results are expressed as the compound
concentration at which 50% parasite viability/proliferation is
affected (IC50).

In vitro Cytotoxicity Determination Against

Mammalian Cells
Cytotoxicity (EC50) was determined against Chinese hamster
ovarian (CHO) using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and Caucasian
hepatocellular carcinoma cells (HepG2) using the Cytoselect

LDH cytotoxicity assay kit (Cell Biolabs). The assays were
performed for single biological repeats, in technical triplicates
(Mosmann, 1983; Rubinstein et al., 1990).

In vitro P. falciparum Gametocytocidal Assays
Gametocytocidal activity was determined using the luciferase
reporter line (Reader et al., 2015) to derive dose responses
with two-fold serial drug dilutions for 48 h against early stage
gametocytes (day 5 post-induction population, >90% stage I–
III) and 10-fold serial drug dilutions for 72 h against late stage
gametocytes (day 10 post-induction population, >90% late stage
IV–V) (2% gametocytemia, 2% hematocrit), at 37◦C under 90%
N2, 5% CO2, and 5% O2 atmospheric conditions. Data are the
averages per compound are from at least three independent
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SCHEME 1 | Conversion of DHA-piperazine 9 (Coertzen et al., 2018; Wu et al., 2018) into piperazine sulfonamide derivatives 13–19, urea derivatives 20–24, and

amide derivatives 25–28. The DHA-piperazine 9 was treated with the electrophile in tetrahydrofuran (THF) in the presence of triethylamine (Et3N) or in dichloromethane

at room temperature. Yields are for products isolated by chromatography for reactions conducted on a 2.3 mmol scale with 9.

SCHEME 2 | Preparation of substituted analogs of DHA-sulfamide 11 (Figure 2). i. Sulfamide (1.0 equiv.), N-(2-pyridyl) piperazine, or N-(4-trifluoromethyl-2-pyridyl)

piperazine (1.0 equiv.), dimethoxyethane, reflux; ii. DHA-TMS ether, TMSBr in dichloromethane (Haynes et al., 2003, 2004), then N-(2-pyridyl)piperazine sulfamide (R =

H); iii. DHA, COCl2-DMSO in toluene (Chan et al., 2018; Wu et al., 2018), then N-(4-trifluoromethyl-2-pyridyl)piperazine sulfamide (R = CF3); yields based on amount

of DHA-TMS ether or DHA used.
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biological replicates, unless otherwise indicated, each performed
in technical triplicates, and results expressed as the compound
concentration at which 50% parasite viability is affected (IC50).

Stage-Specificity and Kill Kinetic Evaluation of

Compounds Against Late Stage Gametocytes
Late stage gametocytes, stage III, IV/V (10% stage III, 50%
stage IV, 40% stage V population on day 10 post-induction)
or mature stage V (>95% stage V on day 13 post-induction)
were used to determine the differential stage specificity and kill
kinetics (speed-of-action) of the compounds. Dose responses
were determined using the luciferase reporter line, exposed
to 10-fold serial drug dilutions for 72 h at 37◦C under 90%
N2, 5% CO2, and 5% O2 atmospheric conditions. Treatment
for shorter periods (e.g., 24 h) did not result in accurate
dose response determination of any compound, irrespective
of gametocyte population used, confirming the insensitivity
of gametocytes to short periods of perturbation (Adjalley
et al., 2011). Additionally, a drug washout step was included
by replacing the drug-containing spent medium with fresh
media (without drug) followed by a further 24 h incubation
prior to measuring luciferase activity. Gametocyte viability was
monitored morphologically and by detection of exflagellation
events at the initiation and completion of the experiment with a
20min exposure to 1mM xanthurenic acid at room temperature.
Population compositions were determined microscopically using
Giemsa stained smears before (0 h) and after (72 h/72 + 24 h)
incubations for both treated and untreated populations at 2 ×

IC50. Data are the average from a single independent biological
experiment with technical triplicates, error bars indicate±SD.

In vitro Assays Against P. berghei Liver Stage

Development (Causal Prophylactic Mode)
Potential causal prophylactic activity was tested as previously
described (Antonova-Koch et al., 2018). Briefly, HepG2-CD81
cells were seeded into 1,536 well plates containing 50 nL of
test and control compounds diluted into DMSO. Approximately
24 h later, ∼1,000 P. berghei sporozoites (P. berghei ANKA GFP-
Luc-SMcon) in screening media were added to each well. Cells
were incubated for 48 h at 37◦C. Next, 2 µL of luciferin reagent
(Promega BrightGlo) was added to each well and luciferase
activity was detected using a Perkin Elmer Envision plate
reader. IC50 values were determined in CDD vault (https://www.
collaborativedrug.com/) normalized to maximum and minimum
inhibition levels for the positive (atovaquone, 0.25µM) and
negative (DMSO) control wells. In parallel, plates were processed
without sporozoites for HepG2 toxicity measurements. Here
Promega CellTiterGlo (2 µL) was added instead of BrightGlo
with curve fitting as above using puromycin (25µM) as a positive
control and (DMSO) as negative control wells.

In vitro Antimalarial Assays Against Asexual

Artemisinin Resistant Cambodian Field Isolates
Two artemisinin resistant field strains, containing the C580Y
point mutations were cloned into stable resistant phenotypes
ARC08-22 (4G) and PL08-09 (5C) using the in vitro method
as previously described (Hott et al., 2015). The time-zero (T0)

[3H]-hypoxanthine drug susceptibility assay was performed to
determine the susceptibility of the compounds (Table 4) against
the artemisinin resistant clones. Dihydroartemisinin 2 was
included as a control due its lower activity against the resistant
clones. Briefly, [3H]-hypoxanthine and the drug of interest was
added to in vitro ring stage cultures at the beginning of the assay
(T0) and incubated for 48 h at 37◦C, followed by harvesting of
radiolabelled cells (T48) to determine the respective IC50 and
IC90 values.

RESULTS

Chemistry
DHA-piperazine 9 was treated with alkyl and aryl sulfonyl
halides to provide the sulfonamides 13–19, alkyl and aryl
isocyanates to provide the ureas 20–24, and with acyl halides
the amides 25–28 (Scheme 1). Whilst reactions of the aryl
electrophiles proceeded well, the alkyl counterparts were
less successful. For preparation of the alkyl sulfonamides,
medium chain length alkanesulfonyl chlorides, e.g., n-
decanesulfonyl chloride did not react consistently, and for
the alkyl ureas, use of tert-butyl or 1-adamantyl isocyanate
unfortunately did not give discrete products. Previously, the
4′-N-methanesulfonyl piperazine derivative was prepared by
coupling of N-methanesulfonylpiperazine with DHA according
to our original method for preparing amino-artemisinins
(Haynes et al., 2004, 2006). Thus, the method of commencing
with DHA-piperazine 9 offers an attractive flexibility in
providing new derivatives carrying diverse substitution at N-4′.
The methods complement others wherein glycosides (Wu et al.,
2018) and ligands incorporating cholesterol (Morake et al., 2018)
may readily be attached to N-4′ of DHA-piperazine.

Whilst among the basis-set artemisinins (Figure 2), the DHA-
sulfamide derivative 11 elicits good activities against asexual
blood stage parasites, it is less active against gametocytes
(Table 1). Nevertheless, the sulfamide scaffold is attractive
because it is thermally and hydrolytically stable, and confers
water solubility (DHA-sulfamide 11 294 mg/L; c.f. artemisone 8
89 mg/L) (Haynes et al., 2006). Thus, the more polar substituted
piperazine sulfamide analogs were prepared for comparative
purposes (Scheme 2). The N-substituted piperazine sulfamides,
readily obtained from sulfamide and the corresponding N-(2-
pyridyl) piperazine, were coupled with DHA either according
to our original protocol involving conversion of DHA α-
trimethylsilyl (TMS) ether into the β-bromide by treatment with
trimethylsilyl bromide (TMSBr) (Haynes et al., 2003, 2004) or
via direct conversion of DHA with oxalyl chloride-DMSO into
the β-chloride (Chan et al., 2018; Wu et al., 2018), and then
by treatment of the halides in situ with the respective N-(2-
pyridyl) sulfamides (Scheme 2). However, yields of products 29
and 30 obtained by the respective procedures were too low to
be practical, although the activity data presented below is useful
from a structure-activity viewpoint.

All compounds are isomerically pure with stereochemistries as
depicted. The sulfonamides 15–17, ureas 22–24, amides 27 and
28, and sulfamides 29 and 30 are crystalline, and as assessed by
differential scanning calorimetry (DSC) are thermally relatively
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stable with melting points ranging from 136 to 160◦C (c.f.
artemiside 161, artemisone 160◦C). Full details are given in the
Supplementary Information. As shall be described elsewhere for
selected examples, the compounds, like artemisone 8, are not
metabolized to DHA.

Biological Activities
Artemisinin-Sensitive Asexual Blood Stage Parasites
The in vitro activities of the new derivatives were determined
against drug sensitive NF54 and multi-drug resistant Dd2, K1,
and W2 intraerythrocytic asexual P. falciparum malaria parasite
strains using both a metabolic (parasite LDH) and a proliferative
(SYBR Green I fluorescence) assay readout (Table 1). These two
different assay platforms provide adequate coverage of the overall
activities of the compounds toward the asexual stages. With
the notable exception of the long chain alkane sulfonamide 14,
alkyl ureas 20 and 21, and amide 26 that were considerably less
active (IC50 > 50–100 nM, data not shown), the majority of new
compounds inhibited asexual P. falciparum metabolic activity
and proliferation in the low nM range, with IC50 values <5 nM
(Table 1). The aryl ureas 23 and 24 and the p-fluorophenyl
amide derivative 28 showed the highest potency across both
assay platforms, with IC50 values of ∼1–2 nM for drug sensitive
NF54 parasites. Somewhat unexpectedly, the aryl sulfonamide
18 showed the least activity against asexual stages, with IC50

values ranging from 15 to 74 nM for drug-sensitive and -resistant
parasites. In general, the new compounds did not show any cross-
resistance between the drug-sensitive and resistant parasites, with
resistant index (RI) values <10. This contrasts with the case of
CQ which displays an RI> 15 between sensitive (NF54) and CQ-
resistant (Dd2, K1, W2) strains (Table 1). Gratifyingly, it is noted
that whereas the phenyl urea 10 is relatively cytotoxic toward
CHO cells (EC50 2.4µM, Table 1), the aryl analogs 23 and 24

bearing electron-withdrawing groups (p-CF3, -F) on the aromatic
ring are appreciably less toxic (EC50 185 and 204µMrespectively;
Table 1).

Blood-Stage Gametocytes
For assessment of transmission-blocking capabilities, all
compounds were screened against gametocytes using the NF54
luciferase reporter cell lines and luciferase viability assay applied
previously to the basis-set artemisinins (Table 1; Coertzen et al.,
2018). The new 10-amino-artemisinins showed low nM activities
against both early (>90% stages I–III) and late stage gametocytes
(>90% stages IV and V; Table 2), with activity levels similar
to those observed against the asexual stages (Table 1). Of the
derivatives, the aryl sulfonamide 15 was the most active against
early stage gametocytes (IC50 8± 2.3 nM), and together with the
butanesulfonamide 13, aryl sulfonamides 16 and 17, and aryl
amide 28 displayed sub-nanomolar IC50 values (0.4–0.7 nM)
against late stage gametocytes. The DHA-sulfamide analog
29 was the most active of all compounds against late stage
gametocytes (IC50 0.04 nM), although its relative inaccessibility
tempers this discovery. As with the asexual stages, the aryl
sulfonamide 18 showed the least activity against early stage
gametocytes, with a marginal loss of activity against late stage
gametocytes as compared to the other sulfonamides. With the

TABLE 2 | Activities of amino-artemisinins in vitro against early and late blood

stage P. falciparum NF54 gametocytesa.

Compounda Early Stage

(EG, Luc 48h)

IC50 nMb

Late Stage

(LG, Luc 72h)

IC50 nMc

Fold change

preference

ratio: EG to

LG

Fold change

preference

ratio: LG to

EG

MBd 95.0 ± 11.3 143.0 ± 16.7 1.5 0.7

DHA 2d 43.0 ± 3.9 33.66 ± 1.98 0.78 1.3

Artemiside 7d 16.4 ± 1.0 1.5 ± 0.5 0.09 10.9

Artemisone 8d 1.94 ± 0.11 42.4 ± 3.3 21.9 0.05

DHA-piperazine 9d 54.91 ± 5.11 25.7 ± 17.5 0.47 2.1

Phenylurea 10d 83 ± 2 1.70 ± 0.99 0.02 48.8

Sulfamide 11d 15.0 ± 2.0 419.4 ± 59.5 28.0 0.04

Arylamine 12d 38.2 ± 9.0 16.42 ± 6.38 0.4 2.3

DHA piperazine sulfonamides

13 21.5 ± 10.4 0.5 ± 0.3 0.02 40.55

15 8.0 ± 2.3 0.9 ± 0.5 0.11 8.78

16 19.7 ± 9.9 0.4 ± 0.3 0.02 46.26

17 13.1 ± 7.2 0.6 ± 0.4 0.05 20.98

18 89.7 ± 28.8 4.8 ± 4.2 0.05 18.60

19 12.1 ± 4.5 0.7 ± 0.5 0.06 16.28

DHA piperazine ureas

22 45.9 ± 9.9 17.7 ± 15.1 0.39 2.12

23 20.0 ± 9.4 1.0 ± 0.3 0.05 19.48

24 36.0 ± 10.2 17.0 ± 7.0 0.47 2.59

DHA piperazine amides

27 43.7 ± 5.1 2.8 ± 1.8 0.06 33.13

28 19.5 ± 8.5 0.6 ± 0.3 0.03 15.69

DHA sulfamides

29 24.7 ± 4.9 0.04 ± 0.03 0.00 578.76

30 19.3 ± 6.2 4.0 ± 3.8 0.21 4.77

aStructures in Figures 1, 2 and Schemes 1, 2; IC50 values against.
bEarly stage (>90% stage I–III).
cLate stage (>90% stage IV and V) gametocytes determined using the luciferase based

assay against the Luc reporter cell line. Results are representative of the mean of three

independent biological replicates, performed as technical triplicates,±SEM. Data are from

a 72-h incubation period.
dData from Coertzen et al. (2018).

exception of the p-trifluoromethylaryl urea 23 (late stage IC50

1.0 nM), the aryl ureas 22 and 24 although very active against
asexual stage parasites (Table 1), were relatively less active
against early and late stage gametocytes. Overall, most of the
amino-artemisinins tested here were significantly more active
against late stage gametocytes (P = 0.0006) compared to the
early stage gametocytes and were equipotent against asexual
parasites (P = 0.8880). This is apparent in the >2–578-fold
preference for late stage gametocytes indicated in Table 2. This
pronounced preference for late stage gametocytes is noteworthy,
as most antimalarial compounds tend to show greater activity
against the early stages with a loss in activity against late
stage gametocytes (Peatey et al., 2012; Duffy and Avery, 2013).
Thus the sub-nanomolar activities (IC50 0.4–0.7 nM) of the
sulfonamides 13–17 and 19, and the aryl amide 28 against late
stage gametocytes, as compared to the micromolar activities of
most other compound classes (Delves et al., 2018) are striking.
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To validate the potential transmission blocking activity of
the derivatives through targeting mature stage V gametocytes,
comparative kinetic studies were carried out on two separate
late stage gametocyte populations. The first population consisted
of ∼10% stage III, 50% stage IV, and 40% stage V and the
second an enriched late stage population of >95% stage V
gametocytes (Figure 3A). The IC50 values were determined
after a 72 h treatment time, including a drug washout step
followed by an additional 24 h incubation to establish persistence
of drug effect after washout. The amino-artemisinins showed
a >100-fold loss in activity against stage V (mature stage)
gametocytes compared to stage III/IV/V (immature late stage)
gametocytes, even following a further 24 h incubation after
drug washout (Figure 3B). This correlates with previous reports
a of loss in compound activity against mature gametocyte
stages (Duffy and Avery, 2013; Plouffe et al., 2016). However,
a > 100-fold increase in activity compared to DHA 2 was
observed for the amino-artemisinins against both gametocyte
populations (Table 3, Figures 3C,D). Therefore, the amino-
artemisinins show potent transmission blocking activity with
IC50 values <100 nM. Particularly, the sulfonamides 13–17 and
the amide 28were the most potent (IC50 values< 10 nM) against
stage V gametocytes (Figure 3D).

Liver Stage P. berghei Sporozoites
In continuation of the transmission blocking theme, it is
important to establish activities against liver stage parasites.
Selected compounds were tested in vitro for causal prophylactic
effect against P. berghei sporozoites expressing luciferase in
a liver stage malaria model (Swann et al., 2016). This assay
uses ultra-high-throughput screening methods optimized for
a 1536-well format and a HepG2 human hepatoma cell line.
A cytotoxicity assay was also performed in which ATP was
quantified to measure HepG2 cell viability (Table 3). Notably
of the amino-artemisinins including the aryl ureas 23 and 24,
and the aryl amides 27 and 28 screened, artemisone 8 was the
most active. Dose response analyses of artemisone 8 in 12-point
titrations starting from 10µM, and 2.5µM showed that this
maintained >75% inhibition of liver stage parasites down to
3µM. To establish selectivity of the compounds for the parasite
in the liver stage of infection, cytotoxicity was determined by
measuring bioluminescence from the reaction between free ATP
of compound-treated, uninfected hepatocytes and a luciferase
reporter system. Artemiside 7 and artemisone 8 displayed no
measurable IC50 values at 25 and 50µM, respectively (Table 3).
Thus, notably, these more established amino-artemisinins are the
most highly selective against liver stage P. berghei.

FIGURE 3 | Stage-specificity and transmission blocking potential of amino-artemisinins against stage IV/V and stage V gametocytes. (A) Population compositions at

time of treatment (0 h) for both stage III/IV/V (10% stage III, 50% stage IV, 40% stage V) or mature stage V (>95% stage V) gametocytes were determined

microscopically using Giemsa stained smears (n ≥ 1,000 infected erythrocytes were counted). (B) Box-plot of mean IC50 values of amino-artemisinins after 72 h and

72 + 24 h treatment for both stage III/IV/V and V gametocytes. Dose-responses of DHA 2 and amino-artemisinins against a (C) stage III/IV/V and (D) stage V

population using the luciferase reporter line exposed to 10-fold serial dilutions for 72 h at 37◦C under 90% N2, 5% CO2, and 5% O2 atmospheric conditions. Data are

averages of for a single independent biological experiment, performed in technical triplicates, error bars indicate ± SD.
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Artemisinin-Resistant Asexual Blood Stage Parasites
Preliminary drug susceptibility assays performed on asexual
blood stages of two artemisinin-resistant P. falciparum clones
ARC08-22 (4G) and PL08-009 (5C) from Cambodia carrying
the C580Y mutation using Pf W2 as a comparative artemisinin
sensitive strain according to the previously recorded method
(Hott et al., 2015) showed no indication of reduced susceptibility
(resistance) toward the artemiside 7 and artemisone 8 (Table 4).
For the new aminoartemisinins, whilst the p-fluorophenyl amide
derivative 28 shows on average the highest potency against
asexual blood stage parasites of drug-sensitive parasites (Table 1),

TABLE 3 | In vitro activities of selected amino-artemisinins against liver stage P.

berghei and cytotoxicitiesa.

Compound P. berghei sporozoites Cytotoxicity EC50

IC50 nM Maximum inhibition

% (Conc. µM)

HepG2 µM SIb

Atovaquone 2.515 ± 0.997 94.85 ± 2.76 (0.5) >0.25 >100

Puromycin 22.7 ± 4.525 110 ± 4.24 (5) 0.117 5.15

Artemether 3 >104 49.4 (10) ND ND

Artemiside 7 81.3 ± 9.616 99.05 ± 1.34 (5) >25.0 >308

Artemisone 8 28.3 ± 01.273 93.35 ± 1.76 (10) >50.0 >1767

DHA piperazine ureas

23 82.55 ± 4.172 104.75 ± 7.42 (10) 5.45 66.0

24 105.5 ± 6.363 94.85 ± 2.76 (10) 5.16 48.9

DHA piperazine amides

27 168.0 ± 55.154 108 ± 4.24 (10) 7.015 41.8

28 114.0 ± 15.556 104 ± 4.24 (10) 8.32 73.0

aStructures in Figures 1, 2 and Schemes 1, 2; luciferase-expressing P. berghei ANKA

GFP-Luc-SMcon sporozoites were allowed to invade HepG2 cells and luciferase activity

was measured after 48 h; data± SD from biological duplicate and technical quadruplicate

measurements. bSI = EC50 HepG2/IC50 P. berghei sporozoites. Assay was performed as

previously described (Swann et al., 2016).

both this compound and the p-trifluoromethyl analog 27 showed
no indication of reduced susceptibility toward the ARC08-22
(4G) clone. Surprisingly however, the PL08-009 (5C) showed a
> 20-fold decrease in susceptibility toward these two derivatives,
and indeed toward the aryl urea 10. This appears anomalous,
as although these two strains have the same genotypes, the
only difference is the length of their independent life cycles:
the ARC08-22 (4G) clone has a 48 h life-cycle in comparison
to the PL08-009 (5C) strain, which has 36 h life-cycle. It
should be noted that efficacy data recorded previously on
Pf wild-type isolates from Cambodia (CamWT) and Cam3.II
(carrying the R539T PfK13 mutation) engineered to produce
the transfected strains CamWTC580Y (C580Y K13 mutation),
Cam3.IIC580Y (C580Y K13 mutation), and Cam3.IIRev (wild-
type K13 sequence) indicate that artemisone essentially retains
baseline activities across all strains, as reflected in a mean
IC50 value of 2.4 nM; in comparison the corresponding activity
against W2 was reported to be 1.9 nM. For DHA, activities
expressed in terms of mean IC50 values were 11.2 and 5.2 nM,
respectively (Lanteri et al., 2014).

DISCUSSION

Due to the emergence of resistance both toward the artemisinin
component and the other traditional antimalarial drug
component of the current ACTs, novel triple drug combinations
need to be developed as a matter of urgency, not only in terms
of their ability in expunging artemisinin-resistant blood stage
parasites, but also in blocking transmission of the resistant
parasites by targeting blood stage gametocytes and liver-
stage sporozoites. As artemisinins induce rapid reduction of
the parasitemia associated with malaria pathogenesis, it is
considered the amino-artemisinins that are optimally efficacious
against blood stage parasites, are non-neurotoxic, and display
improved pharmacokinetic and drug metabolism profiles,
including especially lack of metabolism to DHA, are best

TABLE 4 | Activity of amino-artemisinins against P. falciparum asexual blood stage artemisinin-resistant clones carrying the PfKI3 C580Y mutation as determined with the

T0 [3H]-hypoxanthine drug susceptibility assay.

Compounda W2 ARC08-22 (4G) (48 h lc)b PL08-009 (5C) (36 h lc)b

IC50 nM IC90 nM IC50 nM IC90 nM RIc IC50 nM IC90 nM RId

DHA 2 4.58 ± 2.54 10.30 ± 5.76 6.68 ± 0.61 15.40 ± 1.39 1.5 6.41 ± 1.54 10.73 ± 3.81 1.4

Artemiside 7 2.21 ± 0.42 4.28 ± 0.25 2.43 ± 0.13 4.85 ± 0.09 1.1 0.29 ± 0.03 0.43 ± 0.03 0.1

Artemisone 8 1.69 ± 0.36 3.42 ± 0.45 1.62 ± 0.19 3.38 ± 0.28 1.0 0.27 ± 0.05 0.43 ± 0.07 0.2

Urea 10 0.12 ± 0.03 0.20 ± 0.03 0.19 ± 0.02 0.36 ± 0.03 1.6 4.71 ± 0.60 6.45 ± 1.81 39.3

Sulfamide 11 4.87 ± 0.59 7.53 ± 0.23 4.76 ± 0.25 7.55 ± 0.26 1.0 1.81 ± 0.20 2.38 ± 0.06 0.4

Arylamine 12 4.76 ± 0.38 8.51 ± 0.34 5.51 ± 0.59 10.92 ± 0.95 1.2 15.73 ± 0.72 22.57 ± 1.00 3.3

DHA piperazine amides

27 0.21 ± 0.04 0.41 ± 0.08 0.39 ± 0.02 0.70 ± 0.05 1.9 9.49 ± 1.05 14.06 ± 1.27 45.2

28 0.10 ± 0.03 0.19 ± 0.02 0.16 ± 0.01 0.43 ± 0.02 1.6 4.22 ± 0.42 5.83 ± 1.37 42.2

aStructures in Figures 1, 2 and Scheme 1.
b lc = life cycle (h).
cRI = IC50 for ARC08-22(4G)/IC50 for W2.
dRI = IC50 for PL08-09 (5C)/ IC50 for W2. Results are the mean of three independent biological replicates, performed as technical triplicates, ±SEM.
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used as part of any new drug combination. Further, in order
to inhibit transmission of the resistant parasites via uptake
of sexually-differentiated late blood stage gametocytes from
an infected human to the mosquito, drugs that kill these
transmissible stages are required. Therefore, one or more
drugs in the new combination should have transmission-
blocking capabilities. For the artemisinin-resistant parasites,
whilst ideally, the new artemisinin component should not be
overtly affected by the K13 resistance phenotype, it remains
to be established how effective the amino-artemisinins are
in this regard (see below). Thus, the new artemisinin should
be protected by the other components of the combination,
namely the redox-active drug, and the third combination
partner. For the last, this must have a mechanism of action
distinct to those of the oxidant artemisinin and redox active
component. Selected redox drugs and third combination
partners are being evaluated in the same assays, as it critical
to select partner drugs that may protect the artemisinin in
the putative triple combination for treatment of artemisinin-
resistant malaria. As noted above, we have already commenced
this work by developing quinolones based on the old coccidiostat
decoquinate (Beteck et al., 2018).

As our first step in achieving this aim, the new amino-
artemisinins based on the DHA-piperazine 9 and the DHA-
sulfamide 11 scaffolds were prepared and screened together
with the artemiside 7 and artemisone 8 against drug susceptible
and resistant asexual blood stage Pf parasites, against mature
Pf gametocytes and against P. berghei liver stage sporozoites.
Overall, the new aryl amino-artemisinin derivatives were active
against asexual parasites, and early and late stage gametocytes and
displayed good selectivity indices with respect to drug-sensitive
and resistant strains, which are essentially identical with those of
artemiside 7 and artemisone 8 (Table 1). The last compounds also
have good selectivity indices against CHO cells; a comparison of
their toxicities indicate these are less toxic than the aryl ureas
23 and 24 (Table 1). It is noteworthy that of the aryl amino-
artemisinin derivatives, the p-trifluoromethylaryl urea 23 and p-
fluoroaryl urea 24, and the p-fluorophenyl amide 28 consistently
returned outstanding activities. In particular, the urea 23 (IC50

1.0 nM) and the amide 28 (IC50 0.6 nM) were selectively active
against late and mature stage gametocytes (Table 2, Figure 3),
and in this respect have activities superior to those of artemiside
7 (IC50 1.5 nM) and artemisone 8 (IC50 42.4 nM) (Table 2). It has
to be noted that this level of activity against transmissible blood
stage parasites contrasts with the relatively poor activities of DHA
2, artemether 3 and artesunate 4 (Adjalley et al., 2011; Plouffe
et al., 2016) as seen in Figure 3. In contrast to the clinically-
used artemether 3 (Table 3), artemiside 7 and artemisone 8, and
compounds 23, 24, and 28 are potently active against liver stage
P. berghei sporozoites. Thus the amino-artemisinins have the
potential to display prophylactic activity that is not apparent
with the current clinical artemisinins (Meister et al., 2011).
With respect to the artemisinin-resistant phenotypes, the reduced
susceptibility observed for compounds 27 and 28 against the
PfKI3 C580Y PL08-09 strain (Table 4) has to be noted and
queried; further screening is required to pinpoint the cause
of this reduced susceptibility. In contrast, artemisone 7 and

artemiside 8 are not affected, and as noted above, artemisone
8 showed no reduction in susceptibility to the laboratory-
adapted K13 mutants (Siriwardana et al., 2016). Although
the observation of no appreciable loss in susceptibility of
these amino-artemisinins against artemisinin-resistant parasites
is encouraging, further work is required in order to establish
overall susceptibility of the resistant phenotypes (Witkowski
et al., 2013; Kite et al., 2016; Sá et al., 2018). To this end, we
are currently evaluating the effects of the amino-artemisinins
on induction of quiescence in ring stage assays involving the
resistant phenotypes.

The observations recorded here in affirming, and adding to,
those recorded previously (Coertzen et al., 2018) indicate that
the amino-artemisinins including artemiside 7 and artemisone
8 are highly active against asexual blood stage parasites,
gametocytes, and sporozoites. Further, from a mechanism of
action viewpoint, the data may be adduced as evidence that
militates against the mechanism of action model positing
“activation” of artemisinins by heme or labile ferrous iron
(Meunier and Robert, 2010), as heme metabolism in these latter
stages is absent (Hanssen et al., 2012). The heme model invokes
“toxic” C-radical intermediates that nevertheless are incapable
of alkylating anything except perhaps an adjacent heme (spin-
unpaired by virtue of the presence of its embedded redox-
active iron), but that do react at a diffusion controlled rate
with oxygen, itself a spin-unpaired triplet molecule (Haynes
et al., 2013). On the other hand, we have noted that the
optimum biological activities of amino-artemisinins as reported
here may be accommodated within the model positing the
oxidant mode of action for the artemisinins (Haynes et al., 2011,
2012) wherein the properties of the amino group at C-10 that
contribute to oxidant capacity of the molecule are enhanced
under physiological conditions (Haynes et al., 2016). Further,
the marked synergism between artemisone and the redox active
drug MB in the combination is indicative of disruption in redox
homeostasis as a mechanism (Coertzen et al., 2018). In this
respect, it is of particular relevance to note that primaquine is
metabolized by CYP2D6 wherein a hydroxyl group is inserted in
the 5-position, that is, in a para-relationship with the 8-amino
group. The resulting amino-phenol undergoes facile oxidation
to the quinone-imine by oxygen resulting in generation of
ROS. In the presence of the flavoenzyme cytochrome P450
NADPH:oxidoreductase, the quinone-imine is reduced to the
amino-phenol, and thus redox cycling ensues (Camarda et al.,
2019). It is the ROS that exert cytotoxicity toward gametocytes;
this redox cycling precisely mirrors the process as described
above for methylene blue. Thus, it is likely that naphthoquinones
and other redox-active reagents will behave in the same way,
and should be active against gametocytes in a process that
will be synergized by the amino-artemisinin. However, the
exact mechanism by which gametocytes regulate their redox
homeostasis in relation to that of asexual parasites remains to
be established.

Our proposed new drug combinations of the amino-
artemisinin with the redox active drug methylene blue, or
a phenoxazine, naphthoquinone, metal-chelating agent or
other as described above should offer a decisive advantage
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over the current ACTs that are ineffective in blocking
transmission. Further, although MB is gametocytocidal (Adjalley
et al., 2011), our newer amino-artemisinins are over 100-
fold more active than MB toward late-stage gametocytes
(Table 2). Because the amino-artemisinins are so potently
gametocytocidal, the addition of other distinct gametocytocidal
drugs, e.g., primaquine, in principle will not be required.
In this respect, it is pertinent to note that primaquine is
the critical transmission-blocking component used in mass
drug administration (MDA) programmes being carried out
purportedly to clear subclinical reservoirs of resistant parasites
in humans in South-East Asia. These entail administration of a
3-day course of DHA-piperaquine plus single dose primaquine
each month for 3 months to entire village populations
including children over 6 months of age (Landier et al.,
2018; von Seidlein et al., 2019). It should be of concern
that the DHA-piperaquine appears to be the most fraught
of all ACTs, given not just the problems with DHA alluded
to above, but also because of resistance now emerging to
the piperaquine component (Hamilton et al., 2019; WHO,
2019). Reduced efficacy of this ACT is also reflected in the
need to apply protracted dose regimens to treat resistant
parasites (Phyo and von Seidlein, 2017). In the face of these
abnormally protracted treatment and MDA regimens, the earlier
recommendation for increased pharmacovigilance, especially in
a pediatric situation coupled with the issue of neurotoxicity
with DHA (Ramos-Martín et al., 2014) would indeed appear to
be appropriate.

Overall, given that activities of selected amino-artemisinins
in vitro are not affected by current multidrug resistant strains
(Tables 1, 2), and may be active against artemisinin-resistant
P. falciparum phenotypes including those carrying the PfKI3
C580Y mutation (Table 4), it is hoped that such activity will
maintain in vivo thereby ensuring potent activity of the putative
new ACTs against parasite strains of differing resistance profiles.
Thus, to conclude, in addition to artemiside 7 and artemisone
8, the best compounds for taking forward overall based on
their efficacy, relative ease of preparation, and relative lack of
toxicity are the aryl sulfonamide 16, the aryl urea 23, and the
aryl amides 27 and 28. Given especially their activities against
late stage gametocytes, it is a matter of urgency to screen
these compounds against in-mosquito stages of the malaria
parasite (Vos et al., 2015).
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Although many prospective antibiotic targets are known, bacterial infections and

resistance to antibiotics remain a threat to public health partly because the druggable

potentials of most of these targets have yet to be fully tapped for the development

of a new generation of therapeutics. The prokaryotic actin homolog MreB is one of

the important antibiotic targets that are yet to be significantly exploited. MreB is a

bacterial cytoskeleton protein that has been widely studied and is associated with

the determination of rod shape as well as important subcellular processes including

cell division, chromosome segregation, cell wall morphogenesis, and cell polarity.

Notwithstanding that MreB is vital and conserved in most rod-shaped bacteria, no

approved antibiotics targeting it are presently available. Here, the status of targeting

MreB for the development of antibiotics is concisely summarized. Expressly, the known

therapeutic targets and inhibitors of MreB are presented, and the way forward in the

search for a new generation of potent inhibitors of MreB briefly discussed.

Keywords: antibiotic targets, bacterial infections, druggable, therapeutics, prokaryotic actin homolog, MreB,

cytoskeleton

INTRODUCTION

The emergence of antibiotic-resistant bacterial strains (White et al., 2011; Ventola, 2015; Frieri et al.,
2017; Li and Webster, 2018; Thorpe et al., 2018) has aggravated the challenges posed by bacterial
infections to public health (Founou et al., 2017), resulting in the need to find new antibacterial
agents. Nonetheless, the full druggable potentials of most bacterial pharmacological targets have yet
to be tapped, and it is not surprising that few antibiotics have been released into the drug market
in the past several years (Conly and Johnston, 2005). The bacterial actin-like MreB is a potential
therapeutic target (Kruse et al., 2005; Vollmer, 2006; White and Gober, 2012) that has been widely
studied but, unfortunately, has not been fully explored for the development of antibiotics. As an
ATPase whose primary function involves coordinating bacterial cell wall biosynthesis (Figge et al.,
2004), molecules that could inhibit MreB are prospective antibiotics. MreB is a promising drug
target because it is conserved and essential in most rod-shaped bacteria (Varley and Stewart, 1992;
Costa and Anton, 1993, 1999; Burger et al., 2000; Jones et al., 2001; Figge et al., 2004; Kruse et al.,
2005; Slovak et al., 2005; Mazza et al., 2006; Robertson et al., 2007; Bean and Amann, 2008), except
the few species that grow by tip extension (Margolin, 2009; Flärdh et al., 2012).

Notwithstanding that much is known about the structure and function of MreB and the
possibility of targeting it with inhibitors (Kruse et al., 2005; Vollmer, 2006; White and Gober,
2012), no approved antibiotics against MreB are currently available. In this mini-review, the
status of targeting MreB for the development of antibiotics is concisely summarized. Precisely, the
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known drug targets and inhibitors ofMreB are presented, and the
way forward in the quest to discover/develop a new generation of
MreB inhibitors briefly discussed.

STRUCTURE, ORGANIZATION, AND
FUNCTION OF MreB

MreB is encoded by gene B of the mre cluster of genes and
belongs to the actin/Hsp 70 superfamily. MreB is referred to
as the prokaryotic actin by virtue of the similarity between
its monomeric three-dimensional tertiary structure and that of
eukaryotic actin (Van Den Ent et al., 2001), and its ability to
form filamentous polymers in vitro (Van Den Ent et al., 2001;
Esue et al., 2005, 2006) and in vivo (Jones et al., 2001; Srinivasan
et al., 2007). Monomeric MreB consist of two main domains,
I and II, which are divided into two alpha/beta subdomains
to give rise to four subdomains namely IA, IB, IIA, and IIB,
with a nucleotide binding site located within the interdomain
cleft (Figure 1A; Van Den Ent et al., 2001). Crystal structures
show that MreB monomers interact longitudinally at the intra-
protofilament interfaces and laterally at the inter-protofilament
interfaces to form double protofilaments (Figure 1B; Van Den
Ent et al., 2001, 2014) that associate with the cell membrane
(Salje et al., 2011; Schirner et al., 2015). Unlike the twisted
and parallel strands of eukaryotic actin, the two strands of
MreB are straight and antiparallel (Van Den Ent et al., 2014).
MreB polymers are dynamic structures (Carballido-Lopez and
Errington, 2003; Defeu Soufo and Graumann, 2004; Kim et al.,
2006; Allard and Rutenberg, 2007; Biteen et al., 2008), and rotate
around the length of the cell (Domínguez-Escobar et al., 2011;
Garner et al., 2011; Van Teeffelen et al., 2011). It has been
revealed that MreB assembles into discrete patches (Bendezú
et al., 2009; Domínguez-Escobar et al., 2011) contrary to an
earlier view that it organizes into helical filaments in vivo
(Carballido-Lopez, 2006).

MreB has been associated with essential subcellular processes
including cell wall biosynthesis and maintenance of cell shape
(Doi et al., 1988; Jones et al., 2001), cell division (Wachi and
Matsuhashi, 1989), chromosome segregation (Kruse et al., 2003;
Soufo and Graumann, 2003; Gitai et al., 2005; Kruse and Gerdes,
2005), cell wall morphogenesis (Soufo and Graumann, 2005),
and cell polarity (Gitai et al., 2004) in most rod-shaped bacteria.
Mutations in the MreB gene transform rod-shaped bacterial cells
to spherical ones indicating thatMreB plays a role in determining
the rod shape (Wachi et al., 1987). It has been shown that
MreB is needed for the correct localization of MurG, which
catalyzes the last step in peptidoglycan precursor synthesis, as
well as the organization of other murein biosynthetic enzymes
including MraY, MurB, MurC, MurE, and MurF (Varma and
Young, 2009; White et al., 2010; Kawai et al., 2011; Typas et al.,
2011; Schirner et al., 2015). The bacterial actin MreB is also
involved in the localization of the gliding motility complexes in
Myxococcus xanthus (Mauriello et al., 2010; Fu et al., 2018), the
pilus-associated proteins in Pseudomonas (P) aeruginosa (Cowles
and Gitai, 2010), and the autotransporter protein IcsA in Shigella
for actin tail formation (Krokowski et al., 2019).

TARGETS OF MreB FOR ANTIBIOTIC
DISCOVERY AND DEVELOPMENT

Currently, the nucleotide binding site, the A22 binding pocket,
and the inter-protofilament interface of MreB have been
identified as potential targets for antibiotics. The nucleotide
binding site is an important target for antibiotics development
because nucleotide binding plays a crucial role in the structure
and dynamics of MreB (Bean and Amann, 2008; Colavin et al.,
2014; Van Den Ent et al., 2014; Awuni et al., 2016; Awuni
and Mu, 2019). ATP induces the polymerization of MreB into
filaments required for cell wall biosynthesis (Van Den Ent et al.,
2001; Popp et al., 2010; Awuni and Mu, 2019). Interestingly, the
polymerization of MreB induces ATP hydrolysis, which serves
as a timing process to coordinate depolymerization (Esue et al.,
2005; Bean and Amann, 2008; Popp et al., 2010; Gunning et al.,
2015). Thus, ATP is required by MreB to function properly
and any molecule that could compete with ATP for binding
to the nucleotide binding pocket could be a bactericidal agent.
Figure 1C shows the amino acid residues in the nucleotide
binding site of Caulobacter crescentus MreB (CcMreB) (PDB
ID: 4CZK) that establish important interactions and contacts
with ATP. These amino acid residues include Thr19, Ala20,
Asn21, Glu140, Gly165, Gly166, Thr167, Glu213, Lys216, Lys217,
Gly295, Gly296, Leu298, and Leu299.

After cocrystal structures revealed the binding site of A22 in
MreB (Van Den Ent et al., 2014), the A22 binding pocket has
since been considered as a propitious target for the development
of antiMreB agents. The A22 binding site is located adjacent to
the nucleotide binding site (Figure 1A). The main function of
this pocket has yet to be made fully clear but it has been suggested
that it forms the channel through which Pi is released after ATP
hydrolysis (Van Den Ent et al., 2014). Figure 1D illustrates the
amino acid residues in the A22 binding site of CcMreB (PDB
ID: 4CZK) that make important interactions and contacts with
A22. The amino acid residues involved include Leu17, Thr19,
Met74, Ile79, Val111, Pr0112, Glu119, Ile123, and Glu140. The
inter-protofilament interface of MreB has also been suggested as
a possible target for the development of antibiotics following a
recent (Heller et al., 2017) observation that the protein inhibitor
CbtA interacts with the dimerization helix (H3) and important
amino acid residues on this interface.

INHIBITORS OF MreB

A22 and Its Analogs
A22 and its less-cytotoxic and much more water-soluble analog
MP265 (Figure 2A) disrupt the rod shape of bacterial cells and
induce coccoid shape (Iwai et al., 2002, 2004, 2007) by interacting
with MreB (Bean et al., 2009). A22 was discovered in a study
(Iwai et al., 2002) in which the anucleate cell blue assay (Wachi
et al., 1999) was used to randomly screen a chemical library for
inhibitors of chromosome partitioning in Escherichia (E) coli.
MP265 was later discovered in a structure-activity relationship
study of S-benzylisothiourea derivatives (Iwai et al., 2004, 2007).
The binding modes and mechanisms of A22 and MP265 are
similar but A22 is more effective against bacteria (Iwai et al.,
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FIGURE 1 | Structural features of MreB. (A) Monomeric MreB showing the subdomains IA, IB, IIA, and IIB as well as the nucleotide and A22 binding sites. Alpha

helices and beta sheets are labeled as H and S respectively. This figure was prepared using the crystal structure of CcMreB with PDB ID: 4CZK. (B) Double

protofilament MreB consisting of monomeric structures interacting at the intra- and inter-protofilament interfaces. This figure was prepared using the crystal structure

of CcMreB with PDB ID: 4CZJ. (C) The ATP binding site of MreB showing the amino acid residues that make important interactions and contacts with ATP. The

triphosphate group of ATP forms hydrogen bonds with Thr19, Ala20, Asn21, Gly165, Gly166, Thr167, and Gly295. The ribose sugar group of ATP forms hydrogen

bonds with Glu213 and Lys216. The adenine ring, on the other hand, fits into a hydrophobic pocket created by the carbon atoms of the side-chains of Lys216,

Lys217, Gly295, Gly296, Leu298, and Leu299. The Mg2+ atom stabilizes the γ-phosphate group of ATP and the catalytic Glu140 amino acid residue. The catalytic

Glu140 localizes a catalytic water molecule through hydrogen bonding and acts as a base to facilitate the transfer of a proton from the water molecule to generate a

nucleophile, which mounts a nucleophilic attack on the γ-phosphorous atom of ATP leading to ATP hydrolysis (Matte et al., 1998; Harrison and Schulten, 2012). (D)

The A22/MP265 binding site of MreB showing the amino acid residues that make important interactions and contacts with A22. The isothiourea moiety of A22 forms

hydrogen bonds with Leu17 and the catalytic Glu140 amino acid residues. On the other hand, the dichlorobenzyl group fits into a hydrophobic core created by the

carbon atoms of Leu17, Met74, Ile79, Val111, Pro112, Glu119, and Ile123. Also, the pyrrolidine ring of Pro112 and the benzene ring of A22 are involved in a

π-stacking interaction. For the ATP and A22/MP265 binding sites, carbon atoms of ATP and A22 are colored in magenta, and carbon atoms of amino acid residues

are colored in gray. Nitrogen, oxygen, phosphorus, magnesium, sulfur, and chlorine atoms are colored blue, red, orange, brown, yellow, and green, respectively.

Hydrogen bonds are shown as black dashes. (C,D) Prepared using the crystal structure of CcMreB with PDB ID: 4CZK. All images were prepared using the Pymol

molecular visualization tool.
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FIGURE 2 | Inhibitors of MreB. (A) Chemical structure of A22/MP265. (B) Chemical structure of MAC13234. (C) Chemical structure of compound A. (D) Chemical

structure of Compound 1. (E) Chemical structure of Compound 4. (F) Chemical structure of CBR-4830. (G) Chemical structure of Sceptrin. (H) Primary structure (124

amino acids, UniProt ID: P64524) of Escherichia coli CbtA. (I) Primary structure (135 amino acids, UniProt ID: Q46824) of Escherichia coli CptA. (J) Primary structure

(100 amino acids) of Caulobacter crescentus MbiA (Yakhnina and Gitai, 2012). (K) Primary structure (104 amino acids, UniProt ID: O30472) of Bacillus subtilis YodL.

(L) A model for an ATP-competitive inhibitor colored blue. (M) A model for a Pi channel blocker colored green. (N) A model for an ATP competitor and Pi channel

blocker colored red. The four subdomains of MreB are indicated by IA, IB, IIA and IIB. Alpha helices in (L–N) are labeled as H.
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2004, 2007; Van Den Ent et al., 2014). By targeting MreB, A22
interferes with the MreB-associated subcellular processes such
as cell wall biosynthesis, cell division (Wachi and Matsuhashi,
1989), chromosome segregation (Kruse et al., 2003; Soufo and
Graumann, 2003; Gitai et al., 2005; Kruse and Gerdes, 2005),
cell wall morphogenesis (Soufo and Graumann, 2005), and cell
polarity (Gitai et al., 2004) that are needed for the viability of
most rod-shaped bacteria. A22 has micromolar binding affinity
for MreB and interferes with its time course and extent of
polymerization into filaments (Bean et al., 2009). By altering cell
shape, A22 is also able to inhibit the motility, surface adhesion,
and biofilm formation properties required for bacterial infections
and antibiotic resistance (Bonez et al., 2017). A22 is more
effective against Gram-negative bacteria than Gram-positive cells
(Iwai et al., 2002, 2004, 2007; Noguchi et al., 2008; Nicholson
et al., 2012; Carnell et al., 2018), probably due to variations in
the amino acid sequence of the A22 binding pocket of the two
strains (Bork et al., 1992; Jones et al., 2001; Van Den Ent et al.,
2001). Although A22 has not yet been a useful therapeutic and is
amenable to resistance following suppressor mutations (Shiomi
et al., 2013), its low cytotoxic and genotoxic effects on human
peripheral blood mononuclear cells (Bonez et al., 2016) makes it
an important lead compound.

MAC13234 (Figure 2B) was discovered through a chemical
genomics technique in E. coli, and was suggested to inhibit
the LolA protein (Pathania et al., 2009). However, it was later
found out that MAC13234 undergoes acid hydrolysis to generate
MP265 (Barker et al., 2013), suggesting that it also targets MreB
in anA22-likemanner. A study (Yamachika et al., 2012) involving
a whole-cell screening assay led to the discovery of compound A
(Figure 2C), which showed anti-aeruginosa activity by targeting
MreB. Like MAC13234, compound A is also believed to target
MreB in the A22-like fashion by hydrolyzing to produce MP265.
A more recent study (Buss et al., 2019) adopted a pathway-
directed whole-cell screening technique to identify compounds
1 and 4 (Figures 2D,E) as active against E. coli by targeting
MreB. Compounds 1 and 4 are also believed to inhibit MreB by
hydrolyzing to produce A22 analogs.

Mechanism of A22
The mechanism of A22 is yet to be clearly understood. A22
was thought to be an ATP-competitive inhibitor, and thus binds
to the nucleotide binding site of MreB (Bean et al., 2009).
However, X-ray crystallographic studies involving CcMreB, ATP,
and A22 (Van Den Ent et al., 2014) have provided a contrary but
convincing evidence that A22 and ATP bind independently to
MreB at different and distinct sites (Figure 1A). By examining the
crystal structures, Van Den Ent et al. (2014) proposed that A22
inhibits MreB by impeding ATP hydrolysis through interactions
with the catalytic Glu140 amino acid residue (Figures 1C,D) and
the γ-phosphate group of ATP, blocking the channel through
which Pi is released after ATP hydrolysis, and disrupting double
protofilament formation by displacing the main dimerization
helix (H3) at the inter-protofilament interface. However, the idea
that A22 inhibits ATP hydrolysis remains questionable given the
observation that the MreB-ATP-A22 crystal complex has not
been solved, in spite of the MreB-AMPPNP(a non-hydrolyzable

ATP analog)-A22 complex being attainable. The notions that A22
blocks the release of Pi and impedes the formation of double
protofilaments are, however, appealing for further investigations.

In a molecular dynamics simulations study (Awuni et al.,
2016), it was observed that in the presence of ATP, A22 has
the propensity to interact with the γ-phosphate group of ATP
than the catalytic amino acid residue. The data therein also
suggested that in both the ATP-bound and ATP-A22-bound
states of MreB, water molecules enter the catalytic zone and
are properly oriented to initiate the process of ATP hydrolysis.
These observations suggest that A22 may not be an inhibitor
of ATP hydrolysis as proposed earlier (Van Den Ent et al.,
2014). The same study demonstrated further that the mechanism
of A22 partly involves its ability to impede the release of Pi
from the active site of MreB after ATP hydrolysis, leading
to filament instability. A more recent similar study (Awuni
and Mu, 2019) showed that A22 inhibits MreB in part by
impeding anATP-induced conformational change that it requires
to polymerize into stable double protofilaments. It does appear
that the mechanism of A22 is multidimensional and involves
several effects on the structure and dynamics of MreB.

Other Inhibitors
Although most of the known inhibitors of MreB are benzyl-
isothiourea derivatives, some unique ones including CBR-4830,
sceptrin, and the small proteins; CbtA, CptA, Gp0.6, MbiA,
and YodL have been reported. CBR-4830 (Figure 2F) is an
indole-class compound that was identified via a whole-cell
antibacterial screen, and was shown to inhibit the growth of an
efflux-compromised P. aeruginosa and induced coccoid shape
(Robertson et al., 2007). It is believed that CBR-4830 inhibits
MreB by competing with ATP for binding to the nucleotide
binding pocket (Robertson et al., 2007). It has also been reported
that CBR-4830 inhibits the growth of wild-type E. coli and
induces spherical cells but may have significant off-target activity
(Buss et al., 2019). Sceptrin (Figure 2G) is a natural product
isolated from a marine sponge, Agelas confera (Walker et al.,
1981; Cipres et al., 2010), and seems to have affinity for MreB
(Rodríguez et al., 2008). Thus, sceptrin is suspected to have
some anti-bacterial-cytoskeleton properties. CbtA (Figure 2H) is
a toxin of E. coli origin that inhibits cell division and elongation
by targeting FtsZ and MreB (Tan et al., 2011; Heller et al.,
2017). A recent study (Heller et al., 2017) demonstrated that
CbtA independently interacts directly with MreB at the inter-
protofilament interface, and perhaps blocks the formation of
double protofilaments. Interestingly, the protein antitoxin CbeA
antagonizes the effects of CbtA and A22 by directly binding to
MreB and FtsZ and enhancing the bundling of their filaments
(Masuda et al., 2012a). Thus, the active component of CbeA could
be optimized to produce an antibiotic as it could interfere with
the polymerization-depolymerization dynamics of MreB. CptA
(Figure 2I) is also an E. coli toxin that inhibits the polymerization
of MreB and FtsZ, and its effect is neutralized by the antitoxin
CptB (Masuda et al., 2012b). Gp0.6 (Molshanski-Mor et al.,
2014), MbiA (Figure 2J) (Yakhnina and Gitai, 2012), and YodL
(Figure 2K) (Duan et al., 2016) are also proteins that perturb
cell shape by targeting MreB. Although the mechanisms of
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these inhibitors/modulators are not yet clear, they prove to be
promising leads for the development of new antibiotics.

DISCUSSION AND FUTURE DIRECTIONS

Much as advancements in science and technology have
revolutionized the antibiotics discovery process, approved
therapeutics against MreB are still not available. Targeting the
ATP binding site of MreB for the development of antibiotics has
not recorded anymajor successes partly because the development
of ATP-competitive inhibitors is normally not so appealing to
researchers as the inhibitors stand a higher chance of being
non-specific as a consequence of the conserved nature of ATP
binding sites among prokaryotes and eukaryotes (Škedelj et al.,
2011). Furthermore, there are skepticisms about developing
ATP-competitive inhibitors because to show in vivo activity,
they must successfully compete with the high concentration of
ATP in the bacterial cell (Gribble et al., 2000; Imamura et al.,
2009). Nonetheless, there are successes made in finding ATP-
competitive inhibitors against some bacterial targets (Lewis et al.,
1996; Mochalkin et al., 2008, 2009; Silver, 2008). Thus, the ATP
binding site of MreB remains a promising target for antibiotics
development. Also, apart from A22 and its analogs for the A22
binding pocket, and CbtA for the inter-protofilament interface,
no significant breakthroughs have been reported for these targets
partly because the possibility of targeting them were recently
(Van Den Ent et al., 2014; Heller et al., 2017) revealed.

The observations made in studies involving MreB-A22
interactions (Van Den Ent et al., 2014; Awuni et al., 2016; Awuni
and Mu, 2019), suggest that the way forward to find potent
antibiotics against MreB is to develop molecules that could
effectively do one, a combination, or all of the following: (i)
competitively exclude ATP from its binding site in MreB by
occupying the nucleotide binding site as shown in Figure 2L,
(ii) inhibit ATP hydrolysis by MreB by interacting strongly
with the catalytic amino acid residue and the γ-phosphate
group of ATP, and displacing water molecules from the catalytic
zone by occupying the A22 binding pocket and the catalytic
zone as illustrated in Figure 2M, (iii) obstruct the release of
Pi from the active site of MreB by blocking the supposedly
Pi channel as shown in Figure 2M, (iv) occupy the ATP and
the A22 binding sites as illustrated in Figure 2N, and (v)

induce a conformational change in MreB that will not favor
its assembly into protofilaments. High throughput screening,
virtual screening and other drug discovery strategies could be
applied to identify such inhibitors. However, with the binding
sites known and characterized, rational drug design approaches
could be useful.

Even though small organic molecules remain relevant in the
search for a new generation of antibiotics targeting MreB, the
exploration of the prospects of antimicrobial peptides (AMPs)
is attractive especially when there are reports of some protein
inhibitors and modulators of MreB (Tan et al., 2011; Masuda
et al., 2012a,b; Yakhnina and Gitai, 2012; Molshanski-Mor
et al., 2014; Duan et al., 2016; Heller et al., 2017). AMPs
are typically 12–50 amino acids long. However, the lengths of
most of the MreB-targeting protein inhibitors and modulators
mentioned herein are >50 amino acid residues, and thus
they could serve as sources for developing optimized AMPs
through the use of appropriate strategies to create peptide
fragments for the determination of the minimum effective
peptide lengths for inhibition. Interestingly, CbtA is reported
to inhibit bacteria by targeting MreB and FtsZ proteins (Tan
et al., 2011; Masuda et al., 2012b). FtsZ is the prokaryotic
homolog of the eukaryotic tublin, and has been identified as a
potential target for the development of antibiotics following the
critical role it plays in bacterial cell division (Erickson et al.,
2010; Guan et al., 2018). By targeting MreB and FtsZ, CbtA
could represent a good lead for the development of a new
generation of antibacterial agents to combat drug resistance.
AMPs have the advantage, over organic small molecule drugs,
of producing non-toxic byproducts (Loffet, 2002) and usually
exhibit multiple mechanisms making the development of
resistance toward them by microbes rare. Even though AMPs
are often disadvantaged by their weak ability to traverse the
plasma membrane to reach their intended targets, attempts
by researchers to develop lipidic and polymeric nanocarriers
to deliver peptides (Santalices et al., 2017) make AMPs
development promising.
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Phytochemical investigation of Aesculus chinensis Bge. var. chekiangensis (Hu et Fang)

Fang obtained 33 triterpenoid saponins, including 14 new ones, aesculiside C–P (1–14).

The structure elucidations were performed through comprehensive MS, 1D and 2D-NMR

analysis, and their absolute configuration was unambiguously determined by X-ray

diffraction analysis as well as Mo2(OAc)4-induced ECD method for the first time. All the

substances were examined for their cytotoxic activities against three tumor cell lines, Hep

G2, HCT-116, and MGC-803. Of these, compounds 8, 9, 14–16, 18, and 22 exhibited

potent cytotoxicities against all cell lines with IC50 of 2–21µM, while compounds 3, 6,

7, 17–19, 20, 24, and 28 depicted moderate activity (IC50 13 to >40µM). On these

bases, the preliminary structure-activity correlations were also discussed. Meanwhile the

neuroprotective properties of triterpenoid saponins from Aesculus genus were evaluated

for the first time. Among them, compounds 1, 4, 12, 20, 22, 25, 29, and 31 exhibited

moderate activities against COCl2-induced PC12 cell injury.

Keywords: Aesculus chinensis Bge. var. chekiangensis (Hu et Fang) Fang, phytochemistry, triterpenoid saponins,

cytotoxic activities, neuroprotective activities

INTRODUCTION

Aesculus chinensis Bge. var. chekiangensis (Hu et Fang) Fang is a shrubby or small tree belonging
to the Hippocastanaceae family which is widely distributed in China. The dry seeds of this
plant, together with Aesculus chinensis Bge and Aesculus wilsonii Rehd, are the major sources
of the traditional Chinese medicine “Suo Luo Zi.” Traditionally, it has been exploited to treat
chest and abdominal pain, dysentery and ague (Yang et al., 1999a; Zhang et al., 2006). Earlier
phytochemical study of Aesculus chinensis Bge. var. chekiangensis (Hu et Fang) Fang obtained
various types of isolates, for example, triterpenoids (Yuan et al., 2013), flavonoids (Kapusta et al.,
2007), coumarins (Niu et al., 2015) together with steroids (Zhang et al., 2009). Polyhydroxylated
triterpenoid saponins, isolated from Aesculus genus (Wei et al., 2004; Kim et al., 2017) with great
structural diversity, have been proved to be the major bioactive principles including anticancer
(Patlolla et al., 2006), neuroprotective (Cheng et al., 2016), anti-inflammatory (Matsuda et al.,
1997), antioxidative (Küçükkurt et al., 2010), and antiedematous activities (Piller, 1976). As part of
our continuous research to screen cytotoxic and neuroprotective compounds of this type, a series
of new triterpenoids (1–14) along with 19 reported analogs (15–33) from the seeds of Aesculus
chinensis Bge. var. chekiangensis (Hu et Fang) Fang were obtained. Their cytotoxic activity and
neuroprotective activity were also examined. Herein, the isolation, structural elucidation, cytotoxic
activity, and neuroprotective activities of these isolates are described.
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MATERIALS AND METHODS

General Experimental Procedures
Optical rotations were recorded on a Rudolph (Hackettstown,
NJ) Autopol V automatic polarimeter. The UV spectra were
acquired on a UNICO 2102PCS spectrophotometer. The IR
spectra were obtained in a KBr-disc (cm−1) on a Brucker Tensor
II spectrometer. NMR spectra were carried out on a Bruker
(Billerica, MA) AM-600 spectrometer at 25◦C referencing to
the residuals of pyridine-d5. High-Resolution-ESI-MS (HR-ESI-
MS) was conducted on a Waters (Milford, MA) Xevo G2-S
UPLC-Q/TOF equipped with an ACQUITY UPLC BEH C18
(2.1 × 50mm, Waters 1.7µm, USA). Analytical HPLC was
performed on a Waters e2695 system equipped with a 2998
PDA detector using a YMC- Pack-ODS-A column (250 ×

4.6mm, 5µm). Semi-preparative HPLC was performed using
a Shimadzu LC-6AD Series instrument equipped with a YMC
Packed C18 column (5µm, 250 × 10.0mm, YMC Co., Ltd.,
Kyoto, Japan) and detected with a DAD detector set at 205 and
230 nm. Column chromatography (CC) was done with Sephadex
LH-20 (GE Healthcare Co. Ltd., USA), ODS RP-C18 (40–
75µm Merck Darmstadt, Germany), Macroporous resin D101
(Chemical Plant of Nankai University, Tianjin, China), Silica gel
(200–400mesh, QingdaoHaiyang Chemical, China). All reagents
used were of analytical grade (Concord Technology Co. Ltd.,
Tianjin, China).

Plant Material
Seeds of Aesculus chinensis Bge. var. chekiangensis (Hu et Fang)
Fang were purchased from the Anguo Chinese medicine market
(Hebei Province, P.R. China) in August 2015 and identified
by professor Lijuan Zhang (Tianjin University of Traditional
Chinese Medicine). The specimen was kept at the School
of Chinese Materia Medica, Tianjin University of Traditional
Chinese Medicine.

Extraction and Isolation
The dried seeds of A. chinensis Bge. (8.8 kg) were extracted
with 70% ethanol (10 L) under reflux for three times (3 h) at
70◦C. After the solvent was removed under reduced pressure at
<45◦C, a dark residue (2,100 g) was obtained. The residue was
adsorbed onto D101 resin and then sequentially eluted with H2O,
a gradient of EtOH in water to give the corresponding fractions.
The 60% EtOH–H2O part was chromatographed on silica gel,
eluting with a gradient of 0–100% CH2Cl2/CH3OH to yield four
fractions (A–D).

Fraction B (27.0 g) was separated by an RP C18 CC (MeOH–
H2O, from 20:80 to 100:0) to give 10 subfractions B1–B10.
Subfraction B4 was further purified by an RP-HPLC (MeCN–
H2O, 40:60, 3.0 ml/min) to obtain compounds 4 (13.2mg,
tR 21.2min), 10 (15.6mg, tR 23.2min), and 24 (20.6mg, tR
30.4min). Further purification of Fr. B6 using preparative RP-
HPLC (MeCN–H2O, 43:57, 3.0 ml/min) yielded compounds 1
(48.5mg, tR 16.5min) and 3 (10.0mg, tR 19.2min). Compounds
22 (11.1mg, tR 8.9min), 26 (13.5mg, tR 14.7min), 29 (32.0mg,
tR 23.4min), and 33 (17.6mg, tR 26.5min) were obtained from
Fr. B7 using a Sephadex LH-20 column and further purified

by RP-HPLC (MeCN–H2O 45:55, v/v, 3.0 ml/min). Subfraction
B10 was purified by preparative HPLC to afford compounds 2
(12.0mg, tR 26.5min), 6–9 (9.7mg, 21.3mg, 15.5mg, 22.7mg;
tR 14.8min, 16.6min, 19,4min, 21.2min, respectively), and 14–

16 (31.1mg, 12.2mg, 11.0mg; tR 31.2min, 32.3min, 33.1min,
respectively) using 50% MeCN/H2O.

Fraction C (12.0 g) was subjected to an ODS RP-C18 column
(MeOH/H2O, 10:90 to 100:0, v/v) to give six subfractions (C1–
C6). Compound 18 (25.3mg, tR 31.5min) was purified by
preparative HPLC using 30% MeCN/H2O from subfraction C1.
Compounds 31 (11.9mg, tR 26.5min) and 32 (39.6mg, tR
28.3min) were gotten from C2 using the same preparative HPLC
procedure with 32% MeCN/H2O. Fraction C4 was subjected to a
Sephadex LH-20 column (MeOH) and then purified by recycling
preparative HPLC with 33% MeCN/H2O to yield compounds 17
(9.8mg, tR 22.3min), 19 (14.5mg, tR 24.1min), and 28 (21.4mg,
tR 25.9min). Fraction C6 was separated using Sephadex LH-20
(MeOH) to obtain four subfractions (C6A–C6D). C6B and C6D
were purified using preparative HPLC (35%MeCN/H2O) to yield
compounds 20 (59.8mg, tR 25.4min), 21 (40.7mg, tR 27.2min),
and 30 (21.4mg, tR 16.7 min).

Fraction D (9.0 g) was applied to an RP C18 CC eluting
with gradient MeOH–H2O from 10:90 to 100:0 followed by
a Sephadex LH-20 column (MeOH) to afford four major
subfractions (D1–D4). Subfraction D1 was purified on an
RP HPLC (MeCN–H2O 20:80, v/v, 3.0 ml/min) to afford
compounds 2 (28.1mg, tR 19.8min) and 5 (30.5mg, tR 22.4min).
Subfraction D2 was purified on an RP HPLC (MeCN–H2O
23: 77, v/v, 3.0 ml/min) to yield compounds 11 (46.0mg,
tR 16.6min) and 27 (41.8mg, tR 18.9min). Compounds 12

(22.6mg, tR 14.7min), 13 (16.0mg, tR 16.6min), 23 (22.3mg,
tR 17.7min), and 25 (11.2mg, tR 18.3min) were obtained
by an RP HPLC (MeCN–H2O 25:75, v/v, 3.0 ml/min) from
subfraction D4.

Aesculiside C (1), white amorphous powder; [α]25D −6.0 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1073.5149 [M–H]− (calcd. for C52H81O23,
1073.5169).

Aesculiside D (2), white amorphous powder; [α]25D −6.0 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1031.5067 [M–H]− (calcd. for C50H79O22,
1031.5063).

Aesculiside E (3), white amorphous powder; [α]25D −4.0 (c 0.09,
MeOH); 1H NMR and 13C NMR data (see Tables 1, 3); HR-ESI-
MS:m/z 1071.5376 [M–H]− (calcd. for C53H83O22, 1071.5376).

Aesculiside F (4), white amorphous powder; [α]25D + 10.0 (c
0.11, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1073.5153 [M–H]− (calcd. for C52H81O23,
1073.5169).

Aesculiside G (5), white amorphous powder; [α]25D −2.0 (c
0.11, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1031.5051 [M–H]− (calcd. for C50H79O22,
1031.5063).

Aesculiside H (6), white amorphous powder; [α]25D −14.0 (c
0.11, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1131.5586 [M + H]+ (calcd. for C55H87O24,
1131.5587).
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TABLE 1 | 1H NMR spectroscopic data (δ) for compounds 1–7a (δ in ppm, J in Hz).

Proton 1 2 3 4 5 6 7

1 0.81 m 0.84 m 0.85 m 0.81 m 0.83 m 0.74 m 0.74 m

1.37 m 1.41 m 1.42 m 1.36 m 1.40 m 1.30 m 1.30 m

2 1.86 m 1.90 m 1.90 m 1.87 m 1.90 m 1.86 m 1.86 m

2.19 m 2.19 m 2.20 m 2.16 m 2.17 m 2.23 m 2.23 m

3 3.26 (dd, 11.6, 4.3) 3.28 (dd, 11.7, 4.5) 3.25 (dd, 11.7, 4.5) 3.21 (dd, 11.6, 4.3) 3.25 (dd, 11.6, 4.3) 3.39 m 3.38 m

5 0.73 m 0.72 m 0.73 m 0.69 m 0.71 m 0.80 m 0.80 m

6 1.22 m 1.26 m 1.25 m 1.23 m 1.28 m 1.18 m 1.18 m

1.44 m 1.46 m 1.47 m 1.45 m 1.47 m 1.49 m 1.49 m

7 1.26 m 1.28 m 1.30 m 1.26 m 1.28 m 1.22 m 1.23 m

1.53 m 1.56 m 1.57 m 1.52 m 1.55 m 1.47 m 1.47 m

9 1.67 m 1.70 m 1.71 m 1.67 m 1.69 m 1.61 m 1.61 m

11 1.86 m 1.79 m 1.83 m 1.85 m 1.79 m 1.69 m 1.69 m

1.91 m 1.87 m 1.90 m 1.91 m 1.87 m 1.80 m 1.80 m

12 5.47 br s 5.39 br s 5.41 br s 5.43 br s 5.38 br s 5.40 br s 5.40 br s

15 1.63 m 1.66 m 1.67 m 1.63 m 1.65 m 1.59 m 1.59 m

1.89 m 1.98 m 1.99 m 1.89 m 1.98 m 1.82 m 1.82 m

16 4.76 m 4.89 m 4.89 m 4.72 m 4.88 m 4.48 m 4.48 m

18 2.85 (dd, 14.1, 4.6) 2.93 (dd, 14.3, 4.6) 2.98 (dd, 14.3, 4.6) 2.82 (dd, 14.0, 4.5) 2.93 (dd, 14.2, 4.5) 3.08 m 3.08 m

19 1.45 m 1.41 m 1.45 m 1.37 m 1.41 m 1.39 m 1.38 m

3.11 (t, 13.5) 3.10 (t, 13.5) 3.12 (t, 13.5) 3.07 (t, 13.6) 3.09 (t, 13.6) 3.09 m 3.07 m

21 6.43 (d, 9.8) 6.41 (d, 10.0) 6.48 (d, 9.8) 6.39 (d, 9.8) 6.41 (d, 10.0) 6.61 (d, 10.1) 6.58 (d, 10.1)

22 4.45 (d, 9.8) 4.81 (d, 10.0) 4.88 (d, 10.1) 4.45 (d, 9.8) 4.81 (d, 10.0) 6.25 (d, 10.1) 6.30 (d, 10.1)

23 1.26 s 1.28 s 1.29 s 1.20 s 1.23 s 1.32 s 1.32 s

24 0.98 s 0.87 s 0.88 s 0.96 s 0.86 s 3.33 (d, 12.0) 3.31 (d, 11.3)

4.25 (d, 12.0) 4.25 (d, 11.3)

25 0.83 s 0.83 s 0.84 s 0.83 s 0.83 s 0.64 s 0.64 s

26 1.07 s 1.10 s 1.10 s 1.05 s 1.08 s 0.78 s 0.78 s

27 1.84 s 1.86 s 1.87 s 1.82 s 1.85 s 1.81 s 1.81 s

28 4.21 (d, 10.3) 3.70 (d, 10.3) 3.72 (d, 10.4) 4.21 m 3.69 (d, 10.4) 3.37 m 3.40 m

4.31 (d, 10.3) 3.98 (d, 10.3) 3.98 (d, 10.4) 4.31 m 3.97 (d, 10.4) 3.61 m 3.62 m

29 1.09 s 1.12 s 1.13 s 1.09 s 1.11 s 1.07 s 1.07 s

30 1.26 s 1.31 s 1.36 s 1.25 s 1.31 s 1.30 s 1.30 s

C3 GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p

1′ 4.98 (d, 7.1) 5.00 (d, 7.0) 4.99 (d, 8.1) 4.89 (d, 6.7) 4.97 (d, 6.7) 4.90 (d, 7.6) 4.90 (d, 7.4)

2′ 4.31 m 4.36 (dd, 11.0, 7.9) 4.34 m 4.35 m 4.40 m 4.28 m 4.27 m

3′ 4.33 m 4.38 m 4.36 m 4.06 m 4.09 (t, 8.5) 4.08 m 4.08 m

4′ 4.56 m 4.61 m 4.58 (t, 9.0) 4.47 m 4.56 m 4.58 m 4.57 m

5′ 4.59 m 4.65 m 4.61 m 4.54 m 4.63 m 4.59 m 4.58 m

C′ Gal-p Gal-p Gal-p Glc-p Glc-p Glc-p Glc-p

1′′ 5.22 (d, 7.7) 5.25 (d, 7.7) 5.25 (d, 7.5) 5.38 (d, 7.6) 5.43 (d, 7.6) 5.61 (d, 7.6) 5.61 (d, 7.6)

2′′ 4.51 (t, 8.0) 4.56 (dd, 9.6, 7.6) 4.55 (t, 8.4) 4.33 m 4.39 m 4.37 m 4.37 m

3′′ 4.15 m 4.19 m 4.21 m 4.23 m 4.26 m 4.20 m 4.19 m

4′′ 4.70 (d, 3.3) 4.71 (d, 3.3) 4.71 (d, 3.3) 4.17 m 4.18 m 4.20 m 4.20 m

5′′ 4.02 m 4.05 (t, 6.8) 4.05 m 3.90 m 3.93 (dd, 9.5, 3.7) 3.67 m 3.67 m

6′′ 4.38 (dd, 10.2, 4.2) 4.41 (dd, 10.6, 5.0) 4.40 (dd, 10.8, 4.8) 4.23 (overlapped) 4.27 (dd, 11.0, 5.0) 4.32 (dd, 11.2, 4.8) 4.31 (d, 11.2)

4.59 (t, 10.4) 4.62 (t, 10.6) 4.62 (t, 10.8) 4.50 (t, 10.8) 4.53 (overlapped) 4.42 (d, 11.2) 4.41 (dd, 11.2, 5.2)

C4′ Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p

1′′′ 5.20 (d, 7.9) 5.20 (d, 7.8) 5.21 (d, 7.7) 5.14 (d, 7.8) 5.20 (d, 7.8) 5.20 (d, 7.6) 5.21 (d, 7.6)

2′′′ 4.02 m 4.05 (t, 6.8) 4.05 m 4.02 m 4.05 (t, 7.8) 4.04 m 4.03 m

3′′′ 4.17 m 4.20 m 4.19 m 4.18 m 4.20 m 4.24 m 4.23 m

4′′′ 4.16 m 4.20 m 4.20 m 4.31 m 4.20 m 4.17 m 4.16 m

5′′′ 3.95 m 3.98 (d, 9.9) 3.96 m 3.94 m 3.99 m 3.98 m 3.97 m

(Continued)
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TABLE 1 | Continued

Proton 1 2 3 4 5 6 7

6′′′ 4.23 (t, 9.6) 4.27 (overlapped) 4.27 m 4.45 (d, 10.8) 4.50 (d, 10.2) 4.47 (d, 10.2) 4.47 (overlapped)

4.45 (overlapped) 4.49 (dd, 10.6, 5.0) 4.49 (d, 10.2) 4.52 (overlapped) 4.52 (overlapped) 4.49 (overlapped) 4.48 (overlapped)

C21 Ac Ac Tig Ac Ac Ac Ac

2′′′′ 2.11 s 2.09 s 2.07 s 2.09 s 2.06 s 1.92 s

3′′′′ 7.00 (q, 7.1)

4′′′′ 1.61 (d, 7.0)

5′′′′ 1.87 s

C22 or

C28

Ac Ac Ac Ac Tig Ang

2′′′′′ 2.01 s 1.96 s

3′′′′′ 6.99 (q, 6.9) 5.93 (q, 7.2)

4′′′′′ 1.47 (d, 6.9) 2.07 (d, 7.2)

5′′′′′ 1.87 s 2.09 s

aNMR data (δ) were measured at 600 MHz in pyridine-d5 for 1–7.

Aesculiside I (7), white amorphous powder; [α]25D −12.0 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 1, 3);
HR-ESI-MS: m/z 1129.5432 [M–H]− (calcd. for C55H85O24,
1129.5431).

Aesculiside J (8), white amorphous powder; [α]25D −7.0 (c 0.10,
MeOH); 1H NMR and 13C NMR data (see Tables 2, 3); HR-ESI-
MS:m/z 1171.5908 [M–H]− (calcd. for C58H91O24, 1171.5900).

Aesculiside K (9), white amorphous powder; [α]25D −9.0 (c
0.11, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1159.5879 [M + H]+ (calcd. for C57H91O24,
1159.5900).

Aesculiside L (10), white amorphous powder; [α]25D −16.0 (c
0.12, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1077.5471 [M + H]+ (calcd. for C52H85O23,
1077.5482).

Aesculiside M (11), white amorphous powder; [α]25D + 12.0
(c 0.10, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1017.4881 [M–H]− (calcd. for C49H77O22,
1017.4906).

Aesculiside N (12), white amorphous powder; [α]25D + 4.0 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1017.4890 [M–H]− (calcd. for C49H77O22,
1017.4906).

Aesculiside O (13), white amorphous powder; [α]25D + 8.0 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1059.4995 [M–H]− (calcd. for C51H79O23,
1059.5012).

Aesculiside P (14), white amorphous powder; [α]25D −4.2 (c
0.10, MeOH); 1H NMR and 13C NMR data (see Tables 2, 4);
HR-ESI-MS: m/z 1141.5785 [M + H]+ (calcd. for C57H89O23,
1141.5795).

Hydrolysis and Determination of Absolute
Configuration of Sugars
A solution of 1–14 (1.0mg, respectively) in 2M HCl (4.0ml)
was heated at 90◦C for 2 h. The reaction mixture was extracted
with EtOAc (2 × 4ml), and the aqueous phase was evaporated

to dryness using a stream of N2. The residues and authentic
sugar samples (D/L-galactose, D/L-glucose, D/L-xylose, and D-
glucuronic acid) were, respectively, dissolved in pyridine (1.0ml)
containing L-cysteine methyl ester (1.0mg) and heated at 60◦C
for 1 h, and then o-tolyisothiocyanate (1.0ml) was added to the
mixture and heated further for 1 h. Then each reaction mixture
was analyzed by the Waters e2695 HPLC system using a 2998
PDA detector (at 250 nm). Analytical HPLC was performed on
the YMC- Pack-ODS-A column (250 × 4.6mm, 5µm) eluting
with A (0.1% formic acid): B (acetonitrile) = 80:20 (v/v) at 1.0
ml/min. The absolute configuration of sugars in each compound
was established by a comparison of the retention times with
the standards where the time differences (1δ D-L) of one
kind of sugar were sufficient to distinguish between D- and
L-enantiomers (Tanaka et al., 2007; Zhang N. et al., 2018).

Preparation of the Aglycone of Compound
14
Compound 14 (15.0mg) in 2M HCl (10.0ml) was heated
at 50◦C for 4 h. The reaction mixture was extracted with
EtOAc (2 × 10ml), and the EtOAc phase was evaporated
to dryness using a stream of N2. The residue was dissolved
in THF (2.0ml) and MeOH (1.00ml), then NaOMe (2.00mg,
2.2 eq) was added to the solution at 0◦C. The mixture was
stirred at 25◦C for 4 h. The reaction was diluted with H2O
(10.0ml) and the mixture was extracted with ethyl acetate
(3 × 3.00ml). The ethyl acetate fraction was purified by
a semipreparative RP HPLC (CH3CN–H2O, 45:65) to gain
compound 14a.

Determination of the Absolute
Configuration of the 21, 22-Diol Moieties in
Compound 14a
First, Mo2(AcO)4 (1.0mg) dissolved in DMSO (1.0ml) was
subjected to ECD measurement as blank control. Then
compound 14a (0.5mg) and Mo2(AcO)4 (1.0mg) were added
to DMSO (1.0ml) and scanned directly. The CD spectrum was
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TABLE 2 | 1H NMR spectroscopic data (δ) for compounds 8–14a (δ in ppm, J in Hz).

Proton 8 9 10 11 12 13 14

1 0.73 m 0.72 m 0.72 m 0.85 m 0.82 m 0.78 m 0.77 m

1.29 m 1.29 m 1.29 m 1.39 m 1.37 m 1.33 m 1.34 m

2 1.88 m 1.84 m 1.85 m 1.96 m 1.95 m 1.92 m 1.94 m

2.24 m 2.23 m 2.24 m 2.27 m 2.25 m 2.23 m 2.25 m

3 3.39 m 3.36 m 3.37 m 3.42 m 3.40 m 3.38 m 3.38 m

5 0.80 m 0.78 m 0.80 m 0.86 m 0.86 m 0.83 m 0.84 m

6 1.17 m 1.16 m 1.15 m 1.35 m 1.43 m 1.34 m 1.34 m

1.47 m 1.46 m 1.48 m 1.62 m 1.61 m 1.59 m 1.59 m

7 1.23 m 1.19 m 1.20 m 1.26 m 1.27 m 1.23 m 1.24 m

1.48 m 1.44 m 1.48 m 1.54 m 1.55 m 1.51 m 1.53 m

9 1.61 m 1.61 m 1.61 m 1.67 m 1.68 m 1.63 m 1.65 m

11 1.70 m 1.67 m 1.68 m 1.73 m 1.81 m 1.76 m 1.72 m

1.81 m 1.80 m 1.81 m 1.85 m 1.86 m 1.81 m 1.84 m

12 5.42 br s 5.40 br s 5.34 br s 5.36 br s 5.46 br s 5.40 br s 5.39 br s

15 1.60 m 1.57 m 1.60 m 1.65 m 1.65 m 1.61 m 1.59 m

1.83 m 1.79 m 1.91 m 1.96 m 1.94 m 1.86 m 1.84 m

16 4.47 m 4.43 m 4.82 m 4.87 m 4.81 m 4.70 m 4.48 m

18 3.08 m 3.09 m 2.89 m 2.93 m 2.87 m 2.88 m 3.10 m

19 1.37 m 1.35 m 1.37 m 1.41 m 1.42 m 1.35 m 1.41 m

3.08 m 3.06 m 3.04 m 3.09 m 3.04 m 3.06 m 3.10 m

21 6.59 (d, 10.2) 6.61 (d, 10.1) 6.33 (d, 9.9) 6.39 (d, 9.9) 4.80 (d, 9.0) 6.37 (d, 9.8) 6.69 (d, 10.2)

22 6.28 (d, 10.2) 6.21 (d, 10.1) 4.76 (d, 9.9) 4.80 (d, 9.9) 4.40 (d, 9.0) 4.46 (d, 9.8) 6.32 (d, 10.2)

23 1.33 s 1.29 s 1.29 s 1.37 s 1.36 s 1.33 s 1.35 s

24 3.31 (d, 12.0) 3.32 (d, 12.0) 3.30 (d, 11.5) 3.51 (d, 11.6) 3.50 (d, 11.6) 3.47 (d, 11.6) 3.49 (d, 11.5)

4.27 (d, 12.0) 4.23 (d, 12.0) 4.24 (d, 11.5) 4.34 (d, 11.6) 4.33 (d, 11.6) 4.29 (d, 11.6) 4.32 (d, 11.5)

25 0.65 s 0.63 s 0.62 s 0.73 s 0.75 s 0.71 s 0.71 s

26 0.79 s 0.77 s 0.76 s 0.82 s 0.96 s 0.91 s 0.80 s

27 1.83 s 1.81 s 1.80 s 1.85 s 1.86 s 1.81 s 1.84 s

28 3.37 m 3.33 m 3.63 m 3.67 m 4.23 m 4.18 m 3.39 m

3.63 m 3.63 m 3.91 m 3.95 m 4.42 m 4.28 m 3.63 m

29 1.08 s 1.05 s 1.07 s 1.11 s 1.35 s 1.08 s 1.08 s

30 1.31 s 1.31 s 1.28 s 1.30 s 1.39 s 1.24 s 1.32 s

C3 GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p

1′ 4.89 (d, 6.7) 4.89 (d, 6.7) 4.87 (d, 7.6) 4.96 (d, 6.6) 4.94 (d, 6.6) 4.91 (d, 6.8) 4.91 (d, 6.8)

2′ 4.28 m 4.26 m 4.27 m 4.39 m 4.38 m 4.34 m 4.36 m

3′ 4.07 m 4.04 m 4.07 m 4.38 m 4.37 m 4.33 m 4.33 m

4′ 4.57 m 4.55 m 4.54 m 4.59 (t, 8.5) 4.58 (t, 8.5) 4.53 (t, 7.9) 4.53 m

5′ 4.58 m 4.58 m 4.55 m 4.64 (d, 9.7) 4.62 (d, 9.7) 4.58 (d, 9.7) 4.55 m

C2′ Glc-p Glc-p Glc-p Xyl-p Xyl-p Xyl-p Xyl-p

1′ ′ 5.61 (d, 7.2) 5.59 (d, 7.4) 5.60 (d, 7.8) 5.53 (d, 7.5) 5.51 (d, 6.3) 5.47 (d, 7.6) 5.49 (d, 6.1)

2′ ′ 4.37 m 4.35 m 4.34 m 4.19 (d, 7.8) 4.19 m 4.14 m 4.16 m

3′ ′ 4.20 m 4.18 m 4.19 m 4.01 m 4.00 m 4.09 m 4.11 m

4′ ′ 4.19 m 4.17 m 4.19 m 4.42 m 4.41 m 4.37 m 4.38 m

5′ ′ 3.66 m 3.65 m 3.67 (d, 9.7) 3.62 (d, 10.9) 3.61 (d, 9.5) 3.62 (t like, 9.5) 3.60 (d, 10.7)

4.43 m 4.42 m 4.39 m 4.41 m

6′ ′ 4.33 (d, 12.0) 4.29 (dd, 12.0, 5.2) 4.32 (dd, 10.2, 4.8)

4.42 (d, 12.0) 4.39 (d, 12.2) 4.42 (t, 10.2)

C4′ Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p

1′ ′ ′ 5.21 (d, 6.7) 5.17 (d, 6.7) 5.20 (d, 6.7) 5.22 (d, 7.8) 5.22 (d, 7.8) 5.18 (d, 7.8) 5.19 (d, 7.8)

2′ ′ ′ 4.03 m 4.02 m 4.03 m 4.06 (d, 7.9) 4.06 m 4.02 (d, 8.5) 4.03 m

3′ ′ ′ 4.23 m 4.20 m 4.24 m 4.21 (d, 7.8) 4.21 m 4.17 m 4.22 m

4′ ′ ′ 4.17 m 4.13 m 4.18 m 4.21 m 4.21 m 4.17 m 4.18 m

(Continued)

Frontiers in Chemistry | www.frontiersin.org 5 January 2020 | Volume 7 | Article 908178

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhang et al. Triterpenoid Saponins From Aesculus chinensis

TABLE 2 | Continued

Proton 8 9 10 11 12 13 14

5′ ′ ′ 3.97 m 3.95 m 3.96 m 4.13 (dd, 9.0, 3.5) 4.13 (t, 9.0) 3.96 m 3.97 m

6′ ′ ′ 4.24 (dd, 11.6, 5.2) 4.45 (t, 12.2) 4.46 (dd, 11.8, 5.2) 4.28 (dd, 12.0, 5.8) 4.28 (d, 12.0) 4.24 (dd, 11.6, 5.8) 4.24 m

4.48 (d, 11.6) 4.50 (d, 12.0) 4.49 (dd, 12.0, 5.2) 4.51 (d, 12.0) 4.51 (d, 11.6) 4.46 (d, 11.6) 4.46 m

C21 MB IB IB Ac Ac Ang

2′ ′ ′ ′ 2.47 m 2.61 m 2.65 m 2.09 s 2.06 s

3′ ′ ′ ′ 1.77 m 1.17 (d, 7.3) 1.22 (d, 7.0) 5.95 (q, 7.2)

1.78 m

4′ ′ ′ ′ 0.92 (t, 7.4) 1.19 (d, 7.3) 1.18 (d, 6.9) 2.07 (d, 7.2)

5′ ′ ′ ′ 1.19 (d, 7.0) 2.00 s

C22 or

C28

Ang Tig Ac Ac Ang

2′ ′ ′ ′ ′ 1.96 s 1.95 s

3′ ′ ′ ′ ′ 6.04 (q, 7.2) 6.97 (q, 6.8) 5.89 (q, 7.2)

4′ ′ ′ ′ ′ 2.13 (d, 7.2) 1.48 (d, 6.8) 2.03 (d, 7.2)

5′ ′ ′ ′ ′ 1.94 s 1.86 s 1.88 s

aNMR data (δ) were measured at 600 MHz in pyridine-d5 for 8–14.

recorded every 10min until the Mo2(AcO)4-induced circular
dichroism spectrum was stationary. The inherent ECD spectrum
of 14a was subtracted. The absolute configuration was elucidated
by the diagnostic band at approximately 310–340 nm in the
induced ECD spectrum.

X-Ray Crystallographic Analysis of 14a
Single crystals of 14a were obtained from CH3OH and H2O.
The intensity data of 14a was collected on a SuperNova, Dual,
Cu at zero, AtlasS2 diffractometer at 100.00(11) K. The structure
was elucidated with the SHELXS method and refined based on
full-matrix least-squares on F2 using SHELXL-2018/3 (Sheldrick,
2015). Crystal data for 14a: orthorhombic, space group P21212
(no. 18), a = 11.7057(7) Å, b = 34.214(3) Å, c = 14.7361(9)
Å, V = 5901.7(7) Å3, Z = 8, T = 100.00(11) K, µ(Cu
Kα) = 0.617 mm−1, Dcalc = 1.141 g/cm3, 20,468 reflections
measured (5.166◦ ≤ 22 ≤ 148.994◦), 10,735 unique (Rint =

0.0506, Rsigma = 0.0834) which were used in all calculations.
The final R1 was 0.0837 (I > 2σ(I)) and wR2 was 0.2452 (all
data). The crystallographic data of 14a have been deposited at
the Cambridge Crystallographic Data Centre (CCDC 1957449)
and the data can be obtained from supporting information
(Data Sheet 1_v1).

Cytotoxicity Assay
The in vitro cytotoxicity of compounds 1–33 was measured
by MTT assay (El-Readi et al., 2013; Xia et al., 2015) with 5-
fluorouracil as the positive control. The human cancer cell lines,
HepG2, HCT-116, and MGC-803 were purchased from ATCC.
The tested cell lines were seeded in 96-well plates, and the plates
were then incubated in a 37◦C incubator containing 5% CO2 for
24 h. Subsequently, the tested compounds in DMSO were added
to designated wells at a dosage of 3.125–50µM. After 24 h, MTT
was added to the culture medium and the absorbance at 490 nm
was measured using a microplate reader.

Neuroprotective Effect Assay
The neuroprotective effects of compounds 1–33 were tested
against COCl2-induced PC12 cell injury (Zou et al., 2002)
with MTT method. Rat pheochromocytoma cell line (PC12)
was cultured in 96-well plates with RPMI-1640 supplemented
with 10% (v/v) inactivated fetal bovine serum and 100 U/ml
penicillin/streptomycin. The cells were maintained at 37◦C in 5%
CO2 and 95% humidified air incubator. Cells were pre-treated for
2 h with or without compounds before incubation in a medium
containing 1mM CoCl2. After 24 h, MTT was added to the
culture medium, and the absorbance at 490 nm was measured
using a microplate reader.

RESULTS

For the target of isolation of triterpene saponins, the 70%
ethanol extracts of air-dried seeds of Aesculus chinensis Bge. var.
chekiangensis (Hu et Fang) Fang were chromatographed through
a D101 column and eluted with a gradient of EtOH in water.
The 60% EtOH part was separated consequently as it contains
abundant triterpene saponins under the guidance of UPLC-
Q/TOF-MS. Thereafter, 14 undescribed triterpenoid saponins
(1–14, aesculiside C–P) (Figure 1) and 19 known analogs (15–
33) were afforded and identified (Figures S1–S157). The full
assignments of the NMR data of compounds 1–14 are recorded
in Tables 1–4.

Aesculiside C (1) was isolated as a white amorphous powder
which exhibited an ion peak at m/z 1073.5149 [M–H]− (calcd.
1073.5169). Its molecular formula was confirmed as C52H82O23

based onHR-ESI-MS as well as 13CNMR spectroscopic data. The
IR absorptions at 3,414 and 1,732 cm−1 implied the existence of
the hydroxyl and carboxyl groups, respectively. The NMR data of
1 exhibited characteristic signals of a triterpenoid saponin.

1H NMR of the aglycone portion indicated the presence of
seven methyl protons at δ 0.83, 0.98, 1.07, 1.09, 1.26, 1.84 (each
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TABLE 3 | 13C NMR spectroscopic data (δ) for compounds 1–7a (δ in ppm).

NO. 1 2 3 4 5 6 7

1 38.7 38.7 38.6 38.7 38.6 38.7 38.7

2 26.5 26.6 26.5 26.5 26.4 26.8 26.8

3 89.1 89.2 89.1 89.2 89.2 91.4 91.4

4 39.4 39.5 39.4 39.4 39.4 43.9 43.9

5 55.6 55.7 55.6 55.6 55.6 56.4 56.4

6 18.3 18.4 18.3 18.3 18.3 18.8 18.8

7 33.0 33.1 33.0 33.0 33.0 33.5 33.5

8 39.9 40.0 39.9 40.0 39.9 40.2 40.2

9 46.8 46.9 46.8 46.8 46.8 47.0 47.0

10 36.6 36.7 36.6 36.6 36.6 36.6 36.6

11 23.8 23.8 23.7 23.8 23.7 24.3 24.3

12 123.9 123.3 123.3 123.9 123.2 123.5 123.5

13 142.7 143.5 143.4 142.7 143.4 143.1 143.1

14 41.7 41.8 41.7 41.7 41.7 41.9 41.9

15 34.6 34.4 34.3 34.6 34.3 35.1 35.1

16 67.5 67.8 67.8 67.5 67.7 68.7 68.9

17 46.9 48.1 48.1 46.9 48.0 48.5 48.3

18 40.5 40.4 40.3 40.5 40.3 40.3 40.3

19 47.2 47.8 47.7 47.2 47.7 47.5 47.5

20 35.9 36.1 36.3 35.9 36.0 36.4 36.6

21 81.5 81.9 81.9 81.5 81.8 79.6 79.7

22 70.7 72.8 72.8 70.7 72.7 74.3 73.9

23 28.0 28.0 27.9 28.0 27.9 22.7 22.8

24 16.9 16.7 16.8 16.9 16.6 63.6 63.6

25 15.6 15.7 15.6 15.6 15.5 15.8 15.8

26 16.6 16.9 16.6 16.6 16.7 17.0 17.0

27 27.4 27.4 27.3 27.4 27.3 27.8 27.8

28 66.3 66.0 65.8 66.3 65.9 63.7 63.9

29 29.7 29.8 29.8 29.7 29.7 29.7 29.8

30 19.9 20.2 20.2 19.9 20.1 20.3 20.4

C3 GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p

1′ 105.0 105.1 105.0 105.0 105.0 104.9 104.9

2′ 82.2 82.3 82.1 81.0 80.9 79.9 80.0

3′ 75.8 75.8 75.8 77.0 76.9 76.8 76.8

4′ 81.9 81.8 81.9 82.1 82.1 82.2 82.2

5′ 75.6 75.5 75.4 75.5 75.5 76.2 76.0

6′ 171.9 172.2 171.9 172.1 172.1 172.7 172.6

C2′ Gal-p Gal-p Gal-p Glc-p Glc-p Glc-p Glc-p

1′ ′ 106.6 106.7 106.6 105.3 105.2 104.5 104.6

2′ ′ 74.5 74.6 74.5 76.0 75.9 76.0 76.0

3′ ′ 74.8 74.8 74.7 77.8 77.7 78.6 78.6

4′ ′ 69.4 69.5 69.4 71.6 71.5 70.0 70.0

5′ ′ 76.8 76.9 76.8 78.2 78.2 78.3 78.4

6′ ′ 61.2 61.3 61.2 62.3 62.2 61.9 61.9

C4′ Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p

1′ ′ ′ 104.5 104.6 104.5 104.7 104.6 104.9 105.0

2′ ′ ′ 74.7 74.8 74.7 74.8 74.7 75.2 75.2

3′ ′ ′ 77.9 78.0 77.9 78.0 77.9 78.8 78.8

4′ ′ ′ 71.4 71.5 71.4 71.4 71.4 71.8 71.8

5′ ′ ′ 78.3 78.4 78.3 78.3 78.3 78.4 78.3

6′ ′ ′ 62.3 62.4 62.3 62.7 62.6 62.6 62.7

(Continued)

TABLE 3 | Continued

NO. 1 2 3 4 5 6 7

C21 Ac Ac Tig Ac Ac Ac Ac

1′ ′ ′ ′ 171.2 171.4 168.5 171.2 171.3 171.2 171.1

2′ ′ ′ ′ 21.2 21.4 129.8 21.2 21.3 21.3 21.2

3′ ′ ′ ′ 136.0

4′ ′ ′ ′ 14.0

5′ ′ ′ ′ 12.3

C22

or

C28

Ac Ac Tig Ang

1′ ′ ′ ′ ′ 170.6 170.6 168.7 168.5

2′ ′ ′ ′ ′ 20.6 20.6 129.5 129.3

3′ ′ ′ ′ ′ 137.5 137.5

4′ ′ ′ ′ ′ 14.4 16.1

5′ ′ ′ ′ ′ 12.6 21.4

aNMR data (δ) were measured at 150 MHz in pyridine-d5 for 1–7.

3H except 1.26 for 6H, s), one olefinic proton at δ 5.47 (1H, br
s), and a pair of geminal protons at δ 4.21 and 4.31 (1H each, d,
J = 10.3Hz), indicative of an olean-12-ene skeleton (Zhang S. L.
et al., 2018). Four oxymethine proton signals assignable to H-3,
H-16, H-21, and H-22 of the aglycone moiety were, respectively,
observed at δ 3.26 (1H, dd, J = 11.6, 4.3Hz), 4.76 (1H, m),
6.43 (1H, d, J = 9.8Hz), and 4.45 (1H, d, J = 9.8Hz), which
further suggested the aglycon characteristic for 3, 16, 21, 22,
28-pentahydroxyolean-12-ene. As for the relative configurations
of C-3, C-16, C-21, C-22, and C-28, the NOESY correlations
between H-3/H-5/H3-23, H-21 /H3-29 suggested the H-3 and
H-21, while the correlations between H-16 and H2-28, H2-28
and H-22, H-22, and H3-30 H2-28 and H-22, H-22, and H3-30
suggested β-orientations of H-16 and H-22 (Figure 2). On the
basis of NOESY correlations and the vicinal coupling constants of
the H-21 3β , 16α, 21β , 22α, 22α, 28-pentahydroxyolean-12-ene.

The 1D NMR spectra of 1 also showed two acetyl signals (δH
2.01, 2.11 and δC 170.6, 171.2, 20.6, 21.2). The cross peak between
H-21 (δ 6.43) and C-1′′′′ (δ 171.2) in the HMBC spectrum
established one of the acetyl groups was attached to C-21. The
other acetyl group was assigned at C-28 according to the HMBC
correlation of H2-28 (δ 4.31)/C1′′′′′ (170.6), which was further
confirmed by the downfield chemical shifts of H2-28 and C-
28 compared with typical oleanane-type triterpenoid (Aki et al.,
2004; Zhang and Li, 2007; Yuan et al., 2012) (Figure 2).

The presence of three anomeric protons at δ 4.98 (1H, d, J
= 7.1Hz), 5.20 (1H, d, J = 7.9Hz), 5.22 (1H, d, J = 7.7Hz)
was correlated with carbons at δ 105.0, 104.5, and 106.6 in
HSQC spectrum, respectively, indicating trisaccharide residues.
Acid hydrolysis of 1 yielded D-galactose, D-glucose, and D-
glucuronic acid, which was established with HPLC analysis by
comparing with authentic sugar samples after derivatization.
Their relative configuration was determined to be β according to
the large coupling constants. The 1HNMR and 13C NMR signals
of the trisaccharide group were fully assigned by 2D-NMR
spectra and compared with reference data (Yuan et al., 2013).
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TABLE 4 | 13C NMR spectroscopic data (δ) for compounds 8–14a (δ in ppm).

NO. 8 9 10 11 12 13 14

1 38.7 38.8 38.7 38.8 38.7 38.6 38.7

2 26.8 26.9 26.8 26.6 26.5 26.4 26.5

3 91.4 91.4 91.3 90.6 90.5 90.4 90.5

4 44.0 44.0 43.9 44.3 44.2 44.1 44.2

5 56.4 56.4 56.3 56.3 56.2 56.1 56.2

6 18.8 18.8 18.8 18.7 18.6 18.5 18.6

7 33.5 33.5 33.5 33.3 33.3 33.1 33.2

8 40.2 40.3 40.3 39.9 39.9 39.7 39.9

9 47.0 47.0 47.0 46.8 46.7 46.6 46.6

10 36.7 36.7 36.6 36.5 36.4 36.3 36.3

11 24.3 24.4 24.3 24.0 24.0 23.9 23.9

12 123.5 123.5 123.4 123.3 123.4 123.6 123.8

13 143.1 143.1 143.4 143.5 143.2 142.5 142.6

14 41.9 42.0 42.1 41.9 41.8 41.6 41.6

15 35.1 35.1 34.7 34.4 34.5 34.4 34.7

16 68.7 68.8 68.1 67.9 67.9 67.4 68.5

17 48.3 48.6 48.4 48.1 46.5 46.8 47.9

18 40.4 40.3 40.7 40.4 40.7 40.4 40.0

19 47.5 47.5 48.1 47.8 47.7 47.0 47.1

20 36.7 36.7 36.5 36.1 36.2 35.8 36.4

21 79.1 79.0 81.7 82.0 78.4 81.4 78.6

22 73.7 74.2 73.1 72.7 73.6 70.6 73.4

23 22.8 22.8 22.7 22.6 22.5 22.4 22.6

24 63.6 63.6 63.6 62.8 62.7 62.6 62.7

25 15.9 15.9 15.8 15.5 15.4 15.3 15.4

26 17.0 17.0 17.0 16.8 16.8 16.7 16.6

27 27.8 27.8 27.7 27.4 27.4 27.2 27.5

28 63.8 63.8 66.2 65.9 66.9 66.1 63.4

29 29.9 29.8 29.7 29.8 30.0 29.6 29.5

30 20.5 20.4 20.5 20.2 19.8 19.8 20.2

C3 GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p GlcA-p

1′ 104.9 105.0 104.9 104.8 104.8 104.8 104.8

2′ 80.0 80.0 80.0 78.7 78.6 78.5 78.6

3′ 76.8 76.8 76.8 76.3 76.3 76.1 76.4

4′ 82.2 82.4 82.4 82.5 82.5 82.3 82.7

5′ 76.0 76.1 76.1 75.6 75.6 75.5 75.6

6′ 172.1 172.8 172.6 172.1 172.1 172.1 172.1

C2′ Glc-p Glc-p Glc-p Xyl-p Xyl-p Xyl-p Xyl-p

1′ ′ 104.6 104.6 104.5 104.7 104.5 104.5 104.6

2′ ′ 76.0 76.1 76.0 75.7 75.6 75.6 75.6

3′ ′ 78.6 78.7 78.3 78.5 78.5 78.3 78.4

4′ ′ 70.1 70.1 70.0 70.8 70.7 70.6 70.7

5′ ′ 78.4 78.4 78.6 67.1 67.1 66.9 67.1

6′ ′ 61.9 61.9 61.8

C4′ Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p Glc-p

1′ ′ ′ 105.1 105.0 105.0 104.8 104.8 104.8 104.7

2′ ′ ′ 75.2 75.2 75.2 74.9 74.9 74.7 74.8

3′ ′ ′ 78.8 78.8 78.8 78.1 78.4 78.3 78.4

4′ ′ ′ 71.8 71.8 71.7 71.5 71.4 71.2 71.3

5′ ′ ′ 78.3 78.4 78.4 78.5 78.0 78.0 77.9

6′ ′ ′ 62.6 62.7 62.6 62.3 62.2 62.1 62.2

C21 MB IB IB Ac Ac Ang

1′ ′ ′ ′ 176.6 177.0 177.6 171.5 171.1 167.6

(Continued)

TABLE 4 | Continued

NO. 8 9 10 11 12 13 14

2′ ′ ′ ′ 42.1 35.2 35.1 21.4 21.1 128.9

3′ ′ ′ ′ 27.4 19.8 19.9 137.1

4′ ′ ′ ′ 12.3 19.5 19.5 15.8

5′ ′ ′ ′ 17.2 21.0

C22

or

C28

Ang Tig Ac Ac Ang

1′ ′ ′ ′ ′ 168.3 168.7 170.7 170.4 168.0

2′ ′ ′ ′ ′ 129.0 129.5 20.6 20.5 128.9

3′ ′ ′ ′ ′ 139.0 137.7 137.0

4′ ′ ′ ′ ′ 16.3 14.4 15.7

5′ ′ ′ ′ ′ 21.2 12.7 20.8

aNMR data (δ) were measured at 150 MHz in pyridine-d5 for 8–14.

Meanwhile, the upfield shifts of C-3 (δ 89.1) as well as the HMBC
correlation between H-1′ (δ 4.98) with C-3 demonstrated that
the trisaccharide unit was attached to C-3. The sequence of the
sugar chain was further confirmed by the long correlations of
H-1′′ (δ 5.22) and C-2′ (δ 82.2), H-1′′′ (δ 5.20) and C-4′ (δ 81.9)
(Figure 2). Based on these data, compound 1 was concluded
to be 3-O-[β-D-galactopyranosyl-(1→2)]-β-D-glucopyranosyl-
(1→ 4)-β-D-glucuronopyranosyl-21β , 28-diacetyl-3β ,
16α, 21β , 22α, 28-pentahydroxyolean-12-ene, named
aesculiside C.

Aesculiside D (2) with the molecular formula of C50H80O22

(m/z 1031.5067 [M–H]−; calcd. for C50H79O22, 1031.5063) was
also obtained as a white, amorphous powder. Acid hydrolysis of
2 presented the same sugar moieties as compound 1. The NMR
data of 2 are similar to those of 1 except for the absence of an
acetyl unit in 2. The essential HMBC correlations of H-21 (δ
6.41)/C-1′′′′ (δC 171.4) indicated the acetyl unit was connected
at C-21 (Figure 3). The remaining portion of 2 was superposable
to 1 evidenced by careful analysis of their 2DNMR spectra. Thus,
compound 2 was established as 3-O-[β-D-galactopyranosyl-(1→
2)]-β-D-glucopyranosyl-(1→4)-β-D- glucuronopyranosyl-21β-
acetyl-3β , 16α, 21β , 22α, 28-pentahydroxyolean-12-ene, namely
aesculiside D.

Aesculiside E (3) was acquired as a white amorphous
powder and its molecular formula was determined as C53H84O22

(m/z 1071.5376 [M–H]−; calcd. for C53H83O22, 1071.5376).
Acid hydrolysis of 3 yielded D-galactose, D-glucose, and D-
glucuronic acid. The NMR data of 3 showed a lot of resemblance
with those of 2 except for the presence of a tigloyl moiety
instead of an acetyl unit in 3, which was supported by the
characteristic olefinic quartet at δ 7.00 in its 1H-NMR spectrum.
Moreover, the HSQC correlation signals of δH 1.61 with δC
14.0 and δH 1.87 with δC 12.3 confirmed the existence of
a tigloyl group. The aforementioned data, together with the
HMBC correlation from H-21 (δ 6.48) to C-1′′′′ (δ 168.5)
confirmed the connection between the tigloyl group and C-21.
Consequently, it was assigned as 3-O-[β-D-galactopyranosyl-
(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-glucuronopyranosyl-
21β-tigloyl-3β , 16α, 21β , 22α, 28-pentahydroxyolean-12-ene.
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FIGURE 1 | The structures of compounds 1–14.

Aesculiside F (4) and 1 gave the same molecular formula,
deduced as C52H82O23 from its HR-ESI-MS and 13C NMR
spectroscopic data. Comparison of the NMR data of 4 with
those of 1 indicated that both saponins are closely related,
differing at trisaccharide moiety where the galactose in 1 was
replaced by a glucose in 4, based on the distinction of their 13C
NMR data (Table 3) (Yoshikawa et al., 1998), which was further
verified by hydrolysis and derivatization as aforementioned.
HMBC correlations revealed the position and sequences of the
sugar moiety in 4 as described before. Hence, compound 4 was
identified and named aesculiside F.

Aesculiside G (5), a white amorphous powder, was established
to be an analog of 4 by HRESIMS and NMR spectrum
interpretation. Careful analysis of their NMR data suggested
that 4 possessed one more acetyl group compared to 5.
The key HMBC correlation from H-21 (δ 6.41) to C-1′′′′

(δ 171.3) suggested that the acetyl group was connected
to C-21. The sugar residues in 5 was determined to be
the same with those in 4 applying the method as before

FIGURE 2 | The selected HMBC (H → C), 1H-1H COSY (H — H) and NOESY

(H ↔ H) correlations of compound 1.

described. Accordingly, aesculiside G (5) was identified
as 3-O-[β-D-glucopyranosyl-(1→ 2)]-β-D-glucopyranosyl-
(1→4)-β-D-glucuronopyranosyl-21β-acetyl-3β , 16α, 21β , 22α,
28-pentahydroxyolean-12-ene.
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FIGURE 3 | The selected HMBC (H → C) and 1H-1H COSY (H — H) correlations of compounds 1–14.

Aesculiside H (6) and Aesculiside I (7) owned the same
molecular formula of C55H86O24, according to their HR-ESI-
MS data. The similar NMR spectra of 6 and 7 (Tables 1, 3) to

those of 1–5 indicated that 6 and 7 are structural analogs of these
compounds. The 1H NMR spectra of the aglycone portion of
both compounds exhibited six tertiary methyl groups at δ 0.64

Frontiers in Chemistry | www.frontiersin.org 10 January 2020 | Volume 7 | Article 908183

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhang et al. Triterpenoid Saponins From Aesculus chinensis

(Me-25), 0.78 (Me-26), 1.07 (Me-29), 1.30 (Me-30), 1.32 (Me-23),
and 1.81 (Me-27). The absence of the characteristic singlet at δH
0.86 and δC 16.6 attributable to Me-24 in 5 and the additional
resonances at δC 63.6 promoted that Me-24 could be oxygenated.
This was corroborated by the key HMBC cross-peaks from H-24
(δ 4.25) to C-3 (δ 91.4), C-5 (δ 56.4). Thus, the structure of the
aglycone of 6 and 7 was assigned as 3β , 16α, 21β , 22α, 24, 28-
hexahydroxyolean-12-ene. Detailed NMR analysis disclosed that
6 and 7 possessed the same acyl group (acetyl) link to C-21 as that
in 5. The 1H and 13C NMR spectra of 6 displayed characteristic
signals of a tigeloyl group (Tables 1, 3). The HMBC correlations
from H-22 (δ 6.25) to C-1′′′′′ (δ 168.7) and from H-21 (δ 6.61) to
C-1′′′′ (δ 171.2) provided definitive evidence that the acetyl was
substituted at C-21, the tigeloyl group was substituted at C-22 in
6. The connection of an angeloyl group to C-22 in 7was validated
by the HMBC correlations fromH-22 (δ 6.30) to C-1′′′′′ (δ 168.5)
and H-21 (δ 6.58) to C-1′′′′ (δ 171.1). The trisaccharide chain of
6 and 7 was the same as that of 5 as determined by the same

FIGURE 4 | Mo2(OAc)4-induced CD (ICD) spectra of 14a.

method as mentioned before. Thus, the chemical structures of
compounds 6 and 7 have been elucidated and named aesculiside
H (6) and aesculiside I (7).

Aesculiside J (8) was assigned as C58H92O24 based on the [M–
H]− ion peak at m/z 1171.5908. Acid hydrolysis suggested that
D-glucose and D-glucuronic acid existed in 8. Comparison of
the NMR spectroscopic data with those of compound 7 showed
many similarities, except for the appearance of a 2-methylbutyryl
moiety instead of the acetyl group in 7, which was ascertained
by the COSY correlations between H-2′′′′ and H-3′′′′, H-4′′′′

coupled with HMBC correlation of H-21 (δ 6.59)/C-1′′′′ (δ
176.6) and H-22 (δ 6.28)/C-1′′′′′ (δ 168.3). Thus, the structure
of aesculiside J (8) was elucidated as 3-O-[β-D-glucopyranosyl-
(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-glucuronopyranosyl-
21β-methylbutyryl-22α-angeloyl-3β , 16α, 21β , 22α, 24, 28-
hexahydroxyolean-12-ene.

The elemental formula of aesculiside K (9) was confirmed
as C57H90O24 by its HRESIMS data. The NMR data of 9

closely resembled those of 6 with the striking difference of
the acetyl group signals at δC 171.2 and 21.3 in 6 replaced
by an isobutyryl group signals at δC 177.0, 35.2, 19.8 and
19.5. COSY correlations of H-2′′′′/H-3′′′′, H-2′′′′/H-4′′′′ in
conjunction with the HMBC cross-peaks of H-3′′′′ with C-
1′′′′, C-2′′′′ and C-4′′′′ verified the existence of the isobutyryl
group. HMBC correlations from H-21 (δ 6.61) to carbonyl
carbon (δ 177.0) of the isobutyryl group, and from H-22
(δ 6.21) to carbonyl carbon (δ 168.7) of the tigeloyl group
supported the attachment of the two acyl units to C21
and C22, respectively. Thus, the structure of aesculiside
K (9) was fully elucidated as 3-O-[β-D-glucopyranosyl-
(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-glucuronopyranosyl-
21β-isobutyryl-22α-tigeloyl-3β , 16α, 21β , 22α, 24,
28-hexahydroxyolean-12-ene.

Aesculiside L (10) had molecular formula of C52H84O23

established through its [M + H]+ ion peak at 1077.5471 and its
NMR data. The sugar chain in 10 was same as 9, using the same
method as described before. Analysis of the 1H and 13C NMR
spectroscopic data (Tables 2, 4) of 10 revealed a close structural
resemblance to 9, except for the absence of a tigeloyl group in 9.

FIGURE 5 | ORTEP drawing of 14a.
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TABLE 5 | Cytotoxic activity of compounds 1–33 by the MTT method.

Compd. IC50 (µM)a

Hep G2 HCT-116 MGC-803

3 >40 36 ± 2 >40

6 30 ± 0 17 ± 1 31 ± 1

7 23. ± 0 13 ± 1 29 ± 0

8 13 ± 0 3 ± 1 9 ± 0

9 21 ± 1 6 ± 1 9 ± 0

14 11 ± 0 8 ± 1 2 ± 0

15 11 ± 1 18 ± 1 6 ± 0

16 12 ± 0 8 ± 0 3 ± 0

17 25 ± 2 13 ± 1 31 ± 2

18 13 ± 0 16 ± 3 16 ± 1

19 >40 26 ± 1 30 ± 1

20 >40 32 ± 2 25 ± 1

22 10 ± 1 10 ± 1 18 ± 3

24 >40 22 ± 3 32 ± 1

28 >40 28 ± 1 >40

5-FUb 11 ± 1 5 ± 0 13 ± 1

aResults are expressed as means ± SD (n = 3). Compounds 1–2, 4, 5, 10–13, 21, 23,

25–27, 29–33 were inactive against all cell lines tested (IC50 > 40 µM).
bPositive control.

The key HMBC correlations of H-21 to C-17, C-29, C-30, and C-
1′′′′; and of H-22 to C-18, C-20 supported this deduction. Finally,
the structure of 10 was proved and named aesculiside L.

According to the [M–H]− ion peak at m/z 1017.4881 and
its NMR data, the molecular formula of 11 was established
to be C49H78O22, which is 30 mass units less than that
of the known compound, aesculusosides C (27). Detailed
comparison of the NMR spectroscopic data between 11 and
27 revealed that they shared the same aglycone and C-21
substituent. D-xylose, D-glucose, and D-glucuronic acid were
gained from acid hydrolysis of 11. Further NMR analysis
of the sugar portion suggested that the β-D-xylopyranose in
11 took the place of the β-D-glucose group substituent at
C-2′ in 27. Further confirmation was carried out by the
significant cross peak: xyl-H-1 (δH 5.53) with glcA-C-2 (δC78.7)
in HMBC spectrum. Accordingly, aesculiside M (11) was
unambiguously identified as 3-O-[β-D-xylopyranosyl-(1→2)]-β-
D-glucopyranosyl-(1→ 4)-β-D-glucuronopyranosyl-21β-acetyl-
3β , 16α, 21β , 22α, 24, 28-hexahydroxyolean-12-ene.

The molecular formula of aesculiside N (12) was calculated
as C49H78O22 by virtue of its HR-ESI-MS spectrum. Its 1H
NMR spectrum exhibited six singlet methyl protons [δH 0.75,
0.96, 1.35, 1.36, 1.39, 1.86] along with an olefinic proton
at δH 5.46. The aforementioned spectroscopic data with its
13C-NMR data (Table 4) for the aglycone portion showed a
close resemblance to those of protoaescigenin (Konoshima and
Lee, 1986). The relative configuration of C-21 and C-22 was
established to be 21β and 22α on the basis of the NOESY
correlations of H-21/H3-29, H2-28/H-22/H-30 and the vicinal
coupling constants of the H-21 and H-22 (J = 9.0Hz). We

also observed the presence of an acetyl moiety [δH 1.96 (3H,
s); δC 20.6, 170.7] which was attached to C-28 due to the
HMBC correlation from H-28 to the carbonyl carbon of the
acetyl group. The resonances (1D and 2D NMR) of the sugar
moieties and the results of hydrolysis of 12 revealed that 12

and 11 possessed the same trisaccharide chain at aglycone C-
3. Thus, the structure of aesculiside N (12) was affirmed as
3-O-[β-D-xylopyranosyl-(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-
β-D-glucuronopyranosyl-28-acetyl-3β , 16α, 21β , 22α, 24, 28-
hexahydroxyolean-12-ene.

Aesculiside O (13) possessed the molecular formula of
C51H80O23 based on its HR-ESI-MS data. D-glucuronic acid,
D-xylose, and D-glucose were afforded from 13 via the same
procedure as before. The side-by-side analysis of the NMR
spectroscopic resonances (Tables 2, 4) between 13 and 12

revealed that these two compounds owned similar structural
features, with the only difference being due to an additional acetyl
group connected with C-21 in 13. HMBC correlations from H-
21 (δ 6.37) to ester carbonyl (δ 171.1) of the acetyl unit confirm
this proposal. Hence, the structure of 13 was elucidated as 3-O-
[β-D-xylopyranosyl-(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-
glucuronopyranosyl-21β , 28-diacetyl-3β , 16α, 21β , 22α, 24, 28-
hexahydroxyolean-12-ene.

The HR-ESI-MS of aesculiside P (14) yielded a [M + H] +

ion with m/z 1141.5785, consistent with a molecular formula
of C57H88O23 (calcd. for C57H89O23, 1141.5795). Analysis of
its NMR data (Tables 2, 4) implied the identical trisaccharide
chain to 13, which is also established by acid hydrolysis results.
The 1H NMR spectrum of its aglycone showed six tertiary
methyls: δH 0.71 (Me-25), 0.80 (Me-26), 1.08 (Me-29), 1.32
(Me-30), 1.35 (Me-23), and 1.84 (Me-27); one olefinic proton:
δH 5.39 (br s) and a pair of oxygenated methine protons: δH
6.69 and 6.32 (each 1H, d, J = 10.2Hz). Meanwhile, the 1D-
NMR spectra of 14 exhibited typical resonances of two angeloyl
groups (Tables 2, 4) and the observed HMBC correlations of
H-21/ C-1′′′′ and H-22/ C-1′′′′′ provided definitive evidence of
their position. The relative configuration of 14 was established
via NOESY experiment. The correlations between H-3/H-5/H3-
23, H-21/H3-29 suggested the α-orientations of H-3 and H-
21, the correlations between H-16/H2-28/H-22/H3-30 reminded
β-orientations of H-16 and H-22. To further confirm its
absolute configuration, we made many attempts. Owing to
the amount of 14, its aglycone (14a) was easily obtained
by hydrolyzation and the absolute configuration of C-21 and
C-22 in 14a was determined by Mo2(AcO)4-induced CD.
As shown in Figure 4, the ICD exhibited a negative cotton
effect at 313 nm, suggesting the R configuration of C-21,
according to the Snatzke rule (Snatzke et al., 1981; Di Bari
et al., 2001). Fortunately, a single crystal of 14a was obtained
and suitable for X-ray crystallographic analysis (Figure 5).
The Flack parameter of 0.27 (14) allowed an unambiguous
assignment of the absolute configuratihon of 14a. Based on
these data, compound 14 was undoubtedly identified as 3-O-
[β-D-xylopyranosyl-(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-
glucuronopyranosyl-21R, 22R-diangeloyl-3S, 16R, 21R, 22R, 24,
28-hexahydroxyolean-12-ene.
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FIGURE 6 | Neuroprotective activity of compounds 1–33. PC12 cells were exposed to 1mM CoCl2 for 24 h with or without the indicated concentrations of

compounds 1–33, and the cell viability was recorded: (A) compounds 1–5, 10–12; (B) compounds 13, 17, 19–21, 23–25; (C) compounds 26–33; (D) compounds

6–9, 14–16, 18, 22. The data are expressed as means ± SEM. Three independent experiments were performed. *P < 0.05, **P < 0.01.

The absolute configurations of the aglycones of 1–13 were
all deduced to be 3S, 16R, 21R, 22R based on the absolute
configuration of 14 and their mutual biogenetic source.

Additionally, the 19 known compounds were identified
(Figure S100) as 3-O-[β-D-galactopyranosyl-(1→ 2)]-β-
D-glucopyranosyl-(1→ 4)-β-D-glucuronopyranosyl-21β ,
22α-ditigeloyl-3β , 16α, 21β , 22α, 22α, 28-pentahydroxyolean-
12-ene (15) (Kameyama and Fujimura, 2009), 3-O-[β-D-
glucopyranosyl-(1→ 2)]-β-D-glucopyranosyl-(1→ 4)-β-D-
glucuronopyranosyl-21β , 22α-diangeloyl-3β , 16α, 21β ,
22α, 24, 28-hexahydroxyolean-12-ene (16), escin Ia (17),
escin Ib (18), isoescin Ia (18), isoescin Ia (19), isoescin
Ib (20) (Zhang et al., 1999), isoescin IIb (21) (Yang et al.,
1999b), escin IIIa (22) (Yoshikawa et al., 1996), escin IV
(23), escin V (24) (Yoshikawa et al., 1998), aesculusosides
A-C (25-27) (Cheng et al., 2018), aesculioside A-B (28, 29)

(Zhang et al., 1999), aesculiside A (30) (Cheng et al., 2018),
desacylescin I (31) (Cheng et al., 2016), desacylescin II (32)
(Yoshikawa et al., 1996), deacetylescinIIb (33) (Kimura
et al., 2006) by comparisons of their spectroscopic data with
reported values.

The cytotoxic activities against three human cancer cell lines
(Hep G2, HCT-116, and MGC-803) of compounds 1–33 were
evaluated using the MTT method, with 5-fluorouracil (5-FU)
as positive control (Table 5). Among them, compounds 8, 9,
14–16, 18, 22 showed potent cytotoxicity against all the tested
human cancer cell lines with IC50 ranging between 2 and 21µM.
Compounds 3, 6, 7, 17–19, 20, 24, 28 were less active (IC50:
13 to >40µM) whereas the other isolates displayed no toxicity
in all cell lines at 50µM. These results suggested that the
compounds with acylations at both C-21 and C-22 exhibited
stronger inhibitory activities than those with acylations at C-21
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and C-28 or only at C-21. In addition, it seems that the presence
of the tigloyl, angeloyl, methylbutyryl, and isobutyryl groups
affects the inhibitory activity of these compounds on the tested
cell lines positively.

To examine the neuroprotective effect, the cytotoxic activity
of compounds 1–33 against PC12 cell line was first evaluated.
Among them, compounds 6–9, 14–16, 18, 22 showed no obvious
cytotoxic effects on PC12 cells at a dose of 5µM, while others at
10µM. Next, 5µM compounds 6–9, 14–16, 18, 22 and 10µM
others were tested for their neuroprotective properties against
COCl2-induced toxicity in PC12 cells with trolox as the positive
control. Among these, compounds 1, 4, 12, 20, 22, 25, 29, 31
exhibited moderate activities against COCl2-induced PC12 cell
injury (Figure 6).

CONCLUSION

Plants of the genus Aesculus have been proved to be rich in
polyhydroxyoleanene triterpenoid saponins which have been
characterized more than 100. When compared to the relatively
extensive research on other species of Aesculus genus, little is
known regarding the chemical constituents and the biological
activity of the Aesculus chinensis Bge. var. chekiangensis (Hu
et Fang) Fang species. The present paper reports 14 new
polyhydroxy oleanene saponins (1–14) along with 19 known
analogs from the seeds of A. chinensis Bge. var. chekiangensis.
Structure elucidation was achieved via various techniques, and
the absolute configuration of the aglycones was undoubtedly
defined through X-ray diffraction analysis as well as Mo2(OAc)4-
induced ECD method for the first time. Further cytotoxicity
evaluation against three human tumor cell lines suggested that
compounds 8, 9, 14–16, 18, 22 displayed strong inhibitory
activities against all three cell lines; compounds 3, 6, 7, 17–19,
20, 24, 28 exhibited weak activities while the remaining isolates
showed no toxicity at 50µM. These results suggested that isolates

with two acylations at C-21 and C-22 might be important
for the cytotoxicity, especially substituted by tigloyl, angeloyl,
methylbutyryl, and isobutyryl groups. In addition, the first test
about the neuroprotective properties of triterpenoid saponins
from Aesculus genus found that compounds 1, 4, 12, 20, 22, 25,
29, 31 exhibited moderate activities against CoCl2-induced PC12
cell injury.
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Naphthalimides, such as amonafide and mitonafide in clinical trials, have been developed

as antitumor agents for orthotopic tumor. However, the serious side effects in cancer

patients limit their applications. Herein, a new class of polyamine-based naphthalimide

conjugates 5a-5c, 7a-7b, and 11a-11b with and without the alkylation of the distant

nitrogen in the polyamine chain were synthesized and the mechanism was determined.

Compared with amonafide, dinitro-naphthalimide conjugate 5c with a 4,3-cyclopropyl

motif preferentially accumulates in cancer cells and minimizes side effects in vitro and

in vivo. More importantly, 5c at the dosage of as low as 3 mg/kg (57.97%) displays

better antitumor effects than the positive control amonafide (53.27%) at 5 mg/kg in vivo.

And a remarkably elevated antitumor activity and a reduced toxicity are also observed

for 5c at 5 mg/kg (65.90%). The upregulated p53 and the apoptotic cells (73.50%)

indicate that the mechanism of 5c to induce apoptosis may result from its enhanced

DNA damage. Further investigation indicates that in addition to target DNA, 5c can

modulate the polyamine homeostasis by upregulating polyamine oxidase (PAO) in a

different way from that of amonafide. And also by targeting PTs overexpressed in most

of cancer cells, 5c downregulates the contents of Put, Spd, and Spm, which are in

favor of suppressing fast-growing tumor cells. Our study implies a promising strategy for

naphthalimide conjugates to treat hepatic carcinoma with notable activities and reduced

toxicities at a low dosage.
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INTRODUCTION

As the sixth most prevalent malignancy, hepatocellular
carcinoma (HCC) is a kind of cancer that is found too late
and has a high mortality worldwide (Forner et al., 2012; Dou
et al., 2016). Approximately 90% of cancer patients with HCC
cannot survive for more than 5 years even after the treatment by
anticancer drugs (Chen et al., 2016; Siegel et al., 2016). In spite
of advances in the rational and combinatorial technologies for
cancer therapy, current anticancer agents can only cure parts
of recurrence and metastasis cells after tumor excision at high
doses, which can lead to severe side effects. (Li et al., 2016)
Therefore, it is urgent to develop novel drugs with enhanced
activities and reduced toxicities at a relatively low dosage.

Recently, except for photophysical characters, a surge in
the activities of naphthalimides has also been developed
as versatile functional compounds for promising antitumor
activities (Banerjee et al., 2013; Chen et al., 2013; Seifert et al.,
2016; Mateusz and Krzysztof, 2018; Peddaboodi et al., 2018;
Yulin et al., 2019). Amonafide and mitonafide in Figure 1 as
the representative naphthalimides have entered clinical trials
(Stone et al., 2015). One of the major reasons why amonafide
and mitonafide cannot be used widely is because they can
have serious side effects in cancer patients. Thus, the design of
novel naphthalimide therapeutic agents with reduced toxicity
represents an area that is in need of urgent attention.

Resurgence in the interest of natural polyamines as an
anticancer strategy results from advances in our understanding
of polyamine metabolism and their alterations in cancer (Casero
and Marton, 2007; Casero et al., 2018; Phanstiel, 2018).
Natural products with polyamine moiety have been found
to be a promising strategy to enhance targeting properties
and deduce the toxicities (Muth et al., 2013, 2014; Skruber
et al., 2017). Polyamine analogs CHENSpm and CPENSpm
in Figure 1 have entered in clinical trials. Our group (Wang
et al., 2012; Li et al., 2016, 2018; Dai et al., 2017a; Ma
et al., 2017a,b; Ma et al., 2018; Liu et al., 2019) focused on
polyamine-based naphthalimide conjugates to achieve enhanced
pharmacological effects. And polyamine-based naphthalimide
conjugates are also used to treat HCC as mitochondria or
lysosome targeting antitumor and antimetastatic agents. So far,
the main modification of naphthalimides is focused on amino
and nitro groups, which play an important role in the antitumor
activity. Unfortunately, polyamine-based di-amino and di-nitro
naphthalimide conjugates are virtually unexplored. Moreover, in
the structure of CHENSpm and CPENSpm, the alkylation of
the distant nitrogen in the polyamine chain plays an important
role in increasing the activity in cancer cells and decreasing the
toxicity in normal cells. Our group and others find that natural
products with homospermidine moiety without the alkylation
of the distant nitrogen in the polyamine chain showed good
activities (Casero and Marton, 2007; Wang et al., 2012; Muth
et al., 2013, 2014; Li et al., 2016, 2018; Dai et al., 2017a; Ma et al.,
2017a,b, 2018; Skruber et al., 2017; Casero et al., 2018; Phanstiel,
2018; Liu et al., 2019). However, naphthalimide conjugates with
the alkylation of the distant nitrogen in the polyamine chain are
rarely reported.

FIGURE 1 | Chemical structures of amonafide, mitoafide, polyamine analogs

CHENSpm, and CPENSpm, and target compound 5c.

Based on the key role of amino and nitro group in
mediating antitumor efficacy of naphthalimide conjugates, we
firstly designed and synthesized a new class of polyamine-
based di-nitro and di-amino naphthalimide conjugates 5a-5c,
7a-7b, and 11a-11b with and without the alkylation of the
distant nitrogen in the polyamine chain. For the first time,
we summarized the structure-activity relationship (SAR) of
5a-5c, 7a-7b, and 11a-11b with and without the classical
unsymmetrically-substituted polyamine analogs CHENSpm and
CPENSpm (Casero and Marton, 2007; Casero et al., 2018;
Phanstiel, 2018) (Figure 1 and Scheme 1). Chains with different
lengths, such as 4,4 and 4,3-cyclohexyl or 4,3-cyclopropyl
substituted diamine, or 3,3,3 and 3,4,3 substituted triamine
motif are also selected for the construction of 5a-5c, 7a-

7b, and 11a-11b to investigate different lengths on antitumor
activity. Amonafide was selected as the positive control.
We established feasible routes to 5a-5c, 7a-7b, and 11a-11b

in Scheme 1.

EXPERIMENTAL SECTION

General Procedure for Obtaining Title
Compounds, Using 5a as Example
The known intermediate 2 was prepared by a conventional
method using concentrated nitric acid in glacial acetic acid
(Gryshchenko et al., 2015; Soriano et al., 2016). A solution
containing 3 (1 mmol) in CH3CN (5mL) at 0◦C was added to
a solution of 2 (1 mmol) and K2CO3 in CH3CN (10mL). Then
the mixture was heated to 85◦C for 5 h. After monitoring by
Thin-Layer Chromatography (TLC), the reaction mixture was
cooled to room temperature and concentrated under vacuum to
give an oily residue. After extraction and purification by column
chromatography with dichloromethane/methanol (100:1–100:3,
v/v) as the elution solvent, 4 was obtained in a yield of 60%.
At 0◦C we added four molar HCl (2mL), and then 4 in
CH3CH2OH (2mL) was stirred at room temperature overnight
until a great amount of precipitate was generated. The filtered
cake was washed by anhydrous CH3CH2OH, dried to give
the target compound 5a as a hydrochloride salt in a yield
of 56%. 1H NMR (300 MHz, DMSO-d6) δ = 9.76 (s, 2H),
9.09 (s, 2H), 2.97 (m, 2H), 2.50 (m, 7H), 1.64 (m, 16H). 13C
NMR (75 MHz, D2O) δ = 163.75, 147.26, 131.96, 130.76,
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SCHEME 1 | Chemical structures and synthetic route of polyamine-based naphthalimide conjugates 5a-5c, 7a-7b, and 11a-11b in yield of 25–30%. Reagents and

conditions: (a) HNO3, 50
◦C, 3 h; (b) K2CO3, CH3CN, 85

◦C, 5 h; (c) EtOH, 4M HCl, rt, overnight; (d) Pd/C, H2, MeOH, rt, 2 h.

127.12, 124.38, 57.50, 47.29, 44.43, 41.26, 40.13, 28.83, 24.45,
24.12, 23.87, 23.10, 22.85. ESI-MS (positive ion mode): m/z
[M]+: calcd: 497.07; obsd: 498.07. Calcd for C25H33Cl2N5O6:
C 52.64%, H 5.83%, N 12.28%. Found: C 52.58%, H 5.73%,
N 12.19%.

Dinitro-Naphthalimide Conjugate 5b
5b was obtained according to the procedure of 5a except
for replacing 3 with 4,4 -cyclohexyl substituted diamine as
shown in Scheme S1 in a yield of 65%. 1H NMR (300
MHz, D2O) δ = 9.31 (s, 2H), 9.09 (s, 2H), 4.03 (m, 2H),
3.01 (m, 7H), 2.04–0.94 (m, 19H). 13C NMR (75 MHz,
D2O) δ = 163.25, 147.18, 131.79, 130.60, 126.95, 124.17,
57.20, 47.11, 46.78, 43.58, 40.19, 28.97, 24.45, 24.13, 23.86,
23.10, 22.99, 22.83. ESI-MS (positive ion mode): m/z [M]+:
calcd: 511.06; obsd: 512.06. Calcd for C26H35Cl2N5O6: C
53.43%, H 6.04%, N 11.98%. Found: C 53.36%, H 5.98%,
N 12.19%.

Dinitro-Naphthalimide Conjugate 5c
5c was obtained according to the procedure of 5a except for
replacing 3 with 4,3-cyclopropyl substituted diamine as shown
in Scheme S1 in a yield of 68%. 1H NMR (300 MHz, D2O) δ

= 9.39 (s, 2H), 9.17 (s, 2H), 4.12 (s, 2H), 3.39–3.06 (m, 6H),
2.75 (d, J = 4.2, 1H), 2.30–2.01 (m, 2H), 1.81 (m, 4H), 0.90
(dd, J = 18.3, 7.2, 4H). 13C NMR (75 MHz, D2O) δ = 163.28,
147.16, 131.83, 130.72, 127.02, 124.09, 47.32, 44.96, 44.49, 40.22,
30.09, 24.15, 23.15, 22.47. ESI-MS (positive ion mode): m/z
[M]+: calcd: 455.00; obsd: 456.00. Calcd for C22H27Cl2N5O6:
C 50.01%, H 5.15%, N 13.25%. Found: C 49.98%, H 5.09%,
N 13.19%.

Diamino-Naphthalimide Conjugate 7a
Intermediate 4 was obtained according to the procedure as
described in 5a. Then Pd/C was added to the solution of 4

dissolved in MeOH (10ml) and stirred in hydrogen at room
temperature for 2 h to obtain 5 in a yield of 85%. Then,
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4M HCl was added according to our previous report (Wang
et al., 2012; Li et al., 2016, 2018; Dai et al., 2017a; Ma et al.,
2017a,b; Ma et al., 2018; Liu et al., 2019) to give the pure
target compound 7a in a yield of 68%. 1H NMR (300 MHz,
D2O) δ = 8.20–7.77 (s, 2H), δ = 720–6.77 (s, 2H), 4.00 (d,
J = 6.6, 2H), 3.18–2.84 (m, 6H), 2.61 (s, 1H), 1.90 (t, J =

29.9, 2H), 1.68 (m, 4H), 0.77 (t, J = 12.5, 4H). 13C NMR (75
MHz, D2O) δ = 164.33, 133.95, 132.56, 124.45, 123.69, 123.25,
47.34, 47.09, 45.37, 37.56, 30.04, 24.27, 22.88, 22.61, 2.96. ESI-
MS (positive ion mode): m/z [M]+: calcd: 395.04; obsd: 396.04
Calcd for C32H69Cl5N6O5Pt: C 38.81%, H 7.02%, N 8.49%.
Found: C 38.90%, H 7.09%, N 8.40%. Calcd for C22H31Cl2N5O2:
C 56.41%, H 6.67%, N 14.95%. Found: C 56.39%, H 6.59%,
N 14.85%.

Diamino-Naphthalimide Conjugate 7b
7b was obtained according to the procedure of 7a except
for replacing 3 with 4,4-unsubstituted diamine as shown in
Scheme S1 in a yield of 69%. 1H NMR (300 MHz, D2O) δ

= 7.86–7.43 (m, 2H), 3.80 (d, J = 6.7, 2H), 3.24–2.72 (m,
6H), 1.64 (m, 8H). 13C NMR (75 MHz, D2O) δ = 164.14,
136.89, 132.73, 122.48, 122.27, 121.17, 47.23, 46.89, 39.83, 38.84,
24.21, 23.96, 23.21, 22.78. ESI-MS (positive ion mode): m/z
[M]+: calcd: 369.00; obsd: 370.00. Calcd for C20H29Cl2N5O2:
C 54.30%, H 6.61%, N 15.83%. Found: C 53.98%, H 6.58%,
N 15.79%.

Diamino-Naphthalimide Conjugate 11a
11a was obtained according to the procedure of 7a except
for replacing 3 with 8 as shown in Scheme S2 in a yield
of 62%. 1H NMR (300 MHz, D2O) δ = 7.79 (d, J = 35.7,
2H), 3.91 (d, J = 6.1, 2H), 3.01 (m, 10H), 2.21–1.85 (m,
6H). 13C NMR (75 MHz, D2O) δ = 166.53, 137.02, 134.91,
126.45, 126.28, 125.50, 125.28, 48.09, 47.25, 47.17, 47.11, 40.06,
39.08, 26.77, 26.26, 25.23. ESI-MS (positive ion mode): m/z
[M]+: calcd: 398.05; obsd: 399.05 Calcd for C21H33Cl3N6O2:
C 49.66%, H 6.55%, N 16.55%. Found: C 49.56%, H 6.45%,
N 16.45%.

Diamino-Naphthalimide Conjugate 11b
11b was obtained according to the procedure of 11a except
for replacing 3 with 8 as shown in Scheme S2 in a yield
of 62%. 1H NMR (300 MHz, D2O) δ = 8.04–7.55 (m,
2H), 4.20–2.47 (m, 12H), 2.26–1.49 (m, 8H). 13C NMR
(75 MHz, D2O) δ = 164.35, 135.19, 132.56, 123.61, 122.78,
122.72, 122.61, 47.03, 45.45, 44.56, 37.52, 36.58, 24.25,
23.75, 22.98, 22.80. ESI-MS (positive ion mode): m/z [M]+:
calcd: 412.06; obsd: 413.06. Calcd for C22H35Cl3N6O2: C
50.63%, H 6.76%, N 16.10%. Found: C 50.58%, H 6.68%,
N 15.98%.

In vitro Cellular Cytotoxicity Assays
We incubated hepatic carcinoma (Snu-368 and Snu-739), breast
carcinoma (MDA-MB-231 and MCF-7), cisplatin-sensitive lung
cancer cells A549, and cisplatin-resistant lung cancer cells
A549cisR in 96-well plates in a 5% CO2 atmosphere at 37◦C for
24 h (5,000 cells/well). After adding drugs in freshly prepared

culture medium (100 µl) and incubating for another 48 h,
we added 20 µl MTT (5 mg/ml) and incubated for another
3 h. At last, after the medium was removed, 150 µl DMSO
was added. By using a Bio-Rad 680 microplate reader, the
absorbance was measured at 570 nm and the IC50 values were
calculated using the GraphPad Prism software based on three
parallel experiments.

Inhibitory Effects of 5c on Snu-368 and
Snu-739 Cells With and Without Spd
(50µM) After 24-h Treatment
Inhibitory effects of 5c on Snu-368 and Snu-739 cells
(5000 cells/well) were conducted similar to the MTT
assay except that the Spd-containing RPMI medium
was used for serial dilution of the compound-containing
concentrated solutions.

Determination of the Contents of PAO
(Polyamine Oxidase)
Wemeasured the total PAO level using a PAO assay kit according
to our previous report (Liu et al., 2019) (Hepeng Biotechnology,
Cat. HEPENGBIO156).

Western Blot Assay
We performed western blot analysis to determine the contents of
p53 after treatment by 5c for 5, 10, and 15µM for 24 h. After
washing three times with PBS, we harvested and centrifuged
the cells, which were lysed with a RIPA buffer (Beyotime,
China). The total contents of protein were determined by a
BCA assay kit (Beyotime, China). At 100◦C for 10min, the
total lysates were denatured in a 5 × SDS-loading buffer.
Equal amounts of total proteins were separated by 12% SDS-
PAGE. Dried skimmed milk (5%) was used to block the
separated protein in Tris Buffered Saline Tween (TBST) at
room temperature for 1 h. And then the corresponding primary
antibodies and the appropriate HRP-conjugated secondary
antibody were used to incubate with the separated protein. By
ECL plus reagents (Beyotime, Jiangsu, China), we detected the
expression of p53.

Polyamines Contents Assay
According to our previous report (Wang et al., 2012; Li
et al., 2016, 2018; Dai et al., 2017a; Ma et al., 2017a,b, 2018;
Liu et al., 2019), the contents of Put, Spd, and Spm were
detected by a G1321A fluorescence detector in both Snu-368
and Snu-739 cells. Cells were harvested and dansyl chloride
was used as the derivation reagent. After converting to the
corresponding dansyl derivatives, Put, Spd, and Spm were
separated by using High Performance Liquid Chromatogra
(HPLC) (Agilent 1260, Agilent Technologies, USA) with a C18
chromatographic column (25 × 4.6mm, 5µm). As the internal
standard substance, 1,6-diaminohexane was used. The excitation
and emission wavelengths were 340 and 515 nm, separately. The
mobile phase was methanol–water from 65:35 to 100:0 within
30 min.
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TABLE 1 | IC50 values (µM) of polyamine-based naphthalimide conjugates 5a-5c, 7a-7b, and 11a-11b, the positive control amonafide, and cisplatin by MTT assays[d].

IC50 (µM)

R= m= n= p= Snu-368 Snu-739 MDA-MB-231 MCF-7 A549 A549cisR RF[a]

5a Cyclohexyl 2 1 / 2.94 ± 0.06 2.16 ± 0.10 1.19 ± 0.12 2.3 ± 0.18 2.17 ± 0.20 3.62 ± 0.15 1.67

5b Cyclohexyl 2 2 / 2.72 ± 0.25 3.89 ± 0.35 1.07 ± 0.10 1.25 ± 0.10 1.75 ± 0.15 2.27 ± 0.25 1.30

5c Cyclopropyl 2 1 / 1.09 ± 0.10 0.76 ± 0.05 1.33 ± 0.12 1.35 ± 0.15 1.92 ± 0.23 0.83 ± 0.08 0.43

7a Cyclopropyl 2 1 / >30 25.77 ± 2.90 26.91 ± 2.65 8.62 ± 0.85 13.98 ± 1.39 17.38 ± 1.68 /

7b H 2 2 / >30 >30 >30 >30 >30 17.30 ± 1.78 /

11a / 1 1 1 >50 9.69 ± 0.98 25.96 ± 2.56 14.81 ± 1.45 28.3 ± 2.85 16.33 ± 1.69 /

11b / 1 2 1 >30 23.17 ± 2.36 >30 25.91 ± 2.56 >30 15.81 ± 1.58 /

Amonafide 13.98 ± 1.78 12.98 ± 1.56 14.89 ± 1.75 5.89 ± 0.56 6.89 ± 0.68 10.98 ± 1.02 1.59

FI[b] 12.83 17.08 11.20 4.36 3.59 13.23 3.70

Cisplatin 16.37 ± 1.26 10.02 ± 1.23 15.98 ± 1.59 9.60 ± 0.60 11.00 ± 0.15 40.36 ± 4.36 3.67

FI[c] 15.02 13.18 12.02 7.11 5.73 48.63 8.74

[a]The RF (resistance factor) is defined as the IC50 value in A549cisR cells/IC50 value in A549 cells.
[b]FI (fold increase) is defined as IC50(amonafide)/IC50 (5c).
[c]FI (fold increase) is defined as IC50(cisplatin)/IC50 (5c).
[d]An average of three measurements. ND = not determined.

Annexin V-FITC/Propidium Iodide Staining
Annexin V-FITC/PI staining was used to detect the apoptosis of
Snu-739 cells by FCM (flow cytometry). Firstly, we plated the cells
in six-well plates (1 × 105 cells/well). 5c 10µM and amonafide
10µMwere added and incubated for 24 h. And thenwe harvested
the cells and washed three times with PBS. Then the protocol
was stained according to our previous report (Wang et al., 2012;
Li et al., 2016, 2018; Dai et al., 2017a; Ma et al., 2017a,b; Ma
et al., 2018; Liu et al., 2019) and was performed by FCM (BD
Biosciences, San Jose, CA, USA).

In vivo Antitumor Assays
Healthy BALB/c mice (Cat. SCXK 2016-0006, Beijing, China)
aged 5 weeks were used for the determination of anticancer
activity. We obtained BALB/c mice from the Laboratory Animal
Center, Academy of Military Medical Science. They were raised
in compliance with the Guide for the Care and Use of Laboratory
Animals. The weight of healthy BALB/c mice is 18–22 g.

We firstly injected HCC cells with 1 × 106 cells per mouse
to determine the anticancer activity. After a week, the tumors
increased to 80–120 mm3. The mice were divided into four
groups for 5c (3 mg/kg), 5c (5 mg/kg), the positive control
amonafide (5mg/kg), or the negative control physiological saline.
We injected 5c or amonafide via the tail vein every day for a
total of seven treatments. Body weight was determined every
day. And then the mice were sacrificed after 7 days. The tumor

TABLE 2 | Inhibitory effect (IC50 in µM) of dinitro-naphthalimide conjugates 5a-5c,

amonafide, and cisplatin on cancer cells Snu-368 and Snu-739 (hepatic

carcinoma), and the matched normal cells HL-7702 (normal liver cell).

Snu-368 Snu-739 HL-7702 SI[a] SI[b]

5a 2.94 ± 0.06 2.16 ± 0.10 6.30 ± 0.23 2.14 2.92

5b 2.72 ± 0.25 3.89 ± 0.35 7.56 ± 0.43 2.78 1.94

5c 1.09 ± 0.10 0.76 ± 0.05 5.68 ± 0.83 5.21 7.47

Amonafide 13.98 ± 1.78 12.98 ± 1.56 11.56 ± 1.36 0.83 0.89

Cisplatin 16.37 ± 1.26 10.02 ± 1.23 8.60 ± 0.20 0.53 0.86

[a]SI(selectivity index) is defined as IC50 in HL-7702/IC50 in Snu-368.
[b]SI(selectivity index) is defined as IC50 in HL-7702/IC50 in Snu-739.

tissues were weighed and the inhibition rate [((average tumor
weight of negative control group – average tumor weight of the
drug treated or positive control group)/average tumor weight of
control group) × 100] was calculated. The organ index [(organ
weight/body weight) × 100%] was also counted including heart,
liver, kidney, lung, and spleen at the last day. Both 5c and
amonafide were dissolved in glucose injection. And they were
used immediately after preparation.

The ethical committee approved the projects in vivo with
the number HUSOM-2016-316, and we performed all animal
procedures following the protocol approved by the Institutional
Animal Care and Use Committee at Henan University.
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RESULTS

Synthesis and Characterization of
Polyamine-Based Naphthalimide
Conjugates 5a-5c, 7a-7b, and 11a-11b
Feasible routes to 5a-5c, 7a-7b, and 11a-11b (Scheme 1) were
established and given in detail in the Supporting Information.
The linkers 3 and 8 (Schemes S1,S2) were first prepared by the
conventional reaction of 2-(4-bromobutyl)isoindoline-1,3-dione
a or 2-(3-bromopropyl)iso-indoline-1,3-dione i as the starting
materials to obtain the hydrophobic polyamine chain varying

FIGURE 2 | Inhibition ratio of amonafide (A) and 5c (B) on cancer cells

(Snu-368 and Snu-739) and the matched normal cells (HL-7702) with 10µM

of tested complexes.

connecting formats from 4,4 and 4,3-cyclohexyl or cyclopropyl
substituted diamine, to 3,3,3 and 3,4,3 substituted triamine motif
in a yield of 65%. We also established the detail on the feasible
routes of the linkers 3 and 8 in the Supporting Information. We
prepared known intermediate 2 by a conventional method using
concentrated nitric acid in glacial acetic acid (Gryshchenko et al.,
2015; Soriano et al., 2016). Generated intermediate 2 reacted
with diverse protected polyamines 3 and 8 to give compounds
4 and 9. 6 and 10 were obtained by the reduction reaction
with Pd/C in the presence of hydrogen in MeOH. 4, 6, and 10

were deprotected with 4M HCl to provide target compounds
5a-5c, 7a-7b, and 11a-11b as hydrochloride salts in a yield
of 25–30%.

By 1H, 13CNMR spectroscopy, ESI-MS (Figures S2–S24) and
CHN elemental analysis, all new compounds were characterized.
We confirmed the purity of platinum complexes 4-7 ≥ 95% by
HPLC (Tables S1,S2).

In vitro Cytotoxicity Effects
In vitro assays were firstly conducted to evaluate the inhibitory
effect of polyamine-based naphthalimide conjugates 5a-5c, 7a-
7b, and 11a-11b on six cancer cell lines, namely, Snu-368 and
Sun-739 (hepatoma cell line), MCF-7 (breast carcinoma), MDA-
MB-231 (triple negative breast cancer), cisplatin-sensitive lung
cancer A549, and resistant A549cisR cells by using traditional
MTT tests. Two classic antitumor agents in clinic trials,
amonafide and cisplatin, were chosen as the reference drugs

FIGURE 3 | In vivo antitumor activity of 5c and amonafide in HCC tumors. Eight mice each received the vehicle, amonafide (5 mg/kg), 5c (3 mg/kg), or 5c (5 mg/kg).

(A) Relative weight of the mice for PBS, amonafide, and 5c group. (B) Tumor weight for PBS, amonafide, and 5c group at the end of the experiment. (C) Images of

the tumors for PBS, amonafide, and 5c group at the end of the experiment. First horizontal line, control group; second line, amonafide group (5 mg/kg); third line, 5c

group (3 mg/kg); fourth line, 5c group (5 mg/kg). (D) Organ weight indexes [(organ weight/body weight) × 100%] including heart, liver, kidney, lung, and spleen were

calculated for PBS, amonafide, and 5c group at the end of the experiment. ***P < 0.001.
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(Table 1). The preliminary structure–activity relationship (SAR)
can be obtained from the in vitro biological results.

Compounds 5a-5c, 7a-7b, and 11a-11b, with a different
methylene linker, exhibited different potency in the tested cancer
cells, indicating that the linker in these polyamine conjugates
plays an important role in their antitumor activities.

Dinitro-naphthalimide conjugates 5a-5c displayed more
potent antitumor activities than compounds 7a-7b and 11a-

11b with diamino moieties. For dinitro-based scaffolds (5a-5c),
5c with a 4,3-cyclopropyl substituted diamine motif was the
most active toward all six of the tested cancer cells, which was
more potent than its 4,3-cyclohexyl (5a) and 4,4-cyclohexyl (5b)
counterparts. Furthermore, 5c (FI 3.59–48.63) was significantly
more active than amonafide and cisplatin with some potencies
in the nanomolar range. For the first time, we found that
polyamine-based dinitro-naphthalimide conjugates 5a-5c (RF
0.43–1.67) can overcome cisplatin resistance efficiently, the RF
(resistance factor) values of which are 2–9-folds lower than that
of cisplatin (RF = 3.67). Among these compounds, 5c displayed
the highest cytotoxicity. And then 5c was focused for the
following tests.

In vitro Cytotoxicity Effects on Cancer
Cells and the Matched Normal Cells
The selectivity for cancer cells over normal healthy cells is
important for ideal anticancer agents, thereby mitigating
undesired toxic side effects associated with chemotherapy.
The selectivity of polyamine-based dinitro-naphthalimide
conjugates 5a-5c was evaluated by Snu-368 and Snu-739
(hepatic carcinoma), and the matched normal cells HL-
7702 (normal liver cell). Moreover, dinitro-naphthalimide
conjugates 5a-5c (SI 1.94–7.47) show lower cytotoxicity in
normal cells.

Notably, as presented in Table 2, the IC50 values of 5c (SI
5.21–7.47) were significantly lower in the cancer cells compared
to the matched normal cells, SI of which is 8–33-folds higher
than that of amonafide (SI 0.83–0.89) and cisplatin (SI 0.53–
0.86). A similar tendency was observed for the inhibition ratio
of 5c, amonafide, and cisplatin with 10µM of tested complexes
(Figure 2).

For the first time, we found that the polyamine-based dinitro-
naphthalimide conjugate 5c displayed the highest cytotoxicity
to cancer cells and reduced toxicity to normal cells in vitro.
Therefore, we focus on 5c for the following tests. And also the
results of antitumor activity in vitro prompted us to further test
the in vivo antitumor activities.

Tumor Growth Inhibition in vivo
The lowest IC50 of 5c (0.76µM) in Snu-739 cells (Table 1)
indicates its better therapeutic effects in HCC. The highest FI
levels in Snu-739 also indicate a significant therapy for HCC.
Therefore, HCC animal models were used to test the in vivo
antitumor activities. Mice bearing HCC xenografts were treated
with 5c (3 mg/kg), 5c (5 mg/kg), the positive control amonafide
(5 mg/kg), and normal saline (negative control) once every day
for 7 days by tail vein (Figure 3).

The tumor suppression of 5c at the dosage of 3 mg/kg
(57.97%) and 5mg/kg (65.90%) was better than that of amonafide
(53.27%, 5 mg/kg). On day 7, the average tumor volume (900
mm3) for the control group was much higher than that of the 5c
group (480mm3), indicating enhanced antitumor activity in vivo.
Meanwhile, the variations of organ weight indexes implied that
5c showed no obvious pathological changes in the experiments

FIGURE 4 | The apoptotic percentage in Snu-739 cells was detected by FCM

with (C) or without (A) 5c (10µM) or amonafide (B) (10µM) for 24 h.

FIGURE 5 | The expression of p53 in Snu-739 cells after treatment with 5c

and amonafide.

FIGURE 6 | Cell viability of Snu-368 (A) and Snu-739 (B) cells after treatment

with 5c was determined with and without Spd (50µM). ***P < 0.001.
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of toxicological profile in vivo (Figure 3D), which was consistent
with the effects of 5c in vitro.

Induction of Apoptosis
Next, FCM experiments using Annexin V/PI double staining
were conducted to further determine if apoptosis was induced by
DNA damage (Figure 4).We can see that both the early apoptotic
cells (35.00%) and late apoptotic cells (38.50%) of 5c (10µM)
were higher than that of amonafide (10µM). This indicated that
the enhanced toxicity of dinitro-naphthalimide conjugate 5cmay
result from the DNA damage.

FIGURE 7 | Effect of 5c on PAO expression in Snu-368 (A) and Snu-739 (B)

cells with 10µM after 24 h treatment. **P < 0.05; **P < 0.01.

FIGURE 8 | Put, Spd, and Spm concentrations in Snu-368 (A) and Snu-739

cells (B) after 24 h treatment with or without 5c was determined. *P < 0.05; **P

< 0.01.

The p53 protein expression in Snu-739 cells was tested to
further determine the DNA damage in Figure 5. The upregulated
p53 after treatment with 5c indicates that the mechanism
of 5c to induce apoptosis may result from its enhanced
DNA damage.

Polyamine Transporters (PTs) Were
Partially Involved in the Cellular Entrance
of 5c
PTs, overexpressed in most of cancer cells, is vital to polyamine-
conjugate. Next, cell viability of Snu-368 and Snu-739 cells was
calculated with and without the PTs inhibitor Spd (Figure 6).
We observed that in the presence of 20µM Spd cell viability
increased 20–30% in both Snu-368 and Snu-739 cells. Hypothesis
was confirmed that in the cellular entrance of 5c PTs were at least
partially involved.

5c Affects Polyamine Metabolism and
Function by Upregulating Polyamine
Oxidase (PAO)
PAO is a critical catabolism enzyme in polyamine metabolism.
The upregulation of PAO can influence tumor high polyamine
microenvironment to induce a significant accumulation of
ROS, which can also promote apoptosis (Wang et al., 2013;
Chen et al., 2017; Dai et al., 2017b). We found that
the relative PAO activity in Snu-368 and Snu-739 cells
upon 5c treatment is 1.5–2-folds higher than the control
group (Figure 7).

The elevated PAO can upregulate oxidizing substances such as
ROS and downregulate reducing substances such as GSH, which
can lead to cisplatin resistance. Herein, the upregulated PAO is
also believed to be among the major reasons for 5c to overcome
cisplatin resistance.

And the contents of Put, Spd, and Spm can be decreased
by the upregulated PAO to promote polyamine metabolism
and suppress fast-growing tumor cells. Next, the contents
of Spm, Spd, and Put in Snu-368 and Snu-739 cells were
measured (Figure 8). Compared with the control group, 5c

downregulated the contents of Put, Spd, and Spm in Snu-368 and
Snu-739 cells.

FIGURE 9 | Proposed mechanism of action for dinitro-naphthalimide conjugates 5c.

Frontiers in Chemistry | www.frontiersin.org 8 April 2020 | Volume 8 | Article 166196

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Ma et al. Polyamine-Based Dinitro-Naphthalimide Conjugates

CONCLUSIONS

Taken together, our findings provide the first example of
polyamine-based dinitro-naphthalimide conjugate 5c as
substrates for PTs preferentially accumulate in cancer cells and
minimize side effects in vitro and in vivo. By targeting polyamine
catabolic enzyme PAO by PTs, 5c downregulates Put, Spd, and
Spm to regulate tumor high polyamine microenvironment
(Figure 9). And upregulating the p53 protein 5c causes
significant DNA damage to induce apoptosis. The discovery of
the potential role of dinitro-naphthalimide conjugate implies a
promising strategy for naphthalimide conjugates with targeting
properties to treat hepatic carcinoma with notable activities and
reduced toxicities at a low dosage.
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Vorinostat (SAHA) with great therapeutic potential has been approved by the FDA

for the treatment of cutaneous T-cell lymphoma as the first HDACs inhibitor, but the

drawbacks associated with hydroxamic acid group (poor stability, easy metabolism,

weak binding ability to class IIa isozymes, and poor selectivity) have been exposed

during the continuous clinical application. Based on the pharmacophore of HDAC

inhibitors, two series of compounds with novel zinc binding group (ZBG) were designed

and synthesized, and the antitumor bioactivities were evaluated in four human cancer

cell lines (A549, Hela, HepG2, and MCF-7). Among the synthesized compounds,

compounds a6, a9, a10, b8, and b9 exhibited promising inhibitory activities against

the selected tumor cell lines, especially compounds a9 and b8 on Hela’s cytostatic

activity (a9: IC50 = 11.15 ± 3.24µM; b8: IC50 = 13.68 ± 1.31µM). The enzyme

inhibition assay against Hela extracts and HDAC1&6 subtypes showed that compound

a9 had a certain broad-spectrum inhibitory activity, while compound b8 had selective

inhibitory activity against HDAC6, which was consistent with Western blot results. In

addition, the inhibitory mechanism of compounds a9 and b8 in HDAC1&6 were both

compared through computational approaches, and the binding interactions between

the compounds and the enzymes target were analyzed from the perspective of energy

profile and conformation. In summary, the compounds with novel ZBG exhibited certain

antitumor activities, providing valuable hints for the discovery of novel HDAC inhibitors.

Keywords: HDAC inhibitor, Novel ZBGs, Anti-tumor, Molecular docking, MD simulation

INTRODUCTION

Cancers with increasing incidence and mortality have been the leading cause of death, seriously
threating the public health and making the design and discovery of chemotherapeutic agents
particularly important (Evans et al., 2017). Although substantial progress has been made in the
antitumor drugs, drug resistance and high toxicity limit their clinical application (Hughes and
Andersson, 2015; Yan and Li, 2018; Santiago-O’farrill et al., 2019). In addition, various factors are
involved the development of the tumorigenesis, especially the changes in gene expression associated
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with mutation, loss, and rearrangement, making the mechanism
much more complicated (Wenbo and Wang, 2017). Moreover,
with few exceptions, it is difficult to target therapeutically these
gene changes (Kanwal et al., 2015; Chen et al., 2019). With
the continuous development of epigenetic mechanisms, the
increasing evidence suggests that the epigenetic dysregulation of
gene expression interacts extensively with the tumor initiation
and progression (Connolly and Stearns, 2012; New et al.,
2012; Seidel et al., 2012; Abdelfatah et al., 2016), which can
be comprehensively investigated as a novel anticancer drug
development strategy. Epigenetic modifications refer to the
heritable alterations in gene expression unrelated to the DNA
sequences, and the histone acetylation catalyzed by histone
acetyltransferases (HATs) and histone deacetylases (HDACs)
has become a major component of epigenetic research field
(Glozak and Seto, 2007; Kouzarides, 2007; Zhang et al., 2017).
Significantly, unlike the modification in DNA sequence, the
epigenetic changers are reversible, showing great potential in
targeting epigenetic regulation of gene for the discovery of new
anticancer agents.

HDAC family consists of 18 subtypes, which are further
classified into four groups according to protein size, cellular
localization, and the homology to yeast HDAC proteins: Classes
I (HDAC1-3, and HDAC8), Classes IIa (HDAC4, 5, 7, and
9), Class IIb (HDAC6 and 10), and Classes IV (HDAC11)
are metal dependent, while class III (Sirtuins) are NAD+

dependent (Gregoretti et al., 2004; Balasubramanian et al., 2009).
The HDAC proteins are closely related to the basic cellular
processes, functions, and the disease states, especially cancers,
but the biological functions of individual isoforms in cell and
cancer biology are still not well-elaborated. The metal-dependent
HDACs could regulate the expression and bioactivities of cancer-
related proteins involved in transcription, tumor suppression,
and cell signaling, and can catalyze a variety of substrates
including nucleosomal histones and non-histone, influencing the
interactions between protein-protein and protein-DNA as well
as the transcriptional process, which make such metalloproteins
gradually become important targets for cancer treatment (Bolden
et al., 2006; Glozak and Seto, 2007; Kouzarides, 2007; Suresh et al.,
2017).

Currently, a large number of HDAC inhibitors with diverse
molecular skeletons have been reported, which conform the
common pharmacophore features consisting of the cap group
(Cap), connect unit (CU), the linker moiety (Linker), and a
zinc binding group (ZBG) (Miller et al., 2003; Bolden et al.,
2006; Dokmanovic et al., 2007; Thaler and Mercurio, 2014;
Yoon and Eom, 2016). In fact, several HDAC inhibitors have
been applied for treatment of T-cell lymphoma, such as SAHA
(suberoylanilide hydroxamic acid, Vorinostat) (Negmeldin and
Pflum, 2017) and Belinostat (Poole, 2014), and Panobinostat
(Garnock-Jones, 2015). Unfortunately, these FDA approved
drugs are relatively non-selective and inhibit most of the zinc-
dependent HDAC subtypes (Yang, 2011; Qiao et al., 2013), which
could cause several mild or severe toxic effects associated with
the treatment, such as dehydration, thrombocytopenia, anorexia,
and cardiac arrhythmia (Chakrabarti et al., 2016; Buonvicino
et al., 2018; Cosenza and Pozzi, 2018; Laino et al., 2019). In

addition, due to the physicochemical properties of hydroxamic
acid group as the ZBG, some drawbacks have been exposed,
including poor stability, easy metabolism, weak binding ability
to class IIa isozymes, and poor selectivity, making the design
and discovery of HDAC inhibitors with novel zinc binding
group (ZBG) more necessary (Di Micco et al., 2008; Botta
et al., 2011; Burli et al., 2013; Zhao et al., 2018; Banerjee et al.,
2019).

In this study, based on the molecular scaffold of SAHA,
two series of compounds were designed and synthesized with
ethanolamine and 1-amino-2-propanol as the ZBG, which were
subject to MTT assay, enzyme inhibition experiment, and
Western blot experiment to evaluate the biological activities.
Furthermore, molecular docking and molecular dynamic (MD)
simulation were applied to study the difference in inhibitory
mechanism of compounds a9 and b8 in HDAC1 and HDAC6
at the atomic level. Finally, we found that the binding pattern
of compound a9 in HDAC1’s active pocket was similar to that
of SAHA, and due to the complementary energy contribution
of the residues located in the binding sites of HDAC1&6,
the binding free energies of compound a9 on the two targets
were similar, which might be the reason for its non-selective
inhibitory activities against HDAC1&6. However, compared with
compound a9, the binding pattern of compound b8 on the
targets were different, and contributed to the differences in
energy contributions of amino acids at HDAC1&6, resulting in
the selective inhibition against HDAC6 isoform.

MATERIALS AND METHODS

Materials and Instruments
All reagents and solvents should meet the standards of
analytical reagent before use, and the melting points of
all the synthesized compounds were determined in open
capillaries using Shengyan electrothermal PIF YRT-3 apparatus
without correction. Bruker AM-400 was applied to record
1H NMR and 13C NMR spectra, and LCQ Deca XP plus
was used to determine the ESI/MS spectra. In this study,
human cancer cell lines A549, MCF-7, HepG2, Hela and
the normal cell WI-38 were purchased from Cell Resources
Center of Shanghai Institutes for Biological Science (Chinese
Academy of Sciences), which were cultured on the basis
of supplier’s instructions. DMEM (Dulbecco’s modified Eagle
medium), FBS (fetal bovine serum) were obtained from Hyclone
(Shanghai, China), and MTT [3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide] were provided by Sigma
(Beijing, China).

All reagents and solvents are reagent level or are purified by
standard methods prior to use. HDAC Inhibitor Drug Screening
Kit was purchased from BioVision, and acetyl-histone H3,
acetyl-α-tubulin and β-actin were obtained from AFFINITY
BIOSCIENCE. Fluor de Lys R© HDAC1 Assay kit (BML-AK511,
Enzo R© Life Sciences) and Fluor de Lys R© HDAC6 Assay kit
(BML-AK516, Enzo R© Life Sciences) were applied to determine
the inhibitory activities of the compounds against HDAC1 and
HDAC6 subtypes.
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Chemistry
The tittle compounds a1-a12, b1-b12 were synthesized based
on the reported synthetic method, mainly including four
experimental steps shown in Figure 1 (Zhang et al., 2015).
(I) the amino group in hexaaminocaproic acid (compound
1) was protected by (Boc)2O reagent, and the details were as
follows: compound 1 was dissolved in 5mL water containing
6 mmol NaOH; then 10mL 1, 4-dioxane was added to the
mixture, and (Boc)2O reagent (6.6 mmol) was added during
the stirring process under ice bath condition; after 10min, the
reaction was transferred to the room temperature environment,
and then stirred for 10 h to obtain compound 2 (tan oil).
(II) compound 4 was obtained by condensation reaction of
compound 2 and compound 3 with 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide (EDCI) and 1-hydroxybenzotriazole
(HOBT) as the coupling agents, and experimental details were
as follows: compound 2 was dissolved in DMF together with
EDCI and HOBT, and stirred for 1 h; then compound 3 was
added to the mixed reaction solution, and the reaction was

stirred at room temperature for 36 h; all the progress of the
reaction was monitored by thin layer chromatography until
the end of the reaction. (III) compound 4 was dissolved in
trifluoroacetic acid and stirred to remove the Boc group, and the
specific experimental operation was as follows: compound 4 and
2mL trifluoroacetic acid were added to a round bottom flask,
stirred for 2 h, and the progress of the reaction was monitored
by thin layer chromatography; after the completion of the
reaction, the excess trifluoroacetic acid was removed by reduced
pressure distillation. (IV) the tittle compounds were obtained
by further condensation reaction of substituted benzoic acid
and compound 5, and the specific experimental operation was
consistent with step II.

Separation and purification of the compounds were
performed on flash column chromatography with silica gel
(200–400 mesh), and analytical thin-layer chromatography
(TLC) was conducted on Fluka TLC plates (silica gel 60 F254).
Additionally, all the synthesized compounds were characterized
by 1H NMR, 13C NMR, and ESI-MS.

FIGURE 1 | Synthetic route of the target compounds.
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Assessment of Cytotoxicity
The antitumor bioactivities of the tittle compounds in vitro were
firstly evaluated against four different human tumor cell lines
[breast lung cancer (A549), cervical cancer (Hela), liver cancer
(HepG2), breast cancer (MCF-7)] via MTT assay, and a normal
cell line [human lung fibroblast (WI-38)] was applied to assess
the safety of the synthesized compounds. Briefly, the selected cell
lines were cultivated in RPMI1640 medium supplemented with
10% fetal bovine serum under the environment of 37◦C, 5% CO2,
and 90% humidity, and the antibiotics (penicillin/streptomycin)
and antifungals were added to prevent cell contamination during
the culture process. In this study, the tested compounds were
diluted to the required concentration with culture medium,
and growth inhibitory effects against the cell lines of the
tittle compounds were determined by MTT colorimetric assay.
Afterwards, the cells (100 µL, 1 × 105 cells mL−1) were
seeded on 96-well plates and kept to adhere for 12 h, and
then the medium was replaced with fresh media containing the
synthesized compounds with different concentrations (12.5, 25,
50, 100, and 200 µmol L−1), which were transferred to the
incubator and cultured for another 48 h. Then, MTT phosphate
buffer solution (PBS) (10 µL, 5 mg·mL−1) was added to the 96-
well plates, and the medium was replaced with DMSO (150 µL).
The microplate reader was adopted to record the absorbance at
490 nm for each well of the plates. In this MTT assay, SAHA was
used as the reference drug.

Apoptosis and Cycle Arrest of Hela Cells
Induced by Compounds a9 and b8
Hela cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum under environment of 37◦C, 5%
CO2, 90% humidity, which were then transferred to the 6-well
plate and cultured for 48 h. The medium was removed from
the wells and the Hela cells were processed with compound
a9 and b8 with different concentrations. Afterwards, Hela cells
were detached using 0.25% trypsin–EDTA (0.5mL) and then re-
suspended in medium (4mL) before centrifugation (1000 rpm
for 5min). Cell pellets were washed twice by PBS (2mL) to
remove the residual medium, and the cells were fixed in cold 70%
ethanol. To assess the apoptosis, the double Annexin V-FITC/PI
(Solarbio) immunofluorescence labeling method was applied,
and Beckman Coulter flow cytometer was used to monitor the
fluorescence intensity. Afterwards, the collected Hela cells were
stained with propidium iodide (PI) in the dark for 30min at
37◦C, and the DNA content of Hela cells was analyzed using BD
FACS verseTM flow cytometry.

Enzyme Inhibition Assay
Hela nuclear extracts (HDAC Inhibitor Drug Screening Kit,
BioVision) were adopted to evaluate the enzyme inhibitory
activities of compound a9 and b8 with SAHA as the reference,
and the details were as follows: (1) compounds a9 and b8 were
dissolved in DMSO and diluted to the desired concentrations
with double distilled water (ddH2O); (2) according to the
instruction of kit, 10 × HDAC Assay Buffer (10 µL), Hela
Nuclear Extract (2 µL), HDAC Substrate (5 µL), and ddH2O (33
µL) were proportionally prepared into the reaction mixture, and

50 µL reaction mixture was added to the 96-well plate, which
was transferred to CO2 incubator and cultured for 30min at
37◦C; (3) after that, 10 µL lysine developer was added to the 96-
well plate, and mixed well, which were incubated for additional
30min; (4) microplate reader was selected to determine the
fluorescence intensity at excitation wavelength of 360 nm and
emission wavelength of 450 nm.

Furthermore, the inhibitory bioactivities of compounds a9

and b8 against HDAC1 andHDAC6 subtypes were also evaluated
using the commercially available HDAC assay kits, and in this
experiment, Fluor de Lys R© HDAC1 Assay kit (BML-AK511,
Enzo R© Life Sciences) and Fluor de Lys R© HDAC6 Assay kit
(BML-AK516, Enzo R© Life Sciences) were selected. All the assay
components were diluted in TrisHCl buffer (50mM TrisHCl,
pH 8.0, 137mM NaCl, 2.7mM KCl, 1mM MgCl2), and SAHA
was used as the control compound. The generated fluorescence
after the deacetylation of HDAC could be detected at the
wavelengths of 485 nm (excitation) and 530 nm (emission) using
the microplate reader (PerkinElmer, USA). The dose response of
inhibition experiment was carried out in triplicate, and the IC50

data was calculated by GraphPad Prism 5.

Western Blot Analysis
Hela cells were seeded in 6-well plates (5 × 105/well) overnight
to allow the cells to adhere, and then the medium solution was
removed, which were then further incubated with compounds
a9 and b8 at the concentrations of 0, 20, and 40µM for 48 h.
Afterwards, the Hela cells were collected using centrifugation,
and were then lysed by the lysate, which were carried out
further centrifugation at 12,000 rpm for 30min. The protein
of supernatant obtained by centrifugation was quantified using
the BCA kit (Beijing Solarbio Science & Technology Co., Ltd.),
and the protein extracts were mixed with the SDS-PAGE protein
loading buffer (Beijing Solarbio Science & Technology Co.,
Ltd.), which were subject to 100◦C water bath for 10min to
sufficiently denaturate. The gel was gelatinized using the SDS
Gel Kit (Beijing Solarbio Science & Technology Co., Ltd.) and
protein extracts were separated by protein SDS-polyacrylamide
gel electrophoresis and then transferred to Immobilon-NC
Membrane (Beijing Solarbio Science & Technology Co., Ltd.).
After the blocking with 5% non-fat dried milk in TBS for 90min
at room temperature, the membranes were incubated overnight
with specific primary antibodies (AFFINITY BIOSCIENCE) at
4◦C, which were further incubated with secondary antibodies for
2 h after washing three times with TBST. The chemiluminescence
analysis system was applied to label the target protein with a
specific primary antibody and the target protein was detected
using a specific antibody.

Molecular Docking
Protein Preparation
Crystallographic structures of HDAC1&6 could be available in
protein data bank [PDB entry: 5ICN (Watson et al., 2016), 5EDU
(Hai and Christianson, 2016)], and Protein Preparation Wizard
module in Maestro v. 9.0 (2009) was applied to process the whole
protein crystals before generating the docking grid, including
adding hydrogen atoms, assigning protonation states and partial

Frontiers in Chemistry | www.frontiersin.org 4 April 2020 | Volume 8 | Article 256202

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


He et al. Synthesis and Biological Evaluation of HDAC Inhibitors

charges with OPLS-2005 force field. Afterwards, the Receptor
Grid Generation tool was adopted to define the docking grid using
the TSA in 5EDU and the novel peptide inhibitor in 5ICN as
the references.

Ligands Preparation
The structures of the ligands were drawn by ChemBioDraw and
saved in ∗.sdf format, which were then preprocessed by LigPrep
with OPLS3 force fields to create the 3D structures and minimize
the energy of the ligand conformations. Then, Epik v. 2.0 (2009)
was used to generate and assign the ionized states of the ligands.

Molecular Docking
Standard precision (SP) docking in Glide v.5.5 (2005) was applied
to determine the docking poses of all the studied systems with
default parameters, and 5,000 poses were generated during the
initial phase of the docking calculation, out of which the best
400 poses were selected for energyminimization. Then, the initial
docked poses of the constructed complexes were selected on the
basis of spatial coordinates of TSA and peptide inhibitor in the
protein crystals as well as the docking scores provided by Glide
v.5.5 (2005).

Molecular Dynamic (MD) Simulation
Systems Preparation
Prior to MD production, the components of the studied
complexes (receptor, ligands, Na+, Cl−, and the zinc ion)
were processed by force field parameters. First, the geometry
optimization and electrostatic potential calculation of the ligands
were performed using Gaussian 09 at HF/6-31G∗ level, and the
generated frcmod and mol2 format of the ligands were used
to assign gaff atom types and the RESP partial charges via
antechamber model in AMBERTOOLS16 (AMBER v. 16, 2016).
Then, the coordinate files (.inpcrd) and topology file (.prmtop)
were generated using the LEaPmodule in AMBERTOOLS16with
corresponding force field (ff14SB53 for the protein, general amber
force fields for the ligands, 126-4 model for the zinc ion, and
parameters from Joung’s work for Na+ and Cl−) to generate
the corresponding coordinate files (.inpcrd) and topology file
(.prmtop) through LEaPmodule in AMBER v. 16 (2016).

MD Production
Before the MD simulation, the constructed research systems
were subjected to the initial energy minimization via two steps:
(1) solute atoms were processed by harmonic restraint (force
constant = 10 kcal·mol−1·Å−2); (2) all the atoms were released

TABLE 1 | Anti-proliferative activities of all the synthesized compounds against four tumor cell lines and a normal cell line.

Compds. R1 R2 IC50(µM)a

A549 HepG2 Hela MCF-7 WI-38

a1 4-F –CH3 42.80 ± 2.41 93.57 ± 4.59 35.99 ± 6.42 60.71 ± 4.56 141.98 ± 4.52

a2 4-Cl –CH3 45.8 ± 1.68 88.7 ± 2.34 35.3 ± 3.22 58.9 ± 1.02 119.64 ± 3.43

a3 2-Cl –CH3 43.8 ± 7.82 73.6 ± 4.34 30.4 ± 2.38 64.3 ± 4.21 162.14 ± 1.89

a4 4-Br –CH3 51.04 ± 2.23 65.54 ± 3.69 31.39 ± 0.94 56.71 ± 10.01 198.89 ± 4.23

a5 4-I –CH3 45.6 ± 2.81 68.9 ± 1.95 35.8 ± 2.43 63.2 ± 4.32 157.66 ± 3.16

a6 4-CH3 –CH3 39.2 ± 3.88 74.9 ± 2.05 19.6 ± 3.92 44.8 ± 2.01 97.24 ± 6.36

a7 4-NO2 –CH3 43.8 ± 4.82 88.3 ± 8.64 25.8 ± 8.93 58.7 ± 3.86 210.81 ± 4.32

a8 4-N(CH3)2 –CH3 38.6 ± 0.92 65.4 ± 4.32 29.6 ± 3.22 34.5 ± 1.68 200.05 ± 2.83

a9 4-CF3 –CH3 25.86 ± 1.46 33.36 ± 0.95 11.15 ± 3.24 49.87 ± 7.77 95.16 ± 3.16

a10 4-C6H5 –CH3 19.8 ± 2.11 26.8 ± 3.22 38.4 ± 1.01 48.4 ± 2.21 125.9 ± 7.83

a11 naphthalene –CH3 26.6 ± 2.81 29.2 ± 3.22 21.8 ± 2.42 38.4 ± 2.12 108.7 ± 4.63

a12 [d] [1,3] dioxole –CH3 28.4 ± 2.01 37.6 ± 2.89 35.6 ± 0.89 44.6 ± 4.62 146.96 ± 3.82

b1 H –H 33.11 ± 0.96 84.50 ± 1.33 90.37 ± 2.21 94.30 ± 15.32 194.30 ± 5.32

b2 4-F –H 49.53 ± 0.98 65.51 ± 0.84 60.44 ± 1.76 61.47 ± 8.64 140.07 ± 7.05

b3 4-Cl –H 49.26 ± 6.39 82.72 ± 3.09 95.17 ± 1.79 52.70 ± 13.94 152.70 ± 3.94

b4 4-Br –H 44.02 ± 2.93 66.71 ± 3.34 55.89 ± 4.06 65.05 ± 15.02 191.69 ± 5.16

b5 4-I –H 48.33 ± 0.92 90.31 ± 8.18 60.98 ± 5.31 64.47 ± 11.05 130.05 ± 5.02

b6 4-CH3 –H 26.94 ± 4.79 77.22 ± 4.43 59.71 ± 2.67 99.19 ± 1.90 144.47 ± 8.05

b7 3,5-dimethyl –H 32.32 ± 3.13 87.98 ± 9.39 96.77 ± 2.09 83.61 ± 23.16 183.61 ± 7.16

b8 4-C6H5 –H 26.50 ± 0.26 28.43 ± 0.65 13.68 ± 1.31 40.07 ± 7.05 95.93 ± 4.28

b9 4-CF3 –H 18.97 ± 1.49 22.08 ± 0.53 23.02 ± 1.24 91.69 ± 5.16 98.67 ± 7.67

b10 [d] [1,3] dioxole –H 28.23 ± 0.87 33.90 ± 2.71 38.09 ± 1.28 93.25 ± 3.53 193.25 ± 6.53

b11 4-N(CH3)2 –H 32.85 ± 0.78 36.29 ± 1.21 46.78 ± 2.26 35.93 ± 4.28 99.19 ± 1.90

b12 naphthalene –H 33.42 ± 2.12 37.55 ± 6.14 76.38 ± 6.78 98.67 ± 7.67 161.47 ± 8.64

SAHA 4.85 ± 0.22 4.95 ± 0.13 4.75 ± 0.15 6.09 ± 1.32 9.09 ± 1.32

aData are shown as mean ± SD of three experiments. The compounds with promising inhibitory activities are highlighted in bold.
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FIGURE 2 | Apoptosis and cell cycle arrest of Hela cells induced by compounds a9 and b8: (A) the cells treated with different concentrations of compound a9 for

48 h; (B) the cells treated with different concentrations of compound b8 for 48 h.
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to move freely. In the two steps, energy minimization was
conducted using the steepest descent method for the first 5,000
steps and the conjugated gradient method was applied for the
following 5000 steps. Then, each studied system was heated
from 0 to 100K and then gradually to 310K with the protein
restrained over 100ps in the NVT ensembles. Afterwards, 5 ns
unrestrained equilibration at 310K was performed to equilibrate
the periodic boundary condition of the studied complexes.
Finally, the unrestrained 150 ns production simulation was
carried out for the constructed systems in NPT ensembles at the
temperature of 310K and the pressure of 1atm.

Binding Free Energy and Per-Residue Binding Energy

Decomposition Calculation
Molecular mechanics/generalized born surface area (MM/GBSA)
method was adopted to calculate the binding free energy
(1GMM/GBSA) using single molecular dynamic trajectory
regardless of entropic influence between the docked ligands

TABLE 2 | Inhibitory activities against the HDACs extracted from Hela cervical

cancer cells.

Compounds Hela nuclear extract IC50 (µM)a

SAHA 0.367 ± 0.012

a9 5.5 ± 2.8

b8 22.5 ± 5.2

aData are shown as mean ± SD of three experiments.

TABLE 3 | HDAC Enzyme Activity Data for Compound a9 and b8.

Comp IC50
a (µM)

HDAC1 HDAC6

SAHA 0.333 ± 0.01 0.475 ± 0.012

a9 5.30 ± 1.31 8.90 ± 1.90

b8 56.5 ± 2.70 4.20 ± 1.27

α IC50 values were obtained based on three independent experiments and expressed as

mean ± SD.

FIGURE 3 | Effects of compounds a9 and b8 on acetylation of histone H3 and

α-tubulin with SAHA (5µM) as the reference drug.

and HDACs. Herein, 500 snapshots were extracted from the
equilibrium trajectories (100–150 ns) for calculation using
mm_mpsa.pl as follows:

1GMM/GBSA = 1EvdW + 1Eele + 1Gpol + 1Gnonpol (1)

(1EvdW: van der Waals interactions contribution, 1Eele:
electrostatic energy contribution, 1Gpol: polar solvent
interaction energy calculated by GB model (igb = 2), and
1Gnonpol: non-polar solvation free energy calculated with LCPO
method (0.0072 × 11SASA, SASA was the solvent accessible
area with probe radius of 1.4Å).

The per-residue energy contribution between a hSERT residue
and ligand was decomposed by:

1Gper−residue
MM/GBSA = 1Eper−residue

vdW + 1Eper−residue
ele + 1Gper−residue

pol

+1Gper−residue
nonpol (2)

where the first three terms were defined in the same way as the
corresponding terms in the Formula 1, and the last term was
calculated according to the ICOSA method.

All the analysis of the equilibrium trajectories, including root
mean square deviation (RMSD), the representative structures
from the dynamic trajectories, binding free energies, were
analyzed and predicted via cpptraj and mm_pbsa.pl programs in
AMBER v. 16 (2016). Structural visualization was performed in
PyMOL software (PyMOL 2.3) (Schrödinger, 2019).

FIGURE 4 | Structural alignment of the initial docking poses of the studied

systems: (1) SAHA-HDAC1 (green color); (2) SAHA-HDAC6 (light gray); (3)

compound a9-HDAC1 (magentas); (4) compound a9-HDAC6 (orange); (5)

compound b8-HDAC1 (magentas); (4) compound b8-HDAC6 (light blue).
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RESULTS AND DISCUSSION

Chemistry
In this study, the target compounds were designed and
synthesized based on the pharmacophores and molecular
skeleton of Vorinostat (SAHA). First, the hydroxamic acid
group (zinc binding group, ZBG) was replaced by novel ZBGs
(hydroxypropyl amide group and hydroxyethylamino group),
and then the surface recognition region (Cap) was modified by

introducing different substituent groups on the benzene ring,
which aimed to discover novel HDAC inhibitors with good
inhibitory activities. In addition, all the synthesized compounds
were characterized by 1H NMR, 13C NMR, and ESI-MS
(Supplementary Material).

Analysis of Cytotoxic Activity by MTT
The antitumor activities of the target compounds in vitro were
firstly evaluated against four different human tumor cell lines

FIGURE 5 | Root mean square deviations of protein backbone atoms, ligand heavy atoms, and binding site residue backbone atoms as a function of time in MD

simulations.

Frontiers in Chemistry | www.frontiersin.org 8 April 2020 | Volume 8 | Article 256206

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


He et al. Synthesis and Biological Evaluation of HDAC Inhibitors

including breast lung cancer (A549), cervical cancer (Hela), liver
cancer (HepG2), breast cancer (MCF-7), and the normal cell
line Human lung fibroblast (WI-38) was selected to assess the
cytotoxicity of the synthesized compounds with SAHA as the
reference drug. According to the experiment results (Table 1),
the synthesized compounds exhibited varied antitumor activities
against the selected tumor cell lines, some of which showed
considerable inhibitory activity against Hela cells and A549,
especially compound a9 and b8. Moreover, it should be noted
that all the synthesized compounds showed poor inhibitory
activities against the normal cell lines, indicating their lower toxic
side effects and relatively high security.

The target compounds with bulky substituents in the Cap
generally showed good inhibitory activities toward Hela and
A549, such as compound a9, a10, a11, b8, and b9, indicating the
inhibitory activities of the synthesized compounds was sensitive
to the Cap modification and the larger Cap groups could better
interact with the amino acids at the entrance of the binding
pocket than those with smaller Cap groups.

Analysis of Apoptosis and Cycle Arrest of
Hela Cells Induced by Compounds a9 and
b8
For the majority of anticancer drugs, antitumor pharmacological
mechanism was associated with inducing apoptosis, and many
HDAC inhibitors have been reported to inhibit proliferation

by interfering cell cycle. Thus, it is necessary to explore
whether the cytotoxic effects of the synthesized compounds
were induced through blocking the cell cycle during mitosis.
According to Figure 2, it could be learnt that compound a9

and b8 could induce early- and late- apoptosis. For compound
a9, the proportion of early apoptotic Hela cells was 15.54 and
18.86%, and the proportion of late apoptotic cells was 10.69
and 13.97%, when the Hela cells treated with compound a9

at concentrations of 20 and 40µM, respectively, indicating
that inhibitory activities of the compound were positively
correlated with its concentration. In addition, the inhibitory
activities of compound b8 on Hela cells were also positively
correlated with its concentration. When the concentration of
compound b8 increased to 40µM, the number of early-apoptotic
and late-apoptotic cells increased accordingly. However, unlike
compound a9, the number of late apoptosis induced by
compound a8 was relatively small, and compound a9 had
stronger pro-apoptotic effect than that of compound b8, which
was consistent with the experimental results of MTT assay.

In addition, cycle block of the compounds a9 and b8 with
different concentrations on Hela cells was assessed by flow
cytometer, and the experimental results showed that the two
compounds could block the cell proliferation in the G1 phase.
The number of Hela cells stagnated in G1 ranged from 67.15
to 76.27% after the treatment with various concentrations of
compound b8, suggesting that compound b8 blocked the cell

FIGURE 6 | Structural superimposition of the initial docking poses and the representative conformations of all the studied systems.
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FIGURE 7 | Identification of the key residues in HDAC1&6 with energy contributions to the docked ligands’ binding by per-residue binding free energy decomposition.

FIGURE 8 | Comparison of compound a9, b8, and SAHA’s binding conformations in HDAC1.
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cycle in G1 phase by the dose-dependent manner (Figure 2).
Moreover, the number of Hela cells stagnated in G1 was not
sensitive to the concentration of the compound a9, and the
number of Hela cells blocked in G1 phase accounted for 81.26%
when treated by compound a9 with the low concentration
(20µM). Thus, compounds a9 and b8 could exhibit antitumor
activities by blocking the G1 phase of the cell cycle, and
compounds a9 showed good anti-tumor activities due to the
more Hela cells stagnated in G1.

Enzyme Inhibition Assay
Hela nuclear extracts was rich in Class I HDACs (especially
HDAC1) and contained low concentrations of Class IIa, Class
IIb, and Class IV isoforms, which were applied to assess the
inhibitory effects of compounds a9 and b8 on the enzyme targets.
In this study, due to the similar pharmacophore and molecular
skeleton to SAHA, SAHA was selected as the reference drug.
Although the bioactivities of compounds a9 and b8 on the Hela
nuclear extracts were lower than that of SAHA, both of them
were at the level of micromole range and also had promising
inhibitory effects (Table 2). Particularly, compound a9 showed
certain inhibitory activities (IC50 = 5.5± 2.8µM), which was the
main reason for its strong cytotoxicity to Hela cells.

Moreover, the inhibitory bioactivities against HDAC1 and
HDAC6 subtypes were also determined, and according to
Table 3, it could be found that compound a9 had promising
inhibitory activities against HDAC1&6 (HDAC1: IC50 = 5.30 ±

1.31µM; HDAC6: IC50 = 8.90± 1.90µM), suggesting its certain
broad-spectrum inhibitory activities on HDAC family. However,
the inhibitory activity of compound b8 on HDAC6 was more
than ten folds that of HDAC1, indicating its selective inhibitory
activities against HDAC6 (HDAC1: IC50 = 56.5 ± 2.70µM;
HDAC6: IC50 = 4.20± 1.27 µM).

Western Blot Analysis
Due to the certain inhibitory activities of the compounds
a9 and b8 against HDACs, it was important to explore
the expression level of the substrates of HDACs, which was
necessary to elucidate the inhibitory mechanism of the tested
compounds. According to Figure 3, the acetylation level of
histone H3 could be up-regulated by SAHA and compound
a9, which was insensitive to the treatment of compound b8.
In addition, SAHA, compound a9, and compound b8 can
increase the acetylation level of α-Tubulin. Based on the
knowledge of HDAC families, it could be learnt that histone
H3 was the main catalytic substrate of HDAC Class I family
and α-Tubulin was the catalytic substrate of HDAC6 (HDAC
Class II), indicating the broad-spectrum inhibitory activities of
compound a9 and the selective inhibition of compound b8

against HDAC6, which was consistent with the results of enzyme
inhibition assay.

Constructing the Studied Systems via
Molecular Docking
On the basis of the protein crystals of HDAC1&6 in PDB,
molecular docking was applied to build the initial conformations
of HDAC1&6 with compound a9 and b8, and the spatial

similarity to the ligands inherent in the original crystals and the
docking score were the main criterion for selecting the starting
conformations. In addition, in this study, the difference in the
binding patterns of the synthesized compounds in HDAC1&6
were studied. As shown in Figure 4, it could be found that the
Linker groups and the ZBGs of the ligands were highly consistent
in the orientation at the binding pocket of HDAC1&6, while there
were some differences in the spatial orientation of the Cap groups
of the docked ligands. Overall, the conformations of the docked
ligands were very similar in the active pocket.

MD Simulation
Assessment of the Simulation Stability via RMSD

Analysis
In order to further explore the interactions between the receptor
and ligands, the initial conformations of the constructed studied
systems obtained from molecular docking were first subjected to
150 ns MD simulation, and the RMSD values of the backbone
atoms of protein, and the heavy atoms of residues consisting of
the binding pocket, and the heavy atoms of ligands were used
to monitor the dynamic stabilities of the studied systems. All
the systems could reach equilibrium state around 100 ns with
slight fluctuations, and the docked ligands underwent a certain
deflection (≈ 2.0 Å) during molecular dynamics simulation to
interact with amino acids in the pocket (Figure 5). In addition,
the spatial shifts of compound a9 and SAHA were relatively large
compared to compound b8 in HDAC1, and the ligands docked
to HDAC6 underwent a relatively large deflection during the
MD simulation process in order to make the ligands bind to the
receptor more stably (Figure 6).

Identifying the Key Residues for the Target-Ligand

Interactions
HDACs belonged metal-protein families, and the zinc ion played
vital role in maintaining the stability of catalytic center locating
in the bottom of the active pocket (Zhang et al., 2019). Thus,
the interactions between the ligands and zinc ions should also
be considered, and in this study, 12-6-4 model was applied to
process the parameters of zinc ion. The binding free energies of
HDAC1-SAHA, HDAC1-compound a9, HDAC-compound b8,

HDAC6-SAHA,HDAC6-compound a9, andHDAC6-compound
b8 calculated by MM/GBSA (Genheden and Ryde, 2015) were

FIGURE 9 | Comparison of the chelation effects between the ZBGs of

compound a9&b8 and the zinc ion in HDAC6.
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−48.93, −40.38, −38.28, 46.37, 38.59, and 42.72 kcal/mol,
respectively, which was basically consistent with the experimental
activities of MTT assay and enzyme inhibition. In addition, in
order to discover the key residues, the decomposition free energy
was adopted to quantify the energy contribution of each residues
and identify the key ones (|energy contribution| ≥ 0.5 kcal/mol).
According to Figure 7, we could find that the per-residue energy
contribution of the same amino acid in HDAC1&6 contributed
differently to the different ligands (taking H134 in HDAC1
as an example, the energy contributions to SAHA, compound
a9, and b8’s binding were −1.48, −1.31, and −0.68 kcal/mol),
and different amino acids contributed differently to the same
ligand (taking HDAC1-SAHA systems as an example, the energy
contribution of H21 was −2.25 kcal/mol, which was 20 times of
H21’s contribution). Since SAHA and compound a9 were highly
consistent in spatial conformation, they interacted very similarly
with amino acids in the active pocket, such as H133, H134, G142,
F143, C144, D169, H171, Y197, P199, etc.

Due to the bulky Cap group in compound b8, compound
b8 oriented toward Loop1 and Loop2 and interacted strongly
with H21, P22, and D92, inducing the conformational changes
of Linker group in the active pocket. According to Figure 8,
it could be found that the number of residues significantly
contributing SAHA and compound a9’s binding was more
than that of compound b8, which led to the decrease in the
compound b8’s binding to HDAC1. In addition, although there

were differences in the energy contributions of the amino acids
at the docking site of HDAC6 to the docked ligands’ binding,
the energy complementary between the residues resulted the
relatively small difference in the sum of the energy contributions
of the residues located in HDAC6 active pocket (SAHA-
HDAC6: −21.62 kcal/mol; compound b8-HDAC6: −20.49
kcal/mol; compound a9-HDAC6: −18.56 kcal/mol), which was
consistent with the decreasing gradient of inhibitory activities
of the three compounds. Moreover, ZBGs of compound a9

and compound b8 formed bi-chelation interactions with zinc
ion in the HDAC6 (Figure 9), and the interactions between
the zinc ion and ZBGs were −1.85 and 2.30 kcal/mol,
indicating their stronger competition with HDAC6 for the
zinc ion.

Moreover, due to the difference in the effect of compound
b8 on the acetylation levels of histone H3 and α-Tubulin,
the binding mechanisms of compound b8 on HDAC1&6 were
further compared. According to Figure 10, conservative and
non-conservative amino acids in the active pockets of HDAC1&6
jointly contributed to the difference in compound b8’s binding
conformations. Among them, the conservative amino acids
with large differences in energy contribution were H134/H134,
G142/G142, C144/C144, D169/D172, H171/H174, G294/G303,
Y296/Y305, and non-conservative amino acids were G20/H22,
V89/S91, G293/E302. It should be noted that G20/H22 and
V89/S91 were located at the entrance of the active pocket and

FIGURE 10 | Comparison of the residues with energy contribution to compound b8’s binding to HDAC1 and HDAC6.

FIGURE 11 | Comparison between the chelating interactions of ZBG in compound b8 with the zinc ions in HDAC1&6.
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interact with the Cap group of compound b8, which would
affect the binding conformation of the molecular backbone and
then induce the difference in the interaction with receptors. In
addition to the differences in interactions with the residues in the
active pockets of HDAC1&6, the interactions between the ZBG
and the zinc ion were also different. In the HDAC1-compound
b8 system, ZBG formed a single chelation interaction with zinc
ion, while formed bi-chelation interactions in HDAC6 system
(Figure 11). Compared to the single chelation, the bi-chelation
interactions could better compete with the proteins for the zinc
ion, which was consistent with the results of enzyme inhibition
assay and western blot analysis.

CONCLUSION

In this study, 24 HDAC inhibitors with novel ZBG were
designed, synthesized, and evaluated for their bioactivities,
and computational approaches were applied to investigate
the molecular mechanism underlying the compounds’ enzyme
inhibition. All the tittle compounds were characterized by 1H
NMR, 13C NMR, and ESI-MS. In addition, compound a9 and
compound b8 had a certain inhibitory activity on tumor cell
lines, especially Hela cells, and the target compounds exhibited
quite weak toxicity to the normal cell line. The enzyme inhibition
experiment and Western blot test showed that compound a9
had certain broad-spectrum inhibitory activities on the HDAC
family, while compound b8 exhibited strong selective inhibition
against HDAC6, providing insights for the design of new
HDAC inhibitors.
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Novel spiro acenaphthylene pyrrolo[1,2-b]isoquinoline/pyrrolidine hybrids have been

achieved through Pictet-Spengler/Eschweiler-Clarke reactions depending on the

substitution in the benzyl ring. The in vitro biological efficacy of N-methyl spiropyrrolidine

derivatives toward different cancer and non-cancer cell lines revealed that these novel

spiro heterocyclic hybrids induced cancer cell death at moderate concentrations, while

slight reduction in non-cancer cell viability at the higher concentrations. The analysis of

cancer cells proved that the major pathway of cell death is apoptosis and in addition,

the role of caspases is confirmed by the appearance of fluorescent cells in microscopic

images. Therefore, this study indicates a sustainable way of treating cancer cells by

inducing apoptotic pathways and associated caspases, while simultaneously protecting

the non-cancer cells.

Keywords: molecular biology, in vitro studies, role of caspases, spiropyrrolidine hybrid heterocycles,

N-methylation

INTRODUCTION

Cancer is a genetic disorder and its occurrence to the healthy normal tissues causes an abnormal
growth called the tumors and further the affected cells lose their regular functioning, ability to
grow, and division. The cancer causing genetic changes can either be inherited from the parents,
lifestyle (food, daily life, geographical region, etc.), or environmental exposures (tobacco smoke,
toxic chemicals, UV radiation, etc.) and can result in the damage of DNA. The extent of genetic
disorder can be different even for similar types of cells although they live within the same tissue
and in addition, the response of normal cell can be different toward the genetic changes than the
corresponding cancer cells. Similarly, the healthy normal cells are mostly immune toward some
therapeutic drugs and this resistant rate to the normal cells is quite high as compared against the
cancer diseased cells (Cattley and Radinsky, 2004; Horsman and Vaupel, 2016).

The major drawback of traditional chemotherapeutic agents is that they also affect the healthy
normal cells during the cancer treatment. However, the extent of cell death can be different
among the cancer and non-cancer cells when get exposed to the same therapeutic drug as the
operating mechanism is different. Among many different drugs which fall into this category, spiro
heterocycles embedded with pharmacologically active units are encouraging applicants for drug
discovery since they are likely to interact more proficiently with binding pockets in proteins,
which are three-dimensional in nature, and have better solubility, a key property in the course
of drug development (Zheng et al., 2014). The medicinal activities of these heterocycles were due to
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the presence of different structural moieties, and these
compounds have the capacity to interfere with the biological
systems in a sequential way of protein inhibition or enzymatic
degradation pathway. The basic mechanism of these compounds
being the induction of apoptosis by binding to the DNA and
also acting against the cell division and growth with the arrest
of cell cycle, where all these pathways leads to the cancer cell
death. Furthermore, the spiro heterocyclic hybrids also serves as
the effective inhibitors of many different proteins that includes
SIRT1 (Heltweg et al., 2006; Milne and Denu, 2008; Balcerczyk
and Pirola, 2010; Rambabu et al., 2013), Mdm2-p53 (Ding et al.,
2005; Zhao et al., 2013; Rew et al., 2014; Wang et al., 2014), PLK4
etc and thereby showing affinity for the anaplastic lymphoma
kinase (ALK) receptor (Benabdallah et al., 2018). Therefore,
taking advantage of the physiological behavior of cancer and
non-cancer cell’s response toward therapeutics, the current
study is aimed to develop some novel spiro hybrid heterocycles
possessing drug agents that are capable of inducing the cell death
pathways to the cancer cells in a controllable manner.

Recent progress on spiro building blocks facilitates
incorporation of spiro scaffolds into more pharmaceutically
active molecules. The spiro heterocyclic hybrids besides
possessing three-dimensionality than flat aromatic compounds,
also introduce structural novelty. Nevertheless, both spiro and
flat aromatic compounds can impact ligand binding entropy, it
has been recommended that compounds with more flat rings
have suboptimal physical properties and are less likely to be
successfully developed as drugs (Lovering et al., 2009; Richie
and Macdonald, 2009; Lovering, 2013; Aldeghi et al., 2014). As a
consequence, in recent literatures, the spiro heterocyclic hybrids
have appeared progressively (Marson, 2011).

In addition, synthesis of hybrid heterocycles possessing two
or more diverse biologically active structural units in a single
molecular framework has been viewed as one of the most
treasured protocol in drug development so as to obtain novel
therapeutic approaches to treat cancer diseases (Viegas-Junior
et al., 2007; Nepali et al., 2014; Kerru et al., 2017; Nekkanti
et al., 2017; Cascioferro et al., 2020). The design and development
of anticancer agents comprising two or more biologically
active structural units with antitumor activity headed to the
evolution of molecules with enhanced activity profile compared
to the parent compounds. It is also pertinent to note that
hybrid anticancer agents displayed better specificity, a superior
aptitude to overcome drug-resistance mechanisms, better patient
compliance and reduced side effects (Yang and Fu, 2015).

Prompted by these reports, we explore in the present
investigation the synthesis of some novel spiro heterocyclic
hybrids via Pictet-Spengler or Eschweiler-Clarke reactions
depending on the substitution in the benzyl ring of the
azomethine ylide. The azomethine ylide with no substitution
on the aryl ring proceeded via Pictet-Spengler route to furnish
the spiro acenaphthylene pyrrolo[1,2-b]isoquinoline hybrids as
anticipated, while the azomethine ylide substituted with 4-
OH group progressed via Eschweiler-Clarke route affording
the unpredicted N-methylated spiro acenaphthylene-pyrrolidine
heterocyclic hybrids. Subsequently, these derivatives were tested
toward their biological efficiency by means of in vitro cell culture

assays. For the in vitro studies, the derivatives were first tested
for the cell viability and proliferation in the presence of different
cancer and non-cancer cells and further the active role played
by the apoptosis pathway to bring the cancer cell to death was
also studied.

MATERIALS AND METHODS

Chemistry
The details of materials and methods employed in the present
work has been provided in the Supplementary Data section and
is similar to our earlier publications (Kumar et al., 2018).

General Procedure for the Synthesis of

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-ones 5(a–f)
Paraformaldehyde (1 mmol) was added to a solution of 4 (1
mmol) in 10mL of dicholoromethane followed by trifluoroacetic
acid (0.1 mmol). The reaction mixture was stirred overnight.
After completion of the reaction, the stirred solution was washed
with water and dried over Na2SO4. The crude product obtained
was purified by column chromatography with hexane–ethyl
acetate (3:2 v/v) as eluent.

Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5a)
Pale yellow solid; 74% yield; mp 135–137◦C; IR (KBr) νmax 3,356,
1,711, 1,535, 1,352 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.87
(3H, s, N-CH3), 2.88 (1H, dd, J = 14.5, 6.0Hz, 6-CH2), 2.99
(1H, dd, J = 14.5, 7.0Hz, 6-CH2), 4.35–4.40 (1H, m, H-5), 4.62
(1H, d, J = 11.0Hz, H-3), 6.42 (1H, t, J = 9.5Hz, H-4), 6.75–
6.91 (6H, m, ArH), 7.19 (2H, d, J = 8.5Hz, ArH), 7.52–7.58 (2H,
m, ArH), 7.79–7.98 (5H, m, ArH). 13C NMR (125 MHz, CDCl3):
δC 35.36, 36.69, 56.06, 64.71, 80.42, 87.72, 115.36, 120.41, 120.58,
125.45, 127.47, 127.73, 127.82, 128.08, 128.15, 128.84, 129.25,
130.17, 130.65, 131.82, 133.45, 135.34, 142.86, 154.39, 208.03;
LC/MS(ESI): m/z = 464 (M+); Anal. calcd for C29H24N2O4: C,
74.98; H, 5.21; N, 6.03%; found: C, 74.85; H, 5.32; N, 6.16%.

Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5b)
Pale yellow solid; 72% yield; mp 152–154◦C; IR (KBr) νmax 3,349,
1,713, 1,546, 1,358 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.85
(3H, s, N-CH3), 2.86 (1H, dd, J = 14.5, 6.5Hz, 6-CH2), 2.96
(1H, dd, J = 14.5, 6.5Hz, 6-CH2), 4.31–4.36 (1H, m, H-5), 4.55
(1H, d, J = 11.0Hz, H-3), 6.35 (1H, dd, J = 10.0, 9.5Hz, H-4),
6.68 (2H, d, J = 9.0Hz, ArH), 6.79 (2H, d, J = 8.5Hz, ArH),
7.01 (2H, d, J = 8.5Hz, ArH), 7.18 (2H, d, J = 9.0Hz, ArH),
7.56–7.62 (2H, m, Ar-H), 7.81–7.88 (3H, m, Ar-H), 8.01 (1H, d,
J = 7.5Hz, ArH). 13C NMR (125 MHz, CDCl3): δC 35.26, 36.63,
55.42, 64.52, 80.10, 87.63, 115.35, 120.53, 120.67, 125.64, 127.48,
128.30, 128.85, 129.15, 128.43, 130.23, 130.68, 131.08, 131.38,
132.08, 133.45, 135.33, 142.85, 154.37, 207.94; LC/MS(ESI):
m/z = 543 (M+); Anal. calcd for C29H23BrN2O4: C, 64.10; H,
4.27; N, 5.16%; found: C, 64.32; H, 4.11; N, 5.27%.
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Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5c)
Pale yellow solid; 80% yield; mp 110–112◦C; IR (KBr) νmax 3,450,
1,712, 1,538, 1,355 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.86
(3H, s, N-CH3), 2.87 (1H, dd, J = 14.5, 6.5Hz, 6-CH2), 2.97 (1H,
dd, J = 14.5, 7.0Hz, 6-CH2), 4.32–4.38 (1H, m, H-5), 4.58 (1H, d,
J= 10.5Hz, H-3), 6.34–6.38 (1H,m,H-4), 6.74 (2H, d, J= 8.5Hz,
ArH), 6.80 (2H, d, J = 8.5Hz, ArH), 6.85 (2H, d, J = 8.5Hz,
ArH), 7.18 (2H, d, J = 8.5Hz, ArH), 7.55–7.58 (1H,m, ArH), 7.61
(1H, d, J = 7.5Hz, ArH), 7.80–7.88 (3H, m, ArH), 8.00 (1H, d,
J = 8.0Hz, ArH). 13C NMR (125 MHz, CDCl3): δC 35.27, 36.61,
55.38, 64.55, 80.20, 87.68, 115.38, 120.57, 120.67, 125.64, 127.47,
128.27, 128.41, 128.86, 129.02, 129.08, 130.21, 130.65, 132.11,
133.45, 133.79, 135.37, 142.84, 154.47, 208.08; LC/MS(ESI):
m/z = 498 (M+); Anal. calcd for C29H23ClN2O4: C, 69.81; H,
4.65; N, 5.61%; found: C, 69.65; H, 4.79; N, 5.50%.

Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5d)
Yellow solid; 75% yield; mp 123–125◦C; IR (KBr) νmax 3,542,
1,714, 1,537, 1,351 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.86
(3H, s, N-CH3), 2.02 (3H, s, CH3), 2.87 (1H, dd, J = 14.0, 6.0Hz,
6-CH2), 2.98 (1H, dd, J = 14.0, 7.5Hz, 6-CH2), 4.32–4.38 (1H,
m, H-5), 4.59 (1H, d, J = 10.5Hz, H-3), 6.39 (1H, t, J = 9.5Hz,
H-4), 6.65–6.72 (4H, m, ArH), 6.80 (2H, d, J = 8.0Hz, ArH), 7.19
(2H, d, J = 8.5Hz, ArH), 7.52–7.55 (1H, m, ArH), 7.59 (1H, d,
J= 6.5Hz, ArH), 7.77–7.90 (3H,m, ArH), 7.97 (1H, d, J= 8.0Hz,
ArH). 13CNMR (125MHz, CDCl3): δC 20.76, 35.30, 36.67, 55.81,
64.68, 80.34, 88.06, 115.35, 120.42, 120.55, 125.37, 127.62, 128.07,
128.83, 128.89, 129.30, 130.18, 130.62, 131.65, 131.81, 133.40,
135.34, 137.46, 142.91, 154.39, 208.25; LC/MS(ESI): m/z = 478
(M+); Anal. calcd for C30H26N2O4: C, 75.30; H, 5.48; N, 5.85%;
found: C, 75.48; H, 5.35; N, 5.74%.

Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5e)
Yellow solid; 69% yield; mp 116–118◦C; IR (KBr) νmax 3,339,
1,712, 1,540, 1,353 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.85
(3H, s, N-CH3), 2.87 (1H, dd, J = 13.5, 6.5Hz, 6-CH2), 2.98
(1H, dd, J = 13.5, 4.0Hz, 6-CH2), 3.81 (3H, s, OCH3), 4.32–
4.38 (1H, m, H-5), 4.57 (1H, d, J = 11.5Hz, H-3), 6.35 (1H, dd,
J = 10.0, 9.5Hz, H-4), 6.77 (2H, d, J = 8.0Hz, ArH), 6.83 (2H,
d, J = 8.5Hz, ArH), 6.89 (2H, d, J = 8.5Hz, ArH), 7.02 (2H,
d, J = 9.0Hz, ArH), 7.53–7.62 (2H, m, ArH), 7.76–7.80 (3H,
m, ArH), 7.98 (1H, d, J = 8.0Hz, ArH). 13C NMR (125 MHz,
CDCl3): δC 35.38, 36.61, 54.94, 55.06, 64.67, 80.34, 88.09, 113.59,
115.34, 120.53, 120.78, 125.42, 126.94, 128.12, 128.87, 129.68,
130.29, 130.65, 131.09, 131.18, 131.76, 134.69, 142.75, 154.42,
160.55, 207.75; LC/MS(ESI): m/z = 494 (M+); Anal. calcd for
C30H26N2O5: C, 72.86; H, 5.30; N, 5.66%; found: C, 72.70; H,
5.41; N, 5.79%.

Characterization Data for

Spiro[acenaphthene-2
′

.2-pyrrolidin]-1
′

-one (5f)
Yellow solid; 78% yield; mp 140–142◦C; IR (KBr) νmax 3,359,
1,712, 1,535, 1,356 cm−1; 1H NMR (500 MHz, CDCl3): δH 1.89
(3H, s, N-CH3), 2.90 (1H, dd, J = 14.0, 6.0Hz, 6-CH2), 2.98 (1H,

dd, J = 14.0, 7.5Hz, 6-CH2), 4.36–4.41 (1H, m, H-5), 4.67 (1H, d,
J = 11.0Hz, H-3), 6.44 (1H, dd, J = 10.0, 9.5Hz, H-4), 6.81 (2H,
d, J = 8.0Hz, ArH), 7.11–7.21 (4H, m, ArH), 7.53–7.60 (3H, m,
ArH), 7.79–7.85 (2H,m, ArH), 7.90 (1H, d, J = 8.0Hz, ArH), 7.93
(1H, d, J = 7.0Hz, ArH), 8.00 (1H, d, J = 8.0Hz, ArH). 13CNMR
(125 MHz, CDCl3): δC 35.28, 36.55, 55.31, 64.45, 80.12, 87.11,
115.39, 120.77, 122.97, 123.06, 126.00, 128.33, 128.93, 129.06,
129.30, 130.28, 130.80, 131.16, 132.32, 133.35, 134.46, 134.72,
136.37, 142.76, 147.71, 154.41, 207.62; LC/MS(ESI): m/z = 509
(M+); Anal. calcd for C29H23N3O6: C, 68.36; H, 4.55; N, 8.25%;
found: C, 68.54; H, 4.38; N, 8.37%.

Molecular Biology Testings
In order to study the molecular biology effects of synthesized
spiropyrrolidine heterocyclic hybrids, we have used the in vitro
toxicology tests and for that, two different cell types, each of
cancer and non-cancer origin were employed. The non-cancer
cell lines include the L929 mouse fibroblasts and MCF10 breast
cells, while the cancer cell lines are A549 human alveolar basal
epithelial cells and Jurkat human T lymphocyte cells. Following
the MTT assay induced toxicology studies at two different time
periods of 24 and 48 h, the IC50 values (minimum concentration
required for 50% of cells to loss the viability) were determined.
Further, the influence of apoptosis and caspase activity were
investigated by selecting only the A549 cells at their IC50

concentration as these cells were found to be the most significant
in terms of inducing the toxicity during the MTT assay as against
the Jurkat and other non-cancer cells. All the biological studies
were carried by selecting Camptothecin (CPT) as a positive
control and the cells of no treatment as the negative control.
The reason for selecting this particular compound as a positive
control is that it is a well-known anticancer agent and acts by the
mechanism of topoisomerase I inhibition along with the DNA
cleavage, subsequent inhibition of litigation, and finally leads to
DNA strand breaks. The detailed procedures for the cell culturing
and assay protocols were mentioned elaborately in our earlier
publications (Bwatanglang et al., 2016a,b; Kumar et al., 2018).
Each experiment was repeated thrice and the results expressed
as the mean± standard deviation of all the data values. From the
graph, the ∗ and ∗∗ corresponds to p < 0.05 and p < 0.01 vs. the
untreated-control measurements.

RESULTS AND DISCUSSION

The precursors 4(a–f) and 4
′

were synthesized employing
a three-component 1,3-dipolar cycloaddition reaction of
β-nitrostyrenes 1(a–f), acenaphthenequinone 2 and tyrosine
3 or phenylalanine 3

′

(Scheme 1). It is noteworthy that
the azomethine ylide derived from the combination of
acenaphthenequinone and tyrosine has not been explored
much in the literature. In a typical 1,3-dipolar cycloaddition
reaction, an equimolar amount of 1, 2 and 3 was refluxed in
methanol for 2 h (Kumar et al., 2018) and after completion of the
reaction, the crude spiroheterocyclic hybrids 4(a–f)/4

′

obtained
were purified by column chromatography and was employed for
further reactions.
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SCHEME 1 | Synthesis of N-methyl spiropyrrolidine heterocyclic hybrids 5(a–f).

As these spiropyrrolidine heterocyclic hybrids 4(a–f)

possesses a benzyl sub-unit next to the amino group (-NH)
of the pyrrolidine ring, these compounds were subjected to
Pictet-Spengler cyclization. In a representative reaction, the
spiropyrrolidine 4f (1 mmol) was dissolved in 10mL of CH2Cl2
followed by paraformaldehyde (1 mmol) and trifluoroacetic
acid (0.1 mmol), the reaction mixture being stirred at ambient
temperature overnight. After the reaction is completed as
obvious from TLC, the reaction mixture was washed with
water and dried over Na2SO4. Column chromatography
was performed with hexane–ethyl acetate (3:2 v/v) to obtain
the pure product. Spectral characterization of the obtained
product (vide supporting data) discovered the creation of
N-methylated spiroheterocyclic hybrid 5f through Eschweiler-
Clarke reaction. The expected Pictet-Spengler cyclization was not
observed. Similarly, all other spiroheterocyclic hybrids 4(a–e)

derived from different substituted nitrostyrenes 1(a–e) when
subjected to the same reaction conditions also afforded only
the N-methylated spiroheterocyclic hybrids 5(a–e), the pictet-
Spengler product was not witnessed in all these reactions even
in traces.

In order to account for the formation of N-methylated
product, we also attempted the synthesis of spiro compounds
employing the starting substrate with unsubstituted benzyl
sub-unit viz. spiro-pyrrolo-acenaphthene hybrid 4

′

under the
same reaction conditions employed before. The anticipated
Pictet-Spengler cyclization product 6 was attained in low yield

along with some uncharacterizable impurities. The absence
of formation of Eschweiler-Clarke product revealed that the
substitution in the benzyl sub-unit of the spiroheterocyclic hybrid
4 supports the N-methylation and plays an important role in the
development of Eschweiler-Clarke product.

A possible validation for the construction of spiroheterocyclic
hybrids 5 and 6 is appended in Scheme 2. Initially, the carbonyl
group of formaldehyde is being attacked by -NH group of the
spiropyrrolidine furnishing intermediate 7which then rearranges
to the alcohol 8. The iminium ion 10 has been formed from the
alcohol 8 via compound 9. Further reaction of the intermediate
10 is being determined by the substituent (H/OH) present in the
benzyl subunit. When the para position of the benzyl subunit
is unsubstituted (R3 =H), Pictet-Spengler product 6 is favored,
involving the cyclization of the iminium carbon of the pyrrole
ring with the meta-carbon (with respect to substituent R3) of
the benzyl group. When the para position of the benzyl group
is substituted with –OH (R3 =OH), the Pictet-Spengler product
is not favored since the mesomeric effect induced by p-OH
group diminishes the electron density on the meta-carbon of the
benzyl group. As a consequence, the iminium ion 10 with p-OH
group leads to the formation of N-methylated spiro-heterocyclic
hybrids 5 via Eschweiler-Clarke reaction through a reaction
sequence which involves, the air oxidation of formaldehyde to
formic acid, which subsequently loses CO2 to act as a hydride
donor which then reduces the iminium ion 10 to furnish the
N-methylated spiroheterocyclic hybrids 5.
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SCHEME 2 | Feasible mechanism for the construction of spiroheterocyclic hybrids 5 and 6.

Molecular Biology Studies
In order to test the behavior of the synthesized N-methylated
spiro heterocyclic hybrids 5(a-f) toward the non-cancer cells,
two different cell lines, L929 mouse fibroblast cells and MCF10
breast cells were selected. Figure 1 compares the MTT-induced
cell viability and proliferation studies following the exposure of
compounds 5(a-f) up to 100µM concentration and over the
incubation periods of 24 and 48 h, where a positive control of
CPT (30µM) was used. From the figure, it can be observed that
there is no significant loss to the viability of cells up to the 75µM

concentration for both of the cell types and for all of the tested
compounds, while for the CPT under the tested concentration of
30µM, we observed near to a 50%mortality. For our synthesized
compounds, we were able to observe a significant loss in the cell
viability only at the highest tested concentration of 100µM (48 h)
and this provides the preliminary information that the direct
exposure of cells to this concentration of above be only lethal.
What particularly inferred from this study is that our synthesized
compounds are not so aggressive toward the non-cancer cells
and there lies some safety zone where the non-targeted healthy
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FIGURE 1 | Comparison of the % cell viability studies of 5(a–f) as against the positive control of CPT (30µM) followed by the exposure to non-cancer cell lines of

L929 mouse fibroblast and MCF10 breast cells over two different time periods of 24 and 48 h. *Corresponds to the significant and **corresponds to the highly

significant values. From the figure, the incubation of L929 cells shown as (A) 24 h and (B) 48 h, while the MCF10 cells as (C) 24 h and (D) 48 h.

cells can be protected from the highly toxic chemotherapeutic
agents. That too at the highest tested concentration of 100µM
for our synthesized compounds, the observed % of cell viability
losses are far lower as compared with that of CPT (30µM) and
this provides a hidden message that these healthy normal cells
are immune to the toxic induced responses due to the strong
intracellular physiological pathways. Further, the compounds are
said to be efficient only when they show significant cell loss
toward the cancer cells at the lesser concentrations than the
100µM and before the 48 h incubation period.

The MTT reagent-induced in vitro cell viability and
proliferation studies following the exposure of compounds 5(a-
f) to the two cancer cell lines (A549 and Jurkat) over two
different time periods of 24 and 48 h are compared and shown
in Figures 2A–D. Similarly, Table 1 describes the IC50 values of
the same compounds 5(a-f) over the two cancer cell lines and
time periods. From the analysis of results shown in Figure 2 and
Table 1, one can identify that the tested compounds as compared
to the positive (CPT) and negative controls are affecting the
cell viability significantly. Also, the loss of viability seems to be
increased with an increase in the concentration and incubation
period and this provides the preliminary information that the
tested compounds are maintaining some levels of therapeutic
behavior toward the cancer cells and if it can be guided carefully,

can lead to the anticancer activity. Surprisingly, the two cancer
cells are reacting differently to the tested compounds, i.e., the
A549 cells seem to be more sensitive to the tested compounds
during the first 24 h of exposure period, however the Jurkat cells
becoming more responsive during the 48 period of exposure.
This difference in the sensitivity of two cancer cells to the same
testing compound can be attributed to the changes in the resistive
response of each cell types which is supported by the intracellular
protein mechanisms (Mohammad et al., 2014; Bwatanglang et al.,
2017). Since the amount of intracellular proteins secreted by the
cells are unique to each individual cell type and so in that way
some cells may react very fast as compared to the others. Also,
the efficiency of any chemotherapeutic agent is decided by its
ability to reduce the cell count at the earliest possible time and
in that way we have identified the A549 cells to be the highly
responsive cell type to the compound 5e over a 24 h period as
compared to the other compounds, cells, and time periods. The
visual observation of cells by means of microscopic observation
also be confirming for a decrease in the number of cells for
the compound 5e treated cells as against the positive control
of CPT (30µM) and negative control of without any treatment
(Figures S11, S11a). We observed the least IC50 value of 55.25±
2.15µM for the compound 5e during the 24 h exposure period
for the A549 cell line, while at the 48 h of exposure, a IC50 value
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FIGURE 2 | Comparison of the cell viability and proliferation studies of 5(a–f) treated A549 and Jurkat cell cultures over 24 and 48 h periods of time. For the studies, a

positive control of CPT (30µM) was selected and the cells of no treatment as negative controls. *for significance and **for highly significance values. From the figure,

the incubation of A549 cells shown as (A) 24 h and (B) 48 h, while the Jurkat cells as (C) 24 h and (D) 48 h.

of 20.52 ± 3.6µM was observed for the same compound. In a
general way, our interest is with the therapeutic agent of higher
efficiency at the shortest exposure period and so we carried the
following mechanistic studies linked to the cell death for
the compound 5e at the 24 h exposure period only. Although the
compound 5f is showing the very high loss (90%) of cell viability
at its highest concentration of 100µM toward the Jurkat cells, its
efficiency is considered to be low (as against 5e) because of the
fact that the compound 5f is exhibiting such levels at the highest
exposure period (48 h). However, the compound 5e is offering
almost similar effects (80% loss) even at the 24 h exposure period
and so we selected to test the compound 5e (at its IC50 of 55µM)
for the further analysis of cell death mechanisms.

The compound 5e induced apoptotic pathway for A549
treated cells over a 24 h period is compared against the positive
(CPT, 30µM) and negative controls and the results are shown
in Figure 3. Similarly, the apoptosis study over the 48 h exposure
period is shown in the supporting information of Figure S12. As
compared to the behavior of cells shown in Figures 3A-1,B-1, the
compound 5e treated cells (C-1) are experiencing a significant
amount of apoptotic pathway. We observed from the analysis
that almost 99% cells are live and did not induce any apoptotic
or necrotic pathways for the normal-untreated cultures (A-1),
while the positive control (CPT) treated cells are having only
45% live cells, 9% apoptotic, and 36% late apoptotic or early

necrosis pathway. These numbers for the compound 5e treated
cells are getting shifted to 39% of live cells, 40% apoptotic, and
18% late apoptotic or early necrosis pathways. The observation
of only 9% apoptotic cells for the CPT treated cells while 40%
for the 5e treated cells provides a preliminary indication of the
way of handling the cancer cells by the compound 5e. Since
the CPT acts directly onto the cancer cells and responsible for
the accidental or irreversible pathway of reducing the cancer cell
number and however, the compound 5e works in a systematic
way and induces the cancer cell death almost similar to CPT.
In addition, the live and apoptotic cell count represented by M1
and M2 in the Figures 3B-2,C-2 reveals that there is significant
amount of cells (about 78%) that are experiencing the apoptotic
pathway for compound 5e treated cells as against only 48% for the
CPT treated ones. The number of cells experiencing the apoptotic
pathway are getting increased on increasing the incubation time
from 24 to 48 h (Figure S12) to 88% (5e treated cells) and 63%
(CPT treated cells) and this indicates that the 5e compound
has the same activity against the cancer cells even after the 24 h
period (up to 48 h) and during this period too, the cells are
having the apoptotic cell death pathway. Further, the property of
enhancing our compound treated cells number to experience the
apoptotic pathway can particularly be highly useful during the
cancer chemotherapeutic treatment while handling of the non-
cancer cells in such cases becomes easier where the drug shows
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TABLE 1 | Comparison of IC50 values of compounds 5(a–f) over 24 and 48 h incubation periods for A549 and Jurkat cells.

Entry Comp IC50 µM (24h) IC50 µM (48h)

A549 Jurkat A549 Jurkat

1 84.19± 4.2 65.62± 2.1 68.55±3.1 31.45±2.3

2 79.5± 3.15 82.41± 4.0 36.25±4.5 52.24±3.5

3 77.3± 4.56 63.25± 3.2 52.3±2.2 59.45±4.1

4 82.07± 2.55 78.15± 2.6 70.2±2.8 47.45±3.8

(Continued)

Frontiers in Chemistry | www.frontiersin.org 8 June 2020 | Volume 8 | Article 465220

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Kumar et al. Molecular Biology Exploration of Novel Spiropyrrolidines

TABLE 1 | Continued

Entry Comp IC50 µM (24h) IC50 µM (48h)

A549 Jurkat A549 Jurkat

5 55.25±2.15 81.24±3.1 20.52± 3.6 61.25±4.6

6 70.65±3.45 92.45±2.8 41.25± 2.4 62.47±4.4

its effect to the healthy and non-targeted sites. Since the cells
which are experiencing the apoptotic pathway can be reversible
and in that way the healthy normal cells can be reverted to their
normal stage and at the same time the cancer cells can be molded
to the late apoptotic or early necrosis pathways by applying some
physiological changes to the cells.

Based on the results provided by the apoptotic assay,
compound 5e was further tested toward the role of caspases
as these are the proteins which get released in response to the
specific death stimuli. Figures 4A–C shows the comparison of
fluorescence microscopic images of A549 cells response toward
the compound 5e against the positive control CPT and negative
control of cells having no treatment. It can be observed from
the Figure 4C that the 5e treated cells are experiencing the
similar behavior with that of the CPT treated ones (Figure 4B)
in terms of releasing the caspases and this can be confirmed
by the observation of green and blue fluorescent dye that is
getting distributed in the cell’s cytoplasm and nuclei, respectively.
Similarly, the observation of no such green fluorescence in the
cytoplasm of cells shown in Figure 4A means that there is no
initiation of such pathways in that particular culture. In general,
the caspase release is exhibited by the cells which are experiencing
the apoptotic pathway of cell death only and the cells undergoing
early necrosis or direct cell death do not follow this step. In
addition, the amount of green fluorescence shown in Figure 4C is

higher than the corresponding cells shown in Figure 4B and this
provides further evidence for the observation of higher amount
of apoptotic cells and in other words, apoptosis is the majorly
drawing pathway for the compound 5e treated cells.

Based on the cumulative analysis of results, we found that
the synthesized N-methylated spiroheterocyclic hybrids are
exhibiting the apoptotic pathway against the cancer cells and
this mechanism is executed by the release of caspases. On
testing the cell viability and proliferation, all the synthesized
derivatives are showing some level of toxicity toward the cancer
cells, with the highest being for the compound 5e, and the
observation of such high toxicity against the other compounds
can be attributed to the availability of naked oxygen atom at
the para position of phenyl ring. We hypothesized from the
results that the phenyl ring with its methoxy group at the para
position is able to effectively oxidize the intracellular proteins
of the cancer cells as against other substituted groups in the
spiroheterocyclic moiety. The general observation of apoptotic
activity by the cancer cells due to their oxidation from the
compound 5e is considered to be a significant approach for
the cancer treatment, as the tested compound 5e along with
other compounds are not really aggressive toward the non-
cancer cells. We also observed on prolonged incubation times
(24–48 h) that the same apoptotic pathway is getting continued
which provides the consistency of compound 5e’s mechanism
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FIGURE 3 | Comparison of the apoptosis assay results for 5e treated cells along with the CPT treated and untreated cells over 24 h period for A549 cells. From the

figure, A-1 & A-2 corresponds to the negative control, B-1 & B-2 for the positive control of CPT, and C-1 & C-2 for our testing sample 5e.

against the cancer cells. This particular point of enhancing the
treatment performance by reducing the cancer cells viability
while providing minimal or no damage to the non-cancer
cells can have a special role in the cancer chemotherapeutics
as a majority of anticancer drugs provide significant damage
to the other non-target sites like liver, skin, hair, nail etc. In
addition, we observed that the apoptotic pathway is accompanied
by the release of caspases and this programmed cell death is
of at most importance in the therapeutics where the loss of
apoptosis or non-release of caspases makes the cancer cells to
survive for longer periods. However, in our case under the tested
conditions, the continuous maintenance of apoptotic mechanism
and caspase release revealed that compound 5e is persistent
enough to bring down the cancer cells viability. Further, it can

be too early to comment about the apoptosis inducing ability
of spiropyrrolidine heterocyclic hybrids, as the analysis that we
performed in the present study are preliminary and we can only
give explanation up to a certain level for the observation of high
therapeutic values for some derivatives. Also, the absence of some
highly reactive/aggressive groups in the moiety can be the reason
for the non-observation of necrosis mechanism and that driving
us to observe the alternative mechanism like the apoptosis. The
observation of programmed cell death indicates that there is a
series of groups that are involved sequentially to oxidize the
intracellular proteins and finally bringing the cells to lose their
viability and one needs to trace those chemical pathways in
order to fully understand this apoptotic pathway. Our future
studies are underway to examine the specific apoptosis inducing
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FIGURE 4 | Caspase activity for the A549 cells over a 24 h period when tested at IC50 of 5e (C) and the positive control of CPT (B) and a negative control of no

treatment (A).

ability of these spiropyrrolidine hybrids toward the cancer cells
through by means of docking, where we also have planned to
investigate the behavior toward the non-targeted cells like the
healthy normal ones.

CONCLUSION

In summary, some novelN-methylated spiroheterocyclic hybrids
have been synthesized via Eschweiler-Clarke reaction. MTT
assay of these spiroheterocyclic hybrids indicated that the tested
compounds are offering significant loss in the viability to both
the cancer cell types and the efficiency of which is decided by the
incubation time. It is observed that among the derivatives tested,
compound 5ewith a –OCH3 substituent possesses higher activity
against A549 cancer cells during the first 24 h of incubation
period, while for reaching that level toward the Jurkat cells it
needs to be incubated for 48 h. In a similar way, the activity of
derivatives toward the non-cancer cells seem to be observed at
high concentrations only and that too during the 48 h exposure
time. Taking advantage of the quick activity of compound 5e

toward A549 cells over a 24 h period, the role of apoptotic
mechanism and associated caspases were identified to be the
cause of cell death. Further, exploring these mechanisms with the
incorporation of the synthesized compounds for the treatment
of cancer diagnosed cells can have a significant impact toward
the cancer treatment as apoptosis is the majorly operating
mechanism and in that way, maximum efficiency can be achieved

while simultaneously reducing the non-cancer cell associated
side effects.
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Anoplin is an amphipathic, α-helical bioactive peptide from wasp venom. In recent

years, pharmaceutical and organic chemists discovered that anoplin and its derivatives

showed multiple pharmacological activities in antibacterial, antitumor, antifungal, and

antimalarial activities. Owing to the simple and unique structure and diverse biological

activities, anoplin has attracted considerable research interests. This review highlights

the advances in structural modification, biological activities, and the outlook of anoplin in

order to provide a basis for new drug design and delivery.
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INTRODUCTION

Wasp venom is the light yellow, transparent liquid secreted by the venom glands and accessory
glands of wasp; it is stored in a poison sac and discharged by sting (Monteiro et al., 2009). In
general, venom is used as a protective measure against the invaders that threaten their survival
or colony (Hou et al., 2014). It is worth mentioning that, for wasps, venom is also used during
the hunting of prey (Yan et al., 2011). Wasp venom is mainly composed of a few biological
active peptides (like mast cell degranulating peptides and mastoparan) (Argiolas and Pisano, 1985;
Monteiro et al., 2009), active enzymes (phospholipase A2 and hyaluronidase) (Tsai et al., 2011),
histamine, 5-hydroxytryptamine, choline, glycerin, amino acids, and so on (Schmidt, 1982). Among
them, peptides in the wasp venom usually exhibit superior pharmacological effects and a promising
clinical value (Arifuzzaman et al., 2019; Li et al., 2019).

As a wasp venom peptide, anoplin (1, Figure 1) was isolated from the venom sac of the
Japanese solitary spider wasp Anoplius samariensis (Hisada et al., 2000). Anoplin is the shortest,
amphipathic, linear α-helical antimicrobial peptide (AMP) with only 10 residues (Gly-Leu-Leu-
Lys-Arg-Ile-Lys-Thr-Leu-Leu-NH2) (Konno et al., 2001; Jittikoon, 2015); it also exhibits a wide
range of biological activities including antibacterial (Konno et al., 2001; Monincová et al., 2010),
mast cell degranulating (Cabrera et al., 2009), antitumor (Zhu et al., 2013; Da Silva et al.,
2018; Kai et al., 2018), antimalarial (Carter et al., 2013), antifungal (Jindrichova et al., 2014),
and anti-inflammatory activities (Zhong et al., 2020b). Anoplin exerts its functions by direct
interaction with anionic bilayers and biological membranes via ion channels (Cabrera et al.,
2008; Leung et al., 2011), selectively binding to the bacterial DNA or inhibiting ATP synthase
(Syed et al., 2018). Owing to its extremely simple structure and nonhemolytic toxicity, anoplin
exhibits superiority in chemical manipulation, structure–activity relationship studies, mechanisms
of action, and medical application, which has a great potential as a novel class of drugs for
antibiotics and anticancer applications. Given the fact that there is no report on research progress
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FIGURE 1 | (A) Schematic representation of anoplin (1). (B) Helical wheel

diagram of anoplin showing the polar and nonpolar faces of the helix. All

residues are drawn in helical configuration. Gray symbols represent

hydrophobic residues. Yellow symbols represent polar, uncharged residues.

Green symbols represent basic residues.

about structural modification of anoplin so far, we have
summarized the advances in structural modification and
relevant pharmaceutical activities to push the further application
of anoplin.

STRUCTURAL MODIFICATION OF
ANOPLIN

Point Mutation and Truncation
The Hansen lab (Ifrah et al., 2005) firstly conducted the
structure–function and structure–toxicity relationships
research of anoplin by point mutation, C- and N-terminal
truncation. Terminus truncations indicated that the full length
of decapeptide is necessary for antibacterial activity toward
Escherichia coli or Staphylococcus aureus. Then standard
Ala-scan revealed Gly-1, Leu-2, Leu-3, Ile-6, Leu-9, and
Leu-10 are critical residues. A series of studies of analogs
with different residue substitutions showed that hydrophobic
anoplin derivatives generally have a lower minimum inhibitory
concentration (MIC). On the other hand, it will also have higher
hemolytic activity and reduce or reverse the selectivity between
E. coli and S. aureus. More importantly, the overall charge of +4
is essential for anoplin to differentiate bacteria and normal cells.

After Meinike et al. verified the substitution of Arg-5 with
different hydrophobic amino acids that resulted in potent
analogs, they further replaced Arg-5 with peptoid monomers.
Among the tests, the therapeutic index (TI; larger values indicate
an improved activity specificity) of analogs containing N-(2,2-
diphenylethyl) Gly or N-(1-naphthalenemethyl) Gly (2 or 3,
Figure 2A) is commendably comparable with that of anoplin, but
the selectivity was reversed toward E. coli and S. aureus (Meinike
and Hansen, 2009).

To further explore suggested activity-improving discoveries,
the Hansen group (Munk et al., 2013) presented 19 new anoplin
analogs that substituted in amino acid positions 2, 3, 5, 6, 8,

9, and 10 with Lys, Trp, Phe, β-2-naphthylalanine (2Nal), and
β-cyclohexylalanine (Cha). Some discrete substitutions using
Lys showed some promise, but Trp and Phe did not provide
anoplin analogs with improved microbial specificity or lessened
hemolytic activity (Braun and Heijne, 1999; Chen et al., 2005;
Schmitt et al., 2007; Wiradharma et al., 2011). This was probably
because Trp and Phe in those sites hindered the interaction
between membrane and peptides owing to the structural
distortions. It was gratifying that the use of 2Nal6 and Cha3

exhibited promising TI against all strains tested. Afterwards, they
successfully developed analysis of variance models that describe
the relationship between peptide properties (high-performance
liquid chromatography retention time, hemolytic property, and
MIC) and the structural characteristics of the anoplin analogs by
point mutation, and they verified the properties predicted by the
mathematical models, which were in reasonable agreement with
the measurements (Munk et al., 2014).

Cabrera et al. (2008) synthesized deamidated analog of
anoplin to explore the effect of deamidation at the C-terminus,
and they found that although anoplin-OH still retained the same
α-helical content, it lost the characteristic antimicrobial and mast
cell degranulating activities of anoplin. A reasonable explanation
was that carboxylation correlated with electrostatic repulsion and
amphipathic character. Subsequently, Pripotnev et al. confirmed
that C-terminal amide group was important for the structural
stabilization, extra charge and function of anoplin, and the
physicochemical properties of peptides defined its AMP activity
(Pripotnev et al., 2010). However, the amidation of anoplin was
not essential for its antifungal and plant defense stimulating
activities (Jindrichova et al., 2014).

Won et al. (2011b) applied several biophysical techniques (UV
resonance Raman spectroscopy in combination with Langmuir–
Blodgett monolayer technique vesicle leakage assay) to study
the relationship between physicochemical properties (secondary
structure and surface activity) with biological activities of anoplin
and its two derivatives-anoplin-8K (GLLKRIKKLL-NH2) and
anoplin-1K5V8K (KLLKVIKKLL-NH2). These results indicated
that higher helical tendency, stronger amphipathicity, and extra
positive charges could be beneficial for higher antimicrobial
activity with weak membrane lytic activity.

As a membrane anchor, the length of lipophilic alkyl chain
of lipopeptides is considered highly vital for the bioactivity
of peptides (Taft and Selitrennikoff, 1990). To increase the
membrane affinity of anoplin without sacrificing important
positively charged side chains, Slootweg et al. incorporated
the lipophilic amino acid, (S)-2-aminoundecanoic acid (4,
Figure 2A), which they synthesized into the peptide sequence
(Leu-2, Ile-6, and Leu-10) of anoplin (Slootweg et al., 2013).
As expected, all the derivatives exhibited enhanced activities
and selectivity toward microbial membranes, while the effect of
hemolysis showed considerably increase.

To better comprehend the structure–activity relationships
of short cationic α-helical AMPs, and to achieve a generally
applicable set of guidelines on how to increase AMP activity
without concomitant introduction of strong hemolytic activity,
Wimmer and the Hansen group (Uggerhoj et al., 2015) presented
the NMR structure of anoplin in a micellar environment
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FIGURE 2 | (A) Point mutation of nonnatural amino acid. (B) Schematic representation of the ATCUN-anoplin bound to a Cu2+ ion. (C) Structure of dimeric peptides.

(D) The conjugation of anoplin to divalent and tetravalent dendrimers.

and systematically set up a vast library of substitutions
for antimicrobial activity, hemolytic activity, and changes in
structure and lipid interactions. They successfully proposed a do’s
and don’ts list with the core concept of subtle hydrophobicity
increase in the hydrophobic face and the polarity increase in the
hydrophilic face, including the following: (1) do not rely on the
helical wheel model to design AMP derivatives, especially for
nonconservative point mutations; (2) do identify whether each
residue interacts with the membrane interior, with lipid head
groups, or with the bulk solvent; (3) do not substitute those
hydrophobic residues that interact with the lipid head; (4) do
increase the polarity of side chains that interact with bulk solvent;
and (5) do increase the hydrophobicity of the hydrophobic face in

small steps and a few positions. Based on these findings, it is not
hard to see that the stronger amphipathicity plays an important
role for the activity of anoplin.

N-Terminal Auxiliary
Amino-terminal copper and nickel (ATCUN) binding motifs,
H2N-AA1-AA2-His, are known to actively form reactive oxygen
species (ROS) upon metal ions binding, and ROS is primarily a
result of Cu(II) binding (Harford and Sarkar, 1997; Donaldson
et al., 2001; Du et al., 2013) (Figure 2B). The formed ROS can
render the bacteria more susceptibility to antimicrobial agents
(Fang, 2004). The Angeles-Boza group (Libardo et al., 2014)
prepared three ATCUN binding motifs containing derivatives
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of anoplin (Asp-Ala-His, Gly-Gly-His, and Val-Ile-His), which
were found to be more active than the parent anoplin against a
panel of clinically relevant bacteria with non-hemolysis through
ROS-induced membrane damage. Whereafter, they found two
additional ATCUN sequences (Arg-Thr-His and Leu-Lys-His),
which produce ·OH and other ROS at faster rates than did other
ATCUN complexes. When evaluated by the degree of oxidative
stress brought induced by new ATCUN-anoplin conjugates, the
Arg-Thr-His-anoplin peptide was up to four times more potent
than is anoplin alone against standard test bacteria (Libardo
et al., 2015). The metal binding tripeptide motifs provided a
simple approach to increase potency of anoplin by conferring a
secondary action.

Similar with lipophilic alkyl chain of lipopeptides, acylation
of the N-terminus with fatty acid moiety can also increase
the membrane affinity and the activity of AMPs (Avrahami
and Shai, 2002). So Chionis et al. (2016) incorporated the
lipophilic octanoic, decanoic, and dodecanoic acid residues into
the N-terminus of anoplin. Those results indicated that fatty
acid moiety was good for the membrane affinity, antimicrobial
potency, and the higher helical content of the peptides, and these
peptides were nontoxic to erythrocytes and stable to proteolysis.
In addition, the increase of the length of the lipophilic moiety
did not further affect the above properties. Salas et al. (2018)
thought that the loss of activity upon truncation of anoplin in
the literature (Ifrah et al., 2005) was correlated to lowering of
hydrophobicity, so they synthesized and investigated the effects
of truncated palmitoylated anoplin analogs, and their results
demonstrated that palmitoylation of truncated anoplin analogs
can increase antimicrobial activity, and even helicity, in water.

d-Amino Acid Conversion
D-Peptide and D-protein composed of D-amino acids are
potential therapeutic agents with longer half-lives or oral
possibility in vivo (He et al., 1996; Weinstock et al., 2014).
Therefore, D-amino acid substitution is a useful method to
improve the enzymatic stability and activity of AMPs. Won
et al. (2011a) found that the replacement of all amino
acids with their D-stereoisomers did not change bactericidal
activity of anoplin, so the antibacterial mechanism is through
nonspecific interaction.

Inspired by the experience of Ifrah et al. (2005), Wang et al.
(2014) designed and synthesized a group of anoplin analogs by
multiple residue substitutions with D-amino acids. Owing to the
increased charge, hydrophobicity, and amphiphilicity, anoplin-
4 (kllkwwkkll-NH2) composed of D-amino acids displayed the
characteristics of the highest antimicrobial activity in vivo, higher
proteolytic stability, and lower toxicity to normal cells, which
make anoplin-4 a great candidate for future optimization and
treatment of infection.

Dimerization and Multivalent Presentation
Hybrid peptide analogs can effectively combine the therapeutic
advantages of different peptides and achieve collaborative
treatments (Liu et al., 2013; Kamysz et al., 2015; Le et al., 2015).
Hexapeptide, RRWWRF (named RW), is a cationic peptide
derived from the screening of a hexapeptide combinatorial

FIGURE 3 | Schematic representation of anoplin–chitosan conjugates.

library; it is beneficial to interact with the negatively charged
components of the bacterial membrane (Haug et al., 2008).
Liu et al. (2017) successfully synthesized the homodimeric
peptide 5 and the heterodimeric peptide 6 by copper(I)
catalyzed azide-alkyne cycloaddition (CuAAC “click chemistry”)
(Figure 2C); the dimer peptides not only had significantly
enhanced antimicrobial activity against multidrug-resistant
(MDR) bacteria in vitro and in vivo but also showed synergy and
additivity effects when used in combination with conventional
antibiotics rifampin or penicillin.

To break α-helix and obtain greater flexibility of
heterodimeric AMPs, Kai et al. (2018) used different amino acids
(7–9, Figure 2C), including Leu, Pro, and Ahx (aminocaproic
acid), as linker to connect anoplin and mastoparan, another
α-helical AMP from Vespula lewisii venom. Findings manifested
that Pro and Ahx contributed to the design of ideal dimer
AMPs with high selectivity and potency while reducing
lytic activity with respect to red blood cells. However, Leu
cannot confer increased flexibility to heterodimeric AMPs.
It is flexible heterodimeric structure induced by Pro and
Ahx that improved the potency of heterodimeric AMPs for
negatively charged membranes while reducing interaction with
zwitterionic membranes. As can be seen, dimerization offers
an effective strategy to screen for the development of novel
antimicrobial agents.

Given the toxicity, the short half-life in vivo, and stimulation
of an immune response of AMPs, multivalent AMPs formed
by attaching several peptide monomers to reactive polymer
scaffolds via naturally occurring intermolecular disulfide bridges
or unnatural scaffold linkers have been used to overcome
the problems mentioned above (Liu et al., 2010). Chamorro
et al. showed that anoplin was successfully conjugated via click
chemistry to divalent and tetravalent dendrimers (10 and 11,
Figure 2D) (Chamorro et al., 2012). Compounds 10 and 11

clearly resulted in enhanced pore formation of anoplin.
Chitosan is a natural polymer comprised of β-(1-4)-linked

glucosamine and some degree of N-acetyl glucosamine with low
antimicrobial activity and has been widely applied in the field
of biomedicine. Sahariah et al. (2015) reported that grafting of
anoplin to chitosan polymers was a rational design for abolishing
the hemolytic propensity and increasing the activity of the parent
peptide; at the same time, the anoplin–chitosan conjugates had a
high degree of control over the resulting peptide grafting density
(12, Figure 3).
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FIGURE 4 | (A) D-Amino acid conversion of anoplin to Ano-D4, 7. (B) Antimicrobial peptides conjugated with fatty acids on the side chain of Ano-D4, 7. (C) Different

dimerization positions based on Ano-D4, 7. (D) N-terminal fatty acid modified-dimer Ano-D4, 7.

Combined Modification
Combination of multiple modification methods may represent
more effective strategies with their respective advantages.
Based on the substitutive anoplin sequence Ano-D4, 7 (13,
Figure 4A), GLLkRIkTLL-NH2 (lowercase letters indicate the
D-enantiomer), further modifications were carried out to
systematically screen excellent AMPs with optimal therapy
potential. Zhong et al. (2020b) conjugated various lengths of fatty
acid chains ranging from 4 to 16 carbons onto the side chain of
the position 4 or 7 D-amino acid of Ano-D4, 7 (Figure 4B). The
antimicrobial activity of those new peptides was highly correlated
with the lengths of the fatty acid chain. When the length of the
fatty acid chain was≤12 carbons, there was a remarkable increase
in the MIC values of the new peptides after the hydrophobicity
went beyond preceding threshold. Interestingly, the peptides
conjugated with the same fatty acid chain (≤12 carbons) at
position 7 of Ano-D4, 7, exhibited better activity than the
corresponding peptide with the modification at position 4. This
is probably because side chains of Arg-5 and Thr-8 shielded the
fatty acid on the position 4 D-Lys side chain. These peptides also
significantly reduced the bacterial load in mice without obvious
adverse reactions or any death at the effective dose.

According to previous studies on dimericmodification, Zhong
et al. (2020a) further inquired the effects of different dimerization
positions on biological activity. They found that the anti-biofilm
activity of the C- and N-terminal dimer peptides was better
than C–C terminal ones (Figure 4C). Meanwhile, new peptides
combining D-amino acid conversion and dimerization displayed
higher TI without hemolytic activity. In addition, on the basis of
the previous two reports, they designed dimer peptide conjugated
fatty acids at the N-terminus of Ano-D4, 7 and dimerization
(Figure 4D) (Zhong et al., 2019). The multi-modified analogs
were more inclined to present β-strand structure; this pre-
assembled state of the dimer peptides led to fast interaction
without the demand for extra aggregation process, which caused
more efficient permeabilization. Furthermore, the previous

peptides also exerted high stability toward protease, serum, salts,
and different pH environments, which proved that combined
modification techniques provided more flexible approaches to
develop novel AMPs.

POTENTIAL DEVELOPMENT DIRECTION
OF ANOPLIN

Conformational Constraint
Despite the above notable advances, there are still many
disadvantages in the previous modifications. For example,
residue substitutions cannot solve the low stability toward
protease, and there also may be metabolic problems for D-
peptide in vivo compared with natural amino acid. The synthesis
of dimerization and multivalent presentation are difficult and
tedious. A promising alternative approach would constrain α-
helical conformation by stapling chemistry (Schafmeister et al.,
2000; Walensky et al., 2004; Moellering et al., 2009; Walensky
and Bird, 2014) (Figure 5A). The first stapled peptide, ALRN-
6924, is currently in phase II trials to treat advanced solid tumors
or lymphomas in connection with MDM2 and MDMX (Carvajal
et al., 2018; Ng et al., 2018). We have previously reported
the design and synthesis of a series of hydrocarbon stapled
melittin peptides of which, some analogs showed remarkable
enhancement not merely in antihepatoma activity but also in α-
helicity and protease resistance (Wu et al., 2017a). Subsequently,
we developed a new series of stapling amino acids, which
contained the native amino acid side chains to expand the scope
of the all-hydrocarbon stapled peptide strategy (Wu et al., 2017b).

In addition to α-helical constraint of single short peptide,
nature actually exhibits its own approach to maintain the
structural integrity of proteins and protect natural peptides
from enzymolysis. A noteworthy example was the self-assembly
of β-sheet peptides into amyloid-β protein by inter-strand
hydrophobic interactions, which exhibited extreme resistance
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FIGURE 5 | (A) All-hydrocarbon stapled peptide strategy. (B) Strategies to induce helix dimer and trimer formation of designed peptides. N and C designations

indicate the amino and carboxy termini in the helix models, respectively. (C) Targeted delivery system based on bioactive peptides. (D) Self-assembly of

polymer–peptide conjugates in tumor microenvironment.

toward intracellular proteases (Barz et al., 2018). Inspired by
this, the Wu group reported that crosslinked helix dimers can
be constructed by two disulfide bonds for ultrahigh proteolytic
stability (Chen et al., 2015). To overcome the instability of
disulfide linkage under the intracellular reducing condition,
Wuo et al. developed more judicious covalent bonds like bis-
triazole linkers (Wuo et al., 2015) and hexafluoroisopropanol-
based bisthioether crosslinkers (Wuo et al., 2018; Chen et al.,
2019) (Figure 5B). We expect these effective strategies be used
to modify anoplin with preferable biological function.

Targeted Delivery System
Bio-functional nanosystems are also regarded as novel strategies
to address some drawbacks of peptides (Aronson et al., 2018).
Through the widely accepted enhanced permeability and
retention (ERP) effect (He J. Y. et al., 2019), drug delivery
platforms based on cytotoxic peptides possessed prolonged
circulation time and targeting capability, which improve its
therapeutic utility and reduce side effects. More importantly,
this technology can achieve co-delivery of multiple drugs for
the purpose of combination therapy in precision medicine
(Jin et al., 2018) (Figure 5C). To obtain deeper solid-tumor
penetration and perfuse more homogeneously within tumor
tissue, one ingenious design is tumor microenvironment
(TME)-induced in situ self-assembly of polymer–peptide
conjugates (Cong et al., 2019) (Figure 5D); this transformation-
enhanced accumulation and retention (TEAR) effect showed

higher anticancer activity than the ERP effect of traditional
nanoparticles (He P. P. et al., 2019).

CONCLUSION AND OUTLOOK

The emergence of MDR bacteria and the markedly declining
supply of safe and efficacious antibiotics have made it urgent
to develop new antibiotics. On the other hand, MDR malignant
tumor is the major threat to public health. In this context, natural
AMPs have been considered as promising strategy for these two
disease threats because of the lower potency of resistance for
bacteria and tumor toward AMPs (Felício et al., 2017; Mishra
et al., 2017). Owing to typical non-receptor-mediated membrane
mechanisms (Sveinbjornsson et al., 2017), anoplin possesses
more particular superiority than do conventional antibiotics and
chemotherapeutics. In addition, anoplin offers great advantages
with simple structure and broad-spectrum activity, especially
nonhemolytic toxicity. With the anoplin in hand, it is more
convenient to obtain lead compounds for potential translational
research. We hope that anoplin and its derivatives will inspire the
advancement of AMPs as a novel class of drug candidates.
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2H/4H-Chromenes—A Versatile
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School of Chemical Engineering, Yeungnam University, Gyeongsan-si, South Korea

2H/4H-chromene (2H/4H-ch) is an important class of heterocyclic compounds with

versatile biological profiles, a simple structure, and mild adverse effects. Researchers

discovered several routes for the synthesis of a variety of 2H/4H-ch analogs that exhibited

unusual activities by multiple mechanisms. The direct assessment of activities with

the parent 2H/4H-ch derivative enables an orderly analysis of the structure-activity

relationship (SAR) among the series. Additionally, 2H/4H-ch have numerous exciting

biological activities, such as anticancer, anticonvulsant, antimicrobial, anticholinesterase,

antituberculosis, and antidiabetic activities. This review is consequently an endeavor

to highlight the diverse synthetic strategies, synthetic mechanism, various biological

profiles, and SARs regarding the bioactive heterocycle, 2H/4H-ch. The presented

scaffold work compiled in this article will be helpful to the scientific community

for designing and developing potent leads of 2H/4H-ch analogs for their promising

biological activities.

Keywords: 2H/4H-chromenes, reaction mechanism, synthetic strategies, biological activities, structure-activity

relationship

INTRODUCTION

Bicyclic oxygen heterocycles-containing a benzene fusion ring at a 5,6-positioned 4H-pyran ring
system designated as 4H-chromene (4H-ch) has attracted considerable attention as an important
structural motif for the discovery of new drug candidates (El-Gaby et al., 2000). Four common
structure motifs are formed, which depend on 9th carbons in the ring, where 8th carbons are
sp2, and the remaining carbons are sp3 hybridized. Importantly, the name of 2H- and 4H-ch
depend on the arrangement of sp3 carbon associated with the ring oxygen. 4H-chromen-4-one
and 2H-chromen-2-one patterns are tracked once sp3 carbon is substituted by a carbonyl function,
respectively. The name chromene is applied to both the 2H- and 4H-form of the molecule, where
4H-ch analogs have been used widely for the decades, as shown in Figure 1A (Goel and Ram,
2009). One of the essential structural features of 4H-ch to impart miscellaneous activity is the
occurrence of the fold along the oxygen axis. The molecules containing 2H/4H-ch scaffold exhibit
noteworthy potency, such as anticancer (Afifi et al., 2017a; Halawa et al., 2017; Elshaflu et al.,
2018; Elnaggar et al., 2019; Luque-Agudo et al., 2019), anticonvulsant (Rawat and Verma, 2016),
antimicrobial (Suvarna et al., 2017; Mashhadinezhad et al., 2019), anticholinesterase (Tehrani et al.,
2019), antidiabetic activities (Soni et al., 2019), antituberculosis (Zhao et al., 2020), and inhibitory
activity against monoamine oxidase (MAO) (Takao et al., 2019).

In addition to the biological potency, medicinal chemists have developed several synthetic
methods for the synthesis of 2H/4H-ch derivatives. 4H-ch are generally prepared by a one-pot
synthesis using different 2-benzylidene malononitriles and substituted resorcinols in the presence
of methanol and calcium hydroxide at room temperature (Kolla and Lee, 2011). In addition, the
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reported methods consist of the condensation of resorcinol, aryl
aldehydes, and malononitrile in the presence of diethylamine
under reflux using ethanol as a solvent or 2-aminopyridine
as an efficient organo-base-catalyst (Ramesh et al., 2019).
Also, 2H-ch analogs are synthesized by the involving Witting-
Horner-Emmons and Suzuki-Miyaura cross-coupling pallado-
catalyzed reactions (Kaoukabi et al., 2019). Several studies have
reported with various methods for the preparation of 2H/4H-
ch derivatives, including one-pot synthesis, recyclable catalysts,
green methodologies, and reactions in aqueous media to reduce
the reaction time, catalyst utilization, and byproducts elimination
as well as yield enhancement.

Interestingly, 2H/4H-ch analogs produce the cytotoxic effect
in cancer cells, hence, these analogs have been recognized
as antitumor agents. Based on these explanations, Anthony
et al. (2007) evaluated the underlying mechanisms of 4H-
ch-mediated tumor cell cytotoxicity. They reported that 4H-
ch analogs generally induce apoptosis via interaction through
tubulin at binding sites of the colchicine. In this way, they
obstruct the polymerization of tubulin, leading to caspase-
dependent apoptotic and G2/M cell-cycle arrest in cancer cell
death. Therefore, these molecules target and interrupt tumor
vasculature (Anthony et al., 2007). Some analogs of 2H/4H-
ch triggered the cell apoptosis by the caspse3/7 activation
and executioner of DNA fragmentation and also caused a
substantial reduction in the cell invasion and cell migration
percentage (Alblewi et al., 2019a; Luque-Agudo et al., 2019).
Additionally, the potency of substituted-1H-benzimidazol-2-yl
fused with 4H-chromen-4-ones analogs was reported, which
revealed that 4H-ch analogs were selective inhibitors of formyl
peptide receptor-1 (FPR-1), led to blocking the Ca2+ flux
and inhibited chemotaxis in human neutrophils (Schepetkin
et al., 2014). Consequently, with diverse biological potencies,
the present structural motifs, 2H/4H-ch, are an excellent core
in the preparation of molecules for the treatment of cancer
(Anthony et al., 2007). SAR assessments of modifications in these
structure frameworks have allowed tailoring of the activity of the
2H/4H-ch nucleus.

The main objective of this review is to compile recent updates
of 2H/4H-ch.While there is much literature of 2H/4H-ch analogs
for the treatment of cancer, microbial infection, tuberculosis,
diabetes, and convulsant, none of the privileged artwork has
been reviewed. Therefore, owing to the lack of recent compiled
updates about the 2H/4H-ch nucleus and their significance in
the development of new compounds with desired biological
activities, this article provides a recent updated informative
summary of synthetic strategies, reaction mechanisms, biological
profiles, and the SAR of 2H/4H-ch. This article is expected to
be helpful for medicinal chemists and researchers to design and
develop their research work for the discovery of potent lead of

Abbreviations: IC50, 50% growth inhibition; SAR, Structure-activity relationship;
3D-QSAR, Three-dimensional quantitative structure-activity relationships;
MgO, Magnesium oxide; PoPINO, Potassium phthalimide-N-oxyl; DBU, 1,8-
Diazabicyclo[5.4.0]undec-7-ene; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; ER, Estrogen receptor; MES, Maximal electroshock induced
seizure tests; scPTZ, Subcutaneous pentylenetetrazol.

2H/4H-ch to the treatment of life-threatening diseases and other
industrial applications.

PLAUSIBLE MECHANISM FOR THE
SYNTHESIS OF 2H/4H-CHROMENES

While various mechanisms can be employed for the synthesis of
the 4H-ch ring, one main and generally used mechanism is ring
cyclization by a reaction of substituted resorcinol’s and different
2-benzylidene malononitriles or nitrophenylboronic acid as a
green catalyst or diethylamide or 1, 8-diazabicyclo[5.4.0]undec-
7-ene (DBU) catalyst. Behbahani and Samaei (2014) proposed
a plausible synthetic mechanism to the formation of the
4H-ch ring in the occurrence of a multicomponent mixture
of a malononitrile, resorcinol, and aromatic aldehyde and
diethylamine in ethanol under reflux (Figure 1B). According
to the assisted reaction, the formation of cyclic chromene
was preceded by the generation of a malononitrile nucleophile
along with electrophilic diethylamine. In addition, the carbon
of the aromatic aldehyde acts as an electrophile and generates
a malononitrile nucleophile that reacts to form a substituted
malononitrile. Moreover, resorcinol and diethylamine react
together and form the phenoxide anion and electrophilic
diethylamine. The generated phenoxide anion of resorcinol
and resulting formed substituted malononitrile reacts and
cyclizes to form 4H chromenes via an electrophilic substitution
reaction (Behbahani and Samaei, 2014; Aminkhani et al.,
2019).

The ring cyclization of 2H-ch is initiated by rhodium (III)
complex catalysis of a phenolic substrate in the acidic condition
(Casanova et al., 2015). In this reaction, rhodium forms a
complex with the phenolic substrate as an intermediate complex
1. Further, an arrangement of six-member rhodacycle 2 is
proceeded by rearomatization. And the allene incorporates
in migratory insertion with rhodacycle 2 to form a pallylic
rhodacycle 3. Next, the reductive elimination of pallylic
rhodacycle 3 is proceeded by the β-hydride elimination, resulting
in the formation of conjugated system 4. Later, dearomatize
enone 5 is formed by [1,7]H-shift, which finally gives the 2H-ch
by 6π-electrocyclic rearrangement (Figure 1C) (Casanova et al.,
2015).

SYNTHETIC STRATEGIES OF
2H/4H-CHROMENES

The following synthetic approaches for the synthesis of
2H/4H-ch have been adopted: (1) ring cyclization by a
reaction of substituted resorcinols and different 2-benzylidene
malononitriles, (2) ring cyclization via nitrophenylboronic
acid as a green catalyst and DBU catalyst, (3) formation
of 2H-ch retinoids hybrid by followed the Suzuki cross-
coupling pallado-catalyzed reactions, and (4) unexpected
[4+2] annulation of alkynyl thioethers with alcohols
(o-hydroxybenzyl). The strategies are discussed in the
following paragraphs.
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FIGURE 1 | (A) Four possible structures of chromenes; (B) Plausible reaction mechanisms for the 4H-ch formation; and (C) 2H-ch.
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Ring Cyclization of 4H-Chromenes by a
Reaction of Substituted Resorcinols and
Different 2-Benzylidene Malononitriles
New 2-amino-5-hydroxy-4H-ch with numerous additions were
synthesized by adopting a one-pot efficient synthetic route
using different resorcinols and 2-benzylidene malononitriles
in the presence of methanol and calcium hydroxide at room
temperature. It was reported that the yield of 4H-substituted-
chromenes was very elevated in constant reaction conditions
(Figure 2A) (Kolla and Lee, 2011).

Diethylamine has been employed as an efficient organocatalyst
in various organic reactions, including the synthesis of
chromenes, such as Knoevenagel condensation, aldol
condensation, and Michael addition. Hence, Behbahani and
Samaei (2014) applied the synthesis of 2-amino-4H-chromenes
using a one-pot three-component reaction with utilizing
diethylamine. The strategy involved the reflux of resorcinol, aryl
aldehydes, and malononitrile with diethylamine and ethanol as a
solvent. They reported that the reaction gave excellent yields of
products even under mild reaction conditions. In addition, the
method was environmentally friendly (Figure 2B) (Behbahani
and Samaei, 2014).

Substituted 2-amino-4H-chromenes were reported with
tremendous yield and selectivity just by addition aromatic
aldehydes, α-naphthol, and malononitrile in water and catalyzed
reaction with a green heterogeneous catalyst, called expanded
Perlite (Figure 2C). They reported that this procedure had
many advantages over the base-catalyzed reaction, including
mild reaction conditions, cleaner reaction, a simple work-up
procedure, and a higher yield of products. Interestingly, instead
of an organic solvent, water was used as a green solvent for these
reactions (Abrouki et al., 2013).

Base Catalyst Recoverable
Amino-Functionalized Silica Gel-Based
Synthesis of 4H-Chromenes
Inspired by addition reactions such as the Michael, Knoevenagel,
and Aldol reactions and base-catalyzed condensation, Joshi
et al. (2014) developed an efficient, simple, and environmentally
friendly procedure for the preparation of 4H-ch by using
recoverable and well-organized silica gel-based amino-
functionalized base catalyst. They adopted a reaction of the
three-component of cyclic 1,3-diketones, malononitrile, and
aldehydes in the water at 70◦C. Using this procedure, the 4H-ch
were found in a few short times in admirable yield (87–96%).
The authors also explored the scope of the catalysts to catalyze
the preparation of 4H-ch using diverse heterocyclic and aromatic
aldehydes and reported that the reactions continued well on
every type of aldehyde derivative, producing an excellent yield of
products in shorter reaction time (Figure 2D) (Joshi et al., 2014).

Ring Formation of 4H-Chromenes via
Organo-Base-Catalyst
A highly appropriate and green method for efficient synthesis
of 4H-ch was employed via the three-component based
one-pot reaction of 1,3-cyclohexanedione, malononitrile, and

aromatic aldehydes by using effectual organo-base-catalyst as
a 2-aminopyridine. This newly synthetic protocol furnished
the anticipated chromene ring in a quick times reaction
with excellent yield and purity, economic advantages, ease of
preparation, and recyclability of catalyst (Figure 2E) (Ramesh
et al., 2016).

Formation of 4H-Chromenes via
Heterogeneous Base Catalyst Using
Magnesium Oxide
By using magnesium oxide (MgO) as an extremely active
heterogeneous base catalyst, pyran annulated chromene
derivatives were prepared via one-pot reaction of three-
component such as α-amino or α-hydroxy activated C–H
acids, malononitrile, and aryl aldehydes, including 1,3-
cyclohexanedione, dimedone, 1,3-dimethyl-6-amino uracil,
4-hydroxy-6-methylpyrone, 4-hydroxycoumarin, and 1,3-
dimethylbarbituric acid. This catalyst was less expensive and
simply obtainable, storable, and stable, and effortlessly recyclable
and reusable (Figure 2F) (Xu et al., 2005).

Ca(OH)2-Mediated One-Pot Synthesis for
the 4H-Chromenes Bearing a
Spirooxindole Skeleton
An effective and superficial one-pot synthetic strategy was
followed for the synthesis of new 4H-ch bearing a spirooxindole
skeleton using Ca(OH)2-facilitated one-pot synthesis of
substituted malononitrile, isatins, and resorcinols. This reported
novel procedure could provide biologically diverse molecules of
4H-ch in good to moderate yields under mild reaction conditions
(Figure 2G) (Park et al., 2013).

Ring Formation of 4H-Chromenes via
Potassium Phthalimide-N-oxyl (PoPINO) as
an Organo-Catalyst
A varied diversity of 2-amino-4H-chromenes with various
substitutions on the 4H-ch scaffold were efficiently prepared
through the multi-component approach of the one-pot reaction
of an ethyl cyanoacetate, aromatic aldehyde, and miscellaneous
enolizable CeH-activated acidic molecules with small loading
of a new organocatalyst, called potassium phthalimide-N-
oxyl (PoPINO), in aqueous condition. This method was a
metal-free transition, clean, and ecologically benign method to
the preparation of various 2-amino-4H-chromene derivatives
(Figure 2H). This offered numerous advantages, including short
reaction time, higher yields, and a straightforward and economic
methodology (Dekamin et al., 2013).

Ring Cyclization via Nitrophenylboronic
Acid as a Green Catalyst and DBU Catalyst
The one-pot synthesis through DBU-catalyzed to the
formation of 2-amino-4H-benzo[g]chromenes, 2-amino-
4H-benzo[h]chromenes, 3,4-dihydropyrano[3,2-c] chromenes,
and dihydropyrano[4,3-b]pyranes were reported from the
various aldehyde, vigorous methylene containing molecules as
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FIGURE 2 | Diverse synthetic strategies of 4H-ch derivatives via several catalyzed one-pot reactions as following: (A) using resorcinols and 2-benzylidene

malononitriles in the presence of Ca(OH)2 base; (B) by condensation of malononitrile, aryl aldehydes, and resorcinol in the presence of diethylamine; (C) by simple

mixing of malononitrile, α-naphthol, and aromatic aldehydes in water and catalyzed by expanded Perlite; (D) using amino-functionalized silica gel as a base catalyst;

(E) by using 2-aminopyridine as an organo-base-catalyst; (F) by MgO as a base-catalyst; (G) using Ca(OH)2 base-catalyst; and (H) using PoPINO.
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ethyl cyanoacetate, or malononitrile and 2-hydroxynaphthalene-
1,4-dione/4-hydroxycoumarin/4-hydroxy-6-methylpyrone/1-
naphthol under reflux with water. The gorgeous characteristics
of this procedure were the reusability of the reaction media,
minor reaction environments, and shorter duration of reaction,
excellent yields, and ease of product isolation (Figure 3I)
(Khurana et al., 2010).

The green catalyst 3-nitrophenylboronic acid method was
employed for the preparation of 2-amino-4H-chromenes
through the multi-component condensation of one-pot reaction
with various phenol, malononitrile, and aromatic aldehydes in
ethanol. The most important feature of this reaction strategy
was the mild reaction conditions, ease of the experiment, and
environmental friendliness with excellent yields of the desired
products, making it an attractive and efficient workup (Figure 3J)
(Goswami et al., 2016).

Lipase-Catalyzed Synthesis of Indolyl
4H-Chromenes
A new concise route of indolyl 4H-ch was developed by Zhand
et al. (Figure 3K). This reaction was a three-component reaction
and lipase (Mucor miehei) in ionic liquids was used as a catalyst.
The reactant [EMIM][BF4] showed good reusability in this
enzymatic reaction and produced higher yields of products
(Zhang et al., 2017).

Baker’s Yeast Catalytic One-Port
Three-Component Synthesis of
4H-Chromenes
The baker’s yeast catalyzed multicomponent synthesis of
substituted 2-amino-4H-chromenes was reported by Shrivas
and Pratap (2019) (Figure 3L). The mixture of malononitrile,
salicylaldehyde, and nitroalkanes was catalyzed by baker’s yeast
at room temperature with natural pH to be obtained good yields
of chromenes (Shrivas and Pratap, 2019).

Metal-Organic Framework Catalyzed
Synthesis of 2-amino-4H-Chromenes
The new synthetic route for 2-amino-4H-chromenes was
discovered by Arzehgar et al. (2019) using the MOF-5
catalyst (Figure 3M). For this reaction, one-pot multicomponent
synthesis was followed in the presence of substituted aromatic
aldehyde, malononitrile, and 2-naphthol, which led to giving an
excellent yield in a short time (Arzehgar et al., 2019).

Potassium-Titanium-Oxalate-Catalyzed
Ultrasonic Synthesis of 4H-Chromenes
The ultrasonic-assisted synthetic procedure of substituted
chromenes in the presence of a catalytic amount of potassium
titanium oxalate dihydrate was discovered by Manake et al.
(2020) (Figure 3N). This method gave a higher percentage of
yield of chromenes compared to the conventional methods in less
time (15min) at 40 kHz and 40◦C (Manake et al., 2020).

Formation of 2H-Chromenes Retinoids
Hybrid by Followed the Suzuki
Cross-Coupling Pallado-Catalyzed
Reactions
An efficient synthesis of 2H-ch incorporated with retinoids was
reported by Kaoukabi et al. (2019) using the witting-Horner-
Emmons and Suzuki-Miyaura cross-coupling pallado-catalyzed
reactions in the presence tetrahydrofuran at −78◦C to 25◦C
and the further solvent was evaporated and replaced by DMF,
Pd(OAc)2 and PPh3 under nitrogen. 2H-ch derivatives are
generally obtained easily and in higher yields by this method
(Figure 4Oi). The remarkable modification in the previous
scheme was done by using BuLi, which led to giving chromene-
retinoids hybrid derivatives with an efficient yield (Figure 4Oii)
(Kaoukabi et al., 2019).

Rhodium-Catalyzed [5+1] Annulations for
the Formation of 2,2-Disubstituted
2H-Chromenes
For the first time, the synthesis of 2,2-disubstituted 2H-
chromenes was reported by Casanova et al. (2015) from
the alkenyphenols with allenes under the rhodium catalysis
(Figure 4P). In this reaction, one C-H bond cleavage was
involved in the alkenyl motif and further allene contributed
with one-carbon cycloaddition partner, that is, (5+1)
heteroannulation. The mixture of alkenyphenols and allenes
were heated at 100◦C in the solvent toluene with a catalytic
amount of (RhCp∗Cl2)2 and Cu(OAc)2.H2O, which led to give a
higher yield of chromenes (Casanova et al., 2015).

Microwave-Assisted Catalyst-Free
Synthesis of Substituted 2H-Chromenes
Themicrowave-assisted catalyst-free synthesis of substituted 2H-
ch from β-amino acrylates and salicylaldehydes were reported by
Xia et al. (2015) (Figure 4Q). As a result, this reaction gave higher
yields of chromenes in the presence of ethanol at 100◦C in 1–2 h.
This route of synthesis chromenes is rapid, and ecofriendly and
gives a higher yield of products (Xia et al., 2015).

Michael Addition/Elimination Pathway in
the Presence of Trimethylsilyl Cyanide
(TMSCN)
The 2-aryl-2H-chromene-4-carbonitriles were reported
(Figure 4R) under the TMSCN catalysis in the presence
of tetrabutylammonium fluoride, followed by a Michael
addition/elimination pathway, which led to give the moderate
yields of products (Ren et al., 2018).

Unexpected [4+2] Annulation of Alkynyl
Thioethers With Alcohols
(O-hydroxybenzyl) for the Formation of
2H-Chromenes
A newly metal-free synthetic approach for the synthesis
of polysubstituted 2H-ch was reported by Bu et al. (2020)
via unexpected [4+2] annulation of alkynyl thioethers with
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FIGURE 3 | Synthesis of 4H-ch derivatives: (I) DBU catalyzed, (J) 3-nitrophenylboronic acid as a green catalyst, (K) lipase-catalyzed synthesis, (L) baker’s yeast

catalytic one port synthesis, (M) metal-organic framework catalyzed synthesis, and (N) potassium-titanium-oxalate-catalyzed ultrasonic synthesis.
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FIGURE 4 | Synthesis of 2H-ch derivatives: (O) Witting-Horner-Emmons and Suzuki-Miyaura cross-coupling pallado-catalyzed, (i)-chromenes, (ii)- chromenes

fused-retinoids hybrids; (P) rhodium-catalyzed (5+1) annulations; (Q) microwave-assisted catalyst-free synthesis; (R) TMSCN catalyzed Michael addition/elimination;

and (S) unexpected [4+2] annulation of alkynyl thioethers.

alcohols (o-hydroxy benzyl), which led to a high yield
of products under the catalysis by Triflimide (HNTf2)
as a highly versatile super Brønsted acid in the presence
of 1,2-dichloroethane at room temperature (Figure 4S)
(Bu et al., 2020).

BIOLOGICAL ACTIVITIES OF
2H/4H-CHROMENES

Various compounds derived from the 2H/4H-ch heterocyclic
ring represent a key element of medicinal chemistry owing to
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their productive medicinal values. For the most part, unexplored
heterocyclic molecules derived from the 2H/4H-ch ring acquire
a diversity of pharmacological profiles, ranging from antitumor
and, anticonvulsant activities on the one hand, although, on
the pathogenic side, they are similarly significant owing to their
antibacterial activity. Therefore, 2H/4H-ch molecules have an
immense and broad range of beneficial activities.

Anticancer Activity
A small library of 2-amino-4-aryl-3-cyano-7-(dimethylamino)-
4H-chromene derivatives were prepared using an aromatic
aldehyde, 3-(dimethylamino) phenol, and malononitrile with
piperidine in ethanolic solution (Figure 5). They determined the
cytotoxic activities of the prepared molecules against six human
tumor cells followed by a well-established assay namely 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
Compound 1 was found to be the most active compound with a
50% growth inhibition (IC50) value of less than 1µM. Through
this study, the authors reported that substitution on the second,
third, and fourth positions of the 4-aryl-4H-chromenes produced
potent antitumor activity. In addition, that the halogenations
was substituted on the third position responsible in a great
intensification in antitumor potency, but substituted on the
3-position by F or Br generally afforded better cytotoxicity
(Vosooghi et al., 2010).

Inspired by the potency of molecule GRI-394837 and its
derivatives, an attentive set of newly chromene derivatives
were synthesized in a single step via the microwave radiation
technique and tested for their anticancer activity. As a result,
chromene 2 was found to be the most active toward the A172
glioma cells with IC50 7.4 nM and also showed a weak tubulin
polymerization inhibition but with very strong cytotoxicity
in cellular assays. These outcomes powerfully suggested that
the newly chromenes should be studied extra to explore the
molecular insights into the anticancer activity (Patil et al.,
2012). Inspired by microtubule-interfering properties of 4-
aryl-4Hchromene derivatives, Kandeel et al. (2013) combined
this nucleus with five-, six-, and seven-membered heterocyclic
moieties to examine the effects of a novel series of compounds.
They selected 10 newly synthesized molecules for an antitumor
evaluation against the MCF-7 breast cells, and most of
them exhibited excellent activity compared to colchicine as
a positive control. The compound 3 was found to be a
more potent antitumor agent toward targeted cancer cell lines
(Kandeel et al., 2013).

A novel class of substituted chromenes was constructed
with the help of the 6-hydroxy-7-methoxy-chroman-
2-carboxylic acid phenyl amide moiety (KL-1156) and
tested their activity against a nuclear factor kappa B
(NF-kB) and targeted cancer cell lines. The chromene
moiety of KL-1156 was modified into four parts derived
with 3- and 4-dihydro substituted 2H-benzo[h]chromene
for their SAR structure features. From the SAR studies,
that numerous novel N-aryl, 3, 4-dihydro substituted
2H-benzo[h]chromene-2-carboxamides were reported
with excellent inhibitory activity against NF-kB and
displayed better antiproliferative profile than the parental

molecule KL-1156. In addition, compound 4 exhibited
the best inhibitory activity on LPS-induced NF-kB based
transcriptional property and also showed excellent antitumor
potency against NCI-H23 lung cells compared to KL-1156
(Choi et al., 2014).

A new series of isoxazole and 2-(1,2,3-triazolylmethoxy),
functionalized 2H-ch were synthesized by a cyclization reaction
between ethyl-4,4,4-trifluoroacetoacetate and salicylaldehyde
resulted in the formation of second hydroxy-substituted ethyl
contains 2-(trifluoromethyl)-2H-chromene-3-carboxylate. All
the compounds were tested for the cytotoxic evaluation toward
four different targeted human cancer cells, where compound
5 exhibited promising anticancer activity with IC50 < 20µM
(Reddy et al., 2014).

New chromenes containing fused imidazo[1,2-a]
pyridine motifs were reported and evaluated them for their
antiproliferative effects in human colon HCT116 cancer cell
lines. They reported that the carbamate group in the eighth
position of pyridine ring containing molecule 6 was the
most-effective molecule of the synthesized series and induced
significant cell cycle detention at both the G2 and S phases
and also showed the cell death by the apoptosis. They also
showed that this activity was due to the remarkable induction
of caspase-mediated apoptosis in a p53-independent manner
(Lima et al., 2015).

Twenty novel chromene derivatives carrying different
sulfonamide moieties were reported and tested for their in-vitro
antitumor activity toward breast cancer cells (T47D). Maximum
synthesized molecules exhibited good to reasonable cytotoxicity
(IC50 8.8–108.9µM). In particular, compound 7 (IC50 8.8µM)
exhibited higher cytotoxicity compared to doxorubicin (IC50

9.8µM). To determine the molecular mechanism of this activity,
they tested the effects of the most potent compounds on the
aromatase activity. They reported that most of them had a
significant inhibitory effect on the aromatase activity. Moreover,
the authors also investigated the molecular docking study, and
they found a probable interaction of the potent derivatives with
the aromatase enzyme (Ghorab et al., 2016).

The virtual screening was carried out of a chromene-
based molecular database of the small compounds using
physic-chemical, molecular docking and absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
profiling. Potential hit compounds were identified among
them. To validate the lead compounds, they carried out
molecular dynamics simulations and related analysis and
reported that the lead compound 8 (PubChem CIDs:
16814409) a potential candidate for tubulin inhibition
(Aryapour et al., 2017).

A miscellaneous chromene containing xanthene hybrids
molecule library were prepared via an intramolecular
Friedel crafts synthesis of the arenoxy carbinols. Here,
the authors incorporated the tyrosine amino acid onto
the xanthenes scaffold with hydrophilic functionalities. A
precise structure-based screening showed that newly modified
tyrosine containing chromene-xanthene hybrids molecule
exhibited excellent potential toward MDA-MB-231 and
MCF-7 cells. All collective outcomes suggested that the lead
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FIGURE 5 | Substituted potent chromenes possess significant anticancer potency.

molecule 9 manifested noteworthy arrested cell cycle at the G1
phase and induced the apoptosis in MDA-MB-231 cell lines
(Kumar et al., 2018).

Chromene-containing molecules were reported with either
established or hopeful pharmacological potency and showed
that the chromone motif is a scaffold for the advance in the
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discovery of new medicines. These molecules confirmed better
drug-like characteristics and a wide binding affinity for various
significant enzymes. Simultaneously, the authors investigated the
possibility of its therapeutic effect focusing generally on the
anti-inflammatory potency that may move to additional central
disease targets such as diabetes, brain disorders, and cancer (Silva
et al., 2018).

Spirobenzo[h]chromenes were prepared and tested for their
antitumor potency against HT-29 (human colorectal cancer
cells), MCF-7 (human breast cancer cells), and A549 (human
lung cancer cells) cells in vitro by using an MTT assay.
Among the molecules synthesized, eight exhibited a better
anticancer profile than sorafenib, with IC50 1.78 and 5.47µM.
Representative compounds were selected for further molecular
study through EGFR, B-RAF, and tubulin polymerization
method. Molecule 10 was the greatest effective EGFR inhibitor,
IC50 1.2µM, and exhibited a better inhibitory effect against
tubulin polymerization. They also performed docking of these
molecules and investigated their imaginable interactions into
the active binding pocket of B-RAF kinases both and EGFR
(Figure 5) (Abdelatef et al., 2018).

Fourth-position hydroxy-substituted 5′-
(morpholinosulfonyl) spiro[chromene-2,3′-indolin]-2′-one
and 3-phencyclidine-2-oxindoles were prepared by a reaction
of 5-morphilinosulfonyl isatin with acetophenones followed by
treatment with acetic acid. All the compounds were tested for
their antitumor potency toward three tumor cells, such as MCF-
7, HCT-116, and HepG-2, by using an SRB (sulforhodamine
B) assay. Compound 11 exhibited a wide range of antitumor
effectiveness on these tested cancer cell lines with IC50 ranges
less than 10µM and arrested the cell cycle at the G0-G1 phase.
This compound also exhibited extra effect toward EGFR than
Lapatinib with IC50 ranges from 0.019µM, while the IC50 value
of Lapatinib was 0.028µM (El-Sharief et al., 2019).

A new series of 4H-ch-based azo chromophores derivatives
were reported and tested for their anticancer activities. As a
result, these derivatives exhibited anticancer potency against
HCT-116, MCF-7, and HepG-2 cancer cell lines. Importantly,
compounds 12 and 13 showed higher potency in the antitumor
assay with an IC50 range of 0.3 to 2µg/mL (Afifi et al., 2017b).

Also, 4H-ch analogs were synthesized and tested their
anticancer activities against the targeted cancer cells. As a
result, compound 14 showed remarkable anticancer activity
against MCF-7 and Hs578T. Further evaluation showed that
compound 14 has satisfactory migratory cell reduction capacity
and reduced cell proliferation by arresting cells in the G2/M
phase. Additionally, compound 14 exhibited an inhibitory effect
against tubulin dynamics. Therefore, it may be a promising
compound for inhibiting tubulin polymerization in the cancer
cells (Pontes et al., 2018).

Substituted 4H-ch were synthesized and evaluated their
potency toward the HT29 human colon cancer cells. Compounds
15 and 16 exhibited the maximum inhibitory effect against HT-
29 cells than the other derivatives of their series. According to
in-silico studies, 15 and 16 showed a stronger interaction with
many H and π-bonds. On the other hand, both studies strongly
correlated and supported the author’s hypothesis. Therefore,

these compounds might have better potency to bind with the
cancer protein targets (Chauhan et al., 2020).

A novel series of substituted-6-methoxy-4H-benzo
[h]chromenes was reported by Ahmed et al. (2019) and
evaluated their anticancer potency. The surprising result was
shown with the MCF-7 cell line, compounds 17, 18, 19, 20,
21, and 22 showed the significant inhibition of MCF-7 (IC50

1.2–5.5µg/mL). On the other hand, compounds 22 and 17

exhibited the potent inhibition against HCT-116 cell line (IC50

1.3 and 1.9µg/mL, respectively) compared to vinblastine (IC50

2.6µg/mL). Also, compounds 18, 19, 17, 22, 23, 24, 25, and
26 were observed to be the considerable active against the
HepG-2 cell line. Moreover, compounds 19, 21, 17, 20, 18, and
22 were subjected to further evaluation for their c-Src kinase
inhibitory activities. Among them, compound 21 exhibited
highly significant activity (IC50 0.1432µM) against c-Src kinase.
Overall, the studies suggested that the substitution of lipophilic
electron-withdrawing such as -Br or an electron-donating likely
-OCH3 in the naphthalene motif is highly suitable than the
unsubstituted naphthalene to the inhibition of c-Src kinase
(Ahmed et al., 2019).

An efficient catalyst-free, one-pot synthesis was employed for
the preparation of new 4H-ch and evaluated their anticancer
potency against the targeted cancer cells. As a result, compounds
27, 28, and 29 showed more than 50% activity against
A549 tumor cell line, while no significant cytotoxicity was
found against the MCF-7 and HT29 cell lines. Additionally,
all chromenes showed the potent inhibition of α-glucosidase
compared to acarbose (IC50 4.90mM). In the tyrosinase
inhibitory assay, all compounds showed moderate inhibition of
tyrosinase in the range of IC50 3.50–12.20mM. Besides, in-silico
molecular docking studies revealed the atomic interaction of
chromenes with the binding site of α-glucosidase and tyrosinase.
The molecular docking analysis suggested that hydrogen
bonding, π-π stacking, hydrophobic, metal, and π-cation
interactions were important between synthesized chromenes and
targeted enzymes to produce significant binding with enzymes
(Dinparast et al., 2020).

New 2-substituted 4H-benzo[h]chromenes and 7H-
benzo[h]chromeno[2,3–d] pyrimidines were prepared by
Alblewi et al. (2019b) and assessed their in-vitro anticancer
activity. As a result, compounds 30 and 31 (IC50 value 0.45
and 3.8µg/mL, respectively) showed 13.6 and 1.6 times
more cytotoxicity than vinblastine (IC50 6.1µg/mL), though
compound 30 has the similar activity as doxorubicin, with
an IC50 value of 0.4µg/mL against MCF-7. Moreover, overall
structural observation of 4H-benzo[h]chromenes showed that
presence of hydrophobic group likely -N=CHOEt, -NHCOMe,
and -N=CHNH2 at the second position with -CN-3 or presence
of pyrimidine motif with the hydrophobic group as Me-9 or
NH-8 at the second and third positions had a significant impact
for the enhancement of inhibitory activity toward the cancer
cell line than other substitution of this series. Additionally,
compounds 32, 33, and 30 showed the cancer cell arrest in the S
and G2/M-phases and also exhibited the inhibition of tumor cell
migration and invasion. All these compounds showed early and
late apoptosis after the exposure under Annexin V/PI double
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staining. Thus, an in-vitro study showed that compounds 32, 33,
and 30 had the potency to inhibit cancer, but in the respect of
in-vivo study, further investigations are required to clarify the
actual potency inside the systemic circulation (Alblewi et al.,
2019b).

Also, a series of newly 2-glyco-3-nitro-2H-chromenes were
synthesized Luque-Agudo et al. (2019) using oxo-Michael-
Henry-dehydration reactions and tested for their activity against
the cancer cell lines. Regarding cancer cell line inhibition,
compounds 34, 35, 36, and 39 [growth inhibitory 50% (GI50) 1.9,
1.7, 2.6, and 3.1µM, respectively] displayed goodGI50 against the
WiDr multidrug resistance cells. Improvement in the anticancer
potency was found with substitution of halogen or methoxy
group at the C-6 position of chromene scaffold. These findings
may be helpful to the future study involving the use of selective
target inhibition in cancer. Although the mixture of 35+38 and
36+37 has been identified as a potent inhibitor of the targeted
cell line, these compounds should be tested for their anticancer
potency over in-vivo cancer (Luque-Agudo et al., 2019).

Azo-sulfa fused chromone motifs were synthesized and tested
for anticancer activity and also inhibition of a class I histone
deacetylase (Okasha et al., 2019). As a result, all compounds in
this series showed remarkable cytotoxicity against the targeted
cancer cell lines. A significant and encouraging anticancer
activity was found to the compound 40, 41, with an IC50 value
of 1.8 and 1.7µM toward the MCF-7 and HepG-2 cell lines.
The compound 42 showed the inhibition in-vitro of both histone
deacetylase-1 and 2, while compound 43 exhibited effective
inhibition against histone deacetylase-1 over histone deacetylase
2 and 8. This series of molecules is still on the primary stage
of development; therefore, various structural modifications are
possible in azo-sulfa-fused chromone motifs to enhance the
potency of these molecules (Okasha et al., 2019).

By inspired the previously reported anticancer compounds
of a series of 4-aryl-4H-chromene (Knox et al., 2007), Carr
et al. (2020) synthesized a series of new compounds by the
addition of basic aryl ethers at the C-4 position and C-3
modified ester substitution in the benzopyran ring and tested
their desired effectiveness against estrogen receptor (ER) as
antagonists in MCF-7 tumor cell line (Carr et al., 2020). Among
them, compound 46 (IC50 2.65µM) was found to be the
potent anticancer agent compared to tamoxifen (IC50 4.12µM).
Regarding ER inhibition, it was observed that either substitution
of pyrrolidine, piperidine, or substitution of morpholine on the
chromenes motif led to improve binding potency with ERα.
The ethyl 44, methyl 45, and tert-butyl 46 esters of piperidine-
containing compounds were found to be more selective toward
ERα. The morpholine side-chain-contained compounds, the
ethyl ester 48, and the methyl ester 47 showed a high specificity
with ERα and ERβ, respectively. This observation proved the
authors’ assumption that the substitution of basic aryl ethers
or modified substitution with ether could help to enhance the
binding selectivity toward the ER. These molecules have a great
interest in the further study including the use of a selective ER
inhibition in-vivo study (Carr et al., 2020).

Two novel series of H-ch and 4H-benzo[h]chromenes
compounds were synthesized and tested for their anticancer
potency against the targeted HCT-116, MCF-7, and HepG-2

cancer cell lines (Afifi et al., 2017a). As a result, compounds
49, 50, 51, 52, 53, 54, and 55 were found to be active with an
IC50 value range from 0.3 to 3.78µg/mL. The azo-substituted
chromenes disappointed the assumption related to improving
anticancer activity toward HCT-116, MCF-7, and HepG-2 cell
lines except compound 55 of the same series. Additionally,
compounds 50 and 51 improved the caspase activity in the
targeted cell line. In acute toxicity studies, compound 51 was
ineffective to release the Lactate dehydrogenase at 100 µM
concentration. These molecules are still on the primary stage
of development; therefore, possible structural modification is
needed for the improvement of the potency of these molecules
(Afifi et al., 2017a).

Cationic organoiron complexes incorporating with
chromenes were designed and further synthesized via Steglich
esterification with nucleophilic substitution reaction for the
desired yield of targeted molecules. Additionally, these molecules
were tested to evaluate their effectiveness for anticancer
activities. As a result, compounds 56 and 57 (IC50 15.6 and
29.3µM) showed the remarkable cytotoxicity in the MCF-7 cell
line. Also, SAR studies in this series might be helpful to identify
the lead molecule from this series as an anticancer (Abd-El-Aziz
et al., 2020).

Fluorescent 5,7-dihydroxy-4-propyl-2H-chromen-2-ones
were synthesized and tested for their anticancer potency. This
series of compounds exhibited the considerable IC50 value in
the range 2.9 to 11.8µg/mL against HCT-116, HEPG-2, and
A-549 cell lines, but against MCF-7 cell line, compound 58

showed the remarkable inhibition with IC50 of 0.86µg/mL
compared to standard drug doxorubicin (Abd-El-Aziz et al.,
2016) (Figure 6). Due to a better potency of compound 58

toward the inhibition MCF-7 cell line, it might be considered
for future study to address the molecular mechanism of this
molecule for inhibiting cancer.

A series of novel heterocyclic incorporated 4H-benzo[h]
chromenes were designed and synthesized and evaluated for
their anticancer specific potency against targeted cancer cell
lines (Alblewi et al., 2019a). As a result, compounds 59 and
60 showed higher anticancer activity toward the all targeted
cancer cell lines with IC50 ranges of 0.7 to 3.0µg/mL and 0.8
to 1.4µg/mL, respectively. Further cell cycle phase distribution
studies revealed that compound 59 exhibited the cancer cell
arrest at the S and G1 phases in the MCF-7 and HepG-2 cells,
while both the S and G2/M phases were arrested in HCT-116
cell line. Compound 60 showed the cancer cell arrest at the G1
phase. Moreover, compounds 59 and 60 did not exhibit any
necrosis; therefore, cell death found primarily by the induction of
apoptosis. Apoptosis was induced because compounds 59 and 60
amplified the significant level of caspase3/7. These compounds
also significantly influenced on DNA fragmentation. Therefore,
compounds 59 and 60 trigger cell apoptosis by the activation
of caspse3/7 and executioner DNA fragmentation in cancer
cells. Additionally, these compounds also exhibited a substantial
reduction in cell invasion and cell migration parentage (Alblewi
et al., 2019a). These compounds are potent lead molecules for the
development of anticancer drug molecules.

Novel flavanones incorporated with chromenes were
synthesized by the one-step multicomponent reactions, and
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FIGURE 6 | Potent 2H/4H-ch analogs for significant anticancer activities.

their anticancer activities were estimated against the HCT-116,
HepG-2, A-549, and MCF-7 cell lines. Among them, compound
61 exhibited remarkable potency toward all targeted cell lines

in the range of IC50 1.08–2.42µg/mL. It is needed to discover
the action mechanism of molecule 61 and to develop an effective
lead molecule for the treatment of cancer (Assirey et al., 2020).
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The new series of benzo[h]chromenes was synthesized and
tested their anticancer activities. As a result, compounds 62 and
63 were found to be most actives against the targeted cell lines
with the IC50 values in the range 0.9µg/mL and 0.8–1.1µg/mL,
respectively. Interestingly, incorporation of hydrophobic groups
at the motif of chromene fused by pyrimidine ring with 2,3-
positions and lipophilic introduction is more appropriate to this
series of compounds to enhance the anticancer potency (Okasha
et al., 2017).

Anticonvulsant Activity
Two 2H-ch-containing hydrazones were synthesized and tested
for their anticonvulsant potency and neurotoxicity followed
by maximal electroshock-induced seizure (MES) tests and
subcutaneous pentylenetetrazol (scPTZ) in ICR mice. These
molecules exhibited dose-dependent protection and a tendency
to alleviate the mortality in the MES test, but they were less
effective than phenytoin. Compound 64 offered strong protection
against the MES test, suggesting its ability to inhibit the seizure
spread, while compound 65 showed higher anticonvulsant
activity in the scPTZ test. Both compounds manifested minor
neurotoxicity in their highest administered dose of 300 mg/kg
(Angelova et al., 2016).

A new series of the 3-(5-pheny-1,3,4-oxadiazol-2-yl)-2H-
chromen-2-ones were synthesized by (Sudha et al., 2018) and
evaluated their potency against convulsant using MES and
scPTZ. Among them, compound 66 exhibited highly significant
activity in both assigned models (Sudha et al., 2018).

Antimicrobial Activity
2-cyano-4-oxo-3-phenyl-3,4-dihydro-2H-furo[3,2-c]chromene-
2-carboxylates were synthesized using a one-pot multi-
component reaction strategy. The in-vitro antimicrobial potency
of these compounds was carried out against different Gram-
negative and positive bacterial strains. As a result, compound
67 had promising activity against Klebsiella planticola MTCC
530 and Micrococcus luteus MTCC 2470 bacterial strains. On
the other hand, compound 68 exhibited excellent activity
against Bacillus subtilis MTCC 121, Escherichia coli MTCC 739,
Micrococcus luteusMTCC 2470, and Klebsiella planticolaMTCC
530, and showed reasonable potency toward Candida albicans
MTCC 3017 and Staphylococcus aureus MTCC 96 compared to
Ciprofloxacin (Kale et al., 2016).

In another study, a series of indolyl-4H-chromene-phenyl
prop-2-en-1-one derivatives were prepared by Subbareddy
et al. (2018) via regioselective nucleophilic substitution. They
evaluated theirs in-vitro effective against Gram-negative bacteria
(E. coli and Klebsiella) and Gram-positive (B. subtilis and S.
aureus) bacterial by using an agar method. Among them,
molecules 69 and 70 exhibited significant antibacterial activity
(both MIC 9.3µg/mL) against S. aureus compared to the
standard drug (Subbareddy et al., 2018).

A well-organized one pot three-component reaction for
the synthesis of 2-amino-4H-chromenes were employed by
Aminkhani et al. (2019) by using a range of aromatic
aldehydes, orcinol, and malononitrile at 25◦C in CH2Cl2
with a catalytic amount of triethylamine. They performed

antimicrobial screening against Gram-positive bacteria including
Bacillus anthracis and S. aureus, using a disk method, minimum
inhibitory, and bactericidal concentrations approach. Among
them, some of the compounds synthesized showed potent
antibacterial activities (i.e., 71a, 71b, 71c, 71d, and 71e)
toward Gram-positive bacteria, such as B. anthracis, Enterococcus
faecalis, and S. aureus, and Gram-negative bacteria, such as
Pseudomonas aeruginosa, Salmonella paratyphi B, and E. coli. All
compounds tested slowed down the growth of S. aureus and B.
anthracis but did not affect E. faecalis and Gram-negative bacteria
(Aminkhani et al., 2019).

1H-1,2,3-triazole-tethered-4H-chromene-containing D-
glucose conjugates were synthesized by using propargyl ethers
and tetra-O-acetyl-b-D-glucopyranosylazide. These molecules
were evaluated for in-vitro activity against microorganisms
such as B. subtilis, S. aureus, and S. epidermidis. Among them,
compounds 72a, 72b, 72c, 72d, and 72e showed MIC values
in the inhibition range of 1.56 to 6.25µM. Compounds 72e

(MIC 1.56µM), (72c) (MIC 3.12µM), and 72d (MIC 6.25µM)
were better effectiveness against B. subtilis, and compounds 72a,
72d, 72e exhibited considerable antimicrobial potency toward S.
aureus with MIC ranges of 6.25, 3.12, and 3.12µM, respectively.
Molecules 72f, 72g, 72h, and 72i showed the highest potency
toward S. epidermidis (MIC ranges of 3.12, 6.25, 1.56, and
3.12µM, separately). On the other hand, the aforementioned
triazoles showed similar inhibitory activity to ciprofloxacin but
less than vancomycin, except for 72f, 72d, 72e (MICs 1.56µM)
(Thanh et al., 2019).

By using multicomponent reactions, two novel series of H-
ch and 4H-benzo[h]chromenes compounds were synthesized
and tested for their antibacterial and antifungal activities (Afifi
et al., 2017a). As a result, compounds 73a and 73b showed the
remarkable inhibition toward the targeted Gram-positive and
fungi with MIC range 0.007 to 0.49µg/mL and zone inhibition
range 18 to 30mm. On the other side, compounds 74a and 74b

exhibited higher activity against the Gram-positive and fungi
with a range of zone inhibition 10–23mm. Compounds 75a, 75b,
75c, and 75d showed the higher MIC value against the Gram-
positive in the range 0.06 to 0.49µg/mL and antifungal activity
with range 0.49 to 1.95µg/mL (Afifi et al., 2017a). Furthermore,
SAR studies of these series should be continued to identify the
lead molecule for future drug development.

The synthesized cationic organoiron complexes incorporated
with chromenes were tested for their antimicrobial activities
(methicillin-resistant S. aureus, vancomycin-resistant
Enterococcus faecium and S. warnerii). As a result, compounds
76 (IC50 2.40 and 2.04µM) exhibited considerable inhibition
against S. aureus and S. warnerii, while compound 57 (IC50

2.12µM) showed the remarkable inhibition against E. faecium
(Abd-El-Aziz et al., 2020).

Fluorescent 5,7-dihydroxy-4-propyl-2H-chromen-2-ones
were tested for the antimicrobial activities by serial dilution
method (Abd-El-Aziz et al., 2016). As a result, compounds 77a
and 77b of this series showed the considerable zone inhibition
against both Gram-positive and negative bacteria and also
showed effective inhibition against the fungi. The MIC was
further investigated where compounds 77b and 77c were found
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to be active against both Gram-positive and negative bacteria and
also effective against fungi with MIC values in the range 0.49 to
3.9 and 1.95 to 31.25µg/mL, respectively. A molecular docking
study revealed the binding interaction of targeted molecules with
topoisomerase II DNA gyrase B binding pocket. Interestingly,
SAR of this series of compounds showed that substitution
of the electron-withdrawing group on the targeted molecule
contributes improvement of antimicrobial activities, particularly
against Gram-negative bacteria (Abd-El-Aziz et al., 2016).

Benzochromenes bearing aryl azo scaffolds were synthesized
and tested their specific activity against the microorganisms.
As a result, compound 78 showed considerable activity against
the P. aeruginosa and E. coli, while compound 79 showed
the remarkable antibacterial activity against the Gram-positive
bacteria. Moreover, compound 80 showed the remarkable
inhibition against the fungi compared to the reference drug.
Future study is needed to address the SAR of this series
of molecules to develop effective lead molecules for the
discovery and development of chromenes containing drugs for
antibacterial activities (Afifi et al., 2019).

Antiacetylcholinesterase Activity
A novel series of chromene derivatives linked to the
1,2,3-triazole motif were synthesized and tested for their
antiacetylcholinesterase potency. As a result, compound 81

exhibited better antiacetylcholinesterase activity with IC50

of 15.42µM. Moreover, this compound also showed the
neuroprotective effect against hydrogen-peroxide-induced cell
death model in the PC12 cells. Through kinetic and molecular
docking studies, authors established the dual π-π binding
between a drug molecule and both the peripheral anionic site
and the catalytic active site of acetylcholinesterase (Saeedi et al.,
2017). These findings supported that compound 81 is an effective
molecule to inhibit the acetylcholinesterase.

Antihyperglycemic Activity
Arylchromenes as naturally occurring flavonoids analogs were
reported with the outstanding inhibitory potential of α-
glucosidase (Figure 7). As a result, that the 2-aryl-4H-chromene
core 82 retained its pharmacophoric properties while being
readily available synthetically. They also concluded that a lead
compound identified by screening of all the derivatives inhibited
the α-glucosidase enzyme yeast (IC50 62.26µM) and prevented
the postprandial hyperglycemia (Spasov et al., 2019).

A series of the seventh position substituted hydroxy-4-methyl-
2-oxo-2H-chromene-8-carbaldehyde oxime (7-oxime)molecules
were reported and evaluated for their in-silico inhibitory potency
via docking studies. As a result, compound 83 showed a better
binding affinity with both human α-amylase and α-glucosidase.
However, the aforementioned compound could be utilized as an
additional molecule for the diabetes pre-management (Ghazvini
et al., 2018).

Monoamine Oxidase Inhibitors
A newly series of 3-(E)-styryl-2H-chromenes were synthesized
and screened them against the MAO A and B. None of the
tested compounds showed inhibitory activity against MAO-A

at 10µM. In contrast, most of the compounds in the series
had strong inhibitory potential particularly against MAO-B at
the same concentration. Compound 84 bearing fluorine at the
position R3, exhibited most promising potency (IC50 10 nM) and
was 22-fold extra effective than the positive control, pargyline.
They claimed that this was the primary statement recognizing
3-(E)-styryl-2H-ch as selective and effective MAO-B inhibitors
and suggested that the 3-(E)-styryl-2H-chromene scaffold could
be an advantageous molecule for the developing of newly MAO
inhibitors (Takao et al., 2018).

In another study, Takao et al. (2019) designed and synthesized
the substituted-4H-chromen-4-one derivatives and tested their
specific activity toward the inhibition of MAOs (Takao et al.,
2019). As a result, compounds 85a and 85b exhibited a
higher inhibition against the MAO-A compared to pargyline
as a standard drug. Interestingly, compound 86 showed more
specific higher inhibition of MAO-B, with an IC50 value of
0.0026µM. From these outcomes, it was concluded that methoxy
substitution at R1 position on the ring A of flavonoids was
responsible to increase the MAO-A selective inhibition, while
methoxy group at R2 position was responsible to increase
the MAO-B selective inhibition. This series of compounds are
needed for more substitution to prove the potent lead for design
effective MAOs inhibitors (Takao et al., 2019).

Antituberculosis Activity
Inspired by the crystal structure of polyketide synthase (pks13)
inhibitor TAM16, the morphing scaffold was incorporated to
design and synthesize a series of 4H-chromen-4-one derivatives
and tested their specific potency toward the inhibition of
tuberculosis (Zhao et al., 2020). As a result, compound 87a

exhibited higher activity with MIC of 0.55µg/mL, while
compound 87b also so remarkable effect against the M.
tuberculosis H37Rv (drug-resistant of stains). In contrast, ring-
opened diethylamine and dimethylamine compounds 87c and
87d disappointed because they did not show any activity.
The cell toxicities study of compounds 87b and 87a were
tested and selectivity index values were also calculated using
the ratio of IC50/MIC, where compound 87d showed the
low toxicity and high selectivity index values. Interestingly,
compound 87a showed the remarkable pharmacokinetic profile
with maximum plasma concertation, when it was administered
orally. Compound 87a was found to be moderately active in
vivo. Further modification in the structure of 87a is required for
the development of an effective molecule for the treatment of
tuberculosis (Zhao et al., 2020).

Formyl Peptide Receptor 1 (FPR1)
Antagonist Activity
Inspired by a significant role of formyl peptide receptors in
the regulation of inflammatory reactions in various diseases
(Migeotte et al., 2006), 96 chromene analogs were tested to their
specific FPR-1 antagonist activity and also reported inhibition
of fMLF-induced intracellular Ca2+ mobilization in FPR1-HL60
cells. Compound 88 was found to be the most potent antagonist
practically for FPR1- receptor (binding affinity Ki 100 nM)
(Schepetkin et al., 2014).
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FIGURE 7 | Potent 2H/4H-ch derivatives possess various significant biological activities.
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Miscellaneous Biological Activities
New amino-acid-containing conjugates of chromene-3-
imidazoles, corresponding to natural isoflavonoids were reported
(Figure 7). The author further evaluated these compounds for
their in-vitro aldehyde reductase 2 (ALR2) inhibitory activities.
All compounds of this series showed considerable activity with
IC50 values 0.03± 0.08 to 4.2± 0.55µM. Compound 89 showed
the best inhibitory activity with a highly selective index against
ALR1, which reduced blood glucose concentration and showed
the development of cataract in a dose-dependent way (Gopinath
et al., 2016).

New azo-group-containing 3-acetyl-2H-chromenes and 2H-
chromene-3-carboxylate were prepared using the Knoevenagal
condensation in the presence of active methylene with aromatic
5-arylazosalicylaldehydes. All these compounds were evaluated
for their antioxidant activities by using hydroxyl, DPPH
(2,2-diphenyl-1-picryl-hydrazyl-hydrate), and ABTS free-radical
scavenging methods. Compound 90 substituted with the OCH3

group in the aryl azo molecule, showing the radical scavenging
activity in the DPPH assay because e− donating capability
of –OCH3 group initiates phenyl ring activation. In addition,
compound 91 showed superior hydroxyl scavenging activity,
while compound 92 possessed a greater ABTS radical scavenging
activity (Sivaguru et al., 2016).

STRUCTURE-ACTIVITY RELATIONSHIP
(SAR) OF 2H/4H-CHROMENES

2H/4H-ch derivatives possess a wide-ranging spectrum of
biological activities and are used extensively in medicine. The
privileged literature shows that these heterocyclic rings had been
broadly explored by modifying their structure in several ways
either by coupling the 2H/4H-Ch ring with other heterocyclic
scaffolds or by introducing diverse functional groups at different
positions and evaluating their desired pharmacological activities.
These structural conformational changes have discussed.

Substituted 4H-ch, SAR was reported that the substitution
of p-nitro, p-Cl at the R position, and p-Cl and 4-Br R1
position on the basic backbone of the 4H-ch ring showed the
effectiveness of compounds 93 and 94 toward anticancer activity
(Figure 8A). Reasonable potency toward HT-29 human cancer
cells was observed when the substitution was changed by the
replacement of p-nitro with p-Cl or p- methoxy or p-amino-
methyl at the R position and an electron-withdrawing group of p-
Cl at R1. Compounds 95 and 96 had moderate anticancer effects
because they contained 4-N(CH3)2,4,3-dimethoxy substitutions
at the R position of the parent molecule and with p-Bromo
substitution at the R1 position. The introduction of the electron-
withdrawing (p-Cl) at the position R, while para-substitution
electron-withdrawing (p-Br) at the R1 position had a promising
anticancer effect. On the other hand, the substitution of –OH as
a hydrophilic group at the R position and an e−-withdrawing
substituent at the position R1 resulted in enhanced the anticancer
activity. Consequently, the substitution of electron-withdrawing
groups, for example, p-NO2 and p-Cl at R and p-Cl and p-Br at
the R1 position, led to an improvement in the antiproliferative

potency. This means that Br and -Cl atoms have a larger size and
lower lipophilicity, which helps cause stronger interactions with
the anticancer targets (Figure 8A) (Chauhan et al., 2020).

The SAR of the 4H ch derivatives was reported with their
cytotoxic effect after some structural modifications. According
to the prediction of SAR, the substitution of propargyl at both
the third and fourth positions on the main motif of 4H-ch
was important, a 5- to 20-fold loss of cytotoxicity was observed
when the propargyl group was replaced with either ethyl or a
propyl group (Figure 8B). The substituted aryl group of the 3′,
4′, and 5′ of the sixth structure positions of chromene can only
accept minor substitutions, such as methylamino or methoxy
groups. Inspired by these above SAR, features of chromene helps
to optimize and improve the drug properties of chromenes,
which may assist in future translational improvement. Besides,
conformational flexible substitution at the sixth position of
the 4H-ch, while ester group at the fourth positions were
significant for its cytotoxicity concerning cellular selectivity
and cytotoxicity against a multi-drug cancer-resistant cell line,
namely as HL60/MX2. Even novel analogs were safe compared
to the previous lead molecule, afford more support that the 4H-
ch had a potential core motif to the development effective drug
molecule against drug-resistant cancer therapy and delivered
further evidence for future drug optimization (Puppala et al.,
2016).

The SAR features of a series of 1H-1,2,3-triazole containing
tethered 4H-chromene-D-glucose conjugates by the alteration
of the group at R position were reported with in-vitro potency
against the microorganisms such as B. subtilis, S. aureus, and S.
epidermidis (Figure 9A). The SAR result revealed the following
significant point, such as (1) substitution with an electron-
withdrawing group at the position of R in benzene increased
the potency against the Gram-positive such as B. subtilis except
for a nitro group; (2) substitution with an electron-donating
group at the R position, such as alkyl (isopropyl, methyl) and
dimethylamino group, reduced the microbial potency toward
Gram-positive/negative bacteria; and (3) increasing the number
of methoxy groups at the R position resulted in decreased Gram-
negative antibacterial activity and increased Gram-positive
antibacterial activity (Thanh et al., 2019).

SAR features of 4H-chromen-4-one analogs were reported by
Zhao et al. (2020) for the antituberculosis activity that the second,
third, and fifth positions of chromene motif were important
for antituberculosis activity. Therefore, 4-hydroxyphenyl was
more important than the unsubstituted phenyl at the second
position, resulting in improving antituberculosis activity
(Figure 9B). While the substitution of hydrogen group at third
position exhibited the antituberculosis activity, the replacement
of hydrogen with other substitution showed reduction in
antituberculosis activity. Importantly, the introduction of
cyclic second amine at the fifth position was significant for
antituberculosis activity and helps to increase the antagonist
potency of chromenes (Zhao et al., 2020).

The SAR of 3-(Benzimidazol-2-yl)-4H-chromen-4-one
analogs was reported that the second and seventh positions
of chromene motif are important; therefore, CH3/CF3 (small
hydrophobic) at the second position, resulting in showing better
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FIGURE 8 | SAR features: (A) substituted N-(6-chloro-3-cyano-4-phenyl-4H-chromen-2-yl)-2-(4-chloro-phenoxy)-acetamides, (B) 4H-chromene-3-carboxylate

analogs.

EPR1 inhibitory activity (Figure 9C). The seventh position
tolerated a wide-range modification and incorporated for
improving EPR1 antagonist potency of chromenes (Schepetkin
et al., 2014).

A series of new 2-glyco-3-nitro-2H-chromenes for anticancer
activity were reported by Luque-Agudo et al. (2019). The

SAR of these series of compounds were constructed that
2H ch was an important motif for the development of
anticancer lead molecule (Figure 9D). The racemization at
the second position either the substitution of d-galacto-
(CHOAc)4-CH2OAc or d-galacto-(CHOAc)4-CH2OAc, showed
considerable anticancer activity. The sixth position of chromene
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FIGURE 9 | SAR features (A) 1H-1,2,3-triazole containing tethered 4H-chromene-D-glucose conjugates, (B) 4H-chromen-4-one analogs, (C)

3-(Benzimidazol-2-yl)-4H-chromen-4-one analogs, and (D) 2-glyco-3-nitro-2H-ch.
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was also important for a wide range of substitution likely
methoxy and halogens, improving to anticancer potency
of molecules. On the other hand, replacing hydrogen at
the eighth position exhibited loss of anticancer activity
(Luque-Agudo et al., 2019).

CONCLUSION

Chromenes are an important class of heterocyclic compounds
with several promising biological profiles, including anticancer,
antimicrobial, antihyperglycemic, anticonvulsant, antitubercular,
EPR1 antagonist, MAO inhibitor, and anticholinesterase. In
particular, the 2H/4H-ch ring has been used as a template
for designing new scaffolds, which have potential use in
antitumor molecule discovery and other biological activities.
Several methods of synthesis for the preparation of a 2H/4H-
ch ring and its derivatives are available, such as microwave
irradiation, one-pot synthesis, metal catalyst assisted, solvent-
free synthesis, and other environmentally friendly methods.
Knoevenagel condensation, aldol condensation, and Michael
addition synthetic strategies are most commonly employed for
the synthesis of 4H-ch analogs because of the ready availability of
starting materials and as they produce a higher yield of product
through one-pot multicomponent synthesis, while Witting-
Horner-Emmons and Suzuki-Miyaura cross-coupling pallado- or
rhodium-catalyzed synthesis are used for 2H-ch analogs. The
various designing strategies and SAR studies of 2H/4H-ch are
represented in this current review, demonstrating the useful
structure features for medicinal chemists looking for appropriate
substitutions by designing the effective chromene molecules of
interest. According to the summary of SAR, a wide variety of C3-
ester substitution and C4 benzopyran with modified arty ether at
chromenes are more favorable for the antagonist activity toward
the ER, particularly for ERα in cancer. Importantly, substituted
fourth position with lipophilic electron-withdrawing of 4H-
benzo[h]chromenes are incorporated with halogen-substituted
benzene, produce significant anticancer activity and selectivity
toward c-Src kinase inhibition. Besides, the halogen or methoxy
group at the C-6 position of the 2H-ch scaffold is essential for
the anticancer activity. The modifications at the C-4 and C-6
positions of chromenes are crucial for inducing the effectiveness
by the inhibition of Sarco/endoplasmic reticulum calcium-
ATPase (SERCA) through a distinctive binding interface and
altering the SERCA stimulation in cells. Additionally, the CN
group at the third position and aromatic substitution at the fourth
position of chromene motif as well as lipophilic functional group
at the sixth position of chromene are important for anticancer
activity, enhancing to the cell apoptosis via activation of caspases
and arresting the cell cycle phase. Similar substitution patterns
of chromenes are reported for potent antimicrobial activities
in privileged literature, but the underlying mechanism of these
analogs to inhibit microorganism remains unexplored; therefore,
it needs to be further investigated. These structural modifications
are also helpful for rational design and the development of several
chromene molecules for various targeted biological activities in a
diverse way.

FUTURE PERSPECTIVE

The effectiveness and potency of chromene analogs toward
various tumor cells showed that these molecules should be
established as a significant drug candidate for the treatment of
various cancers. Chromenes have the potency for inhibiting the
polymerization of tubulin by the binding at or nearby to the
colchicine binding pocket in the cancer cell and has enormous
significance in tumor research. Nevertheless, the experimental
effectiveness of tubulin inhibitors is now obstructed by drug-
mediated resistance through the overexpression of the efflux
pumps of the membrane, that is, the permeability glycoprotein
(Pgp). Pgp is a member of a superior family of ABC proteins
and is encoded by the MDR1 gene in humans. A decrease in the
intracellular concentration of transported substrates mediated
via MDR proteins is the foremost factor in the failure of cancer
chemotherapy. Despite this, chromenes have the potency to
inhibit the SERCA and alter its expression in cancer cells,
resulting to improve effectiveness for the treatment of multi-
drug-resistant cancer cells. Due to all above these potential
activities of chromenes, they have opened new endeavor for
the discovery and development of potent chromenes drug
molecules for desire biological activities. Even various chromenes
have been reported with biological activities, there remains
probably a gap for the perfection of efficacy and selectivity.
This may be effectively achieved via (a) modification or
ring fusion of chromene with other heterocyclic motifs, (b)
generating stereospecific center in chromene by stereoselective
synthesis, (c) by investigating the gene expression effect of
chromenes in cancer or microbial studies, and (d) conjugated
with desired metals or carbohydrates for triggering cell apoptosis
due to limited accumulation in cells. Another problem with
chromenes is limited solubility in the aqueous phase, which
restricts their clinical development. For the enhancement of
solubility, chromenes may be substituted either hydrophobic
groups or incorporated in the form of a prodrug. Moreover,
co-crystallization, nanoparticle, or other pharmaceutical doses
may also be helpful to enhance the solubility of chromenes.
Hence, drug research in the future should continue to discover
newly chromene-containing potent antitumor drug candidates
with dual molecular mechanisms, which would attract immense
attention in drug discovery as well as afford new therapeutic
choices for the cancer treatment.
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Thiazolidinone-Containing
Quinoxaline-1,4-di-N-oxides as
Antimycobacterial and Antifungal
Agents

Heying Zhang 1,2, Jie Zhang 1,2, Wei Qu 1, Shuyu Xie 2, Lingli Huang 1,2, Dongmei Chen 1,

Yanfei Tao 1, Zhenli Liu 1,2, Yuanhu Pan 1,2* and Zonghui Yuan 1,2*

1National Reference Laboratory of Veterinary Drug Residues, MOA Key Laboratory for Detection of Veterinary Drug

Residues, Huazhong Agricultural University, Wuhan, China, 2MOA Laboratory for Risk Assessment of Quality and Safety of

Livestock and Poultry Products, Huazhong Agricultural University, Wuhan, China

Tuberculosis and fungal infections can pose serious threats to human health. In order

to find novel antimicrobial agents, 26 novel quinoxaline-1,4-di-N-oxides containing

a thiazolidinone moiety were designed and synthesized, and their antimycobacterial

activities were evaluated. Among them, compounds 2t, 2u, 2y, and 2z displayed the

most potent antimycobacterial activity againstMycobacterium tuberculosis strain H37Rv

(minimal inhibitory concentration [MIC] = 1.56µg/mL). The antifungal activity of all the

compounds was also evaluated againstCandida albicans,Candida tropicalis, Aspergillus

fumigatus, and Cryptococcus neoformans. Compounds 2t, 2u, 2y, and 2z exhibited

potential antifungal activities, with an MIC between 2 and 4µg/mL. Comparative

molecular field analysis (CoMFA: q2 = 0.914, r2 = 0.967) and comparative molecular

similarity index analysis (CoMSIA: q2 = 0.918, r2 = 0.968) models were established to

investigate the structure and antimycobacterial activity relationship. The results of contour

maps revealed that electronegative and sterically bulky substituents play an important

role in the antimycobacterial activity. Electronegative and sterically bulky substituents are

preferred at the C7 position of the quinoxaline ring and the C4 position of the phenyl

group to increase the antimycobacterial activity. Additionally, more hydrogen bond donor

substituents should be considered at the C2 side chain of the quinoxaline ring to improve

the activity.

Keywords: quinoxaline-1,4-di-N-oxides, thiazolidinone, antimycobacterial, antifungal, CoMFA, CoMSIA

INTRODUCTION

Tuberculosis (TB) is a highly dreaded contagious and worrisome disease caused byMycobacterium
tuberculosis; it is the second leading cause of worldwide death among infectious diseases. Due to
its high infectivity and mortality, a third of the world population is affected (Shinnick et al., 1995;
Glaziou et al., 2009, 2018). Similarly, the incidence of fungal infections has gradually increased
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over the past two decades and poses a serious threat to human
health (Brown et al., 2012; Castelli et al., 2014; Zhao et al.,
2017). However, due to the irrational and even abusive use
of antimicrobial agents, there has been a rapid emergence of
bacterial resistance and the spread and promotion of pathogenic
microorganisms. These phenomena highlight the need for the
development of novel antimicrobial agents (Wise, 2011).

Quinoxaline-1,4-di-N-oxides are a class of compounds that
possess very interesting biological properties (Carta et al., 2006;
Gonzalez and Cerecetto, 2012), such as antibacterial (Ishikawa
et al., 2013), anticancer (Mielcke et al., 2012; Rajule et al.,
2012), antiviral (Wilhelmsson et al., 2008), antimycobacterial
(Wilhelmsson et al., 2008; Ancizu et al., 2010; Keri et al., 2018),
and antifungal (Tandon et al., 2006) actions. Villar et al. explored
quinoxaline-1,4-di-N-oxides as antimycobacterial agents. Some
of the reported compounds displayed good antimycobacterial
activity against resistant strains; 3-methyl-2-(2′-methylphenyl
aminocarbonyl)-quinoxaline-1,4-di-N-oxide exhibited the most
potent antimycobacterial activity against an isoniazid-resistant
strain (Villar et al., 2008). Similarly, other authors have reported
antimycobacterial activity for quinoxaline-2-carboxylate
and quinoxaline-2-carbonitrile derivatives. The compound
7-methyl-3-(4′-fluoro)phenylquinoxaline-2-carbonitrile-1,4-
di-N-oxide showed good antimycobacterial activity against
M. tuberculosis (Mtb) strain H37Rv (minimal inhibitory
concentration [MIC] < 0.2µg/mL and selectivity index [SI] >

500) (Ortega et al., 2001; Vicente et al., 2009). Further, using
molecular hybridization, a group designed and prepared a series
of quinoxaline-1,4-di-N-oxides containing isoniazid (INH) and
quinoxaline-1,4-di-N-oxide derivatives and evaluated their in
vitro antimycobacterial activity against Mtb strain H37Rv. Some
of the compounds displayed good antimycobacterial activity,
with median inhibitory concentration (IC50) values between 0.58
and 1.50µM (Torres et al., 2011).

Thiazolidinone derivatives also have wide biological activities
and pharmacological properties (Kaur et al., 2017). This
interesting core has received considerable attention for its myriad

FIGURE 1 | Hybridization design of quinoxaline-1,4-di-N-oxides containing a thiazolidinone moiety.

biological activities, such as antibacterial (Palekar et al., 2009;
Desai et al., 2013), antidiabetic (Hussain et al., 2019), antibiofilm
(Pan et al., 2010), anticancer (Liu et al., 2012), antifungal
(Dandia et al., 2006; Desai et al., 2013), anti-inflammatory
(Abdellatif et al., 2016), tyrosinase inhibitory (Ha et al., 2012),
cyclooxygenase-2 inhibitory (Abdellatif et al., 2016), and anti-
HIV (Rawal et al., 2005, 2007) properties. The investigation
of the biological activity of thiazolidinones has revealed that
substitution at different positions will produce distinct activities.

Therefore, the aforementioned compounds have inspired
us to attach substituted thiazolidinones to the C2 side
chain of the quinoxaline ring, and the combination of these
two specific structures in one molecule leads to interesting
antimycobacterial and antifungal activities. As a continuation
of our research program on quinoxaline-1,4-di-N-oxides with
antibacterial activity (Pan et al., 2016), here we report the
synthesis of novel quinoxaline-1,4-di-N-oxides with substituted
thiazolidinones attached to the C2 position of the quinoxaline
ring (Figure 1). We evaluated their antimycobacterial activities
against Mtb strain H37Rv and their antifungal activity against
Candida albicans, Candida tropicalis, Aspergillus fumigatus,
and Cryptococcus neoformans. Additionally, we preliminarily
described the structure–antimycobacterial activity relationships
(SAR) by 3D-QSAR models: comparative molecular field
analysis (CoMFA) and comparative molecular similarity index
analysis (CoMSIA).

MATERIALS AND METHODS

Chemicals and Drugs
All of the chemicals were commercially available and procured
from companies like Aldrich, Merck, and Aladdin. All reactants
and solvents were analytically pure and were used without
further purification. The starting compounds, 4-substituted-
2-nitroaniline (I), were purchased from Aladdin. All of the
positive control (rifampicin, amphotericin b, and ketoconazole)
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were purchased from the National Institutes of Food and
Drug Control.

Instruments
The nuclear magnetic resonance (NMR) spectra were measured
on a Bruker Biospin AV400 instrument at 400 MHz for
1H NMR spectra and 100 MHz for 13C NMR spectra, with
deuterated dimethylsulfoxide (DMSO-d6) as the solvent. The
high-resolution mass spectra were acquired with a Q-TOF mass
spectrometer (Impact II, Bruker). Thin-layer chromatography
(TLC) was performed on silica gel plates (silica gel GF254,
Qingdao Marine Chemical Plant, China) visualized at 254 nm.
The derivatives were purified by flash column chromatography in
silica gel (particle size 200–300mesh) to get the pure compounds.
3D-QSAR procedures were carried out using SYBYL-X 2.0
(Tripos, Inc.). A multimode reader (Infinite M200, Tecan) was
used to detect the cytotoxicity.

Chemistry
Quinoxaline-1,4-di-N-oxide derivatives were synthesized
according to Scheme 1. These compounds were prepared
by reaction of substituted-2-quinoxalinecarboxaldehyde-1,
4-di-N-oxide (IV) with 2-iminothiazolidin-4-one, thioglycollic

acid, or aromatic amine/cyclopropylamine in one or two
steps. Detailed reaction conditions are available in the
general procedures.

General Procedure for the Synthesis of

Substituted-Benzofuroxan (II)
To a stirred suspension of substituted-2-nitroaniline (I)

(0.05mol) in THF (75mL), sodium hydroxide (0.015mol, 0.6 g)
was added as the catalyst, followed by sodium hypochlorite
(240mL) at 0◦C. The reaction mixture was stirred at 0◦C for
2 h. The reaction mixture was diluted with water and extracted
with dichloromethane three times; subsequently, the combined
organic layer was washed with water. The organic layer was dried
over Na2SO4 and evaporated under reduced pressure to produce
a crude solid, substituted-benzofuroxan (II), that was pure
enough to proceed to the next steps without further purification
(Ortega et al., 2002; Zhao et al., 2016).

General Procedure for the Synthesis of

Substituted-2- (dimethoxymethyl)-quinoxaline-1,

4-di-N-oxide (III)
The pyruvic aldehyde dimethyl acetal (0.15mol, 17.7 g) was
added to a solution of the substituted-benzofuroxan (II) (0.1mol)

SCHEME 1 | Reagents and conditions: (i) THF, NaOH, NaClO, 0◦C, 2 h; (ii) DMF, THP, Pyruvic aldehyde dimethyl acetal, 45◦C, 24 h; (iii) HCl, 60◦C, 12 h; (iv)

2-iminothiazolidin-4-one, ethanol, ammonium acetate, glacial acetic acid, reflux, 24 h; (v) Toluene, thioglycollic acid, ammonium carbonate, reflux, 18 h; (vi) Methanol,

aromatic amine/cyclopropylamine, rt, 30min; (vii) Thioglycollic acid, toluene, 85◦C, reflux, 8 h.
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in DMF. Pyrrolidine (0.05mol, 3.6 g) was then added dropwise
as the catalyst, and the mixture was stirred at 45◦C for 24 h. The
reaction mixture was cooled and then poured into ice water, and
a yellow solid was obtained. The solid was washed by adding
freezer-cold EtOH to afford substituted-2- (dimethoxymethyl)
- quinoxaline-1, 4-di-N-oxide (III) (Haddadin and Issidorides,
1993; Zarranz et al., 2005).

General Procedure for the Synthesis of

Substituted-2-quinoxalinecarboxaldehyde-1,

4-di-N-oxide (IV)
The substituted-2- (dimethoxymethyl) -quinoxaline-1, 4-di-N-
oxide (III) (0.1mol) was dissolved in 6M HCl (150mL), and the
mixture was stirred at 60◦C for 12 h. The saturated NaHCO3

solution was then added drop by drop to adjust the pH value
of the reaction mixture to 7.5, after which the reaction mixture
was incubated at 4◦C for 2 h. A pale yellow solid was obtained,
filtered off, and washed by adding freezer-cold EtOH to afford
substituted-2-quinoxalinecarboxaldehyde-1, 4-di-N-oxide (IV).

General Procedure for the Synthesis of

2-iminothiazolidin-4-one (3)
A mixture of thiourea (0.05mol, 3.8 g), 2-chloroacetic acid
(0.05mol, 4.7 g), and glacial acetic acid (20ml) was refluxed
for 1 h. The white precipitate, 2-iminothiazolidin-4-one (3), was
collected and washed with methanol. It was pure enough to
proceed to the next steps without further purification (Ghareb
et al., 2017).

General Procedure for the Synthesis of

2-(2′-iminothiazolidin-4′-one)-quinoxaline-1,

4-di-N-oxide (V)
To a solution of 2-iminothiazolidin-4-one (3) (0.01mol,
1.2 g) in ethanol, equimolar amounts of substituted-2-
quinoxalinecarboxaldehyde-1, 4-di-N-oxide (IV), ammonium
acetate, and glacial acetic acid (5mL) were added. The resulting
mixture was refluxed for ∼24 h. Cooling the mixture to
room temperature provided the targeted compound 2-(2’-
iminothiazolidin-4’-one)-quinoxaline-1, 4-di-N-oxide (V),
which was then filtered, washed, dried, and recrystallized from
hot ethanol (Jadav et al., 2015).

General Procedure for the Synthesis of 2-

(4’(5H)-thiazolone)-quinoxaline-1, 4-di-N-oxide (VI)
A mixture of 2-quinoxalinecarboxaldehyde-1, 4-di-N-oxide (IV)
(0.01mol), thioglycollic acid (0.015mol, 1.4 g), and (NH4)2CO3

(0.05mol, 4.8 g) in 200mL toluene was heated under reflux for
12 h with stirring and collection of the generated water in a
water separator. The mixture was cooled, washed with water,
and evaporated under reduced pressure. The oily residue was
purified by silica gel column chromatography to get 2- (4’(5H)-
thiazolone)-quinoxaline-1, 4-di-N-oxide (VI) (El Nezhawy et al.,
2009).

General Procedure for the Synthesis of

Substituted-2-iminequinoxaline-1, 4-di-N-oxide (VII)
The substituted-2-quinoxalinecarboxaldehyde-1, 4-di-N-oxide
(IV) (0.01mol) was dissolved in methanol. Substituted-aromatic
amine/cyclopropylamine (0.015mol) was then added, and the
reaction mixture was stirred at 25◦C for 30min. A yellow solid
was obtained during the reaction process. The resulting yellow
precipitate was filtered off, washed with freezer-cold EtOH, and
dried. Affording the substituted-2-iminequinoxaline-1, 4-di-N-
oxide (VII).

General Procedure for the Synthesis of substituted-2-

(3′-substituted-4′(5H)-thiazolone)-quinoxaline-1,

4-di-N-oxide (VIII)
A solution of substituted-2-iminequinoxaline-1, 4-di-N-oxide
(VII) (0.01mol) in toluene was heated at 85◦C for 30min.
Thioglycollic acid (0.03mol, 2.8 g) was then added to the
solution, which was then refluxed for 8 h. Subsequently, the
reaction mixture was evaporated under reduced pressure.
Then, the crude product was purified by silica gel column
chromatography to obtain substituted-2- (3’-substituted-4’(5H)-
thiazolone)-quinoxaline-1, 4-di-N-oxide (VIII).

Product Characterization
2- (3′-phenyl-4′(5H)-thiazolidinone)-quinoxaline-1, 4-

di-N-oxide (2a)
Yellow crystals; yield: 55%; mp: 245–248

◦

C; 1HNMR (400 MHz)
δ 8.61 (s, 1H), 8.49 (dd, J = 8.4, 1.3Hz, 1H), 8.38 (dd, J = 8.4,
1.4Hz, 1H), 8.03–7.91 (m, 2H), 7.53 (d, J = 7.9Hz, 2H), 7.38 (t, J
= 7.9Hz, 2H), 7.23 (t, J = 7.4Hz, 1H), 6.83 (s, 1H), 4.14 (dd, J =
15.3, 1.4Hz, 1H), 3.84 (d, J = 15.3Hz, 1H); 13C NMR (100 MHz)
δ 171.66, 141.74, 138.23, 137.75, 137.54, 133.12, 132.64, 129.70,
127.46, 125.13, 120.28, 119.90, 57.85, 33.32; MS (ESI) m/z 340
[M+H]+. HR-MS (ESI): calculated for C17H13N3O3S [M+Na]+

362.0570; found: 362.0634.

2- (3′-P-methylphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2b)
Yellow crystals; yield: 43%; mp: 251–253◦C; 1HNMR (400 MHz)
δ 8.60 (s, 1H), 8.52–8.45 (m, 1H), 8.41–8.34 (m, 1H), 8.02–7.91
(m, 2H), 7.39 (d, J = 7.8Hz, 2H), 7.17 (d, J = 8.3Hz, 2H), 6.79
(s, 1H), 4.12 (dd, J = 15.2, 1.5Hz, 1H), 3.82 (d, J = 15.2Hz,
1H), 2.23 (s, 3H); 13C NMR (100 MHz) δ 171.55, 141.75, 138.23,
137.73, 136.95, 134.95, 133.12, 132.66, 130.16, 129.74, 125.07,
120.28, 119.90, 57.90, 33.34, 20.96; MS (ESI) m/z 354 [M+H]+.
HR-MS (ESI): calculated for C18H15N3O3S [M+Na]+ 376.0726;
found: 376.0735.

2- (3′-P-methoxyphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2c)
Yellow crystals; yield: 58%; mp: 255–257◦C; 1HNMR (400 MHz)
δ 8.63 (s, 1H), 8.49 (dd, J = 8.4, 1.3Hz, 1H), 8.41–8.36 (m,
1H), 8.03–7.90 (m, 2H), 7.40 (d, J = 7.4Hz, 2H), 6.94–6.87 (m,
2H), 6.74 (s, 1H), 4.10 (dd, J = 15.1, 1.6Hz, 1H), 3.81 (d, J =
15.2Hz, 1H), 3.70 (s, 3H); 13C NMR (100 MHz) δ 171.57, 158.37,
141.75, 138.25, 137.74, 133.13, 132.67, 130.10, 127.02, 120.30,
119.91, 114.86, 58.07, 55.69, 33.25; MS (ESI) m/z 370 [M+H]+.
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HR-MS (ESI): calculated for C18H15N3O4S [M+Na]+ 392.0675;
found: 392.0672.

2- (3′-P-fluorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2d)
Yellow crystals; yield: 51%; mp: 240–242◦C; 1HNMR (400 MHz)
δ 8.66 (s, 1H), 8.52–8.46 (m, 1H), 8.42–8.36 (m, 1H), 8.03–7.92
(m, 2H), 7.57 (dd, J = 8.1, 4.9Hz, 2H), 7.26–7.17 (m, 2H), 6.81 (s,
1H), 4.12 (dd, J = 15.3, 1.5Hz, 1H), 3.83 (d, J = 15.3Hz, 1H); 13C
NMR (100 MHz) δ 171.74, 162.02, 159.59, 141.59, 138.25, 137.81,
133.76, 133.73, 133.11, 132.65, 129.76, 127.74, 127.65, 120.30,
119.91, 116.63, 116.40, 57.92, 33.25; MS (ESI) m/z 358 [M+H]+.
HR-MS (ESI): calculated for C17H12FN3O3S [M+Na]+ 380.0476;
found: 380.0490.

2- (3′-P-chlorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2e)
Yellow crystals; yield: 56%; mp: 249–252◦C; 1HNMR (400 MHz)
δ 8.63 (s, 1H), 8.52–8.45 (m, 1H), 8.43–8.34 (m, 1H), 8.03–7.91
(m, 2H), 7.58 (d, J = 8.8Hz, 2H), 7.48–7.38 (m, 2H), 6.84 (s,
1H), 4.12 (dd, J = 15.4, 1.4Hz, 1H), 3.84 (d, J = 15.4Hz, 1H);
13C NMR (100 MHz) δ 171.71, 141.59, 138.25, 137.83, 136.40,
133.10, 132.65, 131.54, 129.64, 126.82, 120.31, 119.91, 57.58,
33.24; MS (ESI) m/z 374 [M+H]+. HR-MS (ESI): calculated for
C17H12ClN3O3S [M+Na]+ 396.0180; found: 396.0153.

2- (3′-cyclopropyl-4′(5H)-thiazolidinone)-quinoxaline-

1, 4-di-N-oxide (2f)
Yellow crystals; yield: 48%; mp: 249–252◦C; 1HNMR (400 MHz)
δ 8.64 (s, 1H), 8.54–8.42 (m, 2H), 8.06–7.93 (m, 2H), 6.01 (d, J =
1.5Hz, 1H), 3.90 (dd, J = 15.1, 1.3Hz, 1H), 3.60 (d, J = 15.1Hz,
1H), 2.46 (s, 1H), 0.88–0.66 (m, 3H), 0.62–0.47 (m, 1H); 13C
NMR (100 MHz) δ 173.44, 141.94, 138.48, 137.94, 133.00, 132.55,
129.84, 120.33, 119.94, 57.55, 33.47, 26.44, 8.01, 4.79; MS (ESI)
m/z 304 [M+H]+. HR-MS (ESI): calculated for C14H13N3O3S
[M+H]+ 304.0750; found: 304.0731.

7-CH3-2- (3
′-phenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2g)
Yellow crystals; yield: 43%; mp: 255–257◦C; 1HNMR (400 MHz)
δ 8.57 (s, 1H), 8.36 (d, J = 8.8Hz, 1H), 8.17 (s, 1H), 7.80 (dd, J =
8.9, 1.7Hz, 1H), 7.51 (d, J = 7.8Hz, 2H), 7.37 (t, J = 7.9Hz, 2H),
7.22 (dd, J = 10.6, 4.2Hz, 1H), 6.81 (s, 1H), 4.13 (dd, J = 15.2,
1.4Hz, 1H), 3.83 (d, J = 15.3Hz, 1H), 2.54 (s, 3H); 13CNMR (100
MHz) δ 171.65, 143.73, 140.92, 137.55, 136.60, 134.82, 129.70,
127.48, 125.19, 119.67, 119.10, 57.82, 33.29, 21.63; MS (ESI)
m/z 354 [M+H]+. HR-MS (ESI): calculated for C18H15N3O3S
[M+Na]+ 376.0726; found: 376.0777.

7-CH3-2- (3
′-P-methylphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2h)
Yellow crystals; yield: 47%; mp: 257–259◦C; 1HNMR (400 MHz)
δ 8.56 (s, 1H), 8.36 (d, J = 8.8Hz, 1H), 8.17 (s, 1H), 7.80 (dd,
J = 9.0, 1.7Hz, 1H), 7.37 (d, J = 7.4Hz, 2H), 7.16 (d, J =

8.3Hz, 2H), 6.77 (s, 1H), 4.11 (dd, J = 15.2, 1.4Hz, 1H), 3.81
(d, J = 15.2Hz, 1H), 2.54 (s, 3H), 2.22 (s, 3H); 13C NMR (100
MHz) δ 171.55, 143.74, 140.98, 137.53, 136.97, 136.60, 134.95,
134.82, 130.16, 129.81, 125.12, 119.67, 119.10, 57.93, 33.33, 21.63,

20.96; MS (ESI) m/z 368 [M+H]+. HR-MS (ESI): calculated for
C19H17N3O3S [M+H]+ 368.1063; found: 368.1035.

7-CH3-2- (3
′-P-methoxyphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2i)
Yellow crystals; yield: 42%; mp: 255–259◦C; 1HNMR (400 MHz)
δ 8.59 (s, 1H), 8.36 (d, J = 8.8Hz, 1H), 8.18 (s, 1H), 7.80
(dd, J = 8.9, 1.6Hz, 1H), 7.38 (d, J = 5.5Hz, 2H), 6.91 (d, J
= 9.0Hz, 2H), 6.72 (s, 1H), 4.10 (dd, J = 15.1, 1.4Hz, 1H),
3.80 (d, J = 15.1Hz, 1H), 3.69 (s, 3H), 2.55 (s, 3H); 13C NMR
(100 MHz) δ 171.57, 158.38, 143.74, 140.86, 137.53, 136.61,
134.81, 130.10, 127.06, 119.68, 119.11, 114.85, 58.18, 55.68, 33.32,
21.63; MS (ESI) m/z 384 [M+H]+. HR-MS (ESI): calculated for
C19H17N3O4S [M+H]+ 384.1013; found: 384.0952.

7-CH3-2- (3
′-P-fluorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2j)
Yellow crystals; yield: 48%; mp: 243–245◦C; 1HNMR (400 MHz)
δ 8.61 (s, 1H), 8.37 (d, J = 8.8Hz, 1H), 8.19 (s, 1H), 7.81 (dd, J
= 8.9, 1.6Hz, 1H), 7.54 (d, J = 7.6Hz, 2H), 7.25–7.17 (m, 2H),
6.78 (s, 1H), 4.10 (dd, J = 15.2, 1.4Hz, 1H), 3.82 (d, J = 15.3Hz,
1H), 2.56 (s, 3H); 13C NMR (100 MHz) δ 171.74, 162.04, 159.61,
143.76, 140.77, 137.62, 136.63, 134.84, 133.76, 133.74, 129.84,
127.79, 127.70, 119.70, 119.13, 116.64, 116.41, 57.91, 33.24,
21.64; MS (ESI) m/z 372 [M+H]+. HR-MS (ESI): calculated for
C18H14FN3O3S [M+H]+ 372.0813; found: 372.0784.

7-CH3-2- (3
′-P-chlorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2k)
Yellow crystals; yield: 52%; mp: 244–248◦C; 1HNMR (400 MHz)
δ 8.59 (s, 1H), 8.36 (d, J = 8.8Hz, 1H), 8.18 (s, 1H), 7.80 (dd,
J = 8.9, 1.7Hz, 1H), 7.57 (d, J = 8.7Hz, 2H), 7.46–7.40 (m,
2H), 6.83 (s, 1H), 4.12 (dd, J = 15.3, 1.4Hz, 1H), 3.83 (d, J =
15.3Hz, 1H), 2.55 (s, 3H); 13C NMR (100 MHz) δ 171.71, 143.73,
140.76, 137.61, 136.60, 136.40, 134.79, 131.57, 129.64, 126.87,
119.67, 119.11, 57.59, 33.27, 21.63; MS (ESI) m/z 388 [M+H]+.
HR-MS (ESI): calculated for C18H14ClN3O3S [M+H]+ 388.0517;
found: 388.0529.

7-OMe-2- (3′-phenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2l)
Yellow crystals; yield: 55%; mp: 254–258◦C; 1HNMR (400 MHz)
δ 8.60 (s, 1H), 8.40 (d, J = 9.5Hz, 1H), 7.68 (d, J = 2.7Hz, 1H),
7.59 (dd, J = 9.5, 2.8Hz, 1H), 7.48 (d, J = 7.8Hz, 2H), 7.36 (t,
J = 7.9Hz, 2H), 7.22 (t, J = 7.4Hz, 1H), 6.79 (s, 1H), 4.12 (dd,
J = 15.2, 1.5Hz, 1H), 3.96 (s, 3H), 3.82 (d, J = 15.2Hz, 1H);
13C NMR (100 MHz) δ 171.63, 162.58, 140.57, 139.16, 137.55,
133.27, 129.71, 127.51, 125.23, 124.58, 121.71, 99.37, 57.85, 57.00,
33.28; MS (ESI) m/z 370 [M+H]+. HR-MS (ESI): calculated for
C18H15N3O4S [M+Na]+ 392.0675; found: 392.0665.

7-OMe-2- (3′-P-methylphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2m)
Yellow crystals; yield: 53%; mp: 257–259◦C; 1HNMR (400 MHz)
δ 8.59 (s, 1H), 8.39 (d, J = 9.5Hz, 1H), 7.67 (d, J = 2.7Hz, 1H),
7.58 (dd, J = 9.5, 2.7Hz, 1H), 7.36 (d, J = 7.3Hz, 2H), 7.16 (d, J =
8.3Hz, 2H), 6.76 (s, 1H), 4.11 (dd, J = 15.2, 1.5Hz, 1H), 3.96 (s,
3H), 3.80 (d, J = 15.2Hz, 1H), 2.22 (s, 3H); 13C NMR (100 MHz)
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δ 171.52, 162.55, 139.61, 139.12, 136.96, 134.96, 133.50, 130.15,
125.14, 124.53, 121.68, 99.34, 57.84, 56.99, 33.36, 20.97; MS (ESI)
m/z 384 [M+H]+. HR-MS (ESI): calculated for C19H17N3O4S
[M+H]+ 384.1013; found: 384.1034.

7-OMe-2- (3′-P-methoxyphenyl-4′(5H)-

thiazolidinone)-quinoxaline-1, 4-di-N-oxide (2n)
Yellow crystals; yield: 49%; mp: 258–260◦C; 1HNMR (400 MHz)
δ 8.62 (s, 1H), 8.39 (d, J = 9.5Hz, 1H), 7.68 (d, J = 2.7Hz, 1H),
7.58 (dd, J = 9.5, 2.8Hz, 1H), 7.37 (d, J = 4.9Hz, 2H), 6.90 (d, J =
9.0Hz, 2H), 6.71 (s, 1H), 4.10 (dd, J = 15.1, 1.6Hz, 1H), 3.96 (s,
3H), 3.80 (d, J = 15.1Hz, 1H), 3.69 (s, 3H); 13C NMR (100 MHz)
δ 171.54, 162.54, 158.38, 139.68, 139.12, 133.52, 130.11, 127.06,
124.51, 121.68, 114.84, 99.34, 58.04, 56.98, 55.68, 33.30; MS (ESI)
m/z 400 [M+H]+. HR-MS (ESI): calculated for C19H17N3O5S
[M+H]+ 400.0962; found: 400.0915.

7-OMe-2- (3′-P-fluorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2o)
Yellow crystals; yield: 57%; mp: 255–257◦C; 1HNMR (400 MHz)
δ 8.64 (s, 1H), 8.39 (d, J = 9.5Hz, 1H), 7.69 (d, J = 2.7Hz, 1H),
7.59 (dd, J = 9.5, 2.8Hz, 1H), 7.52 (d, J = 4.7Hz, 2H), 7.25–7.16
(m, 2H), 6.77 (s, 1H), 4.10 (dd, J = 15.2, 1.5Hz, 1H), 3.96 (s, 3H),
3.82 (d, J = 15.2Hz, 1H); 13C NMR (100 MHz) δ 171.71, 162.56,
162.03, 159.60, 140.54, 139.20, 133.78, 133.75, 133.53, 130.33,
127.81, 127.72, 124.53, 121.70, 116.63, 116.40, 99.36, 57.90, 57.00,
31.16; MS (ESI) m/z 388 [M+H]+. HR-MS (ESI): calculated for
C18H14FN3O4S [M+H]+ 388.0762; found: 388.0764.

7-OMe-2- (3′-P-chlorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2p)
Yellow crystals; yield: 47%; mp: 253–256◦C; 1HNMR (400 MHz)
δ 8.62 (s, 1H), 8.39 (d, J = 9.5Hz, 1H), 7.68 (d, J = 2.7Hz, 1H),
7.61–7.51 (m, 3H), 7.46–7.39 (m, 2H), 6.82 (s, 1H), 4.12 (dd, J
= 15.3, 1.4Hz, 1H), 3.96 (s, 3H), 3.83 (d, J = 15.3Hz, 1H); 13C
NMR (100 MHz) δ 171.68, 162.55, 139.47, 139.21, 136.41, 133.51,
131.56, 130.14, 129.64, 126.89, 124.52, 121.68, 99.35, 57.55, 56.99,
33.29; MS (ESI) m/z 404 [M+H]+. HR-MS (ESI): calculated for
C18H14ClN3O4S [M+H]+ 404.0466; found: 404.0427.

7-F-2- (3′-phenyl-4′(5H)-thiazolidinone)-quinoxaline-

1, 4-di-N-oxide (2q)
Yellow crystals; yield: 44%; mp: 249–252◦C; 1HNMR (400 MHz)
δ 8.66 (s, 1H), 8.55 (dd, J = 9.5, 5.1Hz, 1H), 8.12 (dd, J =

8.9, 2.7Hz, 1H), 7.91 (ddd, J = 9.6, 7.9, 2.8Hz, 1H), 7.52 (d,
J = 7.9Hz, 2H), 7.38 (dd, J = 10.7, 5.1Hz, 2H), 7.26–7.18 (m,
1H), 6.81 (s, 1H), 4.12–4.09 (m, 1H), 3.83 (d, J = 15.3Hz, 1H);
13C NMR (100 MHz) δ 171.62, 165.15, 162.63, 141.46, 139.05,
138.94, 137.50, 135.65, 130.54, 129.70, 127.48, 125.18, 123.49,
123.39, 122.71, 122.45, 105.97, 105.69, 57.73, 33.28; MS (ESI)
m/z 358 [M+H]+. HR-MS (ESI): calculated for C17H12FN3O3S
[M+Na]+ 380.0476; found: 380.0487.

7-F-2- (3′-P-methylphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2r)
Yellow crystals; yield: 41%; mp: 249–251◦C; 1HNMR (400 MHz)
δ 8.65 (s, 1H), 8.55 (dd, J = 9.5, 5.1Hz, 1H), 8.13 (dd, J = 8.9,
2.7Hz, 1H), 7.91 (ddd, J = 9.6, 7.9, 2.8Hz, 1H), 7.38 (d, J =

7.8Hz, 2H), 7.17 (d, J = 8.2Hz, 2H), 6.77 (s, 1H), 4.10 (dd, J
= 15.2, 1.5Hz, 1H), 3.81 (d, J = 15.2Hz, 1H), 2.23 (s, 3H); 13C
NMR (100 MHz) δ 171.51, 165.15, 162.63, 141.48, 139.03, 138.92,
136.98, 135.66, 134.90, 130.60, 130.17, 125.12, 123.49, 123.39,
122.72, 122.46, 105.97, 105.69, 57.81, 33.32, 20.97; MS (ESI)
m/z 372 [M+H]+. HR-MS (ESI): calculated for C18H14FN3O3S
[M+H]+ 372.0813; found: 372.0789.

7-F-2- (3′-P-methoxyphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2s)
Yellow crystals; yield: 49%; mp: 251–253◦C; 1HNMR (400 MHz)
δ 8.69 (s, 1H), 8.55 (dd, J = 9.5, 5.1Hz, 1H), 8.13 (dd, J = 8.9,
2.7Hz, 1H), 7.91 (ddd, J = 9.6, 7.9, 2.8Hz, 1H), 7.45–7.34 (m,
2H), 6.95–6.86 (m, 2H), 6.73 (s, 1H), 4.09 (dd, J = 15.2, 1.6Hz,
1H), 3.80 (d, J = 15.2Hz, 1H), 3.70 (s, 3H); 13C NMR (100 MHz)
δ 171.52, 165.15, 162.63, 158.39, 141.55, 139.05, 138.93, 135.67,
130.73, 130.05, 127.06, 123.50, 123.40, 122.71, 122.45, 114.85,
105.98, 105.70, 58.04, 55.69, 33.28; MS (ESI) m/z 388 [M+H]+.
HR-MS (ESI): calculated for C18H14FN3O4S [M+H]+ 388.0762;
found: 388.0789.

7-F-2- (3′-P-fluorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2t)
Yellow crystals; yield: 53%; mp: 250–253◦C; 1HNMR (400 MHz)
δ 8.71 (s, 1H), 8.55 (dd, J = 9.5, 5.1Hz, 1H), 8.13 (dd, J = 8.9,
2.7Hz, 1H), 7.91 (ddd, J = 9.7, 8.0, 2.7Hz, 1H), 7.56 (dd, J =
8.1, 4.8Hz, 2H), 7.26–7.16 (m, 2H), 6.79 (s, 1H), 4.10 (dd, J
= 15.3, 1.5Hz, 1H), 3.83 (d, J = 15.3Hz, 1H); 13C NMR (100
MHz) δ 171.69, 165.15, 162.63, 162.05, 159.62, 141.34, 139.12,
139.01, 135.69, 133.72, 133.69, 130.65, 127.80, 127.71, 123.50,
123.40, 122.69, 122.43, 116.63, 116.40, 105.98, 105.70, 57.80,
33.21; MS (ESI) m/z 376 [M+H]+. HR-MS (ESI): calculated for
C17H11F2N3O3S [M+H]+ 376.0562; found: 376.0570.

7-F-2- (3′-P-chlorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2u)
Yellow crystals; yield: 51%; mp: 249–252◦C; 1HNMR (400 MHz)
δ 8.68 (s, 1H), 8.55 (dd, J = 9.5, 5.1Hz, 1H), 8.13 (dd, J =

8.9, 2.7Hz, 1H), 7.91 (ddd, J = 9.6, 7.9, 2.8Hz, 1H), 7.57 (d,
J = 8.8Hz, 2H), 7.47–7.40 (m, 2H), 6.83 (s, 1H), 4.16–4.05
(m, 1H), 3.83 (d, J = 15.3Hz, 1H); 13C NMR (100 MHz) δ

171.66, 165.15, 162.63, 141.34, 139.14, 139.03, 136.35, 135.68,
131.57, 130.53, 129.63, 126.88, 123.49, 123.39, 122.68, 122.42,
105.98, 105.70, 57.47, 33.19; MS (ESI) m/z 392 [M+H]+. HR-
MS (ESI): calculated for C17H11ClFN3O3S [M+H]+ 392.0266;
found: 392.0225.

7-Cl-2- (3′-phenyl-4′(5H)-thiazolidinone)-quinoxaline-

1, 4-di-N-oxide (2v)
Yellow crystals; yield: 52%; mp: 248–250◦C; 1HNMR (400 MHz)
δ 8.65 (s, 1H), 8.47 (d, J = 9.2Hz, 1H), 8.35 (d, J = 2.2Hz, 1H),
8.00 (dd, J = 9.2, 2.3Hz, 1H), 7.52 (d, J = 7.8Hz, 2H), 7.40–
7.34 (m, 2H), 7.26–7.20 (m, 1H), 6.81 (s, 1H), 4.12 (dd, J = 15.3,
1.5Hz, 1H), 3.83 (d, J = 15.3Hz, 1H); 13C NMR (100 MHz)
δ 171.62, 142.17, 138.34, 137.66, 137.49, 137.24, 133.43, 130.52,
129.71, 127.49, 125.20, 122.26, 119.16, 57.74, 33.24; MS (ESI)
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m/z 374 [M+H]+. HR-MS (ESI): calculated for C17H12ClN3O3S
[M+H]+ 374.0361; found: 374.0337.

7-Cl-2- (3′-P-methylphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2w)
Yellow crystals; yield: 58%; mp: 250–252◦C; 1H NMR (400
MHz) δ 8.62 (d, J = 11.8Hz, 1H), 8.51–8.42 (m, 1H), 8.40–
8.30 (m, 1H), 7.99 (ddd, J = 13.4, 9.2, 2.3Hz, 1H), 7.38 (d,
J = 7.7Hz, 2H), 7.17 (d, J = 8.4Hz, 2H), 6.76 (s, 1H), 4.10
(dd, J = 15.2, 1.4Hz, 1H), 3.81 (d, J = 15.2Hz, 1H), 2.23 (s,
3H); 13C NMR (100 MHz) δ 171.52, 142.14, 138.32, 137.67,
137.24, 136.98, 134.89, 133.43, 130.62, 130.17, 125.13, 122.26,
119.52, 57.78, 33.20, 20.97; MS (ESI) m/z 388 [M+H]+. HR-
MS (ESI): calculated for C18H14ClN3O3S [M+H]+ 388.0517;
found: 388.0483.

7-Cl-2- (3′-P-methoxyphenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2x)
Yellow crystals; yield: 56%; mp: 252–254◦C; 1HNMR (400 MHz)
δ 8.68 (s, 1H), 8.47 (d, J = 9.2Hz, 1H), 8.36 (d, J = 2.2Hz,
1H), 8.00 (dd, J = 9.2, 2.3Hz, 1H), 7.45–7.34 (m, 2H), 6.94–6.87
(m, 2H), 6.72 (s, 1H), 4.08 (dd, J = 15.1, 1.6Hz, 1H), 3.80 (d,
J = 15.2Hz, 1H), 3.70 (s, 3H); 13C NMR (100 MHz) δ 171.53,
158.40, 142.26, 138.33, 137.66, 137.25, 133.42, 130.76, 130.04,
127.08, 122.27, 119.53, 114.85, 58.00, 55.70, 33.16; MS (ESI)
m/z 404 [M+H]+. HR-MS (ESI): calculated for C18H14ClN3O4S
[M+H]+ 404.0466; found: 404.0451.

7-Cl-2- (3′-P-fluorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2y)
Yellow crystals; yield: 55%; mp: 251–253◦C; 1HNMR (400 MHz)
δ 8.68 (d, J = 11.9Hz, 1H), 8.47 (dd, J = 5.7, 3.5Hz, 1H), 8.38
(d, J = 9.1Hz, 1H), 7.99 (ddd, J = 12.8, 9.2, 2.3Hz, 1H), 7.62–
7.50 (m, 2H), 7.27–7.17 (m, 2H), 6.79 (s, 1H), 4.09 (dd, J =

15.2, 1.1Hz, 1H), 3.83 (d, J = 15.3Hz, 1H); 13C NMR (100
MHz) δ 171.70, 162.07, 159.63, 142.70, 138.40, 137.65, 137.27,
133.70, 133.67, 133.40, 130.05, 127.83, 127.74, 122.27, 119.52,
116.63, 116.40, 57.84, 33.17; MS (ESI) m/z 392 [M+H]+. HR-
MS (ESI): calculated for C17H11ClFN3O3S [M+H]+ 392.0266;
found: 392.0237.

7-Cl-2- (3′-P-chlorophenyl-4′(5H)-thiazolidinone)-

quinoxaline-1, 4-di-N-oxide (2z)
Yellow crystals; yield: 58%; mp: 252–255◦C; 1HNMR (400 MHz)
δ 8.66 (d, J = 12.0Hz, 1H), 8.47 (dd, J = 5.7, 3.5Hz, 1H), 8.40–
8.34 (m, 1H), 7.99 (ddd, J = 12.7, 9.2, 2.3Hz, 1H), 7.57 (d, J
= 8.7Hz, 2H), 7.47–7.40 (m, 2H), 6.83 (s, 1H), 4.10 (d, J =

14.2Hz, 1H), 3.83 (d, J = 15.4Hz, 1H); 13C NMR (100 MHz)
δ 171.66, 141.99, 138.43, 137.65, 137.26, 136.34, 133.40, 131.58,
130.53, 129.64, 126.91, 122.26, 119.53, 57.48, 33.19; MS (ESI)
m/z 407 [M+H]+. HR-MS (ESI): calculated for C17H11Cl2N3O3S
[M+H]+ 407.9971; found: 407.9982.

Antimycobacterial Activity
All synthesized compounds were tested in vitro for their
antimycobacterial activity at an Animal Biological Safety Level-
3 (ABSL-3) facility in a state key laboratory of agricultural
microbiology within HuaZhong Agricultural University.

Antitubercular activity was evaluated against Mtb H37Rv
(ATCC27294) using a microplate Alamar blue assay (MABA)
(Jimenez-Arellanes et al., 2003). Briefly, the strain was cultured
at 37◦C in Middlebrook 7H9 broth supplemented with 0.2%
glycerol and 10% oleic acid albumin dextrose catalase (OADC;
Difco) and grew to the logarithmic phase. The culture was
adjusted to 1 × McFarland′s nephelometer and then diluted
20-fold with fresh broth medium. In sterile flat-bottom 96-well
microplates, 100µg/mL of each compound was decreasingly
diluted (by two-fold). The final concentration of each compound
was in the range of 0.10–50µg/mL. Next, 100 µL of the prepared
bacterial suspension was added to each well and mixed with
the diluted compounds. One well with broth only and one well
with bacteria only were set as the negative and growth control,
respectively. The microplates were incubated at 37◦C in a 5%
CO2 atmosphere for 5 days. Twenty µL Alamar blue dye and 12
µL of sterile 10% Tween 80 were added to one growth control
well, and the plates were incubated again at 37◦C for 24 h. After
this incubation, if the well-became pink, the same reagent was
added to all of the other wells, and the plate was incubated for an
additional 24 h. TheMIC was defined as the lowest concentration
of sample in which the color shift from blue to pink was not
observed. Rifampin was used as a reference standard (MIC =

0.125 µg/mL).

Cytotoxicity Assay
The compounds that exhibited antimycobacterial activity against
Mtb strain H37Rv (MIC < 6.25µg/mL) were tested for cytotoxic
activity against the VERO cell line using an MTT assay. VERO
cells (2× 104 cells) were seeded into 96-well plates and incubated
for 12 h. Serial dilutions of the compounds were mixed with the
cell suspension in the plates. Both treated cells and blank and
solvent controls were incubated for 72 h, followed by incubation
with MTT (0.5 mg/mL) for another 4 h. The microplates were
measured at 570 nm using a multimode reader (Infinite M200,
Tecan). The percentage of viable cells was calculated as the
mean with respect to the controls set to 100%. Triplicate wells
were analyzed for each concentration. IC50 was defined as the
concentration that reduced the viable cells by 50% compared to
the untreated control cells. It was considered significant when the
SI was more than 10.

Macrophage Assay
Compounds with an MIC ≤ 6.25µg/mL and an SI > 10
were then tested to evaluate efficacy in vitro in a TB-infected
macrophage model according to Skinner et al. (1994). EC90

and EC99 are defined as the concentrations effecting 90 and
99% reductions in residual mycobacterial growth after 7 days as
compared to untreated controls. Compounds with EC90 > 16 ×
MIC are considered inactive.

Antifungal Activity
All synthesized compounds and the positive control drugs
amphotericin B and ketoconazole were tested for their in vitro
antifungal activity. Antifungal activity was evaluated against
four fungi, C. albicans (ATCC90028), C. tropicalis (ATCC7349),
A. fumigatus (3.5352), and C. neoformans (2.3201), by broth
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microdilution according to the protocols from the NCCLS (Jiang
et al., 2014). Briefly, all tested compounds were dissolved in
DMSO, and the solutions were diluted with fresh broth medium.
All of the fungi-seeded broth (1 × 105 colony-forming units
[CFU]/mL) were prepared in RPMI 1640 medium and added
into the serially diluted drug solution. The tubes were incubated
at 28◦C, and the MIC (µg/mL) was recorded 72–96 h post-
incubation. Broth control (without fungi), growth controls (with
fungi and without drug), solvent (DMSO) control, and drug
control for both test drugs and standard drugs were set under
identical conditions. The minimum drug concentration in the
tubes in which no apparent growth of the organism was observed
represented the MIC of the compounds.

3D-QSAR
3D-QSAR models were established according previously
reported procedures (Radadiya et al., 2014; Pan et al., 2016).
All of the molecular modeling calculations were performed
using SYBYL-X 2.0 installed on a Dell GPCJ4X1 workstation
running Windows 7. Energy minimizations were performed
using the MMFF94 force field with the Powell conjugate gradient
minimization algorithm and a convergence criterion of 0.005
kcal/mol∗Å. Charges were calculated by the Gasteiger-Hücker
method in the software. Alignment of molecules was performed
using the database alignment method in SYBYL.

RESULTS AND DISCUSSION

Chemistry
Compound design began with the molecular hybridization
knowledge that two specific structural moieties, thiazolidinones
and the quinoxaline ring, could be fused into one molecule
with the goal of obtaining novel compounds with better
biological activity (Figure 1). Twenty-six novel quinoxaline-1,4-
di-N-oxides containing a thiazolidinone moiety were prepared
according to the synthetic routes illustrated in Scheme 1. The
5-substituted-benzofurans (II) were obtained by the reaction
with 4-substituted-2-nitroaniline (I), according to the methods
previously described and without further purification before
proceeding to the next step (Ortega et al., 2002; Zhao et al.,
2016). Compounds III were synthesized by the reaction
of 5-substituted-benzofuroxan (II) with pyruvic aldehyde
dimethyl acetal, using pyrrolidine as the catalyst (Haddadin and
Issidorides, 1993; Zarranz et al., 2005). Compounds III were
hydrolyzed with 6N HCl to form compound IV; compound
IV was precipitated by adjusting the pH value of the reaction
mixture to 7.5. Knoevenagel condensation of 2-iminothiazolidin-
4-one (3) with 2-quinoxalinecarboxaldehyde-1, 4-di-N-oxide
(IV) in the presence of ammonium acetate and glacial acetic
acid provided compound V (Jadav et al., 2015; Ghareb
et al., 2017). Compounds IV were refluxed with thioglycollic
acid and ammonium carbonate for 18 h to get compounds
VI (El Nezhawy et al., 2009). Subsequently, we modified
the structure of thiazolidinone to obtain new derivatives.
Aldimine condensation reaction of compounds IV with various
aromatic amine/cyclopropylamine gave compounds VII under

alkaline conditions. Finally, compounds VIII were refluxed with
thioglycollic acid for 8 h to get the final products, 2a−2z.

All quinoxaline-1,4-di-N-oxide derivatives were purified by
flash column chromatography in silica gel to get the pure
compounds. The structures were characterized by 1H NMR, 13C
NMR, and high-resolution mass spectrometry (HR-MS) analysis.

Biological Evaluation
In vitro Antimycobacterial Activity
The novel quinoxaline-1,4-di-N-oxide derivatives were
investigated for their antimycobacterial activity against Mtb
strain H37Rv using MABA with rifampin as the positive
control (Jimenez-Arellanes et al., 2003). First, compounds V

and VI were synthesized; they have different thiazolidinones
at the C2 side chain of the quinoxaline ring. When evaluating
their antimycobacterial activities, compound VI (MIC =

6.25µg/mL) exhibited better antimycobacterial activity against
Mtb strain H37Rv compared to compoundV (MIC >50µg/mL).
These data indicate that 1,3-thiazolidin-4-one directly linked
to the C2 side chain of the quinoxaline ring displays good
antimycobacterial activity. The results showed that structural
modification should be based on compounds VI. Hence, we
changed the synthesis strategy and obtained a series of new
derivatives (2a−2z) with different substituents at R1 and R2 of
compounds VIII. The theoretical lipophilicities (ClogP) of the
derivatives were calculated using SYBYL-X 2.0 and compared
with their antimycobacterial activity (Table 1). The results for
the in vitro antimycobacterial activity of novel quinoxaline-1,4-
di-N-oxide derivatives against H37Rv are also listed in Table 1.
Twelve out of the 26 evaluated compounds passed the cut-off
established by the TAACF (MIC ≤ 6.25µg/mL). Compounds
2t, 2u, 2y, and 2z showed the best antimycobacterial activity
(MIC = 1.56µg/mL). This was slightly lower than that of the
positive control (rifampicin, MIC = 0.125µg/mL) but higher
than that of the quinoxalines. It seemed that chlorine atoms
of the derivatives are responsible for their higher lipophilicity
(ClogP > 0.7) and strongly enhance their antimycobacterial
activities. When a chlorine atom was attached to position
R1 or R2, such as in compounds 2e, 2k, 2u, 2v, 2y, and 2z

(ClogP = 0.71, 1.21, 1.00, 0.86, 1.00, and 1.57, respectively), the
antimycobacterial activity was significantly improved (MIC ≤

3.13µg/mL). It was worth noting that compounds 2d, 2j, and
2t also exhibited good antimycobacterial activity, whereas they
have lower lipophilicity (ClogP < 0.7). This result indicated that
introducing a halogen atom at position R1 or R2 could increase
the antimycobacterial activity. The above results showed that
the structural modification of the quinoxaline-1,4-di-N-oxide
was successful.

In general, most compounds with a phenyl group or
substituted phenyl group in position R2, like compounds 2a,
2d, 2e, 2k, 2t, 2u, 2y, and 2z, exhibited good antimycobacterial
activity. On the contrary, compounds 2l−2p showed low
activity against Mtb strain H37Rv. Considering that the
antimycobacterial activity results from the compounds′

structures, which have a phenyl group substituted at position R2,
we decided to keep the phenyl group in position R2 and modify
the substitution of the phenyl group. Different substituents were
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placed at the para position of the phenyl group, considering the
fluoro and chloro moieties as electron-withdrawing groups and
methoxy andmethyl groups as electron-releasing groups. Further
analysis of the antimycobacterial activity results (Table 1) shows
that an electron-withdrawing moiety on the para position of the
phenyl group is an essential requirement to increase activity.
Similarly, introducing an electron-releasing group at position R1
of the quinoxaline ring increases the antimycobacterial activity,
and the activity improved in this order: fluoro = chloro >

H > methyl.
Further analysis of the activity profile of the prepared

collection revealed some SARs. The presence of an electron-
withdrawing moiety at position R1 or R2 can significantly
improve the antimycobacterial activity. However, an electron-
releasing group in position R1 or R2 reduces the activity of
the compounds. Replacing the halogen atom with a methyl

TABLE 1 | Results of antimycobacterial and cytotoxicity assays.

Compounds R1 R2 ClogPa MICb

(µg/mL)

ICc
50

(µg/mL)

SId

(IC50/MIC)

V H / / >50 / /

VI H H / 6.25 / /

2a H H −0.01 6.25 143.6 23

2b H -CH3 0.49 12.5 / /

2c H -OMe −0.09 12.5 / /

2d H -F 0.14 3.13 122.8 39.2

2e H -Cl 0.71 3.13 115.7 37

2f H / −1.54 25 / /

2g CH3 H 0.49 12.5 / /

2h CH3 -CH3 0.99 25 / /

2i CH3 -OMe 0.41 50 / /

2j CH3 -F 0.64 6.25 113.5 18.2

2k CH3 -Cl 1.21 3.13 102.2 32.7

2l OCH3 H 0.26 100 / /

2m OCH3 -CH3 0.76 100 / /

2n OCH3 -OMe 0.18 200 / /

2o OCH3 -F 0.40 50 / /

2p OCH3 -Cl 0.97 50 / /

2q F H 0.29 6.25 126.4 20.2

2r F -CH3 0.79 12.5 / /

2s F -OMe 0.21 25 / /

2t F -F 0.43 1.56 100.9 64.7

2u F -Cl 1.00 1.56 91.2 58.5

2v Cl H 0.86 3.13 118.8 38

2w Cl -CH3 1.36 6.25 125.3 20

2x Cl -OMe 0.78 12.5 / /

2y Cl -F 1.00 1.56 106.8 68.5

2z Cl -Cl 1.57 1.56 94.6 60.6

RMPe / / / 0.125 / /

aCalculated by SYBYL-X 2.0 (Tripos, Inc.).
bActual minimum inhibitory concentration (MABA assay).
cMeasurement of cytotoxicity in VERO cells.
dSelectivity index.
eRifampicin.

or methoxy is detrimental to the activity. In position R2,
we conclude that the substitution of an electron-withdrawing
moiety at the para position of the phenyl group increases the
antimycobacterial activity; the same is true for position R1.

Cytotoxicity and SI
Preliminary in vitro screening of the cytotoxicity of the 12 active
compounds was assayed on VERO cells. The cytotoxicity was
evaluated as the IC50 value and SI (SI = IC50/MIC); these
values are listed in Table 1. The SI value (SI > 10) indicates the
concentration of the compounds at which they are active against
mycobacteria but are non-toxic toward host cells (Hartkoorn
et al., 2007). All 12 compounds exhibited an SI > 10; these data
indicate their potential for antimycobacterial activity. Notably,
compounds 2t, 2u, 2y, and 2z showed the best activity, with SI
values ranging from 58.5 to 68.5.

Macrophage Assay
We selected four compounds (2t, 2u, 2y, and 2z), all of which
have high SI values, to test their in vitro efficacy in a TB-infected
macrophage model (Table 2). Each compound showed excellent
activity in the macrophage assay (EC90/MIC = 1.06, 0.54, 0.85,
and 0.59, respectively). Based on the results, we conclude that
compounds 2t, 2u, 2y, and 2z are active against mycobacterial
and are non-toxic. This activity, selectivity, and low cytotoxicity
render these four compounds valid leads for additional studies as
well as for synthesizing new compounds that have good activity
againstMtb strain H37Rv.

In vitro Antifungal Activity
Table 3 presents the results for the in vitro antifungal activity of
compounds 2a–2z, amphotericin B, and ketoconazole against C.
albicans (ATCC90028), C. tropicalis (ATCC7349), A. fumigatus
(3.5352), and C. neoformans (2.3201). In summary, eight out of
26 compounds (2s−2z) showed good antifungal activity (MIC
≤ 8µg/mL) against the aforementioned organisms, while the
positive controls (amphotericin B and ketoconazole) showed
better activity, with MIC values ranging from 0.25 to 2µg/mL.
Specifically, compounds 2t, 2u, 2y, and 2z exhibited potential
antifungal activities, with an MIC between 2 and 4µg/mL.
The MIC values of the active compounds demonstrated the
rationality of our design strategy. On the contrary, compounds
2a−2p showed lower activity against C. albicans, C. tropicalis, A.
fumigatus, and C. neoformans.

TABLE 2 | Results of macrophage assay.

Compounds EC90 (µg/mL)a EC99 (µg/mL)a EC90/MICb

2t 1.66 5.25 1.06

2u 0.84 3.27 0.54

2y 1.33 4.58 0.85

2z 0.92 3.93 0.59

aEC90 and EC99 are defined as the concentrations causing 90 and 99% reductions in

residual mycobacterial growth after 7 days as compared to untreated controls.
bCompounds with EC90 > 16*/MIC are considered inactive.
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TABLE 3 | Antifungal activity of the compounds 2a−2z.

Compounds MIC (µg/mL)

Candida albicans C. tropicalis A. fumigatus C. neoformans

ATCC 90028 ATCC 7349 3.5352 2.3201

2a 16 8 32 16

2b 16 8 32 32

2c 64 32 >64 32

2d 16 8 32 8

2e 8 8 32 16

2f 32 16 64 64

2g 32 16 32 32

2h 32 8 64 32

2i 64 32 >64 16

2j 16 8 32 16

2k 32 16 32 32

2l 64 32 >64 >64

2m >64 64 >64 >64

2n >64 64 >64 >64

2o 64 64 64 32

2p 64 64 >64 32

2q 8 4 16 16

2r 8 8 8 16

2s 8 8 8 8

2t 4 2 4 4

2u 4 4 2 4

2v 8 8 4 8

2w 8 4 8 4

2x 8 8 8 8

2y 2 4 4 2

2z 4 4 4 4

AMBa 1 2 0.5 0.5

KCZb 0.25 0.5 0.5 0.25

aAmphotericin b.
bKetoconazole.

We observed that substituting a chlorine or fluorine atom
at position R1 or R2 or at both positions (2q−2z) increased
the antifungal activity of the compounds. According to the
antifungal activity values (Table 3), the presence of an electron-
withdrawing moiety at position R1 or R2, especially a fluorine
or chlorine atom, is an essential requirement to increase the
antifungal activity. Besides, an electron-releasing group (methyl
and methoxy group) at position R1 and R2 obviously reduces or
eliminates the antifungal activity.

3D-QSAR Analysis
In order to better analyze the SAR, we established CoMFA
and CoMSIA models based on the antimycobacterial activity
data of the novel quinoxaline-1,4-di-N-oxide derivatives. For the
alignment, we used the thiazolidinone nucleus as the template,
and all the test compounds were aligned to the template molecule
(2y), results were displayed in Figure 2.

FIGURE 2 | Alignment and superposition of molecules using compound 2y as

the template.

TABLE 4 | PLS statistics of CoMFA and CoMSIA 3D-QSAR models.

Statistical parameters CoMFA CoMSIA

q2a 0.914 0.918

ONCb 7 9

r2c 0.967 0.968

SEd 0.132 0.137

F-valuese 74.947 54.654

Field contribution (%)

Steric 76.2 25.5

Electrostatic 23.8 19.1

Hydrophobic / 54.2

H-bond donor / /

H-bond acceptor / 1.2

aCross-validated correlation coefficient after the leave-one-out procedure.
bOptimum number of components.
cNon-cross-validated correlation coefficient.
dStandard error of estimate.
eF-test value.

The Partial Least Squares (PLS) statistic results of the CoMFA
and CoMSIA models are summarized in Table 4. The CoMFA
model presented a q2 of 0.914 by leave-one-out cross-validation,
which signified good internal predictive ability of the model (q2

> 0.5). The correlation coefficient (r2) between the experimental
and predicted activities was 0.967, with an F-value of 74.947
and a standard error of estimate equal to 0.132. These data
suggest that the fitness of themodel is 96.7% against experimental
results. The contributions to the activity were from the steric
(76.2%) and electrostatic (23.8%) fields. The CoMSIA model
produced a total of five models by varying the electrostatic,
steric, hydrophobic, hydrogen bond donor, and acceptor fields.
Among these different field combinations, the CoMSIA model
provided the best statistical parameters (Table 4). We performed
the CoMSIA study using the same molecule alignment as
defined in the CoMFA study. The cross-validated q2 was 0.918,
which reflects satisfactory internal consistency. The correlation
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coefficient (r2) value was 0.968, with a standard error of 0.137 and
an F-value of 54.654. The contributions of steric, electrostatic,
hydrophobic, hydrogen bond donor, and acceptor fields in the
CoMSIA model were 25.5, 19.1, 54.2, 0, and 1.2%, respectively;
these data reflect the relative importance of these fields. The
predicted vs. experimental pMIC values are listed in Table 5 and

TABLE 5 | Experimental and predicted antituberculosis activities against M.

tuberculosis strain H37Rv (pMIC) of the compounds for CoMFA and CoMSIA

models.

Compounds MIC

(µg/mL)

pMIC

exp

CoMFA CoMSIA

pMIC

pred.

Residual pMIC

pred.

Residual

2a 6.25 4.734 4.731 0.003 4.713 0.022

2b 12.5 4.451 4.502 −0.051 4.482 −0.031

2c 12.5 4.470 4.279 0.191 4.280 0.190

2d 3.13 5.057 5.102 −0.045 5.076 −0.019

2e 3.13 5.076 5.184 −0.107 5.189 −0.113

2f 25 4.084 4.078 0.005 4.078 0.005

2g 12.5 4.451 4.439 0.012 4.461 −0.010

2h 25 4.167 4.208 −0.041 4.207 −0.041

2i 50 3.884 3.986 −0.102 3.996 −0.112

2j 6.25 4.773 4.813 −0.040 4.817 −0.044

2k 3.13 5.092 4.895 0.197 4.922 0.170

2l 100 3.567 3.625 −0.058 3.618 −0.051

2m 100 3.583 3.393 0.190 3.386 0.197

2n 200 3.300 3.165 0.135 3.171 0.129

2o 50 3.889 3.994 −0.106 3.970 −0.081

2p 50 3.906 4.079 −0.173 4.076 −0.170

2q 6.25 4.757 4.808 −0.051 4.836 −0.079

2r 12.5 4.472 4.578 −0.105 4.595 −0.123

2s 25 4.190 4.357 −0.167 4.381 −0.191

2t 1.56 5.381 5.177 0.204 5.197 0.184

2u 1.56 5.399 5.262 0.137 5.305 0.094

2v 3.13 5.076 5.008 0.069 5.004 0.072

2w 6.25 4.792 4.776 0.016 4.753 0.039

2x 12.5 4.508 4.567 −0.058 4.546 −0.037

2y 1.56 5.399 5.395 0.004 5.353 0.046

2z 1.56 5.415 5.480 −0.064 5.466 −0.051

are depicted graphically in Figure 3. Notably, these two models
are able to predict pMIC values in good agreement with the
experimental results within a statistically tolerable error range,
indicating that they are statistically significant and reliable 3D-
QSAR models.

Contour Analysis
We generated contour maps based on the CoMFA and CoMSIA
data in Table 5 by using the “STDDEV∗COEFF” mapping option
contoured by contribution. We used compound 2y (template),
the most active molecule of the derivatives, for the presentation
of contour maps.

For the CoMFA results, the contour map of the steric field
appears in Figure 4. The steric contours are represented in
green and yellow; The green contour favors steric or bulky
groups, while the yellow contour denotes disfavored regions.
We identified two green contours near the C7 position of the
quinoxaline ring and the C4 position of the phenyl group. This
finding indicates that a sterically bulky substituent is preferred
at these positions to increase the activities of compounds. This
interpretation is consistent with the experimental finding that

FIGURE 4 | CoMFA steric contour of compound 2y: green contour favors

steric or bulky group, and yellow contour denotes disfavored region.

FIGURE 3 | Graphs of predicted vs. experimental pMIC of the 26 compounds for CoMFA and CoMSIA 3D-QSAR models.
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FIGURE 5 | CoMFA electrostatic contour of compound 2y: blue contour

indicates electropositive charge and red contour electronegative charge.

compound 2a, with a sterically bulky substituent, is more active
than 2f. In the contour map of the electrostatic field (Figure 5),
the introduction of electropositive substituents in blue regions
decreases the affinity, while electronegative groups in red regions
may improve the affinity. We noted that a major red contour
encloses the C4 position of the phenyl group and that there is
a small red contour around the C7 position of the quinoxaline
ring. This result is in harmony with the fact that compounds
2a−2z with electronegative groups at these positions showed
better activity. We also observed a large blue contour around the
C7 position of the quinoxaline ring and a small blue contour
between the C3 and C4 position of the phenyl group. These
findings show that electropositive substituents in these positions
would decrease the affinity of compounds, a phenomenon that
might explain why, when the methyl and methoxyl groups were
replaced by fluoro or chloro groups, the compound activities
increased dramatically. For example, compounds 2q−2z were
more active than compounds 2l−2p.

For the CoMSIA results, we generated five models by varying
the electrostatic, steric, hydrophobic, hydrogen bond donor, and
acceptor fields. The contour maps of the steric and electrostatic
fields are shown in Figures 6, 7, respectively; these results are
consistent with the CoMFA results. The hydrophobic contour
map is displayed in Figure 8. In this graph, there is one major
white contour that covers the phenyl group in the R2 position
and many small white contours occur near the C7 position of
the quinoxaline ring. These data indicate that the hydrophilic
property of this substituent is beneficial to the activities of
the compounds. In the hydrogen bond acceptor contour map
(Figure 9), one big red contour covers the C2 side chain of
the quinoxaline ring. This finding suggests that hydrogen bond
acceptor substituents at this position are unfavorable for the
activities. Thus, more hydrogen bond donor substituents should
be considered at the C2 side chain of the quinoxaline ring to
improve the anti-TB activity of compounds. The CoMFA and
CoMSIA contour maps can be used as tools to better understand
the relationship between structure and activity for different
physicochemical properties.

FIGURE 6 | CoMSIA steric contour of compound 2y: green contour favors

steric or bulky group, and yellow contour denotes disfavored region.

FIGURE 7 | CoMSIA electrostatic contour of compound 2y: blue contour

indicates electropositive charge and red contour electronegative charge.

FIGURE 8 | CoMSIA hydrophobic contour maps based on compound 2y:

yellow contours represent regions where hydrophobic groups increase activity,

while white contours highlight regions that would favor hydrophilic groups.
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FIGURE 9 | CoMSIA hydrogen bond acceptor contour maps based on

compound 2y: magenta and red contours represent favorable and unfavorable

hydrogen bond acceptor regions, respectively.

In contrast with our previous study (Pan et al., 2016), we
modified the C2 and C7 positions of the quinoxaline ring. Based
on the above results, we can draw some conclusions. For the C7
position of the quinoxaline ring and the C4 position of the phenyl
group, sterically bulky substituents, or electronegative groups are
preferred to increase the activities of compounds. For the C7
position of the quinoxaline ring, a hydrophilic substituent is also
beneficial to the activities of compounds. For the C3 and C4
positions of the phenyl group, electropositive substituents would
decrease the affinity of compounds. For the C2 side chain of
the quinoxaline ring, more hydrogen bond donor substituents
should be considered. Specifically, substituting a halogen atom
at position R1 could increase the activity dramatically.

CONCLUSION

We synthesized 26 novel quinoxaline-1,4-di-N-oxides
containing a thiazolidinone moiety and evaluated their
in vitro antimycobacterial and antifungal activities. For
antimycobacterial activity, 12 out of the 26 compounds were
active, with an MIC ≤ 6.25µg/mL and SI > 10. Among them,
compounds 2t, 2u, 2y, and 2z displayed the most potent

antimycobacterial activity against Mtb strain H37Rv (MIC =

1.56µg/mL). For antifungal activity, eight out of 26 compounds
showed good antifungal activity against C. albicans, C. tropicalis,
A. fumigatus, and C. neoformans (MIC≤ 8µg/mL). Compounds
2t, 2u, 2y, and 2z exhibited potential antifungal activities, with an
MIC between 2 and 4µg/ml. The 3D-QSAR results revealed that
variations in substitutions at the C7 position and the side chain
at the C2 position of the quinoxaline ring could significantly
impact the activity. Specifically, compounds with a sterically
bulky and electronegative charge substituent at the C7 position
of the quinoxaline ring or the terminal of the side chain at the
C2 position would exhibit increased antimycobacterial activity.
The above results showed that the most suitable substituent on
the quinoxaline nucleus is an electron-withdrawing moiety at
position R1 or R2, especially that of a halogen atom.
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Human neutrophil elastase (HNE) is involved in a number of essential physiological

processes and has been identified as a potential therapeutic target for treating acute and

chronic lung injury. Nevertheless, only one drug, Sivelestat, has been approved for clinical

use and just in Japan and the Republic of Korea. Thus, there is an urgent need for the

development of low-molecular-weight synthetic HNE inhibitors, and we have developed

a wide variety of HNE inhibitors with various chemical scaffolds. We hypothesized that

substitution of the active fragment of Sivelestat into these HNE inhibitor scaffolds could

modulate their inhibitory activity, potentially resulting in higher efficacy and/or improved

chemical stability. Here, we report the synthesis, biological evaluation, and molecular

modeling studies of novel compounds substituted with the 4-(sulfamoyl)phenyl pivalate

fragment necessary for Sivelestat activity. Many of these compounds were potent HNE

inhibitors with activity in the nanomolar range (IC50 = 19–30 nM for compounds 3a, 3b,

3f, 3g, and 9a), confirming that the 4-(sulfamoyl)phenyl pivalate fragment could substitute

for the N-CO group at position 1 and offer a different point of attack for Ser195. Results of

molecular docking of the these pivaloyl-containing compounds into the HNE binding site

supported the mechanism of inhibitory activity involving a nucleophilic attack of Ser195

from the catalytic triad onto the pivaloyl carbonyl group. Furthermore, some compounds

(e.g., 3a and 3f) had a relatively good stability in aqueous buffer (t1/2 > 9 h). Thus, this

novel approach led to the identification of a number of potent HNE inhibitors that could

be used as leads for the further development of new therapeutics.

Keywords: human neutrophil elastase, inhibitor, Sivelestat, stability, molecular modeling

INTRODUCTION

Human neutrophil elastase (HNE) is a multifunctional enzyme involved in the killing of pathogens,
regulation of inflammatory processes, and tissue homeostasis. HNE is also involved in chemotaxis
and the release of inflammatory mediators through the cleavage of adhesion molecules in cellular
junctions (Pham, 2006; Korkmaz et al., 2010). Under physiological conditions, HNE is regulated by
a group of endogenous protease inhibitors called “serpins” (Silverman et al., 2001; Heutinck et al.,
2010). However, when this balance fails in favor of the proteolytic enzyme, excessive HNE activity
can cause tissue damage. Among the pathologies associated with increased HNE activity are acute
respiratory distress syndrome (ARDS) and acute lung injury (ALI) (Polverino et al., 2017), chronic
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obstructive pulmonary disease (Pandey et al., 2017), cystic
fibrosis (Kelly et al., 2008; Dittrich et al., 2018), and other
disorders with an inflammatory component, such as rheumatoid
arthritis (Hilbert et al., 2002; Di Cesare Mannelli et al., 2016),
atherosclerosis (Henriksen and Sallenave, 2008;Wen et al., 2018),
psoriasis, and dermatitis (Marto et al., 2018). HNE has also
been implicated in the progression of non-small cell lung cancer
(Lerman and Hammes, 2017; Lerman et al., 2017).

The development of new and selective HNE inhibitors is of
great interest, both in the academic and industrial world, for
therapeutic development. Despite the discovery of numerous
classes of potent HNE inhibitors (Groutas et al., 2011; Von
Nussbaum and Li, 2015; Crocetti et al., 2019), only two drugs
are currently available on the market: the peptide inhibitor
Prolastin R© (purified α1-antitrypsin, from Alpha Therapeutic
Corp, 2003) and the small molecule Sivelestat. Sivelestat (ONO-
5046, Figure 1) developed by Ono Pharmaceutical and marketed
in Japan and Korea exclusively as a sodium salt in the injectable
formulation Elaspol R© 100 for the treatment of ARDS and
ALI associated with systemic inflammatory response syndrome
and in pediatric surgery to alleviate the inflammatory response
induced by cardiopulmonary bypass (Kawabata et al., 1991; Fujii
et al., 2010; Inoue et al., 2013). Sivelestat acts as acyl-enzyme
inhibitor (IC50 = 44 nM) (Ohbayashi, 2005), as demonstrated
by electrospray ionization mass spectrometry (ESI), which
highlighted the formation of a HNE-Sivelestat complex after 0–
10min incubation of the drug with HNE (Figure 2) (Nakayama
et al., 2002). We have been working for some time on
the design and synthesis of HNE inhibitors with different
nitrogen monocyclic and bicyclic scaffolds (Crocetti et al., 2011,
2013, 2016, 2017, 2018; Giovannoni et al., 2016, 2018, 2019;
Vergelli et al., 2017). Figure 3 illustrates the compounds already
investigated (A-F) and the range of activity for each series.
Many of these compounds have very potent HNE inhibitory
activity (IC50 values in the low nanomolar range), and kinetic
experiments have characterized our compounds as competitive
and pseudo-irreversible acyl-enzyme inhibitors. Furthermore,
molecular modeling studies on compound interactions with
HNE indicated that Ser195-OH of the catalytic triad attacks the
carbonyl group of the N-CO group at position 1 in the bicyclic
compounds (A-E) and the CO at position 5 in the monocyclic
derivatives F (Vergelli et al., 2017; Giovannoni et al., 2018).

Since the first patent in which Sivelestat was reported
(Ono Pharmaceutical Co. and LTD., 1989), followed by the
publication of Kawabata and coworkers (Kawabata et al.,
1991), few articles have appeared in the literature describing
Sivelestat analogs and (or) derivatives. The patent filed in
2002 (Macias, 2002) reports the introduction of substituents
on the benzoyl moiety of Sivelestat, whereas Hwang et al.
(2015) performed structural modification of Sivelestat by
replacing the glycine moiety with an oxime group and
obtained a slightly more potent compound. Recently, we
synthesized the isoxazolone derivative G (Giovannoni et al.,
2018) (Figure 3) containing the 4-(sulfonyl)phenyl pivalate
fragment bound to the aniline nitrogen of Sivelestat. This
compound exhibited high HNE inhibitory activity (IC50 =

59 nM) and excellent chemical stability in aqueous buffer (data

FIGURE 1 | Sivelestat (ONO-5046) claimed by Ono Pharmaceutical

(Kawabata et al., 1991).

FIGURE 2 | Mechanism of HNE inhibition by Sivelestat.

not shown), which was improved over that of our previously
published HNE inhibitors.

In the present studies, we expanded our strategy to evaluate
how addition of the 4-(sulfonyl)phenyl pivalate fragment
could modulate inhibitory activity of other HNE inhibitor
scaffolds to evaluate if an additive effect would occur or
whether these modifications could improve chemical stability
of these new compounds. Therefore, we selected a number
of compounds from our HNE inhibitor library belonging to
the series A-E shown in Figure 3 and inserted the active
4-(sulfamoyl)phenyl pivalate fragment of Sivelestat into our
scaffolds while leaving/maintaining the best substituents at
positions 3 and 5/6. Inmost of these new bicyclic compounds, the
carbonyl group of the N-CO function at position 1 was replaced
with the Sivelestat pivalate fragment. In a few compounds, the
N-CO function of our original compounds was left unchanged,
and the active fragment of Sivelestat was inserted into a different
position in order to produce two possible points of interaction
with Ser195.
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FIGURE 3 | The investigated scaffolds of HNE inhibitors and range of their inhibitory activity. The segmented circle underlines the point of attack by OH group of

Ser195 (G: 3b; Giovannoni et al., 2018).

MATERIALS AND METHODS

Chemistry
All melting points were determined on a Büchi apparatus (New
Castle, DE) and are uncorrected. Extracts were dried over
Na2SO4, and the solvents were removed under vacuum. Merck
F-254 commercial plates (Merck, Durham, NC) were used for
analytical TLC to follow the course of reactions. Silica gel 60
(Merck 70–230 mesh, Merck, Durham, NC) was used for column
chromatography. 1H NMR and 13C NMR spectra were recorded
on an Avance 400 instrument (Bruker Biospin Version 002
with SGU, Bruker Inc., Billerica, MA). Chemical shifts (δ) are
reported in ppm to the nearest 0.01 ppm using the solvent as
an internal standard. Coupling constants (J values) are given
in Hz and were calculated using TopSpin 1.3 software (Nicolet
Instrument Corp., Madison, WI) and are rounded to the nearest
0.1Hz. Mass spectra (m/z) were recorded on an ESI-TOF mass
spectrometer (Brucker Micro TOF, Bruker Inc., Billerica, MA),
and reported mass values are within the error limits of ±5
ppm mass units. Microanalyses indicated by the symbols of the
elements or functions were performed with a PerkinElmer 260
elemental analyzer (PerkinElmer, Inc., Waltham, MA) for C, H,
and N, and the results were within ±0.4% of the theoretical
values, unless otherwise stated. Reagents and starting material
were commercially available.

Experimental Section
General Procedure for Compounds (3a-c)
To a suspension of the substrate 1a-c (1a: Shahidul et al., 2006;
1b: DeGraw and Goodman, 1964; 1c: Yuen et al., 2013) (0.43
mmol) in 10mL of anhydrous THF, 0.86 mmol of sodium
hydride (60% dispersion in mineral oil) was added while

stirring. After 30min, 0.56 mmol of 4-(chlorosulfonyl)phenyl
pivalate 2 (Hwang et al., 2015) was added, and the mixture
was stirred at room temperature overnight. After evaporation
of the solvent in vacuo, the residue was diluted with ice-cold
water (10mL), neutralized with HCl 6N, and extracted with
ethyl acetate (3 × 15mL). The organic phase was dried over
sodium sulfate, and the solvent was evaporated in vacuo to
obtain the final compounds 3a-c, which were purified by flash
column chromatography using cyclohexane/ethyl acetate 4:1
(for 3a) and 6:1 (for 3c) or hexane/ethyl acetate 5:2 for 3b

as eluents.

Ethyl 1-{[4-(pivaloyloxy)phenyl] sulfonyl}-1H-indole-3

-carboxylate (3a)
Yield = 15%; mp = 118–121◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.28 (s, 1H, Ar), 8.16 (dd, 1H, Ar, J = 2.2Hz and J =
6.6Hz), 7.99 (m, 3H, Ar), 7.38 (m, 2H, Ar), 7.22 (d, 2H, Ar, J =
8.8Hz), 4.41 (q, 2H, CH2CH3, J= 7.1Hz), 1.45 (t, 3H, CH2CH3, J
= 7.1Hz), 1.33 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ

175.95 (C), 163.59 (C), 155.74 (C), 134.83 (C), 134.48 (C), 131.80
(CH), 128.82 (CH), 127.88 (C), 125.52 (CH), 124.56 (CH), 122.77
(CH), 122.35 (CH), 114.26 (C), 113.23 (CH), 60.61 (CH2), 39.27
(C), 26.94 (CH3), 14.42 (CH3). IR (ν) = 1,753 cm−1 (CO), 1,718
cm−1 (CO). ESI-MS calcd. for C22H23NO6S, 429.49; found: m/z
430.13 [M+H]+. Anal. C22H23NO6S (C, H, N).

Ethyl 5-nitro-1-{[4-(pivaloyloxy)pheny]sulfonyl}-1H-indole-

3-carboxylate
(3b)
Yield = 25%; mp = 170-173◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 9.04 (d, 1H, Ar, J = 2.4Hz), 8.39 (s, 1H, Ar), 8.27
(dd, 1H, Ar, J = 2.4Hz, and J = 9.2Hz), 8.09 (d, 1H, Ar, J =
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9.2Hz), 8.01 (d, 2H, Ar, J = 8.8Hz), 7.27 (d, 2H, Ar, J = 8.8Hz),
4.46 (q, 2H, CH2CH3, J = 7.2Hz), 1.46 (t, 3H, CH2CH3, J =

7.2Hz); 1.33 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3)
δ 175.88 (C), 162.53 (C), 156.32 (C), 145.15 (C), 137.49 (C),
134.16 (CH), 133.76 (C), 128.97 (CH), 127.91 (C), 123.16 (C),
120.69 (CH), 118.89 (CH), 114.90 (C), 113.67 (CH), 61.19 (CH2),
29.70 (C), 26.91 (CH3), 14.38 (CH3). IR (ν) = 1,747 cm−1 (CO),
1,712 cm−1 (CO), 1,517, and 1,377 cm−1 (NO2). ESI-MS calcd.
for C22H22N2O8S, 474.48; found: m/z 475.11 [M + H]+. Anal.
C22H22N2O8S (C, H, N).

4-[(3-Cyano-1H-indol-1-yl)sulfonyl]phenyl pivalate (3c)
Yield = 14%; mp = 133–136◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.11 (s, 1H, Ar), 8.0 (m, 3H, Ar), 7.72 (d, 1H, Ar, J =
7.6Hz), 7.47 (t, 1H, Ar, J = 7.6Hz), 7.41 (t, 1H, Ar, J = 7.6Hz),
7.26 (d, 2H, Ar, J= 8.8Hz), 1.34 (s, 9H, C(CH3)3). 13C-NMR (100
MHz, CDCl3) δ 156.13 (C), 133.87 (C), 133.64 (C), 132.98 (CH),
128.94 (CH), 128.38 (C), 126.73 (CH), 125.0 (CH), 123.01 (CH),
120.45 (CH), 113.69 (CH), 113.31 (C), 94.16 (C), 39.31 (C), 26.93
(CH3). IR (ν) = 2,231 cm−1 (CN), 1,743 cm−1 (CO). ESI-MS
calcd. for C20H18N2O4S, 382.43; found: m/z 383.10 [M + H]+.
Anal. C20H18N2O4S (C, H, N).

General Procedure for Compounds (3d-f)
To a cooled (0◦C) suspension of the appropriate substrate 1d-f
(1d: Alaime et al., 2018; 1e: Crocetti et al., 2013; 1f: Crocetti et al.,
2011) (0.32 mmol) in anhydrous CH2Cl2 (1–2mL), 0.64 mmol
of Et3N and 0.96 mmol of 4-(chlorosulfonyl)phenyl pivalate 2

(Hwang et al., 2015) were added. The solution was stirred at 0◦C
for 2 h and then for 2 h at room temperature. The organic solvent
was evaporated under vacuum. After dilution with ice-cold water,
the precipitate was filtered and washed with water (10–20mL)
to obtain the final compounds 3d-f, which were purified by
crystallization from ethanol.

4-[(3-Cyano-1H-indazol-1-yl)sulfonyl]phenyl pivalate (3d)
Yield = 69%; mp = 155–158◦C (EtOH). 1H-NMR (400 MHz,
DMSO-d6) δ 8.28 (d, 1H, Ar, J = 7.2Hz), 8.17 (d, 2H, Ar, J =
6.4Hz), 7.99 (d, 1H, Ar, J = 6.4Hz), 7.84 (m, 1H, Ar), 7.61 (m,
1H, Ar), 7.44 (d, 2H, Ar, J = 6.4Hz), 1.25 (s, 9H, C(CH3)3).
13C-NMR (100MHz, DMSO-d6) δ 176.02 (C), 156.71 (C), 139.79
(C), 132.74 (C), 131.98 (CH), 130.37 (CH), 126.99 (CH), 125.95
(C), 125.33 (C), 124.27 (CH), 120.92 (CH), 113.62 (CH), 112.17
(C), 39.35 (C), 26.95 (CH3). IR (ν) = 2,247 cm−1 (CN), 1,753
cm−1 (CO). ESI-MS calcd. for C19H17N3O4S, 383.42; found: m/z
384.10 [M+H]+. Anal. C19H17N3O4S (C, H, N).

4-[(3-Cyano-5-nitro-1H-indazol-1-yl)sulfonyl]phenyl
pivalate (3e)
Yield = 44%; mp = 183–186◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.81 (d, 1H, Ar, J = 2.0Hz), 8.57 (dd, 1H, Ar, J =
2.2Hz and J = 9.4Hz), 8.45 (d, 1H, Ar, J = 9.2Hz), 8.14 (d,
2H, Ar, J = 8.8Hz), 7.33 (d, 2H, Ar, J = 8.8Hz), 1.36 (s, 9H,
C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ 176.02 (C), 157.08
(C), 145.73 (C), 141.85 (C), 132.30 (C), 130.28 (CH), 126. 99 (C),
125.40 (CH), 125.06 (C), 123.29 (CH), 116.95 (CH), 114.61 (CH),
110.38 (C), 39.36 (C), 26.93 (CH3). IR (ν) = 2,245 cm−1 (CN),

1,751 cm−1 (CO), 1,531 and 1,377 cm−1 (NO2). ESI-MS calcd.
for C19H17N4O6S, 428.42; found: m/z 429.08 [M + H]+. Anal.
C19H17N4O6S (C, H, N).

Ethyl 1-{[4-(pivaloyloxy)phenyl]sulfonyl}-1H-indazole-3-

carboxylate
(3f)
Yield = 44%; mp = 132–135◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.23 (m, 2H, Ar), 8.10 (d, 2H, Ar, J = 8.8Hz), 7.62
(t, 1H, Ar, J = 7.6Hz), 7.45 (t, 1H, Ar, J = 7.4Hz), 7.22 (d,
2H, Ar, J = 8.8Hz), 4.52 (q, 2H, CH2CH3, J = 7.1Hz), 1.48
(t, 3H, CH2CH3, J = 7.1Hz), 1.33 (s, 9H, C(CH3)3). 13C-NMR
(100 MHz, CDCl3) δ 176.03 (C), 161.31 (C), 155.95 (C), 142.26
(C), 141.18 (C), 133.94 (C), 129.69 (CH), 129.65 (CH), 125.46
(CH), 124.43 (C), 122.79 (CH), 122.68 (CH), 112.99 (CH), 61.84
(CH2), 39.26 (C), 26.94 (CH3), 14.32 (CH3). IR (ν)= 1,745 cm−1

(CO), 1,732 cm−1 (CO). ESI-MS calcd. for C21H22N2O6S, 430.48;
found: m/z 431.12 [M+H]+. Anal. C21H22N2O6S (C, H, N).

Procedure for Ethyl

5-nitro-1-{[4-(pivaloyloxy)phenyl]sulfonyl}-1H-

indazole-3-carboxylate

(3g)
To a suspension of intermediate 1g (Crocetti et al., 2013)
(0.64 mmol) in 5mL of anhydrous pyridine, 1.92 mmol of 4-
(chlorosulfonyl)phenyl pivalate 2 (Hwang et al., 2015) was added.
The mixture was stirred at room temperature for 4 h. The solvent
was concentrated in vacuo to obtain the final compound 3g,
which was purified by crystallization from ethanol. Yield = 72%;
mp = 185–188◦C (EtOH). 1H-NMR (400 MHz, DMSO-d6) δ

8.87 (s, 1H, Ar), 8.54 (d, 1H, Ar, J = 9.2Hz), 8.43 (d, 1H,
Ar, J = 9.2Hz), 8.18 (d, 2H, Ar, J = 8.4Hz), 7.45 (d, 2H, Ar,
J = 8.4Hz), 4.46 (q, 2H, CH2CH3, J = 7.0Hz), 1.38 (t, 3H,
CH2CH3, J = 7.0Hz), 1.25 (s, 9H, C(CH3)3). 13C-NMR (100
MHz, DMSO-d6) δ 176.08 (C), 160.26 (C), 156.80 (C), 145.67
(C), 143.29 (C), 142.85 (C), 132.84 (C), 130.44 (CH), 125.45 (CH),
124.37 (CH), 123.97 (C), 119.46 (C), 114.65 (CH), 62.62 (CH2),
39.18 (C), 26.98 (CH3), 14.49 (CH3). IR (ν) = 1,736 cm−1 (CO),
1,735 cm−1 (CO), 1,523 and 1,377 cm−1 (NO2). ESI-MS calcd.
for C21H21N3O8S, 475.47; found: m/z 476.11 [M + H]+. Anal.
C21H21N3O8S (C, H, N).

Procedure for

4-[(3-Amino-1H-indazol-1-yl)sulfonyl]phenyl Pivalate

(3h)
1H-Indazol-3-amine 1h (Lefebvre et al., 2010) (2.03 mmol)
was dissolved in 13mL of dry DMF and triethylamine (20.28
mmol). 4-(chlorosulfonyl)phenyl pivalate 2 (Hwang et al., 2015)
(2.13 mmol) dissolved in 4mL of dry 1,4-dioxane was added
to the reaction mixture dropwise at 10◦C, and the mixture was
stirred at 50◦C for 4 h. Ice-cold water was added to the reaction
mixture, and the suspension was extracted with ethyl acetate (3×
15mL). The organic phase was dried over sodium sulfate, and the
solvent was evaporated in vacuo to obtain the desired compound
3h, which was purified by flash column chromatography using
cyclohexane/ethyl acetate 2:1 as eluent. Yield = 5%; mp = 189-
192◦C (EtOH). 1H-NMR (400 MHz, DMSO-d6) δ 7.96 (d, 1H,
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Ar, J = 8.2Hz), 7.79 (d, 1H, Ar, J = 8.2Hz), 7.75 (d, 2H, Ar, J =
8.8Hz), 7.59 (t, 1H, Ar, J = 7.6Hz), 7.35 (t, 1H, Ar, J = 7.6Hz),
7.26 (d, 2H, Ar, J= 8.8Hz), 6.55 (exch br s, 2H, NH2), 1.24 (s, 9H,
C(CH3)3). ESI-MS calcd. for C18H19N3O4S, 373.43; found: m/z
374.11 [M+H]+. Anal. C18H19N3O4S (C, H, N).

General Procedure for Compounds (3i-l and 4)
Compounds 3i-l and 4were obtained starting from intermediates
1i-l (1i: Bahekar et al., 2007; 1j: Crocetti et al., 2018; 1k,l: Schirok
et al., 2015) and 3h, respectively, following the same procedure
described for 3d-f and using the appropriate sulfonyl chloride
2 (Hwang et al., 2015) (for 3i-l) or m-toluoyl chloride (for 4)
as reagents. After evaporation of organic solvent, ice-cold water
was added (20mL). Compounds 3i,j and 4 were recovered by
extraction with CH2Cl2 (3 × 15mL), while compounds 3k, l
were recovered by vacuum filtration. The final compounds 3i,j
and 4 were purified by flash column chromatography using
cyclohexane/ethyl acetate 4:1 (for 3i), 5:1 (for 3j) or toluene/ethyl
acetate 95:5 (for 4) as eluents or by crystallization from ethanol
(compounds 3k and 3l).

4-[(3-Cyano-1H-pyrrolo[2,3-b]pyridin-1-yl]sulfonyl)phenyl

pivalate (3i)
Yield = 22%; mp = 176–179◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.56 (dd, 1H, Ar, J = 1.6Hz and J = 4.8Hz), 8.33 (d,
2H, Ar, J = 7.2Hz), 8.30 (s, 1H, Ar), 8.07 (dd, 1H, Ar, J = 1.6Hz
and J = 8.0Hz), 7.38 (m, 1H, Ar), 7.28 (d, 2H, Ar, J = 7.2Hz),
1.35 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ 176.08
(C), 156.32 (C), 147.09 (CH), 145.64 (C), 133.66 (C), 133.17 (CH),
130.59 (CH), 129.11 (CH), 122.64 (CH), 121.01 (C), 120.46 (CH),
112.90 (C), 90.67 (C), 39.31 (C), 26.96 (CH3). IR (ν) = 2,233
cm−1 (CN), 1,755 cm−1 (CO). ESI-MS calcd. for C19H17N3O4S,
383.42; found: m/z 384.10 [M + H]+. Anal. C19H17N3O4S (C,
H, N).

4-{[3-(3-Methyl-1,2,4-oxadiazol-5-yl)-1H-pyrrolo[2,3-
b]pyridin-1-yl]sulfonyl}phenyl pivalate
(3j)
Yield = 8%; mp = 164–167◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.55 (m, 3H, Ar), 8.34 (d, 2H, Ar, J = 8.8Hz), 7.39
(m, 1H, Ar), 7.26 (d, 2H, Ar, J = 8.8Hz), 2.51 (s, 3H, CH3),
1.34 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ 176.05
(C), 170.65 (C), 167.57 (C), 156.08 (C), 146.86 (C), 146.47 (CH),
134.18 (C), 130.66 (CH), 130.43 (CH), 128.78 (CH), 122.49 (CH),
120.38 (CH), 119.45 (C), 104.59 (C), 39.28 (C), 26.95 (CH3),
11.65 (CH3). IR (ν) = 1,757 cm−1 (CO). ESI-MS calcd. for
C21H20N4O5S, 440.47; found: m/z 441.12 [M + H]+. Anal.
C21H20N4O5S (C, H, N).

4-{[3-(Trifluoromethyl)-1H-pyrazolo[3,4-b]pyridin-1-

yl]sulfonyl}phenyl pivalate
(3k)
Yield = 24%; mp = 135–138◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.83 (d, 1H, Ar, J= 3.6Hz), 8.32 (d, 2H, Ar, J= 8.8Hz),
8.21 (d, 1H, Ar, J = 8.0Hz), 7.46 (m, 1H, Ar), 7.27 (d, 2H, Ar, J
= 8.8Hz), 1.34 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3)
δ 176.08 (C), 156.33 (C), 151.86 (CH), 151.10 (C), 133.81 (C),

131.90 (C), 130.42 (CH), 130.12 (CH), 122.74 (CH), 121.80 (C),
120.95 (CH), 113.95 (C), 39.27 (C), 26.92 (CH3). IR (ν) = 1,759
cm−1 (CO). ESI-MS calcd. for C18H16F3N3O4S, 427.40; found:
m/z 428.08 [M+H]+. Anal. C18H16F3N3O4S (C, H, N).

4-[(3-Cyano-1H-pyrazolo[3,4-b]pyridin-1-

yl)sulfonyl]phenyl pivalate
(3l)
Yield = 24%; mp = 166–169◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.86 (d, 1H, Ar, J= 4.4Hz), 8.32 (d, 2H, Ar, J= 8.8Hz),
8.24 (d, 1H, Ar, J = 8.0Hz), 7.52 (m, 1H, Ar), 7.28 (d, 2H, Ar, J
= 8.8Hz), 1.34 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3)
δ 176.06 (C), 156.62 (C), 152.34 (CH), 150.59 (C), 133.22 (C),
130.60 (CH), 129.65 (CH), 122.94 (CH), 121.50 (CH), 117.96
(C), 111.09 (C), 39.31 (C), 26.94 (CH3). IR (ν) = 2,250 cm−1

(CN), 1,762 cm−1 (CO). ESI-MS calcd. for C18H16N4O4S, 384.41;
found: m/z 385.09 [M+H]+. Anal. C18H16N4O4S (C, H, N).

4-{[3-(3-Methylbenzamido)-1H-indazol-1-
yl]sulfonyl}phenyl pivalate
(4)
Yield = 37%; oil. 1H-NMR (400 MHz, DMSO-d6) δ 11.33 (exch
br s, 1H, NH), 8.16 (d, 1H, Ar, J = 8.4Hz), 8.01 (d, 2H, Ar, J =
8.8Hz), 7.87 (m, 3H, Ar), 7.70 (t, 1H, Ar, J = 7.8Hz), 7.43 (m,
3H, Ar), 7.38 (d, 2H, Ar, J = 8.8Hz), 2.39 (s, 3H, m-CH3-Ph),
1.26 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, DMSO-d6) δ 176.13
(C), 166.51 (C), 155.87 (C), 148.72 (C), 141.66 (C), 138.32 (C),
133.67 (C), 133.49 (CH), 133.27 (C), 130.73 (CH), 129.58 (CH),
129.26 (CH), 128.87 (CH), 125.83 (CH), 124.77 (CH), 124.28
(CH), 123.81 (CH), 121.22 (C), 113.38 (CH), 39.36 (C), 26.99
(CH3), 21.36 (CH3). IR (ν) = 3,263 cm−1 (NH), 1,747 cm−1

(CO), 1,645 cm−1 (CO amide). ESI-MS calcd. for C26H25N3O5S,
491.56; found: m/z 492.15 [M + H]+. Anal. C26H25N3O5S (C,
H, N).

General Procedure for Compounds (5a, 5d)
A mixture of intermediate 1b (DeGraw and Goodman, 1964) or
1g (Bistocchi et al., 1981) (0.93 mmol), 1.40 mmol of Na2CO3,
and 4.68 mmol of CH3I in 4mL of anhydrous acetonitrile was
stirred at 80◦C for 6 h. After cooling, the organic solvent was
evaporated under vacuum, and ice-cold water was added (10–
15mL). The precipitate was filtered and washed with water to
obtain compounds 5a and 5d, which were purified by flash
column chromatography using toluene/ethyl acetate 7:3 (for 5a)
or 8:2 (for 5d) as eluents.

Ethyl 1-methyl-5-nitro-1H-indole-3-carboxylate (5a)
Yield = 22%; mp = 153–155◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 9.11 (d, 1H, Ar, J= 2.4Hz), 8.22 (dd, 1H, Ar, J= 2.4Hz
and J= 9.2Hz), 7.94 (s, 1H, Ar), 7.42 (d, 1H, Ar, J= 9.2Hz), 4.45
(q, 2H, CH2CH3, J = 7.2Hz), 3.93 (s, 3H, N-CH3); 1.47 (t, 3H,
CH2CH3, J = 7.2Hz). ESI-MS calcd. for C12H12N2O4, 248.24;
found: m/z 249.08 [M+H]+. Anal. C12H12N2O4 (C, H, N).

Ethyl 1-methyl-5-nitro-1H-indazole-3-carboxylate (5d)
Yield = 64%; mp = 178–181◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 9.18 (s, 1H, Ar), 8.36 (dd, 1H, Ar, J = 2.0Hz and J =
9.2Hz), 7.57 (d, 1H, Ar, J = 9.2Hz), 4.59 (q, 2H, CH2CH3, J =
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7.0Hz), 4.26 (s, 3H, N-CH3), 1.53 (t, 3H, CH2CH3, J = 7.0Hz).
ESI-MS calcd. for C11H11N3O4, 249.23; found: m/z 250.08 [M +

H]+. Anal. C11H11N3O4 (C, H, N).

General Procedure for Compounds (6a, 6b, 6d)
Compounds 5a,b,d (5b: Crocetti et al., 2016) (0.60 mmol) were
subjected to catalytic reduction in 96% EtOH (8mL) for 2 h
with a Parr instrument using 128mg of 10% Pd/C as catalyst
and hydrogen (30 psi). The catalyst was filtered, and the solvent
was evaporated under vacuum, resulting in the desired products
6a, 6b, and 6d. Compounds 6b and 6d were purified by
crystallization from ethanol.

Ethyl 5-amino-1-methyl-1H-indole-3-carboxylate (6a)
Yield = 98%; oil. 1H-NMR (400 MHz, CDCl3) δ 7.67 (s, 1H,
Ar), 7.50 (s, 1H, Ar), 7.13 (d, 1H, Ar, J = 8.2Hz), 6.75 (d, 1H,
Ar, J = 8.2Hz), 4.37 (q, 2H, CH2CH3, J = 7.2Hz), 3.75 (s,
3H, N-CH3), 1.41 (t, 3H, CH2CH3, J = 7.2Hz). ESI-MS calcd.
for C12H14N2O2, 218.26; found: m/z 219.11 [M + H]+. Anal.
C12H14N2O2 (C, H, N).

Ethyl 5-amino-1-(3-methylbenzoyl)-1H-indole-3-carboxylate

(6b)
Yield = 44%; mp = 154–157◦C (EtOH). 1H-NMR (400 MHz,
DMSO-d6) δ 7.97 (d, 1H, Ar, J = 8.8Hz), 7.66 (s, 1H, Ar), 7.59
(s, 1H, Ar), 7.53 (m, 3H, Ar), 7.27 (d, 1H, Ar, J = 2.2Hz), 6.72
(dd, 1H, Ar, J = 2.2Hz and J = 8.8Hz), 5.23 (exch br s, 2H,
NH2), 4.27 (q, 2H, CH2CH3, J = 7.1Hz), 2.42 (s, 3H, m-CH3-
Ph), 1.29 (t, 3H, CH2CH3, J= 7.1Hz). IR (ν)= 3,414–3,336 cm−1

(NH2), 1,681 cm−1 (CO), 1,585 cm−1 (CO amide). ESI-MS calcd.
for C19H18N2O3, 322.36; found: m/z 323.14 [M + H]+. Anal.
C19H18N2O3 (C, H, N).

Ethyl 5-amino-1-methyl-1H-indazole-3-carboxylate (6d)
Yield = 46%; mp = 151-154◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 7.43 (s, 1H, Ar), 7.29 (d, 1H, Ar, J = 8.8Hz), 6.92 (dd,
1H, Ar, J = 2.0Hz and J = 8.8Hz), 4.51 (q, 2H, CH2CH3, J =
7.1Hz), 4.12 (s, 3H, N-CH3), 1.48 (t, 3H, CH2CH3, J = 7.1Hz).
ESI-MS calcd. for C11H13N3O2, 219.24; found: m/z 220.10 [M +

H]+. Anal. C11H13N3O2 (C, H, N).

General Procedure for Compounds (7a, 7b)
Compounds 7a,b were obtained starting from intermediates
6a,b following the same procedure described for 3d-f and 3i-l

using 4-(chlorosulfonyl)phenyl pivalate 2 (Hwang et al., 2015)
as reagent. After evaporation of the organic solvent, ice-cold
water was added (20mL). Compounds 7a,b were recovered
by extraction with CH2Cl2 (3 × 15mL) and purified by flash
column chromatography using toluene/ethyl acetate 8:2 (for 7a)
or cyclohexane/ethyl acetate 2:1 (for 7b) as eluents.

Ethyl 1-methyl-5-{[4-(pivaloyloxy)phenyl]sulfonamido}-1H-

indole-3-carboxylate
(7a)
Yield = 64%; oil. 1H-NMR (400 MHz, CDCl3) δ 7.76 (d, 1H, Ar,
J = 4.8Hz), 7.75 (m, 3H, Ar), 7.18 (m, 2H, Ar), 7.11 exch br s,
1H, NH), 7.07 (d, 2H Ar, J = 7.2Hz), 4.35 (q, 2H, CH2CH3, J =
7.2Hz), 3.78 (s, 3H, N-CH3), 1.38 (t, 3H, CH2CH3, J = 7.2Hz),

1.33 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ 176.08
(C), 163.88 (C), 154.35 (C), 136.31 (C), 136.13 (CH), 135.45 (C),
130.70 (C), 128.91 (CH), 126.91 (C), 121.97 (CH), 119.20 (CH),
116.35 (CH), 110.51 (CH), 59.81 (CH2), 39.18 (C), 33.53 (CH3),
26.98 (CH3), 14.49 (CH3). IR (ν)= 3,242 cm−1 (NH), 1,747 cm−1

(CO), 1,714 cm−1 (CO). ESI-MS calcd. for C23H26N2O6S, 458.53;
found: m/z 459.15 [M+H]+. Anal. C23H26N2O6S (C, H, N).

Ethyl 1-(3-methylbenzoyl)-5-{[4-(pivaloyloxy)phenyl]

sulfonamido}-1H-indole-3-carboxylate (7b)
Yield = 38%; mp = 172-175◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.27 (d, 1H, Ar, J = 8.8Hz), 8.0 (s, 1H, Ar), 7.90 (d,
1H, Ar, J = 2.2Hz), 7.81 (dd, 2H, Ar, J = 2.2Hz and J = 8.4Hz),
7.56 (s, 1H, Ar), 7.48 (m, 3H, Ar), 7.21 (dd, 1H, Ar, J = 2.2Hz
and J = 8.8Hz), 7.16 (dd, 2H, Ar, J = 2.2Hz and J = 8.4Hz),
6.64 (exch br s, 1H, NH), 4.39 (q, 2H, CH2CH3, J = 7.1Hz), 2.47
(s, 3H, m-CH3-Ph), 1.41 (t, 3H, CH2CH3, J = 7.1Hz), 1.35 (s,
9H, C(CH3)3). 13C-NMR (100MHz, CDCl3) δ 176.08 (C), 163.88
(C), 154.56 (C), 139.07 (C), 136.06 (C), 134.40 (CH), 134.17 (C),
133.62 (CH), 133.35 (C), 133.0 (C), 129.89 (CH), 128.94 (CH),
128.75 (CH), 128.43 (C), 126.52 (CH), 122.17 (CH), 120.23 (CH),
117.02 (CH), 115.03 (CH), 113.33 (C), 60.75 (CH2), 39.22 (C),
26.99 (CH3), 21.36 (CH3), 14.37 (CH3). IR (ν) = 3,261 cm−1

(NH), 1,749 cm−1 (CO), 1,715 cm−1 (CO), 1,697 cm−1 (CO
amide). ESI-MS calcd. for C30H30N2O7S, 562.64; found: m/z
563.18 [M+H]+. Anal. C30H30N2O7S (C, H, N).

General Procedure for Compounds (7c-e)
Compounds 7c-e were obtained starting from intermediates 6c-e
(6c: Purandare et al., 2014; 6e: Crocetti et al., 2013), respectively,
following the same procedure described for 3g. The solvent
was concentrated in vacuo to obtain the final compounds 7c-e,
which were first purified by flash column chromatography using
cyclohexane/ethyl acetate 1:1 as eluent and then by crystallization
from ethanol.

4-[N-(3-Cyano-1-methyl-1H-indazol-5-yl)sulfamoyl]phenyl

pivalate (7c)
Yield = 63%; mp = 162–165◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 7.79 (d, 2H, Ar, J = 8.8Hz), 7.49 (d, 1H, Ar, J =

1.2Hz), 7.39 (m, 3H, 2H Ar and 1H NH), 7.16 (d, 2H, Ar, J =
8.8Hz), 4.13 (s, 3H, N-CH3), 1.35 (s, 9H, C(CH3)3). 13C-NMR
(100 MHz, CDCl3) δ 176.47 (C), 154.74 (C), 138.01 (C), 135.73
(C), 132.64 (C), 128.87 (CH), 125.57 (C), 124.05 (CH), 122.43
(CH), 117.15 (C), 113.32 (C), 111.89 (CH), 111.30 (CH), 39.25
(C), 36.90 (CH3), 26.98 (CH3). IR (ν) = 3,300 cm−1 (NH), 2,233
cm−1 (CN), 1,753 cm−1 (CO). ESI-MS calcd. for C20H20N4O4S,
412.46; found: m/z 413.12 [M + H]+. Anal. C20H20N4O4S (C,
H, N).

Ethyl 1-methyl-5-{[4-(pivaloyloxy)phenyl]sulfonamido}-1H-

indazole-3-carboxylate
(7d)
Yield = 89%; mp = 130–133◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 7.85 (d, 2H, Ar, J = 6.8Hz), 7.76 (d, 2H, Ar, J =

8.8Hz), 7.30 (s, 1H, Ar), 7.08 (d, 2H, Ar, J = 8.8Hz), 4.43 (q,
2H, CH2CH3, J = 7.1Hz), 4.06 (s, 3H, N-CH3), 1.39 (t, 3H,
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CH2CH3, J = 7.1Hz), 1.29 (s, 9H, C(CH3)3). 13C-NMR (100
MHz, CDCl3) δ 176.32 (C), 162.37 (C), 154.51 (C), 139.12 (C),
136.02 (C), 134.61 (C), 132.11 (C), 130.11 (C), 128.92 (CH),
123.75 (C), 123.40 (CH), 122.19 (CH), 115.20 (CH), 110.54 (CH),
61.10 (CH2), 39.18 (C), 36.50 (CH3), 26.96 (C), 14.38 (CH3). IR
(ν) = 3,228 cm−1 (NH), 1,755 cm−1 (CO), 1,720 cm−1 (CO).
ESI-MS calcd. for C22H25N3O6S, 459.52; found: m/z 460.15 [M
+H]+. Anal. C22H25N3O6S (C, H, N).

Ethyl 1-(3-methylbenzoyl)-5-{[4-

(pivaloyloxy)phenyl]sulfonamido}-1H-indazole-3-
carboxylate
(7e)
Yield = 64%; mp = 180–182◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.46 (d, 1H, Ar, J = 8.8Hz), 7.98 (s, 1H, Ar), 7.92 (s,
2H, Ar), 7.82 (d, 2H, Ar, J= 8.8Hz), 7.43 (m, 3H, Ar), 7.18 (d, 2H,
Ar, J = 8.8Hz), 6.68 (exch br s, 1H, NH), 4.53 (q, 2H, CH2CH3,
J = 7.1Hz), 2.47 (s, 3H, m-CH3-Ph), 1.48 (t, 3H, CH2CH3, J =
7.1Hz), 1.34 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3) δ

168.15 (C), 161.51 (C), 154.79 (C), 140.66 (C), 139.26 (C), 138.04
(C), 135.83 (C), 134.30 (C), 133.92 (CH), 132.05 (CH), 131.70 (C),
128.92 (CH), 128.08 (CH), 125.09 (C), 124.62 (CH), 122.38 (CH),
116.76 (CH), 114.44 (CH), 61.93 (CH2), 39.23 (C), 26.99 (CH3),
21.36 (CH3), 14.25 (CH3). IR (ν)= 3,250 cm−1 (NH), 1,745 cm−1

(CO), 1,712 cm−1 (CO), 1,698 cm−1 (CO amide). ESI-MS calcd.
for C29H29N3O7S, 563.63; found: m/z 564.18 [M + H]+. Anal.
C29H29N3O7S (C, H, N).

General Procedure for Compounds (9a, 9b)
Compounds 9a,bwere obtained starting from intermediates 8a,b
(8a: Muthupplaniappan et al., 2009; 8b: Giovannoni et al., 2016)
following the same procedure described for 3d-f, 3i-l, and 7a,b.
Compounds 9a,b were recovered by extraction with CH2Cl2 (3
× 15mL) and purified by flash column chromatography using
cyclohexane/ethyl acetate 2:1 (for 9a) or petroleum ether/ethyl
acetate 5:1 (for 9b) as eluents.

4-[(4-Oxocinnolin-1(4H)-yl)sulfonyl]phenyl pivalate (9a)
Yield = 8%; mp = 116–119◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.63 (d, 1H, Ar, J= 8.6Hz), 8.27 (d, 1H, Ar, J= 8.6Hz),
8.08 (d, 2H, Ar, J = 8.8Hz), 7.83 (s, 1H, Ar), 7.81 (t, 1H, Ar,
J = 7.6Hz), 7.51 (t, 1H, Ar, J = 7.6Hz), 7.30 (d, 2H, Ar, J =
8.8Hz), 1.36 (s, 9H, C(CH3)3). 13C-NMR (100 MHz, CDCl3)
δ 175.99 (C), 170.78 (C), 156.26 (C), 141.52 (CH), 139.39 (C),
134.93 (CH), 133.27 (C), 130.16 (CH), 126.70 (CH), 123.79 (C),
122.82 (CH), 117.05 (CH), 39.33 (C), 26.96 (CH3). IR (ν)= 1,745
cm−1 (CO), 1,716 cm−1 (CO). ESI-MS calcd. for C19H18N2O5S,
386.42; found: m/z 387.10 [M + H]+. Anal. C19H18N2O5S (C,
H, N).

4-[(3-Cyclopropyl-4-oxocinnolin-1(4H)-yl)sulfonyl]phenyl
pivalate (9b)
Yield = 25%; mp = 121–123◦C (EtOH). 1H-NMR (400 MHz,
CDCl3) δ 8.62 (d, 1H, Ar, J= 8.8Hz), 8.29 (d, 1H, Ar, J= 8.8Hz),
8.02 (d, 2H, Ar, J = 8.8Hz), 7.74 (t, 1H, Ar, J = 7.6Hz), 7.46
(t, 1H, Ar, J = 7.6Hz), 7.28 (d, 2H, Ar, J = 8.8Hz), 2.54 (m,
1H, CH C3H5), 1.36 (s, 9H, C(CH3)3), 0.99 (m, 2H, CH2 C3H5),

0.85 (m, 2H, CH2 C3H5). 13C-NMR (100 MHz, CDCl3) δ 176.0
(C), 170.55 (C), 156.04 (C), 153.20 (C), 139.71 (C), 134.36 (CH),
133.70 (C), 130.15 (CH), 126.42 (CH), 125.93 (CH), 122.53 (CH),
122.0 (C), 116.86 (CH), 39.31 (C), 26.97 (CH3), 9.90 (CH2), 9.09
(CH). IR (ν) = 1,745 cm−1 (CO), 1,732 cm−1 (CO). ESI-MS
calcd. for C22H22N2O5S, 426.49; found: m/z 427.13 [M + H]+.
Anal. C22H22N2O5S (C, H, N).

Procedure for

4-[(5-Oxo-4-phenylisoxazol-2(5H)-yl)sulfonyl]phenyl

Pivalate (11)
Compound 11 was obtained starting from intermediate 10

(Becalli et al., 1984) by reaction with 4-(chlorosulfonyl)phenyl
pivalate 2 (Hwang et al., 2015) following the general procedure
described for 3g and 7c-e. The pyridine was concentrated in
vacuo to obtain the final compound 11, which was purified
by flash column chromatography using hexane/acetone 1:1 as
eluent. Yield = 18%; mp = 166–168◦C (EtOH). 1H-NMR (400
MHz, CDCl3) δ 8.35 (s, 1H, CH), 7.93 (d, 2H, Ar, J = 8.8Hz),
7.66 (d, 2H, Ar, J = 8.0Hz), 7.37 (d, 3H, Ar, J = 6.4Hz), 7.31 (d,
2H, Ar, J = 8.8Hz), 1.34 (s, 9H, C(CH3)3). 13C-NMR (100 MHz,
CDCl3) δ 165.85 (C), 156.91 (C), 143.93 (CH), 131.16 (CH),
129.56 (CH), 128.99 (CH), 128.13 (C), 126.37 (C), 126.24 (CH),
122.89 (CH), 115.15 (C), 39.36 (C), 26.96 (CH3). IR (ν) = 3,099
cm−1 (CH isox), 1,759 cm−1 (CO), 1,745 cm−1 (CO), 1,597 cm−1

(C3 =C4). ESI-MS calcd. for C20H19NO6S, 401.43; found: m/z
402.10 [M+H]+. Anal. C20H19NO6S (C, H, N).

Pharmacology
Compounds were dissolved in 100% DMSO at 5mM stock
concentrations. The final concentration of DMSO in the
reactions was 1%, and this level of DMSO had no effect
on enzyme activity. HNE inhibition assays were performed
in black flat-bottom 96-well microtiter plates. Briefly, a
solution containing 200mM Tris–HCl, pH 7.5, 0.01%
bovine serum albumin, 0.05% Tween R©-20, and 20 mU/mL
of HNE (Calbiochem) was added to wells containing different
concentrations of each compound. The reaction was initiated
by addition of 25µM elastase substrate (N-methylsuccinyl-Ala-
Ala-Pro-Val-7-amino-4-methylcoumarin, Calbiochem) in a final
reaction volume of 100 µL/well. Kinetic measurements were
obtained every 30 s for 10min at 25◦C using a Fluoroskan Ascent
FL fluorescence microplate reader (Thermo Electron, MA)
with excitation and emission wavelengths of 355 and 460 nm,
respectively. For all compounds tested, the concentration of
inhibitor that caused 50% inhibition of the enzymatic reaction
(IC50) was calculated by plotting % inhibition vs. logarithm
of inhibitor concentration (at least six points). The data are
presented as the mean values of at least three independent
experiments with relative standard deviations of <15%.

Analysis of Compound Stability
Spontaneous hydrolysis of selected derivatives was evaluated
at 25◦C in 0.05M phosphate buffer, pH 7.3. Kinetics of
compound hydrolysis was monitored by measuring changes in
absorbance spectra over time using a SpectraMax ABS Plus
microplate spectrophotometer (Molecular Devices, Sunnyvale,
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SCHEME 1 | aReagents and conditions. (A) for 3a-c: NaH (60% dispersion in mineral oil), anhydrous THF, r.t., 24 h; for 3d-f and 3i-l: Et3N, anhydrous CH2Cl2, 0
◦C,

2 h then r.t., 2 h; for 3g: dry pyridine, r.t., 4 h; for 3h: Et3N, dry DMF, 1,4-dioxane, 50 ◦C, 4h; (B) m-Toluoyl chloride, Et3N, anhydrous CH2Cl2, 0
◦C, 2 h then r.t., 2 h.

CA). Absorbance (At) at the characteristic absorption maxima
of each compound was monitored over time until no further
absorbance decreases occurred (A∞). Using these measurements,
we created semilogarithmic plots of log(At-A∞) vs. time, and
k′ values were determined from the slopes of these plots. Half-
conversion times were calculated using t1/2 = 0.693/k′.

Molecular Modeling
Structures of Sivelestat (in the form of a carboxylate
anion) and compounds 3a, 7b, 7d, and 7e, were created
using ChemOffice 2016 software, pre-optimized with the

MM2 force field and saved in Tripos MOL2 format. The
ligand structures were then imported into the Molegro
Virtual Docker 6.0 program (MVD). The structure of
HNE complexed with 1-{3-methyl-2-[4-(morpholine-4-
carbonyl)-benzoylamino]-butyryl}-pyrrolidine-2-carboxylic acid
(3,3,4,4,4-pentafluoro-1-isopropyl-2-oxo-butyl)-amide (SEI)
ligand was downloaded from the Protein Data Bank (PDB code
1B0F) and also imported into MVD. The co-crystallized water
molecules were removed from the 1B0F structure on importing.
A search space for docking was defined in the HNE binding site
as a sphere of radius 12 Å positioned at the geometric center
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SCHEME 2 | aReagents and conditions. (A) for 5a,c,d: CH3 I, Na2CO3, anhydrous CH3CN, 80C, 6 h; for 5b: m-Toluoyl chloride, NaH (60% dispersion in mineral oil),

anhydrous THF, r.t., 24 h; for 5e: m-Toluoyl chloride, Et3N, anhydrous CH2Cl2, 0
◦C, 2 h then r.t., 2 h (B) H2 (Parr), Pd/C, EtOH 96%, 30min (for 6c) and 2 h (for

6a,b,d,e); (C) for 7a,b: Et3N, anhydrous CH2Cl2, 0
◦C, 2 h then r.t., 2 h; for 7c-e: dry pyridine, r.t., 4 h.

of gravity of the SEI ligand, and the investigated compounds
were docked into the binding site. MolDock score functions
(Thomsen and Christensen, 2006) were applied with a 0.3
Å grid resolution. Ligand flexibility was accounted for with
respect to torsion angles auto-detected in MVD. Structure
of the protein was considered rigid. The “Internal HBond”
and “sp2-sp2 torsions” options were activated in the “Ligand
evaluation” menu of the MVD Docking Wizard. Three hundred
docking runs were performed for each molecule. Our attempts
to enhance number of docking runs up to 600 did not lead to
better scored docking poses. The option “Return multiple poses
for each run” was enabled, and the post-processing options
“Energy minimization” and “Optimize H-bonds” were applied
after docking. Similar poses were clustered at a RMSD threshold
of 1 Å.

RESULTS AND DISCUSSION

Chemistry
All final compounds were synthesized as reported in Schemes 1–
3, and the structures were confirmed on the basis of analytical and
spectral data. The 4-(chlorosulfonyl)phenyl pivalate fragment 2
representing the active portion of Sivelestat that was incorporated
into all new compounds was synthesized as reported previously
(Hwang et al., 2015).

Starting from Scheme 1, fragment 2 was inserted at the N-
1 position of four different bi-heterocycles that were previously
investigated by our research group as N(1)-CO- aryl(alkyl)
derivatives: indoles (Crocetti et al., 2016), indazoles (Crocetti
et al., 2011, 2013), 7-azaindoles (Crocetti et al., 2018; Giovannoni
et al., 2019) and 7-azaindazoles (data not shown). Indole
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SCHEME 3 | aReagents and conditions. (A) Et3N, anhydrous CH2Cl2, 0
◦C, 2 h then r.t., 2 h; (B) dry pyridine, r.t., 4 h.

derivatives 3a-c were obtained starting from the precursors 1a-
c (1a: Shahidul et al., 2006; 1b: DeGraw and Goodman, 1964;
1c: Yuen et al., 2013) by treatment with 4-(chlorosulfonyl)phenyl
pivalate 2 and sodium hydride in anhydrous tetrahydrofuran
(THF) at room temperature. To obtain the final indazoles
3d-g two different procedures were followed: treatment of
the appropriate intermediate 1d-g (1d: Alaime et al., 2018;
1e,g: Crocetti et al., 2013; 1f: Crocetti et al., 2011) with the
sulfonyl chloride 2 in anhydrous CH2Cl2 and Et3N (compounds
3d-f) or in dry pyridine at room temperature (3g). The 3-
aminoindazole 1h (Lefebvre et al., 2010) was reacted with 4-
(chlorosulfonyl)phenyl pivalate 2 in dry 1,4-dioxane/DMF, Et3N
at 50 ◦C to obtain the intermediate 3h, which was further
elaborated by treatment with m-toluoyl chloride in anhydrous
CH2Cl2 and Et3N to obtain the final compound 4, containing
a benzamido moiety at position 3. Lastly, synthesis of the 7-
azaindoles 3i, j and 7-azaindazoles 3k, l was performed starting
from precursors 1i,j and 1-k,l (1i: Bahekar et al., 2007; 1j: Crocetti

et al., 2018; 1k,l: Schirok et al., 2015), respectively, under the same
conditions described for compounds 3d-f.

Scheme 2 shows the synthetic route followed to obtain
compounds 7a-e bearing the active fragment of Sivelestat at
position 5 of the indazole or indole scaffolds. Treatment of
precursors 1b, 1e, and 1g with iodomethane, sodium carbonate
in anhydrous acetonitrile at reflux afforded intermediates 5a,
c, d (5c: Purandare et al., 2014), while compounds 5b and 5e

were obtained by treatment of 1b with m-toluoyl chloride in
anhydrous dichloromethane and Et3N and 1g with m-toluoyl
chloride and sodium hydride in tetrahydrofuran, respectively
(5b: Crocetti et al., 2016; 5e: Crocetti et al., 2013). The 5-NO2

derivatives 5a-e were transformed into the corresponding 5-
amino compounds 6a-e (6b: Crocetti et al., 2016; 6c: Purandare
et al., 2014) through catalytic reduction with a Parr instrument
and a subsequent reaction with 4-(chlorosulfonyl)phenyl pivalate
2 (Hwang et al., 2015) under the same conditions reported
in Scheme 1, leading to compounds 7a-e. Finally, Scheme 3
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shows the synthesis of the cinnolinone derivatives of type 9 and
isoxazolone 11. In all precursors 8a, b (8a: Muthupplaniappan
et al., 2009; 8b: Giovannoni et al., 2016) and 10 (Becalli et al.,
1984), the insertion of fragment 2was carried out under the same
conditions as described in Scheme 1.

Biological Evaluation
All new products were evaluated for HNE inhibitory activity,
and the results are reported in Tables 1, 2 in comparison with
Sivelestat. Table 1 presents the results of compounds lacking
the 1-N-CO function responsible for activity in our original
compounds (Figure 3). These include 3a-g, 3i-l, 4, and 9a, b,
which contain the sulfamoyl fragment of Sivelestat at N-1 of the
bicyclic nucleus, and compounds 7a, 7c, and 7d, which have the
(sulfonyl)phenyl pivalate chain at position five of the nucleus
and a methyl group at N-1 (N-methyl derivatives). Many of the
new derivatives exhibited very potent HNE inhibitory activity,
with IC50 values between 15 and 78 nM for most compounds,
which is comparable to or better that that of Sivelestat (IC50

= 44 nM). The most potent compounds were the indazole 3f

and the cinnoline 9a, which had IC50 values of 15 and 19 nM,
respectively. These results clearly demonstrated that replacement
of the NCO function at N-1 with the active fragment of Sivelestat
did not affect HNE inhibitory activity (Table 1). Previously, we
found that indoles of type B (Figure 3), which were designed as
2-deaza analogs of highly active N-benzoylindazole compounds,
were inactive or low activity HNE inhibitors due to the lack of the
nitrogen at position two, which forms an important interaction
with Gly193 of the catalytic site (Crocetti et al., 2016). Here, we
report that introduction of the (sulfonyl)phenyl pivalate chain
at N-1 of the indole nucleus into these compounds (i.e., 3a-c)
resulted in very potent HNE inhibitors, with IC50 values of 30,
25, and 49 nM, respectively, suggesting that inclusion of the active
fragment of Sivelestat leads to a different interaction of the indole
scaffold with HNE. Finally, the N-1 methyl derivatives 7a, c, d
bearing the (sulfonyl)phenyl pivalate chain at position five of the
nucleus retained some inhibitory activity, although they were not
as active as the other compounds described above.

The results reported in the Table 1 indicate that in practice,
the pivaloyl fragment of Sivelestat can “replace” the role of
the N-CO group at position 1 and offer a different point of
attack for Ser195. It is also clear that the selected scaffolds with
adequate substitutions are appropriate carriers for the Sivelestat
pharmacophore. On the other hand, compounds maintaining
the NCO function at position 1 (compounds 7b and 7e) or
CO at position five (compound 11) (Table 2) as the point
of attack for Ser195, and simultaneously bearing the active
pivaloyl fragment of Sivelestat, only exhibited moderate HNE
inhibitory activity (IC50 = 0.29–5.2µM), with the exception of
the previously published compoundG (IC50 = 59 nM), which has
activity comparable to its analogs lacking the Sivelestat fragment
(Giovannoni et al., 2018). However, these data also clearly
indicate that this strategy does not produce the expected additive
effect, probably due to the increased hindrance of the molecules.

A set of the most potent HNE inhibitors, as well as low
activity compound 7b, were evaluated for their chemical stability
in aqueous buffer. Spontaneous hydrolysis rates of the inhibitors

TABLE 1 | HNE inhibitory activity of compounds 3a-g, 3i-l, 4, 7a,c,d, and 9a,b.

Compound X Y R3 R5 IC50 (nM)a

3a CH CH COOEt H 30 ± 9

3b CH CH COOEt NO2 25 ± 8

3c CH CH CN H 49 ± 13

3d N CH CN H 76 ± 11

3e N CH CN NO2 93 ± 27

3f N CH COOEt H 15 ± 4

3g N CH COOEt NO2 23 ± 10

3i CH N CN H 55 ± 12

3j CH N 3-methyl-1,2,4-oxadiazole H 43 ± 14

3k N N CF3 H 135 ± 37

3l N N CN H 66 ± 9

4 N CH NH-CO-m-CH3-Ph H 62 ± 12

7a CH CH COOEt - 233 ± 76

7c N CH CN - 394 ± 38

7d N CH COOEt - 86 ± 13

9a - - H - 19 ± 5

9b - - cC3H5 - 78 ± 18

Sivelestat 44 ± 20

a IC50 values are presented as the mean ± SD of three independent experiments.

weremeasured in phosphate buffer at pH 7.3 and 25◦C. As shown
in Table 3, compounds 3a, 3c, 3f, and 7d had a relatively good
stability (t1/2 > 9 h) with high HNE inhibitory activity (IC50 <

100 nM).
The relatively high enzymatic stability of HNE allowed us

to evaluate reversibility of the enzyme inhibition over time.
As an example, Figure 4 shows kinetic curves monitoring
substrate cleavage catalyzed by HNE over a 10-h period in
the presence of selected sulfonamide derivatives (5µM) and
compared to Sivelestat. Persistence of selected HNE inhibitors
over an extended period of time (16 h) was also evaluated
and showed that the most effective HNE inhibitors over time
were 3c, 3d, 3i, 3l, and 9a (Table 4). Inhibitory activities of
these compounds were comparable or better than Sivelestat in
this assay.

Molecular Modeling
Molecular docking studies of some HNE inhibitors, including
Sivelestat and triterpenes, were previously made (Feng et al.,
2012, 2013) based on 1B0F structure from PDB. Hence, we
also used this structure in our docking calculations. The MVD
program was validated on HNE by confirming the ability of
the program to reproduce the position of the co-crystallized SEI
ligand contained in the 1B0F structure taken from the Protein
Data Bank (Cregge et al., 1998). Independent docking of SEI
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TABLE 2 | HNE inhibitory activity of compounds 7b, e, 11 in comparison with

compound G and Sivelestat.

Compound X R3 IC50 (µM)a

7b CH - 5.2 ± 0.14

7e N - 0.460 ± 0.12

11 - H 0.290 ± 0.04

Gb - CH3 0.059 ± 0.02

Sivelestat 0.044 ± 0.02

a IC50 values are presented as the mean ± SD of three independent experiments.
b (Giovannoni et al., 2018).

TABLE 3 | Half-life (t1/2) for the spontaneous hydrolysis of selected derivatives.

Compound t1/2 (h) Absorption wavelength

(nm)a

3a 9.6 280

3b 6.1 275

3c 14.4 270

3d 6.1 315

3e 0.4 260

3f 10.5 265

3g 1.8 270

3i 1.8 0.270

3j 2.5 290

3k 1.3 290

3l 3.5 295

4 6.4 260

7a 6.8 295

7b 5.3 280

7c 1.5 270

7d 16.5 280

7e 5.8 285

9a 2.1 260

9b 1.9 270

G 5.8 290

aAbsorption used for monitoring spontaneous hydrolysis.

into the HNE binding site was performed, and comparison
of the resulting pose with the experimental ligand location
demonstrated that the MVD program accurately reproduced the
location of the SEI ligand in the HNE binding site (RMSD of non-
hydrogen atom positions between the two structures is 1.24 Å)
(Figure S1, see Supplementary Material).

One of the goals of our molecular modeling study consisted
in clarifying the possibilities for Nakayama’s mechanism for
inhibitory action of pivaloyl-containing compounds (Nakayama

FIGURE 4 | Evaluation of HNE inhibition by representative sulfonamides and

Sivelestat over time. HNE was incubated with the indicated selected

compounds (5µM), and kinetic curves monitoring substrate cleavage

catalyzed by HNE over time are shown. Representative curves are from two

independent experiments.

et al., 2002) via an attack of Ser195 hydroxyl oxygen atom at the
carbon center of C=O group in the inhibitor molecule. Docking
of Sivelestat in its anionic form into HNE using MVD software
gave a ligand position (Figure 5A) similar to the pose obtained
by Feng and co-authors with the free docking programAutoDock
(Feng et al., 2012). In this docking pose, Sivelestat forms H-bonds
between the oxygen atom of the sulfonamide group and Ser195
and Gly193, as well as an H-bond between the carboxyl group
and Ser214. In addition, the Sivelestat pose is near to hydrophobic
residues Leu99B, Phe192, His57, Val216, Cys191, and Phe41. All
of these features of the ligand location are consistent with the
docking results previously reported for Sivelestat (Feng et al.,
2012). According to our data and the results obtained by Feng
et al. (2012) on the binding of Sivelestat to HNE, Ser195 forms
an H-bond with the sulfonamide oxygen atom, hence Ser195
is far from the carbonyl carbon atom of the pivaloyl group,
which is a potential reaction center in the reported mechanism
(Nakayama et al., 2002). Thus, for the docking pose of Sivelestat,
we calculated the distance O(Ser195)····C=O(pivaloyl) to be 9.4
Å. In this regard, the experimental results of Nakayama and
co-authors (Nakayama et al., 2002) can be explained by the
presence of other possibilities for binding of Sivelestat to HNE
using conformations other than the optimal docking pose that we
obtained. Indeed, we found another pose for Sivelestat in which
the pivaloyl group is located close to the elastase catalytic triad,
forming H-bonds with Ser195 and Asp194. In addition, H-bonds
were formed between the amide nitrogen atom of the ligand
and Val216 and between the carboxyl group and Gly218 and
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FIGURE 5 | Docking poses of Sivelestat. (A) The lowest-score docking pose of Sivelestat. (B) Alternative docking pose of Sivelestat. Residues within 5 Å from the

pose are visible. H-bonds are shown by blue dashed lines.

TABLE 4 | Potency of selected HNE inhibitors (with IC50 < 100 nM) over extended

period of time (16 h).

Compounds Remaining HNE activity (%)a

3a 5.5 ± 1.8

3b 20.5 ± 1.7

3c 2.0 ± 0.4

3d 4.3 ± 0.3

3e 41.7 ± 3.2

3f 5.9 ± 1.2

3g 20.1 ± 1.6

3i 2.6 ± 0.5

3j 26.2 ± 3.4

3l 4.5 ± 1.7

4 8.6 ± 1.7

7d 9.1 ± 2.5

9a 2.2 ± 0.1

9b 9.2 ± 2.5

Sivelestat 3.7 ± 0.1

aEnzymatic activity of HNE was monitored during 16 h in the presence of 10 µM inhibitor.

Gly219 (Figure 5B). This alternative docking pose of Sivelestat
is favorable for nucleophilic attack of the Ser195 oxygen atom on
the carbonyl carbon of the pivaloyl group, resulting the distance
O(Ser195)····C=O(pivaloyl) of 3.04 Å, which is consistent with
the reported mechanism (Nakayama et al., 2002). It should be
noted that theMolDock score for this pose is only 1.4 units higher
than that for the optimal pose shown in Figure 5A.

Molecule 7d forms H-bonds with Ser195 via participation of
both oxygen atoms of the ethoxycarbonyl group. In addition,
the carbonyl oxygen of the ethoxycarbonyl substituent forms
Hbonds with Gly193 andAsp194, while the sulfonamide nitrogen

FIGURE 6 | Docking pose of compound 7d. Residues within 5 Å from the

pose are visible. H-bonds are shown by blue dashed lines.

atom is H-bonded to Ser214 (Figure 6). The docking pose of
molecule 7d in the HNE binding site is characterized by a
distance of 5.40 Å between the oxygen atom of Ser195 and
the carbonyl carbon of the pivaloyl group. This does not
exclude the possibility of nucleophilic addition of Ser195 to the
C=O group according to the reported mechanism (Nakayama
et al., 2002), because as a result of thermal movements of the
ligand and receptor, the carbonyl oxygen may be available for
nucleophilic attack.
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FIGURE 7 | Docking pose of compounds 3a (A) and 7e (B). Residues within 5 Å from the pose are visible. H-bonds are shown by blue dashed lines.

FIGURE 8 | Docking poses of compounds 7b and 7e. (A) Docking pose of

compounds 7b. H-bonds are shown by blue dashed lines. (B) Superimposed

docking poses of compounds 7e (purple) and 7b (green). Amino acid residues

within 5 Å from the co-crystallized SEI ligand (not shown) are visible.

TABLE 5 | Geometric parameters of the docking poses along with biological

activities of sulfonamides.

Compound O(Ser195)····C=O(pivaloyl) (Å) IC50 (µM)

3a 3.05 0.030

7b 6.74 5.2

7d 5.40 0.086

7e 5.96 0.460

Sivelestat 3.04 0.044

According to our docking results, compound 3a forms
strong H-bonds with Ser195 (two possible H-bonds), Asp194,
and Gly193 with participation of the carbonyl oxygen atom
of the pivaloyl group (Figure 7A). With this position in the
binding site, 3a is quite accessible for attack by Ser195 at
the carbonyl carbon atom, i.e., according to the direction of
metabolism proposed by Nakayama et al. (2002). The distance
O(Ser195)····C=O(pivaloyl) in this case is 3.05 Å, which is
comparable to the corresponding distance for Sivelestat (see
above). Compound 7e in its docking pose forms several H-
bonds with HNE, one of them being a bond between the
pyrazole nitrogen and Ser195 (Figure 7B). Additionally, the
amide oxygen atom forms a strong Hbond with Gly193, while
the sulfonamide nitrogen H-bonds with Val216. The distance
O(Ser195)····C=O(pivaloyl) for the pose of compound 7e is
5.96 Å. Thus, compound 7e is anchored significantly within the
binding site. Compound 7b differs from 7e by the presence of a
CH group in the 5-membered ring. This reduces opportunities
for the formation of H-bonds involving participation of the
heterocycle. Accordingly, 7b is slightly shifted away from Ser195
and neighboring residues (Figure 8A). Molecule 7b is H-bonded
to Val216 with participation of the sulfonamide nitrogen atom
and also with Asp194 and Gly193 via participation of oxygen
atom in the m-methylbenzoyl substituent. In Figure 8B, the
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poses of 7e and 7b are shown together. Visible amino acid
residues lie within 5 Å of the co-crystallized ligand SEI.
The distance O(Ser195)····C=O(pivaloyl) for the pose of 7b

in the binding site is 6.74 Å, which is the largest value of
the investigated compounds (Table 5). Perhaps, due to the
remoteness of the pivaloyl group from the key residue Ser195
of the catalytic triad, compound 7b is the least active among the
sulfonamides investigated.

Docking scores for the obtained poses of compounds 3a,
7b, 7d, 7e, and Sivelestat anion are equal to −127.45, −108.94,
−114.37, −133.75, and −125.04 MolDock units, respectively. It
should be noted that these values did not show any significant
correlation with IC50 indicating that specific protein-ligand
interactions rather than total complementarity play role in
appearing the inhibitory activity. Indeed, according to our
results, the specific mechanism of HNE inhibition proposed by
Nakayama et al. (2002), which includes the Ser195 attack on the
carbonyl carbon of the pivaloyl group, can be easily achieved for
compounds 3a and Sivelestat (Table 5). The IC50 values obtained
for compounds 7b, 7d, and 7e are also in agreement with the
geometric characteristics of their docking poses (Table 5).

CONCLUSIONS

Previously, we demonstrated that the isoxazolone derivative G

had high HNE inhibitory activity (Giovannoni et al., 2018) and
excellent chemical stability in aqueous buffer (data not shown).
Since this compound contains the 4-(sulfamoyl)phenyl pivalate
fragment that is necessary for Sivelestat activity, we hypothesized
that substitution of this active fragment onto otherHNE inhibitor
scaffolds could modulate their inhibitory activity, potentially
resulting in higher efficacy and/or improved chemical stability
of these new compounds. Based on this novel approach, we
synthesized and characterized a number of new derivatives and
demonstrated that the 4-(sulfamoyl)phenyl pivalate fragment
could “replace” the role of the N-CO group at position 1 and offer
a different point of attack for Ser195. Indeed, results of molecular
docking of the these pivaloyl-containing compounds into the
HNE binding site supported the mechanism of inhibitory activity
involving a nucleophilic attack of Ser195 from the catalytic triad

onto the carbonyl group of the pivaloyl moiety. Clearly, the
selected scaffolds with adequate substituents can be appropriate
carriers for the Sivelestat pharmacophore since many of the
new compounds had high inhibitory activity in the nanomolar
range, with the most potent inhibitors being 3a, 3b, 3f, 3g, and
9a (IC50 = 19–30 nM). However, these data also indicate that
this strategy does not produce an expected additive effect of
inhibitor potency, probably due to increased steric hindrance of
the pivaloyl substituent.
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