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Abstract
A series of halogenated Phenstatin analogs were designed as microtubule destabilizing agent by docking study. It was
synthesized within three steps starting from 2-chloro-5-iodobenzoic acid and substituted benzene. All the products were
characterized by 1H NMR and 13C NMR spectral analysis, and the stereochemical structure was also confirmed by a single
crystal X-ray diffraction crystallographic analysis. The microtubule destabilizing activities were evaluated in vitro with
human liver cancer Huh-7 cell line and human lung cancer A549 cell line. Some of the HPAs were achieved IC50 about 5.0
μM against human liver cancer Huh-7 cells.
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Introduction

Combretastatins are natural antimitotic stilbenes derived
from the bark of Combretum caffrum Kuntze (Com-
bretaceae) (Pettit et al. 1982). The three most active mole-
cules Combretastatin A-1, A-2, and A-4 (CA-4) (Fig. 1)
have attracted a great attention as potent inhibitors of

tubulin polymerization (Lin et al. 1989; Pettit et al. 2003;
Kingston 2009). Combretastatins have special character-
istics that they can selectively target on the tumor blood
vessels and destroy the central area of the tumor (Li and
Tian 2016). Moreover, the CA-4 class of microtubule
destabilizing agent cannot be recognized by the drug efflux
transporter P-glycoprotein, which excessive expression in
tumor cells results in drug resistance (Singh and Kaur
2009). However, clinical studies have found that Com-
bretastatins have elevated blood pressure and other cardio-
vascular toxicities (Li and Tian 2016). Optimization
structure of lead compounds Combretastatins and synthesis
of new type Combretastatins derivatives with more efficient
and lower toxicity appear to be very important.

The reported structural modifications of Combretastatins
have focused on trisubstituted benzene rings and double

* Hong Yan
hongyan@bjut.edu.cn

1 Beijing Key Laboratory of Environmental and Viral Oncology,
College of Life Science and Bio-engineering, Beijing University
of Technology, Beijing, China

2 Beijing Tide Pharmaceutical Co., Ltd, Beijing, China

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-019-02299-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-019-02299-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-019-02299-4&domain=pdf
mailto:hongyan@bjut.edu.cn


bond linker. The trisubstituted of CA-4, such as 2,3,4-tri-
methoxyphenyl (Álvarez et al. 2010), halogeno-
methoxyphenyl (Beale et al. 2010), and 3,4,5-trimethyl-
phenyl (Gaukroger et al. 2003) moieties, were demonstrated
equal or better activity. The pharmacophore model indicates
that other hydrogen bond acceptors could replace the tri-
methoxy group (Fig. 1) (Marrelli et al. 2011; Nguyen et al.
2005). The replacement of meta-methoxy groups with
halogen atoms (F, Cl, or Br) resulted in little difference in
growth inhibition of human cancer cell line comparison to
CA-4 (Pettit et al. 2005). Phenstatin (Fig. 1) was designed
from the CA-4 skeleton by replacement of the double bond
linker with a carbonyl moiety (Pettit et al. 1998). It is a
potent microtubule destabilizing agent that interacts with
colchicine binding site of tubulin and displays significant
anticancer and antimitotic activities comparable to those of
CA-4 (Pettit et al. 1998; 2000). 4,5-methylenedioxyphenyl
analog displaying the antiproliferative tubulin-destabilizing
activity at the same concentration range as CA-2 and CA-4
(Titov et al. 2011). A halogenated Phenstatin analogs
(HPAs), as an intermediate of Empagliflozin, was attracted
much attention for the very similar structure to that of some
reported microtubule destabilizing agents (Wang et al.
2014).

In order to better study tubulin polymerization inhibition
of Phenstatin analogs, HPAs were designed based on the
importance of halogen in the Combretastatin (Scheme 1).

The activities of the HPAs (1 and 2) were evaluated
according to their binding energy (ΔG) and inhib constant
(Ki) by the virtual screening on Auto-Dock 4.0. The
synthesis of HPAs and anticancer activities evaluation were
described in details.

Materials and methods

Theoretical calculation

Initially, the virtual screening was utilized to identify the
potential inhibition of HPAs on tubulin polymerization. The
Tubulin-CA4 complex (PDB ID: 5lyj) (Gaspari et al. 2017)
was chosen as the study targets, owing to the ligand CA-4 is
similar structure to HPAs.

Molecular docking of compounds into the Tubulin-
Combretastatin A4 complex (PDB ID: 5lyj) was carried out
using the AutoDock software package as implemented
through the graphical user interface AutoDockTools (ADT
1.5.2). ADT was used to add polar hydrogens and gasteiger
charges. Ligands were prepared by drawing the 2D structure
in ChemDraw, and converted to PDB format using
Chem3D. Ligands were then energy minimized using Dis-
covery Studio Visualizer before using ADT to add polar
hydrogens and gasteiger charges. All bound water and
ligands were eliminated from the protein and the polar
hydrogen was added. The whole Tubulin-Combretastatin
A4 complex was defined as a receptor and the site sphere
was selected based on the ligand binding location of Ori-
ginal ligand, then the molecule of Original ligand CA-4 was
removed and new ligand was placed during the molecular
docking procedure. Types of interactions of the docked
protein with ligand were analyzed after the end of molecular
docking.

Materials and compound synthesis

Chemical reagents and solvents were obtained from com-
mercial sources. Commercial grade reagents were used
without further purification. When necessary, solvents were
dried or purified by standard methods. Melting points (m.p.)
were determined with an Electrothermal 9100 capillary
melting point apparatus and are uncorrected. 1H NMR and
13C NMR spectra were obtained using a Bruker 400
UltrashieldTM spectrometer at 400 and 100MHz respec-
tively. These were analyzed using the Bruker TOPSPIN 2.1
program. Chemical shifts are reported in parts per million
relative to internal tetramethylsilane standard. Coupling
constants (J) are quoted to the nearest 0.1 Hz. The following
abbreviations are used: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet and br, broad. High resolution mass
spectra (HRMS) were obtained on a Thermo LTQ Orbitrap

Fig. 1 Microtubule destabilizing agent structures

Scheme 1 Design strategy of HPAs
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XL (ThermoFisher, San Jose, CA, USA) spectrometer,
equipped with a quantropole detector. Analytic thin-layer
chromatography (TLC) was performed on the glass-backed
silica gel sheets (silica gel GF254). All compounds were
detected using UV light (254 or 365 nm).

General procedure for the synthesis of HPAs (1a–1e)

To a stirred suspension of 2-chloro-5-iodobenzoic acid
(5.65 g, 0.02 mol) in CH2Cl2(20 mL) was added oxalyl
chloride(1.80 mL, 0.021 mol) and DMF(0.02 mL). The
resulting mixture was stirred for 4 h at room temperature.
The mixture was concentrated, and the residual colorless
solid was dissolved in CH2Cl2(40 mL). To this solution
were added corresponding substituted benzene(0.02 mol)
and then AlCl3(2.75 g, 0.021 mol) portionwise so that the
temperature did not exceed 0 °C. After being stirred at 10–
20 °C for 3 h, the mixture was poured into ice water and
extracted with CH2Cl2 three times. The combined organic
layers were washed with 1M HCl, water, and brine, then
dried over MgSO4 and concentrated. The residual solid was
crystallized from ethanol to give as white solid.

According to this procedure the following compounds
were prepared.

(2-chloro-5-iodophenyl)(4-fluorophenyl)methanone (1a)

White solid, yield 92%, m.p. 69–70 °C. 1H NMR (400MHz,
DMSO-d6): δ 7.38–7.40(m, 2H), 7.41(d, J= 8.0 Hz, 1H), 7.82
(dd, J= 2.4 Hz, 8.0 Hz, 2H), 7.90(d, J= 2.4 Hz, 1H), 7.92–
7.95(m, 1H). 13C NMR (100MHz, DMSO-d6): δ 116.19,
129.47, 131.65, 132.1, 132.65, 136.78, 139.69, 140.20,
164.54, 166.56, 191.36. HRMS (ESI) m/z (pos):382.91890
C13H7ClFIONa [M+Na]+(calcd. 382.91118).

(2-chloro-5-iodophenyl)(4-ethoxyphenyl)methanone (1b)

White solid, yield 72%, m.p. 103–104 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.36(t, J= 5.6 Hz, 3H), 4.14(q, J= 5.6
Hz, 2H), 7.06(d, J= 6.8 Hz, 2H), 7.38(d, J= 6.8 Hz, 1H),
7.69(d, J= 6.8 Hz, 2H), 7.82(d, J= 0.8 Hz, 1H), 7.90(dd, J
= 0.8, 6.8 Hz, 1H). 13C NMR (100MHz, DMSO-d6): δ
14.31, 63.69, 92.74, 114.64, 128.04, 129.45, 131.54,
132.05, 136.53, 139.72, 140.43, 163.31, 191.03. HRMS
(ESI) m/z (pos):386.96463 C15H13ClIO2 [M+H]+(calcd.
386.96488).

(2-chloro-5-iodophenyl)(2-ethoxyphenyl)methanone (1c)

White solid, yield 18%, m.p. 109–110 °C. 1H NMR (400
MHz, DMSO-d6): δ 0.81(t, J= 5.6 Hz,3H), 3.85(q, J= 5.6
Hz, 2H), 7.08–7.12(m, 2H), 7.30(d, J= 6.8 Hz, 1H), 7.59–
7.63(m, 1H), 7.66(d, J= 0.8 Hz, 1H), 7.72(dd, J= 0.8, 6.8

Hz, 1H), 7.83(dd, J= 0.8, 6.8 Hz, 1H). 13C NMR (100
MHz, DMSO-d6): δ 13.58, 63.54, 92.07, 113.23, 120.67,
125.82, 129.30, 130.42, 131.31, 135.39, 136.20, 139.29,
143.17, 158.36, 192.09. HRMS (ESI) m/z (pos):386.96463
C15H13ClIO2 [M+H]+(calcd. 386.96488).

(S)-(2-chloro-5-iodophenyl)(4-((tetrahydrofuran-3-yl)oxy)
phenyl)methanone (1d)

White solid, yield 81%, m.p. 110–111 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.96–2.00(m, 1H), 2.24–2.31(m, 1H),
3.74–3.78(m, 1H), 3.81–3.88(m, 2H), 3.90–3.93(m, 1H),
5.14–5.16(m, 1H), 7.06(d, J= 6.8 Hz, 2H), 7.38(d, J= 6.8
Hz, 1H), 7.69(d, J= 6.8 Hz, 2H), 7.82(d, J= 0.8 Hz, 1H),
7.90(dd, J= 0.8, 6.8 Hz, 1H). 13C NMR (100MHz,
DMSO-d6): δ 32.36, 66.35, 72.11, 77.79, 92.82, 115.46,
128.24, 129.43, 131.58, 132.11, 136.55, 139.79, 140.38,
162.00, 191.10. HRMS (ESI) m/z (pos):428.97536
C17H15ClIO3 [M+H]+(calcd. 428.97544).

(R)-(2-chloro-5-iodophenyl)(4-((tetrahydrofuran-3-yl)oxy)
phenyl)methanone (1e)

White solid, yield 83%, m.p. 108–110 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.96–1.99(m, 1H), 2.25–2.99(m, 1H),
3.74–3.80(m, 1H), 3.80–3.88(m, 2H), 3.90–3.93(m, 1H),
5.14–5.16(m, 1H), 7.06(d, J= 6.8 Hz, 2H), 7.38(d, J= 6.8
Hz, 1H), 7.69(d, J= 6.8 Hz, 2H), 7.82(d, J= 0.8 Hz, 1H),
7.90(dd, J= 0.8, 6.8 Hz, 1H). 13C NMR (100MHz,
DMSO-d6): δ 32.36, 66.35, 72.12, 77.80, 92.85, 115.48,
128.25, 129.42, 131.59, 132.12, 136.55, 139.81, 140.39,
162.02, 191.12. HRMS (ESI) m/z (pos):428.97536
C17H15ClIO3 [M+H]+(calcd. 428.97544)

Procedure for the synthesis of halogenated Phenstatin
analog (2-chloro-5-iodophenyl)(4-hydroxyphenyl)
methanone (1f)

To a solution of 1b (5.79 g, 0.015 mmol) in dichlor-
omethane(60 mL) at −20 °C was added boron tribromide
(1.65 mL, 0.023 mol) over 10 min at a rate that maintained
the reaction temperature below −10 °C under argon. After
addition, the mixture was slowly warmed to 0 °C and stirred
for 3 h. The reaction mixture was poured into 100 mL of ice
water and extracted with dichloromethane(2 × 100 mL). The
combined organic layers were washed with saturated
bicarbonate(80 mL), water(80 mL), and brine(80 mL) and
then dried over Na2SO4. The sample was concentrated and
purified by silica gel column chromatography to give pro-
duct 1f as a white solid, yield 87%, m.p. 181–182 °C. 1H
NMR (400MHz, DMSO-d6): δ 6.88(d, J= 6.8 Hz, 2H),
7.37(d, J= 6.8 Hz, 1H), 7.58(d, J= 6.8 Hz, 2H), 7.78(d, J
= 0.8 Hz, 1H), 7.88(dd, J= 0.8, 6.8 Hz, 1H), 10.64(s, 1H).
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13C NMR (100MHz, DMSO-d6): δ 115.70, 126.84, 129.44,
131.54, 132.40, 136.48, 139.59, 140.74, 163.20, 190.88.
HRMS (ESI) m/z (pos):356.91777 C13H7ClIO2 [M−H]
−(calcd. 356.91793)

General procedure for the synthesis of HPAs (2)

To a stirred solution of 1 (0.01 mol) in 30 mL of CH2Cl2
and 30 mL of CH3CN at 0 °C were added Et3SiH(4.79 mL,
0.03 mol), then BF3·Et2O(2.53 mL, 0.02 mol), and the
resulting mixture was warmed to room temperature and
stirred for 3–8 h. The mixture was poured into saturated
aqueous NaHCO3 and extracted with CH2Cl2 twice. The
combined organic layers were washed with brine, dried over
MgSO4, and concentrated. The residual solid was crystal-
lized from ethanol to give as white solid.

According to this procedure the following compounds
were prepared.

1-chloro-2-(4-fluorobenzyl)-4-iodobenzene (2a)

White solid, yield 83%, m.p. 52–54 °C. 1H NMR (400
MHz, DMSO-d6): δ 4.02(s, 2H), 7.10–7.13(m, 2H), 7.22–
7.25(m, 3H), 7.60(dd, J= 0.8, 6.8 Hz, 1H), 7.72(d, J= 0.8
Hz, 1H). 13C NMR (100MHz, DMSO-d6): δ 36.94, 92.85,
115.21(d, J= 68 Hz), 130.30(d, J= 24 Hz), 131.32,
133.16, 134.87, 136.82, 139.44, 140.77, 159.80, 161.73.

1-chloro-2-(4-ethoxybenzyl)-4-iodobenzene (2b)

White solid, yield 87%, m.p. 61–63 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.30(t, J= 5.6 Hz, 3H), 3.94(s, 2H),
3.97(q, J= 5.6 Hz, 2H), 6.84(d, J= 5.6 Hz, 2H), 7.09(d, J
= 5.6 Hz, 2H), 7.22(d, J= 6.8 Hz, 1H), 7.58(dd, J= 0.8,
6.8 Hz, 1H), 7.65(d, J= 0.8 Hz, 1H). 13C NMR (100MHz,
DMSO-d6): δ 14.57, 36.95, 62.83, 92.76, 114.36, 129.59,
130.44, 131.25, 133.08, 136.57, 139.31, 141.41, 156.99.

1-chloro-2-(2-ethoxybenzyl)-4-iodobenzene (2c)

White solid, yield 81%, m.p. 73–75 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.30(t, J= 5.6 Hz, 3H), 3.95(s, 2H),
4.00(q, J= 5.6 Hz, 2H), 6.85–6.88(m, 1H), 6.95–6.97(m,
1H), 7.05–7.07(m, 1H), 7.19–7.23(m, 2H), 7.55–7.57(m,
2H). 13C NMR (100MHz, DMSO-d6): δ 14.54, 63.08,
92.36, 111.63, 120.12, 126.41, 127.96, 130.12, 131.05,
133.30, 136.33, 139.50, 140.39, 156.24.

(S)-3-(4-(2-chloro-5-iodobenzyl)phenoxy)tetrahydrofuran
(2d)

White solid, yield 79%, m.p. 60–62 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.92–1.95(m, 1H), 2.15–2.19(m, 1H),

3.71–3.77(m, 2H), 3.81–3.85(m,1H), 3.95(s, 2H), 4.93–
4.96(m, 1H), 6.84(d, J= 5.6 Hz, 2H), 7.10(d, J= 5.6 Hz,
2H), 7.22(d, J= 6.8 Hz, 1H), 7.58(dd, J= 0.8, 6.8 Hz, 1H),
7.65(d, J= 0.8 Hz, 1H). 13C NMR (100MHz, DMSO-d6): δ
32.37, 36.94, 66.29, 72.18, 76.89,92.73, 115.20, 129.66,
130.76, 131.21, 133.10, 136.57, 139.31, 141.27, 155.57.

(R)-3-(4-(2-chloro-5-iodobenzyl)phenoxy)tetrahydrofuran
(2e)

White solid, yield 74%, m.p. 58–60 °C. 1H NMR (400
MHz, DMSO-d6): δ 1.90–1.95(m, 1H), 2.14–2.20(m, 1H),
3.70–3.76(m, 2H), 3.78–3.88(m, 2H), 3.94 (s, 2H), 4.94–
4.95 (m, 1H), 6.83(d, J= 6.8 Hz, 2H), 7.10(d, J= 6.8 Hz,
2H), 7.20(d, J= 6.8 Hz, 1H), 7.56(dd, J= 0.8, 6.8 Hz, 1H),
7.67(d, J= 0.8 Hz, 1H) 13C NMR (100MHz, DMSO-d6): δ
32.37, 36.93, 66.30, 72.19, 76.91, 92.76, 115.22, 129.67,
130.78, 131.24, 133.10, 136.59, 139.33, 141.29, 155.59.

4-(2-chloro-5-iodobenzyl)phenol (2f)

White solid, yield 75%, m.p. 101–102 °C. 1H NMR (400
MHz, DMSO-d6): δ 3.90(s, 2H), 6.68(d, J= 5.6 Hz, 2H),
6.98(d, J= 5.6 Hz, 2H), 7.22(d, J= 6.8 Hz, 1H), 7.58(dd, J
= 0.8, 6.8 Hz, 1H), 7.62(d, J= 0.8 Hz, 1H), 9.22(s, 1H).
13C NMR (100MHz, DMSO-d6): δ 37.01, 92.75, 115.24,
128.75, 129.57, 131.23, 133.06, 136.49, 139.27, 141.65,
155.76. HRMS (ESI) m/z (pos):342.93842 C13H9ClIO [M
−H]−(calcd. 342.93866)

X-ray crystal of compound (1d)

To unambiguously assign the stereochemical structure of
compound 1d, a single crystal X-ray diffraction study was
performed. After many attempts, X-ray quality compound
1d crystals were obtained by slow evaporation of ethanol at
room temperature. The X-ray crystal structure of compound
1d confirmed the stereochemical assignment. And crystal-
lographic data for 1d has been deposited with Cambridge
Crystallographic Data Centre as supplementary number
CCDC 1444717. Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK.

Cytotoxicity assay

For the evaluation of cytotoxicity, two different cancer cell
lines were used: human liver cancer Huh-7 cell line and
human lung cancer A549 cell line. Cancer cells were cul-
tured according to the supplier’s instructions. Cells were
seeded in 96-well plates at a density of 2–4 × 104 cells per
well and incubated overnight in 0.1 mL of media supple-
mented with 10 % Fetal Bovine Serum (Hyclone, USA) in a
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5% CO2 incubator at 37 °C. On day 2, culture medium in
each well was exchanged with 0.1 mL aliquots of medium
containing graded concentrations of compounds. On day 4,
5 μL of the cell counting kit-8 solution (Dojindo, Japan) was
added to each well and then incubated for additional 4 h
under the same conditions. The absorbance of each well
was determined by an Automatic Elisa Reader System (Bio-
Rad 3550) at a 450 nm wavelength. For determination of
the IC50 values, the absorbance readings at 450 nm were
fitted to the four-parameter logistic equation. Vincristine
was purchased from Sigma and used as a positive control.

Results and discussion

Docking studies

The virtual screening results (Table 1) indicated that all the
values of binding energy ΔG are between −6.00 and −7.52
kcal/mol; the values of inhib constant Ki are from 3.08 to
39.77 μM. The binding energy value of the original ligand
molecule CA-4 and Phenstatin are −5.17 and −4.83 kcal/
mol, respectively and the inhib constant are 163.46 and
286.46 μM, respectively. All the values of HPAs are better

than that of CA-4 or Phenstatin which reveal potential value
for further research.

The screening results also revealed that all the HPAs can
conformational adapt to colchicine site appropriately as same
as the reported binding mode reported by Gaspari et al.
(Gaspari et al., 2017). All the HPAs buried in a hydrophobic
pocket shaped by residues CYS241, LEU242, LEU248,
ALA250, LEU255, ALA316, ALA354, ASN258, LYS352,
VAL181, MET259, VAL315, and ASN350. Table 2 gives
the interaction relationship between compounds and amino
acid residues. ‘A’ indicates that the amino acid residue
interacts with a halogen-substituted ring; ‘B’ indicates that the
amino acid residue interacts with a non-halogen substituted
ring; ‘O’ indicates that the amino acid residue interacts with a
carbonyl group; ‘-’ indicates that the amino acid residue does
not interact with the compound.

The superimpositions of HPAs onto original ligand CA-4
in colchicine site of tubulin have shown that there were two
kinds of binding mode (Fig. 2). Compounds 1a, 1c, 2a, 2b,
2c, and 2f perform the same binding mode (mode HT)
which the halogenated benzene ring pile on the 3′-hydroxy-
4′-methoxy-substituted B ring of CA-4 (Fig. 2a); On the
other hand, the binding mode (mode HH) of compounds 1b,
1d, 1e, 1f, 2d and 2e in contrast, which the halogenated
benzene ring pile on the 3,4,5-methoxy-substituted A ring
of CA-4 (Fig. 2b).

Chemistry

Compounds 1a–1f and 2a–2f were successfully synthesized
within three-step reaction starting from 2-chloro-5-
iodobenzoic acid and substituted benzene (Scheme 2).
Commercially 2-chloro-5-iodobenzoic acid was converted
to the corresponding benzoyl chlorides with oxalyl chloride
and under Friedel-Crafts conditions. The acylation with
phenyl group generated a mixture of regioisomers of dia-
rylketone 1 in favor of the desired p-benzophenone purified
by recrystallization from ethanol. The reduction of dia-
rylketone 1 by triethylsilane in the presence of boron tri-
fluoride etherate provided 2 in good yield. Compound 1f
was generated via deethylation from 1b with boron tri-
bromide in 87% yield. It is worth mentioning that o-ben-
zophenone 1c (R= o-OEt) was successfully separated and
purified.

In this study, all the products were isolated as white
solids and characterized by 1H NMR and 13C NMR spectral
analysis. To unambiguously assign the stereochemical
structure of product, 1d was performed single crystal X-ray
diffraction study. The X-ray diffraction crystallographic
analysis of product 1d confirmed the stereochemical struc-
ture assignment (Fig. 3). And crystallographic data for 1d
has been deposited with Cambridge Crystallographic Data
Centre as supplementary number CCDC 1444717.

Table 1 Docking results of HPAs

Compound R group Binding
energy

Inhib
constant

ΔG (kcal/
mol)

Ki (μM)

1a p-F −6.28 24.86

1b p-OEt −6.11 33.28

1c o-OEt −6.08 34.88

1d p-(3 S)-Tetrahydrofuran-
3-oxyl

−7.47 3.32

1e p-(3 R)-Tetrahydrofuran-3-
oxyl

−7.52 3.08

1f p-OH −6.61 14.36

2a p-F −6.17 29.78

2b p-OEt −6.01 39.00

2c o-OEt −6.00 39.77

2d p-(3 S)-Tetrahydrofuran-
3-oxyl

−7.21 5.15

2e p-(3 R)-Tetrahydrofuran-
3-oxyl

−7.48 3.30

2f p-OH −6.35 21.97

CA-4 — −5.17 163.46

Phenstatin — −4.83 286.46
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Anticancer activity

All the HPAs 1a–1f and 2a–2f were tested for anticancer
activity against liver cancer cell line Huh-7 (Wei et al.

2016) and lung cancer cell line A549 (Acharya et al. 2011)
as microtubule destabilizing agent. The resulting data
(Table 3) show that all the tested compounds had generally
considerable activity against human liver cancer Huh-7 cells
with 27.91–77.61% inhibition and human lung cancer A549
cell line with 25.24–78.08% inhibition at 10 μM con-
centration, respectively. 1b (R= p-OEt) and 1f (R= p-OH)
were acted as active agents against human liver cancer Huh-
7 cells with IC50 value of 5.53 and 5.47 μM, respectively.

Combined with antitumor activity and docking patterns,
it can be concluded that the antitumor activity of the com-
pound with mode HT is not so good. This may due to the
halogenated benzene ring failed to interaction with the
pocket shaped by residues CYS241, LEU242, ALA250,

Table 2 Interaction relationship
between HPAs and amino acid
residues

1a 1b 1c 1d 1e 1f 2a 2b 2c 2d 2e 2f CA-4a

VAL238 – – – – – – – – – – – – Ar

CYS241 B A B A A A B B B A A B Ar

LEU242 – A – A A A – – – A A – Ar

LEU248 AB A AB A – AB AB AB AB A – AB Ar

ALA250 – A B A A AB – B – A A – Ar

LEU255 O A BO A AB AO – B B AB AB – Ar

ALA316 AB AB AB AB AB A AB B AB AB AB AB Ar

ILE318 – – – – A – – B – – A – Ar

ALA354 B A B A A – B – B A A B Ar

ILE378 – – – – – – – – – – – – Ar

ASN258 – B – B B O – – – B B – Br

LYS352 AB AB AB AB B A AB AB AB AB B AB Br

THR179 – – – – – – – – – – – – Br

ALA180 – – – – – – – – – – – – Br

VAL181 – B – B B – A A A B B – Br

MET259 A B A B B – A A A B B A Br

ASN349 – – – B – – – – – B – – Br

ALA317 B – – – – – B B – – – B –

VAL315 – B – B B – – – – B B – –

ASN350 – – – B B – A A A – – A –

LYS254 – – – – – B – – – – – – –

aAr indicates that the amino acid residue interacts with 3,4,5-methoxy-substituted A ring; Br indicates that
the amino acid residue interacts with 3′-hydroxy-4′-methoxy-substituted B ring reported by Gaspari et al.
2017

Fig. 2 superimposition of HPAs
onto CA-4(carbon atoms of CA-
4 show black; iodine atoms
show purple; chlorine atoms
show green). A mode HT
(compounds 1a, 1c, 2a, 2b, 2c,
and 2f), B mode HH
(compounds 1b, 1d, 1e, 1f, 2d,
and 2e)

C

I

Cl O

OHH i

ii

C

I

l

1a-e

O

1b
1f
b

RR
iii

C

I

Cl

2a-f

RR

Scheme 2 Reagents and conditions: (i) (COCl)2, ArH, DMF(cat.),
CH2Cl2, 4 h, rt; (ii) AlCl3, CH2Cl2, 3–5 h, 10–20 °C; (iii) BF3·OEt2,
Et3SiH, CH2Cl2, 3–8 h, 0–20 °C; (iv) BBr3, CH2Cl2, −20 °C- rt
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LEU255, and ALA354 by alkyl hydrophobic. The pocket
interacts with the A ring of CA-4 by alkyl hydrophobic as
well.

When the substituent of R is p-tetrahydrofuran-3-oxyl,
the virtual screening results of compound 1d, 1e, 2d, and 2e
are outstanding in its class (ΔG (kcal/mol)=−7.21 to
−7.52, Ki (μM)= 5.15 to 3.08). It may be due to their
insertation in the pocket with mode HH and more hydrogen
bonds formed between the tetrahydrofuran ring and amino
acid residues. However, the tetrahydrofuran ring has stret-
ched to the edge of the pocket shaped by residues THR179,
ALA180, VAL181, MET259, ALA316, and ASN349

(Fig. 4). The steric hindrance may be result in its lack of
anticancer activity.

The compound 1b and 1f show good anticancer activity.
Both the p-OH or p-OEt group of the non-halogenated
benzene ring can form hydrogen bonds with amino acid
residues, which contribute to the increased activity. Com-
pared with their reduction products (2b and 2f), carbonyl
group makes their dominant conception to interact with
colchicine site via mode HH, which make them less active.

Concerning 1a–1f and 2a–2f, it was also found that both
docking results and anticancer activity were tending to the
carbonyl (Y=CO) between diaryl rings is favor.

Conclusion

In conclusion, the results of docking study of HPAs were
proved that they are better microtubule destabilizing agent
than CA-4 or Phenstatin. The docking and anticancer acti-
vitie results demonstrate that mode HH is a dominant
conformation than mode HT that provides a path for future
design of new microtubule destabilizing agent. The HPAs
were synthesized within three-step reaction with appropriate
yield. All the products were characterized by 1H NMR and
13C NMR spectral analysis, especially the stereochemical
structures of pruduct 1d was also confirmed by single
crystal X-ray diffraction crystallographic analysis. The
anticancer activities of HPAs showed that all the tested
compounds had generally considerable activities against
human cancer Huh-7 and A549 cell lines with 27.91–
77.61% and 25.24–78.08% inhibition at 10 μM concentra-
tion, respectively. In particular, the 1b and 1f were found to
be potent inhibitors against Huh-7 cancer cell line with IC50

value of 5.53 and 5.47 μM, respectively.

Fig. 3 The X-ray crystal structure of product 1d with the atom-
numbering and displacement ellipsoids are drawn at 50% probability
level

Table 3 Anticancer activities of HPAsa

Compound Inhibition (%)

Huh-7 A549

1a 32.05 27.80

1b 68.97b 73.30

1c 51.27 55.50

1d 36.46 31.44

1e 36.39 36.15

1f 77.61c 78.08

2a 31.40 31.22

2b 42.05 32.87

2c 44.85 33.09

2d 27.91 29.95

2e 28.96 25.24

2f 33.82 27.52

Vincristine 83.03 82.67

aHuh-7 and A549 cells were treated with 10 μmol/L compounds 1a–1f
and 2a–2f for 48 h
bIC50 value of 5.53 μM against human liver cancer Huh-7 cells
cIC50 value of 5.47 μM against human liver cancer Huh-7 cells

Fig. 4 Stacked plots of compound 1d, 1e, 2d, and 2e with CA-4 in
colchicine site of tubulin
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