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Abstract

Novel bioactive heterocycles containing a 3,4,6xthoxyphenyl
fragment as antiproliferative agents by targetudgutin were synthesized
and their preliminary structure activity relationsh (SARs) were
explored. Among all these chemical agents,
2-(Benzo[d]oxazol-2-ylthioN-(4-methoxybenzyIN-(3,4,5-trimethoxyp
henyl)acetamide 4¢) exhibited the potent antiproliferative activity
against MGC-803 cells with an 4¢value of 0.45 uM by induction of
G2/M pahse arrest and cell apoptosis. In addi#ahcould change the
membrane potentiald’) of the mitochondria against MGC-803 cells.
Importantly,4d acted as a novel tubulin polymerization inhibibamding

to colchicine site with an l§g value of 3.35 uM.

Keywords
3,4,5-trimethoxyphenyl fragment; G2/M; Apoptosisy¥; Tubulin
polymerization; Colchicine site

1. Introduction

Disrupting tubulin system is a well-verified methofbr the
development of highly efficient antitumor candidatieugs because
microtubules play a key role in the essential ¢atlprocesses including
the movement of organelles and the maintenanceebf shape [1].
Tubulin targeting agents with anticancer activitg &nown to interact
with tubulin through at least four binding sitesetlaulimalide site,
paclitaxel site, vinblastine site, and colchicinge §2]. Many natural
products and chemical moleculdsid.1) binding to the colchicine site
display excellent anticancer activity by microtubulestabilization [3-5].
However, the potential clinical applications of manolchicine site
tubulin inhibitors have so far been halted by tigmificant toxicities, low



solubility, and their low bioavailibility [6]. Thefore, it is very necessary
to design and synthesis novel colchicine site fnbuahibitors for cancer
therapy.
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Fig.1. Recently developed colchicine site tubulin inhiksto

Recently, a variety of colchicine site tubulin ibitors were designed,
synthesized and evaluated their biological mechasi§/]. As shown
in Fig. 2, synthetic molecules such as phenstatin, BCN-EH®PCP-461
are acknowledged to play potent anticancer actimjtyengaging tubulin
on colchicine site [8]. These molecules lead tocearcells death by
interfering with the polymerization of tubulin aadesting cancer cells in
the G2/M phase [9]. Based on chemical structuragkexfe colchicine site
tubulin inhibitors (phenstatin, BCN-105P and CP-461Fig 2), the
3,4,5-trimethoxyphenyl unit is a crucial fragmeatimduce microtubule
depolymerisation [10].

Phenstatin BCN 105P

Antitubulin effect

Fig.2. 3,4,5-Trimethoxyphenyl derivatives as colchicinge stubulin
inhibitors

On the other hand, several well-known bioactiveefeatycle scaffolds,
such as pyridine, 1,3,4-thiadiazole, H-benzo[d]imidazole,
3-methyl-3H-pyrazole and benzo[d]oxazole, displayegotent
antiproliferative activity or antitubulin activitj11-14]. In addition, We
have reported two series of tubulin inhibitors: (#)actam-azide



analogues as colchicine site tubulin polymerizatidmbitors effectively
inhibited MGC-803 xenograft tumor growth withoutusing significant
loss of body weight [15, 16]; (2)
4-methylN-((1-(3-phenoxybenzyl)H-1,2,3-triazol-4-yl)methyl)benzene
sulfonamides could significantly inhibit tubulin lgoerization with an
ICso Of 2.41uM [17]. To discovery more potent tubulin polymetina
inhibitors or anticancer agents [18-27], we desigaed synthesized a
variety of bioactive heterocycles containing the titabulin
trimethoxyphenyl fragment in this paper. As showikiig. 3, this rational
design might help us gain an insight into the s$tnad requirements for
the discovery of potent colchicine site tubulinibitors.
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2. Results and discussion

2.1. Chemistry

The synthetic route of bioactive heterocycles doitg a
3,4,5-trimethoxyphenyl fragment were shown ischeme 1.
3,4,5-Ttrimethoxyanilinel was subjected to nucleophilic substitution
reaction  with  1-(chloromethyl)-4-methoxybenzene  toafford
3,4,5-trimethoxyN-(4-methoxybenzyl)aniline2 in the presence of
appropriate base. The intermedidewas reacted with different acyl
chloride to obtain the amide analogugs-3d in the dichloromethane
solvent system. The target analogdes4j were easily obtained at the
reflux condition with different sulfhydryl heteroches.
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Scheme 1. Reagents and conditions: (a),d03, 4-methoxybenzyl
chloride, acetone, reflux; (b) Acyl chloride detivas, dichloromethane,
rt, 78-85 % vyield; (c) NaOH, thio-heterocyclic detives, acetone,

reflux.

2.2. Antiproliferative activity

In order to discovery novel colchicine site tubulnhibitors and potent
anticancer agents, we evaluated the anticancevitgcin vitro of all
bioactive heterocycles containing a 3,4,5-trimettpdrenyl fragment
4a~4j against several cancer cell lines (PC-3, MGC-808 BC-109)
using the MTT assay. In this paper, colchicine a&s veell-known
colchicine site tubulin inhibitor was used as tleéerence drug in the

MTT assay[28].

Table 1. Antiproliferative activity of the synthetic deritrees 4a~4;

0
O\
Compound Heterocycle n ICs0 (uM)"
MGC-803 PC-3 EC-109
N=—
4a _g@ 1 2412027 7512033 15.95+4.47
S
ab 41 1 1154018  553%121 9.84+0.12



Ac N 1 249+0.15  10.54+1.67 5.54+0.17
HsC

4d JN,\@ 1 0.45:0.12  3.5320.01 24.75+2.74
50
_§ 7 N

de N 1 2.96+0.08  44.95+3.45 >80
S O

Af §_<\I>/ 1 127+011 20.21+2.25 >80
N
/N

4q 'é%ND 1 1234032  14.35+3.35 42.62+0.9
H

4h JN,\@ 2 064001  20.20+0.36 12.61+0.76
50

4 JN,\@ 3 1.20+0.01  32.67+1.12 10.97+0.76
50

4 JN,\@ 4 1.36:0.11  45.63£1.02 7.6520.64
20

Colchicine 0.177+0.01 0.13+0.01 1.24+0.15

*n" represents the number of -GH
®Antiproliferative activity was assayed by exposime48 h.

The anticancer activity in vitro results againsttlatee cancer cells for
the candidate compound4a~4] were shown inTable 1. All these
chemical compoundsta~4j exhibited the effective activity against
MGC-803 cells. Particularly,
2-(Benzo[d]oxazol-2-ylthioN-(4-methoxybenzyIN-(3,4,5-trimethoxyp
henyl)acetamide4fl) showed the most excellent antiproliferative attiv
with an Gy value of 0.45uM against MGC-803 cancer cells. These
antiproliferative activity results indicate thatohctive heterocycles
containing a 3,4,5-trimethoxyphenyl fragment digpptent anticancer
activity in vitro and could be used as the leadioghpounds to explore
their detailed antiproliferative mechanisms.

To explore the effect of heterocycle for the intoby activity, different
bioactive  heterocycles including pyridine, 1,3,fthazole,
1-methyl-H-tetrazole, benzo[d]oxazole, 3-methHpyrazole,
6-methoxybenzo[d]thiazole, Htbenzo[d]imidazole, benzo[d]oxazole,



benzo[d]oxazole, and benzo[d]oxazole were introduoéo the targeted
compounds. Replacing the 1-meth¥y-fetrazole scaffold of#dc with
3-methyl-3H-pyrazole ring 4e) led to a decrease of the anticancer
activity in vitro against the EC-109 cells. Howevahanging the
6-methoxybenzold]thiazole ring d@f to 1,3,4-thiadiazole ring ofb led

to a significant improvement of the activity agaiMGC-803, PC-3 and
EC-109 cell lines. These inhibitory results indecdélhat heterocycles of
compounds4a~4j exhibited the important effect for the anticancer
activity in vitro.

Because of the potent antiproliferative activityr fdd with a
benzo[d]Joxazole scaffold, more benzo[d]oxazole \dives with
different length of carbon linkers were designegntlsesized and
evaluated their antiproliferative activity. Withethextension of carbon
linker length by one carbon, two carbon, and thebon, the
antiproliferative activity was decreasedd(vs 4h or 4i or 4j) against
MGC-803 and PC-3 cells. These results suggestédnbdinker between
benzo[d]oxazole and 3,4,5-trimethoxyphenyl ringypla significant role
in their activities.

2.3. compound 4d induced apoptosis

Based on the antiproliferative  activity results \ao
2-(Benzo[d]oxazol-2-ylthioN-(4-methoxybenzyIN-(3,4,5-trimethoxyp
henyl)acetamide4fl) was chosen to do apoptosis assays to investigate
whether4d could induce apoptosis against MGC-803 cdlig).(4). After
treatment with different concentrations 4d (0, 200nM, 400nM and
600nM) for 48 h, the percentage of apoptotic aglls changed obviously
from the control group. Especially, the apoptositerat 600nM treatment
was 35.2%, which is obviously higher than the apoptate without any
treatment. These results Kig. 4 illustrated that compoundd could
induce apoptosis against MGC-803 cells.
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Fig. 4. Compound4d could induce apoptosis of MGC-803 cells after
treatment 48h**: p < 0.01 versus control, ****; p < 0.0001 vers
control.

2.4. compound 4d regulated apoptosis-related proteins

Apoptosis as a physiological form of programmed death is very
necessary for tissue homeostasis by eliminatidraanful cells [29]. It is
often correlated with the deregulation of the Bdiaiily proteins that
control the intrinsic pathway of apoptosis [30, .3Based on the
apoptosis results ifrig. 4, we further investigated the expression of
apoptosis-related proteins (Bcl-2, PARP, and XIA®5.shown inFig. 5,
the protein levels of PARP, Bcl-2, and XIAP werecmiased in
concentration-dependent manners after treatmertoofpound4d (O,
200nM, 400nM and 600nM). However, the expresion ellewof
cleaved-PARP was increased. The westernblot assapaptosis-related
proteins illustrated that targeted compoultdwas a potential apoptosis
inducer.
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Fig. 5. The expression of Bcl-2, PARP, XIAP, afidictin was examined
by western blot analysis. MGC-803 cells were inteddavith compound
4d (0, 200nM, 400nM and 600nM) for 48 K**: p < 0.001 versus
control, ****: p < 0.0001 versus control.

2.5. compound 4d induced G2/M phase cell cycle arrest

The effects o#d on cell cycle phase arrest in MGC-803 cells wdse a
evaluated. After treatment for 48 h with compowtd (0, 200nM and
400nM), cells were harvested and analyzed by flgieroetry. As shown

in Fig.6, compound4d can prolong the G2 phase, shorten the S phase
and G1 phase compared to the control cells. Edpea@ampound4d at

400 nM increased to 20.71% of G2/M cell cycle dmttion. The above
results showed that compoudAd caused cell cycle arrest at G2/M phase
in MGC-803 cells.
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2.6. compound 4d regulated cell cycle related proteins

Cell cycle progress is driven by members of thdicydependent kinase
family proteins when bound to their Cyclin partng3g]. CyclinB was
purified as the catalytic activity in mitosis protimg factor that upon
injection drives interphase cells into mitosis [33 shown inFig.7,
compound 4d down regulated cyclin B1 and CDK1 with the
incresase of concentrations, which lead to cedisanin G2/M phase.
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Fig. 7. The expression of cyclin B1, CDK1 afieactin was examined
by western blot analysis against MGC-803 cellsA®h. ***: p < 0.001
versus control, ***: p < 0.0001 versus control.

2.7. compound 4d changed the membrane potential (4%) of the
mitochondria

The changes of mitochondrial membrane potentialallyswassociated
with the apoptosis [34]. In this work, we also exded the change of
mitochondrial membrane potential with the treattm@@ncompoundid.
After MGC-803 cells were incubated widd (0, 200nM, 400nM, 600nM)
for 48 h, the mitochondrial membrane potential veesreased in a
concentration-dependent manner. As showRi 8, the percentages of
cells at 400nM and 600nM were 39.9% and 52.8%.,ifsigntly higher
than that of the control group (4.4%).
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2.8. compound 4d inhibited tubulin polymerization in MGC-803
cells by immunostaining assay

To explore the effects to tubulin, we selectéd as a representative
compound in a immunostaining screening. MGC-803scekre were
treated for Oh, 4h and 8h wi#hd (600nM) to examine the effect on
microtubules reorganization during the mitosis psst As shown in
Fig. 9, 4 hours treatment witdd (600nM) depolymerized interphase
microtubules moderately whereas 8h treatment irdlucgrong
depolymerization of interphase microtubules, intingp that 4d is a
potential tubulin polymerization inhibitoF(g. 9).



Tubulin Nucleus Merged

Fig. 9. Compound4d showed strong depolymerizing effects on the
interphase microtubule network. MGC-803 cells wireubated in the

presence of 600 nM of compou#d for Oh, 4h and 8h, respectively.

2.9. compound 4d displayed potent tubulin polymerization inhibitory
activity in vitro

In addition, the in vitro tubulin polymerization hibition activity of
compounddd was evaluated because of its best antiprolifezadistivity
results among target analogu&s-4j. When tubulin was incubated with
the tested compourdt (1uM, 2uM and 4uM), the increased tendency of
the fluorescence intensity was obviously slowed moWhe G, value of
compound4d was 3.35uM against tubulin Fig. 10A). It revealed4d
was a novel tubulin polymerization inhibitor.

In order to evaluate whether compouddi directly binds to tubulin at
the colchicine binding site, we carried out
N,N’-ethylene-bis(iodoacetamide) (EBI) assay in MGC-8@2lls
according to a previously published paper [35]. irRngbation of



compound4d at 400 uM prevented the formation of the Epltubulin
adduct, resulting in the decrease of the adducd lsamparing with
DMSO and EBI treatment, which was consistent witle effect of
colchicine at 5uM. Thus, the assay-(g. 10B) indicated that compound
4d directly bind to the cochicine-binding sitetubulin.
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Fig. 10: (A) Tubulin polymerization inhibitory activity ofid. (B) EBI
competition assay on MGC-803 cells.

2.10. Molecular Modeling study of compound 4d

Compound4d displayed the potent tubulin polymerization inhdm
activity in the screening above, and we then setedtas the optimized
compound for the following docking studies. To isttgate the binding
site of 4d with tubulin-microtubule system, molecular modelisigidies
were performed by autodock software (PDB code: )SAO

As shown inFig.11, methoxy group of 4-methoxyphenyl ring of
compound4d formed a hydrogen bond with the residues VAL353. In
addition, p-methoxy group of 3,4,5-trimethoxyphenyl ring ofngeound
4d formed a hydrogen bond with the residues TYR22dicating the
importance of trimethoxyphenyl ring for its poteantiproliferative
activity. Importantly, the oxygen atom and nitrogestom of
benzofljJoxazole formed two hydrogen bond with the residA&N329
and VAL177 respectively. These results explainedat ththe



benzofljJoxazole was better than other heterocycles for itiebitory
effect against MGC-803 cellFig. 11A). As a reference, colchicine was
then docked using the same protocol and compéaeth theFig. 11B,
colchicine (wathet blue structure) was docked a&milar pocket agd
(pink structure).

Fig. 11: Molecular docking results of the compoudAd (PDB code:
1SA0). (A) hydrogen bonds betweell and residues. (B) A similar
pocketbetween colchicine antd.

3. Conclusions

Bioactive heterocycles containing a 3,4,5-trimethenyl ring were
designed, synthesized and evaluated for their Ehfigrative activities.
Among all these analogues, compourtll possessed the best
antiproliferative ability with an 1g value of 513nM against MGC-803
cells. Preliminary mode of action studies demomstrahatdd halted cell
cycle progression at the G2/M phase, induced ap&ptind altered the
expression of apoptosis-related proteins againstCA8G3 cells. The
immunofluorescence assays, in vitro tubulin polyizaion inhibition
experiment, EBI competition assays, and moleculadeting studies
identified that compoundd was a novel tubulin polymerization inhibitor
probably binding to the colchicine site. In summaympound4d could
be used as a potential anticancer candidate fthrduclinical research.

4. Experiment section.

41 General

Reagents and solvents were used according to euiopis refs [19].
4.2 General procedure for the synthesis of compounds 2

To a solution of 3,4,5-trimethoxyanilirle(5 mmol) in acetone (20 mL),
K,CGO; (5 mmol) and 1-(chloromethyl)-4-methoxybenzenenfgol) were



added. After the mixture was stirred at 60 °C f@r H, the reaction
extracted with EtOAc and water. The organic layeswvashed with
aqueous NaHC{) water, and brine, dried over anhydrous,®a, and

then concentrated. The residue was purified byrsolehromatography
with petroleum/ethyl acetate (8:1) as an eluentatfmrd the target
compounc2.

4.3 General procedure for the synthesis of compounds 4a~4j

A solution of compound (2 mmol) in dichloromethane was added
dropwise to a 2-chloroacetyl chloride, 3-chloro@opyl chloride,
4-chlorobutanoyl chloride or 5-chloropentanoyl c¢ide (2 mmol) at
60 °C. After the mixture was stirred for 50 mine tleaction mixture was
diluted with water. THF were removed in vacuum, d&ne residue was
taken up by ethyl acetate. The combined organierlayas washed by
aqueous NaHC{) water, and brine, dried over anhydrous,®a, and
concentrated to provide the crude prod®ets3d without purification.

Thio-heterocyclic derivatives (5 mmol) was addedhe solution of
crude product8a~3d (5 mmol) in acetone. After stirring at 60 °C foh2
the reaction mixture was concentrated to remove tineated with a
solution of ethyl acetate (30 mL) and@® (30 mL). The organic layer
was washed with aqueous &, water, and brine, dried over
anhydrous Nz50Q,, and then concentrated. The residue was purified b
column chromatography with petroleum/ethyl acefatel) as an eluent
to afford the target compourdd~4;.

3,4,5-Trimethoxy-N-(4-methoxybenzyl)aniline (2)

Yield:36%. White solid, m.p.:101~16Z. *H NMR (400 MHz, DMSO)»
7.30 (d,J = 8.4 Hz, 2H), 6.89 (d] = 8.5 Hz, 2H), 6.01 — 5.81 (m, 3H),
4.16 (d,J = 5.8 Hz, 2H), 3.73 (s, 3H), 3.65 (s, 6H), 3.513Kl). °C
NMR (100 MHz, DMSO)$ 158.08, 153.30, 145.39, 132.13, 128.58,
128.56, 113.62, 90.22, 60.09, 55.42, 54.97, 464RMS (ESI) (m/z) [M

+ H]"* caled for G/H,,NO,, 304.1549; found, 304.1553.

N-(4-methoxybenzyl)-2-(pyridin-2-ylthio)-N-(3,4,5-trimethoxyphenyl)acet
amide (4a)



Yield:79%. White solid, m.p.:91~92C*H NMR (400 MHz, CDCJ) §
8.17 (d,J = 4.6 Hz, 1H), 7.37 (td1 = 7.9, 1.8 Hz, 1H), 7.15 (d,= 8.1 Hz,
1H), 7.08 (dJ = 8.6 Hz, 2H), 6.86 (dd] = 6.7, 5.2 Hz, 1H), 6.71 (d,=
8.6 Hz, 2H), 6.20 (s, 2H), 4.73 (s, 2H), 3.78 (d),2.75 (s, 3H), 3.69 (s,
3H), 3.61 (s, 6H)**C NMR (100 MHz, CDGJ) § 167.43, 158.00, 156.70,
152.39, 147.93, 136.68, 136.31, 134.94, 129.55,722820.96, 118.58,
112.59, 104.93, 59.91, 55.07, 54.25, 51.78, 3HEMS (ESI) (m/z) [M
+ H]" caled for G,H,7N,OsS, 455.1641; found, 455.1648.

2-((1,3,4-Thiadiazol-2-yl)thio)-N-(4-methoxybenzyl)-N-(3,4,5-trimethoxy

phenyl)acetamide (4b)

Yield:42%. White solid, m.p.:124~12€. "H NMR (400 MHz, CDCJ) &
8.91 (s, 1H), 7.07 (d] = 8.6 Hz, 2H), 6.73 (dJ = 8.6 Hz, 2H), 6.21 (s,
2H), 4.73 (s, 2H), 4.03 (s, 2H), 3.79 (s, 3H), 3(213H), 3.66 (s, 6H).
13C NMR (100 MHz, CDG@J) 6 165.36, 163.85, 158.16, 152.67, 150.60,
137.04, 135.52, 129.60, 128.13, 112.72, 104.7693%955.20, 54.27,
52.14, 36.73. HRMS (ESI) (m/z) [M + H]calcd for G;H,4N305S,,
462.1157; found, 462.1162.

N-(4-Methoxybenzyl)-2-((1-methyl - 1H-tetrazol-5-yl)thio)-N-(3,4,5-trimet
hoxyphenyl)acetamide (4c)

O
%} )

H3C

Yield:52%. White solid, m.p.:104~10&. *H NMR (400 MHz, CDCJ) &
7.04 (d,J = 8.6 Hz, 2H), 6.73 (d] = 8.6 Hz, 2H), 6.20 (s, 2H), 4.71 (s,
2H), 3.99 (s, 2H), 3.89 (s, 3H), 3.79 (s, 3H), 3(813H), 3.67 (s, 6H).

S—<\




3C NMR (100 MHz, CDCJ) § 164.91, 158.21, 152.75, 152.58, 137.17,
135.23, 129.57, 127.90, 112.75, 104.71, 59.94,%%2.27, 52.30, 36.59,
32.55. HRMS (ESI) (m/z) [M + H]calcd for G;H,eNsOsS, 460.1655;
found, 460.1659.

2-(Benzo[ d] oxazol-2-ylthio)-N-(4-methoxybenzyl)-N-(3,4,5-trimethoxyph

enyl)acetamide (4d)
_0
yi $)
_0 N 0
\OD/ \gﬁ
0

Yield:80%. White solid, m.p.:132~13€.'H NMR (400 MHz, CDCJ) §
7.45 — 7.36 (m, 1H), 7.35 — 7.27 (m, 1H), 7.25137m, 2H), 7.09 (dJ

= 8.6 Hz, 2H), 6.72 (d] = 8.6 Hz, 2H), 6.25 (s, 2H), 4.76 (s, 2H), 3.95 (s
2H), 3.77 (s, 3H), 3.71 (s, 3H), 3.65 (s, 6HL NMR (100 MHz, CDGJ)

8 166.54, 164.18, 159.17, 153.68, 152.00, 141.78,083 136.74, 130.65,
129.26, 124.29, 123.99, 118.22, 113.73, 110.00,88)50.97, 56.20,
55.30, 53.14, 36.04. HRMS (ESI) (m/z) [M +Halcd for GgHo7N,O6S,
495.1590; found, 495.1597.

N-(4-methoxybenzyl)-2-((3-methyl¥-pyrazol-4-yl)thio)N-(3,4,5-trimet
hoxyphenyl)acetamidel€)

/
0 /
\ (0]
O\ (0] S{E

Yield:68%. White solid, m.p.:97~98C'H NMR (400 MHz, CDCJ) §
7.03 (d,J = 8.6 Hz, 2H), 6.93 (s, 1H), 6.85 (s, 1H), 6.72J& 8.6 Hz,
2H), 6.11 (s, 2H), 4.68 (s, 2H), 3.77 (s, 3H), 3(813H), 3.66 (s, 2H),
3.64 (s, 6H), 3.61 (s, 3HY’C NMR (100 MHz, CDCJ) § 167.72, 159.07,
153.55, 140.52, 137.86, 136.88, 130.53, 129.39,3129.22.60, 113.64,
105.78, 60.93, 56.16, 55.28, 52.90, 37.71, 33.533M8 (ESI) (m/z) [M
+ H]" caled for GsH,gN3OsS, 458.1750; found, 458.1758.

2-((6-Methoxybenzo[ d] thiazol -2-yl)thi0)-N-(4-methoxybenzyl )-N-(3,4,5-tr
Imethoxyphenyl )acetamide (4f)




%} e
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Yield:52%. White solid, m.p.:129~13€. 'H NMR (400 MHz, CDC)) §
7.50 (d,J = 8.9 Hz, 1H), 7.13 (d] = 2.5 Hz, 1H), 7.09 (d] = 8.6 Hz,
2H), 6.90 (dd,) = 8.9, 2.5 Hz, 1H), 6.71 (d,= 8.6 Hz, 2H), 6.23 (s, 2H),
4.75 (s, 2H), 3.94 (s, 2H), 3.77 (s, 3H), 3.753@8), 3.70 (s, 3H), 3.63 (s,
6H). 13C NMR (100 MHz, CDC) 6 165.95, 161.35, 158.08, 156.08,
152.59, 146.41, 136.92, 135.94, 135.89, 129.58,31r2820.77, 113.77,
112.69, 104.82, 103.09, 59.91, 55.17, 54.78, 546287, 35.78. HRMS
(ESI) (m/z) [M + HJ caled for G/H.oN.OsS,, 541.1467; found,
541.14609.

2-((1H-benzo[ d] imidazol -2-yl)thi 0)-N-(4-methoxybenzyl)-N-(3,4,5-trimet
hoxyphenyl)acetamide (49Q)

@@

Hf

Yield:61%. White solid, m.p.;144~14%. lH NMR (400 MHz, CDCJ)) 5
7.45 (s, 2H), 7.16 — 7.01 (m, 4H), 6.73 {Jd; 8.6 Hz, 2H), 6.18 (s, 2H),
4.79 (s, 2H), 3.78 (s, 3H), 3.69 (s, 3H), 3.64604), 3.60 (s, 2H)*C
NMR (100 MHz, CDC}) & 169.25, 158.29, 152.77, 148.38, 137.12,
135.26, 129.39, 127.56, 121.21, 112.89, 104.459%955.20, 54.26,
52.12, 32.58. HRMS (ESI) (m/z) [M + H]calcd for GgH,sN3OsS,
494.1750; found, 494.1758.

3-(Benzo[ d] oxazol -2-ylthi0)-N-(4-methoxybenzyl )-N-(3,4,5-trimethoxyph
enyl)propanamide (4h)




Yield:37%. yellow oil."H NMR (400 MHz, CDCJ) § 7.50 — 7.37 (m, 1H),
7.37 — 7.26 (m, 1H), 7.14 (td,= 7.0, 1.4 Hz, 2H), 7.07 (d,= 8.6 Hz,
2H), 6.73 (d,J = 8.6 Hz, 2H), 5.98 (s, 2H), 4.72 (s, 2H), 3.703H),
3.64 (s, 3H), 3.50 (s, 8H), 2.66 {t= 6.5 Hz, 2H)**C NMR (100 MHz,
DMSO) & 165.17, 159.66, 153.84, 148.24, 146.50, 136.49.513
131.82, 125.30, 124.42, 119.04, 118.59, 112.99,470804.52, 100.55,
55.60, 50.75, 50.02, 47.19, 28.78, 22.86. HRMS YE®Iz) [M + HJ
calcd for G/H.9N,06S, 509.1746; found, 509.1748.

4-(Benzo[ d] oxazol -2-ylthi 0)-N-(4-methoxybenzyl)-N-(3,4,5-trimethoxyph

enyl)butanamide (4i)
| o
e I
SO
S SR Ve
0
I

Yield:50%. yellow oil.'"H NMR (400 MHz, CDC}) § 7.53 — 7.40 (m,
1H), 7.39 — 7.27 (m, 1H), 7.22 — 7.13 (m, 2H), 7(86] = 8.6 Hz, 2H),
6.72 (d,J = 8.6 Hz, 2H), 6.02 (s, 2H), 4.69 (s, 2H), 3.763d), 3.69 (s,
3H), 3.58 (s, 6H), 3.27 (8,= 7.0 Hz, 2H), 2.24 (dd] = 8.9, 5.3 Hz, 2H),
2.09 (t,J = 6.9 Hz, 2H)*C NMR (100 MHz, DMSO)» 166.21, 159.58,
153.79, 148.30, 146.53, 136.62, 132.50, 132.30,2829.24.67, 119.02,
118.59, 113.06, 108.44, 104.56, 100.56, 55.68,65@.8.99, 47.08, 27.34,
26.46, 19.80. HRMS (ESI) (m/z) [M + H]calcd for GgH31N,OgS,
523.1903; found, 523.1907.

5-(Benzo[ d] oxazol -2-ylthi0)-N-(4-methoxybenzyl)-N-(3,4,5-trimethoxyph
enyl)pentanamide (4j)

/@AN)?\/\AS/N“\Q
o
0
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)
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Yield:49%. yellow oil."H NMR (400 MHz, CDCJ) § 7.47 (dd,J = 7.6,
0.9 Hz, 1H), 7.38 — 7.28 (m, 1H), 7.22 — 7.10 (i), 27.04 (t,J = 5.7 Hz,
2H), 6.70 (d,J = 8.6 Hz, 2H), 6.03 (s, 2H), 4.69 (s, 2H), 3.743H),
3.68 (s, 3H), 3.60 (s, 6H), 3.17 {t= 6.5 Hz, 2H), 2.09 (d] = 4.8 Hz,
2H), 1.83 — 1.65 (m, 4HJC NMR (100 MHz, DMSO) 166.88, 159.73,




153.76, 148.26, 146.53, 136.65, 132.47)d, 6.2 Hz), 125.24, 124.77,
118.99, 118.55, 113.03, 108.42, 104.56, 100.60665550.89, 49.98,
47.03, 28.29, 26.75, 23.68, 19.31. HRMS (ESI) (rie)+ H]" calcd for
CogH33N,06S, 537.2059; found, 537.2062.

4.4 Biological experiments

Cell culture, flow cytometry analysis, western biaimunostaining assay,
tubulin polymerization assay in vitro and dockingperiments were
proceeded according to our reported papers in Earogournal of
medicinal chemistry and Scientific reports [15, 20].

4.5 Measurement of mitochondrial membrane potential (4%)

1.5 x 10 cells were seeded into 6-well plates per well VRIAMI-1640
media, and treated with different concentratiorcofmpound4d for 48
hours. Then 1 mg/ml JC-1 probe was added to ineubd@h an equal
volume of cell suspension at 37 °C for 15 min teamee cell MMP and
rinsed twice with PBS. The signal of retained J@y& was determined
by flow cytometry to detect the MMP.

4.6 Molecular modeling Studies

Molecular modeling was performed using the autoddckoftware
from the Scripps Research Institute. Molecules Viiese generated using
Pymol software. Following generation, the files #econverted to
the .pdbgt format using OpenBabel. The drugs weea docked using
AutoDockTools from MGLTools via the Scripps instéu The docked
conformations and information were then docked #meir resulting
conformations were visualized using Pymol.

Several steps were used to prepare the protentoftking of the drugs.
First, using pymol the magnesium ions were remockt, the GDP and
GTP molecules were selectively removed from a copyhe protein ,
generated using the methods described above, atkedldack onto
1SAO0 to examine the docking accuracy with theiessitThe molecules
preferentially clustered around their crystallinatcoordinates, indicating
the docking was reasonably calibrated.

Dockings were initially performed using a blind &owg method on a
lower resolution docking. This was followed by aie® of resolving steps
to attempt to fine tune the compounds to their gregitial binding site.
The top twenty-five binding conformations of eadindb docking were
chosen as areas to designate a new, higher resolgtid box. The
binding selection chosen as preferred for each draghe conformations
that are most consistent across the dockings, hsasvéhe most realistic
for inhibition.



Acknowledgment

This work was supported by the National NaturaleSces Foundations
of China (No. 81703541 and 81673322). This work wapported by
MEDCHEMEXPRESS. Thanks to MCE Award for ScientiBt®moting
Biology and Medicine Research.

Declar ation of interest

The authors declare that there is no conflict dériest regarding the
publication of this paper.

References

[1] A.E. Prota, K. Bargsten, D. Zurwerra, J.J. &el.F. Diaz, K.-H. Altmann, M.O. Steinmetz,
Molecular Mechanism of Action of Microtubule-Stabihg Anticancer Agents, Science, 339 (2013)
587.

[2] R. Romagnoli, M. Kimatrai Salvador, S. SchiaffiOrtega, P.G. Baraldi, P. Oliva, S. Baraldi, L.C.
Lopez-Cara, A. Brancale, S. Ferla, E. Hamel, Jz&ati, S. Liekens, E. Mattiuzzo, G. Basso, G. ®jol
2-Alkoxycarbonyl-3-arylamino-5-substituted thioplesnas a novel class of antimicrotubule agents:
Design, synthesis, cell growth and tubulin polymation inhibition, Eur. J. Med. Chem., 143 (2018)
683-698.

[3] J. Yang, S. Yang, S. Zhou, D. Lu, L. Ji, Z. B, Yu, X. Meng, Synthesis, anti-cancer evaluatibn
benzenesulfonamide derivatives as potent tubutgetang agents, Eur. J. Med. Chem., 122 (2016)
488-496.

[4] T. Naret, J. Bignon, G. Bernadat, M. Benchekrod. Levaique, C. Lenoir, J. Dubois, A. Pruvost, F
Saller, D. Borgel, B. Manoury, V. Leblais, R. Dgmand, S. Apcher, J.-D. Brion, E. Schmitt, F.R.
Leroux, M. Alami, A. Hamze, A fluorine scan of abtuin polymerization inhibitor isocombretastatin
A-4: Design, synthesis, molecular modelling, anoldgical evaluation, Eur. J. Med. Chem., 143 (2018)
473-490.

[5] R. Kaur, G. Kaur, R.K. Gill, R. Soni, J. Barily&Recent developments in tubulin polymerization
inhibitors: An overview, Eur. J. Med. Chem., 87 120 89-124.

[6] S. Banerjee, K.E. Arnst, Y. Wang, G. KumarD®ng, L. Yang, G.-b. Li, J. Yang, S.W. White, W, Li
D.D. Miller, Heterocyclic-Fused Pyrimidines as NoVebulin Polymerization Inhibitors Targeting the
Colchicine Binding Site: Structural Basis and Aumtitor Efficacy, J. Med. Chem., 61 (2018)
1704-1718.

[7] A.A. Ghawanmeh, K.F. Chong, S.M. Sarkar, M.Aak@r, R. Othaman, R.M. Khalid, Colchicine
prodrugs and codrugs: Chemistry and bioactivitas, J. Med. Chem., 144 (2018) 229-242.

[8] G.F. Mangiatordi, D. Trisciuzzi, D. Alberga, ®enora, R.M. lacobazzi, D. Gadaleta, M. Catto, O.
Nicolotti, Novel chemotypes targeting tubulin atethcolchicine binding site and unbiasing
P-glycoprotein, Eur. J. Med. Chem., 139 (2017) 803

[9] A. Ghinet, A. Tourteau, B. Rigo, V. Stocker, Meman, A. Farce, J. Dubois, P. Gautret, Synthesis
and biological evaluation of fluoro analogues difiraitotic phenstatin, Bioorg. Med. Chem., 21 (2013)
2932-2940.

[10] A.S. Negi, Y. Gautam, S. Alam, D. Chanda, 8ginan, J. Sarkar, F. Khan, R. Konwar, Natural



antitubulin agents: Importance of 3,4,5-trimethdxgpyl fragment, Bioorg. Med. Chem., 23 (2015)
373-3809.

[11] S. Ke, L. Shi, X. Cao, Q. Yang, Y. Liang, Zang, Heterocycle-functional gramine analogues:
Solvent- and catalyst-free synthesis and theimitibn activities against cell proliferation, Edt. Med.
Chem., 54 (2012) 248-254.

[12] V. Rachakonda, M. Alla, S.S. Kotipalli, R. Unami, Design, diversity-oriented synthesis and
structure activity relationship studies of quinglitheterocycles as antimycobacterial agents, Eur. J
Med. Chem., 70 (2013) 536-547.

[13] H. Mirzaei, S. Emami, Recent advances of @t chalconoids targeting tubulin polymerization:
Synthesis and biological activity, Eur. J. Med. @hel21 (2016) 610-639.

[14] B. Dasari, R. Jimmidi, P. Arya, Selected hgomatural products as tubulin modulators, Eur. 8dM
Chem., 94 (2015) 497-508.

[15] D.J. Fu, L. Fu, Y.C. Liu, J.W. Wang, Y.Q. Warg.K. Han, X.R. Li, C. Zhang, F. Li, J. Song,
Structure-Activity Relationship Studies @fLactam-azide Analogues as Orally Active Antitumor
Agents Targeting the Tubulin Colchicine Site, SepR 7 (2017) 12788.

[16] Fu, Dongjun, Liu, Yingchao, Li, Feng, Zhang,E.iu, Hongmin, Recent Advances in Asymmetric
Synthesis of Oxacephems, Chin. J.Org. Chem., 3552947.

[17] D.J. Fu, J.F. Liu, R.H. Zhao, J.H. Li, S.V. &y, Y.B. Zhang, Design and Antiproliferative
Evaluation of Novel Sulfanilamide Derivatives astditial Tubulin Polymerization Inhibitors,
Molecules, 22 (2017) 1470.

[18] D.J. Fu, S.Y. Zhang, Y.C. Liu, L. Zhang, 1, J. Song, R.H. Zhao, F. Li, H.H. Sun, H.M. Liu,
Design, synthesis and antiproliferative activitydsés of novel dithiocarbamate-chalcone derivates,
Bioorg. Med. Chem. Lett., 26 (2016) 3918.

[19] D.J. Fu, L. Zhang, J. Song, R.W. Mao, R.H. @h4.C. Liu, Y.H. Hou, J.H. Li, J.J. Yang, C.Y. Jin
Design and synthesis of formononetin-dithiocarb@&ntatbrids that inhibit growth and migration of
PC-3cells via MAPK/Wnt signaling pathways, EuMkd. Chem., 127 (2016) 87-99.

[20] D.J. Fu, J. Song, Y.H. Hou, R.H. Zhao, J.H, RiW. Mao, J.J. Yang, P. Li, X.L. Zi, Z.H. Li,
Discovery of 5,6-diaryl-1,2,4-triazines hybridsgstential apoptosis inducers, Eur. J. Med. CheB8, 1
(2017) 1076-1088.

[21] D.J. Fu, Y.C. Liu, J.J. Yang, J. Zhang, C.Dong, Z.S. Cao, X.X. Yin, W. Wei, Y.B. Zhang,
Design and synthesis of sulfonamide-1,2,3-triaztdeivatives bearing a dithiocarbamate moiety as
antiproliferative agents, J. Chem. Res., (2017).

[22] H.M. Liu, Y.B. Zhang, Y.C. Liu, R.H. Zhao, $ong, D.J. Fu, Synthesis of novel antiproliferative
1,2,3-triazole hybrids using the molecular hybmdiisn approach, J. Chem. Res., 40 (2016) -.

[23] D.J. Fu, Y.H. Hou, S.Y. Zhang, Y.B. Zhang, iEi#ént click reaction towards novel sulfonamide
hybrids by molecular hybridization strategy as ndiferative agents, J. Chem. Sci., 130 (2018) 6.
[24] D.-J. Fu, S.-Y. Zhang, Y.-C. Liu, X.-X. Yue,-J. Liu, J. Song, R.-H. Zhao, F. Li, H.-H. Sunm;B.
Zhang, H.-M. Liu, Design, synthesis and antiproftéeve activity studies of 1,2,3-triazole-chalcones
MedChemComm, 7 (2016) 1664-1671.

[25] D.J. Fu, R.H. Zhao, J.H. Li, J.J. Yang, RWadJ B.W. Wu, P. Li, X.L. Zi, Q.Q. Zhang, H.J. Cai,
Molecular diversity of phenothiazines: design agydtkesis of phenothiazine-dithiocarbamate hybrids
as potential cell cycle blockers, Mol. Diver., (Z011-10.

[26] Y.B. Zhang, H.M. Liu, X.L. Zi, R.H. Zhao, L. #ang, Y.C. Liu, J. Song, S.Y. Zhang, D.J. Fu,
Design and antiproliferative activity of N-heteratg+chalcone derivatives, J. Chem. Res., 40 (2016)



[27] Y.B. Zhang, H.M. Liu, R.W. Mao, R.H. Zhao, 3ong, Y.C. Liu, S.Y. Zhang, D.J. Fu, Design,
synthesis and antiproliferative evaluation of 34aopiropyloxy derivatives of chalcone, J. Chem. Res.,

40 (2016) -.
[28] K.R. Senwar, T.S. Reddy, D. Thummuri, P. SrearmG.M. Naidu, G. Srinivasulu, N. Shankaraiah,
Design, synthesis and apoptosis inducing effect of novel

(2)-3-(3-methoxy-4-(2-amino-2-oxoethoxy)-benzylidene)indolin-2-oness apotential antitumour
agents, Eur. J. Med. Chem., 118 (2016) 34-46.

[29] A. Strasser, S. Cory, J.M. Adams, Decipherihg rules of programmed cell death to improve
therapy of cancer and other diseases, The EMBhahu80 (2011) 3667-3683.

[30] P.E. Czabotar, G. Lessene, A. Strasser, J.8ams, Control of apoptosis by the BCL-2 protein
family: implications for physiology and therapy, tNRev. Mol. Cell Bio., 15 (2013) 49.

[31] A. Abou Samra, A. Robert, C. Gov, L. Favre Hloy, E. Jacquet, J. Bignon, J. Wiels, S. Destat,
Roussi, Dual inhibitors of the pro-survival pro®iBcl-2 and Mcl-1 derived from natural compound
meiogynin A, Eur. J. Med. Chem., 148 (2018) 26-38.

[32] O. Gavet, J. Pines, Progressive ActivatiorCgtlinB1-Cdk1l Coordinates Entry to Mitosis, Dev.
Cell, 18 (2010) 533-543.

[33] L.T. Vassilev, C. Tovar, S. Chen, D. Knezevk, Zhao, H. Sun, D.C. Heimbrook, L. Chen,
Selective small-molecule inhibitor reveals criticaitotic functions of human CDK1, Proc. Nati. Acad.
Sci., 103 (2006) 10660-10665.

[34] M. Juhaszova, D.B. Zorov, S.-H. Kim, S. Pefe,Fu, K.W. Fishbein, B.D. Ziman, S. Wang, K.
Ytrehus, C.L. Antos, E.N. Olson, S.J. Sollott, Glgen synthase kinas@-3nediates convergence of
protection signaling to inhibit the mitochondriarmeability transition pore, J. Clin. Invest., 2804)
1535-1549.

[35] D.J. Fu, L. Fu, Y.C. Liu, J.W. Wang, Y.Q. Warg.K. Han, X.R. Li, C. Zhang, F. Li, J. Song,
Structure-Activity Relationship Studies @f -Lactam-azide Analogues as Orally Active Antitumor
Agents Targeting the Tubulin Colchicine Site, SepR7 (2017) 12788.



Highlights
A4d exhibited the potent antiproliferative activity against MGC-803 cells.
A4d induced cell cycle G2/M phase arrest and apoptosis.
A4d changed the mitochondrial membrane potential against MGC-803
cells.

A4d acted as anovel colchicine site tubulin polymerization inhibitor.



