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Design, synthesis, and biological evaluation of cyclic-indole
derivatives as anti-tumor agentsvia theinhibition of tubulin

polymerization

Jun Yan, Jinhui Hu, Baijiao An, Li Huang, Xingshir'L
Institute of Drug Synthesis and Pharmaceutical Process, School of Pharmaceutical

Sciences, Sun Yat-sen University, Guangzhou 510006, China

ABSTRACT: This study revealed a new attractive cyclic-indstaffold for the
discovery of mitosis-targeting anti-tumour agemsnong all of the synthesised
derivatives, compoung0 displayed the most potent anti-proliferative atgifwith
ICs0 values of 22 - 56 nM against seven cancer ceadk)irand tubulin polymerization
inhibition (IC5p = 0.15 = 0.07uM), which were much better than those of the
reference compound Combretastain A-4 (CA-4). Higledivity ratios (9.68-7.61) of
compound20 toward human normal cells and cancer cells wese abserved.
Immunofluorescence assay elucidated that comp@odndisrupted the intracellular
microtubule network and interfered with cell migsCellular mechanism studies
demonstrated that compouBd arrested the cell cycle at the/M phase and induced
apoptosis in a time- and dose-dependent mannsunhmary, compoung0 deserves

consideration for in vivo anti-tumour evaluationfimther studies.

KEYWORDS: cyclic-indole derivatives, antiproliferative actiyi tubulin
polymerization inhibitor, cell cycle arrest, apog
1. Introduction

Microtubules are long, hollow cylinders that areimhacomposed ofi- andp-tubulin

Abbreviations: CA-4, Combretastain A-4; VDAs, vascuarupting agents; HMTA, hexamethylenetetramine;
HUVECs, human umbilical vein endothelial cells; SARsircture and activity relationshipSD, standard error;
P1, propidium iodide; HR-MS, high resolution mapgstra.
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dimers; and-tubulin plays a major role in the nucleation otrmitubule assembly.[1]
These tubulin dimers polymerize end-to-end to farprotofilament.[2] Microtubules
continuously keep a state of dynamic equilibriunexert their structural function.[3,
4] The tubulin-microtubule system is an importamtracellular framework, which
plays a pivotal role in the maintenance of cellcture, regulation of motility, and cell
division.[2, 5, 6] Consequently, it has become #metive target for the design of
new antimitotic agents for cancer therapy.[7-9] iAmtiotic agents currently used in
the clinic are mainly classified into two broadegries: vinca alkaloids (represented
by vincristine and vinorelbine), which inhibit matubule polymerization and toxoids
(represented by a family of taxanes), which pronmoigrotubule polymerization.[10]
Colchicine was the first drug reported to functio the tubulin polymerization
inhibitor in the late 1930s.[11] Combretastatin A&A-4, Figurel) is another potent
antimitotic agent, which was first isolated fronetAfrican bush willowCombretum
caffrum, and exhibits strong cytotoxicity against a variefycancer cells.[12] The
encouraging antitumour profile of CA-4 has inspirecany medicinal chemists’
extensive interest in the design and synthesisfo#t@nalogues.[13-16] Most of the
reported modifications involved stabilizing the @mmation of the olefinic bridge
using different substitutions or replacing the 3hwoxy-4-methoxyphenyl moiety of
CA-4 with other biologically active entities.[17h&cis double bond of CA-4 is easy
to isomerize to the more thermodynamically stablg,less bioactivetrans isomers.
In this case, numerous modifications, which on ta@d aimed to stabilize the
conformation of CA-4 by replacing the olefinic byl with different cyclic moieties
and on the other hand to retain its biological \éigti were under extensive
investigation.[18, 19] Pinney and co-workers ddmmti the discovery of the
benzosuberene analdg(Figure 1) as a potent tubulin polymerization inhibitor,[20]
and then established various functionalized berizereme analogues for further
evaluation as promising anti-cancer agents.[21M8antime, Maderna and other
groups also obtained new benzosuberene analogtlesstictural modifications on
the B-ring as cytotoxicity agents.[24, 25] Considgrthe extensive pharmacological
activities of the indole-based compounds, Pinneay ather groups developed novel
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indole-based inhibitors of tubulin polymerizatiof29] and compound Oxi8006[30]
was one of the most representative agent which dstraded pronounced interference
with tumor vasculature in a preliminary in vivo @{31] In the previously work, the
seven membered ring of compouhdvas substituted with heterocyclic part to obtain
compound2 (Figure 1) which displayed excellent anti-tumor activity vitro andin
vivo.[32] In recent years, our group has also been dtteunto the design and
synthesis some indole-based compouBi@3] (Figure 1) and indole-chalcone
derivative4[34] (Figurel) as novel tubulin polymerization inhibitors. Insgd by the
work of Pinney and others, we fused benzosubemnaitkandole-based part to obtain
a novel series of cyclic-indole derivatives. Prefiary biochemical evaluation in
terms of inhibition of tubulin polymerization alongith anti-proliferative activity
study toward various types of cancer cells, analg§istructure-activity relationships,

and elucidation of the molecular mechanism aregmtesl.
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Figure 1. Structures of the representative tubulin polymeron inhibitors and
vascular disrupting agents (VDAS).

2. Resultsand Discussion

2.1 Chemistry

The synthetic routes for the cyclic-indole derivat are outlined in Schem@s3.
Using the N-benzenesulfonyl-protected starting nt®, the Wittig reaction in the
presence of a strong basealMDS) produced the aryl pentenoic adid35, 36] The
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intermediate 7 was then subjected to a hydrogenation and intracotdr
Friedel-Crafts acylation afforded cyclohepta-inadh@®. The reaction oP with a
lithium reagent in situ prepared from 5-bromo-1;2ifethoxybenzene and n-Buli
provides cyclohepta-indoldlO. A good vyield of cyclohepta-indole derivatil& was
easily obtained from the dehydration 4D in the presence of an acid.[20]
Deprotection of the cyclohepta-indd# in the solution of KOH in methanol afforded
cyclohepta-indolel2. The modification of intermediat¥ by N-alkylation produced
compoundsl3a - 13c. Treatment intermediat&2 with sodium cyanoborohydride in
acid conditions vyielded the indolin@4. The methylation of indolinel4 with
iodomethane afforded methyl indolirkd. Indole-aldehydel6 was obtained from
indole 12 using the Duff reaction in the presence of hexaglehetetramine (HMTA)

(Schemel).
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Schemel. Reagents and conditions: (a) benzenesulfonylricidpKOH, TBAHS, CHCI,, room
temperature; (b) (i) (3-carboxypropyl)triphenylppbsnium bromide, NaHMDS, THF, -20 °C; (ii)
aldehyde,6, -78 °C, 18 h; (c) Pd/C, 1 MeOH; (d) Eaton's Reagent: 7.7% (W/W)OB in
methanesulfonic acid, room temperature; (e) (iy&o-1,2,3-trimethoxybenzene, n-BulLi, THF;
(i) ketone,9, -78 °C, 12 h; (f) p-toluenesulfonic acid, CHClg) 1 M KOH, MeOH; (h) CH /
C,HsBr / CsH-Br, NaH, THF; (i) NaBHCN, CH;COOH; (j) Hexamethylenetetramine, gEDOH,
No.

Under the same conditions, aldehytie was readily produced from N-methylated
indole 13a. Reduction of aldehydé&7 with sodium borohydride afforded indolyl
methanol18. 13a was treated with oxalyl chloride to afford intedaie oxoacetyl
chloride. Then the mixture was immediately quenched by methda obtain

oxoacetatd9. Reduction of the double bond of olefia gave alkan0 (Scheme?)

' CH,OH

with a good vyield.

18

Scheme2. Reagents and conditions: (a) Hexamethylenetetian@HCOOH, N; (b) (i) oxalyl
chloride, E$O; (ii) CHsOH, EgN; (c) Hy, Pd/C, CHOH; (d) NaBH,, CH;OH.

Simultaneously with the synthesis of cycloheptasied, the hepta-cyclic nucleus was
also replaced by the five-cyclic skeleton. Simyladcrylic acid21 was prepared with
good vyield using the Knoevenagel condensation icactith malonic acid and the
starting material6. The following hydrogenation and cyclization prodd the

indolone23 with an acceptable yield. Cyclopenta-indoldtewas easily obtained by



deprotection and then methylation of the indol@3e Treating23 with a lithium
reagent, prepared as described above at -78 °@legliecyclopenta-indole€6 by

sequentially treating the reaction mixture with eous NHCI at room temperature

(Schemes).
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Scheme3. Reagents and conditions: (a) malonic acid, piliegi pyridine; (b) Pd/C, 5 MeOH,;
(c) methanesulfonic acid®s, room temperature; (d) 1 M KOH, MeOH; (e) §HNaH, THF; (f)
()5-bromo-1,2,3-trimethoxybenzene, n-BulLi, THR) ketone,25, -78 °C, 12 h.

2.2 Invitro antiproliferative activity

In the initial screening of the antiproliferativetiaity, seven human cancer cell
lines derived from various tissues and organs wéasen including the non-small
cell lung cancer cell line A549, human epithelignaécal cancer cell line Hela,
human prostate cancer line PC-3, human liver cancacell line Bel-7402, human
colon cancer cell line Lovo, human ovarian can&drime A2780, and human breast
carcinoma cell line MCF-7. Evaluation of the antiferative activity was carried out
using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipnyltetrazolium bromide) assay.
The data in Tablé indicate that the length of the alkyl chain at b position of the
indole ring was obviously related to the anti-piesfitive activity. Comparing the
activity of compoundd2 (ICso range from 0.45 to 1.56v) and13a (ICso range from
0.044 to 0.093M), the N-methylation was indeed favourable fordhé-proliferative
activity. Moreover, when the jRgroup was replaced by a methyl group or an ethyl
group, both compound$3a and 13b displayed similar potent activities. However,
extending the carbon chain to a propyl group reslulh a 7.27- to 17.7-fold decrease

in the anti-proliferative activities.



Next, the effects of different substitutions on Bwposition of the indole ring were
also investigated. As shown in Taldlewhen R was replaced by an aldehyde group
or hydroxymethyl group, compounds? and 18 nearly retained the excellent
anti-proliferative activities towards all of thested cancer cell lines, while the
replacement with oxoacetyl group (compou®) led to the absolute loss of activity.
Moreover, the difference in anti-proliferative adies between compound$ and17
further evidenced the importance of the N-methglati

To elucidate the sturcture and activity relatiopsh(SARs) in more detail, we
investigated whether the double bond of the indlg and hepta-cyclic ring were
indispensable for the anti-proliferative activiéyfter the double bond of the indole
ring and hepta-cyclic ring were reduced, the tagetompounds5 and 20 also
displayed potent anti-proliferative activities. Hewer, reducing the size of the
hepta-cyclic ring to the five-cyclic skeleton (coouymd 26) caused nearly a 3.04- to
7.19-fold decrease in the anti-proliferative at¢ie8 compared to the corresponding
compoundl3a.

Table 1. Antiproliferative activity of compounds againgven human cancer cell

lined

ICso mean+® (uM)°

Compd.

A549 HelLa PC-3 Bel-7402 Lovo A2780 MCF-7
12 0.451+0.13  0.79+0.08 0.98+0.13  0.62+0.29 0.52+1.36 1.01+1.29 1.56+1.46
13a 0.049+0.023 0.056+0.017 0.093+0.025 0.078+0.031 470:0.013 0.044+0.012 0.069+0.021
13b 0.056+0.031 0.061+0.014 0.085+0.036 0.066+0.014 0.039+0.015 0.032+0.023 0.079+0.026
13c 0.52+0.03 0.60+£0.02 0.69+0.12 0.48+0.23 0.69+0.17 .2440.09 0.78+0.31
14 0.312+0.242 0.701+0.16 0.741+0.09 0.797+0.321 1.123+0.231 0.597+0.159 0.812+0.452
15 0.056+0.009 0.045+0.014 0.077+0.021 0.061+0.011 0.079+0.037 0.069+0.038 0.058+0.029
16 0.47+0.57 0.86+0.12 0.95+0.23 1.26+0.74 1.13+0.15 1.02+0.39 2.06+1.17
17 0.029+0.014 0.041+0.027 0.031+0.013 0.049+0.029 0.052+0.021 0.033+0.011 0.059+0.019
18 0.043+0.002 0.033+0.015 0.049+0.021 0.046+0.009 3Z*0.017 0.031+0.019 0.063+0.022
19 >10 >10 >10 >10 >10 >10 >10



20 0.022+0.013 0.056+0.019 0.047+0.035 0.039+0.009 49¢0.033 0.037+0.025 0.051+0.041

26 0.149+0.091 0.326+0.129 0.412+0.014 0.561+0.138 971#@.112 0.186+0.021 0.449+0.127

CA-4 0.010+0.001 0.012+0.001 0.026+0.009 0.013+0.006 170.002 0.016+0.002 0.029+0.004

%Cell lines were treated with different concentrasiarf the compounds for 48 h. Cell viability was mead by
MTT assay as described in the Experimental Secli@3, values are indicated as the mean+SD (standard) erro

of at least three independent experiments.

2.3 Invitro inhibition of tubulin polymerization

Considering the critical role of microtubules idl@chitecture, such as cell mitosis,
cell shape maintenance and protein transportati@nalso evaluated the inhibitory
efficacy of these cyclic-indole derivatives on nmoitibule assemblyin vitro.
According to the method originally described by Benret al.[37] the tested
compounds were incubated with un-polymerized puoecipe tubulin, and the
polymerization was monitored by the change of #isgence intensity. In the control
group, tubulin polymerization had indeed occurrecegidenced by an enhancement
of the fluorescence intensity along with time esien. When incubated with the
tested compounds at the indicated concentratidres,iricreased tendency of the
fluorescence intensity was slowed down or absolutelippressed at higher
concentrations. On the base of the antiprolifeeasigtivity screening, compountii3a,
15, 17, 18, 20, which beared representative structures and disglaexcellent
antiproliferative activities, were primarily choakdor the tubulin polymerization
evaluation. The 16 values of compound$3a, 15, 17, 18, and 20 listed in Table2
showed that these compounds are potent tubulinmpaigation inhibitors and more
potent than reference compound CA-4. Since compd(hdlisplayed excellent

anti-proliferative activity and the best tubulinlymerization inhibitory activity in the



initial screening, we selectedas the optimized compound for the following further
studies.

Table2. Effects of the selected compounds on tublin pelyeation inhibition

Compd. 13a 15 17 18 20 CA-4

[Cso/uM? 0.58 +0.12 1.04+0.18 0.47 +£0.02 0.41+0.14 15C:0.07 1.12+£0.05

®Csp values are indicated as the mean+SD (standarg efrthree independent experiments.

2.4 Selectivity of compound 20 towar ds normal cellsand cancer cells.

Considering the high cytotoxicity of chemotherapeuagents, their selectivity
towards normal cells and cancer cells is partitplanportant. To evaluate the
selectivity of the optimal compound 20 towards hamarmal cells and cancer cells,
four types of non-tumorigenic cell lines from dié@t origins were used, including
HUVECs (human umbilical vein endothelial cells), HCOA (human mammary
epithelial cell line), BJ (human dermal fibroblgsind HLF (human embryonic lung
fibroblast cell line). The results summarized irblEa3 showed that 20 was associated
with a high cytotoxicity towards A549 cells and @atively low toxicity towards
human normal cells, which exhibited 9.68-, 30.%,05, and 76.1-fold selectivity
ratios for quiescent HUVECs, MCF-10A, BJ, and Hldls; respectivelyln order to
elucidate the results of the reduced cytotoxicigpiast HUVECs, we performed a
contemporaneous microscopy study using A549 calisHlUVECSs cells treated with
compound20 at 20 nM and 200nM (I§g concentrations). As shown in Figure\®
(supporting information), treated with compound 2@ for 48 h, the A549 cells
displayed obvious cell morphology alteration sushcall rounding, cell shrinkage,
membrane blebbing and loss of adherent propertyichwhwvell indicated the
cytotoxicity of compoun@®0. Moreover, this morphology changes were more agpre
at 200 nM treatment. While, treated at the sameliton, the HUVECs cells did not
exhibit any cell damges at 20 nM and displayedrtaireextent of damage at 200 nM.

Along with the results of MTT assay (Tal® these results well demonstrated the



reduced cytotoxicity against HUVECs.The tremendmale of microtubules in cell
division makes it a fascinating target for antieandrugs. Compared to the normal
cells, cancer cells have a rapid proliferation abtaristics of division which highly
depend on microtubule dynamic equilibrium.[38] Thusancer cells are more
sensitive to microtubules-destabilizing agents, clwhimight explain the apparent
selectivity of compound 20 toward A549 cells andrfoormal cell lines.

Table 3. The selectivity ratio of compourd toward human normal cells and cancer

cells.
IC502 mean + B (uM) Selectivity ratid
A549 0.022 +0.013
Quiescent HUVECS 0.213 +0.017 9.68
MCF-10A 0.672 +0.156 30.5
BJ 1.211 +0.224 55.0
HLF 1.674 +0.538 76.1

Data are presented as the mean + SE from the @spenise cures of at least three independent exgesfFor
quiescent growth conditions, HUVECs were culturee@riothelial cell medium containing 0.5% fetal @fum

and in absence of growth factfBelectivity ratio = (IGohuman normal cells) / (i A549).

2.5 Disruption of intracellular microtubule dynamics

Microtubules, which consist af-, B-tubulin heterodimers, are key components of the
mitotic spindle and always sustain the dynamic ro@@dato maintain its biological
function.[39] Since the tubulin polymerization ibfiory effect of 20 has been
verified in vitro, we subsequently performed themuomofluorescence assay to
observe its effect on the intracellular microtubslstem. As shown in Figur2
compound20 disruptedthe cellular microtubule network and disturbed the cell
mitosis. The nucleus and microtubules in the vehictated group appeared as
normal state as characterized by the slim and féoraicrotubules, well-organized
structure surrounding the uncondensed nucleus,spmtiles present during bipolar
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mitotic division. However, with increasing compoumgdncentrations, the meshy
microtubule networks were heavily shrunk aroundrtheleus, and monopolarization
or multipolarization of the spindle and multinudiea phenomena were easily
observed, which indicated that compow@ddisrupted microtubule organizations and
interfered with the mitosis of A549 cells.

A nucleus merged B nucleus merged

control

10 nM

50 nM

Figure 2. Disruption effect of compoun@0 on the cellular microtubule network (A) and cell

mitosis (B) visualized by immunofluorescence. AS&liscwere plated in confocal dishes and
exposed t@0 at the indicated concentrations for 24 h. Thea,d#lls were fixed and processed to
study the immunofluorescence of microtubules (sthiwéh primaryp-tubulin mouse antibody

and Alexa Fluor 488 goat anti-mouse IgG antibodgeg) and nuclei (stained with Hochest 33342,
blue) using an LSM 570 laser confocal microscoparl(@eiss, Germany) as described in the
Experimental Section. Magnification: x64 (A), x1(®). The experiments were performed three

times, and the results of representative experisremt shown.

2.6 Cdll cycleanalysis
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As most microtubule polymerization inhibitors digtucell mitosis and exert cell
cycle arrest effects,[40] we applied flow cytometoyanalyse the cell cycle arrest
effect of compoun@0. As shown in Figur&, 20 caused significant cell cycle arrest at
the G/M phase in a dose- and time-dependent mannerowsithomitant losses of,G
phase cells. When treated wi at 10, 25, and 50 nM for 24 h, the percentages of
cells arrested at the,®1 phase werd1.0%, 55.1%, and 72.1%, respectively. After a
48 h treatment, the remarkable accumulation ofaaitested in the £V phase was
more obvious. These results demonstrated ®@t similar to most tubulin
polymerization inhibitors, disrupted the dynamidadm&e of the tubulin-microtubule

system and further blocked the cell cycle distitnuat the G/M phase.

£ Sub-G1

% of cells

N & N
& 'so qfﬁ @o
Concentration

100

80

60

% of cells

404

204 fex

> & N &
& o° & &°

Concentration

Figure 3. Compound20 arrested cell cycle progression at thg/Ms phase in a dose- and
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time-dependent manner. The A549 cells were tresittdicompound?0 at 10, 20, or 50 nM for 24
h (A) or 48 h (B).Quantitative analysis of the percentage of celleach cell cycle phase were
analysed by EXP0O32 ADC analysis softwafbe experiments were performed three times, and the

results of representative experiments are shown.

2.7 Cédll apoptosisanalysis

According to the cell cycle analysis results abovejas assumed that compou2@l
treatment induces cell apoptosis, which was evidénoy the appearance of the
characteristic hypodiploid DNA content peak (suby@ligure 5B). To confirm this
hypothesis, A549 cells were treated with variouscemtrations of compourzD for

24 or 48 h and then were harvested, stained witheAim V-FITC/PI and monitored
by flow cytometry. As shown in Figué compound0 induced A549 cell apoptosis
in a dose- and time-dependent manner. The pereepfagpoptotic cells after the 24 h
treatment was only 0.63% in the control grouup. €ady and late apoptotic cells
increased to 22.8%, 39.6%, and 59.8% after 24 10pP0, and 50 nM of compound
20 treatment, respectively, whereas after a 48 hhaton, the percentages of the
early and late apoptotic cells were strikingly eesed to 41.4%, 58.4%, and 60.2%,
respectively. Moreover, after the 48 h incubatiomgst cells treated at the highest
concentration underwent late apoptosis. These ditaonstrate that compourad
effectively induced cell apoptosis in A549 cellsainlose- and time-dependent manner,

eventually leading to cell death.
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Figure 4. Compound?0 induced A549 cell apoptosis in a dose- and timgeddent manner. The
A549 cells were treated with compoud at 10, 20, or 50 nM for 24 h (A) or 48 h (B). The
percentages of cells in each stage of cell apaptesie quantified by flow cytometry: (upper left
guadrant) necrosis cells; (upper right quadrartg-gpoptotic cells; (bottom left quadrant) live
cells; and (bottom right quadrant) early apoptatdls. The experiments were performed three

times, and the results of representative experisremt shown.

3. Conclusions
In summary, we have designed, synthesized, anduaeal a series of novel
cyclic-indole derivatives as tubulin polymerizatiorhibitors for cancer therapy. All

of the designed compounds possessed potent alife@tive activities against seven
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human cancer cell lines derived from differentuessand organs. Considering the
pivotal role of the tubulin-microtubule system igllcdivision, the in vitro tubulin
polymerization inhibitory activities were also ewaled. We discovered that these
compounds, which demonstrated good anti-prolifeeatactivities in vitro, also
exhibited excellent tubulin polymerization inhibioactivities. The relatively low
cytotoxicity of compound0 further revealed the possibility for clinical ajmaition.
Moreover, detection of the intracellular microtubummunofluorescence confirmed
that the potent antiproliferative activity of comyal 20 was strongly related to its
massive disruption and interference effect on ntutole network organization and
cell mitosis. Furthermore, the mechanism study ighted that compound0
triggered cell cycle arrest at the/M phase and induced cell apoptosis in a dose- and
time-dependent manner. Taken altogether, comp@Qreffectively inhibited tubulin
polymerization, disrupted the intracellular tubutmcrotubule balance, and interfered
with cell mitosis resulting in prolonged,® cell cycle arrest and thus ultimately led
to apoptosis of cancer cellss a promising new tubulin-targeting agent, commbun
20 is worth further in vivo antitumour evaluation aspotential chemotherapeutic

agent.

4. Experimental Section
4.1 Chemistry

'H NMR and *C NMR spectra were acquired on a Bruker Avancelll
spectrometer with TMS as the internal standard.hHigsolution mass spectra
(HR-MS) were recorded on an Agilent LC—MS 6120 rmstent with an ESI mass
selective detector in positive ion mode. Meltinging® were determined on an
SRS-OptiMelt automated melting point instrumenteTpurity of the synthesized
compounds was determined by high-performance ligghicomatography (HPLC)
with a TC-C18 column (4.6 x 250 mmy#n), an acetonitrile/water or methanol/water

mobile phase, and a flow rate of 1.00 mL/min.

Synthesis of 1-(phenylsulfonyl)-1H-indole-4-car baldehyde (6)[35]
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After a suspension of 1H-indole-4-carbaldehy®€2.0 g, 14 mmol), TBAHS
(0.72 g, 2.1 mmol), and KOH (1.6 g, 28 mmol) in £ (100 mL) was stirred for 20
min, benzenesulfonyl chloride (2.6 mL, 21 mmol) veakied, and the mixture was
stirred at room temperature for 16 h. The react@s quenched with water, and
extracted with ChKCIl, (50 mL x 3). The combined organic layer was droaer
anhydrous MgS@and concentrated under reduced pressure to gredaav residue,
which was purified by silica gel chromatography yet#cetate / petroleum = 1:8) to
afford the 1-phenylsulfonyl indole (3.5 g, 12 mma$ a white solid. Yield: 89%H
NMR (400 MHz, CDCI3)s 10.17 (s, 1H), 8.28 (d} = 8.3 Hz, 1H), 7.88 (d] = 8.1
Hz, 2H), 7.77 (dJ = 2.8 Hz, 1H), 7.72 (dl = 7.4 Hz, 1H), 7.59 — 7.42 (m, 6H).
Synthesis of (E)-5-(1-(phenylsulfonyl)-1H-indol-4-yl)pent-4-enoic acid (7)[36]

To a a suspension of (3-carboxypropytriphenylpihasium bromide (0.92 g,
2.2 mmol) in THF (12 mL), NaHMDS (2.2 mL, 4.3 mmalgas added dropwise at
temperature of -20 °C and the suspension and fustireed for 20 min. The mixture
was cooled to -78 °C and then aldehgd®.57 g, 2.0 mmol) was added. After stirred
for 18 h, the solvent was removed in vacuo an® kvas added. The residue was
extracted with diethyl ether and the®layer was acidified to pH 2 using HCI (1 M).
The acidified aqueous layer was extracted with ledpetate and the combined
organic layers were dried over sodium sulfateefdti and concentrated to dryness.
The product was purified over silica gel using étigetate: petroleum (1:1) to obtain
the alkenoic acid (1.4 mmol, 0.48 g) as yellow ¥ikld: 68%.'H NMR (400 MHz,
Chloroform-d)$ 7.92 — 7.82 (m, 3H), 7.58 (d,= 3.7 Hz, 1H), 7.53 — 7.46 (m, 1H),
7.40 (t,J = 7.8 Hz, 2H), 7.32 — 7.21 (m, 2H), 6.81 Jd; 3.5 Hz, 1H), 6.76 — 6.65 (m,
1H), 6.27 (dtJ = 15.9, 6.3 Hz, 1H), 2.56 (4,= 5.6, 4.5 Hz, 4H).

Synthesis of 5-(1-(phenylsulfonyl)-1H-indol-4-yl)pentanoic acid (8)[35]

To a stirred suspension @f(0.71 g, 2.0 mmol) in methanol (10 mL), Pd / C
(0.10 g) was added and the mixture was stirred tje atmosphere at room
temperature for 3 h. Then, the mixture was filteaad vacuumed to get colorless oil
(0.21 g, 0.60 mmol). Yield: 30%H NMR (400 MHz, Chloroform-d}p 7.88 (dd,J =
8.2, 1.0 Hz, 2H), 7.83 (d,= 8.3 Hz, 1H), 7.57 (d] = 3.7 Hz, 1H), 7.52 () = 7.4 Hz,
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1H), 7.43 (tJ = 7.7 Hz, 2H), 7.25 — 7.19 (m, 1H), 7.03 Jd; 7.4 Hz, 1H), 6.70 (d]
= 3.7 Hz, 1H), 2.81 () = 7.1 Hz, 2H), 2.36 (] = 6.9 Hz, 2H), 1.74 — 1.67 (m, 4H).
Synthesis of 3-(phenylsulfonyl)-7,8,9,10-tetr ahydrocycloheptale]indol-6(3H)-one
(9[41]

To a rapidly stirred solution of phosphorus pendexmethanesulfonic acid (1:10,
10 g), compoun@ (1.0 g, 2.8 mmol) was added in small portionseAthe mixture
was stirred at room temperature for 4.0 h, 40 mwatfer was added in drop wise and
the aqueous mixture was stirred rapidly for 5-10 o ensure the hydrolysis of
methanesulfonic anhydride. The mixture was extchet#h ethyl acetate, washed
subsequently with dilute aqueous sodium bicarboaatewater, dried over anhydrous
sodium sulfate, and concentrated in vacuum to pgeothe crude product, which was
purified by chromatography on silica gel (4:1 ofrpeeum/ethyl acetate as an eluent)
to afford the product (1.2 mmol, 0.42 g) as pinkimi44% vyield."H NMR (400 MHz,
Chloroform-d)s 7.89 (d,J = 3.0 Hz, 3H), 7.74 (dl = 8.7 Hz, 1H), 7.63 (d] = 3.8 Hz,
1H), 7.55 (dJ = 7.5 Hz, 1H), 7.46 () = 7.7 Hz, 2H), 6.81 (d] = 3.7 Hz, 1H), 3.10
(d, J = 6.4 Hz, 2H), 2.78 — 2.74 (m, 2H), 1.91 o= 6.5 Hz, 2H), 1.85 — 1.79 (m,
2H).

Synthesis of 3-(phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-
3,6,7,8,9,10-hexahydrocyclo- heptale]indol -6-ol (10)[20]

Under the argon atmosphere, the solution of 5-br@r@@B-trimethoxybenzene
(0.49 g, 2.0 mmol) in anhydrous THF (10 mL) wasleddo -78 °C, and then added
n-BuLi (2.5 M, 0.80 mL, 2.0 mmol,) in drop wiseavsyringe. The mixture was
stirred for 0.5 h at the same temperature andvi@tbby the addition of the solution
of indolone9 (0.34 g, 1.0 mmol) in THF (20 mL). The reactiorxinre was stirred at
-78 °C overnight. The reaction was carefully quedchg saturated aqueous NH
and was stirred at room temperature for another. ZHe organic layers were
separated and washed with water and brine respégtilried over Nz650O;, filtered,
concentrated under reduced pressure. The crudaugirechs chromatographed on
silica gel (petroleum/ethyl acetate, 3:1 as anrd)u® afford the product (0.55 g, 1.1
mmol) as yellow oil. Yield: 54%'H NMR (400 MHz, Chloroform-dp 7.93 — 7.88
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(m, 2H), 7.81 (dJ = 8.9 Hz, 1H), 7.58 (d] = 3.8 Hz, 1H), 7.56 — 7.50 (m, 2H), 7.45
(t, = 7.7 Hz, 2H), 6.77 (d] = 3.8 Hz, 1H), 6.45 (s, 2H), 3.85 (s, 3H), 3.696(d),
3.10 (dd,J = 15.1, 6.7 Hz, 1H), 2.79 — 2.68 (m, 1H), 2.57ddb= 14.1, 7.2, 2.8 Hz,
1H), 2.37 (s, 1H), 2.18 (ddd,= 13.8, 10.3, 3.1 Hz, 1H), 1.94 (dt= 14.5, 7.2 Hz,
1H), 1.85 — 1.73 (m, 2H), 1.65 — 1.56 (m, 1H).

Synthesis of 3-(phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-
tetrahydrocyclo-heptal €] indole (11)[20]

Indolol 10 (0.20 g, 0.39 mmol) and p-toluenesulfonic acid (®g, 0.039 mmol)
were added in CH@I(5.0 mL) at room temperature for 30 min. The reactvas
guenched by saturated aqueous NaklGDd extracted with Ci€l,. The combined
organic layers were washed with saturated aquea@, dried over N&5O,, filtered
and concentrated under reduced pressure. The pradact was chromatographed on
silica gel (8:1 of petroleum/ethyl acetate as aonemf) to afford the product
(0.17g ,0.35 mmol) as white solid in 90% yield. NMR (400 MHz, Chloroform-d}
7.97 — 7.86 (m, 2H), 7.80 (d,= 8.6 Hz, 1H), 7.61 (d] = 3.7 Hz, 1H), 7.59 — 7.51 (m,
1H), 7.46 (tdJ = 7.1, 1.6 Hz, 2H), 7.00 (d,= 8.6 Hz, 1H), 6.80 (dd] = 3.7, 0.6 Hz,
1H), 6.44 (dJ = 3.0 Hz, 3H), 3.86 (s, 3H), 3.76 (s, 6H), 2.841¢ 7.0 Hz, 2H), 2.23
(9, = 7.1 Hz, 2H), 1.92 (q] = 7.2 Hz, 2H).

Synthesis of 6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydrocycloheptale]indole
(12)[35]

To a stirred suspension of cyclohepta-indole déreall (0.49 g, 1.0 mmol) in
methanol (5.0 mL), 1 M KOH (aq) (1.2 mL, 1.2 mmualas added and the mixture
was stirred at refluxed for 1 h. The reaction wasnghed by water, and extracted
with ethyl acetate. The organic layer was collecrd dried over anhydrous MgsO
and concentrated in vacuo to yield colorless ofle Tesidue was purified by flash
column chromatography over silica gel (petroleuhyketicetate = 2:1) to affor@
(0.28 g, 0.81 mmolps colorless oil. Yield: 81%"H NMR (400 MHz, DMSOQ)§
11.10 (s, 1H), 7.34 (dl = 3.1 Hz, 1H), 7.22 (d] = 8.4 Hz, 1H), 6.69 (d] = 8.4 Hz,
1H), 6.57 (dd, = 3.0, 0.6 Hz, 1H), 6.50 (s, 2H), 6.44Jt 7.3 Hz, 1H), 3.68 (s, 6H),
3.67 (s, 3H), 2.86 (1] = 6.9 Hz, 2H), 2.27 — 2.15 (m, 2H), 1.88 {5 7.1 Hz, 2H).
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13C NMR (101 MHz, CDCI3)s 152.84, 144.01, 139.09, 137.13, 134.80, 134.57,
130.82, 127.30, 127.03, 124.16, 124.04, 108.51,2903.01.14, 60.98, 56.13, 35.78,
28.18, 25.91. HRMS (ESI) (m/z) [M+Natalcd. for GoH23N Os, 350.1751; found,
350.1751. Purity: 98.5% (by HPLC).

General procedurefor the preparation of 13[34]

To a solution ofl2 (0.35 g, 1.0 mmol) in anhydrous THF, NaH (1.2 mnwvahs
added at 0 °C. After the the mixture was stirred I8 minutes, a corresponding
iodohydrocarbon or bromohydrocarbon (1.0 mmol) WFTwas added in drop wise.
The mixture was stirred at room temperature for. Zie organic layer was washed
with brine and then dried (N&0O;). The solvents were removed under reduced
pressure to obtain the crude product, which wasfigdrby silica gel column
chromatography (petroleum ether/ ethyl acetate)=é:providel3.
3-methyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydrocycloheptale]indole
(13a)

Colorless oil. (0.31 g, 0.85 mmol) Yield 851 NMR (400 MHz, Chloroform-d)

§ 7.15 (d,J = 8.5 Hz, 1H), 7.09 (d] = 3.1 Hz, 1H), 6.93 (d] = 8.5 Hz, 1H), 6.63 —
6.60 (m, 1H), 6.53 (s, 2H), 6.45 Jt= 7.3 Hz, 1H), 3.87 (s, 3H), 3.81 (s, 3H), 3.78 (S
6H), 2.96 (tJ = 7.0 Hz, 2H), 2.30 (p] = 7.1 Hz, 2H), 1.98 (q] = 7.2 Hz, 2H)**C
NMR (101 MHz, CDCI3)6 152.83, 143.98, 138.97, 137.22, 135.68, 134.70,413
128.49, 127.50, 127.12, 123.79, 106.63, 105.28{9%0.92, 56.12, 35.70, 32.99,
28.04, 25.87. HRMS (ESI) (m/z) [M+Nafalcd. for GaH,sN O3, 364.1907; found,
364.1912. Purity: 95.1% (by HPLC).
3-ethyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydrocycloheptale]indole (13b)

Colorless oil. (0.33 g, 0.87 mmol) Yield 8791 NMR (400 MHz, Chloroformd)
§7.20 — 7.14 (m, 2H), 6.91 (d,= 8.5 Hz, 1H), 6.62 (d] = 3.1 Hz, 1H), 6.54 (s, 2H),
6.44 (t,J = 7.3 Hz, 1H), 4.18 (q] = 7.3 Hz, 2H), 3.86 (s, 3H), 3.78 (s, 6H), 2.96)(t
= 7.0 Hz, 2H), 2.37 — 2.25 (m, 2H), 1.98 {gz 7.2 Hz, 2H), 1.50 (] = 7.3 Hz, 3H).
¥C NMR (101 MHz, CDG) 6 152.82, 144.03, 139.04, 137.19, 134.83, 134.73,
130.38, 127.62, 127.19, 126.67, 123.66, 106.72,31099.58, 60.93, 56.15, 41.11,
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35.75, 28.09, 25.91, 15.52. HRMS (ESI) (m/z) [M+Nahlcd. for G4Hy7 N Os,
378.2064; found, 378.2067. Purity: 96.3% (by HPLC).
3-propyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydr ocycloheptal e]indole (13c)

Colorless oil. (0.35 g, 0.90 mmol) Yield 90%.NMR (400 MHz, Chloroform-d)
§7.15 (d,J = 10.4 Hz, 2H), 6.89 (d} = 8.5 Hz, 1H), 6.60 (s, 1H), 6.54 (s, 2H), 6.43 (t
J=7.2 Hz, 1H), 4.07 (] = 7.0 Hz, 2H), 3.86 (s, 3H), 3.78 (tl= 2.1 Hz, 6H), 2.96 (t,

J = 6.8 Hz, 2H), 2.30 (p] = 6.4 Hz, 2H), 1.98 (qg] = 6.9 Hz, 2H), 1.88 (df] = 13.0,

6.6 Hz, 2H), 0.98 (tdj = 7.5, 2.1 Hz, 3H)*C NMR (101 MHz, CDCI3) 152.83,
144.05, 139.05, 137.27, 135.05, 134.76, 130.32,6027127.54, 127.14, 123.61,
106.82, 105.39, 99.39, 60.92, 56.16, 48.27, 32840, 25.92, 23.61, 11.64. HRMS
(ESI) (m/z) [M+Na] calcd. for GsHogN O3, 392.2220; found, 392.2237. Purity: 96.2%
(by HPLC).

Synthesis of
6-(3,4,5-trimethoxyphenyl)-1,2,3,8,9,10-hexahydrocycloheptale]indole (14)[42]

To a stirred solution of cyclohepta-indaderivatives12 (0.17 g, 0.5 mmol) in
AcOH (10 mL), NaBHCN (94 mg, 1.5 mmol) was added. After the mixturasw
further stirred for 4.0 h under,Nthe reaction was quenched by adding of water. The
solvent was removed in vacuo and the product wasard with ethyl acetate. The
organic layer was washed with saturated aqueousCigHdried with NaSQO, and
concentrated under reduced pressure to give cnadieigt as colourless oil. The crude
product was purified by silica gel column chromasgy (petroleum ether/ ethyl
acetate =2:1) to providk4 (0.13 g, 0.36 mmol) as colorless oil. Yield: 7194.NMR
(400 MHz, Chloroform-dp 6.73 (d,J = 8.0 Hz, 1H), 6.52 (s, 2H), 6.48 (@l= 8.0 Hz,
1H), 6.26 (tJ = 7.3 Hz, 1H), 3.85 (s, 3H), 3.80 (s, 6H), 3.63( 8.4 Hz, 2H), 3.09
(t, J = 8.4 Hz, 2H), 2.57 () = 6.9 Hz, 2H), 2.13 (p] = 7.1 Hz, 2H), 1.98 (q] = 7.1
Hz, 2H). ¥C NMR (101 MHz, CDCI3)s 152.78, 150.27, 143.49, 138.92, 138.29,
130.98, 128.99, 128.10, 126.68, 125.84, 106.78,480%0.88, 56.15, 47.13, 33.96,
28.75, 28.52, 25.76. HRMS (ESI) (m/z) [M+Najalcd. for G,H,sN Os, 352.1907;
found, 352.1907. Purity: 97.2% (by HPLC).
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Synthesis of
3-methyl-6-(3,4,5-trimethoxyphenyl)-1,2,3,8,9,10-hexahydrocycloheptale]indole
(15)[34]

To a solution ofl4 (0.18 g, 0.50 mmol) in anhydrous THF, NaH (24 %0
mmol, 60 %) was added. After the mixture was dirfi@ 15 minutes, iodomethane
(63 uL, 1.0 mmol) in THF was added in dropwise. The migtwas stirred at room
temperature. Organic layer was washed with bring dned. The solvents were
removed under reduced pressure to obtain the grumbiict, which was purified by
silica gel column chromatography (petroleum etlehyl acetate =4:1) to provide
indoline 15 (0.17 g, 0.46 mmolks colorless oil. Yield 91%H NMR (400 MHz,
Chloroform-d)é 6.79 (d,J = 8.0 Hz, 1H), 6.53 (s, 2H), 6.33 @@= 8.1 Hz, 1H), 6.24
(t, = 7.2 Hz, 1H), 3.86 (s, 3H), 3.80 (s, 6H), 3.39 @ 8.2 Hz, 2H), 3.00 (fJ = 8.2
Hz, 2H), 2.79 (s, 3H), 2.56 (1,= 6.9 Hz, 2H), 2.12 (d] = 7.0 Hz, 2H), 1.98 (q] =
7.0 Hz, 2H).13C NMR (101 MHz, CDCI3) 152.77, 152.06, 143.49, 139.06, 137.86,
137.24, 130.21, 129.16, 127.33, 125.67, 105.41,5P040.91, 56.16, 55.86, 36.17,
33.82, 29.71, 28.32, 27.54, 25.79. HRMS (ESI) (rfivyNa]" calcd. for GaH,7N Os,
366.2064; found, 366.2068. Purity: 99.1% (by HPLC).

Synthesis of
6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydr ocycloheptal e]indole-1-car baldehy
de (16)[43]

To a stirred solution of indole derivativé® (0.17 g, 0.5 mmol) in AcOH (5.0
mL), hexamethylenetetramine (0.11 g, 0.75 mol) \wdded at room temperature.
After heated at reflux under;Nor 18 h, the mixture was diluted with water (1Q)m
neutralized with saturated agueous NaH@@til no CQ was evolved. The mixture
was extracted with ethyl acetate, and the orgaayerlwas washed with water, brine
and dried over N&O,. After removal of solvent by evaporation, the eysroduct
was obtained as an orange oil, which was purifiedilica gel chromatography eluted
with petroleum ether/ ethyl acetate =1: 1 to gi¥e(0.11 g, 0.29 mmol) as yellow
solid. Yield: 58%.*H NMR (400 MHz, Chloroform-dp 10.09 (s, 1H), 9.02 (s, 1H),
7.96 (d,J = 3.2 Hz, 1H), 7.23 (d] = 8.4 Hz, 1H), 7.02 (d] = 8.4 Hz, 1H), 6.53 (d]

21



= 9.0 Hz, 3H), 3.87 (s, 3H), 3.79 (s, 6H), 3.38)(% 6.9 Hz, 2H), 2.39 (p] = 7.1 Hz,
2H), 1.96 (qJ = 7.2 Hz, 2H)}*C NMR (101 MHz, CDCI3) 191.16, 184.34, 152.89,
143.26, 138.93, 138.25, 137.15, 136.78, 135.41,9P28126.22, 123.47, 121.12,
109.13, 105.30, 60.99, 56.13, 36.72, 29.72, 2548VS (ESI) (m/z) [M+Na] calcd.
for Co3Ho3N O4, 378.1700; found, 378.1697. Purity: 97.7% (by HR.LC

Synthesis of
3-methyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydrocycloheptale] indole-1-
carbaldehyde (17)[43]

To a stirred solution ofl3a (0.18 g, 0.50 mmol) in AcOH (5.0 mL),
hexamethylenetetramine (0.11 g, 0.75 mmol) was Gdderoom temperature. The
mixture was heated to reflux undes fér 18 h, and then, diluted with water (10 mL),
neutralized with saturated aqueous NaH@@til no CQ was evolved. The mixture
was extracted with ethyl acetate, organic layer washed with water, brine and dried
over NaSQy. After removal of solvent by evaporation, aldehyide(0.12 g, 0.31
mmol) was obtained as yellow oil. Yield: 619 NMR (400 MHz, Chloroform-dp
10.04 (s, 1H), 7.81 (s, 1H), 7.18 (= 8.5 Hz, 1H), 7.07 (d] = 8.5 Hz, 1H), 6.52 (d,
J = 3.7 Hz, 3H), 3.88 (d] = 3.7 Hz, 6H), 3.79 (s, 6H), 3.38 {t= 6.9 Hz, 2H), 2.38
(p,J = 7.0 Hz, 2H), 1.95 (q] = 7.2 Hz, 2H)*C NMR (101 MHz, CDCI3) 183.64,
152.94, 143.22, 141.66, 138.75, 137.83, 137.32,4P35128.86, 125.90, 124.27,
119.49, 107.35, 105.29, 60.96, 56.14, 36.59, 386823, 25.64. HRMS (ESI) (m/z)
[M+Na]"® calcd. for G4 Hos N Oy 392.1856; found, 392.1865. Purity: 95.1% (by
HPLC).

Synthesis of
(3-methyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydr ocycloheptal €]indol-1-yl)
methanol (18)[44]

To a stirred solution of aldehyd® (0.20 g, 0.50 mmol) in C¥®H (10 mL),
NaBH; (57 mg, 1.5 mmol) was added in portions at 10 2Q5After stirred at room
temperature for 3 h, the mixture was quenched kjitiad of 5.0 mL of HO,
extracted by ethyl acetate, washed with brine dvigth NaSQ and concentration
under reduced pressure to obtain the crude prodibetcrude product was purified by
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silica gel column chromatography (petroleum etleghyl acetate =4:1) to providé
(0.17 g, 0.42 mmoljs colorless oil. Yield: 83%8H NMR (400 MHz, Chloroform-d)
§ 7.12 (d,J = 8.5 Hz, 1H), 7.09 (s, 1H), 6.95 @= 8.5 Hz, 1H), 6.54 (s, 2H), 6.46 (t,
J=7.3 Hz, 1H), 4.94 (s, 2H), 3.87 (s, 3H), 3.78604), 3.76 (s, 3H), 3.12 (§,= 6.8
Hz, 2H), 2.33 (pJ = 6.9 Hz, 2H), 1.95 (¢J = 7.1 Hz, 2H).**C NMR (101 MHz,
CDCI3) 6 152.87, 143.79, 138.97, 137.32, 137.08, 135.32,9P3 129.15, 127.42,
124.76, 124.30, 114.94, 106.77, 105.40, 60.92,1586.17, 36.59, 32.79, 27.82,
25.66. HRMS (ESI) (m/z) [M+N4] calcd. for G4 Hy; N O4 416.1832; found,
416.1818. Purity: 95.5 % (by HPLC).

Synthesis of methyl
2-(3-methyl-6-(3,4,5-trimethoxyphenyl)-3,8,9,10-tetr ahydr ocyclohepta[ €]
indol-1-yl)-2-oxoacetate (19)[45]

To a solution ofl3a (0.18 g, 0.50 mmol) in D (5.0 mL) at 0 °C, oxalyl
chloride (48uL, 0.55 mmol) was added. The resulting yellow siunas stirred at
0 °C for 1.5 h and then at room temperature for L.5he organic solvent was
removed under reduced pressure to get yellow sbhd.residue was cooled to 0 °C,
the, CHOH (5.0 mL) and EN (2.0 mL) were added. The mixture was stirred &0
for 1 h and then warmed to room temperature over #he mixture was extracted
with ethyl acetate and the organic layer was wasti#dwater, brine and dried over
NaSO,. The organic layer was evaporated to drynessawaige yellow oil. The crude
product was purified by silica gel column chromasghy (petroleum ether/ ethyl
acetate =4:1) to provid# (0.16 g, 0.37 mmol) as flaxen oil. Yield: 73%1 NMR
(400 MHz, Chloroform-dp 8.23 (s, 1H), 7.18 (d, = 8.5 Hz, 1H), 7.09 (d] = 8.5 Hz,
1H), 6.54 (dJ = 7.3 Hz, 1H), 6.50 (s, 2H), 3.96 (s, 3H), 3.86)d 3.0 Hz, 6H), 3.78
(s, 6H), 3.29 (t) = 6.3 Hz, 2H), 2.47 (pl = 6.6 Hz, 2H), 1.96 (q] = 7.1 Hz, 2H)**C
NMR (101 MHz, CDCI3)5 177.72, 165.10, 152.93, 143.11, 142.40, 138.98,163
137.55, 137.37, 136.55, 129.42, 126.55, 125.258P1307.29, 105.40, 60.90, 56.14,
52.69, 37.34, 33.95, 30.25, 25.66. HRMS (ESI) (nityNa]* calcd. for Gg Ho7 N
Oe, 450.1911; found, 450.1929. Purity: 97.5% (by HR.LC
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Synthesis of
3-methyl-6-(3,4,5-trimethoxyphenyl)-3,6,7,8,9,10-hexahydrocycloheptal e]indole
(20)[46]

To a stirred suspension &8a (0.18 g, 0.50 mmol) in methanol (5.0 mL), Pd/C
(50 mg) was added and the mixture was stirred uHddéxalloon at room temperature
for 3 h. Then, filtered and vacuumed to get thederproduct which was purified by
silica gel column chromatography (petroleum etkéryl acetate = 4:1) to provide the
title compound (0.16 g, 0.45 mmol). Yield: 89%1 NMR (400 MHz, Chloroform-d)

§ 7.06 (d,J = 3.2 Hz, 1H), 7.02 (d] = 8.5 Hz, 1H), 6.66 (d] = 8.5 Hz, 1H), 6.55 (d,
J=3.1 Hz, 1H), 6.50 (s, 2H), 4.39 @z= 8.3 Hz, 1H), 3.90 (s, 3H), 3.83 (@= 4.6
Hz, 7H), 3.77 (s, 3H), 3.22 (dd,= 13.2, 7.5 Hz, 1H), 3.17 — 3.05 (m, 1H), 2.29 —
2.18 (m, 1H), 2.16 — 1.83 (m, 5HC NMR (101 MHz, CDCI3) 153.07, 141.75,
136.01, 135.45, 134.23, 128.53, 128.47, 122.88,1408.05.69, 99.98, 99.32, 60.94,
56.10, 49.67, 34.34, 32.89, 30.61, 30.19, 27.08MBRESI) (m/z) [M+Na] calcd.
for Co3H27N O3, 366.2064; found, 366.2068. Purity: 99.3 % (by I@PL

Synthesis of (E)-3-(1-(phenylsulfonyl)-1H-indol-4-yl)acrylic acid (21)[47]

To a stirred suspension of aldehy@lg€1.0 g, 3.5 mmol) in pyridine (40 mL),
malonic acid (0.73 g, 7.0 mmol) and piperidine (thD) were added and the mixture
was heated to reflux at 120 °C for 3 h. When alldweecool to 0 °C, the mixture was
acidified by hydrochloric acid. The precipitate widtered and the filter cake was
washed with 20 mL of pD, dried in vacuum to afford the crude product \hicas
purified by re-crystallization from a mixed-solveethyl acetate: methanol =4 : 1) to
give a white solid (0.89 g, 2.7 mmol). Yield: 784l NMR (400 MHz, DMSO-d6p
8.07 — 7.99 (m, 4H), 7.95 (d,= 3.8 Hz, 1H), 7.89 (d] = 16.1 Hz, 1H), 7.70 (d] =
7.4 Hz, 2H), 7.61 (dd] = 8.5, 7.1 Hz, 2H), 7.42 (d,= 8.0 Hz, 1H), 7.21 (d] = 3.8
Hz, 1H), 6.62 (dJ = 16.0 Hz, 1H).

Synthesis of 3-(1-(phenylsulfonyl)-1H-indol-4-yl)propanoic acid (22)[35]

To a stirred suspension of acrylic addl (0.98 g, 3.0 mmol) in methanol (10
mL), Pd/C (0.15 g) was added and the mixture wiaedtunder H balloon at room
temperature for 3 h. Then, the mixture was filtesed vacuumed to get colorless oil.
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The crude product was used directly for the nexp stithout purification.(0.47 g, 1.4
mmol) Yield: 48%.!H NMR (400 MHz, DMSO-d6}p 8.02 — 7.95 (m, 2H), 7.82 (d,
= 3.8 Hz, 1H), 7.80 (d] = 8.4 Hz, 1H), 7.72 — 7.66 (m, 1H), 7.59t 7.7 Hz, 2H),
7.31—7.23 (m, 1H), 7.10 (d,= 7.3 Hz, 1H), 7.00 — 6.94 (m, 1H), 3.03)t 7.6 Hz,
2H), 2.56 (tJ = 7.7 Hz, 2H).

Synthesis of 3-(phenylsulfonyl)-7,8-dihydrocyclopentale]indol-6(3H)-one (23)[41]

Propanoic acid?2 (1.0 g, 2.8 mmol) was added in small portions toglof
rapidly stirred solution of phosphorus pentoxidetmeesulfonic acid (1:10). After
the reaction mixture was stirred at room tempeeafor 4 h, 40 ml of water was
added in dropwise and the aqueous mixture waedgtrapidly for 5-10 min to ensure
the hydrolysis of methanesulfonic anhydride. Thetare was extracted with ethyl
acetate, washed subsequently with dilute sodiurarbamate and water, dried over
anhydrous sodium sulfate, and concentrated in wvaculihe crude product was
chromatographed on silica gel (4:1 of petroleunyletitetate as an eluent) to afford
the product (0.42g, 1.3 mmol) as white solid in 4§%ld. '"H NMR (400 MHz,
Chloroform-d)s 8.02 (d,J = 8.6 Hz, 1H), 7.91 (d] = 8.0 Hz, 2H), 7.75 — 7.67 (m,
2H), 7.57 (tJ = 7.4 Hz, 1H), 7.48 (t) = 7.6 Hz, 2H), 6.82 (t) = 2.8 Hz, 1H), 3.24 (t,
J=4.9 Hz, 2H), 2.83 — 2.70 (m, 2H).

Synthesis of 7,8-dihydrocyclopentale]indol-6(3H)-one (24)[35]

To a stirred suspension of indolone derivati@s (0.31 g, 1.0 mmol) in
methanol (5.0 mL), 1 M KOH (aq) (1.2 mL, 1.2 mmuolas added. The mixture was
stirred at reflux for 2 h. The reaction was quenichg water, and extracted with ethyl
acetate. The organic layer was collected and doedr anhydrous MgSQ
concentrated in vacuo to yield colorless oil. Tesidue was purified by flash column
chromatography over silica gel (petroleum/ethyltaime= 1:1) to afford4 (0.14 g,
0.81 mmol). Yield: 81%'H NMR (400 MHz, Chloroform-d}y 8.69 (s, 1H), 7.61 (d}
= 8.5Hz, 1H), 7.39 (dqg] = 8.5, 0.8 Hz, 1H), 7.33 (dd,= 3.3, 2.4 Hz, 1H), 6.73 (ddd,
J=23.1,2.0, 1.0 Hz, 1H), 3.41 — 3.25 (m, 2H), 2-82.72 (m, 2H).

Synthesis of 3-methyl-7,8-dihydrocyclopentale]indol-6(3H)-one (25)[34]
To a solution o4 (0.37 g, 2.0 mmol) in anhydrous THF, NaH (80m@, @mol,
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60%) was added at 0 °C. After the mixture was edirfor 15 minutes, a
corresponding iodohydrocarbon (0.11 mL, 2.0 mmolf HF was added in dropwise.
The mixture was stirred at room temperature for. Ofganic layer wash with brine
and dried. The solvents were removed under redpcessure to obtain the crude
product, which was purified by silica gel columrramatography (petroleum ether/
ethyl acetate =8:1) to provid2s (0.34 g, 1.8 mmol) as colorless oil. Yield 9184.
NMR (400 MHz, Chloroformd) § 7.62 (dd,J = 8.5, 1.8 Hz, 1H), 7.34 — 7.28 (m, 1H),
7.16 (t,J = 2.5 Hz, 1H), 6.65 (t) = 2.4 Hz, 1H), 3.87 (s, 3H), 3.33 — 3.24 (m, 2H),
2.82 - 2.71 (m, 2H).

Synthesis of 3-methyl-6-(3,4,5-trimethoxyphenyl)-3,8-dihydrocyclopentale]indole
(26)[20]

To a solution of 5-bromo-1,2,3-trimethoxybenzene490g, 2.0 mmol) in
anhydrous THF (10 mL) at —7& under the argon atmosphere, n-BuLi (2.5 M, 0.80
mL, 2.0 mmol) was added in dropwise via a syringe mixture was stirred for 0.5 h
at the same temperature and followed by additiothefsolution of21 (0.19 g, 1.0
mmol) in THF (10 mL). The reaction mixture was r&d for 1 hour at =78 °C then
allowed to warm to room temperature. After stirfedanother 2 h, the reaction was
carefully quenched by saturated aqueous®lknd extracted with ethyl acetate. The
combined organic layers were and washed with water brine respectively, dried
over NaSQ,, filtered and concentrated under reduced presdure.crude product
was chromatographed on silica gel and eluted watinopeum/ethyl acetate (4:1) to
afford the26 (0.36g, 1.1 mmol) as a yellow oil. Yield: 54% NMR (400 MHz,
Chloroforms) & 7.49 (d,J = 8.4 Hz, 1H), 7.26 (d] = 8.4 Hz, 1H), 7.07 (d] = 3.1 Hz,
1H), 6.88 (s, 2H), 6.53 (dd,= 3.1, 0.8 Hz, 1H), 6.42 (,= 2.1 Hz, 1H), 3.91 (s, 3H),
3.90 (s, 6H), 3.77 (s, 3H), 3.64 @= 2.1 Hz, 2H)*C NMR (101 MHz, CDGCJ) &
153.34, 145.97, 137.45, 137.21, 135.83, 135.68,8¥32129.69, 126.90, 125.73,
114.62, 107.34, 104.97, 98.77, 61.02, 56.21, 373®B19. HRMS (ESI) (m/z)
[M+Na]* calcd. for Gy Hyy N Os, 336.1594; found, 336.1599. Purity: 98.2% (by
HPLC).

4.2 Biological assays
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4.2.1 Cdl linesand culture

Seven types of human cancer cell lines used insthidy were obtained from the
Laboratory Animal Center of Sun Yat-sen Universitile non-small cell lung cancer
cell line A549, human epithelial cervical cancelt tee HeLa, human prostate cancer
line PC-3, human liver carcinoma cell line Bel-74@02iman colon cancer cell line
Lovo, human ovarian cancer cell line A2780, and anrbreast carcinoma cell line
MCF-7 were grown in Dulbecco’s modified Eagle mediyDMEM, GIBCO)
containing 10% (v/v) heat-inactivated fetal bovsegum (FBS, GIBCO)100 IU/mL
penicillin, and 10Qug/mL streptomycin (GIBCO). The cells were incubas®7 °C
in a 5% CQ and 90% relative humidity (RH) atmosphere.

4.2.2 Invitro antiproliferative activity assays

The antiproliferative activities of the synthesizedmpounds towards seven
human cancer cell lines (A549, HelLa, PC-3, Bel-740&0, A2780, and MCF-7)
were evaluated using the MTT assay as previousberdeed. [24] Briefly, when
growing in the logarithmic phase, the cells werevested and plated into 96-well
plates (5x18 cells/well) for 24 h and then exposed to differeancentrations of the
test compounds for 48 h. SubsequentlyuR®@f MTT (5 mg/mL, Sigma) and 150L
of DMSO were added to dissolve the dark blue ctygtarmazan). The absorbance at
570 nm was measured using a multifunction micreptaader (Molecular Devices,
Flex Station 3). The antiproliferative activitie$ the optimized compound0 were
also determined by the CCK-8 assay. Briefly, afteatment, 10 pl CCK-8 solution
(Keygen Biotech, Nanjin, China) were added to emeh and incubated for 2 h. The
absorbance at 450 nm was measured. All experinveets repeated at least three
times. The IGy values, which represent the drug concentratiomgired to cause 50%
tumour cell growth inhibition, were calculated wgia nonlinear regression model

(GraphPad Prism version 5.0).

4.2.3 In vitro tubulin polymerization inhibition

The tubulin polymerization assay was performed &vipusly described [22]
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using a commercial kit (cytoskeleton, cat.#BKOllRychased from Cytoskeleton
(Danvers, MA, USA). Tubulin isolated from porcineailm tissue was used in this
tubulin polymerization assay kit. Tubulin polymexiions are followed by an increase
in fluorescence emission at 410-460 nm over a 6tutaiperiod at 37 °C. Firstly, the
tubulin reaction mix containing 80.0 mM piperaziNeN'’-bis(2-ethanesulfonic acid)
sequisodium salt (pH 6.9), 2.0 mM MgC0.5 mM EGTA, 1 mM GTP, and 10.2%
glycerol was prepared. Then, @ of the tested compounds at the indicated
concentrations were added, and the mixture wasvparezed to 37 °C for 1 min.
Subsequently, the reaction was initiated by thetehdof 55 uL tubulin solution. The
fluorescence intensity was recorded every 60 sec9f min ina multifunction
microplate reader (Molecular Devices, Flex StatB)nlemission wavelength is 410
nm, excitation wavelength is 340 nmlhe area under the curve was used to
determine the concentration that inhibited tubudiolymerization by 50% (1),
which was calculated with GraphPad Prism Softwamsion 5.02 (GraphPad Inc., La

Jolla, CA, USA).
4.2.4 |mmunofluor escence microscopy.

The intracellular microtubule morphology was detdatising immunofluorescence as
previously described. [22] Briefly, A549 cells (31€° cells/well) were plated in a 10
mm® confocal culture dish (NEST Biotechnology, Chifa)24 h and then incubated
in the presence or absence of compo2Mdt the indicated concentrations for another
12 h. After being washed with phosphate buffer tsatu(PBS) and fixed in 4%

paraformaldehyde for 15 min, the cells were perntieald with 0.5% Triton X-100
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for 15 min and blocked for 30 min with 10% goatuser Then, the cells were
incubated with mouse anti-tubulin antibody (CST,A)St 4 °C overnight and
incubated with goat anti-mouse IgG/Alexa-Fluor 488ibody (Invitrogen, USA) at
room temperature for 1 h. After the nuclei werengd with Hoechst 33342 (Sigma,
USA) in the dark at room temperature for 30 mire #amples were immediately
visualized on a Zeiss LSM 570 laser scanning caifoaicroscope (Carl Zeiss,

Germany).

4.2.5 Céll cycleanalysis.

For the flow cytometric analysis of the DNA conteA549 cells were seeded in
6-well plates (3x1D cells/well) and incubated in the presence or aimseof
compound20 at indicated concentrations for 24 or 48 h. Atteatment, cells were
detached with 0.25% trypsin, harvested by centafiog, and then fixed in 70%
ethanol at 4 °C overnight. Ethanol was removeddntrdugation, and the cells were
re-suspended in ice-cold PBS and treated with RNR&éeygen Biotech, China) at
37 °C for 30 min, followed by incubation with theN& staining solution propidium
iodide (PI) (Keygen Biotech, China) at 4 °C for 8. The DNA content of 10,000
events was analysed using a flow cytometer (Beck@uuliter, Epics XL) at 488 nm.
The data regarding the number of cells in differphéises of the cell cycle were

analysed using the EXPO32 ADC analysis software.

4.2.6 Apoptosis analysis.

For apoptosis analysis, the sample preparationepsowas the same as described for
the cell cycle analysis. After harvesting by cdagation, the cells were incubated

with 5 pL of Annexin-V/FITC (Keygen Biotech, China) in bimg buffer (10 mM

HEPES, 140 mM NaCl, and 2.5 mM Ca@t pH 7.4) at room temperature for 15 min
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and then PI solution (Keygen Biotech, China) footAer 10 min-incubation. Almost
10,000 events were collected for each sample aradysed by flow cytometry
(Beckman Coulter, Epics XL). The percentage of apipcells was calculated using

the EXPO32 ADC analysis software.

SUPPORTING INFORMATION

HPLC chromatograms, NMR spectra and high resolutimass spectra of target
compounds and some supplementary figures of bicdbgictivity.
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Fiqure captions

Figure 1. Structures of the representative tubulin polymeron inhibitors and

vascular disrupting agents (VDAS).

Figure 2. Disruption effect of compoun20 on the cellular microtubule network (A)
and cell mitosis (B) visualized by immunofluores@na549 cells were plated in
confocal dishes and exposed2®at the indicated concentrations for 24 h. Thea, th
cells were fixed and processed to study the immumefhicence of microtubules
(stained with primarg-tubulin mouse antibody and Alexa Fluor 488 godi-amouse
IgG antibody, green) and nuclei (stained with HetH&3342, blue) using an LSM
570 laser confocal microscope (Carl Zeiss, Germang) described in the
Experimental Section. Magnification: x64 (A), x1@B). The experiments were
performed three times, and the results of repratigatexperiments are shown.
Figure 3. Compound20 arrested cell cycle progression at théMsphase in a dose-
and time-dependent manner. The A549 cells weréestlesith compoun@0 at 10, 20,
or 50 nM for 24 h (A) or 48 h (B). Quantitative &sas of the percentage of cells in
each cell cycle phase were analysed by EXPO32 AD@lysis software. The
experiments were performed three times, and thdtsesf representative experiments

are shown.

Figure 4. Compound20 induced A549 cell apoptosis in a dose- and tinpgeddent

manner. The A549 cells were treated with compa2hdt 10, 20, or 50 nM for 24 h
(A) or 48 h (B). The percentages of cells in eatdge of cell apoptosis were
guantified by flow cytometry: (upper left quadramigcrosis cells; (upper right
guadrant) late-apoptotic cells; (bottom left quadydive cells; and (bottom right

guadrant) early apoptotic cells. The experimentsevperformed three times, and the
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results of representative experiments are shown.

Table captions

Table 1. Antiproliferative activity of compounds againgven human cancer cell
lines

Table2. Effects of the selected compounds on tublin pelyeation inhibition

Table 3. The selectivity ratio of compourd toward human normal cells and cancer

cells.

Scheme captions

Schemel. Reagents and conditions: (a) benzenesulfonylrickdp KOH, TBAHS,
CHCl,, room temperature; (b) (i) (3-carboxypropytriplygphosphonium bromide,
NaHMDS, THF, -20 °C; (ii) aldehydes, -78 °C, 18 h; (c) Pd/C, H MeOH; (d)
Eaton's Reagent: 7.7% (w/w)® in methanesulfonic acid, room temperature; (e) (i)
5-bromo-1,2,3-trimethoxybenzene, n-BuLi, THF; (kgtone,9, -78 °C, 12 h; ()
p-toluenesulfonic acid, CHgjl(g) 1 M KOH, MeOH; (h) CHI / C;HsBr / CsH-Br,
NaH, THF; (i) NaBHCN, CHCOOH; (j) Hexamethylenetetramine, gEOOH, N.
Scheme2. Reagents and conditions: (a) Hexamethylenetet@an@HCOOH, N; (b)
(i) oxalyl chloride, E4O; (i) CH3OH, EgN; (c) H;, Pd/C, CHOH; (d) NaBH,
CH3OH.

Scheme3. Reagents and conditions: (a) malonic acid, pipes, pyridine; (b) Pd/C,
H,, MeOH; (c) methanesulfonic acid;®®, room temperature; (d) 1 M KOH, MeOH,;
(e) CHl, NaH, THF; (f) (i)5-bromo-1,2,3-trimethoxybenzene-BuLi, THF; (ii)
ketone25, -78 °C, 12 h.
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Highlights:

1. A new series of cyclic-indole analogues as anti-tumour agents were synthesi zed.
2. Most compounds showed potent cytotoxicity and tubulin polymerization
inhibition.

3. Compound 20 arrested cell cycle and induced apoptosisin A549 cells.



