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Abstract

To discover novel anticancer agents with potent lamd toxicity, we designed and
synthesized a range of new thiosemicarbazone-indol@ogues based on lead
compound4 we reported previously. Most compounds displayextienate to high
anticancer activities against five tested tumolsggtC3, EC109, DU-145, MGC803,
MCF-7). Specifically, the represented compounti6f possessed strong
antiproliferative potency and high selectivity todd@C3 cells with the 165 value of
0.054uM, compared with normal WPMY-1 cells with thesiGralue of 19.47QM.
Preliminary mechanism research indicated that cam@d6f could significantly
suppress prostate cancer cells (PC3, DU-145) gramih colony formation in a
dose-dependent manner. Besides, derivafiéé induced G1/S cycle arrest and
apoptosis, which may be related to ROS accumulatiento the activation of MAPK
signaling pathway. Furthermore, molectkf could effectively inhibit tumor growth
through a xenograft model bearing PC3 cells and rf@ackvident toxicityin vivo.
Overall, based on the biological activity evaluatianaloguel6f can be viewed as a
potential lead compound for further developmentafelanti-prostate cancer drug.

Keywords: prostate cancer, thiosemicarbazone, proliferatiel ,cycle, apoptosis.



1. Introduction

Development of potent anticancer agents with loxicity and high selectivity are
urgently necessary for tumor treatment [1-3]. Metalation is a promising strategy
in developing chemotherapy drugs due to the eleviaguirement of cancer cells for
critical metals (Fe, Cu, and Zn) needed in growtl @roliferation [4-6]. Several
metal chelators (Fig. 1), including NNS, ONS, NNDI\N or hydroxamic acid donor
chelators, displayed potent antiproliferative poten[4, 6-13]. In particular,
thiosemicarbazones (TSC) derivatives featuring NiNS donor revealed extensive
and long-term pharmacological effects [14-19], egly antitumor activity [20-22].
Anticancer activity of TSCs was connected with pleeturbation of intracellular metal
homeostasis, the formation of redox active commexehich resulted in the
generation of reactive oxygen species (ROS) [5273-or the effect on several
crucial proteins, such as ribonucleotide reductBs&P-1, MEK and EGFR [28-31].
In addition, several TSC-chelators targeting DNAthgsis [27, 32, 33] and cell-cycle
inhibition [23, 34, 35] also revealed potentialiytiproliferative activity. Considering
the key role of TSCs in cancer treatmeet/eral novel thiosemicarbazone ligands had
been identified and investigated in clinical trjalscluding 3-AP, DPC and COTI-2
(Fig. 1) [10]. Although this series of agents wgenerally exploredhe side effects
had partly limited their clinical utility [8]. Thyghe development of novel TSCs with

potent and less toxicity were urgently needed.
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Fig. 1. Representative compounds with diverse chelatenfeags. The donor atoms were

highlighted with blue.
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Fig. 2. Rationale for the design of novel thiosemicarbazbergévatives.

Our group had previously reported that compoundFig. 2) was a potent
anticancer agent toward MGC803 cells with thesl@alue of 4.01uM and
significantly suppressed cancer cell migration andsionin vivo andin vitro, of
which the TSC moiety attached to pyrimidine skeldboought about our interest due
to its potential anticancer activity [36]. Thus,saries of phenyl-substituted TSC
derivatives $eries ) were synthesized, and most of them exhibitechgtitmological
activity against MGC803 cells, more active in comgan to compoundl, but
moderate selectivity between MGC803 and normalkdall, 38]. Given improved
cytotoxicity mentioned above, a series of TSC conmols Eeries 2 featuring various
indole moieties were obtained and evaluated towaeak cancer cell lines (MGC803,
PC3, EC109). In contrast, compared wglries 1 most analogues tethering the
indole moiety showed more active against PC3 aslth the 1Gy value of low

micromolar range and higher selectivity. The prefany structure-activity



relationship (SAR) indicated that the number of bcar between indole and
thiosemicarbazone might play an important role otepcy [39]. We speculated that
opportunities for optimization could be provided ¢dhyanging various linker types. In
current work, we firstly carried out systematic SARdy after exploring the effect of
linker on antiproliferative activity. Also, severaiher donor chelators were combined
with indole moiety, reported as a privileged m@4i0], to exam potential inhibitory
activity on cancer cells (Fig. 2). Herein, we desid and synthesized a novel series of
TSC derivatives as potent aptiostate cancer agents based on our previous aodk,

explored their potential mechanism.

2. Results and discussion
2.1 Chemistry

The overall synthetic routes of the title compounase illustrated in Schemes 1-7.
Compound4 was efficiently synthesized from commercially dahie 1 following our
previously reported methods (Scheme 1) [3Bhe materials 2-(1H-indol-3-yl)
ethan-1-aminel was firstly reacted with carbon disulfide in theegence of
triethylamine followed by the addition of DMAP and Bg to give the intermediate
2, which was reacted with hydrazine hydrate to flmnicompound3. Finally,
compound4 was affordedvia the acid-catalyzed Schiff base condensatio ahd
5-methylpicolinaldehyde in 69% vyields. In Schemeag)ide6 was obtained from
4-aminocyclohexane-1-carboxylic ackl by reaction with EDCI, HOBT and raw
material 1, then provided TSC compourtdaccording to our literature methods in
32% vyields [39]. Intermediated3a-f were efficiently synthesized from the
corresponding amines through two steps (Schem&g&ifically, substituted amines
were reacted with 4-nitrobenzoic acid or 6-nitraniicic acid in the presence of EDCI
and HOBT in dichloromethane to yiel®a-f, which was then reacted with, kh the
presence of palladium to afford the correspondi8g-f. Intermediatesl3a-f were
further converted to compoundéa-sthrough a similar reaction of Scheme 1a, b and
c in 35-65% vyields. In Scheme #termediate20 was also synthesized from raw

material 17 as described for the synthesis of Scheme 1la, bcarithe hydrolysis
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reaction of compoun@0 with sodium hydroxide resulted in compoud in 41%
yields,which was further converted to the desired deneg?? by condensation with
2-(1H-indol-3-yl) ethan-l1-amine in 46% vyields. Slanly, condensation of
commercially availabld 0e with 4-(methoxycarbonyl) benzoic ac&8 yielded24 in
48% yield, which was further reacted with hydroxglae in the presence of sodium
hydroxide to afford compoun@5 in 56% yields (Scheme 5) [41]. In Scheme 6,
commercially available26 was reacted with 2-acetylpyridine, in the preseote
catalytic amount of acetic acid (AcOHjia condensation reaction, leading to the
formation of intermediate27 in 53% yield, which was then transformed into
compound28 through under the catalysis of EDCI and HOBT ir¥b6@ields. In
Scheme 7, raw materiaB and 10ewere converted to the intermedi@@using EDCI
and HOBT in dichloromethane. The compo@®vas reacted with hydrazine hydrate
to afford 30 in 65% vyield. Finally, compoundl was provided from a condensation

reaction betweeB0 andpyridoxal hydrochloride in 41% yield.
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Scheme 1Reagents and conditions: (a) (1)XBEA, EtOH, rt; (2) BogO, DMAP, EtOH, rt; (b)

hydrazine hydrate, DCM, rt; (c) 5-methylpicolinatgyele, acetic acid, EtOH, rt.
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Scheme 2Reagents and conditions: (a) EDCI, HOBT, DCM, bb); (1) CS, TEA, EtOH, rt; (2)
Boc,0O, DMAP, EtOH, rt; (c) hydrazine hydrate, DCM, ftf) 5-methylpyridine-2-carbaldehyde,

acetic acid, EtOH, rt.
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Scheme 3Reagents and conditions: (a) EDCI, HOBT, DCM, lo}; i, Pt-C, MeOH, rt; (c) (1)
CS, TEA, EtOH, 1t; (2) BogO, DMAP, EtOH, rt; (d) hydrazine hydrate, DCM, (&) appropriate

aldehyde or ketone, acetic acid, EtOH, rt.
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Scheme 4Reagents and conditions: (a) (1)XBEA, EtOH, rt; (2) BogO, DMAP, EtOH, rt; (b)
hydrazine hydrate, DCM, rt; (c) 5-methylpyridinez@rbaldehyde, acetic acid, EtOH, rt; (d)

NaOH, HO, 807; (e) EDCI, HOBT, DCM, rt.
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Scheme 5Reagents and conditions: (a) EDCI, HOBT, DCM, ln); \H,OH, NaOH, THF/MeOH

(1:1), 0°C to rt.
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Scheme 6.Reagents and conditions: (a) 2-acetylpyridine, iacatid, EtOH, 80°C; (b) 2-(2

-methyl-1H-indol-3-yl)ethan-1-amine, EDCI, HOBT, D rt.
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Scheme 7 Reagents and conditions: (a) EDCI, HOBT, DCM,(lo}; hydrazine hydrate, MeOH,

8017; (c) pyridoxal hydrochloride, acetic acid, EtOH)’°E.

2.2 Evaluation of biological activity
2.2.1 Antiproliferative activity

The in vitro anticancer activities of all synthesized analoguese examined
against a panel of cell lines, including PC3 (hunpaostate cancer cells), EC109
(human esophageal cancer cells), DU-145 (humantgteosancer cells), MGC803
(human gastric cancer cells), MCF-7 (human breasncer cells) and
WPMY-1(normal human prostate cells) by using theTvaBsay [39]3-AP andDPC
were used as positive controls. Generally, thetptescancer cells (PC3, DU-145)
revealed more sensitive to most derivatives in cmmspn to other cancer cells. To
investigate the importance of the linker that dteatto indole and TSC moietye
performed further modifications of the linker bytrmducing various amide groups
into compound!. As shown in Table 1, compared with compodndompound with
a cyclohexyl suggested weak inhibitory activity iagh PC3 cells. Surprisingly,
conversion of the cyclohexyl in compoudinto a phenyl group resulted it6a,

which had an Ig value of 0.243uM in PC3 cells, about 2.5 times more potent than



compound4 (ICso= 0.601 + 0.042uM) with less toxicity against normal prostate cells

WPMY-1. Besides, changing the linker from the pHeaypyridyl afforded derivative

16b, which showed comparable or decreased activitynagéive tested cancer cell

lines as well as obvious toxicity in comparison ¢ompound 16a Further,

replacement of phenyl ib6a with benzyl provided compouriR, which was inferior

to 16a against PC3 and EC109 celEhese results indicated that the benzamide

fragment as the linker was preferred.

Table 1

The anticancer activity of synthetic derivatiagainst the tested cell lines.

ICs0 (kM) *
Comp. structure
PC3 EC109 DU-145 MGC803 MCF-7 WPMY-1
H
N Z
4 ] NjN,NJJ 0.601+0.042  4.512+0.930  3.128+0.210  5.655+1.194  93%0.96 2.328+0.367
H H
HN\ )OL
9 @wu T:lNiN,N JQ/ 2.223+0.345  14.120+1.150  2.217+0018  4.576+0.660 23:0.910 1.56520.195
H H
HN\ )OL
16a &ﬂu Ti:lN iN,N JQ/ 0.241+0.050  3.938+0.585  1.458+0.156  7.015+0.846 0720.852  12.476+1.210
H H
HN\ 0o
16b @Pwui f“l e 0.51240.120  12.515+1.097  6.149+0.312  7.590+0.880 3180.920  2.501+0.398
NN N NSS
H H
HN\ o
I
22 T 1.424+0.153  18.500+1.267  1.204+0.258  4.847+0.685 62&0.936  1.093+0.039

IR R

N, N
TN
S N~

% Inhibitory activity was assayed by exposure vasioancentrations of the tested compounds for

72 h to substance and expressed as concentratjaive@ to inhibit tumor cell proliferation by

50% (IGsg). Data are presented as the meaS®s. All experiments were carried out at leastehre

independent times.

Next, compound46c-fwere synthesized to explore the effect of substitua the

indole group.As shown in Table 2, no matter an electron-withdngw(-Cl) or

-donating group (-Ck -OCH;) substitution at indole 2-position, the title comupds

16c-e displayed increased inhibitory activity toward P€&8Is as compared to no

substitution compound6a, suggesting that substituent at indole 2-positi@s well

tolerated. Among these, analoglLée revealed promising potency on PC3 with an

ICs0 of 0.061uM, about 4 times more potent thdBa Surprisingly, introduction a
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methyl group into 8-position of the indole resuliadcompoundl6f (ICso= 0.054 +

0.012 uM), which significantly improved potency on PC3 Isetomparing tol6a

(ICs0=

0.241 + 0.05QuM) with less toxicity toward normal prostate cellPMY-1.

These results showed that substituents on the endwlg were critical for

antiproliferative activity.

Table 2

The anticancer activity of derivativ@$a-gagainst the tested cell lines.

0]
1
H 2
N._R
N" N N
H R3
ICs0(uM) *
Comp. R R? R®
PC3 EC109 DU-145 MGC803 MCF-7 WPMY-1
HN\ NN
16a @Jv;{ N H  0241+0.050 3.938:0.585  1.458:0.156  7.015:0.846 .107%0.852  12.476+1.210
HN\
16¢ ijf\ NG H  0121+0.032  2.399:0.380  0.925:0.031  2.671x0.427 .275:0.862  7.092+0.707
cl
N
16d QJ\/;‘\ NG H  0081+0.012  1.632#0.213  1.064:0.016  3.115:0.493 .01%:0.604  10.903+0.950
HNl
16e &vﬁ NG H  0061+0.020  5746:0.242  3.217#0.159  10.424+1.01%.326:0.706  18.095+1.207
—0
HN
16f @%ﬁ\ ;‘> H  0054:0.012  4.942:0.694  1.439:0258  4.724:0.674 .334&0.728  19.470+1.242
HNl
169 &vﬁ P H  0133:0.014 50270701  4.128:0.294  5346+0.728 49H0.812  12.251+1.011
—0
HN\
OH
16h @P\”f{ Y H 2.485+0.395 >20 15.248+1.059 >20 >20 >20
—0
7 o
16i CP\“ Y H  0093:0.053 9.116:0.960  4.218#0.176  8.924%0.951 .956+0.291 >20
—0
HN
16j @Q(Q{ Y H  0.091+0.024  3.458:0.539  3.627:0.248  8.645:0.937 0.307+1.013  13.117+1.046
HN ~OH
16k A )@ H  1501:0.176  16.1590.755  17.0211.112 >20 >20 >20
HNl N O
16l Hg "o H  0084+0.030  5.490:0.740  4.085:0.314  6.326+0.801 .28%0.798 >20
HN Q
16m Lo NS0T H 1.601#0.742  16.563t1.219  5.655:0.257 >20 >20 @:p508
FZ
HN B
16n &A{ P H  0322:0.020 13.879+1.142  1.902+0.036 >20 >20 HDR50
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160 ) o N H 0.454+0.051  14.339+1.157 5.217+0.054 11.101+1.04%0.154+1.007 1.780+0.250

16p ) w4 P -CHs 0.707+0.032 5.997+0.778 4.018+0.052 6.240+0.795 41@t0.807 3.552+0.551
HN\
16q &”‘ N\: -CHs 0.947+0.086 6.480+0.812 5.884+0.413 4.016+0.604 38H:0.371 4.51040.654

% Inhibitory activity was assayed by exposure vasioancentrations of the tested compounds for
72 h to substance and expressed as concentratjaive®@ to inhibit tumor cell proliferation by
50% (IGsg). Data were presented as the mear&Ds. All experiments were carried out at least
three independent times.

With the improved potency and our better SAR undeding, we next focused on
the effect of R on activity. Our previous results indicated thhe tposition of
substituent in the pyridine ring was important éativity with a relative order of 4 >
2 > 3 > 5-position [39]. Thus, derivativd$g-o were synthesized to further explore
the effect of the substituent in 4-position of pyfi and the results were shown in
Table 2. Analoguesl1@f, 16l) with electron-donating substituents displayedtdret
potency than that of compouribj with no substituent. A similar trend was also
observed 16g vs. 16e 16i). The hydroxyl group was an exception to this drexmd
significantly decreased anticancer activity relatte its parental compoundgg vs.
16h, 16j vs. 16k). In contrast, electron-withdrawing substituent8r( -Cl) at
4-position on the pyridine ring were detrimentalaoticancer activity toward PC3
cells (16j vs. 16n, 160). The above results suggested that electronictetia the
pyridine ring was important for potency. In additichanging methoxy of compound
16l into a larger ester groupl@m) significantly decreased biological activity,
suggesting that the increase of steric hindraneepaisition of pyridine ring may be
detrimental to target PC3 cells. Replacement hyeho@6j) at the R position with
methyl @6p) was not conducive to improve activity toward fiwancer cells.
Similarly, derivatives16g and 16q also exhibited this trend, and the compouitd,
with the ICso of 0.947uM was about 7 folds less potent thaég (ICso= 0.133 +
0.014uM).

Several derivatives containing ONS, NNN, ONN andiroxamic acid chelate

11



fragments exhibited potential anticancer activity§-11, 42]. Thus, we replaced NNS
with these donor chelators to further investigatgpaoliferative activity and as was
shown in table 3. Replacement of NNS in compotitiwith ONS fragment 16r,
169 led to obviously decreased potency, which mayathebuted to their different
ability to chelate iron [10]. In addition, when clging NNS to hydroxamic acid or
ONN group @5 or 31) at compoundl6f, the activity was completely abrogated.
Compound28 containing the NNN donor showed moderate inhilgitaativity toward
five cancer cells; however, its toxicity against MR1 cells stood out. These results
indicated the NNS donor played a critical role ohibiting cancer cells growth and
reducing toxicity.

Generally, this series of TSC derivatives were msekective to prostate cancer
cells over other cancer cells, which might be assed with multiple factors. Firstly,
types of the linker were essential for selectiviBarticularly, introduction of
benzamide group into compourdsignificantly increased selectivityl (vs. 163).
Substituents in the indole ring and pyridine ringoaaffected the selectivity profile
(16avs. 16f, 16f vs. 16m). Besides, compounds featuring an NNS fragmeniveto
better selectivity than those with other chelatgifnents 16f vs. 16s or 28). More
importantly, in comparison to positive control 3-ARd DPC, most of the synthesized
thiosemicarbazone derivatives exhibited comparabterities against PC3 cells, as
well as lower toxicity toward normal WPMY-1 cell&iven markedly inhibitory
activity and high selectivity in prostate cancelis;ewve next explored the potential

antitumor mechanism of compouf@f using PC3 and DU-145 cells.

Table 3

The anticancer activity of synthetic derivativesiagt the tested cell lines.

Comp.

ICso(uM) #
structure

PC3 EC109 DU-145 MGC803 MCF-7 WPMY-1

16f

H
N
i o
@LEJ\@ i N 0.054%0.012 4.942+0.694 1.439+0.258 4.724+0.674 34&:0.728 19.470+1.242
NTON
H H

N Ay
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16r N s 5@ 5.321+0.263  9.499:0.978  14.546+0.064 >20 >20 2.8758

|
N S o
165 Hk@N*N’“ngH 16.9870.178 >20 18.5160.125 >20 >20 >20

\
25 ”JK@WH >20 >20 >20 >20 >20 >20
“OH
(o]
HN\ o)
28 Y N 0.406£0.091  0.664+0.178  2.052+0.145  4.219+0.625 71¥8.062  0.450+1.349
. u,N\ .
HN\ o
u H OH
31 R >20 >20 >20 >20 >20 >20
o] ‘/N
OH
3-AP - 0.560+0.031 ND ND ND ND 4.9630.020
DPC - 0.122+0.024 ND ND ND ND 0.711#0.152

% Inhibitory activity was assayed by exposure vasioancentrations of the tested compounds for
72 h to substance and expressed as concentratjaive®@ to inhibit tumor cell proliferation by
50% (IGsg). Data were presented as the mear&Ds. All experiments were carried out at least
three independent times.

2.2.2 Effect of compound 16f on growth inhibition in human prostatic cancer cell lines
PC3 and DU-145.

MTT assay was used to determine the cell viabibty24 h, 48 h and 72 h on PC3
and DU-145 cell lines, respectively. As shown ig.R3A, compoundL6f evidently
inhibited the proliferation of PC3 and DU-145 celtsa dose- and time-dependent
manner. Studies have revealed that iron chelatotddcform redox-active iron
complexes, inducing cytotoxicity via Fenton chemyisf43]. To confirm whether
these TSCs derivatives can act as iron chelatastested the cell viability of PC3
cells treated with 165 concentrations of represented compounds in theepoe of
Fe’* by MTT assay. We can observe that the additioRedf resulted in more potent
activity in comparison to compounds treatment alom&dicating that these
compounds could be regarded as potential iron twhsléFig. S1). To further evaluate

the antiproliferative activity of compountl6f, colony assay was performed. The

13



results revealed that compouh@f could obviously decreaseolony formation both
in PC3 and DU-145 cells, especially in the highedgsoups, compared to the control
groups (Fig. 3B, Fig. 3C).

A o 24h -~ 24h C
= 48h 120 DU-145 = 48h 0.5
120 PC3 DU-145
- 72h -~ 72h

=
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< 80 : 03 0.3 pi
£ 604 g
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DI NI S E L F PSS D “on -5 S S Con 025 0.5 1
&6 N A PSRN R Concentration of Compound 16f (nM)  Concentration of Compound 16f (M)
Concentration of Compound 16f (nM) Concentration of Compound 16f (uM)

B Con 16f-12.5 nM 16f-25 nM 16£-50 nM

-

PC3

16f-1 pM

Fig. 3. A. Cell viability in PC3 and DU-145 cells treatedtlwserial concentrations of compound
16f for 24 h, 48 h and 72 h, respectively, by MTT gs& Representative pictures of colony
formation stained by crystal violet in PC3 and DdbIcells treated with indicated concentrations
of compoundl6f for 6 days. C. The absorbance of crystal violetPi@3 and DU-145 cells
measured at 570 nm. The data was presented as8Bn Three individual experiments were
performed. p < 0.05, *p < 0.01, ***p < 0.001 compared with the control (Con) group.

2.2.3 Effect of compound 16f on cell cyclein PC3 and DU-145 célls.

Next, cell cycle assay was carried out to exploteetiver the antiproliferative
activity of compoundl6f was related to cell cycle arrest in PC3 and DU-td¥s.
PC3 and DU-145 cells treated with indicated conegioins of compound6f for 48 h
were incubated in PI staining buffer, and they wamalyzed through flow cytometry.
The results demonstrated that compod®d could induce G1/S cycle arrest as the

concentrations of compouridbf increased. The percentages of cells in the G1aSeh
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were increased from 19.23% to 19.98%, 29.04% an@24®, respectively in PC3
cells, compared to that in the control group. Santyi compoundl6f also triggered

G1/S cycle arrest in DU-145 cells dose-dependé€fily. 4A, Fig. 4B). In addition, as
an inhibitor of the cyclin-dependent kinag27 reflects the G1/S restriction [44].
Therefore, we further tested the protein level$?2¥ in the PC3 and DU-145 cells
treated with different concentrations of compourd for 48 h by western blot. As
expected, the results displayed that P27 was sgnily increased in PC3 and

DU-145 cells affected by compoudéf (Fig. 4C).
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Fig. 4. A. Representative pictures of cell cycle in PC3 &xtdt145 cells treated with compound
16f at different concentrations for 48 h. B. Quanii&atanalysis of the percentages of cells cycle
distribution in PC3 and DU-145 cells affected bynpmund16f. C-D. The western blot analysis
and quantitation of P27 protein in PC3 and DU-1dbscaffected by indicated concentrations of
compoundl6f for 48 h. The data was presented as Mean * S[2elihdividual experiments were

performed. p < 0.05, *p < 0.01, ***p < 0.001 compared with the control (Con) group.

15



2.2.4 Effect of compound 16f on apoptosisin PC3 and DU-145 cells.

Moreover, Hoechst 33342 staining was used to daterthe pro-apoptotic ability
of analoguel6f. As shown in Fig 5A, evident morphological changasluding cell
rounding, formation of apoptotic bodies and nuclFagmentation were presented
and increased in the PC3 and DU-145 cells treatéd @ompoundl16f. Next, we
assessed cell apoptosis using Annexin V-FIT@®RIble stainingSignificant increase
of positive cells was observed in PC3 and DU-148scesuggesting potential
pro-apoptotic effects of compourd®f (Fig. 5B, Fig. 5C). Death receptor signaling
and mitochondrial control of apoptosis are the maathways in the regulation of
tumor apoptosis [45]. Thus, we investigated theresgion of apoptosis-related
proteins in PC3 and DU-145 cells treated with défé concentrations of compound
16f by western blot (Fig. 5D, Fig. 5E). The resulthibked thatthe expression of
anti-apoptotic protein Bcl-2 was markedly reducetijle pro-apoptotic protein Bax
was increased. Simultaneously, the expression edveld caspase 9/3 and PARP
exhibited a significant elevation in a concentnattiependent manner. Additionally,
compound16f promoted the expression of P53 in PC3 and DU-Iel&s.cTaken
together, these finding suggested that compaléfdcould induce human prostatic
cancer PC3 and DU-145 cell apoptosis potentidléy both the death receptor and
mitochondria-mediated

pathways.
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Fig. 5. A. Hoechst 33342 staining in PC3 and DU-145 ced#iated with different concentrations
of compound 16f for 72 h (changes in cell morphology marked withd rarrows). B.
Representative pictures of apoptotic distributionBC3 and DU-145 cells affected by compound
16f at indicated concentrations for 72 h by AnnexinFIVC/Pl double staining. C. The

guantitative analysis of apoptotic rates at botlyead advanced stages of PC3 and DU-145 cells
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by flow cytometry. D. The western blot analysis thie apoptosis-related proteins. F. The
guantitative analysis of the protein levels. Theade@as presented as Mean = SD. Three individual
experiments were performed € 0.05, *p < 0.01, ***p < 0.001 compared with the control (Con)
group.

2.2.5 Effect of compound 16f on reactive oxygen speci€ROS) in PC3 and DU-145
cells.

Excess accumulation of ROS in cells can lead tdaiwie stress damage and tumor
cell death, and contribute to enhancing cell cyaeest and apoptosis [46, 47]. In
addition, the anticancer activity of TSCs was amsged with their ability to generate
ROS in a Fenton and Haber-Weiss reaction [23, &0, [ order to explore the
potential mechanism of compourddf induced cell cycle arrest and apoptosis, we
detected the intracellular ROS level in PC3 and 3-cells treated with compound
16f by flow cytometry (Fig. 6A). The results suggestbédt compoundlL6f could
dose-dependently increase ROS production both & &@ DU-145 cells (Fig. 6B).
Importantly, pretreatment with 5 mM of NAC, a stgorantioxygen, obviously
alleviated the intracellular level of ROS induced dompoundl6f stimulation (Fig.
6C, Fig. 6D). To further understand the potentiabchmnism underlying the
accumulation of intracellular ROS induced by compbd6f in PC3 and DU-145
cells, MAPK signaling pathway was analyzed. As shaw Fig. 6E, the MAPK
signaling pathway was activated by compour@d. The phosphorylation levels of
ERK1/2 (Thr202/Tyr204), JNK (Thr183/Tyrl85) and P®Bhr180/Tyr182) were
significantly increased in response to compouf treatment. In addition, the
statistical analysis of the western blot revealed @bvious elevation in the
p-JNK/INK, p-P38/P38 and p-ERK/ERK ratios in compdd6f treatment groups,
compared to those in the control (Con) groups (6K). Of note, p-JNK and p-ERK
are known mediators of cell proliferation and intdn of apoptosis [48]. Moreover,
nuclear P27, increased by compout&f in PC3 and DU-145 cells (Fig. 4C), can
effectively regulate MAPK pathway [49]. In order farther verify whether P38
MAPK pathway participated in the compouridbf-induced apoptosis, PC3 and
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DU-145 cells were pretreated with 4 mM P38 inhibi&B203580 for 4 h, followed
by treatment with the 1§ concentration of compountbf for 72 h, respectively, by
MTT assay. Expectedly, the results displayed that P38 inhibitor (SB203580)
effectively improved the cell viability in PC3 anbBU-145 cells treated with
compoundl16f, respectively,suggesting that P38 MAPK pathway indeed played an
important role in the compounti6f-induced apoptosis (Fig. 6G). In general, the
above results suggested that compou&d resulted in high levels of ROS by
activating the MAPK signaling pathway in PC3 and -D4b cells, which may be

related to cell cycle arrest and apoptosis.
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Fig. 6. A. Representative images of ROS production in P68 BU-145 cells treated with
analoguel6f at different concentrations for 48 h by DCFH-DAising. B. The quantitative
analysis of ROS levels in PC3 and DU-145 cells caffié by compoundl6f through flow
cytometry. C. Representative images of ROS prodndti PC3 and DU-145 cells treated with
compoundL6f for 48 h in the presence or absence of NAC (5 niM)The quantitative analysis of
ROS levels in PC3 and DU-145 cells affected by caummol 16f for 48 h in the presence or

absence of NAC (5 mM) through flow cytometry. E.eTtvestern blot analysis of ERK1/2,
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p-ERK1/2, INK, p-JNK, P38 and p-P38 in PC3 and DPA3-Icells treated with indicated
concentrations of compouribf. F. The quantitative analysis of these proteirelewn PC3 and
DU-145 cells affected by compouiéf. G. Cell viability in PC3 and DU-145 cells pretrea with
4 mM p38 inhibitor SB203580 for 4 h, respectivelgllowed by treatment with thdCsg
concentrationsf compoundL6f for 72 h, respectively, by MTT assay. The data m&sented
as Mean + SD. Three individual experiments weréopered. < 0.05, **p < 0.01, ***p < 0.001

compared with the control (Con) groum # 0.05, #$ < 0.01 compared with the compouh6f

group.

2.2.6 Safety evaluation of compound 16f in vivo.

The potential side effects have limited clinicaliliyt of thiosemicarbazone
derivatives to some extent [8]. Given highly antierative activity and selectivity
toward PC3 cells, acute toxicity test was perforntedevaluate the safety of
compoundl6f in vivo. Mice were administrated intragastrically at aatypes of 2g/kg
at a time, and then they were fed normally and wesefor two weeks. During this
time, not only the mice in th&6f treated group survived, but they maintained their
weight without any noticeable behavioral abnornmedit(Fig. 7A). In addition, H&E
staining demonstrated that compout®f showed no signs of toxicity in the heart,
liver, spleen, lung and kidney, compared to thetrabrgroup (Fig. 7B). These data

revealed that compouri®f had no obvious toxicity and side effégtvivo.
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Fig. 7.A. The weight gain of the mice intragastrically adistrated with compoun6f or control

oil. B. The representative H&E staining of the majesue sections from compoudéf treated
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and control mice. n= 10 per group.

2.2.7 Antitumor studies of compound 16f on xenograft model bearing PC3 cells.

Given the potent antiproliferative and pro-apoptetctivity of compound 6f toward
prostate cancer cella vitro, we then further investigated the antitumor effefcl6f

in vivo through a xenograft model bearing PC3 cells. Theesponding solvent and
3-AP were used as negative and positive contraspectively. The mouse body
weight and tumor volume were measured every 2 ddys.results demonstrated that
compoundl16f treatmentat 12.5 mg/kg and 25 mg/kg significantly alleviatdae
tumor volume, compared to that in the negative rmbmgroup (Fig. 8A, Fig. 8B). The
average tumor weight in compouh@f treatment group mice was decreased to 53.6%
and 43.4%, respectively (Fig. 8C). In additioncamparison to 3-AP, compouridbf
displayed similar inhibitory effect in the same centration. Besides, compout@f
did not result in obvious side effects in the bedight and general health, compared
to the negative control mice (Fig. 8D). These daticated that compountf could

effectively inhibit tumor growth through a xenogdrafodel bearing PC3 cells.
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Fig. 8. PC3 cells were transplanted subcutaneously toigim sides of BALB/C-NU mice and
subjected to 0.5% CMC-Na, 3-AP (10 mg/kg) dr6f (12.5 and 25 mg/kg), respectively, for 21
days. A. Images of tumors. B. Tumor volume. C. Finanor weight. D. Body weight in each
group. The data was presented as Mean = SD. n=grpep. **p < 0.01, ***p < 0.001 compared

with the 0.5% CMC-Na group.

3 Conclusions

In summary, we have designed and synthesized etyarfinew thiosemicarbazone
derivatives and carried out systematic SAR researarticularly, we found that
introduction of benzamide group into the linker vieeficial to anticancer activity
and selectivity. Additionally, replacement NNS doneith other donor chelators
resulted in significantly decreased potency, sugggsthat NNS donor was
responsible for antiproliferative activity. Besidesost described compounds
displayed strong biological activity against prost@ancer PC3 cells. The most
promising moleculel6f was confirmed potent activity and high selectivibyvard
PC3 cells, as well as no obvious toxidityvivo andin vitro. Preliminary mechanism
studies revealed that compoubgf effectively inhibitedcolony formation in PC3 and
DU-145 cells. Also, G1/S cycle arrest and apoptasse induced by derivatives,
which may be linked to ROS-mediated MAPK pathwayere importantly, analogue
16f could significantly suppress tumor growth in thenagraft model bearing PC3
cells. Our findings highlight thiosemicarbazone idsive 16f as a promising
compound for further study regarding novel antigbate cancer therapies.

4. Experimental section
4.1 General

We determined melting points of all analogues usimgWRS-1A digital melting
point apparatus. Thin-layer chromatography (TLC}¥warformed on the glass pane
that painted with silica gel, visualized by 254 nitraviolet lamp. All chemicals and
solvents were obtained from commercial sourcesused without further purification.

High resolution mass spectra (HRMS) were recorded ®aters Micromass Q-T of
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Micromass spectrometer by electrospray ionizat@lENMR spectra were recorded
on a Bruker 400 MHz spectrometer (400 and 100 Metzttie'H and*3C nuclei,
respectively) using DMSO as solvent from commers@alirces. The purity of all
compounds was examined by reverse-phase high-pefae liquid chromatography
(HPLC) analysis. The signal was monitored at 287with a UV detector. A flow rate
of 1.0 mL/min was used with a mobile phase of Me@Hti,0O (90:10, v/v). The data
in this study was analyzed by one-way analysis arffawce, and the results were
expressed as mean * standard deviation (SD). @XWas considered statistically

significant.
4.2 General procedure for the synthesis of compound (4 ).

To a solution of commercially available(3.125 mmol) in anhydrous ethanol (18
mL) was added triethylamine (6.25 mmol) and,(@25 mmol). The mixture was
stirred at room temperature for 3#pon completion, then DMAP (0.425 mmol) and
Boc,O (8.5 mmol) were added, and the reaction mixtumes vgtirred at room
temperature for another 0.5 h. The solvent waslldistoff and extracted with ethyl
acetateThe combined organics were dried and evaporatédytzess. Purification by
silica chromatography afforded intermedi&t@s a colorless liquid. A mixture &
(2.5 mmol) and hydrazine hydrate (7.5 mmol) in thobmethane (15 mL) was stirred
under at room temperature for 2 h. The precipitatda was filtered off and washed
with dichloromethane to give the title compouhds white solid. To the solution 8f
(0.64 mmol) in ethanol containing 5-methylpicolidahyde (0.77 mmol), catalytic
amount acetic acid (0.064 mmol) was added. Thdicgamixture was stirred at room
temperature for 2 h. Upon completion, formed préaifpn was filtered washed with
ethanol to provide derivativgas yellow solid in 69% yield.

421

(E)-N-(2-(1H-indol-3-yi)ethyl)-2-((5-methyl pyridin-2-yl ) methylene) hydr azine-1-car bo
thioamide (4)

Yellow solid, m. p. 178.7-180°€, yield 69%, purity 98.63%H NMR (400 MHz,
DMSO-d6, ppm)o 11.68(s, 1H), 10.86(s, 1H), 8.69 (dbs 20.2, 14.7 Hz, 1H), 8.41
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(s, 1H), 8.08 (s, 1H), 8.05 (d,= 8.1 Hz, 1H), 7.73 (d] = 7.8 Hz, 1H), 7.68 (d] =

7.9 Hz, 1H), 7.36 (d) = 8.0 Hz, 1H), 7.22 (s, 1H), 7.08 {t= 7.4 Hz, 1H), 6.99 (1)

= 7.4 Hz, 1H), 3.85 (dd] = 14.1, 6.5 Hz, 2H), 3.10 — 2.94 (m, 2H), 2.333d). 1°C
NMR (100 MHz, DMSOd6, 6, ppm) § 177.00, 150.64, 149.53, 142.21, 136.95,
136.26, 133.74, 127.24, 122.65, 121.00, 119.59,5B18118.26, 111.53, 111.36,
44.36, 24.79, 17.89. HR-MS (ESI), calcdigioNsS, [M+H]'m/z: 338.1439. found:
338.1435.

4.3 General procedure for the synthesis of compound (9 ).

A mixture of raw materiald (20 mmol), 4-aminocyclohexane-1-carboxylic acid
(20 mmol), EDCI (20 mmol) and HOBT (20 mmol) in kicromethane (100 mL)
were stirred at room temperature for 6 h. Uponmetion of the reaction indicated
by TLC, the mixture was extracted with DCM for twmes. The combined organic
layers were evacuated to afford the residue, whiehs then purified by
chromatography (silica gel, 5% methanol/dichlordmaeg) to obtain intermediat
as a white solid. Compourlwas synthesized from intermedi&eaccording to our
previously reported methods in 32% yields [39].

43.1

N-(2-(1H-indol-3-yl)ethyl)-4-(hydraz necar bothi oamido)cycl ohexane-1-car boxamide

€S)

Yellow solid, m. p. 160.4-161°2, yield 38%.'H NMR (400 MHz, DMSOd6, ppm)
5 10.78 (s, 1H), 8.66 (s, 1H), 7.85 (s, 1H), 7.68L(), 7.54 (dJ = 7.8 Hz, 1H), 7.33
(d,J=8.1Hz, 1H), 7.19 — 6.90 (m, 3H), 4.54 (s, 2429 (s, 1H), 3.31 (s, 2H), 2.81
(t, J=7.1 Hz, 2H), 2.20 (s, 1H), 1.79 — 1.46 (m, 8¢ NMR (100 MHz, DMSOd6,
o, ppm)o 174.35, 136.19, 127.22, 122.57, 120.85, 118.28,1¥1 111.86, 111.31,
47.79, 41.50, 29.01, 25.21, 24.78. HR-MS (ESI)caalGgH2sNs0S, [M+H]'m/z:
360.1858. found: 360.1850.

4.3.2

(E)-N-(2-(1H-indol-3-yl)ethyl)-4-(2-((5-methyl pyridin-2-yl )methyl ene)hydr azine-1-ca
rbothi oami do)cyclohexane-1-car boxamide (9)

Yellow solid, m. p. 210.1-213°@, yield 32%, purity 95.05%H NMR (400 MHz,
DMSO-d6, ppm)d 11.66 (s, 1H), 10.80 (s, 1H), 8.41 (s, 1H), 8.18.99 (m, 3H),
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7.86 (s, 1H), 7.66 (d] = 7.5 Hz, 1H), 7.56 (d] = 7.6 Hz, 1H), 7.33 (dJ = 8.0 Hz,
1H), 7.14 (s, 1H), 7.06 (8 = 7.3 Hz, 1H), 6.98 () = 7.3 Hz, 1H), 4.30 (s, 1H), 3.34
(s, 4H), 2.84 (tJ = 7.1 Hz, 2H), 2.31 (s, 4H), 1.83 @= 7.2 Hz, 4H), 1.61 (d] =
39.7 Hz, 4H).**C NMR (100 MHz, DMSQd6, 5, ppm)J 175.35, 174.12, 150.47,
149.60, 142.64, 137.01, 136.21, 133.81, 127.46,2B27122.56, 120.85, 119.67,
118.25, 118.13, 111.90, 111.32, 50.81, 28.35, 2526731, 17.89. HR-MS (ESI),
calcd. GsHaoNeOS, [M+H]'m/z: 463.2280. found: 463.2272.

4.4 General procedure for the synthesis of compound (16a-s ) .

To a solution ofl0a-e (15 mmol) andllab (15 mmol) in dry dichloromethane
(100 mL) were added EDCI (15 mmol) and HOBT (15 mnab room temperature.
The reaction was monitored by TLC. After 6 h stigriat room temperature .8 was
added. The aqueous layer was extracted twice viaiatomethane. The combined
organic layers were concentrated and purified bghflchromatography on silica gel
(5% methanol/dichloromethane) to give the interraexdil2a-f as solid. A mixture of
12a-f (10 mmol) and 10% Pd/C (2.2 mmol) in methanol fr) was stirred under an
atmosphere of Hat room temperature for 6 h. Upon completion,rdeection mixture
was filtered, and the filtrate was evaporated mdss. Then, the residue was purified
by chromatography on silica gel (10% methanol/diotinethane) to obtaih3a-f as
solid. Derivativesl6a-swere synthesized from intermediate3a-f according to our
previously reported methods in 35-65% yields [39].

4.4.1 N-(2-(1H-indol-3-yl)ethyl)-4-(hydraz necar bothioamido)benzamide (15a)

Yellow solid, m. p. 150.6-152°6, yield 54%.'H NMR (400 MHz, DMSOd6, ppm)
§10.80 (s, 1H), 9.29 (s, 1H), 8.50 (s, 1H), 7.8, (= 15.0, 8.4 Hz, 4H), 7.59 (d,=
7.8 Hz, 1H), 7.34 (d) = 8.0 Hz, 1H), 7.18 (d] = 1.9 Hz, 1H), 7.07 (t) = 7.5 Hz,
1H), 6.98 (tJ = 7.4 Hz, 1H), 4.89 (s, 2H), 3.54 (db= 13.6, 6.9 Hz, 2H), 2.95 (,=
7.5 Hz, 2H).**C NMR (100 MHz, DMSOd6, J, ppm) § 165.72, 136.20, 127.25,
127.13, 122.57, 122.15, 120.90, 118.28, 118.21,.9111111.34, 40.15, 25.19.
HR-MS (ESI), calcd. GH1oNsOS, [M+H]'m/z: 354.1388. found: 354.1381.

4.4.2 N-(2-(1H-indol-3-yl)ethyl)-6-(hydraz necar bothioami do)ni cotinamide (15b)
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Yellow solid, m. p. 168.1-169°€, yield 43%.'H NMR (400 MHz, DMSOd6, ppm)

5 10.81 (s, 1H), 9.51 (s, 1H), 8.83 (= 30.4 Hz, 2H), 8.37 (s, 1H), 7.97 (#i= 8.3
Hz, 1H), 7.62 (dJ = 7.7 Hz, 1H), 7.34 (d] = 8.0 Hz, 1H), 7.19 (s, 1H), 7.07 &=
7.3 Hz, 1H), 6.98 () = 7.4 Hz, 1H), 3.59 (d] = 6.6 Hz, 2H), 2.96 (] = 7.2 Hz, 2H).
13C NMR (100 MHz, DMSQd6, 6, ppm)d 179.49, 163.49, 143.45, 136.25, 131.08,
127.22, 12450, 122.54, 121.10, 120.92, 118.38,1918111.76, 111.32, 25.29.
HR-MS (ESI), calcd. §H1sNeOS, [M+H]'m/z: 355.1341. found: 355.1333.

443  N-(2-(5-chloro-1H-indol-3-yl)ethyl)-4-(hydraz necar bothioamido) benzamide
(15c¢)

White solid, m. p. 148.7-149, vyield 45%H NMR (400 MHz, DMSOd6, ppm)é
11.02 (s, 1H), 9.29 (s, 1H), 8.50 (s, 1H), 7.79 &, 13.6 Hz, 4H), 7.63 (s, 1H), 7.35
(d, J = 8.5 Hz, 1H), 7.27 (s, 1H), 7.06 (@= 7.4 Hz, 1H), 4.87 (s, 2H), 3.51 @=
6.1 Hz, 2H), 2.93 (tJ = 7.2 Hz, 2H)."*C NMR (100 MHz, DMSQd6, 5, ppm) J
165.70, 134.66, 128.47, 127.12, 124.59, 122.97,7920117.61, 112.87, 111.96,
40.13, 24.98. HR-MS (ESI), calcd.;¢81sCIN5OS, [M+H]'m/z: 388.0999. found:
388.0999.

4.4.4  4-(hydrazinecarbothioamido)-N-(2-(5-methyl-1H-indol-3-yl)ethyl ) benzamide
(15d)

White solid, m. p. 166.2-1676, yield 42%.*H NMR (400 MHz, DMSO€6, ppm)é
10.65 (s, 1H), 9.29 (s, 1H), 8.48 (s, 1H), 7.80, (td 14.8, 8.5 Hz, 4H), 7.35 (s, 1H),
7.22 (d,J = 8.2 Hz, 1H), 7.09 (d] = 20.2 Hz, 1H), 6.89 (d] = 8.2 Hz, 1H), 4.86 (s,
2H), 3.52 (dd,J = 13.6, 6.6 Hz, 2H), 2.92 @,= 7.4 Hz, 2H), 2.36 (s, 3H}°C NMR
(100 MHz, DMSO€6, §, ppm) 6 165.63, 134.61, 127.52, 127.14, 126.53, 122.68,
122.46, 122.14, 117.94, 111.43, 111.04, 40.28,3322.25. HR-MS (ESI), calcd.
C1oH21Ns0S, [M+H]'m/z: 368.1545. found: 368.1538.

4.45 4-(hydraznecarbothioamido)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl )benzamide
(15e)

Yellow solid, m. p. 166.2-167°€, yield 48%.*H NMR (400 MHz, DMSO€6, ppm)

5 10.62 (s, 1H), 9.27 (s, 1H), 8.48 (s, 1H), 7.80)(d 10.8 Hz, 4H), 7.22 (d] = 8.7
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Hz, 1H), 7.10 (dJ = 30.0 Hz, 2H), 6.71 (dl = 8.3 Hz, 1H), 4.89 (s, 2H), 3.73 (s, 3H),
3.53 (d,J = 5.7 Hz, 2H), 2.92 () = 6.9 Hz, 2H)*C NMR (100 MHz, DMSOd6, 4,
ppm) 6 165.64, 152.95, 131.35, 127.61, 127.12, 124.5@.2R2 122.10, 111.96,
111.77, 111.04, 100.16, 55.28, 40.13, 25.21. HR{ESI), calcd. GoH2:N50,S,
[M+H] "m/z: 384.1494. found: 384.1487.

446  4-(hydraznecarbothioamido)-N-(2-(2-methyl-1H-indol-3-yl)ethyl ) benzamide
(15f)

Yellow solid, m. p. 164.9-165°C, yield 50%.*H NMR (400 MHz, DMSO€6, ppm)

5 10.71 (s, 1H), 9.30 (s, 1H), 8.51 (s, 1H), 7.79 & 12.9 Hz, 4H), 7.48 (d1 = 7.5
Hz, 1H), 7.23 (dJ = 7.6 Hz, 1H), 6.95 (dt] = 14.8, 6.7 Hz, 2H), 4.88 (s, 2H), 3.40 (d,
J = 6.6 Hz, 2H), 2.88 (tJ = 7.2 Hz, 2H), 2.31 (s, 3H)*C NMR (100 MHz,
DMSO-d6, 4, ppm)o 165.64, 135.20, 132.05, 128.36, 127.11, 122.08,8B1 118.06,
117.31, 110.34, 107.70, 40.31, 24.15, 11.19. HR-#&SI), calcd. GgH21NsOS,
[M+H] "m/z: 368.1545. found: 368.1538.

4.4.7
(E)-N-(2-(1H-indol-3-yl)ethyl)-4-(2-((5-methylpyrid-2-yl)methylene)hydrazine-1-c
arbothioamido)benzamidé6a)

White solid, m. p. 204.1-205.4°C, yield 65%, pur@§.45%.'H NMR (400 MHz,
DMSO-d6, ppm)é 12.09 (s, 1H), 10.81 (s, 1H), 10.31 (s, 1H), 8:68.50 (m, 1H),
8.44 (s, 1H), 8.35 (d] = 8.1 Hz, 1H), 8.20 (s, 1H), 7.85 (dii= 17.8, 7.3 Hz, 2H),
7.71 (dd,J = 14.6, 8.4 Hz, 3H), 7.60 (d,= 7.8 Hz, 1H), 7.35 (dJ = 8.1 Hz, 1H),
7.20 (s, 1H), 7.08 (] = 7.4 Hz, 1H), 6.99 (t) = 7.4 Hz, 1H), 3.56 (dd] = 13.4, 6.9
Hz, 2H), 2.97 (tJ = 7.4 Hz, 2H), 2.34 (s, 3H}*C NMR (100 MHz, DMSQOd6, 4,
ppm) 6 175.97, 165.64, 150.46, 149.59, 143.63, 141.4®.913 136.23, 134.06,
131.31, 127.28, 127.07, 124.88, 122.59, 120.89,2120118.28, 118.20, 111.92,
111.35, 25.20, 17.93. HR-MS (ESI), calcd:s24NsOS, [M+Na]m/z: 479.1630.
found: 479.1627.
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448

(E)-N-(2-(1H-indol-3-yl)ethyl)-6-(2-((5-methyl pyridin-2-yl ) methylene)hydrazine-1-ca
rbothi oamido)ni cotinamide (16b)

White solid, m. p. 187.2-188@, vield 43%, purity 97.19%H NMR (400 MHz,
DMSO-d6, ppm)d 12.29 (s, 1H), 10.82 (s, 1H), 10.47 (s, 1H), 8:98.69 (m, 2H),
8.45 (s, 1H), 8.35 (d] = 8.1 Hz, 1H), 8.22 (d] = 8.7 Hz, 2H), 8.12 — 7.98 (m, 1H),
7.72 (d,J = 8.0 Hz, 1H), 7.63 (d] = 7.8 Hz, 1H), 7.35 (dJ = 8.1 Hz, 1H), 7.21 (s,
1H), 7.08 (tJ = 7.3 Hz, 1H), 6.99 (] = 7.3 Hz, 1H), 3.62 (d] = 6.5 Hz, 2H), 2.99 (t,
J = 7.2 Hz, 2H), 2.34 (s, 3H}3C NMR (100 MHz, DMSQd6, d, ppm) s 176.53,
163.37, 150.33, 149.66, 146.41, 145.50, 144.22,0438136.93, 136.25, 134.22,
133.86, 127.23, 122.57, 121.31, 120.93, 120.21,3818118.20, 111.75, 111.62,
25.27, 17.94. HR-MS (ESI), calcd.28,3N;,0S, [M+H]'m/z: 458.1763. found:
458.1755.

449

(E)-N-(2-(5-chloro-1H-indol-3-yl)ethyl)-4-(2-((5-methyl pyridin-2-yl)methylene)hydra
Zine-1-car bothi oamido)benzamide (16c¢)

Yellow solid, m. p. 203.4-204°6, yield 61%, purity 96.48%H NMR (400 MHz,
DMSO-d6, §, ppm)d 12.09 (s, 1H), 11.03 (s, 1H), 10.31 (s, 1H), §§AH), 8.44 (s,
1H), 8.35 (d,J = 8.1 Hz, 1H), 8.21 (s, 1H), 7.86 (dbi= 8.4, 4.8 Hz, 2H), 7.72 (dd,

= 15.8, 8.5 Hz, 3H), 7.67 — 7.58 (m, 1H), 7.36](t 6.6 Hz, 1H), 7.28 (s, 1H), 7.07
(d,J = 8.3 Hz, 1H), 3.55 (dd} = 12.7, 5.8 Hz, 2H), 3.03 — 2.89 (m, 2H), 2.343(d).
¥c NMR (100 MHz, DMSOQd6, J, ppm)o 175.97, 165.69, 150.46, 149.58, 143.63,
141.41, 136.91, 136.24, 134.68, 134.05, 131.28,4928127.06, 124.86, 124.60,
123.00, 122.58, 120.89, 120.80, 120.20, 118.28,2018117.61, 112.88, 111.97,
111.92, 111.35, 25.21, 2496, 17.93. HR-MS (ESlalcat GsH23CINGOS,
[M+H] "m/z: 491.1421. found: 491.1413,

4410

(E)-N-(2-(5-methyl-1H-indol-3-yl)ethyl)-4-(2-((5-methyl pyridin-2-yl ) methylene)hydra

Zine-1-carbothioamido)benzamide (16d)
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Yellow solid, m. p. 197.1-198°6, yield 54%, purity 98.24%H NMR (400 MHz,
DMSO-d6, ppm)é 12.09 (s, 1H), 10.65 (d,= 12.4 Hz, 1H), 10.31 (s, 1H), 8.58 {t,
= 5.5 Hz, 1H), 8.44 (s, 1H), 8.35 (@= 8.1 Hz, 1H), 8.21 (s, 1H), 7.87 (@= 8.5 Hz,
2H), 7.72 (dd,) = 14.6, 8.4 Hz, 2H), 7.37 (s, 1H), 7.23 Jc&s 8.2 Hz, 1H), 7.14 (d]

= 1.7 Hz, 1H), 6.90 (d) = 8.2 Hz, 1H), 3.54 (dd] = 13.4, 7.0 Hz, 2H), 2.94 (@, =
7.4 Hz, 2H), 2.37 (t) = 13.7 Hz, 6H)X*C NMR (100 MHz, DMSQd6, 8, ppm) s
175.97, 165.63, 150.46, 149.59, 143.63, 141.39,9136134.62, 134.05, 131.34,
127.54, 127.07, 126.56, 124.86, 122.69, 122.48,2020117.94, 111.43, 111.05,
40.36, 25.21, 21.27, 17.93. HR-MS (ESI), calcgiHzsN6OS, [M+H]'m/z: 471.1967.
found: 471.1959.

4411
(E)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-4-(2-((5-athylpyridin-2-yl)methylene)hy
drazine-1-carbothioamido)benzamidée)

White solid, m. p. 200.4-203@, vyield 58%, purity 96.93%H NMR (400 MHz,
DMSO-d6, ppm)s 12.11 (dJ = 13.7 Hz, 1H), 10.66 (d, = 12.8 Hz, 1H), 10.32 (d,

= 14.0 Hz, 1H), 8.60 (s, 1H), 8.50 — 8.30 (m, 2812 (d,J = 14.8 Hz, 1H), 7.83 (dd,
J =515, 10.7 Hz, 5H), 7.34 — 7.00 (m, 3H), 6.75¢& 12.8 Hz, 1H), 3.76 (d] =
14.8 Hz, 3H), 3.57 (s, 2H), 2.96 (s, 2H), 2.36Jd; 14.4 Hz, 3H)XC NMR (100
MHz, DMSO-d6, J, ppm)o 176.25, 165.62, 152.99, 150.46, 149.34, 143.64,434}
136.90, 134.06, 131.34, 127.65, 127.08, 124.86,2823120.22, 112.00, 111.79,
111.05, 100.19, 55.30, 25.20, 17.93. HR-MS (ES{)cet GeHoeNO-S, [M+H]'m/z:
487.1916. found: 487.1908.

4412

(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl)-4-(2-((5-methyl pyridin-2-yl ) methylene)hydra
Zine-1-carbothioamido)benzamide (16f)

White solid, m. p. 199.1-202@, vield 48%, purity 99.07%H NMR (400 MHz,
DMSO-d6, ppm)s 12.09 (s, 1H), 10.71 (s, 1H), 10.31 (s, 1H), §559 = 5.6 Hz, 1H),
8.44 (s, 1H), 8.35 (d] = 8.1 Hz, 1H), 8.20 (s, 1H), 7.92 — 7.80 (m, 2AHY1 (dd,J =
12.4, 8.7 Hz, 3H), 7.50 (d,= 7.7 Hz, 1H), 7.24 (d] = 7.8 Hz, 1H), 6.96 (dt] = 14.6,
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7.0 Hz, 2H), 3.46 — 3.40 (m, 2H), 2.91 Jtz 7.3 Hz, 2H), 2.33 (d] = 4.7 Hz, 6H).
¥c NMR (100 MHz, DMSQd6, J, ppm)o 175.94, 165.61, 150.46, 149.58, 143.61,
141.37, 136.91, 135.21, 134.06, 132.07, 131.32,3128127.04, 124.85, 120.21,
119.89, 118.07, 117.31, 110.35, 107.69, 24.11,31719.19. HR-MS (ESI), calcd.
Ca26H26NsOS, [M+H]['m/z: 471.1967. found: 471.1969.

4.4.13

(E)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-4-(2-(pyridin-2-ylmethyl ene)hydr azine-1-ca
rbothi oamido)benzamide (16Q)

Yellow solid, m. p. 188.1-188°6, yield 56%, purity 98.32%H NMR (400 MHz,
DMSO-d6, ppm)s 12.14 (s, 1H), 10.66 (d,= 13.4 Hz, 1H), 10.35 (s, 1H), 8.60 (1,
= 3.6 Hz, 2H), 8.45 (d] = 8.0 Hz, 1H), 8.23 (s, 1H), 7.87 {t= 7.3 Hz, 3H), 7.73 (d,
J=8.4 Hz, 2H), 7.46 — 7.34 (m, 1H), 7.24 Jc& 8.7 Hz, 1H), 7.16 (s, 1H), 7.08 (s,
1H), 6.81 — 6.66 (M, 1H), 3.74 (s, 3H), 3.56 (dl&, 12.8, 6.7 Hz, 2H), 2.94 3,= 7.2
Hz, 2H).*C NMR (100 MHz, DMSOd6, 8, ppm)s 176.12, 165.62, 153.00, 149.37,
143.47, 141.37, 136.49, 131.37, 127.63, 127.09,9024124.32, 123.28, 120.67,
111.98, 111.77, 111.06, 100.18, 55.30, 25.19. HR{HESI), calcd. GsH24NsO,S,
[M+H] "m/z: 473.1760. found: 473.1762.

4414

(E)-4-(2-((5-hydroxypyridin-2-yl)methyl ene) hydr azi ne-1-car bothioamido)-N-(2-(5-me
thoxy-1H-indol -3-yl)ethyl)benzamide (16h)

White solid, m. p. 210.1-2138, vyield 51%, purity 96.94%H NMR (400 MHz,
DMSO-d6, ppm)d 11.97 (s, 1H), 10.64 (s, 1H), 10.37 (s, 1H), 1qL2LH), 8.58 (tJ

= 5.5 Hz, 1H), 8.30 (d] = 8.7 Hz, 1H), 8.24 — 8.06 (m, 2H), 7.86 J¢ 8.6 Hz, 2H),
7.75 (d,J = 8.6 Hz, 2H), 7.23 (d] = 8.7 Hz, 2H), 7.15 (d] = 1.7 Hz, 1H), 7.08 (d]

= 2.1 Hz, 1H), 6.72 (dd] = 8.7, 2.2 Hz, 1H), 3.74 (s, 3H), 3.55 (dds 13.0, 7.1 Hz,
2H), 2.94 (t,d = 7.3 Hz, 2H).2*C NMR (100 MHz, DMSOQd6, 5, ppm)J 175.58,
165.63, 154.66, 152.97, 144.13, 143.86, 141.47,4B37131.37, 131.14, 127.63,
127.06, 124.58, 123.27, 122.64, 121.90, 111.97,/81111.06, 100.18, 55.30, 25.20.
HR-MS (ESI), calcd. &H24NsOsS, [M+H] 'm/z: 489.1709. found: 489.1701.
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4.4.15

(E)-N-(2- (5-methoxy- 1H-indol-3-yl )ethyl)-4-(2-((5-methoxypyridin-2-yl )methylene)hy
draz ne-1-car bothi oamido)benzamide (16i)

White solid, m. p. 204.5-206’C, vield 46%, purity 99.27%H NMR (400 MHz,
DMSO-d6, ppm)s 12.02 (s, 1H), 10.64 (s, 1H), 10.28 (s, 1H), §59 = 5.6 Hz, 1H),
8.41 (d,J = 8.8 Hz, 1H), 8.31 (dJ = 2.7 Hz, 1H), 8.20 (s, 1H), 7.87 @@= 8.6 Hz,
2H), 7.73 (dJ = 8.6 Hz, 2H), 7.53 — 7.42 (m, 1H), 7.23 Jd; 8.7 Hz, 1H), 7.15 (d]

= 2.2 Hz, 1H), 7.08 (d] = 2.3 Hz, 1H), 6.72 (dd] = 8.7, 2.4 Hz, 1H), 3.89 (s, 3H),
3.74 (s, 3H), 3.55 (dd] = 13.2, 7.2 Hz, 2H), 2.94 (3,= 7.4 Hz, 2H)*C NMR (100
MHz, DMSO<6, ¢, ppm)o 175.76, 165.64, 156.07, 152.97, 145.52, 143.43,464
136.72, 131.37, 131.23, 127.62, 127.07, 124.77,2¥23121.70, 121.23, 111.98,
111.77, 111.05, 100.18, 55.82, 55.30, 25.19. HR#SI), calcd. GgH26N6O3S,
[M+H] "m/z: 503.1865. found: 503.1857.

4.4.16

(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl)-4-(2-(pyridin-2-ylmethylene)hydr azine-1-car
bothi oamido)benzamide (16j)

White solid, m. p. 196.4-198T, vyield 60%, purity 98.97%H NMR (400 MHz,
DMSO-d6, ppm)é 12.14 (s, 1H), 10.69 (d,= 12.5 Hz, 1H), 10.34 (s, 1H), 8.59 {t,
= 6.0 Hz, 2H), 8.45 (d] = 8.0 Hz, 1H), 8.23 (s, 1H), 7.87 {t= 7.8 Hz, 3H), 7.73 (d,
J=8.5 Hz, 2H), 7.50 (d] = 7.5 Hz, 1H), 7.41 (ddl = 6.7, 5.4 Hz, 1H), 7.24 (d,=
7.8 Hz, 1H), 6.96 (dt) = 14.5, 6.9 Hz, 2H), 3.43 (dd= 13.3, 6.5 Hz, 2H), 2.91 {,

= 7.4 Hz, 2H), 2.33 (s, 3H)*C NMR (100 MHz, DMSOd6, J, ppm)J 176.08,
165.60, 153.04, 149.37, 143.46, 141.33, 136.49,2135132.07, 131.38, 128.37,
127.06, 124.89, 124.32, 120.67, 119.89, 118.07,311210.35, 107.69, 24.12, 11.19.
HR-MS (ESI), calcd. @&H24NsOS, [M+H]'m/z: 457.1811. found: 457.1813.

4417

(E)-4-(2-((5-hydroxypyridin-2-yl )methyl ene) hydr azine- 1-car bothioamido)-N-(2-(2-me
thyl-1H-indol-3-yl)ethyl)benzamide (16k)
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Yellow solid, m. p. 218.5-219°€, yield 51%, purity 98.66%H NMR (400 MHz,
DMSO-d6, ppm)s 11.98 (s, 1H), 10.73 (s, 1H), 10.54 (s, 1H), 1qL2LH), 8.60 (tJ

= 5.5 Hz, 1H, 8.30 (d] = 8.7 Hz, 1H), 8.17 (s, 2H), 7.84 {t= 8.5 Hz, 2H), 7.81 —
7.70 (m, 2H), 7.50 (dJ = 7.5 Hz, 1H), 7.25 (dd] = 9.5, 4.6 Hz, 2H), 6.96 (df,=
14.6, 7.0 Hz, 2H), 3.43 (d,= 6.4 Hz, 2H), 2.91 () = 7.2 Hz, 2H), 2.33 (s, 3H}*C
NMR (100 MHz, DMSOd6, J, ppm) o 175.53, 165.61, 154.75, 144.06, 143.88,
141.43, 137.46, 135.21, 131.74, 131.13, 128.37,0B27124.57, 122.64, 121.87,
119.88, 118.06, 117.31, 110.35, 107.69, 24.12, A1HR-MS (ESI), calcd.
CosH24N60,S, [M+H]"'m/z: 473.1760. found: 473.1762.

4.4.18

(E)-4-(2-((5-methoxypyridin-2-yl)methylene) hydr azi ne-1-car bothi oamido)-N-(2-(2-me
thyl-1H-indol -3-yl)ethyl)benzamide (16l)

Red solid, m. p. 207.7-208®, vield 55%, purity 98.40%'H NMR (400 MHz,
DMSO-d6, ppm)s 12.02 (s, 1H), 10.71 (s, 1H), 10.27 (s, 1H), §58LH), 8.41 (dJ

= 8.8 Hz, 1H), 8.31 (s, 1H), 8.20 (s, 1H), 7.84)(, 8.7 Hz, 2H), 7.73 (d] = 7.7 Hz,
2H), 7.48 (t,J = 8.0 Hz, 2H), 7.23 (d] = 7.7 Hz, 1H), 7.07 — 6.84 (m, 2H), 3.89 (s,
3H), 3.42 (d,J = 6.1 Hz, 2H, 2.90 (t) = 6.9 Hz, 2H), 2.33 (s, 3H}°C NMR (100
MHz, DMSO-6, ¢, ppm)o 175.73, 165.60, 156.07, 145.54, 143.43, 141.46,703
135.21, 132.06, 131.25, 128.37, 127.03, 124.79,6B621121.23, 119.89, 118.07,
117.31, 110.35, 107.70, 55.82, 24.12, 11.19. HR-{ESI), calcd. GgH26N6O.S,
[M+H] "m/z: 487.1916. found: 487.1915.

4.4.19

(E)-6-((2-((4-((2-(2-methyl-1H-indol -3-yl)ethyl )car bamoyl ) phenyl ) car bamothioyl ) hyd
razono)methyl)nicotinate (16m)

Yellow solid, m. p. 205.4-206°C, yield 51%, purity 98.46%H NMR (400 MHz,
DMSO-d6, ppm)s 12.29 (s, 1H), 10.71 (s, 1H), 10.47 (s, 1H), 999H), 8.60 (dJ

= 7.8 Hz, 2H), 8.37 — 8.19 (m, 2H), 7.87 {d; 8.4 Hz, 2H), 7.71 (d] = 8.4 Hz, 2H),
7.50 (d,J = 7.3 Hz, 1H), 7.24 (d) = 7.7 Hz, 1H), 6.96 (d t] = 14.5, 6.8 Hz, 2H),
3.91 (s, 3H), 3.43 (d] = 5.6 Hz, 2H), 2.91 () = 7.2 Hz, 2H), 2.29 (d] = 31.1 Hz,
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3H). *C NMR (100 MHz, DMSQd6, 5, ppm)J 176.34, 165.58, 164.98, 156.81,
149.97, 142.01, 141.25, 136.93, 135.20, 132.07,5¥31128.36, 127.10, 125.21,
125.14, 120.36, 119.89, 118.07, 117.31, 110.35,68052.46, 40.37, 24.11, 11.19.
HR-MS (ESI), calcd. &H26NeOsS, [M+H]'m/z: 515.1865. found: 515.1858.

4.4.20

(E)-4-(2-((5-bromopyridin-2-yl)methylene) hydr azi ne-1-car bothi oami do)-N- (2- (2-met
hyl-1H-indol-3-yl)ethyl)benzamide (16n)

White solid, m. p. 201.2-2038, vield 54%, purity 97.93%H NMR (400 MHz,
DMSO-d6, ppm)o 12.20 (s, 1H), 10.72 (s, 1H), 10.41 (s, 1H), 83,31H), 8.61 (s,
1H), 8.46 (dJ = 8.6 Hz, 1H), 8.26 — 8.10 (m, 2H), 7.86 Jds 8.3 Hz, 2H), 7.70 (d]

= 8.3 Hz, 2H), 7.49 (d) = 7.4 Hz, 1H), 7.24 (d] = 7.8 Hz, 1H), 6.96 (dt] = 14.6,
7.0 Hz, 2H), 3.42 (d) = 6.0 Hz, 2H), 2.90 (§ = 7.0 Hz, 2H), 2.33 (s, 3H}*C NMR
(100 MHz, DMSOd6, J, ppm) s 176.15, 165.57, 151.92, 150.07, 142.17, 141.28,
139.18, 135.19, 132.06, 131.48, 128.36, 127.08,1125122.23, 120.81, 119.89,
118.07, 117.31, 110.35, 107.68, 40.37, 24.11, 11H®-MS (ESI), calcd.
C2sH23BrNgOS, [M+H]'m/z: 535.0915. found: 535.0908.

4421

(E)-4-(2-((5-chloropyridin-2-yl)methylene) hydr azi ne-1-car bothi oami do)-N- (2- (2-met
hyl-1H-indol-3-yl)ethyl)benzamide (160)

Yellow solid, m. p. 205.2-206°8, yield 52%, purity 97.21%. White solid, m. p.
205..2-203.8C, vield 52%.'H NMR (400 MHz, DMSO€6, ppm)s 12.19 (s, 1H),
10.72 (s, 1H), 10.41 (s, 1H), 8.63 (= 17.4 Hz, 2H), 8.53 (d] = 8.6 Hz, 1H), 8.20
(s, 1H), 8.03 (d,J = 8.5 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.70 (d] = 8.3 Hz, 2H),
7.50 (d,J = 7.5 Hz, 1H), 7.24 (d] = 7.7 Hz, 1H), 6.96 (df] = 14.8, 7.0 Hz, 2H), 3.43
(d, J = 6.2 Hz, 2H), 2.91 (t) = 7.1 Hz, 2H), 2.33 (s, 3H}*C NMR (100 MHz,
DMSO-d6, 4, ppm)o 176.15, 165.57, 151.70, 147.90, 142.06, 141.28,483 135.20,
132.06, 131.46, 128.36, 127.08, 125.09, 121.85,8P19118.07, 117.52, 110.35,
107.68, 40.37, 24.11, 11.19. HR-MS (ESI), calcdsHz:CINsOS, [M+H]'m/z:
491.1421. found: 491.1413.

34



4.4.22
(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl)-4-(2-(1-(pyridin-2-yl)ethylidene)hydrazine-1-
car bothioamido)benzamide (16p)

Yellow solid, m. p. 198.2-199°6, yield 54%, purity 98.44%H NMR (400 MHz,
DMSO-d6, ppm)s 10.81 (s, 1H), 10.70 (s, 1H), 10.27 (s, 1H), §di J = 25.4, 10.0
Hz, 3H), 7.85 (dJ = 8.1 Hz, 3H), 7.73 (d] = 8.1 Hz, 2H), 7.49 (d] = 7.6 Hz, 1H),
7.45 — 7.35 (m, 1H), 7.23 (d,= 7.8 Hz, 1H), 7.03 — 6.79 (m, 2H), 3.42 Jd 5.9 Hz,
2H), 2.91 (d,J = 7.1 Hz, 2H), 2.49 (s, 3H), 2.32 (s, 3HJC NMR (100 MHz,
DMSO-d6, §, ppm)s 176.93, 165.59, 154.43, 149.66, 148.49, 141.48 AT 135.22,
132.07, 131.38, 128.38, 127.05, 124.94, 124.17,2¥21119.89, 118.07, 117.31,
110.35, 107.70, 40.37, 24.12, 12.59, 11.19. HR-NESI), calcd. GgH26N&OS,
[M+H] "'m/z: 471.1967. found: 471.1959.

4.4.23

(E)-N-(2-(5-methoxy-1H-indol-3-yl )ethyl)-4-(2-(1- (pyridin-2-yl)ethylidene) hydr azine-
1-carbothioamido)benzamide (16Q)

White solid, m. p. 201.1-2036, vield 48%, purity 98.50%H NMR (400 MHz,
DMSO-d6, ppm)d 10.80 (s, 1H), 10.64 (s, 1H), 10.28 (s, 1H), §&0) = 10.0 Hz,
2H), 8.53 (d,J = 8.2 Hz, 1H), 7.85 (dd} = 15.8, 8.1 Hz, 3H), 7.73 (d,= 8.1 Hz, 2H),
7.46 — 7.37 (m, 1H), 7.23 (d,= 8.7 Hz, 1H), 7.15 (s, 1H), 7.07 (s, 1H), 6.72d
8.6 Hz, 1H), 3.74 (s, 3H), 3.55 (d= 6.1 Hz, 2H), 2.94 (t) = 7.0 Hz, 2H), 2.49 (s,
3H). *C NMR (100 MHz, DMSQd6, 5, ppm)J 176.96, 165.61, 154.44, 152.98,
149.69, 148.50, 141.53, 136.40, 131.37, 127.63,0827124.94, 124.17, 123.27,
121.27, 111.97, 111.77, 111.05, 100.19, 55.31,24®8.20, 12.60. HR-MS (ESI),
calcd. GgHo6NO,S, [M+H]'m/z: 487.1916. found: 487.1908.

4424

(E)-4-(2-(2-hydroxybenzylidene)hydrazi ne-1-car bothioamido)-N-(2-(2-methyl-1H-ind
ol-3-yl)ethyl)benzamide (16r)

Yellow solid, m. p. 204.1-206°&, yield 38%, purity 97.13%H NMR (400 MHz,
DMSO-d6, ppm)d 11.89 (s, 1H), 10.71 (s, 1H), 10.16 (s, 1H), 1qLYALH), 8.55 (d,
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J=21.7 Hz, 2H), 8.10 (dl = 6.7 Hz, 1H), 7.79 (dd] = 34.3, 8.3 Hz, 4H), 7.49 (d,

= 7.4 Hz, 1H), 7.25 (t) = 9.3 Hz, 2H), 7.06 — 6.77 (m, 4H), 3.42 Jc& 6.3 Hz, 2H),
2.90 (t,J = 7.0 Hz, 2H), 2.32 (s, 3H}*C NMR (100 MHz, DMSQd6, J, ppm) &
165.62, 156.66, 141.55, 135.20, 132.06, 131.44,9530128.36, 126.99, 124.40,
120.14, 119.89, 119.21, 118.07, 117.31, 116.03,361A07.69, 40.36, 24.12, 11.19.
HR-MS (ESI), calcd. gH2sNs0,S, [M+H]'m/z: 472.1807. found: 472.1799.

4.4.25

(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl )-4-(2-(2-oxoindolin-3-ylidene)hydrazine-1-ca
rbothioamido)benzamide (16s)

White solid, m. p. 207.1.2-208@, vyield 35%, purity 96.32%H NMR (400 MHz,
DMSO-d6, ppm)o 12.87 (s, 1H), 11.28 (s, 1H), 10.91 (s, 1H), 1q%,2LH), 8.63 (s,
1H), 7.89 (dJ = 8.5 Hz, 2H), 7.79 (§ = 8.2 Hz, 3H), 7.51 () = 14.0 Hz, 1H), 7.39
(t,J=7.6 Hz, 1H), 7.23 (d] = 7.7 Hz, 1H), 7.12 (dd] = 15.1, 7.7 Hz, 1H), 7.07 —
6.89 (m, 3H), 3.43 (d) = 6.6 Hz, 2H), 2.91 (tJ = 7.4 Hz, 2H), 2.33 (s, 3H}C
NMR (100 MHz, DMSOd6, 6, ppm) § 176.08, 165.50, 162.70, 142.57, 140.80,
135.20, 132.59, 132.07, 131.95, 131.55, 128.36,3127124.63, 122.37, 121.46,
119.89, 119.82, 118.07, 117.30, 111.12, 110.35,61040.38, 24.09, 11.19. HR-MS
(ESI), calcd. GiH24NO,S, [M+H]'m/z: 497.1759. found: 497.1752.

4.5 General procedure for the synthesis of compound (22 ).

Intermediate20 was synthesized from commercially availablé according to our
previously reported methods [39]. To a solutior20f{5 mmol) in HO (50 mL) was
added sodium hydroxide (15 mmol) dropwise. Thetreaavas heated to 80 °C for 4
h and then cooled to room temperatésiéer the mixture was acidified with 1 M HCI,
the precipitated product was filtered off and wakkgth H,O to give21 as white
solid. In a 25 mL round-bottom flask, intermediate(0.5 mmol), 2-(1H-indol-3-yl)
ethan-1-amine (0.5 mmol), EDCI (0.5 mmol) and HQB’B mmol) were dissolved
in dichloromethane (12 mL) and stirred at room terafure for 6h. Upon completion,
H,O was added. The aqueous layer was extracted twitbedichloromethane. The

collective organic layers were evacuated to prowige residue, which was then
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purified by chromatography (silica gel, 10% metHahohloromethane) to give
compound?22 as a white solid in 46% yields.

451

(E)-4-((2-((5-methyl pyridin-2-yl)methyl ene) hydr azi ne-1-car bothi oami do)methyl ) benz

oic acid (21)

Yellow solid, m. p. 154.4-155°C, yield 41%.*H NMR (400 MHz, DMSO€6, ppm)

5 12.84 (s, 1H), 11.82 (s, 1H), 9.28 (s, 1H), 8421H), 8.29 — 8.02 (m, 2H), 7.92 (d,
J=8.0 Hz, 2H), 7.67 (d] = 8.0 Hz, 1H), 7.45 (d] = 7.9 Hz, 2H), 4.92 (d] = 5.7 Hz,
2H), 3.18 (s, 2H), 2.32 (s, 3H)*C NMR (100 MHz, DMSQd6, 6, ppm)J 177.95,
167.19, 150.60, 149.43, 144.50, 142.65, 136.97,8P33129.28, 129.20, 127.10,
119.81, 48.57, 46.47, 17.88. HR-MS (ESI), calcteHesN4O0S [M+H]'m/z:
329.1072. found: 329.1065.

452

(E)-N-(2-(1H-indol-3-yl)ethyl)-4-((2-((5-methyl pyridin-2-yl )methyl ene)hydrazine-1-ca
rbothi oamido)methyl )benzamide (22)

White solid, m. p. 200.1-2026, vield 46%, purity 99.00%H NMR (400 MHz,
DMSO-d6, ppm)d 11.81 (s, 1H), 10.80 (s, 1H), 9.26 (s, 1H), 8.561H), 8.42 (s,
1H), 8.20 (dJ = 8.1 Hz, 1H), 8.13 (s, 1H), 7.82 (@= 7.8 Hz, 2H), 7.66 (d] = 8.0
Hz, 1H), 7.59 (dJ = 7.7 Hz, 1H), 7.41 (d] = 7.8 Hz, 2H), 7.34 (d] = 8.0 Hz, 1H),
7.17 (s, 1H), 7.07 (1] = 7.4 Hz, 1H), 6.98 (4 = 7.3 Hz, 1H), 4.90 (d] = 5.5 Hz, 2H),
3.54 (d,J = 5.9 Hz, 2H), 2.95 (1) = 7.1 Hz, 2H), 2.32 (s, 3H}*C NMR (100 MHz,
DMSO-d6, 4, ppm)o 177.89, 165.93, 150.70, 149.53, 142.74, 142.42,863 136.21,
133.77, 133.22, 127.25, 127.06, 126.85, 122.58,8820119.74, 118.27, 118.19,
111.88, 111.34, 46.41, 25.19, 17.89. HR-MS (ESil¢at GeH26N6OS, [M+H]'m/z:
471.1967. found: 471.1959.

4.6 General procedure for the synthesis of compound (25 ).

Following a similar procedure as compouddcompound24 was obtained as a
white solid. To a solution d?4 (2.4 mmol) and sodium hydroxide in THF/MeOH (1:1,

16 mL total) was added hydroxylamine solution drig@w The resulting solution was
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stirred 30 min at room temperature. Upon completiba reaction was quenched with
acetic acid and concentrated in vacuo. The crudelyst was purifiedvia flash
chromatography on silica gel (10% methanol/dichloethane) to afford the title
analogue?5 as a white solid in 56% yields.

4.6.1 methyl 4-((2-(2-methyl-1H-indol-3-yl)ethyl)car bamoyl ) benzoate (24)

Yellow solid, m. p. 161.1-162°€, yield 48%.*H NMR (400 MHz, DMSO€6, ppm)

5 10.72 (s, 1H), 8.80 (s, 1H), 8.03 (U= 8.1 Hz, 2H), 7.95 (d] = 8.1 Hz, 2H), 7.47
(d, J= 7.5 Hz, 1H), 7.23 (d] = 7.7 Hz, 1H), 6.95 (dt] = 20.5, 7.1 Hz, 2H), 3.88 (s,
3H), 3.42 (dJ = 6.3 Hz, 2H), 2.90 (t) = 7.2 Hz, 2H), 2.31 (s, 3H}*C NMR (100
MHz, DMSO-6, ¢, ppm)o 165.72, 165.22, 138.80, 135.20, 132.08, 131.69,0R?
128.34, 127.47, 119.89, 118.07, 117.26, 110.35,58052.30, 40.44, 23.94, 11.15.
HR-MS (ESI), calcd. gH20N203, [M+H] 'm/z: 337.1552. found: 337.1545.

4.6.2 N*-hydroxy-N*-(2-(2-methyl-1H-indol -3-yl)ethyl )ter ephthal amide (25)

White solid, m. p. 210.2-212@, vield 56%, purity 98.36%'H NMR (400 MHz,
DMSO-d6, ppm)s 10.74 (s, 1H), 9.15 (s, 1H), 8.66 (s, 1H), 7.8R67 (m, 4H), 7.48
(d,J=7.5Hz, 1H), 7.23 (dl = 7.7 Hz, 1H), 6.95 (dt] = 14.2, 6.9 Hz, 2H), 3.41 (d,

= 6.2 Hz, 3H), 2.89 (J = 7.2 Hz, 2H), 2.31 (s, 3H}°C NMR (100 MHz, DMSOd6,

J, ppm)o 165.66, 135.20, 132.07, 128.34, 126.82, 126.26,8771 118.05, 117.29,
110.35, 107.62, 40.36, 24.03, 11.17. HR-MS (ES)ct  GgH1oN3O03, [M+H] 'm/z:
338.1504. found: 338.1497.

4.7 General procedure for the synthesis of compound (28 ).

6-hydrazinylnicotinic acid26 (2 mmol) was dissolved in ethanol (15 mL), and
2-acetylpyridine (2 mmol) was added followed by #muidition of catalytic amount
acetic acid (0.2 mmol). Stirring was continued foh at 80C until TLCdisplayed
consumption of starting material. The precipitasetid was filtered off and washed
with ethanol to provide the crude product, whichswecrystallized from ethanol to
give the pure27. Compound27 (1.2 mmol) was dissolved in dichloromethane
followed by the addition of 2-(2-methyl-1H-indoly8} ethan-1-amine (1.2 mmol),
EDCI (1.2 mmol) and HOBT (1.2 mmol). Stirring wasntinued at room temperature
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until TLC displayed consumption of starting matksiarhen, solvent was removed,
followed by addition of water and dichloromethaddterwards, the phases were
separated, the organic phase was dried, and coatahin vacuo. The crude product
was purifiedvia flash chromatography on silica gel (10% methanctdromethane)
to give the derivativ@8 as a white solid in 50% yield.

4.7.1 (E)-4-(2-(1-(pyridin-2-yl )ethylidene)hydrazinyl )benzoic acid (27)

White solid, m. p. 170.1-1728, vield 53%.'H NMR (400 MHz, DMSO€6, ppm)é
12.74 (s, 1H), 10.58 (s, 1H), 8.73 (s, 1H), 8.58](d 3.7 Hz, 1H), 8.15 (dd} = 13.2,
8.6 Hz, 2H), 7.83 (tJ = 7.6 Hz, 1H), 7.52 — 7.29 (m, 2H), 2.43 (s, 3HC NMR
(100 MHz, DMSOd6, 6, ppm) ¢ 166.40, 159.75, 155.40, 150.17, 148.47, 146.94,
138.92, 136.39, 123.27, 119.78, 118.07, 106.396411HR-MS (ESI), calcd.
C14H13N30,, [M+H]"'m/z: 257.1038. found: 257.1033.

4.7.2

(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl )-6-(2-(1- (pyridin-2-yl)ethylidene)hydrazinyl )n
icotinamide (28)

White solid, m. p. 205.2-207@, vield 50%, purity 98.36%'H NMR (400 MHz,
DMSO-d6, ppm)é 10.73 (s, 1H), 10.41 (s, 1H), 8.67 Jt= 10.1 Hz, 1H), 8.56 (dd),

= 11.5, 5.3 Hz, 2H), 8.19 (d,= 8.1 Hz, 1H), 8.13 (dd] = 8.8, 2.2 Hz, 1H), 7.82 (td,
J=8.0, 1.7 Hz, 1H), 7.54 — 7.29 (m, 3H), 7.24Jd; 7.7 Hz, 1H), 7.06 — 6.86 (m,
2H), 3.41 (ddJ) = 13.7, 6.6 Hz, 2H), 2.90 d,= 7.4 Hz, 2H), 2.43 (s, 3H), 2.30 (@@=
25.5 Hz, 3H)."*C NMR (100 MHz, DMSQd6, J, ppm)J 165.16, 159.21, 156.04,
148.93, 148.13, 146.47, 137.51, 136.85, 135.70,5632128.88, 123.61, 122.48,
120.39, 120.24, 118.57, 117.81, 110.86, 108.21,600610.72, 24.69, 12.01, 11.67.
HR-MS (ESI), calcd. €&H24N6O, [M+H] 'm/z: 413.2090. found: 413.2090.

4.8 General procedure for the synthesis of compound (31 ).

Commercially availabl3 and10ewere converted to intermedia8 via a similar
reaction of Scheme 6lntermediate29 (3.6 mmol) then was dissolved in methanol
(15 mL) followed by the addition of hydrazine hytra36 mmol). Stirring was

continued at 8@ until TLGisplayed consumption of starting materighe reaction
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mixture was cooled at room temperature and filtdcedrovide intermediat80 as a
white solid. Following a similar procedure as sckefa, compoun@1 was obtained
as a white solid in 41% yield.

4.8.1 4-(hydrazinecar bonyl)-N-(2-(2-methyl-1H-indol-3-yl)ethyl ) benzamide (30)

White solid, m. p. 172.1-173@, yield 65%.'H NMR (400 MHz, DMSO€6, ppm)é
10.71 (s, 1H), 9.88 (s, 1H), 8.69 (s, 1H), 7.884), 7.47 (dJ = 7.3 Hz, 1H), 7.23 (d,
J=7.7 Hz, 1H), 6.95 (df] = 14.5, 6.9 Hz, 2H), 4.58 (s, 2H), 3.42 Jd 5.8 Hz, 2H),
2.90 (t,J = 7.0 Hz, 2H), 2.31 (s, 3H}*C NMR (100 MHz, DMSOd6, 8, ppm) &
165.42, 165.14, 136.83, 135.38, 135.19, 132.08,3428127.07, 126.87, 119.89,
118.07, 117.28, 110.35, 107.59, 40.40, 23.99, 11HR-MS (ESI), calcd.
C19H20N405, [M+H] "'m/z: 337.1664. found: 337.1664.

4.8.2

(E)-4-(2-((3-hydr oxy-5-(hydroxymethyl )-2-methyl pyridin-4-yl )methylene) hydr azine-1-
carbonyl)-N-(2-(2-methyl-1H-indol -3-yl)ethyl )benzamide (31)

White solid, m. p. 211.4.2-212@, vyield 41%, purity 98.66%H NMR (400 MHz,
DMSO-d6, ppm)s 13.34 (s, 1H), 13.18 (s, 1H), 10.75 (s, 1H), A431H), 8.85 (s,
1H), 8.29 — 7.88 (m, 5H), 7.49 (@= 7.5 Hz, 1H), 7.23 (d] = 7.8 Hz, 1H), 6.96 (dt,
J=14.7, 7.1 Hz, 2H), 4.79 (s, 2H), 3.44 Jc 6.3 Hz, 2H), 2.92 (t) = 7.1 Hz, 2H),
2.65 (s, 3H), 2.33 (s, 3H)*C NMR (100 MHz, DMSQOd6, 5, ppm)J 165.15, 162.56,
152.93, 144.06, 143.37, 138.26, 136.76, 135.19,35633132.10, 129.48, 128.34,
128.01, 127.43, 119.89, 118.06, 117.27, 110.36,580'58.08, 40.46, 23.97, 14.66,
11.18. HR-MS (ESI), calcd. &H27Ns04, [M+H] "m/z: 472.1985. found: 472.1982.

4.9 Cell culture and reagents

Human esophageal cancer cell line (EC109), humastrigacancer cell line
(MGC803), human breast cancer cell line (MCF-7)nhan prostatic cancer cell line
(PC3, DU-145) and normal prostatic cell line (WPNl)ywere all initially purchased
from the Cell Bank of Shanghai. They were culturedRPMI-1640 or DMEM
(Solarbio, China) complete medium (10% fetal bovéeeum, 100 U/mL penicillin

and 100 g/mL streptomycin antibiotics) in a 5% C@@nidified atmosphere at 37
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FBS was purchased from Bioind and medium was obthiftom Solarbio. The
synthetic compounds were placed at[Z2@fter dissolved in DMSO at a storage
concentration of 20 mM. Hoechst 33342, PI, RNassmé NAC were purchased from
Solarbio. Reactive Oxygen Species Assay Kit and exim V-FITC/PI Apoptosis
Detection Kit were bought from Beyotime Biotechrgplo
410 MTT assay

Cells were seeded in the 96-well plates at a caration of 2-3x16cells per well.
Next day, 20QuL fresh complete medium with serial of concentnasi@f compounds
were added to the plates and then were maintained24 h, 48 h and 72 h,
respectively. PC3 cells were treated withgConcentrations of several analogues in
the presence of 20M Fe** for 72 h. PC3 and DU-145 cells were pre-treatetth Wi
mM SB203580 for 4 h, followed by 72h treatment withs; concentration of
compoundl6f, respectively. After that, 2QL MTT solution (5 mg/mL, dissolved in
PBS) was added to per well. After incubation footaer 4 h at 37 in the dark, the
plates were measured by a microplate reader an#®0The absorbance value was
analyzed, and 1§z was calculated by SPSS software.
4.11 Colony assay

Cells seeded into 6-well plates at a concentratibrix1C cells per well were
cultured overnight. Then cells were treated witldicated concentrations of
compound 16f for 6 days, respectively. Subsequently, after fomtin 4%
paraformaldehyde for 1 h at(4, cells were stained by 1% crystal violet dissolwed
methyl alcohol for 30 min at room temperature anent photographed. After that,
crystal violet was dissolved in 75% ethyl alcohohda measured using a
microplate reader at 595 nm.
4.12 Cell cycle assay

Cells were treated with indicated concentrationsahpoundl6f in 6-well plates
for 48 h. Then they were harvested and washed 1. PBer fixation in 1 mL 70%
ethyl alcohol at 47 for more than 24 h, cells were incubated in Pingtg buffer

containing Img/mL Pl and 10 mg/mL RNase A for aeotl80 min at room
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temperature in the dark. Subsequently, cells wituged in PBS, filtered by 200-mesh
nylon mesh and then analyzed using flow cytometry.

4.13 Hoechst 33342 staining

Cells seeded in 24-well plates were treated witimmmund 16f at indicated
concentrations for 72 h. After fixation in 4% pamahaldehyde for 1 h at 4, cells
were cultured in 20QL Hoechst 33342 solution for 30 min at 37in the dark and

then photographed under fluorescence microscope.
4.14 Cell apoptosis assay

Cells seeded in 60-mm culture dish were treatetl ditferent concentrations of
compoundl6f for 72 h, respectively. After harvested and wasine@BS, cells were
incubated in 20QL binging buffer containing 2 ul Annexin V-FITC ar®iul PI at
room temperature for 10 min away from light. Neatpther 80QuL PBS was added

to the cells. Finally, cells were suspended, ®teand analyzed by flow cytometry.
4.15 ROS assay

Cells seeded in 6-well plates were cultured in Hre®mplete medium with
indicated concentrations df6f for 48 h, respectively. After harvested and washed
cells were incubated in medium with 1 DCFH-DA for 20 min at 371 away

from light. Then cells were washed in medium thaoel analyzed by flow cytometry.
4.16 Western blot analysis

Cells seeded in the 100-mm culture dish were tdeaith indicated concentrations
of compoundL6f for 48 h and 72 h, respectively. After harvested washed in PBS,
cells were suspended in RIPA lysis buffer with ctete protease inhibitor on ice for
30 min. Next, protein lysis buffer was centrifugéat 15 min at 4711, and then
supernatant was collected and quantified by BCAditdAssay Kit. Subsequently, all
protein samples were separated using 8%-12% SDS=Pgéls and transferred to
0.22 um nitrocellulose membranes. After blocking in 5%fated milk at room
temperature for 2 h, membranes were incubated mwdftated primary antibodies

(Bax, #5023; Bcl-2, #15071; P53, #2524; P27, #36B@aved-Caspase 9, #7237,
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Cleaved-Caspase 3, #9661; Cleaved-PARP, #5625; KEER #8544; ERK1/2,
#4695; p-IJNK, #4668; JNK, #9252; p-P38, #4511; P28690. They were all
purchased from Cell Signaling Technology; GAPDH, -08, purchased from
ZSGB-BIO) at 41 overnight. The second day, membranes was washdtB8il
thrice and then were incubated with correspondiagosd antibodies (ZB-2301,
ZB-2305, purchased from ZSGB-BI@)t room temperature for 2 h. Subsequently,
ECL substrate was added to the surface of the nsmbr and then the
chemiluminescent signals were observed and cotleotephotographic film in the

dark. Finally, the protein bands were analyzedgitimage software.
4.17 Acutetoxicity assay

8-12-week-old C57BL/6 wild mice were randomly diedlinto two groups: Con
group andl6f treatment group (n= 10 per group). The mice weéaeved 12 h in
advance. Compountbf was dissolved in oil and given intragastricallypadosage of
2 mg/kg, whereas the mice in the control group wegreen equal oil without
compound. After that, the mice were fed normallg abserved for 2 weeks. Finally,

the major organs, heart, liver, spleen, lung, addey were harvested.
4.18 Hematoxylin and eosin (H&E) staining

The fresh tissues removed from mice were fixed%n pharaformaldehyde for 48 h
and then were embedded in paraffiurd sections were prepared and deparaffinized
in xylene twice, rehydrated respectively in 1009%%€ 80% and 70% ethanol.
Afterwards, sections were stained with hematoxghid eosin. Images were captured

by high volume, digital whole slide scanning (LeRiasystems).

4.19 In vivo antitumor activity

PC3 cells were prepared and then were subcutaryeiaysanted into the right flanks
of the BALB/C-NU mice at a concentration of 1%¥10When the tumor volume
reached 100 minthe mice were randomly divided into four groupsrresponding

solvent (0.5% CMC-Na, negative control) group, 3-AP mg/kg, positive control)

group, 16f (12.5 mg/kg) treatment group, atéf (25 mg/kg) treatment group. The
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3-AP was subcutaneous injection every three daydewhe solvent and treatment
group mice received intragastric administratioreqtial solvenand 16f per day for

21 days. The body weight and tumor volume of thegs were measured every two
days. Finally, the mice were euthanized, the bodight was measured and tumors

were collected, weighed, and photographed.
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1)

2)

3)

4)

New thiosemicarbazone-indole derivatives were designed and synthesized based

on previous work.

Most compounds were more sensitive to prostate cancer PC3 cells in comparison

to other cancer cells.

16f exhibited stronger activity and better safety profile than 3-AP, DPC and lead
4,

16f induced G1/S cycle arrest and apoptosis in prostate cancer cells (PC3, DU-145)

via ROS accumulation.
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