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Camphor-Based Thiosemicarbazone Analogues Induced G2 Cell
Cycle Arrest and Apoptosis via Reactive Oxygen Species (ROS)-
Mediated Mitochondrial Pathway in Human Breast Cancer Cells

Zhang, Yan“ Wang, Yunyun“ Zhao, Yuxun® Zhang, Chenglong” Gu, Wen“
Wang, Zhonglong® Zhu, Yongqiang™®” Wang, Shifa™“

(“ Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, College of Chemical Engineering,
Nanjing Forestry University, Nanjing 210037)
(® Jiangsu Chia Tai Fenghai Pharmaceutical Co. Ltd, Nanjing 210033)

Abstract 22 novel camphor-based thiosemicarbazone derivatives were synthesized using camphor-based thiosemicarbazone
as material and their structures were determined by 'H NMR, '*C NMR and HRMS. The crystal structure of 2-(3-(pyridin-
4-ylmethylene)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3n) was determined by single crystal
X-ray diffraction. The derivatives were screened in vitro for anticancer activities against human breast cancer cell line
(MDA-MB-231), human lung adenocarcinoma cell line (A549), human multiple myeloma cell line (RPMI-8226) and toxicity
against a normal human cell line (GES-1) by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS). It was found that majority of the tested analogs showed moderate to significant antitumor activity
against selected cancer cell lines. Noticeably, 2-(3-(anthracen-9-ylmethylene)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ylidene)-
hydrazinecarbothioamide (3s) exhibited selective anti-tumor activities against MDA-MB-231 cells (IC5y=3.90+0.04 pmole
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L") and low toxicity to GES-1 cells (ICso>>50 pmolsL™"). In the process of exploring the underlying mechanism of 3s, it was
found that compound 3s could cause G2 phase arrest and apoptosis in MDA-MB-231 cells by overproduction of intracellular
reactive oxygen species and collapse of mitochondrial membrane potential. The measured results were confirmed by western

blot assay.

Keywords camphor-based thiosemicarbazone; anti-tumor activity; G2 phase arrest; reactive oxygen species (ROS); mito-

chondrial apoptosis pathway

1 Introduction

Cancer is one of the greatest threatens to human health
all over the world, accounting for 9.75 million deaths in
2015."" Lung cancer is the world’s leading cause of death,
and breast cancer ranks first in the incidence of malignant
tumors among women.”) There are many chemotherapeu-
tic drugs for treating a variety of cancers, such as cisplatin,
etoposide, chlorambucil, doxorubicin and so on, but these
anticancer drugs failed to inhibit the growth of cancer cells
completely and are still facing the serious side effects.
Hence, there is an urgent need to seek for effective anti-
cancer agents with low cytotoxicity.

Thiosemicarbazones possess a remarkable pharmaco-
logical profile, and occupy a prominent position in phar-
maceutical chemistry on account of their broad biological
activity such as antiparasitic,B’S] antibacterial,'®”" antivi-
ral®® and anticancer."”'? Currently, the application of
thiosemicarbazones in cancer therapy is being most exten-
sively investigated. In 2007, de Oliveira et al.!"*! reported a
series of thiosemicarbazone derivatives, as well as their in
vitro antiproliferative activity against eight human tumor
cell lines, and compound 1-1 (Figure 1) was the most
promising against michigan cancer foundation-7 (MCF-7)
cell (IC5p=0.25 umoleL™"). In addition, R-(+)-limonene-
based thiosemicarbazones were designed to be evaluated for
antitumor activity, and compound 1-2 showed low value of
ICso (0.9 pmoleL ") against MCF-7 cell." Among the thi-
osemicarbazone-based anticancer agents, triapine (3-AP) is
the most promising molecule that has entered Phase II clini-
cal trial.'" In view of the previously reported studies, those
anticancer candidates based on thiosemicarbazone are asso-
ciated with several factors including cell cycle arrest,!'® the
disruption of the cellular redox homeostasis,!'”! the chelation
with important metal ions!"® and so on. In spite of this, there
is still big gap in completely understanding the anticancer
mechanism of thiosemicarbazone analogues, and it worth
putting more effort into figuring out them.

Natural products, as raw materials, have widespreadly
applied in the field of medicine on ground of their nice
biocompatibility, green sourcing and low toxicity. Terpe-
noid, a large and diverse class of natural products, is the
most promising source for the synthesis of a variety of
structurally diverse compounds."” In recent years, our
research group has been devoting to the synthesis of the
derivatives from the natural terpenoids, and many designed
compounds demonstrated a wide spectrum of biological
potential including antibacterial,™” insecticidal,”" an-
ti-inflammatory®® and anti-tumor.***!  Camphor, an
abundant monoterpenoid with a bicyclic structure, has
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been used in medicine since ancient times,””! and it has

good effect of insect repellent while has very low toxicity
to human body. In addition to that, compounds modified
by camphor exhibit various biological activities. For in-
stance, camphane-based amides presented promising scaf-
folds for antimycobacterial agents.*® Derivatives of cam-
phor were considered as prospective inhibitors of influenza
viruses with significant activity.””) Camphor-based cyan-
opyrrolidines were identified as dipeptidyl peptidase IV
(DPPIV) inhibitors for treating type 2 diabetes mellitus.”*
In continuing our search for new compounds endowed
with anticancer activity, camphor was selected as a building
block to construct thiosemicarbazones. Besides, in biologi-
cal and medical fields, the a,f-unsaturated carbonyl scaf-
fold has been deemed as one of prepotent structures.”*”!
Chalcone, as a representative of a,f-unsaturated ketone, the
molecular structure of which is relatively flexible and con-
tains multiple reaction centers, which can bind to different
receptors, thus possessing diverse pharmacological activi-
ties.'**"! In past, it was reported that chalcone-based thio-
semicarbazones 1-3 and 1-4 were described as antitumor
analogs."**%! Thus, it was envisaged that novel molecule
constructed by introducing a,f-unsaturated ketone structure
into camphor-based thiosemicarbazones would show more
potent biological properties. Encouraged by the above facts,
a set of the camphor-based thiosemi-carbazones derivatives
were designed, and their anticancer activities against three
human tumor cell lines (A549, MDA-MB-231, RPMI-
8226) were evaluated. Furthermore, the preliminary anti-
cancer mechanism of synthesized compounds was explored.

e
B

HN—/
141
ICs = 0.25 pmol/L (MCF-7)

ICs0 = 0.9 umol/L (MCF-7)

S NH;
Y
N,NH

SAAS
CHs;

1-4
IC50 = 0.78 umol/L (HepG2)

ICsp = 7.26 umol/L (MCF-7)
24.32 pmol/L (A549)

Figure 1 Chemical structures of thiosemicarbazone-containing
anticancer agents
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2 Results and discussion

2.1 Synthesis and characterization

A series of thiosemicarbazone derivatives were synthe-
sized according to the route depicted in Scheme 1, using
camphor (1) as the starting point. Camphor 1 reacted with
different substituted aromatic aldehydes by aldol conden-
sation to generate compounds 2a~2v, and the target
compounds 3a~3v were prepared by a condensation of
intermediates 2a~2v and thiosemicarbazide in the pres-
ence of hydrochloric acid and absolute ethyl alcohol. All
synthesized thiosemicarbazone analogs were purified by
silica column chromatography and their structures were
confirmed by '"H NMR, *C NMR and HRMS analysis. As
exemplified with the 'H NMR analysis of 2-(3-(2'-meth-
oxybenzylidene)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
ylidene)hydrazinecarbothioamide (3i), 'H NMR spectra
revealed appearance of NH, signal at 6 7.38 and NH signal
at 6 9.32, for olefinic bond, a singlet at 6 6.36 was found.
The characteristic signals of different aromatic protons
were observed at § 6.89~7.33. Additionally, C NMR
spectrum provided further structural evidence. The peak at
0 179.71 corresponded to C=S carbon and the presence of
a single peak at 6 157.38 confirmed the imine structure.
The >C NMR spectra displayed two signals at J 140.76
and 129.69, assigned to two C=C carbons, respectively.
Besides, compound 3n was characterized by X-ray single
crystal diffraction. Crystallographic data of the compound

3n was deposited with the Cambridge Crystallographic
Data Centre (CCDC No 1838876).

8 S
0 o HN L o N
RCHO H 2 N NH
X X

catalyst
1 R R
2a~2v 3a~3v

R = (a) O-FC6H4, (b) p-FC6H4, (c) O-C'CGH4, (d) p-CICeH4, (e) O-BFC6H4,
(f) p-BrCsHa, (9) 0-CH3CgHy, (h) p-CH3CgHsy, (i) 0-CH30CeHs,, (j) p-CHs-
OCgHy, (k) 0-HOCgH4, (1) p-HOCgHy, () 0-NCsH,, (n) p-NCsHj, (0) p-N-
(CH3)2C6Hy, (p) CeHs, (q) 2,4-Cl,CeH3, (r) 2,3,4-(OCH3)3CeHo, (8) 9'-C14-
Hg, (t) 2-HO-3-CH30-CgHj3, (u) 2-HO-4-CH30-CgH3, (v) 3-CH30-4-HO-
CeHs

Scheme 1 Synthesis of compounds 3a~3v

2.2 Anticancer activity by MTS assay

The MDA-MB-231 (breast cancer cell line) and A549
(lung adenocarcinoma cell line) both are solid tumor cells
with high morbidity and mortality, so they were selected to
examined for the anticancer activities of the target com-
pounds 3a~ 3v. Besides, multiple myeloma cell line
(RPMI-8226), which is a kind of blood tumor cell, was
added into test for comparison with solid tumor cells. And
the cytotoxicity of compounds 3a~3v was evaluated using
normal human gastric epithelial cell line (GES-1), and
etoposide was used as a positive control. The ICs, values
were summarized in Table 1.

Tabe 1 Antiproliferative activities of compounds 3a~3v

ICs¢/(umolsL™")

Compound MBA-MD-231 RPMI-8226 A549 GES-1
3a 16.55+0.05 19.03£0.40 24.88+0.60 >50
3b 48.91+0.22 >50 >50 >50
3c 10.22+0.18 12.04+0.31 20.35+0.24 >50
3d 37.401+0.14 46.88+0.28 >50 >50
3e 15.96£0.50 14.33+£0.22 29.631+0.02 >50
3f 38.331+0.30 >50 >50 >50
3g 11.2240.21 11.90£0.18 16.46+0.35 >50
3h >50 >50 >50 >50
3i 36.331+0.28 >50 >50 >50
3j 39.46+0.24 48.46+0.33 >50 >50
3k 24.62+0.22 10.64+0.29 17.65+£0.25 >50
31 42.39+0.18 >50 48.39+0.40 >50
3m 20.11£0.24 25.20%+0.09 28.324+0.33 >50
3n >50 >50 >50 >50
30 46.57+0.14 >50 >50 >50
3p >50 >50 >50 >50
3q >50 >50 >50 >50
3r 8.66+0.17 10.94+0.52 16.41£0.34 >50
3s 3.90+0.04 6.56+0.27 10.64£0.19 >50
3t 37.72+0.25 32.7240.20 38.721+0.05 >50
3u 12.00£0.09 11.00£0.23 18.97+0.18 >50
3v 24.43+0.60 30.58+0.35 29.454+0.16 >50
1 >50 >50 >50 >50
2s >50 >50 >50 >50

Etoposide 3.48+0.08 1.49+0.36 15.22+0.56 6.86+0.06
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It was found that majority of the tested analogs showed
moderate to significant antitumor activity against selected
cancer cell lines. Compound 3s showed the highest activi-
ties with ICs, values of 3.90 pmolsL ™' (MDA-MB-231
cell line), 6.56 pmoleL ™' (RPMI-8226 cell line) and 10.64
pumolsL ™" (A549 cell line), comparable to the reference
drug (ICs 3.4840.08, 1.4940.36, 15.2240.56 pmoleL '
respectively). Compounds 3a, 3¢, 3e, 3g, 3r and 3u exhib-
ited the promising anticancer activity against MDA-MB-
231 and RPMI-8226 cell lines. Four compounds 3g, 3k, 3r
and 3u had similar anticancer activity against A549 cell
line to etoposide. Compared to compound 3p without any
substituents on the benzene ring, almost all substituted
derivatives showed improved anticancer activity. Further-
more, it was obvious that substitution position on the phe-
nyl ring had a remarkable influence on the inhibitory activ-
ity. A significant boost in potency came from the ortho-
substitution: compounds with group at o-position were
more potent p-substituted analogs (3a vs 3b, 3c vs 3d, 3e
vs 3f, 3g vs 3h, 3i vs 3j and 3k vs 31). Another persuasive
evidence was that compounds 3t~3v with different posi-
tion of hydroxy and methoxy group had distinct difference
in activity. In addition, a slight difference in inhibition of
growth was observed for compounds 3a~3I1 with different
substituting groups. Interestingly, introduction of two
chlorine groups at ortho- and para-position (3q) caused a
loss dramatically in the anticancer activity, but compound
3r bearing three methoxy groups presented a potent inhib-
itory against selected cancer cell lines. On top of this, the
replacement of phenyl ring with 2-pyridine ring or anthra-
cene ring also was beneficial to increasing the anticancer
potency. And it worth noting that none of target com-
pounds exhibited obvious toxicity toward normal human

(@)

cells (IC59>50 umol-L_'), whereas the reference drug had
high toxicity (IC5,=6.86 umoleL™"). Our findings indi-
cated that compound 3s has good selectivity between can-
cer and normal cells.

2.3 Compound 3s induced G2 phase cell cycle ar-
rest

The cytotoxicity results suggested compound 3s display
the most promising activity, especially in MDA-MB-231
cells, so compound 3s was selected to explore the possible
mechanism of the observed cytotoxicity of these com-
pounds. After being treated with various doses of com-
pound 3s, the MDA-MB-231 cells were stained with pro-
pidium iodide (PI) and analyzed by flow cytometry. As
shown in Figure 2, it could be observed that 3s treatment
(doses from 0, 2, 4, 6 pmol-L_l, 48 h) clearly increased
the proportion of cells in G2 phase from 11.41%, 16.52%
and 26.97% to 43.45%, whereas the GO/G1 and S phase
population decreased from 66.17% and 22.42% in the con-
trol to 38.56% and 17.99% (6.0 umolsL "), respectively.
These results indicated that 3s caused G2 arrest in a
dose-dependent manner.

2.4 Compound 3s induced cell apoptosis via
ROS-mediated intrinsic mitochondrial pathway

Next, we further examined whether the death of cancer
cells treated with compound 3s was due to induction of
apoptosis, the Annexin V-APC/7-AAD dual staining assay
was conducted by flow cytometry. The results were pre-
sented in Figure 3, after MDA-MB-231 cells were exposed
to different concentrations of compound 3s, the total rate
of apoptosis rose from 10.15% (2 umoleL™") and 35.07%
(4 umolsL ™ ") to 58.7% (6 umoleL "), in which early and
late apoptotic cells accounted for 32.7%, 26.0%, respect-
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Influence of compound 3s on cell cycle distribution in MDA-MB-231 cells

(a) Cells were treated with different concentrations (2, 4 and 6 pumol+L ") of compound 3s for 48 h, which were then stained with propidium iodide (PI),

and the DNA content was analyzed by flow cytometry. (b) Percentages of cells in various phases of the cell cycle
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Figure 3 Compound 3s induced apoptosis in MDA-MB-231 cells

(a) Flow cytometry analysis of MDA-MB-231 cells treated with compound 3s (2, 4 and 6 umol+L ") for 48 h, respectively, and stained with Annexin

V-APC/7-AAD. (b) Quantitative analysis of apoptotic cells in histogram

tively. The data indicated that compound 3s could effec-
tively induce apoptosis of MDA-MB-231 cells, and the
growth inhibitory of it might be related to triggering apop-
tosis.

It’s well-known that apoptosis can be initiated by extrin-
sic and intrinsic pathway, and both of them depend on re-
active oxygen species (ROS).**! ROS, metabolic byprod-
ucts of aerobic respiration, is recognized as a pivotal factor
in maintaining redox homeostasis and participates in nu-
merous intracellular signaling pathways.** When inducing
cancer cells to produce excess ROS, oxidative stress-
induced apoptosis could be triggered, which promotes
cancer cell death.’® To identify the impact of ROS in the
course of 3s-induced apoptosis, MDA-MB-231 cells re-
acted with 3s (0, 2, 4 and 6 pmoleL™ ") in the presence of
2',7'-dichlorofluorescein diacetate (DCFH-DA), which can
be converted into the fluorescent 2',7'-dichlorofluoresceinn
(DCF) upon the exposure to ROS. The results of flow cy-
tometry analysis were shown in Figure 4, the level of ROS
in the treated cells were found to positively correlate with
the concentrations of compound 3s. Cells incubated with
compound 3s at 2 pmolsL ™' concentration produced 2-fold
increase of ROS in comparison to the control group
(8.13%). After cells were incubated with compound 3s (4
and 6 pmoleL "), the level of ROS production elevated to
28.8% (4 umolsL ") and 72.5% (6 pmolsL "), respectively.
Therefore, there is a rapid dose-dependent formation of
ROS after compound 3s treatment, which suggested that
overproduction of intracellular ROS might contribute to
the apoptosis of MDA- MB-231 cells treated with com-
pound 3s.

As mentioned above, there are two major routes con-
tributing to apoptosis. The extrinsic apoptotic pathway is
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initiated by binding between death receptors and ligand,
and the intrinsic apoptotic pathway is involved in mito-
chondrial damage, including loss of mitochondrial mem-
brane potential (A¥,,) that plays a key role in maintaining
mitochondrial integrity.[37'38] In this work, 5,5',6,6'-tetra-
chloro-1,1',3,3'-tetraethyl-imidacarbocyanine (JC-1) was
used as a fluorescent probe to determine whether mito-
chondrial membrane potential changes in MDA-MB-231
cells treated with compound 3s. The measured results are
presented in Figure 5, in the control, there are 94.8% of red
fluorescent cells indicating intact mitochondrial membrane
potential. However, on addition of compound 3s (2, 4, 6
pumole L™ "), the proportion of green fluorescent cells in-
creased gradually from 8.9% and 25.8% to 40.3%, demon-
strating that compound 3s caused collapse of A¥,, by con-
centration-dependent manner. Based on such study, it
could be concluded that the compound 3s-induced apopto-
sis involved in intrinsic mitochondrial pathway.

According to aforementioned findings, compound 3s
gave rise to the dissipation of mitochondrial membrane
potential. Stimulation of mitochondrial damage promotes
mitochondrial outer membrane permeabilization, causing
release of apoptgenic factors such as cytochrome c (cyt c)
from mitochondria to cytosol.*”) Binding to another mito-
chondrial protein, cytosolic cytochrome c triggers a cas-
cade of caspase-dependent signaling events, and eventual-
ly, results in the execution of cell death.””! To get insight
into the molecular basis of the antitumor activity of com-
pound 3s, the expression of several apoptosis-related pro-
teins was explored by Western blot analysis. As illustrated
in Figure 6, compound 3s up-regulated the level of
pro-apoptotic protein Bax, whereas reduced the expression
of anti-apoptosis protein Bcl-2 in the dose-dependent
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Figure 4 Effect of compound 3s on ROS production
(a) Analysis of the ROS levels by flow cytometry after the MDA-MB-231 cells were treated with compound 3s at indicated concentrations or in presence
of NAC for 48 h and stained with DCFH-DA. (b) Quantification of the flow cytometric results
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Figure 5 Determination of mitochondrial membrane potential in MDA-MB-231 cells
(a) Cells were treated with compound 3s (2, 4 and 6 pmoleL ") for 48 h and observed the changes in mitochondrial membrane potential by flow cytometry. (b) Bar
graph represents the percentage distribution of cells with red fluorescence or green fluorescence

manner. These Bcl-2 superfamily of proteins are the vital
members of modulating apoptotic susceptibility and mito-
chondrial outer membrane permeabilization."!!  Fur-
ther-more, compound 3s promoted the release of cyto-
chrome c into the cytoplasm. Executioner caspase-3 acts as
a key signalling molecule of apoptosis in the downstream
of the mitochondrial apoptotic pathway, in this experiment,
the upregulation of caspase-3 was observed compared to
the control. Hence, our results confirmed that compound 3s
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induced mitochondria related apoptosis.

3 Conclusions

In this study, 22 novel camphor-based thiosemicarba-
zone derivatives were designed and synthesized and their
antiproliferative activity against three human cancer cell
lines were evaluated. The results of MTS assay showed
that majority of the tested analogs showed good anti-tumor
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Figure 6 Expression changes of apoptosis-related protein
(a) Western blot analysis of Bcl-2, Bax, Cytochrome C, Caspase-3 in MDA-MB-231 cells treated with compound 3s (2, 4 and 6 pmolsL ") for 48 h, B-actin was used

as the internal reference. (b) Statistical analysis of protein expression levels

activity against selected cancer cell lines. particularly,
compound 3s appeared to be the most active with ICs,
values of 3.90 (MDA-MB-231), 6.56 (RPMI-8226) and
10.64 (A549) umolsL ™', comparable to the reference drug
and had low toxicity (ICso>>50 pmolsL ") to human nor-
mal gastric epithelial cells (GES-1). In terms of structural
relationships, substitution position on the phenyl ring had a
remarkable influence on the inhibitory activity. To explore
the underlying mechanism of 3s, the impact of it on cell
cycle and apoptosis in MDA-MB-231 cells was investi-
gated. It was observed that 3s could arrest the cell cycle in
the G2 phase and induce apoptosis in a dose-dependent
manner. Furthermore, we found there was a concentration-
dependent enhancement of reactive oxygen species (ROS)
and the membrane potential (A¥,,) decreased in MDA-
MB-231 cells after 3s treatment, which contributing to
destroying the balance of expression of anti-apoptosis and
pro-apoptotic proteins. Above studies indicated that 3s
exhibited potent anticancer efficiency via inducing G2 cell
cycle arrest and apoptosis via ROS-mediated mitochondri-
al pathway.

4 Experimental section

41 General

Melting points were recorded using Optimelt-MPA100
melting point apparatus. 'H NMR (400 MHz) and "°C
NMR (100 MHz) spectra were recorded on a Bruker AV
400 spectrometer in CDCl; or DMSO-dg solution. High
resolution mass spectra (HRMS) were measured using an
America Agilent 6540 mass spectrometer. X-ray diffrac-
tion data were collected on a Bruker D8 Venture single
crystal diffractometer. All chemical reagents (AR grade)
and solvents were provided by common commercial sup-
pliers. Three cell lines were obtained from the Cell Bank of
the Chinese Academy of Sciences. The chemical reactions
were monitored by thin-layer chromatography (TLC) and
gas chromatography (GC). All target compounds were
purified by column chromatography (200~300 mesh silica
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gel), and their purity was determined by high performance
liquid chromatography (HPLC) (America Agilent 1260).

4.2 Synthesis of compounds 2a~2v

Camphor (8 mmol), aromatic aldehyde (10 mmol),
tert-butanol (35 mL) and potassium tert-butoxide (8 mmol)
was added successively into a 50 mL dried flask. The reac-
tion mixture was stirred and refluxed until the conversion
ratio of camphor exceeded 90%. Then, fert-butanol was
removed under vacuum and the concentrated reaction
mixture was extracted with ethyl acetate and saturated salt
water. Next, the organic layer were dried with sodium sul-
fate, followed by filtration and concentration, giving the
yellow solid. Finally, the crude product was recrystallized
from methanol and filtered to obtain intermediates 2a~2v.

(E)-3-(2-Fluorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2a): Yield 90%; '"H NMR (400 MHz,
CDCly) o: 7.45 (t, J=7.6 Hz, 1H),7.38 (s, 1H), 7.26~7.36
(m, 1H), 7.16 (t, J=6.9 Hz, 1H), 2.99 (d, J=4.3 Hz, 1H),
2.13~2.21 (m, 1H), 1.73~1.84 (m, 1H), 1.47~1.65 (m,
2H), 1.03 (s, 3H), 1.00 (s, 3H), 0.81 (s, 3H); *C NMR (100
MHz, CDCl;) o: 207.6, 162.5, 160.0, 144.0, 130.1, 124.0,
119.7,116.0, 115.8, 57.3, 49.4, 46.5, 30.6, 26.0, 20.6, 18.2,
9.2; HR-MS (ESI) caled for C;;H,oFO [M+H]" 259.1498,
found 259.1499.

(E)-3-(4-Fluorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2b): Yield 91%; 'H NMR (400 MHz,
CDCly) 9: 7.44~7.48 (m, 2H), 7.19 (s, 1H), 7.08 (t, J=8.7
Hz, 2H), 3.06 (d, J=4.3 Hz, 1H), 2.13~2.22 (m, 1H),
1.82~1.73 (m, 1H), 1.46~1.62 (m, 2H), 1.03 (s, 3H), 1.00
(s, 3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl5) d: 208.0,
164.0, 161.6, 141.8, 131.6, 126.3, 115.9, 115.6, 57.1, 49.1,
46.7, 30.7, 25.9, 20.6, 18.3, 9.3; HR-MS (ESI) calcd for
Cy7HoFO [M+H]" 259.1498, found 259.1502.

(E)-3-(2-Chlorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2¢): Yield 92%; 'H NMR (400 MHz,
CDCl) 0: 7.50 (s, 1H), 7.39~7.43 (m, 2H), 7.20~7.32 (m,
2H), 2.93 (d, J=4.3 Hz, 1H), 2.10~2.20 (m, 1H), 1.76~
1.84 (m, 1H), 1.50~1.62 (m, 2H), 1.04 (s, 3H), 0.98 (s,
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3H), 0.82 (s, 3H); *C NMR (100 MHz, CDCl;) 6: 207.5,
144.1, 135.3, 134.1, 129.9, 129.6, 126.6, 124.0, 57.4, 48.9,
46.5, 30.5, 26.1, 20.6, 18.2, 9.3; HR-MS (ESI) calcd for
Cy7H,4C10 [M+H]" 275.1203, found 275.1207.
(E)-3-(4-Chlorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2d): Yield 91%; 'H NMR (400 MHz,
CDCl;) 0: 7.34~7.42 (m, 4H), 7.18 (s, 1H), 3.05 (d, J=4.3
Hz, 1H), 2.13~2.22 (m, 1H), 1.74~1.84 (m, 1H), 1.46~
1.62 (m, 2H),1.03 (s, 3H), 1.00 (s, 3H), 0.80 (s, 3H); "*C
NMR (100 MHz, CDCl;) d: 207.9, 142.6, 134.6, 134.2,
130.9, 128.9, 126.2, 57.1,49.2, 46.7, 30.7, 25.9, 20.6, 18.3,
9.3; HR-MS (ESI) caled for C;;H;,ClIO [M + H] *
275.1203, found 275.1202.
(E)-3-(2-Bromobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2e): Yield 87%; '"H NMR (400 MHz,
CDCl;) 6:7.61 (d,J=8.0, 1.2 Hz, 1H), 7.43 (s, 1H), 7.38 (d,
J=1.7, 1.8 Hz, 1H), 7.30~7.34 (m, 1H), 7.16~7.20 (m,
1H), 2.89 (d, J/=4.3 Hz, 1H), 2.09~2.19 (m, 1H), 1.74~
1.84 (m, 1H), 1.50~1.62 (m, 2H), 1.04 (s, 3H), 0.98 (s,
3H), 0.83 (s, 3H); *C NMR (100 MHz, CDCl;) 6: 207.5,
143.9,135.9, 133.1, 129.9, 129.7, 127.2, 126.5, 125.4, 57.5,
48.7, 46.5, 30.5, 26.1, 20.6, 18.2, 9.3; HR-MS (ESI) calcd
for C;;H;sBrO [M+H]" 319.0698, found 319.0698.
(E)-3-(4-bromobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2f): Yield 88%; 'H NMR (400 MHz,
CDCl;) 0: 7.48~7.55 (m, 2H), 7.29~7.36 (m, 2H), 7.16 (s,
1H), 3.05 (d, J/=4.3 Hz, 1H), 2.13~2.22 (m, 1H), 1.74~
1.84 (m, 1H), 1.46~1.62 (m, 2H), 1.03 (s, 3H), 1.00 (s,
3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl;) 6: 207.9,
142.8, 134.6, 131.9, 131.1, 126.2, 122.8, 57.1, 49.2, 46.7,
30.6, 25.9, 20.6, 18.3, 9.3; HR-MS (ESI) caled for
Cy7H,oBrO [M+H]" 319.0698, found 319.0701.
(E)-1,7,7-Trimethyl-3-(2-methylbenzylidene)bicycle-
[2.2.1]heptan-2-one (2g): Yield 94%; '"H NMR (400 MHz,
CDCl;) 0: 7.41 (s, 1H), 7.32~7.34 (m, 1H), 7.16~7.27 (m,
3H), 2.94 (d, /J=4.3 Hz, 1H), 2.35 (s, 3H), 2.11~2.19
(m,1H), 1.72~1.84 (m, 1H), 1.48~1.65 (m, 2H), 1.03 (s,
3H), 0.97 (s, 3H), 0.81 (s, 3H); “C NMR (101 MHz,
CDCl;) 0: 208.1, 142.8, 138.1, 134.7, 130.4, 128.6, 128.5,
125.8, 125.6, 57.5, 48.8, 46.6, 30.6, 26.3, 20.6, 20.0, 18.3,
9.3; HR-MS (ESI) caled for CjgH,,O [M+H]" 255.1749,
found 255.1752.
(E)-1,7,7-Trimethyl-3-(4-methylbenzylidene)bicycle-
[2.2.1]heptan-2-one (2h): Yield 95%; 'H NMR (400 MHz,
CDCl;) 6: 7.35~7.42 (m, 2H), 7.19~7.21 (m, 3H), 3.10 (d,
J=4.2 Hz, 1H), 2.37 (s, 3H), 2.13~2.21 (m, 1H), 1.74~
1.83 (m, 1H), 1.48~1.64 (m, 2H), 1.03 (s, 3H), 0.99 (s,
3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl;) ¢: 208.3,
141.3, 138.9, 132.9, 129.8, 129.4, 127.6, 57.1, 49.3, 46.7,
30.8, 25.9, 21.4, 20.6, 18.4, 9.3; HR-MS (ESI) calcd for
CigH»O [M+H]" 255.1749, found 255.1748.
(E)-3-(2-Methoxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2i): Yield 95%; "H NMR (400 MHz,
CDCl;) o: 7.57 (s, 1H), 7.39~7.42 (m, 1H), 7.28~7.33
(m,1H), 6.96 (t, J=7.5, 1.1 Hz, 1H), 6.89~6.98 (m, 1H),
3.84 (s, 3H), 3.01 (d, J/=4.3 Hz, 1H), 2.09~2.22 (m, 1H),
1.70~1.83 (m, 1H), 1.46~1.63 (m, 2H), 1.02 (s, 3H), 0.98
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(s, 3H), 0.81 (s, 3H); *C NMR (100 MHz, CDCl5) 6: 208.2,
158.5, 141.9, 130.1, 129.6, 124.8, 122.7, 120.7, 110.9, 57.3,
55.5, 49.2, 46.6, 30.7, 26.1, 20.6, 18.7, 9.3; HR-MS (ESI)
caled for CigH»0, [M+H]" 271.1698, found 271.1695.
(E)-3-(4-Methoxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2j): Yield 93%; '"H NMR (400 MHz,
CDCl;) 0: 7.40~7.48 (m, 2H), 7.19 (s, 1H), 6.88~6.96 (m,
2H), 3.83 (s, 3H), 3.09 (d, /=4.2 Hz, 1H), 2.11~2.23 (m,
1H), 1.72~1.83 (m, 1H), 1.45~1.62 (m, 2H), 1.02 (s, 3H),
0.99 (s, 3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl;) ¢:
208.3, 160.1, 140.1, 131.4, 128.3, 127.3, 114.2, 57.0, 55.3,
49.2, 46.8, 30.9, 25.9, 20.5, 18.4, 9.3; HR-MS (ESI) caled
for CisH,0, [M+H]" 271.1698, found 271.1696.
(E)-3-(2-Hydroxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2k): Yield 89%; 'H NMR (400 MHz,
CDCl;) d: 7.68 (s, 1H), 7.37~7.40 (m, 1H), 7.20~7.26
(m, 1H), 6.90~6.95 (m, 2H), 3.05 (d, J=4.2 Hz, 1H),
2.12~2.21 (m, 1H), 1.76~1.82 (m, 1H), 1.49~1.63 (m,
2H), 1.04 (s, 3H), 0.99 (s, 3H), 0.82 (s, 3H); *C NMR (100
MHz, CDCl,) 6: 155.5, 142.2, 130.4, 129.5, 122.8, 122.7,
120.3, 116.2, 57.5, 49.1, 46.8, 30.7, 26.1, 20.6, 18.3, 9.3;
HR-MS (ESI) caled for C;H0, [M+H]" 257.1542,
found 257.1544.
(E)-3-(4-Hydroxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (21): Yield 90%; '"H NMR (400 MHz,
CDCl;) d: 7.37~7.41 (m, 2H), 7.19 (s, 1H), 6.86~6.90
(m, 2H), 3.09 (d, J=4.2 Hz, 1H), 2.13~2.21 (m, 1H),
1.75~1.79 (m, 1H), 1.44~1.62 (m, 2H), 1.03 (s, 3H),
1.00 (s, 3H), 0.81 (s, 3H); *C NMR (100 MHz, CDCl;) ¢:
208.9, 156.6, 139.8, 131.7, 128.2, 127.7, 115.7, 57.2, 49.2,
46.9, 30.9, 25.9, 20.6, 18.4, 9.3; HR-MS (ESI) calcd for
C17H00, [M+H]" 257.1542, found 257.1543.
(E)-1,7,7-Trimethyl-3-(pyridin-2-ylmethylene)bicycle-
[2.2.1]heptan-2-one (2m): Yield 82%; "H NMR (400 MHz,
CDCl;) o: 8.73 (d, J/=2.2 Hz, 1H), 8.54~8.56 (m, 1H),
7.75~7.78 (m, 1H), 7.30~7.38 (m, 1H), 7.19 (s, 1H), 3.08
(d, J=4.3 Hz, 1H), 2.14~2.27 (m, 1H), 1.72~1.87 (m,
1H), 1.48~1.65 (m, 2H), 1.04 (s, 3H), 1.02 (s, 3H), 0.81
(s, 3H); “C NMR (100 MHz, CDCl;) 6: 207.4, 150.6,
149.3, 144.2, 136.3, 131.6, 123.6, 123.5, 57.1, 49.2, 46.7,
30.5, 25.9, 20.6, 18.2, 9.2; HR-MS (ESI) caled for
CigH oNO [M+H]" 242.1545, found 242.1546.
(E)-1,7,7-Trimethyl-3-(pyridin-4-ylmethylene)bicycle-
[2.2.1]heptan-2-one (2n): Yield 84%; '"H NMR (600 MHz,
CDCl) o: 8.62 (d, J=5.2 Hz, 2H), 7.32 (d, J=5.3 Hz,
2H), 7.10 (s, 1H), 3.07 (d, J/=4.4 Hz, 1H), 2.16~2.22 (m,
1H), 1.75~1.81 (m, 1H), 1.48~1.58 (m, 2H), 1.01 (s,
3H), 0.99 (s, 3H), 0.77 (s, 3H); *C NMR (150 MHz,
CDCl;) 0: 207.3, 149.6, 146.5, 143.8, 124.1, 123.8, 57.1,
49.3, 46.5, 30.4, 25.9, 20.6, 18.1, 9.2; HR-MS (ESI) calcd
for C1¢HoNO [M-+H]" 242.1545, found 242.1549.
(E)-3-(4-(Dimethylamino)benzylidene)-1,7,7-trimethylb
icyclo[2.2.1]heptan-2-one (20): Yield 90%; 'H NMR (400
MHz, CDCl;) 8: 7.42 (d, J=6.8 Hz, 2H), 7.18 (s, 1H), 6.70
(d, J/=6.7 Hz, 2H), 3.10 (s, 1H), 3.00 (s, 6H), 2.12~2.17
(m, 1H), 1.72~1.78 (m, 1H), 1.46~1.59 (m, 2H), 1.01 (s,
3H), 0.98 (s, 3H), 0.80 (s, 3H); *C NMR (100 MHz,
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CDCl;) d: 208.4, 150.7, 137.8, 131.5, 128.4, 123.4, 111.9,
77.4, 71.1, 76.7, 56.9, 49.4, 46.9, 40.2, 31.0, 26.0, 20.5,
18.5, 9.4; HR-MS (ESI) caled for C;gH,QNO [M+H]"
284.2014, found 284.2016.
(E)-3-Benzylidene-1,7,7-trimethylbicyclo[2.2.1]heptan-
2-one (2p): Yield 87%; 'H NMR (400 MHz, CDCl;) ¢:
7.44~7.51 (m, 2H), 7.36~7.44 (m, 2H), 7.25~7.36 (m,
1H), 7.24 (s, 1H), 3.11 (d, J=4.3 Hz, 1H), 2.14~2.22 (m,
1H), 1.71~1.84 (m, 2H), 1.47~1.65 (m, 2H), 1.03 (s, 3H),
1.00 (s, 3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl;) ¢:
208.2, 142.1, 135.7, 129.8, 128.7, 128.7, 127.5, 57.1, 49.2,
46.7, 30.7, 25.9, 20.6, 18.3, 9.3; HR-MS (ESI) calcd for
Ci7H0 [M+H]" 241.1592, found 241.1590.
(E)-3-(2,4-Dichlorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2q): Yield 86%; "H NMR (600 MHz,
CDCl;) o: 7.46 (d, J=2.1 Hz, 1H), 7.36 (d, J=8.4 Hz,
1H), 7.27~7.29 (m, 1H), 2.90 (d, J/=4.3 Hz, 1H), 2.14~
2.20 (m, 1H), 1.79~1.85 (m, 1H), 1.53~1.60 (m, 2H),
1.05 (s, 3H), 1.01 (s, 3H), 0.83 (s, 3H); *C NMR (150
MHz, CDCly) 0: 207.3, 144.5, 135.9, 134.7, 132.7, 130.5,
129.8, 127.0, 122.8, 57.4, 48.9, 46.6, 30.5, 26.0, 20.6, 18.2,
9.2; HR-MS (ESI) caled for C;;H;sCLO [M + H] *
309.0813, found 309.0816.
(E)-1,7,7-Trimethyl-3-(3,4,5-trimethoxybenzylidene)-
bicyclo[2.2.1]heptan-2-one (2r): Yield 92%; "H NMR (600
MHz, CDCl;) ¢: 7.18 (s, 1H), 6.74 (s, 2H), 3.91 (s, 9H),
3.10 (d, J=4.2 Hz, 1H), 2.19~2.24 (m, 1H), 1.79~1.84
(m, 1H), 1.61~1.64 (m, 1H), 1.53~1.58 (m, 1H), 1.05 (s,
3H), 1.03 (s, 3H), 0.84 (s, 3H); °C NMR (150 MHz,
CDCl;) d: 208.1, 153.3, 141.3, 138.9, 131.2, 127.8, 107.1,
77.2, 71.0, 76.8, 61.0, 57.0, 56.2, 49.4, 46.8, 30.7, 25.8,
20.6, 18.4, 9.3; HR-MS (ESI) caled for C,0H604 [M+H]"
331.1909, found 331.1904.
(E)-3-(Anthracen-9-ylmethylene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2s): Yield 83%; '"H NMR (400 MHz,
CDCl;) o: 8.38 (d, J/=7.6 Hz, 1H), 7.97~8.00 (m, 5H),
7.42~7.48 (m, 4H), 2.16 (s, 3H), 1.66~1.71 (m, 2H), 1.61
(d, J=7.7 Hz, 1H), 1.34 (t, J/=8.2 Hz, 1H), 1.09 (s, 3H),
1.00 (s, 3H), 0.80 (s, 3H); *C NMR (100 MHz, CDCl;) ¢:
207.3, 147.9, 131.3, 130.3, 129.3, 128.8, 128.2, 127.2,
127.0, 125.9, 125.7, 125.4, 125.3, 58.2, 48.7, 46.1, 30.6,
25.9,20.8, 18.1, 9.4; HR-MS (ESI) caled for C,5H,40 [M+
H]" 341.1905, found 341.1898.
(E)-3-(2-Hydroxy-3-methoxybenzylidene)-1,7,7-tri-
methylbicyclo[2.2.1]heptan-2-one  (2t): Yield 89%; 'H
NMR (600 MHz, DMSO-dy) d: 9.13 (s, 1H), 7.41 (s, 1H),
6.98~7.01 (m, 2H), 6.83 (t, J=7.9 Hz, 1H), 3.82 (s, 3H),
3.04 (d, /=4.1 Hz, 1H), 2.11~2.17 (m, 1H), 1.74~1.79
(m, 1H), 1.43~1.48 (m, 1H), 1.34~1.38 (m, 1H), 0.96 (s,
3H), 0.92 (s, 3H), 0.72 (s, 3H); °C NMR (150 MHz,
DMSO-dg) o: 207.3, 148.3, 146.5, 141.3, 122.7, 122.2,
121.2,119.4,112.9, 56.9, 56.4, 49.0, 46.6, 30.6, 26.2, 20.7,
18.4, 9.8; HR-MS (ESI) caled for C;sH,,0; [M+H]"
287.1647, found 287.1649.
(E)-3-(2-Hydroxy-4-methoxybenzylidene)-1,7,7-tri-
methylbicyclo[2.2.1]heptan-2-one (2u): Yield 87%; 'H
NMR (600 MHz, DMSO-dg) J: 10.07 (s, 1H), 7.35 (t, J=
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4.2 Hz, 2H), 6.49 (d, J=2.5 Hz, 1H), 6.47 (s, 1H), 3.73 (s,
3H), 3.02 (d, J=4.1 Hz, 1H), 2.10~2.15 (m, 1H), 1.72~
1.75 (m, 1H), 1.41~1.45 (m, 1H), 1.31~1.36 (m, 1H),
0.95 (s, 3H), 0.91 (s, 3H), 0.72 (s, 3H); *C NMR (150
MHz, DMSO-dg) §: 207.2, 161.7, 158.8, 138.7, 130.5,
122.1, 115.4, 106.1, 101.6, 56.8, 55.5, 49.0, 46.8, 30.7,
26.1, 20.6, 18.5, 9.8; HR-MS (ESI) calcd for CsH,,05 [M
+H]" 287.1647, found 287.1644.

(E)-3-(4-Hydroxy-3-methoxybenzylidene)-1,7,7-tri-
methylbicyclo[2.2.1]heptan-2-one (2v): Yield 86%; 'H
NMR (600 MHz, DMSO-dg) 6: 10.07 (s, 1H), 7.35 (t, J=
4.2 Hz, 2H), 6.49 (d, ] = 2.5 Hz, 1H), 6.47 (s, 1H), 3.73 (s,
3H), 3.02 (d, J=4.1 Hz, 1H), 2.11~2.16 (m, 1H), 1.74~
1.79 (m, 1H), 1.43~1.48 (m, 1H), 1.34~1.38 (m, 1H),
0.95 (s, 3H), 0.91 (s, 3H), 0.72 (s, 3H); *C NMR (150
MHz, DMSO-dg) §: 207.2, 161.7, 158.8, 138.7, 130.5,
122.1, 115.4, 106.1, 101.6, 56.8, 55.5, 49.0, 46.8, 30.7,
26.1, 20.6, 18.5, 9.8; HR-MS (ESI) calcd for CsH,,05 [M
+H]" 287.1647, found 287.1646.

4.3 Synthesis of target compounds 3a~3v

The intermediates 2a~2v (2 mmol) was refluxed with
an equimolar amount of thiosemicarbazide in the presence
of a few drops of concentrated HCIL. After 12 h, the mixed
solution turned from colorless to a yellow color and the
new spot of product almost did not deepen on TLC plate.
Then, the mix solution was concentrated and purified by
column chromatography [ethyl acetate/petroleum ether,
ViV=11:6, 1% triethylamine (TEA)] to afford the target
compounds 3a~3v.

2-(3-(2-Fluorobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide (3a):  Yield
78%. m.p. 156.1~156.5 C; 'H NMR (400 MHz, CDCl5)
0: 9.22 (s, 1H), 7.36 (s, 1H), 7.25~7.32 (m, 2H), 7.23 (s,
1H), 7.07~7.18 (m, 2H), 6.40 (s, 1H), 2.72 (d, /=4.2 Hz,
1H), 1.99~2.05 (m, 1H), 1.80~1.88 (m, 1H), 1.47~1.56
(m, 2H), 1.05 (s, 3H), 0.91 (s, 3H), 0.77 (s, 3H); *C NMR
(100 MHz, CDCl;) 4: 180.0, 161.3, 158.3, 143.3, 130.2,
129.9, 129.1, 124.0, 122.4, 115.7, 54.4, 52.2, 47.8, 33.5,
26.1, 20.0, 18.1, 11.3; HR-MS (ESI) calcd for C;gH;FN3S
[M+H]" 332.1597, found 332.1595.

2-(3-(4-Fluorobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide (3b):  Yield
79%. m.p. 192.5~192.9 C; 'H NMR (400 MHz, CDCl;)
0: 9.18 (s, 1H), 7.30 (d, /=6.3 Hz, 2H), 7.27 (s, 1H), 7.21
(s, IH), 7.05~7.10 (m, 2H), 6.40 (s, 1H), 2.86 (d, J=4.2
Hz, 1H), 2.05~2.10 (m, 1H), 1.77~1.87 (m, 1H), 1.53 (d,
J=11.3 Hz, 1H), 1.04 (s, 3H), 0.91 (s, 3H), 0.75 (s, 3H);
C NMR (100 MHz, CDCly) d: 179.9, 161.2, 158.9, 141.2,
132.2, 130.9, 128.7, 115.72, 54.2, 51.7, 48.0, 33.4, 25.8,
20.0, 18.2, 11.3; HR-MS (ESI) caled for CigHp3FN3S [M+
H]" 332.1597, found 332.1591.

2-(3-(2-Chlorobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide (3c):  Yield
82%. m.p. 199.7~200.5 ‘C; '"H NMR (400 MHz, CDCl;)
0: 9.24 (s, 1H), 7.41~7.43 (m, 1H), 7.39 (s, 1H), 7.32 (s,
1H), 7.27 (d, J/=1.5 Hz, 2H), 7.21~7.24 (m, 1H), 6.46 (s,
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1H), 2.66 (d, J/=4.3 Hz, 1H), 1.97~2.03 (m, 1H), 1.81~
1.86 (m, 1H), 1.51 (d, /=8.9 Hz, 2H), 1.05 (s, 1H), 0.89
(s, 1H), 0.80 (s, 1H); *C NMR (100 MHz, CDCl3) o:
180.0, 158.1, 142.8, 134.7, 133.9, 130.2, 129.6, 129.3,
126.8, 117.6, 54.4, 51.7, 47.8, 33.4, 25.9, 20.1, 18.1, 11.3;
HR-MS (ESI) calcd for CgH,3CIN;S [M+H]" 348.1301,
found 348.1297.
2-(3-(4-Chlorobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide (3d): Yield
82%. m.p. 157.1~157.8 “C; "H NMR (400 MHz, CDCl;)
0: 9.20 (s, 1H), 7.35 (t, J=6.3 Hz, 3H), 7.31 (s, 1H), 7.25
(s, 1H), 7.20 (s, 1H), 6.51 (s, 1H), 2.86 (d, J=4.3 Hz, 1H),
2.06~2.09 (m, 1H), 1.81~1.85 (m, 1H), 1.48~1.53 (m,
2H), 1.04 (s, 3H), 0.91 (s, 3H), 0.75 (s, 3H); “C NMR
(100 MHz, CDCl;) d: 179.9, 158.8, 141.9, 134.6, 134.1,
130.4,128.7,119.5, 54.2, 51.8, 48.0, 33.4, 25.7, 20.0, 18.2,
11.3; HR-MS (ESI) caled for C;sHyCIN;S [M+H]"
348.1301, found 348.1295.
2-(3-(2-Bromobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide (3e):  Yield
81%. m.p. 203.2~203.8 “C; '"H NMR (400 MHz, CDCl;)
0: 9.25 (s, 1H), 7.61 (d, J=28.0 Hz, 1H), 7.37 (d, J=7.9
Hz, 1H), 7.29~7.35 (m, 1H), 7.27 (s, 2H), 7.19 (t, J=17.6
Hz, 1H), 6.46 (s, 1H), 2.64 (d, /=4.3 Hz, 1H), 1.96~2.02
(m, 1H), 1.78~1.85 (m, 1H), 1.51 (d, J=8.5 Hz, 2H),
1.05 (s, 3H), 0.89 (s, 3H), 0.81 (s, 3H); >C NMR (100
MHz, CDCl;) ¢: 180.0, 158.1, 142.4, 136.5, 132.8, 130.3,
129.0, 127.2, 124.1, 120.1, 54.4, 51.5, 47.8, 33.3, 25.9,
20.1, 18.1, 11.3; HR-MS (ESI) calcd for C;gH»;BrN;S [M
+H]" 392.0796, found 392.0795.
2-(3-(4-Bromobenzylidene)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-ylidene)hydrazinecarbothioamide  (3f):  Yield
80%. m.p. 159.1~159.8 “C; "H NMR (400 MHz, CDCl;)
0:9.20 (s, 1H), 7.51 (d, J=8.4 Hz, 2H), 7.37 (s, 1H), 7.18
(d, J=4.4 Hz, 2H), 6.48 (s, 1H), 2.85 (d, /=4.3 Hz, 1H),
2.05~2.10 (m, 1H), 1.79~1.85 (m, 1H), 1.48~1.52 (m,
2H), 1.04 (s, 3H), 0.91 (s, 3H), 0.74 (s, 3H); “C NMR
(100 MHz, CDCly) é: 179.9, 158.7, 142.0, 135.0, 131.7,
130.6, 128.6, 122.3, 54.2, 51.8, 48.0, 33.4, 25.7, 20.0, 18.2,
11.3; HR-MS (ESI) caled for C;sH,;BrN;S [M+H]"
392.0796, found 392.0788.
2-(3-(2-Methylbenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide 3g):
Yield 78%. m.p. 186.2~186.7 ‘C; '"H NMR (400 MHz,
CDCly) 6: 9.21 (s, 1H), 7.35 (s, 1H), 7.29 (s, 1H), 7.20~
7.22 (m, 2H), 7.16~7.19 (m, 2H), 6.41 (s, 1H), 2.66 (d,
J=4.3 Hz, 1H), 2.29 (s, 3H), 1.96~2.02 (m, 1H), 1.80~
1.85 (m, 1H), 1.50 (d, /=8.8 Hz, 2H), 1.05 (s, 3H), 0.88
(s, 3H), 0.78 (s, 3H); “C NMR (100 MHz, CDCl3) o:
179.8, 158.8, 141.8, 136.5, 135.4, 130.1, 128.9, 128.2,
125.8, 119.4, 54.4, 51.6, 47.6, 33.5, 26.0, 20.1, 20.1, 18.1,
11.3; HR-MS (ESI) caled for C;gH,N;S [M + H] "
328.1847, found 328.1843.
2-(3-(4-Methylbenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3h):
Yield 80%. m.p. 164.1~164.6 ‘C; '"H NMR (400 MHz,
CDCl;) 0: 9.21 (s, 1H), 7.24 (s, 1H), 7.22 (s, 2H), 7.18 (d,

Chin. J. Org. Chem. 2020, 40, 2374~2386

© 2020 Chinese Chemical Society & SIOC, CAS

J=8.4 Hz, 3H), 6.43 (s, 1H), 2.92 (d, J/=4.4 Hz, 1H), 2.37
(s, 3H), 2.04~2.09 (m, 1H), 1.80~1.86 (m, 1H), 1.57~
1.60 (m, 1H), 1.47~1.52 (m, 1H), 1.04 (s, 3H), 0.91 (s,
3H), 0.74 (s, 3H); *C NMR (100 MHz, CDCl;) 6: 179.8,
159.3, 140.6, 138.3, 133.3, 129.2, 129.2, 120.8, 54.2, 51.9,
48.0, 33.5, 25.8, 21.3, 20.0, 18.2, 11.3; HR-MS (ESI) caled
for C1oH,6N3S [M+-H]" 328.1847, found 328.1841.
2-(3-(2-Methoxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3i):
Yield 84%. m.p. 181.4~181.7 ‘C; '"H NMR (400 MHz,
CDCl;) d: 9.32 (s, 1H), 7.38 (s, 2H), 7.29~7.33 (m, 1H),
7.24 (d, J=17.5 Hz, 1H), 6.96 (t, J=7.5 Hz, 1H), 6.90 (d,
J=8.3 Hz, 1H), 6.36 (s, 1H), 3.85 (s, 3H), 2.80 (d, J/=4.2
Hz, 1H), 2.00~2.06 (m, 1H), 1.79~1.85 (m, 1H), 1.48~
1.55 (m, 2H), 1.04 (s, 3H), 0.90 (s, 3H), 0.77 (s, 3H); "°C
NMR (100 MHz, CDCl;) 6: 179.7, 159.1, 157.4, 140.8,
129.7, 128.9, 125.7, 120.2, 116.1, 110.6, 55.5, 54.3, 51.9,
47.8, 33.5, 26.0, 20.1, 18.2, 11.3; HR-MS (ESI) caled for
C1oHy6N;0S [M+H]" 344.1797, found 344.1791.
2-(3-(4-Methoxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide @3j):
Yield 83%. m.p. 174.6~174.9 ‘C; '"H NMR (400 MHz,
CDCl;) 0: 9.13 (s, 1H), 7.28 (s, 1H), 7.23 (s, 1H), 7.21 (s,
1H), 7.13 (s, 1H), 6.85 (s, 1H), 6.83 (s, 1H), 6.35 (s, 1H),
3.77 (s, 3H), 2.85 (d, J/=4.2 Hz, 1H), 1.97~2.02 (m, 1H),
1.72~1.79 (m, 1H), 1.38~1.45 (m, 2H), 0.96 (s, 3H),
0.84 (s, 3H), 0.67 (s, 3H); *C NMR (100 MHz, CDCL) ¢:
179.7, 159.5, 157.7, 139.5, 130.7, 129.7, 128.7, 114.0,
55.3,54.1, 51.8, 48.0, 33.5, 25.8, 20.0, 18.3, 11.3; HR-MS
(ESI) caled for CjoHyN;OS [M+H]" 344.1797, found
344.1797.
2-(3-(2-Hydroxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3k):
Yield 82%. m.p. 178.7~189.1 ‘C; 'H NMR (400 MHz,
CDCl;) 6: 9.63 (s, 1H), 7.36 (s, 2H), 7.18 (t, J/=7.1 Hz,
1H), 7.11 (d, J/=7.5 Hz, 1H), 6.87~6.92 (m, 2H), 6.43 (s,
1H), 2.75 (d, J/=4.1 Hz, 1H), 1.97~2.03 (m, 1H), 1.78~
1.85 (m, 1H), 1.49 (d, /=7.2 Hz, 2H), 1.03 (s, 3H), 0.89
(s, 3H), 0.77 (s, 3H); “C NMR (100 MHz, CDCl3) o:
179.3, 159.9, 153.9, 1419, 129.6, 129.1, 125.1, 123.5,
120.3, 116.1, 54.5, 51.7, 47.7, 33.3, 26.1, 20.1, 18.2, 11.4;
HR-MS (ESI) calcd for C;sHpN;0S [M+H]" 330.1640,
found 330.1461.
2-(3-(4-Hydroxybenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide @3I):
Yield 81%. m.p. 157.5~157.8 ‘C; '"H NMR (400 MHz,
DMSO-dg) J: 9.22 (s, 1H), 7.36 (s, 1H), 7.25~7.32 (m,
2H), 7.23 (s, 1H), 7.07~7.18 (m, 2H), 6.40 (s, 1H), 2.7 (d,
J=4.2 Hz, 1H), 1.99~2.05 (m, 1H), 1.80~1.88 (m, 1H),
1.47~1.56 (m, 2H), 1.05 (s, 3H), 0.91 (s, 3H), 0.77 (s,
3H); “C NMR (100 MHz, DMSO-dy) J: 179.2, 160.9,
157.4, 137.3, 130.7, 129.7, 127.3, 115.5, 53.6, 50.7, 47.4,
32.8, 25.6, 19.8, 18.1, 11.5; HR-MS (ESI) calcd for
C1gH24N;0S [M+H]" 330.1640, found 330.1638.
2-(3-(Pyridin-2-ylmethylene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide  (3m):
Yield 82%. m.p. 181.1~181.5 ‘C; '"H NMR (400 MHz,
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CDCl;) 6: 9.36 (s, 1H), 8.63 (s, 1H), 8.50 (d, /=4.2 Hz,
1H), 7.65 (d, J/=7.9 Hz, 1H), 7.29~7.32 (m, 2H), 7.06 (s,
1H), 6.39 (s, 1H), 2.91 (d, J=4.1 Hz, 1H), 2.13~2.19 (m,
1H), 1.81~1.88 (m, 1H), 1.75~1.78 (m, 1H), 1.59~1.62
(m, 1H), 1.27 (s, 1H), 1.07 (s, 1H), 0.94 (s, 3H), 0.88 (s,
3H), 0.78 (s, 1H); *C NMR (100 MHz, CDCl;) 6: 178.7,
156.4, 150.0, 148.2, 145.1, 135.5, 132.6, 123.4, 116.9,
54.7, 49.7, 49.4, 32.6, 26.1, 20.7, 17.5, 13.86; HR-MS
(ESI) caled for C;;Hy;N,S [M+H]" 315.1643, found
357.1641.
2-(3-(Pyridin-4-ylmethylene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3n):
Yield 83%. m.p. 162.3~162.5 ‘C; '"H NMR (400 MHz,
CDCl;) d: 9.36 (s, 1H), 8.58~8.59 (m, 2H), 7.20~7.21
(m, 3H), 6.99 (s, 1H), 6.51 (s, 1H), 2.93 (d, J=4.3 Hz,
1H), 2.12~2.20 (m, 1H), 1.78~1.82 (m, 1H), 1.70~1.74
(m, 1H), 1.58~1.61 (m, 1H), 1.06 (s, 1H), 0.94 (s, 4H),
0.86 (s, 3H), 0.78 (s, 1H); *C NMR (100 MHz, CDCl5) ¢:
180.1, 158.0, 150.1, 147.2, 144.8, 126.7, 124.0, 117.9,
54.2,51.9,48.0,33.2,25.7,20.1, 18.1, 11.2; HR-MS (ESI)
caled for Cj;Hp3N,S [M+H]" 315.1643, found 357.1642.
2-(3-(4-Dimethylaminobenzylidene)-1,7,7-trimethyl-
bicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide
(30): Yield 84%. m.p. 135.3~135.6 ‘C; 'H NMR (400
MHz, CDCl;) 6: 9.19 (s, 1H), 7.28 (d, J/=8.7 Hz, 3H),
7.16 (s, 1H), 6.70 (d, J=8.8 Hz, 2H), 6.28 (s, 1H), 3.01 (s,
3H), 2.97 (d, J=4.2 Hz, 1H), 2.07~2.10 (m, 1H), 1.78~
1.85 (m, 1H), 1.56~1.59 (m, 1H), 1.45~1.59 (m, 1H),
1.02 (s, 3H), 0.91 (s, 3H), 0.74 (s, 3H); *C NMR (100
MHz, CDCl;) é: 179.5, 160.2, 150.2, 137.1, 130.8, 130.6,
123.8, 111.8, 54.1, 52.0, 48.1, 40.2, 33.6, 25.9, 20.0, 18.4,
11.4; HR-MS (ESI) calcd for CyHyN,S [M+ H]"
357.2113, found 357.2106.
2-(3-Benzylidene)-1,7,7-trimethylbicyclo[2.2.1]heptan-
2-ylidene)hydrazinecarbothioamide (3p): Yield 83%. m.p.
126.5~126.8 C; '"H NMR (400 MHz, CDCl;) d: 9.24 (s,
1H), 7.36~7.42 (m, 3H), 7.34 (s, 2H), 7.30~7.32 (m,
2H), 6.45 (s, 1H), 2.92 (d, J=4.3 Hz, 1H), 2.04~2.10 (m,
1H), 1.81~1.87 (m, 1H), 1.47~1.59 (m, 2H), 1.04 (s,
3H), 0.91 (s, 3H), 0.75 (s, 3H); “C NMR (100 MHz,
CDCl;) 0: 179.9, 159.1, 141.3, 136.1, 129.9, 129.2, 128.5,
120.8, 54.2, 51.8, 47.9, 33.5, 25.8, 20.0, 18.2, 11.3;
HR-MS (ESI) caled for C,sHyN;S [M+H]" 314.1691,
found 314.1685.
2-(3-(2,4-Dichlorobenzylidene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide 39q):
Yield 79%. m.p. 149.7~150.6 ‘C; '"H NMR (400 MHz,
CDCl;) d: 9.33 (s, 1H), 7.42 (s, 1H), 7.23 (s, 2H), 7.18~
7.22 (m, 1H), 7.17 (s, 1H), 6.28 (s, 1H), 2.70 (d, J=4.3
Hz, 1H), 2.05~2.13 (m, 1H), 1.78~1.87 (m, 1H), 1.70~
1.76 (m, 1H), 1.46~1.52 (m, 1H), 1.05 (s, 1H), 0.90 (s,
4H), 0.88 (d, J=10.2 Hz, 7H), 0.79 (s, 1H); *C NMR (100
MHz, CDCl;) ¢: 178.7, 156.1, 145.1, 135.0, 133.7, 130.5,
129.5, 127.0, 125.5, 116.5, 54.8, 51.7, 49.5, 32.6, 26.2,
20.7, 17.5, 13.9; HR-MS (ESI) calcd for C;sH,,CLN;S
[M+H]" 382.0911, found 382.0903.
2-(3-(2,3,4-Trimethoxybenzylidene)-1,7,7-trimethyl-
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bicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide
(3r): Yield 79%. m.p. 155.7~155.9 ‘C; 'H NMR (400
MHz, CDCls) d: 9.19 (s, 1H), 7.20 (s, 1H), 6.58 (s, 1H),
6.56 (s, 2H), 6.42 (s, 1H), 3.88 (d, /=2.6 Hz, 9H), 2.95 (d,
J=4.4 Hz, 1H), 2.05~2.14 (m, 1H), 1.82~1.89 (m, 1H),
1.58~1.63 (m, 1H), 1.48~1.51 (m, 1H), 1.05 (s, 3H),
0.93 (s, 3H), 0.77 (s, 3H); *C NMR (100 MHz, CDCL) ¢:
179.85, 158.96, 153.17, 140.75, 131.59, 130.01, 120.93,
106.65, 60.95, 56.20, 54.17, 52.20, 48.00, 33.43, 25.70,
20.04, 18.25, 11.32; HR-MS (ESI) caled for C,H3oN;0;S
[M-+H]" 404.2008, found 404.1998.
2-(3-(Anthracen-9-ylmethylene)-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide (3s):
Yield 78%. m.p. 218.5~218.9 ‘C; '"H NMR (400 MHz,
CDCl;) d: 9.50 (s, 1H), 8.46 (s, 1H), 8.02~8.05 (m, 4H),
7.86 (s, 1H), 7.48~7.51 (m, 5H), 6.45 (s, 1H), 1.98 (d, J=
4.3 Hz, 1H), 1.71~1.78 (m, 1H), 1.59~1.63 (m, 1H),
1.31~1.37 (m, 1H), 1.09 (s, 3H), 0.91 (s, 3H), 0.71 (s,
3H); *C NMR (100 MHz, CDCl;) : 180.1, 157.5, 145.4,
131.4, 129.9, 128.8, 127.3, 126.6, 125.9, 125.7, 125.4,
117.7, 54.8, 52.0, 47.5, 33.0, 25.6, 20.3, 18.0, 14.2; HR-
MS (ESI) caled for C,6H,sN3S [M+H]" 414.2004, found
414.1995.
2-(3-(2-Hydroxy-3-methoxybenzylidene)-1,7,7-trimeth-
ylbicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide
(3t): Yield 80%. m.p. 120.5~120.9 ‘C; 'H NMR (400
MHz, DMSO-dg) : 9.83 (s, 1H), 8.94 (s, 1H), 8.35 (s, 1H),
7.63 (s, 1H), 7.36 (s, 1H), 6.91~6.95 (m, 1H), 6.81~6.83
(m, 2H), 3.81 (s, 3H), 2.74 (d, J/=4.1 Hz, 1H), 1.95~2.02
(m, 1H), 1.74~1.80 (m, 1H), 1.37~1.48 (m, 2H), 1.02 (s,
3H), 0.87 (s, 3H), 0.72 (s, 3H); *C NMR (100 MHz,
DMSO-dg) d: 179.8, 160.0, 148.2, 145.0, 140.2, 125.5,
124.3, 121.6, 119.1, 112.2, 60.2, 56.3, 54.2, 47.6, 33.3,
26.2, 20.2, 18.5, 11.8; HR-MS (ESI) calcd for C;oHsN;-
0,S [M+H]" 360.1746, found 360.1738.
2-(3-(2-Hydroxy-4-methoxybenzylidene)-1,7,7-trimeth-
ylbicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide
(3u): Yield 80%. m.p. 180.6~181.8 “C; 'H NMR (400
MHz, DMSO-dg) 6: 9.74 (s, 2H), 8.31 (s, 1H), 7.59 (s, 1H),
7.31 (s, 1H), 7.15 (d, J=8.6 Hz, 1H), 6.41~6.49 (m, 2H),
3.72 (s, 3H), 2.75 (d, J=4.3 Hz, 1H), 1.99~2.03 (m, 1H),
1.73~1.79 (m, 1H), 1.38~1.48 (m, 2H), 1.01 (s, 3H),
0.87 (s, 3H), 0.71 (s, 3H); *C NMR (100 MHz, DMSO-d;)
0: 179.1, 160.4, 159.9, 156.7, 137.7, 130.0, 124.8, 116.2,
105.1, 101.1, 55.0, 53.7, 50.8, 47.2, 32.9, 25.7, 19.7, 18.0,
11.4; HR-MS (ESI) caled for C;9Hp¢N3;0,S [M-i-H]+
360.1746, found 360.1738.
2-(3-(3-Methoxy-4-hydroxybenzylidene)-1,7,7-trimeth-
ylbicyclo[2.2.1]heptan-2-ylidene)hydrazinecarbothioamide
(3v): Yield 81%. m.p. 207.1~207.6 ‘C; 'H NMR (400
MHz, DMSO-dg) 6: 9.99 (s, 1H), 9.32 (s, 1H), 8.26 (s, 1H),
7.54 (s, 1H), 7.28 (s, 1H), 6.93 (s, 1H), 6.78~6.88 (m,
2H), 3.79 (s, 3H), 2.89 (d, /=4.0 Hz, 1H), 1.99~2.07 (m,
1H), 1.69~1.81 (m, 1H), 1.39~1.50 (m, 2H), 1.01 (s,
3H), 0.89 (s, 3H), 0.72 (s, 3H); *C NMR (100 MHz,
DMSO-dg) 6: 179.8, 161.1, 147.9, 147.3, 138.1, 130.5
128.3, 122.8, 116.1 113.8, 56.0, 54.1, 51.4, 47.9, 33.3,
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26.1, 20.3, 18.6, 12.0, HR-MS (ESI) caled for
C1oH6N;0,S [M+H]" 360.1746, found 360.1738.
4.4 Biological assays
4.4.1 Cytotoxicity assay

Three human cells including breast cancer (MDA-
MB-231), myeloma cancer (RPMI-8226), lung cancer
(A549) and normal gastric epithelial (GES-1) cells were
grown in RPMI-1640 medium [¢(FBS)=5%] under stand-
ard conditions [a humidified atmosphere, ¢(CO,)=5%,
37 C]. Then, the cells (70%~80% confluence) were
seeded in 96-well plates (5% 10° cells/well) and incubated
overnight. Then, the stock solutions of synthesized com-
pounds (5 mmolsL ") and etoposide (5 mmolsL~") were
prepared with dimethyl sulfoxide (DMSO) and diluted to
the required concentrations (25.00, 12.50, 6.25, 3.12, 1.55,
0.75, 0.37 pmolsL™ ") with serum free medium. Subse-
quently, the cultured cells were treated with different can-
didate solutions. After 48 h incubation, 10 pL of solution
of MTS was added to each well and cells were treated for
0.5 h. The absorbance (OD) of the samples were measured
at 490 nm on a microplate reader. The results (ICsy) were
calculated using GraphPad Prism 5.
4.4.2 Cell cycle arrest assay

MDA-MB-231 cells (2% 10° cell/well) in the logarith-
mic growth were seeded in a 6-well plate. After overnight
adherence to the plate at 37 “C, cells were exposed to dif-
ferent concentrations (2, 4 and 6 pmoleL ") of compound
3s for 48 h. Later, the cultured cells were harvested and
fixed in ice-cold 70% ethanol at —20 C for 24 h. After
being washed with phosphate buffered saline (PBS), the
cells were labeled with RNase A (1 mg/mL) and stained
with propidium iodide (10 mg/mL) solution in the dark for
30 min. Finally, the DNA content in samples was meas-
ured by flow cytometry, and was analyzed using Modfit
software.
4.4.3 Cell apoptosis analysis

MDA-MB-231 cells were seeded into a 6-well plates at
210 cell/well under usual conditions. After incubation
overnight, cells were reacted with various concentrations
(2, 4 and 6 pmolsL ") of the selected compound for 48 h.
Next, cells were collected, washed (PBS, twice) and re-
suspended in the binding buffer. Subsequently, the cells in
suspension were stained with Annexin V-APC/7-AAD
solution in the dark and incubated for 15 min. Lastly, the
stained cells were examined by a flow cytometry system.
4.4.4 Measurement of reactive oxygen species (ROS)
levels

MDA-MB-231 cells were incubated in 6-well plates at a
density of 1X10° cell/well overnight at 37 C, ¢(CO,)=
5%, and treated with compound 3s at different concentra-
tions (2, 4 or 6 pmoleL™"). After 48 h incubation, the col-
lected cells were incubated in PBS containing 10
pmoleL ™" of DCFH-DA (ROS indicator) for 20~30 min
in the dark at 37 °C. Then, the level of intracellular ROS
was analyzed by flow cytometry.
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4.4.5 Assessment of mitochondrial membrane poten-
tial (A¥,)

MDA-MB-231 cells (70% ~ 80% confluence) were
seeded in a 6-well plate and exposed to different concen-
trations (2, 4 and 6 pmolsL ") of compound 3s. After 48 h,
the collected cells were suspended in PBS, and added with
JC-1 working solution (5,5',6,6'-tetrachloro-1,1',3,3'-tetre-
thylbenzimidalylcarbocyanineiodide). Following incuba-
tion at 37 ‘C in darkness, the treated cells were washed
(cold PBS, twice) and analyzed immediately by flow cy-
tometry.

4.4.6 Western blot analysis

MDA-MB-231 cells (1 X 10° cell/mL) were treated with
2, 4 and 6 pmolsL ™' of compound 3s for 48 h. Then the
cells were harvested, lysed in ice-cold lysis buffer and cen-
trifuged at 4 ‘C. After that, the supernatant was obtained
and the protein contents were determined using a BCA
Protein Assay Kit. An equal amount of the proteins (50 pg)
was loaded and separated by SDS-PAGE gel, followed by
being transferred to a nitrocellulose membrane. Subse-
quently, the membranes were blocked in tris buffered sa-
line tween (TBST) buffer with 0.5 g/mL skim milk at room
temperature for 1 h. Appropriate primary antibodies were
treated with the membranes overnight at 4 °C, to make the
target proteins in membranes be probed with primary anti-
bodies. After being washed with TBST three times, the
membranes were incubated with appropriate secondary
antibodies at room temperature over 1 h. Eventually, the
signal was observed via an enhanced chemiluminescence
detection reagent and analyzed the relative optical density
of each protein via laser scanning densitometry.

Supporting Information 'H NMR, 3C NMR and HRMS
spectra of final products 3a~3v, and X-ray diffraction of
compound 3n. The Supporting Information is available free
of charge via the Internet at http://sioc-journal.cn.
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