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Abstract Glaucocalyxin A (GLA) is an active natural tetracyclic diterpenoid isolated from the traditional Chinese herb Iso-
don glaucocalyx (maxin) Hara. In this work, a series of thiazole type derivatives based on GLA were designed and prepared.
Their antiproliferative activities against six tumor cell lines (HepG2, NCI-H460, JEG-3, K562, HL-60 and Hela) were evalu-
ated in-vitro. The results revealed that the introduction of aminothiazole substructures into A-ring of the GLA could improve
their antiproliferative effects significantly. Among them, N-alkyl thiazole derivatives showed remarkably activities to the six
tumor cell lines. Especially, compounds 6 and 8 presented significant antitumor activities against HL-60 and Hela cell lines
with ICso as low as 0.51 pmoleL ™!, which were better than the positive drug adriamycin. The apoptosis morphology and flow
cytometry studies indicated that the thiazole-fused GLA derivatives could induce apoptosis of tumor cells.
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1 Introduction

Effective anticancer agents with novel scaffolds or new
target are urgently needed as cancer is a fatal disease to
humans.!'?! Natural products play a pivotal role in drug
discovery and many natural compounds show great an-
ti-cancer activities.’*l, More and more natural compounds
with low toxicity and high therapeutic efficacy have been
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reported.’) Among the natural products, tetracyclic diter-
penes with ent-kaurane skeleton, such as oridonin/®7! and
stevioside,®! have attracted much attention due to their good
bioactivities.

Glaucocalyxin A (GLA), a complex ent-kaurane
diterpenoid isolated from the traditional Chinese herb Iso-
don glaucocalyx (maxin) Hara, has attracted wide attention
due to its unique and broad spectrum of bioactivities.[>1!
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Early studies have indicated that the a,f-unsaturated ketone
on D-ring is an essential pharmacophore to bioactivities, so
the structural modification of GLA is mainly focused on
7-OH and 14-OH groups.['*1¥ Yang and coworkers!'> have
found that when the double bond GLA is transformed by
amines Michael addition, the antitumor activities of the
most derivatives are less than GLA. Nevertheless, glauco-
calyxin H, acetalization product of 7,14-hydroxyl of GLA
with protocatechualdehyde, has been proved to have note-
worthy anti-tumor activities superior to GLA in our previ-
ous work.[1®]

Although some progress has been made, the application
of GLA in cancer therapy is limited by its low bioactivity
and bioavailability, which is a common phenomenon for
natural products.!'”! Therefore, the design and synthesis of
novel GLA derivatives with strong anti-tumor activity and
low toxicity have become the focus of the current research.

Thiazole ring, a significant pharmacophore of many bi-
oactive natural products,!'3'%! can improve the bioactivities
and reduce toxicity of parent compounds.[?*?2l Thus, the
introduction of thiazole ring is an effective strategy for
optimization of bioactive compounds. To this regard, our
efforts have been devoted to introducing thiazole heterocy-
cle to GLA without altering the pharmacophore of a.f-
unsaturated ketone on D-ring and evaluating its bioactivity
so as to discover new antitumor agents.

2 Results and discussion

2.1 Chemistry

Hantzsch thiazole synthesis, with a-haloketone and thi-
ourea (or thioamide) as reactants, has been proved to be an
efficient way for the formation of thiazole compounds.?*!
Herein, thiazole fragment was introduced to the A-ring of
GLA via Hantzsch reaction in this work. As shown in
Scheme 1, a-haloketone derivatives of GLA were synthe-
sized initially with 1.1 equiv. of PyHBr; as bromination
reagent under 0 ‘C in 56% yield (Table 1, Entries 1~5).
The attempts of changing bromination reagents with N-

Reagents and conditions: (a) PyHBrs;, THF, 0 °C, 0.5 h; (b)
Me,C(OMe),, TsOH, Acetone, r.t., 1 h

Scheme 1 Synthesis of a-haloketone derivatives of GLA
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bromo-succinimide (NBS) would reduce the yield greatly
due to the formation of too many by-products (Table 1,
Entry 6). In addition, protection of 7, 14-hydroxyl groups of
GLA by isopropylidene® (compound 3) still could not
improve the bromination yield of compound 4 (Table 1,
Entry 7). From the 3C NMR of compound 2, it can be seen
that the carbon signals all exist in pairs, which suggests that
the bromine at the C-2 position has two configurations of
a-substituted and f-substituted.

Table 1 Optimization of bromide reaction conditions

Entry Compd. Reaction conditions” Yield/%
1 1 PyHBr; (1.2 equiv.), THF,0 ‘C,1h 51
2 1 PyHBr; (1.2 equiv.), THF, —20 C,12h 36
3 1 PyHBr; (1.2 equiv.), THF,20 C, 1 h 41
4 1 PyHBr3; (1.5 equiv.), THF,0 ‘C,1h 30
5 1 PyHBr; (1.1 equiv.), THF, 0 ‘C,0.5h 56
6 1 NBS (1.2 equiv.), THF,0 C,12h <10
7 3  PyHBr3 (1.1 equiv.), THF,0 C, 12h 40
8 3 NBS(l1.2equiv.), THF,0 C,EtN,12h <10
9 3 PyHBr; (1.0 equiv.), THF, 20 C,6h 32

© 2021 Chinese Chemical Society & SIOC, CAS

“The reaction progress was monitored by TLC.

Then compound 5 was obtained through Hantzsch thia-
zole synthesis reaction with compound 2 and thiourea as
reactants in EtOH under reflux condition. Compared with
compound 2, the C-3 carbonyl group signals at § 216.92
was not observed in the '3C NMR of compound 5. The
newly resonances at 6 114.13, 152.91 and 167.19 belong to
the C,=Cs double bond and C=N of thiazole ring, respec-
tively. HRMS peak at m/z 389.1895 (calcd for 389.1893)
demonstrates the formation of compound 5. Subsequently,
compounds 6~15 were synthesized readily by the reaction
of compound 2 and N-substituted thiourea in refluxing
ethanol (Scheme 2). But attempts of the reaction between
compound 2 and thioamide failed to meet our expectation.

I R\NANHQ S : ~oH
(SoH__H - H/N% | ., 0
., O EtOH,refux g N

OH 3~12h
2 5~14

Br.

5R=H, 6 R=CHjy, 7 R = C,Hs, 8 R = CH,CH,CH,
9 R = (CH,)3CH3, 10 R = (CH,)sCHj, 11 R = CH,CH=CH,,
12 R = Cyclohexy, 13 R = CgHs, 14 R = CH,CqHs

Scheme 2 Construction of aminothiazole derivatives

2.2 Biological evaluation
2.2.1 Antiproliferative activity

The antiproliferative activities of the thiazole type de-
rivatives were determined by methyl thiazolyl tetrazolium
(MTT) assay in vitro against HepG2 (human liver carci-
noma), NCI-H460 (human lung carcinoma), JEG-3 (Hu-
man choriocarcinoma), K562 (Human Chronic myeloid
leukemia), HL-60 (human promyelocytic leukemia), and
Hela (Human cervical cancer) cell lines with adriamycin as
the positive control drug in each panel. The ICso values
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were summarized in Table 2.

From the observed cytotoxic activity data, most of the
novel derivatives of GLA showed significant cytotoxic
activities. Notably, all the eleven new synthesized com-
pounds exhibited better antiproliferative activity than GLA
to HL-60 and Hela cell lines, indicating that the aminothi-
azole derivatives have better bioactivity and selectivity for
HL-60 and Hela cell lines. Especially, compounds 6 and 8
showed prominent activity with ICsy values of 0.56 and
0.51 pmolL"' against HeLa cell line, respectively.
Meanwhile, compounds 6, 7, 8, 9, and 10 with ICs values
0.82, 0.84, 0.90, 1.19, and 1.50 pmol-L ™' against HL-60
cell line, were superior to adriamycin. Moreover, com-
pounds 7, 8 and 9 also showed better activity than adri-

amycin against K562 cell line with ICsy values of 4.00,
3.25, and 4.08 pmol-L . In addition, the inhibitory activi-
ties of N-cyclohexyl aminothiazole derivative 12 were su-
perior than GLA, but were inferior than that of linear al-
kane substituted derivatives (12 vs 6~8). The results re-
vealed that linear alkyl with 1~3 carbon atom were more
prominent than branched alkyl and cycloalkyl on thiazole
derivatives. Meanwhile, when alkyl substitution was re-
placed by allyl or aromatic groups, the anti-tumor activities
also decreased in varying degrees (6, 7, 8, 9, 10 vs 11, 13,
14). For example, compound 11 against JEG-3 cell line
and compound 14 against K562 cell line just gave poor
cytotoxic activities with ICso values of 18.81 and 22.49

Table 2 ICso values (umoleL ') of GLA derivatives against cancer cells
ICs0? (pmol-L™ ")
Compd.
Hep G2 NCI-H460 JEG-3 K562 HL-60 HeLa

5 3.97+0.09 5.27+0.21 5.19%0.06 10.12+0.20 2.40+0.15 2.33+0.11

6 3.08+0.06 4.07+0.15 1.13+0.14 5.631+0.48 0.82+0.03 0.56+0.02

7 3.20+0.30 3.31£0.24 2.13£0.37 4.00+0.21 0.84+0.06 2.17£0.06

8 1.81£0.01 2.47+0.25 3.04£0.09 3.2540.09 0.90+0.06 0.51£0.05

9 2.53+0.13 3.35+0.18 3.70£0.12 4.08+0.29 1.19£0.04 2.19+0.04
10 4.14+0.37 3.95+0.16 6.03£0.67 7.331+0.72 1.50£0.10 2.02£0.08
11 6.66+0.53 8.0710.34 18.81+1.92 6.5410.41 3.31%0.15 4.47+0.03
12 3.15+0.08 3.18+0.26 4.97+0.46 6.03+0.30 2.02£0.09 2.12+0.11
13 10.70+0.29 9.69+0.40 9.71+0.21 9.72+0.54 3.09+0.19 5.28+0.03
14 5.17£0.34 4.83+0.04 6.28+0.10 22.49+0.75 2.42+0.11 2.49+0.05
GLA 3.94+0.07 8.9940.18 4.25+0.08 7.20+0.17 6.46+0.05 8.194+1.96
Adriamycin 0.50+0.01 1.734+0.02 0.52+0.02 5.15+0.11 1.734+0.02 0.69+0.01

“ Inhibitory activity was assayed by exposure for 48 h; values were the mean of triplicate of three independent experiments; mean == SD.

A

Control M 3 b

Figure 1 Effects of compound 8 on nuclear morphological and cell morphological changes of HepG2 cells
After treated with indicated concentrations of compound 8 for 48 h, (A) the HepG2 cells were stained with Hochest33342 for 10 min and examined by
fluorescence microscopy (X 200); (B) the morphological changes of HepG2 cells were detected by electron microscope (X 5000)
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Figure 2 Effects of compound 8 on apoptosis of HepG2 cells detected by flow cytometry
After HepG2 cells were treated with compound 8 at the indicated concentrations for 48 h, the cells were stained with Annexin V-FITC/PI and then analyzed

by flow cytometry

pmoleL ™!, respectively. However, the inhibitory activity of
unsubstituted aminothiazole derivative was better than that
of aromatic and allyl substituted derivatives (5 vs 11, 13,
14), but was worse than alkyl substituted derivatives (5 vs
6~10).

Therefore, the results reveal that the aminothiazole
structure on C-2/C-3 of GLA plays an important role in
improving the bioactivity of GLA, and the aminothiazole
structure with N-alkyl substitution will significantly in-
crease its antitumor activity.

2.2.2 Morphological research

The effects of compound 8 on nuclear morphological and
cell morphological changes of HepG2 cells were shown in

2396 http://sioc-journal.cn/
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Figure 1. As shown in Figure 1A, HepG; cells were dyed by
hochest33258. The cell nuclei of HepG: in control group
were evenly dyed blue. The nuclei were oval and full. Some
nuclei of HepG2 in 0.5 pmolsL ! group were stained une-
venly and some nuclei had irregular shapes of nuclear film
indentations. In 1 pmolsL ™' group and 2 pumolsL"! group,
there was a significant increase in nuclear membrane in-
vagination in the nuclei. Additionally, the apoptotic bodies
were clearly visible in the two groups. As shown in Figure
1B, HepG; cells and nuclei were round and plump, with
nucleoli centered in control group. In 0.5 pmolsL "' group
the cell condensed and became smaller than that in control
group. The nucleus shifted and the nucleus showed crescent

Chin. J. Org. Chem. 2021, 41, 2393~2400
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shape. The cell disintegrated with no normal cell mor-
phology in 1 pmolsL ! group and 2 pmoleL "' group. The
cells disintegrated into fragments of different sizes and the
apoptotic bodies were clearly visible.

Furthermore, the percentages of apoptotic cells with
control and compound 8 treatments were further detected
by flow cytometric analysis, following Annexin V-FITC/PI
staining. As shown in Figure 2, the treatment of HepG2
cells with 0.5, 1 and 2 pmol-L "' of compound 8 for 48 h
resulted in a significant increase of apoptosis cell popula-
tion up to 6.37%, 10.79%, and 41.97%, respectively, com-
pared to control cells (5.30%). These data indicate that the
morphological damage effect of compound 8 to HepG2
cells is due to apoptosis.

3 Conclusions

In this study, ten thiazole-fused GLA derivatives (5~
14) were designed and synthesized via Hantzsch reaction.
Biological evaluation against six cancer cell lines showed
that the introduction of thiazole ring could improve its an-
titumor activity significantly. Especially, the N-alkyl sub-
stituted thiazole derivatives, such as compounds 6~10,
exhibited remarkably activities which were superior to
positive drug adriamycin against K562, HL-60 or HeLa
cell line. The apoptosis morphology and flow cytometry
studies of compound 8 to HepG2 cell line indicated that
the inhibitory effect of these compounds on tumor cells
was achieved by inducing apoptosis. Overall, the results
suggested that the introduction of thiazole into A-ring was
an effective strategy for the modification of natural product
GLA. Further studies on in vivo antitumor activity and
mechanism of these compounds are ongoing and will be
reported in due course.

4 Experimental section

4.1 Materials and reagents

All commercial reagents were purchased from commer-
cial suppliers and used without further purification unless
specified. NMR spectra were obtained with a Bruker
Avance 400 spectrometer operating respectively at 400
MHz for 'H NMR and 101 MHz for '3C NMR. The peaks
were internally referenced to TMS (0 0.00) or residual un-
deuterated solvent signal. High resolution mass spectra
were recorded on a Bruker micro TOF-Q III spectrometer.
The melting points were determined using a WRS-1B ap-
paratus and are uncorrected. Optical rotations were meas-
ured on an Anton paar MCP5100 Polarimeter at 20 C
(g/100 mL). The nuclear morphological was examined by
Leica DMi8 fluorescence microscopy. The morphological
changes were detected by JOEL JEMI1230 transmission
electron microscope. The apoptosis was detected by Beck-
man A00-1-1102 flow cytometry. GLA was obtained ac-
cording to the method reported in our previous work!2>-26],

4.2 General methods
Synthesis of compound 2: GLA (166 mg, 0.5 mmol) was

Chin. J. Org. Chem. 2021, 41, 2393~2400
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dissolved in 5 mL of tetrahydrofuran (THF) and the solution
was cooled to 0 'C in an ice bath. Then the solution of
PyHBr; (160 mg 0.5 mmol) in 1 mL of THF was added
dropwise under stirring; The resulting mixture was stirred at
0 °C for 30 min, and then poured into water and extracted
with CH,Cl, (30 mL X 3). The combined organic layer was
washed with brine, dried over anhydrous Na,SO4, and
concentrated in vacuo to give a yellow oily residue. The
crude product was further purified by silica gel column
chromatography with petroleum ether/ethyl acetate (V :
V=2 I 1) to afford the title compound 2 (116.7 mg, 66.8%)
as a colorless amorphous gel and a mixture of two isomers.
Major isomer: 'H NMR (400 MHz, CDCl3) J: 6.15 (s, 1H),
5.42 (s, 1H), 4.90 (dd, /=12.2, 6.8 Hz, 1H), 4.84 (s, 1H),
4.33 (dd, J=11.9, 3.9 Hz, 1H), 3.07 (brs, 1H), 2.65 (dd,
J=134, 6.8 Hz, 1H), 2.09 (dd, J=13.4, 9.3 Hz, 1H),
1.98~1.86 (m, 2H), 1.83~1.66 (m, 2H), 1.60~1.38 (m,
4H), 1.27 (s, 3H), 1.16 (s, 3H), 1.12 (s, 3H); '*C NMR (101
MHz, CDCls) d: 207.9, 207.2, 147.1, 119.0, 75.1, 74.2,
61.5, 52.9, 52.5, 50.7, 49.8, 48.6, 45.9, 41.5, 30.8, 29.5,
28.9,,22.2,21.3, 18.2. Minor isomer: 'H NMR (400 MHz,
CDCl3) d: 6.15 (s, 1H), 5.42 (s, 1H), 5.04 (dd, /=10.9, 9.5
Hz, 1H), 4.71 (s, 1H), 4.33 (dd, J/=11.9, 3.9 Hz, 1H), 3.07
(s, 1H), 2.39~2.29 (m, 1H), 2.09 (dd, /=13.6, 9.3 Hz, 1H),
1.98~1.86 (m, 2H), 1.83~1.66 (m, 2H), 1.60~1.38 (m,
3H), 1.25 (s, 3H), 1.17 (s, 3H), 0.99 (s, 3H); '3C NMR (101
MHz, CDCl3) d: 207.3, 206.7, 147.1, 119.0, 74.8, 73.6,
61.3, 52.5, 52.4, 50.2, 49.7, 47.3, 45.9, 40.8, 30.6, 29.2,
27.8,20.3,18.5,17.8. HRMS (ESI) calcd for Cy0H»7BrOsNa
[M~+Na]" 433.0985, found 433.0991.

Synthesis of compound 3: Compound 3 has been ob-
tained by Fujita group in 1981 and its 'H NMR data was
reported.? In this work, compound 3 was prepared via the
following way, and the 'H NMR data are consistent with
those reported in the literature. In a 50 mL dry round-bottom
flask, Me,C(OMe), (156 mg, 1.5 mmol) and GLA (332 mg,
1.0 mmol) were dissolved in 5 mL of dry acetone under
stirring. Then 10 mg of TsOH was added. The reaction was
completed in 1 h at room temperature monitored by thin-
layer chromatography (TLC). After addition of 30 mL of
dichloromethane, the system was washed with distilled
water, saturated brine, and saturated sodium bicarbonate
solution in turn. The organic phase was separated and dried
with anhydrous NaSOs. Then the organic phase was fil-
tered, concentrated, and separated by silica gel column
chromatography (petroleum ether/ethyl acetate, V' : V=4
1). Compound 3 was obtained as a white powder in 63%
yield. '"H NMR (400 MHz, CDCl3) d: 6.19 (s, 1H), 5.41 (s,
1H), 4.59 (d, J/=1.8 Hz, 1H), 4.22 (dd, /=12.6, 5.4 Hz,
1H), 3.08 (s, 1H), 2.56 (ddd, J=15.9, 12.0, 6.7 Hz, 1H),
2.39 (ddd, J=15.9, 6.1, 3.8 Hz, 1H), 2.17~2.04 (m, 1H),
2.04~1.92 (m, 3H), 1.92~1.83 (m, 1H), 1.60 (s, 3H),
1.59~1.50 (m, 2H), 1.38 (dd, J/=12.3,2.4 Hz, 1H), 1.34~
1.27 (m, 2H), 1.25 (s, 3H), 1.20 (s, 3H), 1.12 (s, 3H), 1.08
(s, 3H); 3C NMR (101 MHz, CDCl5) §: 215.6,205.5, 146 4,
117.4, 97.4, 71.0, 70.5, 54.6, 51.3, 51.2, 47.1, 43.1, 38.2,
37.8, 34.0, 31.1, 30.4, 28.3, 25.9, 25.5, 21.5, 18.1, 16.9.

http://sioc-journal.cn/ 2397
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HRMS (ESI) caled for Co3H3,04Na [M+Na]" 3952193,
found 395.2190.

Synthesis of compound 4: Same to the synthetic route of
compound 2, compound 4 was obtained as a white solid in
40% yield. "H NMR (400 MHz, CDCl3) 8: 6.19 (s, 1H), 5.43
(s, 1H), 5.06 (dd, J/=13.8, 5.7 Hz, 1H), 4.60 (d, /=1.8 Hz,
1H), 4.21 (dd, J=12.5, 5.6 Hz, 1H), 3.13~3.04 (m, 1H),
2.65 (dd, J=13.1, 5.7 Hz, 1H), 2.12 (q, J=12.5 Hz, 1H),
2.06~1.96 (m, 2H), 1.96~1.82 (m, 2H), 1.69 (t, J=13.4
Hz, 1H), 1.59 (s, SH), 1.37 (s, 3H), 1.36~1.26 (m, 3H),
1.25 (s, 3H), 1.23 (s, 3H), 1.14 (s, 3H); *C NMR (101 MHz,
CDCls) 0: 205.2, 205.0, 145.9, 117.8,97.4,71.0, 70.3, 54.3,
52.3, 51.3, 51.0, 50.5, 48.6, 42.9, 41.2, 30.9, 30.3, 28.1,
26.0,25.3, 21.9, 18.1, 17.0. HRMS (ESI) calcd for Ca3H3i-
BrOsNa [M-+Na]" 473.1298, 475.1277; found 473.1294,
475.1277.

Synthesis of compound 5: To a solution of 2 (82 mg, 0.2
mmol) in ethanol (3 mL) was added thiourea (15 mg, 0.2
mmol) at room temperature. The reaction mixture was
heated under reflux for 3 h. After cooling and basifying with
saturated NaHCO3 aqueous solution, the mixture was con-
centrated in vacuo to give an oily residue. The crude product
was purified by silica gel column chromatography with
petroleum ether/ethyl acetate (V' © V=2 . 1) to afford the
title compound 5 (28.6 mg, 36.8%) as a white solid. m.p.
254~256 C; [a]h —155.5 (¢ 0.479, MeOH). 'H NMR
(400 MHz, Pyridine-ds) o: 8,12 (d, J=4.92 Hz, 1H), 7.59
(s, 1H), 7.26 (s, 1H), 6.36 (s, 1H), 5.42 (s, 1H), 5.15 (s, 1H),
4.90 (s, 1H), 4.82 (dt, J/=11.9, 4.0Hz, 1H), 3.29 (s, 1H),
2.61(d,J=15.2Hz, 1H), 2.30 (d, J/=12.6 Hz, 1H), 2.18~
2.00 (m, 2H), 1.94~1.97 (m, 1H), 1.72 (dd, J/=9.3, 4.4 Hz,
1H), 1.64 (dd, J=17.1, 4.8 Hz, 2H), 1.56~1.47 (m, 2H),
1.43 (s, 3H), 1.35 (s, 3H), 1.12 (s, 3H); *C NMR (101 MHz,
Pyridine-ds) 0: 208.1, 167.2, 152.9, 150.2, 116.7, 114.1,
75.9, 74.1, 62.2, 53.3, 51.0, 47.3, 41.1, 39.0, 37.8, 31.8,
31.2, 31.2, 22.7, 18.7, 18.6. HRMS (ESI) calcd for
C21H29N>03S [M+H]" 389.1893, found 389.1895.

Same to compound 5, compounds 6~15 were synthe-
sized through Hantzsch reaction with compound 2 and
different substituted thiourea compounds as reactants.

Synthesis of compound 6: Compound 6 was obtained as
white solid in 87.7% yield. m.p. 255 C (dec.); [a]h —
168.5 (¢ 0.292, MeOH); 'H NMR (400 MHz, Pyridine-ds)
o: 8.12 (s,1H), 7.85 (d, J=4.5 Hz, 1H), 7.61~7.55 (m,
1H), 7.22 (q, J=7.9 Hz, 3H), 6.34 (s, 1H), 5.41 (s, 1H),
5.14 (s, 1H), 4.80 (d, J=9.0 Hz, 1H), 3.28 (s, 1H), 3.05 (d,
J=4.0 Hz, 3H), 2.63 (d, J=15.2 Hz, 1H), 2.17~2.01 (m,
2H), 1.50 (dd, J=13.5, 8.1 Hz, 2H), 1.43 (s, 4H), 1.34 (d,
J=6.5 Hz, 4H), 1.11 (s, 3H); '*C NMR (101 MHz, Pyri-
dine-ds) J: 208.1, 168.6, 153.3, 150.2, 116.7, 113.0, 75.9,
74.1, 62.2, 53.3, 51.1, 47.3, 41.1, 39.0, 37.9, 32.0, 31.8,
31.2, 31.2, 22.7, 18.7, 18.6. HRMS (ESI) calcd for
C2H3N>03S [M+H]™ 403.2050, found 403.2059.

Synthesis of compound 7: Compound 7 was obtained as
an white solid in 61.7% yield. m.p. 196~198 C; [al3
—168.8 (¢ 0.337, MeOH); 'H NMR (400 MHz, CDCls) 6:
6.17 (s, 2H), 5.86 (s, 1H), 5.45 (s, 1H), 4.89 (s, 1H),
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4.41~3.45 (dd, J=12.0, 3.2 Hz, 1H), 3.22 (m, 1H), 3.16
(s, 1H), 3.11 (m, 1H), 2.60~2.64 (d, /=16 Hz, 1H), 2.15
(d, J=13.4 Hz, 1H), 2.01~2.10 (m, 2H), 1.91~1.98 (m,
1H), 1.81~1.84 (m, 1H), 1.56~1.63 (m, 1H), 1.44~1.54
(m, 3H), 1.36 (t, J=7.2 Hz, 3H), 1.28 (s, 3H), 1.26~1.27
(m, 1H), 1.24 (s, 3H), 1.14 (s, 3H); 3C NMR (101 MHz,
CDCls) 0: 209.6, 169.5, 151.2, 148.3, 118.1, 112.1, 75.1,
72.6, 62.0, 52.8, 50.9, 46.2, 41.5, 40.6, 38.9, 37.0, 31.8,
31.0, 304, 21.9, 18.4, 18.3, 14.5. HRMS (ESI) calcd for
C23H33N203S [NI‘“HTr 4172206, found 417.2210.
Synthesis of compound 8: Compound 8 was obtained as
white solid in 44.2% yield. m.p. 186~188 C; [a]f
—208.4 (¢ 0.285, MeOH); '"H NMR (400 MHz, CDCl;) &:
6.17 (s, 1H), 5.44 (s, 1H), 4.88 (s, 1H), 4.42 (dd, J=12.0,
3.6 Hz, 1H), 3.20~3.15 (m, 2H), 3.07~3.02 (m, 1H), 2.61
(d, J/=15.3 Hz, 1H), 2.14 (d, J=12.5 Hz, 1H), 2.06 (d, J=
15.4 Hz, 2H), 1.94 (d, J=12.6 Hz, 1H), 1.91~1.77 (m,
2H), 1.77~1.72 (q, J=7.2 Hz, 2H), 1.64~1.50 (m, 2H),
1.46 (d, J/=8.3 Hz, 2H), 1.29 (s, 3H), 1.23 (s, 3H), 1.14
(m, 4H), 1.00 (t, J=7.4 Hz, 3H); °C NMR (101 MHz,
CDCls) o: 209.1, 169.5, 150.4, 148.0, 118.0, 111.8, 74.9,
72.8, 61.7, 52.5, 50.7, 48.7, 46.0, 40.5, 38.7, 36.8, 31.4,
30.8,29.9,22.4,21.7,18.2, 18.1, 11.7. HRMS (ESI) calcd
for C24H3sN,05S [M+H]" 431.2363, found 431.2365.
Synthesis of compound 9: Compound 9 was obtained as
white solid in 72.8% vyield. m.p. 212~214 C; [a]}
—200.0 (c 0.065, MeOH); '"H NMR (400 MHz, CDCl5) ¢:
6.15 (s, 1H), 5.42 (s, 1H), 4.87 (s, 1H), 4.40~4.44 (dd,
J=12.0, 3.2 Hz, 1H), 3.17~3.20 (m, 1H), 3.13 (s, 1H),
3.02~3.06 (m, 1H), 2.58~2.62 (d, J=15.3 Hz, 1H),
2.16~1.92 (m, 4H), 1.82~1.57 (m, 5H), 1.50~1.37 (m,
5H), 1.28 (s, 3H), 1.23 (s, 3H), 1.13 (s, 3H), 1.08 (s, 1H),
0.97~0.91 (m, 4H); 3C NMR (101 MHz, CDCl;) ¢:
209.2, 169.5, 151.1, 148.1, 117.8, 111.8, 74.9, 72.6, 61.8,
52.6, 50.8, 46.6, 46.0, 40.5, 38.8, 36.9, 31.6, 31.2, 30.9,
30.1, 21.7, 20.1, 18.2, 18.1, 13.8. HRMS (ESI) calcd for
CasH37N,05S [M+H]" 455.2519, found 455.2515.
Synthesis of compound 10: Compound 10 was obtained
as white solid in 38.7% yield; m.p. 161~163 C; [a]3
—264.9 (¢ 0.114, MeOH); '"H NMR (400 MHz, CDCl;) &:
6.16 (s, 1H), 5.42 (s, 1H), 4.87 (s, 1H), 4.40~4.44 (dd,
J=12.0, 3.3 Hz, 1H), 3.21~3.13 (m, 2H), 3.08~3.01 (m,
1H), 2.59~2.62 (d, J/=15.4 Hz, 1H), 2.15~2.13 (d, J=
12.3 Hz, 1H), 2.07~2.04 (d, J=13.5 Hz, 2H), 1.95~1.92
(d, J=12.5 Hz, 1H), 1.83~1.79 (m, 1H), 1.75~1.66 (dd,
J=14.2,7.1 Hz, 2H), 1.62~1.50 (m, 2H), 1.46~1.44 (m,
2H), 1.41~1.37 (m, 2H), 1.32~1.31 (m, 2H), 1.28 (s,
3H), 1.25 (s, 1H), 1.23 (s, 3H), 1.13 (s, 3H), 1.02~0.93
(m, 1H), 0.91~0.87 (m, 3H); *C NMR (101 MHz,
CDCl) o: 209.2, 169.5, 151.2, 148.2, 117.9, 112.0, 75.0,
72.9, 62.0, 52.7, 50.9, 47.1, 46.2, 40.6, 38.9, 37.0, 31.6,
31.0, 30.2, 29.3, 26.8, 22.7, 21.8, 18.3, 18.3, 14.2. HRMS
(ESI) caled for CyHaN2OsS [M+H]" 473.2832, found
473.2835.
Synthesis of compound 11: Compound 11 was obtained
as white solid in 55.4% yield; m.p. 162~164 C; [a]3
—193.1 (¢ 0.349, MeOH); '"H NMR (400 MHz, CDCl;) &:
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6.16 (s, 1H), 5.94 (ddt, J=17.2, 10.3, 5.6 Hz, 1H), 5.43 (s,
1H), 5.32 (dd, J/=17.2, 1.4 Hz, 1H), 5.21 (dd, J=10.2, 1.3
Hz, 1H), 4.87 (s, 1H), 4.41 (dd, J=12.0, 3.4 Hz, 1H),
3.88~3.71 (m, 2H), 3.14 (s, 1H), 2.60 (d, J=15.3 Hz,
1H), 2.13 (d, J=12.6 Hz, 1H), 2.08 ~1.99 (m, 2H), 1.98~
1.89 (m, 1H), 1.85~1.77 (m, 1H), 1.64~1.48 (m, 2H),
1.44 (d, J=8.1 Hz, 3H), 1.27 (s, 3H), 1.21 (m, 4H), 1.12
(s, 3H); 3C NMR (101 MHz, CDCl;) J: 209.5, 169.2,
151.2, 148.2, 133.8, 118.5, 117.8, 112.7, 75.2, 73.1, 62.1,
52.8, 51.0, 494, 46.3, 40.8, 39.0, 37.2, 31.6, 31.1, 30.2,
22.0, 18.6, 18.4. HRMS (ESI) calcd for C,4H33N205S [M+
H]" 429.2206, found 429.2205.

Synthesis of compound 12: Compound 12 was obtained
as white solid in 87.0% yield; m.p. 195~196 C; [a]y —
146.6 (¢ 0.305, MeOH); '"H NMR (400 MHz, CDCl5) &:
6.17 (s, 1H), 5.92 (s, 1H), 5.45 (s, 1H), 4.88 (s, 1H), 4.44
(dd, J=12.1, 3.7 Hz, 1H), 3.15 (s, 1H), 2.98 (s, 1H), 2.59
(d, J=15.3 Hz, 1H), 2.17 (t, J/=13.0 Hz, 2H), 2.05 (d, J=
15.1 Hz, 2H), 1.94 (m, 2H), 1.80 (m, 3H), 1.68~1.57 (m,
3H), 1.54~1.42 (m, 4H), 1.31 (m, 3H), 1.29 (s, 4H), 1.26
(d, J=4.0 Hz, 1H), 1.23 (s, 3H), 1.13 (s, 3H); 3C NMR
(101 MHz, CDCl;) d: 209.0, 168.3, 150.3, 148.1, 117.9,
111.4, 75.0, 72.6, 61.7, 56.3, 52.6, 50.7, 46.0, 40.5, 38.6,
36.8, 33.0, 32.7, 31.4, 30.8, 30.1, 25.6, 25.1, 21.7, 18.2,
18.1. HRMS (ESI) caled for Ca;H3N,0sS [M +H]"
471.2676, found 471.2669.

Synthesis of compound 13: Compound 13 was obtained
as white solid in 29.7% yield; m.p. 166~168 C; [alf
—128.8 (¢ 0.212, MeOH); '"H NMR (400 MHz, CDCl;) :
7.46~7.37 (m, 2H), 7.34 (dd, J/=38.6, 7.1 Hz, 2H), 7.13~
6.98 (m, 1H), 6.20 (s, 1H), 5.91 (s, 1H), 5.46 (s, 1H),
4.98~4.81 (m, 1H), 4.51 (dd, J=12.2, 3.7 Hz, 1H), 3.16
(s, 1H), 2.67 (d, J=15.4 Hz, 1H), 2.19 (d, J=12.8 Hz,
1H), 2.11 (d, J=15.6 Hz, 1H), 2.04~1.94 (m, 2H), 1.88~
1.70 (m, 2H), 1.65~1.54 (m, 2H), 1.51 (d, J=4.9 Hz,
2H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27~1.20 (m, 1H), 1.17
(s, 3H); 3C NMR (101 MHz, CDCl;) J: 209.3, 163.7,
151.1, 147.7, 140.7, 129.3, 123.0, 118.6, 118.5, 113.6,
75.0, 73.2, 61.9, 52.5, 50.8, 46.0, 40.5, 38.5, 36.9, 31.3,
30.8, 29.7, 21.8, 18.2, 18.7. HRMS (ESI) calcd for
C27H33N,05S [M+H]™ 487.2026, found 487.2025.

Synthesis of compound 14: Compound 14 was obtained
as white solid in 61.1% yield; m.p. 160~162 C; [a]3
—178.5 (¢ 0.712, MeOH); '"H NMR (400 MHz, CDCl;) :
741 (d, J=7.1 Hz, 2H), 7.35 (t, J=7.3 Hz, 2H), 7.32~
7.27 (m, 1H), 5.97 (s, 1H), 5.36 (s, 1H), 4.89~4.82 (m,
1H), 4.45~4.30 (m, 3H), 3.11 (s, 1H), 2.57 (d, J=154
Hz, 1H), 2.17~2.07 (m, 1H), 2.03 (d, J=15.4 Hz, 2H),
1.95 (d, J/=12.6 Hz, 1H), 1.90~1.74 (m, 2H), 1.56~1.51
(m, 2H), 1.47~1.37 (m, 2H), 1.28 (s, 3H), 1.22 (s, 3H),
1.19~1.15 (m, 1H), 1.11 (s, 3H); *C NMR (101 MHz,
CDCls) d: 209.0, 169.0, 150.6, 147.6, 137.4, 128.7, 127.8,
127.7,118.4,112.4,77.4,77.1,76.7,74.9, 73.1, 61.8, 52.4,
50.7, 50.5, 45.9, 40.5, 38.6, 36.9, 31.1, 30.8, 29.6, 21.7,
183, 18.1. HRMS (ESI) calcd for C23H35N203S [M‘i‘H]Jr
479.2363, found 479.2361.
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4.3 MTT assay in vitro

In this paper, cancer cells included HepG2 (human liver
carcinoma), NCI-H460 (human lung carcinoma), JEG-3
(Human choriocarcinoma), K562 (Human Chronic mye-
loid leukemia), HL-60 (human promyelocytic leukemia),
Hela (Human cervical cancer). Specifically, the logarith-
mic cells were collected and suspended in complete
DMEM (dulbecco's modified eagle medium) medium. The
cell suspension concentration was adjusted to 3 X 10* cells/
mL, and 96-well cell culture plates were inoculated with
100 uL/well. Set the supernatant at 37 °C and 5% CO; in-
cubator for 24 h. Add fresh supernatant and fresh complete
DMEM medium (90 puL/well) and add different concentra-
tions of test solution (10 pL/well), and then set at 37 C,
5% CO, for 48 h. Add 100 pL of MTT solution (0.5
mg/mL, incomplete DMEM medium) to each well and
incubate the incubator for 48 h. After 48 hours, the culture
was terminated and the supernatant was discarded. 150 uL
of DMSO was added to each well. The shaker was shaken
at low speed for 5 min to dissolve the crystals. The ab-
sorbance of each well was measured at 570 nm at the en-
zyme-linked immunosorbent assay.

4.4 Morphological changes of HepG2 cells under
fluorescence microscopy

HepG; cells were cultured in DMEM medium with high
glucose. HepG; cells in the logarithmic phase were digest-
ed with trypsin and spread in the 6-well plate. The number
of cells per pore is 1X103. The cells were divided into
control group, 0.5 pmoleL™! group, 1 pmolsL ™! group and
2 pmolsL™! group. After the cells were attached to the
wall, the cells of control group were replaced with new
culture medium of DMEM. While for the drug groups, the
cells were also replaced with new culture medium and
compound 8 were dropped into the plate. The final con-
centrations of compound 8 were 0.5, 1 and 2 pmolsL™!.
After 48 h, the medium was poured out and the cells were
cleaned with 4 “C PBS for 3 times. Then 1 mL of 4% par-
aformaldehyde was dropped into the plate. 10 min later,
paraformaldehyde was poured out and 4 ‘C PBS was used to
clean the cells 3 times. Finally, Hoest33258 staining solu-
tion was added and dyed in dark for 10 min and the cells
were observed under fluorescence microscope.

4.5 Morphological changes of HepG2 cells under
electron microscope

The logarithmic HepG: cells were laid out in sterile
10-centimeter petri dishes. There were 4 petri dishes and
1 X 10° cells in each petri dish. The cells were divided into
control group, 0.5 pmolsL™! group of compound 8, 1
pmoleL™! group of compound 8 and 2 pmol-L™! group of
compound 8 according to different dish. After the cells
were attached to the wall, the cells in the control group
were washed with PBS twice and then 5 mL of DMEM
medium was added in the petri dish. The cells in 0.5
pmoleL™! group of compound 8 were washed with PBS
twice and compound 8 solution was dropped in with
DMEM medium. The final concentration of compound 8
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was 0.5 umol-L " !. The cells in 1 pmolsL ! group of com-
pound 8 and 2 pmolL"! group of compound 8 were treat-
ed in the same way with the cells in ¢ 0.5 pmol-L"! group
of compound 8. The final concentrations of compound 8
were 1 and 2 pmol-L !, respectively. The cells were gath-
ered and fixed with Gluta (Solarbio, p1126, Beijing, Chi-
na) 48 h later. Then they were mailed to Wuhan Biomisp
Biotechnology Co., LTD for electron microscopy.

4.6 Apoptosis of HepG2 cells detected by flow cy-
tometry

The HepG2 cells were cultured in a 6-well plate with
1 X103 cells in each well. The cell processing method and
grouping were the same to those of the fluorescence stain-
ing method and grouping. After 48 h, the DMEM culture
medium was sucked out of the cells with a pipette and the
floating cells were collected after 1000 revolutions for 3
min. Then the cells in the culture plate were rinsed three
times with 4 ‘C PBS and digested with trypsin for 1 min
before cells were collected. The cells collected twice were
suspended in 100 pL of 1 X Binding Buffer. Then 5 pL of
Annexin V-FITC and 10 pL of PI Staining Solution were
dropped into the cells for 15 min avoiding light. Finally,
400 pL of 1XBinding Buffer was dropped into the solu-
tion and the solution was mixed before detected by flow
cytometry.

Supporting Information NMR spectra of the synthesized
compounds. The Supporting Information is available free of
charge via the Internet at http://siocjournal.cn/.
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