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Abstract

A series of novel oridonin derivatives bearing was substituents on the 14-OH
position were designed and synthesised. Theiruantitr activity was evaluateid
vitro against three human cancer cell lines (HCT116, BBR, and MCF7). Most
tested derivatives showed improved anti-prolifeetactivity compared to the lead
compound oridonin and the positive control drudgus#ouracil (5-Fu). Among them,
compoundC7 (ICsp = 0.16M) exhibited the most potent anti-proliferative iaity
against HCT116 cells; it was about 43- and 155-folore efficacious than that of
oridonin (IG, = 6.84uM) and 5-Fu (IG, = 24.80uM) in HCT116 cancer cells.
Interestingly, the Ig value of compoundC7 in LO2 normal cells was 23.6-fold
higher than that in HCT116 cells; it exhibited betiselective anti-proliferative
activity and specificity than oridonin and 5-Fu.rthermore, compoun@7 possibly
induced cell cycle arrest and apoptosis by regqujathe p53-MDM2 signalling
pathway. NotablyC7 displayed more significant suppression of tumowwgh than
oridonin in colon tumour xenograft models where tinaour growth inhibition rate
was 85.82%. Therefore, compou@d could be a potential lead compound for the

development of a novel antitumour agent.
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1. Introduction
Recently, malignant tumours have become a serieath issue as their

incidence has been increasing yearly [1]. So farg dherapy is still an effective and
important method in the clinical treatment of can@me of the major obstacles to the
druggability of compounds with effective antitumoactivity is their toxicity to
normal cells. Therefore, the development of nouwaicancer agents with lower
toxicity to normal cells is needed. Natural produgiay a leading role in drug
discovery. About 65% of the 1211 drugs and smallecide new chemical entities
approved for marketing in 1981-2014 are directlyirmtirectly derived from natural
products [2]. Thus, structural modifications ofieetnatural products is an effective
way for discovering potentially active molecule=ad compounds, and new drugs.
Oridonin (Figure 1A), initially isolated from vans Isodon species which are
commonly used as a home remedy herb in China grahJavas proven to possess a
wide variety of pharmacological activities, such astifibrosis [3-5], anticancer
effects [6-7]. In the past few years, a number oflanin derivatives have been
designed and synthesised to yield better drug dateB with enhanced activities
[8-19]. The analysis of the reported derivativesvited a clear structure activity
relationship. Briefly,a, p-unsaturated ketone is the active moiety of oridp@ind
reduction or opening of this moiety will signifidéyn reduce the anti-proliferative
efficacy of oridonin [20-21]. Most derivatives with-14 hydroxyl functional groups
exhibit improved anti-proliferative activity. Fonstance, compound (Figure 1A),
oridonin-coupled nitrogen mustard conjugate at thel4 hydroxyl, displayed
improved anti-proliferative activityn vitro (ICso= 0.50 uM for BEL7402 cells),
which was 15-fold more potent than that of oridofdh Similarly, Xu et al. prepared
a series of oridonin derivatives of a saturatedgiohain terminal acid in the C-14
position. Among them, compourid (Figure 1A) was identified as the most potent
analogue of this series with an enhanced antifgralive effect (IGo= 2.06 uM
against BEL7402 cells) compared to oridoninsgl€ 29.80uM) [11]. In addition,
compound HAO472 (Figure 1Aln L-alanine-(14-oridonin) ester trifluoroacetate,

has been discovered and developed by Hengrui MediCo. Ltd in China for the



treatment of acute myelogenous leukaemia andniows in Phase | of human clinical

trials (CTR20150246; www.chinadrugtrials.org.cn2]l2According to the examples
illustrated in Figure 1A, it was rational to inttace active groups at the C-14
hydroxyl group of the, f-unsaturated ketone structure of oridonin.

Phenyl 1,2,3-triazole has a high dipole moment eand form a hydrogen bond
with drugs target, which is beneficial for the hbimgl of the compound to the target
[23]. Thus, it is an important heterocyclic struetwnit distributed in a large number
of biologically active molecules as anti-bacterigd4-25], anti-malarial [26],
anti-tubercular [27], anti-inflammatory [28-29], caranticancer molecules [30]. In
recent years, natural active products and the ph&ny2, 3 triazole molecular
fragment were combined to improve the antitumoutividyg physicochemical
properties, and drug-forming properties of the ratyproducts. The modification
strategy of natural products such as compoundd, N, O andP in Figure 1Bhas
attracted more attention [31-34]. Compouxds a synthetic xanthotoxin derivative
designed according to a strategy described in oeviqus studies, which exhibited
antitumour activity and low toxicity [32]. In pattilar, Zhouet al. utilized click
reaction to generate a series of oridonin-based3-iriazole derivatives by
introducing 1,2,3-triazoles into the C-1, C-2, eB@osition of the A ring of oridonin.
Among them, the representative triazole-substittedonin analogud® exhibits a
61-fold increase in antiproliferative potency &G 0.48 uM) against the
MDA-MB-231 triple-negative breast cancer cell liretative to oridonin (E€ = 29.4
uM)[34]. Therefore, a combination of 1,2,3-triazofgoups with oridonin is an
effective strategy to enhance its antitumour afstivi

Indole is a bicyclic heterocycle, which widely distited in natural products
such as alkaloids, plants, animals, and microlmainones [35,36]. As a special active
fragment, indole has become the focus of attentiondrug discovery and
development [37]. Indole containing compounds shibameti-inflammatory [38,39],
antiviral [40], antioxidant [41,42], and antican@aativities [43-45]. Interestingly, the
molecular hybridisation of many natural productsl amdole significantly enhances

their anticancer activity such as compour@sR, and S in Figure 1C [46-48].



Therefore, the introduction of indole active fragi®e in natural products is an
effective modification strategy.

In this study, we selected oridonin as a lead camgdoand successfully
introduced phenyl 1,2,3-triazoles and various iedat the C-14 hydroxyl group of
oridonin. Consequently, we designed and synthesigednin derivatives containing
different phenyl 1, 2, 3-triazolef(-9). In order to complete the structure activity
relationship (SAR) study, we changed the linkemaein the two parts and designed
and synthesised the target compouB#lsB3. Moreover, we designed and synthesised
the oridonin derivative€£1-C9 and D1-D2 containing different substituted indoles.
Compound<£ andF have been designed and synthesised according taltérnative
design of quinoline ring or isoquinoline ring besauwof their similar physicochemical
and biological properties to the indole ring (Fig®). Subsequently, all the 25 new
compounds were screened against three differerdstyy cancer cell lines. The
toxicity of potential compounds in normal humareliv.02 cells was also tested. In
addition, thein vivo antitumour efficacy and mechanism of action of thest

promising compoun@7 was also investigated.

2. Results and discussion

2.1 Chemistry
Preparation of the intermediates is shown in Schdm&ompoundsla-1i was

obtained by diazotisation and azide reactions oioua anilines [49]. Then, a click

reaction between intermediatds-1i and propionic acid or propylamine gave
compounds 2a-2i and compound3a-3c, respectively with good vyields [50].

Compounds3a-3c was mixed with succinic anhydride in gEl, at room temperature

to give compoundsda-4c. Commercially available 4-substituted anilines aver
replaced by hydrazine, reacted with pyruvic aciglised, and then hydrolysed with
NaOH to obtain different 5-substituted indole-2elsc8a-8c. Simultaneously, other

substituted indole-2-acid intermediat&d-8i were obtained by condensation of
different substituted benzaldehydes with ethyl-Rlaacetate followed by cyclisation

and hydrolysation of NaOH [51]. Indole-3-carboxyklcid mixed with CH and



catalysed by KOH in dimethylformamide (DMF) at roamperature produced
compound. When indole-3-carboxylic acid was mixed with drttbutyl dicarbonate
and catalysed by 4-dimethylaminopyridine (DMAP)GH,CI, at room temperature,
it produced compountlo [52,53].

The general path to synthesise the target oridan@loguesA1l-A9, B1-B3,
C1-C9, D1,D3, E, andF is shown in Scheme 2. Oridonin as a starting natand
target compound®A1l-A9 and B1-B3 were obtained by an amide condensation
reaction with different acid catalysed by
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydtdoride (EDCI) and DMAP in
anhydrous CKCl, at O1; under these conditions, only the C-14 hydroxylugr is
condensed with different carboxylic acids [54-5B]l the synthesised compounds

were characterised B4 NMR, *C NMR, and HRMS approaches.

2.2. Biological evaluation

2.2.1. In vitro anti-proliferative activity and SAfRudy

The anti-proliferative activities against three lammcancer cell lines including
HCT116 (human colorectal cancer cell line), MCHadrian breast cancer cell line),
and BEL7402 (human hepatocellular carcinoma caedl)|iwere established for all the
target compounds by the MTT assay. Thegl@alues (concentration required to
inhibit tumour cell proliferation by 50%) are listen Table 1; oridonin and 5-Fu are
used as positive controls. As shown in Table 1,caitlonin derivativesA1-A9
containing different phenyl 1,2,3-triazoles exhgbiit stronger anti-proliferative
activities against all three selected cancer @edlsl than oridonin and 5-Fu. Among
them, compoundA6 with 4-methoxyphenyl 1,2,3-triazole, was the mastent
compound in this series with ansivalue of 1.94uM in HCT116 cell line. It was
about 3-fold more potent than oridonin in the caramdl lines tested. Compourkb
containing 4-methylphenyl 1,2,3-triazole was theshpmtent compound in this series,
with an IGopvalue of 3.01uM in MCF-7 cell lines. It was about 6-fold more pot
than oridonin in the cancer cell lines tested. ritheo to explore the effect of the linker

on the anti-proliferative activity between oridorand 1,2,3-triazole, we designed and



synthesised compoundsl-B3 with methyl 4-(methylamino)-4-oxobutanoate instead
of ester. Interestingly, these compounds do nothéur enhance anti-proliferative
activity, exhibiting only similar activities as thaf the lead compound oridonin,
which indicates that the change to the linker failare. Preliminary results suggested
that the phenyl 1,2,3-triazole groups would imprdwe anti-proliferative activities of
oridonin, highlighting the importance of the linker

As we can see in Table 1, all the compou@dsC9, with different substituted
indole-2-carboxylic acids, were slightly more pdtagainst HCT116, MCF-7, and
BEL7402 cells than oridonin and 5-Fu. They exhibiteetter anti-proliferative
activities (IGo = 2.64uM, 1.64uM, 0.81xM, 0.294M, 0.82xM, 0.68:M, 0.16uM,
1.67uM, and 0.55M, respectively) than oridonin (kg= 6.84uM) in HCT116 cells.
The order of activity wa$-OCH; > 6-F >4,5,60CH; > 6-Br > 50OCH; = 6-C| >
5-Cl = 5,660CH; > 5-H. Similarly, compound<C1-C9 displayed lower Ig values
(0.39-2.454M) than oridonin (17.5@M) in MCF-7 cells. Moreover, they were more
potent than oridonin (I§s = 9.59uM) against BEL7402 cells with Kgvalues ranging
from 0.83uM to 3.03uM. In order to explore the importance of the inddlgl group
for the anti-proliferative activity, we designeddasynthesised compounfd, D2, E,
and F by replacing it with N-methyl-indole-3-yl, indof@-yl, quinoline ring, and
isoquinoline ring, respectively. The pharmacolobiesults of these compounds are
shown in Table 1. Compound®1, E, and F exhibited potent anti-proliferative
efficacy against HCT116, MCF-7, BEL7402 cancer deles, with IG, values
ranging from 1.14M to 2.51uM, 0.41uM to 0.95uM, and 2.30uM to 3.95uM,
respectively. Their anti-proliferative activity wasnilar to that of compoun@l with
ICs values of 2.641M, 0.78uM, and 3.12«M, respectively. However, compouim
showed lower anti-proliferative activity than @iith ICsy values of 2.73uM, 3.81
MM, and 5.31uM, respectively. The results suggested that, coetpauith indole-2-yl,
N-methyl-indole-3-yl, quinoline ring and isoquinad ring can also greatly improve
the anti-proliferative activity of oridonin. Thewmst, we believe that compounidg,
E, andF could be potential lead compounds for further rofstation. Based on the

preliminary results above, a general SAR was estadal (Figure 3). Among all target



compounds, compoundsCl, C3-C8, F, and G exhibited a remarkable
anti-proliferative efficacy with 16 < 1.0 uM; we defined them as potential
compounds and conducted more in-depth researchemn. tNotably, compoun@3,
with a 5-methoxyindole-2-acid substituent, exhithifotent anti-proliferative efficacy
against HCT116, MCF-7, and BEL7402 cancer celldingh 1G5, values of 0.81uM,
0.39 uM, and 0.83 uM, respectively, showing efficient and broad-speactr
anti-proliferative activity. Regarding compour@/ with a 6-methoxyindole-2-acid
substituent, it exhibited the strongest activitpiagt HCT116 cells in all compounds;
it was about 43- and 155-fold more efficacious tladonin (1G, = 6.84uM) and
5-Fu (IGso = 24.80uM).

2.2.2 Selective inhibition of cancer cell growthdpmpound<£1, C3-C8, E, andF in
vitro

The lack of selectivity between normal and canetisés one of the main limitations
of antitumour drugs [56]. Therefore, we evaluateel ¢ytotoxicity of compound&1l,
C3-C8, E, andF in normal cell lines LO2 (human normal liver celig) order to
determine the selectivity index (ratio of cytotaggan LO2 cells compared to that in
cancer cells). As shown in Table 2, compoudd exhibited a 23.6-fold higher
selectivity for HCT116 cells than for normal LO2 llsg this selectivity was
significantly higher than that exhibited by oridorand 5-Fu. Compoun@7 not only
exhibited the strongest anti-proliferative activatyainst HCT116 cells, but selectively

inhibited tumour cells. Therefore, it was chosenfémther biological studies.

2.2.3 Compoun@?7 inhibited HCT-116 Cells colony formation

Malignant tumour cells have the ability to proldez indefinitely. The colony
formation assay is used to determine the colonyn&dion ability of cells [57].
Therefore, we investigated the anti-proliferativificacy of compoundC7 by
performing a colony formation assay. As shown iguir¢ 4, the exposure of HCT116
cells to compoundC7 significantly decreased the number and size obriek in a

concentration-dependent manner. These data deratatsthatC7 could efficiently



inhibit colony formation in HCT116 cells.

2.2.4CompoundC7 induced cell cycle arrest with a change in thereggion of cyclin
A and cyclin B1

Cell cycle dysregulation, uncontrolled mitotic is emportant cause of infinite
proliferation of cancer cells [58]. Therefore, o the cell cycle and inhibiting
mitotic division of cells are considered effectioeprevent cell proliferation. In order
to explore the mechanism of compou@¥ in the inhibition of cancer cell
proliferation, we investigated the effect@7 on the cell cycle progression using flow
cytometry analysis. As illustrated in Figure 5A &8, C7 increased the percentage
of cell population in G2/M phase of the cell cydte a concentration-dependent
manner from 11.90% to 39.42% after 24 h incubatiompared to cells incubated in
DMSO as a vehicle control. Similarl§7 increased the percentage of cell population
in the S phase of the cell cycle from 23.30% t®2%. These results suggested that
C7 could induce cancer cell cycle arrest at the SG24M phases.

It has been reported that cyclin A forms a complgih (Cyclin-dependent
kinase 1) CDK1 and (Cyclin-dependent kinase 2) Cs2a key regulator in the S
phase [59]. Cyclin B1, also called maturation otasis promoting factor, forms a
complex with CDK1. The reduced expression of cyBlincomplex inhibits cell cycle
progression from the G2 phase to the M phase [BOJorder to determine the
mechanism of cell cycle arrest 7, we performed western blotting. As shown in
Figure 5C and D, treatment with compou@d or oridonin for 24 h inhibited the
expression of cyclin A and cyclin B1 in a dose-defent manner compared with the
control group. At the same concentrationu(8), the effect of compoun@7 on the

expression of proteins was significantly strongpantthat of oridonin (p < 0.001).

2.2.5 Compound C7-induced morphological changes in HCT116 cells by
haematoxylin and eosin (H&E) staining
The mechanism of action of many anti-proliferatohigs is to induce apoptosis.

Cells that undergo apoptosis generally undergo hwggical changes [61].



Therefore, we used H&E staining to assess the notwgltal changes in cells. As
shown in Figure 6, HCT116 cells incubated w@f or oridonin for 24 h displayed
significant apoptotic morphological changes sucloas of the original morphology,
unstructured state, volume swelling, cell condensadei, cell lysis, and membrane
shrinkage. These results suggest Gathas stronger effects on cell morphology than
oridonin at the same concentration.{).

2.2.6 Compound&7-induced cancer cell apoptosis with a change indkgression of
apoptosis-related proteins

To further confirm that C7 could induce apoptosis, vehicle-C7-, or
oridonin-incubated HCT116 cells were stained wittnéxin V and PI. As shown in
Figure 7Aand B, incubation withC7 (0.03, 0.10, 0.30, 1.00, 3.Q0M) induced a
concentration-dependent increase in the percerttigial apoptotic (early and late
stage) cells from 14.02% to 94.8% (3/0M). This result indicates that compouGd
induces apoptosis.

Bcl-2 family proteins including pro-apoptotic (e.d8ax) and anti-apoptotic
proteins (e.g., Bcl-2) are key regulators of apsjgto The upregulation or
downregulation of apoptotic genes will promote ohibit cell apoptosis [62]. The
caspase family exhibits important functions in tbgulation process of cell apoptosis.
For example, caspase-9 is one of the initiatoegpoptosis and caspase-3 is one of the
activators of apoptosis [62]. As shown in Figure & expression of Bax increased
after treatment with compour@? for 24 h at concentratiorrs0.10uM, while Bcl-2
expression significantly decreased in a conceptmadiependent manner (Figure 7D).
Furthermore, pro-apoptotic proteins caspase-9 aadpase-3 increased in a
concentration-dependent manner after treatment @itfor 24 h (Figure 7C and D).
These results indicate th@ significantly inhibits the growth of HCT116 celbsy
inducing apoptosis through the caspase-dependetfiwaya and increasing the
Bax/Bcl2 ratio. The effect a€7 on the expression level of Bcl-2, Bax, caspasae a
caspase-3 in HCT116 cells was more pronouncedeasdime concentration of 3.00
uM (p < 0.001, Figure 7D) than that of oridonin. §laiso explains that compou@d

has better antitumour activity than oridonin.



2.2.7 Effect of compour@7 on the expression of p53-related proteins

To date, there have been many reports on the mischa action of Rubescensine A.
The molecular mechanism of its antitumour actiuityolves reactive oxygen species
(ROS), Bcl-2/Bax, NReB, p53/p21, MAPK, PI3K, microRNA, and fatty acid
synthase pathways [63,64]. Among them, the p5348falling pathway attracted
our interest because it plays a key role in both@e&le arrest and apoptosis. P53,
known as the “guardian of genome”, is a powerfuhdur suppressor encoded by the
p53 gene. It promotes the expression of functigpié8 and results in antitumour
effects [65]. It has previously been reported th&8 transactivates p21, directly
binding and inhibiting the expression of cyclin BDK1 complex, thus inducing
G2/M phase arrest. It can also initiate apoptosys upregulating Bax while
downregulating Bcl-2 expression, which contributeghe activation of caspase-9 and
caspase-3 [66]. In addition, ubiquitin ligase maridouble minute chromosome 2
(MDM2) is a key negative regulator of p53 expresdi65]. Recently, it has become
an important target for antitumour drugs and mariyM2 inhibitor molecules have
entered clinical research [67-70].

Preliminary results indicate that compou@@ can induce cell cycle arrest by
affecting cyclin family proteins and apoptosis tgh Bcl-2/Bax/Caspase signalling.
Therefore, we suspect tha? may inhibit cell proliferation by regulating th&3/p21
signalling pathway. In order to explore its meckamiof action, western blotting was
performed to determine the expression of p21, pad, MDM2. As shown in Figure
8A and B, compoun@7 inhibited the expression of MDM2 at concentratignsater
than 0.10uM, upregulating the expression of p53 and p21 costdo that in the
control group. Moreover, it acts better on thesgens than oridonin at 3.Q0M. It
suggested that the p53-MDM2 pathway may be involne@d7 induced the arrest of
G2/M phase and apoptosis in HCT116 cancer cells.

2.2.8. In vivo antitumour activity of compou@d
To evaluate thantitumour activity of compoun@7 in vivo, a colon cancer xenograft



model was established by subcutaneous inoculatitiCd 116 cells into nude mice.
The mice were sorted into four experimental gro{gds animals per group) and one
control group, oridonin-C7-, and paclitaxel-treated mice received a vehiolatsn,

25 mg/kg of oridonin, 25 mg/kg of compou¥, and 25 mg/kg of paclitaxel. The
tumour size and body weight of the mice were reedrelery two days. At the end of
the treatment, the mice were sacrificed and thetumwere recovered and separately
weighed. As shown in Figure 9, average volume armdght of the tumour in
oridonin-, C7-, and paclitaxel-treated groups were significambhwer than those in
the control group. The tumour growth inhibitionestin mice treated with oridonin,
C7, and paclitaxel were 58.61%, 85.82%, and 90.57%peaeively. However, in this
group, the body weight of mice changed slightly paned to that in the control group
with no statistically significant difference. Based the above pharmacological data,
the antitumour activity of compoun@7 was significantly stronger than that of

oridonin and lower than that of the positive cohgraclitaxelin vivo.

3. Conclusions

In this study, 25 novel C-14 derivatives of oridonvere designed, synthesised, and
biologically evaluated. Most of them displayed digantly enhanced
anti-proliferative efficacy in a panel of human can cell lines. SAR analysis
indicated that the target compounds containing raaole ring exhibited more
remarkable anti-proliferative activity than thegair compounds containing phenyl 1,
2, 3-triazole. Among these molecules, compo@Tdwith a 6-methoxyindole-2-acid
substituent, displayed the most potent inhibitocyivity against HCT116 cell lines
with an 1G; value of 0.16uM (43-fold more potent than oridonin). Particulariige
ICs0 value ofC7 in LO2 normal cells was 23.6-fold higher than timaHCT116 cells,
indicating its selective anti-proliferative effects addition, compoun@7 can inhibit
the colony formation of HCT116 cells in a concetradependent manner.
Furthermore, cell cycle arrest and apoptosis indune compoundC7 may be

achieved through the p53-MDM2 signalling pathwdys tinvolves inhibition of the



expression of cyclin A and cyclin B1 and regulatiointhe expression of Bcl and
caspase family proteins. Moreover, compo@7dsignificantly suppressed the tumour
volume and reduced its weight by 85.82% at a dds25omg/kg/day (iv) in an
HCT116 colon cancer xenograft model, compareditipaim (58.61%).

In summary, compoun@7 showed an outstanding antitumour activity bith
vivo and in vitro and has the potential to be further developed atpromising

antitumor compound.

4. Experimental section

All chemicals were purchased from commercial souand used without further
purification unless otherwise stated. The reacti@se monitored by TLC using
Merck Kieselgel 60 F 254 plates and visualized und¥ light at 254 nm. Column
chromatography was generally performed on silidg220 mesh size) H-NMR and
13 C-NMR spectra were measured on an AV-300 (BrukeSBin, Switzerland) and
AV-500 (Bruker BioSpin, Switzerland), and all cheali shifts were given in ppm
relative to tetramethylsilane (TMS). High-resolutionass spectra (HRMS) were

measured with an Thermo Scientific LTQ Orbitrap IMLESI mode.

4.1 General procedure for the reaction of oridonin withfferent intermediates
containing-carboxyl

To a solution of oridonin (36.4 mg, 0.1 mmol) in & dry CHCI, and different
carboxyl compounds (0.15 mmol), the solution wasated with EDCI (0.3 mmol)
and 4-dimethylaminopyridine (DMAP) (10 mg). The moise was stirred at 2% for
2-8 h and monitored by TLC. After completion of tleaction, water was added and
the mixture was extracted with dichloromethane #red organic phase was washed
with saturated sodium bicarbonate solution andehrand dried over N&Os. The
evaporation of the solvents gave the crude produdish were purified by silica gel

column (CHCI,/MeOH, 100:1) to afford compoundsl-9, B1-3, C1-9, D1, E, F.

4.1.1(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trihydroxglihdthyl-8-methylene-7-



oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-methyamhahepta[a]naphthalen-
14-yl 1-phenyl-1H-1,2,3-triazole-4-carboxylg#l)

White powder; yield 69%. [af° -57 (c 0.09, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 9.14 (s, 1H), 7.93 (dl = 7.7 Hz, 2H), 7.66-7.51 (m, 3H), 6.09 (,
= 10.1 Hz, 2H), 5.93 (d] = 10.3 Hz, 1H), 5.88 (s, 1H), 5.68 (s, 1H), 4461 7.4
Hz, 1H), 4.16 (dJ = 10.1 Hz, 1H), 3.87 (d} = 10.0 Hz, 1H), 3.50 (dd,= 9.8, 6.9 Hz,
1H), 3.22 (d,J = 9.8 Hz, 1H), 2.59 (dd] = 14.4, 6.8 Hz, 1H), 2.19 (ddd,= 22.8,
15.3, 8.2 Hz, 1H), 1.94 (dd,= 12.9, 5.8 Hz, 1H), 1.79-1.67 (m, 1H), 1.50 (dd
26.4, 13.9 Hz, 3H), 1.34-1.14 (m, 4H), 1.00 (s, 60 NMR (75 MHz, DMSO#g) &
207.12, 158.88, 150.35, 140.03, 135.98, 129.87,(229.37, 127.21, 120.76 (2C),
119.84, 95.78, 74.96, 74.01, 71.50, 62.68, 62.061% 53.99, 41.19, 40.50, 38.30,
33.32, 32.65, 30.42, 29.32, 21.57, 19.63. ESI-HRMIBd for GoHzNz0;" ([M+H]"):
536.2391; found: 536.2390.

4.1.2(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1-(2-fluorophenyl)-1H-1,2,3-triazole-4-carbdate (A2)

White powder; yield 82%; [af° -85 (c 0.11, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)d 8.91 (s, 1H), 7.83 (] = 7.7 Hz, 1H), 7.71-7.53 (m, 2H), 7.47 (d,
= 7.5 Hz, 1H), 6.11 (s, 1H), 6.05 (s, 1H), 5.93%H(8, 2H), 5.67 (s, 1H), 4.42 (d=
5.0 Hz, 1H), 4.16 (dJ = 10.1 Hz, 1H), 3.87 (d] = 9.9 Hz, 1H), 3.51 (dd] = 10.2,
6.9 Hz, 1H), 3.43-3.34 (m, 1H), 3.21 (d,= 9.4 Hz, 1H), 2.26-2.10 (m, 1H),
1.97-1.91 (d, 1H), 1.82-1.70 (m, 1H), 1.57-1.4 8Hl), 1.36-1.10 (m, 4H), 1.00 (d,

= 2.2 Hz, 6H).X*C NMR (75 MHz, DMSOd6 ppm)é 207.54, 154.59 (d] = 249.6
Hz, 1C), 150.90, 140.12, 132.51 @~= 8.49 Hz, 1H), 130.97, 126.92, 126.0170,
125.97, 124.55 (d) = 10.88 Hz, 1C) 120.22, 117.54 @~ 19.16 Hz, 1C), 96.27,
75.33, 74.46, 72.02, 63.13, 62.54, 59.63, 54.457/14140.99, 38.79, 33.78, 33.12,
30.86, 29.78, 22.05, 20.12. ESI-HRMS calcd fesHz.FN;O;" ([M+H]"): 554.2297,;
found: 554.2294.



4.1.3(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trihydroxglhdthyl-8-methylene-7-o
xododecahydro-1H-6,11b-(epoxymethano)-6a,9-metheahalteptala]naphthalen-
14-yl 1-(4-fluorophenyl)-1H-1,2,3-triazole-4-carbdate (A3)

White powder; yield 70%:; [af° -78 (c 0.12, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)d 9.12 (s, 1H), 7.99 (ddl = 9.0, 4.7 Hz, 2H), 7.49 (d,= 8.8 Hz,
2H), 6.09 (dJ = 11.5 Hz, 2H), 5.91 (d] = 10.2 Hz, 1H), 5.86 (s, 1H), 5.68 (s, 1H),
4.45 (d,J = 5.0 Hz, 1H), 4.16 (d] = 10.7 Hz, 1H), 3.87 (d] = 9.8 Hz, 1H), 3.50 (s,
1H), 3.42-3.38 (m, 1H), 3.21 (d,= 9.7 Hz, 1H), 2.23-2.15 (s, 1H), 1.98-1.92 (m),1H
1.78-1.73 (m, 1H), 1.55-1.47 (m, 3HYC NMR (126 MHz, DMSQds, ppm) J
207.91, 159.40, 150.47, 140.38, 132.81, 127.91,8422C), 123.77, 120.80, 117.36
(2C), 117.17, 96.19, 75.77, 74.45, 72.08, 63.1855H259.63, 54.41, 41.57, 40.97,
38.61, 33.67, 32.94, 30.71, 29.56, 21.82, 19.931-1.17 (m, 4H), 1.00 (s, 6H).
ESI-HRMS calcd for GHz,FNsO7" ([M+H]™): 554.2297; found: 554.2296.

4.1.4(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1-(4-chlorophenyl)-1H-1,2,3-triazole-4-carlytete (A4)

White powder; Yield 78%:; [af> -88 (c 0.08, CHOH): 'H NMR (300 MHz,
DMSO-ds, ppm)d 9.17 (s, 1H), 7.99 (d] = 8.8 Hz, 2H), 7.69 (d] = 8.8 Hz, 2H),
6.09 (d,J = 12.6 Hz, 2H), 5.91 (dl = 10.3 Hz, 1H), 5.86 (s, 1H), 5.68 (s, 1H), 4.d4 (
J = 4.9 Hz, 1H), 4.15 (d) = 10.9 Hz, 1H), 3.87 (d] = 10.6 Hz, 1H), 3.50 (dd] =
10.2, 7.0 Hz, 2H), 3.21 (d,= 9.4 Hz, 1H), 2.19 (s, 1H), 1.98-1.91 (m, 1HY81.72
(m, 1H), 1.53-1.45 (s, 3H), 1.30-1.16 (m, 4H), 1(@0 6H).**C NMR (126 MHz,
DMSO-ds, ppm) § 207.59, 159.30, 150.83, 140.62, 135.29, 134.22,3P3(2C),
127.81, 123.05 (2C), 120.36, 96.26, 75.45, 74.200(, 63.15, 62.55, 59.63, 54.49,
41.68, 41.00, 38.78, 33.79, 33.13, 30.91, 29.78)3220.11. ESI-HRMS calcd for
CagH33CIN3O;" ([M+H]™): 570.2002; found: 570.1999.

4.1.5(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-



14-yl 1-(p-tolyl)-1H-1,2,3-triazole-4-carboxylafa5)

White powder; Yield 81%:; [af> -92 (c 0.11, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 9.08 (s, 1H), 7.81 (d] = 8.5 Hz, 2H), 7.41 (d) = 8.5 Hz, 2H),
6.08 (d,J = 8.7 Hz, 2H), 5.92 (d] = 10.3 Hz, 1H), 5.87 (s, 1H), 5.68 (s, 1H), 4.44 (
J=5.0 Hz, 1H), 4.16 (d] = 10.1 Hz, 1H), 3.89 (s, 1H), 3.56-3.46 (m, 1H}233.38
(m, 1H), 3.22 (dJ = 9.8 Hz, 1H), 2.39 (s, 3H), 2.28-2.14 (m, 1H)521.89 (m, 1H),
1.74 (dd,J = 16.9, 8.9 Hz, 1H), 1.60-1.45 (m, 3H), 1.23-1(i® 4H), 1.00 (s, 6H).
¥C NMR (126 MHz, DMSOds, ppm) ¢ 207.63, 159.40, 150.86, 140.42, 139.60,
134.23, 130.70 (2C), 127.49, 121.10 (2C), 120.8028, 75.45, 74.50, 71.99, 63.16,
62.55, 59.66, 54.47, 41.68, 41.01, 38.80, 33.80138330.91, 29.80, 22.06, 21.08,
20.10. ESI-HRMS calcd for4gH3Nz0;" ([M+H]™): 550.2548; found: 550.2546.

4.1.6(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1-(4-methoxyphenyl)-1H-1,2,3-triazole-4-catplate (A6)

White powder; yield 84%: [af° -77 (c 0.07, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)d 9.03 (s, 1H), 7.83 (d] = 9.0 Hz, 2H), 7.14 (d) = 9.1 Hz, 2H),
6.08 (d,J = 7.8 Hz, 2H), 5.92 (d] = 10.1 Hz, 1H), 5.86 (s, 1H), 5.68 (s, 1H), 4.d5 (
J= 4.6 Hz, 1H), 4.15 (d] = 10.2 Hz, 1H), 3.86 (s, 1H), 3.84 (s, 3H), 3.d8,0 = 9.5,
6.0 Hz, 1H), 3.22 (dJ = 9.6 Hz, 1H), 2.61 (dd] = 11.8, 5.6 Hz, 1H), 2.24-2.14 (m,
1H), 1.99-1.92 (m, 1H), 1.78-1.70 (m, 1H), 1.576l(4n, 3H), 1.32-1.17 (m, 4H),
1.00 (s, 6H)°C NMR (75 MHz, DMSO€s, ppm)J 207.64, 160.25, 159.43, 150.84,
140.28, 129.79, 127.57, 122.96 (2C), 120.30, 118283, 96.27, 75.48, 74.47, 71.99,
63.16, 62.53, 59.66, 56.09, 54.46, 41.66, 40.99/&8833.79, 33.11, 30.89, 29.78,
22.03, 20.07. ESI-HRMS calcd for sfE3eN3Og” ([M+H]"): 566.2497; found:
566.2492.

4.1.7(1S,4aR,5S,6S,6aR,9S,11aS)-1,5,6-trihydroxy-4,4tdyik8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 1-(3,4-dimethoxyphenyl)-1H-1,2,3-triazoleaHmoxylate(A7)



White powder; yield 75%; [af> -66 (c 0.05, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 9.09 (s, 1H), 7.46 (dd} = 10.7, 5.7 Hz, 2H), 7.13 (d,= 8.7 Hz,
1H), 6.09 (dJ = 11.4 Hz, 2H), 5.92 (d] = 10.2 Hz, 1H), 5.83 (s, 1H), 5.69 (s, 1H),
4.45 (d,J = 4.9 Hz, 1H), 4.16 (d] = 10.0 Hz, 1H), 3.89 (s, 1H), 3.86 (s, 3H), 3.82 (
J = 4.0 Hz, 3H), 3.55-3.47 (m, 1H), 3.22 (b= 9.6 Hz, 1H), 2.54 (s, 1H), 2.21 (dH,
= 16.3, 8.9 Hz, 1H), 1.96 (dd,= 13.0, 6.1 Hz, 1H), 1.73 (dd,= 14.7, 8.2 Hz, 1H),
1.58-1.44 (m, 3H), 1.34-1.17 (m, 4H), 1.00 (s, 68& NMR (75 MHz, DMSO#,
ppm) 6 207.64, 159.47, 150.83, 149.89, 149.75, 140.23,7R 127.65, 120.34,
113.58, 112.39, 105.82, 96.29, 75.53, 74.43, 76997, 62.52, 59.69, 56.46, 56.32,
54.48, 41.65, 41.00, 38.77, 33.80, 33.11, 30.93R22.03, 20.07. ESI-HRMS calcd
for CaiHagNz0o" ([M+H]*): 596.2603; found: 596.2600.

4.1.8(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1-(3,4,5-trimethoxyphenyl)-1H-1,2,3-triazdlesarboxylatq A8)

White powder; yield 77%:; [af®> -175 (c 0.02, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)é 9.18 (s, 1H), 7.22 (s, 2H), 6.10 @= 15.9 Hz, 2H), 5.91 (d] =
10.3 Hz, 1H), 5.82 (s, 1H), 5.69 (s, 1H), 4.45J&; 4.7 Hz, 1H), 4.16 (d] = 9.8 Hz,
1H), 3.87 (s, 7H), 3.77 (d,= 6.0 Hz, 1H), 3.71 (s, 3H), 3.51 (s, 1H), 3.23)d 8.9
Hz, 1H), 2.65 (dJ = 14.1 Hz, 1H), 2.24 — 2.12 (m, 1H), 1.97 (s, 2HY9-1.71 (m,
1H), 1.58-1.42 (m, 3H), 1.34-1.17 (m, 4H), 1.00 &). *C NMR (75 MHz,
DMSO-ds, ppm)o 207.64, 159.47, 153.95, 150.81, 140.29, 138.42,318 127.90,
120.37, 99.51, 96.31, 75.58, 74.41, 71.98, 63.2/A15 60.67, 59.70, 56.88, 54.51,
41.66, 41.01, 38.79, 33.80, 33.10, 31.14, 29.7R1242.03. ESI-HRMS calcd for
CaoH4oN3O10" ([M+H]): 626.2708; found: 626.2707.

4.1.9(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trinydroxglihdthyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1-(4-nitrophenyl)-1H-1,2,3-triazole-4-carbdaie (A9)



White powder; yield 64%; [af> -47 (c 0.08, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm) d 9.35 (s, 1H), 8.46 (d] = 9.1 Hz, 2H), 8.28 (dJ = 9.1 Hz, 2H),
6.11 (d,J = 16.9 Hz, 2H), 5.91 (dl = 10.4 Hz, 1H), 5.87 (s, 1H), 5.69 (s, 1H), 4.45 (
J=4.9 Hz, 1H), 4.16 (d] = 10.1 Hz, 1H), 3.92-3.85 (m, 1H), 3.52 §d5 6.9 Hz, 1H),
3.22 (d,J = 8.8 Hz, 1H), 2.60 (s, 1H), 2.25-2.12 (m, 1H)021.90 (m, 1H),
1.79-1.71 (m, 1H), 1.58-1.44 (m, 3H), 1.37-1.14 4H), 1.01 (s, 6H)**C NMR (126
MHz, DMSO-ds, ppm) 6 207.52, 159.17, 150.86, 147.70, 140.99, 140.76,1828
125.90 (2C), 122.03 (2C), 120.37, 96.28, 75.4553472.01, 63.13, 62.58, 59.61,
54.54, 41.71, 41.01, 38.80, 33.80, 33.16, 30.9B®P2.08, 20.13. ESI-HRMS calcd
for CogH3aN4Og" ([M+H]"): 581.2242; found: 581.2240.

4.1.10(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trihydroxglihdthyl-8-methylene-
7-oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-meityecloheptalalnaphthalen-
14-yl 4-oxo-4-(((1-phenyl-1H-1,2,3-triazol-4-yl)rhgt)amino)butanoatéB1)

White powder; vield 43%; [af° -57 (c 0.10, CHOH); ‘H-NMR (300 MHz,
DMSO-ds, ppm):& 8.59 (s, 1H), 8.43 (s, 1H), 7.89 (M 7.5 Hz, 2H), 7.60 () = 7.7
Hz, 2H), 7.49 (d,) = 7.4 Hz, 1H), 6.00 (s, 1H), 5.89 {t= 10.3 Hz, 2H), 5.60 (s, 1H),
4.42 (d, J = 4.9 Hz, 1H), 4.37 @@= 5.0 Hz, 2H), 4.07 (d] = 10.3 Hz, 1H), 3.82 (d)

= 9.9 Hz, 1H), 3.59-3.46 (m, 2H), 2.95 (t= 9.9 Hz, 1H), 2.46-2.24 (m, 4H), 2.05 (s,
1H), 1.91-1.79 (m, 1H), 1.69 (d, J = 13.9 Hz, 1H}¥4 (dd,J = 21.3, 13.3 Hz, 4H),
1.35-1.17 (m, 4H), 0.99 (s, 6HY*C-NMR (75 MHz, DMSOds, ppm): 6 207.64,
171.61, 171.38, 151.19, 146.72, 137.13, 130.36,(2€9.03, 121.47, 120.35 (2C),
96.16, 74.54, 73.88, 72.01, 62.99, 62.27, 59.533(h441.73, 40.92, 38.80, 34.70,
33.78 (2C), 33.16, 30.73, 30.17 (2C), 29.79, 222M]15. ESI-HRMS calcd for
CaaHaiN4Os* ((M+H] *): 621.2919; found: 621.2922.

4.1.11(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trihydroxgiihdthyl-8-methylene-
7-oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-methaloheptala]naphthalen
-14-yl  4-(((1-(4-chlorophenyl)-1H-1,2,3-triazol-4nethyl)amino)-4-oxobutanoate
(B2)



White powder; yield 40%; [af> -68 (c 0.09, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 8.62 (s, 1H), 8.42 (s, 1H), 7.93 (W= 8.9 Hz, 2H), 7.66 (d] = 8.9
Hz, 2H), 5.99 (s, 1H), 5.88 (dd= 11.5, 9.3 Hz, 2H), 5.59 (s, 1H), 4.41 Jc; 5.0 Hz,
1H), 4.36 (d,J = 5.3 Hz, 2H), 4.10 (d] = 5.3 Hz, 1H), 3.82 (d] = 10.1 Hz, 1H), 3.52
(dd,J = 18.2, 11.1 Hz, 2H), 2.95 (d,= 9.7 Hz, 1H), 2.38 (s, 4H), 2.11-1.97 (m, 1H),
1.85 (s, 1H), 1.70 (dd] = 18.8, 7.1 Hz, 1H), 1.61-1.35 (m, 4H), 1.35-1(& 4H),
0.99 (s, 6H)°C NMR (126 MHz, DMSOds, ppm)d 207.87, 171.96, 171.79, 150.89,
146.78, 135.75, 133.51, 130.36 (2C), 122.16 (2@)1.684, 120.32, 96.08, 74.54,
74.13, 72.07, 63.02, 62.25, 59.55, 54.29, 43.1763140.89, 38.67, 34.63, 33.68,
33.02, 30.58, 30.13, 29.62, 21.92, 20.03. ESI-HRb&Ecd for GaHaoCIN4Og'
(IM+H]*): 655.2529; found: 655.2527.

4.1.12(1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trihydroxglihdthyl-8-methylene-
7-oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metteclohepta[a]naphthalen-
14-yl 4-(((1-(4-methoxyphenyl)-1H-1,2,3-triazol-Bayethyl)amino)-4-oxobutanoate
(B3)

White powder; yield 52%; [af> -43 (c 0.07, CHOH); '"H NMR (300 MHz,
DMSO-Us, ppm)d 8.47 (s, 1H), 8.40 (11 = 5.5 Hz, 1H), 7.79 (d] = 8.9 Hz, 2H), 7.13
(d,J =9.0 Hz, 2H), 6.00 (s, 1H), 5.86 (@~ 7.8 Hz, 2H), 5.60 (s, 1H), 4.41 @~
5.0 Hz, 1H), 4.35 (dJ = 5.3 Hz, 2H), 4.07 (dJ = 10.2 Hz, 1H), 3.82 (s, 4H),
3.48-3.58 (m, 2H), 2.95 (d,= 10.4 Hz, 1H), 2.37 (dd,= 12.3, 6.5 Hz, 4H), 2.04 (d,
J=7.9 Hz, 1H), 1.83 (d] = 12.6 Hz, 1H), 1.71 (d} = 7.9 Hz, 1H), 1.56-1.35 (m, 4H),
1.19-1.33 (m, 4H), 0.99 (s, 6H}*C NMR (75 MHz, DMSOds, ppm) 6 207.80,
171.80, 171.78, 159.69, 152.18, 150.96, 146.41,463022.13 (2C), 121.52, 115.36
(2C), 97.35, 96.10, 74.54, 74.05, 72.05, 63.012%5261.99, 59.54, 55.99, 54.30,
43.11, 41.66, 40.90, 34.70, 33.71, 33.06, 30.63143029.66, 22.05, 21.98, 20.07.
ESI-HRMS calcd for @H4aN40Og" ([M+H] *): 651.3025; found: 651.3024.



4.2.13 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr, 4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 1H-indole-2-carboxylatéC1)

White powder; yield 81%:; [af° -70 (c 0.09, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)é 11.63 (s, 1H), 7.63 (d = 7.9 Hz, 1H), 7.45 (d] = 8.2 Hz, 1H),
7.33-7.19 (m, 1H), 7.05 (§ = 7.5 Hz, 1H), 6.95 (s, 1H), 6.07 (@ = 5.6 Hz, 2H),
5.94 (d,J = 10.4 Hz, 1H), 5.91 (s, 1H), 5.67 (s, 1H), 4.d5)(= 4.9 Hz, 1H), 4.15 (d,
J=10.0 Hz, 1H), 3.87 (d = 10.0 Hz, 1H), 3.52 (dd,= 10.1, 6.9 Hz, 1H), 3.39 (d,
=5.0 Hz, 1H), 3.17 (d] = 6.8 Hz, 1H), 2.15 (dd] = 21.7, 13.2 Hz, 1H), 1.94 (dd=
12.4, 4.8 Hz, 1H), 1.84-1.71 (m, 1H), 1.57-1.44 @H), 1.41-1.13 (m, 4H), 1.01 (s,
6H). 1*C NMR (126 MHz, DMSOds, ppm)s 207.69, 160.67, 151.22, 137.73, 128.20,
127.09, 124.94, 122.49, 120.53, 120.01, 112.98,58086.34, 74.68, 74.57, 72.04,
63.08, 62.51, 59.64, 54.48, 41.95, 41.01, 38.838323333.19, 30.83, 29.82, 22.11,
20.21. ESI-HRMS calcd for gH34NO;" ([M+H] *): 508.2330; found: 508.2328.

4.2.14 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr,4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 5-chloro-1H-indole-2-carboxylatgE?2)

White powder; yield 83%; [af> -40 (c 0.11, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 11.85 (s, 1H), 7.73 (s, 1H), 7.46 M= 8.7 Hz, 1H), 7.24 (d =
8.8 Hz, 1H), 6.92 (s, 1H), 6.08 (s, 2H), 5.93J(t 5.0 Hz, 2H), 5.67 (s, 1H), 4.44 (d,
J=4.9 Hz, 1H), 4.15 (d] = 10.1 Hz, 1H), 3.87 (d} = 10.0 Hz, 1H), 3.52 (dd,= 9.9,
7.0 Hz, 1H), 3.37 (dJ = 3.2 Hz, 1H), 3.24-3.09 (m, 1H), 2.16 (dt= 20.4, 10.5 Hz,
1H), 1.93 (ddJ = 12.0, 5.2 Hz, 1H), 1.78 (dd,= 12.7, 6.8 Hz, 1H), 1.57-1.39 (m,
3H), 1.37-1.08 (m, 4H), 1.00 (s, 6HfC NMR (75 MHz, DMSOds, ppm)d 207.59,
160.39, 151.17, 136.08, 129.69, 128.09, 125.04,0025121.53, 120.06, 114.64,
108.01, 96.32, 74.75, 74.54, 72.04, 63.05, 62.9%524 54.49, 41.93, 40.99, 38.82,
33.80, 33.19, 30.85, 29.79, 22.11, 20.25. ESI-HRMHcd for GgHssCINO;
(IM+H]™): 542.1940; found: 542.1945.



4.2.15 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr, 4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 5-methoxy-1H-indole-2-carboxylgte3)

White powder; yield 84%; [af>-9 (c 0.10, CHOH); *H NMR (300 MHz, DMSO#,
ppm)s 11.46 (s, 1H), 7.34 (d = 8.9 Hz, 1H), 7.09 (d] = 2.1 Hz, 1H), 6.89 (dd] =
10.0, 3.4 Hz, 2H), 6.05 (d,= 10.1 Hz, 2H), 5.94 (d] = 10.3 Hz, 1H), 5.88 (s, 1H),
5.66 (s, 1H), 4.44 (d] = 5.0 Hz, 1H), 4.15 (d] = 10.1 Hz, 1H), 3.87 (d = 10.1 Hz,
1H), 3.73 (s, 3H), 3.52 (dd,= 10.2, 6.8 Hz, 1H), 3.39 (d,= 4.7 Hz, 1H), 3.16 (d]
=10.0 Hz, 1H), 2.18 (d] = 12.4 Hz, 1H), 2.00-1.88 (m, 1H), 1.82-1.71 (H) 11.50
(dd, J = 26.1, 13.4 Hz, 3H), 1.42-1.12 (m, 4H), 1.006kl). **C NMR (75 MHz,
DMSO-ds, ppm)od 207.73, 160.59, 154.32, 151.16, 133.08, 128.33%,41r 120.03,
116.48, 113.87, 108.24, 102.53, 96.33, 74.66, (4305, 63.07, 62.48, 59.65, 55.67,
54.47, 41.93, 40.99, 38.79, 33.79, 33.14, 30.79222.07, 20.18. ESI-HRMS calcd
for CagH3eNOg" ([M+H]™): 538.2435; found: 538.2434.

4.2.16 (1S,4aR,5S,6S,6aR,9S,11aS)-1,5,6-trihydr@xgimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-methyahahepta[a]naphthalen-
14-yl 6-fluoro-1H-indole-2-carboxylateC4)

White powder; yield 89%; [af> -71 (c 0.07, CHOH); '"H NMR (300 MHz,
DMSO-ds, ppm)é 11.70 (s, 1H), 7.67 (dd), = 8.8, 5.6 Hz, 1H), 7.16 (d,= 8.5 Hz,
1H), 6.97 (s, 1H), 6.95-6.87 (m, 1H), 6.07 Jds 3.1 Hz, 2H), 5.93 (d] = 12.5 Hz,
2H), 5.66 (s, 1H), 4.44 (d,= 4.9 Hz, 1H), 4.13 (dd] = 12.4, 7.7 Hz, 1H), 3.87 (d,
=10.1 Hz, 1H), 3.52 (dd}, = 10.1, 6.9 Hz, 1H), 3.18 (d,= 5.0 Hz, 1H), 2.63-2.53 (m,
1H), 2.15 (dd,J = 20.7, 13.2 Hz, 1H), 1.92 (dd,= 12.6, 5.1 Hz, 1H), 1.83-1.70 (m,
1H), 1.58-1.44 (m, 3H), 1.35-1.16 (m, 4H), 1.00 €$}). °C NMR (126 MHz,
DMSO-ds, ppm) 6 207.65, 160.37, 151.19, 137.78, 137.60, 129.05,1724d,J =
10.73 Hz, 1C), 124.00, 120.00, 109.33=(54.75 Hz, 1C), 108.87, 98.40 £ 25.63
Hz, 1C), 96.29, 74.65, 74.55, 72.05, 63.06, 6238064, 54.48, 41.94, 40.99, 38.82,
33.80, 33.17, 30.82, 29.81, 22.09, 20.21. ESI-HREcd for GgHzsFNO;"
(IM+H] "): 526.2236; found: 526.2234.



4.2.17 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-wiydr4-dimethyl-8-methylene-
7-oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-meityecloheptalalnaphthalen-
14-yl 6-chloro-1H-indole-2-carboxylaf€s)

White powder; yield 74%; [af> -31 (c 0.04, CHOH); '"H NMR (300 MHz,
DMSO-ds, ppm)s 11.78 (s, 1H), 7.67 (dl = 8.6 Hz, 1H), 7.46 (s, 1H), 7.07 (dii=
8.6, 1.8 Hz, 1H), 6.96 (s, 1H), 6.08 (s, 2H), 5032 = 5.1 Hz, 2H), 5.67 (s, 1H), 4.44
(d, J = 5.0 Hz, 1H), 4.27-4.09 (m, 1H), 3.86 (d= 10.2 Hz, 1H), 3.58-3.40 (m, 1H),
3.16 (d,J = 9.4 Hz, 2H), 2.21-2.11 (m, 1H), 1.95 (®5 4.1 Hz, 1H), 1.79-1.71 (m,
1H), 1.51-1.45 (dJ = 8.3 Hz, 3H), 1.23-1.16 (d, = 6.6 Hz, 4H), 1.00 (s, 6H}*C
NMR (126 MHz, DMSOds, ppm)d 207.62, 160.42, 151.18, 137.93, 129.52, 129.27,
125.87, 124.15, 121.13, 120.04, 112.40, 108.6733F6/4.76, 74.56, 72.05, 63.07,
62.52, 59.64, 54.48, 41.93, 41.00, 38.82, 33.81198330.84, 29.81, 22.11, 20.21.
ESI-HRMS calcd for GH3:CINO;™ ([M+H]¥): 542.1940; found: 542.1936.

4.2.18 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr,4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 6-bromo-1H-indole-2-carboxyla{€6)

White powder; yield 64%; [af> -82 (c 0.05, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)od 11.79 (s, 1H), 7.68-7.57 (m, 2H), 7.18 (dd+ 8.6, 1.6 Hz, 1H),
6.95 (s, 1H), 6.08 (s, 2H), 5.92 @= 9.3 Hz, 2H), 5.67 (s, 1H), 4.44 @ = 5.0 Hz,
1H), 4.15 (dJ = 10.0 Hz, 1H), 3.87 (dl = 10.2 Hz, 1H), 3.52 (s, 1H), 3.44-3.36 (m,
1H), 3.17 (d,J = 9.3 Hz, 1H), 2.24-2.08 (m, 1H), 1.93 (db= 12.7, 5.1 Hz, 1H),
1.84-1.69 (m, 1H), 1.60-1.42 (m, 3H), 1.37-1.13 4H), 1.00 (s, 6H)**C NMR (75
MHz, DMSO-ds, ppm) ¢ 207.60, 160.41, 151.18, 138.37, 129.12, 126.08,4¥2
123.61, 120.02, 117.75, 115.43, 108.67, 96.32,7{47A4.55, 72.05, 63.07, 62.52,
59.64, 55.37, 41.92, 40.99, 38.83, 33.80, 33.19.843029.82, 22.10, 20.24.
ESI-HRMS calcd for goH33BrNO;" ([M+H]™): 586.1435; found: 586.1433.



4.2.19 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr, 4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 6-methoxy-1H-indole-2-carboxylae7)

White powder; yield 87%:; [af° -76 (c 0.08, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)d 11.40 (s, 1H), 7.49 (d} = 8.8 Hz, 1H), 6.88 (s, 2H), 6.75 — 6.66
(m, 1H), 6.06 (s, 1H), 6.01 (s, 1H), 5.94 §d= 10.3 Hz, 1H), 5.86 (s, 1H), 5.65 (s,
1H), 4.43 (dJ = 4.9 Hz, 1H), 4.15 (d] = 10.0 Hz, 1H), 3.87 (dl = 9.7 Hz, 1H), 3.77
(s, 3H), 3.52 (ddJ = 10.1, 6.9 Hz, 1H), 3.39 (dd,= 10.4, 5.4 Hz, 1H), 3.19-3.13 (m,
1H), 2.25-2.12 (m, 1H), 1.92 (d, = 12.6 Hz, 1H), 1.80-1.71 (m, 1H), 1.52-1.44
(m,3H), 1.30-1.17 (dd, 4H), 1.00 (s, 6KJC NMR (75 MHz, DMSOds, ppm) 207.75,
160.53, 158.29, 151.22, 138.83, 126.94, 123.33,4¥21119.95, 112.20, 109.09,
96.34, 94.42, 74.55, 72.09, 72.02, 63.09, 62.476659%55.52, 54.44, 41.95, 41.00,
38.83, 33.80, 33.16, 30.79, 29.81, 22.08, 20.19-HFBVS calcd for GoH3eNOs"
(IM+H] "): 538.2435; found: 538.2434.

4.2.20 (1S,4aR,5S,6S,6aR,9S,11aS)-1,5,6-trihydr@xgimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 5,6-dimethoxy-1H-indole-2-carboxyl4(es)

White powder; yield 80%; [af> -85 (c 0.05, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 11.28 (s, 1H), 7.07 (s, 1H), 6.89 (s, 1H), 6.841[), 6.06 (s, 1H),
6.00 (s, 1H), 5.96 (d] = 10.3 Hz, 1H), 5.84 (s, 1H), 5.65 (s, 1H), 4.d4)= 4.8 Hz,
1H), 4.15 (dJ = 10.2 Hz, 1H), 3.87 (d] = 10.3 Hz, 1H), 3.78 (s, 3H), 3.73 (s, 3H),
3.56-3.49 (m, 1H), 3.41 (d, = 6.2 Hz, 1H), 3.16 (dJ = 9.6 Hz, 1H), 2.20-2.14 (d,
1H), 1.96-1.90 (d, 1H), 1.79-1.73 (m, 1H), 1.565L(%, 3H), 1.37-1.14 (m, 4H), 1.01
(s, 6H). "*C NMR (75 MHz, DMSOds, ppm) ¢ 207.79, 160.41, 151.25, 149.80,
146.03, 133.01, 126.19, 120.05, 108.86, 103.06380)@4.88, 74.55, 74.51, 72.02,
63.10, 62.45, 59.68, 56.09, 55.83, 55.37, 54.44964140.99, 38.82, 33.81, 33.15,
30.78, 29.82, 22.08, 20.18. ESI-HRMS calcd faiHzsNOy" ([M+H]"): 568.2541;
found: 568.2540.



4.2.21 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr,4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettyamhahepta[a]naphthalen-
14-yl 4,5,6-trimethoxy-1H-indole-2-carboxyl4(€9)

White powder; yield 64%:; [af®>-100 (c 0.05, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)o 11.44 (s, 1H), 6.91 (s, 1H), 6.67 (s, 1H), 6.071(), 5.96 (dJ =
12.7 Hz, 2H), 5.92 (s, 1H), 5.66 (s, 1H), 4.43Xd,4.8 Hz, 1H), 4.14 (d] = 10.4 Hz,
1H), 3.95 (s, 3H), 3.86 (d, = 10.3 Hz, 1H), 3.80 (s, 3H), 3.69 (s, 3H), 3.88,0 =
10.0, 7.0 Hz, 1H), 3.39 (dd,= 10.8, 5.1 Hz, 1H), 3.16 (d,= 5.1 Hz, 1H), 2.17 (dd,
J=14.0, 8.8 Hz, 1H), 1.92 (d,= 12.3 Hz, 1H), 1.81-1.70 (m, 1H), 1.58-1.44 (iH) 3
1.36-1.17 (m, 4H), 1.00 (s, 6H}*C NMR (75 MHz, DMSOds, ppm) J 207.86,
160.38, 153.61, 151.20, 146.13, 135.73, 135.05,2626119.99, 114.86, 106.77,
96.34, 90.08, 74.67, 74.55, 72.02, 63.09, 62.47316160.88, 59.68, 56.19, 54.43,
41.91, 40.99, 38.80, 33.81, 33.15, 30.80, 29.81072220.16. ESI-HRMS calcd for
CaHaoNO1o" ([M+H]*): 598.2647; found: 598.2645.

4.2.22 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-tokydr,4-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 1-methyl-1H-indole-3-carboxyla(®1)

White powder; Yield 81%:; [af> -89 (c 0.08, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 7.93 (s, 1H), 7.90 (s, 1H), 7.50 @z 8.1 Hz, 1H), 7.19 (di =
15.0, 7.2 Hz, 2H), 6.06 (d, = 5.9 Hz, 2H), 6.00 (d] = 10.2 Hz, 1H), 5.74 (s, 1H),
5.63 (s, 1H), 4.44 (d] = 5.0 Hz, 1H), 4.16 (d] = 10.0 Hz, 1H), 3.89 (s, 1H), 3.84 (d,
J = 6.2 Hz, 3H), 3.52 (dd] = 10.0, 6.8 Hz, 1H), 3.45-3.35 (m, 1H), 3.14Jd; 9.6
Hz, 1H), 2.29-2.11 (m, 1H), 1.93 (dd,= 12.6, 4.9 Hz, 1H), 1.83-1.70 (m, 1H),
1.59-1.42 (m, 3H), 1.40-1.11 (m, 4H), 1.01 (s, 6B¢ NMR (75 MHz, DMSO#,
ppm) 6 208.14, 163.33, 151.61, 137.37, 136.74, 126.4.7& 121.86, 121.31,
119.71, 111.03, 106.35, 96.40, 74.52, 73.65, 7881,0, 62.36, 59.75, 54.38, 42.18,
41.01, 38.82, 33.82, 33.46, 33.16, 30.76, 29.84072220.21. ESI-HRMS calcd for
CaoHzNO;* ([M+H]"): 522.2486; found: 522.2483.



4.2.23 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-wydr4-dimethyl-8-methylene-
7-oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-mettecloheptaa]naphthalen-
14-yl quinoline-6-carboxylatéE)

White powder; yield 67%:; [af° -77 (c 0.13, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)é 9.02 (s, 1H), 8.55 (d] = 15.0 Hz, 2H), 8.10 (q] = 8.9 Hz, 2H),
7.64 (s, 1H), 6.11 (dl = 12.0 Hz, 2H), 5.98 (s, 1H), 5.76 (s, 1H), 5.671H), 4.18 (d,
J=9.0 Hz, 1H), 3.88 (dJ = 9.2 Hz, 1H), 3.55 (s, 1H), 3.39 (s, 1H), 3.22J¢ 9.2
Hz, 1H), 2.69-2.55 (m, 1H), 2.32-2.09 (m, 1H), 1(@6J = 11.9 Hz, 1H), 1.86-1.68
(m, 1H), 1.63-1.40 (m, 3H), 1.35-1.19 (m, 4H), 1@1 6H).*C NMR (75 MHz,
DMSO-ds, ppm)o 207.21, 164.05, 150.85, 150.68, 145.96, 140.89,173 130.28,
129.23, 127.28, 126.63, 122.50, 119.55, 95.89,47/5/@.12, 71.57, 62.67, 62.14,
59.29, 53.99, 41.41, 40.55, 38.37, 33.34, 32.6838029.34, 21.61, 19.72.
ESI-HRMS calcd for GgHzNO;" ([M+H]*): 520.2335; found: 520.2330.

4.2.24 (1S,4aR,5S,6S,6aR,9S,11aS)-1,5,6-trinydr@xgimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metlyamhahepta[a]naphthalen-
14-yl isoquinoline-1-carboxylat@)

White powder; yield 87%; [af° -87 (c 0.11, CHOH); *H NMR (300 MHz,
DMSO-ds, ppm)d 8.69 (d,J = 8.5 Hz, 1H), 8.54 (dJ = 5.5 Hz, 1H), 8.18-8.03 (m,
2H), 7.91-7.84 (m, 1H), 7.82-7.76 (m, 1H), 6.43X8l), 6.13 (s, 1H), 6.00 (s, 1H),
5.92 (d,J = 9.7 Hz, 1H), 5.65 (s, 1H), 4.47 @z 5.0 Hz, 1H), 4.20 (d] = 10.2 Hz,
1H), 3.92 (dJ = 10.6 Hz, 1H), 3.55 (dd] = 9.5, 6.3 Hz, 1H), 3.42 (d,= 10.1 Hz,
1H), 2.71-2.58 (m, 1H), 2.38-2.23 (m, 1H), 2.05,(@¢ 12.4, 6.0 Hz, 1H), 1.78-1.68
(m, 1H), 1.60-1.43 (m, 3H), 1.39-1.18 (m, 4H), 1(823H), 0.99 (s, 3H)}*C NMR
(75 MHz, DMSO¢ds, ppm)d 207.41, 184.82, 163.82, 150.16, 147.19, 141.16,543
131.19, 129.29, 127.38, 125.77, 125.02, 119.78195/7.34, 73.66, 71.48, 63.06,
62.05, 59.53, 53.77, 40.96, 40.60, 38.34, 33.38,(B230.39, 29.40, 21.44, 19.45.
ESI-HRMS calcd for ggHzsNO;" ([M+H]™): 520.2335; found: 520.2331.

4.3 Procedure for the preparation of compouii



CRCOOH (3 mL) was added to a mixture ®f36.0 mg) in CHCI, (15 mL) The
reaction was stirred at©for 3 h. After the completion of the reaction, iwater was
added, and the mixture was extracted with ethykaaeethree times. The organic
phase was washed with brine and dried over anhgdsadium sulfate. The
evaporation of the solvents gave the crude produdieh were purified by silica gel

column (CHCI,/MetOH, 100:1) to afford>?2

4.3.1 (1S,4aR,5S,6S,6aR,9S,11aS,14R)-1,5,6-trikydrd-dimethyl-8-methylene-7-
oxododecahydro-1H-6,11b-(epoxymethano)-6a,9-metyamhahepta[a]naphthalen-
14-yl 1H-indole-3-carboxylatéD?2)

White powder; yield 34%; [af° -57 (c 0.09, CHOH); 'H NMR (300 MHz,
DMSO-ds, ppm)d 12.34 (s, 1H), 8.24 (d, = 40.7 Hz, 2H), 7.61 (s, 1H), 7.35 (s, 2H),
6.40-5.79 (m, 4H), 5.63 (s, 1H), 4.44 (s, 1H), 4491H), 3.90 (s, 1H), 3.54 (s, 1H),
3.21 (s, 2H), 2.21 (s, 1H), 1.96 (s, 1H), 1.78L(8), 1.54 (s, 3H), 1.21 (s, 4H), 1.02 (s,
6H). 13C NMR (126 MHz, DMSQ}s, ppm)d 207.96, 163.63, 151.45, 137.07, 127.40,
122.58, 121.09, 119.77, 115.46, 113.23, 111.65,41086.36, 74.62, 74.29, 72.05,
63.13, 62.49, 59.73, 54.30, 42.08, 40.99, 38.82838333.15, 29.84, 22.26, 22.09,
20.21. ESI-HRMS calcd for gH34NO;" ([M+H]™): 508.2330; found: 508.2329.

4.4 Cell lines and cell culture
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetralum  bromide  (MTT) was
purchased from Sigma-Aldrich Co. (St. Louis, MO,A)SThe propidium iodide (PI)
and Annexin V-FITC apoptosis detection kit wereghased from Invitrogen (Eugene,
OR, USA). All human cell lines were used in thisidst, colorectal cancer cell
HCT116, breast cancer cell MCF-7, liver hepatodatlgarcinoma cell Bel-7402 and
normal liver cell LO2 were initially purchased frodmerican Type Culture Collection
(ATCC, Manassas, VA, USA). RPMI-1640 media, Dull®scmodified Eagle’s
medium (DMEM), and foetal bovine serum (FBS) wem@vded from Gibco
Company (Grand Island, NY, USA). Cell line MCF-7 svaultivated in DMEM
containing 10% (v/v) heat-inactivated FBS, 100 s/mil. penicillin and 10Qug/mL



streptomycin (Grand Island, NY, USA). Cell lines H{16, Bel-7402, LO2 were
cultivated in RPMI 1640 medium containing 10% (vhgat-inactivated FBS, 100
units/mL penicillin, and 100ug/mL streptomycin. The cells were incubated at

37°Cunder a 5% C@and 90% relative humidity (RH) atmosphere.

4.5 In vitro anticancer activity (MTT assay)

Cells were plated in 96-well plates at appropridémsities to ensure exponential
growth throughout the experimental period (8k301x1( cells per well) and then
allowed to adhere for 24 h. Cells were then trefted8 h with serial concentrations
(DMSO, 0.3, 1, 3 and 10 uM) of each compound. &#huracil (5-Fu) was used as
positive control. After 48 h of incubation, 10 uLMTT solution was added to each
well to a final concentration of 2 mg/mL. Platesrevéhen incubated for a further 4 h.
After incubation, the MTT solution was removed did puL of DMSO was added to
each well for coloration. The plates were shakegongusly for 10 min at
roomtemperature to ensure complete solubilizatidme optical density (OD) was
read on a microplate reader (ELx 800, BioTek, Haghl Park, Winooski, VT, USA) at

a wavelength of 492 nm, and the data were subsdy@eralysed.

4.6 Colony formation assay

Exponentially growing determined HCT-116 cells (6pér well) were plated in
6-well plates with the Roswell Park Memorial Ingté (RPMI) 1640 culture medium
containing with 10% foetal bovine serum (FBS). Afi2 h of incubation, the culture
medium was removed and replaced fresh medium. Tthengells were treated with
various concentrations of compour@¥ (0.03, 0.06, and 0.12 uM) dissolved in
DMSO. Some cells were treated with DMSO only asegative control. The cells
were then incubated for another 7 days. Finallg tells were fixed with 4%
paraformaldehyde for 30 min and stained with 0.X9stal violet for 15 min at room
temperature, after which, the staining was washild RBS until the colonies were
totally cleared. One colony was defined to be agregpte of > 50 cells. At least three

independent experiments were performed for eacyashe numbers of cell colonies



was calculated and analyzed as the ratio of thebeuif treated samples to untreated

samples.

4.7 Analysis for cell cycle by flow cytometry

HCT-116 cells were plated in 6-well plates (5.0x%&8lls per well) and incubated at
37°C for 24 h. Exponentially growing cells were thenubated with compoun@7 at
0.03 uM, 0.1 pM, 0.3 uM and 1uM. After 24 h, unteshcells (control) or cells
treated with compoun@7 were centrifuged at 1000 rpm for 10 min and theed in
70% ethanol at -2Q for at least 24 h. The cells were subsequentlysgsnded in
phosphate-buffered saline (PBS) containing 0.1 ragsifRNase A and 5 pg/mL PI.
The cellular DNA content for the cell cycle disutibn analysis was measured by
flow cytometry using a FACSalibur flow cytometer tivi Cell Quest software
(Becton-Dickinson, Franklin Lakes, NJ, USA), plogi at least 30,000 events per
sample. The percentage of cells in the G1, S, &iM@hases of the cell cycle were
determined using the ModFit LT version 4.0 softwgackage (Verity Software,
Topsham, ME, USA).

4.8 Analysis of cell morphology by hematoxylin-easaining (HE) staining in vitro
Exponentially growing determined HCT-116 cells (5.6 per well) were plated in
6-well plates and incubated at ‘Bfor 24 h. The original culture solution was
discarded, and the culture group was added withulture solution containing
different concentrations &&7 (0.03, 0.1, 0.3, 1.0 uM). Following 24 h of inctiba,
conventional HE staining was performed, and imagese observed and collected

under an optical microscope.

4.9 Analysis for apoptosis by flow cytometry

Apoptosis was detected using an Apoptosis Detedfibr{invitrogen, Eugene, OR,
USA). In brief, cells were cultured in 6-well plat€5.0x105 cells per well) and
incubated at 3T for 24 h. Cells with exponential growth were thieoubated with

compoundC7 at 0.03, 0.1, 0.3, 1.0 and 3.0 puM. Following 2#4fhincubation, the



cells were collected, washed twice with PBS andeonith 1 x binding buffer for
30 min at room temperature in the dark. Apoptogtiscwere enumerated using a
FACSCalibur flow cytometer with Cell Quest softwgBecton—Dickinson, Franklin
Lakes, NJ, USA).

4.10 Western blot analysis

HCT-116 cells were cultured with different concatittns of compoun&7 for 24 h.
Then, the the floating cells was collected and wedstwo times with ice cold PBS.
The pellet was resuspended in lysis buffer. Aftercells were lysed on ice for 20 min,
lysates were centrifuged at 12,000 rpm &tfdr 15 min. Protein concentration was
determined by BCA Protein Assay Kit (Beyotime, Ghimt 570 nm. Equal amounts
of protein were resolved using sodium dodecyl safeipolyacrylamide gel
electrophoresis (SDS-PAGE) (8 ~ 12% acrylamide)gatal transferred to a PVDF
Hybond-P membrane (Millipore, Billerica, MS, USAJembranes were blocked with
PBS containing 5% non-fat milk for 1 h at room t&rgiure. Membranes were then
incubated with primary antibodies against cyclinci¢lin B1, Bax, Bcl-2, caspase-9,
casase-3, p53, p21, MDMRsactin and GAPDH with gentle rotation overnight&t .
Membranes were next incubated with fluorescent reexy antibodies for 2 h.

Proteins were detected by electrochemiluminescéiceRad, CA, USA).

4.11 In vivo antitumor activity.

Female and male athymic Nu/Nu nude mice (weighiag 24 g) were obtained from
Vital River (Beijing, China) and housed in specifiathogen-free conditions in
conformity with the Guide for the Care and Use abbratory Animals. HCT116 cells
(6 x 10) suspended in 100 pL saline solution were injedtéd the right back of
mice. After two weeks of tumor transplantation, thige bearing tumors (an average
size of 40 mm) were divided into 4 groups six animals (half matel half female) at
random. The groups with oridoninC7 and paclitaxel were administered
intraperitoneally (i.p.) 25 mg/kg in a vehicle #%IDMSO/10% glycero/10% absolute

ethanol/79% saline, respectively. The negative robrgroup was treated with the



same vehicle. Treatment were done at a frequenantdperitoneal injection one
dose per day for a total 20 consecutive days. Beeights and tumor volumes were
measured every day. On day 21, the tumor-bearing mere sacrificed, the tumors
were excised and weighed. Tumors sizes were detednising caliper measurement
and tumors volumes (minwere calculated using the standard formula: tunetume

= (L x WA)/2, Where L is the length and W the width. Rafiéndibition of tumor (%)

= (1 - average tumor weight of treated group/averagnor weight of control group)

x 100%.
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Abbreviations used

DMF dimethylformamide

DMAP 4-dimethylaminopyridine

EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiote hydrochloride
HCT116 human colorectal cancer cell line

MCF-7 human breast cancer cell line

BEL7402 human hepatocellular carcinoma cell line

MTT thiazolyl blue tetrazolium bromide

5-Fu 5-fluorouracil

ICs0 concentration that inhibits 50% of cell growth.
LO2 human normal liver cells

SAR Structure-activity relationship

CDK1 Cyclin-dependent kinase 1
CDK2 Cyclin-dependent kinase 2

Bcl-2 B-cell lymphoma 2

Bax Bcl-2-associated X protein

H&E haematoxylin and eosin

p53 tumor protein p53

p21 p21Cipl protein

MDM2  murine double minute chromosome 2
Pl propidium iodide

DMEM Dulbecco’s modified Eagle’s medium



FBS foetal bovine serum
oD optical density
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Table 1. Antiproliferative efficacy of oridonin derivativesf compound#\ 1-9, B1-3, C1-9, D1-2, E,
F in three human cancer cell liles

ICso values (M)®

Comound R
HCT116 MCF-7 Bel7402
Al 4-H 3.86 £ 1.01 6.24+ 0.78 6.11+ 0.99
A2 2-F 495 + 1.12 5.66+ 1.35 9.02+ 1.14
A3 4-F 252 + 0.64 5.73+ 2.34 558+ 1.34
A4 4-Cl 3.52 + 0.51 479+ 0.82 6.47+ 1.07
A5 4-CH;, 3.51 + 0.92 3.01+ 0.71 7.85+ 1.20
A6 4-OCH, 1.94 £ 0.35 3.83+ 0.31 6.42+ 1.11
A7 3,4-OCH; 2.89 + 0.36 591+ 1.03 5.52+ 0.97
A8 3,4,5-OCH 3.67 £ 1.03 6.74+ 0.99 6.89+ 1.09
A9 4-NO, 5.60 = 155 434+ 0.33 8.84+ 1.87
Bl 4-H 6.89 = 1.02 6.81+ 1.23 12.68+ 2.13
B2 4-Cl 7.31 £ 0.89 14,99+ 2.67 11.07%+ 2.89
B3 4-OCH; 5.05 £1.03 12.81+ 1.34 9.67+ 1.21
C1 5-H 2.64 = 0.24 0.78+ 0.14 3.12+ 0.69
C2 5-Cl 1.64 £ 0.32 2.45+ 0.38 2.10+ 0.19
C3 5-OCH; 0.81 £ 0.12 0.39+ 0.09 0.83+ 0.15
C4 6-F 0.29 £+ 0.08 1.25+ 0.27 3.03£ 0.95
C5 6-Cl 0.82 + 0.14 1.83+ 0.34 2.74+ 0.88
C6 6-Br 0.68 = 0.10 0.83+ 0.04 1.73+ 0.27
C7 6-OCH; 0.16 £ 0.04 1.52+ 0.39 2.18+ 0.19
Cc8 5,6-OCH; 1.67 = 0.21 0.94+ 0.13 2.39+ 0.37
C9 4,5,6-OCH 0.55 =+ 0.12 1.20+ 0.28 1.97+ 0.42
D1 -CH; 1.17 + 0.31 0.95+ 0.12 3.95+ 0.19
D2 -H 2.73 £ 0.63 3.81+ 0.78 5.31+ 0.96
E - 251 + 0.16 0.41+ 0.09 254+ 0.66
F - 2.07 = 0.38 0.89+ 0.17 2.30+ 0.39
Oridonin - 6.84 +£ 0.98 17.56+ 3.65 9.59+ 1.19

5-Fu - 24.80 = 2.08 16.28+ 1.78 21.3*= 2.43




®MTT methods; cells were incubated with indicatechpounds for 48 h (means + SD, n = 3).
bIC50 : concentration that inhibits 50% of cell growth.

Table 2. In vitro cytotoxic of compound€1, C3-8, D1, E andF against normal cell line (L02).

Selectivity indexX’

Comound LO2 (IGy, uM)?
HCT-116 MCF-7 Bel-7402

C1 4.22 £0.78 1.60 541 1.35
C3 3.72+0.92 4.59 9.54 4.48
C4 4.08 £1.03 14.07 3.26 1.35
C5 3.51 £0.58 4.28 1.92 1.28
C6 2.74 +0.32 4.03 3.30 1.58
C7 3.78 £0.89 23.63 2.49 1.73
C8 3.17 £ 0.66 1.90 3.37 1.33
Cc9 2.58 £ 0.51 4.69 2.15 1.31
D1 4.19 +£0.25 3.58 4.41 1.06
E 1.25+0.12 0.50 3.05 0.49
F 1.99 £0.22 0.96 2.24 0.87
Oridonin 6.97 £ 0.98 1.02 0.40 0.73
5-Fu 19.12+1.01 0.65 1.17 0.90

#1Csp: concentration that inhibits 50% of cell growth.

PS): selective index (I3 on normal cells/Igy on tumour cells).
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Scheme 1. Reagents and conditions: (a) (i) HCI, NaNB&,O, 0-5 1, 30 min; (ii) NaN, H,0,

0-501, 2-4 h; (b) propiolic acid, Na ascorbate, CySBB,O, H,0, t-BuOH/H,O, 257, overnight;
(c) propynylamine, CuSE5H,0, sodium ascorbatéBuOH/H,O (1:1), 807, 19 h; (d) succinic
anhydride, CHCly, r.t.. (e) (i) NaNQ, HCI, H,O, 1 h; (i) NaHSQ@, NaOH, HBO, 8001, 1 h; (iii)

HCI, H,0, reflux, 3 h; (f) Pyruvate, AcOH, EtOH, reflux;53h; (g) NaN , MeCN, 63(], 4 h; (h)
different substituted benzaldehyde, EtONa, EtOH, @-8 h; (i) PPA, 1007, 4 h; (j) xylene,
reflux, 3-5 h; (k) NaOH, EtOH, reflux, 3 h, HCI) CHsl, KOH, DMF, r.t., 2 h; (m) Di-tert-butyl
dicarbonate, DMAP, C}Cl,, r.t., overnight.



N
N=/
B1-3
T\
4a-c a
2a-i 8a-i N
a a
quinoline-l_i—carboxylic
acid 90r10
a a
quinoline-6-carboxylic ~ N-R
acid
A1 R=H A2: R=2-F A3: R=4-F A4: R=4-Cl A5. R=4-CH3
A6: R =4-OCH; A7: R=3,4-OCH; A8: R=3,4,5-OCH; A9: R=4-NO,
B1: R=4-H B2: R=4-Cl| B3: R=4-0CH3
C1:. R=H C2: R=5-Cl C3: R=5-OCH; C4: R=6-F C5: R=6-Cl
C6: R=6-Br C7: R=6-OCHj C8. R=5,6-OCH3 C9: R=4,56-OCH;
D1: R=CH; D3: R=Boc D2: R=H
W

Scheme 2. Reagents and conditions: (a) oridonin, EDCI, DMAB; CHCI,, 0 [1, 2-8 h. (b)

CRCOOH, CHCl,, 011, 2 h.




Figure 1. (A) Structures of oridonin and its C-14 derivativéB) Structures of natural product
derivatives containing phenyl 1,2,3-triazole; (CyruStures of natural product derivatives
containing indole.
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Figure 2. Designing oridonin derivatives containing a nitagcontaining heterocycle to achieve
potentialanti-proliferativeactivity.



iThe effect of R groups on the benzene ring§ 1 Indole-2-yl = N-methyl-indole -3-yl = Quinoline = Isoquinoline

‘for anti-proliferative activity is not obvious 2. Indole-2-yl > Indole-3-yl

3. The effect of R group on anti-proliferative activity in HCT116
! !is that: 6-OCHj3 > 6-F > 4,5,6-OCH3 > 6-Br > 5-OCH3 = 6-Cl > !
i 1 5-Cl= 5,6-OCH3 > 5-H. ;

Figure 3. Structure activity relationship (SAR) of 14-subst#td oridonins.



ACCEPTED MANUSCRIPT

C7 (M)

Control 0.03uM 0.06pM 0.12uM

Figure 4. Colony formation of HCT116 cells inhibited by cooymdC7. (A) HCT116 cells were
incubated with varying concentrations @7 (0, 0.03, 0.06, 0.12M) and stained with crystal
violet. (B) The micrographic differences betweew ttolonies. Images were taken of stained
single colonies observed under a microscope. (C)cBart showing the decreased proportion of
the colonies after incubation with7. One colony was defined to be an aggregate of e2eli6.
Data are shown as the mean £ SD of three indepéedpariments, **p < 0.01 and ***p < 0.001
vs control group (untreated cells).
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Figure 5. CompoundC7 induced S and G2/M arrest in HCT116 cancer c$.HCT116 cells
were incubated varying concentrations @7 (0, 0.03, 0.10, 0.3, 1.00M). (B) Histograms
display the percentage of cell cycle distributi®) Western blotting analysis on the effectG¥

on the G2/M regulatory proteins. The cells werevbsted and lysed for the detection of cyclin A
and cyclin B1. (D) Histograms display the densitia of cyclin A and cyclin B1 t@-actin. Data
are represented as mean SD of three independent experiments. *p < 0.0% %£0.01, and
#*p < 0,001 compared with Control grouf®p < 0.001 compared with Oridonin group.
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Figure 6. Cell morphological alterations and nuclear charagsociated with HCT116 cells after
incubation with varying concentratio®¥ (0, 0.03, 0.1, 0.3, 1,0M) and Oridonin (1.0M) for
24h were assessed by staining with H&E and visedllzy microscopy.
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Figure 7. CompoundC7 induced apoptosis of HCT116 cells. (A) HCT116 <@&dere incubated
varying concentrations o7 (0, 0.03, 0.10, 0.30, 1.00, 3.@0M). (B) Histograms display the
percentage of cell apoptosis distribution. (C) \Weasblotting analysis on the effect 6% on the
cell apoptosis regulatory proteins. The cells weaevested and lysed for the detection of Bcl-2,
Bax, Casase-9, and Casase-3. (f) Histograms dispiaylensity ratio of regulatory proteins to
GAPDH. Data are represented as meanSD of three independent experiments. *p < 0.0p, **
< 0.01, and **p < 0.001 compared with Control goou”p < 0.05, and™p < 0.001 compared
with Oridonin group.
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Figure 8. (A) Western blotting analysis on the effect@? on the cell p53 regulatory proteins.
The cells were harvested and lysed for the deteaifop53, MDM2, and p21. (B) Histograms
display the density ratio of regulatory proteind2APDH. Data are represented as meanSD
of three independent experiments. *p < 0.05, *.&1, and ***p < 0.001 compared with Control
group;™p < 0.001 compared with Oridonin group.



A B
o K 2 -~ Control
- 4200 —= Control

3600 === Oridonln '23mg 2 -= Oridonin (25mg/kg)
£

B - 7 wmg T 24 o C7 (25my/ke)
3 3000 I —= Paclitoxel 25mgp = Paclitaxel (25ma/k
£ 2400 } L Fz & (2sme/ke)
T 1800 / - = 0
= >
E 1200 —1 .,-—i s
= F
= 600 _,}i—l/ r!" 2 18

0 —r—t T 4 16

DY R EE Q2SR

Treatment time/days DRI T A ]

Treatment time/days

D
Control 3.0 | l!.'nmrnll
’ B Oridonin 25mg/kg
- 2.54 . 7 28mg/kg
Oridonin 25mg/kg = B Paclitaxel 25mg/kg
i = 2.04
L]
Ci
7 Bmgks = b
2 B
g 1.0
-
Paclitaxel 25mg/kg = 059
0.0-

Figure 9. CompoundC7 inhibits colon cancer xenograft growth vivo. (A) The mice were
randomly divided into four groups with 6 mice inchagroup and treated intraperitoneally with
control, oridonin (25 mg/kg)c7 (25 mg/kg), and paclitaxel (25 mg/kg) every dayZ0 days and
the figure showed the average measured tumor valutpe< 0.05, and **p < 0.01 compared with
Control group; (B) Body weight of mice before distsen; (C) The resulting tumors were excised
from the animals after treatment; (D) Histogransptiiy the changes of tumor weight, *p < 0.05,
*p < 0.01, and ***p < 0.001 compared with Contgroup;”* < 0.001 compared with Oridonin
group.



Highlights:

® Novel oridonin derivatives have been designed, synthesized, and eval uated
as anticancer agents against three cancer cell lines.

® Compound C7 was 43-fold more efficacious than oridonin in HCT116 cancer
cells.

® p53-MDM2 Pathway may be involved in C7 induced the arrest of G2/M phase
and apoptosisin HCT116 cancer cells.

® C7 ggnificantly inhibited tumor growth and had no observable toxic effect in

ViVO.



