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ABSTRACT

A series of combretastatin A-4 (CA-4) derivatives were designed and synthesized,
which contain stilbene core structure with different linker, predominantly piperazine
derivatives. These compounds were evaluated for their cytotoxic activities against four
cancer cell lines, HCT116, A549, AGS, and SK-MES-1. Among them, compound 13
displayed the best effectiveness with ICso values of 0.227 uM and 0.253 uM against
HCT116 and AS549 cells, respectively, showing low toxicity to normal cells.
Mechanistic studies showed that 13 inhibited HCT116 proliferation via arresting cell
cycle at the G2/M phase through disrupting the microtubule network and inducing
autophagy in HCT116 cells by regulating the expression levels of autophagy-related
proteins. In addition, 13 displayed antiproliferative activities against A549 cells through
blocking the cell cycle and inducing A549 cells apoptosis. Because of the poor water
solubility of 13, four carbohydrate conjugates were synthesized which exhibited better
water solubility. Further investigations revealed that 13 showed positive effects in vivo
anticancer study with HCT116 xenograft models. These data suggest that 13 could be
served as a promising lead compound for further development of anti-colon carcinoma
agent.

Keywords: CA-4; Piperazine derivatives; Synthesis; Carbohydrate; Antitumor; Cell

cycle.

1 Introduction

Cancer is the second leading cause of death after cardiovascular disease, which is



a major problem of public health worldwide [1]. Colorectal cancer (CRC) is a widely
observed tumor of the digestive tract, ranking third in frequency of diagnosis [2, 3].
It is also an extremely malignant tumor which has become the fourth leading cause
of cancer-related death [3]. This type of cancer causes almost 900,000 deaths
annually, accounting for 9.2% of all deaths worldwide [3, 4]. It is worth noting that
according to statistics from the American Cancer Society in 2023, the number of
young patients dying from CRC increased between 2005-2020 [5]. Currently,
therapeutic medications which used clinically to treat CRC, including capecitabine,
5-FU and oxaliplatin are prone to causing significant toxicity and exacerbating
chemotherapy resistance [6, 7]. Therefore, it is desirable to develop safe and effective
drugs to treat this disease [8].

Combretastatin A-4, a cis stilbene derivative, which was collected from South
African bush willow tree, the bark of the Combretum caffrum [9], could damage the
cytoskeleton leading to cell death by combining with tubulin and destabilizing

microtubules [10, 11].
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Fig. 1. CA-4 (a) and olefinic bond protection strategies of CA-4 derivatives, include addition onto

ethylene bond (b); cyclopropylamide (c); B-lactam (d); isoxazoline (e); triazole (f); imidazole (g) and



oxadiazole (h).
CA-4 is composed of three important pharmacophores, the olefinic bond with cis
configuration as linker and two substituted hydrophobic benzene rings. Importantly,
the olefin bridge with (Z)-configuration plays a vital role in biological activity, which
is essential for binding at appropriate distance at the colchicine site [12, 13].
According to the previous reports, CA-4 displayed excellent effectiveness against a
variety of malignant cancers, such as breast cancer, lung cancer, cervix cancer and
colon cancer [14]. However, the unstable olefinic bond which is prone to
isomerization, from cis to less antitumor activity trans, and poor water solubility
have greatly limited the development of its clinical application [15, 16].

In recent years, some excellent CA-4 analogues have been synthesized in different
strategies by many research groups, for instance, addition of substituents onto the
olefinic bond [17, 18], replacing ethylene bond with a rigid heterocyclic ring,
included tricyclic heterocycles (cyclopropylamide analogues) [19], tetracyclic
heterocycles (chiral B-lactam bridged analogues) [20], pentacyclic heterocycles
(isoxazoline [21], triazole [22-25], imidazole [26] and oxadiazole [27] analogues)
(Fig. 1). Piperazine and its substituted heteroaryl piperazinyl carbonyl derivatives
possess potent anticancer activity [28-30]. Additionally, arylpiperazine structure has
been considered as a privileged scaffold [31], and a series of compounds containing
this type of scaffold have been reported as tubulin polymerization inhibitors [32, 33]
(Fig. 2). Inspired by this, we introduced phenylpiperazine containing different types

and different position substituents on CA-4 to obtain a series of structural



modifications derivatives.
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Fig. 2. Phenylpiperazine scaffold inhibitors of tubulin polymerization.

We introduced carboxyl functional groups on the double bonds of CA-4 via perkin
reaction. After investigating the antitumor activities of different nitrogen heterocycle
linking arms, a series of compounds with piperazine phenyl groups and piperazine
benzyl groups were synthesized. Some derivatives were evaluated for their cytotoxic
activities against four cancer cell lines, including human colon cancer cells HCT116,
non-small cell lung cancer cells A549, human gastric adenocarcinoma cells AGS and
human lung squamous cell carcinoma SK-MES-1. These derivatives exhibited
cytotoxic activities against cancer cell lines with ICso values from 0.227 uM to 3.636
uM. Among these compounds, 13 displayed the best effectiveness which could
significantly inhibit the proliferation of colon cancer and lung cancer. In order to
elaborate on the basis of the antitumor activity of 13, we also performed some
mechanism studies. Moreover, 13 was evaluated for in vivo antitumor activity against
colon cancer in a mouse xenograft model. The results suggest that 13 could deserves
further preclinical evaluation as a potential lead compound for the treatment of colon

cancer.

2 Results and discussion



2.1. Chemistry

Here, acrylic acid A was synthesized by using the perkin reaction, which 3,4,5-
Trimethoxyphenylacetic acid with 3-Hydroxy-4-methoxybenzaldehyde was refluxed in
the presence of triethylamine and acetic anhydride [34] (Scheme 1). And then,
compound A was coupled with pyrrolidine, morpholine, piperazine, thiomorpholine
and thiomorpholine-1,1-dioxide respectively in dichloromethane (DCM), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDCI) was used to form amide bond and
Hydroxybenzotriazole (HOBT) has been added as a catalyst. In addition, N, N-
Diisopropylethylamine (DIPEA) played as an acid binding in the reaction [35] (Scheme
2). Under the same conditions, the synthesis of piperazine amide derivatives 6-22 was
initiated from acrylic acid A, the substituted piperazines included fluorophenyl,
chlorophenyl, bromophenyl, methylphenyl, methoxyphenyl and some other types of

substituted groups (Scheme 3).
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Scheme 1. Synthesis of compound A. Reagents and conditions: (i) EtsN, Acetic anhydride, reflux, 6 h,
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Scheme 2. Synthesis of Combretastatin A-4 heterocycle derivatives. Reagents and conditions: (i) EDCI,

HOBT, DIPEA, DCM, 1t, 12 h, 35%-46%.
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Scheme 3. Synthesis of Combretastatin A-4 piperazine derivatives. Reagents and conditions: (i) EDCI,
HOBT, DIPEA, DCM, 1t, 12 h, 40%-47%.

Glucose, galactose, mannose and lactose were used for the synthesis of 36-39. They
were treated with acetic anhydride and sodium acetate in reflux in order to obtain 23-
26 which with all hydroxyl groups protected by acetyl groups. And then, 23-25 were
suffered Hydrobromic acid (33% HBr in Acetic acid) to selectively transform anomeric
acetyl group to bromine, which the donors 27-29. Next, glycosylation of compound 13

with the donors were performed in DCM in the presence of NaOH and tetra-



butylammonium fluoride (TBAF) to give intermediate 32-34. Subsequently, the
intermediates deacetylated in methanol with Ko,COs3, target molecule 36-38 were carried
out in good yield. Due to the special conformation of mannose, Schmidt Glycosylation
was used to obtain the mannose conjugate of compound 13. Benzylamine was added in
the tetrahydrofuran (THF) with 26 overnight in order to remove the acetyl group from
the hydroxyl group at position 1. After getting the intermediate 30, trichloroacetonitrile
was used to synthesize donor 31 under an inert atmosphere at 0°C with 1,8-
Diazabicyclo [5.4.0] undec-7-ene (DBU). Glycosylation of compound 13 with the
donor 31 were performed in dry DCM with 4 A molecular sieves and boron trifluoride
diethyl etherate at -40°C to obtain the target intermediate 35. Next, intermediate 35
deacetylated under the same conditions like 32-34 and we got the target compound 39
(Scheme 4). For the characterization of NMR ('H) spectra, NMR ('3C) spectra and
HRMS of compounds, please refer to the supplementary information. The results of oil-
water partition coefficient indicated that the sugar conjugates of compound 13 were

more hydrophilic than their original compound (Table 1).
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Scheme 4. Synthesis of compound 13 sugar conjugates. Reagents and conditions: (i) HBr (33 wt.% in
Acetic acid); (i) compound 13, TBAF, K,CO3, 59-68%; (iii) MeOH, K>CO3, 98%-99%; (a) THF, BnNHb;
(b) DCM, DBU, CCICN, 77%; (c) DCM, 4 A molecular sieves, BF3-Et;O, compound 13, 73%; (d)
MeOH, K»>COs3, 97%.

Table 1
The oil-water partition coefficient values (log P) of compound 36-39, 13 and CA-4

Compound log P (pH 7.4)

13 -0.013 +£0.03

36 -0.538 £ 0.06

37 -0.432 £ 0.04

38 -0.824 £ 0.03

39 -0.638 £ 0.07

CA-4 2.143 £0.04

Note : Data are presented as mean + SD (standard deviation). All experiments were
independently performed at least three times.
Table 2
The cytotoxicity data of CA-4 heterocycle derivatives in HCT116 cancer cell lines

Compound 1Cso (uM)
1 2.482+0.23
2 0.926 £ 0.12
3 0.735+0.14
4 1.152 £ 0.07
5 1.993 +0.14
CA-4 0.007 +0.01

Note : Data are presented as mean + SD (standard deviation). All experiments were independently
performed at least three times.

Table 3
The cytotoxicity data of CA-4 piperazine derivatives in HCT116 cancer cell lines
Compound 1Cso (uM)
6 1.381+0.13
7 0.253£0.15
8 1.835 +0.09
9 0.593 £ 0.24
10 0.716 £ 0.13
1 1.578 =£0.09
12 1.772+£0.22
13 0.227 +£0.12
14 1.861+0.21
15 0.941+0.15
16 2.769 +£0.23




17 3.351+£0.36

18 2.105+0.15
19 2.691 +0.11
20 2.853 +0.12
21 3.636 £ 0.32
22 1.975+0.22
CA-4 0.007 = 0.01

Note : Data are presented as meant SD (standard deviation). All experiments were
independently performed at least three times.

2.2. Cytotoxic activities and structure-activity relationships (SAR) study

The results of cytotoxic activity were shown in (Table 2), compound 3 displayed
moderate activity against HCT116 cancer cells. According to the results, 6-22 were
evaluated for their cytotoxic activity against HCT116 cancer cells. As shown in (Table
3), compounds 7, 9, 10, 13 and 15 displayed significant antiproliferative activities.
Therefore, five compounds were evaluated for their cytotoxic activity against another
three cancer cell lines (A549, AGS and SK-MES-1) with CA-4 as positive control
(Table 4). The results indicated that 13 was the most effective compound against all
four cancer cell lines in these compounds, with the ICso values ranging from 0.227 to
0.574 uM. Compounds 7, 9, 10, 13 and 15 exhibited good inhibitory activity against
HCT116 but 6, 8, 11, 12 and 14 showed moderate activity (ICso > 1 xM) which
suggested that the 4 position substituted phenylpiperazine derivatives is better than 2
or 3 position substituted. Furthermore, the inhibitory activity of 7, 9 and 10 displayed
from high to low probably due to the changed radius of the halogen substituents. In
addition, electron contributing group exhibited better antitumor activity than electron
withdrawing group at 4 position substituted by comparing with 13, 16 and 17.
Importantly, the inhibitory activity of compounds which benzyl piperazine substituted

is weaker than compounds which phenyl piperazine substituted, no matter where the
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substituent is located on the benzene ring. A summary of the structure-activity
relationships was shown in (Fig. 3). Compound 13 was further tested against normal

human colon mucosal epithelial cells-NCM460 cells (Table 5).

Table 4
The cytotoxicity data of CA-4 piperazine derivatives in four cancer cell lines
I1Cso (uM)
Compounds HCT116 A549 AGS SK-MES-1
7 0.253 £0.15 0.270 £ 0.13 0.531+0.12 0.385+0.07
9 0.593 £0.24 0.366 £ 0.12 1.110£0.19 0.753 £ 0.06
10 0.716 £0.13 0.547 £0.27 1.348 +£0.24 0.803 £0.11
13 0.227 +£0.12 0.253 £0.11 0.574 £0.15 0.423 £0.14
15 0.941 £0.15 0.657 £0.22 0.882 £0.11 0.605 £0.15
CA-4 0.007 £0.01 0.010 £0.01 0.074 £ 0.01 0.007 £ 0.01

Note : Data are presented as mean + SD (standard deviation). All experiments were independently
performed at least three times.

Table 5
The cytotoxicity data of compound 13 in normal cell lines and cancer cell lines.
1Cso (uM) SI
Compound HCTI116 NCM460
13 0.227+0.12  1.090 + 0.23 4.8
CA-4 0.007 +£0.01  0.011 £0.01 1.6

SI: The index of selectivity (ICso on NCM460 cells/ICso on HCT116 cells).
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Fig. 3. Structure-activity relationships of Combretastatin A-4 piperazine derivatives as anticancer agents.

2.3. Invasion and migration



Transwell assay was used to evaluate the effects on cells invasion and
migration [36, 37]. Compound 13 was chosen to test its inhibitory effects on
migration and invasion. HCT116 cells were treated with 13 at concentrations
of 0.1, 0.2 and 0.3 uM for 24 h or 48 h. As shown in Fig. 4A&C, 13 inhibited
cells migrating in a dose-dependent manner, compared with the control group
which were treated with 0.1% DMSO. And in the assay of invasion,
Compound 13 also could inhibit HCT116 cells penetration in a concentration-
dependent manner, compared with the control group (0.1% DMSO) in Fig.
4B&D. These results indicated that compound 13 displayed strong ability to

suppress HCT116 cells invasion and migration.
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Fig. 4. Compound 13 inhibited the migration (A) and invasion (B) in HCT116 cells by Transwell assays.

HCT116 cells were treated with different concentrations of 13 (0.1 uM, 0.2 M and 0.3 uM) for 24

12



h in migration and 48 h in invasion, respectively. The relative migration (C) and invasion (D) numbers
were shown in histograms. Data are presented as the mean + SD, **: p < 0.01, ***: p < 0.001, compared
with the control. At least three or more replicates.
2.4. Tubulin polymerization inhibition in vitro

As we know, as a tubulin polymerization inhibitor, CA-4 could effect on
microtubules [38]. Fluorescent tubulin antibodies and confocal microscopy were used
to detect the effects on the microtubule [39]. In order to further discuss whether
compound 13 also has a similar function to CA-4, different concentrations of 13 (0.1,
0.2, and 0.3 uM) were added into HCT116 cells for 48 h, and control group were treated
with 0.1% DMSO. As shown in (Fig. 5), the microtubule networks around the nucleus
has been destroyed which HTC116 cells were treated with compound 13, and high
concentration of 13 showed stronger ability to inhibit tubulin polymerization, compared
with the control group. These results shown that compound 13 has a significant

inhibition on microtubule polymerization in HCT116 cells in a dose-dependent manner.

13



Control

a-Tubulin

Fig. 5. Effects of compound 13 on the cellular microtubule networks in vitro. HCT116 cells were treated
with 0.1 M, 0.2 uM and 0.3 uM of compound 13 for 48 h, respectively. Blue represents the nucleus,
green represents tubulin.
2.5. Compound 13 blocks the cell cycle of HCT116 cells

Cell cycle plays a fundamental role in cell life activity and cell proliferation could be
effectively inhibited by blocking the cell cycle and inhibiting cell mitosis [40, 41]. The
cell cycle progression assay was performed by treating HCT116 cells at various
concentrations of 13 (0.1, 0.2, and 0.3 uM) for 24 h, respectively. As illustrated in (Fig.
6A&B), the cell cycle of HCT116 cells was significantly arrested at the G2/M phase,
and the percentage of cells in the G2/M stage increased from 28.83% to 88.26%
compared with the control group which the cells were incubated with 0.1%

DMSO. These results indicated that 13 significantly induced cell cycle arrest at G2/M
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phase in HCT116 cells. As we know, the characteristic of tubulin polymerization
inhibitors is that they will arrest cells in the G2/M phase. Compound 13 arrests most
cells in the G2/M cycle, which may indicate that it exerted anti-tumor effects through
the inhibition of tubulin polymerization as we imagined.
2.6. Compound 13 regulates the expression of cell-cycle-related proteins

The complex of Cdc 2 and Cyclin B1 is important for regulating the G2 transition
[42, 43]. Therefore, compound 13 was used to measure the expression levels of the cell-
cycle-regulated proteins Cdc 2 and Cyclin B1 by Western blot. HCT116 cells were
incubated with compound 13 at different concentrations (0.1, 0.2, and 0.3 M) for 48
h and the control group were treated with 0.1% DMSO. As shown in (Fig. 6C&D),
compound 13 could reduce the expression of Cdc 2 and Cyclin B1 in a dose-dependent
manner. The results indicated that cell cycle arrest in HCT116 cells caused by
compound 13 might associate the inhibition of the Cdc 2 and Cyclin B1 signaling

pathway.
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Fig. 6. Compound 13 induced G2/M phase arrest in HCT116 cells. (A) HCT116 cells were treated
respectively with indicated concentrations of compound 13 (0.1 M, 0.2 uM and 0.3 M) for 24 h and
analyzed by flow cytometry. (B) Histograms displayed the percentage of cell cycle distribution. (C)
Western blot analyzed the levels of the G2/M-related proteins Cdc 2, Cyclin B1 in HCT116 cells after
incubated respectively with different concentrations of compound 13 (0.1 M, 0.2 uM and 0.3 M) for
48 h. (D) Histograms displayed the quantification of related protein levels in (C) which the control group
were set to 1. Data are represented as mean + SD of three independent experiments. *: p < 0.05, **: p <
0.01, ***: p < 0.001, compared with the control group.
2.7. Compound 13 activates autophagy of HCT116 cells

Autophagy is a very critical process in cell evolution which degrades dysfunctional
cells in a conservative manner, and suppresses neoplasms in the nascent stages of
tumorigenesis [44, 45]. LC3 and p62 are the two most studied autophagy-related

proteins currently, LC3-I1 is considered as a signal for autophagy occurring and p62
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will be consumed in the autophagy [46]. In the process of using GFP-LC3, the iconic
protein molecule LC3 has been marked on the inner membrane of the autophagosome
[47]. Aggregated fluorescent spots do not form in cells where autophagy do not occur.
However, the LC3 which has been labeled forms yellow dots as the merging of red
(mRFP) and green (GFP) when autophagy occurs [48]. In our study, compound 13 was
performed to investigate the changes of autophagy-related protein levels by Western
blot. Treatment of HCT116 cells with compound 13 for 24 h resulted in the down-
regulation of levels of p62 in a dose-dependent manner, and the expression of LC3-II
increased significantly as the concentration of compound 13 increased (Fig. 7A&B).
Additionally, HCT116 cells were treated with 13 at various concentrations (0.1, 0.2,
and 0.3 uM) for 24 h after successful infection with mRFP-GFP-LC3 adenovirus (Fig.
7C). It could be known that the number of yellow dots became more which indicated
autophagy occurs, as the concentration of 13 increased. These findings suggested that
compound 13 might inhibit HCT116 cells proliferation by regulating the key

autophagy-related proteins, which played crucially role in triggering autophagy.
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Fig. 7. Compound 13 induced autophagy in HCT116 cells. (A) The levels of the autophagy-related
proteins LC3 Il, p62 in HCT116 cells which after treatment with different concentrations of compound
13 (0.1 uM, 0.2 uM and 0.3 uM) for 24 h, were detected by Western blot respectively. (B) Histograms
shown the conversion and decrease quantification of related protein levels in (A) which the control group
were set to 1. (C) Confocal microscopy images of mRFP-GFP-LC3-HCT116 cells after treated
respectively with varying concentrations of compound 13 (0.1 M, 0.2 uM and 0.3 M) for 24 h. Data
are represented as mean £ SD of three independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.001,
compared with the control group.
2.8. Compound 13 blocks the cell cycle and induces apoptosis of A549 cells

The mechanism of inhibiting the proliferation of lung cancer cells has also been
studied since compound 13 has good inhibitory activity against A549 cells. PI/RNase
Staining Buffer, Annexin V-APC/PI Apoptosis Kit and flow cytometry analysis were
used to estimate the effects on the cell cycle and apoptosis [40, 49]. Treatment of A549
cells with compound 13 (0.1 M, 0.2 uM and 0.3 uM) for 24 h caused an accumulation
of cells in the GO/G1 phase in a concentration-dependent manner. The percentage
distributed at the GO/G1 stage was increased form 41.91% to 87.18%, compared with
control group which were treated with 0.1% DMSO (Fig. 8A&B). And the total
percentage of early apoptotic and late apoptotic cells was 13.12%, 22.15%, and 29.96%
respectively, compared with the control group 2.59% (Fig. 8C&D). These results
significantly demonstrated that 13 could exert anti-cancer effect by blocking cell cycle

in the GO/G1 phase and inducing cell apoptosis in A549 cells.
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Fig. 8. Compound 13 induced GO/G1 phase arrest and apoptosis in A549 cells. (A) A549 cells were
treated respectively with indicated concentrations of compound 13 (0.1 uM, 0.2 uM and 0.3 uM) for 24
h and analyzed by flow cytometry. (B) Histograms displayed the percentage of cell cycle distribution.
(C) Different concentrations of compound 13 (0.1 uM, 0.2 uM and 0.3 xM) which incubated for 24 h
induced apoptosis in A549 cells. (D) Histograms displayed the percentage of cell distribution. Data are
represented as mean + SD of three independent experiments. **: p <0.01, ***: p<0.001, compared with
the control group.
2.9. In vivo antitumor efficacy

Encouraged by the significant anti-tumor cell proliferative activity in vitro of
compound 13, a colon cancer xenograft model by subcutaneous inoculation of HCT116
cells was established to evaluate 13 anticancer activity in vivo. HCT116 cells were

injected into the right underarm (forelimb) of each mouse. Total of 40 mice were
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randomly divided into 4 groups (ten mice per group) and received various treatments
by intraperitoneal injection with control (saline), cisplatin (5mg/kg, every three days)
and compound 13 (20 or 40 mg/kg, every two days) for 20 days. As illustrated in (Fig.
9A&B), the mice tumor volume and weight of nude mice were monitored during
treatment days. Compound 13, at a low dose of 20 mg/kg/2days only actualize the value
of tumor growth inhibition (TGI) of 1.48%, compared with the control group.
Importantly, the high dose of compound 13-treated-group, 40 mg/kg/2days, achieved
tumor growth inhibition (TGI) rate of 12.74%, while the cisplatin-treated-group
achieved TGl rate of 33.28% at 5 mg/kg/3days. During the 20 days of treatment, none
of the animals in the different treatment groups had any adverse effects and their body
weight remained relatively stable, which suggests that 13 had low toxicity. At the end
of the observation, the mice were euthanized and tumors were excised and weighed
(Fig. 9C&D), the trend of tumor weight and tumor growth were consistent. In summary,
these findings suggest that 13 could inhibit tumor growth in vivo without obvious

toxicity, which has the potential to be a drug candidate for colon cancer.
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Fig. 9. Anti-tumor effects of 13 on HCT116 xenograft tumors growth in vivo. (A) Total of 40 mice were
randomly divided into 4 groups, 10 mice in each group. Mice were treated intraperitoneally with control
(saline), cisplatin (5mg/kg, every three days) and compound 13 (20 or 40 mg/kg, every two days) for 20
days. The curves of tumor growth in the different groups during treatment. (B) The curves of body weight
of the HCT116 tumor-bearing mice in the four groups during treatment. (C) Photographs of the tumors
removed from HCT116 tumor-bearing mice after treatment. (D) Histograms display the weight of the
tumors in each isolated group. **: p < 0.01, compared with the control group.
2.10. Molecular modelling studies

To investigate the potential role of most valuable compound, 13 was performed the
molecular modeling studies within the binding site of colchicine (PDB: 5LYJ) [50].
Docking simulations of the binding site of colchicine in tubulin show that the binding
mode of 13 and CA-4 have much in common, they have formed a suitable steric
complementarity with the binding site of Tubulin. The hydroxyl oxygen atoms of 13
and CA-4 are hydrogen bonding with Thral79 in Tubulin-a, respectively. The residues
that are spatially 4.5 A away from 13 and CA-4, like LysB254, Lysp352, Asnf258,
LeuP255, etc., formed van der Waals interactions with 13 and CA-4 (Fig. 10A&B). It
should be noted that some additional residues which as sidechain donor or backbone
donor also interacted with 13, such as GluB200, PheB169, this is a little different from
CA-4. Collectively, there are many similarities between compound 13 and CA-4 in the
binding of colchicine on tubulin. These similarities may make 13 to have a strong
affinity for colchicine like CA-4, thereby exerting antitumor effects by acting as a

tubulin polymerization inhibitor.
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Fig. 10. Proposed binding models of CA-4 and compound 13 in tubulin (PDB: 5LYJ). (A) 3D binding
model of compound and tubulin. The compound is colored in yellow. The tubulin-a is colored in marine
and tubulin- is colored in white. The residues in tubulin-a are shown as marine sticks and the residues
in tubulin-p are shown as white sticks. The interactions are depicted as dashed lines. (B) 2D binding
model of compound and tubulin. The legend has been given in the figure.
3. Conclusions

In conclusion, this study reports a series of novel compounds, some of which
exhibited better anti-proliferative activity against tumor cells at lower concentrations.
13 inhibited proliferation of colon carcinoma HCT116 cells notably, but exhibited low
toxicity to normal human colon mucosal epithelial cells (NCM460). Furthermore, we
found that 13 could inhibit the invasion and migration of HCT116 tumor cells. In
subsequent experiments, the results showed that 13 could effectively prevent tubulin
polymerization at lower concentrations and destroy the tubulin grid structure around

the nucleus. In mechanistic studies, 13 could make HCT116 tumor cells arrest in G2/M
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phase by down-regulating the protein expression levels of Cyclin B1 and Cdc 2 and it
could also induce autophagy in HCT116 cells by increasing the expression levels of
LC3 11 and reducing the expression levels of p62. Moreover, 13 could make A549 cells
undergo cell cycle arrest and cell apoptosis. In addition, as a prodrug, the carbohydrate
derivatives of compound 13 significantly improved its water solubility. Importantly, 13
effectively inhibited tumor growth in the HCT116 colon cancer xenograft mouse model
in vivo in the absence of obvious signs of toxicity. These findings suggest that 13 is a
promising candidate as a tubulin inhibitor for cancer treatment.
4. Experimental section
4.1. Chemistry

All chemicals and solvents were purchased from commercial suppliers as reagent
grade quality or better, and were used without further purification. Thin layer
chromatography (TLC) was performed on silica gel GF254 (Anhui Liang Chen Silicon
Material Co. Ltd.). Column chromatography was carried out on silica gel (200-300
mesh, Shanghai Macklin Biochemical Technology Co., Ltd.). *H NMR, **C NMR and
F NMR spectra were recorded on Bruker spectrometer and Jeol spectrometer,
respectively, with tetramethylsilane (TMS) as an internal standard and DMSO-dg or
CDClIs as solvents. The chemical shifts were referenced relative to solvent peak, 2.50
ppm (*H) and 39.52 ppm (**C) for DMSO-ds, 7.26 ppm (*H) and 77.16 ppm (*3C) for
CDClsz at 25°C. All chemical shifts are indicated in parts per million (ppm). All coupling
constants (J) were described in hertz (Hz). ESIHRMS data were obtained on a Bruker

Daltonics Apex-Ultra 7.0 T (Bruker Corporation, Billerica, MA, USA).
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4.1.1. Synthesis of (E)-3-(3-hydroxy-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)
acrylic acid (A) 3,4,5-Trimethoxyphenylacetic acid (1.91 g, 9 mmol, 1.0 eq) with 3-
Hydroxy-4-methoxybenzaldehyde (1.37 g, 9 mmol, 1.0 eq) was refluxed for 6 h in the
presence of triethylamine (5 mL) and acetic anhydride (10 mL). After acidification with
concentrated hydrochloric acid (20 mL), the solid was dissolved in DCM (20 mL),
washed with saturated NaHCO3z solution and brine, dried over Na>SOas, and then
concentrated. The residue was purified by silica gel chromatography (CH.Cl2/CH30H,
10:1) to yield the A as a yellow solid (1.36 g, 42%). *H NMR (400 MHz, DMSO-ds, J
in Hz) 81 12.44 (s, 1H), 8.96 (s, 1H), 7.58 (s, 1H), 6.80 (d, J = 8.4 Hz, 1H), 6.61 (dd, J
= 8.4, 2.0 Hz, 1H), 6.54 (d, J = 2.0 Hz, 1H), 6.44 (s, 2H), 3.73 (s, 3H), 3.71 (s, 3H),
3.69 (s, 6H). ¥C NMR (100 MHz, DMSO-ds) 8¢ 168.57, 153.09, 148.90, 145.88,
139.09, 137.06, 132.13, 130.39, 127.08, 122.95, 117.22, 111.56, 106.85, 60.14, 55.97,
55.49. ESIHRMS m/z caled for Ci19H2007Na" 383.1107 [M+Na]", found 383.1088.
4.1.2. General method to synthesize 1-22

The mixture of compound A (1 mmol), EDCI (1 mmol) and HOBt (1 mmol) were
dissolved in dry DCM (5 mL), and then added the DIPEA (2 mL) slowly. A series of
nitrogen-containing heterocyclic compounds (1 mmol) and piperazine derivatives (1
mmol) were added in the mixture and stirred for 12 h at room temperature. The resulting
mixture was dissolved in DCM (20 mL), washed with saturated NaHCO3 solution and
brine, dried over Na2SO4, and then concentrated. The residue was purified by silica gel

chromatography to give the desired compound 1-22.
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4.1.2.1.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(pyrrolidin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (1). White solid (191 mg, 46%); *H NMR (400 MHz,
CDCls, J in Hz) 6u 6.75 (d, J = 1.6 Hz, 1H), 6.66 (s, 1H), 6.60 (s, 1H), 6.59 (dd, J =
8.4,1.6 Hz, 1H), 6.53 (s, 2H), 3.81 (s, 3H), 3.78 (s, 3H), 3.66 (s, 6H), 3.50 (s, 2H), 3.25
(s, 2H), 1.81 (s, 4H). *3C NMR (100 MHz, CDCl3) 8¢ 170.10, 153.33, 146.66, 145.34,
137.91, 136.94, 130.87, 130.77, 128.69, 121.93, 115.82, 110.37, 106.57, 60.96, 56.22,
55.90, 48.24, 46.09, 26.14, 24.33. ESIHRMS m/z calcd for C23H27NOgNa* 436.1736
[M+Na]", found 436.1723.

4.1.2.2.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1-morpholino-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (2). White solid (176 mg, 41%); *H NMR (400 MHz,
CDCls, J in Hz) ou 6.74 (d, J = 0.8 Hz, 1H), 6.63 (s, 2H), 6.54 (s, 1H), 6.51 (s, 2H),
3.82 (s, 3H), 3.79 (s, 3H), 3.67 (s, 6H), 3.66-3.58 (M, 4H), 3.57 (s, 4H). 3C NMR (100
MHz, CDCl3) 8¢ 170.53, 153.43, 146.72, 145.35, 138.16, 135.01, 130.70, 130.35,
128.37, 121.95, 115.62, 110.39, 106.21, 66.77, 60.96, 56.23, 55.93, 47.58, 42.54.
ESIHRMS m/z calcd for C23Ha7NO7Na" 452.1685 [M+Na]", found 452.1674.
4.1.2.3.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(piperazin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (3). White solid (151 mg, 35%); *H NMR (400 MHz,
CDCls, J in Hz) 6n 6.69 (d, J = 1.6 Hz, 1H), 6.64 (s, 1H), 6.63 (s, 1H), 6.53 (s, 2H),
6.50 (s, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.67 (s, 6H), 3.66-3.59 (m, 4H), 3.58 (s, 2H),
3.57 (s, 2H), 2.75 (s, 2H), 2.73 (s, 2H). 3C NMR (100 MHz, CDCl;3) 8¢ 170.46, 153.42,

146.98, 145.53,138.02, 135.16, 130.96, 129.95, 128.41, 121.94, 115.71, 110.53, 106.21,
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60.98, 56.25, 55.92, 47.91, 45.77, 42.66. ESIHRMS m/z calcd for C23H2sN2OeNa*
451.1845 [M+Na]", found 451.1834.
4.1.2.4.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1 -thiomorpholino-2-(3,4, 5-
trimethoxyphenyl)prop-2-en-1-one (4). White solid (186 mg, 42%); *H NMR (400 MHz,
CDCls, J in Hz) ou 6.74 (d, J = 1.2 Hz, 1H), 6.63 (s, 2H), 6.52 (s, 2H), 6.50 (s, 1H),
3.82 (s, 3H), 3.79 (s, 3H), 3.67 (s, 6H), 2.58 (s, 2H), 2.34 (s, 2H). 3C NMR (100 MHz,
CDCl3) 8¢ 170.60, 153.47, 146.66, 145.32, 138.20, 135.46, 130.59, 129.70, 128.37,
121.94, 115.57, 110.37, 106.22, 61.00, 56.27, 55.93, 49.71, 44.48, 27.47. ESIHRMS
m/z caled for C23H27NOgSNa* 468.1457 [M+Na]", found 468.1447.

4.1.2.5.(E)-1-(1, 1-dioxidothiomorpholino)-3-(3-hydroxy-4-methoxyphenyl)-2-(3,4, 5-
trimethoxyphenyl)prop-2-en-1-one (5). White solid (209 mg, 44%); *H NMR (400 MHz,
CDCls, J in Hz) 61 6.74 (d, J = 1.6 Hz, 1H), 6.66 (d, J = 8.4 Hz, 1H), 6.64 (d,J =1.6
Hz, 1H), 6.63 (s, 1H), 6.50 (s, 2H), 4.04 (s, 4H), 3.84 (s, 3H), 3.82 (s, 3H), 3.68 (s, 6H),
2.87 (d, J = 1.6 Hz, 4H). 3C NMR (100 MHz, CDCl3) 8¢ 170.78, 153.80, 147.02,
145.37, 138.63, 134.03, 131.34, 130.02, 127.77, 122.29, 115.58, 110.42, 106.11, 61.09,
56.40, 55.98, 51.86, 45.67, 39.96. ESIHRMS m/z calcd for C23H27NOgSNa* 500.1355
[M+Na]", found 500.1342.
4.1.2.6.(E)-1-(4-(2-fluorophenyl)piperazin-1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (6). White solid (245 mg, 47%); *H NMR
(600 MHz, CDClgs, J in Hz) dn 7.06-7.03 (m, 1H), 7.03-6.99 (m, 1H), 6.98-6.95 (m,
1H), 6.90 (t, J = 8.1 Hz, 1H), 6.80 (s, 1H), 6.67 (s, 2H), 6.60 (s, 1H), 6.58 (s, 2H), 5.71

(s, 1H), 3.88-3.68 (m, 4H), 3.85 (s, 3H), 3.84 (s, 3H), 3.71 (s, 6H), 3.08 (s, 2H), 2.91
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(s, 2H). °C NMR (150 MHz, CDCl3) 8¢ 170.52, 156.65 (d, YJc.r = 244.9 Hz), 155.02,
153.48, 146.62, 145.31, 139.47 (d, 3Jc.r = 7.4 Hz), 139.42, 138.09, 135.38, 130.90,
130.20, 128.53, 124.69 (d, *Jcr = 2.6 Hz), 124.67, 123.45 (d, 3Jc-r = 7.0 Hz), 123.40,
122.07, 119.40, 116.45 (d, 2Jce = 20.6 Hz), 116.32, 115.61, 110.35, 106.18, 61.07,
56.29, 56.00, 51.00, 50.54, 47.23, 42.09. ESIHRMS m/z calcd for C29H31FN,OgNa*
545.2064 [M+Na]", found 545.2045.

4.1.2.7.(E)-1-(4-(4-fluorophenyl)piperazin- 1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4, 5-trimethoxyphenyl)prop-2-en-1-one (7). White solid (213 mg, 41%); *H NMR
(600 MHz, CDClgs, J in Hz) 61 6.97-6.95 (m, 1H), 6.94 (s, 1H), 6.85 (d, J = 4.5 Hz, 1H),
6.83 (d, J = 4.5 Hz, 1H), 6.79 (s, 1H), 6.67 (s, 2H), 6.60 (s, 1H), 6.57 (s, 2H), 5.74 (s,
1H), 3.88-3.68(m, 4H), 3.85 (s, 3H), 3.83 (s, 3H), 3.70 (s, 6H), 3.08 (s, 2H), 2.92 (s,
2H). 13C NMR (150 MHz, CDCls) 8¢ 170.49, 158.54 (d, YJc.r = 238.6 Hz), 156.95,
153.48, 147.58, 146.64, 145.31, 138.11, 135.31, 130.86, 130.30, 128.49, 122.08, 118.74
(d, 3Jcr=7.4 Hz), 118.69, 115.88 (d, 2Jcr = 21.8 Hz), 115.74, 115.61, 110.35, 106.19,
61.07, 56.29, 55.99, 50.73, 50.67, 47.08, 42.01. ESIHRMS m/z caled for
C2oH31FN2OgNa™ 545.2064 [M+Na]", found 545.2046.
4.1.2.8.(E)-1-(4-(2-chlorophenyl)piperazin-1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (8). White solid (215 mg, 40%); *H NMR
(600 MHz, CDCls, J in Hz) 6n 7.35 (dd, J = 8.4, 1.2 Hz, 1H), 7.22-7.19 (m, 1H), 7.00
(d, J=7.8 Hz, 1H), 6.97 (d, J = 10.2 Hz, 1H), 6.80 (s, 1H), 6.67 (s, 2H), 6.60 (s, 1H),
6.58 (s, 2H), 5.70 (s, 1H), 3.88-3.68(m, 4H), 3.86 (s, 3H), 3.84 (s, 3H), 3.71 (s, 6H),

3.05 (s, 2H), 2.88 (s, 2H). 3C NMR (150 MHz, CDCls) 8¢ 170.59, 153.47, 148.60,
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146.59, 145.31, 138.09, 135.48, 130.93, 130.84, 130.07, 128.99, 128.57, 127.81,
124.46, 122.06, 120.66, 115.61, 110.35, 106.20, 61.08, 56.30, 56.00, 51.65, 51.20,
47.44, 42.24. ESIHRMS m/z calcd for C29H31CIN2OgNa* 561.1768 [M+Na]*, found
561.1747.

4.1.2.9.(E)-1-(4-(4-chlorophenyl)piperazin- 1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4, 5-trimethoxyphenyl)prop-2-en-1-one (9). White solid (227 mg, 42%); *H NMR
(600 MHz, CDCls, J in Hz) én 7.20 (s, 1H), 7.19 (s, 1H), 6.81 (s, 1H), 6.79 (s, 2H),
6.67 (s, 1H), 6.67 (s, 1H), 6.60 (s, 1H), 6.57 (s, 2H), 5.69 (s, 1H), 3.88-3.68(m, 4H),
3.85 (s, 3H), 3.84 (s, 3H), 3.70 (s, 6H), 3.12 (s, 2H), 2.97 (s, 2H). 3C NMR (150 MHz,
CDCl3) 8¢ 170.50, 153.50, 149.53, 146.65, 145.31, 138.14, 135.28, 130.83, 130.40,
129.21, 128.47, 125.63, 122.10, 117.99, 115.60, 110.35, 106.20, 61.08, 56.30, 56.00,
49.69, 46.81, 41.85. ESIHRMS m/z calcd for C29H31CIN2OsNa™ 561.1768 [M+Na]",
found 561.1752.

4.1.2.10.(E)-1-(4-(4-bromophenyl)piperazin- 1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (10). White solid (256 mg, 44%); *H NMR
(600 MHz, CDCls, J in Hz) 61 7.34 (d, J = 2.4 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H), 6.79
(s, 1H), 6.76 (s, 1H), 6.74 (s, 1H), 6.67 (s, 2H), 6.60 (s, 1H), 6.56 (s, 2H), 5.69 (s, 1H),
3.88-3.68(m, 4H), 3.85 (s, 3H), 3.84 (s, 3H), 3.70 (s, 6H), 3.13 (s, 2H), 2.97 (s, 2H).
3C NMR (150 MHz, CDCl3) 8¢ 170.50, 153.50, 149.90, 146.65, 145.31, 138.14,
135.26,132.14, 130.82, 130.42, 128.46, 122.11, 118.36, 115.59, 112.97, 110.34, 106.19,
61.08, 56.31, 56.00, 49.53, 46.77, 41.75. ESIHRMS m/z caled for C2oH31BrN2OgNa*

607.1243 [M+Na]", found 607.1226.
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4.1.2.11.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1-(4-(o-tolyl)piperazin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (11). White solid (213 mg, 41%); 'H NMR (400
MHz, CDCl3, J in Hz) 6u 7.18 (d, J= 7.0 Hz, 1H), 7.14 (d, J= 7.8 Hz, 1H), 7.00 (dt, J
=74, 3.6 Hz, 1H), 6.93 (d, J = 7.2 Hz, 1H), 6.81 (s, 1H), 6.68 (s, 2H), 6.60 (s, 1H),
6.60 (s, 2H), 5.76 (s, 1H), 3.88-3.68 (m, 4H), 3.86 (s, 3H), 3.84 (s, 3H), 3.72 (s, 6H),
2.89 (s, 2H), 2.76 (s, 2H), 2.30 (s, 3H). 3C NMR (100 MHz, CDCl3) 8¢ 170.57, 153.47,
150.88, 146.60, 145.35, 138.14, 135.56, 132.77, 131.28, 130.95, 129.97, 128.63,
126.78, 123.89, 122.01, 119.23, 115.63, 110.38, 106.28, 61.05, 56.30, 55.99, 51.99,
47.67, 42.55, 17.88. ESIHRMS m/z caled for C3oH3sN,O¢Na® 541.2315 [M+Na]",
found 541.2297.
4.1.2.12.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(4-(m-tolyl)piperazin-1-yl)-2-(3,4, 5-
trimethoxyphenyl)prop-2-en-1-one (12). White solid (222 mg, 43%); 'H NMR (600
MHz, CDCls, J in Hz) ou 7.15 (t, J = 7.8 Hz, 1H), 6.80 (s, 1H), 6.72 (s, 1H), 6.71 (s,
1H), 6.69 (s, 1H), 6.68 (s, 2H), 6.61 (s, 1H), 6.58 (s, 2H), 5.76 (s, 1H), 3.88-3.68 (m,
4H), 3.85 (s, 3H), 3.84 (s, 3H), 3.70 (s, 6H), 3.18 (s, 2H), 2.99 (s, 2H), 2.30 (s, 3H). 1*C
NMR (150 MHz, CDCI3) &¢ 170.46, 153.45, 151.00, 146.61, 145.31, 139.08, 138.08,
135.39,130.88, 130.24, 129.16, 128.53, 122.05, 121.60, 117.61, 115.62, 113.88, 110.34,
106.17, 61.05, 56.27, 55.98, 49.77, 47.03, 42.02, 21.79. ESIHRMS m/z calcd for
C30H34N206Na" 541.2315 [M+Na]", found 541.2296.
4.1.2.13.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(4-(p-tolyl)piperazin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (13). White solid (219 mg, 42%); *H NMR (400

MHz, CDCls, J in Hz) 5y 7.08 (s, 1H), 7.06 (s, 1H), 6.81 (s, 1H), 6.80 (s, 1H), 6.79 (s,
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1H), 6.67 (s, 1H), 6.67 (s, 1H), 6.60 (s, 1H), 6.58 (s, 2H), 5.84 (s, 1H), 3.88-3.68 (m,
4H), 3.85 (s, 3H), 3.83 (s, 3H), 3.70 (s, 6H), 3.09 (s, 2H), 2.97 (s, 2H), 2.26 (s, 3H). 13C
NMR (100 MHz, CDCls) oc 170.46, 153.45, 148.85, 146.65, 145.36, 138.16, 135.39,
130.88, 130.29, 130.19, 129.83, 128.56, 122.01, 117.09, 115.64, 110.39, 106.27, 61.02,
56.27, 55.97, 50.24, 47.17, 41.94, 20.49. ESIHRMS m/z calcd for C3oH34N2OsNa*
541.2315 [M+Na]*, found 541.2300. Mp (142°C-144°C, MeOH).
4.1.2.14.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(4-(3-methoxyphenyl)piperazin-1-yl)-
2-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (14). White solid (231 mg, 43%); *H NMR
(600 MHz, CDCls, J in Hz) u 7.17 (t, J = 8.4 Hz, 1H), 6.79 (s, 1H), 6.68 (s, 2H), 6.60
(s, 1H), 6.57 (s, 2H), 6.50 (dd, J = 8.4, 1.2 Hz, 1H), 6.46-6.44 (m, 1H), 6.43 (s, 1H),
5.68 (s, 1H), 3.88-3.68 (m, 4H), 3.85 (s, 3H), 3.84 (s, 3H), 3.77 (s, 3H), 3.70 (s, 6H),
3.18 (s, 2H), 3.01 (s, 2H). 3C NMR (150 MHz, CDCls) 8¢ 170.49, 160.72, 153.48,
152.27,146.62,145.31, 138.11, 135.36, 130.87, 130.28, 130.06, 128.52, 122.10, 115.60,
110.35,109.41, 106.18, 105.40, 103.27, 61.08, 56.29, 56.00, 55.32, 49.61, 46.95, 41.90.
ESIHRMS m/z caled for C30H34N>O7Na" 557.2264 [M+Na]", found 557.2242.
4.1.2.15.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(4-(4-methoxyphenyl)piperazin-1-yl)-
2-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (15). White solid (237 mg, 44%); *H NMR
(400 MHz, CDCls, J in Hz) 1 6.87-6.84 (m, 1H), 6.84 (s, 1H), 6.83 (s, 1H), 6.83-6.80
(m, 1H), 6.79 (s, 1H), 6.67 (s, 1H), 6.67 (s, 1H), 6.59 (s, 1H), 6.57 (s, 2H), 5.82 (s, 1H),
3.88-3.68 (M, 4H), 3.84 (s, 3H), 3.82 (s, 3H), 3.75 (s, 3H), 3.70 (s, 6H), 3.03 (s, 2H),
2.90 (s, 2H). °C NMR (100 MHz, CDCls) 8¢ 170.46, 154.51, 153.45, 146.63, 145.34,

145.26, 138.13, 135.39, 130.89, 130.16, 128.55, 122.02, 118.97, 115.63, 114.62,
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110.37, 106.24, 61.04, 56.27, 55.97, 55.63, 51.16, 47.25, 42.19. ESIHRMS m/z calcd
for C30H34N,07Na" 557.2264 [M+Na]*, found 557.2244.
4.1.2.16.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1-(4-(4-nitrophenyl)piperazin-1-yl)-2-
(3,4, 5-trimethoxyphenyl)prop-2-en-1-one (16). Yellow solid (227 mg, 41%); *H NMR
(400 MHz, CDClgz, J in Hz) 61 8.06 (d, J = 1.8 Hz, 1H), 8.04 (d, J = 2.0 Hz, 1H), 6.77
(s, 1H), 6.76 (s, 1H), 6.75-6.73 (m, 1H), 6.66 (s, 1H), 6.66 (s, 1H), 6.62 (s, 1H), 6.55
(s, 2H), 5.86 (s, 1H), 3.88-3.68 (m, 4H), 3.82 (s, 3H), 3.81 (s, 3H), 3.68 (s, 6H), 3.35
(s, 2H), 3.32 (s, 2H). *C NMR (100 MHz, CDCls) 8¢ 170.67, 154.41, 153.49, 146.79,
145.31, 139.01, 138.17, 134.89, 130.87, 130.61, 128.19, 125.93, 122.11, 115.57,
113.06, 110.36, 106.17, 61.00, 56.27, 55.95, 47.01, 45.92, 41.51. ESIHRMS m/z calcd
for C20H31N308Na" 572.2009 [M+Na]", found 572.2001.
4.1.2.17.(E)-4-(4-(3-(3-hydroxy-4-methoxyphenyl)-2-(3,4,5-
trimethoxyphenyl)acryloyl)piperazin-1-yl)benzonitrile (17). White solid (223 mg, 42%);
'H NMR (400 MHz, CDCls, J in Hz) 8u 7.47 (s, 1H), 7.45 (s, 1H), 6.81 (s, 1H), 6.79
(s, 1H), 6.77 (s, 1H), 6.66 (s, 1H), 6.66 (s, 1H), 6.60 (s, 1H), 6.55 (s, 2H), 5.85 (s, 1H),
3.88-3.68 (m, 4H), 3.83 (s, 3H), 3.82 (s, 3H), 3.68 (s, 6H), 3.25 (s, 2H), 3.21 (s, 2H).
13C NMR (100 MHz, CDCls) 8¢ 170.58, 153.47, 152.95, 146.75, 145.31, 138.15,
134.97, 133.59, 130.70, 130.64, 128.23, 122.06, 119.74, 115.57, 114.66, 110.35,
106.17, 101.18, 60.99, 56.25, 55.94, 47.30, 46.41, 41.54. ESIHRMS m/z calcd for
C30H31N306Na" 552.2111 [M+Na]", found 552.2105.
4.1.2.18.(E)-1-(4-(4-fluorobenzyl)piperazin- 1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-

3.4, 5-trimethoxyphenyl)prop-2-en-1-one (18). White solid (232 mg, 43%); *H NMR
(3.4, yphenyl)prop (18) ( g, );
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(400 MHz, CDClgs, J in Hz) 6u 7.24 (d, J = 5.6 Hz, 1H), 7.22 (d, J = 5.6 Hz, 1H), 6.99
(s, 1H), 6.95 (s, 1H), 6.76 (s, 1H), 6.64 (s, 2H), 6.53 (s, 1H), 6.52 (s, 2H), 3.83 (s, 3H),
3.80 (s, 3H), 3.76-3.60 (m, 2H), 3.67 (s, 6H), 3.52 (s, 2H), 3.44 (s, 2H), 2.42 (s, 2H),
2.24 (s, 2H). **C NMR (100 MHz, CDCls) 8¢ 170.39, 163.42 (d, YJc.r = 243.9 Hz),
160.98, 153.39, 146.64, 145.34, 138.07, 135.48, 133.06, 130.90, 130.74 (d, 3Jcr=7.9
Hz), 130.66, 129.94, 128.58, 121.94, 115.67, 115.33 (d, 2Jcr = 21.1 Hz), 115.12,
110.39, 106.24, 62.04, 61.01, 56.23, 55.95, 52.81, 47.06, 41.88. ESIHRMS m/z calcd
for C30H33FN206sNa™ 559.2220 [M+Na]", found 559.2202.
4.1.2.19.(E)-1-(4-(4-chlorobenzyl)piperazin- 1-yl)-3-(3-hydroxy-4-methoxyphenyl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (19). White solid (243 mg, 44%); *H NMR
(400 MHz, CDCls, J in Hz) on 7.24 (s, 1H), 7.22 (s, 1H), 7.19 (s, 1H), 7.17 (s, 1H),
6.74 (s, 1H), 6.62 (s, 1H), 6.62 (s, 1H), 6.51 (s, 1H), 6.50 (s, 2H), 3.81 (s, 3H), 3.76 (s,
3H), 3.70-3.63 (m, 2H), 3.65 (s, 6H), 3.50 (s, 2H), 3.41 (s, 2H), 2.39 (s, 2H), 2.22 (s,
2H). °C NMR (100 MHz, CDCls) 8¢ 170.35, 153.29, 146.68, 145.33, 137.97, 135.89,
135.29,133.01, 130.81, 130.39, 129.91, 128.45, 121.82, 115.69, 110.39, 106.16, 61.97,
60.92, 56.14, 55.85, 52.74, 46.97, 41.85. ESIHRMS m/z calcd for C30H33CIN2OsNa*
575.1925 [M+Na]", found 575.1907.

4.1.2.20.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1-(4-(2-methylbenzyl)piperazin-1-yl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (20). White solid (224 mg, 42%); '"H NMR
(400 MHz, CDCl3, J in Hz) 61 7.20 (d, /= 7.2 Hz, 1H), 7.17-7.14 (m, 1H), 7.14 (s, 1H),
7.12(dd, J=6.8,2.4 Hz, 1H), 6.78 (s, 1H), 6.66 (s, 1H), 6.65 (s, 1H), 6.55 (s, 1H), 6.54

(s, 2H), 5.80 (s, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 3.75-3.64 (m, 2H), 3.69 (s, 6H), 3.51
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(s, 2H), 3.44 (s, 2H), 2.45 (s, 2H), 2.34 (s, 3H), 2.28 (s, 2H). 3C NMR (100 MHz,
CDCls) 6c 170.36, 153.41, 146.56, 145.32, 138.05, 137.63, 135.72, 135.64, 130.97,
130.47, 129.98, 129.82, 128.67, 127.42, 125.64, 121.96, 115.63, 110.36, 106.24, 61.04,
60.80, 56.26, 55.98, 53.04, 47.15, 42.05, 19.29. ESIHRMS m/z calcd for
C31H36N206Na* 555.2471 [M+Na]*, found 555.2453.
4.1.2.21.(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(4-(3-methylbenzyl)piperazin-1-yl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (21). White solid (235 mg, 44%); 'H NMR
(600 MHz, CDCls, J in Hz) &y 7.18 (t, J = 7.6 Hz, 1H), 7.08 (s, 1H), 7.06 (s, 1H), 7.05
(s, 1H), 6.77 (s, 1H), 6.65 (s, 2H), 6.54 (s, 1H), 6.53 (s, 2H), 5.90 (s, 1H), 3.84 (s, 3H),
3.81 (s, 3H), 3.75-3.64 (m, 2H), 3.68 (s, 6H), 3.52 (s, 2H), 3.44 (s, 2H), 2.45 (s, 2H),
2.32 (s, 3H), 2.26 (s, 2H). 3C NMR (150 MHz, CDCls) 8¢ 170.37, 153.37, 146.57,
145.30, 138.03, 137.96, 137.31, 135.55, 130.95, 129.97, 129.86, 128.61, 128.27,
128.13, 126.32, 121.94, 115.66, 110.34, 106.15, 62.96, 61.03, 56.22, 55.95, 53.03,
52.88, 47.10, 41.94, 21.45. ESIHRMS m/z caled for C31H3sN,O¢Na" 555.2471
[M+Na]", found 555.2452.

4.1.2.22.(E)-3-(3-hydroxy-4-methoxyphenyl)- 1-(4-(4-methylbenzyl)piperazin- 1-yl)-2-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (22). White solid (226 mg, 42%); *H NMR
(600 MHz, CDCls, J in Hz) 81 7.16 (s, 1H), 7.15 (s, 1H), 7.11 (s, 1H), 7.10 (s, 1H),
6.77 (s, 1H), 6.65 (s, 2H), 6.54 (s, 1H), 6.52 (s, 2H), 5.83 (s, 1H), 3.85 (s, 3H), 3.82 (s,
3H), 3.75-3.64 (M, 2H), 3.68 (s, 6H), 3.52 (s, 2H), 3.45 (s, 2H), 2.44 (s, 2H), 2.32 (s,
3H), 2.26 (s, 2H). **C NMR (150 MHz, CDCl3) ¢ 170.36, 153.38, 146.56, 145.29,

137.97,137.07,135.58, 134.24, 130.96, 129.86, 129.24, 129.10, 128.64, 121.97, 115.64,
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110.33, 106.15, 62.65, 61.05, 56.22, 55.97, 52.98, 52.74, 47.11, 41.97, 21.19.
ESIHRMS m/z calcd for C31H3sN2OgNa* 555.2471 [M+Na]", found 555.2451.
4.1.3. Preparation of Compound 31
(2R,3S,4S,5R,6R)-6-(acetoxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate
(5.0 g, 12.8 mmol) dissolved in THF (40 mL) and stirred overnight at room temperature
with benzylamine (4.6 mL, 42 mmol). The mixture was purified by silica gel
chromatography (EtOAc/petroleum ether, 1:1) to yield the intermediate 30. And then
the 30 (626 mg, 1.8 mmol) dissolved in DCM, DBU (0.14 mL, 0.9 mmol) and CCI;CN
(1.12mL, 11.1 mmol) were added slowly under an inert atmosphere, compound 31 was
given by stirring overnight at room temperature. After acidification with 1 mol/L HCI,
the liquid was dissolved in DCM (20 mL), washed with saturated NaHCO3 solution and
brine, dried over Na>SOs, and then concentrated. The residue was purified by silica gel
chromatography (EtOAc/n-hexane, 1:1) to yield the compound 31.
4.1.3.1.(2R,3R,4S,5S,6R)-2-(acetoxymethyl)-6-(2,2, 2-trichloro-1-iminoethoxy)tetrahy
dro-2H-pyran-3,4,5-triyl triacetate (31). Yellow solid (683 mg, 77%); *H NMR
(400 MHz, CDCls, J in Hz) on 8.78 (s, 1H), 6.24 (d, J = 1.8 Hz, 1H), 5.43
(t, J = 2.4 Hz, 1H), 537 (d, J = 1.6 Hz, 1H), 5.36 (d, J = 2.4 Hz, 1H), 4.2
6-4.22 (m, 1H), 416 (d, J = 6.0 Hz, 1H), 4.12 (d, J = 2.4 Hz, 1H), 2.17 (s,
3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.98 (s, 3H). 3C NMR (100 MHz, CDCls) &c¢
170.67, 169.90, 169.81, 169.72, 159.85, 94.61, 90.59, 71.30, 68.90, 67.96, 65.
53, 62.15, 20.79, 20.71, 20.63.

4.1.4. General method to synthesize 32-34
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To the mixture of compound 13 (259 mg, 0.5 mmol), TBAF (130 mg, 0.5 mmol)
dissolved in DCM (10 mL), and then KoCO3 (550mg, 4mmol) were added. After stirring
for 20 min, the donor 27-29 (0.8 mmol) was added slowly, respectively. And then the
mixture of two phase reaction was stirred for 12 h, the residue was purified by silica
gel column chromatography to give the desired products 32-34.
4.1.4.1.(28,3S,4R,5S,6R)-2-(acetoxymethyl)-6-(2-methoxy-5-((E)-3-oxo-3-(4-(p-
tolyl)piperazin-1-yl)-2-(3,4,5-trimethoxyphenyl)prop- 1-en- 1-yl) phenoxy)tetrahydro-
2H-pyran-3,4,5-triyl triacetate (32). White solid (281 mg, 66%); *H NMR (600 MHz,
DMSO-ds, J in Hz) 61 7.03 (s, 1H), 7.02 (s, 1H), 6.97 (s, 1H), 6.94 (d, J = 8.4 Hz, 1H),
6.93-6.90 (m, 1H), 6.84 (s, 1H), 6.82 (s, 1H), 6.61 (s, 1H), 6.57 (s, 2H), 5.28 (t, J = 9.0
Hz, 1H), 5.03 (d, J = 8.4 H, 1Hz), 5.01 (s, 1H), 4.97 (t, J = 9.6 Hz, 1H), 4.20 (dd, J =
12.0, 5.4 Hz, 1H), 3.95 (dd, J = 12.0, 1.8 Hz, 1H), 3.90 (ddd, J = 9.6, 5.4, 2.4 Hz, 1H),
3.72 (s, 3H), 3.70 (s, 3H), 3.68 (s, 4H), 3.64 (s, 6H), 3.05 (s, 2H), 3.00 (s, 2H), 2.19 (s,
3H), 2.01 (s, 3H), 2.00 (s, 6H), 1.96 (s, 3H). 3C NMR (150 MHz, DMSO-ds) 5¢ 169.93,
169.53, 169.26, 168.94, 168.80, 153.05, 149.66, 148.68, 145.26, 137.36, 135.21,
130.94, 129.44, 128.57, 128.37, 127.65, 125.05, 119.34, 116.24, 112.61, 105.88, 99.21,
71.83,70.92,70.61,67.86,61.43, 60.18, 55.92, 55.87, 49.17, 49.00, 46.51, 41.21, 20.47,
20.35, 20.28, 20.04. ESIHRMS m/z caled for C4sHs:NO15Na™ 871.3265 [M+Na]",
found 871.3227.
4.1.4.2.(28,3R,4R,5S,6R)-2-(acetoxymethyl)-6-(2-methoxy-5-((E)-3-oxo-3-(4-(p-
tolyl)piperazin-1-yl)-2-(3,4,5-trimethoxyphenyl)prop- 1-en-1-yl)phenoxy)tetrahydro-

2H-pyran-3,4,5-triyl triacetate (33). White solid (287 mg, 68%); *H NMR (400 MHz,
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DMSO-ds, J in Hz) 81 7.04 (s, 1H), 7.02 (s, 1H), 6.93 (s, 1H), 6.92 (s, 1H), 6.90 (s, 1H),
6.84 (s, 1H), 6.82 (s, 1H), 6.61 (s, 1H), 6.56 (s, 2H), 5.29 (d, J = 1.2 Hz, 1H), 5.17 (s,
1H), 5.16 (s, 1H), 4.92 (d, J = 7.2 Hz, 1H), 4.04 (s, 1H), 4.03 (s, 1H), 3.72 (s, 3H), 3.70
(s, 3H), 3.69 (s, 4H), 3.64 (s, 6H), 3.20-3.11 (m, 1H), 3.02 (s, 2H), 3.02 (s, 2H), 2.19
(s, 3H), 2.14 (s, 3H), 2.01 (s, 3H), 1.99 (s, 3H), 1.94 (s, 3H). °C NMR (100 MHz,
DMSO-ds) dc 169.91, 169.70, 169.46, 168.99, 168.75, 153.05, 149.68, 148.66, 145.30,
137.34, 135.27, 130.94, 129.41, 128.60, 128.34, 127.64, 124.96, 119.39, 116.22,
112.65, 105.90, 99.69, 70.22, 70.10, 68.17, 66.95, 60.98, 60.15, 55.93, 55.83, 49.05,
46.32, 41.20, 20.43, 20.35, 20.33, 20.30, 20.01. ESIHRMS m/z caled for
Cu4Hs52N2015Na" 871.3265 [M+Na]", found 871.3231.
4.1.4.3.(2R,35,4S,5R,6S5)-2-(acetoxymethyl)-6-(((2S,3S,4R,5S,6R)-4,5-diacetoxy-2-
(acetoxymethyl)-6-(2-methoxy-5-((E)-3-oxo-3-(4-(p-tolyl)piperazin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-1-en- 1-yl)phenoxy)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-
2H-pyran-3,4,5-triyl triacetate (34). White solid (334 mg, 59%); *H NMR (400 MHz,
CDCls, J in Hz) &n 7.05 (s, 1H), 7.03 (s, 1H), 6.90 (d, J = 2.0 Hz, 1H), 6.86 (dd, J =
8.4, 1.6 Hz, 1H), 6.79 (s, 1H), 6.77 (s, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.57 (s, 1H), 6.53
(s,2H),5.32 (d, J =2.8 Hz, 1H), 5.16 (t, J = 9.2 Hz, 1H), 5.09 (dd, J = 7.8, 2.4 Hz, 1H),
5.06 (d, J=1.0Hz, 1H), 4.92 (dd, J = 10.4, 3.2 Hz, 1H), 4.65 (d, J = 7.6 Hz, 1H), 4.45
(d, J=8.0 Hz, 1H), 4.29 (dd, J = 12.0, 1.8 Hz, 1H), 4.14-4.09 (m, 1H), 4.07 (d, J = 4.0
Hz, 1H), 4.05 (dd, J = 6.4, 4.8 Hz, 1H), 3.87 (d, J = 6.8 Hz, 1H), 3.84 (s, 1H), 3.82-
3.62 (m, 4H), 3.80 (s, 3H), 3.74 (s, 3H), 3.68 (s, 6H), 3.49-3.44 (m, 1H), 3.06 (s, 2H),

2.97 (s, 2H), 2.23 (s, 2H), 2.12 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 (s, 6H), 2.00 (s,
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3H), 1.93 (s, 3H). 3C NMR (100 MHz, CDCls) 8¢ 170.35, 170.23, 170.16, 170.13,
170.07, 169.75, 169.50, 169.18, 153.51, 150.34, 148.72, 145.88, 138.09, 135.71,
130.77, 130.30, 129.80, 129.62, 128.02, 125.95, 120.19, 117.05, 112.15, 106.21,
101.18, 100.55, 75.87, 72.67, 72.59, 71.53, 71.12, 70.72, 69.09, 66.75, 61.70, 60.88,
56.18, 56.04, 50.21, 46.93, 41.98, 20.84, 20.80, 20.60, 20.51, 20.49, 20.43. ESIHRMS
m/z caled for CssHgsN2023Na™ 1159.4111 [M+Na]”, found 1159.4074.

4.1.5. Preparation of Compound 35

Compound 13 (259 mg, 0.5 mmol) was dissolved in dry DCM with 4 A molecular
sieves, and stirred for 15min at room temperature. Next boron trifluoride diethyl
etherate (100 xL, 0.5 mmol) and intermediate 31 (316 mg, 0.6 mmol) were added to the
mixture slowly and stirred for 2 h at -40 °C. After quenching the reaction with
triethylamine, the liquid was washed with saturated NaHCO3 solution and brine, dried
over Na»SOs, and then concentrated. The residue was purified by silica gel
chromatography (EtOAc/n-hexane, 1:1) to yield the compound 35.
4.1.5.1.(2R,3R,4S,5S,6R)-2-(acetoxymethyl)-6-(2-methoxy-5-((E)-3-0x0-3-(4-(p-
tolyl)piperazin-1-yl)-2-(3,4,5-trimethoxyphenyl)prop-1-en-1-yl)phenoxy)tetrahydro-
2H-pyran-3,4,5-triyl triacetate (35). White solid (308 mg, 73%); *H NMR (400 MHz,
CDCls, J in Hz) 81 7.07 (s, 1H), 7.05 (s, 1H), 6.93 (d, J = 1.9 Hz, 1H), 6.87 (dd, J =
8.5, 1.8 Hz, 1H), 6.81 (s, 1H), 6.79 (s, 1H), 6.72 (d, J = 8.5 Hz, 1H), 6.58 (s, 1H), 6.54
(s, 2H), 5.52 (dd, J = 10.0, 3.5 Hz, 1H), 5.44 (dd, J = 3.4, 1.8 Hz, 1H), 5.30 (t, J = 10.0
Hz, 1H), 5.20 (d, J = 1.6 Hz, 1H), 4.23-4.18 (m, 1H), 4.18-4.15 (m, 1H), 4.00 (d, J =

10.0 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 3.69 (s, 6H), 3.05 (s, 2H), 3.03 (s, 2H), 2.25 (s,
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3H), 2.17 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H). 3C NMR (100 MHz, CDCls)
dc 170.59, 170.13, 170.02, 169.88, 169.81, 153.64, 150.71, 148.81, 144.62, 138.38,
136.00, 130.82, 130.37, 129.86, 129.49, 128.17, 126.03, 120.31, 117.14, 112.13,
106.22, 97.87, 69.52, 69.45, 68.99, 66.21, 62.30, 60.92, 56.33, 55.95, 50.30, 46.99,
42.00, 20.85, 20.73, 20.48. ESIHRMS m/z calcd for CauHs:N2OisNa™ 871.3265
[M+Na]*, found 871.3231.
4.1.6. General method to synthesize 36-39

The intermediate 32-35 (0.25 mmol) was dissolved in MeOH (10 mL) respectively,
and then KoCOs; (275 mg, 2 mmol) was added. After stirred for 30 min at room
temperature, the residue was purified by silica gel column chromatography to give the
desired products 36-39.
4.1.6.1.(E)-3-(4-methoxy-3-(((2R,3S,4R,5R,6S5)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)- 1-(4-(p-tolyl)piperazin-1-yl)-
2-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (36). White solid (166 mg, 98%); 'H NMR
(400 MHz, DMSO-ds, J in Hz) 61 7.04 (s, 1H), 7.02 (s, 1H), 6.93 (s, 1H), 6.89 (d, J =
8.4 Hz, 1H), 6.86 (s, 1H), 6.85 (s, 1H), 6.83 (s, 1H), 6.58 (s, 1H), 6.58 (s, 2H), 5.28 (d,
J=4.8 Hz, 1H), 5.11 (s, 1H), 5.02 (s, 1H), 4.50 (t, J=5.6 Hz, 1H), 4.42 (d, /J=7.6 Hz,
1H), 3.75-3.65 (m, 4H), 3.74 (s, 3H), 3.71 (s, 3H), 3.66 (s, 6H), 3.54 (dd, J=11.2, 4.4
Hz, 1H), 3.45 (dd, J=11.2, 5.6 Hz, 1H), 3.20 (d, J=5.6 Hz, 1H), 3.17 (s, 1H), 3.13 (d,
J = 8.8 Hz, 1H), 3.04 (s, 4H), 2.93-2.88 (m, 1H), 2.19 (s, 3H). *C NMR (100 MHz,
DMSO-ds) dc 169.03, 153.12, 148.74, 148.70, 145.90, 137.40, 134.41, 131.32, 129.44,

129.04, 128.34, 127.46, 123.59, 116.24, 115.66, 112.03, 106.00, 100.05, 76.80, 76.70,
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72.96, 69.17, 60.30, 60.27, 55.95, 55.62, 49.13, 46.49, 41.15, 20.05. ESIHRMS m/z
caled for C36H44N2011Na" 703.2843 [M+Na]", found 703.2812.
4.1.6.2.(E)-3-(4-methoxy-3-(((2R,3S,4R,5S,6S)-3,4, 5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)-1-(4-(p-tolyl)piperazin-1-yl)-
2-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (37). White solid (168 mg, 99%); '"H NMR
(400 MHz, DMSO-dg, J in Hz) & 7.04 (s, 1H), 7.02 (s, 1H), 6.90 (s, 1H), 6.87 (s, 1H),
6.85 (s, 1H), 6.85 (s, 1H), 6.83 (s, 1H), 6.59 (s, 1H), 6.57 (s, 2H), 5.10 (d, J = 4.4 Hz,
1H), 4.89 (d, J=4.8 Hz, 1H), 4.59 (s, 1H), 4.50 (d, /= 3.6 Hz, 1H), 4.38 (d,J=7.6 Hz,
1H), 3.75-3.65 (m, 4H), 3.73 (s, 3H), 3.69 (s, 3H), 3.66 (s, 6H), 3.58-3.53 (m, 1H),
3.53-3.49 (m, 1H), 3.49 (d, /= 5.6 Hz, 1H), 3.41 (s, 1H), 3.27-3.23 (m, 1H), 3.20 (t, J
= 6.4 Hz, 1H), 3.03 (s, 4H), 2.19 (s, 3H). *C NMR (100 MHz, DMSO-dg) dc 169.01,
153.14, 148.82, 148.71, 146.02, 137.38, 134.55, 131.38, 129.46, 129.10, 128.35,
127.48, 123.41, 116.26, 115.92, 112.06, 106.01, 100.67, 75.18, 73.59, 69.92, 68.08,
60.31, 60.18, 55.93, 55.63, 49.17, 46.50, 41.28, 20.06. ESIHRMS m/z calcd for
C36H44N2011Na" 703.2843 [M+Na]", found 703.2808.
4.1.6.3.(E)-3-(3-(((2R,3S,4S,5R, 6S)-3,4-dihydroxy-6-(hydroxymethyl)-5-
(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-4-methoxyphenyl)- 1-(4-(p-tolyl)piperazin- 1-yl)-
2-(3,4, 5-trimethoxyphenyl)prop-2-en-1-one (38). White solid (206 mg, 98%); 'H NMR
(600 MHz, DMSO-ds, J in Hz) 6u 7.04 (s, 1H), 7.02 (s, 1H), 6.93 (d, J = 1.8 Hz, 1H),
6.89 (d, J=9.0 Hz, 1H), 6.85 (s, 1H), 6.84 (d, J=2.4 Hz, 1H), 6.83-6.82 (m, 1H), 6.58

(s, 1H), 6.56 (s, 2H), 5.45 (s, 1H), 5.07 (s, 1H), 4.87 (d, J = 7.8 Hz, 1H), 4.81 (s, 1H),
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4.69 (s, 1H), 4.60 (s, 1H), 4.58 (s, 1H), 4.53 (d, /= 7.8 Hz, 1H), 4.22 (d, J = 7.2 Hz,
1H), 3.75-3.65 (m, 4H), 3.73 (s, 3H), 3.69 (s, 3H), 3.65 (s, 6H), 3.62 (d, J = 2.7 Hz,
1H), 3.61 (s, 2H), 3.54 (dd, /= 10.8, 5.4 Hz, 1H), 3.50 (dd, J=10.8, 7.2 Hz, 1H), 3.47-
3.45 (m, 1H), 3.32 (s, 1H), 3.30 (d, /= 8.7 Hz, 1H), 3.26 (t, /= 8.4 Hz, 1H), 3.15 (dt,
J=9.6,3.6 Hz, 1H), 3.15-2.88 (m, 4H), 2.20 (s, 3H). *C NMR (150 MHz, DMSO-ds)
dc 168.97, 153.10, 148.74, 148.69, 145.77, 137.35, 134.48, 131.31, 129.44, 129.03,
128.32, 127.44, 123.50, 116.24, 115.91, 112.02, 105.93, 103.85, 99.69, 79.77, 75.56,
75.19,74.83,73.36,72.71,70.61, 68.16, 60.44, 60.28, 59.88, 55.96, 55.59, 48.98, 46.61,
41.22, 20.06. ESIHRMS m/z calcd for C4HsaN2O1sNa™ 865.3371 [M+Na]", found
865.3380.

4.1.6.4.(E)-3-(4-methoxy-3-(((2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)- 1-(4-(p-tolyl)piperazin-1-yl)-
2-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (39). White solid (165 mg, 97%); *H NMR
(400 MHz, DMSO-de, J in Hz) &n 7.07 (d, J = 2.0 Hz, 1H), 7.04 (s, 1H), 7.01 (s, 1H),
6.88 (d, J = 8.8 Hz, 1H), 6.84 (s, 1H), 6.82 (s, 1H), 6.80 (d, J = 1.6 Hz, 1H), 6.60 (s,
1H), 6.56 (s, 2H), 5.10 (d, J = 1.6 Hz, 1H), 4.96 (d, J = 2.0 Hz, 1H), 4.86 (s, 1H), 4.80
(s, 1H), 4.36 (t, J = 5.2 Hz, 1H), 3.80 (s, 1H), 3.75-3.65 (m, 4H), 3.73 (s, 3H), 3.68 (s,
3H), 3.65 (s, 6H), 3.59-3.53 (m, 1H), 3.52 (d, J = 11.6 Hz, 1H), 3.48 (s, 1H), 3.46 (d, J
=3.6 Hz, 1H), 3.44 (d, J = 3.2 Hz, 1H), 3.03 (s, 4H), 2.19 (s, 3H). 3C NMR (100 MHz,
DMSO-ds) dc 168.96, 153.07, 150.09, 148.71, 144.97, 137.50, 134.77, 131.09, 129.44,

128.91, 128.34, 127.74, 123.96, 119.99, 116.26, 112.25, 105.96, 100.18, 74.94, 70.68,
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70.12, 66.59, 60.97, 60.23, 55.94, 55.78, 49.10, 46.57, 41.31, 20.05. ESIHRMS m/z
caled for C36H44N2011Na" 703.2843 [M+Na]", found 703.2809.
4.2. Measurement of octanol-water partition coefficient (log P)

Compound 13 (4mg), each kind of sugar conjugate (4mg) and CA-4 (4mg) were
dissolved in 1 mL of n-octanol (saturated with water) in a 10 mL Vial, the solution was
placed for 24 h at room temperature. After centrifugation at 10,000 rpm/min for 10 min,
the supernatant was taken out and mixed with equal volume of water (saturated with n-
octanol). Next, the mixture was allowed to stand at room temperature for 24 h,
centrifuged at 10,000 rpm/min for 20 min, and then separated organic and aqueous
phases carefully. The concentrations of the compounds in the organic and aqueous
phase were measured by standard concentration curves equation which were
established by liquid chromatography. log P = l0g (Ch-octanol/Cwater) Was calculated by
corresponding concentration of compounds in the n-octanol and water phase.

4.3. Cell lines and materials for biological studies

Cell counting kit-8 were purchased from Dojindo company (Dojindo Laboratories,
Kumamoto, Japan). 96-well plates, 24-well plates and 6-well plates were purchased
from Corning incorporated. HCT116 (human colon cancer cells), A549 (human non-
small cell lung cancer cells), AGS (human gastric adenocarcinoma cells), SK-MES-1
(human lung squamous cell carcinoma cells) cell strains were purchased from Cell
Bank of Chinese Academy of Sciences (Shanghai, China). NCM460 (human normal
colonic epithelial cells) was purchased from Cellverse Bioscience Technology Co., Ltd.

Ham’s F-12K (Kaighn’s) Medium (F-12K), dulbecco's modifified Eagle's medium
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(DMEM), McCoy's 5A (Modified) and Fetal bovine serum (FBS) were purchased from
Gibco company, Roswell Park Memorial Institute 1640 medium (RPMI-1640) was
purchased from Cellverse Bioscience Technology Co., Ltd..
4.4. Cytotoxicity assay

Cells were seeded into 96-well plates (2 x 10° cells/well). HCT116 were cultured
overnight in McCoy’s 5A (16600082) containing 10% FBS, A549 and AGS were
maintained overnight in F-12K (21127022) containing 10% FBS, SK-MES-1 were
cultured overnight in DEME (10566016) supplemented with 10% FBS, NCM460 were
maintained overnight in RPMI-1640 (iCell-0002) with 10% FBS. Different
concentrations of compounds and negative control (0.1% DMSQO) were added
respectively then incubated at 37 °C for 72 h. Cell viability was assayed by Cell
Counting Kit-8. After co-incubation with 10% CCKS for 2 h, the absorbance of the
cells was measured at 450 nm. Cell survival rate of the compounds were calculated as
(As-Ab)/( Ac-Ab ) x 100% (As: absorbance of sample wells; Ab: absorbance of blank
wells; Ac: absorbance of control wells). 1Csp value corresponding to the concentration
that caused 50% inhibition of cell proliferation was calculated by GraphPad Prism.
4.5. Cell Invasion

Matrigel (356234, BD, USA) was diluted with pre-chilled serum-free medium at a
volume ratio of 1 : 3, and then coated uniformly in a pre-cooled Transwell (3422,
Corning, USA) and exposed to ultraviolet radiation at 37 °C for 2 h. After digestion,
the HCT116 cells were resuspended in serum-free medium and were inoculated into the

upper chamber of the transwell (1 x 10* cells/well). After adding complete medium to
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stimulate cell invasion, the cells were treated with different concentrations of 13 in a 5%
COz incubator at 37 °C for 48 h, with control group DMSO (0.1%). The cells were fixed
by 4% paraformaldehyde (P1110, Solarbio, China) for 20 min. After washing by PBS,
the transwell was dried on the cover of the culture plate in order, and 0.1% crystal violet
dye was added to the outer membrane of the transwell for 20 min. Fluorescent inverted
microscope (Boshida, BD-YGD-2) and Image J were used to analysis cell invasion.
4.6. Cell migration

The procedure of cell migration assay is similar to cell invasion assay despite the
matrigel was not coated on the transwell. The HCT116 cells were inoculated into the
upper chamber of the transwell (1 x 10* cells/well). After adding complete medium to
stimulate cell migration, the cells were treated with different doses of 13 at 37 °C for
24 h in a 5% CO> incubator, with negative control DMSO (0.1%). Likewise, the cells
were fixed by 4% paraformaldehyde (P1110, Solarbio, China) for 20min and then
washed by PBS. Next, the transwell was dried on the culture plate in order, 0.1% crystal
violet dye was used to stain for 20 min. Cell migration was analyzed by fluorescent
inverted microscope (Boshida, BD-YGD-2) and Image J.
4.7. Immunofluorescent staining assay of wubulin

HCT116 cells were processed into a suspension (1 x 10° cells/well) after digesting
with Trypsin-EDTA (0.25%) (SH30042.01, Hyclone, USA) and re-suspending in
complete culture medium. And 200 uL were taken out, then placed on the glass slides
(WHB-24-CS, WHB, China). The cells were incubated in a 5% CO; incubator at 37 °C

overnight. And then cells were treated with different concentrations of compound 13 or
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DMSO (0.1%) for 48 h in a 5% CO> incubator at 37 °C. The cells were washed with
PBS, and fixed by 4% paraformaldehyde (P1110, Solarbio, China) for 15 min. Next,
the cells were washed with PBS and then permeabilized in 0.5% Triton X-100 (93443,
Sigma, USA) for 20 min. Subsequently, the cells were blocked in Immunol Staining
Blocking Buftfer (P0102, Beyotime, China) at 37 °C for 30 min. And then the cells were
incubated with Monoclonal Anti-a-Tubulin Clone B-5-1-2 (1:4000, Cat. No. T5168,
Sigma-Aldrich, USA) at 4 °C overnight. Following washes in PBST (P1031, Solarbio,
China) for 3 times, cells were incubated with Anti-mouse IgG (H+L), F(ab'), Fragment
(Alexa Fluor® 488 Conjugate) (1:1000, #CST4408, Cell Signaling Technology, USA)
in dark for 1 h at room temperature. Finally, after adding the Antifade Mounting
Medium with DAPI (P0131, Beyotime, China) to the glass slides, fluorescent inverted
microscope (Boshida, BD-YGD-2) and confocal microscope (Carl Zeiss LSM710)
were used to study the HCT116 cytoskeleton.
4.8. Cell cycle assay

Analyses of the cell cycle were performed by using flow cytometry. HCT116 cells
and A549 cells were seed in 6-well plates (2.5 x 10° cells/well), and incubated in a 5%
CO: incubator at 37 °C for 24 h and then treated with different concentrations of
compound 13 for 24 h, with control group DMSO (0.1%). Cells were centrifuged at
1,000 rpm for 5min, and washed with ice-cold PBS. Then the cells were fixed in 70%
EtOH (pre-chilled) at 4 °C overnight. Cell were stained with 0.5 mL of PI/RNase

Staining Buffer (BD, Cat. No. 550825, USA) in dark for 15 min at room temperature.
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Finally, the cells were determined by flow cytometry using Novocyte D2060R (Agilent,
USA), and analyzed by FlowJo V10.
4.9. Cell apoptosis analysis

Analyses of the cell apoptosis were performed by using flow cytometry. A549 cells
were seed in 6-well plates (2.5 x 10° cells/well), and incubated in a 5% CO; incubator
at 37 °C for 24 h and then treated with different concentrations of compound 13 or
DMSO (0.1%) for 24 h. The cells were collected and washed by PBS and then treated
with 500 L of 1 x Annexin V Binding Buffer. After incubating with 5 uL. Annexin V-
APC Reagent and 5 uL PI Reagent (Elabscience Biotechnology Co.,Ltd., Cata. E-CK-
A217, China) for 20 min in the dark at room temperature, Novocyte D2060R (Agilent,
USA) was used to determine the cell apoptosis.
4.10. Western blot analysis

HCT-116 cells were treated with compound 13 at different doses for 24 h or 48 h.
And then the cells were washed with PBS (pre-chilled) and lysed with lysis buffer
(P0013B, Beyotime, China) on ice for 10 min. Subsequently, the cells were centrifuged
at 14,000 rpm for 5 min. Collected the supernatants and the protein concentration was
detected with BCA protein assay kit (BL521, Biosharp, China). The extracts were
reconstituted within loading buffer and inactivated for 10 min at 100 °C. And then the
proteins were fractionated by 10%-12.5% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride (PVDF)
(IPVHO00010, MILLIPORE, USA). The proteins were blocked with 5% skimmed milk

and incubated with appropriate dilution of primary antibodies, including B-Actin
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(1:1000, #CST4970, Cell Signaling Technology, USA), Cyclin B1 (1:1000,
#CST12231, Cell Signaling Technology, USA), Cdc2 (1:1000, #CST28439, Cell
Signaling Technology, USA), LC3A/B (1:1000, #CST12741, Cell Signaling
Technology, USA) and Phospho-SQSTM1/p62 (1:1000, #CST16177, Cell Signaling
Technology, USA) at 4 °C overnight. These above primary antibodies were washed and
then incubated with Anti-rabbit IgG, HRP-linked Antibody (1:1000, #CST7074, Cell
Signaling Technology, USA) for 1 h. A chemiluminescence reagent (WLAOQO6,
Wanleibio, China) was used to enhance the immunoreactive protein bands.
4.11. Immunofluorescent staining assay of autophagy

HCT116 cells were seed on the glass slides in 6-well plates, and incubated in a 5%
CO: incubator at 37 °C for overnight. 5 uL of mMRFP-GFP-LC3 (HBAD-1007, Hanbio,
China) adenovirus were added into each well when the cell confluence rate reached
50%. The cells were incubated in a 5% CO> incubator at 37 °C for 24 h and then were
treated with different concentrations of compound 13 or DMSO (0.1%) for 24 h. The
cells were fixed by 4% paraformaldehyde (P1110, Solarbio, China) for 15 min and
washed with PBS for 2-3 times. Subsequently, the cells were blocked in Antifade
Mounting Medium with DAPI (P0131, Beyotime, China). Fluorescent inverted
microscope (Boshida, BD-YGD-2) and confocal microscope (Carl Zeiss LSM710)
were used to analysis the autophagy of HCT116 cells.
4.12. Tumor nude mice model

Xenografts of HCT116 cells were established by subcutaneous injection into 5 weeks

old female BALB/c nude mice (inspection  certificate = number:
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NO.110011221106805175, Beijing Vital River Laboratory Animal Technology Co., Ltd,
China). The cells (5 x 107/0.2 mL/mouse) were inoculated on the side of the right
forelimb. Tumor growth was observed regularly, when the tumor volume reached 100
mm?, mice were divided at random into four groups by mice weight and tumor size.
The solvent control group were injected of normal saline (intraperitoneal injection).
Cisplatin (5mg/kg) group were intraperitoneally injected every 3 days, compound 13
(20 mg/kg and 40 mg/kg) groups were treated every 2 days by intraperitoneal injection.
Body weights and tumor volumes were monitored during treatment of 20 days. Finally,
mice were euthanized and tumors were weighed. The tumor size were measured by
vernier caliper and he tumor volume was calculated according to the formula of W? x
L/2 (W = tumor’s short diameter, L = tumor’s long diameter). The tumor growth
inhibition (TGI) were calculated according to the following formula: TGI (%) = (1-
V1/V2) x 100% (V1 = average tumor volume in the treatment group; V2 = average
tumor volumes in the control group).
4.13. Molecular Docking analysis

The molecular docking simulations were conducted by using Molecular Operating
Environment (MOE, Chemical Computing Group Inc., Montreal, Canada) v 2018. 01.
The 3D structure of protein tubulin was downloaded from RCSB Protein Data Bank
with PDB ID of 5LYJ. The 2D structures of the small molecules were drawn in
ChemBioDraw 2014 and were converted to 3D conformations through energy
minimization. The protein structure was prepared by using the Structure Preparation

module in MOE. Prior to dock, the force field of AMBER10: EHT and the implicit
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solvation model of Reaction Field (R-field) were selected. The “induced fit” protocol
was selected, in which the side chains of the binding site in receptor were allowed to
move according to ligand conformations, and a constraint was applied on their positions.
The weight used for tethering side chain atoms to their original positions was 10. The
binding mode was visualized by PyMOL.
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