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Abstract:

For unmet clinical needs, a novel class of ethacrynic acid (EA) derivatives containing triazole
moieties (3a-i and 8) were designed, synthesized and evaluated as new anticancer agents.
The in vitro anti-proliferative activities were assessed first on HL60 cell line and in a second
stage, the two selected compounds 3a and 3¢ were tested on a panel of human cancer cell
lines (A549, MCF7, PC3, U87-MG, SKOV3 and HCT116) and on a normal cell line (MCR5).
Compound 3c exhibited very good antitumor activities with ICso values of 20.2, 56.5 and 76.8
nM against A549, PC3 and U87-MG cell lines respectively, which is 2.8- and 1.3-fold more
active than doxorubicin on A549 and U87-MG cancer cells, respectively. In addition,
compound 3c displays a very good safety index (Sl) of 82 fold for A549. Compound 3a
showed also good ICso values of 50 nM on both A549 and PC3 cells and lower selectivity
compared to 3¢ for A549 and PC3 vs. MCR5 with Sl of 33 and 18 fold, respectively. The
measurement of mitochondrial membrane potential on HCT116 cells after treatments by
either 3a or 3c showed that both compounds induced mitochondrial dysfunctions causing
thus caspase-induced apoptosis.

Keywords: Ethacrynic acid, cytotoxic activity, triazole, anticancer agents.

1. Introduction:

Cancer is the second leading cause of death with approximately 10 million deaths in 2020
[1]. The most common cancers based on the number of the cancer cases are: lung, breast,
colorectal, prostate, skin and stomach cancer [2]. Different treatments are available
depending on cancer type and its progress state. For instance, radiation, targeted or
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hormone therapy, immunotherapy, and chemotherapy are commonly used [3]. In some
cases, only one approach is needed to achieve recovery. Unfortunately, in most of the cases,
a combination of two or more treatments is required and involved most of the time
chemotherapy. However, chemotherapy not only suffers from sides effects such as the
fatigue, hair loss, anemia eg..., it mainly encounters tumor resistance [4]. Thus, the
development of new treatments especially for resistant tumors against chemotherapeutic
agents is imperatively needed [4].

It is well established that microsomal glutathione S-transferase 1 (mGST1) and glutathione
S-transferase p (GST p) which are overexpressed in cancer cells confer resistance against a
number of cytostatic drugs [5—10]. To tackle this problem, the development of treatments
based on ethacrynic acid (EA), Edecrin®, known as inhibitor of GST p through nucleophilic
addition of thiols on the a,B-unsaturated carbonyl unit of EA, appears to be very promising
[11,12]. It is important to note that its combination with several known anticancer agents such
as cisplatin®, [13,14] chlorambucil®, melphalan®, mitomycin C®, and doxorubicin®, was
studied showing enhanced in vitro cytotoxic activities [15]. In addition, an upgrading in
cytotoxic activity in vivo was observed when EA was used as an adjuvant in clinical trials
against multiple myeloma [12,16—18]. Moreover, the EA association with lenalidomide® and
thalidomide® revealed an improved in vivo anti-proliferative activity [16,19]. Importantly, EA
in combination with thiotepa® was under a phase | clinical trial for the treatment of malignant
solid tumors [20].

In the meantime, several analogs of EA were synthesized in order to improve the anti-
proliferative activity and / or the capacity to inhibit the GST p. So far, the structure-activity
relationship studies clearly showed that all the modifications or reduction of the unsaturated
double bond and / or the carbonyl unit abolished the anti-proliferative activity [21]. However,
carboxylic group modifications by formation of simple amides or their analogs [21,22—-24],
oxadiazole [25,26], thiazole analogs [27], esters [11,28,29], as well as sulfonamides [30],
showed a significant improvement of the anti-proliferative activities with 1Cso ranging between
25 nM and 20 uM vs. ~50 uM for EA.

Previous efforts from our group underlined that the substitution of the carboxylic group by
either 2-(4-substituted (phenyl)ethanamine or 4-(4-substituted phenyl)piperazine moieties
generated compounds that exhibited moderate to strong anti-proliferative activities against
human cancer cell lines namely, tumor KB (epidermal carcinoma) and leukemia HL60
(promyelocytic) cells [21]. Moreover, some further insights into the mode of action of the EA
analogs suggested a more complex behavior than the sole inhibition of GST p. The reported
EA derivatives induced primarily apoptosis without activation of necrosis through a caspase
activation, a phenomenon that might help to avoid tumor resistances [21]. Very recently, we
demonstrated that the substitution of the carboxylic acid by sulfonamides linked via three
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different types of linkers (specifically 2-ethylenediamine, piperazine and 4-aminopiperidine
were synthesized) led to EA derivatives with good anti-proliferative activities against a panel
of cancer cell lines with 1Cso values in a nanomolar range [30].

With the aim of finding more active and selective EA derivatives and by taking advantage of
the bioisosterism between the amide et triazole moieties, we report in this current study the
synthesis of a novel class of EA analogs bearing triazole moieties readily obtained by using
Huisgen 1,3-dipolar cycloaddition. The synthetized compounds are biologically evaluated in
vitro for their anti-proliferative activity against different cancer and normal cells. In addition,
via the measurement of mitochondrial membrane potential, the mechanism of action
involving caspase activation was established on HCT116 cells through mitochondrial
dysfunction. Finally, the determination of intracellular GSH level, an important marker of cell

viability, was also realized on HCT116 cells.

2. Results and discussion

2.1. Chemistry

The synthetic route of new EA derivatives containing triazoles 3a-i is outlined in Scheme 1.
First, commercially available EA was condensed with propargylamine in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 4-(dimethylamino)pyridine (DMAP) and
1-hydroxybenzotriazole (HOB{) in dry DMF under argon atmosphere to provide 1. The
intermediates 2 were smoothly obtained using methods previously reported in the literature
[31,32]. Then, a copper (l)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction was
performed between compound 1 and intermediate 2 in the presence of CuS04.5H0O and
sodium ascorbate in t-butyl alcohol and water (2/1) at 60°C. The reaction enabled to achieve
EA-triazole derivatives 3a-i in moderate to good vyields (36-79%) (Scheme 1). All the
synthesized compounds were fully characterized by 'H NMR, *C NMR, HRMS, IR and

melting point.



cl o i cl 0\)1\
on @ NN
O Ea © 1
(i)
2a-i
Y
"o 2
cl o R
H/\(\N_Mn
N=N
o} 3a-i
n=0 n=1=CH2 n=2=CH2-CH2
] ]
-:—@—NHZ 3a, 60% —:@ 3c, 66% o O 3i, 78%
]
a —i ()
- \N p 3b, 36% .< >* \ 3d,79%
—i@—F 3e, 73%
R

NO, 3f, 67%

$

\N / 39, 72%

o,
\ /N 3h, 70 %

Scheme 1. Synthesis of EA derivatives 3a-i. Reagents and conditions: (i) Propargylamine, DMAP,
DMF, N2z or argon, 0°C, 16 h ; (i) Case n=1,2,3 : NaNs, acetone/H:20, rt, 8 h ; Case n=0 : sodium
ascorbate, Cul, DMEDA, NaNs, Ethanol/Hz20, reflux, 12 h ; (iii) Sodium ascorbate, CuSQO4, 5H20,
BuOH/H20 (2/1), 60°C, 12 h.

Additionally, since the triazole group is known to be a bioisoster of the amide group, [33] we
found interesting to study this bioisostery effect on this AE series and therefore compound 8
was synthesized using a four-step synthetic route detailled in Scheme 2.
Dichloromethoxybenzene (4) was acylated with of butanoyl chloride by a Friedel-Crafts
acylation in the presence of of aluminium chloride powder (AICl3) in anhydrous DCM at 0°C

for 2 h. Then, the intermediate was treated without purification by an additional amount of of



AICI3 in refluxing DCM for 5 h to afford the intermediate 5 in 78% yield [34]. Subsequently,
the phenol (5) was alkylated by of propargyl bromide in THF for 24 h in the presence of
potassium tert-butoxide and a catalytic amount of potassium iodide to afford compound 6 in a
good yield (85%). In the third step, an aldol condensation reaction in the presence of
formaldehyde and potassium carbonate was applied in a mixture of ethanol/water (1/1) for 24
h to give compound 7 in 33% yield. In the final step, compound 8 was obtained by a CuUAAC
reaction in 62% yield according to procedure used to prepare compound 3 (Scheme 2). All
the synthesized compounds and intermediates were fully characterized by 'H NMR, *C
NMR, HRMS, IR and melting point.
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Scheme 2. Synthesis of compound 8. Reagents and conditions : (i) First : butyl chloride, AlCls, DCM,
0°C, 2 h; Then : AICIs, DMF, reflux, 5 h ; (ii) Propargyl bromide, BuOK, KI, THF, 60°C, 24 h ; (iii) 37%
CH20 in H20, KoCOs, EtOH/H20 (1/1), reflux, 24 h; (iv) 2C, Sodium scorbate, CuSOas. 5H20,
BuOH/H20 (2/1), 60°C, 12 h.

2.2. Biological study

All the newly synthesized EA-triazole derivatives and some intermediates were evaluated for
their in vitro inhibitory activity toward HL60 cells using MMT test. EA was used as a positive
control, with the results expressed as half-maximal inhibitory concentration (ICso) values are
presented in Table 1. The ICso values are the average of at least three independent

experiments.

Table 1. Anti-proliferative activities of EA and their derivatives.

Chemical structures Compounds | n R- ICso (HL60)
MM

3a 0 4-aminophenyl 031 +0.02

3b 0 2-pyridyl- 1.73 + 0.61




3c 1 phenyl- 0.29 +0.05
y \)OL 3d 1 | 4-methoxyphenyl 0.38 + 0.04
Cl 0
N~ F -
\/u\n:@ Hm"/ﬁ\R 3e 1 4-flurophenyl 0.32 + 0.04
5 3f 1 4-nitrophenyl 0.66 + 0.02
39 1 2-pyridiyl- 0.59 +0.02
3h 1 4-pyridyl- 0.88 +0.09
3i 2 cyclohexyl- 0.87 £+ 0.08
Cl (o}
cl oyku\ 1
1.06 + 0.008
(0]
cl \/N(':\NJPh
Cl (0] S
m 8 0.63 +0.09
[e]
Cl
cl o\/ 7
0.58 +0.04
(o]

As illustrated in Table 1 the tested compounds showed moderate to excellent anti-
proliferative activity with 1Cso values ranging from 0.29 to 1.73 pM, which indicated that
introduction of triazole moieties to the EA framework efficiently enhanced the antitumor
activities. We noticed that 3a, 3c, 3d and 3e were the most active compounds displaying
very similar 1Cso values on HL60. At this level, we decided to select only two compounds 3a
and 3c for further investigations of their antiproleferative activities on various cancer and
normal cell lines as well as of their mechanism of action. For this reason, we selected one
compound in which the aryl group (R) is directly linked to triazole moiety (n = 0), and the best
analog is compound 3a. For the second compound we selected one compound having a
methylene spacer (-CHz-) between the aryl group and the triazole (n = 1). In this case, we
selected the most efficient and less expensive, easier and cheaper compound in terms of its
preparation (compound 3c).

Thus, derivatives 3a and 3¢ exhibited promising activities against HL60 with 1Cso values of
0.31 uM and 0.29 uM respectively (Figure 1). It is worth noting that compound 8 was slightly
less cytotoxic than 3¢ with 1Cso of 0.63 uM vs. 0.29 uM for 3¢, indicating the positive effect of
both amide and triazole linkers on the anti-proliferative activity.
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Figure 1. The chemical structures of 3a and 3c.

Next, we investigated the in vitro cytotoxicity of the two selected compounds 3a and 3c on a
panel of cancer and normal cell lines representative of diverse tissues/organ tumors: human
adenocarcinomic epithelial cell line (A549), human breast cancer cell line (MCF7), human
prostate cancer cell line (PC3), human glioblastoma (U87-MG), ovarian carcinoma cells
(SKOV3), human colon cancer cell line (HCT116). Moreover, to evaluate the safety index of
our compounds, their effect on the proliferation of human lung fibroblasts (MCR5) as non-
cancer cell line was also studied. The cytotoxicities in terms of 1Cso obtained after 72 h of
exposure are summarized in Table 2.

Table 2. Anti-proliferative activity of EA derivatives and doxorubicin (Doxo) upon various cancer
human cells and normal cells.

ICs0in NM
Cells A549 MCF7 PC3 us7-MG SKOV3 HCT116 MRC5
Comp
3a 50.1 8.7 107 £17.6 925+10.7 | 460 +8.2 510 +20.4 700 90 1670 £170
3c 20.2+1.9 132 £ 141 56.5+5.8 76.8+4.2 107+4.1 650 + 150 1670 +£210
Doxo 56.6 £ 0.84 120 £ 90 2.1+0.03 | 99.6 £+2.34 nc 90 +3 39.88 +1.22

nc: not calculated

The results enlisted in Table 2 showed that the selected compounds 3a and 3c displayed
promising anti-proliferative activities. In comparison with doxorubicin (Doxo), 3¢ appeared
even more active on A549 and U87-MG cell lines while 3a exhibited the same range of
cytotoxicity on A549 and MCF7 cell lines. Moreover, unlike Doxo, 3a and 3¢ were both active
on SKOV3 cell line. While Doxo remained more active on PC3 cell line, 3a and 3¢ showed
interesting 1Cso values in nanomolar range (92.5 nM and 56.5 nM respectively). For HCT116
cancer cell line, compounds 3a and 3¢ were significantly less active than Doxo (ICso = 90




nM) with ICso values of 700 and 650 nM, respectively. However, above all, it is worth noting
that 3a and 3¢ were remarkably less toxic on non-cancerous cells with 1Cso around 1670 nM.
By comparing the SAR of the EA-derivatives reported herein with our best analogs published
to date (Figure 2) [21, 30], we can conclude that the replacement of the amide moiety by the
triazole group led to a new and more promising EA-family in terms of the antiproleferative
activity aspect, considering the increased selectivity for one or more cancer cell lines
compared to EA-derivatives containing sulfonamides or amide groups. As previously noticed
in the precedent studies, the nature of the aryl group used for the functionalization has slight
impact on the antiproleferative activity as well as on cancer cell selectivity. For example, the
compound 3¢ showed an ICs, three fold lower against A549 than compound V while
compound V was more active on PC3 (ICso = 24.8 nM) than 3¢ (ICso = 56.5 nM).
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Figure 2. Chemical structures of previously reported EA analogues [21, 30]

The safety index of 3a and 3¢ was calculated for each cancerous cell line (SI, defined as the
ratio of the ICsos Of Nnoncancerous cells / ICsos Of cancer cells) and reported in Table 3. The
results corroborated the well-known poor selectivity of doxorubicin and emphasized the
selectivity of our compounds especially 3¢ that exhibited good SI on A549 and moderate Sl
on PC3 and U87-MG cell lines.



Table 3. Safety index of 3a and 3c.

Sl =
CR5/cancer
sl Sl sl sl Sl sl sl
Compds HL60 A549 MCF7 PC3 us7 SKOV3 HCT116
3a 5.38 33.33 15.60 18.05 3.63 3.27 2.38
3c 5.75 82.67 12.65 29.55 21.74 15.60 2.56
Doxo 3.98 0.70 0.33 19.08 0.40 NC 0.44

NC : not calculated

Meanwhile, the lipophilicity was calculated using Marvin application (ChemAxon).
Compounds 3a and 3c display a LogP of 3.59 and 4.49 which were consistent with the
lipophilicity criteria. This parameter, which is linked to both biological and physicochemical
properties, is one of the most important properties required for drug development
conditioning its absorption, distribution, potency and elimination.

In our previous work on EA analogues containing amide groups, we showed that the
apoptosis was induced by activation of caspases [21]. We investigated herein if compounds
3a and 3c on HCT116 cell line followed the same mechanism of action by using one of the
hallmark for apoptosis which is the loss of mitochondrial membrane potential (AWm) through
caspase-induced apoptosis (see experimental section) [35].

By the measurement of mitochondrial membrane potential (results presented in Figure 3) we
observed that compounds 3a and 3c induced mitochondrial dysfunctions with significant
effects beginning at a concentration of 5 and 10 pM for compound 3c and at 10 pM for
compound 3a. This study provides some convincing evidence that compounds 3a and 3c
caused caspase-induced apoptosis of HCT116 cells through mitochondrial dysfunction.
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Figure 3. Compounds 3a and 3c induced mitochondrial dysfunctions of HCT116 cells. Cells were
incubated with 3a or 3¢ at either the concentrations of 5 or 10 UM for 24 h at 37°C. The portions of
mitochondria dysfunction were measured using the JC-1 assay.

Glutathione is an abundant molecule regulating redox homeostasis in most mammalian
cells[36]. As shown in Figure 4, we observed a reduction of the Mean Fluorescent Intensity in
the cells treated with 3a or 3c at the concentration of 2 uM together with the appearance of a
subpopulation of cells with a reduced GSH content compared with that of the control cells.
These data indicated that both compounds induced a loss of reduced glutathione in treated

cells which is an early hallmark in the progression of cell death.
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Figure 4. Compounds 3a and 3c induced the loss of reduced gluthatione in HCT116 cells. Cells were
incubated with 3a or 3¢ at the concentration of 2 uM for 24 h at 37 °C. Intracellular GSH content was

measured using GSH assay kit by flow cytometry.
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3. Conclusion

In summary, copper (l)-catalyzed Azide-Alkyne Cycloaddition (CuUAAC) reaction was used for
an efficient synthesis of diverse EA-triazole derivatives. A series of EA-triazole compounds
was designed and developed and new EA derivatives were screened for their in vitro activity
against a panel of cancer cell lines as well as on a normal cell line. First a screening on HL60
cell line underlined that most of the compounds displayed excellent activity with 1Cso less
than 1 uM except for compound 3b which displayed moderate activity with ICso value of 1.73
UM. Subsequently, the most promising compounds 3a and 3c were selected for testing their
in vitro anti-proliferative activities against others cancer cell lines (A549, MCF7, PC3, U87-
MG, SKOV3 and HCT116) and against normal cell line (MRC5). The screening of their anti-
proliferative activities led to the identification of compounds with evident selectivity for some
cancer cell lines. Compound 3c had a strong effective inhibitory activity in vitro against A549,
PC3 and U87-MG with ICso values of 20.2, 56.5 and 76.8 nM respectively, which were 2 fold
more active than doxorubicin. Concerning compound 3a, a good inhibitory activity was
measured against A549 and PC3 with ICso values of 50.1 and 92.5 nM respectively, which
were similar or 2 fold more active than doxorubicin. Meanwhile, the selectivity index and
lipophilicity were also investigated and compounds 3a and 3a were found to be more
cytotoxic against A549 and PC3 cells than U87-MG cells with Sl up to 82 fold and with good
LogP. Our study showed also that compounds 3a and 3c caused a caspase-induced
apoptosis of HCT116 cells through mitochondrial dysfunction. In addition, the measurement
of intracellular GSH level revealed that compounds 3a and 3¢ induced a loss of reduced
glutathione in HCT116 cells.
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4. Experimental section

All chemicals, starting materials and solvents used in this study were bought from
Fluorochem, Sigma-Aldrich or Alfa Aesar and used without further purification. Solvents
mentioned as dry were purified with a dry station GT S100 immediately prior to use. The
reactions were monitored by thin-layer chromatography (TLC) analysis by using silica gel (60
F254) plates. Compounds were visualized by ultraviolet (UV) irradiation at 254 or 365 nm.
Column chromatography was performed on silica gel 60 (230-400 mesh, 0.040-0.063 mm).
Melting points (m.p. [°C]) were taken on samples in open capillary tubes and are not
corrected. The infrared spectra were recorded on a Thermo Scientific Nicolet iS10 are given
in cm™. 'H and '*C NMR spectra were recorded on Bruker spectrometer at 400 MHz ('3C,
101 MHz). Chemical shifts are given in parts per million (ppm) from tetramethylsilane (TMS)
as internal standard in CDCls, and the residual peak of DMSO in DMSO-de. The following
abbreviations are used for the 'TH NMR spectra multiplicities: br. s: broad singlet, s: singlet, d:
doublet, t: triplet, q: quartet, qt: quintuplet, m: multiplet. Coupling constants (J) are reported in
Hertz [Hz]. High-resolution mass spectra (HRMS) were recorded with a Maxis Bruker 4G
instrument and were performed in positive mode with an ESI source on a Q-TOF mass
spectrometer with an accuracy tolerance of 2 ppm. The exact mass for chlorine containing
molecules is given for the isotope 35.

4.1. Cell Culture and Proliferation Assay:

Cancer cell lines were obtained from the American Type Culture Collection (Rockville, MD,
USA) or from the European collection of cell culture (ECACC, England) and were cultured
according to the supplier’s instructions. Human HCT-116 colorectal carcinoma, MCF7 breast
adenocarcinoma, PC3 prostate adenocarcinoma, A549 lung carcinoma and SK-OV-3 ovary
carcinoma were grown in Gibco McCoy’s 5A supplemented with 10% fetal calf serum (FCS)
and 1% glutamine. HL60 myelogenous leukemia cells were grown in RPMI 1640
supplemented with 10% fetal calf serum (FCS) and 1% glutamine. U87-MG glioblastoma and
human MRC-5 cells were grown in Gibco medium DMEM supplemented with 10% fetal calf
serum (FCS) and 1% glutamine. Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO.. Cell growth inhibition was determined by an MTS assay according to the
manufacturer’s instructions (Promega, Madison, WI, USA). Briefly, the cells were seeded in
96-well plates (2.5 x 10°cells/well) containing 100 uL of growth medium. After 24 h of culture,
the cells were treated with the tested compounds at 10 different final concentrations. After 72
h of incubation, 20 pL of Cell Titer 96® AQueous One Solution Reagent was added for 2 h
before recording absorbance at 490nm with a spectrophotometric plate reader. The dose-
response curves were plotted with Graph Prism software and the 1Cso values were calculated
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using the Graph Prism software from polynomial curves (four or five-parameter logistic
equations).

4.2. Mitochondrial membrane potential assay

One of the hallmarks for apoptosis is the loss of mitochondrial membrane potential (A¥Ym).
The changes in the mitochondrial potential were detected by 5,5’,6,6’-tetrachloro-1,1,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide/chloride (JC-1), a cationic dye that exhibits
potential dependent accumulation in mitochondria, indicated by fluorescence emission shift
from red (590 nm) to green (525 nm). In brief, HCT116 cells were treated with different
concentrations of compounds 3a and 3c for 24 h. After treatment, cells were re-suspended in
1 mL of PBS containing 2 uM final concentration JC-1 probe and incubated at 37°C for 15
min. Analysis of cells was performed on a FC500 flow cytometer (Beckman Coulter, France).

4.3. Intracellular glutathione (GSH) assay

HCT116 cells were initially seeded at a density 2 x 105 cells/well in 6-well plates and
stabilized overnight. Next, cells were treated with different concentrations of 3a and 3c for 24
h. Cells were then harvested and washed with 1x PBS and intracellular GSH was quantified
using an intracellular GSH assay kit (Abcam,Cambridge, UK) according to the manufacturer's
instructions. The fluorescence intensity was measured (excitation, 490 nm; emission, 525

nm) using a FC500 flow cytometer (Beckman Coulter, France).

4.4. General procedure for preparation of triazole EA derivatives

4.4.1. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-(prop-2-yn-1-
yl) acetamide (1)

To a mixture of EDC (0.56 g, 3.62 mmol, 1.1 equiv.), HOBt (0.55 g, 3.62 mmol 1.1 equiv.),
DMAP (0.02 g, 0.165 mmol, 0.05 equiv.), and ethacrynic acid (1 g, 3.29 mmol, 1 equiv.) in
dry DMF (5 mL), propargylamine (0.18 g, 3.29 mmol, 1 equiv.) was added at 0°C. The
reaction mixture was stirred overnight at room temperature. Then, ethyl acetate (100 mL)
was added and the organic layer was washed with H-O (2 x 50 mL) and brine (3 x 50 mL),
dried over anhydrous MgSQO4 and concentrated under reduced pressure. The crude residue
was purified by flash chromatography, using DCM/EtOAc, (3:1) (v/v) as eluent to give the
desired product 1 as a white solid (830 mg, 74%), m.p. 160-162°C. '"H NMR (CDCls, 400
MHz), 8 7.20 (d, °Junw = 9.0 Hz, 1H, Ha), 7.09 (br, 1H, NH), 6.88 (d, °Jwy = 9.0 Hz, 1H, Ha/),
5.96 (s, 1H, =CH), 5.59 (s, 1H, =CH), 4.61 (s, 2H, OCH), 4.18 (dd, 3Juy = 2.5, 5.3 Hz, 2H,
NCH2), 2.47 (q, ®Jun= 7.4 Hz, 2H, CH2), 2.30 (t, °Jwn = 2.5 Hz, 1H, CH), 1.15 (t, %Juw= 7.4 Hz,
3H, CHs). *C NMR (CDCls, 101 MHz); & 195.4, 166.5, 154.4, 150.1, 134.3, 131.4, 128.7,
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127.2, 123.0, 111.0, 78.7, 72.5, 68.1, 28.9, 23.3, 12.3. IR (neat) v (cm™) 3340, 2150, 1650,
1642. HRMS (+ESI) m/z: [M+H]* calculated for C16H16Cl2NO3: 340.5017, found, 340.5016.

4.4.2. General procedure for the synthesis of intermediates 2a-i

The synthesis of the key intermediates compounds 2a-i were prepared according to
references [32,37—41].

4.4.3. General procedure for the synthesis of 3a-i

To a solution of 1 (0.1 g, 0.29 mmol, 1 equiv.) and corresponding aryl azides (0.32 mmol, 1.1
equiv.) in a mixture of +-BuOH/H20 (2:1) (5 mL), CuSQO4-5H-0 (0.0007 g, 0.003 mmol, 0.01
equiv.) and sodium ascorbate (0.057 g, 0.29 mmol, 1 equiv.) were added. The reaction
mixture was stirred at 60°C overnight. After completion of the reaction, the mixture was
diluted with H>O (50 mL) and extracted with EtOAc (2 x 25 mL), the combined organic phase
was washed with brine, then dried over anhydrous Na>SOs, filtered and concentrated under
vacuum. The crude product was purified by column chromatography by using DCM/ EtOAc

as eluent.

4.4.4. N-((1-(4-Aminophenyl)-1H-1,2,3-triazol-4-yl)methyl)-2-(2,3-
dichloro-4-(2-methylenebutanoyl)phenoxy)acetamide (3a)

DCM/EtOAc, 3:2 (v/v). White solid (84 mg, 60%), m.p. 170-171°C. '"H NMR (CDCls, 400
MHz), 5 7.89 (s, 1H, Ha), 7.49 (d, %Ju = 8.5 Hz, 2H, Ha), 7.41 (br, 1H, NH), 7.19 (d, *Jux =
9.0 Hz, 1H, Hay), 6.87 (d, °Ji = 9.0 Hz, 1H, Ha), 6.77 (d, °Jun = 8.5 Hz, 2H, Hay), 5.96 (s, 1H,
—CH), 5.59 (s, 1H, =CH), 4.74 (d, °Ju = 6.0 Hz, 2H, NCH>), 4.62 (s, 2H, OCH,), 3.91 (br, 2H,
NHy), 2.48 (q, 2Ji= 7.4 Hz, 2H, CHz), 1.16 (t, ®Juw= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101
MHz); 5 195.5, 166.9, 154.4, 150.1, 147.1, 144.2, 134.3, 131.5, 128.7, 128.5, 127.1, 123.1,
122.2 (2C), 120.6, 115.2 (2C), 110.9, 68.2, 34.7, 23.4, 12.3. IR (neat) v (cm™) 3394, 3392,
3390, 1659, 1603, 1483. HRMS (+ESI) m/z [M+H]* calculated for Co2H2:CloNsOs: 474.1094,
found, 474.1093.

4.4.5. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(pyridin-
2-yl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3b)

DCM/EtOAc, 3:2 (v/v). White solid (49 mg, 36%), m.p. 150-153°C. 'TH NMR (Acetone-ds, 400
MHz), & 8.62 (s, 1H, Har), 8.59-8.57 (m, 1H, Ha), 8.15-8.12 (m, 2H, Har), 8.98 (br, 1H, NH),
8.55-8.50 (m, 1H, Har), 7.34 (d, °Juw = 9.0 Hz, 1H, Ha), 7.23 (d, °Jun = 9.0 Hz, 1H, Ha), 6.02
(s, 1H, =CH), 5.60 (s, 1H, =CH), 4.83 (s, 2H, OCH), 4.69 (d, °Ju+ = 6.0 Hz, 2H, CH), 2.49
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(0, °Jun= 7.4 Hz, 2H, CHy), 1.13 (t, 3Jun= 7.4 Hz, 3H, CHs). *C NMR (Acetone-ds, 101 MHz);
6 194.8, 166.8, 155.4, 150.1 (2C), 148.8, 145.8, 139.6, 133.6, 130.1, 128.1, 127.3, 123.8,
122.1,119.4, 113.3, 111.8, 68.3, 34.4, 23.1, 11.9. IR (neat) v (cm™) 3389, 1662, 1600, 1590.
HRMS (+ESI) m/z: [M+H]* calculated for C21H20Cl2NsO3: 460.0937, found, 460.0936.

4.4.6. N-((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)-2-(2,3-dichloro-4-(2-
methylenebutanoyl) phenoxy)acetamide (3c)

DCM/EtOAc, 3:2 (v/v). White solid (92 mg, 66%), m.p. 145-146°C. '"H NMR (CDCl;, 400
MHz), & 7.44 (s, 1H, Ha), 7.35-7.29 (m, 4H, Ha), 7.28-7.21 (m, 2H, Har), 7.10 (d, %Juw = 9.0
Hz, 1H, Ha), 6.78 (d, °Juw = 9.0 Hz, 1H, Ha), 5.91 (s, 1H, =CH), 5.53 (s, 1H, =CH), 5.46 (s,
2H, OCHy), 4.58 (d, °Jur = 6.0 Hz, 2H, NCHy), 4.52 (s, 2H, NCH), 2.42 (q, °Jun= 7.4 Hz, 2H,
CHy), 1.10 (i, °Juw= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101 MHz); & 195.5, 166.9, 154.4,
150.1, 144.4, 134.4, 134.2, 131.4, 129.1 (2C), 128.8, 128.7, 128.1 (2C), 127.0, 123.0, 122.1,
110.9, 68.2, 54.2, 34.7, 23.3, 12.3. IR (neat) v (cm™) 3394, 1666, 1605, 1482. HRMS (+ESI)
m/z: [M+H]* calculated for Co3H23CloN4O3: 473,1141, found, 473,1136.

4.4.7. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(4-
methoxybenzyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3d)

DCM/EtOAc, 3:2 (v/v). White solid (117 mg, 79%), m.p. 151-152°C. 'TH NMR (CDCls, 400
MHz), & 7.45 (s, 1H, Har), 7.33 (br, 1H, NH), 7.24 (d, %Juw = 8.5 Hz, 2H, Har), 7.16 (d, SJuw =
9.0 Hz, 1H, Hay), 6.91 (d, %Ji = 8.5 Hz, 2H, Ha), 6.84 (d, ®Jun = 9.0 Hz, 1H, Hay), 5.96 (s, 1H,
=CH), 5.59 (s, 1H, =CH), 5.45 (s, 2H, NCHz), 4.63 (d, *Jm = 6.0 Hz, 2H, NCH2), 4.57 (s, 2H,
OCHy), 3.81 (s, 3H, OCHs), 2.48 (q, *Ju= 7.4 Hz, 2H, CH2), 1.16 (t, *Jur~ 7.4 Hz, 3H, CHa).
13C NMR (CDCls, 101 MHz) & 195.5, 166.8, 159.9, 154.4, 150.1, 144.3, 134.2, 131.4, 129.7
(2C), 128.7, 127.0, 126.3, 123.1, 121.8, 114.5 (2C), 110.9, 68.2, 55.3, 53.8 , 34.7, 23.4, 12.3.
IR (neat) v (cm™) 3392, 1662, 1600, 1486. HRMS (+ESI) m/z [M+H]* calculated for
CasH25C1N4O4: 503.1247, found, 503.1247.

4.4.8. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(4-
fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3e)

DCM/EtOAc, 3:2 (v/v). White solid (105 mg, 73%), m.p. 147-149°C. 'TH NMR (CDCls, 400
MHz), & 7.49 (s, 1H, Ha), 7.37 (br, 1H, NH), 7.32-7.28 (m, 2H, Ha/), 7.16 (d, Jun = 9.0 Hz,
1H, Ha), 7.12-7.02 (m, 2H, Ha), 6.84 (d, °Jun = 9.0 Hz, 1H, Ha), 5.96 (s, 1H, =CH), 5.58 (s,
1H, =CH), 5.49 (s, 2H, NCH>), 4.63 (d, ®Ju+ = 6.0 Hz, 2H, NCH>), 4.58 (s, 2H, OCH>), 2.47 (q,
SUhi= 7.4 Hz, 2H, CHy), 1.15 (t, 3Juw= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101 MHz); & 195.5,
166.9, 164.1 (C, Jor= 250.2 Hz), 154.4, 150.1, 144.5, 134.2, 131.4, 130.2, 130.5 (2CH, Jcr=
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8.0 Hz), 128.7, 127.0, 123.0, 122.0, 116.8 (2CH, Jc= 22.2 Hz), 110.9, 68.2, 53.4, 34.7, 23.3,
12.3. IR (neat) v (cm™) 3382, 1656, 1600, 1479. HRMS (+ESI) m/z: [M+H]* calculated for
023H220|2FN403: 491 ,1047, fOUﬂd, 491 ,1042.

4.4.9. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(4-
nitrobenzyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3f)

DCM/EtOAc, 3:2 (v/v). White solid (103 mg, 67%). m.p. 152-155°C. 'H NMR (CDCls, 400
MHz), & 8.23 (d, 3Juw = 8.5 Hz, 2H, Ha), 7.59 (s, 1H, Ha), 7.39 (br, 1H, NH), 7.43 (d, °Jun =
8.5 Hz, 2H, Ha), 7.17 (d, °Jux = 9.0 Hz, 1H, Hay), 6.85 (d, °Jur = 9.0 Hz, 1H, Ha), 5.97 (s, 1H,
=CH), 5.64 (s, 2H, NCH>), 5.58 (s, 1H, =CH), 4.66 (d, °Ju+ = 6.0 Hz, 2H, NCHy), 4.59 (s, 2H,
OCHy>), 2.48 (q, °Juw= 7.4 Hz, 2H, CH.), 1.16 (t, *Juw = 7.4 Hz, 3H, CHs). *C NMR (CDCls,
101 MHz); & 195.5, 167.0, 154.4, 150.1, 148.1, 145.0, 141.4, 134.4, 131.4, 128.8, 128.6
(2C), 127.1, 124.3 (2C), 123.0, 122.5, 110.9, 68.2, 53.1, 34.7, 23.3, 12.3. IR (neat) v (cm™)
3394, 1666, 1605, 1485, 1522, 1347. HRMS (+ESI) m/z. [M+H]* calculated for
C23H22C12NsOs: 518,0992, found, 518,0988.

4.4.10. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(pyridin-
4-ylmethyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3g)

DCM/EtOAc, 3:2 (v/v). White solid (101 mg, 72%), m.p. 161-163°C. '"H NMR (CDCls, 400
MHz) & 8.64-8.62 (m, 2H, Har), 7.58 (s, 1H, Har), 7.40 (br, 1H, NH), 7.17 (d, °Ji = 9.0 Hz, 1H,
Har), 7.13 (d, °Jut = 8.0 Hz, 2H, Ha), 6.85 (d, °Jun = 9.0 Hz, 1H, Ha), 5.96 (s, 1H, =CH), 5.59
(s, TH, =CH), 5.55 (s, 2H, NCHy), 4.67 (d, °Jux = 6.0 Hz, 2H, NCHy), 4.59 (s, 2H, OCHz), 2.49
(0, °Jur= 7.4 Hz, 2H, CHy), 1.16 (t, °Juw= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101 MHz) &
195.5 (C, C(=0)), 166.9, 154.4, 150.6 (2C), 150.2, 150.1, 144.9, 143.3, 134.3, 131.5, 128.7,
127.1,122.6, 122.3, 122.1, 110.9, 68.2, 52.8, 34.7, 23.3, 12.3. IR (neat) v (cm ') 3390, 1666,
1605, 1595. HRMS (+ESI) m/z: [M+H]* calculated for Cz2H22CloNsOs: 474.1094, found,
474.1093.

4.4.11. 2-(2,3-Dichloro-4-(2-methylenebutanoyl)phenoxy)-N-((1-(pyridin-
2-ylmethyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (3h)

DCM/EtOAc, 3:2 (v/v). White solid (98 mg, 70%), m.p. 147-148°C. 'H NMR (CDsCN, 400
MHz) & 8.56 (d, °Jun = 4.5 Hz, 1H, Ha), 7.80-7.72 (m, 2H, Ha,), 7.38 (br, 1H, NH), 7.33-7.30
(m, 1H, Ha), 7.25 (d, Jumw = 8.5 Hz, 1H, Ha), 7.22 (d, Juw = 9.0 Hz, 1H, Ha), 7.03 (d, *Jun =
9.0 Hz, 1H, Ha), 6.03 (s, 1H, =CH), 5.63 (s, 2H, NCHy), 5.61 (s, 1H, =CH), 4.66 (s, 2H,
OCHy), 4.54 (d, 3Jun = 6.0 Hz, 2H, NCH>), 2.45 (q, °Jun= 7.4 Hz, 2H, CHp), 1.14 (1, °Jun= 7.4
Hz, 3H, CHs). *C NMR (CDsCN, 101 MHz) & 195.5, 166.8, 155.1, 155.0, 150.1, 149.6,
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137.2, 133.5, 130.2, 128.9, 127.3 (2C), 123.2, 123.0, 122.3, 122.2, 111.8, 68.3, 55.0, 34.3,
23.1, 11.92. IR (neat) v (cm™') 3388, 1666, 1600, 1587. HRMS (+ESI) m/z: [M+H]* calculated
for C22H220|2N503: 447.1094, fOUﬂd, 474.1093.

4.4.12. N-((1-(2-Cyclohexylethyl)-1H-1,2,3-triazol-4-yl)methyl)-2-(2,3-
dichloro-4-(2-methylenebutanoyl)phenoxy)acetamide (3i)

DCM/EtOAc, 3:2 (v/v). White solid (114 mg, 78%), m.p. 123-125°C. 'TH NMR (CDCls, 400
MHz) & 7.56 (s, 1H, Har), 7.39 (br, 1H, NH), 7.18 (d, Jux = 9.0 Hz, 1H, Ha), 6.86 (d, 3Juw= 9.0
Hz, 1H, Ha), 5.96 (s, 1H, =CH), 5.59 (s, 1H, =CH), 4.66 (d, *Jun = 6.0 Hz, 2H, NCH,), 4.60 (s,
2H, CHy), 1.82-1.65 (m, 6H, 3CHy), 1.32-1.10 (m, 8H, CH, 2CH. and CHs), 1.10-0.92 (m, 2H,
CH,). 3C NMR (CDCls, 101 MHz) & 195.5, 166.9, 154.4, 150.1, 143.9, 134.2, 131.4, 128.8,
127.1, 123.0, 121.9, 110.9, 68.2, 48.3, 37.6, 34.9, 34.7, 32.8 (2C), 26.3, 26.0 (2C), 23.3,
12.3. IR (neat) v (cm™) 3389, 1669, 1610, 1480. HRMS (+ESI) m/z: [M+H]* calculated for
C24H31CIoN4O3: 493.1764, found, 493.1771.

4.4.13. 1-(2,3-Dichloro-4-hydroxyphenyl)butan-1-one (5)[34]

Anisole 4 (2 g, 11.36 mmol, 1 equiv.), and butanoyl chloride (1.45 g, 13.63 mmol, 1.5 equiv.)
are dissolved in 50 mL of absolute DCM, and the mixture is cooled to 0 °C, then a solution of
AICls (2.27 g, 17.04 mmol, 1.5 equiv.) in 25 mL of DCM was added within 30 min, and the
mixture is stirred for 2 h. A total of 75 mL of DCMis removed by distillation and is substituted
by the same amount of DCM. This procedure is repeated twice. An additional amount of 1.5
equiv. of AlCl3is added, and the mixture is heated under reflux for 5 h. The mixture is poured
on ice and acidified with concentrated HCI to pH 1. Tartaric acid is added for the
complexation of aluminum until the solution is cleared up. The solution is extracted with
EtOAc, and the organic layer is washed with H.O and KOH solution (10%). The EtOAc
organic layer is dried with Na>SO.. The crude residue was purified by flash chromatography,
using DCM as eluent, to furnish 5 as a white solid (2.05 g, 78%)."H NMR (CDCls, 400 MHz) &
7.41 (d, °Jum = 9.0 Hz, 1H, Ha), 7.02 (d, °Jun = 9.0 Hz, 1H, Ha), 6.02 (s, 1H, OH), 2.92 (t,
SUpr= 2.4 Hz, 2H, CHy), 1.76 (h, °Jun= 7.4 Hz, 2H, CHy), 1.00 (t, °Jun= 7.4 Hz, 3H, CHs).

4.4.14. 1-(2,3-Dichloro-4-(prop-2-yn-1-yloxy)phenyl)butan-1-one (6)

Phenol 5 (1.5 g, 6.46 mmol, 1 equiv.) is dissolved in THF. Then potassium tert-butoxide (1.45
g, 12.92 mmol, 2 equiv.), and a catalytic amount of Kl (0.10 g, 0.64 mmol, 0.1 equiv.) are
added. Then, an amount of propargyl bromide (2.30 g, 19.38 mmol, 3 equiv.) was added
slowly. The mixture is stirred at 60 °C for 24 h, poured into H-O, acidified to pH 1 with
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concentrated HCI, and extracted with EtOAc. The organic layer is washed with 10% KOH,
H-O, and brine then dried with Na>SOs. The crude residue was purified by flash
chromatography, using DCM/EtOAc, 4:1 (v/v) as eluent, to furnish 6 as an oil (1.48 g, 85%).
H NMR (CDCls, 400 MHz), & 7.38 (d, *Jun = 9.0 Hz, 1H, Har), 7.05 (d, °Jun = 9.0 Hz, 1H, Hay),
4.83 (d, ®Jurn = 2.5 Hz, 2H, OCHy), 2.89 (t, °Jun= 7.4 Hz, 2H, CHy), 2.60 (t, °Jun= 7.4 Hz, 1H,
CH), 1.73 (h, °Jun= 7.4 Hz, 2H, CHy), 0.97 (t, Jun= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101
MHz); & 202.0, 155.6, 134.3, 131.2, 127.1, 123.5, 111.3, 111.2, 77.0, 57.0, 44.7, 17.8, 13.7.
IR (neat) v (cm') 2100, 1668. HRMS (+ESI) m/z: [M+H]* calculated for Ci3H3Cl.Ox:
271.0287, found, 271.0285.

4.4.15. 1-(2,3-Dichloro-4-(prop-2-yn-1-yloxy)phenyl)-2-methylenebutan-
1-one (7)

To a solution of 6 (0.5 g, 1.85 mmol, 1 equiv.) and 37% formaldehyde solution (0.083 g, 2.77
mmol, 1.5 equiv.) in ethanol (35 mL), was added a solution of potassium carbonate (0.25 g,
1.85 mmol, 1 equiv.) in a mixed solution of H2O (17 mL) and ethanol (10 mL). The mixture
was refluxed for 24 h and decanted into hydrochloric acid solution (a mixture of concentrated
HCI (5 mL) and H20 (340 mL)) after cooling down to room temperature. The crude residue
was purified by flash chromatography, using DCM/EtOAc, 4:1 (v/v) as eluent, to give 7 as a
white solid (170 mg, 33%), m.p. 123-123°C. '"H NMR (CDCls;, 400 MHz) & 7.20 (d, Jux = 9.0
Hz, 1H, Ha), 7.07 (d, ®Juw = 9.0 Hz, 1H, Ha), 5.96 (s, 1H, =CH), 5.63 (s, 1H, =CH), 4.85 (d,
SJun = 2.5 Hz, 2H, OCHy), 2.60 (t, 3Jur= 2.4 Hz, 1H, CH), 2.49 (q, *Juw= 7.4 Hz, 2H, CH,),
1.17 (t, 3Juw= 7.4 Hz, 3H, CHs). *C NMR (CDCls, 101 MHz) & 195.9, 155.0, 150.2, 133.6,
131.3, 128.6, 126.7, 123.2, 111.2, 77.1, 76.9, 57.1, 23.4, 12.4. IR (neat) v (cm™) 2129, 1660.
HRMS (+ESI) m/z: [M+H]* calculated for C14H13Cl202: 283.1507, found, 283.1509.

4.4.16. 1-(4-((1-Benzyl-1H-1,2,3-triazol-4-yl)methoxy)-2,3-
dichlorophenyl)-2-methylenebutan-1-one (8)

Following general procedure for preparing 3a-i, the crude residue was purified by flash
chromatography, using DCM/EtOAc, 3:1 (v/v) as eluent, to furnish 8 as a white solid (91 mg,
yield of 62%), m.p. 110-112°C. 'TH NMR (CDCls, 400 MHz) & 7.62 (s, 1H, Har), 7.43-7.36 (m,
3H, Ha), 7.33-7.28 (m, 2H, Ha), 7.16 (d, °Juw = 9.0 Hz, 1H, Ha), 7.11 (d, °Jun = 9.0 Hz, 1H,
Har), 5.94 (s, 1H, =CH), 5.62 (s, 1H, =CH), 5.56 (s, 2H, NCH>), 5.33 (s, 2H, OCHz), 2.48 (q,
S = 7.4 Hz, 2H, CH2), 1.15 (t, 3Juw = 7.4 Hz, 3H, CH3). ¥C NMR (CDCls, 101 MHz) &
195.9, 155.6, 150.2 (2C), 134.2, 133.2, 131.1, 129.2 (2C), 128.9, 128.5, 128.1 (2C), 127.0,
123.0, 111.3 (2C), 63.5, 54.3, 23.4, 12.4. IR (neat) v (cm™) 1668, 1478. HRMS (+ESI) m/z:
[M+H]* calculated for C21H20Cl2N3O2: 416.0927, found, 416.0929.
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ICgp = 50.1 M on A549
Sl = 33

ICgp = 50.1 nM on PC3
Sl = 18

ICso = 20.2 M on A549
Sl = 82

ICg = 56.5 nM on PC3
Sl = 29

ICsp = 76.8 nM on U87
sl = 21






