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With the advent of mitochondrial targeting moiety such as triphenlyphosphonium cation (TPP™), targeting
mitochondria in cancer cells has become a promising strategy for combating tumors. Herein, a series of novel 4-
aryl-1,3-thiazole derivatives linked to TPP" moiety were designed and synthesized. The cytotoxicity against a
panel of four cancer cell lines was evaluated by CCK-8 assay. Most of these compounds exhibited moderate to
good inhibitory activity over HeLa, PC-3 and HCT-15 cells while MCF-7 cells were less sensitive to most com-
pounds. Among them, compound 12a exhibited a significant anti-proliferative activity against HeLa cells, and
prompted for further investigation. Specifically, 12a decreased mitochondrial membrane potential and enhanced
levels of reactive oxygen species (ROS). The flow cytometry analysis revealed that compound 12a could induce
apoptosis and cell cycle arrest at GO/G1 phase in HeLa cells. In addition, mitochondrial bioenergetics assay
revealed that 12a displayed mild mitochondrial uncoupling effect. Taken together, these findings suggest the

therapeutic potential of compound 12a as an antitumor agent targeting mitochondria.

1. Introduction

Mitochondria are essential organelles in eukaryotic cells. Their most
critical role is to produce the energy-rich molecule adenosine triphos-
phate (ATP) via oxidative phosphorylation (OXPHOS) and tricarboxylic
acid (TCA) cycle. Mitochondria are therefore considered as “power
house” of cells [1]. Mitochondria also play critical role in generation of
reactive oxygen species (ROS), and regulation of cell signaling and death
[2]. Recent findings showed that mitochondrial TCA cycle metabolites
control both physiology and disease [3]. Given the important role of
mitochondria, it is expected that the dysfunction and disorder of mito-
chondria is associated with various diseases, including cardiovascular
disease [4], neurodegenerative disease [5,6], metabolic diseases [7-9]
and cancers [10-12].

For a long time, mitochondrial metabolism has been viewed as
inconsequential to the proliferation of cancer cells. Warburg stated that
cancer cells undergo aerobic glycolysis in the presence of ample oxygen
which is referred to the Warburg effect [13]. As a result, mitochondrial
dysfunction and aerobic glycolysis have been widely recognized as
hallmarks of cancer [14]. However, the belief that mitochondrial

metabolism was dispensable for tumor proliferation was challenged
recently. A number of notable differences in the structure and function
of mitochondria between cancer and normal cells have been reported
[15]. In addition, accumulating evidence revealed that mitochondrial
bioenergetics, biosynthesis and signaling are involved for tumorigenesis
[16].

Delocalized lipophilic cations tend to accumulate inside mitochon-
dria against concentration gradient because of the negative mitochon-
drial inner membrane potential (—180 mV)] [17]. The
triphenylphosphonium cation (TPP") is the most widely used delo-
calized lipophilic cation as mitochondrial targeting moiety due to its
high lipophilicity and bio-inertness [18]. In addition, the mitochondrial
membrane potential (MMP) of cancer cells is more negative (about
—220 mV) than that of normal cells [19,20], which allows molecules
containing TPP™ to target tumor mitochondria selectively. As reported,
some natural products including artemisinin, curcumin, botulin and
camptothecin [21-24] as well as approved drugs, such as chlorambucil,
phenylbutyric acid and ciprofloxacin (CFX) [25-27] were coupled with
TPP™ to improve their anticancer selectivity and activity. Representative
examples are illustrated in Fig. 1A. Besides, a small library of 2-arly-1,3-
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thiazole-TPP conjugates exhibiting anticancer activity in vitro and in vivo
was prepared in our previous research (e.g. Fig. 1B) [28,29].

A few researches revealed that different length of linkers had impact
on the activities of TPP" conjugates by modulating lipophilicity and the
cell region to be accumulated [30-32]. Base on the above findings, a
novel series of 4-aryl-1,3-thiazole derivatives bearing longer linkers
were designed and synthesized (Fig. 2). Among the new family of
compounds, 12a exhibited most potent anti-proliferative activity,
decreased mitochondrial membrane potential and increased reactive
oxygen species (ROS) production. Moreover, compound 12a induced
apoptosis and displayed mitochondrial uncoupling effect.

2. Results and discussion
2.1. Chemistry

According to the Hantzsch thiazole synthesis, a set of thiazole-2-
thiols (2a-2k) with substituents on the phenyl ring were prepared by
condensing arylbromoketones 1a-1k and ammonium carbamodithioate
under reflux [33]. Then, 2a-2k reacted with 2-bromoethanol to give the
corresponding compounds 3a-3k under mild basic condition and room
temperature. Esters 4a-4k were obtained by reacting bromoacetyl bro-
mide and compounds 3a-3l in ice bath. The final triphenylphospho-
niums 5a-5k were prepared through treating esters 4a-4k with
triphenylphosphine under room temperature (Scheme 1). Compounds
8a and 8b were synthesized according to synthetic route depicted in
Scheme 2. Specifically, 2-bromo-4-hydroxyacetophenone was reacted
with ammonium carbamodithioate under reflux to give thiazole-2-thiol
21 which underwent a nucleophilic substitution reaction with 2-bromoe-
thanol to yield intermediate 31. Benzyl bromide bearing different sub-
stituent was reacted with intermediate 31 giving compounds 6a and 6b
under room temperature. Compounds 6a and 6b were finally converted
to compounds 8a and 8b through similar reactions referring the prep-
aration of compounds 5a-5k. In order to investigate how the length of
the linker affect the activities, compounds 9a-9f and 12a-12c were
prepared respectively (Scheme 3 and Scheme 4). In the case of 9a-9f,
distance between ester group and TPP" was extended from one carbon
to three carbons, comparing to compounds 5a-5k. The formation of
compounds 9a-9f was achieved by condensation of alcohols 3a-3c, 3h-
3j and (3-carboxypropyl) triphenylphosphonium bromide in the pres-
ence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) and
DMAP. The linkers of compounds 12a-12c were extended by prolonging
the carbon chain between 1,3-thiazloe ring and ester group. Thiazole-2-
thiol 2c was treated with different bromo-alchol under mild basic
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Fig. 2. Design of Novel Mitochondrial Targeting 4-Aryl-1,3-Thiazole-
TPP Conjugates.

condition to give compounds 10a-10c followed by reacting with bro-
moacetyl bromide to offer the corresponding esters 11a-11c. Com-
pounds 12a-12¢ were finally obtained by reacting with
triphenylphosphine overnight under room temperature.

2.2. Invitro cytotoxic activity (CCK-8 assay)

The newly synthesized 4-aryl-1,3-thiazole-TPP conjugates (5a-5k,
8a-8b, 9a-9f and 12a-12c) were screened for their cytotoxicity against
four human cancer cell lines viz. HeLa (cervical cancer), PC-3 (prostate
cancer), MCF-7 (breast cancer) and HCT-15 (colon cancer) using CCK-8
assay. 12a-12c were also tested on a normal cell line BEAS-2A (bron-
chial epithelial cell). The concentration causing 50 % inhibition of
cancer cell growth are expressed as ICsg values. Doxorubicin, Dasatinib
and CCCP were used as positive controls. The ICso values of tested
compounds are listed in Tablel. Firstly, different substituents including
halogen atoms, electron donating groups (EDG) and electron with-
drawing groups (EWG) were introduced on the phenyl ring (5a-5k, 8a,
8b). As shown in Table 1, compared to unsubstituted 5a, compounds
bearing chlorine and bromine group at 4- position and 3- position (5c-
5f) exhibited good inhibitory activity over four tested cancer cell lines.
Whereas, para-fluorine (5b), EDG including para-methyl (5g), para-
methoxy (5f) groups and EWG including para-trifluoromethyl (5i), para-
cynao (5j), para-nitro (5k) groups decreased their inhibitory activity to
varying degrees. Analogs containing para-benzyloxy and 4-Cl-benzyloxy
groups (8a, 8b) exerted moderate to good inhibitory effect against PC-3
and HCT-15 cells while less potency against HeLa and MCF-7 cells
showing ICsg higher than 50 uM.

Next, we investigated how the linkers between 1,3-thiazole ring and
TPP" affect the efficacy of our compounds. When the length of carbon
chain between TPP' and ester group was increased from one carbon
atom to three carbon atoms, the anti-proliferative activity of compounds
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Fig. 1. Chemical structures of reported TPP based anticancer agents.
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Scheme 3. Synthesis of 9a-9f. Reaction conditions: a: EDCI (3.0 equiv), DMAP (1.0 equiv), DCM, rt, 6 h.

(9a-9f) was not improved, in contrast to series 5. compared to 5c. Notably, compound 12a displayed better activity than

On the other hand, longer carbon chain between 4-aryl-1,3-thiazole 12b and 12c in general, suggesting that further increasing the length
ring and ester group positively affected the potency. Compounds 12a- between 4-aryl-1,3-thiazole ring and ester group would not lead to a
12c¢ showed good activities against four tested cancer cell lines stronger activity on anti-proliferation. The structure-activity
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Table 1
Cytotoxic effects of novel 4-Aryl-1,3-thiazole-TPP conjugates on cancer cell
lines.

Compound R ICs (UM)?
Hela MCF-7 PC-3 HCT-15
5a H 29.36 + 41.98 + >50 35.09 +
3.20 2.23 2.36
5b 4-F 28.52 + >50 >50 44.76 +
2.24 0.67
5¢ 4-Cl 15.45 + 32.79 + 31.24 + 26.97 +
1.13 1.71 1.73 2.08
5d 3-cl 15.73 + >50 23.74 + 18.53 +
0.62 2.25 1.28
5e 4-Br 18.66 + 45.50 + 27.83 + 19.49 +
1.05 0.84 1.43 2.24
5f 3-Br 25.51 + 31.78 + 33.57 + 19.49 +
0.42 0.70 2.29 0.73
5g 4-Me 24.76 + 32.49 + 20.65 + 21.02 +
2.06 1.51 1.63 1.11
5h 4-MeO 33.45 + >50 >50 >50
0.45
5i 4-CF3 2218 + 20.53 + 22.55 + 20.25 +
1.75 2.48 1.72 0.90
5j 4-CN >50 >50 >50 >50
5k 4-NO, >50 >50 >50 >50
8a H >50 >50 18.07 + 10.19 +
1.79 0.98
8b al >50 >50 32.53 + 20.19 +
1.80 1.21
9a H >50 >50 >50 41.36 +
0.31
9 F 33.22 + 20.49 + 30.98 + 29.64 +
0.29 0.58 1.49 0.44
9c cal 31.57 + 22.40 + 23.19 + 17.37 +
1.18 0.85 1.01 0.71
ad Me >50 35.14 + 35.71 + 40.92 +
0.50 0.42 0.64
% MeO >50 32.98 + 3222+ 48.23 +
0.72 0.50 0.77
of CFs 20.78 + 19.10 + 14.09 + 12,53 +
0.70 0.84 0.53 0.56
12a CLn= 883+ 15.81 + 10.07 + 7.84 +
3 0.81 1.04 0.94 0.85
12b CLn= 923+ 23.09 + 11.67 + 9.95 +
5 0.14 0.62 0.86 0.13
12¢ CLn= 1818 21.64 + 9.76 + 10.25 +
7 0.81 1.23 0.59 0.63
Dox” 1.15 + 14.71 + >50 20.65 +
0.30 0.37 0.92
Dasatinib® 52.98 + 36.03 + 32,17 + 41.24 +
0.82 0.66 0.62 0.47
cccpP >50 >50 >50 >50

# ICsp values are presented as the mean + SD (standard error of the mean)
from 3 independent experiments. ® Doxorubicin, Dasatinib and CCCP were used
as a positive control.

relationship (SAR) of our final compounds is summarized in Fig. 3. Be-
sides, 12a-12c were less toxic toward BEAS-2B cells (Table 2). Given the
most potency against HeLa cells, 12a was chosen for further
investigation.

2.3. Colony formation assay

The colony formation assay was performed to verify the ability of
compound 12a to repress proliferation. As shown in Fig. 4, the numbers
of HelLa cell colonies decreased distinctly with increasing concentrations
of compound 12a (0, 3.125, 6.25, 12.5 pM). It can be concluded that
compound 12a could inhibit the proliferation of HeLa cells in a dose-
dependent manner.

2.4. Determination of mitochondrial membrane potential (MMP)

Mitochondria are polarized because of the negative electric potential
differences across the inner membrane. Appropriate mitochondrial po-
larization is important for cellular energy metabolism. In contrast, de-
polarization is an indicator of mitochondrial dysfunction. The
mitochondrial membrane potential (MMP) was detected using the
fluorescent probe JC-1, a lipophilic cationic dye. When the MMP is low,
the dye exists as monomer emitting green fluorescence (Aex = 514 nm,
Aem = 529 nm). As the MMP is high, there are more dyes accumulating in
the mitochondria forming aggregates emitting red fluorescence (Aex =
585 nm, Aey, = 590 nm). The ratio of red/green fluorescence was used
for evaluating the variation of MMP. As shown in Fig. 5A and B, 12a
induced the depletion of MMP dose-dependently. After the treatment
with increasing concentration of 12a (0, 2.5, 5.0 and 10 pM) for 24 h,
the MMP of HeLa cells were reduced to 78 %, 72 % and 40 % of the
control group respectively, compared to the blank group. Carbonyl cy-
anide m-chlorophenylhydrazine (CCCP), a protonophore, was used as
the positive control.

2.5. Measurement of intracellular reactive oxygen species (ROS)

Intracellular reactive oxygen species (ROS) are unavoidable
byproducts of mitochondrial oxidative phosphorylation [34]. Low levels
of ROS function as signaling molecules to stimulate survival and pro-
liferation pathways, whereas high levels of ROS cause oxidative stress
leading to cell death and apoptosis [35]. Recently, generation of cyto-
toxic oxidative stress has emerged as an effective strategy for cancer
therapy [36].

To find out whether 12a induced higher levels of ROS accumulation
in the treated HeLa cells, DCFH-DA (2',7-dichlorofluorescein diacetate)
fluorescent probe was used. DCFH-DA is hydrolyzed to DCFH by esterase
after passing through the cell membrane of live cells. DCFH is oxidized
to highly fluorescent DCF (dichlorofluorescein, Aex = 488 nm, Aepy = 525
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Generally, activity increases for
single substituted compounds in
following order: R = -C1 > -Br >
-CF3 > -F > -Me > -H > -MeO >
-CN/-NO2

Substituted with para-benzyloxy (8a)
and 4-Cl-benzyloxy groups (8b) only
show good inhibitory effect against PC-
3 and HCT-15 cells while less potency
against HeLa and MCF-7 cells
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Fig. 3. Structrue-activity relationship for compounds 5a-5k, 8a-8b, 9a-9f and 12-12c.

Table 2
Cytotoxic Effects of Compound 12a-12 on BEAS-2B
cells.
Compound ICso (pM)”
12a 16.74 + 1.19
12b 26.70 + 1.04
12¢ 21.32 £ 0.76

# ICso values are presented as the mean + SD
(standard error of the mean) from 3 independent
experiments.

nm) in the presence of ROS [37]. The intensity of green fluorescence
produced by DCF indicates ROS level. As shown in Fig. 6A and 6B,
treating with compound 12a could remarkably promote ROS content
compared with the control group (treated with DMSO). Different con-
centrations of 12a (5.0 uM, 7.5 uM and 10.0 uM) induced 1.25-fold,
1.32-fold and 1.46-fold increase in ROS level, respectively.

2.6. Apoptosis analysis by flow cytometry assay

To explore if the cytotoxicity of 12a is attributed to its induction of
apoptosis, the Annexin V-FITC/PI dual staining was performed and
analyzed by flow cytometry. As shown in Fig. 7, significant apoptotic
effects were observed for 12a in HeLa cells after 24 h treatment. The
percentages of apoptosis for HeLa cells treated with 12a at 5.0, 7.5, 10.0
puM for 24 h were 5.8 %, 9.8 % and 16.4 %, respectively, in a dose-
dependent manner. These results suggested that the cytotoxicity of
12a is mainly due to the induction of cell apoptosis.

2.7. Cell cycle analysis

Other than inducing apoptosis, we further investigated whether 12a
caused any cell cycle arrest on HelLa cells. The cell cycle phase distri-
bution of HeLa cells treated with 12a was analyzed by flow cytometry
after propidium iodide staining. As shown in Fig. 8A-B, the distribution
of G1 significantly increased after treating with 12a with concentration
range from 0-10 pM. The percentage of cells in G1 phase increased from
61.43 % to 85.97 %. Meanwhile, the ratio of cells in S and G2 phase
slightly declined. These results indicated that 12a induced GO/G1 cell
cycle arrest in HeLa cells.

2.8. Mitochondrial bioenergetics assay

Oxidative phosphorylation (OXPHOS) and glycolysis are two main
pathways of cellular ATP production in mammalian cells. OXPHOS
consumes Oy, driving the oxygen consumption rate (OCR); hence OCR
measurement can directly reflect the mitochondrial respiratory activity.
Both glycolysis and OXPHOS can contribute to the acidification of the
assay medium. The sum of these reactions is the primary driver of
changes in extracellular acidification rate (ECAR). To investigate the
direct effect of compound 12a on cellular metabolism, we measured the
oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of HeLla cells to determine mitochondrial respiration and
glycolysis, respectively. An acute injection of 12a at 10 pM was applied
to all tests. The changes of OCR and ECAR values were monitored in real-
time via a Seahorse XFp analyzer. As illustrated in Fig. 9A, compound
12a caused a significant decrease in the OCR of HeLa cells. Compared
with the blank group, the presence of 12a quickly resulted in a decrease

12a

6.25 pM

12.5 uM

Fig. 4. Effects of compound 11a on colony formation assay. HeLa cells were treated with indicated concentrations of compound 12a for 12 days.
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in maximal respiration and ATP production, as well as an increase in
proton leak (Fig. 9B). Notably, a slightly elevated OCR was observed
after addition of oligomycin, suggesting a mild uncoupling effect of 12a
[38,39]. These results were indicative of a severe mitochondrial
impairment. In addition, the injection of 12a induced a rapid elevation
of glycolysis, shown in Fig. 9C. These findings suggest a metabolic shift
from OXPHOS to glycolysis, which may be an adaptive response made
by cells to compensate the mitochondrial ATP loss. Consistent with the
ECAR data, this compensational response helped maintain total ATP
production rate despite mitochondrial ATP production rate being
sharply repressed (Fig. 9D).

2.9. Effect of 12a on UCP-1 expression

Mitochondrial uncoupling is a process that leads to protons influx
across the mitochondrial inner membrane independent of ATP synthase
and uncouples nutrient oxidation from ATP production [40]. The energy
dissipates as protons re-enter matrix without passing through ATP syn-
thase. It can be easily understood that depletion of cellular ATP cellular
caused by mitochondrial uncoupling will trigger responses to the stress

[41].

In recent years, small molecules mitochondrial uncouplers have been
developed for treating metabolic diseases [42-44] and cancers
[39,45-48]. Small molecules mitochondrial uncouplers are usually
divided into two broad classes: protonophores and non-protonophores
[49,50]. Protonophore uncouples are lipophilic weak acids that can
penetrate membranes such as 2,4-dinitrophenol (DNP), carbonyl cya-
nide p-(trifluoromethoxy)phenyl hydrazone (FCCP), carbonyl cyanide
m-chlorophenyl hydrazine (CCCP) and BAM15 [51]. Non-protonophore
uncouplers de-couple mitochondrial respiratory through other mecha-
nisms such as a PPARyagonist [52] and uncoupling protein 1 (UCP1)
activator [53]. UCP1 is a protein which is expressed in the inner mem-
brane of mitochondria and functions to uncouple mitochondrial fatty
acid oxidation from the production of ATP [54]. It is also reported that
UCP1 can inhibit tumor progression by initiating autophagy, mitophagy
and pyroptosis [55,56], along with snail-mediated repression of
fructose-bisphosphatase 1(FBP1) [57]. Since compound 12a might not
function as a protonophore according to its chemical structure, one
possible mechanism by which compound 12a directly or indirectly un-
couple mitochondrial respiration is regulating the expression of UCP1
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Fig. 6. Effects on intracellular ROS production of HelLa cells treated with 12a at indicating concentrations for 24 h. A. Fluorescence microscopy images. B. Data
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[53]. To elucidate the mechanism of energy expenditure elevation by
treating HeLa cells with compound 12a, we assessed the expression
levels of UCP1 by western blot. CCCP was used as positive control. As
illustrate in Fig. 10, the UCP1 expression level was upregulated after
administrated with 12a (10 pM) for 2 h. These results imply that the
mitochondrial uncoupling effect of 12a is associated with upregulation
of UCP1.

P < 0.0001 vs. blank group.

3. Conclusions

In summary, a novel series of 4-aryl-1, 3-thiazole-TPP conjugates was
successfully designed and synthesized and their anti-proliferative ac-
tivities were evaluated. The results of CCK-8 assay demonstrate that
linker length and structure significantly impact on the cytotoxic activ-
ities of these compounds. Specifically, while extending the linker length
between 4-aryl-1,3-thiazole ring and ester group from 2 to 4, 6, and 8
carbon atoms, it significantly enhances the activities, further increasing
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the length between ester group and TPP* does not result in stronger anti-
proliferative effects. Among all the compounds, 12a displays most
potent activity, effectively inhibiting the proliferation of HeLa cells with
an ICsg value of 8.83 uM. The membrane potential of HeLa cells were
reduced to 78 %, 72 % and 40 % of blank group respectively after the
treatment with different concentration of 12a (2.5, 5.0 and 10 pM). 12a
(5.0 uM, 7.5 uM and 10.0 pM) also induced 1.25-fold, 1.32-fold and
1.46-fold increase in ROS level. 12a ultimately induces apoptosis in
HelLa cells. The percentages of apoptosis for HeLa cells treated with 12a

at 5.0, 7.5, 10.0 pM were 5.8 %, 9.8 % and 16.4 %, in a dose-dependent
manner. Furthermore, flow cytometry analysis indicated 12a arrested
cell cycle at GO/G1 phase. The percentage of cells in G1 phase signifi-
cantly increased from 61.43 % to 85.97 % after the treatment of 12a
with different concentrations. Notably, 12a altered the metabolism of
HelLa cells by inhibiting OXPHOS after acute injection. Moreover, a mild
mitochondrial uncoupling effect is observed, possibly attributed to the
upregulation of UCP1 expression. These findings provide valuable in-
sights for in vivo animal studies and further development of potential
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anticancer agents targeting mitochondrial functions.
4. Experimental
4.1. Reagents and general methods

All the chemicals were obtained from commercial suppliers, without
further purification. The targeted compounds were isolated using col-
umn chromatography on silica gel (200-300 mesh, Huanghai, China).
All tested cells were purchased from Cell Bank of the Shanghai Institute
of Biochemistry and Cell Biology (Chinese Academy of Sciences,
Shanghai, China). Cell culture media (DMEM, RPI-1640 and F12) were
purchased from Biosharp. Fetal bovine serum (FBS) was purchased from
Biological Industries. Penicillin/streptomycin were purchased from
HyClone. Cell Counting Kit-8 (CCK-8) was purchased from GLPBIO. JC-1
and DCFH-DA Kit were purchased from Beyotime (China). Annexin V-
FITC/PI apoptotic detection kit was ordered from Elabscience (China).
RIPA buffer, protease inhibitor (PMSF) and BCA Protein Assay Kit were
purchased from Beyotime (China). 4-20 % Bis-Tris gel (SurePAGE) was
purchased from GenScript (USA). Primary antibodies: Beta tubulin
(AB0039) was ordered from Abways (China), UCP-1 (23673-AP) was
ordered from Proteintech (China). Secondary antibodies: Goat-mouse
IRDye 800 (Licor), Goat-Rabbit 680 (Licor).

NMR (lH, 13¢ and 3'p) spectra were recorded on Agilent 400 MHz or
Bruker Avance 400 NMR spectrometers. Chemical shifts were expressed
in parts per million (ppm). Coupling constants were in units of Hertz
(Hz). Splitting patterns describe apparent multiplicities were designated
as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br
(broad). The NMR data was analyzed by MestReNova software. High-
resolution mass spectra (HRMS) was acquired on an Agilent 6200 TOF
LC/MS system, UV detector (220 and 254 nm).

4.2. Chemical Synthesis

4.2.1. General procedure for the synthesis of 2a-2l [33,58]

Ammonium dithiocarbamate (20 mmol) was dissolved in a mixture
of ethanol (20 mL) and water (20 mL). 2-bromo-1-phenylethanone (1a,
10 mmol) was added in portion under ice bath and the mixture was
refluxed for 5 h. 30 mL water was then added to the mixture in order to
precipitate product. The solid were obtained by filter and recrystallized
by ethanol. Yields of 2a-21 were determined by recrystallization.

4.2.1.1. 4-phenylthiazole-2-thiol (2a). White solid (1.02 g, 53 % yield).
1H NMR (400 MHz, CDCls) 5 11.85 (s, 1H), 7.54 (dd, J = 9.4, 2.8 Hz,
2H), 7.45 (td, J = 8.8, 4.6 Hz, 3H), 6.69 (s, 1H). 13¢ NMR (101 MHz,
CDCl3) 6 190.0, 142.3, 129.9, 129.4, 128.4, 126.1, 108.5.

4.2.1.2. 4-(4-fluorophenyl)thiazole-2-thiol (2b). White solid (0.99 g, 47
% yield). 'H NMR (400 MHz, CDCls) 5 11.79 (s, 1H), 7.53 (dd, J = 8.8,
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5.1 Hz, 2H), 7.16 (t, J = 8.5 Hz, 2H), 6.64 (s, 1H). 3C NMR (101 MHz,
CDCl3) 6190.1, 164.8, 162.3,141.2, 128.1 (d, J = 8.5Hz), 116.7 (d, J =
22.2 Hz), 108.3 (d, J = 1.4 Hz).

4.2.1.3. 4-(4-chlorophenyl)thiazole-2-thiol (2c). White solid (1.16 g, 51
% yield). TH NMR (400 MHz, DMSO-dg) 6 13.67 (s, 1H), 7.76 (d, J = 8.6
Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 7.35 (s, 1H). 3¢ NMR (101 MHz,
DMSO-dg) § 189.6, 140.4, 133.7, 128.9, 127.6, 127.3, 110.0.

4.2.1.4. 4-(3-chlorophenyl)thiazole-2-thiol (2d). White solid (1.39 g, 61
% yield). "H NMR (400 MHz, DMSO-dg) & 13.69 (s, 1H), 7.89 (dd, J =
2.1, 1.5 Hz, 1H), 7.74-7.71 (m, 1H), 7.48-7.44 (m, 3H). 3¢ NMR (101
MHz, DMSO-dg) 6 189.6, 140.0, 133.7, 130.7, 130.3, 128.8, 125.5,
124.4, 110.8.

4.2.1.5. 4-(4-bromophenyDthiazole-2-thiol (2e). White solid (1.64 g, 60
% yield). 'H NMR (400 MHz, DMSO-dg) § 13.67 (s, 1H), 7.70 (d, J = 8.7
Hz, 2H), 7.64 (d, J = 8.7 Hz, 2H), 7.36 (s, 1H). '*C NMR (101 MHz,
DMSO-dg) § 189.7, 140.5, 131.8, 130.5, 127.8, 122.4, 110.1.

4.2.1.6. 4-(3-bromophenyDthiazole-2-thiol (2f). White solid (1.77 g, 65
% yield). H NMR (400 MHz, DMSO-dg) 6 13.69 (s, 1H), 8.03 (t, /= 1.8
Hz, 1H), 7.77 (ddd, J=7.9, 1.7, 0.9 Hz, 1H), 7.60 (ddd, J = 8.0, 1.9, 0.9
Hz, 1H), 7.47 (s, 1H), 7.41 (t, J = 7.9 Hz, 1H). °C NMR (101 MHz,
DMSO-dg) 6 189.6, 139.8, 131.7, 130.9, 130.5, 128.3, 124.7, 122.2,
110.7.

4.2.1.7. 4-(p-tolyDthiazole-2-thiol (2g). White solid (0.85 g, 41 % yield).
TH NMR (400 MHz, CDCl3) 5 12.04 (s, 1H), 7.43 (d, J = 8.2 Hz, 2H), 7.26
(d, J = 7.3 Hz, 2H), 6.64 (s, 1H), 2.38 (s, 3H). *C NMR (101 MHz,
CDCl5) § 189.7, 142.5, 140.2, 130.1, 126.0, 125.6, 107.6, 21.4.

4.2.1.8. 4-(4-methoxyphenyDthiazole-2-thiol (2h). White solid (0.94 g,
42 % yield). 'H NMR (400 MHz, DMSO-dg) & 13.54 (s, 1H), 7.69 (d, J =
8.9 Hz, 2H), 7.15 (s, 1H), 7.00 (d, J = 8.9 Hz, 2H), 3.79 (s, 3H). I3CcNMR
(101 MHz, DMSO-dg) § 189.3, 159.8, 141.5,127.3,121.1, 114.2, 107.0,
55.2.

4.2.1.9. 4-(4-(trifluoromethyl)phenyDthiazole-2-thiol (2i). White solid
(1.23 g, 47 % yield). TH NMR (400 MHz, CDCl3) 6§ 12.19 (s, 1H), 7.74 (d,
J = 8.5 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H), 6.84 (s, 1H). 13C NMR (101
MHz, CDCls) 5 190.3, 140.9, 132.0, 131.8-131.4 (m), 126.7-126.3 (m),
125.1, 122.4, 110.5.

4.2.1.10. 4-(2-mercaptothiazol-4-yl)benzonitrile (2j). White solid (1.28
g, 59 % yield). H NMR (400 MHz, DMSO-dg) 6 13.80 (s, 1H), 7.94 (d, J
= 2.6 Hz, 4H), 7.60 (s, 1H). 13C NMR (101 MHz, DMSO-de) 5 189.8,
139.8,132.8,132.4, 126.4, 118.3, 112.7, 111.2.
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4.2.1.11. 4-(4-nitrophenyDthiazole-2-thiol (2k). White solid (1.41 g, 59
% yield). 'H NMR (400 MHz, DMSO-dg) 5 13.90 (s, 1H), 8.29 (d, J = 8.7
Hz, 2H), 8.03 (d, J = 8.7 Hz, 2H), 7.67 (s, 1H). 3¢ NMR (101 MHz,
DMSO-dg) 6§ 189.9, 147.1, 139.5, 134.1, 126.8, 124.1, 113.6.

4.2.1.12. 4-(2-mercaptothiazol-4-yl)phenol (21). White solid (0.85 g, 41
% yield). 'H NMR (400 MHz, DMSO-dg) 6 13.47 (s, 1H), 9.85 (s, 1H),
7.56 (d, J = 8.6 Hz, 2H), 7.04 (s, 1H), 6.81 (d, J = 8.7 Hz, 2H). 13c NMR
(101 MHz, DMSO-dg) 6 189.3, 158.3, 141.9, 127.4,119.7, 115.5, 106.2.

4.2.2. General procedure for the synthesis of 3a-3l

Thiazole-2-thiol (2a) (5 mmol), 2-bromo-ethanol (6 mmol) and po-
tassium carbonate (6 mmol) were dissolved in acetone (20 mL) and
stirred for 4 h. The solvent was removed under reduced pressure. The
residue was purified by flash silica-gel column chromatography (PE/EA
= 3/1, v/v). Yields of 3a-31 were determined after column
chromatograghy.

4.2.2.1. 2-((4-phenylthiazol-2-yl)thio)ethan-1-ol ~ (3a). Colorless oil
(0.81 g, 68 % yield). "H NMR (400 MHz, DMSO-ds) 5 7.99 (s, 1H), 7.93
(d,J=7.3Hz, 2H), 7.44 (t,J = 7.6 Hz, 2H), 7.34 (t,J = 7.3 Hz, 1H), 5.15
(t, J = 5.3 Hz, 1H), 3.76 (dd, J = 11.7, 6.2 Hz, 2H), 3.38 (t, J = 6.4 Hz,
2H). I3CNMR (100 MHz, DMSO-dg) 6 164.4,154.1,133.6,128.7,128.1,
125.9, 113.9, 59.9, 36.6. HRMS (ESI), C;1H11NOS, caled for (M + H) "
238.0355, found 238.0349.

4.2.2.2. 2-((4-(4-fluorophenylthiazol-2-yl)thio)ethan-1-ol (3b). Color-
less 0il (0.76 g, 60 % yield). 'H NMR (400 MHz, CDCls) 5 7.77 (dd, J =
8.9, 5.3 Hz, 2H), 7.27 (s, 1H), 7.08 (t, J = 8.7 Hz, 2H), 4.05-4.02 (m,
2H), 3.41-3.38 (m, 2H). 3C NMR (100 MHz, CDCls) § 165.2, 164.1,
161.6, 154.2, 129.9 (d, J = 3.0 Hz), 128.0 (d, J = 8.2 Hz), 115.9, 115.7,
112.9, 62.7, 37.6. HRMS (ESI), Ci1H;0FNOS, caled for (M + H)*
2560.0261, found 256.0262.

4.2.2.3. 2-((4-(4-chlorophenyDthiazol-2-yDthio)ethan-1-ol (3c). White
solid (0.95 g, 70 % yield). 'H NMR (400 MHz, CDCls) 6 7.73 (d, J = 8.7
Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H), 7.33 (s, 1H), 4.22 (s, 1H), 4.06-4.02
(m, 2H), 3.43-3.40 (m, 2H). '3C NMR (100 MHz, CDCls) § 165.3, 154.1,
134.34 132.1, 129.1, 127.5, 113.6, 62.7, 37.6. HRMS (ESI),
C11H10CINOS; caled for (M + H)" 271.9965, found 271.9961.

4.2.2.4. 2-((4-(3-chlorophenyDthiazol-2-yDthio)ethan-1-ol (3d). White
solid (0.91 g, 67 % yield). 'H NMR (400 MHz, CDCl3) 6 7.79 (t, J = 1.8
Hz, 1H), 7.69 (dt, J = 7.5, 1.5 Hz, 1H), 7.37 (s, 1H), 7.34 (s, 1H),
7.31-7.28 (m, 1H), 4.06-4.03 (m, 2H), 3.43 (dd, J = 5.6, 4.7 Hz, 2H).
3¢ NMR (100 MHz, CDCl3) § 165.4, 153.8, 135.3, 134.9, 130.2, 128.4,
126.3, 124.4, 114.2, 62.6, 37.6. HRMS (ESI), C11H;(CINOS; calcd for
(M + H)" 271.9965, found 271.9953.

4.2.2.5. 2-((4-(4-bromophenyDthiazol-2-yDthio)ethan-1-ol (3e). White
solid (1.19 g, 75 % yield). H NMR (400 MHz, DMSO-dg) 6 8.06 (s, 1H),
7.88 (d, J = 8.6 Hz, 2H), 7.63 (d, J = 8.6 Hz, 2H), 5.11 (s, 1H), 3.74 (t, J
= 6.4 Hz, 2H), 3.37 (t, J = 6.4 Hz, 2H). 3¢ NMR (100 MHz, DMSO-dg) 6
164.9,152.9,132.8,131.7,127.9,121.2,114.7, 59.6, 36.6. HRMS (ESI),
C11H;0BrNOS; caled for (M + H)' 315.9460, found 315.9461.

4.2.2.6. 2-((4-(3-bromophenyDthiazol-2-yDthio)ethan-1-ol (3f). White
solid (1.13 g, 72 % yield). '"H NMR (400 MHz, CDCl3) 5 7.95 (t, J = 1.8
Hz, 1H), 7.75 (ddd, J = 7.8, 1.6, 1.0 Hz, 1H), 7.46 (ddd, J = 8.0, 1.9, 1.0
Hz, 1H), 7.37 (s, 1H), 7.28 (t, J = 7.5 Hz, 1H), 4.05 (d, J = 5.3 Hz, 2H),
3.90 (t, J = 5.3 Hz, 1H), 3.45-3.43 (m, 2H). 3¢ NMR (100 MHz, CDCl3)
6 165.40, 153.74, 135.67, 131.43, 130.52, 129.31, 124.92, 123.08,
114.28, 62.63, 37.70. HRMS (ESI), C11H1oBrNOS, calcd for (M + H)"
315.9460, found 315.9461.
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4.2.2.7. 2-((4-(p-tolyDthiazol-2-yDthio)ethan-1-ol (3g). Colorless oil
(0.80 g, 64 % yield). 'H NMR (400 MHz, CDCl3) § 7.70 (d, J = 7.9 Hz,
2H), 7.28 (s, 1H), 7.21 (d, J = 7.9 Hz, 2H), 4.57 (s, 1H), 4.05 (t, J = 5.2
Hz, 2H), 3.40 (t, J = 5.1 Hz, 2H), 2.37 (s, 3H). 3C NMR (100 MHz,
CDCl3) 6 164.8, 155.4, 138.5, 130.9, 129.6, 126.2, 112.6, 63.0, 37.8,
21.4. HRMS (ESI), C12H;3NOS, caled for (M + H)™ 252.0511, found
252.0504.

4.2.2.8. 2-((4-(4-methoxyphenyDthiazol-2-yDthio)ethan-1-ol (3h).
White solid (0.87 g, 65 % yield). 'H NMR (400 MHz, DMSO-dg) 6 7.85
(d, J=8.9 Hz, 2H), 7.82 (s, 1H), 6.99 (d, J = 8.9 Hz, 2H), 5.11 (t,J = 5.5
Hz, 1H), 3.79 (s, 3H), 3.74 (dd, J = 12.1, 6.3 Hz, 2H), 3.37-3.35 (m, 2H).
3¢ NMR (100 MHz, DMSO-dg) 6 164.1, 159.2, 154.1, 127.3, 126.5,
114.1, 111.9, 59.7, 55.2, 36.6. HRMS (ESI), C15H13NO5S,, caled for (M
+ H)' 268.0460, found 268.0462.

4.2.2.9. 2-((4-(4-(trifluoromethyl)phenyDthiazol-2-yDthio)ethan-1-ol
(3i). White solid (1.08 g, 71 % yield). 'H NMR (400 MHz, CDCl3) § 7.91
(d, J= 8.1 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.45 (s, 1H), 4.05 (t,J = 5.3
Hz, 2H), 4.01 (s, 1H), 3.46-3.42 (m, 2H). '3C NMR (100 MHz, CDCls3) 6
165.8,153.8,136.9,130.8,130.5,130.2,129.8,126.5,125.9(q, J = 3.8
Hz), 125.6, 122.9, 115.1, 62.6, 37.7. HRMS (ESI), C12H;0F3NOS; calcd
for (M + H)" 306.0229, found 306.0227.

4.2.2.10. 4-(2-((2-hydroxyethyDthio)thiazol-4-yDbenzonitrile 3.
White solid (0.90 g, 69 % yield). 'H NMR (400 MHz, DMSO-dg) 5 8.28 (s,
1H), 8.11 (d, J = 8.6 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H), 5.12 (s, 1H), 3.75
(t, J = 6.0 Hz, 2H), 3.39 (t, J = 6.4 Hz, 2H). '3*C NMR (100 MHz,
DMSO-dg) 6 165.5, 152.2, 137.6, 132.8, 126.5, 118.8, 117.3, 110.3,
59.6, 36.6. HRMS (ESI), C12H1oN20S; caled for (M + H)™ 263.0307,
found 263.0311.

4.2.2.11. 2-((4-(4-nitrophenyDthiazol-2-yDthio)ethan-1-ol (3k). Yellow
solid (0.76 g, 54 % yield). 'H NMR (400 MHz, CDCl3) 5 8.26 (d, J = 8.9
Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H), 7.57 (s, 1H), 4.06 (d, J = 4.2 Hz, 2H),
3.65 (s, 1H), 3.47 (t, J = 5.4 Hz, 2H). 3¢ NMR (100 MHz, CDCl3) &
166.4,152.9,147.5,139.5,126.9, 124.4,116.6, 62.5, 37.6. HRMS (ESI),
C11H19N203S, caled for (M + H)™ 283.0206, found 283.0203.

4.2.2.12. 4-(2-((2-hydroxyethyl)thio)thiazol-4-yl)phenol (31). White
solid (0.86 g, 68 % yield). 'H NMR (400 MHz, DMSO-dg) 6 9.64 (s, 1H),
7.74 (d, J = 8.6 Hz, 2H), 7.71 (s, 1H), 6.82 (d, J = 8.6 Hz, 2H), 5.12 (s,
1H), 3.74 (t, J = 6.2 Hz, 2H), 3.34 (t, J = 6.5 Hz, 2H). 3C NMR (100
MHz, DMSO-dg) 6 163.8, 157.5, 154.5, 127.4, 125.0, 115.5, 110.9, 59.7,
36.6. HRMS (ESI), C11H;1NO3S, caled for (M + H)™ 254.0304, found
254.0304.

4.2.3. General procedure for the synthesis of 4a-4k

To a stirred solution of compound 3a (10 mmol) in 20 mL DCM under
ice bath was added bromoacetyl bromide (12 mmol). The reaction
mixture was stirred for 2 h under room temperature and washed by
saturated aqueous NaHCOj3 and brine, dried over by anhydrous NaySO4
and concentrated. The residue was purified by flash silica-gel column
chromatography (PE/EA = 5/1, v/v) to afford product. Yields of 4a-4k
were determined after column chromatography.

4.2.3.1. 2-((4-phenylthiazol-2-yl)thio)ethyl 2-bromoacetate (4a). Color-
less oil (1.93 g, yield 54 %). 'H NMR (400 MHz, CDCls) 5 7.87 (d, J = 7.6
Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.37-7.31 (m, 2H), 4.57 (t, J = 6.4 Hz,
2H), 3.82 (s, 2H), 3.59 (t, J = 6.4 Hz, 2H). 3C NMR (100 MHz, CDCls) 5
167.1, 163.0, 155.5, 134.0, 128.9, 128.4, 126.4, 112.9, 64.6, 32.4, 25.7.
HRMS (ESI), C13H;9BrNO,S, caled for (M + H)T 357.9566, found
357.9568.
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4.2.3.2. 2-((4-(4-fluorophenylthiazol-2-yl)thio)ethyl 2-bromoacetate
(4b). Colorless oil (2.14 g, yield 57 %). 'H NMR (400 MHz, CDCl3) &
7.84 (dd, J = 8.9, 5.4 Hz, 2H), 7.28 (s, 1H), 7.10 (t, J = 8.8 Hz, 2H), 4.56
(t, J = 6.4 Hz, 2H), 3.82 (s, 2H), 3.57 (t, J = 6.4 Hz, 2H). 13C NMR (100
MHz, CDCls) 6 167.1, 164.1, 163.3, 161.7, 154.5, 130.3 (d, J = 3.3 Hz),
128.2 (d, J = 8.2 Hz), 115.9, 115.7, 112.4 (d, J = 1.3 Hz), 64.5, 32.4,
25.6. HRMS (ESI), C13H;1BrFNO3S, caled for (M + H) ™ 375.9471, found
375.9480.

4.2.3.3. 2-((4-(4-chlorophenyl)thiazol-2-yl)thio)ethyl 2-bromoacetate
(4c). Colorless oil (2.27 g, yield 58 %).'H NMR (400 MHz, CDCl3) &
7.81-7.77 (m, 2H), 7.40-7.35 (m, 2H), 7.33 (s, 1H), 4.55 (t, J = 6.4 Hz,
2H), 3.82 (s, 2H), 3.57 (t, J = 6.4 Hz, 2H). 13¢ NMR (100 MHz, CDCl3) §
167.0,163.5,154.2,134.1,132.4,129.0, 127.6, 113.1, 64.4, 32.3, 25.6.
HRMS (ESI), C13H;1BrCINOS, caled for (M + H)' 391.9176, found
391.9180.

4.2.3.4. 2-((4-(3-chlorophenylthiazol-2-yl)thio)ethyl 2-bromoacetate
(4d). Colorless oil (2.20 g, yield 56 %). 1H NMR (400 MHz, CDCl3) 6
7.87 (t,J = 1.8 Hz, 1H), 7.74 (dt, J = 7.6, 1.5 Hz, 1H), 7.38 (s, 1H), 7.34
(d, J =7.5Hz, 1H), 7.30 (dt, J = 7.9, 1.6 Hz, 1H), 4.56 (t, J = 6.4 Hz,
2H), 3.83 (s, 2H), 3.60 (t, J = 6.4 Hz, 2H). '3C NMR (100 MHz, CDCls) §
167.1, 163.6, 154.0, 135.7, 134.9, 130.2, 128.4, 126.6, 124.5, 113.8,
64.5, 32.4, 25.6. HRMS (ESI), C;3H1;BrCINO,S, caled for (M + H)™
391.9176, found 391.9171.

4.2.3.5. 2-((4-(4-bromophenyDthiazol-2-yDthio)ethyl 2-bromoacetate
(4e). White solid (2.58 g, yield 59 %).IH NMR (400 MHz, CDCl3) &
7.74 (d, J = 8.7 Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 7.35 (s, 1H), 4.56 (t, J
= 6.4 Hz, 2H), 3.82 (s, 2H), 3.57 (t, J = 6.4 Hz, 2H). 13C NMR (100 MHz,
CDCl3) 6§ 167.1, 163.6, 154.4, 132.9, 132.0, 127.9, 122.4, 113.3, 64.5,
32.4, 25.6. HRMS (ESI), C13H11BraN0,S, caled for (M + H) ' 435.8671,
found 435.8672.

4.2.3.6. 2-((4-(3-bromophenyDthiazol-2-yDthio)ethyl 2-bromoacetate
(4f). White solid (2.57 g, yield 59 %). 'H NMR (400 MHz, DMSO-dp)
§8.20 (s, 1H), 8.13 (t, J = 1.7 Hz, 1H), 7.96-7.93 (m, 1H), 7.54 (ddd, J
=7.9,1.9,0.9Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H), 4.47 (t, J = 6.2 Hz, 2H),
4.12 (s, 2H), 3.59 (t, J = 6.2 Hz, 2H). 13C NMR (100 MHz, DMSO-ds) 5
166.9, 163.6, 152.4, 135.7, 130.9, 130.8, 128.4, 124.9, 122.2, 116.0,
63.7, 32.2, 26.9. HRMS (ESI), C13H11BrosNO>S, caled for (M + H)*t
435.8671, found 435.8668.

4.2.3.7. 2-((4-(p-tolyDthiazol-2-yDthio)ethyl =~ 2-bromoacetate  (4g).
Colorless oil (1.97 g, yield 53 %).1H NMR (400 MHz, CDCl3) 6 7.76 (d, J
= 8.1 Hz, 2H), 7.29 (s, 1H), 7.22 (d, J = 8.1 Hz, 2H), 4.56 (t, J = 6.4 Hz,
2H), 3.82 (s, 2H), 3.57 (t, J = 6.4 Hz, 2H), 2.38 (s, 3H). 13C NMR (100
MHz, CDCl3) § 167.0, 162.7, 155.5, 138.2, 131.3, 129.5, 126.2, 112.1,
64.5, 32.4, 25.7, 21.4. HRMS (ESI), C14H14BrNO>S; caled for (M + )
371.9722, found 371.9721.

4.2.3.8. 2-((4-(4-methoxyphenyDthiazol-2-yDthio)ethyl ~2-bromoacetate
(4h). Colorless oil (1.94 g, yield 50 %). 14 NMR (400 MHz, CDCl3) 6
7.80 (d, J = 8.9 Hz, 2H), 7.21 (s, 1H), 6.94 (d, J = 8.9 Hz, 2H), 4.56 (t, J
= 6.4 Hz, 2H), 3.84 (s, 3H), 3.82 (s, 2H), 3.56 (t, J = 6.4 Hz, 2H). '3C
NMR (100 MHz, CDCl3) § 167.1, 162.8, 159.8, 155.3, 127.7, 126.9,
114.2,111.1, 64.6, 55.5, 32.5, 25.6. HRMS (ESI), C14H714BrNO3S, caled
for (M + H)" 387.9671, found 387.9670.

4.2.3.9. 2-((4-(4-(trifluoromethylphenyDthiazol-2-yDthio)ethyl ~ 2-bro-
moacetate (4i). Colorless oil (2.22 g, yield 52 %).'H NMR (400 MHz,
CDCl3) 6 7.98 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.2 Hz, 2H), 7.46 (s, 1H),
4.57 (t, J = 6.5 Hz, 2H), 3.83 (s, 2H), 3.59 (t, J = 6.5 Hz, 2H). 13C NMR
(100 MHz, CDCl3) 6 167.1, 163.9, 153.9, 137.1, 130.6, 130.3, 129.9,
129.7, 128.3, 126.6, 125.9 (q, J = 3.8 Hz), 125.6, 122.9, 114.6, 64.4,
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32.3, 25.6. HRMS (ESI), C14H;1BrF3NO,S, caled for (M + H)"™ 425.9439,
found 425.9434.

4.2.3.10. 2-((4-(4-cyanophenyDthiazol-2-yDthio)ethyl ~ 2-bromoacetate
(4j). White solid (2.29 g, yield 60 %). 'H NMR (400 MHz, CDCl3) 6
7.98 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.6 Hz, 2H), 7.51 (s, 1H), 4.57 (t, J
= 6.5 Hz, 2H), 3.83 (s, 2H), 3.60 (t, J = 6.5 Hz, 2H). 13C NMR (100 MHz,
CDCl3) 6 167.1, 164.4, 153.4, 137.9, 132.8, 126.8, 118.9, 115.6, 111.7,
64.3, 32.3, 25.6. HRMS (ESI), C14H;1BrN205Ss caled for (M + H)*
382.9518, found 382.9522.

4.2.3.11. 2-((4-(4-nitrophenyDthiazol-2-yDthio)ethyl 2-bromoacetate
(4k). Yellow solid (1.73 g, yield 43 %). 'H NMR (400 MHz, CDCl3) &
8.27 (d, J = 8.8 Hz, 2H), 8.03 (d, J = 8.4 Hz, 2H), 7.58 (s, 1H), 4.57 (t, J
= 6.4 Hz, 2H), 3.83 (s, 2H), 3.61 (t, J = 6.5 Hz, 2H). 13C NMR (100 MHz,
CDCl3) 6 167.1, 164.7, 152.9, 147.5, 139.7, 126.9, 124.3, 116.2, 64.3,
32.3, 25.6. HRMS (ESI), C13H11BrN,04S, caled for (M + H)* 402.9416,
found 402.9415.

4.2.4. General procedure for the synthesis of 5a-5k

To a solution of ester 4a (3 mmol) in CH3CN (10 mL) was added
triphenylphosphine (3.3 mmol). The mixture was stirred under room
temperature overnight. The solvent was removed under reduced pres-
sure and the residue was purified by flash silica-gel column chroma-
tography (DCM/MeOH = 20/1, v/v) to afford product. Yields of 5a-5 k
were determined after column chromatography.

4.2.4.1. (2-0x0-2-(2-((4-phenylthiazol-2-yDthio)ethoxy)ethyDtriphenyl-
phosphonium bromide (5a). White solid (1.21 g, yield 65 %). H NMR
(400 MHz, DMSO-de) 5 8.06 (s, 1H), 7.82 (dd, J = 36.9, 23.7 Hz, 15H),
7.61 (dd, J = 21.3, 9.8 Hz, 2H), 7.42 (d, J = 7.7 Hz, 2H), 7.36 (t, J = 7.2
Hz, 1H), 5.40 (d, J = 14.5 Hz, 2H), 4.41 (t, J = 6.1 Hz, 2H), 3.36 (t, J =
6.2 Hz, 2H). 13¢ NMR (100 MHz, DMSO-dg) 6 164.5, 162.6,154.1,135.1
(d, J = 2.5 Hz), 133.7 (d, J = 10.8 Hz), 133.4, 130.1 (d, J = 13.0 Hz),
128.7,128.2,125.9,118.0 (d, J = 88.0 Hz), 114.6, 63.8, 31.9, 29.4 (d, J
= 56.6 Hz). 3lp NMR (162 MHz, CDCl3) & 20.6. HRMS (ESI),
C31H27NO,PS; caled for M* 401.9337, found 401.9335.

4.2.4.2. (2-(2-((4-(4-fluorophenyl)thiazol-2-yl)thio)ethoxy)-2-oxoethyl)
triphenyl-phosphonium bromide (5b). White solid (1.42 g, yield 74 %). 'H
NMR (400 MHz, CDCl3) 6 7.93-7.85 (m, 6H), 7.78-7.73 (m, 5H),
7.68-7.61 (m, 6H), 7.36 (s, 1H), 7.32 (d, J = 8.6 Hz, 2H), 5.66 (d, J =
13.7 Hz, 2H), 4.40 (t, J = 6.3 Hz, 2H), 3.34 (t, J = 6.3 Hz, 2H). 3¢ NMR
(100 MHz, CDCl3) § 164.4, 163.1, 162.8, 160.7, 153.0, 135.0, 133.6 (d,
J=11.0Hz),130.0 (d,J=13.0Hz), 128.0 (d,J=8.0 Hz), 118.1 (d,J =
89.0 Hz), 115.6 (d, J = 22.0 Hz), 114.3, 63.7, 54.8, 29.4 (d, J = 56.0 Hz).
31p NMR (162 MHz, CDCl3) § 20.8. HRMS (ESI), C31Hy6CINO,PS, caled
for M+ 574.0826, found 574.0836.

4.2.4.3. (2-(2-((4-(4-chlorophenyDthiazol-2-yDthio)ethoxy)-2-oxoethyl)
triphenyl-phosphonium bromide (5¢). White solid (1.45 g, yield 74 %). 'H
NMR (400 MHz, CDCl3) 6 7.93-7.85 (m, 6H), 7.78-7.73 (m, 5H),
7.68-7.61 (m, 6H), 7.36 (s, 1H), 7.32 (d, J = 8.6 Hz, 2H), 5.66 (d, J =
13.7 Hz, 2H), 4.40 (t, J = 6.3 Hz, 2H), 3.34 (t, J = 6.3 Hz, 2H). '3C NMR
(100 MHz, CDCl3) 6 164.6, 163.5,154.1,135.3 (d, J = 3.2 Hz), 134.2 (d,
J=10.8 Hz), 134.1, 132.3, 130.4 (d, J = 13.3 Hz), 129.0, 127.7, 118.0
(d, J = 88.0 Hz), 113.4, 64.7, 33.3 (d, J = 56.8 Hz), 32.4. >'P NMR (162
MHz, CDCly) & 20.81. HRMS (ESI), C31H26CINOPS, caled for M*
574.0826, found 574.0830.

4.2.4.4. (2-(2-((4-(3-chlorophenyDthiazol-2-yl)thio)ethoxy)-2-oxoethyl)

triphenyl-phosphonium bromide (5d). White solid (1.19 g, yield 61 %). H
NMR (400 MHz, CDCl3) 6§ 7.92-7.85 (m, 6H), 7.80 (t, J = 1.9 Hz, 1H),
7.78-7.71 (m, 3H), 7.73-7.66 (m, 1H), 7.69-7.59 (m, 6H), 7.41 (s, 1H),
7.31 (t,J = 7.7 Hz, 1H), 7.28 (t, J = 1.8 Hz, 1H), 5.62 (d, J = 13.8 Hz,
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2H), 4.39 (t, J = 6.3 Hz, 2H), 3.34 (t, J = 6.3 Hz, 2H). 13C NMR (100
MHz, CDCl3) 6 164.5, 163.6, 153.6, 135.5, 135.3 (d, J = 3.0 Hz), 134.8,
134.1 (d, J = 10.7 Hz), 130.4 (d, J = 13.2 Hz), 130.1, 128.3, 126.4,
124.5,117.9 (d, J = 88.0 Hz), 114.2, 64.7, 33.3 (d, J = 56.7 Hz), 32.4.
31p NMR (162 MHz, CDCl3) 6 20.78. HRMS (ESD), C3;Ha6CINO,PS, caled
for M 574.0826, found 574.0821.

4.2.4.5. (2-(2-((4-(4-bromophenyD)thiazol-2-yl)thio)ethoxy)-2-oxoethyl)
triphenyl-phosphonium bromide (5e). White solid (0.98 g, 47 % yield). 'H
NMR (400 MHz, DMSO-dg) 6 8.13 (s, 1H), 7.92-7.85 (m, 6H), 7.84-7.79
(m, 5H), 7.78-7.72 (m, 6H), 7.61 (d, J = 8.6 Hz, 2H), 5.41 (d, J = 14.5
Hz, 2H), 4.40 (t, J = 6.1 Hz, 2H), 3.36 (t, J = 6.2 Hz, 2H). 13C NMR (100
MHz, DMSO-dg) 6 164.4,163.0,152.8,135.0 (d, J = 2.9 Hz), 133.6 (d, J
=10.8 Hz), 132.6, 131.6,130.0 (d, J = 13.0 Hz), 127.9, 121.3,118.3 (d,
J = 88.9 Hz), 115.3, 63.7, 31.9, 29.3 (d, J = 56.4 Hz). >'P NMR (162
MHz, CDClg) 6 20.5. HRMS (ESI), C31H26B1‘N02PSZ caled for IVI+
618.0320, found 618.0329.

4.2.4.6. (2-(2-((4-(3-bromophenyl)thiazol-2-yl)thio)ethoxy)-2-oxoethyl)
triphenyl-phosphonium bromide (5f). White solid (1.02 g, 49 % yield). 'H
NMR (400 MHz, CDCl3) 6§ 7.97 (t, J = 1.8 Hz, 1H), 7.94-7.84 (m, 6H),
7.78-7.74 (m, 4H), 7.65 (td, J = 7.7, 3.6 Hz, 6H), 7.48-7.41 (m, 2H),
7.26 (t, J = 7.9 Hz, 1H). 5.64 (d, J = 13.7 Hz, 2H), 4.40 (t, J = 6.2 Hz,
2H), 3.36 (t, J = 6.2 Hz, 2H). 3C NMR (100 MHz, CDCls) 5 164.5, 164.0,
153.3,135.5,135.3(d, J = 3.2 Hz), 134.1 (d,J = 10.8 Hz), 131.4, 130.5,
130.3,129.3,124.9,123.0,117.9 (d, J = 89.0 Hz), 114.5, 64.8, 33.3 (d,
J = 56.5 Hz), 32.5. °'P NMR (162 MHz, CDCl3) § 20.48. HRMS (ESD),
C31H26BrNO,PS, caled for M+ 618.0320, found 618.0314.

4.2.4.7. (2-0x0-2-(2-((4-(p-tolyDthiazol-2-yDthio)ethoxy)ethyDtriphenyl-
phosphonium bromide (5 g). White solid (0.97 g, yield 51 %). 'H NMR
(400 MHz, CDCl3) 6 7.75 (dd, J = 12.1, 7.8 Hz, 6H), 7.67-7.60 (m, 5H),
7.55 (s, 6H), 7.23 (s, 1H), 7.08 (d, J = 8.0 Hz, 2H), 5.38 (s, 2H), 4.28 (t, J
=5.9 Hz, 2H), 3.21 (t, J = 6.1 Hz, 2H), 2.27 (s, 3H). 13C NMR (100 MHz,
CDCl3) 6 164.0, 162.3, 155.1, 137.9, 135.0, 133.7 (d, J = 10.3 Hz),
130.9, 130.1 (d, J = 10.1 Hz), 129.2, 125.9, 117.5 (d, J = 98.6 Hz),
112.1, 64.4, 32.8 (d, J = 54.2 Hz), 32.1, 21.1. 3'P NMR (162 MHz,
CDCl3) 6 20.6. HRMS (ESI), C32H29NOoPS, caled for M™ 554.1372,
found 554.1370.

4.2.4.8. (2-(2-((4-(4-methoxyphenyD)thiazol-2-yD)thio)ethoxy)-2-
oxoethyDtriphenyl-phosphonium bromide (5h). White solid (1.28 g, yield
66 %). 'H NMR (400 MHz, CDCl3) 6 7.91-7.81 (m, 6H), 7.77-7.70 (m,
5H), 7.65-7.60 (m, 6H), 7.20 (s, 1H), 5.57 (s, 2H), 6.89 (d, J = 8.8 Hz,
2H), 4.38 (t, J = 6.2 Hz, 2H), 3.82 (s, 3H), 3.30 (t, J = 6.2 Hz, 2H). 13C
NMR (100 MHz, CDCl3) 6 164.5, 162.5, 159.8, 155.2, 135.2 (d, J = 3.0
Hz), 134.1 (d, J = 10.8 Hz), 130.3 (d, J = 13.2 Hz), 127.6, 126.8, 118.0
(d, J = 88.9 Hz), 114.2, 111.2, 64.7, 55.4, 33.1 (d, J = 56.8 Hz), 32.4.
31p NMR (162 MHz, CDCl3) 6 20.74. HRMS (ESI), C35Ho9NO3PS,, caled
for M™ 570.1321, found 570.1328.

4.2.4.9. (2-0x0-2-(2-((4-(4-(trifluoromethyl)phenyl)thiazol-2-yD)thio)
ethoxy)ethyl)-triphenylphosphonium bromide (5i). White solid (1.56 g,
yield 76 %). 'H NMR (400 MHz, CDCl3) § 7.89 (d, J = 8.2 Hz, 2H), 7.81
(dd, J = 13.5, 7.3 Hz, 6H), 7.73-7.68 (m, 3H), 7.62-7.56 (m, 6H),
7.54-7.50 (m, 3H), 5.49 (s, 2H), 4.34 (t,J = 6.3 Hz, 2H), 3.28 (t,J = 6.4
Hz, 2H). 13C NMR (100 MHz, CDCl3) 5 163.6, 162.8, 152.7, 136.5, 134.8
(d, J=3.1Hz),133.3(d,J=10.8 Hz), 129.8 (d, J = 13.2 Hz), 128.9 (q,
J=32.3Hz), 127.7,125.0 (d, J = 3.8 Hz), 124.9, 122.2, 121.0, 117.50,
116.6, 115.3, 63.9, 32.3 (d, J = 56.4 Hz), 31.6. 31p NMR (162 MHz,
CDCl3) 6 20.5. HRMS (ESI), C32H26F3NO2PS; caled for M + 608.1089,
found 608.1089.

4.2.4.10. (2-(2-((4-(4-cyanophenyDthiazol-2-yDthio)ethoxy)-2-oxoethyl)
triphenyl-phosphonium bromide (5j). White solid (1.18 g, yield 61 %). H

13

Bioorganic Chemistry 150 (2024) 107588

NMR (400 MHz, CDCl3) 6 7.89 (d, J = 8.4 Hz, 2H), 7.80-7.71 (m, 6H),
7.68-7.61 (m, 4H), 7.54 (d, J = 9.2 Hz, 7H), 7.51 (s, 1H), 5.40 (s, 2H),
4.29 (t, J = 6.1 Hz, 2H), 3.25 (t, J = 6.3 Hz, 2H). 1*C NMR (100 MHz,
CDCl3) §163.7,152.7,137.6, 135.0, 133.7 (d, J = 9.9 Hz), 132.3, 131.7,
130.0, 128.4, 126.6, 118.7, 116.3, 110.9, 64.0, 32.9, 32.0. 3'P NMR
(162 MHz, CDCl3) 6 20.5. HRMS (ESI), C32H26N205PS» caled for M*
565.1168, found 565.1171.

4.2.4.11. (2-(2-((4-(4-nitrophenyDthiazol-2-yDthio)ethoxy)-2-oxoethyl)

triphenyl-phosphonium bromide (5k). White solid (1.55 g, yield 78 %). 'H
NMR (400 MHz, CDCls) 5 8.18 (d, J = 2.0 Hz, 2H), 8.00 (d, J = 3.0 Hz,
2H), 7.93-7.85 (m, 6H), 7.79-7.73 (m, 3H), 7.69-7.62 (m, 7H), 5.68 (d,
J = 3.0 Hz, 2H), 4.42 (d, J = 2.0 Hz, 2H), 3.38 (d, J = 2.0 Hz, 2H). '°C
NMR (100 MHz, CDCls) 5 164.6, 152.7, 147.2, 139.7, 135.3, 134.1 (d, J
=10.3 Hz), 132.2, 130.4 (d, J = 13.5 Hz), 126.9, 124.2, 117.9 (d, J =
89.0 Hz), 116.8, 64.5, 33.5, 32.1. 3'P NMR (162 MHz, CDCls) 5 20.7.
HRMS (ESI), C31H26N204PS, caled for M 585.1066, found 585.1072.

4.2.5. General procedure for the synthesis of 6a and 6b

To a solution of 3 1 (5 mmol) in CH3CN (30 mL) was added benzyl
bromide (for 6a) or 1-(bromomethyl)-4-chlorobenzene (for 6b) (3.3
mmol) and potassium carbonate (6 mmol). The mixture was stirred
under 80 °C for 16 h. The solvent was removed under vaccum and the
residue was purified by flash silica-gel column chromatography (PE/EA
=2/1, v/v) to afford product. Yields of 6a and 6b were determined after
column chromatography.

4.2.5.1. 2-((4-(4-(benzyloxy)phenyDthiazol-2-yDthio)ethan-1-ol (6a).
White solid (1.35 g, yield 79 %). 'H NMR (400 MHz, DMSO-dg) &
7.88-7.83 (m, 3H), 7.47 (d, J = 6.9 Hz, 2H), 7.40 (t, J = 7.3 Hz, 2H),
7.34 (t,J =7.2 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 5.15 (s, 2H), 5.11 (t, J
= 5.5 Hz, 1H), 3.74 (dd, J = 12.0, 6.4 Hz, 2H), 3.36 (d, J = 6.4 Hz, 2H).
13¢c NMR (100 MHz, DMSO-dg) 6 164.1, 158.3, 153.9, 136.9, 128.4,
127.8,127.6,127.3,126.7,114.9, 111.9, 69.3, 59.6, 36.6. HRMS (ESI),
Ci18H17N03S, caled for (M + H)™ 344.0773, found 344.0773.

4.2.5.2. 2-((4-(4-((4-chlorobenzyl)oxy)phenyDthiazol-2-yDthio)ethan-1-
ol (6b). White solid (1.47 g, yield 78 %). H NMR (400 MHz, CDCl3) §
7.74 (d, J = 8.9 Hz, 2H), 7.36 (s, 4H), 7.21 (s, 1H), 6.98 (d, J = 8.9 Hz,
2H), 5.05 (s, 2H), 4.07-4.04 (m, 2H), 3.41-3.38 (m, 2H). 3¢ NMR (100
MHz, CDCl3) § 164.8, 158.8, 155.0, 135.4, 133.9, 128.92, 128.90, 127.7,
127.0,115.3,111.8, 69.4, 63.1, 37.7. HRMS (ESI), C15H16CINO,S; caled
for (M + H)* 378.0384, found 378.0379.

4.2.6. General procedure for the synthesis of 7a and 7b

To a stirred solution of compound 6a or 6b (3 mmol) in 20 mL. DCM
under ice bath was added bromoacetyl bromide (3.6 mmol). The reac-
tion mixture was stirred for 2 h under room temperature and washed by
saturated aqueous NaHCO3 and brine, dried over by anhydrous NaySO4
and concentrated. The residue was purified by flash silica-gel column
chromatography (PE/EA = 5/1, v/v) to afford product. Yields of 7a and
7b were determined after column chromatography.

4.2.6.1. 2-((4-(4-(benzyloxy)phenyDthiazol-2-yDthio)ethyl 2-bromoace-
tate (7a). White solid (1.39 g, yield 63 %). IH NMR (400 MHz,
DMSO-dg) 6 7.89-7.85 (m, 3H), 7.47 (d,J = 7.3 Hz, 2H), 7.40 (t,J=7.4
Hz, 2H), 7.34 (d, J = 7.1 Hz, 1H), 7.08 (d, J = 8.8 Hz, 2H), 5.15 (s, 2H),
4.48 (t, J = 6.3 Hz, 2H), 4.13 (s, 2H), 3.57 (t, J = 6.3 Hz, 2H). 3¢ NMR
(100 MHz, DMSO-dg) 6 166.9, 162.7, 158.3, 154.1, 136.9, 128.4, 127.8,
127.7,127.3, 126.6, 115.0, 112.5, 69.3, 63.7, 32.1, 26.8. HRMS (ESI),
CooH1gBrNO3S, caled for (M + H)™ 463.9984, found 463.9981.

4.2.6.2. 2-((4-(4-((4-chlorobenzyl)oxy)phenyDthiazol-2-yDthio)ethyl 2-
bromoacetate (7b). White solid (1.12 g, yield 75 %). 'H NMR (400
MHz, CDCl3) 6 7.81 (d, J = 8.5 Hz, 2H), 7.45-7.30 (m, 4H), 7.23 (s, 1H),
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6.99 (d, J = 8.6 Hz, 2H), 5.07 (s, 2H), 4.56 (t, J = 6.4 Hz, 2H), 3.82 (s,
2H), 3.57 (t, J = 6.4 Hz, 2H). *C NMR (100 MHz, CDCl3) 5 167.1, 162.8,
158.8, 155.2, 135.5, 133.9, 128.92, 128.91, 127.8, 127.5, 115.2, 111.3,
69.4, 64.6, 32.4, 25.7. HRMS (ESI), C2oH;7CIBtNO3S, caled for (M +
H)t 497.9595, found 497.9596.

4.2.7. General procedure for the synthesis of 8a and 8b

To a solution of ester 7a or 7b (3 mmol) in CH3CN (10 mL) was added
triphenylphosphine (3.3 mmol). The mixture was stirred under room
temperature overnight. The solvent was removed under reduced pres-
sure and the residue was purified by flash silica-gel column chroma-
tography (DCM/MeOH = 20/1, v/v) to afford product. Yields of 8a and
8b were determined after column chromatography.

4.2.7.1. (2-(2-((4-(4-(benzyloxy)phenyDthiazol-2-yDthio)ethoxy)-2-
oxoethyl)-triphenylphosphonium bromide (8a). White solid (1.52 g, yield
70 %). TH NMR (400 MHz, DMSO-dg) 6 7.91-7.80 (m, 10H), 7.77-7.75
(m, 5H), 7.68-7.52 (m, 3H), 7.47 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.4 Hz,
2H), 7.33 (t,J = 7.2 Hz, 1H), 7.06 (d, J = 8.7 Hz, 2H), 5.44 (d, J = 14.5
Hz, 2H), 5.15 (s, 2H), 4.40 (t, J = 5.9 Hz, 2H), 3.34 (t, J = 5.9 Hz, 2H).
13¢ NMR (100 MHz, DMSO-dg) 5 164.4 (d, J = 3.2 Hz), 162.2, 158.3,
153.9, 136.8, 135.0, 133.6 (d, J = 10.8 Hz), 130.0 (d, J = 13.1 Hz),
128.3,127.8,127.6,127.3,126.5,118.0 (d, J = 88.8 Hz), 114.9, 112.5,
69.2, 63.8, 54.8, 30.8 (d, J = 217.0 Hz). 3!P NMR (162 MHz, CDCl3) 5
20.7. HRMS (ESI), CsgH3sNOsPS, caled for M* 646.1634, found
646.1634.

4.2.7.2. (2-(2-((4-(4-((4-chlorobenzyl)oxy)phenyDthiazol-2-yDthio)
ethoxy)-2-oxoethyDtriphenylphosphonium bromide (8b). White solid
(1.46 g, yield 64 %). H NMR (400 MHz, CDCl3) 6 7.91-7.83 (m, 6H),
7.77-7.71 (m, 5H), 7.66-7.60 (m, 6H) 7.38-7.32 (m, 4H), 7.21 (s, 1H),
6.95 (d, J = 8.8 Hz, 2H), 5.62 (d, J = 16.0 Hz, 2H), 5.05 (s, 2H), 4.38 (t,
J = 6.0 Hz, 2H), 3.31 (t, J = 6.0 Hz, 2H). 13¢ NMR (100 MHz, CDCI3) 6
164.5, 162.6, 158.7, 155.0, 135.4, 135.2 (d, J = 3.0 Hz), 134.1 (d, J =
10.7 Hz), 133.9, 133.0, 130.3 (d, J = 13.3 Hz), 128.8 (d, J = 1.7 Hz),
127.7,127.3,117.9 (d, J = 88.0 Hz), 115.1, 111.3, 69.3, 64.7, 33.2 (d, J
= 56.5 Hz), 32.3. 3'P NMR (162 MHz, CDCl3) § 20.8. HRMS (ESI),
C3gH32CINO3PS, caled for MT 680.1244, found 680.1233.

4.2.8. General procedure for the synthesis of 9a-9f

To a solution of 1-ethyl-3(3-dimethylpropylamine) carbodiimide
(EDCI) (6 mmol) with (3-carboxypropyl)triphenylphosphonium bro-
mide (6 mmol) in DCM (20 mL) was added compound 3a (2 mmol) and
DMAP (2 mmol) under ice bath. The solution was warmed to room
temperature and stirred for 3 h. The solvent was removed under reduced
pressure and the product was purified by flash silica-gel column chro-
matography (DCM/MeOH = 20/1, v/v) to afford product. Yields of 9a-
9k were determined after column chromatography.

4.2.8.1. (4-0xo0-4-(2-((4-phenylthiazol-2-yDthio)ethoxy)butyDtriphenyl-
phosphonium bromide (9a). White solid (0.71 g, yield 55 %). 'H NMR
(400 MHz, CDCl3) 6 7.89-7.82 (m, 8H), 7.79-7.73 (m, 3H), 7.70-7.62
(m, 6H), 7.38-7.33 (m, 3H), 7.29 (d, J = 7.3 Hz, 1H), 4.43 (t, J = 6.5 Hz,
2H), 4.09-3.98 (m, 2H), 3.50 (t, J = 6.5 Hz, 2H), 2.92-2.88 (m, 2H),
1.93-1.88 (m, 2H). 13¢ NMR (100 MHz, CDCl3) 6 173.0, 163.3, 155.3,
134.0, 135.0 (d, J = 2.9 Hz), 133.9 (d, J = 10.1 Hz), 130.5 (d, J = 12.5
Hz), 128.8,128.2,126.3,118.3 (d, J = 85.0 Hz), 112.9, 63.0, 33.1, 32.7,
21.7 (d, J = 51.3 Hz), 18.1. *'P NMR (162 MHz, CDCl5) § 24.3. HRMS
(ESI), C49H37NO3PS; caled for M* 674.1947, found 674.1950.

4.2.8.2. (4-(2-((4-(4-fluorophenyDthiazol-2-yl)thio)ethoxy)-4-oxobutyl)

triphenyl-phosphonium bromide (9b). White solid (0.67 g, yield 50 %).'H
NMR (400 MHz, CDCl3) 6 7.81-7.75 (m, 8H), 7.75-7.69 (m, 3H),
7.66-7.60 (m, 6H), 7.29 (s, 1H), 6.97 (t, J = 8.7 Hz, 2H), 4.37 (t,J = 6.4
Hz, 2H), 3.96-3.87 (m, 2H), 3.43 (t, J = 6.5 Hz, 2H), 2.82 (t, J = 6.5 Hz,
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2H), 1.89-1.75 (m, 2H). 3C NMR (100 MHz, CDCls) § 172.7, 163.8,
163.4,161.3, 154.1, 135.0 (d, J = 3.0 Hz), 133.6 (d, J = 10.0 Hz), 130.4
(d, J = 12.5 Hz), 128.0 (d, J = 8.2 Hz), 118.0 (d, J = 85.0 Hz), 115.5,
112.6, 62.9, 33.1 (d, J = 18.3 Hz), 32.5, 21.5 (d, J = 51.5 Hz), 17.9 (d, J
3.1 Hz). 3P NMR (162 MHz, CDCls) § 24.1. HRMS (ESD),
C40H36FNO3PS, caled for M 692.1853, found 692.1856.

4.2.8.3. (4-(2-((4-(4-chlorophenyl)thiazol-2-yl)thio)ethoxy)-4-oxobutyl)-
triphenylphosphonium bromide (9c). White solid (0.75 g, yield 55 %). 'H
NMR (400 MHz, CDCl3) 6 7.80-7.76 (m, 4H), 7.75-7.69 (m, 7H),
7.65-7.59 (m, 6H), 7.36 (s, 1H), 7.23 (d, J = 8.6 Hz, 2H), 4.36 (t,J = 6.5
Hz, 2H), 3.94-3.82 (m, 2H), 3.43 (t, J = 6.4 Hz, 2H), 2.80 (t, J = 6.5 Hz,
2H), 1.86-1.76 (m, 2H). 13¢ NMR (100 MHz, CDCl3) § 172.6, 163.5,
153.8,135.0 (d, J = 3.0 Hz), 133.7,133.6 (d, J = 10.0 Hz), 132.3, 130.4
(d,J=12.6 Hz), 128.7,127.5,117.9 (d, J = 85.0 Hz), 113.4, 62.8, 33.1
(d, J = 18.3 Hz), 32.5, 21.6 (d, J = 51.6 Hz), 17.9 (d, J = 3.2 Hz). 3'P
NMR (162 MHZ, CDC13) 6 24.1. HRMS (ESI), C40H36C1N03P82 caled for
M" 708.1557, found 708.1554.

4.2.8.4. (4-0x0-4-(2-((4-(p-tolyDthiazol-2-yDthio)ethoxy)butyDtriphenyl-
phosphonium bromide (9d). White solid (0.41 g, yield 31 %). H NMR
(400 MHz, CDCl3) 6 7.89-7.82 (m, 7H), 7.77-7.72 (m, 4H), 7.70-7.65
(m, 6H), 7.29 (s, 1H), 7.16 (d, J = 7.9 Hz, 2H), 4.42 (t, J = 6.4 Hz, 2H),
4.09-3.99 (m, 2H), 3.50 (t, J = 6.5 Hz, 2H), 2.89 (t, J = 6.5 Hz, 2H), 2.34
(s, 3H), 1.96-1.83 (m, 2H). 3C NMR (100 MHz, CDCl3) § 172.9, 163.1,
155.4,138.1,135.0 (d, J = 3.0 Hz), 133.8 (d, J = 10.2 Hz), 131.3, 130.5
(d, J=12.5Hz), 129.4,126.2,118.2 (d, J = 86.0 Hz), 112.2, 63.0, 33.2
(d, J = 18.5 Hz), 32.7, 21.7 (d, J = 51.2 Hz), 21.3, 18.1. 31p NMR (162
MHZ, CDClg) §24.2. HRMS (ESI), C41H39N03P52 calcd for IVIJr 688.2103,
found 688.2101.

4.2.8.5. (4-(2-((4-(4-methoxyphenyDthiazol-2-yDthio)ethoxy)-4-oxobu-
tyDtriphenyl-phosphonium bromide (9e). White solid (0.40 g, yield 30 %).
H NMR (400 MHz, CDCls) § 7.85-7.75 (m, 6H), 7.78-7.69 (m, SH),
7.68-7.59 (m, 6H), 7.19 (s, 1H), 6.85 (d, J = 7.3 Hz, 2H), 4.38 (t, J = 6.4
Hz, 2H), 4.00-3.91 (m, 2H), 3.77 (s, 3H), 3.44 (t, J = 6.5 Hz, 2H), 2.84
(t, J = 6.6 Hz, 2H), 1.89-1.81 (m, 2H). '3C NMR (100 MHz, CDCl3) 6
171.5,161.8,158.6,153.9,134.2 (d, J = 3.6 Hz), 132.6 (d, J = 10.0 Hz),
129.6 (d, J = 12.7 Hz), 126.7, 125.8, 116.9 (d, J = 86.0 Hz), 113.1,
110.6, 61.9, 54.5, 32.3 (d, J = 18.4 Hz), 31.7, 20.5 (d, J = 51.7 Hz),
17.0. 3'P NMR (162 MHz, CDCl3) § 23.5. HRMS (ESI), HRMS (ESI),
C41H39NO4PS; caled for M" 704.2053, found 704.2053.

4.2.8.6. (4-0xo0-4-(2-((4-(4-(trifluoromethyl)phenyl)thiazol-2-yl)thio)
ethoxy)butyD)-triphenylphosphonium bromide (9f). White solid (1.03 g,
yield 72 %). 'H NMR (400 MHz, CDCl3) 6 7.96 (d, J = 8.1 Hz, 2H),
7.87-7.79 (m, 6H), 7.78-7.71 (m, 3H), 7.69-7.62 (m, 6H), 7.58 (d, J =
8.2 Hz, 2H), 7.52 (s, 1H), 4.42 (t, J = 6.4 Hz, 2H), 4.11-3.90 (m, 2H),
3.49 (t, J = 6.5 Hz, 2H), 2.87 (t, J = 6.5 Hz, 2H), 1.92-1.82 (m, 2H). 13C
NMR (100 MHz, CDCl3) 6§ 172.9, 164.2, 153.6, 137.1, 135.0 (d, J = 3.0
Hz), 133.8 (d, J =10.0 Hz), 130.5 (d, J = 12.6 Hz), 130.3, 130.0, 129.7,
129.3,128.2,126.5,125.7 (q,J = 3.8 Hz), 125.5,122.8,120.1, 118.3 (d,
J=285.0Hz), 115.0, 62.9, 33.2 (d, J = 18.5 Hz), 32.6, 21.5(d, J = 51.4
Hz), 18.0 (d, J = 3.2 Hz). *!P NMR (162 MHz, CDCl3) § 23.5. HRMS
(ESI), C41H36F3NO3PS, caled for M* 742.1821, found 742.1820.

4.2.9. General procedure for the synthesis of 10a-10c

Thiazole-2-thiol (3a) (5 mmol), 4-bromo-1-butanol (6 mmol) and
potassium carbonate (6 mmol) were dissolved in acetone (20 mL) and
stirred for 4 h. The solvent was removed under reduced pressure. The
residue was purified by flash silica-gel column chromatography (PE/EA
= 3/1, v/v). Yields of 10a-10c were determined after column
chromatography.

4.2.9.1. 4-((4-(4-chlorophenylthiazol-2-yl)thio)butan-1-ol (10a). White
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solid (1.18 g, yield 79 %). 'H NMR (400 MHz, CDCl5) 5 7.79 (d, J = 8.4
Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.31 (s, 1H), 3.69 (t, J = 6.3 Hz, 2H),
3.30 (t, J = 7.2 Hz, 2H), 1.94-1.88 (m, 2H), 1.74 (dd, J = 13.4, 5.1 Hz,
3H). 3C NMR (100 MHz, CDCls) 6 165.5, 154.3, 134.1, 132.7, 128.9,
127.7, 112.7, 62.3, 34.4, 31.7, 25.9. HRMS (ESI), C;3H;4CINOS, caled
for (M + H)* 300.0278, found 300.0283.

4.2.9.2. 6-((4-(4-chlorophenylthiazol-2-yl)thio)hexan-1-ol (100b).
White solid (1.32 g, yield 81 %). 'H NMR (400 MHz, CDCls) 6 7.79 (d, J
= 8.4 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.31 (s, 1H), 3.62 (t, J = 6.5 Hz,
2H), 3.24 (t, J = 7.3 Hz, 2H), 1.83-1.78 (m, 2H), 1.70 (s, 1H), 1.58-1.54
(m, 2H), 1.48 (d, J = 7.7 Hz, 2H), 1.41 (d, J = 6.8 Hz, 2H). 13C NMR
(100 MHz, CDCls) § 165.6, 154.2, 133.9, 132.7, 128.9, 127.6, 112.6,
62.8, 34.5, 32.6, 29.3, 28.6, 25.4. HRMS (ESI), C;5H;5CINOS, calcd for
(M + H)" 328.0591, found 328.0591.

4.2.9.3. 8-((4-(4-chlorophenyDthiazol-2-yDthio)octan-1-ol (10c). White
solid (1.37 g, yield 77 %). TH NMR (400 MHz, CDCl3) 6§ 7.81 (d, J = 8.7
Hz, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.32 (s, 1H), 3.62 (t, J = 6.6 Hz, 2H),
3.27-3.23 (m, 2H), 1.83-1.77 (m, 2H), 1.57-1.52 (m, 2H), 1.49-1.43
(m, 2H), 1.36-1.32 (m, 6H). 3¢ NMR (100 MHz, CDCl3) 6 165.7, 154.3,
134.0, 132.8, 128.9, 127.7, 112.6, 63.1, 34.7, 32.9, 29.4, 29.3, 29.1,
28.8, 25.8. HRMS (ESI), C17H2>CINOS; caled for (M + H)" 356.0904,
found 356.0901.

4.2.10. General procedure for the synthesis of 11a-11c

To a stirred solution of compound 10a (5 mmol) in 20 mL DCM under
ice bath was added bromoacetyl bromide (6 mmol). The reaction
mixture was stirred for 2 h under room temperature and washed by
saturated aqueous NaHCOj3 and brine, dried over by anhydrous NaySO4
and concentrated. The residue was purified by flash silica-gel column
chromatography (PE/EA = 5/1, v/v) to afford product. Yields of 11a-
11c were determined after column chromatography.

4.2.10.1. 4-((4-(4-chlorophenyDthiazol-2-yDthio)butyl =~ 2-bromoacetate
(11a). White solid (1.55 g, yield 74 %). 'H NMR (400 MHz, CDCl3) &
7.81 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.33 (s, 1H), 4.23 (t, J
= 6.0 Hz, 2H), 3.81 (s, 2H), 3.32 (t, J = 6.7 Hz, 2H), 1.94-1.85 (m, 4H).
13C NMR (100 MHz, CDCl3) 5 167.4, 164.9, 154.3, 134.1, 132.7, 129.0,
127.7, 112.8, 65.7, 34.0, 27.6, 25.9, 25.8. HRMS (ESI),
C15H15BrCINO,S; caled for (M + H)™ 419.9489, found 419.9492.

4.2.10.2. 6-((4-(4-chlorophenyl)thiazol-2-yDthio)hexyl = 2-bromoacetate
(11b). White solid (1.66 g, yield 74 %). 1 NMR (400 MHz, CDCl3) &
7.81 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.33 (s, 1H), 4.17 (t, J
= 6.6 Hz, 2H), 3.82 (s, 2H), 3.29-3.25 (m, 2H), 1.85-1.80 (m, 2H),
1.71-1.66 (m, 2H), 1.54-1.48 (m, 2H), 1.43 (dd, J = 13.1, 6.2 Hz, 2H).
13¢ NMR (100 MHz, CDCl3) § 167.4, 165.4, 154.3, 134.0, 132.8, 128.9,
127.7, 112.6, 66.3, 34.5, 29.2, 28.4, 28.3, 25.9, 25.4. HRMS (ESI),
C17H19BrCINO,S, caled for (M + H)™ 447.9802, found 447.9812.

4.2.10.3. 8-((4-(4-chlorophenyDthiazol-2-yDthio)octyl =~ 2-bromoacetate
(11c). White solid (1.69 g, yield 71 %). 'H NMR (400 MHz, CDCl3) 6
7.81 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 7.32 (s, 1H), 4.15 (t, J
= 6.7 Hz, 2H), 3.82 (s, 2H), 3.25 (t, J = 7.3 Hz, 2H), 1.83-1.77 (m, 2H),
1.67-1.63 (m, 2H), 1.49-1.43 (m, 2H), 1.34 (d, J = 1.4 Hz, 6H). 3¢
NMR (100 MHz, CDCl3) § 167.4, 165.6, 164.7, 154.2, 133.9, 132.8,
128.9,127.7,112.6, 66.5, 29.3, 29.1, 29.0, 28.7, 28.5, 26.1, 25.8. HRMS
(ESI), C19H23BrCINO3S; caled for (M + H)' 476.0115, found 476.0110.

4.2.11. General procedure for the synthesis of 12a-12c

To a solution of ester 11a (3 mmol) in CH3CN (10 mL) was added
triphenylphosphine (3.3 mmol). The mixture was stirred under room
temperature overnight. The solvent was removed under reduced pres-
sure and the residue was purified by flash silica-gel column
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chromatography (DCM/MeOH = 20/1, v/v) to afford product. Yields of
12a-12c were determined after column chromatography.

4.2.11.1. (2-(4-((4-(4-chlorophenyDthiazol-2-yDthio)butoxy)-2-
oxoethyl)-triphenylphosphonium bromide (12a). White solid (1.86 g,
yield 91 %). H NMR (400 MHz, CDCl3) 6 7.76 (ddd, J = 22.0, 13.3, 7.4
Hz, 11H), 7.64-7.58 (m, 6H), 7.36 (s, 1H), 7.28 (d, J = 8.6 Hz, 2H), 5.45
(d, J = 12.6 Hz, 2H), 3.97 (t, J = 5.9 Hz, 2H), 3.13 (t, J = 6.6 Hz, 2H),
1.61 (d, J = 5.0 Hz, 4H). 13¢ NMR (100 MHz, CDCl3) 6 164.9, 154.1,
135.3, 134.0 (d, J = 11.1 Hz), 133.9, 132.6, 130.3 (d, J = 13.1 Hz),
128.9,127.6,118.2 (d, J=88.0 Hz), 113.1, 66.2, 33.9, 33.5, 32.9, 27.2,
25.6. 3'P NMR (162 MHz, CDCl3) § 20.79. HRMS (ESI), C33H30CINO2PS,
caled for M* 602.1139, found 602.1144.

4.2.11.2. (2-((6-((4-(4-chlorophenyDthiazol-2-yDthio)hexyl)oxy)-2-
oxoethyl)-triphenylphosphonium bromide (12b). White solid (1.77 g,
yield 83 %). 'H NMR (400 MHz, CDCls) 6 7.74-7.67 (m, 7H), 7.66-7.60
(m, 4H), 7.54-7.48 (m, 6H), 7.31 (s, 1H), 7.16 (d, J = 8.4 Hz, 2H), 5.28
(s, 2H), 3.79 (t, J = 6.4 Hz, 2H), 3.04 (t,J="7.1 Hz, 2H), 1.55 (p, J=7.2
Hz, 2H), 1.29-1.16 (m, 4H), 1.05-0.97 (m, 2H). '3C NMR (100 MHz,
CDCl3) 6 164.8, 164.0, 153.5, 134.9 (d, J = 2.9 Hz), 133.5 (d, J = 10.7
Hz), 133.3, 132.3, 129.9 (d, J = 13.2 Hz), 128.4, 127.2, 117.5 (d, J =
88.9 Hz), 112.9, 66.3, 34.0, 32.7 (d, J = 56.3 Hz), 28.6, 27.7, 27.6, 24.8.
31p NMR (162 MHz, CDCl3) 6 20.8. HRMS (ESI), C35H34CINO5PS, caled
for M* 630.1452, found 630.1457.

4.2.11.3. (2-((8-((4-(4-chlorophenyl)thiazol-2-yDthio)octyl)oxy)-2-
oxoethyDtriphenyl-phosphonium bromide (12c). White solid (1.77 g,
yield 80 %). 'H NMR (400 MHz, CDCls) § 7.93-7.84 (m, 6H), 7.78 (dd, J
=18.0, 7.7 Hz, 5H), 7.66 (s, 6H), 7.38-7.32 (m, 3H), 5.56 (d, J = 13.4
Hz, 2H), 3.94 (t, J = 6.7 Hz, 2H), 3.23 (t, J = 7.2 Hz, 2H), 1.76 (d, J =
7.6 Hz, 2H), 1.40 (dd, J = 13.9, 6.7 Hz, 4H), 1.27-1.12 (m, 6H). 13C
NMR (100 MHz, CDCl3) § 165.1, 164.1, 153.6, 135.0, 133.6 (d, J = 10.9
Hz), 133.3, 132.3, 130.0 (d, J = 13.1 Hz), 128.5, 127.3, 1175 (d, J =
88.9 Hz), 112.8, 66.6, 34.2, 32.8 (d, J = 55.6 Hz), 28.8, 28.5, 28.5, 28.2,
27.7, 25.2. 3lp NMR (162 MHz, CDCl3) § 20.7. HRMS (ESI),
C37H3gCINO,PS, calced for M 658.1765, found 658.1770.

4.3. Cell culture

HeLa and HCT-15 cells were cultured in RPMI-1640, PC-3 cells were
cultured in F12, MCF-7 cells were cultured in DMEM. The media were
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/
streptomycin. The cells were incubated at 37 °C with 5 % COa.

4.4. In vitro cytotoxic activity (CCK-8 assay)

Invitro cytotoxicity of tested compounds was assessed using the Cell
Counting Kit-8 following the manufacturer’s protocol. Cancer cells were
seeded in 96-well plates at a density of 5000 cells/well for 24 h. Then,
the cells were treated with different concentrations of thiazole-TPP
conjugates for another 24 h. After the treatment, 10 % CCK-8 solution
was added to the 96-well plates and incubated for 3 h. DMSO was used
for negative control. The absorbance at 450 nm for CCK-8 assay was
measured using a microplate reader (Spectra Max i3x, Molecular De-
vices). The ICsg values were calculated by GraphPad 7.0.

4.5. Colony formation assay

HelLa cells were seeded into a 6-well plate at a density of 100 cells/
well. Then, the cells were treated with different concentrations of 12a.
After incubation for 12 days, the cells were fixed with 4 % para-
formaldehyde for 30 min and then stained with 0.1 % crystal violet
solution for 3 min. The colony numbers were photographed by iBright
1500 imaging system (Thermo Fisher Scientific).
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4.6. Measurement of mitochondrial membrane potential

Hela cells were seeded in a 12-well plate at a density of 1 x 10% cells/
well and treated with different concentration of 12a for 24 h. After the
treatment, cells were stained by JC-1 at 37 °C for 20 min following the
instructions of manufacturer. Afterwards, the images of samples were
captured under fluorescence microscope (Ti2-U, Nikon) and the fluo-
rescence intensity were measured by a Cytation 5 multimode reader
(Agilent, BioTek). Degree of mitochondrial depolarization was calcu-
lated as red/green fluorescence and normalized to the control group.

4.7. Determination of intracellular reactive oxygen species (ROS)

Hela cells were seeded in a 6-well plate at a density of 5.0 x 10°
cells/well and cultured for 24 h. After the treatment with indicated
concentrations of 12a, A DCFH-DA kit was used for ROS detection ac-
cording to manufacturer’s protocol. The stained cell samples were
directly observed fluorescence microscope (Ti2-U, Nikon) at the exci-
tation wavelength of 488 nm and emission wavelength of 525 nm. For
flow cytometry evaluation, treated cells were collected and resuspended
in DCFH-DA that dissolved in buffer supplied by the kit. The cell samples
were eventually analyzed with flow cytometry (FACS Celesta, BD) and
data were analyzed with FlowJo 8.0.

4.8. Cell apoptosis analysis

HelLa cells were seeded in 6-well plates at a density of 5.0 x 10° cells/
well and cultured for 24 h. Then cells were treated with various con-
centrations of 12a for another 24 h. Annexin V-FITC/PI staining was
performed in accordance with instructions of manufacturer. Finally, the
cells were analyzed by flow cytometry (FACS Celesta, BD) and data were
analyzed with FlowJo 8.0.

4.9. Cell cycle assay

HeLa cells were seeded in 6-well plates at a density of 2.0 x 10° cells/
well and cultured for 24 h. Then cells were treated with various con-
centrations of 12a for another 24 h. PI staining was performed in
accordance with instructions of manufacturer. Finally, the cells were
analyzed by flow cytometry (NovoCyte, Agilent) and data were analyzed
with NoveExpress.

4.10. Mitochondrial bioenergetics assay

The oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) measurements were performed on a Seahorse XFp analyzer.
HeLa cells were seeded in 8-well Seahorse XFp microplates at the den-
sities of 4000 cells/well and cultured at room temperature for 1 h for the
cells to attach. After incubation overnight, the cells were treated with
12a (10 pM) for 2 h. OCR was measured using Seahorse XF Mitostress
Test Kit (Agilent Technology). When OCR was recorded, oligomycin
(ATP synthase inhibitor), FCCP (mitochondrial uncoupler) and the
mixture of rotenone (inhibitor of complex I) and antimycin A (inhibitor
of complex III) were injected in sequence. ECAR was measured using
Seahorse XF Glycolysis Stress Test Kit (Agilent Technology). When ECAR
was recorded, glucose, oligomycin and 2-DG were added consecutively.

4.11. Western blot assay

HelLa cells (5.0 x 10° cells/well) were seeded in 6-well plates. After
treatment of compound 12a for 2 h, cells were lysed in the RIPA buffer
with protease inhibitor. The protein concentration was determined
using the BCA Protein Assay Kit. Total protein (35 pg) were separated by
10 % Bis-Tris gel, transferred to PVDF membranes. And then, the
membranes were incubated with different primary antibodies solutions
at 4°C overnight. After being washed with TBST solution, the
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membranes were incubated with corresponding secondary antibodies.
Finally, after incubation with secondary antibody, the protein bands
were visualized by a LI-COR Odyssey scanner and analyzed by Image
Studio.

4.12. Statistical analysis

Data are presented as mean + SD (n = 3) and statistically analyzed
by GraphPad Prism 7 software. One-way ANOVA was performed for
multiple group comparisons.
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