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OZET

BURAN, K. Antikanser ozelligi olan yeni tiyazolidin molekiillerinin: tasarim, sentez ve
degerlendirmeleri. Yeditepe Universitesi, Saghk Bilimleri Enstitiisii Farmasétik Kimya

Program Bilim Uzmanhg Tezi, istanbul 2013.

Kanser, normal viicut hiicrelerinin diizensiz bir sekilde biiyiimesi sonucu olusan bir hastaliktir.
Giiniimiizde kanser tedavileri cesitlilik gostermekle beraber, klasik tedavi metotlarinda kanserli
hiicrelerde apoptozun (programli hiicre 6liimii) tekrar aktive edilmesi yaygin olarak kullanilan bir
tedavi stratejisidir. Buna gore yapilan yeni anti-kanser molekiil tasarim ¢alismalarinda
molekiillerin apoptoz tetikleyici etkisinin olmas1 hedeflenen 6zellikler arasindadir. Bu baglamda,
(2RS,4R)-2-fenil-3-propiyonil-tiyazolidin-4-karboksilik asit etil ester (ALC67) molekiiliiniin anti-
kanser ve apoptoz tetikleyici 6zelligi oldugu kisa zaman Once belirtilmistir. Calismamizda
ALC67 molekiiliiniin 2 pozisyonunda bulunan fenil halkasinin aktivite tizerindeki etkisini
aragtirmak adina halka, aromatik ve alifatik gruplarla degistirilerek on bir tirev (3a-3m)

sentezlenmistir.

ALC67 molekiiliiniin yeni tiirevleri {i¢ basamakta sentezlenmis olup; birinci basamakta, L-sistein
ve aldehit kullanilarak tiyazolidin halka yapis1 olusturulmustur (1a-1m). Sonrasinda, sentezlenen
tiyazolidin halkasina, etil ester grubu (2a-2m) ve propiyonil grubu (3a-3m) baglanarak
tiirevlendirilmistir. Bu ¢alismada otuz {ic yeni molekiil sentezlenip, sentezlenen molekiillerin

¢ogunlugunun yapilari FT-IR, 'H NMR, *C NMR ve LC-MS ile aydinlatilmustir.

Yeni sentezlenen (2RS,4R)-2-fenil-3-propiyonil-tiyazolidin-4-kaboksilik asit etil ester yapisinin
tirevleri olan maddelerin (3a-3m) sitotoksik aktivite testleri insan karaciger kanser hiicre hatlari
(HUH7 ve Mahlavu) iizerinde sulforodamin B (SRB) yontemi kullanilarak yapilmistir. Elde

edilen test sonuclaria gore, fenil grubunun degismesi sitotoksik aktiviteyi degistirmemistir.

Sonug olarak, yaptigimiz bu ¢alismamizda yeni tiyazolidin tiirevlerinin anti-kanser etkisi oldugu
gosterilmis ve anti-kanser 6zellik gosteren yeni bir tiyazolidin sinifi gelistirilmistir.

Anahtar kelimeler: Tiyazolidin, terminal alkin, antikanser, apoptoz.
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ABSTRACT

BURAN, K. Novel anticancer thiazolidine molecules: design, synthesis and evaluation.
Yeditepe University Institute of Health Science, Thesis on Pharmaceutical Chemistry
Master of Science Degree Programme, Istanbul, 2013.

Cancer results from unregulated cell growth. Reactivating cell death in cancer cells, i.e.
apoptosis, is a classical anticancer therapeutic strategy. The apoptosis-inducer property of the
(2RS,4R)-2-phenyl-3-propinoyl-thiazolidine-4-carboxylic acid ethyl ester (ALC67) molecule has
been discovered recently. To elucidate the mechanism of action of this molecule and to evaluate
the impact of the phenyl group that the thiazolidine ring presents at its second position on the
cytotoxicity, we developed eleven ALC 67 analogues (3a-3m) replacing the phenyl moiety with

various aliphatic and aromatic groups.

The synthesis of ALC67 analogues required three major steps. The first step consisted of the
formation of the thiazolidine ring using L-cysteine and an aldehyde (1a-1m). Then, the
thiazolidine ring was modified in order to first introduce the ethyl ester moiety (2a-2m) and then
the propionyl group (3a-3m). A total of thirty three novel molecules were obtained and most of
compounds were characterized by FT-IR, '"H NMR, *C NMR and LC-MS.

The cytotoxic activity of the novel (2RS,4R)-2-phenyl-3-propinoyl-thiazolidine-4-carboxylic acid
ethyl ester derivatives (3a-3m) were evaluated on human liver HUH7 and Mahlavu
hepatocellular carcinoma cell (HCC) lines with the sulforhodamine B (SRB) assay. Results
demonstrated that the antiproliferative property was conserved when the phenyl moiety was

replaced.

Thus, with this investigation a novel class of thiazolidine derivatives with promising anticancer

activity was developed.

Keywords: Thiazolidine, terminal alkyne, anticancer, apoptosis.
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1 INTRODUCTION AND AIM

Cancer is a term used for diseases in which abnormal cells divide without control and are able to
invade other tissues. Cancer has probably existed since the origin of mankind; therefore, several
ways of cancer treatment have been investigated. Nowadays, chemotherapy is one of the most
important treatment methods for cancer. This has led to the investigation and development of

cytotoxic drugs (chemotherapeutic agents).

The history of chemotherapeutic agents started with mustard gas (bis(2-chloroethyl)sulfide)
(Figure 1, A) during World War 1, it was used as a chemical weapon. However, autopsies
performed on the victims’ bodies revealed that lymphoid and myeloid suppression had taken

place.

This led to the hypothesis that mustard gas may be able to stop the division of a certain type of
somatic cells, meaning it could be possible to inhibit the proliferation of cancer cells. After that,
nitrogen mustard gas (bis(2-chloroethyl)methylamine) (Figure 1, B) was developed and tested
first on animals, and then on people. The results showed that these chemicals stopped the division

of cancer cells (1).

According to this investigation, this new chemical was the milestone of cancer treatment. Since

then, scientists have focused on developing new molecules to cure cancer.

N o >IN

A: Bis(2-chloroethyl)sulfide B: Bis(2-chloroethyl)methylamine

Figure 1. Mustard gases



Thiazolidine derivatives are molecules which exhibit cytotoxic activity against cancer cell lines.
(2RS,4R)-2-phenyl-3-propinoyl-thiazolidine-4-carboxylic acid ethyl ester (ALC67) (Figure 2) is a

thiazolidine-based antiproliferative molecule.

ALC67 Modifications on the 2"¢ position of the thiazolidine ring
R= aromatic aliphatic

p-OCH;-Ph- (3a) -(CH,)4CH; (3h)
p-F-Ph- (3b) ~(CH3)sCHa (31)
m-F-Ph- (3¢) ~CH(CH,-CHs)-CH,CH,CH,CH; (3j)
0-F-Ph- (3d) -CH,-CH(CH3)-CH,-C(CHs)3 (3k)
p-HO-Ph- (3e) -CH(CH;3)-CH,CH,CH; (31
p-HO-1-naphtalene (3f) -C(CH3)3 (3m)
p-CN-Ph- (3g)

Figure 2. Structure of the ALC67 molecule and its derivatives.

Considering its bioactivity, this study aims to investigate the anticancer property of ALC67
derivatives. Actually, we will examine if any correlation exists between the presence of the
phenyl group on the ALC67’s structure and its cytotoxicity. For this purpose, the phenyl group

will replaced with aromatic and aliphatic moieties.



2 GENERAL INFORMATION
2.1 Development of cancer

Cancer, a broad group of diverse diseases that can affect various organs, causes the death of 100
to 300 of each 100 000 people every year worldwide (1). It results from an abnormal proliferation
of genetically altered cells (mutations or DNA damage) and this alteration often results from an

excessive exposure to radiation, chemicals or some viruses (2).

Cancerization of normal cells requires defects on processes that control cell proliferation and
homeostasis. There are six essential alterations that lead to tumorigenesis. These are sustaining
proliferative signaling, evading growth suppressors, enabling replicative immortality, resisting
programmed cell death (apoptosis), inducing angiogenesis and tissue invasion (Figure 3) (3, 4).

Sustaining proliferative
signaling

Resisting Evading growth
cell death SUppressors

inducing Activating
angiogenesis and me

Enabling replicative
immortality

Figure 3. Hallmarks of cancer

Sustaining proliferative signals is one of the most important hallmarks of cancer cells. Normal
cells need mitogenic growth factors (GF) to initiate proliferation. These factors are typically
synthesized by cell types that are not related to the one that GFs stimulate. Therefore,
proliferation is exogenously controlled in normal cells. Cancer cells, yet, were shown to acquire

the capacity of synthesizing their own growth factors (as do, for instance, gliobastomas or



sarcomas by producing PDGF or TGFa) (5) an ability that makes them proliferate self-

sufficiently.

In addition to the growth signal autonomy described above, cancer cells gain also an insensibility
to antiproliferative signals when developing. In fact, while antigrowth signals prevent normal
cells from excessive proliferation, they are ineffective in cancer cells since pathways that

normally maintain cells in quiescence are disrupted in tumors (6).

The development of macroscopic malignant tumors also results from a limitless replicative
potential of cancer cells. During cell division, telomeres, chromosome endings, are progressively
shortened and after a critical length, cells stop growing or in other terms enter senescence. Thus
the lifespan of normal cells is controlled by the length of telomeres. In cancer cells, it has been
demonstrated that telomere lengths are maintained which provides them the ability of multiplying
unlimitedly (7, 8).

Tumor cells can also expand rapidly via their ability of evasion from the programmed cell death
process (PCD or apoptosis). Apoptosis is a natural death process that exists in almost all cell
types. Once initiated, it triggers several physical changes such as cell shrinkage, membrane
degradation or nuclear fragmentation. These changes lead then to the formation of apoptotic
bodies that are subsequently phagocytized by adjacent macrophages (Figure 4) (9, 10).



apoptosis activated cell shrinkage

by intrinsic or extrinsic chromatin condensation
pathway
narmal cell \

APOPTOSIS nuclear

callapse

lysis of
apoptotic bodies K‘________,/ P———
formation

Figure 4. Apoptosis: the programmed cell death process.

Apoptosis starts with either extracellular or intracellular signals: it is activated exogenously when
death signals such as FAS ligand or TNFa bind their corresponding receptors (11, 12), whereas
intracellular death activator signals can be DNA damage (13), oncogene activation (14) or
hypoxia (15, 16). The presence of these proapototic signals mainly switch on a class of cysteine-
dependent aspartate specific proteases known as initator caspases. Initiator caspases activate then
effector caspases that degrade cellular proteins to progressively destruct cellular structures,
organelles and DNA (Figure 5) (17, 18). Tumor cells are shown to have multiple strategies to
resist to apoptosis. For instance, the loss of function of the p53 tumor suppressor protein (19) an
essential sensor that normally activates apoptosis, is the antiapoptotic feature that is the most

observed in cancer cells (20-24).
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Figure 5. Extrinsic and intrinsic apoptotic pathways.

Factors mentioned above are related to tumor initiating and development processes. There are
also two additional important capabilities that tumor cells acquire while developing: the ability
to form new blood vessels in order to meet their needs in oxygen and nutrients (angiogenesis) and
to invade adjacent (invasion) and distant tissues (metastasis). While sustained angiogenesis is
related to a change in the balance of angiogenesis inducers and inhibitors (25-27) (overexpression
of vascular endothelial growth factor VEGF (28) and fibroblast growth factor FGF (29, 30) and
downregulation of inhibitors such as thrombospodin-1 or B-interferon) (31), metastasis that is the
cause of 90% of human cancer death is ascribed to alterations in proteins involved in cell-cell or

cell-extra cellular matrix adhesion (E-cadherin (32) and integrins respectively (33)).

Cancer treatment strategies aim to repair one of these abnormal abilities acquired by tumor cells.
The most widely used chemotherapeutic agents either reinduce apoptosis in cancer cells, as it is
the case for alkylating agents (cisplatins, tetrazins) (34), antimetabolites (anti-folates like
methotrexate) (35), and topoisomerase inhibitors (doxorubicin, mitoxanthrone) (36) or prevent

the neovascularization of tumors (paclitaxel, docetaxel) (37).



This study deals with the development of novel thiazolidine compounds that are able to act as
apoptosis-inducers in cancer cells. Thus, the next section will be dedicated to the use of the

thiazolidine ring in the literature for the development of proapoptotic anticancer agents.

2.2 Thiazolidines: Synthesis and NMR characterization
2.2.1 Synthesis

Thiazolidines are five-membered heterocycles containing a sulfur and a nitrogen atom at their 1°
and 3" positions respectively. They can be easily prepared from the acetalation of aldehydes with
cysteine derivatives. The ring-closure reaction generates a chiral center, namely the carbon at the
2" position. When reactions are conducted with optically pure cysteine derivatives, the resulting
thiazolidine products come as diasteroemeric mixtures: using L-cysteine gives the 2R, 4R and 2S,
4R molecules whereas D-cysteine leads to the 2R, 4S and 2S, 4S compounds (Figure 6).

HOOC
SH }_...
L RCHO._ ™. S
*
HOOC™ “NH, Y
R
L-cysteine 2R, 4R and 25, 4R diastereomers
HOOC
SH j—
RCHO N
——=  HN_,.S
HOOC™ "NH, Y
R
D-cysteing IR, 45 and X5, 45 diastereomens

Figure 6. Leads thiazolidine formation to diastereomeric mixtures.

Thiazolidine formation can follow two possible mechanisms (38) that differ from each other by
their first step: the first mechanism involves the formation of a cationic Shiff base with an
addition-elimination sequence prior to the cyclisation (Figure 7, path 1) while the second begins
with the attack of the sulfur atom on the carbonyl to form a sulfonium ion intermediate (Figure 7,
path 2). Kinetic studies demonstrated that in alkali conditions the reaction follows path 1. It goes
through a N-hydroxymethylcysteine that dehydrates to form the corresponding cationic Shiff base
which rapidly deprotonates to give the expected heterocycle (38).



SH R2

Path 1 /[ + o= Path 2
1

. HOOC” “NH; R
V4 N R2
SH S—hOH
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HOOC” “NH—}—OH HOOC” “NH,
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-H,0 ‘ -H,0
2
b b R
SH .
/[ 2 S=< 1
R i R
3
HOOC” "N=( | HOOG~ “NH,
H R

-H* X Y S R2 , -H*
HOOC/(N)<R1
H
Figure 7. Possible pathways for the generation of a thiazolidine ring.

2.2.2 H NMR characterization

The *H NMR spectrum of thiazolidine compounds obtained from the acetalation of pure cysteine
present signals that correspond to the two diastereomers and the chemical shifts of the protons of
each isomer are clearly separated and differ greatly. In fact, the cycle is characterized by the
peaks corresponding to the C2-H, C4-H and C5-H, protons on the 5" carbon being unequivalent.
C2-H signals appear as two separate singlets at around 5.50 and 5.35 ppm. The C4 protons that
couple with both of the unequivalent C5 protons appear typically at around 4.20 and 3.80 ppm as
doublet of doublets (dd) with coupling values of around 4.0 and 7.2 Hz for the minor isomer and
7.2 and 8.6 Hz for the major one, these values varying according to the group attached on C2.
The C5 protons show four set of dds. Peaks for the minor isomer are centered at around 3.35 and
3.15 ppm with coupling values of around 4.0 (C4-H and C5-H coupling) and 10.0 Hz (C5-H and
C5-H coupling) and 7.2 (C4-H and C5-H coupling) and 10.0 Hz (C5-H and C5-H coupling)
respectively. Concerning the major isomer, C5-H dd signals appear around 3.30 and 3.05 ppm
with J values of 7.2 (C4-H and C5-H coupling) and 10.0 Hz (C5-H and C5-H coupling) and 8.6
(C4-H and C5-H coupling) and 10.0 Hz (C5-H and C5-H coupling) (Figure 8).



The major diastereomer is expected to be the 2S, 4R molecule since in this configuration the two
bulky groups, that are the R group that derives from the aldehyde and the carboxylic acid
function, point to opposite sides of the thiazolidine ring. In fact, Yu et al. demonstrated this
distribution by 1D nuclear Overhauser effect (NOE) experiments: while the irradiation of the
signal of the C4-H of the major isomer (peak at around 4.20 ppm) did not generated any NOE
signal with the corresponding C2-H peak (around 5.35 ppm), the C2-H (around 5.50 ppm) of the
minor isomer gave a strong NOE signal when the corresponding C4-H (around 3.80 ppm) was
irradiated. Results hence confirmed that the minor product is the 2R, 4R since it is with this

configuration only that C2-H and C4-H protons are close enough to give NOE signals (39).
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Figure 8. Typical *H NMR of thiazolidine rings obtained from acetalation of L-cysteine.
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2.2.3 BC NMR characterization

The 2R, 4R and 2S, 4R thiazolidine heterocycles generated from the acetalation of L-cysteine can
also be characterized by *C NMR. In this spectrum also, each carbon of each diastereomer gives
separate signals, peaks appearing thus as pairs. The presence of the thiazolidine rings can be
confirmed thanks to the presence of the signals correponding to the C2, C4 and C5 carbons. The
tertiary C2 and C4 carbons appear upfield since they are close to the electronegative nitrogen
atom. Indeed, while C2 typically gives two peaks around 71 ppm, for C4 two peaks appear

around 65 ppm. Signals corresponding to the C5 of the isomers are located on downfield at
around 38 ppm (Figure 9).

— 71.994
71.413
— §3.777
— §5.227
38.937
— 38.328

C2-H C4-H

|| S |

Figure 9. The characteristic **C NMR peaks of diastereomic mixture of thiazolidines.
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2.3 Thiazolidines as anticancer agents

Thiazolidines were first described by Miller et al. for their anticancer property in 2005 (40). The
authors developed thiazolidine compounds when optimizing the activity of 4-thiazolidinone

derivatives.

2.3.1 Thiazolidines anticancer property derives from thiazolidinones’ activity

4-Thiazolidinone presents a carbonyl group at the 4™ position of the thiazolidine ring. This
scaffold is actually well-known for its anti-inflammatory activity as thiazolidinone derivatives are
described as effective cyclooxygenase (COX) inhibitors (41, 42). When high COX-2 expression
levels were associated with certain cancer types, inhibitors of this enzyme were analyzed for their
anticancer properties (43) and some 2-phenylimino-4-thiazolidinones were shown to exhibit
promising cytotoxic activity (44). From that point, the potential of this scaffold for the
development of novel anticancer agents was evaluated. Masoud et al. recently reported the
antiproliferative activity of some benzimidazole substituted phenylimino-4-thiazolidinone
derivatives (Figure 10) (44).

Figure 10. Benzimidazole substituted phenylimino-4-thiazolidinone derivatives

Ry S, N-Ar; Ry: (0)CICsHa, CoHe-CH=CH-, (9)OCH;CeHs, 2,5-(OCHs)CeHs, 2,4-(OCHs)CoHa,CsHaN, CoHs,
(P)NO,CgHs.

Miller et al. discovered the antiproliferative activity of 4-thiazolidinone derivatives when they
were optimizing some serine phosphate amides (SAPs) that they developed as lysophosphatidic

acid (LPA) analogues to treat prostate cancer (Figure 11) (45).

s /o o 5 o)
\P/\ )K\ HO\P//
HO/ O/WAO (CH,)CH, / \O T—
-
e NHaT
LPA SAP

Figure 11. Structures of LPA and SAP.
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Indeed, LPA is a molecule that induces prostate cell proliferation and was shown to exhibit
mitogenic properties in prostate cancer cell lines (46, 47). By replacing the glycerol structure of
LPA with a serine amide the authors developed a series of LPA antagonists (SAPs) with different
alkyl chains (Scheme 1) that exhibited noteworthy cytotoxic activity on several prostate cancer
cell lines (DU-145, PC-3, LNCaP, PPC-1 and TSU). However, these SAP molecules were shown

to be non-selective since they also killed non-tumor chinese hamster ovary cells (45).

o
i il
HO OH ———— = HO NH(CHo),CH; ~ ———— =  BnO——P——0 NH(CHz)nCHa
NHBoc NHBoc ©Fn NHBoc
(0]
O
iii ”
—_— HO—P—o0 NH(CHz)nCHs
- +
NH;

SAPs

Scheme 1. Reagents and conditions for synthesis of SAPs derivatives

(i) CH3(CH,),NH,, EDC, HOBt, CH,Cl,, RT, 5h. (ii) Tetrazole, Dibenzyldiisopropyl phosphoramidite, CH,Cl,, RT,
0.5h, H,0,, RT, 0.5h. (iii) H,, 10% Pd/C, EtOH, RT, 3h.

To circumvent this selectivity issue that was attributed to the possible hydrolysis of the phosphate
group present on the structures, the authors chose to work with 4-thiazolidinone derivatives as

this cycle is described as a phosphate biomimetic (Figure 12) (48, 49).

Thiazolidinone ring=phosphate biomimetic

(e]

o /R1
I
HO—P—0 NH(CHz),CHs
|- ;
o)

NH;
R

Iz

SAPs 2-aryl-4-oxo-thiazolidin-3yl-amides

Figure 12. Structure of SAP and 4-thiazolidinone derivatives: 2-aryl-4-oxo-thiazolidin-3yl-amides.

The thiazolidinone heterocycles were generated through a condensation reaction between a
mercapto acid, a glycine methyl ester and aromatic aldehydes. Then, thiazolidinone amides were
obtained via peptidic couplings using EDC/HOBT as coupling agents (Scheme 2).
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Scheme 2. Reagents and conditions for synthesis of thiazolidinone amides

Reagents: (a) toluene, Dean-Stark; (b) NaOH, MeOH; (c) CH;(CH,),NH,, EDC, HOBt, CH,ClI,; (d) (COCI),,
benzene, NH;, MeOH.

Resulting derivatives were then evaluated on five human prostate cancer cell lines (DU-145, PC-
3, LNCaP, PPC-1 and TSU) and despite an improved selectivity, these molecules exhibited
disappointing cytotoxicity (48).

2.3.2 First antiproliferative thiazolidines: 2-arylthiazolidine-4-carboxylic acid
amides (ATCAAS)

To improve the antiproliferative potency of 4-thiazolidinones, the thiazolidinone ring was
replaced with a thiazolidine and a series of 2-arylthiazolidine-4-carboxylic acid amides
(ATCAAs) was developed (40). Thiazolidines were obtained with the acetalation of optically

pure cysteine and aldehydes (Scheme 3).
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Scheme 3. Synthetis of ATCAAS

(a) EtOH; (b) CH3(CH,),NH,, EDC, HOBt, CH,Cl,
Since the ring-closure reaction generates an additional chiral center in an uncontrolled manner,
diastereomeric mixtures (2RS,4R) were obtained. Biological evaluations were carried out with
these mixtures and promising cytotoxicities were observed on melanoma and prostate cancer cell
lines. Then, to analyze the effect of the chiral center at the 4™ position, the authors also prepared
the (2RS,4S) thiazolidine compounds starting from D-cysteine but changing the chirality of the
4™ position did not affect significantly neither the activity nor the selectivity. Besides, to
investigate the impact of the thiazolidine ring on the biological activity, the authors examined the
activity of analogue compounds exhibiting opened-thiazolidine rings (Figure 13) and observed a
substantial decrease in the potency of the molecules. Thus, the bioactivity of ATCAAs was

demonstrated to be closely related to the presence of the thiazolidine heterocyle.

\s /\roo NHR

NH

NHACc

Figure 13. Structures of opened-ring compounds

The obtained ATCAA molecules were then evaluated against melanoma (A375, WM-164, B16-
F1) and prostate (DU 145, PC-3, LNCaP, PCC-1) cancer cell lines and most of the analyzed
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structures exhibited promising micromolar 1Cy, values (Table 1). Finally, to determine the origin

of the biological activity, cell cycle analyses were also carried out on cancer cells exposed to

different concentrations of ATCAAs and these molecules were shown to trigger cell death by

apoptosis. Cytotoxic activity test of ATCAA compounds were performed on melanoma and

prostate cancer cells in vitro. Acoording to the test results, compounds 3id, 3ac and 15b had

promising cytotoxic activity (40).

5|

— S
NaSell

X R & ® & 1C25 2 SEM (1)
B16-F1 A375 WM-164 Fibroblast  Aver*  Ratio®

3aa CON 345-Trimethoxy  n-CyeHsy H H 59:04 46:02 30401 47404 45 10
3ab CON 345-Trimethoxy  (2)-Octadec-8-enyl  H H 47=01 24=01 13201 48203 28 17
3ac CON 345-Trimethoxy  (E)-Octadec-8-enyl  H H 32:02 18201 1.1£01 40403 20 20
3ad CON 345 Trimethoxy  n-CyeHyy H H 16202 14202 07+01 24+04 12 20
3ba CON 3.4-Dimethoxy n-CyaHy; H H 143:05 69+03 27402 203+1.1 80 25
3bb CON 3.4-Dimethoxy (Z)-Octadec-8-enyl  H H 33202 16201 12401 183108 20 90
3bc CON 3.4-Dimethoxy (E)}Octadec-Senyl  H H 32403 14:01 1.1+01 163407 19 86
3ca CON  2-OMe n-CaeHss H H  43:02 30+04 2402 72403 32 22
3da CON 3-OMe n-CyeHss H H 3001 1801 1201 25402 20 13
3ea CON  4-OMe n-CyeHsy H H 23:03 15201 10201 81205 16 51
3a CON  4-NMe; n-CyeHy, H H 67:05 18201 15401 210431 33 63
3ga CON  2-NHAc n-CyeHy H H  80:04 93206 3905 278436 7.1 39
3ha CON 3-NHA¢ n-CyeHyy H H 22:02 15101 1.1£01 63104 16 39
3ia CON  4-NHAc n-CyaHyy CHy H 189213 206421 107409 >100 16.7
3ib CON  4-NHAc 1-Adamantanyl H H 965:36 1375442  1275:28  >100 1205
3ic CON  4-NHAc 2-Adamantany H H 1082446 66024 644430 >100 795 -
3id CON  4-NHAc 9H-Fluoren-2-yl H H  39:03 21:01 17401 289410 26 113
3ie CON  4-NHAc Anthracen-2-y! H H  56=02 31201 14201 135205 34 40
3if CON  4-NHAc 4-Biphenyl H H 57:03 62+04 41:02 334135 53 63
3ig CON  4-NHAc 2-Benzothiazolyl H H 553229 45937 >100 >100 506 .
3ih CON  4-NHAc (Z}Mexadec-9-enyl  H H  21:01 19:01 2001 140409 20 7.0
3ii CON  4-NHAc Nonadec-10-ynyl H H 16201 27202 13+01 70403 19 38
3jb CON H (Z1Octadec-8-enyl  H H  60:05 49+07 2401 116408 44 26
3jc CON H (E)}Octadec-8-enyl  H H 101408 53:04 24+02 124411 59 21
4 CON  4-NHAc n-CyeHss H Ac 150:08 126405 204408 577413 16 36
5 CO0  4-NHAc n-CyeHss H H  419=31 28021 185204 >100 295 -
Sa GiL,N H n-Cyeh H H  47:02 130403 49+01 50412 75 80
sb CH,N  4-NHAc n-CyeHyy H H 119204 144203 32101 845125 98 86
15a CON  4-NHSO,CH, n-CyeHyy H H 1136221 506+16 186410 >100 60.9 -
15b CON  4-NHCOCH,CI n-CyeHyy H H 933:36 20413 57402 254413 398 06
15¢ CON  4-NHCONH; n-CyeHss H H 65:06 36+03 17401 72404 19 18
1a CON H n-CyeHsy H H 155206 150405 44£02 298421 116 26
1 CON  4-NHAC n-CyeHss H H 22-03 21=02 1.1:01 160225 18 89
pTc >100 >100 >100 >100 - =
coDP >100 >100 >100 >100 = -
Sorafenib 49:03 54205 50£02 151212 51 30

Average IC,, of three melanoma cells IC, 5.

Table 1. ICs, values of ATCAA derivatives on melanoma and prostate cancer cell lines
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2.3.3 ALCG67: An apoptotic thiazolidine derivative

Based on findings that revealed the anticancer property of ATCAAs, Onen-Bayram et al.
developed a library of small molecules around the thiazolidine scaffold that contained
pyrimidine, benzoyl and triazole derivatives (Figure 14) (50). Molecules and their precursors

were then screened on HUH7 hepatocellular carcinoma cells to analyze their cytotoxicity.

e T

Pyrimidic denvatives Benzoyl denvatives N-acetylated tnazole denivatives

-

|7

—

N

aZes

Figure 14. The small-molecule library around the thiazolidine scaffold
Interestingly although none of the final compounds showed any antiproliferative activity, the
(2RS,4R)-2-phenyl-3-propionyl-thiazolidine-4-carboxylic acid ethyl ester (ALC67) a precursor of
the triazole derivatives synthesized from the acylation of the secondary nitrogen of the
thiazolidine ring with propiolic acid (Scheme 4), exhibited promising activity (ICs=

5.30+0.93uM) (50).

OH < o
o O o
HOOC
a b e
—_— —_—= O
HM s HN g M 2

HeH SH \\;/ "\f// ;
: ! 2
7 4 b

I

ATLC 67

Scheme 4. Preparation of ALC 67

Reagents: (a) benzaldehyde in C,HsOH, H,O (1:1); (b) SOCI, in absolute C,HsOH; (c) propiolic acid, DCC in dry
DCM.
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To analyze in depth the potency of this molecule, studies were carried out on some other liver
cancer cells (HEPG2, Mahlavu, Focus) as well as breast (T47D, MCF7, BT20, CAMA-1),
endometrial (MFE-296) and colon (HCT116) cancer cells and promising cytotoxicities of ALC67
were also obtained with these cell lines (Table 2). Furthermore, the authors established that the

cell death was induced through apoptosis, ALC67 enhancing caspase-9 activity (50).

Tissue Cell line ALC 67 ICs (LM) CPT ICso (LM) 5FU ICs (LM)
Liver HepG2 10.0+1.5 0.0100 5.70
Huh7 5.30+£0.93 0.150 30.7
MV 0.41+0.50 <1 9.97
FOCUS 5.47 +£1.50 <1 7.69
Colon HCT116 9.23+0.89 <1 18.7
Breast T47D 7.62+1.73 <1 8.91
MCF7 4,70 +£0.81 <1 3.50
BT20 1.60% 0.56 0.00700 47.37
CAMA-1 0.0100 £ 0.42 0.00700 1.28
Endometrial MFE-296 0.50+0.30 <1 30.7

Table 2. ICs, values of ALC 67 in liver, breast, colon, and endometrial cancer cell lines.

2.3.4 [Indoline-3,2’-thiazolidine]-based apoptotic compounds

To the best of our knowledge, there is no other study that deals with the efficient antiproliferative
activity of simple thiazolidines. Very recently, Bertamino et al. published the proapoptotic
activity of some [indoline-3,2’thiazolidine] compounds that present very rigid heterocyclic
structures (51). These compounds were shown to mimic critical amino acid residues of the p53
protein. p53 is a tumor suppressor protein that regulates apoptosis. It has been shown that this
protein loses its activity in cancer cells either by deletion, mutation or overexpression of the
MDM?2 protein that binds it and repress its action (21, 52). Thus a possible anticancer strategy
would consist on disrupting the p53-MDM?2 interactions as p53 and consequently apoptosis are
then reactivated in cancer cells (Figure 15) (53, 54).

Authors developed a series of spiro(oxindole-3,3’-thiazolidine) derivatives to mimic the Phel9,
Trp23 and Leu26 residues of p53 that are known to be essential for MDMZ2 binding (55).
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Figure 15. Inhibition of p53-MDM2 interaction with spiro(oxindole-3,3’-thiazolidine) derivatives
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The analysis of the cyctotoxicity of obtained molecules on breast (MCF-7) and colon (HT29)

cancer cell lines revealed the considerable potency of these structures as anticancer agents.

Especially, 4n showed high efficacy on breast (MCF-7) and colon (HT29) cancer cell lines

(Table 3).

4a
4b
4c
4d
4e
4f
4g
4h
4i
4
4k
41
4m
4n
40
4p
4q

Sa
5b
Sc
5d
6b
6¢
6d

R,

QQQIIIIIIII

G{\
COCH,(4-C1)
COCH,(4C1)
COCH,(4Cl)
cyclohexyl
COCH,(4-Cl)
COCH,(4C1)
cyclohexyl

CH,CH,(4C1)
CH,CH,(4-Cl)
CHLCH,(+C1)
CeHy(4-Cl)
CH,(4C1)
CeHy(4-Cl)
CH, (4-Cl)
CH,(+C1)
CH,(+C1)
CH,(+C1)
CH,CH,(4-Cl)
CH,
CeHy(4-CH,)
cyclohexyl
cyclohexyl
cyclohexyl
cyclohexyl
cyclohexyl

b i < -

1.63 + 06

OH
: NTR’
Ao 0
N
|
ICy + SD (uM)*

MCF-7" HT29°
1.21 £ 06 1.60 + 04
>$ 1.00 + 02
481+ 10 0.78 + 02
2.90 + 08 0.66 + 0.1
215+ 07 3.69 £ 09
212+ 07 1.09 + 06
0.90 + 02 0.11 + 009
3.00 £ 02 2.00 + 08
452+ 11 0.18 + 009
123 + 04 0.12 + 007
0.52 + 03 0.08 + 001
027 £ 0.1 0.36 + 009
0.31 + 0.1 0.21 + 02
0.06 + 005 0.09 + 005
0.04 + 001 0.07 + 001
1.20 + 06 1.10 + 06
230 £ 08 1.90 +£ 08
022 + 0.1 0.56 + 0.1
201 £ 09 1.90 + 07
1.01 + 06 1.03 £ 08
3.46 + 09 0.23 + 0.1
0.15+ 0.1 0.02 + 001
2.08 + 08 1.40 + 08
278 +£ 09 0.21 £ 0.1
0.86 + 04 0.20 + 0.1

0.85 + 04

Table 3. 1Cs, values of indoline-thiazolidine derivatives on MCF7 and HT29 cancer cell lines.
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Hence, they demonstrated the possible use of thiazolidine rings for the development of potent

anticancer compounds (51).

2.4 ALCG67 derivatives: Development of novel antiproliferative thiazolidine
compounds

In this study we aimed to develop novel antiproliferative thiazolidine derivatives based on
previous work that was carried out for the development of the ALC67 molecule. During the
screening assays that revealed the cytotoxicity of this molecule, as already mentioned, in addition
to some triazole, pyrimidine and benzoyl thiazolidine derivatives, precursor molecules that led to
their synthesis were also evaluated. These included the (2RS,4R)-2-phenyl-thiazolidine-4-
carboxylic acid and the corresponding ethyl ester which after acylation gave ALC67 (Figure 16).

O O

O
(2RS, 4R)-2-phenyl-thiazolidine- (2RS, 4R)-2-phenyl-thiazolidine- ALC67
4-carboxylic acid 4-carboxylic acid ethyl ester
Not active Not active ACTIVE

Figure 16. Two inactive molecules that are structurally related to ALC 67

These molecules did not show any activity. Since the structure of ALC67 differs only by the
presence of the propionyl moiety on the heterocyclic nitrogen, we think that the cytotoxic
property of this molecule is closely related to the presence of this moiety. That is why we decided
to conserve the propargylic group when designed the novel thiazolidine derivatives to be

prepared.
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3 MATERIALS AND METHODS
3.1 Chemicals

All starting materials were commercially available used without further purification. L-cysteine
hydrochloride monohydrate and hexanal were purchased from Merck KGaA. 4-
methoxybenzaldehyde,  4-hydroxybenzaldehyde,  4-hydroxy-1-naphthalaldehyde, = N-N’-
Dicyclohexylcarbodiimide, pentanal, 2-methylpentanal, trimethylacetaldehyde and propiolic acid
were purchased from Sigma—Aldrich. 4-Fluorobenzaldehyde, 3-fluorobenzaldehyde, 2-
fluorobenzaldehyde and thionyl chloride were purchased from Fluka. 4-cyanobenzaldehyde were
purchased from Alfa Aesar GmbH & Co. 2-ethylhexylaldehyde purchased from TCI America.
3,5,5-Trimethylhexanal purchased from SAFC.

3.2 Synthetic Procedures
3.2.1 General procedure for la-1m:

L-cysteine hydrochlorate monohydrate (1.0 eq) was dissolved in water, before adding sodium
hydroxide (1.0 eq) and waiting for complete dissolution. Then, successivly, ethanol (EtOH), and
aldehyde (1.0 eq) were added. The mixture was stirred at room temperature (RT) for three hours.
Solid crystals that were formed, were filtered and washed with diethylether. The crystals were

dried under vacuo to give the expected product.

3.2.2 General Procedure for 2a-2m:

Thionyl chloride (2.0 eq) was added in absolute EtOH at 0 °C. Then (2RS,4R) thiazolidine-4-
carboxylic acid (1.0 eq) was added, the mixture was warmed to RT and stirred overnight. The
mixture was concentrated at reduced pressure. Residue was dissolved in CH,Cl, and washed with
a saturated solution of NaHCO; (3x) and brine (1x). The organic layer was separated and dried

over MgSO, and concentrated under reduced pressure.

3.2.3 General Procedure for 3a-3m:

Dicyclohexylcarbodiimide (DCC) (1.2 eq) was added to anhydrous CH,ClI, at 0 °C, and propiolic
acid (1.0 eq) was added drop by drop and stirred for ten minutes. Then (2RS,4R) thiazolidine-4-

carboxylic acid ethyl ester (1.0 eq) was slowly added, and mixture was stirred at 0 °C for one
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hour, before being stirred at room temperature overnight under inert atmosphere.
Dicyclohexylcarbodiimide was removed by precipitation in diethylether and the extract was
evaporated under reduced pressure. The resulting filtrate was purified flash chromatography.
(ethylacetate:hexane 30:70)

3.3 Analytical Methods
3.3.1 Controls by Thin Layer Chromatography (TLC) solvent systems

Plates: In this work, Kieselgel 60 Fs, (Merck) silica gel plaques were used for thin layer

chromatography.

Solvent Systems: Solvent systems used in this work for the chromatographic controls of the

compounds are given below.

ethyl acetate : n-hexane (30 : 70), ethyl acetate : n-hexane (50 : 50), ethyl acetate : methanol (90
: 10)

Elution Conditions: Solvent systems were poured to chambers and waited for saturation.
Synthesized compounds and their starting materials dissolved in suitable solvents were applied to

thin layer chromatography (TLC) plates and waited to drag at room temperature.
Identification of TLC spots: UV light (254 nm) was used for the detection of the spots.
Dyes:

Ninhydrin (Riedel-de Haen): A solution of 0.2 g ninhydrin in 100 mL ethanol.

lodine vapor: Some crystals of iodine.

Phoshomolydbic acid: A solution of 0.25g molybdatophosphoric acid in 50 mL ethanol was used
to dye spots on the TLC plate.
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3.3.2 Spectrometric Analyses
3.3.2.1 Infrared Spectra:

Infrared (IR) spectra (10T/cm? pressure applied potassium bromide discs) were recorded on a
Perkin EImer FT-IR 1720X spectrometer and the frequencies were expressed in cm™.

3.3.2.2 'H-NMR Spectra:

The NMR spectra were recorded with a Bruker AC 400 Hz spectrometer, using tetramethylsilane
as the internal reference, with chloroform (CDCI;) and dimethylsulfoxide-ds as a solvent and

chemical shifts were reported in parts per million (ppm).

3.3.2.3 C-NMR Spectra:

The *C-NMR spectra of some compounds were recorded with a Bruker AC 400 Hz spectrometer.

3.3.24 LC-MS Spectra:

Spectra were recorded with a Waters 2695 Alliance Micromass ZQ LC-MS.

3.4 Activity Test Procedure: Sulforhodamine B Assay

Cells were plated in 96-well plates (1000-5000 cell/well in 200 pL) and grown for 24 h at 37 °C
before being treated with various concentrations of the tested compounds (from 0.1 to 10 pM).
After 72 hours of incubation the medium was aspirated, washed once with PBS (CaCl,-, MgCl.-
free) (Gibco, Invitrogen), and then 50 uL of a cold (4 °C) solution of 10% (v/v) trichloroacetic
acid (MERCK) was added. Microplates were left for 1 hour at 4 °C. After aspiration of the
solution, plates were washed five times with deionized water and left to dry. Fifty microliter of a
0.4% (w/v) of sulforhodamine B (SRB) solution was removed and the plates washed five times
with 1% acetic acid before air-drying. Bound sulforhodamine B solubilize in a 200 pL 10 mM
Tris-base solution and the plates were left on a plate shaker for 10 min. The absorbance was read

in a 96-well plate reader at 515 nm.
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4 EXPERIMENTAL
4.1 Spectral data for 1la - 1m:
(2RS, 4R)-2-(4-Methoxyphenyl)-thiazolidine-4-carboxylic acid (1a)

C11H10N2028

My = 239.29 g.mol*

OH
b
C
HN S
\Sd/
Se
f f
g g
h
o
.

Yield: 66% (White crystal, 217 mg)

'H NMR (DMSO-d;) &: 3.07 (t, J=9.6 Hz, 0.5H, H); 3.15 (dd, J;=4.0 Hz, J,=10.0 Hz, 0.5H, Hy);
3.29 (dd, J;=7.2 Hz, J,=10.4 Hz, 0.5H, H.); 3.35 (dd, J:=7.2 Hz, J,=10.0 Hz, 0.5H, H.); 3,74 (s,
1.5H, Hy); 3.76 (s, 1.5H, Hy); 3.87 (dd, J;=7.2 Hz, J,=8.4 Hz, 0.5H, H,), 4.25 (dd, J;=4.0 Hz,
J,=7.2 Hz, 0.5H, H,); 5.46 (s, 0.5H, Hg); 5.60 (s, 0.5H, Hy); 6.89 (d, J=8.4 Hz, 1H, H,); 6.92 (d,
J=8.4 Hz, 1H, H,); 7.37 (d, J=8.4 Hz, 1H, Hy); 7.44 (d, J=8.4 Hz, 1H, H,).

3C NMR (DMSO-d) 5: 37.8, 38.4 (C.); 54.9, 55.0 (C)): 64.7, 65.2 (C,); 70.9, 71.4 (Cy); 113.5,
113.7 (C,); 128.2, 128.4 (Cy); 130.6, 132.6 (C.), 158.7, 159.1 (Cy); 172.2, 173.0 (C,).

FT-IR (KBr), cm™: 3451 (O-H, carboxylic acid), 1583(C=0), 1480 (C=C, aromatic).

LC — MS: ELSD, rt = 3.40 min., m/z 240 [M + H]*, 281 [M + CHsCN]".
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(2RS, 4R)-2-(4-Fluorophenyl)-thiazolidine-4-carboxylic acid (1b)
CoH,FNO,S

My = 227.26 g.mol*

Yield: 65% (White crystal, 250 mg)

'H NMR (DMSO-dy) &: 3.07 (dd, J;= 8.8 Hz, J,= 10.0 Hz, 0.8H, Hy); 3.12 (dd, J;= 4.8 Hz, J,=
10.0 Hz, 1.2H, Ho); 3.87 (dd, J:= 7.2 Hz, J,= 8.0 Hz, 0.4H, Hy); 4.19 (dd, J;= 4.8 Hz, J,= 8.0 Hz,
0.5H, Hy), 5.50 (s, 0.4H, Hg); 5.65 (s, 0.6H, Hg); 7.11-7.58 (m, 4H, H;+ Hy).

FT-IR (KBr), cm™: 2978 (O-H, carboxylic acid), 1483 (C=0), 1455 (C=C, aromatic).

LC — MS: ELSD, rt = 3.57 min., m/z 228 [M + H]*, 269 [M + CHsCN]".
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(2RS, 4R)-2-(3-Fluorophenyl)-thiazolidine-4-carboxylic acid (1c)
CoH,FNO,S

My = 227.26 g.mol*

Yield: 74% (White crystal, 223 mg)

'H NMR (DMSO-de) &: 3.02 (dd, J:=5.6 Hz, J,=10.0 Hz, 1H, Hc); 3.27 (dd, J;=6.4 Hz, J,=10.0
Hz, 1H, Ho); 4.17 (t, J=6.4 Hz, 1H, Hy); 5.89 (s, 1H, Ha); 7.12-7.54 (m, 4H, Hr + Hy, + H; + Hy).

3C NMR (DMSO-dy) 5: 38.2, 38.5 (C.); 64.0, 64.1 (C,); 65.3, 65.8 (C,); 115.5, 155.7 (C,); 124.8,
127.5,129.7, 158.7, 161.2 (Cyon); 172.6, 173.1 (C.).

FT-IR (KBr), cm™: 2978 (O-H, carboxylic acid), 1575 (C=0), 1455 (C=C, aromatic).

LC — MS: ELSD, rt = 4.88 min., m/z 228 [M + H]", 269 [M + CH3CN]".
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(2RS, 4R)-2-(2-Fluorophenyl)-thiazolidine-4-carboxylic acid (1d)
CyH1FNO,S

Mw = 227.26 g.mol*
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Yield: 73% (White crystal, 220 mg)

'H NMR (DMSO-ds) 8: 3.04 (m, 0.3H, He); 3.02-3.40 (M, 1.7H, H¢): 3.93 (q, J1 = 6.8 Hz, J, = 9.2
Hz, 0.15H, Hy); 4.18 (t, J = 6.4 Hz, 0.85H, Hy); 5.69 (s, 0.15H, Hq): 5.91 (s, 0.85H, Hy); 7.14 -
7.42 (M, 3H, Hy + H; + Hy); 7.55 (t, J = 7.2 Hz, 0.85H, H,); 7.71 (t, J = 7.2 Hz, 0.15H, Hy).

FT-IR (KBr), cm™: 2978 (O-H, carboxylic acid), 1483 (C=0), 1455 (C=C, aromatic).

LC — MS: ELSD, rt = 2.93 min., m/z 228 [M + H]*, 269 [M + CHsCN]".
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(2RS,4R)-2-(4-Hydroxyphenyl)-thiazolidine-4-carboxylic acid (1e)
CoHuNO,S

Mw: 225.27 g.mol™*

OH

Y

HN S

Yield: 70% (White crystal, 211 mg)

'H NMR (DMSO-d;) &: 3.05 (dd, J,=9.2 Hz, J,=10.4 Hz, 0.5H, H,); 3.15 (dd, J,=3.6 Hz, J,=10.0
Hz, 0.5H, H,); 3.27 (dd, J,=7.6 Hz, J,=10.0 Hz, 0.5H, H,); 3.35 (dd, J,=7.2 Hz, J,=10.0 Hz, 0.5H,
H.); 3.85 (dd, J,=8.8 Hz, J,=9.2 Hz, 0.5H, H,), 4.25 (dd, J,=4.0 Hz, J,=7.2 Hz, 0.5H, H,): 5.40 (s,
0.5H, Hy); 5.54 (s, 0.5H, Hy); 6.71 (d, J=8.8 Hz, 1H, H,); 6.74 (d, J=8.8 Hz, 1H, H,); 7.24 (d,
J=8.4 Hz, 1H, Hy); 7.31 (d, J=8.8 Hz, 1H, Hy).

3C NMR (DMSO-d) 5: 38.2, 38.9 (C.); 65.1, 65.6 (C,); 71.7, 72.3 (C.); 115.4, 115.6 (Cy); 128.7,
129.0 (C,); 129.3, 131.2 (C.); 157.4, 157.8 (C,); 172.7, 173.6 (C.).

FT-IR (KBr), cm™: 3516 (O-H, phenol), 2984 (O-H, carboxylic acid), 1634 (C=0), 1615 (C=C,

aromatic).

LC — MS: ELSD, rt = 4.56 min., m/z 226 [M + H]".
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(2RS,4R)-2-(4-Cyanophenyl)-thiazolidine-4-carboxylic acid (1g)
CllHloNZOZS

My = 234.28 g.mol™

Yield: 63% (White crystal, 217 mg).

'H NMR (DMSO-dy) &: 3.05-3.08 (m, 0.4H, H.); 3.09 (t, J= 9.2 Hz, 0.6H, H.); 3.32 (dd, J,=6.8
Hz, 3,=10.0 Hz, 0.4H, H,); 3.38 (dd, J:=7.2 Hz, J,=7.6 Hz, 0.6H, H.); 3.94 (dd, J,=7.2 Hz, J,=8.8
Hz, 0.6H, Hy), 4.12 (t, J=6.4 Hz, 0.4H, H,): 5.60 (s, 0.6H, H); 5.82 (s, 0.4H, Hy); 7.61 (d, J=8.0
Hz, 0.8H, Hy); 7.73 (d, J=8.0 Hz, 1.2H, Hy); 7.79 (d, J=8.4 Hz, 0.8H, H); 7.84 (d, J=8.0 Hz,
1.2H, Hy).

FT-IR (KBr), cm™: 3411 (N-H), 3002 (O-H, carboxylic acid), 2229 (C=N), 1630 (C=0), 1505
(C=C, aromatic).

LC — MS: ELSD, rt = 3.44 min., m/z 235 [M + H]", 276 [M + CH3CN]".
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(2RS, 4R)-2-Pentyl-thiazolidine-4-carboxylic acid (1h)
CoH;NO,S

Mw= 203.30 g.mol*

Yield: 90% (White crystal, 452 mg)

'H NMR (DMSO-d;) 3: 0.86 (t, J=6.8 Hz, 3H, H)); 1.25-1.89 (m, 8H, H, + Hy + H¢ + H.); 2.75 (t,
J=9.6 Hz, 0.4H, H,); 2.93 (dd, J,=5.2 Hz, J,=10.0 Hz, 0.6H, H,); 3.08 (dd, J,=6.8 Hz, J,=10.0 Hz,
0.6H, Ho); 3.18 (dd, J,=6.8 Hz, J,=9.6 Hz, 0.4H, H,); 3.69 (dd, J;=6.8 Hz, J,=9.6 Hz, 0.4H, H,);
4.06 (dd, J,=5.2 Hz, J,=6.8 Hz, 0.6H, Hy); 4.40 (t, J=6.4 Hz, 0.4H, H,): 4.54 (t, J=6.8 Hz, 0.6H,
Ho).

FT-IR (KBr), cm™: 3435 (N-H), 2926 (O-H, carboxylic acid), 1614 (C=0).

LC — MS: ELSD, rt = 3.01 min., m/z 204 [M + H]", 245 [M + CH3CN]".
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(2RS, 4R)-2-Butyl-thiazolidine-4-carboxylic acid (1i)
CeHisNO,S

Mw: 189.28 g.mol*

OH

HN S

Yield: 36% (White crystal, 180 mg)

'H NMR (DMSO-ds) &: 0.86 (t, J=7.0Hz, 1.5H, Hy); 0.87 (t, J=6.8 Hz, 1.5H, Hy); 1.26-1.94 (m,
6H, Hy + H; + He); 2.75 (t, J=10.0 Hz, 0.5H, H,); 2.93 (dd, J,=5.2 Hz, J,=10.0 Hz, 0.5H, H,); 3.08
(dd, J,=7.0 Hz, J,=10.0 Hz, 0.5H, H,); 3.18 (dd, J;=7.0 Hz, J,=10.0 Hz, 0.5H, H,); 3.70 (dd,
3=7.0 Hz, J,=10.0 Hz, 0.5H, H,); 4.06 (dd, J:=5.2 Hz, J,=7.0 Hz, 0.5H, H,); 4.40 (t, J=6.4 Hz,
0.5H, Hy); 4.54 (t, J=6.8 Hz, 0.5H, Hy).

3C NMR (DMSO-dg) &: 14.3, 14.3 (C,); 22.3, 22.4 (C,); 30.0, 30.2 (Cy); 35.0, 36.8 (C.); 37.0,
37.4 (C.): 64.6, 65.6 (Cy); 70.7, 71.5 (C,): 172.7, 173.3 (C).

FT-IR (KBr), cm™: 2956 (O-H, carboxylic acid), 1580 (C=0).

LC — MS: ELSD, rt = 3.41 min., m/z 190 [M + HJ", 231 [M + CHsCN]".
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(2RS, 4R)-2-(1-Ethylpentyl)-thiazolidine-4-carboxylic acid (1))
C;;H1NO,S

Mw= 231.36 g.mol*
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Yield: 92% (White crystal, 460 mg)

'H NMR (DMSO-d;) 8: 0.82-0.89 (m, 6H, H; + H,); 1.24-1.68 (m, 9H, H. + H; + Hy + H, +H));
2.68 (t, J=9.6 Hz, 0.5H, H.); 2.92 (dd, J,=5.2 Hz, J,=10.0 Hz, 0.5H, H,); 3.01 (dd, J,=6.8 Hz,
J,=10.0 Hz, 0.5H, H,); 3.17 (dd, J;=7.2 Hz, J,=10.0 Hz, 0.5H, H,); 3.70 (dd, J,=7.2 Hz, J,=9.6

Hz, 0.5H, Hy); 4.06 (dd, J,=5.2 Hz, J,=6.8 Hz, 0.5H, Hy); 4.41 (d, J=7.6 Hz, 0.5H, Hy); 4.52 (d,
J=7.6 Hz, 0.5H, Hy).

FT-IR (KBr), cm™: 2963 (O-H, carboxylic acid), 1604 (C=0).
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(2RS, 4R)-2-(2,4,4-trimethyl-pentyl)-thiazolidine-4-carboxylic acid (1K)
CoH:NO,S

Mw: 245.38 g.mol*

Yield: 80% (White crystal, 400 mg)

'H NMR (DMSO-d;) &: 0.85-0.94 (m, 12H, H; + H,); 1.03-1.08 (m, 1H, H,): 1.18-1.23 (m, 1H,
H,); 1.39-1.84 (m, 3H, H, + Hy); 2.75 (td, J,=4.0 Hz, J,=10.0 Hz, 0.5H, H,); 2.90-2.97 (m, 0.5H,
H,); 3.05-3.12 (m, 0.5H, H.); 3.18 (dd, J:=6.4 Hz, J,=10.0 Hz, 0.5H, H,); 3.70 (dd, J,=7.2 Hz,
3,=10.0 Hz, 0.5H, H,); 4.04-4.10 (m, 0.5H, Hy); 4.45 (t, J=6.4 Hz, 0.5H, H.); 4.57-4.64 (m, 0.5H,
Ho).

3C NMR (DMSO-d;) 8: 22.7, 22.75, 23.1, 23.2 (C): 28.1, 28.6, 28.6, 29.0 (C;): 30.2, 30.3, 30.3,
30.4 (C); 31.2, 31.2, 31.3, 31.4 (C,); 37.0, 37.3, 37.4, 37.6 (C.); 44.9, 45.2, 46.4, 47.0 (C,); 51.0,
51.6, 51.7 (C,); 64.6, 64.63, 65.6, 65.7 (C,); 68.9, 69.5, 69.6, 70.3 (C,); 172.8, 173.3, 173.4 (C,).

FT-IR (KBr), cm™: 2957 (O-H, carboxylic acid), 1611 (C=0).

LC — MS: ELSD, rt = 3.33 min., m/z 246 [M + HJ", 287 [M + CH3CN]".
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(2RS, 4R)-2-(1-Methylbutyl)-thiazolidine-4-carboxylic acid (11)
CoH;NO,S

Mw= 203.10 g.mol*

Yield: 61% (White crystal, 308 mg).

'H NMR (DMSO-d;) §: 0.82-0.86 (m, 3H, H,); 0.87 (d, J= 6.67 Hz, 0.75H, H,); 0.91 (d, J= 6.67
Hz, 0.75H, H;); 0.98 (d, J=6.67 Hz, 0.75H, H,); 1.08-1.86 (m, 5H, H, + H,+ H.); 2.62-2.69 (m,
0.5H, H.); 2.89 (dd, J;= 5.0 Hz, J,= 10.2 Hz, 0.5H, H.); 3.00-3.03 (m, 0.5H, H,); 3.12- 3.17 (m,
0.5H, H,); 3.65-3.70 (m, 0.5H, H,); 4.01-4.05 (m, 0.5H, H,); 4.26 (d, J= 7.68 Hz, 0.25H, H,); 4.31
(d, J=7.13 Hz, 0.25H, Hy); 4.37 (d, J= 8.0 Hz, 0.25H, H,); 4.41 (d, J= 7.50 Hz, 0.25H, H).

3C NMR (DMSO-dy) &: 14.5, 14.6, 14.6, 14.7 (C,); 17.0, 17.4, 17.6, 17.7 (C)); 19.8, 19.9, 19.9,
20.0, (C,); 36.8, 36.9, 36.9, 37.1 (Cy); 37.2, 37.2, 37.3, 37.3 (C.); 37.4, 37.4, 37.5, 37.9 (C.); 64.8,
64.9, 65.6 (C,); 76.6, 76.7, 77.4, 77.5 (C,); 172.8, 173.3, 173.4 (C,).

FT-IR (KBr), cm™: 2960 (O-H, carboxylic acid), 1575 (C=0).

LC — MS: ELSD, rt = 4.95 min., m/z 204 [M + H]", 245 [M + CH3CN]".
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(2RS, 4R)-2-tert-Butyl-thiazolidine-4-carboxylic acid (1m)
CgH1sNO,S

Mw: 189.28 g.mol*

Yield: 59% (White crystal, 295 mg)

'H NMR (DMSO-dy) 8: 0.97 (s, 0.45H, Hy); 1.00 (s, 8.55H, Hy); 2.63 (t, J=10.0 Hz, 0.95H, H.);
2.91-2.98 (m, 0.1H, H.); 3.19 (dd, J;=6.4 Hz, J,=10.0 Hz, 0.95H, H,); 3.70 (dd, J,=6.4 Hz,
1,=10.0 Hz, 0.95H, Hy); 4.07-4.10 (m, 0.05H, Hy); 4.38 (s, 0.95H, Hy): 4.2 (s, 0.05H, Hy).

3C NMR (DMSO-ds) 3: 26.6, 26.7 (C,); 33.5, 35.0 (C.); 36.6, 38.7 (C.); 64.91, 64.93 (C,); 80.1,
81.2 (Cy); 172.3, 172.9 (C.).

FT-IR (KBr), cm™: 3061 (O-H, carboxylic acid), 1642 (C=0).

LC — MS: ELSD, rt = 3.37 min., m/z 190 [M + HJ", 231 [M + CHsCN]".
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4.2 Data for 2a—2m

(2RS,4R)-2-(4-Methoxyphenyl)-thiazolidine-4-carboxylic acid ethyl ester (2a)
CisHi:NO,S

My = 267.55 g.mol*
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Yield: 35% (Yellow oil, 50 mg) Crude product was used without further purification for the next

step.
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(2RS,4R)-2-(4-Fluorophenyl)-thiazolidine-4-carboxylic acid ethyl ester (2b)
CHLFNO,S

Mw: 255.31 g.mol*
<O
HN\é/S
F

Yield: 50 % ('Yellow oil, 85 mg) Crude product was used without further purification for the next

step.
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(2RS,4R)-2-(3-Fluorophenyl)-thiazolidine-4-carboxylic acid ethyl ester (2c)
CHLFNO,S

Mw: 255.31 g.mol*
<O
HNYS
S
©\F

Yield: 66% (Yellow oil, 132 mg) Crude product was used without further purification for the
next step.

(2RS, 4R)-2-(2-Fluorophenyl)-thiazolidine-4-carboxylic acid ethyl ester (2d)
C12H14FNOZS

Mw = 255.31 g.mol*
<O
HNYS
O/F

Yield: 33% (Yellow oil, 50 mg) Crude product was used without further purification for the next
step.
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(2RS,4R)-2-(4-Hydroxyphenyl)-thiazolidine-4-carboxylic acid ethyl ester (2e)
CoHisNO,S

Mw: 253.32 g.mol™*
<O
HNYS
4
OH

Yield: 38% (Yellow oil, 76 mg) Crude product was used without further purification for the next
step.

(2RS,4R)-2-(4-Cyanophenyl)-thiazolidine-4-carboxylic acid ethyl ester (29)
C13H14NOZS

My, = 248.32 g.mol™*

e
Y
T

Yield: 46 % (Yellow oil, 150 mg) Crude product was used without further purification for the
next step.
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(2RS, 4R)-2-Pentyl-thiazolidine-4-carboxylic acid ethyl ester (2h)

Mw= 231.36 g.mol*

N
A
-

Yield: 62% (Yellow oil, 270 mg) Crude product was used without further purification for the
next step.

(2RS, 4R)-2-Butyl-thiazolidine-4-carboxylic acid ethyl ester (2i)
CioH1sNO,S

Mw: 217.33 g.mol*
<O
HN\§/S

Yield: 90% (Yellow oil, 150 mg) Crude product was used without further purification for the
next step.

40



(2RS, 4R)-2-(1-Ethylpentyl)-thiazolidine-4-carboxylic acid ethyl ester (2j)
C1sHNO,S

Mw= 259.41 g.mol*
<
HNYS
rﬁ\H

Yield: 61% (Yellow oil, 260 mg) Crude product was used without further purification for the
next step.

(2RS, 4R)-2-(2,4,4-Trimethylpentyl)-thiazolidine-4-carboxylic acid ethyl ester (2k)
CHxNO,S

Mw: 273.44 g.mol*
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Yield: 76% (Yellow oil, 288 mg) Crude product was used without further purification for the
next step.
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(2RS, 4R)-2-(1-Methylbutyl)-thiazolidine-4-carboxylic acid ethyl ester (21)
CyH.NO,S

Mw= 231.36 g.mol*
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Yield: 93% (Yellow oil, 280 mg) Crude product was used without further purification for the
next step.

(2RS,4R)-2-tert-Butyl-thiazolidine-4-carboxylic acid ethyl ester (2m)
CoHNO,S

Mw: 217.33 g.mol*

q
Y
hd

Yield: 77% (Yellow oil, 214 mg) Crude product was used without further purification for the
next step.
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4.3 Spectral data for 3a —3m
(2RS,4R)-2-(4-Methoxyphenyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3a)

C16H17NO4S

My = 319.38 g.mol™*

Yield: 89% (Yellow oil, 15 mg), Rs: 0.68 ethyl acetate:n-hexane (30:70)

'H NMR (CDCly) &: 1.29 (t, J= 7.2 Hz, 1.2H, H)); 1.31 (t, J= 7.2 Hz, 1.8H, H;); 2.96 (s, 0.6H,
Hy); 3.08 (s, 0.4H, H,); 3.27 (dd, J;= 7.2 Hz, J,= 12.4 Hz, 0.6H, H.); 3.35 (dd, J;= 6.8 Hz, J,=
12.0 Hz, 0.6H, H,); 3.41-3.43 (m, 0.8H, H.); 3.79 (s, 1.2H, H,); 3.81 (s, 1.8H, H.); 4.21-4.33 (m,
2H, H); 4.98 (t, J= 7.2 Hz, 0.6H, Hy); 5.21 (t, J= 5.6 Hz, 0.4H, H.); 6.33 (s, 0.4H, Hy); 6.41 (s,
0.6H, H,); 6.85 (d, J= 8.8 Hz, 0.8H, H,); 6.89 (d, J= 8.8 Hz, 1.2H, H,); 7.51 (d, J= 8.8 Hz, 0.8H,
H): 7.58 (d, J= 8.8 Hz, 1.2H, H).

FT-IR (KBr), cm™: 3441 (C-H, C=C-H), 2108 (C=C), 1741 (C=0, ester), 1635 (C=0, ketone),
1512 (C=C, aromatic).
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(2RS,4R)-2-(4-Fluorophenyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3b)
CisH,FNOsS

Mw = 307.34 g.mol*
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Yield: 37% (Yellow oil, 56 mg), R¢: 0.65 ethyl acetate:n-hexane (30:70)

\

'H NMR (CDCly) &: 1.25-1.36 (M, 3H, H)); 2.96 (s, 0.6H, H,); 3.10 (5, 0.4H, H,); 3.25 (dd, J;=
7.6 Hz, J,= 12.0 Hz, 0.6H, H); 3.37 (dd, J:= 6.8 Hz, J,= 12.0 Hz, 0.6H, H,); 3.44 (d, J=6.0 Hz,
0.8H, H.); 4.22-4.32 (m, 2H, Hy); 4.99 (t, J= 7.2 Hz, 0.6H, H,); 5.22 (t, J= 6.0 Hz, 0.4H, H,); 6.33
(s, 0.5H, Hy); 6.42 (s, 0.5H, Hy); 7.00 (d, J= 8.4 Hz, 0.4H, H,); 7.00 (d, J= 8.8 Hz, 0.4H, H,);
7.05 (d, J= 8.8 Hz, 0.6H, H,); 7.05 (d, J= 8.4 Hz, 0.6H, H,); 7.57 (d, J= 8.4 Hz, 0.6H, H;); 7.58
(d, J= 8.8 Hz, 0.4H, Hy); 7.64 (d, J= 8.4 Hz, 0.6H, Hy); 7.66 (d, J= 8.0 Hz, 0.4H, Hy).

3C NMR (DMSO-dg) &: 14.0, 14.1 (C)); 32.5, 33.5 (C.); 62.3, 62.5 (C)); 65.8, 65.3 (C,); 63.7, 67.1
(C.); 75.0, 75.3 (C); 81.2, 81.2 (C,); 115.1, 115.2, 115.3, 115.4 (C,); 128.6, 128.7, 129.0, 129.1
(Cy); 133.7, 1355 (C.); 152.3, 155.0 (C,); 161.5, 163.5 (C,); 168.9, 169.4 (C,).

FT-IR (KBr), cm™: 3243 (C-H, C=C-H), 2110 (C=C), 1742 (C=0, ester), 1634 (C=0, ketone),
1510 (C=C, aromatic).
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(2RS, 4R)-2-(3-Fluorophenyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3c)
CisH,FNO,S

Mw = 307.34 g.mol*
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Yield: 58% (Yellow oil, 116 mg), Rs. 0.64 ethyl acetate:n-hexane (30:70)

'H NMR (CDCl,) &: 1.35 (t, J=7.2 Hz, 2.1H, Hy); 1.37 (t, J=7.2 Hz, 0.9H, H,); 2.93 (s, 0.3H, H,);
2.98 (s, 0.7H, Hy); 3.28 (dd, J:= 9.0 Hz, J,= 12.0 Hz, 0.7H, H.); 3.38 (dd, J,= 6.6 Hz, J,= 12.0
Hz, 0.7H, H.): 3.40 (dd, J:= 6.6 Hz, J, = 12.0 Hz, 0.3H, H.); 3.46 (dd, J,= 6.8 Hz, J,= 12.0 Hz,
0.3H, Hy); 4.24 — 4.39 (m, 2H, Hy): 4.90 (dd, J;= 6.4 Hz, J,= 8.4 Hz, 0.3H, Hy): 5.18 (t, J= 6.4 Hz,
0.7H, Hy); 6.52 (s, 0.3H, Hy); 6.63 (s, 0.7H, Hy): 7.00 — 7.33 (m, 3H, H; + Hy,); 7.82 (td, J.= 1.6
Hz, J,= 8.0 Hz, 0.3H, Hy); 8.05 (td, J;= 1.6 Hz, J,= 8.0 Hz, 0.7H, Hy).

FT-IR (KBr), cm™: 3338 (C-H, C=C-H), 2042 (C=C), 1912 (C=0, ester), 1704 (C=0, ketone).

LC — MS: ELSD, rt = 5.48 min., m/z 308 [M + H]", 371 [M + CH3CN + Na]".
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(2RS,4R)-2-(2-Fluorophenyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3d)
CisH,FNOsS

Mw = 307.34 g.mol*

#
// @

h

Yield: 30% (Yellow oil, 15 mg), R 0.65 ethyl acetate:n-hexane (30:70)

'H NMR (CDCly) &: 1.34-1.38 (m, 3H, H)); 2.93 (s, 0.7H, Hy,); 2.98 (s, 0.3H, Hy); 3.29 (dd, J; =
8.0 Hz, J, =12.0 Hz, 0.7H, H,); 3.37 (dd, J,= 6.8 Hz, J,=12.0 Hz, 0.7H, H.); 3.39-3.48 (m, 0.6H,
H,); 4.12-4.40 (m, 2H, H)): 4.90 (dd, J,= 6.8 Hz, J,= 9.2 Hz 0.7H, H,); 5.18 (t, J= 6.4 Hz, 0.3H,
Hy); 6.52 (s, 0.3H, Hg); 6.63 (s, 0.7H, Hy), 7.00-7.34 (M, 3H, H, + H, + Hy); 7.82 (td, J;= 1.6 Hz,
J,= 8.0 Hz, 0.3H, H,); 8.06 (td, J,;= 1.6 Hz, J,= 8.0 Hz, 0.7H, H,).

LC — MS: ELSD, rt = 5.45 min., m/z 308 [M + H]", 371 [M + CH3CN + Na]".
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(2RS,4R)-2-(4-Cyanophenyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3g)
C16H14NZOSS

My = 314.36 g.mol*
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Yield: 24% (Yellow oil, 74 mg), R¢: 0.70 ethyl acetate:n-hexane (30:70)

'H NMR (CDCly) &: 1.32 (t, J= 7.2 Hz, 3H, H;); 3.10 (s, 0.5H, Hy); 3.13 (s, 0.5H, Hy,); 3.14 (dd,
3i=1.6 Hz, J,= 10.4 Hz, 0.5H, H,); 3.38 (dd, J,= 7.2 Hz, J,= 10.4 Hz, 1H, H.); 3.49 (dd, J,= 7.2
Hz, J,= 10.4 Hz, 0.5H, H,); 4.04 (t, J= 6.8 Hz, 1H, Hy); 4.24-4.31 (m, 2H, H)); 5.58 (s, 0.5H, Hy);
5.87 (5, 0.5H, Hy); 7.58-7.69 (M, 4H, H; + Hy).
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(2RS,4R)-2-Pentyl-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3h)
CiHxNOsS

Mw: 283.39 g.mol*

Yield: 55% (Yellow oil, 138 mg), Ry: 0.73 ethyl acetate:n-hexane (30:70)

'H NMR (CDCL,) &: 0.86-0.92 (m, 3H, Hy); 1.25-1.34 (m, 9H, Hy + H; + Hy + Hy); 1.77-1.81 (m,
1H, Ho); 2.10-2.12 (m, 1H, Hy); 3.06 (s, 0.4H, H,): 3.17 (s, 0.6H, H,); 3.30-3.39 (M, 2H, H.); 4.25
(m, 2H, H,); 4.96 (t, J=8.0 Hz, 0.6H, Hy); 5.15 (dd, J,= 4.8 Hz, J,= 6.8 Hz, 0.4H, H,); 5.31-5.36
(m, 1H, Hy).

FT-IR (KBr), cm™: 3251 (C-H, C=C-H), 2112 (C=C), 1739 (C=0, ester), 1634 (C=C, aromatic).
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(2RS,4R)-2-Butyl-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3i)
C1sHiNO,S

Mw: 269.36 g.mol*

Yield: 87% (Yellow oil, 122 mg), R¢: 0.74 ethyl acetate:n-hexane (30:70)

'H NMR (CDCL,) 5: 0.88-0.95 (m, 3H, Hy); 1.25-1.62 (m, 7H, H; + H, + H); 1.78-1.83 (m, 1H,
H.); 2.10-2.21 (m, 1H, H.); 3.07 (s, 0.4H, Hy); 3.17 (s, 0.6H, H.); 3.29-3.40 (m, 2H, H,); 4.18-
4.30 (M, 2H, Hy); 4.96 (t, J=8.0 Hz, 0.6H, Hy); 5.15 (dd, J;= 6.0 Hz, J,= 7.2 Hz, 0.4H, H,); 5.33
(td, J;= 4.4 Hz, J,= 9.6 Hz, 1H, Hy).

3C NMR (DMSO-dg) &: 13.9, 13.9 (C,); 14.0, 14.1 (C); 22.0, 22.2 (C,); 29.0, 29.0 (Cy); 32.1,
32.7 (C.); 35.6, 37.5 (C.); 61.5, 61.9 (C); 62.2, 64.2 (Cy); 64.3, 66.5 (C.); 75.7, 76.0 (C..); 78.4,
79.1 (C): 150.7, 151.1 (C,); 169.5, 169.8 (C,).

FT-IR (KBr), cm™: 3242 (C-H, C=C-H), 2107 (C=C), 1746 (C=0, ester), 1634 (C=C, aromatic).

LC — MS: ELSD, rt = 4.37 min., m/z 270 [M + H]", 311 [M + CHsCN]".333 [M + CHsCN +
Na]".
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(2RS,4R)-2-(1-Ethylpentyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3j)
Ci6H:sNO5S

Mw= 311.44 g.mol*

Yield: 30% (Yellow oil, 75 mg), R¢: 0.72 ethyl acetate:n-hexane (30:70)

'H NMR (CDCL,) &: 0.85-0.97 (m, 6H, H; + Hy); 1.26-1.82 (m, 12H, H, + H; + Hy + Hy + Hy);
3.10 (s, 0.4H, H,); 3.20 (s, 0.6H, H,); 3.33 (m, 2H, H); 4.19-4.29 (m, 2H, H,); 4.97 (g, J= 8.0 Hz,
0.6H, H,); 5.14 (td, J;= 2.4 Hz; J,= 4.0 Hz, 0.4H, Hy): 5.39 (dd, J:= 4.0 Hz; J,= 8.4 Hz, 0.6H, Hy);
5.45 (dd, J;= 2.4 Hz; J,= 8.4 Hz, 0.4H, Hy).

LC — MS: ELSD, rt = 5.37 min., m/z 312 [M + H]*, 353 [M + CH3CN]", 375 [M + CH3CN +
Na]".
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(2RS, 4R)-2-(2,4,4-Trimethylpentyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester
(3k)

Mw: 325.17 g.mol™*

Yield: 55% (Yellow oil, 193 mg) Ry: 0.76 ethyl acetate:n-hexane (30:70)

'H NMR (CDCl) &: 0.90 (s, 9H, H;); 0.98 (d, J=6.8 Hz, 1.8H, H,); 1.02 (d, J=6.4 Hz, 1.2H, Hy);
1.25-1.31 (m, 3H, H)); 1.39-1.94 (m, 5H, H, + H; + Hy); 2.88 (s, 0.4H, H.): 3.05 (s, 0.6H, Ho);
3.17 (d, J= 5.6 Hz, 0.6H, H.), 3.24-3.40 (m, 1.4H, H,); 4.18-4.29 (m, 2H, H,); 4.94 (td, J,= 2.8
Hz, J,= 8.0 Hz, 0.6H, Hy); 5.15 (t, J= 8.0 Hz, 0.4H, Hy); 5.34-5.43 (m, 1H, Hy).

FT-IR (KBr), cm™: 3243 (C-H, C=C-H), 2109 (C=C), 1743 (C=0, ester), 1634 (C=C, aromatic).

51



(2RS,4R)-2-(1-Methylbutyl)-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3I)
CiHxNOsS

Mw= 283.39 g.mol*
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Yield: 63% (Yellow oil, 157 mg), R 0.75 ethyl acetate:n-hexane (30:70)

'H NMR (CDCl;) &: 0.88-0.97 (m, 3H, Hy); 1.04 (d, J= 6.4 Hz, 1.2H, H); 1.15 (d, J= 6.4 Hz,
1.8H, Hy); 1.22-1.33 (m, 5H, H, + H, + H,); 1.42-1.80 (m, 3H, H,); 3.11 (d, J= 4.0 Hz, 0.4H, H,);
3.18 (d, J= 4.0 Hz, 0.6H, H,); 3.25-3.39 (m, 2H, H,); 4.18-4.30 (M, 2H, H)); 4.92 (t, J= 8.0 Hz,
0.4H, Hy); 5.00 (t, J= 8.0 Hz, 0.6H, Hy); 5.10-5.30 (m, 1H, Hy).

FT-IR (KBr), cm™: 3243 (C-H, C=C-H), 2107 (C=C), 1634 (C=C, aromatic).

LC — MS: ELSD, rt = 6.32 min., m/z 284 [M + H]", 325 [M + CH3CN]", 347 [M + CHsCN +
Na]".
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(2RS,4R)-2-tert-Butyl-3-propynoyl-thiazolidine-4-carboxylic acid ethyl ester (3m)
C1sHiNO,S

Mw= 269.36 g.mol*
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Yield: 52% (Yellow oil, 100 mg), R¢: 0.76 ethyl acetate:n-hexane (30:70)

'H NMR (CDCl,) &: 1.03 (s, 4.5H, Hy); 1.10 (s, 4.5H, H¢); 1.29 (t, J= 6.8 Hz, 1.5H, Hy); 1.32 (t,
J= 6.8 Hz, 1.5H, Hy); 3.12 (5, 0.5H, Hy); 3.23 (s, 0.5H, Hy): 3.39-3.47 (m, 2H, H,); 4.21-4.29 (m,
2H, Hy); 5.02 (t, J= 9.2 Hz, 0.5H, H,); 5.13 (t, J= 8.8 Hz, 0.5H, Hy); 5.33 (s, 0.5H, Hy); 5.39 (s,
0.5H, Hy).

FT-IR (KBr), cm™: 3233 (C-H, C=C-H), 2108 (C=C), 1740 (C=0, ester), 1626 (C=C, aromatic).

LC — MS: ELSD, rt = 5.99 min., m/z 270 [M + H]", 333 [M + CHsCN + Na]".
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5 RESULTS AND DISCUSSION

This study consisted of the generation of novel (2RS,4R)-3-propionyl-thiazolidine-4-carboxylic
acid ethyl ester derivatives as analogues of the cytotoxic ALC67 molecule in order to analyze the
impact of the phenyl moiety that presents at the second position of the thiazolidine ring on the

antiproliferative property of the molecule.

5.1 Chemistry

The retrosynthetic route that led to the formation of the ALC67 analogues is given below
(Scheme 5). The final compounds (3a-3m) that were targeted to be obtained present three main
moieties: a thiazolidine ring, an ethyl ester and a propionyl group. The propionyl group was
thought to be introduced by the acylation of the secondary amine of the thiazolidine system
which contains a carboxylic acid ester at 4™ position (2a-2m) in the presence of propiolic acid
and (2a-2m) compounds obtained by the reaction of (1a-1m) with ethanol esterification. Then 4-
carboxylic acid function of the thiazolidine (1a-1m) that could be generated from the classical

reaction of L-cysteine with appropriate aldehyde.

( (

0 o OH

o o o OH
o 0
o
N s > N s HN s /— + )}\
R H
YO Y T
2

/ / R R R Cysteine Aldehyde

3a-3m 2a-2m ta-1m
Scheme 5. Retrosynthesis of (2RS,4R) 3-propionyl-thiazolidine-4-carboxylic acid ethyl ester

5.1.1 Generation of the thiazolidine cycle: synthesis of 1a-1m

The first step consisted of the generation of the thiazolidine ring from the nucleophilic addition
reaction of L-cysteine (aminothiol) on a series of commercial aliphatic and aromatic aldehydes.
The reaction was conducted in basic conditions, thus should have proceeded through a Schiff
base intermediate, following the mechanism shown in scheme 6. As the ring-closure generates a
new chiral center in an uncontrolled manner as already mentioned in section 2.2.1, thiazolidine

compounds are obtained as diastereomeric mixtures.
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Scheme 6. Cyclisation of L-cysteine in basic conditions.
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Thiazolidine formation is an easy and efficient reaction that gives the expected products with

satisfactory yields (Table 4).

R Yield (%)
p -OCH,-Ph- (1a) 66
p-F-Ph- (1b) 65
m-F-Ph- (1c) 74
OH 0-F-Ph- (1d) 73
o= p -HO-Ph- (1e) 70
p-CN-Ph- (1g) 63
HN_ .S (CH,),CH; (1h) 90
\F{ -(CH;)sCH; (1i) 36
-CH(CH,-CH,)-CH,CH,CH,CH;  (1j) 92
-CH,-CH(CH,)-CH,-C(CHs), (1k) 80
-CH(CH3)-CH,CH,CH, (1) 61
-C(CH5), (1m) 59

Table 4. Yields of (2RS,4R)-2-Phenylthiazolidine-4-carboxylic acids 1a-1m

Synthesized carboxylic acid molecules were analyzed by FT-IR, *H NMR, “*C NMR and mass
spectrometry. The generation of the heterocyclic structure was confirmed with *H NMR since
spectra exhibited the expected characteristic signals of a thiazolidine cycle. Indeed, in addition to
the singlets at around 5.2 and 5.6 ppm that correspond to the signals of C2-H of each
diastereomer, a pair of dd at around 4.2 and 3.80 for the C4-H and a set of four dd around 3.3
ppm for the unequivalent C5-Hs were also recorded on spectra (see p.8 for more information on
signal attribution). The successful formation of the thiazolidine ring was also validated by “*C
NMR as spectra displayed the typical signals of C2, C4 and C5 of the ring at around 71, 65 and
38 ppm respectively.

The 2R, 4R and 2S, 4R diastereomers were obtained in general in a 40:60 ratio. This ratio was
easily determined using the C2-H singlet signals of *H NMR. Interestingly the thiazolidines
deriving from o-fluorobenzaldehyde and trimethylacetaldehyde (1d and 1m respectively) gave
diastereomers in a 15:85 and 5:95 ratios, probably due to the steric hinderance caused by the
proximity of the fluorous atom or the tert-butyl group to the carboxylic acid moiety in the 2R, 4R

configuration.
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Moreover, 1k and 1l were prepared from racemic mixtures of 3,5,5-trimethylhexanal and 2-
methylpentanal respectively. That is why each aldehyde led to four different thiazolidines: the 'H
NMR spectra of these compounds exhibited four different doublets for the C2-H and the *C
NMR showed sets of four peaks for each signal (Figure 17).

A

Figure 17. A. '"H NMR of 11, B. *C NMR of 1l

Given the difficulty of separation, the isomers were not isolated neither when proceeded to the

esterification or acylation steps, nor when biologically evaluated.
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5.1.2 The esterification step: Synthesis of 2a-2m

Conversion of carboxylic acid derivatives into ethyl ester moieties was realized in the presence of

thionyl chloride in absolute ethanol according to the reaction mechanism shown in scheme 7.
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N 4
i
2a-2m

Scheme 7. Reaction mechanism of the conversion of carboxylic acid derivatives into ethyl esters.
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The generation of the ethyl ester function was readily confirmed by FT-IR since the typical large
band at around 3300 cm-1 corresponding the hydroxyl of the carboxylic acid function was no

longer detected (Figure 18).
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—2k
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Figure 18. FT-IR spectra of 1k and 2k

NMR analyses were not performed on these molecules because of an instability of molecules. In
fact, after treatment though pure compounds were obtained (checked on TLC), they were shown
to decompose when stored (Figure 19).

2c 2c
after washing steps after storage

Figure 19. Decomposition of ethyl ester derivatives with time

This is why all obtained ester derivatives were directly acylated without further analyses.
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5.1.3 Acylation of the heterocyclic secondary amine: Synthesis of 3a-3m

In order to get ALC67 analogues (3a-3m) a propionyl group was introduced to the secondary
amine of the thiazolidine ring of 2a-2m molecules. The peptidic coupling reaction was carried
out by activating classically the carboxylic acid function of propiolic acid by DCC. The

mechanism of the reaction in such conditions is depicted in scheme 8.

10UV e

3a-3m

Scheme 8. Mechanism of the DCC activated peptidic coupling reaction.

60



The presence of the terminal alkyne was analyzed by FT-IR, '"H NMR and *C NMR. In fact the
infrared spectra gave in addition to the band at 2100 cm™ that corresponds to the stretching band
of the C=C bond, a strong and narrow band at 3200 cm™ for the H-C=C stretching (Figure 20).

85

80

- 75

70

65

- 60

3k

55

3900 3400 2900 2400 1900 1400 900 400

Figure 20. FT-IR spectrum of 3k depicting the characteristic bands of the terminal alkyne function

The presence of two singlets around 3.25 ppm that are typical of terminal alkyne protons on *H
NMR and peaks of sp hybridized carbons observed around 75 and 81 ppm on *C NMR also
confirmed the successful synthesis of 3a-3m molecules (except 3e and 3f for which synthesis was

not achieved)(Figure 21).
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Yields for these compounds 3a- 3m are given in table 5.

R Yield (%)

p -OCH;-Ph- (3a) 89

// p-F-Ph- (3b) 37

O m-F-Ph- (3¢) 58
O;S—\ 0-F-Ph- (3d) 30
p-CN-Ph- (3g) 24

O N_ S -(CHy)iCH, (3h) 55
\{ -(CH,)sCH, (3i) 87
/7/( R -CH(CH,-CHs)-CH,CH,CH,CH; (3j) 30
-CH,-CH(CH,)-CH,-C(CH,);  (3k) 55
-CH(CH;)-CH,CH,CH;, (31) 63

-C(CH;)5 (3m) 52

Table 5. Yields of 3a-3m.

5.2 Biology

The antiproliferative activity of alkyne compounds (3a-3m) was examined on two different
hepatocellular carcinoma cell lines (HUH7 and Mahlavu) using the sulforhodamine B assay. The

obtained cytotoxicity was compared to the activity of ALC67, campthotecin and 5-fluorouracil.

Modifications that were carried out on the 2™ position did not change significantly the activity of
ALCG67 since all obtained 1Csy values are similar to ALC67’s (Table 6): the bioactivity of the
terminal alkyne molecule was kept when the phenyl moiety was replaced either by aliphatic or

aromatic groups suggesting that this position is not essential for the molecule to be cytotoxic.
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R Huh7 1Cso UM MV 1Cso UM
ALC 67 53409 04+0.5
p -OCH3-Ph- (3a) 1.4+0.1 0.7+02
p-F-Ph- (3b) 0.7+02 0.4+02
< m-F-Ph- (3¢c) 1.4+04 1.7£2.0
P 0 -F-Ph- (3d) 1.7+£04 1.7+0.6
o p -CN-Ph- (39) 26+0.6 24+£23
-(CH,)4CHs 3h) 1.8+ 04 20+ 1.4
° N_ S -(CH2);CHs 3i) 0.5+0.1 04+0.1
Y -CH(CH,-CHs)-CH,CH,CH,CH;  (3]) 17403 16402
/ / R -CH,-CH(CHs)-CH,-C(CH3)s (3K) 1.6+ 04 1.1£0.6
~CH(CHs)-CH,-CH,CHj @l) 0.6+03 0.5+0.1
-C(CH3)s (3m) 0.8+ 0.1 0.9+0.1
CPT 0.1 <1
5FU 307 " 100

Table 6. ICs, values of ALC67 analogues on HUH7 and Mahlavu (MV) hepatocellular carcinoma cell lines
determined by the SRB assay.

The effect of the substitution of the phenyl moiety was analyzed through the 3a-3d, and 3g
compounds. The activity did not vary according to the electron donor or acceptor property of the
pending group: with the para-substituted molecules (3a, 3b and 3g), the best activity was
observed for the para-fluorophenyl substituted derivative (smallest ICs, value, 0.7 and 0.4uM on
HUH7 and MV respectively) while the electron donating methoxy and the electron attracting
cyano substitutions led to greater 1Cs, values (1.4 and 2.6uM respectively on HUH7 and 0.7 and
2.4uM on MV cell lines).

Also, to investigate the effect of the substitution position we prepared the ortho- (3d), meta- (3c)
and para-fluoro phenyl (3b) analogues. Results revealed a better activity for the para-
fluorophenyl compound indicating a possible impact of the position of substitution on the

biological activity possibly due to the generated steric hinderance.

Regarding the thiazolidines deriving from alkyl aldehydes, the determined ICs, values show that
the biological activity is maintained with both linear (3h, 3i) and branched chains (3j-3m), the

best activity being noticed for the 3i molecule.
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All these results demonstrate that the phenyl moiety present on the 2" position of the
thiazolidine ring is not crucial for the activity to be maintained, allowing the rapid and easy

preparation of similarly cytotoxic novel molecules.
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6 CONCLUSION

In conclusion, in this study a series of novel cytotoxic thiazolidine molecules deriving from
ALC67 was developed by substituting the phenyl group that this molecule presents on its
structure by aliphatic and aromatic moieties. Thirty three new molecules, eleven of which are
ALC67 analogues (3a-3m) were generated. The bioactivity tests that were carried out on all
active compounds indicated that variations performed on the 2" position of the thiazolidine ring
of ALCG67 did not alter significantly the cytotoxicity of the molecule, and novel ALC67
derivatives (3a-3m) showed even better activity then ALC67. Consequently, activity of the

ALCG67 is not sensitive to modifications undertaken on this position.

The exact mechanism of action of ALC67 remains unknown and in order to elucidate it we seek
to introduce, in a future study, a fluorophore tag to its structure to track it in cancer cells. Since
this investigation indicated that the cytotoxic activity of the molecule resists to modifications on
the second position, this location seems suitable for the further introduction of a BODIPY tag on
ALCG67, starting the synthesis by the generation of a fluorescent aldehyde according to the
synthetic route described by Shao et al. (Scheme 9) (56).

FF

Scheme 9. Synthetic pathway for the introduction of BODIPY to ALC67
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