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Abstract: New thiazole hybrids were synthesized and evaluated for their in vitro
cytotoxicity against a panel of human malignant cell lines. The key steps in the
synthesis of hybrids 3—7 involved the initial condensation of appropriate aldo-
nonitriles with cysteine ethyl ester hydrochloride, followed by subsequent
treatment of resulting thiazolines with diazabicycloundecene to form the thiaz-
ole ring. Bioisosteres 8 and 14 have been prepared after the stereoselective
addition of 2-(trimethylsilyl)thiazole to the hemiacetals obtained by periodate
cleavage of terminal diol functionality in the suitably protected d-glucose der-
ivatives. The obtained analogues showed various antiproliferative activities in
the cultures of several tumour cell lines. Hybrid 6 was the most potent in HeLa
cells, exhibiting more than 10 and 4 times stronger activity than both leads 1
and 2, respectively. The most active compound in Raji cells was hybrid 12,
which was nearly 2-fold more potent than the clinical antitumour drug doxo-
rubicin. All analogues were more potent in A549 cells with respect to lead 1,
while compounds 6 and 7 were slightly more active than doxorubicin. Prelim-
inary structure—activity relationship analysis revealed that the presence of a
cinnamate group at the C-3 position in analogues of type 7 increases the act-
ivity of resulting molecular hybrids.

Keywords: molecular hybridization; pseudo-C-nucleosides; goniofufurone; tia-
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468 KOJIC et al.

INTRODUCTION

Molecular hybridization is a strategy of rational drug design based on the
combination of pharmacophoric moieties of different bioactive substances to pro-
duce a new hybrid compound with improved affinity and efficacy, when com-
pared to the parent drugs. In addition, this strategy may provide access to com-
pounds with modified selectivity profiles, different or dual modes of action, and
reduced unfavourable side effects.!=3 Thiazole ring is a pharmacophore nucleus
with various pharmaceutical applications. Its derivatives have a wide range of
biological activities including anticancer activity.*> We have recently reported
on the synthesis of several thiazole bioisosteres of goniofufurone that exhibited
in vitro antitumour activity against some human tumour cell lines.® Goniofufur-
one (1, Fig. 1) is natural styryl lactone with [3.3.0]furofuranone core,” which was
isolated from the stem bark of tropical plant Goniothalamus giganteus (Annonac-
eae), and showed potent antiproliferative activity against several tumour cell
lines.® This work describes the synthesis and in vitro antitumour screening of
several new thiazole hybrids with furofuranone or tetrahydrofuran scaffolds.
Compounds 3—5 might be considered pseudo-C-nucleosides related to tiazofurin
(2), the oncolytic C-nucleoside with potent antileukaemic activity.?>10 Pseudo-C-
-nucleosides are nucleoside analogues having a C—C bond between C-4 of the
carbohydrate moiety and the heterocyclic aglycone.!! Compound 8 represents a
goniofufurone analogue with a thiazole replacing the phenyl ring at the C-7
position.
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Fig. 1. Structures of (+)-goniofufurone (1), tiazofurin (2) and the corresponding analogues 3—8.

EXPERIMENTAL
General procedures

Melting points were determined on a Biichi 510, or a hot stage microscope Nagema
PHMK 05 apparatus, and were not corrected. Optical rotations were measured on a Rudolph
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Research Analytical automatic polarimeter, Autopol IV. IR spectra were recorded on a FTIR
Nexus 670 (Thermo-Nicolet) spectrophotometer. 'H- and 13C-NMR spectra were recorded on
a Bruker AC 250 E (at 250 and 62.5 MHz, respectively) or a Bruker Avance III spectrometer
(at 400 and 100 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts were expressed in ppm (Jd) values and coupling cons-
tants in Hz (J). High-resolution mass spectra were taken on a Micromass LCT KA111 spec-
trometer or LTQ Orbitrap XL (Thermo Fisher Scientific Inc.) mass spectrometer. TLC was
performed on DC Alufolien Kieselgel 60 F254 (E. Merck). Flash column chromatography was
performed using Kieselgel 60 (0.040-0.063, E. Merck). All organic extracts were dried with
anhydrous Na,SO,. Organic solutions were concentrated in a rotary evaporator under reduced
pressure at a bath temperature below 35 °C. The purity of tested compounds was determined
by HRMS and they were found to be > 95 % pure (errors were less than 5 ppm).

Synthetic procedures

(E,Z)-1,2-O-Isopropylidene-a-D-xylo-pentodialdo- 1,4-furanose-5-oxime (10). To a stir-
red and cooled (0 °C) solution of triol 9 (2.032 g, 9.23 mmol) in a mixture of 2:1 MeOH/H,0
(54 mL) was added NalO,4 (1.795 g, 10.49 mmol) in one portion. After 5 min, the cooling was
stopped, and the reaction continues at room temperature for the next 4.5 h. The mixture was
filtered through a Celite pad, the adsorbent was washed with MeOH, the filtrate was evapor-
ated, and the residue was suspended in H,O (10 mL) and extracted with EtOAc (3x50 mL).
The extract was dried (Na,CO5; and Na,SO,), filtered, and evaporated to give the crude alde-
hyde 9a (1.13 g) which was dried under a high vacuum overnight.

Suspension of crude aldehyde 9a (1.631 g), sodium acetate (1.677 g, 20.40 mmol), and
hydroxylamine hydrochloride (2.236 g, 32.10 mmol) in EtOH (40.75 mL) was vigorously
stirred at room temperature for 24 h. The reaction mixture was evaporated, and the residue
was purified by flash column chromatography (1:1 toluene/EtOAc). A mixture of E- and Z-
-oximes 10 (1.463 g, 78 % from 9) was obtained as an amorphous powder, Ry = 0.27 (12:1
CHCly/ /MeOH). The ratio of isomers (from 'H-NMR): E/Z = 1:0.8.

3-0O-Acetyl-1,2-O-isopropylidene-o-D-xylo-furanoseurononitrile (11). A solution of
compound 10 (1.463 g, 7.20 mmol) in acetic anhydride (29 mL) was stirred at reflux tem-
perature for 1 h, and then evaporated. The residue was purified by flash column chromato-
graphy (19:1 toluene/EtOAc) to afford pure 11 (1.502 g, 92 %), as a colourless syrup, [a]p =
=+47.7 (¢ 1.0, CHCIy), R¢=0.53 (9:1 toluene/EtOAc).

3-O-Acetyl-1,2-O-isopropylidene-4-C-(4'-ethoxycarbonylthiazol-2'-yl)-o-D-xylo-tetrofur-

anose (12). To a stirred solution of 11 (0.999 g, 4.39 mmol) in absolute ethanol (85 mL) L-
-cysteine ethyl ester hydrochloride (1.217 g, 6.56 mmol) and anhydrous Et;N (0.91 mL, 6.55
mmol) were added. The reaction mixture was stirred at room temperature for 3.5 h and then
evaporated. The residue was dissolved in CH,Cl, (50 mL), the organic phase was washed with
water (15 mL), a saturated solution of NaHCOj; (15 mL), and a saturated solution of NaCl (15
mL) then dried, filtered, and evaporated. A mixture of crude thiazoline derivatives 11a
(1.3279 g) was obtained.

To a solution of crude thiazolines 11a (1.328 g, 3.70 mmol) in dry CH,Cl, (27 mL) was
added DBU (1.11 mL, 7.44 mmol). To the cooled solution (0 °C) was added BrCCl; (0.31
mL, 3.14 mmol), the reaction mixture was stirred at 0 °C for 2.5 h and then left at 4 °C for
another 43 h and then evaporated. The residue was purified on a column of flash silica (9:1 —
4:1 toluene/EtOAc) to give pure product 12 (1.100 g, 87 % based on reacted 11) as a yellow
syrup. Recrystallization from CH,Cly/hexane gave white needles, mp 141 °C, [a]p = —23.0 (¢
0.1, CHCly), R¢= 0.50 (7:3 toluene/EtOAc).
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470 KOJIC et al.

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-1,2-O-isopropylidene-o-D-xylo-tetrofuranose (3). A
solution of protected thiazole 12 (1.100 g, 3.08 mmol) in saturated methanolic ammonia (25
ml) was kept at room temperature for 7 days. The reaction mixture was then evaporated and
purified by flash column chromatography (CHCl; — 12:1 CHCl3/MeOH), to give pure 3 (0.498
g, 93 %) as a colourless syrup, [a]p = —46.5 (¢ 0.2, MeOH), Ry=0.30 (12:1 CHCl3/MeOH).

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-D-xylo-tetrofuranose (4). A solution of 3 (0.312 g,
1.09 mmol) in 90 % aq TFA (18 mL) was stirred at 0 °C for 0.5 h and then at room tem-
perature for 4.5 h. The reaction mixture was evaporated by azeotropic distillation with tolu-
ene. The remaining oily mixture was treated with EtOAc (2 mL) and saturated NaHCO; (2
mL) and evaporated again whereby a mixture of anomeric lactols 4 was obtained as a syrup.
The residue was purified on a column of flash silica (5:1 — 25:6 — 10:3 CHCl;/MeOH) to
give pure product 4 (0.240 g, 89 %) in the form of pale yellow syrup, Ry = 0.34 (5:1 CHCly/
/MeOH). Anomeric ratio (from 'H-NMR): a/f = 1:1.

Methyl 4-C-(4'-(carbamoyl)thiazol-2"-yl)-D-xylo-tetrofuranoside (5). A solution of 3
(0.100 g, 0.35 mmol) in 90 % aq TFA (5.80 mL) was stirred at 0 °C for 0.5 h and then at room
temperature for 4.5 h. The reaction mixture was evaporated by azeotropic distillation with
toluene and methanol. The residue was purified by preparative thin-layer chromatography (2
preparative plates, 5:1 CHCl3/MeOH, eluted with 7:3 EtOAc/'PrOH), whereby a mixture of
anomeric glycosides 5 (0.048 g, 52 %) was obtained, in the form of white powder, Ry = 0.38
(5:1 CHCl3/MeOH). Anomeric ratio (from 'H-NMR): a/ff = 2:1.

3,6-Anhydro-2-deoxy-6-C-(4'-(carbamoyl)thiazol-2'-yl)-D-ido-hexono-1,4-lactone (6). A)
To a solution of compound 4 (0.202 g, 0.82 mmol) in anhydrous DMF (3.5 mL) was added
Meldrum’s acid (0.394 g, 2.73 mmol) and dry Et;N (0.36 mL, 2.583 mmol). The reaction
mixture was stirred at 46 °C for 69 h and then evaporated. The crude product was purified by
preparative thin-layer chromatography (10 preparative plates, 6:1 CHCl3/MeOH, eluted with
12:1 CHCl3/MeOH), whereby impure 6 was obtained. After additional purification on a col-
umn of flash silica (20:1 — 12:1 CHCl;/MeOH) and then by preparative thin-layer chromato-
graphy (2 preparative plates, 6:1 CHCl;/MeOH, eluted with 12:1 CHCl;/MeOH), pure product
6 was obtained as a white powder (0.015 g, 7 %), Ry = 0.22 (12:1 CHCI3;/MeOH). Analytical
sample 6 was obtained by crystallization from MeOH in the form of white needles, m.p. 143
°C. B) To a cooled (0 °C) solution of 4 (0.204 g, 0.83 mmol) in dry MeOH (23 mL) was
added MCMP (0.7923, 2.37 mmol) and the resulting solution was stirred at room temperature
for 1 h. The reaction mixture was evaporated, and the residue was purified on a column of
flash silica (20:1 — 12:1 CHCIl3/MeOH to give pure 6 as a yellow oil (0.050 g, 22 %), [a]p =
=-9.4 (c 0.13, DMSO), R;=0.22 (12:1 CHCI3/MeOH). Analytical sample 6 was obtained by
crystallization from MeOH as colourless needles, m.p. 143 °C.

4-C-(4'-Carbamoyl)thiazol-2"-yl)-3-O-cinnamoyl-1,2-O-isopropylidene-a-D-xylo-tetrofur-
anose (7). To a stirred solution of compound 3 (0.0757 g, 0.2644 mmol) in a mixture of
anhydrous MeCN (2 mL) and anhydrous CH,Cl, (14.5 mL) was added cinnamic acid (0.088
g, 0.59 mmol), DCC (0.132 g, 0.64 mmol) and DMAP (0.130 g, 1.07 mmol). After stirring at
room temperature for 24 h, the reaction mixture was filtered through a pad of quartz sand, the
filtrate concentrated and purified by preparative thin-layer chromatography (5 preparative
plates, 12:1 CHCly/MeOH, eluted with 7:3 EtOAc/PrOH), to give pure 7 as a white powder
(0.103 g, 94 %). Analytical sample 7, obtained by crystallization from a mixture of MeOH/
/'Pr,0 showed mp 180 °C, [a]p = —157.1 (c 0.40, CHCl3), R = 0.66 (12:1 CHCl3/MeOH).

3,6-Anhydro-2-deoxy-7-C-(thiazol-2"-yl)-D-glycero-D-ido-heptono-1,4-lactone (8). To a
stirred solution of compound 10'2 (0.145 g, 0.71 mmol) in anhydrous MeCN (15 mL) was
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THIAZOLE HYBRIDS WITH [3.3.0]FUROFURANONE SCAFFOLD 47 1

added HsIO¢ (0.146 g, 0.64 mmol). After stirring at room temperature for 22 h, the reaction
mixture was evaporated with silica gel and purified by flash chromatography (9:1 CH,Cl,/
/Me,CO). This gave pure 7a (0.108 g, 75 %).

To the solution of 7a (0.069 g, 0.34 mmol) in anhydrous THF (3 mL) 2-TST solution
(0.081 mL, 0.51 mmol) in THF (1 mL) is added dropwise. The reaction mixture was stirred at
room temperature for 48 h and then evaporated. The residue was dissolved in THF (3 mL) and
treated with 1 M tetrabutylammonium fluoride in THF (0.4 mL), while stirring at room tempe-
rature for 2 h. The reaction mixture was evaporated, and the oily residue was purified by pre-
parative thin-layer chromatography (10 preparative plates, 17:3 CH,Cl,/Me,CO, second dev-
elopment 4:1 CH,Cl,/Me,CO) to afford pure 8 (0.007 g, 7.5 %) in the form of an oil, [a]p =
=+10.0 (c 0.1, CHCl3), R¢=0.30 (9:1 CH,Cl,/Me,CO, three successive developments).

1,2-O-Isopropylidene-5-C-(thiazol-2"-yl)-o-D-gluco-pentofuranose (14). To a solution of
compound 13 (2.166 g, 8.32 mmol) in anhydrous EtOAc (80 mL) was added H5IOg4 (3.103 g,
13.61 mmol). The reaction mixture was stirred at room temperature for 6 h, then filtered and
evaporated, leaving a light-pink reaction mixture. The residue was purified on a column of
flash silica (11:9 Et,O/light petroleum), whereby a mixture of alcohols 13a was obtained
(0.876 g, 56 %) in the form of a colourless syrup, Ry = 0.37 (1:1 Et,O/light petroleum). IR
(film): Vyax 3371 cm! (OH). (H)ESI-HRMS (m/z): calculated for [C;oHoOs + NH,']
236.11286, observed 236.11285.

To a solution of purified compound 13a (0.161 g, 0.74 mmol) in anhydrous CH,Cl, (6
mL) a 2-TST (0.174 g, 1.09 mmol) solution in CH,Cl, (3 mL) was added dropwise at room
temperature. After stirring at room temperature for 12 h, the solvent was evaporated and to
the residue was added THF (10 mL) and tetrabutylammonium fluoride (0.886 mmol in 8.86
mL THF). After stirring at room temperature for 2 h, the reaction mixture was concentrated to
a smaller volume, and after the addition of aq. NaHCO; solution, extracted with EtOAc. The
combined extracts were dried and evaporated, and the remaining crude product 14 was puri-
fied on a column of flash silica (light petroleum/EtOAc 1:1), whereby pure product 14 (0.048
g, 24 %) was obtained, which crystallized from a mixture of CH,Cl,/hexane as white crystals,
m.p. 120 °C, [a]p = —12.5 (¢ 0.2, acetone).

Cytotoxic activity

Test cells. The in vitro cytotoxicities of test compounds were evaluated against seven
human malignant cell lines: K562 (ATCC CCL-243, chronic myeloid leukaemia), HL-60
(ATCC CCL-240, promyelocytic leukaemia), Jurkat (ATCC CCL-1435, T cells leukaemia),
Raji (ATCC CCL-86, Burkitt’s lymphoma), MCF-7 (ATCC HTB-22, ER" breast adenocar-
cinoma), HeLa (ATCC CCL2, human cervix adenocarcinoma) and A549 (ATCC HTB-38,
lung carcinoma). Cytotoxic activity against one normal human cell line, MRC-5 (ATCC CCL-
-185, foetal lung fibroblasts), was also estimated.

MTT test. Cytotoxic activity was evaluated by using standard MTT assay,!? after expo-
sure of cells to the tested compounds for 72 h.

Crystal structure determination

Diffraction experiments were performed on an Oxford Diffraction Gemini S diffracto-
meter. Crystal structures were solved and refined as reported previously!4. All hydrogen
atoms are introduced in idealized positions are refined using a riding model. Pertinent crys-
tallographic and refinement data are listed in Table S-III of the Supplementary material to this
paper. CCDC 2218113 and CCDC 2218112 contain supplementary crystallographic data for
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472 KOJIC et dl.

this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/structures.

RESULTS AND DISCUSSION
Chemistry

Synthesis of compounds 3-7 is shown in Scheme 1 and commenced from
the commercially available monoacetone-D-glucose (9).
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Scheme 1. a) NalO4, MeOH/H,O, 1t, 4.5 h; b) NH,OHxHCI, NaOAc, EtOH, rt, 24 h, 78 %
from 9; ¢) Ac,0, reflux, 1 h, 92 %; d) L-cysteine ethyl ester hydrochloride, Ei;N, EtOH,
CH,Cl,, 1t, 3.5 h; e) BrCCl;, DBU, CH,Cl,, 0 °C, 2.5 h, then 4 °C, 43 h, 87 % from 11;

f) saturated NH;, MeOH, 1t, 7 days, 93 %; g) 90 % aq TFA, 0 °C, 0.5 h, then rt, 4.5 h, 89 %;
h) 90% aq TFA, MeOH, 0 °C, 0.5 h, then rt, 4.5 h, 52 %; i) Meldrum’s acid, Et;N, DMF,
46 °C, 69 h, 7 %; j) MCMP, MeOH, rt, 1 h, 22 %; k) cinnamic acid, DCC, DMAP,
MeCN, CH,Cl,, rt, 24 h, 94 %.

5R

Terminal diol cleavage in 9 was achieved with sodium periodate in aqueous
MeOH to afford the unstable aldehyde 9a. The resulting aldehyde 9a was not
purified but was rather immediately treated with hydroxylamine hydrochloride to
yield the expected oxime 10 as a mixture of the corresponding E- and Z-isomers.
The mixture was not separated but was further treated with refluxing acetic
anhydride to give the corresponding nitrile 11 in 92 % yield. Nitrile 11 was
allowed to react with ethyl ester of cysteine hydrochloride, in the presence of tri-
ethylamine at room temperature, to afford thiazoline 11a as an inseparable mix-
ture of C-4 epimers. The crude mixture was not separated but was immediately
oxidized with bromotrichloromethane and DBU to give the thiazole 12 in an
overall yield of 87 % from two steps. Treatment of 12 with methanolic ammonia
provided the amide 3 (93 %) as a result of successive ester ammonolysis and
O-deacetylation at the C-3 position. Hydrolytic removal of the isopropylidene
protective group in 3 gave the expected lactol 4, which upon treatment with Mel-
drum’s acid in the presence of triethylamine gave a low yield (7 %) of target 6. A
better yield of 6 (22 %) was obtained by using the Z-selective Wittig olefination
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THIAZOLE HYBRIDS WITH [3.3.0]FUROFURANONE SCAFFOLD 473

of 4 with a stabilized C;-ylide (Ph3P=CHCO,Me, MCMP).15 Apart from spec-
troscopic methods, the structure of compound 6 was confirmed by X-ray analysis
(see Supplementary material for details). Finally, compound 3 was esterified with
cinnamic acid, under the Steglich conditions, !¢ to afford the corresponding 3-O-
-cinnamoyl derivative 7 in 94 % yield. The reason for the preparation of cinnam-
ate 7 lies in the fact that a significant number of cinnamic acid hybrids show anti-
tumour activity.!7-19

The preparation of bioisostere 8 is shown in Scheme 2. D-Glucose was first
converted to the protected aldehyde 7a using the procedure recently developed in
our laboratory20 (see the Supplementary Material for details).

HO HO OH
O ,~OH a b N o
- . — . N
H;\\g om,/ ko ﬁ\/s _ /R
nd  OH o O HO™ 5o
D-Glucose 7a 8
OH
o 0.0 HO N o
(o s
c 0 d \ ko)
%}\QOK O}\Q, 3 0 o
HO o o ©
13 13a 14

Scheme 2. a) See Supplementary material and/or Ref.2%; b) (i) TST, THF, rt, 48 h, (ii) TBAF,
THF, 1t, 2 h, 7.5 %; c) Ref.2!; d) (i) TST, CH,Cl,, tt, 12 h, (i) TBAF, THF, 1t, 2 h, 24 %.

The addition of 2-(trimethylsilyl)thiazole (TST) to hemiacetal 7a (Scheme 2)
in THF using the adopted procedure developed by Dondoni et al.2? occurred with
high diastereofacial selectivity affording, after desilylation with tetrabutylammo-
nium fluoride, a low yield of thiazole 8 (7.5 %). This two-step transformation
involves the initial unmasking of hemiacetal function with the subsequent addit-
ion of reagents to the liberated aldehyde group. Given that compound 8 showed
relatively weak antiproliferative activity against tumour cells, the yield of this
reaction was not optimized. To resolve the stereochemistry at the C-7 position in
product 8, the above-described addition reaction was repeated with the known?23
hemiacetal derivative 13a. The corresponding thiazole derivative 14 was obtained
in a yield of 24 %. The stereochemistry of 14 was unambiguously established by
X-ray crystallographic analysis (see Supplementary material for details). Based
on this result, as well as the observations of Dondoni et al.,?? we concluded that
the newly introduced stereocenter of product 8 has (7S)-stereochemistry.
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Antiproliferative activity

Table I shows in vitro cytotoxicities of synthesized compounds against a
panel of human cell lines (K562, HL-60, Jurkat, Raji, MCF-7, HeLa, A549 and
MRC-5), using the standard MTT assay. Apart from the final products (5-8),
intermediates, 3, 4 and 12 were also included in the assay since they can be con-
sidered pseudo-C-nucleosides related to tiazofurin.

TABLE L. In vitro cytotoxicity (ICs¢* / pM; values are means of three independent experi-
ments. Coefficients of variation were less than 10 %) of (+)-goniofufurone (1), tiazofurin (2),
DOX and analogues 3-8 and 12 after 72 h

Cell line
Compound K562 HL-60 Jurkat Raji MCF-7 HeLa A549 MRC-5
(+)-Goniofufurone (1) 041 20132 3245 1845 1659 832 3521 >100
Tiazofurin (2) 206 067 009 528 2.03 326 592 036
3 2101 7.64 7.09 1564 1052 436 1821 >100
4 255 851 1136 1432 865 831 2464 >100
5 1750 779 1136 7.63 1836 8.64 546 >100
6 1.63  1.02 1852 9.02 261 075 464 97.12
7 354 12,63 432 1264 1002 125 345 >100
8 3.05 354 2502 2541 7.62 9.06 11.59 >100
12 347 910 752 158 1520 3.70 1035 >100
DOX 025 092 003 298 020 007 491 0.10

The results in Table I show that five compounds exhibited micromolar act-
ivity in the culture of K562 cells, although only compound 6 was more potent
than tiazofurin (2). Almost all synthesized compounds were more active than 1
against MCF-7 and HL-60 cells, with lactone 6 being the most potent. It is note-
worthy that analogue 6 exhibited a prominent potency (/Csg = 1.02 pM) against
promyelocytic leukaemia cells (HL-60) with activity similar to DOX. Among all
synthesized molecules, which showed moderate activity in Jurkat and Raji cell
cultures where they were more active than 1 (except 8 against Raji cells), the iso-
propylidene derivative 12 stands out, which was almost twice as active as DOX
and 3 times as active as tiazofurin (2) against Raji cells. Against alveolar basal
adenocarcinoma cells (A549), all compounds were more active than 1, while two
compounds (6 and 7) were slightly more active than DOX. Molecules 6 and 7
showed higher potency than both leads 1 and 2 against HeLa cells of which com-
pound 6 showed submicromolar activity (/Cs9 = 0.75 uM), the best activity rec-
orded in this assay. Like natural product 1, none of the synthesized analogues
were active against normal MRC-5 cells, in contrast to tiazofurin (2) and DOX,
which showed high potencies against these cells in the submicromolar range.

* ]Csy 1s the concentration of compound required to inhibit the cell growth by 50 % compared
to an untreated control.
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In an attempt to determine the structural features important to the activity of
this series of compounds, we compared the activities of: a) compound 7 with a
cinnamoyl ester group at the C-3 position, with 3 (which has an OH group at
C-3); b) the activity of lactol 4, with free OH groups at C-1 and C-2, with the act-
ivity of compounds 6 and 3 with a lactone or isopropylidene ring; c) the activity
of lactol 4 with the activity of the methyl glycoside 5; d) the activity of the C-7
thiazole hybrid 8 with the natural product 1 having a phenyl group at the C-7
position (Fig. S-1 of the Supplementary material). The results of this brief SAR
analysis showed that the presence of the cinnamoyl group at C-3 is beneficial for
the activity of this type of compound; the absence of OH groups at C-1 and C-2
and the structural architecture of a five-membered lactone or isopropylidene ring
(the analysis also showed that pseudo-C-nucleoside 5 is more active against 50 %
of the tested cell lines) and that the introduction of a thiazole ring at the C-7
position of the natural product 1 instead of the phenyl ring, increases the activity
against four of seven cell lines.

Crystal structure of pseudo-C-nucleoside 6

The molecular structure of 6 is depicted in Fig. 2. Absolute configuration of
all stereocenters is determined both from resonant scattering effects, and findings
are in line with assumed absolute configurations of stereocenters whose stereo-
chemistries remain unchanged during the synthetic route.

a7y .‘\L(‘ 5 '

Fig. 2. Molecular structure of 6 (CCDC
2218113) with the atom numbering scheme.

From the structural point of view, 6 is the first structurally characterized
compound that bears a furofuranone ring core coupled to a thiazole ring. The
search of the CSD?4 resulted in only ten structures that contain a thiazole ring
coupled to the C1’ atom of a tetrahydrofuran ring substructure depicted in Fig.
3a. All these structures can be regarded as tiazofurin analogues. Since 6 can also
be regarded as a tiazofurin analogue, where a furanose ring is fused to a lactone
ring, it is of interest to compare the furanose ring conformation in 6 and these
tiazofurin analogues. For this purpose, atom numbering nomenclature established
for furanose rings in nucleotides is used,25:26 as shown in Fig. 3a.
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Fig. 3. a) Substructure fragment used in CSD search. Substituents at C4' were unspecified.
b) Pseudorotational circle for furanose ring conformations found in CSD hits. Conformation
of 6 is indicated by a filled circle, and that of YIHCAT with a star. Preferred conformational

ranges are shaded.

Conformations of the furanose rings are analysed via Cremer—Pople forma-
lism.27 It is found that in seven structures furanose rings adopt conformations
that spread in pseudorotation regions demarcated by 27} and 275 conformations,
while for two structures the range is enclosed between 37, and 374 conform-
ations. These conformational ranges have been established as preferred for ribose
and deoxyribose in nucleosides.?8:29 Structure YIHCAT,30 with the furanose ring
in conformation between OT} and OF is the only outlier. The conformation of the
furanose ring in the 6 is very close to £, which is also an aberration. What
separates YIHCAT and 6 from other structures is the presence of fused rings —
isopropylidene in YIHCAT and furofuranone in 6, which may explain their dif-
ferent conformations. Notably, for all investigated structures, including 6, ring
puckering amplitude falls in the range from 0.30 to 0.45 A. A graphical repre-
sentation of ring conformation space for the investigated structures is given in
Fig. 3b, while details are summarized in Table S-III of the Supplementary material.

Relative to the sugar moiety, the aglycone fragment of the nucleoside can
adopt two main orientations about the glycosyl C1'-N link called syn and anti.25-26
In analogy to that, for C-nucleosides such as tiazofurin and its derivatives, a
torsion angle y (O—C1'—-C-S) can be defined to assess thiazole ring orientation. It
is found that the thiazole ring orients in such a way that sugar O and thiazole S
atoms are in syn orientation, with a restricted range of |y| (0—60°), and the peak of
the distribution at ca. 30° (see Fig. S-3 of the Supplementary material). The cor-
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responding torsion angle for 6 amounts to —24.3(2)°, indicating that the mutual
disposition of the studied rings in 6 is in line with the literature data.

Two intermolecular hydrogen bonds were found in the crystal structure of 6.
Hydroxyl O5-HS5 group is bonded to carboxamide oxygen O6’ of the neighbour-
ing molecule. Interestingly, only one of the carboxamide hydrogen atoms is inv-
olved in hydrogen bonding, with carbonyl oxygen Ol of the lactone ring being
the hydrogen bond acceptor. Details of hydrogen bonding are listed in Table S-V
of the Supplementary material.

CONCLUSION

In conclusion, seven new thiazole hybrids with furofuranone or tetrahydro-
furan scaffolds have been synthesized and evaluated for their in vitro cytotoxicity
against a panel of human malignant cell lines (K562, HL-60, Jurkat, Raji, MCF-
-7, HeLa and A549), as well as toward a single normal cell line (MRC-5). The
key steps in the synthesis of pseudo-C-nucleosides 3—7 and 12 involved the
initial cyclocondensation of the corresponding aldononitriles with cysteine ethyl
ester hydrochloride, followed by subsequent treatment of the resulting C-4' epi-
meric thiazolines with DBU to form the thiazole ring. Goniofufurone bioisosteres
8 and 14 have been prepared by stereoselective addition of 2-(trimethylsilyl)thi-
azole to partially protected hemiacetals, obtained by periodate cleavage of the
terminal diol function in the appropriate D-glucose derivatives. The synthesized
analogues showed moderate to strong antiproliferative activity in cultures of
several malignant cell lines. The strongest activity was shown by hybrid 6 (HeLa
cells, ICsg 0.75 pM) which was more than 10 or 4 times more active than both
control compounds 1 and 2, respectively. The most active compound in Raji cell
culture was hybrid 12, which was nearly two times more potent than the com-
mercial antitumour drug doxorubicin (DOX). Lung adenocarcinoma cells (A549)
were the most sensitive against the synthesized compounds. All were more active
than lead 1, while two compounds (6 and 7) were slightly more active than DOX.
A brief SAR study revealed that the presence of the cinnamoyl group at C-3 may
enhance the activity of this type of analogues.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12157, or from the corres-
ponding author on request.
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U3BOJ
CUHTE3A U AHTUITPOJIUPEPATUBHA AKTUBHOCT HOBUX TUA3O/THUX XUBPUA
CA [3.3.0]9YPO®PYPAHOHCKUM WJIU TETPAXUJPOO®YPAHCKUM CKEJIETOM

BECHA KOJUR', MUJIOLL CBUPYEB?, CAFbA BOKUR’, UBAHA KOBAUEBUE’, MAPKO B. POOUE’,
BOJAHA CPERO 3EJIEHOBUE’, BEJIUMUP TIOTICABUH>® 1 MUPJAHA TIOTICABUH?
1YHusep3uu7.em y Hogom Cagy, Meguyuncku Qaxynitein, Hncmiuityt 3a onkonoiujy Bojeogune, uyia Jp
T'ongmana 4, 21204 Cpemcxa Kamenuya, ZYHueepmmew y Hosom Cagy, IIpupogno—mattiemaiiuuxu
Qaxynivein, Jedapiman 3a xemujy, buoxemujy u 3awiniuiny smusoiine cpegune, Tpi Jocuttieja Odpagosuha 3,
21000 Hosu Cag u 3Cpﬁcxa axagemuja nayka u ymemnocwiu, Kneza Muxauna 35, 11000 Beoipag

CHHTETH30BaHU Cy HOBH THa30JIHU XUOPHUOH U ofpeheHa je mUXoBa in vitro JUTOTOKCHY-
HOCT ITpeMa MaHesly XyMaHUX MaJMrHUX henujckux nuHuja. KibydyHW KOpalM y CHHTE3U XU0-
puna 3-7 mormpasymeBand Cy WHHULHWjaJIHY KOHIEH3alHjy 0Arosapajyhux aJZoOHOHUTpHIA Ca
XUIPOXJIOPUJIOM eTHUJIeCTpa LIMCTeMHA, HaKOH Yera je yCjiefuo TpeTMmaH pesynTyjyhux tuaso-
nuHa ca DBU mpu uemy je dopmupaH THa3oiaHH npcreH. buousocrepe 8 u 14 cy mobujene
HAKOH CTEPEOCeeKTUBHE anuliuje 2-(TpUMEeTWICWIWI)THA30/la Ha XeMualerane AodujeHe
NepjonaTHUM pacKUIameM TepMUHAJIHE AWONHEe (QYHKIMje MOroJHUX HeprBarta D-TIYKO3e.
[obujeHn THa3o/NHM aHalO3U Cy MOKa3aad pasiuuMTe aHTUIPOIU(EpATUBHE aKTUBHOCTH Y
KyJATypama NojequHUX TYMOpPCKuX henujckux nuHuja. Hajjauy akruBHocT npema Hela henu-
jama moka3ao je xubpun 6, koju je 610 Bulle o NeceT, OZHOCHO YETHUPH MyTa aKTUBHUjU O]
KOHTPONHUX Monekyina 1 u 2, penom. HajaktuBHUje jemumene npema Raji henujama duo je
xudpuzg 12, xoju je CKopo ABa MyTa aKTUBHUjU OJ, KITMHUYKOT aHTUTYMOPCKOT JIeKa JOKCOpY-
ounnHa. CBu aHano3u cy OwnM akTHBHUjU npema A549 henujama y omgHoCy Ha KoHTponay 1,
TOK Cy jenvmema 6 1 7 Oula HEIITO akTUBHUja Off fokcopyduuuHa. [IpenumunapHa SAR aHa-
JIM3a je OTKpWIa Jja NMPHCYCTBO LIMHAMAaTHE Ipymne Ha monoxajy C-3, y aHajmo3Mma THna 7,
noBehaBa akTUBHOCT pe3ynTyjyhux xudpuna.

(ITpumsseno 30. HoBembpa 2022, npuxsaheno 11. janyapa 2023)
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