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ABSTRACT: Nitrogen and sulfur glycosylation was carried out
via the reaction of rhodanine (1) with a-acetobromoglucose 3
under basic conditions. Deacetylation of the protected nitrogen
nucleoside 4 was performed with CH;ONa in CH;OH without
cleavage of the rhodanine ring to afford the deprotected nitrogen
nucleoside 6. Further, deacetylation of the protected sulfur
nucleoside S was performed with CH;ONa in CH;OH with the
cleavage of the rhodanine ring to give the hydrolysis product 7.
The protected nitrogen nucleosides 11a—f were produced by f‘é
condensing the protected nitrogen nucleoside 4 with the aromatic D om Wl
aldehydes 10a—f in C,H;OH while using morpholine as a e ‘
secondary amine catalyst. Deacetylation of the protected nitrogen

nucleosides 11a—f was performed with NaOCH;/CH;OH without

cleavage of the rhodanine ring to afford the deprotected nitrogen nucleosides 12a—f. NMR spectroscopy was used to designate the
anomers’ configurations. To examine the electrical and geometric properties derived from the stable structure of the examined
compounds, molecular modeling and DFT calculations using the B3LYP/6-31+G (d,p) level were carried out. The quantum
chemical descriptors and experimental findings showed a strong connection. The IC;, values for most compounds were very
encouraging when evaluated against MCF-7, HepG2, and AS549 cancer cells. Interestingly, ICy, values for 11a, 12b, and 12f were
much lower than those for Doxorubicin (7.67, 8.28, 6.62 uM): (3.7, 8.2, 9.8 uM), (3.1, 13.7, 21.8 uM), and (7.17, 2.2, 4.5 uM),
respectively. Against Topo II inhibition and DNA intercalation, when compared to Dox (ICs, = 9.65 and 31.27 M), compound 12f
showed ICy, values of 7.3 and 18.2 uM, respectively. In addition, compound 12f induced a 65.6-fold increase in the rate of apoptotic
cell death in HepG2 cells, with the cell cycle being arrested in the G2/M phase as a result. Additionally, it upregulated the apoptosis-
mediated genes of P53, Bax, and caspase-3,8,9 by 9.53, 8.9, 4.16, 1.13, and 8.4-fold change, while it downregulated the Bcl-2
expression by 0.13-fold. Therefore, glucosylated Rhodanines may be useful as potential therapeutic candidates against cancer because
of their topoisomerase II and DNA intercalation activity.
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It exhibited potent cytotoxicity against
MCF-7, HepG2 and A549 cell lines with
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« Compound 12f induced Apoptosis in HepG2 cells by 65.6-fold, arresting cell cycle at G2/M cell through Topoisomerase I inhibition
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1. INTRODUCTION

Heterocyclic compounds are extensively used by medicinal
chemists in their hunt for novel bioactive molecules. Most
significantly, the presence of nitrogen-containing heterocycles
in a wide range of naturally occurring and synthetically
manufactured compounds with well-established biological
activity suggests that these heterocycles themselves have a
broad range of biological activities. Rhodanine rings have
typically been the favored framework for the synthesis of
molecules having therapeutic potential. Rhodanine is a
heterocyclic compound having the following molecular
formula: C2 = thiocarbonyl, N3 = nitrogen, and C4 =
carbonyl. The diverse array of useful biological features
displayed by rhodanine comzpounds, including antibacterial
activity,' antifungal activity,” anti-inflammatory activities,’
antituberculosis,* anti-HIV,” antiparasitic activity,” hypnotic
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activity,” and antihelminthic activity” has piqued the curiosity
of medicinal chemists. Research on the potential of certain
heterocyclic small molecules as effective anticancer drugs has
been conducted extensively in recent years. Rhodanine-based

. .. 918
derivatives

exhibited remarkable biological properties as
anticonvulsant, antibacterial, antiviral, Hepatitis C Virus
(HCV), and antidiabetic medicines, making them a privileged

scaffold in the field of drug development.'”~® As potential
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tumor aggregation inhibitors, radonine and other 2-thioxo-4-
thiazolidinone alternatives have recently been investi-
gated.27_29 Rhodanine and its bioisostere 2,4-thiazolidinedione
(TZD) are examples of heterocyclic substances with a

thiazolidine nucleus.>*>! Figure 1 shows that rhodanine
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Novel-rhodanine-based analohues
as Topo-ll inhibitors

Rhodanine-based Topo-ll inhibitor

GSK 1059615

Figure 1. Pharmacophore hybridization strategy for designing novel
potential rhodinine derivatives with Topo-II inhibition activity.

derivatives can be promising scaffold with Topo-II inhibition
activity. 32 One of these mimics (ERK) is Raf/MEK/
extracellular signal-regulated kinase, and pathways for Wnt
signal transduction have been connected to carcinogenesis,
tumor development, and metastasis.>> A novel, ATP-
competitive, and reversible PI3Ka inhibitor is
GSK1059615.*" This potential therapeutic candidate has a
thiazolidinone ring connected to a pyridinylquinoline via an
ethene segment. S-Benzylidene-3-ethyl rhodanine (BTR-1)
was described to exhibit broad anticancer activity with ICg,
lower than 10 uM, using the same justification. Rhodanine in
BTR-1 is part of an arylidine system.”” Despite these activities,
research into anticancer drugs from this class that have less side
effects while still being effective is still in its infancy. Previous
investigations of structurally similar heterocyclic system
glycosyl derivatives were published.*>™*°

Computational chemistry has been developed over the past
few decades with linking architecture and functions of organic
and biological processes. In order to understand structures,
molecular characteristics, processes, and reaction selectivity,
computations have become crucial.”’~>> One of the most
widely used theoretical techniques for calculating a wide range
of molecular properties is the density functional theory
(DFT).'"®**> Thermodynamic properties, molecular struc-
tures, vibrational frequencies, chemical shifts, nonlinear optical
NLO effects, natural bond orbital NBO analyses, electrostatic
molecular potential, and density of molecular orbitals are all
estimated using this method. We keep working on the
synthesis of novel nucleosides as possible antiviral and
anticancer drugs in light of the biological significance of
rhodanines.*”*****” Here, we describe the synthesis of several
N-glucosylated bases containing rhodamine, as well as their
anticancer screening and spectroscopic analysis. Also, we
examined the effects of modifications to the compounds under
investigation’s molecular and electrical structure on their
biological activity using the density functional theory. The
objective of the ROCS analysis was to identify the key features
of our compounds and to explain their 3D-QSAR.

These adjustments represented in Figure 1 were made to
improve the design strategy. To enhance the drug’s
pharmacokinetics, a sugar moiety was inserted between the
rhodanine ring and the arylidine ring, and the arylidine ring
was replaced with a substituted arylidine ring (similar to BTR-
1).

We looked at further synthetic methods for producing
rhodanine nucleosides for use as antiviral and anticancer
medications as part of our ongoing study in this area. In this
investigation, we present the synthesis, conformational
characterization, and anticancer screening of a number of
nitrogen glycosylated compounds.

Scheme 1. Synthesis of 2-thiothiazolidin-4-one derivatives 4—6

;O
O N
OAc \(

e ﬁ * :
r. t. AcO
e AcO Aaco
Na
L N OAc
2 4 5
MeONa/MeOH MeONa/MeOH
CH3CN, NaH 0 °C/r. t. 0 °C/r. t.
Y
@) OAc @)
,—{ o O >_
NH AcO HN
T AcO HO \[(
1 3 7

https://doi.org/10.1021/acsomega.3c00641
ACS Omega 2023, 8, 13300—-13314


https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00641?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

2. RESULTS AND DISCUSSION

2.1. Chemistry. The sodium salt of rhodanine (2) was
produced by reacting nucleoside base 1 with 1.1 equiv of NaH
in anhydrous acetonitrile, which in turn was reacted with 1.1
equiv of 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (3)
to afford 3-(2',3',4’,6'-tetra-O-acetyl-f-p-glucopyranosyl)-2-
thioxo-4-thiazolidinone (4) (69%) and 2-(2',3',4',6'-tetra-O-
acetyl-f-D-glucopyranosylmercapto)-4-thiazolidinone (S) (4%)
compared to the prior silylation technique using bis-
(trimethylsilyl)acetamide (BSA), which produced yields of
6% of 4 and 30% of § for the same nucleoside base 1.>* By
using elemental analysis and spectrum data, the structures of 4
and 5§ were constructed and verified (IR, '"H NMR, '*C NMR,
and MS). IR absorption spectra of compound 4 were
distinguished by the absence of an NH signal and the presence
of a thiocarbonyl group signal at v, 1225 cm™'. The IR
absorption spectrum of chemical § was distinctive, but there
was no sign of a thiocarbonyl group. The anomeric proton of
compound 4 appearing as a doublet in the 'H NMR spectrum
at 8 6.82 ppm (J = 9.30 Hz) revealed the existence of the a-p-
glucopyranose moiety.”°"*’ In the '3C NMR spectra of
compound 4, the carbonyl group at C-4 and the thiocarbonyl
group at C-2 are each characterized as singlets (300 MHz,
CDCl,). These results concur with the *C NMR spectrum of
3-(piperidin-1-ylmethyl)-2-thioxothiazolidin-4-one (8)
(CDCl) at 300 MHz (Scheme 2). The latter was produced

Scheme 2. Synthesis of 3-(piperidin-1-ylmethyl)-2-
thiothiazolidin-4-one (8) and 2-methylmercaptothiazolidin-
4-one (9)

o o o
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by reacting 1 with piperidine and formaldehyde in EtOH at
room temperature since the carbonyl at C-4 appears at
175.1 ppm and the thiocarbonyl group at C-2 appears at
203.2 ppm, suggesting that N-glycosylation is present. The
presence of the f-p-glucopyranose moiety was demonstrated

by the anomeric proton, which showed up as a doublet at dy
5.82 ppm (J = 10.4 Hz) in the '"H NMR spectra of compound
5.%7°" The carbonyl at C-4 and the thiocarbonyl group at C-2
in compound 5 both had a singlet in the spectrum of the *C
NMR (300 MHz, CDCL,). Additionally, these results are
consistent with the *C NMR (300 MHz, CDCI,) spectrum of
the previously identified 2-methylmercapto-4-thiazolidinone
(9).>® While the C-2 thiocarbonyl group appears at §¢ 202.5
ppm in Scheme 2, where the C-2 methylmercapto appears at
Oc 159 ppm, the C-4 carbonyl appears at Jc 187.1 ppm,
showing the presence of S-glycosylation. Indicating N-
glycosylation, the protected nucleoside 4 was treated with
NaOCH;/MeOH at room temperature to produce the
corresponding deprotected nucleotide 6. Similarly, treatment
of § with NaOCH;/MeOH at room temperature produced the
previously recognized 2,4-thazolidinedione (7)>” suggesting S-
glycosylation. Our attempts to create the corresponding
deprotected nucleoside of § failed due to this form of cleavage
(Scheme 1).

The required aromatic aldehydes (10a—f) were condensed
with the protected nucleoside 4 in ethanol with morpholine
serving as a catalyst to create the requisite S-((Z)-arylidene-3-
(2,3 4,6’ -tetra-O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thia-
zolidinones (11a—f). 5-((Z)-Arylidene)-3-(f-D-glucopyrano-
syl)-2-thioxo-4-thiazolidinones were produced by treating the
glycon moieties of 11a—f with a sodium methoxide solution in
methanol to remove the acetyl groups (12a—f). The
condensation of 6 with benzaldehyde (10a) in EtOH with
morpholine as a catalyst occurred at room temperature, and
this process was used to independently synthesize the
deprotected nucleoside 12a. The structures of 1la—f and
12a—f were established and confirmed using elemental studies
and spectrum data (IR, '"H NMR, *C NMR, and MS). The
carbonyl and thiocarbonyl groups as well as the absence of a
signal for NH were present in the IR absorption spectra of
compound 11a. 'H NMR (300 MHz, CDCl;) spectrum of
compound 11a revealed a vinyl proton singlet at 6y 7.73 ppm,
indicating the exocyclic double bond has a Z-configuration.
This is consistent with the 'H NMR spectra of 5-((Z)-
benzylidene)-3-methyl-2-thio-4-thiazolidinone, which has a
vinyl proton at H 7.75 ppm (300 MHz, CDCl;)* and 5-

Scheme 3. Synthesis of 5-((Z)-arylidene-3-(2',3’,4’,6’-tetra-O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thiazolidinones (11a—f)
and 5-((Z)-arylidene-3-(f-p-glucopyranosyl)-2-thioxo-4-thiazolidinones (12a—f)
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((Z)-benzylidene)-3-(2',3',4',6'-tetra-O-acetyl-f-D-mannopyr-
anosyl)-2-thioxo-4-thiazolidinone whose vinyl proton appears
at 8y 7.69 ppm,'® while the coupling constant J,., for the
diaxil interaction is 9.40 Hz for the anomeric proton 1'-H of
the glucopyranosyl moiety, which provides a doublet at 6y; 6.35
ppm. A f-glucopyranosyl anomer is characterized by this high
coupling constant.”™*” The spectrum of compound 1la
obtained by *C NMR (300 MHz, CDCl,) showed a singlet at
Oc 1659 and 194.1 ppm, which was attributable to the
carbonyl group at C-4 and the thiocarbonyl group at C-2,
respectively. These observations are also supported by the '*C
NMR (CDCl,) spectra of 5-((Z)-hexylidene-4-oxo-2-thioxo-
thiazolidinyl)-acetic acid.’® Also, these findings are consistent
with the S-((Z)-hexylidene-4-oxo-2-thioxothiazolidinyl)-acetic
acid *C NMR (CDCl,) spectrum,®’ where the presence of N-
glycosylation is shown by the carbonyl group at C-4 appearing
at 8¢ 165.7 ppm and the thiocarbonyl group at C-2 appearing
at 6¢ 194.8 ppm (Scheme 3).

3. MOLECULAR MODELING DETAILS

The molecular structures of the substances under examination
were optimized using density functional theory (DFT), and
Beck’s three parameter exchange functional, the Lee—Yang—
Parr nonlocal correlation functional (B3LYP), as well as the
basis set 6-31+G(d,p), are both implemented in the software
program Gaussian 09.°>7%* The DFT/B3LYP combination was
used to calculate an estimate of the molecular characteristics
associated with molecular reactivity. The following relation-
ships affected the molecular properties, such as the occupied
highest molecular orbital (HOMO), the unoccupied lowest
molecular orbital (LUMO), hardness, electronegativity,
ionization potential, and electron affinity:

A= —Eymo H==—x

I'=-Eyomo

_ (Egomo + Erumo)
2

_ (Erumo + Enomo)
2

n

The softness is the opposite of hardness, 6: ¢ = 1/5.

3.1. Quantum Chemical Details. Many molecular
parameters contribute to the description of reactivity; shape
and binding properties of whole molecules, molecular
fragments, and substituents can all be specified using quantum
chemistry techniques and molecular modeling tools. The
impact of structural factors on the biological activity of several
researched substances was examined using quantum chemical
calculations. The computations proved that the researched
organic molecules’ geometrical structures are not planned. In
order to start our computations, we compared the stability of
the compounds under investigation in both their Z- and E-
forms. The computations showed that the investigated
compounds are 0.009 to 0.051 au more stable in the Z-form
than the E-form for all the molecules we examined, which is in
good accord with the experimental data. Thus, we performed
DFT calculations on the stable Z-form structures of each
molecule.

3.2. Compound 11a vs 12a. Figure 2 displays the
calculated molecular structures of the substances studied,
which are optimized for minimal energy. The calculations were
done to investigate the effect of replacing the 2-acetoxy methyl
groups, 11a, by 2-hydroxymethyl groups, 12a, on the biological

12f 8

Figure 2. Computationally optimized molecular structures of the
inhibitors under study.

activity of the S-benzylidene-2-thioxothiazoline-4-one com-
pound. In summary, the presence of 2-hydroxymethyl groups
was proven to improve the reactivity of the inhibitor, 12a, with
respect to the 1la molecule using the quantum chemical
parameters acquired from the calculations.

According to the frontier molecular orbital (FMO) theory,
chemical reactivity is determined by the interplay between the
HOMO and LUMO levels of the interacting species. The
electron-donating ability of a molecule is represented by the
Enomo symbol, and the electron-accepting ability is repre-
sented by the Ejyyo symbol. Ejyyo is proportional to the
molecule’s receptivity to accepting electrons. Increases in
Eyomo value for an inhibitor correlate with enhanced

https://doi.org/10.1021/acsomega.3c00641
ACS Omega 2023, 8, 13300—-13314
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Table 1. Quantum Chemical Parameters of the Studied Compounds as Determined Using DFT/B3LYP/6-31+G(d)

Compound HOMO (au) LUMO (au) AE (au) Dipole (D)
11a —0.243 —-0.111 0.132 6.561
11b —-0.227 —0.103 0.124 11.522
11c —0.252 —-0.124 0.128 4.372
1le —0.223 —0.100 0.123 10.464
11f —0.227 —0.108 0.122 12.869
12a —0.237 —0.109 0.128 2.886
12b —0.215 —0.095 0.120 11.142
12¢ —0.241 —-0.123 0.118 0.835
12e —0.214 —0.087 0.127 6.127
12f —0.222 —-0.097 0.125 6.209
8 —-0.212 —0.062 0.150 2.740

IP (au) EA (au) 7 (au) o (au?) u (au) x (au) E, (au)
0.243 0.111 0.066 15.152 -0.177 0.177 —2519.564
0.227 0.103 0.062 16.129 —0.165 0.165 —2633.447
0.252 0.124 0.064 15.625 —0.188 0.188 —3434.345
0.223 0.100 0.062 16.129 —0.162 0.162 —2707.003
0.227 0.105 0.061 16.393 —0.166 0.166 —2746.138
0.237 0.109 0.064 15.625 -0.173 0.173 —1912.264
0.215 0.095 0.060 16.666 —0.155 0.155 —2026.143
0.241 0.123 0.059 16.949 —0.182 0.182 —2827.046
0.214 0.087 0.064 15.625 —0.151 0.151 —2138.854
0222 0.097 0.063 15.873 —0.159 0.159 —2099.756
0.212 0.062 0.075 13.333 —0.137 0.137 —1325.641

inhibition because the inhibitor is better able to supply
electrons to the metal surface’s unoccupied d-orbital.

When comparing the reactivity between compounds 1la
and 12a, the insertion of the hydroxymethyl substituent
increases the energy of the HOMO of 12a inhibitor by 0.006
au, which indicates that this substance has a higher degree of
reactivity than 11a (Table 1), since it has the potential to
behave as an electron donor in chemical reactions. In addition,
the HOMO—-LUMO energy gap, AE, is used to create
theoretical models that explain the structure and conforma-
tional barriers of many different molecular systems. The
smaller the value of AE is, the more probable it is that the
compound has inhibition efficiency. The calculations showed
that inhibitor 12a has a smaller AE (0.128 au) than that of 11a
inhibitor (0.132 au), which is most likely accountable for
increasing the biological activity for 12a compound compared
to inhibitor 11a, Table 1. The structure was discussed and
justified with reference to the dipole moment, D, the first
derivative of the energy with respect to an applied electric field.
D correlates positively with inhibitory effectiveness. This was
shown from the decrease of the dipole moment of compound
12a (2.886 D) with respect to that of compound 11a (6.563
D), Table 1. The absolute hardness and softness of a molecule
are useful quantities for gauging its stability and reactivity. An
energetic gap is larger for hard molecules and narrower for soft
ones. Since soft molecules may readily donate electrons to an
acceptor, they are considered to be more reactive than their
rigid counterparts. In a biological system, the inhibitor acts as a
Lewis base, while the enzyme as a Lewis acid, . Compared to
11a, whose softness and electronegativity are both 15.152 au™
and 0.177 au, 12a inhibitor’s softness and electronegativity are
both 15.625 au™" and 0.173 au, respectively, which may explain
the organism’s enhanced biological activity, Table 1.

Accordingly, we could expect from the above results
obtained from the calculations that 12a inhibitor has a higher
reactivity than 1la which means that it could be more
biologically active.

3.3. Compounds 11b,c vs 12b,c. Experimentally, it was
found that the insertion of methoxy- and dichloro- groups on
the S-(cyclohexa-1,5-dien-1-ylmethylene)-2-thiooxothiazoli-
dine-4-one moiety decreases the biological activity in the
case of 2-(acetoxymethyl)-6-(S-benzylidene)-4-oxo-2-thioxo-
thiazloidin-3-yl) tetrahydro-2H-pyran-3,4,S-triacetate, inhibi-
tors 11b,c, while it increases in the case of S-(benzylidene)-
2-thioxo-3,4,5-(trihydroxymethyl)tetrahydro-2H-pyran-2-yl)-
thiazolidine-4-one, inhibitors 12b,c. This was confirmed from
reducing HOMO energy for compounds 11b,c (—0.227 and
—0.252 au) while increasing the HOMO energy for inhibitors

13304

12b and 12¢ (—0.215 and —0.241 au) , Table 1, which means
increasing the ability of 12b,c compounds to act as
nucleophiles on interaction with enzyme and accordingly
increases their reactivity compared with that of compounds
11b,c. This is in good agreement with the experimental
observations. Also, the energy gap, AE, between HOMO—
LUMO could be responsible for decreasing the reactivity for
compounds 11b,c, with respect to 12b,c compounds. Higher
AE values for compounds 11b,c (0.124 and 0.128 au) were
shown compared to those for 12b,c compounds (0.120 and
0.118 au) , which agrees well with experimental observations.

Meanwhile, decreasing the softness of compounds 11b,c
(16.129 and 15.625 au™') could increase their stabilities and
accordingly decrease the biological activity compared to
increasing the reactivity for compounds 12b,c due to an
increase in the softness (16.666 and 16.949 au™). In addition,
decreasing the reactivity for compounds 11b,c could be due to
increasing their electronegativity (0.165 and 0.188 au), more
than those of compounds 12b,c (0.155 and 0.182 au), Table 1.

We could conclude from the preceding discussion that the
reactivity of S-(benzylidene)-2-thioxo-3,4,5-
(trihydroxymethyl)tetrahydro-2H-pyran-2-yl)thiazolidine-4-
one, with methoxy and dichloro groups, 12b,c, is higher than
that of 2-(acetoxymethyl)-6-(S-benzylidene)-4-oxo-2-thioxo-
thiazloidin-3-yl)tetrahydro-2H-pyran-3,4,5-triacetate com-
pounds, 11b,c, which agrees well with the experimental
findings.

Comparing the effects of substituents in the same nucleus, 2-
(acetoxymethyl)-6-(S-benzylidene )-4-oxo-2-thioxothiazloidin-
3-yl) tetrahydro-2H-pyran-3,4,5-triacetate, inhibitor 1la, on
the biological activity was also studied using DFT calculations.
It could be seen experimentally that the presence of the
methoxy group, compound 11b, increased the biological
activity more than that of dichloro- groups, compound 1lc.
This could probably be due to decreasing the chemical
potential, IP, the energy gap, AE, and the electronegativity, ¥,
and increasing the softness, 6, and dipole moment, Table 1. By
contrast, the dichloro- group in the case S-(benzylidene)-2-
thioxo-3,4,5-(trihydroxymethyl)tetrahydro-2H-pyran-2-yl)-
thiazolidine-4-one, 12a, possibly contributing to an increase
the reactivity with relation to the effect of the methoxy group.
This was shown from the decreasing the energy difference
between HOMO-LUMO, AE, dipole moment, D, and
increasing the energy of LUMO, softness, and electro-
negativity, Table 1, which is in good agreement with
experimental observation.

3.4. Compounds 11e,f vs 12e,f. In contrast to the above
results, the substituted 2-(acetoxymethyl)-6-(S-benzylidene)-4-
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oxo-2-thioxothiazloidin-3-yl)tetrahydro-2H-pyran-3,4,5-triace-
tate with 1,3-dioxolane and 1,4-dioxane, 1le and 11f,
respectively, showed higher biological activity than the
substituted S-(benzylidene)-2-thioxo-3,4,5-
(trihydroxymethyl)tetrahydro-2H-pyran-2-yl)thiazolidine-4-
one, 12e and 12f. This could be due to decreasing energy of
LUMO for 11e,f (—0.100 and —0.105 au) more than that of
12e,f (—0.087 and —0.097 au). This means that compounds
11e,f have a greater tendency to accept electrons from enzymes
than 12e,f which leads to an increase in their reactivity
compared to 12e,(f inhibitors. Also, the more reactive
compounds, 1le,f, have lower AE values (0.123 and 0.122
au) than those of 12ef inhibitors (0.127 and 0.125 au).
Meanwhile, increasing the dipole moment (10.464, 12.869 D),
softness (16.129 and 16.393 au™') and chemical potentials
(—0.162 and —0.166 au) for inhibitors 11e,f, Table 1, could be
responsible for increasing their reactivities which is in a good
agreement with experimental observations.

We could conclude from the above discussion that the
reactivity of 2-(acetoxymethyl)-6-(5-benzylidene)-4-oxo-2-thi-
oxothiazloidin-3-yl)tetrahydro-2H-pyran-3,4,5-triacetate with
1,3-dioxolane and 1,4-dioxane substituents, 1le,f is higher
than that of compounds S$-(benzylidene)-2-thioxo-3,4,5-
(trihydroxymethyl)tetrahydro-2H-pyran-2-yl)thiazolidine-4-
one, 12e,f, which is congruent with the experimental data.

To compare the effects of 1,4-dioxolane and 1,4-dioxane
substituents on the reactivity of inhibitors 11e,f and 12e,f, we
observed that the 1,4-dioxane substituent increased the
reactivity of inhibitors 11f and 12f more than that of 1,3-
dioxolane in inhibitors 11e and 12e. This could be shown from
the decreasing energy of LUMO, AE, and increasing dipole
moment, softness, and chemical potential for inhibitors 11f
and 12f over those of 11e and 12e, Table 1, which agrees well
with experimental results.

3.5. Frontier Molecular Orbitals FMO. The way a
molecule interacts with other molecules is influenced by the
widely used quantum chemistry characteristics known as the
HOMO and LUMO levels. Figures 2 and 3 display the charge
density distribution at the HOMO and LUMO levels for the
compounds under investigation. The investigated compounds,
11a—f, demonstrated that the HOMO levels, which could
react with the biological target as a nucleophile “hydrogen
bond acceptor”, are just primarily localized on the lone-pairs of
sulfur, nitrogen, and oxygen atoms of the thioxothiazolidine
moiety and with charge density as C—C character on the
benzylidene moiety, with the exception of compounds 11b and
11c with methoxy and dichoro substituents with localization
on thioxothiazolidine moiety only. All compounds under
investigation have sugar moieties, yet they have no effect on
the HOMO level. The benzylidene-2-thioxothiazolidine
moiety with 7% character is where the majority of the
LUMO level is located, which can react with the biological
target as an electrophile “hydrogen bond donor”. Figure 3
shows that the sugar moiety has no effect on the HOMO and
LUMO levels. Calculations revealed that charge transfer from
nucleophilic sites to electrophilic regions of the same
molecules is possible. However, it was discovered that the
HOMO level in compound 12a is primarily restricted to the
sugar moiety. By contrast, for compounds 12b—f, it is primarily
focused on the entire molecule, with the exception of the sugar
moiety, and is contributed by lone pairs of S, N, and O atoms
as well as a charge density of # C—C character. Delocalization

HOMO

b;

9

Figure 3. Charge distribution for the HOMO, LUMO, and MEP for
compounds 11a—f.

of the LUMO level occurs over the whole molecule except for
sugar moiety for 12b—f, Figure 4.

As a result of FMOs, it was determined that the effect of
substituents on the benzylidene moiety is crucial for increasing
the affinities of the tested compounds for the target enzymes.

3.6. Molecular Electrostatic Potential (MEP—MAPS).
The molecular electrostatic potential (MEP), at which it is
connected to the electronic thickness, is one of the most
significant and helpful descriptors that are used to understand
the regions for electrophilic assault and nucleophilic reactions.
The B3LYP method and the basis set of 6-31G (d,p) were
used to compute the molecular electrostatic potentials in
optimal geometry in order to estimate the enzyme’s reactive
areas for electrophilic and nucleophilic assaults. Different
colors, such as red, orange, yellow, green, and blue, show
different levels of the electrostatic potential on the surface. The
possible increases are indicated by the colors red, orange,
yellow, green, and blue. As shown in Figures 3 and 4, positive
regions (blue) are related with nucleophilic reactivity, while
negative areas (red and yellow) are associated with electro-
philic reactivity.

The electrophilic reactivity sites are represented by red color
regions of MEP, and the nucleophilic reactivity ones are
represented by blue color. The negative charge (electrophilic
attack sites) covers the thioxothiazolidine moiety of the
investigated compounds, while the positive regions are above
the benzylidine moiety. The MEP plots can shed light on the
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Figure 4. Charge distribution for the HOMO, LUMO, and MEP for
compounds 12a—f.

electrostatic interaction forces between the probed molecules
and the biological target.

3.7. Compound 8: 3-(piperidin-1-ylmethyl)-2-thioxo-
thiazolidin-4-one. Molecular modeling calculations were
done to see the correlation between quantum chemical
parameters and biological activity of 3-(piperidin-1-ylmeth-
yl)-2-thioxothiazolidin-4-one, inhibitor 8. The optimized
molecular structure with minimum energy obtained from the
calculations of the investigated compound 8 is shown in Figure
2. Experimental results and computed quantum characteristics
both showed that inhibitor 8, 3-(piperidin-1-ylmethyl)-2-
thioxothiazolidin-4-one, was biologically inactive. The calcu-
lations showed that compound 8 has a low HOMO (—0.212
au) and a high LUMO (0.062 au), which increase the
difference between HOMO—LUMO to be the highest energy
gap, AE (0.150 au), among the other investigated inhibitors,
Figure 5. This means increases its stability and accordingly
becomes biologically inactive, which is consistent with
experimental findings, Table 1. There is a good correlation
between dipole moment and inhibition efliciency. The lower
the dipole moment, the higher the stability of the molecule,
and accordingly it is biologically inactive. This was shown from
decreasing the dipole moment of compound 8 (2.740 D).
Absolute hardness, 7, and softness, 0, are functions of the
stability of a molecule. Since soft molecules may readily donate
electrons to an acceptor, they are more reactive than their rigid
counterparts. In a biological system, the inhibitor acts as a
Lewis base while the enzyme as a Lewis acid. The decreasing

T

AE =0.150 au

Figure S. Optimized molecular structures and charge density
distributions (HOMO and LUMO) for the compound 8.

the softness and chemical potential of inhibitor 8 (13.333 au™,

and —0.137 au) could be responsible for decreasing its
biological activity, Table 1, which agrees well with the
experimental observations.

The MTT assay was used to test the synthetic compounds
for cytotoxicity against breast, liver, and lung cancer cells. IC,
values for cytotoxicity against MCF-7, hepG2, and A549 cells
are shown in Table 2, indicating that most of these compounds
are promising. Interestingly, compared to Dox (7.67, 8.28, 6.62
uM), compounds 1la, 12b, and 12f displayed significant
cytotoxicity with ICs, values of (3.7, 8.2, 9.8 uM), (3.1, 13.7,
21.8 uM), and (7.17, 2.2, 4.5 uM), respectively. The
compounds with ICy, values above 50 were found to be
inactive. Accordingly, the molecular target and apoptotic
activity of compounds 11a, 12b, and 12f were studied.

Investigating the cytotoxicity of the most cytotoxic
compound 12f against normal breast MCF-10A, liver
THLE2, and lung WISH cells. As seen in Figure 6, compound
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Table 2. IC;, values of the tested compounds against MCEF-
7, HepG2, and A549 cell lines using the MTT assay”

ICsy (4M £ SD%)

Code MCE-7 HepG2 A549
8 ND 459 + 1.32 ND
1la 3.7 £0.13 8.2 + 0.14 9.8 £ 0.11
11b 11.7 + 0.24 12.2 + 0.46 18.7 + 1.04
11c 16.7 + 0.33 4.7 £ 0.11 ND
1le 7.2 + 0.14 ND 10.1 + 0.21
11f 6.1 + 0.16 11.3 + 0.37 17.1 £ 043
12b 3.1 +£0.11 13.7 + 0.39 21.8 + 0.62
12¢ 13.7 £ 0.15 12.1 + 0.16 11.3 + 0.42
12e 21.1 + 0.56 23.7 +£ 0.36 ND
12f 7.17 £ 0.16 22 +0.11 45 £ 0.16
Doxorubicin 7.67 + 0.12 8.28 + 045 6.62 + 0.24

“Values are expressed as Mean + SD of three independent values. ND
= Not Determined.
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Figure 6. Percentage of cell viability compared to control versus
concentration [0.01—100 yM] using the MTT assay. The ICs, values
for the cytotoxicity of compound 12f against normal cells were not
determined.

12f exhibited low cytotoxicity having cell viability of nearly
75% at the highest concentration [100 pM]. Hence, this
compound was noncytotoxic against the normal cells.

4. TOPO Il AND DNA INTERCALATION ASSAY

Mechanistic studies were highlighted by testing the Topo II
and DNA intercalation activities of the most cytotoxic
compounds against HepG2 cells, 11a, 12b, and 12f
Interestingly, compared to Dox (ICs, = 9.65 and 31.27 uM),
compound 12f demonstrated IC, values of 7.3 and 18.2 uM
for dual Topo II and DNA intercalation activities, respectively
(Table 3). The ICs, values for compounds 11a and 12b were
7.6 and 9.2 uM for Topo II and 31.6 and 32.4 uM for DNA
intercalation, respectively, demonstrating promising inhibitory
activity. As a result, the possibility of apoptotic cell death in
HepG2 cells was further explored using compound 12f.

4.1. Apoptotic Investigation 12f against HepG2 Cells.
The apoptotic activity of compound 12f (ICy, = 0.22 uM, 48

Table 3. Compound IC,, Values for DNA Intercalation and
Topo II Inhibition

ICy [#M] + SD*

DNA intercalation

Compound Topoisomerase DNA/methyl green
1la 7.6 + 024 31.6 + 0.96
12b 9.2 + 0.14 324 + 1.01
12f 7.3 +0.13 182 + 0.31
Doxorubicin 9.65 + 0.19 31.27 + 1.02

“Values are expressed as average of three independent replicates. ICs,
values were calculated using sigmoidal nonlinear regression curve fit
of percentage inhibition against five concentrations of each
compound.

h) was determined by analyzing apoptotic cell death in
untreated and treated HepG2 cells using flow cytometric
evaluation of Annexin V/PI staining. Figure 7A indicated that
compound 12f increased apoptotic cell death in HepG2 cells
by 65.6-fold. It caused total apoptosis by 44.65% (29.13% for
early apoptosis, 15.52% for late apoptosis) compared to the
untreated control group (0.68%). Following cytotoxic treat-
ment, DNA flow cytometry was used to quantify the
percentage of cells in each phase of the cell cycle. As seen in
Figure 7B, the percentage of cells in the G2/M-phase was
34.51% higher in the compound 12f group than in the control
group, which was 22.13%; there was no obvious increase in
Gl-phase cells and a decrease in S-phase cells. Therefore, 12f
caused apoptosis in HepG2 cells, stopping their growth at the
G2/M-phase checkpoint.

4.2. RT-PCR of Apoptosis-Inducing Agents 12f
Against HepG2 Cells. Gene expression levels of P53, Bax,
caspase-3,8,9, and Bcl-2, which mediate apoptosis, were
examined using RT-PCR in both untreated and treated
HepG2 cells to verify the apoptotic cell death observed after
treatment with compound 12f. As seen in Table 4, compound
12f induced a 9.53-, 8.9-, 4.16-, 1.13-, and 8.4-fold change in
P53, Bax, caspase-3,8,9 proapoptotic genes while inhibiting
Bcl-2 expression by 0.13-fold. Thus, these results suggested
that compound 12f treatment induced cell death mostly via the
intrinsic pathway, rather than the extrinsic one, and that this
was the cause of the observed apoptosis.

4.3. Molecular Docking. As inhibitors of topoisomerase II
enzymes are commonly used as effective anticancer medi-
cations, a molecular docking research study was conducted to
shed insight on the mechanism of binding of the promising
chemical 12f against these enzymes. As can be seen in Figure 8,
compound 12f binds to the proteins active amino acids, Asp
479, Arg 820, Lys 456, and Ser 480, and interacts with the
ligand receptor. Docking analysis showed that compound 12f
produced strong binding affinity with a binding energy of
—12.57 kcal/mol; it formed three H-bonds with Asp 479 as key
amino acids through the —OH group with bond lengths of
1.61, 271, and 1.3 A.

5. CONCLUSION

We successfully completed the synthesis of 3-(2',3',4",6-tetra-
O-acetyl-f3-p-glucopyranosyl)-2-thioxo-4-thiazolidinone (4), 2-
(2,3 4,6’ -tetra-O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thia-
zolidinone (5), 3-(f-p-glucopyranosyl)-2-thioxo-4-thiazolidi-
nones (6), and their corresponding S-(Z)-arylidene derivatives
(11a—f and 12a—f). NMR spectroscopy was used to determine
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Figure 7. A. Cryptographs of annexin-V/propidium iodide staining of untreated and 12f-treated HepG2 cells with the IC, values, 48 h, Q1-UL
(necrosis, AV-/PI+), Q1-UR (late apoptotic cells, AV+/PI+), Ql-LL (normal cells, AV-/PI-), and Q1-LR (early apoptotic cells, AV+/PI-). B.
Percentage of cell population at each cell cycle GO-G1, S, G2/M, and Pre-G1 using DNA content-flow cytometry aided cell cycle analysis.

Table 4. Relative Expression of Genes Involved in Apoptosis in Untreated and Treated HepG2 Cells”

Fold Change = 2744¢T

Pro-apoptotic gene Anti-apoptotic gene
Sample PS3 Bax Casp-3 Casp-8 Casp-9 Bcl-2
12f-treated HCT-116 9.53 + 0.98 8.94 + 0.87 4.16 £ 0.7 113 £ 0.21 84 £ 07 0.13 = 0.01
Untreated HepG2 1

“Values are expressed as Mean + SD of three independent replicates. Data were normalized using f-actin as housekeeping gene.

Intriguingly, compounds 12f showed promising cytotoxicity
against MCF-7, HepG2, and AS549 cells, with ICs, values of
7.17, 2.2, and 4.5 uM, respectively, compared to Dox 7.67,
8.28, and 6.62 M. When compared to Dox, compounds 12f
showed topoisomerase II inhibition and DNA intercalation,
with ICs, values of 7.3 and 18.2 uM, respectively. Moreover,
treatment with compound 12f greatly increased the rate of
apoptosis in HepG2 cells by 65.6-fold, halting the cell cycle
during the G2/M phase. As a result, topoisomerase II and
DNA intercalation in glucosylated rhodanines may serve as
attractive therapeutic candidates for the treatment of cancer.

Figure 8. Binding disposition and interactive mode of the docked
compound 12f inside the topoisomeasre II (PDB = 3QX3). 6. EXPERIMENTAL SECTION

6.1. Chemistry. Melting points were established using a

the structural assessments of their most stable configurations. Biichi apparatus and are uncorrected. Short UV light was used
The electrical, geometric, and stable structures of the to detect TLC on an aluminum sheet coated with silica gel 60
compounds were investigated using DFT simulations at the F254 (Merck). Using a Pye Unicam spectrometer 1000, IR
B3LYP/6-31+G (d,p) level. The calculated quantum chemical spectra were collected for potassium bromide pellets. Using
parameters and the experimental findings were well correlated. TMS as an internal standard, the 'H NMR and *C NMR
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spectra were measured on Bruker Advance DPX 300 MHz
spectrometers in DMSO-dg or CDCl;. Chemical shifts are
reported in ppm, while J values are given in Hz. A Carlo Erba
1106 C,H,N Elemental Analyzer was used to collect analytical
data. EI used a Varian MAT 112 spectrometer to record the
mass spectra, while FAB used a Kratos MS spectrometer.

General Procedures for the Synthesizing 4 and 5. At room
temperature, thodanine (1) (665 mg, S mmol) was dissolved
in anhydrous MeCN (S mL). The mixture was stirred for 30
min at room temperature after NaH was added (50%, 0.26 g, S
mmol) to this suspension. After 15 min, when the mixture was
clear, 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (3)
(2.26 g, 5.50 mmol) was added. The mixture was then stirred
for 12 h at room temperature until the starting material was
consumed (TLC). The reaction mixture was diluted with 200
mL of CH,Cl,, washed with 200 mL of cold, saturated,
aqueous NaHCO;, and then dried over anhydrous Na,SO,.
The mixture was concentrated under vacuum, and the residue
was removed using flash chromatography (eluent: 10—50%
ether/petroleum ether, 40—60 0C), yielding 4 and S. The
structural attribution of these compounds 4 and 5 was fully
supported by physical and spectral data (Supporting
Information).

General Procedures for the Synthesis of 3-(Piperidin-1-
ylmethyl)-2-thioxothiazolidin-4-one (8). Anhydrous ethanol
(5 mL), piperidine (85 mg, 1 mmol), aqueous formaldehyde
(0.1 mL), and rhodanine (1) (665 mg, 5 mmol) were mixed
and stirred for 12 h at room temperature until the starting
material was consumed (TLC). Filtration was used to collect
the separated solid, and it was then recrystallized from the
ethanol to produce 184 mg (80%) of 8 as a yellow solid; mp
248-250 °C; IR, KBr (ecm™): 1734 (CO), 1230 (CS); 'H
NMR (300 MHz, CDCL,, &, ppm): 1.32 (1H, q, ] = 4.8 Hz, 4"-
H), 145 (4H, q, ] = 4.7 Hz, 3'-H, §'-H), 2.45 (4H, t, ] = 4.7
Hz, 2'-H, 6'-H), 4.25 (2H, s, 5-H), 4.38 (2H, s, NCH,N); *C
NMR (300 MHz, CDCl,, §, ppm): 23.92, 25.70, 37.28, 51.44,
65.26, 174.12, 201.98; EI ms: m/z = 230 (M"); anal. calcd. for
CH,,N,0,S, (230.34): C = 46.93; H, 6.13, N = 12.16; found:
C =46.98 H = 5.82, N = 12.03.

General Procedures for the Synthesis of 11a—f. The
protected nucleoside 6 (463 mg, 1 mmol) was combined with
the appropriate aromatic aldehydes 10a—f, anhydrous morpho-
line (0.09 g, 1 mmol), and anhydrous EtOH (10 mL). After 12
h of stirring at room temperature, the mixture was neutralized
with HCl/MeOH. The mixture was filtered after five minutes
of stirring. The filtrate was evaporated under vacuum, and the
remaining material was then cleaned using flash chromatog-
raphy (eluent 10—50%, ether/petroleum ether, 40—60 °C),
yielding the products 11a—f as yellow solids.

5-((2)-Benzylidene)-3-(2',3',4',6’-tetra-O-acetyl-f-p-gluco-
pyranosyl)-2-thioxo-4-thiazolidinone (11a). This compound
has mp 194—196 °C; yield 0.50 (92%) (lit.,*> mp 192—194 °C,
yield 79%); IR, KBr (cm™): 1750 (C), 1746 (CO), 1225
(CS); 'H NMR (300 MHz, CDCL,, 5, ppm): 1.94, 2.04, 2.07,
2.11 (12H, 4s, 4Ac), 3.87-3.92 (1H, m, 5'-H), 4.22—4.90
(2H, m, 6'-H, 6”-H), 5.29 (1H, dd, ] = 9.8, 9.8 Hz, 4'-H), 5.40
(1H, dd, ] = 9.4, 9.4 Hz, 2'-H), 6.14 (1H, dd, ] = 9.2, 9.2 Hz,
3'-H), 6.35 (1H, d, ] = 9.4 Hz, 1’-H), 7.48 (5H, m, SH, Ar—
H), 7.73 (1H, s, =CH); *C NMR (300 MHz, CDCl,, §,
ppm): 20.40, 20.60, 20.64, 20.78, 61.68, 67.76, 67.81, 73.26,
74.87, 81.80, 120.48, 125.89, 129.35, 129.37, 130.71, 130.97,
133.10, 165.89, 169.46, 169.66, 170.17, 170.75, 194.12; EI ms:
m/z = 551 (M"); anal. caled. for C,,H,sNO S, (551.59): C =

5226, H = 4.57, N = 2.54; found: C = 52.40, H = 4.78, N =
2.3S.
5-((2)-(4-Methoxybenzylidene)-3-(2',3',4',6'-tetra-O-ace-
tyl-p-p-glucopyranosyl)-2-thioxo-4-thiazolidinone (11b).
This compound has mp 231-233 °C; yield 0.44 g (76%);
IR, KBr (em™): 1752 (CO), 1747 (CO), 1236 (CS); 'H
NMR (300 MHz, CDCl,, 6, ppm): 1.94, 2.05, 2.07, 2.10 (12H,
4s, 4Ac), 3.87 (4H, m, OCH,, 5'-H), 4.18—4.29 2H, (2H, m,
6'-H, 6"-H), 529 (1H, dd, ] = 9.7, 9.7 Hz, 4'-H), 5.39 (1H,
dd, J =9.3,9.3 Hz, 2'-H), 6.16 (1H, dd, ] = 9.2, 9.2 Hz, 3’-H),
6.35 (1H, d, ] = 9.4 Hz, 1’-H), 7.00, 7.44 (4H, 2d, ] = 9.5 Hz,
4H, Ar—H), 7.68 (1H, s, =CH); 3C NMR (300 MHz,
CDCl,, 8, ppm): 20.42, 20.61, 20.64, 20.78, 55.54, 61.67,
67.74, 73.29, 74.80, 81.76, 114.92, 117.27, 125.78, 132.89,
134.20, 161.84, 166.04, 169.43, 169.58, 170.14, 170.71,
194.11; EI ms: m/z = 581 (M%); anal. caled. for
C,sH,,NO,,S, (581.61): C = 51.63, H = 4.68, N = 2.41;
found: C = 51.74, H = 4.90, N = 2.36.
5-((Z)-(2,4-Dichlorobenzylidene)-3-(2',3',4’,6'-tetra-O-
acetyl-f-p-glucopyranosyl)-2-thioxo-4-thiazolidinone (11c).
This compound has mp 230—232 °C; yield 0.54 g (87%); IR,
KBr (cm™): 1754 (CO), 1746 (CO), 1230 (CS); 'H NMR
(300 MHz, CDCl,, 6, ppm): 1.92, 2.04, 2.08, 2.12 (12H, 4s,
4Ac), 3.86 (1H, m, 5'-H), 4.17-4.30 (2H, m, 6'-H, 6”"-H),
5.28 (1H, dd, ] = 9.6, 9.6 Hz, 4-H), 5.37 (1H, dd, ] = 9.4, 9.4
Hz, 2'-H), 6.17 (1H, dd, ] = 9.3, 9.2 Hz, 3’-H), 6.36 (1H, d, |
= 9.5 Hz, 1'-H), 7.24, 7.60 (3H, m, Ar—H), 7.68 (1H, s, =
CH); EI ms: m/z = 620 (M"); anal. calcd. for
CyH,;,CLNO, (S, (620.48): C = 46.46, H = 3.74, N = 2.26;
found: C = 46.61, H = 3.90, N = 2.18.
5-((2)-(2-Hydroxy-3-methoxybenzylidene)-3-(2',3',4',6'-
tetra-O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thiazolidi-
none (11d). This compound was separated as yellow foams;
yield 0.52 g (86%); IR, KBr (cm™): 1752 (CO), 1746 (CO),
1240 (CO); 'H NMR (300 MHz, CDCl,, , ppm): 1.96, 2.02,
2.07, 2.18 (12H, 4s, 4Ac), 3.86 (3H, s, OCH;), 4.12—4.32
(3H, m, 5’-H, 6’-H, 6"-H), 5.26 (1H, dd, ] = 9.7, 9.90 Hz, 4'-
H), 5.52 (1H, dd, ] = 9.5, 9.6 Hz, 2-H), 6.29 (1H, dd, ] = 9.4,
9.6 Hz, 3'-H), 6.33 (1H, d, ] = 9.6 Hz, 1’-H), 6.52 (1H, s,
OH), 6.90 (3H, m, Ar—H), 8.16 (1H, s, =CH); EI ms: m/z =
597 (M"); anal. calcd. for C,4H,,NO,,S, (597.61): C = 50.24,
H = 4.55, N = 2.34; found: C = 50.48, H = 4.86, N = 2.21.
5-((2)-(3,4-Methylenedioxybenzylidene)-3-(2’,3',4',6'-
tetra-O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thiazolidi-
none (11e). This compound has mp 196—198 °C; yield 0.56 g
(94%); (lit,** mp 194—196 °C, yield 78%); IR, KBr (cm™):
1750 (CO), 1746 (CO), 1226 (CS); 'H NMR (300 MHz,
CDCl,, 8, ppm): 1.94, 2.04, 2.07, 2.10 (12H, 4s, 4Ac), 3.88
(1H, m, 5'-H), 4.12—4.25 (2H, m, 6'-H, 6"-H), 5.28 (1H, dd,
J =9.7,9.7 Hz, 4-H), 5.39 (1H, dd, ] = 9.4, 9.4 Hz, 2’-H),
6.06 (2H, s, OCH,0), 6.15 (1H, dd, ] = 9.2, 9.2 Hz, 3’-H),
6.34 (1H, d, ] = 9.4 Hz, 1'-H), 6.89—7.05 (3H, m, Ar—H),
7.60 (1H, s, =CH); *C NMR (300 MHz, CDCl,, §, ppm):
20.40, 20.52, 20.60, 20.76, 61.70, 67.81, 73.32, 74.87, 81.82,
102.09, 109.23, 109.36, 118.01, 127.46, 127.61, 134.14, 148.75,
150.24, 165.97, 169.42, 169.59, 170.13, 170.69, 193.87; EI ms:
m/z = 595 (M"); anal. caled. for C,sH,sNO4,S, (595.60): C =
50.41; H = 4.23, N = 2.35; found: C = 50.60, H = 4.52, N =
2.24.
5-((2)-(3,4-Ethylenedioxybenzylidene)-3-(2',3',4',6'-tetra-
O-acetyl-f-p-glucopyranosyl)-2-thioxo-4-thiazolidinone
(11f). This compound was separated as yellow foams; yields
0.54 g (88%); IR, KBr (cm™): 1750 (CO), 1744 (CO), 1232
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(CS); "H NMR (300 MHz, CDCL,, &, ppm): 1.94, 2.04, 2.06,
2.10 (12H, 4s, 4Ac), 3.87 (1H, m, §’-H), 4.22—4.33 (6H, m,
6'-H, 6”-H, 2 OCH,), 528 (1H, dd, J = 9.7, 9.7 Hz, 4'-H),
5.38 (1H, dd, ] = 9.3, 9.3 Hz, 2’-H), 6.15 (1H, dd, ] = 9.2, 9.2
Hz, 3'-H), 6.34 (1H, d, ] = 9.4 Hz, 1’-H), 6.92—7.02 (3H, m,
Ar—H), 7.60 (1H, s, =CH); *C NMR (300 MHz, CDCl,, §,
ppm): 20.40, 20.60, 20.63, 20.77, 61.70, 64.14, 64.70, 67.80,
73.36, 74.88, 81.82, 118.13, 118.28, 119.46, 125.21, 126.70,
134.08, 144.04, 146.45, 165.97, 169.40, 169.54, 170.13,
170.69; EI ms: m/z = 609 (M%'); anal. calcd. for
CyeH,,NO,,S, (609.62): C = 5122, H = 446, N = 2.30;
found: C = 51.36, H = 4.80, N = 2.12.

General Procedures for the Synthesizing 12a—f. Method
A. At 0 °C, protected nucleosides 11a—f (1 mmol) in 15 mL of
anhydrous MeOH were stirred while NaOMe (0.06 g, 1.1
mmol) was gradually added. A further two hours at room
temperature was spent stirring the reaction mixture. The
resulting solution was then supplemented with an ion-
exchange resin (Amberlite IR-120, H+-form), which had
previously been washed with MeOH. The mixture was stirred
for five minutes, filtered, and vacuum evaporated. The
products 12a—f were obtained as yellow solids after the
residue was purified using flash chromatography (eluent:
CHCl;/MeOH, eluent: 0—5%).

5-((Z)-Benzylidene)-3-(p-p-glucopyranosyl)-2-thioxo-4-
thiazolidinone (12a). This compound has mp 153—155 °C;
yield 352 mg (92%) (lit.,”> mp 104—110 °C, yield 96%); IR,
KBr (cm™): 3390 (OH), 1717 (CO), 1230 (OH); 'H NMR
(300 MHz, DMSO-d, &, ppm): 3.13 (1H, m, 1H, 4'-H), 3.24
(3H, m, §"-H, 6'-H), 3.72 (1H, m, 1H, 3'-H), 4.40 (1H, m, 2’
H), 4.65 (1H, d, ] = 4.6 Hz, 6'—OH), 5.12 (1H, t, ] = 5.1 Hz,
4'—0H), 523 (1H, d, ] = 3.9 Hz, 3’—OH), 5.44 (1H, d, ] =
5.0 Hz, 2'—0H), 5.85 (1H, d, J = 9.1 Hz, 1’-H); *C NMR
(300 MHz, DMSO-d,, 5, ppm): 60.74, 67.45, 69.54, 76.95,
80.35, 84.74, 120.59, 131.10, 125.37, 129.55, 130.49, 132.68,
165.91, 195.36; EI ms: m/z = 383 (M"); anal. calcd. for
C¢H;NOGS, (383.44): C = 50.12, H = 4.47, N = 3.65, found:
C = 5027, H = 4.58, N = 3.60.

5-((2)-(4-Methoxybenzylidene)-3-(f-p-glucopyranosyl)-2-
thioxo-4-thiazolidinone (12b). This compound has mp 172—
174 °C; yield 359 mg (87%); IR, KBr (cm™): 3398 (OH),
1712 (CO), 1225 (CS); 'H NMR (300 MHz, DMSO-d,, §,
ppm): 3.16 (1H, m, 4'-H), 3.20—3.44 (3H, m, 5'-H, 6’-H),
3.70 (1H, m, 3’-H), 3.84 (3H, s, OCH,), 4.40 (1H, m, 2'-H),
4.64 (1H,t, J = 5.7 Hz, 6'=0OH), 5.10 (1H, t, ] = 5.3 Hz, 4 —
OH), 521 (1H, d, ] = 4.1 Hz, 3'—0OH), 5.42 (1H, t, ] = 4.1 Hz,
2'—0H), 5.85 (1H, d, ] = 9.3 Hz, 1’-H), 7.14, 7.62 (4H, 2d, |
= 8.6 Hz, Ar—H), 7.71 (1H, s, =CH); *C NMR (300 MHz,
DMSO-dg): 55.52, 60.74, 67.45, 69.52, 77.01, 80.28, 84.68,
117.21, 133.17, 115.17, 125.25, 132.90, 161.55, 166.13,
195.26; EI ms: m/z = 413 (M"); anal. calcd. for
C;,H,,NO,S, (413.47): C = 4938, H = 4.63, N = 3.39,
found: C = 49.60, H = 4.75, N = 3.32.

5-((2)-(2,4-Dichlorobenzylidene)-3-(f-p-glucopyranosyl)-
2-thioxo-4-thiazolidinone (12c). This compound has mp
186—188 °C; yield 320 mg (71%); IR, KBr (cm™): 3396
(OH), 1714 (CO), 1230 (CS); "H NMR (300 MHz, DMSO-
dg, 8, ppm): 3.15 (1H, m, 4"-H), 3.16—3.45 (3H, m, 5'-H, 6'-
H), 3.72 (1H, m, 1H, 3'-H), 4.38 (1H, m, 2’-H), 4.66 (1H, t, |
= 5.8 Hz, 6'-OH), 5.15 (1H, d, ] = 5.5 Hz, 4'-OH), 5.26 (1H,
d, ] = 49 Hz, 3’—OH), 5.47 (1H, t, ] = 4.8 Hz, 2'—0H), 5.85
(1H, d, J = 9.4 Hz, 1’-H), 7.58—7.88 (4H, m, Ar—H, = CH);
3C NMR (300 MHz, DMSO-dg, 8, ppm): 61.00, 67.61, 69.81,

77.22, 80.73, 85.02, 124.93, 125.40, 126.37, 128.54, 129.82,
130.06, 130.57, 135.58, 136.04, 165.46, 194.79; EI ms: m/z
452 (M*); anal. caled. for C,¢H;sCL,NOS, (452.33): C
42.48, H = 3.34, N = 3.10; found: C = 42.66, H = 3.50, N
3.02.

5-((2)-(2-Hydroxy-3-methoxybenzylidene)-3-(f-p-gluco-
pyranosyl)-2-thioxo-4-thiazolidinone (12d). This compound
has mp 204—206 °C; yield 352 mg (82%); IR, KBr (cm™):
3397 (OH), 1718 (CO), 1228 (CS); 'H NMR (300 MHz,
DMSO-dg + D,0, 8, ppm): 3.36—3.85 (SH, m, 4'-H, 5'-H, 6'-
H, 3'-H), 4.38 (4H, m, 2'-H, OCH,), 4.70 (1H, t, ] = 5.8 Hz,
6'—0H), 5.79 (1H, d, ] = 9.0 Hz, 1’-H), 6.95-7.11 (3H, m,
Ar—H), 7.94 (1H, s, = CH); 3C NMR 'H NMR (300 MHz,
DMSO-dg + D,0, §, ppm): 55.94, 60.35, 64.93, 68.27, 74.26,
78.92, 85.38, 114.43, 119.52, 119.78, 120.08, 120.50, 128.27,
146.81, 147.99, 165.87, 195.92; EI ms: m/z = 429 (M"); anal.
caled. for C;H;gNOgS, (429.46): C = 47.54, H = 446, N =
3.26; found: C = 47.78, H = 4.69, N = 3.17.

5-((2)-(3,4-Methylenedioxybenzylidene)-3-(f-p-glucopyra-
nosyl)-2-thioxo-4-thiazolidinone (12e). This compound has
mp 205—207 °C; yield: 367 mg (86%); IR, KBr (cm™): 3398
(OH), 1717 (CO), 1225 (CS); '"H NMR "H NMR (300 MHz,
DMSO-dy 8, ppm): 3.09 (1H, m, 4'-H), 3.12-3.43 (3H, m, 5'-
H, 6'-H), 3.72 (1H, m, 3’-H), 439 (1H, ddd, ] = 4.6, 8.9, 13.5
Hz, 2’-H), 4.64 (1H, t, ] = 4.3 Hz, 6'=0OH), 5.11 (1H, d, ] =
5.0 Hz, 4'—0OH), 5.21 (1H, s, 3'—0OH), 5.42 (1H, t, ] = 4.9 Hz,
1H, 2'—OH), 5.84 (1H, d, ] = 9.4 Hz, 1'-H), 6.15 (2H, s,
OCH,0), 7.06—7.24 (3H, m, Ar—H), 7.67 (1H, s, =CH);
3C NMR (300 MHz, DMSO-d, , ppm): 61.26, 67.84, 70.11,
77.68, 80.98, 85.18, 102.46, 109.61, 109.83, 118.33, 127.24,
127.35, 133.29, 148.63, 150.16, 166.17, 195.40; EI ms: m/z =
427 (M*); anal. calcd. for C;,H,;,NOgS, (427.45): C = 47.77,
H = 4.01, N = 3.28; found: C = 47.89, H = 4.24, N = 3.11.

5-((2)-(3,4-Ethylenedioxybenzylidene)-3-(-p-glucopyra-
nosyl)-2-thioxo-4-thiazolidinone (12f). This compound has
mp 198—200 °C; yield: 370 mg (84%); IR, KBr (cm™"): 3396
(OH), 1718 (CO), 1230 (CS); '"H NMR (300 MHz, DMSO-
ds 8, ppm): 3.14 (1H, m, 1H, 4'-H), 3.17-3.42 (3H, m, 5'-H,
6’-H), 3.69 (1H, m, 1H, 3’-H), 4.32 (4H, d, ] = 4.7 Hz,
2CH,), 4.39 (1H, ddd, ] = 5.0, 8.9, 13.7 Hz, 2/-H), 4.64 (1H, t,
J = 5.7 Hz, 6 —OH), 5.10 (1H, d, ] = 5.4 Hz, 4 —OH), 5.21
(1H, d, ] = 4.6 Hz, 1H, 3'—OH), 5.40 (1H, d, J = 4.8 Hz, 2/—
OH), 5.84 (1H, d, J = 9.3 Hz, 1-H), 7.03—7.17 (3H, m, Ar—
H), 7.65 (1H, s, 1H, =CH); *C NMR (300 MHz, DMSO-d;
8, ppm): 61.25, 64.20, 64.79, 67.82, 70.10, 77.67, 80.97, 85.16,
118.34, 118.49, 119.67, 124.72, 126.48, 133.08, 144.10, 146.55,
166.13, 195.42; EI ms: m/z = 441 (M"); anal. calcd. for
C,sH oNOgS, (441.48): C = 48.97, H = 4.34, N = 3.17; found:
C =49.08, H = 4.50, N = 2.92.

Method B. To a mixture of the protected nucleoside 6 (295
mg, 1 mmol), anhydrous morpholine (0.09 g, 1 mmol) and
anhydrous ethanol (10 mL) was added benzaldehyde (0.11 g,
1 mmol). The mixture was stirred until the starting material
was consumed (12 h; TLC). The reaction mixture was
neutralized with HCI/MeOH. After stirring for 5 min, the
solution was evaporated in vacuo and the residue was purified
by flash chromatography (eluent 0—5%, CHCl;/MeOH) to
afford 345 mg (90%) of 12a as yellow solid.

1]

7. BIOLOGY

7.1. Cytotoxicity Using MTT Assay. HepG2, MCF-7, and
AS549 cancer cells, as well as THLE2, MCF-10A, and WISH
normal cells, were bought from the National Research Institute
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Table 5. Sequences of the forward and reverse primers

Gene Forward
P53 §'-CCCCTCCTGGCCCCTGTCATCTTC-3’
Bax S'-GTTTCATCCAGGATCGAGCAG-3’
CASP-3 5" TGGCCCTGAAATACGAAGTC-3’

CASP-9 §’-CGAACTAACAGGCAAGCAGC-3’
Bcl-2 §-CCTGTGGATGACTGAGTACC-3’
P-actin §’-GTGACATCCACACCCAGAGG-3'

Reverse

5'-GCAGCGCCTCACAACCTCCGTCAT-3’
S’-CATCTTCTTCCAGATGGTGA-3’
5'-GGCAGTAGTCGACTCTGAAG-3’
5'-ACCTCACCAAATCCTCCAGAAC-3’
5'-GAGACAGCCAGGAGAAATCA-3'
5'-ACAGGATGTCAAAACTGCCC-3’

of Egypt and cultured in RPMI-1640/DMEM media
supplemented with L-glutamine (Lonza Verviers SPRL,
Belgium, cat#12—604F). Fetal bovine serum (Sigma-Aldrich,
MO, USA) and penicillin—streptomycin at a concentration of
10% and 1%, respectively, were added to both cell lines
(Lonza, Belgium). All cells were incubated at 37 °C in 5%
carbon dioxide atmosphere (NuAire). In a 96-well plate, cells
were seeded at a density of 5,000 cells per well in triplicate.
Cells were exposed to compounds at concentrations of 0.01,
0.1, 1, 10, and 100 uM. Doxorubicin was used as positive
control. Cell viability was assessed after 48 h using MTT assay
(Promega, USA).®° An ELISA microplate reader was used to
measure the absorbance at 690 nm to calculate the viability at
each concentration using (100 — (AbsSample/AbsComml) X 100.
ICy, values were calculated using GraphPad Prism 7, and
viability was evaluated in comparison to a control group, using
standard procedures described in the literature.®”

7.2. Topo Il and DNA Intercalation Assay. Topoisomer-
ase II (TopoGEN, Inc, Columbus) and DNA intercalator
(methyl green, 20 mg; Sigma-Aldrich) inhibitory activities
were measured. Inhibition percentage of compounds was
calculated using the following equation:

—i:t"‘t; — Control)] using the curves of percentage
inhibition of five concentrations of each comgpound; ICy, was
calculated using GraphPad Prism7 software.’

7.3. Investigation of Apoptosis. 7.3.1. Annexin V/PI
Staining and Cell Cycle Analysis. Overnight, (3—5) X 10°
HepG2 cells were seeded into 6-well culture plates. The cells
were subsequently exposed to compound 12f for 48 h at
concentrations of the ICy, value. The next step involved
collecting medium supernatants and cells and rinsing them
with ice-cold PBS. The next step was suspending the cells in
100 uL of annexin binding buffer solution 25 mM CaCl,, 1.4
M NaCl, and 0.1 M Hepes/NaOH, pH 7.4, and incubation
with Annexin V-FITC solution (1:100) and propidium iodide
(Pl)éz;t a concentration equaling 10 yg/mL in the dark for 30
min.

7.3.2. Real-Time Polymerase Chain Reaction for the
Selected Genes. Apoptosis genes of P53, Bax, Caspases-3,8,9,
and Bcl-2 were analyzed for their expression to investigate the
apoptotic pathway. HepG2 cells were then treated with
compound 12f at their ICy, values for 48 h. After treatment,
cells were collected following the treatment period, and the
RNeasy Mini Kit was used to extract the total RNA (Qiagen,
Hilden, Germany). Then, 500 ng of RNA was used to create
cDNA (i-Script cDNA synthesis kit, BioRad, Hercules, USA).
Finally, 25 uL of Fluocycle II SYBR (Euroclone, Milan, Italy),
10 ng of cDNA, and 2 uL of 10 uM for forward and reverse
primers (Table S.) were used for each RT-PCR reaction. 19 yL
of nuclease-free water was added to finish the reaction mixture.
RT-PCR reaction was carried out following routine work. The
C, values were then used to determine the relative expression

100 —
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of each gene in each sample after normalization to the actin
housekeeping gene.””"*

7.3.3. In Silico Studies. Molecular modeling studies were
conducted on a Linux computer using Chimera-UCSF and
AutoDock Vina. Grid-box dimensions enclosing the cocrystal-
lized ligands, which were earlier created and optimized using
Maestro, were used to locate binding sites within the proteins.
After standard procedures, the Topo II (PDB = 3QX3) protein
structures were docked against the chemicals under inves-
tigation using AutoDock Vina.””~’® The Vina program was
used to create optimal and energetically preferable protein and
ligand structures. Binding activities and binding energies were
used to make sense of the information gleaned through
molecular docking. Chimera was then used for the visual-
ization.
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