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Abstract: In the current study, eight novel conjugates were synthesized as natural-based heterocyclic
compounds bearing a neocryptolepine pharmacological core modified by bioactive moieties of thodanine
and a- aminophosphonate, thus emphasizing the benefits of hybridization. The antiproliferative activity
of all conjugates was evaluated against HCT-116, HepG-2, MCF-7, and A549 cancer cell lines in addition
to a normal cell line (RPE-1). Most of the derivatives displayed antiproliferative activity against all tested
cancer cell lines, more than the control drug, Doxorubicin. Furthermore, a strong indication of the
synergistic antiproliferative effect of the conjugates as compared to their precursors was observed. Among
all conjugates, conjugate 12a showed the highest activity against HCT-116, MCF-7 and A549, with 1Cs:
0.1, 7.4, and 17.4 uM, while 12d was the best against HepG-2, with ICso 19.4 uM. it is worth mentioning
that most of the synthesized conjugates have low toxicity towards RPE-1 normal cells, in particular 12a,
which has the highest selectivity index values. Molecular docking studies were conducted against
topoisomerases | and II. Notably, the binding affinities were almost consistent with the biological results,
recording the best binding energy for topoisomerase I by 12a, while in topoisomerase II, the lowest

binding energies were observed in 11d and 12a,b.
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Introduction

The emergence of uncontrolled growth of cancer cells and the increasing death numbers, according to
WHO reports, alert many researchers to develop and discover new, safe therapy aiming to face this
immense disease !. Different types of therapies, including immunotherapy, radiotherapy, gene therapy
and molecular targeted therapy, are applied as a cure for cancer 2. Among these techniques, chemotherapy
is a persistent treatment for cancer despite its toxic side effects 3. From the above-mentioned, continuous
efforts were carried out to find anticancer drugs with minimum side effects. Nature reveals vast naturally
occurring pharmaceutical compounds with potent biological activities, inspiring many researchers to
synthesize and develop many natural-based drugs as Taxol and chloroquine, applicable for the treatment
of many disorders “. It is worth recalling that heterocyclic compounds are widely used in chemistry and
biosciences, playing a crucial role in human biological systems >~. In addition, heterocyclic compounds,
including two-, three-, and four-fused rings, have received great concern regarding their marvellous
biological activities as well as their capability to structural modifications on their different active sites *
19 Rhodanine 1, an uracil mimic, is a small heterocyclic compound as shown in Figure 1 has significant
biological activities, including anticancer, antimicrobial, and antidiabetic agents ''"!>. The hydrogen bond
donor/acceptor binding sites on rhodanine ring, as well as n-r stacking, would enhance DNA intercalation
and enzyme inhibition, such as Aldose Reductase (ALR2), and Protein Tyrosine Phosphatase 1B (PTP1B).
This has led to the development of diverse drug-like molecules '*. On the same trend, naturally occurring
indoloquinoline such as neocryptolepine II (Figure 1) has widespread uses in medicinal chemistry owing
to its potent activity against different diseases such as malaria and cancer '>"7, It is worth remembering
that neocryptolepine alkaloids are present in the root Cryptolepis sanguinolenta with other regioisomeric
alkaloids such as cryptolepine and isocryptolepine '*. The variety of the orientation and binding sites of
indole and quinoline influences the biological activity of these alkaloids. The planarity of neocryptolepine
facilitates DNA intercalation, especially for GC-rich sequences, through m-m stacking interactions,
resulting in a potent DNA topoisomerase inhibitor °2!. Moreover, a-aminophosphonates III are key
intermediates in the synthesis of many biologically active compounds. They play a significant role in
medicinal chemistry applications and drug therapy. They structurally resemble the natural a-amino acids,
the “building blocks” of peptides and proteins 2224, Because of their crucial role in biological activity,
metabolic stability, and low toxicity to mammalian cells, broad capability of influencing physiologic and
pathologic processes, a-aminophosphonates have garnered a lot of attention 2°. The Kabachnik—Fields
reaction is the most convenient method for the preparation of a-aminophosphonates III %°. This reaction
is based on a three-one-pot component strategy by the reaction of aldehydes or ketones with primary

amines and phosphite in the presence of a Lewis acid catalyst such as LiClO4 or Cu(OTf),. On the other



hand, the Pudovik reaction involves the phosphorus-hydrogen addition of dialkyl/aryl phosphite to Schiff

base compounds .
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Figure 1: Structures of rhodanine I, neocrytolepine II, and o -aminophosphonates 111

Recently, molecular hybridization has emerged a powerful strategy in the design and development of
novel drugs. This approach provides novel way to synthesize new candidates for treating a wide range
of diseases, including cancer. A common approach is to merge multiple pharmacophores into a single
multifunctional molecule using a linker chain. This new molecule can interact with multiple targets,
boosting its biological activity while reducing the side effects linked to each component and minimizing
potential drug interactions 2%3°, In this context, neocryptolepine serves as a distinctive motif for
developing diverse classes of biologically active analogues that exhibit a broad spectrum of
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pharmacological proprieties, such as anticancer *!, antimalarial ** and antiplasmodial activity **. Recent

studies revealed that the hybridization of neocryptolepine at the C-11 position with rhodanine as well as

acridine have synergistic effect on biological activity 3*.

The broad therapeutic potential of
neocryptolepine, rhodanine and aminophosphonate, along with their related analogues inspired us to
investigate conjugated leads combining all these pharmacological entities in a single hybrid molecular
target has been utilized as a promising drug design strategy for synergistic anticancer effect with site-
specificity. Possible modifications to the neocryptolepine core structure II (¢f. Figure 2) aimed at
enhancing anticancer activity include adding various side chains at position 11. The choice of spacer and
its substitutions can affect the structure's flexibility, which may either weaken or strengthen interactions
with specific target biomolecules. Such modifications in the molecular structure can significantly
influence and enhance biological activity. Based on that, this study demonstrated the incorporation of
biologically active N-containing scaffold rhodanine I, and aminophosphonate III into the neocryptolepine
structure II, aiming to enhance the neocryptolepine pharmacological properties as an anticancer candidate
with a synergistic effect when compared to the individual moieties, as shown in Figure 2. The current
study focuses on the design and development of urgently needed and highly effective new conjugates of
neocryptolepine bearing an aminophosphonate scaffold with a rhodanine congener, as depicted in Figure

2, and further evaluation of their anti-proliferative activity against different human cell lines. Additionally,



a molecular docking study was conducted to verify the binding of synthesized conjugates with the target

protein, providing valuable insights into their potential mechanisms of action.

a-Aminophosphonate with various biological activity and insignificant toxicity.

s : Rhodanine scaffold with diverse biological
‘ activity and modified at N-3 and C-5 positions.

Naturally occurring neocryptolepine
governs  the interactions  with
biomolecules biological activity with
structural modification of active C-11 to
enhance the biological activity with
presence of methyl group at N-5.

Figure 2: Schematic diagram for the design of neocrytptolepine, rhodanine and aminophosphonate
conjugates.
Results and Discussion

Chemistry:
Synthesis of 11-chloro neocryptolepine 1

Preparation of 11-chloroneocryptolepine required multistep reactions, starting with 1, as previously

reported in the literature '°.
Aldehydes bearing neocryptolepine core Preparation (3)

According to the reported method 2, the reaction of 11-chloro neocryptolpine 1 with 4-hydroxy or amino
benzaldehyde 2a,b in the presence of potassium carbonate anhydrous and Dimethyl formamide (DMF)
under reflux condition to give 11-formyl neocryptolpine derivatives 3a,b in good yields (76%) via

nucleophilic substitution reaction (SNar), as shown in Schemel.

CHO

. e 3
§J i
O X + anhydrous K,CO3 / DMF
N“ N O =
) X N“N
2

Reflux \
CHs CH,
1 2a X=OH 3
b X=NH, 3a X=0
b X=NH

Scheme 1. Synthesis of aldehyde bearing neocryptolpine core 3



According to the literature 22, The formation of 3b via spectroscopic methods. In the FTIR
spectrum of 3b, an intense absorption band at v:1666 cm™ was assigned to the characteristic
formyl (CHO) group. In addition, a singlet with a chemical shift at d: 9.55 ppm was seen in the
'"H NMR spectrum of 3b, which corresponds to the aldehydic proton. The '*C NMR spectrum for
compound 3b showed further confirmation of the existence of an aldehydic group, with a peak at

0: 190.68 ppm.

Synthesis of neocryptolepine-rhodanine congers 7a-d and 9a-d

The synthetic approach of neocryptolepine-rhodanine congers 7a-d and 9a-d initiated by the
condensation of aldehydes 3 or 6 with N-aminorhodine 4 in ethanol with the addition of a few
drops of glacial acetic acid under reflux yields the corresponding Schiff-bases Sa,b or 8a, b,

previously reported in the literature 3> 3¢

with good yields. Further Knoevenagel condensation
reaction was carried out on the obtained Schiff bases 5 or 8 by reaction with aldehydes 6 or 3,
respectively, in the presence of sodium acetate to afford the corresponding 7a-d and 9a-d in high

yields as depicted in Scheme 2.
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Scheme?2. Synthesis of neocryptolpine-rhodanine congers 7a-d and 9a-d

FTIR spectra exhibiting the absorption peak of Schiff base (CH=N) at v: 1573 and 1581 cm™!
corresponding to Sa and 5b, respectively. The 'H NMR spectra recorded a distinctive signal for
the (CH=N) protons, which appeared at 6: 8.48 and 8.95 ppm for 5a and 5b in succession
confirming the formation of Schiff bases Sa and Sb. Additionally, the active methylene protons
(CH>) appeared at 8: 5.94 and 5.71 ppm for 5a and 5b, respectively. Meanwhile, *C NMR spectra

revealed the presence of the active methylene carbon (CHb>) signals bearing the rhodanine ring at



0: 47.04 and 45.24 ppm of S5a and Sb, respectively. Furthermore, (CH=N) carbon signals for 5a
and 5b were recorded at 6:147.49 and 147.39 ppm. In addition, the mass spectra of the synthesized
Schiff bases reported the molecular ion peaks in coincidence with their expected values. 8a and
8b's spectral findings were in line with what was already known from the reported literature >3
On the other hand, the FTIR spectra of 7a-d and 9a-d, revealing the olefinic (CH) stretching at v:
3055 cm™! for 7a, 7¢ and 7d, besides v:3047 cm™! for 7b meanwhile, the olefinic (CH) appeared
at v: 3062 cm™! for 9a, 3047 cm™! for 9b, 3055 cm™! for 9¢ and 3047 cm™! for 9d. In addition, the
EI-MS spectra of 7a-d and 9a-d showed data consistent with their expected values. Alternatively,
the appearance of the olefinic proton of the exocyclic bond (CH=C) from a value of 3: 7.92 to
8.11 ppm on the expense of the disappearance of the ring methylene proton (CHz) confirmed the
installation of 7a-d and 9a-d. It is important to keep in mind that the stereochemistry of the double
bond favors the geometry of the Z over the E as in isomers 37*°. This was demonstrated by the
fact that the downfield shift of the olefinic proton observed at 6: 7.94, 8.11, 8.03, and 7.96 ppm
overlapped with the (CHa,) proton for congeners 7a, 7b, 7¢, and 7d, respectively. This pattern

was detected in their regioisomers 9, in which the olefinic proton was observed at 3: 7.92, 7.94,

8.01, and 8.07 ppm for 9a, 9b, 9¢, and 9d, respectively.

Synthesis of o-aminophosphonate conjugates containing neocryptolepine-rhodanine

congers 11a-d and 12a-d.

Eventually, the installation of a-aminophosphonate conjugates incorporating neocryptolepine-
rhodanine scaffolds 11a-d and 12a-d was obtained by the nucleophilic P-H addition of diphenyl
phosphite 10 to (CH=N) bearing 7a-d or 9a-d with good yields via the Pudovik reaction as
depicted in Scheme 3.
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Scheme3. Synthesis of a-aminophosphonate conjugates 11a-d and 12a-d.

The characterization of the target a-aminophosphonate conjugates 1la-d and 12a-d was
confirmed using FTIR, NMR and EI-MS analysis. The FTIR spectra for both 11 and 12 displayed
distinctive peaks for (NH) at the following v: 3410 cm™! for 11a, 3417 cm™! for 11b, and 3425 cm’
"'for 11¢ and 11d as well as at 3441 cm™! for 12a, 3425 cm™' for 12b, 3417 cm™! for 12¢, and 3404
cm’! for 12d. In addition, "H NMR spectra exhibited chiral proton signals for (CH-P) of 11a-d &
12a-d at &: 6.73 ppm, except for 11¢ at d: 6.78 ppm as a doublet, which confirmed the formation
of a-aminophosphonates at the expense of the removal of the (CH=N) peak. Moreover, the '*C
NMR spectra demonstrated that the chiral carbon of (CH-P) ranged from 6: 54.15 to 58.50 ppm.
Finally, the EI-MS spectra of 11a-d and 12a-d recorded molecular ion peaks of the synthesized

conjugates with their expected values.

The following is an example of a proposed mechanism for the synthesis of a-aminophosphonate
conjugates bearing aldehyde—rhodanine congers: The elimination of water is the initial stage in
the process, which takes place during the interaction of aldehydes with N-amino rhodanine in the
presence of glacial acetic acid. This resulted in the formation of the Schiff base. The next step is
the Knoevenagel condensation reaction, which involves activating the methylene group on N-
amino rhodanine using sodium acetate as a catalyst, attacking the carbon atom of aldehyde
derivatives, and removing the water to produce aldehyde-rhodanine conjugates. In addition, by
adding a phosphorus-hydrogen bond across the imine double bond, it is possible to produce

conjugates 11a-d and 12a-d, as shown in Scheme 4.
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Scheme 4. Proposed mechanism of neocryptolepine-a- aminophosphonate conjugates 11a-d and

12a-d

Antiproliferative screening

All synthesized compounds were evaluated for their ability to inhibit the growth of HCT-116,
MCF-7, HepG2, and A549 cancer cell lines, to assess their cytotoxicity using the MTT assay. The
percentage of viable cells was compared to the control. Each of the four cancer cell lines was
tested, and the efficacy of the compounds was measured against the reference drug, Doxorubicin.
All compounds demonstrated a dose-dependent inhibition of growth across the four human cancer

cell lines; results are tabulated in Table-1.

Table 1: ICso values of the compounds against the four cancer types and normal cell line (RPE-

1) in MTT assay

ICso (uM) £ SEM

No. HCT-116 MCF-7 HepG2 A549 RPE-1
1 52+13 13.1+32 252+£2.7 19.6+29 249433
22 57+12 266+35 28.1+3.5 206+3.1 27.7+3.3
2b  8.6+1.7 263+3.7 273+£2.7 267+35 31.6+£3.6
3a. 62+15 206+29 21.6+2.7 21.5+23 25.1+33
3b 47+12 17.0+£29 24.0+33 22.1+2.1 20.0+2.9
4 123£1.9 29.0+3.8 258+3.3 23.1+25 31.7+£3.2



Sa

Sb

6a

6b

Ta

7b

Tc

7d

8a

8b

9a

9b

9¢

9d

11a

11b

11c

11d

12a

12b

12¢

12d

Dox.

149+2.7

18.8£2.6

13.7+2.1

6.8+ 1.5

159+24

15.1£2.1

12.1+2.1

16.9£2.8

92+1.5

46+1.2

6.7+1.4

100+£1.9

13.8+1.5

11.0+2.1

17.7+2.2

7.5+1.7

234 +£3.1

55+1.1

0.1 +£0.05

3.7+1.1

143+1.8

15.6+2.1

109+£23

24.7 £ 3.7

20.5+£3.1

28.1+£3.6

155+2.2

18.7+3.1

18.6 2.9

10.8 £ 1.5

252 +3.5

253 +3.7

134+29

19.2+3.1

18.7+2.8

19.8+3.1

17.2+2.8

14.1+£2.1

24.1+3.7

20.7+2.7

229429

74+1.5

11.1+1.9

17.7+3.1

182+3.2

26.5+3.7

23.5+£2.7

26.7+3.3

36.0+4.1

269 +£3.8

22.8+3.1

24.5+3.1

23.1+£2.7

26.7+3.7

23.8+2.9

32.2+3.9

23.0+£3.2

234 +3.1

27.0+£2.9

22.1+3.1

23.3+£2.5

26.8 £3.1

26.5+2.9

239+3.1

27.5+3.9

245+3.4

229+39

19.4+3.1

32.8+3.6

23.9+£2.5

272+34

37.0+ 4.6

25.7+3.2

244 +£2.1

249+33

21.5+£2.6

34.7+4.5

22.1+£3.1

26.0 £3.1

21.9+£2.5

249 +3.1

26.6 £3.2

21.9+2.7

21.9+29

249 +3.7

31.0£3.8

224+33

17.4+223

24.5+£3.1

20.0+2.5

19.7+2.8

279+4.1

31.4+2.3
20.5 £3.1
33.9+3.5
23.3+3.2
264 £3.3
21.6 £2,9
19.6 £3.5
20.7 £3.3
33.6 £3.6
22.3+2.0
20.6 £3.3
22.54£3.6
42.0+3.1
245429
23.2+3.2
40.5 +£3.6
20.6 £3.3
31.8+2.3
17.4 £33
19.1 £4+3.5
32.5+3.3
32.6 £3.6

25.14£2.9



Compared to Doxorubicin and against colon cancer cells HCT116, conjugate 12a showed the best
antiproliferative activity with ICso: 0.1 uM followed by 12b, then 11d and 11b with ICses: 3.7,
5.5, and 7.5 uM, which are better values than those recorded by the reference drug (ICso: 10.9
uM). However, all series 11a-d and 12a-d recorded better antiproliferative activity than the
reference Doxorubicin against breast cancer cells MCF-7, among which conjugate 12a and 12b
were the best, recording ICso values of 7.4 and 11.1 uM, respectively. Regarding hepatic cancer
cells (HepG2), all compounds recorded better cytotoxicity than Doxorubicin, especially 12d has
the best antiproliferative activity (ICs5019.4 uM). Analyzing the results against lung cancer cell
(A549), all compounds except 11¢ were more cytotoxic than Doxorubicin, and conjugate 12a was

the best among all with ICso. 17.4 uM followed by 12d that recorded ICso: 19.7 uM.
Selectivity index: against normal cell -Human retinal pigment epithelial-1 (RPE-1)

To assess the anticancer properties of the compounds, a selectivity assay was conducted to determine
their preference for malignant cells, reflected by their selectivity index (SI). The SI was calculated as the
ratio of the ICso value for the selected compounds on normal cell -Human retinal pigment epithelial-1
(RPE-1) to the ICso value on the four tested cancer cells. Compounds with an SI exceeding 3 were
identified as potentially selective for cancer cells *°. From the tabulated results in Table 1, thirteen
compounds were found to have anticancer activity with a selectivity index exceeding 3 in the ratio
between the recorded ICso values of the normal cell RPE-1 to colon cancer cell HCT 116. However,
among the synthesized aminophosphonate conjugates 11a-d and 12a-d and their rhodanine congers 7a-d
and 9a-d, conjugate 12a showed the best selectivity with SI of 17.4 followed by 11d, 11b, 12b, 9a and 9¢
with SI values of 5.78, 5.40, 5.16, 3.07 and 3.04 respectively, Chart 1. It is worth noting that the

selectivity of the reference drug was lower than most of the synthesized compounds.

20
HCT116
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Chart 1: SI values of compounds 7a-d, 9a-d and their conjugates 11a-d and 12a-d
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Study of structure-activity relationships (SARs) of neocryptolepine conjugates 11 and 12:

In this work, the structure of the pharmacological core, neocryptolepine, was modified through
chemical hybridization in order to increase its biological activity. The alteration of the
neocryptolepine core at the C-11 position was implemented through the interaction with bioactive
cores such as rhodanine and aminophosphonates. In addition, further modification was applied to
the C-5 of the rhodanine ring by addition of phenyl or naphthyl groups as linkers, aiming to
enhance the biological activity as an antiproliferative agent. Notably, the modification of the C-5
position of the rhodanine core is among the traditional steps in drug discovery for the generation
of new analogues with potent activity, where the aim is to access a precise area or dense regions
of chemical space to modulate the biochemical pathways *!. The rationale behind the rhodanine
core structural modification at the C-5 position is to improve the selectivity and/or efficacy using
functionalized hydroxy-substituted aldehydes such as salicylaldehyde 6a and 2-hydroxy-1-
naphthaldehyde 6b to generate analogues with an extra drug target binding site, such as the
hydroxy (OH) pharmacophore, with hydrogen bonding donor/ acceptor binding mode with drug
targets such as proteins. Additionally, the exocyclic double bond and aryl group at the C-5 position
of the rhodanine scaffold provide extra hydrophobic binding sites on the target protein's surface,
potentially enhancing or weakening interactions with specific biomolecules. Moreover, the
presence of phenoxy or amino group at C-11 of neocryptolepine would increase the likelihood
that the aldehyde bearing neocryptolepine core would interact with other molecules or boost the

ability of the oxygen or nitrogen atom to create hydrogen bonds.

The model of synergistic effect for the synthesized conjugates from their parents was represented
by the establishment of 12a. For the formation of 12a, it was initiated with the addition of N-
amino rhodanine 4 to salicylaldehyde 6a to form Schiff base 8a we noted the synergistic effect
illustrated by the enhancement of ICso against HCT-116, MCF-7 and A549 respectively form
13.7,28.1 and 37.0 uM for 6a to 9.2, 25.3 and 22.1 uM for 8a. Further improvement on ICso of
8a was performed by addition of phenoxy neocryptolepine as a linker at C-5 of rhodanine core,
one of the promising sites enhanced the biological activity, to form 9a with ICs506.7, 19.2 and 21.9
uM. The P-H addition via diphenyl phosphite 10 to 9a to form 12a with ICso: 0.1, 7.4 and 17.4
uM towards HCT-116, MCF-7 and A549 respectively. At the same time, this conjugate also has
higher activity than the reference drug doxorubicin against different cancer cell lines as illustrated

in Table 2

11



Table 2: synergistic potency of 12a against HCT-116, MCF-7, and A549

ICso
uM | ICso uM | ICso pM
(HCT- | MCF-7) | (A549)
116)

No Compound

0

,/( 12.3 29.0 23.1
4 & N—NH
S
CHO
6a OH 13.7 28.1 37.0

aiming to afford

Formation of Schiff base
containing rhodanine
synergestic effect

9.2 25.3 22.1
8a

6.7 19.2 21.9
9a Q

Insertion of bioactive phosphonate
scaffold to enhance the biologivcal
activity via molecular hybridzation

128 | Fonod m 0.1 7.4 17.4
6r

12



To demonstrate the concept of the enhancement of antiproliferative activity via structural
modification through increasing the pharmacophoric cores or addition of linkers from the obtained
values of ICso. In the case of conjugate 12b against HCT -116 cancer cell line, we noticed the ICso
value of 8a at 9.2 uM was enhanced throughout the hybridization of their parents of
salicylaldehyde 6a and N-amino rhodanine 4 with ICso of 13.7 and 12.3 uM respectively.
Unfortunately, after the addition of 11-formyl neocryptolepine containing amino group 3b at C-5
of changed the ICso value from 9.2 to 10.0 uM represented to 9b. Meanwhile, the addition of
phosphonate scaffold to conjugate 12b containing three pharmacophoric cores of neocryptolepine,

rhodanine and aminophosphonate enhanced the ICso value from 10.0 to 3.7 uM.

On the same trend, the effect of molecular hybridization also turns out to conjugate 12b against
MCEF-7. The improvement of Schiff base 8a with ICso 25.3 uM was observed comparing to its
scaffolds of salicylaldehyde 6a and N-amino rhodanine 4 with ICso 28.1 and 29.0 uM respectively.
Furthermore, the addition of a phenyl group attached to hydroxyl group as a linker at C-5 of
rhodanine changed the ICso to 18.7 uM compared to 9b, but higher than its precursor 3b with ICso
17.0 uM. Whereas the insertion of a phosphonate scaffold into conger 9b enhanced the ICso of
12b with ICs0 11.1 pM, emphasizing the role of molecular hybridization in optimization of
biological activity. Notably, the formed 12b has greater antiproliferative activity than the

reference drug and its precursors, as shown in Table 3.

Table 3: synergistic potency of 12b against HCT-116, MCF-7, and A549

ICso
ICso
N (HC
Compound MC
0 T-
F-7)
116)
0
,/( 123 | 29.0
4 g NNH
s
CHO
6 o 13.7 | 28.1
a
," —————— 6 “‘“~\
8 _5‘1 92 | 253
" :_
a (S,orr\'[sl/
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Comparison between the antiproliferative activity of conjugate 11a-d and 12a-d

When tested against the HCT-116 cancer cell line for the afforded conjugates 11a-d and 12a-d,
it was found that the location of the phenoxy group of the neocryptolepine core located at position
C-5 of the rhodanine ring in conjugate 12a was more effective than the same group located as
Schiff base at position N-3 of rhodanine ring in conjugates 11a. The presence of a
neocryptolepine-aldehyde containing amino group 3b at position N-3 of the rhodanine ring in
conjugate 11b is associated with a reduced anticancer activity when compared to the presence of
the same group at position C-5 of the rhodanine ring in conjugate 12b. Similarly, conjugate 11c,
which contains a phenoxy group bearing a neocryptolepine core at N-3 of rhodanine ring in Schiff
base form, shows a reduction in cytotoxic effect when compared to its regio-isomer 12¢, which
has the same group linked to the rhodanine ring at C-5. However, conjugate 11d, which contains
naphthyl associated with a hydroxyl group at C-5 of the rhodanine ring, exhibits greater anticancer
activity than 12d. Additionally, The observation of The ICso of the aforementioned conjugates
12a-d, in comparison to regio-isomers 11a-d, indicates that 12a-d exhibit higher effectiveness or
cytotoxicity against MCF-7 than 11a-d, as observed in Table 1. In case of HepG2 human cancer
cell line, the conjugates 12a-d having the neocryptolepine core carrying at C-5 of the rhodanine
ring showed the best activity with the exception of 11a, which showed stronger activity than its
regio-isomer 12a. Conjugate 12a, which has a phenoxy group bearing a neocryptolepine core at
position C-5 of the rhodanine ring, is more active than its regio-isomer 11a against the A549
cancer cell line, as shown in Table 1. It is notable that the anticancer activity of both conjugate
12b and its regio-isomer 11b is identical. Notably 12¢ and 12d containing 11-phenoxy
neocryptolepine at position C-5 of rhodanine ring have more antiproliferative effect comparing to

their regio isomer 11¢ and 11d according to their ICso values as mentioned in Tables 1and 6.
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Table 6: comparison between the anticancer activity the synthesized 11a-d and 12a-d against the

four tested cancer cell lines

12a:-Ri=H,X=0
b:-Ry= H, X= NH
c:-Ry=C4Hy, X=0
d:- Ry= C4Hy, X=NH

Cancer Cell Line

Conjugate (ICso uM)

HCT-116

11a (17.7)

12a (0.1)

11b (7.5)

12b (3.7)

11c (23.4)

12¢ (14.3)

11d (5.5)

12d (15.6)

MCF-7

11a (14.1)

12a (7.4)

11b (24.1)

12b (11.1)

11¢ (20.7)

12¢ (17.7)

11d (22.9)

12d (18.2)

HepG-2

11a (23.3)

12a (27.5)

11b (26.8)

12b (24.5)

11c (26.5)

12¢ (22.9)

11d (23.9)

12d (19.4)

A549

11a (21.9)

12a (17.4)
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11b (24.9) | 12b (24.5)

11c (31.0) | 12¢ (20.0)

11d (22.4) | 12d (19.7)

Molecular Docking

Molecular docking was demonstrated on topoisomerase-1 (TOPO-1) which was selected as a
target based on the biological results that showed best performance by the conjugate 12a,
including neocryptoleine, rhodanine and aminophosphonate scaffolds against colon cancer cells
HCT-116. Multiple studies specifically mention HCT116 cells in the context of TOPO-1. For
instance, one study directly investigates the activity of TOPO-1 in HCT116 cells by looking at
TOPO-1-DNA complexes after exposure to drugs like irinotecan - an anti-cancer medication used
to treat colon cancer and small cell lung cancer- (and its active metabolite, SN38), confirming the
presence and function of TOPO-1 *>. Accordingly, a molecular docking study was performed on
the synthesized compounds (11a-d, and 12a-d) along with the reference drug Irinotecan on

topoisomerase-1 as a target.

Topoisomerase-1 protein was downloaded from the protein data bank with pdb ID: 1K4T, the co-
crystalized ligand downloaded with topoisomerase [—*“2-(1-dimethylaminomethyl-2-hydroxy-8-
hydroxymethyl-9-0x0-9,11-dihydro-indolizino [1,2-b]quinolin-7-yl)-2-hydroxy-butyric acid”,
referred to as “TGG”—defined the residues in the binding pockets [43] Asp-533, Asn-722, Lys-
532, Phe-361, Gly-363, and Arg-364, as shown in Figure 3. TGG was stabilized by stacking
interactions with the DNA, in addition to hydrogen bonds with Asp-533 and Asn-722. Residues
Asp-533, Asn-722, Lys-532, and Arg-364 contributed to direct interaction with the drug. Phe-
361, Arg-362, and Glu-356 were not essential for direct interaction with the drug but were
stabilizing the intercalation-binding pocket. Redocking of the co-crystallized ligand was
performed for validation and the recorded RMSD value was 0.94 A. Analysis of the resulting data
from docking conjugates 11a-d and 12a-d revealed interactions similar to those reported by TTG,
with the main amino acids involved in most interactions being Lys-374, Lys-532, Arg-364, Asp-
533, Arg-362, and Asn-722. The binding affinities were —10.02 to -7.32 kcal/mol with perfect
fitting inside the binding site, as shown in Table 7. The indolo-quinoline amino phosphonate
conjugate 12a recorded the lowest ICso values 0.1, 7.4, 27.5, 17.4 uM against the four tested
cancer cell lines HCT-116, MCF-7, HepG2, and A549 respectively. Analyzing the recorded

scores, conjugate 12a demonstrated the best binding affinity with the least binding energy of
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—10.02 kcal/mol and the amino acids residues involved in interaction with the receptor pocket
were the main residues required for direct interaction with the co-crystallized ligand including
Lys-532, Asp-533, and Arg-364, in addition to Phe-361, which is important for stabilizing the
intercalation binding pocket, as seen in Figure 4. There was also hydrogen bonding at the DNA
binding region at TGP11, in addition to hydrophobic bonds with DG12 and TGP 11. The docked

conjugates showed high affinity that was consistent with the recorded low ICso value.

Table 7: Docking results for conjugates 1la-d and 12a-d at the downloaded protein

topoisomerase |

Energy Amino Acids
Compound
(kcal/mol) (Ligand Interaction Type)

Tyr-426(H-bond donor)

Lys-425 (m-alkyl)

Lys-532 (m -cation)

11a —7.32 Arg-364 (m -cation)

Asp-533 (m -cation)

TGP-11(nt-rt -T-shaped)

DG-12 (m -anion)

Arg-364 (H-bond donor)
DG-12 (H-bond donor)
Glu-356 (H-bond acceptor)
11b =7.79
Asp-533 (H-bond acceptor)

Arg-364 (m -cation)

Lys-374 (m -cation)
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Asp-533 (m -anion)

DG-12 (m -anion)

11c

=1.77

Arg-364 (H-bond donor)

Thr-718 (H-bond donor)

Arg-364 (m -cation)

DG-12 (m -anion)

Asp-533 (i -anion)

TGP-11(nt-rt -T-shaped)

11d

—8.61

Tyr-426 (H-bond donor)

Asn-722 (H-bond donor)

Arg-364 (m -cation)

Glu-356 (m -anion)

Lys-374 (n -alkyl)

TGP-11(mt-nt -T-shaped)

12a

—10.02

Arg-364 (H-bond donor)

Thr-718 (H-bond donor)

TGP-11(H-bond donor)

Arg-364 (m -cation)

Lys-532 (m -cation)

Glu-356 (m -anion)
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DG-12 (m -anion)

TGP-11(n-rt -stacked)

Arg-364 (H-bond donor)
DG-12 (H-bond donor)
Asp-533 (H-bond acceptor)
12b —9.34
Arg-364 (m -cation)

Asp-533 (i -anion)

TGP-11 (n-nt -stacked)

TGP-11(H-bond donor)

Glu-356(H-bond acceptor)

Lys-374(m -cation)

—-9.10 Asp-533 (m -anion)

DG-12 (m -anion)

TGP-11 (n-n -stacked)

DG-12(mt-nt -T-shaped)

Arg-364 (H-bond donor)

Arg-364 (m -cation)

12d —8.70 Glu-356 (m -anion)

Asp-533 (m -anion)

DG-12 (m -anion)
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TGP-11(nt-nt -T-shaped)

Lys-532(H-bond donor)

Arg-364 (H-bond donor)

Asn-722 (H-bond donor)
Irinotecan -8.43
Glu-356(H-bond acceptor)

Asp-533 (H-bond acceptor)

TGP-11 (n-m -stacked)

Figure 3: Site view of the co-crystallized ligand (represented as pink sticks) of topoisomerase-I

showing the most important active site residues, which define the receptor pocket
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Thr718

Figure 4: Docking 12 a (represented in blue sticks) while 12b (represented in orange sticks)in the

binding cavity of topoisomerase-I

Moreover, the results indicate the involvement of Topoisomerase II (TOPO-2) in HCT116 cells.
A specific HCT116 cell line, designated as topoisomerase-Ila (TOPO2A)-degron, was developed
to enable the acute depletion of endogenous TOPO2A, thereby highlighting its significance in
these cells. Additionally, another study examined the effects of the TOPO-2 inhibitor etoposide
on HCT116 cells, which causes DNA damage and leads to G2/M cell cycle arrest, further
validating the presence of TOPO2 4,

Regarding topoisomerase-Ila (pdb ID: SGWK), the redocking of the co-crystallized ligand was
performed at the ligand binding site and showed an RMSD of 1.71 A. Upon docking the
synthesized compounds at the defined ligand site, the proposed binding mode of the docked a-
aminophosphonate conjugates containing neocryptolepine-rhodanine congers 11a-d and 12a-d
showed affinity values ranging from —8.65 to —5.85 kcal/mol. The lowest binding energies were
observed in 11d and 12a,b. Analyzing the docking results of the best inhibitor in biological results
12a as shown in Figure 5, forming interactions with the pocket residues, hydrogen bond
interactions with GLY 760, SER 763, PRO 803, and ALA801, while it shows hydrophobic &-
alkyl interactions with MET762, LYS 489, and PRO8O03, in addition to an H-bond with DCI11 at
the DNA hinge region, as seen in Figure 5. The docking results, including residues involved in

the interactions as well as the types of bonding are tabulated in Table 8.
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Table 8: Docking results for compounds 11a-d and 12a-d at the downloaded proteins topoisomerase II.

Amino acids
Energy

Compound
(kcal/mol)

(Ligand Interaction Type) in TOPO II

ARG 804(H-bond donor)
DC 11(H-bond donor)
SER 800 (H-bond acceptor)
DG 13 (H-bond acceptor)
11a —7.47
DA 12(n-n -T-shaped)

MET 765 (m-sulfur)

In addition to m-alkyl hydrophobic interactions with DG 13, DC
14, PRO 803, MET 762)

ARG 487(H-bond donor)
DA 12(H-bond donor)
DA 12(n-m -stacking )
11b —6.27

DG 13(n-n -T-shaped)

In addition to m-alkyl hydrophobic interactions with ARG 487,
MET 762)

ARG 804(H-bond donor)
DC 11(H-bond donor)
11c —5.85

DG 10 (H-bond acceptor)

ARG 804(m -cation)
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DA 12(zn-m -stacking )
DG 13(n-m -stacking)
DA12(n-nt -T-shaped)

In addition to m-alkyl hydrophobic interactions with DA 12, DG
13, PRO 803, MET 762)

DG 13(H-bond acceptor)
SER 802(H-bond donor)
DA 12(H-bond acceptor)
ALA 801(H-bond acceptor)
11d ~8.65 DA 12(H-bond donor)
DA 12(zn-m -stacking)
DC 11(n-nt -T-shaped)

In addition to alkyl hydrophobic interactions with ILE 769, PRO
803, MET 766) and = -alkyl interactions with MET 762 and PRO
803.

GLY 760(H-bond donor)
SER 763(H-bond donor)
SER 763(H-bond acceptor)
12a —8.26
PRO 803(H-bond donor)

ALA 801(H-bond acceptor)

DC 11(H-bond donor)
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MET 766(n-sulfur)

In addition to m-alkyl hydrophobic interactions with LY'S 489,
PRO 803, MET 762)

PRO 803(H-bond donor)
DC 11(H-bond donor)
12b —8.47

DG 13(n-m -stacking)

In addition to m-alkyl hydrophobic interactions with ARG 487,
PRO 803, MET 762, MET 766)

DG 13(H-bond donor)
GLY 488(H-bond donor)
DG 10(H-bond donor)
DG 10(H-bond acceptor)
ARG 804(m -cation)
2 el GLU 461(r -anion)
DC 11(n-nt -T-shaped)
DA 12(n-w -T-shaped)
DC 11(n-mt -T-shaped)

In addition to m-alkyl hydrophobic interactions with ARG 487, DT
9, DG 10, MET 762)

GLY 760(H-bond donor)

12d -8.17
DC 11(H-bond acceptor)
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DG 13(n-n -T-shaped)

In addition to m-alkyl hydrophobic interactions with PRO 803,
MET 762)

Figure 5: The co-crystallized ligand of the downloaded protein pdb ID; a SGWK (in blue sticks)-defining
receptor pocket, compound 12a (represented in purple sticks) and the amino-acids residues interacting in

the binding pocket of topo-2

Conclusion

Novel conjugates of neocryptolepine, rhodanine and oo —aminophosphonate 11a-d and 12a-d were
designed, synthesized, and characterized. The antiproliferative activity against four types of human
cancer cell lines confirmed that the synthesized conjugates have more potency than the reference drug,
doxorubicin especially 12a against HCT-116, MCF-7, HepG2 and A549. Furthermore, most of the
synthesized conjugates have low toxicity towards RPE-1 cell line. In addition, 12a recorded high
binding affinity against topoisomerase-1 and II in molecular docking studies, which is consistent with

the biological results in particular against colon cancer cells.

Experimental

All NMR analyses were conducted using DMSO-ds as a solvent, Jeol 500 MHz, and 125 MHz for
'H NMR and '*C NMR, respectively. Using a Shimadzu IR 435 spectrophotometer, FTIR

spectroscopy was conducted. EI-MS spectrometry with an ISQ single quadrupole thermoscientific
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trace 1310 gas chromatograph in Electron Impact mode was performed at the regional center for
mycology and biotechnology, Azhar University, Cairo, Egypt. Melting points were recorded using
a melting point apparatus from Stuart Scientific. Raw materials and solvents were purchased and
used without further purification. It is worth mentioning that the previously reported method 2
for the preparation of 3a. Additionally, Schiff bases 8a and 8b was prepared as outlined in the

reported literature 33 3¢,

Chemistry
Procedure for Synthesis of 11- formyl neocryptolepine (3b)

To (1 g, 3.75 mmol) of 11-chloroneocryptolpine 1, add (0.92 g, 7.50 mmol) of 4-
aminobenzaldehyde 2b and (1.04 g, 7.50 mmol) of anhydrous potassium carbonate in DMF (5
mL), then reflux for 24 hours until the complete consumption of the reactant. The reaction mixture
was refluxed and monitored with TLC until. The mixture was poured into cold water, then further

cooled, filtered and dried. Further recrystallization was carried out using ethanol to get yield 3.
4-((5-methyl-5H-indolo[2,3-b]quinolin-11-yl)amino)benzaldehyde (3b)

Yellow solid, Yield: (0.90 g, 68%), melting point: 196.2-197.6 °C, FTIR (KBr) cm™': 3410(NH),
3047 (=CH), 2924 (CH), 1696 (C=0), 1612 (C=Car). 'THNMR &: 4.27(s, 3H, CH3), 7.38-7.93(m,
13H, CHar), 9.30(s, 1H, CHO), 3C NMR §: 34.42 (N-CH3); (C Aromatic):115.94, 116.06,
119.03, 120.92, 121.72, 125.59, 126.84, 130.31, 138.41, 141.22, 157.47 (C=N indole), 190.82
(CHO). EI-MS: calcd. for (C23H17N30) m/z: 351.41 [M]"; found 353.22.

General procedure for synthesis of Schiff bases (5 and 8):

In a solution of N-aminorhodanine 4 (0.44 g, 3 mmol) dissolved in 5 mL of ethanol, (3 mmol) of
aldehydes 3 (0.37g) or 6 (0.51 g) and a few droplets of glacial acetic acid were added to the rection
mixture, which was then refluxed. TLC was used to monitor the progression of the reaction until
all reactants were consumed after 2 to 3 hours. The reaction mixture was cooled and poured into
cold water, after which it was filtered, collected and dried to produce 5 or 8 with satisfactory

yields.

((4-((5-methyl-5H-indolo[2,3-b]quinolin-11-yl)oxy)benzylidene)amino)-2-thioxothiazolidin-4-
one (5a)
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Yellow solid, yield: (0.90 g, 62 %), m.p: 168.4-169.1 °C, FTIR (KBr) cm™ v: 3062 (=CH), 2970
(CH), 1712 (C=0), 1612 (C=C, Ar), 1581 (C=N), 1211 (C=S). 'H NMR &: 3.99(s, 3H, CH3), 5.94
(s, 2H, CH>), 7.18-8.37 (m, 12H, CHar), 8.39 (s, 1H, CH=N), 12.25(br.s, 1H, tautomer OH). 13C
NMR &: 33.19 (N-CH3), 49.07 (S-CHz); (C aromatic) 102.86, 111.38, 115.75, 115.75, 116.18,
117.31,120.68, 121.61, 122.13, 122.77, 123.33, 124.43, 125.02, 125.46, 126.25, 129.86, 131.67,
133.91, 135.36, 139.59 (C=N, Schiff base), 147.49 (C=N, indole ring), 172.09 (C=0), 191.37
(C=S). EI-MS: calcd. for (C26H1sN4O2S2) m/z: 482.58 [M]"; found 484.07.

3-((4-((5-methyl-5H-indolo[2,3-b]quinolin-1 1 yl)amino)benzylidene)amino)-2-thioxothiazo-
lidin-4-one (5b)

Brown solid, yield: (0.87 g, 60 %), m.p: 200.6-201.3°C, FTIR (KBr) cm™! v: 3425 (OH+NH
overlapped), 3093 (=CH), 2970 (CH), 1735(C=0), 1612 (C=C ar), 1581 (C=N), 1211 (C=S) 'H
NMR o: 3.98(s, 3H, CH3), 5.71 (s, 2H, CH2), 7.23 - 8.39 (m, 12H, CHa:), 8.48 (s, 1H, CH=N),
12.09 (br.s, 1H, NH). 13C NMR &: 33.73 (N-CH3), 45.24(S-CH>), 102.75, 111.26, 115.66, 116.95,
120.59, 121.63, 122.12, 123.26, 124.08, 124.52, 125.14, 126.23, 127.59, 128.06, 131.64, 135.19,
139.64 (C=N, Schiff base), 147.37 (C=N, indole ring), 172.01(C=0), 199.53 (C=S). EI-MS:
calcd. for (C26H19N50S2) m/z: 481.59[M]"; found 483.85.

General procedure for synthesis of neocryptolepine — rhodanine congers 7a-d and 9a-d

Sodium acetate (0.10 g, 1.03 mmol) was added to the mixture of Schiff bases 5 or 8 (0.20 g, 0.41
mmol) and aldehydes 3, 6 (0.16 g, 0.45 mmol) dissolved in ethanol and the reaction mixture was
refluxed for 3 to 4 hours and it was monitored by TLC till the completion of the reaction. The
reaction mixture was then poured into freezing water, filtered, collected, and dried to produce

high yields of 7a-d or 9a-d after recrystallization from ethanol as illustrated 3> 3.

5-((Z)-2-hydroxybenzylidene)-3-((Z)4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
vl)oxy)benzylidene)amino)-2-thioxothiazolidin-4-one (7a)

Brown solid, yield: (0.13 g, 52 %), m.p: 118.7-119.4°C, FTIR (KBr) cm’! v: 3441(OH+NH
overlapped), 3055(=CH), 2970(CH), 1705 (C=0), 1612 (C=Ca,), 1573 (C=N), 1211 (C=S) .'H
NMR &: 3.98(s, 3H, CH3), 7.22-7.82 (m,12H, CHa:), 7.94 (s,1H,CH=C), 8.20 (d, 2H, CHa, J =
8 MHz) , 8.39 (s, 2H, CHar), 9.00 (s, 1H, CH=N), 12.08 (s,1H,OH). 3C NMR &: 33.71(N-CH3),
(C aromatic) 111.24, 115.60, 116.22, 120.59, 122.07, 122.77, 123.22, 124.52, 125.14, 125.49,
126.21, 129.84, 131.40, 131.58, 133.66, 135.18, 135.30, 137.09, 139.61, 143.03 (C=C exocyclic),
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147.34, 159.11(C=N Schiff base), 163.24 (C=N indole), 171.99, 183.53 (C=0), 194.45 (C=S).
EI-MS: calcd. for (C33H22N403S2) m/z: 586.68[M]"; found 587.44.

5-((Z)-2-hydroxybenzylidene)-3-((Z)4-((5-methyl-5 H-indolo[2,3-b]quinolin-1 1 -
yl)amino)benzylidene)amino)-2-thioxothiazolidin-4-one (7b)

Brown solid, yield (0.12 g, 50%), m.p: 226.4-227.2°C, FTIR (KBr) cm’! v: 3425 (OH+NH
overlapped), 3047 (=CH), 2978 (CH), 1712 (C=0), 1612 (C=Car), 1581(C=N), 1211(C=S). 'H
NMR 6: 3.98(s, 3H, CH3), 7.21-7.86 (m,12H, CHa:), 8.12 (s,1H, CH=C), 8.20 (d, 2H, CHa:, J=8
Hz), 8.39 (d, 2H, CHar, J=8 Hz), 8.93 (s,1H, CH=N), 10.79 (s,1H, NH), 12.10 (s,1H, OH). 13C
NMR 6: 33.75 (N-CH3), (C aromatic) 102.77, 111.28, 115.70, 119.27, 120.36, 120.63, 121.67,
122.16, 123.29, 123.97, 124.54, 129.83, 131.68, 135.21, 139.66 (C=C exocyclic), 147.40 (C=N
Schiff base, indole), 172.04 (C=0), 195.19 (C=S). EI-MS: calcd. for (C33H23N502S2) m/z: 585.70
[M]"; found 587.72.

(Z)-5-((3-hydroxynaphthalen-2-yl)methylene)-3-(Z)4-((5-methyl-5 H-indolo[2,3-b]quinolin-11-
yl)oxy) benzylidene)amino)-2-thioxothia- zolidin-4-one (7c¢)

Yellow solid, yield (0.13 g, 48 %), m.p: 188.5-189.8°C, FTIR (KBr) cm™ v: 3417 (OH+NH
overlapped), 3055 (=CH), 2947 (CH), 1735 (C=0), 1612 (C=Ca,), 1581 (C=N), 1203 (C=S).'H
NMR 6: 3.98 (s, 3H, CH3), 7.22 -7.90 (m,14H, CHa:), 8.04 (s,1H, CH=C), 8.18 (d, 2H, CHar, J=8
Hz), 8.39 (s, 2H, CHar ), 8.63 (s,1H, CH=N), 12.08 (s,1H, OH). *C NMR &: 33.72 (N-CH3), (C
aromatic) 102.70, 111.32, 115.73, 118.24, 120.36, 120.72, 121.64, 122.36, 123.29, 124.14,
124.62, 125.36, 126.54, 129.51, 131.42, 135.28, 139.45(C=C exocyclic) 147.31(C=N Schiff base,
indole), 172.16 (C=0), 192.79 (C=S). EI-MS: calcd. for (C37H24N403S2) m/z: 636.74 [M]"; found
638.12.

(Z)-5-((3-hydroxynaphthalen-2-yl)methylene)-3-((Z)4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
vl)amino) benzylidene)amino)-2-thioxothia- zolidin-4-one (7d)

Brown solid, yield (0.12 g, 45 %), m.p: 190-193°C, FTIR (KBr) cm™ v: 3448 (OH+NH
overlapped), 3055 (=CH,), 2970 (CH), 1705 (C=0), 1620 (C=Ca:), 1581 (C=N), 1141 (C=S).'H
NMR 4: 3.96 (s, 3H, CH3), 7.22-7.80 (m, 14H, CHa,), 7.96 (s, 1H, CH=C), 8.20 (d, 2H, CHa, J
=8 Hz), 8.39(d, 2H, CHar, J= 8 Hz), 9.00 (s,1H,CH=N), 12.09 (s, 2H, OH+NH overlapped).!3C
NMR &: 33.75 (N-CH3), (C aromatic) 102.76, 111.27, 115.70, 119.41, 120.62, 121.66, 122.15,
122.63, 123.28, 124.56, 126.26, 129.28, 129.73, 131.67, 135.20, 138.85, 139.68 (C=C exocyclic),
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147.40 (C=N Schiff base, indole), 172.02 (C=0), 193.30(C=S). EI-MS: calcd. for
(C37H25N502S2) m/z: 635.76 [M]"; found 637.65.

3-((Z)-2-hydroxybenzylidene)amino)-5-((Z)-4-((5-methyl-5 H-indolo[2,3-b]quinolin-11-
yl)oxy)benzylidene)-2-thioxothiazolidin-4-one (9a)

Brown solid, yield (0.60 g, 51 %), m.p: 150-152°C, FTIR (KBr) cm! v: 3417(OH+NH
overlapped), 3062(=CH), 2970 (CH), 1712 (C=0), 1612 (C=Car), 1581(C=N), 1157 (C=S. 'H
NMR &: 3.96(s, 3H, CH3). 7.22- 7.80 (m, 12H, CHa:), 7.93(s, 1H, CH=C), 8.19 (d, 2H, CHa, J
=8 Hz), 8.39 (d, 2H, CHar, J = 8 Hz), 8.98 (s, 1H, CH=N), 12.06 (m, 1H, OH). 3C NMR 3: 34.66
(N-CH3), (C aromatic) 102.76, 111.24, 115.60, 116.22, 119.27, 120.59, 121.60, 121.80, 122.07,
122.77, 123.22, 123.41, 124.52, 125.14, 125.49, 126.21, 129.84, 131.40, 135.18, 139.61(C=C
exocyclic), 159.11(C=N Schiff base, indole), 171.99 (C=0), 183.53(C=S). EI-MS: calcd. for
(C33H22N403S2) m/z: 586.68 [M]"; found 588.17.

3-((Z2)-2-hydroxybenzylidene)amino)-5-((Z)-4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
yl)amino)benzylidene)-2-thioxothiazolidin-4-one (9b)

Brown solid, yield (0.57 g, 48%), m.p: 223-226°C, FTIR (KBr) cm™ v: 3402 (OH+NH
overlapped), 3047(=CH), 2978(CH), 1705(C=0), 1620 (C=Cas), 1581(C=N), 1157 (C=S). 'H-
NMR o: 3.98 (s, 3H, CH3), 7.23- 7.78 (m, 12H, CHa:), 7.94 (s, 1H, CH=C), 8.18 (d, 2H, CHar, J
=8 Hz), 8.37 (d, 2H, CHa.,J = 8 Hz), 9.00 (s, 1H, CH=N), 10.74 (s,1H, NH), 12.07 (m, 1H, OH)
I3C-NMR 3&: 33.75 (N-CH3), (C aromatic) 102.76, 111.28, 115.69, 116.63, 120.61, 121.06,
121.65, 122.14, 123.27, 124.05, 125.18, 126.25, 127.51, 127.84, 131.66, 135.21(C=C exocyclic),
147.39(C=N Schiff base, indole), 172.02 (C=0),196.64 (C=S). EI-MS: calcd. for (C33H23N50>S>)
m/z: 585.70 [M]"; found 587.46.

3-((Z)2-hydroxynaphthalen-1-yl)methylene)amino)-5-((Z)-4-((5-methyl-5H-indolo[2, 3-
b]quinolin-11-yl)oxy)benzylidene)-2-thioxo thiazolidin-4-one (9c)

Yellow solid, yield: (0.69 g, 54 %), m.p: 128.4-129.6°C, FTIR (KBr) cm™ v:3417(OH+NH
overlapped), 3055 (=CH), 2970 (CH), 1712 (C=0), 1612 (C=Cay), 1581(C=N), 1157 (C=S). 'H
NMR &: 3.96 (s, 3H, CH3), 7.20-7.89 (m, 14H, CHa:), 8.01 (s, 1H, CH=C), 8.19 (d, 2H, CHar, J
=8 Hz), 8.38 (d, 2H, CHar, J = 8 Hz), 8.64 (s, 1H, CH=N), 12.06 (s, 1H, OH). *C NMR §: 33.78
(N-CH3), (C aromatic) 111.28, 115.63, 116.38, 120.69, 122.27, 122.85, 123.18, 124.49, 125.14,
125.32, 125.53, 126.44, 128.73, 131.42, 131.66, 133.78, 135.07, 135.35, 138.17, 139.63,143.13
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(C=C exocyclic), 147.25 (C=N Schiff base), 159.19 (C=N indole), 163.30, 171.85,
183.63(C=0),194.48 (C=S). EI-MS: calcd. for (C37H24N403S2) m/z: 636.74[M]"; found 638.87.

3-((Z)-(2-hydroxynaphthalen-1-yl)methylene)amino)-5-((Z)-4-((5-methyl-5H-indolo[2, 3-
bJquinolin-11-yl)amino)benzylidene)-2-thioxothiazolidin-4-one (9d)

Yellow solid, yield (0.63 g, 49 %), m.p: 220-222°C, FTIR (KBr) cm! v: 3464 (OH+NH
overlapped), 3309 (NH), 3047 (=CH), 2931(CH), 1697 (C=0), 1604 (C=Ca:), 1566 (C=N), 1226
(C=S). '"H NMR 3&: 3.98(s, 3H, CH3), 7.19- 7.89 (m, 14H, CHa:), 8.08 (s, 1H, CH=C), 8.20 (d,
2H, CHar, J = 8 Hz), 8.39 (d, 2H, CHa, J = 8 Hz), 8.65 (s, 1H, CH=N), 11.26 (br.s, 1H, NH),
12.07 (s, 1H, OH). 3C NMR &: 33.62 (N-CHz3), (C aromatic) 111.27, 115.72, 116.34, 120.68,
122.12, 122.65, 123.34, 124.45, 125.19, 125.20, 125.65, 127.23, 129.74, 131.35, 131.67, 132.54,
135.14, 135.35, 137.11, 139.56, 143.04 (C=C exocyclic), 146.24(C=N Schiff base), 158.27(C=N
indole), 163.23, 171.94, 183.63 (C=0), 193.68 (C=S). EI-MS: calcd. for (C37H25N502S2) m/z:
635.76 [M]"; found 636.54.

General procedure for synthesis of neocrytolepine-a-aminophosphonate conjugates 11a-d and

12a-d

To (1.17 g, Smmol) of diphenyl phosphite 8, (Smmol) of neocryptolepine-rhodanine congers 7
(2.92 g) or 9 (3.18g) dissolved in SmL of methanol was added and the mixture was refluxed for 3
to 4 hours. Good yields of products 11a-d or 12a-d were obtained by recrystallizing the precipitate

from ethanol.

Diphenyl(Z)-(((5-(2-hydroxybenzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)(4-((5-methyl-
S5H-indolo[2,3-b]quinolin-11-yl)oxy)phenyl)methyl) phosphonate (11a)

FTIR (KBr) cm v: 3410 (OH+NH overlap), 3032 (=CH), 2954 (CH), 1697 (C=0), 1612
(C=Cay), 1589 (C=N), 1249 (P=0), 1188 (C=S). "H NMR & 3.99 (s, 3H, CH3), 6.74 (d, 1H, CH-
P, J=8 Hz), 7.23-7.80 (m, 22H, CHay), 7.94 (s, 1H, CH=C), 8.19 (d, 2H, CHar, J = 8 Hz), 8.40 (d,
2H, CHar, J = 8 Hz), 12.13 (s,1H, NH), 12.45 (s, 1H, OH). 3C NMR &: 33.59 (N-CH3), 56.28
(CH-P), (C aromatic) 102.65, 112.28, 114.45, 115.83, 119.78, 121.74, 122.19, 123.32, 124.42,
125.27,126.32, 128.61, 129.45, 129.56, 131.68, 135.22, 139.54, 147.61(C=C exocyclic), 158.26
(C=N indole), 172.03 (C=0), 193.41 (C=S). EI-MS: calcd. for (C4sH33N4O6PS2) m/z: 820.87
[M]"; found 821.40.
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Diphenyl(Z)-(((5-(2-hydroxybenzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)(4-((5-methyl-
SH-indolo[2,3-b]quinolin-11yl)amino)phenyl)methyl) phosphonate (11b)

Brown solid, yield (0.43 g, 53 %), m.p: 226-228 °C, FTIR (KBr) cm™ v: 3417 (OH+NH
overlapped), 3055 (=CH), 2939 (CH), 1681 (C=0), 1612 (C=Car), 1581(C=N), 1234 (P=0), 1157
(C=S). 'TH-NMR 3&: 3.98 (s, 3H, CH3), 6.74 (d, 1H, CH-P, J=8 Hz), 7.22-7.79 (m, 22H, CHa,),
7.97 (s, 1H, CH=C), 8.20 (d, 2H, CHa, J = 8 Hz), 8.39 (d, 2H, CHa, /= 8 Hz), 10.80 (s,1H,NH),
12.08 (s,1H,OH). 3C-NMR 3&: 34.71 (N-CH3), 55.42 (CH-P), (C aromatic) 102.44, 112.34,
115.62, 120.53, 121.66, 122.24, 123.36, 124.44, 125.16, 126.38, 128.25, 129.65, 130.43, 131.59,
132.26, 138.67(C=C exocyclic), 146.49(C=N indole), 172.10 (C=0), 193.31 (C=S). EI-MS:
calcd. for (CssH34NsOsPS,) m/z: 819.89 [M]"; found 820.61.

Diphenyl(Z)-(((5-((3-hydroxynaphthalen-2-yl)methylene)-4-oxo-2-thioxothiazolidin-3-
yl)amino)(4-((5-methyl-5H-indolo[2,3-b]quinolin-11-yl)oxy)phenyl) methyl)phosphonate (11c)

Yellow solid, yield (0.64 g, 53 %), FT IR (KBr) cm™ v: 3425 (OH+NH overlapped), 3124 (=CH),
2985 (CH), 1674 (C=0), 1643 (C=Car), 1519 (C=N), 1342 (P=0) 1157 (C=S). 'H NMR &: 3.96
(s, 3H, CH3), 6.73 (d, 1H, CH-P, J=8Hz), 7.19-7.76 (m, 24H, CHa:), 7.79 (s, 1H, CH=C), 8.19
(m, 2H, CHa:), 8.37(d, 2H, CHar, J = 8 Hz),12.07 (s,2H, OH+NH). 3C NMR 3&: 33.75 (N-CH3),
57.26 (CH-P), 58.35 (CH-P), (C aromatic) 102.77, 111.28, 115.65, 115.96, 120.60, 121.62,
122.11, 123.25, 124.54, 125.17, 126.24, 128.67, 129.36, 129.66, 131.62, 135.22, 139.65, 147.38
(C=C exocyclic), 158.21 (C=N indole), 172.02 (C=0), 183.46 (C=S). EI-MS: calcd.
for(C49H35N4O6PS2) m/z: 870.93 [M]"; found 872.13.

Diphenyl(Z)-(((5-((2-hydroxynaphthalene-1-yl)methylene)-4-oxo-2-thioxothiazolidin-3-
yl)amino)(4-((5-methyl-5H-indolo[2,3-b]quinolin-11-yl)amino)phenyl)methyl)phosphonate
(11d)

brown solid, yield (0.63 g, 54 %), FTIR (KBr) cm™ v: 3425 (OH+NH overlapped), 3062(=CH),
2954(CH), 1697 (C=0), 1612 (C=Car), 1581 (C=N), 1396 (P=0), 1141 (C=S). '"H NMR &: 3.98
(s, 3H, CH3), 6.73 (d, 1H, CH-P, J=8Hz), 7.23-7.77 (m, 24H, CHa:), 7.79 (s, 1H, CH=C), 8.18
(d, 2H, CHar, J = 8 Hz), 8.39 (d, 2H, CHar, J = 8 Hz), 12.09 (s,2H, OH+NH).!3C NMR §: 33.75
(N-CH3),, 53.47 (CH-P), (C aromatic) 111.28, 115.71, 120.62, 121.66, 122.16, 123.28, 124.55,
125.18, 126.26, 129.31, 129.78, 130.63, 131.68, 135.21, 139.68 (C=C exocyclic), 147.40 (C=N
indole), 172.03(C=0), 192.25 (C=S). EI-MS: calcd. for (Cs9H36Ns05PS,) m/z: 869.95 [M]";
found 869.16.
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Diphenyl-((2-hydroxyphenyl)((-5-(Z)4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
vl)oxy)benzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)methyl)phosphonate (12a)

Yellow solid, yield (0.44 g, 54 %), m.p: 125.4-126.6°C, FTIR (KBr) cm™! v: 3441 (OH+NH
overlapped), 3062 (=CH), 2978 (CH), 1705 (C=0), 1612 (C=C ar), 1573 (C=N), 1242 (P=0),
1157 (C=S). TH NMR 3&: 3.96 (s, 3H, CH3), 6.74 (d, 1H, CH-P, J= 8 Hz), 7.20-7.79 (m, 22 H,
CHar), 7.90 (s,1H, CH=C), 8.19 (d, 2H, CHar, J = 8 Hz), 8.38 (d,2H, CHar, J = 8 Hz), 12.05 (s,
1H, NH), 12.39 (s, 1H, OH). 13C NMR 3&: 34.67 (N-CH3), 58.15 (CH-P), 58.80 (CH-P), (C
aromatic)102.75,111.25,115.60, 116.21, 117.54,119.24, 120.58, 121.60, 121.80, 122.07, 122.77,
123.22, 123.40, 124.52, 125.13, 125.49, 126.20, 129.83, 131.39, 131.57, 135.18, 135.29, 137.09,
139.60, 143.02 (C=C exocyclic),147.33 (C=N indole), 172.01(C=0),183.49 (C=S). EI-MS:
calcd. for (CssH33N4O6PS2) m/z: 820.87 [M]*; found 822.82.

Diphenyl-((2-hydroxyphenyl)((5-(Z)(4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
yvl)amino)benzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)methyl)phosphonate (12b)

Brown solid, yield (0.45 g, 54 %), m.p: 198.4-199.8°C, FTIR (KBr) cm™ v: 3425 (OH+NH
overlapped), 3062 (=CH), 2931 (CH), 1735 (C=0), 1620 (C=Ca:), 1589 (C=N), 1242 (P=0), 1157
(C=S) 'HNMR 4: 3.97 (s, 3H, CH3), 6.73 (d, 1H, CH-P, J=8Hz), 7.14-7.86 (m, 22H, CHa,), 8.00
(s,1H,CH=C), 8.18 (d, 2H, CHa, J = 8 Hz), 8.39 (d, 2H, CHa, /=8 Hz), 10.12 (br.s, 1H, NH),
11.25 (br.s, 1H, NH), 12.09 (s,1H,OH).!3C NMR &: 33.74 (N-CH3), 66.61(CH-P), 67.47(CH-P),
(C aromatic) 102.77, 111.22, 115.56, 116.55, 120.61, 121.64, 122.21, 123.27, 126.24, 128.42,
129.88, 131.63, 135.20, 137.73, 139.64, 142.98, 147.37(C=C exocyclic), 152.38, 158.99 (C=N
indole), 172.02(C=0), 185.30 (C=S). EI-MS: calcd. for (C4sH34NsOsPS>) m/z: 819.89 [M]";
found 821.90.

Diphenyl-((2-hydroxynaphthalen-1-yl)((-5-(Z)(4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
vl)oxy)benzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)methyl)phosphonate (12c)

Brown solid, yield (0.47 g, 54 %), m.p: 108.1-109.8 °C, FTIR (KBr) cm™ v: 3417 (OH+NH
overlapped), 3055(=CH), 2970 (CH), 1712 (C=0), 1612 (C=Ca), 1581(C=N), 1249 (P=0), 1157
(C=S).'"HNMR 3: 4.04 (s, 3H, CH3), 6.74 (d, 1H, CH-P, J=8Hz), 7.14-7.97 (m, 26H, CHa,), 8.04
(s, 1H, CH=C), 8.18 (d, 2H, CHa:, J = 8 Hz), 8.44 (d, 2H, CHa., J = 8 Hz), 11.99 (br.s, 1H, NH),
12.52 (s, 1H, OH). ¥C NMR &: 33.74 (N-CH3), 54.45 (CH-P), (C aromatic) 111.26, 115.67,
119.34, 120.59, 121.63, 122.12, 123.24, 124.54, 125.07, 125.17, 126.24, 127.83, 129.22, 129.94,
131.63, 135.20, 139.66, 147.37(C=C exocyclic), 153.23, 155.36 (C=N indole), 172.00 (C=0),
193.45(C=S). EI-MS: calcd. for (C49H35N4O6PS>) m/z: 872.95 [M]"; found 873.63.
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Diphenyl-((2-hydroxynaphthalen-1-yl)((-5--(Z)(4-((5-methyl-5H-indolo[2,3-b]quinolin-11-
vl)amino)benzylidene)-4-oxo-2-thioxothiazolidin-3-yl)amino)methyl)phosphonate (12d)

Brown solid, yield (0.43 g 54 %), m.p:103.2-105.6°C, FTIR (KBr) cm™ v: 3404 (OH+NH
overlapped), 3055 (=CH), 2947 (CH), 1697 (C=0), 1612 (C=C ar), 1573(C=N), 1242 (P=0), 1157
(C=S). 'THNMR &: 3.98 (s, 3H, CH3), 6.73 (d, 1H, CH-P, J=8Hz), 7.20-7.87 (m, 26H, CHa), 7.95
(d, 2H, CHar, J = 8 Hz), 8.37 (d, 2H, CHar, J = 8 Hz), 12.10 (br.s, 1H, NH), 12.89 (s, 1H, OH).
13C NMR &: 33.65 (N-CH3), 57.52 (CH-P), 58.31(CH-P), 111.26, 115.49, 119.10, 119.61, 120.55,
121.71, 122.91, 123.95, 125.10, 126.18, 126.35, 127.81, 128.36, 129.49, 129.64, 131.72, 133.75,
135.24, 139.53, 147.30(C=C exocyclic), 154.84, 156.13 (C=N indole), 168.63 (C=0), 188.59
(C=S). EI-MS: calcd. for (C49H36Ns5OsPS,) m/z: 869.95 [M]*; found 871.44.

Antiproliferative activity

Human colorectal carcinoma (HCT 116, ATCC® CCL-247™), human breast adenocarcinoma (MCF-7,
ATCC® HTB-22™), human hepatocellular carcinoma (HepG2, ATCC® HB-8065™), human lung
carcinoma (A549, ATCC® CCL-185™) and normal human retinal pigment epithelial (RPE-1, ATCC®
CRL-4000™) cell lines were supplied from the American Type Culture Collection (ATCC, Rockville,
MD). These cell lines were grown in DMEM medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL streptomycin. The cells were cultured in a 37°C,
5% CO; atmosphere with humidity.

MTT cytotoxicity assay

The cytotoxicity of HCT-116, MCF-7, HepG2, and A549 cancer cell lines were evaluated using
the 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay as described
in literature 3% 4%’ This assay relies on the reduction of the tetrazolium salt by mitochondrial
dehydrogenases in viable cells. Cells were seeded in a 96-well sterile microplate (2 x 10*
cells/well) and cultured in a serum-free medium with increasing doses of each compound or
Doxorubicin (positive control) in DMSO for 48 hours at 37 degrees Celsius before the MTT assay.
After carefully draining the medium, then 40 puLL of MTT (2.5 mg/mL) was added to each well
and incubated for another 4 hours. Exactly 200 uL. of DMSO was enough to dissolve the purple
formazan crystals. For this experiment, the Spectra Max Paradigm Multi-Mode microplate reader
was used to determine the absorbance at 570 nm. To determine relative cell viability, the mean

percentage of live cells was compared to the untreated control cells.
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Statistical Analysis

Each test was repeated three times, on three separate occasions. Then the average standard error
mean of the numbers was calculated using (IBM Corp., Armonk, NY, USA) SPSS Inc. where

probit analysis was used to calculate ICso values.
Molecular docking

Molecular modeling studies were performed on crystal structure topoisomerase-I and II along
with their co-crystallized ligand (PDB ID:1K4T) and (pdb ID: SGWK ), respectively. Ligands
and protein were then prepared using UCSF Chimera by adding hydrogen and assigning Gasteiger
charges, then energy minimization. Auto-grid allocated in UCSF-chimera 1.17.3 at the
macromolecule center was used to generate the grid box, which was then adjusted to cover the
whole protein. Docking was performed using AutoDock Vina. The results were saved as pdbqt

and then visualized using Biovia Discovery Studio v21.1.0.20298 45,
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