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Antiproliferation, 3D-multicellular
spheroid and VEGFR-2 inhibitory
properties of spiroindolin-2-ones
with phosphonate function

Sara M. Hassan?, Alyaa Farid®, Mohamed S. Bekheit?“, Siva S. Panda®*, Benson M. Kariuki®,
Anwar Abdelnaser®, Soad Nasr®, Walid Fayad’, May A. EI-Manawaty’, Ahmed A. F. Soliman’
& Adel S. Girgis?™*

Spiroindolin-2-ones with phosphonate function 17a-t (20 analogs, 96-72% yield) were generated by
microwave synthetic methodology using azomethine cycloaddition of the appropriate 3,5-bis(ylidene)-
4-piperidone-1-phosphonate 14a—g. Single crystal X-ray analysis of 17d confirmed the structure.
Promising 2D-monolayer antiproliferation properties (MTT assay) were observed for some of the
synthesized agents with no harm to normal (RPE1) cell line. Compound 17h (R=4-CICH,, R'=H;
IC.,=3.08 pM; 6.6- and 3.1-fold the standard drugs, 5-fluorouracil and sunitinib, respectively) is

the most distinguished agent against colon/HCT116 cell line. Compound 17f (R=4-FC,H,, R'=C;
IC,,=5.252 pM; 3.2-fold the activity of sunitinib, the clinically approved standard drug) also

has significant activity against pancreatic/PaCa2 cell line. 3D-multicellular spheroid (HCT116)

testing was also performed. Notable VEGFR-2 inhibitory properties were evident for some of the
synthesized analogs. Considerable activity against COX-1/-2 and TNF-a, relative to the established
NSAIDs ibuprofen and indomethacin, was also detected. CAM testing evidenced the anti-VEGFR-2
observations and anti-angiogenic properties. Internal and external validated QSAR models explored
the functions necessary for the antiproliferation potency. In conclusion, the designed spiroindolin-2-
ones conjugated with phosphonate function can be useful for optimizing novel anti-cancer therapeutic
agent(s) with anti-angiogenic (anti-VEGFR-2) mode of action after considering more needed advanced
pharmacological studies.
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Angiogenesis is a key physiological process necessary for delivering nutrients, metabolites and oxygen to
endothelial cells besides the disposal of waste products, including carbon dioxide. It involves the development
of new capillaries and eventually the formation of the blood vascular network from pre-existing vasculature.
The process is important in a range of normal and therapeutic processes, including embryogenesis, wound
healing and muscle repair, ischemic and peripheral arterial diseases and the menstrual cycle. Some pathological
conditions, such as arthritis, atherosclerosis, and some solid cancerogenesis development and metastasis, are
characterized by uncontrolled angiogenesis!*%. An approach to combating various types of cancer that has
received a lot of attention in medicinal chemistry targets the design and synthesis of promising angiogenesis
inhibition agents. Some anti-angiogenic small molecules have been investigated against various cancer types and
awarded Food and Drug Administration (FDA) approval®2° (Fig. 1).

Multiple angiogenic proteins have been identified, one family of which is the vascular endothelial growth
factors (VEGF), which are tyrosine kinases hyperactivated in cancer cells. The two main categories of tyrosine
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Regorafenib (Stivarga) is a multi-kinase inhibitor
approved for advanced colorectal (2012),

Sorafenib (Nexavar) is a kinase inhibitor approved
for advanced renal cell (2005), hepatocellular (2007),

and thyroid (2013) cancers®®. advanced gastrointestinal stromal (2013),
cl and hepatocellular (2017) cancers”*®.
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Lenvatinib (Lenvima) is VEGFR-1, -2, -3; Cabozantinib (Cabometyx) is a tyrosine kinase inhibitor
FGFR-1, -2, -3, -4; and PDGFRa inhibitor approved for advanced renal cell (2017), hepatocellular
awarded approval for differentiated thyroid (2019), and thyroid (2021) cancers'"12.

(2015), advanced renal cell (2016), and
hepatocellular (2018) cancers®°.
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Vandetanib (Caprelsa) is a kinase inhibitor Pazopanib (Votrient) is a kinase inhibitor for
for thyroid cancer (2011)13 14 advanced renal cell (2009), and advanced
soft tissue sarcoma 2012)15 16,

L. o

Axitinib (Inlyta) is a VEGFR-1, -2, and -3 Sunitinib (Sutent) is a multi-targeted
inhibitor for advanced renal cell (2019) tyrosine kinase inhibitor (V_EGFR'.1"2‘ -3
cancer!718. PDGFR-a, -B; and c-kit) against
gastrointestinal stromal, advanced renal
cell (2006), pancreatic (2011), and
recurrent renal cell (2017) cancers'%20.

Fig. 1. Anti-angiogenic FDA approved drugs.
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kinases are receptors and non-receptors. The receptor type is trans-membrane (extracellular or intracellular)
whereas the non-receptor type is only intracellular. VEGF sub-types include VEGF-A, -B, -C, -D, and -E, but
only the first four subtypes are naturally found in the human genome. They are generally categorized according to
their binding into receptors VEGFR-1, -2, and -3?!-2%. Anti-VEGFR-2 agents have been reported to be promising
hits and/or leads against many solid cancer types (lung, breast, colon, renal, skin, etc.)?%4-26,

Indolin-2-one is a heterocyclic motif that has progressively gained interest in the last decades due to the
biological properties associated with the developed new analogs?’. Sunitinib (Sutent) 8 is an analog that has
famously gained FDA approval for clinical use against gastrointestinal stromal, advanced renal cell (2006),
pancreatic (2011), and recurrent renal cell (2017) cancers with a multi-targeted tyrosine kinase (VEGFR-1,-2,
-3; PDGFR-q, -B; and c-kit) inhibitory effect'*2%28 (Fig. 1).

The study adopts synthesis of spiroindolin-2-one analogs collaborating with phosphonate group. The
phosphonate group is isosteric to the phosphate group. Some phosphonate compounds are well known drugs,
including adefovir 9%°, cidofovir 103 (antiviral), and zoledronic acid 113! (anti-osteoporotic), or pro-drugs
such as adefovir dipivoxil 12 (a pro-drug of adefovir)*? and tenofovir disoproxil 13 (a pro-drug of tenofovir
phosphonate®, which is used to treat hepatitis B). Phosphate esters are highly successful in enhancing the
delivery of drug and/or drug candidates that are poorly soluble in water following oral administration®*. Thus,
judicious modification of the target agent can elevate its potency>® (Fig. 2).

The current study is directed towards synthesizing spiro-indolin-2-one-containing compounds and
investigating their antiproliferation properties against a variety of human cancer cell lines with determination
of their mode of action as anti-angiogenic agents against VEGFR-2. Interest in this subject is attributed to the
antitumor properties associated with the structure of the targeted scaffold and continuation of our efforts in
this drug discovery program directed towards exploring antiproliferation properties of spiroindolin-2-one
containing compounds®”~*!. The reason for addition of the phosphonate group into the targeted analogs is due to
the associated hydrophobic properties that may positively impact the overall pharmacokinetic properties of the
designed agents. The pro-drug design approach is a viable option to achieve enhanced bioavailability of a drug
candidate characterized by low hydrophilicity and poor cell membrane permeability. Functionalizing the drug
candidate with a moiety like carboxylic, carbonyl, carboxamide, or phosphate/phosphonate groups is one of the
most effective pro-drug design approaches for a wide range of drug molecules*2. Incorporation of an ionizable
group, such as phosphate, amino acid and sugar moieties, in the promising agents/drug candidates results in
enhancement in aqueous solubility, which helps to achieve the desired bioavailability of the pharmaceutically
active potential molecule(s)**. This justifies the collaboration of the phosphonate group with the targeted spiro-
heterocyclic scaffold in this work. Some of the targeted analogs have been investigated by our group, revealing
promising antiviral properties with potential MP*-SARS-CoV-2 inhibitory effect®. Clinical trials supported the
ability of treating colon cancer patient with viral infection by either antiviral drug alone or in combination
with anticancer drug(s)** motivated our previous work for investigating their antiviral properties. However, the
current work moved towards antiproliferation properties investigation of the synthesized spiroindolin-2-one
analogs conjugated with phosphonate group against a variety of cancer types and focusing on studying their
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Fig. 2. Drugs/pro-drugs with phosphonate group.
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mode of action against VEGFR-2 motivated by the reported anti-cancer properties of the adopted chemical
scaffold®”~41.

Results and discussion

Design of the targeted agents

The current study is directed towards development of spiroindolin-2-one analogs conjugated with a phosphonate
group of potential antiproliferation properties against a variety of cancer cell lines. The main heterocyclic core
(spiroindolin-2-one) is responsible for the antiproliferation properties of the targeted agents*’~*!. The conjugated
phosphonate group can assist in the delivery of the drug candidates®*-3°. Meanwhile, variation of R and R’ is
adopted for optimizing a high effective/potent agent(s) (Fig. 3).

Chemical synthesis

Microwave-assisted dipolar cycloaddition towards the targeted spiroindolin-2-ones bearing phosphonate group
17a-t were generated in high yield (96-72%) through reaction of non-stabilized azomethine ylides (produced
during the interaction “in-situ” from isatins 15a-d and sarcosine 16) with the activated olefinic bond of
piperidines 14a-g* (Fig. 4). '"H-NMR showed the methylene groups of piperidone (H,C-2" and H,C-6"") and
pyrrolidine (H,C-5') heterocycles as diastereotopic protons. The multiple signals of the methyl and methylene
carbons of phosphonate groups are due to the effect of phosphorus atom. Regioselectivity of the reaction seems
a general characteristic function associated with the azomethine cycloaddition under the applied experimental
conditions®. Single crystal X-ray characterization of 17d evidenced the chemical structure.

Crystal structure of 17d

The crystal structure is triclinic, P-1 (Supplementary Table S1), and the asymmetric unit contains one molecule
of 17d and half a molecule of methanol (solvent of crystallization) which is disordered on an inversion symmetry
center. At the center of the molecule of 17d (Fig. 5) is a 2,7-diazaspiro[4.5]decan-10-one ring system comprising
a pyrrolidine ring (PYR: C8 - C12, N2) and a piperidin-4-one (PIP: C10, C20-C23, N3, O2) group. The
pyrrolidine ring is in chair conformation with the methylene group as the flap and the piperidin-4-one ring is in
an unsymmetrical chair conformation. The 1,3-dihydro-2H-indol-2-one group (DHI: C2 - C9, N1, O1) is planar
and is connected to the pyrrolidine ring through the shared atom C8. The linked PYR, PIP and DHI groups form
a core with limited flexibility whereas phenyl (C14-C19), methylbenzene (C28-C34) and diethylphosphonate
(C24-C27, O3 O5, P1) groups introduce more conformational flexibility to the molecule. In the crystal, pairs
of molecules of 17d are linked by two N-H...O across an inversion center. The N-H group is the donor, and
the acceptor is the diethyl phosphonate oxygen, with a N1-H1...03 angle of 164.7° and N1...03 distance of
2.828(2) A. An O-H...O hydrogen bond is also observed between the methanol molecule and the piperidin-4-
one oxygen, with a 06-H6A...02 angle of 171.0° and 06...02 distance of 2.926(7) A.

Biological studies

2D-Monolayer antiproliferation properties

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] to purple formazan standard
technique was adopted for studying the 2D-monolayer antiproliferation properties of the synthesized analogs
17a-t against a set of cancer cell lines (HCT116/colon, PaCa2/pancreatic, MCF7/breast, and A549/lung) in
addition to normal (RPEI “retinal pigment epithelial”) cell for determining the safety index/behavior®®4.
The properties were compared with clinically approved anticancer drugs including sunitinib (gastrointestinal,
renal, and pancreatic cancer)!®?, 5-fluorouracil (colon, rectum, breast and skin)*®*’, and doxorubicin (broad
spectrum anti-cancer drug against many cancer types, including breast, lung, gastric, and ovarian)*®. The results
are presented in Table 1 and Supplementary Figs. $25-529.

HCT116 Colon cancer is one of the most prevalent malignant tumors of the digestive system worldwide and is
ranked second of all cancers based on mortality rate. Environmental, dietary, and lifestyle factors are connected

The phosphonate group can
enhance the delivery of the

drug candidates

Spiroindolin-2-one heterocyclic scaffold is the
main core responsible for antiproliferation
properties

Fig. 3. Design of the targeted agents.
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14a,R:Ph 17a,R=Ph7 R'=H(92 %)
14b; R = 4-FCqH, 17b; R = Ph, R'= F (82 %)
14(:7 R= 4-C|C6H4 17c, R =Ph, R'=CI (94 %)
14d, R = 4-BrC6H4 17d, R =Ph, R'=Me (91 %)
14e’ R = 4-H3CCGH4 179, R = 4-FC¢3H47 R'=H (95 %)
14f’ R = 4-H3COC6H4 17f, R= 4-FC¢3H47 R'=CI (92 %)
1497 R = 2_thleny| 179, R = 4-FCGH4, R'=Me (78 %)

17h; R = 4-CICgH4, R'=H (91 %)
158 R = H 17i: R = 4-CICqH,, R' = F (93 %)
15b R = F 17j; R = 4-CICeHa, R = CI (89 %)
15¢ R = G 17k; R = 4-CIC4H,, R' = Me (95 %)
15d7 RI = Me 17', R = 4'BrCSH4, R' = H (85 %)

17m; R = 4-H3CCgH,, R' = H (96 %)
17n; R = 4-H3CCgH,, R' = F (93 %)
170; R = 4-H3CCgH,, R' = CI (93 %)
17p; R = 4-H;COCgH,, R' = H (88 %)
17q; R = 2-thienyl, R' = H (84 %)

17r; R = 2-thienyl, R' = F (77 %)

17s: R = 2-thienyl, R' = CI (80 %)
17t; R = 2-thienyl, R' = Me (72 %)

Fig. 4. Synthetic route towards the targeted agents 17a-t.

to its incidence. Although many chemotherapeutics have been developed and some have been awarded clinical
approval, the limited efficacy especially towards the advanced, recurrent, and metastatic conditions as well as the
associated side effects drives the need for newer agents**>°.

All the agents synthesized in this investigation exhibited higher anti-HCT116 efficacies than the clinically
approved drug 5-fluorouracil (IC,;=20.43 uM). Compound 17h (R=4-CIC.H,, R"=H) is the most promising
of the agents with potency IC, =3.08 uM (6.6- and 3.1-folds of the standard drugs 5-fluorouracil and sunitinib,
respectively). Compounds 17f (R=4-FC.H,, R'=Cl), 17j (R=4-CIC.H,, R'=Cl), 17k (R=4-CIC;H,, R"=Me)
17m (R=4-H,CCH,, R"=H) and 170 (R=4-H,CC H,, R"=CI) also had high efficacies (IC, =3.281-3.756 uM).

Based on the observed anti-HCT116 properties, some SARs (structure-activity relationships) can be
deduced. The 4-chlorophenyl-containing analogs show enhanced anti-HCT116 properties relative to the other
halogen-containing compounds as noted in 17h/17e/171 (IC,,=3.080/6.989/4.162 uM, respectively), 17j/17f
(IC,,=3.487/3.716 uM, respectively), and 17k/17g (IC, = 3.281/5.006 uM, respectively). Similarly, the 4-methy-
containing analog has better anti-HCT116 properties than the 4-methoxy-containing compound as shown
by 17m/17p (IC,,=3.438/5.512 M, respectively). The 5-chloroindolyl-containing compounds have greater
anti-HCT116 properties than the 5-fluoroindolyl analogs as noted in pairs 17¢/17b (IC, =6.317/7.409 pM,
respectively), 17j/171 (IC,,=3.487/4.142 uM, respectively), 170/17n (IC,,=3.756/5.095 uM, respectively), and
17s/17r (IC,,=5.416/7.670 uM, respectively) (Fig. 6).

PaCa2 Pancreatic cancer is one of the most aggressive forms of the disease (often referred to as the king of can-
cers) with a low five-year survival rate (=10%) and high recurrence rates®'. Patients diagnosed with pancreatic
cancer are usually 40-85 years old*2. Difficulties in early diagnosis, due to non-specific symptoms, in addition to
the ability for migration and metastasis account for the survival rates®.

All agents 17a-t show efficacy against PaCa2 cell line with higher potencies or close to that of sunitinib
(clinically approved drug against pancreatic cancer, IC,;=16.91 uM). Compound 17f (R=4-FCH,, R’=Cl) is
the most promising anti-PaCa2 agent observed (IC,,=5.252 uM, i.e. 3.2-fold that of the standard drug). Notable

efficacy is also observed for compound 17m (R=4-H,CC H,, R'=H; IC, = 5.605 uM). Additionally, compounds
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Fig. 5. An Ortep representation of the molecule from the crystal structure of compound 17d.

IC,;, utM + SEM (SI*)

Compd HCT116 PaCa2 MCF7 A549 RPE1

17a 7.97140.338 (2.1) 12.92040.559 (1.3) | 5.857+0.259 (2.9) 14.450+0.259 (1.2) 16.790+0.516
17b 7.409+0.228 (3.1) 12.230+0.297 (1.9) | 5.826+0.213 (4.0) 10.990+0.135 (2.1) 23.100+0.884
17¢ 6.317+0.132 (2.2) 9.148+0.154 (1.5) 5.269+0.172 (2.6) 12.540+0.205 (1.1) 13.750 +0.423
17d 9.278+0.084 (1.9) 15.57040.329 (1.2) | 5.782+0.130 (3.1) 14.590+0.270 (1.2) 17.900 +0.945
17e 6.989+0.101 (2.4) 9.479+0.278 (1.8) 5.640+0.273 (2.9) 7.727+0.155 (2.1) 16.600+0.907
17f 3.716+0.099 (10.7) | 5.252+0.224 (7.6) 5.289+0.175 (7.5) >50.000+2.111 (<0.8) | 39.890+1.162
17g 5.006+0.364 (3.8) 6.092+0.132 (3.1) 5.426+0.152 (3.5) 8.149+0.277 (2.3) 19.040 +0.647
17h 3.080+0.165 (2.6) 6.354+0.170 (1.3) 4.067+0.054 (2.0) 4.149+0.288 (2.0) 8.147+0.675
17i 4.142+0.042 (>12.1) | 13.450+0.898 (>3.7) | 4.808+0.148 (>10.4) | >50.000+1.431 (-) >50.000+1.173
17j 3.487+0.033 (>14.3) | 6.930+0.337 (>7.2) |3.874+0.102 (>12.9) | 6.059+0.157 (>8.3) >50.000+ 1.491
17k 3.281+0.022 (2.5) 6.659+0.095 (1.2) 4.978+0.095 (1.6) 6.467+0.385 (1.3) 8.150+0.507
171 4.162+0.129 (1.9) 6.151+0.413 (1.3) 4.852+0.082 (1.6) 7.281+0.316 (1.1) 7.848+0.284
17m 3.438+0.083 (2.8) 5.605+0.063 (1.7) 4.210+0.085 (2.3) 8.182+0.435 (1.2) 9.569+0.537
17n 5.095+0.191 (>9.8) | 15.340+0.911 (>3.3) | 4.368+0.156 (>11.5) | >50.000+1.752 (-) >50.000+1.739
170 3.756+0.064 (>13.3) | 6.273+0.148 (>8.0) | 4.666+0.086 (>10.7) | 36.000+1.150 (>1.3) | >50.000+ 1.541
17p 5.512+0.138 (2.6) 7.316+0.226 (1.9) 5.430+0.140 (2.6) 12.990+0.284 (1.1) 14.200+0.638
17q 11.760+0.400 (2.3) | 13.360+0.325 (2.0) | 9.134%0.314 (3.0) 24.510+0.204 (1.1) 27.200+0.813
17r 7.670+0.379 (2.2) 8.292+0.497 (2.1) 6.224+0.082 (2.7) 14.180+0.135 (1.2) 17.020+£0.557
17s 5.416+0.288 (1.9) 6.134+0.131 (1.7) 4.639+0.068 (2.2) 8.096+0.091 (1.3) 10.200+0.545
17t 7.34240.161 (3.5) 9.474+0.097 (2.7) 6.447+0.111 (3.9) 14.120+0.201 (1.8) 25.350+0.951
Sunitinib® 9.67 16.91 3.97 - -

5-Fluorouracil®® | 20.43 - 3.15 - -

Doxorubicin® - - - 5.93 -

Table 1. Antiproliferation properties of the tested compounds. *ST=Selectivity index (IC,, of RPE1 “normal
cell”/ IC,, of cancer cell), PReference 30, “Reference 45.
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- Chlorophenyl is preferable than the fluorophenyl

as anti-HCT116, anti-PaCa2, anti-MCF7, and anti-A549
- Methyphenyl has better anti-HCT116 properties

than the 4-methoxyphenyl

5-Chloroindolyl compounds have greater anti-HCT116,
anti-MCF7, and anti-A549 properties than the 5-fluoroindolyl

Fig. 6. Summary of the most important items revealed through analysis of SARs due to antiproliferation
properties of 17a-t against the tested cancer cell lines.

17 (R=4-FCH,, R'=Me), 17h (R=4-CICH,, R'=H), 171 (R=4-BrCH,, R'=H), 170 (R=4-H,CC.H,,
R’=Cl), and 17s (R=2-thienyl, R"=Cl), exhibit considerable potencies (IC,,=6.092-6.354 uM).

SAR based on the observed anti-PaCa2 properties indicate that the 5-chloroindolyl bearing compounds
have higher anti-PaCa2 activity than that of the 5-fluoroindolyl-containing analogs as seen in pairs
17¢/17b (1C,,=9.148/12.230 uM, respectively), 17j/17i (IC,,=6.930/13.450 puM, respectively), 170/17n
(IC;,=6.273/15.340 UM, respectively), and 17s/17r (IC,,=6.134/8.292 uM, respectively) (Fig. 6).

MCF7 Breast cancer is the second highest cause of malignant mortality in women. According to the National
Breast Cancer Coalition, one woman dies due to this disease every 13 min globally. It is a heterogeneous disease
that is difficult to diagnose, especially in the early stages. Although several techniques have been developed and
are clinically used (including, X-ray, ultrasound, computed tomography (CT), and magnetic resonance imag-
ing), low sensitivity and specificity is a challenge impacting these tools. Patients with less than 1 cm? (about 10°
cancer cells) usually return negative imaging results. This is a serious challenge, not only for the diagnosis but
also for the treatment, that needs highly effective agents with minimal drawbacks>*>>.

Compound 17j (R=4-CIC,H,, R’ =Cl) is the most promising agent synthesized (IC,,=3.874 pM) with anti-
MCF7 potency close to that of 5-fluorouracil (a clinically usable drug agent with IC,;=3.15 uM). Compounds
17h (R=4-CICH,, R"=H), 17m (R=4-H,CC.H,, R"=H), and 17n (R=4-H,CCH,, R'=F) also exhibit anti-
MCF?7 properties (IC,,=4.067-4.368 uM) close to that of 5-fluorouracil. Based on the anti-MCF7 properties of
the synthesized compound 17a-t, some SARs were noted that seem similar to those for anti-HCT116 agents.
The 4-chlorophenyl-containing compounds are superior among all the halogenated phenyl-containing analogs
(fluoro or bromo derivatives) as shown by compounds 17h/17¢/171 (IC,=4.067/5.640/4.852 pM, respectively),
17j/17f (I1C,,=3.874/5.289 uM, respectively), and 17k/17g (IC, =4.978/5.426 UM, respectively). The
5-chloroindolyl-containing compounds have more enhanced anti-MCF7 properties than the 5-fluoroindolyl
analogs (compound 170 is an exception), as noted for compounds 17¢/17b (IC, = 5.269/5.826 UM, respectively),
17j/171 (IC, = 3.874/4.808 pM, respectively), and 17s/17r (IC,,=4.639/6.224 uM, respectively) (Fig. 6).

A549 Lung cancer is one of the most prevalent and deadly types of cancer (with a low five-year survival rate of
15%), due to difficulties in early detection as it is usually asymptomatic®®. Metastasis and recurrence of this dis-
ease are major factors contributing to the low survival rate. Tobacco smoking, unhealthy environmental condi-
tions and genetic elements are linked to lung cancer®”. Two main types of lung cancers have been identified, non-
small cell cancer which is the most common (85%), and small cell lung cancer (15%), which is more aggressive™.

Compound 17h (R=4-CICH,, R'=H; IC,,=4.149 uM) is the most effective anti-A549 analog, surpassing
doxorubicin (IC,,=5.93 uM). Additionally, compounds 17j (R=4-CIC.H,, R’=Cl), and 17k (R=4-CICH,,
R’=Me) also show high efficacies (IC, =6.059, 6.467 uM, respectively).

SARs derived from the observed anti-A549 properties mirror those noted for other cancer cell lines (HCT116,
MCEF?7). The 4-chlorophenyl group is preferable over the other 4-halogenated phenyl residues as shown by
compounds 17h/17e/171 (IC,,=4.149/7.727/7.281 uM, respectively), 17j/17f (IC,;=6.059/>50.000 pM,
respectively), and 17k/17g (IC,,=6.467/8.149 uM, respectively). 5-Chloroindolyl-containing compounds have
more enhanced anti-A549 properties than the 5-fluoroindolyl-containing analogs (17b is an exception), as
illustrated by compounds 17j/17i (IC ;= 6.059/ > 50.000 uM, respectively), 170/17n (IC, = 36.000/ > 50.000 pM,
respectively), and 17s/17r (IC,;=8.096/14.180 uM, respectively) (Fig. 6).

Some of the synthesized agents showed a high selectivity index (SI) due to IC,, values against RPE1 (healthy/
non-cancer) compared to the tested cancer cell line(s) including 17f, 17i, 17j, 17n, and 170. However, these
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17d 64.1%7.0
17k 53.1%22
17p 68.30.6
17s 77.9%12

Table 2. The percentage cytotoxicity (%CT) of the effective agents against HCT116 3D-spheroid at 50 uM.

Compd. 17p Compd. 17s

Fig. 7. HCT116 3D-multilayer spheroids contained proliferating control and treated with 50 pM of
compounds 17d, 17k, 17p, and 17s.

preliminary observations are only indicative based on cell line testing and the most important data come from
further biological studies, such as animal modeling.

3D-multicellular spheroid

The 3D-multicellular spheroid model is an important technique bridging and/or linking the biological properties
of a specific agent, shown to have a promising antiproliferation effect in the in vitro 2D-single layer culture, with
the in vivo animal model. This is due to the physiological environment available in the 3D-spheroid that allows
cell-cell interactions, due to their morphological capacity, with similarity to that of cancer tissue. Oxygen and
nutrient transmission in the 3D-multilayer model is highly similar to that of the in vivo tissue. In contrast, cells
in the 2D-single layer technique possess sufficient nutrients and oxygen allowing high proliferation rates relative
to the 3D-technique. Additionally, drug penetration to the inner cell layers of the spheroid is more difficult thus
allowing high survival rates for the inner layers than the outer ones. This makes the 3D-spheroid technique a
close mimic platform to in vivo modeling™-°.

The synthesized agents were subjected to 3D-multilayer HCT116 cancer spheroid utilizing the standard
methodology®":®2. From the observed results it is noted that, some of the synthesized agents reveal promising
activity at 50 uM (Table 2, Fig. 7). Compound 17s (R=2-thienyl, R'=Cl) is the most promising agent
noted revealing antiproliferation properties of 77.9% relative to the control experiment. Compounds 17p
(R=4-H,COCH,, R'=H), and 17d (R=Ph, R"=Me) show slightly lower efficacies (%CT=68.3, and 64.1,

6w
respectively) and compound 17k (R=4-CIC,H,, R’ = Me) has even milder properties (%CT =53.1).

»
Biochemical studies

VEGFR-2 inhibitory properties

VEGFR-2 inhibitory properties of the synthesized agents 17a-t were determined by the standard technique®?
at 10 uM against HCT116, MCF7, and PaCa2 cancer cells and compared with the standard reference, sunitinib
(Table 3, Figs. 8 and 9).

HCT116 Synthesized agents 17p (R=4-H,COCH,, R'=H) and 17a (R=Ph, R’=H) revealed high VEG-

6 4
FR-2 inhibitory properties at 10 uM against HCT116 cancer cells with higher efficacies (% inhibition=90.0

and 88.0, respectively) than that of the standard reference sunitinib (% inhibition=287.9). Agents 17c (R=Ph,
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HCT116 PaCa2 MCF7
Compd | pg/mL+SEM | % Inhibition | pg/mL+SEM | % Inhibition | pg/mL+SEM | % Inhibition
17a 38.20£1.6 88.0 19.26+1.0 94.1 51.50+0.8 80.1
17b 73.25£2.0 77.0 38.75+1.4 88.1 77.20+0.6 70.2
17¢ 44.50+1.1 86.0 28.43+1.0 91.3 60.40+0.5 76.7
17d 87.40£1.9 72.5 53.42+0.7 83.7 72.80+1.2 71.9
17e 107.50£2.0 66.2 127.43+1.3 61.0 116.50+1.0 55.0
17f 43.70+0.9 86.2 27.53%1.1 91.6 63.20+£0.9 75.6
17g 98.40+1.2 69.0 72.80+0.9 77.7 64.80+0.5 75.0
17h 51.74%1.5 83.7 18.25+0.6 94.4 52.70+0.7 79.6
17i 81.40+1.9 74.4 42,76 +0.7 86.9 49.50+0.3 80.9
17j 62.50+0.7 80.3 24.78+0.3 92.4 44.80%0.6 82.7
17k 67.80+1.3 78.7 76.40£0.9 76.6 86.40+0.5 66.6
171 84.20+1.5 73.5 86.45+1.2 73.5 73.50+0.8 71.6
17m 44.50+0.5 86.0 25.36+1.0 92.2 42.80+0.4 83.5
17n 115.30+£2.2 63.7 40.70£1.6 87.5 85.60+0.7 66.9
170 48.40+0.6 84.8 31.64£1.9 90.3 38.70+0.4 85.0
17p 31.80+0.8 90.0 21.76 £0.4 93.3 48.30+0.4 81.3
17q 132.30+0.9 58.4 13570+ 1.7 58.5 145.70£1.9 43.7
17r 67.34+£0.4 78.8 66.53+0.8 79.6 84.30+1.0 67.4
17s 53.80+0.9 83.1 26.50+0.5 91.9 47.60%0.6 81.6
17t 124.70+1.3 60.8 115.00+0.9 64.8 96.70+£1.2 62.6
Sunitinib | 38.50+1.0 87.9 45.30£0.2 86.1 48.70+1.0 81.2
Control | 317.80+3.5 - 326.80£1.9 - 258.70£2.3 -

Table 3. The percentage VEGFR-2 inhibitory properties of the tested compounds at 10 pM.
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Fig. 8. VEGFR-2 % inhibitory properties of the synthesized agents 17a-t and sunitinib (standard drug) against
HCT116, PaCa2, and MCF7 cancer cells.

=Cl), 17f (R=4-FC;H,, R"=Cl), and 17m (R=4-H,CCH,, R'=H) also showed biochemical properties (%

6 L4 6 14

inhibition =86.2- 86.0) close to that of sunitinib. Compounds 17h (R=4-CIC,H,, R'=H), 170 (R=4-H,CCH,,
R’'=Cl), and 17s (R=2-thienyl, R’=Cl) also had considerable VEGFR-2 inhibitory effect (% inhibition = 84.8-
83.1).

SAR based on the observations indicated that the 5-chloroindolyl heterocycle is preferable to fluoro or methyl
derivatives for VEGFR-2 inhibition as noted in analogs 17¢/17b/17d (% inhibition=86.0/77.0/72.5), 17f/17g
(% inhibition =86.2/69.0), 17j/17i/17k (% inhibition = 80.3/74.4/78.7), 170/17n (% inhibition =84.8/63.7), and
17s/17r/17t (% inhibition = 83.1/78.8/60.8).

Scientific Reports |

(2025) 15:35018 | https://doi.org/10.1038/s41598-025-20712-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

5-Chloroindolyl heterocycle is preferable to fluoro or methyl
derivatives for VEGFR2 inhibition in lysate of HCT116,
PacCa2, and MCF7

17

Fig. 9. Summary of the most important items revealed through analysis of SARs due to VEGFR-2 inhibitory
properties of 17a-t utilizing the lysate of the tested cancer cell lines.

PaCa2 Some of the synthesized agents [17a (R=Ph, R'=H), 17h (R=4-CICH,, R'=H), and 17p
(R=4-H,COCH,, R'=H, % inhibition=94.4-93.3) are with distinguished anti-VEGFR-2 properties higher
than that of sunitinib (% inhibition =86.1) upon testing on PaCa2 cancer cells at 10 uM. Promising anti-VEG-
FR-2 properties (% inhibition =92.4-90.3) are also noted by compounds 17¢ (R=Ph, R"=Cl), 17f (R=4-FCH,,
R'=Cl), 17 (R=4-CIC.H,, R'=Cl), 17m (R=4-H,CCH, R'=H), 170 (R=4-H,CC.H,, R'=Cl), and 17s
(R=2-thienyl, R"=ClI).

SAR based on the observed anti-VEGFR-2 properties evidenced the importance of the chloro substituent
linked at the 5-position of the indolyl heterocycle relative to the fluoro and methyl substitution for the anti-
VEGEFR-2 properties enhancement as noted in analogs 17¢/17b/17d (% inhibition=91.3/88.1/83.7), 17f/17g
(% inhibition=91.6/77.7), 17j/17i/17k (% inhibition =92.4/86.9/76.6), 170/17n (% inhibition =90.3/87.5), and
17s/17r/17t (% inhibition =91.9/79.6/64.8).

L L 4

MCF7 Agents 170 (R=4-H,CCH,, R'=Cl), 17m (R=4-H,CC.H,, R'=H), and 17j (R=4-CICH,, R'=Cl)
have VEGFR-2 inhibitory effects (% inhibition =85.0, 83.5, and 82.7, respectively) higher than that of the stand-
ard drug (sunitinib, % inhibition =81.2) at 10 pM in breast cancer cell (MCF7). Compounds 17s (R =2-thienyl,
R'=Cl), and 17p (R=4-H,COCH,, R"=H) also have high efficacies (% inhibition=81.6, 81.3). Other ana-
logs, including 17i (R=4-CIC.H,, R"=F), and 17a (R=Ph, R'=H), also have close inhibitory effect (% inhibi-
tion=280.9, 80.1) to that of sunitinib.

SAR noted from the anti-VEGFR-2 properties show the favorable effect of chloro substituent of
the indolyl heterocycle relative to the fluoro or methyl substituents as seen in analogs 17¢/17b/17d (%
inhibition=76.7/70.2/71.9), 17f/17g (% inhibition=75.6/75.0), 17j/17i/17k (% inhibition =82.7/80.9/66.6),
170/17n (% inhibition =85.0/66.9), and 17s/17r/17t (% inhibition =81.6/67.4/62.6). From these observations,
it is clear that the attachment of a chloro substituent to the indolyl heterocycle at the 5-position enhances anti-
VEGFR-2 properties relative to other elements/group (fluoro or methyl) in MCF7 in common with the other
tested cell lines (HCT116 and PaCa2).

COX-1/-2 inhibitory properties

Cyclooxygenases (COXs) are enzymes involved in the production of important bio-mediators including
prostaglandins from arachidonic acid. Two main forms have been identified, COX-1 (expressed in many
tissues with many biological functions including in gastric mucosa and kidney), and COX-2 (inducible during
inflammation). Several non-steroidal anti-inflammatory drugs (NSAIDs) with COX inhibition have been
discovered and clinically recommended for inflammation and pain symptoms. Few of them are known with
selectivity towards COX-2%%. Previous publications have mentioned the anti-inflammatory properties of both
natural®, and synthetic spiro-indolin-2-ones®. Many reports have described the linkage between inflammation
and some cancer types®’. Some inflammatory mediators such as TNF-a (tumor necrosis factor-a)®®%, IL-6
(interleukin-6)77!, and COX-27273 are also involved in cancer initiation, invasion, and development.

The synthesized agents 17a-t were tested for COX-1/-2 activity by the standard techniques’*”> and compared
with the known NSAIDs (ibuprofen and indomethacin) (Table 4). Compound 17g (R=4-FC.H,, R'=Me) is
the most promising agent against COX-1 (% inhibition=62.1) with slightly lower efficacy than the standard
NASIDs (% inhibition=65.3 and 64.3 for ibuprofen and indomethacin, respectively). Close efficacies were also
noted for compounds 171 (R=4-BrC,H,, R"=H), 170 (R=4-H,CC.H,, R’=Cl), and 17q (R=2-thienyl, R"=H)
(% inhibition =61.7-61.3).

Compound 17a (R=Ph, R"=H) is the most promising agent against COX-2 (% inhibition=64.9) being
closest to the NSAIDs (% inhibition=71.3 and 68.3 for ibuprofen and indomethacin, respectively). Notable
properties are also observed for compounds 17t (R=2-thienyl, R’=Me), 17q (R=2-thienyl, R"=H), and 17b
(R=Ph, R’=F) (% inhibition=63.7-61.3). Slight enhancement of selectivity index (SI, COX-2/COX-1) was
noted for 17k, and 17t (SI=1.30 and 1.29, respectively), relative to the NSAIDs (SI=0.95 and 1.09 for ibuprofen
and indomethacin, respectively).

4

TNF-a inhibitory properties

TNF-a is an important cytokine auto-produced by the immune system in association with different disorders
including inflammation and cancer’®”°. Concentration of TNF-a can be a therapeutic indicator for many
diseases associated with inflammation and infectious diseases®*-%2. The synthesized compounds 17a-t within
the current study were assessed for TNF-a inhibitory properties by the standard technique and compared

Scientific Reports |

(2025) 15:35018 | https://doi.org/10.1038/s41598-025-20712-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Compd % Inhibition of COX-1+SEM | % Inhibition of COX-2+SEM | SI

17a 49.8+1.8 64.9+2.8 0.96
17b 53.7+£3.7 61.3+£2.6 1.04
17¢ 58.6+3.5 539+1.7 1.05
17d 51.8+2.2 56.4+1.9 0.82
17e 55.0+£3.6 59.6+1.3 1.08
17f 57.6+1.1 60.8+2.7 1.01
17g 62.1+3.1 51.8+2.8 0.96
17h 53.5+2.8 51.5+3.1 1.06
17i 46.2+2.4 49.7+1.9 1.09
17j 489+1.5 53.5+2.3 1.05
17k 57.7+£1.0 55.0%1.6 1.30
171 61.6+1.2 50.3£2.3 0.92
17m 58.3+3.0 609+1.1 0.93
17n 50.6+2.3 473+1.4 1.08
170 61.7+3.4 59.3+2.4 1.14
17p 51.1+£2.7 53.5+2.1 1.10
17q 61.3+1.5 62.1+3.1 0.93
17r 55.5+£2.6 51.8+£2.0 1.09
17s 53.8+2.8 56.3%£2.3 0.83
17t 49.2+1.9 63.7+1.7 1.29
Ibuprofen 653+1.2 71.3%£1.8 0.95
Indomethacin | 64.3+2.7 683+1.6 1.09

Table 4. COX-1/-2 inhibitory properties of the tested agents at 10 uM.

with those of NSAIDs (ibuprofen, and indomethacin)®. The results show that some of the synthesized agents
have more promising inhibitory properties towards TNF-a relative to the standard drug used (Table 5).
Compound 17h (R=4-CIC,H,, R’=H) is the most effective analog noted for HCT116 cell lysate (% inhibition
at 10 uM =80.7, 22.2 and 42.8, for 17h, ibuprofen and indomethacin; i.e. 3.6- and 1.9-fold the standards,
respectively). Compounds 17m and 17a also show considerable biological properties (% inhibition=77.4 and
74.0, respectively). Other synthesized agents with promising activity but with lower efficacies are 17i, 17k, 171,
17p, and 17r (% inhibition =72.6-70.2).

Compound 17i (R=4-CICH,, R"=F) is the most effective agent upon testing with PaCa2 cell lysate (%
inhibition=79.6, 42.0 and 32.6 for 17i, ibuprofen and indomethacin; i.e. 1.9- and 2.4-fold the standards,
respectively). Compounds 17a, 17 h, 17k, and 17p also reveal high TNF-a inhibitory properties (%
inhibition =78.3-76.3).

The synthesized agent 17a (R=Ph, R’ = H) is the most promising agent observed upon assessment with MCF7
cell lysate (% inhibition=78.1, 7.8 and 22.9 for 17a, ibuprofen and indomethacin, respectively). Compounds
17h, and 17b also exhibit promising activities (% inhibition =74.0 and 72.2, respectively).

Chick chorioallantoic membrane (CAM) studies

CAM assay is an established xenograft technique for investigating the angiogenic effect due to the high
resemblance of the human vascularized epithelium basement membrane with that of the chorioallantoic
layer containing mainly type IV collagen®¥-%. Some of the promising anti-VEGFR-2 agents (17a, 17i, 17m,
17p, and 17s) were subjected for CAM testing studies and compared with that of sunitinib?® (a potent drug
with VEGFR-2 inhibitory effect) (Table 6, Figs. 10 and 11). The results show that synthesized agent 17s
(R=2-thienyl, R’=Cl) exhibits inhibitory effect in the CAM test (% inhibition=86.7) close to that of the
standard drug sunitinib (% inhibition=88.6) which is consistent with its anti-VEGFR-2 properties relative to
the standard drug tested (% anti-VEGFR-2 inhibition=283.1/87.9, 81.6/81.2 and 91.9/86.1 for 17 s/sunitinib
against HCT116, MCF7, and PaCa2 cancer cell lines, respectively). Promising anti-angiogenic properties (%
inhibition =82.7-81.4) from the CAM test were also observed for compounds 17p (R=4—H3COC6H4, R’'=H),
17a (R=Ph, R’=H), and 17m (R=4-H,CCH,, R"=H), consistent with the anti-VEGFR-2 properties (% anti-
VEGEFR-2 inhibition =90.0/88.0/86.0, 81.3/80.1/83.5, 93.3/94.1/92.2 for HCT116/MCF7/ PaCa cancer cells,
respectively). It should also be noted that the small differences between the antiproliferation, anti-VEGFR-2,
and anti-angiogenic properties (Tables 1, 3, and 4) are attributable to the conditions applied for each procedure/
protocol utilizing either human cell lines, kit enzyme, or xenograft model.

QSAR studies

QSAR (quantitative SAR) is a computational chemical methodology useful not only for predicting biological
properties quantitatively but also for determining the controlling functions and/or properties of biological active
entities. Many medicinal chemical studies, including CODESSA-Pro software have described the successful
utilization of this methodology 87:%%.
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HCT116 PaCa2 MCF7
Compd pg/mL (+SEM) | % inhibition | pg/mL (+ SEM) | % inhibition | pg/mL (+SEM) | % inhibition
17a 24.86+0.8 74.0 24.8+1.5 77.8 18.25+1.1 78.1
17b 94.64+2.2 1.1 105.7£3.9 5.5 82.25+2.6 1.2
17¢ 31.72+1.2 66.9 33.8+2.2 69.8 23.16+0.7 72.2
17d 94.80+2.5 1.0 103.7+£4.2 7.2 83.2+4.5 0.1
17e 94.27+0.7 15 97.6+1.6 12.7 81.87+3.0 1.7
17f 85.46+1.3 10.7 109.8+4.7 7.2 82.45+4.0 1.0
17g 81.75+2.1 14.6 97.4+3.6 12.9 83.0+3.2 0.3
17h 18.45+1.1 80.7 26.5+0.7 76.3 21.65+3.1 74.0
17i 28.56+0.9 70.2 22.8+1.6 79.6 31.27+1.3 62.4
17j 81.78+1.4 14.6 98.5+3.1 11.9 82.87+4.5 0.5
17k 26.48+1.5 72.3 243+1.4 78.3 22.85+1.8 72.6
171 273411 71.4 37.63+0.8 66.3 33.67+1.7 59.6
17m 21.65+0.9 77.4 32.83+1.3 70.6 26.24+2.2 68.5
17n 86.47+2.4 9.7 96.3+£3.0 13.9 83.17+4.1 0.1
170 86.34+0.9 9.8 95.6£2.2 14.5 81.85+3.1 1.7
17p 26.21+1.3 72.6 25.8+1.8 76.9 28.56+2.9 65.7
17q 84.26+0.8 12.0 91.8+2.7 17.9 80.67+2.8 3.1
17r 27.45+1.4 71.3 27.5+0.5 75.4 25.46+0.9 69.4
17s 86.57+2.0 9.6 90.6+2.8 19.0 81.64+3.7 1.9
17t 81.64+2.1 14.7 95.8+2.5 14.3 82.91+3.8 0.4
Ibuprofen 745+1.1 22.2 64.8+0.6 42.0 76.8+2.0 7.8
Indomethacin | 54.8+0.7 42.8 753+2.1 32.6 64.2+1.6 229
Control 95.74+0.5 - 111.8+£2.0 - 83.26+1.1 -

Table 5. TNF-a inhibitory properties of the tested agents at 10 uM.

Compd | Diameter of blood vessel (um+SEM) | % Inhibition
Control | 459.7+13.8 -
Sunitinib | 52.3+1.7 88.6
17a 80.7+3.7 82.5
17i 219.3+£5.6 52.3
17m 85.7+2.6 81.4
17p 79.3£3.3 82.7
17s 61.3+4.3 86.7

Table 6. % inhibitory properties of the blood vessels by the tested compound in CAM test.

HCT116

A robust four descriptor QSAR model (R*=0.954, R%vOO =0.901, R%vMO =0.911) was obtained for the anti-
HCT116 training set compounds (17a-e, g-s, representing 90% of the synthesized agents) (Supplementary Tables
S§2-85, Fig. $30). Compounds 17f and 17t (IC50 =3.716 and 7.342 pM, of potent and mild anti-HCT116 efficacies,
respectively) were used as external test set analogs for validating the observed model. The QSAR model covers
a wide range of anti-HCT116 properties [log IC,; (observed: 0.488551-1.07041, predicted: 0.490357-1.07339)
uM] including potent and mild effective agents. Complementary information content (t “criterion value” =7.792)
is a topological descriptor with low coefficient value =0.005. However, due to the high descriptor value of some
respective analogs, a potential effect is noted for the predicted anti-HCT116 properties as shown in compounds
17d/17s (descriptor value=220.206/150.022, estimated IC,;=9.892/5.803 uM). Complementary information
content can be calculated by equations (51,52)%.

The bond order for atom O is a semi-empirical descriptor (¢=5.685) with the highest coefficient value
(13.0248) among all the model’s descriptors. This can justify the estimated anti-HCT116 values of compounds
17b/17h (descriptor value=0.145/0.136, estimated anti-HCT116 IC,,=8.233/3.302 uM).

Repulsion energy between two different atoms (C-N) is a semi-empirical descriptor with coeflicient
value=0.353. Compound with high mathematical descriptor value gives rise to low anti-HCT116 predicted
properties as noted in compounds 17d/17m (descriptor value=168.125/167.772, estimated anti-HCT116
zcsg; 9.892/3.932 uM). The nuclear repulsion energy between two different atoms can be calculated by equation

S3)%.
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Fig. 10. Images of light microscopy for anti-angiogenic evaluation of the tested compounds using CAM assay.
A total amount of 20 pL (end concentration of 660 uM) of sunitinib and tested compounds were pipetted on
glass slide and left to dry. The glass slide was placed on the surface of the CAM blood vessel network and left
in an incubator at 37 °C for 3 days. The CAM blood vessel network was carefully cut and imaged under a light
microscope (40 x magnification).

Molecular volume is a geometrical descriptor with indication for the ability of a specific agent to be fitted
in the protein/receptor active site so, revealing a potential bio-activity. It possesses a coefficient value with
a negative sign (-0.010). So, analog(s) with high mathematical value can predicate a potent estimated anti-
HCT116 effect as noted in compounds 17a/170 (descriptor value=531.584/576.648, estimated anti-HCT116
IC,,=7.039/3.728 uM). Molecular volume of an agent can be calculated by equation (S4)%.

PaCa2 A training set containing 17a,c-g,i-t (18 compounds out of 20 synthesized analogs of potential an-
ti-PaCa2 properties) was used for optimizing a QSAR model. A validated 4-descriptor QSAR model was ob-
tained (R*=0.959, R%cvOO =0.927, R2%cvMO =0.930) covering a considerable range of anti-PaCa2 properties [1/
IC,, (observed: 0.064-0.1904, predicted: 0.067-0.190) uM). Two of the synthesized analogs 17b and 17h were
used as external test set compounds representing mild and promising anti-PaCa2 agents (Supplementary Tables
$6-89, Fig. S31).

Rotational entropy is a thermodynamic descriptor (coefficient=0.078). Analog(s) with high mathematical
value can estimate high anti-PaCa2 properties due to 1/IC,; model assigned as noted in compounds 17 1/17q
(descriptor value=39.663/37.669, estimated IC, =5.952/13.873 uM). The rotational entropy can be calculated
by equation (S5)%.

Resonance energy between two different atoms is a semi-empirical descriptor with coefficient value=0.293,
explaining the anti-PaCa2 properties of analogs 17a/170 (descriptor value=17.469/17.782, estimated
IC,,=13.639/6.358 uM). Equation (S6) can calculate the resonance energy between two different atoms®.

Total interaction energy between two different atoms is also a semi-empirical descriptor with coefficient
value=0.115, evidencing the estimated anti-PaCa2 properties of compounds 17d/17t (descriptor
valu;:gz 12.388/12.969, estimated IC,;=15.024/9.106 uM). The descriptor values can be calculated by equation
(S7)®.
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Fig. 11. % inhibition of angiogenic effect of the tested compounds (17a, 17i, 17m, 17p, and 17s), and sunitinib
(reference drug) using CAM assay.

Shadow plane XY is a geometrical descriptor with a negative sign coeflicient value (-0.003). Compounds
with high mathematical value can estimate low anti-PaCa2 properties due to 1/IC,; modeling. This is noted
in compounds 17i/17s (descriptor value=139.24/102.38, estimated IC,,=13.581/7.735 uM). Equation (S8) can
calculate the shadow area of a specific molecule®.

Internal and external validations The estimated antitumor properties relative to the noted experimental activ-
ities are the main internal validation elements evidencing the robust QSAR models obtained. Statistical values
including leave-one-out and leave-many-out coefficients relative to the main coefficient value of the observed
models (R?=0.954/0.959, R%cvO0O=0.901/0.927, RZ%cvMO=0.911/0.930 for HCT116/PaCa2 models, respec-
tively) are also important evidence for the goodness of the QSAR models. The standard deviation (s*) com-
pare to Fisher criteria (F) are also important evidences for the robust QSAR models (s*=0.002/9.373e-005,
F=67.611/75.400 for HCT116/PaCa2 models, respectively).

External validation of the QSAR models was undertaken considering a potent and a mild antitumor agent
(17£/17t, 17b/17h, for HCT116 and PaCa2 models, respectively). The estimated biological properties relative
to the observed ones (estimate IC,: 3.063/7.067, observed IC,: 3.716/7.342 uM for 17f/17t as anti-HCT116,
and estimated IC,: 11.096/8.191, observed IC,: 12.230/6.354 for 17b/17h as anti-PaCa2) are evidence for the
goodness of these models which can be used for optimizing more potent analogs.

Conclusion

Spiroindolin-2-ones with phosphonate function 17a-t (20 analogs, 96-72% vyield) were constructed in
regioselective mode following microwave synthetic methodology for azomethine cycloaddition with the
appropriate 3,5-bis(ylidene)-4-piperidone-1-phosphonate 14a-g. Different analytical techniques evidenced
the structure, including single crystal X-ray studies of 17d. All the synthesized agents exhibited anti-HCT116
properties (MTT technique) with higher efficacies than the clinically approved drug, 5-fluorouracil. Compound
17h (R=4-CIC,H,, R"=H) is the most promising agent synthesized with potency 6.6- and 3.1-folds that of
the standard drugs, 5-fluorouracil and sunitinib, respectively. Additionally, promising anti-PaCa2 properties
were noted for the synthesized agents 17a-t with higher potencies or close to that of sunitinib (clinically usable
drug against pancreatic cancer). Compound 17f (R=4-FC.H,, R’=Cl) is the most promising anti-PaCa2 agent
observed (3.2-fold that of sunitinib). It was observed that compound 17j (R=4-CICH,, R’ = Cl) possesses anti-
MCF7 potency close to that of 5-fluorouracil. Compound 17h (R=4-CICH,, R"=H; IC, =4.149 uM) is the
most anti-A549 effective analog relative to doxorubicin. Some of the synthesized agents (17d, 17k, 17p, and 17s)
revealed 3D-multilayer HCT116 cancer spheroid inhibitory properties. Needless to say that, the 3D-multicellular
spheroid model is an important technique bridging the biological ability of a specific agent revealing a promising
antiproliferation effect in the in vitro 2D-single layer culture with the in vivo animal model. Notable VEGFR-2
inhibitory properties were revealed by some of the synthesized analogs. The synthesized analogs also exhibited
considerable COX-1/-2 inhibitory properties in addition to TNF-a relative to NSAIDs (ibuprofen and
indomethacin, the clinically usable drugs). CAM testing supported the anti-VEGFR-2 observations and anti-
angiogenic properties. Internal and external validated QSAR models explored the functions necessary for the

antitumor properties.
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Experimental

Chemical synthesis

Melting points were determined on a capillary point apparatus (Stuart SMP3) equipped with a digital
thermometer. IR spectra (KBr) were recorded on a Shimadzu FT-IR 8400S spectrophotometer. Reactions were
monitored using thin layer chromatography (TLC) on 0.2 mm silica gel F254 plates (Merck) utilizing various
solvents for elution. The chemical structures of the synthesized compounds were characterized by nuclear
magnetic resonance spectra ("H-NMR, 1*C-NMR) and determined on a Bruker NMR spectrometer (500 MHz,
125 MHz for 'H and !*C, respectively). *C-NMR spectra are fully decoupled. Chemical shifts were reported
in parts per million (ppm) using the deuterated solvent peak or tetramethylsilane as an internal standard. The
microwave oven used is a Milestone Italy (model: StartSynth, Reactor: Pack2B Basic Single Vessel Kit).

Synthesis of dispiro[indoline-3,2’-pyrrolidine-3’,3’’-piperidin]-1’’-yl)phosphonates 17a-t
(general procedure)

A mixture of equimolar amounts of the appropriate diethyl [3,5-di((E)-ylidene)-4-oxopiperidin-1-yl]
phosphonates 14a-g (1.25 mmoL) and the corresponding isatins 15a-d with sarcosine 16 in ethanol (10 mL) was
heated in the microwave reactor at 60 °C (60 Watt) for 90 min. (hold time). After the completion of the reaction
(TLC), the reaction mixture was allowed to cool at room temperature, and the solvent was evaporated under
reduced pressure. The separated solid upon triturating the residual material with methanol (5 mL) was collected
and crystallized from a suitable solvent affording the corresponding 17a-t.

Diethyl (E)-(5''-benzylidene-1'-methyl-2,4"'-dioxo-4'-phenyldispiro[indoline-3,2’-
pyrrolidine-3’,3’’-piperidin]-1’’-yl)phosphonate (17a)

Obtained from the reaction of 14a, 15a and 16, as pale yellow microcrystals from ethanol (92%), mp 181-182°C*,
and yield 92% (0.67 g).

Diethyl (E)-(5"'-benzylidene-5-fluoro-1'-methyl-2,4'’-dioxo-4'-phenyldispiro[indoline-3,2’-
pyrrolidine-3’,3’’-piperidin]-1’’-yl)phosphonate (17b)

Obtained from the reaction of 14a, 15b, and 16, as yellow microcrystals from methanol (80%), mp 212-214 °C
and, yield 82% (0.62 g). IR: v__/em™' 3198, 1717, 1682, 1593, 1489, 1466, 1242, 1196, 1161, 1026. 'H-NMR
(DMSO-d,) & (ppm): 0.84 (t, J=6.0 Hz, 3H, CH,), 0.99 (t, J=6.0 Hz, 3H, CH,), 1.97 (s, 3H, NCH,), 2.16 (d,
J=13.4 Hz, 1H, upfield H of piperidinyl H,C-2""), 3.31 (t, /= 8.5 Hz, 1H, upfield H of pyrrolidinyl H,C-5"), 3.44-
3.54 (m, 2H, upfield H of upfield H of piperidinyl H,C-6"" + downfield H of pyrrolidinyl H,C-5), 3.67-3.89 (m,
6H, downfield H of piperidinyl H,C-2"" + downfield H of piperidinyl H,C-6""+2 OCH,), 4.65 (t, J=9.2 Hz, 1H,
pyrrolidinyl HC-4'), 6.63-6.68 (m, 2H, arom. H), 6.98 (t, J=9.1 Hz, 1H, arom. H), 7.13 (d, J=7.4 Hz, 2H, arom.
H), 7.26 (t, J=7.5 Hz, 1H, arom. H), 7.33-7.45 (m, 8H, 7 arom. H + olefinic CH), 10.55 (s, 1H, NH). 3C-NMR
(DMSO-dy) 8 (ppm): 15.51, 15.56, 15.75, 15.79 (CH,), 33.9 (NCH,), 45.4 (pyrrolidinyl HC-4"), 46.3 (piperidinyl
H,C-6"), 47.6 (piperidinyl H,C-2""), 57.3 (pyrrolidinyl H,C-5'), 61.87, 61.91, 61.96, 62.27, 62.34 [spiro-C-3' (C-
3"")+OCH,], 75.4 [spiro-C-3 (C-2)], 109.87,109.93, 114.1, 114.3, 115.2, 115.4,127.0, 127.2, 127.3, 128.3, 128.6,
129.3, 129.5, 129.8, 131.7, 131.8, 134.0, 137.95, 137.98, 139.9, 156.6, 158.5 (arom. C+ olefinic C), 175.2, 197.2
(C=0). Anal. Calcd. for C,;H,.FN,O.P (603.63): C, 65.66; H, 5.84; N, 6.96. Found: C, 65.52; H, 5.80; N, 7.03.
Diethyl (E)-(5''-benzylidene-5-chloro-1'-methyl-2,4'’-dioxo-4'-phenyldispiro[indoline-3,2’-
pyrrolidine-3’,3’’-piperidin]-1’’-yl)phosphonate (17c)

Obtained from the reaction of 14a, 15¢ and 16, as buff microcrystals from ethanol (94%), mp 220-221°C*, and
yield 94% (0.72 g).

Diethyl (E)-(5"'-benzylidene-1’,5-dimethyl-2,4"'-dioxo-4’-phenyldispiro[indoline-3,2’-
pyrrolidine-3’,3’’-piperidin]-1'’-yl)phosphonate (17d)

Obtained from the reaction of 14a, 15d, and 16, as yellow microcrystals from methanol (80%), mp 210-212 °C,
and yield 91% (0.68 g). IR: v__/cm™' 3194, 1709, 1682, 1620, 1589, 1493, 1447, 1246, 1165, 1026. 'H-NMR
(DMSO—d6) & (ppm): 0.86 (t, J=8.8 Hz, 3H, CH3), 0.98 (t, J]=8.9 Hz, 3H, CHS), 1.94 (s, 3H, NCHS), 2.12 (brs,
1H, upfield H of piperidinyl H,C-2"), 2.17 (s, 3H, ArCH,), 3.27-3.34 (m, 2H, upfield H of pyrrolidinyl H,C-
5’ +upfield H of upfield H of piperidinyl H,C-6""), 3.49-3.54 (m, 1H, downfield H of pyrrolidinyl H,C-5"),
3.64-3.86 (m, 6H, downfield H of piperidinyl H,C-2"" + downfield H of piperidinyl H,C-6""+2 OCH,), 4.69 (t,
J=9.2 Hz, 1H, pyrrolidinyl HC-4'), 6.56-6.59 (m, 1H, arom. H), 6.70 (br s, 1H, arom. H), 6.93-6.94 (m, 1H,
arom. H), 7.10 (br s, 2H, arom. H), 7.25-7.44 (m, 9H, 8 arom. H + olefinic CH), 10.39 (s, 1H, NH). *C-NMR
(DMSO-d,) & (ppm): 15.58, 15.63, 15.76, 15.80 (CH,), 20.7 (ArCH,), 33.9 (NCH,), 45.3 (pyrrolidinyl HC-4"),
46.0 (piperidinyl H,C-6""), 47.5 (piperidinyl H,C-2""), 57.2 (pyrrolidinyl H,C-5"), 61.82, 61.86, 61.93 [spiro-C-3’
(C-3")+0OCH,], 75.1 [spiro-C-3 (C-2")], 125.4, 126.9, 127.5, 128.2, 128.5, 129.08, 129.16, 129.45, 129.54, 129.9,
131.8,131.9,134.2,137.4,138.2, 141.2 (arom. C + olefinic C), 175.1, 197.0 (C=0). Anal. Calcd. for C,H,N,O.P
(599.67): C, 68.10; H, 6.39; N, 7.01. Found: C, 68.32; H, 6.22; N, 6.93.

Diethyl (E)-[5''-(4-fluorobenzylidene)-4’-(4-fluorophenyl)-1’-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1’’-yl]phosphonate (17¢)

Obtained from the reaction of 14b, 15a and 16, as pale yellow microcrystals from methanol, mp 193-194°C*,
and yield 95% (0.73 g).
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Diethyl (E)-[5-chloro-5"'-(4-fluorobenzylidene)-4’-(4-fluorophenyl)-1'-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1'’-yl]phosphonate (17f)

Obtained from the reaction of 14b, 15¢ and 16, as pale yellow microcrystals from n-butanol, mp 234-235°C%,
and yield 92% (0.76 g).

Diethyl (E)-(5"'-(4-fluorobenzylidene)-4'-(4-fluorophenyl)-1’,5-dimethyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1’’-yl)phosphonate (17g)

Obtained from the reaction of 14b 15d, and 16, as pale yellow microcrystals from benzene, mp 216-217 °C, and
yield 78% (0.62 g). IR: Vi /Cm 3190, 1709, 1686, 1601, 1508, 1470, 1304, 1234, 1161, 1026. 'H-NMR (DMSO-
dy) 6 (ppm): 0.88 (t, = 83Hz,3H CH,), 1.00 (t, J=7.2 Hz, 3H, CH,), 1.93 (s, 3H, NCH,), 2.16 (s, 3H, ArCH,),
2.19 (br s, 1H, upfield H of plperldmyl H,C-2"), 3.30-3.32 (m, 2H, upfield H of pyrrolidinyl H,C-5' +upf1eld
H of upfield H of piperidinyl HZC-6”), 3.49-3.57 (m, 1H, downfield H of pyrrolidinyl HZC-S’), 3.66-3.80 (m,
6H, downfield H of piperidinyl H,C-2"" + downfield H of piperidinyl H,C-6""+2 OCH,), 4.67 (t, J=9.2 Hz, 1H,
pyrrolidinyl HC-4'), 6.58 (d, J=7.9 Hz, 1H, arom. H), 6.68 (s, 1H, arom. H), 6.93 (d, J=7.9 Hz, 1H, arom. H),
7.14-7.18 (m, 4H, arom. H), 7.25 (t, J=9.0 Hz, 2H, arom. H), 7.43-7.51 (m, 3H, arom. H + olefinic CH), 10.42
(s, IH, NH). *C-NMR (DMSO-d,) & (ppm): 15.58, 15.63, 15.75, 15.80 (CH,), 20.6 (ArCH,), 33.8 (NCH,), 45.3
(pyrrolidinyl HC-4"), 45.4 (piperidinyl H,C-6""), 47.4 (piperidinyl H,C-2""), 57.6 (pyrrolidinyl H,C-5'), 61.6,
61.7, 61.84, 61.86, 61.89, 61.91 [spiro-C-3" (C-3"") + OCH,}, 75.3 [spiro-C-3 (C-2')], 108.9, 114.8, 115.0, 115.6,
115.8,125.3,127.4,129.1, 129.5, 130.67, 130.70, 131.65, 131.73, 131.79, 131.9, 132.0, 134. 38 134.41,136.2, 141.2,
160.2, 161.2, 162.1, 163.2 (arom. C + olefinic C), 175.2, 196.9 (C=0). Anal. Calcd. for C F,N,O.P (635.65):
C, 64.25; H, 5.71; N, 6.61. Found: C, 64.46; H, 5.85; N, 6.80.

34 36

Diethyl (E)-[5"'-(4-chlorobenzylidene)-4'-(4-chlorophenyl)-1’-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1'’-yl]phosphonate (17h)

Obtained from the reaction of 14c, 15a and 16, as pale yellow microcrystals from benzene - light petroleum as
1:2 v/v, mp 143-145°C*, and yield 91% (0.74 g).

Diethyl (E)-(5''-(4-chlorobenzylidene)-4'-(4-chlorophenyl)-5-fluoro-1’-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1’’-yl)phosphonate (17i)

Obtained from the reaction of 14c, 15b, and 16, as yellow microcrystals from methanol, mp 208-210 °C, and yield
93% (0.78 g). IR: vmax/cm"1 3190, 1709, 1678, 1605, 1489, 1466, 1304, 1238, 1192, 1026. 'H-NMR (DMSO—dﬁ) )
(ppm): 0.86 (t,J=8.2 Hz, 3H, CH3), 1.02 (brs, 3H, CHS), 1.95 (s, 3H, NCH3), 2.23 (d, J=13.5Hz, 1H, upfield H
of piperidinyl HZC-Z”), 3.33 (t,J=8.7 Hz, 1H, upfield H of pyrrolidinyl HZC-S’), 3.43 (d,J=15.5, Hz, 1H, upfield
H of upfield H of piperidinyl H,C-6""), 3.49-3.56 (m, 1H, downfield H of pyrrolidinyl H,C-5"), 3.69-3.83 (m,
6H, downfield H of piperidinyl HZC—Z” +downfield H of piperidinyl HZC—6” +2 OCHZ), 4.61 (t,J=9.4 Hz, 1H,
pyrrolidinyl HC-4'), 6.61-6.68 (m, 2H, arom. H), 6.98 (t, J=8.7 Hz, 1H, arom. H), 7.16 (d, J=7.8 Hz, 2H, arom.
H), 7.38-7.49 (m, 7H, 6 arom. H + olefinic CH), 10.59 (s, 1H, NH). *C-NMR (DMSO-d,) & (ppm): 15.55, 15.60,
15.76, 15.81 (CH,), 33.8 (NCH,), 45.5 (pyrrolidinyl HC-4"), 45.7 (piperidinyl H,C-6""), 47.5 (piperidinyl H,C-
2""), 57.5 (pyrrolidinyl H,C-5), 61.95, 61.99, 62.0, 62.1, 62.2 [spiro-C-3' (C-3"")+ OCH,], 75.5 [spiro-C-3 (C-
2], 110.0,110.1, 114.1, 114.3, 115.3, 115.5, 126.98, 127.04, 128.2, 128.7, 128.8, 131.3, 131.7, 131.8, 132.1, 132.2,
132.3,132.8,134.1, 136.5, 137.0, 139.9, 156.6, 158.5 (arom. C + olefinic C), 175.2, 196.9 (C=0). Anal. Calcd. for
C,;H,,CLEN,OP (672.52): C, 58.94; H, 4.95; N, 6.25. Found: C, 59.06; H, 5.11; N, 6.34.

Diethyl (E)-[5-chloro-5"'-(4-chlorobenzylidene)-4'-(4-chlorophenyl)-1'-methyl-2,4"’-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"’'-piperidin]-1'’-yl]phosphonate (17j)

Obtained from the reaction of 14c, 15¢ and 16, as pale yellow microcrystals from methanol, mp 229-230°C*,
and yield 89% (0.76 g).

Diethyl (E)-(5’'-(4-chlorobenzylidene)-4'-(4-chlorophenyl)-1’,5-dimethyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1’’-yl)phosphonate (17k)

Obtained from the reaction of 14c, 15d, and 16, as yellow microcrystals from methanol, mp 208-209 °C, and
yield 95% (0.79 g). IR: vmax/cm_1 3186, 1705, 1686, 1605, 1493, 1470, 1304, 1238, 1026. 'H-NMR (DMSO—d6)
& (ppm): 0.87 (t, J=7.2 Hz, 3H, CH,), 1.00 (t, J=8.6 Hz, 3H, CH,), 1.92 (s, 3H, NCH,), 2.16 (s, 3H, ArCH,),
2.21 (br s, 1H, upfield H of piperidinyl H,C-2""), 3.30-3.33 (m, 2H, upfield H of pyrrolidinyl H,C-5'+upfield
H of upfield H of piperidinyl H,C-6""), 3.49-3.54 (m, 1H, downfield H of pyrrolidinyl H,C-5"), 3.65-3.76 (m,
6H, downfield H of piperidinyl H,C-2"" + downfield H of piperidinyl H,C-6""+2 OCH,), 4.64 (t, J=10.0 Hz,
1H, pyrrolidinyl HC-4"), 6.57 (d, J=5.0 Hz, 1H, arom. H), 6.67 (s, 1H, arom. H), 6.93 (d, J=7.8 Hz, 1H, arom.
H), 7.14 (d, J=8.3 Hz, 2H, arom. H), 7.39-7.49 (m, 7H, 6 arom. H + olefinic CH), 10.47 (s, 1H, NH). 13C-NMR
(DMSO—dé) § (ppm): 15.66, 15.71, 15.8, 15.9 (CH3), 20.7 (ArCH3), 339 (NCH3), 45.4 (pyrrolidinyl HC-4'),
45.5 (piperidinyl HZC-6”), 47.5 (piperidinyl HZC-Z”), 57.5 (pyrrolidinyl HZC-S’), 61.7,61.8, 61.94, 61.96, 62.00
[spiro-C-3' (C-3"") + OCH,}, 75.3 [spiro-C-3 (C-2')], 109.0, 125.2, 127.5, 128.2, 128.8, 129.2, 129.6, 131.4, 131.6,
131.9,132.4,132.5, 133.0, 134.0, 136.1, 137.3, 141.2 (arom. C + olefinic C), 175.2, 196.8 (C=0). Anal. Calcd. for
C,,H,,CLN,OP (668.55): C, 61.08; H, 5.43; N, 6.29. Found: C, 60.92; H, 5.35; N, 6.46.

Diethyl (E)-[5"'-(4-bromobenzylidene)-4'-(4-bromophenyl)-1'-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"’'-piperidin]-1'’-yl]phosphonate (171)

Obtained from the reaction of 14d, 15a and 16, as pale yellow microcrystals from methanol, mp 137-139°C*%,
and yield 85% (0.79 g).
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Diethyl (E)-[1'-methyl-5"'-(4-methylbenzylidene)-2,4'’-dioxo-4'-(p-tolyl)dispiro[indoline-
3,2’-pyrrolidine-3’,3’’'-piperidin]-1"’-yl]phosphonate (17m)

Obtained from the reaction of 14e, 15a and 16, as pale yellow microcrystals from methanol, mp 226-227°C%,
and yield 96% (0.73 g).

Diethyl (E)-(5-fluoro-1'-methyl-5"'-(4-methylbenzylidene)-2,4’’-dioxo-4’-(p-tolyl)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1"’-yl)phosphonate (17n)

Obtained from the reaction of 14e, 15b, and 16, as yellow microcrystals from methanol, mp 179-181 °C, and
yield 93% (0.73 g). IR: Vmax/cm’1 3194, 1713, 1674, 1593, 1512, 1489, 1470, 1300, 1234, 1196, 1026. 'H-NMR
(DMSO-d,) & (ppm): 0.87 (br s, 3H, CH,), 1.01 (t, J=8.3 Hz, 3H, CH,), 1.95 (s, 3H, NCH,), 2.16 (d, J=13.3 Hz,
1H, upfield H of piperidinyl HZC—Z"), 2.28 (s, 3H, ArCH3), 2.30 (s, 3H, ArCH3), 3.44 (d,J=15.2 Hz, 1H, upfield
H of upfield H of piperidinyl HZC-6”), 3.50-3.55 (m, 1H, upfield H of pyrrolidinyl HZC-S’), 3.66-3.86 (m, 7H,
downfield H of pyrrolidinyl H,C-5"+downfield H of piperidinyl H,C-2"" +downfield H of piperidinyl H,C-
6" +2 OCH,), 4.60 (t, J=9.3 Hz, 1H, pyrrolidinyl HC-4'), 6.61-6.66 (m, 2H, arom. H), 6.96 (t, J=9.3 Hz, 1H,
arom. H), 7.04 (d, J=7.7 Hz, 2H, arom. H), 7.14 (d, J=7.6 Hz, 2H, arom. H), 7.22 (d, J=7.3 Hz, 2H, arom. H),
7.31 (d, J=7.5 Hz, 2H, arom. H), 7.39 (s, 1H, olefinic CH), 10.53 (s, 1H, NH). *C-NMR (DMSO-d,) & (ppm):
15.6,15.78,15.83 (CH3), 20.6,20.9 (ArCHS), 33.9 (NCH3), 45.5 (pyrrolidinyl HC-4"), 45.9 (piperidinyl H,C-6""),
47.5 (piperidinyl H,C-2"), 57.4 (pyrrolidinyl H,C-5), 62.0, 62.2 [spiro-C-3’ (C-3"") + OCH,], 75.4 [spiro-C-3
(C-2"], 109.9, 128.9, 129.3, 129.7, 129.8, 130.5, 130.8, 131.2, 134.9, 136.1, 138.0, 139.4, 139.9 (arom. C + olefinic
C), 175.2,197.2 (C=0). Anal. Calcd. for C FN,O.P (631.69): C, 66.55; H, 6.22; N, 6.65. Found: C, 66.77;
H,6.31; N, 6.76.

35H39

Diethyl (E)-[5-chloro-1’-methyl-5"'-(4-methylbenzylidene)-2,4"’ -dioxo-4'-(p-tolyl)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1"'-ylJphosphonate (170)

Obtained from the reaction of 14e, 15c and 16, as pale yellow microcrystals from ethyl acetate, mp 227-228°C%,
and yield 93% (0.75 g).

Diethyl (E)-[5''-(4-methoxybenzylidene)-4'-(4-methoxyphenyl)-1’'-methyl-2,4"'-
dioxodispiro[indoline-3,2’-pyrrolidine-3’,3"'-piperidin]-1’’-ylJphosphonate (17p)

Obtained from the reaction of 14f,, 15a and 16, as pale yellow microcrystals from methanol, mp 196-198°C*,
and yield 88% (0.75 g).

Diethyl (E)-[1'-methyl-2,4"'-dioxo-4’-(thiophen-2-yl)-5"-(thiophen-2-ylmethylene)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1’’-yl]phosphonate (17q)

Obtained from the reaction of 14g, 15a and 16, as pale yellow microcrystals from methanol, mp 206-208°C*,
and yield 84% (0.62 g).

Diethyl (E)-(5-fluoro-1'-methyl-2,4’’-dioxo-4'-(thiophen-2-yl)-5"'-(thiophen-2-ylmethylene)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1"'-yl)phosphonate (17r)

Obtained from the reaction of 14e, 15b, and 16, as yellow microcrystals from methanol (80%), mp 216-218 °C,
and yield 77% (0.59 g). IR: v__ /em™" 3194, 1713, 1674, 1574, 1489, 1462, 1300, 1246, 1196, 1026. "H-NMR
(DMSO-d,) & (ppm): 1.22 (t, J=7.1 Hz, 3H, CH,), 1.25 (t, J=7.3 Hz, 3H, CH,), 2.09 (s, 3H, NCH,), 2.58 (d,
J=13.5 Hz, 1H, upfield H of piperidinyl H,C-2""), 3.53-3.59 (m, 2H, upfield H of pyrrolidinyl H,C-5" + upfield
H of upfield H of piperidinyl H,C-6""), 3.78-4.13 (m, 7H, downfield H of pyrrolidinyl H,C-5" + downfield H of
piperidinyl H,C-2"+ downfield H of piperidinyl H,C-6"+2 OCHZ), 5.00 (t, J=9.2 Hz, 1H, pyrrolidinyl HC-4'),
6.70 (d, J=8.6 Hz, 1H, arom. H), 6.81-6.83 (m, 1H, arom. H), 7.08 (t, J=10.2 Hz, 1H, arom. H), 7.16 (br s, 1H,
arom. H), 7.26 (br s, 1H, arom. H), 7.39 (br s, 1H, arom. H), 7.55 (br s, 1H, arom. H), 7.70-8.08 (m, 3H, 2 arom.
H +olefinic CH), 10.70 (s, 1H, NH). *C-NMR (DMSO-d,) & (ppm): 15.85, 15.90, 15.94 (CH,), 33.7 (NCH,),
40.9 (pyrrolidinyl HC-4"), 45.6 (piperidinyl H,C-6'"), 46.0 (piperidinyl H,C-2""), 58.4 (pyrrolidinyl H,C-5'),
61.4,61.5,61.96, 62.01, 62.06, 62.10 [spiro-C-3’ (C-3"") + OCH,], 75.3 [spiro-C-3 (C-2")], 109.89, 109.95, 113.7,
113.9,115.2,115.4, 125.0, 126.7, 126.9, 127.0, 127.2, 128.5, 130.4, 133.2, 135.2, 135.3, 137.0, 140.0, 140.7, 156.4,
158.3 (arom. C + olefinic C), 174.9, 195.6 (C=0). Anal. Calcd. for C FN,O.PS, (615.68): C, 56.58; H, 5.08;
N, 6.83. Found: C, 56.44; H, 5.19; N, 6.67.

29H31

Diethyl (E)-[5-chloro-1'-methyl-2,4’’-dioxo-4’-(thiophen-2-yl)-5''-(thiophen-2-ylmethylene)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1'’-ylJphosphonate (17s)

Obtained from the reaction of 14g, 15c and 16, as pale yellow microcrystals from methanol, mp 223-225°C%,
and yield 80% (0.63 g).

Diethyl (E)-(1’,5-dimethyl-2,4"'-dioxo-4'-(thiophen-2-yl)-5''-(thiophen-2-ylmethylene)
dispiro[indoline-3,2’-pyrrolidine-3’,3"’-piperidin]-1’’-yl)phosphonate (17t)

Obtained from the reaction of 14g, 15d, and 16, as yellow microcrystals from methanol, mp 202-204 °C, and
yield 72% (0.55 g). IR: vmax/cm’l 3090, 1709, 1670, 1585, 1489, 1466, 1300, 1234, 1030. 'H-NMR (DMSO-dﬁ)
& (ppm): 1.05-1.10 (m, 6H, 2 CH3), 1.92 (s, 3H, NCHS), 2.00 (s, 3H, ArCHs), 2.40 (d, J=13.1 Hz, 1H, upfield
H of piperidinyl H,C-2"), 3.36 (d, J=9.5 Hz, 2H, upfield H of pyrrolidinyl H,C-5'+upfield H of upfield H of
piperidinyl H,C-6""), 3.65-3.93 (m, 7H, downfield H of pyrrolidinyl H,C-5" + downfield H of piperidinyl H,C-
2""+downfield H of piperidinyl HZC—6” +2 OCHZ), 4.90 (t, J=8.1 Hz, 1H, pyrrolidinyl HC-4'), 6.54 (br s, 1H,
arom. H), 6.61 (br s, 1H, arom. H), 6.86 (br s, 1H, arom. H), 7.01 (br s, 1H, arom. H), 7.11 (br s, 1H, arom.
H), 7.23 (br s, 1H, arom. H), 7.40 (br s, 1H, arom. H), 7.51-7.89 (m, 3H, 2 arom. H + olefinic CH), 10.40 (s,
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1H, NH). 3C-NMR (DMSO-d,) § (ppm): 15.9 (CH,), 20.5 (ArCH,), 33.8 (NCH,), 40.5 (pyrrolidinyl HC-4"),
45.5 (piperidinyl H,C-6""), 46.1 (piperidinyl H,C-2""), 58.4 (pyrrolidinyl H,C-5'), 61.1, 62.0 [spiro-C-3’ (C-
3') +OCH2], 75.1 [spiro-C-3 (C-2")], 108.8, 124.92, 124.98, 127.0, 127.2, 127.4, 128.4, 129.0, 129.3, 129.9, 132.9,
134.7,137.2, 141.0, 141.3 (arom. C +olefinic C), 174.9, 195.5 (C=0). Anal. Calcd. for C, H,,N,O.PS, (611.71):
C, 58.91; H, 5.60; N, 6.87. Found: C, 58.74; H, 5.48; N, 6.73.

Biological, biochemical and computational studies

The biological, biochemical and computational studies were mentioned in the supplementary file. The cell lines
used in the current study were kindly gifted by Prof. Stig Linder, Karolinska Institute, Stockholm, Sweden,
originally purchased from ATCC.

Data availability

All data generated or analyzed during this study are included in this published article and its supplementary
material files. Crystallographic data for the structure reported in this paper **17d** has been deposited at the
Cambridge Crystallographic Data Centre (CCDC) in the CSD under reference CCDC 2467603. These data can
be obtained free of charge from the CCDC via [https://www.ccdc.cam.ac.uk/structures/] (https://www.ccdc.cam
.ac.uk/structures/).
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