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Microwave-assisted reaction of 3,5-bis((E)-ylidene)-1-phosphonate-4-piperidones 3a—-g with azomethine ylide
(produced through interaction of isatins 4 and sarcosine 5) cycloaddition afforded the corresponding (dispiro
[indoline-3,2"-pyrrolidine-3’,3"-piperidin]-1"-yl)phosphonates 6a-1 in excellent yields (80-95%). Structure of
the synthesized agents was evidenced by single crystal X-ray studies of 6d, 6i and 6l. Some of the synthesized
agents revealed promising anti-SARS-CoV-2 properties in the viral infected Vero-E6 cell technique with
noticeable selectivity indices. Compounds 6g and 6b are the most promising agents synthesized (R = 4-BrCeHa,
Ph; R” = H, CI, respectively) with considerable selectivity index values. MP-SARS-CoV-2 inhibitory properties
supported the anti-SARS-CoV-2 observations of the potent analogs synthesized. Molecular docking studies (PDB
ID: 7C8U) are consistent with the MP™ inhibitory properties. The presumed mode of action was supported by
both experimentally investigated MP°-SARS-CoV-2 inhibitory properties and explained by docking observations.

1. Introduction

The calamitous global pandemic due to the COVID-19 (coronavirus
disease 2019) is one of the most widespread in recorded history. The
SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) put the
entire world under social and economic stress due to its high infectivity.
An aggravating factor was the limited access to urgent medical treat-
ment for a large proportion of the world population. Initial discovery of
the disease was associated with local fish and wild animals market in
Wuhan, China, towards the end of 2019 when it started spreading
rapidly worldwide effectively impacting all countries and nations. Lack
of principal knowledge concerning the cell biology of the new virus with
high prevalence and fatality rate compelled the entire scientific society
to explore for promising pathways to save human life and avoid socio-
economic disaster [1].

SARS-CoV-2 is an RNA zoonotic virus belonging to the Coronaviridae
family, order: Nidovirales, genus: Betacoronavirus. It is commonly found
in bats but, for unclear reasons, became infectious with the ability to
transfer from human to human thereby spreading worldwide resulting in
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aglobal pandemic[2,3]. ltisapositive-sense single-stranded RNAVvirus
(ssRNAE )) with genetic material capable of performing the function of
messenger RNA (mRNA) [4-6].

The number of infected patients and mortality increased dramati-
cally after the first alarm was raised (pandemic status was declared by
the World health organization (WHO) in March 2019) [7]. About 761.4
million infected patients and 6.887 million deaths were confirmed by
WHO [8]. Symptoms due to SARS-CoV-2 infection are similar to many
other diseases (for example flu) and include; cough, headache, fever,
diarrhea, breathing difficulty, and loss of taste and/or smell. For severe
cases, supplemental oxygen and intensive care hospitalization are
needed due to respiratory problems that can seriously impact human
organ function and possibly lead to death. Several waves of SARS-CoV-2
mutants were observed, namely: Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1), Delta (B.1.617.2), Epsilon (B.1.427 and B.1.429), Eta
(B.1.525), lota (B.1.526), Kappa (B.1.617.1), Mu (B.1.621, B.1.621.1)
and Zeta (P.2). The Omicron (B.1.1.529) variant was first identified in
Botswana in Nov. 2021 and rapidly spread to all countries worldwide
[9-12]. The Omicron variant is highly efficiently transmitted between
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humans. Duetothe continuous virus mutation and limitation of effective
therapeuitics, it is estimated that the epidemic disease is away from its
end [13].

Some proteins have been mentioned as having a critical role in SARS-
CoV-2 infection making them potential targets for optimizing thera-
peutic agents (Fig. 1) [14]. Coronavirus main protease (MP, also called
3CLP™) plays an essential role in viral maturation, replication and
transcription. Thus, the inhibition of MP is an attractive target for
therapeutics against COVID-19 [15,16]. By the end of 2021, FDA (Food
and Drug Administration) approved (under the emergency use autho-
rization) Paxlovid as anti-SARS-CoV-2 therapeutic for mild and moder-
ate COVID-19 patients. It is a combination of two effective agents,
Nirmatrelvir (3CL protease inhibitor) and Ritonavir (protease inhibitor
originally developed for HIV/AIDS). Paxlovid can reduce the risk of
death or the hospitalization period if administrated within a few days of
symptoms due to infection appearing [17-19]. PF-00835231is an MP™®
inhibitor (Ki = 0.27 nM) with potential inhibitory properties against
SARS-CoV-2 [ECs (Vero-E6 cell)= up to 0.23 uM] reported by Pfizer as
a repurposing therapeutic (Fig. 2) [20]. 2-Substituted indolealkylamines
were mentioned as potential anti-SARS-CoV-2 candidates with viral
main protease (MP©) inhibitory properties [21]. Many indole-containing
compounds have also been mentioned by the in-silico studies as MP™®
inhibitory properties but lack of experimental bio-evidence has hindered
their applicability [15,22-25].

The scientific community pulled all stops to investigate and develop
effective diagnostic and therapeutical agents in addition to vaccines
capable of preventing infection [26]. Vaccination was considered as an
integral part for controlling the long-term COVID-19 pandemic as the
protective neutralizing antibodies produced in the human body that can
either completely protect from infection or control the severe symptoms
of the infectious virus. A number of vaccines with substantial efficacy
against different variants of SARS-CoV-2 were developed and adminis-
tered [27]. The most well-known are BNT162b2 by Pfizer/BioNTech,
mRNA-1273 by Moderna, and AZD1222 by University of Oxford &
AstraZeneca [28]. Large scale vaccination was pursued for controlling
the infection as herd immunity was risky due to no certain evidence
being available for acquired immunity in recovered COVID-19 patients
[29]. Although convalescent plasma was considered as a therapeutic
tool for severely infected patients, the feasibility of this approach was
questionable [30].

Drug repurposing has been the main technique for identifying po-
tential therapeutics against COVID-19. Investigating new drugs usually
needs lots of research investigations requiring effort, time and money.
However, redirecting already known drugs towards a new disease is an
attractive shortcut towards the desired target. Many repurposed thera-
peutics have been identified with potential potency for mild and mod-
erate infections [31]. However, none up to our knowledge has efficacy
for severe conditions. Arbidol (an indolyl scaffold) is a broad spectrum
antiviral agent (anti-influenza, hepatitis “HBV, HCV”, Ebola, Lassa, and
chikungunya) with hemagglutinin esterase inhibitory properties. It was
successfully repurposed against COVID-19 [32-38]. Obatoclax which
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Fig. 1. Some of the proteins involved in the SARS-CoV-2 infection, that make
them potential targets for developing therapeutical agents.
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was subjected to phase Il clinical trial as an anticancer agent (leukemia,
lymphoma, and lung) revealed potent anti-SARSCoV-2 properties in
addition to the inhibitory properties against S protein-mediated virus
entry suggesting its potenial applicibility against COVID-19 [39].
Melatonin which is a natural product found in plants and animals with
antioxidant and anti-inflammatory properties was mentioned as a
promising agent useful for preventing and treating COVID-19 with
safety profile. Reports supported that treatment of COVID-19 patients
with melatonin alone or in combination with another therapeutic drug
eithershortenedthe hospitalization period orreducedthe severity ofthe
viral infection (Fig. 2) [40-47].

The current study is directed towards construction of new
spiroindole-containing compounds bearing a phosphonate moiety. In-
terest of this scaffold is attributed to the previously described anti-
COVID-19 properties of indole-containing heterocycles especially
those considered repurposed drug (Arbidol) and the potent clinically
supported ones (PF-00835231, Obatoclax and Melatonin). The potent
anti-SARS-CoV-2 properties of indole and spiroindole-containing ana-
logs also encouraged the current study [48,49]. Interest in insertion of
the phosphoryl group into the heterocyclic system is the ability of the
group to improve the physicochemical properties as the electron-rich
phosphoryl residue that may increase the bioavailability of the tar-
geted agents [50]. Previous reports describing the antiviral properties of
phosphonate-containing compounds also support the rationality of the
current design study [51,52]. Many therapeutics incorporating the
phosphonate group are well known and include Etidronate [53],
Pamidronate [54], Alendronate [55], Zoledronic acid [56], Ibandronic
acid [57] (FDA approved in 1977, 1991, 1995, 2001, 2003 for osteo-
porosis) and Amifostine (FDA approved in 1995 to reduce kidney
toxicity “nephrotoxic” effect upon repeated treatment of ovarian cancer
with cisplatin) [58,59] (Fig. 3).

2. Results and discussion
2.1. Chemical synthesis

The N-diethyl phosphonate-4-piperidones 3a-g were synthesized in
good to excellent yields (71-87%) through dehydrohalogenation reac-
tion of diethylchlorophosphate 2 with 3,5-bis(ylidene)-4-piperidones
1a-g in DMF (N,N-dimethylformamide) in presence of a sufficient
amount of TEA (triethylamine) at O °C. The single signal integrated to
two protons at 6,4-7.67-7.89 evidenced the E-configuration [60-63].
Azomethine cycloaddition (obtained through condensation of sarcosine
5 with isatins 4) with the appropriate N-diethyl phosphonate-4-
piperidones 3a-g in ethanolic solution under micro- wave condition (60
Watt, 60 °C) gave the targeted spiroindoles 6a-I in
excellent yields (80-95%) as the onI%/ isolable products (Scheme 1). The
spectral data (IR, *H, 2*C NMR, *H, *H-Cosy, and HSQC) evidenced the
chemical structure (Supplementary information file Fig. S1-S59).

2.2. X-ray studies

The molecule of 6d is shown in Fig. 4. In the diethyl phosphonate
group (P1, O3 - 05, C30 - C33); one ethoxy group is disordered with two
components. The P-O-C-C bonds are in trans conformation (except for
one disorder component which is gauche). The pyrrolidine ring (C1, C10
—C12, N2)isin envelope conformation with the nitrogen located 0.574
(4) A from the least squares plane through the other atoms. The pyrro-
lidine ringis linked to three other ring systems which are oriented
perpendicular to its plane, namely: fluorophenyl (C13-C18, F1), chloro-
indol-2-one (C1 - C8, O1, N1, CI1) and piperidone (C12, C19 - C22, 02,
N3) rings. The piperidone ring is essentially planar except for atom N3
which deviates by 0.580(2) A from the plane through the rest of the
atoms. The fluorophenylmethylene group (C23-C29, F2) is twisted by
about 40° from the plane of the piperidone ring.

The molecule of 6i is shown in Fig. 5. In the diethyl phosphonate
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1d, 3d; R = 4-BrCgHs 6d; R = 4-FCgH,, R' = CI (92 %)
1e, 3e; R = 4-H,COCgH, 6e; R = 4-CICgH,4, R' = H (91 %)
1, 3f: R = 4-HyCCqH, 8f; R = 4-CICgH,, R' = CI (89 %)
1g, 3g; R = 2-thienyl 6g; R = 4-BrCgHa4. R' = H (85 %)
6h; R = 4-H,COCgH4, R' = H (88 %)

4a,R' =H 6i: R = 4-HyCCgH,. R' = H (96 %)
4b, R'=Cl 8j; R = 4-H3CCgH,, R' = CI (93 %)

6k; R = 2-thienyl, R' = H (84 %)
6l; R = 2-thienyl, R' = CI (80 %)

Scheme 1. Synthetic route toward spiroindoles 6a-l.



Fig. 4. An ortep representation of the asymmetric unit of the crystal structure
of 6d showing 50% probability atomic displacement ellipsoids for one disor-
der component.

Fig. 5. An ortep representation of the asymmetric unit of the crystal structure
of 6i showing 50% probability atomic displacement ellipsoids for one disor-
der component.

group (P1, O3 - O5, C33 - C36), one P-O-C-C bond is in trans confor-
mation and the second is gauche. The pyrrolidine ring (C2, C10 — C12,
N2) is in envelope conformation with the nitrogen located 0.594 (3) A
from the least squares plane through the other atoms. The pyrrolidine
ring is linked to three other ring systems which are oriented perpen-
dicular to its plane, namely: methylphenyl (C13-C19), indol-2-one (C1 -
C8, 01, N1) and piperidone (C11, C21 - C24, O2, N3) rings. The
piperidone ring is essentially planar except for atom N3 which deviates
by 0.462(2) A from the plane through the rest of the atoms. The tolyl-
methylene group (C25-C32) is disordered with two components and is
twisted by about 35° from the plane of the piperidone ring.

There are two unique molecules in the crystal of 61 (Fig. 6). In both
molecules, the thiophene ([C13 — C16, S1] for the first molecule and
[C42 - C45, S3] for the second molecule), (thienyl)methylene ([C21 -
C25, S2] for the first molecule and [C50 — C54, S4] for the second
molecule), and the diethyl phosphonate ([P1, O3 - O5, C26 — C29] for
the first molecule and [P2, O8 — 010, C55 — C58] for the second mole-
cule) are disordered with two components. The P-O-C-C bonds are in
trans conformation for the major components whereas one torsion of

Fig. 6. An ortep representation of the asymmetric unit of the crystal structure
of 61 showing 50% probability atomic displacement ellipsoids for one disor-
der component.

each minor component of the molecule is gauche. The pyrrolidine rings
([C2, C10 - C12, N2] for the first molecule and [C31, C39 - C40, N5] for
the second molecule) are in envelope conformation with the nitrogen
atoms N2 and N5 being located 0.595 (4) A and 0.596 (5) A from the
least squares plane through the other atoms of the respective rings. Each
pyrrolidine ring is linked to three ring systems which are oriented
perpendicular to its plane. These are thiophene, chloroindol-2-one ([C1
— C8, 01, N1, CI1] for the first molecule and [C30 — C37, O6, N4, CI2] for
the second molecule) and piperidone ([C11, C17 — C20, O2, N3] for the
first molecule and [C40, C46 — C49, O7, N6] for the second molecule)
rings. The piperidone rings are essentially planar other than for atoms
N3 and N6 which are located 0.503(3) A and 0.541(3) A from the planes
through the rest of the atoms of their respective rings. The (thienyl)
methylene group is nearly co-planar with the piperidone ring which is
linked to.

The molecules of 6d, 6i and 6l have a common core comprising
pyrrolidine, indol-2-one and piperidone rings. This unit is relatively
rigid with the same geometry in all three compounds. Any variation in
the biological properties of these molecules, therefore can be reasonably
attributed to the conformational flexibility of the pendant groups as well
as their derivatization.

2.3. Anti-SARS-CoV-2 properties

The standard viral infected Vero-E6 cell technique was used to assess
the anti-SARS-CoV-2 properties of the synthesized spiroindoles 6a-I
[64-66]. The results (Table 1, Fig. 7), indicate that some of the syn-
thesized spiroindoles are more potent SARS-CoV-2 inhibitor than the
standard references used (Favipiravir, Hydroxychloroquine and Chlo-
roquine) with promising selectivity indices (Sl). Of the synthesized
agents, compound 6g (R = 4-BrCeH,4, R’ = H) is the most promising,
with 1Cso = 8.88 uM, CCso = 20.33 M, and S| = 2.29. Compound 6éb (R
= Ph, R’ = Cl) also has comparable anti-SARS-CoV-2 properties (ICso =
10.39 puM, CCsp = 22.0 pM, SI = 2.12) but with lower efficacy than 6g.
Although compound 6i (R = 4-H3;CC¢Hs, R” = H) exhibits a higher SI
value relative to the other synthesized analogs (ICso = 35.21 uM, CCsp =
87.01 uM, Sl = 2.47), it has lower efficacy than 6g and 6b. Compound 6f
(R = 4-CIC¢H,, R” = CI) displays higher anti-SARS-CoV-2 activity but
with a lower Sl value (ICsp 7.26 uM, CCsp 10.0 uM, Sl 1.38) than
those of 6g, 6b and 6i. Similar observations are also made for compound
6d (R = 4-FCg¢H,, R’ = Cl) and 6j (R = 4-HsCCgHq, R’ = Cl), The values
for 6d, 6j are ICso 13.53, 21.66 uM; CCso 18,83, 40.10 uM; and SI =
1.39, 1.85 respectively.

SAR (structure-activity relationship) deduced from anti-SARS-CoV-2



Table 1
Anti-SARS-CoV-2 properties of the synthesized spiroindoles 6a-1 and standard
references.

6a 88.61 73.07 0.82
6b 10.39 22.0 2.12
6c 85.84 126.0 1.47
6d 13.53 18.83 1.39
6e 340 9.834 0.03
6f 7.26 10.0 1.38
6g 8.88 20.33 2.29
6h 46.74 38.33 0.82
6i 35.21 87.01 2.47
6j 21.66 40.10 1.85
6k 106.1 49.92 0.47
6l 578.4 23.71 0.04
Favipiravir [65] 1382 5262 3.8

Hydroxychloroquine [61] 36.92 356.4 9.7

Chloroquine [61] 24.98 377.7 15.1

Sl = CCS"//cm

= 88.61, 10.39 pM, respectively), 6c/6d (ICs, = 85.84, 13.53 uM,
respectively), 6e/6f (ICso = 340, 7.26 uM, respectively) and 6i/6j (ICso
=35.21, 21.66 uM, respectively). These observations support the role of
indolyl heterocyclic substitution in the anti-SARS-CoV-2 properties.

2.4, MPT°-SARS-CoV-2 properties

MP© is one of the essential proteins for replication and gene
expression of the SARS-CoV-2 virus. Inhibition of MP is considered one
of the most potential pathways for treating infected COVID-19 patients
[67]. The MP™ inhibitory properties of the most effective agents syn-
thesized 6g, 6b and 6d were determined by an appropriate Kit assay
[68]. Fromdhe results (Table 2), compound 6b has the most potent
against M -SARS-CoV-2 and is comparable to Tipranavir (ICsp = 9.605,
7.38 uM, respectively). Tipranavir (Fig. 8) is a non-peptidic protease
inhibitor useable for therapy and prevention of HIV (human immuno-
deficiency virus) [69-71]. Spiroindole 6g also shows promising MP™--
SARS-CoV-2 inhibitory properties (ICsp = 15.59 uM). Considerable

Table 2
ICso values of MP°-SARS-CoV-2 for the synthesized agents (6b, 6d and 6g) and
standard reference Tipranavir.

activity indicate that the chloroindolyl-containing compounds have Entry Compd. ICs0 (UM % SE)
higher efficacy than the unsubstituted analogs (compound 6l which 1 6b 9.605 + 0.66
contains thienyl heterocycle is an exception). This rule seems to apply to 2 6d 42.82 + 2.53
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Fig. 7. Dose-response curves for the spiroindole 6a-l against SARS-CoV-2.



Tipranavir

Fig. 8. Tipranavir, protease inhibitor useable for therapy and prevention
of HIV.

protease inhibitory properties are also shown by spiroindole 6d (ICsy =
42.82 uM). It is notable that the protease (MP™) inhibitory properties are
comparable to the anti-SARS-CoV-2 inhibitory properties presented in
Table 1 (ICsp 10.39, 13.53, 8.88 uM for compounds 6b, 6d and 6g,
respectively). The slight differences in the results are attributed to dif-
ferences in the experimental techniques applied (in-vitro and
biochemical assays).

2.5. Molecular modeling

Various molecular modeling techniques have been developed over
the last decades and are used intensively in medicinal chemical studies
for identifying and optimizing the effective hits/leads and determining
the parameters controlling biological properties [72,73]. The effective
MP-SARS-CoV-2 agents identified (6b, 6d and 6g) were used for mo-
lecular modeling (docking) studies utilizing PDB ID: 7C8U [74] by
Discovery Studio 2.5 software (RMS: 0.088). The standard CDOCKER
technique was adopted after protein and ligand optimization (force
field: CHARMmM, Partial charge: MMFF94, radius of the active site
employed: 8.0368 A) [61]. The results (Fig. 9, Table 3), reveal that
compound éb is involved in hydrogen bondinginteraction of indolyl NH
with GLU166 and indolyl Cl with CYS145. The amino acids concerned
interact with the co-crystallized ligand in the protein active site (sup-
plementary information file Fig. S60). The high CDOCKER interaction
energy score (—52.58 kcal mol™?) is consistent with the higher MP™--
SARS-CoV-2 inhibitory properties (IC5=9.605 uM) compared to the
other tested analogs. Similar observations have been made for com-
pound 6g revealing hydrogen bonding interaction of the phosphonate
P—0O with GLU166 and acceptable docking interaction energy score
(—48.823 kcal mol™1) supporting its MP-SARS-CoV-2 inhibitory
properties (ICsp =15.59 uM). Compound 6d shows hydrogen bonding
interaction of piperidinyl nitrogen with GLN189 and phosphonate P—0
with GLN189. Although, GLN189 is one of the amino acids of the protein
active site, it is not one of the lead amino acids revealing hydrogen
bonding interaction with the co-crystallized ligand. These observations
explain the low MP-SARS-CoV-2 inhibitory properties (ICso = 42.82
uM) of 6d relative to the other tested agents. Thus, the docking studies
support the observed MP°-SARS-CoV-2 inhibitory properties and
explain the potency of the tested agents based on the presumed mode of
action.
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Fig. 9. Docking poses of the spiroindoles (6b, 6d and 6g) in the active site of
PDB ID: 7C8U.



Table 3
Interaction CDOCKER energy scores and hydrogen bonding interactions of the
synthesized spiroindoles (6b, 6d and 6g) in the active site of PDB ID: 7C8U.

Compd. CDOCKER interaction Hydrogen bonding interactions
energy (—Kcal molfl)
6b 52.58 Phosphonate P—O ... GLN189, Indolyl NH
... GLU166, Indolyl CI...CYS145
6d 49.017 PiperidinylN ... GLN189, Phosphonate
P—O ... GLN189
6g 48.823 Phosphonate P—O ... GLU166,

Phosphonate OEt ...GLN189

3. Conclusion

Spiroindoles 6a-I bearing the phosphonate group were obtained in
excellent yields (80-95%) through microwave-assisted azomethine
ylide (produced through interaction of isatins 4 and sarcosine 5)
cycloaddition of N-diethyl phosphonate-3,5-bis(ylidene)-4-piperidones
3a-g. X-ray diffraction studies evidenced the stereochemical configu-
ration. Some of the synthesized spiroindoles revealed potent anti-SARS-
CoV-2 properties in the viral infected Vero-E6 cell technique. MP™
inhibitory properties were evidenced for the synthesized agents with
potent bio-properties by the appropriate Kit assay. Molecular modeling
studies (PDB ID: 7C8U) supported the MP-SARS-CoV-2 inhibitory
properties. The observations provide a compelling case for the com-
pounds to be considered in future studies for optimizing potent anti-
SARS-CoV-2 agents.

4. Experimental

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. Re-
actions 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 character-
ized by nuclear magnetic resonance spectra (*H NMR, *C NMR) and
determined on a Bruker NMR spectrometer (500 MHz, 125 MHz for H
and ¢, respectively). B¢ 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. Microwave
ovenused is a Milestone Italy (model: StartSynth, Reactor: Pack2B Basic
Single Vessel Kit).

4.1. Chemical synthesis

4.1.1. Synthesis of diethyl [3,5-di((E)-ylidene)-4-oxopiperidin-1-yl]
phosphonates 3a—g (general procedure)

To a stirring solution of 3,5-di(E)-ylidene)piperidin-4-ones 1a-g (5
mmol) in DMF (10 ml) containing TEA (triethylamine, 0.8 ml, 6 mmol)
in an ice bath (0 °C), diethylchlorophosphate 2 (0.8 ml, 6 mmol) in DMF
(10 ml) was added dropwise (within 10 min). The reaction mixture was
stirred at the mentioned conditions for 2 h and stored at room temper-
ature (20-25°C) overnight. Afterthe completion of the reaction (TLC), it
was poured into ice-cold water (200 ml) containing NaCl (1.0 g). The
separated solid was collected, washed with tap water, dried and crys-
tallized from a suitable solvent affording the corresponding 3a-g.

4.1.1.1. Diethyl [3,5-di((E)-benzylidene)-4-oxopiperidin-1-ylJphosphonate
(3a). Obtained from the reaction of 1a and 2, pale-yellow microcrystals
from cyclohexane, mp 134-135 °C (127 °C [75]) and yield 71% (1.45 g).
Ripbry/o8 670 Y61343585, Y8R, 12551928, (HHNMR SHISP)d0)
4.44 (d, J 3 2
= 9.2 Hz, 4H, 2 NCH), 7.45-7.51 (m, 10H, arom. H), 7.73 (s,
2H, 2 olefinic CH). *3C NMR (DMSO-ds) & (ppm): 15.67, 15.72 (CHa),
45.51, 45.54 (NCH), 61.80, 61.84 (OCH), 128.7, 129.4, 130.3, 133.01,

133.04, 134.3, 135.5 (arom. C + olefinic C), 185.8 (C~0O). Anal. Calcd.
for Co3HzsNOLP (411.44): C, 67.14; H, 6.37; N, 3.40. Found: C, 67.26; H,
6.17; N, 3.54.

4.1.1.2. Diethyl [3,5-bis((E)-4-fluorobenzylidene)-4-oxopiperidin-1-yl]
phosphonate (3b). Obtained from the reaction of 1b and 2, yellow mi-
crocrystals from cyclohexane, mp 112-114 °C and yield 85% (1.9 g). IR:
Vmalem™1 1670, 1601, 1574, 1508, 1443, 1238, 1049. H NMR
(DMSO-ds) 6 (ppm): 1.07 (t, I = 7.0 Hz, 6H, 2 CH3), 3.77-3.84 (m, 4H, 2
OCH,), 4.42 (dd, J =1.8, 9.2 Hz, 4H, 2 NCH,), 7.33-7.37 (m, 4H, arom.
H), 7.57-7.60 (m, 4H, arom. H), 7.71 (s, 2H, 2 olefinic CH). *C NMR
(DMSO-de) 6 (ppm): 15.76, 15.81 (CHa), 45.50, 45.53 (NCH,), 61.91,
61.95 (OCH,), 115.8, 116.0, 130.89, 130.91, 132.79, 132.86, 134.4,
161.5, 163.5 (arom. C + olefinic C), 185.7 (C~0O). Anal. Calcd. for
Co3H24F.NO4P (447.42): C, 61.74; H, 5.41; N, 3.13. Found: C, 61.90; H,
5.12; N, 2.93.

4.1.1.3. Diethyl  [3,5-bis((E)-4-chlorobenzylidene)-4-oxopiperidin-1-yl]
phosphonate (3c). Obtained from the reaction of 1c and 2, pale yellow
microcrystals from cyclohexane, mp 136-137 °C (132 °C [75]) andyield
75% (1.8 g). IR: vmax/cm ™ 1678, 1616, 1582, 1489, 1269, 1018. H
NMR (DMSO-dg) 6 (ppm): 1.05 (t, J = 7.1 Hz, 6H, 2 CHs), 3.73-3.85 (m,
4H, 2 OCH,), 4.40 (dd, J=1.9, 9.3 Hz, 4H, 2 NCH,), 7.53 (d, J=8.9 Hz,
4H, arom. H), 7.56 (d, J = 8.9 Hz, 4H, arom. H), 7.68 (s, 2H, 2 olefinic
CH). 3C NMR (DMSO-ds) 6 (ppm): 15.79, 15.84 (CHs), 45.53, 45.56
(NCHy), 61.95, 61.99 (OCH,), 128.9, 132.2, 133.2, 133.57, 133.61,
134.2, 134.3 (arom. C + olefinic C), 185.7 (C~0). Anal. Calcd. for
C23H24CI,NO4P (480.32): C, 57.51; H, 5.04; N, 2.92. Found: C, 57.65; H,
5.10; N, 2.81.

4.1.1.4. Diethyl  [3,5-bis((E)-4-bromobenzylidene)-4-oxopiperidin-1-yl]
phosphonate (3d). Obtained from the reaction of 1d and 2, pale yellow
microcrystals from n-butanol, mp 141-142 °C and yield 74% (2.1 g). IR:
Vmaxlem 1 1670, 1612, 1585, 1485, 1261, 1022. *H NMR (DMSO-de) 6
(ppm): 1.06 (t, J = 7.0 Hz, 6H, 2 CHs), 3.74-3.86 (M, 4H, 2 OCH,), 4.40
(d, J = 9.3 Hz, 4H, 2 NCHy), 7.47 (d, J = 8.4 Hz, 4H, arom. H), 7.67 (s,
2H, 2 olefinic CH), 7.71 (d, J = 8.3 Hz, 4H, arom. H). 3CNMR
(DMSO-dg) 6 (ppm): 15.7 (CHs), 45.4 (NCH,), 61.9 (OCH,), 123.0,
131.7, 132.2, 133.4, 133.57, 133.60, 134.3 (arom. Cyolefinic C), 185.6
(C~0). Anal. Calcd. for C;3H,4Br.NO4P (569.23): C, 48.53; H, 4.25; N,
2.46. Found: C, 48.68; H, 4.37; N, 2.52.

4.1.1.5. Diethyl [3,5-bis((E)-4-methoxybenzylidene)-4-oxopiperidin-1-yl]
phosphonate (3e). Obtained from the reaction of 1e and 2, yellow mi-
crocrystals from methanol, mp 158-160°C (144 °C [75]) and yield 81%
(1.9 9). IR: Vmaxlcm ™1 1667, 1605, 1578, 1508, 1261, 1026. H NMR
(DMSO-dg) 6 (ppm): 1.08 (t, J = 7.1 Hz, 6H, 2 CHs), 3.77-3.86 (m, 10H,
2 OCH; 2 OCHz), 4.42 (d, J 9:0 Hz, 4H, 2 NCH), 7.07 (d, J 8.%-Hz,

4H, arom. H), 7.48 (d, J8.9 Hz, 4H, arom. H), 7.67 (s, 2H, 2 olefinic
CH). 3C NMR (DMSO-de) 6 (ppm): 15.8, 15.9 (CHs), 45.66, 45.69
(NCHy), 55.3 (OCHs), 61.83, 61.87 (OCH,), 114.4, 127.0, 131.0, 131.1,
132.5, 135.2, 160.3 (arom. C + olefinic C), 185.5 (C~0). Anal. Calcd.
for CasHzoNOGP (471.49): C, 63.69; H, 6.41; N, 2.97. Found: C, 63.76; H,
6.55; N, 3.05.

4.1.1.6. Diethyl [3,5-bis((E)-4-methylbenzylidene)-4-oxopiperidin-1-yl]
phosphonate (3f). Obtained from the reaction of 1f and 2, pale yellow
microcrystals from cyclohexane, mp 158-160 °C (151 °C [75]) andyield
87% (1.9 g). IR: vmax'cm™?! 1670, 1609, 1582, 1508, 1261, 1026. H
NMR (DMSO-dg) & (ppm): 1.05 (t, J = 7.0 Hz, 6H, 2 CHs), 2.36 (s, 6H, 2
ArCHj), 3.74-3.83 (m, 4H, 2 OCH,), 4.42 (d, J = 9.0 Hz, 4H, 2 NCH)),
7.31(d, J = 8.1 Hz, 4H,arom. H), 7.40 (d, J = 8.1 Hz, 4H, arom. H), 7.68
(s, 2H, 2 olefinic CH). *°C NMR (DMSO-dg) 6 (ppm): 15.79, 15.84 (CHjs),
21.0 (ArCHjy), 45.6, 45.7 (NCH,), 61.8, 61.9 (OCHy), 129.5, 130.5,
131.6, 132.3, 132.4, 135.5, 139.5 (arom. C + olefinic C), 185.7 (C~0O).



Anal. Calcd. for CpsHzoNO4P (439.49): C, 68.32; H, 6.88; N, 3.19. Found:
C, 68.50; H, 6.99; N, 3.35.

4.1.1.7. Diethyl [(3E,5E)-4-0x0-3,5-bis(thiophen-2-ylmethylene)piperidin-
1-yl]phosphonate (3g). Obtained from the reaction of 1g and 2, buff
microcrystals from cyclohexane, mp 123-125°C andyield 85% (1.8 g).
IR: vimacm ™! 1659, 1593, 1558, 1504, 1443, 1261, 1022. 'H NMR
(DMSO-ds) 6 (ppm): 1.16 (t, J = 7.0 Hz, 6H, 2 CH3), 3.86-3.95 (m, 4H, 2
OCHy), 4.47 (d, J = 9.3 Hz, 4H, 2 NCH_), 7.29 (dd, J = 3.7, 5.0 Hz, 2H,
arom. H), 7.63 (d, J = 3.4 Hz, 2H, arom. H), 7.89 (s, 2H, 2 olefinic CH),
7.97 (d, J = 5.1 Hz, 2H, arom. H). *3C NMR (DMSO-ds) 5 (ppm): 15.9,
16.0 (CHs), 45.22, 45.25 (NCH), 62.06, 62.10 (OCH,), 127.8, 128.6,
129.61, 129.64, 132.4, 134.6, 137.5 (arom. C + olefinic C), 184.7
(C~0). Anal. Calcd. for C19H2,NO4PS; (423.48): C, 53.89; H, 5.24; N,
3.31. Found: C, 53.98; H, 5.38; N, 3.38.

4.1.2. Synthesis of dispiro[indoline-3,2"-pyrrolidine-3’,3" -piperidin]-1"-yl)
phosphonates 6a—I (general procedure)

A mixture of equimolar amounts of the appropriate diethyl [3,5-di
((E)-ylidene)-4-oxopiperidin-1-ylJphosphonates 3a-g (1.25 mmol) and
the corresponding isatins 4a,b with sarcosine 5 in ethanol (10 ml) was
heated in the microwave reactor at 60 °C (60 Watt) for 60-90 min (hold
time). After the completion of the reaction (TLC), the reaction mixture
was allowed to cool at room temperature, and the solvent was evapo-
rated 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 6a-I.

4.1.2.1. Diethyl (E)-(5"-benzylidene-1"-methyl-2,4" -dioxo-4’-phenyldispiro
[indoline-3,2"-pyrrolidine-3',3"-piperidin]-1"-yl)phosphonate ~ (6a). Ob-
tained from the reaction of 3a, 4a and 5, reaction time 90 min as pale
yellow microcrystals from ethanol (90%), mp 181-182 °C and yield 92%
(0.67 g). IR: vmax/cm 13175, 1713, 1674, 1585, 1470, 1227, 1018. 'H
NMR (DMSO-dg) 6 (ppm): 0.84 (t, J = 7.0 Hz, 3H, CH3), 0.98 (t, J = 7.1
Hz, 3H, CHj3), 1.96 (s, 3H, NCHs), 2.14 (d, J = 13.5 Hz, 1H, upfield H of
piperidinyl H,C-2"), 3.28-3.32 (m, 2H, upfield H of pyrrolidinyl H,C-5’
+ upfield H of piperidinyl H,C-6"), 3.48-3.88 (m, 7H, downfield H of
pyrrolidinyl H,C-5" + downfield H of piperidinyl H,C-2”” + downfield H
of piperidinyl H,C-6” + 2 OCHy), 4.71 (t, J = 9.1 Hz, 1H, pyrrolidinyl H-
4’), 6.70 (d, J = 7.7 Hz, 1H, arom. H), 6.88-6.92 (m, 2H, arom. H),
7.11-7.15 (m, 3H, arom. H), 7.26 (t, J = 7.3 Hz, 1H, arom. H), 7.33-7.40
(m, 5H, 4 arom. H elefinic CH), 7.43-7.46 (m, 3H, arom. H), 10.53 (s,
1H, NH). C NMR (DMSO-ds) 6 (ppm): 15.56, 15.62, 15.80, 15.81
(CHs), 33.8 (NCH3), 45.1 (pyrrolidinyl HC-4"), 46.1 (piperidinyl H,C-
6"), 47.4 (piperidinyl H,C-2"), 57.1 (pyrrolidinyl H,C-5"), 61.84, 61.86,
61.88, 61.91, 61.95, 62.03 [spiro-C-3’ (C-3") + OCHj], 75.1 [spiro-C-3
(C-2")], 109.1, 120.9, 125.4, 126.8, 127.0, 128.3, 128.5, 129.0, 129.2,
129.6, 129.8, 131.6, 131.7, 134.2, 137.9, 138.2, 143.7 (arom. C +
olefinic C), 175.2, 197.2 (C~0). Anal. Calcd. for C33H3sN3OsP (585.64):
C, 67.68; H, 6.20; N, 7.18. Found: C, 67.85; H, 6.31; N, 7.41.

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

(6b). Obtained from the reaction of 3a, 4b and 5, reaction time 90 min
as buff microcrystals from ethanol (90%), mp 220-221 °C and yield 93%
(0.72 @). IR: vmadcm™! 3175, 3140, 1717, 1682, 1601, 1470, 1238,
1022. *H NMR (DMSO-dg) & (ppm): 0.81 (t, = 7.0 Hz, 3H, CHs), 1.00 (t,
J = 7.0 Hz, 3H, CHg), 1.97 (s, 3H, NCHs), 2.16 (d, J = 13.6 Hz, 1H,
upfield H of piperidinyl H,C-2"), 3.32 (d, J = 8.9 Hz, 1H, upfield H of
pyrrolidinyl H,C-5"), 3.49-3.52 (m, ?H, upfield H of piperidinyl H,C-6"

+ downfield H of pyrrolidinyl H,C-5'), 3.65-3.90 (m, 6H, downfield H of
piperidinyl H,C-2"” + downfield H of piperidinyl H,C-6" +2 OCHy),

4.65 (t, J = 8.9 Hz, 1H, pyrrolidinyl H-4"), 6.68 (d, J = 8.3 Hz, 1H, arom.
H), 6.82 (s, 1H, arom. H), 7.18-7.21 (m, 3H, arom. H), 7.27 (t, J= 7.3
Hz, 1H, arom. H), 7.34-7.46 (m, 8H, 7 arom. H + olefinic CH), 10.70 (s,

1H, NH). 3C NMR (DMSO-de) 6 (ppm): 15.47, 15.52, 15.74, 15.79
(CHs), 33.9 (NCHs), 45.8 (pyrrolidinyl HC-4"), 46.2 (piperidinyl H,C-
6"), 48.0 (piperidinyl H,C-2"), 57.4 (pyrrolidinyl H,C-5"), 61.87, 61.92,
61.96, 62.26, 62.34 [spiro-C-3’ (C-3") + OCHy], 75.2 [spiro-C-3 (C-2')],
110.6, 125.0, 126.7, 127.0, 127.5, 128.3, 128.5, 128.7, 129.3, 129.5,
129.8, 131.7, 131.8, 134.0, 137.9, 142.6 (arom. C + olefinic C), 174.8,
197.2 (C~0). Anal. Calcd. for C33H3sCINsOsP (620.08): C, 63.92; H,
5.69; N, 6.78. Found: C, 63.86; H, 5.78; N, 6.86.

4.1.2.3. Diethyl (E)-[5"-(4-fluorobenzylidene)-4’-(4-fluorophenyl)-1" -
methyl-2,4" -dioxodispiro[indoline-3,2"-pyrrolidine-3,3" -piperidin]-1"-yl]
phosphonate (6¢). Obtained from the reaction of 3b, 4a and 5, reaction
time 60 min as pale yellow microcrystals from methanol, mp 193-
194 °C and yield 94% (0.73 g). IR: vinad/cm™* 3186, 1705, 1682,
1601, 1508, 1223, 1030. *H NMR (DMSO-ds) 6 (ppm): 0.85 (t, J = 7.1
Hz, 3H, CHs), 1.00 (t, J = 7.0 Hz, 3H, CHj3), 1.94 (s, 3H, NCH3), 2.17 (d,
J = 13.4 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.27-3.28 (m, 1H,
upfield H of pyrrolidinyl H,C-5Y) 3.32 (d, J = 8.4 Hz, 1H, upfield H of
piperidinyl H,C-6"), 3.49-3.81 (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,), 4.66 (dd, J = 8.1, 10.0 Hz, 1H, pyrrolidinyl H-4"),
6.69 (d, J = 7.7 Hz, 1H, arom. H), 6.88-6.90 (m, 2H, arom. H),
7.11-7.27 (m, 7H, arom. H), 7.41 (s, 1H, olefinic CH), 7.50 (dd, J = 5.6,
8.5 Hz, 2H, arom. H), 10.56 (s, 1H, NH). **C NMR (DMSO-ds) & (ppm):
15.6, 15.7, 15.8, 15.9 (CHs), 33.9 (NCHs3), 45.2 (pyrrolidinyl HC-4"),
45.4 (piperidinyl H,C-6"), 47.4 (piperidinyl H,C-2"), 57.6 (pyrrolidinyl
H,C-5'), 61.7, 61.8, 61.91, 61.95, 61.99 [spiro-C-3’ (C-3") + OCH],
75.3 [spiro-C-3 (C-2")], 109.2, 115.0, 115.1, 115.6, 115.8, 121.0, 125.2,
126.9, 129.1, 130.69, 130.72, 131.4, 131.76, 131.82, 132.08, 132.15,
134.39, 134.41, 136.8, 143.6, 160.3, 161.3, 162.2, 163.2 (arom.C  +
olefinic C), 175.3, 197.2 (C~0). Anal. Calcd. for C33Hz4F,N3OsP
(621.62): C, 63.76; H, 5.51; N, 6.76. Found: C, 63.52; H, 5.34; N, 6.57.

4.1.2.4. Diethyl (E)-[5-chloro-5"-(4-fluorobenzylidene)-4’-(4-fluo-
rophenyl)-1" -methyl-2,4" -dioxodispiro[indoline-3,2" -pyrrolidine-3" ,3" -
piperidin]-1"-yl]phosphonate (6d). Obtained from the reaction of 3b, 4b
and 5, reaction time 60 min as pale yellow microcrystals from n-butanol,
mp 234-235 °C and yield 93% (0.76 g). IR: Vma/cm ™t 3183, 1713,
1682, 1601, 1508, 1227, 1026. *H NMR (DMSO-ds) & (ppm): 0.82 (t, J =
7.0 Hz, 3H, CHg), 1.01 (t, J = 7.0 Hz, 3H, CHs), 1.94 (s, 3H, NCHj), 2.18
(d, 3 = 13.5 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.34 (t, J = 8.5 Hz,
1H, upfield H of pyrrolidinyl H,C-5), 3.44-3.82 (m, 8H, upfield H of
piperidinyl H,C-6" + downfield H of pyrrolidinyl H,C-5" + downfield H
of piperidinyl H,C-2"” + downfield H of piperidinyl H,C-6" + 2 OCHy),
4.61 (dd, J = 8.1, 9.9 Hz, 1H, pyrrolidinyl H-4"), 6.67 (d, J = 8.4 Hz, 1H,
arom. H), 6.79 (d, J = 2.2 Hz, 1H, arom. H), 7.18 (dt, J = 1.9, 8.9 Hz, 3H,
arom. H), 7.23-7.30 (m, 4H, arom. H), 7.39 (s, 1H, olefinic CH), 7.49
(dd, J = 5.5, 8.5 Hz, 2H, arom. H), 10.72 (s, 1H, NH). *C NMR
(DMSO-dg) 6 (ppm): 15.59, 15.64, 15.86, 15.90 (CHs), 33.9 (NCHjy),
45.6 (pyrrolidinyl HC-4"), 45.9 (piperidinyl H,C-6"), 48.0 (piperidinyl
H,C-2"), 57.9 (pyrrolidinyl H,C-5"), 62.00, 62.05, 62.07, 62.10, 62.15
[spiro-C-3’ (C-3") + OCHy], 75.4 [spiro-C-3 (C-2")], 110.7, 115.0,115.2,
115.7, 115.9, 125.0, 126.7, 127.5, 128.9, 130.54, 130.57, 131.7, 131.8,
131.9, 132.1, 132.2, 134.19, 134.21, 136.9, 142.6, 160.3, 161.4, 162.3,
163.3 (arom. C + olefinic C), 175.0, 197.1 (C~0O). Anal. Calcd. for
C33Ha33CIF,N3O0sP (656.06): C, 60.42; H, 5.07; N, 6.41. Found: C, 60.29;
H, 5.13; N, 6.28.

4.1.2.5. Diethyl  (E)-[5"-(4-chlorobenzylidene)-4’-(4-chlorophenyl)-1" -

methyl-2,4" -dioxodispiro[indoline-3,2"-pyrrolidine-3’,3" -piperidin]-1"-yl]

phosphonate (6e). Obtained from the reaction of 3c, 4a and 5, reaction
time 60 min as pale yellow microcrystals from benzene - light petro-
leum as 1:2 v/iv, mp 143-145 °C and yield 91% (0.74 g). IR: Vmadem ™t
3260, 1713, 1682, 1605, 1489, 1227, 1015. *H NMR (DMSO-dg) 6
(ppm): 0.84 (t,J = 7.1 Hz, 3H, CHg3), 0.99 (t,J = 7.0 Hz, 3H, CH3), 1.92



(s,3H,NCHz),2.18(d,J = 13.5Hz, 1H, upfield H of piperidinyl H,C-2"),
3.27-3.33 (m, 2H, upfield H of pyrrolidinyl H,C-5' + upfield H of
piperidinyl H,C-6"), 3.46-3.81 (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,), 4.64 (t, J = 9.0 Hz, 1H, pyrrolidinyl H-4'), 6.67 (d, J
7.8 Hz, 1H, arom. H), 6.87-6.91 (m, 2H, arom. H), 7.10-7.15 (m, 3H,
arom. H), 7.39 (d, J = 7.0 Hz, 2H, arom. H), 7.41 (s, 1H, olefinic CH),
7.46 (d, J = 8.6 Hz, 2H, arom. H), 7.48 (d, J = 8.3 Hz, 2H, arom. H),
10.58 (s, 1H, NH). 3C NMR (DMSO-ds) 6 (ppm): 15.6, 15.7, 15.84,
15.88 (CHs), 33.9 (NCHs), 45.2 (pyrrolidinyl HC-4"), 45.6 (piperidinyl
H,C-6"), 47.4 (piperidinyl H,C-2"), 57.4 (pyrrolidinyl H,C-5"), 61.8,
61.88, 61.95, 61.98, 62.00, 62.03[spiro-C-3' (C-3”) + OCH,], 75.3
[spiro-C-3 (C-2)], 109.3, 121.0, 125.2, 126.9, 128.3, 128.7, 129.1,
131.4, 131.7, 131.8, 132.15, 132.23, 133.0, 134.0, 136.5, 137.3, 143.6
(arom. C + olefinic C), 175.3, 197.1 (C~0). Anal. Calcd. for
Cs3H34ClN3;OsP (654.52): C, 60.56; H, 5.24; N, 6.42. Found: C, 60.66;
H, 5.42; N, 6.61.

4.1.2.6. Diethyl (E)-[5-chloro-5"-(4-chlorobenzylidene)-4’-(4-chlor-
ophenyl)-1'-methyl-2,4" -dioxodispiro[indoline-3,2 -pyrrolidine-3',3" -piper-
idin]-1" -yl]Jphosphonate (6f). Obtained from the reaction of 3¢, 4b and
5, reaction time 60 min as pale yellow microcrystals from methanol, mp
229-230 °C and yield 88% (0.76 g). IR: vmax/cm ™ 3175, 3140, 1713,
1682, 1605, 1493, 1238, 1026. *H NMR (DMSO-ds) 5 (opm): 0.84 (t, J =
7.1Hz, 3H, CHs), 1.02 (t, J = 7.0 Hz, 3H, CHs), 1.95 (s, 3H, NCHs), 2.22
(d, 3 = 13.5 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.35 (t, J = 8.4 Hz,
1H, upfield H of pyrrolidinyl H,C-5'), 3.45-3.81 (m, 8H, upfield H of
piperidinyl H,C-6" + downfield H of pyrrolidinyl H,C-5 + downfield H
of piperidinyl H,C-2” + downfield H of piperidinyl H.C-6" + 2 OCHy),
4.61 (dd, J = 8.1, 9.9 Hz, 1H, pyrrolidinyl H-4'), 6.69 (d, J = 8.3 Hz, 1H,
arom. H), 6.79 (d, J = 2.2 Hz, 1H, arom. H), 7.19-7.22 (m, 3H, arom. H),

7.37-7.52 (m, 7H, arom. H + olefinic CH), 10.74 (s, 1H, NH). 3C NMR
(DMSO-ds) & (ppm): 15.62, 15.67, 15.85, 15.90 (CHs), 33.9 (NCHs),

45.7 (pyrrolidinyl HC-4"), 45.8 (piperidinyl H,C-6"), 47.9 (piperidinyl
H,C-2"), 57.7 (pyrrolidinyl H,C-5"), 62.0, 62.08, 62.13, 62.15, 62.22
[spiro-C-3’ (C-3") HOCHy), 75.4 [spiro-C-3 (C-2")], 110.8, 125.0, 126.8,
127.4, 128.3, 128.8, 128.9, 131.4, 131.8, 131.9, 132.3, 132.4, 132.9,
134.2, 136.5, 137.1, 142.6 (arom. C + olefinic C), 175.9, 197.0 (C~0).
Anal. Calcd. for C33H33ClsN3OsP (688.97): C, 57.53; H, 4.83; N, 6.10.
Found: C, 57.69; H, 5.15; N, 6.21.

4.1.2.7. Diethyl  (E)-[5"-(4-bromobenzylidene)-4’-(4-bromophenyl)-1" -
methyl-2,4" -dioxodispiro[indoline-3,2"-pyrrolidine-3',3" -piperidin]-1"-yl]
phosphonate (6g). Obtained from the reaction of 3d, 4a and 5, reaction
time 60 min as pale yellow microcrystals from methanol, mp 137-
139 °C and yield 85% (0.79 g). IR: vmaxcm ™! 3167, 1709, 16886,
1616, 1597, 1238, 1022. *H NMR (DMSO-ds) 6 (ppm): 0.85 (t, J = 7.0
Hz, 3H, CHs), 1.01 (t, J = 7.1 Hz, 3H, CH3), 1.93 (s, 3H, NCHj), 2.20 (d,
J = 13.4 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.28-3.32 (m, 1H,
upfield H of pyrrolidinyl H,C-5") 3.49-3.80 (m, 8H, upfield H of piper-
idinyl H,C-6” + downfield H of pyrrolidinyl H,C-5" + downfield H of
piperidinyl H,C-2” + downfield H of piperidinyl H,C-6” + 2 OCHy,),
4.63 (dd, J = 8.1, 9.9 Hz, 1H, pyrrolidinyl H-4'), 6.68 (d, J = 7.8 Hz, 1H,
arom. H), 6.86-6.90 (m, 2H, arom. H), 7.08 (dd, J = 2.1, 6.5 Hz, 2H,
arom. H), 7.13 (dt, J = 2.3, 7.3 Hz, 1H, arom. H), 7.36 (s, 1H, olefinic
CH), 7.42 (d, J = 8.2 Hz, 2H, arom. H), 7.55 (d, J = 8.2 Hz, 2H, arom. H),
7.61 (dd, J = 2.0, 6.5 Hz, 2H, arom. H), 10.58 (s, 1H, NH). *C NMR
(DMSO-ds) § (ppm): 15.6, 15.7, 15.8, 15.9 (CHs), 33.9 (NCHjy), 45.2
(pyrrolidinyl HC-4"), 45.6 (piperidinyl H,C-6"), 47.4 (piperidinyl H,C-
2"), 57.3 (pyrrolidinyl H,C-5"), 61.8, 61.9, 61.95, 61.99, 62.0 [spiro-C-
3’ (C-3") + OCHy], 75.3 [spiro-C-3 (C-2')], 109.3, 120.2, 121.0, 122.8,
125.1, 126.9, 129.1, 131.2, 131.58, 131.63, 132.2, 133.4, 136.6, 137.7,
143.6 (arom. C + olefinic C), 175.3, 197.1 (C~0O). Anal. Calcd. for
Cs33H34BroNsOsP (743.43): C, 53.32; H, 4.61; N, 5.65. Found: C, 53.51;
H, 4.77; N, 5.73.

4.1.2.8. Diethyl (E)-[5”-(4-methoxybenzylidene)-4’-(4-methoxyphenyl)-
1" -methyl-2,4" -dioxodispiro[indoline-3,2" -pyrrolidine-3" ,3" -piperidin]-1" -
yllphosphonate (6h). Obtained from the reaction of 3e, 4a and 5, reac-
tion time 60 min as pale yellow microcrystals from methanol, mp 196-
198 °C and yield 93% (0.75 ). IR: vimax/cm ™! 3171, 1705, 1682,
1593, 1512, 1258, 1026. H NMR (DMSO-ds) & (ppm): 0.90 (t, J = 7.1
Hz, 3H, CHs), 1.01 (t, J = 7.0 Hz, 3H, CHj3), 1.92 (s, 3H, NCHs), 2.13 (d,
J = 13.5 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.23-3.28 (m, 2H,
upfield H of pyrrolidinyl H,C-5’ + upfield H of piperidinyl H,C-6"), 3.52—
3.82 (m, 13H, downfield H of pyrrolidinyl H,C-5 + downfield H of
piperidinyl H,C-2”" + downfield H of piperidinyl H,C-6” + 2 OCH, +
20CHs3), 4.62 (t, J = 9.1 Hz, 1H, pyrrolidinyl H-4"), 6.67 (d, J = 7.7 Hz,
1H, arom. H), 6.81-6.86 (m, 2H, arom. H), 6.89 (d, J = 9.0 Hz, 2H,
arom. H), 6.96 (d, J = 9.0 Hz, 2H, arom. H), 7.11 (d,J = 8.8 Hz, 2H,
arom. H), 7.34-7.36 (m, 3H, arom. H), 7.42 (s, 1H, olefinic CH), 10.52
(s, 1H, NH). *C NMR (DMSO-d) 6 (ppm): 15.72, 15.77, 15.86, 15.90
(CHs), 33.9 (NCHs), 45.2 (pyrrolidinyl HC-4"), 45.4 (piperidinyl H,C-
6"), 47.1 (piperidinyl H,C-2"), 55.0, 55.3 (OCHs), 57.4 (pyrrolidinyl
H,C-5"), 61.65, 61.73, 61.88, 61.93 [spiro-C-3' (C-3") + OCH,], 75.2
[spiro-C-3 (C-2")], 109.1, 113.7, 114.2, 120.8, 125.5, 126.6, 126.8,
128.3, 128.9, 129.3, 129.4, 130.1, 130.9, 132.0, 137.8, 143.7, 158.2,
160.1 (arom. C + olefinic C), 175.3, 197.1 (C~0O). Anal. Calcd. for
CssHioN3O,P (645.69): C, 65.11; H, 6.24; N, 6.51. Found: C, 65.19; H,
6.28; N, 6.68.

4.1.2.9. Diethyl (E)-[1" -methyl-5”-(4-methylbenzylidene)-2,4" -dioxo-4’-
(p-tolyl)dispiro[indoline-3,2 -pyrrolidine-3',3" -piperidin]-1"-yl]phospho-
nate (6i). Obtained from the reaction of 3f, 4a and 5, reaction time 70
min as pale yellow microcrystals from methanol, mp 226-227 °‘C and
yield 95% (0.73 g). IR: vimax'cm ™1 3179, 1713, 1678, 1620, 1589, 1261,
1022. *H NMR (DMSO-dg) & (ppm): 0.87 (t, = 7.1 Hz, 3H, CHs), 0.99 (¢,
J = 7.1 Hz, 3H, CHs), 1.93 (s, 3H, NCHj), 2.12 (d, J = 13.4 Hz, 1H,
upfield H of piperidinyl H,C-2"), 2.27 (s, 3H, ArCHs), 2.28 (s, 3H,
ArCHs), 3.23-3.29 (m, 2H, upfield H of pyrrolidinyl H,C-5" + upfield H
of piperidinyl H,C-6"), 3.50-3.84 (m, 7H, downfield H of pyrrolidinyl
H.C-5" + downfield H of piperidinyl H,C-2” + downfield H of piper-
idinyl H,C-6” + 2 OCH,), 4.63 (t, J = 9.2 Hz, 1H, pyrrolidinyl H-4"),
6.67 (d, J = 8.4 Hz, 1H, arom. H), 6.85-6.87 (m, 2H, arom. H), 7.01 (d, J
= 8.3 Hz, 2H, arom. H), 7.09-7.14 (m, 3H, arom. H), 7.19 (d, J = 8.1 Hz,
2H, arom. H), 7.31 (d, J = 8.3 Hz, 2H, arom. H), 7.39 (s, 1H, olefinic
CH), 10.51 (s, 1H, NH). CtRIMR (DMSO-ds) & (ppm): 15.68, 15.73,
15.8, 15.9 (CHs), 20.7, 20.9 (ArCH3), 33.9 (NCHj), 45.1 (pyrrolidinyl
HC-4"), 45.7 (piperidinyl H,C-6"), 47.3 (piperidinyl H,C-2"), 57.2
(pyrrolidinyl H,C-5"), 61.8, 61.90, 61.94, 61.96 [spiro-C-3’ (C-3"), +
OCH,], 75.1 [spiro-C-3 (C-2")], 109.1, 120.9, 125.5, 126.8, 128.9,
129.0, 129.2, 129.7, 129.9, 130.7, 130.8, 131.4, 135.1, 136.0, 137.9,
139.3, 143.7 (arom. C + olefinic C), 175.3, 197.2 (C~O). Anal. Calcd.
for CasHaoN3OsP (613.69): C, 68.50; H, 6.57; N, 6.85. Found: C, 68.71,;
H, 6.70; N, 6.91.

4.1.2.10. Diethyl (E)-[5-chloro-1" -methyl-5"-(4-methylbenzylidene)-2,4" -
dioxo-4’-(p-tolyl)dispiro[indoline-3,2" -pyrrolidine-3",3" -piperidin]-1" -yI]
phosphonate (6j). Obtained from the reaction of 3f, 4b and 5, reaction
time 60 min as pale yellow microcrystals from ethyl acetate, mp 227—-
228 °C and yield 93% (0.75 g). IR: Vmaxlcm ™t 3175, 3140, 1717,
1682, 1597, 1512, 1238, 1026. *H NMR (DMSO-ds) & (ppm): 0.86 (t, J =
7.1 Hz, 3H, CHg), 1.02 (t, J = 7.0 Hz, 3H, CH3), 1.95 (s, 3H, NCHj3), 2.15
(d, J = 13.6 Hz, 1H, upfield H of piperidinyl H,C-2"), 2.29 (s, 3H,
ArCHs), 2.30 (s, 3H, ArCHg), 3.28 (t, J = 8.4 Hz, 1H, upfield H of pyr-
rolidinyl H,C-5), 3.47-3.86 (m, 8H, upfield H of piperidinyl H,C-6" +
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 (dd, J = 8.0,
10.1 Hz, 1H, pyrrolidinyl H-4'), 6.67 (d, J = 8.3 Hz, 1H, arom. H), 6.80
(d, J = 2.3Hz, 1H, arom. H), 7.09 (d, J = 7.9 Hz, 2H, arom. H), 7.16 (d, J
= 7.8 Hz, 2H, arom. H), 7.18 (dd, J = 2.2, 8.3 Hz, 1H, arom. H), 7.23 (d,



J #9 Hz, 2H, arom. H), 7.32 (d, J #7 Hz, 2H, arom. H), 7.38 (s, 1H,
olefinic CH), 10.68 (s, 1H, NH). *C NMR (DMSO-ds) & (ppm): 15.64,
15.69, 15.84, 15.89 (CHs), 20.7, 20.9 (ArCHg), 34.0 (NCHj3), 45.9
(pyrrolidinyl HC-4 + piperidinyl H,C-6"), 47.9 (piperidinyl H.C-2"),
57.5 (pyrrolidinyl H,C-5), 62.00, 62.02, 62.07, 62.19, 62.27 [spiro-C-3’
(C-3") 40OCH,), 75.3 [spiro-C-3 (C-2)], 110.6, 125.0, 126.7, 127.7,
128.8, 129.0, 129.3, 129.8, 129.9, 130.9, 131.0, 131.2, 134.9, 136.1,
138.1, 139.5, 142.6 (arom. C + olefinic C), 174.9, 197.3 (C~O). Anal.
Calcd. for C3sH39CIN3OsP (648.14): C, 64.86; H, 6.07; N, 6.48. Found: C,
64.97; H, 6.19; N, 6.66.

4.1.2.11. Diethyl (E)-[1 -methyl-2,4"-dioxo-4’-(thiophen-2-yl)-5”-(thio-
phen-2-ylmethylene)dispiro[indoline-3,2 -pyrrolidine-3',3" -piperidin]-1"-
yl]phosphonate (6k). Obtained from the reaction of 3g, 4a and 5, reac-
tion time 60 min as pale yellow microcrystals from methanol, mp 206-
208 °C and yield 83% (0.62 g). IR: vma/cm™* 3186, 1709, 1674,
1616, 1570, 1238, 1026. *H NMR (DMSO-ds) 6 (ppm): 1.06 (t, J = 7.0
Hz, 3H, CHa), 1.10 (t, J = 7.0 Hz, 3H, CH3), 1.92 (s, 3H, NCHg), 2.40 (d,
J = 13.4 Hz, 1H, upfield H of piperidinyl H,C-2"), 3.28 (d, J = 16.1 Hz,
1H, upfield H of piperidinyl H,C-6") 3.39 (t, J = 8.4 Hz, 1H, upfield H of
pyrrolidinyl H,C-5"), 3.64-3.97 (m, 7H, downfield H of pyrrolidinyl
H,C-5" + downfield H of piperidinyl H,C-2"” + downfield H of piper-
idinyl HoC-6” + 2 OCH,), 4.89 (dd, J = 8.1, 9.9 Hz, 1H, pyrrolidinyl H-
4, 6.68-6.73 (m, 2H, arom. H), 6.80 (dd, J=1.4, 7.7 Hz, 1H, arom. H),
7.02 (dd, J = 3.4, 5.2 Hz, 1H, arom. H), 7.08 (dt, J = 1.4, 7.6 Hz, 1H,
arom. H), 7.12 (dd, J = 1.2, 3.6 Hz, 1H, arom. H), 7.24 (dd, J =3.7, 5.1
Hz, 1H, arom. H), 7.41 (dd, J =1.2, 5.2 Hz, 1H, arom. H), 7.54 (d, J =
3.7 Hz, 1H, arom. H), 7.83 (d, J = 2.0 Hz, 1H, olefinic CH), 7.91 (d,J =
5.1 Hz, 1H, arom. H), 10.56 (s, 1H, NH). *3C NMR (DMSO-dg) 6 (ppm):
15.93, 15.97, 15.99, 16.01 (CHs), 33.7 (NCHg), 40.7 (pyrrolidinyl HC-
4’), 45.4 (piperidinyl H,C-6""), 46.0 (piperidinyl H,C-2"), 58.3 (pyrro-
lidinyl H,C-5"), 61.06, 61.14, 61.95, 62.0, 62.05, 62.09 [spiro-C-3’ (C-
3") + OCHy), 75.1 [spiro-C-3 (C-2")], 109.2, 120.7, 125.0, 125.1, 126.4,
126.76, 126.85, 127.07, 127.2, 128.4, 129.0, 130.3, 133.1, 135.2,
137.1, 140.9, 143.8 (arom. C + olefinic C), 175.0, 195.6 (C~0O). Anal.
Calcd. for C»9H3,N30sP S, (597.68): C, 58.28; H, 5.40; N, 7.03. Found: C,
58.42; H, 5.46; N, 6.84.

4.1.2.12. Diethyl (E)-[5-chloro-1" -methyl-2,4" -dioxo-4’-(thiophen-2-yl)-
5”-(thiophen-2-ylmethylene)dispiro[indoline-3,2" -pyrrolidine-3",3" -piper-
idin]-1"-yl]phosphonate (61). Obtained from the reaction of 3g, 4b and
5, reaction time 60 min as pale yellow microcrystals from methanol, mp
223-225 °C and yield 80% (0.63 g). IR: vmax/cm ™ 3179, 3140, 1717,
1678, 1616, 1578, 1242, 1026. *H NMR (DMSO-ds) 5 (ppm): 1.06 (t, J =
7.0 Hz, 3H, CHs), 1.10 (t, J = 7.0 Hz, 3H, CH3), 1.93 (s, 3H, NCHj), 2.42
(d, 3 = 13.6 Hz, 1H, upfield H of piperidinyl H,C-2""), 3.41 (t, J = 8.4 Hz,
1H, upfield H of pyrrolidinyl H,C-5') 3.45 (d, J = 15.3 Hz, 1H, upfield H
of piperidinyl H,C-6"), 3.64-3.95 (m, 7H, downfield H of pyrrolidinyl
H,C-5" + downfield H of piperidinyl H,C-2"” + downfield H of piper-
idinyl H,C-6” + 2 OCH,), 4.85 (t, J = 9.0 Hz, 1H, pyrrolidinyl H-4"),
6.67 (d, J = 8.3 Hz, 1H, arom. H), 6.72 (d, =2.3 Hz, 1H, arom. H), 7.01
(dd, J = 3.4,5.1 Hz, 1H, arom. H), 7.11 (d, J = 3.5 Hz, 1H, arom. H),
7.13 (dd, J = 2.3, 8.3 Hz, 1H, arom. H), 7.25 (dd, J = 3.7, 5.1 Hz, 1H,
arom. H), 7.41 (dd, J = 1.3, 5.1 Hz, 1H, arom. H), 7.54 (d, J = 3.3 Hz,
1H, arom. H), 7.82 (s, 1H, olefinic CH), 7.93 (d, J = 5.1 Hz, 1H, arom.
H), 10.70 (s, 1H, NH). 13C NMR (DMSO-dg) 6 (ppm): 15.94, 15.98,
15.99, 16.02 (CHs), 33.8 (NCHj), 40.7 (piperidinyl H,C-2"), 45.8
(pyrrolidinyl HC-4"), 46.3 (piperidinyl H,C-6"), 58.6 (pyrrolidinyl H,C-
5, 61.4, 61.5 [spiro-C-3’ (C-3")], 62.03, 62.08, 62.15, 62.20 (OCH,),
75.2 [spiro-C-3 (C-2")], 110.6, 124.96, 125.1, 126.5, 126.86, 126.95,
127.1, 127.2, 127.3, 128.5, 128.8, 130.5, 133.3, 135.2, 137.0, 140.7,
142.7 (arom. C + olefinic C), 174.7, 195.6 (C~O). Anal. Calcd. for
C20H31CIN3OsPS; (632.13): C, 55.10; H, 4.94; N, 6.65. Found: C, 55.29;
H, 4.99; N, 6.72.
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4.2. X-ray, biological and computational studies
Described in the supplementary information.
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