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A highly stereoselective, three-component method has been developed to synthesize pyrrolidine and
pyrrolizidine containing spirooxindole derivatives. The interaction between the dipolarophile o,pB-
unsaturated carbonyl compounds and the dipole azomethine ylide formed in situ by the reaction of 1,2-
dicarbonyl compounds and secondary amino acids is referred to as the 1,3-dipolar cycloaddition
reaction. The reaction conditions were optimized to achieve excellent stereo- and regioselectivity.
Shorter reaction time, simple work-up and excellent yields are the salient features of the present
approach. Various spectroscopic methods and single crystal X-ray diffraction examinations of one
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activity of the newly synthesized spirooxindole derivatives was tested against the a-glucosidase and a-
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Introduction

Synthetic organic chemistry has been pursuing the efficient
transformation of basic starting materials into highly func-
tionalized complex products that combine environmental and
economic benefits. In this context, multicomponent reactions
(MCRs) have emerged as a particularly effective synthetic tool
for achieving this aim. The field of 1,3-dipolar cycloaddition
reactions has recently exploded in popularity for the multi-
component synthesis of spirocyclic motifs. Spiro compounds
are ubiquitously essential core units of many natural or syn-
thesised substrates, and they include a wide range of organic
molecules of chemical, industrial, and medicinal importance.**

Spirooxindoles are a unique family of heterocyclic scaffolds
since they have been used in drug development as structural
and adjacent units at the perimeter of substrates. Because of
their unusual three-dimensional structural characteristics,
spiro compounds are predicted to bind adequately with protein
active sites more easily than flat aromatic ring systems. The
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a-amylase enzymes which is further evidenced by molecular docking studies.

inclusion of the oxindole core and additional heterocyclic
moieties (typically fused at the oxindole's C-3 position) makes
these motifs attractive drug development targets.* Among them,
the spiro-pyrrolidinyl oxindoles were utilized as promising
synthetic intermediates®* and exhibited notable biological
activities, including  anti-diabetic,” antifungal® anti-
inflammatory, anti-tumour,” anti-tubercular, antimalarial,®
acetylcholinesterase (AChE), and antiviral® inhibition proper-
ties. For instance, Spirotryprostatin A and B are inhibitors of
microtubule assembly and also display antibiotic as well as anti-
cancer properties.'® Further, pteropodine works as a positive
modulator of 5-HT2 and muscarinic M2 receptors (Fig. 1).**
Spirooxindole pyrrolidinyl frameworks consisting of Horsifiline
and Coerulescine are employed as an analgesic and local
anesthetic, respectively.

Through C-C and C-X bond forms, 1,3-dipolar cycloaddi-
tions'* play a crucial role in the building of complex heterocyclic
motifs. The multicomponent 1,3-dipolar cycloaddition of azo-
methine ylides generated in situ from the decarboxylative
condensation of 1,2-dicarbonyl compounds and a-amino acids
to exocyclic olefinic dipolarophiles have attracted a great deal of
attention.” Through two C-C and one C-N bond-forming
processes, as well as the development of four new contermi-
nous stereocentres in a single transformation, this sort of one-
pot three-component technique allows the construction of
architecturally intriguing spirocyclic hybrids.*

MCRs (multicomponent reactions) are environmentally
friendly reactions in which three or more reactants combine to
produce complex products with high atom economy by
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Fig. 1 Spirooxindole core consisting of some bioactive compounds.

combining all of the starting ingredients. In organic synthesis
and drug discovery programs, MCRs are cost-effective, time-
saving, and provide the required product in high yield under
simple and moderate reaction conditions.>'® These synthetic
procedures provide for faster access to a more robust platform
for building structurally complicated molecule libraries."”

Diabetes is one of the worldwide prevalent epidemic
diseases. Globally, around 463 million people were living with
diabetes as of 2019, whereas it is estimated that by 2045 the
count will be raised to 700 million, approximately.*® Increment
of blood glucose levels, a common cause of uncontrolled dia-
betes, may, on the extension of time lead to serious conse-
quences, like liver damage, strokes, peripheral nephropathy,
coronary heart disease, nephropathy and retinopathy.* Diverse
digestive enzymes incorporated in starch hydrolysis are present
in the small intestine and oral cavity.”>** Among them, o-
glucosidase and a-amylase are essential enzymes in the diges-
tion of glycogen and starch*® and play significant roles in
controlling the postprandial glucose concentration.*® Thus,
inhibition of either or both a-glucosidase and a-amylase is an
efficacious way to diminish postprandial glycaemia. The
inhibitory activity of these enzymes can impede the transport of
carbs into the circulation, reducing the postprandial rise in
blood glucose following a mixed carbohydrate meal, and hence
can be an important approach in the management of type 2
diabetes.**

Anti-hyperglycemic medicines like acarbose, voglibose, and
miglitol are used to treat type 2 diabetes because they block a-

© 2022 The Author(s). Published by the Royal Society of Chemistry

glucosidase or a-amylase and are effective at controlling post-
prandial blood glucose levels. However, the negative side effects
and expensive cost have limited their use.?® Because diabetes
affects about 5% of the global population, its management
without side effects remains a challenge for the medical
community. As a result, research into agents for this purpose
has grown in importance, and researchers are competing to find
new effective and safe therapeutic agents for diabetes
treatment.”*!

In continuation of our interest towards the synthesis of
potent bioactive spirocyclic hybrids by developing biocompat-
ible methodologies,** we report herein the regio- and stereo-
selective three-component synthesis of a novel class of
spirooxindole pyrrolidine and pyrrolizidine moieties. The
synthesis was accomplished by 1,3-dipolar cycloaddition of
benzodioxole chalcones to azomethine ylides generated in situ
from isatin and sarcosine/t-proline. Further, the synthesized
compounds were subjected to anti-diabetic activity against a-
glucosidase and a-amylase enzymes.

Results and discussion
Chemistry

In the presence of appropriate reaction conditions, a one-pot,
three-component, 1,3-dipolar cycloaddition process
combining the dipolarophiles as benzodioxole chalcones and
the dipole as azomethine ylide was used to synthesise desirable
spirooxindole derivatives.
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The benzodioxole chalcones (1a-1) were prepared according
to the literature procedure® with slight modification. Herein,
the reaction involves Claisen-Schmidt condensation of 3,4-
(methylenedioxy)acetophenone and different substituted benz-
aldehydes in alkaline medium (10 percent KOH) at room
temperature, and were further purified by recrystallization from
ethanol in good yield.

We investigated the reaction conditions for the synthesis of
spirooxindole pyrrolidine and pyrrolizidine derivatives through
the 1,3-dipolar cycloaddition reaction using in situ generated
azomethine ylide, which results in the formation of three new
bonds, one spirocyclic quaternary carbon, and four stereo-
centers in a single step using these benzodioxole chalcones as
dipolarophiles.

An equimolar quantity of dipolarophile (1a), isatin (2) and
sarcosine (3) were taken as a model substrate for examining the
synthesis of benzodioxole substituted spirooxindole pyrrolidine
(5a) as shown in Table 1.

Polar aprotic solvents including dimethylformamide (DMF),
acetonitrile, dichloromethane (DCM) and 1,4-dioxane and non-
polar aprotic solvent like toluene produced desired product in
lesser yield, due to the reason that the starting materials were
sparingly soluble in these solvents even at the reflux tempera-
ture and prolonged time (Table 1, entry 1-6). We further
investigated with various polar protic solvents such as meth-
anol, ethanol, water and methanol:water systems to monitor the
progress of the reaction (Table 1, entry 7-11). The reaction
proceeded well in the case of methanol as the solvent to furnish
the desired product in good yield and shorter time (Table 1,
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entry 7). Besides, by increasing or decreasing the mole ratio of
amino acids and 1,2-dicarbonyl compound as well as the reac-
tion temperature, there is no significant enhancement in the
efficiency and yield of the reaction.

Consequently, unstabilized azomethine ylides were formed
in situ by the decarboxylative condensation of isatin (2) and
sarcosine (3), which rapidly reacted with the dipolarophiles (1a-
1) under reflux in methanol by 1,3-dipolar cycloaddition reaction
to afford novel spirooxindole pyrrolidine derivatives (5a-1) in
excellent yields (Table 2).

This cycloaddition reaction is stereo- and regioselective, with
the B-carbon of the a,B-unsaturated compounds of the dipo-
larophile adding to electron-rich carbon of the dipole. The
successful synthesis of the spirooxindole pyrrolidine (5a-1) and
pyrrolizidine (6a-1) derivatives were established by spectro-
scopic and crystallographic studies. Scrutiny of all spectral data
confirmed the formation of the spirooxindole derivatives ob-
tained from the benzodioxole chalcones as dipolarophiles.

The molecular structure of the newly synthesized spiroox-
indole pyrrolidine derivatives 5a-1 was elucidated by FT-IR,
proton NMR, carbon NMR and High-resolution Mass Spec-
trometry (HR-MS). The FT-IR spectrum of the compound 5¢
showed oxindole -NH stretching at 3348 cm ™", benzodioxole
-OCH,0- exhibited characteristic stretching vibration at
2916 cm™ ' and C=O stretching at 1720 and 1659 cm " for
oxindole and benzodioxole carbonyls, respectively.

In the "H NMR spectrum, compound 5¢ exhibited a singlet at
0 2.06 for pyrrolidine N-CH; protons. The doublet for the
methylene protons (H-5) appeared at 6 3.39 and the methine

Table 1 Optimization of the reaction conditions for the synthesis of spirooxindole derivatives®

O O @)
R Z ‘P Solvent
< O + O + HyC ' oy —2EM
(@] N N
H
1a 2 3
5a
Entry Solvent Temperature (°C) Time (h) Yield” (%)
1 DMF 120 8.5 50
2 Acetonitrile 85 5 65
3 DCM 40 6 55
4 1,4-Dioxane 90 4 70
5 Methanol: 1,4-Dioxane (1 : 1) 80 6.5 74
6 Toluene 100 10 45
7 Methanol 67 1.5 80
8 Methanol RT 12 NR?
9 Ethanol 80 1.5 76
10 Water 90 10 NR?
11 Methanol: Water (1 : 1) 75 5 60

“ All reactions were carried out with 1a (1 mmol), 2 (1 mmol) and 3 (1 mmol). ? Isolated yields. ¢ RT = room temperature. ? NR = no reaction. The

entry in bold indicates optimal condition.
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Table 2 Substrate scope for the stereo- and regioselective synthesis of spirooxindole pyrrolidine derivatives®?

5a, 80%
Br

5d, 89%
CoHs

5§, 89%

5¢, 91%
OCH,4

5f, 83%

5i, 90%
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Fig. 2 Selected 'H and *C NMR chemical shifts of spirooxindole pyrrolidine 5c.

proton (H-4) of the pyrrolidine ring resonated as a multiplet at
6 4.33-4.35 (Fig. 2). The methylenedioxy protons of benzodiox-
ole appeared at ¢ 6.02 as a doublet. A broad singlet at 6 10.59
was due to the oxindole -NH proton and the rest of the aromatic
protons resonated between the region of 6 6.55-7.43. The '*C
NMR spectrum of 5c¢ showed the presence of 26 carbons
including the carbon peaks at ¢ 195.13 and 179.40 for benzo-
dioxole and oxindole ring carbonyls (Fig. 2). The methyl-
enedioxy carbon appeared at ¢ 102.47, spiro carbon (C-2) at
6 73.19 and pyrrolidine N-CH; carbon at d 34.92, respectively.
The peaks found at ¢ 44.03 and 60.02 corresponds to pyrrolidine
ring methine (C-4) and methylene (C-5) carbons respectively.
Additionally, the formation of compound 5c¢ was evidenced by
the HR-MS analysis, exhibiting a characteristic [M + H]" peak at
m/z 461.1269, which exactly matches with the calculated mass of
the compound. Based on the above spectral data information
confirmed the structure as 3’-(benzo[d][1,3]dioxole-5-carbonyl)-
4'-(4-chlorophenyl)-1'-methylspiro[indoline-3,2’-pyrrolidin]-2-
one (5¢).

To broaden the scope and reproducibility of the above
outcomes, the cycloaddition reaction was further widened.
Herein, we have proposed the reaction between dipolarophile
derivatives of benzodioxole chalcones (1a-1) with azomethine
ylide generated in situ from isatin (2) and L-proline (4) to obtain
the corresponding spirooxindole pyrrolizidine derivatives 6a-1
in good yields with high selectivity (Table 3).

The FT-IR spectrum of the compound 6¢ displayed -NH
group stretching at 3120 cm ' and O-CH,-O stretching at
2968 cm '. The benzodioxole and oxindole ring carbonyls
appeared at 1721 and 1652 cm ™', respectively. The "H NMR
spectrum exhibited two multiplets at 6 1.70-1.78 and 1.84-1.89
were due to the pyrrolidine ring H-6 and H-7 methylene protons.
A multiplet at 6 2.33-2.36 and a doublet of doublet at § 2.58 were
assigned to the pyrrolizidine ring H-8 methylene protons. The
methine proton (H-4) was resonated as a doublet at ¢ 3.86,
indicating the regioselectivity of the product. A multiplet that
appeared at d 3.89-3.91 was due to the H-5 proton of the

24196 | RSC Adv, 2022, 12, 24192-24207

pyrrolizidine ring. The methylenedioxy protons (O-CH,-O) was
resonated as a doublet at d 6.04. A broad singlet at d 10.30 was
observed due to the oxindole -NH proton and the rest of the
aromatic protons resonated between the region of § 6.59-7.48.
The *C NMR spectrum showed the presence of 28 carbons,
including the benzodioxole and oxindole ring carbonyl carbons
at 0 194.76 and 179.86, methylenedioxy carbon at 6 102.45, and
spiro carbon (C-2) at d 73.00, respectively. The pyrrolizidine ring
of two methines (C-4 & C-5) and three methylene carbons (C-6,
C-7 & C-8) were observed at ¢ 48.00, 71.69, 29.81, 27.11 and
52.21, respectively (Fig. 3). Moreover, the structure of 6¢ was
further confirmed by HR-MS analysis, displaying a character-
istic [M + H]" peak at m/z 487.1431.

Similarly, the formation of all other spirooxindole pyrrolizi-
dine derivatives was confirmed by FT-IR, 'H and "*C NMR and
HR-MS spectral data. Finally, the regio- and stereochemical
outcomes of the achieved product 6i was determined unam-
biguously by single crystal X-ray diffraction studies (Fig. 4).

It is expected that the nucleophilic attack of sarcosine (3)
into the active carbonyl of isatin (2) involves the conversion of
the carbonyl group to alcohol. The resulting OH will further
attack the carboxylic group in sarcosine to obtain lactone
functionality (I). Thus, the reactive azomethine ylide (II) was
generated by in situ decarboxylative condensation reaction.
Subsequently, the azomethine ylide undergoes a 1,3-dipolar
cycloaddition reaction with dipolarophile (1a) to afford the
spirooxindole pyrrolidine derivative (5a) in a diastereoselective
and regioselective manner (Scheme 1). However, it is accepted
that the cycloaddition of azomethine ylide proceeds preferen-
tially via an S-shaped ylide than a W-shaped ylide because of the
higher resonance energy and stability of the S-shaped ylide.**

The formation of regioisomer 5 could be described given the
secondary orbital interaction (SOI) between the orbital of the
carbonyl group of dipolarophiles with respect to azomethine
ylide. The reaction between the dipolarophile and azomethine
ylide is more favourable for regioisomer 5 via path A due to the
secondary orbital interaction®*® while the regioisomer 5’ is not

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope for the stereo- and regioselective synthesis of spirooxindole pyrrolizidine derivatives®®
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Fig. 3 Selected *H and 3C NMR chemical shifts of spirooxindole pyrrolizidine 6c.

Fig. 4 ORTEP diagram of compound 6i.

possible via path B (Scheme 1). Consequently, the orientation of
the C, stereocentre is always pre-established, hence confirming
the stereochemistry of the spirooxindole pyrrolidine 5. Overall,
the reaction is demonstrated to be highly regio- and stereo-
selective, leading to the construction of only one stereoisomer.

Single crystal X-ray diffraction studies

Single crystal X-ray diffraction analysis confirmed the structure
of compound 6i and molecular structure is shown in Fig. 4.
Collected crystal data and the refinement parameters are
tabulated (See ESIT). Compound 6i crystallized in a triclinic
crystal system and space group P-1. Two molecular units are
present in a unit cell and selected bond lengths and bond
angles are shown in the ESL} The bond lengths of C(10)-C(11);
1.535(2) A, C(12)-C(9); 1.556 A and N(2)-C(12); 1.472 A were
confirmed the formation of new spirooxindole pyrrolizidine

24198 | RSC Adv, 2022, 12, 24192-24207

derivative. Two spiro-moieties are combined with C12 asym-
metric centre. From the crystal packing of 6i molecules have
a strong intermolecular hydrogen bond between C16-N1H1---
O1.

In vitro biological studies

Inhibitory effects on yeast a-glucosidase, a-amylase and AGE
formation. In-witro o-glucosidase inhibitory experiments
showed that 6i had a higher inhibitory capacity than the other 5
(5b, 5c¢, 5d, 5e, 5g, 5j, 5k, 51) and 6 (6a, 6¢, 62, 6i, 6j, 6K) series.
The ICs, value for 6i was reported to be 10.0 ¢ mL™", while
acarbose (positive control) had an ICs, value of 10.15 g mL ™"
when analyzed under identical circumstances. In terms of ICsq
values, 6i clearly inhibited yeast a-glucosidase and was notably
similar (p < 0.05) to acarbose while being significantly higher
than other produced compounds (Table 4).

Similar tests were carried out to see if series 5 (5b, 5c¢, 5d, 5e,
5g, 5j, 5k, 51) and series 6 (6a, 6¢, 6g, 6i, 6j, 6k) inhibited o-
amylase, another important carbohydrate hydrolyzing enzyme.
In comparison to the other compounds tested, 6i (ICs : 32.40 g
mL ") had the strongest inhibitory action against a-amylase,
whereas 5b (ICso: 70.50 ¢ mL™") had the lowest inhibitory
impact, as indicated in Table 4. All of the substances examined
had ICs, values that were significantly higher (p < 0.05) than the
medicinal medication acarbose (ICs, : 30.05 g mL ™ %).

The inhibitory effects of various doses of test compounds
and aminoguanidine (25, 50, and 100 g mL™") on AGE after 3
weeks of incubation are shown in Fig. 5. Albumin glycation was
reduced in a dose-dependent manner after incubation with
series 5 (5b, 5¢, 5d, 5e, 5g, 5j, 5k, 51) and series 6 (6a, 6¢, 6g, 6i,
6j, 6k). By the end of the trial, it was obvious that 6i had greater
inhibitory activity against AGE than the other test compounds
tested at varying doses. The fluorescence experiments on AGE,
as shown in Fig. 5A and B concluded that compounds inhibit in
the range of 50-75% at a concentration of 100 g mL ™. On a 21
day incubation period, 6i showed stronger inhibition than
a well-known inhibitor, aminoguanidine, at various doses.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5a (Observed)

Scheme 1 Proposed reaction mechanism for the synthesis of 5.

In silico biological studies

Molecular docking simulation. The virtual screening of
series 5 and 6 compounds, predicted 6i as a potent inhibitor of
a-glucosidase, a-amylase, and human serum albumin proteins,
with the binding affinity of —10.1, —8.9, —10.0 kcal mol ,
respectively. The results obtained for the respective control
drugs were not significant due to the comparatively positive
binding affinities and extent of binding interaction with protein
amino-acid residues. Compound 6i also formed higher number
of non-bonded and hydrogen bonds with the target proteins,
which could result in the significant binding affinity in
comparison with control drugs. Table 5 details the results of
virtual screening of experimental compounds docked against

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

|
CH30
5a’ (Not observed)

= New bond formation

the target proteins. Details of binding interactions of 6i and
respective ligands with the target proteins have been given in
Table 6 (for a-glucosidase), Table 7 (for a-amylase), and Table 8
(for human serum albumin). Likewise, visualization of binding
interaction has been depicted Fig. 6 (for a-glucosidase), Fig. 7
(for a-amylase), and Fig. 8 (for human serum albumin).

Molecular dynamics simulation

Molecular dynamics simulation is performed to evaluate the
conformational stabilities of protein-ligand complexes. For all
the protein-ligand complexes, the RMSD, RMSF, Rg, and SASA
graphs were plotted. The graphical representation of molecular
dynamics simulation for a-glucosidase, a-amylase, and human

RSC Adv, 2022, 12, 24192-24207 | 24199
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Table 4 Inhibitory activities of spirooxindole pyrrolidinyl derivatives

against a-amylase and a-glucosidase enzymes

Enzymes ICso“a’ b (ug mL ™)

Test Compounds a-amylase a-glucosidase
5b 70.50 + 0.50 46.15 + 1.30 8
5¢ 46.00 + 0.44 © 17.66 + 1.90 °
5d 35.78 + 2.06 ° 12.05 + 0.13 °
5e 36.80 + 1.04 ° 14.75 + 0.02
5g 45.50 +2.31°¢ 24.05 + 1.86 ©
5§ 62.04 + 0.81 ¢ 30.00 £ 1.77
5k 50.75 + 0.07 ¢ 25.03 + 0.63 ©
51 44.80 + 0.32 ¢ 18.20 + 0.86 ¢
6a 63.00 + 0.36 © 26.00 & 1.02 ©
6c 44.25 + 0.05 © 18.03 + 1.00 ¢
6g 35.00 + 0.35 ° 14.00 + 0.50 °
6i 32.40 + 0.86 ° 10.00 + 0.16 *
6j 50.50 + 1.00 ¢ 15.00 + 0.00 ©
6k 62.05 + 1.11 © 29.55 + 0.08
Standard ° 30.05 4 0.05 2 10.15 4 0.06 *

@ All the values are expressed as mean + SE. Means in the same column
with diverse superscripts are significantly different (p = 0.05) as per
separated by Duncan multiple range test. ” The ICs, value is defined
as the inhibitor concentration to inhibit 50% of enzyme activity under

assay conditions. ¢ Standard: Acarbose (positive control).

>

AGE inhibition (%)

=]

100
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serum albumin has been given in Figures 9-11, respectively.
The RMSD plot of the protein-ligand complex displays the
stability of the ligand and protein over the course of a 100 ns
simulation. All the RMSD trajectories found in this simulation
were found to be stable after 20 ns, free from initial fluctua-
tions. In the case of a-glucosidase, RMSD of both protein-6i and
protein-acarbose complexes were predicted to be within the
range of 0.30-0.40 nm. However, protein backbone atoms were
also found with the same pattern as both complexes. In the case
of a-amylase, the protein-6i complex was found to be in the
range of 0.4-0.5 nm. Yet both protein backbone atoms and
protein-acarbose complex were in the range of 0.3-0.4 nm.
Further, RMSD of protein-6i and protein backbone atoms in
case of human serum albumin were found to be in the range of
0.5-0.6 nm. Yet, the protein-aminoguanidine complex pre-
dicted showed the fluctuation in the RMSD of 0.75 nm at 62 ns.

The average deviation of a particle (e.g., a protein residue)
from a reference location over time is calculated using RMSF. As
a result, RMSF focuses on the regions of the protein structure
that deviate the most/least from the mean. In the case of all the
three protein backbone atoms, fluctuations were observed only
during N- and C-terminals as well as loop regions. However,
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Fig. 5 (A) Inhibitory effects of series 5 spirooxindole pyrrolidine derivatives on AGE formation at diverse concentrations. (B) Inhibitory effects of
series 6 spirooxindole pyrrolizidine derivatives on AGE formation at diverse concentrations.
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Table 5 Binding affinity, non-bonding and hydrogen bonding interactions of compounds with their respective target proteins

Binding affinity (kcal mol )

Total no. of non-bonded interactions

Total no. of hydrogen bonds

Name of the o- o- Human serum - Human serum a- o- Human serum
SI. No. compound glucosidase amylase albumin glucosidase a-amylase albumin glucosidase amylase albumin
1 5b —10.2 —8.4 -9.1 12 8 9 4 3 2
2 5¢ —-9.5 —-8.1 —8.8 16 9 5 3 2 1
3 5d —-11.1 —8.6 —9.2 14 8 10 3 3 2
4 5e —10.2 —8.4 —9.7 21 10 12 9 4 4
5 5g -9.6 —8.1 —8.9 11 9 12 1 3 —
6 5j —-9.5 -7.9 —8.8 9 11 12 1 2 2
7 5k -9.7 —-8.0 -9.1 15 7 14 4 2 —
8 51 -9.9 —8.5 —8.6 16 14 12 4 7 3
9 6a —10.0 —8.3 —-9.5 15 9 16 2 2 1
10 6¢ —-10.1 —8.2 —-9.3 15 11 16 4 1 1
11 6g —-10.1 —-8.9 —10.0 15 13 19 5 4 8
12 6i —-10.1 —8.5 -9.9 13 11 13 3 2 1
13 6j —-10.5 —8.2 -9.7 17 12 14 3 3 3
14 6k —10.0 —8.2 —8.8 15 8 6 2 2 1
15 Acarbose —8.6 —6.0 — 10 6 — 9 6 —
16 Aminoguanidine — — —4.1 — — 6 4
Table 6 Binding interaction of ligand with 6i and acarbose with a—glucosidase along with their respective distance
Binding Hydrophobic bonds
Name of the affinity Electrostatic
SL. No. compound  (kcal mol™") Hydrogen bonds bonds Pi-sigma  Pi- Pi bond Alkyl Pi-alkyl
1 6i —10.1 HIS A: 279 (2.86), HIS A: 279 HIS A: 279  — PHE A: 157 (4.73), ARG A: 312 LEU A: 218 (5.42),
(2.86), ARG A: 312 (2.93), (4.60), GLU UNL1 (5.37) (4.31) ALA A: 278 (3.07),
ARG A: 312 (2.45), a:304 (4.10) LEU A: 218 (4.06),
PHE A: 157 (3.47) ALA A: 278 (3.04),
ARG A: 312 (4.81)
2 Acarbose —8.6 ASN A: 241 (2.31), — HIS A: 279 — — —
HIS A: 279 (2.77), ARG A: (3.58)

439 (2.48), PRO A: 309 (2.33),
HIS A: 279 (2.82), PRO A: 309
(2.33), HIS A: 239 (2.25),

HIS A: 279 (2.98), ARG A:
439 (2.44)

Table 7 Binding interaction of ligand with 6i and acarbose with a-amylase along with their respective distance

Hydrophobic bonds

Binding
Name of the affinity Electrostatic Pi-
SI. No. compound  (keal mol™") Hydrogen bonds bonds Halogen sigma

Pi-Pi bond Alkyl Pi-alkyl

1 6i —-8.9 LYS A: 457 (2.91), LYS A: 457 LYS A: 457 (3.73), GLUA: —
(2.82), SER A: 494 (2.71), LYS A: 457 (3.43) 493 (3.14)
SER A: 494 (2.32)

2 Acarbose —6.0 ARG A: 343 (1.88), ARG A: 343 — — —

(6.15), ARG A: 392 (2.14),
CYS A: 378 (2.46), GLU A: 390
(2.96), ASP A: 456 (2.56)

© 2022 The Author(s). Published by the Royal Society of Chemistry

TRP A: 396 (3.92), —
TRP A: 396 (5.21)

TRP A: 396 (4.91),
TRP A: 396 (4.32),
LYS A: 457 (4.54),
LYS A: 457 (5.03)
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Table 8 Binding interaction of ligand with 6i and aminoguanidine with Human serum albumin along with their respective distance

Hydrophobic bonds
Binding
: Name of the affinity Amide-Pi

g SL. No. compound (kcal mol ) Hydrogen bonds Electrostatic bonds Stacked Pi-sigma Pi-Pi bond Alkyl Pi-alkyl
o
%' 1 6i -10.0 LYS A: 195 (2.34), — PRO A: 447 — HIS A: 440  LYS A: 195 TYR A: 452 (5.00),
£ ARG A: 218 (2.43), (4.11) (4.51), UNL1 (4.43), LYS A: 436 (5.01),
=3 ARG A: 218 (3.09), (5.14) VAL A: 455 CYS A: 448 (5.42),
2 ARG A: 218 (2.46) (4.51) PRO A: 447 (5.16),
o CYS A: 448 (4.04),
T LYS A: 444 (4.80),
5 PRO A: 447 (5.34),
£ CYS A: 448 (3.99),
8 LYS A: 195 (5.19)
é 2 Aminoguanidine —4.1 ASP A: 108 (1.97), GLU A: 465 (2.39), — — — — —
< LYS A: 106 (2.48), ASP A: 108 (2.89)
% LEU A: 103 (2.66),
2 LYS A: 106 (1.91)
<
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= Fig. 6 The 3D and 2D interaction view of compound 6i with the binding sites of a-glucosidase.

protein-6i complexes were found with minimal fluctuations in
all the 3 simulations run. Whereas, protein-acarbose and
protein-aminoguanidine complexes were found with more
fluctuations.

The radius of gyration (Rg) of proteins and protein-ligand
complexes was plotted because it reflects the structural
compactness of the molecules by considering the variable

(cc)

masses determined to root mean square distances with respect
to the central axis of rotation. In this study, Rg of a-glucosidase
protein backbone atoms was found to be ranging between 3.0-
3.5 nm. Whereas, Rg of both protein-6i and the protein-acar-
bose complex was found to be in the same pattern, between 2.0-
2.5 nm. In the case of a-amylase, Rg of protein backbone was
found to be ranging between 2.2-2.3 nm, protein-6i between

(@)
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Interactions

[ von der Wadls: B rcaton
B Conventonal Hydrogen Bond B Pepstacked
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Fig. 7 The 3D and 2D interaction view of compound 6i with the binding sites of a-amylase.
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(A) Time evolution of backbone RMSD of the complex structure. (B) RMSF of protein and ligand. (C) The radius of gyration (Rg) (D) SASA (E)
Hydrogen bonds occurring over the time of simulation between protein and ligand.
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Time evolution of backbone RMSD of the complex structure. (B) RMSF of protein and ligand. (C) The radius of gyration (Rg) (D) SASA (E) Hydrogen
bonds occurring over the time of simulation between protein and ligand.

2.6-2.7, and protein-acarbose between 2.3-2.4 nm. All three
trajectories were predicted with different Rg values. However, in
the case of human serum albumin, protein-6i complex the
average Rg was found to be between 2.6-2.66 and protein-
aminoguanidine had the same pattern of Rg with 2.68-
2.7 nm. Whereas, protein backbone atoms were predicted with
2.6 nm of Rg value.

Furthermore, the area around the hydrophobic core created
between protein-ligand complexes was shown in SASA plots for

24204 | RSC Adv, 2022, 12, 24192-24207

all of the protein-ligand complexes. In the case of a-glucosidase,
the protein backbone atoms were found with the SASA value of
~350 nm” and both ligand complexes were predicted with 200~
250 nm”. In the case of a-amylase, all the three SASA directories
had different values. Protein backbone atoms were predicted
with 155-200 nm?, protein-6i complex with ~250 nm? and
protein-acarbose with 200-250 nm?” SASA value. Conversely, all
three trajectories had the same pattern of SASA value in case of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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albumin (green) at 100 ns. (A) Time evolution of backbone RMSD of the complex structure. (B) RMSF of protein and ligand. (C) The radius of
gyration (Rg) (D) SASA (E) hydrogen bonds occurring over the time of simulation between protein and ligand.

human serum albumin. All the trajectories were predicted to
have the SASA value between 250-290 nm”.

Furthermore, it is essential to calculate the number of H-
bonds formed during the simulation, as few bonds were
simultaneously broken and rebuilt. During the simulation with
a-glucosidase, acarbose had formed 9, while 6i formed 8
hydrogen bonds. In the case of a-amylase, 6i edged over acar-
bose to form 5 bonds, whereas, acarbose had 4 hydrogen bonds.
Whereas, in the case of human serum albumin, where amino-
guanidine had formed 7 hydrogen bonds, however, 6i formed 5
of them. Therefore, by considering all the MD trajectories, it can
be deduced that compound 6i had stability and extensive
interaction in the case of all three proteins.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Binding free energy calculations

Evaluation of binding free energies is essential, as the concept
dwells with the stability and extent of binding interaction of
ligands with the protein. In all the protein-ligand complexes
formed, acarbose, aminoguanidine and 6i used van der Waals's
energy to form the complexes. This was followed by binding
energy. Polar solvation energy was found to be not involved with
the protein-ligand complexes, as most of the values were posi-
tive. Moreover, the binding free energies of the protein-6i
complex were comparatively more negative (stable complex)
than both the controls. In addition, the binding free energies
shown by the protein-control drug complexes were deviating
from the real values. This shows that the binding of 6i with all

RSC Adv, 2022, 12, 24192-24207 | 24205
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the 3 target proteins is stable and stronger, in comparison with
the control drugs. The details of binding free energy calcula-
tions are given in Table 9.

Conclusion

In summary, we have developed a highly efficient synthesis of
spirooxindole pyrrolidine (5a-1) and pyrrolizidine (6a-1) by 1,3-
dipolar cycloaddition reaction of benzodioxole chalcones (1a-1)
with azomethine ylide generated by the reaction of isatin (2) and
sarcosine (3)/t-proline (4) in presence of methanol to afford
desired products in high yield. The stereochemistry of the
products was unambiguously confirmed by FT-IR, NMR and
HR-MS techniques. Additionally, the formation of a single
regio- and stereoselective of the desired products were
confirmed by single crystal X-ray diffraction studies of
compound 6i (CCDC: 2143927). Among the synthesized mono-
spirooxindole compounds, compound 6i showed stronger
inhibition against a-glucosidase and a-amylase enzymes. This
can be attributed to the presence of the fluoro-group in the C-3
position, which results in the enhanced activity. Among the
synthesized spiro heterocyclic motifs, compounds 6 exhibited
stronger activity against a-glucosidase and a-amylase enzymes.
This is probably due to the presence of oxindole and pyrrolizi-
dine rings, which enhanced the diabetic activity. Further,
comparing the ICs, values of standard drugs under similar
conditions shown that, the ICs, values for the spirooxindole
derivatives are significantly lower than their conventional
counterparts, demonstrating excellent diabetic efficacy of the
spirooxindole substrates.
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