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ABSTRACT

Sulphonamide and 1,3,4-oxadiazole moieties are present as integral structural parts of many drugs and
pharmaceuticals. Taking into account the significance of these moieties, we herein present the synthesis,
single-crystal X-ray analysis, DFT studies, and a-amylase inhibition of probenecid derived two S-alkylphtha-
limide-oxadiazole-benzenesulfonamide hybrids. The synthesis has been accomplished in high yields. The
final structures of both hybrids have been established completely with the help of different spectro-ana-
lytical techniques, including NMR, FTIR, HR-MS, and single-crystal X-ray diffraction analyses. In an effort to
confirm the experimental findings, versatile quantum mechanical calculations and Hirshfeld Surface ana-
lysis have been performed. a-Amylase inhibition assay has been executed to investigate the enzyme
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inhibitory potential of both hybrids. The low ICso value (76.92+0.19 ug/mL) of hybrid 2 shows the good
a-amylase inhibition potential of the respective compound. Ultimately, the binding affinities and features
of the two hybrids are elucidated utilising a molecular docking technique against the a-amylase enzyme.

1. Introduction

Drug discovery is a continuous challenge and keeps fascinating
the researchers worldwide continuously regardless of the time
and efforts required. Heterocycles, specially oxadiazoles, have
been very important in drug discovery due to their important role
in medicines. The use and demand of oxadiazoles motifs in drugs
are increasing continuously and can be seen from their increasing
number of patents filed, up to increase in 100% in last 10 years
from 2000 to 2008, still this number is increasing on'. Nowadays,
a considerable amount of drugs in use possess oxadiazole moiety,
a few examples are zibotentan®, used for curing cancer, raltegra-
vir, an important antiretroviral drug against HIV, and ataluren,
used for the treatment of cystic fibrosis®. Oxadiazole rings help in
fulfilling the dream of drug discovery in multiple ways, acting as
an important part of pharmacophore, which stimulates the bind-
ing of chromatophore to ligand®, as a linker to fix the proper pos-
ition of the substituent in space® and help in controlling the
molecular properties’. The importance of oxadiazole is not limited
to the medicinal field but is also equally important in the indus-
trial zone as a thermal stabiliser for polymer synthesis and has
found wide applications in optics®'°. Many discoveries have
proved oxadiazole motif has a broad range of pharmaceutical
importance as an antidiabetic'’, lipoxygenase inhibitor'?, anti-
inflammation'®, anti-infection', elastase inhibitors'>, amylase
inhibitor'®, antibacterial'’, antiobesity'®, nonpeptidic procollagen

C-proteinase inhibition'®, anticancer®®, and dipeptidyl peptidase IV
inhibition?'. Moreover, oxadiazoles are also reported to inhibit
monoamine oxidase®?, niacin receptor (GPR109A) agonist>, larvi-
cide?®, antifungal®®, and glutaminyl cyclase inhibitors?®.

Probenecid has been an important drug since the nineteenth
century and is used in the treatment of multiple diseases, mainly
as a uricosuric agent to fight hyperuricaemia. Probenecid plays a
vital role in active brain transportation?’, curing gout®, as a
human carbonic anhydrase inhibitor?®, and plays a significant role
as an assistant to enhance blood vessels®’.

o-Amylase (ptyalin) is a digestive enzyme found to an ample
extent in animals and humans. It is produced by salivary glands
and pancreas at a neutral to mildly acidic pH. It behaves as a cata-
lyst in the hydrolysis of complex polysaccharides (starch and
glycogen) into shorter chains that ultimately produce glucose,
thus facilitating digestion. Excessive a-amylase in blood acceler-
ates starch breakdown resulting high concentration of sugars.
Controlling the a-amylase in the body can result in the reduction
of hyperglycaemia and obesity. a-Amylase is a good target for
developing inhibitors for the treatment of widely spread diabetes
and obesity3°—2,

Acarbose is a commercially available drug prescribed to man-
age diabetes mellitus type Il by inhibiting the salivary and pancre-
atic o-amylase and a-glucosidase. However, it is decomposed by
bacterial a-amylases in the intestine. Acarbose inhibits excessive
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Figure 1. (a) 1,3,4-Oxadizole moiety containing compound as a-amylase inhibitor; (b) 1,3,4-oxadiazole moiety in drugs; (c) 1,3,4-oxadizole moiety containing compound
in preclinical trials; (d) 1,3,4-oxdiazole displaying various biological activities; and (e) present work.

a-amylase, thus retarding the hydrolysis of polysaccharides and
controlling the blood sugar levels.

1,3,4-Oxadiazoles have been synthesised in great structural
diversity and studied for their inhibition potential against the
o-amylase enzyme. A brief literature survey showed that a series
of  5-(2,5-bis(2,2,2-trifluoroethoxy)phenyl)-1,3,4-oxadiazole-2-thiol
derivatives had inhibited «-amylase in the range of
IC50=40.00-80.00 ug/mL (Figure 1(a))>. |-2-(8-D-glucopyranosyl)-
1,3,4-oxadiazoles have been evaluated for their antidiabetic poten-
tial>*. Similarly, S-benzyl substituted 1,3,4-oxadiazole-2-thiol deriva-
tives have been found to inhibit the «-amylase enzyme in the
100 uM concentration'®.

Besides a-amylase inhibition, 1,3,4-oxadizole-based compounds
have been found in commercially available drugs such as raltegra-
vir as an antiviral agent, furamizole as an antibacterial agent, nesa-
pidil as an antiarrhythmic agent and tiodazosin as an
antihypertensive agent®. The structures of commercial drugs are
shown in (Figure 1(b)). 1,3,4-Oxadiazole containing compound

LC-150444, disclosed in (Figure 1(c)), is in preclinical trials for the
inhibition of DPP-IV?°,

1,3/4-Oxadiazoles have become a pharmacophore possessing a
variety of biological potentials, including anticonvulsant™’, anti-inflam-
matory*®, antitubercular activity®’, and many others® (Figure 1(d)).

Towards discovering new compounds for enzyme inhibition
and keeping in loop our previous work*®™!, herein we are report-
ing the synthesis, crystallographic analysis, DFT investigation, and
a-amylase inhibition of two hybrid compounds (Figure 1(e)). The
two hybrids are designed to be a combination of probenecid and
oxadiazole moieties and are expected to have high bio-
logical activities.

2. Materials and methods
2.1. Experimental

Starting materials, reagents and solvents are procured from Merk
and Sigma Aldrich and utilised directly without any further
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treatment. Melting points of both hybrids are recorded by using
the Gallenkamp melting point apparatus (MP-D) and are reported
as uncorrected. NMR spectra ('H and '3C) are recorded on an AV-
300 spectrometer (300 MHz) manufactured by Bruker. FT-IR spectra
of both hybrids are recorded in ATR (Attenuated Total
Reflectance) mode by using the Fourier Transform Infra-Red spec-
trophotometer supplied by Shimadzu.

2.2. Synthesis

2.2.1. Preparation of probenecid derived S-alkylphthalimide-oxa-
diazole-benzenesulfonamide hybrids (1 and 2)

The probenecid (20 mmol) is taken in 30mL of methanol and
0.5mL of conc. sulphuric acid is added and stirred at reflux for
12h. Then concentrated and washed with 150 mL of a saturated
aqueous solution of sodium bicarbonate and extracted three times
with ethyl acetate (3 x 50mL). The organic layer is dried over
anhydrous sodium sulphate and concentrated to have pure pro-
benecid ester. From probenecid ester, the probenecid hydrazide is
synthesised by adopting the following modified procedure from
the literature**™**. The solution of probenecid ester (15mmol) in
30mL of methanol is taken in a round bottom flask, and hydra-
zine hydrate (80%, 0.06 mol) is dropped slowly into it. The reaction
mixture is refluxed for 8 h. Upon completion of the reaction, ice
cold water is added to the reaction mixture at room temperature.
The precipitated crude probenecid hydrazide attained is filtered,
dried, and recrystallized from methanol.

In the next step, the probenecid hydrazide (10 mmol) is dis-
solved in methanol containing potassium hydroxide (30 mmol) at
room temperature. After a few minutes of stirring, carbon disul-
phide (0.06 mol) is dropped into the reaction mixture and further
refluxed for 12h. It is concentrated to less than half, poured into
the ice-cold water, and acidified with 1N HCl to pH=2. The
resultant crude precipitates are then cleaned with warm water
and recrystallized from methanol to have pure oxadiazole-2-thiol.

To a solution of the corresponding oxadiazole (1 mmol) and
bromo-alkyl-substituted phthalimide (1 mmol) in 15mL acetone, 1
equivalent of potassium phosphate is added and stirred further at
room temperature for 4h. It is concentrated and recrystallized
from methanol to obtain pure S-alkylphthalimide-oxadiazole-ben-
zenesulfonamide hybrids 1 and2 in 79% and 83% yields,
respectively.

2.2.1.1.  4-(5-(3-(1,3-Dioxoisoindolin-2-yl)propylthio)-1,3,4-oxa-
diazol-2-yl)-N,N-dipropylbenzenesulfonamide (7).

\_\ Q N-N %
N-S &

/4 i < > iOJ\S\/\/N {

Colourless solid; %age yield: 79; Retention factor (R). = 0.45
(CHCl3: CH3COCH5;, 9:1); melting point; 157-158°C; 'H-NMR
(300 MHz, CDCl5): § (ppm) 0.87 (t, J=7.35Hz, 6H, —-CH5) 1.45-1.66
(m, 4H, CH3-CH,-) 2.23-2.32 (m, 2H, CH,CH,CH,) 3.02-3.19 (m,
4H, N(CH,),) 3.36 (t, J=7.16 Hz, 2H, S-CH,) 3.89 (t, J=6.59 Hz, 2 H,
N-CH,) 7.70-7.77 (m, 2H, Ar-H) 7.82-7.88 (m, 2 H, Ar-H) 7.88-7.96
(m, 2H, Ar-H) 8.07-8.18 (m, 2H, Ar-H); '*C NMR (75 MHz, CDCls): §
(ppm) 11.12, 21.86, 28.42, 29.91, 36.42, 49.81, 76.57, 77.42, 123.35,
126.83, 127.10, 127.63, 131.87, 134.11, 142.93, 164.48, 165.11,
168.34; FT-IR v(cm™"): 3025 (C-H, SP?), 2937 (C-H, SP*), 1708, 1620
(Carbonyl group), 1545 (C=N), 1337, 1151 (SO, group); High

Resolution Mass Spectrum (EI-TOF) [M™*] Calcd. for: C55H,gN4O5S-:
528.1501; found; 528.1500.

2.2.1.2.  4—-(5-(4-(1,3-Dioxoisoindolin-2-yl)butylthio)-1,3,4-oxadia-
zol-2-yl)-N,N-dipropylbenzenesulfonamide (2).

hae

(0]
N

5% SO S

Colourless solid; %age yield: 83; Retention factor (Rg: = 0.51
(CHCl3: CH3COCHs3, 9:1); melting point; 117-119°C; 'H-NMR
(300 MHz, CDCl3): & (ppm) 0.88 (t, J=7.35Hz, 6H, CH;) 1.47-1.63
(m, 4H, CH3—CH,-) 1.91 (m, 4H, CH,CH,CH,) 3.05—3.18 (m, 4H,
N(CH,),) 3.37 (t, J=7.16Hz, 2H, S-CH,) 3.75 (t, J=6.59Hz, 2H,
N-CH,) 7.68—7.76 (m, 2H, Ar-H) 7.80—7.88 (m, 2H, Ar-H)
7.90—-7.96 (m, 2H, Ar-H) 808-8.16 (m, 2H, Ar-H); '*C-NMR
(75 MHz, CDCl,): 6 (ppm) 11.56, 22.30, 26.90, 27.90, 32.37, 37.52,
50.26, 77.43, 77.85, 123.68, 127.32, 127.53, 128.08, 132.38, 134.43,
143.37, 164.84, 168.76; FT-IR (cm™'): 3088 (C-H, SP?), 2970 (C-H,
SP%), 1703, 1617 (Carbonyl group), 1543(C=N), 1332, 1160(50,);
High Resolution Mass Spectrum (EI-TOF) [M*] Calcd. for:
Ca6H30N40555: 542.1658; found; 542.1656.

w=0

o

o

2.3. Crystal structure determination

X-ray diffraction data is collected on Super Nova, Single source at
offset, Atlas diffractometer with CuKa x-rays source (1 =1.54184 A).
Multi-scan CrysAlis PRO 1.171.38.46 (Rigaku Oxford Diffraction,
2015) is used for empirical absorption correction spherical har-
monics, implemented in SCALE3 ABSPACK. The structure solution
is performed by SHELXT-2014*, whereas SHELXL 2019/2%° is
employed for the refinement. All the atoms other than hydrogen
are refined by assigning anisotropic displacement parameters.
Isotropic displacement parameters are assigned to hydrogen
atoms and are refined or placed by using the riding model.
ORTEP-3*, PLATON*® and MERCURY 4.0*° software are used for
graphical purposes. Files of both hybrids 1 and 2 have been
assigned CCDC numbers 1963535 and 1963536, respectively, and
can be obtained free of charge on-demand to CCDC 12 Union
Road, Cambridge CB21 EZ, UK. (Fax: (+44) 1223 336-033: data_
request@ccdc.cam.ac.uk).

2.4. Computational methodology

To verify the experimental results, versatile quantum mechanical
calculations are carried out on the two hybrids (1 and 2). The
studied hybrids are first optimised at the B3LYP/6-31G* level of
theory®®™". Upon the optimised geometries, the vibrational fre-
quency and single-point energy calculations are executed.
Molecular electrostatic potential (MEP) maps are then generated
using a 0.002 au electron density envelope according to the previ-
ous recommendations®2. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) distribu-
tions are also visualised for the optimised geometries. Moreover,
the quantum theory of atoms in molecules (QTAIM)*® along with
noncovalent interaction (NCI) index>* are utilised to identify the
origin of interactions within the dimeric form of the studied
hybrids based on the crystallographic coordinates. The QTAIM and
NCI calculations are executed using Multiwfn 3.7 package®® and
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Scheme 1. Synthetic approach for probenecid derived three S-alkylphthalimide-oxadiazole-benzenesulfonamide hybrids (1 and 2).
Table 1. X-ray Parameters of both hybrids 1 and 2.
Crystal parameters 1 2
Chemical formula Cy5H28N405S, C6H30N405S,
CCDC 1963535 1963536
M, 52863 54266
Crystal system, space group Triclinic, P1 Triclinic, P1
Temperaﬂture (K) 150 150
a, b, c(A) 7.6816 (3), 15.6060 (6), 21.4957 (8) 9.8274 (6), 10.7739 (7), 13.0693 (8)
o, [f, y (©) 73.111 (3), 83.817 (3), 89.441 (3) 101.706 (5), 106.908 (6), 93.204 (5)
v (R3) 2450.75 (16) 1286.63 (14)
V4 4 2
Radiation type Cu Kot Cu Kot
t (mm™) 2.353 2.255

Crystal size (mm)
Diffractometer
Absorption correction

Tminr 7-max
No. of measured, independent and observed
[I>2o(N)] reflections

0.32 x0.24 x 0.10

Super Nova, Single source at offset, Atlas

Multi-scan CrysAlis PRO 1.171.38.46 (Rigaku Oxford
Diffraction, 2015) Empirical absorption correction
using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm.

0.516, 0.795

17120, 9497, 7809

Rint 0.028

(sin 0/W)max (A7) 0.617

RIF? > 2G(F)], wR(F), S 0.056, 0.160, 1.03

No. of reflections 9497

No. of parameters 670

No. of restraints 166

H-atom treatment H-atom parameters constrained
Apmaxl Apmin (e A_B) 0~77r —0.64

0.51 x 0.23 x 0.03

Super Nova, Single source at offset, Atlas

Multi-scan CrysAlis PRO 1.171.38.46 (Rigaku Oxford
Diffraction, 2015) Empirical absorption correction
using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm.

0.394, 0.938

4619, 4619, 3884

0.040

0.599

0.074, 0.217, 1.09

4619

337

H-atom parameters constrained
0.67,—0.51

are graphed using Visual Molecular Dynamics (VMD) software>®
All the adopted quantum mechanical calculations are performed
at the B3LYP/6-31G™ level of theory with the help of Gaussian 09
software °’

2.5. Hirshfeld surface (HS) analysis

Hirshfeld surface (HS) analysis®® is executed to give an in-depth
qualitative insight into the role of the main intermolecular interac-
tions. Within the context of HS analysis, the normalised contact
distance (dnom) surface along with its corresponding two-dimen-
sional (2D) fingerprint plots is generated to allow the identifica-
tion of the crucial regions in the crystal packing of the
investigated hybrids. The d,,m surfaces are mapped over a fixed
colour scale ranging from red (-0.05au) to blue (+0.75au). The
fingerprint plots are figured out using the translated 1.0 —2.8A
range, and reciprocal contacts are considered. As well, the shape

index and curvedness properties are mapped with the colour
range of —1.0au (concave) to 1.0au (convex) and range of
—4.0au (flat) to 0.40au (singular), respectively. The generated
Hirshfeld surfaces and the associated 2D fingerprint plots are
extracted using the CrystalExplorer17 software>®

2.6. Molecular docking

The technical specifics of the utilised molecular docking computa-
tions are elucidated in Ref.°®* In concise, the resolved three-
dimensional (3D) crystal structure of o-amylase (PDB ID: 10SE®®)
in complex with acarbose is downloaded from RCSB PDB and
opted for docking computations. All crystallographic waters, lig-
and, and ions are removed. The H++ server is utilised to deter-
mine the protonation states of x-amylase amino acids 66 As well,
all missing hydrogen atoms are inserted. The 3D structures of the
two hybrids are generated utilising Omega2 software® %8, Merck
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Molecular Force Field 94 (MMFF94S), with the help of SZYBKI soft-
ware®*7°, is applied to minimise the 3D structures.

In this work, AutoDock4.2.6 software is employed to perform
all molecular docking calculations”’. The MGL tools (version 1.5.7)
is utilised to create the pdbqt file for the a-amylase based on the
AutoDock protocol’?. The population size and the number of gen-
erations for molecular docking computations are adjusted to 300
and 27 000, respectively. Besides, the maximum number of energy
evaluations (eval) is 25000000, while the genetic algorithm (GA)
variable is set to 250. The remaining docking settings are left at
their default values. The grid box size is adjusted to
60A x 60 A x 60 A, which is able to encompass the active site of
a-amylase. AutoGrid4.2.6 program is adopted to create grid map
files with a spacing value of 0.375A. The grid centre is located at
the coordinates X=32.644, Y=38.464, and Z= —3.166. The root
mean square deviation of 1.0A is utilised to cluster conformations,
and the docking score is adopted to rank them ’3. Additionally,
the lowest docking score inside the largest cluster is deemed for
adopting as a representative mode.

2.7. Enzyme inhibition activity

a-Amylase inhibitory activity of probenecid derived S-alkylphthali-
mide-oxadiazole-benzenesulfonamide hybrids (1 and 2) is
achieved using the 3,5-dinitrosalicylic acid (DNS) method [41].
Compound solutions are prepared by dissolving each compound

in dimethylsulphoxide (DMSO) to give a concentration of
1 mgmL™". A measured volume from each compound solution is
mixed separately with 200 uL of a-amylase solution (1 mgmL™",
pH 7.0) in a test tube and incubated for 10 min at 30°C. 200 uL of
the starch solution (1% in water (w/v)) is added to the tube and
incubated for 3 min. 200 ul of DNS reagent (20 mL of 96 mM DNS
and 12g of sodium potassium tartrate tetrahydrate in 8.0mL of
2M NaOH) is added to this mixture for reaction termination and
the mixture is kept in a boiling water bath for 10 min. After cool-
ing the mixture to ambient temperature, 5 mL of distilled water is
added to dilute it, and the absorbance is recorded at 540 nm
using a UV-Visible spectrophotometer (Shimadzu UV 1800). A
blank reaction mixture is also prepared to remove the background
absorbance produced by each compound at various studied con-
centrations containing all other components except the enzyme
solution. Acarbose (250-10 ugmL™") is used as a potent amylase
inhibitor to compare the inhibition potential of compounds (1-3),
whereas the control incubation, representing maximum enzyme
activity, is carried out by replacing the compound with 2% DMSO.
All the tests are performed in triplicate. The a-amylase inhibitory
activity is calculated as percent inhibition using the following for-
mula:

% o. — amylase inhibition =

Ao—A;
X100
A,
where Ao is the absorbance of the mixture containing enzyme,
starch, and DNS; Ai is the absorbance of the mixture containing

Ny O C41

VAN
3 NRUE

Figure 2. ORTEP diagram of hybrids (a) 1 and (b) 2 that are drawn at a probability level of 40%. Hydrogen atoms are shown by small circles of arbitrary radii.
(c) Molecular overlay plot of hybrid 1, molecule | (red) and molecule I (blue). The major of the disordered propyl groups in hybrid 1 are shown for clarity.
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Figure 3. Packing diagram of hybrids (a) 1, and (b) 2. Selected hydrogen atoms are shown for clarity. The major of the disordered propyl groups in hybrid 1 are

shown for clarity.

enzyme, inhibitor (compound/acarbose), starch, and DNS. ICs, val-
ues (ugmL™") are obtained from the graph plotted for % o-amyl-
ase inhibition obtained at five different concentrations
(10-200 pgmL™).

3. Results and discussion
3.1. Chemistry

The synthetic approach adapted to access probenecid-derived S-
alkylphthalimide-oxadiazole-benzenesulfonamide hybrids (1 and 2)

during this work is shown in Scheme 1. The structures of both
hybrids are established on the basis of FTIR, '"H NMR '*C NMR and
HR-MS spectroscopies, and single-crystal X-ray crystallography.

In "H NMR spectra of probenecid derived S-alkylphthalimide-
oxadiazole-benzenesulfonamide hybrids (1 and 2), all the eight
aromatic protons are found in the range of ¢ 7.68-8.25ppm. A
multiplet for four protons at 6 3.00-3.22ppm is assigned to N-
(CHy), in both compounds. The four protons of the other two
methylenes of the n-isopropyl group are observed as a multiplet
at 6 1.45-1.66ppm in 1 and 2. A triplet for six protons of two
methyl groups on the n-isopropyl group is found between o
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0.87-0.89 ppm. A triplet for two protons at 6 3.36 and 6 3.37 ppm
is assigned to each S-CH, group in compounds 1 and 2, respect-
ively. The triplets for two protons at é 3.89 ppm and 3.75 ppm are
assigned to the N-CH, group in compounds 1 and 2, respectively.
A multiplet for two protons at ¢ 2.23-2.32 ppm is assigned to the
methylene group in the middle of the n-propyl chain in com-
pound 1 whereas, a doublet of a doublet having coupling con-
stant 4.05 and 1.98 Hz for four protons at é 1.92 ppm is assigned
to two methylene groups in the middle of the n-butyl chain.

In *C NMR spectroscopic studies of compounds 1 and 2, the
two carbonyl carbons of phthalimide skeleton are observed at
168.34 and 168.76 ppm for compounds 1 and 2, respectively.
Similarly, the two carbon atoms present in the oxadiazole part of
the hybrid are found at 165.18, 164.55 and 165.34, 164.47 ppm in
hybrid 1 and 2, respectively. The carbon atoms in the aromatic
rings are found between ¢ 144-122ppm. The shift between o
49.80 and 50 ppm is assigned to N(CH,), of the n-isopropyl group
in both hybrids. The shift at 36.49 and 37.14 ppm are assigned to
S-CH,N and N-CH, in hybrids 1 and 2, respectively. The chemical
shift at 6 29.98 and 31.99 ppm is assigned to S-CH; in hybrids 1
and 2, respectively. Other carbon atoms of the alkyl chains are
observed below ¢ 30 ppm.

Table 2. Hydrogen-bond geometry (A, °) for hybrids 1, 2.

D—H--A D—H#) H-AMA) D-AMR) <D—H-A()

1 (3—H3--N6' 0.95 258 3.406 (3) 145
C28—H28.-N2' 0.95 2.56 3393 (3) 147
C11—H11A--07' 0.99 259 3.309 3) 129
C20A—H20A---05 0.99 235 2.879 (8) 12
C20A—H208B---010" 0.99 265 3.568 (7) 155
C36—H36A---01' 0.99 259 3.286 (3) 128
C41—H41.-010" 0.95 261 3.407 (4) 142
C45A—H45A.-05" 0.99 255 3472 (6) 154
C45A—H45B---010 0.99 238 2.889 (7) 1

2 C6—H6--04" 0.95 239 3177 (6) 140
(24—H24A--01" 0.99 2.58 3179 (7) 119

Symmetry codes: (i) —x+2, —y+2, —z (i) —x+1, =y, —z+1; (i) —x+2,
=Y, —z+1; (iv) —x+1, =y+1, =z (v) —x+1, —=y+1, —z+1.

3.2. Molecular structures

The experimental details of both hybrids 1 and 2 are given in
Table 1. Both crystal structures are crystallised in a triclinic crystal
system with space group P1. The asymmetric unit of hybrid 1
(Figure 2(a)) consists of two molecules (named molecule | and
molecule 1) that are different geometrically with respect to each
other. In both molecules, molecule I (C1-C25/N1-N4/01-05/51/52)
and molecule Il (C26-C50/N5-N8/06-010/53/54), one of the pro-
pyl groups that is attached to N-atom is disordered over two sets
of sites with an occupancy ratio of 0.666 (4): 0.334 (4). The disor-
dered is solved by using EADP, SIMU, DELU, DFIX, and DANG
restraints. In molecule |, the isoindoline-1,3-dione ring A (C1-C8/
N1/01/02), 1,3,4-oxadiazole ring B (C12/C13/N2/N3/03), and
phenyl ring C (C14-C19) are planar with root mean square devi-
ation of 0.0170, 0.0027 and 0.0071A, respectively with dihedral
angles A/B and B/C is 51.9(6)° and 8.83(8)°, respectively. In mol-
ecule I, the isoindoline-1,3-dione ring D (C26-C33/N3/06/07),

Table 3. The important parameters of offset m---m stacking interactions in
hybrids 1 and 2.

Cg(i)-Cg(j) D) (A) 5 () Ring offset (A)

1 Cg1-Cg6' 4.0974 (14) 52.73 (14) -
Cg2-Cg3" 3.7628 (15) 0.89 (13) 1.187
Cg2-Cg5™ 4.0592 (15) 53.01 (14) -
Cg3-Cg3" 3.7833 (14) 0.02 (12) 1.243
Cg6-Cg7" 3.7085 (14) 134 (13) 1279
Cg7-Cg7" 36488 (14) 0.03 (11) 1.077

2 Cg1-Cg2" 3.576 (3) 24 (3) 1.037
Cg1-Cg3” 3.747 (3) 38 (3) 1.241
Cg3-Cgd 4.039 (3) 6.3 (3) 2248

D(ij) and o are the inter-centroid separation and dihedral angles between planes
of the interacting rings, respectively.

Symmetry codes: (i) x, y, z (i) —x+2, —y+3, —z (iii) x+1, y, z (iv) —x+1,
—y+2, =z (v) x, =y+1, z (vi) x+1, —y+1, z. For hybrid 1, Cg1, Cg2, Cg3,
Cg5, Cg6 and Cg7 are centroid of (C12/C13/N2/N3/03), (C1/C2/C7/C8/N1), (C2-
C7), (C37/C38/N6/N7/08), (C26/C27/C32/C33/N5) and (C27-C32) rings, respect-
ively. For hybrid 2, Cg1, Cg2, Cg3 and Cg4 are centroid of (C13/C14/N2/N3/03),
(C1/C2/C7/C8/N1), (C2-C7) and (C15-C20) rings, respectively.

Figure 4. Offset n- - -1t stacking interaction of hybrids (a) 1 and (b) 2. Hydrogen atoms are not shown. The major of the disordered propyl groups in hybrid 1 are
shown for clarity. Sulphur atoms S1 and S3 are labelled in order to distinguish between molecules | and Il of hybrid 1.
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Figure 5. Molecular electrostatic potential (MEP) maps of hybrids (a) 1 and (b) 2 are plotted onto 0.002 au electron density contours. The electrostatic potential varies

from —0.01 (red) to 4-0.01 (blue) au.

HOMO

LUMO

Figure 6. Frontier molecular orbitals (FMOs), including the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) of hybrids

(@ 1 and (b) 2.

1,3,4-oxadiazole ring E (C37/C38/N6/N7/08), and phenyl ring F
(C39-C44) are planar with root mean square deviation of 0.0227,
0.0027 and 0.0098 A, respectively, with dihedral angles D/E and E/
F is 54.42(6)° and 11.43(8)°, respectively. In order to further
explore the difference between molecules I and Il, a molecular
overlay plot is formed by using Mercury 4.0 (Figure 2(c)). The mol-
ecules are inverted and then made to overlap. Molecules I and Il
are shown in red and blue colour, respectively. The root mean
square deviation (RMSD) and the maximum deviation (Max. D)
between molecules I and Il are 1.6359 and 4.7768 A, respectively.
The major difference between molecules is in the orientation of
the disordered propyl groups (Figure 2(c)).

In hybrid 2 (Figure 2(b)), the twined data is solved, and good
values of the R-factors are acquired. The BASF value is found to

be 0.35899. The isoindoline-1,3-dione ring A (C1-C8/N1/01/02),
1,3,4-oxadiazole ring B (C13/C14/N2/N3/03), and phenyl ring C
(C15-C20) are planar with root mean square deviation of 0.0213,
0.0031 and 0.0066 A, respectively with dihedral angles A/B and
B/C is 3.39(3)° and 5.7(3)°, respectively.

In hybrid 1, the molecules of type | are interlinked with mole-
cules of type Il through C-H--- N and C-H--- O bonding (Figure
3(a), Table 2). The molecules of same kind are connected with
each other through C-H--- O bonding. Due to CH--- O bonding,
R2(14) H-bonded loop is formed followed by two bifurcated
R3(10) loops that are formed by the combination of C-H:-- O and
C-H--- N bonding. In hybrid 2, the molecules are interlinked
through C-H--- O bonding (Figure 3(b)). The N-atoms of hetero-
cyclic five-membered ring do not involve any type of H-bonding
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Figure 7. Quantum theory of atoms in molecules (QTAIM) and 3 D noncovalent interaction (NCI) isosurfaces of hybrids (a) 1 and (b) 2. The isosurfaces are generated
with a reduced density gradient value of 0.50 au and coloured from blue to red according to sign(A,)p ranging from —0.035 (blue) to 0.020 (red) au.

3 1
Figure 8. View of the Hirshfeld surfaces mapped over d,om property of (a)

hybrid 1 and (b) hybrid 2. The labels 1, 2, 3, and 4 represent N---H/H---N, O---H/
H---0, C---H/H---C, and S---H/H---S interactions, respectively.

this time. C12 infinite chain of molecules is formed through the
combination of C6-H6--- 04 and C24-H24A.-- O1 bonding that
runs along the crystallographic c-axis. The crystal packing of the
hybrid 1 is further stabilised by offset n---n stacking interactions
between the molecules of similar kind and molecules of an oppos-
ite kind with inter-centroid separation ranges from 3.6488(14) to
4.0974(14) A, and ring offset ranges from 1.077 to 1.279 A (Figure
4(a), Table 3). Similarly, the crystal packing of the hybrid 2 is fur-
ther stabilised by offset n---n stacking interactions between the
symmetry-related molecules with inter-centroid separation ranges
from 3.576(3) to 4.039(3) A and ring offset ranges from 1.037 to
2.248 A (Figure 4(b), Table 3).

3.3. Molecular electrostatic potential (MEP) calculations

Molecular electrostatic potential (MEP) analysis has been recently
apprehended as an informative method to conceive the nature of
the chemical systems by indicating the electrophilic and nucleo-
philic sites on their molecular surfaces’. The investigated hybrids
1 and 2 are first optimised. No imaginary frequency is noticed for
the studied hybrids, ensuring that the obtained geometries are

true minima. On the optimised monomers, MEP maps are gener-
ated using 0.002 au electron density contours. The generated MEP
maps of hybrids 1 and 2 are displayed in Figure 5.

Based on the data shown in Figure 5, apparent nucleophilic
nature is detected with the obvious red region along the molecu-
lar surface of the sulphonamide, nitrogens of oxadiazole, and oxy-
gens of phthalimide moieties. In contrast, the electrophilic sites
are noticed along the rest molecular surface of the investigated
hybrids 1 and 2 that are noticed by the occurrence of deep blue
colour regions.

3.4. Frontier molecular orbitals (FMOs) analysis

Several studies have addressed frontier molecular orbitals (FMOs)
analysis as a consistent tool to elucidate the convenient sites on
the molecular surfaces for inter- and intra-interactions. Using
FMOs, the highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) are generated to assess the
stability of the studied hybrids and are illustrated in Figure 6.

Subject to data graphed in Figure 6, the HOMO orbitals are
apparently delocalised on the oxadiazole and benzenesulfonamide
moieties. While the dispersion of isodensities in LUMOs of the
investigated hybrids is notably concentrated on the phthalimide
moiety, outlining the occurrence of charge transfer from oxadia-
zole and benzenesulfonamide to the phthalimide moiety.

3.5. QTAIM and NCI analyses

Quantum theory of atoms in molecules (QTAIM) protocol53 and
noncovalent interaction (NCI) index>* are utilised to elucidate the
inter- and intra-molecular interactions within the dimers of hybrids
1 and 2. In the context of QTAIM, the bond paths (BPs) and bond
critical points (BCPs) are generated and are depicted in Figure 7.
Through NCI analysis, the three-dimensional (3 D) colour-mapped
isosurfaces of inter- and intra-molecular interaction regions are
extracted and are graphed in Figure 7.

According to the results presented in Figure 7, the occurrence
of intra- and inter-molecular contacts within the inspected hybrids
are conspicuously unveiled by the existence of BPs and BCPs
within both examined dimers, particularly 7---m stacking interac-
tions. In line with QTAIM affirmations, obvious green isosurfaces
re apparently noticed through the generated 3D NCI plots.
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Figure 9. 2D fingerprint plots of hybrids (a) 1 and (b) 2.

3.6. Hirshfeld surface (HS) analysis

Hirshfeld surface (HS) analysis is documented as an authoritative
tool to qualitatively assess the nature of intermolecular interac-
tions within crystal structures and thoroughly identify the interac-
tions throughout the surface around the molecules’>=%°. Hirshfeld

di
TU T2 13 16 I8 20 2.2 23 26 23

de| | S.--H/H---_S 3.5(',0

2.8

TU 1.2 14 16 I8 20 2.7 24 2b 238

(b)

surfaces, including the d,om along with its associated 2D finger-
prints, shape index, and curvedness, are mapped for the investi-
gated hybrids 1 and 2. Figures 8 and 9 illustrate the d,orm mMaps
and their associated 2D fingerprint plots, respectively. The gener-
ated shape index and curvedness maps are given in Figure 10.
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Shape Index

Curvedness

Figure 10. Hirshfeld surfaces of hybrids (a) 1 and (b) 2 mapped over Shape index and Curvedness properties.

Table 4. a-Amylase inhibition values of probenecid derived two S-alkylphthali-
mide-oxadiazole-benzenesulfonamide hybrids (1 and 2).

Compound Concentration(ug/mL) % of inhibition ICso value (pg/mL)
1 10 20.24 92.23+£0.23
50 43.68
100 58.11
150 64.59
200 77.37
2 10 33.19 76.92+0.19
50 42.54
100 52.21
150 72.95
200 83.36
Acarbose 10 55.21 8.80+0.21
100 73.83
200 82.55

100
v
L_) 50
===
.
0 )
1 2 Acarbose
Compound #

Figure 11. Graphical representation of o-amylase inhibition of probenecid
derived two S-alkylphthalimide-oxadiazole-benzenesulfonamide hybrids (1 and 2)
at different concentrations.

As shown in Figure 8, the H---N/N---H contacts are detected
with obvious large red regions labelled 1, which are common in
the dnorm Maps of both hybrids. Such contacts are also noticed in
the 2D fingerprint plots as a pair of symmetrical spikes at (de +
d) ~ 25A and 3.0A for hybrids 1 and 2, respectively (Figure 9).
The H---N/N---H contacts exhibit 5.5% and 6.5% of the total
Hirshfeld surface area of hybrids 1 and 2, respectively.

The existence of red regions with label 2 in the Hirshfeld surfa-
ces of two hybrids could be ascribed to the occurrence of the
reciprocal H---O and O---H contacts that were found in the 2D fin-
gerprint plots at (de + dj) ~ 3.5A and 2.3A for hybrids 1 and 2,
respectively. Turning to the proportions of H---C/C---H contacts,

prominent red regions are noticed with 13.8% and 9.4% of the
total Hirshfeld surface area and characterised by spikes at (d. +
d) ~ 3.0A and 4.1 A for hybrids 1 and 2, respectively. The H---S/
S--H contacts attributed to weak C-H---S interactions are observed
with label 4, as white and red regions in the d,,m maps of
hybrids 1 and 2 with 4.8% and 3.5% contributions, respectively.
Conspicuously, the =---m stacking interactions show variant contri-
butions to the total Hirshfeld surfaces of hybrids 1 and 2 with val-
ues of 2.7% and 3.8%, respectively.

Crucially, the occurrence of the =---m stacking interactions is
obviously well-characterised in the Hirshfeld surfaces mapped
over Shape index and Curvedness properties by the existence of
the complementary pair of red and blue triangles in Shape index
and the flat green area in Curvedness (Figure 10).

3.7. a-Amylase inhibition activity

o-Amylase is an oligosaccharide endoglycosidase that is found in
the body fluids of humans and secreted by the pancreas. Its func-
tion is to break down the a-bonds of large a-linked starch and
glycogen into glucose and maltose. Uncontrolled activity of
o-amylase results in excessive accumulation of blood glucose
responsible for hyperglycaemia. «-Amylase inhibitors decrease the
activity of the enzyme and hence the level of glucose in the
blood. a-Amylase can be used to control hyperglycaemia by
decreasing the activity of the c-amylase.

The inhibitory potential of synthesised probenecid-derived S-
alkylphthalimide-oxadiazole-benzenesulfonamide hybrids (1 and 2)
is evaluated against a-amylase. Both hybrids (1 and 2) show
potent inhibitory potential. The potent inhibitory potential is
tested at concentration levels 10, 100, 150, and 200 ug/mL where
hybrids 1 and 2 delivered 77.37% and 83.36% inhibition of the
o-amylase at 200 ug/mL, respectively (Table 4). A logarithmic
regression curve is established with the help of percent inhibition
potential (% 1) at four different concentrations for each hybrid to
determine the concentration of inhibition at 50% of the a-amylase
activity (ICso ng/mL). Acarbose, a commercially established o-amyl-
ase inhibitor, is used as standard (inhibitory activity with 82.55%
inhibition at 200 ug/mL concentration and 1Csy value of
8.80+£0.21 ug/mL). Both hybrids 1 and 2 have shown ICs, values
of 9223+0.23 and 76.92+0.19 ug/mL, respectively (graphical
evaluation is displayed in Figure 11).
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Figure 12. (i) 3D and 2D representations of the anticipated docking pose (in cyan) and experimental structure (in gray) of acarbose and the predicted binding modes

of compounds (i) 2, and (jii) 1 with a-amylase.

Structure-activity relationship of hybrids 1 and 2 discloses that
hybrid 2, with four carbon bridge between oxadiazole and phtha-
limide moieties, is a more active inhibitor against a-amylase inhib-
ition than hybrid 1, which contains a three-carbon bridge.

3.8. Molecular docking

Prior to molecular docking calculations, the reliability of an in sil-
ico approach for anticipating the binding mode of the a-amylase
ligand is inspected. The co-crystallised acarbose ligand is redocked
towards the a-amylase, in addition to the expected docking pose
is compared to the resolved structure (PDB ID: 10SE®®) (Figure
12). As shown in Figure 12, the expected docking pose is
extremely comparable to the native structure, with a binding affin-
ity of —9.4kcal/mol and an RMSD of 0.23 A. This data comparison
discloses the outperformance of the AutoDock4.2.6 software to
portend the resolved binding mode of a-amylase ligand. The
robust binding of acarbose with a-amylase is ascribed to its cap-
acity to form twenty hydrogen bonds with GLU233, ASP300,
HIS299, HIS305, ASP197, HIS101, TRP59, GLN63, GLY164, VAL163,
SER105, GLY106, and HIS201 with bond lengths ranging from 1.61
to 3.28 A (Figure 12).

Molecular docking calculations show that compound 2 demon-
strates a satisfactory binding affinity against a-amylase with a
docking score of —7.8 kcal/mol (Figure 12). Compound 1 displays
a good binding affinity with a docking score of —7.5kcal/mol
(Figure 12). The good potentialities of compounds 1 and 2 as
o-amylase inhibitors are imputed to their capability to exhibit a

hydrogen bond, hydrophobic, van der Waals interactions, and pi-
based interactions with the proximal amino acids inside the bind-
ing pocket of a-amylase (Figure 12).

4. Conclusions

In conclusion, probenecid-derived two S-alkylphthalimide-oxadia-
zole-benzenesulfonamide hybrids (1 and 2) are accessed in very
good yields. The ultimate molecular structures of both compounds
are analysed through FT-IR, "THNMR, *CNMR and are validated
with the help of X-ray diffraction analysis. MEP maps conspicu-
ously announce both the nucleophilic and electrophilic nature of
the studied hybrids. The existence of the N---H/H:-:N, O---H/H---O,
C---H/H---C, and S---H/H---S contacts is unequivocally unveiled
within the generated Hirshfeld surfaces. «-Amylase inhibition stud-
ies have shown that hybrids 1 and 2 have good enzyme inhibition
potential against the az-amylase. The synthesised compounds are
in silico investigated towards a-amylase with the assistance of the
molecular docking technique. The binding affinities reveal that
compounds 1 and 2 are potent a-amylase inhibitors.
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