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Benzimidazolones have shown biological activities, including antihyperglycemic and hypoglycemic, by
inhibiting or activating of a-glu and GK. The aim of this study is the rational design of compounds using
in silico assays to delimitate the selection of structures to synthesize and the in vitro evaluation of
benzimidazolone derivatives in blood glucose control. A docking of 23 benzimidazolone derivatives was
performed; selecting the compounds with better in silico profiles to synthesize by microwave-
irradiation/conventional heat and evaluate in enzymatic in vitro evaluation. Compounds 2k, 2m, 2r, and
2s presented the best in silico profiles, showing good affinity energy (—10.9 to —8.6 kcal mol™) and
binding with catalytic-amino acids. They were synthesized at 70 °C and 24 h using DMF as the solvent
and potassium carbonate (yield: 22—-38%). The results with a-glu showed moderate inhibition of 2k (14 +
1.23-29 + 0.45), 2m (12 £+ 2.21-36 + 0.30), 2r (7 + 2.21-13 + 1.34), and 2s (11 + 0.74-35 + 2.95) at
evaluated concentrations (0.1 to 100 ug mL™Y. The GK activation assay showed an enzymatic activity
increase; compound 2k increased 1.31 and 2.83 more than normal activity, 2m (2.13-fold), 2s (2.86 and
3.74-fold) at 100 and 200 pg mLt respectively. The present study showed that the 2s derivative
presents moderate potential as an a-glu inhibitor and a good activator potential of GK, suggesting that
this compound is a good candidate for blood glucose control through antihyperglycemic and
rsc.li/rsc-advances hypoglycemic mechanisms.
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1 Introduction antihyperglycemic, and hypoglycaemic.”® Because of this, some

authors reported the synthesis of these compounds using
Benzimidazolones are heterocyclic compounds that have shown methods like 1,3-dipolar cycloaddition, condensation, cyclo-
many biological activities, including antiallergic, antiemetic, isomerization, and direct functionalization. However, these
antipsychotic, antibacterial, antifungal, antiviral, routes could be expensive, and sensitive metallic catalysts or
harsh reaction conditions are needed.® The use of a combina-
tion of alternative energy sources like microwave irradiation
E-mail: ulises.osuna@uas.edu.ms; jmontes@uas.cdi.mx and conventional heat could help to reduce reaction time and
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Meéxico (hypoglycemic) or slow the absorption of the molecule (anti-
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synthesis. a-Glu is located in the brush border of the enterocytes and is
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considered the final step of carbohydrates metabolism because
it catalyzes the hydrolysis of a-glycosidic linkages of disaccha-
rides and oligosaccharides generated glucose directly into the
bloodstream. Based on its action mechanisms, this enzyme is
closely associated with some metabolic diseases; through the
stimulation of glucose absorption in patients with a high blood
level of this molecule, promoting hyperglycemic states.'***
Therefore, some a-Glu inhibitor were designed and evaluated in
silico and in vitro; for example, in silico assays have shown that
inhibitors interact with important amino acids residues like
Phe178, Phe303, His280, His351, Arg315, Arg442 and Tyr158."
Also, some studies have shown good inhibition against this
intestinal enzyme by synthetic heterocyclic compounds like
pyrrole and pyrrolidine derivatives, indole derivatives, and
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benzimidazolone derivatives with inhibitory concentration 50
(ICs0) values of 0.77-4.1, 5.4-7.1 and 2.2-87 uM respectively.'***
On the other hand, GK is a pharmacologic target that promotes
insulin secretion in pancreatic B-cell to regulate blood glucose
levels; this mechanism involves the closure of the potassium
channels (KATP), which stimulates the released insulin into the
bloodstream.'*” Due to these actions and the relevance of
generating new pharmacologic compounds in blood glucose
control, the study and evaluation of GK as a novel pharmaco-
logic target is important; some in vitro studies have been re-
ported; Ren et al. in 2021 demonstrated the relevance of
interaction with Thr65, Tyr214, and Val455 in the allosteric site
in GK, suggesting this site in the enzyme important in the
increase on the enzymatic activity."® Recently, small molecules

Table 1 List of radicals in benzimidazolone derivatives to evaluate an in silico molecular docking

i
N
=0
N
H
R=a-w
R R
7 W
(k) NC 02N
(p)

(u
» O
~o NO,

(a)
(v)

> >

NO,

) (w)

(d) F
(i) (n)
(s)
/\/\% m /©/\FHJ @)
Br
(e) G 0

21154 | RSC Adv, 2023, 13, 21153-21162

(t)

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02916f

Open Access Article. Published on 12 2566. Downloaded on 1/11/2568 23:11:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

were evaluated as new allosteric site activators of this enzyme,
for example, dorziaglatin is currently being investigated in
phase III clinical trials, while PB-201 and AZD-1656 have
reached phase II clinical trials.">" Also, quinazolin-4-one
derivatives were designed and evaluated in silico and in vitro
against GK, this study presented an effective concentration 50
(ECs) from 382-1870 nM.>* The using of in silico studies can
help to delimitate the generation and evaluation of biologically
active compounds; within the main in silico method used in this
process is the molecular docking, which is a simulation of the
interaction between a ligand and protein, showing values of
affinity energy and the interaction with amino acid residues in
the union site.”® To corroborate the molecular docking inter-
actions, the in vitro evaluation is necessary; to determine the
inhibitory (a-glu) or activator (GK) effect of biologically active
compounds like benzimidazolones derivatives, specifically as
blood glucose control drugs. The aim of this study is the
rational design of benzimidazolones derivatives, using in silico
evaluation to determine the interaction against these pharma-
cologic targets and delimitate the selection of structures to
synthesize under microwave irradiation/conventional heat
conditions, and evaluate with in vitro inhibition of a-glu and the
activation of GK.

2 Experimental

2.1 Design of benzimidazolones derivatives for in silico
assays

23 Benzimidazolones derivatives (2a-w) were designed, using
electron withdrawing groups and functional groups as
aliphatic, halogens, aromatic rings, nitrogen, oxygen, etc. (Table
1), to generate interactions like polar hydrogen, electrostatic
and hydrophobic bonds with catalytic or relevance amino acid
in the union site of the pharmacologic target."

2.2 Molecular docking

The molecular docking studies were carried out using Autodock
Vina and were guided to the pharmacologic targets active (a-glu)
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and/or allosteric site (GK). The benzimidazolones derivatives
were designed using ChemDraw V16. The 3D optimization was
done in Spartan V14 using MMFF94’s where Gasteiger charges
were assigned to the ligands. The crystal structures for human
lysosomal acid a-glucosidase (PDB: 5NN8) and human gluco-
kinase (PDB: 3IMX) were downloaded from the RCSB protein
data bank. All water, and ligands, were removed from the crystal
receptors to perform the docking. Then, polar hydrogens and
Kollman charges were assigned. The grid box was set for a-
glucosidase with a grid of 74, 70, and 90 points (x, y, and z) with
a grid spacing of 0.375 A. case of GK allosteric site with a grid of
66, 62, and 40 points with a grid spacing of 0.375 A. Docking
calculations were performed using the Lamarckian genetic
algorithm for ligands conformational searching with 200 runs
with a population size of 150 individuals, a maximum of 25
million energies evaluations, a maximum of 270 000 genera-
tions, a gene mutation rate of 0.02 and a crossover rate of 0.8.
Cluster analysis was performed on the docked results using
a root mean square (RMS) tolerance of 0.5 A. The docking
conformation with the lowest binding energy was examined and
visualized with Accelrys Discovery Studio v17.2.0.16349 [Accel-
rys Inc., San Diego, CA (2007)].>***

2.3 General procedure for the benzimidazolone derivatives
synthesis (2k, 2m, 2r and 2s)

The synthesis of benzimidazolone core (2a) was performed
using microwave irradiation using isatoic anhydride as the
limiting compound. To a microwave reactor vessel (10 mL) were
added an isatoic anhydride (1.0 mmol), trimethyl silane azide
(1.4 mmol) and N,N-dimethylformamide (DMF) (2.0 mmol). The
mixture was heated at 130 °C for 20 min and then was cooled to
room temperature. In the resulting mixture, i-PrOH (2 mL) was
added and shaken to precipitate the fine solid formed. After
that, the liquid was removed and the solid was dried at room
temperature to obtain the benzimidazolone core (2a) in high
purity. Characterization data are similar to those reported in the
literature. In order to generate the benzimidazolones alkylated,
to a flat-bottomed flask was added 2a (1.5 mmol), potassium

H
N
L
N\
R

Monosubstituted Benzimidazolone

B

R-Br, DMF, K,CO,

70°C, 24 min

OO A7 O 4

Fig.1 Scheme of synthesis of benzimidazolone derivative a combination of microwave irradiation and conventional heat: (a) in the first part of
synthesis, it used isatoic anhydride as limiting compound, trimethyl silane azide and DMF in microwave conditions to generate the benzimi-
dazolone core. (b) Later, this compound was use in alkylation with benzyl bromide in conventional heat conditions to generate benzimidazo-

lones monosubstituted.
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carbonate (1.0 mmol), a series of benzyl bromides (1.5 mmol) to
introduce these groups in the heterocyclic nitrogen, and N,N-
dimethylformamide (DMF) as solvent (2 mmol). The mixture
was heated at 70 °C for 24 hours. After the reaction time, ethyl
acetate (EtOAc) was added (15 mL); subsequently, two washes
were made by adding cool water (15 mL), mixing, and reserving
the organic phase. The resulting mixture was concentrated by
rotavapor and purified by chromatographic column (hexane/
EtOAc 7:3 v/v) to obtain the benzimidazolones derivatives in
high purity (Fig. 1).

2.3.1 1-(4-Methylbenzyl)-1,3-dihydro-2H-benzo[d]imidazol-
2-one (2k). White solid, yield 38% (100 mg, 0.4 mmol), M.p.
190-194 °C. IR (KBr disk, cm™?) 3360, 3150, 2928, 1702, 1483,
1151; *"H-NMR (400 MHz, CDCl,): 6 10.09 (s, 1H, NH), 7.14-7.17
(m, 2H, H-Ar), 7.02-7.05 (m, 3H, H-Ar), 6.88-6.97 (m, 2H, H-Ar),
6.78-6.80 (m, 1H, H-Ar), 4.98 (s, 2H, CH,-Ar), 2.23 (s, 3H, CH;-
Ar). >C-NMR (100 MHz, CDCl3): 6 156.0 (C=0), 137.5, 133.4,
130.4, 129.6, 128.2, 127.5, 121.8, 109.8, 108.7, 44.5 (CH,-Ar),
29.9, 21.2 (CH;-Ar); GC-MS (CI') m/z: 238.2 u. [M + H]".

2.3.2 1-(2-Methylbenzyl)-1,3-dihydro-2H-benzo[d]imidazol-
2-one (2m). White solid, yield 23% (44.6 mg, 0.2 mmol), M.p.
158-160 °C. IR (KBr disk, cm™') 3195, 3064, 2913, 1700, 1490,
1143; '"H-NMR (400 MHz, CDCl,): 6 10.13 (s, 1H, NH), 7.11-7.10
(m, 2H, H-Ar), 7.06-7.04 (m, 2H, H-Ar), 6.98-6.94 (m, 2H, H-Ar),
6.91-6.86 (m, 1H, H-Ar), 5.02 (s, 2H, CH,-Ar), 2.33 (s, 3H, CH,-
Ar). ®C-NMR (100 MHz, CDCl;): § 156.0 (C=0), 135.9, 133.8,
130.7, 130.5, 128.2, 127.7, 126.9, 121.9, 121.5, 109.8, 108.9, 43.0
(CH,-Ar), 29.9, 19.3 (CH;-Ar); GC-MS (CI') m/z: 238.1 u. [M + H]".

2.3.3 1-(4-(ter-Butyl)benzyl)-1,3-dihydro-2H-benzo[d]
imidazol-2-one (2r). White solid, yield 26% (65.1 mg, 0.2
mmol), M.p. 185-188 °C. "H-NMR (400 MHz, CDCl,): 6 10.31 (s,
1H, NH), 7.26-7.24 (m, 2H, H-Ar), 7.20-7.17 (m, 2H, H-Ar), 7.05-
7.03 (m, 1H, H-Ar), 6.97-6.90 (m, 2H, H-Ar), 6.84-6.82 (m, 1H, H-
Ar) 4.99 (s, 2H, CH,-Ar), 1.20 (s, 9H, terBu-Ar). *C-NMR (100
MHz, CDCl;): 6 156.1 (C=0), 150.8, 133.4, 130.4, 128.3, 127.2,
125.8, 121.8, 121.4, 109.9, 108.7, 44.3 (CH,-Ar), 34.6, 31.4
(C(CH3)3); GC-MS (CI') m/z: 280.2 u. [M + HJ".

2.3.4 1-(4-(Trifluoromethyl)benzyl)-1,3-dihydro-2H-benzo
[d]imidazol-2-one (2s). White solid, yield 22% (37.8 mg, 0.1
mmol), M.p. 185-188 °C. IR (KBr disk, cm™?) 3191, 2939, 1706,
1396, 1124; 'H-NMR (400 MHz, CDCly): 6 8.32 (s, 1H, NH),
5.61-5.59 (m, 2H, H-Ar), 5.47-5.45 (m, 2H, H-Ar), 5.16-5.02 (m, 3H,
H-Ar), 3.18 (s, 2H, CH,-Ar). *C-NMR (100 MHz, CDCl,): 6 155.9
(C=0), 140.3, 130.1, 130.0, 128.2, 127.7, 126.0, 125.9, 122.2, 121.7,
110.1, 108.4, 44.2 (CH,-Ar); GC-MS (CI') m/z: 292.1 u. [M + HJ'.

2.4 o-glucosidase inhibitory activity

The a-glucosidase (EC 3.2.1.20) activity of the synthetic benzi-
midazolones derivatives was assessed as described by Aispuro-
Perez et al. and Santos-Ballardo et al, in 2020, with slight
modification.”**® In a 96-well flat-bottom plate, 100 pL of the
enzyme solution (1 U mL ™" in 0.1 M of phosphate buffer at pH
7.0) and 50 pL of benzimidazolones derivatives 2k, 2m, 2r, and
2s (concentrations of 0.1, 1, 10, 50, 100 pg mL~" in DMSO 10%
in methanol) were added. After 10 min of incubation at 25 °C,
50 pL of 5 mM p-nitro-phenyl-a-p-glucopyranoside solution in
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0.1 M phosphate buffer (pH 7.0) was added, and the mixture was
incubated at 25 °C for 5 min. After, the absorbance was recorded
at 405 nm using a microplate reader. The a-glucosidase inhib-
itory activity was expressed as percentage inhibition and
calculated as follows:

%inhibition = 4y — A,/4; x 100

where: A, was the absorbance of the control, and A; was the
absorbance in the presence of the benzimidazolone derivatives
evaluated.

2.5 Invitro glucokinase activation

The GK activity of synthesized compounds was evaluated using
the commercial kit “Hexokinase colorimetric assay kit” which
contains 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid
(25 mM, pH 7.4), glucose (10 mM), KCI (25 mM) mgCl, (1 mM)
dithiothereitol (1 mM), adenosine triphosphate (1 mM), NAD (1
mM), glucose-6-phosphate dehydrogenase (G-6-PDH) (2.5 U
mL ™), GK (0.5 ug), and benzimidazolones derivatives evaluated
(100 and 200 pg mL~"); all the assays were performed in a final
volume 300 pL. The absorbance of nanomoles per minute per
milliliters (nmol min™" mL™") was measured at 450 nm after
a 5 min incubation period for 60 min, the GK activation fold by
benzimidazolones derivatives, control positive and normal GK
fold activation (NADH standard curve) was calculated as
follows:

GK,. = B x sample dilution factor/(reaction time) x V

where: B was the amount (nmol) of NADH generated during the
reaction time, reaction time was the difference between final
time and initial time; V was the sample volume (mL) added to
well.

The results are expressed as nanomoles per minute per
milliliter (nmol min™" mL™") and activation fold compared to
the control."*"”

3 Results and discussion

3.1 Molecular docking analysis of benzimidazolones
derivatives against pharmacologic targets

All 23 design benzimidazolones derivatives were analyzed
against a-glu and GK, using Autodock Vina, in order to find the
binding interaction with the active site of the targets. The
affinity energy values and interactions of the best benzimida-
zolones derivatives in active and the allosteric site of evaluated
targets are shown in Table 2. In the first case, the molecular
docking assay shows affinity energy values from —8.7 to —8.6
Kcal mol ™. The compounds 2m and 2s, display the best in silico
results based on their affinity energy values and the number and
type of intermolecular interactions. The residues from the
active site involved in bonding interaction with benzimidazo-
lones derivatives are Asp518, Glu521, Asp616 (catalytic amino
acids), Arg600, Asp282, and others; these compounds formed
a hydrogen and electrostatic bond with a least 2 of the 3 catalytic
amino acids reported for these targets. The compound 2m is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Molecular docking analysis of 2k, 2m, 2r and 2s against a-glu and GK

(Kcal mol ) GK

Interactions

Hydrogen bond: Trp59, Asp300 and Asp197
Electrostatic bond: Arg195, Asp197, Glu233 and Met210
Hydrophobic bond: Tyr214, Met210, Met235 and Val455
Hydrogen bond: Asp518, Arg600 and Tyr377
Electrostatic bond: Asp616, Tyr377, Asn437 and Phe433
Hydrogen bond: Trp59 and Asp300

Electrostatic bond: Glu233, Met210

Hydrophobic bond: Tyr215, Trp99 and Val455

Affinity energy Affinity energy
Evaluated compounds (Kcal mol™) a-Glu
2k —8.6 -9.1
2m —8.6 -9.1
2r — —-9.2
2s —-8.7 —-10.9

bound into the active site of a-glucosidase by a polar hydrogen
bond between N-H-+-O of Asp518 (2.54 A, 122°), C=0---H-N of
Arg600 (3.07 A, 33.15° and 3.16 A, 35.2°) and an electrostatic
bound with Asp616 (3.54 A) via ring A. A polar hydrogen bond
between Ar-F links the compound 2s---O of Arg600 (3.66 A,
60.5°), in addition, it is bonded with Asp518 (3.20 A and 2.94 A)
and Asp404 (3.36 A) by a halogen interaction F---O of these
amino acids respectively. Otherwise, the results of affinity
energy values on the allosteric site of GK were from —10.9 to
—9.1 Kcal mol ™!, where the derivatives 2k, 2r, and 2s showed the
best values (—9.5, —9.2, and —10.9 Kcal mol " respectively). The
residues from the allosteric site involved in bonding interaction
with benzimidazolones derivatives are Arg63, Pro66, His218,
Ala456, Tyr214, Tyr215, Val452, Val455, and Met210. 2k deriv-
ative interacted by an electrostatic-sulphide bond with Met210
via ring C (5.39 A) and hydrophobic bond with Tyr214 (3.71 and
4.91 A) via ring C and A respectively BnMe---CH, of Met210 (4.94
A) and CH, of Met235 (3.73 A), CH of Val455 via ring A (4.28 A)
and BnMe:-Ar of Tyr214 (4.23 A). The benzylbenzimidazolone
2r display an interaction by an electrostatic-sulphide bond with
Met210 via ring B (5.12 A) and a hydrophobic bond with Tyr214
(4.12 and 3.66 A) via rings A and B, respectively, terBu-C---
pyrrole of Trp99 (4.85 A) and Ar of Tyr215 (4.94 A), terBu-

Hydrogen bond: Arg600, Asp518 and Asp404
Electrostatic bond: Met210
Hydrophobic bond: Tyr214, Met235 and Val455

Me  pyrrole of Trp99 (3.93 A) and Val455 (4.39 A) via ring C. The
2s binding by a polar hydrogen bond between N-H:--O-H of
Ser64 (2.67 A, 119.35°), halogen bond Between F:--:O=C of
Leu451 (3.14 A), electrostatic-sulphide bond with Met210 (4.98
A) via ring B and hydrophobic bond between rings A and B with
Tyr214 (4.07 and 3.67 respectively), ring B---CH; of Met235 (3.80
A), ring C---CHj, of Val455 (3.45 A) and 3F---CH of Leu451 (4.00
A).

One of the main aspects in the discovery and generation of
new drugs, is the design of specific and effective structures
against a pharmacologic target, using atoms and functional
groups that have been reported with biological relevance
against pharmacologic targets related to the control of hyper-
glycemia states like a-glu and GK.***” Therefore, in silico eval-
uation play a critical role in identifying novel molecules that can
control blood glucose levels, using molecular docking to show
the interactions with biological relevance amino acids in the
union site, which helps to predict the possible biological
activity.”® The molecular docking analysis suggests good affinity
energy (values < —5 Kcal mol '); these values could be explained
in the amino acid residues interaction, where the evaluated
compounds present hydrogen, electrostatic and hydrophobic
bond with catalytic or biological important residues of the

Fig. 2

Interaction of 2r in the active (a-glu) or allosteric site (gk) of therapeutic targets. (a) Bond formation in active site of a-glu, where there are

halogen bonds with one catalytic residue, (b) bond formation in the allosteric site of gk, where present interaction with two biologically relevant
residues. In both cases, the green lines represent the hydrogen bond; the orange lines represent the electrostatic bonds and purple and pink lines

represent the hydrophobic bonds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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active or allosteric site. Some reports in the literature suggest
that binding with this catalytic triad like Asp518, Glu521,
Asp616 (a-glu) and Val452, Tyr377, Asn437, and Phe43 (GK) are
crucial in the inhibition and/or activation of a-glu and GK
respectively.'®* Compound 2s (the benzimidazolone with the
best docking profile), presented interaction whit all the targets
evaluated, showing interaction with at least one catalytic
residue. In a-glu, it presents a hydrogen bond with Asp518, and
in GK shows hydrogen and hydrophobic interaction with Ser64
and Val455; these type of bonds explain the good affinity energy
values (Fig. 2). Currently, there are no docking studies of ben-
zimidazolones derivatives against GK, and only a few against a-
glu; however, Mentense et al. in 2020, Aispuro-Pérez et al. in
2019, Kadhase et al. in 2019 and Singh et al. in 2019, performed
studies of heterocyclic compounds with structural similarity
than benzimidazolones; their results showed affinity energy
values lower than these derivatives (—11.1 to —8.0 Kcal mol ™),
which suggest that the evaluated compounds have better
potential than the compound reported by these authors.**>527

Based on the in silico evaluation (affinity energy values and
interaction with catalytic amino acids) and the good potential

Table 3 Standardization of synthesis route of benzylbenzimidazolone
derivatives

Experimental
Benzyl mass Yield
benzimidazolone (mg) (%) Reaction conditions
2k 30 19 Room temperature/
72 h
42.2 22 60 °C/24 h
60 27 70 °C/24 h

Table 4 Yields and mass obtained in synthesis of benzylbenzimida-
zolone derivatives 2k, 2m, 2r and 2s

Experimental
Benzimidazolone mass (mg) Yield (%)
2k 100 38
2m 44.6 23
2r 65.1 26
28 37.8 22
Table 5
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showed of benzimidazolones derivatives compared with
heterocyclic compounds reported by different authors; four
benzimidazolone derivatives were selected to be synthesized
(2k, 2m, 2r and 2s), which present the benzyl group as
a substituent in the heterocyclic nitrogen.

3.2 Synthesis of benzylbenzimidazolones derivates

Continuing with our research interest, we report the synthesis
of the compounds 2k, 2m, 2r, and 2s, by a conventional heat
and catalysis-free reaction of the benzimidazolone core (1,3-
dihydro-2H-benzo[d]imidazole-2-one) obtained by microwave
irradiation. This protocol is an alkylation with benzyl bromides
to obtain the monosubstituted benzimidazolone. Therefore, the
initial tests were devoted to finding the best reaction condi-
tions. For this, compound 2k was studied as a reaction model.
The first assays were carried out at room temperature for 72
hours with DMF as solvent and sodium hydride as a base. After
the reaction time, the desired compound 2k was isolated with
a yield of 9%. In addition, the disubstituted compound was
isolated with a yield of 15%; these compounds were isolated by
a chromatographic column. Then, a variation in temperature
(60-70 °C) and a decrease in time (72 to 24 h) showed an
increase in yield of up to 27% (Table 3). In these experiments,
set the best conditions were set at 70 °C and 24 h. To delimit the
obtaining of the monosubstituted benzimidazolone; the
synthesis process was monitored by thin layer chromatography
(TLC), taking samples of the reaction every hour, then it was
observed the formation of both compounds in the first hour of
the reaction, showing a high rate of formation of the disubsti-
tuted compound. After that, to decrease the reaction speed, it
was used potassium carbonate instead of sodium hydride,
obtaining a higher yield of 38% in monosubstituted and 42% in
disubstituted benzimidazolone (Table 4). The benzimidazo-
lones derivatives 2k, 2m, 2r, and 2s were prepared using the
conditions previously described in 22-38% yields (Table 4), and
their structural confirmation was performed by gas
chromatography/mass spectrometry (GC-MS) and nuclear
magnetic resonance (NMR) analysis (ESIT). The GC-MS of 2k
showed the presence of the quasi-molecular ion m/z = 239.1 [M
+ H]" at 25.5 min. Otherwise, the "H-NMR spectrum showed
characteristic signals for the molecular structure; for example,
at 10.1 ppm it is observed a singlet that corresponds to the H-N
in the imidazole ring, a singlet at 4.98 ppm is associated with
2H in the benzylic methylene and a singlet at 2.23 ppm

Inhibition activity of benzylbenzimidazolones derivatives 2k, 2m, 2r, and 2s in an in vitro evaluation on a-Glu

Inhibition percentage of benzylbenzimidazolones derivatives

% Inhibition % Inhibition

% Inhibition % Inhibition % Inhibition

Evaluated compounds 0.1 pg mL ™" 1pg mL " 10 pg mL ! 50 pg mL ! 100 pg mL ™"
2k 14 £1.23 20 + 0.89 21 + 0.94 29 + 0.45 —

2m 12 £ 2.21 27 £1.98 35 £ 0.49 36 £ 0.30 —

2q — 7 +£0.91 13 +£1.34 — —

2r — — — 11 £ 0.74 35 +2.95
Acarbose (drug reference) — 6 +1.30 30 £+ 5.20 43 + 6.7 57 + 0.70
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Fig. 3 Structure—activity relationship analysis of 2m and 2k
compound against a-glu with in silico interaction. The interaction in
2m compound shows a hydrogen and electrostatic bond with shorter
distance (2.58, 3.16 and 3.54 A) than bonds in the compound 2k (2.64,
3.72 and 3.56 A), also, these bonds are with two catalytic amino acids.

associated to 3H in the substituent in the benzylic ring. The **C-
NMR spectrum presents signals at 156.0, 44.5, and 21.2 ppm
corresponding to the carbonyl, benzylic methylene, and methyl
carbon, respectively. These signals are important because they
corroborate the alkylation of benzimidazolone core. The results
obtained in this synthesis are similar to those reported by Abbas
et al. in 2015, where the confirmation of synthesized benzimi-
dazolones derivatives with "H-NMR showed a signal of H-N
proton in the range 11.50-9.75 ppm; at the same time, the “*C-
NMR analysis presents a signal of the carbonyl group in the
range of 152.0-148.0 ppm.® Therefore, these results could be
important to the data generating of these compounds.

Table 6
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One of the important results obtained in the synthesis of
benzylbenzimidazoles was the formation of disubstituted
compounds with better yields than the monosubstituted
molecules; this could be explained by the highest reactivity of
monosubstituted benzylbenzimidazolone, which causes the
reaction of the alkylating agent with this intermediate instead
of the benzimidazolone core. Currently, some authors report
synthesis pathways for benzimidazolone derivatives with
structural similarity protection of the amino group for a later
sulfonation at 20-140 °C.° Here, the experimental conditions
were suitable to generate benzimidazolones derivatives in fewer
steps at a lower temperature; showing a less complicated
synthesis of these compounds.

MET210

MET235

MET235

MET210

TYR214 H:2.67 A
F:3.14 A
Hidr. 4.00 A

Allosteric site of GK
Arg63, Ser64, Tyr214,

Met210, Try215,
Leud51, Vald52 y
Val455

H: Polar Hydrogen bond, F: fluoride bond, Hidr: hydrophobic

Fig. 4 Structure—activity relationship analysis of 2k and 2s
compounds against gk with in silico interaction. Both of benzylben-
zimidazolones derivatives shows interaction in the allosteric site of gk.
(a) Interaction of 2k compound showed hydrophobic interaction 4
amino acid of the allosteric site. (b) Interaction of 2s compound
showed hydrogen and fluorine interactions with extra amino acids like
ser64 and leu451 respectively.

In vitro evaluation of activation potential of benzylbenzimidazolone derivatives 2k, 2m, 2r and 2s against GK

Activation fold of GK of benzylbenzimidazolone derivatives

Activity increase

nmol min~* mL™" of nmol min~" mL™" of 200 pg
Evaluated compounds NADH a 100 pg mL ™" NADH a 200 pg mL™* 100 pg mL ™" mL "’
2k 30 65 1.31 2.83
2m — 49 — 2.13
2q — — — —
2r 45 86 1.96 3.74
Positive control 66 75 2.86 3.26
NADH standard 23

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 21153-21162 | 21159


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02916f

Open Access Article. Published on 12 2566. Downloaded on 1/11/2568 23:11:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

3.3 a-glucosidase inhibitory activity

The enzymatic inhibition against a-glu of the 2k, 2m, 2r, and 2s
derivatives are shown in Table 5. These compounds were eval-
uated at 0.1-100 pg mL ' using acarbose as a reference stan-
dard. Analyzing the inhibition results, these compounds
present percentage values from 7 + 0.9 to 36 + 0.30% with
a concentration-dependent behavior. The compound 2k
displays an inhibition range of 14 + 1.23 to 29 + 0.45; 2m
present 12 + 2.21 to 36 + 0.30, 2r showed 7 + 2.21-13 £ 1.34
and 11 £+ 0.74 to 35 + 2.95 for 2s compound, where the
compounds 2m and 2s present the best inhibition values;
nevertheless, compared to the reference drug (6 &+ 1.30 to 57 +
0.70) our benzylbenzimidazolones derivatives present moderate
inhibition against a-glu.

Comparing the results of 2k and 2m, which have the same
alkylating group with different orientations (p-methylbenzyl
and o-methylbenzyl, respectively), it is observed that 2m has
better in vitro activity than 2k; the analysis of their interactions
by molecular docking helps to explain their difference in bio-
logical activity. The 2m compound presents three polar
hydrogen bonds (2.58, 3.07, and 3.19 A of distance) and one
electrostatic bond (3.54 A) with Asp518 and Asp616 (catalytic
amino acids). On the other hand, 2k presents two polar
hydrogen bonds (2.64 and 2.72 A of distance) and one electro-
static bond (3.56 A) with a catalytic amino acid (Asp616); these

2k derivative
Affinity Catalytic
A energies interactions
(Kcalmol)  o-Glu: Asp616
a-Glu:-86  GK: Val455 and
! ' \ 6k: 9.1 Tyl
y ON
\ R ‘ 2m derivative
/ G Catalytic
H/\\/N>:O :::rnglit!s interactions
; \ N\ (ke mol) u-GJuﬁ;g?and
; .i H In silico wOBE e
F 3 evaluation G2 Tt
benzimidazolones —
derivatives 2r derivative
Affinity Catalytic
o energies interactions
0 [ (Keal mol*) 0-Glu: -
a-Glu: - GK: Vald52 and
6K:-9.2 Tyr214
2s derivative
GK
Affinity Catalytic
energies interactions
(Kcal'mol)  o-Glu: Asp518
a-Glu:-87  GK: Val455 and
G6K:-10.9 Tyr215
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differences in distances and interaction with catalytic amino
acid could explain the in vitro inhibitory activity (Fig. 3).
Nowadays, there are few reports of in vitro evaluation of benzi-
midazolones against o-glu; for example, Mentese et al., in 2021,
evaluated benzimidazolones attached to tri-heterocycles,
showing inhibition percentage of 60-92% at 100 pg mL .
Comparing the results in our work with the reported by this
group; suggests that benzimidazolones derivatives with low or
high molecular weight can present good affinity and inhibition
against intestinal enzymes like o-glu.**

3.4 Invitro glucokinase activation

In the case of the GK activation by benzylbenzimidazolones
derivatives, an in vitro assay was performed using Hexokinase
colorimetric assay kit, showing the determination of nanomoles
per minute per milliliters (nmol min~" mL™") of NADH gener-
ated by GK. The evaluation of 2k, 2m, 2r, and 2s were performed
at 0.1-200 pg mL~"; giving 23 to 86 nmol NADH at 100 and 200
pg mL™*. On the other hand, the positive control presented 66
and 75 nmol, respectively, while the standard of NADH showed
23 nmol (Table 6). Comparing the nmol of NADH generated by
benzylbenzimidazolones derivates with the normal enzymatic
reaction, compound 2k increases the enzymatic activity 1.31
and 2.38-fold, 2m increases 2.13-fold (at 200 pg mL ') and 2s
increases 2.86 and 3.74-fold at 100 and 200 pg mL™’

C D
. H H
Microwave AN WA Moderate a-Glu %
irradiation at \ /\ >=O /W/ />:O inhibition
© 0% \ NN (35%+2.95)
* 20min 2k m
* DMF n
N
o
Synthesis by - Invitro J
) Benzylbenzimidazolones .
combination dertiaties evaluation
" 2%
N
0
Conventional I =0 j
heat at Al N Fr
+ 80°C \ \ -
. S f \’\) 2% Good GK activation
. DilE =/ 2 : (increse of 3.74-fold
4 enzymatic activity)

Fig. 5 Flow chart of the strategy used in the generation of benzimidazolones derivatives with blood glucose control potential. (a) Design of
benzimidazolones derivatives using electron withdrawing groups as substituents. (b) Selection of 4 benzimidazolones derivatives with benzyl
group as substituent based on the affinity energy values and catalytic interactions. (c) Synthesis of 4 benzylbenzimidazolones derivatives under
a microwave irradiation/conventional heat combination. (d) Selection of the 2s derivative as the compound with the best in vitro potential as

blood glucose control drug.
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respectively. These results showed that the compound 2s pre-
sented the best activation potential of GK, even better than the
positive control including in the Hexokinase colorimetric assay
kit (an increase of 3.26-fold).

The in vitro result against this enzyme showed that 2k and 2s
have a high enzymatic activation; a structure-activity relation-
ship assay using the interactions in molecular docking of these
compounds (Fig. 4) shows that 2k derivative presents hydro-
phobic interactions with biologically relevant amino acids in
the allosteric site reported (Tyr214, Met210, and Val455).
However, the 2s derivative presents polar hydrogen, fluoride
and hydrophobic bonds (2.67, 3.14 y 4.0 A of distance) with
other amino acids like Leu451 and Ser64 respectively, suggest-
ing that these interactions may be responsible for their enzy-
matic activation.*"** Nowadays there are no studies of in vitro
evaluation of benzimidazolones as activators of GK; however,
authors like Charaya et al., in 2018, evaluated heterocyclic
compounds such as thiazolino benzamides as activators of GK,
showing an increase enzymatic activity of 1.48 to 1.83-fold,
comparing the benzylbenzimidazolones derivatives they
present a better enzymatic activation potential of GK than
thiazolin benzamides.*®

4 Conclusions

The design and in silico evaluation of the 23 benzimidazolones
derivatives shows that 2k, 2m, 2r, and 2s (benzyl group as
a substituent) present the best in silico profile; showing better
affinity energy than reference drugs evaluated and interaction
with biological relevance amino acids of a-glu and GK. A novel
method of synthesis of benzylbenzimidazolone based on
microwave irradiation/conventional heat combination is re-
ported. These compounds showed moderated inhibition
against the intestinal enzyme and a good activation of GK,
where the 2s compound showed good potential as a blood
glucose control drug since presenting an increase of GK (2.86
and 3.74-fold at 100 and 200 pg mL ") better than the positive
control (an increase of 3.26-fold) (Fig. 5). These results suggest
that these compounds could be a good candidate to keep
studying with biological evaluations; generating a complete
pharmacologic and toxicological profile.
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