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Abstract: A more efficient and environmentally friendly way of synthesizing a-aminophosphonates is achieved by
employing nano-ZnO to catalyze the Kabachnik-Fields reaction under ultrasonication within a solvent-free
environment. Before synthesis, molecular docking and in silico ADME analysis were used to assess each molecule's
drug-like characteristics and ability to inhibit a-amylase and a-glucosidase. The newly synthesized compounds' in vitro
inhibitory effects on a-amylase and a-glucosidase were also evaluated, and their structure was confirmed using
spectroscopic investigation. The target enzyme was effectively inhibited by most of the substances. In comparison to
the reference drug, acarbose (ICso, 106.5+0.6 pg/mL), compounds 4d (ICsp, 102.2+0.3 pg/mL), 4h (1Cso, 102.9+0.4
pg/mL), which contained a 2H-1,3-benzodioxol-5-yl moiety, and 4i (IC50, 103.9+0.5 pg/mL) showed the strongest
inhibitory activity. The enzyme inhibition of the remaining compounds ranged from moderate to good.

Keywords: Kabachnik-Fields reaction; a-aminophosphonates; ADMET; molecular docking; o-amylase; a-
glucosidase. © 2024 ACG Publications. All rights reserved.

1. Introductions

Diabetes mellitus (DM) has emerged as a serious global health concern, with an estimated 537
million individuals living with the condition by 2021. This figure is expected to rise to 783 million by 2045,
placing a substantial economic and social strain on global healthcare systems.*

Diabetes is defined by chronic hyperglycemia caused by abnormalities in insulin production, insulin
action, or both, and it is a major cause of morbidity and mortality because of its related consequences, which
include cardiovascular disease, neuropathy, nephropathy, and retinopathy. Controlling postprandial blood
glucose (PPG) levels is crucial in diabetes management since increased PPG raises the risk of microvascular
and macrovascular problems.?
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The enzymes a-amylase and a-glucosidase are essential in carbohydrate metabolism. a-Amylase

breaks down starch into smaller oligosaccharides, while a-glucosidase converts these oligosaccharides into
absorbable monosaccharides like glucose. The inhibition of these enzymes slows carbohydrate digestion,
resulting in a controlled and progressive release of glucose into the bloodstream, minimizing postprandial
hyperglycemia. Existing a-amylase and a-glucosidase inhibitors, such as acarbose, voglibose, and miglitol,
are therapeutically efficacious, but sometimes associated with gastrointestinal side effects, including
flatulence and diarrhea, limiting their widespread usage.® Thus, the discovery of new inhibitors with
increased efficacy and fewer adverse effects remains an important topic of research.
In addition to experimental procedures, in silico investigations have proven essential in current drug
discovery. These computational tools allow for the detection of molecular interactions, prediction of binding
affinities, and investigation of structure-activity connections. Molecular docking and simulation studies give
information on the binding processes of prospective inhibitors to target enzymes, enabling the rational design
and optimization of therapeutic candidates. Furthermore, in silico approaches enhance experimental research
by saving time and resources, directing synthetic efforts, and identifying good candidates for biological
evaluation.*

On the other hand, chemical processes known as multicomponent reactions (MCRs)®® occur when
several substrates react at the same time to produce a single product that contains components of each
reactant. MCRs have several benefits over stepwise reactions in the field of green chemistry, including as
high atom economy, step efficiency, exploratory diversity, and the avoidance of intermediate purification.
As a result, they are thought to be crucial instruments in diversity-oriented synthesis and fit in nicely with
ecologically friendly synthesis procedures.®°

Notable biological properties of bis(a-aminophosphonates) include antioxidant,!* anti-tubercular,*?
anti-diabetic,'® and anti-proliferative activity against human tumor cells from colon carcinoma.** They are
useful ligands for extracting metals, monomers for synthesizing macrocyclic compounds, and building blocks
for polymers that contain amines and phosphonates.'® Their synthesis from diamines,*®!’ dialdehydes,®*°
Brensted and Lewis acids,?® bases,??? Schiff bases,?*?° and organocatalysts?® has been investigated using a
variety of synthetic methods. Long reaction periods, large catalyst amounts, and poor diastereoisomer ratios
are still problems in spite of these techniques. Therefore, the development of novel bis(a-
aminophosphonates) requires innovative and effective synthesis routes.

Among the various synthetic techniques suggested for the production of a-Aps, the Kabachnik-Fields
(K-F) reaction-the nucleophilic addition of phosphites to imines was demonstrated to be a practical method.?’
Many techniques have been devised to synthesize a-Aps utilizing this reaction,?®3* but some of the current
methods have problems including needing solvents, taking a long time to react, and requiring expensive
catalysts. Therefore, a more effective, simple, and high-yielding synthesis protocol for these molecules is
still needed. Over the past few decades, ultra-sonication has become a useful technique in organic synthesis.
For processes that normally demand for heating, it provides an alternate energy source that improves reaction
speeds, yields, and selectivity. Ultrasound promotes organic transformations at ambient temperatures,
avoiding the requirement for harsh conditions like as high temperature and pressure, which is very useful for
synthesizing a-Aps. %

Nanoparticles such as zinc oxide (hano ZnO) have sparked widespread interest due to its beneficial
properties such as low toxicity, cost-effectiveness, compatibility with air and water, and recycling.®-> We
wanted to study the possibility of a one-pot three-component reaction for a-Aps formation, given its
advantages and ongoing research into novel a-AP synthesis techniques.*-8

The main goal of this study is to create a new ultrasound-assisted synthesis method for a-
aminophosphonates using a nano ZnO catalyst and assess its inhibitory effect against a-amylase and a-
glucosidase. Using in vitro tests, the study also aims to investigate the synthetic substances' probable anti-
diabetic potential. The binding associations of these drugs with the a-amylase and a-glucosidase active sites
will also be examined using molecular docking experiments, which will provide mechanistic insights into
their inhibitory effects. The goal of this research is to help discover safer and more effective therapeutic
molecules for the treatment of diabetes by combining synthetic chemistry, biological evaluation, and in silico
analysis.
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2. Experimental
2.1. Procedures

2.1.1. Ultrasound Assisted Synthesis of a-aminophosphonates (4a-j)

In a flat-bottomed flask, benzaldehyde (1a) (2.04 mL, 0.020 mol), 9H-fluorene-2,7-diamine (2)
(1.96g, 0.010 mol), and diethyl phosphite (3) (1.3 mL, 0.020 mol) were mixed. Nano ZnO (5 mol%) was
added to the mixture, and ultrasonication was performed for 5 minutes at room temperature under solvent-
free conditions. The reaction's development was evaluated using TLC (ethyl acetate: n-hexane, 6:4). The
reaction mixture was cooled to room temperature after TLC analysis confirmed that it was complete.
Dichloromethane (DCM) (15 mL) was then added to the reaction mixture and stirred for 10 minutes. The
catalyst, nano ZnO, was filtered, washed with DCM (2x10 mL), and dried under vacuum at 100°C for later
use. The crude product was produced by washing the mixed organic layer with 15 mL of water, drying it
over anhydrous Na,SOs, and concentrating it under vacuum at 50°C. Tetraethyl (((9H-fluorene-2,7-
diyl)bis(azanediyl))bis(phenylmethylene))bis(phosphonate) (4a) was then synthesized using ethyl acetate:n-
hexane (3:2) as an eluaet. The compounds (4b-j) were produced using the same method.

2.2. Characterization of title compounds (4a-j)
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Compound 4a

Tetraethyl  (((9H-fluorene-2,7-diyl)bis(azanediyl))bis(phenylmethylene))bis(phosphonate) (4a): M.F.:
CasH42N20O6P2; Yield: 95%; Solid. M.P.178-180 °C. *H NMR spectrum (400 MHz, DMSO-ds): J 7.58 (d, J=
7.6 Hz, 2H, Ar-H), 7.17 (t, J= 7.2 Hz, 4H, Ar-H), 7.09 (t, J= 6.8 Hz, 2H, Ar-H), 7.02 (d, J= 7.6 Hz, 4H, Ar-
H). 6.81 (s, 2H, Ar-H), 6.63 (d, J= 7.6 Hz, 2H, Ar-H), 5.42 (s, 2H, NH), 4.39 (m, 4H, -O-CH,CHj3), 4.08 (m,
2H, -O-CH,CHs3), 3.95 (d, J = 16 Hz, 2H, P-CH), 3.91 (m, 2H, -O-CH,CH?3), 3.73 (s, 2H, -CH), 1.27 (t, J=
6.8 Hz, 6H, -O-CH,CHj3), 1.13 (t, J= 6.8 Hz, 6H, -O-CH,CHs); **C NMR spectrum (100 MHz, DMSO-dg):
0 146.4 (C-4, C-11), 141.4 (C-2, C-13), 134.6 (C-1', C-1"), 128.8 (C-7, C-8), 128.1 (C-6, C-9), 127.5 (C-3,
C-3", C-5', C-5"), 126.2 (C-2', C-2", C-6', C-6"), 125.4 (C-4', C-4"); 111.6 (C-3, C-12), 110.8 (C-5, C-10),
64.07 (d, J = 5.2 Hz, C-22 & C-28), 62.85 (d, J = 5.0 Hz, C-23 & C-29), 56.71 (d, J = 104 Hz, C-16 & C-
17), 37.3 (C-1), 14.85 (d, J = 5.1 Hz, C-24 & C-30), 13.88 (d, J = 10.2 Hz, C-25 & C-31); *'P NMR (161.9
MHz, DMSO-dg): & 15.2 ppm. IR (KBr) (vmax cm™): 3241 (NH), 1231 (P=0), 1007 (P-O-Caiip); LCMS (m/z,
%): 649 (M+H*,100). Anal. Calcd: C, 64.81; H, 6.53; N, 4.32%. Found: C, 64.91; H, 6.42; N, 4.43%. The
spectral data of compounds 4b-j is available in supporting information of the article.

2.3. In-silico Analysis
The physicochemical, lipophilicity, water solubility, pharmacokinetic/ADME, drug-likeness, and

medicinal chemistry of each of the proposed compounds were all inferred using the Swiss ADME tool from
the Swiss Institute of Bioinformatics (http://www.Sib.swiss).
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2.4. In-silico molecular docking studies

The binding mechanism of 4a-j with the targeted enzymes, pancreatic a-amylase (PDB 1D: 31J8) and
a-glucosidase (PDB ID: 10BB), was investigated using in silico molecular docking. The RCSB, Protein Data
Bank (PDB ID: 31J8, 10BB) was used to obtain the crystal structures of both enzymes. Heteroatoms, co-
factors, and water molecules were removed from the structure to increase efficiency. Missing atoms,
hydrogen bonds, and charges were introduced. The 1-Click docking web server tool (https://mcule.com) was
utilized to carry out molecular docking, using the default binding site centers X: 7.2178, Y: 16.2957, and Z:
42.1167. The process of docking ligands with proteins and their interactions was investigated using the
Discovery Studio visualizer V16.1.0.15350.4

2.5. a-Amylase and a-Glucosidase Inhibitory Activity

Using a conventional methodology, all of the newly synthesized compounds were tested for their
ability to inhibit a-amylase and a-glucosidase enzymes. (For a full procedure, refer to the Supplemental
Materials). The half-maximal inhibitory concentration, or ICso, is one of the most accurate indicators of a
drug's effectiveness. In pharmacological research, it serves as a gauge of antagonist drug potency since it
represents the quantity of medication needed to cut a biological process in half. Plotting the concentration
(X-axis) against the percent inhibitory activity (Y-axis) allowed for the calculation of the ICso values in this
investigation. The x point on this graph becomes the 1Cso value when the linear (y=mx+c) equation is applied
to the y=50 value.

3. Results and Discussion
3.1. Chemistry

In this work, we synthesized a number of chemicals and assessed their ability to inhibit the enzymes
a-amylase and a-glucosidase. Several aldehydes (1a-j), 9H-fluorene-2,7-diamine (2), and diethyl phosphite
(3) were involved in a one-step K-F reaction that effectively produced the compounds (4a-j) found during
the evaluation (93-97% yield). As shown in Scheme 1, the synthesis of a-AP (4a-j) was accomplished by
ultrasonically utilizing nano ZnO as a catalyst.
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Scheme 1. Ultrasound promoted nano ZnO catalyzed synthesis of a-Aps (4a-j)
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For synthesis, benzaldehyde (1a), diethyl phosphite (3), and 9H-fluorene-2,7-diamine (2) were used
in a model reaction. Tetraethyl(((9H-fluorene-2,7-diyl)bis(azanediyl))bis(phenylmethylene))bis-
(phosphonate) (4a) was the desired product of the initial reaction, which was carried out at 80°C in
tetrahydrofuran (THF) without the use of a catalyst. The yield was poor (49%) over 30 hours (Table 1, entry
1). In order to improve the reaction efficiency, a variety of catalysts (2 mol%) were investigated, including
p-toluenesulfonic acid (p-TSA), FeCls, TiOz, ZnCls, LaCls, AlCls, CuCly, BFs, BF3.Et;0, BF3.SiO2, and hano
Zn0. Table 1 provides a summary of the findings (entries 2-12). The yield of 4a increased from 67 to 79%
after evaluating several catalysts, demonstrating the catalyst's critical role in the process. When THF was
used as a solvent, nano ZnO produced a high product yield (79%) in just two hours, demonstrating its
effectiveness among the catalysts studied (Table 1, entry 9).

Table 1. Synthesis of compound 4a under various conditions.?

H
N (0]
//p/ ~
o . NH, (u?/OJ nano ZnO .O 0"
BRGSO e A
2 H 2 + O US, Solvent free
1a 3 HIN

/(,)/ P\z Aa
Entry Catalyst (mol%b) Solvent T((ir(r;|)0 ' Time Y('Oil)?b
1 Catalyst free THF 80 30h 49
2 p-TSA (2) THF 80 8h 67
3 FeCls(2) THF 80 7h 68
4 TiO2(2) THF 80 8h 70
5 ZnCl: (2) THF 80 6h 72
6 LaClz (2) THF 80 6h 71
7 AICl3 (2) THF 80 6h 73
8 CuCl2 (2) THF 80 6h 69
9 BF:(2) THF 80 8h 70
10 BFs.Et,0 (2) THF 80 6h 72
11 BF3.Si0, (2) THF 80 5h 74
12 Nano ZnO (2) THF 80 2h 79
13 Nano ZnO (2) DCM 80 2.5h 75
14 Nano ZnO (2) Toluene 110 3h 77
15 Nano ZnO (2) Ethanol 40 2h 78
16 Nano ZnO (2) Solvent-free 50 2h 84

Solvent-free

(Ultrasound)
18 - (SS I',:;gg;j;%e) Room temp. 12min 88

aReaction of benzaldehyde, 9H-fluorene-2,7-diamine, and diethyl phosphite were selected as models to optimize

reaction conditions

bIsolated yield

=
~

Nano ZnO (2) Room temp.  7min 92
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A variety of solvents, including ethanol, toluene, and dichloromethane (DCM), were evaluated to
determine how they affected the reaction. Nevertheless, there was no discernible rise in product yield (75-
78%) (Table 1, entry 13-15). Furthermore, a favorable yield (84%) of the product was obtained in less than
two hours when the reaction was carried out without the use of a solvent (Table 1, entry 16). Using nano ZnO
(2 mol%), an ultrasound-assisted reaction was carried out without a solvent in order to further optimize the
reaction conditions and reduce reaction time. As a result, 4a produced a higher yield (92%) in 7 minutes
(Table 1, entry 17).

It was investigated how the catalyst concentration (hano ZnO), which ranged from 2 to 10 mol%,
affected the model reaction (Table 2, entries 1-5). Interestingly, using 6 mol% of the catalyst produced the
highest yield of compound 4a. Thus, during ultrasonication in a solvent-free environment, the effectiveness
of a 6 mol% catalyst concentration was validated. The results are shown in Table 2.

Table 2. The effect of the catalyst quantity, nano ZnO to endorse the K-F reaction?

Entry Amount of Catalyst (mol%) Time (min) Yield® (%)
1 2 7 92
2 4 7 94
3 6 7 95
4 8 7 92
5 10 7 92

aReaction of benzaldehyde, 9H-fluorene-2,7-diamine, and diethyl phosphite were chosen as replicas to
optimize reaction environments
bIsolated yield

Additionally, the recyclability of micro ZnO (6 mol%) was investigated. Dichloromethane (2 x 20
mL) was added to the reaction mixture and filtered after each cycle. The leftover catalyst was used for later
runs after being dried and rinsed with chloroform. For the production of chemical 4a, this procedure was
repeated up to five times (Table 3, entries 1-5). As a result, during ultrasonication, micro ZnO (6 mol%)
showed promise in catalyzing the reaction efficiently without the use of a solvent.

Table 3. Reusability of the catalyst, nano ZnO (6 mol%) for the synthesis of compound 4a*

Entry Nano ZnO (6 mol%) Time (min.) Yield® (%)
1 Firstrun 7 95
2 Secondrun 7 94
3 Third run 7 94
4 Forth run 7 92
5 Fifth run 7 91

8Reaction of benzaldehyde, 9H-fluorene-2,7-diamine, and diethylphosphite were selected as models to optimize
reaction conditions
bIsolated yield

After fine-tuning the reaction parameters, we proceeded to examine the versatility of this approach
in synthesizing Alpha Aps (4b-j) (Scheme 1). This involved utilizing a range of aldehydes (1b-j), along with
9H-fluorene-2,7-diamine (2) and diethylphosphite (3), in the incidence of nano ZnO (6 mol%) without the
use of solvent, employing ultrasonication. The outcomes of this investigation are summarized in Table 4.

As explained in the experimental section, elemental analysis and spectral data such as *!P, *H, and
BC NMR, IR, and LC-MS support the chemical structures of compounds 4a-j. The experimental part contains
the 3P NMR spectra, with Figure S 1 showing the spectrum of chemical 4a as an example. The 3P NMR
signals consistently showed up as singlets in the 24.2-15.2 ppm range for compounds 4a-j.*° The
experimental part includes the proton NMR chemical shifts for compounds 4a-j; Figure S 2 shows the
spectrum of compound 4a. Multiplet signals attributed to Ar-H were observed in the proton NMR spectra in
the ¢ 8.39-6.67 ppm region. C-NH, P-CH, and CH; were represented by additional signals at 5.42, 3.95, and
3.73 ppm, respectively. P-O-CH2CH3's methylene protons showed up as a multiplet, whereas compounds 4a-
j's methyl protons resonated as triplets at 0 4.39 to 3.91 and 6 1.27 to 1.13 ppm, respectively.
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All things considered; the spectrum results are in good agreement with the title compounds'
suggested structures. The spectrum of compound 4a is shown in Figure S 3 for reference, and experimental
data for the *°C NMR chemical shifts of compounds 4a-j are presented. Distinct peaks corresponding to the
P-CH carbon and methylene carbon of the fluorenyl group were observed at 56.71 and 37.3 ppm,
respectively. In the *C NMR spectra of compounds 4a-j, signals for P-O-CH,-CHs and P-O-CH,-CHj; were
noted at ¢ 64.07 to 62.85 and 14.85 to 13.88 ppm, respectively, confirming their presence. Additionally, the
remaining carbon signals of the title compounds were detected within their anticipated regions. The infrared
spectral analysis of the title compounds was showed to confirm the functional groups present. Compound
4a's IR spectrum, included in Figure S 4, serves as a representative example, while comprehensive data for
compounds 4a-j are provided in the experimental section. The IR spectral data endorse the functional groups
existing in 4a-j. The NH stretching vibrations of compounds 4a-j were evidenced by distinctive infrared
absorption bands in the range of 3354-3267 cm™. Characteristic absorption bands corresponding to the P=0
functional group were observed in all compounds 4a-j, within the region of 1223-1214 cm. Additionally,
stretching vibrations of P-O-Cuaip were detected in compounds 4a-g, appearing within the range of 1018-1009
cm™. These IR spectral findings confirm the presence of specific functional groups in compounds 4a-j.
Experimental data regarding the LC-MS analysis of compounds 4a-j are detailed in the experimental section.
The mass spectrum of compound 4a is depicted in Figure S5 for reference. Notably, all title compounds
exhibited M™ ions as base peaks, alongside isotopic cluster peaks displaying the anticipated ratios. The
elemental analysis of Tetraethyl (((9H-fluorene-2,7-
diylbis(azanediyl))bis(phenylmethylene))bis(phosphonate) (4a) is available in Figure S6 as representative
paradigm. The Supplementary Materials contained typical spectra (°'P, *H, *C NMR, IR, mass and CHN
analyses) of compound 4a as representative of title compounds 4a-j (Figure S 1-S 6).

Table 4. US mediated nano ZnO catalyzed synthesis of a-aminophosphonates (4a-j)?

Compd. Aldehyde Time Yield® Compd. Aldehyde Time  Yield®
(min) (%) (min) (%)

4a 5 95 4f 9 92

OHC
OH

C :
4b : F 5 93 4q O 13 94
4c CF3 7 96 4h /E>:0> 11 96
/©/ OHC O

OHC
4d QU 9 94 4i O‘O 13 92
OHC Cl
CHO
4e /(;[OH 9 95 4j QF 9 94
OHC NO, OHC Cl

4Reaction of subtituted aldehyde (1a-j), 9H-fluorene-2,7-diamine (2), and diethyl phosphite (3) in presence of nano ZnO
(6 mol%) without solvent under Ultrasonication.
®Isolated yield.
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3.2. Pharmacology

3.2.1. InSilico ADME Analysis

Finding and creating new drugs is likely to favor compounds with low toxicity and high bioactivity.
Molecular structure-based in silico ADMET (absorption, distribution, metabolism, excretion, and toxicity)
property screening is one of the most effective ways to develop new drug candidates. Because ADME
features may be predicted early in the drug development process, the rate of pharmacokinetic failure in
clinical stages during the discovery phase is greatly reduced.’! SwissADME, which is available for use at
http://www.swissadme.ch, was utilized to evaluate the ADME parameters of the suggested medications. The
prediction was predicated on the structural and physicochemical benefits of the moieties. Table S 1 displays
the physicochemical characteristics of molecules 4a-j (refer to the Supplemental materials).

When compared to acarbose, the metrics demonstrated a reasonable bioavailability score and were
in good agreement with all relevant parameters for compounds 4a-j. Therefore, neither the tested compounds
4a-j nor the reference drug acarbose violate the Lipinski rule because their values are within the usual range.
Table S 2 lists the ADME parameters for the recently manufactured medications. All of the substances were
shown to have limited gastrointestinal absorption (Gl).

Both human stomach absorption and passive blood-brain barrier (BBB) permeability (HIA) are
demonstrated by the output of the BOILED-Egg model.>? The boiled egg schematic and the corresponding
bio radar images of molecules 4a-j are shown in Figures S 7. (See in the Supplemental materials.) Since none
of the compounds under investigation were absorbed, they were not BBB permeant, as evidenced by their
identification outside the egg. Knowing whether substances are either substrates or non-substrates of the
permeability glycoprotein (PGP) allows one to assess active efflux in biological membranes, particularly
when it comes to occurrence from the gastrointestinal tract to the lumen.*

The p-glycoprotein was expected to eradicate all designed molecules from the central nervous
system. In a pharmacokinetic study, it is critical to forecast if an organic compound will cause significant
drug interactions by inhibiting cytochromes (CYPs) such as CYP1A2, CYP2C19, CYP2C9, CYP2D6, and
CYP3A4, as well as which isoenzymes would be affected.>** All the compounds except 4i, were predicted
to be CYP3A4 inhibitors. Except for 4a and 4b, other compounds are not CYP2D6 inhibitors. Except 4e, all
other molecules were predicted to be non-inhibitors of CYP2C9. Except 4d, 4e, 4i and 4j, all other molecules
were also found to be CYP2C19 inhibitors. The reference drug, acarbose, is found to be non-inhibitor of all
of these isoenzymes.

Multiple linear regression is a methodology for predicting the skin permeability coefficient (Kp). It
is based on Potts and Guy's® discovery of a linear association between Kp and molecule size and lipophilicity
(R2=0.67). The compounds 4e, 4f, and 4h were found to have the largest negative log Kp values and the
lowest skin permeability among the title compounds. The reference drug exhibited the lowest skin
permeability and the greatest log Kp of all the compounds tested (-16.29). The results are shown in Table S
2. (See the Supplemental Materials for Table S 2).

Predicting drug-likeness variables can help with the qualitative identification of a compound that
turns out to be a high-bioavailability oral medicine. We employed five rules to assess the oral bioavailability
and drug-likeness of the synthesized compounds: Lipinski®’, Ghose®®, Veber®®, Egan®, and Muegge®:. All of
the molecules, with a few exceptions, followed the five principles. Table 5 lists the features of compounds
4a-j that are relevant to drug similarity. The compounds 4a and 4f had a bioavailability value of 0.55, while
the remaining molecules had a bioavailability score of 0.17, including acarbose. The lack of warnings for
pan assay interference substances (PAINS) suggests that the lead molecules' pharmacokinetic profile is
favorable, with the exception of 4f. When compared to the reference drug, the majority of the compounds
displayed favorable physicochemical, pharmacokinetic, and drug-like properties.
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Table 5. Drug likeness properties of compounds 4a-j

Compd.  Lipinski Ghose Veber Egan Muegge B.S PAINS SA.
violations  violations violations violations violations alerts

da 1 4 1 1 3 0.55 0 5.91
4b 2 4 1 1 3 0.17 0 5.9
4c 2 4 1 1 4 0.17 0 6.14
4d 2 4 1 1 3 0.17 0 5.96
4e 2 4 2 2 5 0.17 0 6.2
4f 1 4 2 2 4 0.55 1 5.96
49 2 4 1 1 3 0.17 0 6.42
4h 2 4 2 2 4 0.17 0 6.2
4i 2 4 1 1 4 0.17 0 6.93
4j 2 4 1 1 3 0.17 0 5.95

Acarbose 3 4 1 1 5 0.17 0 7.34

B.S.: Bioavailability Score; S.A.: Synthetic Accessibility
3.2.1. In-silico Molecular Docking Study on a-Amylase Enzyme

The designed molecules underwent in silico screening to evaluate their binding affinity with the
pancreatic a-amylase enzyme, utilizing the 1-click docking online server tool (http://mcule.com/apps/1-click-
docking/) authorized by the AutoDock Vina docking algorithm.5? The screening outcomes revealed that all
molecules exhibited superior or comparable binding energies (-8.9 to -7.5 kcal/mol) compared to the
reference drug, acarbose (-8.2 kcal/mol). Detailed data on binding energies and the corresponding bonding
poses of complexes are presented in Table S 3. (See supplemental materials).

All screened molecules 4a-j exhibited favorable docking with binding energies ranging from -7.5 to
-8.9 kcal/mol. Notably, compounds 4d, 4g, 4h, and 4i displayed higher binding energies than the reference
drug, as indicated in Table S 1. (See supplemental materials) The docking scores followed the order: 4i > 4d
= 4g > 4h > 4a > 4f > 4e > 4j > 4b > 4c. For instance, in molecule 4d, the phenyl group engaged in n-nt
stacking with Tyrl51 and Trp59, while a halogen bond formed between the chlorine atom and Tyrl51.
Hydrophobic contacts were also observed with residues Leul62, Leul65, Tyr62, Trp59, Trp58, Ala307,
11237, and Tyr151. Similarly, molecule 4g exhibited hydrophobic interactions with residues such as Leu165,
Leul62, Tyr62, Trp58, Trp59, Alal98, Tyrl51, 11e237, 11235, and Ala307. In molecule 4h, a hydrogen bond
was identified between the hydrogen atom of the amine and Thr163, with n-n stacking observed between the
2H-1,3-benzodioxol-5-yl group and Tyr151. Hydrophobic contacts were also formed with Leu237, 11e235,
Tyrl51, Ala307, Trp58, Trp59, Tyr62, Alal98, Leul62, and Leul65. In molecule 4i, the fluorenyl group
engaged in -7 stacking with Tyr151, along with hydrophobic contacts with residues Leu237, lle235, Ala307,
Alal98, Trp58, Trp59, Tyr62, Tyrl51, Leul62, and Leul65. Detailed 2D & 3D ligand diagrams depicting
the binding contacts of molecules 4d, 4g, 4h, and 4i with the target enzyme are provided in Table 6.
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Table 6. 2D Lig Plot and 3D images of compounds 4d, 4g, 4h, and 4i
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3.2.2. In-silico Molecular Docking Study on a-Glucosidase Enzyme

All the synthesized molecules underwent in silico screening to evaluate their binding affinity with
pancreatic a-glucosidase enzyme using the 1-click docking online server tool, authorized by the AutoDock
Vina docking algorithm.®? The results revealed that all molecules exhibited better or nearly equal binding
energies (-9.2 to -7.2 kcal/mol) compared to the reference drug, acarbose (-7.8 kcal/mol). Detailed data on
binding energies and corresponding bonding poses of complexes are provided in Table S 3. (See
supplemental materials)

Among the screened molecules (4a-j), favorable docking was observed with binding energies
ranging from -7.2 to -9.2 kcal/mol. Notably, molecules 4b, 4c, 4g, 4i, and 4j displayed equal or higher binding
energies compared to the reference drug. The docking order of the title compounds was as follows: 4i > 4g
> 4c > 4] > 4b > 4f > 4e = 4h > 4d > 4a. For instance, in molecule 4b, hydrogen bonds were formed between
the amine group hydrogen atom and Met86, and between the oxygen atom of the P-O-Et group and Arg44.
Additionally, hydrophobic contacts were observed with residues Val87, Met86, Ala85, Tyr296, Leu300,
Val303, Phel6, Vall5, Alal4, Alal51, Tyrl31, and Ile40. In molecule 4c, similar hydrogen bonds were
formed along with hydrophobic contacts with residues Tyr131, 11e9, Val15, Leu300, Phel6, Tyr296, Vall117,
Tyrl20, Phe238, Alal51, Fhel73, Val87, Met86, Ala85, lle40, and Met38. Molecule 4g displayed
hydrophobic contacts with residues 11e40, Leu300, Val303, Alal4, Vall5, Phel6, Tyr296, Alal52, Ala85,
Met86, and Val87, while in molecule 4i, the fluorenyl group engaged in a m-cation interaction with Arg44,
along with hydrophobic contacts with residues 1le40, Tyr92, VVal87, Met86, Ala85, Leu300, Val303, Phel6,
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Vall5, Alal4, Tyr296, and Alal51. Similarly, molecule 4j formed a hydrogen bond between the oxygen
atom of the P-O-Et group and Phel6, along with hydrophobic contacts with Ile9, Leu300, Val15, Phel6,
Alal51, Tyr296, Tyrl31, Val87, Met86, Ala85, and 11e40. Detailed 2D & 3D ligand diagrams illustrating the
binding contacts of molecules 4b, 4c, 4g, 4i, and 4j with the target enzyme are provided in Table 7.

Table 7. 2D Lig Plot and 3D images of compounds 4b, 4c, 4g, 4i, and 4j
Compound 2D structure 3D structure
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3.2.3. In-vitro a-Amylase and a-Glucosidase Inhibitory Assay

Employing a modified version of a well-established procedure,®*®* the synthesized compounds
underwent in vitro testing to assess their potential as a-amylase inhibitors. The screening was conducted at
various doses ranging from 25 to 250 pg/mL. The majority of the compounds demonstrated effective
inhibition of the target enzyme. Notably, compounds 4d (ICso, 102.2+0.3 ug/mL), featuring a 3,4-
dichlorophenyl group, 4h (ICs, 102.9+0.4 pug/mL), with a 2H-1,3-benzodioxol-5-yl moiety, and 4i (1Cso,
103.9+0.5 pg/mL), bearing an anthracen-9-yl substituent, exhibited the strongest inhibitory activity
compared to the reference medication, acarbose (ICso, 106.5+0.6 pg/mL). Compound 4a, with a phenyl
substituent (ICso, 111.8+0.7 pg/mL), 4f, with a 2-hydroxyphenyl substituent (ICso, 114.9+0.8 pg/mL), and
49, with a naphthalen-1-ylI substituent (ICso, 109.6+0.3 pg/mL) displayed notable inhibitory action compared
to the standard. The remaining compounds exhibited moderate to good enzyme inhibition, with I1Cs values
ranging from 120.4+0.3 to 166.2+0.6 pg/mL. Figures S 8 illustrate the percent inhibition values for all
compounds 4a-j. (See supplemental materials)

Utilizing an adapted methodology®® the synthesized compounds underwent in vitro testing to assess
their potential as a-glucosidase inhibitors. The screening was conducted across doses ranging from 25 to 250
pg/mL. The majority of the compounds exhibited significant inhibition against the target enzyme. Notably,
compound 4g, featuring a naphthalen-1-yl substituent (ICso, 87.5+0.3 pg/mL), 4h (ICs, 91.7£0.8 pg/mL),
bearing a 2H-1,3-benzodioxol-5-yl moiety, and 4i (ICsp, 90.1+0.5 pug/mL), with an anthracen-9-yl moiety,
demonstrated the highest inhibitory activity compared to the reference drug, acarbose (ICso, 92.8+0.9
ug/mL). Compounds 4c, featuring a trifluoromethyl substituent (ICso, 95.4+0.2 ng/mL), 4a (ICso, 106.7+0.1
ug/mL), bearing a phenyl substituent, and 4d (ICso, 106.7+0.1 pg/mL), featuring a 3,4-dichlorophenyl
substituent, exhibited notable inhibitory activity. The remaining compounds displayed moderate to good
enzyme inhibition, with ICso values ranging from 117.0+0.4 to 141.9+0.1 ug/mL. Figures S 9 presents the
results regarding percent inhibition values of all compounds 4a-j. (See supplemental materials)

Table 8 represents the results regarding ICs values of all compounds 4a-j, for a-amylase and a-
glucosidase inhibitory assays respectively.

Table 8. ICs values of compounds 4a-j

Compound a-amylase a-glucosidase
inhibition activity inhibition activity

ICso ICso

4a 111.8 106.7
4b 150.7 117.0

4c 166.2 95.4
4d 102.2 101.7
4e 120.4 127.0
4f 114.9 141.9

49 109.6 87.5

4h 102.9 91.7

4i 103.9 90.1
4j 153.6 136.3
Acarbose 106.5 92.8

The structure-activity relationship (SAR) analysis of synthesized compounds for a-amylase and o-
glucosidase inhibition emphasizes the importance of substituent type and position in influencing inhibitory
potency. Compounds with hydrophobic and n-conjugated groups, such as 4d (3,4-dichlorophenyl, ICs: 102.2
pug/mL), 4h (2H-1,3-benzodioxol-5-yl, 1Csp: 102.9 ug/mL), and 4i (anthracen-9-yl, 1Csp: 103.9 ug/mL),
superior to the reference drug, acarbose (ICso: 106.5 pg/mL). These findings indicate that hydrophobic
interactions and n-m stacking considerably increase binding affinity to the enzyme's active region. Similarly,
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molecules such as 4a (phenyl), 4f (2-hydroxyphenyl), and 4g (naphthalen-1-yl) showed high activity due to
their capacity to generate moderate hydrophobic or hydrogen-bonding contacts.

The most potent inhibitors for a-glucosidase were 4g (naphthalen-1-yl, ICso: 87.5 pg/mL), 4h (2H-
1,3-benzodioxol-5-yl, 1Cso: 91.7 pg/mL), and 4i (anthracen-9-yl, 1Cso: 90.1 pg/mL), with activity surpassing
acarbose (ICso: 92.8 ug/mL). The compounds showed strong n-w interactions and hydrophobic binding.
Electronegative substituents, such as the trifluoromethyl group in 4c, significantly increased a-glucosidase
inhibitory activity (ICso: 95.4 ng/mL) via stabilizing electrostatic interactions. These compounds' increased
inhibitory activity is attributed to their bulky hydrophobic substituents, 7-rich systems, and polar groups that
promote hydrogen bonding. The findings highlight the significance of these interactions in optimizing
enzyme inhibition, with compounds 4d, 4h, and 4i emerging as interesting candidates for further
development as dual inhibitors for diabetes management.

4. Conclusion

A more environmentally friendly synthesis method was developed for producing novel Bis(alpha
Aps) 4a-j. This was achieved through a one-pot Kabachnik-Fields reaction, yielding high product yields
under ultrasound-mediated, solvent-free conditions with nano ZnO as a reusable catalyst. Before synthesis,
the compounds were strategically designed for molecular docking simulations to identify the most promising
candidates for drug development. Molecular docking analysis revealed that all examined compounds
effectively inhibited the target enzyme. The synthesis of compounds showing strong inhibition of a-amylase
and a-glucosidase enzymes was prioritized, resulting in reduced drug development costs, time, and chemical
waste. The newly synthesized compounds were tested in vitro for their a-amylase and a-glucosidase
inhibitory activities using standard spectrophotometric methods. Compared to the reference drug, compounds
4h and 4i showed superior inhibition, while compounds 4a and 4e exhibited comparable inhibition against
the a-amylase enzyme. Against the a-glucosidase enzyme, compounds 4a, 4h, and 4i demonstrated superior
inhibition, while 4g showed comparable inhibition to the reference drug. These results suggest that the
synthesized compounds hold promise as next-generation a-amylase and a-glucosidase inhibitors for diabetes
treatment.
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	In a flat-bottomed flask, benzaldehyde (1a) (2.04 mL, 0.020 mol), 9H-fluorene-2,7-diamine (2) (1.96g, 0.010 mol), and diethyl phosphite (3) (1.3 mL, 0.020 mol) were mixed. Nano ZnO (5 mol%) was added to the mixture, and ultrasonication wa...

