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Abstract

Background/Objectives: Diabetes is a chronic metabolic disorder that leads to elevated blood sugar
levels and has become a global concern. Though there has been an increase and evolution of
antidiabetic drugs and therapeutics, they fall short of the desired efficacy and are often associated
with adverse effects. This study explores reduced chalcone as a scaffold to design and synthesize
potential antidiabetic drugs with improved efficacy through glycosylation and supplemented by in
silico evaluation. Methodology: The 3'-hydroxychalcone was initially reduced to 1-phenyl-3-(3'-
hydroxyphenyl)propane (2), followed by direct C-glycosylation at C-4' under temperature control
from -78 °C to room temperature (RT) and afforded the C-4' glucosylated 1,3-diaryl propane. The first
step in the mechanism was 3'-O-glycosylation, and the resultant 3'-O-a,b-glucose isomer mixture was
isolated at -40 °C. NMR spectroscopy and mass spectrometry were used to characterise and validate
compound structures. These compounds' antidiabetic potentials and drug-likeness were evaluated
through integrated computational techniques. Results: The main compound (5) showed no inhibitory
activity against a-glucosidase and a-amylase. However, all the compounds showed higher probable
antidiabetic activities and improved drug-likeness relative to aspalathin. Their binding affinity
assessment showed they are potential ‘pan-binders” with high binding affinities to several proteins
implicated in the advancement of diabetes, including AKT, AMPK, GLUT4, SGLT2, and SIRT®6.
Furthermore, they were observed to stabilise within the binding pocket of AKT, underscored by
strong hydrogen and hydrophobic bonds resulting in protein conformational changes, thus
highlighting their antidiabetic potential. Conclusion: The synthesised glucosyl chalcones could be
potential lead compounds for developing novel antidiabetic compounds.

Keywords: diabetes; glycosylation; chalcones; drug-likeness; molecular dynamics simulation

1. Introduction

Diabetes is a chronic health condition characterized by the dysregulation of carbohydrate, fat,
and protein metabolism due to insulin deficiency or cell insensitivity to insulin, resulting in elevated
blood glucose levels. This metabolic disorder affects millions of people and has become a global
canker. It is a condition that persists for a lifetime and increases the risk of developing various
diseases, such as blindness. [1], kidney failure [2], cardiovascular disease [3], neurodegenerative
disorders [4], and complications during pregnancy [5]. Many interventions, including gene therapy
[6], stem cell therapy [7], statin therapy [8], and small-molecule drugs [9] have been developed over
the years to address this menace. While these therapies are expensive and beyond the accessibility of
many, the current antidiabetic drugs do not present the desired efficacy. They are associated with
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side effects, which have necessitated the search for new interventions (drugs) with improved efficacy
and minimal side effects. As such, researchers are relentlessly in search of novel antidiabetic drugs.

Chalcones are among the well-known compounds used in traditional medicine to treat several
diseases, including diabetes. = As privileged scaffolds, they elicit antidiabetic properties through
glucose transporter type 4 (GLUT4) protein, alpha-amylase, peroxisome proliferator-activated
receptor-gamma (PPARY), sodium-glucose cotransporter 2 (SGLT2), dipeptidyl peptidase 4 (DPP-4),
adenosine monophosphate (AMP)-activated protein kinase (AMPK), aldose reductase (ALR), and
protein tyrosine phosphatase 1B (PTP1B) [10], [11]. These privileged scaffolds are secondary
metabolites of terrestrial plants, including Scutellaria, Angelica, Humulus, and Glycyrrhiza species, and
are the bases of flavonoid and isoflavonoid biosynthesis. The chalcone structure contains a 1,3-
diphenyl-2-propen-1-one moiety: a three-carbon chain containing an a,B-unsaturated carbonyl
connects the two aromatic rings [12]. This basic structure is either the frans (E) or cis (Z) isomer, and
the E-isomer has been reported to be more stable than the Z-isomer (Figure 1) [13].

,RZ

Z-isomer

E-isomer

Figure 1. E- and Z-isomers of a chalcone.

The structure contains several reactive hydrogens, which offer opportunities for structural
modifications and the synthesis of several chalcone derivatives. Though a plethora of literature exists
on the potential use of chalcones as antidiabetic drugs, no chalcone-derived drug has been approved
yet. Aspalathin, a glucosylated dihydrochalcone, is one of the main constituents of Aspalathus linearis
(rooibos tea) and has been found to be a powerful antidiabetic compound by stabilizing plasma
blood-sugar levels. Han et. al. [14] synthesised aspalathin via an aldol condensation followed by
hydrogenation to form the 1,3-diaryl propane, subsequent glucosylation of the 1,3-diaryl propane,
and oxidation of the benzylic position to yield the dihydrochalcone, aspalathin. Thus, in this study,
we propose the synthesis of C- and O-glucosylated reduced chalcone derivatives and compare their
predicted antidiabetic activities with the results of molecular modeling of the reactive hydrogens in
the proposed compounds, offering opportunities for structural modifications and the synthesis of
several chalcone derivatives. Thus, through in-silico techniques, the reactive hydrogens were
investigated to design and evaluate the antidiabetic potential of the proposed compounds.

2. Methodology

2.1. General Information

Experimental Procedures. Melting points were determined with a Reichert Thermopan
microscope with a Kofflerhot-stage and were uncorrected. Solid-state FT-IR spectra were recorded as
neat compounds on a Bruker Tensor 27 spectrometer. A 600 MHz Bruker Avance spectrometer was
used to record the 'H NMR, COSY, HMBC, HSQC (600 MHz), and *C, APT (150 MHz) experiments
in either CDCls (0H = 7.24; 6C = 77.2) or methanol-d+ (OH = 4.87 and 3.31; dC = 49.2) with TMS as
internal standard. Chemical shifts were expressed as parts per million (ppm) on the delta () scale,
and coupling constants (J) are accurate to 0.01 Hz. High-resolution mass spectral data (HRMS) were
collected using a Waters Micromass LCT Premier TOF-MS spectrometer. All samples were dissolved
and diluted to ~2 ng/uL and infused without additives. Thin-layer chromatography (TLC) was
performed on Merck aluminum sheets (silica gel 60 F 254, 0.25 mm). Reactions were monitored by
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TLC on silica gel, with detection by UV light (254 nm). Thin-layer chromatograms were sprayed with
a 2% (v/v) solution of formaldehyde (40% solution in H20) in concentrated H250s and subsequently
heated to 110 °C to effect maximum development of colour. The chemicals used in this study were
obtained from commercial suppliers and were of analytical grade.

2.2. Syntheses

2.2.1. Synthesis of (E)-3-(3-hydroxyphenyl)-1-phenylprop-2-en-1-one (2)

Acetophenone (2.974 g; 24.7 mmol) and 3-hydroxybenzaldehyde (2.963 g; 24.3 mmol) yielded
the title compound from EtOH as beige crystals (R¢ = 0.33, toluene:acetone (5:5), 1.260 g, 23%, mp 162
- 163 °C; IR (neat): vmax = 3347.25, 1586.36, 1572.07, 777.78, 699.32 cm™ ; '"H NMR (acetone-ds, TMS,
600 MHz) © 8.60 (s, 1 x OH), 8.17 - 8.13 (2H, m, H-2', H-6'), 7.81 (1H, d, ] =15.6 Hz, H-3), 7.73 (1H, d,
J =15.6 Hz, H-2), 7.66 (1H, tt, ] = 6.9, 1.2 Hz, H-4'), 7.60-7.55 (2H, m, H-3', H-5'), 7.33 (1H, dt, ] = 7.6,
1.2 Hz, H-6"),7.31 (1H, d,J=7.6 Hz, H-5"),7.29 (1H, t, ] = 1.9 Hz, H-2"), 6.96 (1H, ddd, ] =7.6,2.4, 1.3
Hz, H-4"); 3C NMR (acetone-ds, TMS, 150 MHz) d 189.1 (C-1), 157.8 (C-3"), 144.1 (C-2), 138.2 (C-1),
136.5 (C-1"), 132.8 (C-4'), 130.0 (C-5"), 128.7 (C-3', C-5), 128.4 (C-2', C-6"), 122.0 (C-3), 120.1 (C-6"), 117.6
(C-4"), 115.0 (C-2"); HRESMS [M+H]* m/z 225.0837 (calcd for C1sH1202 + H*, 225.0839) [15]

2.2.2. Synthesis of 3-(3-phenylpropyl)phenol (3)

20% Pd(OH)2/C (600 mg, 60 wt%) was added to a solution of (E)-3-(3-hydroxyphenyl)-1-
phenylprop-2-en-1-one (2) (1 g, 0.04 mol) in ethyl acetate (3 mL) and water (9 mL). Hydrogen gas
(H2) was passed through the reaction mixture at atmospheric pressure. After stirring overnight at
room temperature, the reaction mixture was filtered through silica gel and extracted with ethyl
acetate (2 x 30 mL). The organic layer was dried over magnesium sulfate, filtered, and concentrated
under vacuum to afford the title compound as a brown oil (215 mg, 25%). 'H NMR (CDCls, 600 MHz)
0728 (2H, d, J=6.6 Hz, H-2"/6"), 7.18 (2H, d, ] =6.6 Hz, H-3"/5"), 7.14 (1H, t, ] = 6.6 Hz, H-5'), 6.68
(1H, d, J=7.7 Hz, H-6'), 6.68 (1H, d, ] =2.1, H-2'), 6.66 (1H, d, [ =2.1, 7.7 Hz, H-4'), 2.62 2H, t, [=7.5
Hz, H-1), 2.66 (2H, t, ] = 7.5 Hz, H-3), 1.96 (2H, pent, | = 7.5 Hz, H-2). *C NMR (CDCls, 150 MHz)
155.5 (C-3'), 144.4 (C-4"), 144.3 (C-1"), 129.6 (C-1'), 128.4 (C-2"/6"), 128.3 (C-3"/5"), 125.8 (C-5'), 121.1
(C-6'), 115.4 (C-2'), 112.7 (C-4'), 35.5 (C-3), 35.3 (C-2), 32.8 (C-1).

2.2.3. Synthesis of 1-phenyl-3-(4'-C-3-D-2",3",4",6"-tetra-O-benzylglucopyranosyl-3'-
hydroxyphenyl)propane (4)

BFs.OEt:2 (0.2 mL, 1.55 mmol) was added dropwise to a stirred mixture of 3-(3-phenylpropyl)phenol
3 (42 mg, 0.2 mmol), 2,3,4,6-tetra-O-benzyl-D-glucopyranosylamide (200 mg, 0.27 mmol), and 4A
molecular sieves (100 mg) in DCM (4 mL) at -78 °C. The reaction mixture was stirred for 2 hours, after
which the temperature was allowed to rise to -40 °C, and stirring continued overnight. The temperature
was increased to 20 °C for 2h and subsequently to RT for about 2h. The reaction mixture was quenched
with water and filtered through Celite. The filtrate was extracted with chloroform (3x30 mL), the organic
layer dried over anhydrous MgSOs, and the solvent was evaporated under reduced pressure. The brown
oil was separated by TLC chromatography (Hx/ EtOAc/ DCM 8.5:0.5:1, R¢ 0.3, 44 mg, 0.06 mmol, 30%).
H NMR (CDCls, 600 MHz) & 7.76 (1H, s, OH), 7.43 — 7.05 (28H, aromatic), 7.18 (1H, d, ] =7.7 Hz, H-5'),
6.86 (1H, d, J=1.5Hz, H-2'), 6.77 (1H, dd, J=1.5, 7.8 Hz, H-6'), 5.02 - 3.86 (8H, -OCH2-), 4.44 (1H, d, J=11.1
Hz, H-1"),3.92 (1H, t, ] =8.1 Hz, H-4"), 3.85 (1H, dd, ] = 1.8, 11.2 Hz, H-6"'b), 3.75 (1H, t, ] = 9.8 Hz, H-2"),
3.70 (1H, dd, ] =5.0, 11.2 Hz, H-6"a), 3.62 (1H, m, H-5"), 3.56 (1H, t, ] = 10.0 Hz, H-3"), 2.68 2H, t, ] =7.7
Hz, H-1), 2.68 (2H, t, ] =7.7 Hz, H-3), 1.99 (2H, pent, ] =7.7 Hz, H-2). 3C NMR (CDCls, 600 MHz) 6 155.5
(C-3), 144.3 (C4'), 142.2 (C-1"), 138.6 — 137.3 (4 x -OCH2-C-), 127.6 — 129.1 (25C, aromatic), 127.7 (C-1"),
128.1 (C-5'), 128.0 (C-2"/C4"), 127.9 (C-3"/5"), 125.7 (C-5"), 125.3 (C-4"), 120.1 (C-6"), 117.5 (C-2"), 86.0 (C-3"),
81.7 (C-1"), 81.5 (C-2™), 78.6 (C-5""), 77.3 (C-4™), 76.0 — 68.2 (4 x -OCH>-), 68.0 (C-6"), 35.3 (C-3), 35.1 (C-1),
32.8 (C-2).
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2.2.4. Synthesis of 1-phenyl-3-(4'-C-g-D-2"',3",4",6""-tetrahydroxyglucopyranosyl-3'-
hydroxyphenyl)propane (5)

To a solution of 1-phenyl-3-(4'-C--D-2",3",4",6"-tetra-O-benzylglucopyranosyl-3'-
hydroxyphenyl)propane (4) (28 mg, 27.2 mmol) in EtOAc (1.5 mL) an,d H20 (4.5 mL) 20% Pd(OH)2/C
(50% wet, 20 mg/g, 60 wt %) was added. Hydrogen gas was passed through the reaction mixture, and
the progress was monitored by TLC. After stirring for 30 minutes at room temperature, the reaction
mixture was filtered to remove the catalyst. The organic layer was evaporated under nitrogen and
subsequently freeze-dried, R¢=0.2 (hexane: THF, 4:6), (yield 80%, 18 mg). 'H NMR (CDCls, 600 MHz)
07.25(1H, d, J=6.8 Hz, H-5'), 723 2H, d, ]J=7.9 Hz, H-2"/H-6"),7.15 2H, d, J=7.9 Hz, H-3"/H-
5"),7.13 (1H, d, J=7.9 Hz, H-4"), 6.68 (1H, d, ] = 6.8, 1.5 Hz, H-6"), 6.65 (1H, d, J=1.5, H-2"), 455 (1H,
d, /=9.6 Hz, H-1"), 3.85 (dd, 1H, ] = 1.8, 11.2 Hz, H-6"b), 3.70 (dd, 1H, ] = 5.0, 11.2 Hz, H-6"a), 3.56
(1H, t, J=8.9Hz H-3"),3.48 (1H, t, ]=9.8 Hz, H-2"), 3.42 (1H, t, ] = 8.0 Hz, H-4"), 3.40 (1H, m, H-5"),
2.60 (2H, t, | =7.7 Hz, H-1), 2.54 (2H, t, | = 7.5 Hz, H-3), 1.88 (2H, pent, ] = 7.5 Hz, H-2). 3C NMR
(CDClIs, 600 MHz) & 155.2 (C-3'), 143.3 (C-1'), 142.1 (C-1"), 128.1 (C-5'), 128.0 (C-2"/C-4"), 127.9 (C-
3"/C-5"), 125.3 (C-4"), 122.7 (C-4"), 119.5 (C-6'), 115.4 (C-2"), 80.8 (C-5""), 78.6 (C-3"), 76.8 (C-1""), 74.1
(C-2"),70.4 (C-4"), 61.5 (C-6""), 34.9 (C-3), 34.6 (C-1), 32.9 (C-2).

2.2.5. Synthesis of 1-phenyl-3-(3'-acetoxy-4'-C-(2"',3"' 4" ,6"'-tetra-O-acetyl-p3-D-
glucopyranosyl)propane (6)

A solution of 1-phenyl-3-(4'-C-p-D-2"",3",4",6"'-tetrahydroxyglucopyranosyl-3'-
hydroxyphenyl)propane (5) (15 mg, 0.5 mmol) in Ac2O (0.4 mL) and pyridine (0.2 mL) was kept for
12 h at room temperature. Crushed ice was added to the mixture. The precipitate was filtered and
washed with water. A white amorphous product was obtained, Rt = 0.9 (Hexane:THF, 5:5) 10 mg,
43%. "H NMR (600 MHz, CDCls)  7.27 (1H, d, ] = 7.9 Hz, H-5'), 7.24 (2H, d, ] = 8.2 Hz, H-2", H-6"),
7.10 (1H, d, =82 Hz, H-4"),7.09 (2H, d, ] =8.2 Hz, H-3", H-5"), 6.99 (1H, dd, ] = 1.3, 7.9 Hz, H-6),
6.80 (1H, d, J=1.3, H-2"),5.24 (1H, t, | =9.8 Hz, H-2"), 5.23 (t, 1H, | =9.8 Hz, H-3"), 5.13 (1H, t, | =
9.8Hz, H-4"),4.52 (d, 1H, ]=9.8 Hz, H-1"), 423 (1H, dd, ] =2.1, 12.4 Hz, H-6""a), 4.01 (1H, dd, J=1.7,
12.8 Hz, H-6"'b), 3.80 (1H, ddd, ] =2.1, 4.9, 9.8 Hz, H-5"), 2.62 (2H, ] =7.7, Hz, H-1), 2.62 2H, t, [=7.5
Hz, H-3), 2.35 (3H, s, phenolic OAc), 2.08,2.05,1.93, 1.78 (4 x 3H, s, glucose moiety OAc), 1.93 (2H,
pent, ] =7.5 Hz, H-2). 3C NMR (600 MHz, CDCls) 6 148.6 (C-3'), 169.0 — 170.7 (5 x -O-CO-CHs), 144.5
(C-4"),141.9 (C-1"), 125.2 (C-1"), 128.5 (C-2"/C-4"), 128.4 (C-5'), 128.3 (C-3"/C-5"), 122.8 (C-6"), 122.8 (C-
2"), 125.8 (C-4'), 62.2 (C-5""),75.1 (C-1""), 74.4 (C-2""), 71.7 (C-3""), 68.5 (C-4""), 62.3 (C-6""), 35.3 (C-3),
34.9 (C-2),32.4 (C-1), 21.1 - 20.4 (5 x -O-CO-CHs).

2.2.6. Synthesis of 1-phenyl-3-(3'-O-a- and b-D-2'",3"",4"",6""-tetra-O-
benzylglucopyranosylphenyl)propane (7a and 7b)

BF:s.OEt: (0.2 mL, 1.55 mmol) was added dropwise to a stirred mixture of 3-(3-
phenylpropyl)phenol (3) (52 mg, 0.245 mmol), 2,3,4,6-tetra-O-benzyl-D-glucopyranosylamide (213
mg, 0.3 mmol), and 4A molecular sieves (100 mg) in dichloromethane (3 mL) at -78 °C. The reaction
mixture was stirred for 3 hours, and subsequently, the temperature was allowed to rise to -40 °C and
stirred overnight. The reaction mixture was quenched with water and filtered through Celite. The
filtrate was extracted with chloroform (3 x 20 mL), the organic layer dried over anhydrous MgSOs,
and the solvent evaporated under reduced pressure. The resulting syrup was purified via silica gel
thin layer chromatography (Hx: THF; 8:2) to yield a mixture of the a- and b-isomers (110 mg). The
mixture was separated via thin layer chromatography (Hx: EtOAc: DCM,; 8.5:0.5:1) to afford the a (34
mg) and b (40 mg) glycosylated isomers.

1-phenyl-3-(3"-O-a-D-2""",3""",4""",6"""-tetra-O-benzylglucopyranosylphenyl)propane (7a)
H NMR 6 (600 MHz, CDCls , MesSi) d 7.34 — 7.04 (26H, aromatic Hs), 6.84 (1H, d, ] =1.8 Hz, H-
2"),6.83 (1H, dd, J=1.8, 7.5 Hz, H-6"), 6.77 (1H, d, ] = 7.6 Hz, H-4"), 5.39 (1H, d, ] =3.5, 6.1 Hz, H-1""),

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0167.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0167.v1

5 of 23

4.97,4.82,4.77,4.71,4.59, 450, 4.39, 4.30 (8H, -OCHz-), 4.11 (1H, t, ] = 6.3 Hz, H-3""), 3.70 (1H, ddd, ] =
2.4,10.0 Hz, H-5"), 3.71 (1H, t, ] = 10.0 Hz, H-4""), 3.65 (1H, d, ] = 4.4 Hz, H-2""), 3.64 (1H, dd, ] = 0.7,
3.6 Hz, H-6""b), 3.47 (1H, dd, ] = 2.0, 10.7 Hz, H-6""a), 2.57 (2H, t, ] = 7.7 Hz, H-1), 2.53 2H, t, ] = 7.7
Hz, H-3), 1.89 (2H, pent, ] = 7.7 Hz, H-2). ®C NMR (600 MHz, CDCls) d 156.7 (C-3'), 142.2 (C-1'), 138.8
~137.7 (4 x -OCH2-C-), 143.9 (C-1"), 127.5 — 125.7 (25C, aromatic), 122.4 (C-2'), 116.9 (C-6'), 113.9 (C-
4'),95.3 (C-1"), 75.8 = 73.3 (4 x -OCH2-), 82.0 (C-3""), 79.7 (C-2""), 77.4 (C-4""), 70.7 (C-5""), 68.22
(C-6"), 35.45 (C-3), 35.4 (C-1), 32.8 (C-2).

1-phenyl-3-(3'-O-p-D-2""",3""",4""",6""'-tetra-O-benzylglucopyranosylphenyl)propane (7b)

H NMR (600 MHz, CDCls) d 7.44 — 7.24 (26H, aromatic), 7.01 (1H, dd, ] = 1.8, 7.5 Hz, H-6"), 6.99
(1H, d, J=1.8 Hz, H-2"), 6.96 (1H, d, ] = 7.6 Hz, H-4'), 5.09 (1H, d, | =7.2 Hz, H-1""), 4.97 - 4.43 (8H], -
OCH>-), 3.85 (1H, dd, ] =1.5,9.2 Hz, H-6""b), 384 (1H, t, ] =3.7 Hz, H-3""), 3.83 (1H, t, ] = 8.9 Hz, H-4""),
3.76 (1H, dd, ] =5.2, 10.5 Hz, H-6""a), 3.75 (1H, t, ] = 6.4 Hz, H-2""), 3.69 (1H, ddd, ] =1.6, 6.4 Hz, H-
5"),2.69 (4H, t, ] =7.6 Hz, H-1, H-3), 1.99 (2H, pent, ] =7.6 Hz, H-2). 3C NMR (600 MHz, CDCls) &
157.5 (C-3"), 144.1 (C-1"), 144.1 (C-1') 138.6 — 138.1 (4 x -OCH>-C-), 125.8 - 128.5 (25C, aromatic), 122.9
(C-4'), 114.1 (C-6'), 117.3 (C-2"), 101.8 (C-1""), 84.7 (C-3""), 82.1 (C-2""), 77.8 (C-4""), 75.2 (C-5""), 75.8 —
68.9 (4 x -OCH2-), 68.91, (C-6""), 35.45 (C-3), 35.4 (C-1), 32.8 (C-2).

2.2.7. Synthesis of 1-phenyl-3-(3-O-a-D-2"",3",4",6""-tetra-hydroxyglucopyranosylphenyl)propane (8a)

To a solution of 1-phenyl-3-(3'-O-a-D-2"",3"",4",6""'-tetra-O-
benzylglucopyranosylphenyl)propane (7a) (50 mg, mol) in EtOAc (3 mL) and MeOH (1 mL) 20%
Pd(OH)2/C (50% wet, 25 mg/g, 60 wt %) was added. The bottle was sealed, and hydrogen gas was
passed through the reaction mixture and monitored by TLC. After stirring for 30 minutes at room
temperature, the reaction mixture was filtered to remove the catalyst. The organic solvent was
removed by vacuum. R¢ 0.2 (hexane: etyl acetate (6:4), 20 mg. '"H NMR (600 MHz, CDsOD) 6 7.25 —
7.23 (8H, m, aromatic), 6.82 (1H, d, J=7.5, H-4'),5.44 (1H, d, ] =3.6 Hz, H-1"), 3.87 (1H, t, | =9.3 Hz,
H-3"),3.74 (1H, dd, ] =2.2,11.5 Hz, H-6"Db), 3.69 (1H, dd, | = 4.6, 12.1 Hz, H-6""a), 3.67 (1H, m, H-5"),
3.57 (1H, dd, J=3.6 Hz, H-2"), 3.41 (1H, t, ] =9.3 Hz, H-4""), 2.61 (4H, q, ] =7.5 Hz, H-1, H-3), 1.91 (2H,
pent, J=7.5 Hz, H-2). 3C NMR (600 MHz, CDsOD) 6 158.7 (C-3'), 145.2 (C-4"), 143.5 (C-1"), 130.2 (C-
1), 129.4 (C-2"/C-6"), 129.3 (C-3"/C-5"), 126.7 (C-6"), 118.3 (C-2'), 123.5 (C-5), 115.5 (C-4"), 99.2 (C-1"),
74.9 (C-3"), 74.2 (C-2""), 73.3 (C-4""), 71.4 (C-5""), 62.5 (C-6""), 36.3 (C-2/C-3), 34.4 (C-1).

2.2.8. Synthesis of 1-phenyl-3-(3-O-p-D-2"",3" 4™ ,6""-tetra-hydroxyglucopyranosylphenyl)propane (8b)

To a solution of 1-phenyl-3-(3'-O-p-D-2"",3",4"",6""'-tetra-O-
benzylglucopyranosylphenyl)propane (7b) (600 mg, 817 mmol) in ethyl acetate (1.5 mL) and water
(4.5 mL), 20% Pd(OH)2/C (50% wet, 40 mg/g, 60 wt %) was added. The bottle was sealed, and
hydrogen gas was passed through the reaction mixture and monitored by TLC. After stirring for 30
minutes at room temperature, the reaction mixture was filtered to remove the catalyst. The organic
layer was evaporated under nitrogen, followed by freeze-drying, to yield the title compound (5 mg)
(Hx: THF, 4:6, R 0.2). "H NMR (600 MHz, CDsOD) d 7.25 - 7.23 (8H, m, aromatic), 6.82 (1H, d, J =
7.5Hz, H-4'),4.88 (1H, d, J=12.2 Hz, H-1"), 3.69 (1H, dd, ] =44, 12.0 Hz, H-6""a), 3.85 (1H, dd, ] =2.1,
12.0 Hz, H-6"b), 3.48 (1H, t, ] = 12.2 Hz, H-3"'), 3.44 (1H, t, ] =12.2 Hz, H-2"), 3.41(1H, dd, ] =2.2,5.4
Hz, H-4"), 3.38 (1H, m, H-5"), 2.60 (4H, t, ] = 7.7 Hz, H-1, H-3), 1.91 (2H, pent, ] =7.7 Hz, H-2). 3C
NMR (600 MHz, CDs0D) 6 159.2 (C-3'), 145.2 (C-4"), 143.5 (C-1'), 130.2 (C-1"), 129.5 (C-2"/C-6"), 129.3
(C-3"/C-5"), 126.7 (C-6"), 123.6 (C-5'), 117.9 (C-2"), 115 (C-4"), 102.3 (C-1""), 78.1 (C-3""), 78.0 (C-2""),
74.9 (C-4""),71.4 (C-5"), 62.5 (C-6""), 36.3 (C-2, C-3), 34.4 (C-1).

2.3. In vitro Anti-Diabetic Investigation of the Compound 5

The anti-diabetic potential of the main product (5) of the glycosylation process was investigated
through a-amylase and «-glucosidase inhibition. a-Amylase and «-glucosidase are key
carbohydrate-digesting enzymes commonly targeted in vitro to evaluate the antidiabetic potential of
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natural and synthetic compounds [16]. Inhibiting either enzyme slows carbohydrate breakdown and
reduces post-prandial glucose spikes, a major therapeutic goal in type 2 diabetes management. In
vitro assays measuring the ability of test compounds to inhibit a-amylase and a-glucosidase activities,
therefore, serve as reliable indicators of their potential to directly modulate glucose release and
absorption, with a-glucosidase inhibition often showing a stronger correlation with effective
glycemic control [17].

2.4. Measurement of a-Amylase Inhibition

A previous method [18] was adopted with modifications to perform the a-amylase inhibition
assay. To perform the assay, 75 uL of the tested sample or acarbose (at 33.3 pig/mL in assay volume)
was mixed with 75 pL of 3 U/mL porcine pancreatic amylase solution (dissolved in 100 mM
phosphate buffer, pH 6.8) in a vial. An equivalent volume of distilled water was used as the control.
The mixture was incubated at 37 °C for 15 minutes before the addition of an equivalent volume of 1%
starch solution (dissolved in 100 mM phosphate buffer, pH 6.8). Thereafter, the mixture was
incubated for another 30 min at 37 °C, and 75 puL of dinitrosalicylate color reagent was added. The
mixture was put in a boiling water bath for 10 minutes. After cooling, the mixture was centrifuged
(Hettich Mikro 200 microcentrifuge, Hettich Lab Technology, Tuttlingen, Germany) at 5000 x g for 5
min. An aliquot of 150 uL of the supernatant was transferred into a 96-well plate and absorbance was
measured at 540 nm. The enzyme inhibition (%) was calculated as follows:

o Absorbance of control — Absorbance of test
Inhibition (%) = Absorbance of control x 100

2.5. Measurement of a-Glucosidase Inhibition

A previous method [19] was adopted to perform the glucosidase inhibition assay. It was done on a
96-well transparent plate. First, 25 pL of the tested sample or acarbose (at 33.3 pg/mL in assay volume) or
their solvents (control) and 25 pL of a 4 U/mL a-glucosidase solution (dissolved in 100 mM phosphate
buffer, pH 6.8) were incubated for 10 min at 37 °C. Next, 50 pL of 10 mM 4-nitrophenyl-p-D-
glucopyranoside substrate solution (dissolved in 100 mM phosphate buffer, pH 6.8) was added, and
incubation continued for an additional 20 min under the same incubation conditions. After incubation,
the enzyme-substrate reaction was stopped by adding 100 uL of a 0.1 M Na2COs solution, and absorbance
was measured at 405 nm. The absorbances were blanked using the sample and solvent blanks. The
enzyme inhibition activity of the samples was computed using the formula below:

o Absorbance of control — Absorbance of test
[nhibition (%) = Absorbance of control x 100

2.6. In Silico Procedure

The drug potentials of the synthesised compounds were evaluated through integrated
computational techniques. The compounds' physicochemical and pharmacodynamics (ADMET)
properties were studied through machine learning. Density Functional Theory (DFT) and molecular
dynamics simulations were further conducted to uncover the reactivity and impact on the
conformational dynamics of proteins implicated in the advancement of diabetes.

2.7. Biological Activity Prediction

The antidiabetic biological activity of the compounds was evaluated using PASSonline software
[20]. This platform is used to determine the physiological activity of diverse compounds based on
their chemical structure by using their 2D molecular fragments, referred to as multilevel neighbors
of atom descriptors. These descriptors are used to predict the biological activity of a compound as a
function of its molecular structure [20]. The activity of a compound is evaluated as probable activity
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(Pa) and probable inactivity (Pi); thus, a compound is active if its Pa is greater than its Pi [21].
Specifically, compounds with predicted Pa values greater than 0.7 are considered bioactive with high
confidence, whereas those with Pa values below 0.5 are regarded as inactive. Compounds with Pa
values between 0.5 and 0.7 are considered moderately active and may require further experimental
validation [22], [23].

2.8. Physicochemical and Pharmacokinetics Study

The physicochemical properties and pharmacokinetics of the compounds were determined
using Swiss/ADME and ProTox-II [24], [25]. These tools use machine learning and predictive models
to determine the properties of potential drugs.

2.9. Density Functional Theory

Density function theory is popular in the study of the structure, electron density, and electron
transfer of compounds via quantum chemical computations [26]. It has been used extensively in
determining the reactivity and stability of potential drugs. The calculations involving the
optimisation of the ground-state geometries were performed using the Gaussian 09 program [27].
They were optimised by employing Becke3-Yang-Parr (B3) [28], [29] exchange function integrated
with the LYP correlation functional with 6-311G++(2d,2p) basis set. Chemical descriptors of the
compounds were calculated using the following equations:

Eg=Eiumo — Enomo (1)
I= = Exomo @)
A= I—JrfLUMO 3)
X == 4)
1-A
N=-— Q)
1
§=< (6)
n
_ (ELumo+EHoMo0) ? 7
4(Erumo—EHOMO ,
— _ (3EHomo—ELumo)
w- = 1o (3
+ _ (Emomo+3ELumo0)?
w' = Tol )]
Awt =t +w” (10)

where Eg = energy gap, [ = ionization potential, A = electron affinity, x = electronegativity, I] = global
hardness, d = global softness, w = electrophilicity index, w- = electron donating power, w* = electron
accepting power and Aw* = electrophilicity.

2.10. Targets Retrieval and Processing

Six (6) proteins reported to advance the development of diabetes were retrieved from the RSCB
protein data bank. These proteins included Protein Kinase B (AKT) [30], AMP-activated kinase
(AMPK) [31], Glucose Transporter type 4 (GLUT4) [32], Protein Kinase C [33], Sodium-Glucose
Cotransporter 2 (SGLT2) [34], and sirtuin 6 (SIRT6) [35] with PDB IDs of 2GUS, 6BX6, 7WSM, S8UAK,
8HIN, and 6XVG respectively. The proteins were first preprocessed using the protein preparation
wizard incorporated in Maestro Schrodinger [36]. Proteins with missing residues were remodeled
using the Prime module. Hydrogen bonds and bond orders were allocated. Disulfide bonds were
assigned, and the het states were determined using Epik at a pH of 7.4 + 2.0 [37]. OPLS4 forcefield
[38] and PROPKA were then used to optimise and minimise the structures. The co-crystallised
compounds defined the binding sites of the proteins. For SIRT6, the main binding site occupied by
Adenosine-5-Diphosphoribose (native ligand) and the allosteric site were both processed for docking.
The receptor grids for each protein were prepared using the default settings of the receptor grid
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generation module. The compounds were modeled using the Maestro 2D sketcher, and their 3D
structures were built using the LigPrep module [39]. This module was further used to establish the
protonation states of the compounds through Epik. Tautomeric conformations of the compounds
were not considered.

2.11. Molecular Docking

The standard precision (SP) and extra precision (XP) protocols of Glide [40] were used to perform
the molecular docking of the compounds to receptors. Redocking was performed for the co-
crystallised compounds to serve as controls.

2.12. Molecular Dynamics Simulations

After assessing the docking results, one of the receptors in complex with the compounds was
selected for further analysis through molecular dynamics simulations. Desmond [41] was used to
perform all simulations. The receptor-compound complexes, including an unbound receptor (Apo),
were embedded separately in a predefined Transferable Intermolecular Potential with 3 Point (TIP3P)
water model [42] in an orthorhombic box and buffered at distances of 10.0 A each for the X, Y, and Z
directions. The systems were then neutralised by adding Na* and Cl- counter ions. The OPLS4 force
field was used to build the systems. 200 ns of MD was then performed under normal pressure and
temperature (NPT). The simulation interaction diagram module analysed the MD trajectories and
coordinates generated.

3. Results and Discussion

As amodel reaction, the synthesis of the O- and C-glucosylated 1,3-diarylpropane derivatives of
1-phenyl-3-(3'-hydroxy)phenyl chalcone was investigated, followed by antidiabetic tests and in silico
experiments. The synthesis of the (E)-1-(3-hydroxyphenyl)-3-phenylpropane C-glucoside derivative
is depicted in Figure 1. Amidation of 2,3,4,5-O-tetrabenzyl-b-D-glucose afforded the glucose amidate
1. Under basic conditions, the aldol condensation of acetophenone and 3-hydroxybenzaldehyde
yielded (E)-3-(3-hydroxyphenyl)-1-phenylprop-2-en-1-one 2 (chalcone). Han et al. (2014) reported
that the carbonyl group of the chalcone inhibits the C-glucosylation reaction [14]. Thus, 2 was
hydrogenated under high pressure to reduce the chalcone to 1,3-diarylpropane (3) (Supplementary
Figure S§1-S3). The 3-(3-phenylpropyl)phenol (3) was glucosylated with 2,3,4,5-tetra-O-benzyl-D-
glucopyranosylamide (1) in the presence of TMSOTf or BFsOEt: (. During the reaction, the
temperature was slowly increased from -78 °C  to RT to yield the C-glucosylated 1,3-diarylpropane
4 as the final product (Supplementary Figure 54-S7).
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Scheme 1. Synthesis of 1-phenyl-3-(4'-C-p-D-2",3"' ,4",6""-tetra-O-benzylglucopyranosyl-3'-
hydroxyphenyl)propane 4.

The mechanism proceeds with the formation of the a/p-O-glucosylated intermediates 7a and 7b as
the temperature is raised from -78 °C to -40 °C in the presence of TMSOTf or BFsOEt2. The O-glucosylated
intermediates undergo an in situ Fries-rearrangement to the 4' position as the temperature is increased to
room temperature to yield the b-isomer of the target molecule 4. Work-up of the reaction mixture after
raising the temperature from -78 °C to -40 °C afforded a mixture of the a/f3-O-glucoside isomers . The
isomers were separated via TLC to isolate 1-phenyl-3-(3-O-a-D-2",3"4",6"-tetra-O-
benzylglucopyranosylphenyl)propane 7a and 1-phenyl-3-(3'-O--D-2",3",4",6"-tetra-O-
benzylglucopyranosylphenyl)propane 7b. Catalytic hydrogenation at atmospheric pressure of 4, 7a
(Supplementary Figure S14-S17), and 7b (Supplementary Figure S18-520) yielded the free phenolic
derivatives 5, 8a, and 8b (Supplementary Figure 521-524), respectively, and subsequent acetylation of 5
afforded derivatives 6 (Supplementary Figure $10-S13).

The "H NMR spectrum of 2 displayed the characteristic a,b-unsaturated carbonyl functionality
associated with chalcones, with H-2 resonating at du 7.73 (d, 16 Hz) and H-3 at du7.81 (d, 16 Hz). The
resonance at dc on the 3C NMR spectrum confirmed the presence of the carbonyl functionality. The
physical data of chalcone 2 corresponds to published data [15]. Salient in the 'H NMR spectrum of
compound 3 is the disappearance of the two doublet resonances of the a,b-unsaturated carbonyl
functionality, which is replaced with two saturated triplets for H-1 (du2.65) and H-3 (dx 2.63), and a
multiplet at du 1.90, indicating a propyl moiety. The absence of the carbonyl resonance in the 3C
NMR spectrum confirmed the complete reduction of 2. The physical data of 3 corresponds to
published data [43]. The 'H NMR spectrum of 4 showed a pentet peak at o 1.99 assigned for two
protons of C-2. The multiplet at  2.68 were assigned to H-1 and H-3. The multiplet at d 3.62 was
assigned to H-5", while the signal centered at 6 3.75 was assigned to H-6""a. The resonance at  3.85
was assigned to H-6"'b, while the triplet at 5 3.56 was assigned to H-3"". The resonances between
5.02 and 3.86 are characteristic of benzylic protons. The ABX system of the aromatic ring A was
observed at 6.77 as a doublet of doublets assigned to H-6' and as a doublet at  6.86 assigned to H-2',
while the doublet at 7.18 with | =7.7 Hz, was assigned to H-5". The 28 aromatic protons overlapped
between 6 7.43 and 7.05.
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Salient in the 'H NMR spectra of the final product 1-phenyl-3-(4-C-B-D-2",3",4",6"-
tetrahydroxyglucopyranosyl-3'-hydroxyphenyl)propane (5) showed the three 1,3-diaryl propane
methylene moieties that resonated as a multiplet at d 1.88 (H-2), a triplet at 2.54 (H-3), and a triplet at
2.60 (H-1) (Figure 2). The sugar moiety yielded resonances at o 3.85, 3.70, 3.56, 3.48, 3.42 and 3.40
representing the protons at H-6"'b, H-6"'a, H-3"', H-2"', H-4" and H-5"" respectively, while a doublet
at 0 4.55 was assigned to H-1"" and correlated with the anomeric carbon at dc 76.8 (C-1"") in the edited
HSQC spectrum. The ABX system of ring A gave three resonances, two doublets at 8 7.25 (H-5') and
6.65 (H-2'), while the doublet of doublets centered at d 6.68 was assigned to H-6'. The doublet at o
7.13 was assigned to H-4", while the doublets at © 7.23 and 7.15 were assigned to H-2"/H-6" and H-
3"/H-5", respectively (Supplementary Figure $8-59).
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Figure 2. 'TH NMR: 1-phenyl-3-(4'-C-3-D-2",3" 4",6"-tetrahydroxyglucopyranosyl-3'-hydroxyphenyl)propane (5).

The a- and (3-O-glucosides were prepared by monitoring the reaction mixture at -40 °C by TLC
until 2,3,4,6-tetra-O-benzyl-D-glucopyranosylamide was fully consumed. Two products were
isolated after work-up namely 1-phenyl-3-(3'-O-a-D-2"",3",4"",6""'-tetra-
hydroxyglucopyranosylphenyl)propane (8a) (Figure 3) and 1-phenyl-3-(3'-O-p-D-2"",3"",4"",6""-tetra-
hydroxyglucopyranosylphenyl)propane (8b) (Figure 4). Evidence of the a and [ anomers was
determined by NMR spectroscopy. An anomeric proton of a-configuration was assigned as a doublet
at 0 5.44 with small coupling (J = 3.6 Hz), and an anomeric [3-configuration proton was observed as a
doublet at o 4.88 with large coupling (J = 12.2 Hz). The carbons of the two anomers of a and f3
configuration were assigned at 99.2 and 102.3, respectively.

The HR-ESIMS in negative mode (m/z is [M-H]- ions) of p-C-glucoside 5 (C21H260s exact mass:
374.1729 demonstrated a peak correlating to the presence at m/z 373.1649, while p-O-glucoside 8b
(C21H260¢ exact mass: 374.1729) gave a molecular ion at m/z 373.1650 (calculated exact mass 273.1651).
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Figure 3. 'H NMR : 1-phenyl-3-(3'-O-a-D-2"",3",4"",6""-tetra-hydroxyglucopyranosylphenyl)propane (8a).
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Figure 4. '"H NMR: 1-phenyl-3-(3'-O-g-D-2"",3"",4"",6""-tetra-hydroxyglucopyranosylphenyl)propane (8b).

3.1. Compound 5 Showed No Inhibitory Activity Against a-Glucosidase and a-Amylase

The inhibitory activity of compound 5 against a-glucosidase and a-amylase, which was the main
product of the glycosylation process, was evaluated. The results are presented in Figures 5 and 6. The
negative results obtained for compound 5 against both enzymes indicate that it has no inhibitory
activity against the enzymes. The raw values are presented in Supplementary Tables S1 and S2.
Though a-glucosidase and a-amylase are critical enzymes in the control of diabetes, targeting
upstream enzymes and signaling pathways has also been reported as a therapeutic targeting strategy
for diabetes control and monitoring [44]. Interestingly, aspalathin has been reported to influence
diabetes through several proteins, including activating AMP-activated protein kinase (AMPK) to
increase glucose reuptake [45], and PI3K / AKT (Insulin Signaling Pathway) to improve insulin
signaling [46], [47] among others, aside from a-glucosidase and a-amylase inhibition. Therefore, the
antidiabetic properties of compounds 5, 8a, and 8b were evaluated via the activation of other proteins

in silico.
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Figure 5. a-Glucosidase inhibition by compound 5 and acarbose. Compound 5 shows negative results, indicating
it has no inhibitory effects on a-glucosidase.
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Figure 6. a-Amylase inhibition by compound 5 and acarbose. Compound 5 shows negative results, indicating it
has no inhibitory effects on a-amylase.

3.2. In Silico Analysis

3.2.1. Biological Activity of Compounds

Firstly, the synthesised compounds' antidiabetic biological activity was determined through the
analysis of structure-activity relationships using PASSonline, which considered more than 250,000
biologically active substances involving leads, drugs, drug candidates, and toxic compounds. As
presented in Table 1, the compounds showed Probable activity (Pa) greater than Probable inactivity
(Pi) regarding antidiabetic activity. The compounds' results were compared to aspalathin, a known
antidiabetic compound isolated from rooibos tea (Aspalathus linearis) from South Africa [48]. These
results suggest all the synthesised compounds have antidiabetic properties since their probable
activity is greater than 0.7. The average accuracy of predicted bioactivity of this technique in leave-
one-out cross-validation, in which every compound is isolated from the training set and its activity
determined depending on the structure-activity relationship obtained from the rest of the training
set, is about 95% [49]. This platform has therefore been used by pharmacologists, medicinal chemists,
and toxicologists [20], and the results have been validated by subsequent synthesis and biological
testing [50-52]. After determining the antidiabetic potentials of the compounds, further analyses were
performed to determine their drug-likeness.
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Table 1. Antidiabetic biological activity prediction of the synthesised compounds.

Antidiabetic Activity
Probable Activity (Pa) Probable Inactivity (Pi)
Compound 8a 0.769 0.005
Compound 8b 0.769 0.005
Compound 5 0.854 0.004
Aspalathin 0.835 0.004

3.2.2. The Synthesised Compounds Show Relatively Better Drug-Likeness Than Aspalathin

Approximately 60% of clinical trials of potential drugs have been aborted due to poor ADME
and toxicity properties [53]. Comparative assessment of the synthesised compounds and aspalathin
was therefore undertaken. The physicochemical properties of the compounds, which determine their
pharmacokinetics, are presented in Table 2. The Lipinski rule of five was used as the cornerstone of
analysis. This rule states that a compound is more likely to be an orally active drug if it has a
molecular weight (MW) less than 500 Daltons, lipophilicity less than 5 (LogP), hydrogen bond donors
(HBD) <5, and hydrogen bond acceptors (HBA) <10 [54]. As presented in Table 1, all the synthesised
compounds met the Lipinski guidelines. Aspalathin, a natural compound, however, violated two
rules: the number of hydrogen acceptors and donors exceeded the limits. Aside from the Lipinski
rule of five, the topological polar surface area of the compounds was also determined. This descriptor
is prominent in predicting the drug-likeness of a candidate relative to its ability to permeate cell
membranes, which is crucial for blood-brain barrier penetration and oral bioavailability. TPSA values
below 140 A2 are generally considered to have good oral bioavailability, while those below 90 A2
further effectively cross the lipid-rich blood-brain barrier (BBB) [55]. Thus, the lower the TPSA, the
higher the bioavailability and BBB penetration, and vice versa. With this parameter, the compounds
except aspalathin showed good bioavailability, though without the ability to cross the BBB. Probing
further on the drug-likeness of the compounds, their partition coefficients between octanol and water
(LogP) were assessed. This quantifies the compounds’ lipophilicity, which determines how they
interact with biological membranes. For good membrane permeability, moderate logP values, usually
between 0 and 1, are desired, while a value less than 5 is ideal for good oral bioavailability [56]. All
the compounds, including aspalathin, showed logP values less than 5. While the synthesised
compounds showed logP values between 0 and 1, aspalathin showed a negative value (-0.49). This
variation indicates that aspalathin is relatively more hydrophilic and would be more available in the
bloodstream, which could lead to its rapid excretion.

On the other hand, the synthesised compounds would tend to accumulate more in fatty tissues,
decreasing their excretion rate. Additionally, the moderate logP values of the compounds will
alleviate any toxicity and off-target effects that arise from high logP values. This was further
supported by the logS (solubility) values, in which the synthesised compounds showed slightly lower
water solubility than aspalathin. These findings collectively indicate that the synthesised compounds
had improved physicochemical properties than aspalathin. The metabolism and toxicities of the
compounds were further assessed to obtain further insights into their pharmacokinetics, particularly
their interactions with liver enzymes.

Table 2. The physicochemical properties of the compounds and Aspalathin.

LogS
MW 8> TPSA  Molar Rotatable . ,
Compound Formula MLogP (Ali) . .. HBA HBD Lipinski Drug Likeness
(g/mol) (A?) Refractivity Bonds
(mol/L)
8a  C21H2606 374.43 1.87 -3.99 9938  99.65 6 4 7 Yes:0violations
8b  C21H2606 374.43 1.74 -3.99 99.38  99.65 6 4 7 Yes;0violations
5 C21H2606 374.43 1.43 -3.80 110.38 100.15 6 5 6 Yes;0violations
AspalathinC21H24011 452.41 -0.49 -3.73 208.37 108.66 11 9 6 No; 2violations
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3.2.3. The Synthesised Compounds Exhibit High GI Absorption with Good Metabolism and Low
Toxicity

The distribution of the compounds vis-a-vis the blood-brain barrier = (BBB) and the
gastrointestinal tract (GI) was assessed. The physicochemical properties of the compounds determine
these parameters. The synthesised compounds showed higher GI absorption than aspalathin. However,
none of the compounds, including aspalathin, has the potential to cross the BBB. The metabolism of the
compounds was analysed via their impact on the cytochrome P450 family of enzymes. These groups of
enzymes are the primary metabolic enzymes and are responsible for the metabolism of many drugs
[57]. Thus, assessing the impact of these enzymes on the compounds offers insights into their half-life,
potential drug-drug interactions, and bioavailability. The major CYP450 enzymes comprising CYP1A2,
CYP2C19, CYP2C9, CYP2D6, and CYP3A4 were considered. As presented in Table 3, the synthesised
compounds inhibit only CYP 2D6. The minimal inhibition of the enzymes indicates the compounds are
not likely to interfere with the metabolic activities of these enzymes and thus have limited ability to
induce drug-drug interactions and toxicities. These compounds will therefore not alter the plasma
concentrations of most drugs and can be used in a wide range of patients without contraindications.
This is important, especially in the fight against diabetes, wherein most patients develop secondary
conditions that require co-administration of medications. The singular inhibition of CYP 2D6 by the
synthesised compounds could, however, indicate their limitation among a small subset of patients since
this enzyme exhibits genetic polymorphism [58]. Further assessment showed that the synthesised
compounds are all P-glycoprotein (P-gp) substrates, unlike aspalathin. This is a membrane-bound
efflux protein that is pivotal in drug absorption, distribution, and excretion, especially in the BBB, liver,
intestines, and kidneys [59]. By being substrates, these compounds can be transported out of the cells
by this protein, thus reducing their effectiveness. Toxicity studies showed that the compounds were
less toxic. More than 1000mg is required to kill 1 kg of cells under study, which highlights the safety of
the compounds.

Table 3. In silico pharmacokinetics prediction of the compounds and aspalathin.

Compounds
Pharmacokinetics . 8a 8b 5 Aspalathin
Distribution
Blood Brain Barrier Permeability (log BB) No No No No
GI Absorption High High High Low
Metabolism
P-gp substrate Yes Yes Yes No
CYP1A2 inhibitor No No No No
CYP2C19 inhibitor No No No No
CYP 2C9 inhibitor No No No No
CYP 2D6 inhibitor Yes Yes Yes No
CYP 3A4 inhibitor No No No No
Excretion
Total Clearance (log mL/min/kg) 0.569 0.197 0.367 1.16
Renal OCT?2 substrate No No No Yes
Toxicity
Oral rat acute toxicity (LDso) (mg/kg) 3000 3000 1000 2000
Toxicity Class 5 5 4 4

3.3. Compounds’ Reactivity

The chemical reactivity of the compounds relative to aspalathin was assessed through density
functional theory. The ground state chemical structures of the compounds were optimised at the
B3LYP/6-311G++(2d,2p) level of theory to shed light on the reactivity and stability of the compounds.
The two prominent frontal molecular orbitals, the high-energy occupied molecular orbital (HOMO)
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and the low-energy unoccupied molecular orbital (LUMO), were determined and analysed. The
information from these orbitals was then used to compute the local and global descriptors of the
compounds and presented in Table 4. The energy gap (Eg), which depicts the energy difference
between the HOMO and LUMO, is important in ascertaining the reactivity of a compound. A smaller
energy gap is characterised by higher reactivity of a compound and vice versa. This parameter is
crucial in determining a drug’s stability, bioactivity, and interaction with biological targets in drug
discovery [60]. Since interactions between a drug and a protein involve electronic interactions, the
binding affinity of a drug can be improved when its energy gap is smaller; thus, the HOMO and the
LUMO of a drug and receptor, and vice versa, must align favorably to enhance stronger interaction
and residence time. The HOMO and LUMO maps and Eg of the compounds are shown in Figure 7.
The Eg has also been reported to influence a compound’s pharmacokinetics since a drug's
susceptibility to metabolism by enzymes such as the CYP450 family of enzymes is linked to chemical
reactivity, which can affect the half-life and bioavailability. As observed in Table 4, aspalathin had
the smallest energy gap relative to the other compounds. This suggests aspalathin is more reactive
than the compounds and could thus have higher binding affinity to target proteins as observed in
other parameters such as the ionisation (I) and the affinity (A) where it showed lower ionisation and
high affinity respectively. Also, its distribution could be lower. These investigations offer insights
that could be exploited to optimise the compounds. The compounds’ binding affinity to the targets
implicated in diabetes was then investigated.

Table 4. Reactivity descriptors of the compounds.

Parameter
Compound Enomo Ewuomo Eg I A X n o w w- wt Awx
8a -6.58 -0.75 5.83 658 075 366 291 034 230 773 1.67 9.40
8b -6.40 -071 569 640 071 355 284 035 222 751 159 9.10
5 -637 -076 561 637 076 356 280 035 226 750 166 9.10
Aspalathin -5.89 -096 493 589 096 342 246 040 237 707 195 9.02
5 Aspalathin
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Figure 7. A) HOMO and LUMO maps of the compounds. B) Shows the MEP maps depicting areas of the

compounds susceptible to nucleophilic and electrophilic attacks.
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3.4. The Synthesised Compounds as Potential Pan-Binders

The molecular docking technique has been used conventionally to identify potential inhibitors or
modulators of a therapeutically relevant protein by estimating the interactions and binding strength
[61]. In this study, we employed the technique to identify among proteins implicated in the
advancement of diabetes, the possible binding proteins of our compounds. The docking scores of the
compounds to several relevant proteins are tabulated in Table 5. The compounds generally showed
docking scores < -7.0 kcal/mol. This threshold has been reported to distinguish putative binders from
non-binders, wherein compounds that dock to proteins with scores less than -7.0 kcal/mol are
considered putative binders [62]. As such, the results of the compounds suggest they are potential pan
binders to these proteins. They have the potential to bind to several targets that influence the
progression of diabetes. All the compounds exhibited higher docking scores than the co-crystallised
ligands (control) of GLUT4, Protein Kinase C, and SIRT6 allosteric site. Adenosine-5-Diphosphoribose
(AR6) was, however, observed to exhibit higher docking scores than all the compounds. This nucleotide
derivative is the native ligand of SIRT6 and a natural substrate for Poly(ADP-Ribose) Polymerases
(PARPs), which is crucial for post-translational modification of proteins. The high docking score (-15.95
kcal/mol) of Adenosine-5-Diphosphoribose to the main site of SIRT6 indicates a high affinity for the
pocket, which would be difficult to dislodge competitively. This could explain the need to develop
allosteric binders to modulate the protein instead of competitive inhibition. Interestingly, the
compounds showed higher docking scores for the allosteric site than the control compound. Due to
limited computational resources, AKT in complex with the compounds was selected for further
investigation through molecular dynamics simulations. This was to determine the conformational
dynamics of the compounds and protein upon the compounds' binding.

Table 5. Molecular Docking Profile of the compounds on diabetes-implicated proteins.

Docking Scores (Kcal/mol)

Target PDB ID 8a 8b 5 Aspalathin Control

Sp XP SP XP SP XP SP XP SP XP

AKT 2GU8 -7.55 995 -754 -8.66 -8.50-11.45 -7.27-14.07  -12.66 -13.55
AMPK 6BX6 -5.74 -7.08 -614 -748 -529 664 -619 -797 -748 -8.93
GLUT4 7WSM -6.70-10.69 -8.05 -9.97 -8.70-12.89 -8.22-13.54  -7.00 -7.87
Protein Kinase C SUAK  -627 911 -6.00 -815 -751 -895 -7.08 -9.89 -596 -747
SGLT2 SHIN -5.83 -793 -522 -731 511 -761 -679 936 -732 -9.06

SIRT6(Main) 6XVG -598 9.00 -6.07 -9.09 -5.61 -8.83 -6.59 -10.66 -8.54 -15.95

SIRT6(Alosteric) 6XVG -6.39-1034 -691 9522 -5.61-10.74 -6.72-12.55  -495 -3.05

3.5. Compounds’ Dynamics

The behavior of the compounds within the binding pocket of AKT over a 200 ns simulation
period was investigated through the deviations of the atoms from their starting positions (RMSD),
their penetration into the hydrophobic core of the proteins (SASA), and their radius of gyration
(RoG). These metrics offer insights into the compounds' behavior within the binding pockets.

3.6. Compounds Stabilise and Penetrate Deeper into the Hydrophobic Regions of the AKT Binding Pocket

The compounds’ atoms' deviation from their starting positions before the simulation was
computed. This assessment reflects the stability of the compounds within the binding pocket. The
compounds exhibited average RMSD values of 2.33 A, 1.58 A, 0.82 A, and 1.37 A for compounds 8a,
8b, 5, and aspalathin, respectively. These figures suggest compound 5 showed the highest stability,
while compound 8a showed the least stability. As observed in Figure 8A, compound 8a underwent
a marked conformational change between 0 and 10 ns before stabilising, which explains its relatively
high RMSD value. All the compounds generally stabilised within the binding pocket of AKT as
observed in the figure, though aspalathin was seen to undergo instability during the last 60 ns. The
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solvent accessibility surface area (SASA) which was used to determine how buried they were in the
hydrophobic core showed average SASA values of 63.49 A2 54.18 A2, 45.78 A2, and 24.75 A2 for
compounds 8a, 8b, 5 and aspalathin, respectively, which indicates compound 8a had the highest
surface area available for solvent interaction (Figure 8C). The lower the surface area available, the
deeper the penetration of the compound into the hydrophobic core of the protein and vice versa.
Also, the radius of gyration (ROG), which quantifies the extendedness or compactness of the
compounds and is thus reflective of their principal moment of inertia, was computed. The
compounds showed average ROG values of 4.85 A, 448 A, 498 A, and 5.04 A for compound 8a, 8b,
5, and aspalathin, respectively, over the simulation time. These results suggest compound 8a has its
atoms less distributed around its center of mass and is thus the most compact (Figure 8B). In contrast,
aspalathin has the most widely distributed atoms around its mass (most extended/flexible). The
flexibility of a ligand, its ability to rotate around single bonds, influences how extended it appears in
different conformations. This may improve its propensity to occupy more space within the binding
pocket, thus forming interactions with multiple residues that increase binding affinity. These
observations could explain the higher binding affinity of aspalathin to the target proteins than the
compounds, as shown in Table 5.

A ———8A —— BB B —8A 8B
5 Aspalathin X 5 Aspalathin

3.0 Control 2 Control

2.5 E
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Figure 8. Comparative plots of the compounds' stability and extendedness over the simulation period. A) Shows the
compounds' deviations from their starting positions. B) Shows the radius of gyration of the compounds, depicting

their extendedness. C) Shows the surface area of the compounds available for solvent interactions (SASA).

3.7. Compounds-Residues Interactions Profile

The behavior of the compounds within the binding pocket is conditioned by the interactions that
occur during their residence time. The interactions between the compounds and the binding site
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residue were therefore analysed. Residues whose interactions endured over 30% of the simulation
time were analysed and presented in Figure 9. Ala70, Leul73, and Asp184 were observed to interact
with all the compounds, including aspalathin and the co-crystallised compound. While Asp184
formed strong hydrogen bonds with the compounds, Ala70 and Leul73 formed hydrophobic
interactions. The endurance and consistency of these interactions with the compounds suggest their
relevance in maintaining the residence time of the compound within the pocket. Other residues that
formed transient contacts with the compounds are presented in Figure 10. The residence and
interaction of small molecules with binding site residues often result in conformational changes in
the target protein. As such, the stability and flexibility of the protein-compound complexes were

analysed.
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Figure 9. A schematic of detailed compounds’ interactions with the protein residues. Interactions that occur

more than 30.0% of the simulation time are shown.
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3.8. AKT Conformational Changes Upon Compounds’ Binding

The investigations were supplemented by assessing the stability and flexibility of the protein
during the simulation period. The C-at atoms” deviations of the residues from their initial positions
(RMSD) and their fluctuations (RMSF) were investigated. The RMSD metric highlights the stability
of the protein, while the RMSF reflects the flexibility of the protein [63]. The results are graphically
presented in Figure 11. Average RMSD values of 2.26 A, 145 A, 147 A, 158 A, 224 A, and 1.43 A
were computed for the unbound AKT (Apo), compounds 8a, 8b, 5, aspalathin, and the co-crystallised
compound (control) complexes, respectively. These results suggest the unbound protein was the
most unstable, while the control was the most stable. The compound-bound AKT all showed higher
stability than the unbound protein. The RMSF analysis also showed average values of 0.82 A, 0.75 A,
0.78 A, 0.80 A, 0.86 A, and 0.74 A for the Apo, Compounds 8a, 8b, 5, aspalathin, and the control
complexes, respectively, which shows that the binding of aspalathin induced the highest fluctuation
of the residues, while the control induced the least flexibility. The other compounds were, however,
observed to induce less flexibility than the Apo. The differentials in the stability and flexibility of the
protein upon the compounds' binding could underscore their therapeutic potential.
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Figure 11. Comparative plots of protein stability and residual fluctuations.
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4. Conclusions

The electron-withdrawing carbonyl group of the acetophenones reduced nucleophilicity by
complexation of carbonyl oxygen with Lewis acid catalyst and inhibited the C-glycosylation in the
synthesis of aspalathin and analogs. Therefore, after aldol condensation of the acetophenone and 3-
hydroxybenzaldehyde, it yielded a 3-hydroxychalcone. Continuous catalytic hydrogenation under
high pressure reduced the chalcone to a 1,3-diarylpropane. Coupling it with tetra-O-
benzylglucoseamidate using TMSOTf or BFsOEt: produced the glucosylated 1,3-diarylpropane.
Subsequent benzylic oxidation and deprotection via catalytic hydrogenation finally afforded the
aspalthin analog, 1-phenyl-3-(4'-C-p-D-2",3",4",6""-tetrahydroxyglucopyranosyl-3'-
hydroxyphenyl)propane (5). Under controlled temperatures, 1-phenyl-3-(3'-O-a-D-2'",3",4",6"'-
tetra-hydroxyglucopyranosylphenyl)propane (8a) and 1-phenyl-3-(3'-O--D-2"",3"",4",6"-tetra-
hydroxyglucopyranosylphenyl)propane (8b) were obtained. In silico assessment of these compounds
has antidiabetic potential with probable activity greater than 0.70. They also possess good drug-like
properties and are potential ‘pan-binders’ of several diabetes-related proteins. Their binding to AKT
was characterised by strong hydrogen and hydrophobic interactions, which changed the protein's
conformational dynamics. Generally, the results obtained suggest that all the compounds have
antidiabetic properties and can be explored as leads for the development of antidiabetic drugs.
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