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ABSTRACT: In the present work, 2-imino-1,3-thiazolines featur-
ing highly fluorinated fragments were synthesized through a
straightforward cyclization of diversely substituted thioureas with
2-bromo-1-(4-fluorophenyl)ethan-1-one. The target compounds
were obtained in good yields, and structures were established by
FTIR and 1H- and 13C NMR spectroscopic methods. The in vitro
biological assay revealed that all the compounds significantly
obstruct the α-glucosidase. Compound 6d (3-fluoro-N-(3-(2-
fluorophenyl)-4-(4-fluorophenyl)thiazol-2(3H)-ylidene)-
benzamide) showed the highest antidiabetic potential with an IC50
value of 1.47 ± 0.05 μM. In addition, computational analysis
revealed the binding energy of −11.1 kcal/mol for 6d which was
lower than the positive standard, acarbose (−7.9 kcal/mol). Several intermolecular interactions between the active site residues and
6d highlight the significance of 2-imino-1,3-thiazoline core in attaining the potent efficacy and making these compounds a valuable
pharmacophore in drug discovery.

1. INTRODUCTION
2-Imino-1,3-thiazoline nucleus has emerged as a promising
scaffold in medicinal chemistry and drug discovery research
considering its broad pharmacological spectrum.1 The
literature survey documented that 2-imino-1,3-thiazoline core
serves as a diverse pharmacophore acting as platelet GPIIb/IIIa
receptor antagonists,2 alkaline phosphatase inhibitors,3 anti-
cancer agents,4 antibacterial agents,5,6 carbonic anhydrase,7

cyclooxygenase (COX) and lipoxygenase (LOX) inhibitors,8

selective cannabinoid receptor type 2 (CB2) agonists,9 p-53
inactivators pifithrin-α,10 insecticidal agents,11 urease inhib-
itors,12 herbicidal agents,13 glucosidase inhibitors,14 HIV-1
reverse transcriptase inhibitors,15 and fungicides16 (Figure 1).
Several synthetic approaches have been reported detailing the
enhanced structure−activity relationships to achieve the
desired biological efficacy. In a quest to further broaden the
biological activity scope of 2-imino-1,3-thiazolines, fluorine
substitution has been exploited extensively in drug discovery.
Moreover, fluorinated compounds tend to be more resistant to
metabolic degradation due to the high bond energies and heat
of formation of the H−O and C−O bonds relative to those of
the F−O bond.17 Fluorine substitution at a certain position in
a drug molecule can influence not only pharmacokinetic
properties such as absorption, tissue distribution, secretion,

and the route and rate of biotransformation but also the
pharmacodynamics and toxicology, thus improving the efficacy
of drugs.18 Despite the fact that fluorine is slightly larger than
hydrogen, several studies have demonstrated that it is a
reasonable hydrogen mimic and is expected to cause minimal
steric perturbations with respect to the compound’s mode of
binding to a receptor or enzyme.19 Furthermore, the fluorine
substitution has also emerged as one of the most prominent
atoms in the application of positron emission tomography due
to the favorable half-life of the 18F isotope (109.8 min) when
compared to 11C (20.4 min) and 124I (4.2 days). Therefore,
new synthetic methodologies are considerably making use of
this atom, particularly for central nervous system drug
discovery.20,21 KHG22394, a fluorinated 2-imino-1,3-thiazoline
derivative, significantly inhibits melanin production in a dose-
dependent manner, without directly inhibiting tyrosinase, the
rate-limiting melanogenic enzyme. It has been reported that
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the activation of extracellular signal-regulated kinase reduces
melanin synthesis by down regulating microphthalmia-
associated transcription factor (Mitf). 2-Imino-1,3-thiazoline
derivatives with flurbiprofen have been found to act as
nonsteroidal anti-inflammatory drugs.22

In this research work, α-glucosidase has been targeted which
is produced by salivary and pancreatic glands and metabolizes
the starch into small polysaccharides.23 The enzyme is also
located in the lining of small intestine where it plays a crucial
role in the final stage of glucose metabolism. The enzyme
functions by catalyzing the α-glucosidic disaccharide and
oligosaccharide bonds owing to the presence of duplicated
glycoside hydrolase domains (GH31).24,25 Besides carbohy-
drate digestion, α-glucosidase enzyme is also essential for
numerous biological processes such as degradation of
lysosomal glycoconjugates and the modification of post-
translational glycoproteins.26 The enzymatic activity of α-
glucosidase is significant in the management of type 2 diabetes
mellitus (T2DM) as its inhibition retards the rate of
breakdown of starch. It helps in regulating the postprandial
hyperglycemia.27 Previously, numerous fluorinated compounds
have been analyzed to inhibit the α-glucosidase enzyme, and it
was observed that the extent of fluorination is directly related
to the inhibitory activity.28

Encouraged by the broad-spectrum bioactivity profile of
fluorinated compounds, we herein envisioned the synthesis of
2-imino-1,3-thiazoline derivatives by a facile cyclization of

diversely substituted thioureas with 2-bromo-1-(4-
fluorophenyl)ethan-1-one. In vitro α-glucosidase inhibition
potential was examined while in silico computational methods
were employed to rationalize the binding mode analysis.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. Due to the

influence of the broad spectrum of fluorinated 2-imino-1,3-
thiazolines, we have synthesized the targeted compounds by
following the literature reported procedures.29,30 The precursor
diversely substituted thioureas 4(a−j) were prepared according
to the reported procedure involving the reaction of acid
chlorides with potassium thiocyanate in anhydrous acetone,
followed by the condensation of the resulting isothiocyanate
intermediates with substituted anilines 3(a−j).
In the FTIR spectra, the 1-(fluorobenzoyl)-3-

(fluorophenyl)thiourea 6d, representative example, was char-
acterized by absorption bands at 3351 and 3200 cm−1 for NH
stretching, 1670 cm−1 for carbonyl, and 1240 cm−1 for
thiocarbonyl functionalities. 1H NMR analysis indicated two
singlets at 9.0 and 12 ppm for NH groups, whereas 13C NMR
showed peaks at 170 and 179 ppm for carbonyl and
thiocarbonyl groups, respectively. Cyclization of thioureas
4(a−j) with 2-bromo-1-(4-fluorophenyl)ethan-1-one (5) in an
alkaline aqueous medium led to the formation of the
corresponding series of 2-imino-1,3-thiazolines 6(a−j). The
structures were confirmed by a slight shifting of carbonyl

Figure 1. Selected examples of biologically active 2-imino-1,3-thiazolines and our target structures.
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absorption bands to 1585−1660 cm−1 and the appearance of a
characteristic C�N stretching at 1440−1480 cm−1 in the
FTIR spectra, in addition to the absence of thiourea NH
absorptions. The emergence of characteristic proton singlet for
H-4 at 6.34−6.46 ppm in 1H NMR evidenced the formation of
1,3-thiazoline ring. 13C NMR data revealed the characteristic
signals for olefinic carbon at 104.4−105.1 ppm and C�N
signals at 154−157 ppm in conjunction with signals for
aromatic protons which agreed to the proposed structures. The
corresponding 13C−19F coupling is also observed having
typically J1 of 152.5 Hz, J2 of 7.5 Hz, and J3 of 3.0 Hz,
which varies accordingly in the corresponding structure. The
synthesis of the title compounds 6(a−j) is shown in Scheme 1.
2.2. In Vitro Glucosidase Inhibition and Structure−

Activity Relationships. The inhibitory potential of 2-imino-
1,3-thiazoline derivatives 6(a-j) against α-glucosidase and β-
glucosidase was assessed through in vitro inhibition assays,
with the aim of determining their respective inhibitory
concentration 50 (IC50) values. The results (Table 1)
predicted that 2-imino-1,3-thiazoline derivatives exhibit
selective inhibitory effect on α-glucosidase as they presented
minimal inhibition against β-glucosidase. Additionally, 6d
stands out as the most effective inhibitor compared to all
other compounds including positive control, acarbose (IC50 =
35.1 ± 0.14 μM) due to its notably low IC50 value (1.47 ± 0.05
μM).
All the newly synthesized compounds are highly fluorinated

and are modified at two aryl groups referred as R1 and R2

(Scheme 1). Compounds 6a, 6g, and 6j contain 3-Cl and 4-F
substituents as R2, so their degree of α-glucosidase inhibition is
dependent on R1 modification. The presence of 4-fluoro (4-F)
as R1 in 6g, characterized by its strong electronegativity, has
the potential to effectively block the activity of α-glucosidase,

displaying an inhibitory effect with an IC50 value of 3.16 ± 0.15
μM. However, the inhibitory activity significantly decreases
when F is relocated to 2-position of aromatic ring (6j),
resulting in the diminished inhibitory activity with an IC50
value of 12.5 ± 0.22 μM. Likewise, when 3,4,5-trimethoxy
group is affixed as R1 (6a), it leads to an adequate inhibition of
α-glucosidase with an IC50 value of 18.2 ± 0.02 μM. This is
attributed to the electron-donating nature of the methoxy
group (Figure 2).
The inhibitory effect of 2-imino-1,3-thiazoline derivatives

containing a 2-F substituent as R2 was also altered when R1 is
changed as observed in 6b, 6c, and 6d (Figure 3). In the
presence of electron-withdrawing group such as chlorine at the

Scheme 1. Synthesis of 2-Imino-1,3-thiazoline Derivatives 6(a−j) from Cyclocondensation of 1-Aroyl-3-arylthioureas 4(a−j)
and 2-Bromo-1-(4-fluorophenyl)ethan-1-one (5)

Table 1. Inhibitory Activities of 2-Imino-1,3-thiazoline
Derivatives 6(a−j) against α-Glucosidase and β-Glucosidase

compound substituents

α-glucosidase
IC50 ± SEM

(μM)

β-glucosidase
% age

inhibition

R1 R2

6a 3,4,5-triOMe 3-Cl-4-F 18.2 ± 0.02 11.2
6b 2-Cl 2-F 3.23 ± 0.07 24.2
6c 2-F 2-F 2.98 ± 0.04 36.3
6d 3-F 2-F 1.47 ± 0.05 18.6
6e 3,4,5-triOMe 4-F 2.10 ± 0.06 9.33
6f 2-Cl-4-NO2 4-F 4.04 ± 0.16 19.4
6g 4-F 3-Cl-4-F 3.16 ± 0.15 20.1
6h 2-Cl 4-F 4.33 ± 0.19 17.5
6i 3,4,5-triOMe 3-F 8.31 ± 0.13 15.4
6j 2-F 3-Cl-4-F 12.5 ± 0.22 12.8

acarbosea 35.1 ± 0.14 63.7
aPositive control.
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ortho-position of aroyl ring (6b), the inhibitory activity was
3.23 ± 0.07 μM. This α-glucosidase inhibitory potential
increases when the Cl is replaced with another highly
electronegative atom fluorine (6c; IC50 = 2.98 ± 0.04 μM).
However, a sharp rise in the inhibitory potential was observed
when fluorine is substituted as R1 at the meta-position of aroyl
ring (6d; IC50 = 1.47 ± 0.05 μM).
When a 4-F substitution occurs as R2, the inhibitory effect of

various R1 substituents in compounds 6e, 6f, and 6h
demonstrated satisfactory outcomes (Figure 4). Compound
6e, characterized by the presence of a trimethoxy substituent at
aroyl ring demonstrated the highest level of α-glucosidase
inhibitory activity (IC50 = 2.10 ± 0.06 μM). However,
replacing the electron-donating group (OMe) with electron-
deficient 2-Cl and 4-NO2 groups (6f), a reduction in the
inhibitory activity was observed (IC50 = 4.04 ± 0.16 μM). The

ability to inhibit α-glucosidase is further diminished when NO2
is eliminated and just 2-Cl is present (6h; IC50 = 4.33 ± 0.19
μM).
Compound 6i shares R1 substitution that is identical to

those found in 6e, but the point of distinction lies in the R2

substitution, specifically the presence of 3-F substituent
(Figure 4). As a result, a pronounced reduction in its
inhibitory activity against α-glucosidase occurred (IC50 =
8.31 ± 0.13 μM). Overall, a distinctive combination of fluoro
substituents on three aromatic ring makes compound 6d as the
lead inhibitor and deserves further research to be developed as
a highly fluorinated α-glucosidase inhibitor.
2.3. Computational Analysis. 2.3.1. Prediction and

Authentication of Glucosidase Crystal Structures. The
prediction of the tertiary structure of α-glucosidase involved
the utilization of the Saccharomyces cerevisiae α-glucosidase

Figure 2. Structure−activity relationship of compounds 6a, 6g, and 6h.

Figure 3. Structure−activity relationship of compounds 6b, 6c, and 6d.

Figure 4. Structure−activity relationship of compounds 6e, 6f, 6h, and 6i.
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protein sequence, which comprises 583 amino acids. This
sequence was used for the model development using Modeler
version 10.3. The protein with a PDB ID of 3AJ7 exhibited a
notably high similarity score, prompting its selection as the
template for the development of the model. A total of five
distinct models were formulated, and the one demonstrating
the highest confidence score was selected for subsequent
assessment (Figure 5).

The selected protein model was validated through
Ramachandran plot, ERRAT, and ProSA-Web. The results of
this analysis indicated that a significant portion, specifically
83.9%, of the total amino acid residues, is situated within the
highly favorable region, which is visually represented by the red
color on the plot. In contrast, approximately 15.1% of the
amino acid residues is positioned within the accepted region
on the plot. Nevertheless, only 0.4% of the amino acid residues
can be found in the generously accepted region represented by
the pale yellow color. Furthermore, a minor fraction of the
amino acid composition, specifically 0.6%, corresponding to
three residues, occupies the disallowed region highlighted in
white (Figure 6A).
Subsequently, the calculation of the z-score was executed via

protein structure analysis (ProSA)-web, providing an assess-
ment of the quality of model, as illustrated in Figure 6B. The
model displayed a z-score of −10.78, which closely resembles
the z-score of a protein with comparable amino acid
composition.31

The VERIFY3D tool assesses the compatibility between
amino acid sequence and protein crystal structure.32 The
graphical representation indicates that an approximate 97.94%
of the residues exhibits a mean 3D-1D score of greater than or
equal to 0.1 (Figure 6C). This proportion of favorable score
predicts the successful VERIFY3D validation for the α-
glucosidase model.
ERRAT is based on the fundamental principle that proteins

contain different types of atoms, and these atoms tend to
arrange themselves in a nonrandom fashion relative to one
another.33 The α-glucosidase model demonstrated a remark-
able overall quality factor of 91.115%. It has also been revealed
that the protein structure resolution lies within the range of
2.5−3 Å, as visually depicted in Figure 6D.
2.3.2. Molecular Docking. The molecular docking of the

most potent inhibitor (6d), the least potent inhibitor (6a), and
positive control (acarbose) was performed by SeeSAR version
13.0 (www.biosolveit.de/SeeSAR).34 SeeSAR incorporates
FlexX feature, which functions according to incremental

algorithm and identifies a limited number of interaction sites
within the active pocket to precisely position functional groups
of ligands.35 Therefore, subsequent to the molecular docking
different poses having varied spatial arrangements and affinity
with the active pocket were obtained for 6a, 6d, and acarbose.
The docked poses of 6a showed clashes with the amino acid
residues in the binding pocket. The binding energy of the
favorable spatially arranged pose of 6d and acarbose was −11.1
and −7.8 kcal/mol, respectively. The best spatially arranged
pose of 6d in complex with the most druggable active pocket
can be visualized in Figure 7.
2.3.3. ADME Properties. The absorption, distribution,

metabolism, and excretion (ADME) properties of 6d were
analyzed by SwissADME web tool (http://www.swissadme.
ch/index.php). The analysis revealed the druggable properties
of 6d. The molecular weight of 6d was below 500 g/mol and
contains 29 heavy atoms, 4 rotatable bonds, 5 hydrogen bond
acceptors, and none hydrogen bond donor atom. The
topological polar surface area, which is an indicator of
solubility, was 62.60 Å2. It is highly absorptive via gastro-
intestinal tract and unable to penetrate the blood−brain
barrier. In addition, no alert was observed for pan-assay
interference compounds (PAINS) and Brenk depicting the
specificity, responsiveness, and safety of 6d. Moreover, the
potent compound 6d is unable to cross the epithelium of skin
as its log Kp (skin permeation) was −4.78 cm/s.
2.3.4. Protein−Ligand Interactions. In the docking analysis,

compound 6a showed unfavorable interactions and does not
interact favorably with any residue of the active pocket of α-
glucosidase, as shown in Figure 8A. On the contrary, the most
active compound 6d interacts favorably with the binding
pocket of the target protein by developing hydrogen bonds, π-
lone pair, π-anion, π-sulfur, π-alkyl, π−π stacked, and π−π T-
shaped bonds. His348 and Arg212 are responsible for
developing conventional hydrogen bonds with the O23 of
6d. Similarly, N14 also forms conventional hydrogen bond
with Glu267 of the ligand, as shown in Figure 8. F7 and F29
donate their lone pair to the electron-deficient hydrogen atoms
of His279 and His111, respectively, to form the hydrogen
bond. In addition, Phe177 also develops π-lone pair
intermolecular interaction with F29 of 6d. The π-alkyl bonds
are attributed to the interaction of Leu218 and Ala278 with the
aromatic ring, whereas Asp214 is involved in the formation of
π-anion interaction with another aromatic ring of 6d. π−sulfur
bond is formed by the Phe300 with S10. Furthermore, Phe300
also forms two π−π T-shaped bonds; one with aromatic ring
and the other with thiazole ring of 6d. At last, Tyr71 forms
π−π stacked interaction with aromatic ring, as shown in Table
2.

3. CONCLUSIONS
In summary, a series of highly fluorinated 2-imino-1,3-
thiazolines were designed and synthesized to explore the
antidiabetic potential via targeting glucosidase enzymes. An
efficient and simple cyclization strategy was employed to
connect duly substituted thioureas with 2-bromo-1-(4-
fluorophenyl)ethan-1-one. The target compounds were
obtained in good yield and their structures were established
with FTIR and NMR spectroscopy and mass spectrometry. In
vitro biological testing against α-glucosidase and β-glucosidase
enzymes revealed the selective inhibition of α-glucosidase over
β-glucosidase. Among the screened derivatives, compound 6d,
3-fluoro-N-(3-(2-fluorophenyl)-4-(4-fluorophenyl)thiazol-

Figure 5. Predicted tertiary model of α-glucosidase formed via
modeler version 10.3.
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2(3H)-ylidene)benzamide, exhibited the highest α-glucosidase
inhibitory activity with an IC50 value of 1.47 ± 0.05 μM. This
inhibitory efficacy profile was ∼24-folds stronger than the
standard drug, acarbose (IC50 = 35.1 ± 0.14 μM).
Furthermore, computational analysis unveiled that the binding
energy of lead inhibitor 6d (−11.1 kcal/mol) exceeded the
standard inhibitor, acarbose (−7.9 kcal/mol), thus represent-
ing the presence of strong interaction and affinity of 6d with
the target. These interactions, as revealed through computa-
tional analysis, shed light on the critical role of 2-imino-1,3-
thiazoline core within these compounds in facilitating their

activity at the molecular level. Finally, the ADME properties
acquired by SwissADME web tool revealed that the most
potent inhibitor 6d displays druggable properties. Overall, the
in vitro data augmented with computational assessment make
this class of compounds as efficient alpha-glucosidase inhibitors
for the treatment of diabetes mellitus type 2.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. Melting points were

determined using a Gallenkamp melting point apparatus
(MP-D) and are uncorrected. Rf values were determined

Figure 6. Validation of the tertiary structure of α-glucosidase. (A) Ramachandran plot in which the majority of amino acids (83.9%) are present
within the highly favorable region (red color). Nevertheless, a small fraction of amino acids is found in other regions. (B) ProSA-web plot depicts
the model quality through z-score, with a higher z-score indicating higher model quality. In the case of predicted α-glucosidase model, the z-score is
−10.78. (C) Averaged 3D−1D score of α-glucosidase graphically depicted using VERIFY3D. The amino acid residues of α-glucosidase are denoted
by green dots, highlighting their aggregation within the region greater than 0.1. (D) Quality factor illustration of α-glucosidase from ERRAT reveals
that the error value peaks are below 95% on an average.
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using aluminum-precoated silica gel plates Kieselgel 60 F254
from Merck (Germany) using solvent system n-hexane/ethyl
acetate (4:1). Infrared spectra were recorded using a FTS 3000
MS, Bio-Rad Marlin (Excalibur Model) spectrophotometer. 1H
NMR spectra were obtained using a Bruker 300 MHz NMR
spectrometer in CDCl3 and (CD3)2CO solvents. Chemical
shifts are given in δ-scale (ppm). Abbreviations s, d, dd, and m
are used for singlet, doublet, double of doublet, and multiplets,
respectively. 13C NMR spectra were measured in CDCl3 and
(CD3)2CO solvents at using a Bruker NMR spectrometer at 75
MHz.
4.2. General Procedure for the Synthesis of Thiourea

Derivatives 4(a−j). Substituted benzoic acids (0.01 mol)
1(a−j) were converted to their corresponding acid chlorides
2(a−j) using thionyl chloride which were treated with
potassium thiocyanate (0.01 mol) to form corresponding
isothiocyanates 3(a−j). In the subsequent step, different
substituted anilines (0.01 mol) were reacted with isothiocya-
nates 3(a−j) to obtain the desired thioureas 4(a−j) in
moderate to good yields.
4.2.1. N-((3-Chloro-4-fluorophenyl)carbamothioyl)-3,4,5-

trimethoxybenzamide (4a). The product was obtained as an
off-white crystal, mp 112−115 °C, yield = 71%, Rf = 0.54 (n-
Hex/EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ 8.85 (s,
1H), 7.27−7.14 (m, 4H), 7.04 (t, 1H), 3.84 (s, 9H). 13C NMR
(75 MHz, CDCl3): δ 180.93, 166.87, 154.38, 152.28, 149.98,
143.74, 135.19, 128.54, 124.31 (d, J = 7.6 Hz), 121.01, 120.79,
120.24 (d, J = 6.7 Hz), 116.83, 116.62, 108.36, 60.65, 56.78.
LCMS (m/z): 398 (M+); Anal. Calcd for C17H16ClFN2O4S: C,

51.19; H, 4.04; N, 7.02; S, 8.04%. Found: C, 51.18; H, 4.03; N,
7.01; S, 8.03%.
4.2.2. 2-Chloro-N-((2-fluorophenyl)carbamothioyl)-

benzamide (4b). The product was obtained as a white crystal,
mp 142−145 °C, yield = 71%, Rf = 0.53 (n-Hex/EtOAc: 4:1).
1H NMR (300 MHz, CDCl3): δ 8.85 (s, 1H), 7.27−7.14 (m,
4H), 7.04 (t, 1H), 3.84 (s, 9H). 13C NMR (75 MHz, CDCl3):
δ 180.59, 167.42, 160.04, 157.94 (d, J = 7.6 Hz), 134.10,
131.67, 130.77, 127.82, 127.61, 127.34, 127.02, 125.72 (d, J =
3.7 Hz), 124.40, 123.93 117.25, 117.04. LCMS (m/z): 308
(M+); Anal. Calcd for C14H10ClFN2OS: C, 54.46; H, 3.26; N,
9.07; S, 10.39%. Found: C, 54.45; H, 3.25; N, 9.08; S, 10.38%.
4.2.3. 2-Fluoro-N-((2-fluorophenyl)carbamothioyl)-

benzamide (4c). The product was obtained as a creamy
solid, mp 110−112 °C, yield = 68%, Rf = 0.51 (n-Hex/EtOAc:
4:1). 1H NMR (300 MHz, CDCl3): δ 8.51 (s, 1H), 7.92 (m,
1H), 7.51−7.42 (m, 1H), 7.31−6.55 (m, 6H). 13C NMR (75
MHz, CDCl3): δ 180.59, 166.23, 162.09 (d, J = 7.6 Hz),
160.01 (d, J = 5.7 Hz), 157.94, 133.63, 128.21, 127.82, 127.61,
125.72, 124.83, 124.40, 123.93, 121.57, 121.35, 117.25, 117.04,
116.30, 116.07. LCMS (m/z): 292 (M+); Anal. Calcd for
C14H10F2N2OS: C, 57.53; H, 3.45; N, 9.58; S, 10.97%. Found:
C, 57.52; H, 3.44; N, 9.57; S, 10.96%.
4.2.4. 3-Fluoro-N-((2-fluorophenyl)carbamothioyl)-

benzamide (4d). The product was obtained as a white crystal,

Figure 7. Compound 6d docked in the active pocket of α-glucosidase
having DoGSiteScore of 0.38.

Figure 8. (A) Docking pose of 6a (yellow sticks) with the active pocket residues of α-glucosidase (green cartoon); (B) elucidation of
intermolecular interactions between 6d (reddish brown) and amino acid residues of α-glucosidase. The dotted lines indicate the intermolecular
interactions.

Table 2. Intermolecular Interactions, Interacting Atoms,
Amino Acid Residues, and Bond Lengths of Each Type of
Interaction in Compound 6d

compound binding interactions

ligand atoms
receptor
residues

interaction
types

distance
(Å)

6d F7 His279 H-bond 2.99
N14 Glu276 H-bond 3.1
O23 Arg212 H-bond 2.37
O23 His348 H-bond 2.61
F29 His111 H-bond 2.34
F29 Phe177 π-lone pair 2.89
aromatic ring Leu218 π-alkyl 4.99
aromatic ring Ala278 π-alkyl 3.82
aromatic ring Asp214 π-anion 4.10
aromatic ring Tyr71 π−π stacked 4.07
aromatic ring Phe300 π−π T shaped 4.90
thiazole ring Phe300 π−π T shaped 5.04
thiazole ring Phe300 π-sulfur 5.82
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mp 108−110 °C, yield = 73%, Rf = 0.60 (n-Hex/EtOAc: 4:1).
1H NMR (300 MHz, CDCl3): δ 8.51 (s, 1H), 7.96−7.89 (m,
1H), 7.51−7.42 (m, 1H), 7.31−6.55 (m, 6H). 13C NMR (75
MHz, CDCl3): δ 180.59, 166.23, 162.09, 160.01, 157.94,
153.33 (d, J = 157.5 Hz), 133.63, 128.21, 127.82, 127.61,
125.72, 124.83, 124.40, 123.93, 121.57, 121.35, 117.25, 117.04,
116.30, 116.07. LCMS (m/z): 292 (M+); Anal. Calcd for
C17H17FN2O4S: C, 57.53; H, 3.45; N, 9.58; S, 10.97%. Found:
C, 57.53; H, 3.44; N, 9.56; S, 10.96%.
4.2.5. N-((4-Fluorophenyl)carbamothioyl)-3,4,5-trime-

thoxybenzamide (4e). The product was obtained as a white
crystal, mp 118−120 °C, yield = 69%, Rf = 0.50 (n-Hex/
EtOAc: 4:1). 1H NMR (300 MHz, CDCl3); δ: 12.54 (s, 1H,
NH), 9.10 (s, 1H, NH), 7.67−7.63 (m, 2H, ArH), 7.21−7.08
(m, ArH), 3.95 (s, 9H, OCH3). 13C NMR (75 MHz, CDCl3):
δ 180.93, 166.87, 159.48 (d, J = 67.5 Hz), 149.98, 143.74,
135.59 (d, J = 3.7 Hz), 128.54, 122.46 (d, J = 6.7 Hz), 115.45,
115.23, 108.36, 60.65, 56.78. LCMS (m/z): 364 (M+); Anal.
Calcd for C17H17FN2O4S: C, 56.03; H, 4.70; N, 7.69; S, 8.80%.
Found: C, 56.02; H, 4.69; N, 7.68; S, 8.79%.
4.2.6. 2-Chloro-N-((4-fluorophenyl)carbamothioyl)-4-ni-

trobenzamide (4f). The product was obtained as a yellow
solid, mp 98−102 °C, yield = 65%, Rf = 0.49 (n-Hex/EtOAc:
4:1). 1H NMR (300 MHz, CDCl3): δ 7.36−7.27 (m, 2H),
7.08 (m, 4H), 3.83 (d, 9H). 13C NMR (75 MHz, CDCl3): δ
180.93, 167.42, 159.48 (d, J = 157.5 Hz), 148.60, 137.60,
135.71, 135.45, 128.08, 125.25, 122.46, 121.41, 115.34 (d, J =
16.5 Hz). LCMS (m/z): 326 (M+); Anal. Calcd for
C14H9ClF2N2OS: C, 51.46; H, 2.78; N, 8.57; S, 9.81%.
Found: C, 51.44; H, 2.77; N, 8.56; S, 9.80%.
4.2.7. 2-Chloro-N-((4-fluorophenyl)carbamothioyl)-

benzamide (4h). The product was obtained as a white solid,
mp 125−127 °C, yield = 78%, Rf = 0.52 (n-Hex/EtOAc: 4:1).
1H NMR (300 MHz, CDCl3): δ 9.27 (s, 1H), 7.71 (s, 1H),
7.44 (d, 2H), 7.32 (s, 1H), 7.27−7.23 (m, 2H), 7.11−7.05 (m,
2H). 13C NMR (75 MHz, CDCl3): δ 180.93, 167.42, 159.48
(d, J = 157.5 Hz), 135.59, 134.10, 131.67, 130.77, 127.34,
127.02, 122.46, 115.34 (d, J = 16.5 Hz). LCMS (m/z): 308
(M+); Anal. Calcd for C14H10ClFN2OS: C, 54.46; H, 3.26; N,
9.07; S,10.39%. Found: C, 54.45; H, 3.25; N, 9.06; S, 10.38%.
4.2.8. N-((3-Fluorophenyl)carbamothioyl)-3,4,5-trime-

thoxybenzamide (4i). The product was obtained as a white
crystal, mp 114−116 °C, yield = 75%, Rf = 0.55 (n-Hex/
EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ 8.14 (s, 1H),
7.33−7.24 (m, 3H), 7.03 (m, 1H), 6.87 (m, 2H), 3.82 (d, 9H).
13C NMR (75 MHz, CDCl3): δ 180.93, 166.87, 160.08 (d, J =
157.5 Hz), 149.98, 143.74, 140.08 (d, J = 7.6 Hz), 129.54 (d, J
= 6.7 Hz), 128.54, 118.44 (d, J = 3.7 Hz), 112.26, 112.05,
111.41, 111.19, 108.36, 60.65, 56.78. LCMS (m/z): 364 (M+);
Anal. Calcd for C17H17FN2O4S: C, 56.03; H, 4.70; N, 7.69; S,
8.80%. Found: C, 56.02; H, 4.69; N, 7.68; S, 8.79%.
4.2.9. N-((3-Chloro-4-fluorophenyl)carbamothioyl)-2-fluo-

robenzamide (4j). The product was obtained as a white
crystal, mp 101−105 °C, yield = 67%, Rf = 0.51 (n-Hex/
EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ 8.73 (s, 1H),
7.73 (m, 1H), 7.51−7.43 (m, 1H), 7.28 (m, 1H), 7.23−7.08
(m, 3H), 7.04 (t, 1H). 13C NMR (75 MHz, CDCl3): δ 180.93,
166.23, 161.04 (d, J = 157.5 Hz), 154.38, 152.28, 135.19 (d, J
= 3.7 Hz), 133.63 (d, J = 6.7 Hz), 128.21 (d, J = 7.6 Hz),
124.83 (d, J = 3.7 Hz), 124.31 (d, J = 7.6 Hz), 121.57, 121.35,
121.01, 120.79, 120.24 (d, J = 6.7 Hz), 116.83, 116.62, 116.30,
116.07. LCMS (m/z): 326 (M+); Anal. Calcd for

C14H9ClF2N2OS: C, 51.46; H, 2.78; N, 8.57; S, 9.81%.
Found: C, 51.47; H, 2.77; N, 8.56; S, 9.80%.
4.3. General Procedure for the Synthesis of 2-Imino-

1,3-thiazoline Derivatives 6(a−j). To a solution of
substituted thiourea (0.01 mol) 4(a−j) in absolute ethanol
(10 mL) was added 4-florophenacyl bromide (5) and mixture
refluxed for 24 h. The progress of the reaction was monitored
through TLC (eluent: 10% ethyl acetate in hexanes). Upon
completion of the reaction, the precipitated product 6(a−j)
was filtered through Whatman filter paper and washed with
water and ethanol. Finally, the compounds 6(a−j) were
recrystallized from ethanol.
4.3.1. N-(3-(3-Chloro-4-fluorophenyl)-4-(4-fluorophenyl)-

thiazol-2(3H)-ylidene)-3,4,5-trimethoxybenzamide (6a).
The product was obtained as a light yellow solid, mp 255−
257 °C, yield = 72%, Rf = 0.55 (n-Hex/EtOAc: 4:1). 1H NMR
(300 MHz, CDCl3); δ: 7.68 (s, 1H), 7.66 (s, 2H), 7.45−7.12
(m, 3H), 7.06−6.97 (m, 3H), 6.72 (s, 1H), 3.87−3.89 (s, 9H).
13C NMR (75 MHz, CDCl3): δ 173.93, 170.69, 169.60 (d, J =
96.75 Hz), 152.7, 141.15, 137.32, 134.10, 133.80, 131.42 (d, J
= 16.5 Hz), 130.88, 130.76, 128.31 (d, J = 7.5 Hz), 126.04,
116.74, 116.44 (d, J = 22.5 Hz), 116.24, 115.95, 107.76,
106.19, 60.92, 55.88. LCMS (m/z): 516 (M+); Anal. Calcd for
C25H19ClF2N2O4S: C, 58.09; H, 3.70; N, 5.42; S, 6.20%.
Found: C, 58.08; H, 3.69; N, 5.41; S, 6.19%
4.3.2. 2-Chloro-N-(3-(2-fluorophenyl)-4-(4-fluorophenyl)-

thiazol-2(3H)-ylidene)benzamide (6b). The product was
obtained as a pale yellow solid, mp 264−266 °C, yield =
75%, Rf = 0.51 (n-Hex/EtOAc: 4:1). 1H NMR (300 MHz,
CDCl3): δ 7.67 (m, 1H), 7.52−7.42 (m, 2H), 7.40−7.04 (m,
3H), 7.00−6.75 (m, 6H), 6.58 (s, 1H). 13C NMR (75 MHz,
CDCl3): δ 174.35, 173.03, 166.06, 165.80, 163.96 (d, J = 138
Hz), 163.70, 136.80 (d, J = 3.7 Hz), 136.09, 134.96, 132.74,
131.86 (d, J = 7.6 Hz), 130.65, 130.19, 128.67, 128.46, 128.05
(d, J = 7.6 Hz), 127.50, 126.61 (d, J = 3.7 Hz), 119.39, 119.16,
116.28, 116.07, 110.91. LCMS (m/z): 426 (M+); Anal. Calcd
for C22H13ClF2N2OS: C, 61.90; H, 3.07; N, 6.56; S, 7.51%.
Found: C, 61.89; H, 3.05; N, 6.50; S, 7.50%.
4.3.3. 2-Fluoro-N-(3-(2-fluorophenyl)-4-(4-fluorophenyl)-

thiazol-2(3H)-ylidene)benzamide (6c). The product was
obtained as a yellow solid, mp 204−206 °C, yield = 69%, Rf
= 0.55 (n-Hex/EtOAc: 4:1). 1H NMR (300 MHz, CDCl3); δ:
7.95 (s, 1H), 7.44−7.37 (m, 4H), 7.30−7.14 (m, 4H), 7.10−
7.02 (m, 2H), 6.99−6.94 (m, 2H), 6.7 (s, 1H). 13C NMR (75
MHz, CDCl3): δ 164.12, 161.39, 160.69, 158.95, 155.60,
137.87, 133.02, 132.90, 132.23, 131.22 (d, J = 7.5 Hz), 130.76,
130.65, 130.26, 126.04 (d, J = 30 Hz), 125.32, 125.15, 124.88,
124.78, 124.60, 124.55, 123.49, 123.43, 116.90, 116.60, 116.49,
115.84, 115.54, 107.55. LCMS (m/z): 410 (M+); Anal. Calcd
for C22H13F3N2OS: C, 64.38; H, 3.19; N, 6.83; S, 7.81%.
Found: C, 64.37; H, 3.18; N, 6.82; S, 7.80%.
4.3.4. 3-Fluoro-N-(3-(2-fluorophenyl)-4-(4-fluorophenyl)

Thiazol-2(3H)-ylidene)benzamide (6d). The product was
obtained as a pale yellow solid, 222−224 °C, yield = 65%, Rf
= 0.37 (n-Hex/EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ
7.56 (m, 1H), 7.53−7.40 (m, 2H), 7.39−7.30 (m, 2H), 7.30−
7.21 (m, 1H), 7.00−6.75 (m, 6H), 6.57 (s, 1H). 13C NMR (75
MHz, CDCl3): δ 173.68, 172.91, 166.06, 165.80, 163.97 (d, J =
152.25 Hz), 163.70, 162.62, 137.43 (d, J = 6.7 Hz), 136.80 (d,
J = 3.7 Hz), 131.86 (d, J = 7.6 Hz), 130.52, 130.07, 128.67,
128.46, 128.05, 126.61, 123.96, 119.93, 119.71, 119.39, 119.16,
118.11, 117.89, 116.28, 116.07, 110.91. LCMS (m/z): 410
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(M+); Anal. Calcd for C22H13F3N2OS: C, 64.38; H, 3.19; N,
6.83; S, 7.81%. Found: C, 64.36; H, 3.19; N, 6.81; S, 7.80%.
4.3.5. N-(3,4-Bis(4-fluorophenyl)thiazol-2(3H)-ylidene)-

3,4,5-trimethoxybenzamide (6e). The product was obtained
as a white solid, mp 212−214 °C, yield = 69%, Rf = 0.74 (n-
Hex/EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ 12.54 (s,
1H), 9.10 (s, 1H), 7.67−7.63 (m, 2H), 7.28−7.08 (m, 4H),
3.95 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 173.70, 169.50,
(d, J = 61.5 Hz), 164.17, 161.26, 160.45, 152.63, 141.07,
137.78, 133.46, 133.42, 130.82, 130.55, 126.29 (d, J = 3 Hz),
116.00, 115.93, 115.71, 115.63, 107.46, 106.28, 60.88, 55.83.
LCMS (m/z): 482 (M+); Anal. Calcd for C25HF2N2O4S: C,
62.23; H, 4.18; N, 5.81; S, 6.65%. Found: C, 62.23; H, 4.18; N,
5.81; S, 6.65%.
4.3.6. 2-Chloro-N-(3-(3-chloro-4-fluorophenyl)-4-(4-

fluorophenyl)thiazol-2(3H)-ylidene)-6-nitrobenzamide (6f).
The product was obtained as a black solid, mp 240−242 °C,
yield = 67%, Rf = 0.44 (n-Hex/EtOAc: 4:1). 1H NMR (300
MHz, CDCl3): δ 7.67 (m, 1H), 7.52−7.42 (m, 2H), 7.40−7.04
(m, 3H), 7.00−6.75 (m, 6H), 6.58 (s, 1H). 13C NMR (75
MHz, CDCl3): δ 174.35, 173.03, 164.75 (d, J = 152.5 Hz),
154.46 (d, J = 156.75 Hz), 136.80, 136.09, 134.96, 132.74,
131.86, 130.65, 130.19, 128.67, 128.46, 128.05, 127.50, 126.61,
119.27 (d, J = 17.25 Hz), 116.28, 116.07, 110.91. LCMS (m/
z): 504 (M+); Anal. Calcd for C22H11Cl2F2N3O3S: C, 52.19;
H, 2.19; N, 8.30; S, 6.33%. Found: C, 52.18; H, 2.18; N, 8.29;
S, 6.32%.
4.3.7. N-(3-(3-Chloro-4-fluorophenyl)-4-(4-fluorophenyl)-

thiazol-2(3H)-ylidene)-4-fluorobenzamide (6g). The product
was obtained as a white solid, mp 198−201 °C, yield = 66%, Rf
= 0.62 (n-Hex/EtOAc: 4:1). 1H NMR (300 MHz,
(CD3)2CO): δ 8.09 (s, 2H), 7.78 (s, 1H), 7.77−7.38 (m,
4H), 7.17−7.08 (m, 4H). 13C NMR (75 MHz, (CD3)2CO): δ
172.43, 169.96, 166.58, 164.55 (d, J = 152.3 Hz), 162.27 (d, J
= 150 Hz), 159.19, 155.89, 137.60, 134.56 (d, J = 3.75 Hz),
133.35, 133.31, 131.79, 131.68, 131.63, 131.51, 131.40, 129.80,
129.69, 126.80, 126.76, 120.53, 107.82. LCMS (m/z): 444
(M+); Anal. Calcd for C22H12ClF3N2OS: C, 59.40; H, 2.72; N,
6.30; S, 7.21%. Found: C, 59.39; H, 2.70; N, 6.29; S, 7.20%.
4.3.8. N-(3,4-Bis(4-fluorophenyl) Thiazol-2(3H)-ylidene)-2-

chlorobenzamide (6h). The product was obtained as an off-
white solid, mp 236−238 °C, yield = 63%, Rf = 0.31 (n-Hex/
EtOAc: 4:1). 1H NMR (300 MHz, CDCl3): δ 7.66 (m, 1H),
7.52−7.42 (m, 2H), 7.41−6.92 (m, 5H), 6.86 (t, 2H), 6.78 (m,
2H), 6.59 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 174.35,
170.52, 164.75 (d, J = 157.5 Hz), 161.69 (d, J = 157.5 Hz),
137.22, 136.37 (d, J = 3.7 Hz), 136.09, 134.96, 132.74, 130.37,
130.19, 129.19 (d, J = 6.7 Hz), 127.50, 116.28, 116.09 (d, J =
6.7 Hz), 115.91, 108.90. LCMS (m/z): 426 (M+); Anal. Calcd
for C22H13ClF2N2OS: C, 61.90; H, 3.07; N, 6.56; S, 7.51%.
Found: C, 61.89; H, 3.06; N, 6.55; S, 7.50%.
4.3.9. N-(3-(3-Fluorophenyl)-4-(4-fluorophenyl)thiazol-

2(3H)-ylidene)-3,4,5-trimethoxybenzamide (6i). The product
was obtained as a white solid, mp 249−251 °C, yield = 70%, Rf
= 0.53 (n-Hex/EtOAc: 4:1) 1H NMR (300 MHz, (CD3)2CO):
δ 7.52−7.42 (m, 2H), 7.41−7.39 (m, 2H), 7.29−7.23 (s, 4H),
7.16−7.10 (m, 4H), 7.05 (s, 1H), 3.77 (s, 9H). 13C NMR (75
MHz, d6-Acetone): δ 172.78, 169.25, 164.50 (d, J = 38.5 Hz),
161.22, 160.74, 160.98 (d, J = 36 Hz), 152.90, 141.29, 139.32
(d, J = 10.5 Hz), 137.49, 132.15, 130.15 (d, J = 9 Hz), 130.09,
127.03 (d, J = 3 Hz), 125.13 (d, J = 3.75 Hz), 116.62 (d, J = 24
Hz), 115.52, 115.23, 107.43, 106.30, 59.65, 55.16. LCMS (m/
z): 482 (M+); Anal. Calcd for C25H20F2N2O4S: C, 62.23; H,

4.18; N, 5.81; S, 6.65%. Found: C, 62.22; H, 4.17; N, 5.80; S,
6.64%.
4.3.10. N-(3-(3-Chloro-4-fluorophenyl)-4-(4-fluorophenyl)-

thiazol-2(3H)-ylidene)-2-fluorobenzamide (6j). The product
was obtained as a gray solid, mp 232−234 °C, yield = 66%, Rf
= 0.39 (n-Hex/EtOAc: 4:1). 1H NMR (500 MHz, CDCl3): δ
7.72 (m, 1H), 7.55−7.46 (m, 1H), 7.40−7.31 (m, 2H), 7.25−
7.17 (m, 2H), 6.97 (t, 2H), 6.88−6.78 (m, 2H), 6.73 (m, 1H),
6.59 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 170.50, 165.80,
163.70, 162.96, 160.87, 155.50, 153.41, 139.12 (d, J = 3.7 Hz),
137.22, 135.33 (d, J = 7.6 Hz), 130.52 (d, J = 6.7 Hz), 130.07
(d, J = 3.7 Hz), 129.65 (d, J = 7.6 Hz), 126.57 (d, J = 7.6 Hz),
125.91 (d, J = 6.7 Hz), 125.44, 125.34, 119.97, 119.74, 116.10
(d, J = 26.7 Hz), 115.10, 114.88, 108.90. LCMS (m/z): 444
(M+); Anal. Calcd for C22H12ClF3N2OS: C, 59.40; H, 2.72; N,
6.30; S, 7.21%. Found: C, 59.39; H, 2.71; N, 6.29; S, 7.20%.
4.4. Glucosidase Inhibition Assay. The procedure

employed for conducting α-glucosidase and β-glucosidase
inhibitory assays in 96-well plates was consistent with
established methods.14 For these assays, 0.07 M phosphate
buffer (pH 6.8) was used to make solutions containing 2.5 U/
mL α-glucosidase, 2.0 U/mL β-glucosidase, and the substrate
4-nitrophenyl-β-D-glucopyranoside (p-NPG) at a concentra-
tion of 10 mM. Additionally, test compounds were prepared (1
mM solution each) using 10% DMSO, in order to attain a final
concentration of 100 μM in every well. To initiate the assay, 10
μL of the respective enzyme was incubated with 10 μL of the
test compounds, allowing a 5 min incubation period at 37 °C.
Subsequently, 10 μL of p-NPG was introduced into each well,
and the mixture was subjected to an incubation period of 30
min at 37 °C. After incubation, 80 μL of a stop solution
containing Na2CO3 at a concentration of 200 mM was added
to each well. The measurement of absorbance was carried out
at 405 nm. The degree of inhibition exhibited by each test
compound was quantified using the following equation.
Percentage inhibition = 100 − [slope of test compound/

slope of enzyme control] × 100.
Acarbose was used as the reference drug in evaluating the

effectiveness of the test compounds against α-glucosidase and
β-glucosidase. The determination of the IC50 for each of the
test compound was accomplished using GraphPad Prism
version 10.0.
4.5. Computational Analysis. 4.5.1. Prediction and

Authentication of the Glucosidase Crystal Structure. The
generation of the three-dimensional structure of α-glucosidase
was accomplished using Modeler 10.3 homology modeling
software. This process utilized the crystal structure of S.
cerevisiae isomaltase (PDB id: 3AJ7) as a reference template.
The preparation of the model involved utilizing the FASTA
format amino acid sequence of α-glucosidase. This specific
sequence was acquired from UniProt under the access code
P53341.14 Subsequently, model quality and its stereochemical
characteristics were assessed using the Ramachandran plot,36

as sourced from PROCHECK version 3.5 (available at https://
saves.mbi.ucla.edu).37 Furthermore, the validation of the
anticipated 3D structure of α-glucosidase involved the
utilization of Verify3D,38 ERRAT,39 and ProSA-web (acces-
sible at https://prosa.services.came.sbg.ac.at/prosa.php).40

4.5.2. Molecular Docking. Following the prediction of the
tertiary structure of the target protein, α-glucosidase, the
binding affinity of the most potent inhibitor was assessed using
the FlexX functionality within SeeSAR version 13.0, accessible
at www.biosolveit.de/SeeSAR.34 The protein was first con-
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figured in the protein mode, and subsequently, the binding site
was chosen in the binding site mode. Table 3 illustrates the
binding sites in α-glucosidase with distinct colors denoting the
presence of nine vacant binding sites. Each of these binding
sites was assessed individually to investigate their affinity for
potent inhibitors. The results revealed that the first binding
site, characterized by its yellow hue, emerged as the most
favorable and promising druggable binding site.41 Subse-
quently, the highly potent inhibitor was subjected to standard
docking within the chosen binding site. The optimal
conformation was determined by assessing the lowest binding
energy of the ligand in the docked complex.42

4.5.3. ADME Analysis. SwissADME (http://www.
swissadme.ch/index.php) served as the analytical tool for
assessing the absorption, distribution, metabolism, and
excretion (ADME) properties of the most potent inhibitor.43

The evaluation not only predicts the toxicological attributes
but also offers valuable insights into its suitability as a drug
candidate and various physicochemical characteristics. The
simplified molecular-input line-entry system of the query
compound was used as the input to obtain the results.43

4.5.4. Protein−Ligand Interactions. Discovery Studio 2021
molecular visualization software was employed to scrutinize
and analyze the favorable interactions occurring between a
highly effective inhibitor and the specific amino acid residues
located within the binding pocket of the target protein.44

Various favorable interactions between proteins and ligands are
represented by dotted lines of distinct colors. These
interactions encompass hydrophobic, electrostatic, and hydro-
philic interactions. Furthermore, it is also possible to visualize
the length of these bonds.44,45
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