
Contents lists available at ScienceDirect 

Bioorganic Chemistry 

journal homepage: www.elsevier.com/locate/bioorg 

Development of diarylpentadienone analogues as alpha-glucosidase 
inhibitor: Synthesis, in vitro biological and in vivo toxicity evaluations, and 
molecular docking analysis 
Maryam Aisyah Abdullaha,1, Yu-Ri Leeb,1, Siti Nurulhuda Mastukic, Sze Wei Leongc,  
Wan Norhamidah Wan Ibrahimc,d, Muhammad Alif Mohammad Latife, Aizi Nor Mazila Ramlif,  
Mohd Fadhlizil Fasihi Mohd Aluwif, Siti Munirah Mohd Faudzia,c,⁎, Cheol-Hee Kimb,⁎ 

a Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia 
b Department of Biology, Chungnam National University, 99 Daehak-ro, Yuseong-gu, Daejeon 34134, South Korea 
c Laboratory of Natural Products, Institute of Bioscience, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia 
d Department of Biology, Faculty of Science, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia 
e Department of Chemistry, Centre of Foundation Studies for Agricultural Science, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia 
f Faculty of Industrial Sciences & Technology, Universiti Malaysia Pahang, Lebuhraya Tun Razak, Gambang, Kuantan, 26300 Pahang, Malaysia   

A R T I C L E  I N F O   

Keywords: 
Diarylpentadienones 
Sulfonamide 
α-glucosidase inhibitor 
Zebrafish 
Molecular docking 

A B S T R A C T   

A series of aminated- (1–9) and sulfonamide-containing diarylpentadienones (10–18) were synthesized, struc
turally characterized, and evaluated for their in vitro anti-diabetic potential on α-glucosidase and DPP-4 en
zymes. It was found that all the new molecules were non-associated PAINS compounds. The sulfonamide-con
taining series (compounds 10–18) selectively inhibited α-glucosidase over DPP-4, in which compound 18 
demonstrated the highest activity with an IC50 value of 5.69  ±  0.5 µM through a competitive inhibition me
chanism. Structure-activity relationship (SAR) studies concluded that the introduction of the tri
fluoromethylbenzene sulfonamide moiety was essential for the suppression of α-glucosidase. The most active 
compound 18, was then further tested for in vivo toxicities using the zebrafish animal model, with no toxic effects 
detected in the normal embryonic development, blood vessel formation, and apoptosis of zebrafish. Docking 
simulation studies were also carried out to better understand the binding interactions of compound 18 towards 
the homology modeled α -glucosidase and the human lysosomal α -glucosidase enzymes. The overall results 
suggest that the new sulfonamide-containing diarylpentadienones, compound 18, could be a promising candi
date in the search for a new α-glucosidase inhibitor, and can serve as a basis for further studies involving hit-to- 
lead optimization, in vivo efficacy and safety assessment in an animal model and mechanism of action for the 
treatment of T2DM patients.   

1. Introduction 

Diabetes mellitus or diabetes has become an increasing problem 
worldwide, both in rich and poor countries. It is a chronic and pro
gressive disease associated with elevated glucose levels in the blood and 
is known as hyperglycaemia if the condition persists over a prolonged 
period. Over time, diabetes may lead to complications such as heart 
attack, stroke, kidney failure, leg amputation, vision loss, and nerve 
damage [1]. Most diabetes patients are affected by type 2 diabetes 
mellitus (T2DM), a metabolic disorder that is often coupled with insulin 
resistance that affects the way the body metabolises its important 

source of fuel, glucose [2]. As reported by the International Diabetes 
Federation (IDF), T2DM comprises approximately 90% of all cases of 
diabetes, and to date, it is estimated that 15 million people are affected 
globally [3]. Previously, T2DM had only been diagnosed in older adults, 
but surprisingly, the current statistics show that T2DM is becoming 
more prevalent among children and adolescents due to escalating 
obesity and overweight incidences among the youth [1]. While current 
T2DM therapies involving the increase of insulin secretion have shown 
therapeutically beneficial effects, these are often accompanied by un
desirable side effects such as hypoglycaemia and weight gain. Due to 
the reported adverse side effects, most of these treatments are 
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unsatisfactory with regards to the prevention of complications and 
preservation of quality of life [4]. Thus, there is a significant medical 
need for the discovery of new and effective anti-diabetic agents for the 
treatment of T2DM. 

α-Glucosidase is an enzyme that catalyses the final steps in the di
gestion of carbohydrate; hence, α-glucosidase inhibitors could retard 
the catabolism of dietary carbohydrates to suppress postprandial hy
perglycaemia. There are arguments that α-glucosidase inhibitors such 
as acarbose (Glucobay) and miglitol (Glyset), although effective in 
decreasing the absorption of glucose by interfering with the action of α- 
glucosidases in the small intestinal mucosa, are often associated with 
abdominal bloating, diarrhoea, and flatulence [5]. α-Glucosidase in
hibitors also raise post-meal levels of glucagon-like peptide-1 (GLP-1), 
an incretin hormone secreted by the intestine following the ingestion of 
various nutrients to stimulate insulin secretion and inhibit glucagon 
release, which slows the gastric emptying process and suppresses ap
petite [6]. This means that they do not increase the likelihood of weight 
gain, unlike sulfonylureas and thiazolidinediones [7]. 

Since 2006, dipeptidyl peptidase-4 (DPP-4) inhibitors have become 
a new class of agents that are proven to be an effective treatment of 
diabetes by improving glycaemic control [8]. DPP-4 inhibitors target 
DPP-4, a serine protease enzyme which deactivates two potent stimu
lators of insulin secretion, GLP-1, and glucose-dependent insulinotropic 
polypeptide (gastric inhibitory polypeptide or GIP) [9]. Like GLP-1, GIP 
also helps to delay digestion and decrease appetite. However, both 
hormones are rapidly cleaved to their inactive forms by the enzyme 
DPP-4, thus, reducing their potency in preventing diabetes-related 
complications. Therefore, it is important to note that inhibition of DPP- 
4 is compulsory to increase levels of endogenous incretin hormones 
GLP-1 and GIP for the treatment of diabetes [10]. 

Chalcone is a small bioactive molecule composing of 1,3-diarylprop- 
2-en-1-one framework and is one of the abundant secondary metabo
lites of terrestrial plants and precursors of flavonoid biosynthesis  
[11–13,33]. These molecules have been receiving great attention by the 
scientific community due to its simple chemistry, ease of synthesis, 
diversity of substituents, safety, and a vast number of recognized bio
logical activities, including anti-obesity, anti-hypertensive and anti
diabetic activities [13–15]. Several reports even indicate that chalcones 
may inhibit the enzymes α-amylase [16–19] and α-glucosidase  
[16,20–24]. Seo et al. (2005) reported aminated series of chalcone 
exhibited greater inhibition of three glycosidase enzymes (α-glucosi
dase from baker’s yeast, α-amylase from Bacillus licheniformis and β- 
amylase from barley) over other chalcone derivatives. The α-glucosi
dase inhibitory was then improved progressively when the aminated 
series were chemically modified into sulfonamide chalcones, which 
shown 150-fold stronger suppression than acarbose [25]. 

Sulfonamide, too, has received a lot of attention and is used as an 
intermediate functional group in many therapeutic drugs [26]. Several 
synthetic pharmacological agents that consist of a sulfonamide group 
possess anti-bacterial [27], antimalarial [28], diuretic [29], anti-rheu
matic [30], and anti-retroviral properties [31]. Previous studies also 
reported that sulfonamide-containing compounds are essential for DPP- 
4 inhibitory activity [32]. 

Moreover, Rocha et al. (2019) investigated the effect of an extra 
double bond on the enone linker chain of the synthesized chalcone 
derivative, the diarylpentadienone against α-glucosidase [33]. Results 
revealed a slight improvement in the inhibitory activity of dia
rylpentadienones when compared to its chalcone derivative and the 
standard α-glucosidase inhibitor (AGI), acarbose. Recently, researchers 
have discovered diarylpentadienone analogues along with their various 
pharmacological activities, including promising anti-inflammatory 
property, significant anti-cancer effect towards leukaemia and breast 
cancer, excellent anti-microbial, anti-fungal, and anti-rhinovirus prop
erties, and as an effective antioxidant [34–39]. Despite the numerous 

bioactivities of diarylpentadienone derivatives, to the best of our 
knowledge, there is very little scientific information with regards to 
their potential as an anti-diabetic drug. 

Thus, in continuation of our endeavors toward exploration of the 
therapeutic potential and clinical implication of diarylpentadienones 
particularly as α-glucosidase and DPP-4 inhibitors, we herein report the 
design, synthesis, in vitro biological evaluation, toxicity profiling using 
zebrafish in vivo animal model, and molecular docking of a new series of 
integrated sulfonamide-containing diarylpentadienones as potential 
anti-diabetic agents for the treatment of T2DM. 

2. Results and discussions 

2.1. Pan-assay interference compounds (PAINS) and aggregator 
identification 

PAINS is defined as a substance with reactive structural cores that 
may give false-positive results in biological assays due to several me
chanisms, including protein binding interactions [40] and the forma
tion of colloidal aggregates [41]. Scientific manuscripts primarily re
porting on the activity and therapeutic utility of curcuminoids and 
chalconoids-related compounds are regularly published and has caught 
the attention of the scientific community. Chalconoids, a derivative of 
curcumin has been previously reported as a PAINS-associated class of 
compounds due to its reactive α,β-unsaturated ketone linker moiety. In 
order to avoid any misleading information, the identification of any 
PAINS-containing molecules in the newly designed bioactive candidates 
prior to the synthesis work has become a crucial step to validate that 
the function of a compound is as expected. In view of this, we input all 
18 newly designed diarylpentadienones and its derivatives into publicly 
available filter servers, FAF-Drugs4 [42] and Aggregator Advisor [43] 
for PAINS and aggregator identification, respectively. 

Based on the PAINS identification analysis, none of the newly syn
thesized molecules were PAINS-associated compounds (see Supporting 
Information). Likewise, through the in-silico aggregator prediction 
analysis, none of the compounds were similar to any known aggregator. 
However, all molecules (compounds 1–18) were predicted with a 
highly calculated LogP (3.4 to 6.7) and may be potential aggregates. 
The respective LogP range (> 3) was previously reported in many other 
aggregators [44]. 

To test this prediction, we intended to investigate aggregation in the 
identified prominent α-glucosidase inhibitor 18 (as discussed in Section 
2.3) via centrifugation counter-screen technique [45]. However, due to 
sample availability and a complex purification of 18, we, therefore, use 
its ortho-analogue 16 as the tested compound. Theoretically, this 
method induces the formation of pellets originating from aggregates, 
leaving only the monomeric compound in the post-centrifugation su
pernatants as illustrated in Fig. 1, and thus lowering the bioactivity 
when compared to pre-centrifugation tested sample [46,45]. 

As depicted in Fig. 2, the recorded α-glucosidase inhibitory activ
ities of pre- and post-centrifuged supernatants of 16 was almost com
parable with IC50 of 8.56  ±  2.3 µM and 9.92  ±  2.3 µM, respectively. 
These results herein verify that the inhibitory property of 16 did not 
attribute to the formation of the aggregates, which indirectly gave a 
hint of the non-aggregate characteristic of 18. 

In this study, we particularly would like to reinforce the importance 
of identifying artifactual aggregates as a fundamental step in experi
mental validation to avoid promiscuous inhibition that may lead to 
false-positive bioactivity [44,47–49]. This can be achieved by per
forming the computational predictions and accurate experimental 
procedures to control for aggregation in minimizing the impact of this 
important issue in drug design. Regrettably, only a few studies have 
directly addressed this issue in the published literature. 
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2.2. Chemistry 

The aminated-diarylpentadienones (1–9) were synthesized via 
Claisen-Schmidt condensation of the appropriate cinnamaldehydes and 
aminoacetophenones in the presence of a catalytic amount of NaOH. 
Further sulfonylation reaction between compounds 1–9 and p-tri
fluoromethylbenzenesulfonyl chloride to afforded sulfonamide-con
taining diarylpentadienones (10–18) is described in Scheme 1. All the 
synthesized compounds were purified by flash chromatography and 
recrystallization techniques and were structurally characterized by 
spectroscopic analyses, including the 1H and 13C NMR, Fourier 

Transform Infra-Red (FTIR), and Direct Infusion-Mass Spectrometry 
(DIMS). 

The 1H NMR spectra of all aminated-diarylpentadienone analogues 
exhibited a moderate and broad singlet at 5–7 ppm, indicative of pri
mary amine groups. The signal becomes weaker after the introduction 
of sulfonamide moiety. DIMS and FT-IR results further verify that all the 
compounds were successfully synthesized. The molecular ion peak de
tected in each DIMS spectrum was compatible with their respective 
molecular formula. For instance, the IR spectra of compounds 1–9 show 
a weak band at 3100–3300 cm−1 and a strong band at 
1500–1600 cm−1 due to the NeH and C]O stretching vibrations, re
spectively. Meanwhile, compounds 10–18 shows a weak band around 
3100–3300 cm−1 due to the NeH stretching of a secondary amine and 
1500–1600 cm−1 due to the C]O stretching vibrations. Two strong 
absorption bands were observed around 1200 and 1000 cm−1, in
dicating the asymmetric and symmetric stretching peak of the SO2 

group. 
It was observed, with the use of the Claisen-Schmidt condensation 

reaction carried out at room temperature overnight, that low amounts 
of crude aminated-diarypentadienones (1–9) were produced at ap
proximately 7% − 40% yield. Under these conditions, the possibility of 
the Cannizaro reaction taking place simultaneously was considered, 
thereby decreasing the yield of the desired product [50]. 

2.3. In vitro α-glucosidase and DPP-4 inhibition activities 

Eighteen purified diarylpentadienone derivatives (1–18) were 
firstly screened in vitro against α-glucosidase and DPP-4 enzymes at 
50 µM and 100 µM test concentrations, respectively. Based on the 
preliminary evaluation, nine compounds (10–18) were significantly 

Fig. 1. Aggregates (top panel) can be removed via centrifugation of samples. If the post-centrifugation supernatant aliquots show reduced inhibitory activity 
compared to the pre-centrifugation sample, the compound is suspected to be an aggregator. In contrast, non-aggregators (bottom panel) recorded similar bioactivity 
on pre- and post-centrifugation tested samples [45]. 

0.0 0.5 1.0 1.5
0

20

40

60

80

100

log [16]

%
 in

hi
bi

tio
n

pre-centrifugation

post-centrifugation

IC50  un-centrifuged  : 8.56 ± 2.3 µM

IC50  centrifuged  : 9.92 ± 2.0 µM

Fig. 2. Dose-response curves of 16 to determine aggregate formation using 
centrifugation counter-screen technique. 

O

CH3H2N
a

O

RH2N

S
O

O
F3C

Cl O

RHNS
O

O
F3C

1-9 10-18
b

H

O

R

Scheme 1. General synthetic step for compounds 1–18. Reagents and conditions: (a) amino-acetophenone, 6 M NaOH, EtOH, RT (overnight), (b) p-tri
fluoromethylbenzenesulfonyl chloride, pyridine, MeOH, RT (overnight). 

M.A. Abdullah, et al.   Bioorganic Chemistry 104 (2020) 104277

3



inhibited at  >  80% α-glucosidase, whereas five analogues (1, 9, 10, 
14, and 15) were shown to exhibit good suppression at  >  70% on 
DPP-4 enzyme, indicating that these new diarylpentadienones may 
potentially possess anti-diabetic properties. The IC50 values of fourteen 
bioactive compounds were further determined and were compared to 
the standard anti-diabetic drugs, acarbose and sitagliptin, respectively. 
The overall inhibitory effects of α-glucosidase and DPP-4 towards the 
aminated- and sulfonylated-diarylpentanoids (1–18) are tabulated in  
Table 1. 

The α-glucosidase bioassay was conducted using α-glucosidase from 
Bacillus stearothermophilus as the target enzyme according to the pro
tocol in optimal conditions [51,52]. Acarbose was used as a standard 
positive control in this in vitro assay for activity comparison. From the 
results obtained, the aminated-diarylpentadienones (1–9) showed 
lower percentages of α-glucosidase inhibition compared to the sulfo
namide-containing series (10–18) and were too inactive than acarbose. 
This observation might have been due to the higher basicity of the 
primary amino group of compounds 1–9, which may have reduced the 
inhibitory activity, regardless of the position of the amino moiety on 
phenyl Ring A (ortho/meta/para). 

On the other hand, it is interesting to note that the α-glucosidase 
suppression ability was enhanced significantly with the IC50 values 
ranging from 5.69 to 12.16 µM when the sulfonamide moiety was in
troduced on Ring A, regardless of the ortho, meta, and para positioning. 
The result of the α-glucosidase suppression screening showed that 
compound 18 displayed significant α-glucosidase inhibitory activity 
with IC50 values of 5.69  ±  0.5 µM in a dose-dependent manner 
(Fig. 3), however, the potency was 27-folds lower to acarbose (IC50 

value of 0.21  ±  0.1 µM). Whereas, compounds 10 
(IC50 = 6.29  ±  0.9 µM) , 11 (IC50 = 7.16  ±  1.6 µM), 12 

(IC50 = 8.63  ±  4.4 µM), 13 (IC50 = 14.04  ±  1.2 µM), 14 
(IC50 = 11.69  ±  0.9 µM), 15 (IC50 = 12.16  ±  2.1 µM), 16 
(IC50 = 8.56  ±  2.3 µM) and 17 (IC50 = 7.21  ±  0.4 µM) have pro
gressively improved the α-glucosidase inhibitory activity compared to 
their parent aminated-diarylpentadienones (compounds 1–9), which is 
further verifying the importance of the sulfonamide. The O]S = O of 
the trifluoromethylbenzene sulfonamide (p-CF3C6H4SO2) group might 
contribute to the increase in the hydrogen bonding capabilities of the 
bioactive molecules towards α-glucosidase enzyme, coupled with the 
reducing basicity of the sulfonamide moiety, which has ultimately im
proved the targeted bioactivity (the interactions will be discussed in 
detail in Section 2.5). 

Following that, we investigated the impacts of substituents with 
different electronic properties on Ring B of the sulfonamide-containing 
diarylpentadienone series, which was responsible for the varying de
grees of anti-diabetic potency. Interestingly, the lower electron density, 
p-chloro-substituted and unsubstituted phenyl on ring B compounds 
(10–12 and 16–18) demonstrated slightly higher α-glucosidase in
hibition than the p-methoxy-substituted (13, 14, and 15) analogues. It 
is therefore suggested, through this preliminary works, that the pre
sence of electron-withdrawing groups or a lower electron density 
moiety (e.g., halogens) on Ring B accompanied with the sulfonamide 
group on Ring A of diarylpentadienone scaffold are the features that 
were responsible towards significant α-glucosidase inhibition. 

In addition, we compared the effects of ortho-, meta-, and para- 
substitution of sulfonamide on the Ring A feature towards α-glucosi
dase suppression. It was apparent that the para-sulfonamide substituted 
compound 18, together with the para-chloro group on Ring B, showed 
higher inhibitory activity, whereas the ortho- and meta-sulfonamide 
substituted analogues exhibited a slightly lower yet comparable α- 

Table 1 

α-Glucosidase and DPP-4 suppression of the tested diarylpentadienone derivatives 1–18. Data are presented as mean  ±  SEM, and n = 3 .          

Compound R1 (Ring A) R2 (Ring B) α-Glucosidase#  DPP-4# 

Inhibition at 50 µM (%) aIC50 (µM)  ±  SEM  Inhibition at 100 µM (%) bIC50 (µM)  ±  SEM  

1 2-NH2 H 4.27  ±  0.2 ND  70.20  ±  2.0 26.91  ±  2.3 
2 3-NH2 H 59.60  ±  0.1 ND  26.85  ±  0.7 ND 
3 4-NH2 H 36.65  ±  0.1 ND  68.78  ±  4.2 ND 
4 2-NH2 OMe 37.21  ±  0.2 ND  68.40  ±  5.9 ND 
5 3-NH2 OMe 24.07  ±  0.1 ND  31.11  ±  10.0 ND 
6 4-NH2 OMe 24.10  ±  0.2 ND  44.48  ±  3.6 ND 
7 2-NH2 Cl 20.61  ±  0.2 ND  37.75  ±  3.2 ND 
8 3-NH2 Cl 54.02  ±  0.1 ND  46.10  ±  3.0 ND 
9 4-NH2 Cl 59.85  ±  0.1 ND  70.02  ±  1.6 79.02  ±  2.9 

10  H 95.56  ±  5.1 6.29  ±  0.9  72.76  ±  0.5 54.08  ±  4.4 
11  H 83.10  ±  1.6 7.16  ±  0.5  47.96  ±  3.9 ND 
12  H 92.61  ±  2.6 8.63  ±  4.4  48.33  ±  3.7 ND 
13  OMe 94.35  ±  3.7 14.04  ±  1.2  62.38  ±  5.0 ND 
14  OMe 96.91  ±  1.7 11.69  ±  0.9  71.52  ±  0.9 33.67  ±  0.8 
15  OMe 93.99  ±  9.1 12.16  ±  2.1  75.49  ±  2.9 17.81  ±  0.3 
16  Cl 98.80  ±  1.2 8.56  ±  2.3  66.68  ±  2.8 ND 
17  Cl 97.17  ±  3.5 7.21  ±  0.4  58.59  ±  2.2 ND 
18  Cl 99.16  ±  7.5 5.69  ±  0.5  53.46  ±  3.2 ND  

Acarbose*  97.79  ±  0.1* 0.22  ±  0.1*     
Sitagliptin**  – –  88.48  ±  3.1 0.07  ±  0.1 

ND = Compound is not determined 
* Standard drug used for α-glucosidase inhibitory assay, screened at initial concentration of 3.91 µM 
** Standard drug used for DPP-4 inhibitory assay 
a IC50 determination was conducted for compounds of  >  80% α-glucosidase inhibition 
b IC50 determination was conducted for compounds of  >  70% DPP-4 inhibition 
# The IC50 graph of the respective compounds can be found in the Supporting Information  
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glucosidase inhibition activity when Ring B was replaced with free 
phenyl and para-methoxyphenyl, respectively. These findings further 
confirmed the enhancing effect of para-substitution and the critical role 
of sulfonamide moiety in α-glucosidase inhibitory activity. 

In summary, these results revealed that the nature of substituents on 
the phenyl ring B with different sulfonamide locations on ring A of the 
newly synthesized diarylpentadienones are closely associated with the 
biological activities of α-glucosidase inhibitors. This information 
gathered through structure–activity relationships (SAR) studies could 
potentially guide future structural modifications of these sulfonylated- 
diarylpentadienones for the improvement of α-glucosidase inhibitory 
activity, as well as to identify new leads with desirable inhibitory 
properties. In this regard, para-sulfonamide (Ring A) and para-chloro 
were identified as the most important feature for α-glucosidase in
hibitory activity. 

Following the α-glucosidase in vitro assay, all the synthesized 
compounds were also assayed for DPP-4 inhibition activity to explore 
the potential of diarylpentadienones towards different target enzymes 
responsible for diabetes or T2DM. The standard drug, sitagliptin was 
used as a positive control in the respective assays. Among all the de
rivatives, compound 15 exhibited the highest activity in this series with 
IC50 values of 17.81  ±  0.3 µM. However, this compound showed 
weaker activity by  >  100 folds compared to the standard sitagliptin 
(IC50 = 0.071  ±  0.005 µM). In brief, no SAR can be summarized 
throughout this finding, it is therefore suggested, further chemical 
modifications on the structural core is needed to establish this class of 
compound as new anti-DPP-4 agents. 

2.4. Kinetic studies of 18 against α-glucosidase 

The inhibition mechanism of the most active sulfonamide analogue 
18 against α-glucosidase was deduced from the Lineweaver-Burk plot. 

The analysis was carried out by investigating the effects of inhibitors’ 
concentration (0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0 and 20.0 µM) on en
zyme activity at different concentrations of substrate (1.25, 2, 4, 10, 20 
and 30 mM). As depicted in Fig. 4, analogue 18 behaved as a compe
titive inhibitor, as the Km value increase and Vmax remained constant 
with increasing concentrations of the compound. 

2.5. In vivo toxicity test in zebrafish embryos 

In the last two decades, the zebrafish has become extensively used 
as a toxicological model, in part due to their small size, rapid external 
development, short life cycle, high reproductive rate, and simple hus
bandry requirements [53]. This in vivo model has been routinely used to 
perform rapid risk assessments and regulations in addition to the 
measurements of therapeutic activities of compounds through in vivo 
approaches as it exhibits a diverse repertoire of biological processes and 
possesses a fully integrated vertebrate organ system [54,55]. 

In order to profile the toxic effects of compound 18 that showed 
promising potential as an α-glucosidase inhibitor, we treated zebrafish 
embryos with various dosages of the compound (1, 2, 5, 10, 20, and 
40 µM) starting from 6 hpf via bath immersion. At 24 and 48 hpf, 
morphological comparisons were made between exposed embryos 
versus the control (Fig. 5) to observe any morphological deformities via 
an embryo acute toxicity test. 

As shown in Fig. 5, the treated embryos were alive after exposure to 
compound 18 at 24 hpf and 48 hpf with no signs of morphological 
deformities. Results showed that embryos treated with compound 18 
displayed similar body length, yolk extension, curve trunks, somite 
boundary, blood circulation, and pigment cell development compared 
to the control, reflecting the non-toxic properties of compound 18 up to 
40 µM. 

To further determine whether compound 18 may cause apoptosis or 
cell death at 10, 20, and 40 uM concentrations, the treated embryos 
were assessed using a vital fluorescent dye, acridine orange (AO) at 108 
hpf to mark apoptotic cells. Apoptosis is a critical component of the 
normal developmental process in multiple tissues and organ systems. 
The process of apoptotic cell death is highly conserved and follows a 
morphologically distinctive pattern. Apoptosis can be described with 
specific cellular shrinkage, membrane blebbing, nuclear condensation 
and nuclear fragmentation that commonly recognized as hallmarks of 
this type of cell death [56]. The vital dye AO staining technique has 
been commonly applied for cell death monitoring in live animals, in
cluding zebrafish. Based on the results as depicted in Fig. 6, AO-positive 
cells were clearly and broadly detected throughout the bodies of the 
DMSO vehicle- and compound 18-treated transgenic zebrafish at all 
tested concentrations. The results indicate that compound 18 has no 
negative interferences towards apoptosis in the developing zebrafish 
embryos as compared to the control. 
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Considering the conservation of the basic vascular pattern in dif
ferent vertebrates, the signaling molecules and cellular mechanisms by 
which blood vessels form have been evolutionarily conserved [57]. 
Consequently, it is possible to gain significant insights into pathological 
blood vessel formation through the study of embryonic vascular 

development in the vertebrate model system. Since blood vessel func
tion is critical for vertebrate embryonic development [58], we further 
our investigations on the toxic effects of compound 18 by using a 
transgenic line of zebrafish that specifically expresses green fluorescent 
protein (GFP) in their vascular endothelial cells, Tg(kdrl:egfp) to de
lineate the normal development of the blood vessel. The late gastrula 10 
hpf Tg(kdrl:egfp) zebrafish embryos were incubated with compound 18 
in different concentrations of 10, 20, and 40 µM for a day and examined 
at 30 hpf under a fluorescent microscope. Compound 18 treatment up 
to 40 µM revealed no adverse effects on the normal development of 
vasculature, including intersegmental vessels (ISVs), as shown in Fig. 7. 

2.6. Molecular docking studies 

In order to gain functional and structural insights into the binding 
mode of the most active analogues into their respective protein, mo
lecular docking was performed using AutoDockVina. Compound 18 was 
selected for the docking studies into the homology modeled α-gluco
sidase protein (PDB ID: 2ZE0) and human lysosomal acid α-glucosidase 
(GAA, PDB ID: 5NN8), whereas compound 15 was selected for the 
molecular interaction with DPP-4. 

Since the crystal structure of the α-glucosidase from Bacillus stear
othermophilus was unavailable at the time of writing, a homology model 
of the α-glucosidase was built according to a previously reported 
method for the molecular docking analysis. α-Glucosidase of Bacillus 
subtilis (PDB ID: 2ZE0) was chosen as the template for the respective 
homology model since it shared 98.7% identity and possesses a se
quence similarity score of 0.62 with α-glucosidase of Bacillus stear
othermophilus (Swissprot code P53341/P38158). The homologous 
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Fig. 5. Morphological features of zebrafish larvae at different developmental stages of (A) 24 hpf and (B) 48 hpf after exposure to compound 18 at various 
concentrations, 1, 2, 5, 10, 20, and 40 µM, respectively. Scale bars, 200 µm. 

Fig. 6. (A) Effects of long-term exposure (4.5 days) of compound 18 on zeb
rafish larvae at different concentrations, 10, 20 and 40 μM, respectively. (B) 
Acridine orange staining for cell death. Signals in yolk and lens are auto
fluorescence. Scale bars, 200 µm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Control 40 uM20 uM10 uM

ISV

Fig. 7. Effects of compound 18 with different concentrations (10, 20, and 40 µM) on the blood vessel development in transgenic zebrafish, Tg(kdrl:egfp) at 30 hpf. 
Vasculogenesis and angiogenesis, including intersegmental vessels (arrows), in the trunk region were normal in both the untreated control and compound 18-treated 
zebrafish. Scale bars, 200 µm. 
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protein was generated by the MODELER protocol and the optimized 
structure was further validated by the Ramachandran plot (see  
Supporting Information) obtained from RAMPAGE server. According to 
the Ramachandran plot, 95.3% of residues were found in the favored 
regions while 4.7% of residues were in the allowed regions. In addition, 
with no detection of outlier residues, the generated homology model 
was therefore deemed acceptable. 

Based on the molecular docking analysis (Fig. 8A), the sulfonamide 
moiety of compound 18 forms two strong hydrogen bonding (green 
dashed line) interactions with Tyr15 and Asn58 residues. Meanwhile, 
the phenyl moiety of Ring A was found to bond with Asp382 and 
Arg415 residues, through the additional π-cation/anion (orange dashed 
line) interactions, respectively. These findings, therefore, justify the 
important role of the extended sulfonamide-containing Ring A in 

enhancing the α-glucosidase inhibition property. On the other hand, the 
p-chloro group of the Ring B fragment displayed hydrophobic contact 
(light purple dashed line) with Tyr63, His103, and Ala200 residues on 
the active site. This observation could be used to explain the better 
performance of chlorinated compounds compared to their respective 
non-chlorinated analogues. Meanwhile, interaction mode of acarbose 
with the homology modeled bacterial α-glucosidase protein revealed 
several hydrogen-bonding interactions with the protein residues 
(Ala200, Asn324, Arg415, Asp199, Asp326, Asp382 and Ala59) in the 
active site of α-glucosidase (Fig. 8B), thereby justifying the higher α- 
glucosidase inhibitory potency than 18. All the binding interactions 
involved were tabulated in Table 2. 

Compound 1 – 17 were also docked individually into the same ac
tive pocket site of homology bacterial α-glucosidase model to rationally 

Fig. 8. 3D and 2D diagram of the binding interactions of (A) compound 18 and (B) acarbose with the active site residues of the α-glucosidase receptor. (Green line: H 
bond; orange line: π-cation/anion; purple line: π - π stacked/T-shaped; light purple: Alkyl/π-Alkyl). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 2 
Data of interactions resulting from the molecular docking of compounds 18 and acarbose into α-glucosidase.          

Compound 18 Acarbose 

Active site Interactions With Bonding distance (Å) Active site Interactions With Bonding distance (Å)  

Tyr15 H bond S]O  2.88 Ala200 H bond OeH  2.98 
Asn58 H bond S]O  2.84 Asn324 H bond OeH  2.296 
Trp434 π-alkyl/ Alkyl CF3  4.59 Arg415 H bond O  2.26  

π-π T-shaped 
π-π stacked 

Benzene (Phenyl sulfonamide)  5.20 Asp199 H bond OeH  2.21 

Tyr63 π-π T-shaped Benzene (Ring B)  4.50 Asp326 H bond OeH  2.86 
Tyr63 π-alkyl/ Alkyl Cl  5.14 Asp382 H bond OeH  2.38 
His103 π-alkyl/ Alkyl Cl  4.60  Carbon H bond CeO  2.88 
Ala200 π-alkyl/ Alkyl Cl  3.45 Ala59 H bond OeH  2.27 
Arg381 π-alkyl/ Alkyl Benzene (Phenyl sulfonamide)  5.02 Glu256 Carbon H bond CeO  3.42 
Asp382 π-cation/anion Benzene (Ring A)  3.58 Asn258 Carbon H bond CeO  3.74 
Arg415 π-cation/anion Benzene (Ring A)  4.18 Asp60 Carbon H bond CeO  3.45     

Tyr63 π-sigma CeO  3.97     
Phe144 π-alkyl CH3  4.95     
Phe163 π-alkyl CH3  4.40 
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explore their chemical space in the active sites and thus establish the 
SAR. Based on the results, it is conceivable that the multiple H-bonds 
generated through the N, O and/or F atoms of trifluoromethylbenzene 
sulfonamide moiety in coupled with the halogen (fluorine) bonds to the 
active site residues as observed in the sulfonamide-containing analo
gues (10–17) might contribute to the enhanced α-glucosidase in
hibitory properties. On the contrary, the H-bonds formed through –NH 
and C]O groups are less significant to influence the α-glucosidase in
hibition potency as exerted by 1–9, thus verifying the importance of the 
trifluoromethylbenzene sulfonamide sub-structure of the molecules. 
The selected binding interactions of 1 – 17 were summarized in Table 3, 
while the docking illustrations were compiled in Supporting 
Information. 

Additionally, compound 18 was docked on the human lysosomal 
acid α-glucosidase (GAA, PDB ID: 5NN8) active site to predict its 
binding mechanism on the human α-glucosidase enzyme (Fig. 9A). The 
catalytic site of human GAA is mainly composed of acidic (Asp404. 
Asp518, Glu521 and Asp616) and basic residues (Arg600 and His674)  
[59]. The structure of human α-glucosidase is resembling the structures 
of human glucoside hydrolase family, GH311 homologues, maltase 
glucoamylase and sucrase-isomaltase. The N-terminal trefoil type-P 

domain is linked to a domain composed of β-sheet, catalytic (β/α)8 
barrel made of two inserts β3 (insert I) and β4 (insert II), as well as the 
proximal and distal β-sheet domains located at the C-terminus. The 
substrate-binding pocket is narrow and positioned near the C-terminal 
ends of β-strands of the catalytic (β/α)8 domain and was shaped by a 
loop from the N-terminal β-sheet domain and both inserts I and II. The 
Asp518 and Asp616 residues were determined to act as the catalytic 
nucleophile and catalytic acid/base, respectively [59]. 

Results showed that 18 binds with His674 and Asp616 via H-bonds 
and the acidic residues (Asp404, Asp518 and Asp616) on the active site 
by halogen (fluorine) and π-anion interactions. Moreover, Trp481, 
Trp516, Phe649 and His674 interacts hydrophobically to the tri
fluoromethylbenzene sulfonamide moiety, in which further confirming 
the critical role of the extended sulfonamide-containing Ring A frag
ment in eliciting the α-glucosidase inhibitor potency of 18. For com
parison, the standard drug acarbose was docked into the same active 
site of this crystal. The multiple numbers of H-bonds formed between 
acarbose with the Asp518, Asp616 and Arg600 residues of the GAA 
active site, thus suggested a higher α-glucosidase inhibition activity 
compared to 18. The binding interaction of compounds 18 and acar
bose in the active site of human GAA are shown in Table 4. 

Considering a multiple interactions between 18 and important re
sidues in the active sites of human α-glucosidase, this bioactive ana
logue 18 deserved further biological investigation with regards of its 
potency on the expression of multiple human α-glucosidases including 
lysosomal GAA, ER-localised GANAB and intestinal maltase-glucoa
mylase (MGAM) towards the development of promising drug candi
dates for the treatment of T2DM. 

Our study also focused on understanding the binding mode of dia
rylpentadienone moiety, and to investigate the necessary interactions 
required for DPP-4 inhibition. With the collected in vitro results in hand, 
the most active compound 15 was further subjected to a molecular 
docking study to explicate key molecular interactions. To begin, the 
protein structure of DPP-4 (PDB ID: 5T4B) was retrieved from the 
Brookhaven Protein Data Bank (PDB). 

The DPP-4 enzyme consists of two domains, an eight-stranded β- 
propeller domain at the N-terminus and an α/β-hydrolase domain at 
the C-terminus. The X-ray crystal study of various inhibitors in complex 
with DPP-4 revealed that the binding site of DPP-4 mainly comprises of 
three parts: an S1 pocket, the N-terminal recognition region, and an S2 
pocket. The S1 hydrophobic pocket consisted of residues Tyr631, 
Val656, Trp659, Tyr662, Tyr666, and Val711 adjacent to the catalytic 
triad of the active site. The active site is positioned in the hydrolase 
domain and comprised of catalytic triad residues Ser630, Asp708, and 
His740. The N-terminal recognition region is formed by Glu205, 
Glu206, and Tyr662, while the hydrophobic S2 pocket, which is larger 
compared with S1, is surrounded by residues Phe357, Arg358, Ser209, 
and Tyr666. 

Fig. 10 illustrates the molecular interactions of compound 15 with 
DPP-4. It has been found that the oxygen of the carbonyl group present 
on the bridge of the diarypentadienone forms a carbon-hydrogen bond 
with Ser630, a vital residue for the N-terminal recognition site. The 
secondary amino group present on Ring A protrudes towards the Ser630 
and Tyr631 of the S1 pocket by creating a hydrogen bond with the 
neighboring Tyr547. All other interactions are tabulated in Table 5. 

2.7. Conclusion 

In conclusion, a new series of non-PAINS associated diarylpenta
dienone derivatives (1–18) were successfully synthesized and have 
shown their potential as effective and selective anti-diabetic promising 
molecules against α-glucosidase through in vitro experimental evidence. 
The significance of p-sulfonamide-diarylpentadienones with haloge
nated (-Cl) phenyl (Ring B) of compound 18 was demonstrated to 
possess remarkable α-glucosidase inhibition activities with an IC50 

value of 5.69  ±  0.7 µM through competitive mode. Furthermore, 

Table 3 
Data of selected interactions resulting from the molecular docking of com
pounds 1–17 into α-glucosidase.        

Compounds IC50 (µM) Protein-ligand interactions 

Ligand Receptors Interaction Bonding 
distance 
(Å)  

1 ND C]O Arg415 H bond  2.45 
2 ND C]O Arg415 H bond  2.46 
3 ND – – –  – 
4 ND –NH Asp382 H bond  2.00 
5 ND C of 

–OCH3 

Glu256 Carbon H bond  3.34 

6 ND C]O His103 H bond  2.70 
C]O Gln167 H bond  2.04 
NeH Glu256 H bond  2.07 

7 ND NeH Asp382 H bond  2.04 
8 ND NeH Asn58 H bond  2.00 

NeH Asn58 H bond  2.65 
9 ND NeH Asp382 H bond  2.34 

NeH Asp382 H bond  2.66 
10 6.29  ±  0.9 S]O Arg415 H bond  1.98 

S]O Asn61 H bond  3.06 
F of -CF3 Trp434 π-alkyl/ Alkyl  4.90 

11 7.16  ±  0.5 F of -CF3 Gln167 H bond  2.65 
NeH Asn258 H bond  2.69 

12 8.63  ±  4.4 S]O Arg415 H bond  2.49 
S]O Arg415 H bond  2.73 
F of -CF3 Trp434 π-alkyl/ Alkyl  5.19 

13 14.04  ±  1.2 NeH Asn258 H bond  2.20 
F of -CF3 Gln167 Halogen (F)  3.18 
F of -CF3 Gln167 Halogen (F)  3.16 

14 11.69  ±  0.9 F of -CF3 Gln167 H bond  2.49 
S]O Arg197 H bond  2.80 
NeH Asp326 H bond  2.35 
F of -CF3 Asp60 Halogen (F)  3.43 
F of -CF3 Glu256 π-anion  4.91 

15 12.16  ±  2.1 S]O Tyr15 H bond  2.92 
S]O Arg415 H bond  2.52 
C of 
–OCH3 

Glu256 Carbon H bond  3.61 

16 8.56  ±  2.3 NeH Asn258 H bond  2.07 
F of -CF3 Gln167 Halogen (F)  3.16 
F of -CF3 Gln167 Halogen (F)  3.19 

17 7.21  ±  0.4 F of -CF3 Gln167 H bond  2.49 
S]O Arg197 H bond  2.80 
NeH Asp326 H bond  2.46 
F of -CF3 Asp60 Halogen (F)  3.23    
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compound 18 recorded no signs of toxicity, particularly on the normal 
embryonic development, blood vessel formation and apoptosis of zeb
rafish in vivo model. Overall, these results suggest that compound 18 
could be a promising candidate towards the discovery of a new anti- 
diabetic agent and can serve as a basis for further studies involving the 
in vivo efficacy and safety assessment in the animal models. 

3. Experimental section 

3.1. PAINS and aggregator filtration 

3.1.1. In-silico PAINS identification 
All chemical structures of the diarylpentadienones series and its 

derivatives were drawn using ChemDraw Ultra 12.0 and subsequently 

converted to SMILES (Simplified Molecular Input Line Entry System) 
format. The SMILES formulas were then converted into Symyx SDF 
(Spatial Data File) file format as recommended by the FAF-Drugs4 Bank 
Formatter (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal. 
py#forms::Bank-Formatter), before automatically redirected as the 
input file into the FAF-Drugs4 server (http://mobyle.rpbs.univ-paris- 
diderot.fr/cgi-bin/portal.py#forms::FAF-Drugs4) for the filtration of 
PAINS using PAINS filter A, B, and C [42]. The generated results are 
available at the following address (http://mobyle.rpbs.univ-paris- 
diderot.fr/cgi-bin/portal.py?form=admetox#jobs::FAF-Drugs4. 
T05472492539883). 

3.1.2. In-silico aggregator identification 
The SMILES file containing the synthesized molecules generated 

Fig. 9. 3D and 2D diagram of the binding interactions of (A) compound 18 and (B) acarbose on the human lysosomal α-glucosidase receptor. (Green line: H bond; 
orange line: π-cation/anion; purple line: π- π stacked/T-shaped; light purple: Alkyl/π-Alkyl; cyan line: Halogen (Fluorine); yellow line: π-Sulfur). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Data of interactions resulting from the molecular docking of compounds 18 and acarbose into human lysosomal α-glucosidase.          

Compound 18 Acarbose 

Active site Interactions With Bonding distance (Å) Active site Interactions With Bonding distance (Å)  

His674 H bond F  2.11 Arg600 H Bond OeH  1.92 
Asp616 H bond NeH  2.07 Met519 H Bond OeH  2.26 
Asp404 Halogen (fluorine) F  3.70 Asp282 H Bond OeH  2.25 
Asp518 Halogen (fluorine) F  3.54  Carbon H Bond CeH  2.61 
Asp616 π-anion Benzene (Phenyl sulfonamide)  3.82  Carbon H Bond CeH  2.71 
Trp481 π-sulfur S  5.40 Asp616 H Bond OeH  1.94 
Trp481 π-π T-shaped Benzene (Phenyl sulfonamide)  5.53  Carbon H Bond CeH  3.10 
Trp516 π-alkyl CF3  5.10  Carbon H Bond CeH  2.62 
Phe649 π-alkyl CF3  5.25 Asp518 Carbon H Bond CeH  2.70 
His674 π-alkyl CF3  5.37 Asp616 Carbon H Bond CeH  2.29 
Ala284 π-alkyl Benzene (Ring A)  5.08 Trp481 π-alkyl CH3  4.40 
Leu650 π-alkyl Benzene (Ring A)  5.50     
Leu678 π-alkyl Benzene (Ring B)  5.28        
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from the in-silico PAINS analysis was input into the Aggregator Advisor 
server (http://advisor.bkslab.org/) for the identification of potential 
aggregators [51]. 

3.2. Material and equipment 

All chemicals and reagents were purchased from Merck and Sigma 
Aldrich. The solvents used in the spectroscopic measurements were of 
spectroscopic grade. The reaction mixtures were extracted with suitable 
organic solvents, dried over anhydrous magnesium sulphate, and con
centrated by a rotatory evaporator. The progress of the reaction was 
monitored via thin layer chromatography using aluminium TLC sheets 
of silica gel 60 f254 (layer thickness 0.2 mm) from Merck. 
Subsequently, the purification was performed via gravitational column 
chromatography using Merck silica gel 60 PF254 No. 7734 (mesh 
70–230) and Merck silica gel 60 PF254 No. 9835 (mesh 230–400). Mass 
spectra were recorded using a GCMS-QP5050A (Shimadzu, Kyoto, 
Japan) Mass Spectrometer. 1H and 13C NMR spectra were measured in 
CDCl3 (unless otherwise indicated) on a Varian 500 MHz NMR 
Spectrometer (Varian Inc., California, USA). Chemical shifts were re
ported in δ (ppm) values relative to the standard tetramethylsilane 
(TMS), while the melting points were determined using a Fisher-Johns 
melting point apparatus. 

3.3. General procedure for the synthesis of aminated-diarylpentadienone 
(1–9) 

In cold conditions, 2 mmol of aminoacetophenones were first dis
solved in 10 ml of ethanol prior to the drop-wise addition of 1 ml 6 M 
NaOH aqueous solution. The mixed solution was stirred until 

homogenous, before the addition of 2.2 mmol cinnamaldehyde into the 
resultant mixture and was left to stir overnight. The general reaction is 
depicted in a synthetic pathway in Scheme 1. After the reaction was 
completed and verified by TLC, crushed ice was added into the reaction 
flask and was slowly stirred to quench the reaction. Following that, the 
resultant reaction mixture was extracted with ethyl acetate (10 ml × 3 
times) before further washing with brine. The organic layer was col
lected, filtered over anhydrous magnesium sulphate (MgSO4), and dried 
by rotary evaporator to yield the crude products (1–9). 

3.3.1. 1-(2-Aminophenyl)-5-phenylpenta-2,4-dien-1-one (1) 
Orange solid; 7% crude; mp 79-80˚C; IR (UATR) 3448, 3352 (NH), 

1562 (C]O), 1448 (C]C) cm−1; 1H NMR (500 MHz, acetone‑d6): 
δ = 6.62 (ddd, J = 8.3, 6.8, 1.5 Hz, 1H, Ar-CH), 6.83 (d, J = 8.3 Hz, 
1H, Ar-CH), 7.12 (d, J = 15.8 Hz, 1H, CH = CH-Ar), 7.24 (d, 
J = 10.7 Hz, 1H, Ar-CH), 7.27 (dd, J = 15.8, 7.7 Hz, 1H, CH = CH-Ar), 
7.34 (t, J = 7.3 Hz, 1H, Ar-CH), 7.40 (d, J = 7.0, 2H, 2 × Ar-CH), 7.43 
(d, J = 14.6 Hz, 1H, COCH = CH), 7.53 (dd, J = 14.6, 10.7 Hz, 1H, 
COCH = CH), 7.61 (d, J = 7.5 Hz, 2H, 2 × Ar-CH), 7.90 (dd, J = 8.0, 
1.1 Hz, 1H, Ar-CH). 13C NMR (126 MHz, acetone‑d6): δ = 114.8, 116.9, 
117.07, 126.8, 127.1 (2 × Ar-CH), 127.5, 128.7 (2 × Ar-CH), 130.7, 
133.9, 136.6, 140.1, 142.36, 190.65; HRMS (ESI): m/z calcd for 
C17H15ON-H-: 248.0790 [M−H]-; found: 248.0788. 

3.3.2. 1-(3-Aminophenyl)-5-phenylpenta-2,4-dien-1-one (2) 
Yellow solid; 40% crude; mp 142-143˚C; IR (UATR) 3358 (NH), 

1572 (C]O), 1275 (C]C) cm−1, 1H NMR (500 MHz, acetone‑d6): 
δ = 4.93 (s, 2H, NH2), 6.92 (d, J = 7.4 Hz, 1H, Ar-CH), 7.17 (app. t, 
J = 15.9 Hz, 1H, CH = CH-Ar), 7.21 (d, J = 7.0 Hz, 1H, Ar-CH), 7.22 
(d, J = 8.6 Hz, 1H, Ar-CH), 7.25 (d, J = 14.6 Hz, 1H, COCH = CH), 
7.26 (d, J = 15.9 Hz, 1H, CH = CH-Ar), 7.32 (s,1H), 7.35 (d, 
J = 7.1 Hz, 1H, Ar-CH), 7.40 (d, J = 7.4 Hz, 1H, Ar-CH), 7.41 (t, 
J = 7.4 Hz, 1H, Ar-CH), 7.54 (dd, J = 14.8, 1H, COCH = CH), 7.61 (d, 
J = 7.5 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, acetone‑d6): 
δ = 113.1, 116.8, 118.7, 125.9 (2 × Ar-CH), 127.3, 127.4, 128.9 
(2 × Ar-CH), 129.1, 129.2, 136.6, 139.2, 141.1, 143.7; HRMS (ESI): m/ 
z calcd for C17H15ON-H-: 248.0790 [M−H]-; found: 248.0786. 

3.3.3. 1-(4-Aminophenyl)-5-phenylpenta-2,4-dien-1-one (3) 
Yellow solid; 57% crude; mp 194-195˚C; IR (UATR) 3331, 3206 

(NH), 1561 (C]O), 1256 (C]C) cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 5.56 (s, 2H, NH2), 6.74 (d, J = 7.5 Hz, 2H, 2 × Ar-CH), 
7.09 (d, J = 15.6 Hz, 1H, CH = CH-Ar), 7.22 (dd, J = 15.6, 10.9 Hz, 
1H, CH = CH-Ar), 7.33 (d, J = 14.7 Hz, 1H, COCH = CH), 7.34 (d, 
J = 7.4 Hz, 1H, Ar-CH), 7.40 (t, J = 7.5 Hz, 2H, 2 × Ar-CH), 7.50 (dd, 
J = 14.7, 10.9 Hz, 1H, COCH = CH), 7.59 (d, J = 7.5 Hz, 2H, 2 × Ar- 
CH), 7.88 (d, J = 5.6 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, 

Fig. 10. 3D and 2D diagram of the binding interactions of compound 15 with the active site residues of the DPP-4 receptor. (Green line: H bond; light blue line: 
Carbon/ π-donor H bond; purple line: π-π stacked/T-shaped; light purple: Alkyl/π-Alkyl). 

Table 5 
Data of interactions resulting from the molecular docking of compounds 15 
with DPP-4 active sites.      

Active site Interactions With Bonding distance 
(Å)  

Ser630 H bond carbonyl 3.55 
Trp629 π donor H bond carbonyl 3.57 
Tyr666 π donor H bond 

Carbon H bond 
Benzene (Phenyl 
sulfonamide) 
CF3 

3.91 
4.03 

Tyr547 π-π stacked Benzene (Ring A) 5.40  
H bond Amine 2.63  
H bond S]O 2.92 

Val656 π-alkyl / Alkyl CF3 4.80 
Tyr662 π-alkyl / Alkyl CF3 4.03 
Tyr631 π-alkyl / Alkyl CF3 5.38 
Trp659 π-alkyl / Alkyl CF3 5.28 
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acetone‑d6): δ = 113.0, 113.1, 125.9, 126.9, 127.0 (2 × Ar-CH), 127.6, 
128.7, 128.8 (2 × Ar-CH), 130.6 (2 × Ar-CH), 136.6, 139.8, 141.8, 
153.3, 186.2; HRMS (ESI): m/z calcd for C17H15ON-H-: 248.0790 
[M−H]-; found: 248.0788. 

3.3.4. 1-(2-Aminophenyl)-5-(4-methoxyphenyl)penta-2,4-dien-1-one (4) 
Yellow solid; 10% crude; mp 95-96˚C; IR (UATR) 3297 (NH, str.), 

2918 (sp3 CH, str.) 1538 (C]O, str.), 1349 (C]C, str.) cm−1; 1H NMR 
(500 MHz, CDCl3): δ = 3.84 (s, 3H, CH3), 6.30 (s, 2H, NH2), 6.67 (d, 
J = 7.1 Hz, 1H, Ar-CH), 6.68 (d, J = 8.4 Hz, 1H, Ar-CH), 6.91 (td, 
J = 9.2, 1.7 Hz, 1H, Ar-CH), 6.91 (d, J = 15.3 Hz, 1H, CH = CH-Ar), 
6.92 (d, J = 8.9 Hz, 1H, Ar-CH), 6.93 (app. t, J = 15.3 Hz, 1H, 
CH = CH-Ar), 7.14 (d, J = 14.7 Hz, 1H, COCH = CH), 7.28 (d, 
J = 7.4 Hz, 1H, Ar-CH), 7.44 (d, J = 8.6 Hz, 2H, 2 × Ar-CH), 7.53 (dd, 
J = 14.7, 9.4 Hz, 1H, COCH = CH), 7.79 (d, J = 8.0 Hz, 1H, Ar- 
CH);13C NMR (126 MHz, CDCl3): δ = 55.2, 114.2 (2 × Ar-CH), 115.8, 
117.2, 119.2, 125.1, 125.3, 128.6 (2 × Ar-CH), 129.1, 130.8, 134.0, 
140.6, 143.6, 150.8, 160.3, 191.8; HRMS (ESI): m/z calcd for 
C18H17NO2-H-: 278.0800 [M−H]-; found: 278.0788. 

3.3.5. 1-(3-Aminophenyl)-5-(4-methoxyphenyl)penta-2,4-dien-1-one (5) 
Orange solid; 23% crude; mp 151-152˚C; IR (UATR) 3448, 3352 

(NH, str.), 2925 (sp3 CH, str.) 1562 (C]O, str.), 1448 (C]C, str.) cm−1;  
1H NMR (500 MHz, acetone‑d6): δ = 3.91 (s, 3H, CH3), 4.98 (s, 2H, 
NH2), 6.98 (d, J = 7.8 Hz, 1H, Ar-CH), 7.04 (d, J = 8.6 Hz, 2H, 2 × Ar- 
CH), 7.17 (d, J = 6.6 Hz, 1H, Ar-CH), 7.24 (d, J = 14.8 Hz, 1H, 
COCH = CH), 7.28 (d, J = 16.5 Hz, 1H, CH = CH-Ar), 7.31 (dd, 
J = 16.5, 10.3 Hz, 1H, CH = CH-Ar), 7.38 (s, 1H, Ar-CH), 7.59 (dd, 
J = 14.8, 10.3, 1H, COCH = CH), 7.64 (d, J = 8.6 Hz, 2H, 2 × Ar-CH);  
13C NMR (126 MHz, acetone‑d6): δ = 55.0, 113.5, 114.5 (2 × Ar-CH), 
116.8, 118.6, 124.8, 125.3 (2 × Ar-CH), 128.9, 129.3, 129.4, 139.6, 
141.2, 144.3, 148.9, 160.9, 189.5; HRMS (ESI): m/z calcd for 
C18H17NO2-H-: 278.0800 [M−H]-; found: 278.0808. 

3.3.6. 1-(4-Aminophenyl)-5-(4-methoxyphenyl)penta-2,4-dien-1-one (6) 
Yellow solid; 40% crude; mp 98-99˚C; IR (UATR) 3331, 3206 (NH, 

str.), 2921 (sp3 CH, str.) 1561 (C]O, str.), 1256 (C]C, str.) cm−1; 1H 
NMR (500 MHz, acetone‑d6): δ = 3.83 (s, 3H, CH3), 5.53 (s, 2H, NH2), 
6.73 (d, J = 8.4 Hz, 2H, 2 × Ar-CH), 6.96 (d, J = 8.5 Hz, 2H, 2 × Ar- 
CH), 7.06 (d, J = 14.6 Hz, 1H, COCH = CH), 7.07 (dd, J = 15.6, 
9.5 Hz, 1H, CH = CH-Ar), 7.26 (d, J = 15.6 Hz, 1H, CH = CH-Ar), 7.49 
(dd, J = 14.6, 9.5 Hz, 1H, COCH = CH), 7.54 (d, J = 8.5 Hz, 2H, 
2 × Ar-CH), 7.86 (d, J = 8.4 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, 
acetone‑d6): δ = 54.7, 113.1 (2 × Ar-CH), 114.2 (2 × Ar-CH), 124.6, 
125.3, 127.0, 128.5 (2 × Ar-CH), 129.3, 130.5 (2 × Ar-CH), 139.8, 
142.4, 153.2, 160.4, 186.2; HRMS (ESI): m/z calcd for C18H17NO2-H-: 
278.0800 [M−H]-; found: 278.0785. 

3.3.7. 1-(2-Aminophenyl)-5-(4-chlorophenyl)penta-2,4-dien-1-one (7) 
Yellow solid; 28% crude; mp 109-110˚C; IR (UATR) 3302 (NH, str.), 

1617 (C]C, str.) 1564 (C]O, str.), cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 6.61 (t, 1H, Ar-CH), 6.83 (d, J = 8.3 Hz, 1H, Ar-CH), 7.11 
(s, 2H, NH2), 7.11 (d, J = 15.6 Hz, 1H, CH = CH-Ar), 7.27 (app. t, 
J = 6.8 1H, Ar-CH), 7.27 (dd, J = 15.6, 10.5 Hz, 1H, CH = CH-Ar), 
7.43 (d, J = 8.5 Hz, 2H, 2 × Ar-CH), 7.47 (d, J = 14.7 Hz, 1H, 
COCH = CH), 7.50 (dd, J = 14.7, 10.5 Hz, 1H, COCH = CH), 7.63 (dd, 
J = 1.00 Hz, 2H, 2 × Ar-CH), 7.88 (d, J = 8.1 Hz, 1H, Ar-CH); 13C 
NMR (126 MHz, acetone‑d6): δ = 114.7, 117.0, 118.2, 127.3, 128.3, 
128.5 (2 × Ar-CH), 128.9 (2 × Ar-CH), 130.7, 133.8, 134.0, 135.5, 
138.4, 141.9, 152.1, 190.6; HRMS (ESI): m/z calcd for C17H14ClNO-H-: 
282.0610 [M−H]-; found: 282.0607. 

3.3.8. 1-(3-Aminophenyl)-5-(4-chlorophenyl)penta-2,4-dien-1-one (8) 
Yellow solid; 31% crude; mp 132-133˚C; IR (UATR) 3350 (NH, str.), 

1564 (C]O, str.), 1488 (C]C, str.) cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 4.92 (s, 2H, NH2), 6.92 (ddd, J = 7.8, 2.3, 1.0 Hz, 1H, Ar- 

CH), 7.18 (d, J = 15.8 Hz, 1H, CH = CH-Ar), 7.23 (d, 15.0, 1H, 
COCH = CH), 7.23 (app. d, 1H), 7.24 (dd, 15.8, 10.8, CH = CH-Ar), 
7.25 (d, J = 5.5, 1H, Ar-CH), 7.31 (s, 1H, Ar-CH), 7.44 (d, J = 8.5 Hz, 
2H, 2 × Ar-CH), 7.54 (dd, J = 15.0, 10.8 Hz, 1H, COCH = CH), 7.63 
(d, J = 8.5 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, acetone‑d6): 
δ = 113.3, 116.7, 118.6, 126.4, 128.1, 128.7 (2 × Ar-CH), 128.9 
(2 × Ar-CH), 129.1, 134.0, 135.3, 139.1, 139.4, 143.2, 148.9, 189.4; 
HRMS (ESI): m/z calcd for C17H14ClNO-H-: 282.0610 [M−H]-; found: 
282.0613. 

3.3.9. 1-(4-Aminophenyl)-5-(4-chlorophenyl)penta-2,4-dien-1-one (9) 
Yellow solid; 12% crude; mp 145-146˚C; IR (UATR) 3352 (NH, str.), 

1571 (C]O, str.), 1260 (C]C, str.) cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 5.53 (d, J = 7.2 Hz, 2H, NH2), 6.73 (d, J = 8.4 Hz, 2H, 
2 × Ar-H), 7.15 (d, J = 15.6 Hz, 1H, CH = CH-Ar), 7.30 (dd, J = 15.6, 
11.0 Hz, 1H, CH = CH-Ar), 7.40 (d, J = 14.8 Hz, 1H, COCH = CH), 
7.49 (d, J = 8.3 Hz, 2H, 2 × Ar-H), 7.54 (dd, J = 14.8, 11.0 Hz, 1H, 
COCH = CH), 7.68 (d, J = 8.3 Hz, 2H, 2 × Ar-H), 7.92 (d, J = 8.4 Hz, 
2H, 2 × Ar-H); 13C NMR (126 MHz, acetone‑d6): δ = 113.1, 113.2, 
126.5, 128.3, 128.5, 128.6 (2 × Ar-CH), 128.9 (2 × Ar-CH), 130.7 
(2 × Ar-CH), 133.8, 135.6, 138.2, 141.5, 145.7, 186.2; HRMS (ESI): m/ 
z calcd for C17H14ClNO-H-: 282.0610 [M−H]-; found: 282.0606. 

3.4. General procedure for the synthesis of sulfonylated-diarylpentadienone 
(10–18) 

The sulfonamide-containing diarylpentadienones (10–18) were 
synthesized via condensation of equimolar quantity of 4-tri
fluoromethylbenzenesulfonyl chloride and aminated-diarypentadie
none (1–9) in methanol (5 ml) prior to the addition of pyridine as a 
catalyst (3–5 drops) once the homogenous mixture was obtained. The 
reaction mixture was left to stir for 24 h at room temperature and 
monitored with TLC to complete reaction. Ten mL of water was then 
poured to the reaction mixture to quench the reaction and the solid 
products were collected, while extraction with ethyl acetate was carried 
out for the non-precipitated mixture. The obtained products were 
combined and subjected to column chromatography before further re
crystallization to yield a purified end-product. 

3.4.1. N-[2-(5-phenylpenta-2,4-dienoyl)phenyl]-4- 
trifluoromethylbenzenesulfonamide (10) 

Pale yellow solid; 8% crude; mp 105-106˚C; IR (UATR) 1622 (C]O, 
str.), 1560 (C]C, str.), 1230 (S]O, assym.), 1144 (S]O, symm.) 
cm−1; 1H NMR (500 MHz, CDCl3): δ = 6.90 (d, J = 15.0 Hz, 1H, 
COCH = CH), 6.96 (dd, J = 15.5, 10.6 Hz, 1H, CH = CH-Ar), 7.06 (d, 
J = 15.5 Hz, 1H, CH = CH-Ar), 7.17 (t, J = 7.6 Hz, 1H, Ar-CH), 7.38 
(dd, J = 15.0, 10.6 Hz, 1H, COCH = CH), 7.39 (d, J = 7.4 Hz, 2H, 
2 × Ar-CH), 7.50 (t, J = 7.4 Hz, 1H), 7.52 (app. m, 3H), 7.66 (d, 
J = 8.1 Hz, 2H, 2 × Ar-CH), 7.74 (d, J = 8.2 Hz, 1H, Ar-CH), 7.80 (d, 
J = 7.8 Hz, 1H, Ar-CH), 7.92 (d, J = 8.1 Hz, 2H, 2 × Ar-CH), 11.38 (s, 
1H, NH); 13C NMR (126 MHz, acetone‑d6): δ = 118.6, 120.3, 123.4, 
123.9, 124.8, 125.3, 126.8, 127.4 (2 × Ar-CH), 128.0 (2 × Ar-CH), 
128.1, 128.9 (2 × Ar-CH), 129.4 , 131.1, 132.8, 134.5, 135.0, 136.2, 
139.2, 143.1, 146.4, 192.9; HRMS (ESI): m/z calcd for C24H18F3NO3S- 
H-: 456.0190 [M−H]-; found: 456.0188. 

3.4.2. N-[3-(5-phenylpenta-2,4-dienoyl)phenyl]-4- 
trifluoromethylbenzenesulfonamide (11) 

Pale yellow solid; 22% crude; mp 145-146˚C; IR (UATR) 3358 (NH, 
str.), 1572 (C]O, str.), 1275 (C]C, str.), 1145 (S]O, assym.), 998 
(S]O, symm.) cm−1; 1H NMR (500 MHz, acetone‑d6): δ = 7.19 (d, 
J = 15.5 Hz, 1H, CH = CH-Ar), 7.22 (d, J = 14.5 Hz, 1H, 
COCH = CH), 7.25 (dd, J = 15.5, 10.2 Hz, 1H, CH = CH-Ar), 7.36 (t, 
J = 7.3 Hz, 1H, Ar-CH), 7.41 (d, J = 7.7 Hz, 1H, Ar-CH), 7.42 (d, 
J = 7.1 Hz, 1H, Ar-CH), 7.47 (d, J = 6.9 Hz, 1H, Ar-CH), 7.48 (app. t, 
J = 8.0, 1H, Ar-CH), 7.56 (dd, J = 14.9, 10.2 Hz, 1H, COCH = CH), 
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7.62 (d, J = 7.4 Hz, 2H, 2 × Ar-CH), 7.79 (dt, J = 6.5, 1.8 Hz, 1H, Ar- 
CH), 7.88 (d, J = 2.0 Hz, 1H, Ar-CH), 7.93 (d, J = 8.4 Hz, 2H, 2 × Ar- 
CH), 8.06 (d, J = 8.3 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, acet
one‑d6): δ = 120.4, 124.7, 124.9, 125.0, 126.3, 126.4, 127.1, 127.3 
(2 × Ar-CH), 127.9 (2 × Ar-CH), 128.8 (2 × Ar-CH), 129.2, 129.7, 
133.5, 133.8, 136.3, 137.8, 139.3, 141.9, 143.5, 144.7, 188.3; HRMS 
(ESI): m/z calcd for C24H18F3NO3S-H-: 456.1020 [M−H]-; found: 
456.1022. 

3.4.3. N-[4-(5-phenylpenta-2,4-dienoyl)phenyl]-4- 
trifluoromethylbenzenesulfonamide (12) 

Pale yellow solid; 27% crude; mp 178-179˚C; IR (UATR) 3041 (NH, 
str.), 1578 (C]O, str.), 1306 (C]C, str.), 1136 (S]O, assym.), 1010 
(S]O, symm.) cm−1; 1H NMR (500 MHz, acetone‑d6): δ = 7.17 (d, 
J = 15.6 Hz, 1H, CH = CH-Ar), 7.22 (app. dd, J = 10.2 Hz 1H), 7.30 
(d, J = 14.8 Hz, 1H, COCH = CH), 7.36 (d, J = 7.2 Hz, 1H, Ar-CH), 
7.40 (d, J = 6.6 Hz, 2H, 2 × Ar-CH), 7.41 (dd, J = 15.6, 10.2 Hz, 1H, 
CH = CH-Ar), 7.55 (dd, J = 14.8, 10.2 Hz, 1H, COCH = CH), 7.61 (d, 
J = 7.4 Hz, 2H, 2 × Ar-CH), 7.95 (d, J = 8.4 Hz, 2H, 2 × Ar-CH), 7.99 
(d, J = 8.7 Hz, 2H, 2 × Ar-CH), 8.12 (d, J = 8.3 Hz, 2H, 2 × Ar-CH);  
13C NMR (126 MHz, acetone‑d6): δ = 119.3, 125.2, 126.5, 126.6, 
127.2, 127.3 (2 × Ar-CH), 128.1 (2 × Ar-CH), 128.9 (2 × Ar-CH), 
129.2, 129.9 (2 × Ar-CH), 132.6, 134.3, 136.5, 141.5, 141.6, 144.1, 
187.5; HRMS (ESI): m/z calcd for C24H18F3NO3S-H-: 456.0550 [M−H]-; 
found: 456.0555. 

3.4.4. N-(2-[5-(4-methoxyphenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (13) 

Pale yellow solid; 11% crude; mp 178-179˚C; IR (UATR) 3325 (NH, 
str.), 2932 (CH alkane, str.), 1543 (C]O, str.), 1309 (C]C, str.), 1270 
(S]O, assym.), 1144 (S]O, symm.) cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 3.83 (s, 3H, CH3), 6.99 (d, J = 8.8 Hz, 2H, 2 × Ar-CH), 
7.08 (dd, J = 15.5, 11.0 Hz, 1H, CH = CH-Ar), 7.17 (d, J = 14.7 Hz, 
1H, COCH = CH), 7.21 (d, J = 15.5 Hz, 1H, CH = CH-Ar), 7.59 (d, 
J = 8.8 Hz, 1H, 2 × Ar-CH), 7.60 (dd, J = 14.7, 11.0 Hz, 1H, 
COCH = CH), 7.60 (app. t, J = 8.1 Hz, 1H, Ar-CH), 7.72 (d, 
J = 7.7 Hz, 1H, Ar-CH), 7.89 (d, J = 8.4 Hz, 2H, 2 × Ar-CH), 8.03 (d, 
J = 7.7 Hz, 1H, Ar-CH), 8.04 (d, J = 8.1 Hz, 2H, 2 × Ar-CH), 11.67 (s, 
1H, NH); 13C NMR (126 MHz, acetone‑d6): δ = 54.8, 114.3 (2 × Ar- 
CH), 120.3, 123.9, 124.0, 124.6, 126.4, 128.1 (2 × Ar-CH), 128.9, 
129.1 (2 × Ar-CH), 131.0, 134.4, 143.3, 147.1, 161.1, 192.8, 205.6; 
HRMS (ESI): m/z calcd for C25H20F3NO4S-H-: 486.0880 [M−H]-; found: 
486.0878. 

3.4.5. N-(3-[5-(4-methoxyphenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (14) 

Pale yellow solid; 23% crude; mp 178-179˚C; IR (UATR) 3300 (NH, 
str.), 2924 (CH alkane, str.), 1561 (C]O, str.), 1319 (C]C, str.), 1239 
(S]O, assym.), 1152 (S]O, symm.) cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 3.84 (s, 3H, CH3), 6.98 (d, J = 8.7 Hz, 2H, 2 × Ar-CH), 
7.09 (dd, J = 15.7, 10.0 Hz, 1H, CH = CH-Ar), 7.13 (d, J = 14.6, 
10.0 Hz, 1H, COCH = CH), 7.15 (d, J = 15.7 Hz, 1H, CH = CH-Ar), 
7.45 (app. d, J = 8.0 Hz, 1H, Ar-CH), 7.46 (d, J = 5.5 Hz, Ar-CH), 7.55 
(dd, J = 14.6, 10.0 Hz, 1H, COCH = CH), 7.58 (d, J = 8.7 Hz, 1H, 
2 × Ar-CH), 7.78 (dd, J = 8.0, 2.0 Hz, 1H, Ar-CH), 7.86 (s, 1H, Ar-CH), 
7.93 (d, J = 8.3 Hz, 2H, 2 × Ar-CH), 8.05 (d, J = 8.3 Hz, 2H, 2 × Ar- 
CH), 9.50 (s, 1H, NH); 13C NMR (126, MHz, acetone‑d6): δ = 54.9, 
114.4 (2 × Ar-CH), 120.5, 123.8, 124.8, 124.9, 125.0, 126.5, 126.5, 
128.1 (2 × Ar-CH), 129.0 (2 × Ar-CH), 129.1, 129.8, 131.0, 131.1, 
133.4, 135.8, 139.6, 142.1, 145.5, 160.9, 188.3; HRMS (ESI): m/z calcd 
for C25H20F3NO4S-H-: 486.1590 [M−H]-; found: 486.1588. 

3.4.6. N-(4-[5-(4-methoxyphenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (15) 

Pale yellow solid; 34% crude; mp 178-179˚C; IR (UATR) 3148 (NH, 
str.), 2925 (CH alkane, str.), 1587 (C]O, str.), 1508 (C]C, str.), 1316 

(S]O, assym.), 1153 (S]O, symm.)cm−1; 1H NMR (500 MHz, acet
one‑d6): δ = 3.84 (s, 3H, CH3), 6.97 (d, J = 8.7 Hz, 2H, 2 × Ar-CH), 
7.01 (d, J = 15.5 Hz, 1H, CH = CH-Ar), 7.11 (dd, J = 15.5, 10.0 Hz, 
1H, CH = CH-Ar), 7.22 (d, J = 14.8 Hz, 1H, COCH = CH), 7.39 (d, 
J = 8.6 Hz, 2H, 2 × Ar-CH), 7.40 (dd, J = 8.7, 3.2 Hz, 1H, Ar-H), 7.54 
(dd, J = 14.8, 10.0 Hz, 1H, COCH = CH), 7.56 (d, J = 8.7 Hz, 2H, 
2 × Ar-CH), 7.94 (s, 1H, Ar-CH), 7.97 (d, J = 8.7 Hz, 2H, 2 × Ar-CH), 
8.12 (d, J = 8.4 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, acetone‑d6): 
δ = 54.95, 114.4 (2 × Ar-CH), 118.9 (2 × Ar-CH), 126.3, 126.4, 
126.4, 126.5, 126.5, 127.0 (2 × Ar-CH), 127.9, 129.7 (2 × Ar-CH), 
130.4 (2 × Ar-CH), 133.2, 141.6, 143.5, 152.4, 162.2, 193.0; HRMS 
(ESI): m/z calcd for C25H20F3NO4S-H-: 486.1720 [M−H]-; found: 
486.1716. 

3.4.7. N-(2-[5-(4-chlorophenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (16) 

Pale yellow solid; 38% crude; mp 178-179˚C; IR (UATR) 3093 (NH, 
str.), 1567 (C]O, str.), 1489 (C]C, str.), 1319 (S]O, assym.), 1157 
(S]O, symm.) cm−1; 1H NMR (500 MHz, acetone‑d6): δ = 7.22 (dd, 
J = 15.5, 7.4 Hz, 1H, CH = CH-Ar), 7.25 (app. m, 2H) 7.26 (d, 
J = 15.2 Hz, 1H, CH = CH-Ar), 7.27 (d, J = 15.5 Hz, 1H, CH = CH- 
Ar), 7.27 (d, J = 14.7 Hz, 1H, COCH = CH), 7.46 (d, J = 8.5 Hz, 2H, 
2 × Ar-CH), 7.56 (dd, J = 14.7, 7.4, Hz, 1H, COCH = CH), 7.61 (d, 
J = 8.3 Hz, 1H, Ar-CH), 7.65 (d, J = 8.5 Hz, 2H, 2 × Ar-CH), 7.72 (d, 
J = 8.3 Hz, 1H, Ar-CH), 7.90 (d, J = 8.3 Hz, 2H, 2 × Ar-CH), 8.04 (d, 
J = 8.0 Hz, 1H, Ar-CH), 8.05 (d, J = 8.1 Hz, 2H, 2 × Ar-CH), 11.58 (s, 
1H, NH); 13C NMR (126 MHz, acetone‑d6): δ = 120.3, 120.5, 123.9, 
124.1, 124.8, 125.9, 125.9, 126.4, 126.5, 127.6, 128.1, 128.8, 128.9 
(2 × Ar-CH), 129.0 (2 × Ar-CH), 131.1, 134.5, 134.5, 135.1, 139.2, 
141.4, 145.9, 192.8; HRMS (ESI): m/z calcd for C24H17ClF3NO3S-H-: 
490.0540 [M−H]-; found: 490.0544. 

3.4.8. N-(3-[5-(4-chlorophenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (17) 

Pale yellow solid; 16% crude; mp 178-179˚C; IR (UATR) 3358 (NH, 
str.), 1572 (C]O, str.), 1275 (C]C, str.), 1145 (S]O, assym.), 998 
(S]O, symm.) cm−1; 1H NMR (500 MHz, acetone‑d6): δ = 7.18 (d, 
J = 15.6 Hz, 1H, CH = CH-Ar), 7.23 (d, J = 15.0 Hz, 1H, 
COCH = CH), 7.24 (dd, J = 15.6, 10.7 Hz, 1H, CH = CH-Ar), 7.44 (d, 
J = 8.5 Hz, 2H, 2 × Ar-CH), 7.47 (d, J = 8.5 Hz, 1H, Ar-CH), 7.48 (dd, 
J = 7.6, 4.2 Hz, 1H, Ar-CH), 7.54 (dd, J = 15.0, 10.7 Hz, 1H, 
COCH = CH), 7.64 (d, J = 8.5 Hz, 2H, 2 × Ar-CH), 7.78 (d, 1H, 
J = 8.5 Hz), 7.87 (s, 1H, Ar-CH), 7.92 (d, J = 8.4 Hz, 2H, 2 × Ar-CH), 
8.06 (d, J = 8.4 Hz, 2H, 2 × Ar-CH); 13C NMR (126 MHz, acetone‑d6): 
δ = 120.4, 124.7, 124.9, 125.5, 126.4 (2 × Ar-CH), 127.9, 127.9 
(2 × Ar-CH), 128.8 (2 × Ar-CH), 128.9 (2 × Ar-CH), 129.7, 133.5, 
134.2, 135.2, 137.9, 139.2, 140.3, 143.5, 144.4, 155.7, 188.4; HRMS 
(ESI): m/z calcd for C24H17ClF3NO3S-H-: 490.1100 [M−H]-; found: 
490.1113. 

3.4.9. N-(4-[5-(4-chlorophenyl)penta-2,4-dienoyl]phenyl)-4- 
trifluoromethylbenzenesulfonamide (18) 

Pale yellow solid; 19% crude; mp 178-179˚C; IR (UATR) 3158 (NH, 
str.), 1562 (C]O, str.), 1401 (C]C, str.), 1315 (S]O, assym.), 1155 
(S]O, symm.) cm−1; 1H NMR (500 MHz, acetone‑d6): δ = 7.16 (d, 
J = 15.6 Hz, 1H, CH = CH-Ar), 7.21 (dd, J = 15.6, 10.5 Hz, 1H, 
CH = CH-Ar), 7.31 (d, J = 14.8 Hz, 1H, COCH = CH), 7.40 (d, 
J = 8.7 Hz, 1H, 2 × Ar-CH), 7.41 (d, J = 8.7 Hz, 1H, 2 × Ar-CH), 7.44 
(d, J = 8.5 Hz, 1H, 2 × Ar-CH), 7.53 (dd, J = 14.8, 10.5 Hz, 1H, 
COCH = CH), 7.95 (d, J = 8.4 Hz, 2H, 2 × Ar-CH), 7.98 (d, 
J = 8.8 Hz, 2H, 2 × Ar-CH), 8.12 (d, J = 8.3 Hz, 2H, 2 × Ar-CH); 13C 
NMR (126 MHz, acetone‑d6): δ = 119.8 (2 × Ar-CH), 125.2 (2 × Ar- 
CH), 126.5, 127.4, 127.5 (2 × Ar-CH), 128.4, 128.5, 128.8, 128.9 
(2 × Ar-CH), 129.0, 129.5 (2 × Ar-CH), 132.1, 133.7, 135.5, 138.1, 
140.2, 141.4, 186.5, 192.9; HRMS (ESI): m/z calcd for 
C24H17ClF3NO3S-H-: 490.0885 [M−H]-; found: 490.0887. 
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3.5. In vitro biological evaluation 

The purified diarylpentadienone analogues tested for both in vitro α- 
glucosidase and DPP-4 inhibitory evaluations were of 95–99% purity 
based on their respective high-performance liquid chromatography 
(HPLC) profiles. 

3.5.1. α-Glucosidase inhibitory assay 
α-Glucosidase inhibition assay was performed following a pre

viously described method with slight modifications [51,52]. α-Gluco
sidase extracted from Bacillus stearothermophilus was used as the source 
of enzyme, while p-nitrophenyl-α-D-glucopyranoside (PNPG) and acar
bose were used as a substrate and standard, respectively. A mixture of 
10 µl sample, 130 µl phosphate buffer (pH 6.5, 30 mM), and 10 µl 
enzyme in a 96 well plate was pre-incubated at room temperature for 
5 min before 50 µl of PNPG substrate solution (10 mM) was added and 
the reaction mixture was further incubated at room temperature for 
15 min. The reaction was quenched by the addition of 50 µl of 2 M 
glycine (pH 10) into the mixture. The absorbance of the liberated p- 
nitrophenol was measured at 405 nm using a spectrophotometer (Te
can Safire, Grödig, Austria). All reactions were carried out in triplicates 
and the IC50 measurements (> 50% inhibition) were performed in the 
presence of serial dilutions of tested compounds (50 to 1.53 µM), cal
culated by the non-linear regression analysis using GraphPad Prism 
(version 8.0; GraphPad software) and expressed as mean  ±  SEM. The 
tested samples can be in two forms of supernatants: pre- and post- 
centrifugation and were prepared as described by Auld et al., 2017 for 
the aggregation assay [45], while the pre-centrifugation supernatant of 
all compounds were used in in vitro α-glucosidase and DPP-4 inhibition 
assays. 

3.5.2. DPP-4 enzyme assay 
The DPP-4 inhibition activity was determined using a DPP-4 

Inhibitor Screening Assay Kit (Cayman Chemical Inc., Michigan, USA), 
pre-stored at −80˚C. A standard DPP-4 inhibitor, sitagliptin, was uti
lized as a positive control, while the Gly-Pro-Aminocoumarin (AMC) 
was used as a substrate. Stock solution of inhibitors were made by re
suspending each of the weighed pure solid diarylpentadienones in 
DMSO and diluted in an assay buffer to a final concentration of 100 µM 
in each well. The final concentration of DMSO adjusted in the assay was 
1%. Thirty µl of diluted buffer (20 mM Tris-HCl, 100 mM NaCl, 1 mM 
EDTA, pH 8.0) and 10 µl of compounds 1–18 (100 µM) were mixed with 
10 µl DPP-4 (human recombinant) in a half volume 96-well white mi
croplate. Fifty µl of substrate was then added to the well, and the 
mixture was incubated for 30 min at 37 °C. After incubation, the 
fluorescence emitted by each compound was measured at excitation 
wavelength of 350–360 nm and emission wavelength of 450–465 nm in 
a multimode microplate reader (Biotek PLUS, California, USA). All re
actions were carried out in triplicates and the IC50 measurements 
(> 70% inhibition) were performed in the presence of serial dilutions 
of tested compounds (100 to 6.13 µM), calculated by the non-linear 
regression analysis using GraphPad Prism (version 8.0; GraphPad 
software) and expressed as mean  ±  SEM. 

3.5.3. Kinetic studies against α-glucosidase 
The kinetic studies were performed on the most active 18 as pre

viously described method [51,52] using different concentrations of 
substrate and compounds to determine the mode of α-glucosidase in
hibition. Compound 18 with concentrations of 20.0, 15.0, 12.5, 10.0, 
7.5, 5.0, 2.5 and 0 µM was used for this kinetic analysis. Meanwhile, the 
concentrations of substrate were varied at 30, 20, 10, 4, 2 and 1.25 mM. 
A mixture of 10 µl sample, 130 µl phosphate buffer (pH 6.5, 30 mM), 
and 10 µl enzyme in a 96 well plate was pre-incubated at room tem
perature for 5 min before 50 µl of PNPG substrate solution of different 
concentrations was added. The absorbance was directly measured at 

405 nm using a spectrophotometer (Tecan Safire, Grödig, Austria) in 
interval 5 to 30 min. The type of inhibition was determined via the 
Lineweaver-Burk plot (the inverse of velocity (1/v) against the inverse 
of the substrate concentration (1/[S])) were derived from the resulting 
data. 

3.6. In vivo toxicity in zebrafish embryos 

3.6.1. Zebrafish husbandry and embryo collection 
We obtained embryos through natural mating of either wild-type 

(WT) or transgenic Tg(kdrl:egfp) adult zebrafish obtained from the 
Laboratory of Natural Products, Universiti Putra Malaysia, and the 
Zebrafish Center for Disease Modeling, Korea. They were kept in a 
mixed male and female enclosure with a ratio of 2:3 with 14 h of light: 
10 h of darkness-controlled photoperiod with ambient temperature at 
28.5 °C. They were fed four times a day, alternately with brine shrimp 
(Artemia salina, San Francisco Bay Brand, San Francisco, CA) and with 
commercial dry flake food (Sera Vipan). The embryos were collected 
30 min after the onset of light, washed with distilled water, rinsed with 
embryo media (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 0.15 mM 
KH2PO4, 0.05 mM Na2HPO4, 1 mM CaCl2, 0.7 mM NaHCO3, pH 7.0), 
and then incubated at 28 °C. To eliminate fungal growth, the un
fertilized embryos were discarded. The fertilized embryos were ex
amined and chosen under a standard dissection microscope (SZX-12, 
Olympus, Tokyo, Japan). Animal experiments were conducted ac
cording to approved guidelines and regulations of the Institutional 
Animal Care and Use Committee (IACUC) at the Animal Ethics 
Committee of Universiti Putra Malaysia (IACUC/AUP-R079) and 
Chungnam National University. 

3.6.2. Acute toxicity testing on zebrafish embryos 
To test acute toxicity on early embryonic development, ten zebra

fish embryos at 6 hpf were placed in each well of a 24 well plate, 
containing 1 ml of embryo medium. Compound 18 was dissolved in 
dimethyl sulfoxide (DMSO) to make a 40 mM stock solution and diluted 
into the embryonic water at 1, 2, 5, 10, 20, and 40 uM concentrations. 
The compound solution was changed every day to maintain freshness of 
solutions. To acquire microscopic images, zebrafish embryos were de
chorionated using forceps, anesthetized in Tricaine (Sigma-Aldrich), 
and mounted in 3% methylcellulose. Embryos were visualized using a 
Nikon AZ100 microscope (Nikon, Tokyo, Japan). Digital images were 
captured using a Nikon Digital Sight DS-Fil1 digital camera (Nikon) and 
processed with NIS-Elements F 3.0 (Nikon) 

3.6.3. Evaluation of apoptosis 
Evaluation of cell death in the wild-type (WT) zebrafish larvae after 

treatment with compound 18 was determined via a vital fluorescent 
dye acridine orange method that often used as a marker of apoptotic 
cells in zebrafish. Acridine orange staining is a rapid method and has 
been shown to be highly selective for apoptotic cells where determi
nation of apoptosis was made by measuring relative acridine orange
fluorescence in zebrafish embryos. Zebrafish larvae were placed in the 
egg water containing 4 µg/ml of acridine orange (Sigma) for 20 min. 
Afterwards, the live zebrafish larvae were washed with the egg water 5 
times for 5 min each, anesthetized with tricaine and mounted in 3% 
methylcellulose, prior examined by stereomicroscopy and fluorescent 
microscopy, as previously described [60,61]. 

3.6.4. Evaluation of adverse effect on the formation of blood vessel 
Zebrafish embryos obtained from the blood vessel-specific EGFP 

fluorescent transgenic zebrafish line, Tg(kdrl:egfp), were treated with 
0.1% dimethyl sulfoxide (DMSO) as a control or treated with various 
concentrations of compound 18. Treatment with compound 18 com
menced from the late gastrula stage at 10 hpf and examined at 30 hpf 
when normal blood vessel formation was prominent in the control 
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zebrafish. For bioimaging, embryos were mounted in 3% methylcellu
lose on a glass slide and live animal images were captured using a stereo 
microscope (LEICA MZ16FA) and digital camera (LEICA DFC450C). 

3.6.5. Statistical analysis 
Statistical analyses were performed using SPSS (SPSS v. 25.0). One- 

way analysis of variance (ANOVA) was used to determine the effects of 
each treatment groups to the control. Data were represented as 
mean  ±  standard error mean (SEM) using GraphPad Prism (Graphpad 
Software, USA). The data were significantly different when p ≤ 0.05. 
To assure these values were independent, the data analyzed were based 
on a per well basis in order to avoid any interaction biases among the 
embryos. 

3.7. Molecular docking studies 

3.7.1. Homology modelling and model verification 
A three-dimensional model of B. stearothermophilus α-glucosidase 

was built by comparative modeling using the SWISS-MODEL program 
(automated protein structure homology-modeling server; http:// 
swissmodel.expasy.org). The crystallographic structure of the related 
GH-13 α-glycosidase from the Geobacillus sp. strain HTA-462 (PDB: 
2ZE0) was selected as the template due to its highest sequence identity 
(94%) with respect to the B. stearothermophilus α-glucosidase [62]. The 
amino acid sequence of B. stearothermophilus α-glycosidase (EC 
3.2.1.20), which comprised of 555 amino acid residues was retrieved 
(GenBank accession: D84648.1; NCBI http://www.ncbi.nlm.nih.gov). 
The modeled protein was checked using the PROCHECK (stereo
chemical quality analysis software) program [63]. 

3.7.2. Ligand preparation, energy minimization and geometrical 
optimization 

The theoretical 3D structure ligand of the most active inhibitor 
(compounds 15 and 18) was firstly drawn in Chemdraw Ultra 12.0 as a 
2D structure before being saved as MDL mol file. The ligand structure 
file was imported to Avogadro (version 1.2.0) as a 3D model and was 
optimized by means of energy minimization carried out with General 
AMBER Force Field (GAFF) force field. These ligands were prepared by 
assigning nonpolar hydrogens using AutoDockTools 1.5.4. 

3.7.3. Docking studies and results visualization 
Docking calculations were performed with the software 

AutodockVina. The Vina program was employed to generate the 
docking input files and to analyze the docking results. The proteins 
were considered rigid. The final output of the docking procedure was a 
set of solutions ranked according to their corresponding scoring func
tion values, each defined by the 3D coordinates of its atoms. The 
Discovery studio visualizer 4.0 (Accelrys, San Diego, USA) was used to 
visualize and analyze the results. For Homo sapiens-sourced of α-glu
cosidase, the X-ray coordinates of human lysosomal acid-alpha-gluco
sidase, GAA, in complex with acarbose (PDB code: 5NN8, 
resolution = 2.45 Å) was retrieved and treated as discussed above for 
file preparation. 
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