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ABSTRACT
In search for novel compounds targeting Malaria, based on the in silico
molecular docking binding affinity data, the novel furans containing pyra-
zolyl chalcones (3a-d) and pyrazoline derivatives (4a-d) were synthesized.
The formation of the synthesized compound were confirmed by spectral
analysis like IR, 1H NMR, 13C NMR and mass spectrometry. Compounds
with thiophene and pyrazoline ring 4b (0.47lM), 4c (0.47lM) and 4d
(0.21lM) exhibited excellent anti-malarial activity against Plasmodium fal-
ciparum compared with standard antimalarial drug Quinine (0.83lM). To
check the selectivity furthermore, compounds were tested for antimicrobial
activity and none of the synthesized compound exhibited significant
potency compared with the standard antibacterial drug Chloramphenicol
and antifungal drug Nystatin respectively. So, it can be resolved that the
produced compounds show selectively toward antimalarial activity and
have the potential to be explored further.

ARTICLE HISTORY
Received 7 August 2020
Accepted 5 September 2020

KEYWORDS
Antimalarial; antimicrobial;
chalcones; pfENR inhibitor;
pyrazole-pyrazolines;
thiophene

Introduction

Life-threatening disease Malaria is caused by Plasmodium parasites that are spread to people
through the bites of infected female Anopheles mosquitoes. Out of five Plasmodium Parasites
Plasmodium falciparum produces high levels of blood-stage parasites that sequester in critical
organs in all age groups.1 As per the World Health Organization report in 2018, in sub Saharan
Africa 11 million pregnant women were infected with malaria and 872 000 children were born
with a low birth weight. Around 24 million children estimated to be infected with the P. falcip-
arum parasite in the region; out of these, 1.8 million had severe anemia and 12 million had

CONTACT Hemantkumar N. Akolkar hemantakolkar@gmail.com P.G. and Research, Department of Chemistry, Radhabai
Kale Mahila Mahavidyalaya, Ahmednagar, Maharashtra 414001, India.

Supplemental data for this article is available online at https://doi.org/10.1080/10406638.2020.1821231.

� 2020 Taylor & Francis Group, LLC

POLYCYCLIC AROMATIC COMPOUNDS
2022, VOL. 42, NO. 5, 1959–1971
https://doi.org/10.1080/10406638.2020.1821231

http://crossmark.crossref.org/dialog/?doi=10.1080/10406638.2020.1821231&domain=pdf&date_stamp=2022-07-14
https://doi.org/10.1080/10406638.2020.1821231
https://doi.org/10.1080/10406638.2020.1821231
http://www.tandfonline.com


moderate anemia.2 Mortality and morbidity caused by malaria are continually increasing. This
subject is the consequence of the ever-increasing development of parasite resistance to drugs and
also increased mosquito resistance to insecticides which is one of the most critical complications
in controlling malaria over recent years.3

P. falciparum enoyl-acyl carrier protein (ACP) reductase (ENR) is an enzyme in type II fatty
acid synthesis (FAS II) pathway which catalyzes the NADH-dependent reduction of trans-2-
enoyl-ACP to acyl-ACP and plays important role in completion of the fatty acid elongation
cycles. Due to its role in the parasite’s fatty acid pathway, PfENR has been known as one of the
most promising antimalarial targets for structure-based drug design.4–6 Triclosan, a broadly used
antibiotic, is effective inhibitor of PfENR enzyme activity. Several efforts have been taken in the
recent past in the direction of the identification of new antimalarials using pharmacophore mod-
eling, molecular docking and MD simulations.7–12

Pyrazole is a well-known class of nitrogen containing heterocyclic compounds and play
important role in agricultural and medicinal field. Pyrazole and its derivatives are known to pos-
sess antibacterial,13 antipyretic,14 fungistatic,15 anticonvulsant,16 antitubercular,17 antipyretic,18

insecticides,19 and anti-inflammatory20 activities. Pyrazoline containing compounds are recog-
nized to possess various pharmacological activities like antimalarial,21,22 anticancer,23 anti-inflam-
matory,24 analgesic,24 antitumor,25 antimicrobial26 and antidepressant activities.27 Furan
containing compounds possess lipoxygenase inhibitor,28 urotensin-II receptor antagonists,29 fungi-
cidal,30 epidermal growth factor receptor inhibitors and anticancer31 etc. activities. Chalcone is a
natural pigment found in plant and is an important intermediate for the synthesis of flavonoids.
Varieties of biological activities are associated with chalcones and their derivatives such as anti-
plasmodial,32 nematicide,33 antiallergenic,34 antimalarial,35 anti-HIV,36 anti-cancer,37 anti-inflam-
matory38 and anti-tuberculosis.39

So, considering the biological importance of pyrazoles, furan and chalcone, herein we report
the design of a small library of furan containing pyrazolyl pyrazoline derivatives by molecular
hybridization approach targeting PfENR using the in silico molecular docking technique. The
promising results obtained from this in silico study served the basis for the synthesis of these
molecules followed by evaluation of their antimalarial potential.

Molecular docking technique plays significant role in lead identification/optimization and in
the mechanistic study by predicting the binding affinity and the thermodynamic interactions lead-
ing the binding of a ligand to its biological receptor. Thus, with the objective to identify novel
leads targeting the crucial antimalarial target Plasmodium falciparum enoyl-ACP reductase (PfENR
or FabI) (pdb code: 1NHG), molecular docking was carried out using the GLIDE (Grid-based
LIgand Docking with Energetics) program of the Schrodinger Molecular modeling package.40–42

A small library of 8 molecules comprising furan containing pyrazolyl pyrazoline derivatives (3a-
3d, 4a-4d) was docked against PfENR. The ensuing docking conformation revealed that these
molecules changed a binding mode which is corresponding with the active site of pfENR and
were found to be involved in a series of bonded and non-bonded interactions with the residues
lining the active site. Their docking scores varied from �6.979 to �8.222 with an average docking
score of �7.563 signifying a potent binding affinity to PfENR. In order to get a quantitative
insight into the most significantly interacting residues and their associated thermodynamic inter-
actions, a detailed per-residue interaction analysis was carried out (Table S1, Supporting
Information). This analysis showed that the furan containing pyrazolyl chalcones (3a-d)
(Figure 1) were deeply embedded into the active site of PfENR engaging in a sequence of favor-
able van der Waals interactions observed with Ile:C369, Phe:C368, IleA323, Ala:A320, Ala:A319,
Arg:A318, Ser:A317, Leu:A315, Pro:A314, Gly:A313, Ala:A312, Lys:A285, Met:A281, Tyr:A277,
Tyr:A267, Thr:A266, Leu:A265, Gly:A112, Tyr:A111, Gly:A110 and Asp:A107 residues through
the 1,3-substituted-1H-pyrazol-4-yl scaffold while the 1-(2,5-Dimethylfuran-3-yl) prop-2-en-1-one
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component of the molecules was seen to be involved in similar interactions with Asn:A218,
Ala:A217, Leu:A216, Ser:A215, Trp:A131, Gly:A106, Ile:A105, Gly:A104 residues of the active site.

Furthermore the enhanced binding affinity of these molecule is also attributed to significant
electrostatic interactions observed with Arg:A318, Ser:A317, Lys:A285, Asp:A236, Asn:A218,
Ala:A217, Ser:A215, Tyr:A111, Gly:A110, Asp:A107, Gly:A104 residues lining the active site. On
the other hand, the furan containing pyrazoline derivatives (4a-d) (Figure 2) were also seen to be
stabilized into the active of PfENR through a network of significant van der Waals interactions
observed with (2,5-dimethylfuran-3-yl)-1H-pyrazolyl scaffold via Ile:C369, Phe:C368, Ala:A320,
Ser:A317, Leu:A315, Pro:A314, Gly:A313, Ala:A312, Lys:A285, Tyr:A267, Thr:A266, Leu:A265,
Gly:A112, Tyr:A111, Gly:A110, Gly:A106 and Ile:A105 while other half of the molecule i.e., 2-thi-
ophenyl-1-phenyl-1H-pyrazole showed similar type of interactions with IleA323, Ala:A319,
Arg:A318, Met:A281, Tyr:A277, Val:A222, Ala:A219, Asn:A218, Ala:A217, Leu:A216, Ser:A215,
Trp:A131, Ile:A130, Trp:A113, Asp:A107, Gly:A104 residues.

Further the enhanced binding affinity of the molecules is also attributed to favorable electro-
static interactions observed with Arg:A318, Ser:A317, Glu:A289, Lys:A285, Asp:A236, Asn:A218,
Ala:A217, Ser:A215, Tyr:A111, Gly:A110, Asp:A107 and Gly:A104. While these non-bonded inter-
actions (van der Waals and electrostatic) were observed to be the major driving force for the
mechanical interlocking of these novel furan containing pyrazolyl pyrazoline derivatives into the
active site PfENR, the enhanced binding affinity of these molecules is also contributed by very
prominent hydrogen bonding interaction observed for 3a (Ser:A317(2.708Å)), 4a
(Ser:A317(2.783Å)), 4b (Ser:A317(2.462Å)) and 4c (SerA317(2.462Å)). Furthermore these

Figure 1. Binding mode of 3a into the active site of Plasmodium falciparum enoyl-ACP reductase (on right side: pink lines repre-
sent the hydrogen bond while green lines signify p-p stacking interactions).

Figure 2. Binding mode of 4d into the active site of Plasmodium falciparum enoyl-ACP reductase (on right side: pink lines repre-
sent the hydrogen bond while green lines signify p-p stacking interactions).
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molecules were also engaged in a very close p-p stacking interactions: 3a: Tyr: A111(2.669Å), 3b:
Tyr:A267(2.529Å), 3c: Tyr:A267(2.541Å), 3d: Tyr:A267(2.335Å), 4a: Tyr:A111(2.602Å), 4b:
Trp:A131(2.073Å), 4c: TyrA:111(2.073Å) and 4d: TrpA131(2.538Å) (Figures S1–S6, Supporting
Information).

This type of bonded interactions i.e., hydrogen bonding and p-p stacking are known to serve
as an “anchor” to guide the alignment of a molecule into the 3D space of enzyme’s active site
and facilitate the non-bonded interactions (Van der Waals and electrostatic) as well. Overall, the
in-silico binding affinity data suggested that these furans containing pyrazolyl pyrazoline deriva-
tives (3a-d, 4a-d) could be developed as novel scaffold to arrive at compounds with high selectiv-
ity and potency Plasmodium falciparum.

Results and discussion

Chemistry

The novel series of furan containing pyrazolyl chalcones (3a-d) and pyrazoline derivatives (4a-d)
were synthesized from commercially available starting materials (Scheme 1). Initially, pyrazole
aldehyde 2a-d was formed by the condensation between substituted acetophenone and phenyl

Scheme 1. Synthesis of pyrazolyl chalcones (3a-d) and pyrazolyl pyrazolines (4a-d).
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hydrazine followed by Vilsmeier-Haack formylation reaction (Scheme 1). Then furan containing
pyrazolyl chalcones 3a-d were synthesized by base-catalyzed Claisen-Schmidt condensation of 1-
(2,5-dimethylfuran-3-yl)ethanone 1 and substituted pyrazole aldehyde 2a-d.43 Finally, the furan
containing pyrazolyl chalcones 3a-d and hydrazine hydrate in ethanol solvent using catalytic
amount of acetic acid at reflux condition for 6 hr afforded the corresponding pyrazolyl pyrazo-
lines (4a-d) in quantitative isolated yield (69–74%) (Scheme 1).

The newly synthesized compounds structures were shown in Figure 3. The newly synthesized
compound’s structures were confirmed by IR, 1H NMR, 13C NMR, mass spectral data. For com-
pound 3a, in IR spectrum the stretching band for C¼O was detected at 1657 cm�1. In the 1H
NMR spectrum of compound 3a, the proton of pyrazole and furan ring resonate as a singlet at d
9.31 and d 6.60 ppm respectively. Also, singlet for two –CH3 were observed at d 2.27 and d
2.50 ppm. The 13C NMR spectrum of compound 3a showed signal at d 184.41 ppm due to C¼O
and d 12.89 and d 13.93 ppm is due to two –CH3. Mass spectrum confirms the formation of com-
pound 3a showed m/z¼ 369 (MþH)þ.

Secondly, in the IR spectrum of compound 4a, –N–H stretching band observed at 3252 cm�1.
The 1H NMR spectrum of compound 4a, the CH2 protons of the pyrazoline ring resonated as a
pair of doublets of doublets at d 2.88 ppm and 3.35 ppm. The CH proton appeared as triplet at d
4.87 ppm due to vicinal coupling with two protons of the methylene group. In the 13C NMR
spectra of the compound 4a carbons of the pyrazoline ring were observed at d 41.97 ppm and
54.67 ppm. All the other aromatic and aliphatic protons and carbons were observed at expected
regions. Mass spectrum confirms the formation of compound 4a showed m/z¼ 383 (MþH)þ.

Figure 3. The newly synthesized compounds structure 3a-d & 4a-d.
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Biological evaluation

In vitro antimalarial screening

All the synthesized novel compounds were tested for antimalarial activities. The in vitro antimal-
arial assay was carried out according to the micro assay protocol of Rieckmann and coworkers
with minor modifications.44–47 The results were recorded as the minimum inhibitory concentra-
tions (mM MIC) chloroquine and quinine were used as the reference drug (Table 1).

Herein, we have synthesized four chalcone and pyrazoline derivatives respectively. Structure
activity relationship (SAR) plays very important role while displaying the antimalarial activity. All
the synthesized chalcone derivatives (3a-d) exhibited less potency compared to the standard drug.
But pyrazoline derivatives exhibited excellent antimalarial activity compared to the standard drug.
In compound 4a, thiophene ring was absent and pyrazoline ring is present, so, the compound 4a
exhibited less potency compared to the standard drug. Now, in compound 4b, bromo substituted
thiophene and pyrazoline rings are present along with the fluorine at the para position on ben-
zene ring. Interestingly, this compound 4b (0.47mM), exhibited excellent activity compared to the
standard drug quinine (0.83 mM). Again, in compound 4c, bromo substituted thiophene and pyra-
zoline rings are present but no fluorine at the para position of benzene ring. Though fluorine is
absent on benzene ring in compound 4c (0.47 mM), it exhibited same potency as that of com-
pound 4b compared to the standard drug quinine (0.83 mM). Finally, in compound 4d, there
were no substitution on the thiophene and benzene ring. In compound 4d plane thiophene, plane
benzene ring and pyrazoline ring constructed in a single molecular framework. Compound 4d
(0.21mM), exhibited four-fold more antimalarial activity compared to the standard drug quinine
(0.83mM). From SAR, we can conclude that for the antimalarial activity thiophene, pyrazoline
and benzene ring were very important in a single molecular framework.

Antimicrobial activities

Further, all the novel synthesized compounds were also screened for antimicrobial activities
against the bacterial strains Escherichia coli (MTCC 443), Staphylococcus aureus (MTCC 96),
Pseudomonas aeruginosa (MTCC 1688), Streptococcus pyogenes (MTCC 442) and fungal strains
Aspergillus clavatus (MTCC 1323), Candida albicans (MTCC 227) and Aspergillus niger (MTCC
282). The minimum inhibitory concentration (MIC) was determined by the broth dilution
method. Chloramphenicol and Nystatin were used as reference drugs for antibacterial and anti-
fungal activity, respectively. The results of antibacterial and antifungal activity were given in
Table 1.

Table 1. Antimalarial (mM), Antibacterial (MIC in mg/mL) & Antifungal (MIC in mg/mL) activity.

Cpd
Antimalarial activity

Antibacterial activity Antifungal activity

Molecular Docking ScorePlasmodium falciparum EC PA SA SP CA AN AC

3a 1.46 200 200 250 250 500 500 500 �7.814
3b 3.93 100 250 250 200 1000 500 500 �7.032
3c 2.16 62.5 200 125 250 500 >1000 >1000 �7.192
3d 3.07 100 100 200 200 1000 500 500 �7.118
4a 6.31 125 100 100 100 500 500 500 �6.979
4b 0.47 100 200 100 100 250 500 500 �8.157
4c 0.47 125 125 200 200 1000 >1000 >1000 �8.222
4d 0.21 200 100 125 100 500 500 500 �7.988
Chloroquine 0.06 – – – – – – – –
Quinine 0.83 – – – – – – – –
CP – 50 50 50 50 – – – –
NS – – – – – 100 100 100 –

Cpd: Compound; EC: Escherichia coli; PA: Pseudomonas aeruginosa; SA: Staphylococcus aureus; SP: Streptococcus pyogenes; CA:
Candida albicans; AN: Aspergillus niger; AC: Aspergillus clavatus; CP: Chloramphenicol; NS: Nystatin.
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The results given in Table 1 indicated that none of the synthesized compound exhibited sig-
nificant potency toward the standard antibacterial drug Chloramphenicol and antifungal drug
Nystatin. Hence, from above result we can conclude that the synthesized compounds show select-
ively antimalarial activity and negligible antimicrobial activity.

Conclusion

In conclusion, Considering the importance of enoyl-ACP reductase (PfENR) in Plasmodium, a
small library of 8 molecules comprising furan containing pyrazolyl pyrazoline derivatives (3a-d,
4a-d) was designed and docked against PfENR. Based on the in silico binding affinity data, syn-
thesis was carried out for these novel furans containing pyrazolyl pyrazoline derivatives (3a-d, 4a-
d) and was evaluated for activity against Plasmodium falciparum. The synthesized compounds
shown selectively antimalarial activity with minimal antimicrobial activity. Compounds (3a-d)
exhibited less antimalarial activity compared to the standard drug. From the series of compounds
(4a-d), compound 4b (0.47 mM), 4c (0.47 mM) and 4d (0.21 mM) exhibited more antimalarial
activity compared to the standard drug quinine (0.83 mM). Compound 4d shows four-fold more
activity compared to the standard drug quinine. From the SAR, we have distinguished areas of
the pyrazolyl chalcones and pyrazolyl pyrazolines framework where variations can be made to
expand the pharmacokinetic profile as well as features required to improve inhibitor effectiveness.
This innovative molecular scaffold presents breakthrough for optimization to develop effective
PfENR inhibitors.

Experimental

General

All the reagents, solvents and chemicals were taken from commercial sources found to be and
used as such without purification. The physical constant like melting points were measured on a
DBK melting point apparatus and are uncorrected. IR spectra were recorded on Shimadzu IR
Affinity 1S (ATR) FTIR spectrophotometer. 1H NMR (400MHz) and 13C NMR (100MHz) spec-
tra were recorded on Bruker Advance II 400 spectrophotometer using TMS as an internal stand-
ard and DMSO-d6 as solvent and chemical shifts were expressed as d ppm units. Mass spectra
were obtained on Waters, Q-TOF micro mass (ESI-MS) mass spectrometer.

General procedure for the synthesis of pyrazolyl chalcones (3a-d)
A mixture of 1-(2,5-dimethylfuran-3-yl)ethanone 1 (0.05mol), substituted pyrazole aldehyde 2
(0.05mol) and 10% aqueous potassium hydroxide (10mL) in ethanol (50mL) was stirred at room
temperature for 14 h. The progress of the reaction was monitored by TLC. After completion of
the reaction, the reaction mixture was transferred into crushed ice and neutralized by dil. HCl.
The precipitation observed, filtered it, washed with water and dried. The crystallization of product
carried out in ethanol.

(E)-1-(2,5-Dimethylfuran-3-yl)-3-(1,3-diphenyl-1H-pyrazol-4-yl)prop-2-en-1-one (3a)
Yield: 61%, yellow solid; mp: 80–82 �C; IR (�max, cm�1): 2921 (¼C–H), 2855 (C–H), 1657
(C¼O), 1454 (C¼N); 1H-NMR (400MHz, DMSO-d6, d, ppm): 9.31 (s, 1H, Pyrazole-H), 7.93
(d, 2H, J¼ 7.9Hz), 7.38–7.68 (m, 10H, Ar–H), 6.60 (s, 1H, Furan-H), 2.53 (s, 3H, –CH3), 2.27 (s,
3H, –CH3);

13C NMR (100MHz, DMSO-d6, d, ppm): 184.4 (C¼O), 159.9, 152.8, 149.7, 138.9,
132.2, 132.0, 129.6, 128.8, 128.5, 128.6, 128.4, 127.1, 123.8, 122.1, 118.6, 117.6, 105.9, 13.9 (CH3),
12.9 (CH3); MS(ESI-MS): m/z 369.11 (MþH).þ
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(E)-3-(3-(5-Bromothiophen-2-yl)-1-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(2,5-dimethylfuran -3-yl)
prop-2-en-1-one (3b)
Yield: 59%, yellow solid, mp: 112–114 �C; IR (�max, cm�1): 2923 (¼C–H), 2856 (C–H), 1656
(C¼O), 1455 (C¼N); 1H-NMR (400MHz, DMSO-d6, d, ppm): 9.25 (s, 1H, Pyrazole-H), 7.90
(dd, 2H, J¼ 4.7 & 9.0Hz, Ar–H), 7.64 (d, 1H, J¼ 15.4Hz, olefinic-H), 7.39–7.45 (m, 3H, Ar–H),
7.34 (d, 1H, J¼ 3.8Hz, Ar–H), 7.25 (d, 1H, J¼ 3.8Hz, Ar–H), 6.61 (S, 1H, Furan-H), 2.55 (s, 3H,
–CH3), 2.28 (s, 3H, –CH3);

13C NMR (100MHz, DMSO-d6, d, ppm): 184.2, 162.0, 159.6, 157.1,
149.7, 145.7, 135.4, 135.1, 131.4, 130.8, 128.9, 127.3, 124.6, 122.0, 120.7, 120.6, 117.3, 116.6, 116.3,
112.5, 105.9, 13.9, 12.9; MS (ESI-MS): m/z 472.89 (MþH).þ

(E)-3-(3-(5-Bromothiophen-2-yl)-1-phenyl-1H-pyrazol-4-yl)-1-(2,5-dimethylfuran-3-yl)prop -2-en-
1-one (3c)
Yield: 68%, yellow solid, mp120–114 �C; IR (�max, cm�1): 2921 (¼C–H), 2855 (C–H), 1699
(C¼O), 1454 (C¼N); 1H-NMR (400MHz, DMSO-d6, d, ppm): 9.14 (s,1H, Pyrazole-H), 7.87 (d,
2H, J¼ 7.8Hz, Ar–H), 7.70 (d, 1H, J¼ 15Hz, olefinic-H), 7.52 (t, 2H, J¼ 8Hz, Ar–H), 7.36–7.40
(m, 2H, Ar–H), 7.20 (s, 2H, Ar–H), 6.55 (s, 1H, Furan-H), 2.57 (s, 3H, –CH3), 2.29 (s, 3H,
–CH3);

13C NMR (100MHz, DMSO-d6, d, ppm): 184.3, 157.1, 149.7, 145.7, 138.6, 135.5, 131.4,
130.9, 129.7, 128.8, 127.3, 127.3, 124.6, 122.0, 118.6, 117.4, 112.5, 105.9, 13.9, 12.9; MS(ESI-MS):
m/z 454.57 (MþH).þ

(E)-1-(2,5-Dimethylfuran-3-yl)-3-(1-phenyl-3-(thiophen-2-yl)-1H-pyrazol-4-yl)prop-2-en-1-
one (3d)
Yield: 62%, yellow solid, mp 124–126 �C; IR (�max, cm�1): 2921 (¼C–H), 2715 (C–H), 1652
(C¼O),1456 (C¼N); 1H-NMR (400MHz, DMSO-d6, d, ppm): 8.56 (s, 1H, Pyrazole-H), 7.91 (d,
2H, J¼ 7.8Hz, Ar–H), 7.76 (d, 1H, J¼ 15.4Hz, olefinic-H), 7.60 (d, 1H, J¼ 5.1Hz, Ar–H), 7.54
(t, 2H, J¼ 8.2Hz, Ar–H), 7.35–7.44 (m, 3H, Ar–H), 7.21 (dd, 1H, J¼ 5.0 & 3.7Hz, Ar–H), 6.59
(s, 1H, Furan-H), 2.57 (s, 3H, –CH3), 2.29 (s, 3H, –CH3);

13C NMR (100MHz, DMSO-d6, d,
ppm): 184.4, 157.0, 149.7, 146.8, 138.7, 133.5, 131.5, 129.7, 128.7, 128.1, 127.3, 127.2, 126.8, 124.3,
122.1, 118.6, 117.4, 105.9, 13.9, 12.9; MS(ESI-MS): m/z 375.10 (MþH).þ

General procedure for synthesis of pyrazolyl-pyrazoline (4a-d)
A mixture of chalcone 3a-d (0.001mol) and hydrazine hydrate (0.004mol) in solvent ethanol
(10ml) was refluxed in presence of catalytic amount of glacial acetic acid for 6 h. The progress of
the reaction was monitored by TLC. After completion of the reaction, the reaction mixture was
transferred into crushed ice. The precipitation observed, filtered it, washed with water and dried.
The crystallization of product carried out in ethanol to get pure pyrazolines.

4-(4,5-Dihydro-3-(2,5-dimethylfuran-3-yl)-1H-pyrazol-5-yl)-1,3-diphenyl-1H-pyrazole (4a)
Yield: 74%, white solid, mp 102–104 �C; IR (�max, cm�1): 3306 (N–H), 3049 (Ar–H), 1592
(C¼N); 1H-NMR (400MHz, DMSO-d6, d, ppm): 8.56 (s, 1H, pyrazole-H), 7.90 (d, 2H,
J¼ 7.8Hz, Ar–H), 7.76 (d, 2H, J¼ 8.3Hz, Ar–H), 7.47–7.52 (m, 4H, Ar–H), 7.41 (t, 1H,
J¼ 7.3Hz, Ar–H), 7.31 (t, 1H, J¼ 7.4Hz, Ar–H), 7.20 (s, 1H, N–H), 6.19 (s, 1H, furan-H), 4.87
(t, 1H, J¼ 10.7Hz, pyrazoline-H), 3.34 (dd, 1H, J¼ 10.5 & 15.6Hz, pyrazoline-H), 2.88(dd, 1H,
J¼ 11.1 & 16.1Hz, pyrazoline-H), 2.38 (s, 3H, CH3), 2.20 (s, 3H, CH3);

13C NMR (100MHz,
DMSO-d6, d, ppm): 150.4, 149.3, 147.6, 145.1, 139.5, 132.9, 129.5, 128.6, 127.9, 127.2, 126.2,
123.2, 118.1, 115.2, 105.9, 54.7, 41.9, 13.3, 12.9; MS (ESI-MS): m/z 383.04 (MþH).þ
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3-(5-Bromothiophen-2-yl)-1-(4-fluorophenyl)-4-(4,5-dihydro-3-(2,5-dimethylfuran-3-yl)-1H-pyra-
zol-5-yl)-1H-pyrazole (4b)
Yield: 69%, white solid, mp 98–100 �C; IR (�max, cm�1):3310 (N–H), 3046 (Ar–H), 1594
(C¼N); 1H NMR (400MHz, DMSO-d6, d, ppm): 8.54 (s, 1H, pyrazole-H), 7.88 (m, 2H, Ar–H),
7.35 (t, 2H, J¼ 8.7Hz, Ar–H), 7.28 (dd, 2H, J¼ 3.8Hz, Ar–H), 7.21 (s, 1H, N–H), 6.20 (s, 1H,
furan-H), 4.93 (t, 1H, J¼ 10.68Hz, pyrazoline-H), 3.37 (dd, 1H, J¼ 10.7 & 16.5Hz, pyrazoline-
H), 2.86 (dd, 1H, J¼ 10.9 & 16.1Hz, pyrazoline-H), 2.38 (s, 3H, CH3), 2.20 (s, 3H, CH3);

13C
NMR (100MHz, DMSO-d6, d, ppm): 161.6, 159.1, 149.3, 147.7, 145.3, 144.1, 136.9, 135.6, 131.2,
128.0, 126.6, 122.6, 120.2, 120.2, 116.4, 116.2, 115.1, 111.5, 105.9, 54.3, 41.1, 13.3, 12.9; MS (ESI-
MS): m/z 486.93 (MþH).þ

3-(5-Bromothiophen-2-yl)-4-(4,5-dihydro-3-(2,5-dimethylfuran-3-yl)-1H-pyrazol-5-yl)-1-phenyl-
1H-pyrazole (4c)
Yield: 72%, white solid, mp 122–124 �C; IR (� max, cm�1): 3303 (N–H), 3096 (Ar–H), 1593
(C¼N), 1H NMR (400MHz, DMSO-d6, d, ppm): 8.55 (s, 1H, pyrazole-H), 7.84 (d, 2H,
J¼ 7.9Hz, Ar–H), 7.51 (t, 2H, J¼ 7.6Hz, Ar–H), 7.22–7.34 (m, 4H, Ar–H), 6.20 (s, 1H, furan-H),
4.94 (t, 1H, J¼ 10.6Hz, pyrazoline-H), 3.38 (m, 1H, pyrazoline-H), 2.88 (dd, 1H, J¼ 12.1 &
16.1Hz, pyrazoline-H), 2.39 (s, 3H, CH3), 2.20 (s, 3H, CH3);

13C NMR (100MHz, DMSO-d6, d,
ppm): 149.3, 147.7, 145.2, 144.0, 139.0, 137.0, 131.2, 129.6, 127.8, 126.6, 126.5, 122.5, 118.0, 115.1,
111.4, 105.9, 54.4, 41.1, 13.3, 12.9; MS (ESI-MS): m/z 468.95 (MþH).þ

4-(4,5-Dihydro-3-(2,5-dimethylfuran-3-yl)-1H-pyrazol-5-yl)-1-phenyl-3-(thiophen-2-yl)-1H-pyra-
zole (4d)
Yield: 70%, white solid, mp 96–98 �C; IR (� max, cm�1): 3336 (N–H), 3067 (Ar–H), 1501 (C¼N);
1H NMR (400MHz, DMSO-d6, d, ppm): 8.53 (s, 1H, pyrazole-H), 7.86 (d, 1H, J¼ 8Hz, Ar–H), 7.58
(d, 1H, J¼ 4.9Hz, Ar–H), 7.47–7.52 (m, 3H, Ar–H), 7.31 (t, 1H, J¼ 7.3Hz, Ar–H), 7.15–7.20 (m,
2H, Ar–H), 6.21 (s, 1H, furan-H), 4.98 (t, 1H, J¼ 10.5Hz, pyrazoline-H), 3.42 (m, 1H, pyrazoline-H),
2.89 (dd, 1H, J¼ 10.7 & 16.1Hz, pyrazoline-H), 2.39 (s, 3H, CH3), 2.20 (s, 3H, CH3);

13C NMR
(100MHz, DMSO-d6, d, ppm): 149.3, 147.7, 145.1, 144.9, 139.2, 135.0, 129.6, 127.9, 127.4, 126.3,
126.0, 125.8, 122.6, 118.1, 115.1, 105.9, 54.5, 41.3, 13.3, 12.9; MS (ESI-MS): m/z 389.03 (MþH).þ

Experimental protocol for biological activity

Antimalarial assay

The antimalarial activity of the synthesized compounds was carried out in the Microcare labora-
tory & TRC, Surat, Gujarat. According to the micro assay protocol of Rieckmann and coworkers
the in vitro antimalarial assay was carried out in 96 well microtiter plates. To maintain P. falcip-
arum strain culture in medium Roswell Park Memorial Institute (RPMI) 1640 supplemented with
25mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 1% D-glucose, 0.23%
sodium bicarbonate and 10% heat inactivated human serum. To obtain only the ring stage parasi-
tized cells, 5% D-sorbitol treatment required to synchronized the asynchronous parasites of P. fal-
ciparum. To determine the percent parasitaemia (rings) and uniformly maintained with 50%
RBCs (Oþ) an initial ring stage parasitaemia of 0.8 to 1.5% at 3% hematocrit in a total volume of
200ml of medium RPMI-1640 was carried out for the assay. A stock solution of 5mg/ml of each
of the test samples was prepared in DMSO and subsequent dilutions were prepared with culture
medium. To the test wells to obtain final concentrations (at five-fold dilutions) ranging between
0.4mg/ml to 100 m g/ml in duplicate well containing parasitized cell preparation the diluted sam-
ples in 20 ml volume were added. In a candle jar, the culture plates were incubated at 37 �C. Thin
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blood smears from each well were prepared and stained with Jaswant Singh-Bhattacharji (JSB)
stain after 36 to 40 h incubation. To record maturation of ring stage parasites into trophozoites
and schizonts in presence of different concentrations of the test agents the slides were microscop-
ically observed. The minimum inhibitory concentrations (MIC) was recorded as the test concen-
tration which inhibited the complete maturation into schizonts. Chloroquine was used as the
reference drug.

After incubation for 38 hours, and percent maturation inhibition with respect to control group,
the mean number of rings, trophozoites and schizonts recorded per 100 parasites from dupli-
cate wells.

Molecular docking

The crystal structure of Plasmodium Falciparum Enoyl-Acyl-Carrier-Protein Reductase (PfENR or
FabI) in complex with its inhibitor Triclosan was retrieved from the protein data bank (PDB)
(pdb code: 1NHG) and refined using the protein preparation wizard. It involves eliminating all
crystallographically observed water (as no conserved interaction is reported with co-crystallized
water molecules), addition of missing side chain/hydrogen atoms. Considering the appropriate
ionization states for the acidic as well as basic amino acid residues, the appropriate charge and
protonation state were assigned to the protein structure corresponding to pH 7.0 followed by
thorough minimization, using OPLS-2005 force-field, of the obtained structure to relieve the
steric clashes due to addition of hydrogen atoms. The 3D structures of the furan containing pyra-
zolyl chalcones (3a-d) were sketched using the build panel in Maestro and were optimized using
the Ligand Preparation module followed by energy minimization using OPLS-2005 force-field
until their average root mean square deviation (RMSD) reached 0.001Å. The active site of PfENR
was defined using receptor grid generation panel to include residues within a 10Å radius around
the co-crystallized ligand. Using this setup, flexible docking was carried using the extra precision
(XP) Glide scoring function to gauze the binding affinities of these molecules and to identify
binding mode within the target. The obtained results as docking poses were visualized and ana-
lyzed quantitatively for the thermodynamic elements of interactions with the residues lining the
active site of the enzyme using the Maestro’s Pose Viewer utility.
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