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Abstract

Novel 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a to 3e were

synthesized via Vilsmeier-Haack reaction of the appropriate 1-benzyl-

2-(1-(4-fluorophenyl)ethylidene)hydrazines, derived from 4-fluoroacetophe-

none 1 with substituted 2-benzylhydrazines 2a to 2e. The base catalyzed con-

densation of 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a to

3e with 1-(4-fluoro-2-hydroxyphenyl)ethanone 4 gave (E)-3-(1-benzyl-3-(4-

fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones

5a to 5e. On cyclization with dimethyl sulfoxide (DMSO)/I2, compounds 5a to

5e gave 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-7-fluoro-4H-chromen-

4-ones 6a to 6e. Structures of all novel compounds were confirmed by infrared

(IR), proton nuclear magnetic resonance (1H NMR), carbon nuclear magnetic

resonance (13C NMR), and mass spectral data. All the synthesized compounds

were screened for their antibacterial activities.

1 | INTRODUCTION

Chromones (4H-1-benzopyran-4-one, 4H-chromen-
4-one) are the heterocyclic compound widely distributed
in nature.[1] Chromone-containing compounds display
various pharmacological properties such as antifungal,[2]

antimalarial,[3] anticancer,[4] antibacterial,[5] and are also
well known as an antidiabetic and cardiovascular
agents.[6,7] Pyrazole-containing compounds show antian-
giogenic,[8] antimalarial,[9] antifungal,[10] antituber-
cular,[11] antimicrobial,[11] and anticancer[12] activities.

Currently, there are more than 200 pharmaceutical
drugs available in market containing fluorine atom. Fluo-
rine and fluorine-containing substituent can impart many
effects on properties of organic compounds.[13,14] Fluorine-
containing compounds exhibit fungicidal,[15] herbicidal,[16]

antiviral,[17] antipyretic,[18] and analgesic[19] activities.
Considering the biological importance of chromone,

pyrazole, and fluorine nucleus, we have reported the syn-
thesis, characterization, and antibacterial screening of

novel 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbal-
dehydes 3a to 3e, (E)-3-(1-benzyl-3-(4-fluorophenyl)-1H-
pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones
5a to 5e and 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-
4-yl)-7-fluoro-4H-chromen-4-one derivatives 6a to 6e.

2 | RESULT AND DISCUSSION

1-Benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes
3a to 3e were synthesized via the Vilsmeier-Haack reac-
tion of the appropriate 1-benzyl-2-(1-(4-fluorophenyl)eth-
ylidene)hydrazines, derived from 4-fluoroacetophenone
1 with substituted 2-benzylhydrazines 2a to 2e.[20]

(E)-3-(1-Benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-flu-
oro-2-hydroxyphenyl)prop-2-en-1-ones 5a to 5e were
synthesized from the reaction of 1-benzyl-3-(4-fluoroph-
enyl)-1H-pyrazole-4-carbaldehydes 3a to 3e with 1-(4-
fluoro-2-hydroxyphenyl)ethanone 4 in 10% aq. KOH. The
synthesis of 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
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7-fluoro-4H-chromen-4-ones 6a to 6e was achieved by reac-
tion of (E)-3-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones 5a to 5e with
dimethyl sulfoxide (DMSO)/I2 (Scheme 1 and Section 3).

Structures of all the synthesized compounds were
confirmed by using infrared (IR), proton nuclear mag-
netic resonance (1H NMR), carbon nuclear magnetic res-
onance (13C NMR), and liquid chromatography-mass
spectrometry (LC-MS) spectroscopic techniques.

2.1 | Antibacterial activities

All the synthesized compounds were screened for their
antibacterial activities. The bacterial strains Staphylococ-
cus aureus, Bacillus subtilis, Escherichia coli, and Pseudo-
monas aeruginosa were used. The zone of inhibition in
millimeter was determined by the well diffusion method
at 1 mg/mL of concentration, and Ampicillin was used as
reference drugs. The results of antibacterial activity are
shown in Table 1.

The results given in Table 1 indicated that com-
pounds 3c, 3d, 3d, 6a, 6b, 6c, and 6d exhibited good
antibacterial activity against E. coli bacterial strain. Com-
pounds 3c to 3e, 5e, and 6a to 6e exhibited good
antibacterial activity against P. aeroginosa. While com-
pounds 3e and 6a to 6d exhibited good antibacterial
activity against B. subtilis and S. aureus compared with
the standard Ampicillin. While other compounds were
found to be less to moderately active against all bacterial
strains.

3 | EXPERIMENTAL

The melting points were measured on a DBK melting
point apparatus and are uncorrected. IR spectra were
recorded on Shimadzu IR Affinity 1S (attenuated total
reflection [ATR]) Fourier transform infrared (FTIR) spec-
trophotometer. 1H NMR (400 MHz) and 13C NMR
(100 MHz) spectra were recorded on Varian 400 spectro-
photometer using tetramethylsilane (TMS) as an internal
standard and DMSO-d6 as solvent, and chemical shifts
were expressed as δ parts per million units. Mass spectra
were obtained on Shimadzu (LC-MS) mass spectrometer.

3.1 | General procedure for synthesis of
1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehydes (3a-e)

A mixture of substituted 1-benzylhydrazine (0.01 mol) and
catalytic amount of concencentated H2SO4 was added to a
solution of 1-(4-fluorophenyl)ethanone (0.01 mol) in 20 mL
of ethanol. The mixture was refluxed for 1 hour, and the
1-benzyl-2-(1-(4-fluorophenyl)ethylidene)hydrazine formed
was filtered and dried. A mixture of dimethylformamide
(DMF) and phosphoryl chloride (POCl3) was cooled with
constant stirring at 0�C. A solution of 1-benzyl-2-(1-(4-
fluorophenyl)ethylidene)hydrazine in DMF was added
dropwise to the reaction mixture and then heated at 70 to 80�C
for 5 hours. After completion of reaction, contents were cooled
to room temperature and poured onto ice-cold water, and then
it was made alkaline with saturated K2CO3 solution. The
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precipitate formed was crystallized from ethanol to get pure
1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a-e.

3.2 | 1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3a)

Yield: 71%, White solid, mp 58-60�C. IR (νmax/cm
−1): 3112

( C H), 2820 (aldehyde C H), 1674 (C O), 1655 (C N);
1H NMR spectrum (400 MHz, DMSO-d6): δ = 5.45 (s, 2H,
CH2), 7.25-7.35 (m, 4H, Ar H), 7.52-7.60 (m, 2H, Ar H),

7.86-7.90 (m, 2H, Ar H), 8.72 (s, 1H, pyrazolyl-H), 9.86 (s,
1H, CHO); 13C NMR (100 MHz, DMSO-d6): δ = 53.92,
115.17, 115.38, 120.48, 127.96, 128.36, 130.10, 130.52,
130.61, 130.85, 131.24, 137.09, 138.35, 150.91, 161.21,
163.66, 184.33; MS (LC-MS):m/z 358.95 (M + H)+.

3.3 | 1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3b)

Yield: 65%, White solid. mp 190-192�C; IR (νmax/cm
−1):

3112 ( C H), 2820 (aldehyde C H), 1674 (C O), 1655
(C N); 1H NMR spectrum (400 MHz, DMSO-d6):
δ = 5.46 (s, 2H, CH2), 7.26-7.36 (m, 3H, Ar H),
7.64-7.68 (m, 2H, Ar H), 7.86-7.89 (m, 2H, Ar H), 8.72
(s, 1H, pyrazolyl-H), 9.86 (s, 1H, CHO); MS (LC-MS):
m/z 349 (M + H)+.

3.4 | 1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3c)

Yield: 69%; White solid; mp 64-66�C; IR (νmax/cm
−1): 3113

( C H), 2822 (aldehyde C H), 1673 (C O), 1656 (C N);
1H NMR (400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2),
7.29 (t, 2H, J = 8.8 Hz, Ar H), 7.35 (t, 1H, J = 8 Hz,
Ar H), 7.45 (d, 1H, J = 8.4 Hz, Ar H), 7.61 (d, 1H,
J = 8.4 Hz, Ar H), 7.86 (dd, 2H, J = 8 and 6 Hz, Ar H),
8.67 (s, 1H, pyrazolyl-H), 9.86 (s, 1H, CHO); 13C NMR
(100 MHz, DMSO-d6): δ = 49.66, 115.40, 115.62, 116.20,
116.42, 119.34, 119.58, 121.08, 121.23, 123.26, 123.35,
127.44, 127.85, 128.02, 128.05, 130.53, 130.61, 131.57,
131.60, 131.77, 131.86, 134.57, 152.82, 159.01, 161.53,
161.97, 164.45, 184.20; MS (LC-MS):m/z 376.95 (M + H)+.

3.5 | 1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3d)

Yield: 61%; White solid; mp 68-70�C; IR (νmax/cm
−1):

3112 ( C H), 2824 (aldehyde C H), 1677 (C O), 1654
(C N); 1H NMR (400 MHz, DMSO-d6): δ = 5.52 (s, 2H,
CH2), 7.18 (t, 2H, J = 8 Hz, Ar H), 7.26 (t, 2H,

J = 8.8 Hz, Ar H), 7.50 (t, 1H, J = 8 Hz, Ar H), 7.83 (m,
2H, Ar H), 8.66 (s, 1H, pyrazolyl-H), 9.85 (s, 1H,
CHO); 13C NMR (100 MHz, DMSO-d6): δ = 43.32,

111.38, 111.57, 111.75, 112.00, 115.17, 115.38, 120.24,

TABLE 1 Antibacterial activities of the synthesized compounds (zone of inhibition in millimeter)

Compound Escherichia coli Pseudomonas aeroginosa Bacillus subtilis Staphylococcus aureus

3a 8 10 10 12

3b 9 10 10 11

3c 14 13 12 12

3d 15 14 12 13

3e 16 15 14 17

5a 9 11 12 11

5b 9 10 10 12

5c 8 10 10 9

5d 10 11 10 9

5e 12 14 13 12

6a 16 15 14 16

6b 14 15 14 16

6c 16 14 16 17

6d 14 15 15 16

6e 12 14 9 10

Ampicillin 16 15 17 18
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127.96, 130.49, 130.57, 131.43, 131.53, 131.64, 138.50,
150.59, 159.75, 161.20, 162.15, 163.64, 184.38; MS (LC-
MS): m/z 317.05 (M + H)+.

3.6 | 1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3e)

Yield: 64%; White solid; mp 52-54�C; IR (νmax/cm
−1):

3111 ( C H), 2821 (aldehyde C H), 1672 (C O), 1656
(C N); 1H NMR (400 MHz, DMSO-d6): δ = 1.1 (d, 6H,
CH3), 2.8 (m, 1H, CH), 5.4 (s, 2H, CH2), 7.23-7.30

(m, 6H, Ar H), 7.86-7.90 (m, 2H, Ar H), 7.45 (d, 1H,
J = 8.4 Hz, Ar H), 7.61 (d, 1H, J = 8.4 Hz, Ar H),
7.86 (dd, 2H, J = 8 and 6 Hz, Ar H), 8.67 (s, 1H,
pyrazolyl-H), 9.85 (s, 1H, CHO); MS (LC-MS): m/z
323.05 (M + H)+.

3.7 | General procedure for synthesis of
(E)-3-(1-Benzyl-3-(4-fluorophenyl)-1H-
pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)
prop-2-en-1-ones (5a-e)

A mixture of 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehydes 3a to 3e (0.005 mol) with 1-(4-fluoro-
2-hydroxyphenyl)ethanone 4 (0.005 mol) was stirred in
ethanolic KOH (10%) for 16 hours at room temperature.
After completion of reaction, contents were poured onto
ice-cold water and then acidified with concentrated
hydrochloric acid (HCl). The precipitate formed was fil-
tered off, washed with water, and crystallized from etha-
nol to get the pure product 5a-e.

3.8 | (E)-3-(1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5a)

Yield: 74%; Yellow solid; mp 80-82�C; IR (νmax/cm
−1): 1637

(C O), 1590 (C N), 1569 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.46 (s, 2H, CH2), 6.82-6.89 (m, 2H,
Ar H), 7.33-7.39 (m, 4H, Ar H), 7.53-7.61 (m, 4H, Ar H),
7.70-7.81 (AB quartet, 2H, J = 15.6 Hz, C H), 8.21 (dd,
1H, J = 8 and 6.8 Hz, Ar H), 8.75 (s, 1H, pyrazolyl-H),
13.09 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6):
δ = 54.73, 104.12, 104.36, 106.79, 107.02, 115.65, 115.86,
117.58, 119.62, 121.84, 126.97, 128.52, 130.36, 130.44,
130.63, 130.90, 132.31, 133.04, 133.16, 135.87, 139.10,
151.29, 161.01, 163.46, 164.46, 164.60, 165.14, 167.67,
192.09; MS (LC-MS):m/z 495.10 (M + H)+.

3.9 | (E)-3-(1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5b)

Yield: 72%; Yellow solid; mp 158-160�C; IR (νmax/cm
−1):

1641 (C O), 1594 (C N), 1524 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.47 (s, 2H, CH2), 6.81-6.87 (m, 2H,
Ar H), 7.33-7.44 (m, 3H, Ar H), 7.59 (dd, 2H, J = 8 and
6 Hz, Ar H), 7.66-7.68 (m, 2H, Ar H), 7.69-7.81
(AB quartet, 2H, J = 15.6 Hz, CH), 8.19 (t, 1H, J = 8 Hz,
Ar H), 8.73 (s, 1H, pyrazolyl-H), 13.07 (s, 1H, OH); 13C
NMR (100 MHz, DMSO-d6): δ = 55.34, 104.98, 105.22,
106.86, 107.08, 115.76, 115.97, 116.83, 118.83, 127.23,
128.22, 129.90, 129.97, 130.48, 130.56, 131.06, 131.49,
131.60, 132.92, 133.22, 135.43, 136.10, 152.44, 166.03,
166.18, 192.06; MS (LC-MS):m/z 485.05 (M + H)+.

3.10 | (E)-3-(1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5c)

Yield: 71%; Yellow solid; mp 118-120�C; IR (νmax/cm
−1):

1638 (C O), 1587 (C N), 1574 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.48 (s, 2H, CH2), 6.81-6.89 (m, 2H,
Ar H), 7.32-7.40 (m, 3H, Ar H), 7.48 (dd, 1H, J = 8 and
2 Hz, Ar H), 7.57 (dd, 2H, J = 8 and 6 Hz, Ar H), 7.63 (dd,
1H, J = 8 and 2 Hz, Ar H), 7.69-7.82 (AB quartet, 2H,
J = 15.6 Hz, CH), 8.23 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.72 (s, 1H, pyrazolyl-H), 13.10 (s, 1H, OH); 13C NMR
(100 MHz, DMSO-d6): δ = 49.07, 104.13, 104.37, 106.82,
107.03, 115.66, 115.74, 115.87, 117.60, 118.92, 119.16, 119.67,
121.97, 122.07, 122.64, 122.79, 128.00, 128.46, 130.39, 130.47,
132.29, 132.38, 132.43, 133.12, 133.23, 135.80, 151.35, 158.82,
161.02, 161.32, 163.47, 164.47, 164.60, 165.16, 167.68, 192.13;
MS (LC-MS):m/z 515 (M + H)+.

3.11 | (E)-3-(1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-
2-hydroxyphenyl)prop-2-en-1-one (5d)

Yield: 74%; Yellow solid; mp 184-186�C; IR (νmax/cm
−1):

1640 (C O), 1596 (C N), 1568 (C C); 1H NMR
(400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2), 6.81-6.89 (m,
2H, Ar H), 7.17 (t, 2H, J = 8 Hz, Ar H), 7.33 (t, 2H,
J = 8 Hz, Ar H), 7.48-7.56 (m, 3H, Ar H), 7.7 (d, 1H,
J = 15.8 Hz, C H), 7.83 (d, 1H, J = 15.6 Hz, C H), 8.26
(dd, 1H, J = 8 and 6.8 Hz, Ar H), 8.74 (s, 1H, pyrazolyl-H),
13.14 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6):
δ = 43.47, 104.09, 104.32, 106.73, 106.95, 111.37, 111.56,
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111.75, 111.93, 111.99, 115.59, 115.65, 115.81, 117.45, 119.49,
128.45, 128.48, 130.37, 130.45, 131.37, 131.47, 131.57, 132.10,
133.17, 133.28, 135.82, 151.32, 159.71, 159.79, 161.02, 162.20,
162.27, 163.47, 164.63, 164.77, 165.19, 167.71, 193.20; MS
(LC-MS):m/z 453.15 (M + H)+.

3.12 | (E)-3-(1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-
2-hydroxyphenyl)prop-2-en-1-one (5e)

Yield: 77%; Yellow solid; mp 130-132�C; IR (νmax/cm
−1):

1635 (C O), 1595 (C N), 1567 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 1.17 (d, 6H, CH3), 2.87 (m, 1H, C H), 5.39
(s, 2H, CH2), 6.82-6.89 (m, 2H, Ar H), 7.25-7.37 (m, 6H,
Ar H), 7.57-7.61 (m, 2H, Ar H), 7.70-7.81 (AB quartet, 2H,
J = 15.8 Hz, C H), 8.23 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.74 (s, 1H, pyrazolyl-H), 13.13 (s, 1H, OH); 13C NMR
(100 MHz, DMSO-d6): δ = 23.75, 33.12, 55.41, 104.13,
104.36, 106.79, 107.01, 115.63, 115.75, 115.84, 117.56, 119.36,
126.06, 127.92, 128.63, 130.35, 130.43, 132.01, 133.06, 133.17,
133.90, 136.05, 148.22, 151.04, 160.98, 163.42, 164.49, 164.63,
165.14, 167.67, 192.13; MS (LC-MS):m/z 459.15 (M + H)+.

3.13 | General procedure for synthesis of
2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-
4-yl)-7-fluoro-4H-chromen-4-ones (6a-e)

Compound 5a to 5e (0.002 mol) was dissolved in 15-mL
DMSO. To this solution, catalytic amount of iodine was
added. The reaction mixture was heated to 140�C for
2 hours. After completion of reaction (checked by thin-
layer chromatography [TLC]), content were cooled and
poured over crushed ice. The product obtained was fil-
tered, washed with cold water and 10% sodium
thiosulphate solution followed by cold water, and crystal-
lized from ethanol to get the pure product 6a to 6e.

3.14 | 2-(1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6a)

Yield: 77%; White solid; mp 200-202�C; IR (νmax/cm
−1):

3112 ( C H), 1641 (C O), 1622 (C N), 1597 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.46 (s, 2H, CH2), 6.32
(s, 1H), 7.19 (dd, 1H, J = 8 and 2 Hz, Ar H), 7.30-7.62
(m, 9H, Ar H), 8.19 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.71 (s, 1H, pyrazolyl-H); 13C NMR (100 MHz, DMSO-
d6): δ = 54.87, 104.56, 104.82, 107.24, 110.95, 112.30,
113.82, 115.32, 115.54, 116.69, 119.55, 120.72, 122.07,
127.24, 127.74, 127.84, 129.20, 130.97, 131.12, 133.66,

139.25, 149.39, 158.12, 158.50, 158.89, 159.28, 159.63,
163.82, 175.80; MS (LC-MS): m/z 495.10 (M + H)+.

3.15 | 2-(1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6b)

Yield: 65%; White solid; mp 148-150�C; IR (νmax/cm
−1):

3059 ( C H), 1645 (C O), 1620 (C N), 1598 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.47 (s, 2H, CH2), 6.32
(s, 1H), 7.19 (d, 1H, J = 8 Hz, Ar H), 7.27-7.70 (m, 8H,
Ar H), 8.19 (t, 1H, J = 8 Hz, Ar H), 8.70 (s, 1H,
pyrazolyl-H); 13C NMR (100 MHz, DMSO-d6): δ = 54.13,
104.83, 107.23, 110.87, 113.74, 115.32, 115.54, 116.61,
120.59, 127.80, 128.53, 129.00, 130.25, 131.06, 131.39,
133.71, 137.48, 157.96, 158.34, 158.73, 159.10, 175.70; MS
(LC-MS): m/z 483.10 (M + H)+.

3.16 | 2-(1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6c)

Yield: 69%; White solid; mp 220-222�C; IR (νmax/cm
−1):

3065 ( C H), 1643 (C O), 1620 (C N), 1594 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2), 6.31
(s, 1H), 7.19 (dd, 1H, J = 8 and 6.8 Hz, Ar H), 7.25-7.78
(m, 8H, Ar H), 8.05 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.67 (s, 1H, pyrazolyl-H); 13C NMR (100 MHz, DMSO-
d6): δ = 48.46, 104.43, 104.69, 107.01, 111.87, 113.66,
113.89, 115.14, 115.35, 118.85, 119.09, 120.41, 121.87,
121.96, 122.62, 122.77, 127.48, 127.59, 127.96, 128.77,
130.43, 130.83, 130.91, 132.24, 133.50, 149.04, 156.26,
156.40, 158.73, 159.23, 161.01, 161.24, 163.46, 165.97,
175.44; MS (LC-MS): m/z 513.10 (M + H)+.

3.17 | 2-(1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6d)

Yield: 72%; White solid; mp 140-142�C; IR (νmax/cm
−1):

3110 ( C H), 1648 (C O), 1622 (C N), 1594 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.51 s (2H, CH2), 6.31
(s, 1H), 7.16-7.57 (m, 9H, Ar H), 8.04 (dd, 1H, J = 8 and
6.8 Hz, Ar H), 8.66 (s, 1H, pyrazolyl-H); 13C NMR
(100 MHz, DMSO-d6): δ = 43.31, 104.41, 104.66, 106.95,
111.43, 111.70, 111.75, 111.93, 113.58, 113.80, 115.09,
115.30, 120.38, 127.43, 127.54, 128.80, 130.81, 130.89,
131.44, 131.54, 133.25, 148.96, 156.23, 156.37, 159.17,
159.74, 161.00, 162.16, 163.44, 165.94, 175.41; MS (LC-
MS): m/z 451.05 (M + H)+.
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3.18 | 2-(1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6e)

Yield: 67%; White solid; mp 280-282�C; IR (νmax/cm
−1):

3066 ( C H), 1644 (C O), 1620 (C N), 1592(C C); 1H
NMR (400 MHz, DMSO-d6): δ = 1.18 (d, 6H, CH3), 2.87
(m, 1H, C H), 5.39 (s, 2H, CH2), 6.30 (s, 1H),
7.18-7.36 (m, 8H, Ar H), 7.58-7.62 (m, 2H, Ar H), 8.05
(dd, 1H, J = 8 and 6.8 Hz, Ar H), 8.68 (s, 1H, pyrazolyl-
H); 13C NMR (100 MHz, DMSO-d6): δ = 23.76, 33.12,
55.20, 104.44, 104.70, 106.90, 111.81, 113.67, 113.90,
115.16, 115.37, 120.44, 126.57, 127.52, 127.98, 128.98,
130.85, 130.93, 133.17, 133.83, 148.22, 148.76, 156.30,
156.43, 159.46, 161.00, 163.44, 165.99, 175.46; MS (LC-
MS): m/z 457.15 (M + H)+.

4 | CONCLUSION

In conclusion, we have synthesized a series of novel
2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-7-fluoro-4H
-chromen-4-ones 6a to 6e from 1-benzyl-3-(4-fluoro-
phenyl)-1H-pyrazole-4-carbaldehydes 3a to 3e. All synthe-
sized compounds are characterized by using spectral
methods and screened for their antibacterial activities.
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Abstract—A series of novel derivatives of 1-(2-{2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)-4-phenylthiosemicarbazide, 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}methyl)-4-phenyl-4H-1,2,4-triazole-3-thiol and 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]-
imidazol-1-yl}methyl)-N-phenyl-1,3,4-thiadiazol-2-amine have been synthesized by the conventional method as 
well as using MW irradiation. All newly synthesized compounds have been tested for antibacterial activity. Several 
products have demonstrated moderate activity against gram positive and gram negative bacterial strains. 

Keywords: 1,3,4-thiadiazole, 1,2,4-triazole, microwave irradiation, antibacterial activity

DOI: 10.1134/S1070363220090200

Antimycobacterial and antimicrobial activities have 
been well established and studied in depth for benz-
imidazole [1, 2], thiazole [3, 4], 1,3,4-thiadiazole [5–7], 
and 1,2,4-triazole [8, 9] derivatives.

Pharmacological importance associated with those 
compounds inspired us to synthesize novel benzimidazole 
and thiazole containing 1,3,4-thiadiazoles and 1,2,4-
triazoles under conventional and MW irradiation. All 
newly synthesized compounds were evaluated for their 
antibacterial activity.

RESULTS AND DISCUSSION

Synthesis of 2-{2-[2-(4-fluorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetohydrazide 
6 was carried out by the known method (Scheme 1) 
[10–12]. 

A novel series of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide 7a–7e was synthesized from 
the intermediate 6 and substituted aryl isothiocyanates 
by conventional method and under MW irradiation 
[10, 13]. Their molecular structures were supported by 

IR, 1H and 13C NMR spectra. Reaction of compounds 
7a–7e in presence of NaOH under conventional 
conditions or MW irradiation gave 1,2,4-triazole 
derivatives 8a–8e [10, 13]. In IR spectra of the products 
8a–8e no bands at ca. 3100 cm–1 characteristic for 
–NH group were recorded. In 1H NMR spectra of those 
compounds characteristic singlets of S–H were recorded 
at ca. 14.00 ppm. Similar reaction of compounds 7a–7e 
in acidic media under conventional conditions or MW 
irradiation gave 1,3,4-thiadiazoles 9a–9e [10, 13]. The 
NH group of compound 9a was recorded in IR spectrum 
by the band at 3201 cm–1 and in 1H NMR spectrum by a 
singlet at 9.50 ppm. 

The MW irradiation method proved to be more 
effi cient in the synthesis of thiosemicarbazides 7a–7e, 
1,2,4-triazoles 8a–8e and 1,3,4-thiadiazoles 9a–9e 
derivatives than the conventional heating. It reduced 
the reaction time from hours to 5–10 min and increased 
the products yield up to 77–88% over the conventional 
method (60–74%) (Table 1).

In vitro antibacterial activity. All the synthesized 
compounds were tested against gram positive bacterial 
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strains Staphylococcus aureus (NCIM 2079), Bacillus 
subtilis (NCIM 2063), and gram negative bacterial strains 
Escherichia coli (NCIM 2810), Salmonella abony (NCIM 
2257). The zone of inhibition in mm was determined by 
the well diffusion method at concentration of 1 mg/ mL, 
and Ciprofloxacin was used as the reference drug 
(Table 2). Compounds 7a, 7d, 7e, 8d, and 9e demonstrated 
moderate activity against both gram positive and 

gram negative bacteria while other compounds were 
characterized by low activity or none. 

EXPERIMENTAL 

All organic solvents and reagents were acquired 
from commercial sources and used as received. The 
melting points were measured on a DBK melting point 
apparatus and are uncorrected. Microwave irradiation 
was carried out in a Raga’s synthetic microwave oven. 

Scheme 1. Synthesis of derivatives of thiosemicarbazide (7a–7e), 1,2,4-triazole (8a–8e), and 1,3,4-thiadiazole (9a–9e).
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FTIR spectra were recorded on a Shimadzu IR Affi nity 
1S (ATR) spectrophotometer. 1H and 13C NMR spectra 
were measured on a Bruker Advance 400 spectrometer 
using TMS as an internal standard and DMSO-d6 as a 
solvent. Mass spectra were measured on a Waters, Q-TOF 
micromass (ESI-MS) mass spectrometer. 

Synthesis of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide (7a–7e). Conventional 
method. Equimolar amounts (0.01 mmol) of acid 
hydrazide 6 and aryl isothiocyanate 5 were dissolved 

in 15 mL of ethanol and refl uxed for 90 min. Reaction 
progress was monitored by TLC. Upon completion of the 
reaction the solid product was fi ltered off and crystallized 
from ethanol to give the corresponding pure compounds 
7a–7e (Table 1).

Microwave method. The mixture of equimolar amounts 
(0.01 mmol) of acid hydrazide 6 and aryl isothiocyanates 
5 was dissolved in 15 mL of ethanol and subjected to MW 
irradiation for 5 to 10 min at 350 W. Reaction progress 
was monitored by TLC. Upon completion of the reaction 
the precipitated product was fi ltered off and crystallized 

Table 1. Synthesis data for the products

Comp. no. Ar Conventional method Microwave method
time, min yield, % time, min yield, %

7a 3-Chlorophenyl 90 74 7.0 88
7b 2-Chlorophenyl 90 70 6.5 85
7c 2,4-Dichlorophenyl 90 75 7.5 84
7d 4-Chlorophenyl 90 68 8.0 82
7e 3,4-Dichlorophenyl 90 72 9.5 87
8a 3-Chlorophenyl 150 65 8.5 80
8b 2-Chlorophenyl 150 68 9.0 78
8c 2,4-Dichlorophenyl 150 62 8.0 81
8d 4-Chlorophenyl 150 66 7.5 83
8e 3,4-Dichlorophenyl 150 70 8.5 79
9a 3-Chlorophenyl 240 68 9.0 77
9b 2-Chlorophenyl 240 62 9.5 85
9c 2,4-Dichlorophenyl 240 67 8.5 83
9d 4-Chlorophenyl 240 60 8.5 78
9e 3,4-Dichlorophenyl 240 66 8.0 81

Table 2. Antibacterial tests data for the synthesized compounds

Compound Zone of inhibition, mm
S. aureus B. subtilis E. coli S. abony

7a 16 15 14 17
7b 15 11 – 15
7c 15 14 – 13
7d 15 13 14 15
7e 16 16 17 16
8a – – – 12
8b – – 11 10
8c – – 13 –
8d 15 17 13 18
8e – – 10 10
9a 11 12 12 16
9b 13 12 14 13
9c 12 12 14 –
9d 11 12 12 13
9e 13 15 14 16

Ciprofl oxacin 23 28 26 40
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from ethanol to give the corresponding pure compounds 
7a–7e (Table 2).

4-(3-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7a). White solid, mp 194–196°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3277 (N–H), 3248 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.51 s (1H, NH), 9.99 s (1H, NH), 9.80 s (1H, 
NH), 8.05 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.75 d (1H, 
J = 8 Hz, ArH), 7.58 d (2H, J = 8 Hz, ArH), 7.19–7.40 m 
(7H, ArH), 5.07 s (2H, CH2), 2.51 s (3H, CH3). 13C NMR 
spectrum, δС, ppm: 166.22, 162.25, 155.01, 145.38, 
142.48, 140.42, 135.87, 132.21, 129.76, 129.14, 128.64, 
128.55, 123.14, 122.52, 119.29, 118.91, 116.50, 116.27, 
110.98, 45.56, 16.47. LC-MS: m/z: 551.06 [M + H]+.

4-(2-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7b). White solid, mp 226–228°C. 
IR spectrum, ν, cm–1: 3365 (N–H), 3277 (N–H), 3245 
(N–H), 1674 (C=O), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 10.55 s (1H, NH), 9.98 s (1H, NH), 9.60 s (1H, NH), 
8.05 d. d (2H, J = 5.2 and 8.8 Hz, ArH), 7.75 d (1H, J = 
8 Hz, ArH), 7.29–7.57 m (9H, ArH), 5.06 s (2H, CH2), 
2.52 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.22, 
155.01, 145.37, 142.48, 135.87, 129.39, 129.14, 128.66, 
128.57, 127.21, 123.09, 122.51, 119.27, 118.94, 116.48, 
116.26, 111.01, 45.50, 16.48. LC-MS: m/z: 551.06 
[M + H]+.

4-(2,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7c), White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 3366 (N–H), 3275 
(N–H), 3246 (N–H), 1671 (C=O), 1232 (C–F). 1H NMR 
spectrum, δ, ppm: 10.52 s (1H, NH), 10.03 s (1H, NH), 
9.58 s (1H, NH), 8.01 d. d (2H, J = 5.6 and 8.4 Hz, ArH), 
7.71 d (1H, J = 8 Hz, ArH), 7.66 s (1H, ArH), 7.25–7.52 m 
(7H, ArH), 5.02 s (2H, CH2), 2.48 s (3H, CH3). LC-MS: 
m/z: 585 [M + H]+.

4-(4-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7d). White solid, mp 160–162°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3278 (N–H), 3247 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.46 s (1H, NH), 9.89 s (1H, NH), 9.74 s (1H, 
NH), 8.01 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.71 d (1H, 
J = 7.6 Hz, ArH), 7.54 d (1H, J = 8 Hz, ArH), 7.41 d (2H, 
J = 7.6 Hz, ArH), 7.25–7.36 m (6H, ArH), 5.04 s (2H, 
CH2), 2.48 s (3H, CH3). 13C NMR spectrum, δС, ppm: 

166.25, 162.28, 155.02, 145.42, 142.49, 137.91, 135.88, 
129.16, 128.67, 128.58, 128.09, 123.18, 122.54, 119.31, 
118.94, 116.51, 116.29, 110.98, 45.57, 16.48. LC-MS: 
m/z: 551 [M + H]+.

4-(3,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7e). White solid, mp 
188–190°C. IR spectrum, ν, cm–1: 3367 (N–H), 3276 
(N–H), 3244 (N–H), 1671 (C=O), 1231 (C–F). 1H NMR 
spectrum, δ, ppm: 10.51 s (1H, NH), 10.07 s (1H, NH), 
9.88 s (1H, NH), 7.29–8.05 m (11H, ArH), 5.07 s (2H, 
CH2), 2.50 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.21, 164.73, 162.25, 154.99, 145.38, 142.48, 139.09, 
135.84, 129.95, 129.10, 128.62, 128.53, 123.14, 122.52, 
119. 29, 118.90, 116.47, 116.25, 110.95, 45.55, 16.45. 
LC-MS: m/z: 585 [M + H]+.

Synthesis of 5-({2-[2-(4-fl uorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}methyl)-4-
phenyl-4H-1,2,4-triazole-3-thiol (8a–8e). Conventional 
method. The mixture of an appropriate thiosemicarbazide 
7a–7e (0.001 mol) with 10 mL of 2 N NaOH solution was 
refl uxed for 2.5 h. Progress of the reaction was monitored 
by TLC. After completion of the reaction, the mixture was 
poured onto crushed ice and acidifi ed with acetic acid. The 
product was fi ltered off and crystallized from ethanol to 
give the corresponding pure compound 8a–8e (Table 1).

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 2 N NaOH 
solution was subjected to MW irradiation at 350W for 
5–10 min. Progress of the reaction was monitored by 
TLC. After completion of the process, the mixture was 
poured onto crushed ice and acidifi ed with dilute acetic 
acid. The product was fi ltered off and crystallized from 
DMF/water to afford the corresponding pure compound 
8a–8e (Table 1).

4-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8a). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2939 (=C–H), 
1640 (C=N), 1218 (C–F). 1H NMR spectrum, δ, ppm: 
6.99–8.01 m (12H, ArH), 5.50 s (2H, CH2), 2.41 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 168.42, 165.99, 
162.27, 154.71, 146.50, 144.53, 142.42, 135.27, 135.13, 
133.19, 130.51, 128.94, 128.63, 128.54, 127.65, 126.28, 
123.15, 122.51, 119.22, 118.71, 116.55, 116.32, 111.21, 
40.50, 16.62. LC-MS: m/z: 533.11 [M + H]+.

4-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
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methyl)-4H-1,2,4-triazole-3-thiol (8b). White solid, 
mp 226–228°C. IR spectrum, ν, cm–1: 2936 (=C–H), 
1638 (C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 
7.13–7.99 m (12H, ArH), 5.31 s (2H, CH2), 2.40 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 165.87, 154.76, 
142.49, 130.81, 129.92, 128.51, 127.92, 122.43, 119.16, 
116.57, 116.35, 111.35, 40.12, 16.63. LC-MS: m/z: 532.98 
[M + H]+.

4-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8c). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2938 (=C–H), 
1635 (C=N), 1221 (C–F). 1H NMR spectrum, δ, ppm: 
7.23–7.97 m (11H, ArH), 5.38 s (2H, CH2), 2.40 s (3H, 
CH3). LC-MS: m/z: 567.00 [M + H]+.

4-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-4H-1,2,4-triazole-3-thiol (8d). White solid, mp 
210–212°C. IR spectrum, ν, cm–1: 2935 (=C–H), 1639 
(C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.51, 
166.04, 154.75, 147.24, 144.53, 142.39, 135.16, 134.44, 
131.49, 129.41, 129.31, 129.03, 128.65, 128.56, 123.29, 
122.65, 119.33, 118.58, 116.59, 116.37, 111.09, 38.88, 
16.57. LC-MS: m/z: 533.05 [M + H]+.

4-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8e). White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 2938 (=C–H), 1637 
(C=N), 1222 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.53, 
166.09, 162.30, 154.68, 146.94, 144.47, 142.35, 135.08, 
132.63, 131.74, 131.15, 129.54, 129.03, 128.67, 128.59, 
127.86, 123.25, 122.67, 119.32, 118.57, 116.55, 116.33, 
111.09, 16.64. LC-MS: m/z: 567.05 [M + H]+.

Synthesis of 5-({2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-N-phenyl-1,3,4-thiadiazol-2-amine (9a–9e). 
Conventional method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.001 mol) with 5 mL of conc. 
H2SO4 was stirred for 4 h at RT. After completion of 
process, the mixture was poured onto crushed ice and 
neutralized with liquid NH3, a solid product was formed. 
It was fi ltered off and washed with methanol to afford the 
corresponding pure compound 9a–9e (Table 1). 

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 5 mL of conc. 
H2SO4 was subjected to MW irradiation for 5 to 10 min 
at 350 W. After completion of the process the mixture was 
poured onto crushed ice and neutralized with liquid NH3. 
The precipitated solid was fi ltered off and crystallized 
from water–DMF to afford the corresponding pure 
thiadiazole 9a–9e (Table 1).

N-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9a). White solid, 
mp 130–132°C. IR spectrum, ν, cm–1: 3201 (N–H), 3039 
(=C–H), 1606 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.5 s (1H, NH), 7.05–8.18 m (12H, ArH), 5.85 s 
(2H, CH2), 2.40 s (3H, CH3). 13C NMR spectrum, δС, 
ppm: 165.80, 165.01, 154.67, 144.15, 142.18, 134.57, 
129.11, 128.54, 128.19, 127.31, 123.71, 123.02, 122.35, 
121.10, 118.99, 118.11, 116.07, 115.85, 110.74, 42.31, 
15.98. LC-MS: m/z: 533.15 [M + H]+.

N-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-1,3,4-thiadiazol-2-amine (9b). White solid, 
mp 140–142°C. IR spectrum, ν, cm–1: 3203 (N–H), 3038 
(=C–H), 1607 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.2 s (1H, NH), 8.17 d (1H, J = 8.8 Hz, ArH), 
8.01–8.02 m (2H, ArH), 7.72 d. d (2H, J = 13.2 and 
8 Hz, ArH), 7.26–7.44 m (6H, ArH), 7.03 t (1H, J = 
7.2 Hz, ArH), 5.84 s (2H, CH2), 2.47 s (3H, CH3). 13C 
NMR spectrum, δС, ppm: 166.30, 165.51, 162.30, 155.75, 
155.17, 144.65, 142.69, 136.91, 135.08, 129.61, 129.05, 
128.69, 128.61, 127.81, 124.22, 123.52, 122.86, 122.70, 
121.61, 119.50, 118.61, 116.57, 116.35, 111.25, 42.81, 
16.48. LC-MS: m/z: 533.10 [M + H]+.

N-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9c). White solid, mp 
230–232°C. IR spectrum, ν, cm–1: 3201 (N–H), 3037 
(=C–H), 1608 (C=N), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 9.2 s (1H, NH), 8.29 d (1H, J = 8.4 Hz, ArH), 8.04 m 
(2H, ArH), 7.74 d. d (2H, J = 14.8 and 7.2 Hz, ArH), 7.60 s 
(1H, ArH), 7.32–7.38 m (5H, ArH), 5.86 s (2H, CH2), 
2.49 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.30, 
165.04, 156.19, 155.16, 144.64, 142.68, 136.09, 135.06, 
128.89, 128.69, 128.61, 127.80, 126.60, 123.52, 123.02, 
122.86, 122.12, 119.50, 118.59, 116.57, 116.35, 111.25, 
42.78, 16.49. LC-MS: m/z: 567.05 [M + H]+.

N-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
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methyl)-1,3,4-thiadiazol-2-amine (9d). White solid, 
mp 210–212°C. IR spectrum, ν, cm–1: 3202 (N–H), 3039 
(=C–H), 1605 (C=N), 1232 (C–F). 1H NMR spectrum, δ, 
ppm: 10.2 s (1H, NH), 8.04 m (1H, ArH), 7.73 d. d (2H, 
J = 17 and 7.6 Hz, ArH), 7.56 d (1H, J = 8 Hz, ArH), 
7.33–7.50 m (4H, ArH), 5.86 s (2H, CH2), 2.49 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 166.30, 164.66, 
162.29, 155.16, 154.64, 144.63, 142.68, 139.13, 135.06, 
129.01, 128.84, 128.68, 128.59, 125.41, 123.50, 122.84, 
119.49, 118.89, 118.60, 116.55, 116.33, 111.23, 42.80, 
16.48. LC-MS: m/z: 533.05 [M + H]+.

N-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9e). White solid, mp 
180–182°C. IR spectrum, ν, cm–1: 3202 (N–H), 3035 
(=C–H), 1604 (C=N), 1231 (C–F). 1H NMR spectrum, 
δ, ppm: 10.5 s (1H, NH), 6.5–8.4 m (11H, ArH), 5.86 s 
(2H, CH2), 2.4 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.29, 164.39, 162.35, 155.23, 144.65, 142.69, 140.07, 
135.08, 131.25, 130.71, 128.65, 123.50, 123.13, 119.50, 
118.56, 117.52, 116.51, 111.20, 42.77, 16.49. LC-MS: 
m/z: 567.05 [M + H]+.

CONCLUSIONS

The new series of derivatives of 1,2,4-triazole 8a–8e 
and 1,3,4-thiadiazole 9a–9e have been synthesized by 
conventional as well as MW irradiation methods from 
2-{2-[2-(4-fluorophenyl)-4-methylthiazol-5-yl]-1H-
benzo[d]imidazol-1-yl}acetohydrazide. MW irradiation 
at 350 W reduces the reaction time from hours to 5–
10 min and increases the yield of products from 60–74 
to 77–88%. All the newly synthesized compounds have 
been tested for their antibacterial activity. Compounds 
7a, 7d, 7e, 8d, and 9e are characterized by moderate 
activity against both gram positive and gram negative 
bacterial strains. 
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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.
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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
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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

8 H. N. AKOLKAR ET AL.



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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Nanostructured N doped TiO2 efficient stable
catalyst for Kabachnik–Fields reaction under
microwave irradiation†

Sachin P. Kunde,ab Kaluram G. Kanade, *ac Bhausaheb K. Karale,a

Hemant N. Akolkar,a Sudhir S. Arbuj, d Pratibha V. Randhavane,a Santosh T. Shinde,a

Mubarak H. Shaikha and Aniruddha K. Kulkarnie

Herein, we report nitrogen-doped TiO2 (N-TiO2) solid-acid nanocatalysts with heterogeneous structure

employed for the solvent-free synthesis of a-aminophosphonates through Kabachnik–Fields reaction.

N-TiO2 were synthesized by direct amination using triethylamine as a source of nitrogen at low

temperature and optimized by varying the volume ratios of TiCl4, methanol, water, and triethylamine,

under identical conditions. An X-ray diffraction (XRD) study showed the formation of a rutile phase and

the crystalline size is 10 nm. The nanostructural features of N-TiO2 were examined by HR-TEM analysis,

which showed they had rod-like morphology with a diameter of �7 to 10 nm. Diffuse reflectance

spectra show the extended absorbance in the visible region with a narrowing in the band gap of 2.85 eV,

and the high resolution XPS spectrum of the N 1s region confirmed successful doping of N in the TiO2

lattice. More significantly, we found that as-synthesized N-TiO2 showed significantly higher catalytic

activity than commercially available TiO2 for the synthesis of a novel series of a-amino phosphonates via

Kabachnik–Fields reaction under microwave irradiation conditions. The improved catalytic activity is due

to the presence of strong and Bronsted acid sites on a porous nanorod surface. This work signifies N-

TiO2 is an efficient stable catalyst for the synthesis of a-aminophosphonate derivatives.

1 Introduction

In recent years, organophosphorus compounds have received
much attention due to their widespread applications in
medicinal and agriculture industries.1,2 a-Aminophosphonates
are one such biological important framework that are structural
mimics of amino acids. For example, glyphosate (N-(phospho-
nomethyl)glycine) is extensively utilized in agriculture as
a systemic herbicide and Alafosfalin is used as an antibacterial
agent3 (Fig. 1). The bioactivity of these molecules such as anti-
microbial,4 antioxidant,5 anti-inammatory,6 enzyme inhibi-
tors7 and antibacterial8 is one of the reasons for them to be of

immense interest in synthetic organic chemistry. It has been
demonstrated that on incorporation of heterocycles such as
thiophene,9 benzothiazoles,10 thiadiazoles,11 and pyrazole12 into
the a-aminophosponates scaffold, the resulting compounds
exhibited interesting biological activities. Pyrazole derivatives of
a-aminophosponates have been rarely reported in the litera-
ture,13,14 thus synthesis of novel pyrazole derivatives of a-ami-
nophosponates is important to research.

Although several protocols for the synthesis of a-amino-
phosponates are reported, one of the most important is the
Kabachnik–Fields reaction.15,16 This involves a one-pot three-
component coupling of a carbonyl compound, an amine and
alkylphosphite. These protocols has been accomplished in
presence of a variety of catalyst such as TiCl4,17 CuI,18 hex-
anesulphonic sodium salt,19 triuoroacetic acid (TFA),20

In(OTf)3,21 BiCl3,22 Cu(OTf)2,23 SbCl3/Al2O3,24 InCl3,25 LiClO4,26

ZrOCl2,27 TsCl,28 Mg(ClO4)2,29 and Na2CaP2O30 in presence or

Fig. 1 Some biological active a-aminophosphonate.
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even in the absence of a solvent. However, most of these existing
procedures are sluggish, require long reaction times, use of
strong acidic conditions, give unsatisfactory yields and also
suffer from the formation of many side products. Moreover, in
all alternatives microwave reaction proved to be a kind of
promising medium for such reaction.31

In the last few years, the application of transition metal
oxides gained particular interest as a heterogeneous catalyst for
various organic synthesis.32 Among all transition metal oxides
the use of nanocrystalline titania (TiO2) has been grown exten-
sively owing to their outstanding physiochemical properties,
which furnished their wide applications in sensors,33

pigments,34 photovoltaic cells,35 and catalysis.36 Also, the use of
potential titania catalyst attracted in organic synthesis due to its
environmental compatibility, inexpensive, safe, stable, reusable
and earth-abundant. It has been proven the desired property of
TiO2 was attained by fullling requirements in terms of unique
morphology, high crystallinity and mixed-phase composition,

the ability of oxidizing and reducing ability under suitable
irradiation makes promising greener alternative approach
towards important organic transformations compared to other
expensive, toxic, transition metal oxides. Moreover, the phase
composition and the degree of crystallinity of the titania sample
plays an important role in catalytic activity.8 In the past several
organic transformations such as oxidation of primary alco-
hols,37 synthesis of xanthenes,38 Friedel–Cras alkylation,39

Beckmann rearrangement40 efficiently utilizes TiO2 as a hetero-
geneous reusable catalyst. In the literature several reports have
been debated to inuence nitrogen doping on photocatalytic
activity of nanocrystalline TiO2. However, the effect is unre-
vealed for catalytic applications in organic synthesis. Recently,
Hosseini-Sarvari explored the use of commercial TiO2 in the
synthesis of a-aminophosponates via Kabachnik–Fields
reactions.41

In present investigation, we have prepared nanostructured N
doped TiO2 and also investigation emphasis was given on the
synthesis of a series of a novel diethyl(1-phenyl-3-(thiophen-2-
yl)-1H-pyrazol-4-yl)(phenylamin) methylphosphonates under
microwave irradiation.

2 Experimental sections
2.1 Synthesis of N doped TiO2 nanorods

The nanostructured N-TiO2 were synthesized by previously re-
ported method with some modication.42,43 In a typical proce-
dure, 0.5 mL of titanium tetrachloride (TiCl4) was added in
absolute methanol (25 mL) with constant stirring at room
temperature. To this solution requisite quantity a 0.1–2 M
aqueous triethylamine solution is injected rapidly. The result-
ing solution was reuxed for 24 h with constant stirring. The
white precipitate formed was collected and washed with ethanol
several times followed by centrifugation (10 000 rpm for 20
min). The precipitate was dried at 473 K for 24 h. To control the
nal morphologies of samples, the sample were synthesized as
function of volume ratio of TiCl4, methanol, water, and trie-
thylamine. The sample prepared in volume ratio 1 : 10 : 50 : 0,
1 : 10 : 50 : 1, 1 : 10 : 50 : 2, 2 : 10 : 50 : 2, and 2 : 10 : 50 : 4
were denoted as TN0 (pure TiO2), TN1, TN2, TN3 and TN4
respectively.

2.2 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde

1-Phenyl-5-(thiophene-2-yl)-1H-pyrrole-3-carbaldehyde were ob-
tained via the Vilsmeier–Haack reaction of the appropriate
phenylhydrazones, derived from the reaction of 2-acetyl thio-
phene with phenylhydrazine44 (Scheme 1).

2.3 Synthesis of diethyl(1-phenyl-3-(thiophene-2-yl)-1H-
pyrazole-4-yl)(phenylamino)methylphosphonates

In a typical procedure, the pyrazolealdehyde 1 (1 mmol), aniline
2 (1 mmol), triethyl phosphite 3 (1.1 mmol) and N-TiO2

(12 mol%) were taken in a round bottom ask equipped with
a condenser and subjected to microwave irradiation for (10–15
min) using 420 W (RAGA's Microwave system) (Scheme 3). The

Scheme 1 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde.

Fig. 2 X-ray diffraction patterns of (a) TN0 (TiO2), (b) TN1, (c) TN2 (d)
TN3 (e) TN4.

Table 1 Phase composition and crystallite size of as-prepared
samples from analysis of XRD

Sample Rutile Anatase
Crystallite size
(nm)

TN0 100 0 25
TN1 98 2 19
TN2 94 6 16
TN3 95 5 12
TN4 91 9 9
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progress of the reaction was monitored by TLC. Aer the reac-
tion was completed, the reaction mixture extracted using ethyl
acetate and insoluble catalyst separated by ltration. The crude
product was puried by silica gel column chromatography
using n-hexane/ethyl acetate as eluent. The product structure
was determined by FTIR, 1H NMR, and LS-MS.

2.4 Samples characterization

The phase purity and crystallinity were examined by X-ray
diffraction (XRD) technique (Advance, Bruker AXS D8) using
Cu Ka1 (1.5406 Å) radiation with scanning 2q range from 20 to
80�. For FETEM analysis samples were prepared by evaporating
dilute solution on carbon-coated grids. FE-TEM measurements
were carried using the JEOL SS2200 instrument operated at an

accelerating voltage of 300 kV. The Brunauer–Emmett–Teller
(BET) surface area of nanocatalysts was examined using the
Quantachrome v 11.02 nitrogen instrument. The optical prop-
erties of the powder samples were studied using UV-vis diffuse
reectance absorption spectra (UV-DRS) were recorded on the
Perkin-Elmer Lambada-950 spectrophotometer in the wave-
length range of 200–800 nm. Powder samples were used for XPS
measurements. The XPS measurements of powdered samples
were carried out on a VG Microtech ESCA3000 instrument.
Fourier transform infrared (FTIR) spectra of prepared samples
were recorded on a Shimadzu Affinity 1-S spectrophotometer in
over a range of 400–4000 cm�1. 1H NMR was recorded in DMSO-
d6 solvent on a Bruker Advance-400 spectrometer with tetra-
methylsilane (TMS) as an internal reference.

3 Results and discussions
3.1 Structural study

Nanostructured TiO2 and N doped TiO2 were synthesized by
a simple reuxing method. The phase purity and phase
formation of as-synthesized material were analysed by powder
X-ray diffraction pattern. Fig. 2 compares powder XRD patterns
of TiO2 and N doped TiO2 samples. The peak position and peak
intensity of the pure TiO2 powder can be indexed into rutile
phases (Fig. 2). Further, it is observed that an increase in the
amount N-dopant (triethylamine) the intensity of the diffraction

Fig. 3 HR-TEM images of (a–c) TN0, (d–f) TN1, and (d–f) TN2; inset c,
f and h SAED pattern of TN0, TN2 and TN3 respectively.

Fig. 4 HR-TEM images of (a–c) TN3 and (d–f) TN4; inset c, and f SAED
pattern of TN3, and TN4 respectively.

Fig. 5 Nitrogen (N2) adsorption–desorption isotherms of (a) TN0
(TiO2), (b) TN2 (N-TiO2), (c) TN4 (N-TiO2). Insets shows their corre-
sponding pore size distributions.

Table 2 BET specific surface area and pore size distribution of TiO2

and N-TiO2

Sample
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore radius
(Å)

TN0 21.956 0.051 18.108
TN2 40.359 0.215 30.811
TN4 53.589 0.101 18.041

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 26999
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peaks of the rutile phase decreases, while that of anatase phase
increases, indicating that the fraction of the anatase phase
gradually increases at the expense of the rutile phase during this
condition (sample TN2–TN4). The phase composition of rutile
and anatase phase of TiO2 evaluated from the peak intensity
using the following equation,

fA ¼ 1

1þ 1

K

IR

IA

K ¼ 0 : 79; fA . 0:2;K1=40 : 68; fA # 0:2

where fA is the fraction of the anatase phase, and IA and IR are
the intensities of the anatase (1 0 1) and rutile (1 1 0) diffraction
peaks, respectively. The higher molar concentration of trie-
thylamine is favourable for the transformation from rutile to
anatase.45,46 Therefore, the phase composition of TiO2 samples,
i.e. the fraction of anatase and rutile, can be facilely controlled
through adjusting the concentration of triethylamine. The
slight shi of rutile (1 1 0) diffraction peaks towards a higher
angle with an increase in the amount of N dopant suggesting

the incorporation of nitrogen in the TiO2 crystal structure. The
crystallite size is calculated from each (1 1 0) peak in the XRD
pattern using the Sherrer formula.39 The average crystalline size
are 25, 19, 16, 12 and 9 nm for TN0, TN1, TN2, TN3, and TN4
respectively (Table 1). From, XRD analysis it is clear that with an
increase in the concentration of nitrogen in TiO2, fraction of
anatase increases phase and crystalline size decreases.

3.2 Surface and morphological study

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analysis were per-
formed to study morphology and crystallinity of as-synthesized
pure and N doped TiO2 materials (Fig. 3). The pure TiO2 (TN0)
sample seems owerlike nanostructures (Fig. 3a). At high-
resolution it reveals that each ower microstructure consist-
ing several nanorods. The length of nanorods are in the range of
50–70 nm and diameter is about 10–15 nm (Fig. 3b). Fig. 3c
shows the lattice fringes of the material with interplanar
spacing d spacing 0.33 nm matches well (1 0 0) plane of rutile
TiO2. Fig. 3c inset shows a selected area diffraction pattern in
which bright spots observed that conrm the TiO2 nanorods are
in nanocrystalline nature. It was observed that addition of N
dopant, resulting sample TN1 and TN2 grows into new super-
structure consisting nanorods of length 30–50 nm and spheres

Fig. 6 UV-DRS spectra of (a) TN0 (TiO2), (b) TN1 (c) TN2 (d) TN3 (N-
TiO2), (e) TN4. Insets shows Tauc plot of TiO2 and N-TiO2 samples.

Fig. 7 FTIR spectra of (a) TN0 pure (TiO2), (b) TN1 (N-TiO2), (c) TN2, (d)
TN3 and (e) TN4.

Fig. 8 (a and b) High resolution spectrum of N 1s region (c) high
resolution spectrum of Ti 2p region (d) high resolution spectrum of O
1s region.

Scheme 2 Standard model reaction.
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of diameter 20–30 nm, particles size is obviously smaller than
TN0 (Fig. 3d and h). HRTEM results are consistent with XRD
results. The d-spacing is about 0.325 Å between adjacent lattice
planes of the N doped TiO2.

It was revealed that with doubling concentration of TiCl4,
sample TN3 and TN4 were grown into very ne agglomerated
nanorods (Fig. 4). Further, it is observed that these nanorods
having size in length 30–40 nm and diameter is around 7–10 nm
which is lower than pure TiO2. Fig. 4f inset shows selected area
diffraction pattern shows, surprisingly, ring-like pattern unlike
TiO2, indicates N-TiO2 nanorods are in polycrystalline nature.
From HR-TEM results it is concluded that increase in concen-
tration of TiCl4 and triethylamine reduces the size of the
nanorods.

The specic surface area of as-prepared samples was studied
by (N2) nitrogen gas adsorption–desorption measurement at 77
K using the Brunauer–Emmett–Teller (BET) method. The N2

adsorption–desorption isotherm of N-TiO2 nanoparticles is
shown in Fig. 5. The pure TiO2 shows type IV isotherm
according to IUPAC classication,47 which are typical charac-
teristics of a material with pore size in the range of 1.5–100 nm
Fig. 5a. The shape of the hysteresis loop is H3 type may asso-
ciates due to the agglomeration of nanoparticles forming slit-
like pores, reected in TEM images. At higher relative pres-
sure (p/p0) the slope shows increased uptake of adsorbate as
pores become lled; inection point typically occurs near

completion of the rst monolayer. The BET surface area of pure
TiO2 is found to be 21.956 m2 g�1. The pore size distribution of
prepared samples was investigated by Barrett–Joyner–Halenda
(BJH) method Fig. 5(a)–(c) insets. The average pore diameter of
pure TiO2 nanoparticles is 18 nm which demonstrates the
material is mesoporous nature. Further, it is observed that the
incorporation of nitrogen in TiO2 nanoparticles the surface area
shis towards higher values. The adsorption–desorption
isotherms of nitrogen-doped TiO2 samples display the type II
isotherm according to IUPAC classication.46 The specic BET
surface area of samples TN2 and TN4 are 40.359 m2 g�1 and
53.589 m2 g�1 respectively (Fig. 5b and 4c). This observation
species a decrease in the particle size of TiO2 nanoparticles
specic surface area increases which are in consisting of XRD
and TEM results. The Brunauer–Emmett–Teller (BET) specic
surface areas, pore volumes and mean pore and mean pore
diameters of samples TN0, TN2, and TN4 are summarized in
Table 2.

3.3 Optical and electronic property studies

The optical property of the as-synthesizedmaterial was analyzed
by UV-Vis diffuse absorbance spectra as shown in Fig. 6. Fig. 6
displays the comparative UV-DRS spectra of pristine TiO2 and
a series of N doped TiO2 samples. The absorption edge for the
pure TiO2 (TN0) is observed at around 410 nm (Fig. 6a), which is
consistent with the band gap of the rutile phase.45 The N doped
TiO2 nanostructures show strong absorption in the visible
region (410–600 nm). The redshi clearly indicates the

Table 3 Comparative study of catalysts used for the synthesis of a-
aminophosphonatea

Entry Catalyst Time (minutes) Yieldb (%)

1 — 20 Trace
2 Acetic acid 20 30
3 Commercial ZnO 15 20
4 Commercial TiO2 15 30
5 TN0 10 72
6 TN1 10 73
7 TN2 10 76
8 TN3 10 85
9 TN4 10 95

a Reaction condition: aldehyde(1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), catalyst, MW power 420 watt. b Isolated
yield.

Fig. 9 (A) Progress of reaction (a) TN0 (b) TN1 (c) TN2 (d) TN3 and (e)
TN4. (B) Reusability of catalyst TN4; reaction condition: aldehyde (1a)
(1 mmol), aniline (2a) (1 mmol), triethylphosphite 3 (1.1 mmol), N-TiO2

(12 mol%), MW power 420 watt.

Table 4 Optimization of the concentration of catalysta

Sr. no.
Concentration of catalyst
(mol%) Yieldb (%)

1 3 69
2 6 76
3 9 86
4 12 95
5 15 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, MW power 420 watt.
b Isolated yield.

Table 5 Screening of solventsa

Entry Solvent Yield (%)b

1 Ethanol 85
2 Methanol 87
3 Dichloromethane 55
4 THF 58
6 Toluene 60
7 Neat 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, solvent, MW power 420
watt. b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27001
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successful doping of N in the lattice of TiO2. Moreover, as the
concentration of triethylamine increases redshi of N-TiO2 also
increases which conrms higher nitrogen doping and a higher
fraction of absorption of photons from the visible region. The
band gap of as-synthesized material calculated by using the
Tauc plot shown in Fig. 6 (insets). The band gap (Eg) for the
sample TN0, TN1, TN2, TN3, and TN4, were observed to 3.15,
3.09, 3.07, 3.03 and 2.85 eV respectively. The decrease in the
band gap is attributed to higher mixing of the (O/N) 2p level is
developed in the Ti-3d level falls at the top of the VB, therefore,
band gap reduced compared to the pristine TiO2 nanostructure.

3.4 FT-IR spectroscopy

Fig. 7 shows comparative FTIR spectra for pure and N doped
TiO2. The absorption peak signal in the range of 400–1100 cm�1

is characteristic of the formation of O–Ti–O lattice. The
absorption at 668 cm�1, 601 cm�1, 546 cm�1 and 419 cm�1

corresponds to Ti–O vibrations.48,49 Further, for the sample
TN1–TN3 the IR bands centred at 1400–1435 cm�1 indicates
nitrogen doping in the TiO2 sample. The band located at
1070 cm�1 is attributed to Ti–N bond vibrations. Also, it is
observed that the band at 1335 cm�1 for pure TiO2 is shied
towards longer wavenumber 1430 cm�1 supports for the claim
of N doping in TiO2 lattice. Further it is also observed that some
of the minor the peaks of pure TiO2 are rather different than the
N-doped TiO2, this indicates the incorporation of nitrogen in
TiO2 lattices. The peak centered at 1600–2180 cm�1 is ascribed
due to –OH stretching frequency. From, IR spectra it is clear
that N is successfully incorporated in the lattice of TiO2.

3.5 X-ray photoelectron spectroscopy

The XPS were used for chemical identication and electronic
state of dopant nitrogen in sample TN2 and TN4. The high
resolution XPS spectra of N 1s on deconvolution shows two
different peaks at 399.6 and 401.5 eV indicates nitrogen present
in two different electronic state (Fig. 8a and b). The peak at
399.6 is attributed to presence of interstitial N or N–Ti–O
linkage. The result is consistent with previous reports.43 The
peak at 401.5 is attributed to presence of N in oxidized state as
NO or NO2. The concentration of nitrogen on surface of TN2
and TN4 are 2.8% and 3.4% respectively. Fig. 8c shows the peak
at 458.8 and 458.3 is attributed to Ti 2p3/2 and Ti 2p1

2
, in good

agreement the presence of Ti(IV) in TiO2. The peak at binding
energy 530.1 and 530.2 eV of sample are attributed to O 1s
(Fig. 8d).

3.6 Catalytic study in synthesis of a-aminophosponates

In order to nd out the best experimental condition, the reac-
tion of pyrazolaldhyde 1a, aniline 2a and triethylphospite 3
under microwave irradiation is considered as standard model
reaction (Scheme 2).

In the absence of a catalyst, the standard model reaction
gave a small amount of product (Table 3 entry 1). These results
specify catalyst is required to occur reaction. In order to check
the catalytic utility, the model reaction carried out in the pres-
ence of a variety of catalysts (Table 3 entry 2–9). The N-TiO2 NRs

gave better results than acetic acid, commercial ZnO and
commercial TiO2.

Inspiring these results, we further studied the progress of
reaction at different time intervals, we observed the sample N-
doped TiO2 catalyzes efficiently than undoped TiO2, and this
may be attributed to the higher surface area (Fig. 9A).

The optimum concentration of the catalyst was investigated
by performing the model reaction at different concentrations
such as 3, 6, 9, 12 and 15 mol%. The reaction yielded in 69, 76,
86, 95 and 95% yields respectively (Table 4). This shows that
12 mol% of TN4 is adequate for the reaction by considering the
yield of the product.

To evaluate the effect of solvents, different solvents such as
ethanol, methanol, dichloromethane, THF, 1,4-dioxane and
toluene were used for the model reaction in presence of N-TiO2

catalyst. The reaction proceed with better yield in polar protic
solvent (Table 5, entries 1, 2). However it was observed that the
usage of solvents slows down the rate of reaction and gives the
desired product in lower yields than that for neat condition
(Table 5, entries 1–6).

The recyclability of the catalyst was then examined and the
outcomes are shown in Fig. 9B. Aer the completion of reaction,
the reaction mixture was extracted with ethyl acetate. The
residual catalyst was washed with acetone, dried under vacuum
at 100 �C and reused for consequent reactions. The recovered
catalyst could be used for 5 times without obvious loss of
catalytic activity.

The difference between the XRD of fresh catalyst and reused
catalyst shown in Fig. 10.

The usefulness of optimized reaction condition for model
reaction (12 mmol % of catalyst, solvent-free, MWI) was
extended for the synthesis of a series of novel a-amino-
phosphonates (4a–l) by reacting pyrazoldhyde (1a–c), anilines
(2a–d) and triethylphosphite (3) in excellent yields (Scheme 3).

Fig. 10 XRD of sample TN4 (a) before reaction (b) after reaction.

Scheme 3 Optimized reaction condition for synthesis of diethyl(1-
phenyl-3-(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)
methylphosphonates
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The obtained product 4a–l was characterized by spectroscopic
techniques (Table 6).

The spectroscopic data of synthesized compounds are given
in ESI (S-2 to S-26).†

4 Conclusions

In summary, we have prepared N doped TiO2 nanorods by
thermal hydrolysis method using triethylamine as the source of
nitrogen at relatively low temperatures. The XRD analysis
showed that with varying composition molar ratios of TiCl4,
CH3OH, H2O, and (C2H5)3N, phase composition of rutile to
anatase also tunes. FTIR spectra show the chemical environ-
ment of doping by the formation of the N–Ti–O and Ti–O–Ti
bond. The morphological study performed by the FE-TEM
technique shows the formation of well-developed nanorods of
size in length 30–40 nm and diameter is around 7–10 nm, which
is lower than pure TiO2. Further, BET analysis N-TiO2 shows the
maximum specic surface area 53.4 m2 g�1 which is 2.5 times

Table 6 Microwave assisted synthesis of novel diethyl(1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)methylphosphonatesa

Entry Product M.P. (�C) Yieldb (%)

4a 218 95

4b 220 79

4c 208 92

4d 216 79

4e 180 86

4f 200 82

4g 162 85

4h 190 71

Table 6 (Contd. )

Entry Product M.P. (�C) Yieldb (%)

4i 195 81

4j 120 76

4k 210 89

4l 190 75

a Reaction condition: aldehyde (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 (12 mol%), MW power 420 watt.
b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27003
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higher than pure TiO2. The as-synthesized materials were
employed for the synthesis of a-aminophosphonates via
Kabachnik–Fields reaction under microwave irradiation. The N-
TiO2 shows remarkable catalytic activity for aminophosphonate
derivatives compared with TiO2 and other similar
nanocatalysts.
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Abstract

In search of new active molecules, a small focused library of the synthesis of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) has been efficiently prepared via the Knoevenagel condensation

approach. All the derivatives were synthesized by conventional and non-

conventional methods like ultrasonication and microwave irradiation, respec-

tively. Several derivatives exhibited excellent anti-inflammatory activity

compared to the standard drug. Furthermore, the synthesized compounds

were found to have potential antioxidant activity. In addition, to rationalize

the observed biological activity data, an in silico absorption, distribution,

metabolism, and excretion (ADME) prediction study also been carried out.

The results of the in vitro and in silico studies suggest that the 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) may possess the ideal structural requirements for the further

development of novel therapeutic agents.

KEYWORD S

ADME prediction, anti-inflammatory, antioxidant, Knoevenagel, microwave, pyrazole,

ultrasonication

1 | INTRODUCTION

The pyrazole ring is a prominent heterocyclic structural
compound found in several pharmaceutically active com-
pounds. This is because of its use in pharmacological
activity and ease of synthesis. Furthermore, the selective
functionalization of pyrazole with diverse substituents
was also found to improve their range of action in var-
ious fields. Pyrazole containing heterocycles shows
various biological activity, such as antibacterial,[1]

antifungal,[2] antimicrobial,[3] anti-inflammatory,[4a]

antioxidant,[4b] insecticidal,[5] antiviral,[6] anti-nitric oxide

synthase,[7] glycogen receptor antagonist,[8] anticancer,[9]

antienzyme,[10] immunosuppressant,[11] anti-fatty acid
amide hydrolase (FAAH),[12] and liver-x-receptor [LXR]
partial agonist activities.[13]

Fluorine or fluorine-based compounds are of great
interest in synthetic and medicinal chemistry. The posi-
tion of the fluorine atom in an organic molecule plays a
vital role in agrochemicals, pharmaceuticals, and mate-
rials[14] as it changes the pharmacokinetic and pharmaco-
dynamic properties of the molecule owing to its high
membrane permeability, metabolic stability, lipophilicity,
and binding affinity.[15]
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Perfluoro-alkylated and trifluoro-methylated pyrazoles
represent pharmacologically related core structures that are
present in many important drugs and agrochemicals, such
as fluazolate (herbicide), penthiopyrad (fungicide),
razaxaban (anticoagulant), deracoxib, celecoxib (anti-inflam-
matory), and penflufen (fungicidal) (Figure 1).[16] So, the
modern trend is moving more in the direction of the synthe-
sis of a collection of fluorine-containing molecules in order
to find excellent biological activity.

Ultrasonic irradiation is a new technology that has been
widely used in chemical reactions. When ultrasonic waves
pass through a liquid medium, a large number of micro-
bubbles form, grow, and collapse in very short times, about
a few microseconds. The formation and violent collapse of
small vacuum bubbles takes place due to the ultrasonication
waves generated in alternating high pressure and low pres-
sure in liquids, and the phenomenon is known as cavitation.
It causes high-speed imposing liquid jets and strong hydro-
dynamic shear forces. The deagglomeration of nanometer-

sized materials was carried out using these effects. In this
aspect, for high-speed mixers and agitator bead mills,
ultrasonication is an alternative.[17]

In the preparative chemist's toolkit, microwave heating
is a valuable technique. Due to a modern scientific micro-
wave apparatus, it is possible to access elevated tempera-
tures in an easy, safe, and reproducible way.[18] In recent
years, microwave-assisted organic synthesis (MAOs)[19] has
been emerged as a new “lead” in organic synthesis. Impor-
tant advantages of this technology include a highly acceler-
ated rate of the reaction and a decrease in reaction time,
with an increase in the yield and quality of the product. The
current technique is considered an important method
toward green chemistry as this technique is more environ-
mentally friendly. The conventional method of organic syn-
thesis usually needs a longer heating time; tedious
apparatus setup, which results in the higher cost of the pro-
cess; and the excessive use of solvents/reagents, which leads
to environmental pollution. This growth of green chemistry

FIGURE 1 Structure of pyrazole- and fluorine-containing commercially available drugs
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holds significant potential for a reduction of the byproduct,
a reduction in waste production, and lowering of the energy
costs. Due to its ability to couple directly with the reaction
molecule and bypass thermal conductivity, leading to a
rapid rise in the temperature, microwave irradiation has
been used to improve many organic syntheses.[20]

Knoevenagel condensation reactions are carried out by the
condensation of aldehyde and the active methylene group
using different catalysts such as piperidine, InCl3, TiCl4,
LiOH, ZnCl2, and NbCl5.

[20,21] They are also carried out
using NaAlO2-promoted mesoporous catalysts,[22] ionic
liquid,[23] monodisperse carbon nanotube-based NiCu
nanohybrids,[24] and MAOs.[25] This is one of the most
important methodologies used in synthetic organic chemis-
try for the formation of a C─C double bond.

From our study, the results demonstrated that green
methodologies are less hazardous than classical synthesis
methods, as well more efficient and economical and environ-
mentally friendly; short reaction times and excellent yields
are observed for those reactions in which conventional
heating is replaced by microwave irradiation. Keeping in
mind the 12 principles of green chemistry, in continuation of
our research work,[26] and the advantages of microwave irra-
diation and activities associated with pyrazole and fluorine,
we construct pyrazole and fluorine in one molecular frame-
work as new 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one derivatives under conventional, as well as
microwave, irradiation and ultrasonication and evaluated
their anti-inflammatory and antioxidant activity. In addition
to this, we have also performed in silico absorption, distribu-
tion, metabolism, and excretion (ADME) predictions for the
synthesized compounds.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

A facile, economic, and green protocol for the
cyclocondensation of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) with different aldehydes has
been achieved.

The key starting material 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one (3) was synthesized
by the condensation of 1-(perfluorophenyl)hydrazine (1)
and ethyl 4,4,4-trifluoro-3-oxobutanoate (2) in ethanol[27]

(Scheme 1).
Initially, we carried out the reaction between 2-(per-

fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (2 mmol) (3) and 1-phenyl-3-(thiophen-2-
yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in
acetic acid as a model reaction (Scheme 2). Initially, the
model reaction was carried out in ethanol without using
acetic acid, and it was observed that a very low yield of
product (20%) was obtained even after 2 hr. Therefore,
improving the yield intervention of the catalyst was
thought to be necessary. So, we decided to use acetic acid as a
catalyst to promote this transformation at room temperature.
At room temperature, the yield of product (45%) was found to
be increased in 3 hr, so we decided to provide heating to the
reaction mixture to achieve maximum product yield.

When the reaction mixture refluxed in acetic acid,
product formation took place after 2 hr, and the yield of
the product was 72% (Table 1).

To check the ultrasonication's specific effect on this
reaction, under ultrasound irradiation at 35–40�C, we
carried out the model reaction using the optimized reac-
tion conditions in hand to check whether the reaction
could be accelerated with further improved product yield
within a short reaction time (Scheme 2).

It was observed that, under ultrasonic conditions, the
conversion rate of a reactant to product increased with
less time (Table 1). Thus, when considering the basic
green chemistry concept, ultrasonic irradiation was
found to have a beneficial effect on the synthesis of
Knoevenagel derivatives (4a-d, 5a-f, and 6a-e), which
was superior to the traditional method with respect to
yield and reaction time (Table 1).

To accomplish the goal and significance of green
chemistry, the model reaction was carried out under

SCHEME 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one 3
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microwave irradiation for a period of time indicated in
Table 1 at 350 W (Scheme 2). Fortunately, the product
formation occurred in 6.5 min, with an 84% increase in
yield .

So, from the above experiments, it can be concluded
that, when the reaction was carried out under the con-
ventional method, it gave comparatively low yields of
products with longer reaction times, while the same reac-
tion carried out under the influence of ultrasonic irradia-
tion and microwave irradiation gave excellent yields of
the products in short reaction times.

Finally, we assessed the scope and generality of this
method for the Knoevenagel condensation between 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-
one (3) and different aldehydes (Scheme 3), achieved under
conventional and nonconventional methods like the ultra-
sound and microwave methods, respectively. With respect to
the substituent present on the aromatic ring of aldehyde,
under the optimized conditions, the corresponding products
were obtained in high to excellent yields (Table 1).

More importantly, hetero aryl aldehydes were
observed to be well tolerated under optimized conditions,

SCHEME 2 Model reaction for conventional, ultrasonication, and microwave irradiation methods

TABLE 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e)

Cpd R1 R2 R3 R4

m.
p. (�C)

Conventional methoda Ultrasound methodb Microwave methodc

Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)

4a H H - - 224–226 120 72 20 81 6.5 84

4b Br F - - 232–234 120 75 18 78 6.5 81

4c Cl H - - 216–218 120 70 20 76 6.0 80

4d Br H - - 230–232 120 64 16 70 6.5 76

5a H H OMe - 202–204 120 70 21 76 5.5 84

5b H H H - 186–188 120 66 17 72 6.0 80

5c F H OMe - 180–182 120 68 16 75 7.0 82

5d H H Me - 206–208 120 65 16 71 6.5 79

5e H H OCF3 - 142–144 120 62 18 70 6.5 76

5f H Cl Cl - 212–214 120 70 19 80 5.5 84

6a Me Cl Me H 188–190 120 66 18 76 6.0 78

6b H Cl Me H 180–182 120 62 17 72 7.5 75

6c H Cl H H 176–178 120 59 18 79 7.0 80

6d H Cl H Cl 212–214 120 64 20 72 7.0 78

6e H H Me H 180–182 120 60 18 80 7.5 82

Abbreviation: Cpd, compound.
aReaction conditions: Compound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in acetic acid.
bCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under ultrasound irradiation.
cCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under microwave irradiation.
dIsolated yield. m.p.: melting point.
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furnishing the product in good yields. All the synthesized
compounds (4a-d, 5a-f, and 6a-e) were confirmed by IR,
1H NMR, 13C NMR, and mass spectra.

The formation of (4E)-3-(trifluoromethyl)-1-(per-
fluorophenyl)-4-((1-phenyl-3-(thiophen-2-yl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-one 4a-d was con-
firmed by IR, 1H NMR, 13C NMR, and mass spectra. In
the IR spectrum of compound 4a, the peaks observed at
1,681 cm−1 indicate the presence of C═O group. In the
1H NMR spectrum of compound 4a, two singlets were
observed at δ 8.11 and 10.10 ppm for pyrazolyl and ole-
finic proton, respectively. The 13C NMR spectrum of com-
pound 4a revealed that the peak appearing at δ
161.4 ppm is due to the presence of carbonyl carbon. The
structure of compound 4a was also confirmed by a molec-
ular ion peak at m/z 555.01 (M + H)+. Similarly, the

synthesis of (4E)-3-(trifluoromethyl)-1-(perfluorophenyl)-4-
([1,3-diphenyl-1H-pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
ones 5a-f was also confirmed by spectral techniques. In the
IR spectrum of compound 5a, the peak observed at
1,701 cm−1 corresponded to the C═O group. In the 1H NMR
spectrum of compound 5a, the three singlets observed at δ
3.92, 8.11, and 10.10 ppm confirm the presence of ─OCH3,
pyrazolyl proton, and olefinic proton, respectively. The 13C
NMR spectrum of compound 5a showed peaks at δ 162.5
and 55.5 ppm, confirming the presence of carbonyl carbon
and methoxy carbon, respectively. Furthermore, the structure
of compound 5a was also confirmed by a molecular ion peak
atm/z 573.21 (M + H)+.

Furthermore, the formation of (Z)-4-([4-oxo-4H-
chromen-3-yl]methylene)-2-(perfluorophenyl)-5-
(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-one 6a-e was

SCHEME 3 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e). Reaction
conditions: a = Refluxed in acetic acid. b = Under ultrasound irradiation in acetic acid. c = Under microwave irradiation using acetic acid

as a solvent
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confirmed by various spectral techniques. The IR spectrum of
compound 6a showed absorption peaks at 1,707 and
1,666 cm−1 corresponding to two carbonyl groups present in
the molecules. The 1H NMR spectrum of compound 6a
showed four singlets at δ 2.54 and δ 3.01 ppm for two
─CH3, δ 8.50 ppm for chromone ring proton, and δ
10.54 ppm for olefinic proton. The 13C NMR spectrum
of compound 6a showed that two signals appear at δ
175.4 and 164.2 ppm for the carbonyl carbon of chro-
mone and pyrazolone ring, respectively. In addition,
two signals for methyl carbon appear at δ 22.2 and
18.6 ppm. The structure of compound 6a was also con-
firmed by mass spectra and by a molecular ion peak
observed at m/z 537.11 (M + H)+. Similarly, all the
synthesized compounds were characterized by the
spectral analysis. Structures of all the synthesized
derivatives are shown in Figure S1 (Supporting
Information).

2.2 | Biological activity

2.2.1 | Anti-inflammatory activity

The newly synthesized 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f,
and 6a-e) (EC50 range = 0.6483 ± 0.221–0.8519 ± 0.281 μg/
ml) exhibited moderate anti-inflammatory activity com-
pared to the standard drug diclofenac sodium. Among all
the synthesized compounds, except compounds 4c, 5c, 5e,
6d, and 6e, all other compounds exhibited a minimum
inhibitory concentration (MIC) of 200 μg/ml compared to
the standard drug diclofenac sodium (Table 2).

The percent inhibition of compounds in the in vitro
anti-inflammatory model is shown in Figure 2. Further-
more, the comparative percent inhibition of compounds
in the in vitro anti-inflammatory model is shown in
Figure 3.

2.2.2 | Antioxidant activity

In the present study, antioxidant activity of the synthe-
sized compounds has been assessed in vitro by the DPPH
radical scavenging assay.[28] Ascorbic acid (AA) has been
used as a standard drug for the comparison of antioxidant
activity, and the observed results are summarized in
Table 2.

According to the DPPH assay, compounds 5a, 5d, 5e,
5f, 6a, 6b, and 6e (IC50 = <100 μg/ml) exhibited excellent
antioxidant activity compared to the standard antioxidant
drug AA (IC50 = <50 μg/ml). The remaining synthesized
compounds display comparable antioxidant activity than

the standard drug butylated hydroxytoluene (Table 2).
The percent inhibition of compounds in the in vitro anti-
oxidant model is shown in Figure 4.

2.3 | Computational study

2.3.1 | In silico ADME

An important task for the lead compounds is early pre-
diction of drug likeness properties as it resolves the cost

TABLE 2 Anti-inflammatory and antioxidant activity of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one

derivatives (MIC in μg/ml)

Compound Anti-inflammatory Antioxidant

4a 200 >100

4b 200 >400

4c 400 >200

4d 200 >200

5a 200 <100

5b 200 >200

5c NT NT

5d 200 <100

5e 800 <100

5f 200 <100

6a 200 <100

6b 200 <100

6c 200 >200

6d 800 >100

6e 400 <100

Diclofenac sodium 50 -

Ascorbic acid - <50

FIGURE 2 The percent inhibition of compounds in an in

vitro anti-inflammatory model
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and time issues of drug development and discovery. Due
to the inadequate drug likeness properties of many active
agents with a significant biological activity, these com-
pounds have failed in clinical trials.[29] On the basis of
Lipinski's rule of five, the drug likeness properties were
analyzed by ADME parameters using the Molinspiration
online property calculation toolkit,[30] and data are sum-
marized in Table 3.

All the compounds exhibited noteworthy values for
the various parameters analyzed and showed good
drug-like characteristics based on Lipinski's rule of five
and its variants, which characterized these agents to
be likely orally active. For the synthesized compound
6e, the data obtained were within the range of
accepted values. Parameters such as the number of
rotatable bonds and total polar surface area are linked
with the intestinal absorption; results showed that all

synthesized compounds had good absorption. The in
silico assessment of all the synthetic compounds has
shown that they have very good pharmacokinetic prop-
erties, which are reflected in their physicochemical
values, thus ultimately enhancing the pharmacological
properties of these molecules.

3 | EXPERIMENTAL SECTION

All organic solvents were acquired from Poona Chemi-
cal Laboratory, Pune and Research-Lab Fine Chem
Industries, Mumbai and were used as such without
further purification. The melting points were mea-
sured on a DBK melting point apparatus and are
uncorrected. Microwave irradiation was carried out in
Raga's synthetic microwave oven. IR spectra were
recorded on Shimadzu IR Affinity 1S (ATR) fourier
transform infrared spectrophotometer. 1H NMR
(500 MHz) and 13C NMR (125 MHz) spectra were
recorded on Bruker Advance neo 500 spectrophotome-
ters using tetramethylsilane as an internal standard,
and CDCl3 and dimethyl sulphoxide-d6 as solvent and
chemical shifts, respectively, were expressed as δ ppm
units. Mass spectra were obtained on Waters quadru-
pole time-of-flight micromass (ESI-MS) mass
spectrometer.

3.1 | General procedure for the synthesis
of synthesize new 3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-one
derivatives (4a-d, 5a-f and 6a-e)

Conventional method: An equimolar amount of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-

FIGURE 3 The

comparative percent inhibition

of compounds in an in vitro anti-

inflammatory model

FIGURE 4 The percent inhibition of compounds in an

in vitro antioxidant model
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one (3) (0.002 mol) and substituted aldehydes (0.002 mol)
was taken in a round-bottom flask using glacial acetic acid
(5 ml) as a solvent and were refluxed for the period of time
indicated in Table 1. The progress of the reaction was mon-
itored by thin layer chromatography (TLC). After comple-
tion of reaction, the mixture was cooled and poured into
ice-cold water. The obtained solid was filtered and washed
with water and dried and purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Ultrasound method: A mixture of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (3) (0.002 mol) and substituted aldehydes
(0.002 mol) in acetic acid (5 ml) was taken in a 50-ml
round-bottom flask. The mixture was irradiated in the
water bath of an ultrasonic cleaner at 35–40�C for a
period of time indicated in Table 1. After completion of
the reaction (monitored by TLC), the mixture was poured
into ice-cold water, and the obtained solid was collected
by simple filtration and washed successively with water.
The crude product was purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Microwave irradiation method: An equimolar
amount of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) (0.002 mol) and
substituted aldehydes (0.002 mol) was taken in a
round-bottom flask (RBF) using glacial acetic acid
(5 ml) as a solvent, and the contents of RBF were sub-
jected to MW irradiation for the period of time indi-
cated in Table 1 at 350 W. The progress of the reaction
was monitored by TLC. After completion of reaction,
the mixture was cooled and poured into ice-cold
water. The obtained solid was filtered and washed
with water and dried and purified by crystallization
from ethyl acetate to obtain pure compounds (4a-d,
5a-f, and 6a-e).

3.1.1 | (4E)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)
methylene)-1H-pyrazol-5(4H)-one (4a)

Orange solid; Wt. 930 mg, Yield 84%; IR(νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,598 (C═N), 1,519 (C═C),
1,234 (C─F); 1H NMR spectrum, δ, ppm: 7.35–7.91 (m,
8H, Ar─H), 8.11 (s, 1H, pyrazolyl-H), 10.10 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 161.4 (C═O),
151.7, 140.1, 137.8, 134.9, 131.1, 130.0, 129.6, 129.1,

TABLE 3 Pharmacokinetic parameters of (4a-d, 5a-f, and 6a-e) compounds

Entry % ABS TPSA (A2)
n-
ROTB MV MW miLog P

n-
ON

n-
OHNH

Lipinski
violation

Drug
likeness
model score

Rule - - - - <500 ≤5 <10 <5 ≤1 -

4a 90.81 52.72 5 397.75 554.42 5.83 5 0 2 −0.68

4b 90.81 52.72 5 420.56 651.31 6.92 5 0 2 −0.84

4c 90.81 52.72 5 411.28 588.87 6.63 5 0 2 −0.25

4d 90.81 52.72 5 415.63 633.32 6.76 5 0 2 −0.56

5a 87.62 61.96 6 432.58 578.42 6.10 6 0 2 −0.46

5b 90.81 52.72 5 407.04 548.39 6.04 5 0 2 −0.80

5c 87.62 61.96 6 437.51 596.41 6.19 6 0 2 −0.22

5d 90.81 52.72 5 423.60 562.42 6.49 5 0 2 −0.51

5e 87.62 61.96 7 447.32 632.39 7.01 6 0 2 −0.45

5f 90.81 52.72 5 434.11 617.28 7.33 5 0 2 −0.36

6a 86.53 65.11 3 374.21 536.76 6.25 5 0 2 −0.53

6b 86.53 65.11 3 357.65 522.74 5.87 5 0 2 −0.36

6c 86.53 65.11 3 341.09 508.71 5.49 5 0 2 −0.32

6d 86.53 65.11 3 354.62 543.15 6.10 5 0 2 −0.93

6e 86.53 65.11 3 344.11 488.29 5.26 5 0 1 −0.81

Abbreviations: % ABS, percentage absorption; TPSA, topological polar surface area; n-ROTB, number of rotatable bonds; MV, molecular volume; MW,
molecular weight; milogP, logarithm of partition coefficient of compound between n-octanol and water; n-ON acceptors, number of hydrogen bond acceptors;
n-OHNH donors, number of hydrogen bonds donors.
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128.70, 128.6, 119.7, 115.7, 113.5; MS (ESI-MS): m/z
555.01 (M + H)+.

3.1.2 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-(4-fluorophenyl)-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (4b)

Orange solid; Wt. 1.05 g; Yield 81%; IR (νmax/cm
−1): 2,927

(═C─H), 1,680 (C═O), 1,598 (C═N), 1,516 (C═C), 1,231
(C─F); 1H NMR spectrum, δ, ppm: 7.16 (d, 1H, J = 3.50 Hz,
Ar─H), 7.26–7.19 (m, 3H, Ar─H), 7.84 (dd, 2H, J = 5.00 Hz
and 9.00 Hz, Ar─H), 8.10 (s, 1H, pyrazole-H), 10.11 (s, 1H,
═C─H); MS:m/z 651.03 (M + H)+.

3.1.3 | (4E)-4-((3-[5-Chlorothiophen-2-yl]-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4c)

Orange solid; Wt. 873 mg; Yield 80%; IR (νmax/cm
−1):

2,926 (═C─H), 1,682 (C═O), 1,597 (C═N), 1,518
(C═C), 1,232 (C─F); 1H NMR spectrum, δ, ppm: 7.07
(s, 1H, Ar─H), 7.26–7.18 (s, 1H, Ar─H), 7.44 (d, 1H,
J = 6.00 Hz, Ar─H), 7.52 (m, 2H, Ar─H), 7.86 (d, 2H,
J = 7.00 Hz, Ar─H), 8.11 (s, 1H, pyrazole-H), 10.16 (s,
1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.4
(C═O), 151.3, 139.5, 138.3, 135.0, 133.5, 130.8, 130.0,
128.8, 127.6, 127.4, 120.0, 116.3, 114.6; MS: m/z 547.11
(M + H)+.

3.1.4 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4d)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,597 (C═N), 1,520
(C═C), 1,235 (C─F); 1H NMR spectrum, δ, ppm: 7.16
(d, 1H, J = 4.00 Hz, Ar─H), 7.21 (d, 1H, J = 3.50 Hz,
Ar─H), 7.44 (t, 1H, J = 7.50 Hz, Ar─H), 7.52 (t, 2H,
J = 7.50 Hz, Ar─H), 7.75–7.86 (d, 2H, J = 7.50 Hz,
Ar─H), 8.47 (s, 1H, pyrazole-H), 10.16 (s, 1H, ═C─H);
13C NMR spectrum, δС, ppm: 183.2 (C═O), 162.3,
151.2, 143.2, 142.9, 139.4, 138.3, 134.9, 133.7, 133.4,
131.2, 130.6, 129.8, 129.1, 128.8, 128.5, 128.2, 120.6,
119.9, 119.6, 116.2, 115.9, 114.6; MS: m/z 633.05
(M + H).

3.1.5 | (4Z)-3-(Trifluoromethyl)-4-((3-[4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5a)

Orange solid; Wt. 971 mg; Yield 84%; IR (νmax/cm
−1):

3,141 (═C─H), 1,703 (C═O), 1,595 (C═N), 1,514 (C═C),
1,224 (C─F); 1H NMR spectrum, δ, ppm: 3.92 (s, 3H,
─OCH3), 7.10 (d, 2H, J = 8.50 Hz, Ar─H), 7.51 (t, 2H,
J = 8.50 Hz, Ar─H), 7.62 (d, 2H, J = 8.50 Hz, Ar─H),
7.90 (d, 2H, J = 9.00 Hz, Ar─H), 7.99 (s, 1H, pyrazole-H),
10.19 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 161.1, 158.7, 143.3, 141.4, 138.6, 134.9, 130.7,
129.7, 128.5, 122.6, 120.1, 116.8, 114.7, 113.7, 55.5
(OCH3); MS: m/z 579.21 (M + H)+.

3.1.6 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1,3-diphenyl-1H-
pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
one (5b)

Orange solid; Wt. 876 mg; Yield 80%; IR (νmax/cm
−1):

3,142 (═C─H), 1,701 (C═O), 1,595 (C═N), 1,510 (C═C),
1,223 (C─F); 1H NMR spectrum, δ, ppm: 7.42 (m, 1H,
Ar─H), 7.52 (t, 2H, J = 7.50 Hz, Ar─H), 7.57–7.58 (m,
3H, Ar─H), 7.68 (dd, 2H, J = 7.50 and 2.00 Hz, Ar─H),
7.90 (d, 2H, J = 8.00 Hz, Ar─H), 8.00 (s, 1H, pyrazole-H),
10.22 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 158.8, 143.0, 141.2, 138.6, 134.9, 130.3, 129.9,
129.7, 129.4, 129.2, 128.6, 120.0, 116.8, 114.0; MS: m/z
549.19 (M + H)+.

3.1.7 | (4Z)-4-((3-[2-Fluoro-4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (5c)

Orange solid; Wt. 1.06 g; Yield 82%; IR (νmax/cm
−1): 3,145

(═C─H), 1,702 (C═O), 1,596(C═N), 1,512 (C═C), 1,221
(C─F); 1H NMR spectrum, δ, ppm: 3.91 (s, 3H, ─OCH3),
6.82 (dd, 1H, J = 2.50 and 12.00 Hz, Ar─H), 6.91 (dd, 1H,
J = 2.00 and 8.50 Hz, Ar─H), 7.42 (t, 1H, J = 7.50 Hz,
Ar─H), 7.58–7.49 (m, 2H, Ar─H), 7.79 (d, 1H,
J = 2.50 Hz, Ar─H), 7.88 (d, 2H, J = 7.50 Hz, Ar─H),
8.52 (s, 1H, pyrazole-H), 10.20 (s, 1H, ═C─H); 13C NMR
spectrum, δС, ppm: 162.7 (C═O), 162.6, 162.5, 154.1,
141.2, 138.6, 134.7, 132.5, 129.7, 128.5, 120.0, 117.6, 113.9,
111.2, 110.3, 102.2, 102.0, 55.8 (OCH3); MS: m/z 653.26
(M + H)+.
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3.1.8 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1-phenyl-3-p-tolyl-
1H-pyrazol-4-yl]methylene)-1H-pyrazol-5
(4H)-one (5d)

Orange solid; Wt. 887 mg; Yield 79%; IR (νmax/cm
−1):

3,143 (═C─H), 1,701 (C═O), 1,594 (C═N), 1,511
(C═C), 1,220 (C─F); 1H NMR spectrum, δ, ppm: 2.44
(s, 3H, ─CH3), 7.45 (d, 1H, J = 7.50 Hz, Ar─H), 7.51 (t,
1H, J = 7.50 Hz, Ar─H), 7.62 (d, 1H, J = 8.00 Hz,
Ar─H), 7.65 (d, 1H, J = 8.00 Hz, Ar─H), 9.90 (s, 1H,
pyrazole-H), 11.96 (s, 1H, ═C─H); MS: m/z 563.08
(M + H)+.

3.1.9 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-(4-
[trifluoro methoxy]phenyl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-
one (5e)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

3,145 (═C─H), 1,700 (C═O), 1,595 (C═N), 1,517
(C═C), 1,225 (C─F); 1H NMR spectrum, δ, ppm:
7.42–7.44 (m, 3H, Ar─H), 7.51–7.54 (m, 2H, Ar─H),
7.71 (d, 1H, J = 2.00 Hz, Ar─H), 7.73 (d, 1H,
J = 2.00 Hz, Ar─H), 7.88 (d, 1H, J = 2.00 Hz, Ar─H),
7.90 (d, 1H, J = 3.50 Hz, Ar─H), 7.92 (s, 1H,
pyrazole-H), 10.21 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.4 (C═O), 157.3, 150.5, 143.2,
142.9, 140.3, 138.5, 134.9, 130.9, 129.8, 129.0, 128.7,
121.5, 120.6, 120.0, 118.4, 116.6, 114.4; MS: m/z
633.23 (M + H)+.

3.1.10 | (4Z)-4-((3-[3,4-Dichlorophenyl]-1-
phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5f)

Orange solid; Wt. 1.03 g; Yield 84%; IR (νmax/cm
−1):

3,144 (═C─H), 1,701 (C═O), 1,596 (C═N), 1,517
(C═C), 1,227 (C─F); 1H NMR spectrum, δ, ppm: 7.44
(m, 1H, Ar─H), 7.48 (d, 1H, J = 2.00 Hz, Ar─H), 7.50
(d, 1H, J = 2.00 Hz, Ar─H), 7.53 (d, 1H, J = 7.50 Hz,
Ar─H), 7.67 (d, 1H, J = 8.50 Hz, Ar─H), 7.83 (d, 1H,
J = 2.00 Hz, Ar─H), 7.87–7.89 (m, 2H, Ar─H), 7.89 (s,
1H, pyrazole-H), 10.18 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.3 (C═O), 156.1, 143.2, 142.9, 139.7,
138.4, 135.0, 134.5, 133.7, 131.2, 131.1, 130.3, 129.8,
128.8, 128.3, 120.0, 116.4, 114.7; MS: m/z 617.15
(M + H)+.

3.1.11 | (Z)-4-([6-Chloro-5,7-dimethyl-4-
oxo-4H-chromen-3-yl]methylene)-2-
(perfluoro phenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6a)

Orange solid; Wt. 900 mg; Yield 84%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,666 (C═O), 1,624 (C═N), 1,508
(C═C), 1,192 (C─F); 1H NMR spectrum, δ, ppm: 2.54 (s, 3H,
─CH3), 3.01 (s, 3H, ─CH3), 7.26 (s, 1H, Ar─H), 8.50 (s, 1H,
chromone-H), 10.54 (s, 1H, ═C─H); 13C NMR spectrum, δС,
ppm: 175.4 (C═O), 164.2 (C═O), 162.3, 155.1, 144.5, 143.4,
143.3, 139.7, 134.7, 120.9, 120.2, 119.4, 118.3, 118.2, 118.1,
22.2 (─CH3), 18.6 (─CH3); MS:m/z 537.11 (M + H)+.

3.1.12 | (Z)-4-([6-Chloro-7-methyl-4-oxo-
4H-chromen-3-yl]methylene)-2-(perfluoro
phenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (6b)

Orange solid; Wt. 783 mg; Yield 75%; IR (νmax/cm
−1):

3,076 (═C─H), 1,705 (C═O), 1,664 (C═O), 1,627 (C═N),
1,508 (C═C), 1,192 (C─F);1H NMR spectrum, δ, ppm:
2.54 (s, 3H, ─CH3), 7.47 (s, 1H, Ar─H), 8.24 (s, 1H,
Ar─H), 8.48 (s, 1H, chromone-H), 10.62 (s, 1H, ═C─H);
MS: m/z 523.08 (M + H)+.

3.1.13 | (Z)-4-([6-Chloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6c)

Orange solid; Wt. 812 mg; Yield 80%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,662 (C═O), 1,621 (C═N), 1,509
(C═C), 1,193 (C─F); 1H NMR spectrum, δ, ppm: 7.55 (d,
1H, J = 9.00 Hz, Ar─H), 7.73 (d, 1H, J = 2.50 and 9.00 Hz,
Ar─H), 8.26 (d, 1H, J = 2.50 Hz, Ar─H), 8.47 (s, 1H, chro-
mone-H), 10.63 (s, 1H, ═C─H); MS:m/z 509.08 (M + H)+.

3.1.14 | (Z)-4-([6,8-Dichloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6d)

Orange solid; Wt. 845 mg; Yield 78%; IR (νmax/cm
−1):

3,078 (═C─H), 1,707 (C═O), 1,665 (C═O), 1,626 (C═N),
1,506 (C═C), 1,194 (C─F); 1H NMR spectrum, δ, ppm:
7.83 (d, 1H, J = 2.50 Hz, Ar─H), 8.17 (d, 1H, J = 2.50 Hz,
Ar─H), 8.40 (s, 1H, chromone-H), 10.66 (s, 1H, ═C─H);
MS: m/z 543.07 (M + H)+.
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3.1.15 | (Z)-4-([7-Methyl-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6e)

Orange solid; Wt. 800 mg; Yield 82%; IR (νmax/cm
−1):

3,076 (═C─H), 1,703 (C═O), 1,666 (C═O), 1,627 (C═N),
1,510 (C═C), 1,193 (C─F);1H NMR spectrum, δ, ppm:
2.51 (s, 3H, ─CH3), 7.48 (d, 1H, J = 8.00 Hz, Ar─H), 7.60
(dd, 1H, J = 8.00 and 2.00 Hz, Ar─H), 8.08 (d,1H,
J = 1.50 Hz), 8.54 (s, 1H, chromone-H), 10.64 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 174.5 (C═O), 165.5
(C═O), 162.4, 154.2, 143.4, 142.4, 137.5, 136.3, 126.2,
120.9, 123.3, 120.2, 118.6, 118.5, 118.2, 118.1, 21.1
(─CH3); MS: m/z 489.14 (M + H)+.

3.2 | Anti-inflammatory activity

All the synthesized compounds were screened for their in
vitro anti-inflammatory activities against the standard drug
diclofenac sodium. The minimum inhibitory concentration
was determined by the well diffusion method at 1 mg/ml of
concentration. (Table 2). A volume of 1 ml of diclofenac
sodium at different concentrations (50, 100, 200, 400,
800, and 1,000 μg/ml) was homogenized with 1 ml of aque-
ous solution of bovine serum albumin (5%) and incubated
at 27�C for 15 minutes. The mixture of distilled water and
bismuth sulphite agar constituted the control tube. Denatur-
ation of the proteins was caused by placing the mixture in a
water bath for 10 minutes at 70�C. The mixture was cooled
within the ambient room temperature, and the activity of
each mixture was measured at 255 nm. Each test was con-
ducted thrice. The following formula was used to calculated
inhibition percentage:

%inhibition= absorbance of control

−absorbance of sample=

absorbance of control× 100:

3.3 | In silico ADME

In the present study, we have calculated molecular vol-
ume (MV), molecular weight (MW), logarithm of parti-
tion coefficient (miLog P), number of hydrogen bond
acceptors (n-ON), number of hydrogen bonds donors (n-
OHNH), topological polar surface area (TPSA), number
of rotatable bonds (n-ROTB), and Lipinski's rule of
five[31] using the Molinspiration online property calcula-
tion toolkit.[30] Absorption (% ABS) was calculated by: %

ABS = 109 − (0.345 × TPSA).[32] Drug likeness model
score (a collective property of physicochemical proper-
ties, pharmacokinetics, and pharmacodynamics of a com-
pound that is represented by a numerical value) was
computed by MolSoft software.[33]

4 | CONCLUSIONS

In conclusion, we have constructed pyrazole and fluorine in
one molecular framework as new 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives under con-
ventional and nonconventional methods like microwave
irradiation and ultrasonication, respectively, via
Knoevenagel condensation and evaluated their biological
activity. Ultrasonication and microwave irradiation can
shorten the reaction time from a few hours to a few minutes
and increases the product yield (74–84%) compared to the
conventional method (59–75%). The synthesized compounds
exhibited promising anti-inflammatory activity compared to
the standard drug diclofenac sodium. Similarly, the synthe-
sized compound displayed promising antioxidant activity
compared to the standard drug. Furthermore, an analysis of
the ADME parameters for synthesized compounds showed
good drug-like properties and can be developed as an oral
drug candidate, thus suggesting that compounds from the
present series can be further optimized and developed as a
lead molecule.
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Abstract

Novel 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a to 3e were

synthesized via Vilsmeier-Haack reaction of the appropriate 1-benzyl-

2-(1-(4-fluorophenyl)ethylidene)hydrazines, derived from 4-fluoroacetophe-

none 1 with substituted 2-benzylhydrazines 2a to 2e. The base catalyzed con-

densation of 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a to

3e with 1-(4-fluoro-2-hydroxyphenyl)ethanone 4 gave (E)-3-(1-benzyl-3-(4-

fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones

5a to 5e. On cyclization with dimethyl sulfoxide (DMSO)/I2, compounds 5a to

5e gave 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-7-fluoro-4H-chromen-

4-ones 6a to 6e. Structures of all novel compounds were confirmed by infrared

(IR), proton nuclear magnetic resonance (1H NMR), carbon nuclear magnetic

resonance (13C NMR), and mass spectral data. All the synthesized compounds

were screened for their antibacterial activities.

1 | INTRODUCTION

Chromones (4H-1-benzopyran-4-one, 4H-chromen-
4-one) are the heterocyclic compound widely distributed
in nature.[1] Chromone-containing compounds display
various pharmacological properties such as antifungal,[2]

antimalarial,[3] anticancer,[4] antibacterial,[5] and are also
well known as an antidiabetic and cardiovascular
agents.[6,7] Pyrazole-containing compounds show antian-
giogenic,[8] antimalarial,[9] antifungal,[10] antituber-
cular,[11] antimicrobial,[11] and anticancer[12] activities.

Currently, there are more than 200 pharmaceutical
drugs available in market containing fluorine atom. Fluo-
rine and fluorine-containing substituent can impart many
effects on properties of organic compounds.[13,14] Fluorine-
containing compounds exhibit fungicidal,[15] herbicidal,[16]

antiviral,[17] antipyretic,[18] and analgesic[19] activities.
Considering the biological importance of chromone,

pyrazole, and fluorine nucleus, we have reported the syn-
thesis, characterization, and antibacterial screening of

novel 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbal-
dehydes 3a to 3e, (E)-3-(1-benzyl-3-(4-fluorophenyl)-1H-
pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones
5a to 5e and 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-
4-yl)-7-fluoro-4H-chromen-4-one derivatives 6a to 6e.

2 | RESULT AND DISCUSSION

1-Benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes
3a to 3e were synthesized via the Vilsmeier-Haack reac-
tion of the appropriate 1-benzyl-2-(1-(4-fluorophenyl)eth-
ylidene)hydrazines, derived from 4-fluoroacetophenone
1 with substituted 2-benzylhydrazines 2a to 2e.[20]

(E)-3-(1-Benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-flu-
oro-2-hydroxyphenyl)prop-2-en-1-ones 5a to 5e were
synthesized from the reaction of 1-benzyl-3-(4-fluoroph-
enyl)-1H-pyrazole-4-carbaldehydes 3a to 3e with 1-(4-
fluoro-2-hydroxyphenyl)ethanone 4 in 10% aq. KOH. The
synthesis of 2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
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7-fluoro-4H-chromen-4-ones 6a to 6e was achieved by reac-
tion of (E)-3-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones 5a to 5e with
dimethyl sulfoxide (DMSO)/I2 (Scheme 1 and Section 3).

Structures of all the synthesized compounds were
confirmed by using infrared (IR), proton nuclear mag-
netic resonance (1H NMR), carbon nuclear magnetic res-
onance (13C NMR), and liquid chromatography-mass
spectrometry (LC-MS) spectroscopic techniques.

2.1 | Antibacterial activities

All the synthesized compounds were screened for their
antibacterial activities. The bacterial strains Staphylococ-
cus aureus, Bacillus subtilis, Escherichia coli, and Pseudo-
monas aeruginosa were used. The zone of inhibition in
millimeter was determined by the well diffusion method
at 1 mg/mL of concentration, and Ampicillin was used as
reference drugs. The results of antibacterial activity are
shown in Table 1.

The results given in Table 1 indicated that com-
pounds 3c, 3d, 3d, 6a, 6b, 6c, and 6d exhibited good
antibacterial activity against E. coli bacterial strain. Com-
pounds 3c to 3e, 5e, and 6a to 6e exhibited good
antibacterial activity against P. aeroginosa. While com-
pounds 3e and 6a to 6d exhibited good antibacterial
activity against B. subtilis and S. aureus compared with
the standard Ampicillin. While other compounds were
found to be less to moderately active against all bacterial
strains.

3 | EXPERIMENTAL

The melting points were measured on a DBK melting
point apparatus and are uncorrected. IR spectra were
recorded on Shimadzu IR Affinity 1S (attenuated total
reflection [ATR]) Fourier transform infrared (FTIR) spec-
trophotometer. 1H NMR (400 MHz) and 13C NMR
(100 MHz) spectra were recorded on Varian 400 spectro-
photometer using tetramethylsilane (TMS) as an internal
standard and DMSO-d6 as solvent, and chemical shifts
were expressed as δ parts per million units. Mass spectra
were obtained on Shimadzu (LC-MS) mass spectrometer.

3.1 | General procedure for synthesis of
1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehydes (3a-e)

A mixture of substituted 1-benzylhydrazine (0.01 mol) and
catalytic amount of concencentated H2SO4 was added to a
solution of 1-(4-fluorophenyl)ethanone (0.01 mol) in 20 mL
of ethanol. The mixture was refluxed for 1 hour, and the
1-benzyl-2-(1-(4-fluorophenyl)ethylidene)hydrazine formed
was filtered and dried. A mixture of dimethylformamide
(DMF) and phosphoryl chloride (POCl3) was cooled with
constant stirring at 0�C. A solution of 1-benzyl-2-(1-(4-
fluorophenyl)ethylidene)hydrazine in DMF was added
dropwise to the reaction mixture and then heated at 70 to 80�C
for 5 hours. After completion of reaction, contents were cooled
to room temperature and poured onto ice-cold water, and then
it was made alkaline with saturated K2CO3 solution. The

SCHEME 1 Synthetic approach to the title compounds
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precipitate formed was crystallized from ethanol to get pure
1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-4-carbaldehydes 3a-e.

3.2 | 1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3a)

Yield: 71%, White solid, mp 58-60�C. IR (νmax/cm
−1): 3112

( C H), 2820 (aldehyde C H), 1674 (C O), 1655 (C N);
1H NMR spectrum (400 MHz, DMSO-d6): δ = 5.45 (s, 2H,
CH2), 7.25-7.35 (m, 4H, Ar H), 7.52-7.60 (m, 2H, Ar H),

7.86-7.90 (m, 2H, Ar H), 8.72 (s, 1H, pyrazolyl-H), 9.86 (s,
1H, CHO); 13C NMR (100 MHz, DMSO-d6): δ = 53.92,
115.17, 115.38, 120.48, 127.96, 128.36, 130.10, 130.52,
130.61, 130.85, 131.24, 137.09, 138.35, 150.91, 161.21,
163.66, 184.33; MS (LC-MS):m/z 358.95 (M + H)+.

3.3 | 1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3b)

Yield: 65%, White solid. mp 190-192�C; IR (νmax/cm
−1):

3112 ( C H), 2820 (aldehyde C H), 1674 (C O), 1655
(C N); 1H NMR spectrum (400 MHz, DMSO-d6):
δ = 5.46 (s, 2H, CH2), 7.26-7.36 (m, 3H, Ar H),
7.64-7.68 (m, 2H, Ar H), 7.86-7.89 (m, 2H, Ar H), 8.72
(s, 1H, pyrazolyl-H), 9.86 (s, 1H, CHO); MS (LC-MS):
m/z 349 (M + H)+.

3.4 | 1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3c)

Yield: 69%; White solid; mp 64-66�C; IR (νmax/cm
−1): 3113

( C H), 2822 (aldehyde C H), 1673 (C O), 1656 (C N);
1H NMR (400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2),
7.29 (t, 2H, J = 8.8 Hz, Ar H), 7.35 (t, 1H, J = 8 Hz,
Ar H), 7.45 (d, 1H, J = 8.4 Hz, Ar H), 7.61 (d, 1H,
J = 8.4 Hz, Ar H), 7.86 (dd, 2H, J = 8 and 6 Hz, Ar H),
8.67 (s, 1H, pyrazolyl-H), 9.86 (s, 1H, CHO); 13C NMR
(100 MHz, DMSO-d6): δ = 49.66, 115.40, 115.62, 116.20,
116.42, 119.34, 119.58, 121.08, 121.23, 123.26, 123.35,
127.44, 127.85, 128.02, 128.05, 130.53, 130.61, 131.57,
131.60, 131.77, 131.86, 134.57, 152.82, 159.01, 161.53,
161.97, 164.45, 184.20; MS (LC-MS):m/z 376.95 (M + H)+.

3.5 | 1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3d)

Yield: 61%; White solid; mp 68-70�C; IR (νmax/cm
−1):

3112 ( C H), 2824 (aldehyde C H), 1677 (C O), 1654
(C N); 1H NMR (400 MHz, DMSO-d6): δ = 5.52 (s, 2H,
CH2), 7.18 (t, 2H, J = 8 Hz, Ar H), 7.26 (t, 2H,

J = 8.8 Hz, Ar H), 7.50 (t, 1H, J = 8 Hz, Ar H), 7.83 (m,
2H, Ar H), 8.66 (s, 1H, pyrazolyl-H), 9.85 (s, 1H,
CHO); 13C NMR (100 MHz, DMSO-d6): δ = 43.32,

111.38, 111.57, 111.75, 112.00, 115.17, 115.38, 120.24,

TABLE 1 Antibacterial activities of the synthesized compounds (zone of inhibition in millimeter)

Compound Escherichia coli Pseudomonas aeroginosa Bacillus subtilis Staphylococcus aureus

3a 8 10 10 12

3b 9 10 10 11

3c 14 13 12 12

3d 15 14 12 13

3e 16 15 14 17

5a 9 11 12 11

5b 9 10 10 12

5c 8 10 10 9

5d 10 11 10 9

5e 12 14 13 12

6a 16 15 14 16

6b 14 15 14 16

6c 16 14 16 17

6d 14 15 15 16

6e 12 14 9 10

Ampicillin 16 15 17 18
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127.96, 130.49, 130.57, 131.43, 131.53, 131.64, 138.50,
150.59, 159.75, 161.20, 162.15, 163.64, 184.38; MS (LC-
MS): m/z 317.05 (M + H)+.

3.6 | 1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehyde (3e)

Yield: 64%; White solid; mp 52-54�C; IR (νmax/cm
−1):

3111 ( C H), 2821 (aldehyde C H), 1672 (C O), 1656
(C N); 1H NMR (400 MHz, DMSO-d6): δ = 1.1 (d, 6H,
CH3), 2.8 (m, 1H, CH), 5.4 (s, 2H, CH2), 7.23-7.30

(m, 6H, Ar H), 7.86-7.90 (m, 2H, Ar H), 7.45 (d, 1H,
J = 8.4 Hz, Ar H), 7.61 (d, 1H, J = 8.4 Hz, Ar H),
7.86 (dd, 2H, J = 8 and 6 Hz, Ar H), 8.67 (s, 1H,
pyrazolyl-H), 9.85 (s, 1H, CHO); MS (LC-MS): m/z
323.05 (M + H)+.

3.7 | General procedure for synthesis of
(E)-3-(1-Benzyl-3-(4-fluorophenyl)-1H-
pyrazol-4-yl)-1-(4-fluoro-2-hydroxyphenyl)
prop-2-en-1-ones (5a-e)

A mixture of 1-benzyl-3-(4-fluorophenyl)-1H-pyrazole-
4-carbaldehydes 3a to 3e (0.005 mol) with 1-(4-fluoro-
2-hydroxyphenyl)ethanone 4 (0.005 mol) was stirred in
ethanolic KOH (10%) for 16 hours at room temperature.
After completion of reaction, contents were poured onto
ice-cold water and then acidified with concentrated
hydrochloric acid (HCl). The precipitate formed was fil-
tered off, washed with water, and crystallized from etha-
nol to get the pure product 5a-e.

3.8 | (E)-3-(1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5a)

Yield: 74%; Yellow solid; mp 80-82�C; IR (νmax/cm
−1): 1637

(C O), 1590 (C N), 1569 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.46 (s, 2H, CH2), 6.82-6.89 (m, 2H,
Ar H), 7.33-7.39 (m, 4H, Ar H), 7.53-7.61 (m, 4H, Ar H),
7.70-7.81 (AB quartet, 2H, J = 15.6 Hz, C H), 8.21 (dd,
1H, J = 8 and 6.8 Hz, Ar H), 8.75 (s, 1H, pyrazolyl-H),
13.09 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6):
δ = 54.73, 104.12, 104.36, 106.79, 107.02, 115.65, 115.86,
117.58, 119.62, 121.84, 126.97, 128.52, 130.36, 130.44,
130.63, 130.90, 132.31, 133.04, 133.16, 135.87, 139.10,
151.29, 161.01, 163.46, 164.46, 164.60, 165.14, 167.67,
192.09; MS (LC-MS):m/z 495.10 (M + H)+.

3.9 | (E)-3-(1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5b)

Yield: 72%; Yellow solid; mp 158-160�C; IR (νmax/cm
−1):

1641 (C O), 1594 (C N), 1524 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.47 (s, 2H, CH2), 6.81-6.87 (m, 2H,
Ar H), 7.33-7.44 (m, 3H, Ar H), 7.59 (dd, 2H, J = 8 and
6 Hz, Ar H), 7.66-7.68 (m, 2H, Ar H), 7.69-7.81
(AB quartet, 2H, J = 15.6 Hz, CH), 8.19 (t, 1H, J = 8 Hz,
Ar H), 8.73 (s, 1H, pyrazolyl-H), 13.07 (s, 1H, OH); 13C
NMR (100 MHz, DMSO-d6): δ = 55.34, 104.98, 105.22,
106.86, 107.08, 115.76, 115.97, 116.83, 118.83, 127.23,
128.22, 129.90, 129.97, 130.48, 130.56, 131.06, 131.49,
131.60, 132.92, 133.22, 135.43, 136.10, 152.44, 166.03,
166.18, 192.06; MS (LC-MS):m/z 485.05 (M + H)+.

3.10 | (E)-3-(1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
1-(4-fluoro-2-hydroxyphenyl)prop-2-en-
1-one (5c)

Yield: 71%; Yellow solid; mp 118-120�C; IR (νmax/cm
−1):

1638 (C O), 1587 (C N), 1574 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 5.48 (s, 2H, CH2), 6.81-6.89 (m, 2H,
Ar H), 7.32-7.40 (m, 3H, Ar H), 7.48 (dd, 1H, J = 8 and
2 Hz, Ar H), 7.57 (dd, 2H, J = 8 and 6 Hz, Ar H), 7.63 (dd,
1H, J = 8 and 2 Hz, Ar H), 7.69-7.82 (AB quartet, 2H,
J = 15.6 Hz, CH), 8.23 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.72 (s, 1H, pyrazolyl-H), 13.10 (s, 1H, OH); 13C NMR
(100 MHz, DMSO-d6): δ = 49.07, 104.13, 104.37, 106.82,
107.03, 115.66, 115.74, 115.87, 117.60, 118.92, 119.16, 119.67,
121.97, 122.07, 122.64, 122.79, 128.00, 128.46, 130.39, 130.47,
132.29, 132.38, 132.43, 133.12, 133.23, 135.80, 151.35, 158.82,
161.02, 161.32, 163.47, 164.47, 164.60, 165.16, 167.68, 192.13;
MS (LC-MS):m/z 515 (M + H)+.

3.11 | (E)-3-(1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-
2-hydroxyphenyl)prop-2-en-1-one (5d)

Yield: 74%; Yellow solid; mp 184-186�C; IR (νmax/cm
−1):

1640 (C O), 1596 (C N), 1568 (C C); 1H NMR
(400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2), 6.81-6.89 (m,
2H, Ar H), 7.17 (t, 2H, J = 8 Hz, Ar H), 7.33 (t, 2H,
J = 8 Hz, Ar H), 7.48-7.56 (m, 3H, Ar H), 7.7 (d, 1H,
J = 15.8 Hz, C H), 7.83 (d, 1H, J = 15.6 Hz, C H), 8.26
(dd, 1H, J = 8 and 6.8 Hz, Ar H), 8.74 (s, 1H, pyrazolyl-H),
13.14 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6):
δ = 43.47, 104.09, 104.32, 106.73, 106.95, 111.37, 111.56,
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111.75, 111.93, 111.99, 115.59, 115.65, 115.81, 117.45, 119.49,
128.45, 128.48, 130.37, 130.45, 131.37, 131.47, 131.57, 132.10,
133.17, 133.28, 135.82, 151.32, 159.71, 159.79, 161.02, 162.20,
162.27, 163.47, 164.63, 164.77, 165.19, 167.71, 193.20; MS
(LC-MS):m/z 453.15 (M + H)+.

3.12 | (E)-3-(1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-1-(4-fluoro-
2-hydroxyphenyl)prop-2-en-1-one (5e)

Yield: 77%; Yellow solid; mp 130-132�C; IR (νmax/cm
−1):

1635 (C O), 1595 (C N), 1567 (C C); 1H NMR (400 MHz,
DMSO-d6): δ = 1.17 (d, 6H, CH3), 2.87 (m, 1H, C H), 5.39
(s, 2H, CH2), 6.82-6.89 (m, 2H, Ar H), 7.25-7.37 (m, 6H,
Ar H), 7.57-7.61 (m, 2H, Ar H), 7.70-7.81 (AB quartet, 2H,
J = 15.8 Hz, C H), 8.23 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.74 (s, 1H, pyrazolyl-H), 13.13 (s, 1H, OH); 13C NMR
(100 MHz, DMSO-d6): δ = 23.75, 33.12, 55.41, 104.13,
104.36, 106.79, 107.01, 115.63, 115.75, 115.84, 117.56, 119.36,
126.06, 127.92, 128.63, 130.35, 130.43, 132.01, 133.06, 133.17,
133.90, 136.05, 148.22, 151.04, 160.98, 163.42, 164.49, 164.63,
165.14, 167.67, 192.13; MS (LC-MS):m/z 459.15 (M + H)+.

3.13 | General procedure for synthesis of
2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-
4-yl)-7-fluoro-4H-chromen-4-ones (6a-e)

Compound 5a to 5e (0.002 mol) was dissolved in 15-mL
DMSO. To this solution, catalytic amount of iodine was
added. The reaction mixture was heated to 140�C for
2 hours. After completion of reaction (checked by thin-
layer chromatography [TLC]), content were cooled and
poured over crushed ice. The product obtained was fil-
tered, washed with cold water and 10% sodium
thiosulphate solution followed by cold water, and crystal-
lized from ethanol to get the pure product 6a to 6e.

3.14 | 2-(1-(3-Bromobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6a)

Yield: 77%; White solid; mp 200-202�C; IR (νmax/cm
−1):

3112 ( C H), 1641 (C O), 1622 (C N), 1597 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.46 (s, 2H, CH2), 6.32
(s, 1H), 7.19 (dd, 1H, J = 8 and 2 Hz, Ar H), 7.30-7.62
(m, 9H, Ar H), 8.19 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.71 (s, 1H, pyrazolyl-H); 13C NMR (100 MHz, DMSO-
d6): δ = 54.87, 104.56, 104.82, 107.24, 110.95, 112.30,
113.82, 115.32, 115.54, 116.69, 119.55, 120.72, 122.07,
127.24, 127.74, 127.84, 129.20, 130.97, 131.12, 133.66,

139.25, 149.39, 158.12, 158.50, 158.89, 159.28, 159.63,
163.82, 175.80; MS (LC-MS): m/z 495.10 (M + H)+.

3.15 | 2-(1-(3,4-Dichlorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6b)

Yield: 65%; White solid; mp 148-150�C; IR (νmax/cm
−1):

3059 ( C H), 1645 (C O), 1620 (C N), 1598 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.47 (s, 2H, CH2), 6.32
(s, 1H), 7.19 (d, 1H, J = 8 Hz, Ar H), 7.27-7.70 (m, 8H,
Ar H), 8.19 (t, 1H, J = 8 Hz, Ar H), 8.70 (s, 1H,
pyrazolyl-H); 13C NMR (100 MHz, DMSO-d6): δ = 54.13,
104.83, 107.23, 110.87, 113.74, 115.32, 115.54, 116.61,
120.59, 127.80, 128.53, 129.00, 130.25, 131.06, 131.39,
133.71, 137.48, 157.96, 158.34, 158.73, 159.10, 175.70; MS
(LC-MS): m/z 483.10 (M + H)+.

3.16 | 2-(1-(4-Bromo-2-fluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6c)

Yield: 69%; White solid; mp 220-222�C; IR (νmax/cm
−1):

3065 ( C H), 1643 (C O), 1620 (C N), 1594 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.49 (s, 2H, CH2), 6.31
(s, 1H), 7.19 (dd, 1H, J = 8 and 6.8 Hz, Ar H), 7.25-7.78
(m, 8H, Ar H), 8.05 (dd, 1H, J = 8 and 6.8 Hz, Ar H),
8.67 (s, 1H, pyrazolyl-H); 13C NMR (100 MHz, DMSO-
d6): δ = 48.46, 104.43, 104.69, 107.01, 111.87, 113.66,
113.89, 115.14, 115.35, 118.85, 119.09, 120.41, 121.87,
121.96, 122.62, 122.77, 127.48, 127.59, 127.96, 128.77,
130.43, 130.83, 130.91, 132.24, 133.50, 149.04, 156.26,
156.40, 158.73, 159.23, 161.01, 161.24, 163.46, 165.97,
175.44; MS (LC-MS): m/z 513.10 (M + H)+.

3.17 | 2-(1-(2,6-Difluorobenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6d)

Yield: 72%; White solid; mp 140-142�C; IR (νmax/cm
−1):

3110 ( C H), 1648 (C O), 1622 (C N), 1594 (C C); 1H
NMR (400 MHz, DMSO-d6): δ = 5.51 s (2H, CH2), 6.31
(s, 1H), 7.16-7.57 (m, 9H, Ar H), 8.04 (dd, 1H, J = 8 and
6.8 Hz, Ar H), 8.66 (s, 1H, pyrazolyl-H); 13C NMR
(100 MHz, DMSO-d6): δ = 43.31, 104.41, 104.66, 106.95,
111.43, 111.70, 111.75, 111.93, 113.58, 113.80, 115.09,
115.30, 120.38, 127.43, 127.54, 128.80, 130.81, 130.89,
131.44, 131.54, 133.25, 148.96, 156.23, 156.37, 159.17,
159.74, 161.00, 162.16, 163.44, 165.94, 175.41; MS (LC-
MS): m/z 451.05 (M + H)+.
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3.18 | 2-(1-(4-Isopropylbenzyl)-
3-(4-fluorophenyl)-1H-pyrazol-4-yl)-
7-fluoro-4H-chromen-4-one (6e)

Yield: 67%; White solid; mp 280-282�C; IR (νmax/cm
−1):

3066 ( C H), 1644 (C O), 1620 (C N), 1592(C C); 1H
NMR (400 MHz, DMSO-d6): δ = 1.18 (d, 6H, CH3), 2.87
(m, 1H, C H), 5.39 (s, 2H, CH2), 6.30 (s, 1H),
7.18-7.36 (m, 8H, Ar H), 7.58-7.62 (m, 2H, Ar H), 8.05
(dd, 1H, J = 8 and 6.8 Hz, Ar H), 8.68 (s, 1H, pyrazolyl-
H); 13C NMR (100 MHz, DMSO-d6): δ = 23.76, 33.12,
55.20, 104.44, 104.70, 106.90, 111.81, 113.67, 113.90,
115.16, 115.37, 120.44, 126.57, 127.52, 127.98, 128.98,
130.85, 130.93, 133.17, 133.83, 148.22, 148.76, 156.30,
156.43, 159.46, 161.00, 163.44, 165.99, 175.46; MS (LC-
MS): m/z 457.15 (M + H)+.

4 | CONCLUSION

In conclusion, we have synthesized a series of novel
2-(1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl)-7-fluoro-4H
-chromen-4-ones 6a to 6e from 1-benzyl-3-(4-fluoro-
phenyl)-1H-pyrazole-4-carbaldehydes 3a to 3e. All synthe-
sized compounds are characterized by using spectral
methods and screened for their antibacterial activities.
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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.
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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
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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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Nanostructured N doped TiO2 efficient stable
catalyst for Kabachnik–Fields reaction under
microwave irradiation†

Sachin P. Kunde,ab Kaluram G. Kanade, *ac Bhausaheb K. Karale,a

Hemant N. Akolkar,a Sudhir S. Arbuj, d Pratibha V. Randhavane,a Santosh T. Shinde,a

Mubarak H. Shaikha and Aniruddha K. Kulkarnie

Herein, we report nitrogen-doped TiO2 (N-TiO2) solid-acid nanocatalysts with heterogeneous structure

employed for the solvent-free synthesis of a-aminophosphonates through Kabachnik–Fields reaction.

N-TiO2 were synthesized by direct amination using triethylamine as a source of nitrogen at low

temperature and optimized by varying the volume ratios of TiCl4, methanol, water, and triethylamine,

under identical conditions. An X-ray diffraction (XRD) study showed the formation of a rutile phase and

the crystalline size is 10 nm. The nanostructural features of N-TiO2 were examined by HR-TEM analysis,

which showed they had rod-like morphology with a diameter of �7 to 10 nm. Diffuse reflectance

spectra show the extended absorbance in the visible region with a narrowing in the band gap of 2.85 eV,

and the high resolution XPS spectrum of the N 1s region confirmed successful doping of N in the TiO2

lattice. More significantly, we found that as-synthesized N-TiO2 showed significantly higher catalytic

activity than commercially available TiO2 for the synthesis of a novel series of a-amino phosphonates via

Kabachnik–Fields reaction under microwave irradiation conditions. The improved catalytic activity is due

to the presence of strong and Bronsted acid sites on a porous nanorod surface. This work signifies N-

TiO2 is an efficient stable catalyst for the synthesis of a-aminophosphonate derivatives.

1 Introduction

In recent years, organophosphorus compounds have received
much attention due to their widespread applications in
medicinal and agriculture industries.1,2 a-Aminophosphonates
are one such biological important framework that are structural
mimics of amino acids. For example, glyphosate (N-(phospho-
nomethyl)glycine) is extensively utilized in agriculture as
a systemic herbicide and Alafosfalin is used as an antibacterial
agent3 (Fig. 1). The bioactivity of these molecules such as anti-
microbial,4 antioxidant,5 anti-inammatory,6 enzyme inhibi-
tors7 and antibacterial8 is one of the reasons for them to be of

immense interest in synthetic organic chemistry. It has been
demonstrated that on incorporation of heterocycles such as
thiophene,9 benzothiazoles,10 thiadiazoles,11 and pyrazole12 into
the a-aminophosponates scaffold, the resulting compounds
exhibited interesting biological activities. Pyrazole derivatives of
a-aminophosponates have been rarely reported in the litera-
ture,13,14 thus synthesis of novel pyrazole derivatives of a-ami-
nophosponates is important to research.

Although several protocols for the synthesis of a-amino-
phosponates are reported, one of the most important is the
Kabachnik–Fields reaction.15,16 This involves a one-pot three-
component coupling of a carbonyl compound, an amine and
alkylphosphite. These protocols has been accomplished in
presence of a variety of catalyst such as TiCl4,17 CuI,18 hex-
anesulphonic sodium salt,19 triuoroacetic acid (TFA),20

In(OTf)3,21 BiCl3,22 Cu(OTf)2,23 SbCl3/Al2O3,24 InCl3,25 LiClO4,26

ZrOCl2,27 TsCl,28 Mg(ClO4)2,29 and Na2CaP2O30 in presence or

Fig. 1 Some biological active a-aminophosphonate.
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even in the absence of a solvent. However, most of these existing
procedures are sluggish, require long reaction times, use of
strong acidic conditions, give unsatisfactory yields and also
suffer from the formation of many side products. Moreover, in
all alternatives microwave reaction proved to be a kind of
promising medium for such reaction.31

In the last few years, the application of transition metal
oxides gained particular interest as a heterogeneous catalyst for
various organic synthesis.32 Among all transition metal oxides
the use of nanocrystalline titania (TiO2) has been grown exten-
sively owing to their outstanding physiochemical properties,
which furnished their wide applications in sensors,33

pigments,34 photovoltaic cells,35 and catalysis.36 Also, the use of
potential titania catalyst attracted in organic synthesis due to its
environmental compatibility, inexpensive, safe, stable, reusable
and earth-abundant. It has been proven the desired property of
TiO2 was attained by fullling requirements in terms of unique
morphology, high crystallinity and mixed-phase composition,

the ability of oxidizing and reducing ability under suitable
irradiation makes promising greener alternative approach
towards important organic transformations compared to other
expensive, toxic, transition metal oxides. Moreover, the phase
composition and the degree of crystallinity of the titania sample
plays an important role in catalytic activity.8 In the past several
organic transformations such as oxidation of primary alco-
hols,37 synthesis of xanthenes,38 Friedel–Cras alkylation,39

Beckmann rearrangement40 efficiently utilizes TiO2 as a hetero-
geneous reusable catalyst. In the literature several reports have
been debated to inuence nitrogen doping on photocatalytic
activity of nanocrystalline TiO2. However, the effect is unre-
vealed for catalytic applications in organic synthesis. Recently,
Hosseini-Sarvari explored the use of commercial TiO2 in the
synthesis of a-aminophosponates via Kabachnik–Fields
reactions.41

In present investigation, we have prepared nanostructured N
doped TiO2 and also investigation emphasis was given on the
synthesis of a series of a novel diethyl(1-phenyl-3-(thiophen-2-
yl)-1H-pyrazol-4-yl)(phenylamin) methylphosphonates under
microwave irradiation.

2 Experimental sections
2.1 Synthesis of N doped TiO2 nanorods

The nanostructured N-TiO2 were synthesized by previously re-
ported method with some modication.42,43 In a typical proce-
dure, 0.5 mL of titanium tetrachloride (TiCl4) was added in
absolute methanol (25 mL) with constant stirring at room
temperature. To this solution requisite quantity a 0.1–2 M
aqueous triethylamine solution is injected rapidly. The result-
ing solution was reuxed for 24 h with constant stirring. The
white precipitate formed was collected and washed with ethanol
several times followed by centrifugation (10 000 rpm for 20
min). The precipitate was dried at 473 K for 24 h. To control the
nal morphologies of samples, the sample were synthesized as
function of volume ratio of TiCl4, methanol, water, and trie-
thylamine. The sample prepared in volume ratio 1 : 10 : 50 : 0,
1 : 10 : 50 : 1, 1 : 10 : 50 : 2, 2 : 10 : 50 : 2, and 2 : 10 : 50 : 4
were denoted as TN0 (pure TiO2), TN1, TN2, TN3 and TN4
respectively.

2.2 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde

1-Phenyl-5-(thiophene-2-yl)-1H-pyrrole-3-carbaldehyde were ob-
tained via the Vilsmeier–Haack reaction of the appropriate
phenylhydrazones, derived from the reaction of 2-acetyl thio-
phene with phenylhydrazine44 (Scheme 1).

2.3 Synthesis of diethyl(1-phenyl-3-(thiophene-2-yl)-1H-
pyrazole-4-yl)(phenylamino)methylphosphonates

In a typical procedure, the pyrazolealdehyde 1 (1 mmol), aniline
2 (1 mmol), triethyl phosphite 3 (1.1 mmol) and N-TiO2

(12 mol%) were taken in a round bottom ask equipped with
a condenser and subjected to microwave irradiation for (10–15
min) using 420 W (RAGA's Microwave system) (Scheme 3). The

Scheme 1 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde.

Fig. 2 X-ray diffraction patterns of (a) TN0 (TiO2), (b) TN1, (c) TN2 (d)
TN3 (e) TN4.

Table 1 Phase composition and crystallite size of as-prepared
samples from analysis of XRD

Sample Rutile Anatase
Crystallite size
(nm)

TN0 100 0 25
TN1 98 2 19
TN2 94 6 16
TN3 95 5 12
TN4 91 9 9

26998 | RSC Adv., 2020, 10, 26997–27005 This journal is © The Royal Society of Chemistry 2020
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progress of the reaction was monitored by TLC. Aer the reac-
tion was completed, the reaction mixture extracted using ethyl
acetate and insoluble catalyst separated by ltration. The crude
product was puried by silica gel column chromatography
using n-hexane/ethyl acetate as eluent. The product structure
was determined by FTIR, 1H NMR, and LS-MS.

2.4 Samples characterization

The phase purity and crystallinity were examined by X-ray
diffraction (XRD) technique (Advance, Bruker AXS D8) using
Cu Ka1 (1.5406 Å) radiation with scanning 2q range from 20 to
80�. For FETEM analysis samples were prepared by evaporating
dilute solution on carbon-coated grids. FE-TEM measurements
were carried using the JEOL SS2200 instrument operated at an

accelerating voltage of 300 kV. The Brunauer–Emmett–Teller
(BET) surface area of nanocatalysts was examined using the
Quantachrome v 11.02 nitrogen instrument. The optical prop-
erties of the powder samples were studied using UV-vis diffuse
reectance absorption spectra (UV-DRS) were recorded on the
Perkin-Elmer Lambada-950 spectrophotometer in the wave-
length range of 200–800 nm. Powder samples were used for XPS
measurements. The XPS measurements of powdered samples
were carried out on a VG Microtech ESCA3000 instrument.
Fourier transform infrared (FTIR) spectra of prepared samples
were recorded on a Shimadzu Affinity 1-S spectrophotometer in
over a range of 400–4000 cm�1. 1H NMR was recorded in DMSO-
d6 solvent on a Bruker Advance-400 spectrometer with tetra-
methylsilane (TMS) as an internal reference.

3 Results and discussions
3.1 Structural study

Nanostructured TiO2 and N doped TiO2 were synthesized by
a simple reuxing method. The phase purity and phase
formation of as-synthesized material were analysed by powder
X-ray diffraction pattern. Fig. 2 compares powder XRD patterns
of TiO2 and N doped TiO2 samples. The peak position and peak
intensity of the pure TiO2 powder can be indexed into rutile
phases (Fig. 2). Further, it is observed that an increase in the
amount N-dopant (triethylamine) the intensity of the diffraction

Fig. 3 HR-TEM images of (a–c) TN0, (d–f) TN1, and (d–f) TN2; inset c,
f and h SAED pattern of TN0, TN2 and TN3 respectively.

Fig. 4 HR-TEM images of (a–c) TN3 and (d–f) TN4; inset c, and f SAED
pattern of TN3, and TN4 respectively.

Fig. 5 Nitrogen (N2) adsorption–desorption isotherms of (a) TN0
(TiO2), (b) TN2 (N-TiO2), (c) TN4 (N-TiO2). Insets shows their corre-
sponding pore size distributions.

Table 2 BET specific surface area and pore size distribution of TiO2

and N-TiO2

Sample
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore radius
(Å)

TN0 21.956 0.051 18.108
TN2 40.359 0.215 30.811
TN4 53.589 0.101 18.041

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 26999
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peaks of the rutile phase decreases, while that of anatase phase
increases, indicating that the fraction of the anatase phase
gradually increases at the expense of the rutile phase during this
condition (sample TN2–TN4). The phase composition of rutile
and anatase phase of TiO2 evaluated from the peak intensity
using the following equation,

fA ¼ 1

1þ 1

K

IR

IA

K ¼ 0 : 79; fA . 0:2;K1=40 : 68; fA # 0:2

where fA is the fraction of the anatase phase, and IA and IR are
the intensities of the anatase (1 0 1) and rutile (1 1 0) diffraction
peaks, respectively. The higher molar concentration of trie-
thylamine is favourable for the transformation from rutile to
anatase.45,46 Therefore, the phase composition of TiO2 samples,
i.e. the fraction of anatase and rutile, can be facilely controlled
through adjusting the concentration of triethylamine. The
slight shi of rutile (1 1 0) diffraction peaks towards a higher
angle with an increase in the amount of N dopant suggesting

the incorporation of nitrogen in the TiO2 crystal structure. The
crystallite size is calculated from each (1 1 0) peak in the XRD
pattern using the Sherrer formula.39 The average crystalline size
are 25, 19, 16, 12 and 9 nm for TN0, TN1, TN2, TN3, and TN4
respectively (Table 1). From, XRD analysis it is clear that with an
increase in the concentration of nitrogen in TiO2, fraction of
anatase increases phase and crystalline size decreases.

3.2 Surface and morphological study

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analysis were per-
formed to study morphology and crystallinity of as-synthesized
pure and N doped TiO2 materials (Fig. 3). The pure TiO2 (TN0)
sample seems owerlike nanostructures (Fig. 3a). At high-
resolution it reveals that each ower microstructure consist-
ing several nanorods. The length of nanorods are in the range of
50–70 nm and diameter is about 10–15 nm (Fig. 3b). Fig. 3c
shows the lattice fringes of the material with interplanar
spacing d spacing 0.33 nm matches well (1 0 0) plane of rutile
TiO2. Fig. 3c inset shows a selected area diffraction pattern in
which bright spots observed that conrm the TiO2 nanorods are
in nanocrystalline nature. It was observed that addition of N
dopant, resulting sample TN1 and TN2 grows into new super-
structure consisting nanorods of length 30–50 nm and spheres

Fig. 6 UV-DRS spectra of (a) TN0 (TiO2), (b) TN1 (c) TN2 (d) TN3 (N-
TiO2), (e) TN4. Insets shows Tauc plot of TiO2 and N-TiO2 samples.

Fig. 7 FTIR spectra of (a) TN0 pure (TiO2), (b) TN1 (N-TiO2), (c) TN2, (d)
TN3 and (e) TN4.

Fig. 8 (a and b) High resolution spectrum of N 1s region (c) high
resolution spectrum of Ti 2p region (d) high resolution spectrum of O
1s region.

Scheme 2 Standard model reaction.

27000 | RSC Adv., 2020, 10, 26997–27005 This journal is © The Royal Society of Chemistry 2020
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of diameter 20–30 nm, particles size is obviously smaller than
TN0 (Fig. 3d and h). HRTEM results are consistent with XRD
results. The d-spacing is about 0.325 Å between adjacent lattice
planes of the N doped TiO2.

It was revealed that with doubling concentration of TiCl4,
sample TN3 and TN4 were grown into very ne agglomerated
nanorods (Fig. 4). Further, it is observed that these nanorods
having size in length 30–40 nm and diameter is around 7–10 nm
which is lower than pure TiO2. Fig. 4f inset shows selected area
diffraction pattern shows, surprisingly, ring-like pattern unlike
TiO2, indicates N-TiO2 nanorods are in polycrystalline nature.
From HR-TEM results it is concluded that increase in concen-
tration of TiCl4 and triethylamine reduces the size of the
nanorods.

The specic surface area of as-prepared samples was studied
by (N2) nitrogen gas adsorption–desorption measurement at 77
K using the Brunauer–Emmett–Teller (BET) method. The N2

adsorption–desorption isotherm of N-TiO2 nanoparticles is
shown in Fig. 5. The pure TiO2 shows type IV isotherm
according to IUPAC classication,47 which are typical charac-
teristics of a material with pore size in the range of 1.5–100 nm
Fig. 5a. The shape of the hysteresis loop is H3 type may asso-
ciates due to the agglomeration of nanoparticles forming slit-
like pores, reected in TEM images. At higher relative pres-
sure (p/p0) the slope shows increased uptake of adsorbate as
pores become lled; inection point typically occurs near

completion of the rst monolayer. The BET surface area of pure
TiO2 is found to be 21.956 m2 g�1. The pore size distribution of
prepared samples was investigated by Barrett–Joyner–Halenda
(BJH) method Fig. 5(a)–(c) insets. The average pore diameter of
pure TiO2 nanoparticles is 18 nm which demonstrates the
material is mesoporous nature. Further, it is observed that the
incorporation of nitrogen in TiO2 nanoparticles the surface area
shis towards higher values. The adsorption–desorption
isotherms of nitrogen-doped TiO2 samples display the type II
isotherm according to IUPAC classication.46 The specic BET
surface area of samples TN2 and TN4 are 40.359 m2 g�1 and
53.589 m2 g�1 respectively (Fig. 5b and 4c). This observation
species a decrease in the particle size of TiO2 nanoparticles
specic surface area increases which are in consisting of XRD
and TEM results. The Brunauer–Emmett–Teller (BET) specic
surface areas, pore volumes and mean pore and mean pore
diameters of samples TN0, TN2, and TN4 are summarized in
Table 2.

3.3 Optical and electronic property studies

The optical property of the as-synthesizedmaterial was analyzed
by UV-Vis diffuse absorbance spectra as shown in Fig. 6. Fig. 6
displays the comparative UV-DRS spectra of pristine TiO2 and
a series of N doped TiO2 samples. The absorption edge for the
pure TiO2 (TN0) is observed at around 410 nm (Fig. 6a), which is
consistent with the band gap of the rutile phase.45 The N doped
TiO2 nanostructures show strong absorption in the visible
region (410–600 nm). The redshi clearly indicates the

Table 3 Comparative study of catalysts used for the synthesis of a-
aminophosphonatea

Entry Catalyst Time (minutes) Yieldb (%)

1 — 20 Trace
2 Acetic acid 20 30
3 Commercial ZnO 15 20
4 Commercial TiO2 15 30
5 TN0 10 72
6 TN1 10 73
7 TN2 10 76
8 TN3 10 85
9 TN4 10 95

a Reaction condition: aldehyde(1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), catalyst, MW power 420 watt. b Isolated
yield.

Fig. 9 (A) Progress of reaction (a) TN0 (b) TN1 (c) TN2 (d) TN3 and (e)
TN4. (B) Reusability of catalyst TN4; reaction condition: aldehyde (1a)
(1 mmol), aniline (2a) (1 mmol), triethylphosphite 3 (1.1 mmol), N-TiO2

(12 mol%), MW power 420 watt.

Table 4 Optimization of the concentration of catalysta

Sr. no.
Concentration of catalyst
(mol%) Yieldb (%)

1 3 69
2 6 76
3 9 86
4 12 95
5 15 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, MW power 420 watt.
b Isolated yield.

Table 5 Screening of solventsa

Entry Solvent Yield (%)b

1 Ethanol 85
2 Methanol 87
3 Dichloromethane 55
4 THF 58
6 Toluene 60
7 Neat 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, solvent, MW power 420
watt. b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27001
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successful doping of N in the lattice of TiO2. Moreover, as the
concentration of triethylamine increases redshi of N-TiO2 also
increases which conrms higher nitrogen doping and a higher
fraction of absorption of photons from the visible region. The
band gap of as-synthesized material calculated by using the
Tauc plot shown in Fig. 6 (insets). The band gap (Eg) for the
sample TN0, TN1, TN2, TN3, and TN4, were observed to 3.15,
3.09, 3.07, 3.03 and 2.85 eV respectively. The decrease in the
band gap is attributed to higher mixing of the (O/N) 2p level is
developed in the Ti-3d level falls at the top of the VB, therefore,
band gap reduced compared to the pristine TiO2 nanostructure.

3.4 FT-IR spectroscopy

Fig. 7 shows comparative FTIR spectra for pure and N doped
TiO2. The absorption peak signal in the range of 400–1100 cm�1

is characteristic of the formation of O–Ti–O lattice. The
absorption at 668 cm�1, 601 cm�1, 546 cm�1 and 419 cm�1

corresponds to Ti–O vibrations.48,49 Further, for the sample
TN1–TN3 the IR bands centred at 1400–1435 cm�1 indicates
nitrogen doping in the TiO2 sample. The band located at
1070 cm�1 is attributed to Ti–N bond vibrations. Also, it is
observed that the band at 1335 cm�1 for pure TiO2 is shied
towards longer wavenumber 1430 cm�1 supports for the claim
of N doping in TiO2 lattice. Further it is also observed that some
of the minor the peaks of pure TiO2 are rather different than the
N-doped TiO2, this indicates the incorporation of nitrogen in
TiO2 lattices. The peak centered at 1600–2180 cm�1 is ascribed
due to –OH stretching frequency. From, IR spectra it is clear
that N is successfully incorporated in the lattice of TiO2.

3.5 X-ray photoelectron spectroscopy

The XPS were used for chemical identication and electronic
state of dopant nitrogen in sample TN2 and TN4. The high
resolution XPS spectra of N 1s on deconvolution shows two
different peaks at 399.6 and 401.5 eV indicates nitrogen present
in two different electronic state (Fig. 8a and b). The peak at
399.6 is attributed to presence of interstitial N or N–Ti–O
linkage. The result is consistent with previous reports.43 The
peak at 401.5 is attributed to presence of N in oxidized state as
NO or NO2. The concentration of nitrogen on surface of TN2
and TN4 are 2.8% and 3.4% respectively. Fig. 8c shows the peak
at 458.8 and 458.3 is attributed to Ti 2p3/2 and Ti 2p1

2
, in good

agreement the presence of Ti(IV) in TiO2. The peak at binding
energy 530.1 and 530.2 eV of sample are attributed to O 1s
(Fig. 8d).

3.6 Catalytic study in synthesis of a-aminophosponates

In order to nd out the best experimental condition, the reac-
tion of pyrazolaldhyde 1a, aniline 2a and triethylphospite 3
under microwave irradiation is considered as standard model
reaction (Scheme 2).

In the absence of a catalyst, the standard model reaction
gave a small amount of product (Table 3 entry 1). These results
specify catalyst is required to occur reaction. In order to check
the catalytic utility, the model reaction carried out in the pres-
ence of a variety of catalysts (Table 3 entry 2–9). The N-TiO2 NRs

gave better results than acetic acid, commercial ZnO and
commercial TiO2.

Inspiring these results, we further studied the progress of
reaction at different time intervals, we observed the sample N-
doped TiO2 catalyzes efficiently than undoped TiO2, and this
may be attributed to the higher surface area (Fig. 9A).

The optimum concentration of the catalyst was investigated
by performing the model reaction at different concentrations
such as 3, 6, 9, 12 and 15 mol%. The reaction yielded in 69, 76,
86, 95 and 95% yields respectively (Table 4). This shows that
12 mol% of TN4 is adequate for the reaction by considering the
yield of the product.

To evaluate the effect of solvents, different solvents such as
ethanol, methanol, dichloromethane, THF, 1,4-dioxane and
toluene were used for the model reaction in presence of N-TiO2

catalyst. The reaction proceed with better yield in polar protic
solvent (Table 5, entries 1, 2). However it was observed that the
usage of solvents slows down the rate of reaction and gives the
desired product in lower yields than that for neat condition
(Table 5, entries 1–6).

The recyclability of the catalyst was then examined and the
outcomes are shown in Fig. 9B. Aer the completion of reaction,
the reaction mixture was extracted with ethyl acetate. The
residual catalyst was washed with acetone, dried under vacuum
at 100 �C and reused for consequent reactions. The recovered
catalyst could be used for 5 times without obvious loss of
catalytic activity.

The difference between the XRD of fresh catalyst and reused
catalyst shown in Fig. 10.

The usefulness of optimized reaction condition for model
reaction (12 mmol % of catalyst, solvent-free, MWI) was
extended for the synthesis of a series of novel a-amino-
phosphonates (4a–l) by reacting pyrazoldhyde (1a–c), anilines
(2a–d) and triethylphosphite (3) in excellent yields (Scheme 3).

Fig. 10 XRD of sample TN4 (a) before reaction (b) after reaction.

Scheme 3 Optimized reaction condition for synthesis of diethyl(1-
phenyl-3-(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)
methylphosphonates

27002 | RSC Adv., 2020, 10, 26997–27005 This journal is © The Royal Society of Chemistry 2020
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The obtained product 4a–l was characterized by spectroscopic
techniques (Table 6).

The spectroscopic data of synthesized compounds are given
in ESI (S-2 to S-26).†

4 Conclusions

In summary, we have prepared N doped TiO2 nanorods by
thermal hydrolysis method using triethylamine as the source of
nitrogen at relatively low temperatures. The XRD analysis
showed that with varying composition molar ratios of TiCl4,
CH3OH, H2O, and (C2H5)3N, phase composition of rutile to
anatase also tunes. FTIR spectra show the chemical environ-
ment of doping by the formation of the N–Ti–O and Ti–O–Ti
bond. The morphological study performed by the FE-TEM
technique shows the formation of well-developed nanorods of
size in length 30–40 nm and diameter is around 7–10 nm, which
is lower than pure TiO2. Further, BET analysis N-TiO2 shows the
maximum specic surface area 53.4 m2 g�1 which is 2.5 times

Table 6 Microwave assisted synthesis of novel diethyl(1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)methylphosphonatesa

Entry Product M.P. (�C) Yieldb (%)

4a 218 95

4b 220 79

4c 208 92

4d 216 79

4e 180 86

4f 200 82

4g 162 85

4h 190 71

Table 6 (Contd. )

Entry Product M.P. (�C) Yieldb (%)

4i 195 81

4j 120 76

4k 210 89

4l 190 75

a Reaction condition: aldehyde (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 (12 mol%), MW power 420 watt.
b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27003
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higher than pure TiO2. The as-synthesized materials were
employed for the synthesis of a-aminophosphonates via
Kabachnik–Fields reaction under microwave irradiation. The N-
TiO2 shows remarkable catalytic activity for aminophosphonate
derivatives compared with TiO2 and other similar
nanocatalysts.
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Abstract

In search of new active molecules, a small focused library of the synthesis of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) has been efficiently prepared via the Knoevenagel condensation

approach. All the derivatives were synthesized by conventional and non-

conventional methods like ultrasonication and microwave irradiation, respec-

tively. Several derivatives exhibited excellent anti-inflammatory activity

compared to the standard drug. Furthermore, the synthesized compounds

were found to have potential antioxidant activity. In addition, to rationalize

the observed biological activity data, an in silico absorption, distribution,

metabolism, and excretion (ADME) prediction study also been carried out.

The results of the in vitro and in silico studies suggest that the 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) may possess the ideal structural requirements for the further

development of novel therapeutic agents.

KEYWORD S

ADME prediction, anti-inflammatory, antioxidant, Knoevenagel, microwave, pyrazole,

ultrasonication

1 | INTRODUCTION

The pyrazole ring is a prominent heterocyclic structural
compound found in several pharmaceutically active com-
pounds. This is because of its use in pharmacological
activity and ease of synthesis. Furthermore, the selective
functionalization of pyrazole with diverse substituents
was also found to improve their range of action in var-
ious fields. Pyrazole containing heterocycles shows
various biological activity, such as antibacterial,[1]

antifungal,[2] antimicrobial,[3] anti-inflammatory,[4a]

antioxidant,[4b] insecticidal,[5] antiviral,[6] anti-nitric oxide

synthase,[7] glycogen receptor antagonist,[8] anticancer,[9]

antienzyme,[10] immunosuppressant,[11] anti-fatty acid
amide hydrolase (FAAH),[12] and liver-x-receptor [LXR]
partial agonist activities.[13]

Fluorine or fluorine-based compounds are of great
interest in synthetic and medicinal chemistry. The posi-
tion of the fluorine atom in an organic molecule plays a
vital role in agrochemicals, pharmaceuticals, and mate-
rials[14] as it changes the pharmacokinetic and pharmaco-
dynamic properties of the molecule owing to its high
membrane permeability, metabolic stability, lipophilicity,
and binding affinity.[15]
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Perfluoro-alkylated and trifluoro-methylated pyrazoles
represent pharmacologically related core structures that are
present in many important drugs and agrochemicals, such
as fluazolate (herbicide), penthiopyrad (fungicide),
razaxaban (anticoagulant), deracoxib, celecoxib (anti-inflam-
matory), and penflufen (fungicidal) (Figure 1).[16] So, the
modern trend is moving more in the direction of the synthe-
sis of a collection of fluorine-containing molecules in order
to find excellent biological activity.

Ultrasonic irradiation is a new technology that has been
widely used in chemical reactions. When ultrasonic waves
pass through a liquid medium, a large number of micro-
bubbles form, grow, and collapse in very short times, about
a few microseconds. The formation and violent collapse of
small vacuum bubbles takes place due to the ultrasonication
waves generated in alternating high pressure and low pres-
sure in liquids, and the phenomenon is known as cavitation.
It causes high-speed imposing liquid jets and strong hydro-
dynamic shear forces. The deagglomeration of nanometer-

sized materials was carried out using these effects. In this
aspect, for high-speed mixers and agitator bead mills,
ultrasonication is an alternative.[17]

In the preparative chemist's toolkit, microwave heating
is a valuable technique. Due to a modern scientific micro-
wave apparatus, it is possible to access elevated tempera-
tures in an easy, safe, and reproducible way.[18] In recent
years, microwave-assisted organic synthesis (MAOs)[19] has
been emerged as a new “lead” in organic synthesis. Impor-
tant advantages of this technology include a highly acceler-
ated rate of the reaction and a decrease in reaction time,
with an increase in the yield and quality of the product. The
current technique is considered an important method
toward green chemistry as this technique is more environ-
mentally friendly. The conventional method of organic syn-
thesis usually needs a longer heating time; tedious
apparatus setup, which results in the higher cost of the pro-
cess; and the excessive use of solvents/reagents, which leads
to environmental pollution. This growth of green chemistry

FIGURE 1 Structure of pyrazole- and fluorine-containing commercially available drugs
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holds significant potential for a reduction of the byproduct,
a reduction in waste production, and lowering of the energy
costs. Due to its ability to couple directly with the reaction
molecule and bypass thermal conductivity, leading to a
rapid rise in the temperature, microwave irradiation has
been used to improve many organic syntheses.[20]

Knoevenagel condensation reactions are carried out by the
condensation of aldehyde and the active methylene group
using different catalysts such as piperidine, InCl3, TiCl4,
LiOH, ZnCl2, and NbCl5.

[20,21] They are also carried out
using NaAlO2-promoted mesoporous catalysts,[22] ionic
liquid,[23] monodisperse carbon nanotube-based NiCu
nanohybrids,[24] and MAOs.[25] This is one of the most
important methodologies used in synthetic organic chemis-
try for the formation of a C─C double bond.

From our study, the results demonstrated that green
methodologies are less hazardous than classical synthesis
methods, as well more efficient and economical and environ-
mentally friendly; short reaction times and excellent yields
are observed for those reactions in which conventional
heating is replaced by microwave irradiation. Keeping in
mind the 12 principles of green chemistry, in continuation of
our research work,[26] and the advantages of microwave irra-
diation and activities associated with pyrazole and fluorine,
we construct pyrazole and fluorine in one molecular frame-
work as new 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one derivatives under conventional, as well as
microwave, irradiation and ultrasonication and evaluated
their anti-inflammatory and antioxidant activity. In addition
to this, we have also performed in silico absorption, distribu-
tion, metabolism, and excretion (ADME) predictions for the
synthesized compounds.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

A facile, economic, and green protocol for the
cyclocondensation of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) with different aldehydes has
been achieved.

The key starting material 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one (3) was synthesized
by the condensation of 1-(perfluorophenyl)hydrazine (1)
and ethyl 4,4,4-trifluoro-3-oxobutanoate (2) in ethanol[27]

(Scheme 1).
Initially, we carried out the reaction between 2-(per-

fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (2 mmol) (3) and 1-phenyl-3-(thiophen-2-
yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in
acetic acid as a model reaction (Scheme 2). Initially, the
model reaction was carried out in ethanol without using
acetic acid, and it was observed that a very low yield of
product (20%) was obtained even after 2 hr. Therefore,
improving the yield intervention of the catalyst was
thought to be necessary. So, we decided to use acetic acid as a
catalyst to promote this transformation at room temperature.
At room temperature, the yield of product (45%) was found to
be increased in 3 hr, so we decided to provide heating to the
reaction mixture to achieve maximum product yield.

When the reaction mixture refluxed in acetic acid,
product formation took place after 2 hr, and the yield of
the product was 72% (Table 1).

To check the ultrasonication's specific effect on this
reaction, under ultrasound irradiation at 35–40�C, we
carried out the model reaction using the optimized reac-
tion conditions in hand to check whether the reaction
could be accelerated with further improved product yield
within a short reaction time (Scheme 2).

It was observed that, under ultrasonic conditions, the
conversion rate of a reactant to product increased with
less time (Table 1). Thus, when considering the basic
green chemistry concept, ultrasonic irradiation was
found to have a beneficial effect on the synthesis of
Knoevenagel derivatives (4a-d, 5a-f, and 6a-e), which
was superior to the traditional method with respect to
yield and reaction time (Table 1).

To accomplish the goal and significance of green
chemistry, the model reaction was carried out under

SCHEME 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one 3
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microwave irradiation for a period of time indicated in
Table 1 at 350 W (Scheme 2). Fortunately, the product
formation occurred in 6.5 min, with an 84% increase in
yield .

So, from the above experiments, it can be concluded
that, when the reaction was carried out under the con-
ventional method, it gave comparatively low yields of
products with longer reaction times, while the same reac-
tion carried out under the influence of ultrasonic irradia-
tion and microwave irradiation gave excellent yields of
the products in short reaction times.

Finally, we assessed the scope and generality of this
method for the Knoevenagel condensation between 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-
one (3) and different aldehydes (Scheme 3), achieved under
conventional and nonconventional methods like the ultra-
sound and microwave methods, respectively. With respect to
the substituent present on the aromatic ring of aldehyde,
under the optimized conditions, the corresponding products
were obtained in high to excellent yields (Table 1).

More importantly, hetero aryl aldehydes were
observed to be well tolerated under optimized conditions,

SCHEME 2 Model reaction for conventional, ultrasonication, and microwave irradiation methods

TABLE 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e)

Cpd R1 R2 R3 R4

m.
p. (�C)

Conventional methoda Ultrasound methodb Microwave methodc

Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)

4a H H - - 224–226 120 72 20 81 6.5 84

4b Br F - - 232–234 120 75 18 78 6.5 81

4c Cl H - - 216–218 120 70 20 76 6.0 80

4d Br H - - 230–232 120 64 16 70 6.5 76

5a H H OMe - 202–204 120 70 21 76 5.5 84

5b H H H - 186–188 120 66 17 72 6.0 80

5c F H OMe - 180–182 120 68 16 75 7.0 82

5d H H Me - 206–208 120 65 16 71 6.5 79

5e H H OCF3 - 142–144 120 62 18 70 6.5 76

5f H Cl Cl - 212–214 120 70 19 80 5.5 84

6a Me Cl Me H 188–190 120 66 18 76 6.0 78

6b H Cl Me H 180–182 120 62 17 72 7.5 75

6c H Cl H H 176–178 120 59 18 79 7.0 80

6d H Cl H Cl 212–214 120 64 20 72 7.0 78

6e H H Me H 180–182 120 60 18 80 7.5 82

Abbreviation: Cpd, compound.
aReaction conditions: Compound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in acetic acid.
bCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under ultrasound irradiation.
cCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under microwave irradiation.
dIsolated yield. m.p.: melting point.
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furnishing the product in good yields. All the synthesized
compounds (4a-d, 5a-f, and 6a-e) were confirmed by IR,
1H NMR, 13C NMR, and mass spectra.

The formation of (4E)-3-(trifluoromethyl)-1-(per-
fluorophenyl)-4-((1-phenyl-3-(thiophen-2-yl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-one 4a-d was con-
firmed by IR, 1H NMR, 13C NMR, and mass spectra. In
the IR spectrum of compound 4a, the peaks observed at
1,681 cm−1 indicate the presence of C═O group. In the
1H NMR spectrum of compound 4a, two singlets were
observed at δ 8.11 and 10.10 ppm for pyrazolyl and ole-
finic proton, respectively. The 13C NMR spectrum of com-
pound 4a revealed that the peak appearing at δ
161.4 ppm is due to the presence of carbonyl carbon. The
structure of compound 4a was also confirmed by a molec-
ular ion peak at m/z 555.01 (M + H)+. Similarly, the

synthesis of (4E)-3-(trifluoromethyl)-1-(perfluorophenyl)-4-
([1,3-diphenyl-1H-pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
ones 5a-f was also confirmed by spectral techniques. In the
IR spectrum of compound 5a, the peak observed at
1,701 cm−1 corresponded to the C═O group. In the 1H NMR
spectrum of compound 5a, the three singlets observed at δ
3.92, 8.11, and 10.10 ppm confirm the presence of ─OCH3,
pyrazolyl proton, and olefinic proton, respectively. The 13C
NMR spectrum of compound 5a showed peaks at δ 162.5
and 55.5 ppm, confirming the presence of carbonyl carbon
and methoxy carbon, respectively. Furthermore, the structure
of compound 5a was also confirmed by a molecular ion peak
atm/z 573.21 (M + H)+.

Furthermore, the formation of (Z)-4-([4-oxo-4H-
chromen-3-yl]methylene)-2-(perfluorophenyl)-5-
(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-one 6a-e was

SCHEME 3 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e). Reaction
conditions: a = Refluxed in acetic acid. b = Under ultrasound irradiation in acetic acid. c = Under microwave irradiation using acetic acid

as a solvent
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confirmed by various spectral techniques. The IR spectrum of
compound 6a showed absorption peaks at 1,707 and
1,666 cm−1 corresponding to two carbonyl groups present in
the molecules. The 1H NMR spectrum of compound 6a
showed four singlets at δ 2.54 and δ 3.01 ppm for two
─CH3, δ 8.50 ppm for chromone ring proton, and δ
10.54 ppm for olefinic proton. The 13C NMR spectrum
of compound 6a showed that two signals appear at δ
175.4 and 164.2 ppm for the carbonyl carbon of chro-
mone and pyrazolone ring, respectively. In addition,
two signals for methyl carbon appear at δ 22.2 and
18.6 ppm. The structure of compound 6a was also con-
firmed by mass spectra and by a molecular ion peak
observed at m/z 537.11 (M + H)+. Similarly, all the
synthesized compounds were characterized by the
spectral analysis. Structures of all the synthesized
derivatives are shown in Figure S1 (Supporting
Information).

2.2 | Biological activity

2.2.1 | Anti-inflammatory activity

The newly synthesized 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f,
and 6a-e) (EC50 range = 0.6483 ± 0.221–0.8519 ± 0.281 μg/
ml) exhibited moderate anti-inflammatory activity com-
pared to the standard drug diclofenac sodium. Among all
the synthesized compounds, except compounds 4c, 5c, 5e,
6d, and 6e, all other compounds exhibited a minimum
inhibitory concentration (MIC) of 200 μg/ml compared to
the standard drug diclofenac sodium (Table 2).

The percent inhibition of compounds in the in vitro
anti-inflammatory model is shown in Figure 2. Further-
more, the comparative percent inhibition of compounds
in the in vitro anti-inflammatory model is shown in
Figure 3.

2.2.2 | Antioxidant activity

In the present study, antioxidant activity of the synthe-
sized compounds has been assessed in vitro by the DPPH
radical scavenging assay.[28] Ascorbic acid (AA) has been
used as a standard drug for the comparison of antioxidant
activity, and the observed results are summarized in
Table 2.

According to the DPPH assay, compounds 5a, 5d, 5e,
5f, 6a, 6b, and 6e (IC50 = <100 μg/ml) exhibited excellent
antioxidant activity compared to the standard antioxidant
drug AA (IC50 = <50 μg/ml). The remaining synthesized
compounds display comparable antioxidant activity than

the standard drug butylated hydroxytoluene (Table 2).
The percent inhibition of compounds in the in vitro anti-
oxidant model is shown in Figure 4.

2.3 | Computational study

2.3.1 | In silico ADME

An important task for the lead compounds is early pre-
diction of drug likeness properties as it resolves the cost

TABLE 2 Anti-inflammatory and antioxidant activity of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one

derivatives (MIC in μg/ml)

Compound Anti-inflammatory Antioxidant

4a 200 >100

4b 200 >400

4c 400 >200

4d 200 >200

5a 200 <100

5b 200 >200

5c NT NT

5d 200 <100

5e 800 <100

5f 200 <100

6a 200 <100

6b 200 <100

6c 200 >200

6d 800 >100

6e 400 <100

Diclofenac sodium 50 -

Ascorbic acid - <50

FIGURE 2 The percent inhibition of compounds in an in

vitro anti-inflammatory model
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and time issues of drug development and discovery. Due
to the inadequate drug likeness properties of many active
agents with a significant biological activity, these com-
pounds have failed in clinical trials.[29] On the basis of
Lipinski's rule of five, the drug likeness properties were
analyzed by ADME parameters using the Molinspiration
online property calculation toolkit,[30] and data are sum-
marized in Table 3.

All the compounds exhibited noteworthy values for
the various parameters analyzed and showed good
drug-like characteristics based on Lipinski's rule of five
and its variants, which characterized these agents to
be likely orally active. For the synthesized compound
6e, the data obtained were within the range of
accepted values. Parameters such as the number of
rotatable bonds and total polar surface area are linked
with the intestinal absorption; results showed that all

synthesized compounds had good absorption. The in
silico assessment of all the synthetic compounds has
shown that they have very good pharmacokinetic prop-
erties, which are reflected in their physicochemical
values, thus ultimately enhancing the pharmacological
properties of these molecules.

3 | EXPERIMENTAL SECTION

All organic solvents were acquired from Poona Chemi-
cal Laboratory, Pune and Research-Lab Fine Chem
Industries, Mumbai and were used as such without
further purification. The melting points were mea-
sured on a DBK melting point apparatus and are
uncorrected. Microwave irradiation was carried out in
Raga's synthetic microwave oven. IR spectra were
recorded on Shimadzu IR Affinity 1S (ATR) fourier
transform infrared spectrophotometer. 1H NMR
(500 MHz) and 13C NMR (125 MHz) spectra were
recorded on Bruker Advance neo 500 spectrophotome-
ters using tetramethylsilane as an internal standard,
and CDCl3 and dimethyl sulphoxide-d6 as solvent and
chemical shifts, respectively, were expressed as δ ppm
units. Mass spectra were obtained on Waters quadru-
pole time-of-flight micromass (ESI-MS) mass
spectrometer.

3.1 | General procedure for the synthesis
of synthesize new 3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-one
derivatives (4a-d, 5a-f and 6a-e)

Conventional method: An equimolar amount of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-

FIGURE 3 The

comparative percent inhibition

of compounds in an in vitro anti-

inflammatory model

FIGURE 4 The percent inhibition of compounds in an

in vitro antioxidant model
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one (3) (0.002 mol) and substituted aldehydes (0.002 mol)
was taken in a round-bottom flask using glacial acetic acid
(5 ml) as a solvent and were refluxed for the period of time
indicated in Table 1. The progress of the reaction was mon-
itored by thin layer chromatography (TLC). After comple-
tion of reaction, the mixture was cooled and poured into
ice-cold water. The obtained solid was filtered and washed
with water and dried and purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Ultrasound method: A mixture of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (3) (0.002 mol) and substituted aldehydes
(0.002 mol) in acetic acid (5 ml) was taken in a 50-ml
round-bottom flask. The mixture was irradiated in the
water bath of an ultrasonic cleaner at 35–40�C for a
period of time indicated in Table 1. After completion of
the reaction (monitored by TLC), the mixture was poured
into ice-cold water, and the obtained solid was collected
by simple filtration and washed successively with water.
The crude product was purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Microwave irradiation method: An equimolar
amount of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) (0.002 mol) and
substituted aldehydes (0.002 mol) was taken in a
round-bottom flask (RBF) using glacial acetic acid
(5 ml) as a solvent, and the contents of RBF were sub-
jected to MW irradiation for the period of time indi-
cated in Table 1 at 350 W. The progress of the reaction
was monitored by TLC. After completion of reaction,
the mixture was cooled and poured into ice-cold
water. The obtained solid was filtered and washed
with water and dried and purified by crystallization
from ethyl acetate to obtain pure compounds (4a-d,
5a-f, and 6a-e).

3.1.1 | (4E)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)
methylene)-1H-pyrazol-5(4H)-one (4a)

Orange solid; Wt. 930 mg, Yield 84%; IR(νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,598 (C═N), 1,519 (C═C),
1,234 (C─F); 1H NMR spectrum, δ, ppm: 7.35–7.91 (m,
8H, Ar─H), 8.11 (s, 1H, pyrazolyl-H), 10.10 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 161.4 (C═O),
151.7, 140.1, 137.8, 134.9, 131.1, 130.0, 129.6, 129.1,

TABLE 3 Pharmacokinetic parameters of (4a-d, 5a-f, and 6a-e) compounds

Entry % ABS TPSA (A2)
n-
ROTB MV MW miLog P

n-
ON

n-
OHNH

Lipinski
violation

Drug
likeness
model score

Rule - - - - <500 ≤5 <10 <5 ≤1 -

4a 90.81 52.72 5 397.75 554.42 5.83 5 0 2 −0.68

4b 90.81 52.72 5 420.56 651.31 6.92 5 0 2 −0.84

4c 90.81 52.72 5 411.28 588.87 6.63 5 0 2 −0.25

4d 90.81 52.72 5 415.63 633.32 6.76 5 0 2 −0.56

5a 87.62 61.96 6 432.58 578.42 6.10 6 0 2 −0.46

5b 90.81 52.72 5 407.04 548.39 6.04 5 0 2 −0.80

5c 87.62 61.96 6 437.51 596.41 6.19 6 0 2 −0.22

5d 90.81 52.72 5 423.60 562.42 6.49 5 0 2 −0.51

5e 87.62 61.96 7 447.32 632.39 7.01 6 0 2 −0.45

5f 90.81 52.72 5 434.11 617.28 7.33 5 0 2 −0.36

6a 86.53 65.11 3 374.21 536.76 6.25 5 0 2 −0.53

6b 86.53 65.11 3 357.65 522.74 5.87 5 0 2 −0.36

6c 86.53 65.11 3 341.09 508.71 5.49 5 0 2 −0.32

6d 86.53 65.11 3 354.62 543.15 6.10 5 0 2 −0.93

6e 86.53 65.11 3 344.11 488.29 5.26 5 0 1 −0.81

Abbreviations: % ABS, percentage absorption; TPSA, topological polar surface area; n-ROTB, number of rotatable bonds; MV, molecular volume; MW,
molecular weight; milogP, logarithm of partition coefficient of compound between n-octanol and water; n-ON acceptors, number of hydrogen bond acceptors;
n-OHNH donors, number of hydrogen bonds donors.
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128.70, 128.6, 119.7, 115.7, 113.5; MS (ESI-MS): m/z
555.01 (M + H)+.

3.1.2 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-(4-fluorophenyl)-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (4b)

Orange solid; Wt. 1.05 g; Yield 81%; IR (νmax/cm
−1): 2,927

(═C─H), 1,680 (C═O), 1,598 (C═N), 1,516 (C═C), 1,231
(C─F); 1H NMR spectrum, δ, ppm: 7.16 (d, 1H, J = 3.50 Hz,
Ar─H), 7.26–7.19 (m, 3H, Ar─H), 7.84 (dd, 2H, J = 5.00 Hz
and 9.00 Hz, Ar─H), 8.10 (s, 1H, pyrazole-H), 10.11 (s, 1H,
═C─H); MS:m/z 651.03 (M + H)+.

3.1.3 | (4E)-4-((3-[5-Chlorothiophen-2-yl]-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4c)

Orange solid; Wt. 873 mg; Yield 80%; IR (νmax/cm
−1):

2,926 (═C─H), 1,682 (C═O), 1,597 (C═N), 1,518
(C═C), 1,232 (C─F); 1H NMR spectrum, δ, ppm: 7.07
(s, 1H, Ar─H), 7.26–7.18 (s, 1H, Ar─H), 7.44 (d, 1H,
J = 6.00 Hz, Ar─H), 7.52 (m, 2H, Ar─H), 7.86 (d, 2H,
J = 7.00 Hz, Ar─H), 8.11 (s, 1H, pyrazole-H), 10.16 (s,
1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.4
(C═O), 151.3, 139.5, 138.3, 135.0, 133.5, 130.8, 130.0,
128.8, 127.6, 127.4, 120.0, 116.3, 114.6; MS: m/z 547.11
(M + H)+.

3.1.4 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4d)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,597 (C═N), 1,520
(C═C), 1,235 (C─F); 1H NMR spectrum, δ, ppm: 7.16
(d, 1H, J = 4.00 Hz, Ar─H), 7.21 (d, 1H, J = 3.50 Hz,
Ar─H), 7.44 (t, 1H, J = 7.50 Hz, Ar─H), 7.52 (t, 2H,
J = 7.50 Hz, Ar─H), 7.75–7.86 (d, 2H, J = 7.50 Hz,
Ar─H), 8.47 (s, 1H, pyrazole-H), 10.16 (s, 1H, ═C─H);
13C NMR spectrum, δС, ppm: 183.2 (C═O), 162.3,
151.2, 143.2, 142.9, 139.4, 138.3, 134.9, 133.7, 133.4,
131.2, 130.6, 129.8, 129.1, 128.8, 128.5, 128.2, 120.6,
119.9, 119.6, 116.2, 115.9, 114.6; MS: m/z 633.05
(M + H).

3.1.5 | (4Z)-3-(Trifluoromethyl)-4-((3-[4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5a)

Orange solid; Wt. 971 mg; Yield 84%; IR (νmax/cm
−1):

3,141 (═C─H), 1,703 (C═O), 1,595 (C═N), 1,514 (C═C),
1,224 (C─F); 1H NMR spectrum, δ, ppm: 3.92 (s, 3H,
─OCH3), 7.10 (d, 2H, J = 8.50 Hz, Ar─H), 7.51 (t, 2H,
J = 8.50 Hz, Ar─H), 7.62 (d, 2H, J = 8.50 Hz, Ar─H),
7.90 (d, 2H, J = 9.00 Hz, Ar─H), 7.99 (s, 1H, pyrazole-H),
10.19 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 161.1, 158.7, 143.3, 141.4, 138.6, 134.9, 130.7,
129.7, 128.5, 122.6, 120.1, 116.8, 114.7, 113.7, 55.5
(OCH3); MS: m/z 579.21 (M + H)+.

3.1.6 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1,3-diphenyl-1H-
pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
one (5b)

Orange solid; Wt. 876 mg; Yield 80%; IR (νmax/cm
−1):

3,142 (═C─H), 1,701 (C═O), 1,595 (C═N), 1,510 (C═C),
1,223 (C─F); 1H NMR spectrum, δ, ppm: 7.42 (m, 1H,
Ar─H), 7.52 (t, 2H, J = 7.50 Hz, Ar─H), 7.57–7.58 (m,
3H, Ar─H), 7.68 (dd, 2H, J = 7.50 and 2.00 Hz, Ar─H),
7.90 (d, 2H, J = 8.00 Hz, Ar─H), 8.00 (s, 1H, pyrazole-H),
10.22 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 158.8, 143.0, 141.2, 138.6, 134.9, 130.3, 129.9,
129.7, 129.4, 129.2, 128.6, 120.0, 116.8, 114.0; MS: m/z
549.19 (M + H)+.

3.1.7 | (4Z)-4-((3-[2-Fluoro-4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (5c)

Orange solid; Wt. 1.06 g; Yield 82%; IR (νmax/cm
−1): 3,145

(═C─H), 1,702 (C═O), 1,596(C═N), 1,512 (C═C), 1,221
(C─F); 1H NMR spectrum, δ, ppm: 3.91 (s, 3H, ─OCH3),
6.82 (dd, 1H, J = 2.50 and 12.00 Hz, Ar─H), 6.91 (dd, 1H,
J = 2.00 and 8.50 Hz, Ar─H), 7.42 (t, 1H, J = 7.50 Hz,
Ar─H), 7.58–7.49 (m, 2H, Ar─H), 7.79 (d, 1H,
J = 2.50 Hz, Ar─H), 7.88 (d, 2H, J = 7.50 Hz, Ar─H),
8.52 (s, 1H, pyrazole-H), 10.20 (s, 1H, ═C─H); 13C NMR
spectrum, δС, ppm: 162.7 (C═O), 162.6, 162.5, 154.1,
141.2, 138.6, 134.7, 132.5, 129.7, 128.5, 120.0, 117.6, 113.9,
111.2, 110.3, 102.2, 102.0, 55.8 (OCH3); MS: m/z 653.26
(M + H)+.
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3.1.8 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1-phenyl-3-p-tolyl-
1H-pyrazol-4-yl]methylene)-1H-pyrazol-5
(4H)-one (5d)

Orange solid; Wt. 887 mg; Yield 79%; IR (νmax/cm
−1):

3,143 (═C─H), 1,701 (C═O), 1,594 (C═N), 1,511
(C═C), 1,220 (C─F); 1H NMR spectrum, δ, ppm: 2.44
(s, 3H, ─CH3), 7.45 (d, 1H, J = 7.50 Hz, Ar─H), 7.51 (t,
1H, J = 7.50 Hz, Ar─H), 7.62 (d, 1H, J = 8.00 Hz,
Ar─H), 7.65 (d, 1H, J = 8.00 Hz, Ar─H), 9.90 (s, 1H,
pyrazole-H), 11.96 (s, 1H, ═C─H); MS: m/z 563.08
(M + H)+.

3.1.9 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-(4-
[trifluoro methoxy]phenyl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-
one (5e)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

3,145 (═C─H), 1,700 (C═O), 1,595 (C═N), 1,517
(C═C), 1,225 (C─F); 1H NMR spectrum, δ, ppm:
7.42–7.44 (m, 3H, Ar─H), 7.51–7.54 (m, 2H, Ar─H),
7.71 (d, 1H, J = 2.00 Hz, Ar─H), 7.73 (d, 1H,
J = 2.00 Hz, Ar─H), 7.88 (d, 1H, J = 2.00 Hz, Ar─H),
7.90 (d, 1H, J = 3.50 Hz, Ar─H), 7.92 (s, 1H,
pyrazole-H), 10.21 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.4 (C═O), 157.3, 150.5, 143.2,
142.9, 140.3, 138.5, 134.9, 130.9, 129.8, 129.0, 128.7,
121.5, 120.6, 120.0, 118.4, 116.6, 114.4; MS: m/z
633.23 (M + H)+.

3.1.10 | (4Z)-4-((3-[3,4-Dichlorophenyl]-1-
phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5f)

Orange solid; Wt. 1.03 g; Yield 84%; IR (νmax/cm
−1):

3,144 (═C─H), 1,701 (C═O), 1,596 (C═N), 1,517
(C═C), 1,227 (C─F); 1H NMR spectrum, δ, ppm: 7.44
(m, 1H, Ar─H), 7.48 (d, 1H, J = 2.00 Hz, Ar─H), 7.50
(d, 1H, J = 2.00 Hz, Ar─H), 7.53 (d, 1H, J = 7.50 Hz,
Ar─H), 7.67 (d, 1H, J = 8.50 Hz, Ar─H), 7.83 (d, 1H,
J = 2.00 Hz, Ar─H), 7.87–7.89 (m, 2H, Ar─H), 7.89 (s,
1H, pyrazole-H), 10.18 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.3 (C═O), 156.1, 143.2, 142.9, 139.7,
138.4, 135.0, 134.5, 133.7, 131.2, 131.1, 130.3, 129.8,
128.8, 128.3, 120.0, 116.4, 114.7; MS: m/z 617.15
(M + H)+.

3.1.11 | (Z)-4-([6-Chloro-5,7-dimethyl-4-
oxo-4H-chromen-3-yl]methylene)-2-
(perfluoro phenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6a)

Orange solid; Wt. 900 mg; Yield 84%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,666 (C═O), 1,624 (C═N), 1,508
(C═C), 1,192 (C─F); 1H NMR spectrum, δ, ppm: 2.54 (s, 3H,
─CH3), 3.01 (s, 3H, ─CH3), 7.26 (s, 1H, Ar─H), 8.50 (s, 1H,
chromone-H), 10.54 (s, 1H, ═C─H); 13C NMR spectrum, δС,
ppm: 175.4 (C═O), 164.2 (C═O), 162.3, 155.1, 144.5, 143.4,
143.3, 139.7, 134.7, 120.9, 120.2, 119.4, 118.3, 118.2, 118.1,
22.2 (─CH3), 18.6 (─CH3); MS:m/z 537.11 (M + H)+.

3.1.12 | (Z)-4-([6-Chloro-7-methyl-4-oxo-
4H-chromen-3-yl]methylene)-2-(perfluoro
phenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (6b)

Orange solid; Wt. 783 mg; Yield 75%; IR (νmax/cm
−1):

3,076 (═C─H), 1,705 (C═O), 1,664 (C═O), 1,627 (C═N),
1,508 (C═C), 1,192 (C─F);1H NMR spectrum, δ, ppm:
2.54 (s, 3H, ─CH3), 7.47 (s, 1H, Ar─H), 8.24 (s, 1H,
Ar─H), 8.48 (s, 1H, chromone-H), 10.62 (s, 1H, ═C─H);
MS: m/z 523.08 (M + H)+.

3.1.13 | (Z)-4-([6-Chloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6c)

Orange solid; Wt. 812 mg; Yield 80%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,662 (C═O), 1,621 (C═N), 1,509
(C═C), 1,193 (C─F); 1H NMR spectrum, δ, ppm: 7.55 (d,
1H, J = 9.00 Hz, Ar─H), 7.73 (d, 1H, J = 2.50 and 9.00 Hz,
Ar─H), 8.26 (d, 1H, J = 2.50 Hz, Ar─H), 8.47 (s, 1H, chro-
mone-H), 10.63 (s, 1H, ═C─H); MS:m/z 509.08 (M + H)+.

3.1.14 | (Z)-4-([6,8-Dichloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6d)

Orange solid; Wt. 845 mg; Yield 78%; IR (νmax/cm
−1):

3,078 (═C─H), 1,707 (C═O), 1,665 (C═O), 1,626 (C═N),
1,506 (C═C), 1,194 (C─F); 1H NMR spectrum, δ, ppm:
7.83 (d, 1H, J = 2.50 Hz, Ar─H), 8.17 (d, 1H, J = 2.50 Hz,
Ar─H), 8.40 (s, 1H, chromone-H), 10.66 (s, 1H, ═C─H);
MS: m/z 543.07 (M + H)+.
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3.1.15 | (Z)-4-([7-Methyl-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6e)

Orange solid; Wt. 800 mg; Yield 82%; IR (νmax/cm
−1):

3,076 (═C─H), 1,703 (C═O), 1,666 (C═O), 1,627 (C═N),
1,510 (C═C), 1,193 (C─F);1H NMR spectrum, δ, ppm:
2.51 (s, 3H, ─CH3), 7.48 (d, 1H, J = 8.00 Hz, Ar─H), 7.60
(dd, 1H, J = 8.00 and 2.00 Hz, Ar─H), 8.08 (d,1H,
J = 1.50 Hz), 8.54 (s, 1H, chromone-H), 10.64 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 174.5 (C═O), 165.5
(C═O), 162.4, 154.2, 143.4, 142.4, 137.5, 136.3, 126.2,
120.9, 123.3, 120.2, 118.6, 118.5, 118.2, 118.1, 21.1
(─CH3); MS: m/z 489.14 (M + H)+.

3.2 | Anti-inflammatory activity

All the synthesized compounds were screened for their in
vitro anti-inflammatory activities against the standard drug
diclofenac sodium. The minimum inhibitory concentration
was determined by the well diffusion method at 1 mg/ml of
concentration. (Table 2). A volume of 1 ml of diclofenac
sodium at different concentrations (50, 100, 200, 400,
800, and 1,000 μg/ml) was homogenized with 1 ml of aque-
ous solution of bovine serum albumin (5%) and incubated
at 27�C for 15 minutes. The mixture of distilled water and
bismuth sulphite agar constituted the control tube. Denatur-
ation of the proteins was caused by placing the mixture in a
water bath for 10 minutes at 70�C. The mixture was cooled
within the ambient room temperature, and the activity of
each mixture was measured at 255 nm. Each test was con-
ducted thrice. The following formula was used to calculated
inhibition percentage:

%inhibition= absorbance of control

−absorbance of sample=

absorbance of control× 100:

3.3 | In silico ADME

In the present study, we have calculated molecular vol-
ume (MV), molecular weight (MW), logarithm of parti-
tion coefficient (miLog P), number of hydrogen bond
acceptors (n-ON), number of hydrogen bonds donors (n-
OHNH), topological polar surface area (TPSA), number
of rotatable bonds (n-ROTB), and Lipinski's rule of
five[31] using the Molinspiration online property calcula-
tion toolkit.[30] Absorption (% ABS) was calculated by: %

ABS = 109 − (0.345 × TPSA).[32] Drug likeness model
score (a collective property of physicochemical proper-
ties, pharmacokinetics, and pharmacodynamics of a com-
pound that is represented by a numerical value) was
computed by MolSoft software.[33]

4 | CONCLUSIONS

In conclusion, we have constructed pyrazole and fluorine in
one molecular framework as new 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives under con-
ventional and nonconventional methods like microwave
irradiation and ultrasonication, respectively, via
Knoevenagel condensation and evaluated their biological
activity. Ultrasonication and microwave irradiation can
shorten the reaction time from a few hours to a few minutes
and increases the product yield (74–84%) compared to the
conventional method (59–75%). The synthesized compounds
exhibited promising anti-inflammatory activity compared to
the standard drug diclofenac sodium. Similarly, the synthe-
sized compound displayed promising antioxidant activity
compared to the standard drug. Furthermore, an analysis of
the ADME parameters for synthesized compounds showed
good drug-like properties and can be developed as an oral
drug candidate, thus suggesting that compounds from the
present series can be further optimized and developed as a
lead molecule.
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Abstract—A series of novel derivatives of 1-(2-{2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)-4-phenylthiosemicarbazide, 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}methyl)-4-phenyl-4H-1,2,4-triazole-3-thiol and 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]-
imidazol-1-yl}methyl)-N-phenyl-1,3,4-thiadiazol-2-amine have been synthesized by the conventional method as 
well as using MW irradiation. All newly synthesized compounds have been tested for antibacterial activity. Several 
products have demonstrated moderate activity against gram positive and gram negative bacterial strains. 

Keywords: 1,3,4-thiadiazole, 1,2,4-triazole, microwave irradiation, antibacterial activity

DOI: 10.1134/S1070363220090200

Antimycobacterial and antimicrobial activities have 
been well established and studied in depth for benz-
imidazole [1, 2], thiazole [3, 4], 1,3,4-thiadiazole [5–7], 
and 1,2,4-triazole [8, 9] derivatives.

Pharmacological importance associated with those 
compounds inspired us to synthesize novel benzimidazole 
and thiazole containing 1,3,4-thiadiazoles and 1,2,4-
triazoles under conventional and MW irradiation. All 
newly synthesized compounds were evaluated for their 
antibacterial activity.

RESULTS AND DISCUSSION

Synthesis of 2-{2-[2-(4-fluorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetohydrazide 
6 was carried out by the known method (Scheme 1) 
[10–12]. 

A novel series of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide 7a–7e was synthesized from 
the intermediate 6 and substituted aryl isothiocyanates 
by conventional method and under MW irradiation 
[10, 13]. Their molecular structures were supported by 

IR, 1H and 13C NMR spectra. Reaction of compounds 
7a–7e in presence of NaOH under conventional 
conditions or MW irradiation gave 1,2,4-triazole 
derivatives 8a–8e [10, 13]. In IR spectra of the products 
8a–8e no bands at ca. 3100 cm–1 characteristic for 
–NH group were recorded. In 1H NMR spectra of those 
compounds characteristic singlets of S–H were recorded 
at ca. 14.00 ppm. Similar reaction of compounds 7a–7e 
in acidic media under conventional conditions or MW 
irradiation gave 1,3,4-thiadiazoles 9a–9e [10, 13]. The 
NH group of compound 9a was recorded in IR spectrum 
by the band at 3201 cm–1 and in 1H NMR spectrum by a 
singlet at 9.50 ppm. 

The MW irradiation method proved to be more 
effi cient in the synthesis of thiosemicarbazides 7a–7e, 
1,2,4-triazoles 8a–8e and 1,3,4-thiadiazoles 9a–9e 
derivatives than the conventional heating. It reduced 
the reaction time from hours to 5–10 min and increased 
the products yield up to 77–88% over the conventional 
method (60–74%) (Table 1).

In vitro antibacterial activity. All the synthesized 
compounds were tested against gram positive bacterial 
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strains Staphylococcus aureus (NCIM 2079), Bacillus 
subtilis (NCIM 2063), and gram negative bacterial strains 
Escherichia coli (NCIM 2810), Salmonella abony (NCIM 
2257). The zone of inhibition in mm was determined by 
the well diffusion method at concentration of 1 mg/ mL, 
and Ciprofloxacin was used as the reference drug 
(Table 2). Compounds 7a, 7d, 7e, 8d, and 9e demonstrated 
moderate activity against both gram positive and 

gram negative bacteria while other compounds were 
characterized by low activity or none. 

EXPERIMENTAL 

All organic solvents and reagents were acquired 
from commercial sources and used as received. The 
melting points were measured on a DBK melting point 
apparatus and are uncorrected. Microwave irradiation 
was carried out in a Raga’s synthetic microwave oven. 

Scheme 1. Synthesis of derivatives of thiosemicarbazide (7a–7e), 1,2,4-triazole (8a–8e), and 1,3,4-thiadiazole (9a–9e).
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FTIR spectra were recorded on a Shimadzu IR Affi nity 
1S (ATR) spectrophotometer. 1H and 13C NMR spectra 
were measured on a Bruker Advance 400 spectrometer 
using TMS as an internal standard and DMSO-d6 as a 
solvent. Mass spectra were measured on a Waters, Q-TOF 
micromass (ESI-MS) mass spectrometer. 

Synthesis of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide (7a–7e). Conventional 
method. Equimolar amounts (0.01 mmol) of acid 
hydrazide 6 and aryl isothiocyanate 5 were dissolved 

in 15 mL of ethanol and refl uxed for 90 min. Reaction 
progress was monitored by TLC. Upon completion of the 
reaction the solid product was fi ltered off and crystallized 
from ethanol to give the corresponding pure compounds 
7a–7e (Table 1).

Microwave method. The mixture of equimolar amounts 
(0.01 mmol) of acid hydrazide 6 and aryl isothiocyanates 
5 was dissolved in 15 mL of ethanol and subjected to MW 
irradiation for 5 to 10 min at 350 W. Reaction progress 
was monitored by TLC. Upon completion of the reaction 
the precipitated product was fi ltered off and crystallized 

Table 1. Synthesis data for the products

Comp. no. Ar Conventional method Microwave method
time, min yield, % time, min yield, %

7a 3-Chlorophenyl 90 74 7.0 88
7b 2-Chlorophenyl 90 70 6.5 85
7c 2,4-Dichlorophenyl 90 75 7.5 84
7d 4-Chlorophenyl 90 68 8.0 82
7e 3,4-Dichlorophenyl 90 72 9.5 87
8a 3-Chlorophenyl 150 65 8.5 80
8b 2-Chlorophenyl 150 68 9.0 78
8c 2,4-Dichlorophenyl 150 62 8.0 81
8d 4-Chlorophenyl 150 66 7.5 83
8e 3,4-Dichlorophenyl 150 70 8.5 79
9a 3-Chlorophenyl 240 68 9.0 77
9b 2-Chlorophenyl 240 62 9.5 85
9c 2,4-Dichlorophenyl 240 67 8.5 83
9d 4-Chlorophenyl 240 60 8.5 78
9e 3,4-Dichlorophenyl 240 66 8.0 81

Table 2. Antibacterial tests data for the synthesized compounds

Compound Zone of inhibition, mm
S. aureus B. subtilis E. coli S. abony

7a 16 15 14 17
7b 15 11 – 15
7c 15 14 – 13
7d 15 13 14 15
7e 16 16 17 16
8a – – – 12
8b – – 11 10
8c – – 13 –
8d 15 17 13 18
8e – – 10 10
9a 11 12 12 16
9b 13 12 14 13
9c 12 12 14 –
9d 11 12 12 13
9e 13 15 14 16

Ciprofl oxacin 23 28 26 40
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from ethanol to give the corresponding pure compounds 
7a–7e (Table 2).

4-(3-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7a). White solid, mp 194–196°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3277 (N–H), 3248 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.51 s (1H, NH), 9.99 s (1H, NH), 9.80 s (1H, 
NH), 8.05 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.75 d (1H, 
J = 8 Hz, ArH), 7.58 d (2H, J = 8 Hz, ArH), 7.19–7.40 m 
(7H, ArH), 5.07 s (2H, CH2), 2.51 s (3H, CH3). 13C NMR 
spectrum, δС, ppm: 166.22, 162.25, 155.01, 145.38, 
142.48, 140.42, 135.87, 132.21, 129.76, 129.14, 128.64, 
128.55, 123.14, 122.52, 119.29, 118.91, 116.50, 116.27, 
110.98, 45.56, 16.47. LC-MS: m/z: 551.06 [M + H]+.

4-(2-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7b). White solid, mp 226–228°C. 
IR spectrum, ν, cm–1: 3365 (N–H), 3277 (N–H), 3245 
(N–H), 1674 (C=O), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 10.55 s (1H, NH), 9.98 s (1H, NH), 9.60 s (1H, NH), 
8.05 d. d (2H, J = 5.2 and 8.8 Hz, ArH), 7.75 d (1H, J = 
8 Hz, ArH), 7.29–7.57 m (9H, ArH), 5.06 s (2H, CH2), 
2.52 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.22, 
155.01, 145.37, 142.48, 135.87, 129.39, 129.14, 128.66, 
128.57, 127.21, 123.09, 122.51, 119.27, 118.94, 116.48, 
116.26, 111.01, 45.50, 16.48. LC-MS: m/z: 551.06 
[M + H]+.

4-(2,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7c), White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 3366 (N–H), 3275 
(N–H), 3246 (N–H), 1671 (C=O), 1232 (C–F). 1H NMR 
spectrum, δ, ppm: 10.52 s (1H, NH), 10.03 s (1H, NH), 
9.58 s (1H, NH), 8.01 d. d (2H, J = 5.6 and 8.4 Hz, ArH), 
7.71 d (1H, J = 8 Hz, ArH), 7.66 s (1H, ArH), 7.25–7.52 m 
(7H, ArH), 5.02 s (2H, CH2), 2.48 s (3H, CH3). LC-MS: 
m/z: 585 [M + H]+.

4-(4-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7d). White solid, mp 160–162°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3278 (N–H), 3247 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.46 s (1H, NH), 9.89 s (1H, NH), 9.74 s (1H, 
NH), 8.01 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.71 d (1H, 
J = 7.6 Hz, ArH), 7.54 d (1H, J = 8 Hz, ArH), 7.41 d (2H, 
J = 7.6 Hz, ArH), 7.25–7.36 m (6H, ArH), 5.04 s (2H, 
CH2), 2.48 s (3H, CH3). 13C NMR spectrum, δС, ppm: 

166.25, 162.28, 155.02, 145.42, 142.49, 137.91, 135.88, 
129.16, 128.67, 128.58, 128.09, 123.18, 122.54, 119.31, 
118.94, 116.51, 116.29, 110.98, 45.57, 16.48. LC-MS: 
m/z: 551 [M + H]+.

4-(3,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7e). White solid, mp 
188–190°C. IR spectrum, ν, cm–1: 3367 (N–H), 3276 
(N–H), 3244 (N–H), 1671 (C=O), 1231 (C–F). 1H NMR 
spectrum, δ, ppm: 10.51 s (1H, NH), 10.07 s (1H, NH), 
9.88 s (1H, NH), 7.29–8.05 m (11H, ArH), 5.07 s (2H, 
CH2), 2.50 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.21, 164.73, 162.25, 154.99, 145.38, 142.48, 139.09, 
135.84, 129.95, 129.10, 128.62, 128.53, 123.14, 122.52, 
119. 29, 118.90, 116.47, 116.25, 110.95, 45.55, 16.45. 
LC-MS: m/z: 585 [M + H]+.

Synthesis of 5-({2-[2-(4-fl uorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}methyl)-4-
phenyl-4H-1,2,4-triazole-3-thiol (8a–8e). Conventional 
method. The mixture of an appropriate thiosemicarbazide 
7a–7e (0.001 mol) with 10 mL of 2 N NaOH solution was 
refl uxed for 2.5 h. Progress of the reaction was monitored 
by TLC. After completion of the reaction, the mixture was 
poured onto crushed ice and acidifi ed with acetic acid. The 
product was fi ltered off and crystallized from ethanol to 
give the corresponding pure compound 8a–8e (Table 1).

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 2 N NaOH 
solution was subjected to MW irradiation at 350W for 
5–10 min. Progress of the reaction was monitored by 
TLC. After completion of the process, the mixture was 
poured onto crushed ice and acidifi ed with dilute acetic 
acid. The product was fi ltered off and crystallized from 
DMF/water to afford the corresponding pure compound 
8a–8e (Table 1).

4-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8a). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2939 (=C–H), 
1640 (C=N), 1218 (C–F). 1H NMR spectrum, δ, ppm: 
6.99–8.01 m (12H, ArH), 5.50 s (2H, CH2), 2.41 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 168.42, 165.99, 
162.27, 154.71, 146.50, 144.53, 142.42, 135.27, 135.13, 
133.19, 130.51, 128.94, 128.63, 128.54, 127.65, 126.28, 
123.15, 122.51, 119.22, 118.71, 116.55, 116.32, 111.21, 
40.50, 16.62. LC-MS: m/z: 533.11 [M + H]+.

4-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-



RUSSIAN  JOURNAL  OF GENERAL  CHEMISTRY  Vol.  90  No.  9  2020

1725MICROWAVE ASSISTED SYNTHESIS AND ANTIBACTERIAL ACTIVITY

methyl)-4H-1,2,4-triazole-3-thiol (8b). White solid, 
mp 226–228°C. IR spectrum, ν, cm–1: 2936 (=C–H), 
1638 (C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 
7.13–7.99 m (12H, ArH), 5.31 s (2H, CH2), 2.40 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 165.87, 154.76, 
142.49, 130.81, 129.92, 128.51, 127.92, 122.43, 119.16, 
116.57, 116.35, 111.35, 40.12, 16.63. LC-MS: m/z: 532.98 
[M + H]+.

4-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8c). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2938 (=C–H), 
1635 (C=N), 1221 (C–F). 1H NMR spectrum, δ, ppm: 
7.23–7.97 m (11H, ArH), 5.38 s (2H, CH2), 2.40 s (3H, 
CH3). LC-MS: m/z: 567.00 [M + H]+.

4-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-4H-1,2,4-triazole-3-thiol (8d). White solid, mp 
210–212°C. IR spectrum, ν, cm–1: 2935 (=C–H), 1639 
(C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.51, 
166.04, 154.75, 147.24, 144.53, 142.39, 135.16, 134.44, 
131.49, 129.41, 129.31, 129.03, 128.65, 128.56, 123.29, 
122.65, 119.33, 118.58, 116.59, 116.37, 111.09, 38.88, 
16.57. LC-MS: m/z: 533.05 [M + H]+.

4-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8e). White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 2938 (=C–H), 1637 
(C=N), 1222 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.53, 
166.09, 162.30, 154.68, 146.94, 144.47, 142.35, 135.08, 
132.63, 131.74, 131.15, 129.54, 129.03, 128.67, 128.59, 
127.86, 123.25, 122.67, 119.32, 118.57, 116.55, 116.33, 
111.09, 16.64. LC-MS: m/z: 567.05 [M + H]+.

Synthesis of 5-({2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-N-phenyl-1,3,4-thiadiazol-2-amine (9a–9e). 
Conventional method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.001 mol) with 5 mL of conc. 
H2SO4 was stirred for 4 h at RT. After completion of 
process, the mixture was poured onto crushed ice and 
neutralized with liquid NH3, a solid product was formed. 
It was fi ltered off and washed with methanol to afford the 
corresponding pure compound 9a–9e (Table 1). 

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 5 mL of conc. 
H2SO4 was subjected to MW irradiation for 5 to 10 min 
at 350 W. After completion of the process the mixture was 
poured onto crushed ice and neutralized with liquid NH3. 
The precipitated solid was fi ltered off and crystallized 
from water–DMF to afford the corresponding pure 
thiadiazole 9a–9e (Table 1).

N-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9a). White solid, 
mp 130–132°C. IR spectrum, ν, cm–1: 3201 (N–H), 3039 
(=C–H), 1606 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.5 s (1H, NH), 7.05–8.18 m (12H, ArH), 5.85 s 
(2H, CH2), 2.40 s (3H, CH3). 13C NMR spectrum, δС, 
ppm: 165.80, 165.01, 154.67, 144.15, 142.18, 134.57, 
129.11, 128.54, 128.19, 127.31, 123.71, 123.02, 122.35, 
121.10, 118.99, 118.11, 116.07, 115.85, 110.74, 42.31, 
15.98. LC-MS: m/z: 533.15 [M + H]+.

N-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-1,3,4-thiadiazol-2-amine (9b). White solid, 
mp 140–142°C. IR spectrum, ν, cm–1: 3203 (N–H), 3038 
(=C–H), 1607 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.2 s (1H, NH), 8.17 d (1H, J = 8.8 Hz, ArH), 
8.01–8.02 m (2H, ArH), 7.72 d. d (2H, J = 13.2 and 
8 Hz, ArH), 7.26–7.44 m (6H, ArH), 7.03 t (1H, J = 
7.2 Hz, ArH), 5.84 s (2H, CH2), 2.47 s (3H, CH3). 13C 
NMR spectrum, δС, ppm: 166.30, 165.51, 162.30, 155.75, 
155.17, 144.65, 142.69, 136.91, 135.08, 129.61, 129.05, 
128.69, 128.61, 127.81, 124.22, 123.52, 122.86, 122.70, 
121.61, 119.50, 118.61, 116.57, 116.35, 111.25, 42.81, 
16.48. LC-MS: m/z: 533.10 [M + H]+.

N-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9c). White solid, mp 
230–232°C. IR spectrum, ν, cm–1: 3201 (N–H), 3037 
(=C–H), 1608 (C=N), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 9.2 s (1H, NH), 8.29 d (1H, J = 8.4 Hz, ArH), 8.04 m 
(2H, ArH), 7.74 d. d (2H, J = 14.8 and 7.2 Hz, ArH), 7.60 s 
(1H, ArH), 7.32–7.38 m (5H, ArH), 5.86 s (2H, CH2), 
2.49 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.30, 
165.04, 156.19, 155.16, 144.64, 142.68, 136.09, 135.06, 
128.89, 128.69, 128.61, 127.80, 126.60, 123.52, 123.02, 
122.86, 122.12, 119.50, 118.59, 116.57, 116.35, 111.25, 
42.78, 16.49. LC-MS: m/z: 567.05 [M + H]+.

N-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
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methyl)-1,3,4-thiadiazol-2-amine (9d). White solid, 
mp 210–212°C. IR spectrum, ν, cm–1: 3202 (N–H), 3039 
(=C–H), 1605 (C=N), 1232 (C–F). 1H NMR spectrum, δ, 
ppm: 10.2 s (1H, NH), 8.04 m (1H, ArH), 7.73 d. d (2H, 
J = 17 and 7.6 Hz, ArH), 7.56 d (1H, J = 8 Hz, ArH), 
7.33–7.50 m (4H, ArH), 5.86 s (2H, CH2), 2.49 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 166.30, 164.66, 
162.29, 155.16, 154.64, 144.63, 142.68, 139.13, 135.06, 
129.01, 128.84, 128.68, 128.59, 125.41, 123.50, 122.84, 
119.49, 118.89, 118.60, 116.55, 116.33, 111.23, 42.80, 
16.48. LC-MS: m/z: 533.05 [M + H]+.

N-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9e). White solid, mp 
180–182°C. IR spectrum, ν, cm–1: 3202 (N–H), 3035 
(=C–H), 1604 (C=N), 1231 (C–F). 1H NMR spectrum, 
δ, ppm: 10.5 s (1H, NH), 6.5–8.4 m (11H, ArH), 5.86 s 
(2H, CH2), 2.4 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.29, 164.39, 162.35, 155.23, 144.65, 142.69, 140.07, 
135.08, 131.25, 130.71, 128.65, 123.50, 123.13, 119.50, 
118.56, 117.52, 116.51, 111.20, 42.77, 16.49. LC-MS: 
m/z: 567.05 [M + H]+.

CONCLUSIONS

The new series of derivatives of 1,2,4-triazole 8a–8e 
and 1,3,4-thiadiazole 9a–9e have been synthesized by 
conventional as well as MW irradiation methods from 
2-{2-[2-(4-fluorophenyl)-4-methylthiazol-5-yl]-1H-
benzo[d]imidazol-1-yl}acetohydrazide. MW irradiation 
at 350 W reduces the reaction time from hours to 5–
10 min and increases the yield of products from 60–74 
to 77–88%. All the newly synthesized compounds have 
been tested for their antibacterial activity. Compounds 
7a, 7d, 7e, 8d, and 9e are characterized by moderate 
activity against both gram positive and gram negative 
bacterial strains. 
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Abstract—A series of novel derivatives of 1-(2-{2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)-4-phenylthiosemicarbazide, 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}methyl)-4-phenyl-4H-1,2,4-triazole-3-thiol and 5-({2-[2-(4-fl uorophenyl)-4-methylthiazol-5-yl]-1H-benzo[d]-
imidazol-1-yl}methyl)-N-phenyl-1,3,4-thiadiazol-2-amine have been synthesized by the conventional method as 
well as using MW irradiation. All newly synthesized compounds have been tested for antibacterial activity. Several 
products have demonstrated moderate activity against gram positive and gram negative bacterial strains. 

Keywords: 1,3,4-thiadiazole, 1,2,4-triazole, microwave irradiation, antibacterial activity
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Antimycobacterial and antimicrobial activities have 
been well established and studied in depth for benz-
imidazole [1, 2], thiazole [3, 4], 1,3,4-thiadiazole [5–7], 
and 1,2,4-triazole [8, 9] derivatives.

Pharmacological importance associated with those 
compounds inspired us to synthesize novel benzimidazole 
and thiazole containing 1,3,4-thiadiazoles and 1,2,4-
triazoles under conventional and MW irradiation. All 
newly synthesized compounds were evaluated for their 
antibacterial activity.

RESULTS AND DISCUSSION

Synthesis of 2-{2-[2-(4-fluorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetohydrazide 
6 was carried out by the known method (Scheme 1) 
[10–12]. 

A novel series of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide 7a–7e was synthesized from 
the intermediate 6 and substituted aryl isothiocyanates 
by conventional method and under MW irradiation 
[10, 13]. Their molecular structures were supported by 

IR, 1H and 13C NMR spectra. Reaction of compounds 
7a–7e in presence of NaOH under conventional 
conditions or MW irradiation gave 1,2,4-triazole 
derivatives 8a–8e [10, 13]. In IR spectra of the products 
8a–8e no bands at ca. 3100 cm–1 characteristic for 
–NH group were recorded. In 1H NMR spectra of those 
compounds characteristic singlets of S–H were recorded 
at ca. 14.00 ppm. Similar reaction of compounds 7a–7e 
in acidic media under conventional conditions or MW 
irradiation gave 1,3,4-thiadiazoles 9a–9e [10, 13]. The 
NH group of compound 9a was recorded in IR spectrum 
by the band at 3201 cm–1 and in 1H NMR spectrum by a 
singlet at 9.50 ppm. 

The MW irradiation method proved to be more 
effi cient in the synthesis of thiosemicarbazides 7a–7e, 
1,2,4-triazoles 8a–8e and 1,3,4-thiadiazoles 9a–9e 
derivatives than the conventional heating. It reduced 
the reaction time from hours to 5–10 min and increased 
the products yield up to 77–88% over the conventional 
method (60–74%) (Table 1).

In vitro antibacterial activity. All the synthesized 
compounds were tested against gram positive bacterial 
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strains Staphylococcus aureus (NCIM 2079), Bacillus 
subtilis (NCIM 2063), and gram negative bacterial strains 
Escherichia coli (NCIM 2810), Salmonella abony (NCIM 
2257). The zone of inhibition in mm was determined by 
the well diffusion method at concentration of 1 mg/ mL, 
and Ciprofloxacin was used as the reference drug 
(Table 2). Compounds 7a, 7d, 7e, 8d, and 9e demonstrated 
moderate activity against both gram positive and 

gram negative bacteria while other compounds were 
characterized by low activity or none. 

EXPERIMENTAL 

All organic solvents and reagents were acquired 
from commercial sources and used as received. The 
melting points were measured on a DBK melting point 
apparatus and are uncorrected. Microwave irradiation 
was carried out in a Raga’s synthetic microwave oven. 

Scheme 1. Synthesis of derivatives of thiosemicarbazide (7a–7e), 1,2,4-triazole (8a–8e), and 1,3,4-thiadiazole (9a–9e).
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FTIR spectra were recorded on a Shimadzu IR Affi nity 
1S (ATR) spectrophotometer. 1H and 13C NMR spectra 
were measured on a Bruker Advance 400 spectrometer 
using TMS as an internal standard and DMSO-d6 as a 
solvent. Mass spectra were measured on a Waters, Q-TOF 
micromass (ESI-MS) mass spectrometer. 

Synthesis of 1-(2-{2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
4-phenylthiosemicarbazide (7a–7e). Conventional 
method. Equimolar amounts (0.01 mmol) of acid 
hydrazide 6 and aryl isothiocyanate 5 were dissolved 

in 15 mL of ethanol and refl uxed for 90 min. Reaction 
progress was monitored by TLC. Upon completion of the 
reaction the solid product was fi ltered off and crystallized 
from ethanol to give the corresponding pure compounds 
7a–7e (Table 1).

Microwave method. The mixture of equimolar amounts 
(0.01 mmol) of acid hydrazide 6 and aryl isothiocyanates 
5 was dissolved in 15 mL of ethanol and subjected to MW 
irradiation for 5 to 10 min at 350 W. Reaction progress 
was monitored by TLC. Upon completion of the reaction 
the precipitated product was fi ltered off and crystallized 

Table 1. Synthesis data for the products

Comp. no. Ar Conventional method Microwave method
time, min yield, % time, min yield, %

7a 3-Chlorophenyl 90 74 7.0 88
7b 2-Chlorophenyl 90 70 6.5 85
7c 2,4-Dichlorophenyl 90 75 7.5 84
7d 4-Chlorophenyl 90 68 8.0 82
7e 3,4-Dichlorophenyl 90 72 9.5 87
8a 3-Chlorophenyl 150 65 8.5 80
8b 2-Chlorophenyl 150 68 9.0 78
8c 2,4-Dichlorophenyl 150 62 8.0 81
8d 4-Chlorophenyl 150 66 7.5 83
8e 3,4-Dichlorophenyl 150 70 8.5 79
9a 3-Chlorophenyl 240 68 9.0 77
9b 2-Chlorophenyl 240 62 9.5 85
9c 2,4-Dichlorophenyl 240 67 8.5 83
9d 4-Chlorophenyl 240 60 8.5 78
9e 3,4-Dichlorophenyl 240 66 8.0 81

Table 2. Antibacterial tests data for the synthesized compounds

Compound Zone of inhibition, mm
S. aureus B. subtilis E. coli S. abony

7a 16 15 14 17
7b 15 11 – 15
7c 15 14 – 13
7d 15 13 14 15
7e 16 16 17 16
8a – – – 12
8b – – 11 10
8c – – 13 –
8d 15 17 13 18
8e – – 10 10
9a 11 12 12 16
9b 13 12 14 13
9c 12 12 14 –
9d 11 12 12 13
9e 13 15 14 16

Ciprofl oxacin 23 28 26 40
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from ethanol to give the corresponding pure compounds 
7a–7e (Table 2).

4-(3-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7a). White solid, mp 194–196°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3277 (N–H), 3248 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.51 s (1H, NH), 9.99 s (1H, NH), 9.80 s (1H, 
NH), 8.05 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.75 d (1H, 
J = 8 Hz, ArH), 7.58 d (2H, J = 8 Hz, ArH), 7.19–7.40 m 
(7H, ArH), 5.07 s (2H, CH2), 2.51 s (3H, CH3). 13C NMR 
spectrum, δС, ppm: 166.22, 162.25, 155.01, 145.38, 
142.48, 140.42, 135.87, 132.21, 129.76, 129.14, 128.64, 
128.55, 123.14, 122.52, 119.29, 118.91, 116.50, 116.27, 
110.98, 45.56, 16.47. LC-MS: m/z: 551.06 [M + H]+.

4-(2-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7b). White solid, mp 226–228°C. 
IR spectrum, ν, cm–1: 3365 (N–H), 3277 (N–H), 3245 
(N–H), 1674 (C=O), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 10.55 s (1H, NH), 9.98 s (1H, NH), 9.60 s (1H, NH), 
8.05 d. d (2H, J = 5.2 and 8.8 Hz, ArH), 7.75 d (1H, J = 
8 Hz, ArH), 7.29–7.57 m (9H, ArH), 5.06 s (2H, CH2), 
2.52 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.22, 
155.01, 145.37, 142.48, 135.87, 129.39, 129.14, 128.66, 
128.57, 127.21, 123.09, 122.51, 119.27, 118.94, 116.48, 
116.26, 111.01, 45.50, 16.48. LC-MS: m/z: 551.06 
[M + H]+.

4-(2,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7c), White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 3366 (N–H), 3275 
(N–H), 3246 (N–H), 1671 (C=O), 1232 (C–F). 1H NMR 
spectrum, δ, ppm: 10.52 s (1H, NH), 10.03 s (1H, NH), 
9.58 s (1H, NH), 8.01 d. d (2H, J = 5.6 and 8.4 Hz, ArH), 
7.71 d (1H, J = 8 Hz, ArH), 7.66 s (1H, ArH), 7.25–7.52 m 
(7H, ArH), 5.02 s (2H, CH2), 2.48 s (3H, CH3). LC-MS: 
m/z: 585 [M + H]+.

4-(4-Chlorophenyl)-1-(2-{2-[2-(4-fl uorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}acetyl)-
thiosemicarbazide (7d). White solid, mp 160–162°C. 
IR spectrum, ν, cm–1: 3367 (N–H), 3278 (N–H), 3247 
(N–H), 1672 (C=O), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 10.46 s (1H, NH), 9.89 s (1H, NH), 9.74 s (1H, 
NH), 8.01 d. d (2H, J = 5.6 and 8.8 Hz, ArH), 7.71 d (1H, 
J = 7.6 Hz, ArH), 7.54 d (1H, J = 8 Hz, ArH), 7.41 d (2H, 
J = 7.6 Hz, ArH), 7.25–7.36 m (6H, ArH), 5.04 s (2H, 
CH2), 2.48 s (3H, CH3). 13C NMR spectrum, δС, ppm: 

166.25, 162.28, 155.02, 145.42, 142.49, 137.91, 135.88, 
129.16, 128.67, 128.58, 128.09, 123.18, 122.54, 119.31, 
118.94, 116.51, 116.29, 110.98, 45.57, 16.48. LC-MS: 
m/z: 551 [M + H]+.

4-(3,4-Dichlorophenyl)-1-(2-{2-[2-(4-fluoro-
phenyl)-4-methylthiazol-5-yl]-1H-benzo[d]imidazol-
1-yl}acetyl)thiosemicarbazide (7e). White solid, mp 
188–190°C. IR spectrum, ν, cm–1: 3367 (N–H), 3276 
(N–H), 3244 (N–H), 1671 (C=O), 1231 (C–F). 1H NMR 
spectrum, δ, ppm: 10.51 s (1H, NH), 10.07 s (1H, NH), 
9.88 s (1H, NH), 7.29–8.05 m (11H, ArH), 5.07 s (2H, 
CH2), 2.50 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.21, 164.73, 162.25, 154.99, 145.38, 142.48, 139.09, 
135.84, 129.95, 129.10, 128.62, 128.53, 123.14, 122.52, 
119. 29, 118.90, 116.47, 116.25, 110.95, 45.55, 16.45. 
LC-MS: m/z: 585 [M + H]+.

Synthesis of 5-({2-[2-(4-fl uorophenyl)-4-methyl-
thiazol-5-yl]-1H-benzo[d]imidazol-1-yl}methyl)-4-
phenyl-4H-1,2,4-triazole-3-thiol (8a–8e). Conventional 
method. The mixture of an appropriate thiosemicarbazide 
7a–7e (0.001 mol) with 10 mL of 2 N NaOH solution was 
refl uxed for 2.5 h. Progress of the reaction was monitored 
by TLC. After completion of the reaction, the mixture was 
poured onto crushed ice and acidifi ed with acetic acid. The 
product was fi ltered off and crystallized from ethanol to 
give the corresponding pure compound 8a–8e (Table 1).

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 2 N NaOH 
solution was subjected to MW irradiation at 350W for 
5–10 min. Progress of the reaction was monitored by 
TLC. After completion of the process, the mixture was 
poured onto crushed ice and acidifi ed with dilute acetic 
acid. The product was fi ltered off and crystallized from 
DMF/water to afford the corresponding pure compound 
8a–8e (Table 1).

4-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8a). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2939 (=C–H), 
1640 (C=N), 1218 (C–F). 1H NMR spectrum, δ, ppm: 
6.99–8.01 m (12H, ArH), 5.50 s (2H, CH2), 2.41 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 168.42, 165.99, 
162.27, 154.71, 146.50, 144.53, 142.42, 135.27, 135.13, 
133.19, 130.51, 128.94, 128.63, 128.54, 127.65, 126.28, 
123.15, 122.51, 119.22, 118.71, 116.55, 116.32, 111.21, 
40.50, 16.62. LC-MS: m/z: 533.11 [M + H]+.

4-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
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methyl)-4H-1,2,4-triazole-3-thiol (8b). White solid, 
mp 226–228°C. IR spectrum, ν, cm–1: 2936 (=C–H), 
1638 (C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 
7.13–7.99 m (12H, ArH), 5.31 s (2H, CH2), 2.40 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 165.87, 154.76, 
142.49, 130.81, 129.92, 128.51, 127.92, 122.43, 119.16, 
116.57, 116.35, 111.35, 40.12, 16.63. LC-MS: m/z: 532.98 
[M + H]+.

4-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8c). White solid, 
mp 230–232°C. IR spectrum, ν, cm–1: 2938 (=C–H), 
1635 (C=N), 1221 (C–F). 1H NMR spectrum, δ, ppm: 
7.23–7.97 m (11H, ArH), 5.38 s (2H, CH2), 2.40 s (3H, 
CH3). LC-MS: m/z: 567.00 [M + H]+.

4-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-4H-1,2,4-triazole-3-thiol (8d). White solid, mp 
210–212°C. IR spectrum, ν, cm–1: 2935 (=C–H), 1639 
(C=N), 1219 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.51, 
166.04, 154.75, 147.24, 144.53, 142.39, 135.16, 134.44, 
131.49, 129.41, 129.31, 129.03, 128.65, 128.56, 123.29, 
122.65, 119.33, 118.58, 116.59, 116.37, 111.09, 38.88, 
16.57. LC-MS: m/z: 533.05 [M + H]+.

4-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-4H-1,2,4-triazole-3-thiol (8e). White solid, mp 
220–222°C. IR spectrum, ν, cm–1: 2938 (=C–H), 1637 
(C=N), 1222 (C–F). 1H NMR spectrum, δ, ppm: 14.00 s 
(1H, SH), 7.17–8.01 m (12H, ArH), 5.51 s (2H, CH2), 
2.41 s (3H, CH3). 13C NMR spectrum, δС, ppm: 168.53, 
166.09, 162.30, 154.68, 146.94, 144.47, 142.35, 135.08, 
132.63, 131.74, 131.15, 129.54, 129.03, 128.67, 128.59, 
127.86, 123.25, 122.67, 119.32, 118.57, 116.55, 116.33, 
111.09, 16.64. LC-MS: m/z: 567.05 [M + H]+.

Synthesis of 5-({2-[2-(4-fluorophenyl)-4-
methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-N-phenyl-1,3,4-thiadiazol-2-amine (9a–9e). 
Conventional method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.001 mol) with 5 mL of conc. 
H2SO4 was stirred for 4 h at RT. After completion of 
process, the mixture was poured onto crushed ice and 
neutralized with liquid NH3, a solid product was formed. 
It was fi ltered off and washed with methanol to afford the 
corresponding pure compound 9a–9e (Table 1). 

Microwave method. The mixture of an appropriate 
thiosemicarbazide 7a–7e (0.01 mol) with 5 mL of conc. 
H2SO4 was subjected to MW irradiation for 5 to 10 min 
at 350 W. After completion of the process the mixture was 
poured onto crushed ice and neutralized with liquid NH3. 
The precipitated solid was fi ltered off and crystallized 
from water–DMF to afford the corresponding pure 
thiadiazole 9a–9e (Table 1).

N-(3-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9a). White solid, 
mp 130–132°C. IR spectrum, ν, cm–1: 3201 (N–H), 3039 
(=C–H), 1606 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.5 s (1H, NH), 7.05–8.18 m (12H, ArH), 5.85 s 
(2H, CH2), 2.40 s (3H, CH3). 13C NMR spectrum, δС, 
ppm: 165.80, 165.01, 154.67, 144.15, 142.18, 134.57, 
129.11, 128.54, 128.19, 127.31, 123.71, 123.02, 122.35, 
121.10, 118.99, 118.11, 116.07, 115.85, 110.74, 42.31, 
15.98. LC-MS: m/z: 533.15 [M + H]+.

N-(2-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}
methyl)-1,3,4-thiadiazol-2-amine (9b). White solid, 
mp 140–142°C. IR spectrum, ν, cm–1: 3203 (N–H), 3038 
(=C–H), 1607 (C=N), 1232 (C–F). 1H NMR spectrum, 
δ, ppm: 9.2 s (1H, NH), 8.17 d (1H, J = 8.8 Hz, ArH), 
8.01–8.02 m (2H, ArH), 7.72 d. d (2H, J = 13.2 and 
8 Hz, ArH), 7.26–7.44 m (6H, ArH), 7.03 t (1H, J = 
7.2 Hz, ArH), 5.84 s (2H, CH2), 2.47 s (3H, CH3). 13C 
NMR spectrum, δС, ppm: 166.30, 165.51, 162.30, 155.75, 
155.17, 144.65, 142.69, 136.91, 135.08, 129.61, 129.05, 
128.69, 128.61, 127.81, 124.22, 123.52, 122.86, 122.70, 
121.61, 119.50, 118.61, 116.57, 116.35, 111.25, 42.81, 
16.48. LC-MS: m/z: 533.10 [M + H]+.

N-(2,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9c). White solid, mp 
230–232°C. IR spectrum, ν, cm–1: 3201 (N–H), 3037 
(=C–H), 1608 (C=N), 1231 (C–F). 1H NMR spectrum, δ, 
ppm: 9.2 s (1H, NH), 8.29 d (1H, J = 8.4 Hz, ArH), 8.04 m 
(2H, ArH), 7.74 d. d (2H, J = 14.8 and 7.2 Hz, ArH), 7.60 s 
(1H, ArH), 7.32–7.38 m (5H, ArH), 5.86 s (2H, CH2), 
2.49 s (3H, CH3). 13C NMR spectrum, δС, ppm: 166.30, 
165.04, 156.19, 155.16, 144.64, 142.68, 136.09, 135.06, 
128.89, 128.69, 128.61, 127.80, 126.60, 123.52, 123.02, 
122.86, 122.12, 119.50, 118.59, 116.57, 116.35, 111.25, 
42.78, 16.49. LC-MS: m/z: 567.05 [M + H]+.

N-(4-Chlorophenyl)-5-({2-[2-(4-fluorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
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methyl)-1,3,4-thiadiazol-2-amine (9d). White solid, 
mp 210–212°C. IR spectrum, ν, cm–1: 3202 (N–H), 3039 
(=C–H), 1605 (C=N), 1232 (C–F). 1H NMR spectrum, δ, 
ppm: 10.2 s (1H, NH), 8.04 m (1H, ArH), 7.73 d. d (2H, 
J = 17 and 7.6 Hz, ArH), 7.56 d (1H, J = 8 Hz, ArH), 
7.33–7.50 m (4H, ArH), 5.86 s (2H, CH2), 2.49 s (3H, 
CH3). 13C NMR spectrum, δС, ppm: 166.30, 164.66, 
162.29, 155.16, 154.64, 144.63, 142.68, 139.13, 135.06, 
129.01, 128.84, 128.68, 128.59, 125.41, 123.50, 122.84, 
119.49, 118.89, 118.60, 116.55, 116.33, 111.23, 42.80, 
16.48. LC-MS: m/z: 533.05 [M + H]+.

N-(3,4-Dichlorophenyl)-5-({2-[2-(4-fl uorophenyl)-
4-methylthiazol-5-yl]-1H-benzo[d]imidazol-1-yl}-
methyl)-1,3,4-thiadiazol-2-amine (9e). White solid, mp 
180–182°C. IR spectrum, ν, cm–1: 3202 (N–H), 3035 
(=C–H), 1604 (C=N), 1231 (C–F). 1H NMR spectrum, 
δ, ppm: 10.5 s (1H, NH), 6.5–8.4 m (11H, ArH), 5.86 s 
(2H, CH2), 2.4 s (3H, CH3). 13C NMR spectrum, δС, ppm: 
166.29, 164.39, 162.35, 155.23, 144.65, 142.69, 140.07, 
135.08, 131.25, 130.71, 128.65, 123.50, 123.13, 119.50, 
118.56, 117.52, 116.51, 111.20, 42.77, 16.49. LC-MS: 
m/z: 567.05 [M + H]+.

CONCLUSIONS

The new series of derivatives of 1,2,4-triazole 8a–8e 
and 1,3,4-thiadiazole 9a–9e have been synthesized by 
conventional as well as MW irradiation methods from 
2-{2-[2-(4-fluorophenyl)-4-methylthiazol-5-yl]-1H-
benzo[d]imidazol-1-yl}acetohydrazide. MW irradiation 
at 350 W reduces the reaction time from hours to 5–
10 min and increases the yield of products from 60–74 
to 77–88%. All the newly synthesized compounds have 
been tested for their antibacterial activity. Compounds 
7a, 7d, 7e, 8d, and 9e are characterized by moderate 
activity against both gram positive and gram negative 
bacterial strains. 
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Abstract

In search of new active molecules, a small focused library of the synthesis of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) has been efficiently prepared via the Knoevenagel condensation

approach. All the derivatives were synthesized by conventional and non-

conventional methods like ultrasonication and microwave irradiation, respec-

tively. Several derivatives exhibited excellent anti-inflammatory activity

compared to the standard drug. Furthermore, the synthesized compounds

were found to have potential antioxidant activity. In addition, to rationalize

the observed biological activity data, an in silico absorption, distribution,

metabolism, and excretion (ADME) prediction study also been carried out.

The results of the in vitro and in silico studies suggest that the 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) may possess the ideal structural requirements for the further

development of novel therapeutic agents.

KEYWORD S

ADME prediction, anti-inflammatory, antioxidant, Knoevenagel, microwave, pyrazole,

ultrasonication

1 | INTRODUCTION

The pyrazole ring is a prominent heterocyclic structural
compound found in several pharmaceutically active com-
pounds. This is because of its use in pharmacological
activity and ease of synthesis. Furthermore, the selective
functionalization of pyrazole with diverse substituents
was also found to improve their range of action in var-
ious fields. Pyrazole containing heterocycles shows
various biological activity, such as antibacterial,[1]

antifungal,[2] antimicrobial,[3] anti-inflammatory,[4a]

antioxidant,[4b] insecticidal,[5] antiviral,[6] anti-nitric oxide

synthase,[7] glycogen receptor antagonist,[8] anticancer,[9]

antienzyme,[10] immunosuppressant,[11] anti-fatty acid
amide hydrolase (FAAH),[12] and liver-x-receptor [LXR]
partial agonist activities.[13]

Fluorine or fluorine-based compounds are of great
interest in synthetic and medicinal chemistry. The posi-
tion of the fluorine atom in an organic molecule plays a
vital role in agrochemicals, pharmaceuticals, and mate-
rials[14] as it changes the pharmacokinetic and pharmaco-
dynamic properties of the molecule owing to its high
membrane permeability, metabolic stability, lipophilicity,
and binding affinity.[15]
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Perfluoro-alkylated and trifluoro-methylated pyrazoles
represent pharmacologically related core structures that are
present in many important drugs and agrochemicals, such
as fluazolate (herbicide), penthiopyrad (fungicide),
razaxaban (anticoagulant), deracoxib, celecoxib (anti-inflam-
matory), and penflufen (fungicidal) (Figure 1).[16] So, the
modern trend is moving more in the direction of the synthe-
sis of a collection of fluorine-containing molecules in order
to find excellent biological activity.

Ultrasonic irradiation is a new technology that has been
widely used in chemical reactions. When ultrasonic waves
pass through a liquid medium, a large number of micro-
bubbles form, grow, and collapse in very short times, about
a few microseconds. The formation and violent collapse of
small vacuum bubbles takes place due to the ultrasonication
waves generated in alternating high pressure and low pres-
sure in liquids, and the phenomenon is known as cavitation.
It causes high-speed imposing liquid jets and strong hydro-
dynamic shear forces. The deagglomeration of nanometer-

sized materials was carried out using these effects. In this
aspect, for high-speed mixers and agitator bead mills,
ultrasonication is an alternative.[17]

In the preparative chemist's toolkit, microwave heating
is a valuable technique. Due to a modern scientific micro-
wave apparatus, it is possible to access elevated tempera-
tures in an easy, safe, and reproducible way.[18] In recent
years, microwave-assisted organic synthesis (MAOs)[19] has
been emerged as a new “lead” in organic synthesis. Impor-
tant advantages of this technology include a highly acceler-
ated rate of the reaction and a decrease in reaction time,
with an increase in the yield and quality of the product. The
current technique is considered an important method
toward green chemistry as this technique is more environ-
mentally friendly. The conventional method of organic syn-
thesis usually needs a longer heating time; tedious
apparatus setup, which results in the higher cost of the pro-
cess; and the excessive use of solvents/reagents, which leads
to environmental pollution. This growth of green chemistry

FIGURE 1 Structure of pyrazole- and fluorine-containing commercially available drugs
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holds significant potential for a reduction of the byproduct,
a reduction in waste production, and lowering of the energy
costs. Due to its ability to couple directly with the reaction
molecule and bypass thermal conductivity, leading to a
rapid rise in the temperature, microwave irradiation has
been used to improve many organic syntheses.[20]

Knoevenagel condensation reactions are carried out by the
condensation of aldehyde and the active methylene group
using different catalysts such as piperidine, InCl3, TiCl4,
LiOH, ZnCl2, and NbCl5.

[20,21] They are also carried out
using NaAlO2-promoted mesoporous catalysts,[22] ionic
liquid,[23] monodisperse carbon nanotube-based NiCu
nanohybrids,[24] and MAOs.[25] This is one of the most
important methodologies used in synthetic organic chemis-
try for the formation of a C─C double bond.

From our study, the results demonstrated that green
methodologies are less hazardous than classical synthesis
methods, as well more efficient and economical and environ-
mentally friendly; short reaction times and excellent yields
are observed for those reactions in which conventional
heating is replaced by microwave irradiation. Keeping in
mind the 12 principles of green chemistry, in continuation of
our research work,[26] and the advantages of microwave irra-
diation and activities associated with pyrazole and fluorine,
we construct pyrazole and fluorine in one molecular frame-
work as new 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one derivatives under conventional, as well as
microwave, irradiation and ultrasonication and evaluated
their anti-inflammatory and antioxidant activity. In addition
to this, we have also performed in silico absorption, distribu-
tion, metabolism, and excretion (ADME) predictions for the
synthesized compounds.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

A facile, economic, and green protocol for the
cyclocondensation of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) with different aldehydes has
been achieved.

The key starting material 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one (3) was synthesized
by the condensation of 1-(perfluorophenyl)hydrazine (1)
and ethyl 4,4,4-trifluoro-3-oxobutanoate (2) in ethanol[27]

(Scheme 1).
Initially, we carried out the reaction between 2-(per-

fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (2 mmol) (3) and 1-phenyl-3-(thiophen-2-
yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in
acetic acid as a model reaction (Scheme 2). Initially, the
model reaction was carried out in ethanol without using
acetic acid, and it was observed that a very low yield of
product (20%) was obtained even after 2 hr. Therefore,
improving the yield intervention of the catalyst was
thought to be necessary. So, we decided to use acetic acid as a
catalyst to promote this transformation at room temperature.
At room temperature, the yield of product (45%) was found to
be increased in 3 hr, so we decided to provide heating to the
reaction mixture to achieve maximum product yield.

When the reaction mixture refluxed in acetic acid,
product formation took place after 2 hr, and the yield of
the product was 72% (Table 1).

To check the ultrasonication's specific effect on this
reaction, under ultrasound irradiation at 35–40�C, we
carried out the model reaction using the optimized reac-
tion conditions in hand to check whether the reaction
could be accelerated with further improved product yield
within a short reaction time (Scheme 2).

It was observed that, under ultrasonic conditions, the
conversion rate of a reactant to product increased with
less time (Table 1). Thus, when considering the basic
green chemistry concept, ultrasonic irradiation was
found to have a beneficial effect on the synthesis of
Knoevenagel derivatives (4a-d, 5a-f, and 6a-e), which
was superior to the traditional method with respect to
yield and reaction time (Table 1).

To accomplish the goal and significance of green
chemistry, the model reaction was carried out under

SCHEME 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one 3
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microwave irradiation for a period of time indicated in
Table 1 at 350 W (Scheme 2). Fortunately, the product
formation occurred in 6.5 min, with an 84% increase in
yield .

So, from the above experiments, it can be concluded
that, when the reaction was carried out under the con-
ventional method, it gave comparatively low yields of
products with longer reaction times, while the same reac-
tion carried out under the influence of ultrasonic irradia-
tion and microwave irradiation gave excellent yields of
the products in short reaction times.

Finally, we assessed the scope and generality of this
method for the Knoevenagel condensation between 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-
one (3) and different aldehydes (Scheme 3), achieved under
conventional and nonconventional methods like the ultra-
sound and microwave methods, respectively. With respect to
the substituent present on the aromatic ring of aldehyde,
under the optimized conditions, the corresponding products
were obtained in high to excellent yields (Table 1).

More importantly, hetero aryl aldehydes were
observed to be well tolerated under optimized conditions,

SCHEME 2 Model reaction for conventional, ultrasonication, and microwave irradiation methods

TABLE 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e)

Cpd R1 R2 R3 R4

m.
p. (�C)

Conventional methoda Ultrasound methodb Microwave methodc

Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)

4a H H - - 224–226 120 72 20 81 6.5 84

4b Br F - - 232–234 120 75 18 78 6.5 81

4c Cl H - - 216–218 120 70 20 76 6.0 80

4d Br H - - 230–232 120 64 16 70 6.5 76

5a H H OMe - 202–204 120 70 21 76 5.5 84

5b H H H - 186–188 120 66 17 72 6.0 80

5c F H OMe - 180–182 120 68 16 75 7.0 82

5d H H Me - 206–208 120 65 16 71 6.5 79

5e H H OCF3 - 142–144 120 62 18 70 6.5 76

5f H Cl Cl - 212–214 120 70 19 80 5.5 84

6a Me Cl Me H 188–190 120 66 18 76 6.0 78

6b H Cl Me H 180–182 120 62 17 72 7.5 75

6c H Cl H H 176–178 120 59 18 79 7.0 80

6d H Cl H Cl 212–214 120 64 20 72 7.0 78

6e H H Me H 180–182 120 60 18 80 7.5 82

Abbreviation: Cpd, compound.
aReaction conditions: Compound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in acetic acid.
bCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under ultrasound irradiation.
cCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under microwave irradiation.
dIsolated yield. m.p.: melting point.
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furnishing the product in good yields. All the synthesized
compounds (4a-d, 5a-f, and 6a-e) were confirmed by IR,
1H NMR, 13C NMR, and mass spectra.

The formation of (4E)-3-(trifluoromethyl)-1-(per-
fluorophenyl)-4-((1-phenyl-3-(thiophen-2-yl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-one 4a-d was con-
firmed by IR, 1H NMR, 13C NMR, and mass spectra. In
the IR spectrum of compound 4a, the peaks observed at
1,681 cm−1 indicate the presence of C═O group. In the
1H NMR spectrum of compound 4a, two singlets were
observed at δ 8.11 and 10.10 ppm for pyrazolyl and ole-
finic proton, respectively. The 13C NMR spectrum of com-
pound 4a revealed that the peak appearing at δ
161.4 ppm is due to the presence of carbonyl carbon. The
structure of compound 4a was also confirmed by a molec-
ular ion peak at m/z 555.01 (M + H)+. Similarly, the

synthesis of (4E)-3-(trifluoromethyl)-1-(perfluorophenyl)-4-
([1,3-diphenyl-1H-pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
ones 5a-f was also confirmed by spectral techniques. In the
IR spectrum of compound 5a, the peak observed at
1,701 cm−1 corresponded to the C═O group. In the 1H NMR
spectrum of compound 5a, the three singlets observed at δ
3.92, 8.11, and 10.10 ppm confirm the presence of ─OCH3,
pyrazolyl proton, and olefinic proton, respectively. The 13C
NMR spectrum of compound 5a showed peaks at δ 162.5
and 55.5 ppm, confirming the presence of carbonyl carbon
and methoxy carbon, respectively. Furthermore, the structure
of compound 5a was also confirmed by a molecular ion peak
atm/z 573.21 (M + H)+.

Furthermore, the formation of (Z)-4-([4-oxo-4H-
chromen-3-yl]methylene)-2-(perfluorophenyl)-5-
(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-one 6a-e was

SCHEME 3 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e). Reaction
conditions: a = Refluxed in acetic acid. b = Under ultrasound irradiation in acetic acid. c = Under microwave irradiation using acetic acid

as a solvent

DENGALE ET AL. 5



confirmed by various spectral techniques. The IR spectrum of
compound 6a showed absorption peaks at 1,707 and
1,666 cm−1 corresponding to two carbonyl groups present in
the molecules. The 1H NMR spectrum of compound 6a
showed four singlets at δ 2.54 and δ 3.01 ppm for two
─CH3, δ 8.50 ppm for chromone ring proton, and δ
10.54 ppm for olefinic proton. The 13C NMR spectrum
of compound 6a showed that two signals appear at δ
175.4 and 164.2 ppm for the carbonyl carbon of chro-
mone and pyrazolone ring, respectively. In addition,
two signals for methyl carbon appear at δ 22.2 and
18.6 ppm. The structure of compound 6a was also con-
firmed by mass spectra and by a molecular ion peak
observed at m/z 537.11 (M + H)+. Similarly, all the
synthesized compounds were characterized by the
spectral analysis. Structures of all the synthesized
derivatives are shown in Figure S1 (Supporting
Information).

2.2 | Biological activity

2.2.1 | Anti-inflammatory activity

The newly synthesized 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f,
and 6a-e) (EC50 range = 0.6483 ± 0.221–0.8519 ± 0.281 μg/
ml) exhibited moderate anti-inflammatory activity com-
pared to the standard drug diclofenac sodium. Among all
the synthesized compounds, except compounds 4c, 5c, 5e,
6d, and 6e, all other compounds exhibited a minimum
inhibitory concentration (MIC) of 200 μg/ml compared to
the standard drug diclofenac sodium (Table 2).

The percent inhibition of compounds in the in vitro
anti-inflammatory model is shown in Figure 2. Further-
more, the comparative percent inhibition of compounds
in the in vitro anti-inflammatory model is shown in
Figure 3.

2.2.2 | Antioxidant activity

In the present study, antioxidant activity of the synthe-
sized compounds has been assessed in vitro by the DPPH
radical scavenging assay.[28] Ascorbic acid (AA) has been
used as a standard drug for the comparison of antioxidant
activity, and the observed results are summarized in
Table 2.

According to the DPPH assay, compounds 5a, 5d, 5e,
5f, 6a, 6b, and 6e (IC50 = <100 μg/ml) exhibited excellent
antioxidant activity compared to the standard antioxidant
drug AA (IC50 = <50 μg/ml). The remaining synthesized
compounds display comparable antioxidant activity than

the standard drug butylated hydroxytoluene (Table 2).
The percent inhibition of compounds in the in vitro anti-
oxidant model is shown in Figure 4.

2.3 | Computational study

2.3.1 | In silico ADME

An important task for the lead compounds is early pre-
diction of drug likeness properties as it resolves the cost

TABLE 2 Anti-inflammatory and antioxidant activity of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one

derivatives (MIC in μg/ml)

Compound Anti-inflammatory Antioxidant

4a 200 >100

4b 200 >400

4c 400 >200

4d 200 >200

5a 200 <100

5b 200 >200

5c NT NT

5d 200 <100

5e 800 <100

5f 200 <100

6a 200 <100

6b 200 <100

6c 200 >200

6d 800 >100

6e 400 <100

Diclofenac sodium 50 -

Ascorbic acid - <50

FIGURE 2 The percent inhibition of compounds in an in

vitro anti-inflammatory model

6 DENGALE ET AL.



and time issues of drug development and discovery. Due
to the inadequate drug likeness properties of many active
agents with a significant biological activity, these com-
pounds have failed in clinical trials.[29] On the basis of
Lipinski's rule of five, the drug likeness properties were
analyzed by ADME parameters using the Molinspiration
online property calculation toolkit,[30] and data are sum-
marized in Table 3.

All the compounds exhibited noteworthy values for
the various parameters analyzed and showed good
drug-like characteristics based on Lipinski's rule of five
and its variants, which characterized these agents to
be likely orally active. For the synthesized compound
6e, the data obtained were within the range of
accepted values. Parameters such as the number of
rotatable bonds and total polar surface area are linked
with the intestinal absorption; results showed that all

synthesized compounds had good absorption. The in
silico assessment of all the synthetic compounds has
shown that they have very good pharmacokinetic prop-
erties, which are reflected in their physicochemical
values, thus ultimately enhancing the pharmacological
properties of these molecules.

3 | EXPERIMENTAL SECTION

All organic solvents were acquired from Poona Chemi-
cal Laboratory, Pune and Research-Lab Fine Chem
Industries, Mumbai and were used as such without
further purification. The melting points were mea-
sured on a DBK melting point apparatus and are
uncorrected. Microwave irradiation was carried out in
Raga's synthetic microwave oven. IR spectra were
recorded on Shimadzu IR Affinity 1S (ATR) fourier
transform infrared spectrophotometer. 1H NMR
(500 MHz) and 13C NMR (125 MHz) spectra were
recorded on Bruker Advance neo 500 spectrophotome-
ters using tetramethylsilane as an internal standard,
and CDCl3 and dimethyl sulphoxide-d6 as solvent and
chemical shifts, respectively, were expressed as δ ppm
units. Mass spectra were obtained on Waters quadru-
pole time-of-flight micromass (ESI-MS) mass
spectrometer.

3.1 | General procedure for the synthesis
of synthesize new 3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-one
derivatives (4a-d, 5a-f and 6a-e)

Conventional method: An equimolar amount of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-

FIGURE 3 The

comparative percent inhibition

of compounds in an in vitro anti-

inflammatory model

FIGURE 4 The percent inhibition of compounds in an

in vitro antioxidant model
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one (3) (0.002 mol) and substituted aldehydes (0.002 mol)
was taken in a round-bottom flask using glacial acetic acid
(5 ml) as a solvent and were refluxed for the period of time
indicated in Table 1. The progress of the reaction was mon-
itored by thin layer chromatography (TLC). After comple-
tion of reaction, the mixture was cooled and poured into
ice-cold water. The obtained solid was filtered and washed
with water and dried and purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Ultrasound method: A mixture of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (3) (0.002 mol) and substituted aldehydes
(0.002 mol) in acetic acid (5 ml) was taken in a 50-ml
round-bottom flask. The mixture was irradiated in the
water bath of an ultrasonic cleaner at 35–40�C for a
period of time indicated in Table 1. After completion of
the reaction (monitored by TLC), the mixture was poured
into ice-cold water, and the obtained solid was collected
by simple filtration and washed successively with water.
The crude product was purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Microwave irradiation method: An equimolar
amount of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) (0.002 mol) and
substituted aldehydes (0.002 mol) was taken in a
round-bottom flask (RBF) using glacial acetic acid
(5 ml) as a solvent, and the contents of RBF were sub-
jected to MW irradiation for the period of time indi-
cated in Table 1 at 350 W. The progress of the reaction
was monitored by TLC. After completion of reaction,
the mixture was cooled and poured into ice-cold
water. The obtained solid was filtered and washed
with water and dried and purified by crystallization
from ethyl acetate to obtain pure compounds (4a-d,
5a-f, and 6a-e).

3.1.1 | (4E)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)
methylene)-1H-pyrazol-5(4H)-one (4a)

Orange solid; Wt. 930 mg, Yield 84%; IR(νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,598 (C═N), 1,519 (C═C),
1,234 (C─F); 1H NMR spectrum, δ, ppm: 7.35–7.91 (m,
8H, Ar─H), 8.11 (s, 1H, pyrazolyl-H), 10.10 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 161.4 (C═O),
151.7, 140.1, 137.8, 134.9, 131.1, 130.0, 129.6, 129.1,

TABLE 3 Pharmacokinetic parameters of (4a-d, 5a-f, and 6a-e) compounds

Entry % ABS TPSA (A2)
n-
ROTB MV MW miLog P

n-
ON

n-
OHNH

Lipinski
violation

Drug
likeness
model score

Rule - - - - <500 ≤5 <10 <5 ≤1 -

4a 90.81 52.72 5 397.75 554.42 5.83 5 0 2 −0.68

4b 90.81 52.72 5 420.56 651.31 6.92 5 0 2 −0.84

4c 90.81 52.72 5 411.28 588.87 6.63 5 0 2 −0.25

4d 90.81 52.72 5 415.63 633.32 6.76 5 0 2 −0.56

5a 87.62 61.96 6 432.58 578.42 6.10 6 0 2 −0.46

5b 90.81 52.72 5 407.04 548.39 6.04 5 0 2 −0.80

5c 87.62 61.96 6 437.51 596.41 6.19 6 0 2 −0.22

5d 90.81 52.72 5 423.60 562.42 6.49 5 0 2 −0.51

5e 87.62 61.96 7 447.32 632.39 7.01 6 0 2 −0.45

5f 90.81 52.72 5 434.11 617.28 7.33 5 0 2 −0.36

6a 86.53 65.11 3 374.21 536.76 6.25 5 0 2 −0.53

6b 86.53 65.11 3 357.65 522.74 5.87 5 0 2 −0.36

6c 86.53 65.11 3 341.09 508.71 5.49 5 0 2 −0.32

6d 86.53 65.11 3 354.62 543.15 6.10 5 0 2 −0.93

6e 86.53 65.11 3 344.11 488.29 5.26 5 0 1 −0.81

Abbreviations: % ABS, percentage absorption; TPSA, topological polar surface area; n-ROTB, number of rotatable bonds; MV, molecular volume; MW,
molecular weight; milogP, logarithm of partition coefficient of compound between n-octanol and water; n-ON acceptors, number of hydrogen bond acceptors;
n-OHNH donors, number of hydrogen bonds donors.

8 DENGALE ET AL.



128.70, 128.6, 119.7, 115.7, 113.5; MS (ESI-MS): m/z
555.01 (M + H)+.

3.1.2 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-(4-fluorophenyl)-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (4b)

Orange solid; Wt. 1.05 g; Yield 81%; IR (νmax/cm
−1): 2,927

(═C─H), 1,680 (C═O), 1,598 (C═N), 1,516 (C═C), 1,231
(C─F); 1H NMR spectrum, δ, ppm: 7.16 (d, 1H, J = 3.50 Hz,
Ar─H), 7.26–7.19 (m, 3H, Ar─H), 7.84 (dd, 2H, J = 5.00 Hz
and 9.00 Hz, Ar─H), 8.10 (s, 1H, pyrazole-H), 10.11 (s, 1H,
═C─H); MS:m/z 651.03 (M + H)+.

3.1.3 | (4E)-4-((3-[5-Chlorothiophen-2-yl]-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4c)

Orange solid; Wt. 873 mg; Yield 80%; IR (νmax/cm
−1):

2,926 (═C─H), 1,682 (C═O), 1,597 (C═N), 1,518
(C═C), 1,232 (C─F); 1H NMR spectrum, δ, ppm: 7.07
(s, 1H, Ar─H), 7.26–7.18 (s, 1H, Ar─H), 7.44 (d, 1H,
J = 6.00 Hz, Ar─H), 7.52 (m, 2H, Ar─H), 7.86 (d, 2H,
J = 7.00 Hz, Ar─H), 8.11 (s, 1H, pyrazole-H), 10.16 (s,
1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.4
(C═O), 151.3, 139.5, 138.3, 135.0, 133.5, 130.8, 130.0,
128.8, 127.6, 127.4, 120.0, 116.3, 114.6; MS: m/z 547.11
(M + H)+.

3.1.4 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4d)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,597 (C═N), 1,520
(C═C), 1,235 (C─F); 1H NMR spectrum, δ, ppm: 7.16
(d, 1H, J = 4.00 Hz, Ar─H), 7.21 (d, 1H, J = 3.50 Hz,
Ar─H), 7.44 (t, 1H, J = 7.50 Hz, Ar─H), 7.52 (t, 2H,
J = 7.50 Hz, Ar─H), 7.75–7.86 (d, 2H, J = 7.50 Hz,
Ar─H), 8.47 (s, 1H, pyrazole-H), 10.16 (s, 1H, ═C─H);
13C NMR spectrum, δС, ppm: 183.2 (C═O), 162.3,
151.2, 143.2, 142.9, 139.4, 138.3, 134.9, 133.7, 133.4,
131.2, 130.6, 129.8, 129.1, 128.8, 128.5, 128.2, 120.6,
119.9, 119.6, 116.2, 115.9, 114.6; MS: m/z 633.05
(M + H).

3.1.5 | (4Z)-3-(Trifluoromethyl)-4-((3-[4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5a)

Orange solid; Wt. 971 mg; Yield 84%; IR (νmax/cm
−1):

3,141 (═C─H), 1,703 (C═O), 1,595 (C═N), 1,514 (C═C),
1,224 (C─F); 1H NMR spectrum, δ, ppm: 3.92 (s, 3H,
─OCH3), 7.10 (d, 2H, J = 8.50 Hz, Ar─H), 7.51 (t, 2H,
J = 8.50 Hz, Ar─H), 7.62 (d, 2H, J = 8.50 Hz, Ar─H),
7.90 (d, 2H, J = 9.00 Hz, Ar─H), 7.99 (s, 1H, pyrazole-H),
10.19 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 161.1, 158.7, 143.3, 141.4, 138.6, 134.9, 130.7,
129.7, 128.5, 122.6, 120.1, 116.8, 114.7, 113.7, 55.5
(OCH3); MS: m/z 579.21 (M + H)+.

3.1.6 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1,3-diphenyl-1H-
pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
one (5b)

Orange solid; Wt. 876 mg; Yield 80%; IR (νmax/cm
−1):

3,142 (═C─H), 1,701 (C═O), 1,595 (C═N), 1,510 (C═C),
1,223 (C─F); 1H NMR spectrum, δ, ppm: 7.42 (m, 1H,
Ar─H), 7.52 (t, 2H, J = 7.50 Hz, Ar─H), 7.57–7.58 (m,
3H, Ar─H), 7.68 (dd, 2H, J = 7.50 and 2.00 Hz, Ar─H),
7.90 (d, 2H, J = 8.00 Hz, Ar─H), 8.00 (s, 1H, pyrazole-H),
10.22 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 158.8, 143.0, 141.2, 138.6, 134.9, 130.3, 129.9,
129.7, 129.4, 129.2, 128.6, 120.0, 116.8, 114.0; MS: m/z
549.19 (M + H)+.

3.1.7 | (4Z)-4-((3-[2-Fluoro-4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (5c)

Orange solid; Wt. 1.06 g; Yield 82%; IR (νmax/cm
−1): 3,145

(═C─H), 1,702 (C═O), 1,596(C═N), 1,512 (C═C), 1,221
(C─F); 1H NMR spectrum, δ, ppm: 3.91 (s, 3H, ─OCH3),
6.82 (dd, 1H, J = 2.50 and 12.00 Hz, Ar─H), 6.91 (dd, 1H,
J = 2.00 and 8.50 Hz, Ar─H), 7.42 (t, 1H, J = 7.50 Hz,
Ar─H), 7.58–7.49 (m, 2H, Ar─H), 7.79 (d, 1H,
J = 2.50 Hz, Ar─H), 7.88 (d, 2H, J = 7.50 Hz, Ar─H),
8.52 (s, 1H, pyrazole-H), 10.20 (s, 1H, ═C─H); 13C NMR
spectrum, δС, ppm: 162.7 (C═O), 162.6, 162.5, 154.1,
141.2, 138.6, 134.7, 132.5, 129.7, 128.5, 120.0, 117.6, 113.9,
111.2, 110.3, 102.2, 102.0, 55.8 (OCH3); MS: m/z 653.26
(M + H)+.
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3.1.8 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1-phenyl-3-p-tolyl-
1H-pyrazol-4-yl]methylene)-1H-pyrazol-5
(4H)-one (5d)

Orange solid; Wt. 887 mg; Yield 79%; IR (νmax/cm
−1):

3,143 (═C─H), 1,701 (C═O), 1,594 (C═N), 1,511
(C═C), 1,220 (C─F); 1H NMR spectrum, δ, ppm: 2.44
(s, 3H, ─CH3), 7.45 (d, 1H, J = 7.50 Hz, Ar─H), 7.51 (t,
1H, J = 7.50 Hz, Ar─H), 7.62 (d, 1H, J = 8.00 Hz,
Ar─H), 7.65 (d, 1H, J = 8.00 Hz, Ar─H), 9.90 (s, 1H,
pyrazole-H), 11.96 (s, 1H, ═C─H); MS: m/z 563.08
(M + H)+.

3.1.9 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-(4-
[trifluoro methoxy]phenyl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-
one (5e)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

3,145 (═C─H), 1,700 (C═O), 1,595 (C═N), 1,517
(C═C), 1,225 (C─F); 1H NMR spectrum, δ, ppm:
7.42–7.44 (m, 3H, Ar─H), 7.51–7.54 (m, 2H, Ar─H),
7.71 (d, 1H, J = 2.00 Hz, Ar─H), 7.73 (d, 1H,
J = 2.00 Hz, Ar─H), 7.88 (d, 1H, J = 2.00 Hz, Ar─H),
7.90 (d, 1H, J = 3.50 Hz, Ar─H), 7.92 (s, 1H,
pyrazole-H), 10.21 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.4 (C═O), 157.3, 150.5, 143.2,
142.9, 140.3, 138.5, 134.9, 130.9, 129.8, 129.0, 128.7,
121.5, 120.6, 120.0, 118.4, 116.6, 114.4; MS: m/z
633.23 (M + H)+.

3.1.10 | (4Z)-4-((3-[3,4-Dichlorophenyl]-1-
phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5f)

Orange solid; Wt. 1.03 g; Yield 84%; IR (νmax/cm
−1):

3,144 (═C─H), 1,701 (C═O), 1,596 (C═N), 1,517
(C═C), 1,227 (C─F); 1H NMR spectrum, δ, ppm: 7.44
(m, 1H, Ar─H), 7.48 (d, 1H, J = 2.00 Hz, Ar─H), 7.50
(d, 1H, J = 2.00 Hz, Ar─H), 7.53 (d, 1H, J = 7.50 Hz,
Ar─H), 7.67 (d, 1H, J = 8.50 Hz, Ar─H), 7.83 (d, 1H,
J = 2.00 Hz, Ar─H), 7.87–7.89 (m, 2H, Ar─H), 7.89 (s,
1H, pyrazole-H), 10.18 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.3 (C═O), 156.1, 143.2, 142.9, 139.7,
138.4, 135.0, 134.5, 133.7, 131.2, 131.1, 130.3, 129.8,
128.8, 128.3, 120.0, 116.4, 114.7; MS: m/z 617.15
(M + H)+.

3.1.11 | (Z)-4-([6-Chloro-5,7-dimethyl-4-
oxo-4H-chromen-3-yl]methylene)-2-
(perfluoro phenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6a)

Orange solid; Wt. 900 mg; Yield 84%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,666 (C═O), 1,624 (C═N), 1,508
(C═C), 1,192 (C─F); 1H NMR spectrum, δ, ppm: 2.54 (s, 3H,
─CH3), 3.01 (s, 3H, ─CH3), 7.26 (s, 1H, Ar─H), 8.50 (s, 1H,
chromone-H), 10.54 (s, 1H, ═C─H); 13C NMR spectrum, δС,
ppm: 175.4 (C═O), 164.2 (C═O), 162.3, 155.1, 144.5, 143.4,
143.3, 139.7, 134.7, 120.9, 120.2, 119.4, 118.3, 118.2, 118.1,
22.2 (─CH3), 18.6 (─CH3); MS:m/z 537.11 (M + H)+.

3.1.12 | (Z)-4-([6-Chloro-7-methyl-4-oxo-
4H-chromen-3-yl]methylene)-2-(perfluoro
phenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (6b)

Orange solid; Wt. 783 mg; Yield 75%; IR (νmax/cm
−1):

3,076 (═C─H), 1,705 (C═O), 1,664 (C═O), 1,627 (C═N),
1,508 (C═C), 1,192 (C─F);1H NMR spectrum, δ, ppm:
2.54 (s, 3H, ─CH3), 7.47 (s, 1H, Ar─H), 8.24 (s, 1H,
Ar─H), 8.48 (s, 1H, chromone-H), 10.62 (s, 1H, ═C─H);
MS: m/z 523.08 (M + H)+.

3.1.13 | (Z)-4-([6-Chloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6c)

Orange solid; Wt. 812 mg; Yield 80%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,662 (C═O), 1,621 (C═N), 1,509
(C═C), 1,193 (C─F); 1H NMR spectrum, δ, ppm: 7.55 (d,
1H, J = 9.00 Hz, Ar─H), 7.73 (d, 1H, J = 2.50 and 9.00 Hz,
Ar─H), 8.26 (d, 1H, J = 2.50 Hz, Ar─H), 8.47 (s, 1H, chro-
mone-H), 10.63 (s, 1H, ═C─H); MS:m/z 509.08 (M + H)+.

3.1.14 | (Z)-4-([6,8-Dichloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6d)

Orange solid; Wt. 845 mg; Yield 78%; IR (νmax/cm
−1):

3,078 (═C─H), 1,707 (C═O), 1,665 (C═O), 1,626 (C═N),
1,506 (C═C), 1,194 (C─F); 1H NMR spectrum, δ, ppm:
7.83 (d, 1H, J = 2.50 Hz, Ar─H), 8.17 (d, 1H, J = 2.50 Hz,
Ar─H), 8.40 (s, 1H, chromone-H), 10.66 (s, 1H, ═C─H);
MS: m/z 543.07 (M + H)+.
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3.1.15 | (Z)-4-([7-Methyl-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6e)

Orange solid; Wt. 800 mg; Yield 82%; IR (νmax/cm
−1):

3,076 (═C─H), 1,703 (C═O), 1,666 (C═O), 1,627 (C═N),
1,510 (C═C), 1,193 (C─F);1H NMR spectrum, δ, ppm:
2.51 (s, 3H, ─CH3), 7.48 (d, 1H, J = 8.00 Hz, Ar─H), 7.60
(dd, 1H, J = 8.00 and 2.00 Hz, Ar─H), 8.08 (d,1H,
J = 1.50 Hz), 8.54 (s, 1H, chromone-H), 10.64 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 174.5 (C═O), 165.5
(C═O), 162.4, 154.2, 143.4, 142.4, 137.5, 136.3, 126.2,
120.9, 123.3, 120.2, 118.6, 118.5, 118.2, 118.1, 21.1
(─CH3); MS: m/z 489.14 (M + H)+.

3.2 | Anti-inflammatory activity

All the synthesized compounds were screened for their in
vitro anti-inflammatory activities against the standard drug
diclofenac sodium. The minimum inhibitory concentration
was determined by the well diffusion method at 1 mg/ml of
concentration. (Table 2). A volume of 1 ml of diclofenac
sodium at different concentrations (50, 100, 200, 400,
800, and 1,000 μg/ml) was homogenized with 1 ml of aque-
ous solution of bovine serum albumin (5%) and incubated
at 27�C for 15 minutes. The mixture of distilled water and
bismuth sulphite agar constituted the control tube. Denatur-
ation of the proteins was caused by placing the mixture in a
water bath for 10 minutes at 70�C. The mixture was cooled
within the ambient room temperature, and the activity of
each mixture was measured at 255 nm. Each test was con-
ducted thrice. The following formula was used to calculated
inhibition percentage:

%inhibition= absorbance of control

−absorbance of sample=

absorbance of control× 100:

3.3 | In silico ADME

In the present study, we have calculated molecular vol-
ume (MV), molecular weight (MW), logarithm of parti-
tion coefficient (miLog P), number of hydrogen bond
acceptors (n-ON), number of hydrogen bonds donors (n-
OHNH), topological polar surface area (TPSA), number
of rotatable bonds (n-ROTB), and Lipinski's rule of
five[31] using the Molinspiration online property calcula-
tion toolkit.[30] Absorption (% ABS) was calculated by: %

ABS = 109 − (0.345 × TPSA).[32] Drug likeness model
score (a collective property of physicochemical proper-
ties, pharmacokinetics, and pharmacodynamics of a com-
pound that is represented by a numerical value) was
computed by MolSoft software.[33]

4 | CONCLUSIONS

In conclusion, we have constructed pyrazole and fluorine in
one molecular framework as new 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives under con-
ventional and nonconventional methods like microwave
irradiation and ultrasonication, respectively, via
Knoevenagel condensation and evaluated their biological
activity. Ultrasonication and microwave irradiation can
shorten the reaction time from a few hours to a few minutes
and increases the product yield (74–84%) compared to the
conventional method (59–75%). The synthesized compounds
exhibited promising anti-inflammatory activity compared to
the standard drug diclofenac sodium. Similarly, the synthe-
sized compound displayed promising antioxidant activity
compared to the standard drug. Furthermore, an analysis of
the ADME parameters for synthesized compounds showed
good drug-like properties and can be developed as an oral
drug candidate, thus suggesting that compounds from the
present series can be further optimized and developed as a
lead molecule.
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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.
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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
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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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ABSTRACT
In search of new active molecules, a small focused library of tetrazoloqui-
noline-based 1,2,3-triazoles has been efficiently prepared via click chemistry
approach. Several derivatives were found to be exhibiting promising anti-
microbial and antioxidant activity characterized by their lower minimum
inhibitory concentration values. All the synthesized compounds exhibited
excellent antibacterial activity against Gram negative bacteria E. coli and F.
devorans and antifungal activity against C. albicans and A. niger. Further,
these compounds were tested for their antitubercular activity against dor-
mant MTB H37Ra and dormant M. bovis BCG using XRMA assay protocol
and showed no significant activity. Also, the synthesized compounds were
found to have potential antioxidant activity with IC50 range ¼
12.48–50.20lg/mL. Furthermore, to rationalize the observed biological
activity data, the molecular docking study also been carried out against
the active site of fungal C. albicans enzyme P450 cytochrome lanosterol
14a-demethylase, which revealed a significant correlation between the
binding score and biological activity for these compounds. The results of
the in vitro and in silico study suggest that the triazole-incorporated tetra-
zoloquinolines may possess the ideal structural requirements for further
development of novel therapeutic agents.
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Introduction

In recent years, life threatening systemic fungal infections have become increasingly common,
especially in immunocompromised hosts suffering from tuberculosis, cancer, or AIDS and in
organ transplant cases. Development of resistance against available antifungal agents (generally
azoles) is also an alarming factor. Commonly used azole antifungal agents are fluconazole, itra-
conazole, miconazole, and voriconazole displayed broad spectrum antifungal activity.1 Azoles
have broad spectrum activities against most yeasts and filamentous fungi and are the drug of
choice for antifungal chemotherapy.2 These antifungal drugs inhibiting CYP51 in the process
of biosynthesis of ergosterol through a mechanism in which the heterocyclic nitrogen atom (N-4
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of triazole) binds to the heme iron atom.3 However, increasing use of these antifungal drugs has
led to increase in resistance to these drugs.4–6

Heterocyclic compounds play an important role in designing new class of structural entities
for medicinal applications. Quinoline and their derivatives are pharmacologically important
heterocyclic compounds because of their wide existence in alkaloids, therapeutics, and synthetic
analogues with interesting biological activities such as antimalarial,7 analgesic,8 anticancer,9 anti-
inflammatory,10 antiviral,11 antihelmintic,12 anti-protozoal,13 cardiovascular,14 hypoglycemic,15

and antimicrobial activity.16

Triazoles are stable to acidic/basic hydrolysis and also reductive/oxidative conditions, indicative
of a high aromatic stabilization. This moiety is relatively resistant to metabolic degradation. Over
the past two decades 1,2,3-triazole and its derivatives have attracted continued interest in the
medicinal field and are reported to possess a wide range of biological activities such as antifun-
gal,17 antitubercular,18 antiallergic,19a anti-HIV,19a antibacterial,19b a-glycosidase inhibitor,20 anti-
microbial,21 anticoccidiostats,22 anticonvulsant,23 antimalarial,24 antiviral,25 and
antimycobacterial.26 Triazole has been used to improve the pharmacokinetic properties of the
desired drug.27

Click chemistry is a newer approach for the synthesis of drug-like molecules that can acceler-
ate the drug discovery process by utilizing a few practical and reliable reactions. Sharpless28 and
Meldal29 groups have reported the dramatic rate enhancement (up to 107 times) and improved
regio-selectivity of the Huisgen 1,3-dipolar cycloaddition reaction of an organic azide and ter-
minal acetylene to afford, regio-specifically, the 1,4-disubstituted-1,2,3-triazole in the presence of
Cu (I) catalyst. The Cu (I)-catalyzed azide alkyne cycloaddition (CuAAC) reaction has success-
fully fulfilled the requirement of “click chemistry” as prescribed by Sharpless and within the past
few years has become a premier component of synthetic organic chemistry.30

Tetrazoles can act as pharmacophore for the carboxylate group, increasing their utility.
Angiotensin II blocker often contain tetrazoles, as Losartan and candesartan. Tetrazoles and its
derivatives displays various biological activities such as antibacterial,31a,b anti-inflammatory,31a,b
antinociceptive,31a,b hypoglycemic,31a,b anticancer31a,b antifungal,31c antiviral,31a antitubercular
& antimalarial,31d and cyclo-oxygenase inhibitors activities.31e They are used as catalyst in the
synthesis of phosphonates.31a

In recent years, a library of quinoline derivatives conjugated with 1,2,3-triazole were synthe-
sized and proved to possess different bioactivity such as antimicrobial activity32 (Figure 1, A),
b-haematin inhibitor33 (Figure 1, B), antimalarial agent33 (Figure 1, C), antifungal agent16

(Figure 1, D), antimalarial and cytotoxic activity34 (Figure 1, E), DNA binding and photonuclease
activity35 (Figure 1, F).

In continuation of our earlier work16,36 on synthesis and biological properties of heterocyclic
moieties and the importance of tetrazoloquinoline-1,2,3-triazole moieties as a single molecular
scaffold, herein we would like to report the design and syntheses of new tetrazoloquinoline-linked
triazole hybrids and their evaluation for antimicrobial and antioxidant activities. The computa-
tional parameters like docking study for antimicrobial activity and ADME prediction of synthe-
sized tetrazoloquinoline-triazole conjugates 5a-i were also performed.

Results and discussion

Chemistry

We have described a protocol for the syntheses of a series of new derivatives of 8-methoxy-4-((4-
(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)tetrazolo[1,5-a]quinoline 5a-i as a potential anti-
microbial, antioxidant, and antitubercular agents from commercially available starting materials.
These compounds were formed by the fusion of substituted (prop-2-yn-1-yloxy)benzenes 4a-h,
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phenyl acetylene 4i and 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 via click chemistry
approach (Scheme 1). The synthesis of starting material 4-(azidomethyl)-8-methoxytetrazolo[1,5-
a]quinoline 3 was prepared from 8-methoxytetrazolo[1,5-a]quinoline-4-carbaldehyde 2 via
NaBH4 reduction, mesylation followed by nucleophilic substitution reaction of sodium azide
(Scheme 1).

The synthesis of methoxytetrazolo[1,5-a]quinoline-4-carbaldehyde 2 was prepared from 3-
methoxyaniline (m-anisidine) which on acylation followed by Vilsmeier-Haack formylation at
80 �C for 8 hr to generate 2-chloro-7-methoxyquinoline-3-carbaldehyde 1, which on further reac-
tion with sodium azide in DMF at 80 �C for 6 hr produces tetrazoloquinoline aldehyde 2 in good
yield. The commercially available phenols have been alkylated with propargyl bromide in the
presence of K2CO3 as a base in N,N-dimethylformamide (DMF) afforded the corresponding
(prop-2-yn-1-yloxy)benzene derivatives 4a-h in good to excellent yield (Supporting Information).
Finally, the Huisgen’s CuAAC reaction has been performed on 4-(azidomethyl)-8-methoxytetra-
zolo[1,5-a]quinoline 3 and (prop-2-yn-1-yloxy)benzene derivatives 4a-h and phenylacetylene 4i in
the presence of Cu(OAc)2 in t-BuOH-H2O (3:1) at room temperature for 16–22 hr gives the cor-
responding 1,4-disubstituted-1,2,3-triazole based tetrazoloquinoline derivatives 5a-h and 5i,
respectively, in quantitative isolated yield (86–90%) (Scheme 1). The formation of compounds 3
and 5a-i were confirmed by 1H NMR, 13C NMR, and HRMS spectral analysis. In the 1H NMR
spectrum of the compound 5a, the two methylene groups attached to nitrogen and oxygen
showed singlet at d 5.16 and 6.09 ppm, respectively. In addition to this, the signal observed at d
4.06 ppm indicates the -OCH3 proton present on the quinoline ring. Similarly signal observed at
d 8.01 ppm indicates the proton present on the triazole ring. In the 13C NMR spectrum for com-
pound 5a, the signals at d 61.5 and 66.2 ppm indicates the presence of methylene carbon attached
to the nitrogen of triazole ring and oxygen to phenyl ring, respectively, and signal at d 54 ppm
indicates the presence of methoxy carbon.

For compound 5a, the calculated mass for [MþH]þ is 388.1516 and in HRMS, the [MþH]þ

peak observed at 388.1513. Furthermore, to expand the series, 1,4-disubstituted-1,2,3-triazole tet-
razoloquinoline derivatives 5 b-i with various substituent has been prepared by the cycloaddition
reaction of 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and alkynes (prop-2-yn-1-ylox-
y)benzene derivatives 4 b-h and phenylacetylene 6 (Scheme 1) under similar reaction condition in
good to excellent yields.

Figure 1. Triazole incorporated quinoline derivatives A–F.
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Biological evaluation

Antibacterial activity
Minimum inhibitory concentration (MIC) values for bacteria determined according to the two-
fold broth micro-dilution method using Muller-Hinton broth in 96-well micro-test plates recom-
mended by National Committee for Clinical Laboratory Standards (NCCLS) guidelines.37 All the
tested tetrazoloquinoline-1,4-disubstituted 1,2,3-triazole based derivatives 5a-i shows significant
antibacterial activity (Table 1). For bacterial strain S. aureus, it can be seen that, the compounds
5b, 5d, 5e, 5f, and 5g shows excellent inhibitory activity with MIC value 8 mg/mL, which is two-
fold more potent than the clinical drug ampicillin and kanamycin (MIC 16 mg/mL) and equivalent
to the chloramphenicol (8 mg/mL). However, the compounds 5a, 5c, 5h, and 5i also possess
equivalent antibacterial effect against S. aureus with MIC value 16 mg/mL compared to the ampi-
cillin and kanamycin. Compounds 5b, 5c, 5d, 5f, 5h, and 5i with MIC value 16 mg/mL exhibit
equivalent antibacterial activity for M. luteus compared to the standard drug ampicillin. All the
synthesized compounds show considerable activity against B. cereus, especially compounds 5e, 5f,
5g, and 5i with MIC value 4 mg/mL exhibited four-fold more activity compared to the ampicillin
and two-fold more potent than kanamycin and chloramphenicol. Compound 5h shows equivalent
activity compared to the standard drug kanamycin and chloramphenicol. Compounds 5b and 5c
show good activity against B. cereus compared to the ampicillin. It can be seen that, all the syn-
thesized tetrazoloquinoline-1,2,3-triazole-based derivatives 5a-i possess comparable activity against
E. coli as compared to ampicillin, kanamycin, and chloramphenicol.

Scheme 1. Reagents and conditions: (a) acetic acid, 110–120 �C, 6 hr; (b) DMF, POCl3, 0–80 �C, 8 hr, (c) NaN3, DMF, 80 �C, 6 hr;
(d) NaBH4, methanol, 0 �C to rt, 2 hr; (e) MsCl, DCM, 0 �C to rt, 4 hr; (f) NaN3, DMF, 80 �C, 2 hr; (g) propargyl bromide, K2CO3,
DMF; (h) Cu(OAc)2 (20mol%), t-BuOH-H2O (3:1), rt.
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Compounds 5c, 5d, 5f, 5g, 5h, and 5i with MIC value 4 mg/mL shows four-fold more activity
compared to the ampicillin, kanamycin, and two-fold more activity compare to the chloram-
phenicol against E. coli. Compound 5b with MIC value 8 mg/mL, possesses equivalent activity
compared to the standard drug chloramphenicol. Compounds 5g and 5h with MIC value 4 mg/
mL show four-fold more activity compared to the ampicillin, kanamycin, and two-fold more
activity compared to the chloramphenicol against bacterial strain P. fluorescens. Compounds 5b
and 5c shows two-fold more activity compared to the standard ampicillin, kanamycin, and show
equivalent activity compared to the chloramphenicol. Compounds 5a, 5e, and 5f show equivalent
activity compared to the standard drug ampicillin and chloramphenicol with MIC value 16 mg/
mL. Compounds 5c, 5g, 5h, and 5i with MIC value 4 mg/mL show four-fold more activity com-
pared to the ampicillin, kanamycin, and two-fold more activity compared to the chloramphenicol
against bacterial strain F. devorans.

Compounds 5a and 5f (MIC ¼ 8 mg/mL) show two-fold more activity compared to the stand-
ard ampicillin, kanamycin, and shows equivalent activity compared to the chloramphenicol.
Compounds 5d and 5e show equivalent activity compared to the ampicillin and chloramphenicol
with MIC value 16 mg/mL. In general, for Gram positive bacteria, among all the synthesized com-
pounds 3 and 5a-i, compounds 5e, 5f, 5g, and 5i show promising antibacterial activity against
bacterial strain B. cereus and all the synthesized compounds exhibited excellent antibacterial activ-
ity against Gram negative bacteria E. coli and F. devorans compared to the standard drugs.

Antifungal activity
Fungi were subcultured in potato dextrose broth medium. MIC of the synthesized compounds
was determined using potato dextrose broth in 96-well micro-test plates recommended by
NCCLS guidelines.37 In case of antifungal activity, all the synthesized 1,4-disubstituted 1,2,3-tri-
azole-based tetrazoloquinoline derivatives 5a-i show good to moderate activity against C. albicans,
A. niger, C. lunata, P. chrysogenum, A. flavus, and C. neoformans strains (Table 1). Compounds
5c, 5g, and 5h with MIC value 4 mg/mL, exhibited four-fold more activity compared to the stand-
ard drug miconazole, amphotericin B and two-fold more activity compared to the fluconazole
against the fungicidal strain C. albicans. Compounds 5a, 5e, and 5i with MIC values 8 mg/mL,

Table 1. In vitro antimicrobial evaluation of synthesized compounds 3 and 5a-i MIC values (lg/mL).

Entry

Antibacterial activity

Antifungal activityGramþ ve bacteria Gram –ve bacteria

SA ML BC EC PF FD CA AN CL PC AF CN

3 128 128 256 256 256 256 128 128 256 256 256 256
5a 16 32 32 16 16 8 8 8 8 32 32 128
5b 8 16 16 8 8 32 16 16 32 64 16 32
5c 16 16 16 4 8 4 4 8 8 16 16 16
5d 8 16 32 4 128 16 16 32 16 32 16 128
5e 8 32 4 16 16 16 8 8 8 64 16 16
5f 8 16 4 4 16 8 16 8 16 64 32 32
5g 8 32 4 4 4 4 4 8 8 32 8 128
5h 16 16 8 4 4 4 4 8 8 32 128 256
5i 16 16 4 4 128 4 8 16 32 128 256 256
AP 16 16 16 16 16 16 – – – – – –
KM 16 8 8 16 16 16 – – – – – –
CP 8 8 8 8 8 8 – – – – – –
MA – – – – – – 16 16 16 16 16 16
AB – – – – – – 16 8 16 16 8 16
FA – – – – – – 8 8 8 8 8 8

SA, Staphylococcus aureus; ML, Micrococcus luteus; BC, Bacillus cereus; EC, Escherichia coli; PF, Pseudomonas fluorescens; FD,
Flavobacterium devorans; AN, Aspergillus niger; PC, Penicillium chrysogenum; CL, Curvularia lunata; CA, Candida albicans; AF,
Aspergillus flavus; CN, Cryptococcus neoformans; AP, Ampicillin; KM, Kanamycin; CP, Chloramphenicol; MA, Miconazole; AB;
Amphotericin B; FA, Fluconazole.
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exhibited two-fold more activity compared to the standard drug miconazole, amphotericin B and
equivalent potency compared to the standard fluconazole. Compounds 5b, 5d, and 5f with MIC
values 16 mg/mL, exhibited equivalent activity compared to the standard drug miconazole and
amphotericin B against the fungal strain C. albicans. Compounds 5a, 5c, 5e, 5f, 5g, and 5h with
MIC values 8 mg/mL, exhibited two-fold more activity compared to the standard drug miconazole,
amphotericin B and equivalent activity compared to the fluconazole against the fungicidal strain
A. niger. Compounds 5b and 5i with MIC values 16 mg/mL, exhibited equivalent potency com-
pared to the standard drug miconazole against the fungal strain A. niger. Compounds 5a, 5c, and
5e with MIC values 8 mg/mL, exhibited two-fold more activity compared to the standard drug
miconazole, amphotericin B and equivalent activity compared to the fluconazole against the fun-
gicidal strain C. lunata. Compounds 5d and 5f with MIC values 16 mg/mL, exhibited equivalent
potency compared to the standard drug miconazole and amphotericin B against the fungal strain
C. lunata. Compound 5c with MIC values 16 mg/mL, exhibited equivalent potency compared to
the standard drug miconazole and amphotericin B against the fungal strain P. chrysogenum.
Compound 5g with MIC values 8 mg/mL, exhibited two-fold more activity compared to the stand-
ard drug miconazole and equivalent potency compared to the amphotericin B and fluconazole
against the fungal strain A. flavus. Compounds 5b, 5c, 5d, and 5e with MIC value 16 mg/mL
exhibited equivalent activity as compared to standard drug miconazole for fungal strain A. flavus.
Compounds 5c and 5e with MIC value of 16 mg/mL, show equivalent antifungal activity against
C. neoformans as compared to standard drug miconazole and fluconazole. Overall, the starting
material 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 exhibited very less antifungal
activity but the 1,2,3-triazoles derived from the azide 3 shows excellent antifungal activity com-
pared to the standard antifungal drugs miconazole, amphotericin B and fluconazole.

Antitubercular activity
All the synthesized compounds 5a-i showed antibacterial activity against both Gram positive and
Gram negative bacteria, especially against the Gram negative bacteria. As these compounds have
shown significant antibacterial activities, we extended our study for evaluation of antitubercular
activity. The newly synthesized 1,4-disubstituted-1,2,3-triazole containing tetrazoloquinoline deriv-
atives 5a-i were screened for in vitro antitubercular activity against MTB H37Ra (ATCC 25177)
and M. bovis BCG (ATCC 35743) in liquid medium. In a preliminary screening (Supporting
Information, Table S1), the antimycobacterial activity of these compounds was assessed at con-
centrations of 30, 10, and 3 lg/mL using an established XTT Reduction Menadione assay
(XRMA) anti-tubercular screening protocol38 using first-line antitubercular drugs rifampicin and
isoniazid as reference standards and the MIC and IC50 values are presented in Table 2. The MIC,
that is, concentration of compounds required to completely inhibit MTB growth, were recorded.
The MIC was calculated from a dose response curve. The compounds with more than 90% inhib-
ition of initial primary screening were further assayed for secondary screening, that is, determin-
ation of MIC against dormant MTB H37Ra and dormant M. bovis BCG clinical isolates (drug
sensitive and resistant). The tetrazoloquinoline-1,2,3-triazole conjugates 5a-i (MIC range > 30lg/
mL) were found to be particularly inactive against dormant MTB H37Ra, dormant M. bovis BCG.

Antioxidant activity
In the present study, antioxidant activity of the synthesized compounds has been assessed in vitro
by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay39 and all the synthesized
compounds 5a-i show good to moderate antioxidant activity as compared to the standard drug
BHT (Butylated Hydroxy Toluene) (Table 2). Compounds 5b and 5d having chloro-substituent at
ortho- and para-position of phenyl ring, respectively, shows potent activity (IC50 12.48 and
16.30mg/mL, respectively) as compared to the standard drug BHT. However, the compound 5g
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(15.19mg/mL) with methyl-group at meta- and chloro-group at para-position of phenyl ring shows
excellent antioxidant activity as compared to the BHT. The starting material 4-(azidomethyl)-8-
methoxytetrazolo[1,5-a]quinoline 3 exhibited very less antioxidant activity as compared to stand-
ard drugs.

Computational study

Molecular docking
Molecular docking is now an established approach in drug discovery for predicting the binding
mode of a specified compound within the active site of the protein target of interest and the types
of thermodynamic interactions governing the protein-inhibitor complexation especially in the
absence of available resources to carry out the enzymatic assays. Thus, with the aim of rationaliz-
ing the promising antifungal activity portrayed by the title compounds tetrazoloquinoline-1,2,3-
triazole derivatives (5a-i) and to gain an insight into the molecular basis of their interactions, a
molecular docking study was carried out against the fungal sterol 14a-demethylase (CYP51) as
the target enzyme. Sterol 14a-demethylase (CYP51) is an ancestral activity of the cytochrome
P450 superfamily. It converts lanosterol into 4,40-dimethyl cholesta-8,14,24-triene-3-b-ol-a step
required for ergosterol biosynthesis which is an essential component of the fungal cytoplasmic
membrane. Inhibition of CYP51 causes depletion of ergosterol coupled with an accumulation of
14-methyl sterols resulting in impaired cell growth in fungi. This crucial role of CYP51 in fungi
makes it an important target for drug design. A perusal of the docking poses obtained for all
these tetrazoloquinoline-1,2,3-triazole derivatives revealed that they could snugly fit into the active
site of CYP51 with varying degree of binding affinities adopting a very homologous orientation
and at co-ordinates very close to that of the native ligand-fluconazole (Figure 2). The resulting
enzyme-inhibitor complexation was stabilized through a network of steric and electrostatic inter-
actions with the active site residues.

To gauze the accuracy and reliability of the docking protocol, the co-crystallized ligand (flu-
conazole) was extracted from the crystal structure and again subjected to dock into the same
binding pocket defining the above-mentioned parameters. The docked conformation of flucon-
azole comparing with the experimental binding mode as in X-ray is shown in Figure 3. The result
show that the docking protocol could reproduce the X-ray bound conformation of fluconazole
with an RMSD of less than 1.0 Å indicating the reliability of the docking protocol in accurately
predicting the binding mode for the title molecules.

Table 2. In vitro antitubercular activity against dormant MTB H37Ra, dormant M. bovis BCG and DPPH radical scavenging activ-
ity of compound 3 and 5a-i.

Compounds

MTB H37Ra dormant M. bovis BCG dormant

DPPH IC50 (mg/mL)MIC IC50 MIC IC50
3 >30 >30 >30 >30 50.20
5a >30 >30 >30 >30 29.43
5b >30 >30 >30 >30 12.48
5c >30 >30 >30 >30 16.30
5d >30 >30 >30 >30 40.41
5e >30 >30 >30 >30 26.78
5f >30 >30 >30 >30 32.55
5g >30 >30 >30 >30 15.19
5h >30 >30 >30 >30 19.20
5i >30 >30 >30 >30 33.82
RP 0.043 ± 0.15 0.0018 ± 0.009 0.041 ± 0.01 0.0016 ± 0.002 NT
INH 0.075 ± 0.25 0.0025 ± 0.0007 0.045 ± 0.02 0.0023 ± 0.001 NT
BHT NT NT NT NT 16.47

RP: Rifampicin; INH: Isoniazid; BHT: Butylated hydroxy toluene; NT: Not tested.
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The minimum energy (Glide energy) for each of these complexes was observed to be negative
ranging from –58.54 kcal/mol to –49.70 kcal/mol while the docking scores ranged from –7.79 to
–7.14 with a significant correlation between their docking score and the experimentally observed
MIC values—the active compounds possessing higher scores while those with relatively lower
activity were also predicted to have lower docking scores. The binding energy for the reference
ligand-fluconazole was found to be –52.92 kcal/mol with a docking score of –7.34. The binding
energy signifies the energy required for a ligand to cover the entire enzyme surface and its puta-
tive interactions with the amino acid residues. A higher negative value for the binding energy
(and docking score) signifies a good binding affinity for the ligand toward the target enzyme and
vice versa. Furthermore, a detailed analysis of the per-residue interactions between the enzyme
and these compounds was carried out to identify the most significantly interacting residues and
the type of thermodynamic elements (bonded and non-bonded interactions) governing the bind-
ing of these molecules to the target. This analysis is elucidated in the next section for one of the
most active compound 5g while the results for the remaining compounds are summarized in
Table 3 and their binding modes are provided in the Supporting Information as Figure 4.

The lowest energy docked conformation of 5 g into the active site of CYP51 showed that the
inhibitor binds at the same co-ordinates as the native ligand with a significantly higher binding
affinity resulting in a docking score of –7.79 and a binding energy –58.54 kcal/mol (Figure 4).
The higher binding affinity can be explained in terms of the specific bonded and non-bonded
per-residue interactions with the residues lining the active site.

The complexation of 5g with CYP51 is observed to be stabilized through an extensive network of
van der Waals interactions with Ala291 (–3.08 kcal/mol), Ala288 (–1.55 kcal/mol), Ala287 (–1.99 kcal/
mol), Tyr116 (–3.54 kcal/mol), Phe110 (–1.94 kcal/mol), and Tyr103 (–3.54 kcal/mol) through quin-
oline-tetrazole backbone while 1,2,3-triazole heterocycle was engaged in similar interactions through
Val461 (–3.28 kcal/mol), Met460 (–2.52 kcal/mol), Thr459 (–1.28 kcal/mol), Leu356 (–2.46 kcal/mol),
and Met106 (–4.00 kcal/mol) residues in the active site. Furthermore, the substituted aromatic ring
connected to 1,2,3-triazole heterocycle also showed favorable van der Waals interactions through
His294 (–1.40 kcal/mol), Phe290 (–3.98 kcal/mol), Leu208 (–3.02 kcal/mol), and Glu205 (–1.96 kcal/
mol) residues. The compound was also involved in a set of relatively few but significant electrostatic
interactions as well through Met106 (–1.50 kcal/mol) and Tyr103 (–1.18 kcal/mol) residues in the
active site CYP51. The excellent binding affinity of 5g toward CYP51 can also be attributed to a very
strong van der Waals (–10.62 kcal/mol) as well as electrostatic (–9.425 kcal/mol) interactions with
heme moiety in the active site. Furthermore, a prominent p-p stacking interaction was observed
through the aromatic ring of quinoline-tetrazole backbone with the Phe110 having a bonding distance
of 2.451Å which as well contributed significantly to the stability of the 5g in the active site of the

Figure 2. Docking-based binding mode of tetrazoloquinoline-1,2,3-triazole derivatives (5a-i) into the active site of fungal sterol
14a-demethylase (CYP51).
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enzyme. Such p-p stacking interactions serve as an “anchor” for channelizing the 3D orientation of
the ligand in its active site and also facilitate the steric and electrostatic interactions thereby contribu-
ting to the stability of the enzyme-inhibitor complex.

A similar network of interaction was observed for the other quinoline-tetrazole-1,2,3-triazole deriv-
atives as well but decreasing gradually with their observed antifungal activity. The per-residue inter-
action analysis revealed that the primary driving forces for mechanical interlocking is the steric
complementarity between the ligand and the active site of CYP51 which is evident from the relatively
higher number of van der Waals interactions over other components contributing to the binding
scores. Interestingly, all the quinoline-tetrazole-1,2,3-triazole derivatives investigated herein were found
coordinated to the iron of the heme group present in the active site. This is a very important observa-
tion as the native ligand-fluconazole is also coordinated with the metal ion in the active site of
CYP51. Thus, these quinoline-tetrazole-1,2,3-triazoles may as well share the same inhibition mechan-
ism as fluconazole making them pertinent starting points for structure-based drug design.

In silico ADME prediction
The success of a drug is determined not only by good efficacy but also by an acceptable ADME
(absorption, distribution, metabolism, and excretion) profile. In the present study, we have calcu-
lated molecular volume (MV), molecular weight (MW), logarithm of partition coefficient (miLog
P), number of hydrogen bond acceptors (n-ON), number of hydrogen bonds donors (n-OHNH),
topological polar surface area (TPSA), number of rotatable bonds (n-ROTB), and Lipinski’s rule
of five40 using Molinspiration online property calculation toolkit.41 Absorption (% ABS) was cal-
culated by: % ABS ¼ 109 – (0.345 � TPSA).42 Drug-likeness model score (a collective property
of physic-chemical properties, pharmacokinetics, and pharmacodynamics of a compound is repre-
sented by a numerical value) was computed by MolSoft software.43

A computational study of all the synthesized 5a-i was performed for prediction of ADME
properties and the value obtained is presented in Table 4.

It is observed that, the compounds exhibited a good % ABS (% absorption) ranging from
77.16 to 80.35%. Furthermore, none of the synthesized compounds 5a-i violated Lipinski’s rule of
five (miLog P� 5). A molecule likely to be developed as an orally active drug candidate should
not show more than one violation of the following four criteria: miLog P (octanol-water partition
coefficient) � 5, molecular weight � 500, number of hydrogen bond acceptors � 10 and number
of hydrogen bond donors � 5.44 The larger the value of the drug likeness model score, the higher
is also probability that the particular molecule will be active. All the tested compounds followed
the criteria for orally active drug and therefore, these compounds may have a good potential for
eventual development as oral agents.

Figure 3. Validation of the molecular docking protocol: super-imposed image of the structures of fluconazole from the crystal
structure (orange carbon chain) and the docked conformation (purple carbon chain).

POLYCYCLIC AROMATIC COMPOUNDS 9



Conclusion

We have synthesized new 1,4-disubstituted 1,2,3-triazole-based tetrazoloquinoline derivatives via
click chemistry approach and evaluated for biological activity. The synthesized compound displays
promising antibacterial, antifungal, and antioxidant activity as compared to the respective stand-
ard drugs and unfortunately does not show antitubercular activity. Compounds 5g and 5h dis-
played significant antibacterial activity as compared to the standard antibacterial drug.
Compounds 5c, 5g, and 5h displayed significant antifungal activity as compared to the standard

Table 3. Quantitative estimate of the per-residue interactions for the tetrazoloquinoline-1,2,3-triazole derivative (5a-i) with the
fungal sterol 14a-demethylase (CYP51) enzyme.

Cpd
Docking
score

Binding
energy

Per-residue interaction energy analysis

van der Waals (kcal/mol)
Electrostatic
(kcal/mol) p-p stacking (Å)

5a –7.40 –53.57 500(–10.79), Val461(–2.92), Met460(–2.41),
Thr459(–1.19), Leu356(–2.21), Ala291(–2.31),
Phe290(–2.30), Ala288(–1.24), Ala287(–1.59),
Leu208(–1.26), Tyr116(–2.45), Phe110(–1.52),
Met106(–3.16), Tyr103(–2.92)

500(–7.37),
Met106(–1.25),
Tyr103(–1.09)

Tyr116(2.07)

5b –7.1 –50.77 500(–10.72), Val461(–2.41), Met460(–1.78),
Thr459(–1.08), Leu356(–2.10), Ala291(–2.03),
Phe290(–2.19), Ala288(–1.14), Ala287(–1.11),
Leu208(–1.14), Leu127(–1.04), Tyr116(–1.98),
Phe110(–1.27), Met106(–2.92), Tyr103(–3.75)

500(–6.75),
Tyr116(–1.32),
Met106(–1.10),
Tyr103(–1.017)

Tyr116(2.06)

5c –7.78 –57.71 500(–10.85), Val461(–3.18), Met460(–3.11),
Thr459(–1.42), Leu356(–2.10), His294(–1.40),
Ala291(–2.91), Phe290(–3.51), Ala288(–1.43),
Ala287(–1.96), Leu208(–2.96), Glu205(–1.85),
Tyr116(–3.55), Phe110(–1.77), Met106(–3.83),
Ile105(–2.63), Tyr103(–3.05)

500(–9.67),
Met106(–1.43),
Tyr103(–1.19)

Phe110(2.39)

5d –7.14 –49.70 500(–10.52), Val461(–2.50), Met460(–1.71),
Thr459(–1.00), Leu356(–2.16), Ala291(–2.04),
Phe290(–2.09), Ala288(–1.14), Ala287(–1.05),
Leu208(–1.18), Leu127(–1.00), Tyr116(–1.95),
Phe110(–1.25), Met106(–2.59), Tyr103(–2.61)

500(–6.76),
Tyr116(–1.11),
Met106(–1.19)

Tyr116(2.066)

5e –7.33 –53.50 500(–10.42), Val461(–2.70), Met460(–2.35),
Thr459(–1.13), Leu356(–2.27), His294(–1.11),
Ala291(–2.21), Phe290(–2.25), Ala288(–1.24),
Ala287(–1.57), Leu208(–1.33), Tyr116(–2.25),
Phe110(–1.42), Met106(–3.03), Tyr103(–3.14)

500(–7.29),
Tyr116(–0.86),
Met106(–1.24),
Tyr103(–1.09)

Tr116(2.07)

5f –7.26 –50.74 500(–10.44), Val461(–2.40), Met460(–1.41),
Thr459(–1.07), Leu356(–2.17), His294(–1.34),
Ala291(–2.18), Phe290(–2.16), Ala288(–1.06),
Ala287(–1.05), Leu208(–1.04), Glu205(–1.67),
Tyr116(–1.35), Phe110(–1.15),
Met106(–2.29), Tyr103(–2.83)

500(–7.05),
Tyr116(–1.22),
Met106(–1.12)

Tyr116(1.97)

5g –7.79 –58.54 500(–10.62), Val461(–3.28), Met460(–2.52),
Thr459(–1.28), Leu356(–2.46), His294(–1.40),
Ala291(–3.08), Phe290(–3.98), Ala288(–1.55),
Ala287(–1.99), Leu208(–3.02), Glu205(–1.96),
Tyr116(–3.54), Phe110(–1.94),
Met106(–4.00), Tyr103(–3.54)

500(–9.42),
Met106(–1.5),
Tyr103(–1.18)

Phe110(2.45)

5h –7.72 –57.51 500(–10.87), Val461(–3.13), Met460(–2.29),
Thr459(–1.58), Leu356(–2.58), His294(–1.37),
Ala291(–2.94), Phe290(–3.29), Ala288(–1.45),
Ala287(–1.84), Leu208(–3.40), Glu205(–1.98),
Tyr116(–3.42), Phe110(–1.81),
Met106(–3.72), Tyr103(–3.01)

500(–9.41),
Tyr116(–1.31),
Tyr103(–1.13)

Tyr116(2.07)

5i –7.42 –51.64 500(–10.26), Val461(–2.78), Met460(–2.53),
Thr459(–1.14), Leu356(–2.26), Ala291(–2.33),
Phe290(–2.29), Ala288(–1.28), Ala287(–1.67),
Leu208(–1.49), Tyr116(–2.29), Phe110(–1.40),
Met106(–3.01), Tyr103(–2.81)

500(–7.97),
Tyr116(–1.18),
Tyr103(–1.016)

Tyr103(2.92),
Tyr116(2.01)
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antifungal drug. Compounds 5b, 5d, and 5g shows potential antioxidant activity when compared
with standard BHT. The trend observed in the antifungal activity for these tetrazoloquinoline-1,2,3-tri-
azole derivatives was further rationalized by molecular docking studies with respect to their binding
energy toward target enzyme sterol 14a-demethylase (CYP51). The theoretical predictions from
molecular docking studies were found to be in agreement with the experimental antifungal data.
Furthermore, the quantitative estimation of the per-residue interactions between these tetrazoloquino-
line-1,2,3-triazoles and CYP51 enzyme helps to speculate regarding the detailed binding patterns in
the cavity and the most significantly interacting the residues as well as the type of thermodynamic
interactions governing the binding of these molecules which can provide an ample opportunity for
medicinal chemist to design more specific and potent analogues targeting CYP51. Furthermore, ana-
lysis of the ADME parameters for synthesized compounds predicted good drug like properties and

Figure 4. Docking-based binding mode of 5a, 5b, 5c, 5d, 5e, 5f, 5g, 5h, and 5i into the active site of sterol 14a-demethylase
(CYP51) (the p-p stacking interaction is represented using the green line).
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can be developed as oral drug candidate. Thus, suggesting that compounds from present series can be
further optimized and developed as a lead molecule.

Experimental

General procedure for the synthesis of 1-(prop-2-ynyloxy)benzene or substituted 1-(prop-2-
ynyloxy)benzene (4a-h)

To the stirred solution of phenol or substituted phenol (20mmol) in N,N-dimethylformamide
(DMF) (20mL), K2CO3 (24mmol) was added. The reaction mixture was stirred at room tempera-
ture for 30min, which results into the corresponding oxyanion. To this mixture, propargyl brom-
ide (20mmol) was added and stirred for 2 hr. The progress of the reaction was monitored by
TLC using ethyl acetate:hexane as a solvent system. The reaction was quenched by crushed ice.

Figure 4. Continued.
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In case of solid product, it was filtered and the obtained crude solid product was crystallized
using ethanol. The crystallized products were taken for next step. When the products are liquid,
it has been extracted in ethyl acetate (20mL � 3). The combined organic layers were dried over
MgSO4. The solvent was removed under a reduced pressure and used for further reaction without
purification.

General procedure for the synthesis of 8-methoxy-4-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-
yl)methyl)tetrazolo[1,5-a]quinoline 5a-i

To the solution of 1-(prop-2-ynyloxy)benzene and phenyl acetylene (4a-i) (0.5mmol), 4-(azido-
methyl)-8-methoxytetrazolo[1,5-a]quinoline 3 (0.5mmol) and copper diacetate (Cu(OAc)2)
(20mole %) in t-BuOH-H2O (3:1, 8mL) and the resulting mixture was stirred at room tempera-
ture for 16–22 hr. The progress of the reaction was monitored by TLC using ethyl acetate:hexane

Figure 4. Continued.
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as a solvent system. The reaction mixture was quenched with crushed ice and extracted with ethyl
acetate (2� 25mL). The organic extracts were washed with brine solution (2� 25mL) and dried
over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to afford the
corresponding crude compounds. The obtained crude compounds were crystallized using ethanol
and ethyl acetate.

Synthesis of 2-chloro-7-methoxyquinoline-3-carbaldehyde45

To a solution of N-(3-methoxyphenyl)acetamide (5mmol) in dry DMF (15mmol) at 0–5 �C with
stirring POCl3 (60mmol) was added drop wise and the mixture stirred at 80–90 �C for time 8 hr.
After the completion of reaction (checked by TLC), the mixture was poured into crushed ice,
stirred for 5min and the resulting solid filtered, washed well with water and dried. The com-
pounds were purified by recrystallization from ethyl acetate.

Synthesis of 8-methoxytetrazolo[1,5-a]quinoline-4-carbaldehyde

2-Chloro-7-methoxyquinoline-3-carbaldehyde (5mmol), sodium azide (10mmol), and DMF
(10mL) were taken in round bottom flask as per reported procedure.46 The reaction mixture was
slowly heated at 80 �C for 2 hr. After the completion of reaction (checked by TLC), the product
was filtered and washed with ethanol. The crude product was purified by crystallization in DMF.
Melting point is 240–242 �C.

Synthesis of (8-methoxytetrazolo[1,5-a]quinolin-4-yl)methanol

8-methoxytetrazolo[1,5-a]quinoline-4-carbaldehyde (1 equiv) were taken in round bottom flask,
methanol used as a solvent and allowed reaction mixture for stirring below 0 �C. Then, NaBH4 (3
equiv.) were added slowly with constant stirring and maintaining the temperature below 0 �C for
2 hr. The progress of the reaction was monitored by thin layer chromatography (TLC) using ethyl
acetate:hexane as a solvent system. After completion of the reaction as indicated by TLC, the
reaction mixture was then poured on crushed ice and extracted in ethylacetate (3� 10mL). The
combined organic layer was dried over MgSO4. Solvent was removed under reduced pressure and
the (8-methoxytetrazolo[1,5-a]quinolin-4-yl)methanol were sufficiently pure to use without fur-
ther work up.

Table 4. Pharmacokinetic parameters important for good oral bioavailability and its drug likeness model score.

Entry % ABS TPSA (A2) n-ROTB MV MW miLog P n-ON n-OHNH Lipinski violation Drug-likeness model score

Rule – – – – <500 �5 <10 <5 �1 -
5a 77.16 92.28 6 332.93 387.40 3.01 9 0 0 �0.24
5b 77.16 92.28 6 346.47 421.85 3.64 9 0 0 0.18
5c 77.16 92.28 6 346.47 421.85 3.69 9 0 0 0.21
5d 77.16 92.28 6 349.49 401.43 3.42 9 0 0 0.14
5e 77.16 92.28 6 349.49 401.43 3.46 9 0 0 �0.24
5f 77.16 92.28 6 366.05 415.46 3.84 9 0 0 �0.10
5g 77.16 92.28 6 363.03 435.88 4.07 9 0 0 0.32
5h 77.16 92.28 6 373.54 490.74 4.90 9 0 0 0.10
5i 80.35 83.04 4 307.14 357.38 2.80 8 0 0 �0.03

% ABS: Percentage absorption, TPSA: Topological polar surface area, n-ROTB: Number of rotatable bonds, MV: Molecular vol-
ume, MW: Molecular weight, miLog P: Logarithm of partition coefficient of compound between n-octanol and water, n-ON
Acceptors: Number of hydrogen bond acceptors, n-OHNH donors: Number of hydrogen bonds donors.

14 M. H. SHAIKH ET AL.



Synthesis of (8-methoxytetrazolo[1,5-a]quinolin-4-yl)methyl methanesulfonate

To a mixture of (2-chloro quinolin-3-yl)methanol 1 (1 equiv) in acetone, triethyl amine (2 equiv)
was added at 0 �C. Methane sulfonyl chloride (1.5 equiv) in acetone was added dropwise in
10min at 0 �C, and stirred for 4 hr. The progress of the reaction was monitored on TLC. After
completion of the reaction, reaction mixture was poured on crushed ice. The solid obtained was
extracted with ethylacetate (2� 20mL) and washed with brine (2� 20mL). Thus, organic layer
was separated, dried over anhydrous Na2SO4. The solvent was removed under reduced pressure.
The obtained crude product was crystallized using ethanol/ethylacetate obtain pure compound (8-
methoxytetrazolo[1,5-a]quinolin-4-yl)methyl methanesulfonate.

Synthesis of 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline (3)

To a solution of (8-methoxytetrazolo[1,5-a]quinolin-4-yl)methyl methanesulfonate (1 equiv) in
dry DMF, sodium azide (2 equiv) was added and stirred at 80 �C for 2 hr. The progress of the
reaction was monitored on TLC. After completion of reaction, reaction mixture was poured on
crushed ice. The solid obtained was extracted with EtOAc (2� 25mL). The organic extract was
washed with water and brine. The solvent was removed under reduced pressure to afford crude
product 3, which was purified by crystallization using ethanol/ethylacetate with 92% yield. Mp
133–135 �C. 1H NMR (400MHz, DMSO-d6, d ppm): 4.05 (s, 3H, -OMe), 4.95 (s, N-CH2),
7.40–7.46 (m, 1H), 7.98–7.99 (d, 1H), and 8.15–8.25 (m, 2H). HRMS calculated [MþH]þ for
C11H10N7O: 256.0941, found: 256.0935.

8-Methoxy-4-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)tetrazolo[1,5-a]quinoline (5a)

The compound 5a as a pale pink solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and (prop-2-yn-1-yloxy)benzene
4a in 17 hr with 90% yield. Mp 150 �C. 1H NMR (200MHz, DMSO-d6, d ppm): 4.06 (s, 3H,
-OMe), 5.16 (s, N-CH2), 6.09 (s, O-CH2), 6.92–7.06 (m, 3H), 7.27–7.35 (m, 2H), 7.43–7.47 (d,
1H), 8.01 (s, 1H), 8.16 (s, 1H), 8.20 (s, 1H) and 8.44 (s, 1H). 13C NMR (50MHz, CDCl3, d ppm):
49.3, 56.8, 61.8, 99, 117, 117.6, 118.6, 125.1, 126, 129.7, 131.8, 131.9, 133.6, 143, 147.3, 157.4 and
162.3. HRMS calculated [MþH]þ for C20H17N7O2: 388.1516, found: 388.1513.

4-((4-((2-Chlorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-8-methoxytetrazolo[1,5-
a]quinoline (5b)

The compound 5b as a off white solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1-chloro-2-(prop-2-yn-1-ylox-
y)benzene 4b in 19 hr with 88% yield. Mp 139–140 �C. 1H NMR (200MHz, DMSO-d6, d ppm):
4.03 (s, 3H, -OMe), 5.14 (s, N-CH2), 6.06 (s, O-CH2), 7.02–7.06 (m, 2H), 7.29–7.45 (m, 3H),
7.98–7.99 (d, 1H), 8.13 (s, 1H), 8.17 (s, 1H), and 8.41 (s, 1H).

4-((4-((4-Chlorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-8-methoxytetrazolo[1,5-
a]quinoline (5c)

The compound 5c as a off white solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1-chloro-4-(prop-2-yn-1-ylox-
y)benzene 4c in 20 hr with 87% yield. Mp 180 �C. 1H NMR (200MHz, DMSO-d6, d ppm): 4.06
(s, 3H, -OMe), 5.17 (s, N-CH2), 6.09 (s, O-CH2), 7.05–7.09 (m, 2H), 7.32–7.37 (m, 2H), 7.43–7.48
(3, 1H), 8.01–8.02 (d, 1H), 8.16 (s, 1H), 8.20 (s, 1H), and 8.44 (s, 1H). 13C NMR (50MHz,
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CDCl3, d ppm): 48.8, 56.3, 61.3, 98.4, 116.5, 117, 118.1, 124.6, 125.5, 129.2, 131.2, 131.3, 133.1,
142.5, 146.8, 156.8, and 161.8. HRMS calculated [MþH]þ for C20H17N7O2Cl: 422.1127,
found: 422.1123.

8-Methoxy-4-((4-((o-tolyloxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)tetrazolo[1,5-
a]quinoline (5d)

The compound 5d as a pale pink solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1-methyl-2-(prop-2-yn-1-ylox-
y)benzene 4d in 17 hr with 89% yield. Mp 145 �C.

8-Methoxy-4-((4-((p-tolyloxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)tetrazolo[1,5-
a]quinoline (5e)

The compound 5a as a pale pink solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1-methyl-4-(prop-2-yn-1-ylox-
y)benzene 4e in 16 hr with 90% yield. Mp 152–153 �C.

4-((4-((2,4-Dimethylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-8-methoxytetrazolo[1,5-
a]quinoline (5f)

The compound 5f as a off white solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 2,4-dimethyl-1-(prop-2-yn-1-
yloxy)benzene 4f in 18 hr with 90% yield. Mp 135 �C. 1H NMR (200MHz, DMSO-d6, d ppm):
2.06 (s, 3H), 2.18 (s, 3H), 4.04 (s, 3H, -OMe), 5.10 (s, N-CH2), 6.07 (s, O-CH2), 6.93–6.96 (m,
3H), 7.39–7.45 (m, 1H), 7.99–8.00 (d, 1H), 8.13–8.17 (m, 2H), and 8.39 (s, 1H). HRMS calculated
[MþH]þ for C22H22N7O2: 416.1829, found: 416.1825.

4-((4-((4-Chloro-3-methylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-8-methoxytetrazolo
[1,5-a]quinoline (5 g)

The compound 5f as a pale pink solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1-chloro-2-methyl-4-(prop-2-
yn-1-yloxy)benzene 4g in 21 hr with 86% yield. Mp 150 �C. 1H NMR (200MHz, DMSO-d6, d
ppm): 2.27 (s, 3H), 4.04 (s, 3H, -OMe), 5.13 (s, N-CH2), 6.07 (s, O-CH2), 6.85–7.03 (m, 2H),
7.26–7.46 (m, 2H), 7.99–8.00 (d, 1H), 8.14 (s, 1H), 8.18 (s, 1H), and 8.41 (s, 1H). HRMS calcu-
lated [MþH]þ for C21H19N7O2Cl: 436.1283, found: 436.1283.

8-Methoxy-4-((4-((2,4,6-trichlorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)tetrazolo [1,5-
a]quinoline (5 h)

The compound 5h as a off white solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and 1,3,5-trichloro-2-(prop-2-yn-
1-yloxy)benzene 4 h in 22 hr with 86% yield. Mp 143–145 �C.

8-Methoxy-4-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)tetrazolo[1,5-a]quinoline (5i)

The compound 5i as a pale pink solid and was obtained via 1,3-dipolar cycloaddition reaction
between 4-(azidomethyl)-8-methoxytetrazolo[1,5-a]quinoline 3 and phenyl acetylene 4i in 19 hr
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with 88% yield. Mp 175–177 �C. 1H NMR (200MHz, DMSO-d6, d ppm): 4.07 (s, 3H, -OMe),
6.12 (s, N-CH2), 7.34–7.47 (m, 4H), 7.84–7.88 (m, 2H), 8.04–8.05 (d, 1H), 8.21–8.26 (m, 2H), and
8.72 (s, 1H). 13C NMR (50MHz, CDCl3, d ppm): 48.9, 56.3, 98.5, 117, 117.5, 118.1, 122.2, 125.2,
127.9, 128.9, 130.8, 131.3, 131.4, 133.1, 146.4, 146.9, and 161.8.

Experimental protocol for biological activity

Antibacterial activity

The antimicrobial susceptibility testing of newly synthesized compounds were performed in vitro
against bacterial strains viz., Gram positive Staphylococcus aureus (ATCC No. 29737), Micrococcus
luteus (ATCC No. 398), Bacillus cereus (ATCC No. 6630), and Gram negative Escherichia coli
(NCIM No. 2256), Pseudomonas fluorescens (NCIM No. 2173), and Flavobacterium devorans
(ATCC No. 10829), respectively, to find out MIC. The MIC (lg/mL) were defined as the lowest
concentrations of compound that completely inhibit the growth of each strain. Serial two-fold
dilutions of all samples were prepared in triplicate in micro titer plates and inoculated with suit-
ably prepared cell suspension to achieve the required initial concentration. Serial dilutions were
prepared for screening. Dimethyl sulfoxide (DMSO) was used as solvent control. Ampicillin,
kanamycin, and chloramphenicol were used as a standard antibacterial drug. The concentration
range of tested compounds and standard was 256–0.5 mg/mL. The plates were incubated at 37 �C
for all micro-organisms; absorbance at 595 nm was recorded to assess the inhibition of cell
growth after 24 hr. The compounds which are showing promising antibacterial activity were
selected for MIC studies. The MIC was determined by assaying at 256, 128, 64, 32, 16, 8, 4, 2, 1,
and 0.5 mg/mL concentrations along with standards at the same concentrations.

Antifungal activity

The antifungal activity was evaluated against different fungal strains such as Aspergillus niger
(NCIM No. 1196), Penicillium chrysogenum (NCIM No. 723), Curvularia lunata (NCIM No.
1131), Candida albicans (NCIM No. 3471), Aspergillus flavus (NCIM No. 539), and Cryptococcus
neoformans (NCIM No. 3378). Fluconazole, miconazole, and amphotericin B were used as stand-
ard drugs for the comparison of antifungal activity. The plates were incubated at 37 �C for all
micro-organisms; absorbance at 410 nm was recorded to assess the inhibition of cell growth after
48 hr. The lowest concentration inhibiting growth of the organisms was recorded as the MIC.
DMSO was used as a solvent or negative control. In order to clarify any effect of DMSO on the
biological screening, separate studies were carried out with solutions alone of DMSO and showed
no activity against any microbial strains. The compounds which are showing promising antifungal
activity were selected for MIC studies. The MIC was determined by assaying at 256, 128, 64, 32,
16, 8, 4, 2, 1, and 0.5 mg/mL concentrations along with standards at the same concentrations.

Antitubercular activity protocol

Compounds were tested for their in vitro effects against MTB H37Ra (ATCC 25177) which is sus-
ceptible to control drugs (Rifampicin, Isoniazid, Ethambutol, and Pyrazinamide). Compounds
were screened for their inhibitory effect on MTB by in vitro according to standard XTT
Reduction Menadione Assay (XRMA) protocol as described previously.38 Dimethyl Sulfoxide
(DMSO) was used as a solvent or negative control. In order to clarify any effect of DMSO on the
biological screening, separate studies were carried out with solutions alone of DMSO and showed
no activity against any mycobacteria. Rifampicin and Isoniazide was used as positive control for
assay. Primary screening was done against MTB at 30, 10, and 3 mg/mL concentration of
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compound. Those compounds were shown more than 90% inhibition at 30 mg/mL which were
selected for dose response. The MIC (in mg/mL) was recorded as the lowest concentration/highest
dilution of the compounds/control drugs that completely inhibited the growth of MTB cultures.

The in vitro effect of compounds against M. bovis BCG (ATCC 35743) was done according to
standard NR assay protocol as described previously.38 Briefly in NR assay, take 80 mL of culture
from incubated 96 well plate into another 96 well plate, then add 80 mL of 1% sulfanilic acid in
20% of conc. HCl, incubate it for 10min at room temperature then add 80mL of 0.1% NEDD
solution in D/W. Finally, the optical density of the suspension was measured at 540 nm using
micro plate reader. MIC and IC50 values were calculated using origin9 software. The % inhibition
of bacilli was measured using following formula,

% Inhibition ¼ ½ Abs of controlð Þ � Abs of test sampleð Þ= Abs of controlð Þ � Abs of blankð Þ�
� 100:

Control: cell growth in medium without compound, with DMSO
Test: cell growth in presence of compound
Blank: culture medium without cells.

DPPH radical scavenging activity

The hydrogen atom or electron donation ability of the compounds was measured from the
bleaching of the purple-colored methanol solution of 1,1-diphenyl-1-picrylhydrazyl (DPPH).39

The spectrophotometric assay uses the stable radical DPPH as a reagent. One milliliter of various
concentrations of the test compounds (5, 10, 25, 50, and 100 lg/mL) in methanol was added to
4mL of 0.004% (w/v) methanol solution of DPPH. After a 30-min incubation period at room
temperature, the absorbance was measured against blank at 517 nm. The percent inhibition (I %)
of free radical production from DPPH was calculated by the following equation.

% of scavenging ¼ ½ A control � A sampleð Þ=A blank� � 100

Where “A control” is the absorbance of the control reaction (containing all reagents except the
test compound) and “A sample” is the absorbance of the test compound. Tests were carried at
in triplicate.

Molecular docking

To gain an insight into the binding mode of quinoline-tetrazole-1,2,3-triazole derivatives into the
active site of fungal sterol 14a-demethylase (CYP51) enzyme and to increase the understanding of
their action as antifungal agents, the molecular docking study was performed using the Glide
(Grid-Based Ligand Docking with Energetics) program of Schrodinger molecular modeling
suite.47 Glide is an interactive molecular graphics program for analyzing the enzyme-inhibitor
interactions and identifying potential binding site of the bio-macromolecular targets. The algo-
rithm carries out a systematic search for favorable interactions between the ligand(s) and the tar-
get enzyme through a complete search of the conformational, orientation, and positional space of
the docked ligand by adopting a funnel type approach and eliminates unwanted conformations
using a scoring function followed by energy optimization. With this purpose, the starting coordi-
nates of the sterol 14a-demethylase (CYP51) in complex with its inhibitor-fluconazole were
retrieved from the Protein Data Bank (PDB) (www.rcsb.org) (PDB code: 3KHM) and further
modified to be used for Glide docking. The crystal structure was preprocessed the Protein
Preparation Wizard in Glide which involved eliminating the crystallographically observed water
molecules (as none of them were observed to be conserved), assigning the correct bond orders
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followed by addition of missing hydrogen atoms corresponding to pH 7.0 (considering the appro-
priate ionization states for the acidic as well as basic amino acid residues). Following the assign-
ment of appropriate charge and protonation state, the enzyme-inhibitor complex was subjected to
energy minimization (until the average root-mean-square deviation (RMSD) of the non-hydrogen
atoms reached 0.3 Å) using Optimized Potentials for Liquid Simulations-2005 (OPLS-2005) force
field in order to relieve the steric clashes among the residues due to addition of hydrogen atoms.
After ensuring that enzyme-inhibitor complex is in the correct form, the shape and properties of
the active site of the enzyme was characterized and setup for the docking study using the receptor
grid generation panel in Glide. With the non-covalently bound native ligand-fluconazole in place,
the active site grid was defined by a box of 10X10X10Å dimensions centered on the centroid of
fluconazole in the crystal complex which was sufficiently large to explore a bigger surface of the
enzyme. The co-crystallized ligand serves as the reference co-ordinate signifying the active site of
a ligand with respect to the target.

The 3D-structures of all the tetrazoloquinoline-1,2,3-triazole derivatives (3, 5a-i) were sketched
using the build panel within Maestro and were optimized using the LigPrep module which
involved addition of hydrogens, adjusting realistic bond lengths and angles, correcting the chiral-
ities, ionization states and ring conformations, and generation of tautomers. The partial atomic
charges were ascribed for these structures using the OPLS-2005 force-field and finally each of
these structures was subjected to energy minimization until energy gradient of 0.001 kcal/mol/Å
is reached. The optimized enzyme and ligand structures were then used as input for carrying out
docking study utilizing the extra precision (XP) Glide scoring function to rank the docking poses
and to estimate the binding affinities of these ligands to the target. This scoring function is
equipped with force field-based parameters accounting for contributions from van der Waals and
coulombic interaction energies along with terms for solvation, repulsive, hydrophobic, hydrogen
bonding, and metal-ligand interactions all integrated in an empirical energy functions. The output
files in terms of the docking poses of the ligands were visualized and analyzed for the key ele-
ments of interaction with the enzyme using the Pose Viewer utility in Maestro.
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ABSTRACT
An approach toward the synthesis of novel conjugates of 3,5-bis (aryli-
dene)-4-piperidones (DAP) pharmacophore with amide-linkage has been
developed via one-pot multicomponent reaction of aryl aldehydes, piperi-
dinone and 2-chloro-N-phenylacetamide using [Et3NH][HSO4] as a catalyst/
medium. Both substitutions on arylidene rings and piperidinone nitrogen
(substituted 2-chloro-N-phenylacetamide) were varied. The synthesized
conjugates were evaluated for their in vitro antitubercular activity against
M. tuberculosis H37Ra (MTB) and M. bovis BCG strains. Among the series,
compounds 4f, 4g, 4i and 4j showed remarkable broad spectrum antitu-
bercular activity with low IC50 values. Furthermore, computer docking sim-
ulations, for the most active conjugates were performed with the active
site of mycobacterial enoyl-acyl carrier protein reductase (InhA) support
the antitubercular activity. Lower cytotoxicity, high potency and promising
activity against MTB and M. Bovis BCG suggest that amide linked DAP
could serve as good leads for further modifications and development.
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Introduction

Tuberculosis is the ninth leading cause of death worldwide from a single infectious agent ranking
above HIV/AIDS. It is fatal airborne disease caused by Mycobacterium tuberculosis (Mtb) which
affects the lung and also responsible for infection in others sites of body.1 Global tuberculosis
report of 2017 given by World Health Organization (WHO), shows that TB is the leading cause
of deaths due to antimicrobial resistance and among people with HIV.2 Over 6.3 million new TB
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cases were notified to WHO by national authorities. In 2016 WHO estimates that there have
been emergence and increasing evidences of extensively drug resistance and multiple drug resist-
ance TB cases which results in global epidemic. Also, 4.9 lacs of new multidrug resistance TB
cases were reported as per global tuberculosis report given by WHO. It was also reported that
about 6 lacs new TB cases were found to exhibit resistance to most of the front-line drug against
TB like rifampicin.3 Hence, development of new therapeutic agents against TB is the urgent need
of time.

In recent years enormous efforts have made by organic chemists across the globe in the
development of structurally modified, therapeutically active curcumin analogues/derivatives.4

Monocarbonyl analogue of curcumin is one of the class of structurally modified and potentially
active curcuminoids obtained by removing b-diketone moiety and active methylene group from
curcumin.5,6 Monocarbonyl curcumin analogues exhibit a wide array of biological activities,7 such
as antileishmanial,8 antiparasitic,9 anti-inflammatory,10 antitumor and antioxidant,11 alzheimer’s
disease,12 antibacterial,13 anticancer14 and antitubercular activity are well reported15 (Figure 1).

Owing to the potential importance of curcumin derivatives as a key moieties in life sciences,
pharmaceuticals, agriculture, world-wide efforts have made in the last few decades by researchers
and various protocols have been developed for their synthesis16a using catalysts, such as NaOH/
EtOH,16b EtOH/KOH,16c piperidine/HCl,16d AcOH/HCl gas,16epiperidine, L-Proline/EtOH16f
and MgBr2.Et2O/Et3NH.16g The above methods suffer from one or more limitations such as the
use of excess or stoichiometric quantity, corrosive, which are non-recoverable and/or recoverable
with tedious separation procedures involving lots of toxic waste generation besides a long reaction
time and low yield for the desired product.

Ionic Liquids (ILs) have attracted interest because of alternative green reaction media due to
their unique chemical and physical properties such as low vapor pressure, high thermal and
chemical stability, good solvating ability, ease of recyclability, and controlled miscibility.17 Thus,
ILs are considered to be a safer alternative to original organic solvents as they are cleaner and
safer to use and reuse.18 The utility of Acidic Bronsted Ionic Liquid (ABIL), particularly
[Et3NH][HSO4]

19 has received considerable attention because, it is an inexpensive, nontoxic cata-
lyst as well as solvent for many organic transformations in excellent yields. Multicomponent reac-
tions (MCRs) are important class of organic transformations and increasing attention due to
their, efficiency, atom economy, short reaction times and diversity in organic synthesis.20

Moreover, use of solvent-free methods in MCRs makes the process safer, cleaner and easier to
perform.21 Thus, the utilization of MCRs coupled with environmentally benign solvent-free con-
dition is highly desirable.

Monocarbonyl analogues of curcumin (MACs) are key constituent and structural backbone of
many pharmaceutical and agricultural compounds and the development of more general and cost

Figure 1. Known MACs as an antimycobacterial agents.
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effective, one-pot multi-component protocols for their synthesis under more efficient, environ-
ment friendly conditions using recyclable, ecofriendly catalysts is still a possibility to explore.
Hence keeping in view the potential of MACs as an antitubercular agents and as part of our con-
tinuous efforts for the development of bioactive molecules22 using highly efficient, safer as cost
effective protocols,23,24 we would like to report herein, synthesis and antimycobacterial evaluation
of novel MACs by using [Et3NH][HSO4] as a medium/catalyst via one-pot multicompo-
nent approach.

Results and discussion

Chemistry

In a preliminary experimental investigation of the optimum reaction conditions regarding the
solvent, amount of catalyst and temperature. For this, benzaldehyde 1a (1mmol), piperidone 2
(1mmol) and 2-chloro-N-phenyl acetamide 3a (1mmol) were chosen as standard model sub-
strates for the synthesis of representative compound 4a via Clasien-Schmidt reaction-alkylation as
shown in Scheme 1.

The model reaction was carried out with 25mol% of [Et3NH][HSO4] as a catalyst in different
solvents (Table 1) at room temperature. In methanol (MeOH) and ethanol (EtOH), the reaction
took a longer time (6 h) with a moderate yield of the products (Table 1, entries 1 and 2). In N,N-
Dimethylformamide (DMF), a better yield of the product was obtained (Table 1, entry 3). Further,
the reaction carried out in tetrahydrofuran (THF) and acetonitrile (CH3CN), but again a lower yield
of the product (Table 1, entries 4, 5) obtained In Toluene, a good yield of the product was obtained
in 6 h (Table1, entry 6). However, when the model reaction was carried out under a solvent-free
condition, there is a significant increase in the yield of the product in a shorter period (Table1,
entry 7). Thus, solvent-free is the best condition for this Clasien-Schmidt reaction.

To optimize the concentration of catalyst, we further examined the influence of catalyst con-
centration on the reaction time and percentage yield. So, the model reaction was performed using
different concentration of catalyst 5, 10, 15, 20, 25 and 30mol% of [Et3NH][HSO4] at room

Scheme 1. Model reaction.

Table 1. Optimization of solvent and temperature.

Entry Solvent Temp Time (h) Yield(%)a

1 EtOH rt 6 60
2 MeOH rt 6 65
3 DMF rt 6 70
4 THF rt 6 55
5 CH3CN rt 6 50
6 Toluene rt 6 71
7 Solvent-free rt 2.5 82

Reaction conditions: 1a (1mmol), 2 (1mmol), 3a (1mmol) and 25mol%. [Et3NH][HSO4].
aIsolated yield.

POLYCYCLIC AROMATIC COMPOUNDS 3



temperature under solvent-free conditions and the product 4a was obtained in 40, 59, 69, 73, 82
and 82% yields, respectively.

Further, the yield of the product did not improve as the concentration of catalyst increased
(Table 2, entry 6). It was therefore concluded that the optimum concentration of catalyst was
25mol % (Table 2, entry 5). Thus, it is concluded that 25mol % of [Et3NH][HSO4] is sufficient
for the best result.

Further, the recyclability of the ionic liquid [Et3NH][HSO4]was then studied and the results
are shown in Table 3. After completion of the reaction, the reaction mixture was poured on ice
cold water and the product was extracted using ethyl acetate solvent. The filtrate was subjected
for evaporation of water to get viscous liquid, which on cooling afforded ionic liquid. Further,
the residual ionic liquid was washed with diethyl ether, dried under vacuum at 60 �C and reused
for subsequent reactions. It was then reused at least four consecutive cycles without much appre-
ciable loss in its catalytic activity (Table 3, entries 1–5).

The formation of compound 4a has been confirmed by IR, 1H NMR, 13C NMR and HRMS
spectral study. IR spectrum of 4a displayed characteristic signals for C¼O at 1707 and
1656 cm�1. In the 1H NMR spectrum of compound 4a, a sharp singlet resonating at around d
4.47 ppm for four protons, assigned to methylene groups of the piperidine ring. The peak
observed at d 4.12 ppm for the CH2 group attached to the N-phenylacetamide. 13C NMR spec-
trum was also in agreement with the proposed structure displaying characteristic signals for car-
bonyl at around d 187.2 and 169.5 ppm. Similarly, signals resonating at around d 57.5 and 50.5
have been assigned to methylene carbons of the piperidine and N-phenylacetamide ring. The
HRMS spectral analysis of the 4a was also conformity with the proposed structure. Similarly, the
structure of other derivatives was confirmed by physical and spectral data (Supplementary
information).

A plausible mechanistic pathway is proposed to illustrate the synthesis of monocarbonyl curcu-
min analogues catalyzed by [Et3NH][HSO4] (Scheme 2).

The initial step is believed to be the protonation of the carbonyl carbon of aldehyde 1a by
ionic liquid [Et3NH][HSO4] to form intermediate III and enolate formation of piperidinone II
which facilitates the nucleophilic attack of piperidinone to promote the formation of C-C bond to
yield intermediate IV. The subsequent protonation and elimination of H2O molecule via E1CB

Table 2. The effect of catalyst loading on model reaction 4a.a

Entry Catalyst (mol %) Yield (%)b

1 5 40
2 10 59
3 15 69
4 20 73
5 25 82
6 30 82
aReaction conditions: 1a (1mmol), 2 (1mmol), 3a (1mmol) and 25mol%. [Et3NH][HSO4].
bIsolated yield.

Table 3. Reusability of [Et3NH][HSO4] in the synthesis of 4a.a

Entry Reaction cycle Isolated yield (%)b

1 1st (fresh run) 82
2 2nd cycle 80
3 3rd cycle 78
4 4th cycle 78
5 5th cycle 74
aReaction conditions: 1a (1mmol), 2 (1mmol), 3a (1mmol) and 25mol%. [Et3NH][HSO4],rt.
bIsolated yield of products.

4 D. D. SUBHEDAR ET AL.

https://doi.org/10.1080/10406638.2020.1852288
https://doi.org/10.1080/10406638.2020.1852288


mechanism leads to the formation of intermediate V. Ionic liquid increases the electrophilicity of
2-chloro-N-phenylacetamide C-Cl carbon shown in structure VI. Then nucleophilic substitution
of 2-chloro-N-phenylacetamide by compound V expedite the formation of C-N bond to yield
compound VII. The final step involves deprotonation of intermediate VII leads to regeneration
of ionic to yield compound 4a.

So, having the optimized reaction conditions in hand, the scope and efficiency of this approach
were explored for the synthesis of highly functionalized amide linked 3,5-bis (arylidene)-4-piperi-
dones (Scheme 3) and the structures are given in Figure 2. The structures of all the synthesized
conjugates were confirmed by their physical data and spectral analysis.

Scheme 2. Plausible mechanistic catalytic cycle for the synthesis of compound 4a.
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Biological activity

Antitubercular activity

In a standard primary screening, all the newly synthesized 3,5-bis (arylidene)-4-piperidones 4a-l
were evaluated for their in vitro antitubercular activity against M. tuberculosis H37Ra and

M. bovis BCG at concentrations of 30, 10 and 3 lg/mL using an established XTT Reduction
Menadione assay (XRMA) method.25 The drug rifampicin was used as reference.

In general, compounds which showed more than 90% inhibition (SI, Table S1, S2) at 30 lg/mL
were confirmed by carrying out dose dependent effect using a range from 50 to 0.39 lg/mL to
determine IC50 and MIC with serial dilution in DMSO (Table 4).

Among all the prepared xanthene conjugates, compounds 4f, 4h, 4i, 4j, 4k and 4l are found
prominent antimycobacterial activities against MTB and M. bovis BCG strain with MIC values
1.89–26.37 and 2.69–29.14 mg/mL, respectively. However, rest of the xanthene conjugates 4a,
4b, 4c, 4d, 4e and 4g are inactive against MTB and M. bovis BCG strain with MIC ¼
>30 mg/mL.

Cytotoxic activity

The most active conjugates 4f, 4h, 4i, 4j, 4k and 4l were further evaluated against human cancer
cell lines (MCF-7, A549 and HCT 116) for toxicity and results are given in Table 5. The GI50/
GI90 (>250mg/mL) values of all the compounds (except 4k) indicate that the compounds are
potent and specific inhibitors against MTB. The primary cytotoxic study information is given in
supporting information (SI S3, S4 and S5).

Selectivity index (SI)

The selectivity index reflects the concentration of the compound at which it is active against
mycobacteria but not toxic toward host cells. A higher selectivity index of compounds indicates
that the can be used as a therapeutic agent. The compound 4f (SI > 12) showed very high SI,
which is actually good inhibitor of MTB and M. bovis BCG and the results are shown in Table 6.

Although the selectivity index of rifampicin is very high, it is important to consider the signifi-
cance of this study with respect to the developing resistance among microorganisms against avail-
able antibiotics. According to a study of Hartkoorn et al.26 on the drug susceptibility of TB,
antimycobacterial activity was considered to be specific when the selectivity index was >10. In
the current study compound 4f exhibited highest selectivity index of >10, indicating their poten-
tial as an antitubercular agent and should be investigated further.

Scheme 3. Synthetic pathway for 3,5-bis (arylidene)-4-piperidones.

6 D. D. SUBHEDAR ET AL.



Figure 2. Structures of synthesized MACs.

Table 4. Antitubercular screening results of compounds 4a-l (lg/mL)a.

Compound

MTB H37Ra M. bovis BCG

MIC IC50 MIC IC50
4a >30 >30 >30 >30
4b >30 >30 >30 >30
4c >30 >30 >30 >30
4d >30 >30 >30 >30
4e >30 >30 >30 >30
4f 20.57 1.89 22.33 2.69
4g >30 6.85 >30 7.33
4h >30 >30 >30 >30
4i >30 18.33 >30 6.94
4j 28.46 2.37 29.42 2.85
4k >30 26.37 >30 29.14
4l >30 27.64 >30 23.4
bRifampicin 0.045 0.0017 0.017 0.0015
aMIC in mg/mL. Antitubercular activity of all agents was firm by serial dose dependent dilutions method.
bStandard antitubercular drug rifampicin as a positive control. Data were expressed as the means of triplication. SD (±):
Standard Deviation.
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Antibacterial activity

For investigating the specificity of conjugates 4f, 4h, 4i, 4j, 4k and 4l were further screened for
their anti-bacterial activity against four bacterial strains. All the compounds (except 4i and 4l)
showed higher specificity toward MTB, because they display no anti-bacterial activity upto
100mg/mL (Tables 6 and 7).

Computational study

Molecular docking

Studies of whole genome sequence of MTB H37Ra showed the presence of genes which encodes
the components of the FAS-II system along with enzyme enoyl-acyl carrier protein reductase
(InhA) aids in elongation and synthesis of mycolic acids.27 We have carried out the docking
study of benzylidene-4-oxopiperidin-1-yl-N-phenylacetamide derivatives against mycobacterial
enoyl-acyl carrier protein reductase (InhA) which could give the important leads for treatment
of TB.

Table 5. Cytotoxicity activity.

Compound

MCF-7 A549 HCT-116

GI50 GI90 GI50 GI90 GI50 GI90
4f >250 >250 >250 >250 >250 >250
4h >250 >250 >250 >250 >250 >250
4i >250 >250 >250 >250 >250 >250
4j >250 >250 >250 >250 >250 >250
4k 188.58 >250 225.51 >250 219.11 >250
4l >250 >250 >250 >250 >250 >250
Rifampicin >100 >100 >100 >100 >100 >100
Paclitaxel 0.0048 0.075 0.0035 0.0706 0.1279 5.715

The GI50 (cytotoxicity) values were calculated as the concentration of compounds resulting in 50% reduction of absorbance
compared to untreated cells.

Table 6. SI of selected 3,5-bis (arylidene)-4-piperidones.

Compound

MCF-7 A549 HCT 116

MTB BCG MTB BCG MTB BCG

4f >12 >11 >12 >11 >12 >11
4h >8 >8 >8 >8 >8 >8
4i >8 >8 >8 >8 >8 >8
4j >6 >6 >8 >8 >7 >7
4k >9 >8 >9 >8 >9 >8
4l >8 >8 >8 >8 >8 >8
Rifampicin >133 >123 >133 >123 >133 >123

Table 7. Antibacterial activity of curcumin derivatives (MIC in mg/mL).

Compound
Gram-negative Gram-positive

E. coli P. fluorescens S. aureus B. subtilis

4f >100 >100 >100 >100
4h >100 >100 >100 >100
4i 18.54 20.99 20.61 22.48
4j >100 >100 >100 >100
4k >100 >100 >100 >100
4l 28.32 22.87 26.57 26.65
Ampicillin 1.46 4.36 1 10.32
Kanamycin 1.62 0.49 >30 1.35
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All the conjugates were successfully docked into the active site of mycobacterial InhA. The
docking score of most active compounds 4f, 4g and 4j were found to be �8.102, �7.960 and
�7.816, respectively. The interactions of these molecules with the active site of mycobacterial
InhA is shown in Figures 3–5, respectively. The lowest energy docking pose for 4f, 4g and 4j
revealed the presence of hydrogen bonding interactions between 4-oxo group of piperidine ring
and Ile194 with a distance of 1.966Å, 2.086Å and 1.900Å as observed in Figures 3–5, respect-
ively. These firm hydrogen bonding interactions helps in 3D orientation of these ligands within
the active site which increases the steric and electrostatic interactions of ligands with the amino
acid residues present within the active site of mycobacterial InhA.

The per residue interaction analysis showed that several strong van der Waals and electrostatic
interactions which played an important role for binding of benzylidene-4-oxopiperidin-1-yl-N-phe-
nylacetamide derivatives with the active site of mycobacterial InhA. (Data represented in Table S6
in SI.) In addition, one of the 4-fluoro phenyl ring of compound 4f and 4-chloro phenyl ring of
compound 4g and 4j showed the two p-p stacking interactions with amino acid Tyr158 and
Trp222 which were enclosed in the hydrophobic pocket of the active site of mycobacterial InhA
formed by the amino acids Pro193, Trp222, Met155 and Phe149 as observed in Figures 3–5.

Further, the other 4-fluoro phenyl ring of compound 4f and 4-chloro phenyl ring of com-
pound 4g and 4j fits into the hydrophobic pocket formed by the amino acid residues Ile21,

Figure 3. 2D and 3D view of binding of compound 4f with the active site of InhA.

Figure 4. 2D and 3D view of binding of compound 4j with the active site of InhA.
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Ala198, Ile95 and Ile16 present within the active site of mycobacterial InhA. Also, the phenyl ring
attached to acetamide group is embedded in the hydrophobic pocket formed by theMet103,
Mett98 and Phe97 amino acid residues present within the active site of mycobacterial InhA.
Therefore, from the docking studies, it is clear that these compounds have significant binding
with the active site of mycobacterial InhA. The hydrophobic substituents on aromatic rings
attached to piperidin-4-one ring are necessary for firm binding through p-p stacking interactions
with the active site of mycobacterial InhA. The –C¼O group attached to the piperidine is essen-
tial for firm binding with the active site through strong hydrogen bonding interactions with the
Ile194 amino acid residue present within the active site of mycobacterial InhA. Also, the phenyl
ring attached to the acetamide group is essential for binding since it perfectly fits into hydropho-
bic pocket formed by the amino acid residues of active site which helps in the firm binding of
these compounds with the active site of mycobacterial InhA. Hence, the mode of action of antitu-
bercular activity for these compounds might be through the inhibition of active site of mycobac-
terial InhA.

Conclusions

In conclusion, a novel, highly efficient, one-pot multi-component protocol has been developed
for the synthesis of 3,5-bis (arylidene)-4-piperidones in excellent yields using [Et3NH][HSO4] as a
catalyst at room temperature in a short reaction time. These analogues were evaluated for the first
time for antitubercular activity against the MTB H37Ra and M. Bovis BCG strains. However, the
compounds 4f, 4g and 4j exhibited IC50 values of 1.89, 6.85 and 2.37mg/ml against MTB H37Ra,
respectively. Compounds 4f, 4g, 4i and 4j showing excellent antitubercular activity against M.
Bovis BCG strain with IC50 values of 2.69, 7.33, 6.94 and 2.85 mg/mL, respectively. From the dock-
ing studies, the most active conjugates 4f, 4g and 4j showed hydrogen binding with the amino
acid residue Ile194 and two p-p stacking hydrophobic interactions with the amino acid residue
Tyr158 and Trp222 present in the active site of MTB InhA. Furthermore, evaluation of the data
on the cytotoxicity, antimicrobial activity and docking studies shows that the conjugates 4f, 4g, 4i
and 4j are highly selective toward the MTB H37Raand M. Bovis BCG strain.

Experimental section

Materials and methods

All chemicals and reagents were procured from Sigma Aldrich, S.D. Fine chemical and commer-
cial suppliers and used without further purification. The completion of the reactions was

Figure 5. 2D and 3D view of binding of compound 4g with the active site of InhA.
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monitored by thin-layer chromatography (TLC) on aluminum plates coated with silica gel 60
F254, 0.25mm thickness (Merck). The detection of the components was made by exposure to iod-
ine vapors or UV light. Melting points were determined by open capillary methods and are
uncorrected. The products were characterized using 1H NMR, 13C NMR spectra and HRMS. The
NMR spectra of the product were obtained using a Bruker AC-400MHz spectrometer with TMS
as the internal standard. High-resolution mass spectra (HRMS) were recorded on Agilent 6520
(QTOF) mass spectrometer.

Experimental procedure for the synthesis of [Et3NH][HSO4]
The synthesis of ionic liquid was carried out in a 100mL round-bottom flask, which was
immersed in a recirculating heated water-bath and fitted with a reflux condenser. Sulfuric acid
(98%) (1.96 g, 0.02mol) was added drop wise from triethylamine (2.02 g, 0.02mol) stirring at
60 �C for 1 h. After the addition, the reaction mixture was stirred for an additional period of 1 h
at 70 �C to ensure the reaction had proceeded to completion. The traces of water were removed
by heating the residue at 80 �C in high vacuum until the weight of the residue remains constant.

Triethylammonium hydrogen sulfate [Et3NH][HSO4]
1H NMR (400MHz, DMSO-d6): d ppm ¼ 1.16–1.23 (t, 9H, 3�CH3), 3.04–3.15 (q, 6H, 3�CH2)
and 8.85 (s, 1H, NH); 13C NMR (100MHz, DMSO-d6): d ppm ¼ 11.03 (CH3) and 52.6 (CH2);
FT-IR cm�1 3024 (for N-H stretch), 2815.74 (for C-H stretch), 1231.96 (for C-N stretch).

General procedure for one-pot synthesis of 2-((3E,5E)-3,5-dibenzylidene-4-oxopiperidin-1-yl)-N-
phenylacetamide (4a-l)
A mixture of the substituted aldehyde (1a-c) (1mmol), piperidinone (2) (1mmol) and various 2-
chloro-N-phenyl acetamides (3a-g) (1mmol) in 25mol% [Et3NH][HSO4] catalyst was stirred at
room temperature for 2.5 h. The progress of the reaction was monitored by TLC. After the com-
pletion of reaction confirmed by the TLC using n-hexane: ethyl acetate (8:2) as solvent system.
After completion of the reaction, the reaction mixture was poured on ice cold water and the
product was extracted using ethyl acetate solvent. The organic layer evaporated under vacuum on
rotavapor to get crude solid which further crystallized from ethanol to obtain a pure solid prod-
uct (4a-l). The aqueous filtrate was subjected for evaporation of water to get viscous liquid, which
on cooling afforded ionic liquid. Further, the residual ionic liquid was washed with diethyl ether,
dried under vacuum at 60 �C and reused for subsequent reactions. It was then reused at least
four consecutive cycles without much appreciable loss in its catalytic activity.

2-((3E,5E)-3,5-Dibenzylidene-4-oxopiperidin-1-yl)-N-phenylacetamide (4a): The compound
4a was obtained from 1a, 2 and 3a as yellow solid; Yield: 82%; Mp: 182–184 �C; IR (cm�1): 3030,
2985, 1707, 1656, 1591, 1555 and 1493; 1H NMR (400MHz, DMSO-d6, dppm): 9.76 (s, 1H, NH),
7.83 (s, 2H, -C¼H), 7.67–7.65 (m, 4H, Ar-H), 7.59–7.30 (m, 10H, Ar-H), 4.47 (s, 4H, -CH2) and
4.12 (s, 2H, -CH2);

13C NMR (100MHz, DMSO-d6, dppm): 187.2, 169.5, 145.8, 137.0, 136.6,
132.3, 131.5, 131.0, 130.9, 127.5, 126.7, 125.0, 123.3, 121.9, 119.7, 57.5 and 50.5; HRMS (ESI-
qTOF): Calcd for C27H25N2O2 [MþH]þ, 409.2838, found: 409.2842.

2-((3E,5E)-3,5-Dibenzylidene-4-oxopiperidin-1-yl)-N-(p-tolyl)acetamide (4b): The compound
4b was obtained from 1a, 2 and 3b as pale yellow solid; Yield: 75%; Mp: 205–207 �C; 1H NMR
(400MHz, DMSO-d6, dppm): 7.75 (s, 2H, -C¼H), 7.59–7.48 (m, 10H, Ar-H), 7.46–7.29 (m, 4H,
Ar-H), 4.48 (s, 4H, -CH2), 4.11 (s, 2H, -CH2) and 2.42 (s, 3H, CH3);

13C NMR (100MHz,
DMSO-d6, dppm): 183.8, 162.2, 142.2, 134.9, 131.7, 129.9, 129.8, 128.3, 124.2, 123.1, 115.2, 115.0,
114.6, 55.2, 51.3 and 21.1.
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2-((3E,5E)-3,5-Dibenzylidene-4-oxopiperidin-1-yl)-N-(4-methoxyphenyl) acetamide (4c): The
compound 4c was obtained from 1a, 2 and 3c as yellow solid; Yield: 76%; Mp: 181–183 �C; 1H
NMR (400MHz, DMSO-d6, dppm): 7.69 (s, 2H, -C¼H), 7.54–7.36 (m, 12H, Ar-H), 7.04–703
(m, 2H, Ar-H), 4.57 (s, 4H, -CH2), 4.37 (s, 2H, -CH2) and 3.84 (s, 3H, OCH3);

13C NMR
(100MHz, DMSO-d6, dppm): 184.9, 155.7, 136.5, 135.2, 132.2, 128.6, 125.6, 125.5, 123.5, 121.8,
121.3, 119.7, 119.1, 111.1, 57.3, 54.5 and 49.9; HRMS (ESI-qTOF): Calcd for C28H27N2O3

[MþH]þ, 439.1555, found: 439.1586.
2-((3E,5E)-3,5-Dibenzylidene-4-oxopiperidin-1-yl)-N-(3-methoxyphenyl) acetamide (4d): The

compound 4d was obtained from 1a, 2 and 3d as yellow solid; Yield: 71%;Mp: 198–200 �C; 1H
NMR (400MHz, DMSO-d6, dppm): 7.84 (s, 2H, -C¼H), 7.56–7.08 (m, 11H, Ar-H), 7.02–6.73
(m, 3H, Ar-H), 4.79 (s, 4H, -CH2), 4.46 (s, 2H, -CH2) and 3.89 (s, 3H, OCH3);

13C NMR
(100MHz, DMSO-d6, dppm): 185.1, 160.0, 140.3, 137.8, 135.3, 131.5, 129.4, 129.1, 127.8, 127.5,
127.1, 126.2, 124.3, 123.4, 122.6, 119.9, 56.4, 53.7 and 49.2.

N-(4-Chlorophenyl)-2-((3E,5E)-3,5-dibenzylidene-4-oxopiperidin-1-yl) acetamide (4e): The
compound 4e was obtained from 1a, 2 and 3f as pale yellow solid; Yield: 76%; Mp: 207–209 �C;
1H NMR (400MHz, DMSO-d6, dppm): 7.77 (s, 2H, -C¼H), 7.61–7.46 (m, 12H, Ar-H),
7.38–7.36 (m, 2H, Ar-H), 4.53 (s, 4H, -CH2) and 4.16 (s, 2H, -CH2);

13C NMR (100MHz,
DMSO-d6, dppm): 184.3, 168.1, 141.1, 136.7, 132.5, 131.6, 130.9, 137.3, 126.7, 126.3, 122.6, 122.3,
122.0, 121.8, 119.5, 55.3 and 49.6; HRMS (ESI-qTOF): Calcd for C27H24ClN2O2 [MþH]þ,
443.2032, found: 443.2005

2-((3E,5E)-3,5-Bis(4-fluorobenzylidene)-4-oxopiperidin-1-yl)-N-(4-methoxyphenyl)acetamide
(4f): The compound 4f was obtained from 1b, 2 and 3f as yellow solid; Yield: 78%; Mp:
232–234 �C; 1H NMR (400MHz, DMSO-d6, dppm): 7.83 (s, 2H, -C¼H), 7.60–7.58 (m, 4H, Ar-
H), 7.39–7.04 (m, 8H, Ar-H), 4.59 (s, 4H, -CH2), 4.03 (s, 2H, -CH2) and 3.91 (s, 3H, OCH3);

13C
NMR (101MHz, DMSO) d 183.9, 163.4, 162.1, 160.4, 136.1, 132.4, 130.9, 129.5, 127.5, 125.5,
122.1, 115.83, 57.3, 52.78, 46.58; HRMS (ESI-qTOF): Calcd for C28H25F2N2O3 [MþH]þ,
475.2342, found: 475.2364

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-phenylacetamide (4g): The
compound 4g was obtained from 1c, 2 and 3g as pale yellow solid; Yield: 80%; Mp: 186–188 �C;
1H NMR (400MHz, DMSO-d6, dppm): 7.79 (s, 2H, -C¼H), 7.53–7.46 (m, 4H, Ar-H), 7.44–7.16
(m, 9H, Ar-H), 4.40 (s, 4H, -CH2) and 4.08 (s, 2H, -CH2);

13C NMR (100MHz, DMSO-d6,
dppm): 184.1, 166.7, 160.8, 148.8, 148.2, 142.2, 138.7, 129.9, 129.8, 128.6, 128.4, 124.2, 123.1,
115.2, 115.0, 114.0, 57.4 and 51.5; ESI-MS: Calcd for C27H23Cl2N2O2 [MþH]þ, 478.1,
found: 478.0.

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-(p-tolyl)acetamide (4h): The
compound 4h was obtained from 1c, 2 and 3b as pale yellow solid; Yield: 82%; Mp: 175–177 �C;
1H NMR (400MHz, DMSO-d6, dppm): 7.77 (s, 2H, -C¼H), 7.49–7.43 (m, 8H, Ar-H), 7.30–7.25
(m, 4H, Ar-H), 4.50 (s, 4H, -CH2), 3.98 (s, 2H, -CH2) and 2.37 (s, 3H, CH3); 184.4, 143.1, 139.5,
135.1, 134.5, 133.5, 130.5, 129.7, 128.4, 125.3, 124.4, 115.3, 57.3, 49.6 and 21.5; ESI-MS: Calcd for
C28H25Cl2N2O2 [MþH]þ, 492.2, found: 492.0.

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-(m-tolyl)acetamide (4i): The
compound 4i was obtained from 1c, 2 and 3c as pale yellow solid; Yield: 75%; Mp: 201–203 �C;
1H NMR (400MHz, DMSO-d6, dppm): 7.81 (s, 2H, -C¼H), 7.47–7.43 (m, 8H, Ar-H), 7.30–7.02
(m, 4H, Ar-H), 4.48 (s, 4H, -CH2), 3.90 (s, 2H, -CH2) and 2.40 (s, 3H, CH3);

13C NMR
(100MHz, DMSO-d6, dppm): 185.8, 167.8, 144.8, 143.6, 139.5, 134.1, 129.3, 120.3, 119.2, 57.9,
55.8 and 21.2; ESI-MS: Calcd for C28H25Cl2N2O2 [MþH]þ, 492.4, found: 492.0.

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-(4-methoxyphenyl)acetamide
(4j): The compound 4j was obtained from 1c, 2 and 3d as yellow solid; Yield: 74%; Mp:
217–219 �C; 1H NMR (400MHz, DMSO-d6, dppm): 7.78 (s, 2H, -C¼H), 7.49–7.43 (m, 10H, Ar-
H), 7.00–6.99 (m, 2H, Ar-H), 4.48 (s, 4H, -CH2), 3.96 (s, 2H, -CH2) and 3.86 (s, 3H, OCH3);

13C
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NMR (100MHz, DMSO-d6, dppm): 186.4, 161.3, 137.6, 136.7, 132.7, 129.0, 126.2, 126.1, 124.9,
124.8, 124.0, 122.4, 121.7, 120.1, 56.8, 52.7 and 47.4; HRMS (ESI-qTOF): Calcd for
C28H25Cl2N2O3 [MþH]þ, 508.2652, found: 508.2629

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-(3-methoxyphenyl)acetamide
(4k): The compound 4k was obtained from 1c, 2 and 3e as yellow solid; Yield: 76%; Mp:
221–223 �C; 1H NMR (400MHz, DMSO-d6, dppm): 7.95 (s, 2H, -C¼H), 7.65–7.53 (m, 9H, Ar-
H), 7.11–6.85 (m, 3H, Ar-H), 4.53 (s, 4H, -CH2), 3.93 (s, 2H, -CH2) and 3.88 (s, 3H, OCH3);

13C
NMR (100MHz, DMSO-d6, dppm): 185.1, 161.7, 136.5, 134.6, 129.7, 129.3, 126.3, 126.0, 125.6,
125.3, 122.9, 122.5, 122.0, 121.2, 120.4, 120.2, 119.8, 119.3, 56.1, 52.4 and 49.0.

2-((3E,5E)-3,5-Bis(4-chlorobenzylidene)-4-oxopiperidin-1-yl)-N-(4-chlorophenyl)acetamide
(4l): The compound 4l was obtained from 1c, 2 and 3f as yellow solid; Yield: 78%; Mp:
190–192 �C; 1H NMR (400MHz, DMSO-d6, dppm): 8.05 (s, 2H, -C¼H), 7.84–7.80 (m, 9H, Ar-
H), 7.76–7.64 (m, 3H, Ar-H), 4.52 (s, 4H, -CH2) and 4.26 (s, 2H, -CH2);

13C NMR (100MHz,
DMSO-d6, dppm): 187.0, 168.9, 146.0, 144.8, 137.7, 136.7, 135.3, 130.4, 129.8, 132.4, 59.1 and
57.0; HRMS (ESI-qTOF): Calcd for C27H22Cl3N2O2 [MþH]þ, 512.4762, found: 512.4727.

Biological assay

Antitubercular activity

All the chemicals such as sodium salt XTT, DMSO, sulfanilic acid, sodium nitrate, NEED and
rifampicin were purchased from Sigma-Aldrich, USA. Dubos medium was purchased from
DIFCO, USA. Compounds were dissolved in DMSO and used as stock solution for further anti-
mycobacterial testing. Microbial strains such as Mycobacterium bovis BCG (ATCC 35734) and
Mycobacterium tuberculosis H37Ra (ATCC 25177) were obtained from AstraZeneca, India. The
stock culture was maintained at �80 �C and sub cultured once in a liquid medium before inocu-
lation into an experimental culture. Cultures were grown in Dubos media (enrichment media).
Mycobacterium pheli medium (minimal essential medium) was used for antimycobacterial assay.
It contains 0.5 g KH2PO4, 0.25 g trisodium citrate, 60mg MgSO4, 0.5 g aspargine and 2mL gly-
cerol in distilled water (100mL) followed by pH adjustment to 6.6. All the newly synthesized
compounds were screened in vitro against two Mycobacterium species such as Mycobacterium
tuberculosis H37Ra and Mycobacterium bovis BCG. Both species of Mycobacterium were grown
in Mycobacterium pheli medium. Screening of Mycobacterium tuberculosis H37Ra was done by
using XTT reduction menadione assay (XRMA) and Mycobacterium Bovis BCG screening was
done by using NR (Nitrate reductase) assay, both of them were developed earlier in our lab.25

Briefly, 2.5 ll of these inhibitor solutions were added in a total volume of 250ll of
Mycobacterium pheli medium consisting of bacilli. The incubation was terminated on the 8th day
for Active and 12 days for Dormant MTB culture. The XRMA and NR was then carried out to
estimate viable cells present in different wells of the assay plate. The optical density was read on
a micro plate reader (Spectramax plus384 plate reader, Molecular Devices Inc) at 470 nm filter
for XTT and at 540 nm filter for NR against a blank prepared from cell-free wells. Absorbance
given by cells treated with the vehicle alone was taken as 100% cell growth. Primary screening
was done at 30, 10 and 3 mg/ml. Compounds showing 90% inhibition of bacilli, at or lower than
30mg/mL were selected for further dose response curve. All experiments were performed in tripli-
cates and the quantitative value was expressed as the average ± standard deviation. MIC and IC50

values of selected compound were calculated from their dose response curves by using Origin 6
software. % Inhibition was calculated by using following formula: % Inhibition ¼ [(absorbance of
compound� absorbance of Test)/(absorbance of Control – absorbance of Blank)]� 100, where
control is the medium with bacilli along with vehicle and blank is cell free medium.
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Cytotoxicity activity

Three human cancer cell lines, HeLa (human cervical cancer cell line), A549 (human lung adenocarcin-
oma cell line) and PANC-1 (human pancreas carcinoma cell line) were used to check the cytotoxicity of
compounds. The cell lines were obtained from the American Type Culture Collection (ATCC) and main-
tained in T 25 flasks with 10% (v/v) fetal bovine serum (FBS) containing Dulbecco’s Modified Eagle
Medium (DMEM). Cell line containing T 25 flasks were maintained at 37 �C under 5% CO2 and 95% air
in a humidified atmosphere. Medium were replaced twice a week. All the compounds were tested for
their cytotoxicity against HeLa, A549 and PANC-1 cell line by using modified MTT assay.28 Briefly, cells
were seeded as, 1.5� 104 cells/ml for HeLa, 1� 104-cells/well for A549 and PANC-1 in a 96 well plate.
The plates were incubated for 24h into CO2 incubator (37 �C under 5% CO2 and 95% air in a humidified
atmosphere) to adhere the cells. After incubation, compound was added in such a way that final concen-
tration becomes 30, 10, and 3mg/ml in the test well. Concentrations ranges of compound were selected as
30, 10 and 3mg/ml of each. Again, plates were incubated for additional 72h for HeLa and 48h for A549
and PANC-1 to see the effect of compound on cells. After that, cell medium was replaced with 100ml of
Glucose-MTT (0.5mg/ml)-PBS medium and kept the plate for 2–4h to form the reduced MTT or
Formazan crystals. This reduced MTT or Formazan crystals were solubilized by addition of acidified iso-
propanol. The optical density was read on a micro plate reader (Spectramax plus 384 plate reader,
Molecular Devices Inc) at 470nm filter against a blank prepared from cell-free wells. Absorbance given by
cells treated with the vehicle alone was taken as 100% cell growth. All the experiments were performed in
triplicates and the quantitative value was expressed as the average± standard deviation. GI50 and MIC val-
ues were calculated by plotting the graphs, by using Origin Pro software. The viability and growth in the
presence of test material is calculated by using the following formula: % cytotoxicity ¼ [(average absorb-
ance of control-absorbance of compound)/(absorbance of control-absorbance of blank)]� 100, where
control is the culture medium with cells and DMSO and blank is the culture medium without cells.

Selectivity index

The selectivity index (SI) was calculated by dividing the 50% growth inhibition concentration
(GI50) for cell lines (HeLa, A549 and PANC-1) by the MIC for in vitro activity against active/dor-
mant MTB and BCG.29

Anti-bacterial activity

All bacterial cultures were first grown in LB media at 37 �C at 180 RPM. Once the culture reaches
1O.D, it is used for antibacterial assay. Bacterial strains E. coli (NCIM 2688), P. fluorescens
(NCIM 2036) as Gram-negative and B. subtilis (NCIM 2079), S. aureus (NCIM 2010) as Gram-
positive were obtained from NCIM (NCL, Pune) and were grown in Luria Burtony medium from
Himedia, India. The assay was performed in 96 well plates after 8 and 12 h. for Gram-negative
and Gram-positive bacteria, respectively. 0.1% of 1 OD culture at 620 nm was used for screen-
ing.30 0.1% inoculated culture was added in to each well of 96 well plate containing the com-
pounds to be tested. Optical density for each plate was measured at 620 nm after 8 h for Gram
negative bacteria and after 12 h for Gram-positive bacteria.

Computational study

Molecular docking study

To understand mode of action for antitubercular activity of the synthesized benzylidene-4-oxopi-
peridin-1-yl-N-phenylacetamide derivatives, molecular modeling and docking studies were
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performed. Glide 5.831 was used to perform docking studies using crystal structure of mycobac-
terium tuberculosis enoyl-acyl carrier protein reductase (InhA) (PDB id:1ZID).

The structures of the compounds were drawn using 2D-sketcher present in Maestro 9.332 and
were converted from 2D into 3D representations and saved in maestro format. For further com-
putational studies, compounds were prepared using LigPrep 2.533 which gives the low-energy
conformers, 3D structures with correct chiralities for each successfully processed input structure.
The protein was purified using the protein preparation wizard present in Maestro 9.3. All the
water molecules were deleted. Bond order was assigned and H-atoms were added to the protein,
including the protons necessary to define the correct ionization and tautomeric states of the
amino acid residues. Missing residues of the side chain were added using Prime 3.1.34 Protein
refinement was done in two steps. Initially, orientation of polar hydrogens, flip terminal amides
and histidines was optimized and the protonation states were adjusted. Further, steric clashes
potentially existing in the protein were relaxed using the OPLS-2005 force field present in the
impact refinement module. Minimization was terminated when the energy converged or the root
mean square deviation reached a maximum cut off of 0.30Å.35 To predict the active site of the
receptor, a grid was generated using grid generation panel of glide with the default settings. Grid
is generated to define the binding site of co crystallized ligand in the receptor. The ligand was
selected to define the position of active site and size of the enclosing box was set to 20Å to
include the significant part of 1ZID.
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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.
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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
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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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Nanostructured N doped TiO2 efficient stable
catalyst for Kabachnik–Fields reaction under
microwave irradiation†

Sachin P. Kunde,ab Kaluram G. Kanade, *ac Bhausaheb K. Karale,a

Hemant N. Akolkar,a Sudhir S. Arbuj, d Pratibha V. Randhavane,a Santosh T. Shinde,a

Mubarak H. Shaikha and Aniruddha K. Kulkarnie

Herein, we report nitrogen-doped TiO2 (N-TiO2) solid-acid nanocatalysts with heterogeneous structure

employed for the solvent-free synthesis of a-aminophosphonates through Kabachnik–Fields reaction.

N-TiO2 were synthesized by direct amination using triethylamine as a source of nitrogen at low

temperature and optimized by varying the volume ratios of TiCl4, methanol, water, and triethylamine,

under identical conditions. An X-ray diffraction (XRD) study showed the formation of a rutile phase and

the crystalline size is 10 nm. The nanostructural features of N-TiO2 were examined by HR-TEM analysis,

which showed they had rod-like morphology with a diameter of �7 to 10 nm. Diffuse reflectance

spectra show the extended absorbance in the visible region with a narrowing in the band gap of 2.85 eV,

and the high resolution XPS spectrum of the N 1s region confirmed successful doping of N in the TiO2

lattice. More significantly, we found that as-synthesized N-TiO2 showed significantly higher catalytic

activity than commercially available TiO2 for the synthesis of a novel series of a-amino phosphonates via

Kabachnik–Fields reaction under microwave irradiation conditions. The improved catalytic activity is due

to the presence of strong and Bronsted acid sites on a porous nanorod surface. This work signifies N-

TiO2 is an efficient stable catalyst for the synthesis of a-aminophosphonate derivatives.

1 Introduction

In recent years, organophosphorus compounds have received
much attention due to their widespread applications in
medicinal and agriculture industries.1,2 a-Aminophosphonates
are one such biological important framework that are structural
mimics of amino acids. For example, glyphosate (N-(phospho-
nomethyl)glycine) is extensively utilized in agriculture as
a systemic herbicide and Alafosfalin is used as an antibacterial
agent3 (Fig. 1). The bioactivity of these molecules such as anti-
microbial,4 antioxidant,5 anti-inammatory,6 enzyme inhibi-
tors7 and antibacterial8 is one of the reasons for them to be of

immense interest in synthetic organic chemistry. It has been
demonstrated that on incorporation of heterocycles such as
thiophene,9 benzothiazoles,10 thiadiazoles,11 and pyrazole12 into
the a-aminophosponates scaffold, the resulting compounds
exhibited interesting biological activities. Pyrazole derivatives of
a-aminophosponates have been rarely reported in the litera-
ture,13,14 thus synthesis of novel pyrazole derivatives of a-ami-
nophosponates is important to research.

Although several protocols for the synthesis of a-amino-
phosponates are reported, one of the most important is the
Kabachnik–Fields reaction.15,16 This involves a one-pot three-
component coupling of a carbonyl compound, an amine and
alkylphosphite. These protocols has been accomplished in
presence of a variety of catalyst such as TiCl4,17 CuI,18 hex-
anesulphonic sodium salt,19 triuoroacetic acid (TFA),20

In(OTf)3,21 BiCl3,22 Cu(OTf)2,23 SbCl3/Al2O3,24 InCl3,25 LiClO4,26

ZrOCl2,27 TsCl,28 Mg(ClO4)2,29 and Na2CaP2O30 in presence or

Fig. 1 Some biological active a-aminophosphonate.
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even in the absence of a solvent. However, most of these existing
procedures are sluggish, require long reaction times, use of
strong acidic conditions, give unsatisfactory yields and also
suffer from the formation of many side products. Moreover, in
all alternatives microwave reaction proved to be a kind of
promising medium for such reaction.31

In the last few years, the application of transition metal
oxides gained particular interest as a heterogeneous catalyst for
various organic synthesis.32 Among all transition metal oxides
the use of nanocrystalline titania (TiO2) has been grown exten-
sively owing to their outstanding physiochemical properties,
which furnished their wide applications in sensors,33

pigments,34 photovoltaic cells,35 and catalysis.36 Also, the use of
potential titania catalyst attracted in organic synthesis due to its
environmental compatibility, inexpensive, safe, stable, reusable
and earth-abundant. It has been proven the desired property of
TiO2 was attained by fullling requirements in terms of unique
morphology, high crystallinity and mixed-phase composition,

the ability of oxidizing and reducing ability under suitable
irradiation makes promising greener alternative approach
towards important organic transformations compared to other
expensive, toxic, transition metal oxides. Moreover, the phase
composition and the degree of crystallinity of the titania sample
plays an important role in catalytic activity.8 In the past several
organic transformations such as oxidation of primary alco-
hols,37 synthesis of xanthenes,38 Friedel–Cras alkylation,39

Beckmann rearrangement40 efficiently utilizes TiO2 as a hetero-
geneous reusable catalyst. In the literature several reports have
been debated to inuence nitrogen doping on photocatalytic
activity of nanocrystalline TiO2. However, the effect is unre-
vealed for catalytic applications in organic synthesis. Recently,
Hosseini-Sarvari explored the use of commercial TiO2 in the
synthesis of a-aminophosponates via Kabachnik–Fields
reactions.41

In present investigation, we have prepared nanostructured N
doped TiO2 and also investigation emphasis was given on the
synthesis of a series of a novel diethyl(1-phenyl-3-(thiophen-2-
yl)-1H-pyrazol-4-yl)(phenylamin) methylphosphonates under
microwave irradiation.

2 Experimental sections
2.1 Synthesis of N doped TiO2 nanorods

The nanostructured N-TiO2 were synthesized by previously re-
ported method with some modication.42,43 In a typical proce-
dure, 0.5 mL of titanium tetrachloride (TiCl4) was added in
absolute methanol (25 mL) with constant stirring at room
temperature. To this solution requisite quantity a 0.1–2 M
aqueous triethylamine solution is injected rapidly. The result-
ing solution was reuxed for 24 h with constant stirring. The
white precipitate formed was collected and washed with ethanol
several times followed by centrifugation (10 000 rpm for 20
min). The precipitate was dried at 473 K for 24 h. To control the
nal morphologies of samples, the sample were synthesized as
function of volume ratio of TiCl4, methanol, water, and trie-
thylamine. The sample prepared in volume ratio 1 : 10 : 50 : 0,
1 : 10 : 50 : 1, 1 : 10 : 50 : 2, 2 : 10 : 50 : 2, and 2 : 10 : 50 : 4
were denoted as TN0 (pure TiO2), TN1, TN2, TN3 and TN4
respectively.

2.2 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde

1-Phenyl-5-(thiophene-2-yl)-1H-pyrrole-3-carbaldehyde were ob-
tained via the Vilsmeier–Haack reaction of the appropriate
phenylhydrazones, derived from the reaction of 2-acetyl thio-
phene with phenylhydrazine44 (Scheme 1).

2.3 Synthesis of diethyl(1-phenyl-3-(thiophene-2-yl)-1H-
pyrazole-4-yl)(phenylamino)methylphosphonates

In a typical procedure, the pyrazolealdehyde 1 (1 mmol), aniline
2 (1 mmol), triethyl phosphite 3 (1.1 mmol) and N-TiO2

(12 mol%) were taken in a round bottom ask equipped with
a condenser and subjected to microwave irradiation for (10–15
min) using 420 W (RAGA's Microwave system) (Scheme 3). The

Scheme 1 Synthesis of 1-phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-
carbaldehyde.

Fig. 2 X-ray diffraction patterns of (a) TN0 (TiO2), (b) TN1, (c) TN2 (d)
TN3 (e) TN4.

Table 1 Phase composition and crystallite size of as-prepared
samples from analysis of XRD

Sample Rutile Anatase
Crystallite size
(nm)

TN0 100 0 25
TN1 98 2 19
TN2 94 6 16
TN3 95 5 12
TN4 91 9 9
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progress of the reaction was monitored by TLC. Aer the reac-
tion was completed, the reaction mixture extracted using ethyl
acetate and insoluble catalyst separated by ltration. The crude
product was puried by silica gel column chromatography
using n-hexane/ethyl acetate as eluent. The product structure
was determined by FTIR, 1H NMR, and LS-MS.

2.4 Samples characterization

The phase purity and crystallinity were examined by X-ray
diffraction (XRD) technique (Advance, Bruker AXS D8) using
Cu Ka1 (1.5406 Å) radiation with scanning 2q range from 20 to
80�. For FETEM analysis samples were prepared by evaporating
dilute solution on carbon-coated grids. FE-TEM measurements
were carried using the JEOL SS2200 instrument operated at an

accelerating voltage of 300 kV. The Brunauer–Emmett–Teller
(BET) surface area of nanocatalysts was examined using the
Quantachrome v 11.02 nitrogen instrument. The optical prop-
erties of the powder samples were studied using UV-vis diffuse
reectance absorption spectra (UV-DRS) were recorded on the
Perkin-Elmer Lambada-950 spectrophotometer in the wave-
length range of 200–800 nm. Powder samples were used for XPS
measurements. The XPS measurements of powdered samples
were carried out on a VG Microtech ESCA3000 instrument.
Fourier transform infrared (FTIR) spectra of prepared samples
were recorded on a Shimadzu Affinity 1-S spectrophotometer in
over a range of 400–4000 cm�1. 1H NMR was recorded in DMSO-
d6 solvent on a Bruker Advance-400 spectrometer with tetra-
methylsilane (TMS) as an internal reference.

3 Results and discussions
3.1 Structural study

Nanostructured TiO2 and N doped TiO2 were synthesized by
a simple reuxing method. The phase purity and phase
formation of as-synthesized material were analysed by powder
X-ray diffraction pattern. Fig. 2 compares powder XRD patterns
of TiO2 and N doped TiO2 samples. The peak position and peak
intensity of the pure TiO2 powder can be indexed into rutile
phases (Fig. 2). Further, it is observed that an increase in the
amount N-dopant (triethylamine) the intensity of the diffraction

Fig. 3 HR-TEM images of (a–c) TN0, (d–f) TN1, and (d–f) TN2; inset c,
f and h SAED pattern of TN0, TN2 and TN3 respectively.

Fig. 4 HR-TEM images of (a–c) TN3 and (d–f) TN4; inset c, and f SAED
pattern of TN3, and TN4 respectively.

Fig. 5 Nitrogen (N2) adsorption–desorption isotherms of (a) TN0
(TiO2), (b) TN2 (N-TiO2), (c) TN4 (N-TiO2). Insets shows their corre-
sponding pore size distributions.

Table 2 BET specific surface area and pore size distribution of TiO2

and N-TiO2

Sample
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore radius
(Å)

TN0 21.956 0.051 18.108
TN2 40.359 0.215 30.811
TN4 53.589 0.101 18.041

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 26999
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peaks of the rutile phase decreases, while that of anatase phase
increases, indicating that the fraction of the anatase phase
gradually increases at the expense of the rutile phase during this
condition (sample TN2–TN4). The phase composition of rutile
and anatase phase of TiO2 evaluated from the peak intensity
using the following equation,

fA ¼ 1

1þ 1

K

IR

IA

K ¼ 0 : 79; fA . 0:2;K1=40 : 68; fA # 0:2

where fA is the fraction of the anatase phase, and IA and IR are
the intensities of the anatase (1 0 1) and rutile (1 1 0) diffraction
peaks, respectively. The higher molar concentration of trie-
thylamine is favourable for the transformation from rutile to
anatase.45,46 Therefore, the phase composition of TiO2 samples,
i.e. the fraction of anatase and rutile, can be facilely controlled
through adjusting the concentration of triethylamine. The
slight shi of rutile (1 1 0) diffraction peaks towards a higher
angle with an increase in the amount of N dopant suggesting

the incorporation of nitrogen in the TiO2 crystal structure. The
crystallite size is calculated from each (1 1 0) peak in the XRD
pattern using the Sherrer formula.39 The average crystalline size
are 25, 19, 16, 12 and 9 nm for TN0, TN1, TN2, TN3, and TN4
respectively (Table 1). From, XRD analysis it is clear that with an
increase in the concentration of nitrogen in TiO2, fraction of
anatase increases phase and crystalline size decreases.

3.2 Surface and morphological study

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analysis were per-
formed to study morphology and crystallinity of as-synthesized
pure and N doped TiO2 materials (Fig. 3). The pure TiO2 (TN0)
sample seems owerlike nanostructures (Fig. 3a). At high-
resolution it reveals that each ower microstructure consist-
ing several nanorods. The length of nanorods are in the range of
50–70 nm and diameter is about 10–15 nm (Fig. 3b). Fig. 3c
shows the lattice fringes of the material with interplanar
spacing d spacing 0.33 nm matches well (1 0 0) plane of rutile
TiO2. Fig. 3c inset shows a selected area diffraction pattern in
which bright spots observed that conrm the TiO2 nanorods are
in nanocrystalline nature. It was observed that addition of N
dopant, resulting sample TN1 and TN2 grows into new super-
structure consisting nanorods of length 30–50 nm and spheres

Fig. 6 UV-DRS spectra of (a) TN0 (TiO2), (b) TN1 (c) TN2 (d) TN3 (N-
TiO2), (e) TN4. Insets shows Tauc plot of TiO2 and N-TiO2 samples.

Fig. 7 FTIR spectra of (a) TN0 pure (TiO2), (b) TN1 (N-TiO2), (c) TN2, (d)
TN3 and (e) TN4.

Fig. 8 (a and b) High resolution spectrum of N 1s region (c) high
resolution spectrum of Ti 2p region (d) high resolution spectrum of O
1s region.

Scheme 2 Standard model reaction.
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of diameter 20–30 nm, particles size is obviously smaller than
TN0 (Fig. 3d and h). HRTEM results are consistent with XRD
results. The d-spacing is about 0.325 Å between adjacent lattice
planes of the N doped TiO2.

It was revealed that with doubling concentration of TiCl4,
sample TN3 and TN4 were grown into very ne agglomerated
nanorods (Fig. 4). Further, it is observed that these nanorods
having size in length 30–40 nm and diameter is around 7–10 nm
which is lower than pure TiO2. Fig. 4f inset shows selected area
diffraction pattern shows, surprisingly, ring-like pattern unlike
TiO2, indicates N-TiO2 nanorods are in polycrystalline nature.
From HR-TEM results it is concluded that increase in concen-
tration of TiCl4 and triethylamine reduces the size of the
nanorods.

The specic surface area of as-prepared samples was studied
by (N2) nitrogen gas adsorption–desorption measurement at 77
K using the Brunauer–Emmett–Teller (BET) method. The N2

adsorption–desorption isotherm of N-TiO2 nanoparticles is
shown in Fig. 5. The pure TiO2 shows type IV isotherm
according to IUPAC classication,47 which are typical charac-
teristics of a material with pore size in the range of 1.5–100 nm
Fig. 5a. The shape of the hysteresis loop is H3 type may asso-
ciates due to the agglomeration of nanoparticles forming slit-
like pores, reected in TEM images. At higher relative pres-
sure (p/p0) the slope shows increased uptake of adsorbate as
pores become lled; inection point typically occurs near

completion of the rst monolayer. The BET surface area of pure
TiO2 is found to be 21.956 m2 g�1. The pore size distribution of
prepared samples was investigated by Barrett–Joyner–Halenda
(BJH) method Fig. 5(a)–(c) insets. The average pore diameter of
pure TiO2 nanoparticles is 18 nm which demonstrates the
material is mesoporous nature. Further, it is observed that the
incorporation of nitrogen in TiO2 nanoparticles the surface area
shis towards higher values. The adsorption–desorption
isotherms of nitrogen-doped TiO2 samples display the type II
isotherm according to IUPAC classication.46 The specic BET
surface area of samples TN2 and TN4 are 40.359 m2 g�1 and
53.589 m2 g�1 respectively (Fig. 5b and 4c). This observation
species a decrease in the particle size of TiO2 nanoparticles
specic surface area increases which are in consisting of XRD
and TEM results. The Brunauer–Emmett–Teller (BET) specic
surface areas, pore volumes and mean pore and mean pore
diameters of samples TN0, TN2, and TN4 are summarized in
Table 2.

3.3 Optical and electronic property studies

The optical property of the as-synthesizedmaterial was analyzed
by UV-Vis diffuse absorbance spectra as shown in Fig. 6. Fig. 6
displays the comparative UV-DRS spectra of pristine TiO2 and
a series of N doped TiO2 samples. The absorption edge for the
pure TiO2 (TN0) is observed at around 410 nm (Fig. 6a), which is
consistent with the band gap of the rutile phase.45 The N doped
TiO2 nanostructures show strong absorption in the visible
region (410–600 nm). The redshi clearly indicates the

Table 3 Comparative study of catalysts used for the synthesis of a-
aminophosphonatea

Entry Catalyst Time (minutes) Yieldb (%)

1 — 20 Trace
2 Acetic acid 20 30
3 Commercial ZnO 15 20
4 Commercial TiO2 15 30
5 TN0 10 72
6 TN1 10 73
7 TN2 10 76
8 TN3 10 85
9 TN4 10 95

a Reaction condition: aldehyde(1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), catalyst, MW power 420 watt. b Isolated
yield.

Fig. 9 (A) Progress of reaction (a) TN0 (b) TN1 (c) TN2 (d) TN3 and (e)
TN4. (B) Reusability of catalyst TN4; reaction condition: aldehyde (1a)
(1 mmol), aniline (2a) (1 mmol), triethylphosphite 3 (1.1 mmol), N-TiO2

(12 mol%), MW power 420 watt.

Table 4 Optimization of the concentration of catalysta

Sr. no.
Concentration of catalyst
(mol%) Yieldb (%)

1 3 69
2 6 76
3 9 86
4 12 95
5 15 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, MW power 420 watt.
b Isolated yield.

Table 5 Screening of solventsa

Entry Solvent Yield (%)b

1 Ethanol 85
2 Methanol 87
3 Dichloromethane 55
4 THF 58
6 Toluene 60
7 Neat 95

a Reaction condition: aldehyde (1a) (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 catalyst, solvent, MW power 420
watt. b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27001
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successful doping of N in the lattice of TiO2. Moreover, as the
concentration of triethylamine increases redshi of N-TiO2 also
increases which conrms higher nitrogen doping and a higher
fraction of absorption of photons from the visible region. The
band gap of as-synthesized material calculated by using the
Tauc plot shown in Fig. 6 (insets). The band gap (Eg) for the
sample TN0, TN1, TN2, TN3, and TN4, were observed to 3.15,
3.09, 3.07, 3.03 and 2.85 eV respectively. The decrease in the
band gap is attributed to higher mixing of the (O/N) 2p level is
developed in the Ti-3d level falls at the top of the VB, therefore,
band gap reduced compared to the pristine TiO2 nanostructure.

3.4 FT-IR spectroscopy

Fig. 7 shows comparative FTIR spectra for pure and N doped
TiO2. The absorption peak signal in the range of 400–1100 cm�1

is characteristic of the formation of O–Ti–O lattice. The
absorption at 668 cm�1, 601 cm�1, 546 cm�1 and 419 cm�1

corresponds to Ti–O vibrations.48,49 Further, for the sample
TN1–TN3 the IR bands centred at 1400–1435 cm�1 indicates
nitrogen doping in the TiO2 sample. The band located at
1070 cm�1 is attributed to Ti–N bond vibrations. Also, it is
observed that the band at 1335 cm�1 for pure TiO2 is shied
towards longer wavenumber 1430 cm�1 supports for the claim
of N doping in TiO2 lattice. Further it is also observed that some
of the minor the peaks of pure TiO2 are rather different than the
N-doped TiO2, this indicates the incorporation of nitrogen in
TiO2 lattices. The peak centered at 1600–2180 cm�1 is ascribed
due to –OH stretching frequency. From, IR spectra it is clear
that N is successfully incorporated in the lattice of TiO2.

3.5 X-ray photoelectron spectroscopy

The XPS were used for chemical identication and electronic
state of dopant nitrogen in sample TN2 and TN4. The high
resolution XPS spectra of N 1s on deconvolution shows two
different peaks at 399.6 and 401.5 eV indicates nitrogen present
in two different electronic state (Fig. 8a and b). The peak at
399.6 is attributed to presence of interstitial N or N–Ti–O
linkage. The result is consistent with previous reports.43 The
peak at 401.5 is attributed to presence of N in oxidized state as
NO or NO2. The concentration of nitrogen on surface of TN2
and TN4 are 2.8% and 3.4% respectively. Fig. 8c shows the peak
at 458.8 and 458.3 is attributed to Ti 2p3/2 and Ti 2p1

2
, in good

agreement the presence of Ti(IV) in TiO2. The peak at binding
energy 530.1 and 530.2 eV of sample are attributed to O 1s
(Fig. 8d).

3.6 Catalytic study in synthesis of a-aminophosponates

In order to nd out the best experimental condition, the reac-
tion of pyrazolaldhyde 1a, aniline 2a and triethylphospite 3
under microwave irradiation is considered as standard model
reaction (Scheme 2).

In the absence of a catalyst, the standard model reaction
gave a small amount of product (Table 3 entry 1). These results
specify catalyst is required to occur reaction. In order to check
the catalytic utility, the model reaction carried out in the pres-
ence of a variety of catalysts (Table 3 entry 2–9). The N-TiO2 NRs

gave better results than acetic acid, commercial ZnO and
commercial TiO2.

Inspiring these results, we further studied the progress of
reaction at different time intervals, we observed the sample N-
doped TiO2 catalyzes efficiently than undoped TiO2, and this
may be attributed to the higher surface area (Fig. 9A).

The optimum concentration of the catalyst was investigated
by performing the model reaction at different concentrations
such as 3, 6, 9, 12 and 15 mol%. The reaction yielded in 69, 76,
86, 95 and 95% yields respectively (Table 4). This shows that
12 mol% of TN4 is adequate for the reaction by considering the
yield of the product.

To evaluate the effect of solvents, different solvents such as
ethanol, methanol, dichloromethane, THF, 1,4-dioxane and
toluene were used for the model reaction in presence of N-TiO2

catalyst. The reaction proceed with better yield in polar protic
solvent (Table 5, entries 1, 2). However it was observed that the
usage of solvents slows down the rate of reaction and gives the
desired product in lower yields than that for neat condition
(Table 5, entries 1–6).

The recyclability of the catalyst was then examined and the
outcomes are shown in Fig. 9B. Aer the completion of reaction,
the reaction mixture was extracted with ethyl acetate. The
residual catalyst was washed with acetone, dried under vacuum
at 100 �C and reused for consequent reactions. The recovered
catalyst could be used for 5 times without obvious loss of
catalytic activity.

The difference between the XRD of fresh catalyst and reused
catalyst shown in Fig. 10.

The usefulness of optimized reaction condition for model
reaction (12 mmol % of catalyst, solvent-free, MWI) was
extended for the synthesis of a series of novel a-amino-
phosphonates (4a–l) by reacting pyrazoldhyde (1a–c), anilines
(2a–d) and triethylphosphite (3) in excellent yields (Scheme 3).

Fig. 10 XRD of sample TN4 (a) before reaction (b) after reaction.

Scheme 3 Optimized reaction condition for synthesis of diethyl(1-
phenyl-3-(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)
methylphosphonates

27002 | RSC Adv., 2020, 10, 26997–27005 This journal is © The Royal Society of Chemistry 2020
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The obtained product 4a–l was characterized by spectroscopic
techniques (Table 6).

The spectroscopic data of synthesized compounds are given
in ESI (S-2 to S-26).†

4 Conclusions

In summary, we have prepared N doped TiO2 nanorods by
thermal hydrolysis method using triethylamine as the source of
nitrogen at relatively low temperatures. The XRD analysis
showed that with varying composition molar ratios of TiCl4,
CH3OH, H2O, and (C2H5)3N, phase composition of rutile to
anatase also tunes. FTIR spectra show the chemical environ-
ment of doping by the formation of the N–Ti–O and Ti–O–Ti
bond. The morphological study performed by the FE-TEM
technique shows the formation of well-developed nanorods of
size in length 30–40 nm and diameter is around 7–10 nm, which
is lower than pure TiO2. Further, BET analysis N-TiO2 shows the
maximum specic surface area 53.4 m2 g�1 which is 2.5 times

Table 6 Microwave assisted synthesis of novel diethyl(1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)(phenylamino)methylphosphonatesa

Entry Product M.P. (�C) Yieldb (%)

4a 218 95

4b 220 79

4c 208 92

4d 216 79

4e 180 86

4f 200 82

4g 162 85

4h 190 71

Table 6 (Contd. )

Entry Product M.P. (�C) Yieldb (%)

4i 195 81

4j 120 76

4k 210 89

4l 190 75

a Reaction condition: aldehyde (1 mmol), aniline (1 mmol),
triethylphosphite (1.1 mmol), N-TiO2 (12 mol%), MW power 420 watt.
b Isolated yield.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26997–27005 | 27003
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higher than pure TiO2. The as-synthesized materials were
employed for the synthesis of a-aminophosphonates via
Kabachnik–Fields reaction under microwave irradiation. The N-
TiO2 shows remarkable catalytic activity for aminophosphonate
derivatives compared with TiO2 and other similar
nanocatalysts.
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Synthesis, evaluation and molecular docking of 1,2,3-triazolyl chalcones as 
potential antifungal and antioxidant agents

Abstract: A series of new 1,2,3-triazolyl chalcones were efficiently synthesized and screened for in vitro 
antifungal activity against five different fungal strains such as Candida albicans, Fusarium oxysporum, As-
pergillus flavus, Aspergillus niger and Cryptococcus neoformans. All the synthesized chalcones displayed 
potential antifungal activity against most of the tested fungal strains. Especially, compounds 9b, 9c, 9d and 
9g are the most active chalcones and displayed excellent MIC values as compared to standard antifungal 
drug Miconazole. Based on the structural similarity to known triazole inhibitors of sterol 14α-demethy-
lase (CYP51), molecular docking study was performed to gauze the binding affinity of these chalcones 
and gains an insight into the plausible mechanism of antifungal action. The synthesized chalcones were 
also evaluated for in vitro antioxidant activity. All compounds exhibited moderate to excellent antioxidant 
activity, particularly compounds 9e, 9f, 9g and 9h exhibited excellent antioxidant activity in comparison 
with standard butylated hydroxytoluene (BHT). Furthermore, the synthesized chalcones were analyzed for 
ADME properties and showed the potential to build up as good oral drug candidates.
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1. Introduction

The incidences of multidrug-resistant fungal 

infections in recent years have increased 
dramatically and commonly seen in patients with 
weak immune systems [1]. An increasing number 
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of infections with stem cell transplantation, 
organ transplantation, chemotherapy, and human 
immunodeficiency virus increases invasive 
fungal infections [2]. The major pathogenic strains 
responsible for systematic fungal infections are 
Candida albicans, Cryptococcus neoformans 
and Aspergillus fumigates [3]. Fluconazole, 
Voriconazole, Itraconazole and Miconazole are 
some of the widely used azole based broad-
spectrum antifungal drugs [4] (Figure 1). They 
displayed broad-spectrum antifungal potential 
against most of the filamentous fungi, however, 
some of them are not effective against invasive 
aspergillosis and also suffered from severe 
drug resistance [5]. Moreover, the broad use of 
existing antifungal drugs has caused severe drug 
resistance. Therefore, it is urgent to develop new 
antifungal agents with excellent activity against 
a variety of clinical fungal strains. 

Figure 1. Known azole containing antifungal 
drugs

Many natural enzymatic and non-enzymatic 
antioxidants present in the human body that 
counteract the harmful effect of free radicals 
and other oxidants [6]. Although reactive 
oxygen species (ROS) are essential for various 
complex mechanisms of the organism’s body 
in various diseases, the excessive production 
of ROS causes various diseases and oxidative 
stress. Antioxidant protects the cell from 
oxidative injury by neutralizing free radicals. 
Recently, it has been observed that reactive 
oxygen species participates in the mechanism 
of action of triazole containing antifungals [7]. 
It is important to elucidate possible association 

among oxidative stress response and antifungal 
mechanism of action for developing new 
targets for novel antifungal agents by rational 
development of antifungal drugs.

Chalcones i.e. α-β unsaturated ketones are 
important pharmacophore in many natural 
and synthetic biologically active compounds 
[8–12]. It is used as an effective template in 
medicinal chemistry and drug discovery 
process [13,14]. The double bond in conjugation 
to carbonyl group is considered as responsible 
for the pharmacological effect in chalcones. 
Literature revealed that chalcones exhibited 
broad spectrum of biological activities like 
anticancer[15], antimalarial[16], antimicrobial[17], 
antioxidant[18], anti-inflammatory[13] etc.

1,2,3-triazole based natural and synthetic 
compounds are privileged scaffold in the 
drug discovery process with a broad spectrum 
of biological activities [19–25]. Molecular 
hybridization of chalcones with 1,2,3-triazole 
can be an efficient strategy to synthesize 
chemically diverse and biologically active 
conjugates. Recent literature revealed that 
1,2,3-triazolyl chalcones displayed a broad 
spectrum of pharmacological activities [17,22,26–31] 
(Figure 2).

Figure 2. Known 1,2,3-triazolyl-chalcones and 
our design strategy

In search of the development of new active 
antifungal and antioxidant agents, combinatorial 
synthesis of 1,2,3-triazolyl chalcones has 
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been efficiently carried out by click chemistry 
and Aldol type condensation reaction. We 
were encouraged to design and synthesize 
1,2,3-triazolyl chalcones from commercially 
available starting materials with high overall 
yield and evaluation of their antifungal and 
antioxidant activities.

Hence, keeping in view the urgent need of 
potential antifungal and antioxidant agents 
and in continuation to our earlier work on 
1,2,3-triazole based bioactive compounds [21,23,24] 
and α,β-unsaturated compounds [32–34], we report 
herein design, synthesis, molecular docking, 
ADME prediction and bio evaluation of some 
new 1,2,3-triazolyl chalcones as potential 
antifungal and antioxidant agents.

2 Result and discussion

2.1 Chemistry

In present work, we have described the syntheses 
of new substituted 1,2,3-triazolyl chalcones 9a-i 
from commercially available starting materials 
(Scheme 2). 1,2,3-triazole based benzaldehyde 
7 was formed by the fusion of benzyl azide 
and the terminal alkyne group of substituted 
benzaldehyde via the click chemistry approach 
(Scheme 1).

The treatment of o-hydroxy benzaldehyde 
1 with propargyl bromide in the presence of 
K2CO3 as a base in N, N-dimethylformamide 
(DMF) at room temperature afforded 2-(prop-
2-yn-1-yloxy)benzaldehyde 2 in 89% yield 
(Scheme 1). The p-nitrobenzyl azide 6 was 
prepared from the p-nitrobenzaldehyde via 
NaBH4 reduction, bromination, and nucleophilic 
substitution reaction of sodium azide, according 
to the reported procedure [35]. (Scheme 1). 
Furthermore, 1, 3-dipolar cycloaddition reaction 
of benzyl azide 6 and terminal alkyne group 
of benzaldehyde 2 using a catalytic amount of 
copper diacetate Cu(OAc)2 in t-BuOH-H2O 

(3:1) at room temperature for 20 h afforded 
regioselective 1,4-disubstituted-1,2,3-triazole 
incorporated benzaldehyde 7 in 88% yield 
(Scheme 1).
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Scheme 1. Reagents and conditions: (a) 
Propargyl bromide, K2CO3, DMF, r.t., 2.5 h; 

(b) NaBH4, methanol, 0 °C to r.t., 2 h; (c) PBr3, 
CH2Cl2, 0 °C, 0.5 h; (d) NaN3, acetone:H2O 

(3:1), r.t., 24 h; (e) Cu(OAc)2 (20 mol%), 
t-BuOH/H2O (3:1), r.t., 19-27 h. 

Finally, newly synthesized 1,2,3-triazole 
based benzaldehyde 7 was condensed with 
various substituted acetophenone (8a-i) in 
aqueous NaOH, resulted into the corresponding 
1,2,3-triazolyl chalcones (9a-i) in quantitative 
isolated yield (85-90%) (Scheme 2). 

Scheme 2. Synthesis of 1,2,3-triazolyl-
chalcones

The structures of 1,2,3-triazolyl-chalcones 9a-i 
were confirmed by FT-IR, 1H NMR, 13C NMR 
and LC/ESI-MS analysis. Structures of the 
synthesized 1,2,3-triazolyl-chalcones are given 
below in Figure 3.
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Figure 3. Structures of 1,2,3-triazolyl 
chalcones

2.2 Antifungal activity

All the synthesized 1,2,3-triazolyl-chalcones 
were screened for their in vitro antifungal 
activity. The antifungal activity was evaluated 
against five different pathogenic fungal 
strains such as Candida albicans, Fusarium 
oxysporum, Aspergillus flavus, Aspergillus 
niger, and Cryptococcus neoformans. Minimum 
inhibitory concentration (MIC) values were 
determined using a standard agar plate method 
[36,37]. MIC value of an antimicrobial compound 
is its lowest concentration that prevents visible 
growth of the microorganism. It is a measure of 
the effective ability of the antimicrobial against 
the concerned microbe. Miconazole was used 
as a standard for the comparison of antifungal 
activity. Dimethyl sulfoxide was used as solvent 
control.

Table 1. In vitro antifungal, antioxidant data 
and in silico molecular docking score of 
1,2,3-triazolyl chalcones (9a-i).

Entry
Antifungal Activity 

MIC (µg/mL)
Antioxidant 
activity IC50

(µg/mL)

Molecular
Docking 

ScoreCA FO AF AN CN

9a 25 25 25 25 6.25 50.17± 0.35 -7.944

9b 6.25 12.5 12.5 25 12.5 40.32± 0.46 -8.947

9c 12.5 50 12.5 50 12.5 27.11± 0.25 -8.154

9d 12.5 12.5 25 25 12.5 21.12 ± 0.19 -8.447

9e 25 12.5 50 50 12.5 16.34 ± 0.91 -7.902

9f 12.5 25 50 75 12.5 15.66± 0.45 -8.015

9g 25 25 50 50 50 16.37± 0.87 -7.458

9h 25 25 75 50 100 16.06 ± 0.18 -7.263

9i 75 50 75 50 50 31.46 ± 0.88 -7.039

MA 25 25 12.5 25 25 - -

BHT - - - - - 16.47± 0.18 -

CA-Candida albicans, FO-Fusarium oxysporum, AF-
Aspergillus flavus, AN-Aspergillus Niger, CN-Cryptococcus 
neoformans, MA- Miconazole, BHT- Butoxy hydroxy tolune, 
Values are the average of three readings (n=3) ± standard 
deviation

MIC values of the tested compounds are presented 
in Table 1. Most of the newly synthesized 
1,2,3-triazolyl chalcones were found to show 
excellent antifungal activity as compared to 
standard antifungal drug Miconazole. From the 
antifungal activity data (Table 1), it is observed 
that almost all the synthesized chalcones 
were displayed promising antifungal activity 
against fungal strain C. Albicans. Particularly, 
chalcones 9b, 9c, 9d, and 9g are the most active 
among all tested compounds against most of the 
fungal strains. Structure-activity relationship 
revealed that introduction of nitro (-NO2) group 
at para- position of acetophenone moiety in 
compound 9b showed a significant rise in 
activity as compared to 9a (activity increases 
by two-fold as reflected in lowered MIC value). 
Compound 9a is equipotent to Miconazole 
against C. albicans (MIC value 25 μg/mL), A. 
Niger (MIC value 25 μg/mL), F. oxysporum 
(MIC value 25 μg/mL), A. flavus (MIC value 25 
μg/mL) and most active than Miconazole in case 
of fungal strain C. neoformans (MIC value 12.5 
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μg/mL). Introduction of alkyne group in case 
of 9i reduces the antifungal activity compared 
to other tested compounds. Introduction of 
electron-withdrawing groups and halogens on 
acetophenone shows a significant enhancement 
in an activity. Graphical representation of 
antifungal activity data of the synthesized 
compounds is represented in figure 4.

Figure 4. Antifungal activity of synthesized 
analogues as compared to standard Miconazole

2.3 Antioxidant activity

All the synthesized chalcones displayed good 
to moderate radical scavenging activity when 
compared with the standard drug BHT (Table 
1). Particularly compounds 9e, 9f, 9g and 9h 
exhibit significant IC50 values (IC50 =16.34 
± 0.91, 15.66 ± 0.45, 16.37 ± 0.87, 16.06 ± 
0.18 in µg/mL respectively) as compared to 
standard antioxidant BHT. Structure-activity 
data revealed that the hydroxy group is 
important for the enhancement of antioxidant 
potential as reflected in IC50 values. Also, 
the substitution of electron-donating groups 
on acetophenone increases the antioxidant 
activity of 1,2,3-triazole substituted chalcones 
as compared to standard antioxidant BHT. The 
antioxidant activity of these compounds may be 
related to their redox properties, which allow 
them to act as reducing agents or hydrogen 
atom donors and scavenge-free radicals. 

2.4 Molecular docking

Molecular docking study revealed the binding 

orientations of 1,2,3-triazolyl-chalcones in the 
active sites of CYP51. It was observed that all 
the synthesized chalcones could snuggly fit into 
the active site of CYP51 with varying degrees of 
affinities at co-ordinates close to a native ligand. 
Their docking scores varied from -8.947 for the 
most active analogue to -7.039 for moderately 
active with average docking score of -7.907 
signifying a promising binding affinity towards 
CYP51 (Table 2, Fig 5 and Fig 6-13). To gain 
a better understanding on the potency and types 
of interactions contributing to the enhanced 
binding affinity towards the target, a detailed 
investigation of the per-residue interactions 
for the most active analogues (9b, 9c, 9d and 
9f) was carried out which is elaborated in 
detail for one of the most active compound 9b 
while it summarized in Table 2 for other active 
compounds (9c-Fig 6, 9d- Fig 7 and 9f- Fig 9).

The best-docked conformation of 9b was seen 
to be deeply embedded into the active pocket 
of sterol 14α-demethylase (CYP51). The 
lower interaction energy (Glide binding energy 
-62.896 kcal/mol, Glide score of from -8.947) 
rationalizes the tighter binding of this chalcone 
analogue (Figure. 5) into the CYP51 active site. 

Figure 5: Binding mode of 9b into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

The per-residue interaction analysis revealed that 
the enzyme-inhibitor complex was stabilized by 
a series of favourable van der Waals interactions 
observed with Hem500 (-6.776 kcal/mol), 
Val461 (-2.929 kcal/mol), Val359 (-2.431 kcal/
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Code Docking 
Score

Glide 
Interaction 
Energy
(kcal/mole)

Per-Residues interactions
Van der Waals (kcal/mol) Columbic

(kcal/mol)
H-bond
(Å)

π-π / Cation-π  
Stacking

9b -8.947 -62.896 Hem 500(-6.776), Val461 (-2.929), 
Met460 (-3.151), Thr459 (-2.898), 
His458 (-2.543), Met360 (-3.233), 
Val359 (-2.431), Met358 (-2.981), 
Leu356 (-2.779), Thr295 (-2.358), 
His294 (-2.277), Ala291 (-3.531), 
Phe290 (-3.236), Ala287 (-2.528), 
Pro210 (-2.614), Ile209 (-2.643), 
Leu208 (-3.157), Glu205 (-2.827), 
Leu127 (-2.789), Tyr116 (-3.788), 
Phe110 (-2.735), Met106 (-3.434), 
Ile105 (-2.742), Tyr103 (-2.39), 
Val102 (-2.825)

Hem500 (-3.959), 
Arg361 (-2.414), 
Phe290 (-2.362), 
Leu208 (-2.522), 
Glu205 (-3.569), 
Arg124 (-2.223), 
Ile105 (-2.293), 
Val102 (-3.201)

Tyr116 
(2.65)

π-π Stacking: 
His294 (2.168), 
Phe290 
(2.374),Tyr116 
(2.651)
Cation- π  
Stacking: Tyr116 
(2.651)

9c -8.154 -60.358 Hem500 (-6.458), Val461 (-2.463), 
Met460 (-2.793), Thr459 (-2.264), 
His458 (-2.129), Met360 (-2.233), 
Val359 (-2.143), Met358 (-2.280), 
Leu356 (-2.261), Thr295 (-2.157), 
His294 (-2.082), Ala291 (-2.191), 
Phe290 (-2.467), Ala287 (-2.269), 
Pro210 (-2.600), Ile209 (-2.204), 
Leu208 (-3.072), Glu205 (-2.523), 
Leu127 (-2.114), Tyr116 (-2.878), 
Phe110 (-2.034), Met106 (-3.247), 
Ile105 (-2.558), Tyr103 (-2.095), 
Val102 (-2.216)

Hem500 (-3.548), 
Arg361 (-2.239), 
Phe290 (-2.203), 
Leu208 (-2.136), 
Glu205 (-3.122), 
Arg124 (-2.183), 
Ile105 (-2.150), 
Val102 (-2.872)

Tyr116 
(2.50)

π-π Stacking: 
His294 (2.271), 
Phe290 
(2.303),Tyr116 
(2.498)
Cation- π  
Stacking: Tyr116 
(2.498)

9d -8.447 -61.216 Hem500 (-6.702), Val461 (-2.751), 
Met460 (-2.901), Thr459 (-2.727), 
His458 (-2.241), Met360 (-2.929), 
Val359 (-2.230), Met358 (-2.328), 
Leu356 (-2.388), Thr295 (-2.377), 
His294 (-2.191), Ala291 (-2.796), 
Phe290 (-2.866), Ala287 (-2.324), 
Pro210 (-2.628), Ile209 (-2.315), 
Leu208 (-3.096), Glu205 (-2.617), 
Leu127 (-2.187), Tyr116 (-2.892), 
Phe110 (-2.128), Met106 (-3.338), 
Ile105 (-2.729), Tyr103 (-2.123), 
Val102 (-2.221)

Hem500 (-3.667), 
Arg361 (-2.548), 
Phe290 (-2.226), 
Leu208 (-2.254), 
Glu205 (-3.417), 
Arg124 (-1.110), 
Ile105 (-2.025), 
Val102 (-2.442)

Tyr116 
(2.63)

π-π Stacking: 
His294 (2.175), 
Phe290 
(2.369),Tyr116 
(2.632)
Cation- π 
Stacking: Tyr116 
(2.632)

9f -8.015 -59.091 Hem500 (-5.137), Val461 (-2.644), 
Met460 (-2.481), Thr459 (-2.282), 
His458 (-2.230), Met360 (-2.233), 
Val359 (-1.834), Met358 (-1.928), 
Leu356 (-2.037), Thr295 (-2.171), 
His294 (-1.871), Ala291 (-1.897), 
Phe290 (-2.569), Ala287 (-2.022), 
Pro210 (-1.911), Ile209 (-1.798), 
Leu208 (-2.316), Glu205 (-1.899), 
Leu127 (-2.017), Tyr116 (-2.838), 
Phe110 (-1.969), Met106 (-2.010), 
Ile105 (-2.167), Tyr103 (-2.154), 
Val102 (-2.111)

Hem500 (-2.299), 
Arg361 (-1.324), 
Phe290 (-1.732), 
Leu208 (-2.001), 
Glu205 (-2.970), 
Arg124 (-1.537), 
Ile105 (-2.023), 
Val102 (-2.219)

-- π-π Stacking: 
His294 (2.126), 
Phe290 
(2.549),Tyr116 
(3.176)
Cation- π  
Stacking: Tyr116 
(3.176)

Table 2. The per-residue interaction analysis based on molecular docking for 1,2,3-triazolyl-
chalcones with sterol 14α-demethylase (CYP51).
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mol), Leu356 (-2.779 kcal/mol), Thr295 (-2.358 
kcal/mol), Ala291 (-3.531 kcal/mol), Ala287 
(-2.528 kcal/mol), Leu127 (-2.789 kcal/mol), 
Tyr116 (-3.788 kcal/mol), Phe110 (-2.735 kcal/
mol) and Met106 (-3.434 kcal/mol) residues 
through 1-(4-nitrobenzyl)-1H-1,2,3-triazole 
core while the other half of the molecule i.e. 
4-nitro-phenylprop-2-en-1-one was seen to be 
engaged significant van der Waals interactions 
with Met460 (-3.151 kcal/mol), Thr459 (-2.898 
kcal/mol), His458 (-2.543 kcal/mol), Pro210 
(-2.614 kcal/mol), Ile209 (-2.643 kcal/mol), 
Leu208 (-3.157 kcal/mol), Ile105 (-2.742 kcal/
mol), Tyr103 (-2.39 kcal/mol) and Val102 
(-2.825 kcal/mol) residues. The central phenyl 
ring linking these two halves of the molecule 
also showed very favourable van der Waals 
interactions with Met360 (-3.233), Met358 
(-2.981), His294 (-2.277), Phe290 (-3.236) and 
Glu205 (-2.827) residues. The enhanced binding 
affinity observed for 9b is also attributed to 
significant electrostatic interactions observed 
with Hem500 (-3.959 kcal/mol), Arg361 (-2.414 
kcal/mol), Phe290 (-2.362 kcal/mol), Leu208 
(-2.522 kcal/mol), Glu205 (-3.569 kcal/mol), 
Arg124 (-2.223 kcal/mol), Ile105 (-2.293 kcal/
mol) and Val102 (-3.201 kcal/mol) residues of 
active site. Since CYP51 is a Heme enzyme, it is 
expected for a ligand to show significant steric 
and electrostatic interactions with Heme moiety 
and in the present study, it was consistently 
observed for all the chalcone analogues 
investigated. Furthermore, 9b showed a very 
prominent hydrogen bonding interactions via 
the nitro (-NO2) functional group with Tyr116 
residue having a bonding distance of 2.65Å. 
The compound was also seen to be engaged in 
very close pi stacking interactions, firstly a pi-
pi stacking interaction was observed between 
the central phenyl ring and His294 (2.168Å), 
Phe290 (2.374Å) residues and secondly through 
the 4-nitro phenyl ring and Tyr116 (2.651Å) 
residue. A Cation-Pi stacking type of interaction 
was also observed through the same nitro 
functional group and Tyr116 (2.651Å) residue. 

While the non-bonded interactions (steric and 
electrostatic) were observed to be the major 
driving force for mechanical interlocking of the 
chalcone analogues, the high binding affinity 
was strongly facilitated by these hydrogen 
bonding and Pi-stacking interactions which 
serve as an ″anchor″ to guide the orientation of 
inhibitor into the 3D space of enzyme’s active 
site.

Overall, the binding affinity data derived from 
the docking study suggest that the 1,2,3-triazolyl 
chalcones possess a promising affinity for the 
fungal CYP51 enzyme qualifying them as a 
pertinent starting point for structure-based lead 
optimization to generate compounds with high 
selectivity and potency against CYP51.

Figure 6: Binding mode of 9a into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 7: Binding mode of 9c into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)
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Figure 8: Binding mode of 9d into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 9: Binding mode of 9e into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 10: Binding mode of 9f into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 11: Binding mode of 9g into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 

bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 12: Binding mode of 9h into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

Figure 13: Binding mode of 9i into the active 
site of sterol 14α-demethylase (CYP51) (on 
the right side: the pink lines signify hydrogen 
bonding interaction, green lines signify π-π 
stacking while red line represent cation-pi 
stacking interactions)

2.5 ADME Properties

Pharmacokinetic parameters of the synthesized 
1,2,3-triazolyl-chalcones are summarised in 
table 3. It is observed that only compounds 9c 
and 9i violated Lipinski’s rule of five (miLogP 
≤ 5), remaining all other compounds did not 
show more than one violation of Lipinski’s 
rule of five. Also, compounds exhibited a good 
% ABS (% absorption) ranging from 57.70% 
to 73.51%. Hence, All the tested compounds 
except 9c and 9i followed the criteria for 
orally active drug and therefore, these newly 
synthesized 1,2,3-triazolyl-chalcones may have 
a good potential to develop as good oral active 
drug candidates.
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ABS: absorption; TPSA: topological polar 
surface area; n-ROTB: number of rotatable 
bonds; MV: molecular volume; MW: molecular 
weight; lmiLog P: logarithm of partition 
coefficient; n-ON: number of hydrogen bond 
acceptors; n-OHNH: number of hydrogen 
bonds donors.

3 Conclusion

In conclusion, we have synthesized some new 
1,2,3-triazolyl-chalcones and subsequently 
screened for their in vitro antifungal and 
antioxidant activity. Most of the synthesized 
chalcones were displayed potential antifungal 
activity against most of the fungal strain used 
in the experiment which indicates the broad-
spectrum antifungal activity of the synthesized 
chalcones. Molecular docking studies further 
supported the strong inhibitory activity 
which was further enriched using per-residue 
interaction analysis that could provide a deeper 
insight into the specific residues and their 
associated type of thermodynamic interactions 
influencing the binding affinity for the crucial 
fungal enzyme CYP51. Also, synthesized 
1,2,3-triazolyl-chalcones showed potential 
antioxidant properties. Furthermore, ADME 

prediction shows better chances of these 
derivatives to evolve as a potential antifungal 
and antioxidant drug candidates. This inference 
derived from the in vitro/ in silico experiments is 
now fruitfully utilized to carry out site-specific 
modifications around the scaffold to improve the 
selectivity and potency of the 1,2,3-triazolyl-
chalcones.

4 Experimental 

4.1 Analytical methods

All chemicals and reagents used were of 
analytical grade. The progress of the reactions 
was monitored by thin-layer chromatography 
(TLC) on aluminium plates coated with silica 
gel 60 F254, 0.25 mm thickness (Merck). The 
detection of the components was made by 
exposure to iodine vapours or UV light. Melting 
points were determined by an open capillary 
method and are uncorrected. 1H-NMR spectra 
were recorded in DMSO-d6 on a Bruker DRX-
200 MHz spectrometer. 13C NMR spectra were 
recorded in DMSO-d6 on a Bruker DRX-100 
MHz instrument. IR spectra were recorded 
using a Bruker ALPHA ECO-ATR FTIR 
spectrometer. Mass spectra were recorded on 

Entry %ABS n-atoms TPSA 
(A2)

n- 
ROTB MV MW milog 

p n-ON n-OHNH Lipinski's 
violations

Drug-
likeness 
model 
score

Rule - - - - - <500 ≤5 <10 <5 ≤1 -
9a 73.51 33 102.85 09 387.65 440.46 4.94 8 0 0 -0.50
9b 57.70 36 148.67 10 410.98 485.46 4.90 11 0 1 -0.44
9c 73.51 34 102.85 09 405.53 519.36 5.75 08 0 2 -0.35
9d 70.33 35 112.08 10 413.19 470.49 5.00 09 0 1 -0.35
9e 66.54 34 123.08 09 395.66 456.46 4.88 09 1 0 +0.25
9f 66.54 35 123.08 09 412.23 470.49 5.31 09 1 1 +0.00
9g 66.54 35 123.08 09 400.60 474.45 5.02 09 1 1 +0.16
9h 73.51 34 102.85 09 392.58 458.45 5.11 08 0 1 -0.19
9i 70.33 38 112.08 11 440.62 512.50 5.23 09 0 2 -0.03

Table 3. Pharmacokinetic parameters important for good oral bioavailability
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LC/ESI-MS spectrometer. 

4.2 Chemistry

General procedure for the preparation of 
1,2,3-triazolyl-chalcones: 

A mixture of 1,2,3-triazole incorporated 
benzaldehyde 7 (1 mmol) and various 
substituted acetophenone (8a-i) (1 mmol) in 
ethanolic NaOH was taken in a 50 mL round 
bottom flask, equipped with a mechanical 
stirrer. The reaction mixture was stirred at room 
temperature for 4-5hrs. The progress of the 
reaction was monitored by TLC. The reaction 
mixture was poured into 50 mL ice-water 
and the obtained solid was filtered, dried and 
recrystallized from ethanol-DMF to obtain a 
dark brown solid product (Scheme 2, 9a-i).

Spectral data of synthesized compounds:

4.2.1 (E)-3-(2-((1-(4-Nitrobenzyl)-1H-1,2,3-
triazol-4-yl)methoxy)phenyl)-1-phenylprop-2-
en-1-one (9a):
Yellow colored solid, Yield: 86%, mp. 178-180 
°C; IR (cm-1): 1655 (C=O), 1588 (C=C), 1506 
(C=C Ar), 1341 (N-O), 999 (N-N); 1H NMR 
(200 MHz, DMSO-d6 ppm): 8.83 (s, 1H), 8.66 
(d, J = 8.0 Hz, 2H), 8.30 (d, J = 8.0 Hz, 5H), 
7.96 (d, J = 8.0 Hz, 4H), 7.66 (d, J = 8.0 Hz, 4H), 
6.24 (s, 2H), 5.72 (s, 2H); 13C NMR (100 MHz, 
DMSO-d6 ppm): 191.0, 158.3, 148.3, 144.9, 
143.7, 140.9, 138.3, 133.0, 130.4, 128.8, 128.5, 
124.5, 125.0, 122.3, 122.2, 121.9, 115.7, 58.0 
and 50.2; ESI-MS: Calcd for C25H20N4NaO4 
[M+Na] +, 463.4, found: 463.0

4.2.2 (E)-3-(2-((1-(4-Nitrobenzyl)-1H-
1,2,3-triazol-4-yl)methoxy)phenyl)-1-(4-
nitrophenyl)prop-2-en-1-one (9b):
Yellow colored solid, Yield: 85%, mp. 182-184 
°C; IR (cm-1): 1592 (C=O), 1511 (C=C), 1392 
(C=C Ar), 1339 (N-O), 1009 (N-N); 1H NMR 
(200 MHz, DMSO-d6 ppm): 8.88 (s, 1H), 8.72 

(d, J = 8.0 Hz, 3H), 8.35 (d, J = 8.0 Hz, 4H), 
8.01 (d, J = 8.0 Hz, 3H), 7.70 (d, J = 8.0 Hz, 
4H), 6.28 (s, 2H), 5.76 (s, 2H); 13C NMR (100 
MHz, DMSO-d6 ppm): 191.6, 158.9, 151.3, 
148.9, 145.5, 144.3, 143.8, 141.5, 129.7, 129.4, 
129.2, 125.1, 124.6, 122.8, 116.3, 58.6 and 
50.8; LC-MS: Calcd for C25H20N5O6 [M+H] +, 
486.5, found: 486.2

4.2.3 (E)-1-(4-Bromophenyl)-3-(2-((1-(4-
nitrobenzyl)-1H-1,2,3-triazol-4-yl)methoxy)
phenyl)prop-2-en-1-one (9c):
Yellow colored solid, Yield: 85%, mp. 190-193 
°C; IR (cm-1): 1655 (C=O), 1587 (C=C), 1407 
(C=C Ar), 1343 (N-O), 998 (N-N); 1H NMR 
(200 MHz, DMSO-d6 ppm): 8.79 (s, 1H), 8.43 
- 8.35 (m, 4H), 7.93-7.73 (m, 9H), 7.48 (t, J = 
8.0 Hz, 1H) 6.08 (s, 2H), 5.72 (s, 2H); 13C NMR 
(100 MHz, DMSO-d6 ppm): 188.0, 155.3, 137.9, 
133.6, 129.1, 127.4, 126.7, 125.8, 125.7, 125.6, 
125.4, 121.5, 119.4, 119.2, 118.9, 112.7,  55.0 
and 47.2; ESI-MS: Calcd for C25H19BrN4NaO4 
[M+Na] +, 542.3, found: 542.0

4.2.4 (E)-1-(4-Methoxyphenyl)-3-(2-((1-(4-
nitrobenzyl)-1H-1,2,3-triazol-4-yl)methoxy)
phenyl)prop-2-en-1-one (9d):
Yellow colored solid, Yield: 87%, mp. 175-178 
°C; IR (cm-1): 1655 (C=O), 1588 (C=C), 1477 
(C=C Ar), 1340 (N-O), 1014 (N-N); 13C NMR 
(100 MHz, DMSO-d6 ppm): 187.8, 160.5, 
155.1, 145.1, 141.7, 140.5, 137.7, 127.6, 125.6, 
125.4, 121.3, 119.2, 119.0, 112.5, 110.7, 54.8, 
52.8 and 47.0; LC-MS: Calcd for C26H23N4O5 
[M+H] +, 471.5, found: 471.2

4.2.5 (E)-1-(2-Hydroxyphenyl)-3-(2-((1-(4-
nitrobenzyl)-1H-1,2,3-triazol-4-yl)methoxy)
phenyl)prop-2-en-1-one (9e):
Yellow colored solid, Yield: 86%, mp. 198-200 
°C; IR (cm-1): 1766 (C=O), 1594 (C=C), 1402 
(C=C Ar), 1343 (N-O), 1008 (N-N); 1H NMR 
(200 MHz, DMSO-d6 ppm): 8.83 (s, 1H), 8.67 
(d, J = 8.0 Hz, 2H), 8.30 (d, J = 8.0 Hz, 2H), 
7.96 (d, J = 8.0 Hz, 4H), 7.65 (d, J = 8.0 Hz, 6H), 
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6.23 (s, 2H), 5.71 (s, 2H); 13C NMR (100 MHz, 
DMSO-d6 ppm): 190.0, 158.7, 155.1, 145.1, 
141.7, 140.5, 136.7, 132.3, 127.2, 126.8, 125.6, 
125.5, 125.3, 121.3, 119.8, 119.1, 119.0, 116.6, 
114.7, 112.5, 54.7 and 47.0; LC-MS: Calcd for 
C25H21N4O5 [M+H] +, 457.5, found: 457.2

4.2.6 (E)-1-(2-Hydroxy-5-methylphenyl)-3-
(2-((1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl)
methoxy)phenyl)prop-2-en-1-one (9f):
 Yellow coloured solid, Yield: 88%, mp. 188-
192 °C; IR (cm-1): 1660 (C=O), 1515 (C=C), 
1433 (C=C Ar), 1344 (N-O), 1044 (N-N); 1H 
NMR (200 MHz, DMSO-d6 ppm): 8.41 (s, 1 H), 
8.25 (d, J = 8.0 Hz, 3H), 7.88 (d, J = 8.0 Hz, 
4H), 7.54 (d, J = 8.0 Hz, 3H), 7.24 (d, J = 8.0 
Hz, 3H), 5.81 (s, 2H), 5.29 (s, 2H), 1.90 (s, 3H); 
13C NMR (100 MHz, DMSO-d6 ppm): 186.4, 
153.0, 152.2, 142.2, 138.8, 137.6, 133.8, 128.9, 
124.9, 124.3, 123.3, 122.7, 122.6, 122.5, 118.4, 
117.4, 116.9, 116.3, 116.1, 112.5, 109.6, 51.9, 
44.1 and 15.1; LC-MS: Calcd for C26H23N4O5 
[M+H] +, 471.5, found: 471.2

4.2.7 (E)-1-(5-Fluoro-2-hydroxyphenyl)-3-
(2-((1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl)
methoxy)phenyl)prop-2-en-1-one (9g):
 Yellow coloured solid, Yield: 87%, mp. 177-
180 °C; IR (cm-1): 1659 (C=O), 1593 (C=C), 
1440 (C=C Ar), 1337 (N-O), 1026 (N-N); 1H 
NMR (400 MHz, DMSO-d6 δ ppm): 8.60 (d, J = 
8.0 Hz, 3H), 8.34-8.21 (m, 4H), 7.90 (d, J = 8.0 
Hz, 4H), 7.51 (d, J = 8.0 Hz, 3H), 6.15 (s, 2H), 
5.68 (s, 2H); 13C NMR (100 MHz, DMSO-d6 
ppm): 192.5, 158.3, 157.8, 155.5, 148.3, 144.9, 
143.7, 139.9, 130.4, 128.8, 128.5, 124.5, 123.0, 
122.3, 121.8, 120.7, 119.7, 118.3, 115.7, 58.0 
and 50.2; ESI-MS: Calcd for C25H20FN4O5 
[M+H] +, 475.4, found: 476.0

4.2.8 (E)-1-(4-Fluorophenyl)-3-(2-((1-(4-
nitrobenzyl)-1H-1,2,3-triazol-4-yl)methoxy)
phenyl)prop-2-en-1-one (9h):
Yellow colored solid, Yield: 90%, mp. 197-200 
°C; IR (cm-1): 1655 (C=O), 1597 (C=C), 1445 

(C=C Ar), 1333 (N-O), 1008 (N-N); 13C NMR 
(100 MHz, DMSO-d6 ppm): 191.0, 165.9, 
163.8, 158.3, 148.3, 144.9, 143.7, 140.9, 134.9, 
131.0, 130.4, 128.8, 128.5, 124.5, 122.3, 121.9, 
116.0, 115.7,  58.0 and 50.2; LC-MS: Calcd for 
C25H19FN4O4 [M] +, 458.4, found: 458.1

4.2.9 (E)-1-(5-Fluoro-2-(prop-2-yn-1-yloxy)
phenyl)-3-(2-((1-(4-nitrobenzyl)-1H-1,2,3-
triazol-4-yl)methoxy)phenyl)prop-2-en-1-one 
(9i):
Yellow colored solid, Yield: 86%, mp. 200-204 
°C; IR (cm-1): 1674 (C=O), 1564 (C=C), 1412 
(C=C Ar), 1341 (N-O), 1008 (N-N); 13C NMR 
(100 MHz, DMSO-d6 ppm): 190.6, 160.9, 
158.8, 158.3, 154.0, 148.3, 144.9, 143.7, 139.9, 
130.4, 128.8, 128.5, 126.8, 124.5, 123.0, 122.3, 
120.1, 119.6, 118.6, 115.7, 80.0, 78.8, 59.7, 58.0 
and 50.2; ESI-MS: Calcd for C28H21FN4NaO5 
[M+Na] +, 535.5, found: 535.0

4.3 Antifungal activity assay

Antifungal activity was determined by standard 
agar dilution method as per CLSI (formerly, 
NCCLS) guidelines[38]. The synthesized 
compounds and standard Miconazole were 
dissolved in DMSO solvent. The medium yeast 
nitrogen base was dissolved in phosphate buffer 
pH 7 and it was autoclaved at 110°C for 10 
min. With each set a growth control without the 
antifungal agent and solvent control DMSO were 
included. The fungal strains were freshly sub 
cultured onto Sabouraud dextrose agar (SDA) 
and incubated at 25°C for 72 h. The fungal cells 
were suspended in sterile distilled water and 
diluted to get 105cells/mL. Ten microliters of 
standardized suspension was inoculated onto 
the control plates and the media incorporated 
with the antifungal agents. The inoculated plates 
were incubated at 25°C for 48 h. The readings 
were taken at the end of 48 and 72 h. The MIC 
was the lowest concentration of drug preventing 
growth of macroscopically visible colonies on 
drug containing plates when there was visible 
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growth on the drug free control plates.

4.4 Antioxidant activity assay

Antioxidant activity of the synthesized 
compounds has been assessed in vitro by the 
1, 1-diphenyl-2picrylhydrazyl (DPPH) radical 
scavenging assay [39]. Results were compared 
with standard antioxidant BHT (Butylated 
Hydroxy Toluene). The hydrogen atom or 
electron donation ability of the compounds 
was measured from the bleaching of the purple 
coloured methanol solution of 1, 1-diphenyl-1-
picrylhydrazyl (DPPH). The spectrophotometric 
assay uses the stable radical DPPH as a reagent. 
1mL of various concentrations of the test 
compounds (5, 10, 25, 50 and 100 mg/mL) in 
methanol was added to 4 mL of 0.004% (w/v) 
methanol solution of DPPH. After a 30 min 
incubation period at room temperature, the 
absorbance was measured against blank at 517 
nm. The per cent inhibition (I %) of free radical 
production from DPPH was calculated by the 
following equation. 

% of scavenging = [(A control-A sample)/A 
blank] X 100

Where ‘A control’ is the absorbance of the 
control reaction (containing all reagents except 
the test compound) and ‘A sample’ is the 
absorbance of the test compound. Tests were 
carried at in triplicate.

4.5 Molecular docking

To gain insight into the plausible mechanism of 
action by which the 1,2,3-triazolyl-chalcones 
studied herein could exhibit the antifungal 
activity and guide further SAR based on our 
experimental studies, molecular docking 
against sterol 14α-demethylase (CYP51) was 
performed. Molecular docking has emerged as 
a reliable tool to identify the biological target 
for the bioactive molecules and gain an insight 

into crucial ligand-protein thermodynamic 
interactions. Especially in the absence of 
available resources to perform enzyme-based 
assays, molecular docking is considered as 
complementary to the in vivo and in vitro 
biological study for understanding the ligand-
receptor interactions at the atomic level. With 
this purpose, the 3D X-ray crystal structure 
of sterol 14α-demethylase (CYP51) enzyme 
complexed with its inhibitor-Miconazole (pdb 
code: 3KHM) was retrieved from the Protein 
Data Bank (PDB) (http: //www.rcsb. org/pdb). 
Sterol 14α-demethylase (CYP51) is a crucial 
fungal enzyme that catalyses the conversion 
of lanosterol to ergosterol in the cell and thus 
its inhibition could lead to accumulation of 
14α-methyl sterols in the cell causing impaired 
cell growth. The GLIDE (Grid-based Ligand 
Docking with Energetics) program integrated 
into the Schrödinger Molecular modelling 
package (Schrodinger, LLC, New York, NY, 
2018) [40–43] was used to perform the docking 
study. The preliminary crystal structure of 
CYP51 was refined using with the protein 
preparation wizard to remove the experimental 
errors in the structure. This involved eliminating 
the crystallographic water molecules since no 
conserved interactions with the enzyme are 
reported; adding the missing hydrogen/side-
chain atoms corresponding to pH 7.0, assignment 
of appropriate charge and protonation state 
followed by energy minimization (applying the 
OPLS-2005 force field) of the obtained structure 
to relieve the steric clashes among the amino acid 
residues till RMSD for the heavy atoms reached 
0.30Å. The 3D structures of the 1,2,3-triazole 
incorporated chalcone were sketched using 
the build panel and optimized using Ligand 
Preparation tool in Maestro which involves 
adjusting realistic bond lengths and angles, 
ascribing the partial charges using OPLS-2005 
force-field followed by energy minimization 
until its average RMSD reached 0.001Å. The 
active site of CYP51 enzyme for docking was 
defined using Receptor Grid Generation panel 
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wherein a grid box of 10X10X10Å dimensions 
centred on centroid of the co-crystallized 
ligand was generated. With this automatic 
setup, the lowest energy conformation of each 
ligand was docked against defined active site 
of CYP51 using extra precision (XP) Glide 
scoring function to gauze the binding affinities 
of triazole analogues towards CYP51. For each 
compound, the most stable docking pose was 
selected according to best-scored conformation 
and analysed quantitatively for the most 
significant interactions with residues lining the 
active site using Maestro’s Pose Viewer utility.

4.6 ADME Prediction

All the synthesized 1,2,3-triazolyl-chalcones 
were tested for Lipinski’s rule of five. According 
to this rule, a molecule likely to be developed as 
an orally active drug should not exhibit more 
than one violation of following four criteria: 
molecular weight ≤ 500, number of hydrogen 
bond donors ≤ 5, miLogP (octanol-water 
partition coefficient) ≤ 5, number of hydrogen 
bond acceptors ≤ 10. ADME properties were 
predicted by using molinspiration online 
property calculation toolkit. A collective 
property of physicochemical properties, 
pharmacokinetics and pharmacodynamics of a 
compound is represented by a numerical value 
known as the drug-likeness model score was 
computed by using MolSoft software.
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Abstract
In the current experimental study, we have synthesised new monocarbonyl curcumin analogues bearing propargyl ether
moiety in their structure and evaluated for in vitro antifungal and radical scavenging activity. The antifungal activity was
carried out against five human pathogenic fungal strains such as Candida albicans, Fusarium oxysporum, Aspergillus flavus,
Aspergillus niger and Cryptococcus neoformans. Most of the curcumin analogues displayed excellent to moderate fungicidal
activity when compared with standard drug Miconazole. Also, synthesised analogues exhibited potential radical scavenging
activity as compared with standard antioxidant Butylated hydroxyl toluene (BHT). Based on biological data, structure-
activity relationship (SAR) were also discussed. Furthermore, in silico computational study was carried out to know binding
interactions of synthesised analogues in the active sites of enzyme sterol 14α-demethylase (CYP51).

Graphical Abstract

Keywords Monocarbonyl curcumin analogues ● Antifungal activity ● Antioxidant activity ● SAR ● Molecular docking study

Introduction

Curcumin is the principal curcuminoid of the turmeric plant
of the family Zingiberaceae. It has been used to treat many
health conditions in India and other parts of Asia since

ancient times. According to recent literature, curcumin is
the multi-target pleiotropic agent displaying a wide spec-
trum of biological activities (Goel et al. 2008; Marchiani
et al. 2013; Bairwa et al. 2014; Shetty et al. 2015). Cur-
cumin has been evaluated in clinical trials for the treatment
of various diseases like cancer, liver diseases, infectious
diseases and rheumatoid arthritis (Hatcher et al. 2008;
Bairwa et al. 2014). However, clinical use of the curcumin
is restricted due to poor bioavailability, poor

* Bapurao B. Shingate
bapushingate@gmail.com

1 Department of Chemistry, Dr Babasaheb Ambedkar Marathwada
University, Aurangabad 431004, India

2 Department of Chemistry, Khopoli Municipal Council College,
Khopoli 410203, India

3 Department of Chemistry, Radhabai Kale Mahila Mahavidyalaya,
Ahmednagar 414001, India

4 Department of Pharmaceutical Chemistry, Y. B. Chavan College
of Pharmacy, Rafiq Zakaria Campus, Aurangabad 431001, India

5 Department of Pharmaceutical Chemistry, School of Pharmacy,
Vishwakarma University, Pune 411048, India

Supplementary information The online version of this article (https://
doi.org/10.1007/s00044-020-02611-7) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-020-02611-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-020-02611-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-020-02611-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00044-020-02611-7&domain=pdf
http://orcid.org/0000-0001-7207-0794
http://orcid.org/0000-0001-7207-0794
http://orcid.org/0000-0001-7207-0794
http://orcid.org/0000-0001-7207-0794
http://orcid.org/0000-0001-7207-0794
mailto:bapushingate@gmail.com
https://doi.org/10.1007/s00044-020-02611-7
https://doi.org/10.1007/s00044-020-02611-7


pharmacokinetics and rapid in vivo metabolism (Anand
et al. 2008). It was observed that, presence of the β-diketone
and active methylene groups are responsible for the
instability of curcumin (Anand et al. 2007; Wang et al.
1997) (Fig. 1).

Structural modification on curcumin by replacing
β-diketone moiety as well as an active methylene group
with single keto-functionality leads to the formation of
therapeutically active, stable monocarbonyl analogues of
curcumin (MACs) (Shetty et al. 2015). The literature survey
revealed that, MACs were displayed a wide spectrum of
biological activities which are found to be superior to cur-
cumin itself. MACs shows potential anticancer (Kerru et al.
2017), anti-inflammatory (Wang et al. 2017), antioxidant
(Zheng et al. 2017), antibacterial (Sanabria-Rios et al.
2015), anti-Alzheimer’s activity (Chen et al. 2011), anti-
parasitic (Carapina da Silva et al. 2019), antileishmanial
(Tiwari et al. 2015), topoisomerase II alpha inhibitors (Paul
et al. 2014), antiobesity (Buduma et al. 2016), anti-tubulin
(Singh et al. 2016), anti-invasive chemotypes (Roman et al.
2015), lipoxygenase and proinflammatory cytokines
(Ahmad et al. 2014), anti-tubercular (Subhedar et al. 2017),
antifungal activity (Sahu et al. 2012) etc.

In recent years, invasive fungal infections are a major
concern due to an increase in organ transplantation, stem
cell transplantation, chemotherapy and human immunode-
ficiency virus. Candidosis, aspergillosis and cryptococcosis,
are three major fungal infections responsible for clinical
infections in patients having a weak immune system.
Although, there are several drugs available to treat fungal
diseases, multidrug-resistant strain development among the
fungal species against existing amphotericin B, triazoles,
and echinocandins based antifungal drugs (Pappas et al.
2015) become a critical problem for therapeutic strategies
(Seufert et al. 2018). Also, existing antifungal drugs have
many side effects. Long term use of the existing antifungal
drugs can induce many side effects such as cough, bad taste,
nausea, hepatotoxicity, liver toxicity, hypokalemia, fever,
gastrointestinal, endocrinologic, metabolic, carcinogenic,
chills and drug-drug interactions between azole and other
drug classes that are metabolised via similar pathways in the
liver (Bodey 1992; Shehaan et al. 1999).

These limitations emphasise the need to develop new and
more effective antifungal agents. Martins et al. (Martins
et al. 2009) evaluated the potential of curcumin against
various fungal strains as an effective antifungal as compared
with commercial drug fluconazole. Very recently, anti-
infective properties of curcumin have been reviewed
(Praditya et al. 2019). Hence, curcumin and its analogues
can be the new scaffold in the search of new antifungal
agents. Covalent modification by prenylation have been
recognised as a mechanism for promoting membrane
interactions and biological activity of a variety of cellular
proteins (Casey 1992).

It was observed that, reactive oxygen species were
involved in the mechanism of action of antifungal drugs (Da
Silva et al. 2014). Therefore, new antifungals with anti-
oxidant potential can be a good choice. Literature revealed
that, curcumin moiety is responsible for antioxidant activity
(Masuda et al. 2001; Sokmen, Khan 2016). Considering the
antioxidant activity of curcumin analogues (Li et al. 2015;
Sahu et al. 2016a, b; Lal et al. 2016; Zheng et al. 2017),
many attempts were made to develop new curcumin based
molecules as an antioxidant agents. Some of the repre-
sentative structures of the molecules as an antioxidant
agents were shown in Fig. 2.

Under this context and as a part of our ongoing research
in the synthesis and biological evaluation of monocarbonyl
curcumin analogues (Deshmukh et al. 2020; Subhedar et al.
2017; Nagargoje et al. 2019, 2020), we report herein,
synthesis, antifungal and antioxidant evaluation of new
propargylated monocarbonyl curcumin analogues. Further-
more, to understand the binding mechanism of newly syn-
thesised analogues into the active sites of cytochrome P450,
molecular docking study was also performed.

Results and discussion

Chemistry

In the present work, we have described the synthesis of new
propargylated monocarbonyl curcumin analogues by the
Claisen–Schmidt type condensation (Fine, Pulaski 1973;
Ziani et al. 2013) of propargylated benzaldehydes with
monoketone linkers like cyclohexanone, cyclopentanone,
acetone and 4-methyl piperidone by literature method. The
reaction of benzaldehyde 1a–c with propargyl bromide in
the presence of an alkaline condition resulted in the corre-
sponding substituted prop-2-yn-1-yloxy-benzaldehydes
2a–c in excellent yields (Scheme 1). The condensation of
these benzaldehydes 2a–c with respective monoketone
3a–d using aq. NaOH and ethanol at room temperature
resulted into corresponding propargylated monocarbonyl
curcumin analogues 4a–i in a good yield. (Scheme 1).

Fig. 1 Curcumin and groups responsible for the instability

Medicinal Chemistry Research



The formation of propargylated monocarbonyl curcumin
analogues 4a–i has been confirmed by physical data and
spectroscopic methods such as FT-IR, 1H NMR, 13C NMR
and LC/ESI-MS. According to the FT-IR spectrum of
compound 4a, the peaks observed at 3262 cm−1, 2120 cm−1

indicate the presence of the alkyne group and 1660 cm−1 for
the presence of a carbonyl group. In the 1H NMR spectrum
of compound 4a, the triplet at 1.47 ppm is observed for
methyl group adjacent to a methylene group present on the
benzene ring, multiple ranging in between 1.84 and
1.78 ppm, and triplet at 2.93 ppm is observed for methylene
groups of cyclohexanone ring, triplet at 2.53 ppm with
coupling constant 2.4 Hz for two alkyne protons (This

indicates coupling of acetylinic proton with methylene
protons adjacent to oxygen and alkyne group), the quartet at
4.12 ppm for four methylene protons adjacent to oxygen
and methyl group on benzene rings, a doublet at 4.81 ppm
with coupling constant 2.4 Hz (This indicates coupling of
these protons with terminal acetylene protons) for the pre-
sence of two methylene protons adjacent to oxygen and
alkyne group on a benzene ring. In addition to this, the
signal appeared at 7.03 and 7.08 ppm for six aromatic
protons of benzene rings. The signal appeared at 7.73 ppm
is for two alkene protons. These alkene protons are ben-
zylidine protons, and also in β position to the carbonyl
group, hence due to resonance effect and –I effect of the

Scheme 1 Synthesis of
propargylated monocarbonyl
curcumin analogues. Reagent
and conditions: (a) Propargyl
bromide, K2CO3, DMF, rt,
3–4 h; (b) Aq. NaOH, EtOH, rt,
4–5 h

Fig. 2 Known MACs with
antioxidant activity
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carbonyl group and benzene ring this signal is shifted to
downfield region. In the 13C NMR spectrum of compound
4a, the signal at 14.8 ppm is observed for the methyl carbon
and the signals at 23.0 and 28.5 ppm indicate the presence
of two methylene carbon of cyclohexanone ring. The sig-
nals at 56.8 and 64.6 ppm indicate the presence of methy-
lene carbons adjacent to oxygen. The signal at 76.0 and
78.4 ppm shows the presence of alkyne carbons. Further-
more, the peak observed at 190.1 ppm for carbonyl carbon.
The formation of compound 4a has been further confirmed
by mass spectrometry. The calculated [M-H]+ for com-
pound 4a is 469.2093 and observed [M-H]+ in the mass
spectrum at 469.2143. Similarly compounds 4b–i were
characterised by the spectral analysis. The structures of all
the synthesised MACs are given in Fig. 3.

In vitro antifungal activity

The synthesised MACs were evaluated for in vitro anti-
fungal activity against various fungal strains like Crypto-
coccus neoformans, Aspergillus niger, Aspergillus flavus,

Candida albicans, Fusarium oxysporum etc. The minimum
inhibitory potential of synthesised analogues were com-
pared against the standard antifungal drug Miconazole. The
MIC values in µg/mL were estimated and the results are
summarised in Table 1.

Most of the synthesised MACs exhibited excellent to
moderate antifungal potential against most of the patho-
genic fungal strains, which is reflected by their MIC values.
Antifungal activity of synthesised MACs compare to stan-
dard Miconazole is represented graphically in Fig. 4.
Among the series, compound 4a displayed equivalent or
two/three fold more potency as compared with positive
control Miconazole, which reflects its broad-spectrum nat-
ure. Compound 4a demonstrates excellent inhibitory
activity against Candida albicans, Fusarium oxysporum
and Cryptococcus neoformans (MIC 12.5 µg/mL, MIC
12.5 µg/mL and MIC 12.5 µg/mL, respectively) with com-
pared with Miconazole. Also, 4a is equipotent against
Aspergillus flavus and Aspergillus niger (MIC 25 µg/mL
each) with compared with Miconazole. Furthermore, com-
pound 4b and 4c exhibited almost equal potency as

Fig. 3 Structures of synthesised monocarbonyl curcumin analogues
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compared with standard. Compound 4e, 4f and 4h dis-
played moderate potential to act as an antifungal agent.
Also, antifungal activity data showed that 4a, 4b and 4f
were the most active against Aspergillus flavus. The trends
in the MIC values of the synthesised analogues help to
establish some sort of structure-activity relationship (SAR).
From the minimum inhibitory concentration values of the
synthesised propargylated monocarbonyl curcumin analo-
gues against different fungal strains, it was observed that
curcumin analogues with cyclic linkers like cyclohexanone
and N-methyl piperidone enhances antifungal potential. To
be more specific, analogues with cyclohexanone linker
displayed better antifungal activity. Comparing MIC values
of compound 4a and 4h it was observed that cyclohexanone

linker played an important role in enhancing antifungal
activity. Analogues with ethoxy (-OEt) group on the aro-
matic side-chain have better antifungal potential than other
analogues having a methoxy (-OMe) and chloro (-Cl)
group. Furthermore, antifungal potential is found to
decrease when cyclopentanone and acetone were used as a
linker molecule. Also, it was observed that most of the
curcumin analogues showed strong potential against all
fungal strains except Cryptococcus neoformans. In contrast,
curcumin analogues 4g and 4i do not show significant
antifungal activity against any tested pathogenic fungal
strains, which also revealed that open space linker like
acetone found to decrease antifungal activity.

In vitro antioxidant activity

All synthesised propargylated monocarbonyl curcumin
analogues were further evaluated for in vitro radical
scavenging activity. It was observed that the compound 4i
with acetone linker and 3,5-chloro substitution on the aro-
matic ring displayed potential antioxidant activity (IC50=
12.78 ± 0.71) when compared with the standard drug BHT
(IC50= 16.47 ± 0.18) (Table 1). Furthermore, analogues 4b,
4c and 4e displays almost greater or equal antioxidant
potential as compared with BHT. Trends in antioxidant and
antifungal activity data revealed that analogues 4b, 4c and
4e exhibited potential antifungal and antioxidant activity as
reflected in their MIC and IC50 values. Also, analogue 4i
which was inactive against fungal strains were found to
exhibit strong antioxidant activity. It was observed that
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Table 1 In vitro antifungal and
antioxidant evaluation of
propargylated monocarbonyl
curcumin analogues

Entry Antifungal activity (MIC in μg/
mL)

Molecular docking score Antioxidant activity (IC50 in μg/mL)

CA[a] FO[b] AF[c] AN[d] CN[e]

4a 12.5 12.5 25 25 12.5 −8.939 24.28 ± 0.45

4b 25 12.5 25 25 50 −8.559 16.17 ± 0.11

4c 62.5 25 37.5 12.5 25 −8.097 15.78 ± 0.47

4d 37.5 87.5 25 50 62.5 −8.534 40.34 ± 0.14

4e 25 25 75 50 100 −7.490 13.18 ± 0.34

4f 75 75 12.5 25 75 −7.762 28.36 ± 0.43

4g 100 75 75 100 175 −7.338 27.81 ± 0.05

4h 12.5 25 75 100 25 −7.637 41.42 ± 0.67

4i 150 125 150 175 100 −7.088 12.78 ± 0.71

MA 25 25 12.5 25 25 – –

BHT – – – – – – 16.47 ± 0.18

MA miconazole, BHT butoxy hydroxy tolune
aCandida albicans
bFusarium oxysporum
cAspergillus flavus
dAspergillus niger
eCryptococcus neoformans
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acetone linker enhances antioxidant activity than cyclic
linker.

Molecular docking study

Promising levels of activities demonstrated by the pro-
pargylated monocarbonyl curcumin analogues investigated
herein against the various fungal strains prompted us to
carry out molecular docking studies against the crucial
sterol 14α-demethylase (CYP51) enzyme (PDB code:
3KHM) to elucidate their plausible mechanism of antifungal
activity. Within the framework of in silico structure-based
drug design approaches, molecular docking has evolved an
inevitable tool to predict the potential biological target with
a substantial degree of accuracy especially in the absence of
available resources to do the experimental enzyme assay.
Sterol 14α-demethylase (CYP51) is an ancestral activity of
the cytochrome P450 superfamily and is essential for
ergosterol biosynthesis in fungi where it catalyzes the
conversion of lanosterol to ergosterol. Inhibition of CYP51
leads to accumulation of 14α-methyl sterols and depletion
of ergosterol in the fungal cell wall, resulting in altered cell
membrane properties and function with subsequently
increased permeability and inhibition of cell growth and
replication.

Molecular docking protocol was validated by extracting
the co-crystallised ligand (Fluconazole) and re-docking
using the experimental set up described in the experimental
part of docking analysis (Fig. 5).

From the ensuing docked conformations, it is revealed
that all the propargylated monocarbonyl curcumin analogues
could bind to the active site of CYP51 with varying degrees
of affinities at co-ordinates close to the native structure by
formation of a network of close interactions. The docking
scores for the series varied from −8.939 for the most active
to −7.088 for moderately active with an average docking
score of −7.963 signifying a promising binding affinity
towards CYP51. Furthermore, a detailed per-residue inter-
action analysis was carried out to identify the most

significantly interacting residues and their associated ther-
modynamic interactions. This analysis is discussed in detail
for one of the most active molecule 4a and summarised in
Table 2 for other active compounds 4b, 4c, 4f and 4h as well
(SI-1 to SI-4, Supplementary Information).

The lowest energy docked conformation of 4a (Fig. 6)
revealed that it could snugly fit into the active site of
CYP450 at co-ordinates similar to native ligand (Fig. 7)
engaging in a network of bonded and non-bonded (steric
and electrostatic) interactions.

The compound was found to be stabilised through most
significant van der Waals interactions observed with Val461
(−3.246 kcal/mol), Phe290 (−2.953 kcal/mol), Ala287
(−2.954 kcal/mol), Glu205 (−2.741 kcal/mol), Tyr116
(−4.431 kcal/mol), Phe110 (−2.871 kcal/mol), Met106
(−3.155 kcal/mol), Tyr103 (−3.098 kcal/mol) residues via
the central cyclohexanone nucleus while the 3-ethoxy-4-
(prop-2-yn-1-yloxy) benzylidene side chains flanking both
side of the nucleus engaged in similar van der Waals
interactions with Hem500 (−5.738 kcal/mol), Met460
(−4.355 kcal/mol), Thr459 (−3.486 kcal/mol), Leu356
(−3.261 kcal/mol), Thr295 (−2.918 kcal/mol), Ala291
(−2.972 kcal/mol), Pro210 (−3.197 kcal/mol), Ile209
(−2.977 kcal/mol), Leu208 (−3.232 kcal/mol) and Ile105
(−3.288 kcal/mol) residues lining the active site. The
enhanced binding affinity of 4a is also attributed to very
significant electrostatic interactions observed through
Hem500 (−3.185 kcal/mol), Ile209 (−2.896 kcal/mol),
Glu205 (−2.867 kcal/mol) and Tyr103 (−2.712 kcal/mol)
residues.

Furthermore, 4a also exhibited a very close hydrogen-
bonding interactions with Tyr103(1.989 Å) residue through
the ketone function of the central cyclohexanone nucleus
which serve as an ″anchor″ to stabilise the 3D orientation of
a ligand into the active site and also guide the steric and
electrostatic (non-bonded) interactions. A similar network
of bonded (H-bond) and non-bonded (steric and electro-
static) interactions were observed for other active analo-
gues. It is noteworthy that all the active molecules,

Fig. 5 Superimposition of the
best scoring pose for
Fluconazole obtained from
docking (green carbon) against
the X-ray bound conformation
(pink carbon)

Medicinal Chemistry Research



including 4a, showed a very strong steric as well as elec-
trostatic interaction with the Hem moiety (iron metal) of
CYP51 which is crucial for antifungal activity knowing the
experimental evidence that Miconazole is also coordinated

with CYP51 through this Hem moiety. This suggests that
the propargylated monocarbonyl curcumin analogues
investigated herein may also exhibit their antifungal activity
through CYP51 inhibition.

Table 2 The per-residue interaction analysis based on docking study for propargylated monocarbonyl curcumin analogues with sterol
14α-demethylase (CYP51)

Code Docking score Glide interaction
energy (kcal/mole)

Per-residues interactions

Coulombic (kcal/mol) H-bond (Å)

4a −8.939 −49.907 Hem500 (−3.185), Ile209 (−2.896),
Glu205 (−2.867), Tyr103 (−2.712)

Tyr103 (1.989)

4b −8.559 −48.324 Hem500 (−3.077), Ile209 (−2.596),
Glu205 (−2.367), Tyr103 (−2.429)

–

4c −8.097 −46.877 Hem500 (−2.939), Ile209 (−2.292),
Glu205 (−2.349), Tyr103 (−2.392)

Tyr103 (2.088)

4f −7.762 −47.954 Hem500 (−2.850), Ile209 (−2.196),
Glu205 (−2.267), Tyr103 (−2.128)

Tyr103 (1.899)

4h −7.637 −45.814 Hem500 (−2.739), Ile209 (−1.432),
Glu205 (−2.139), Tyr103 (−2.092)

–

Fluconazole −7.34 −52.92 Hem500 (−5.862), Ile209 (−2.896),
Glu205 (−2.929), Tyr103 (−2.35)

Tyr116 (2.11)

Fig. 6 Binding mode of 4a into the active site of sterol 14α-demethylase (CYP51) (on the right side: the pink lines signify hydrogen-bonding
interaction)

Fig. 7 Superimposition of the
4a against the X-ray bound
conformation of Fluconazole
(Green backbone: 4a, Orange
backbone: Fluconazole; Pink
backbone: Hem)
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Materials and methods

General

All chemicals and reagents were procured from Sigma
Aldrich, S.D. Fine chemical and commercial suppliers and
used without further purification. TLC was performed on
0.25 mm E. Merck pre-coated silica gel plates (60 F254).
The components were identified by exposure to iodine
vapours or UV light. The melting point was decided by
using an open capillary technique and are uncorrected. The
products were characterised using 1H NMR, 13C NMR
spectra and MS. 1H-NMR spectra were recorded in CDCl3
on a Bruker DRX-400 MHz spectrometer. 13C NMR
spectra were recorded in CDCl3 on a Bruker DRX-100
MHz instrument. TMS was used as the internal standard.
IR spectra were recorded using a Bruker ALPHA ECO-
ATR FTIR spectrometer. Mass spectra were recorded on
LC/ESI-MS spectrometer.

General procedure for the preparation of prop-2-yn-
1-yloxy benzaldehydes (2a–c)

An appropriate mixture of hydroxybenzaldehyde 1a–c
(1 mmol), propargyl bromide (1 mmol) and K2CO3

(2 mmol) in DMF (9–10 mL) was stirred at room tempera-
ture for 2–3 h. The progress of the reaction was monitored
using TLC. After completion of the reaction, the reaction
mixture was poured in ice-cold water. The separated solid
was filtered washed with water, dried and recrystallised
from ethanol resulted in the corresponding propargylated
benzaldehydes in good yields (87–89%).

General procedure for the preparation of
propargylated monocarbonyl curcumin analogues
(4a–i)

A mixture of appropriate propargylated benzaldehydes 2a–c
(1 mmol), appropriate monoketone linker (1 mmol) and aq.
NaOH in ethanol (10 mL) was stirred at room temperature
for about 3–4 h. The progress of the reaction was monitored
using TLC. The precipitate was washed with water, dried
and recrystallised using ethyl acetate-chloroform as a
solvent.

(2E,6E)-2,6-Bis(3-ethoxy-4-(prop-2-yn-1-yloxy)benzylidene)
cyclohexanone (4a)

Yellow coloured crystal; yield 82%; mp: 150–153 °C; IR
(KBr) νmax 3262, 2120, 1660, 1589, 1503 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.73 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.08 (4H, s, Ar-H, H-5, H-5′, H-9, H-9′), 7.03 (2H, s,
Ar-H, H-8, H-8′), 4.81 (4H, d, J= 2.4 Hz, Ar-OCH2), 4.12

(4H, q, J= 8.0 Hz, -OCH2CH3), 2.93 (4H, t, J= 8.0 Hz,
-CH2-CH2-CH2), 2.53 (2H, d, J= 2.4 Hz, -C≡CH),
1.84–1.78 (2H, m, -CH2-CH2-CH2), 1.47 (6H, t, J= 8.0 Hz,
-OCH2-CH3);

13C NMR (CDCl3, 100MHz,): δ= 190.1 (C
=O, C-1), 148.6 (Ar-C, C-7, C-7′), 147.6 (Ar-C, C-6, C-
6′), 136.7 (Ar-CH= C-, C-3, C-3′), 134.8 (Ar-CH= C-, C-
2, C-2′), 130.2 (Ar-C, C-4, C-4′), 123.5 (Ar-C, C-9, C-9′),
115.7 (Ar-C, C-8, C-8′), 114.2 (Ar-C, C-5, C-5′), 78.4
(-C≡CH-), 76.0 (-C ≡CH-), 64.6 (-OCH2), 56.8
(-OCH2CH3), 28.5 (-CH2), 23.0 (-CH2) and 14.8 (OCH2-
CH3); HRMS: Calcd for C30H29O5 [M-H]+, 469.2093,
found: 469.2143

(3E,5E)-3,5-Bis(3-ethoxy-4-(prop-2-yn-1-yloxy)benzylidene)-
1-methylpiperidin-4-one (4b)

Yellow coloured crystal; yield 84%; mp: 152–154 °C; IR
(KBr) νmax 3241, 2117, 1660, 1574, 1502 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.76 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.11 (2H, d, J= 8.4 Hz, Ar-H, H-9, H-9′), 7.02 (2H, d,
J= 1.6 Hz, Ar-H, H-5, H-5′), 6.99 (2H, d, J= 8.4 Hz, Ar-
H, H-8, H-8′), 4.83 (4H, d, J= 2.4 Hz, Ar-OCH2), 4.14
(4H, q, J= 8.0 Hz, -OCH2CH3), 3.80 (4H, s, -CH2-N-CH2-),
2.56 (2H, d, J= 2.4 Hz, -C≡CH), 2.5 (3H, s, -N-CH3),
1.50 (6H, t, J= 8.0 Hz, -OCH2-CH3);

13C NMR (CDCl3,
100MHz,): δ= 186.7 (C=O, C-1), 148.8 (Ar-C, C-7, C-
7′), 148.0 (Ar-C, C-6, C-6′), 136.3 (Ar-CH= C-, C-3, C-3′),
131.8 (Ar-CH= C-, C-2, C-2′), 129.5 (Ar-C, C-4, C-4′),
123.4 (Ar-C, C-9, C-9′), 115.8 (Ar-C, C-8, C-8′), 114.3 (Ar-
C, C-5, C-5′), 78.4 (-C≡CH-), 76.1 (-C ≡CH-), 64.6
(OCH2-CH3), 56.8 (Ar-OCH2), 45.8 (-CH2-N-CH2), 29.7
(-N-CH3), 14.8 (OCH2-CH3); LC-MS: Calcd for
C30H32NO5 [M+H]+, 486.2, found: 486.2

(3E,5E)-3,5-Bis(3-methoxy-4-(prop-2-yn-1-yloxy)
benzylidene)-1-methylpiperidin-4-one (4c)

Yellow coloured crystal; yield 80%; mp: 159–161 °C; IR
(KBr) νmax 3227, 2117, 1660, 1569, 1503 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.75 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.08 (2H, d, J= 8.4 Hz, Ar-H, H-9, H-9′), 7.01 (2H, d,
J= 1.2 Hz, Ar-H, H-5, H-5′), 6.97 (2H, d, J= 8.4 Hz, Ar-
H, H-8, H-8′), 4.81 (4H, d, J= 2.4 Hz, Ar-OCH2), 3.90
(6H, s, -OCH3), 3.78 (4H, s, -CH2-N-CH2-), 2.54 (2H, d,
J= 2.4 Hz, -C≡CH), 2.48 (3H, s, -N-CH3);

13C NMR
(CDCl3, 100MHz,): δ= 186.7 (C=O, C-1), 149.3 (Ar-C,
C-7, C-7’), 147.7 (Ar-C, C-6, C-6′), 136.2 (Ar-CH= C-, C-
3, C-3′), 131.9 (Ar-CH= C-, C-2, C-2′), 129.4 (Ar-C, C-4,
C-4′), 123.3 (Ar-C, C-9, C-9′), 114.3 (Ar-C, C-8, C-8′),
113.6 (Ar-C, C-5, C-5′), 78.1 (-C ≡CH-), 76.2 (-C ≡CH-),
57.1 (Ar-OCH2), 56.6 (OCH3), 56.0 (-CH2-N-CH2), 45.8
(-N-CH3); LC-MS: Calcd for C28H28NO5 [M+H]+, 458.5,
found: 458.5
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(2E,5E)-2,5-Bis(3-ethoxy-4-(prop-2-yn-1-yloxy)benzylidene)
cyclopentanone (4d)

Yellow coloured crystal; yield 81%; mp: 177–179 °C; IR
(KBr) νmax 3253, 2119, 1672, 1581, 1505 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.53 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.23 (2H, dd, J= 8.4 Hz and 1.6 Hz, Ar-H, H-9, H-9′),
7.15 (2H, d, J= 1.6 Hz, Ar-H), 7.11 (2H, d, J= 8.4 Hz, Ar-
H), 4.83 (4H, d, J= 2.4 Hz, Ar-OCH2), 4.15 (4H, q, J=
7.2 Hz, -OCH2CH3), 3.10 (4H, s, -CH2), 2.53 (2H, d, J=
2.4 Hz, -C≡ CH), 1.49 (6H, t, J= 7.2 Hz, -OCH2-CH3);

13C
NMR (CDCl3, 100MHz,): δ= 196.1 (C=O, C-1), 148.9
(Ar-C, C-7, C-7′), 148.3 (Ar-C, C-6, C-6′), 135.8 (Ar-CH
= C-, C-3, C-3′), 133.6 (Ar-CH= C-, C-2, C-2′), 130.2 (Ar-
C, C-4, C-4′), 124.0 (Ar-C, C-9, C-9′), 115.6 (Ar-C, C-8, C-
8′), 114.4 (Ar-C, C-5, C-5′), 78.3 (-C≡CH-), 76.1 (-C ≡
CH-), 64.7 (OCH2-CH3), 56.7 (Ar-OCH2), 26.5 (-CH2),
14.8 (OCH2-CH3); LC-MS: Calcd for C29H29O5 [M+H]+,
457.5, found: 457.2.

(2E,5E)-2,5-Bis(3-methoxy-4-(prop-2-yn-1-yloxy)
benzylidene)cyclopentanone (4e)

Yellow coloured crystal; yield 83%; mp: 178–180 °C; IR
(KBr) νmax 3251, 2117, 1671, 1580, 1503 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.78 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.10 (2H, d, J= 8.4 Hz, Ar-H, H-9, H-9′), 7.03 – 6.98
(4H, m, Ar-H, H-5, H-5′, H-8, H-8′), 4.84 (4H, d, J=
2.4 Hz, Ar-OCH2), 3.93 (6H, s, -OCH3), 2.57 (2H, d, J=
2.4 Hz, -C ≡CH), 2.50 (4H, s, -CH2);

13C NMR (CDCl3,
100MHz,): δ= 196.4 (C=O, C-1), 149.1 (Ar-C, C-7, C-
7′), 148.5 (Ar-C, C-6, C-6′), 136.0 (Ar-CH= C-, C-3, C-3′),
133.9 (Ar-CH= C-, C-2, C-2′), 130.4 (Ar-C, C-4, C-4′),
124.3 (Ar-C, C-9, C-9′), 115.8 (Ar-C, C-8, C-8′), 114.6 (Ar-
C, C-5, C-5′), 78.5 (-C≡CH-), 76.4 (-C ≡CH-), 64.8 (Ar-
OCH2), 56.8 (-OCH3), 26.5 (-CH2); ESI-MS: Calcd for
C27H25O5 [M+H]+, 429.5, found: 430.0

(1E,4E)-1,5-Bis(3-ethoxy-4-(prop-2-yn-1-yloxy)phenyl)penta-
1,4-dien-3-one (4f)

Yellow coloured crystal; yield 85%; mp: 144–146 °C; IR
(KBr) νmax 3263, 2120, 1645, 1579, 1502 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.67 (2H, d, J= 16 Hz, Ar-CH=
C-, H-3, H-3′), 7.20 (2H, dd, J= 8.4 Hz and 2 Hz, Ar-H, H-
9, H-9′), 7.16 (2H, d, J= 2 Hz, Ar-H, H-5, H-5′), 7.06 (2H,
d, J= 8.4 Hz, Ar-H, H-8, H-8′), 6.95 (2H, d, J= 16 Hz, Ar-
CH=CH-, H-2, H-2′), 4.82 (4H, d, J= 2.4 Hz, Ar-OCH2),
4.15 (4H, q, J= 7.2 Hz, -OCH2CH3), 2.54 (2H, d, J=
2.4 Hz, -C≡ CH), 1.50 (6H, t, J= 7.2 Hz, -OCH2-CH3);

13C
NMR (CDCl3, 100MHz,): δ= 188.8 (C=O, C-1), 149.3
(Ar-C, C-7, C-7′), 149.2 (Ar-C, C-6, C-6′), 143.0 (Ar-CH
= CH-, C-3, C-3′), 129.0 (Ar-C, C-4, C-4′), 124.0 (Ar-CH

= CH-, C-2, C-2′), 122.5 (Ar-C, C-9, C-9′), 114.4 (Ar-C, C-
8, C-8′), 112.2 (Ar-C, C-5, C-5′), 78.3 (-C≡CH-), 76.3
(-C ≡CH-), 64.7 (OCH2-CH3), 56.8 (Ar-OCH2), 14.9
(OCH2-CH3); LC-MS: Calcd for C27H27O5 [M+H]+,
431.5, found: 431.1

(1E,4E)-1,5-Bis(3-methoxy-4-(prop-2-yn-1-yloxy)phenyl)
penta-1,4-dien-3-one (4g)

Yellow coloured crystal; yield 82%; mp: 155–157 °C; IR
(KBr) νmax 3253, 2109, 1660, 1571, 1495 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.71 (2H, d, J= 16 Hz, Ar-CH=
C-, H-3, H-3′), 7.22 (2H, d, J= 8.4 Hz, Ar-H, H-9, H-9′),
7.17 (2H, s, Ar-H, H-5, H-5′), 7.07 (2H, d, J= 8 Hz, Ar-H,
H-8, H-8′), 6.98 (2H, d, J= 16 Hz, Ar-CH=CH-, H-2, H-
2′), 4.84 (4H, d, J= 2.4 Hz, Ar-OCH2), 3.96 (6H, s,
-OCH3), 2.57 (2H, t, J= 2.4 Hz, -C ≡CH); 13C NMR
(CDCl3, 100MHz,): δ= 188.6 (C=O, C-1), 149.8 (Ar-C,
C-7, C-7′), 149.0 (Ar-C, C-6, C-6′), 143.0 (Ar-CH=CH-,
C-3, C-3′), 129.0 (Ar-C, C-4, C-4′), 124.0 (Ar-CH=CH-,
C-2, C-2′), 122.5 (Ar-C, C-9, C-9′), 113.7 (Ar-C, C-8, C-
8′), 110.5 (Ar-C, C-5, C-5′), 78.0 (-C≡CH-), 76.3 (-C ≡
CH-), 56.6 (Ar-OCH2), 56.0 (OCH3); LC-MS: Calcd for
C25H23O5 [M+H]+, 403.4, found: 403.1

(2E,6E)-2,6-Bis(3,5-dichloro-2-(prop-2-yn-1-yloxy)
benzylidene)cyclohexanone (4h)

Yellow coloured crystal; yield 84%; mp: 146–148 °C; IR
(KBr) νmax 3243, 2109, 1661, 1560, 1423 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 7.87 (2H, s, Ar-CH= C-, H-3, H-
3′), 7.42 (2H, d, J= 2.4 Hz, Ar-H, H-7, H-7′), 7.22 (2H, d,
J= 2.4 Hz, Ar-H, H-5, H-5′), 4.71 (4H, d, J= 2.4 Hz, Ar-
OCH2), 2.78 (4H, t, J= 8.0 Hz, -CH2-CH2-CH2), 2.54 (2H,
t, J= 2.4 Hz, -C≡CH), 1.82-1.76 (2H, m, -CH2-CH2-CH2);
13C NMR (CDCl3, 100MHz,): δ= 189.0 (C=O, C-1),
151.3 (Ar-C, C-9, C-9′), 138.8 (Ar-CH= C-, C-3, C-3′),
133.3 (Ar-CH= C-, C-2, C-2′), 131.3 (Ar-C, C-7, C-7′),
130.2 (Ar-C, C-6, C-6′), 129.7 (Ar-C, C-5, C-5′), 129.5 (Ar-
C, C-8, C-8′), 128.5 (Ar-C, C-4, C-4′), 77.8 (-C≡CH-),
61.0 (Ar-OCH2), 28.5 (-CH2), 22.7 (-CH2); LC-MS: Calcd
for C26H18Cl4O3 [M]+, 520.2, found: 520.0

(1E,4E)-1,5-Bis(3,5-dichloro-2-(prop-2-yn-1-yloxy)phenyl)
penta-1,4-dien-3-one (4i)

Yellow coloured crystal; yield 80%; mp: 181–183 °C; IR
(KBr) νmax 3285, 2126, 1664, 1599, 1554 cm−1; 1H NMR
(CDCl3, 400MHz,): δ= 8.03 (2H, d, J= 16 Hz, Ar-CH=
C-, H-3, H-3′), 7.57 (2H, d, J= 2.4 Hz, Ar-H, H-7, H-7′),
7.45 (2H, d, J= 2.4 Hz, Ar-H, H-5, H-5′), 7.12 (2H, d, J=
16 Hz, Ar-CH=CH-, H-2, H-2′), 4.78 (4H, d, J= 2.4 Hz,
Ar-OCH2), 2.57 (2H, t, J= 2.4 Hz, -C≡CH); 13C NMR
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(CDCl3, 100MHz,): δ= 188.4 (C=O, C-1), 151.8 (Ar-C,
C-9, C-9′), 136.9 (Ar-CH=CH-, C-3, C-3′), 132.3 (Ar-CH
= CH-, C-2, C-2′), 131.7 (Ar-C, C-7, C-7′), 130.7 (Ar-C, C-
6, C-6′), 129.8 (Ar-C, C-5, C-5′), 127.9 (Ar-C, C-8, C-8′),
125.9 (Ar-C, C-4, C-4′), 77.6 (-C≡CH-), 61.5 (Ar-OCH2);
ESI-MS: Calcd for C23H14Cl4KO3 [M+K]+, 519.3,
found: 520.0

Bioactivity assay

Antifungal activity assay

Standard agar dilution method as per CLSI (formerly,
NCCLS) was used to determine in vitro antifungal activity
of synthesised analogues (Collins 1967; Duraiswamy et al.
2009). Synthesised analogues and standard drug Micona-
zole were dissolved in DMSO solvent. A phosphate buffer
solution of pH 7 was used to dissolve medium yeast
nitrogen base furthermore, it was autoclaved at 110 °C for
10 min. A growth control without an antifungal agent and
solvent control DMSO were included with each set. On
Sabouraud dextrose agar, fungal strains were freshly sub-
cultured and incubated at 25 °C for 72 h. Fungal cells were
suspended and diluted to get 105 cells/mL in sterile distilled
water. Ten microliters of standardised suspension were
inoculated onto the control plates and the antifungal agents
were integrated with the media. The inoculated plates were
incubated at 25 °C for 48 h. At the end of 48 and 72 h
readings were taken. The MIC values (Minimum inhibitory
concentration of drugs preventing the growth of macro-
scopically visible colonies on drug-containing plates when
there was visible growth on the drug-free control plates)
was calculated.

Antioxidant activity assay

Synthesised curcumin analogues were screened for in vitro
antioxidant activity by using 1, 1-diphenyl-2- picrylhy-
drazyl (DPPH) radical scavenging assay. The results were
compared with standard antioxidant drug BHT (Butylated
Hydroxy Toluene).

Radical scavenging activity of the synthesised com-
pounds has been carried out in vitro by the 1, 1-diphenyl-
2picrylhydrazyl (DPPH) radical scavenging assay (Burits
and Bucar 2000). The obtained results were compared with
standard antioxidant BHT (Butylated Hydroxy Toluene).
The hydrogen atom or electron donation ability of the
compounds was calculated from the bleaching of the
purple-coloured methanol solution of 1, 1-diphenyl-1-
picrylhydrazyl (DPPH). The spectrophotometric assay
uses the stable radical DPPH as a reagent. 1 mL of various
concentrations of the test compounds (5, 10, 25, 50 and
100mg/mL) in methanol was added to 4 mL of 0.004% (w/v)

methanol solution of DPPH. After a 30min incubation period
at room temperature, the absorbance was measured against
blank at 517 nm. The percent inhibition (I %) of free radical
production from DPPH was calculated by the following
equation.

% of scavenging ¼ A control� A sampleð Þ=A blank½ � � 100;

where ‘A control’ is the absorbance of the control reaction
(containing all reagents except the test compound) and ‘A
sample’ is the absorbance of the test compound. Tests were
carried at in triplicate.

Molecular docking

To gauze the binding affinity and the mode of interaction of
the new propargylated monocarbonyl curcumin analogues
to the critical fungal enzyme sterol 14α-demethylase
(CYP51), molecular docking study has been performed
using the GLIDE (Grid-based Ligand Docking with Ener-
getics) module of the Schrodinger Molecular modelling
package (Schrodinger, LLC, New York, NY, 2015)
(Halgren et al. 2004; Friesner et al. 2006). The 3D X-ray
crystal structure of sterol 14α-demethylase (CYP51) com-
plexed with its inhibitor-fluconazole (pdb code: 3KHM)
was obtained from the Protein Data Bank (PDB)
(http://www.rcsb.org/pdb) and cleaned using with the pro-
tein preparation wizard applying the OPLS-2005 force
field. This includes deletion of the crystallographic water
molecules as there are no conserved interactions with
receptor; addition of the missing protons/side-chain atoms
corresponding to pH 7.0 and assignment of the appropriate
charge and protonation state. The refined structure thus
obtained was subjected to energy minimisation to relieve
the steric clashes among the amino acid residues till RMSD
for the heavy atoms reached 0.30 Å. The 3D structures of
the curcumin analogues were sketched using the build panel
in Maestro and further optimised using Ligand Preparation
tool. This involves adjusting realistic bond lengths and
angles, assignment of the partial charges using the OPLS-
2005 force-field followed by energy minimisation until the
RMSD of heavy atoms reached 0.001 Å. Next, using the
Receptor Grid Generation panel, shape and properties of
the active site of the CYP51 enzyme were defined for which
a grid box of 10 × 10 × 10 Å dimensions centred on the
centroid of the co-crystallised ligand was generated. Before
submitting the calculations for the synthesised dataset, the
molecular docking protocol was validated by extracting
the co-crystallised ligand (Fluconazole) and re-docking
using the above setup which could produce an RMSD of
<0.29 Å (Fig. 7).

With this setup, molecular docking was performed to
determine the binding affinities and modes of binding of
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the propargylated monocarbonyl curcumin analogues
towards CYP51 using the extra precision Glide scoring
function. The outputs files i.e. docking poses were visua-
lised and investigated for the most significant elements of
thermodynamic interactions using the Maestro’s Pose
Viewer utility.

Conclusion

In conclusion, we have synthesised a small, focused
library of propargylated monocarbonyl curcumin analo-
gues and screened for their in vitro antifungal and anti-
oxidant activity. Most of the synthesised analogues
especially 4a, 4b and 4c were found to display excellent
antifungal potential and can be further developed as lead
molecules in search of new antifungal agents. Further-
more, the antioxidant activity of synthesised analogues
was studied using DPPH assay and BHT as a positive
control. Compound 4b, 4c, 4e and 4i displayed stronger
antioxidant potential as compared with BHT. Furthermore,
molecular docking study could provide valuable insight
into the binding affinity and the mode of interactions of
these compounds into the active site of crucial fungal
enzyme CYP51. The per-residue interaction analysis could
highlight the bonded (hydrogen bonding) and non-bonded
(steric and electrostatic) interactions that influence their
binding affinity towards the target. This information is
being fruitfully utilised to optimise these propargylated
monocarbonyl curcumin analogues to identify and opti-
mise new antifungal and antioxidant agents.
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Abstract

A series of new 1,2,3‐triazole‐tethered coumarin conjugates linked by

N‐phenylacetamide was efficiently synthesized via the click chemistry approach in

excellent yields. The synthesized conjugates were evaluated for their in vitro

antifungal and antioxidant activities. Antifungal activity determination was carried out

against fungal strains such as Candida albicans, Fusarium oxysporum, Aspergillus flavus,

Aspergillus niger and Cryptococcus neoformans. Compounds 7b, 7d, 7e, 8b and 8e

displayed higher potency than the standard drug miconazole, with lower minimum

inhibitory concentration values. Also, compound 7a exhibited potential radical

scavenging activity as compared with the standard antioxidant butylated hydro-

xytoluene. In addition, a molecular docking study of the newly synthesized compounds

was carried out, and the results showed a good binding mode at the active site of the

fungal (C. albicans) P450 cytochrome lanosterol 14α‐demethylase enzyme. Furthermore,

the synthesized compounds were also tested for ADME properties, and they demon-

strated potential as good candidates for oral drugs.

K E YWORD S

ADME properties, antifungal activity, antioxidant activity, molecular docking,

triazole–coumarin conjugates

1 | INTRODUCTION

The incidence of systemic fungal infection has increased dramatically in

recent years due to an increase in the number of patients undergoing

anticancer chemotherapy and organ transplantation, and AIDS patients.[1]

Fungi are vital opportunistic human pathogens that have become drug‐
resistant to many approved compounds, especially Cryptococcus neofor-

mans, Candida, and Aspergillus species, with serious potential con-

sequences. The commonly used azole‐based antifungal agents are

miconazole, fluconazole, voriconazole, and itraconazole, which showed a

wide range of antifungal activity.[2] Azoles, especially triazole‐based
antifungal agents (e.g., voriconazole, fluconazole, and posaconazole) are

widely used for the prevention and treatment of fungal infections

(Figure 1). These antifungal drugs inhibit CYP51 (P450 cytochrome

lanosterol 14α‐demethylase), a key enzyme in ergosterol biosynthesis.[3]

However, extensive use of these drugs has resulted in severe drug

resistance.[4] Therefore, the development of more potent, broad‐
spectrum antifungal agents with fewer side effects and improved

efficiency to cure fungal infections is urgently required.

To counteract the harmful effects of free radicals and other

oxidants, the human body has a complex system of natural enzymatic

and nonenzymatic antioxidants. Free radicals are unstable chemical

species having unpaired electrons that are extremely reactive toward

other species. The action of reactive oxygen species (ROS) results in

http://orcid.org/0000-0002-5467-4962
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key biomolecules being altered and modulated in function. There is a

delicate balance between producing and removing free radicals in

healthy organisms. Triazole–coumarin conjugates have unique po-

tential to scavenge ROS such as hydroxyl and superoxide radicals.[5]

Therefore, the synthesis and development of new antioxidants hav-

ing the triazole–coumarin pharmacophore have enormous sig-

nificance in medicinal chemistry.

Diversely functionalized 1,2,3‐triazole derivatives have attracted

great attention due to their extensive biological properties such

as antioxidant,[5] antifungal,[6,7] antitubercular,[8] antibacterial,[9]

anticancer,[10] anti‐HIV,[11] antimicrobial,[12] and antimalarial activity.[13]

The 1,4‐disubstituted‐1,2,3‐triazoles were synthesized via copper‐
catalyzed azide–alkyne cycloaddition reaction, well known as a click

chemistry reaction.[14] In the field of medicinal chemistry and drug

discovery, 1,2,3‐triazoles have received[15–19] increasing attention since

Sharpless group introduced the “click chemistry” concept. The promising

properties of the 1,2,3‐triazole ring, such as hydrogen bonding cap-

ability, rigidity, stability under in vivo conditions, and moderate dipole

character, could be helpful for binding of biomolecular targets and

increasing solubility.[15,20,21] Moreover, 1,2,3‐triazoles have become

increasingly useful and important in the construction of bioactive and

functional molecules as attractive linker units that could connect two

pharmacophores to provide innovative bifunctional drugs.[22–24] Many

drugs available in the market contain 1,2,3‐triazole core in their struc-

ture, such as cefatrizine (antibiotic), carboxyamidotriazole (anticancer

agent), rufinamide (anticonvulsant) and tazobactam (antibacterial agent;

Figure 2).

Synthesis of new heterocycles with multiple biological activities

remains an interest of the researchers. Among the oxygen hetero-

cycles, coumarins are the privileged structural motifs commonly

found in many natural products. Literature reveals that coumarin and

its derivatives are isolated from plant‐associated endophytes and

display potential biological activities.[25–29] In recent years, coumarin‐
based hybrid molecules have attracted intense interest due to their

diverse biological properties.[30,31] Different nitrogen‐containing
heterocycles (e.g., triazole, thiazolidine, thiazole, etc.) in conjunction

with coumarin backbone significantly increase the antimicrobial ef-

ficiency and also broaden antimicrobial spectrum of these

compounds.[32–34]

Due to the rapid and effective distribution of privileged systems with

relatively improved biological properties as compared with individual

entities, the molecular hybridization approach has established eminence

over the past few years.[35] With strong drug‐like properties and desirable

binding interactions, these hybrid molecules have emerged for further

chemical modifications as structurally novel chemotypes with several

exploitable sites. In recent years, a library of coumarin–triazole con-

jugates was synthesized and proved to enhance biological activity.[36–39]

There are various reports on the synthesis of coumarin–triazole

conjugates with antifungal activity.[32,38,40,41] Therefore, the design and

synthesis of coumarin–triazole conjugates is crucial for the enhancement

of activity.

In continuation of our previous works[40,42–51] on the synthesis

and biological evaluation of heterocycles, and the significance of

coumarin and 1,2,3‐triazole moieties in a single molecular framework,

herein, we would like to report the design and syntheses of new

N‐phenylacetamide‐linked coumarin–triazole conjugates by using the

molecular hybridization approach (Figure 3).

The 1,2,3‐triazole moiety is good for antifungal activity, and

coumarin derivatives have been well reported for the antioxidant

activity. Thus, we have evaluated the synthesized compounds for

their antifungal and antioxidant activities. The computational

parameters like docking study for antifungal activity and ADME

(absorption, distribution, metabolism, and elimination) prediction of

synthesized coumarin–triazole conjugates were also performed.

F IGURE 1 1,2,4‐Triazole‐based antifungal drugs

F IGURE 2 Marketed drugs containing the 1,2,3‐triazole unit
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2 | RESULTS AND DISCUSSION

2.1 | Chemistry

1,4‐Disubstituted‐1,2,3‐triazoles bearing amide functionality displayed

several biological activities.[52–55] On the basis of these reports and

molecular hybridization concept, we have designed and synthesized

coumarin–triazole conjugates with amide linkage in their structures. A

library of substituted 2‐(4‐{[(4‐methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]
methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐N‐phenylacetamides 7a–g and sub-

stituted 2‐(4‐{[(2‐oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐1,2,3‐triazol‐
1‐yl)‐N‐phenylacetamides 8a–g was synthesized from commercially

available starting materials. These compounds were constructed by the

fusion of coumarin‐based alkynes and substituted 2‐azido‐N‐
phenylacetamides via the click chemistry approach (Scheme 1).

The starting materials, 2‐azido‐N‐phenylacetamides 3a–g, were

prepared by a previously reported method[45,51] from corresponding

anilines in excellent yields (Scheme 1). The 7‐hydroxy‐4‐methyl cou-

marin 5a has been synthesized via acid‐catalyzed Pechmann con-

densation between resorcinol and ethyl acetoacetate in 80% yield

(Scheme 1). Compounds 6a and 6b were prepared by a previously re-

ported method.[44] Compounds 5a and 5b were treated with propargyl

bromide in the presence of K2CO3 as a base in N,N‐dimethylformamide

(DMF) at room temperature, resulting in 4‐methyl‐7‐(prop‐2‐yn‐1‐
yloxy)‐2H‐chromen‐2‐one 6a and 4‐(prop‐2‐yn‐1‐yloxy)‐2H‐chromen‐2‐
one 6b, respectively, in excellent yields (Scheme 1).

Finally, the click reaction of compounds 6a,b with azides 3a–g in

the presence of Cu(OAc)2 in t‐BuOH‐H2O (3:1) at room temperature

for 8–10 hr gave the corresponding 1,4‐disubstituted‐1,2,3‐
triazole–coumarin conjugates 7a–g and 8a–g, respectively, in good‐
to‐excellent yield (88–94%; Scheme 1).

Regioselective formation of 1,4‐disubstituted 1,2,3‐triazole–
coumarin conjugates 7a–g and 8a–g has been confirmed by physical

data and spectroscopic techniques such as Fourier‐transform infrared

spectroscopy (FTIR), 1H nuclear magnetic resonance (NMR), 13C NMR,

and high‐resolution mass spectra (HRMS). According to the FTIR

spectrum of compound 7a, the peaks observed at 3,275 cm−1 indicate

the presence of N–H group, and the peaks observed at 1,698 and

1,670 cm−1 indicate the presence of two carbonyl groups. In the 1H

NMR spectrum of compound 7a, the signal at 2.41 ppm indicates the

methyl group present on the coumarin ring, and signals at 5.32 and

5.37 ppm are for two protons each and they indicate the presence of

two methylene groups attached with nitrogen and oxygen heteroatom,

respectively. In addition to this, the signal appearing at 8.32 ppm for

one proton clearly indicates the formation of the 1,4‐disubstituted
1,2,3‐triazole ring. In the 13C NMR spectrum of compound 7a, the

signal at 18.6 ppm indicates methyl carbon, and the signals at 52.7 and

62.1 ppm indicate the presence of two methylene groups attached to

the nitrogen of triazole and oxygen attached to the coumarin ring,

respectively. Furthermore, the peak observed at 161.6 ppm indicates

amide carbonyl carbon and the peak at 164.6 ppm indicates the pre-

sence of carbonyl carbon (lactone carbon) in the coumarin ring. The

formation of compound 7a has been further confirmed by mass

spectrometry. The calculated [M+Na]+ for compound 7a is at

413.1226, and observed [M+Na]+ in mass spectrum is at 413.1171.

Similarly, compounds 7b–g and 8a–g were characterized by the

spectral analysis. The structures of synthesized triazole–coumarin

conjugates are represented in Figure 4.

2.2 | Biological activity

2.2.1 | Antifungal activity

The synthesized compounds were screened for their in vitro anti-

fungal activities against five different fungal strains such as Candida

F IGURE 3 The design strategy for the synthesis of new N‐phenylacetamide‐linked 1,2,3‐triazole–coumarin conjugates
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albicans, Fusarium oxysporum, Aspergillus flavus, Aspergillus niger and

C. neoformans. The minimum inhibitory concentration (MIC, μg/ml)

values of all the newly synthesized compounds were determined by

the standard agar dilution method as per the Clinical & Laboratory

Standards Institute (CLSI; formerly NCCLS) guidelines.[56] Micona-

zole was used as the standard antifungal drug for the comparison of

antifungal activities and dimethyl sulfoxide (DMSO) was used as

negative control. The data on the antifungal activity are presented in

Table 1. Most of the compounds from the series exhibited a good‐to‐
excellent antifungal activity against all the fungal strains with MIC

values ranging from 12.5 to 25 μg/ml.

Without substitution on the phenyl ring, compound 7a ex-

hibited a two fold antifungal activity against A. niger and an equi-

potent activity against C. albicans and F. oxysporum, with MIC

values of 12.5, 25, and 25 µg/ml, respectively, as compared with the

standard antifungal drug miconazole. Compound 7b having methyl

group at ortho position of the phenyl ring was two fold more potent

than the standard miconazole against F. oxysporum, A. niger and

C. neoformans, with an MIC value of 12.5 µg/ml; it was also equi-

potent against the fungal strain C. albicans with an MIC value of

25 µg/ml. Compound 7c with methyl substituent at meta position of

the phenyl ring is equipotent to miconazole against fungal strains

A. niger and C. neoformans, with an MIC value of 25 µg/ml, and it is

two fold more potent than miconazole against C. albicans, with an

MIC value of 12.5 µg/ml. Compound 7d with methyl group at para

position shows two fold potency than the miconazole against

A. niger, with an MIC value of 12.5 µg/ml, and it is equipotent

against C. albicans (MIC: 25 µg/ml), F. oxysporum (MIC: 25 µg/ml), A.

flavus (MIC: 12.5 µg/ml), and C. neoformans (MIC: 25 µg/ml). Com-

pound 7e (chloro group at ortho position) exhibited a two fold ac-

tivity against C. albicans and A. niger (MIC: 12.5 µg/ml). Compound

7e also displayed an equivalent activity against F. oxysporum and

C. neoformans, with an MIC value of 25 µg/ml. Compounds 7f and 7g

displayed an equipotent activity against A. niger, C. neoformans,

C. albicans and F. oxysporum, with an MIC value of 25 µg/ml. In

addition, compounds 8a–g are equivalent or more potent than the

standard miconazole. Among the compounds, 8b, 8c, 8e, and 8f

showed an equivalent or two fold activity against all the fungal

strains, with MIC values of 12.5–25 μg/ml. The activity results

clearly indicate that most of the triazole–coumarin conjugates are

SCHEME 1 The synthesis of coumarin–triazole conjugates. Reagents and conditions: (a) Chloroacetyl chloride, NEt3, CH2Cl2, 0°C at
room temperature (rt), 3–5 hr, 85–95%; (b) NaN3, toluene, reflux, 5–7 hr, 88–96%; (c) H2SO4, 0°C, 80%; (d) propargyl bromide, K2CO3,

N,N‐dimethylformamide, 2 hr, 93–95%; (e) Cu(OAc)2 (10mol%), t‐BuOH/H2O (3:1), rt, 8–10 hr, 88–94%
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more potent or equipotent as compared with the miconazole,

as shown in the graphical representation (Figure 5).

2.2.2 | Antioxidant activity

The 2,2‐diphenyl‐1‐picrylhydrazyl (DPPH) radical scavenging assay

was used to screen the antioxidant activities of the synthesized

compounds 7a–g and 8a–g. The DPPH radical scavenging assay is the

most widely used tool for screening the antioxidant activity of var-

ious natural and synthetic compounds. A lower IC50 value indicates

more activity against antioxidants. The IC50 (concentration required

to scavenge 50% of the radicals) values were calculated to assess the

potential antioxidant activities. Butylated hydroxytoluene (BHT) has

been used as the standard drug to compare antioxidant activities; the

findings obtained are summarized in Table 1. In comparison to the

synthetic antioxidant BHT, compound 7a exhibited excellent radical

scavenging activities, with an IC50 value of 15.01 μg/ml, and re-

maining compounds showed good‐to‐moderate activities.

2.3 | Computational study

2.3.1 | Comparative modeling

The sequence identity and atomic resolution are two key parameters

while selection of the template structure, which were 44% and 2.8 Å,

respectively, which satisfy the basic criterion for comparative mod-

eling. The final model was subjected to structure validation tool such

as Procheck, ProSA, SPDBV and were found that 99.7 percent of the

F IGURE 4 Structures of triazole–coumarin conjugates
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residue followed in the allowed region. Also, overall model quality

was assessed using Prosa where Z score is −3.2 and Cα deviation is

0.45 Å, respectively. The validation study of the model suggested

that it was perfect for further computation study.

2.3.2 | Molecular docking study

The molecular docking study of all synthesized triazole–coumarin

conjugates, 7a–g and 8a–g, was performed against modeled

three‐dimensional structure of cytochrome P450 lanosterol

14α‐demethylase of C. albicans to understand the binding affinity and

binding interactions of enzyme and synthesized derivatives. The syn-

thesized triazole–coumarin conjugates (7a–g, 8a–g) and the standard

drug miconazole were docked in the active site of modeled CACYP51

using the AutoDock Vina docking tool. The results of docking are shown

in Table 1. The analysis of docking interaction revealed that the triazole

ring was mainly responsible for the interaction.

The triazole–coumarin conjugates 7b, 7d, 7e, 8b and 8e re-

produced a similar result as that of in vitro activity data. All active

TABLE 1 In vitro biological evaluation of
the synthesized triazole–coumarin
conjugates 7a–g and 8a–g

Antifungal activity (MIC in μg/ml)

Compound CA FO AF AN CN

DPPH IC50

(μg/ml)

Molecular

docking score

7a 25 25 25 12.5 50 15.01 ± 0.26 −7.0932

7b 25 12.5 50 12.5 12.5 19.24 ± 0.19 −7.3901

7c 12.5 50 25 25 25 21.14 ± 0.97 −6.8629

7d 25 25 12.5 12.5 25 24.37 ± 0.34 −7.7256

7e 12.5 25 25 12.5 25 38.25 ± 0.24 −7.9245

7f 50 50 37.5 25 25 29.34 ± 0.19 −6.8669

7g 25 25 75 75 50 38.18 ± 0.54 −6.7934

8a 37.5 25 25 37.5 25 36.59 ± 0.64 −6.2456

8b 12.5 25 12.5 12.5 12.5 27.44 ± 0.31 −7.1950

8c 25 12.5 25 12.5 25 67.30 ± 0.05 −6.2411

8d 37.5 25 12.5 75 25 44.31 ± 0.99 −7.4214

8e 12.5 12.5 12.5 12.5 25 89.32 ± 0.76 −7.2302

8f 25 12.5 12.5 12.5 25 71.08 ± 0.26 −6.6233

8g 37.5 50 62.5 37.5 12.5 57.16 ± 0.79 −6.7248

MA 25 25 12.5 25 25 NA −5.26

BHT NA NA NA NA NA 16.47 ± 0.18 NA

Abbreviations: AF, Aspergillus flavus; AN, Aspergillus niger; BHT, butylated hydroxytoluene;

CA, Candida albicans; CN, Cryptococcus neoformans; DPPH, 2,2‐diphenyl‐1‐picrylhydrazyl; FO,

Fusarium oxysporum; MA, miconazole; MIC, minimum inhibitory concentration; NA, not applicable.

F IGURE 5 A comparison of the
antifungal activities of triazole–coumarin
conjugates with miconazole
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compounds efficiently interact with the active‐site residues like

Tyr105, Phe108, Phe121, Val130, Tyr168, Tyr154, Phe162, Leu412,

Phe246, Met342, Ala343, Cys439, Ser414, Leu412 and Met544. The

triazole–coumarin conjugates having ortho substitution on the phenyl

ring partially replicate in vitro antifungal results, that is, 8b and 8e.

The ortho‐substituted (–CH3) phenyl ring derivative 8b (−7.19)

interacts with polar and nonpolar amino acids of the active site. The

polar amino acid Ser414 interacts with the nitrogen atom of the

triazole ring to form conventional hydrogen bond interactions with a

distance of 2.37 Å. The sulfur atom of polar amino acid Cys439 in-

teracts with π electron cloud of the phenyl ring to form π–sulfur

interactions. The aliphatic and hydrophobic amino acids Leu412,

Tyr105, Phe108, Phe121, and Val130 interact with π electron cloud

of aromatic ring to form π–π T‐shaped, π–π stacked, and π–sulfur

interactions with various distance values shown in Figure 6a.

The ortho‐substituted (–Cl) phenyl ring derivative 8e (−7.23) in-

teracts with aliphatic and hydrophobic amino acid residues Ala342

and Tyr168, where it interacts with carbonyl oxygen atom and ni-

trogen atom of the triazole ring with a distance of 2.21 and 2.08 Å to

form conventional hydrogen bond interactions. The polar amino acid

residue Met342 and hydrophobic amino acid Phe264 form a

carbon–hydrogen bond and π interaction with ortho‐substituted

chlorine atom with a distance of 2.08 and 3.77 Å. However, aliphatic

and hydrophobic amino acids Leu412, Phe264, Phe162, Tyr154, and

Met342 interact with π electron cloud of aromatic phenyl rings to

form π–π stacked, amide–π stacked, alkyl and π–alkyl interactions

shown in Figure 6b.

2.3.3 | In silico ADME prediction

Early prediction of druglikeness properties of lead compounds is an

important task, as it decides the time and cost of drug discovery and

development. Many of the active agents with a significant biological

activity have failed in clinical trials due to inadequate druglikeness

properties.[57] The druglikeness properties were predicted by ana-

lyzing ADME parameters based on Lipinski's rule of five. We had

calculated and analyzed various physical descriptors and pharma-

ceutical relevant properties for ADMET prediction by using

FAFDrugs2, and data are summarized in Table 2.

All the compounds showed significant values for the various

parameters analyzed and showed good drug‐like characteristics

based on Lipinski's rule of five and its variants that characterized

these agents to be likely orally active. The data obtained for all the

F IGURE 6 Binding pose and molecular

interactions of (a) 8b and (b) 8e in the
active site of cytochrome P450 lanosterol
14α‐demethylase (CYP51)
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synthesized compounds were within the range of accepted values.

None of the synthesized compounds had violated the Lipinski's rule

of five. The value of polar surface area, logP, and H/C ratio of syn-

thesized compounds 7a–g and 8a–g indicated good oral bioavail-

ability. The parameters like the number of rotatable bonds and

number of rigid bonds are linked with the intestinal absorption; re-

sults showed that all synthesized compounds had good absorption.

All the synthesized compounds were found to be nontoxic. The in

silico assessment of all the synthetic compounds has shown that they

have very good pharmacokinetic properties, which is reflected in

their physicochemical values, thus ultimately enhancing pharmaco-

logical properties of these molecules.

3 | CONCLUSIONS

In conclusion, we have synthesized new triazole–coumarin conjugates

via the click chemistry approach, which were evaluated for their in

vitro antifungal and antioxidant activity. The synthesized compounds

displayed a promising antifungal activity as compared with the stan-

dard drug miconazole. Compounds 7b, 7d, 7e, 8b, and 8e displayed an

excellent antifungal activity as compared with the standard antifungal

drug miconazole. Compound 7a displayed a potential antioxidant ac-

tivity when compared with standard BHT. In addition, molecular

docking study of these synthesized triazole–coumarin conjugates re-

veals that they have a high affinity toward the active site of enzyme

P450 cytochrome lanosterol 14α‐demethylase, which offers a strong

platform for new structure‐based design efforts. Furthermore, the

analysis of the ADME parameters for the synthesized compounds

predicted good drug‐like properties and potential for development as

oral drug candidates. Thus, we suggest that compounds 7a (anti-

oxidant activity), 7b, 7d, 7e, 8b and 8e (antifungal activity) can be

developed as an important lead moiety, as they replicate in vitro ac-

tivity in the inhibition assay and in silico molecular docking study. They

can be used in scaffolds, hoping for the design and development of

new lead compounds as antifungal agents.

4 | EXPERIMENTAL

4.1 | Chemistry

4.1.1 | General

All the solvents and reagents were purchased from commercial

suppliers, Sigma‐Aldrich, Rankem India Ltd., and Spectrochem Pvt.

Ltd., and were used without further purification. The completion of

the reactions was monitored by thin‐layer chromatography (TLC) on

aluminum plates coated with silica gel 60 F254, with 0.25 mm

thickness (Merck). The detection of the components was done by

exposure to iodine vapors or UV light. Melting points were de-

termined by open capillary methods and were uncorrected. 1H NMR

and 13C NMR spectra were recorded in DMSO‐d6 on a Bruker

DRX‐400 and 500‐MHz spectrometer. Infrared (IR) spectra were

recorded using a Bruker ALPHA Eco‐ATR FTIR spectrometer. High‐
resolution mass spectra (HRMS) were recorded on an Agilent 6520

(QTOF) mass spectrometer.

The original spectra of the investigated compounds, together

with their InChI codes and some biological activity data, are provided

as Supporting Information Data.

TABLE 2 Pharmacokinetic parameters of triazole–coumarin conjugates (7a–g and 8a–g)

Entry %ABS MW LogP PSA RotB RigidB HBD HBA Ratio H/C Lipinski violation Toxicity

7a 74.76 390.39 2.98 99.25 6 25 1 6 0.4 0 Nontoxic

7b 74.76 404.42 3.29 99.25 6 25 1 6 0.4 0 Nontoxic

7c 74.76 404.42 3.29 99.25 6 25 1 6 0.4 0 Nontoxic

7d 74.76 404.42 3.29 99.25 6 25 1 6 0.4 0 Nontoxic

7e 74.76 424.84 3.64 99.25 6 25 1 6 0.4 0 Nontoxic

7f 74.76 424.84 3.64 99.25 6 25 1 6 0.4 0 Nontoxic

7g 74.76 424.84 3.64 99.25 6 25 1 6 0.4 0 Nontoxic

8a 76.11 378.38 2.56 95.34 6 25 1 6 0.4 0 Nontoxic

8b 76.11 392.41 2.87 95.34 6 25 1 6 0.4 0 Nontoxic

8c 76.11 392.41 2.87 95.34 6 25 1 6 0.4 0 Nontoxic

8d 76.11 392.41 2.87 95.34 6 25 1 6 0.4 0 Nontoxic

8e 76.11 412.83 3.21 95.34 6 25 1 6 0.5 0 Nontoxic

8f 76.11 412.83 3.21 95.34 6 25 1 6 0.5 0 Nontoxic

8g 76.11 412.83 3.21 95.34 6 25 1 6 0.5 0 Nontoxic

Abbreviations: HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; MW, molecular weight; PSA, polar surface area; RotB, rotatable bonds;

RigidB, rigid bonds; %ABS, percentage absorption.
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4.1.2 | General procedure for the synthesis of
substituted 2‐(4‐{[(4‐methyl‐2‐oxo‐2H‐chromen‐7‐yl)‐
oxy]methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐N‐phenylacetamide
derivatives 7a–g and 8a–g

To the stirred solution of alkyne 6 (1mmol), azide 3 (1mmol) and

copper diacetate (Cu(OAc)2; 10mol%) in t‐BuOH‐H2O (3:1) were added,

and the resulting mixture was stirred at room temperature for 8–10 hr.

The progress of the reaction was monitored by TLC using ethyl acetate/

hexane as a solvent system. The reaction mixture was quenched with

crushed ice, and the obtained solid was filtered and washed with water.

The crude solid was crystallized in ethanol to afford the corresponding

pure product. The synthesized compounds 7a–g and 8a–g were char-

acterized by IR, 1H NMR, 13C NMR, and mass spectroscopy.

2‐(4‐{[(4‐Methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]methyl}‐1H‐1,2,3‐
triazol‐1‐yl)‐N‐phenylacetamide (7a)

Compound 7a was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3a and alkyne 6a in 8.5 hr as a white solid, mp:

149–151°C; FTIR (cm−1): 3,275 (N–H stretching), 1,698 and 1,670 (C═O

stretching); 1H NMR (500MHz, DMSO‐d6, δ ppm): 2.41 (s, 3H, –CH3),

5.32 (s, 2H, –NCH2CO–), 5.37 (s, 2H, –OCH2), 6.23 (s, 1H, Ar‐H), 7.07 (dd,

J=8.0, 3.0Hz, 1H, Ar‐H), 7.10 (d, J=8.0Hz, 1H, Ar‐H), 7.18 (s, 1H, Ar‐H),
7.34 (t, J=8.0Hz, 2H, Ar‐H), 7.58 (d, J=8.0Hz, 2H, Ar‐H), 7.71 (d,

J=8.0Hz, 1H, Ar‐H), 8.32 (s, 1H, triazole), and 10.48 (s, 1H, NH); 13C

NMR (125MHz, DMSO‐d6, δ ppm): 18.6, 52.7, 62.1, 102.1, 111.8, 113.1,

113.9, 119.7, 124.3, 127.0, 127.1, 129.4, 138.9, 142.3, 153.9, 155.2,

160.6, 161.6, and 164.6; mass calculated for C21H18N4O4Na [M+Na]+:

413.1226 and found: 413.1171.

2‐(4‐{[(4‐Methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]methyl}‐1H‐1,2,3‐
triazol‐1‐yl)‐N‐(o‐tolyl)acetamide (7b)

Compound 7b was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3b and alkyne 6a in 9.5 hr as an orange solid, mp:

195–197°C; FTIR (cm−1): 3,276 (N–H stretching), 1,690 and 1,670 (C═O

stretching); 1H NMR (400MHz, DMSO‐d6, δ ppm): 1.95 (s, 3H, –CH3),

2.12 (s, 3H, –CH3), 5.04 (s, 4H, –NCH2CO– and –OCH2), 5.84 (s, 1H,

Ar‐H), 6.67–6.68 (m, 4H, Ar‐H), 7.25 (s, 3H, Ar‐H), 7.75 (s, 1H, triazole),

and 9.07 (s, 1H, NH); mass calculated for C22H20N4O4Na [M+Na]+:

427.1382 and found: 427.1334.

2‐(4‐{[(4‐Methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]methyl}‐1H‐1,2,3‐
triazol‐1‐yl)‐N‐(m‐tolyl)acetamide (7c)

Compound 7c was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3c and alkyne 6a in 8 hr as a white solid, mp:

190–192°C; FTIR (cm−1): 3,291 (N–H stretching), 1,678 (C═O

stretching); 1H NMR (500MHz, DMSO‐d6, δ ppm): 2.27 (s, 3H, –CH3),

2.39 (s, 3H, –CH3), 5.31 (s, 2H, –NCH2CO–), 5.36 (s, 2H, –OCH2),

6.21 (s, 1H, Ar‐H), 6.91 (d, J = 8.0, Hz, 1H, Ar‐H), 7.05 (dd, J = 8.0,

4.0 Hz, 1H, Ar‐H), 7.17 (d, J = 4.0 Hz, 1H, Ar‐H), 7.21 (t, J = 8.0 Hz, 1H,

Ar‐H), 7.37 (d, J = 8.0 Hz, 1H, Ar‐H), 7.42 (s, 1H, Ar‐H), 7.69 (d,

J = 8.0 Hz, 1H, Ar‐H), 8.31 (s, 1H, triazole) and 10.40 (s, 1H, NH); 13C

NMR (125MHz, DMSO‐d6, δ ppm): 17.9, 20.9, 52.1, 61.4, 101.4,

111.1, 112.4, 113.2, 116.3, 119.6, 124.3, 126.3, 126.4, 128.6, 138.0,

138.1, 141.6, 153.2, 154.5, 160.0, 160.9, and 163.9; HRMS calculated

for C22H21N4O4 [M+H]+: 405.1563 and found: 405.1571.

2‐(4‐{[(4‐Methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]methyl}‐1H‐1,2,3‐
triazol‐1‐yl)‐N‐(p‐tolyl)acetamide (7d)

Compound 7d was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3d and alkyne 6a in 9 hr as a red solid, mp: 216–218°C;

FTIR (cm−1): 3,248 (N–H stretching), 1,698 and 1,659 (C═O stretch-

ing); 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.25 (s, 3H, –CH3), 2.40 (s,

3H, –CH3), 5.31 (s, 2H, –NCH2CO–), 5.34 (s, 2H, –OCH2), 6.22 (s, 1H,

Ar‐H), 7.06 (dd, J = 8.0, 4.0 Hz, 1H, Ar‐H), 7.13 (d, J = 8.0 Hz, 2H, Ar‐H),
7.17 (d, J = 4.0 Hz, 1H, Ar‐H), 7.46 (d, J = 8.0 Hz, 2H, Ar‐H), 7.70 (d,

J = 8.0 Hz, 1H, Ar‐H), 8.31 (s, 1H, triazole), and 10.40 (s, 1H, NH); 13C

NMR (100MHz, DMSO‐d6, δ ppm): 18.5, 20.8, 52.5, 61.9, 101.9, 111.6,

113.0, 113.7, 119.6, 126.9, 127.0, 129.6, 133.1, 136.2, 142.1, 153.8,

155.0, 160.5, 161.4, and 164.2; HRMS calculated for C22H19N4O4

[M−H]+: 403.1412 and found: 403.1424.

N‐(2‐Chlorophenyl)‐2‐(4‐{[(4‐methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]‐
methyl}‐1H‐1,2,3‐triazol‐1‐yl)acetamide (7e)

Compound 7e was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3e and alkyne 6a in 9.5 hr as a white solid, mp:

206–208°C; FTIR (cm−1): 3,118 (N–H stretching), 1,664 and 1,600

(C═O stretching); 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.40

(s, 3H, –CH3), 5.31 (s, 2H, –NCH2CO–), 5.48 (s, 2H, –OCH2), 6.22

(s, 1H, Ar‐H), 7.05 (d, J = 8.0, Hz, 1H, Ar‐H), 7.17 (s, 1H, Ar‐H), 7.22 (t,

J = 8.0 Hz, 1H, Ar‐H), 7.34 (t, J = 8.0 Hz, 1H, Ar‐H), 7.52 (d, J = 8.0 Hz,

1H, Ar‐H), 7.69 (d, J = 8.0 Hz, 1H, Ar‐H), 7.74 (d, J = 8.0 Hz, 1H, Ar‐H),

8.32 (s, 1H, triazole), and 10.09 (s, 1H, NH); 13C NMR (100MHz,

DMSO‐d6, δ ppm): 18.1, 52.0, 61.6, 101.6, 111.3, 112.6, 113.4, 125.9,

126.3, 126.5, 126.7, 126.8, 127.6, 129.6, 134.1, 141.8, 153.4, 154.7,

160.1, 161.1, and 164.9; HRMS calculated for C21H16ClN4O4

[M−H]+: 423.0866 and found: 423.0880.

N‐(3‐Chlorophenyl)‐2‐(4‐{[(4‐methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]‐
methyl}‐1H‐1,2,3‐triazol‐1‐yl)acetamide (7f)

Compound 7f was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3f and alkyne 6a in 10 hr as a yellow solid, mp:

218–220°C; 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.39 (s, 3H, –CH3),

5.31 (s, 2H, –NCH2CO–), 5.38 (s, 2H, –OCH2), 6.21 (s, 1H, Ar‐H), 7.05

(dd, J = 8.0, 4.0 Hz, 1H, Ar‐H), 7.15 (d, J = 8.0 Hz, 2H, Ar‐H), 7.36 (t,

J = 8.0 Hz, 1H, Ar‐H), 7.44 (d, J = 8.0 Hz, 1H, Ar‐H), 7.69 (d, J = 8.0 Hz,

1H, Ar‐H), 7.77 (s, 1H, Ar‐H), 8.31 (s, 1H, triazole), and 10.68 (s, 1H,

NH); 13C NMR (100MHz, DMSO‐d6, δ ppm): 18.2, 52.2, 61.6, 101.6,

111.3, 112.6, 113.4, 117.7, 118.8, 123.6, 126.5, 126.7, 130.7, 133.2,

139.8, 141.8, 154.7, 160.2, 161.1, and 164.7; HRMS calculated for

C21H16ClN4O4 [M−H]+: 423.0866 and found: 423.0872.

N‐(4‐Chlorophenyl)‐2‐(4‐{[(4‐methyl‐2‐oxo‐2H‐chromen‐7‐yl)oxy]‐
methyl}‐1H‐1,2,3‐triazol‐1‐yl)acetamide (7g)

Compound 7g was obtained via the 1,3‐dipolar cycloaddition re-

action between azide 3g and alkyne 6a in 8.5 hr as a yellow solid,
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mp: 210–212°C; 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.40

(s, 3H, –CH3), 5.30 (s, 2H, –NCH2CO–), 5.36 (s, 2H, –OCH2), 6.23

(s, 1H, Ar‐H), 7.05 (dd, J = 8.0, 4.0 Hz, 1H, Ar‐H), 7.17 (d, J = 4.0 Hz,

1H, Ar‐H), 7.39 (d, J = 8.0 Hz, 2H, Ar‐H), 7.60 (d, J = 8.0 Hz, 2H,

Ar‐H), 7.70 (d, J = 8.0 Hz, 1H, Ar‐H), 8.31 (s, 1H, triazole), and

10.63 (s, 1H, NH); HRMS calculated for C21H16ClN4O4 [M−H]+:

423.0866 and found: 423.0878.

2‐(4‐{[(2‐Oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐
N‐phenylacetamide (8a)

Compound 8a was obtained via the 1,3‐dipolar cycloaddition re-

action between azide 3a and alkyne 6b in 10 hr as a white solid,

mp: 216–218°C; 1H NMR (400 MHz, DMSO‐d6, δ ppm): 5.40 (s,

2H, –NCH2CO–), 5.47 (s, 2H, –OCH2), 6.20 (s, 1H, Ar‐H), 7.09

(t, J = 8.0, Hz, 1H, Ar‐H), 7.33 (t, J = 8.0 Hz, 3H, Ar‐H), 7.40

(d, J = 8.0 Hz, 1H, Ar‐H), 7.59 (d, J = 8.0 Hz, 2H, Ar‐H), 7.65

(t, J = 8.0 Hz, 1H, Ar‐H), 7.74 (d, J = 8.0 Hz, 1H, Ar‐H), 8.43 (s, 1H,

triazole), and 10.51 (s, 1H, NH); 13C NMR (100 MHz, DMSO‐d6, δ
ppm): 52.3, 62.8, 91.4, 115.1, 116.5, 119.3, 122.8, 123.8, 124.3,

127.1, 128.9, 132.8, 138.4, 152.8, 164.2, and 164.4; HRMS cal-

culated for C20H15N4O4 [M−H]+: 375.1099 and found: 375.1080.

2‐(4‐{[(2‐Oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐
N‐(o‐tolyl)acetamide (8b)

Compound 8b was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3b and alkyne 6b in 8.5 hr as a white solid, mp:

170–172°C; FTIR (cm−1): 3,248 (N–H stretching), 1,698 and 1,659

(C═O stretching); 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.24

(s, 3H, –CH3), 5.45 (s, 2H, –NCH2CO–), 5.47 (s, 2H, –OCH2), 6.20

(s, 1H, Ar‐H), 7.11 (t, J = 8.0, Hz, 1H, Ar‐H), 7.17 (t, J = 8.0 Hz, 1H,

Ar‐H), 7.23 (d, J = 8.0 Hz, 1H, Ar‐H), 7.33 (t, J = 8.0 Hz, 1H, Ar‐H), 7.42

(d, J = 8.0 Hz, 2H, Ar‐H), 7.65 (t, J = 8.0 Hz, 1H, Ar‐H), 7.73

(d, J = 8.0 Hz, 1H, Ar‐H), 8.43 (s, 1H, triazole), and 9.83 (s, 1H, NH);
13C NMR (100MHz, DMSO‐d6, δ ppm): 17.8, 52.0, 62.8, 91.4, 115.1,

116.5, 122.8, 124.2, 124.8, 125.6, 126.1, 127.0, 130.5, 131.6, 132.8,

135.5, 152.8, 161.6, 164.3, and 164.4; HRMS calculated for

C21H17N4O4 [M−H]+: 389.1255 and found: 389.1311.

2‐(4‐{[(2‐Oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐
N‐(m‐tolyl)acetamide (8c)

Compound 8c was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3c and alkyne 6b in 9 hr as a yellow solid, mp:

211–213°C; FTIR (cm−1): 3,307 (N–H stretching), 1,703 and 1,666

(C═O stretching); 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.27

(s, 3H, –CH3), 5.40 (s, 2H, –NCH2CO–), 5.47 (s, 2H, –OCH2), 6.20

(s, 1H, Ar‐H), 6.90 (d, J = 8.0, Hz, 1H, Ar‐H), 7.21 (t, J = 8.0, Hz, 1H,

Ar‐H), 7.30–7.44 (m, 4H, Ar‐H), 7.65 (t, J = 8.0 Hz, 1H, Ar‐H), 7.73

(d, J = 8.0 Hz, 1H, Ar‐H), 8.43 (s, 1H, triazole) and 10.44 (s, 1H, NH);
13C NMR (125MHz, DMSO‐d6, δ ppm): 21.4, 52.5, 63.0, 91.6, 115.3,

116.6, 116.7, 120.0, 123.3, 124.4, 124.7, 127.3, 129.0, 133.0, 138.4,

138.5, 153.0, 161.8, 164.3, and 164.6; HRMS calculated for

C21H17N4O4 [M−H]+: 389.1255 and found: 389.1346.

2‐(4‐{[(2‐Oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐1,2,3‐triazol‐1‐yl)‐
N‐(p‐tolyl)acetamide (8d)

Compound 8d was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3d and alkyne 6b in 8.5 hr as a white solid, mp:

247–249°C; 1H NMR (400MHz, DMSO‐d6, δ ppm): 2.25 (s, 3H, –CH3),

5.38 (s, 2H, –NCH2CO–), 5.47 (s, 2H, –OCH2), 6.20 (s, 1H, Ar‐H), 7.13

(d, J = 8.0, Hz, 2H, Ar‐H), 7.34 (t, J = 8.0, Hz, 1H, Ar‐H), 7.41

(d, J = 8.0 Hz, 1H, Ar‐H), 7.47 (d, J = 8.0 Hz, 2H, Ar‐H), 7.66 (t,

J = 8.0 Hz, 1H, Ar‐H), 7.74 (d, J = 8.0 Hz, 1H, Ar‐H), 8.41 (s, 1H, tria-

zole), and 10.41 (s, 1H, NH); 13C NMR (100MHz, DMSO‐d6, δ ppm):

20.5, 52.3, 62.8, 91.4, 116.5, 119.2, 122.8, 124.2, 127.0, 129.3, 132.8,

135.9, 140.6, 152.8, 161.6, 163.9, and 164.4; HRMS calculated for

C21H17N4O4 [M−H]+: 389.1255 and found: 389.1314.

N‐(2‐Chlorophenyl)‐2‐(4‐{[(2‐oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐
1,2,3‐triazol‐1‐yl)acetamide (8e)

Compound 8e was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3e and alkyne 6b in 9.5 hr as a brown solid, mp:

217–219°C; FTIR (cm−1): 3,254 (N–H stretching), 1,709 and 1,673

(C═O stretching); 1H NMR (400MHz, DMSO‐d6, δ ppm): 5.47

(s, 2H, –NCH2CO–), 5.51 (s, 2H, –OCH2), 6.19 (s, 1H, Ar‐H),

7.20–7.76 (m, 8H, Ar‐H), 8.43 (s, 1H, triazole), and 10.12 (s, 1H,

NH); 13C NMR (100MHz, DMSO‐d6, δ ppm): 52.0, 62.7, 91.4, 115.0,

116.5, 122.8, 124.2, 125.9, 126.3, 126.8, 127.1, 127.6, 129.6, 132.8,

134.1, 152.8, 161.5, 164.3, and 164.8; HRMS calculated for

C20H14ClN4O4 [M−H]+: 409.0709 and found: 409.0722.

N‐(3‐Chlorophenyl)‐2‐(4‐{[(2‐oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐
1,2,3‐triazol‐1‐yl)acetamide (8f)

Compound 8f was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3f and alkyne 6b in 10 hr as a red solid, mp:

218–220°C; 1H NMR (400MHz, DMSO‐d6, δ ppm): 5.42 (s, 2H,

–NCH2CO–), 5.47 (s, 2H, –OCH2), 6.20 (s, 1H, Ar‐H), 7.15 (d, J = 8.0,

Hz, 1H, Ar‐H), 7.32–7.41 (m, 3H, Ar‐H), 7.45 (d, J = 8.0 Hz, 1H, Ar‐H),

7.65 (t, J = 8.0 Hz, 1H, Ar‐H), 7.73 (d, J = 8.0 Hz, 1H, Ar‐H), 7.78 (s, 1H,

Ar‐H), 8.43 (s, 1H, triazole), and 10.71 (s, 1H, NH); 13C NMR

(100MHz, DMSO‐d6, δ ppm): 52.3, 62.8, 91.4, 115.1, 116.5, 117.7,

118.8, 122.8, 123.6, 124.2, 127.0, 130.7, 132.8, 133.2, 139.8, 140.8,

152.8, 161.6, 164.4, and 164.6; HRMS calculated for C20H14ClN4O4

[M−H]+: 409.0709 and found: 409.0724.

N‐(4‐Chlorophenyl)‐2‐(4‐{[(2‐oxo‐2H‐chromen‐4‐yl)oxy]methyl}‐1H‐
1,2,3‐triazol‐1‐yl)acetamide (8g)

Compound 8g was obtained via the 1,3‐dipolar cycloaddition reaction

between azide 3g and alkyne 6b in 8 hr as a white solid, mp: 240–242°C;
1H NMR (400MHz, DMSO‐d6, δ ppm): 5.40 (s, 2H, –NCH2CO–), 5.46

(s, 2H, –OCH2), 6.19 (s, 1H, Ar‐H), 7.30–7.44 (m, 4H, Ar‐H), 7.57–7.68 (m,

3H, Ar‐H), 7.74 (d, J=8.0Hz, 1H, Ar‐H), 8.41 (s, 1H, triazole), and 10.64

(s, 1H, NH); 13C NMR (100MHz, DMSO‐d6, δ ppm): 52.8, 63.2, 91.8,

115.6, 117.0, 121.3, 123.3, 124.7, 127.5, 127.9, 129.3, 133.3, 137.8,

141.3, 153.3, 162.0, and 164.8; HRMS calculated for C20H14ClN4O4

[M−H]+: 409.0709 and found: 409.0715.
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4.2 | Biological activity assays

4.2.1 | Antifungal activity

The antifungal activity was determined by the standard agar

dilution method as per the CLSI (formerly NCCLS) guidelines.[56]

The newly synthesized compounds were screened against five

human pathogenic fungal strains, including C. albicans (NCIM

3471), F. oxysporum (NCIM 1332), A. flavus (NCIM 539), A. niger

(NCIM 1196), and C. neoformans (NCIM 576). The standard mico-

nazole and synthesized compounds were dissolved in DMSO. In

phosphate buffer of pH 7, the medium yeast nitrogen base was

dissolved and autoclaved for a duration of 10 min at 110°C. With

each set, a growth control without the antifungal agent and sol-

vent control DMSO were included. The fungal strains were freshly

subcultured on Sabouraud dextrose agar and incubated at 25°C

for 72 hr. The fungal cells were suspended in sterile distilled water

and diluted to get 105 cells/ml. Then, 10 ml of the standardized

suspension was inoculated on the control plates and the media

were incorporated with the antifungal agents. The inoculated

plates were incubated at 25°C for 48 hr. The readings were taken

at the end of 48 and 72 hr. MIC is the lowest concentration of the

drug preventing the growth of macroscopically visible colonies on

the drug‐containing plates when there is visible growth on the

drug‐free control plates.

4.2.2 | Antioxidant activity

Synthesized triazole–coumarin conjugates were screened for in vitro

radical scavenging potential by using the DPPH radical scavenging

assay. The results were compared with the standard synthetic anti-

oxidant BHT.

The antioxidant activity of the synthesized compounds was

assessed in vitro by the DPPH radical scavenging assay.[58] Results

were compared with the standard antioxidant BHT. The hydrogen

atom or electron‐donating ability of the compounds was measured

from the bleaching of the purple‐colored methanol solution of

DPPH. The spectrophotometric assay uses the stable radical DPPH

as a reagent. Furthermore, 1 ml of various concentrations of the

test compounds (5, 10, 25, 50, and 100 mg/ml) in methanol was

added to 4 ml of 0.004% (w/v) methanol solution of DPPH. After a

30‐min incubation period at room temperature, the absorbance

was measured against blank at 517 nm. The percent inhibition (I%)

of free radical production from DPPH was calculated by the fol-

lowing equation:

= [( − )/ ] ×A A A% scavenging 100,control sample blank

where Acontrol is the absorbance of the control reaction (containing all

reagents except the test compound) and Asample is the absorbance of

the test compound. Tests were carried out in triplicate.

4.3 | Molecular modeling study

4.3.1 | Homology modeling

The homology modeling technique was employed to build a 3D model

structure of cytochrome P450 lanosterol 14α‐demethylase of C. albicans

with the help of VLifeMDS 4.3 Promodel molecular modeling tool.

The protein sequence was retrieved from UniprotKB database

(accession number: P10613). The homologs' template sequence

search was carried out against the protein structure database

(http://www.rcsb.org/) by using BlastP. The appropriate template

crystal structure of human lanosterol 14α‐demethylase (CYP51)

complexes with miconazole (3LD6 B) which was based on default

parameters, identity and positive criteria. The secondary structure

assignment and sequence realignment were carried out to build the

final modeled structure of fungal CYP51.

4.3.2 | Molecular docking study

The model protein structure and 3D structure of sketched syn-

thesized compound were prepared for molecular docking using

AutoDock Vina docking tool. The molecular docking study of

synthesized compounds 7a–g and 8a–g was carried out using

the final modeled structure of fungal CYP51. To understand

this mechanism of action of inhibitors, molecular interactions

were analyzed.

4.3.3 | ADMET testing

The ADMET properties of synthesized compounds 7a–g and 8a–g

and standard drug were tested using FAFDrug2 tool, which is run

on the Linux operating system.[59] The FAFDrug2 tool works on

assumptions of Lipinski's rule of five and Veber's rule, which was

widely followed in filtering lead compounds that would likely be

further developed in drug design programs.[60] In addition to this,

some other parameters were also considered to test ADMET

properties, such as the number of rotatable bonds (>10), the

number of rigid bonds, and percentage absorption (%ABS), which

significantly contribute to good oral bioavailability and good in-

testinal absorption.[61]
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Abstract

In search of new active molecules, a small focused library of the synthesis of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) has been efficiently prepared via the Knoevenagel condensation

approach. All the derivatives were synthesized by conventional and non-

conventional methods like ultrasonication and microwave irradiation, respec-

tively. Several derivatives exhibited excellent anti-inflammatory activity

compared to the standard drug. Furthermore, the synthesized compounds

were found to have potential antioxidant activity. In addition, to rationalize

the observed biological activity data, an in silico absorption, distribution,

metabolism, and excretion (ADME) prediction study also been carried out.

The results of the in vitro and in silico studies suggest that the 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d,

5a-f, and 6a-e) may possess the ideal structural requirements for the further

development of novel therapeutic agents.

KEYWORD S

ADME prediction, anti-inflammatory, antioxidant, Knoevenagel, microwave, pyrazole,

ultrasonication

1 | INTRODUCTION

The pyrazole ring is a prominent heterocyclic structural
compound found in several pharmaceutically active com-
pounds. This is because of its use in pharmacological
activity and ease of synthesis. Furthermore, the selective
functionalization of pyrazole with diverse substituents
was also found to improve their range of action in var-
ious fields. Pyrazole containing heterocycles shows
various biological activity, such as antibacterial,[1]

antifungal,[2] antimicrobial,[3] anti-inflammatory,[4a]

antioxidant,[4b] insecticidal,[5] antiviral,[6] anti-nitric oxide

synthase,[7] glycogen receptor antagonist,[8] anticancer,[9]

antienzyme,[10] immunosuppressant,[11] anti-fatty acid
amide hydrolase (FAAH),[12] and liver-x-receptor [LXR]
partial agonist activities.[13]

Fluorine or fluorine-based compounds are of great
interest in synthetic and medicinal chemistry. The posi-
tion of the fluorine atom in an organic molecule plays a
vital role in agrochemicals, pharmaceuticals, and mate-
rials[14] as it changes the pharmacokinetic and pharmaco-
dynamic properties of the molecule owing to its high
membrane permeability, metabolic stability, lipophilicity,
and binding affinity.[15]
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Perfluoro-alkylated and trifluoro-methylated pyrazoles
represent pharmacologically related core structures that are
present in many important drugs and agrochemicals, such
as fluazolate (herbicide), penthiopyrad (fungicide),
razaxaban (anticoagulant), deracoxib, celecoxib (anti-inflam-
matory), and penflufen (fungicidal) (Figure 1).[16] So, the
modern trend is moving more in the direction of the synthe-
sis of a collection of fluorine-containing molecules in order
to find excellent biological activity.

Ultrasonic irradiation is a new technology that has been
widely used in chemical reactions. When ultrasonic waves
pass through a liquid medium, a large number of micro-
bubbles form, grow, and collapse in very short times, about
a few microseconds. The formation and violent collapse of
small vacuum bubbles takes place due to the ultrasonication
waves generated in alternating high pressure and low pres-
sure in liquids, and the phenomenon is known as cavitation.
It causes high-speed imposing liquid jets and strong hydro-
dynamic shear forces. The deagglomeration of nanometer-

sized materials was carried out using these effects. In this
aspect, for high-speed mixers and agitator bead mills,
ultrasonication is an alternative.[17]

In the preparative chemist's toolkit, microwave heating
is a valuable technique. Due to a modern scientific micro-
wave apparatus, it is possible to access elevated tempera-
tures in an easy, safe, and reproducible way.[18] In recent
years, microwave-assisted organic synthesis (MAOs)[19] has
been emerged as a new “lead” in organic synthesis. Impor-
tant advantages of this technology include a highly acceler-
ated rate of the reaction and a decrease in reaction time,
with an increase in the yield and quality of the product. The
current technique is considered an important method
toward green chemistry as this technique is more environ-
mentally friendly. The conventional method of organic syn-
thesis usually needs a longer heating time; tedious
apparatus setup, which results in the higher cost of the pro-
cess; and the excessive use of solvents/reagents, which leads
to environmental pollution. This growth of green chemistry

FIGURE 1 Structure of pyrazole- and fluorine-containing commercially available drugs
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holds significant potential for a reduction of the byproduct,
a reduction in waste production, and lowering of the energy
costs. Due to its ability to couple directly with the reaction
molecule and bypass thermal conductivity, leading to a
rapid rise in the temperature, microwave irradiation has
been used to improve many organic syntheses.[20]

Knoevenagel condensation reactions are carried out by the
condensation of aldehyde and the active methylene group
using different catalysts such as piperidine, InCl3, TiCl4,
LiOH, ZnCl2, and NbCl5.

[20,21] They are also carried out
using NaAlO2-promoted mesoporous catalysts,[22] ionic
liquid,[23] monodisperse carbon nanotube-based NiCu
nanohybrids,[24] and MAOs.[25] This is one of the most
important methodologies used in synthetic organic chemis-
try for the formation of a C─C double bond.

From our study, the results demonstrated that green
methodologies are less hazardous than classical synthesis
methods, as well more efficient and economical and environ-
mentally friendly; short reaction times and excellent yields
are observed for those reactions in which conventional
heating is replaced by microwave irradiation. Keeping in
mind the 12 principles of green chemistry, in continuation of
our research work,[26] and the advantages of microwave irra-
diation and activities associated with pyrazole and fluorine,
we construct pyrazole and fluorine in one molecular frame-
work as new 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one derivatives under conventional, as well as
microwave, irradiation and ultrasonication and evaluated
their anti-inflammatory and antioxidant activity. In addition
to this, we have also performed in silico absorption, distribu-
tion, metabolism, and excretion (ADME) predictions for the
synthesized compounds.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

A facile, economic, and green protocol for the
cyclocondensation of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) with different aldehydes has
been achieved.

The key starting material 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one (3) was synthesized
by the condensation of 1-(perfluorophenyl)hydrazine (1)
and ethyl 4,4,4-trifluoro-3-oxobutanoate (2) in ethanol[27]

(Scheme 1).
Initially, we carried out the reaction between 2-(per-

fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (2 mmol) (3) and 1-phenyl-3-(thiophen-2-
yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in
acetic acid as a model reaction (Scheme 2). Initially, the
model reaction was carried out in ethanol without using
acetic acid, and it was observed that a very low yield of
product (20%) was obtained even after 2 hr. Therefore,
improving the yield intervention of the catalyst was
thought to be necessary. So, we decided to use acetic acid as a
catalyst to promote this transformation at room temperature.
At room temperature, the yield of product (45%) was found to
be increased in 3 hr, so we decided to provide heating to the
reaction mixture to achieve maximum product yield.

When the reaction mixture refluxed in acetic acid,
product formation took place after 2 hr, and the yield of
the product was 72% (Table 1).

To check the ultrasonication's specific effect on this
reaction, under ultrasound irradiation at 35–40�C, we
carried out the model reaction using the optimized reac-
tion conditions in hand to check whether the reaction
could be accelerated with further improved product yield
within a short reaction time (Scheme 2).

It was observed that, under ultrasonic conditions, the
conversion rate of a reactant to product increased with
less time (Table 1). Thus, when considering the basic
green chemistry concept, ultrasonic irradiation was
found to have a beneficial effect on the synthesis of
Knoevenagel derivatives (4a-d, 5a-f, and 6a-e), which
was superior to the traditional method with respect to
yield and reaction time (Table 1).

To accomplish the goal and significance of green
chemistry, the model reaction was carried out under

SCHEME 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one 3
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microwave irradiation for a period of time indicated in
Table 1 at 350 W (Scheme 2). Fortunately, the product
formation occurred in 6.5 min, with an 84% increase in
yield .

So, from the above experiments, it can be concluded
that, when the reaction was carried out under the con-
ventional method, it gave comparatively low yields of
products with longer reaction times, while the same reac-
tion carried out under the influence of ultrasonic irradia-
tion and microwave irradiation gave excellent yields of
the products in short reaction times.

Finally, we assessed the scope and generality of this
method for the Knoevenagel condensation between 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-
one (3) and different aldehydes (Scheme 3), achieved under
conventional and nonconventional methods like the ultra-
sound and microwave methods, respectively. With respect to
the substituent present on the aromatic ring of aldehyde,
under the optimized conditions, the corresponding products
were obtained in high to excellent yields (Table 1).

More importantly, hetero aryl aldehydes were
observed to be well tolerated under optimized conditions,

SCHEME 2 Model reaction for conventional, ultrasonication, and microwave irradiation methods

TABLE 1 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e)

Cpd R1 R2 R3 R4

m.
p. (�C)

Conventional methoda Ultrasound methodb Microwave methodc

Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)
Time
(min)

Yieldd

(%)

4a H H - - 224–226 120 72 20 81 6.5 84

4b Br F - - 232–234 120 75 18 78 6.5 81

4c Cl H - - 216–218 120 70 20 76 6.0 80

4d Br H - - 230–232 120 64 16 70 6.5 76

5a H H OMe - 202–204 120 70 21 76 5.5 84

5b H H H - 186–188 120 66 17 72 6.0 80

5c F H OMe - 180–182 120 68 16 75 7.0 82

5d H H Me - 206–208 120 65 16 71 6.5 79

5e H H OCF3 - 142–144 120 62 18 70 6.5 76

5f H Cl Cl - 212–214 120 70 19 80 5.5 84

6a Me Cl Me H 188–190 120 66 18 76 6.0 78

6b H Cl Me H 180–182 120 62 17 72 7.5 75

6c H Cl H H 176–178 120 59 18 79 7.0 80

6d H Cl H Cl 212–214 120 64 20 72 7.0 78

6e H H Me H 180–182 120 60 18 80 7.5 82

Abbreviation: Cpd, compound.
aReaction conditions: Compound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) refluxed in acetic acid.
bCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under ultrasound irradiation.
cCompound (3) (2 mmol) and 1-phenyl-3-(thiophen-2-yl)-1H-pyrazole-4-carbaldehyde (2 mmol) in acetic acid under microwave irradiation.
dIsolated yield. m.p.: melting point.
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furnishing the product in good yields. All the synthesized
compounds (4a-d, 5a-f, and 6a-e) were confirmed by IR,
1H NMR, 13C NMR, and mass spectra.

The formation of (4E)-3-(trifluoromethyl)-1-(per-
fluorophenyl)-4-((1-phenyl-3-(thiophen-2-yl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-one 4a-d was con-
firmed by IR, 1H NMR, 13C NMR, and mass spectra. In
the IR spectrum of compound 4a, the peaks observed at
1,681 cm−1 indicate the presence of C═O group. In the
1H NMR spectrum of compound 4a, two singlets were
observed at δ 8.11 and 10.10 ppm for pyrazolyl and ole-
finic proton, respectively. The 13C NMR spectrum of com-
pound 4a revealed that the peak appearing at δ
161.4 ppm is due to the presence of carbonyl carbon. The
structure of compound 4a was also confirmed by a molec-
ular ion peak at m/z 555.01 (M + H)+. Similarly, the

synthesis of (4E)-3-(trifluoromethyl)-1-(perfluorophenyl)-4-
([1,3-diphenyl-1H-pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
ones 5a-f was also confirmed by spectral techniques. In the
IR spectrum of compound 5a, the peak observed at
1,701 cm−1 corresponded to the C═O group. In the 1H NMR
spectrum of compound 5a, the three singlets observed at δ
3.92, 8.11, and 10.10 ppm confirm the presence of ─OCH3,
pyrazolyl proton, and olefinic proton, respectively. The 13C
NMR spectrum of compound 5a showed peaks at δ 162.5
and 55.5 ppm, confirming the presence of carbonyl carbon
and methoxy carbon, respectively. Furthermore, the structure
of compound 5a was also confirmed by a molecular ion peak
atm/z 573.21 (M + H)+.

Furthermore, the formation of (Z)-4-([4-oxo-4H-
chromen-3-yl]methylene)-2-(perfluorophenyl)-5-
(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-one 6a-e was

SCHEME 3 Synthesis of 3-(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f, and 6a-e). Reaction
conditions: a = Refluxed in acetic acid. b = Under ultrasound irradiation in acetic acid. c = Under microwave irradiation using acetic acid

as a solvent
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confirmed by various spectral techniques. The IR spectrum of
compound 6a showed absorption peaks at 1,707 and
1,666 cm−1 corresponding to two carbonyl groups present in
the molecules. The 1H NMR spectrum of compound 6a
showed four singlets at δ 2.54 and δ 3.01 ppm for two
─CH3, δ 8.50 ppm for chromone ring proton, and δ
10.54 ppm for olefinic proton. The 13C NMR spectrum
of compound 6a showed that two signals appear at δ
175.4 and 164.2 ppm for the carbonyl carbon of chro-
mone and pyrazolone ring, respectively. In addition,
two signals for methyl carbon appear at δ 22.2 and
18.6 ppm. The structure of compound 6a was also con-
firmed by mass spectra and by a molecular ion peak
observed at m/z 537.11 (M + H)+. Similarly, all the
synthesized compounds were characterized by the
spectral analysis. Structures of all the synthesized
derivatives are shown in Figure S1 (Supporting
Information).

2.2 | Biological activity

2.2.1 | Anti-inflammatory activity

The newly synthesized 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives (4a-d, 5a-f,
and 6a-e) (EC50 range = 0.6483 ± 0.221–0.8519 ± 0.281 μg/
ml) exhibited moderate anti-inflammatory activity com-
pared to the standard drug diclofenac sodium. Among all
the synthesized compounds, except compounds 4c, 5c, 5e,
6d, and 6e, all other compounds exhibited a minimum
inhibitory concentration (MIC) of 200 μg/ml compared to
the standard drug diclofenac sodium (Table 2).

The percent inhibition of compounds in the in vitro
anti-inflammatory model is shown in Figure 2. Further-
more, the comparative percent inhibition of compounds
in the in vitro anti-inflammatory model is shown in
Figure 3.

2.2.2 | Antioxidant activity

In the present study, antioxidant activity of the synthe-
sized compounds has been assessed in vitro by the DPPH
radical scavenging assay.[28] Ascorbic acid (AA) has been
used as a standard drug for the comparison of antioxidant
activity, and the observed results are summarized in
Table 2.

According to the DPPH assay, compounds 5a, 5d, 5e,
5f, 6a, 6b, and 6e (IC50 = <100 μg/ml) exhibited excellent
antioxidant activity compared to the standard antioxidant
drug AA (IC50 = <50 μg/ml). The remaining synthesized
compounds display comparable antioxidant activity than

the standard drug butylated hydroxytoluene (Table 2).
The percent inhibition of compounds in the in vitro anti-
oxidant model is shown in Figure 4.

2.3 | Computational study

2.3.1 | In silico ADME

An important task for the lead compounds is early pre-
diction of drug likeness properties as it resolves the cost

TABLE 2 Anti-inflammatory and antioxidant activity of 3-

(trifluoromethyl)-1-(perfluorophenyl)-1H-pyrazol-5(4H)-one

derivatives (MIC in μg/ml)

Compound Anti-inflammatory Antioxidant

4a 200 >100

4b 200 >400

4c 400 >200

4d 200 >200

5a 200 <100

5b 200 >200

5c NT NT

5d 200 <100

5e 800 <100

5f 200 <100

6a 200 <100

6b 200 <100

6c 200 >200

6d 800 >100

6e 400 <100

Diclofenac sodium 50 -

Ascorbic acid - <50

FIGURE 2 The percent inhibition of compounds in an in

vitro anti-inflammatory model
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and time issues of drug development and discovery. Due
to the inadequate drug likeness properties of many active
agents with a significant biological activity, these com-
pounds have failed in clinical trials.[29] On the basis of
Lipinski's rule of five, the drug likeness properties were
analyzed by ADME parameters using the Molinspiration
online property calculation toolkit,[30] and data are sum-
marized in Table 3.

All the compounds exhibited noteworthy values for
the various parameters analyzed and showed good
drug-like characteristics based on Lipinski's rule of five
and its variants, which characterized these agents to
be likely orally active. For the synthesized compound
6e, the data obtained were within the range of
accepted values. Parameters such as the number of
rotatable bonds and total polar surface area are linked
with the intestinal absorption; results showed that all

synthesized compounds had good absorption. The in
silico assessment of all the synthetic compounds has
shown that they have very good pharmacokinetic prop-
erties, which are reflected in their physicochemical
values, thus ultimately enhancing the pharmacological
properties of these molecules.

3 | EXPERIMENTAL SECTION

All organic solvents were acquired from Poona Chemi-
cal Laboratory, Pune and Research-Lab Fine Chem
Industries, Mumbai and were used as such without
further purification. The melting points were mea-
sured on a DBK melting point apparatus and are
uncorrected. Microwave irradiation was carried out in
Raga's synthetic microwave oven. IR spectra were
recorded on Shimadzu IR Affinity 1S (ATR) fourier
transform infrared spectrophotometer. 1H NMR
(500 MHz) and 13C NMR (125 MHz) spectra were
recorded on Bruker Advance neo 500 spectrophotome-
ters using tetramethylsilane as an internal standard,
and CDCl3 and dimethyl sulphoxide-d6 as solvent and
chemical shifts, respectively, were expressed as δ ppm
units. Mass spectra were obtained on Waters quadru-
pole time-of-flight micromass (ESI-MS) mass
spectrometer.

3.1 | General procedure for the synthesis
of synthesize new 3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-one
derivatives (4a-d, 5a-f and 6a-e)

Conventional method: An equimolar amount of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-

FIGURE 3 The

comparative percent inhibition

of compounds in an in vitro anti-

inflammatory model

FIGURE 4 The percent inhibition of compounds in an

in vitro antioxidant model
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one (3) (0.002 mol) and substituted aldehydes (0.002 mol)
was taken in a round-bottom flask using glacial acetic acid
(5 ml) as a solvent and were refluxed for the period of time
indicated in Table 1. The progress of the reaction was mon-
itored by thin layer chromatography (TLC). After comple-
tion of reaction, the mixture was cooled and poured into
ice-cold water. The obtained solid was filtered and washed
with water and dried and purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Ultrasound method: A mixture of 2-(per-
fluorophenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (3) (0.002 mol) and substituted aldehydes
(0.002 mol) in acetic acid (5 ml) was taken in a 50-ml
round-bottom flask. The mixture was irradiated in the
water bath of an ultrasonic cleaner at 35–40�C for a
period of time indicated in Table 1. After completion of
the reaction (monitored by TLC), the mixture was poured
into ice-cold water, and the obtained solid was collected
by simple filtration and washed successively with water.
The crude product was purified by crystallization from
ethyl acetate to obtain pure compounds (4a-d, 5a-f, and
6a-e).

Microwave irradiation method: An equimolar
amount of 2-(perfluorophenyl)-5-(trifluoromethyl)-

2,4-dihydro-3H-pyrazol-3-one (3) (0.002 mol) and
substituted aldehydes (0.002 mol) was taken in a
round-bottom flask (RBF) using glacial acetic acid
(5 ml) as a solvent, and the contents of RBF were sub-
jected to MW irradiation for the period of time indi-
cated in Table 1 at 350 W. The progress of the reaction
was monitored by TLC. After completion of reaction,
the mixture was cooled and poured into ice-cold
water. The obtained solid was filtered and washed
with water and dried and purified by crystallization
from ethyl acetate to obtain pure compounds (4a-d,
5a-f, and 6a-e).

3.1.1 | (4E)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-4-yl)
methylene)-1H-pyrazol-5(4H)-one (4a)

Orange solid; Wt. 930 mg, Yield 84%; IR(νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,598 (C═N), 1,519 (C═C),
1,234 (C─F); 1H NMR spectrum, δ, ppm: 7.35–7.91 (m,
8H, Ar─H), 8.11 (s, 1H, pyrazolyl-H), 10.10 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 161.4 (C═O),
151.7, 140.1, 137.8, 134.9, 131.1, 130.0, 129.6, 129.1,

TABLE 3 Pharmacokinetic parameters of (4a-d, 5a-f, and 6a-e) compounds

Entry % ABS TPSA (A2)
n-
ROTB MV MW miLog P

n-
ON

n-
OHNH

Lipinski
violation

Drug
likeness
model score

Rule - - - - <500 ≤5 <10 <5 ≤1 -

4a 90.81 52.72 5 397.75 554.42 5.83 5 0 2 −0.68

4b 90.81 52.72 5 420.56 651.31 6.92 5 0 2 −0.84

4c 90.81 52.72 5 411.28 588.87 6.63 5 0 2 −0.25

4d 90.81 52.72 5 415.63 633.32 6.76 5 0 2 −0.56

5a 87.62 61.96 6 432.58 578.42 6.10 6 0 2 −0.46

5b 90.81 52.72 5 407.04 548.39 6.04 5 0 2 −0.80

5c 87.62 61.96 6 437.51 596.41 6.19 6 0 2 −0.22

5d 90.81 52.72 5 423.60 562.42 6.49 5 0 2 −0.51

5e 87.62 61.96 7 447.32 632.39 7.01 6 0 2 −0.45

5f 90.81 52.72 5 434.11 617.28 7.33 5 0 2 −0.36

6a 86.53 65.11 3 374.21 536.76 6.25 5 0 2 −0.53

6b 86.53 65.11 3 357.65 522.74 5.87 5 0 2 −0.36

6c 86.53 65.11 3 341.09 508.71 5.49 5 0 2 −0.32

6d 86.53 65.11 3 354.62 543.15 6.10 5 0 2 −0.93

6e 86.53 65.11 3 344.11 488.29 5.26 5 0 1 −0.81

Abbreviations: % ABS, percentage absorption; TPSA, topological polar surface area; n-ROTB, number of rotatable bonds; MV, molecular volume; MW,
molecular weight; milogP, logarithm of partition coefficient of compound between n-octanol and water; n-ON acceptors, number of hydrogen bond acceptors;
n-OHNH donors, number of hydrogen bonds donors.
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128.70, 128.6, 119.7, 115.7, 113.5; MS (ESI-MS): m/z
555.01 (M + H)+.

3.1.2 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-(4-fluorophenyl)-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (4b)

Orange solid; Wt. 1.05 g; Yield 81%; IR (νmax/cm
−1): 2,927

(═C─H), 1,680 (C═O), 1,598 (C═N), 1,516 (C═C), 1,231
(C─F); 1H NMR spectrum, δ, ppm: 7.16 (d, 1H, J = 3.50 Hz,
Ar─H), 7.26–7.19 (m, 3H, Ar─H), 7.84 (dd, 2H, J = 5.00 Hz
and 9.00 Hz, Ar─H), 8.10 (s, 1H, pyrazole-H), 10.11 (s, 1H,
═C─H); MS:m/z 651.03 (M + H)+.

3.1.3 | (4E)-4-((3-[5-Chlorothiophen-2-yl]-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4c)

Orange solid; Wt. 873 mg; Yield 80%; IR (νmax/cm
−1):

2,926 (═C─H), 1,682 (C═O), 1,597 (C═N), 1,518
(C═C), 1,232 (C─F); 1H NMR spectrum, δ, ppm: 7.07
(s, 1H, Ar─H), 7.26–7.18 (s, 1H, Ar─H), 7.44 (d, 1H,
J = 6.00 Hz, Ar─H), 7.52 (m, 2H, Ar─H), 7.86 (d, 2H,
J = 7.00 Hz, Ar─H), 8.11 (s, 1H, pyrazole-H), 10.16 (s,
1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.4
(C═O), 151.3, 139.5, 138.3, 135.0, 133.5, 130.8, 130.0,
128.8, 127.6, 127.4, 120.0, 116.3, 114.6; MS: m/z 547.11
(M + H)+.

3.1.4 | (4E)-4-((3-(5-Bromothiophen-2-yl)-
1-phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (4d)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

2,926 (═C─H), 1,681 (C═O), 1,597 (C═N), 1,520
(C═C), 1,235 (C─F); 1H NMR spectrum, δ, ppm: 7.16
(d, 1H, J = 4.00 Hz, Ar─H), 7.21 (d, 1H, J = 3.50 Hz,
Ar─H), 7.44 (t, 1H, J = 7.50 Hz, Ar─H), 7.52 (t, 2H,
J = 7.50 Hz, Ar─H), 7.75–7.86 (d, 2H, J = 7.50 Hz,
Ar─H), 8.47 (s, 1H, pyrazole-H), 10.16 (s, 1H, ═C─H);
13C NMR spectrum, δС, ppm: 183.2 (C═O), 162.3,
151.2, 143.2, 142.9, 139.4, 138.3, 134.9, 133.7, 133.4,
131.2, 130.6, 129.8, 129.1, 128.8, 128.5, 128.2, 120.6,
119.9, 119.6, 116.2, 115.9, 114.6; MS: m/z 633.05
(M + H).

3.1.5 | (4Z)-3-(Trifluoromethyl)-4-((3-[4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5a)

Orange solid; Wt. 971 mg; Yield 84%; IR (νmax/cm
−1):

3,141 (═C─H), 1,703 (C═O), 1,595 (C═N), 1,514 (C═C),
1,224 (C─F); 1H NMR spectrum, δ, ppm: 3.92 (s, 3H,
─OCH3), 7.10 (d, 2H, J = 8.50 Hz, Ar─H), 7.51 (t, 2H,
J = 8.50 Hz, Ar─H), 7.62 (d, 2H, J = 8.50 Hz, Ar─H),
7.90 (d, 2H, J = 9.00 Hz, Ar─H), 7.99 (s, 1H, pyrazole-H),
10.19 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 161.1, 158.7, 143.3, 141.4, 138.6, 134.9, 130.7,
129.7, 128.5, 122.6, 120.1, 116.8, 114.7, 113.7, 55.5
(OCH3); MS: m/z 579.21 (M + H)+.

3.1.6 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1,3-diphenyl-1H-
pyrazol-4-yl]methylene)-1H-pyrazol-5(4H)-
one (5b)

Orange solid; Wt. 876 mg; Yield 80%; IR (νmax/cm
−1):

3,142 (═C─H), 1,701 (C═O), 1,595 (C═N), 1,510 (C═C),
1,223 (C─F); 1H NMR spectrum, δ, ppm: 7.42 (m, 1H,
Ar─H), 7.52 (t, 2H, J = 7.50 Hz, Ar─H), 7.57–7.58 (m,
3H, Ar─H), 7.68 (dd, 2H, J = 7.50 and 2.00 Hz, Ar─H),
7.90 (d, 2H, J = 8.00 Hz, Ar─H), 8.00 (s, 1H, pyrazole-H),
10.22 (s, 1H, ═C─H); 13C NMR spectrum, δС, ppm: 162.5
(C═O), 158.8, 143.0, 141.2, 138.6, 134.9, 130.3, 129.9,
129.7, 129.4, 129.2, 128.6, 120.0, 116.8, 114.0; MS: m/z
549.19 (M + H)+.

3.1.7 | (4Z)-4-((3-[2-Fluoro-4-
methoxyphenyl]-1-phenyl-1H-pyrazol-4-yl)
methylene)-3-(trifluoromethyl)-1-
(perfluorophenyl)-1H-pyrazol-5(4H)-
one (5c)

Orange solid; Wt. 1.06 g; Yield 82%; IR (νmax/cm
−1): 3,145

(═C─H), 1,702 (C═O), 1,596(C═N), 1,512 (C═C), 1,221
(C─F); 1H NMR spectrum, δ, ppm: 3.91 (s, 3H, ─OCH3),
6.82 (dd, 1H, J = 2.50 and 12.00 Hz, Ar─H), 6.91 (dd, 1H,
J = 2.00 and 8.50 Hz, Ar─H), 7.42 (t, 1H, J = 7.50 Hz,
Ar─H), 7.58–7.49 (m, 2H, Ar─H), 7.79 (d, 1H,
J = 2.50 Hz, Ar─H), 7.88 (d, 2H, J = 7.50 Hz, Ar─H),
8.52 (s, 1H, pyrazole-H), 10.20 (s, 1H, ═C─H); 13C NMR
spectrum, δС, ppm: 162.7 (C═O), 162.6, 162.5, 154.1,
141.2, 138.6, 134.7, 132.5, 129.7, 128.5, 120.0, 117.6, 113.9,
111.2, 110.3, 102.2, 102.0, 55.8 (OCH3); MS: m/z 653.26
(M + H)+.
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3.1.8 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-([1-phenyl-3-p-tolyl-
1H-pyrazol-4-yl]methylene)-1H-pyrazol-5
(4H)-one (5d)

Orange solid; Wt. 887 mg; Yield 79%; IR (νmax/cm
−1):

3,143 (═C─H), 1,701 (C═O), 1,594 (C═N), 1,511
(C═C), 1,220 (C─F); 1H NMR spectrum, δ, ppm: 2.44
(s, 3H, ─CH3), 7.45 (d, 1H, J = 7.50 Hz, Ar─H), 7.51 (t,
1H, J = 7.50 Hz, Ar─H), 7.62 (d, 1H, J = 8.00 Hz,
Ar─H), 7.65 (d, 1H, J = 8.00 Hz, Ar─H), 9.90 (s, 1H,
pyrazole-H), 11.96 (s, 1H, ═C─H); MS: m/z 563.08
(M + H)+.

3.1.9 | (4Z)-3-(Trifluoromethyl)-1-
(perfluorophenyl)-4-((1-phenyl-3-(4-
[trifluoro methoxy]phenyl)-1H-pyrazol-
4-yl)methylene)-1H-pyrazol-5(4H)-
one (5e)

Orange solid; Wt. 960 mg; Yield 76%; IR (νmax/cm
−1):

3,145 (═C─H), 1,700 (C═O), 1,595 (C═N), 1,517
(C═C), 1,225 (C─F); 1H NMR spectrum, δ, ppm:
7.42–7.44 (m, 3H, Ar─H), 7.51–7.54 (m, 2H, Ar─H),
7.71 (d, 1H, J = 2.00 Hz, Ar─H), 7.73 (d, 1H,
J = 2.00 Hz, Ar─H), 7.88 (d, 1H, J = 2.00 Hz, Ar─H),
7.90 (d, 1H, J = 3.50 Hz, Ar─H), 7.92 (s, 1H,
pyrazole-H), 10.21 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.4 (C═O), 157.3, 150.5, 143.2,
142.9, 140.3, 138.5, 134.9, 130.9, 129.8, 129.0, 128.7,
121.5, 120.6, 120.0, 118.4, 116.6, 114.4; MS: m/z
633.23 (M + H)+.

3.1.10 | (4Z)-4-((3-[3,4-Dichlorophenyl]-1-
phenyl-1H-pyrazol-4-yl)methylene)-3-
(trifluoromethyl)-1-(perfluorophenyl)-1H-
pyrazol-5(4H)-one (5f)

Orange solid; Wt. 1.03 g; Yield 84%; IR (νmax/cm
−1):

3,144 (═C─H), 1,701 (C═O), 1,596 (C═N), 1,517
(C═C), 1,227 (C─F); 1H NMR spectrum, δ, ppm: 7.44
(m, 1H, Ar─H), 7.48 (d, 1H, J = 2.00 Hz, Ar─H), 7.50
(d, 1H, J = 2.00 Hz, Ar─H), 7.53 (d, 1H, J = 7.50 Hz,
Ar─H), 7.67 (d, 1H, J = 8.50 Hz, Ar─H), 7.83 (d, 1H,
J = 2.00 Hz, Ar─H), 7.87–7.89 (m, 2H, Ar─H), 7.89 (s,
1H, pyrazole-H), 10.18 (s, 1H, ═C─H); 13C NMR spec-
trum, δС, ppm: 162.3 (C═O), 156.1, 143.2, 142.9, 139.7,
138.4, 135.0, 134.5, 133.7, 131.2, 131.1, 130.3, 129.8,
128.8, 128.3, 120.0, 116.4, 114.7; MS: m/z 617.15
(M + H)+.

3.1.11 | (Z)-4-([6-Chloro-5,7-dimethyl-4-
oxo-4H-chromen-3-yl]methylene)-2-
(perfluoro phenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6a)

Orange solid; Wt. 900 mg; Yield 84%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,666 (C═O), 1,624 (C═N), 1,508
(C═C), 1,192 (C─F); 1H NMR spectrum, δ, ppm: 2.54 (s, 3H,
─CH3), 3.01 (s, 3H, ─CH3), 7.26 (s, 1H, Ar─H), 8.50 (s, 1H,
chromone-H), 10.54 (s, 1H, ═C─H); 13C NMR spectrum, δС,
ppm: 175.4 (C═O), 164.2 (C═O), 162.3, 155.1, 144.5, 143.4,
143.3, 139.7, 134.7, 120.9, 120.2, 119.4, 118.3, 118.2, 118.1,
22.2 (─CH3), 18.6 (─CH3); MS:m/z 537.11 (M + H)+.

3.1.12 | (Z)-4-([6-Chloro-7-methyl-4-oxo-
4H-chromen-3-yl]methylene)-2-(perfluoro
phenyl)-5-(trifluoromethyl)-2,4-dihydro-3H-
pyrazol-3-one (6b)

Orange solid; Wt. 783 mg; Yield 75%; IR (νmax/cm
−1):

3,076 (═C─H), 1,705 (C═O), 1,664 (C═O), 1,627 (C═N),
1,508 (C═C), 1,192 (C─F);1H NMR spectrum, δ, ppm:
2.54 (s, 3H, ─CH3), 7.47 (s, 1H, Ar─H), 8.24 (s, 1H,
Ar─H), 8.48 (s, 1H, chromone-H), 10.62 (s, 1H, ═C─H);
MS: m/z 523.08 (M + H)+.

3.1.13 | (Z)-4-([6-Chloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6c)

Orange solid; Wt. 812 mg; Yield 80%; IR (νmax/cm
−1): 3,074

(═C─H), 1,707 (C═O), 1,662 (C═O), 1,621 (C═N), 1,509
(C═C), 1,193 (C─F); 1H NMR spectrum, δ, ppm: 7.55 (d,
1H, J = 9.00 Hz, Ar─H), 7.73 (d, 1H, J = 2.50 and 9.00 Hz,
Ar─H), 8.26 (d, 1H, J = 2.50 Hz, Ar─H), 8.47 (s, 1H, chro-
mone-H), 10.63 (s, 1H, ═C─H); MS:m/z 509.08 (M + H)+.

3.1.14 | (Z)-4-([6,8-Dichloro-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6d)

Orange solid; Wt. 845 mg; Yield 78%; IR (νmax/cm
−1):

3,078 (═C─H), 1,707 (C═O), 1,665 (C═O), 1,626 (C═N),
1,506 (C═C), 1,194 (C─F); 1H NMR spectrum, δ, ppm:
7.83 (d, 1H, J = 2.50 Hz, Ar─H), 8.17 (d, 1H, J = 2.50 Hz,
Ar─H), 8.40 (s, 1H, chromone-H), 10.66 (s, 1H, ═C─H);
MS: m/z 543.07 (M + H)+.
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3.1.15 | (Z)-4-([7-Methyl-4-oxo-4H-
chromen-3-yl]methylene)-2-
(perfluorophenyl)-5-(trifluoromethyl)-2,4-
dihydro-3H-pyrazol-3-one (6e)

Orange solid; Wt. 800 mg; Yield 82%; IR (νmax/cm
−1):

3,076 (═C─H), 1,703 (C═O), 1,666 (C═O), 1,627 (C═N),
1,510 (C═C), 1,193 (C─F);1H NMR spectrum, δ, ppm:
2.51 (s, 3H, ─CH3), 7.48 (d, 1H, J = 8.00 Hz, Ar─H), 7.60
(dd, 1H, J = 8.00 and 2.00 Hz, Ar─H), 8.08 (d,1H,
J = 1.50 Hz), 8.54 (s, 1H, chromone-H), 10.64 (s, 1H,
═C─H); 13C NMR spectrum, δС, ppm: 174.5 (C═O), 165.5
(C═O), 162.4, 154.2, 143.4, 142.4, 137.5, 136.3, 126.2,
120.9, 123.3, 120.2, 118.6, 118.5, 118.2, 118.1, 21.1
(─CH3); MS: m/z 489.14 (M + H)+.

3.2 | Anti-inflammatory activity

All the synthesized compounds were screened for their in
vitro anti-inflammatory activities against the standard drug
diclofenac sodium. The minimum inhibitory concentration
was determined by the well diffusion method at 1 mg/ml of
concentration. (Table 2). A volume of 1 ml of diclofenac
sodium at different concentrations (50, 100, 200, 400,
800, and 1,000 μg/ml) was homogenized with 1 ml of aque-
ous solution of bovine serum albumin (5%) and incubated
at 27�C for 15 minutes. The mixture of distilled water and
bismuth sulphite agar constituted the control tube. Denatur-
ation of the proteins was caused by placing the mixture in a
water bath for 10 minutes at 70�C. The mixture was cooled
within the ambient room temperature, and the activity of
each mixture was measured at 255 nm. Each test was con-
ducted thrice. The following formula was used to calculated
inhibition percentage:

%inhibition= absorbance of control

−absorbance of sample=

absorbance of control× 100:

3.3 | In silico ADME

In the present study, we have calculated molecular vol-
ume (MV), molecular weight (MW), logarithm of parti-
tion coefficient (miLog P), number of hydrogen bond
acceptors (n-ON), number of hydrogen bonds donors (n-
OHNH), topological polar surface area (TPSA), number
of rotatable bonds (n-ROTB), and Lipinski's rule of
five[31] using the Molinspiration online property calcula-
tion toolkit.[30] Absorption (% ABS) was calculated by: %

ABS = 109 − (0.345 × TPSA).[32] Drug likeness model
score (a collective property of physicochemical proper-
ties, pharmacokinetics, and pharmacodynamics of a com-
pound that is represented by a numerical value) was
computed by MolSoft software.[33]

4 | CONCLUSIONS

In conclusion, we have constructed pyrazole and fluorine in
one molecular framework as new 3-(trifluoromethyl)-1-(per-
fluorophenyl)-1H-pyrazol-5(4H)-one derivatives under con-
ventional and nonconventional methods like microwave
irradiation and ultrasonication, respectively, via
Knoevenagel condensation and evaluated their biological
activity. Ultrasonication and microwave irradiation can
shorten the reaction time from a few hours to a few minutes
and increases the product yield (74–84%) compared to the
conventional method (59–75%). The synthesized compounds
exhibited promising anti-inflammatory activity compared to
the standard drug diclofenac sodium. Similarly, the synthe-
sized compound displayed promising antioxidant activity
compared to the standard drug. Furthermore, an analysis of
the ADME parameters for synthesized compounds showed
good drug-like properties and can be developed as an oral
drug candidate, thus suggesting that compounds from the
present series can be further optimized and developed as a
lead molecule.
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ABSTRACT: 

              India is a young country. College is the place where this youth come to learn and spend lot of time. These 

students are the future and part of the society. As our planet earth faces many environmental issues, college is the 
best place for sensitization of students regarding environment. Students propagate this to their locality also.  This 
paper deals with measures the college can adopts for ecofriendly campus and to become a role model for 
environmental consciousness like green audit, e governance, vermicompost plant, rainwater harvesting project, 
biogas plant, botanical garden, hydroponics, use of renewable energy, waste management, biodiversity posters & 

environmental slogans, students projects based on environment and offering compulsory course on environmental 
education. 

Key words: - Campus, College, Consciousness, Environment. 

INTRODUCTION: 

The human society is facing many 

environmental issues like pollution, population 

explosion, deforestation, resource depletion, 

loss of biodiversity etc. Sustainable 

development is a significant social, economic 

or environmental challenge for any country 

(Wynn Calder, 2003). The youth should get 

sensitive about environment. Education is one 

solution to solve environmental problem. The 

teaching and learning must begin to reflect 

environmental issues; there is an emerging 

consensus that institutions must also model 

sustainable practices (Erin Redman, 2013). 

Students take with them the green practices 

and approaches they were involved with at 

their institution (Will Toor, 2003). 

Environmental education becomes integral 

part in syllabus. National Assessment and 

Accreditation Council an autonomous 

institution of the University Grants 

Commission play important role in periodic 

assessment and accreditation of higher 

education institutions also gives importance to 

environment consciousness and sustainability. 

In Criteria 7 Institutional Values and Best 

Practices of NAAC manual for the college, 

environmental consciousness and 

sustainability is incorporated which includes 

metrics regarding use of alternate energy 

sources, management of waste, water 

conservation facilities, green campus 

initiatives and quality audits on environment. 

Eco friendly college means “environmental 

sustainability within the college”. Eco friendly 

college campus mainly focuses on the efficient 

uses of energy and water, minimize waste 

generation or pollution and also economic 

efficiency. Eco friendly college focuses on the 

reduction of the emissions of green house 

gases, more use of renewable energy, 

rainwater harvesting, encourages staff and 

student for environmental issues, to have 

significant environmental impacts. Following 

measures and activities can be adopted by 

college to make campus ecofriendly.  

 Vermicompost Plant: Construction of 

vermicompost pit for the waste from gardens 
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and office can be converted to vermicompost 

which is used as compost for plants in 

campus. 

Rainwater harvesting: Collection of rain 

water in ponds and using it for laboratory 

purpose. 

Biogas plant: Construction of biogas plant for 

the biodegradable waste from hostel can be 

converted to biogas. 

Solar Panels: Installation of solar panels at 

prominent places to utilize renewable solar 

energy for laboratory work. 

Botanical Garden: Maintenance of botanical 

garden for aesthetic purpose and to attract 

insects specially butterflies which help in 

biodiversity study. 

Green campus: Plantation programme for 

green campus so that more carbon dioxide can 

be fixed and tree attract many birds for their 

nesting and green initiatives like observation 

of no vehicle day, environment days etc.  

E-waste management: E-waste produced by 

Information Technology Department is 

managed by recycling and by doing annual 

maintenance contract. 

Green audit:  Green audit of the college 

should be done regularly. 

Biodiversity Posters & Environmental 

Slogans: Local Biodiversity posters and 

environmental slogans at prominent places in 

campus should be displayed which aware 

students and staff. 

Dust bin: Separate dust bin for liquid and 

solid waste should be placed and properly 

used. 

Hydroponics: Plants can be cultivated in 

mineral rich water without soil. 

E governance: Use of mobile applications, 

SMS and email for admission and governance. 

LED and CFL: To decrease the energy 

consumption use of CFL and LED should be 

promoted, five star electronic appliances can 

be preferred and students and staff should be 

promoted to switch off appliances after use. 

Organization of environmental awareness 

activities like poster presentation, 

environmental related day celebration, plays, 

seminar, conference etc. and involvement of 

students and staff. 

To frame various college level committees 

related to environment like water management 

committee, green audit committee, energy 

conservation committee, waste recycling 

committee. 

CONCLUSION:  

College is the place where students spend 

more time. These young students are the 

future of any nation. Awareness of these 

students regarding environmental issues is 

very important. Eco friendly college campus 

can be a very good model to learn and 

sanitizes the students regarding environment 

that can be passed to society also. For that, 

college can establish eco friendly college 

committee to look and implement eco-friendly 

measures 
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ABSTRACT: 

Present study dealt with study of nutritional status of Basidiomycetous fungi associated with Casuarina. During 

the investigation various carbon and nitrogen sources were used and the basidiomycetous fungi such as Podaxis 

pistillaris and Clavaria species were grown invitro. It was found that Podaxis pistillaris flourishes best with xylose 

and Raffinose sugars as carbon sources and sodium nitrate and sodium ammonium nitrate as nitrogen sources. 

Clavaria sp. grows best with the carbon sources like mannitol and maltose. Glutamine and sodium ammonium 

nitrate as nitrogen sources for the growth of Clavaria. The inorganic sources help in faster growth of fungus. The 

effect of growth is positive when the sources are used in combinations. 

Key words: - Podaxis pistillaris, Clavaria 

 

INTRODUCTION: 

Casuarina, a member of the family 

Casuarinaceae, is a native of Australia. They 

are successfully introduced in the east coast of 

Indian Peninsula in 1960s and then cultivated 

in all parts of the country. Species of 

Casuarina is planted on a large scale in 

different parts of our country where there is 

longer dry season and less water contents. 

Casuarinas are salt tolerant and adaptable to 

poor soils with least requirements for their 

growth. In South India they are grown on 

coastal areas with sandy soils as well as in 

interiors with loam soils. The Casuarina 

plantations are abundant along the seashores 

of Tamilnadu. The plant is a multipurpose tree 

in Agro-forestry. The tree gives diffused shade, 

improves physical and chemical properties of 

soil, suppresses the weeds, helps in 

maintaining the fertility of soil, used as food, 

fuel and fodder and acts as good wind breaker.  

 Fungi utilize dead plant tissues 

and the soluble substrates including root 

exudates and develop themselves in rhizoplane 

and rhizosphere. Members of Ascomycetes and 

Basidiomycetes are reported to be present in 

rhizosphere. Casuarina plants from different 

localities were surveyed for Basidiomycetous 

fungi and their ectomycorrhizal association. 

During the study, Podaxix pistilaris, Clavaria 

sp., Lycoperdon sp., Calvatia sp. and some 

mushrooms were found associated with 

Casuarina plantations. These forms did not 

have any Ectomycorrhizal association with the 

plants.  

Present investigation dealt with 

studies on Basidiomycetous fungi occurring in 

the rhizosphere of Casuarina from Tamilnadu 

and their nutritional requirements.  

MATERIAL AND METHODS: 

 In the present study the material 

of basidiomycetous fungi Podaxix pistilaris, 

Clavaria species associated with Casuarina 

was collected from sites of Chennai, 

Mahabalipuram and Trichur (Tamilnadu 
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state). The species of podaxis and Clavaria 

were selected for nutritional studies. The work 

was undertaken in following steps: 

1. Two fungi Podaxis and Clavaria were 

selected for study. The fungal spores 

were collected and grown in axenic 

cultures on Malt agar plates incubated 

at 270 C for 48 hours.  

2. After the growth of hyphae, the hyphal 

mat was punched with the help of 

corn borer and used as a source of 

inoculum. 

3. The inoculums was added to the agar 

plates with different nitrogen and 

carbon sources were inoculated at 

270C for 48 hours till 144 hours in 

diffused light conditions and recorded 

in tables ( Table – I & II).  

4. The different nitrogen sources 

included Cysteine, Alanine, 

Glutamine, Sodium nitrate, Threonine, 

Ammonium oxalate, Sodium nitrate 

and Sodium ammonium nitrate which 

were added in the concentrations of 

0.05% in the basal medium (Modified 

Pridham & Gottlieb medium ;1948). 

5.   Different carbon sources included 

were Sorbitol, Lactose, Xylose, 

Mannitol, Galactose, Maltose and 

Raffinose which were added in the 

concentrations of 3.5% in the basal 

medium.  

OBSERVATIONS AND RESULTS:  

Based on the nutritional requirements it is 

concluded that 

1. Podaxis pistillaris flourishes best 

with xylose and Raffinose sugars 

as carbon sources and sodium 

nitrate and sodium ammonium 

nitrate as nitrogen sources.  

2. Clavaria sp. grows best with the 

carbon sources like mannitol and 

maltose as well as Glutamine and 

sodium ammonium nitrate as 

nitrogen sources. 

3. The inorganic sources help in 

faster growth of fungus. 

4. The effect of growth is positive 

when the sources are used in 

combinations. 

5. Structurally the fungi belonged to 

gastromycetes group and the 

nutritional analysis indicated the 

use of inorganic nitrogen sources 

and disaccharides as carbon 

sources either single or in 

combination has helped in better 

growth of fungi.   

6. The Casuarina plant litter and 

residue provides the inorganic 

sources of carbon and nitrogen for 

the growth of the fungi around 

them. 
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TABLE: I 

A. Carbon nutrition studies -  Podaxis 

Diameter of colony in cms 

Hours Sorbitol Lactose Xylose Mannitol Galactose Maltose Raffinose 

48 1.0 1.8 2.7 1.0 2.0 2.8 2.4 

72 1.9 3.0 3.5 3.0 2.1 3.2 3.4 

96 1.9 3.0 4.5 4.0 2.8 3.9 4.0 

120 2.0 3.9 5.8 5.5 3.0 3.9 5.0 

144 2.3 4.1 6.5 5.5 3.8 4.1 5.9 

Mean 1.8± 0.9 3.1±0.1 4.6±0.9 3.8±0.2 2.7±0.9 3.5±0.2 4.1±0.1 

Type of 

growth 
Scanty Scanty Normal Moderate Scanty Scanty Normal 

    B. Carbon nutrition studies - Clavaria 

Diameter of colony in cms 

Hours Sorbitol Lactose Xylose Mannitol Galactose Maltose Raffinose 

48 2.0 3.4 2.5 2.5 2.0 4.4 1.9 

72 2.7 4.4 4.2 4.6 3.6 5.7 3.5 

96 3.0 5.6 5.3 7.5 5.2 7.5 3.5 

120 3.4 6.3 5.7 8.4 7.0 8.8 3.7 

144 4.0 6.8 6.0 9.3 7.2 10.0 4.0 

Mean 3.0± 0.4 5.3±0.8 4.7±0.9 6.4±0.1 5.0±0.3 7.2±0.1 3.3±0.1 

Type of 

growth 
Scanty Scanty Scanty Normal Scanty Normal Scanty 

 

TABLE: II 

A. Nitrogen nutrition studies -  Podaxis 

Diameter of colony in cms 

Hours Cystiene Alanine Glutamine Threonine Amm. 

oxalate 

Na 

nitrate 

NaNH4 

nitrate 

48 1.2 1.5 1.5 1.4 1.5 1.5 1.5 

72 1.7 2.1 2.1 2.0 2.0 2.4 2.4 

96 2.5 2.7 2.7 2.6 2.4 3.0 3.0 

120 3.1 3.4 3.0 3.0 3.1 3.6 3.6 

144 3.3 3.6 3.1 3.0 3.3 4.1 4.1 

Mean 2.3± 0.9 2.6±0.1 2.4±0.1 2.4±0.1 2.4±0.1 2.9±0.2 2.9±0.2 

Type of 

growth 
Scanty Scanty Scanty Scanty Scanty Normal Normal 
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    B. Nitrogen nutrition studies -  Clavaria 

Diameter of colony in cms 

Hours Cystiene Alanine Glutamine Threonine Amm. 

Oxalate 

Na 

nitrate 

NaNH4 

nitrate 

48 0.7 3.2 4.2 4.9 4.5 1.9 3.5 

72 0.7 5.4 6.0 6.4 6.0 4.4 5.8 

96 0.7 6.4 7.4 7.0 7.0 6.0 7.2 

120 0.7 7.5 8.5 8.0 7.5 6.7 9.0 

144 0.8 8.5 9.0 8.5 8.0 7.9 9.5 

Mean 0.7± 0.2 6.2±0.1 7.0±0.2 6.9±0.8 6.8±0.2 5.3±0.2 7.0±0.2 

Type of 

growth 
Scanty Moderate Normal Moderate Moderate Scanty Normal 

 

  

 

 

 

     
 

Podaxis pistillaris 

 

Clavaria sp. 
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