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ABSTRACT ARTICLE HISTORY

The key material, 3-(3-(1,3-diphenyl-1H-pyrazol-4-yl)acryloyl)-2H-chro- Received 16 January 2021
men-2-one (3) was synthesized and its behavior toward malononi-
trile, hydrazine, thiourea, thiosemicarbazide, 2-aminoaniline, and 6-
aminothiouracil was investigated aiming to synthesize a new series
of pyrazole-based heterocycles, namely, pyranochromene, diazepine,
pyrimidochromene, triazepine, benzodiazepine, pyrimidine, and pyri-
midopyrimidine derivatives. Density functional theory based on
quantum chemical computation outline the structure optimization of
the intermediate that reacted to afford the desired product. The anti-
proliferative screening against HePG-2 and MCF-7 cancer cell lines
disclosed that the most potent compounds against two cell lines
were 9 and 17 as compared to doxorubicin which may be due to
their presence in more tautomeric structures. Also, the minimized
energy, dipole moment, ionization potential, transferred electrons,
and charge density distribution revealed that the greater value of
0.126 and 0.8 for pyrazole derivatives 9 and 17, respectively, indi-
cates the maximum transfer of electron and hence, greater tendency
of scavenging radicals and rapidly reduce oxygen to superoxide.

KEYWORDS

Chromene; pyrazole;
pyrimidopyrimidine; triaze-
pine; pyrimidochromene

GRAPHICAL ABSTRACT

HePG2, IC5p=12.6811.0

MCF-7, IC50=9.16+0.7

CONTACT Sayed K. Ramadan @ sayed.karam2008@sci.asu.edu.eg e Department of Chemistry, Faculty of Science, Ain
Shams University, Cairo 11566, Egypt.

@ Supplemental data for this article can be accessed on the publisher’s website.
© 2021 Taylor & Francis Group, LLC


http://crossmark.crossref.org/dialog/?doi=10.1080/00397911.2021.1904991&domain=pdf&date_stamp=2021-03-29
http://orcid.org/0000-0003-2743-6544
http://orcid.org/0000-0002-8232-5399
https://doi.org/10.1080/00397911.2021.1904991
http://www.tandfonline.com

2 @ M. M. KADDAH ET AL.

Introduction

Chalcones (1,3-diaryl-2-propane-1-ones) are one of the major classes of natural prod-
ucts with widespread distribution in fruits, vegetables, spices, tea, and soya-based food
stuff.!"! Also, chalcones are secondary metabolites obtained from the main precursors of
flavonoids and isoflavonoids biosynthesis occurred in terrestrial plants. Otherwise, cou-
marins and pyrazoles are of great importance due to their pharmacological effects® "
(cf. Figure 1). Pyrazoles display anticancer efficacy because of their inhibition of various
targets like EGFR, B-raf, ROS1, JAK2, ALK, HDAC, among others.'® 1! Coumarins
(benzopyrones) are naturally occurring compounds serving as an important model for
design and synthesis of some potent analogues like anticancer, antioxidant, anti-
inflammatory, anticoagulation, and estrogenic activities. In many plants, naturally occur-
ring coumarins are found, especially in higher concentrations in tonka bean, woodruff,
lavender, licorice, strawberries, apricots, cherries, cinnamon, bison grass and sweet clo-
ver. The ability of synthetic coumarin-containing compounds to evoke a wide range of
pharmacological effects with a focus on their utility as anticancer therapeutic agents has
been shown as its unique skeleton has a special ability to readily interact with a diverse
enzymes and receptors in organisms via weak bond interactions and therefore a wide
potentiality as medicinal drugs.™®! In turn, it is well known that chalcones are highly
reactive due to o,f-unsaturated carbonyl functionality, which was a good synthon for
the synthesis of a variety of heterocyclic systems like pyrazoline, isooxazoline, pyran,
pyridine, and pyrimidine derivatives.'®'”) Thus, as an extension of our study,®*2*! we
report herein utilization of the chalcone 3 bearing both coumarin and pyrazole scaffolds
for the synthesis of some pyrazole-based heterocycles of enhanced antitumor efficacy
against two human cancer cell lines, namely, hepatocellular carcinoma (liver) HePG-2
and mammary gland breast MCF-7 cancer cell lines.
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Figure 1. Anticancer, coumarin and pyrazole derivatives.
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Results and discussion

Chemistry

Claisen-Schmidt condensation of 3-acetylcoumarin 1 with pyrazole aldehyde 2 [*7)

achieved the chalcone derivative 3 as yellow crystals (Scheme 1). The IR spectrum dis-
played coumarinyl C=0 at v 1722cm ™" and ketonic C=0 at v 1655cm ™", Its '"H NMR
spectrum disclosed C5-H of pyrazole at 6 9.29 ppm, C4-H of coumarin at § 8.65 ppm as
well as the aromatic and olefinic protons. Further support for the assigned structure 3
was acquired from its mass spectrum which showed the correct molecular ion peak at
m/z 418 (22%) and the base peak at m/z 77 (100%) corresponding to phenyl cation, in
addition to some important fragments (cf. Experimental). Treating chalcone 3 with
malononitrile in boiling ethanol and piperidine failed to produce 2-amino-3-cyanopyran
derivative 4 and afforded the arylidene malononitrile 5 as a sole product which was
identical in all respects with an authentic sample prepared from condensation of pyra-
zole aldehyde 2 with malononitrile at an ambient temperature (Scheme 1).128] The reac-
tion pathway can be visualized via two routes as displayed in Scheme 2. Noteworthy,
the pyranochromene derivative 6 was obtained upon cyclocondensation of 5 with 4-
hydroxycoumarin in boiling ethanol and triethylamine. The "H NMR spectrum of 6
revealed an exchangeable singlet signal for NH, and singlet for methine proton in
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Scheme 1. Synthesis of Chalcone 3 and compounds 5-7.
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Scheme 2. Plausible pathways for the reaction of chalcone 3 with malononitrile.

addition to the aromatic protons (cf. section “Experimental”). In turn, cyclocondensa-
tion reaction of 5 with thiourea in boiling ethanol including anhydrous potassium car-
bonate led to the formation of 6-aminopyrimidin-5-carbonitrile derivative 7. Its IR
spectrum disclosed bands characteristic for NH, NH,, C=N, and C=N groups.

In turn, when chalcone 3 was treated with hydrazine in boiling dioxane, chromeno-
diazepine derivative 9 was obtained instead of 3-coumarinyl-5-pyrazolylpyrazole deriva-
tive 8. The IR spectrum of 9 revealed the carbonyl functionalities at v 1722 and
1676 cm™". In contrast, hydrazinolysis of chalcone 3 in glacial acetic acid afforded the
diazepinedione derivative 10 (Scheme 3). The chemical structures were substantiated
from their analytical and spectral properties (cf. section “Experimental”). The plausible
pathways of hydrazinolysis reaction can proceed via two routes as depicted in
Scheme 4.

The reaction of chalcone 3 with thiourea was not successful in boiling dioxane while
in boiling sodium ethoxide acquired the chromenopyrimidine derivative 12 instead of
pyrimidinethione derivative 11 (Scheme 5). The IR spectrum was devoid of C=0O of
coumarin moiety and displayed v C=0 of amide at 1689 cm™'. The reaction pathway
can be extrapolated via Scheme 6.

Interaction of chalcone 3 with thiosemicarbazide in boiling dioxane failed to furnish
the pyrazole derivative 13 and afforded the triazepinethione derivative 14 (Scheme 7).
Its IR and 'H NMR spectra were devoid of NH, bands. Further, the highest recorded
peak in its mass spectrum was at m/z 489 (5%) corresponding to the correct molecular
ion peak and the base peak at m/z 77 (100%) which is attributable to phenyl cation. In
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Scheme 4. Plausible pathways for formation of compounds 9 and 10.
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Scheme 5. Reactions of Chalcone 3 with thiourea.
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Scheme 6. A suggested pathway for compound 12.

a similar manner, 2-aminoaniline reacted with chalcone 3 in boiling dioxane to provide
benzodiazepine derivative 15. In contrast, pyridopyrimidine derivative 17 was obtained
instead of pyridopyrimidine derivative 16 upon treating chalcone 3 with 6-aminothiour-
acil in boiling dioxane including piperidine (Scheme 7). The IR spectra conserved the
coumarin carbonyl functionality. The reactions can proceed via aza-Michael addition
followed by ring closure by loss of water.

Density functional theory study

It is well known that high Eyonmo are likely to indicate a strong tendency of the mol-
ecule to donate electrons. The low values of the energy gap (AE = Erymo — Enomo)
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Scheme 7. Reactions of Chalcone 3 with thiosemicarbazide, 2-aminoaniline, and 6-aminothiouracil.

will render good inhibition efficiencies because the energy needed to remove an electron
from the last occupied orbital will be low.”?*! Density functional theory (DFT) based on
quantum chemical computation outline the structure optimization of the intermediate
that reacted to afford the desired product. In the presence of reaction of the coumarin
chalcone with carbon nucleophile e.g., malononitrile, the HOMO energy (—14.54¢V)
rather than HOMO of nitrogen nucleophiles e.g., hydrazine hydrate (—10.83eV), thio-
urea (—8.96eV) and 6-aminothiouracil (—9.05eV) and so good matching to LUMO
energy (—6.37eV) of the carbonyl electrophilic site of chalcone to form the correspond-
ing new heterocyclic via addition reaction followed by cyclization. In the case of using
thiosemicarbazide (HOMO —5.32¢V) is more preferred than the HOMO of o-phenyl-
enediamine (—7.72eV) proceeding via mechanism of Scheme 7 to form
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HOMO (eV) LUMO (eV)

Coumarin Chalcone — -6.37

Thiosemicarbazide -5.32

Charge density Cg 0.53

o-Phenylenediamine -7.72 Cy -0.05
* Cy 0.07

C, 0.36

Thiourea

-8.96

A
6-Aminothiouracil #— -9.05

-10.83

.

Hydrazine

by
Malononitrile 4}# -14.54

Figure 2. Outline the Eyomo of nucleophiles toward £ ymo of the starting material.

Table 1. Global reactivity indices and energy level distribution of frontier orbitals.

COmpOUnd EHOMO ELUMO AE P Ab uc ﬂd ot ANf s9 Amo|ec (nmz)
Doxorubicin ~ —6.69 —2.41 428 688 3.62 528 0.66 31.09 0.56 1.98 243.621
3 —7.66 —6.14 152 709 538 729 076 35.60 0.028 1.34 232.246
4 —7.95 —5.70 225 808 593 1639 113 21.56 0.046 0.88 364.594
5 —7.67 —4.40 327 736 436 6.62 163 13366  0.0748 0.61 863.013
6 —7.80 —3.53 427 803 329 777 214 13.88 0.0720 0.46 761.829
7 —8.88 —2.67 6.21 869 278 6.13 3.16 1026 0.023 0.39 232.246
8 —9.38 —4.53 485 965 485 7.03 251 62.02 0.017 0.398 265.246
9 —4.754 -3.604 115 496 3.82 423  0.60 536 0.126 1.67 609.594
10 —8.41 —2.96 545 736 436 586 283 48.59 0.095 0.349 493.013
1 —7.75 —4.98 277 766 4.66 4.04 139 12.94 0.077 0.719 687.625
12 —7.67 —4.56 3117 763 424 351 155 11.65 0.086 0.645 756.888
13 —7.46 —4.35 311 749 438 325 156 11.49 0.087 0.64 488.744
14 —5.40 —5.15 025 588 523 824 013 11378 0.0087 7.69 377.146
15 —7.25 —4.67 258 726 466 514 129 10.24 0.09776  0.775 491.093
16 —6.88 —4.69 219 673 439 267 1.10 13.62 0.073 0.909 344.641
17 —7.51 —4.62 289 762 438 043 145 12.42 0.80 0.689 411.210

%lonization  potential, PElectron affinity, “Chemical potential, 9Hardness, Electrophilicity index, fnucleophilicity
index, 9Softness.

thermodynamically intermediate. This means in the case of malononitrile, it is a
thermodynamic stable intermediate (cf. Figure 2).

So, DFT simulation helped us to know why the reactions of chalcone 3 with malono-
nitrile, hydrazine hydrate, thiourea, thiosemicarbazide, and 6-aminothiouracil did not
afford the expected heterocyclic compounds 4, 8, 11, 13, and 16 and they yielded newly
heterocyclic compounds 5, 9, 12, 14 and 17, respectively. The structures have been sup-
ported by full spectral analysis and microanalytical data. Quantum chemical parameters
calculation is using the density functional theory (DFT) method for the calculations of
the newly synthesized compounds (Table 1). The high Eyomo is likely to indicate a
strong tendency of the molecule to donate electrons. The low values of the energy gap
(AE = Erymo — Enomo) will render good efficiencies.®® The dipole moment,
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Compound S

Compound 9

Compound 16 Compound 17

Figure 3. Outline the optimized structures 4-17 and the standard, doxorubicin (see more in the sup-
plemental figures).
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Doxorubicin

Figure 3. Continued.

Table 2. Outline the minimized energy and electron density of the tautomers of the more effective
anticancer compounds 9 and 17.

eCharge density

diazepine €Charge density PYrimidine
Compound no Ecai/mol AEy Upipole N1y, Niz Eromo ELumo N6 bridge head
%a 7870 121 1555  0.246, 0.256 0.753 1746
9b 67.67 1.28 4.08 0.807, 0.434 —2.74 —4.02
17a 69.5 2.89 0.43 —7.51 —4.62 0.468
17b 90.1 2.20 3.6 —7.0 —4.8 0.616
17¢ 102.0 6.6 6.6 —6.70 —4.50 0.587

hardness, softness, and surface area (nm”) for newly pyrazole derivatives carrying
hydrophobic groups were agreed with an excellent explanation for the synthesized com-
pounds and their anticancer efficiency. Also, the Ionization potential (I, eV), transferred
electrons, and charge density distribution (AN) indicate the greater value pyrazole deriv-
atives 5, 9, 12, 14, and 17 have the maximum transfer of electron and hence, greater
tendency of adsorption and inhibition for the cancer cell. The optimization structures
of the synthesized pyrazole 3-17 as outlined in Figure 3 (see more in the supplemen-
tal figures).

Quantum chemical parameters calculations using density functional theory (DFT)
method used for the calculations of the synthesized compounds are in good agreement
with the anticancer efficiency (Table 1). The listed results indicate that the values of gap
energy (AE), where AE = Erynmo — Enomo» follow the order: heterocyclic derivatives
9 <17 <doxorubicin. Compounds having small AE values are generally referred to as
soft compounds, that are more reactive toward radical surface interactions; being cap-
able of donating electrons easily to hole surface.!*!! The scavenging ability toward posi-
tive hole, tumor, radical, and oxygen removable not only depended upon Exonmo values
but also, the number of heteroatoms, electron distributions, surface area, and lipophilic-
ity must be considered. The dipole moment, softness (6, eV, and surface area (nm?)
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Figure 4. Structures of compounds 9 and 17.

for most potent synthesized compounds carrying hydrophobic groups were agreed to an
excellent correlation between oxidation inhibition efficiencies.

On the other hand, the minimized energy (kcal/mol), dipole moment, ionization
potential (I, eV), transferred electrons, and charge density distribution (AN) revealed
that the greater value of 0.126 and 0.8 for pyrazole 9 and 17, respectively indicates the
maximum transfer of electron and hence, greater tendency of scavenging radicals and
rapidly reduce oxygen to superoxide (02°)? (see more in Table 2).
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Table 3. Cytotoxic activity of some compounds against
human tumors.

In vitro cytotoxicity ICso (LM)?

Comp. HePG-2 MCF-7

doxorubicin 450+0.3 4.17+0.2
3 68.96 +3.3 81.57 £4.1
6 36.50+2.3 70.18+3.6
9 12.68+1.0 9.16+0.7
10 56.24+3.0 51.72+£28
12 43.07+26 26.28+1.9
14 59.12+3.1 3891+2.2
15 30.61%2.1 45.05+25
17 19.32+15 1434+1.2

?ICso (uM): 1-10 (very strong), 11-20 (strong), 21-50 (moderate), 51-100 (weak),
and above 100 (non-cytotoxic).

B doxorubicin =3 6 9 10 =12 m14 m15 =17

90

8 =

0 =

60 =
g% —
= 40 =

0 =

zo =

1 =

0 = =

HePG-2
Compounds

Figure 5. 1Cs5q of the tested compounds.

Biological screening

It was shown that several enzymes including the cytochrome P450 reductase, NADH
dehydrogenase, and xanthine oxidoreductase could reduce doxorubicin via a one-elec-
tron reduction mechanism giving rise to the phenate radical intermediate that can rap-
idly reduce oxygen to superoxide (0,*") via a futile redox-cycling mechanism."**! In the
presence of a redox-active metal ion such as iron (III), hydroxyl radicals are formed via
the Fenton mechanism. Chelators such as desferrioxamine inhibit the formation of
hydroxyl radicals through inhibition of the Haber-Weiss mechanism. Based on these
in vitro studies, redox activation of newly synthesized compounds 9 and 17 to O,",
hydrogen peroxide (H,0,), and iron-catalyzed hydroxyl radical formation was suggested
to be a similar mechanism of doxorubicin toxicity.*? Oxidative stress is thought to be
primarily responsible for phenolic diazepine 9, pyrimidinethiol 17, and doxorubicin car-
diotoxicity because the myocardial tissues lack sufficient antioxidant mechanisms.!**
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Compounds 9 and 17 are the stronger anticancer than the other synthesized com-
pounds which may be due to their presence in more tautomeric structures (Table 2;
Figure 4).

Pharmacology

Antiproliferative screening

The antiproliferative screening of the synthesized compounds was measured against two
cell lines namely, Hepatocellular carcinoma (HePG-2) and Mammary gland breast can-
cer (MCF-7) using MTT assay.”>?®! The results in Table 3 and Figure 5 disclosed that
the most potent compounds against two cell lines were 9 and 17 as compared to doxo-
rubicin. The compounds 6, 12, and 15 were moderately potent against HePG-2 cell
line. Moderate activity was shown against MCF-7 cell line by the compounds 12, 14,
and 15. The rest of the compounds were of weak activity.

Conclusion

A novel series of fused and pyrazole-based heterocyclic systems like chromenopyran,
chromenodiazepine, diazepine, chromenopyrimidine, triazepinethione, benzodiazepine,
and pyrimidopyrimidine derivatives, was prepared from the chalcone namely, 3-(3-(1,3-
diphenyl-1H-pyrazol-4-yl)acryloyl)-2H-chromen-2-one. The antiproliferative activity
screening of the synthesized compounds disclosed that the chromenodiazepine and pyri-
midopyrimidine derivatives were the most potent against the two tumor cells namely,
HePG-2 and MCF-7. DFT based on quantum chemical computation outline the struc-
ture optimization of the intermediate that reacted to afford the desired product.

Experimental

General

All melting points were measured on a GALLENKAMP electric melting point apparatus
and are uncorrected. Chemicals and solvents used were obtained from commercial sour-
ces and used as received or dried by standard procedures. IR spectra (v, cm™') were
recorded using potassium bromide disks on Fourier Transform Infrared Thermo
Electron Nicolet iS10 Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA)
at Faculty of Science, Ain Shams University. The 'H NMR spectra (y, ppm) were
recorded at 300 MHz on a Varian GEMINI (GEMINI, Manufacturing & Engineering
Inc., Anaheim, CA, USA) utilizing tetramethyl silane (TMS) as an internal standard in
deuterated dimethyl sulfoxide (DMSO-dg) at Faculty of Science, Cairo University. The
mass spectra (MS) were recorded on Shimadzu GC-MS-QP-1000 EX mass spectrometer
(Shimadzu Scientific Instruments, Inc., USA) operating at 70 eV at the Regional Center
for Mycology and Biotechnology (RCMB) of Al-Azhar University, Cairo, Egypt. The
reactions were monitored by thin-layer chromatography (TLC) using Merck Kiesel gel
60 F,s4 analytical sheets obtained from Fluka, Switzerland. The antiproliferative activity
was carried out at the Faculty of Pharmacy, Mansoura University, Mansoura, Egypt.

The starting pyrazole-4-carbaldehyde derivative 2 was previously prepared.’*”!
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3-(3-(1,3-Diphenyl-1H-pyrazol-4-yl)acryloyl)-2H-chromen-2-one (3)

A mixture of 3-acetylcoumarin 1 (0.05mol) and pyrazole aldehyde 2 (0.05 mol) in abso-
lute ethanol (20mL) including piperidine (0.1 mL) was refluxed for 2h. The solid
obtained while hot was filtered off and recrystallized from n-butanol to furnish chalcone
3 as yellow crystals, mp. 260-262 °C, yield 90%. IR: 1722 (C=0O coumarin), 1655 (C=0
ketone). "H NMR (300 MHz, DMSO-dg): 9.29 (s, 1H, C5-H pyrazole), 8.65 (s, 1H, C4-H
coumarin), 8.00-7.40 (m, 16H, Ar-H). MS, m/z (%): 418 (M, 22), 341 (4), 268 (9), 245
(89), 173 (25), 115 (26), 77 (100). Anal. Calcd. for C,,H,sN,O; (418.45): C, 77.50; H,
4.34; N, 6.69. found: C, 77.32; H, 4.27; N, 6.71%.

2-Amino-4-(1,3-diphenyl-1H-pyrazol-4-yl)-5-oxo-4H,5H-pyrano[3,2-c]Jchromene-3-car-
bonitrile (6)
A mixture of arylidine malononitrile 5 (0.01 mol) and 4-hydroxycoumarin (0.01 mol) in
absolute ethanol (20mL) including triethylamine (0.1 mL) was refluxed for 10h (TLC),
the contents were poured onto ice-cold water and then acidified by dil. HCI (10%). The
deposited solid was filtered off and gray crystals were obtained after crystallization from
ethanol, mp. 228-230°C, yield 57%. IR: 3392, 3318 (NH,), 2193 (C=N), 1710 (C=0
coumarin). "H NMR (300 MHz, DMSO-dy): 8.58 (s, 1H, C5-H pyrazole), 7.87-7.29 (m,
14H, Ar-H), 7.26 (br.s, 2H, NH,, exchangeable), 4.70 (s, 1H, C4-H pyran). MS, m/z
(%): 458 (M, 22), 419 (8), 393 (59), 392 (100), 315 (19), 270 (30), 243 (21), 120 (14),
92 (41), 77 (55). Anal. Calcd. for C,sHsN,O5 (458.48): C, 73.35; H, 3.96; N, 12.22.
found: C, 73.22; H, 3.89; N, 12.25%.

Full experimental details, tables, figures, spectroscopic data can be found in supple-
mental files.
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