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al analysis, quantum studies, NLO,
and thermodynamic properties of the novel 5-(6-
hydroxy-4-methoxy-1-benzofuran-5-ylcarbonyl)-
6-amino-3-methyl-1H-pyrazolo[3,4-b] pyridine
(HMBPP)

Shimaa Abdel Halim * and Magdy A. Ibrahim

Ring opening followed by ring closure reactions of 4-methoxy-5-oxo-5H-furo[3,2-g] chromene-6-

carbonitrile (1) with 5-amino-3-methyl-1H-pyrazole (2) afforded the novel 5-(6-hydroxy-4-methoxy-1-

benzofuran-5-ylcarbonyl)-6-amino-3-methyl-1H-pyrazolo[3,4-b] pyridine (3, HMBPP). The chemical

structure of the synthesized compound was established based on elemental analysis and spectral data.

The chemical calculations were performed using the Becke3–Lee–Yang–Parr (B3LYP) and Coulomb

Attenuating Method (CAM-B3LYP)/6-311++G(d,p) basis sets at the DFT level of theory. The Coulomb-

attenuating method (CAM-B3LYP) and Corrected Linear Response Polarizable Continuum Model (CLR)

PCM were used to obtain the theoretical electronic absorption spectra in the gas phase, methanol, and

cyclohexane, respectively, indicating good agreement with the observed spectra. The local reactivity

descriptors supported the high reactivity of C7 for nucleophilic attack. The computed total energy and

thermodynamic parameters at the same level of calculations confirmed the high stability of structure 3

(HMBPP) as compared with the other expected structure 4. The 1H and 13C chemical shift values, as well

as vibrational wavenumber values, were theoretically determined and exhibited a high correlation with

the experimental data. Natural bond orbital analysis (NBO) was used to investigate hyper conjugative

interactions. The first static hyperpolarizability, second hyperpolarizability, polarizability, and electric

dipole moment have been determined. At different temperatures, the thermodynamic properties of the

compounds were calculated.
1. Introduction

The naturally occurring furochromones, also known as fur-
anochromones, khellin, and visnagin, are extracted from the
fruits and seeds of Ammi visnaga L.1 and used for the treatment
of psoriasis, vitiligo, angina, kidney stones, and as a spasmo-
lytic agent.2–4 They are extensively used as analgesic, anti-
inammatory,5,6 anticancer,7,8 anticonvulsant,9 antitubercular,10

and antimicrobial agents.11 Optimized geometries of some furo
[3,2-g]chromenes have been investigated by DFT-theoretical
calculations.12,13 Photodiode, photovoltaic, photoelectrical,
photosensitivity electronic spectra, molecular docking,
computational, and solvatochromic studies were carried on
a range of furo[3,2-g]chromenes.14–19 Furthermore, biological
properties,20–23 chemical reactivity,24 and material applications25

have all drawn attention to the chemistry of pyrazole and its
derivatives. Because of its importance in providing the key
functions of frequency shiing, optical modulation, optical
tion, Ain Shams University, Roxy, 11711,

il.com; Tel: +20 1090306455

the Royal Society of Chemistry
switching, optical logic, and optic memory for the emerging
technologies in areas such as telecommunications, signal pro-
cessing, and optical interconnections, the non-linear optical
(NLO) effect is at the forefront of current research.26 Molecular
electrostatic potential (MESP) mapped onto the electron density
surface concurrently presents molecular size, shape, and elec-
trostatic potential in terms of color grading and represents
a very suitable tool in the analysis of the molecular structure
and physiochemical property relationship of molecules such as
biomolecules and medicines.27 Different photophysical, photo-
voltaic, and optoelectronic properties of some organic mole-
cules were determined using the CAM-B3LYP/6-31G (d,p) level
of DFT.28 Modications with end caps and p-linkers led to an
improvement in the optoelectronic properties of the designed
molecules to be used as acceptors for high-efficiency in organic
solar cells.29

The current work aims to synthesize the novel 5-(6-hydroxy-4-
methoxy-1-benzofuran-5-ylcarbonyl)-6-amino-3-methyl-1H-pyr-
azolo[3,4-b]pyridine (3, HMBPP) with the goal of providing
a comprehensive explanation of molecular geometry, molecular
vibration, and electronic characteristics. The density functional
RSC Adv., 2022, 12, 13135–13153 | 13135
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theory (DFT) method with the basis set 6-311++G(d,p) was used
to analyze the natural bond orbital (NBO), molecular electro-
static potential (MESP), electronic absorption spectra, Mulliken
atomic charges, global reactivity descriptors, and thermody-
namic properties. The non-linear optical (NLO) properties of the
current compound have also been studied due to growing
interest in organic materials for nonlinear optical devices,
revealing that the molecule is important in pharmaceutical
chemistry as well as an attractive object for future studies of
nonlinear optical properties. The presented structure is classi-
ed as an organic semiconductor of small molecule and spec-
ied as a p-conjugated nanostructure and has delocalization of
electrons as well as a large extinction coefficient and good light
gain.
2. Experimental
2.1. 5-(6-Hydroxy-4-methoxy-1-benzofuran-5-ylcarbonyl)-6-
amino-3-methyl-1H-pyrazolo[3,4-b] pyridine (3, HMBPP)

A mixture of 4-methoxy-5-oxo-5H-furo[3,2-g] chromene-6-
carbonitrile (1) (0.48 g, 2 mmol) and 5-amino-3-methyl-1H-pyr-
azole (2) (0.20 g, 2 mmol) in absolute ethanol (20 mL) con-
taining piperidine (0.1 mL) was heated under reux for 45 min.
The yellow crystals so formed during heating were ltered and
recrystallized from methanol to give compound (3, HMBPP),
yield (0.52 g, 78%), m.p. 299–300 �C. IR (KBr, cm�1): 3425 (OH),
3355, 3314 (NH2), 3125 (NH), 3055 (CHarom), 2960, 2942, 2865
(CHaliph), 1657 (C]O), 1547 (C]C). 1H-NMR (300 MHz, DMSO-
d6, d): 2.37 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 6.94 (s, 1H, H-
7benzofuran), 7.18 (d, 1H, J ¼ 1.8 Hz, H-3furan), 7.94 (d, 1H, J ¼
2.4 Hz, H-2furan), 8.80 (s, 1H, H-4pyridine), 9.41 (bs, 2H, NH2

exchangeable with D2O), 10.23 (bs, 1H, NH exchangeable with
D2O), 10.81 (bs, 1H, OH exchangeable with D2O).

13C-NMR (100
MHz, DMSO-d6, d): 15.9 (CH3), 58.0 (OCH3), 91.9 (C0-7), 105.6
(C0-3), 108.1 (C0-3a), 110.3 (C0-5), 113.7 (C0-3a), 116.5 (C-5), 136.9
(C-4), 139.9 (C-3), 145.8 (C0-2), 150.3 (C-7a), 153.8 (C-4), 157.6 (C-
6) 160.1 (C0-6), 162.9 (C0-7a), 196.2 (C]O). Mass spectrum, m/z
(Ir%): 338 (M+, 70), 308 (42), 286 (24), 272 (22), 258 (38), 191
(100), 163 (62), 147 (44), 134 (47), 117 (33), 106 (30), 101 (17), 91
(73), 78 (34), 64 (23). Anal. calcd for C17H14N4O4 (338.32): C,
60.35; H, 4.17; N, 16.56%. Found: C, 60.15; H, 4.02; N, 16.20%.
2.2. Apparatus

A digital Stuart SMP3 apparatus was used for melting point
determination. FTIR Nicolet IS10 spectrophotometer (cm�1)
was applied for measuring the infrared spectra using KBr disks.
Mercury-300BB apparatus was used for measuring the 1H NMR
(300 MHz) and 13C NMR (100 MHz) spectra using DMSO-d6 as
a solvent and TMS (d) as the internal standard. GC-2010 Shi-
madzu gas chromatography instrument mass spectrometer (70
eV) was used for measuring the mass spectra. Elemental
microanalyses were performed using PerkinElmer 2400II at the
Chemical War Department, Ministry of Defense, Egypt. The
purity of the synthesized compounds was checked by thin layer
chromatography and elemental microanalysis. PerkinElmer
Lambda 4B spectrophotometer with 1.0 cm fused quartz cells
13136 | RSC Adv., 2022, 12, 13135–13153
was used to record the electronic absorption spectra of the
solutions in the range of 200–900 nm. Spectral analysis of
transmittance and reectance are performed in the wavelength
range of 200–750 nm.

2.3. Solvents

Methanol as polar solvent and cyclohexane as non-polar solvent
were utilized without purication in Merck, AR-grade.

2.4. Computational details

The Gaussian 09 program30 was used to do the computations in
this work, and the results were evaluated using the Gauss-view
05 molecular visualization program.31 DFT32–35 using a hybrid
functional B3LYP,36 combining the Lee–Yang–Parr correlation
functional (LYP)37 with Beck's three parameter (local, non-local,
Hartree–Fock) hybrid exchange functional (B3), and the
Coulomb Attenuating Method (CAM-B3LYP)37 was used to
obtain the optimized geometrical parameters, vibrational
frequencies, UV-Vis spectra, electronic transitions, and elec-
tronic characteristics such as HOMO–LUMO energies for the
title compound 3 (HMBPP). For a better representation of the
polar bonding in molecules, the basis set 6-311++G(d,p) with ‘d’
polarization functions on heavy atoms and ‘p’ polarization
functions on hydrogen atoms were utilized.38 Using the same
level of theory, NMR chemical shis were estimated using the
gauge, including the atomic orbital (GIAO) approach.39 In the
NBO basis, the donor–acceptor interactions were evaluated
using the second order Fock matrix.40

3. Results and discussion
3.1. Chemistry

Reaction of 4-methoxy-5-oxo-5H-furo[3,2-g]chromene-6-
carbonitrile (1) with 5-amino-3-methyl-1H-pyrazole (2) in
boiling ethanol containing a few drops of piperidine afforded
the novel 5-(6-hydroxy-4-methoxy-1-benzofuran-5-ylcarbonyl)-6-
amino-3-methyl-1H-pyrazolo[3,4-b]pyridine (3), and another ex-
pected product 4 was ruled out (Scheme 1). Two reaction
pathways for compounds 3 and 4 are depicted in Scheme 1. The
nucleophilic reagent 2 usually begins to attack the electron
decient centers in compound 1, which is the C-7 position.
Route a describes a nucleophilic attack at C-7 position with g-
pyrone ring opening giving intermediate A, which undergoes
cycloaddition into the nitrile function giving intermediate B,
followed by proton transfer giving product 3 (Scheme 1). If the
reaction proceeds through route b, the nucleophilic reagent
undergoes nucleophilic addition into the cyano group giving
intermediate C, followed by nucleophilic attack at C-7 with ring
opening and concomitant proton transfer giving compound 4.
Due to the electron withdrawing action by mesomeric effect (at
C-7) achieved by carbonyl and cyano groups and inductive
effects achieved by atomic oxygen, the reaction prefers route
a in which the nucleophilic attacks at the more electron de-
cient center (C-7 position) and route b will be excluded.

The above results were further conrmed by theoretical
calculations, which calculate the charge density at C-7 and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Formation of pyrazolo[3,4-b]pyridine derivative (3, HMBPP).
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cyano carbon, which show that the electron density charge on C-
7 is higher than the carbon of the cyano group (cf. Fig. 1), so the
reaction occurs through route a, giving product 3 and not the
other expected compound 4 (Scheme 1). In addition, the
computed results obtained show that compound 3 is more
stable and highly reactive than compound 4 by (0.2317 eV,
5.3407 kcal mol�1) values. Also, compound 3 shows less hard-
ness and more soness with high electrophilicity than
compound 4 (cf. Table 1), so compound 3 is more stable and
reactive than compound 4.

The IR spectrum of compound 3 (HMBPP) (Fig. 2) showed
typical absorption bands at 3425 (OH), 3355, 3314 (NH2), 3125
(NH), 3055 (CHarom), 2960, 2942, 2865 (CHaliph), 1657 (C]O), and
1547 cm�1 (C]C). The 1H-NMR spectrum of compound 3
(HMBPP) (Fig. 3) revealed two characteristic doublets (J¼ 2.4 Hz)
assignable to H-2furan and H-3furan at d 7.94 and 7.18 ppm,
respectively. The spectrum also revealed four singlet signals at
d 2.37 (CH3), 3.88 (OCH3), 6.94 (H-7benzofuran), and 8.80 (H-
4pyridine). D2O exchangeable signals were observed at d 9.41 (NH2),
10.23 (NH), and 10.81 (OH). The 13C NMR spectrum of compound
3 (HMBPP) (Fig. 4) revealed seventeen signals corresponding to
the number of carbon atoms existing in the synthesized struc-
ture. These signals were characterized as follows; 15.9 (CH3), 58.0
© 2022 The Author(s). Published by the Royal Society of Chemistry
(OCH3), 91.9 (C0-7), 105.6 (C0-3), 108.1 (C0-3a), 110.3 (C0-5), 113.7
(C0-3a), 116.5 (C-5), 136.9 (C-4), 139.9 (C-3), 145.8 (C0-2), 150.3 (C-
7a), 153.8 (C-4), 157.6 (C-6) 160.1 (C0-6), 162.9 (C0-7a), 196.2 (C]
O). Themass spectrum of compound 3 (HMBPP) (Fig. 5) recorded
its molecular ion peak atm/z 338 and supports the identity of the
structure. The mass fragmentation patterns of compound 3
(HMBPP) are depicted in Scheme 2.
3.2. Chemical reactivity

3.2.1 Global reactivity descriptors. Global reactivity
descriptors are useful for comparison of the reactivity of
compounds 3 and 4, which are the energies of frontier molec-
ular orbital (ELUMO, EHOMO), band gap (ELUMO � EHOMO), ioni-
zation potential (IP), electron affinity (EA), electronegativity (c),
global hardness (h), chemical potential (v), global electrophi-
licity index (u), global soness (S) and additional electronic
charge ((DNmax) and were calculated using eqn (1)–(8) and listed
in Table 1.41,42

IP ¼ �EHOMO (1)

EA ¼ �ELUMO (2)
RSC Adv., 2022, 12, 13135–13153 | 13137
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Fig. 1 The optimized structure of compounds 1, 3 (HMBPP), and 4. Different conformers (A–C) by dihedral angle within the HMBPP structure
using Gaussian program.
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c ¼ (ELUMO + EHOMO)/2 (3)

v ¼ �c ¼ �(ELUMO + EHOMO)/2 (4)

h ¼ (ELUMO � EHOMO)/2 (5)

S ¼ 1/2h (6)

u ¼ v2/2h (7)

DNmax ¼ �v/h (8)

According to Parr et al.,43 the electrophilicity index (u) is
a global reactivity index, which is a positive and denite quan-
tity like chemical hardness and chemical potential. When the
system acquires an additional electronic charge (N) from the
environment, this new reactivity index calculates the energy
stabilization. Because an electrophile is a chemical species
capable of accepting electrons from the environment, the
direction of the charge transfer is completely determined by the
electronic chemical potential of the molecule. As a result, when
13138 | RSC Adv., 2022, 12, 13135–13153
a molecule accepts an electronic charge, its energy must
decrease, and its electronic chemical potential must be nega-
tive. The difference between the (DNmax) values of interacting
molecules is characterized as electrophilic charge transfer
(ECT).44 If we consider two molecules 1 and 2 approaching each
other (i) if ECT > 0, charge ows from 2 to 1 (ii) if ECT < 0, charge
ows from 1 to 2. ECT is calculated using the equations given
below:

ECT ¼ (DNmax)1 � (DNmax)2 (9)

where

(DNmax)1 ¼ �v1/h1 and (DNmax)2 ¼ �v2/h2 (10)

Ionization potential (IP), electron affinity (EA), electronega-
tivity (c), global hardness (h), chemical potential (v), global
electrophilicity index (u), global soness (S), and additional
electronic charge (DNmax) were calculated for reactants 1 and 2
as well as for product 3 and another expected product 4, using
the energies of frontier molecular orbitals (ELUMO, EHOMO),
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Experimental and calculated IR spectra of compound 3 (HMBPP) at B3LYP/6-311++G(d,p).

Table 1 Calculated ELUMO, EHOMO, energy band gap ELUMO – EHOMO, ionization potential (IP), electron affinity (EA), electronegativity (c), global
hardness (h), chemical potential (v), global electrophilicity index (u), global softness (S), and additional electronic charge (DNmax) in eV for
reactants 1 & 2 and expected products 3 & 4, using B3LYP/6-311++G(d,p)

Parameters 1 2 3, HMBPP 4 Ref. 13 Ref. 14 Ref. 15 Ref. 16

Energy of highest occupied molecular
orbital (EHOMO)

�6.6248 �5.9734 �5.8077 �5.7544 �6.8416 �6.1431 �5.5262 �5.7865

Energy of lowest unoccupied molecular
orbital (ELUMO)

�2.5832 �0.5809 �2.0756 �1.7906 �2.7257 �2.3574 �2.0231 �1.8006

Energy gap, (Eg) 4.0416 5.3924 3.7321 3.9638 4.1159 3.7857 3.5030 3.9859
Dipole moment, (m) 6.6237 3.1776 0.5390 1.9407 8.6600 7.9700 1.9141 5.3085
I (eV) 6.6248 5.9734 5.8077 5.7544 6.8416 6.1431 5.5262 5.7865
A (eV) 2.5832 0.5809 2.0756 1.7906 2.7257 2.3574 2.0231 1.8006
c (eV) 4.6040 3.2772 3.9416 3.7725 4.7836 4.2502 3.7746 3.7936
v (eV�1) �4.6040 �3.2772 �3.9416 �3.7725 �4.7836 �4.2502 �3.7746 �3.7936
h (eV) 2.0208 2.6962 1.8660 1.9819 2.0579 1.8928 1.7516 1.9929
S (eV�1) 0.2474 0.1854 0.2679 0.2523 0.2430 0.2641 0.2855 0.2509
u (eV) 5.2446 1.9917 4.1629 3.5904 5.5596 4.7717 4.0674 3.6105
DNmax 2.2783 1.2155 2.1123 1.9035 2.3245 2.2454 2.1549 1.9036
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which are tabulated in Table 1. Electrophilic charge transfer
(ECT) was calculated from the values of additional electron
charge (DNmax) of reactants 1 and 2 using eqn (9). The calculated
value of ECT > 0 (ECT ¼ 1.063) for reactant molecules indicates
the ow of charge from nucleophile 2 into the electron decient
substrate 1. As a result, the reactant molecule 2 acts as a global
nucleophile (electron donor) and substrate 1 as a global elec-
trophile (electron acceptor). The nucleophilic behavior of
compound 2 is favored by its low electrophilicity index and high
chemical potential, whereas the electrophilic behavior of
compound 1 is favored by its low chemical potential and high
electrophilicity index. The higher electrophilicity index (u ¼
4.163 eV) for product 3 than that of reactant 2 shows that it is
© 2022 The Author(s). Published by the Royal Society of Chemistry
a strong electrophile than reactant 2 and another expected
product 4. So, product 3 is formed only through route (a) and is
highly stable than another expected product 4, which is not
formed (route (b)). The chemical soness, which is directly
related to the stability of the molecule, showed a higher value
(0.2679 eV�1) for product 3 as compared with the other expected
product 4 and reactants (1 & 2), indicating higher stability of the
formed product 3 (cf. Table 1). A comparison of the obtained
results for the studied factors with those published for similar
structures is listed in Table 1. The values of the obtained
parameters for HMBPP are close to the values obtained for
similar structures, considering the computational error
RSC Adv., 2022, 12, 13135–13153 | 13139
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Fig. 4 Experimental and calculated 13C NMR spectrum of compound 3 (HMBPP) at B3LYP/6-311++G(d,p).

Fig. 3 Experimental and calculated 1H NMR spectrum of compound 3 (HMBPP) at B3LYP/6-311++G(d,p).

13140 | RSC Adv., 2022, 12, 13135–13153 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The mass fragmentation patterns of compound (3, HMBPP).

Fig. 5 The mass spectrum of compound 3 (HMBPP).
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percent, which conrms the accuracy of the obtained
results.13–16
3.3. Molecular geometry

Density functional theory calculations using B3LYP and CAM-
B3LYP functional with 6-311++G(d,p) basis set were used to
determine the most relevant structural parameters (bond
lengths, bond angles, and dihedral angles) of the title
compound 3 (HMBPP) and are given in Table 2. Geometrical
optimization was carried out without any symmetry constraints.
The numbering of atoms in the molecules utilized in this paper
is described in Fig. 1. Because experimental data is lacking,
some of the most important structural parameters are
compared to analogous systems for which crystal structures
© 2022 The Author(s). Published by the Royal Society of Chemistry
have been solved. The optimized structure of the title
compound was compared to the experimental structure of
a closely comparable molecule found in the literature.45,46 The
agreement between the optimized and experimental crystal
structure is quite good, indicating that the geometry optimiza-
tion nearly replicates the observed conformation. The symmetry
of the molecular structure of the title compound is C1. When
compared to the ref. 45 and 46, the bond lengths and bond
angles of the title molecule showed slight differences. The C–O
bond length of the title compound is elongated, according to
the calculations. As a result, it may be used to calculate a wide
range of molecular and spectroscopic parameters, such as
electronic properties, electric moments, and vibrational
wavenumbers.
RSC Adv., 2022, 12, 13135–13153 | 13141
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Table 2 Selected optimized geometrical structure parameters for the studied compound 3 (HMBPP) computed at B3LYP/6-311++G(d,p) and
CAM/B3LYP/6-311++G(d,p)

Bond
lengths
(Å)

B3LYP/6-
311++G(d,p)

CAM/B3LYP/6-
311++G(d,p)

Exp. X-
ray45,46 Bond angles (�)

B3LYP/6-
311++G(d,p)

CAM/B3LYP/6-
311++G(d,p)

Exp. X-
ray45,46

C1–C6 1.352 1.375 1.374 :C2O13C8 106.28 110.22 108.89
C1]C2 1.393 1.412 1.409 :C6O12C17 123.26 122.52 124.24
C8–O13 1.372 1.384 1.355 :C22C16O14 115.61 120.12 118.98
C17–O12 1.428 1.435 1.355 :C1C7C8 105.87 108.56 112.54
C16]O14 1.229 1.241 1.248 :C1C6C5 118.52 120.21 121.91
C24–N35 1.344 1.358 1.363 :C24N35C25 116.22 117.45 118.23
N36–N37 1.374 1.382 1.431 :N35C25N36 112.95 127.46 120.64
N20–H23 1.006 1.007 1.017 :C27N36N37 106.81 108.94 109.57
O15–H21 0.962 0.975 0.989 :C25N36H34 119.06 127.48 126.39
C7–H10 1.077 1.083 0.98 :C8O13H11 106.08 115.11 111.96

Dihedral angles (�) B3LYP/6-311++G(d,p) CAM/B3LYP/6-311++G(d,p)

:O14C16C5C6 67.927 89.765
:O14C16C22C24 5.710 7.852
:C22C24N38H30 177.58 179.32
:N38C24N35C25 �179.14 �179.87
:N35C25N36H34 0.221 0.523
:H10C7C8H11 �0.025 �0.342
:C6C1C7C8 179.73 179.87
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The stability of the current compound HMBPP was achieved
from three different conformers (A–C) by variation of the
dihedral angle within the molecule using the Gaussian
program, as shown in Fig. 1. It was observed that the more
stable conformer is C by a change in D.A ¼ 17.989� and total
energy value ET ¼ �1175.74 a.u. Compound HMBPP is more
stable than conformer C by a difference in energy of 0.01 a.u.;
(0.272 eV); (6.2696 kcal). It is also more stable than conformer B
Table 3 Experimental and calculated 1H and 13C NMR chemical shi
311++G(d,p)

Atom no.

1H-NMR calculated

ExperiB3LYP/6-311++G(d,p) CAM/B3LYP/6-311++G(d,p)

H9 6.54 6.67 6.94
H10 7.23 7.32 7.18
H11 7.47 7.48 7.94
H18 3.23 3.24 3.88
H19 3.25 3.26
H20 2.87 2.89
H21 8.81 8.85 8.80
H29 9.55 9.65 9.41
H30 7.86 8.05 10.23
H31 2.59 2.67 2.37
H32 2.57 2.66
H33 2.87 2.88
H34 10.71 10.85 10.81

13142 | RSC Adv., 2022, 12, 13135–13153
by 0.03 a.u.; (0.816 eV); (18.8088 kcal) and conformer A by 0.02
a.u.; (0.544 eV); (12.5392 kcal).
3.4. 1H NMR and 13C NMR spectroscopy

The 1H NMR and 13C NMR chemical shis were computed
using the GIAO method with the B3LYP and CAM-B3LYP func-
tional and 6-311++G(d,p) basis set.47 Table 3 and Fig. 3, 4 show
fts of compound 3 (HMBPP) using DFT/B3LYP and CAM-B3LYP/6-

mental Atom no.

13C-NMR calculated

Experimental
B3LYP/
6-311++G(d,p)

CAM/B3LYP/
6-311++G(d,p)

C1 106.62 106.82 105.6
C2 107.58 107.87 108.1
C3 112.64 112.75 113.7
C4 136.65 138.55 136.9
C5 109.56 109.66 110.3
C6 115.62 115.75 116.5
C7 88.97 88.99 91.9
C8 140.85 140.89 139.9
C16 190.32 194.65 196.2
C17 66.05 66.06 58.0
C22 143.62 144.76 145.8
C23 148.25 149.35 150.3
C24 150.32 152.81 153.8
C25 155.35 156.78 157.6
C26 158.72 159.86 160.1
C27 160.52 161.92 162.9
C28 23.05 24.88 15.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the experimental and computed values of 1H NMR and 13C NMR
chemical shis of the title compound 3 (HMBPP). Except for the
proton of the amino group, there is good agreement between
the experimental and computed chemical shis values in 1H
NMR.48

From the computed and experimental chemical shi
values, H18–H20 and H31–H33 have smaller values than the
other protons H29, H30, and H34; this difference may be
attributed to the electronic charge density around the ring. In
the experimental 13C NMR spectrum (DMSO), the chemical
shi values (d) of carbon atoms are between 16–196 ppm. The
molecule has seventeen carbons; however, these carbons are
classied into three groups (attached with benzofuran, pyr-
azole, and pyridine), consistent with the structure and
molecular symmetry.

3.5. UV-visible absorption spectroscopy

The UV-Vis absorption spectrum was calculated theoretically
using the TD-DFT method with the B3LYP/CAM-B3LYP func-
tional and 6-311++G(d,p) basis set, with the solvent effect
taken into account using the Integral Equation Formalism
Polarizable Continuum Model (IEFPCM). Table 4 compares
experimental UV data with the calculated UV data and the
related properties, such as the vertical excitation energies,
oscillator strength (f), percentage contribution of probable
transition, and the corresponding absorption wavelength. The
B3LYP functional predicts one intense electronic transition at
298 nm in cyclohexane with an oscillator strength f ¼ 0.231,
which agrees well with the measured experimental data (lmax/

nm ¼ 355 nm in cyclohexane), as shown in Fig. 7. With
a contribution of 49.6%, this electronic absorption corre-
sponds to the transition from HOMO to LUMO. In the exper-
imental UV spectrum of the studied molecule HMBPP, the
ineffectual band around 265 nm in cyclohexane is an elec-
tronic transition from HOMO�2 to LUMO with 1.6% contri-
bution and from HOMO�1 to LUMO with 47% contribution. In
cyclohexane solvent, the corresponding theoretical peak in the
TD-DFT UV spectrum is at 325 nm due to the n–p* transition.
Fig. 6 describes the molecular orbitals and electronic transi-
tions for HMBPP. The value of the energy gap between HOMO
and LUMO is 3.732 eV. This shows the chemical reactivity of
the compound HMBPP and proves the occurrence of eventual
charge transfer within the molecule.
Table 4 Experimental and theoretical absorption wavelength lmax/nm, ex
CAM-B3LYP/6-311++G(d,p)

States no.
Electronic transitions
(molecular orbitals involved)

Energy
(eV)

Calculated

B3LYP CAM/B

1 H / L 3.584 298 295
2 H�2 / L 4.585 260 250

H�1 / L 5.548

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.6. Vibrational assignment

The observed and computed wave numbers (scaled) with their
assignments are depicted in Table 5. Due to the discard of
anharmonicity present in the real system, the calculated vibra-
tional wavenumbers are higher than the experimental values.
So, calculated wavenumbers using B3LYP and CAM-B3LYP are
scaled down by a single factor of 0.9679 and 0.9587,49 respec-
tively, and compared with experimental wavenumbers. Fig. 2
shows the IR spectrum of compound HMBPP. At 3455 cm�1

(B3LYP) and 3423 cm�1 (CAM-B3LYP), the computed vibration
is assigned to the asymmetric OH scissoring vibration for
HMBPP, demonstrating similar agreement with the experi-
mental ndings at 3425 cm�1.

3.6.1 Amino group (NH2) group vibrations. NH2 stretching
vibrations of HMBPP are observed at 3355 and 3314 cm�1,
respectively, which shows good agreement with the
computed values, 3368, 3339 cm�1 for B3LYP level and 3351
and 3317 cm�1 for CAM-B3LYP level. The heteroaromatic
molecule containing the NH2 group shows stretching
absorption in the region 3500–3220 cm�1. The stretching
modes for asymmetrical and symmetrical vibrations for the
N–H appear near 3500-3400 cm�1.50 Herein, the N–H
stretching of HMBPP is observed at 3125 cm�1 and computed
values at 3175 and 3144 cm�1 for B3LYP and CAM-B3LYP
levels, respectively.

3.6.2 Carbonyl group (C]O) vibrations. The presence of
a carbonyl group is indicated by strong bands in the FT-IR
between 1690 and 1800 cm�1,51 which is caused by the C]O
stretching motion. The bond strength, which is affected by the
inductive, conjugative, eld, and steric effects, determines the
wavenumber of the C]O stretching vibration. The strong band
at 1657 cm�1 in the FT-IR spectrum of the current molecule is
assigned to the C]O stretching mode. The calculated C]O
stretching mode by B3LYP level is 1704 cm�1 and by CAM-
B3LYP level is 1687 cm�1, which agrees well with the experi-
mental measurement.

3.6.3 Aromatic C–H, aliphatic C–H, and C]C vibrations.
The aromatic C–H stretching vibrations are normally found
between 3100 and 3000 cm�1.49 The wavenumbers calculated at
3078 and 3049 cm�1 for B3LYP level and CAM-B3LYP level are
assigned to the stretching vibration of C–Haromatic, which is
observed experimentally at 3055 cm�1.
citation energies E (eV) of compound 3 (HMBPP) using DFT/B3LYP and

Oscillatory strength (f)

Percentage
contribution of
probable transition

Observed
lmax/nm3LYP B3LYP

CAM/
B3LYP B3LYP

CAM/
B3LYP

0.231 0.210 50.11 45.52 355
0.151 0.163 2.71 3.66 265

48.1 39.75

RSC Adv., 2022, 12, 13135–13153 | 13143

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01469f


Fig. 6 Molecular orbitals (HOMO/ LUMO, HOMO�1/ LUMO and HOMO�2/ LUMO) of the compound 3 (HMBPP) at the B3LYP/6-311G(d,p)
basis set.
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In aromatic hydrocarbons, skeletal vibrations involving C]C
stretching within the ring are observed in the region between 1600
and 1585 cm�1.51 The wavenumbers calculated at 1578 cm�1 by
13144 | RSC Adv., 2022, 12, 13135–13153
B3LYP level and 1563 cm�1 by CAM-B3LYP level are assigned to
the C]C stretching vibration in the benzene ring, which shows
good agreement with the experimental value at 1547 cm�1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Experimental and calculated electronic absorption spectra of
compound 3 (HMBPP) in different solvents.
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Symmetric stretching vibrations of the CH3 group are ex-
pected in the range of 2900–3050 cm�1.48 The stretching mode
of the methyl group (C–Haliphatic) is calculated to be at 2971,
2942, 2894 cm�1 by B3LYP level and 2943, 2914, 2867 cm�1 by
CAM-B3LYP level, showing good agreement with the experi-
mental values, 2960, 2942, and 2865 cm�1.
3.7. Molecular electrostatic potential

Molecular electrostatic potential (MESP) can be utilized to
estimate the electrophilic (electron rich region) and nucleo-
philic (electron poor region) reactive sites. The red and blue
regions in the MESP denote electron rich and electron poor
Table 5 Experimental and calculated vibrational frequencies in cm�1 of c
p) with proposed assignments

No. Exp.

Calculated

B3LYP CAM/B3L

1 3425 3455 3423
2 3355, 3314 3368, 3339 3351, 331
3 3125 3175 3144
4 3055 3078 3049
5 2960, 2942, 2865 2971, 2942, 2894 2943, 291
6 1657 1704 1687
7 1547 1578 1563

© 2022 The Author(s). Published by the Royal Society of Chemistry
regions, respectively, while the green region denotes a nearly
neutral region. Because the binding site, in general, is predicted
to contain opposite areas of electrostatic potential, the variation
in electrostatic potential produced by a molecule is largely
responsible for the binding of medicine to its receptor binding
sites. Fig. 8 shows an MESP map of the title compound
(HMBPP) that was produced at the optimized geometry using
Gauss view soware. The most important negative potential
region around the oxygen atom and nitrogen atom (nitrile
group) is readily visible in the MESP of the molecule, which is
characterized by yellowish red color, as is the binding site for
electrophilic attack. Protons H21, H29, H30, and H34 have the
highest positive potential charge, while the remainder of the
molecule appears to have neutral electrostatic potential.
3.8. Natural bond orbital analysis

The calculations for the Natural Bond Orbital (NBO)52 were done
with the Gaussian09 soware and the B3LYP/6-311++G(d,p)
technique. It provides a useful foundation for investigating
charge transfer and conjugative interaction in molecular
systems, as well as intramolecular and intermolecular bonding
and bond interaction. The more intense the connection
between electron donors and electron acceptors, i.e., the more
donating propensity from electron donors to electron acceptors
and the greater the amount of conjugation of the overall system,
the higher the stabilizing energy value. In the NBO study, the
second order Fock matrix was used to analyze donor (i)–
acceptor (j), i.e., the interaction between donor and acceptor
level bonds.49 The interaction results in a loss of occupancy
from the idealized Lewis structure's electron NBO concentra-
tion to an empty non-Lewis orbital. The stabilization energy E(2)

associated with the delocalization i / j for each donor (i) and
acceptor (j) is as follows:

E(2) ¼ DEj ¼ qi(F(ij)
2/3j – 3i) (11)

where qi is the donor orbital occupancy, 3i and 3j are the diag-
onal elements, and Fij is the off diagonal NBO Fock matrix
element. The larger E(2) value in NBO analysis, the concentrated
the contact between electron-donors and electron-acceptors,
and the higher the amount of conjugation of the entire
system. Table 6 shows the possible intensive interaction in
NBO. Strong intramolecular hyper conjugative interactions
ompound 3 (HMBPP) using DFT/B3LYP and CAM-B3LYP/6-311++G (d,

Vibrational assignments ReferencesYP

Scissoring O–H 49
7 Asymmetric NH2 stretching 50

Symmetric N–H stretching 50
Asymmetric C–Haromatic stretching 49

4, 2867 Symmetric C–Haliphatic stretching 48
Symmetric C]O stretching 51
C]C in plane bending 51
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Fig. 8 3D plots of the molecular electrostatic potential map of compound 3 (HMBPP).

Table 6 Second order perturbation theory analysis of Fock matrix in NBO basis E(2) values (kcal mol�1) for the optimized structure HMBPP

Donor Type ED(i)(e) Acceptor Type ED(i)(e) E(2)a (kcal mol�1) E(j) � E(i)
b (a.u) F(ij)c (a.u)

BD C1–C2 p 1.67064 BD*C3–C4 p* 0.44073 23.96 0.27 0.074
BD C1–C2 p 1.67064 BD*C5–C6 p* 0.34565 18.82 0.28 0.065
BD C3–C4 p 1.61301 BD*C8–C7 p* 0.36539 21.90 0.28 0.070
BD C5–C6 p 1.71294 BD*C1–C2 p* 0.28169 19.80 0.31 0.070
BD C8–C7 p 1.65791 BD*C23–C25 p* 0.23631 22.34 0.31 0.076
BDC23-C25 p 1.72899 BD* C8–C7 p* 0.36539 11.88 0.29 0.053
BD C4–C5 s 1.96158 BD*C6–C26 s* 0.03115 5.01 0.81 0.057
BDC16–C22 p 1.72899 BD*C5–C16 p* 0.41038 24.94 0.29 0.078
BDC5–C16 p 1.79357 BD*C27–N37 p* 0.10286 20.90 0.42 0.086
LP(2) O12 1.74650 BD*C3– C4 p* 0.44073 31.66 0.34 0.098
LP(2) O13 1.74650 BD*C17–O12 p* 0.26658 34.36 0.36 0.099
LP(2) O14 1.82201 BD*C22–C23 s* 0.06794 17.92 0.69 0.102
LP(2) O15 1.82201 BD*C16–O14 s* 0.12230 37.79 0.56 0.132
LP(1) N35 1.57902 BD* C8– C7 p* 0.36539 51.39 0.30 0.112
LP(1) N36 1.57902 BD*C5–C16 p* 0.41038 45.62 0.30 0.105
LP(1) N37 1.96981 RY*C28 s* 0.01764 15.90 1.32 0.130
LP(1) N38 1.96915 BD*C26–C27 s* 0.03481 12.59 1.00 0.100
BD*C3–C4 p* 0.44073 BD*C1–C2 p* 0.28169 154.07 0.02 0.083
BD*C5–C6 p* 0.34565 BD*C1–C2 p* 0.28169 183.38 0.01 0.080
BD*C8–C7 p* 0.36539 BD*C4–O15 p* 0.26658 144.50 0.01 0.074
BD*C16C22 p* 0.36539 BD*C23–C25 p* 0.23631 167.55 0.01 0.076
BD*C5–C16 p* 0.41038 BD*C23–C25 p* 0.23631 192.23 0.01 0.075

a E(2) means energy of hyper conjugative interactions (stabilization energy). b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i,j) is the Fock matrix element between i and j NBO orbital. LP(n) is a valence lone pair orbital (n) on atom.
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caused an increase in electron density (ED) and intramolecular
charge transfer (ICT), leading to the stabilization of the system.

� Between C3–C4 from N36 of n1 (N36) / p* (C3–C4), which
increases ED (0.41e), leading to stabilization of 45.62 kcal mol�1.

� Between C16–O14 fromN37 of n1 (N37)/p* (C16–O14), which
increases ED (0.12e), leading to stabilization of 37.79 kcal mol�1.

� Between C5–C6 from O15 of n2 (O15) / p* (C5–C6), which
increases ED (0.28e), leading to stabilization of
19.80 kcal mol�1.
13146 | RSC Adv., 2022, 12, 13135–13153
� C18–C19 from O13 of n2 (O13) / p* (C18–C19), which
increases ED (0.27e), leading to stabilization of
34.36 kcal mol�1.

� Between C25–C26 from N38 of n1 (N38) / s* (C25–C26),
which increases ED (0.36e), leading to stabilization of
51.39 kcal mol�1.

� Between C26–C27 from N38 of n1 (N38) / p* (C26–C27),
which increases ED (0.035e), leading to stabilization of
12.59 kcal mol�1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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� Between C19–C31 from N35 of n1 (N35) / s* (C19–C31),
which increases ED (0.34e), leading to stabilization of
18.82 kcal mol�1.

� Between C6–C7 from O12 of n2 (O12) / s* (C6–C7), which
increases ED (0.44e), leading to stabilization of
31.66 kcal mol�1.

� Between C7–N36 from O15 of n2 (O15)/ s* (C7–N36), which
increases ED (0.018e), leading to stabilization of
15.90 kcal mol�1.

The electron density is transferred from n(O), n(N) to anti-
bonding p*, s* orbital of C–N, C–C, C–O, explaining both the
elongation and red shi.

3.9. Natural population analysis and natural charges

Table 7 shows the natural electronic conguration of HMBPP
active sites at the B3LYP/6-311++G (d,p), together with the
natural charge and population of total electrons on the sub-
shells. O12, O13, O14, O15, N35, N36, N37, and N38 atoms are
the most negative center atoms. Carbon atoms attached to these
heteroatoms atoms are the most positive centers, as well as
protons (H21, H29, H30, and H34), indicating a limited electron
from the HMBPP molecule's static electricity. Moreover,
HMBPP has 176 electrons that are coordinated in sub-shells as
a total Lewis and a total non-Lewis in natural population
analysis.

3.10. Nonlinear optical analysis

The interaction of applied electromagnetic elds in various
materials to generate new electromagnetic elds with altered
wavenumber, phase, or other physical properties is known as
nonlinear optics. Organic compounds that can efficiently
manipulate photonic signals are crucial in technologies like
optical communication, optical computing, and dynamic image
processing.52 Based on the nite eld technique, the rst
Table 7 Natural charge and natural population analysis for HMBPP

Atom no. Natural charge

Natural population

Core Valence

O12 �0.55452 1.999 6.52654
O13 �0.47311 1.999 6.45779
O14 �0.68138 1.999 6.59382
O15 �0.70428 1.999 6.67095
N35 �0.62238 1.999 5.54292
N36 �0.37010 1.999 5.34917
N37 �0.30136 1.999 5.26316
N38 �0.80316 1.999 5.74629
H21 0.47041 0.000 0.52245
H29 0.42232 0.000 0.56798
H30 0.39585 0.000 0.60122
H34 0.40392 0.000 0.58961
Core 49.97721 (99.9544% of 50)
Valence Lewis 121.92939 (96.7694% of 126)
Total Lewis 171.90660 (97.6742% of 176)
Valence non-Lewis 3.78126 (2.306% of 176)
Rydberg non-Lewis 0.30514 (0.186% of 176)
Total non-Lewis 4.85718 (2.7598% of 176)

© 2022 The Author(s). Published by the Royal Society of Chemistry
hyperpolarizability of the title compound was computed using
the B3LYP and CAM-B3LYP/6-311++G(d,p) basis sets. We
concentrated on the hyper-Rayleigh scattering (bHRS) and
depolarization ratio (DR) among second order NLO character-
istics53 and the complete equations for calculating the magni-
tude of total dipole moment mtot, the average polarizability atot,
the rst hyperpolarizability btot, and the second hyper-
polarizability ytot using the x, y, z components are as follows:

m ¼ (mx
2 + my

2 + mz
2)1/2 (12)

hai ¼ 1/3(axx + ayy + azz) (13)

Da ¼ ((axx � ayy)
2 + (ayy � azz)

2 + (azz � axx)
2/2)1/2 (14)

hbi ¼ (bx
2 + by

2 + bz
2)1/2 (15)

where bx¼ bxxx + bxyy + bxzz, by¼ byyy + bxxy + byzz, bz¼ bzzz+ bxxz+
byyz

hyi ¼ 1/5[yxxxx + yyyyy + yzzzz + 2(yxxyy + yxxzz + yyyzz)] (16)

bðHRsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bzzz

2 þ bzxx
2

q
(17)

DR ¼ bzzz
2

bzxx
2

(18)

The calculated values have been converted into electrostatic
units (esu) (a: 1 a.u. ¼ 0.1482 � 10�24 esu; b: 1 a.u. ¼ 8.6393 �
10�33 esu) because the value of the polarizabilities a and the
hyperpolarizability of Gaussian output are reported in atomic
mass units (a.u.). Table 8 shows the results of the electronic
dipole moment mi (i ¼ x, y, z), polarizability aij, and rst order
hyperpolarizability bijk. The computed dipole moment at the
B3LYP level is 0.5390 D and 0.5533 D at the CAM-B3LYP level. p-
Natural electronic
congurationRydberg Total

0.02829 8.5545 [core]2S (1.59)2p (4.94)3p (0.02)
0.01560 8.4731 [core]2S (1.60)2p (4.86)3p (0.01)
0.08783 8.6814 [core]2S (1.70)2p (4.90)3S (0.02)
0.03358 8.7043 [core]2S (1.66)2p (5.02)3S (0.01)
0.08231 7.6224 [core]2S (1.35)2p (4.19)3p (0.06)
0.02163 7.3701 [core]2S (1.22)2p (4.13)3p (0.01)
0.03883 7.3014 [core]2S (1.43)2p (3.84)3S (0.01)
0.05754 7.8032 [core]2S (1.29)2p (4.45)3p(0.03)
0.00714 0.5296 1S (0.52)
0.00970 0.5777 1S (0.57)2S (0.01)
0.00294 0.6041 1S (0.60)
0.00647 0.5961 1S (0.59)
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Table 8 Total static dipole moment (m), mean polarizability (hai), anisotropy of the polarizability (Da), mean first-order hyperpolarizability (hbi),
and second order hyperpolarizability (hyi), for HMBPP using DFT/B3LYP and CAM-B3LYP/6-311++G(d, p)

PNA B3LYP
CAM-
B3LYP

First-order
hyperpolarizability
(hbi) PNA B3LYP

CAM-
B3LYP

Second-order
hyperpolarizability
(hyi) PNA B3LYP CAM-B3LYP

Dipole moment (m)
mx, D �0.3398 �0.3398 bxxx, a.u. 16.3517 �4.1495 yxxxx, a.u. �7225.6 �5309.5
my, D 0.3836 0.4036 bxxy, a.u. 11.6610 5.42152 yyyyy, a.u. �2428.1 �2190.0
mz, D �0.1668 �0.1668 bxyy, a.u. �8.1354 4.6657 yzzzz, a.u. �996.85 �851.58
m,
Debyea

2.44
Debyea

0.5390 0.5533 byyy, a.u. 3.6137 1.0785 yxxyy, a.u. �1833.6 �1611.8

Polarizability (hai)
axx, a.u. 54.5412 51.0592 bxxz, a.u. �3.0052 2.4280 yxxzz, a.u. �1532.1 �1420.7
axy, a.u. �2.4712 1.6904 bxyz, a.u. 0.6235 0.0934 yyyzz, a.u. �602.31 �435.62
ayy, a.u. 52.3629 50.5629 byyz, a.u. 1.0981 0.5441 hyi a.u. �3717.3 �3057.5
azz, a.u. 3.0547 2.5128 bxzz, a.u. �0.1111 0.1534 hyi � 10�38 esu 1.271 �

10�35 esud
�3.7173 �
10�35 esu

�3.0575 �
10�35 esu

ayz, a.u. 4.2570 4.2539 byzz, a.u. 1.4239 1.2407
axz, a.u. 37.5223 36.0492 bzzz, a.u. 0.2397 0.0709
hai �
10�24

esu

22 �
10�24

esub

48.1417 45.8904 hbi � 10�33 esu 15.5 �
10�30 esuc

29.5213 11.8237

Da

�10�24

esu

56.6541 55.2560 DR 0.4980 0.5250

bHRS 58.3240 60.3210

a PNA results are taken from ref. 53. b PNA results are taken from ref. 54. c PNA results are taken from ref. 55. d PNA results are taken from ref. 56.
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Nitroaniline (PNA) is one of the prototypical molecules used in
the study of the NLO properties of molecular systems. In this
study, the typical NLO material, PNA was chosen as a reference
molecule because there were no experimental values of the title
compound in the literature. The calculated polarizability atot,
using B3LYP is 48.14 � 10�24 esu, while for CAM-B3LYP level is
45.89 � 10�24 esu, i.e., two times greater than that of PNA
molecule. The computed rst hyperpolarizability btot of the
current compound is 29.52� 10�33 esu at B3LYP level and 11.82
� 10�33 esu for CAM-B3LYP level, which is higher (two times for
B3LYP level and CAM-B3LYP level) than that of the common
NLO material PNA (15.5 � 10�33 esu).53–56 In addition, the
calculated second order hyperpolarizability y of HMBPP is
�3.72 � 10�35 esu at B3LYP level and �3.06 � 10�35 esu at
Table 9 Calculated thermodynamic parameters of the title compound

Parameters B3LYP/6-311++G(d,

Zero-point vibrational energy (kcal mol�1) 175.73761
Rotational temperature (K) 0.01817

0.00697
0.00606

Rotational constant (GHZ)
X 0.37856
Y 0.14537
Z 0.12625
Total energy Etotal (kcal mol�1) 189.340
Translational 0.889
Rotational 0.889
Vibrational 187.563

13148 | RSC Adv., 2022, 12, 13135–13153
CAM-B3LYP level, i.e., three times greater than that of PNA
molecule. Furthermore, for the investigated compound, the
lowest value of b, DR, and the highest value of bHRS conrm the
short bond length, indicating increased selectivity. We conclude
that the title compound is an attractive object for future studies
of nonlinear optical properties.
3.11. Thermodynamic properties

At the HF and DFT levels using B3LYP/CAM-B3LYP functional
with 6-311++G(d,p) basis set, the values of some thermody-
namic parameters of the current compound, including zero-
point vibrational energy, rotational temperatures, rotational
constants, and energies at standard temperature 298 K were
3, HMBPP

p) CAM/B3LYP/6-311++G(d,p) HF/6-311++G(d,p)

178.90704 191.24474
0.01828 0.01817
0.00699 0.00697
0.00608 0.00606

0.38082 0.37856
0.14595 0.14537
0.12670 0.12606

194.339 206.246
0.889 0.889
0.889 0.889

192.561 204.469

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 10 Thermodynamic functions at different temperatures at the B3LYP and CAM-B3LYP/6-311++G(d,p) level

Temperature
(T) (K)

Heat capacity (CV) (cal mol�1 K�1) Entropy (S) (cal mol�1 K�1)

B3LYP/6-311++G(d,p) CAM-B3LYP/6-311++G(d,p) B3LYP/6-311++G(d,p) CAM-B3LYP/6-311++G(d,p)

100 42.20 45.807 108.49 107.421
200 76.86 75.901 155.76 146.630
298 108.617 107.512 185.90 183.652
300 109.25 108.652 183.65 185.352
400 141.47 140.457 220.87 219.318
500 168.83 167.863 257.65 254.527
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obtained (Table 9). Table 10 shows the standard statistical
thermodynamic functions, heat capacity (CV), and entropy (S)
for the title compound at various temperatures (100–500 K)
using vibrational analysis at DFT/B3LYP and CAM-B3LYP
methods with 6-311++G(d,p) basis set. When calculated in HF
rather than B3LYP or CAM-B3LYP, the total energy, trans-
lational, rotational, and vibrational values are slightly higher. In
all cases, the rotational constants and rotational temperature
values are the same since the molecular vibrational intensities
increase with temperature. Conventional statistical thermody-
namic functions increase with temperatures ranging from 100
to 500 K.57 Quadratic formulas were used to t the correlation
equations between heat capacities, entropies, and
Fig. 9 Correlation graphs of heat capacity and entropy calculated at va

Fig. 10 Correlation graphs of heat capacity and entropy calculated at
(HMBPP).

© 2022 The Author(s). Published by the Royal Society of Chemistry
temperatures, and the subsequent tting factors (R2) for these
thermodynamic parameters are given in eqn (19)–(22). The
resultant tting equations are as observed, and the correlation
graphics are presented in Fig. 9 and 10.

CV ¼ 4.3009 + 0.3776T � 1.10�4T2;

(R2 ¼ 0.9998) using B3LYP (19)

S¼ 67.037 + 0.4242T – 0.0001T2; (R2 ¼ 0.9974) using B3LYP(20)

CV ¼ 4.5000 + 0.3648T � 8.10�5T2;

(R2 ¼ 0.9996) using CAM/B3LYP (21)
rious temperature using B3LYP/6-11G(d,p) of compound 3 (HMBPP).

various temperature using CAM/B3LYP/6-311G(d,p) of compound 3
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S ¼ 66.086 + 0.4100T – 8.10�5T2;

(R2 ¼ 1) using CAM/B3LYP (22)

These thermodynamic data could be useful for further
research into the title compound. They can be used to calculate
other thermodynamic energies using thermodynamic function
relationships and to estimate chemical reaction directions
using the second law of thermodynamics in the thermos
chemical eld.58 All thermodynamic calculations were per-
formed in the gas phase and could not be applied to a solution.
3.12. Local reactivity descriptors

To model chemical reactivity and site selectivity, Fukui function
(FF) is one of the extensively utilized local density functional
descriptors. Fukui functions are determined using Hirshfeld
population analysis of neutral, cation, and anion states of the
molecule, using the following equations:

fk
+ ¼ [q(N+1) – q(N)] for nucleophilic attack (23)

fk
� ¼ [q(N) – q(N�1)] for electrophilic attack (24)

f0k ¼ 1/2[q(N+1) – q(N�1)] for radical attack (25)

The total electrons present in the neutral, anion, and cation
states of the molecule are (N, N � 1, N + 1), respectively.
Table 11 Using Hirshfeld population analysis: Fukui functions (fk
+, fk

�), loc
for selected atomic sites of product

Atom no.

Hirsheld atomic charges Fukui function

qN qN+1 qN�1 fk
+

C1 �0.04103 0.040349 �0.09930 0.081374
C2 0.060868 0.025310 �0.08050 �0.03556
C3 0.045687 0.031721 0.041993 �0.01397
C4 0.153426 0.326989 0.293155 0.173563
C5 0.265159 0.314418 0.229713 0.049259
C6 0.027473 �0.00522 �0.03549 �0.03270
C7 0.574829 0.596478 0.549941 0.021649
C8 �0.54938 �0.70087 �0.71017 �0.15148
C16 0.008188 0.031931 �0.06104 0.023743
C17 0.089409 0.182182 0.166564 0.092773
C22 0.014894 0.011008 �0.05543 �0.00389
C23 �0.01873 0.050243 �0.03541 0.068974
C24 0.021178 0.024877 �0.09033 0.003699
C25 0.041741 0.033533 �0.09006 �0.00821
C26 0.173936 0.348567 0.332348 0.174631
C27 0.056988 0.292866 0.142892 0.235878
C28 0.036108 0.290717 0.142119 0.254609
O12 �0.55475 �0.54675 �0.55887 0.008009
O13 �0.52328 �0.51435 �0.58219 0.008938
O14 0.387000 0.554007 0.521021 0.167007
O15 0.322115 0.234416 0.200834 �0.08770
N35 �0.38235 �0.43576 �0.50594 �0.05341
N36 �0.03845 �0.02274 �0.13849 0.015705
N37 �0.46628 �0.47695 �0.56499 �0.01067
N38 0.188505 0.189793 0.223414 0.001288

13150 | RSC Adv., 2022, 12, 13135–13153
Additionally, electrophilicity indices (uk
+, uk

�, u0
k) and local

soness (sk
+, sk

�, s0k) are used to dene the reactivity of atoms in
a molecule. The equivalent condensed to atom variations of the
Fukui function is used to dene these local reactivity descriptors
associated with a site k in a molecule, using the following
equations:

sk
+ ¼ Sfk

+, sk
� ¼ Sfk

�, s0k ¼ Sf0k (26)

uk
+ ¼ ufk

+, uk
� ¼ ufk

�, u0
k ¼ uf0k (27)

Nucleophilic, electrophilic, and radical attacks are indi-
cated by the +, �, and 0 signs, respectively. The highest values
of all the three local reactivity descriptors (fk

�+, sk
+�, uk

�+)
reveal that the site is more susceptible to nucleophilic or
electrophilic attack than other atomic sites in reactants. Table
11 lists the Fukui functions (fk

+, fk
�), local soness (sk

+, sk
�)

and local electrophilicity indices (uk
+, uk

�)59 for selected
atomic sites of the molecule. In the product, the relatively high
value of local reactivity descriptors (fk

+, sk
+, uk

+) at C4, C7, C17,
C26, C27, and C28 in Table 11 indicate that these sites are
prone to nucleophilic attack, whereas the relatively high value
of local reactivity descriptors (fk

�, sk
�, uk

�) at N35, N36, N37,
N38, and O15 indicates that this site is more prone to elec-
trophilic attack. Thus, the produced molecule can be
employed as an intermediate for the creation of new hetero-
cyclic compounds.
al softness's (sk
+, sk

�) in eV, local electrophilicity indices (uk
+, uk

�) in eV

s Local soness's
local electrophilicity
indices

fk
� sk

+ sk
� uk

+ uk
�

0.058253 0.023598 0.016893 0.235985 0.168934
0.141355 �0.01031 0.040993 �0.10312 0.409930
0.003694 �0.00405 0.001071 �0.04050 0.010713

�0.13973 0.050333 �0.04052 0.503333 �0.40521
0.035446 0.014285 0.010279 0.142851 0.102793
0.062961 �0.00948 0.018259 �0.09482 0.182587
0.024888 0.006278 0.007218 0.062782 0.072175
0.160783 �0.04393 0.046627 �0.43930 0.466271
0.069230 0.006885 0.020077 0.068855 0.200767

�0.07716 0.026904 �0.02237 0.269042 �0.22375
0.070322 �0.00113 0.020393 �0.01127 0.203934
0.016674 0.020002 0.004835 0.200025 0.048355
0.111504 0.001073 0.032336 0.010727 0.323362
0.131796 �0.00238 0.038221 �0.02380 0.382208

�0.15841 0.050643 �0.04594 0.506430 �0.45939
�0.08590 0.068405 �0.02491 0.684046 �0.24912
�0.10601 0.073837 �0.03074 0.738366 �0.30743
0.004111 0.002323 0.001192 0.023226 0.011922
0.058910 0.002592 0.017084 0.025920 0.170839

�0.13402 0.048432 �0.03887 0.484320 �0.38866
0.121281 �0.02543 0.035171 �0.25433 0.351715
0.123585 �0.01549 0.035840 �0.15488 0.358397
0.100041 0.004554 0.029012 0.045545 0.290119
0.098708 �0.00309 0.028625 �0.03095 0.286253

�0.03491 0.000374 �0.01012 0.003735 �0.101240

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

A novel 5-(6-hydroxy-4-methoxy-1-benzofuran-5-ylcarbonyl)-6-
amino-3-methyl-1H-pyrazolo[3,4-b] pyridine (3, HMBPP) was
efficiently synthesized from the reaction of 6-formylvisnagin
with 5-amino-3-methyl-1H-pyrazole (2). DFT theory was utilized
to calculate the optimized geometric parameters (bond lengths,
bond angles, and dihedral angles), which are compared to
experimental data. Theoretical 1H and 13C chemical shi values
(relative to TMS) are described and compared with experimental
data, revealing excellent agreement for both 1H and 13C chem-
ical shi values. The electronic properties are also computed
and compared with the experimental UV-Vis spectra. The elec-
tron transition HOMO / LUMO (n / p*) determined the
lowest singlet excited state of the molecule. The charge transfer
within the molecule was represented in the NBO data. The
calculated rst hyperpolarizability of the title compound is
29.52 � 10�33 esu at the B3LYP level and 11.82 � 10�33 esu at
the CAM-B3LYP level, which is higher (two times for B3LYP level
and CAM-B3LYP level) than that of the common NLO material
PNA (15.5� 10�33 esu). In addition, the calculated second order
hyperpolarizability hyi of HMBPP is �3.72 � 10�35 esu at the
B3LYP level and �3.06 � 10�35 esu at the CAM-B3LYP level, i.e.,
three times greater than that of PNA molecule, indicating the
title molecule to be a potential candidate for nonlinear optical
applications. In addition, the thermodynamic parameters and
electronic absorption properties of the studied compound have
been calculated. All theoretical results show good agreement
with experimental data. The electronic absorption spectra
computed theoretically using the Coulomb-attenuating method
(CAM-B3LYP) in the gas phase and with the Corrected Linear
Response Polarizable Continuum Model (CLRPCM) in cyclo-
hexane and methanol indicate a good agreement with the
observed spectra. Fukui functions, local soness, and electro-
philicity indices for selected atomic sites have been calculated.
The local reactivity descriptors (fk

�, sk
�, uk

�) at N35, N36, N37,
N38, and O15 revealed these sites are more prone to electro-
philic attack. Hence, the title molecule may be used as
a precursor for the synthesis of new heterocyclic compounds
having various biological activities.
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