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Isoquinoline and its derivatives, which constitute an important category of heterocyclic compounds and
are found in a variety of naturally occurring alkaloids, serve a variety of biological purposes such as a
potent agonist for human melatonin receptors 1. This research was conducted in an attempt to develop
new dihydroisoquinoline molecules (III and IV). Single-crystal X-ray crystallography study validated
their structures. The Hirshfeld surface analysis identifies intermolecular interactions by using a 2-D fin-
gerprint map to recognize each type’s relative contribution H���H connections are discovered to be dom-
inating. The interaction energies between chemical pairs in crystal structures were found using an energy
framework analysis. The DFT investigation demonstrates the electronic stability and reactivity of the
compounds using the HOMO-LUMO and global reactivity descriptors, indicating that IV has higher chem-
ical reactivity than III. The derived polarizability (ao) and hyperpolarizability (bo) values were used to
calculate the optical and nonlinear optical characteristics of III and IV. The IV’s significant bo value
(488.94 au) indicates that it has good optical and NLO qualities. Molecular docking simulation using
human melatonin receptors 1 was used to better understand the binding interaction mechanism of the
title compounds. In addition, ADMET evaluations were performed to establish the therapeutic potential
of III and IV.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction protein coupled receptors. Melatonin affects the MT1 (previously
The neuromodulator melatonin (MLT) regulates numerous
aspects of the brain, including circadian rhythms, mood, pain,
and sleep. Melatonin primarily modulates the MT1 and MT2 G-
.

known as Mel1a or ML1A) and MT2 (previously known as Mel1b
or ML1B) receptors (Dubocovich et al., 2010). The human mela-
tonin receptors hMT1 and hMT2 have distinct molecular structures
(Reppart et al., 1996), pharmacological properties (Audinot et al.,
2003; Dubocovich et al., 2010; Reppart et al., 1996), and chromoso-
mal locations (4q35.1 for MT1 and 11q21-q22 for MT2) (Al-Ghoul
et al., 1998). The human MT1 and MT2 receptors have lengths of
350 and 362 nm and molecular masses of 39–40 kDa, respectively.
They share 70% of their transmembrane domains and 55% of their
overall amino acid sequences.

Forskolin suppresses forskolin-stimulated cAMP, protein kinase
A signaling, and CREB phosphorylation when the MT1 melatonin
receptor associates with the pertussis toxin-sensitive Gi and -
insensitive Gq/11 G proteins. Moreover, the MT1 receptor
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Table 1
Experimental data and refinement details.

Compound III IV
CCDC deposit Number 2209903 2242649

Chemical formula C21H20N2OS C26H23N3OS
Mr 348.45 425.53
Crystal system, space group Monoclinic, P21/n Triclinic, P-1fx1
Temperature (K) 170 150
a, b, c (Å) 11.1145 (3), 13.7766 (3), 12.9339 (3) 8.8009 (6), 11.5653 (8), 11.8909 (8)
a, b, c (�) 90, 94.722 (1), 90 68.324 (3), 87.083 (3), 75.382 (3)
V (Å3) 1973.72 (8) 1087.12 (13)
Z 4 2
Radiation type Mo Ka Mo Ka
l (mm�1) 0.17 0.17
Crystal size (mm) 0.37 � 0.29 � 0.19 0.35 � 0.27 � 0.07
Data collection
Tmin, Tmax 0.85, 0.89 0.87, 0.91
No. of measured, independent and
observed [I > 2r(I)] reflections 94944, 5994, 5057 72323, 8104, 7245
Rint 0.045 0.025
(sin h/k)max (Å�1) 0.717 0.766
Refinement
R[F2 > 2r(F2)], wR(F2), S 0.044, 0.145, 1.07 0.039, 0.103, 1.05
No. of reflections 5994 8104
No. of parameters 229 286
H-atom treatment H-atom parameters constrained H atoms treated by a mixture of independent and constrained refinement
Dqmax, Dqmin (e Å�3) 0.44, �0.25 0.45, �0.26
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enhances the activation of mitogen-activated protein kinase 1/2
and extracellular signal-regulated kinase 1/2, as well as potassium
conductance through Kir inwardly rectifying channels.

Determining the pharmacology and function of melatonin
receptors can be challenging because their natural binding site
densities in animal tissues are low or undetectable, particularly
for the MT2 receptor (Liu et al., 1997). Using receptor autoradiog-
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methods, and immunohistochemistry, the MT1 and MT2 receptor
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Fig. 1. ORTEP diagram of compounds III and IV.
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nists, such as luzindole and 4-phenyl-2-propionamidotetralin,
were employed in pharmacological approaches or genetic deletion
of the MT1 or MT2 melatonin receptor in mice (Al-Ghoul et al.,
3

1998; Audinot et al., 2003; Dubocovich et al., 2010; Liu et al.,
1997; Sherman et al., 2006b).
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The biological and therapeutic properties of isoquinolines are of
enormous significance to mankind (Scott and Williams, 2002). Par-
ticularly, 1,2-dihydroisoquinolines have sedative (Asghari et al.,
2014), depressive (Lukevics et al., 1997), anticancer (Tietze et al.,
2004), and antibacterial properties. Recently, NH-acids like indoles
(Nassiri et al., 2008) and amides (Yavari et al., 2007) as well as CH-
acids like phenyl acetylene (Yadav et al., 2008), b-diketones
(Anary-Abbasinejad et al., 2010), and b-nitro ketones (Yavari
et al., 2009), and OH-acids like 6-hydroxy1-benzofuran (Khaleghi
et al., 2011) trapped the 1,4- dipolar intermediates produced by
reacting isoquinoline with acetylenic esters. On the other hand,
there has been a rise in interest in biological compounds that
include kojic acid and 8-hydroxyquinoline. The bioactivities of
kojic acid, 8-hydroxyquinoline, and its derivatives have been
demonstrated to include antimicrobial (Shen et al., 1999), anti-
cancer (Collery et al., 2000), antioxidant (Wehner et al., 1978),
and antibacterial (Albert et al., 1947) properties.

Researchers have effectively discovered high-affinity and selec-
tive MT2 receptor ligands (Burley et al., 2021), while high-
effectiveness selective MT1 receptor ligands have not been identi-
fied (Weaver et al., 1989). The MT1 selective ligands on the market
are either partial agonists or antagonists with high selectivity for
2-[125I]-iodomelatonin binding to human recombinant MT1
Table 2
Hydrogen-bond geometry for 1 (Å,�) Cg3 is the centroid of the C12�C17 benzene ring.

D—H���A D—H H���A D���A D—H���A
C11—H11B���Cg3i 0.98 2.93 3.9037(15) 175
C16—H16���N2ii 0.95 2.53 3.352(2) 145
C19—H19B���N2iii 0.99 2.42 3.3148(18) 151

Symmetry codes: (i) � x + 1/2, y � 1/2, �z + 1/2; (ii) � x + 1/2, y + 1/2, �z + 1/2;
(iii) � x + 1/2, y + 1/2, �z + 3/2.

Fig. 2. A portion of one layer in III viewed along the a-axis direction with C—H���N hydro
dashed lines. Non-interacting hydrogen atoms are omitted for clarity.

4

receptors; however, in functional tests, this selectivity is substan-
tially reduced (Mazzucchelli et al., 1996). Our new substances tar-
get the MT1 receptor, according to structural activity relationship
studies, and we performed computational calculations to investi-
gate their binding properties.

The theoretical investigation provides insight into the chemical
reactivity and applicability of examined compounds for new pur-
poses. DFT is the most practical theoretical technique for compre-
hending the structural reactivity and topological features of newly
synthesized molecules. We focused on electrical characteristics,
global reactivity descriptors, and optoelectronic properties of com-
pounds in this endeavor. The optical and nonlinear optical (NLO)
characteristics of dihydroisoquinoline derivatives are evaluated
using the B3LYP (hybrid method) and the 6–31 + G(d,p) basis set.
We conducted the complete simulation with Gaussian 09 and visu-
alized it with the GaussView program.

2. Instrument

2.1. Synthesis of compounds III and IV

Compound II (2.92 g, 0.01 mol), chloroacetone (0.01 mol) or N-
aryl-2-chloroacetamide (0.01 mol), and sodium acetate trihydrate
(1.50 g, 0.011 mol) were mixed in ethanol (60 mL) and heated
under reflux for one hour before being allowed to stir at room tem-
perature overnight. A colorless III or IV crystal was obtained by col-
lecting the resulting solid and recrystallizing it from ethanol.

2.1.1. 3-(acetylmethylsulphenyl)-4-cyano-1,6-dimethyl-8-phenyl-7,8-
dihydroisoquinoline (III)

Using chloroacetone as starting material; m.p.: 103–104 �C;
yield: 93%. IR: 3067 (C–H, sp2); 2976, 2921 (C–H, sp3); 2215
(C�N); 1728 (C = O, acetonyl), 1641 (C = N). 1H NMR: 7.19–7.24
(m, 3H, Ar-H); 6.98–7.00 (d, J = 4, 2H, Ar-H); 6.62 (s, 1H, C5H);
4.17–4.19 (d, J = 8, 1H, C8H); 3.92–4.04 (dd, 2H, SCH2); 2.93–3.00
gen bonds and C—H���p (ring) interactions depicted, respectively, by blue and green



Fig. 3. Packing in III viewed along the b-axis direction with intermolecular interactions depicted as in Fig. 2. Non-interacting hydrogen atoms are omitted for clarity.
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(dd, 1H, C7H); 2.50–2.54 (d, 1H, C7H); 2.33 (s, 3H, COCH3); 2.28 (s,
3H, CH3 at C-1); 1.88 (s, 3H, CH3 at C-6) ppm. Anal. Calcd. for C21-
Table 3
Hydrogen-bond geometry in 2 (Å,�) Cg3 and Cg4 are, respectively, the centroids of the
C12���C17 and the C21���C26 benzene rings.

D—H���A D—H H���A D���A D—H���A
N3—H3���N1 0.902(9) 2.090(10) 2.9461(10) 158.0(13)
C7—H7���N2i 1.00 2.41 3.3588(14) 157
C19—H19A���O1ii 0.99 2.48 3.4657(12) 171
C19—H19B���Cg4iii 0.99 2.74 3.5686(11) 142
C24—H24���Cg3iv 0.95 2.67 3.4831(13) 144
C26—H26���O1 0.95 2.28 2.8929(14) 121

Symmetry codes: (i) x + 1, y, z; (ii) � x, �y + 2, �z + 1; (iii) � x + 1, �y + 2, �z + 1;
(iv) �, y + 1, z � 1.

Fig. 4. A portion of one ribbon in IV viewed along the c-axis direction with C—H���O and C
C—H���p(ring) interactions are depicted by green dashed lines.
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H20N2OS (348.13): C, 72.38; H, 5.79; N, 8.04; O, 4.59; S, 9.20%.
Found: C, 71.99; H, 6.06; N, 8.35; O, 4.63; S, 8.94%.
2.1.2. 2-((4-cyano-1,6-dimethyl-8-phenyl-7,8-dihydroisoquinolin-3-
yl)thio)-N-acetamide (IV)

Using N-phenyl-2-chloroacetamide as starting material; m.p.:
159–160 �C; yield: 4.3 g (84%). IR: 3297–3267(NH); 3060 (C–H,
sp2); 2923 (C–H, sp3); 2220 (C�N); 1679 (C = O); 1645 (C = N).
1H NMR (CDCl3): 9.47 (s, 1H, NH); 6.99–7.41 (m, 10H, ArH); 6.64
(s, 1H, C5H); 4.21–4.23 (d, J = 10, IH, C8H); 3.88–4.02 (dd, 2H,
SCH2); 2.96–3.01 (dd, 1H, C7H); 2.52–2.56 (d, 1H, C7H); 2.42 (s,
3H, CH3); 1.90 (s, 3H, CH3). 13C NMR (126 MHz, DMSO d6): d
166.70, 159.66, 158.86, 149.18, 145.49, 142.97, 139.54, 129.20,
129.10, 127.51, 127.18, 124.96, 123.85, 119.75, 118.18, 115.55,
99.53, 37.93, 37.39, 35.47, 24.54, 22.51. Anal. Calcd. For C26H23N3-
—H���N hydrogen bonds depicted, respectively, by black and purple dashed lines. The



Fig. 5. Packing in IV viewed along the a-axis direction with intermolecular interactions depicted in Fig. 2.

Table 4
Hirshfeld Surface Property Information (di and de in Å).

III

Minimum Mean Maximum

di (Å) 0.9828 1.7978 3.9652
de (Å) 0.9838 1.7985 3.7848
dnorm �0.2248 0.6444 2.5839
Shape index �0.9950 0.2150 0.9963
curvedness �3.7834 �1.0015 0.4397
IV
di (Å) 0.981 1.726 2.608
de (Å) 0.981 1.736 2.574
dnorm �0.225 0.510 1.463
Shape index �0.993 0.207 0.999
curvedness �3.702 �1.016 0.256
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OS (425.16): C, 73.38; H, 5.45; N, 9.87; O, 3.76; S, 7.53%. Found: C,
73.68; H, 5.32; N, 9.64O, 3.79; S, 7.57%.

2.2. X-ray crystallographic analysis

On a Bruker D-8 Quest PHOTON 3 diffractometer, crystals III and
IV were mounted on polymer loops and deposited in a cold nitro-
gen stream. Under the control of the APEX4 software (Bruker
(2016), 2016) intensity data were collected, and the raw intensities
were converted to F2 values using SAINT (‘‘Saint. Data Reduction
and Correction Program.Version 8.34A.Bruker AXS Inc., Madison,
Wisconsin, USA, 2014,” n.d.) which also conducted a global refine-
ment of the unit cell parameters. Corrections for absorption and
merging of equivalent reflections were carried out using SADABS,
and the structures were solved using dual space techniques
(SHELXT (‘‘Bruker. APEX3, SADABS, SAINT and SHELXTL. Bruker
AXS Inc., Madison, Wisconsin, USA”, 2016)). The structures were
refined utilizing full-matrix, least-squares techniques (SHELXS
(Sheldrick, 2015)) with hydrogen atoms attached to carbon
included as riding contributions in idealized positions and those
attached to nitrogen in IV refined using the DFIX 0.91 0.01 instruc-
tion. Details about crystal and refinement are listed in Table 1.

2.3. Computational details

The theoretical reactivity indices generated from the conceptual
Density Functional Theory (DFT) (Domingo et al., 2016) have been
a significant help in the semiquantitative study of organic reactiv-
ity. DFT simulations were performed in Gaussian 09 (Caricato et al.,
2009) to gain insight into the molecular reactivity and optical char-
acteristics, and the geometry was visualized in GaussView 6.0
(Dennington et al., 2009). Every one of those DFT simulations
was conducted with the B3LYP functional and the 6–31 + G(d,p)
6

basis set. Using the B3LYP functional is in line with previously
reported findings (Tirado-Rives and Jorgensen, 2008; Zhao and
Truhlar, 2006) in the literature, so it was used for this investigation.

Initially, frequency simulations were done to determine stabil-
ity and thermochemical characteristics after the geometries of III
and IV were optimized at the B3LYP level. Frontier molecular orbi-
tal (FMO) and NBO charge studies, as well as the ionization poten-
tial and electron affinity, were also performed. A density of states
(DOS) analysis was also performed to obtain a fuller understanding
of reactivity. For optical and NLO properties, the dipole moments
(lo), polarizability (ao), hyperpolarizability (bo), and projection of
hyperpolarizability on the dipole moment vector were determined
with the same functionality.

Hirshfeld surface analysis was performed with the Crys-
talExplorer software (Spackman et al., 2021) to visualize the regions
of the closest intermolecular interactions in the crystal and to deter-
mine the contribution of each specific type of interaction.



Fig. 6. 3D Hirshfeld surfaces with 2-D fingerprint plots for III and IV.
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Table 5
Fingerprint plot results by element type; surface area included (as a percentage of the
total surface area) for close contacts between atoms inside and outside the surface for
1II and IV.

III

Inside Atom Outside Atom

S O N C H

C 0.2 0.1 0.6 3.2 7.0
H 2.1 5.7 5.6 5.3 51.4
N – – 0.1 0.6 7.3
O – – – – 6.4
S – – – 0.2 4.2
IV
Inside Atom Outside Atom

S O N H C
C 0.6 – 1.1 12.2 4.0
H 2.4 3.6 5.6 44.3 10.8
N – – 0.2 6.1 1.1
O – – – 4.0 –
S – – – 3.5 0.6
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2.4. Molecular docking and ADMET analysis

The crystal structure of the protein was extracted from the pro-
tein data bank (Burley et al., 2021) with PDB ID: 6ME2 (Stauch
et al., 2019). Initially, the protein structure was pre-processed to
remove crystal water molecules and het atoms followed by opti-
mization and minimization of the structure with the OPLS2005
force field using the protein wizard panel in the Schrodinger pack-
age. Simultaneously, the ligand molecules III and IV and the native
ligand molecule were energetically minimized and incorporated
separately into the protein’s native ligand site to interact. Molecu-
lar docking simulations were performed using the induced fit
docking panel (Sherman et al., 2006b, 2006a) from the Schrodinger
package. Finally, ADMET parameters analyses were carried out
using the Swiss ADME(https://www.swissadme.ch/) and ProTox II
(https://tox-new.charite.de/protox_II/index.php?site = com-
pound_input) web server.

3. Results and discussion

3.1. Chemistry of compounds III and IV

As illustrated in Scheme 1, the 1,6-dimethyl-8-phenyl-3-thiox
o-tetrahydroisoquinoline-4-carbonitrile (II) was allowed to react
with chloroacetone or aryl-2-chloroacetamide in the presence of
sodium acetate trihydrate in ethanol (60 mL). A colorless III or IV
crystal was obtained by collecting the resulting solid and recrystal-
lizing it from ethanol. The chemical structures of compounds III
and IV were confirmed by NMR, IR, and elemental analysis tech-
niques, and have been unambiguously proven by X-ray crystallog-
raphy (Fig. 1). Thus, IR spectrum of compound III showed
characteristic absorption bands at 3297–3267 cm�1 for (NH);
3060 cm�1 for (C–H, sp2); 2923 cm�1 for (C–H, sp3); 2220 cm�1

for (C�N); 1679 cm�1 for (C = O); 1645 cm�1 for (C = N). 1H
NMR spectrum of compound III (DMSO d6, 500 MHz) showed the
following signals: a singlet at d 9.47 (1H, NH); a multiplet at d
6.99–7.41 (10H, ArH); a singlet at d 6.64 (1H, C5H); a doublet at d
4.21–4.23 (J = 10, IH, C8H); a double doublet at d 3.88–4.02 (2H,
SCH2); a double doublet at d 2.96–3.01 (1H, C7H); a doublet at d
2.52–2.56 (1H, C7H); a singlet at d 2.42 (3H, CH3); a singlet at d
1.90 (3H, CH3) which are in agreement with its proposed structure.
IR spectrum of compound IV showed characteristic absorption
bands at 3067 cm�1 for (C–H, sp2); 2976, 2921 cm�1 for (C–H,
sp3); 2215 cm�1 for (C�N); 1728 cm�1 for (C = O, acetonyl),
1641 cm�1 for (C = N). 1H NMR spectrum of compound IV (CDCl3,
8

500 MHz) showed a multiplet at d 7.19–7.24 (3H, Ar-H); a doublet
at d 6.98–7.00 (J = 5, 2H, Ar-H); a singlet at d 6.62 (s, 1H, C5H); a
doublet at d 4.17–4.19 (J = 10, 1H, C8H); a double doublet at d
3.92–4.04 (2H, SCH2); a double doublet at d 2.93–3.00 (1H, C7H);
a doublet at d 2.50–2.54 (1H, C7H); a singlet at d 2.33 (3H, COCH3);
a singlet at d 2.28 (3H, CH3 at C-1); a singlet at d 1.88 (3H, CH3 at C-
6) ppm.

3.2. Single X-ray diffraction studies

3.2.1. Crystal structure of III
The molecule has a cup-shaped structure, with the dihydroiso-

quinoline part at the base and the phenyl and carbonyl groups on
the sides. A puckering analysis (Cremer and Pople, 1975) of the
C3���C8 ring gave the parameters Q = 0.3386(13) Å, h = 116.8(2)�
and u = 30.1(2)�. The dihedral angle between the mean planes of
the N1/C1/C2/C3/C8/C9 and the C12���C17 rings is 83.58(2)� while
the plane defined by C19/C20/C21/O1 is inclined to the N1/C1/
C2/C3/C8/C9 plane by 76.39(5)�. In the crystal, C16—H16���N2 and
C19—H19B���N2 hydrogen bonds plus C11—C11B���Cg3 interactions
(Table 2) form corrugated layers of molecules parallel to the bc
plane (Fig. 2). The layers pack along the a-axis direction with nor-
mal van der Waals contacts (Fig. 3).

3.2.2. Crystal structure of IV
The conformation of the substituent on sulfur is primarily

determined by the N3—H3���N1 hydrogen bond and to a lesser
extent by a weak C26—H26���O1 interaction (Table 3). The hete-
rocyclic ring is planar to within 0.0167(5)Å (r.m.s. deviation = 0.
0111). The mean planes of the C12���C17 and C21���C26 rings are
inclined to the above plane by 85.26(3) and 36.71(3)�, respec-
tively. A puckering analysis (Cremer and Pople, 1975) of the
C3���C8 ring gave the parameters Q = 0.3738(11) Å, h = 114.92
(17)� and u = 29.77(18)�. In the crystal, C19—H19A���O1 hydro-
gen bonds form inversion dimers which are connected into rib-
bons parallel to (024) by C7—H7���N2 hydrogen bonds and
C19—H19B���Cg4 interactions (Table 3 and Fig. 4). The ribbons
are associated through C24—H24���Cg3 interactions (Table 3
and Fig. 5).

3.3. Hirshfeld surface analysis

The Hirshfeld surface (HS) and two-dimensional fingerprint
plots are fundamental graphical representations for measuring
and displaying intermolecular interactions in a crystal structure.
HS was constructed for a molecule in a crystal environment and
maps various properties, including de (distance from the HS to
the nearest atom outside the surface), di (distance from the HS to
the nearest atom inside the surface), and dnorm (distance from
the HS to the nearest atom inside the surface) (normalized contact
distance). To gain quantitative insight into the relative contribu-
tions of the intermolecular interactions in the crystal phase, the
3-D Hirshfeld surfaces including dnorm, di, de, and shape index with
their 2D fingerprint plots were calculated using the CrystalExplorer
14.1 software at the B3LYP/6–31 + G(d,p)level. In the 3-D maps
obtained, the red regions represent closer contacts with a negative
dnorm value while the blue regions represent longer contacts with a
positive dnorm value. The volume of molecule III is 486.58 Å3 and its
surface area is 399.90 Å2 with the corresponding values for IV
being 534.83 Å3 and 461.73 Å2. The calculated Hirshfeld surface
parameters are given in Table 4.

The 2-D fingerprint images provide us with information about
the type of intermolecular contact between atoms and their crucial
interactions between the elements which are shown in Fig. 6. Two-
dimensional fingerprint plots show the proportion of the mole-
cule’s total surface area that is contributed by intermolecular inter-

https://www.swissadme.ch/
https://tox-new.charite.de/protox_II/index.php?site


Fig. 7. Graphical representation of the interaction energies; coulomb energy, dispersion energy, and total energy for III and IV.
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Table 6
The interaction energies of the molecular pairs involved in energy calculation in kJ/mol. R is the distance between molecular centroids in Å and N is the number of molecular pairs
involved.

Compound (III)

N Symop R E_ele E_pol E_dis E_rep E_tot

1 -x, -y, -z 10.48 2.7 �1.3 �18.9 4.5 �11.5

1 -x, -y, -z 6.08 �21.5 �9.2 �71.3 38.5 �60.9

2 x + 1/2, -y + 1/2, z + 1/2 9.48 �8.4 �4.6 –22.0 11.1 –22.4

2 x + 1/2, -y + 1/2, z + 1/2 12.14 �4.1 �0.8 �2.2 0.0 �6.8

2 x + 1/2, -y + 1/2, z + 1/2 10.08 0.8 �1.0 �15.1 5.6 �8.9

2 -x + 1/2, y + 1/2, -z + 1/2 7.71 �25.8 �7.1 �55.8 32.1 �55.1

2 x, y, z 12.93 �3.8 �0.7 �4.2 0.0 �8.2

1 -x, -y, -z 12.38 �9.9 �0.4 �11.1 0.0 �20.3

2 -x + 1/2, y + 1/2, -z + 1/2 11.92 �16.3 �5.5 �9.4 11.9 �19.0

1 -x, -y, -z 11.31 �20.5 �6.2 �11.6 10.1 �27.2

2 x, y, z 8.80 �12.3 �5.7 �19.3 12.7 –23.3

1 -x, -y, -z 5.18 �51.5 �13.0 �111.0 62.7 �110.1

1 -x, -y, -z 13.96 3.0 �1.6 �15.3 0.0 �11.7

1 -x, -y, -z 13.93 �8.1 �0.7 �4.9 0.0 �13.1

2 x, y, z 13.17 5.8 �2.3 �29.8 0.0 –22.5

1 -x, -y, -z 8.12 �30.0 �9.2 �82.7 39.7 �78.9

1 -x, -y, -z 10.93 7.6 �2.0 �35.4 16.7 �12.0

1 -x, -y, -z 8.20 �12.9 �4.4 �50.1 26.6 �39.6

2 x, y, z 14.50 �4.2 �2.0 �8.2 0.0 �13.0

1 -x, -y, -z 8.27 �0.5 �2.5 �21.7 9.7 �13.8

Energy Model k_ele k_pol k_disp k_rep

CE-HF . . . HF/3-21G electron densities 1.019 0.651 0.901 0.811
CE-B3LYP . . . B3LYP/6-31G(d,p) electron densities 1.057 0.740 0.871 0.618
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actions. For III, the two-dimensional fingerprint results suggest
that the intermolecular H���all-other-atoms contacts have the high-
est contribution (70.1%) to the crystal packing of which the H� � �H
interactions contribute 51.4 %. The inside to outside H� � �H interac-
tions contribute 7.3 % with the inside atom to out (neighbor frag-
ments) interactions given in Table 5. Similarly, in IV
intermolecular H� � �H interactions contribute the most (44.3%) to
the crystal packing. In III, the relative percentage contribution of
the H� � �all-atoms, H� � �H, and N� � �H contacts are 70.1%, 51.4%,
and 7.3%, respectively.
3.4. Energy framework analysis

Energy frameworks are employed to express the interaction
energies between molecular pairs in crystal packaging in crystal
10
structures. This analysis is carried out utilizing the B3LYP func-
tional and the 6–31 + G(d,p) basis set with the CrystalExplorer
17.5 software. The energy frameworks for molecules within 3,8 Å
of a central molecule are calculated. The fragments are connected
by cylinders whose thickness indicates the amount of interaction
energy. The chemical pairs used to calculate interaction energies
are displayed in red, blue, and green, respectively. The energy
frameworks generated for Coulomb, dispersion, and total energy
are represented by various colors and cylinders connecting the
center of mass of the molecules with a cut-off energy of 5 kJ mol�1.
The size of the cylinder indicates the intensity of the forces
between the molecules. Fig. 7 provides a graphical representation
of the energy frameworks for III and IV, while Table 6 presents
the values.



Table 7
The point group symmetry, dipole moment (in Debye), total electronic energy (in
Hartree), thermal energy (in kcal/mol), Heat capacity (Cv in cal/mol K), Entropy (S in
cal/mol K) energy if HOMO and LUMO (in eV), HOMO- LUMO gap (in eV), NBO
chargers (Q in |e|), ionization potential (IP in Ev), electron affinity (eV), chemical
hardness (Ƞ in eV), chemical potential (eV), electronegativity (v in eV), electrophilic-
ity index (x in eV), maximum charge transfer (DNmax eV)polarizability (ao in au),
hyperpolarizability (bo in au), and projection of hyperpolarizability on dipole moment
vector (bvec in au).

Compound III IV

Point Group C1 C1
Dipole moment (lo) 7.225 9.781
Energy (Hartree) �1395.25 �1642.38
Imaginary frequency 0 0
Thermal energy (kcal/mol) 239.80 287.30
Heat capacity (Cv) 90.22 106.92
Entropy (S) 171.14 190.37
E(HOMO) �6.26 �6.22
E(LUMO) �2.01 �2.35
EH-L 4.25 3.91
Q(O/N/S) �0.54/-0.50/

0.34
�0.61/-0.64/
0.33

Ionization potential (IP) 6.26 6.22
Electron affinity (EA) 2.01 2.35
Chemical hardness (Ƞ) 2.12 1.93
Chemical potential (l) �4.13 �4.28
Electronegativity (v) 4.13 4.28
Electrophilicity index (x) 4.02 4.74
Maximum charge transfer (DNmax) 1.94 2.21
Polarizability (ao) 288.93 361.82
Polarizability volume (av) 42.81 53.61
Hyperpolarizability (bo) 415.83 488.94
Projection of hyperpolarizability (bvec) 408.98 476.12
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3.5. DFT studies

3.5.1. Optimized geometries and electronic properties
Both molecule III and molecule IV have non-planar geometries

and C1 point group symmetry. The total electronic energy for com-
pound III is �1395.25 Hartree, while the slightly higher value for
compound IV (-1642.38 Hartree) indicates that IV is more stable
than III. Calculated dipole moments, such as 7.225 Debye for III
and 9.78 Debye for IV, are used for determining the overall polarity
of organic molecules (Table 7). The significant lo values indicate
their asymmetric charge distribution and higher polarity. These
structures are stable on the potential energy surface (PES) because
there is no imaginary frequency associated with them. Comparing
III and IV, III has a lower thermal energy at 239.804 kcal/mol,
whereas IV has a higher thermal energy at 287.304 kcal/mol.
3.5.2. FMOs and NBO studies
The relative positions of a molecule’s most crucial Frontier

Molecular Orbitals (FMOs), typically the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), determine the molecule’s chemical stability (Fig. 8).
Donating electrons is related to the HOMO state while gaining
them is linked to the LUMO state. A compound’s electrophilic nat-
ure is indicated by its ELUMO value, whereas its nucleophilic
strength is measured by its EHOMO value. The calculated energies
of the HOMOs for IV and III are �6.26 and �6.22 Ev, respectively
(Table 7) while the computed HOMO-LUMO gaps (EH-L) for III
and IV are 4.25 and 3.91 eV, respectively. The relatively small EH-

L gaps suggest the molecules are ‘‘soft” and so may be susceptible
to oxidation and likely fairly reactive in other respects.

Understanding the atomic charge of a chemical system is
greatly enhanced by NBO analysis. The calculated NBO charges
are listed in Table 7. The natural atomic orbitals (NAOs) of the
atoms can be added up to determine their partial charges during
an NBO analysis. Predicting the dipole moment and molecular
11
polarisations are just two examples of the many quantum features
of molecular systems that can be inferred from the charges. NBO
charge analysis can also be used to gain knowledge about donor–
acceptor pairings and charge transfer within a molecule. Table 6
displays the obtained NBO charges. The partial NBO charges on
the oxygen atom in III and IV are �0.54 |e| and �0.61 |e|. The pres-
ence of negative NBO charges throughout the oxygen atom denotes
its donor potential. Electrophilic attack on oxygen and nitrogen
atoms in compound III allows for the further derivation of the pro-
cess. Compound III, on the other hand, exhibits nucleophilic addi-
tion reactivity at its S-atom. The higher electronegativity of the
oxygen atom pulls the electrons of adjacent carbon and makes it
partially positive (a good electrophilic center). Therefore, charge
transfer can be seen from an electropositive to a more electroneg-
ative atom which indicates structural reactivity and binding affin-
ity. The hydrogen atoms attached to the carbons of the central
rings have partial positive NBO charges. In IV, the NBO charge at
oxygen Q(O) is higher (more negative) than that in III. The calcu-
lated NBO charges on Q(O), Q(N), and Q(S) are �0.61, �0.64, and
0.33 |e|, respectively (Table 7). The excellent charge separation
and transfer of charge show higher structural reactivity of III and
IV.

3.5.3. MESP and DOS study
The MEP is a measure of the net electrostatic impact created at a

specific location by the total charge distribution (electron + proton)
of the molecule, and can be used to infer the dipole moment, elec-
tro negativity, partial charges, and chemical reactivity of a mole-
cule. An electron density isosurface mapped with an electrostatic
potential surface depicts the molecules’ dimensions, shapes,
charges, and places of chemical reaction (see Fig. 9). For III, the
highest electronic density (high electron site) can be seen near
the carbonyl oxygen and around the nitrogen of the central pyri-
dine ring. The red color shows the possibility of an electrophilic
attack on this position for further reactions. The red color repre-
sents the minimum electrostatic potential (high electron density)
with a negative electrostatic potential, serving as an electrophilic
attack region for the substances being investigated. The zero elec-
trostatic potential zone, on the other hand, is represented by the
green color. Thus, the numerous zones of MESP plots reveal critical
information about the various types of intermolecular interactions,
allowing them to predict the reactivity of the molecule. Compound
IV also has an electron-rich area close to its nitrogen and oxygen
atoms but with a lesser magnitude suggesting a similar but lesser
reactivity.Fig. 10.

The energy gap determined by HOMO-LUMO analysis is sup-
ported by the DOS spectrum. The DOS spectra are displayed as
energy against state density. Reduced HOMO-LUMO gaps are due
to the generation of higher HOMO energy states. The higher energy
of occupied orbitals allows electrons to be transferred from HOMO
to LUMO. As a result of the small energy gaps, compounds III and IV
have a soft nature and better semiconducting characteristics. The
HOMO energy line is near �5.44 eV, whereas the LUMO energy
decreases, indicating their usefulness in the fabrication of electrical
and optical materials.

3.5.4. Electronic stability and global reactivity descriptor
To better comprehend the reactivity and structural properties,

the global reactivity descriptors as ionization potential (IP), elec-
tron affinity (EA), chemical hardness (g), chemical potential (l),
electronegativity (v), maximum charge transfer (DNmax), and elec-
trophilicity index (x) we calculated as indicated by the following
equations;

Ionization potential (IP) = � E (HOMO)
Electron affinity (EA) = � E (LUMO)
Quantum chemical Hardness (g) = ½ (IP- EA)



Fig. 9. MESP surfaces of III and IV at B3LYP.

Fig. 8. Plotted HOMO-LUMO densities of III and IV at the B3LYP level.
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Chemical potential (l) = � IPþEA
2

Electronegativity (v) = �l
Electrophilicity index (x) =.l

2

2g
12
The maximum charge transfer (DNmax) in the direction of the
electrophile of the molecule was predicted using the following.

DNmax ¼ � l
g



Fig. 10. TDOS spectra of compounds (III and IV).

Table 8
Illustrates the docking score and glide energy of different small molecules.

Compound Docking score
(kcal/mol)

Glide energy
(kcal/mol)

III �6.971 �47.115
IV �6.403 �47.242
Native ligand molecule (YCM) �5.741 �37.270
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The ionization potential (IP) and electron affinity (EA) are calcu-
lated using Koopman’s approximations, with IP standing in for the
inverse of the HOMO and EA for the inverse of the LUMO. The cal-
culated ionization potentials for III and IV are 6.26 and 6.22 eV
(Table 7) which indicate their electronic stability. The calculated
electron affinity (Table 7) for IV is somewhat greater than that of
III while IV is ‘‘softer” than III from the computed chemical hard-
ness. The negative of the Mulliken electronegativity is the chemical
potential (l). It is a signal that a chemical reaction is about to
occur. This means that a high electronic chemical potential reagent
is a strong electron donor, whereas a low electronic chemical
potential reagent is a good electron acceptor. The chemical poten-
13
tial (l) for III and IV are, respectively �4.13 to �4.28 eV and have
comparable values. On the other hand, the electronegativities (v)
are 4.13 and 4.28 eV. Another parameter to classify the molecular
reactivity is maximum charge transfer (DNmax) which can be
defined as; the propensity of a molecular system to acquire an
additional electronic charge. For the studied molecules, the inhibi-
tor efficiency is also calculated using the maximal charge transfer
DNmax. The values of DNmax show the bearing within a set of mole-
cules and the highest value of DNmax is associated with high inhi-
bitor efficiency. The value of DNmax is higher for compound IV
while for compound III slightly smaller.

3.5.5. Optical and nonlinear optical (NLO) properties
By calculating the polarizability (ao), hyperpolarizability (bo),

and the projection of hyperpolarizability on the dipole moment
vector (bvec), the optical and nonlinear optical properties of III
and IV were investigated. The conjugated structures that make
up organic non-linear optical materials allow p-electrons to readily
move between donor and acceptor groups, facilitating charge
transfer and resulting in a response time that is many times faster
than that of inorganic materials. The coefficients in the Taylor ser-
ies expansion of the energy in the external electric field constitute



Fig. 11. Best Docked posed of the protein–ligand complex and its corresponding ligand plot (a) with III, (b) with IV, and (c) with YCM (native ligand).
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Table 9
Predicted ‘‘drug-like” properties and estimated properties of absorption and distribution of compounds III and IV.

Compound Drug Likeness Solubility ABS Absorption & distribution

MW WlogP HBA HBD TPSA
Å2

Nrot Class
(ESOL)

WlogP GIA Pgp BBB

III 348.46 2.84 3 0 79.05 4 Moderate 0.55 4.77 High No No
IV 425.55 3.51 3 1 91.08 6 Moderate 0.55 5.63 High Yes No

Drug lead like properties ideal values � 500 (MW) � 4.15(MlogP) � 10(HBA) � 5 (HBD) � 142(TSPSA) � 10(Nrot).
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the components of b. When the external electric field is weak and
homogeneous, this expansion becomes:

E ¼ EO � lIFi � 1
2!

� �
aijFiFj � 1

3!
bijkFiFjFk � ½1

4!
�cijklFiFjFkFl

The polarizability (ao) and static hyperpolarizability (bo) are
given by the following equations;

ao ¼ 1
3
ðaxxþ ayyþ azzÞ

bo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðb2

x þ b2
Y þ b2

ZÞ
q

The calculated polarizability (ao) value of III is 288.93 au while
that of IV is 361.82 au (Table 6). These substantial values suggest
the polarizability of molecules and asymmetric charge distribution.
As with the ao values, the bo value for IV (488.94 au) is slightly
higher than that of III (415.83 au). These results indicate that III
and IV have good NLO properties and are potential candidates for
further development.

3.6. Molecular docking study

The simulation of molecular docking generates multiple possi-
ble poses from which we have to choose the optimal one based
on glide energy and docking score (Abad et al., 2022; Abdel-
Rahman et al., 2021; El Bakri et al., 2023a, 2023b, 2022, 2019;
Mohamed et al., 2022). Each ligand molecule was designed to
interact with its respective protein’s native ligand site. Table 8 rep-
resents the ligand molecules and their corresponding docking
score and glide energy. The binding score of different drugs shows
good binding affinity towards the protein structure.

Fig. 11 represents the best-docked pose and its corresponding
ligand interaction plot. In Fig. 11a, the interaction of compound
III with the protein shows that LEU 127, TYR 135, TYR 139, PHE
65, ILE 123, TYR 147 residues are forming hydrophobic interactions
and, LYS 142, ASN 143 residues are forming hydrogen bonds with
the C�N group of the compound III due to the presence of lone pair
of electrons on the nitrogen atom.

Similarly, the ligand interaction plot for compound IV is shown
in Fig. 11b. LEU 127, TYR 139, PHE 65, ILE 123, and TYR 135 resi-
dues interact hydrophobically. Although TYR 147 is a hydrophobic
residue it forms pi-pi stacking with the aromatic part of the ligand.
YCM is the native site of the protein structure. ASN 143 and LYS
142 form hydrogen bonds with C = O and C�N groups of IV. Here,
LYS 134, LYS 142, and LYS 137 are positively charged residues, and
HIE 131, SER 141, ASN 143, SER 140, and SER 144 are polar
residues.

In this work, the native ligand molecule YCM was extracted
from the protein structure separately and docked in the same
native site. Fig. 11c shows the best-docked pose of the native mole-
cule and its corresponding ligand plot. YCM native ligand has more
hydrogen bond contacts compared to the other two compounds.
TYR 126 forms hydrogen bonds with the –NH2 of the ligand and
the ARG 209 residue and –NH2 interacts with ASP 1148 through
15
hydrogen bonding. Similarly, the other –NH2 forms a hydrogen
bond with ARG 1147. TYR 126, LEU 213, ILE 129, LEU 133, ILE
1150, and ILE 1149 are hydrophobic residues and THR 1151 is
the polar residue. ASP 1148 is negatively charged while others
are positively charged.

This study concludes that all the ligand molecules have good
binding affinities at the molecular level and all three molecules
have more hydrophobic contacts in the protein environment.

3.7. ADMET analysis

The Brain or Intestinal EstimateD permeation (BOILED-Egg),
which was derived from Egan’s multi-statistical graph model
(Egan et al., 2000; Silva et al., 2021), employs mathematical
descriptors of lipophilicity (WlogP) and polarity (TPSA) to predict
human intestinal absorption (HIA) and access to the central ner-
vous system (CNS) by breaching the blood–brain barrier (BBB.
Therefore, the ellipse formed by the intersection of the lipophilicity
and polarity profiles accounts for substances that are both highly
and inadequately absorbed in the human gut and have a linear
trend. Table 9 shows the limits of WlogP between 4 and 6 and
for compound, III TPSA is less than 79, from these results this com-
pound may have connected to CNS assess, In the case of compound
IV, the TSPSA which is garter than 79, and which leads high HIA.
Both compounds exhibit drug-likeness properties and show better
polarity, lipophilicity, and bioavailability.

According to the information in Table S5, both substances block
all CY450 isoenzymes except for CY450 1A2 & 2D6, which may
cause their plasma concentration to rise and the elimination path-
way to slow down. It is also metabolized by O-demethylation path-
ways, reducing the danger of liver damage brought on by
metabolic activation, as neither molecule is an inhibitor of
CYP450 2D6. Additionally, as shown in Table S5, both compounds
have a class IV toxicity when taken with projected LD50 values of
600 mg/kg and an immunotoxic risk with a prediction accuracy of
54%. The overall result concludes that both compounds exhibit bet-
ter ADMET properties.

4. Conclusion

To sum up, a new dihydroisoquinoline derivatives were syn-
thetized and confirmed by single-crystal X-ray analysis. Hirshfeld
surface analysis displays 2D fingerprint plots with a predominance
of H���H surface contacts to identify intermolecular interactions.
The shown dnorm and di surfaces as well as the 2-D fingerprint
plots reveal short and long intermolecular interactions. The inter-
action energies between chemical pairs in crystal structures are
revealed as well via energy framework analysis. The two com-
pounds’ electronic stability and reactivity are demonstrated by
the DFT study. The HOMO-LUMO and global reactivity characteris-
tics indicate that IV has a higher chemical reactivity than does III.
The HOMO-LUMO gaps are 4.25 and 3.91 Ev. A maximum charge
transfer (DNmax) value of 2.21 eV is observed for IV. The estimated
polarizability (ao) and hyperpolarizability (bo) responses were
used to determine their optical and nonlinear optical properties.
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The large bo value (488.94 au) for IV reveals its optical and NLO
characteristics. When compared to the original molecule, III and
IV used to investigate the docking with human melatonin recep-
tors 1 showed good binding scores. Additionally, an ADMET study
was carried out and the outcomes point to both III and IV having
better ADMET qualities.
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