molecules

Article

Evaluation of Antimicrobial, Anticholinesterase Potential of
Indole Derivatives and Unexpectedly Synthesized Novel
Benzodiazine: Characterization, DFT and Hirshfeld

Charge Analysis

Abdul Rauf Raza (7, Syeda Laila Rubab %%, Muhammad Ashfaq 37, Yasir Altaf >4, Muhammad Nawaz Tahir 3,
Muhammad Fayyaz ur Rehman 1*{, Tariq Aziz 5%, Metab Alharbi ¢ and Abdullah F. Alasmari ®

check for
updates

Citation: Raza, A.R.; Rubab, S.L.;
Ashfaq, M.; Altaf, Y.; Tahir, M.N.;
Rehman, M.Fu.; Aziz, T.; Alharbi, M.;
Alasmari, A.F. Evaluation of
Antimicrobial, Anticholinesterase
Potential of Indole Derivatives and
Unexpectedly Synthesized Novel
Benzodiazine: Characterization, DFT
and Hirshfeld Charge Analysis.
Molecules 2023, 28, 5024. https://
doi.org/10.3390/molecules28135024

Academic Editor: Alexander

Viktorovich Aksenov

Received: 13 May 2023
Revised: 7 June 2023
Accepted: 15 June 2023
Published: 27 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Chemistry, Ibn e Sina Block, University of Sargodha, Sargodha 40100, Pakistan

Department of Chemistry, Division of Science and Technology, University of Education,

Lahore 54770, Pakistan

Department of Physics, University of Sargodha, Sargodha 40100, Pakistan

School of Chemical and Physical Sciences, Victoria University of Wellington, Wellington 6140, New Zealand
Department of Agriculture, University of loannina, 471 32 Arta, Greece

Department of Pharmacology and Toxicology, College of Pharmacy, King Saud University,

P.O. Box 2455, Riyadh 11451, Saudi Arabia

*  Correspondence: laila.rubab@ue.edu.pk (S.L.R.); muhammad.fayyaz@uos.edu.pk (M.Fu.R.);
iwockd@gmail.com (T.A.)

G oW

Abstract: The pharmacological effectiveness of indoles, benzoxazepines and benzodiazepines initi-
ated our synthesis of indole fused benoxazepine /benzodiazepine heterocycles, along with enhanced
biological usefulness of the fused rings. Activated indoles 5, 6 and 7 were synthesized using modified
Bischler indole synthesis rearrangement. Indole 5 was substituted with the trichloroacetyl group
at the C7 position, yielding 8, exclusively due to the increased nucleophilic character of C”. When
trichloroacylated indole 8 was treated with basified ethanol or excess amminia, indole acid 9 and
amide 10 were yielded, respectively. Indole amide 10 was expected to give indole fused benox-
azepine/benzodiazepine 11a/11b on treatment with alpha halo ester followed by a coupling agent,
but when the reaction was tried, an unexpectedly rearranged novel product, 1,3-bezodiazine 12, was
obtained. The synthetic compounds were screened for anticholinesterase and antibacterial potential;
results showed all products to be very important candidates for both activities, and their potential
can be explored further. In addition, 1,3-bezodiazine 12 was explored by DFT studies, Hirshfeld
surface charge analysis and structural insight to obrain a good picture of the structure and reactivity
of the products for the design of derivatised drugs from the novel compound.

Keywords: anticholinesterase; benzodiazine; DFT; antimicrobial; indole; novel benzodiazine

1. Introduction

Indoles are promising scaffolds in the medicinal world. Due to versatile applications of
natural and synthetic indole derivatives in biological and pharmacological fields, they are
being used as drugs, e.g., anti-HIV [1], anticancer [2,3], antimicrobial [4], antioxidant [5,6],
anti-inflammatory [7], anticholinesterase [8], antidepressant [9], antihistaminic [10], anti-
Parkinson [11], antitumor [12,13], tubulin inhibitors [14] and receptor inhibitors [15]. We
have already successfully synthesized and published many series of indole derivatives. Like
5-membered heterocycles (indoles), 7-membered heterocycles, including benzodiazepines
and benzoxazepines, are also of great medicinal importance [16]. Many benzodiazepine
based drugs are being used for the treatment of alcohol withdrawal, tension, anxiety
disorders [17,18], acute repetitive seizures (ARS) [19], sleep disorders and schizophrenia.
We have also synthesized and published optically active benoxazepine rings successfully.

Molecules 2023, 28, 5024. https:/ /doi.org/10.3390/molecules28135024

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28135024
https://doi.org/10.3390/molecules28135024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-4053-4862
https://orcid.org/0000-0001-6663-8777
https://orcid.org/0000-0003-2901-7212
https://orcid.org/0000-0003-0905-8076
https://orcid.org/0000-0001-7569-4287
https://doi.org/10.3390/molecules28135024
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28135024?type=check_update&version=1

Molecules 2023, 28, 5024

2 of 20

Our interest in the potent efficacy of indole reactive sites led us to explore the intro-
duction of another ring to the indole nucleus in our current study. Specifically, we aimed to
synthesize indole-based benzoxazepine/benzodiazepine compounds with enhanced pharma-
cological potential by incorporating both the indole and benzoxazepine /benzodiazepine cores.
However, rather than obtaining the anticipated indole-based benzoxazepine/benzodiazepine
compounds, we discovered a novel and interesting product, 1,3-benzodiazine, which showed
promising pharmacological properties. 1,3 diazanaphthalene (quinazoline) is a significant
family of heterocyclic motifs in medicine and pharmaceuticals [20]. A number of quinazoline-
based drugs are known for their anti-fungal [21], anti-tubercular [22], anti-cancer [23] and
anti-inflammatory properties [24].

Recently, we have reported that some indoles with anti-cholinesterase activity are
comparable to standard drugs. These compounds can be explored as a good alternative
in AD therapeutics [8]. All synthesized indoles and 1,3-diazine were screened for their
anti-cholinesterase potential. There is a continuous need to develop new antibacterial
drugs to address the growing problem of emerging pathogenic infections and antibiotic
resistance. Given the ability of indoles to combat bacterial infections, various types of
indole derivatives have been explored for their potential antibacterial activities. Based on
indoles’ capability to fight against bacteria, natural indole alkaloids [25], bis-indoles [26],
indole-containing hybrid [27], spirocyclic [28], and many other indole derivatives are being
used as potential antibacterial agents. Regarding the significant antibacterial potential of
indoles, synthesized rings are tested for antibacterial potential.

Considering this significance, the current study aims to conduct Hirshfeld surface
analysis and Density Functional Theory (DFT) studies of the novel indole-fused benzo-
diazine compound (12). By conducting in-depth analyses (of specific characteristics and
chemical reactivity) of this novel compound (indole-fused benzodiazine), we can better
understand its potential as an effective pharmaceutical candidate and ultimately contribute
to developing novel treatments for various diseases.

2. Results and Discussions
2.1. Synthesis

Owing to its pharmacological potential, it was planned to synthesize indole-based
benzodiazepine/benzoxazepine. The retrosynthesis for the target compound is given in
Scheme 1.

Scheme 1. Retrosynthesis of indole-based benzodiazepine/benzoxazepine.
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We synthesized indoles (5-7) following our already-reported procedure [29]. The
indoles (5-7) (Figures S1-S3) are activated and make only the C” highly electron-rich
position, which acts as a good nucleophile and can undergo aromatic substitution reactions.
The indole 5 was reacted with Cl3CCOCI in CH,Cl; to afford trichloroacetyl substituted
indole 8 (Figure S4). When indole 8 in CH,Cl, was stirred with ag. KOH or liquid NH3,
this resulted in indole acid 9 (Figure S5) and indole amide 10 (Figure S6), respectively [30].
We attempted to convert the indole amide 10 into indole-fused benzodiazepine-1,3-dione
(11a-b) by reacting with a coupling agent methyl 2-bromomethyl propionate (Scheme 2).
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Scheme 2. Reagents and conditions: (a) PhNH,, AcOH or NaHCO; (LiBr) reflux in EtOH;
(b) CI3CCOCI, CH,Cly, reflux; (c) aq KOH in EtOH; (d) aq NHj, reflux; (e) NaH in DMSO (solid
arrow), MeCH(Br)CO,;Me (arrow with dashed lines).

When 5 was refluxed with Cl3CCOCI in CHCl,, the proton with indolic C7 of 5 was
substituted by a trichloro-acetyl group. The 'H NMR of 8 showed the disappearance of
H’; the C” shifted downfield compared to the reactant, and a new carbonyl CO (C?) signal
emerged in the 1>C NMR spectrum of 8. These changes indicated the conversion of 5 to 8.
Further confirmation was achieved by ESI MS of the 8 exhibiting molecular ion [M + H]**
at 474.0432 amu (found for Cp4H19%CI3NO;) and the XRD structure was also proof of
COCCl3 substitution (Figure 1) (File S1).

The trichlor-acetyl group, being a good leaving group, was conveniently substituted
by OH or NHj to produce indole acid 9 or amide 10, accordingly, by refluxing indole 8 with
basified EtOH or excess aqueous NHjz in THF. The amide formation was authenticated by
the appearance of two amide protons in the 'H NMR. One proton emerged as a doublet
(J = 3.0 Hz) at 7.81 ppm, and the other proton appeared as a singlet at 7.54 ppm. The
D,0 exchange experiments also verified the formation of carboxylic acid 9/unsubstituted
acid amide 10. Additionally, the 13C NMR showed a C® signal of C=0 in 9 and 10 shifted
upfield to 166.9 and 169.5 ppm, respectively, from the ketonic C8 signal in 8 at 182.0 ppm.
This was clear evidence for the substitution of the (COCCls) group, having a strong I effect,
by a group with a greater +R effect. A single (M)*® peak in the LR EIMS of 9 at 373 amu
also assured the stability of the target molecule and the conversion of 8 to 9. The fragment
9a was produced after H,O loss and 3—ketoacid-type rearrangement, which afforded a
base peak at 355 amu (Scheme 3). The ultimate proof was provided by CHNS analysis,
which showed comparable percentages for all elements.
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Figure 1. The ORTEP presentation of 8 formed at a probability level of 50%. Hollow circles represent
H-atoms (black balls shows carbon atoms, red balls show oxygen, while blue and green show nitrogen
and chloride, respectively).
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Scheme 3. LR EIMS fragmentation of 9.

The indole amide 10 was coupled with ester, methyl 2-bromopropanoate by deproto-
nating amidic and indolic NH of 10 with the subsequent addition of a coupling reagent to
yield 11a. A strong base NaH in anhydrous DMSO was used for deprotonation, followed
by refluxing of the reaction mixture at 170 °C for 2 h. The reaction was cooled before the
addition of propanoate, followed by reflux. A mixture of products was obtained, rendered
to column chromatography, and a white powder 12 was separated. The 'H NMR of 12
(Figure S7) showed all the expected aliphatic peaks and indole ring peaks, indicating the
attachment of 10 with ester. It appeared that we had successfully synthesized 11a, but the
13C NMR of 12 (Figure S8) showed a few unjustified signals. The ESI MS of the product
showed (M + H)**® at 473.1697 amu, which did not agree 11a with the expected (M)**
(426.46 amu for 11a) (Figure 2).
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Figure 2. A portion of ESI MS of 12 showing (M + H)**.

However, the single crystal XRD (Figure S9, File S2) of the product unveiled the
mystery, showing that 12 was a novel rearranged indole based 1,3-diazine (Figure 3).

Figure 3. The ORTEP presentation of 12 formed at a probability level of 50%. Hollow circles represent
H-atoms (black balls shows carbon atoms, red balls show oxygen, while blue show nitrogen).
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2.2. DFT Studies

Figure 4 shows the optimized geometries of (10) and (12) generated through GaussView.
These structures are true minima, as shown by the absence of any imaginary frequency.
Comparing the calculated structure with the crystallographic information shows that both
results correlate well. For instance, in (12), C25-N3 is 1.365 (3) A while C34-N6 is 1.310 (4)
A in the crystal structure. The computational bond lengths of these two bonds are 1.358 A
and 1.307 A, respectively. Therefore, negligible deviations in computational results from
the crystal structure can be seen. Such a comparison is not possible for compound (10)
since we do not have its crystal structure.

39
u’“ '
ﬁﬂﬁﬁﬁ

s

(12)

(10)

Figure 4. Optimized geometries of compounds (10) and (12) at PBE0-D3B]/def2-TZVP level of theory.
In 3D models, red represents oxygen, grey carbon, and blue nitrogen atoms. Hydrogen atoms are
omitted for clarity. (Grey balls shows carbon atoms, red balls show oxygen, while show nitrogen).

Frontier Molecular Orbital (FMO) Analysis and Hyperpolarizability

Reactivity and other physical parameters, such as the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbitals (LUMO), can
be analyzed through frontier molecular orbital analysis [31]. In our case, since compound
(10) exhibited an unexpected reactivity, its FMO analysis will be helpful in obtaining a
better insight. Its calculated HOMO-LUMO energy difference is 4.51 eV. Figure 5 shows
the iso-surface plots of HOMO and LUMO of compound (10). We can see that HOMO is
present on the main indole framework, LUMO is on the right-side aromatic moiety, and the
amido group is on the indole. Both compounds (10) and (12) are expected to show excellent
non-linear optical properties, as indicated by their hyperpolarizability (8) of 4643.02 a.u.
and 1009.56 a.u., respectively.

LUMO

HOMO

Figure 5. Iso-surface lots of frontier molecular orbitals of compound (10).
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2.3. Crystal Data
2.3.1. Single Crystal XRD Depiction of 8 and 12

In the crystal structure of (Figure 1 and Table 1), the 4,6-dimethoxy-1H-indole-7-
carbaldehyde group A (C7/C8/C15-C24/N1/01-O3) is planar with root mean square
deviation of 0.0426 A. The phenyl rings B (C1-C6) and C (C9-C14) attached to group
A are inclined at the dihedral angles of 7.39 (5)° and 59.16 (8)°. The bond lengths and
angles of significant importance are consistent with the corresponding ones in the literature
compounds [32,33]. The configuration of the molecule is stabilized by intra-molecular
N-H. - - O bonding. Hydrogen bonding is not present in the supramolecular assembly. The
molecules are connected through 7- - - 7w stacking interaction along b-axis. The phenyl ring
(C1-Cé) of a molecule interacts with the 2,3-dihydro-1H-pyrrole and 1H-indole rings of the
neighboring symmetry-related molecule with separation between the centers of interacting
ring range from 4.13 to 4.18 A (Figure 6). The dihedral angles between the interacting rings
range from 29.6 (4)° to 31.4 (3)°. The supramolecular assembly is further stabilized by weak
C-H- - - mand C-Cl- - - 7t interactions with an H- - - 7t distance of 2.68 A, whereas Cl- - - 7 has
a distance of 5.718 (8) A.

Table 1. Experimentally related important details for 8 and 12.

CCDC
Chemical formula C24H18C13NO3 C27H24N206
474.74 472.48
Crystal system, space group Orthorhombic, Pca2; Monoclinic, P2; /n
22.879 (5), 6.0315 (14), 16.084 (4) 14.3363 (16), 12.0884 (13), 14.8394 (17)
Temperature (K) 296 296
2219.5 (9) 2430.8 (5)
90, 90, 90 90, 109.053 (6), 90
4 4
0.44 0.09
Radiation type Mo Ko Mo Ko
Crystal size (mm) 0.36 x 0.18 x 0.15 0.35 x 0.30 x 0.24
Data Collection
Absorption correction Multi-scan Multi-scan
(SADABS; Bruker, 2007) (SADABS; Bruker, 2007)
No. of observed, mdependen.t and measured 1588, 3218, 9325 1588, 3218, 9325
[I> 20 (I)] reflections
(Sin 0/A)max (A™1) 0.606 0.617
Diffractometer Bruker Kappa APEXII CCD Bruker Kappa APEXII CCD
0.095 0.083
Refinement
No. of reflections 3218 4764
No. of restraints 1 26
No. of parameters 270 341
R [F? > 20(F?)], wR(F?), S 0.045, 0.091, 0.97 0.058, 0.144, 0.99
APmax, Apmin (€ A73) 0.20, —0.24 0.16, —0.16
H-atom treatment H-atom parameters constrained H-atom parameters constrained

In the crystal structure of (Figure 3 and Table 1), the quinazoline ring A (C8-C13/C16/
C17/N1/N2) is planar with a root mean square deviation of 0.0207 A. The methoxy group B
(C14/02) has a larger deviation from the plane of group A compared to the other methoxy
group C (C15/03). The benzaldehyde group D (C1-C7/01) and phenyl ring E (C18-C23)
are inclined at the dihedral angles of 9.96 (4)° and 10.59 (1)° with respect to group A. The
methoxy group of methyl 2-hydroxypropanoate moiety F (C24-C26/C27A/04/05/06A)
is disordered over two sites and is stabilized by using various suitable restraints.
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Figure 6. Graphical illustration of 7- - - 1 stacking interaction in the supramolecular assembly of 8.
For clarity, H-atoms are not displayed.

The bond lengths and angles of significant importance are consistent with the cor-
responding ones in the literature compounds [34-36]. The molecules are connected in
the form of a C(11) chain by C-H- - - O bonding, where CH is from ring E, and carbonyl
O-atom of moiety F acts as an H-bond acceptor (Figure 7). The chain runs propagate along
the b-axis. The supramolecular assembly is further stabilized by offset 7t- - - 7 stacking
interactions among the pyrimidine rings of the symmetry-related molecules and C-H- - - 7t
interaction with CH from the methoxy group C (Figure 8). The dihedral angle between the
symmetry-related pyrimidine rings is 0.03 (13)° with an inter-centroid separation of 4.27 A.

Figure 7. Packing diagram of 12 showing infinite chain formed by H-bonding. For clarity, selected
H-atoms are displayed.
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Figure 8. Graphical illustration of 7- - - 7 stacking and C-H- - - 7t interaction in the supramolecular
assembly of 12. For clarity, H-atoms are not displayed.

2.3.2. Hirshfeld Surface Analysis

Supramolecular chemistry is deeply focused on understanding the intermolecular
interactions in the crystals, because these interactions are the decider of the properties.
In this scenario, Hirshfeld surface analysis is performed using Crystal Explorer version
21.5 [37] to inspect the intermolecular interactions. The short contacts and comparatively
longer contacts present in the crystal can be recognized by plotting Hirshfeld surface over
dporm- The surface consists of red, blue and white colors. Red and blue regions show short
and long contacts, respectively. The contacts with a distance equal to the sum of the van der
Waal radii are shown by white regions [38]. Figure 9a,b shows the Hirshfeld surface over
dporm for 8 and 12, respectively. For 8, the red spot on the surface around carbonyl O-atom
showed short O- - - Cl contact and red spots around CH of the methoxy group showed short
H- - - C contacts (Figure 9a). For 12, the red spot on the surface around carbonyl O-atom
showed short O- - - H contact and red spots around CH of the phenyl ring showed short
H- - - O contact (Figure 9b).

Figure 9. Hirshfeld surface plotted over for (a) 8 in the range —0.1019 to 1.4971 a.u, (b) 12 in the
range —0.1593 to 1.8443 a.u.
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The contribution of the contact to the stabilization of the supramolecular assembly
of the crystal can be determined and displayed by 2D fingerprint plots [39]. Figure 10a-h
show the 2D plots of significant importance for 8 and 12, respectively. For both compounds,
H- - -H contacts make the largest contribution to the supramolecular assembly, with a
percentage contribution of 32.4% in 8 (Figure 10a) and 49.2% in 12 (Figure 10e). The next
important contact for 8 is H-: - - Cl, with a contribution of 26.4% (Figure 11b), whereas the
crystal structure of 12 contained no chlorine atoms, so there are no contacts involving
the chlorine atom. O---H contact makes a larger contribution to 12 as compared to 8,
as in the absence of chlorine atoms, oxygen atoms contribute more to the stabilization
of supramolecular assembly. H-:--C contact makes a significant contribution to both
compounds, as both have a number of short H- - - C contacts.

=32
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Figure 10. Important 2D plots for (a-d) 8, (e-h) 12 (Figure S10).

(b)

Figure 11. Graphical view of voids along the b-axis for (a) LR-III92A, (b) LR-III-9730_0m.

The crystal’s response to applied stress depends on the voids present in it. A crys-
tal with large cavities cannot bear a significant amount of stress. In order to check the
mechanical strength of 8 and 12, we calculate voids using an approach reported in the
literature [40]. The pro-crystal electron density idea is used to calculate voids with an
iso-surface of 0.0002 a.u (Figure 11). The volume of voids is 334.69 and 399.09 A% in8and
12, respectively. The voids consume 15.1% of the space in 8 and 16.4% in 12. The voids
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occupied a small space in both compounds, so there is no large cavity, and compounds are
expected to have a good mechanical response.

2.4. In Silico Anticholinesterase Activity

Virtual screening of the proposed compounds (5-10 and 12) was performed against
Human Acetylcholinesterase (hAChE). All compounds show very good binding to hAChE.
A dimeric form of the enzyme was used for the docking study, and it was very interesting
to note that 6 and 10 showed binding to the dimeric interface of the enzyme (ALA377
(Chain A), LE 380 (Chain A), HIS381 (Chain A), THR383 (Chain A), ASP384 (Chain A),
TRP385, (Chain A), GLN527 (Chain A), ALA530 (Chain A), PHE531 (Chain A), PHE535
(Chain B), ALA377 (Chain B), VAL378 (Chain B), LEU380 (Chain B), HIS381 (Chain B),
THR383 (Chain B), TRP385 (Chain B), GLN527 (Chain B), ALA530 (Chain B). PHE531
(Chain B) and PHE535) with binding energies of —11.25 and —10.46, respectively (Figure 12
and Table 2).

Table 2. Binding energies, dissociation constants and binding site residues for the ligands (5-10, 12).

Compounds

Binding Energy Dissociation Constants
(kcal/mol) (nM)

Binding Sites

—10.48

TYR 72, THR 75, ASP 74, LEU 76, LEU 289, TRP 286, GLN
20.74 291, SER 293, GLU 292, VAL 294, ARG 296, PHE 295, PHE
297, PHE 338, TYR 337, TYR 341

—11.25

ALA 377 (Chain A), LEU 380 (Chain A), HIS 381 (Chain A),
THR 383 (Chain A), ASP 384 (Chain A), TRP 385, (Chain A),
GLN 527 (Chain A), ALA 530 (Chain A), PHE 531 (Chain A),

5.67 PHE 535 (Chain B), ALA 377 (Chain B), VAL 378 (Chain B),
LEU 380 (Chain B), HIS 381 (Chain B), THR 383 (Chain B),
TRP 385 (Chain B), GLN 527 (Chain B), ALA 530 (Chain B).
PHE 531 (Chain B), PHE 535

—-9.79

TYR 72, THR 75, ASP 74, LEU 76, GLY 121, SER 125, GLY
66.97 122, TRP 286, PHE 295, ARG 296, VAL 294, TYR 337, PHE
297, TYR 341, PHE 338, HIS 447

—10.50

TYR 72, ASP 74, THR 75, LEU 76, GLY 121, GLY 122, SER
20.13 125, SER 203, TRP 286, LEU 289, SER 293, VAL 294, PHE 295,
ARG 296, PHE 297, TYR 337, PHE 338, TYR 341, HIS 447

—10.46

TYR 72, THR 75, ASP 74, LEU 76, LEU 289, TRP 286, GLN
21.69 291, SER 293, GLU 292, VAL 294, ARG 296, PHE 295, PHE
297, PHE 338, TYR 337, TYR 341

—10.38

TYR 72, TYR 341, ASP 74, LEU 76, THR 75, TRP 286, GLN
24.58 291, LEU 289, SER 293, GLU 292, PHE 295, VAL 294, ARG
296, TYR 337, PHE 297, PHE 338,

10

—10.46

ALA 377 (Chain A), LEU 380 (Chain A), HIS 381 (Chain A),
THR 383 (Chain A), ASP 384 (Chain A), TRP 385, (Chain A),
GLN 527 (Chain A), ALA 530 (Chain A), PHE 531 (Chain A),

21.49 PHE 535 (Chain B), ALA 377 (Chain B), VAL 378 (Chain B),
LEU 380 (Chain B), HIS 381 (Chain B), THR 383 (Chain B),
TRP 385 (Chain B), GLN 527 (Chain B), ALA 530 (Chain B).
PHE 531 (Chain B), PHE 535

—10.29

TYR 341, PHE 338, TYR 337, PHE 297, ARG 296, PHE 295,
28.76 VAL 294, SER 293, GLU 292, GLN 291, LEU 289, LEU 76,
ASP 74, THR 75, TYR 72

12

—11.13

TYR 72, ASP 74, THR 75, TRP 286, THR 83, LEU 76, HIS 287,
TRP 286, LEU 289, GLU 292, GLN 291, VAL 294, PHE 295,
SER 293, ARG 296, TYR 337, PHE 297, PHE 338, GLY 342,
TYR 341

6.97
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Figure 12. Ligand protein interactions for the proposed compounds (5-10, 12). The right panels show
the ligand interactions in the binding pocket (prepared using PyMol), while the left panels show H
bonding and hydrophobic interactions.

All other ligands preferably bind to the peripheral anionic site (PAS) of acetylcholinesterase,
consisting of TYR72, ASP74, TYR124, TRP286, and TYR341 amino acids. The PAS site is
connected to the active site residue of the enzyme SER203, GLU334, and HIS447 by a narrow
path. Ligand 7 shows the best binding to PAS residue, including TYR72, ASP74, THR75, LE
76, THR83, TRP286, HIS287, LEU289, GLN291, GLU292, SER293, VAL294, PHE295, ARG296,
PHE?297, TYR337, PHE338, TYR341, GLY342 (Figure 12) with binding energy and dissociation
constant of —11.13 kcal/mol and 6.97 nM, respectively (Table 2). Four H-bonds were observed,
i.e., two with TYR72 (3.3 and 3.45 A), one with each THR75 (3.08 A) and ARG296 (3.48 A)
(Figure 12). A m—mt stacking was also observed with TRP286, which has been reported to
impair enzyme activity. The PHE297 from the acyl pocket of the enzyme is also surrounded
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by the ligand and may involve in impairing its interactions with its substrate acetyl group.
Previously, TRP286 and VAL294 were found to interact with substituted benzene rings in
azine derivatives by m-mt- and 7-alkyl hydrophobic interactions [41].

Comparable binding energies were calculated for other ligands (5, 7-9, 12) to the same
PAS binding site, where active site residues include TYR72, THR75, ASP74, TRP286, LEU76,
LEU289, GLU292, GLN291, SER293, ARG296, VAL294, PHE297, PHE295, TYR337, TYR341
and PHE338, amino acids. Ligand 8 shows a binding energy value of —10.46 kcal/mol
and a constant dissociation value of 21.69 nM (Table 2). It stabilizes its binding with
three hydrogen bonds, each with THR75, PHE295, and ARG296 (Figure 12). In vitro
and in vivo studies are required for further exploration and confirmation of compounds
and anticholinesterase inhibitors, as in silico activities only suggest/predict the expected
biological potential of the synthetic compounds.

2.5. Anticholinesterase and Antibacterial Activities

Azine derivatives, benzoxazepines and benzodiazepines show various biological ac-
tivities, including antibacterial, antifungal, and anticholinesterase activities [42—44]. This
makes benzo-diazine an excellent candidate for exploration of its potential for cholinesterase
inhibition and antimicrobial activities. The synthesized compounds (8, 9, 10 and 12)
were subjected to anti-acetylcholinesterase activity, and 8 and 12 showed better acetyl-
cholinesterase inhibition in comparison to other compounds, showing ICsy values of
7.31 and 6.11 uM, respectively, but due to solubility issues the ICsy values can be far less
than the apparent value. The same can be true for 9 and 12, precipitated even at lower
concentrations in the reaction mixture. The standard drug galantamine ICsy value was
5.32 uM. The in silico results also agree with these findings and show very low dissociation
constants and strong binding energies. In addition, 4,6-Dimethoxyindole-based Azines
derivative showed a maximum of 30-64% inhibition of acetylcholinesterase while using
200 uM compounds, where dimethoxy substituted compounds were shown to be the
best inhibitor [41]. Some azine Schiff bases showed an ICsj of 23.60 = 0.63 pug/mL and
28.59 £ 0.07 ug/mL [45].

Disc diffusion assay was performed to evaluate the antibacterial potential of com-
pounds (8, 9, 10 and 12) against antibiotic-resistant strains of Salmonella Typhi and Staphy-
lococcus aureus. Only 12 showed considerable antibacterial activity against S. Typhi (ZOI
~13 mm), while against S. aureus, all four compounds (8, 9, 10 and 12) showed very good an-
tibacterial activity showing zone of inhibition (ZOI) as ~18, 21, 17 and 20 mm, respectively.
Heterocyclic compounds are well-known for their antibacterial potential. A series of Ben-
zoxazepine derivatives have shown promising antibacterial activities against Staphylococcus
sciuri (zone of inhibition as 8-21 mm) and E. coli (zone of inhibition as 8-14 mm) [46]. Isoxa-
zolyl benzo [1,4]diazepine-5-ones have shown antibacterial against both G + ve (B. subtilis,
B. sphaericus, S.aureus) and G-ve bacteria (P. aeruginosa, K. aerogenes, C. violaceum) [47]. Ben-
zoxazepine, benzothiazepine and benzodiazepine derivatives showed good antibacterial
activity. The zone of inhibition was found to be 1-15 mm for E. coli, 12-18 mm for B. subtilis,
10-20 for S. aureus and 10-22 for P. aeruginosa [48].

3. Materials and Methods
3.1. Synthesis
3.1.1. General Procedure for the Synthesis Indoles, 5-6

A mixture of benzoin (2-hydroxy-1,2-diphenylethanone) and 3,4,5-trimethoxy/3,5-
dimethoxyaniline (3 eq, 13.1 mmol) was heated for about 2.5 h at 120 °C. The mixture was
allowed to cool at room temperature, followed by the addition of Acetic acid (AcOH) (32 eq,
0.141 mol, 8.5 g, 8.1 mL) and aniline (1 eq, 4.4 mmol, 0.41 mL). After mixing, the resulting
combination was heated for 5 h at 130 °C. The mixture was again allowed to cool at room
temperature and then filtered. In order to obtain a white solid (50-60%), the crude product
was washed with methanol (MeOH)
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3.1.2. 4,6-Dimethoxy-2,3-Diphenyl-1H-Indole, 5

3,5-Dimethoxyaniline (3 eq, 13.1 mmol, 2.01 g); 2-hydroxy-1,2-diphenylethanone (3 eq,
13.1 mmol, 2.8 g) colorless solid (56%, 2.4 g); Rf is 0.3 (n-hexane/EtOAc 3:2); Melting Point:
240-242 °C; UV (A, nm, log €)) (325, 4.62403), (274, 5.56330); IR (Gmax, cm ™) KBr: (N-H)
3343; '"H NMR (5 in ppm, CDCl3, 300 MHz): 8.16 (1H, NH, bs), 745-722 (10 H, 2 ph, m), 6.57
(1H,H’,] =19 Hz, m) 6.26 (1H, H>, ] = 1.9 Hz, d) 3.92, 3.73 (3H each, OCHj3, s); >*C NMR (&
in ppm, CDCl3, 75 MHz): 157.8, 155.3 (C® & C*, both s), 137.4, 135.9 (C’? & C?, both s), 133.0,
131.9 (CV & C1”, both s), 131.5, 128.5, 127.8, 127.3 (all 2x, C3", C2", C3' & C?, all d), 126.9,
125.9 (C*’, C¥, both d), 115.0, 113.0 (C32 & C3, both s) 92.5 86.5 (C” & C>, both d), 55.7, 55.2
(OCH3, q); LR EIMS (amu, m/z) 314 (54%) [M — Me®]*, 329 (100%) [M]**; CHNS analysis:
(CoH19NO»): 79.9% C, 5.7% H, 4.2% N, requires: 80.2% C, 5.8% H, 4.3% N.

3.1.3. 4,5,6-Trimethoxy-2,3-Diphenyl-1H-Indole, 6

2-hydroxy-1,2-diphenylethanone (3 eq, 13.1 mmol, 2.8 g), 3,4,5-Trimethoxyaniline (3 eq,
13.1 mmol, 2.40 g); crystalline solid in off white colour (50%, 2.4 g); Rf is 0.25 (n-hexane/EtOAc,
7:1); Melting Point: 218-220 °C; UV: (Ayy in nm, log €): (318, 2.89228); IR: (Umax in Cmfl) KBr:
3363 for N-H; 'H NMR: [(5 (ppm, CD3),SO, 300 MHz)]: 8.12 (1H, NH, bs), 7.48-7.23 (10 H,
2 Ph, both m), 6.78 (1H, H’, s) 3.87, 3.72. 3.36 (3H each, OCHj, all s), 1*C NMR [(CDj3),SO,
75MHz, § (ppm)]: 151.0, 146.7, 136.8 (C®, C° & C*, all s), 136.6, 133.4 (C72 & C?, both s), 133.0,
132.9 (C1" & CV, both s), 131.3, 128.0, 128.7, 127.9 (all 2x, C3”, C3, C¥" & C?, all d) 127.2,
126.4 (C*" & C*, both d), 115.8, 113.5 (C3? & C3, both s), 90.7 (C7, s) 61.2, 60.9, 56.3 (OCHj3, q);
LR EIMS (amu, m/z): 359 (100%) [M]**.

3.1.4. 4,6-Dimethoxy-2,3-Dimethyl -1H-Indole, 7

3-chlorobutanone (10.0 mmol, 1.06 g, leq), 3,5-dimethoxyaniline (10 mmol, 1.53 g,
1 eq); NaHCOj3 (19.0 mmol, 1.6 g, 1.9 eq) and LiBr (13 mmol, 1.1 g, 1.3 eq) in absolute EtOH
(20 mL) were refluxed for 3 h. After cooling to ambient, the resulting solid was separated by
filtration and washed with HyO to give 7, a white solid (50% yield). M.P.: 115-116 °C [31];
IR: (0max in cm~1) KBr: 3382 for N-H; 'H NMR [6 in ppm, 300 MHz, (CHCl3)]: 7.565 (1H,
indolic NH, s), 6.39 (1H, H’, s), 6.18 (1H, H°, s), 3.89-3.84 (3H each, OCHj3, s), 2.36, 2.29 (3H
each, CHj3, s).

3.1.5. 7-Trichloro-acetyl-4,6-Dimethoxy-2,3-Diphenyl-1H-Indole, 8

A mixture of Trichloro-acetyl chloride (CI3CCOCI) (1.5 eq, 4.95 mmol, 0.90 g, 0.56 mL)
and 5 indole (1 eq, 3.3 mmol, 1.08 g) was refluxed for 3 h in dichloromethane (CH,Cl,)
(25 mL). Ice cold water (80 mL) was used to quench the reaction. The mixture was ex-
tracted with dichloromethane (CH,Cl,) (3 x 15 mL). 354, a yellow solid (65%, 1.01 g) was
obtained by drying the combined organic layers over anhydrous NaySOy, followed by in
vacuo concentration.

Rf is 0.57 (n-hexane/EtOAc, 3:1); Melting Point: 176-177 ° [32]; UV: (A in nm, log €):
(310, 4.27256), (270, 4.3460); IR: (Gmax in cm~1) KBr: (C—Cl) 693, (N-H) 3052, (C=0) 1632; 'H
NMR: [§(ppm) CDCl3, 300MHz]: 10.44 (1H, NH, bs), 7.39-7.22 (10 H, 2 Ph, m), 6.19 (1H, H>, 5),
3.99, 3.82 (3H each, OCHj3, both s); 13C NMR: [8(ppm), CDCl3, 75 MHz]: 182.0 (C8, s), 161.7,
160.2 (C° & C*, both s), 138.9, 135.2 (C72 & C2, both s), 132.9, 131.9 (CV & C!”, both s), 131.2,
128.4,127.8, 127.4 (all 2x, C3",C2"", C3 & C?, all d), 127.3, 126.3 (C*" & C*, both d), 115.2,
113.4 (C% & C3, both s), 98.6, 98.2 (C7 & C?, both s), 87.7 (C°, d), 55.5, 55.4 (OCH3, q); ESI
MS: amu (C4H19*°CI3NO3), [M + H]*® observed (474.0432), calculated (474.0431), variation
(0.1 mmu).

3.1.6. 4,6-Dimethoxy-2,3-Diphenylindole-7-Carboxylic Acid, 9

7-trichloroacetylindole 8 (1 eq, 5.3 mmol 2.52 g) was refluxed in the presence of KOH
(7.1 eq, 37.63 mmol, 2.1 g) in the ag. EtOH (1:1, 50 mL) for 10 min. Then Cooled and
neutralized with HCI (10%) to have the acid 355 (80%, 1.59 g). Rris 0.2 (n-hexane/EtOAc,
3:1); Melting Point: 190-192 °C; IR (cm ™1, Omax) KBr: (C=0) 1627, (bs,0-H, N-H) 3340;



Molecules 2023, 28, 5024

16 of 20

TH NMR (5 in ppm, 300 MHz, CDCl3): bs 10.9 (1H, COOH), 10.6 (1H, NH, bs), 7.40-7.10
(10H, 2 Ph, m), 6.30 (1H, H>, s), 4.15, 3.80 (3H each, OCHj, s), '*C NMR (8 in ppm, 75 MHz,
CDCl3): 166.9 (C8, s), 159.4, 157.5 (C® & C*, both s), 138.1,135.4 (C72 & C2, both s), 134.0,
132.1 (CY & C!, both s), 131.4, 128.5,128.1, 127.5 (all 2x, C3”, C%’, C3 & C?, all d), 127.3,
126.3 (C*" & C*, both d), 114.4, 114.2 (C32 & C3, both s), 94.1 (C7, s), 87.1 (C°, d), 57.5, 55.5
(OCHs,q),; LR EIMS (amu, m/z): [M]** 373 (80%), [M — H,O]** 355 (100%); CHNS analysis:
for Co3H19NOy: 73.6% C; 4.8% H, 3.5% N, requires; 74.0% C, 5.1% H & 3.7% N.

3.1.7. 4,6-Dimethoxy-2,3-Diphenyl-1H-Indole-7-Carboxamide, 10

A solution of 7-trichloroacetylindole 8 (2.7 mmol, 1.28 g) in 10 mL THF was allowed to
react with an excess of ag. NHj3 (1:4, 20 mL) for 30 min. After the reaction completion, the
solvent was rotary evaporated, then chilled with ice-cold water, and the resultant mixture
was filtered to obtain the amide 41 (80%, 0.80 g). Rris 0.4 (n-hexane/EtOAc, 3:1); MP is
176 °C; UV: log ¢ (nm, Aygy): 3.76554 (337), 4.53951 (274); IR (cm ™!, Gmax) KBr: 3832, 3732
(NH,), 3176 (N-H), 1575 (C=0, amide); 'H NMR [§ in ppm, 300 MHz, (CDj3),SO]: 11.36
(1H, indolic NH, s), 7.81 (1H, | = 3 Hz, amidic NH, d), 7.54 (1H, amidic NH, s), 7.24-7.31
(10H, 2 Ph, m), 6.47 (1H, H>, s), 4.05, 3.76 (3H each, OCHj3, both s); 13C NMR [75 MHz, § in
ppm, (CD3),0,]: 169.5 (C8, ), 158.1, 157.2 (C® & C*, both s), 138.7, 135.9 (C72 & C?, both s),
133.4,132.6 (CY, C1”, both s), 131.5, 128.4, 128.1, 127.4 (all 2, C3”, C?"", C¥ & C?%, all d),
127.1,126.0 (C*" & C¥, both d), 113.8, 113.7 (C3* & C3, both s), 96.8 (C7, s), 87.6 (C>, 5) 56.9,
55.3 (OCHj3, both q).

3.1.8. 8-Benzoyl-5,7-Dimethoxy-4-(1"’-Methyoxycarbonylethoxy)-2-Phenyl-1,3-Benzodiazine, 12

Indole amide 10 (1 eq, 0.8 mmol, 0.30 g) was added to the mixture of 2ml DMSO
and NaH (2 eq, 1.6 mmol, 40 mg) with continuous stirring for 1.5 h at temp. 160 °C, then
cooled, methyl bromo-propanoate (1.2 eq, 0.96 mmol, 0.11 mL, 0.16 g) was added and
stirred overnight. Then, 100 mL H,O was added, the resultant solid was first filtered, dried
and then flashed chromatographed with 5, 10, 15, 20, 25, 30% x 7 (100 mL each) EtOAc in
n-hexane, to obtain a white solid (39%, 0.15 g) in 63rd to 96th fraction, each of 25 mL. Rris
0.4 (1:1, n-hexane/EtOAc); Melting Point: 120 °C; UV: (log € nm, Amax): (4.27047, 278); IR
(cm ™1, Gmax) KBr: 1755 (ester, C=0), 1681 (ketone, C=0), 1577 (C=N); 'H NMR (8 in ppm,
300 MHz, CDCl3): 8.11-7.88 (5H, Bz, m), 7.55-7.30 (5H, Ph, m), 6.66 (1H, HS, s), 5.52 (IH,
OCH, | =7.2 Hz, q), 4.10 (3H, COOCH3, s), 3.95, 3.76 (3H each, OCHj3;, both s), 1.81 (3H,
CHj3, ] = 7.2 Hz, d); 3C NMR (8 in ppm, 75 MHz, CDCl3,): 196.0 (C?, s), 171.2 (C?, s),
172.6 (C1", s), 161.2, 160.1 (C7 & C5, both s), 159.4, (C%2, ), 153.3 (C4, s), 138.9, 137.1 (CV,
CY boths), 129.4 2x, C?"’,C*', d), 128.4 (2x, C¥,d), 128.3 (2x, C¥, d), 128.0 2x, C¥,
C¥,d),116.2,100.9 (C® & C*2, both s), 93.7 (C®, d), 71.5 (C'"”, d), 56.2, 56.5 (OCH3, both q),
52.1 (CO,CHj, q), 17.3 (CHs, q); ESIMS [M + H]**® (amu): 473.1712 (calc.), 473.1697 (found),
1.5 mmu difference.

3.2. Computational Methods

Computational insight has been helpful in studying geometric features and reactivity
of molecules for a long time. Here, we used computational methods employing density
functional tools, as implemented in the Gaussian 09 [49] suite of programs. We applied the
PBEQ hybrid functional method [50,51] along with the def2-TZVP basis set of triple ¢ qual-
ity [52] in our calculations. Grimme’s empirical dispersion correction with Becke-Johnston
damping (D3BJ) [53-55] was added to count for dispersion interactions. The optimized ge-
ometries were confirmed to be the true minima, as indicated by the frequency output where
no imaginary frequency was found. Molecular docking was used to probe ligand—protein
interaction against Human Acetylcholinesterase (PDB ID 4MOE), as described previously
by our group. YASARA Dynamics was employed with the parameters used before [56,57].
The visualisation and figures were prepared using PyMol [58-60] and LigPlot [61].
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3.3. Antibacterial and Anticholinesterase Activities

Antibacterial activity was assessed against clinically isolated, antibiotic-resistant strains
of Salmonella typhi and Staphylococcus aureus using Disk diffusion assay, as previously de-
scribed [62]. Anticholinesterase activity was also performed, as described earlier for indoles.

3.4. Single Crystal XRD Details of 10 and 12

The crystals of suitable size are selected and mounted on Bruker Kappa Apex-II
for the sake of data collection, as molybdenum X-ray source. For the structure solution
and refinement, SHELXT-2014 [61] and SHELXL-2019/2 [63] software were used. Non-
hydrogen atoms and H-atoms were assigned anisotropic displacement (parameters and
isotropic displacement parameters, respectively). For eye-catching graphics, PLATON [64]
and Mercury [65,66] software were employed.

4. Conclusions

During trials to synthesize pharmacologically potent indole fused benoxazepine/
benzodiazepine heterocycles, an unexpectedly rearranged novel product, 1,3-bezodiazine,
was obtained. Compounds (10) and (12) were subject to computational insight (DFT studies
and Hirshfeld surface charge analysis) for a better understanding of geometric features and
reactivity of the products, to create an idea for the design of derivative drugs from the novel
compound. FMO analysis revealed that LUMO is present over amido function, which
is expected to undergo internal rearrangement. An excellent nonlinear optical response
is expected as a result of significant hyperpolarizability. The synthesized compounds,
particularly 3-bezodiazine, have shown considerable anticholinesterase and antibacterial
activities, and these can be explored further for in vitro and in vivo activities and toxicity
at the cellular level.
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