crystals

Article

X-ray Crystal Structure, Hirshfeld Surface Analysis, DFT,
and Anticancer Effect of 3-Hydroxy-6-phenyl-1,5-
benzodiazepin-2-one Derivatives

Sanae Lahmidi *, Ahmad H. Bakheit 2*, El Mokhtar Essassi !, Joel T. Mague 3

check for
updates

Citation: Lahmidi, S.; Bakheit, A.H.;
Essassi, E.M.; Mague, ].T.; Alanazi,
M.M. X-ray Crystal Structure,
Hirshfeld Surface Analysis, DFT, and
Anticancer Effect of 3-Hydroxy-6-
phenyl-1,5-benzodiazepin-2-one
Derivatives. Crystals 2023, 13, 1693.
https://doi.org/10.3390/
cryst13121693

Academic Editors: Felix Chukhovskii,
Konarev V. Petr and Vladimir

Vladimirovich Volkov

Received: 15 November 2023
Revised: 5 December 2023

Accepted: 12 December 2023
Published: 15 December 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/).

and Mohammed M. Alanazi >*

Laboratory of Heterocyclic Organic Chemistry, Department of Chemistry, Faculty of Sciences,
Mohammed V University in Rabat, Rabat 10106, Morocco; m.essassi@umbr.ac.ma
Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,
Riyadh 11451, Saudi Arabia

3 Department of Chemistry, Tulane University, New Orleans, LA 70118, USA; joelt@tulane.edu
*  Correspondence: sanae_lahmidi@um5.ac.ma (S.L.); abakheit@ksu.edu.sa (A.H.B.);
mmalanazi@ksu.edu.sa (M.M.A.)

Abstract: This study investigated the crystallographic and electronic properties of 1,5-benzodiazepine
compounds, namely: cis-(35,4S)-3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-1,5-benzodia
zepin-2-one 3b, trans-(3R 4R)-1-ethyl-3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-2H-1,5-
benzodiazepin-2-one 4, and trans-(3S,4S) 1-ethyl-3-ethoxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-
1,5-benzodiazepin-2-one 5. Hirshfeld surface analysis was also applied to discern the intermolecular
interactions, highlighting the significance of hydrogen bonding, van der Waals forces, and the
influence of specific substituents. Furthermore, the MESP maps created using the density functional
theory revealed the electrostatic nature of these molecules. The absence of dark blue regions on the
MESP maps and variations due to different functional groups and substitutions were noteworthy
findings. Collectively, this research offers crucial insights into the behaviour, interactions, and
potential applications of new compounds. Finally, the anticancer effects of compounds 3b, 4, and 5
were evaluated against three cancer cell lines and one normal cell line, and the results showed that
3b and 4 had potent antiproliferative effects against all three cancer cell lines.

Keywords: X-ray crystallography; Hirshfeld; DFT; 1,5-benzodiazepin-2-one; anticancer

1. Introduction

1,5-benzodiazepine derivatives are known as powerful scaffolds and building blocks
for the construction of a wide variety of heterocyclic compounds that play efficient roles in
medicinal and industrial chemistry [1-3].

Many synthetic routes have been developed to prepare 1,5-benzodiazepine derivatives
with potent biological and pharmacological activities [4-7]. In continuation of our research
on the synthesis and crystal structure of 1,5-benzodiazepin-2-one derivatives [8-15], we
report in this current work the crystal structures of 3-hydroxy-7,8-dimethyl-4-phenyl-1,5-
benzodiazepin-2-one derivatives.

The compounds in question are derivatives of the 1,3,4,5-tetrahydro-2H-1,5-
benzodiazepin-2-one structure. All three compounds share a common core skeleton
but are distinguished by their unique substituents. The core of these compounds is a
seven-membered diazepine ring, which contains two nitrogen atoms and is fused to a
benzene ring. Additionally, the 2-position of the diazepine ring contains a carbonyl group
(C=0). The compound, designated 3b “(3R,4R)-3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-
tetrahydro-2H-1,5-benzodiazepin-2-one”, is characterized by the presence of a hydroxy
group at the 3-position, methyl groups at the 7- and 8-positions, and a phenyl group
at the 4-position. The second compound (4), “(3R,4R)-1-ethyl-3-hydroxy-7,8-dimethyl-4-
phenyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-one”, introduces an ethyl group at the
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1-position, with keeping the hydroxy group at the 3-position, the methyl groups at the 7-
and 8-positions, and the phenyl group at the 4-position. Finally, compound 5, “(3R 4R)-3-
ethoxy-1-ethyl-7,8-dimethyl-4-phenyl-1,34,5-tetrahydro-2H-1,5-benzodiazepin-2-one”, has
an ethoxy group at the 3-position, an ethyl group at the 1-position, methyl groups at the
7- and 8-positions, and a phenyl group at the 4-position. These textual descriptions aim
to provide a comprehensive overview of the molecular structures; however, a chemical
drawing or diagram would offer a clearer and more detailed representation.

To obtain a comprehensive understanding of the structural attributes, we have ini-
tiated our study using single-crystal X-ray diffraction (SCXRD) analysis, complemented
by Hirshfeld-Becke surfaces (BSs) [16-19]. Using the conceptual DFT (CDFT), we predict
global reactivity descriptors along with local Parr functions with both nucleophilic and
electrophilic characteristics [20-23], which would provide insight into possible chemical
reactivities. Our current research delineates the structures and properties of the three
discussed compounds and guides synthetic organic chemists in designing and crafting new
materials within the 1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-one framework.

2. Materials and Methods

2.1. General Procedures

2.1.1. Synthesis of 3-Hydroxy-4-phenyl tetrahydro-1,5-benzodiazepin-2-one (3)
1,5-benzodiazepine diastereoisomers, 3a and 3b, were prepared according to the proce-

dure described by our team through the condensation of 4,5-dimethyl-o-phenylenediamine

with ethyl phenyl glycidate in refluxing xylene for 48 h (Scheme 1) [24,25].

Trans 3a 90%
——
(0]
HsC NHz 4,0 HsC
ﬁ o
HSC NH2 Xyléne, A , 48h H3C
Cis3b 10%
—

H3C

Scheme 1. Synthesis of diastereoisomeric 1,5-benzodiazepin-2-ones trans 3a and cis 3b.

2.1.2. Synthesis of the Alkylated Compounds (4) and (5)

These compounds have been synthesized according to the procedure previously
described in reference [24].

2.2. Anticancer Activity

The cytotoxicity assay of 3b, 4, and 5 was investigated using the colorimetric MTT
assay against three cancer cell lines and one normal cell line according to previously
reported procedures [26-28]. Human lung fibroblasts (WI38), hepatocellular carcinoma
(HEPG-2), mammary gland breast cancer (MCF-7), breast cancer (MDA-MB-231) and
epithelioid carcinoma cervical cancer (HeLa) cell lines were obtained from ATCC (Manassas,
VA, USA). Briefly, the cell lines were cultured in 96-well plates in triplicate in the presence
of 10% foetal bovine serum (FBS), an antibiotic cocktail of 100 uL/mL of streptomycin
and 100 units/mL of penicillin, and RPMI 11640 (Sigma-Aldrich, St. Louis, MO, USA)
as a medium with a density of 1.0 x 10* for 48 h at 37 °C, 5% CO,, and 100% relative
humidity. The cells were then exposed to five concentrations of each compound and the
reference compound as a positive control or left untreated. Afterwards, the cells were then
incubated with 20 mL of MTT solution. To dissolve the solid formazan that formed, 100 mL
of dimethyl sulfoxide (DMSQO) was added before the absorbance was read at 570 nm using
the BioTek EXL 800 plate reader (Agilent Technologies, Inc., Santa Clara, CA, USA). The
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relative cell viability percentage was calculated as follows (A570 of treated samples/A570
of untreated sample) x 100.

2.3. Computational Methodology

The density functional theory (DFT) calculations used input geometries obtained from
the experimental X-ray structure determinations [29,30].

Geometry optimizations for various isolated monomer and dimer models were per-
formed in the gas phase using the Gaussian 09, Rev D.01 software package (Gaussian Inc.,
Wallingford, CT, USA). The GaussView 6.0 program (Gaussian Inc., Wallingford, CT, USA)
was employed to visualize, analyse, modify, and export the resulting data.

The calculations employed the B3LYP functional, a well-known hybrid density func-
tional in computational chemistry and quantum mechanics. This functional combines
Becke’s three-parameter exchange (B3) functional [29] with Lee, Yang, and Parr’s corre-
lation (LYP) function [30]. The 6-311(d,p) basis set has emerged as a highly cost-efficient
choice for accurately predicting a range of properties, including geometry optimization,
thermochemical behaviour, crystal structures, spectroscopic analyses, and noncovalent
interactions. Employing the B3LYP/6-311(d,p) level of theory has been shown to strike
an optimal balance between minimal error margins and manageable computational de-
mands, as is evident in [31,32]. Further validation of the DFT/B3LYP method, using the
6-311G++(d,p) basis set, was conducted by comparing the calculated bond lengths and
angles with those reported in the literature [32,33].

Frequency calculations of the optimized geometries confirmed that all stationary points
were true minima (with zero imaginary frequencies) on the potential energy surface [29,30,34].

The stable geometries obtained from the optimizations were used to calculate the
reactivity descriptors and the molecular electrostatic nature of the interactions at the
same level of theory. Three-dimensional (3D) Hirshfeld surfaces (HSs) and corresponding
two-dimensional (2D) fingerprint maps were generated using the CrystalExplorerl7.5
program [35]. The dnorm surfaces for 3b, 4, and 5 were mapped using a fixed colour scale
ranging from —0.4449, —0.4296, and —0.3318 a.u. (red) to 1.5467, 1.4336, and 1.3823 a.u.
(blue), respectively. The shape index and curvedness mapping ranges for the three com-
pounds were set to —1.0 to 1.0 and —4.0 to 0.4 A, respectively.

Global chemical reactivity descriptors were computed based on concepts from a con-
ceptual DFT, also known as the chemical reactivity theory (CRT) [36,37]. A detailed theoret-
ical background and computational information are found in the Supplementary Materials.

For 3b, 4, and 5, the electrophilic P*; and nucleophilic P~ regions were identified
using the Parr functions. These were derived by examining the Mulliken atomic spin
densities (ASD) of both radical anions and cations. This examination was carried out
through single-point energy calculations of their optimized neutral geometries, leveraging
the unrestricted UB3LYP approach tailored for radical species [20,35-38].

2.4. X-ray Crystallography

Suitable crystals of 3b, 4, and 5 were mounted on polymer loops with a drop of heavy
oil and placed in a cold nitrogen stream using the Bruker D8 Venture diffractometer. The
intensity data were collected under the control of the APEX4 software (APEX4, Bruker AXS
LLC, Madison, WI, USA) and reduced to F2 values with SAINT (“Saint. Data Reduction and
Correction Program. Version 8.34A. Bruker AXS Inc., Madison, WI, USA, 2014”, n.d.), which
also performed a least-squares refinement of unit cell parameters with ca. 9500 reflections
chosen from the full data set. The application of empirical absorption corrections and
merging of equivalent reflections employed SADABS ((Version 2014/4). Bruker AXS Inc.,
Madison, WI, USA) [39], and the structures were solved with a dual space method using
SHELXT (Bruker. APEX3, SADABS, SAINT and SHELXTL. Bruker AXS Inc., Madison,
WI, USA, 2016) [40]. The structural models were refined by full-matrix, least-squares
procedures with SHELXL (Sheldrick, 2015) [40] with hydrogen atoms attached to carbon
included as riding contributions with isotropic displacement parameters tied to those of
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the attached atoms. For 3b and 4, hydrogen atoms attached to nitrogen and oxygen were
refined with the appropriate DFIX instructions. For 5, the atoms attached to nitrogen were
refined independently. The crystal structures and refinement data are presented in Table 1.

Table 1. Crystal and refinement data for 4, 3b, and 5.

Compound 3b 4 5
Identification code JTM1628_0m_a JTM1656_0m_a JTM1739_0m_a
Molecular formula C17H1gN>O» C19H»N>O» Cr1HpeN>O»

Formula weight (g/mol) 282.33 310.38 338.44
Temperature (K) 125 (2) 150 (2) 150 (2)
Crystal system triclinic triclinic monoclinic
Space group P-1 P-1 P2;/c
a(A) 6.2187 (2) 8.0149 (2) 9.9993 (4)
b (A) 9.8850 (3) 10.0579 (3) 18.0468 (7)
c(A) 11.7626 (3) 10.7774 (3) 10.2148 (4)
a(°) 84.040 (2) 77.129 (1) 90
B () 84.611 (2) 72.229 (1) 96.951 (1)
v (°) 89.181 (2) 86.879 (1) 90
Volume (A3) 715.97 (4) 806.47 (4) 1829.77 (12)
4 2 2 4
Ocale (g/cm3) 1.31 1.278 1.229
u (mm~1) 0.697 0.083 0.625
F(000) 300 332 728

Crystal size (mm)

0.242 x 0.068 x 0.023

0.284 x 0.278 x 0.192

0.189 x 0.158 x 0.058

Radiation CuKax (A = 1.54178) MoK« (A = 0.71073) CuKa (A = 1.54178)
20 range for data collection (°) 7.59 to 136.58 6.524 to 66.668 12.686 to 144.864
Index ranges —7<h §147,<711i ?3k <11, —12<h §161i ;iSlg k<15, —-12<h glzli ;iolg k<21,
Reflections collected 5914 43,213 64,905

Independent reflections

2544 [Rint = 0.0371,
Rsigma = 0.0471]

6209 [Rint = 0.0309,
Rsigma = 0.0187]

3599 [Rint = 0.0315,
Rsigma = 0.0105]

Data/restraints/parameters 2544/3/201 6209/2/219 3599/0/234
Goodness-of-fit on F2 1.03 1.025 1.057
Final R indexes [I > 20 (I)] WRI%;:OOO;LTSE ‘5&21000411;);; E Z ?)(1)%231,
Final R indexes [all data] Vfézzzooof;;/s vflizzzoooﬁilz VI\}I;Z::OOO‘llgi’/Z
Largest diff. peak/hole 0.20/—0.20 0.44/—0.18 0.44/—0.18

(e A7)

2.5. In Silico Physicochemical Properties

The in silico pkCSM descriptors algorithm program was utilized to analyse the physic-
ochemical characteristics and pharmacokinetics of compounds 3b, 4, and 5 following a
previously reported methodology [41].
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3. Results and Discussion
3.1. Structural Elucidation of Compounds 3a, 3b, 4, and 5

The synthesis and structures of the two diastereoisomeric 3-hydroxy-7,8-dimethyl-1,5-
benzodiazepin-2-ones (3a and 3b) are illustrated in Scheme 1.

The structure of the two diastereoisomeric compounds, 3a and 3b, were first character-
ized using 'H NMR spectroscopy [24,25], and the configuration of each diastereoisomer
was established through the coupling constant between the proton atoms at positions 3 and
4 of the seven-membered ring. The 'H NMR spectrum of compound 3a showed two dou-
blets with a coupling constant of 10 Hz corresponding to the trans configuration. Moreover,
the 'H NMR spectra of 3b presented two doublets with a coupling constant of 5 Hz, related
to the cis configuration of 3b. To confirm the results of the 'H NMR spectroscopy, we
performed a single-crystal X-ray diffraction study of compound 3b. Furthermore, 1-ethyl-
3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-2-one 4 and
trans dialkylated -1,5- benzodiazepin-2-one 5 were synthesized according to the procedure
described by Rida et al. [24] (Scheme 2).

Br-CH,-CH;
>
K,CO3, DMF
TEBAC

Br-CH,-CHj

NaOH 5%
TEBAC

Scheme 2. Alkylation of trans-3-hydroxy-7,8-dimethyl-4-phenyl-1,5-benzodiazepin-2-one under
phase transfer catalysis (PTC) conditions [31].

The structures of 4 and 5 were elucidated from the spectral data (‘HNMR, 13C NMR,
mass spectrometry) and confirmed by a single-crystal X-ray diffraction study.

3.2. Plausible Mechanisms for the Formation of the Synthesized Compounds

It is worth noting that Mamedov et al. [42] described in 2020 the condensation of
substituted o-phenylenediamines with methyl aryl glycidate in boiling acetic acid led
to two series of heterocyclic systems: 1,5-benzodiazepine and quinoxaline compounds.
The authors proposed possible mechanisms explaining their formation under an acidic
medium. On our part, we proposed a plausible mechanism explaining the formation of the
diastereisomers, 3a and 3b, in neutral conditions. The initial step starts with a nucleophilic
attack of the amino group of 4,5-dimethyl-o-phenylenediamine 1 on the carbon atom at the
3-position of ethyl glycidate 2, leading to N-substituted-o-phenylenediamine [A], which
undergoes an intramolecular cyclization involving the loss of an ethanol molecule from the
intermediate [B] to afford the two diastereoisomers, 3a and 3b (Scheme 3).
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3a,3b [B]
Scheme 3. Plausible mechanism for the formation of the two diastereoisomers 3a and 3b.

3.3. Description of the Structures of 3b, 4, and 5

In both 3b and 4, the seven-membered ring adopts a slightly flattened boat conforma-
tion, while in 5, the conformation is a slightly twisted boat. In 3b, the phenyl substituent
is in an axial position directed away from the “bottom” of the boat, while in 4 and 5, the
three substituents occupy approximately equatorial sites (Figure 1). The orientation of the
hydroxyl group in 3b is determined by the intramolecular O1—H1---O2 hydrogen bond
(Table 2) and the sum of angles about N2 is 360° within experimental error. This implicates
the involvement of its lone pair in N—C 7 bonding, and this is primarily with C9 as indi-
cated by the short N2—C9 distance of 1.339(2) A. Similar situations were obtained for N1 in
4 and in 5 where the N1—C7 distances are 1.3517(9) and 1.3577(15) A, respectively. In the
crystal of 3b, N2—H2A.--O1 hydrogen bonds generate chains of molecules extending along
the a-axis direction. These are connected across inversion centres by C2—H2:--O2 hydrogen
bonds and N1—H1A---Cg2 interactions (Table 2) with the formation of layers parallel to the
ac plane. The layers pack with normal van der Waals contacts. For 4, inversion dimers are
formed by O2—H?2A.--O1 and C15—H15---O1 hydrogen bonds (Table 2). These are joined
by inversion-related C11—H11B---O2 hydrogen bonds (Table 2) into ribbons of molecules
extending along the b-axis direction. The ribbons are connected by N2—H2B---Cg?2 interac-
tions (Table 2) into layers parallel to (101), and the layers are joined by C12—H12B.--Cg2
interactions (Table 2) to form the full 3D structure. In the supramolecular structure of 5,
N2—H2A.--O1 hydrogen bonds (Table 2) form zigzag chains of molecules extending along
the c-axis direction. The chains pack with normal van der Waals contacts.

A e (B) a0,
A JQ e b

& o
(4 pat 0108 “
R Y = .0
“Q&\Q 'f 6 ¥ @ i{:‘ /\/ N }
K o \“4 N ¢ " R (;.710L
e ;&, m ol ¥ X ¢

Figure 1. Perspective views of (A) 3b, (B) 4, and (C) 5, with labelling schemes and 50% probability
ellipsoids. The intramolecular hydrogen bond in (A) is depicted by a dashed line.
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Table 2. Hydrogen bond geometry (A,°) for 3b, 4, and 5.

Compound Bond D—H H---A D---A D—H---A
3b O1—H1---021! 0.847 (10) 2.00 (2) 2.5758 (16) 125 (2)
N2—H2A.--01 2 0.915 (10) 2,042 (11)  2.9342 (18) 165 (2)
C2—H2.--023 0.95 2.49 3.406 (2) 161
N1—H1A---Cg2? 0.91 (1) 2.80 (2) 3.5178 (16)  136.6 (15)
4 O2—H2A.---014 0.866 (9) 1.994 (10) 2.8388 (9) 164.9 (15)
C15—H15---014 0.95 2.42 3.2902 (10) 152
C11—H11B.--02° 0.98 2.58 3.5612 (11) 176
N2—H2B---Cg2 P 0.904 (2) 2.892 (9) 3.7868 (7) 170.6 (10)
C12—H12B---Cg2 0.99 2.87 3.5953 (8) 131
5 N2—H2A.--01° 0.895 (16) 2160 (17)  3.0509 (13)  172.9 (14)

1x,y,z;2x+1,y,z;3 1—x,1—y,2—z;4 1—x,2—y,1—z;5 1—x,1—y,1—z;6x, % -y, % + z; @ Centroid of C12---C17
ringat2-x,1-y,1 - z;® Centroid of C14---C18 ring at 2 - x, 2 -y, —z; € Centroid of C14---C18 ring atx -1, , z.

3.4. Hirshfeld Surface Analysis

Hirshfeld surface analysis helps to understand molecular interactions and design
molecules with targeted properties by studying their noncovalent bonds.

3.5. dyorm Mapping

The comparison of the Hirshfeld surfaces for 3b, 4, and 5 provides valuable in-
sights into the effects of derivatization or substitutions on their intermolecular interactions
(Figure 2). All three compounds exhibit similar molecular contours, which is indicative
of their closely related structural frameworks. Nevertheless, specific substituent groups,
such as the 3-ethoxy in 5, might introduce steric and electronic variations, influencing the
molecular behaviour. For both 3b and 4, the O—H:--O and N—H:--O hydrogen bonds
(Table 2) show up as dark red spots, while the C—H---O hydrogen bonds are indicated
by the lighter red spots. For 5, the only significant intermolecular interactions are the
N—H:---O hydrogen bonds, which are depicted by the dark red spots.

Figure 2. Three-dimensional Hirshfeld surfaces showing the intermolecular interactions within the
crystalline structures: Panel (A) for 3b, Panel (B) for 4, and Panel (C) for 5.
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Furthermore, the hydroxy group present in 4 might offer enhanced solubility and can
act as a potential hydrogen bond donor. This structural feature could influence its biological
activity. Meanwhile, the ethoxy substituent in 5 might affect the compound’s lipophilicity,
possibly altering its permeability and distribution in biological systems. The presence
or absence of the hydroxyl group and other substituents between the three molecules
will likely influence their binding affinities, reactivities, and overall pharmacokinetic and
pharmacodynamic profiles.

3.5.1. Curvedness and Shape Index

In our investigation of the molecular packing properties of 3b, 4, and 5, the measures
of curvature, notably the curvedness and shape index as delineated by Koenderink, prove
indispensable. Koenderink’s [43] seminal works have shed light on the pertinence of these
metrics in offering an in-depth understanding of intricate molecular frameworks [44].

In the molecular assembly of compound 5, the Hirshfeld surface analysis reveals
distinctive regions of marked curvature, differentiating it from its counterparts. Conversely,
the Hirshfeld surfaces of compounds 3b and 4 are distinguished by the presence of planar
regions. Specifically, the planarity is apparent over the centroid of the C12...C17 ring (Cg2)
in compound 3b and the C14...C18 ring (Cg2) in compound 4, located at the symmetry
operations 2 - x, 1 -y, 1 —z and 2 — x, 2 — y, —z, respectively. These planar domains
are indicative of the potential for t—hydrogen bonding interactions, which are known to
contribute significantly to the structural coherence in various molecular frameworks, as
illustrated in Figure 3A-C. In contrast, compound 5 is characterized by discernible regions
with dark blue perimeters on the Hirshfeld surface, suggesting the lack of m— stacking
interactions within its crystal structure [44].

Figure 3. Curvature analyses of compounds: (A) 3b, (B) 4, and (C) 5.

The shape index serves as another layer of insight, being a qualitative measure of
the differences in surface shapes. Its sensitivity is particularly pronounced in detecting
even subtle alterations, especially in areas that manifest as relatively flat. The dichotomous
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nature of the shape index is evident when studying the complementary facets, namely
‘bumps and hollows’. In molecular interactions, a blue bump shape marked by a shape
index exceeding one indicates the donor entity. Conversely, a shape index falling below
one, visualized as a red hollow, pinpoints the acceptor in the interaction (Figure 4A-C) [44].

Figure 4. Shape index visualizations for 3b (A), 4 (B), and 5 (C).

The detailed understanding of the molecular interactions in compounds 3b and 4,
particularly the apparent m-hydrogen bonding, enriches our discourse on their chemical
behaviours and intermolecular relationships. Such knowledge broadens the scope of
exploring their functionalities and prospective utilizations under diverse conditions, a
contrast to compound 5, where such m-hydrogen bonding interactions are absent.

3.5.2. Distribution of Individual Intermolecular Interactions

The distribution of individual intermolecular interactions in 4, 3b, and 5, was deter-
mined using Hirshfeld surface (HS) analysis. The results, presented in Table 3 and Figure 5,
reveal insights into the nature and strength of these interactions.

An analysis of Table 3 and Figure 6 highlights that in compounds 4, 3b, and 5, a
significant majority of the intermolecular interactions are hydrogen-based, specifically
H---H (62.6% in 4, 61.5% in 3b, and 73.8% in 5), H---C/C---H (21.5% in 4, 22.1% in 3b,
and 14.3% in 5), and H:--O/O---H (13.1% in 4, 14.3% in 3b, and 8.0% in 5), suggesting a
pivotal role of hydrogen bonding and van der Waals forces in their structural stability. The
symmetrical 2D fingerprint plots further corroborate that these interactions mainly occur
between identical monomers, with H---H contacts dominating due to the minimal van der
Waals radius of hydrogen (Figure S1).
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Table 3. The distribution of individual intermolecular interactions in 4, 3b, and 5 using Hirshfeld
surface (HS) analysis.

Interaction 3b (%) 4 (%) 5 (%)
H---C 221 21.5 14.3
H-- 14.3 13.1 8.0
H---H 61.4 62.6 739
O---N 0.4 0.0 0.0
C---O 0.6 0.0 14
H---N 0.5 2.6 2.3
C.--C 0.6 0.1 0.1
0---0 0.1 0.0 0
C---N 0.0 0.1

Compounds

Relative contribution (%)

Figure 5. Percentage distribution of different intermolecular forces contributing to the Hirshfeld
surface for 3b, 4, and 5.

™)

-5.317x1072

-5.083x102

®

4.083x102

4.117x1072

-5.754x1072

3.354x1072

Figure 6. Molecular electrostatic potential (MESP) maps of: (A) 3b, (B,C) 4, and (D) 5. The colour
spectrum ranges from red (indicating highly negative regions) to dark blue (denoting highly posi-

tive regions).
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Compounds 3b and 4 exhibit more pronounced H:--C/C---H interactions, constituting
over 22% of the total, compared to just 14.3% in compound 5, implying a denser molecular
packing and more robust intermolecular forces that could enhance the stability and influ-
ence the crystal lattice structure. Compound 5 is distinguished by its exceptionally high
H---H interactions at 73.8%, which is indicative of potent van der Waals forces shaped by its
unique molecular framework. In contrast, 3b and 4 have a higher incidence of H---O/O---H
interactions, 14.3% and 13.1%, respectively, compared to 8% in compound 5, highlighting
the significance of hydrogen bonds involving oxygen atoms in determining the compounds’
stability and modifying properties, such as the solubility and boiling points. The ethoxy
substitutions in compound 5 reduce the potential for such oxygen-involved hydrogen
bonding, thus differentiating its intermolecular interactions and resultant properties from
those of 3b and 4 [44].

In 4 and 5, the H:--N/N---H interactions (2.6% and 2.3%, respectively,) are more
significant than in 3b, while 5 has a higher percentage of C---O (1.4%) interactions compared
to 4 and 3b, which may be due to the presence of the ethoxy group in its structure [45-48].

3.6. DFT Density Functional Theory (DFT) Examination
3.6.1. Refinement of Structural Configuration

The molecular geometries of the triad of compounds were meticulously refined uti-
lizing the density functional theory (DFT) with the B3LYP functional and the 6-311G (d,p)
basis set. Depicted in Figure 1 are the resultant optimized conformations. Subsequent
quantification of internuclear distances and interatomic angles facilitated through this
theoretical framework afforded a comprehensive dataset, which was subsequently aligned
with empirical findings procured from X-ray crystallographic analyses, as enumerated in
Supplementary Tables S1 and S2. Scrutinizing these tables furnished a rigorous correla-
tive assessment between the calculated theoretical bond lengths and the experimentally
determined parameters.

In the study, the mean absolute error (MAE) values were calculated and are presented
in Tables S1 and S2 for selected bond distances and bond angles of three compounds (4,
3b, and 5). The MAE values indicate the average magnitude of the errors between the
predicted values and the actual values.

For the bond distances, the MAE values for 4, 3b, and 5 are reported as 0.00583, 0.0475,
and 6.66667 x 107°, respectively. These values are considered satisfactory, taking into
account that the average actual bond distances are 1.4041, 1.4507, and 1.4250 A for 4, 3b,
and 5, respectively. The MAE values for bond distances provide an indication of how
accurately the predicted bond distances match the real bond distances. The fact that the
MAE values are relatively small compared to the average actual bond distances suggests
that the predictions are reasonably accurate (Table S1).

Similarly, for the bond angles, the MAE values for 4, 3b, and 5 are reported as
2.630, 2.067, and 0.00051, respectively. These MAE values were obtained using the B3LYP
method. Comparing these values with the average real bond angles of 119.546, 117.121,
and 117.929 degrees for 4, 3b, and 5, respectively, it can be concluded that the MAE values
are within an acceptable range. The smaller the MAE values, the closer the predicted bond
angles are to the actual bond angles (Table S2).

3.6.2. Molecular Electrostatic Nature of Interactions—MESP for 3b, 4, and 5

The calculations pertaining to the molecular electrostatic surface potential (MESP) for
the derivatives of 1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one, namely 3b, 4, and 5,
were conducted using the advanced DFT level by the B3LYP/6-311G(d,p) method. The
objective of these calculations was to derive an in-depth understanding of the electrostatic
nature of these molecules and how potential interactions are manifested on their surfaces.

The MESP maps generated for 3b, 4, and 5, Figure 6, are coloured to indicate the range
of electrostatic potentials. A palette from red to dark blue represents the shift from extremely
negative to extremely positive sites on the molecular surface. The sequence of colour
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gradation—red, yellow, green, light blue, and dark blue—mirrors the progression from the
most negative to the most positive potential. Red zones depict regions of high negative
potentials, while dark blue indicates areas of large positive potentials. Areas coloured in
yellow are less negative than the red zones, and light blue signifies regions less positive
than the darker blue counterparts. The green zones highlight nearly neutral potentials.

The electronegativity of the bonded atoms strongly influences this colour distribution.
Regions around highly electronegative atoms exhibit a red hue when these atoms are
bonded to less electronegative ones. Conversely, when atoms of comparable electronegativ-
ity values are bonded, the colour distribution spectrum tends to narrow.

The MESP maps of 3b, 4, and 5 do not feature dark blue regions, implying an absence
of highly positive sites. This observation can be rationalized by the dominance of C and H
atoms in these structures. Two primary characteristics are evident across the MESP maps
of these compounds:

1. A pronounced electron cloud localized at the oxygen atoms in both the carbonyl and
the hydroxide groups, appearing as a red ellipse, most likely results from the lone
pairs of electrons present in these functional groups.

2. Surrounding these structures is a light blue hue, suggestive of slightly positive re-
gions. This can largely be attributed to the hydrogen atoms enveloping the structure.
However, for those derivatives with nitrogen substitutions, the light blue distribu-
tion varies.

Further inspection reveals a transition from the core diazepin-2-one structure towards
its terminal end, marked by a blend of green and light blue. This indicates the presence of
phenyl rings, which play a pivotal role in dictating the electrostatic potential in these zones.

3.6.3. The Global Descriptors

The global descriptors for 3b, 4, and 5 show their inherent electronic properties. The
data in Table 4 offer an analysis of these three compounds based on the CDFT calculations
conducted using multiwfn and the DFT.

Table 4. The global descriptors of compounds 4, 3b, and 5.

Descriptor 3b 4 5
EHOMO(N) (eV) —5.4646 —5.4602 —6.198
EHOMO(N + 1) (eV) 2.5356 2.3165 2.292
EHOMO(N — 1) (eV) —9.7231 —9.7903 —9.7199
Vertical IP (eV) 7.0644 7.0099 6.9389
Vertical EA (eV) —1.0934 —0.9187 —0.9208
Softness (S) (eV~1) 0.1226 0.1261 0.1272
Chemical potential (u) (eV) —2.9855 —3.0456 —3.009
Mulliken electronegativity (x) (eV) 2.9855 3.0456 3.009
Hardness (=fundamental gap) () (eV) 8.1577 7.9286 7.8596
Electrophilicity index (w) (eV) 0.5463 0.585 0.576
Nucleophilicity index (N) (eV) 3.6566 3.661 2.9232

The highest occupied molecular orbital (HOMO) energies, represented as EHOMO,
provide a significant understanding of the electron donating tendencies of molecules.
Compound 5, with the EHOMO value of —6.198 eV, seems to have the most prominent
inclination towards electron donation compared with 3b and 4. The latter two have almost
equal HOMO energies, with values of —5.4646 eV and —5.4602 eV, respectively.

Vertical ionization potentials (IP) and electron affinities (EA) further extend our com-
prehension of the electronic behaviour of these compounds. Compound 3b exhibits the
largest at 7.0644 eV, indicating it would be the most difficult of the three to ionize. However,
all compounds have comparable vertical EA values of ca. —1 eV, with 3b having the lowest
value (—1.0934 eV).



Crystals 2023, 13, 1693

13 0f 18

The softness and hardness provide a way to view the reactivity of molecules. Com-
pound 5, with a softness of 0.1272 eV~!, emerges as the most reactive, signifying its
susceptibility to potential chemical interactions, implying a higher propensity for un-
dergoing electron-related chemical processes, such as redox reactions, nucleophilic or
electrophilic substitutions, or forming complexes with metals. Conversely, the highest
hardness value is attributed to 3b (8.1577 eV), which indicates its relatively stable nature in
chemical environments.

Upon comparative analysis, compounds 3b, 4, and 5 each display a marked tendency
for electron donation, as indicated by their chemical potentials of —2.9855 eV, —3.0456 eV,
and —3.009 eV, respectively. This aligns them with the behaviour of moderate nucleophiles.
Their Mulliken electronegativities (2.9855 eV for 3b, 3.0456 eV for 4, and 3.009 eV for 5)
suggest that all three have electropositive characters, with the ability to release electrons
during chemical reactions. Notably, 3b and 4, with nucleophilicity indices of 3.6566 eV
and 3.661 eV, respectively, are classified as strong nucleophiles, indicating a high degree
of reactivity and a pronounced inclination to donate electrons. Compound 5, with a
nucleophilicity index of 2.9232 eV, is characterized as a moderate nucleophile, showing
a slightly lower, yet significant, reactivity. Despite their nucleophilic strengths, all three
compounds exhibit marginal electrophilic behaviours, with electrophilicity indices below
0.6 eV, pointing to a lessened tendency to accept electrons. In essence, while compounds 3b
and 4 demonstrate substantial nucleophilic characters with strong reactivity, compound
5, though still nucleophilic, offers a more moderate reactivity profile. This indicates that
compounds 3b and 4 are more likely to participate in reactions involving electron pair
donations to electrophiles, whereas compound 5, while still reactive, may engage in such
interactions with slightly less fervour.

3.6.4. The Local Descriptors

The nucleophilicity (Parr functions (P ) provides information on the electronic
properties of 3b, 4, and 5. These functions categorize regions as electrophilic when they
have positive Parr functions and nucleophilic when they exhibit negative Parr functions
(P¢h) (Table 5).

Analysing the electrophilic and nucleophilic behaviours of compounds 3b, 4, and 5
via Parr functions provides valuable insights into their reactive sites. For compound 3b,
the N1 nitrogen exhibits the highest electrophilic activation with a Parr function value
(P¢1) of 8.15 eV, surpassing the electrophilic activations of the C3 and C1 carbons, which
have values of 5.49 eV and 4.70 eV, respectively. This positions the N1 nitrogen as the
primary electrophilic centre in compound 3b. Conversely, the C4 carbon is identified as the
primary nucleophilic site with a Parr function value (P of6.18 eV, indicating it is more
nucleophilically activated than the C1, C9, and C2 carbons.

For compound 4, the N2 nitrogen stands out with an electrophilic Parr function value
of 8.51 eV, which is notably higher than those of the C4 and C6 carbons, marked at 5.72 eV
and 4.69 eV, respectively, making it the most electrophilic site. Nucleophilically, the C3
carbon exhibits a higher activation with a Parr function value of 5.92 eV, compared to the
C6 and C7 carbons, which have lower values of 4.23 eV and 3.93 eV.

In the case of compound 5, the electrophilic character is dominated by the N2 nitrogen
with a Parr function value of 7.60 eV, greater than that of the C4 and C6 carbons, which are
4.86 eV and 4.70 eV. Thus, the N2 nitrogen is the most electrophilic centre. The nucleophilic
Parr functions suggest the C3 carbon as the most activated site with a value of 5.95 eV,
exceeding the activations of the C6 and C19 carbons, with values of 4.40 eV and 3.80 eV,
respectively [20].

Collectively, these theoretical Parr function analyses reveal that nitrogen centres in
all three compounds exhibit the highest electrophilic activation, suggesting they are the
preferred sites for electrophilic attacks. Moreover, certain carbon atoms in each compound
are identified as key sites for nucleophilic reactivity, with compound 3b’s C4, compound
4’s C3, and compound 5’s C3 carbons showing the greatest potential for nucleophilic
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interactions. These insights are crucial for predicting the behaviour of these compounds
in various chemical environments, guiding synthetic strategies, and understanding their
interaction with other molecules.

Table 5. Electrophilic and Nucleophilic Parr Function Values for 3b, 4, and 5.

3b 4 5
Atoms Py Py Atoms Py Py Atoms Py Py

N2 —0.81523 1.70776 N1 —1.0742 1.569363 N1 —0.99572 2.60541
C1 4.364464 4.695817 Co 4.233849 4.685395 Co 4.403757 4.700334
Cé6 —0.23677 2.656078 C1 0.278835 2.472727 C1 0.651523 2.891619
N1 0.093498 8.150168 N2 0.132574 8.514583 N2 0.147622 7.599681
Cc7 0.764232 1.039095 c9 0.717864 0.159432 c9 0.811308 0.113281
C8 0.299734 0.047021 C8 0.374048 0.06811 C8 0.478512 0.061443
9 4.25872 —0.38055 c7 3.93085 —0.3735 c7 2.966424 —0.78557
c5 1.649882 —0.08838 c2 0.686135 0.408878 c2 0.110342 —0.31979
C4 6.176008 1.368489 C3 5.918044 0.844043 C3 5.949011 1.756523
C3 —1.78267 5.488594 C4 —1.46781 5.716408 C4 —1.02328 4.864718
c2 3.361996 —2.37504 c5 2.690282 —2.41474 c5 1.981643 —2.25166
02 2.349759 1.568846 O1 1.94684 1.748795 O1 1.763163 2.543232
C12 1.690944 1.376978 Cl4 2.863483 1.5609 Cl6 3.133093 1.299018
C13 2.532755 0.53767 C15 —0.18901 0.210181 C17 2.844816 0.434321
Cl14 —0.84578 —0.2538 Cle 0.943256 0.074042 C18 —1.26424 —0.21489
C15 1.993534 1.183478 Cc17 3.522135 1.149981 C19 3.79765 0.942249
Cle 1.930213 0.066096 C18 —1.07477 —0.29579 C20 1.300351 —0.00046
Cc17 —0.73313 0.044953 C19 2.389406 0.540772 C21 —0.38823 0.256794
o1 0.017905 —0.02838 C12 0.150724 0.146506 C12 0.248658 0.036082
C10 0.06879 0.280332 C13 0.042069 0.047266 C13 —0.0052 0.299978
C11 0.072491 0.126125 02 0.043892 —0.00795 02 0.06509 0.008517
C11 0.082042 0.279733 C11 0.100165 0.242535

C10 0.070804 0.106261 C10 0.087702 0.132955
Cl4 0.034749 —0.00463

C15 0.01249 —0.0003

3.7. Anticancer Effect

The antiproliferative activity of 4, 3b, and 5 as well as sunitinib as a reference standard
was investigated against three cancer cell lines: a colorectal carcinoma cell line (HCT 116),
human hepatocellular carcinoma cell line (HepG2), and human breast cancer cell line
(MCF-7) and one normal cell line (WI38) using the MTT assay. The results in Table 6 show
that 5 has very weak activity on all tested cell lines and, unexpectedly, was more cytotoxic
on the normal cells. Compound 4 demonstrated good antiproliferative activity, similar to
sunitinib, on the three cell lines. Remarkably, 3b exhibited a significant antiproliferative
effect on all cell lines, ranging from 6.13 to 9.18 uM. Finally, 4 and 3b displayed lower
cytotoxicity on the normal cells compared to the cancer cells. In summary, 4 and 3b revealed
promising anticancer activities, which is worth further investigating for the mechanism of
their anticancer effects.
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Table 6. In vitro cytotoxicity of compounds 3b, 4, and 5 against cancer and normal cell lines.
In Vitro Cytotoxicity ICs¢ (uM) *
Compound
HCT 116 HepG2 MCE-7 WI38
3b 9.18 £0.6 6.13£0.3 7.86 £0.4 13.95 + 0.9
4 1942+ 15 1533+ 1.3 2595 +£21 71.64 +3.9
5 >100 73.5+4.0 >100 54.16
Sunitinib 1791+13 8.38 £0.5 24.06 £2.0 55.63 £3.3

* ICsp values are the mean =+ SD of triplicate measurements.

3.8. In Silico Studies of the Pharmacokinetics and Pharmacodynamics Properties

The in silico properties of compounds 3b, 4, and 5, including absorption, distribution,
metabolism, elimination, and toxicity (ADMET), were evaluated using the pkCSM protocol.
The results in Table 7 demonstrate that the three compounds follow Lipinski’s Rule of
Five, suggesting a good oral bioavailability and potentially useful drug-like properties.
All compounds seem to cross the blood—brain barrier which indicates possible CNS side
effects. Compounds 4 and 5 could be a substrate for CYP3A4, and, therefore, they may
need to be used with caution if patients coadminister other drugs affecting CYP3A4.
Finally, compound 3b has a higher maximum tolerated dose than compounds 4 and 5. All
compounds are not supposed to induce hepatotoxicity or a skin allergy.

Table 7. In silico physical and chemical properties of compounds 3b, 4, and 5.

Parameters
Compound 3b 4 5
Molecular properties
Molecular weight 282.343 310.397 338.451
LogP 2.769 3.18404 4.22824
H-acceptor 3 3 3
H-donors 3 2 1
Surface area 123.363 136.303 149.352
Absorption
Water solubility
(log mol/L) —3.585 —3.885 —4.325
Intestinal absorption (human) 94.208% 95.068% 95.904%
Skin permeability —2.736 —3.166 —2.919
Distribution
BBB permeability 0.198 0.68 0.052
Metabolism
CYP2D6 substrate No No No
CYP3A4 substrate No Yes Yes
Excretion
Total clearance
(log mL,/min/kg) —0.12 0.099 0.234
Renal OCT2 substrate No Yes Yes
Toxicity
Max. tolerated dose (human)
0.257 —0.031 —0.137
(log mg/kg/day)
Oral rate acute toxicity (LD50) (mol/kg) 1.56 2.341 2.811
Oral rate chronic toxicity (LOAEL) (log mg/kg_bw/day) 0.549 1.297 1.435
Hepatotoxicity No No No
Skin sensitization No No No

4. Conclusions

In this current work, we report the crystal structures and the electronic proper-
ties of three 3-hydroxy- 4-phenyl- 1,5-benzodiazepine derivatives, namely cis-(35,4S)-
3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-1,5-benzodiazepin-2-one 3b, trans-
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(3R 4R)-1-ethyl-3-hydroxy-7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-2H-1,5-benzodiazepin-
2-one 4, and trans-(35,4S) 1-ethyl-3-ethoxy-3,7,8-dimethyl-4-phenyl-1,3,4,5-tetrahydro-1,5-
benzodiazepin-2-one 5. Compound 3b crystallized uniquely in the triclinic system, while
4 and 5 predominantly settled in the monoclinic system, with 4 showing subtle triclinic
attributes. Metrics, such as cell parameters and unit cell volume, revealed both shared
attributes and subtle distinctions among the compounds. The Hirshfeld surface analysis
further highlighted specific intermolecular interactions, with hydrogen bonding and van
der Waals forces emerging as dominant influences, modulated by specific substituents.
The density functional theory, in creating MESP maps, provided deeper insights into their
electrostatic characteristics, with the absence of dark blue regions and variations due to
diverse functional groups being noteworthy. The hydrogen bonding profiles, influenced
by the unique substituents, played a critical role in determining the molecular structures,
stabilities, and potential reactivities of these compounds. Furthermore, the Hirshfeld sur-
faces, mapped with the dnorm, shape index, and curvedness, offer insights into factors
like 7—7t stacking, packing configurations, and other defining crystallographic features,
all contributing to their stability and properties. Table 1 encapsulated these interactions,
underscoring the importance of hydrogen bonds in these benzodiazepinone derivatives.
This research amplifies our understanding of these compounds and sets a foundation for
future studies, emphasizing the impact of substituent groups on their properties. Finally,
3b and 4 demonstrated a potent anticancer effect comparable to the reference standard,
sunitinib, against the HCT 116, HepG2 and MCEF-7 cancer cell lines.
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