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Effect of “magic chlorine” in drug discovery: an in
silico approacht

Sravani Joshi and Ruby Srivastava ® *

The chlorine atom plays a vital role in drug design, yet the benefits of chlorine in 250 FDA-approved
chlorine-containing drugs have not been studied properly. To see the "magic chloro” effect,
computational studies have been carried out for 35 inhibitors, which are numbered as 12 complexes with
(parent (—H), one chlorine, or two chlorine) substituents. The physicochemical properties are studied by
conceptual density functional theory (CDFT). The pharmacokinetics, toxicity and metabolic properties of
the studied inhibitors are estimated using chemoinformatics tools. SwissTargetPrediction is used to
predict the multitarget activities of the studied inhibitors. Four FDA-approved drugs, diazepam,
chloroquine, chloramphenicol, and bendamustine, are referenced to validate the studies. A higher
HOMO-LUMO gap predicted high stability for the studied one and two chlorine-substituted analogues.
Most of the studied inhibitors show “drug likeliness”, nontoxicity, and high gastrointestinal (Gl)
absorption. The addition of one or two chloro substituents has increased the physicochemical properties
and stability of most of the inhibitors compared to the parent analogues, whereas the toxicity is not
affected. No change in metabolic properties is observed on addition of one or two chlorine substituents.
The multi-target activities of all the studied inhibitors are validated by the reference drugs and

rsc.li/rsc-advances experimental results.

Introduction

Halogen atoms play a central role in many drug discovery
applications as halogens increase the sensitivity and enhance
physicochemical properties in small-molecule drugs. Halogen
bond formation involving side-chain groups is essential for
drug design. Halogen bonds with hit-to-lead candidate opti-
mization have improved drug target binding affinity." The
unique features of halogen bonds are their directionality,
strength tunability, hydrophobicity, and donor atom dimen-
sions which allow interaction for designing self-assembled
systems."” It is observed that a positively charged electrostatic
region on the extension of C-X bonds (a ¢ hole) attracts
a nucleophile due to the anisotropy of the charge distribution
(halogen atom-X).*” Studies indicate that fluorine and chlorine
atoms enhance the physicochemical properties of the
complexes, whereas bromine and iodine are added to improve
the selectivity of the complexes.”> Like chlorine and fluorine,
sulfur is also used as a potential candidate for drugs,® light
harvesting,” and non-linear optical activities.’®** In medicinal
chemistry, the potency of a drug against a biological target
decides the daily dosage for patients.*® The potency of drugs can
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be improved by larger structural changes, but they unpredict-
ably change parameters such as water solubility and cell
membrane permeability. Pharmacokinetic parameters such as
clearance, half-life, and distribution in vivo are also affected
when the chemical structure is changed or modified. Presently
250 FDA-approved drugs containing chlorine are used to design
novel small-molecule drugs.'*** Drug interactions are easy to
understand with the structure-activity relationship (SAR) and
the pharmacophore of a compound. A chlorine substituent can
act as a bioisostere not only by replacing another halide, but
also as a monovalent substituent to replace OH or SH, or as
a pseudohalide to replace CF; or CN. A chlorine substituent can
easily be added to an aromatic complex with hydrogen rather
than replacing it with a -F, -CHj3, or —CF; group.'®"” Chlorine
can act as either an electron-donating group or an electron-
withdrawing group, or a quasielectron-neutral group depend-
ing on the scaffold.'®' As it takes approximately 13 years to
launch one new molecular entity (NME) with an average cost of
$1778 million, consisting of the drug discovery stage (5.5 years)
and the drug development stage (8 years), it is necessary to
reduce this timespan and huge cost by exploiting advanced
computational methods for drug design.>***

Computational tools provide a better option for drug design
and development as these tools are cost effective and provide
significant information in a limited timeframe. Computational
methods are used to predict the geometries, structures, and
physicochemical and biological properties of drugs. Density
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functional theory (DFT) techniques can extract useful infor-
mation with high accuracy for biological systems in less time. A
profound drug effect can also be anticipated with effective
target-drug binding sites.®2* Chemical reactivity (DFT-CR),
often called conceptual DFT,”3° is a well-established
method** that helps us to understand various physicochem-
ical processes with several global and local reactivity descrip-
tors. DFT-CR defined a quantitative scale for chemical
hardness,*® which led to an increase in the understanding of
hard-soft acid-base (HSAB) theory and an entirely new prin-
ciple for chemical reactivity and molecular stability: the
maximum hardness principle (MHP).***® Here it is necessary to
mention that the principles of chemical reactivity may have
exceptions. Therefore, instead of principles, “rules of thumb”
can be applied for chemical reactivity. DFT-CR-based applica-
tions use a one-reagent approach. The computed response
functions of a reactant molecule are used to predict its reac-
tivity. Despite the usefulness of this approach, it sometimes
fails and is sometimes insufficient for understanding the
inherent reactivity of a molecule; an anticipation of how “well-
matched two reagents are” is also needed.

To see the “magic chloro effect”, we selected 35 inhibitors
with >1000-fold potency, which are divided into 12 groups.
Groups 1-3 and 5-8 have two inhibitors (one parent (a) and the
other one a chlorine-substituent analogue (b)); group 4 has
parent -Cl (a) and (b), (c) with one more -Cl at a different
position; groups 9-12 have three inhibitors (one parent (a), one
chlorine substituent (b), and two chlorine substituent (c)
analogues).” Different groups are taken to study the effect of
one and two chloro groups. Four FDA-approved drugs are taken
as references to validate our results for the effect of one chloro
(Ref 1 (diazepam) and Ref 2 (chloroquine)) and two chloro (Ref 3
(chloramphenicol) and Ref 4 (bendamustine)), respectively. Ref
1 (diazepam) is anxiolytic, Ref 2 (chloroquine) is anti-malarial,
Ref 3 (chloramphenicol) is an antibiotic and Ref 4 (bend-
amustine) is an oncology drug.

Computational methods

Various conformational structures of the four Refs (1-4) and 35
inhibitors were optimized with the wB97XD50/6-31G(d,p)
method in the G09 (ref. 51) software suite and lower minima
structures with no negative vibrational frequency were consid-
ered for further study. The studies were performed with the
integral equation formalism-polarized continuum model (IEF-
PCM) SMD solvation model®* with water as a solvent, as the
parent analogues of the studied inhibitors and reference drugs
are taken orally.>'** GaussView*® was used to draw the optimized
structures, electrostatic potentials (ESP) and frontier molecular
orbitals (FMOs) for all the studied complexes. FMOs play a vital
role in various systems due to the location of chemically reactive
bonds with their associated orbital energies.**>® The physico-
chemical properties of the inhibitors were estimated with
Molinspiration®” software. The Osiris software program®® was
used to evaluate the pharmacokinetic properties and mutagenic
toxicity for the viability of the inhibitors. The cardiotoxicity of the
inhibitors was studied with the cardioToxCSM> webserver,
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which uses the concepts of molecular fingerprints and graph-
based signatures. There are various different cross-validation
schemes which validate the cardioToxCSM results. The six
types of cardiotoxicity of arrhythmia, cardiac failure, heart block,
hERG toxicity, hypertension, and myocardial infarction are pre-
dicted with cardioToxCSM. Other pharmacokinetic properties,
such as gastrointestinal (GI) absorption, permeation of the
blood-brain barrier (BBB), and metabolic processes, are pre-
dicted with SwissADME BOILED-Egg® tools. The toxicity, effec-
tiveness, and clearance are studied for the majority of Phase I
metabolic transformations with cytochrome P450 enzyme (CYP)-
related parameters. Various potential macromolecular bioactive
targets of all the studied inhibitors were studied with Swis-
sTargetPrediction® to determine the molecular properties
related to druggability for a variety of drug targets (GPCR ligands,
kinase inhibitors, ion channel modulators, enzymes, and
nuclear receptors) through a homology modeling procedure. The
targets were predicted from a combination of 2D and 3D simi-
larity to a large number of 370 000 active complexes on more
than 3000 proteins from different target species.

Results

The SMILES notation for the four reference drugs and 35
studied inhibitors is given in Table 1. The selected 35 inhibitors
with >1000-fold potency were divided into 12 groups. Groups 1-
3 and 5-8 have two inhibitors with -H (a) and -Cl (b) substitu-
ents; group 4 has -Cl attached (a), one more attached -Cl (b),
and —Cl (c) at different positions; while groups 9-12 have -H (a),
—Cl substituent (b), and two —Cl substituents (c). The optimized
structures of the four reference drugs and 35 studied inhibitors
are given in Fig. 1. The reactive sites of the four reference drugs
and studied inhibitors were determined from the molecular
electrostatic potential map (MEP), which is given in Fig. 2. For
the studied inhibitors, the areas in red around the oxygen
indicate the sites with the most substantial negative charge
(more electron density); and the ones in blue correspond to sites
that have a positive charge (less electron density). It can be seen
in the studied inhibitors that there is an increase in the electron
density at the sites where chlorine is substituted, which means
that the addition of chlorine increases the ability to interact
with electrophilic molecules and nucleophilic molecules
(carbon atoms with low electron density). The ESP of reference
drugs shows no correlation with regard to electron density
towards the studied inhibitors, as only the ESP surfaces of Ref 2
and Ref 4 indicate an increase in electron density towards mono
and dichloro substituents, respectively.

The calculated descriptors (ionization energy (IP), electron
affinity (EA), global hardness (n), electronegativity (x), electro-
philicity index (), chemical potential (u,), HOMO-LUMO (HL)
gap, electron donating (w—), electron accepting (w+), net elec-
trophilicity (Aw=), and softness (S)) for the four reference drugs
and 12 groups of studied inhibitors are given in Table 2. The
formulae used for calculating these parameters are given in the
ESL.{ IP represents the energy to remove an electron from
a molecule which is computed from the energy difference
between the cation and the neutral molecule. The lower IP

RSC Adv, 2023, 13, 34922-34934 | 34923


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06638j

Open Access Article. Published on 30 November 2023. Downloaded on 4/1/2026 2:05:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table1l SMILES notation for the reference drugs Ref (1-4) and 35 studied inhibitors with 12 complexes: (a) parent (—H analogue); (b) one chlorine
substituent; and (c) two chlorine substituents; except 4 (a —Cl substituent; b and ¢ with one more —Cl at different positions)

Complex SMILES notation

Ref 1 CN1C(=0)CN=C(C2=C1C=CC(=C2)Cl)C3=CC=CC=C3 (diazepam)

Ref 2 Clelce2necee(c2ec1)NC(C)CCCN(CC)CC (chloroquine)

Ref 3 C1=CC(=CC=C1C(C(CO)NC(=O0)C(CI)Cl)O)[N+](=0)[O-] (chloramphenicol)

Ref 4 CN1C2=C(C=C(C=C2)N(CCCI)CCCI)N=C1CCCC(=0)0 (bendamustine)

1a COC(=0)C1=C(NC(=0)\C(=N\NC2=CC=CC=C2)C#N)SC(=C1)[N]3N=C(0)C=C3N

1b COC(=0)C1=C(NC(=0)\C(=N\NC2=CC=C(Cl)C=C2)C#N)SC(=C1)[N]3N=C(0)C=C3N

2a CCOC(=0)c1c([0-])c2c(cc(OC)cc2)[nH+]clclcceecl

2b CCOC(=0)c1c([0-])c2c(cc(OC)ec2)[nH+]clc1cc(ccel)Cl

3-1a Cclc(Sc2cece(n2)C(=0)0)c2¢([nH]1)cccc2

3-1b Cclc(Sc2ceec(n2)C(=0)0)c2¢([nH]1)cc(Cl)cc2

3-2a Cn1lc(c(Sc2cece(n2)C(=0)0)c2clccec2)C

3-2b Cn1lce(c(Sc2ceee(n2)C(=0)0)c2c1ec(Cl)ec2)C

3-3a Cnlcce(n1)nic(c(Sc2cece(n2)C(=0)0)c2clcecc2)C

3-3b Cnlece(n1)nic(c(Sc2cece(n2)C(=0)0)c2c1ce(Cl)ce2)C

3-4a Cnlcce(n1)nic(c(Sc2cece(c2)C(=0)0)c2clccec2)C

3-4b Cnlecce(n1)nic(c(Sc2cece(c2)C(=0)0)c2c1ec(Cl)ec2)C

4a Oc1c(NNC(=0)c2c(O)cec(c2)Cl)c2c([nH]1)ccec2

4b Oc1c(NNC(=0)c2c(O)cee(c2)Cl)c2¢([nH]1)ceec2

4c Oc1¢(NNC(=0)c2c(O)cec(c2)Cl)c2e([nH]1)cc(Cl)cc2

5a CCN(CCC1(0)CC(C1)NC(=0)C2=CC=C3C=CC=CC3=C2)C4CC4C5=CC=CC=C5

5b CCN(CCC1(0)CC(C1)NC(=0)C2=CC=C3C=CC=CC3=C2)C4CC4C5=CC=C(Cl)C=C5

6a Oclcec(cc1)N1SCC=C10

6b Oc1cece(cc1)N1SC(Cl)C=C10

7a CN1CCN(CC1)C2=CC=C(C=C2)C(=0)NC3=N[NH]C4=NC(=CC=C34)C5=CC(=CC(=C5)0)0
7b CN1CCN(CC1)C2=CC=C(C=C2)C(=0)NC3=N[NH]C4=NC(=CC=C34)C5=C(Cl)C(=CC(=C5C1)0)0
8a CCOc1c(ceecl)/C=C/c1nc2c(cccc20)cel

8b CCOclc(ceecl)/C=C/c1nc2c(ccl)c(ce(c20)Cl)Cl

9a O=C(NCCCN1CCOCC1)C2=CC=CC=C2

9b CIC1=CC=C(C=C1)C(=0)NCCCN2CCOCC2

9¢ ClC1=C(Cl)C=C(C=C1)C(=0)NCCCN2CCOCC2

10a 0C1=CC=C(Cl)C=C1C(=0)NC2=CC=CC=C2

10b Oclcec(Cl)ee1C(=0)Ncleeceel

10c Oc1ccee(Cl)ec1C(=0)Nce1cee(c(Cl)ec1)Cl

11a C1CC(CCN1)clc(Oc2eccec2)neeel

11b Cle1c(Oc2¢(ceen2)C2CCNCC2)ececl

11c Clelceee(c1Cl)Oc1c(ccen1)C1CCNCCL

12a 0C1=C(0)C(=CC(=C1)C(=0)NC2=C([NH]C3=C2C=CC=C3)C(=0)C4=CC=CC=C4)

12b 0C1=C(0)C(=CC(=C1)C(=0)NC2=C([NH]C3=C2C=CC(=C3)Cl)C(=0)C4=CC=CC=C4)0
12¢ 0C1=C(0)C(=CC(=C1)C(=0)NC2=C([NH]C3=C2C=CC(=C3)Cl)C(=0)C4=CC=C(C])C=C4)O

energy to remove an electron from the molecule indicates easier
ionization of the molecule. Generally, IP is affected by the size of
the molecule. For higher molecular size, the IP is lower and for
smaller molecular size the IP is higher. EA is the energy released
when an electron is added to a neutral molecule. It is computed
as the energy difference between the neutral form and the
anion. In our studied inhibitors, higher IP values and lower EA
values are observed for (one chloro) substituent compared to
the -H parent analogues. The IP values are higher for 4a, 4b,
and 4c, in which the parent analogue already has a -Cl
substituent and the other two inhibitors have one more chlo-
rine added at different positions, 4b and 4c. The change of
chlorine at two different positions has not affected the IP values;
rather EA values have increased on the addition of chlorine at
different positions. The IP values of Ref 1 and Ref 2 are higher
and are positively correlated with the studied complexes, but
the EA values of the reference drugs are negatively correlated
with the studied inhibitors.

34924 | RSC Adv, 2023, 13, 34922-34934

In complexes 9-12 where one chlorine (b) and two chlorines
are added (c), no correlation pattern is observed for the IP and
EA values. The IP values of 9, 10, and 11 are increased for one
and two chlorine analogues compared to the parent analogue
(9a, 10a, 12a). The EA values are decreased for one and two
chloro substituents of 9 and 11, while the EA values are
increased for one chlorine (12b) and two chlorine substituents
(12¢) compared to the parent analogue (12a). The EA values are
lower for one chlorine inhibitor 10b, whereas inhibitor 10c has
higher EA values. Similarly Ref 3 and Ref 4 have lower IP values
and higher EA values compared to the two chlorine substitu-
ents. For inhibitors 1, 3, 10, and 11, IP and hardness display the
same trend. Larger IP values and considerable 7 values show
that the systems are hard and it is difficult to donate one elec-
tron. The energy for donation has the highest value corre-
sponding to the acceptance of an electron charge.

The stability of a molecular system is also measured by the
chemical hardness (1), as this global descriptor is the resistance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures for the reference drugs Ref (1-4) and 12 groups of studied inhibitors optimized with the DFT (wB97XD/6-31G(d,p)) method

using GO9 Software.

of a molecule to intramolecular charge transfer. Chemical
hardness allows a quantitative classification of the global elec-
trophilic nature of a molecule within a relative scale. Chemical

© 2023 The Author(s). Published by the Royal Society of Chemistry

hardness is higher for most of the inhibitors with a chlorine
substituent except for 2b, 4b, 6b, 7b, and 8b. Ref 1 and Ref 2 also
have higher values for chemical hardness. In inhibitors 9-12,

RSC Adv, 2023, 13, 34922-34934 | 34925
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Fig. 2 Electrostatic potential (ESP) diagrams for the reference drugs Ref (1-4) and 12 groups of studied inhibitors produced with GO9 software
using the DFT (wB97XD/6-31G(d,p)) method.

the hardness values are lower for the one (b) and two chlorine
(c) substituents compared to the -H analogues (a). Chemical

the hardness values for two chloro substituents. The electro-
philicity index (w) is a measure of energy lowering due to the

hardness is lower for Ref 3 and Ref 4, which correlates well with maximum flow of electrons between the donor and acceptor,

34926 | RSC Adv, 2023, 13, 34922-34934
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Table 2 The descriptors (ionization energy (IP), electron affinity (EA), global hardness (n), electronegativity (x), electrophilicity index (w), chemical
potential (up), HL gap, electron donating (w—), electron accepting (w+), net electrophilicity (Aw=) in eV, and softness (S) in eV for the reference
drugs Ref (1-4) and 12 groups of studied inhibitors calculated with the DFT (wB97XD/6-31G(d,p)) method using GO9 software

Complex 1P EA n X w Mp HL gap w— wt Aw+ S

Ref 1 8.36 0.14 4.11 4.25 2.20 —4.25 8.22 6.31 2.20 8.51 0.240
Ref 2 9.18 0.69 4.24 4.93 2.87 —4.93 8.49 7.05 2.81 9.87 0.240
Ref 3 7.65 0.43 3.61 4.04 2.26 —4.04 7.22 5.84 2.23 8.08 0.280
Ref 4 7.00 1.30 2.85 4.15 3.03 —4.15 5.70 5.58 2.73 8.31 0.350
la 7.76 0.68 3.54 4.22 1.26 —4.22 7.08 5.99 2.45 8.45 0.282
1b 7.77 0.60 3.58 4.18 1.22 —4.18 7.16 5.97 2.39 8.36 0.279
2a 8.10 0.15 3.98 4.13 1.07 —4.13 7.95 6.11 2.14 8.25 0.252
2b 8.15 0.22 3.97 4.18 1.10 —4.18 7.93 6.17 2.20 8.37 0.252
3-1a 7.55 0.04 3.79 3.76 0.93 —-3.76 7.58 5.65 1.86 7.51 0.264
3-1b 7.63 0.02 3.83 3.80 0.95 —3.80 7.65 5.72 1.89 7.61 0.261
3-2a 7.49 0.04 3.77 3.72 0.92 —3.72 7.53 5.61 1.84 7.45 0.266
3-2b 7.60 0.03 3.81 3.78 0.94 —-3.78 7.62 5.69 1.88 7.57 0.262
3-3a 7.57 0.03 3.80 3.77 0.94 -3.77 7.60 5.67 1.87 7.54 0.263
3-3b 7.66 0.01 3.84 3.83 0.95 —3.83 7.68 5.74 1.91 7.65 0.260
3-4a 7.66 0.43 4.05 3.62 0.81 —3.62 8.10 5.64 1.59 7.23 0.247
3-4b 7.76 0.42 4.09 3.67 0.82 —3.67 8.17 5.71 1.63 7.34 0.245
4a 8.13 1.77 3.18 4.95 1.93 —4.95 6.36 5.72 1.55 7.27 0.240
4b 8.18 1.89 3.15 5.04 2.01 —5.04 6.29 5.77 1.69 7.46 0.245
4c 8.18 1.88 3.15 5.03 2.00 —-5.03 6.31 6.54 3.36 9.91 0.315
5a 7.79 0.20 3.79 3.99 1.05 —3.99 7.58 6.61 3.46 10.07 0.318
5b 7.81 0.20 3.81 4.01 1.06 —4.01 7.61 6.61 3.45 10.06 0.317
6a 7.95 1.07 4.51 3.44 0.66 —3.44 9.02 5.89 2.10 7.99 0.264
6b 8.21 0.78 4.49 3.72 0.77 —-3.72 8.99 5.91 2.11 8.02 0.263
7a 7.50 0.89 3.31 4.20 1.33 —4.20 6.61 5.70 1.19 6.89 0.222
7b 7.51 1.03 3.24 4.27 1.41 —4.27 6.48 5.96 1.47 7.43 0.222
8a 7.44 0.19 3.63 3.81 1.00 —3.81 7.25 5.85 2.54 8.39 0.302
8b 7.61 0.47 3.57 4.04 1.14 —4.04 7.15 5.89 2.65 8.54 0.308
9a 8.13 0.94 4.53 3.60 0.71 —3.60 9.07 5.63 2.00 7.63 0.276
9b 8.14 0.41 4.27 3.86 0.87 —3.86 8.54 5.83 2.25 8.08 0.280
9¢ 8.14 0.19 4.17 3.98 0.95 —3.98 8.33 5.86 1.33 7.19 0.221
10a 8.06 0.16 4.11 3.95 0.95 —-3.95 8.22 6.00 1.73 7.73 0.234
10b 8.08 0.11 4.10 3.99 0.97 —3.99 8.19 6.06 1.89 7.95 0.240
10c 8.24 0.17 4.09 4.04 0.97 —4.04 8.41 6.01 1.89 7.90 0.243
11a 8.26 1.22 4.74 3.52 0.65 —3.52 9.48 6.04 1.94 7.98 0.244
11b 8.25 1.21 4.73 3.52 0.65 —3.52 9.46 6.14 1.94 8.07 0.238
11c 8.25 1.03 4.64 3.61 0.70 —-3.61 9.28 5.89 1.15 7.04 0.211
12a 7.57 0.29 3.64 3.93 1.06 —-3.93 7.28 5.88 1.15 7.04 0.212
12b 7.67 0.39 3.64 4.03 1.12 —4.03 7.28 5.93 1.29 7.23 0.215
12¢ 7.71 0.47 3.62 4.09 1.16 —4.09 7.24 5.75 2.11 7.86 0.275

and measures the stabilization energy when a system attracts
electronic charge.® The electrophilicity index also measures the
electron-accepting capacity by molecules. It predicts the
responsiveness of the type of reaction a reagent undergoes.** In
the studied complexes, inhibitors with one chlorine and two
chlorine substituent have a higher electrophilicity index
compared to the -H analogues, except for 1. The reference drugs
Ref 1 to Ref 4 have a larger electrophilicity index. The chemical
potential is the negative of the electronegativity.® It is an indi-
cator for a chemical reaction to take place. This means that
a reagent with high electronic chemical potential is a good
electron donor, whereas a reagent with a small electronic
chemical potential is a good electron acceptor. A molecule with
a good electrophilicity index has low chemical potential and low
chemical hardness.*® Inhibitors with one and two chlorine
substituents have higher chemical potential compared to the —
H analogue, which shows that these inhibitors are good

© 2023 The Author(s). Published by the Royal Society of Chemistry

electron donors. The higher chemical values of the studied
inhibitors correlate well with the reference drugs.

The hardness and softness are measured by the HOMO-
LUMO (HL) energy gap with the hard-soft acid-base (HSAB)
principle as proposed by Pearson,** which indicates a large
energy gap for a hard molecule and a small energy gap for a soft
molecule. The HSAB principle also states that soft systems
could interact more easily with electrophiles or nucleophiles. As
compared to the -H analogues, the —Cl inhibitors have higher
values for the HL gap, meaning higher stability of the inhibitors
with one chlorine attached (b). A similar trend is not observed
for 9-12 with one chlorine and two chlorine substituents. The
HL gaps for one chloro substituent are higher than the HL gap
for two chloro substituents for reference drugs Ref 1-4. The
(HL) energy gap is lower for the inhibitors with one chlorine and
two chlorine substituents, except for 1 and 3, which have
a higher energy gap for one chlorine substituent compared to

RSC Adv, 2023, 13, 34922-34934 | 34927
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their parent analogue. In 10, the trend is a little different, as the
inhibitor with two chlorine substituents (10c) has a higher HL
gap than 10a or 10b. The energy gap value indicates the hard-
ness or softness of a molecule according to the hard-soft acid-
base (HSAB) principle.®® An increase in the energy gap of these
inhibitors predicts that they behave more as hard acids, so they
should react more readily with hard bases. If we look at the FMO
orbitals, for one chloro substituent, the HOMO is localized at
the Cl-substituted region for some inhibitors and for the others
the LUMO is localized at the Cl-substituted region. No partic-
ular trend is observed for the localization of HOMO and LUMO
for inhibitors with two chloro substituents and the FMOs of the
reference drugs. See ESI Fig. 1.}

Electron-withdrawing power indicates the ability of an atom
to pull an electron away from another atom. An atom with
higher electronegativity and usually a smaller radius will have
greater electron-withdrawing power. All the reference drugs and
studied inhibitors show lower electron-withdrawing power for
the one chloro and two chloro substituents. The electron-
donating power is higher for the reference drugs and studied
inhibitors. The net electrophilicity, which is an electron-
accepting power relative to its electron-donating power, has
higher values. Another global descriptor, global chemical soft-
ness (S), is the reciprocal of hardness, and it measures the
tendency of a system to react. Softness values are in the range of
0.240-0.318 for the reference drugs and the studied inhibitors.

The possible fate of the drug is predicted by the pharmaco-
kinetics of the therapeutics. These properties play a vital role in
the drug development process. The individual absorption,
distribution, metabolism, and excretion (ADME) parameters
can easily be obtained using various computational tools that
can be used as an effective alternative to the experimental
methods. The bioavailability, metabolic stability, toxicity, and
transport drug-like properties of a viable candidate depend on
the compound's size, molecular flexibility, hydrophobicity, and
the distribution of electronic bonds. The estimated parameters
of clog P, molecular weight (MW), topological polar surface area
(TPSA), hydrogen bond donors (HBDs), hydrogen bond accep-
tors (HBAs) and number of rotatable bonds (nrotb) are given in
ESI Table 1.1 The logarithm of the octanol-water partition
coefficient of a compound, the log P value is considered a reli-
able measure of the compound's hydrophilicity in drug
design.®® Low hydrophilicity corresponds to a high log P value.
Studies showed that a compound is likely to be well absorbed by
an organism if its log P value is less than 5. All the inhibitors
have log P values < 5. The HBD (total number of nitrogen-
hydrogen and oxygen-hydrogen bonds) is less than 5, HBA
(total number of nitrogen and oxygen atoms) is less than 10 and
nrotb is less than or equal to 7 for all the studied inhibitors. The
value of nrotb determines the flexibility of the molecule and can
predict its oral bioavailability. Previous studies in rats showed
that 10 or fewer rotatable bonds in a molecule indicated good
oral bioavailability for more than 1100 drugs.®”*®* The molecular
mass (150-500) g mol " shows that all the inhibitors are “drug
like”. The total polar surface area (TPSA) predicts the transport
of a drug through membranes, which includes its intestinal
absorption and crossing of the BBB.*® TPSA < 90 A? is needed to
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penetrate the BBB, and thus acts on receptors in the central
nervous system, which is reflected in complexes 2, 3, 5, 6, 8, 9,
10, and 11. All the other complexes with 90 A* < TPSA value > 140
A? or more show poor intestinal absorption, which is seen in 4,
6, and 12. FDA-approved drugs Ref 1 to Ref 4 follow the Lipinski
rule, with TPSA < 60 A” for Ref 1, 3, and 4; and TPSA > 120 A? for
Ref 2. Osiris Property Explorer also predicts the potential
(mutagenic, tumorigenic, irritant, and reproductive) risks of the
inhibitors. Other properties, such as hydrogen bonding,
hydrophobicity, electronic distribution, flexibility, size of
molecules, and the presence of different pharmacophores,
affect the behaviour of drugs. The druglikeliness (DL), drug
score (DS), solubility, and toxicity (MUT, TUM, IRRI, REP) of the
reference drugs and studied inhibitors are given in ESI Table 2.7}
Toxicity is a very important factor, which sometimes dominates
ADME behaviour. The drugs are failed at the clinical trial stage
due to adverse toxic effects. Various computational tools offer
toxicity prediction for drugs so that they help to accelerate the
discovery of new targets and ultimately lead to compounds with
effective biological activities. Most of the complexes showed
nontoxic behaviour, except 9 and 10, which are highly toxic in
terms of mutagenicity, tumorigenicity, irritant effect, and
reproductive effects. Other inhibitors which showed toxicity are
1a (high-TUM), 1b (mild-REP), 6a (high-MUT), 7b (high-TUM,
REP), 8b (high-MUT, TUM, REP), 11b (mild-IRR), and 11c
(high-IRR, REP). Ref 1 and Ref 3 showed nontoxicity for (IRR)
and Ref 3 is safe for use (TUM, REP).

The cardiotoxicity results showed the safe use of drugs
except for a few inhibitors where toxic behaviour is observed.
See ESI Table 3.f No correlation pattern is observed, which
shows that the addition of one chlorine and two chlorines
compared to the parent complex greatly affects cardiotoxicity;
rather it shows severity for separate features, such as
arrhythmia (6, 7, 9), cardiac failure (9b), heart block (6b, 7, 9a,
9¢), herG toxicity (3-4b, 4, 5a, 9b, 11c), hypertension (2, 3b, 3-2a,
3-2b, 4c, 5b, 8¢, 9b, 9¢), and myocardial infarction (5b, 8a, 9, 11,
12a). These results show no conclusive results about toxicity on
addition of one chloro and two chloro substituents. Ref 1 and
Ref 2 are still safe to use, but Ref 3 and Ref 4 are highly toxic
drugs.

One of the salient features of a good drug candidate is that it
is absorbed in a required time and is well distributed
throughout the system for effective metabolism and action.
Drug metabolism is needed to define the pharmacological and
toxicological profile of drugs, which is vital for drug discovery
and development. Predictions for high human gastrointestinal
(GI) absorption and no permeation of the BBB are seen in
complexes 3, 4, 7, and 12; whereas high human gastrointestinal
(GI) absorption and permeation of the BBB is seen in complexes
2, 5, 6, 8,9, 10, 11a, and 11b. Complex 1 has low human
gastrointestinal (GI) absorption and no permeation of the BBB,
while complex 11c shows high human gastrointestinal (GI)
absorption and no permeation of the BBB. The GI absorption is
high for Ref (1-4) and permeation of the BBB is observed in Ref
1, Ref 2, and Ref 3. The role of permeability glycoprotein (P-gp)
is to protect the central nervous system (CNS) from xenobi-
otics.®® In our studies 4, 5, 9a, 9b, and 11a are predicted as
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substrates of (P-gp) glycoprotein, but Ref (1-4) are not predicted
as substrates of (P-gp) glycoprotein. It is essential to know the
interaction of potential therapeutic drugs with cytochromes
P450 (CYP) because this group of isoenzymes plays a key role in
drug elimination through metabolic biotransformation. The
estimated results indicated no correlation patterns for interac-
tion with the CYP1A2, CYP2C19, CYP2C9, and CYP2D6 and
CYP3A4 members of the isoenzyme family. See Table 3.

The results predicted that the physiological actions of the
studied reference drugs and studied inhibitors involve multiple
target interactions with kinase (1, 3, 4, 6), enzyme (2, 5, 7, 9, 12),
family AG protein coupled receptor (8), protease (10), and
phosphodiesterase families (11). See Fig. 3. Ref 1 has ligand
gated ion channel and family AG protein coupled receptor
interactions and Ref 2 has major interactions with eraser and
phosphodiesterase families. Ref 3 and Ref 4 interact with
kinases and family AG protein coupled receptor families.
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Now we look into the experimental and synthesis results of the
reference drugs and the studied inhibitors and try to validate our
computational results. Ref 1 (diazepam) is anxiolytic, Ref 2
(chloroquine) is listed as an anti-malarial drug by the World
Health Organization, Ref 3 (chloramphenicol) is antibiotic, and
Ref 4 (bendamustine) is an oncology drug. The parent phenyl-
hydrazone 1la showed micromolar inhibitory activity against
cancer cell lines; however, a simple para-chloro substituent 1b
created the “magic” effect of significantly improving potency
against all three cancer cell lines MCF-7, NCI-H460, and SF-268.7°
Inhibitors 2a and 2b showed antimalarial activity against
chloroquine-sensitive Plasmodium falciparum strains (“D10”
strains). These complexes showed a remarkable magic chloro
effect, due to the lipophilicity and the specific van der Waals
radius of the substituent. The change in lipophilicity of these
inhibitors due to the chlorine substituent is seen in the theoret-
ical results. See ESI Table 1.f The (3-1a) to (3-4b) series show

Table 3 Estimated metabolic activities such as Gl absorption, permeation of blood—brain barrier (BBB), P-gp substrate, CYP1A2 inhibitor,
CYP2C19, CYP2C9, CYP2D6, CYP3A4 and log K, (cm s~ for the reference drugs Ref (1-4) and 12 groups of studied inhibitors using BOILED-Egg

in the SwissADME webserver

Complex GI abs BBB P-gp subs CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 log K, (em s™")
Ref 1 High Yes No Yes Yes Yes Yes Yes —5.91
Ref 2 High Yes No Yes No No Yes Yes —4.96
Ref 3 High No No No No No No No —7.46
Ref 4 High Yes No No Yes No Yes No —6.43
1la Low No No No No Yes No Yes —5.92
1b Low No No No No No No Yes —5.92
2a High Yes No Yes Yes Yes No Yes —5.29
2b High Yes No Yes Yes Yes Yes Yes —5.02
3-1a High No No Yes No No Yes No —5.45
3-1b High No No Yes Yes Yes No No —5.21
3-2a High No No Yes No Yes No No —5.45
3-2b High No No Yes Yes Yes No No —5.33
3-3a High No No Yes No Yes No No —5.75
3-3b High No No Yes No Yes No No —5.52
3-4a High No No Yes Yes Yes No No —5.46
3-4b High No No Yes Yes Yes No No —5.23
4a High No Yes No No No Yes No —5.02
4b High No Yes No No No Yes No —5.01
4c High No Yes No Yes No Yes No —4.77
5a High Yes Yes No No Yes Yes Yes —5.43
5b High Yes Yes No No Yes Yes Yes —5.35
6a High Yes No Yes No No No No —6.04
6b High Yes No Yes No No No No —5.78
7a High No Yes Yes No No No No —6.07
7b High No No No Yes Yes Yes Yes —6.50
8a High Yes No Yes Yes Yes Yes Yes —4.90
8c High Yes No No Yes Yes Yes No —4.43
9a High Yes Yes No No No No No —7.18
9b High Yes Yes No No No No No —7.18
9c High Yes No Yes Yes No Yes No —6.47
10a High Yes No Yes Yes Yes No No —4.94
10b High Yes No Yes Yes Yes No No —4.94
10c High Yes No Yes Yes Yes No No —4.46
11a High Yes Yes Yes No No Yes Yes —5.84
11b High Yes No No No No No No —5.61
11c High No No No No No No No —5.37
12a High No No Yes No Yes Yes No —5.59
12b High No No Yes No Yes No No —5.56
12¢ Low No No Yes No Yes No No —5.33

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ref 1: diazepam
Ref 2: chloroquine

Ref 3: chloramphenicol
Ref 4: bendamustine
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Fig.3 Representation of biological targets for the reference drugs Ref
(1-4) and 12 groups of studied inhibitors predicted with the Swis-
sTargetPrediction webserver.

consistent SAR trends with protein binding sites and ligand
pharmacophore. The experimental results showed a “magic
chloro effect” at the indole Cé-position, improving the IC50 value
toward ATX.” The endocannabinoid system (ECS) is a retrograde
lipid signaling pathway that regulates a variety of physiological
functions in the body.”” Recent studies have indicated that the
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inhibition of endocannabinoid degrading enzymes exerts thera-
peutic effects in a few neurodegenerative diseases, such as Par-
kinson's, Alzheimer's, and Huntington's disease.” A magic chloro
effect was observed with an isatin-derived scaffold incorporating
a hydrazone moiety in studies of MAGL inhibition. Compared to
the unsubstituted isatin 4a, the 5-chloro analogue 4b was seen to
be most active against MAGL, whereas 4c, with a Cl in position C6
of the isatin core, showed high potency compared to 4a.
Compounds 4b and 4c are considered promising candidates for
the treatment of neurological and mood disorders,” as these
complexes showed acceptable pharmacokinetic properties. The
chlorine effect is observed in 5b, as it is considered the most
potential competitor to the human dopamine-3 (D3) receptor.
These targets are used for the treatment of various neurological
diseases, depression, and disorders. Compound 5b has shown
high potency with minimized side effects and enhanced thera-
peutics. 5a binds to a D2-like receptor, whereas 5b does not bind
to a D2-like receptor because the addition of a hydrophobic
substituent to the phenyl ring increases the binding affinity of 5b
to the D3 receptor due to the attached chlorine substituent.” A
significant chloro effect was observed in compound 6b, as an
inhibitor of Pseudomonas aeruginosa. Inhibitor 6b shows potency
and exhibits antibacterial activities.”® The effect of two chlorines,
which play an important role in protein-ligand interactions, can
be observed for the fibroblast growth factor receptor 1 (FGFR1)
kinase domain, in compound 7. Experimental results showed
that the potency of 7b is due to the acidity and increased elec-
trophilicity, which is seen in the theoretical results (electrophi-
licity).”” See ESI Table 1.1 Compound 9 show inhibitory activities
for a nicotinamide-based potent and selective monoamine
oxidase A (MAO-A) target.”® The introduction of two chlorine
atoms in 9c makes it more highly potent than 9b in which the
chlorine atom is put at the R2-position, and w-m stacking inter-
actions were proposed with one of the protein's tyrosine residues.
Compound 9 (3,4-dichlorophenyl analogue) is used for antibac-
terial activities. The two chlorine substituents of 9c increase its
lipophilicity and electron-withdrawing properties. The correla-
tion between ring electron density and potency is further sup-
ported by the theoretical results.” Compound 11 is a series of
dual norepinephrine reuptake transporter (NET) inhibitors/
5HT1A partial agonists. The potency of adding one chlorine or
two chlorines is seen when chlorine atoms were introduced onto
the phenyl ring of 11a at the C2- and C3-positions.** Compound
12 showed in vitro cytotoxicity studies against the human cancer
cell line T47D. It is observed that the parent compound indole
12a is inactive, but the activity is increased when two hydrogen
atoms on different rings are substituted with chlorine atoms.**

Conclusions

Results for the 12 studied complexes predicted that the IP
values are higher and the EA values are lower for one-chloro
inhibitors compared to the -H analogues, which are positively
correlated with the IP values of Ref 1 and Ref 2. The change of
chlorine at two different positions has not affected the IP values.
The chemical hardness for one chloro substituent is higher
than the chemical hardness for two chloro substituents. All the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reference drugs and studied inhibitors show high electrophi-
licity indexes for one chloro and two chloro substituents. A
higher HL gap for the studied inhibitors showed stability and
a “magic chloro effect” for the studied inhibitors. The phar-
macokinetic parameters validate the “drug likeliness” for the
studied inhibitors. Most of the complexes showed nontoxic
behaviour towards four toxic effects (mutagenicity, tumori-
genic, irritant, and reproductive) and cardiotoxicity. The refer-
ence drugs are also safe for use with few toxic effects. High
gastrointestinal (GI) absorption is seen for the reference drugs
and studied inhibitors. The chlorine bonds have increased the
metabolic activities. The toxicity is not increased by adding one
chloro or two chloro substituents. The multitarget activities of
the inhibitors reflected the potency of the chlorine atom against
various diseases, which is validated by the experimental results.
In conclusion, we can say that the chlorine substituent plays
a vital role not only in tuning pharmacokinetic properties but
also in improving drug-target binding affinity. Studies should
focus more on the ADME/T property optimization of -Cl
substituents for drug design and discovery in future.
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