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ABSTRACT: The condensation of phthalic anhydride afforded structurally

modified isoindoline-1,3-dione derivatives with selected amino-containing

compounds. The title compounds (2—30) have been characterized by thin-

layer chromatography (TLC), infrared spectroscopy, 'H and C NMR

spectroscopy, and mass spectroscopy. All of the compounds were assessed for

their antimycobacterial activity toward the H37Rv strain by a dual read-out assay O

method. Among the synthesized compounds, compound 27 possessed a N-
significant ICsy of 18 yM, making it the most potent compound of the series. N 'S !

The InhA inhibitory (ICs) activity of compound 27 was 8.65 M in comparison 0

to Triclosan (1.32 uM). Computational studies like density functional theory |
(DFT) study, molecular docking, and dynamic simulation studies illustrated the Compound 27
reactivity and stability of the synthesized compounds as InhA inhibitors. A IC50: 18 uM
quantum-mechanics-based DFT study was carried out to investigate the

molecular and electronic properties, reactivities, and nature of bonding present in the synthesized compounds and theoretical
vibrational (IR) and isotropic value (‘H and *C NMR) calculations.

[ihl Metrics & More Q Supporting Information

1. INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), is one of the most fatal infectious diseases burdening
the world." The WHO has recently updated its data on TB
deaths, which shows that 1.5 million people (including 214,000
people with human immunodeficiency virus (HIV)) died from
TB in 2020. TB is the 13th leading cause of mortality
worldwide and the second leading infectious killer after
COVID-19 (above HIV/acquired immunodeficiency syn-
drome (AIDS)). In 2020, there are estimated 10 million new
cases of tuberculosis (TB) worldwide, including 3.3 million
women, 5.6 million men, and 1.1 million children.'™ The 30
most high-burden countries in 2020 will account for 86% of
new TB cases. Eight countries make up two-thirds of the total,
with India leading the pack, followed by China, Indonesia, the
Philippines, Pakistan, Nigeria, Bangladesh, and South Africa.
Globally, the TB rate is declining at a rate of about 2% per
year, and it declined by 11% between 2015 and 2020."~*

In the 1960s, the use of pyrazinamide and rifampicin led to a
radical transformation of antimycobacterial therapy.® Com-
bined with isoniazid, ethambutol, and/or streptomycin, it has
led to short-course chemotherapy (SCC), which reduces the
time of treatment from 18 to 6 months.’~® The prolonged
course of treatment leads many patients to stop taking the
medication after their symptoms disappear. By stopping the
medication before the infection has cleared up, the bacteria can
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develop resistance to the antibiotic, potentially leading to
multidrug-resistant (MDR) infection.”™® HIV co-infection
further complicates the ability to treat TB, increasing resistance
to treatment and the transmission rates and death due to TB.”
According to these findings, there is an urgent need to develop
an antitubercular treatment that is less toxic and more effective
than the current first- and second-line antitubercular drugs. A
subunit of isoindoline-1,3-dione is an important drug candidate
having a variety of biological activities against diseases
including cancer, leprosy, inflammation, AIDS, cyclooxygenase
(COX) inhibitors, multiple myeloma, and antidepressants.’
Structure—activity relationships (SAR) of metabolites and
analogues of thalidomide have shown that the isoindoline-1,3-
dione ring system plays an essential role in the drug’s
pharmacophore.'’ Isoindoline-1,3-diones possess planar aro-
matic ring and hydrophobicity; therefore, interaction of these
drugs with different biologically active targets constitutes the
basis for the evaluation of their biological activity.'' Due to
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Figure 1. Reported isoindoline-1,3-dione derivatives.
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their planar aromatic ring and hydrophobicity, isoindoline-1,3-
diones interact with a variety of biologically active target
molecules. Thus, the interaction between these drugs and their
biological targets provides the basis for the evaluation of their
biological activity.'” The minimal inhibitory concentrations
(MICs) of some of these derivatives with an N-substituted
isoindoline-1,3-dione moiety are comparable to those of
clinically used antibiotics."

Akgiin et al. reported the sulfonamido-fused isoindoline-1,3-
dione derivative i with an MIC of 32 pg/mL against the H;,Ra
strain.” In an article by Elumalai et al, they described an
isoniazid-fused compound ii with an MIC of 1.15 ug/mL
against H37Rv." In their study, Phatak et al. examined the
antimycobacterial activity of an isoindoline-1,3-dione bearing
1,2,3-triazole (compound iii) with an MIC of 12.5 ug/mL."*
As reported by Paraiso et al., sulfonamido-clubbed isoindoline-
1,3-dione derivatives iv have an MIC of 10 ug/mL against the

M. tuberculosis Hy,Rv strain.'> Several nonfluorinated deriva-
tives of isoniazide (v) have been synthesized by Santos et al.
(MIC: S pg/mL) (Figure 1).1¢

Inspired by the above literature, in the current research
work, we have reported the synthesis, spectroscopic study,
molecular modeling, and quantum-mechanics-based investiga-
tion of the isoindoline-1,3-dione derivatives as an antimyco-
bacterial agent.

2. RESULT AND DISCUSSION

2.1. Chemistry. The isoindoline-1,3-dione derivatives (2—
30) were prepared by condensing an equimolar quantity of
phthalic anhydride and primary amino group containing
alicyclic compounds in 50—75 mL glacial acetic acid in an
equimolar quantity (Schemes 1 and 2). After pouring the
content into the ice, a solid precipitated out, which was filtered
and recrystallized from ethanol (60—80% vyields), and the

21821 https://doi.org/10.1021/acsomega.2c01981
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Scheme 1°

“Reagents and conditions: 0.1 mol of the primary amino group containing alicyclic compound, 0.1 mol of phthalic anhydride in S0—75 mL of
glacial acetic acid, reflux for 3 h; (a) 4-fluoroaniline, (b) 2-methylaniline, (c) 3-chloro-4-fluoroaniline, (d) 3-methylaniline, (e) 4-chloroaniline, (f)
3-chloroaniline, (g) 4-bromoaniline, (h) 2-bromoaniline, (i) 3-nitroaniline, (j) glycine, (k) 4-methylpyridin-2-amine, (1) S-methylpyridin-2-amine,

(m) S-bromopyridin-2-amine, (n) S-amino-2-hydroxybenzoic acid.

compounds were purified by flash chromatography. Thin-layer
chromatography (TLC) was used to verify the purity of
synthesized compounds, and spectroscopic data were used to
identify their structures. The IR spectra of compounds 2—30
displayed the characteristic band indicating the carbonyl group
of the imide isoindoline-1,3-dione ring, ranging from 1699 to
1779 cm™. The "H NMR spectra of compounds 2—30 showed
multiple signals corresponding to resonances of isoindoline-
1,3-dione protons at 6.45—8.48 5 ppm. The *C NMR and
mass data further confirmed the synthesis of the title
compounds 2—30. The lipophilicity values (LogP) of the
synthesized compounds (2—30) were calculated using
CHEMDRAW ultra-14.0.

The synthesis of the isoindoline-1,3-dione derivatives (2—
30) was successfully carried out from phthalic anhydride and
different primary amino-containing heterocycles with 95—

100% purity. Purification of the compounds was carried out
using flash chromatography and verified by liquid chromatog-
raphy—mass spectrometry (LCMS).

2.2. Theoretical and Experimental Spectral Correla-
tion. The use of IR and NMR ('H and "*C) spectroscopy,
nowadays coupled with theoretical computations, is proving to
be an effective tool for analyzing the vibrational and chemical
shifts within molecules.'” The vibrational spectra, chemical
shifts, and simulated outcomes can help to distinguish
vibrational modes, chemical shifts (isotropic value), and
structural features of the synthesized compounds.'® Using
density functional theory (DFT)/B3LYP methods with the
B3LYP/6-311%* basis set, we examined the vibrational spectra
and chemical shift (isotropic value).'”'® First, conformational
search of compound 14 was first performed using the OPLS-
2005 method. Consequently, the conformers were reoptimized

https://doi.org/10.1021/acsomega.2c01981
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Scheme 2“

“Reagents and conditions: 0.1 mol of the primary amino group containing alicyclic compound, 0.1 mol of phthalic anhydride in S0—75 mL of
glacial acetic acid, reflux for 3 h; (a) S-(4-methoxyphenyl)-1,3,4-thiadiazol-2-amine, (b) 5-(4-chlorophenyl)-1,3,4-thiadiazol-2-amine, (c) 5-(2-
chlorophenyl)-1,3,4-thiadiazol-2-amine, (d) S-phenyl-1,3,4-thiadiazol-2-amine, (e) S-(4-methoxyphenyl)-1,3,4-thiadiazol-2-amine, (f) S$-(3-
bromophenyl)-1,3,4-thiadiazol-2-amine, (g) S5-(3-methoxyphenyl)-1,3,4-thiadiazol-2-amine, (h) S-(3-methylphenyl)-1,3,4-thiadiazol-2-amine, (i)
S-benzyl-1,3,4-thiadiazol-2-amine, (j) S-(2-fluorophenyl)-1,3,4-thiadiazol-2-amine, (k) S-(3-chlorophenyl)-1,3,4-thiadiazol-2-amine, (1) S-(4-
iodophenyl)-1,3,4-thiadiazol-2-amine, (m) S-(2-nitrophenyl)-1,3,4-thiadiazol-2-amine, (n) S-methyl-1,3,4-thiadiazol-2-amine, (o) 8-amino-4-

methyl-2H-chromen-2-one.

by applying DFT at the B3LYP/6-311%* level. The geometry
optimized parameters of compound 14 are given in Table 1.

2.2.1. Vibrational Analysis (IR Spectral Analysis). IR
spectra were recorded for the solid substances using the KBr
press pellet technique in the region between 4000 and 400
cm™! with 40 number of scans on a Shimadzu FTTR-8400S at a
resolution of 4 Hz. The calculated vibrational wavenumbers
and IR intensities of compound 14 are provided in Table 2 and
Figures 2 and 3. The linear correlations between calculated and
assessed data have been obtained by the DFT/B3LYP method
and are illustrated by eq 1.

aale = O9990expt — 5.875 (RZ = 09991) (1)

As the DFT calculated vibrational wavenumbers were higher
than those calculated experimentally, they were scaled down by
the scaling factors 0.958 and 0.983 for the wavenumbers in the
range of 4000—1700 cm™! and lower than 1700 cm™},
respectively.'”

We compared the scaled theoretical values with the
experimental values for compound 14. The CH vibrations
are a common vibrational frequency observed in IR spectra.
Unsaturated hydrocarbons have vibrational frequencies ranging
from 3100 to 3000 cm™". Experimental aromatic CH stretching
was observed at 3064.99 cm™', and a calculated peak was
observed at 3032.00 cm™' for compound 14. It is easy to
recognize the stretching vibrational absorption of C=0 since

https://doi.org/10.1021/acsomega.2c01981
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Table 1. Geometry-Optimized Structure of Compound 14 by DFT

bond angles (deg)

C6—C1-C2: 121.101621
H19-C1-C2: 119.318463
H19—-C1-C6: 119.579865
C3-C2—ClI: 121.101621
H20-C2—-Cl1: 119.318463
H20-C2—C3: 119.579865
C4-C3—-C2: 117.303383
H21-C3-C2: 121.955182
H21-C3—C4: 120.741115
C5—C4—C3: 121.594877
C7—-C4—C3: 129.710583
C7—C4—Cs: 108.694481
C6—CS5—C4: 121.594877
C9—CS5—C4: 108.694481
C9—-C5—C6: 129.710583
C5—-C6—Cl: 117.303383
H22—-C6—Cl: 121.955182
H22—-C6—CS: 120.741115
N8—C7-C4: 105.075084
011-C7-C4: 129.387418
0O11-C7-N8: 125.534776
C9—N8-C7: 112.437750
C12—N8-C7: 123.466902
C12—N8-C9: 123.466902
N8—C9—CS5: 105.075084
010—C9-Cs: 129.387418
010—C9—N8: 125.534776

N13—-CI12—N8: 116.130169
C17-CI12—-N8: 119.725519

C17-C12—N13: 124.1443
C14-N13-C12: 117.7740
C15—C14—N13: 122.2259

H23-C14-N13: 117.071275
H23-C14-CI1S: 120.702746
C16—C15—C14: 119.899225
Br18—C15—C14: 119.57376

Br18—C15—C16: 120.527014
C17-C16—C15: 117.701529
H24-C16—C15: 120.967860
H24-C16—C17: 121.330612
C16—C17—-C12: 118.254907
H25-C17-C12: 120.290287
H25-C17-C16: 121.45480

torsional angles (deg)

C1-C2—-C3—C4: —0.123433
C1-C2—-C3—H21: —179.918978
C1-C6—CS5—C4: —0.124082
C1-C6—C5-C9: 179.776645
C2—-C1-C6—CS: 0.123433
C2—-C1-C6—H22: 179.918978
C2—-C3-C4-CS: 0.124082
C2—-C3-C4-C7: —179.776645
C3-C2—-C1-C6: 0.000000
C3—-C2—-C1-H19: 179.917540
C3—-C4-C5—C6: 0.000000
C3—-C4-CS5—C9: —179.919378
C3—-C4—-C7—-N8: —179.191936
C3—-C4-C7-011: 0.224911
C4-C3—-C2—H20: 179.793894
C4-CS5—C6—H22: —179.922250
C4-CS—C9—N8: —0.897331
C4-C5—-C9-010: 179.685821
C4—-C7-N8-C9: —1.528816
C4-C7-N8-C12: —172.709383
C5—-C4-C3—H21: 179.922250
C5—C4—-C7—N8: 0.897331
C5—-C4—-C7-011: —179.685821
C5-C6—C1-H19: —179.79389
CS—C9—-N8—-C7: 1.528816
C5—C9—N8-C12: 172.70938
C6—C1—-C2—H20: —179.917540
C6—C5—C4—C7: 179.919378
C6—CS5—C9—N8: 179.191936
C6—-C5—C9-010: —0.22491
C7—-C4—-C3—-H21: 0.021522
C7-C4-CS5—C9: 0.000000

C7—-N8-C9-010: —179.025033
C7—-N8-C12—N13: 85.109609
C7—-N8—-C12—-C17: —94.890391
N8-C12—N13—C14: 180.000000
N8-C12—C17—-C16: 179.999999
N8—-C12—C17—H2S: 0.000001
C9—-C5—C6—H22: —0.021522
C9—N8-C7-011: 179.025033
C9—N8—-C12—N13: —85.109609
C9—-N8—-C12—C17: 94.890391
010—C9—-N8—-C12: —7.844467
011-C7—-N8—-C12: 7.844467
C12—N13-C14—-C15: 0.000000
C12—N13-C14—H23: 180.000000
C12-C17-C16—C15: 0.000000
C12—C17-C16—H24: 179.999999
N13-C12-C17-C16: 0.000000
N13-C12—-C17—H2S: 180.000000
N13-C14-C15-C16: 0.000000
N13—-C14—C15—Brl8: 180.000000
C14—-N13-C12—-C17: 0.000001
C14-C15-C16—C17: 0.000000
C14—C15—-C16—H24: 180.000000
C15—-C16—C17—H25: 180.000000
C16—C15—C14—H23: 180.000000
C17—-C16—C15—Brl8: 180.000000
Br18—C15—C14—H23: 0.000000
Br18—C15—C16—H24: 0.000001
H19-C1-C2-H20: 0.000000
H19-C1-C6—H22: 0.001651
H20-C2-C3-H21: —0.001651
H24-C16—C17—H25: 0.000000

bond lengths (A)

C1—-C2: 1.401747
C1—-C6: 1.400602
CI1-H19: 1.086312
C2—C3: 1.400602
C2—H20: 1.086312
C3—C4: 1.386955
C3—H21: 1.085525
C4—CS: 1.395452
C4—C7 :1.490906
CS5—C6: 1.386955
C5—C9: 1.490906
C6—H22: 1.085525
C7—N8: 1.414388
C7-011: 1.21098S
N8—C9: 1.414388
N8—C12: 1.423335
C9-010 :1.21098S
C12—N13:1.332308
C12—C17: 1.394047
N13-C14: 1.333632
C14—CI1S :1.397358
C14—H23 :1.086646
C15—Cl16: 1.392428
C15—Brl18 :1.90764
C16—C17: 1.392395
C16—H24 :1.084458
C17—H25: 1.084341

it usually appears in the region of ~1700 cm™" with a sharp,
distinct peak.

The experimental peak of the C=0O pear at 1718.63 cm™
and the theoretical scaled peak was observed at 1729.00. The
C—N (m-—s) and C=N (m—s) peaks are generally observed
between 1350—1000 and 1690—1640 cm™'. Experimentally,
C—N and C=N peaks are observed at 1357.93 and 1570.11
cm™ and at 1360.49 and 157222 cm™' in the simulated
spectrum, respectively. The bromide usually appears at <667
ecm™! in IR. Practically, it appeared at 66546 cm™ and
theoretically, by quantum mechanics, at 646.70 cm™.

2.2.2. 'H NMR Spectral Analysis. At ambient temperature,
'"H NMR and C NMR spectra were recorded on a Bruker
Avance-II 400 NMR spectrometer operating at 400 MHz.
Chemical shifts were calculated and reported in 6 ppm in
comparison to the internal standard tetramethylsilane (TMS)

1

(Table 3 and Figures 4 and S). '"H NMR spectra provide
information about peak shapes, chemical shifts, sources of
hydrogen atoms, coupling constants, etc. Aromatic hydrogen
atoms tend to appear in high-field regions, and aliphatic
hydrogen atoms appear in low-field regions; with an increased
electron cloud density, electronegative groups can increase the
chemical shift.'”~*°

The linear correlation between calculated and observed data
was found for compound 14 by the DFT/B3LYP method and
is explained by eq 2.

0

calc

= 0.9874,

ot — 0.0183

(R* = 0.9552) @)
As shown in Table 3, H21 and H22 of the isoindoline-1,3-
dione ring of compound 14 are in the same chemical
environment and should appear as doublet of doublet (dd).
In the simulation study, they had an isotropic shielding value of

https://doi.org/10.1021/acsomega.2c01981
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Table 2. Experimental and Calculated Wavenumbers (cm™"') for Compound 14

calculated IR by B3LYP/6-311%*

calculated IR by B3LYP/6-311%*

mode experimental IR unscaled scaled mode experimental IR unscaled scaled
1 33.07 32.51 36 1171.60 1151.69
2 46.69 45.90 37 1200.45 1180.04
3 79.62 78.27 38 1219.70 1198.96
4 124.43 122.31 39 1245.64 1224.46
S 143.21 140.78 40 1286.82 1264.95
6 169.39 166.51 41 1306.73 1284.51
7 177.07 174.06 42 1364.00 1340.81
8 235.44 231.43 43 1357.93 1384.02 1360.49
9 288.57 283.66 44 1439.47 1415.00
10 291.24 286.29 45 1444.20 1419.65
11 348.94 343.01 46 1460.58 1435.75
12 369.19 362.92 47 1465.95 1512.64 1486.93
13 376.14 369.74 48 1538.27 1512.12
14 444.47 436.91 49 1570.11 1599.41 157222
15 461.42 453.57 S0 1626.21 1598.56
16 506.24 497.63 S1 1644.88 1616.92
17 5583.41 544.00 52 1650.97 1622.90
18 558.33 548.84 53 1682.28 1653.68
19 578.97 569.13 54 1692.26 1663.49
20 638.34 627.48 SS 1721.28 1648.95
21 665.46 657.89 646.70 56 1725.96 1653.47
22 715.61 722.32 710.04 57 1738.93 1665.90
23 737.00 724.47 S8 1757.39 1683.58
24 755.47 742.62 59 1718.63 1804.81 1729.00
25 786.98 770.95 757.85 60 1809.16 1733.18
26 835.21 840.12 825.84 61 1873.55 1794.86
27 883.43 856.11 841.56 62 1934.41 1853.16
28 927.50 911.73 63 3144.55 3012.48
29 986.32 969.55 64 3146.35 3014.21
30 1006.88 1030.97 1013.45 65 3150.33 3018.02
31 1052.82 1034.93 66 3151.00 3018.66
32 1072.46 1100.22 1081.51 67 3153.79 3021.33
33 1103.17 1084.42 68 3158.79 3026.12
34 1132.09 1112.84 69 3064.99 3164.93 3032.00
35 1139.92 1120.54 70
3400
‘/
“'.T 500 Experimental Spectrum /‘\ i"
g Veal = 0.999Vexp. - 5.875 il
5 2u00 R2=0.9991 ﬂ ’( V
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Figure 2. Linear regression between experimental and calculated
wavenumbers for compound 14.

23.63 and the calculated 'H NMR chemical shift relative to
TMS was found to be 8.01 6 ppm. The average experimental
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Figure 3. Experimental and theoretical IR spectra of compound 14.
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Table 3. Experimental and Calculated "H NMR Spectra of Compound 14

isotropic calculated "H NMR chemical shift relative to TMS (§ experimental chemical shift (multiplets) (5  average chemical shift (&
label shielding ppm) ppm) ppm)
H19 and H20 23.51 8.13 7.9873—8.0087 7.99
H21 and H22 23.63 8.01 7.9204—7.9419 7.93
H23 22.89 8.75 8.7906—8.7847 8.78
H24 23.12 8.52 8.2838-8.3113 8.3
H25 24.05 7.59 7.5794—7.5582 7.56
97 between 0 and 60 ppm, sp> hybrid carbon is in between 100
and 150 ppm, and the range of § values of sp hybrid carbon is
£ 88 Scal. =0.987 Sexp.+ 0.0183 o 60—95 ppm.'” 7>
S ae R?=0.9552 Besides induction and conjugation effects, the variation in
£ electron cloud density outside the carbon nucleus can also
s 84 affect chemical shifts. This results in a shift of the resonance
g ° absorption peak in high and low fields.'”'® The Bruker
g 82 Avance-II 400 NMR spectrometer operating at 400 MHz was
5 used to record *C NMR spectra, and chemical shifts were
‘;3 8 .o measured compared to the TMS (Table 4 and Figures 6 and
g 7). The characteristic carbonyl carbon (C7 and C9) of the
S 78 isoindoline-1,3-dione ring of compound 14 appeared at 166.04
Ig' & ppm (calculated: 174.35 & ppm). Other aromatic carbons of
76 o. compound 14 are observed between 119.98 and 150.08 & ppm.
- A significant linear correlation has been observed between
74 76 78 3 32 8.4 36 88 9 calculated and observed chemical shift data for *C NMR

Calculated Chemical Shift & ppm

Figure 4. Analysis of the linear relationship between experimental and
calculated chemical shifts ("H NMR) for compound 14.

chemical shift was observed at 7.93 § ppm (dd). Similarly, H19
and H20 were having similar chemical environment (isotropic
value: 23.51) and their calculated chemical shift was observed
at 8.13 6 ppm and practical average chemical shift as dd
observed at 7.99 ¢ ppm. The meta coupled H23 of 4-bromo
pyridinyl of compound 14 appeared at 8.78—8.79 § ppm
(average: 8.78 § ppm), and in quantum simulation, it appeared
at 8.75 6 ppm with an isotropic value of 22.89.

A sharp doublet of H25 appeared at 7.55—7.57 § ppm
(average: 7.56 § ppm), and a theoretical calculated chemical
shift appeared at 7.59 6 ppm. A double-notched doublet of
pyridinyl proton H24 was observed at 8.28-8.31 & ppm
(average: 8.3 § ppm), and the calculated '"H NMR chemical
shift relative to TMS appeared at 8.52 § ppm (Figure 5).

2.2.3. 3C NMR Spectral Analysis. The *C chemical shift of
carbon is determined to a large extent by its hybrid orbital
states. Generally, sp® hybrid carbons have a resonance in the
high field, sp* hybrid carbons have one in the low field, and sp
hybrid carbons resonate in between them. Using TMS as an
internal standard substance, & values of sp’ carbon range

(Figure 6) and is described by eq 3.

4,

calc

= 0.8517¢,

ot + 16262 (R* = 0.9216) 3)

2.3. Antimycobacterial Activity and Structure—Activ-
ity Relationship (SAR). Newly synthesized compounds have
been evaluated for their antimycobacterial activity using a dual
read-out (ODS90 and fluorescence) assay procedure to
determine the MIC against the Mtb H37Rv strain.”*7%°
Results of the antimycobacterial activity are shown in Table S.
The series of the synthesized isoindoline-1,3-diones (2—30)
can be broadly divided into substituted aniline derivatives (2—
15) and substituted 1,3,4-thiadiazol derivatives (16—19, 21—
29) and have an ICg, value of 18—197 uM against M.
tuberculosis. Structural relationship suggested that the sub-
stituted 1,3,4-thiadiazols are more potent than the substituted
anilines at the second position of the 2-isoindoline-1,3-dione
[compound 27 (IC4: 18 uM); compound 6 (ICy: 28 uM)].
Among the halo-phenyl-substituted 1,3,4-thiadiazols at the
second position, iodophenyl [compound 27 (ICsy: 18 uM)]
was more potent compared to the chloro [compound 26 (ICs:
80 uM)], bromo [compound 21 (IC: 100 uM)], and
fluorophenyl [compound 25 (ICsy: 133 uM)]. Among the
anilines, 4-chloro aniline (4-chlor phenyl) has shown
significant antimycobacterial activity (ICsy: 28 M) compared
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Figure 5. '"H NMR spectrum of compound 14.

Table 4. Experimental and Theoretical Calculated '>*C NMR Spectra of Compound 14

label isotropic shielding calculated *C NMR chemical shift relative to TMS (& ppm) experimental chemical shift (6 ppm)
Cl and C2 63.13 134.73 134.98
C3 and C6 70.58 126.79 123.70
C4 and CS 60.06 138.01 131.26
C7 and C9 25.99 174.35 166.04
Cl2 44.18 154.95 141.20
Cl4 42.72 156.5 150.08
C15 73.1 124.7 119.98
Cl6 56.45 141.85 144.76
C17 69.73 127.69 124.42

to other anilines. It was expected that pyridine-substituted 2-
isoindoline-1,3-diones (compounds 12, 13, and 14) would
show significant antimycobacterial activity, but practically, they
have demonstrated only moderate antimycobacterial activity
[compound 14 (ICy: 90 uM); compound 12 (ICg,: 148 uM);
compound 13 (ICsy: 160 uM)] (Figure 8).

2.4. In Vitro Cytotoxicity Evaluation. The cytotoxic
effects of potent compounds were determined by assessing
THP-1 cell viability after 3 days in the presence of test
compounds. Table 5 shows the cytotoxicity data of compounds
5—8 and 27. All of the tested compounds had an ICj, value
greater than 150 uM.>*~*

2.5. InhA Inhibitory Activity. To determine the InhA
inhibitory activity of potent compound 27, an enzyme assay
was carried (Table S). The assay was carried out utilizing 2-
trans-dodecenoyl-CoA as a substrate, and the % inhibition was
measured taking into consideration the conversion of NADH
into its oxidized form NAD+ at 340 nm. Triclosan, a well-
known InhA inhibitor, has been used as a reference. The ICq,
value of potent compound 27 was found to be 8.65 uM
compared to Triclosan (1.32 uM).

2.6. Docking Study. Molecular modeling was used to
investigate how the synthesized compounds bind to the active
site of 2-trans-enoyl-acyl carrier protein reductase (InhA, PDB
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180 recognize the binding interaction of the synthesized com-
B pounds within the active site of InhA (Table 6). Docking
2. Gcal. = 0.85178 exp. +16.2626 validation has been first performed by redocking the co-
9 R2=0.9216 0 crystalized structure into the active site of the InhA and
£ measuring the root-mean-square deviation (RMSD) of the
& 160 native co-crystalized ligand with redocked co-crystalized ligand,
T which was found to be 1.567 (Figure 9A). Overlay images of
£ 150 o the docking validation are given in Figure 9A. Docking results
£ ’ demonstrated that synthesized compounds formed the crucial
(V] °
= o hydrogen-bond interaction with the isoindoline-1,3-dione via
% 140 carbonyl oxygen. Compound S5 formed a hydrophobic 7—x
£ L interaction with Phel49, while compound 11 formed two
&;.;_130 _ e hydrogen-bond interactions with Lys 165 and Tyr 158
% ' '.-"' (Figures 9B,C and 10A,B). The potent compound of the
120 : : : : : : . series (27) forms the hydrogen-bond interaction with the vital
120 130 140 150 160 17 120 Tyr 158 residue via carbonyl oxygen, and the thiadiazol ring

Calculated Chemical Shift (8 ppm)

Figure 6. Linear regression between experimental and calculated
chemical shifts (**C NMR) for compound 14.

entry 2H7I) using the Schrodinger Glide module. It is one of
the major enzymes engaged in the fatty acid biosynthesis type
11 pathway of M. tuberculosis.”” The results of the in vitro study
encouraged us to carry out molecular docking studies to

was involved in the hydrophobic 7—7 interaction with Phe 147
and Tyr 158 (Figure 1010C,D). Important residues within the
S A periphery of the ligands were Leu 218, Ile 215, Ile 194, Pro
193, Gly 192, Ala 191, Met 161, Tyr 158, Met 155, Phe 149,
Asp 148, Met 147, and Met 103.

Based on the default parameters of the Prime MMGBSA
modules implemented in Schrodinger, binding free energies
(AG bind) of protein—ligand complexes were calculated using
the Glide pose viewer file. To determine the relative binding
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Figure 7. 13C NMR spectrum of compound 14.
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Table 5. Antimycobacterial and Cytotoxicity Study of the Synthesized Compounds (2—30)

@[ém

[e

O
Compound Structure MIC ICsy  Cytotoxicity InhA LogP
Code @M)  @M) IG5 (uM)  ICso (uM)
2 %@4 >200 197 2.816
HaC
3 @ 194 68 2.492
Cl
4 :QF 186 64 3.627
CHs
5 :O 100 29 > 150 2.892
6 -5@@ o4 28 > 150 3.386
Cl
7 :O 96 26 > 150 3.386
8 —E@—Br 102 31 > 150 3.536
Br,
9 @ >200 75 3.076
NO,
10 :O >200 121 2.736
11 > COOH 164 55 --- - 0.881
\// CH3
12 A >200 160 2295
N~
71/ AN
13 T >200 148 2295
ZCH,
RN
14 | >200 90 2782
N~ Br
COOH
15 O >200 92 2.534
! OH
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Table S. continued

Compound Structure MIC ICs9p  Cytotoxicity InhA LogP
Code (M) (M)  ICs(uM)  ICsy (uM)
N-
)
16 s 182 62 3.028
OCH,4
N~
L i
17 v s >200 >200 3.686
Cl
\/4?~w C
18 s)\© >200 91 3.436
N-N
—
19 . s)\© >200 >200 2.969
(e}
20 -E—HNJ\©\ >200 101 0.389
OH
N-N
A
21 \ s)\©5f >200 100 3.836
\’<?~N OCH;
22 g 180 58 2.468
N-N
l\\/</ | CHs
23 S 123 43 3.468
N-N
24 - J\Q >200  >200 2.938
‘'S
25 NN, >200 133 3.116

N

26 NI/N\>_© 192 80 3.686
ya
Nn-N

27 i \>—®»I 64 18 >200 8.65 4.096
S
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Table S. continued

Compound Structure MIC ICsp  Cytotoxicity InhA LogP
Code (M)  (uM)  ICsy(uM)  ICsy (uM)
28 NI’N\>_© >200 171 2.720
‘,\\)\S
N’N
29 L )—CH, >200 100 1370
WS
CHj
30 m >200 >200 2.990
o o Yo
Std. Isoniazid 0.38 0.15 -0.64
Std. Triclosan -— - -— 1.32 4.86

4

6 M. tuberculosis
N~ 0 N
R \‘\ ) &
~ soatl
Compound 25 0 !
IC50:133 uM Compound 27
. IC50: 18 uM
i ,&FN 5 ) O
T Ot o
S \ — N Cl
0 : \
Compound 21 o - Compound 6
IC50: 100 uM d«N 4N ol ICs0 : 28 pM
Y :]
6]
Compound 26
IC50: 80 uM
Figure 8. Structure—activity relationship of isoindoline-1,3-diones (2—30).
affinity of ligands to receptors, MMGBSA calculations are —65.71 kcal/mol), and compound 27 (AG bind = —65.10
used; the lower the value, the stronger the binding affinity kcal/mol) had significant affinity with the enzyme.

2.7. DFT Reactivity. Molecular boundary orbitals play a

(Table 7). Among the synthesized compounds, compound
crucial role in a chemical reaction, and many chemical

18 (AG bind = —78.48 kcal/mol), compound 25 (AG bind =

reactions occur by taking or giving electrons. An electron
—75.42 kcal/mol), compound 26 (AG bind = —74.37 kcal/

orbital with the highest energy is called a highest occupied

mol), compound 21 (AG bind = —73.75 keal/mol), molecular orbital (HOMO), while an electron orbital with the
compound 28 (AG bind = —70.77 keal/mol), compound 30 lowest energy is called a lowest unoccupied molecular orbital
(AG bind = —66.21 kcal/mol), compound 17 (AG bind = (LUMO). An electron that is being received by a molecule will
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Table 6. Docking Score of the Synthesized Compounds by the XP-Docking Protocol and Amino Acid Interactions within a

Circumference of § A

Glide Glide Glide Glide Glide

Amino Acid Interaction within 5A°

Comp  Docking

Code  Score  Gscore evdw ccoul cmodel energy Leu 218 Tle 215 Tle 194 Pro 193 Gly 192 Ala 191 Met 161 Tyr 158 Met 155 Phe 149 Asp 148 Met 147 Met 103

Vdw Dist Vdw Dist Vdw Dist Vdw Dist Vdw Dist Vdw Dist Vdw Dist Vdw Hbond Dist Vdw  Dist Vdw  Dist Vdw  Dist Vdw  Dist  Vdw  Dist
15 -9.80 -9.80 -34.03 -6.12 -61.37 -40.15 -229 223 -257 270 -1.13 223 -1.66 209 -0.77 307 -042 437 -136 255 -521 -0.50 1.89 -1.41 3.90 -5.81 2.82 -0.63 4.56 -0.37 4.56 -1.21 2.79
26 -9.39 -9.39 4228 -3.13 -71.82 -4541 -047 409 -1.09 259 -2.10 234 -1.69 272 -114 291 -078 205 -1.25 342 -6.61 -097 2.05 -0.71 3.68 -5.73 2.69 -1.67 291 -1.86 2.23 -2.54 2.56
25 -9.34 -9.34 4261 -4.61 -7508 -47.22 -1.62 210 -2.86 2.85 -143 298 -136 247 -088 337 -089 307 -140 318 -6.56 -1.00 1.84 -1.64 3.88 -6.74 295 -1.47 3.74 -1.61 2.04 -1.19 2.84
21 -9.27 -9.27 4289 -3.12 -72.96 -46.01 -047 4.09 -1.84 2.66 -204 240 -1.66 274 -1.13 291 -070 203 -1.28 339 -646 -0.98 2.06 -0.73 3.65 -5.78 2.66 -1.68 2.90 -1.88 2.17 -2.75 2.52
18 -9.15 -9.15 4423 -483 -7592 -49.06 -1.59 217 -271 277 -1.51 281 -122 243 -098 316 -1.05 275 -138 324 -7.14 -1.00 1.82 -1.71 3.56 -7.05 2.81 -1.64 3.55 -1.52 1.95 -0.53 2.59
4 -9.03 -9.03  -31.51 -3.38 -48.88 -3489 -0.51 337 -1.87 298 -232 158 -1.84 243 -1I18 288 -096 290 -091 386 -3.01 -0.71 1.94 -0.65 37 -6.41 2.73 -0.92 3.64 -0.75 3.08 -1.18 2.90
28 -8.66 -8.66 -4597 -2, -80.30 -48.50 -1.77 2.57 -1.98 264 -185 247 -1.66 246 -124 274 -0.83 204 -131 333 791 -1.00 2.08 -1.24 3.16 -7.58 2.68 -1.83 3.06 -1.79 2.00 -1.82 235
8 -8.61 -8.61  -30.89 -48.73  -31.39 -2.01 221 -221 267 -193 206 -221 241 -0.85 387 -053 414 -052 450 -587 0.00 231 -1.39 3.97 -4.37 246 -0.37 4.94 -0.31 4.67 -1.12 275
23 -8.53 -8.53  -41.79 -1.51 -70.15 -4330 -2.09 218 -2.88 276 -1.70 3.18 -2.55 254 -099 336 -090 195 -066 453 -58) 0.00 249 -1.46 3.79 -5.42 1.92 -1.36 2.72 -1.85 1.98 -118 2.69
24 -8.50 -8.50  -38.94 -297 -64.60 -4191 -1.56 189 -2.62 2.79 -146 298 -2.09 274 -096 358 -075 347 -141 3.00 -3.67 -097 2.11 -1.52 322 -7.44 275 -1.33 4.61 -1.67 2.14 -0.66 3.16
30 -8.42 -842  -3422 -236 -59.70 -36.58 -2.20 231 -1.39 259 -1.82 226 -1.54 189 -116 281 -082 282 -1.16 355 -436 0.00 1.89 -1.40 4.13 -5.39 275 -0.76 4.52 -0.76 3.30 -1.22 2.74
6 -8.41 -841  -32.22 -2.82 -50.64 -35.04 -0.34 416 -132 291 -1.78 203 -1.53 246 -1.09 270 -1.04 244 -1.19 341 441 -1.00 2.05 -0.38 4.88 -5.76 2.83 -1.19 3.44 -1.02 2.70 -0.85 2.01
14 -8.40 -840 -3432 -126 -5326 -3558 -222 226 -233 266 -1.67 202 -2.16 218 -0.74 358 -043 439 -059 430 -547 0.00 2.61 -1.37 3.96 -4.95 2.82 -0.35 5.15 -0.30 4.76 -1.20 2.7
7 -8.24 -8.24  -3338 -1.04 -50.02 -3442 -2.11 199 -343 287 -096 253 -211 233 -046 339 -018 511 -071 420 -565 0.00 2.64 -1.58 3.67 -3.65 2.89 -0.14 6.18 -0.10 6.01 -1.18 2.68
10 -8.23 -823  -3349 -278 -56.10 -36.27 -2.39 215 -2.56 2.66 -1.19 208 -026 207 -0.66 322 -029 476 -124 261 -525 0.00 1.99 -1.39 3.99 =511 2.85 -0.39 520 -0.25 4.92 -1.10 2.86
17 -8.14 -8.14  -36.23 -236 -62.69 -3859 -1.01 205 -196 195 -1.73 283 -2.11 250 -1.04 356 -0.70 380 -1.30 266 -2.69 -0.97 1.79 -1.89 291 -8.20 327 -1.21 4.73 -1.80 2.12 -0.36 4.73
5 -8.12 -8.12 -31.79 -3.60 -50.82 -3539 -0.56 284 -1.04 291 -1.76 238 ~-1.17 242 -1.07 288 ~-1.14 241 -112 337 -386 -1.00 1.91 -0.57 3.34 -6.37 2.76 -1.55 338 -1.56 221 -0.89 237
19 -8.06 -8.06 -41.31 -2.17 -63.15 -4349 -204 194 -235 251 -1.74 249 -1.78 246 -116 302 -1.01 285 -1.01 316  -5.08 -0.23 217 -1.38 3.83 <122 2.81 -1.44 4.07 -1.94 2.17 -0.59 3.57
2 -7.86 -7.86 -32.78 -0.97 -47.22 -3375 -2.11 210 -333 287 -1.17 245 -2.11 231 -053 324 -020 49 -051 452 -534 000 2.67 -1.48 3.54 -3.69 2.92 -0.14 6.08 -0.10 5.66 -1.18 2.66
27 -7.83 -7.83  -3832 -3.07 -64.64 -4139 -1.96 213 -145 1.88 -1.67 291 -2.02 254 -1.02 361 -069 387 -136 261 -292 -1.00 1.85 -1.87 2.80 -8.14 324 -1.18 4.77 -1.85 222 -0.35 4.90
3 -1.79 <779 2873 -237 4578 -31.10 -039 324 -099 287 -203 225 -094 220 -1.26 264 ~-1.12 213 -1.05 346 -3.83 -0.96 212 -0.27 5.00 -5.97 241 -1.55 322 -1.57 2.30 -0.16 1.88
20 -1.75 <781 -39.76 -4.12 -62.96 -4387 -1.28 256 -226 2.67 -1.57 276 -1.54 239 -1.01 311 -1.00 272 -1.20 325 -489 -1.00 1.90 -1.04 3.96 -7.03 2.87 -1.51 3.60 -1.56 2.15 -1.05 2.60
13 -1.71 <772 -32.79 -3.54 5181 -36.33 -029 406 -1.20 2.15 -1.80 237 -148 253 -1.04 291 -113 235 -116 332 -443 -1.00 1.97 -0.33 4.74 -6.02 2.79 -1.56 329 -1.59 222 -1.14 2.30
12 -7.65 <765 -31.53 -0.39 -47.40 -3193 -1.89 215 -2.87 280 -1.39 204 -225 225 -0.79 252 -035 380 -054 446 -509 0.00 2.55 -1.27 3.67 -3.94 1.98 -0.19 431 -0.13 4.74 -1.10 2.59
9 <742 <742 -32.68 -3.62 -49.66 -36.30 -0.34 359 -1.07 285 -1.64 261 -080 236 -1.04 294 -1.09 244 -1.58 330 -394 -1.00 1.94 -0.30 513 -6.18 2.82 -1.58 347 -1.57 2,18 -1.24 2.18
29 -6.38 -6.38  -33.98 -0.72 -5041 -3470 -2.07 204 -342 291 -1.14 341 -221 268 -047 444 -018 529 -052 472 557 0.00 2.7 -1.55 3.50 -3.75 2.89 -0.13 6.27 -0.09 548 -1.24 2.76
20 -5.90 -7.60  -38.00 -1.37 -57.11 -39.37 -1.69 239 -250 2.79 -123 266 -2.19 232 -096 290 -0.74 285 -068 393 -658 0.00 2.78 -1.34 3.78 -5.19 245 -0.83 4.29 -1.10 315 -1.27 2.56
11 -5.80 -5.80 -21.31 -9.95 -3895 -31.25 -0.72 255 -1.31 230 -051 415 -147 245 -032 465 -0.19 554 -198 260 -0.82 -0.50 1.60 -0.39 5.08 -4.33 2.62 -0.38 5.15 -0.24 5.07 -1.07 2.83

fill the lowest-energy empty molecule orbital (LUMO). The
lower the energy of this LUMO, the easier it is to receive the
electron.”” In the same way, when the electron needs to be
given, it will be given from the highest energy filled molecule
orbital (HOMO). The higher the energy of the molecule
orbital, the higher the tendency for electrons to be given.*
The energy gap between the HOMO and LUMO is a measure
of the chemical stability, which is majorly responsible for the
chemical and spectroscopic properties of the molecules. An
increased HOMO—LUMO energy gap results in a harder and
more stable molecule, which is less reactive.”’ The compounds
15 (AE: 0.040554 €V), 11 (AE: 0.082927 V), 27 (AE:
0.129551 eV), 23 (AE: 0.149055 €V), 17 (AE: 0.151557 V),
24 (AE: 0.152711 eV), 19 (AE: 0.152772 eV), and 21 (AE:
0.154999 €V) had less energy gap, which indicates their high
reactivity and electron transfer capacity (Figure 11 and Table
8). Due to their better interaction with the target protein
structure, ligands with high electron transfer capacities may be
easier to bind to the protein.

2.8. Maximum Electrostatic Potential (MESP). Max-
imum electrostatic potential (MESP) maps show the size,
charge distribution, and shape of molecules and are known as
“potential energy maps or molecular electrostatic potential
surfaces”.”> It is an optical method that enables us to
understand the charge, electronegativity, molecular polarity,
and dipole moment of a compound, as well as provide
information regarding the net electrostatic effect generated by
the total charge distribution in the molecule. The electron
density surface is a color-coded map.””™** According to these
maps, the red regions indicate nucleophilic regions with high
electron densities and the green regions indicate electrophilic
regions with low electron densities. An orange color has been
observed around the carbonyl oxygens of the isoindoline-1,3-
dione ring, indicating their nucleophilic nature. The docking
study also reciprocated these results, where these carbonyl
oxygens acted as hydrogen-bond acceptor, forming a crucial
hydrogen bond with the Tyr 158 residue (Figure 11). The blue
region around the 2-substitution on isoindoline-1,3-dione
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indicates their poor electron density (Figure 11), and
proportionately, these groups were involved in the hydro-
phobic interaction with the Phe 149, Leu 218, Ile 215, Gln
214, Met 155, Pro 156, and Met 199 residues in the docking
study (Figure 11).

2.9. Chemical Properties Calculation by DFT. HOMO
and LUMO boundary orbital energies can be used to calculate
chemical properties such as electron affinity (EA), ionization
potential (IP), electronegativity (y), chemical potential (y),
electrophilicity index (@), softness (s), and hardness ().”*~*°
Essentially, ionization potential (IP) is the amount of energy
needed to remove an electron from a molecule during the gas
phase. A gas-phase molecule’s electron affinity (EA) refers to
the amount of energy that is increased when an electron is
added. Molecules’ electron-releasing and -accepting capabilities
are described by IP and EA values, respectively.””>° The IPs
of all of the synthesized compounds are higher than the EAs,
which indicates that their electron-releasing tendency is higher
than the electron-accepting one. Electronegativity is the ability
of an atom in a molecule to attract electrons. The
electronegativity value of all of the synthesized compounds
were lower than the IP, which again proved that compounds
were electron-releasing (donating)/nucleophilic in nature
(Table 8).%*73° Charge transfer inhibition within a molecule
is measured by chemical hardness, and molecules with high
chemical hardness values cannot have a minimal or nonexistent
charge transfer within them. In general, molecules with high
energy gaps are hard, nonreactive, stable, and less polarizable,
while soft molecules (with lower energy gaps) are highly
polarizable.””™** Table 8 indicates that the chemical softness of
the molecule is 100 times greater compared to the chemical
hardness, which indicates that all of the synthesized
compounds are soft in nature. Negative electronegativity, or
electronic chemical potential (1) of the molecule, refers to the
tendency for electrons to depart from the equilibrium system.
A molecule that has a high electronic chemical potential is less
stable or more reactive.’’”*> Among the synthesized
compounds, compounds 11, 15, 9, 20, 8, and S had higher
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Figure 9. (A) Docking validation; (B, C) binding pose of compound § with InhA; (D, E) binding interaction of compound 6 with InhA.

chemical potential compared with other compounds in the
series (Table 8).

The electrophilicity index measures a species’ ability to
accept electrons (@).**~*° Comparison of the IP values
(electron-releasing tendency) of all synthesized compounds
with electrophilic index (electron-accepting tendency) in-
dicates that the IPs of all synthesized compounds are higher

than the electrophilic index and that compounds are more
nucleophilic in nature (Table 8).

2.10. Molecular Dynamic (MD) Simulation Study.
Since protein rigid crystal structure was used in molecular
docking studies, molecular dynamic simulation was performed
to explore the stability of the bound conformation of
compound 27 within the binding cavity of InhA to investigate
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Figure 10. (A, B) Binding pose of compound 11 with InhA; (C, D) binding interaction of compound 27 with InhA.

ligand—protein complex interactions in the dynamic behavior.
We simulated the systems up to 100 ns to explore the
compound 27—InhA complex conformational stability and its
changes. In this study, a 100 ns period was employed, which is
enough time for the configurations of InhA Ca atoms in
complex with compound 27.

The RMSD values of the protein backbone were used to
calculate the stability of the protein—ligand complex
throughout the dynamic simulation, as shown in Figure 12A.
It is anticipated that the lower RMSD value during the
simulation reveals that the protein—ligand complex is more
stable. In contrast, the higher the RMSD value, the less stable
is the protein—ligand complex.*® The ligand RMSDs initially
fluctuated between 20 and 30 ns due to the equilibration, after
which the RMSD remained stable till the end of the simulation.
It was observed that the protein had minor RMSD fluctuations
during the 20—30 ns, followed by constant stability with an
RMSD of 2.1 A for the remaining time of simulation.

The “root-mean-square fluctuation (RMSF)” values for each
amino acid residue in the protein backbone are illustrated in
Figure 12B. In this graph, the peaks represent the fluctuation of
each amino acid residue over the entire simulation. It implies
that higher RMSF values represent higher residue flexibility,
whereas lower RMSF values reflect less residue flexibility and
better system stability. The a-helical and p-strand areas
(secondary structural components) are depicted in red and
blue, and loop area is present in the white in the background of
the RMSF plot. The a-helical and f-strand are usually stiffer
than the unstructured portion of the protein; hence, they
fluctuate less than loop areas. A slight fluctuation of the

residues in the active site and main chain fluctuated indicated
that the conformational change was minimal, implying that the
reported lead compound was firmly bound within the cavity of
the target protein binding pocket.”” For 100 ns, the MD
simulation of the compound 27—InhA complex was monitored
and analyzed. As seen in Figure 12B, it is clear that there were
no significant fluctuations in amino acid residues after the
binding of compound 27 to the active site. The RMSF value of
protein backbone residues in the catalytic domain is in the
range of 0.5—-3.5 A During the 100 ns time of simulation,
compound 27 has contacted with the 15 amino acids of Ile
215, Leu 207, Ile 202, Met 199, Thr 196, Ile 194, Ala 191, Met
161, Tyr 158, Ala 157, Met 155, Phe 149, Met 147, Met 103,
and Ile 21 (Figure 12B). Protein—ligand contract analysis
shows that the residues Ile 194 exhibited 95% and Tyr 158
showed 22% hydrogen-bond interactions with the carbonyl
oxygen of compound 27. Apart from this, Tyr 158 was also
involved in the hydrophobic interaction with the 1,3,4-
thiadiazole ring of compound 27 (Figure 12C,D).

We have also analyzed the ligand properties of the simulated
compound 27, and its RMSD was observed to be below 1.2 A.
Radius of gyration (RG) is a measure of the extendness of the
ligand; after 40 ns, RG was stable and found to be less than
440 A. Ligand has not formed any kind of intramolecular
hydrogen bonding with the receptor during the 100 ns
simulation. Molecular surface area (MolSA) corresponds to the
van der Waals surface area, and it was found to be 288—291 A?,
indicating the polar nature of the ligand. Solvent-accessible
surface area (SASA) is the area of a molecule that is accessible
to water molecules, and it was observed to be between 40 and
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Table 7. Binding Free Energies of the Synthesized Compounds (2—30) by MMGBSA

compound ~MMGBSA MMGBSA AG MMGBSA AG MMGBSA AG MMGBSA AG MMGBSA AG MMGBSA AG MMGBSA AG
code AG bind bind Coulomb bind covalent bind Hbond bind Lipo bind packing bind solv GB bind vdW
18 —78.48 —13.58 —-1.99 -0.63 —-30.3§ —-3.32 16.42 —45.07
25 —75.42 —13.55 —0.77 —0.62 —28.24 —3.27 16.34 —45.3
26 —-74.37 —-11.2 —0.71 —0.64 —-29.34 —2.68 15.26 —45.06
21 —73.75 —11.36 —0.75 —0.64 —27.03 —2.67 14.78 —46.09
28 -70.77 —6.24 0.98 -0.63 —-27.27 -3 11.65 —46.25
30 —66.21 —12.59 1.28 —0.85 —27.22 —3.58 19.34 —42.58
17 —65.71 —4.21 0.52 —0.54 —27.64 —4.69 11.14 —40.29
27 —65.10 -3.93 091 —-0.51 —25.64 —4.71 11.57 —42.79
4 —64.72 —4.9 0.94 -0.86 —26.11 -3.86 12.55 —42.47
23 —64.45 —3.67 1.23 —-0.09 —26.66 —-2.99 15.27 —47.53
24 —63 —4.53 -0.15 —-0.72 —27.66 —-3.46 14.69 —41.18
4 —=59.11 —-7.02 4.38 -0.53 —22.85 —-2.95 9.24 -39.37
10 —58.78 —-3.63 2.04 -0.67 —23.15 -3.06 10.54 —40.83
6 —-57.92 —6.77 3.65 —0.56 —22.39 —2.63 9.98 —-39.21
S —=57.1 —8.39 3.4 —0.56 —-23.1 —2.49 13.31 —-39.25
7 —56.53 —6.14 1.83 0 —24.53 -3.06 13.6 —38.24
15 —56.03 3.09 1.28 —-1.02 —23.04 -3.07 8.91 —42.18
13 —55.86 —11.42 2.54 -0.56 —20.69 —2.45 14.22 -37.5
—558.58 —12.67 0.84 —0.56 —20.51 —2.63 14.47 —34.48
3 —53.02 —8.63 0.51 —-0.52 —-21.74 —-1.82 14.08 -34.9
29 —-52.32 -3.99 —-0.24 -0.1 —19.59 —2.97 11.27 —36.69
8 —51.96 —2.48 2.07 0 —23.39 —-3.04 14.21 —-39.34
20 —-51.9 —5.62 4.03 —0.98 —=22.19 -2.39 19.7 —44.46
14 —51.55 -3.33 0.79 —-0.05 —21.48 —2.94 14.95 —-39.49
2 —-50.73 —9.72 —-0.71 0 -21.6 -2.19 13.4 —-2991
12 —-50.36 —5.54 —-0.96 0 —21.56 —2.21 12.39 —-32.49
20 —35.46 —=7.72 3.65 —0.98 —-21.93 —2.33 39.39 —45.54
11 —35.18 —0.9 091 —-0.79 —13.81 —-2.57 9.13 -27.1§
20 —-29.33 —37.99 9.63 -0.55 -15.9 -2.02 64.12 —46.62

50 A% The polar surface area (PSA) of a molecule is the
solvent-accessible surface area contributed only by oxygen and
nitrogen. It was found to be 114—120 A’ due to the
enrichment of the compound 27 with oxygen and nitrogen
(Figure 12E). We have also calculated the per residue binding
free energy when the ligand—receptor complex was stable
during the simulation (at 99 ns frame), and Asp-261 (—70.85),
Asp 89 (=70.85), Asn 187 (—70.85), Gln 30 (—70.85), Gln
32(=70.85), Asp 115 (=70.85), Asn 172 (=70.85), Asp 18
(=70.85), Asp 234 (—70.85), Asp 256 (—70.85), Asp 223
(—70.85), and Gln 214 (—70.85) had the lowest per residue
energy, indicating their active involvement in the interaction
with compound 27 (Figure 13).

InhA macrodomain protein after binding with compound 27
is studied through the dynamic cross-correlation matrix
(DCCM) analysis to determine the correlated mobility of
structural domains. All pairwise correlation coeflicient
calculations were performed to calculate the DCCM. In the
graphical representation, correlation values range from —1 to
+1, and the colors reflect the intensity of the motion between
residues, ranging from red to blue. Blue colors indicate a
positive (+1/complete) correlation, white colors indicate no
correlation, and red colors indicate a negative (—1/complete
anti) correlation. Using the correlation scores on the central
mean line (blue), we identified three separate blocks where
amino acid movement was highly correlated.”®

Domain D1 (InhA) has the highest cross-correlation of
residues composed of 50—100 residues embedded into one
helix, distinct f-sheets, and an extended loop (red), while

21835

domain D2 (InhA) contains 140—190 residues rooted in one
helix, distinct -sheets, and an extended loop (pink). The D3
domain extends from 220 to 250 residues, spanning the three
helixes and one extended loop (green). These residues in D1,
D2, and D3 domains are highly correlated and are in good
agreement with the RMSF of the C-a backbone of macro-
domain proteins in the compound 27-bound state, with
moderate to fewer fluctuations of respective amino acid
residues (Figure 14). The trajectory-derived MD simulations
were also analyzed with principal component analysis (PCA)
to study the conformational distribution during simulation
time and the large-scale collective motions of the protein
interacting with ligands.” In all of the complexes, phase space
projection of protein motion along PC1 and PC2 revealed a
uniform distribution of conformations through the simulations
(Figure 15).

To perform the postdynamic MMGBSA analysis, the 10
frames of the MD simulation of compound 27 were produced
at intervals of 10 ns each. Compound 27 shows a postdynamic
binding free energy of —78.96 kcal/mol (AG bind average of
10 frames) (Table 9).

3. CONCLUSIONS

In conclusion, isoindoline-1,3-dione derivatives (2—30) were
synthesized and evaluated for their antimycobacterial activity
against the Hj,Rv strain. Among the synthesized compounds,
compound 27 was the most potent compound of the series,
with an ICg, value of 18 uM. The InhA inhibitory (ICs,)
activity of compound 27 was 8.65 uM in comparison to
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Figure 11. DFT-based frontier molecular orbital energies calculations of HOMO, LUMO, and maximum electrostatic potential (MESP).

Triclosan (1.32 uM). We used the DFT/B3LYP method to
correlate experimental IR, 'H NMR, and *C NMR spectral
data with theoretical quantum-mechanics-based computational
ones, and a significant co-relationship was observed. SAR study
suggests that 1,3,4-thiadiazols are more potent than the
substituted anilines at the second position of the 2-isoindo-
line-1,3-dione. Iodophenyl was more potent than chloro-,
bromo-, and fluorophenyl among the halo-phenyl-substituted
1,3,4-thiadiazols at the second position. A docking study
demonstrated that synthesized compounds formed the crucial
hydrogen-bond interaction with the Tyr 158 residue of the
InhA enzyme.

The DFT study of the synthesized compounds explained the
reactivity of the compounds, and compounds 15, 11, 27, 23,
17, 24, 19, and 21 had less energy gap, which indicates their
high reactivity and electron transfer capacity. The MESP
calculation has elaborated on the electrophilic and nucleophilic
sites available on the compounds. An orange color has been
observed around the carbonyl oxygens of the isoindoline-1,3-
dione ring, indicating their nucleophilic nature. The docking
study also reciprocated these results, where these carbonyl
oxygens acted as a hydrogen-bond acceptor, forming a crucial
hydrogen bond with the Tyr 158 residue. An MD simulation
study of the compound 27—InhA complex indicated that the
ligand remained stable in the InhA pocket for 100 ns. The
stability of the compound 27—InhA complex was further
validated by postdynamic MMGBSA, DCCM, and PCA, which
validated the stability of the compound 27—InhA complex.

4. EXPERIMENTAL SECTION

Unless otherwise specified, all reagents used in the studies were
of commercial analytical quality (Sigma-Aldrich and Spec-
trochem Pvt. Ltd.). All reactions’ progress was monitored
through precoated silica gel GF254 thin-layer chromatography,
and spots were visualized under UV light at 254 or 365 nm.
Different solvent systems, hexane/ethyl acetate (6:4 and 7:3),
toluene/ethyl acetate/formic acid (S5:4:1 v/v/v) benzene/
acetone (7:3 and 9:1 v/v), and chloroform/methanol (9:1 v/
v), were used to run chromatography. The melting points of
the synthesized compounds were determined using one-end
open capillary tubes on an Analab Scientific Instruments
melting-point apparatus. The NMR spectra were recorded in
dimethyl sulfoxide (DMSO)-ds at Chandigarh Punjab
University using a Bruker Avance-II 400 NMR spectrometer
running at 400 MHz with TMS as an internal standard.
Chemical shifts are presented in ppm units relative to TMS.
Clog P values were calculated using CHEMDRAW ultra 8.0
software.

4.1. General Procedure for the Synthesis of Isoindo-
line-1,3-dione Derivatives. Phthalic anhydride (0.1 mol)
and the primary amino-containing compounds (0.1 mol) were
mixed with 50—75 mL of glacial acetic acid. The mixture was
refluxed for 3 h and diluted with water to obtain the title
compounds. It is further recrystallized with ethanol, followed
by column chromatography to get the pure product.

4.1.1. 2-(4-Fluorophenyl)isoindoline-1,3-dione (2). Yield:
64%, mp: 132—136 °C; IR v, (KBr pellets): 3058.14 (CH
stretch), 1762.52 (C=0 cyclic amide), 1219.05 (C—F) cm™};
'H NMR (400 MHz, DMSO-d,): & 7.40-8.10 (m, 8H, Ar—
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Table 8. DFT-Based Frontier Molecular Orbital (FMO) Energy Calculations of the Synthesized Compounds (2—30)

cmpd Egowmo E umo energy gap/ )

code (eV) (eV) AE (eV)” IP (eV)”  EA (eV)©
2 —0261021 —0.090118  0.170903 0261021  0.090118
4 —0.264468 —0.094366  0.170102 0.264468  0.094366
5 —0.253268 —0.085429  0.167839 0.253268  0.085429
6 —0.260953 —0.091761  0.169192 0.260953  0.091761
7 —0261631 —0.091693  0.169938 0261631  0.091693
8 —0.250107 —0.084632  0.165475 0.250107  0.084632
9 —0249172 —0.080643  0.168529 0.249172  0.080643
10  —028238 —0.100517  0.181863 0.28238  0.100517
17 -0251739 —0.100182  0.151557 0251739 0.100182
18 0254641 —0.098278  0.156363 0.254641  0.098278
19  -0250157 —0.097385  0.152772 0250157  0.097385
20  —0243777 —0.087886  0.155891 0.243777  0.087886
21 —0247944 —0.092945  0.154999 0247944  0.092945
23 —0245593 —0.096538  0.149055 0245593 0.096538
24 —0251974 —0.099263  0.152711 0251974  0.099263
26  —0258257 —0.100378  0.157879 0.258257  0.100378
27 —024901 —0.119459  0.129551 0.24901  0.119459
28 —0265849 —0.101121  0.164728 0.265849  0.101121
29 —027268 —0.097511  0.175169 027268  0.097511
30 —0.248783 —0.09323 0.155553 0248783 0.09323
11 —0.049525 0.033402 0.082927 0.049525  —0.033402
12 0267635 —0.084162  0.183473 0.267635  0.084162
13 -0263345 —0.083954  0.179391 0.263345  0.083954
14  —0260984 —0.083605  0.177379 0.260984  0.083605
15 —0.042044 —0.00149 0.040554 0.042044  0.00149

MESP
x (ev)? n (eV)* s (evyY u(eV)®  (eV)" (kcal/mol)
0.1755695 0.0854515 5.851272359  —0.1755695  0.180363419  —34.07 to
24.26
0.179417 0.085051 5.878825646 —0.179417 0.189242101 —-31.72 to
25.6
0.1693485 0.083919S8 5.958090789 —0.1693485  0.170871576  —37.0S to
22.7
0.176357 0.084596 5.910444938 -0.176357 0.183825426  —33.31 to
24.71
0.176662 0.084969 5.884499053 —0.176662 0.183652051 —33.58 to
24.63
0.1673695 0.0827375 6.043208944  —0.1673695  0.16928569 —32.94 to
23.09
0.1649075 0.0842645 5933696871 —0.1649075  0.161363822  —34.9 to
21.54
0.1914485 0.0909315 5498644584  —0.1914485  0.201539225 —-31.71 to
26.35
0.1759605 0.075778S 6.598177583  —0.1759605  0.204293418  —35.11 to
26.97
0.1764595 0.0781815 6.395374865 —0.1764595  0.199138896  —39.44 to
26.19
0.173771 0.076386 6.545702092  —0.173771 0.19765638 —37.38 to
26.06
0.1658315 0.0779455 6.414738503 —0.1658315  0.176405863 —39.59 to
59.53
0.1704445 0.077499S 6451654527  —0.1704445  0.187429129  —34.83 to
25.14
0.1710655 0.0745275 6.708932944  —0.1710655  0.196326224  —38.1 to
25.71
0.1756185 0.0763555 6.548316755 —0.1756185  0.201962253 —45.97 to
26.72
0.1793175 0.078939S 6.333964618 —0.1793175  0.203667149 —35.39 to
27.01
0.1842345 0.064775S 7.71896782 —0.1842345  0.261999915  —43.36 to
31.93
0183485 0082364  6.070613375 —0.183485 0204377794 —39.21 to
28.86
0.1850955 0.087584S5 5.708772671 —0.1850955  0.195584516  —37.91 to
26
0.1710065 0.0777765 6.428677043 —0.1710065  0.187995237  —41.41 to
26.31
0.0080615 0.0414635 12.0587987 —0.0080615  0.00078367S  —141.85 to
26.2
0.1758985 0.091736S 5450393246 —0.1758985  0.168636706  —36.44 to
22.05
0.173649S 0.0896955 5.574415662  —0.1736495  0.16809176 —36.35 to
22.08
0.1722945 0.0886895 5.637645945 —0.1722945  0.167355745 —32.49 to
23.62
0.021767 0.020277 24.65848005 —0.021767 0.011683244  —145.89 to
13.7

“Energy gap/AE = Eyomo — ELumo- Ylonization potential (IP) = —Eyopmo- “Electron affinity (EA) = —E; yuo- dElectronegativity (y) = (P + EA)/
2. “Chemical hardness (17) = (IP — EA)/2.7Chemical softness (s) = 1/2#. {Chemical potential (#) = —(IP + EA)/2. "Electrophilic index (@) = u?/

2.

CH) ppm; *C NMR (DMSO-dg) & 167.45, 162.53, 133.34,
132.35, 130.53, 128.46, 123.23, 114.24 ppm; LCMS: purity:
100%; RT: 6.106 (254 1); m/z: 241.00 [M*].

4.1.2. 2-(o-Tolyl)isoindoline-1,3-dione (3). Yield: 74%, mp:
166—172 °C. IR v, (KBr pellets): 3021.14 (Aro. CH
stretch), 2881.34 (Ali. CH stretch), 1756.11 (C=0 cyclic
amide) cm™'; '"H NMR (400 MHz, DMSO-d;): § 7.10—8.12
(m, 8H, Ar—CH), 2.42 (s, 3H, CH;) ppm; *C NMR (DMSO-
dg) 165.24, 136.54, 134.54, 132.42, 131.35, 130.46, 130.10,
129.53, 125.93, 122.83, 18.42 ppm; LCMS: purity: 100%; RT:
5.991 (254 1); m/z: 237.9 [M*].

4.1.3. 2-(3-Chloro-4-fluorophenyl)isoindoline-1,3-dione
(4). Yield: 71%, mp: 182—188 °C. IR v, (KBr pellets):

3033.16 (CH stretch), 1753 (C=O0 cyclic amide), 1053.17
(C—F), 596.02 (C—Cl) cm™'; '"H NMR (400 MHz, DMSO-
dg): 7.20—8.12 (m, 7H, Ar—CH) ppm; *C NMR (DMSO-d,)
5 168.23, 154.44, 136.34, 134.35, 130.17, 129.42, 126.4S,
123.56, 120.93, 112.56 ppm; LCMS: purity: 100%; RT: 6.424
(254 2); m/z: 275.1 [M*] and 277.5 [M + 2].

4.1.4. 2-(m-Tolyl)isoindoline-1,3-dione (5). Yield: 66%, mp:
168—172 °C. IR vy, (KBr pellets): 3058.09 (Aro. CH
stretch), 2845.23 (Ali. CH stretch), 1740.04 (C=0 cyclic
amide) cm™; '"H NMR (400 MHz, DMSO-dy): 6.95—7.83 (m,
8H, Ar—CH), 2.41 (s, 3H, CH,) ppm; *C NMR (DMSO-d;)
6 165.20, 138.36, 131.73, 132.56, 130.85, 129.25, 128.85,

https://doi.org/10.1021/acsomega.2c01981
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Figure 13. Per residue binding free energy of the InhA with compound 27.

125.14, 124.65, 122.68, 20.43 ppm; LCMS: purity: 100%; RT:
6.154 (254 1); m/z: 237.8 [M*].

4.1.5. 2-(4-Chlorophenyl)isoindoline-1,3-dione (6). Yield:
66%, mp: 190—194 °C. IR v,,, (KBr pellets): 3050.08 (Aro.
CH stretch), 1745.05 (C=O0 cyclic amide), 749.08 (C—Cl)
cm™’; 'H NMR (400 MHz, DMSO-dy): 7.45—8.14 (m, 8H,
Ar—CH); 3C NMR (DMSO-ds) 6 167.45, 137.4S, 136.67,
135.34, 130.99, 130.12, 129.60, 125.67 ppm; LCMS: purity:
100%; RT: 6.349 (254 1); m/z: 257.8 [M*] and 259.7 [M +
2].

4.1.6. 2-(3-Chlorophenyl)isoindoline-1,3-dione (7). Yield:
62%, mp: 176—182 °C. Yield: 66%, mp: 190—194 C. IR v,,,,
(KBr pellets): 3042.23 (CH stretch), 1749.11 (C=0 cyclic

amide), 785.88 (C—Cl) cm™; '"H NMR (400 MHz, DMSO-
dy): 7.120—8.21 (m, 8H, Ar—CH); *C NMR (DMSO-dy) &
167.53, 134.5, 133.76, 134.1, 1332, 132.45, 130.3, 127.9,
126.2, 124.23 ppm; purity: 100%; RT: 6.351 (254 A); m/z:
257.9 [M*] and 259.2 [M + 2].

4.1.7. 2-(4-Bromophenyl)isoindoline-1,3-dione (8). Yield:
64%, mp: 252—254 °C. IR v,,,, (KBr pellets): 3142.06 (CH
stretch), 1739.97 (C=0 cyclic amide), 650.04 (C—Br) cm™};
'H NMR (400 MHz, DMSO-d,): 7.12—8.18 (m, 8H, Ar—
CH); *C NMR (DMSO-d) 6 168.87, 138.45, 136.24, 132.77,
130.12, 128.23, 126.73, 122.34 ppm; LCMS: purity: 100%;
RT: 6.459 (254 A); m/z: 302.4 [M*] and 304.9 [M + 2].
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4.1.8. 2-(2-Boromophenyl)isoindoline-1,3-dione (9). Yield:
67%, mp: 242—250 °C. IR v, (KBr pellets): 3123.24 (CH
stretch), 1723.34 (C=0 cyclic amide), 665.04 (C—Br) cm™};
'"H NMR (400 MHz, DMSO-d,): 7.15—8.21 (m, 8H, Ar—
CH); *C NMR (DMSO-dg) 6 169.34, 142.55, 137.45, 134.24,
132.88, 131.38, 123.38, 125.73, 122.66 ppm; LCMS: purity:
100%; RT: 5.936 (254 A); m/z: 302.9 [M*] and 304.6 [M +
2].

4.1.9. 2-(3-Nitrophenyl)isoindoline-1,3-dione (10). Yield:
70%, mp: 278—284 °C. IR v, (KBr pellets): 3058 (CH

stretch), 1699 (C=0 cyclic amide) cm™'; '"H NMR (400
MHz, DMSO-d;): 6.85—8.48 (m, 8H, Ar—CH); *C NMR
(DMSO-d,) 6 168.65, 148.15, 134.34, 134.22, 133.56, 132.24,
130.23, 123.73, 121.54, 118.75 ppm; LCMS: purity: 100%;
RT: 5.960 (254 1); m/z: 268.1 [M'].

4.1.10. 2-(1,3-Dioxoisoindolin-2-yl)acetic Acid (11). Yield:
66%, mp: 204—206 °C. IR vy, (KBr pellets): IR v, (KBr
pellets): 3598.91 (OH stretch), 3123.59 (CH stretch),
1726.00 (C=0 cyclic amide) cm™'; '"H NMR (400 MHz,
DMSO-dy): 12.12 (s, 1H, COOH), 7.24—7.99 (m, 4H, Ar—

https://doi.org/10.1021/acsomega.2c01981
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Table 9. Postsimulation Binding Free Energy Calculation of Compound 27

complex MMGBSA AG MMGBSA AG bind MMGBSA AG bind MMGBSA AG bind MMGBSA AG bind MMGBSA AG bind
detail bind Coulomb Hbond Lipo packing vdW
at 10 ns —87.78 —17.009 —-0.974 —29.699 —4.086 —52.885
at 20 ns —85.41 —18.424 —-1.015 —27.228 —2.497 —53.606
at 30 ns —=77.70 —10.923 —0.685 —28.180 —4.794 —-51.507
at 40 ns —82.74 —12.108 —0.692 —28.834 —4.796 —-50.101
at 50 ns —69.77 -9.402 —0.465 —25.391 —4.264 —45.616
at 60 ns —74.29 —6.559 —0.463 —26.718 —4.0120 —48.644
at 70 ns —=73.11 —12.185 —-0.597 —25.710 —4.781 —45.266
at 80 ns —77.28 -10.276 —0.640 —25.762 —3.735 —49.196
at 90 ns —81.46 —9.165 -0.515 —27.805 —3.642 —-52.073
at 100 ns —80.123 —10.5583 —0.578 —26.822 —4.312 —50.787
average —78.9690 —11.660 —0.662 —-27.218 —4.092 —49.968

H), 432 (s, 1H, Ali—-CH,) ppm; *C NMR (DMSO-dy)
170.32, 169.34, 138.76, 132.35, 126.42, 40.45 ppm; LCMS:
purity: 100%; RT: 3.379 (254 A); m/z: 205.1 [M"].

4.1.11. 2-(4-Methylpyridin-2-yl)isoindoline-1,3-dione (12).
Yield: 64%, mp: 172—184 °C. IR v,,,, (KBr pellets): 3051.13
(Aro. CH stretch), 2951.19 (Ali. CH stretch), 1755.95 (C=
0) cm™%; 'H NMR (400 MHz, DMSO-d,): 7.34—8.16 (s, 7H,
Ar—H), 2.31 (s, 3H, CH;) ppm; *C NMR (DMSO-dg)
164.34, 151.51, 148.53, 147.23, 132.34, 130.23, 122.73, 121.06,
112.73, 21.73 ppm; LCMS: purity: 100%; RT: 4.726 (254 A);
m/z: 238.4 [M*].

4.1.12. 2-(5-Methylpyridin-2-yl)isoindoline-1,3-dione (13).
Yield: 67%, mp: 166—170 °C. IR v, (KBr pellets): 3039.91
(CH stretch), 1736.38 (C=0) cm™'; '"H NMR (400 MHz,
DMSO-dy): 7.83—8.24 (m, 7H, Ar—H), 2.39 (s, 3H, CH,)
ppm; *C NMR (DMSO-d¢) 165.45, 152.48, 145.37, 137.54,
134.45, 132.12, 123.43, 123.50, 109.16, 18.40 ppm; LCMS:
purity: 100%; RT: 4.853 (254 1); m/z: 238.6 [M"].

4.1.13. 2-(5-Bromopyridin-2-yl)isoindoline-1,3-dione (14).
Yield: 70%, mp: 162—166 °C. IR v, (KBr pellets): 3064.99
(CH stretch), 1718.63 (C=0), 715.61 (C—Br) cm™; 'H
NMR (400 MHz, DMSO-dg): 7.55—8.79 (7H, Ar—H) ppm;
13C NMR (DMSO-d,) 166.04, 150.08, 144.76, 141.20, 134.98,
131.26, 124.42, 123.70, 119.98 ppm; LCMS: purity: 100%;
RT: 3.990 (254 A); m/z: 303.1 [M*] and 305.2 [M + 2].

4.1.14. 5-(1,3-Dioxoisoindolin-2-yl)-2-methylbenzoic Acid
(15). Yield: 68%, mp: 240—248 °C. IR v, (KBr pellets):
3592.95 (OH stretch), 3077.53 (CH stretch), 1722.95 (C=
0O) em™; 'H NMR (400 MHz, DMSO-dy): 11.12 (s, 1H,
COOH), 6.98—8.30 (m, 7H, Ar—CH), 2.51 (s, 3H, CH;); *C
NMR (DMSO-dy) 6 172.53, 168.24, 138.34, 134.34, 132.43,
132.24, 131.39, 129.66, 129.10, 123.23, 119.83, 22.12 ppm;
LCMS: purity: 100%; RT: 5.625 (254 A); m/z: 283.0 [M*].

4.1.15. 2-(5-(4-Methoxyphenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (16). Yield: 69%, mp: 228—232 °C. IR
Upax (KBr pellets): 2987.90 (Aro. CH stretch), 2836.42 (Ali.
CH stretch), 1702 (C=O0 cyclic amide) cm;_1 "H NMR (400
MHz, DMSO-d,): 7.00—8.23 (m, 8H, Ar—CH), 3.84 (s, 1H,
OCH,;); C NMR (DMSO-d;) 175.64, 173.42, 16823,
160.62, 134.34, 132.24, 122.73, 128.45, 125.85, 114.83, 55.89
ppm; LCMS: purity: 100%; RT: 6.048 (254 1); m/z: 337.4
(M].

4.1.16. 2-(5-(4-Chorophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (17). Yield: 66%, mp: 272—280 °C. IR
Upmax (KBr pellets): 2924.18 (CH stretch), 1774.00 (C=0
cyclic amide), 757.09 (C—Cl) cm™; 'H NMR (400 MHz,
DMSO-dy): 7.52—8.32 (m, 8H, Ar—CH); *C NMR (DMSO-

21840

dg) 176.34, 174.63, 166.53, 135.42, 134.43, 132.24, 131.66,
124.73, 129.63, 128.29 ppm; LCMS: purity: 100%; RT: 6.550
(254 1); m/z: 341.8 [M]* and 343.7 [M + 2].

4.1.17. 2-(5-(2-Chorophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (18). Yield: 68%, mp: 228—232 °C. IR
Umax (KBr pellets): 3024.13 (CH stretch), 1778.32 (C=0
cyclic amide), 748.20 (C—Cl) cm™; 'H NMR (400 MHz,
DMSO-dy): 7.30—8.24 (m, 8H, Ar—CH); *C NMR (DMSO-
dy) 176.89, 174.78, 167.35, 136.92, 134.34, 132.24, 132.34,
130.12, 129.34, 128.79, 127.38, 124.24 ppm; LCMS: purity:
100%; RT: 6.354 (254 1); m/z: 341.7 [M*] and 343.9 [M +
2].

4.1.18. 2-((5-Phenyl)-1,3,4-thiadiazol-2-yl)isoindoline-1,3-
dione (19). Yield: 74%, mp: 216—220 °C. IR v, (KBr
pellets): 3152 (CH stretch), 1779.03 (C=O0 cyclic amide)
cm™; '"H NMR (400 MHz, DMSO-d;): ppm 7.23—8.19 (m,
9H, Ar—CH); 3C NMR (DMSO-dy), 174.12, 173.68, 166.24,
133.46, 133.65, 132.24, 130.12, 129.34, 128.23, 122.12 ppmy;
LCMS: purity: 95%; RT: 6.007 (254 A); m/z: 307.5 [M*].

4.1.19. N-(1,3-Dioxoisoindoline-2-yl)-4-hydroxybenza-
mide (20). Yield: 74%, mp: 288-299 °C. IR v, (KBr
pellets): 3455.45 (OH stretch), 3054.38 (CH stretch),
1725.77 (C=O0 cyclic amide) cm™'; '"H NMR (400 MHz,
DMSO-dy): 11.21 (s, 1H, NH), 9.72 (s, 1H, OH), 6.80—8.01
(m, 8H, Ar—CH) ppm; *C NMR (DMSO-d;) 169.43, 164.18,
160.92, 134.24, 132.75, 128.29, 124.65, 124.73, 116.12 ppm;
LCMS: purity: 94%; RT: 1.575 (254 1); m/z: 282.6 [M*].

4.1.20. 2-(5-(3-Bromophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (21). Yield: 62%, mp: 292—294 °C. IR
Upmax (KBr pellets): 2924.18 (CH stretch), 1767.80 (C=0
cyclic amide), 712.72 (C—Br) em™; 'H NMR (400 MHz,
DMSO-dg): 7.43—8.25 (m, 8H, Ar—CH) ppm; “C NMR
(DMSO-d,) 177.35, 174.60, 168.32, 135.74, 134.34, 132.24,
133.61, 131.47, 129.49, 128.61, 124.73, 122.32 ppm; LCMS:
purity: 100%; RT: 6.648 (254 1); m/z: 386.7 [M*] and 388.5
M + 2].

4.1.21. 2-(5-(2-Methoxyphenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (22). Yield: 69%, mp: 246—252 °C. IR
Upmax (KBr pellets): 3031.90 (CH stretch), 1752.86 (C=0
cyclic amide), 1252.81 (C—0) cm™'; 'H NMR (400 MHz,
DMSO-dg) ppm: 7.10—8.43 (m, 8H, Ar—CH), 3.92 (s, 1H,
O—CH;); “C NMR (DMSO-d;) 174.14, 173.10, 167.43,
157.43, 135.45, 132.67, 129.12, 128.56, 122.73, 122.16, 121.65,
115.56 ppm; LCMS: purity: 100%; RT: 6.042 (254 1); m/z:
337.6 [M*].

4.1.22. 2-(5-(m-Tolyl)-1,3,4-thiadiazol-2-yl)isoindoline-
1,3-dione (23). Yield: 67%, mp: 148—150 °C. IR v, (KBr
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pellets): 2923.22 (Aro. CH stretch), 2853.78 (Ali. CH
stretch), 1767.80 (C=0 cyclic amide) cm™'; "H NMR (400
MHz, DMSO-dg) ppm: 7.08—8.18 (m, 8H, Ar—CH), 2.51 (s,
1H, CH,); *C NMR (DMSO-ds) 172.43, 170.42, 165.12,
138.92, 132.34, 130.24, 133.34, 130.44, 129.51, 129.0S, 127.93,
122.73,21.46 ppm; LCMS: purity: 100%; RT: 6.408 (254 1);
m/z: 321.6 [M*].

4.1.23. 2-(5-Benzyl--1,3,4-thiadiazol-2-yl)isoindoline-1,3-
dione (24). Yield: 71%, mp: 176—184 °C. IR v, (KBr
pellets): 3005 (Aro. CH stretch), 2854.74 (Ali. CH stretch),
1727.67 (C=0 cyclic amide) cm™'; '"H NMR (400 MHz,
DMSO-dg) ppm: 7.20—8.38 (m, 9H, Ar—CH), 3.86 (s, 1H,
CH,); *C NMR (DMSO-d,) 172.34, 166.53, 160.80, 136.62,
135.34, 132.24, 129.60, 128.76, 125.87, 122.73 ppm; LCMS:
purity: 100%; RT: 5.817 (254 4); m/z: 321.90 [M*].

4.1.24. 2-(5-(2-Fluorophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (25). Yield: 75%, mp: 222—232 °C. IR
Upax (KBr pellets): 3089.71 (CH stretch), 1748.67 (C=0
cyclic amide), 1219.05 (C—F) cm™'; '"H NMR (400 MHz,
DMSO-dg) 7.25-8.30 (m, 8H, Ar—CH) ppm; *C NMR
(DMSO-dg) 174.54, 173.35, 167.74, 158.33, 138.34, 134.24,
13031, 129.41, 124.82, 123.68, 123.34, 114.34 ppm; LCMS:
purity: 95%; RT: 6.143 (254 1); m/z: 325.4 [M*].

4.1.25. 2-(5-(3-Chlorophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (26). Yield: 73%, mp: 242—250 °C. IR
Upmax (KBr pellets): 3124.00 (CH stretch), 1756.32 (C=0
cyclic amide), 755.23 (C—CI) em™; 'H NMR (400 MHz,
DMSO-dg): 7.12—8.19 (m, 8H, Ar—CH); 3C NMR (DMSO-
dg) 17546, 173.45, 168.24, 134.29, 134.48, 134.34, 132.24,
129.55, 129.12, 128.26, 127.4S, 122.12 ppm; LCMS: purity:
97%; RT: 6.545 (254 1); m/z: 341.8 [M*] and 343.9 [M + 2].

4.1.26. 2-(5-(4-lodophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (27). Yield: 78%, mp: 292—298 °C. IR
Upax (KBr pellets): 2923.22 (CH stretch), 1749.91 (C=0
cyclic amide), 693.43 (C—I) cm™'; 'H NMR (400 MHz,
DMSO-dy): 7.38—8.43 (m, 8H, Ar—CH); *C NMR (DMSO-
dy) 176.34, 17424, 167.12, 138.14, 134.34, 132.44, 132.24,
129.61, 123.78, 98.42 ppm; LCMS: purity: 100%; RT: 6.818
(254 2); m/z: 433.4 [M*].

4.1.27. 2-(5-(2-Nitrophenyl)-1,3,4-thiadiazol-2-yl)-
isoindoline-1,3-dione (28). Yield: 64%, mp: 232—238 °C. IR
Upax (KBr pellets): 3096.82 (CH stretch), 175535 (C=0
cyclic amide) cm™; 'H NMR (400 MHz, DMSO-dg): 7.14—
8.12 (m, 8H, Ar—CH) ppm; *C NMR (DMSO-d;) 177.46,
174.35, 167.35, 146.92, 135.34, 134.54, 132.57, 131.63, 129.64,
128.54, 125.34,124.42 ppm; LCMS: purity: 94%; RT: 5.775
(254 2); m/z: 352.4 [M*].

4.1.28. 2-(5-Methyl-1,3,4-thiadiazol-2-yl)isoindolin-1,3-
dione (29). Yield: 74%, mp: 220-226 °C. IR v, (KBr
pellets): IR v, (KBr pellets): 2981.08 (Aro. CH stretch),
2869.21 (Ali. CH stretch), 1769 (C=0 cyclic amide) cm™;
'H (400 MHz, DMSO-dy): 7.61—8.14 (m, 4H, Ar—H), 2.42
(s, 3H, CH;) ppm; C NMR (DMSO-dy) 172.53, 166.64,
14237, 136.46, 132.24, 122.73, 19.10 ppm; LCMS: purity:
100%; RT: 4.120 (254 A); m/z: 2453 [M*].

4.1.29. 2-(4-Methyl-2-oxo0-2H-chromen-6-yl)isoindoline-
1,3-dione (30). Yield: 72%, mp: 302—308 °C. IR v, (KBr
pellets): IR v, (KBr pellets): 3232.12 (Aro. CH stretch),
2935.20 (Ali. CH stretch), 1725.17 (C=0 cyclic amide)
em™'; '"H NMR (400 MHz, DMSO-dy): 6.45—8.28 (m, 8H,
Ar—H), 2.18 (s, 3H, CH;) ppm; *C NMR (DMSO-dg)
167.53, 160.58, 152.57, 149.15, 136.34, 132.10, 129.54, 127.74,

122.23, 121.25, 116.94, 116.44, 112.65, 18.64 ppm; LCMS:
purity: 100%; RT: 5.642 (254 1); m/z: 305.9 [M*].

4.2. Geometry Optimization. The ground state (GS) of
the tilted compound was optimized at the DFT level of theory
using the hybrid functionals B3LYP in combination with the
basis set 6-311%% 3%

4.3. DFT-Based Calculations of the Fourier Transform
Infrared (FT-IR) and NMR Spectra. A wide range of
molecular properties can be predicted with DFT calculations,
including equilibrium structure, charge distribution, FT-IR,
and NMR spectral correlation. The hybrid functional B3LYP/
6-311** was used to derive the tilted compound’s (compound
14) FT-IR and NMR spectra. Using the GIAO approach, the
predicted chemical shifts for 'H and '*C NMR have been
calculated using the isotropic chemical shielding constants.
The isotropic shielding constants were used to compute the
isotropic chemical shifts, J_,, in relation to tetramethylsilane
(TMS).17'18

4.4. Biological Activity. 4.4.1. In Vitro Determination of
Antimycobacterial Activity. The in vitro antimycobacterial
activity of synthesized compounds was determined as per the
previously reported procedures.”* ¢

4.4.2. Evaluation of In Vitro Cytotoxicity. The cytotoxicity
of compounds was calculated by monitoring THP-1 cell
viability after 3 days in the existence of test compounds, as
described in the report.”*™*°

4.5. Docking Study. The molecular docking Glide module
(Schrodinger, Inc.) has been used for ligand docking against
the Mtb enoyl reductase (InhA). The X-ray crystallographic
structure of InhA protein cognate with 1-cyclohexyl-5-oxo-N-
phenylpyrrolidine-3-carboxamide was retrieved from the
Protein Databank, with accession ID 2H7I. The retrieved
protein structure was prepared using the “protein preparation
wizard” panel. Using prime during the stages of preprocessing,
bond ordering was assigned, missing hydrogen was added,
disulfide bonds were formed, and missing side chains and loops
were modified. In the final refinement stage, the OPLS3 force
field has been used to reach complete energetic optimization,
with the RMSD of heavy atoms set to 0.3 A. All synthesized
isoindoline-1,3-dione derivatives (2—30), three-dimensional
(3D) structures with relevant chiralities, were prepared with
the LigPrep panel. The ionization state of each ligand structure
was established at a physiological pH of 7.2 + 02. By

caly

centralizing the cognate ligand in the crystal structure and
using the default box dimension, the active side grid was
assigned. Finally, the molecular docking study was carried out
using Schrodinger’s glide, in which the ready minimum-energy
3D structure of the ligands and the receptor grid file were
loaded into Maestro’s work area and the ligands were docked
using standard precision (SP) docking methodology.*"**

4.6. Binding Free Energy Calculation Using the Prime
MMGBSA Approach. The Schrodinger software’s Prime
module has been used to calculate the binding free energies of
synthesized compounds in complex with Mtb InhA in terms of
the MMGBSA method. The Prim measures the binding free
energies of bound complexes using multiple nonpolar solvent-
accessible surface area and executable van der Waals
interactions, as well as advanced OPLS-2005 force field,
nonpolar solvation, molecular mechanics, and polar solvation
energies. A Glide pose viewer file of the docked complex was
used for this calculation. The MMGBSA calculations are used
to measure ligands’ relative binding affinity to the target
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receptor, and it infers that the stronger the binding affinity, the
lower the value.*""**

4.7. Density Functional Theory (DFT) Calculations.
DEFT calculations were performed to determine the electronic
molecular attributes, specifically the frontier molecular orbital
(FMOs) density fields and molecular electrostatic maps, that
can help to understand biological activity and molecular
characteristics. The hybrid functional B3LYP/6-311G** level
has been used to compute the HOMO and LUMO of the
synthesized compounds.””*’ It also provides definitions of
fundamental concepts about the stability and reactivity of
molecular structures.>”*° In quantum-chemical calculations,
the energies of the FMOs, HOMO, and LUMO are accessible
to deliver information about electron affinity (EA), ionization
potential (IP), electrophilicity index (@), electronegativity (y),
softness (s), hardness (1), and chemical potential (i) to
extrapolate the relationships among energy, structure, and
reactivity characteristics of target materials.” "’

The IP and EA were calculated as follows

IP = —Eyomo EA = —E ymo

where E stands for energy

The global reactivity descriptors were calculated using
Koopman’s theorem,”” which is represented by the equations
below

chemical potential (4) = —(IP + EA)/2
hardness () = (IP — EA)/2
softness(s) = 1/27

electronegativity (y) = (IP + EA)/2

global electrophilicity index (w) = u*/2n

4.8. Molecular Dynamics Simulation. The best docked
conformation of compound 27 in complex with Mtb InhA has
been further evaluated for thermodynamic behavior and
stability using molecular dynamics simulation (MD).*’ The
docked complex was solvated using a single point charge
(SPC) as a water model. Proper counterions (Na* and CI7)
and the orthorhombic cell were provided to achieve electro-
neutrality in the system using Desmond’s system builder.”*
The prepared system was minimized with a maximum of 2000
iterations and a gradient convergence cutoff of 1 kJ/mol.
Before running the MD simulation, a six-stage NPT (N =
number of atoms, P = pressure, and T = temperature)
ensemble default relaxation procedure was executed."

The ensemble was then submitted to a 100 ns molecular
dynamics simulation, with snapshots taken every 100 ps.
Finally, the ligand—protein complex binding confirmation and
stability from MD trajectories were analyzed using Desmond’s
simulation interaction diagram (SID).** The binding free
energy of the receptor and ligand during simulation is
computed by the python script thermal mmgbsa.py. The
average binding free energy was calculated using the 0—100 ns
MD simulation trajectory as input during the MMGBSA
calculation.”™*

4.9. InhA Inhibition Assay. The InhA inhibition assay was
performed as per the reported protocol.*® In short, stock
solutions of compound 27 were formulated in DMSO so that
the final concentration of this co-solvent was constant at 5% v/
v for all kinetic reactions at a final volume of 1 mL. As
previously described, kinetic assays were implemented employ-

ing trans-2-dodecenoyl-coenzyme A (DDCoA) and wild-type
InhA. Reactions were performed at 25 °C in an aqueous buffer
(30 mM PIPES and 150 mM NaCl pH 6.8) containing an
additional 250 uM cofactor (NADH), a S0 uM substrate
(DDCoA), and a compound tested. Reactions began with the
addition of InhA (100 nM final) and NADH oxidation
followed at 340 nm. Triclosan has been used as a positive
control device.
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