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Abstract: Tuberculosis remains one of the major grievous diseases worldwide. The emergence
of resistance to antituberculosis drugs emphasize the necessity to discover new therapeutic agents
for preferential tuberculosis therapy. In this study, various novel 1-(1H-benzimidazol-2-ylmethyl)
piperidin-4-imine derivatives were developed and checked for favorable pharmacokinetic param-
eters based on drug-likeness explained by Lipinski’s rule of five. All 20 of the novel chemical
entities were found to possess a favorable pharmacokinetic profile since they were not violating
Lipinski’s rule of five. The title compounds were also synthesized, characterized, and tested for
ex vivo antitubercular activity against Mycobacterium tuberculosis H37Rv (ATCC27294). The
results revealed that four compounds (2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]
hydrazinecarbothioamide, 2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-N-hydroxy-
hydrazinecarbo-thioamide, 1-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]guanidine,
and 2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecarboxamide) were the
most potent (minimum inhibitory concentration 6.25 pg/mL) antitubercular agents, with less
toxicity (selectivity index more than 10). The molecules were also subjected to three-dimensional
molecular docking on the crystal structure of enoyl-acyl carrier protein (EACP) reductase enzyme
(code 1ZID, Protein Data Bank), which represents a good prediction of the interactions between
the molecules and EACP reductase with minimum binding energy.

Keywords: enoyl-acyl carrier protein reductase, Schiff’s reaction, benzimidazole, Mycobac-
terium tuberculosis

Introduction
The microorganism Mycobacterium tuberculosis H37Rv (ATCC27294) causes the
deadly disease tuberculosis, and it continues to be a global threat to human health.!
Two million people die and almost 8 million people are infected by tuberculosis every
year. The increase in clinical occurrence of extensively drug-resistant and multidrug-
resistant tuberculosis and increased incidence of HIV and tuberculosis coinfection
lead to new clinical challenges for tuberculosis treatment.>* Moreover, anorexia, liver
damage, nausea, and vomiting are the primary side effects caused by antitubercular
drugs.**So there is a constant need to design and develop novel chemical entities with
high therapeutic efficacy and safety to combat this tuberculosis problem worldwide.
In M. tuberculosis H37Rv (ATCC27294), the major components in its cell wall are
mycolic acids.®In prokaryotes, the fatty acid synthesis I (FAS-II) pathway is involved in the
biosynthesis of mycolic acid.” The role of these fatty acids is essential for the survival of bacte-
rial cells. In particular, in fatty acid elongation, the enzyme enoyl-acyl carrier protein (EACP)
reductase plays a major role; it catalyzes the unsaturated fatty acids by NADH-dependent
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reduction and the reaction is stereospecific. Hence, an attractive
antitubercular drug target is EACP reductase.®!°

Isoniazid (INH), an antitubercular drug with pyridine
scaffold, prompted our research on piperidine. Moreover, six-
membered nitrogen heterocycles proved to be a good candidate
against M. tuberculosis H37Rv (ATCC27294)," particularly as
EACP reductase inhibitor."? 1, 4-substituted piperidine deriva-
tives (compound 1, Figure 1), were reported to possess more
potent antitubercular activity than the 1-substituted piperidine
derivatives (compound 2, Figure 1)."*!5 Schiff bases of INH
have been reported for their antitubercular activity, in which
the compound 3 (Figure 1) was found to be the most potent
antitubercular agent.'!” These reports suggest that the substi-
tution at the fourth position as well as preparation of Schiff
bases of a piperidine moiety may enhance antitubercular activ-
ity. Semicarbazones and thiosemicarbazones were reported to
possess promising antitubercular activities.'® Based on these
results, we included various imine substitutions (Schiff’s
bases) at the 4-position of the piperidine nucleus.
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Figure | Structures of piperidine/pyridine derivatives.

N-alkyl heterocyclic-substituted piperidin-4-imine
derivatives have not been much explored for their biological
activities. It has been reported that tetrahydropyridol with
benzimidazole' and (piperidin-4-ylmethyl)piperidine®
possess in vitro antitubercular activity with minimum
inhibitory concentration (MIC) 16 pg/mL and 4 pg/mL,
respectively. Based on the evidence obtained from these two
derivatives, compound 5 (Figure 1) was more potent with
2-methyl-substituted heterocycles at the first position of pip-
eridine, whereas 2-acyl-substituted heterocycles at the first
position of tetrahydropyridol (compound 4, Figure 1) were
less potent against M. tuberculosis H37Rv (ATCC27294). In
drug discovery, the incorporation of benzimidazole nuclei is
a valuable synthetic strategy, since it exhibits antitubercular?!
and broad-spectrum antibacterial® activities. These findings
prompted us to substitute the 2-methyl benzimidazole at the
first position of piperidin-4-imine, under the assumption
that the presence of methyl benzimidazole may increase the
antitubercular activity.
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Methodology
Chemistry

Toshniwal or Shital Scientific Industries apparatus were used
to determine the melting points of synthesized compounds, ie,
test compounds, in open capillaries without correction. Thin
layer chromatography (TLC) using silica gel-coated alumi-
num plates (Merck, New Jersey, USA) was used to check the
purity of the compounds and the blots were observed under
ultraviolet light at 254 and 366 nm. A Fourier transform
infrared (IR) spectrophotometer (Shimadzu, Kyoto, Japan)
(cm™) was used to record IR spectra using the KBr pellet
technique. A Bruker Ascend 400 MHz spectrometer was
used to record proton nuclear magnetic resonance ("H-NMR)
spectra using tetramethylsilane as internal standard (chemical
shifts in 8, ppm). A Shimadzu QP2010 Ultra mass spectrom-
eter and PerkinElmer 2400 CHN elemental analyzer were
used to obtain mass spectra and elemental analysis reports,
respectively.

Synthesis and characterization of |-(IH-benzimidazol-
2-ylmethyl)piperidin-4-one (PBI)

To areaction mixture of 4-piperidone hydrochloride (0.76 g,
0.005 mol) and 2-chloromethylbenzimidazole (0.8 g,
0.005 mol) in dimethyl formamide (10 mL), triethylamine
(1.4 mL, 0. 01 mol) was added and heated under reflux for
7 hours. The formation of the final product was checked by
TLC. The contents were brought down to room tempera-
ture and transferred into crushed ice, then refrigerated for
12 hours. The product obtained was filtered and vacuum
dried after washing with water. Finally, recrystallization
was carried out using methanol to yield the pure product,

PB1. '"H-NMR (dimethyl sulfoxide [DMSO]-d,) &: 2.12
(t, 4H,J=6.8 Hz, H, and H, piperidone), 2.50 (t, 4H, J=6.8
Hz, H, and H piperidone), 3.42 (s, 2H, —N—CHZ), 7.12(d, 2H,
J=8.4Hz,H,and H benzimidazole), 7.81 (d,2H,/=8.4 Hz,H,
and H, benzimidazole), 12.21 (s, 1H, NH). C nuclear
magnetic resonance (“C-NMR) (DMSO-d,) &: 41.61,
52.94 (4C, piperidone), 55.76 (CH,), 115.24, 123.07,
139.11 (6C, Ar), 141.55 (imidazole), 210.30 (C=0).
IR (KBr) cm™: 3,250 (NH); 3,041, 3,007, 2,985 (C-H);
1,704 (C=0). MS m/z: 229 (M)". Analytical calculated for
C,HN,0: C, 68.10; H, 6.59; N, 18.33. Found: C, 67.85;

15773

H, 6.20; N, 18.66.

General method for the synthesis of PB2—-PB20

To an ethanolic solution of PB1 (2.29 g, 0.01 mol) with
the appropriate amine (0.01 mol), sodium acetate (0.82 g,
0.01 mol) was added with stirring and it was refluxed for
3.5 hours with constant stirring. The completion of the
reaction was validated using TLC. The contents were brought
down to room temperature and transferred into ice-cold
water. The resulting product was separated through suction
and vacuum dried after washing thoroughly with water.
It was then recrystallized from the mixture of methanol
and dimethyl formamide (2:8) to yield the pure compound.
The methodology is depicted in Figure 2, and the physical
properties are listed in Table 1.

Characterization of |-(1H-benzimidazol-2-ylmethyl)-
N-hydroxypiperidin-4-imine (PB2)

'H-NMR (DMSO-d,) 8:1.40 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.42 (t, 4H, J=6.8 Hz, H, and H piperidine),

R
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Figure 2 Synthesis of |-(IH-benzimidazol-2-ylmethyl)piperidin-4-imine derivatives.

Notes: PBIl: |-(IH-benzimidazol-2-ylmethyl)piperidin-4-one. PB2: |-(|H-benzimidazol-2-ylmethyl)-N-hydroxypiperidin-4-imine. PB3: 2-[(4-hydrazinylidenepiperidin-|-yl)
methyl]-1H-benzimidazole. PB4: 2-[ | -(1 H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecarbothioamide. PB5: 2-[ | -(1 H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-
N-hydroxyhydrazinecarbo-thioamide. PB6: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-4-fluoroaniline. PB7: 2-{[4-(2-phenylhydrazinylidene)piperidin-|-yl]
methyl}-1H-benzimidazole. PB8:  N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-dimethoxyaniline.  PB9:  N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]-2,3-dimethylaniline. PB10: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-3-chloro-2-methylaniline. PBI1: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]-2,4-dichloroaniline. PB12: N-[|-(I1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-difluoroaniline. PBI3: I-[I-(I1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]
guanidine. PB14: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]aniline. PBI5: N-[I-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-4-chloroaniline. PBI16: |-[I-
(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]urea. PBI17: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-dinitroaniline. PBI8: |-[I-(IH-benzimidazol-2-
ylmethyl)piperidin-4-ylidene]thiourea. PBI9: |-(IH-benzimidazol-2-ylmethyl)-N-methoxypiperidin-4-imine. PB20: 2-[|-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]
hydrazinecarboxamide; TEA, triethyl amine.
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3.42 (s, 2H, -N-CH,), 7.19 (d, 2H, J=8.4 Hz, H, and H,
benzimidazole), 7.70 (d, 2H, J=8.4 Hz, H, and H, benzimi-
dazole), 11.07 (s, 1H, OH), 12.30 (s, 1H, NH benzimidazole).
BC-NMR (DMSO-d,) 6: 25.63, 53.32 (4C, piperidine), 54.93
(CH,), 115.56,122.76, 139.45 (6C, Ar), 142.04 (imidazole),
160.68 (C=N). IR (KBr) cm™": 3,384 (OH); 3,295 (NH);
3,080, 2,845 (CH), 1,580 (C=N). MS m/z: 244 (M)*. Anal
caled for C _H N ,O:C, 63.91; H, 6.60; N, 22.93. Found: C,

1377167 4

63.61; H, 6.32; N, 23.17.

2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-
4-ylidene]hydrazinecarbothioamide (PB4)

'H-NMR (DMSO-d,) o: 1.44 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.62 (t, 4H, J=6.8 Hz, H, and H piperidine),
3.53 (s, 2H, -N-CH,), 6.38 (s, 2H, NH,), 7.25 (d, 2H,
J=8.4 Hz, H_ and H, benzimidazole), 7.55 (d, 2H, J=8.4 Hz,
H4&H7benzimidazole), 9.11 (s, IH, =N-NH), 12.21 (s, 1H,
NH benzimidazole). "*C-NMR (DMSO-d,) &: 25.07, 53.14
(4C, piperidine), 55.47 (CH,), 115.56, 122.84, 139.36 (6C,
Ar), 142.04 (imidazole), 162.04 (C=N), 187.54 (C=S).
IR (KBr) em: 3,347, 3,277 (NH,, NH); 3,074, 2,956, 2,874
(CH), 1,633 (C=N); 1,205 (C=S). MS m/z: 302 (M)*. Anal
caled for C, H N S: C, 55.61; H, 6.00; N, 27.79. Found: C,

1477187 °6

55.29, H, 5.66; N, 28.18.

2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]-N-hydroxyhydrazinecarbo-thioamide (PB5)
'H-NMR (DMSO-d,) 8: 1.30 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.24 (t, 4H, J=6.8 Hz, H,&H piperidine),
3.50 (s, 2H, -N-CH,), 7.39 (d, 2H, J=8.4 Hz, H, and H,
benzimidazole), 7.79 (d, 2H, J=8.4 Hz, H, and H,
benzimidazole), 8.41 (s, 1H, -N-NH), 9.20 (s, 1H, -C-
NH-OH), 10.26 (s, 1H, -C-NH-OH), 12.13 (s, 1H, NH
benzimidazole). "C-NMR (DMSO-d,) &: 23.13, 53.36
(4C, piperidine), 55.03 (CH,), 115.76, 124.37, 139.69 (6C,
Ar), 141.86 (imidazole), 161.45 (C=N), 185.48 (C=S). IR
(KBr) cm™: 3,357 (OH); 3,284 (NH), 3,057, 2,965 (CH),
1,597 (C=N) 1,186 (C=S). MS m/z: 318 (M)*. Anal calcd
for C, ,H N OS: C, 52.81; H, 5.70; N, 26.39. Found: C,

1477187 76

52.62; H, 5.44; N, 26.21.

2-{[4-(2-phenylhydrazinylidene)piperidin- | -yl]
methyl}- | H-benzimidazole (PB7)

'H-NMR (DMSO-d,) &: 1.43 (t, 4H, J=6.8 Hz, H, and H_
piperidine), 2.29 (t, 4H, J=6.8 Hz, H, and H piperidine),
3.67 (s, 2H, -N-CH,), 7.01-7.55 (m, 9H, Ar-H), 11.19
(s, 1H, -N-NH), 12.21 (s, 1H, NH benzimidazole). *C-NMR
(DMSO-d,) 8: 21.16, 53.46 (4C, piperidine), 55.04 (CH),

115.24,116.67, 118.53, 123.07, 129.57, 139.11, 144.03 (12C,
Ar), 142.47 (imidazole), 160.92 (C=N). IR (KBr) cm™": 3,234
(NH), 3,089, 2,986, 2,904 (CH), 1,622 (C=N). MS m/z: 319
(M)*. Anal caled for C ;H, N_: C, 71.45; H; 6.63; N, 21.93.

97210 '5°

Found: C, 71.26; H, 6.44; N, 21.67.

N-[I-(1H-benzimidazol-2-ylmethyl)piperidin-
4-ylidene]-2,4-dimethoxyaniline (PB8)

'H-NMR (DMSO-d,) 8: 1.46 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.44 (t, 4H, J=6.8 Hz, H, and H, piperidine),
3.46 (s, 2H, -N-CH,), 3.75 (s, 6H, -O-CH,), 6.92-7.44 (m,
7H, Ar-H), 12.19 (s, 1H, NH benzimida[zole). BC-NMR
(DMSO-d,) &: 24.57, 53.47 (4C, piperidine), 54.94 (CH,),
55.93(2C,20CH,), 102.02,107.34,114.74,123.47,124.45,
127.38, 139.11, 153.67, 159.94 (12C, Ar), 142.13 (imida-
zole), 187.13 (C=N). IR (KBr) cm™’: 3,281 (NH), 3,067,
2,913 (CH); 1,597 (C=N). MS m/z: 364 (M)*. Anal calcd for
C,H N O.:C, 69.21; H, 6.64; N, 15.37. Found: C, 69.40;

2177247 742"

H, 6.37; N, 15.24.

N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-
4-ylidene]-2,3-dimethylaniline (PB9)

'H-NMR (DMSO-d,) &: 143 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.31 (s, 6H, 2CH,), 2.56 (t, 4H, J=6.8 Hz, H, and
H, piperidine), 3.67 (s, 2H, -N-CH.), 6.96-7.53 (m, 7H, Ar-H),
12.22 (s, 1H, NH benzimidazole). *C-NMR (DMSO-d,) &:
17.24, 21.87 (2C, 2CH,), 24.74, 53.18 (4C, piperidine), 55.34
(CH,), 115.47,119.75, 123.16, 127.04, 127.55, 128.94, 138.12,
139.11, 146.83 (12C, Ar), 141.55 (imidazole), 210.30 (C=0).
IR (KBr) cm™: 3,276 (NH), 3,058, 2,943, 2,892 (CH), 1,602
(C=N). MS m/z: 332 (M)". Anal caled for C, H N : C, 75.87;

2177247 747

H, 7.28; N, 16.85. Found: C, 76.27; H, 6.97; N, 17.14.

I-[1-(IH-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]guanidine (PB13)

"H-NMR (DMSO-d,) &: 1.51 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.53 (t, 4H, J=6.8 Hz, H, and H piperidine),
3.67 (s, 2H, -N-CH,), 5.43 (s, 2H, NH,), 6.05 (s, 1H, C=NH),
7.35 (d, 2H, J=8.4 Hz, H, and H_benzimidazole), 7.74
(d, 2H, J=8.4 Hz, H, and H, benzimidazole), 12.29 (s, 1H,
NH benzimidazole). *C-NMR (DMSO-d,) &: 24.56, 53.06
(4C, piperidine), 55.39 (CH,), 115.91, 123.48, 139.17 (6C,
Ar), 141.89 (imidazole), 161.93 (C=NH), 164.34 (C=N).
IR (KBr) cm': 3,294, 3,216 (NH,, NH), 3,078, 2,975 (CH),
1,559 (C=N). MS m/z 270 (M)". Anal calcd for C, ,H N_:
C, 62.20; H, 6.71; N, 31.09. Found: C, 61.89; H, 6.34; N,
31.46.
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I-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]urea (PB16)

'H-NMR (DMSO-d,) &: 1.62 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.61 (t, 4H, J=6.8 Hz, H, and H piperidine), 3.62
(s, 2H, -N-CH,), 6.62 (s, 2H, NH,), 7.23 (d, 2H, J=8.4 Hz,
H, and H, benz}midazole), 7.57(d, 2H, J=8.4 Hz, H,and H,
benzimidazole), 12.18 (s, IH, NH benzimidazole). *C-NMR
(DMSO-d,) &: 25.07, 53.47 (4C, piperidine), 55.25 (CH,),
116.94,123.35, 138.05 (6C, Ar), 141.33 (imidazole), 150.02
(C=0), 164.34 (C=N). IR (KBr) cm™: 3,307, 3,241 (NH,,
NH), 3,074, 2,968 (CH), 1,684 (C=0), 1,613 (C=N). MS m/z:
271 (M)*. Anal caled for C, , H N O: C, 61.98; H, 6.32; N,

147717775

25.81. Found: C, 62.37; H, 5.94; N, 26.21.

I-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]thiourea (PBI8)

'H-NMR (DMSO-d,) 8: 1.57 (t, 4H, J=6.8 Hz, H, and H,
piperidine), 2.74 (t, 4H, J=6.8 Hz, H, and H piperidine),
3.59 (s, 2H, -N-CH,), 5.17 (s, 2H, NH,), 7.15 (d, 2H, J=8 .4
Hz, H, and H, benzimidazole), 7.48 (d, 2H, J=8.4 Hz, H,
and H, benzimidazole), 12.18 (s, 1H, NH benzimidazole).
BC-NMR (DMSO-d,) 6: 25.05, 52.89 (4C, piperidine), 55.67
(CH,), 116.06, 123.17, 139.74 (6C, Ar), 142.07 (imidazole),
164.62 (C=N), 186.57 (C=S). IR (KBr) cm™: 3,284, 3,247
(NH,, NH), 3,076, 3,004, 2,968 (CH), 1,238 (C=S). MS m/z:
287 (M)". Anal calcd for C_ _H N.S: C, 58.51; H, 5.96;

14771775

N, 24.37. Found: C, 58.28; H, 5.59; N, 24.04.

2-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-
ylidene]hydrazinecarboxamide (PB20)

'H-NMR (DMSO-d,) 8: 1.49 (t, 4H,/=6.8 Hz, H, and H_ piperi-
dine), 2.51 (t, 4H, J/=6.8 Hz, H, and H piperidine), 3.74 (s, 2H,
-N-CH,), 6.54 (s, 2H, NH,), 7.23 (d, 2H, J=8.4 Hz, H, and H,
benzirrﬁdazole), 7.57(d, 2H,/=8.4 Hz, H, and H_benzimida-
zole), 9.39 (s, 1H,=N-NH), 12.18 (s, 1H, NH benzimidazole).
3C-NMR (DMSO-d,) 8: 24.74, 53.27 (4C, piperidine),
55.11 (CH,), 116.46, 122.84, 139.04 (6C, Ar), 143.48
(imidazole), 162.11 (C=0), 164.74 (C=N). IR (KBr) cm™:
3,294, 3,257 (NH,, NH), 3,053, 3,011, 2,965 (CH), 1,681
(C=0). MS m/z: 286 (M)*. Anal caled for C H NO: C,

58.73; H, 6.34; N, 29.35. Found: C, 59.07, H, 5.94; N,
29.71.

Antitubercular evaluation assay

Twofold serial dilutions (50.0, 25.0, 12.5, 6.25, 3.13, 1.56,
and 0.78 pg/mL) of each test compound, PB1-PB20, and
standard drugs were made and mixed into Middlebrook
7H11 agar medium with oleic acid, albumin, dextrose, and

catalase (OADC) (Difco, Maryland, USA) growth adden-
dum. Inoculant of M. tuberculosis H37Rv (ATCC27294)
was made from fresh Middlebrook 7H11 agar slants with
OADC growth addendum oriented to 1 mg/mL (wet weight)
in Tween 80 (0.05%) saline diluted to 1072 in order to
get ~107 cfu/mL concentration. Five microliters of this myco-
bacterial inoculum was blotted into 7H11 agar tubes with
varying dilutions of the test compounds and standard drugs
as mentioned above. The tubes were incubated for 28 days at
37°C, then the MIC was determined.?*** This method is same
as the procedure recommended by the National Committee
for Clinical Laboratory Standards for the evaluation of MIC
in triplicate.”® The MIC values of the test and standard drugs
are given in Figure 3.

Cytotoxicity assay

Cytotoxicity was carried out against the Vero cell line
(African green monkey kidney cells), obtained from the
National Centre for Cell Science (NCCS) (Pune, India). In
a 96-well plate, 1x10* cells were seeded and incubated at
37°C for 24 hours in 5% CO, atmosphere. Then, the medium
from the wells was discarded once a partial monolayer was
formed. Maintenance medium containing varying concen-
trations (62.5, 125, and 250 pg/mL) of the test compounds
was added to cells. Then, every 24 hours during 48 hours’
incubation, the observations from the microscopic exami-
nation were recorded. After the treatment, the solutions
were flicked off from the wells, and cells in each well were
incubated for 3 hours with 50 UL of freshly prepared 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (2 mg/mL, prepared in phosphate-buffered saline) at
37°C in a 5% CO, environment. Then the solution in each
well was decanted, and the plate was washed with phos-
phate-buffered saline twice. Then the purple-colored crystals
of formazan in each well were solubilized by adding 50 uL.
of isopropanol. Finally, the absorbance was recorded using
a microplate reader (Bio-Tek EL,-800 MS) at 540 nm.>**’
The percentage inhibition (Figure 4) and selectivity index
(ST) were calculated as per the reported methods.??*

Docking studies

Schrodinger software was used for the docking methods.
The detailed methodology for docking studies is given in the
Supplementary materials. 3D structures were generated and

optimized by means of OPLS-2005 using a default setting in
the LigPrep. The “Refinement only” option from the prepara-
tion module in Schrodinger Maestro was utilized to prepare
protein. The default box size setting in Glide was used to
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Figure 3 Antitubercular activity of compounds PB|-PB20.

Notes: A: pyrazinamide. B: ethambutol. C: isoniazid. PBI: |-(IH-benzimidazol-2-ylmethyl)piperidin-4-one. PB2: |-(IH-benzimidazol-2-ylmethyl)-N-hydroxypiperidin-4-
imine. PB3: 2-[(4-hydrazinylidenepiperidin- | -yl)methyl]- | H-benzimidazole. PB4: 2-[|-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecarbothioamide. PB5: 2-[I-
(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-N-hydroxyhydrazinecarbo-thioamide. PB6: N-[I-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-4-fluoroaniline. PB7:
2-{[4-(2-phenylhydrazinylidene)piperidin- | -ylJmethyl}- | H-benzimidazole. PB8: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-dimethoxyaniline. PB9: N-[I-(I1H-
benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,3-dimethylaniline. PB10: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-3-chloro-2-methylaniline. PBIl: N-[I-
(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-dichloroaniline. PB12: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-difluoroaniline. PBI3: I-[I-(IH-
benzimidazol-2-ylmethyl)piperidin-4-ylidene]guanidine. PBI4: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]aniline. PBI5: N-[I-(1H-benzimidazol-2-ylmethyl)
piperidin-4-ylidene]-4-chloroaniline. PBI6: |-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]urea. PBI7: N-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-2,4-
dinitroaniline. PBI18: |-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]thiourea. PBI9: I-(IH-benzimidazol-2-ylmethyl)-N-methoxypiperidin-4-imine. PB20: 2-[I-(1H-
benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecarboxamide.

Abbreviation: MIC, minimum inhibitory concentration.

define the grids by centering them in the crystal structure  Results and discussion
on the ligand. The docking of the prepared ligands against Ch emistry

the protein (code 1ZID, Protein Data Bank) was carried out. The new chemical entities consisted of N-substituted

The “Exra precision” mode was used to perform the docking piperidine and 2-methylbenzimidazole, and the lipophilicity

calculations in Glide. Schrodinger’s proprietary GlideScore was controlled by various N-substituents of piperidin-4-

was used to carry out the final scoring and rescoring of the imine. Initially, the test compounds were evaluated for
energy-minimized poses from its scoring function.?®? Linux
OS (Red Hat Enterprise WS 5.0) was used to carry out all

docking computations.

drug-likeness (Lipinski’s rule of five) using the ChemSpider
database to establish a favorable pharmacokinetic (absorp-
tion, distribution, metabolism, excretion and toxicity) pro-
file.3® All the compounds were found to be within the limits
39.97 of Lipinski’s rule (number of violations =0). The compound

0 - . . . g
‘ PB1 was synthesized by the reaction of piperidin-4-one

33.82
(compound 1, Figure 2) with 2-chloromethylbenzimidazole

351
ZZ 24.49 ‘a. 2257 2202 o (compound 2, Figure 2) in the pre.sence ofan .acid scave.:nger.
a0 18.01 . Further, PB1 was condensed with appropriate substituted
14.55 amine in the presence of sodium acetate to obtain PB2—PB20
7 by Schiff’s reaction, as shown in Figure 2. All the com-
101 pounds are soluble in DMSO and dimethyl formamide and
°1 p | partially soluble in ethanol, methanol, and chloroform.

0+ . _— .
PB4 PB5 PB7 PBS PB9 PB13 PB16 PB18 PB20 Due to their solubility in organic solvents, the compounds

% inhibition

might have good penetration in the biological membrane.
Figure 4 Percentage inhibition of Vero cells at a concentration of 250 pg/mL. . . .
Notes: PB4: 2-[l-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecar- Structural elucidation of the new molecules was carried out

bothioamide. PB5:  2-[l-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]-N- by both phySiCEll (Table 1) and spectral analysis.
hydroxyhy drazinecarbo-thioamide. PB7:  2-{[4-(2-phenylhydrazinylidene)pip-
eridin-1-ylJmethyl}-H-benzimidazole. PB8: N-[I-(IH-benzimidazol-2-ylmethyl)

piperidin-4-ylidene]-2,4-dimethoxyaniline. PB9: N-[I-(1H-benzimidazol-2-ylmethyl) . . .
piperidin-4-ylidene]-2,3-dimethylaniline. PBI3: I-[I-(IH-benzimidazol-2-ylmethyl) In vitro antitubercular screening

piperidin-4-ylidene]guanidine. PB16: |-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4- Th ; 5 23,24 : ;
e agar dilution method®~** was used for the in vitro
ylidene]urea. PBI8: I-[I-(IH-benzimidazol-2-ylmethyl)piperidin-4-ylidene]thiourea. g

PB20: 2-[ (1 H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]hydrazinecarboxamide.  antitubercular screening of the title compounds against
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M. tuberculosis H37Rv (ATCC27294) to determine the
MIC in triplicate, and the values (ug/mL) are shown
in Figure 3. The compounds PB1, PB6 (N-[1-(1H-
benzimidazol-2-ylmethyl)piperidin-4-ylidene]-4-fluo-
roaniline), PB10 (N-[1-(1H-benzimidazol-2-ylmethyl)
piperidin-4-ylidene]-3-chloro-2-methylaniline), and PB14
(N-[1-(1H-benzimidazol-2-ylmethyl)piperidin-4-ylidene]
aniline) showed equipotent activity, with MIC 50 pg/mL,
and all other molecules were found to be more potent, with
MIC in the range of 6.25-25 pug/mL, compared with the
standard drug pyrazinamide, but less potent than the other
standard drugs, INH and ethambutol. Compounds PB4, PB5,
PB13, and PB20 showed the most promising antitubercular
activity, with MIC 6.25 pug/mL. It has been observed that the
compounds with four hydrogen bond donors were found to
possess more potent antitubercular activity. In this study,
no definite conclusions were drawn about the relationship
between lipophilicity (log P) of the molecules and antituber-
cular activity, since the MIC values of antitubercular activity
could not be directly correlated with log P.

In vitro cytotoxicity assay

The new analogs, which showed promising antitubercular
activity (MIC =12.5 pg/mL), were also evaluated for in vitro
cytotoxicity using MTT assay®*?’ against Vero cell lines at
various concentrations. The percentage inhibition of cells at
250 ug/mL concentration is presented in Figure 4. The most
active compounds, PB4, PB5, PB13, and PB20, exhibited
39.9%, 18%, 22.5%, and 21.3% inhibition, respectively. The
compounds were considered to be nontoxic because the SI
was greater than 10.

Docking studies

The docking studies®?* of the title compounds were car-
ried out with EACP reductase enzyme (1ZID.pdb) by
using Schrédinger software. The interaction of molecule
with EACP reductase enzyme is shown in Figure 5. The
docking results of the target compounds revealed that all
the compounds were energetically favorable in terms of
Glide dock score (Table 1). The Glide dock score of the
most potent compounds, PB4, PB5, PB13, and PB20,
were —9.106,—-9.365,-9.392, and —9.389, respectively. The
Glide dock score of the less active compounds, PB1, PB6,
PB10, and PB14, were —8.043, —8.185, —8.190, and —8.092,
respectively. These results indicate that the more potent
compounds require less energy for good binding interaction
with the receptor, whereas the less active compounds require
more energy than the high active molecules. The binding
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Figure 5 3D binding interaction of PBI3 in the active site of EACP reductase.
Note: Yellow dotted lines show H-bond interaction with amino acid residue (green
ellipses).

interaction of the most active compound, PB13, showed
that the phenyl ring and N1- of the benzimidazole binds
with the amino acid residues TYR158 through n—m stack-
ing and ALA191 through hydrogen bonding, respectively.
The N- of the aliphatic side chain showed hydrogen bonding
with THR 196, which is similar to that of O- of the aliphatic
side chain (INH) interaction with GLY96 via hydrogen
bonding. These binding interactions reveal the importance
of the N1- and phenyl ring of benzimidazole and also the
N- of aliphatic side chain moiety for a favorable binding
interaction, so that better EACP reductase inhibitory activ-
ity is expected.

Conclusion

In the present study, we developed novel chemical entities
as potential antitubercular agents. The compounds showed
good drug-likeness scores based on Lipinski’s rule. Among
the 20 compounds, PB4, PB5, PB13, and PB20 exhibited
potent antitubercular activity, with MIC 6.25 ug/mL, and
less toxicity (SI > 10). In the in silico studies, these test
compounds showed minimum binding energy with EACP
reductase enzyme. So the present study provides us insight
for the further development of better antitubercular agents
as EACP reductase inhibitors with less or no toxicity.
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