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3D QSAR-based design and liquid phase
combinatorial synthesis of 1,2-disubstituted
benzimidazole-5-carboxylic acid and
3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]-
benzodiazepin-6Ĳ7H)-one derivatives as anti-
mycobacterial agents†

Nikum D. Sitwala,a Vivek K. Vyas,a Piyush Gedia,a Kinjal Patel,a Rania Bouzeyen,bc

Saqib Kidwai,d Ramandeep Singhd and Manjunath D. Ghate *a

Tuberculosis (TB) is one of the world's deadliest infectious diseases, caused by Mycobacterium tuberculosis

(Mtb). In the present study, a 3D QSAR study was performed for the design of novel substituted benzimid-

azole derivatives as anti-mycobacterial agents. The anti-tubercular activity of the designed compounds

was predicted using the generated 3D QSAR models. The designed compounds which showed better ac-

tivity were synthesized as 1,2-disubstituted benzimidazole-5-carboxylic acid derivatives (series 1) and

3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-one derivatives (series 2) using the liquid

phase combinatorial approach using a soluble polymer assisted support (PEG5000). The compounds were

characterized by 1H-NMR, 13C-NMR, FTIR and mass spectrometry. HPLC analysis was carried out to evalu-

ate the purity of the compounds. We observed that the synthesised compounds inhibited the growth of

intracellular M. tuberculosis H37Rv in a bactericidal manner. The most active compound 16 displayed an

MIC value of 0.0975 μM against the Mtb H37Rv strain in liquid cultures. The lead compound was also able

to inhibit the growth of intracellular mycobacteria in THP-1 macrophages.

Introduction

According to the WHO, tuberculosis (TB) is a global health

burden. It is estimated that one-third of the world's popula-

tion is infected with the causative agent, Mycobacterium tuber-

culosis (Mtb).1 According to the WHO, each year 10–12 million

individuals are diagnosed as new TB patients and this disease

is a leading cause of death in adults.2 The current TB regimen

has high toxicity and needs to be administered for an ex-

tended duration of 6–9 months.3 The emergence of drug re-

sistant strains, including multi- and extensively drug resistant

TB (MDR-TB and XDR-TB), is making this pandemic more

threatening.4,5 In order to tackle the problem of drug-resis-

tance, there is a need to identify new drug targets and scaf-

folds with a novel mechanism of action. Benzimidazole ana-

logues have been previously reported as antitubercular

agents.6–9 Benzimidazole derivatives are ionisable, polar, aro-

matic compounds, and possess antimicrobial activities.10,11

Substituted-[1,2,3] triazoles along with fluorine have been

shown to be very potent antitubercular agents against Mtb

H37Rv. Researchers from Southern Research Institute have

identified several benzimidazole, pyridopyrazine and pteri-

dine based tubulin inhibitors with potent antitubercular activ-

ity. These molecules such as OTBA, 2-alkoxycarbonylamino-

pyridines, 2-carbamoylpteridine, taxanes, benzimidazoles, GTP

analogues, benzo[c]-phenanthridines, isoquinolines,

PC190723, zantrins, and chrysophaentins have been shown to

inhibit FtsZ enzymes from Mtb.12–14 Reynolds and others hy-

pothesized that the benzimidazole skeleton, a nitrogen

containing heterocycle, represents an important

pharmacophore for the development of novel FtsZ inhibi-

tors.15 In another study, libraries of 2,5,6- and 2,5,7-
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trisubstituted benzimidazoles were screened against Mtb

H37Rv which resulted in identification of several hit com-

pounds.16 The selected lead compounds exhibited excellent

MIC (the lowest concentration of a synthesised compound

which prevented visible growth of Mtb) values in the range of

0.39–6.1 μg mL−1 against both drug-sensitive and resistant

strains. The prediction of drug-like activity has been

established by a versatile tool such as QSAR. These tech-

niques are proficient for exclusion of the undesired properties

and result in an early prediction of drug-like candidates.17 A

series of molecules can be synthesized by employing the liq-

uid phase combinatorial synthesis approach which is exten-

sively applied for the isolation of multiple targets which could

be selected for certain pharmacological evaluation.18

In the present study, a 3D QSAR study was performed on

tri-substituted benzimidazoles for the design of novel deriva-

tives. 3D QSAR is a quantitative mathematical relationship

study, which correlates the biological activity of a series of

compounds with their properties calculated in 3D space. We

performed comparative molecular field analysis (CoMFA) and

comparative molecular similarity indices analysis (CoMSIA)

in the 3D QSAR study. Statistical results of CoMFA and

CoMSIA were obtained using the partial least squares (PLS)

method. PLS is an iterative multivariate regression method,

which is able to interpret the effect of chemical structure (in-

dependent variable) on biological activity (dependent vari-

able).17 We used the liquid phase combinatorial synthesis

method for the synthesis of designed substituted benzimid-

azole compounds. The purity of the compounds was evalu-

ated by HPLC and they were characterized by mass spectrom-

etry, FTIR, 1H-NMR and 13C-NMR analysis. In this study, we

have also reported the single crystal XRD pattern of one of

the potent compounds. The synthesized compounds were

non-cytotoxic and also able to inhibit Mtb growth in vitro and

in macrophages. Overall, the combination of QSAR and liq-

uid phase combinatorial synthesis resulted in identification

of small molecules that possessed anti-tubercular activity.

Results and discussion
3D QSAR study

The results of PLS analysis are shown in Table S2 in the ESI.†

PLS analysis indicated a q2 value (leave-one-out) of 0.727 and

0.640 for the CoMFA and CoMSIA models, respectively, with

a maximum number of 6 latent variables and a SEE (standard

error of estimation) value of 0.176 and 0.152 in conjunction

with an F (F-test value) value of 161 and 132 for the CoMFA

and CoMSIA models, respectively. The QSAR model demon-

strated good predictive ability with an r2pred (predictive corre-

lation coefficient) value of 0.714 and 0.748 for the CoMFA

and CoMSIA models, respectively. Plots of experimental pMIC

along with predicted pMIC are shown in Fig. S2 in the ESI.†

Contour map analysis

CoMFA contour maps are displayed as steric and electrostatic

fields and shown in Fig. S3(A) in the ESI.† CoMSIA contour

maps are shown in Fig. S3(B) in the ESI.† As shown in Fig.

S3,† 80% contribution for favourable and 20% contribution

for unfavourable field regions for all the contour maps were

observed. The most active molecule (Tr5) is inserted in all

the maps. CoMFA contour maps are shown in green coloured

contour (sterically favoured) and yellow coloured contour

(sterically unfavoured) regions. A yellow coloured contour

was observed just next to the carboxamide functional group,

which demonstrated that the presence of a sterically bulky

group in this region might result in lowered efficacy; however

the green coloured contour at the terminal end of the butoxy

group indicated that the introduction of sterically bulky

groups may increase the potency of the designed compounds

(Fig. S3(A) in the ESI†). Likewise, the C6-position of the benz-

imidazole ring was also highlighted as the green contour

area, which indicated that the introduction of steric groups

might lead to the enhancement of efficacy. Electrostatic con-

tour maps (Fig. S4(B)†) are shown in red coloured (electro-

negative group favoured) and blue coloured contour (electro-

positive group favoured) regions. The overlap of blue

contours for aliphatic substitutions at the C6-position dem-

onstrated that electron donating groups might result in im-

proved efficacy. Also, the presence of adjacent red contours

indicated that the existence of electronegative groups would

be critical for the design of compounds with better activity.

Another red coloured contour at the C5-position indicated

that the substitutions of electron withdrawing groups may be

essential for good potency of designed compounds. The

CoMSIA hydrophobic contour map is shown in Fig. S4(A) in

the ESI.† In the CoMSIA hydrophobic contour map, regions

favouring hydrophobic substitutions were indicated by yellow

contours, whereas regions favouring hydrophilic substitu-

tions were indicated by grey contours. The presence of hydro-

phobic substitutions such as –CH3, –CH2CH3, –CH2CH2CH3,

and –CHĲCH3)2 close to the C6-position of the heterocyclic

ring (highlighted in yellow contours) resulted in higher effi-

cacy of the compounds. Moreover, substitution with aromatic

hydrophobic groups at the C6 position also resulted in good

inhibitory activity. The oxygen atoms of carbonyl functionali-

ties such as amides, ureas and carbamates were highlighted

by grey contours. Cyan contours indicated the hydrogen bond

donor (HBD) favoured regions, whereas HBD disfavoured re-

gions are shown in purple coloured contours (Fig. S4(B) in

the ESI†). The hydrogen bond acceptor (HBA) favourable re-

gions are depicted by magenta coloured contours, and the

HBA disfavoured regions are shown in red coloured contours

(Fig. S4(C) in the ESI†). The cyan coloured contour at the C5-

position near the amide bond and the adjacent red contours

in the same proximity indicated that the hydrogen bond do-

nating groups at this position might be critical for the biolog-

ical efficacy associated with this series.

The importance of carbonyl and adjacent substitutions for

ureas, amides and carbamates as HBDs in all the molecules

is indicated as these functional groups overlap with the cyan

contours. Meanwhile, the nitrogen of the benzimidazole ring

at the C3-position overlaps with magenta contours, which
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indicated that it contributed as a hydrogen bond acceptor,

and the same is witnessed in all the molecules. The presence

of purple contours specified the need for a hydrogen bond

acceptor (HBA) atom as perceived in derivatives with carba-

mates, which demonstrated higher efficacy in comparison to

derivatives with amides. Almost similar observations were

achieved whilst taking into consideration the CoMSIA steric

and electrostatic contour maps as compared to the CoMFA

steric and electrostatic contour maps; however the blue con-

tour at the C1-position suggested that the introduction of

electron withdrawing functionalities might cause lower po-

tency, which suggested that the substitution of electron do-

nating groups or sterically bulky groups for the design of new

compounds can be taken into consideration for the first

position.

Design of molecules

The compounds were designed on the basis of the 3D QSAR

study (Fig. 1). We designed 1,2-disubstituted benzimidazole-5-

carboxylic acid derivatives as series 1 (30 compounds) and

3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-

one derivatives (22 compounds) as series 2. In both series,

the benzimidazole ring was maintained as the main scaffold.

We hypothesized that replacing substitutions at the C5-

position consisting of carbamates, amides and ureas with

methyl ester or carboxylic acid derivatives might result in

compounds with better activity. As evident from the contour

maps, the increase in activity would be due to characteristics

such as electronegativity, hydrophobicity, and HBD and HBA

abilities. Furthermore, we diversified the substitutions at the

C2-position of the benzimidazole ring system. We also

substituted the C1-position of the benzimidazole ring system

with a bulky group as per the interpretations from all of the

contour map analyses. The anti-mycobacterial activity (pMIC)

of the designed compounds were predicted using the gener-

ated CoMFA and CoMSIA models (Table S3 in the ESI†) in or-

der to scrutinise the compounds for the synthesis and

activity.

Chemistry

Scheme 1 describes the synthesis of 1,2-disubstituted

benzimidazole-5-carboxylic acid derivatives (series 1) and

Scheme 2 describes the synthesis of 3-substituted-5H-

benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-one derivatives.

Series 1

A soluble polymer support-based liquid phase combinatorial

synthesis method was used, in which PEG5000 mono methyl

ether was utilized as the polymer attachment to synthesize

compounds 7a–o. After a wide range of route investigations

and evaluations of all applicable variations for all intermedi-

ates synthesized including the use of different reaction condi-

tions, catalysts, temperatures, reagents, etc., various benz-

imidazole derivatives were synthesized.18–20 The resulting

procedures involved coupling 3-nitro-4-flouro-benzoic acid (1)

with PEG using 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide as a reagent for amide formation along with di-

methylaminopyridine (DMAP) as a catalyst in

dichloromethane (DCM). Precipitation of the polymer bound

derivative was performed using cold diethyl ether and the

solid was filtered and washed using ether to achieve pure

polymer bound 3-nitro-4-fluoro benzoic acid (2).21,22 Introduc-

tion of various substituted amines in the following step was

depicted by activated fluoro due to the presence of a nitro

group at 25 °C to obtain PEG coupled substituted

o-nitroamine (3a–o) derivatives. Diethyl ether was added to

obtain solid PEG coupled o-nitroanilines which were filtered

and unreacted reagents were removed by washing.

The purity of the compounds (3a–o) was verified by TLC

analysis. A mixture of ammonium acetate and zinc at 25 °C

was added to reduce the aromatic nitro group to amine. After

completion of the reduction reaction, the reaction mixture

was filtered to remove the inorganic salts and diamine deriv-

atives (4a–o) were precipitated upon addition of diethyl ether

and isolated.18 The next step involved the use of iso-

butraldehyde (5) to react with diamine derivatives (4a–o) to

obtain intermediate substituted benzimidazoles (6a–o).23 In

the concluding step, a solution of sodium hydroxide in meth-

anol was used for cleavage of PEG to form the final desired

benzimidazole derivatives (7a–o). The chemical structure of

Fig. 1 Design strategy for the design of 1,2-disubstituted

benzimidazole-5-carboxylic acid and 5H-benzimidazoĳ1,2-

d]ĳ1,4]benzodiazepin-6Ĳ7H)-one derivatives using the 3D QSAR

generated CoMFA and CoMSIA contour maps.

Scheme 1 Synthetic scheme for the synthesis of 1,2-disubstituted

benzimidazole-5-carboxylic acid derivatives using the liquid phase

combinatorial synthesis technique. Reagents and conditions: (a) DCM, EDC,

DMAP 0 °C to rt; (b) DCM, rt; (c) MeOH, rt; (d) THF, reflux; (e) MeOH, rt.
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all the synthesized compounds was verified by various analyt-

ical procedures such as mass spectrometry, 1H-NMR along

with D2O exchange, 13C-NMR, FTIR spectroscopy (ESI†). In

this series of molecules, important features are observed in

the FT-IR spectra of molecules 7a–o, which revealed typical

carbonyl (acid) stretching peaks around 1830–1810 cm−1, aro-

matic C–H stretching peaks near 3045–3010 cm−1, aliphatic

C–H stretching peaks near 2970–2930 cm−1 and carboxylic

acid stretch ranging from 3300–2950 cm−1 (ESI†). For all the

molecules, M + 1 peaks as stable base peaks were observed in

all mass spectra (ESI†). A JASCO 4000 HPLC with a C18 col-

umn (250 mm × 4 mm) was used to analyse the purity of the

compounds; mobile phase methanol : 0.1% formic acid aque-

ous buffer (60 : 40) as an isocratic system with 15 minutes

runtime and 1 ml per minute flow rate was used for all the

derivatives and the results indicated purity >95% for each

compound (ESI†). Moreover, all HPLC data were validated

using peak purity analysis by overlay of UV graphs and each

desired peak demonstrated high peak purity. In 1H NMR

spectra, substantial features were observed for all the com-

pounds. Two peaks of aliphatic protons of isopropyl substitu-

tion at the C2 position of the benzimidazole ring appeared as

a doublet at 1.6 ppm and as a multiplet at 4.8 ppm, along

with aromatic protons mostly observed as multiplets at 6.7–

8.0 ppm. Furthermore, the protons of carboxylic acid demon-

strated a broad peak at approximately 13 ppm for all the

compounds, which got exchanged after D2O addition. Simi-

larly, the 2 peaks of aliphatic carbons of isopropyl substitu-

tion at the 2nd position of the benzimidazole ring appeared

at 21 ppm and 48 ppm in the 13C NMR spectra for all the of

molecules along with sets of aromatic carbons observed from

120–140 ppm. Furthermore, the carbons of carboxylic acid

demonstrated a peak at approximately 165 ppm for all the

compounds (ESI†). The crystal structure of compound 7a was

derived using single crystal X-ray diffraction analysis and is

shown in Fig. S5 in the ESI† with details of the single crystal

study.

Series 2

Scheme 2 describes the synthesis of compounds 17a–i via im-

plementation of the soluble polymer support PEG5000 mono

methyl ether and reactions based on the liquid phase combi-

natorial synthesis approach.

Final synthetic procedures were adopted in which glycine

(8) was reacted with PEG using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) as a reagent for es-

ter formation along with DMAP as a catalyst in EDC.22 The

PEG coupled glycine (9) was purified by filtering the reaction

suspension obtained upon addition of diethyl ether followed

by excess addition of diethyl ether to rinse the solid and vac-

uum dried. 1H-NMR was conducted to evaluate the purity of

compound 9.23 In the next step, the amine of derivative 9 was

reacted with 1-fluoro-2-nitrobenzene at 25 °C to obtain inter-

mediate 10. The o-nitroaniline derivative was further purified

by filtration of the suspension obtained upon addition of

diethyl ether. The purity of compound 10 was verified by 1H-

NMR. Ammonium acetate and zinc were mixed and used at

25 °C to obtain the amine derivative from the reduction of ni-

tro derivatives, and after stirring in the solvent completion of

the reaction was observed. Additionally, the diamino deriva-

tive (11) was further purified upon filtration of the suspen-

sion obtained by the addition of cold diethyl ether. The

diamino substituted derivative (12) was obtained upon

reacting 11 with 2,4-dinitrobenzoic acid, which upon cycliza-

tion in the presence of magnesium sulphate and

trifluoroacetic acid formed the substituted benzimidazole de-

rivative (13).22 Reduction of the dinitro derivative was

achieved by the addition of ammonium acetate and zinc at

25 °C which were precipitated using diethyl ether to purify

the diamino derivative (14). In the next step, a methanolic so-

lution of sodium hydroxide was used to get the carboxylic

acid derivative (15).18 This intermediate was further reacted

in the presence of EDC/DMAP to obtain the cyclized product

as the core fused ring structure (16). In the final synthetic

step, the reaction of the amine derivative (16) with various

acid chlorides and sulphonyl chloride was performed using

TEA as a base and various derivatives were obtained (17a–i).20

The chemical structures of all the synthesised compounds

were established using mass spectrometry, FT-IR, 1H-NMR

along with D2O exchange, and 13C-NMR spectral analysis.

The synthesized molecules demonstrated M + 1 peaks in the

mass spectrum corresponding to all the molecules respec-

tively. Compounds 17a–i revealed typical amidic N–H

stretching peaks near 3350–3275 cm−1, aliphatic C–H

stretching peaks near 2960–2920 cm−1 and CO stretching

peaks near 1725–1700 cm−1, whereas compound 16 along

with the above mentioned peaks also showed an –NH2 dou-

blet peak in the range of 3350–3250 cm−1. The purity of the

compounds was analysed using a JASCO 4000 HPLC with a

C18 column (250 mm × 4 mm) and mobile phase methanol :

Scheme 2 Synthetic scheme for the synthesis of 5H-benzimidazoĳ1,2-

d]ĳ1,4]benzodiazepin-6Ĳ7H)-one derivatives using the liquid phase

combinatorial synthesis technique. Reagents and conditions: (a) DCM,

EDC, DMAP 0 °C to rt; (b) DCM, rt; (c) MeOH, rt; (d) DCM, DMAP, EDC,

rt; (e) MgSO4, DCE reflux (f) MeOH, rt; (g) NaOH; (h) DCM, DMAP, EDC

to rt; (i) TEA.
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0.1% formic acid aqueous buffer (80 : 20) as an isocratic sys-

tem with 10 minutes run time and 1 ml per minute as the

flow rate; all the molecules illustrated purity (>95%). The sig-

nificant feature of the 1H NMR spectra of the compounds

was observed as the aliphatic region displaying 2 protons at

the C1 position of the benzimidazole ring and these appeared

at approximately 4.8 ppm for all the tested compounds. Fur-

thermore, compound 16 showed 2 amine protons at approxi-

mately 5.8 ppm, and these protons were absent in amide de-

rivatives 17a–i. The amide derivatives demonstrated an

amide peak at approximately 10.5 ppm along with sets of aro-

matic protons in the range of 6.5–8.5 ppm for all the com-

pounds. Also, upon D2O analysis the exchangeable protons

including –NH2 for 16 and amidic for 17a–i got exchanged.

The significant feature of the 13C NMR spectra for this series

of molecules was detected as the peaks of aliphatic carbon of

fused ring substitution at the C2 position of the benzodiaze-

pine ring appearing at 46 ppm. Furthermore, the carbons of

amide demonstrated a peak at approximately 168 ppm for all

the compounds. The carbons of the aromatic ring displayed

peaks in the range of 120–140 ppm.

Pharmacological activity

In vitro antitubercular activity. All the synthesized

substituted benzimidazole derivatives of series 1 (1,2-

disubstituted benzimidazole-5-carboxylic acid) and series 2

(3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-

one derivatives) were evaluated for in vitro antitubercular ac-

tivity against Mtb H37Rv using MIC determination assays.

The results of antitubercular activity analysis of all the syn-

thesized compounds along with the standard drug isoniazid

(INH) are reported in Table 1. Most of the synthesized com-

pounds of both series exhibited good in vitro anti-

mycobacterial activity. In series 2, compound 16 was the

most active compound with an MIC value of 0.0975 μM

against Mtb H37Rv. Other compounds viz. 17d, 17e, 17h, 7e

and 7f also displayed decent activity against Mtb H37Rv with

MIC values of 1.56 μM, 0.19 μM 0.78 μM, 0.78 μM and 0.78

μM, respectively.

Macrophage results (cellular cytotoxicity). We next deter-

mined the cellular cytotoxicity of the active compounds

against THP-1 macrophages using the WST-1 cell viability kit.

We observed that 16, 17d, 17e, 17h, 7e, and 7f were non-

cytotoxic even at 50 μM concentration (the highest concentra-

tion tested in our assays). The remaining two active com-

pounds, 17c and 17g, were non-cytotoxic at 10 μM concentra-

tion. Next, we evaluated a few of these non-cytotoxic

compounds for their ability to inhibit the growth of intracel-

lular Mtb H37Rv in a THP-1 model of infection (Fig. 2). As

shown in Fig. 2, pre-treatment with these compounds

resulted in growth inhibition of Mtb in THP-1 macrophages.

The exposure of THP-1 to 16, 17c, 17d, 7e, and 7f resulted in

approximately 8.0–10.0 fold reduction in bacterial counts, in

comparison to untreated cells at day 4 post-infection (Fig. 2,

***P < 0.001). As expected, the maximum inhibition of intra-

cellular growth (30.0 fold) was observed in THP-1 macro-

phages treated with INH for 4 days (Fig. 2, ***P < 0.001).

Structure–activity relationship (SAR). The aliphatic func-

tional group at the C1-position of the benzimidazole ring is

important for activity as the second series of compounds

(3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-

one derivatives) (16, 17a–i) exhibits better activity as com-

pared to the first series of compounds (1,2-disubstituted

benzimidazole-5-carboxylic acid derivatives) (7a–o). In the first

series, the bulky groups at the C1-position of the benzimid-

azole ring might cause steric hindrance towards the binding

of compounds with their cellular target. Moreover, the lipo-

philicity of both series of compounds was comparable due to

the presence of aromatic rings. The lipophilicity of molecules

would result in easy permeability for the compounds across

Mtb cells. The presence of a free amine group (unsubstituted)

at the C9-position in 16 (MIC = 0.0975 μM) resulted in the best

activity as compared to the substituted derivatives (17a–i).

The presence of an amide spacer between the benzimidazole

ring and –R substitution (terminal aromatic ring derivative)

viz. 17g (MIC = 0.39 μM) showed a 4.0 fold better activity as

compared to the sulphonamide spacer in 17i (MIC = 1.56

μM). Interestingly, compounds with a phenylfluoro func-

tional group such as 17e (MIC = 0.195 μM) displayed better

activity as compared to compounds with phenylbromo substi-

tutions such as 17b (MIC = >50 μM). Despite both being

electronegative atoms, fluoro would improve the lipophilicity,

and this might be responsible for the better activity. We also

observed that the presence of an amide functional group in

the cyclized ring at the C1-position of the benzimidazole ring

throughout the second series of compounds is also crucial

for the activity. We observed that compound 7e (MIC = 0.78

μM), with the hydroxyl functional group in series 2 in a simi-

lar spatial arrangement, showed better activity as compared

to the remaining compounds in series 1. Moreover, while

comparing 7e and 7g (MIC = 25 μM), we observed a drastic

reduction in the potency upon the change in the position of

the hydroxyl and methoxy groups. These results indicated

that the presence of HBD groups at this position is crucial

for in vitro biological activity. Furthermore, introduction of

an aliphatic long chain spacer in compounds 7m (MIC = 50

μM), 7n (MIC = 50 μM), and 7o (MIC = 25 μM) did not signifi-

cantly improved the potency of the compounds. Taken to-

gether, we concluded that an amide or hydroxyl group (hydro-

gen bond donor) at one or two carbon length is important

for the observed activity. The presence of an amine group at

the C9-position is also vital for the enhanced activity of these

molecules. Furthermore, the presence of substitutions that

increase the lipophilicity of the compounds also resulted in

better biological activity. We also demonstrated that intro-

duction of one carbon longer spacer at the C1-position

resulted in lower potency of the compounds and

sulphonamide spacer derivatives showed lower activity in

comparison to compounds with an amide spacer.

In the following sub-section, we made a comparison of

this study with recently published papers on benzimidazoles
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Table 1 Structures and in vitro antitubercular activity of 1,2,5-trisubstituted benzimidazole (series 1) and 3-substituted-5H-benzimidazoĳ1,2-

d]ĳ1,4]benzodiazepin-6Ĳ7H)-one (series 2) derivatives (MIC, μM) against Mtb H37Rv

Compounds R MIC (μM) Compounds R MIC (μM)

7a 12.5 16 0.0975

7b 50 17a >50

7c 25 17b >50

7d 50 17c 0.195

7e 0.78 17d 1.56

7f 0.78 17e 0.195

7g 25 17f 3.125

7h 50 17g 0.39

7i 50 17h 0.78

7j 50 17i 1.56

7k 25 Isoniazid (INH) 0.39

7l >50

7m 50
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with anti-mycobacterial activity and QSAR study. Picconi

et al.10 synthesized novel triaryl benzimidazoles and evalu-

ated them against multi-drug resistant (MDR) Gram-positive

and Gram-negative species. 2-Methyl-1-(5-{3-[(2-methyl-3H-

benzoimidazole-5-carbonyl)-amino]-phenyl}-pyridin-2-yl)-1H-

benzoimidazole-5-carboxylic acidĲ3-dimethylamino-propyl)-am-

ide (18) demonstrated MICs in the range of 16–32 μg mL−1

against Gram-positive and Gram-negative species. Ashok

et al.24 synthesized indole-tethered benzimidazole-based

1,2,3-triazoles using conventional and microwave-assisted

synthesis and evaluated them for anti-mycobacterial, antioxi-

dant and antimicrobial activities. 2-(1-((1-(2-Nitrophenyl)-1H-

1,2,3-triazol-4-yl)methyl)-1H-indol-3-yl)-1H-benzoĳd]imidazole

(19) (Fig. 3) showed an MIC value of 3.125 μg mL−1 against

Mtb H37Rv which is less potent as compared to that of 16

(MIC = 0.0975 μM). Compound 19 was predicted with a clogP

value of 2.38, and showed a drug likeness value of −5.47.

Compound 16 showed a clogP value of 1.78 and a drug like-

ness value of 2.97. Chaturvedi et al.25 reported the synthesis

of 2-arylbenzimidazoles in a molecular sieve–MeOH system

and evaluated them for antitubercular activity. The synthe-

sized compound 20 (Fig. 3) showed an MIC value of 16 μM

against Mtb H37Rv and was predicted with a logP value of

4.45. This compound is less potent in comparison with 16

(MIC = 0.0975 μM, log P = 0.78). Yoon et al.26 synthesized

new benzimidazole aminoesters and evaluated them for anti-

mycobacterial activity. Ethyl 2-(4-(trifluoromethyl)phenyl)-1-(2-

morpholinoethyl)-1H-benzoĳd]imidazole-5-carboxylate (21)

(Fig. 3) was found to be the most active with an IC50 of 11.52

μM. Chandrasekera et al.27 synthesized novel

phenoxyalkylbenzimidazoles (PAB) (22) (Fig. 3) with improved

Table 1 (continued)

Compounds R MIC (μM) Compounds R MIC (μM)

7n 50

7o 25

Fig. 2 Activity of identified synthesized compounds (16, 17c, 17d, 7e

and 7f) against intracellular Mtb in macrophages: THP-1 macrophages

were infected with Mtb at a MOI of 1 : 10. Following 24 h of infection,

cells were overlaid with RPMI medium containing the synthesized

compounds (16, 17c, 17d, 7e and 7f). After incubation for 4 days,

macrophages were lysed in 1 ml of 1× PBS–0.1% Triton X-100 and 100

ml of 10.0 fold serial dilutions were plated on MB7H11 plates at 37 °C

for 3–4 weeks. The data shown in this panel are mean + S.E. obtained

from triplicated wells. Significant differences were obtained for the in-

dicated groups. **p < 0.01 and ***p < 0.001. Fig. 3 Benzimidazoles (18–24) reported as anti-mycobacterial agents.
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activity against Mtb. The authors suggested that the discovery

of the PAB compounds allowed them to design and discover

novel compounds which can target intracellular Mtb. The

most potent compounds showed inhibitory concentrations

against Mtb in the low nanomolar range. Surineni et al.28 syn-

thesized benzimidazole tethered allyl-

idenehydrazinylmethylthiazole derivatives as potent inhibi-

tors of Mtb. The authors suggested that compound 23 (Fig. 3)

is a lead compound of the series which could be further opti-

mized development of novel and effective antitubercular

agents. Compound 23 showed an MIC90 value of 2.5 μg mL−1

and was predicted with a clogP value of 6.22 and a log P

value of 6.03. Ahamad et al.29 performed 2D and 3D QSAR,

molecular docking and MD simulation studies on substituted

benzimidazole derivatives targeting the FtsZ protein of Mtb.

The results of the 3D QSAR study suggested the importance

of both electrostatic and steric descriptors in determining the

activity of benzimidazole derivatives. Based on the QSAR

study, the authors designed 223 new benzimidazole deriva-

tives and performed in silico ADMET analysis and docking

study. The authors concluded that the designed compound

24 (log P = 4.57) (Fig. 3) was found to be the most potent

among all the designed compounds with better in silico re-

sults as compared with the reported compounds used in the

QSAR study.

Experimental
3D QSAR analysis

Sybyl X molecular modeling software (Tripos Inc., St. Louis,

MO) was used to perform the 3D QSAR study. The 3D QSAR

study was performed on previously reported 70 benzimid-

azole derivatives (Table S1 in the ESI†).16,19,20 The com-

pounds were screened for Mtb H37Rv inhibition, and values

of MIC were reported in the micromolar range. The activity

value (MIC) was converted into the logarithm based scale and

used as a dependent variable (pMIC = −log MIC) in the 3D

QSAR study. The data set of 70 compounds was divided into

test set (Ts) comprising 25 molecules and training set (Tr)

comprising 45 molecules. Alignment of molecules was

achieved by a pharmacophore-based alignment method as

shown in Fig. S1 in the ESI.† Pharmacophore based align-

ment was executed using the DISCOtech module of sybyl X.

CoMFA fields (steric and electrostatic) were calculated for

each training and test set of compounds using sp3 hybridized

carbon as the probe atom using Lennard-Jones potential and

Coulomb potential, respectively, and used as independent

variables. CoMSIA similarity index descriptors were calcu-

lated using the same default parameters as CoMFA. Statisti-

cal analysis was performed using the PLS regression method.

Chemistry

Scientific MP1 melting point apparatus was used to record

the melting point range for all the synthesized molecules and

the uncorrected melting points are reported. Refluxing and

stirring of reaction mixtures were done using a REMI

rotamantle and magnetic stirrers. The synthesized derivatives

and final molecules were dried using an IR lamp and vacuum

desiccator. A JASCO FTIR instrument was used to record the

FTIR spectra and the KBr dispersion method was used to pre-

pare the samples. An Agilent mass spectrometer employing

the electron spray ionization (ESI) technique was used as the

ion source for the evaluation of the mass spectra and record-

ing them. A BRUKER 1H NMR 400 MHz instrument was used

to record the proton NMR spectra and a BRUKER 13C NMR

100 MHz instrument was used to record the carbon NMR

spectra. The chemicals were acquired from Sigma Aldrich,

Alfa Aesar, TCI and Spectrochem and experimental protocols

were performed in fume hoods.18

Synthesis of 1,2-disubstituted benzimidazole-5-carboxylic

acids (series 1)

General procedure for synthesis of 4-fluoro-3-nitro-

benzoate PEGester (2) (Scheme 1). 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (0.61 g, 2.97 mmol)

was added at 5 °C to a stirred mixture of PEG-5000 mono

methyl ether (13.51 g, 2.7 mmol) and 4-fluoro-3-nitrobenzoic

acid (1) (0.5 g, 2.7 mmol) in dichloromethane (DCM) (100

ml). After 15 minutes of additional stirring,

4-dimethylaminopyridine (DMAP) (0.033 g, 0.27 mmol) was

added at 5 °C. The reaction mixture was slowly brought to 25

°C and stirred for 12 h. The progression of the reaction was

examined by TLC (mobile phase used: 70% ethyl acetate in

petroleum ether). The solution was filtered and the filtrate

was added to cold diethyl ether. The suspension obtained

was vacuum filtered to obtain the crude intermediate 2. Puri-

fication was not performed, and the product obtained was

used in the next step.18

General procedure for synthesis of 4-amino substituted-3-

nitro-benzoate PEGester (3a–o). The substituted amines (2.0

eq.) were added at 25 °C to a solution of intermediate 2 (10.0

g, 1.94 mmol) in DCM (50 ml). Further, stirring of the

resulting solution was continued for 16 h at 25 °C.21,22 The

progression of the reaction was examined by TLC (mobile

phase used: 80% ethyl acetate in petroleum ether). The reac-

tion mixture was added to cold diethyl ether. The resulting

solids were filtered to give the crude intermediates 3a–o, pu-

rification was not carried out and the products obtained were

used in the next step.

General procedure for synthesis of 4-aminosubstituted-3-

amino-benzoate PEGester (4a–o). Ammonium acetate (0.407

g, 7.6 mmol) and zinc (0.292 g, 4.56 mmol) were added at 25

°C to a solution of intermediates 3a–o (8.0 g, 1.52 mmol) in

methanol (40 ml). The resulting suspension was further

stirred for 16 h at 25 °C.21 The completion of the reaction

was examined by TLC. The reaction suspension was filtered

to remove unreacted starting materials and the filtrate was

added to cold diethyl ether. The suspension thus obtained

was vacuum filtered to isolate the desired intermediates

4a–o, purification was not carried out and the products

obtained were used in the next step.
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General procedure for synthesis of 2-isopropyl-1-

substituted-benzimidazole-5-carboxylate PEGester (6a–o). Iso-

butyraldehyde (5) (1.6 mmol) was added at 25 °C to a solu-

tion of intermediates 4a–o (7.0 g, 1.34 mmol) in tetrahydrofu-

ran (THF) (35 ml). The reaction mixture was further stirred at

80 °C.23,30–32 The progression of the reaction was examined

by TLC (mobile phase used: 5% methanol in chloroform) and

the desired product was formed after 7 h of stirring at 90 °C.

The reaction mixture was added to cold diethyl ether. The

suspension thus obtained was vacuum filtered to isolate the

desired intermediates (6a–o).

General procedure for synthesis of 1,2-disubstituted

benzimidazole-5-carboxylic acid derivatives (7a–o). Sodium

hydroxide (2 eq.) was added at 5 °C to a solution of interme-

diates 6a–o (1 eq.) in methanol (40 ml). After 15 minutes of

additional stirring, the reaction mixture was removed from

the ice bath and stirred at 25 °C for 24 h.33–35 The progres-

sion of the reaction was examined by TLC (mobile phase

used: 10% methanol in chloroform) which showed that the

desired products were formed after 24 h of stirring at 25 °C.

The reaction mixture was added to cold diethyl ether. The

resulting solids were filtered under reduced pressure to af-

ford the crude final compounds 7a–o as series 1, which were

further purified by column chromatography.

Synthesis of 5H-benzimidazoĳ1,2-d]ĳ1,4] benzodiazepin-6Ĳ7H)-

one derivatives (series 2)

General procedure for synthesis of PEG aminoacetate (9)

(Scheme 2). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC) (1.2 eq.) was added at 5 °C to a mixture of PEG-5000

mono methyl ether (1 eq.) and glycine (8) (1 eq.) in

dichloromethane (DCM) (50 ml). After 15 minutes of addi-

tional stirring, 4-dimethylaminopyridine (DMAP) was added

(0.1 eq.) at 5 °C and further stirred for 18 h at 25 °C.22 The

completion of the reaction was examined by TLC (mobile

phase used: 80% ethyl acetate in petroleum ether). The de-

sired product was formed after 18 h of stirring at 25 °C. The

reaction mixture was filtered and the filtrate was added to

cold diethyl ether. The suspension obtained was vacuum fil-

tered to obtain the crude intermediate 9.

General procedure for synthesis of PEG [(2-

nitrophenyl)amino]acetate (10). 1-Fluoro-2-nitrobenzene (1

eq.) and triethyl amine (1 eq.) were added at 25 °C to a solu-

tion of intermediate 9 (1 eq.) in DCM (50 ml) and stirred for

8 h at 25 °C.21,22 The progression of the reaction was exam-

ined by TLC (mobile phase used: 4% methanol in chloro-

form) and the desired product was formed after 8 h of stir-

ring at 25 °C. The reaction mixture was added to cold diethyl

ether. The suspension obtained was vacuum filtered to ob-

tain the crude intermediate 10.

General procedure for synthesis of PEG [(2-

aminophenyl)amino]acetate (11). Ammonium acetate (4 eq.)

and zinc (2 eq.) were added at 25 °C to a solution of interme-

diate 10 (1 eq.) in methanol (40 ml) and the resulting solu-

tion was stirred for 6 h at 25 °C.21 The progression of the re-

action was examined by TLC (mobile phase used: 5%

methanol in toluene) and the desired product was formed af-

ter 6 h of stirring at 25 °C. The reaction mixture was filtered

to remove unreacted zinc and the filtrate was added to cold

diethyl ether. The suspension obtained was vacuum filtered

to obtain the crude intermediate 11.

General procedure for synthesis of PEG ({2-[(2,4-

dinitrobenzoyl)amino]phenyl}amino) acetate (12). EDC (1.2

eq.) was added at 5 °C to a mixture of compound 11 (1 eq.)

and 2,4-dinitro benzoic acid (1 eq.) in DCM (50 mL). After 15

minutes of additional stirring, DMAP was added (0.1 eq.) at 5

°C.23,30–32 Further, stirring of the resulting solution was con-

tinued for 12 h at 25 °C. The progression of the reaction was

examined by TLC (mobile phase used: 5% methanol in tolu-

ene) and the formation of the desired product was observed

after 12 h of stirring at 25 °C. The reaction mixture was

added to cold diethyl ether. The suspension obtained was

vacuum filtered to obtain the crude intermediate 12.

General procedure for synthesis of PEG [2-(2,4-

dinitrophenyl)-1H-benzimidazol-1-yl]acetate (13). Magnesium

sulphate (1 eq.) was added followed by addition of trifluoro

acetic acid (0.2 eq.) at 5 °C to a solution of compound 12 (1

eq.) in DCE (40 ml). Further, stirring of the resulting solution

was continued for 6 h under reflux.22 The progression of the

reaction was examined by TLC (mobile phase used: 70% ethyl

acetate in hexane) which demonstrated that the starting ma-

terials were consumed which resulted in the formation of the

desired product after 6 h of stirring under reflux. The reac-

tion mixture was added to cold diethyl ether. The suspension

obtained was vacuum filtered to obtain the crude intermedi-

ate 13.

General procedure for synthesis of PEG [2-(2,4-

diaminophenyl)-1H-benzimidazol-1-yl]acetate (14). Ammo-

nium acetate (4 eq.) and zinc (2 eq.) were added at 25 °C to a

solution of intermediate 13 (1 eq.) in methanol (40 ml). The

resulting suspension was further stirred for 8 h at 25 °C.21

The progression of the reaction was examined by TLC (mo-

bile phase used: 5% methanol in chloroform) and the desired

product was formed after 6 h of stirring at 25 °C. The reac-

tion mixture was filtered to remove zinc and the filtrate was

added to cold diethyl ether. The suspension obtained was

vacuum filtered which yielded the crude intermediate 14.

General procedure for synthesis of [2-(2,4-diaminophenyl)-

1H-benzimidazol-1-yl]acetic acid (15). Sodium hydroxide (1.5

eq.) was added at 5 °C to a solution of intermediate 14 (1 eq.)

in methanol (20 ml). After 15 minutes of additional stirring,

the reaction mixture was removed from the ice bath and

stirred for 6 h at 25 °C.21 The progression of the reaction was

examined by TLC (mobile phase used: 10% methanol in

chloroform) and the desired product was formed after 6 h of

stirring at 25 °C. The reaction mixture was added to cold

diethyl ether. The suspension obtained was vacuum filtered

to obtain the crude carboxylic acid derivative 15.

General procedure for synthesis of amino-5H-

benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-one (16). EDC

(1.2 eq.) was added at 5 °C to a solution of compound 15 (1
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eq.) in DCM (15 mL). After 15 minutes of additional stirring,

DMAP was added (0.1 eq.) at 5 °C.23,30–32 Further, stirring of

the resulting solution was continued for 6 h at 25 °C. The

progression of the reaction was examined by TLC (mobile

phase used: 5% methanol in toluene) and the desired prod-

uct was formed after 6 h of stirring at 25 °C. The reaction

mixture was added to cold diethyl ether. The suspension

obtained was vacuum filtered to obtain the crude intermedi-

ate 16, which was purified by column chromatography.

General procedure for synthesis of substituted amino-5H-

benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-one (17a–i).

Triethyl amine (1.5 eq.) was added at 5 °C to a mixture of

compound 16 (1 eq.) in DCM (10 ml). After 15 minutes of ad-

ditional stirring, various substituted acid chloride derivatives

were added (1 eq.) at 5 °C. Further, stirring of the resulting

solution was continued for 3 h at 25 °C.20 The progression of

the reaction was examined by TLC (mobile phase used: 80%

ethyl acetate in hexane) and the desired products were

formed after 3 h of stirring at 25 °C. The reaction mixture

was added to cold water. The resulting solids were extracted

with ethyl acetate (3 × 25 ml) to obtain the crude final com-

pounds as series 2 (17a–i). The final compounds were further

purified using column chromatography as per standard

protocols.

Biological evaluation

In vitro antitubercular activity (MIC determination assay).

Mtb H37Rv was cultured in Middlebrook (MB) 7H9 broth

supplemented with 10% albumin dextrose saline, 0.2% glyc-

erol, and 0.05% tween-80 or MB 7H11 agar supplemented

with 10% OADS as per standard protocols. For this assay,

Mtb H37Rv was grown in MB 7H9 medium till an OD600nm of

0.2, diluted 1000× and added to 96 well plates containing the

synthesized compounds. For MIC determination, 96-well

plates were incubated for 14 days as per standard protocols.

All the synthesized compounds were prepared in DMSO as 50

mM stock solutions. All the compounds were evaluated for

anti-mycobacterial activity in the concentration range of 0.05

to 50 μM. The 96-well plates were incubated at 37 °C for 14

days and determination of MIC values was carried out as per

standard protocols.36

Evaluation of cytotoxicity and antibacterial activity of syn-

thesized compounds in macrophages. The WST-1 cell prolif-

eration kit was used to perform the cell viability assay as per

the manufacturer's recommendations (Sigma Merck, USA).

For intracellular killing protocols, THP-1 macrophages were

seeded at a density of 2 × 105 in 24-well plates and differenti-

ated by the addition of phorbol 12-myristate 13-acetate (PMA)

(Sigma Merck, USA). Subsequently, macrophages were

infected with Mtb at a MOI of 1 : 10. Subsequent 4 h post-in-

fection, removal of extracellular bacteria was performed by

overlaying macrophages with RPMI medium containing 200

μg ml−1 amikacin for 2 h. After 24 h post-infection, macro-

phages were washed with 1× PBS and overlaid with RPMI me-

dium containing drugs at non-cytotoxic concentration for 4

days. For bacterial enumeration, macrophages were lysed in

1× PBS–0.1% Triton X-100 and 100 μl of 10.0 fold serial dilu-

tions were plated on MB 7H11 plates at 37 °C for 3–4

weeks.36

Conclusions

The present study described the 3D QSAR-based design, syn-

thesis, and in vitro antitubercular and intracellular activity of

1,2-disubstituted benzimidazole-5-carboxylic acid and

3-substituted-5H-benzimidazoĳ1,2-d]ĳ1,4]benzodiazepin-6Ĳ7H)-

one derivatives. We designed and synthesized various

substituted benzimidazoles in good yields and evaluated

them for anti-mycobacterial activities. Among these, com-

pound 16 exhibited the best in vitro antitubercular activity

against Mtb H37Rv in liquid cultures. Compound 16 was also

found to be non-cytotoxic in the macrophage assay. Finally,

in addition to compound 16, other compounds 17d, 17e,

17h, 7e and 7f also exhibited anti-mycobacterial activity in

THP-1 macrophages. Taken together, our screening assays

demonstrated that compound 16 is a lead candidate that can

be optimized further for design of new antitubercular agents.
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