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Herein, we report the synthesis and anti-tubercular studies of novel molecules based on thiophene
scaffold. We identified two novel small molecules 4a and 4b, which demonstrated 2-fold higher in vitro
activity (MIC99: 0.195 mM) compared to first line TB drug, isoniazid (0.39 mM). The identified leads
demonstrated additive effect with front line TB drugs (isoniazid, rifampicin and levofloxacin) and syn-
ergistic effect with a recently FDA-approved drug, bedaquiline. Mechanistic studies (i) negated the role of
Pks13 and (ii) suggested the involvement of KatG in the anti-tubercular activity of these identified leads.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

Tuberculosis (TB) has decimated and impacted countless human
lives for tens of thousands of years and is ranked among the top 10
causes of the deaths worldwide in modern era [1]. According to
World Health Organization (WHO) reports, nearly 1.2 million and
0.25 million deaths occurred due to TB infection and HIV-TB co-
infection, respectively in 2018 [1]. The current efforts to control TB
are focused on the development of potent chemotherapeutics,
sensitive diagnostics and efficacious vaccines. There is an urgent
need to develop next-generation chemotherapeutics that possess a
novel mechanism of action and are compatible with the current
regimens. The new chemical entities should have low toxicological
profile and also be effective against drug-resistant M. tuberculosis.
Isoniazid (INH), pyrazinamide (PZA), rifampicin (RIF) and etham-
butol (EMB) are the four first line TB drugs which were identified in
1951, 1952, 1957 and 1962, respectively [2]. The current situation is
further aggravated due to the emergence of multi- and extensively
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served.
drug-resistant strains and failure of BCG vaccine to impart protec-
tion against adulthood TB [1]. However, the combination of
phenotypic screening and next generation sequencing has resulted
in identification of bedaquiline (BDQ), delamanid and pretomanid
(PA-824) that have been approved by FDA for use to treat in-
dividuals with MDR-TB [3e8]. Further, resurgence in TB drug dis-
covery have also led to identification of various small molecules
that possess a novel mechanism of action and are being evaluated
for safety in different stages of clinical trials [9e13].

Thiophene based compounds have been reported to possess
antimicrobial, analgesic, anti-inflammatory, antihypertensive and
antitumor activity [14e17]. Thiophene based compounds (Fig. 1)
have also been reported for their anti-tubercular activity [17e24].
Wilson et al. screened a NIH library of 1113 compounds in iniBAC
reporter assay and identified two lead compounds A and B (Fig. 1)
having capability to inhibit mycobacterial growth by targeting
Pks13 enzyme [18]. In another study, Aggarwal et al. showed that
TAM16, a benzofuran scaffold inhibits thioesterase activity associ-
ated with Pks13 [23]. A small molecule Cwas identified using NMR
based fragment screening of antigen 85C [20]. However the iden-
tified molecule possesses weak activity against M. tuberculosis.
Ibrahim et al. reported that ethyl 2-amino-4,5,6,7-tetrahydrobenzo
[b]thiophene-3-carboxylate (compound D) inhibits mycolyl trans-
ferase activity of Ag85C, however, the lead compound displayed
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MIC99 values of 1.8 mM against M. tuberculosis in whole cell based
assays [21]. In a target-based screening study against tyrosine
phosphatase activity of PtpB, thiophenesulfonamide (compound E)
was identified [22]. In a whole cell based screening against
M. tuberculosis, another thiophene based compound F was identi-
fied [19].

In the present study, we are reporting the synthesis and
screening of a novel library of thiophene based compounds for
activity against M. tuberculosis. We have identified few novel
compounds that are more potent than INH and also exhibit synergy
with BDQ, a recently FDA-approved drug for individuals suffering
with MDR-TB. The identified compounds also possess activity
against intracellular bacteria in THP-1 macrophages.

2. Results and discussion

The chemical synthesis of various thiophene analogues was
performed by diversification of a key intermediate 7. The synthesis
of intermediate 7was achieved by reaction of ethyl cyanoacetate 6,
with elemental sulfur [S8] in the presence of 2-phenylacetaldehyde
(5) under mild condition as mentioned in the Scheme 1 [25]. The
intermediate 7 was subsequently derivatized by coupling with
different carboxylic acids leading to the synthesis of corresponding
amides 1a-h (Scheme 1). In a typical procedure, the carboxylic acid
was activated by methanesulfonyl chloride (MsCl), followed by the
addition of intermediate 7 as a solution in dichloromethane (DCM),
as mentioned in Scheme 1 (vide infra). Additionally, the key inter-
mediate 7 was used for the synthesis of urea derivatives 2a-k. To
achieve this synthesis, 7was reacted with triphosgene, followed by
addition of corresponding amine to form 2a-k as mentioned in
Scheme 2 (vide infra).

All newly synthesized molecules of both the series i.e. 1a-h and
2a-k were evaluated for whole-cell anti-tubercular activity in
triplicates using INH as a positive control. MIC99 values were
determined against M. tuberculosis H37Rv and shown in Table 1
(vide infra). We observed that most of the amide analogues in se-
ries 1 (except 1h; MIC99: 0.78 mM) were unable to inhibit
M. tuberculosis growth even at 10 mM concentration. However, the
screening data of urea analogues of series 2was encouraging. Three
new molecules i.e. 2d, 2g and 2h showed anti-mycobacterial ac-
tivity in the range of 1.56e3.12 mM. The analysis of activity data of
series 1 and 2 provided some intriguing insights on structure ac-
tivity relationship (SAR). The intermediate 7 itself was observed to
be inactive. It was observed that minor modifications in the
structures resulted in considerable alteration in anti-mycobacterial
activity. For example, compound 2d, a urea analogue with dieth-
ylamine is active (MIC99: 3.12 mM), whereas the associated
Fig. 1. Reported small molecules based on thiophe
analogues 2c (dimethylamine) and 2e (pyrrolidine) were inactive
with MIC99: >10 mM. In concordance, compounds substituted with
higher structural homologs of pyrrolidine i.e. piperidine (2f) and
morpholine (2j) were also found to be inactive (MIC99: >10 mM). In
continuation, loss of anti-mycobacterial activity was also observed
for analogues synthesized from more bulky amines such as aniline
and benzylamine i.e. 2k and 2l respectively. This data indicates the
possibility of steric clashes between target structure and ligands
possessing bulky substituents. In contrast, we noticed that the
replacement of diethylamine (2d; 3.12 mM) with isopropylamine
(2g; 1.56 mM) at R2 position resulted in 2.0-fold increase of anti-
mycobacterial activity (Table 1). Also, anti-mycobacterial activity
of the compounds was retained when isopropylamine (2g;
1.56 mM) or diethylamine (2d; 3.12 mM) was replaced with con-
formationally restricted cyclopropylamine (2h). The synthesized
compounds were non-cytotoxic even at 50 mM in our cell viability
assays (Table 1). Taken together, SAR understanding from series 1
and 2 suggested that these compounds inhibit bacterial growth by
interacting with a specific target. Despite our lack of understanding
for the molecular target of this series of compounds, the SAR
studies suggested that the anti-tubercular activity is sensitive to the
right-hand side derivatization on amine. The in vitro anti-
tubercular activity was observed to be sensitive for size/steric
bulk as well as conformation of the substituents at N-atom. This
advocates the presence of a well-defined three-dimensional pocket
in the molecular target. Based on these results, we further designed
new analogues of the two most active molecules 1h and 2h as
described in Schemes 3 and 4 (vide infra).

The synthesis of second generation analogues was initiated as
mentioned in Scheme 3. A suitable protection of methyl 2-
aminothiophene-3-carboxylate (8) was achieved by utilizing
(Boc)2O. Further, the protected intermediate was reacted with N-
bromosuccinimide to form compound 9 in good yield and purity.
The compound 9 was used for the synthesis of two new key in-
termediates 10 (Scheme 3) and 11 (Scheme 4) which served as
precursors for synthesis of 3a-e and 4a-h, respectively. The inter-
mediate 10 was reacted with triphosgene and desired amine to get
different urea derivatives i.e. 3a-e. The intermediate 11was reacted
with different acid chlorides to prepare corresponding amides 4a-
h. The compounds 3a-e and 4a-h were evaluated for their anti-
tubercular activity (Table 2). All newly synthesized urea ana-
logues (3a-e) of compound 2hwere found to be inactive. The lack of
activity of compounds 3b, 3c was explainable based on the struc-
tural similarity of these molecules to compounds 2e and 2f as
mentioned in Table 1. However, the complete loss of activity for
compounds 3a, 3d and 3e which are fluorine-substituted de-
rivatives of active compounds 2d, 2g and 2h, respectively was
ne scaffold with their anti-tubercular activity.



Scheme 1. Reagents and conditions: (i) Et3N, S8, EtOH, rt, 24 h (ii) DCM, MsCl, DIPEA, 0 �C to rt, 2 h.

Scheme 2. Reagents and conditions: (i) Triphosgene, Toluene, reflux, 12 h (ii) Desired amine, DIPEA, rt, 2e6 h.

C.L. Meena et al. / European Journal of Medicinal Chemistry 208 (2020) 112772 3
surprising. The fluorine atom has a bigger size (van der Waals
radius of 1.47 Å), comparable to hydrogen (van der Waals radius of
1.20 Å), but the associated complete loss of activity was not antic-
ipated owing to such a minor steric perturbation. However, it may
not be wise to disregard the contribution of significant change in
electronic nature of the molecule due to substitution of fluorine as
previously reported [26]. This certainly needs further study for a
better understanding. However, we also observed a 4.0-fold in-
crease in potency with the chloro analogue 4a in comparison to the
analogue with bromine substitution, 1h. This increase in potency
instigated to the synthesis of new set of molecules (4a and 4c-g)
around 4b with structural changes on R1 (Table 2). Unlike urea
analogues, the changes on the R1 position demonstrated very
minimal effect on the activity of 4b. Consistent to earlier findings
from data of series 3, flouro substitution demonstrated a detri-
mental effect on activity (4b vs 4c) in series 4 also. However, this
loss was recovered by altering the position of flouro substitution
from -para to -meta (4c vs 4d). In our cell viability experiments, the
analogues synthesized in Scheme 3 and Scheme 4 were inactive
even at 50 mM concentration (Table 2). In conclusion, the screening
of different analogues for anti-mycobacterial activity resulted in
identification of four leads 4a, 4b, 4d and 4fwhich exhibited better
or comparable activity to INH, a first-line TB drug. Since the active
compounds 4a-g, possess electrophilic a-chloroacetamide moiety,
so there is a possibility that these molecules inhibit mycobacterial
growth by covalently binding to target protein.

Subsequent experiments were performed using 4a and 4b, the
two most active compounds identified in our screen. We next
determined the mode of M. tuberculosis killing by selected com-
pounds 4a and 4b in vitro and in macrophages. As shown in Fig. 2A,
we observed that exposure of M. tuberculosis early-logarithmic
cultures to these compounds at 10x MIC99 resulted in growth in-
hibition. We noticed that in comparison to untreated samples, 10.0-
fold less bacterial numbers were observed upon exposure of
M. tuberculosis to 10x MIC99 concentration of both 4a and 4b for 7
days (Fig. 2A). As expected, >4 log10 killing was observed upon
exposure of early-log phase culture to INH (Fig. 2A). We also
determined the ability of both 4a and 4b to inhibit growth of
intracellular bacteria in THP-1 macrophages. We observed that
exposure to 4a and 4b for 4 days inhibited the growth of intracel-
lular bacteria by 2.5- and 5-fold, respectively, in THP-1 macro-
phages (Fig. 2B). As expected, exposure to INH for 4 days inhibited



Table 1
MIC99values of various amides/ureas against M. tuberculosis H37Rv.

Sr. No Compound No R2 MIC99 [mM] Cytotoxicity [mM]

1 7 NA >10 >50
2 1a >10 >50

3 1b >10 >50

4 1c >10 >50

5 1d >10 >50

6 1e >10 >50

7 1f >10 >50

8 1g >10 >50

9 1h 0.78 >50

10 2a >10 >50

11 2b >10 >50

12 2c >10 >50

13 2d 3.12 >50

14 2e >10 >50

15 2f >10 >50

16 2g 1.56 >50

17 2h 1.56 >50

18 2i >10 >50

19 2j >10 >50

20 2k >10 >50

21 2l >10 >50

22 INH e 0.39 >50
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the growth of intracellular bacteria by ~200 fold (Fig. 2B).
A new drug lead possessing capability to decrease dosing con-

centration of existing drugs, when used in combination, can
potentially reduce dose associated side effects. Therefore, we
determined the activity of 4a, 4b alone or in combination with RIF,
INH, LEVO, BDQ or PA-824 using two-drug checkerboard assay as
previously described [27,28]. As shown in Fig. 2C, 4a and 4b syn-
ergised with BDQ against M. tuberculosis with the FICI value of 0.5
and 0.25 respectively. The combination of 4a and 4b with BDQ
improved their individual MIC99 by 4.0-fold and 8.0 fold, respec-
tively (Fig. 2C). We also observed the additive effect of 4a and 4b
when used in combination with other TB drugs. The FICI values of
4a and 4b with RIF were 0.75 and 0.625 with INH were 0.75 and
0.562 and with LEVO were 0.562 and 0.562 and with PA-824 were
1.0 and 0.625, respectively (Fig. 2C). Previously, it has been shown
that BDQ shows synergy with drugs involved in lipid transport and
arabinan biosynthesis such as BTZ043 and SQ-109 [29,30]. The
observed synergy between 4a, 4b and BDQ could be attributed to



Scheme 3. Reagents and conditions: (i) DCM, (BOC)2O, 4-(Dimethylamino)pyridine, rt, 24h (ii) NBS, AcOH:DCM, (1:1) rt, 3h (iii) 4-Flurophenyl boronic acid, aq.K2CO3, Pd(PPh3)4, 1,4-
dioxane, N2(g), 80 �C, 3e4h (iv) 4M HCl in 1,4-Dioxane, rt (v) Triphosgene, Toluene, reflux, 12 h, (vi) Desired amine, DIPEA, Dry DCM, rt. 2h

Scheme 4. Reagents and conditions: (i) AreB(OH)2, Pd(PPh3)4, 80 �C, 3e4h (ii). 4M HCl in 1,4-Dioxane (iii) ClCH2COOH., Dry DCM, MsCl, DIPEA, rt, 2h
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the fact that these molecules either interact with a complementary
off target or facilitate disruption of the cell wall architecture leading
to increased BDQ intracellular levels. Taken together, the data
presented suggests that the lead molecules have the potential to
reduce the dosing concentration of BDQ in clinical settings. The use
of combination therapy might result in (i) faster clearance of bac-
teria (ii) better patient compliance and (iii) minimize the emer-
gence of drug-resistant strains.

It has been shown that the over expression of the drug target
involved in mechanism of action may result in resistance to the
corresponding drug. An increase in anti-tubercular activity for TB
drugs i.e. INH, PZA and cycloserine (CS) have been reported when
their corresponding targets inhA, rpsA and alrA have been overex-
pressed [31e33]. Previous studies have shown that thiophene
based scaffolds inhibit mycobacterial Pks13 and an increase in MICs
was observed upon overexpression of Pks13 in M. tuberculosis [18].
Therefore, the active compounds identified from the present study
were further evaluated for their inhibitory activity in Pks13 over-
expressing strain of M. tuberculosis. We observed that over-
expressing of Pks13 did not alter the activity of these analogues;
thereby suggesting that Pks13 is not the cellular target for these
identified leads (Table 3).

Due to the emergence of drug-resistant strains, there is an ur-
gent need to identify small molecules that possess inhibitory ac-
tivity against drug-resistant strains. Therefore, we next evaluated
the activity of the active compounds against INH resistant
M. tuberculosis strain, which harbours a mutation in activating
enzyme, KatG gene. Previously, it has been reported that
M. tuberculosis KatG activates the INH by facilitating its hydrolysis
[34]. Surprisingly, all active compounds were unable to inhibit the
growth of INH resistant strain (Table 3). These observations suggest
that KatG is involved in the mechanism of action of these identified
drug leads. Since the lead compounds 4a and 4b were inactive in
resistant strains harbouring mutations in KatG, we performed
molecular docking studies to study the interaction of these thio-
phene analogues with KatG. The interactionmaps of compounds 4a
and 4bwith KatG was also compared with the reported interaction
map of KatG and INH (Fig. 3). The molecular docking of molecules
was performed on the reported crystal structure of KatG (PDB-ID:
1SJ2) [35]. For optimum understanding of the INH binding site as
well as key interacting residues, another co-crystal structure i.e.
3WXO was also referred in the present study (Fig. 3A and B). Three
binding sites have been reported by Kamachi et al. as potential sites
of interactions with INH [36]. We also performed docking of INH in
the crystal structure of KatG and observed an overlay between the
docked pose with reported co-crystal pose of INH (Fig. 3B). In
concordance with previous reports, we found residues W77, W78,
K130, L291, W293, I294, N295, G300 and I301 at binding site 2 are
the main INH interacting residues (Fig. 3C). Therefore, the docked
pose of INH was considered as grid centre to dock compounds 4a
and 4b at binding site 2. The molecular docking was conducted for
all the three reported INH potential interaction sites; however we
observed that both the compounds 4a and 4b have shown
considerably good docking scores at site 2 in comparison to site 1
and site 3. Therefore, only site 2 was considered for further
extensive focused docking studies to obtain the most likely



Table 2
MIC99values of compounds against M. tuberculosis H37Rv.

Sr. No Compound No R1 R2 MIC99 [mM] Cytotoxicity [mM]

23 3a >10 >50

24 3b >10 >50

25 3c >10 >50

26 3d >10 >50

27 3e >10 >50

28 4a H 0.195 >50

29 4b 0.195 >50

30 4c 0.78 >50

31 4d 0.195 >50

32 4e 0.78 >50

33 4f 0.39 >50

34 4g 0.78 >50

35 INH e e 0.39 >50
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orientation of compounds. The docking energy of compound 4b
was�9.3 kcal/mol with 113 conformations and binding free energy
(DG) of - 54.2 kcal/mol, while the docking energy of compound 4a
was �8.4 kcal/mol with 89 conformations and DG ¼ �43.8 kcal/
mol. However, the docking energy of INHwas found to be�7.2 kcal/
mol with 91 conformations along with DG ¼ �41.3 kcal/mol. Apart
from sharing common INH interacting residues, the compound 4b
was also found to interact with residues N127, L277 G292. Unlike
compound 4b, compound 4a interactedwith residue Q298 only and
did not show any interaction with residues K130 and L291 (Fig. 3D
and E). This study suggested that the binding site of 4a and 4b
overlappedwith that of INH and these three compounds potentially
bind in same orientation. Additionally, for both 4a and 4b, the ar-
omatic residues of the binding site appear as themajor contributors
for net binding affinity followed by hydrophobic contacts. We
observed that both the compounds 4a and 4b also established the
hydrogen bonds (HBs) with key residues. The compound 4a
showed HBs with residues N295 and G300, while compound 4b
formed three HBs with residues N127, K130 and N295. However, no
HBs were found in the case of INH. Overall, from this study, it may
be concluded that compounds 4a and 4b possibly mimic the
binding pattern and orientation of INH in KatG for their
interactions.
3. Conclusions

In summary, this work led to the identification of a new class of
inhibitors that possess potent in vitro anti-tubercular activity.
Compound 4a and 4b were found to be more potent than INH, a
first line drug in our MIC99 determination assays. The two leads
demonstrated additive effect with front line TB drugs (INH, RIF and
LEVO) and synergistic effect with a recently approved drug BDQ,
when used in combination. The identified compounds were also
able to clear the growth of intracellular M. tuberculosis in THP-1
macrophages. In vitro studies suggest the involvement of KatG in
the mechanism of action of 4a and 4b.

4. Experimental section

4.1. General methods for the synthesis

Unless otherwise stated, all the chemicals, silica and analytical
TLC were purchased from Sigma-Aldrich, Avra Pvt Ltd., Spec-
trochem and Merck. All intermediates and final compounds were
routinely checked for their purity on pre-coated silica gel G254 TLC
plates (Merck), Visualization of spot on TLC was achieved by the use
of UV light (254 nm) or by iodine vapours. All the synthesized



Fig. 2. (A) In vitro killing of selected hits in liquid cultures. Early-logarithmic phase (OD600nm ~ 0.2) culture of M. tuberculosis was exposed to 10x MIC99 of various compounds for
7 days followed by CFU enumeration. (B) Intracellular activity of the selected hits; THP-1 cells were infected with M. tuberculosis followed by treatment with 4a, 4b or INH for 4
days. At designated time points, the infected macrophages were lysed with 0.1% PBST. For CFU enumeration, tenfold serial dilutions of the samples were plated on MB 7H11 agar and
incubated at 37 �C for 3e4 weeks. (C) In vitro drug combination of selected hits with TB drugs against M. tuberculosis. In order to determine drug-drug interactions, check-
erboard assays were performed. Two fold serial dilutions of the lead compounds 4a and4bwere prepared horizontally. This was followed by 2.0 fold cross-dilution with TB drugs to
make various combinations. FICI values for each combination were calculated as described in Materials and Methods.

Table 3
MIC99 of thiophene analogues against parental, Pks13 overexpressing and INH resistant M. tuberculosis strains.

Treatment M. tuberculosis wild type Sensitivity Profilea

M. tuberculosis-pMV306 M. tuberculosis-pMV306-pks13 INHR-mc2 497

4f 0.39 S S R
4d 0.19 S S R
4g 0.78 S S R
4c 0.78 S S R
4e 0.78 S S R
4b 0.19 S S R
4a 0.19 S S R
1h 0.78 S S R
INH 0.19 S S R
RIF 0.007 NDb ND S

a In comparison to parental strain, MIC99 values of equal to 2x MIC99 or less are denoted by S; Sensitive and MIC99 values of equals to 4x MIC99 or more denoted as R;
Resistant.

b ND; not done.
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compounds were purified on column chromatographic by using of
100e200, 230e400 Mesh Silica gel. Automated flash column
chromatography was undertaken on SiO2 (230e400 mesh). The 1H
and 13C NMR spectra were recorded either using a Bruker Avance
DPX 400 (400 MHz for 1H and 100 MHz for 13C) or Bruker Avance
300 (300 MHz for 1H and 75 MHz for 13C) spectrometer in CDCl3 or
DMSO‑d6 using TMS as an internal standard. Proton and carbon
chemical shifts are expressed in parts per million (ppm, d scale) and
were reference to NMR solvent CDCl3 d 7.26, 77 ppm, and DMSO‑d6
d 2.5, 39.8 ppm respectively. The following abbreviations were used
to describe peak patterns when appropriate: bs ¼ broad singlet,
s ¼ singlet, d ¼ doublet, t ¼ triplet, q ¼ quartet and m ¼ multiplet.
HRMS mass spectra were recorded on a Thermo Scientific Q-
Exactive, Accela 1250 pump.
4.1.1. Ethyl 2-amino-5-phenylthiophene-3-carboxylate (7)
The mixture of ethyl cyanoacetate (107 mL, 1.0 mol), elemental

sulfur (S8) (32 gm, 1.0 mol) and 2-phenylacetaldehyde (116 mL,
1.0 mol) in ethanol (200 mL) was stirred at room temperature. This
was followed by dropwise addition of diethylamine (80 mL) with
stirring. The reactionmixturewas left at room temperature for 14h;
the precipitate was filtered under vacuum, washed by ethanol and
dried in air. Yield: 89%; 1H NMR (300 MHz, DMSO‑d6) d 7.48e7.44
(m, 4H, AreH þ NH2), 7.33 (t, J ¼ 7.8 Hz, 2H, AreH), 7.24 (s, 1H,
AreH), 7.21e7.17 (m, 1H, AreH), 4.24e4.19 (m, 2H, CH2), 1.25e1.30,
(m, 3H, CH3); 13C NMR (75 MHz, CDCl3) d 165.44, 162.07, 134.00,



Fig. 3. Interaction map of compounds with M. tuberculosis KatG;(A) INH (cen-
tred:thick:darkgreen), 4a (light green) and 4b (opaque green) are shown in the binding
site of M. tuberculosis KatG. The binding site is shown in surface view and the mole-
cules are rendered in licorice. (B) The zoom-in inset view is highlighting the overlay
between INH and compounds 4a and 4b. The orange dotted line highlights the
alignment of core chemical moiety. (C) The interacting residues within 3.5 Å from the
centre of the INH (co-crystal pose from PDB ID: 3WXO). The residues of INH binding
sites which were reported earlier are highlighted in green circles. (D and E) The
interacting residues of compound 4a (D) and 4b (E) with KatG of M. tuberculosis are
shown. For the entire image panel the rendering was done as per atomwise like O: red,
N: blue, C: green (different shades) and S:yellow. The KatG protein is shown in cartoon
and in ghost view. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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128.92, 126.69, 124.88, 124.71, 121.23, 107.97, 59.90, 14.57; HRMS
(ESI-TOF): Calculatedm/z for C13H13NO2S 247.0667, found 247.0659.
4.1.2. Ethyl 2-benzamido-5-phenylthiophene-3-carboxylate (1a)
To a stirred solution of benzoic acid (244 mg,1 equiv, 2 mmol) in

dry DCM at 0 �C, methanesulfonyl chloride (0.184 mL, 1.2 equiv,
2.4 mmol) and triethylamine (0.612 mL, 2.2 equiv, 4.4 mmol) were
added, and stirred for 30 min and followed by addition of inter-
mediate 7 (543 mg, 1.1 equiv, 2.2 mmol) and stirred for 2h at room
temperature. The resulting solution was diluted with DCM (20 mL),
subsequently washed by 1N HCl (20 mL), saturated NaHCO3 solu-
tion (10 mL) and brine solution (10 mL). Organic layer was sepa-
rated and dried using anhydrous Na2SO4 and concentrated to dry
under vacuum. The crude product thus obtained was purified using
silica gel column chromatography employing DCM: Hexane (80:20)
as eluent. The purified fraction was concentrated under reduced
pressure to afford 1a as a white solid. Yield: 60%; 1H NMR
(300 MHz, DMSO‑d6): d 11.82 (s, 1H, NH), 7.96 (t, J ¼ 2.2 Hz, 2H,
AreH), 7.69e7.64 (m, 5H, AreH), 7.60 (s, 1H, AreH), 7.42 (m, 2H,
AreH), 7.30 (m, 1H, AreH), 4.39e4.37 (m, 2H, CH2), 1.38e1.35 (m,
3H, CH3), 13C NMR (75 MHz, CDCl3) d 166.01, 163.58, 148.54, 134.00,
133.78, 132.78, 132.03, 129.05, 128.99, 127.54, 127.49, 125.51, 119.31,
114.10, 61.01, 14.44; HRMS (ESI-TOF): Calculated m/z for
C20H17NO3S, 351.0929, found, 352.1002 [MþH]þ.

4.1.3. Ethyl 2-(4-methylbenzamido)-5-phenylthiophene-3-
carboxylate (1b)

The synthetic method of 1awas adopted to synthesize 1b. Yield:
53%; 1H NMR (400 MHz, DMSO‑d6) d 11.80 (s, 1H, NH), 7.90 (m, 2H,
AreH), 7.70 (m, 2H, AreH), 7.60 (s, 1H, AreH), 7.50e7.40 (m, 5H,
AreH), 4.38e4.36 (m, 2H, CH2) 2.43 (s, 3H, CH3), 1.39 (m, 3H, CH3),
13C NMR (75 MHz, CDCl3) d 166.01, 163.58, 148.73, 143.55, 133.83,
129.72, 129.20, 128.98, 127.57, 127.44, 125.49, 119.29, 113.89, 60.97,
21.67, 14.45; HRMS (ESI-TOF): Calculated m/z for C21H20NO3S,
366.1164, found 366.1158 [MþH]þ.

4.1.4. Ethyl 2-(nicotinamide)-5-phenylthiophene-3-carboxylate
(1c)

The synthetic method of 1awas adopted to synthesize 1c. Yield:
56%; 1H NMR (300 MHz, DMSO‑d6) d 11.80 (s, 1H, NH), 8.90e9.10
(m, 2H, AreH), 8.30 (m, 1H), 7.69 (d, J ¼ 7.2 Hz, 3H, AreH), 7.62 (s,
1H, AreH), 7.45e7.42 (m, 2H, AreH), 7.33 (m, 1H, AreH), 4.40e4.38
(m, 2H, CH2), 1.40e1.36 (m, 3H, CH3), 13C NMR (75 MHz, CDCl3);
166.02, 161.84, 153.34, 148.93, 147.75, 135.10, 133.56, 129.04, 127.89,
127.60, 125.55, 123.72, 119.31, 114.68, 61.20, 14.41; HRMS (ESI-TOF):
Calculatedm/z for C19H16N2O3S, 352.0882 found 353.0954 [MþH]þ.

4.1.5. Ethyl 2-acetamido-5-phenylthiophene-3-carboxylate (1d)
The synthetic method of 1awas adopted to synthesize 1d. Yield:

59%; 1H NMR (300 MHz, DMSO‑d6) d 10.87 (s, 1H, NH), 7.64 (t,
J ¼ 4.2 Hz, 2H, AreH), 7.52 (s, 1H, CH), 7.41 (t, J ¼ 7.8 Hz, 2H, AreH),
7.30 (t, J ¼ 3.4 Hz, 2H, AreH), 4.37e4.31 (m, 2H, CH2), 2.29 (s, 3H,
CH3), 1.37e1.34 (m, 3H, CH3); 13C NMR (75 MHz, CDCl3); d 167.07,
165.64, 148.09, 133.75, 133.65, 128.95, 127.43, 125.48, 119.03, 113.37,
60.96, 31.95, 31. 64, 29.72, 23.58, 22.72; HRMS (ESI-TOF): Calculated
m/z for C15H15NO3S, 289.0773, found 290.0845 [MþH]þ 312.0845
[MþNa]þ.

4.1.6. Ethyl 2-(4-fluorobenzamido)-5-phenylthiophene-3-
carboxylate (1e)

The synthetic method of 1awas adopted to synthesize 1e. Yield:
49%; 1H NMR (400 MHz, DMSO‑d6) d 11.77 (s, 1H, NH), 8.03e8.00
(m, 2H, AreH), 7.67 (t, J ¼ 4.2 Hz, 2H, AreH), 7.59 (s, 1H, AreH),
7.50e7.43 (m, 2H, AreH), 7.41e7.40 (m, 2H, CH2), 7.31 (m, 1H,
AreH), 4.38e4.36 (m, 2H, CH2), 1.38e1.34 (m, 3H, CH3); 13C NMR
(75 MHz, CDCl3); d 165.52 (d, 1JCF ¼ 252.75 Hz), 166.10, 162.47,
148.44, 134.11, 133.70, 130.04 (d, 3JCF ¼ 9.0 Hz), 129.00, 128.28 (d,
4JCF ¼ 3.0 Hz), 127.55, 125.50, 119.27, 116.23 (d, 2JCF ¼ 22.5 Hz),
114.15, 61.08, 14.43; HRMS (ESI-TOF): Calculated m/z for
C20H16FNO3S, 369.0853, found 370.0909 [MþH]þ.

4.1.7. Ethyl 2-(4-cyanobenzamido)-5-phenylthiophene-3-
carboxylate (1f)

The synthetic method of 1awas adopted to synthesize 1f. Yield:
69%; 1H NMR (300 MHz, DMSO‑d6) d 11.90 (s, 1H, NH), 8.15 (m, 4H,
AreH), 7.70 (m, 2H, AreH), 7.65 (s, 1H, AreH), 7.40 (m, 2H, AreH),
7.32 (m, 1H, AreH), 4.41e4.39 (m, 2H, CH2), 1.40e1.37 (m, 3H, CH3);
13C NMR (75 MHz, CDCl3) d 166.13, 161.59, 147.66, 135.86, 134.78,
133.47, 132.84, 129.06, 128.14, 127.77, 125.56, 119.35, 117.84, 116.19,
114.85, 61.29, 14.41; MS (APCIþ): Calculated m/z for C21H16NO3S,
377.8, found, 377.9.

4.1.8. Ethyl-5-phenyl-2-(2-phenylacetamido) thiophene-3-
carboxylate (1g)

The synthetic method of 1awas adopted to synthesize 1g. Yield:
62%; 1 H NMR (300 MHz, DMSO‑d6) d 10.87 (s, 1H, NH), 7.64e7.62
(m, 2H, AreH), 7.52 (s, 1H, AreH), 7.41e7.39 (m, 6H, AreH), 7.32 (m,
2H, AreH), 4.29e4.27 (m, 2H, CH2), 3.98 (s, 2H, CH2), 1.32e1.29,(m,
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3H, CH3), 13C NMR (75 MHz, DMSO‑d6) d)d 164.67, 154.02, 151.35,
139.73, 133.93, 130.81, 129.58, 128.90, 127.79, 127.55, 127.48, 125.11,
119.64, 110.64, 60.62, 43.64, 14.78; HRMS (ESI-TOF): Calculated m/z
for: C21H19NO3S, 366.1158, found 367.1158 [MþH]þ.

4.1.9. Ethyl 2-(2-bromoacetamido)-5-phenylthiophene-3-
carboxylate (1h)

The synthetic method of 1awas adopted to synthesize 1h. Yield:
53%; 1H NMR (300 MHz, DMSO‑d6): d 11.50 (s, 1H, NH), 7.67 (d, J ¼
7.2 Hz, 2H, AreH), 7.59 (s, 1H, AreH), 7.43e7.41 (m, 2H, AreH), 7.30
(m, 1H, AreH), 4.67 (s, 2H, CH2), 4.37e4.36 (m, 2H, CH2), 1.37e1.34,
(m, 3H, CH3); 13C NMR (75 MHz, DMSO‑d6); 164.84, 164.53, 164.36,
146.42, 146.26, 133.71, 133.23, 129.69, 128.26, 125.61, 120.03, 115.04,
61.41, 43.00, 29.49, 14.67; HRMS (ESI-TOF): Calculated m/z for
C15H15BrNO3S, 366.9878, found 367.994 [MþH]þ.

4.1.10. Ethyl 5-phenyl-2-ureidothiophene-3-carboxylate (2a)
To a solution of intermediate 7 (1 gm, 4 mmol, 1.0 equiv.) in

toluene, triphosgene (1.26 gm, 4 mmol, 1.05 equiv.) was added and
refluxed for 12 h. The mixturewas concentrated under vacuum and
resulting semisolid residue was used for the next step without
purification. The residue (0.2 gm, 0.490 mmol, 1equiv.) was dis-
solved in dry DCM followed by addition of DIPEA (0.255 mL,
1.47 mmol, 3.0 equiv.) and ammonium hydroxide solution (1.5 mL)
and stirred for 2e6 h at room temperature. The reaction mixture
was dilutedwith DCM (20mL) and subsequently washed by diluted
HCl, followed by saturated NaHCO3 solution. The organic layer was
dried over anhydrous Na2SO4 and concentrated under vacuum. The
residue was purified by column chromatography using DCM: hex-
ane (90:20) as eluent, resulting in 2a as awhite solid. Yield: 91%; 1H
NMR (300MHz, DMSO‑d6) d 10.18 (s, 1H, NH), 7.59 (d, J¼ 7.2 Hz, 2H,
AreH), 7.42 (s, 1H, AreH), 7.40e7.36 (m, 2H, AreH), 7.28e7.24, (m,
1H, AreH), 7.20 (bs, 1H, NH), 4.34e4.29 (m, 2H, CH2), 1.35e1.32 (m,
2H, CH2); 13C NMR (75 MHz, DMSO‑d6) d 164.69, 164.65, 154.76,
154.72, 154.68, 151.52, 151.36, 133.95, 130.92, 129.57, 127.52, 125.13,
119.55,110.55,100.00, 60.60,14.77; HRMS (ESI-TOF): Calculatedm/z
for C14H14N2O3S 291.0725, found 291.0843[MþH]þ.

4.1.11. Ethyl 2-(3-methylureido)-5-phenylthiophene-3-carboxylate
(2b)

The synthetic method of 2awas adopted to synthesize 2b. Yield:
73%; 1H NMR (400 MHz, DMSO‑d6) d 10.20 (s, 1H, NH), 7.80 (bs, 1H,
NH), 7.65e0.760 (m, 2H, AreH), 7.41 (m, 3H, AreH), 7.24e7.20 (m,
1H, AreH), 4.32e4.30 (m, 2H, CH2), 2.71 (d, J ¼ 4.8 Hz, 3H, CH3),
1.35e1.33, (m, 3H, CH3); 13C NMR (75 MHz, CDCl3) d 166.04, 154.26,
151.67, 134.02, 131.96, 128.90, 127.08, 125.19, 119.00, 111.03, 60.59,
27.37, 14.42; HRMS (ESI-TOF): Calculated m/z for C15H17N2O3S
304.0882, found 305.0950 [MþH]þ, 327.0769 [MþNa]þ.

4.1.12. Ethyl 2-(3, 3-dimethylureido)-5-phenylthiophene-3-
carboxylate (2c)

The synthetic method of 2awas adopted to synthesize 2c. Yield:
45%; 1H NMR (300 MHz, DMSO‑d6) d 10.50 (s, 1H, NH), 7.58 (d, J ¼
7.6 Hz, 2H, AreH), 7.44 (s, 1H, AreH), 7.38e7.36 (m, 2H, AreH),
7.23e7.20 (m,1H, AreH), 4.32e4.30 (m, 2H, CH2), 2.99 (s, 6H, 2CH3),
1.34e1.30, (m, 3H, CH3); 13C NMR (75 MHz, DMSO‑d6) d 165.55,
153.42, 151.76, 133.82, 131.28, 131.28, 129.59, 127.65, 125.16, 119.46,
111.12, 61.00, 36.19, 14,70; HRMS (ESI-TOF): Calculated m/z for
C16H18N2O3S, 318.1038, found, 319.1111 [MþH]þ.

4.1.13. Ethyl 2-(3, 3-diethylureido)-5-phenylthiophene-3-
carboxylate (2d)

The synthetic method of 2awas adopted to synthesize 2d. Yield:
71%; 1H NMR (300 MHz, CDCl3) d 10.77 (s, 1H, NH), 7.60 (t, J ¼
4.5 Hz, 2H, AreH), 7.40e7.35 (m, 3H, AreH), 7.28e7.23 (m, 1H,
AreH), 4.41e4.34 (m, 2H, CH2), 3.51e3.44 (m, 4H, 2CH2), 1.45e1.40
(m, 3H, CH3), 1.33e1.28 (m, 6H, 2CH3), 13C NMR (75 MHz, CDCl3)
d 166.27,152.94,152.31,134.19,131.87,131.87,128.86,126.95,126.95,
125.15, 118.97, 111.04, 60.55, 41.88, 14.45, 13.70; HRMS (ESI-TOF):
Calculatedm/z for: C18H22N2O3S, 346.1351 found, 347.1424 [MþH]þ.

4.1.14. Ethyl 5-phenyl-2-(pyrrolidine-1-carboxamido) thiophene-3-
carboxylate (2e)

The synthetic method of 2awas adopted to synthesize 2e. Yield:
92%; 1H NMR (300 MHz, DMSO‑d6) d 10.31 (s, 1H, NH), 7.60 (t, J ¼
4.2 Hz, 2H, AreH), 7.46 (s, 1H, AreH), 7.39 (t, J ¼ 7.5 Hz, 2H, AreH),
7.30e7.27 (m,1H, AreH), 4.33e4.31 (m, 2H, CH2), 3.40 (s, 4H, 2CH2),
2.00 (s, 4H, 2CH2), 1.36e1.31 (m, 3H, CH3), 13C NMR (75MHz, CDCl3)
d 166.24, 152.07, 134.16, 131.88, 128.87, 126.98, 125.17, 118.92, 111.01,
60.55, 45.78, 29.71, 14.46; HRMS (ESI-TOF): Calculated m/z for
C18H20N2O3S, 344.1195, found, 345.1267 [MþH]þ.

4.1.15. Ethyl 5-phenyl-2-(piperidine-1-carboxamido) thiophene-3-
carboxylate (2f)

The synthetic method of 2awas adopted to synthesize 2f. Yield:
83%; 1H NMR (300MHz, DMSO‑d6) d 10.65 (s, 1H, NH),7.62e7.59 (m,
2H, AreH), 7.47 (s, 1H, AreH), 7.39 (t, J ¼ 7.5 Hz, 2H, AreH),
7.30e7.28 (m, 1H, AreH), 4.34e4.32 (m, 2H, CH2), 3.46e3.42 (bs,
4H, 2CH2), 1.59 (bs, 6H, 3CH2), 1.36e1.31 (m, 3H, CH3), 13C NMR
(75 MHz, CDCl3) d 166.38, 152.79, 152.46, 134.16, 132.03, 128.96,
128.87, 126.98, 125.33, 118.99, 111.04, 60.59, 45.08, 25.68, 24.25,
14.45; HRMS (ESI-TOF) Calculated m/z for C19H22N2O3S, 358.1351
found, 359.1424 [MþH]þ.

4.1.16. Ethyl 2-(3-isopropylureido)-5-phenylthiophene-3-
carboxylate (2g)

The synthetic method of 2awas adopted to synthesize 2g. Yield:
51%; 1HNMR (300MHz, DMSO‑d6) d 10.14 (s,1H, NH), 7.95e7.92 (bs,
1H, NH), 7.59e7.57 (m, 2H, AreH), 7.41e7.36 (m, 3H, AreH),
7.38e7.36 (m, 1H, AreH), 7.28e7.23 (t, 2H, AreH), 4.34e4.27 (m,
2H, CH2), 3.76 (m, 1H, CH), 1.33 (m, 3H, CH3), 1.12 (d, J ¼ 6.6 Hz, 6H,
3CH3); 13C NMR (75 MHz, CDCl3) d 166.09, 152.64, 151.69, 134.06,
131.93, 128.87, 127.03, 125.18, 118.95, 110.91, 60.57, 43.04, 23.16,
14.42; HRMS (ESI-TOF); Calculated m/z for C17H20N2O3S, 332.1195,
found 333.1262 [MþH]þ 355.1083 (M þ Na)þ.

4.1.17. Ethyl 2-(3-cyclopropylureido)-5-phenylthiophene-3-
carboxylate (2h)

The synthetic method of 2awas adopted to synthesize 2h. Yield:
81%; 1H NMR (300 MHz, DMSO‑d6) d 10.18 (s, 1H, NH), 8.09 (s, 1H,
NH), 7.60e7.58 (m, 2H, AreH), 7.43 (m, 3H, AreH), 7.29e7.27 (m,
1H, AreH), 4.35e4.28 (m, 2H, CH2), 2.62 (m, 1H, CH), 1.35e1.30 (m,
3H, CH3), 0.40e0.80 (bs, 4H, 2CH2); 13C NMR (75 MHz, CDCl3)
d 165.83, 155.00, 150.93, 134.05, 132.35, 128.88, 127.10, 125.26,
119.14, 111.90, 60.54, 22.56, 14.46, 7.71; HRMS (ESI-TOF): Calculated
m/z for C17H18N2O3S, 330.1038 found, 331.1111[MþH]þ 353.0922
[MþNa]þ.

4.1.18. Ethyl 2-(4-methylpiperazine-1-carboxamido)-5-
phenylthiophene-3-carboxylate (2i)

The synthetic method of 2awas adopted to synthesize 2i. Yield:
70%; 1H NMR (400 MHz, DMSO‑d6) d 10.63 (s, 1H, NH), 7.61 (t, J ¼
4.2 Hz, 2H, AreH), 7.47 (s, 1H, AreH), 7.42e7.38 (m, 2H, AreH),
7.30e7.26 (m,1H, AreH), 4.36e4.30 (m, 2H, CH2), 3.47e3.44 (m, 4H,
2CH2), 2.40, (t, 4H, 2CH2), 2.09 (s, 3H, CH3), 1.36e1.32, (m, 3H, CH3);
13C NMR (75MHz, DMSO‑d6) d 165.60,152.52,151.50,133.76,131.60,
131,60, 129.61, 127.73, 125.21, 119.56, 111.43, 61.09, 61.09, 54.40,
46.07, 43.80, 14.70; HRMS (ESI-TOF): Calculated m/z for
C19H23N3O3S, 373.1460 found, 374.1533 [MþH]þ.
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4.1.19. Ethyl 2-(morpholine-4-carboxamido)-5-phenylthiophene-3-
carboxylate (2j)

The synthetic method of 2awas adopted to synthesize 2j. Yield:
83%; 1H NMR (400 MHz, DMSO‑d6) d 10.57 (s, 1H, NH), 7.57 (d, J ¼
7.6 Hz, 2H, AreH), 7.44 (s, 1H, AreH), 7.38e7.34 (m, 2H, AreH),
7.26e7.24 (m, 1H, AreH), 4.32e4.26 (m, 2H, CH2), 3.65e3.63, (m,
4H, 2CH2), 3.42e3.40, (m, 4H, 2CH2), 1.32e1.28 (m, 3H, CH3), 13C
NMR (75 MHz, CDCl3) d 166.47, 152.99, 151.75, 133.96, 132.44,
128.92, 127.17, 125.23, 118.99, 111.54, 66.41, 60.77, 43.98, 14.44;
HRMS (ESI-TOF): Calculated m/z for C18H20N2O4S, 360.1144 found,
361.1217 [MþH]þ.

4.1.20. Ethyl 5-phenyl-2-(3-phenylureido) thiophene-3-carboxylate
(2k)

The synthetic method of 2a was adopted to synthesize 2k.
Yield:85%; 1H NMR (400 MHz, DMSO‑d6) d 10.53 (s, 1H, NH), 10.32
(s, 1H, NH), 7.60 (d, J ¼ 7.2 Hz, 2H, AreH), 7.51e7.46 (m, 2H, AreH),
7.46e7.40 (m, 2H, AreH), 7.33e7.26 (m, 4H, AreH), 7.03 (m, 1H,
AreH), 4.34e4.32 (m, 2H, CH2), 1.35e1.32 (m, 3H, CH3); 13C NMR
(75 MHz, DMSO‑d6) d 164.79, 151.45, 150.38, 139.33, 133.79, 131.50,
129.62, 129.45, 127.70, 125.21, 123.25, 119.69, 118.90, 111.48, 60.90,
14.77; HRMS (ESI-TOF): Calculated m/z for C20H18N2O3S, 366.1038,
found, 367.1111 [MþH]þ 389.0930 [MþNa]þ.

4.1.21. Ethyl 2-(3-benzylureido)-5-phenylthiophene-3-carboxylate
(2l)

The synthetic method of 2awas adopted to synthesize 2l. Yield:
62%; 1H NMR (400MHz, DMSO‑d6) d 10.30 (bs,1H, NH), 8.50 (bs,1H,
NH), 7.59 (t, J ¼ 4.2 Hz, 2H, AreH), 7.43 (s, 1H, AreH), 7.41e7.32 (m,
6H, AreH), 7.28e7.26 (m, 2H, AreH), 4.37e4.30 (m, 4H, 2CH2),
1.35e1.31, (m, 3H, CH3); 13C NMR (75 MHz, DMSO‑d6) d 164.67,
154.02, 151.35, 139.73, 133.93, 130.81, 129.58, 128.90, 127.79, 127.55,
127.48, 125.11, 119.64, 110.64, 60.62, 43.64, 14.70. HRMS (ESI-TOF):
Calculated for C21H20N2O3S, 380.1195, found, 381.1267 [MþH]þ

391.1087[MþNa]þ.

4.1.22. Methyl 2-(3, 3-diethylureido)-5-(4-fluorophenyl)
thiophene-3-carboxylate (3a)

To a stirred solution of intermediate 10 (1 gm, 3.98 mmol,
1equiv.) in toluene, triphosgene (1.23 gm, 4.18 mmol, 1.05 equiv.)
was added and refluxed for 12 h. The solvent was concentrated
under vacuum and resulting residue was used for the next syn-
thetic step without any purification. This residue (0.2 gm,
0.487 mmol, 1 equiv.) was dissolved in dry DCM and DIPEA
(0.254 mL, 1.46 mmol, 3equiv.) was added followed by diethyl-
amine (0.071 mL, 0.975 mmol, 2equiv.) and stirred for 2e6 h at
room temperature. The reaction mixture was diluted with DCM
(20 mL) and subsequently washed with diluted HCl and saturated,
NaHCO3 solution. Organic layer was separated and dried using
anhydrous Na2SO4 and concentrated under vacuum. The resulting
residue was purified by column chromatography using DCM: hex-
ane (90:20) as eluent resulting in 3a as a white solid. Yield: 70%; 1H
NMR (300 MHz, DMSO‑d6) d 10.55 (bs, 1H, NH), 7.66e7.61 (m, 2H,
AreH), 7.44 (s, 1H, AreH), 7.25e7.19 (m, 2H, AreH), 3.85 (s, 3H,
CH3), 3.41e3.36 (m, 4H, 2CH2), 1.23e1.15 (s, 6H, 2CH3); 13C NMR
(75 MHz, CDCl3) d 166.58, 162.02 (d, 1JCF ¼ 245.25 Hz), 152.89,
152.40, 130.97, 130.4 (d, 4JCF ¼ 3.0 Hz), 126.78 (d, 3JCF ¼ 8.25 Hz),
118.76, 115.83 (d, 2JCF ¼ 21.0 Hz), 110.65, 51.66, 48.38, 41.91, 29.70,
14.99, 13.68; HRMS (ESI-TOF): Calculated m/z for: C17H19FN2O3S,
350.1100 found, 351.1173 [MþH]þ.

4.1.23. Methyl 5-(4-fluorophenyl)-2-(pyrrolidine-1-carboxamido)
thiophene-3-carboxylate (3b)

The synthetic method of 3awas adopted to synthesize 3b. Yield:
86%; 1H NMR (300 MHz, DMSO‑d6) d 10.30 (s, 1H, NH), 7.65e7.60
(m, 2H, AreH), 7.43 (s, 1H, AreH), 7.24e7.18 (m, 2H, AreH), 3.83 (s,
3H, CH3), 3.25e3.20 (m, 4H, 2CH2), 1.90 (m, 4H, 2CH2); 13C NMR
(75 MHz, CDCl3) d 166.56, 162.03 (d, 1JCF ¼ 245.25 Hz), 152.15,
152.01, 130.97, 130.37 (d, 4JCF ¼ 3.0 Hz), 126.81 (d, 3JCF ¼ 8.25 Hz),
118.72, 115.83 (d, 2JCF ¼ 21.0 Hz), 110.62, 51.62, 50.81, 45.82, 25.34,
23.74; HRMS (ESI-TOF): Calculated m/z for C17H17FN2O3S 348.0944,
found, 349.1017 [MþH]þ.

4.1.24. Methyl 5-(4-fluorophenyl)-2-(piperidine-1-carboxamido)
thiophene-3-carboxylate (3c)

The synthetic method of 3awas adopted to synthesize 3c. Yield:
72%; 1H NMR (300MHz, DMSO‑d6) d 10.63 (s,1H, NH), 7.64e759 (m,
2H, AreH), 7.41 (s, 1H, AreH), 7.23e7.17 (m, 2H, AreH), 3.83 (s, 3H,
CH3), 3.43e3.42, (m, 4H, 2CH2), 1.56 (s, 6H, 3CH2); 13C NMR
(75 MHz, DMSO‑d6); d166.12, 160.00, 152.23, 151.98, 130.46, 127.23
(d, 3JCF ¼ 8.25 Hz), 119.53, 116.46 (d, 2JCF ¼ 21.0 Hz), 110.84, 52.35,
44.95, 25.59, 24.06; HRMS (ESI-TOF): Calculated m/z for:
C18H19FN2O3S, 362.1100, found, 363.1173 [MþH]þ.

4.1.25. Methyl 2-(3-cyclopropylureido)-5-(4-fluorophenyl)
thiophene-3-carboxylate (3d)

The synthetic method of 3awas adopted to synthesize 3d. Yield:
82%; (1H NMR (300 MHz, DMSO‑d6) d 10.07 (bs, 1H, NH), 8.10 (bs,
1H, NH), 7.65e7.60 (m, 2H, AreH), 7.41 (s, 1H, AreH), 7.24e7.18 (m,
2H, AreH), 3.82 (s, 3H, CH3), 2.60 (m, 1H, CH), 0.69 (m, 2H, CH2),
0.45 (m, 2H, CH2); 13C NMR (75 MHz, DMSO‑d6); d 161.78
(1JCF ¼ 242.25 Hz), 154.70, 151.13, 130.48, 127.18 (d, 3JCF ¼ 8.25 Hz),
119.69, 116.45 (d, 2JCF ¼ 21.75 Hz), 52.03, 29.42, 6.63; HRMS (ESI-
TOF): Calculated m/z for C16H15FN2O3S, 334.0787, found 335.0.860
[MþH]þ.

4.1.26. Methyl 5-(4-fluorophenyl)-2-(3-isopropylureido)thiophene-
3-carboxylate (3e)

The synthetic method of 3awas adopted to synthesize 3e. Yield:
91%; 1H NMR (300 MHz, DMSO‑d6) d 10.07 (s, 1H, NH), 7.94 (m, 1H,
NH), 7.91e7.59 (m, 2H, AreH), 7.38 (s, 1H, AreH), 7.23e7.18 (m, 2H,
AreH), 3.89 (s, 3H, CH3), 3.79e3.73 (bs, 1H, CH), 1.11 (d, J ¼ 6.6 Hz,
6H, 2CH3); 13C NMR (75 MHz, CDCl3); d 166.35, 162.06 (d,
1JCF ¼ 244.5 Hz), 152.61, 151.71, 131.02, 130.26 (d, 4JCF ¼ 3.75 Hz),
126.82 (d, 3JCF ¼ 8.25 Hz), 118.80, 115.84 (d, 2JCF ¼ 21.75 Hz), 110.55,
51.63, 43.08, 23.14; HRMS (ESI-TOF):Calculated m/z for
C16H17FN2O3S, 336.0944, found, 337.1017[MþH]þ 359.0836
[MþNa]þ.

4.1.27. Methyl 2-(2-chloroacetamido) thiophene-3-carboxylate
(4a)

To a solution of 2-chloroacetic acid (0.1 g, 1.07 mmol, 1equiv.) in
dry DCM (10mL), a solution of methanesulfonyl chloride (0.099mL,
1.29 mmol, 1.2 equiv. in 2 mL dry DCM) and triethylamine
(0.329 mL, 2.36 mmol, 2.2 equiv) was added at 0 �C. The reaction
temperature was maintained and stirred for 30 min. This was fol-
lowed by an addition of methyl 2-aminothiophene-3-carboxylate 8
(184 mg, 1.18 mmol, 1.2 equiv.). The reaction mixture was stirred
further at room temperature for additional 2h and progress of the
reactionwas monitored by TLC. The reactionwas diluted with DCM
and subsequently washed with brine solution, dried over anhy-
drous Na2SO4 and concentrated under vacuum to obtain crude
product. The crude product was purified by column chromatog-
raphy using DCM: Hexane (80:20) as eluent to afford 4a as a white
solid. Yield: 54%;1H NMR (400 MHz, DMSO‑d6) d 11.50 (s, 1H, NH),
7.23 (d, J ¼ 5.6 Hz, 1H, CH), 7.12 (d, J ¼ 5.6 Hz, 1H, CH), 4.64 (s, 2H,
CH2), 3.86 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3) d 165.70, 163.69,
147.42, 124.06, 116.92, 114.09, 52.00, 42.16, 29.70; MS (APCIþ):
Calculated m/z for C8H9ClNO3S 233.999, found 233.9.
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4.1.28. Methyl 2-(2-chloroacetamido)-5-phenylthiophene-3-
carboxylate (4b)

Yield: 67%; The synthetic method of 4a was adopted to syn-
thesize 4b:1H NMR (300 MHz, DMSO‑d6) d 11.50 (bs, 1H, NH), 7.70
(m, 2H, AreH), 7.60 (s, 1H, AreH), 7.40 (m, 2H, AreH), 7.30 (m, 1H,
AreH), 4.64 (s, 2H, CH2), 3.86 (s, 3H, CH3); 13C NMR (75MHz, CDCl3)
d 165.62, 163.68, 146.54, 134.79, 133.41, 129.02, 127.74, 125.56,
119.31, 114.85, 52.08, 42.16, 40.49, 29.71. HRMS (ESI-TOF): Calcu-
lated m/z for C14H12ClNO3S, 309.0226 found, 310.0295 [MþH]þ

332.0119 [MþNa]þ.

4.1.29. Methyl 2-(2-chloroacetamido)-5-(4-fluorophenyl)
thiophene-3-carboxylate (4c)

The synthetic method of 4awas adopted to synthesize 4c. Yield:
63% 1H NMR (400 MHz, DMSO‑d6) d 11.52 (s, 1H, NH), 7.74e7.70 (m,
2H, AreH), 7.58 (s, 1H, AreH), 7.27e7.23 (m, 2H, AreH), 4.67 (s, 2H,
CH2), 3.89 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3) d 165.55, 163.69,
160.80, 146.49, 139.30, 135.06, 133.71, 129.69 (d, 4JCF ¼ 3.0 Hz), 127.3
(d, 3JCF ¼ 7.5 Hz), 119.29, 116.03 (d, 2JCF ¼ 21.75 Hz), 114.84, 52.10,
42.14, 33.41, 31.94; HRMS (ESI-TOF): Calculated m/z for
C14H11ClNO3S, 328.0132 found 327.0205. [MþH]þ 350.0024
[MþNa]þ.

4.1.30. Methyl 2-(2-chloroacetamido)-5-(3-fluorophenyl)
thiophene-3-carboxylate (4d)

The synthetic method of 4awas adopted to synthesize 4d. Yield:
56% 1H NMR (300 MHz, DMSO‑d6) d 11.50 (s, 1H, NH), 7.72 (s, 1H,
AreH), 7.60e7.58 (m, 1H, AreH), 7.50e7.43 (m, 2H, AreH),
7.17e7.13 (m, 1H, AreH), 4.68 (s, 2H, CH2), 3.90 (s, 3H, CH3); 13C
NMR (75 MHz, CDCl3) d 165.49, 163.76, 163.16 (d, 1JCF ¼ 245.25 Hz),
146.91, 135.61, 133.27, 130.64, 121.23, 114.85, 112.52, 52.14, 42.14,
29.53, 22.71; HRMS (ESI-TOF): Calculated m/z for C14H11ClNO3S,
328.0132 found 327.0202. [MþH]þ 350.0022 [MþNa]þ.

4.1.31. Methyl 2-(2-chloroacetamido)-5-(3, 5-difluorophenyl)
thiophene-3-carboxylate (4e)

The synthetic method of 4a was adopted to synthesize 4e. Yield:
77%; 1H NMR (400 MHz, DMSO‑d6) d 11.53 (s, 1H, NH), 7.79 (s, 1H,
AreH), 7.46e7.40 (m, 2H, AreH), 7.17e7.11 (m, 1H, AreH), 4.67 (s,
2H, CH2) 3.86 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3) d 165.14,
163.86, 147.26, 136.54, 121.02, 114.89, 108.53, 103.21, 102.87, 102.53,
52.21, 42.10, 31.94, 29.71. HRMS (ESI-TOF): Calculated m/z for
C14H10ClF2NO3S, 345.0038 found 345.0012 [MþH]þ, 367.9932
[MþNa]þ.

4.1.32. Methyl 2-(2-chloroacetamido)-5-(4-(trifluoromethyl)
phenyl) thiophene-3-carboxylate (4f)

The synthetic method of 4awas adopted to synthesize 4f. Yield:
63%; 1H NMR (300 MHz, DMSO‑d6) d 11.57 (s, 1H, NH), 7.91 (d, J ¼
8.0 Hz, 2H, AreH), 7.80 (s, 1H, AreH), 7.75 (d, J ¼ 8.4 Hz, 2H, AreH),
4.69 (s, 2H, CH2), 3.91 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3)
d 165.41, 163.87, 147.37, 136.87, 132.81, 129.64, 126.04, 125.99,
122.24, 120.93, 115.03, 52.20, 42.12, 29.71; HRMS (ESI-TOF):
Calculated m/z for C15H11ClF3NO3S, 377.0100 found, 378.0172
[MþH]þ 399.9992 [MþNa]þ

4.1.33. Methyl 5-(benzo[b]thiophen-2-yl)-2-(2-chloroacetamido)
thiophene-3-carboxylate (4g)

The synthetic method of 4awas adopted to synthesize 4g. Yield:
96%; 1H NMR (300 MHz, DMSO‑d6) d 11.50 (s, 1H, NH), 7.90 (m, 1H,
AreH), 7.80 (m, 1H, AreH),7.70 (s, 1H, AreH), 7.40 (s, 1H, AreH),
7.30 (m, 2H, AreH), 4.71e4.69 (s, 2H, CH2), 3.89 (s, 3H, CH3); 13C
NMR (75 MHz, CDCl3) d165.37, 163.80, 146.80, 140.26, 138.99,
136.23, 128.31, 124.82, 124.69, 123.53, 122.11, 121.19, 114.5, 52.19,
42.11, 29.72, 22.72; MS (APCIþ): Calculated m/z for C16H12ClNO3S2,
364.99 found 365.85.

4.2. MIC99 determination assays

Mycobacterium tuberculosis H37Rv (M. tuberculosis) was cultured
in Middlebrook 7H9 broth (MB broth) supplemented with 0.05%
Tween-80, 0.2% glycerol and 1x albumin-dextrose-saline (ADS) at
37 �C with shaking (200 rpm). MIC99 determination assays, two-
drug checkerboard assays and in vitro killing experiments were
performed as previously described [28,37].

4.3. Cell viability experiments

Briefly, THP-1 cells were seeded in 96 well cell culture plates at
the density of 20,000/well in the presence of 20 ng/ml of phorbol
12-myristate-13-acetate (PMA). Following 48 h incubation, cells
were washed with 1x PBS and overlaid for 24 h in RPMI complete
medium (with 10% FBS). The drug dilutions were prepared in RPMI
complete medium and added to the designated wells in triplicates.
After 96 h of incubation, water soluble tetrazolium salt (WST)-1 cell
proliferation reagent was added to each well following incubation
for 30 min. Absorbance were taken at 450 nm and 630 nm and %
cell viability following drug treatment was calculated as per man-
ufacturer’s recommendations.

4.4. Macrophage CFU determination experiments

THP-1 cells (human monocytic cell line) were cultured in RPMI
medium supplemented with 10% heat inactivated-foetal bovine
serum (HI-FBS) and differentiated into macrophages with the
addition of 20 ng/ml phorbol myristate acetate (PMA). For the
intracellular killing experiment, macrophages (0.2 million/well/ml;
24 well plates) were infected with single-cell M. tuberculosis sus-
pension at an MOI of 1:10. Following 4 h infection extracellular
bacteria were removed by overlaying macrophages with RPMI
containing 200 mg/ml of amikacin. Further, cells werewashed twice
with 1xPBS and infected macrophages were overlaid with RPMI
containing drugs for 4 days. The infected macrophages were lysed
on day 0 and day 4 post-exposure using 1x PBST (0.1% Triton X-
100). For CFU enumeration 10.0 fold serial dilutions was prepared
and 100 ml was plated on MB7H11 agar plates at 37 �C for 3e4
weeks.

4.5. Computational molecular docking studies

4.5.1. Protein structure preparations
The KatG crystal 1SJ2and 3WXOwas obtained from Protein Data

Bank (www.pdb.org) [35,36]. The crystal is found to be bounded
with heme and glucose. The protein structure was optimized and
subsequently minimized using Protein Preparation Wizard module
of Maestro in which OPLS3 force field was used [38]. An additional
crystal PDB ID: 3WXO, which is heme and INH bound was taken to
observe the structural changes with different substrates.

4.5.2. Compounds preparation
The molecules 4a, and 4b were prepared using Schr€odinger’s

module LIGPREP (version 2017e2), which generates tautomer’s,
and possible ionization states at the pH range 7 ± 2 using Epikand,
also generates all the stereoisomers of the compound if necessary.
The optimization was done using the OPLS3 force field [38].

4.5.3. Binding site identification
The most likely binding site of the compounds 4a, and 4b was

identified using ligand independent (sitemap) and ligand depen-
dent (molecular docking) methods.

http://www.pdb.org
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4.5.4. SitMap analysis
Site-Map program of Schrodinger Suite was used for calculating

binding site of 4a, and 4b [38,39]. The different parameters such as:
site score, size, exposure score, enclosure, hydrophobic/hydrophilic
character, contact, and donor/acceptor character were used for
calculation of potential binding site [39,40]. Drugability of the site is
denoted by D-score. The OPLS-2003 force field was employed, and a
standard grid was used with 15 site points per reported site and
cropped at 4.0 Å from the nearest site point.
4.5.5. Molecular docking
Molecular docking was used to assess the robustness of results

provided by Sitemap. The docking studies were performed using
AUTODOCK 4.2 [40]. The tools was required to identify the putative
binding site as no co-crystal (with inhibitor) is reported for
M. tuberculosis-katG, indeed, the INH bounded crystal is reported
recently, which have shown more than one binding site [36]. The
docking with AUTODOCK was performed using two different pro-
tocols: 1) Blind docking to explore the possible binding sites at the
surface of KatG to rule out any biasedness, 2) Focused docking was
performed on the most populated cluster obtained from blind
docking by entering the docking grid on the center of mass of
cluster representative conformation of INH. Two different ap-
proaches were performed as the most likely site identified by
sitemap followed by the most populated cluster obtained through
blind docking [40,41]. In all docking protocols, 200 conformers
were generated separately to observe their convergence at the
catalytic site. The grid coordinates, energy evaluations and gener-
ations of all three protocols were performed as previously
described [40,41].
4.5.6. Energetic analysis
Free energy was carried out using the MMGBSA python script of

AMBER tools and AMBER16 [41]. For this, the frameswere extracted
from the most stable state from the 300ns trajectory which was
performed using the visual molecular dynamics tool (VMD). So,
overall 1000 frames from all the complexes (COM1 and COM2)
were subjected to energy calculations. The binding free energy
(DGbind) on each system was evaluated as follows:

DGbind ¼ Gcom e (Grec þ Glig) (1)

where Gcom, Grec and Glig are the absolute free energies of complex,
receptor and compounds, respectively, arranged over the equilib-
rium trajectory. According to free energy calculating method (MM/
PBSA), the free energy difference can be decomposed as
DG ¼ DEMM þ DGsolv e TDSconf, whereDEMM is the difference in
molecular mechanics energy, DGsolv the solvation energy
(including an entropic contribution), and TDSconf the solute
configurational entropy (including the loss of translational and
rotational entropy due to binding, as well as change in the vibra-
tional entropy). The first two terms are calculated with the
following equations:

DEMM ¼ DEbond þ DEangle þ DEtorsion þ DEvdw þ DEelect (2)

DGsolv ¼ DGPB þ DGSA (3)

where EMM includes the molecular mechanics energy contributed
by bonded (Ebond, Eangle, and Etorsion) and nonbonded (Evdw and
Eelect) terms of the force field and DGsolv is the solvation free en-
ergy, which has an electrostatic (DGPB, evaluated using the
Poisson�Boltzmann equation) and a nonpolar contribution
(DGSA ¼ gDSA þ b) proportional to the surface area (DSA).
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