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uncompetitive inhibition of M. tuberculosis Mur E enzyme.

A series of novel 2,6-bis((E)-benzylidene)-4-methylcyclohexan-1-one derivatives were synthesized at room temperature over 18-48 h by
reacting aromatic and heterocyclic aldehydes with alkyl-substituted cyclic ketones, using alcohol as solvent and a base as catalyst. The
successful formation of these novel heterocycle-containing bischalcones was confirmed through spectral characterization techniques. The
Alamar Blue Assay (MABA) method was used to perform the biological evaluation for antitubercular activity and the compounds showed
promise as powerful and innovative inhibitors for the development of new antitubercular therapies. Furthermore, compounds 3a, 3b, 3c,
39, 3i, 3k and 3l exhibit high binding energies with the target protein Mur E enzyme of the Mur pathway, molecular docking verified the

Keywords: Bischalcone, Cyclicketone, Mur E enzyme, Antitubercular activity, Molecular docking studies.

INTRODUCTION

Tuberculosis (TB) remains one of the most significant
threats to global health. More than 10.8 million people conti-
nue to fall ill with TB every year and the number has been
rising since 2021. In 2024, approximately 10.8 million new
TB cases were estimated and about 1.25 million people died
from the disease, including 161,000 HIV-positive individuals
[1,2]. Among these, women constituted a large share of morbi-
dity and mortality, highlighting that TB is one of the top causes
of death among women worldwide [3-5]. Regionally, the
burden was disproportionately high in South-East Asia (~29%),
Africa (~27%) and the Western Pacific (~19%) regions. India
alone contributed about 26% of the global TB caseload, with
China accounting for another ~12% [6].

The causative pathogen Mycobacterium tuberculosis is
transmitted through airborne droplets and has evolved sophis-
ticated strategies to evade the host immune response, allowing
it to persist within macrophages for extended periods [7-9].
Once host defenses are breached, the bacteria can establish
latent infection or re-activate, causing active disease. Since drug
resistance is an escalating problem, discovering novel thera-

peutic targets that work against both drug-sensitive and
resistant strains is of high urgency. One promising area is the
Mur pathway, which is essential for peptidoglycan biosyn-
thesis in bacteria. The cytoplasmic steps of this pathway espe-
cially the early steps catalyzed by MurA and MurB (leading
to UDP-N-acetylmuramoy!l precursors) and the subsequent
addition of amino acids by MurC, MurD, MurE and MurF
ligases are highly conserved and essential [10-12]. MurA
catalyzes the transfer of an enolpyruvate moiety from phos-
phoenolpyruvate (PEP) to UDP-N-acetylglucosamine, forming
the UDP-N-acetylmuramate enol intermediate, which MurB
then reduces to yield UDP-N-acetylmuramate [13,14]. The
pathway then proceeds through the sequential ligation of amino
acids: MurC attaches L-alanine, MurD adds D-glutamine, Murkg
incorporates L-lysine (or meso-diaminopimelate in several
bacteria) and finally MurF adds the dipeptide D-Ala-D-Ala,
all ATP-dependent steps [15,16].

Bischalcones are well-known organic compounds exhib-
iting a broad spectrum of biological activities, including anti-
inflammatory, antimicrobial [17,18], antitubercular [19], anti-
oxidant [20,21], antiviral [22], antibacterial [23,24], antifungal
[18], anticancer [25-27], antimalarial [28] and anti-neurode-
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generative effects [29]. Moreover, bischalcones are also recog-
nized as highly active intermediates, playing a pivotal role in
the synthesis of various biologically active heterocyclic deriva-
tives too [30].

In light of these properties, we designed and synthesized
novel molecules integrating two chalcone pharmacophores
within a single framework. This hybridization strategy aims
to enhance the biological efficacy of the compounds, poten-
tially providing new candidates for the treatment of diverse
diseases [31]. Given the urgent global health threat posed by
tuberculosis (TB), particularly in the context of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) strains
of Mycobacterium tuberculosis, the development of novel
chemotypes is critical. Bischalcones, with their reported anti-
tubercular activity and potential for further functionalization,
offer a promising scaffold for the design of TB-targeted agents.
Their ability to interfere with key bacterial pathways, such as
cell wall biosynthesis and enzyme inhibition, makes them
compelling candidates in the ongoing search for more
effective TB therapeutics.

EXPERIMENTAL

All chemicals and reagents used in this study were
procured from Mumbai Research Labs and utilized without
further purification unless otherwise stated. The melting points
of the synthesized compounds were determined using a Remi
electronic melting point apparatus and are reported uncorr-
ected. Thin-layer chromatography (TLC) was performed on
precoated Merck aluminum silica gel 60 Fzs4 plates with a
thickness of 0.5 mm to monitor reaction progress and assess
the purity of the synthesized compounds. Infrared (IR) spectra

were recorded on an Agilent FTIR spectrometer using the
KBr pellet technique. Proton nuclear magnetic resonance (*H
NMR) spectra were obtained on a VARIAN NMR spectro-
meter operating at 500 MHz.

Synthesis of 2,6-bis(E)-benzylidene-4- methylcyclohexan-
one derivatives: A mixture of aldehyde (2 mol) and methyl-
cyclohexanone (1 mol) was mixed with 40 mL of absolute
ethanol and sodium hydroxide solution, then heated for 14 to
48 h. Once after the completion of reaction, the reaction mixt-
ure was cooled and neutralized by using HCI as acid. This
resulted in the formation of a precipitate, which was collected
by filtration, washed with cold water and dried (Scheme-1).
The crude product was recrystallized from ethanol to afford
the colored pure compounds.

2E,6E-bis(3-Phenylallylidene)-4-methylcyclohexan-1-
one (3a): Dark yellow powder, yield: 88%, m.p.: 236-238 °C;
'H NMR (500 MHz, CHCls-ds) 8 ppm: 1.19 (d, 3H), 2.01 (t,
2H), 2.32 (t, 4H), 6.98 (dd, 2H), 7.02 (t, 4H), 7.20-7.54 (m,
10H). C NMR (125 MHz, CHCls-ds) ppm: 21.67, 28.44,
34.80, 38.0, 38.1, 38.2, 123.2, 123.70, 125.2, 125.3, 127.9,
127.9, 1285, 128.5, 128.6, 128.6, 128.7, 128.7, 135.2,
136.79, 138.4, 138.6, 140.80, 147.9, 148.2, 188.75. HRMS:
m/z for CasH240 [M+H]*: 341.19, found: 341.19.

2E,6E-bis(2,4-Dichlorobenzylidene)-4-methylcyclo-

hexan-1-one (3b): Pale yellow powder, yield: 72%, m.p.:
230-235°C; *H NMR (500 MHz, CHCls-ds) 5 ppm: 1.04 ppm
(t, 3H), 1.80(2H), 2.38-2.67(4H, t), 7.26-7.36 (2H, s), 7.39-7.74
(8H, m); *C NMR (125 MHz, CHCls-ds) ppm: 21.67, 28.44,
34.80, 34.82,23.70, 123.72, 126.8, 126.9, 128.9, 128.9, 130.3,
130.3,131.2,131.2, 136.79, 136.78, 137.1, 137.1, 140.80, 140.90,
188.75. HRMS: m/z for C21H16Cl4O [M + H]*: 426.16, found:
426.16.
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Scheme-I: Synthesis of (2E,6E)-2,6-diethylidene-4-methylcyclohexan-1-one derivatives
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2E,6E-Bis(benzylidene)-4-methylcyclohexan-1-one
(3c): Pale yellow powder, yield: 71%, m.p.: 258 °C, *H NMR
(500 MHz, CHCls-ds) 6 ppm: 1.83 (t, 3H), 2.50 (2H), 2.60-
3.53 (4H), 7.38 (2H), 7.49-7.84 (8H, m); *C NMR (125 MHz
CHCls-ds) ppm: 21.3, 36.5, 37.5, 37.8, 127.6, 127.6, 128.5,
128.5, 128.53, 128.5, 128.6, 128.6, 128.6, 128.6, 132.2, 132.2,
135.2, 135.2, 137.1, 137.1, 190.4. HRMS: m/z for CyHx0O
[M+H]*: 289.15, found: 289.15.
2E,6E-bis(4-(Dimethylamino)benzylidene)-4-methyl-
cyclohexan-1-one (3d): Dark orange powder, yield: 82%,
m.p.: 322 °C; 'H NMR (500 MHz, CHCls-dg) 6 ppm: 1.06
ppm (d, 3H), 1.60 (d, 2H), 2.50 (s, 4H), 2.98 (s, 12 H), 6.76
(d, 4H), 7.40 (d, 2H), 7.54, (d, 4H). **C NMR (125 MHz,
CHCIs-ds) 6 ppm: 21.67, 37.44, 37.80, 37.80, 41.3, 41.3, 41.3,
41.3,111.7,111.7,111.7, 111.7, 124.70, 124.70, 129.7, 129.7,
129.7,129.7,132.2,132.2, 137.79, 137.79, 150.3, 150.3, 188.75.
HRMS: m/z for CosH30N20 [M + H]*: 375.24, found: 375.14.
2E,6E-bis(4-Methoxybenzylidene)-4-methylcyclohexan-
1-one (3e): Pale yellow substance, yield: 75%, m.p.: 266 °C.
'H NMR (500 MHz, CHCls-ds) & ppm: 1.03 (t, 3H), 1.81 (s, 2H),
2.56 (t, 2 H), 2.95 (d, 2H), 3.35 (s, 6H), 7.02 (d, 2H), 7.26 (2H),
7.37, (2H), 7.50 (d, 2H), 7.59 (s, 2H); °C NMR (125 MHz,
CHCls-ds) 6 ppm: 21.67, 27.44, 34.80, 37.8, 55.8, 55.8, 114.2,
114.2,114.3, 114.3, 123.70, 123.71, 127.5, 127.5, 130.2, 130.2,
130.2, 130.2, 132.2, 132.2, 136.79, 136.79, 159.80, 159.80,
188.75. HRMS: m/z for Cx3H2403 [M + H]*: 349.18, found:
349.16.
2E ,6E-bis(Thiophene-2ylmethylene)-4-methylcyclohexan-
1-one (3f): Yellow powder, yield: 86%, m.p.: 342 °C. 'H NMR
(500 MHz, CHCl3-ds) 6 ppm: 1.19 (d, 3H), 1.63 (s, 2H), 2.03
(s, 2H), 2.48-2.55 (t, 2H), 6.53 (s, 2H), 6.69 (s, 2H), 7.2 (s,
2H), 7.56 (d, 2H). *¥C NMR 125 MHz, CHCls-ds) ppm:
21.68, 28.45, 34.81, 124.70-136.78, 140.81, 188.76. HRMS:
m/z for C17H16S:0 [M + H]*: 301.06, found: 301.16.
2E,6E-bis(1H-indol-3-yl)-4-methylcyclohexan-1-one
(39): Brown fine powder, yield: 85%, m.p.: 336 °C. 'H NMR
(500 MHz, CHCls-ds) 6 ppm: 1.08 (d, 3H), 1.66 (s, 2H), 2.09-
2.50 (s, 2H), 3.63 (s, 2H), 7.22-7.28 (t, 4 H), 7.50 (d, 2H), 8.08
(d, 2H), 8.28 (d, 2H), 9.94 (s, 2H), 12.13 (s, 2H). 13C NMR
125 MHz, CHCls-dg) & ppm: 21.67, 28.44, 34.80, 123.70,
136.79, 140.80, 188.75. HRMS: m/z for C2sH22N20 [M + H]*:
367.18; found 367.18.
2E,6E-bis(Furan-2-ylmethylene)-4-methylcyclohexan-
1-one (3h): Orange powder, yield: 84%, m.p.: 354 °C. 'H
NMR (500 MHz, CHCls-dg) 6 ppm: 1.10, (s, 3H), 2.50 (s,
2H), 3.34-3.38 (s, 4H), 6.70 (s, 2H), 6.96 (s, 2H), 7.40 (s,
2H), 7.93 (s, 2H); BC NMR (125 MHz, CHClz-ds) & ppm:
21.69, 28.46, 34.82, 124.70-136.78, 140.82, 188.76 ppm.
HRMS: m/z for C17H1603 [M + H]*: 269.11, found: 269.11.
2E,6E-bis(4-Chlorobenzylidene)-4-methylcyclohexan-
1-one (3i): Light yellow powder, yield: 72%, m.p.: 291-294
°C.*H NMR (500 MHz, CHCls-dg) & ppm: 1.08, (s, 3H), 1.66
(s, 2H), 2.10 (s, 4H), 7.38 (s, 2H), 7.62 (s, 2H), 7.63 (s, 2H),
7.68 (s, 2H), 7.68 (s, 2H). °C NMR (125 MHz, CHCls-ds) &
ppm: 21.26, 37.56, 38.52, 38.54, 128.72, 128.75, 128.82,
128.85, 129.37, 129.37, 129.58, 129.59, 132.25, 132.28,
133.32, 133.34, 133.52, 133.53, 137.12, 137.12, 190.48.
HRMS: m/z for C,1H1sCI,O [M + H]+I 358.07, found: 358.07.
2E,6E-bis(2-nitrobenzylidene)cyclohexan-1-one (3j):
Light yellow powder, yield: 72%, m.p.: 291-294°C. 'H NMR

(500 MHz, CHClIs-dg) & ppm: 1.08, (s, 3H), 1.66 9 (s, 2H),
2.01 (s, 4H), 7.78 (s, 2H), 7.96 (s, 2H), 7.98 (s, 2H), 8.03 (s,
2H), 8.28 (s, 2H). *C NMR 125 MHz, CHCls-dg) & ppm:
21.26, 37.46, 38.52, 38.84, 123.82, 123.85, 127.35, 127.35,
127.37,127.37,128.79, 134.12, 134.18, 137.12, 137.14, 145.02,
145.03, 147.52, 147.66, 190.28. HRMS: m/z for C21H1sN20s
[M+H]*: 379.12, found: 379.14.

2E 6E-bis(2-Hydroxybenzylidene)-4-methylcyclohexan-
1-one (3k): Light yellow powder, yield 79%, m.p.: 291-294
°C. '*H NMR (500 MHz, CHCls-ds) ppm: 1.08, (s, 3H), 1.66
(s, 2H), 2.01 (s, 2H), 6.78 (s, 2H), 6.86 (s, 2H), 7.08 (s, 2H),
7.63 (s, 2H), 10.28 (s, 2H). 3C NMR 125 MHz, CHCl;-ds) &
ppm: 21.26, 37.46, 38.52, 38.84, 116.40, 116.82, 118.68, 118.62,
124.70,124.78, 128.78, 128.79, 137.12, 137.18, 144.02, 144.03,
145.52, 145.66, 190.28. HRMS: m/z for C1H2003 [M+H]*:
321.14, found: 321.14.

2,6-bis(E)-2-Aminobenzylidene)-4-methylcyclohexan-
1-one (3I): Light yellow powder, yield: 75%, m.p.: 291-294
°C.'H NMR (500 MHz, CHCls-dg) ppm: 1.18, (s, 3H), 1.63
(s, 2H), 2.04 (s, 4H), 5.02 (s, 2H), 6.58 (s, 2 H), 6.78 (s, 2H),
6.86 (s, 2H), 7.40 (s, 2H), 7.93 (s, 2H). *3C NMR (125 MHz,
CHClIs-dg) 5 ppm: 21.26, 37.46, 38.52, 38.84, 116.40, 116.82,
118.68, 118.62, 124.70, 124.78, 128.78, 128.79, 137.12,
137.18, 144.02, 144.03, 145.52, 145.66, 190.28. HRMS: m/z
for C21H22N20 ([M+H]*): 319.18.11, found: 319.18.

Molecular docking: From the molecular docking studies,
identification of the novel antitubercular drugs was done by
analyzing the molecular interactions between the ligands and
the Mur E receptor protein. For molecular docking, the target
proteinsare selected based on the several criteria, which should
possess the resolution between 2.0-3.0 A and its structure was
identified by X-ray diffraction method, must contain co-crys-
tallized ligand and the selected protein’s 3D structure must
show no breaks in its structure. The Mur E receptor protein
has recently emerged as a promising target for the develop-
ment of antitubercular drugs featuring bischalcone nucleus
[12]. The Mur E receptor protein crystal structure was obtained
from Protein Data Bank (PDB ID: 2XJA), which has the
resolution of 3.0 A. The interactions between the designed
3D-structured bischalcones and the active site of the 2XJA
was analyzed by using Auto Dock 4.2.6 software [32]. To
draw the designed structures, ChemSketch version 2022.1.2
from ACD/Labs was utilized which were then converted into
the suitable 3D models. Using molecular mechanics, energy
minimization was underwent of these models, preparing them
for the molecular docking and the corresponding PDB files
are created. The aim of the docking studies is to identify pot-
ential binding locations for the ligands within the receptors
active site. By using default parameters, Grid-based docking
studies were performed, with UDP-N-acetyl muramoyl-L-
alanyl-D-glutamate-2,6-diaminopimelate ligase used as refe-
rence ligands at the Mur E active site.

RESULTS AND DISCUSSION

A series of novel bischalcone derivatives were synthesized
through condensation reactions involving various aromatic and
heterocyclic aldehydes, following established synthetic prot-
ocols. The resulting compounds were characterized using
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spectroscopic techniques, including NMR, IR and mass spec-
trometry. These derivatives were subsequently evaluated for
their potential antitubercular activity. Molecular docking studies
at the Mur E receptor protein active site region gives the data
of binding energies (kcal/mol), hydrogen bond length, num-
ber of hydrogen bonds and interacted amino acid residues,
shown in Table-1. In comparison to the reference ligand that
is UDP-N-acetyl muramoyl-L-alanyl-D-glutamate-2,6-dia-
minopimelate ligase with the binding energy of -0.25 kcal/mol.
Compounds 3b and 3l exhibited the highest binding energies

of -0.8 kcal/mol and -7.8 kcal/mol at the active site of Mur E
receptor protein. Figs. 1-6 depicts the 2D structures of Mur E
receptor protein and the binding mode of UDP-N-acetyl
muramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase
and the compounds 3a-3I at the active site region of the Mue
E protein (PDB ID:2XJA).

For the target 2XJA, the best-performing compounds are
compound 3b, which has the highest docking score of -8.02,
indicating the strongest binding among all hybrids. This is
followed by compound 3lI, with a score of -7.80 (Fig. 1).

TABLE-1
BINDING ENERGIES, H-BOND INTERACTIONS AND INHIBITORY PROFILES OF COMPOUNDS 3a-l AND REFERENCE
Compound Binding Inhibitory H-Bond . . .
name energies concentration interactions AT T EieE iyliegen SO Al
3a -7.50 3.19 uM 0 No -
3b -8.02 1.31 uM 1 ARG128 3.08
3c -7.37 3.94 uM 0 No -
3d -6.72 11.84 uM 0 No =
3e -6.75 11.37 pM 0 No -
3f -6.92 8.53 uM 1 ARG128 5.32
3g -7.79 1.94 uM 1 ARG128 5.02
3h -6.47 18.04 uM 0 No -
3i -7.62 2.58 uM 1 ARG128 3.54
3j -6.75 11.27 uM 3 ARG128, ARG230 2.65,2.74,3.01
3k -7.67 2.39 uM 1 ARG128 2.59
3l -7.80 1.92 uM 1 ARG128 5.02
Reference -3.25 650.64 mM 4 LEU67, SER84, THR85, ARG128 3.17,2.84,2.73, 2.66
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Fig. 1. Interaction of compounds 3b, 3l at target protein 2XJA
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These results suggest that the electron-withdrawing groups
such as chlorine (-CI) and electron-donating groups, like
amino (-NHy), significantly enhance binding affinity to this
target. Moreover, compounds 3g and 3k have scores of
-7.79 and -7.67, respectively (Fig. 2). This indicates that sub-
stituents at para positions of the phenyl ring, particularly elec-
tron donating groups such as hydroxyl (-OH) and hetero-
cyclic substituents, also exhibit efficient binding to the target.
Other compounds such as compounds 3a and 3i, also demons-
trate good binding with scores of -7.50 and -7.67, respect-
ively (Fig. 3) with groups like conjugated double bond and
chlorine at meta position of phenyl ring exhibiting good
binding scores with the target. Compounds 3c and 3f show
the binding scores of -7.37 and -6.92 (Fig. 4) with phenyl ring
and thiophene rings as substituents shows efficient binding
scores. Other compounds 3e and 3j also shows similar scores
of -6.75 (Fig. 5) with (-N(CHs),) and the NO_ groups at meta
and para positions of phenyl ring is likely due to their ability
to form the hydrogen bonds or electrostatic interactions with the
target proteins, as demonstrated by compound 3j. At last,
compounds 3d and 3h show good binding scores of 6.72 and
6.47, respectively (Fig. 6) with (-OCH3) at meta position of
phenyl ring and furan ring as a substituent.

Anti-TB activity assessed by Alamar blue assay: On
Lowenstein Jensen (LJ) medium the growth was suspended
in the sterilized Middle brook 7H9 broth media, supplemen-
ted with glycerol (0.2%) and OADC-oleate-albumin-dextrose
catalase (10%) enrichment. A dilution of 1:20 of this suspen-
sion was utilized as the inoculum for this method. The entire
process was performed in the suitable safety hoods. Then 200
pL of sterile deionized water was added to minimize medium
evaporation during incubation, to the outer perimeter wells of
a sterile 96-well plate and compound serial dilutions were
made directly on the plate and each well of the plate received
100 pL of the Middlebrook 7H9 broth. Then the final concen-
trations of the drug tested were 25, 12.5, 6.25, 3.125, 1.56 and
0.78 ug/ml. The plates were covered and then sealed with
parafilm and incubated for five days at 37 °C and to the each
well 25 pl 1:1 mixture of alamar blue reagent and 10% of
Tween 80. Later the plates were further incubated for 24 h
more shows the signified blue well indicating no growth of
bacteria, whereas the pink well scored as indication of bact-
erial growth. And the minimum inhibitory concentration was
defined as the lowest concentration of the drug that prevents
the colour change from blue to pink.

Halogen-substituted derivatives were analyzed, revealing
that the meta-chloro derivative (3b) exhibited higher potency
(ICso = 1.31 uM) compared to the para-chloro derivative (3i),
which had an 1Csp of 2.58 uM. Compounds 3g and 31 showed
strong antitubercular activity with the 1Cso values of 1.94 and
1.92 uM. Hydroxy substituted compound 3k (2-OH) demon-
strated an ICso of 2.39 uM. The high activity of these comp-
ounds is due to the ability of hydroxyl groups to form the
hydrogen bonds with target. In contrast, the methoxy deriv-
ative (3d) displayed an 1Cs of 11.84 uM, while the dimethyI-
amino derivatives had an 1Csp of 11.37 uM. The least active
nitro derivatives were 3j and 3h, with the ICso values of 11.27
uM and 18.04 uM. According to the structure-activity relation-

ship (SAR) analysis, substances with certain substitutions
such as chloro (-CI), amino (-NHy) and meta-methoxy (-OCHs)
groups, consistently displayed strong antitubercular activity
along with favourable selectivity. Furthermore, compounds 3i
(ICs0 = 2.58 uM), 3a (ICsp = 3.19 puM), 3¢ (ICsp = 3.94 uM),
3f (ICso = 8.53 uM) and 3h (ICsp = 11.84 uM) were parti-
cularly effective against tubercular cells while demonstrating
binding affinity to target proteins.

Conclusion

A series of novel bischalcone hybrids were synthesized
by reacting benzaldehyde derivatives with methyl cyclohexa-
none in the presence of ethanol as solvent and NaOH used as
base. The reaction was carried out with continuous stirring for
18 to 48 h. The resulting products were recrystallized using
ethanol. The targeted derivatives were analyzed using spec-
troscopic techniques like, *H NMR, *C NMR and mass and
infrared spectroscopy. The outcomes were compared to a
reference standard, rifampicin. All substances demonstrated
significant anti-tubercular effects. The structure-activity rela-
tionship (SAR) elucidation indicated that the position of the
substituents and their electron-donating or withdrawing prop-
erties play a crucial role in determining antitubercular activity.
Notably, compounds 3a, 3b, 3f, 3g and 3h exhibited stronger
activity against M. tuberculosis. and the molecular docking
studies were performed against the target Mur E receptor pro-
tein. Further research on their structural and molecular aspects
is needed to better understand the specific way in which the
compounds work and to develop these compounds as poten-
tial leads for the treatment of tuberculosis.
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