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Abstract

The present work describes the unrevealed potential of tetrahydropyridines as anti-
cancer and anti-tubercular agents along with DFT, ADMET, drug-likeliness and
molecular docking studies synthesized by using Bronsted acidic ionic liquid viz.
1-methyl-3-(4-sulfobutyl)-1H-imidazol-3-ium chloride [MSbIM-CI]. The synthe-
sized derivatives have been screened for their anticancer and anti-tubercular evalu-
ation against MCF-7 cell lines and Mycobacterium tuberculosis respectively. The
compound 4e showed the highest anticancer activity while the compound 4h showed
the highest anti-tubercular activity. The in vitro evaluation has been supported by
computational methods such as molecular docking, density functional study and in
silico ADMET and drug-likeliness prediction.
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Introduction

Nitrogen containing heterocyclic compounds plays a vital role in a variety of bio-
molecules like DNA, RNA, hemoglobin, chlorophyll, vitamins, hormones, amino
acids and natural products such as morphine, reserpine, codeine and many more
[1-5]. Moreover, N-heterocycles have been utilized to produce drugs, agrochemi-
cals, polymers, dyes and other functional substances [6—12]. In recent years, organic
chemists and researchers are found to be interested in synthesis of numerous nitro-
gen heterocycles as they possess wide range of biological and pharmacological
activities [13—18]. Hence the given significance response of N-containing heterocy-
cles as drug molecules in the field of medicinal chemistry, synthesis of newer com-
pounds and modification of existing molecules for better leads found to be a crucial
fact in drug discovery [19-23].

During last two decades, organic chemists have been working on sustainable and
eco-friendly approaches for the synthesis of heterocyclic compounds [24, 25]. This
is prompted by certain disadvantages of the traditional methods like prolonged heat-
ing, use of organic solvents and employment of toxic catalysts, among others [26,
27]. So looking towards these facts, an ecofriendly methodology of use of ionic lig-
uids (ILs), in the perspective of green chemistry principles, has gained vital atten-
tion of researchers [28-33]. They have been used in organic synthesis, catalysis,
electrochemistry, material chemistry, organic synthesis, pretreatment of biomass,
separation and analysis [34, 35]. Ionic liquids (ILs) possess unique chemical and
physical properties such as thermal stability, non-inflammability, controlled misci-
bility, low vapor pressure and non-volatility [36, 37]. Furthermore, owing to their
high polarity and ability to enhance the rate of reaction, they find extensive use in
the synthetic organic chemistry [38—40].

Multi-component reactions (MCRs) have emerged as powerful tool in synthetic
organic chemistry because of their ability to generate complex molecules in one step
with multiple reactants. Additionaly, multi-component tandem reactions provide an
easy way to produce desired compounds in two or more steps without extracting
the intermediate products. These reactions offer several advantages including waste
minimization, absence of side products, minimal reactions times and product purity
[41-44].

Naturally occurring alkaloids and related products feature tetrahydropyridine as
a basic skeleton [45, 46]. Tetrahydropyridine derivatives exhibit diverse biological
activities and therapeutic importance. They have been reported as antimalarial [47],
anti-inflammatory [48, 49], anti-hypertensive [50], antibacterial [51], and anticon-
vulsant [52] etc. So, they are useful in synthetic as well as medicinal fields. The
synthesis of tetrahydropyridine derivatives have been achieved by employing vari-
ety of catalysts like p-toluene sulfonic acid monohydrate [53], TMSI [54], ruthe-
nium chloride [55], acetic acid [56], tartaric acid [57], citric acid [58], sulfated
titania [59], tetrabutylammonium dibromide (TBATB) [60], polystyrene-supported
sulfonic acid [61] and many more. However, several of these synthetic approaches
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suffer from drawbacks such as long reaction times, high temperatures, use of hazard-
ous solvents, tedious time consuming procedure with low yield of products and high
amount of catalysts.

So, under the aspect of green chemistry principles, we synthesized functional-
ized tetrahydropyridine derivatives using Bronsted acidic ionic liquid as an ecof-
riendly catalyst in a one-pot multi-component reaction of ethyl acetoacetate, aro-
matic amines and aromatic aldehydes. This reaction facilitated the formation of five
new carbon—carbon bonds. Additionally, we studied the efficacy of the synthesized
derivatives against MCF-7 cell lines and Mycobacterium tuberculosis through in-
vitro testing of samples. For the first time, the activities of the compounds were sup-
ported by molecular docking, DFT, and ADMET prediction alongwith drug-likeli-
ness studies.

Experimental
Materials and methods
General information

The research grade chemicals were obtained from Aldrich and Spectrochem and
used as received. Melting points were determined in open capillaries and were
uncorrected. The 'H and '3C NMR spectra were recorded on Bruker spectrometer at
400 and 75 MHz, respectively, using tetramethylsilane (TMS) as an internal stand-
ard and CDCl; as solvent. The FT-IR spectra v in cm~! (KBr) were recorded on
Bruker Alpha FT-IR Spectrometer.

Preparation of ionic liquid as catalyst

The preparation of ionic liquid was carried out as reported in earlier method with
slight modification (Scheme 1) [62]. An equimolar quantity of 1-methylimidazole
(10 mmol) and butane-1,4-sultone (10 mmol) was charged into 100 ml round bot-
tle flask containing 50 ml dry acetone at room temperature. Then the reaction mix-
ture was refluxed at 80 °C for 12 h to get zwitterion. Then stoichiometric amount
of concentrated HCI (10 mmol) was added dropwise at O °C and the resulting reac-
tion mixture was again stirred at room temperature for 24 h to get highly viscous
light brown ionic liquid. It was repeatedly washed with acetone and diethyl ether to
remove organic impurities. Finally, it was dried in hot air oven for 16 h to get pure
ionic liquid.

General procedure for the one pot multicomponent synthesis of tetrahydropyridine
derivatives (4a-h)

A mixture of ethyl acetoacetate (1) (1 mmol), substituted aromatic amines (2a—d)
(2 mmol), and ionic liquid (IL) 15 mol% in 3 mL ethanol was stirred for one hour
at room temperature. Then substituted aldehydes (3a—d) (2 mmol) was added to
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1-methyl-3-(4-sulfobutyl)-1H-imidazol-3-ium chloride

Scheme 1 Synthesis of ionic liquid catalyst

the above mixture and the reaction mixture then refluxed at 80 °C for 3.5 to 6 h
(Scheme 2). After completion of reaction (as indicated by TLC), the reaction mix-
ture was cooled to room temperature and the product formed was filtered at suction,
dried and recrystallized from hot ethanol to get pure compound without the use of
any column chromatography.

Spectroscopic data of representative compound 4a.

Ethyl-1-(4-methoxyphenyl)-4-((4-methoxyphenyl)amino)-2,6-diphenyl-
1,2,5,6-tetrahydropyridine-3-carboxylate

White Solid, M.P. 170-172 °C, Yield 93%; FT-IR v,,, cm™' (KBr): 3235.81,
3055.90, 2998.34, 2948.23, 2901.85, 2830.11, 1645.59, 1591.90, 1508.09, 1449.77,
1235.51, 1175.50, 1069.72, 1036.34, 958.90, 941.97, 914.00, 845.58, 750.72; 'H
NMR (CDCl;, 400 MHz): 6 (ppm) 10.147 (br s, 1H, NH), 7.341-7.266 (m, 6H,
ArH), 7.228-7.177 (m, 3H, ArH), 6.681-6.605 (dq, 4H, /=124 & 9.2 Hz, ArH),
6.465-6.442 (d, 2H, J=9.2 Hz, ArH), 6.356 (s, 1H, CH-2), 6.213-6.192 (d, 2H,
J=8.4 Hz, ArH), 5.066-5.059 (d, 1H, J=2.8 Hz, CH-6), 4.468-4.423 (dd, 1H,

Bronsted acidic ionic liquid (15 mol %)

o H
+ NH, Ethanol, reflux, 80 °C, 3.5-6 hrs
1N 2 - R
2 R— 2 R— indicates new bonds formed
=
2 (a-d) 3 (a-d)
1_ 2 _

R —-H,-4CH3, -4Cl, -4OCH3 R™=-H, -4CH,, —4C|,—4OCH3 4(a-h)

Scheme 2 Synthesis of tetrahydropyridine derivatives
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J=7.2 & 3.6 Hz, OCH,CH,), 4.336-4.292 (dd, 1H, J=6.8 & 4.0 Hz, OCH,CH,),
3.750 (s, 3H, ArOCH;), 3.667 (s, 3H, ArOCH,), 2.826-2.774 (dd, 1H, J=9.6 &
5.6 Hz, CH,-5), 2.671-2.627 (dd, 1H, J=12.8 & 2.4 Hz, CH,-5), 1.470-1.435 (t,
3H, J=7.2 Hz, OCH,CH,); '*C NMR (CDCl,, 75 MHz): & (ppm) 168.33, 157.75,
156.84, 150.86, 144.35, 143.26, 141.56, 130.71, 128.61, 128.14, 127.87, 127.09,
126.80, 126.53, 126.20, 114.48, 114.05, 113.93, 97.20, 59.52, 58.29, 55.63, 55.38,
33.61, 14.81; LC-MS (ESI): m/z 503.35 (M+H™).

Biological activities
Anticancer activity

The anticancer activity studies have been performed against human breast cancer
cell lines (MCF7) procured from NCCS, Pune, India. The cells were maintained in
Dulbecco’s Modified Eagle Media (DMEM) with low glucose (Cat. No. -11965-
092, Gibco, Invitrogen) supplemented with Antimycotic 100 X solution (Cat. No.
— 15240062, Thermofisher Scientific) and Fetal bovine serum (FBS) (Cat. No.
-10270106, Gibco, Invitrogen). The cells were seeded in a 96-well flat-bottom
microplate and maintained at 37 °C in 95% humidity and 5% CO, overnight [63,
64].

Anti-tubercular activity

The anti-tubercular activity of compounds has screened against Mycobacterium
tuberculosis (vaccine strain, Hy;Ry, ATCC No. — 27294, density—3 X 10° CFU/
ml, state—Iliquid suspension). Microplate Alamar Blue assay (MABA) method
have used to test the anti-tubercular activities [65, 66]. 200 pl of sterile deion-
ized water was added to all outer perimeter wells of sterile 96 wells plate to
minimized evaporation of medium in the test wells during incubation. The 96
wells plate received 100 pl of the Middlebrook 7H9 broth and serial dilution of
compounds were made directly on plate. The final drug concentrations tested
were 100-0.8 pg/ml. Plates were covered and sealed with parafilm and incu-
bated at 37 °C for five days. After this time, 25 pl of freshly prepared 1:1 mix-
ture of Almar Blue reagent and 10% tween 80 was added to the plate and incu-
bated for 24 h. A blue color in the well was interpreted as no bacterial growth,
and pink color was scored as growth. The MIC was defined as lowest drug con-
centration which prevented the color change from blue to pink.
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Computational methods
Ligand library preparation

The chemical structures synthesized tetrahydropyridines (4a—4h) were designed
and drawn using ACD/ChemSketch software [67]. Using BIOVIA Discovery Stu-
dio, hydrogen atoms were added to the designed structures [68]. The energy mini-
mization (EM) of protonated ligands were performed using the MMFF94 force field
with steepest descent algorithm. The resulting optimized ligand structures were then
converted into pdbqt files compatible with AutoDock vina, utilizing the OpenBabel
plugin of PyRx 0.8 [69, 70]. A prepared ligand library containing designed com-
pounds were used for further in silico study.

Theoretical drug-likeness and ADME(T) prediction

The drug-likeness and theoretical pharmacokinetic properties of the synthesized
tetrahydropyridines (4a—4h) was assessed via the SwissADME and pkCSM servers
[71,72].

Density functional theory (DFT) study

DFT method was used to determine frontier molecular orbitals (FMO) along with
chemical, and global reactivity descriptors of synthesized tetrahydropyridines
(4a—4h). Previously described methodologies and other experimental particulars
were followed to conducting the DFT calculations [73-75]. ORCA 4.2.1 program
was utilized with employing B3LYP functional and def2-SVP basis set [76]. Input
file preparation and output file interpretation were facilitated using Orca-enhanced
Avogadro software [77]. Chemical reactivity descriptors were calculated following
the equations of Koopmans’ theory [78-80].

Molecular docking study
Protein preparation

Previously reported 3D crystal structures of CDK2 (PDB 6GUE) having 1.99 A
resolution and M. tuberculosis DprE1 (PDB 4FDO) having 2.29 A resolution was
selected from literature and retrieved from the RCSB Protein data bank [81]. The
retrieved protein structure was then subjected for preparation and structures was
cleaned by removing water molecules and hetero atoms [82]. The ionization and
tautomeric states of amino acids from cleaned protein structure corrected by proto-
nating with polar hydrogen atoms. Protein preparation protocol was executed using
BIOVIA Discovery Studio software.
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Docking

Docking study was done by utilizing the AutoDock Vina module of PyRx 0.8 [83,
84]. Initially, the prepared protein structure (PDB: 4FDO and PDB: 6GUE) was
imported and subjected to EM with converting as AutoDock macromolecule. The
energy-minimized protein and ligand structures were selected in AutoDock vina
module and docking study was performed [85]. A maximized grid box was selected
in the Vina workspace to cover the entire protein structures and exhaustiveness was
set at eight [86, 87]. In order to identify the optimal conformation of docked ligands,
the pose with the highest negative binding affinity was chosen and saved for fur-
ther analysis. Subsequently, binding interactions of this saved pose were visualized
through the BIOVIA Discovery Studio [88].

Results and discussion
Chemistry

The tetrahydropyridine derivatives (4a—4h) were obtained by one-pot multicompo-
nent reaction of one mole of ethyl acetoacetate, two moles of substituted aromatic
amines, and two moles of substituted benzaldehydes in presence of Bronsted acidic
ionic liquid [MSbIM][CI] as catalyst. Initially, we performed a reaction without cat-
alyst with two moles of 4-methoxy aniline with one mole of ethyl acetoacetate and
two moles of 4-methyl benzaldehyde in ethanol as solvent at room temperature. It
was found that no desired product formation even after 24 h of time (Table 1, entry

Table 1 Optimization of

. o . Entry Catalyst Temperature  Time (hr) Yield(%)b

rejactlon conditions by using (mol%) ©C)

different amounts of catalyst®
1 - rt 24 NR°
2 5 rt 24 67
3 10 rt 24 76
4 15 rt 24 78
5 30 rt 12 71
6 70 5 83
7 80 5 91
8 100 5 91
9 10 80 35 93
10 15 80 35 96
11 30 80 35 96

#Reaction conditions: ethyl acetoacetate (1 mmol), 4-methoxyaniline
(2 mmol), 4-methylbenzaldehyde (2 mmol), IL (15 mol%), 3 mL
ethanol, reflux at 80 °C

bIsolated yields

“No reaction
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Table 2 Effect of solvent on the

- Entry Solvent Time (hr) Yield (%)b
reaction
1 Ethanol 3.5 96
2 Methanol 3.5 92
3 Acetonitrile 3.5 67
4 DMF 3.5 65
5 CH,Cl, 3.5 60
6 THF 3.5 72
7 Water 3.5 32,41¢

*Reaction conditions: ethyl acetoacetate (1 mmol), 4-methoxyaniline
(2 mmol), 4-methylbenzaldehyde (2 mmol), IL (15 mol%), reflux at
80 °C

"Tsolated yields

“Reaction carried out at 110 °C

1). But, when the same reaction was performed in the presence of IL catalyst, we
get the product with 67% yield (Table 1, entry 2). With this promising result, we
next investigated the effect of amount of catalyst at different temperatures (Table 1,
entries 3—11) in presence of ethanol as solvent. The best results were obtained when
the reaction carried out at 80 °C temperature using 15 mol% of IL catalyst (Table 1,
entry 10).

The solvent plays a very important role in transforming reactants into the prod-
ucts. So, we investigated effect of solvent on the reaction using different solvents
such as ethanol, methanol, acetonitrile, DMF, CH,Cl,, THF and water (Table 2,
entries 1-5). The excellent result was obtained in ethanol solvent than other.
When we used the water as solvent, the yield was very poor due to insolubility of
the reactants.

After optimization study, the standard conditions were applied with differ-
ent substituted aromatic amines and substituted benzaldehydes to furnish in to
tetrahydropyridines derivatives (Table 3). The highest yield has been obtained
for aromatic amine carrying electron donating group like 4-methoxy aniline,
4-methyl aniline and reactive benzaldehydes such as halo substituted benzalde-
hydes. This is because, electron donating group stabilize the imine intermediate
formed by the reaction of ethyl acetoacetate and amine in the transition state.
Both the electron donating and withdrawing groups on benzaldehyde tolerated
the reaction and produced expected compounds.

All the synthesized compounds were confirmed by spectral analysis such
as IR, '"H NMR and '3C NMR. In the IR spectrum of compound 4d, a band at
3246.46 cm™! represents presence of NH (bonded) group. Then bands appeared
at 1652.44 and 1597.36 cm™! confirms the presence of «, p-unsaturated carbonyl
group. In the '"H NMR spectra of compound 4d, triplet (J=7.2 Hz) at & 1.44 ppm
is due to —-CH; group of -OCH,CHj;. The two singlets at 6 2.32 and 6 2.35 ppm
represents two methyl groups on aldehyde benzene rings. Further, the dd sig-
nal at & 2.61-2.66 ppm and multiplet at 4.27-4.45 ppm confirms the presence
of four diastereotopic protons present at position C-6 and ethyl group of ethyl
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Table 3 Physical properties of synthesized compounds (4a—4h)*

Compound Product M. P. (Lit.) (°C) Time (hr) Yield (%)°
4a | 170-172 (172-174) [89] 35 93
XN Yo
(PRK111)
4b 169-171 (170-171) [90] 4.5 90
4c J 229-230 (230-231) [89] 5.5 91
XN Yo
X O N
(PRK111/2)
4d 219-221 (217-219) [89] 35 96
/()
(PRK112)
4e \ 187-189 (186-188) [89] 4.5 94

S\

NH
NS
o

¢ """ .,

(PRK113)
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Table 3 (continued)
Compound Product M. P. (Lit.) (°C) Time (hr) Yield (%)°

242-244 4.5 93
(240-241) [89]

4f

(PRK117)
4g 218-219 6.0 90
(219-220) [91]
4h 181-183 6.0 91

(180-182) [91]

(PRK122)

#Reaction conditions: ethyl acetoacetate (1 mmol), aniline derivative (2 mmol), benzaldehyde derivative
(2 mmol), IL (15 mol%), 3 mL ethanol, reflux at 80 °C

"Tsolated yields

acetoacetate. The doublet at § 5.02 ppm (J=2.8 Hz) represent single proton at
C-5, and singlet at & 6.29 ppm represents single de-shielded proton at C-2. A
multiplet appears between 6 6.21 and & 7.26 ppm is corresponding to aromatic
protons. A broad singlet at 8 10.14 represents the highly de-shielded NH protons
due to H-bonding via cyclic six membered ring with carbonyl oxygen of ester
group. The appearance of peaks in '3C NMR of 4d compound at & 14.7, 33.5,
55.0, 58.2, 59.6, 98.2, 112.9, 116.1, 125.6, 125.7, 123.2, 126.3, 127.0, 128.1,
128.3, 128.5, 128.7, 137.8, 142.7, 144.0, 146.9, 156.0, 168.2 ppm supports the
formation of compound (Fig. 1). All the other prepared derivatives have shown
characteristic peaks in IR, 'H and '*C spectra which are in good agreement with
the proposed structures and also with the literature data. (The analytical data have
been provided in supplementary file).
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Fig. 1 Detailed structure param-
eters of compound 4d

=R
f, %
¢ .Cl
I\Nl [
H : H
_O

Table 4 Comparison of the various methods used for the synthesis of tetrahydropyridine derivatives (4a—
4h)

Entry Catalyst (mol%) Reaction condition Time in hrs Yield (%) Reference
1 L-proline nitrate (10) Methanol, RT 8-14 63-90 [92]
2 BF;-SiO, (15) Methanol, 65 °C 5-9 31-92 [93]
3 TBBDA Ethanol, RT 7-20 68-90 [94]
4 [Hpyro][HSO,] (15) Ethanol, reflux 8-14 33-82 [95]
5 EDDF (25) Ethanol, reflux 5.5-10 47-90 [96]
6 5-SSA (20) Methanol, RT 4-12 28-93 [97]
7 [MSbIM-CI] (15) Ethanol, 80 °C 3.5-6 90-96 This work

RT room temperature

To check the efficacy of our IL catalyst, we compared the present reaction condi-
tions with earlier reported methods for the synthesis of tetrahydropyridine derivatives
(Table 4). This comparison study reveals that our catalyst has some advantages over the
other reported methods such as less reaction time with high yields of the products.

Biological activities
In-vitro anticancer activity

The synthesized derivatives of tetrahydropyridine were screened against human breast
cancer cell line (MCF-7) by using 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay (Table 5). The cultured cells were treated with different concen-
trations (100, 50, 25, 12.5, 6.25, and 3.125 pg/ml) of samples and incubated for 48 h.
The wells were washed twice with PBS and 20 pL of the MTT staining solution was
added to each well and the plate was incubated at 37 °C. After 4 h, 100 uL of DMSO
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Table 5 Cell viability at

C d Cell viability (100 ug/ml) IC /ml
100 ug/ml and ICs, values for ompout cll viability (100 pg/ml) 50 (g/ml)
synthesized tetrahydropyridine 4a 1776 45.08
derivatives (4a—4h) ’ ’

4b 20.34 44.65

4c 21.49 48.34

4d 19.23 46.48

4e 11.77 34.19

4f 18.31 40.71

4g 23.7 52.65

4h 17.85 47.71

Standard* 11.56 1.77

*Doxorubicin, negative control =100 pg/ml

was added to each well to dissolve the formazan crystals, and absorbance was recorded
with a 570 nm using microplate reader. Then, the cytotoxicity of samples was deter-
mined by using following relation,

Surviving cells(%) = Mean OD of test compound/Mean OD of Negative control X 100

Cell viability data of all the synthesized compound (4a—4h) showed potent anti-
cancer activities against the MCF7 cell line at the concentration of 100 pug/ml in
comparison with the standard drug Doxorubicin (Fig. 2). The activity decreases as
the concentration of synthesized compounds decreases. The compound 4e showed
the highest activity amongst other tetrahydropyridine derivatives (Fig. 3).

30

28 |—&— Cell viability at 100 pg/ml
26 -

24 4 &

22

20 0/‘\’
184 ./ 4 o
164
14
12
104

84

Cell viability

4a 4b 4c 4d 4e 4f 4g 4h Std*
Compound

Fig.2 Cell viability of synthesized compounds at 100 pug/ml, Std* =Doxorubicin
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80
70 ’—0— IC,, (ng/ml)

60 4

40 ¢
"

30 4

IC,, (ng/ml)

204
10 -

04

4a 4b 4c 4d 4e 4f 4g 4h Std*
Compound

Fig.3 ICs values of synthesized compounds, Std* =Doxorubicin

In-vitro anti-tubercular activity

The antitubercular activities of all the synthesized compounds were assessed against
Mycobacterium tuberculosis using microplate alamar blue assay (MABA). This

methodology is nontoxic, uses thermally stable reagent, and shows good correlation
with proportional and BACTEC radiometric method. The compounds 4a—4h series

Table 6 Anti-tubercular activities against Mycobacterium tuberculosis

Com- 100 pg/ml 50 pg/ml 25 ug/ml 12.5pg/ 6.25pg/ 3.12pg/ 1.6 ug/ml 0.8 pg/ml

pound ml ml ml

4a S R R R R R R R

4b S S S R R R R R

4c N R R R R R R R

4d S S S R R R R R

4e S S R R R R R R

4f S S R R R R R R

4g S S R R R R R R

4h S S S S R R R R

isoniazid S S S S S S S R

ethambu- S S S S S S S R
tol

pyrazina- S S S S S R R
mide

rifampicin S S

streptomy- S S

cim

S sensitive, R resistant
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were screened for antimycobacterial activity against Mycobacterium tuberculosis
(ATCC-27294) at concentrations of 100-0.8 pg/ml by using standard drugs such as
isoniazid, ethambutol, pyrazinamide, rifampicin, streptomycin (Table 6).

The results confirmed that all compounds (4a—4h) illustrate activity at concen-
trations of 50 and 100 pg/ml except compound 4a and 4c. The compounds 4b, 4d
and 4h showed effective activity at concentration of 25 ug/ml. The only compound
4h showed the effective activity at concentration of 12.5 pg/ml. All the compounds
were found to be inactive at concentration of 6.25-0.8 pg/ml.

Computational methods
Theoretical drug-likeness and ADME(T) prediction

In current study, drug-likeness assessment of synthesized tetrahydropyridine deriv-
atives (4a—4h) was conducted by evaluating their physicochemical properties and
applying Lipinski’s rule of five (Ro5) and Veber’s rule. The calculated physico-
chemical properties and drug-likeness prediction was represented in Table 7. Lipins-
ki’s Ro5 based on empirical data, suggests that compounds with a molecular weight
<500 Daltons, logP values less than 5, fewer than 5 hydrogen bond donors, and
total polar surface area (TPSA) under 140 A are more likely to be orally bioavailable
and promising drug candidates [98—100]. On the other hand Veber’s rule focuses
on compound flexibility and restricts the number of rotatable bonds to 10 [101]. All
compounds explored in the study met criteria of Veber’s rule. The fewer rotatable
bonds in these compounds align with the concept that compounds with limited flex-
ibility tend to exhibit improved pharmacokinetics and potential as drug candidates.
However, the Lipinski’s Ro5 resulted in negative outcomes for the majority of the
synthesized tetrahydropyridine derivatives, with the exception of compound 4h.
Although the compounds failed to satisfy Lipinski’s Ro5, various recent research
has demonstrated that several modern drugs not adhering to traditional Ro5 guide-
lines can still exhibit favorable pharmacokinetics and therapeutic properties.

Table 7 Drug-likeness property prediction of synthesized tetrahydropyridine derivaitves (4a—4h)
Compound MW (g/mol) mLogP HBA HBD MR TPSA nRot Lipinski’s Veber’s rule

rule (Ro5)
4a 562.7 4.56 4 1 171.84 60.03 10 - +
4b 502.65 5.31 2 1 158.86 41.57 8 - +
4c 603.53 5.1 4 1 171.93 60.03 10 - +
4d 534.64 4.2 4 1 16191 60.03 10 — +
4e 571.54 6.2 2 1 168.88 41.57 8 - +
4f 571.54 6.2 2 1 168.88 41.57 8 — +
4g 603.53 5.1 4 1 17193 60.03 10 — +
4h 474.59 4.94 2 1 14892 41.57 8 + +

MW molecular weight; mLogP lipophilicity; HBA hydrogen bond acceptor, HBD hydrogen bond donor,
MR molar refractivity, TPSA topological polar surface area, nRot number of rotatable bonds
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The performed in silico ADMET study on the synthesized tetrahydropyridine
derivatives (4a—4h) provided valuable insights into their pharmacokinetic and safety
attributes. pkCSM was utilized for the prediction of pharmacokinetic (ADMET)
properties [72]. Predicted properties are pivotal for determining their potential as
drug candidates. Predicted ADMET values are detailed in Table 8. Assessment of
human intestinal absorption indicted favorable results, with absorption rates exceed-
ing 90% for most synthesized derivatives, except for compounds 4f and 4g. This pre-
diction of human intestinal absorption suggests that these compounds may exhibit
robust oral bioavailability. The evaluation of volume of distribution (VDss) indi-
cated acceptable values with logVDss exceeding —0.15 for all compounds, except
compounds 4f and 4g. These findings of VDss indicates reasonable distribution of
these compounds within the body. In the case of assessment of blood—brain barrier
(BBB) permeability, it is worth noting that a logBB greater than 0.3 suggests that a
compound may easily cross the BBB. While a logBB lower than — 1 indicates lim-
ited distribution of compounds to the brain. In this case, the predicted logBB values
of synthesized compounds suggested restricted brain distribution as they exhibited
logBB values below —1. Additionally, central nervous system (CNS) permeabil-
ity (logPS) predictions suggested that synthesized compounds do not possess the
ability to permeate the CNS. Metabolism profiling of the synthesized compounds
was found to be satisfactory with all the compounds showing CYP3A4 substrate
characteristics. Excretion profile of synthesized compounds fell within acceptable
ranges supporting their candidacy as drug candidates. Importantly, all the com-
pounds, except for 4b and 4c, exhibited a favorable in silico toxicity profile suggest-
ing an absence of AMES toxicity and mutagenic properties. These findings provide
confidence in the safety aspects of the synthesized tetrahydropyridine derivatives
(4a—4h). The results of the in silico ADMET and drug-likeness assessments offered
a basis for the understanding of the pharmacokinetic characteristics, safety profiles,
and potential for optimization of tetrahydropyridine derivatives (4a—4h). While cer-
tain variations and inhibitory properties were observed. Results of this study encour-
age further investigations and refinement of these compounds.

DFT study

The tetrahydropyridine derivatives (4a—4h) underwent a DFT investigation to deter-
mine their frontier molecular orbitals (FMOs) and establish a correlation with the
binding interactions identified in the docking study. According to the FMO theory,
the bioactivity of small molecules exhibits an association with the energy levels of
their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) [102, 103]. FMO theory further suggests that chemical reactions
require electron interactions between the HOMO of one compound and the LUMO
of another compound. HOMOs serve as sources for electron donation, on the other
hand LUMGOs act as electron acceptors in these reaction processes [104]. This elec-
tron transfer mechanism is a fundamental aspect of understanding chemical reac-
tivity. FMO exerts pivotal role in pharmacological characterization and contribute
valuable insights into the mechanisms of biochemical interactions. The computa-
tion of quantum chemical parameters was undertaken to elucidate the reactivity and
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stability of the synthesized tetrahydropyridine derivatives [105]. These parameters
encompass properties such as molecular orbital energies and global chemical reac-
tivity descriptors. Additionally, understanding these quantum properties aids in pre-
dicting how these compounds may interact with specific biological targets.

In accordance with findings from study of Rochlani et al., a compound displaying
an elevated value for the HOMO-LUMO energy gap (HLG) manifests a less reac-
tive disposition [73, 106]. On the other hand, a narrower HLG signifies high reactiv-
ity which may related with a greater likelihood of enhanced biological activity for
the compound. This insight bring into line with the principle that a smaller HLG
facilitates electron transfer processes, which are important to chemical reactivity
and biological interactions. The HLG served as a crucial determinant in assessing
the reactivity and bioactivity potential of chemical compounds [73, 106, 107]. The
synthesized tetrahydropyridine derivatives (4a—4h) can be ranked in terms of their
chemical reactivity based on the HLG, as follows: 4a>4e>4d>4g>4c>4h>4b>
4f. Figure 4 illustrates the FMOs of these synthesized derivatives. Table 9 provides
the calculated global chemical reactivity descriptors and HOMO and LUMO energy
values for these compounds. The distribution of charge within a compound is crucial
for assessing both intramolecular and intermolecular interactions [108]. The dipole
moment (DM) serves as a key electronic parameter directly linked to the charge dis-
tribution in a compound [109]. It is utilized to estimate the intensity of intermo-
lecular interactions resulting from the non-uniform distribution of charges among
the atoms in the investigated compounds. Therefore, the DM values calculated via
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Fig.4 HOMO-LUMO and energy gap (HLG) of tetrahydropyridine derivaitves (4a—4h)
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theoretical methods hold significant importance. A high DM indicates a greater
degree of molecular polarity [108, 110]. The order of compounds, ranked from high
to low DM is as follows: 4h >4d > 4g > 4a > 4e > 4c > 4f > 4b. Compound 4h exhib-
ited the highest DM at 7.94 Debye, while compound 4b displayed the lowest.
Koopman’s theorem utilizes the ionization potential (IP) and electron affinity
(EA) of examined compounds to describe the ability of the HOMO and LUMO
to donate and accept electrons, respectively [103, 107, 111]. IP and EA associ-
ated with synthesized tetrahydropyridine derivaitves (4a—4h) can be calculated
as the negative of their energy of HOMO and LUMO values, respectively. The
IP values represented the energy needed to remove an electron from the valence
band (HOMO) [112]. Previously reported literatures suggests that compounds
with higher IP values exhibits greater chemical stability and inertness [113-115].
IP essentially refers to the minimum energy required to remove an electron from
a compound, linked with energy of HOMO [116]. On the other hand, EA refers
to the energy released by adding an electron to an atom or compound, associated
with LUMO [116]. The IP of these synthesized compounds can be ordered as
4f>4g > 4b > 4h > 4c > 4e > 4d > 4a. Notably, compound 4f registers the highest
IP, indicating a strong possibility for electron removal during chemical reactions,
with a value of 5.54 eV. In terms of EA, the hierarchy from high to low is 4g > 4e
>4h > 4f>4b > 4c>4a>4d. Compound 4g demonstrates the highest EA, with a
value of 0.97 eV. These diverse quantum chemical parameters provided valuable
insights into the reactivity and potential utility of the synthesized tetrahydropyri-
dine derivatives (4a—4h). Understanding IP and EA values of synthesized tetrahy-
dropyridine derivatives helped to determine electronegativity (x) and reflected
the ability of an atom or group of atoms to attract electrons towards itself. x
characterizes an ability of compounds to attract incoming electrons [116]. It is
associated with the chemical potential (p) having negative values and it signifies
stability of compounds. Similarly, chemical hardness (n) offers insights into their
reactivity [111, 113]. The highest obtained n value is 2.34 eV in 4f, diminish-
ing to 2.32 eV in 4b. The lowest hardness value, 2.20 eV, is observed in 4a and
4e. The descending order of n is 4f>4b > 4h >4c>4g>4d > 4a>4e. This order
correlates well with HLG, indicating that compounds with higher HLG values
are characterized as hard compounds with superior kinetic stability and reduced
reactivity. Such compounds resilience against electronic configuration changes.
The comprehensive outcomes of executed DFT calculations indicated that all
the synthesized tetrahydropyridine derivatives possess a notably good reactivity
towards chemical reactions. In the current investigation, HLG emerged as a piv-
otal gauge of determining molecular reactivity and kinetic stability. The observed
HLG signified a high degree of chemical reactivity essentially denoting the close
proximity of these energy levels. This proximate positioning suggests a minimal
energy input required for facilitating electron transitions between the HOMO
and LUMO orbitals, thereby promoting facile electron transfer during chemi-
cal reactions [117, 118]. However, it is crucial to acknowledge that the reduced
HOMO-LUMO gap is an indicative of high chemical reactivity and may inher-
ently have a reduced kinetic stability [119-121]. This is reflected in the ranking
of synthesized compounds according to their kinetic stability, which follows a
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decreasing order of 4a <4e <4d <4g <4c <4h <4b < 4f. This observation under-
scores the utility of the HOMO-LUMO gap as a predictive metric for evaluating
the reactivity patterns and kinetic stability of the synthesized tetrahydropyridine
derivatives (4a—4h). Consequently, this DFT study contributes valuable insights
into the stability and reactivity profiles of the above-mentioned tetrahydropyri-
dine derivatives (4a—4h).

Molecular docking study

The current investigation involved a docking study of synthesized tetrahydropyri-
dine derivatives (4a—4h) to evaluate binding interactions and affinity of respective
compounds towards two distinct molecular targets of cancer and tuberculosis, CDK2
(PDB 6GUE) and DprEl (PDB 4FDO). This approach mainly focused to elucidate
the potential anticancer and antitubercular properties of these compounds (4a—4h).
The resulting binding affinity and interactions of the docked compounds with CDK?2
(PDB 6GUE) and DprEl (PDB 4FDO) obtained via docking study are summa-
rized in Table 9. Regarding the anticancer potential against CDK2 (PDB 6GUE),

3D view of 4a-CDK2 (PDB 6GUE) 3D view of 4b-CDK2 (PDB 6GUE)

3D view of 4d-CDK2 (PDB 6GUE)

DI,
B

Fig.5 Binding interaction of the synthesized tetrahydropyridine derivaitves (4a—4h) with CDK2 (PDB
6GUE)
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all synthesized compounds (4a—4h) exhibited binding affinities within the range
of —9.5 to —10.2 kcal/mol. The 3D binding orientations of these compounds with
CDK2 (PDB 6GUE) are visually represented in Fig. 5.

Compound 4d demonstrated the most favorable binding affinity with CDK2
(PDB 6GUE) among the tested tetrahydropyridine derivatives with a binding affin-
ity of —10.2 kcal/mol. Notably, compound 4d engaged in several critical interac-
tions with the target protein. These interactions included a n-cation interaction with
Aspl45, a carbon-hydrogen bond with His84, a m-anion interaction with Lys89, an
attractive charge interaction with Asp86, and m-sigma type interactions with Ile10
and Leul34. Additionally, it exhibited hydrophobic interactions in the form of alkyl
and m-alkyl interactions with Vall8, Ala31, Alal44, Leu83, Phe82, Phe80, Tyrl5,
and Leul34.

Compound 4c¢ and 4e also displayed significant binding affinities of —10.1 kcal/
mol and — 10 kcal/mol, respectively. The binding interactions of compound 4c¢
included a w-cation interaction with Aspl45, a m-anion interaction with Lys89, an
attractive charged interaction with Asp86, and m-sigma bonding with Ilel0 and
Leul34. Furthermore, hydrophobic interactions were observed with Vall8, Ala31,
Alal44, Leu83, Phe82, Leul34, and Tyrl5. In the context of anticancer potential,
compound 4e exhibited remarkable cell viability and an IC, value in in vitro screen-
ing suggesting possibility of promising anticancer activity. This compound, akin to
4d and 4c, formed strong binding interactions with CDK2. The results underscore
the potential of these tetrahydropyridine derivatives as candidates for further optimi-
zation and exploration in anticancer agent development.

In the evaluation of the anti-tubercular potential of the synthesized compounds
against DprEl (PDB 4FDO), a range of binding affinities, spanning from —6.9
to —9.9 kcal/mol, was observed. The binding orientation of docked compounds
against DprE1 (PDB 4FDO) represented in Fig. 6. Compound 4b exerted highest
negative binding affinity of —9.9 kcal/mol and formed conventional hydrogen bond
with Tyr60, carbon-hydrogen bond with Gly321, IT-sulfur interaction formed with
Cys387, His132 showed Il-cation, Val365, Thr118, and Trp16 involved in formation
of I1-sigma, Arg58 and Leu363 involved in formation II-alkyl with compound 4b.

In an extension to the investigation, compound 4g demonstrated the second-high-
est negative binding affinity, amounting to —8.7 kcal/mol, when interacting with
the targeted DprEl (PDB 4FDO). Notably, compound 4g forged notable interac-
tions with specific amino acid residues, including Asp232, Phe362, Phe320, His315,
Met319, Pro316, Ala244, and Ile234, involving diverse interaction types such as
w-anion, n—r stacked, alkyl, and mw-alkyl interactions, as outlined in Table 10. These
findings illuminate the multifaceted binding interactions of compound 4g with the
DprEl protein, indicating a strong and versatile binding profile. The presence of
n-anion and m—x stacked interactions underscores the compound’s ability to form
crucial non-covalent bonds with the targeted protein. However, formation of alkyl
and z-alkyl interactions could contribute to the stability of the compound within the
binding site. The outcomes of the docking study unveiled promising results for all
the docked compounds when interacting with the structures of the targeted proteins,
CDK?2 (PDB 6GUE) and DprE1 (PDB 4FDO).
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3D view of 4a-DprE1 (PDB 4FDO) 3D view of 4b-DprE1 (PDB 4FDO)

3D view of 4d-DprE1 (PDB 4FDO)

Qggizh

Fig. 6 Binding interaction of the synthesized tetrahydropyridine derivaitves (4a—4h) with DprEl (PDB
4FDO)

Conclusion

In summary, we achieved an easy and efficient synthesis of highly functionalized
tetrahydroppyridine derivatives using Bronsted acidic ionic liquid. The compounds
were obtained in excellent yields without the aid of chromatographic purification.
Metal-free synthesis, easy workup, no harsh reaction conditions, less reaction time,
easily available starting materials are remarkable features in comparison with tradi-
tional methods. The compound 4e displayed the highest anticancer activity against
MCFT7 cell lines while the compound 4h displayed the highest anti-tubercular activ-
ity against mycobacterium tuberculosis. The docking study revealed that all the syn-
thesized derivatives have shown good interactions against CDK2 and DprE1 with
the binding energy ranges between — 10.2 to — 9.5 kcal/mol and — 9.9 to — 6.9 kcal/
mol respectively. DFT study gives valuable information about the stability and reac-
tivity of synthesized derivatives. Other studies such as in silico ADMET prediction
and drug-likeliness emphasize the synthesized derivatives would be modified for
further pharmacological studies thereby in search of potential lead compound.
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