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INTRODUCTION

Amides have splendid biological occurrences and remark-
able pharmacological competencies [1]. The eminent utility
of amides as medicinally active motifs can be inferred by their
invariable presence in diverse classes of therapeutics such as
immunosuppressants (microcolin A and B), anticancer agents
(dolstatin 15), antibiotics (althiomycin), antifeedants (ypaoamide)
[2] and in several emerging antibiotics against drug-resistant
strains such as avibactam, relebactam, zidebactam, enmetazo-
bactam, ANT 431, efc. [3]. In medicinal chemistry explorations
of around 66% of synthetic routes involve the formation of an
amide linkage [4]. Nicotinamide or niacinamide is a core compo-
nent of coenzymes vital in glycolysis and other cellular ener-
getic pathways [5,6]. Recent research interests reflect a shift
in the study of nicotinamide from an essential nutrient to an
effective therapeutic agent due to its versatile pharmaceutical
activities, biocompatibility, bioavailability and water solubility.
Diversified therapeutic efficacies are exhibited by nicotinamide
derivatives such as antimicrobial [7], anti-inflammatory [8],
DNA repairing [9], cytotoxic [10] and antioxidant [11]. In
addition, nicotinamide drugs have remarkable applications in
skin treatment approaches like acne, wrinkles, pigmentation,
skin aging and skin cancer, etc. [5,6].
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An acid-mediated one-pot synthesis of nicotinamide clubbed aliphatic carbo(x/thio)amides has been developed in conventional refluxing |
conditions as well as under microwave irradiations using dilute HCI as a catalyst. The microwave-assisted synthesis of nicotinamide analogs |
notably reduces the reaction times and provides considerably enhanced yields. The electronic structures of the synthesized hybrids have
been modeled using the DFT framework to ascertain various global reactivity indices. The promising antimicrobial and antioxidant efficacy |
of the title compounds has been explored through in vitro biological screening. The molecular docking studies of the title compounds |
against enoyl reductase from E. coli (PDB: 1C14) revealed a favourable binding propensity. The pharmacokinetics efficacy of the synthesized |
compounds was screened by ADMET predictions to ascertain their medicinal applications. |
|
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Ureas and thioureas are versatile organic compounds with
distinct biological occurrences and numerous applications in
industries, laboratories, corrosion inhibition, optics and therap-
eutic sciences [12]. Several urea/thiourea derivatives are known
to exhibit antimicrobial [13], CNS stimulant [ 14], antiviral [ 15],
antioxidant [16], anti-tuberculosis [17], antidiabetic [18] and
anticancer [19] capabilities. Carbamoylamides (RCONHCO-
NHR’) are bioactive urea derivatives and possess significant
pharmaceutical usage as urease inhibitors [20], antitumor agents
[21], anti-Parkinson’s drugs [22], S1P; agonists [23] and fungi-
cides [24], etc.

Synthesis of diverse heterocyclic analogs of carbamoyl
nicotinamides includes the reaction of nicotinoyl isocyanate
with diverse amines [25] as illustrated in Scheme-I. Nicotinoyl
isocyanate has been synthesized by a three-step reaction starting
from nicotinic acid using extremely hazardous and corrosive
reagents such as oxalyl chloride, thionyl chloride and phosgene.
Nicotinoyl isocyanate itself is an extremely unstable compound
imposing handling difficulties. In addition, the multistep synth-
esis is also associated with several other limitations such as the
use of organic solvents, longer reaction times and less reaction
yields.

The enduring privilege of carbamoyl motifs in medicinal
sciences prompted us to explore an alternate synthetic route
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Scheme-I: Classical method for the synthesis of carbamoyl nicotinamides

for carbamoyl nicotinamides. Amides have subjacent electro-
philicity due to resonance and require initial activation before
their condensations with other counterparts. The acid-catalyzed
condensation reactions of amides [26-28], prompted us to
explore the use of acid to facilitate the desired chemical trans-
formation. The acid-mediated direct one-pot integration of
nicotinamide with diverse aliphatic urea and thiourea scaffolds
is not previously explored in reported studies. An ever-increasing
prevalence of sustainable development has established green
chemistry as an imperative line of action to combat the chall-
enges of health risks and environmental degradation. Accom-
panying the core ideology of environment-benign progression,
green chemistry provides a plethora of advantages in chemical
synthesis in terms of operational simplicity, reaction time,
energy, yield and selectivity.

Microwave irradiation is one of the cleaner alternatives
in synthetic organic chemistry utilizing the non-conventional
and selective heating power of microwaves with uniform heat
distribution. The deliberate choice of water as a reaction medium
can significantly reduce the use of hazardous organic solvents.
The combination of microwave-assisted synthesis with green
aqueous conditions leads to operational simplicity, easy purifi-
cation, high yields and reduced reaction times [29].

Microbial infections have been encountered as a global
threat since ancient times. Although several natural and synthetic
remedies are accessible for microbial treatment, there is still
an unmet need for alternate drug findings due to the emergence
of antimicrobial resistance for the currently used drugs. There-
fore, developing more effective and selective therapeutics with
an excellent pharmacological profile is of utmost importance
in medicinal sciences. Several nicotinamide carbamoyl analogs
with diverse amide/thioamide counterparts are reported to
possess remarkable antimicrobial and antioxidant activities as
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shown in Fig. 1 [7,11,30,31]. Herein, a facile and environment-
benign one-step synthetic design for the synthesis of nicotinamide
clubbed aliphatic carbo(x/thio)amides under conventional reflux
and microwave irradiations is presented and also evaluated
their biological activities.

EXPERIMENTAL

For microwave irradiations, a CEM microwave synthesizer
was employed. Analytical thin-layer chromatography (TLC) was
used to examine the progress of reactions utilizing silica gel
G-coated glass plates. Thermo Scientific (Flash 2000) elemental
analyzer was used for CHN analysis. Nicolet iS50 FT-IR spectro-
meter was used for recording IR spectra of chemical compounds
using KBr pellets. Bruker Advance Neo 500 MHz spectrometer
was used to record proton and *C NMR spectra in deuterated
DMSO with TMS as a reference and XEVO G2-XS QTOF-Mass
spectrometer was used to record mass spectra.

Synthesis of N-carbamoyl/carbamothioylnicotinamides (3a-j)

Method-A (reflux): In 30 mL water, 1 mmol of urea/
thiourea was dissolved. The solution was acidified by addition
of 2mL of 0.01 N HCI and mechanically stirred for few minutes.
An equimolar amount of nicotinamide was added to the stirred
solution and refluxed on a water bath. The reaction was compl-
eted in 4-5 h as indicated by TLC (benzene:methanol/8:2).
The solid obtained by addition of crushed ice was separated
and recrystallized with ethanol to obtain N-carbamoyl/carb-
amothioylnicotinamides (3a-j).

Method-B (MWI): In 1 mL water, 1 mmol of urea/thiourea
was dissolved. The solution was acidified by addition of few
drops of 0.01 N HCI and mechanically stirred for few minutes.
An equimolar amount of nicotinamide was added to the stirred
solution and irradiated under MWT at 120 °C and 180 W. Within
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Fig. 1. Nicotinamide derivatives as efficient antimicrobials
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3-7 min, the reaction gets completed as indicated by TLC
(benzene:methanol/8:2). The solid obtained by addition of
crushed ice was separated and recrystallized with ethanol to
obtain N-carbamoyl/carbamothioylnicotinamides (3a-j).

The synthesis of N-carbamoyl/carbamothioyl derivatives
(3a-j) from nicotinamide and ureas/thioureas by water
refluxing or microwave-assisted methodology is depicted in
Scheme-II.
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3a:X=0,R=H
3b:X=0,R=CH;
3¢: X=0,R=C,Hs
3d: X =0, R = C4Hy
3e: X=0,R=CgHy;

3f:X=S,R=H
3g:X=S,R=CH;
3h: X =S,R=CH;
3i: X=S,R=C4Hy
3j: X=S,R=C¢H;

Scheme-II: Synthesis of nicotinamide derivative of urea/thioureas

N-(Carbamoyl)nicotinamide (3a): Colourless solid;
m.p.: 231-233 °C; yield (reflux/MWI): 81/93%; R; value: 0.33
(CeHe:MeOH/8:2); m.w.: 165; FT-IR (KBr, Vi, cm™): 3381
(s, N-H), 3074 (m, C-H,,), 1700, 1688 (s, C=0), 1574 (s, N-
Hiena), 1432 (s, C-N); 'TH NMR (500 MHz, DMSO): 8 9.06 (s,
1H, NH), 8.73 (s, 1H,y), 8.25 (d, / = 7.9Hz, 1H,,), 7.99 (d, J =
7.9Hz, 1H,,), 7.54 (dd, J = 7.8 and 6.15Hz, 1H,,), 5.53 (s, 2H,
NH,); *C NMR (500 MHz, DMSO): § 166.27 (Cy), 159.49 (C,),
151.70 (C,), 148.51 (C,), 135.13 (C.), 129.60 (Cy), 123.33 (Cy);
HR-MS (m/z): 165.2844 (38%), 149.0315, 121.3882 (100%),
106.8151, 79.4011, 78.4206, 59.4240, 51.4118, 44.3941;
Elemental analysis for C;H;N;O, calcd. (found) %: C, 50.91
(50.75); H, 4.27 (4.44); N, 25.44 (25.65).

N-(Methylcarbamoyl)nicotinamide (3b): Colourless
solid; m.p.: 207-208 °C; yield (reflux/MWI): 80/89%:; R, value:
0.31 (C¢He:MeOH/8:2); m.w.: 179; FT-IR (KB, Viay, cm):
3362 (s, N-H), 3028 (m, C-H,,), 1716, 1694 (s, C=0), 1567
(m, N-Hpene), 1441 (m, C-N); '"H NMR (500 MHz, DMSO): §
9.03 (s, 1H, NH), 8.69 (s, 1H,y), 8.34 (d, J = 7.85 Hz, 1H,,),
7.96 (d, J = 8.2 Hz, 1H,,), 7.60 (dd, J = 7.65 and 5.95 Hz,
1H,),5.93 (s, IH,NH), 3.44 (s, 3H, CH;); “C NMR (500 MHz,
DMSO): 6 165.21 (Cy), 160.59 (C,), 153.90 (C.), 147.50 (C,),
136.26 (C.), 127.67 (Cy), 121.42 (C,), 23.91 (Cy); HR-MS (m/z):
179.0511 (66%), 149.4138, 121.5339 (100%), 106.8978,79.5242,
78.5195, 73.1120, 58.0151, 51.5724; Elemental analysis for
C3HoN;0; calced. (found) %: C, 53.63 (53.36); H, 5.06 (5.28);
N, 23.45 (23.24).

N-(Ethylcarbamoyl)nicotinamide (3c): Colourless solid;
m.p.: 121-22 °C; yield (reflux/MWI): 82/91%; R, value: 0.29
(CeHe:MeOH/8:2); m.w.: 193; FT-IR (KBr, Vi, cm™): 3373
(s, N-H), 3059 (w, C-Ha,), 1709, 1686 (s, C=0), 1551 (s, N-
Hiena), 1437 (s, C-N); 'TH NMR (500 MHz, DMSO): 8 9.09 (s,
1H, NH), 8.70 (s, 1H,,), 8.30 (d, J = 7.95 Hz, 1H,,), 7.91 (d, J

= 7.8 Hz, 1H,y), 7.56 (dd, J = 8.15 and 5.6 Hz, 1H,,), 5.77 (s,
1H, NH), 2.98 (q, 2H, CHy), 0.96 (t, 3H, CH;); *C NMR (500
MHz, DMSO): 6 169.24 (Cy), 158.69 (C,), 152.64 (C.), 148.46
(C.), 134.44 (C.), 128.78 (Cy), 120.53 (Cy), 33.16 (Cy), 13.56
(C); HR-MS (m/7): 193.0957 (83%), 149.3497, 121.6608 (100%),
106.3673, 87.2924, 79.6672, 78.0912, 72.5401, 51.2658,
44.1910; Elemental analysis for CoH;1N3O, calcd. (found) %:
C, 55.95 (55.63); H, 5.74 (5.56); N, 21.75 (21.46).
N-(Butylcarbamoyl)nicotinamide (3d): Colourless solid;
m.p.: 95-97 °C; yield (reflux/MWI): 79/88%; R; value: 0.31
(CsHe:MeOH/8:2); m.w.: 221; FT-IR (KBT, Vyuy, cm™): 3375
(s, N-H), 3038 (s, C-Ha), 1710, 1688 (s, C=0), 1551 (s, N-Hpena),
1431 (s, C-N); '"H NMR (500 MHz, DMSO): § 9.04 (s, 1H,
NH), 8.72 (s, 1H,y), 8.22 (d, J = 7.9 Hz, 1H,y), 7.96 (d,J = 7.8
Hz, 1H,y), 7.50 (dd, J = 7.9 and 6.0 Hz, 1H,,), 5.84 (s, 1H, NH),
2.78 (t, 2H, CH,), 1.53-1.23 (m,4H, CH,-CH,), 0.88 (t, 3H,
CHs); "C NMR (500 MHz, DMSO): § 167.24 (Cy), 161.49 (Cy),
150.77 (C.), 146.57 (C,), 136.26 (C.), 126.67 (Cy), 122.42 (Cy),
37.35 (Cy), 29.21 (Cy), 17.40 (C)), 12.35 (Cy); HR-MS (m/z):
221.1710 (55%), 149.0472, 121.5678 (100%), 115.2204,
106.2180, 100.2816, 79.0815, 78.1849, 72.0442, 51.6210;
Elemental analysis for C,1H;sN3O; calcd. (found) %: C, 59.71
(59.50); H, 6.83 (6.56); N, 18.99 (18.63).
N-(Cyclohexylcarbamoyl)nicotinamide (3e): Colourless
solid; m.p.: 146-147 °C; yield (reflux/MWI): 80/90%; R value:
0.70 (C¢Hs:MeOH/8:2); m.w.: 247; FT-IR (KB, Via, cm™):
3327 (s, N-H), 3033 (w, C-Ha,), 1712, 1680 (s, C=0), 1559 (s,
N-Hiena), 1436 (s, C-N); 'TH NMR (500 MHz, DMSO): §9.07 (s,
1H, NH), 8.69 (s, 1H,y), 8.21 (d, J = 7.75 Hz, 1H,y), 7.94 (d, J
= 7.6 Hz, 1H,y), 7.48 (dd, J = 7.9 and 5.6 Hz, 1H,,), 5.91 (s,
1H, NH), 3.32 (s, 1Heyaonexy), 1.74-1.00 (m, 10Hcyeiomexyt); “C
NMR (500 MHz, DMSO): & 166.21 (Cy), 158.63 (C,), 152.48
(Co), 148.51 (Cy), 134.41 (Co), 131.75 (Ca), 123.54 (Gy), 51.96
(Ch),45.71 (C), 31.14 (Cy), 21.48 (C)); HR-MS (m/z): 247.1841
(100%), 164.3916, 149.0841, 141.4904, 126.2089, 121.2138,
106.0414, 98.2639, 83.7061, 79.6175, 78.3808, 51.4726;
Elemental analysis for C3:H;N30, calcd. (found) %: C, 63.14
(63.34); H, 6.93 (7.01); N, 16.99 (16.62).
N-Carbamothioylnicotinamide (3f): Colourless solid;
m.p.: 209-211 °C; yield (reflux/MWI): 82/92%; R; value: 0.33
(CsHe:MeOH/8:2); m.w.: 181; FT-IR (KBr, Vpuy, cm™): 3325
(s, N-H), 3021 (w, C-Ha:), 1702 (s, C=0), 1592 (s, N-Hpena),
1437 (s, C-N); 'H NMR (500 MHz, DMSO): §9.11 (s, 1H, NH),
8.75 (s, 1H,y), 8.32 (d, J = 7.9 Hz, 1H,y), 8.01 (d, J = 8.0 Hz,
1H,y), 7.62 (dd, J = 8.15 and 5.65 Hz, 1H,,), 7.29 (s, 2H, NH,);
BC NMR (500 MHz, DMSO): § 182.22 (C,), 167.23 (Cy),
152.62 (C.), 147.49 (C,), 135.49 (C.), 128.80 (Cy), 122.56 (Cy);
HR-MS (m/z): 181.2359 (54%), 165.9179, 121.0481 (100%),
106.9699, 79.2351, 78.4251, 75.1227, 59.9384, 51.1523;
Elemental analysis for C;H;N30S caled. (found) %: C, 46.40
(46.70); H, 3.89 (4.13); N, 23.19 (23.09); S, 17.69 (17.49).
N-(Methylcarbamothioyl)nicotinamide (3g): Colour-
less solid; m.p.: 177-179 °C; yield (reflux/MWI): 81/89%; R
value: 0.50 (CsHs:MeOH/8:2); m.w.: 195; FT-IR (KBr, Vuax,
cm™): 3314 (s, N-H), 3058 (m, C-Ha,), 1708 (s, C=0), 1597
(S, N-Hpena), 1440 (s, C-N); 'H NMR (500 MHz, DMSO): §
9.03 (s, 1H, NH), 8.71 (s, 1H,y), 8.23 (d, J = 7.95 Hz, 1H,,),
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7.98 (d,J =7.7Hz, 1H,y), 7.52 (dd, J = 7.9 and 5.5 Hz, 1H,,),
7.41 (s,NH), 2.79 (s, 3H, CHs); "C NMR (500 MHz, DMSO):
6 184.22 (C,), 165.43 (Cy), 154.62 (C.), 143.59 (C,), 136.94
(Co), 132.80 (Ca), 124.56 (Cy), 30.18 (Cy); HR-MS (m/7): 195.0350
(19%), 165.0722,121.1213, 106.2061 (100%), 89.5311, 79.0819,
78.2795,74.9882, 51.9550; Elemental analysis for CsHoN;OS
calcd. (found) %: C, 49.22 (49.47); H, 4.65 (4.51); N, 21.52
(21.39); S, 16.42 (16.23).

N-(Ethylcarbamothioyl)nicotinamide (3h): Colourless
solid; m.p.: 104-105 °C; yield (reflux/MWI): 80/88%:; R¢ value:
0.69 (CsHs:MeOH/8:2); m.w.: 209; FT-IR (KB, Vi, cm):
3318 (s, N-H), 3040 (m, C-Ha,), 1704 (s, C=0), 1581 (s, N-
Hiena), 1449 (m, C-N); '"H NMR (500 MHz, DMSO): § 9.06
(s, 1H, NH), 8.72 (s, 1H,y), 8.23 (d, J = 8.05 Hz, 1H,,), 7.93
(d, J =7.55 Hz, 1H,y), 7.54 (dd, J = 7.8 and 5.8 Hz, 1H,,),
7.31 (s, NH), 3.36 (q, 2H, CH.,), 1.05 (t, 3H, CH;); *C NMR
(500 MHz, DMSO): 6 183.32 (C,), 168.29 (Cy), 152.62 (C.),
144.46 (C,), 132.94 (C.), 128.80 (C,), 122.65 (Cy), 38.49 (Cy),
14.38 (C;); HR-MS (m/7): 209.1081 (43%), 165.0722, 121.2283,
106.1451 (100%), 103.2441, 88.3124, 79.0284, 78.4103,
51.5507, 44.1312; Elemental analysis for CoH;;N5OS calcd.
(found) %: C,51.66 (51.40); H, 5.30(5.19); N, 20.08 (19.94);
S, 15.32 (15.68).

N-(Butylcarbamothioyl)nicotinamide (3i): Colourless
solid; m.p.: 98-100 °C; yield (reflux/MWI): 79/87%; R; value:
0.41 (CéHs:MeOH/8:2); m.w.: 237; FT-IR (KBr, Vi, cm™):
3315 (m, N-H), 3064 (m, C-Ha,), 1711 (s, C=0), 1580 (m, N-
Hiena), 1448 (s, C-N); '"H NMR (500 MHz, DMSO): 8 9.04 (s,
1H, NH), 8.69 (s, 1H,y), 8.21 (d, J = 7.85 Hz, 1H,y), 7.91 (d, J
= 7.55 Hz, 1H,y), 7.51 (dd, J = 7.65 and 5.5 Hz, 1H,,), 7.17
(s, 1H, NH), 3.31 (t, 2H, CH,), 1.56-1.10 (m, 4H, CH,-CH,),
0.85 (t, 3H, CH3); *C NMR (500 MHz, DMSO): 6 184.09 (C,),
168.70 (Cy), 151.13 (C.), 146.51 (C,), 133.35 (C.), 129.90 (C,),
123.27 (Gy), 43.96 (Cn), 32.19 (Cy), 21.57 (C)), 18.73 (Cy);
HR-MS (m/z): 237.1295 (42%), 165.1751, 121.2274 (100%),
106.2320, 79.1411, 78.2724, 72.1301, 51.7358; Elemental
analysis for C;;H;sN3;OS calcd. (found) %: C, 55.67 (55.70);
H, 6.37 (6.34); N, 17.71 (17.73); S, 13.51 (13.48).

N-(Cyclohexylcarbamothioyl)nicotinamide (3j):
Colourless solid; m.p.: 154-56 °C; yield (reflux/MWI): 81/
91%:; R¢value: 0.50 (CsHg:MeOH/8:2); m.w.: 263; FI-IR (KBr,
Vi, €M)z 3309 (s, N-H), 3059 (s, C-Ha,), 1716 (s, C=0), 1575
(m, N-Hpena), 1453 (s, C-N); '"H NMR (500 MHz, DMSO): §
9.05 (s, 1H, NH), 8.72 (s, 1H,y), 8.26 (d, J = 7.35 Hz, 1H,,),
7.99 (d, J = 7.9 Hz, 1H,y), 7.57 (dd, J = 7.25 and 6.05 Hz,
1Hyy), 7.29 (s, 1H, NH), 2.91 (s, 1Heyctonexy), 1.90-1.06 (m,
10H,yci0nexy); °C NMR (500 MHz, DMSO): § 182.13 (Cg),
166.44 (Cy), 152.09 (C.), 147.55 (C,), 135.49 (C.), 130.12 (Cu),
123.95 (Gyp), 52.60 (Cn), 44.75 (Cy), 29.42 (Cy), 22.16 (Cy);
HR-MS (m/z): 263.2409 (45%), 180.4475, 165.1109,
157.1909, 142.0709, 136.1917, 121.2728 (100%), 106.1379,
98.1893, 83.5121, 79.3513, 78.0988, 51.3035; Elemental
analysis for C3H7N3;OS calcd. (found) %: C, 59.29 (59.24);
H, 6.51 (6.49); N, 15.96 (15.92); S, 12.18 (12.14).

Antimicrobial assay: The Resazurin-based microdilution
method [24] was employed for accessing the antimicrobial
efficacy of the title compounds using ampicillin and flucon-

azole as standard antimicrobial drugs against various microbial
strains. Different concentrations of tested compounds (20 to
0.078 mg/mL) prepared by two-fold serial dilution were screened
against chosen microbial strains on 96-well microtiter tarsons
plates. The wells retaining the blue colour show inhibition of
the microorganisms while those with pink indicate microbial
growth. The minimum concentration illustrating nil microbial
growth was considered the minimum inhibitory concentration
for a particular sample.

Antioxidant assay: Using ascorbic acid as reference, the
radical scavenging potency of examined compounds was eval-
uated against DPPH radicals [16]. DPPH solution (0.004%)
in DMSO with various concentrations (20, 40, 60, 80 and 100
ng/mL) of the sample solution was evaluated to obtain the radical
scavenging potential. The absorbance of the tested compound
was recorded at 517 nm with a UV spectrophotometer and a
decreased absorbance signifies higher radical scavenging activity.

Abs

control Abssample X 100

Ab S control

Optimized molecular structure and HOMO-LUMO
analysis: The geometry optimization, determination of HOMO-
LUMO and other quantum parameters of nicotinamide analogs
were estimated using DFT method within Orca 4.2.0 program
[32] under B3LYP/def2-TZVP basis set. An interface program
Avogadro [17] was used to visualize the output file in a three-
dimensional view.

Molecular docking: The software programs Autodock
Vina [33] was used along with Biovia Discovery Studio
Visualizer [24] for molecular docking studies. The 3D receptor
was downloaded from RCSB-PDB site. The initial protein
preparation include elimination of water molecules and hetero-
atoms followed by the addition of polar hydrogens and blind
docking was performed by selecting the synthesized comp-
ounds as ligands for the investigation.

In silico ADMET analysis: The in silico ADME profile
of synthesized nicotinamide derivatives was obtained through
an online platform, SwissADME [16], while toxicity assess-
ment was accessed through a free Java interface OSIRIS property
explorer [17]. These computational tools provide insight into
different physiochemical and pharmacokinetic parameters
related to the ADMET efficacy of the anticipated drug candi-
dates. Drug likeliness and oral bioavailability of examined
compounds are also predicted with the help of a bio-radar illust-
rating an optimum range of selected pharmacokinetic para-
meters enclosed within a pink region as explained in the coming
section.

Radical scavenging (%) =

RESULTS AND DISCUSSION

As the lipophilicity of nicotinamide-based therapeutics
should not be significantly altered compared to the native
nicotinamide system for optimum absorption and retention in
biological systems, therefore, urea/thiourea substrates, espec-
ially with small aliphatic chains were chosen to use as drugs
instead of large hydrophobic aromatic counterparts. Initially,
the direct one-step condensation of nicotinamide with urea
was explored under refluxing conditions. Since both of the
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starting compounds are water-soluble, therefore water as a
green solvent media was employed. A negligible amount of
the desired N-carbamoylnicotinamide was obtained in this trial
reaction. Inspired by the condensation reactions of amides under
acidic conditions and transamidation reactions [26,27], the
second trial reaction for integrating nicotinamide with urea
was explored under acidic environment employing dilute HCI
solution. The reaction gets completed in 4 h, as indicated by
TLC plates. The solid obtained by addition of crushed ice was
filtered purified and identified as N-carbamoylnicotinamide
by spectral characterization.

The spectral interpretations were used to deduce the structure
of the synthesized molecules. The infrared spectroscopic data
of N-carbamoylnicotinamide (3a) showed an absorption band
at 3381 cm, characterizing the N-H stretching. The other
characteristic IR peaks such as N-H bending, C=O0 stretching
and C-N stretching further confirms the structure of the integ-
rated molecule. In the 'H NMR spectra of compound 3a, a
singlet at 9.06 ppm for NH proton confirms the formation of
the reported product. The protons of nicotinamide ring resonate
in the region of 8.73-7.54 ppm with their respective splitting
patterns. The protons of amide resonate as a singlet at 5.53
ppm. In “C NMR, compound 3a shows peaks at 166 and 159
ppm, which corresponds to the carbon atom of amide groups
(Crand C,, respectively). The peaks corresponding to the
aromatic carbons of nicotinamide ring were recorded at 151,
148, 135, 129 and 123 ppm in accordance with the proposed
structure. In mass spectral studies of compound 3a, a molecular
ion peak at m/z 165 confirms its proposed molecular formula.
The other fragments were recorded at m/z 149, 121, 106, 79,
78, 59, 51 and 44 with differential intensities which justify
the spitting pattern of this organic molecule. The elemental
analysis data further validate the spectral characterization of
N-carbamoylnicotinamide. The spectral illustrations of the other
nicotinamide hybrids are included in supplementary file.

The developed synthetic protocol comprises the protonation
of urea under acidic conditions and the resultant activation of
its carbonyl group [28]. Through a transamidation-type reaction,
the condensed product carbamoylnicotinamide is formed with
the release of ammonia. Diverse nicotinamide hybrids with
aliphatic urea and thiourea substrates were efficiently synthe-
sized using a similar methodology. Ammonia or other liquid/

gaseous amines formed as a byproduct during the synthesis of
the title compounds can be conveniently removed during the
workup stage. The condensation of nicotinamide with ureas/
thioureas was also explored under microwave irradiations as an
alternate and greener approach and substantially higher yields
with reduced reaction time were recorded compared to the
previous method.

Antimicrobial activity: In accordance with the measured
MIC values, the synthesized nicotinamide hybrids display
average to good antibacterial efficacy against diverse bacterial
strains. Among all the nicotinamide derivatives, compound 3e
was identified to be the most active against selected bacterial
strains. It is hereby noted that the nicotinamide analogs showed
considerable antifungal potential on the agar plates when tested
as neat samples while negligible antifungal activity is recorded
at the tested concentrations. The antifungal results are, there-
fore, reported as >20 mg/mL on the selected MIC range (Table-1).

Antioxidant evaluation: All the synthesized compounds
exhibited comparable free radical scavenging activity with
ascorbic acid. The observed inhibitory effects at various concen-
trations in terms of % scavenging and ICs, for the synthesized
nicotinamide hybrids are presented in Table-2. The % radical
scavenging at 100 pg/mL concentration and ICs, values of the
compounds lies in the range of 61.45-87.57% and 24.33-66.41
ug/mL, respectively. Among all the examined hybrids, comp-
ounds 3a and 3f were found to have the best ICs, values (34.75
and 24.33 pg/mL, respectively).

Optimized geometries and DFT calculations: The DFT-
based quantum mechanical simulations are used for the nicotin-
amide hybrids and their optimized molecular structures are
shown in Fig. 2. Various calculated thermodynamic parameters
obtained from DFT calculations reflecting the comparative
stability and reactivity of the nicotinamide analogs as shown
in Table-3. The compiled result revealed that compound 3i is
the most reactive among all the synthesized derivatives with a
minimum energy gap. The FMO illustration of compounds
3a, 3f and 3i are presented in Fig. 3.

Molecular docking analysis: Several bioactive urea/
thiourea as well as nicotinamide derivatives have been reported
as efficient inhibitors of bacterial enoyl reductase [34,35].
Therefore, the synthesized compounds were docked against
enoyl reductase (PDB: 1C14) to find the binding interactions.

TABLE-1
MIC (mg/mL) OF THE NICOTINAMIDE HYBRIDS AND REFERENCE COMPOUNDS 3a-j
Compound E. coli S. typhi B. subtilis S. aureus A. niger R. oryzae
3a 0.625 0.15625 0.625 0.625 >20 >20
3b 0.625 0.15625 0.625 0.625 >20 >20
3c 0.625 0.15625 0.625 0.625 >20 >20
3d 0.625 0.3125 1.25 >20 >20
3e 0.15625 0.07812 0.3125 0.3125 >20 >20
3f 0.625 0.15625 0.625 >20 >20
3g 1.25 0.15625 0.3125 0.625 >20 >20
3h 1.25 0.15625 0.625 0.625 >20 >20
3i 0.3125 0.3125 0.625 0.3125 >20 >20
3j 0.3125 0.625 0.625 >20 >20
Ampicillin 0.07812 0.03906 0.15625 0.07812 - -
Fluconazole — — — 0.15625 0.3125
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TABLE-2
PERCENTAGE SCAVENGING EFFECT AND IC,, VALUES OF THE SYNTHESIZED NICOTINAMIDE DERIVATIVES (3a-j)
Compound Scavenging effect (%) 1C, (ug/mL)
20 pg/mL 40 pg/mL 60 pg/mL 80 pg/mL 100 pg/mL
3a 39.04 52.93 68.79 80.04 87.57 34.75
3b 38.75 42.86 50.29 54.89 62.13 60.72
3c 37.47 42.56 48.82 54.89 61.45 63.18
3d 32.19 41.19 48.14 54.89 68.39 62.42
3e 23.78 35.62 42.17 58.02 71.53 66.41
3f 48.34 54.70 59.78 63.89 69.86 24.33
3g 33.36 45.01 53.42 63.99 76.42 51.55
3h 35.02 42.17 53.42 59.39 63.3 58.20
3i 29.68 36.59 47.61 57.23 73.11 62.15
3j 31.38 39.15 47.52 56.23 68.01 63.41
Ascorbic acid 42.95 55.77 68.88 78.67 90.12 30.52
€. e
<
¢ ¢
3a < 3b 3c
e
3d ¢
€ 3e 3f
€
W %
s 3g o .
3h e 3i
C 3j

Fig. 2. Fully optimized structures of the nicotinamide derivatives (3a-j); colour code: blue-N, red-O, yellow-S, grey-C and white-H

TABLE-3
CALCULATED QUANTUM MECHANICAL DESCRIPTORS OF THE NICOTINAMIDE HYBRIDS (3a-j)
Ionization  Electron Electro- Chemical Electro-
Compd. H((e) \I\//I)O LgMV)O AE (eV) potential affinity negativity Hal;:l:;ess Soﬁsn)ess potential philicity
<) (A) (09) (W (®)

3a -7.108 -1.946 5.162 7.108 1.946 4.527 2.581 0.1937 -4.527 3.970
3b -7.146 -1.829 5.317 7.146 1.829 4.487 2.658 0.1881 -4.487 3.787
3c -7.071 -1.804 5.267 7.071 1.804 4.437 2.633 0.1899 -4.437 3.739
3d -7.101 -1.803 5.298 7.101 1.803 4.452 2.649 0.1887 -4.452 3.741
3e -7.001 -1.774 5.227 7.001 1.774 4.387 2.613 0.1913 -4.387 3.683
3f -5.693 -2.136 3.557 5.693 2.136 3914 1.779 0.2811 -3.914 4.308
3g -5.760 -1.970 3.790 5.760 1.970 3.865 1.895 0.2638 -3.865 3.942
3h -5.548 -2.007 3.541 5.548 2.007 3.777 1.770 0.2824 -3.777 4.029
3i -5.522 -1.992 3.530 5.522 1.992 3.757 1.765 0.2833 -3.757 3.998

3j -5.553 -1.897 3.656 5.553 1.897 3.725 1.828 0.2735 -3.725 3.795
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Fig. 3. FMO illustration for the compounds 3a, 3f and 3i

The docking results of the synthesized compounds with binding
interactions and corresponding distances are tabulated in Table-4.
The protein-ligand interactions were identified as polar hydrogen
bonds, van der Waals forces, carbon-hydrogen bonds and pi-pi
bonds within the docked molecules. The best binding energy
of -7.8 kcal/mol with RSMD value 0.00 was recorded for
nicotinamide hybrid with cyclohexyl scaffold (3e). The amino
acid residue ALA A: 196 interacts through hydrogen bonding
while residues LEU A: 100, TYR A: 146, ALA A: 196 and

ALA A: 197 interact through other types of interactions. The
docking illustrations for compound 3e are presented in Fig. 4.

In silico ADMET analysis: Various parameters and
descriptors are used to decide the ADMET profile of a drug
compound i.e. lipophilicity, solubility, TPSA, insaturation,
molecular weight, skin permeation, various toxicity risks, etc.
High lipophilicity (log P) results in negligible oral absorption
and poor solubility of the drug candidates. The significantly
low log P value for all the synthesized compounds, as predicted

TABLE-4
BINDING PATTERN OF THE NICOTINAMIDE HYBRIDS (3a-j) WITH ENOYL ACYL REDUCTASE
Binding
Compd. energy H-bonding interactions Distance (A) Other interactions Distance (A)
(kcal/mol)
3a -6.3 THR A: 38, THR A: 38, 2.28,2.40,2.86,2.07 VAL A: 65,ILE A: 92, ILE A: 119 5.29,3.48,5.15
GLN A: 40, VAL A: 65
3b -6.2 THR A: 194, THR A: 194, 1.99, 2.34,2.81 SER A: 91, TYR A: 146, ALA A: 197  3.33,4.62,5.21
ALA A: 197
3c -6.6 GLY A: 13, GLN A: 40, 2.08,2.48,2.51 ILE A: 92 4.98
GLN A: 40
3d -7 ALA A: 21, SER A: 91 2.85,3.03 GLY A: 13, ILE A: 20, TYR A: 146, 3.36,2.98, 3.87,5.11,
TYR A: 146, THR A: 194, ALA A: 1.33,5.21, 4.33,4.84
196, ALA A: 197, PHE A: 203
3e -7.8 ALA A: 196 2.31 LEU A: 100, TYR A: 146, ALA A: 5.36,4.93, 4.99, 4.74
196, ALA A: 197
3f -5.6 SER A: 145 2.68 TYR A: 146, LYS A: 163, LYS A: 3.76,5.03, 3.73, 5.41,
163, PRO A: 191, PRO A: 191, MET 3.29,5.81
A: 206
3g -5.6 GLY A: 148, GLY A: 148,  2.35,3.03,2.48,2.54 TYR A: 104, ALA A: 152 5.07,3.92
ARG A: 151, GLY A: 160,
3h -5.9 ILE A: 192 241 GLY A: 13, ILE A: 20, THR A: 194 3.68, 3.20, 1.49
3i -6.5 GLY A: 190, ILE A: 192 3.60, 2.82, GLY A: 13, ILE A: 20, TYR A: 146, 3.52,2.96, 3.63, 5.39,
TYR A: 156, ALA A: 196, ILE A: 200  5.35,5.29
3j -7.6 SER A: 145, THR A: 194 3.56,2.13 GLY A: 13, ILE A: 20, TYR A: 146, 3.31,3.09, 4.07, 5.15

ALA A: 196
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Fig. 4. Docking pattern of the compound 3e with 1c14

by SwissADME, signifies their optimum lipophilicity for oral rule of five. The title compounds follow Lipinski’s rule of five
absorption. A well-determined range of log S values as predicted ascertaining their appreciable druggability as displayed in
by SwissADME, describes the optimum water solubility of =~ Table-5. The oral bioavailability of the synthesized compounds
examined compounds [24]. TPSA (topological polar surface can be predicted by bioavailability radar based on the accept-
area) of a drug candidate is related to its transport involving able range of molecular weight for size; XlogP3 for lipophilicity;
absorption and permeation. A drug must have a lower TPSA TPSA for polarity; log S for insolubility; number of rotatable
value for efficient permeability across biological membranes. bonds for flexibility and number of sp® hybridized carbons
The predicted negative value of log S for the title compounds for insaturation [24]. The bioavailability of the examined
declares them sufficiently water-soluble, while the lower TPSA derivatives is predicted by ADME data in Table-6 and Fig. 5.
values reveal their optimum permeability [16,17]. To exhibit Skin permeability (log Kp) and human gastrointestinal
significant drug likeliness, a drug must follow a defined range (GI) absorption indicate the suitability of a drug candidate for
of selected molecular descriptors referred to as the Lipinski transdermal or oral administration, respectively. Blood Brain

TABLE-5
PHYSIOCHEMICAL PROPERTIES EXPLAINING LIPINSKI RULE FOR THE NICOTINAMIDE HYBRIDS (3a-j)
Compd. m.w. (g/mol) mLogP H-bond acceptor H-bond donor No. of violations
Optimum range of
sel]::ected pararr%eters =50 =7 =1 =0 sl
3a 165.15 -0.63 3 2 0
3b 179.18 -0.29 3 2 0
3c 193.20 0.02 3 2 0
3d 221.26 0.62 3 2 0
3e 247.29 1.17 3 2 0
3f 181.21 -0.61 2 2 0
3g 195.24 -0.28 2 2 0
3h 209.27 0.04 2 2 0
3i 237.32 0.64 2 2 0
3j 263.36 1.19 2 2 0
TABLE-6
PHYSIOCHEMICAL PROPERTIES EXPLAINING BIO-RADAR FOR THE NICOTINAMIDE HYBRIDS (3a-j)
<) Fraction of sp® No. of rotatable
Compd. m.w. (g/mol) XlogP3 TPSA (AY) Log S (ESOL) carbon P bonds
Optimum range of 150 to 500 071050 20-130 <6 025101 0109
selected parameters
3a 165.15 -0.24 85.08 -0.88 0 3
3b 179.18 0.16 71.09 -1.13 0.12 4
3c 193.20 0.47 71.09 -1.32 0.22 5
3d 221.26 1.06 71.09 -1.7 0.36 7
3e 247.29 2.1 71.09 -2.61 0.46 5
3f 181.21 0.36 100.1 -1.36 0 3
3g 195.24 0.76 86.11 -1.61 0.12 4
3h 209.27 1.07 86.11 -1.8 0.22 5
3i 237.32 1.66 86.11 -2.17 0.36 7
3j 263.36 2.7 86.11 -3.09 0.46 5
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Fig. 5. Bioavailability radar for the synthesized compounds (3a-j)

Barrier (BBB) has a crucial role in assessing the effect of the
administered drug on the central nervous system. A non-subs-
trate of P-glycoprotein (P-gp) can be easily eliminated from
the cell, while a non-inhibitor of any isoform of cytochrome
(CYP1A2, CYP2CI19, CYP2C9, CYP2D6 and CYP3A4) is
regarded as non-toxic due to forbidden drug-drug interaction
and lower bioaccumulation [24]. Table-7 predicts that all the
compounds have excellent ADME pharmacokinetics.

The Osiris platform is utilized for toxicity assessment of
the synthesized compounds in terms of risk alerts depicted
with green, orange or red colour codes. No risk alerts are
predicted for compounds 3b, 3¢, 3e and 3f while some orange
and red alerts are observed with other examined compounds
as displayed in Table-8.

Conclusion

A series of aliphatic urea/thiourea functionalized nicoti-
namide hybrids have been efficiently synthesized by a one-
pot methodology under clement conditions. The use of water
as a non-toxic, non-flammable, readily available and efficient
reaction media is another remarkable feature of this protocol.
The DFT profiling, molecular docking, in vitro biological
evaluation and ADMET prediction of nicotinamide derivatives
reflect their adequacy in developing efficient drug candidates.
The synthesized nicotinamide hybrids showed excellent anti-
oxidant potency and appreciable antibacterial strength against
the chosen bacterial strains. The title compounds displayed
promising bioavailability and efficient oral administration
propensities with low toxicity risks in ADMET analysis.

TABLE-7
PHARMACOKINETICS FOR THE NICOTINAMIDE HYBRIDS (3a-j)
(gl GI . BBB‘ P-gp CYPI.AZ C;Y1?2C19 CYP2C9 .CY.PZ.DG CY.ngA4 pensnl::l:lltion Bioavailability

absorption permeation  substrate  inhibitor  inhibitor  inhibitor  inhibitor  inhibitor — score
3a High No No No No No No No -7.48 0.55
3b High No No No No No No No -7.28 0.55
3c High No No No No No No No -7.14 0.55
3d High No No No No No No No -6.9 0.55
3e High Yes No No No No No No -6.32 0.55
3f High No No No No No No No -7.15 0.55
3g High No No No No No No No -6.95 0.55
3h High No No No No No No No -6.82 0.55
3i High No No Yes No No No No -6.57 0.55
3j High No No Yes Yes No No No -5.99 0.55
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TABLE-8
TOXICITY PREDICTION FOR THE
NICOTINAMIDE HYBRIDS (3a-j)
Mutagenic  Tumorigenic Irritant Reproductive
Cloygtl risgk riskg risk b risk
3a Orange Orange Green Orange
3b Green Green Green Green
3c Green Green Green Green
3d Orange Green Green Green
3e Green Green Green Green
3f Green Green Green Green
3g Red Green Green Red
3h Red Red Green Red
3i Orange Green Green Red
3j Green Green Green Red

Green indicates low toxicity; orange indicates moderate and red
indicates high toxicity risk
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