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ABSTRACT: Several Lewis and Bronsted acid catalysts were
tested for the synthesis of some targeted diamides with anticancer
activity from dicarboxylic acids and amines under the same
reaction condition. Among those catalysts, Nb2O5 showed the
highest catalytic activity to the corresponding diamides. Nb2O5
shows water- and base-tolerant properties for which it gives the
highest yield of the synthesized products. Here, we present a novel
and sustainable method for the direct synthesis of diamides with
anticancer activity using a reusable heterogeneous catalyst Nb2O5.
A molecular docking study was performed for all of the synthesized
compounds with various therapeutical targets of cancer and found
that the human epidermal growth factor receptor (HER2) has
shown a significant dock score for our synthesized products. After
obtaining the best pose from molecular docking, the complex is used for molecular dynamics study by running simulations for 10 ns.
The root-mean-square deviations (RMSDs) of α carbon atoms of all systems are analyzed to detect their stability. This method is
effective for the direct synthesis of diamides as anticancer agents from dicarboxylic acids and amines using Nb2O5 as a base-tolerant
heterogeneous catalyst.

1. INTRODUCTION

The amide bond is one of the most important and studied
reactions in organic chemistry.1 Around 25% of drugs
produced all over the world contain an amide moiety.2

Therefore, amides, especially diamides, could be used as drugs
against life-threatening diseases including cancer. Cancer is one
of the deadliest diseases affecting humans, and every year,
around 10 million cancer deaths happen worldwide.3 Chemo-
therapy4 plays a requisite role in cancer treatment, but due to
severe side effects and drug resistance role, it is less
satisfactory.5

The literature survey reveals that diamide, and its derivatives
are an emerging class of molecules with multiple pharmaco-
kinetic properties.6 Therefore, the development of low-toxic7

and high-efficacy anticancer agents8 has still been the
fundamental task of medicinal chemists.9 Being very much
focused on this aspect by our research group, a series of
diamides10 have been synthesized with special emphasis given
to the anticancer activity11 with the establishment of the
mechanism of action.
Diamide is a chemical compound containing two amide

groups.12 In diamide, two N atoms contain two lone pairs of
electrons,13 and due to the electron-withdrawing effect of
carbonyl, oxygen−nitrogen centers are not basic like amine.14

Several attempts were made for the synthesis of amide bonds

using Lewis acid catalysts from carboxylic acids. Lewis acid
sites of the catalyst activate the carbonyl oxygen of the
carboxylic acid by weaking the carbon−oxygen double bond.
But the use of Lewis acid catalysts for amidation reactions has
some drawbacks for this condensation reaction. Lewis acids15

such as TiCl4, SiCl4, and AlCl3 can decompose or deactivate
the active sites of the catalyst in the presence of a small amount
of water produced as byproduct or by reactant amines present
in the reaction mixture. For this reason, Lewis acid-catalyzed
organic reactions are usually done under complete anhydrous
conditions.16 Lewis acid-catalyzed amidation reactions17 have
additional drawbacks such as limited substrate scope, high
catalyst loading, and reusability of the catalyst.18 In the
reaction of diamide synthesis from dicarboxylic acids with
amines, water is produced as a co-product and the reaction
mixture contains amines. Therefore, the presence of basic
molecules (water and amines) can suppress the Lewis acidity
of a catalyst.19 These drawbacks can be overcome by using a
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Lewis acid catalyst that is tolerant to basic molecules (amines
and water as a byproduct) present in the reaction mixture for
the amidation reactions.
To avoid the limitations of the previous method, in diamide

synthesis,20 a water-tolerant as well as base-tolerant21

heterogeneous Lewis acid catalyst Nb2O5
22 can be effective

for the direct synthesis23 of diamides from dicarboxylic acids
with amines. Herein, we report the direct synthesis of some
targeted diamides, which could act as anticancer agents from
dicarboxylic acids with amines using Nb2O5 as a base-tolerant
heterogeneous Lewis acid catalyst. So far, the proposed
method for the synthesis of diamide in the presence of a
heterogeneous Lewis acid catalyst has not yet been reported.
Herein, we report a novel, versatile, and sustainable method for
the synthesis of diamides with anticancer activity.

2. RESULTS AND DISCUSSION
2.1. Chemistry. All of the diamide compounds were

synthesized from dicarboxylic acids and amines in the presence
of a heterogeneous Lewis acid catalyst Nb2O5. The main
difficulties arise in the synthesis of diamides from dicarboxylic
acids24 and amines due to the production of water as a
byproduct, which can suppress the Lewis acid site of the
catalyst. Moreover, amide can also deactivate the catalytic
activity of the Lewis acid catalyst. But as in our previous studies
of amide synthesis, in this study, we also found that Nb2O5 can
act as water- as well as base-tolerant Lewis acid catalyst. Since
the only byproduct of water is produced in this reaction,
byproduct can be easily removed by a simple recrystallization
reaction25 with a good to high yield. Reusability of the catalyst
was also performed for the reaction of succinic acid with n-
octylamine and found that it was reusable several times with a
slight loss of catalytic activity.
2.1.1. Calcination of Catalyst. The diamide synthesis

method is divided into two steps: first, calcination of catalyst,26

and second, use of the calcinated catalyst for diamide synthesis.
All of the purchased catalysts were stored at room temperature.
For the catalyst preparation, we used the calcination method.
Commercially available Nb2O5 was calcined to remove water
and other possible impurities. In this method, 5 g of niobium
pentoxide (Nb2O5) was taken in a crucible kept in the furnace
and calcined at 500 °C for 3 h. This calcined Nb2O5 was used
for diamide synthesis from dicarboxylic acids with amines.
Nb2O5 was also prepared by calcination at 400 and 600 °C.
The other catalysts such as TiO2, Al2O3, SnO2, and Cu2O were
also prepared in the same method by calcination at 500 °C for
3 h.
2.1.2. Synthesis of Diamide Derivatives. In this work,

diamides (compounds 1−5 in Table 1 and Scheme 1) were
synthesized via the condensation reaction of dicarboxylic acids
and amines in the presence of a heterogeneous Lewis acid
catalyst. Calcinated heterogeneous Lewis acid catalysts were
used as a catalyst. Typically, dicarboxylic acid and amine in a
1:2 ratio, 4 mL of o-xylene, and 50 mg of Nb2O5 were added to
the reaction vessel (RB flask). The reaction mixture was heated
on a hot plate at 135 °C in a sand bath and stirred at 300 rpm.
After completion of the reaction, 2-propanol (4 mL) was
added to the mixture and the Nb2O5 catalyst was separated
from the reaction mixture by centrifugation.
Again, catalytic activity was tested by model reactions

(Figure 1 and Table S1). For the model reaction, succinic acid
and n-octylamine at 1:2 ratios were added to a round-bottom
flask with 50 mg of a calcinated heterogeneous Lewis acid

catalyst and 4 mL of o-xylene was added to the reaction
mixture. This reaction mixture was heated on a hot plate at 135

Table 1. Optimized Structures of the Synthesized Diamide
Compounds 1−5

Scheme 1. Synthesis of Diamide Derivatives 1−5

Figure 1. Catalyst screening for model reaction.
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°C in a sand bath for 30 h with continuous stirring at 300 rpm.
The progress of the reaction was monitored by thin-layer
chromatography (TLC) with n-hexane (2 mL) and chloroform
(1 mL). Completion of the reaction was confirmed by TLC.
After the completion of the reaction, the catalyst was separated
from the mixture by centrifugation. The products were purified
by the recrystallization separation technique. The pure diamide
products were confirmed by TLC and checked by 5%
NaHCO3. The synthesized pure diamide products were
analyzed by ultraviolet−visible (UV−vis) spectrophotometry,
Fourier transform infrared (FT-IR) spectroscopy, proton
nuclear magnetic resonance (1H NMR), 13C NMR, and gas
chromatography−mass spectrometry (GC-MS) to determine
the structure, and the catalyst was characterized by X-ray
diffraction (XRD).
2.1.2.1. Synthesis of N1,N4-Dibenzyl-2-hydroxysuccina-

mide 1. White solid, yield (%): 63; mp: 146−150 °C; UV
(λmax CHCl3): 253 nm; IR (cm−1): 3338, 3037, 2929, 1649,
1543, 1459, 1426, 1284, 1085; 1H NMR (400 MHz, CDCl3):
δ 7.39−7.25 (m, Ar, 10H), 6.74 (br s, 2H, -NH) 4.43−4.42
(m, 4H), 2.89−2.84 (m, 1H), 2.72−2.66 (m, 2H), 1.93 (m,
-OH, 1H); 13C NMR (100 MHz, CDCl3): δ 137 (2C, CO),
128.93 (2C, Ar), 127.51 (3C, Ar),79.08 (2C, Ar), 78.76 (1C,
Ar), 76.43 (4C, Ar), 69.89 (1CH, Ar) 44.01 (1CH2, Ar), 43.50
(1CH2, Ar), 38.38 (1CH2, Ar); Calc. Mass: 312; GC-
MS(CDCl3): m/e 312.
2.1.2.2. Synthesis of N1,N4-Dibenzylsuccinamide 2. White

solid, yield (%): 80; mp: 212−215 °C; UV (λmax CHCl3): 340,
258 nm; IR (cm−1): 3298, 3086, 2923, 1635, 1555, 1455, 1338,
1218, 1029; 1H NMR (400 MHz, CDCl3): δ 7.35−7.28 (m,
Ar, 10H), 6.20 (br s, 2H, -NH) 4.46 (s, 4H), 2.63 (s, 4H); 13C
NMR (100 MHz, CDCl3): δ 165 (2C, CO), 128.72 (6C,
Ar), 127.72 (4C, Ar), 127.52 (2C, Ar), 43.72 (2C), 41.50
(2C); Calc. Mass: 296; GC-MS(CDCl3): m/e 296.
2.1.2.3. Synthesis of 2-Hydroxy-N1,N4-dioctylsuccinamide

3. White solid, yield (%): 70; mp: 150−152 °C; UV (λmax
CHCl3): 383 nm; IR (cm−1): 3295, 3102, 2921, 2852, 1645,
1567, 1436, 1334, 1287, 1189; 1H NMR (400 MHz, CDCl3):
δ 7.06 (br s, 1H, -NH), 6.37 (br s, 1H, -NH), 4.38−4.36 (m,
1H, -OH), 3.29−3.22 (m, 4H), 2.80−2.76 (m, 1H), 2.66−2.60
(m, 2H), 1.53−1.49 (m, 4H), 1.29−1,28 (m, 20H), 0.91−0.88
(t, J = 6.40 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 173.67
(1C, CO), 172.67 (1C, CO), 68.50 (1CH2, Ar),40.21
(1CH2), 39.58 (1CH2), 38.40 (1CH), 31.81 (2CH2), 29.21
(4CH2), 26.88 (2CH2), 22.66 (2CH2), 14.12 (3CH2). Calc.
Mass: 356; GC-MS(CDCl3): m/e 356.
2.1.2.4. Synthesis of N1,N4-Dioctylsuccinamide 4. White

solid, yield (%): 95; mp: 171−174 °C; UV (λmax CHCl3): 340
nm; IR (cm−1): 3304, 3091, 2922, 2852, 1633, 1546, 1426,
1349, 1220, 1160; 1H NMR (400 MHz, CDCl3): δ 6.20 (br s,
2H, -NH), 3.27−3.22 (m, 4H), 2.57 (s, 4H), 1.67 (m, 4H),
1.51−1.49 (m, 4H), 1.29−1.28 (m, 16H), 0.91−0.88 (t, J =
6.40 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 172 (2C, C
O), 39.75 (2C), 31.98−31.81 (2C, C-N), 29.52−29.21 (2C),
26.92 (2C), 22.65 (8C), 14 (2C);Calc. Mass: 340;GC-
MS(CDCl3): m/e 340, 297, 242, 212, 156, 100.
2.1.2.5. Synthesis of N1,N2-Dioctylphthalamide 5. White

solid, yield (%): 92; mp: 127−130 °C; UV (λmax CHCl3): 242
nm; IR (cm−1): 3238, 3078, 2929, 2856, 1627, 1544, 1457,
1426, 1317, 1155, 1166; 1H NMR (400 MHz, CDCl3): δ
7.60−7.58, 7.47−7.45 (m, Ar, 4H), 6.78 (br s, 2H, -NH),
3.41−3.36 (m, 4H), 1.78 (m, 4H), 1.62−1.55 (m, 4H), 1.34−
1.29 (m, 16H), 0.91−0.86 (t, J = 6.40 Hz, 6H); 13C NMR

(100 MHz, CDCl3): δ 169.24 (2C, CO),134.67 (1C, Ar),
133.85 (1C, Ar), 132.22 (1CH, Ar),130.17 (2CH, Ar), 128.37
(3CH, Ar),123.17 (1CH, Ar), 40.35 (1CH2, Ar), 31.83 (2CH2,
Ar), 29.31 (3CH2), 27.00(1CH2), 26.89(2CH2), 22.66-
(2CH2), 14.10(1CH2); Calc. Mass: 388; GC-MS(CDCl3):
m/e 388.

2.2. Effect of the Calcination Temperature of Nb2O5
for Model Reaction. All of the purchased catalysts were
stored at room temperature. For the catalyst preparation, we
used the calcination method.27 Commercially available Nb2O5
was calcined to remove water and other possible impurities. In
this method, 5 g of niobium pentoxide (Nb2O5) was taken in a
crucible and kept in a furnace at 500 °C for 3 h. After
completing calcination, Nb2O5 was used for diamide synthesis.
Nb2O5 was also prepared by calcination at 400 and 600 °C.
The effect of calcination temperature was checked for the
reaction of succinic acid with n-octylamine, and it was found
that Nb2O5 shows the highest catalytic activity when it was
calcined at 500 °C for 3 h (95% yield of the product) (Figure 2
and Table S2).

2.3. Lewis Acidity of Nb2O5. In our previous report,15 we
showed that Nb2O5 was used for the activation of the CO
bond of carboxylic acid by weakening the CO bond. It was
also shown that for the amide bond formation reaction by
Nb2O5, mainly Lewis acid sites (exposed Nb5+ cations) act as
catalyst. It was also reported that Lewis acid sites of Nb2O5,
TiO2, and Al2O3 is 0.058, 0.083, and 0.148 mmol g−1,
respectively. Therefore, the main reason of the higher catalytic
activity of Nb2O5 (Figure 1) is not the number of Lewis acid
sites but the water- and base-tolerant property of Nb2O5.
Besides, the highest surface area (54 m2g−1) of Nb2O5 was
found at 500 °C. Therefore, Nb2O5 calcined at 500 °C showed
the highest catalytic activity (Figure 2).

2.4. Base-Tolerant Catalysis of Nb2O5 for Amidation.
We have also analyzed the effect of base (water and pyridine)
on Nb2O5 and TiO2 for the amidation of succinic acid and n-
octylamine by adding water and pyridine in the reaction
system (Table S3 and Figure S3). To compare the base-
tolerant properties of Nb2O5 and TiO2, we measured the yield
of the diamide in the model reaction for 30 h with Nb2O5 or
TiO2 under the reflux conditions in the presence of 1 and 0.5
mmol of basic additives, H2O and pyridine. The negative
effects of the additives were lower for Nb2O5 than TiO2. This
suggests that the active site (Nb5+ Lewis acid site) interacts
preferentially with the reactant (dicarboxylic acid) in the
presence of basic molecules. Summarizing the above results, we
can conclude that the Lewis acid site of Nb2O5 has higher

Figure 2. Effect of calcination temperature for model reaction.
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tolerance to basic molecules than TiO2 conventional solid
Lewis acid.
2.5. Reusability of Nb2O5.We have studied the reusability

of Nb2O5 for the model reaction after the reaction catalyst was
separated from the mixture by centrifugation, followed by
washing with acetone and drying at 90 °C for 3 h. The
recovered catalyst was reused four times with a slight decrease
in product yield (Figure 3). The initial rates for the first cycle

(0.178 mmol g−1 h−1) and fourth cycle (0.166 mmol g−1h−1)
also showed a slight decrease in the rate of the model reaction
for reusability study.
2.6. Characterization of Catalyst. X-ray diffraction

(XRD) patterns of calcinated niobium pentoxide at 500 °C
before being used in the reaction and after four cycles in the
powder state are shown in Figures S8 and S9, respectively. The
XRD data showed that the phase of Nb2O5 does not show any
change even after four cycles. Therefore, Nb2O5 acts as a
reusable heterogeneous Lewis acid catalyst for diamide
synthesis from dicarboxylic acids and amines.
2.7. Frontier Molecular Orbital Studies. The energy

levels of the molecular orbitals order highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)28 amide derivatives give information on the
possible electronic transition. We analyzed the electrophilic
and nucleophilic attraction region in a molecule by the
HOMO and LUMO, as shown in Figure S10. For the chemical
reactivity calculation, the LUMO−HOMO gap is the most
important parameter. The lower LUMO−HOMO gap
indicates high reactivity. The data of HOMO, LUMO for
different energy levels and chemical reactivity29 are listed in
Table 2. Egap = (ELUMO − EHOMO) ≈ IP − EA; I = −EHOMO, EA
= −ELUMO; μ = −(I + A)/2; η = (I − A)/2; S = 1/η; χ = (I +
A)/2 and ω = μ2/2η.

2.8. Molecular Docking Studies. For better under-
standing, it has been observed that the structure−activity
relationships and molecular docking study30 of the compounds
1−5 with various therapeutic targets of cancer showed that
human epidermal growth factor receptor (HER2)31 has shown
a significant dock score, as presented in Table 3. All of the
compounds show binding energy and binding affinity, whereas
the majority of the compounds show moderate scores with
another target, i.e., EGFR,32 VEGFR2,33 and Aromatase.34

The results of docking, binding affinity, and binding energy
calculations against HER2 compounds 1 and 2 have shown the
highest dock score of −9.1 kcal/mol. Compound 1 has shown
three, five, one, and two H bonds with active site amino acids
with PDB IDs 3PP0, 4AG8, 4EQM, and 4HJO and dock
scores of −9.1, −8.5, −7.2, and −8.5 kcal/mol, respectively.
The −OH group of compound 1 acts as a H-bond acceptor,
and its oxygen atom is formed between three H bonds, one
with OH of ASN850(bond length, 2.79 Å) and two with OH
of ASP863(bond lengths 2.72 and 2.73Å) with Human
epidermal growth factor receptor (HER2) (PDB id: 3PP0).
The docking results revealed that amino acids ASN850 and
ASP863 located in the binding pocket of protein played
important roles. Similarly, compound 2 has shown one, zero,
two, and one H bonds with docking scores of −9.1, −8.6, −7.1,
and −7.6 kcal/mol with PDB IDs 3PP0, 4AG8, 4EQM, and
4HJO, respectively. The complex act as a H-bond acceptor,
and its oxygen and hydrogen atoms have formed two H bonds,
one with CO of THR766 and the other with OH of ASP831
with 2.32 and 2.05 Å against Epidermal growth factor receptor
(EGFR) (PDB id: 4HJO). Based on the characterization of
protein−ligand interactions,35 it is evident that compounds 1
and 2 played a key role in forming H-bond interactions in both
in silico studies. The docking calculation of all of the
compounds (1−5) was also included in Table S4 and Figure
S11a−d in the Supporting Information.

2.9. Molecular Dynamic (MD) Simulation Studies.
After obtaining the best pose from molecular docking, the
complex is used for molecular dynamics36 study by running
simulations for 10 ns. The root-mean-square deviation
(RMSD)37 of α carbon atoms of all systems is analyzed to
detect their stability. We observed from Figure 5 that two
complexes exhibit the lowest RMSD than other complexes.
The MD simulation of compound 1 against 3PP0 and 4HJO
protein demonstrates the lowest RMSD value than compound
2 + 3PP0 complex, which indicates its greater stability and

Figure 3. Reusability of Nb2O5 for the synthesis of N1,N4-
dioctylsuccinamide from succinic acid (1 mmol) and n-octylamine
(2 mmol) under o-xylene reflux condition for 30 h.

Table 2. Chemical Reactivity of Amidea

compounds 1 2 3 4 5

EHOMO (eV) −0.22258 −0.21995 −0.21675 −0.22745 −0.21943
ELUMO (eV) −0.00180 −0.01089 0.02628 0.03504 −0.04288
energy gap ΔE (eV) 0.22078 0.20906 0.24303 0.26249 0.17655
ionization potential IP (eV) 0.22258 0.21995 0.21675 0.22745 0.21943
electron affinity EA (eV) 0.00180 0.01089 −0.02628 −0.03504 0.04288
electronegativity (eV) 0.11219 0.11542 0.095235 0.096205 0.131155
chemical potential μ −0.11219 −0.11542 −0.09524 −0.09621 −0.13116
chemical hardness η (eV) 0.11039 0.10453 0.121515 0.131245 0.088275
softness chemical hardness S (eV)−1 4.529396 4.783316 4.114718 3.809669 5.664118
electrophilicity index ω (eV) 0.05701 0.063722 0.037319 0.03526 0.097432

aFrom the above calculations, five amide derivatives compounds 1−5 have good chemical reactivity and are soft, while compound 1 shows the
lowest energy gap. With the greater value of softness, we can introduce compounds 1 and 2 that show higher biological activity.
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keeps in the pocket of proteins. As a result, the compound has
to be considered as a drug.
The root-mean-square fluctuation (RMSF)38 helps to

understand the region of protein that is being fluctuated
during the MD simulation, and the flexibility of per residue is
computed to get better acumen on the extent to which the
binding of ligand affects the protein flexibility.
Analysis of RMSD and RMSF of compounds 1 and 2 against

3PP0 and 4HJO complexes is also shown in Figure 5, and 2 ns

snapshots are shown in Figure 4. Finally, we found the stability
and protein interaction with amide molecules from the height
range of MD study in Figure 5, this data provides information
about drug activity of amide molecules.

2.10. Toxicity Risk Assessment Screening. Toxic
properties such as irritant, mutagenic, tumorigenic, and
reproductive effects were screened for the diamide derivatives
(1−5) using Molinsperation, admetsar2, and Osiris server
(https://openmolecules.org/propertyexplorer/applet.

Table 3. Docking Scores of Compounds 1−5

compounds
Human epidermal growth factor
receptor (HER2) (PDB id: 3PP0)

Vascular endothelial growth factor
receptor 2 (VEGFR2) (PDB id: 4AG8)

Human placental Aromatase,
Cytochrome P 450 (PDB id:

4EQM)

Epidermal growth factor
receptor (EGFR) (PDB id:

4HJO)

1 −9.1 −8.5 −7.2 −8.5
2 −9.1 −8.6 −7.1 −7.6
3 −7.0 −6.6 −5.2 −6.3
4 −5.5 −6.9 −5.1 −7.7
5 −8.3 −7.8 −5.8 −5.1

Figure 4. 2 ns snapshots of MD simulations.
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html,https://www.molinspiration.com/, http://www.
swissadme.ch/index.php). The server is inbuilt with a list of
about 5300 distinct substructure fragments created by 15 000
commercially available fragments with reported drug score and
drug-likeness. Drug scores associated with drug-likeness,
clog P, molecular weight, and toxicity risks as a total value
may be used to judge the overall potential to qualify it as a
drug. The toxicity screening of compounds 1 and 2 showed no
risk of mutagenic, tumorigenic, irritant, and reproductive
toxicity (Table 4).
2.11. Theoretical Evolution of ADME Properties. The

bioavailability of diamide derivatives (1−5) was accessed
through ADME (adsorption, distribution, metabolism, and
excretion) using admetsar2 online server (http://lmmd.ecus-
t.edu.cn/admetsar2/). To explore the druglike properties of
compounds (1−5), the lipophilicity, expressed as the octanol/
water partition coefficient and here called log P(o/w), as well
as other theoretical calculations such as molecular size,
topological polar surface area (TPSA), number of hydrogen-
bond acceptors and donors, and the number of rotatable
bonds, were calculated (Table 5).

3. CONCLUSIONS
In the present work, we showed that Nb2O5 acts as an effective,
base-tolerant, reusable, and commercially available heteroge-
neous Lewis acid catalyst for the direct synthesis of diamides
from dicarboxylic acids and amines. This method offers several
advantages, including facile reaction conditions as well as
simple experimental and product isolations procedures.

Herein, a series of five compounds were synthesized and
characterized with good yields. This work also focused on the
anticancer activity of chemically diverse diamide-containing
compounds 1 and 2 significantly exhibiting inhibitory activity
against four cancer cell lines, viz., lung (A549), breast (MCF-
7), colon (HT-29), and melanoma (A375). MD simulations
showed that compounds 1 and 2 are located in the pocket of
the anticancer cell. As a result, it can play an effective role as a
drug in any biological system. In addition, AMDET studies
have been performed for their side effects, suggesting that not
all drugs have anticancer activity.

4. EXPERIMENTAL SECTION
4.1. General. All of the chemicals, catalysts, and solvents

were purchased from Sigma-Aldrich (Germany) and TCI
(Japan) and were used without further purification. TLC was
performed on precoated TLC plates (silica gel 60, Merck).

4.2. Synthesis. After optimization of reaction condition,
dicarboxylic acids and amines (1:2 ratio) were placed in a
round-bottom flask with the catalyst Nb2O5 (50 mg). Then, o-
xylene solvent (4 mL) was added to the flask and the mixture
was heated at the o-xylene reflux temperature with continuous
stirring (400 rpm). After completion of the reaction, the
product was separated from the reaction mixture by
centrifugation. Then, the product was dried and recrystallized
for purification. Finally, the pure product was analyzed by
UV−vis, FT-IR, NMR, and GC-MS spectroscopic techniques.

4.3. Spectroscopic Measurements. 1H and 13C NMR
spectra were recorded in a ZEOL-400 NMR spectrometer and

Figure 5. Analysis of RMSDs and RMSFs of selected three complexes with protein at 10 ns MD simulations. (a) Root-mean-square deviations
(RMSDs) of the 3PP0 and (b) root-mean-square fluctuations (RMSFs) of the 3PP0 and 4HJO.

Table 4. Toxicity Risk Assessment Screening of Compounds (1−5) Computed with MOLINSPERATION and OSIRIS Server

compound clog P solubility drug-likeness drug score mutagenic tumorigenic irritant reproductive effect

1 1.06 −2.7 1.68 0.83 no no no no
2 2.08 −3.1 0.3 0.69 no no no no
3 4.48 −3.9 −1728 0.33 no no no no
4 5.51 −4.3 −17.58 0.27 no no no no
5 7.26 −5.74 −20.32 0.16 no no no no

Table 5. ADME Properties of Compounds (1−5) Computed through MOE QSAR Descriptor Module

compound log P(o/w) < 5 MW < 500 TPSA < 140 HBA < 10 HBD < 5 nRotB < 10 molar refractivity

1 0.95 312.37 78.42 3 3 7 87.10
2 1.86 296.37 58.20 2 2 7 85.93
3 5.07 356.55 78.42 3 3 17 105.42
4 5.98 340.55 58.20 2 2 17 104.26
5 7.19 388.60 58.20 2 2 16 119.73
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a Bruker 600 NMR spectrometer. UV−vis, FT-IR, and GC-MS
spectra were recorded in a Shimadzu spectrometer.
4.5. Computational Methods. Optimization of the

structure and calculation of vibrational frequency were done
by density functional theory (DFT) calculations.39 The B3LYP
functional40 was used with a 6-31++G(d,p) basis set.41

Gaussian 16W42 and GaussView 6.0.16 packages were used
for optimization and visualizations. All computational analyses
were carried out on a Windows platform running on an HP
Probook Intel Core i3 processor and 8 GB of RAM.
4.6. Protein Structure. The crystal structure of the protein

was taken from the RCSB Protein Databank43 (PDB ID: 3PP0,
4HJO, 4AG8, and 4EQM). Before the protein preparation
process, all of the water molecules and heteromolecules
attached with the structures, i.e., RNA, were removed from the
original crystal structure of four proteins. Hydrogen atoms
were added, and the geometry of all of the heterogroups was
corrected.
4.7. Molecular Docking. Protein−ligand docking studies

are one of the main challenging aspects of computer-aided
drug design. Docking of the diamide derivative compounds 1−
5 was performed in AutoDock 4.00 Vina.44 Since those
programs are based on different methods for ligand placement
and scoring, using both programs simultaneously normally
increases the change of generation of the correct ligand pose.
Vina includes an iterated local search global optimizer as a
searching method and a combination of knowledge-based and
empirical potentials as a scoring function. After docking, the
best four conformations of the substrate were taken for the
next step of the molecular dynamics study.
4.8. Molecular Dynamic (MD) Simulations. Four

selected diamide complexes were used for MD simulation.
MD simulation was performed by the YASARA program.45

The simulation was performed in an explicit water environ-
ment, the model was simulated at 25 °C and a constant
pressure using AMBER14 force field46 under periodic cell
boundary condition. Finally, a 10 ns MD simulation was
performed at 25 °C and 1 atm pressure without positional
restraint for both the systems. The RMSD and RMSF values
were examined for each simulation. An HP Probook 6460b
laptop was used for all of the prediction and simulation studies.
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