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ABSTRACT: The products of the Friedlander reaction, i.e., 1,8-naphthyridines, have far-
reaching impacts in materials science, chemical biology, and medicine. The reported
synthetic methodologies elegantly orchestrate the diverse synthetic routes of naphthyr-
idines but require harsh reaction conditions, organic solvents, and expensive metal
catalysts. Here, we introduce gram-scale synthesis of 1,8-naphthyridines in water using an
inexpensive and biocompatible ionic liquid (IL) as a catalyst. This is the first-ever report on
the synthesis of naphthyridines in water. This is a one-step reaction, and the product
separation is relatively easy. The choline hydroxide (ChOH) is used as a metal-free,
nontoxic, and water-soluble catalyst. In comparison to other catalysts reported in the
literature, ChOH has the advantage of forming an additional hydrogen bond with the
reactants, which is the vital step for the reaction to happen in water. Density functional
theory (DFT) and noncovalent interaction (NCI) plot index analysis provide the plausible
reaction mechanism for the catalytic cycle and confirm that hydrogen bonds with the IL
catalyst are pivotal to facilitate the reaction. Molecular docking and molecular dynamics (MD) simulations are also performed to
demonstrate the potentialities of the newly synthesized products as drugs. Through MD simulations, it was established that the
tetrahydropyrido derivative of naphthyridine (10j) binds to the active sites of the ts3 human serotonin transporter (hRSERT) (PDB
ID: 6AWO) without perturbing the secondary structure, suggesting that 10j can be a potential preclinical drug candidate for hRSERT
inhibition and depression treatment.

B INTRODUCTION acetaldehyde in the presence of sodium hydroxide'” in 1882
(Friedlander reaction). In 1927, Koller’s group reported the
synthesis of 1,8-naphthyridines for the first time.”” The
improved Friedlander reactions use various catalysts, and
organic solvents such as ligand-free copper catalyst in
dimethylformamide (DMF),”" ruthenium nanolayer in mesi-
tylene,” Hf-UiO-66-N,H; metal—organic framework cata-
lyst,23 trifluoroacetic acid in DMSO,** and some recent
advances can be found elsewhere.”” The studied catalysts
and solvents used for the Friedlander reaction exhibit high
cost, toxicity, high loading, low selectivity, high-temperature
dependence, etc., which contribute to environmental pollution,
limiting the criteria for green synthesis.””*’ Thus, sustainable
approaches need to be explored from a green perspective point
of view, and a recent review sheds light on the greener
synthesis of quinolone that uses water as the solvent.”® It is
advantageous to choose water as a solvent in the reaction

The medicinal properties of naphthyridines and their
derivatives are the major driving forces to synthesize them
on a large scale. Among naphthyridines, 1,8-naphthyridines (1,
Figure 1A) and their derivatives are used as drugs for
antimicrobial activities (nalidixic acid, 2),1_4 HIV inhibitor
(3),° antibacterial activities (gemifloxacin, 4),%’ antitumor
activity (vosaroxin, 5), etc.” ' The 1,8-naphthyridine
derivatives can also act as monodentate, bidentate, or
binucleating bridging ligands (6, Figure 1A).M1718 They also
exhibit excellent thermally activated delayed fluorescence
(TADF) and high photoluminescence quantum yield (7),"°
which make them suitable blue organic light-emitting diodes
(OLEDs). It is worth mentioning that the extensively
substituted 1,8-naphthyridines and less substituted ones are
used as probes to monitor the structure and function of
enzymes and proteins. For example, 1,8-naphthyridine-2-
carboxylic acid acts as a doorstop for co-factor entry in
FAD/NAD-linked reductase (Figure 1B)."” Similarly, 4- Received:  May 28, 2021
bromo-1,8-naphthyridine is used as a FragLite to identify Accepted: June 29, 2021
ligand-binding sites in proteins.'® However, sustainable and Published: July 12, 2021
scalable synthesis of these drug-like molecules remains

challenging ever since Friedlander introduced the synthesis

of naphthyridine by condensing o-aminobenzaldehyde with
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Figure 1. (A) Examples of 1,8-naphthyridine derivatives used as
drugs, chelating ligands, and organic light-emitting diodes (OLEDs).
(B) 1,8-Naphthyridine derivatives used as doorstop for co-factor entry
in FAD/NAD-linked reductase (PDB ID: 6FP4).

medium.” Very recently, Hayes and co-workers reported the
synthesis of 1,8-naphthyridine and its derivatives in moderate
to good yield’>*! using metal hydroxides (LiOH and KOH) in
aqueous-alcohol media. Although there are a few reports on
the synthesis of quinoline derivatives using the Friedlander
reaction in mixed aqueous-alcohol media, usmg metal-based
catalysts such as Fe;0,-IL-HSO,,”' LIOH-H,0” makes them
unfavorable from the green chemistry perspective. The quest
for developing eco-friendly synthetic methods using greener
routes has remained challenging since the last century. This
approach includes the utility of aqueous solvent, metal-free
catalysts, and nontoxic byproducts without compromising
reaction yield. Over the years, many organic compounds have
been successfully synthesized, considering this sustainable
approach.”>™** Denis Prat et al reported their survey, which
guides in selecting a solvent™ for a chemical reaction. Water
has several desirable properties such as cost-effectiveness,
safety, abundance, and environmentally benign nature,
ensuring an alternative solvent. However, solubility limitations
of reactants are deterrents to water as the reaction medium.*
Fortunately, most of the reactants of the Friedlander

condensation reaction are soluble in water. Hence, this work
aims to carry out the gram-scale synthesis of 1,8-naphthyridine
derivatives through Friedlander condensation in water without
using metal hydroxides or metal catalysts. Ionic liquids have
emerged as a green substitute to many other organic solvents
and catalysts in the field of catalysis.”’ " As an alternative,
choline hydroxide (ChOH) is used as a metal-free, nontoxic,
and water-soluble catalyst to synthesize 1,8-naphthyridine
derivatives under conditions to avoid hazardous or carcino-
genic organic solvents.*”*' This is in line with our continuous
effort to explore and prove that choline-based ionic liquids
(ILs) are alternative avenues for synthesis, enzymatic activity,
drug solubility, and, most importantly, storage and stability of
DNA and proteins. -

X X )k/ XX
ChoH
TH,0,50C N

R;, R, =H, alkyl, aryl

In this work, we chose 2-aminonicotinaldehyde (8) as a key
starting material that possesses one N-containing ring
(pyridine) that reacts with the active methylene carbonyl
groups to form another pyridine ring through Friedlander
condensation (eq 1). The products were obtained in excellent
yield. Further, ChOH-IL was successfully separated from the
reaction mixture without using any chromatographic method-
ology. The plausible reaction mechanism using quantum
chemical calculations was proposed for the first time. Thus,
our objective is threefold: (a) to propose an alternative
synthesis method for the gram-scale synthesis of 1,8-
naphthyridine and its derivatives in water, (b) the role of
hydrogen bonding by the ChOH-IL (catalyst) for high product
yield through in-depth quantum chemical calculation, and (c)
possible use of the newly synthesized products as potential
drugs. In this work, we highlight (i) a combinatorial approach
of synthesis, (ii)) DFT and noncovalent interaction (NCI)
analysis, and (iii) biophysical analysis through toxicity
prediction and MD simulations, to bring to notice that the
choice of ChOH IL-based metal-free aqueous catalysis has
multitude benefits over other expensive and toxic catalysts that
enabled us to carry out Friedlander reaction in a sustainable
way with gram-scale product yield.

B RESULTS AND DISCUSSION

Gram-Scale Synthesis in Water. We started the synthesis
by choosing 2-aminonicotinaldehyde (8) and acetone (9, with
active @-methyl carbonyl group) as the model substrates. With
varying molar ratios of ChOH\H,O, we optimized the reaction
yield at water bath temperature (50 °C) and room temperature
(rt) under N, atmosphere. The results are presented in Table
1.

The condensation reaction proceeds on stirring the reaction
mixture for ~6 h. When the reaction was performed in the
absence of the catalyst (ChOH) and solvent (water) under the
same condition, we did not observe any product formation
(entry 1). Further, no product was formed (entry 2) when
water was used as the solvent without catalyst. We also tried
this reaction using excess acetone both as reactant and solvent
(entry 3) in the absence of the catalyst. However, it also ended
up with no product formation. Finally, the desired product 10
was obtained when an excess of acetone was used in the
presence of the catalyst, but the yield was less (entry 4, 52%
yield). Surprisingly, the desired product was formed with 99%
yield (entry §) at SO °C when water was used as the solvent
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Table 1. Optimization of the Synthesis of 2-Methyl-1,8-
naphthyridine“” (10)

o
Xy o Condition NN
DR (PP
N NH, N” >N
8 9 10
entry cat. (mol %) solvent  temp. (°C) time (h) yield (%)
1 50 10 NR
2 HO0 50 12 NR
3 acetone S0 10 NR
4 ChOH(1) acetone 50 24 S2
5 ChOH(1) H,0 50 6 99
6 ChOH (1) H,0 rt 22 90
7 ChOH (0.5) H,0 50 12 95
8 ChOH (0.5) H,0  nt 24 57
9 NaOH H,O 50 6 88
10 KOH H,O 50 6 84
11 Et;N H,O Ny 6 NR
12 EtN- H,0 50 6 NR
(CH,0H),*

“Reaction condition: 2-aminonicotinaldehyde, 8 (0.5 mmol), and
acetone, 9 (0.5 mmol) were stirred with ChOH (1 mol %) in H,O (1
mL). “Isolated yield, rt: room temperature NR: no reaction,. “1:1
mixture.

and ChOH as the catalyst. The same reaction was also
performed at room temperature, for which the yield was found
to be comparatively less (entry 6, 90% yield), and apparently,
it took longer time to attain equilibrium, which, however, lies
mainly in favor of the product formation. We optimized the
catalyst mole percent and observed that 1 mol% ChOH gave
the optimum yield at room temperature and 50 °C (entries S—
8). The virtual completion of all of the reactions was
monitored by thin-layer chromatography (TLC), followed by
NMR spectroscopy and mass spectrometry characterization.
The optimized synthetic procedure highlights the importance
of both catalyst (ChOH) and solvent (H,O) in the reaction
medium to obtain an excellent yield of 2-methyl-1,8-
naphthyridine (entry 5). We also performed the same reaction
by considering a few regularly used bases as catalysts (entry 9—
12), and in all of the cases, the ChOH catalyst was found to be
superior to others. After developing a suitable reaction
condition, we explored the various substrate scopes of the
Friedlander reaction using different active methylene carbonyl
groups (Scheme 1). Both aromatic and aliphatic (cyclic and
acyclic) active methylene carbonyls were considered. To our
delight, we obtained all desired products of substituted 1,8-
naphthyridines with excellent yield (>90% vyield). The
products 10—10d were synthesized from acyclic aliphatic
carbonyls with more than 95% yield. It is worth mentioning
that Hayes and co-workers synthesized 10b with 69% yield
using LiOH-H,O in the aqueous medium.’® But in
comparison, our synthetic methodology turned out superior
(98% product yield) and more efficient for the synthesis of
10b, which can be used as a precursor of many biologically
important compounds. By taking N-heterocyclic active
methylene carbonyl substrates, we synthesized two new
products, 10i and 10j, with excellent yields with additional
N-site that needs to be exploited for metal binding**** in
template-assisted ligand reaction.””*® Entries 10e—j in Scheme
1 were obtained from aliphatic cyclic carbonyl substrates with
excellent yields. These cyclic aliphatic carbonyl products have
importance in biology as well as in medicinal chemistry.*~>"

The product 10h moiety possessed inhibitor activity.”>
Excellent yields were also obtained from aromatic active
methylene carbonyl substrates. Notably, the amount of catalyst
used is minimal in this reaction, and conversion is more than
90% for all of the substrates. Further, a similar reaction was
also carried out on a large scale. The mixture of 2-
aminonicotinaldehyde, 8 (1.23 g, 10 mmol), and acetone, 9
(740 pL, 10 mmol) was stirred in H,O (10 mL) followed by
the addition of ChOH (3 uL, 1 mol %). The desired product
10 was obtained with a 92% yield (1.32 gm) and confirmed
through mass and NMR characterization. Further, we tried to
synthesize 10i and 10j in gram scale with the same catalyst
amount (1 mol %) and the same reaction condition; the
products were obtained with 90% (1.80 gm) and 95% (2.04
gm) vyields, respectively. However, when 8 reacted with
cyclooctanone under the same reaction conditions with the
same catalyst (1 mol %), only a trace amount of product
formation was observed. After that, we increased the catalyst
amount to 2 mol % under the same reaction conditions; then,
product 10h was formed with 88% (1.871 gm) yield. The
NMR characterization details for all of the substrates shown in
Scheme 1 are provided in the Supporting Information (Figures
S1-S22).

Plausible Reaction Mechanism and the Role of
Hydrogen Bonding for High Product Yield. Hydrogen-
bond (H-bond)-mediated catalysis has proven to be an
essential paradigm in facilitating many organic reac-
tions.””*™>° To gain insight into the plausible reaction
mechanism and the importance of H-bonds with ChOH,
density functional theory (DFT) calculations were performed.
Energetics of intermediates and transition states were
calculated to construct the reaction pathway that leads to the
formation of 10. The proposed mechanism is given in Figure 2.
The ChOH acts as a proton acceptor and hydrogen-bond
donor. As shown in Figure 2, the initiation of the reaction
proceeds through activation of the carbonyl group of 9 by the
hydroxyl group of choline cation through H-bond, and at the
same time, the hydroxide anion of ChOH interacts with a-
hydrogen of methylene carbonyl (INT-1). The active a-
hydrogen was abstracted by hydroxide anion and formed
nucleophilic intermediate (INT-2) via transition state (TS-1)
with a barrier energy of 3 kcal mol™". This smaller reaction
barrier is because of the stabilization of TS-1 through H-bonds.

Further noncovalent interaction (NCI) analysis®”*® was
performed on the transition states to delineate the importance
of H-bonds for transition-state stabilization and low reaction
barrier. The NCI plots are helpful to distinguish the strong and
weak interactions.””~®' The NCI plots for the transition states
are shown in Figure 2 (bottom). The blue-colored isosurface
between the OH group of Ch cation and C=0 of the reaction
indicates strong O-H--O=C H bond in the TS-1. Then, the
active INT-2 attacks the carbonyl carbon of 8 to form a stable
intermediate, INT-3, through the transition state, TS-2, with
an activation energy barrier of 25.7 kcal mol™" with respect to
INT-2. TS-2 shows the importance of water in the reaction
medium. Here, water simultaneously interacts with the anionic
carbon of the active methylene group and the O-atom of
carbonyl through H-bonds (though weak interactions),
whereas the OH group of Ch cation forms a strong H-bond
with the C=O0 of 8.

It seems this step is the rate-limiting step with the highest
activation energy. The hydroxide anion of ChOH interacts
with the NH, group of INT-3, which accelerates to form a six-
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Scheme 1. Substrate Scopes of Various Active Methylene Carbonyls for the Synthesis of Substituted 1,8-Naphthyridines“b
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“Reaction conditions: 8 (0.5 mmol), 9—9u (0.5 mmol), ChOH (1 mol %) in H,0 (1 mL). “Isolated yield.

membered cyclic structure via intramolecular reaction. The
subsequent step yields INT-4 as the lone pair over N, which
attacks the C of the carbonyl group via TS-3 by crossing a high
energy barrier of 20.6 kcal mol™. The magnitudes of these
activation energy barriers are much less than those reported for
the synthesis of tetrasubstituted imidazole [2-(2,4,5-triphenyl-1
H-imidazol-1-in the presence of ethanolamine in [Et,NH,]
[HSO,] ionic liquid (IL) as a catalyst,”” suggesting that
ChOH-ILs are better catalysts for such condensation reactions;
the additional H-bond donor group in ChOH is responsible
for better catalytic efficiency. During this intramolecular
cyclization process, a proton was abstracted by hydroxide
anion from the quaternary N-atom of the amine group in TS-3
and released a water molecule. The reaction was followed by
abstraction of NH proton and formed an imine bond via
intramolecular reaction with release of a water molecule in TS-
4 and resulted in INT-S. After that, INT-5 was stabilized by H-
bonds with ChOH. INT-35 resulted in the desired product 10
by overcoming a lower energy barrier. In TS-S, the hydroxyl
group of choline donates a proton to the O atom, which
accelerates to remove water and simultaneously forms a new
heterocyclic aromatic ring with the release of —23.1 kcal mol ™

19307

of free energy. The energy barrier for the transition states TS-4
and § were surprisingly found to be 1.8 and 1.1 kcal mol™},
respectively. Such reduced activation energy barrier compared
to those of previous steps can be attributed to the ring
aromatization. Due to the favorable energetic pathway, the
desired product 10 was formed quickly, and ChOH was
recovered for further use. It seems a little bit of heating is
required to overcome the reaction barriers in the initial steps of
the reaction. Throughout the reaction, steps such as
protonation, deprotonation, and release of water molecules
were facilitated by H-bonds between the reactants, inter-
mediates, catalyst (ChOH), and the solvent, H,0. Hence the
importance of H-bonds and the role of H-bond forming
catalyst ChOH should carefully be considered for higher
product yield.

B PRODUCTS AS POTENTIAL DRUG CANDIDATES

Assessment for Drug-Likeness. We computed ADMET
(absorgtion, distribution, metabolism, elimination, and tox-
icity) =% of all of the 22 substituted 1,8-naphthyridine
molecules synthesized to analyze their suitabili?f as potential
drug candidates. Lipinski’s “Rule of Five” (r0S) 7 was used to

https://doi.org/10.1021/acsomega.1c02798
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Figure 2. Top: Catalytic cycle designed for the Friedlander reaction involving interaction with one ChOH-IL ion pair to see the IL catalytic and H-
bond effects in the solution (H,O as solvent) at 1 atm and 323 K. Gibbs free energies and enthalpies were calculated relative to reactants (8, 9) +
ChOH. The geometry optimization and frequency calculations were performed at the BLYP-PCM/6-31 + G(d,p) level of theory using the PCM
solvation model. Single-point electronic energies were taken from the calculation performed at the B3LYP-PCM/6-311 ++ G(d,p) level of theory.
Bottom: NCI plot and density gradient plot to show the H-bonds involving the catalyst ChOH-IL. Gradient isosurface follows a blue-green, red
color scheme over the range of —0.04 < sign (42)p < +0.04, where blue, green, and red colors denote very strong attraction, weak interaction, and

strong repulsion, respectively.

test the "drug-likeness” quality of the designed drugs. The
properties or descriptors that were considered for r05 along
with their range were as follows: molecular weight (MW) <
500, lipophilicity (Qp- logPo/w < $), hydrogen-bond donors
(HBggpor < 5), hydrogen-bond acceptors (HB ., < 10). As
presented in Table S1, all of the substituted 1,8-naphthyridine
drugs aimed at pharmacological applications showed excellent
drug-likeness properties without violating Lipinski’s roS.
Hence, these molecules might be helpful in pharmaceutical
applications.

Bioavailability Prediction. Jorgensen implemented the
"rule of three” (ro3) to predict the bioavailability of drug
molecules. If any compound follows some or all of the rules
(QPlogS > —5.7, QPPCaco > 22 nm/s and # metab < 7) as
presented in Table S2, then it is considered to be orally
viable.”® The bioavailability of any compound is dependent on

19308

the absorption and liver first-pass metabolism processes.”* The
absorption process, on the other hand, depends on the
permeability, solubility, and interactions of the compound with
gut wall metabolizing action and transporter enzymes. The
computed QikProp values predicted by Jorgensen’s r03 are
within the limit, which indicates that all naphthyridine-
substituted molecules satisfy the bioavailability property to
be used as potential drugs.

The 12 most essential and relevant molecular descriptors
computed by QikProp are used to calculate the #star
parameters (Schrodinger 2011d). These are useful in selecting
and optimizing the possibility of using naphthyridine-
substituted molecules as drug molecules. These selected
#star parameters are as follows: number of rotatable bonds
(#rotor: 0—15), total solvent-accessible surface area with 1.4 A
probe radius (SASA: 300—1000 A?), the hydrophobic
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Figure 3. Snapshot from MD simulation trajectory showing the interaction of (A) molecule 10j with human serotonin transporter (HST) (PDB
ID: 6AWO) and (D) molecule 10r with VEGFR-2 (PDB ID: 3EFL), within the binding site. Residue numbering was obtained from the PDB files
6AWO and 3EFL, which are used to model the protein environment. Active-site surface representation (residues within SA of the molecule) with
the color scheme according to their electrostatic potential is shown for (B) 10j-6AWO and (E) 10r-3EFL. Histogram showing the percentage of
secondary structural content based on MD trajectories of (C) 6AWO in red and 10j complexed with 6AWO in yellow and (F) 3EFL in red and 10r

complexed with 3EFL in yellow.

component of the solvent-accessible surface area (FOSA: 0—
750 A?), the total solvent-accessible volume of the molecule
(probe radius: 1.4 A, volume: 500—2000 A®), index of cohesive
interaction in solids (ACXDNA.5/SA: 0.0—0.05), globularity
descriptor (glob: 0.75 to 0.95), predicted polarizability
(QPpolrz: 13.0—70.0 for 95% of drugs), predicted IC, value
for blockage of HERG K* channels (QPlogHERG, < —S§),
logarithm of predicted blood/brain barrier partition coeflicient
(QPlogBB: —3.0—1.0), predicted apparent MDCK cell
permeability in nm/s (QPPMDCK: < 25 poor, > 500 great),
predicted skin permeability (QPlogKp: —8.0 to —1.0),
logarithm of predicted binding constant to human serum
albumin (QPlogKhsa: —1.5 to 1.2). It was found that all of the
naphthyridines synthesized in this work exhibited potential
drug properties, as shown in Table S3.

10j and 10r as Potential Inhibitors for Human
Serotonin Transporter (hSERT) and Protein Kinases
Revealed from MD Simulation. ADMET analysis indicates
molecules 10—10u being potential drug candidates. In line
with this, further investigation of their biophysical properties,
such as binding free energies, binding residues, and binding
orientations, was conducted through molecular dynamics
simulations. Here, we considered hSERT and protein kinase
inhibition as macromolecular targets. First, all of the products

were screened through molecular docking and molecules with
the highest binding free energies were further considered for
molecular dynamics simulations (see Table S4). hSERT
inhibition by small molecules can be useful as antidepressants.
Gouaux and co-workers reported the ts3—sertraline (PDB:
6AWO) interaction.”” The binding site and binding energy of
10j with 6AWO are similar to those of sertraline, as presented
in Figure 3A. At the same time, targeting the treatment of
diseases like cancer and inflammation, Sun et al.” reported
kinase inhibition with the 8-amino-substituted 2-phenyl-2,7-
naphthyridin-1(2H)-one derivative. Compound 10r is an
equally good kinase inhibitor as it binds in the active sites
VEGFR-2 (PDB: 3EFL), and the binding energy is very close
to the reported values.

The docking results were encouraging; however, they
provide static information, and their corresponding dynamics,
including the perturbation of solvent environment, were thus
studied using MD simulations. MD simulations are versatile
tools used for determining the dynamic behavior of 10j and
10r with 6AWO and 3EFL, respectively. The preliminary
analysis of the calculated trajectories was based on their root-
mean-square deviation (RMSD) profile, as shown in Figure
$23. The dynamics of molecule 10j with the protein (6AWO)
were converged after a 40 ns time scale. However, the RMSD
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was converged in ~150 ns for the system containing molecule
10r complexed with 3EFL. Nevertheless, these deviations are
within the range of 2 A, which signifies the absence of any
significant structural perturbations. On the other hand, the
RMSD for ligand molecules in both systems was stable
throughout the simulations. This is indicative of the RMSD
plot for ligands that ranges within a deviation scale of 0.3 A.
Further analysis was carried out from the last 50 ns time scale
of trajectories, as they achieved convergence. Here, the focus
was central to the interaction between the molecules and the
amino acid present in the active binding site. The key driving
forces that stabilized these molecules are the hydrophobic
contacts. Figure 3A shows the structural snapshot obtained
from MD simulation for molecule 10j embedded in protein.
The side chains of 1266, 1443, and 1172 were involved in
stabilizing the binding via hydrophobic contacts.

Additionally, aromatic amino acids such as Y95, Y176, and
F341 were involved in C—H---x interaction. The only H-bond
interaction found in the putative binding site of molecule 10j
was mediated by S439. In the case of 10r-3EFL, hydrophobic
residues such as 1892, 1889, V899, and V916 stabilize the
ligand binding within the active binding site. Aromatic amino
acids such as F918 and F1047, on the other hand, were
involved in edge-to-face 7-stacking (Figure 3D). In addition,
the charged residues K868 and D1046 were also found in the
close vicinity of 10r. The electrostatic potential maps for 10j-
6AWO and 10r-3EFL, as shown in Figure 3B,E, respectively,
further manifest that the drug molecules 10j and 10r reside in
the hydrophobic parts of the proteins. The free energy of these
molecules complexed with the protein was obtained through
the MM-PBSA method. The calculated binding free energy
components are shown in Table S5. Deconvolution of the free
energy provides a quantitative estimate of van der Waals
energy as —34.7 and —36.7 kcal mol ™' versus the electrostatic
energy, —9.4 and —2.4 kcal mol ™!, for the system containing
10j and 10r, respectively. This agrees with the structural
analysis in a way that van der Waal forces are significantly
higher due to hydrophobic contacts compared to the
electrostatic interactions. Nevertheless, the free energies of
solvation for the complexes in both systems were energetically
equivalent. This is indicative of the AGpy values —42.7 and
—42.6 kcal mol™'. To calculate the binding energy more
precisely, the normal mode analysis was carried, thereby
accounting for translational, rotational, and vibrational
entropies. The relatively entropic contribution was higher in
the case of 10r. Overall, the calculated free energy indicates
that both molecules are comparatively stable in their respective
system. The secondary structural contents of the proteins in
the presence of 10j and 10r were analyzed from the MD
simulation and shown in Figure 3C,F. No significant changes
in the secondary structures of the proteins due to the presence
of 10j and 10r were found. In a nutshell, the docking and
simulation results suggest that both the molecules are stable
within the protein active sites, indicating binding energies. In
addition, the protein secondary structure remains unperturbed,
which is quite encouraging to consider 10j and 10r as
promising drug candidates for hSERT and kinase inhibition,
respectively.

Bl CONCLUSIONS

In summary, we demonstrated a one-pot Friedlander
condensation reaction in water using a metal-free ionic liquid
(choline hydroxide) catalyst. Our methodology provides a

greener synthetic route based on mild reaction conditions to
synthesize substituted 1,8-naphthyridines from 2-aminonicoti-
naldehyde with excellent yield. This operationally simple
process was checked for diverse substrate scopes ranging from
aliphatic to aromatic active methylene carbonyls. The key
feature of this method is that both catalysts and products can
be easily separated from the reaction mixture without further
chromatographic separation. We also demonstrated that our
synthesis is scalable and capable of producing multigram
quantities of the products with excellent yield. DFT
calculations and NCI plot index analysis suggested H-bonds
between the catalyst and transition states/intermediates that
facilitate the formation of the products. Choline hydroxide was
found to be acting as a H-bond donor during various steps of
the reaction. This property of ChOH can be exploited to
design many such H-bond-assisted reactions in the future.
Additionally, the products through molecular docking and MD
simulations studies were found to be potential preclinical drug
candidates for hSERT and kinase inhibition. We hope this
inexpensive and greener synthesis approach will be adopted by
many researchers while keeping in mind that the role of H-
bonds with the catalysts is extremely crucial.

B EXPERIMENTAL SECTION

Materials and Equipment. Commercially available
compounds were purchased from different suppliers such as
Sigma-Aldrich, TCI, Avra, and Spectrochem. The catalyst
ChOH-IL was purchased from Sigma-Aldrich, and all of the
chemicals were used without further purification unless
otherwise noted. All reactions were carried out using
conventional glassware at 50 °C under a N, atmosphere, and
the reaction was monitored by TLC (thin-layer chromatog-
raphy). The TLC plates (Merck TLC silica gel 60 F254) were
detected under UV light (4 = 254 and 354 nm). Nuclear
magnetic resonance spectra were recorded on Bruker AV 400
MHz and Jeol ECZR-400 MHz spectrometers (400 for'H
NMR, 100 MHz for *C NMR). The chemical shift values
were reported relative to central CDCI; resonance at 6 = 7.26
ppm for '"H NMR and § = 77 ppm for *C NMR. High-
resolution mass spectra (HRMS) were measured on a Bruker
micro TOF-Q_II spectrometer. The IR spectra were recorded
in an FT-IR spectrometer using KBr pellets. The details of
density functional theory (DFT), molecular docking, and
molecular dynamics (MD) simulations are provided in the
Supporting Information (SI).

General Procedure. The mixture of 2-aminonicotinalde-
hyde (8) (0.5 mmol) and carbonyl derivatives (9—9 u) (1.5
mmol for 9 and 0.5 mmol for the remaining carbonyls) stirred
in H,0 (1 mL) followed by the addition of ChOH (1 mol %).
The reaction mixture was stirred under N, conditions at 50°C
temperature. The completion of all of the reactions was
monitored by TLC using 10% methanol/dichloromethane as
the eluent. The reaction mixture was extracted from ethyl
acetate (40 mL) and water (10 mL) and concentrated under
vacuum. After workup, the catalyst was separated and the
products were obtained with a desirable yield.

Experimental Characterization Data. 2-Methyl-1,8-
naphthyridine (10). A mixture of 2-aminonicotinaldehyde
(8) (61.6 mg, 0.5 mmol) and acetone (9) (111 uL, 1.5 mmol)
was stirred in H,O (1 mL) followed by the addition of ChOH
(3 uL, 1 mol %). The reaction mixture was stirred under N, at
50 °C for 6 h. After workup, the catalyst was separated and the
desired product 2-methyl-1,8-naphthyridine (10) was obtained
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as a cream solid (71 mg, 99%). 'H NMR (400 MHz, CDCl;) §
9.04 (dd, J = 4.0, 2.0 Hz, 1H), 8.11 (dd, J = 2.0, 2.0 Hz, 1H),
8.04 (d, ] = 8.4 Hz, 1H), 7.40 (dd, ] = 4.4, 4.0 Hz, 1H), 7.35
(d, J = 8.0 Hz, 1H), 2.80 (s, 3H); *C NMR (100 MHz,
CDCl;) & 163.0, 155.9, 153.3, 136.8, 136.6, 123.0, 121.3,
120.7, 25.6.

7-Methyl-6,7,8,9-tetrahydropyrido[2,3-b][1,6]-
naphthyridine (10i). A mixture of 2-aminonicotinaldehyde (8)
(61.6 mg, 0.5 mmol) and 1-methylpiperidin-4-one (9i) (62 uL,
0.5 mmol) was stirred in H,O (1 mL) followed by the addition
of ChOH (3 uL, 1 mol %). The reaction mixture was stirred
under N, at 50°C temperature for 11 h, and the reaction
progress was monitored through TLC. After completion of the
reaction, the desired product 10i was separated by workup as a
brown solid (92 mg, 92%). Ry = 0.55 (10% methanol/
dichloromethane). 'H NMR (400 MHz, CDCl;) 6 9.01 (d, ] =
4.0 Hz, 1H), 8.07 (d, ] = 8.0 Hz, 1H), 7.79 (s, 1H), 7.38 (dd, ]
=4.0,4.0 Hz, 1H), 3.78 (s, 2H), 3.33 (t, ] = 8.0 Hz, 2H), 2.86
(t, ] = 8.0 Hz, 2H), 2.52 (s, 3H); *C NMR (100 MHz,
CDCl;) & 160.0, 155.0, 153.0, 136.3, 133.4, 129.7, 1214,
121.1, 57.4, 52.9, 46.0, 33.5; HRMS (ESI) m/z: [M + Nal*
caled for C,H 3N;Na, 222.1002; found 222.1019. mp = 115
°C. IR (KBr thin film, cm_l) v 2956, 2910, 2845, 2789, 1610,
1552, 1480, 1125, 900, 796. UV—vis A, (max) 320 nm.

7-Ethyl-6,7,8,9-tetrahydropyrido[2,3-b][1,6]naphthyridine
(10j). A mixture of 2-aminonicotinaldehyde (8) (61.6 mg, 0.5
mmol) and 1-ethylpiperidin-4-one (9j) (68 yL, 0.5 mmol) was
stirred in H,O (1 mL) followed by the addition of ChOH (3
uL, 1 mol %). The reaction mixture was stirred under N, at 50
°C for 10 h, and the reaction was monitored through TLC.
After completion of reaction, the desired product 10j was
separated by workup as a red solid (102 mg, 96%). R; = 0.42
(10% methanol/dichloromethane)."H NMR (400 MHz,
CDCL,) 6 9.0 (dd, J = 2.0, 2.0 Hz, 1H), 8.05 (d, J = 8.0 Hz,
1H), 7.79 (s, 1H), 7.36 (dd, J = 4.0, 4.0 Hz, 1H), 3.82 (s, 2H),
331 (t, J = 8.0 Hz, 2H), 2.89 (t, J = 8.0 Hz, 2H), 2.61 (m,
2H), 1.19 (t, ] = 8.0 Hz, 3H); "*C NMR (100 MHz, CDCl;) 6
160.5, 155.0, 152.9, 136.3, 133.6, 129.8, 121.4, 121.1, 55.1,
52.0, 50.4, 33.5, 12.3; HRMS (ESI) m/z: [M + Na]* caled for
C3H sN;Na, 236.1158; found 236.1176. mp = 110 °C. IR
(KBr thin film, cm™!) v 2972, 2938, 2816, 2766, 1620, 1560,
1483, 1140, 910, 792. UV—vis A, (max) 320 nm.
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