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Synthesis of imidazopyridines via NalO,4/TBHP-
promoted (3 + 2) cycloaddition and biological
evaluation as anticancer agentst

Huiping Luo,? Zhengyu Hu,1® Jihai Shi,® Yongxin Lou,® Zhonghua Shi,? Xin Jin,2
Jia Chen,” Xing Liu* and Qiang Huang & *@

A novel and simple NalO4/TBHP-promoted (3 + 2) cycloaddition reaction of propargyl alcohols and 2-
aminopyridines was discovered for the synthesis of imidazoll,2-alpyridines. This protocol exhibits
a broad substrate scope for both propargyl alcohols and 2-aminopyridines, with high functional group
tolerance, leading to the formation of various C3-carbonylated imidazopyridines in moderate yields.
More importantly, these synthesized compounds were evaluated for their antiproliferation activity against
MOLM-13 and MV4-11 cells, indicating that 3n, 5a and 5d possessed good bioactivity. Molecular docking
analysis showed the strong interaction between 5a, 5d and FLT3 kinase, which have practical values in
the development of kinase inhibitors.

1. Introduction

Imidazopyridines are an important class of aza-fused hetero-
cycles, including imidazo[1,2-a]pyridines, imidazo[1,5-a]pyri-
dines, imidazo[4,5-c]pyridines, imidazo[5,1-a]quinolones, and
imidazo[2,1-a]isoquinolines, which has been widely used in
medicinal chemistry (Fig. 1)*7 and material science.® Many
reports have shown that imidazopyridines possess good anti-
bacterial activity,” kinase inhibitory activity,'*'* and anti-cancer
activities.”"® Hence, new strategies to construct an imidazo-
pyridine scaffold have received considerable interest,'*>* and
these scaffolds are suitable for the design and development of
more effective, targeted compounds for cancer treatment.**°
Among imidazopyridine derivatives, imidazo[1,2-a]pyridine
is highly valuable due to its bioactivity," and it was mainly
obtained through synthetic approaches starting from 2-
aminopyridines.**** The direct annulation of acetophenone,
ethylbenzene, styrene, or phenylacetylene as starting materials
with 2-aminopyridine is the usual synthetic protocol,**** which
mainly achieved direct C2-arylated imidazo[1,2-a]pyridines.
Additionally, some three-component reactions between alde-
hydes, 2-aminopyridines and other partners could afford
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functionalization at the C3 position of the imidazo[1,2-a]pyri-
dine moiety (Scheme 1a).**** Although these excellent works
provided alternative approaches for the synthesis of bioactive
imidazo[1,2-a]pyridines, the pursuit of innovative synthetic
methodologies aimed at constructing a diverse array of imidazo
[1,2-a]pyridine derivatives is highly important.

In our previous work, we developed an I,/DTBP-promoted (3
+2) cycloaddition reaction of 2-aminopyridines and chromones
to synthesize C3-carbonylated imidazo[1,2-a]pyridines (Scheme
1b)* and found that the products provided key active fragments
for the synthesis of cabozantinib analogues, which have the
potential to be developed as an anticancer agent. Recently, we
also developed a series of reactions of propargyl alcohols to
synthesize various compounds, including silver-mediated ami-
nophosphinoylation of propargyl alcohols* and the DBU-
promoted isomerization/addition of propargyl alcohols.”
Inspired by these results, we wondered whether adoption of a (3
+ 2) cyclization protocol would afford imidazo[1,2-a]pyridine
from propargyl alcohols and 2-aminopyridines. For a proof of
concept, we reported a novel and simple synthesis of imidazo
[1,2-a]pyridine via NalO,/TBHP-promoted (3 + 2) cycloaddition
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Fig. 1 Representative bioactive imidazopyridines.
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Scheme 1 The synthesis of imidazol1,2-alpyridines.

and further evaluated the bioactivities of these products as
potential anticancer agents, revealing their practical values in
the development of kinase inhibitors (Scheme 1c).

2. Results and discussion
2.1 Chemistry

Initially, various reaction conditions were conducted by mixing
1-phenylprop-2-yn-1-ol (1a) and 2-aminopyridine (2a) to eval-
uate different parameters. As shown in Table 1, based on our
previous works,* the initial reaction was performed using TBHP
as an oxidant in PhCl at 120 °C. Unfortunately, no corre-
sponding product 3a was observed (entry 1). Next, when
20 mol% I, was supplemented into the system, 9% yield of 3a
was obtained (entry 2). Herein, different iodine reagents were
investigated, such as HI, Nal, KI, NalIO,, Cul, Agl, Fel,, and ZnlI,
(entries 3-10), and NalO, showed optimal performance.
Subsequently, an examination of various hyperoxides revealed
that all were inferior to TBHP (entries 11-12). We hypothesized
that this phenomenon was associated with solubility and ion
pairing. Given that 70% TBHP in H,O was employed, it is
possible that a trace amount of H,O facilitated the ionization of
NalOy,, thereby producing a synergistic oxidation effect. Similar
oxidation was also observed in our recent work.*® Additionally,
the solvent effect was further considered. However, it seems
that all of the polar solvents (like DMSO, DMF and dioxane)
were unfavorable for the conversion of 3a compared to nonpolar
media, such as toluene and PhCl (entries 13-18). Here, while
tert-butyl acetate (TBAC) served as a suitable solvent for the
synthesis of compound 3a, it gave a slightly low yield compared
to PhCl (entry 15). When screening the reaction temperatures,
the temperature set at 120 °C remained preferable (entries 18-
20). Finally, the amount of NalO, and 2a was examined. The
yield of 3a was significantly increased when 40 mol% NalO, and
3 equivalents of 2a were used (entry 21). However, 2-amino-
pyridine was used in a slight excess, leading to a substantial
reduction in the reaction efficiency. During the reaction
process, we noticed that a highly polar substance could not be
separated and remained at the origin spot on the TLC plate,
potentially indicating that it could be a by-product formed from
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Table 1 Optimization of the reaction condition®®

OH
X
N ¢ L
N

Additive, Temperature

2) —
ol
|
N
3a

NH2  solvent, Oxidant, 12 h

1a 2a
Entry AD Oxidant  Solvent T (°C)  Yield (%)
1 — TBHP PhCl 120 0
2 I, TBHP PhCl 120 9
3 HI TBHP Phcl 120 21
4 Nal TBHP PhCl 120 17
5 KI TBHP PhCl 120 11
6 NalO, TBHP PhCl 120 59
7 Cul TBHP PhCl 120 27
8 Agl TBHP PhCl 120 8
9 Fel, TBHP Phcl 120 33
10 Znl, TBHP PhCl 120 34
11 NalO, DTBP PhCl 120 7
12 NalO, H,0, PhCl 120 5
13 NalO, TBHP Dioxane 120 18
14 NalO, TBHP Toluene 120 37
15 NalO, TBHP TBAC 120 54
16 NalO, TBHP DMSO 120 21
17 NalO, TBHP DMF 120 25
18 NalO, TBHP Toluene + PhCl 120 45
19 NalO, TBHP PhcCl 100 19
20 NalO, TBHP PhCl 110 36
21 NalO, TBHP PhCl 130 48
22 NalO, TBHP PhCl 120 62°, 70%, 65°
23 NalO, TBHP PhCl 120 428, 18"

“ Reaction conditions: 1a (0.5 mmol), 2a (1.5 mmol), additive (20 mol%)
oxidant (1.5 mmol) solvent (4 mL), 12 h, temperature 100 130 °C in
sealed tube. ?Yield of isolated product based on 1a. 30 mol%
additive was used. ¢ 40 mol% additive was used. ¢ 50 mol% additive
was used. ¢ 1 mmol of 2a. * 0.5 mmol of 2a was added.

the oxidation of 2-aminopyridine in the presence of TBHP.
Thus, it is necessary to utilize a significantly larger excess of 2-
aminopyridine. Based on these findings, the optimal condition
was determined as follows: 40 mol% NalO, and 3 equivalents of
TBHP at 120 °C in PhCI for 12 h.

After determining the optimized reaction conditions, we
explored the substrate scope for the synthesis of imidazopyr-
idines. Firstly, various substituted propargyl alcohols were
investigated and the results are shown in Table 2. Obviously,
substitution on the phenyl ring has a significant effect on the
reactivity of the (3 + 2) cycloaddition. Although different
substrates can react with 2a, the corresponding products were
obtained in low to moderate yields. Especially, strong electron-
withdrawing groups (3g) such as nitrile on the phenyl ring
distinctly decreased the performance of the reaction. Meta- or
ortho-substituted phenyl propargyl alcohols can also be con-
verted into the corresponding compounds 3h-3j in appropriate
yields. Importantly, multisubstituted phenyl propargyl alcohols
reacted smoothly with 2a to give products 3k-3n in moderate
yields. Finally, furan-3-yl(imidazo[1,2-a]pyridin-3-yl)methanone
was examined in this system, affording the desired 30 in 26%
yield.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of propargyl alcohols®
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Table 3 Scope of 2—aminopyridines“”
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“ Reaction conditions: 1 (0.5 mmol), 2a (1.5 mmol), NalO, (40 mol%),
TBHP (1 5 mmol), PhCl (4 mL), 12 h, temperature 120 °C in sealed
tube. ? Yield of isolated product based on 1.

Next, the scope of various 2-aminopyridines was investi-
gated. As shown in Table 3, aminopyridines bearing various
substituents can be smoothly converted into the corresponding
products 4a-4k. Generally, the substitutions on the 3-, 4- and 5-
positions of 2-aminopyridines are more compatible for the
reaction compared to the 6-substituted 2-aminopyridines, such
as 4k, affording the desired products in higher yields. This
outcome might be related to the steric hindrance of the
substituents, which is not conducive to the final aromatization
via (3 + 2) cycloaddition.

To gain insight into this reaction, a series of control experi-
ments were conducted, as outlined in Scheme 1. Firstly, the
radical inhibition experiments were carried out by TEMPO. The
reaction could not be inhibited by TEMPO, and the desired
compound 3a was found in 62% yield (Scheme 2a), indicating
that a radical mechanism might not be involved in this system.
According to our previous work,” we hypothesized that the
reaction involves a tandem process of oxidation, addition, and
cyclization. To further investigate, we synthesized the potential
intermediates A and B at low temperature, giving 87% and 39%
yields, respectively. Interestingly, when using intermediates, A
and B under standard conditions (Scheme 2b and c), compound
3a was obtained in yields of 46% and 81%, respectively. These
results indicated that the reactive intermediates A and B might
actively participate in the reaction.

Based on the results from the control experiments, the
reaction is likely to proceed through the following mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry

o —
©)\ ( J\ 40 mol% NalOy, 120°C_ N///\/\RZ
|
M2 pncl, TBHP, 12h N
4
/
e} _— 0] — 3 0] — al
N/ N N,/
| |7 |/
N N
4a, 55% 4b, 54% 4c, 40%
o—
Q - Br (o] — o
N / N / -
W N J
L L)
4d, 27% 4e, 17% 4, 44%
40 22% 4h, 29% 4i, 36%
o} — o _
SRve b
/
N | N
4j,47% 4k, 18%

“ Reaction conditions: 1a (0.5 mmol), 2 (1.5 mmol), NalO, (40 mol%),
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Scheme 2 Control experiments.

As shown in Scheme 3, propargyl alcohol 1a can be oxidized into
intermediate A under TBHP. Next, compound A reacted with 2a
to generate intermediate B through an intermolecular addition.
Here, compound B can be reversibly converted into TS-1, and
further oxidized into TS-2 by TBHP. Finally, the intramolecular
cyclization of TS-2 proceeded to yield the desired 3a product.

2.2 Biological evaluation

Imidazo[1,2-a]pyridines as potential anticancer agents have
shown promising kinase inhibitory potential.*»**=* To the best

Oxidation
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Scheme 3 Proposed reaction mechanism.
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of our knowledge, considerable research studies have shown
the substantial structural features of small molecule imidazo-
pyridines and their noticeable interactions in the active sites of
serine/threonine and tyrosine kinases,”** which might be
probably related to its remarkable physiochemical properties.
For example, Li's group reported on the discovery of the highly
ligand efficient, low molecular weight imidazopyridine analogs
as FLT3 inhibitors by computer-aided virtual drug screening.*
Later, they identified a novel series of imidazo[1,2-a]pyridine-
thiophene derivatives from a NIMA-related kinase 2 (NEK2)
inhibitor,*” which retained inhibitory activities as type-I inhib-
itors of FLT3. These results indicate that the imidazo[1,2-a]
pyridine-thiophene scaffold is promising for the development
of FLT3 inhibitors. Therefore, the antiproliferation of
compounds 3a-30 and 4a-4k to MOLM-13 and MV4-11 cells was
examined.

As seen in Fig. 2, monosubstituted imidazo[1,2-a]pyridin-3-
yl(phenyl)methanone derivatives 3 on the phenyl ring failed to
clearly improve their antiproliferation for MOLM-13 and MV4-
11 cells, and compounds 3a-3i showed moderate to low inhi-
bition at 50 pM and IC5, value. Fortunately, multiple substitu-
ents on the phenyl ring (such as 3,4-dioxane, 3,5-di-t-Bu) could
significantly enhance their antiproliferative effect, and
compounds 31, 3m and 3n gave more than 70% of inhibition
rate for the MOLM-13 and MV4-11 cells. Additionally, we found
that imidazo[1,2-a]pyridines bearing various substituents at
different positions have a key effect on the antiproliferation for
MOLM-13 and MV4-11 cells. Notably, the 6-site substituted
imidazo[1,2-a]pyridin-3-yl(phenyl)methanone derivatives 4e-4g
exhibited better antiproliferative activity compared to others.
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2
© 60
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S 40
S
E 20
0 -
S8385P5"E58994385957%
Concentration 50 uM
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100
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Fig. 2 Inhibition rate of compounds 3a—30 and 4a—4k for MOLM-13

and MV4-11 cells.
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Furthermore, the ICs, values of compounds 3a-30 and 4a-4k
to MOLM-13 and MV4-11 cells were further explored using the
reported FLT3 inhibitor Cabozantinib as a positive control drug.
As presented in Table 4, compounds 31-3n, 4e-4g demonstrated
superior bioactivity against MOLM-13 and MV4-11 cells, with
compound 3n notably exhibiting ICs, values of 8.53 £ 0.34 nM
and 9.73 4+ 0.17 nM against MOLM-13 and MV4-11 cells,
respectively. Notably, the 6-position substituted imidazo[1,2-a]
pyridines (4e-4g), bearing methyl, methoxy, and bromo groups,
emerged as particularly promising candidates. These structural
modifications at the C6 position appear to significantly enhance
the inhibitory potency against FLT3-driven leukemic cells.

Based on the above analysis of the structure-activity rela-
tionship, we considered that 3,4-dioxane, 3,5-di-t-Bu on the
benzene ring and 6-site substituted methyl, methoxy, bromide
substituents might be responsible for the improvement in
antiproliferation. Herein, a series of imidazo[1,2-a]pyridine
derivatives 5 were synthesized using the NalO,/TBHP-promoted
(3 +2) cycloaddition method. Their antiproliferative activity was
then further evaluated, as summarized in Table 5. Compound
5a-5e exhibited good antiproliferative activity for MOLM-13 and
MV4-11 cells compared to compounds 3 and 4. Among all
compounds, 5a and 5d showed similar bioactivity, which have
the potential for the development of FLT3 inhibitors.

To the best of our knowledge, MOLM-13 and MV4-11 cells
are FLT3-ITD-expressing human leukemia cell lines. Here,
compounds 5a, 5d and 3n showed good anti-proliferative
activity against MV4-11 and MOLM-13. To gain insight into
the binding mode of 5a, 5d and 3n in the kinase domain of
FLT3, a molecular docking study was carried out using the X-ray
structure of quizartinib in complex with FLT3-ITD kinase (PDB
ID: 4XUF). Fig. 3 shows the overlying docking results of qui-
zartinib, 5a, 5d and 3n. Obviously, quizartinib perfectly
occupies the binding pocket of ATP adenosine and the region of

Table 4 Bio-evaluation of compounds 3a—30 and 4a—4k

ICso (UM)

Compound MOLM-13 MvVi4-11

3a 28.99 £+ 7.07 4417 £ 1.34
3b 34.80 + 3.47 32.05 + 3.97
3d 84.35 + 8.19 92.52 £+ 6.20
3e 24.44 £+ 9.96 32.28 £ 5.21
3h 30.29 £ 1.98 87.34 £1.81
3i 31.74 £ 3.13 87.75 £+ 0.62
31 13.24 + 0.41 10.63 £+ 0.44
3m 19.79 + 1.57 19.91 + 1.68
3n 8.53 £ 0.34 9.73 £ 0.17
4a 86.57 + 5.43 43.82 + 1.48
4b 42.41 £+ 4.38 30.80 £+ 1.15
4c 10.64 + 0.40 41.79 + 8.01
4e 17.95 + 0.86 8.19 +1.87
4af 19.94 + 1.06 18.69 + 2.38
4ag 10.43 + 0.37 13.54 £ 3.65
4 44.19 + 3.97 72.58 £+ 9.05
4j 47.07 £ 5.95 84.39 + 6.86
Cabozantinib 0.045 0.003

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Structure and bio-evaluation scope of imidazol[l,2-alpyri-
dines 5

OH R2 o =
N " 40 mol% NalO,, 120°C N \/N//,\'\Rz
R'T X ¢t Z —— Ry 2
Z N""NH2  pncy, TBHP, 12h Z N
1 2 5

5a, yield: 30%
MV4-11: ICgo = 10.637+0.93 uM
MOLM-13: ICgo = 10.1790.27 uM

Eﬁ“é

5d, yield: 28%
MV4-11: ICsp = 11.413£0.81 uM
MOLM-13: ICso = 8.743+1.77 uM

5b, yield: 30%
MV4-11: ICs = 11.39£1.75 uM
MOLM-13: IC5 = 41.685+7.62 uM

5c, yield: 22%

MV4-11: [Cso = 12.63+0.42 uM
MOLM-13: [Cg = 14.29+2.05 uM

_O Ny
o— ®

o é o
0, N/ F. o}
oty "R
o} N N%N
H H

5e, yield: 31%
MV4-11: ICsq = 38.970+£0.36 tM MV4-11: ICsp = 0.051 uM
MOLM-13: ICg, = 0.006 uM

MOLM-13: ICsq = 37.643£2.61 uM

Cabozantinib

Compounds Quizartinib Sa 5d 3n

E_score (kcal/mol) -10.86 -5.62 -6.59 -6.32

Fig. 3 Overlying docking results of quizartinib, 5a, 5d and 3n.

phosphate in the catalytic loop, giving —10.86 kcal mol " of the
binding energy, which is consistent with the type II FLT3
inhibitor. However, when 5a, 5d and 3n were docked with the
FLT3 crystal, the hydrophobic pocket was just partly occupied,
giving low binding energies of —5.62, —6.59, and
—6.32 keal mol ™, respectively.

Moreover, the independent binding modes of quizartinib,
5a, 5d and 3n were shown in Fig. S1 (ESI{). The benzo[d|imidazo
[2,1-b]thiazole scaffold and urea of quizartinib formed three key
hydrogen bonds with Cys694, Glu661 and Asp829 in the hinge
region of FLT3. The 2-morpholinoethoxy moiety of quizartinib
extended out of the binding site, and was thus exposed to the
solvent. This binding mode manifests the stable interaction
between quizartinib and FLT3 kinase (Fig. S1at). However, for
compound 5a, only the back pocket composed of the Glu661,
Leu668, Cys828, and Asp829 residues was occupied. Although
the imidazo[1,2-a]pyridine scaffold of 5a formed one hydrogen
bond with Glu661 and two pi-H interactions with Cys828
(Fig. S1bt), the binding pocket of ATP adenosine in FLT3 was
still exposed, which might weaken the binding interaction. In
contrast, compounds 5d and 3n could better occupy the binding
pocket of ATP adenosine in FLT3, forming one key hydrogen
bond with Cys694 through the N atom receptor of the imidazo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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[1,2-a]pyridine scaffold (Fig. Sic and dt), which improved the
binding stability. Together, these docking analysis results may
further help us in conducting the structural modification, and
in developing novel, potent and selective FLT3 inhibitors.

3. Experimental section
3.1 General information

All commercially available reagent grade chemicals were
purchased from Acros and Alfa Aesar Chemical Company, and
used as received without further purification unless otherwise
stated. All of the 'H, and *C NMR spectra were recorded in
CDCIl; on a Bruker advance 400 MHz NMR. The high-resolution
mass spectra (HRMS) were obtained on a Waters UPLC-Xevo
TQMS (PDA Detector)/Quattro Premier XE triquadrupole mass
spectrometer by ESIT method. Flash column chromatography
was conducted on silica gel (200-300 mesh).

MOLM13 cells were purchased from Wuhan Pricella
Biotechnology Co., Ltd, and MV4-11 cells were provided by
Suzhou Haixing Biosciences Co., Ltd. The cell lines were
maintained following ATCC recommendation in Roswell Park
Memorial Institute (RPMI) 1640, Dulbecco's Modified Eagle's
Medium (DMEM) or Minimum Essential Medium (MEM) with
10% fetal bovine serum (FBS) (Sigma-Aldrich, Castle Hill, NSW,
Australia). All cell lines were cultured at 37 °C in a humidified
incubator in the presence of 5% CO, atmosphere.

3.2 General procedure for the synthesis of compounds 3, 4
and 5

A solution of propargyl alcohols (0.5 mmol), 2-aminopyridine
(1.5 mmol), TBHP (1.5 mmol) and NalO, (40 mol%) in chloro-
benzene (4.0 mL) was stirred at 120 °C for 12 h. After the reac-
tion was finished, the mixture was concentrated under vacuum
to remove any residual solvent and the residue was purified by
flash column chromatography using petroleumether/ethyl
acetate (3/1, V/V) as an eluent to afford the desired compound.

3.3 CCKS assay

The cytotoxic effect of the imidazo[1,2-a]pyridine derivatives
was determined by CCKS assay. Cell lines (MV4-11, MOLM-13)
were inoculated in 96-well plates at a density of 3 x 10* cells
per well. After incubation for 24 h, cells were incubated with
different concentrations of the compounds for 24 h. Then, 10 pL
CCKS8 was added to each well, the wells were further incubated
for 4 h, and the luminescence was measured in a multilabel
reader (Envision2014, PerkinElmer, USA). Data were normalized
to control groups (DMSO) and represented by the mean of three
independent measurements with a standard error of <20%. ICs,
values were calculated using Prism 5.0 (GraphPad Software, San
Diego, CA).

3.4 Molecular docking

The crystal structure of FLT3 (PDB ID: 4XUF) was retrieved from
the Protein Data Bank (PDB). Initially, the PDB file was prepared
by removing crystallographic water molecules and the bound
ligand, followed by assigning partial charges. The 3D structure
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of the ligand was generated and saved as a pdbqt file using
AutoDock software. Once the protein and ligand structures were
prepared, molecular docking was conducted with AutoDock
Vina. Docking simulations were carried out by placing the
ligands into the active site of FLT3, with the grid box set to 20 x
20 x 20 A®) centered at the original ligand's binding site.
Binding affinity was evaluated based on the docking scores,
where a more negative binding energy suggested stronger
interactions between the ligand and the FLT3 receptor. For
detailed interaction analysis, Discovery Studio Visualizer was
employed, allowing visualization of the molecular interactions
between the ligands and protein.

4. Conclusions

In summary, a novel and simple NalO,/TBHP-promoted (3 + 2)
cycloaddition from propargyl alcohols and 2-aminopyridines
was developed for the synthesis of imidazo[1,2-a]pyridines. This
practical reaction has a wide range of substrate scope for both
propargyl alcohols and 2-aminopyridines to give various C3-
carbonylated imidazopyridines in moderate yields, and
showed high functional group tolerance. More importantly,
these synthesized compounds exhibited antiproliferation for
MOLM-13 and MV4-11 cells, and 3n, 5a and 5d possessed
similar bioactivity. Molecular docking analysis indicated the
strong interaction between 5a, 5d and FLT3 kinase, which have
potential for the development of FLT3 inhibitors.
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