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ARTICLE INFO ABSTRACT

Keywords: Herein, we report the synthesis of novel derivatives of 3-aminoimidazole[1,2-a]pyridine/pyrazines via a one-pot
3'Af“in°imidazo[1’2'“]Pyridmes/ pyrazines Groebke-Blackburn-Bienayme Three-Component Reaction (GBB-3CR) as promising anticancer agents. The syn-
gggcgglc:r thesised compounds were evaluated for efficacy against three cancer cell lines (MCF-7, HT-29, and B16F10) and

one normal cell (MEF). Among the thirteen compounds tested, only compounds 16 and 18 significantly inhibited
cancer cells, with high selectivity. Compound 16 showed strong activity against HT-29 (ICso = 12.98 + 0.40 pM)
and B16F10 (ICsp = 27.54 + 1.26 uM), whereas compound 18, bearing a 2,4-difluorophenyl substitution at C-2
and a p-fluorophenyl amine at C-3, was most effective against MCF-7 (ICso = 9.60 + 3.09 uM). X-ray crystal-
lographic analysis for compounds 9 and 20 confirmed their molecular structures and revealed significant dif-
ferences in twist angles (87.59° in 9 vs 75.65° in 20) and n-n stacking interactions (C...C: 3.206-3.394 /e\).
Hirshfeld surface analysis highlighted key intermolecular forces governing crystal packing, with potential im-
plications for solubility, stability, and molecular interactions with biological targets. Density functional theory
(DFT) calculations further suggested that compound 18’s larger HOMO-LUMO gap enhances electronic stability
and molecular recognition, contributing to its selective cytotoxicity. These findings highlight the structural and
electronic factors influencing the anticancer activity of imidazo[1,2-a]pyridine/pyrazine derivatives and provide
insights for further optimisation of their therapeutic potential.

1. Introduction

According to a report by the International Agency for Research on
Cancer (IARC)), cancer caused nearly 10 million deaths globally in 2022
[1]. Despite the development of innovative treatments over the past
decade, cancer continues to be a significant global health issue [2-8].
The rising incidence of cancer and increasing resistance to targeted
drugs [3,4] underscores the importance of developing new medicines.
Recently, imidazopyridines have emerged as a highly relevant class of
compounds in medicinal chemistry and pharmaceutical research due to
their remarkable versatility and therapeutic potential, including anti-
cancer [9-17], antiprotozoal [18], antiviral [19], antimicrobial [20]
and many other bioactivities [21-23].

In addition to traditional synthetic techniques, novel methods for
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synthesising derivatives with structural diversity at the 2- and 3-posi-
tions of the imidazopyridine moiety are being rapidly developed to
capitalise on the growing interest in the properties and applications of
imidazo[1,2-a]pyridines [24-29]. Approximately 5 % of the world’s
current medication supply can be produced through multicomponent
reactions (MCRs) [24]. One variant of these MCRs is the GBB-3CR,
which efficiently and economically synthesises imidazo[1,2-a]pyri-
dines [30-32]. The GBB reaction involves the condensation of 2-amino-
azines 1 with catalytically activated aldehydes and isocyanides in a
one-pot, one-step process. Employing GBB-3CR for the synthesis of
imidazo[1,2-a]pyridines has led to the development of several marketed
drugs, such as alpidem two and saripidem 3 (Fig. 1A), as well as
bioactive lead compounds (Fig. 1B).

Numerous studies have explored the bioactivity of imidazo[1,2-a]
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Fig. 1. A. Structures of alpidem 2 and saripidem 3 (24); B. anticancer lead
compound 4 and antibacterial lead compounds 5a and 5b [20].

pyridines, showing potential antiproliferative effects against various
cancer cell types. Garamvolgyi et al. effectively synthesised imidazo[1,2-
alpyridine derivatives that inhibited skin cancer cell proliferation with
ICsp values lower than 0.04 pM [17]. Additionally, Buckmelter and
colleagues described a new derivative of imidazo[1,2-a]pyrazine with
an indanone oxime substituent that was particularly potent, with an ICsq
in the nanomolar range [33].

Developing prospective novel anticancer drugs can reduce resistance
to existing treatment. Based on these findings, we report the synthesis of
novel derivatives of imidazo[1,2-a]pyridine and imidazo[1,2-a]pyr-
azine utilising GBB-3CR, as well as their in vitro efficacy as anticancer
agents.

2. Results and discussion
2.1. Chemistry
2.1.1. Synthesis
Derivatives of imidazo[1,2-a]pyridine and imidazo[1,2-a]pyrazine

were synthesised via an acid-catalysed GBB-3CR, as detailed in Scheme
1. The synthesis procedure involved a condensation reaction of 2-

) a )
) F Nz . N
| R~CH _fN=C YR
N7 NHy h N
1a, X=C 6a-h 7 820

5= CagHiFNy 13
Ry= CayHyeFNg 1"

Scheme 1. Reagents and conditions: (a) p-TsA.H>O or scandium triflate (Sc
(0OTf)3), MeOH: CH4CI; (1:1) or MeOH only, 1h, 50 °C.
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aminopyridine 1a or 2-aminopyrazine 1b with various aldehydes 6a-
h, using a small quantity of p-toluenesulfonic acid or scandium triflate as
catalysts at 50 °C under a nitrogen atmosphere. This was followed by a
nucleophilic attack of p-fluorophenyl isocyanide 7 and subsequent
cyclisation of the resulting imide intermediate, yielding a series of 3-
aminoimidazole[1,2-a]pyridines 8-14 and 3-aminoimidazo[1,2-a]pyr-
azines 15-20 in moderate yields (31.50 % - 61.70 %) (Fig. 2).

The presence of electron-donating (ED) groups on the benzalde-
hydes, such as methoxy groups in compounds 8 and 15, may have
increased the yield, as these compounds exhibited the highest yield
values among those synthesised (>40 %). The yield was higher than that
obtained for compound 18, which bore the electron-withdrawing (EW)
difluorophenyl group. Additionally, a comparison between imidazo-
pyridine 11 and its counterpart, imidazopyrazine 20, revealed that the
pyridine moiety yielded slightly more than the pyrazine moiety (39.8 %
vs 35.9 %, respectively). However, in other cases, the opposite trend was
observed when comparing compounds 8 and 15. Imidazopyridine 8 was
produced in a lower yield than its imidazopyrazine counterpart 15
(40.40 % vs 61.70 %, respectively). The modest yields of the products
could also be attributed to the repeated use of flash chromatography and
recrystallisation to obtain ultrapure compounds for biological screening.

The structures of the compounds 8-20 were determined using 'H,
19, and '3C-NMR and IR spectroscopy. For example, the IR analysis of 2-
(benzo[d][1,3]dioxol-5-y1)-N-(4-fluoro-phenyl)imidazo[1,2-a]pyridin-
3-amine (9) displayed major absorption bands at 1633 cm™, 1573 cm™,
and 1342 cm™, corresponding to the stretching vibrations of C=N, C=C,
and C-N bonds, respectively. Additionally, a band was observed at 3215
em™, which was assigned to the N-H stretching of compound 9. All
compounds showed a strong absorption band related to aromatic C=C
stretching, ranging from 1449 to 1514 cm™!. The characteristic bands for
C=N, C=C, and C-N stretching for most products were found in the 1572
-1633 cm™, 1522 - 1599 cm’?, and 1323 - 1360 cm™, respectively. The
'H NMR spectrum of the compound showed proton resonances at 6.52 —
7.81 ppm, attributable to the aromatic, pyridine, phenyl and benzene
rings. A single resonance for the NH group appeared at 5.51 ppm, cor-
responding to the p-fluorophenyl amine. A singlet signal to the protons
of the 1,3-dioxole group appeared at 5.96 ppm.

2.1.2. Crystal structure description

The X-ray structure analysis of the imidazopyrazine derivatives
proved the structure elucidation obtained from the spectral characteri-
sation. For 9, the compound formula is CooH;4N302F, where the struc-
tural parameters (bond distances and angles) are listed in Table 1. As
shown in Fig. 3A, the benzodioxolyl and fluorophenyl moieties are not
planar with the imidazopyrazine moiety, where the twist angles are 3.48
and 87.59°, respectively. The twist angle of the fluorophenyl group is
high, possibly due to the bulky character of the neighbouring benzo-
dioxolyl moiety. The twist angles (e.g. 87.59° in compound 9 vs 75.65°
in compound 20) influence molecular planarity and electronic delocal-
isation, impacting lipophilicity, solubility, and bioavailability. A lower
twist angle (more planar structure) can enhance n-electron delocalisa-
tion, which may improve target binding through n-stacking interactions
with aromatic residues in biological macromolecules [34,35]. Similarly,
n-m stacking distances (C...C: 3.20 — 3.39 A) suggest varying degrees of
intermolecular interactions in the solid state, which could influence
compound solubility and aggregation in solution.

The packing of 9 is controlled by strong N19-H19"N1 hydrogen bond
where the H19'N1 and N19 N1 distances are 2.15(2) and 3.05(17) [o\,
respectively (Fig. 3B and C). This interaction is crucial in stabilising the
crystal lattice by reinforcing intermolecular connectivity. The strength
and directionality of hydrogen bonding can significantly influence mo-
lecular organisation, potentially impacting solubility and dissolution
rates in a biological environment [36,37]. Strong hydrogen bonding
interactions, as observed in compound 9, may reduce solubility due to
tighter molecular packing, which can affect the compound’s bioavail-
ability and pharmacokinetics [38].
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For 20, the compound formula is C;¢H;3FN4O2 and the target
compound Ci6H11FN4O is crystallised with one water molecule. The
structural parameters (bond distances and angles) are listed in Table 1.
As shown in Fig. 4A, the planar imidazopyrazine moiety is connected by
fluorophenyl and furanyl moieties, which are also not perfectly coplanar
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Fig. 2. Structure-activity relationships of the synthesised compounds 8-20.

with the former aromatic ring systems. The furanyl moiety is slightly
twisted from the imidazopyrazine plane by 5.61°. In contrast, the fluo-
rophenyl group is strongly twisted by 75.65° but less than that in 9 due
to the little bulky character of the neighbouring furanyl moiety.

The crystal water molecule plays an essential role in the molecular
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Table 1

Bond lengths (10\) and angles (°) for 9 and 20.
Bond Length/f\ Bond Length/f\
Cpd 9 Cpd 9 Cpd 20 Cpd 20
F23-C23 1.37(19) F19-C19 1.37(14)
013-C12 1.38(2) 014-C10 1.37(14)
013-C14 1.44(2) 014-C13 1.37(16)
015-C14 1.44(2) N15-C16 1.40(15)
015-C16 1.38(19) N4-C9 1.38(15)
Bond Angle/° Bond Angle/°
C12-013-C14 105.10(13) C13-014-C10 106.12(10)
C16-015-C14 105.32(13) C3-N15-C16 122.57(10)
C9-N1-C2 105.60(14) C3-N4-C9 107.30(9)
C5-N4-C3 129.87(15) C5-N4-C3 131.54(10)
C5-N4-C9 123.17(15) C5-N4-C9 121.15(10)

Fig. 3. Structure with atom numbering for 9 (A), essential contacts (B) and
packing view (C).

packing 20. It forms four crucial hydrogen bonds with the organic
molecule where this solvent molecule works as both hydrogen bond
donor and acceptor (Fig. 4B). The 021-H21A and 021-H21B as
hydrogen bond donor groups form with N1 and N7 the strong hydrogen
bonds with Hacceptor distances of 2.00(17) and 1.92(17) 10\, respectively
while the respective O'N distances are 2.94(13) and 2.84(14) A In
addition, there is another significant hydrogen bond occurred between
the N15-H15 and the crystal water 021 atom as hydrogen bond acceptor
where the H15021 and N15021 distances are 1.96(14) and 2.86(13)
f\, respectively (Table 2). Another extended interaction occurred with
the crystal water molecule, C18-H18021, where the C18021 distance
is 3.25(16) A. The presentation of a packing view for 20 is shown in
Fig. 4C.

In addition, both compounds showed the presence of n-n stacking
interactions, as seen in Fig. 5. These interactions may contribute to
enhanced stabilisation with protein binding sites, influencing molecular
binding affinity, cellular uptake, and bioavailability [39]. The signifi-
cant n-n contacts in compound 9 (C7C11 (3.39(2) Z\), C7C12(3.20(3)
A) and C8C16 (3.27(2) A) compared to compound 20 (C8~C10 = 3.39
A) suggests a potential role in differential biological activities.

2.1.2.1. Hirshfeld surface analysis. Hirshfeld surface analysis helps
detect all intermolecular interactions in the crystal structure. Even weak

Journal of Molecular Structure 1340 (2025) 142549

Fig. 4. Structure with atom numbering for 20 (A), essential contacts (B) and
packing view (C).

Table 2
Hydrogen bonds for 9 and 20 [A and °].
D-H..A d(D-H) d(H..A) d(D..A) <(DHA) Symm. Code
9
N19-H19...N1 0.91(2) 2.15(2) 3.05 169.00(2) 1+x,y,2
a7)
20
N15-H15... 0.91 1.96 2.86 169.20 X,-1+y,z
021 14) a4) 13) (15)
021-H21A... 0.95 2.00 2.94 169.40 1-x,1/2+y,3/
N1 (16) a7) 13) (16) 2-z
021-H21B... 0.93 1.92 2.84 174.90
N7 a7) a7) 14) (15)
C18-H18... 0.95 2.50 3.25 135.00 x,3/2-y,-1/2+z
021 16)
A B

Fig. 5. The n-n stacking interactions in 20 (A) and 9 (B).

forces with small contributions in the molecular packing could be ana-
lysed using this tool. In the studied crystal structures, all possible
intermolecular forces that control the crystal stability are listed in Fig. 6.
The primary contributing contacts for both compounds are the HH and
HC interactions. Their percentages in compound 9 are 36.7 and 28.5
%, respectively, while in the case of 20, the corresponding values are
37.1 and 22.0 %. Other less contributing intermolecular contacts were
detected, such as O"H (11.50 %), N"H (6.70 %) and FH (7.0 %) in 9.
These interactions contributed to the molecular packing 20 by 5.60,
9.30 and 11.01 %, respectively.

The dporm Hirshfeld map helps detect the short meaningful interac-
tion that appeared as red spots on this map. For compound 9, many short
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contacts were detected: the OH, N~'H, C~H, CC, F"C and HH. For
clarity, the regions shared in these intermolecular contacts are labelled
by letters A-F in the overall d,om map shown in Fig. 7. In the exact
figure, their fingerprint plots are presented. The presence of symmetrical
wings or spikes in the fingerprint plots of all these contacts revealed that
the surface acts as a donor and acceptor for these interactions to the
same extent. In addition, the shape index map contains the red/blue
triangles, characteristic of the presence of z-n stacking. The region from
the molecular surface that contributed to this interaction is surrounded
by a black rectangle for more clarity (Fig. 7).

For compound 20, there are four short significant contacts: the OH,
N~H, C~H and CC, which all appeared as red spots in the dporm map.
Their fingerprint plots presented in Fig. 8 leave no doubt about the role
of the molecular surface in the O“H and NH hydrogen bonds. The
surface acts as a better hydrogen bond acceptor regarding the N~H
contacts rather than being a hydrogen bond donor, as indicated by the

Shape index
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Fig. 7. Hirshfeld analysis of 9; O“H (A), N“H (B), C'H (C), CC (D); FC (E) and H~H (F).
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Fig. 8. Hirshfeld analysis of 20; OH (A), N-"H (B), CH (C) and C~C (D).

sharp spike at the right part of the corresponding fingerprint plot. In
contrast, the surface is more likely to be a hydrogen bond donor con-
cerning the O~H contact rather than a hydrogen bond acceptor, as
indicated by the sharp spike at the left part of the corresponding
fingerprint plot. Regarding C~H contacts, the two wings are almost
symmetrical, indicating that the surface acts as both hydrogen bond
donor and acceptor to similar extents. In this case, no red spots were
detected for the CC contacts, although red/blue triangles were present
in the shape index map. Hence, the n-n stacking is weaker in compound
20 compared to 9.

While Hirshfeld surface analysis offers valuable insights into crystal
packing and intermolecular interactions, its direct correction with

0.000 ¢

biological performance remains uncertain [40]. Further studies, incor-
porating solubility measurements, protein-ligand binding assays, and in
vitro pharmacokinetic evaluations, are required to establish a more
comprehensive relationship between solid-state molecular organisation
and biological activity.

2.1.2.2. Molecular orbitals (HOMO-LUMO). DFT calculations were
performed on five molecules to examine their electronic structure and
determine the corresponding HOMO-LUMO gap. The five molecules are
15,16, 17, 18 and 19. Fig. 9 shows the HOMO and LUMO surface plots
for all five compounds. In the plots, red indicates a positive sign of the
wave function, while green represents a negative sign. The HOMO

i

1000 f E,po=-1717eV
_ i E =-2.040 eV
E,no=-2.268 ¢V L(Lgfcimd statc) (excited state) Lo )
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-7.000 ground statc
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b e o 8

Fig 9. Molecular orbitals’ surface plots of compounds 15, 16, 17, 18 and 19.
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surface of compound 15, as shown in Fig. 9, is localised over the aro-
matic substituent (benzyloxy-methoxyphenyl). In contrast, for com-
pound 16 and compound 17, the HOMO is distributed throughout the
entire molecule, indicating an admixture of orbitals from most atoms in
the structure. On the other hand, the HOMO for compounds 18 and 19 is
more localised in a smaller region, primarily over the 4-fluorophenyl
and imidazo[1,2-a]pyrazine moieties with a little extension towards
the aromatic substituent.

The LUMO for all molecules is more localised over a small region. For
the LUMO, the 4-fluorophenyl group does not contribute to its forma-
tion. Similar to HOMO, the LUMO surface of compound 15 is also
localised over the benzyloxy-methoxyphenyl region. The LUMO for
compounds 16, 17, and 18 are primarily localised on the imidazo[1,2-a]
pyrazine core and other electron-withdrawing molecule regions. For
compound 19, the LUMO is exclusively localised to the aromatic re-
gions. The 4-fluorophenyl group does not contribute to the LUMO for-
mation, suggesting a different electronic distribution compared to
compounds 16, 17, and 18. The DFT calculated HOMO and LUMO en-
ergies are shown in Fig. 9. Compound 18 has the lowest HOMO energy,
which is -6.074 eV. This is because compound 18 with difluorophenyl
substituent introduces more electron-withdrawing groups, which lower
the HOMO energy. The HOMO-LUMO gaps were calculated to be 3.43,
4.02, 3.95, 4.03, and 3.23 eV, respectively, for molecules 15, 16,17, 18,
and 19. The HOMO-LUMO gaps for molecules 15 and 19 are signifi-
cantly smaller than that of molecules 16 and 18. Compounds 16 and 18
are the two most potent in terms of inhibitory activity against cancer
cells. These two molecules also have the largest HOMO-LUMO gap
compared to the other three molecules. A large HOMO-LUMO gap sig-
nifies that the molecules are more stable as it requires more energy to
excite an electron from HOMO [41]. It also indicates that they are more
stable because a large HOMO-LUMO gap leads to low electron affinity;
therefore, they have a poor ability to obtain electrons. A larger
HOMO-LUMO gap is also associated with smaller reducibility [42].

The large HOMO-LUMO gap does not necessarily correlate with
reduced biological activity. Instead, the distribution of molecular or-
bitals suggests that compounds 16 and 18 maintain key interactions
with biological targets despite their electronic stability. Despite their
large HOMO-LUMO gap, compounds 16 and 18 exhibit significant
inhibitory activity against cancer cells.

2.2. Biology

2.2.1. Anticancer activity

Since several studies reported the imidazopyridines and imidazo-
pyrazines as promising anticancer agents [9-17], the cytotoxicity of the
synthesised imidazo[1,2-a]pyridine/pyrazine compounds 8-20 was
evaluated against breast (MCF-7), colon (HT-29), and melanoma
(B16F10) cancer cell lines, as well as a normal cell line (MEF). The re-
sults are shown in Table 3 and Fig. 10.

As shown in Table 3, the imidazopyrazine compound 18, bearing a
2,4-difluorophenyl moiety (electron-withdrawing group) at the C-2
position and a p-fluorophenyl amine at the C-3 position, exhibited the
highest inhibitory activity against MCF-7, with an ICsg of 9.60 + 3.09
pM compared to the other tested compounds. Compound 18 showed
significant anticancer activity against HT-29 (IC5o= 22.61 + 0.18 pM)
but weak activity against B16F10 (ICso = 150.29 + 0.10 pM). In
contrast, the imidazopyridine counterpart 10 showed notable activity
only against BF16F10 (IC5¢ = 47.50 + 12.52 pM). This indicates that the
combination of imidazopyrazine with p-fluorophenyl at the C-3 position,
as exemplified by compound 18, is crucial for maintaining anticancer
activity when the 2,4-difluorophenyl moiety is present at the C-2 posi-
tion. This may be attributed to extra nitrogen in the pyrazine ring, which
contributes to additional hydrogen bonding in the target pocket,
enhancing interaction stability. Moreover, compound 18 contains three
halogen atoms (F) on phenyl rings, which enhances its effectiveness. In
drug development, the insertion of halogen atoms into a lead drug
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Table 3
Cytotoxic activities of the synthesised compounds (8-20) against the MCF-7, HT-
29, B16F10 and MEF cell lines.

Cpd’s “ICso (M)
Designation
MCEF-7 HT-29 B16F10 MEF
Paclitaxel 0.01 0.02 55.70 17.23
(Taxol)
8 > 200.00 > 200.00 190.59 + > 200.00
17.47
9 > 200.00 171.68 + 53.37 £ 0.16 > 200.00
4.19
10 > 200.00 > 200.00 47.50 £ > 200.00
12.52
11 > 200.00 > 200.00 > 200.00 > 200.00
12 116.13 + 107.26 + 65.45 + 0.85 68.62 +
0.59 1.43 5.45
13 > 200.00 > 200.00 > 200.00 > 200.00
14 > 200.00 96.12 + 96.26 + 4.46 > 200.00
7.76
15 > 200.00 > 200.00 > 200.00 > 200.00
16 47.28 + 12.98 + 27.45 + 1.26 165.75 +
14.23 0.40 5.52
17 > 200.00 > 200.00 171.41 + > 200.00
2.00
18 9.60 + 3.09 22.61 + 150.29 + 67.09 +
0.18 0.10 0.59
19 32.71 + 112.26 + 108.06 + 177.21 +
3.17 0.44 2.23 2.50
20 > 200.00 66.44 + > 200.00 > 200.00
28.31

 The ICsp values (M) represent an average of two independent experiments
(mean =+ SD).

candidate often produces more lipophilic analogues and less water sol-
uble. As a result, halogen atoms are utilised to increase penetration
across lipid membranes and tissues [34].

Compounds 9 and 16, containing the piperonal moiety, exhibited
similar behaviour. Imidazopyridine 9 showed no bioactivity against
MCF-7. However, the simultaneous inclusion of p-fluorophenyl amine as
the C-3 position and pyrazine moieties restored bioactivity against MCF-
7, as demonstrated by compound 16 with an ICsg of 47.28 + 14.23 pM.
Compound 16 also exhibited excellent anticancer activity against HT-29
(ICs50 = 12.98 + 0.40 pM) and B16F10 (IC59 = 27.45 + 1.26 pM).
Conversely, compound 9 displayed weak activity against HT-29 (IC5¢ =
171.68 + 4.19 pM) and good activity against B16F10 (ICso = 53.37 +
0.16 pM).

In congruence, Ren et al. [34] synthesised a GBB compound similar
to compound 16, imidazopyrazine with piperonal moiety at C-2, based
on the observation of ATP-competitive heat shock protein 90 (Hsp90)
inhibitors bearing the 8,9-disubstituted adenine motif, which could be
replaced by the 2,3-disubstituted 8-aminoimidazo[1,2-alpyrazine scaf-
fold. The compound demonstrated several contacts with the ATP bind-
ing site, including hydrogen bonding, n-stacking, and van der Waals
interactions, making it a good candidate as a cytotoxic agent [43].

Compounds 11 and 20 both feature a furan moiety at the C-2 posi-
tion. The imidazopyridine compound 11 showed no anticancer activity
against MCF-7, HT-29, or B16F10 cancer cell lines. In contrast, the
imidazopyrazine compound 20 exhibited no activity against MCF-7 and
B16F10 but showed good activity against HT-29 (ICsg = 66.44 + 28.31
pM). The bromo-substituted chromone moiety at the C-2 position of
compounds 12 and 19 may contribute to their biological activity against
B16F10 and MCF-7 cancer cell lines (ICso = 65.45 + 0.85 pM and 32.71
+ 3.17 pM, respectively). Compound 19, containing the pyrazine moi-
ety, could be more potent than compound 12, which has a pyridine
moiety. Compound 12 also showed weak activity against HT-29 (ICs =
107.26 + 1.43 pM) and MCF-7 (ICso = 116.13 + 0.59 pM), while
compound 19 exhibited weak anticancer activity against both HT-29
(ICs0 = 112.26 + 0.44 pM) and B16F10 (ICso = 108.06 + 2.23 pM).
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Fig. 10. Histograms of the bioactivity of the most potent compounds against various cancer cell types, as well as against the normal MEF cells.

Furthermore, some analogues showed weak to no bioactivity against
some or all cancer lines. For example, compound 14, which contains a
naphthalene moiety at the C-2 position, was ineffective against MCF-7
and had weak activity against HT-29 and B16F10 (ICso = 96.12 +
7.76 and 96.26 + 4.46 pM). Additionally, compound 17, with an indole
moiety at the C-2 position, was not bioactive against MCF-7 and HT-29
but exhibited weak anticancer activity against BF16F10 (ICso = 171.41
+ 2.00 pM). Compounds 8, 13, and 15 showed no bioactivity against
cancer cell lines.

Considering both effectiveness and safety, compound 16 is a prom-
ising lead compound as an anticancer agent against both HT-29 (IC5¢ =
12.98 + 0.40 pM) and B16F10 (ICso = 27.54 + 1.26 pM), with an ICsq
against normal cells (ICso = 165.75 + 5.52 pM), representing approxi-
mately thirteen times and six times the ICs( values against both cancer
cell lines, respectively. Compound 18 can also be considered a potent

anticancer lead compound due to its high toxicity against MCF-7 (ICsg =
9.60 + 3.90 uM), which is about seven times lower than its cytotoxicity
against MEF (ICso = 67.09 + 0.59 pM). These ICsg values confirm the
high selectivity of the two promising compounds (16 and 18) for cancer
cells over normal cells, as shown in the histograms in Fig. 10.

Many hypotheses can explain the mechanism of action for the anti-
cancer activity of imidazopyridines. For example, phosphatidylinositol
3-kinase (PI3K) protein kinases represent one target in cancer progres-
sion. PI3Ks transduce signals from numerous growth factors and cyto-
kines by producing phospholipids, activating the kinases AKT and mTOR
and other downstream effector pathways that control the cell cycle via
intracellular signalling pathways [44]. Dysregulated activation of the
PI3K/AKT/mTOR pathway causes significant cell growth and survival
disruptions, resulting in angiogenesis, metastatic competence, and
therapy resistance in many cancer types. Imidazopyridines have
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demonstrated potential inhibitory activity against protein kinases. Imi-
dazo [1,2-a]pyridines are among several PI3K hinge region binders. This
scaffold is essential because it resembles the adenine ring of ATP and
stabilises the enzyme’s binding site by creating hydrogen bonds with a
valine residue in this area. Furthermore, C-2 or C-3 functionalisation of
imidazo[1,2-a]lpyridine improves access to PI3K’s ribose binding
pocket. The remarkable capacity of imidazopyridine scaffolds to create
several critical interactions, including hydrogen bonds inside kinases’
hinge regions, demonstrates their potential for precise target engage-
ment [44].

Compared to the control (untreated cancer cells), morphological
changes in the three cancer cell lines (MCF-7, HT-29, and B16F10) were
investigated after treatment with the most potent and safe compounds,
16 and 18. As shown in the photographs, all treated cells lost their
original forms. Their severe shrinkage suggests the investigated com-
pounds exhibited strong anticancer properties, particularly at higher
doses (Fig. 11).

2.2.2. Structure-activity relationship (SAR) analysis

In this work, we observed that the biological activity of the tested
compounds varied inconsistently across different cancer cell lines, pre-
venting the establishment of a robust quantitative SAR model. While
lipophilicity (LogP) may contribute to activity, its influence appears
minimal in this dataset. Instead, activity is primarily governed by the
specific molecular fingerprint of each compound, suggesting that subtle
structural variations play a dominant role in their bioactivity. Given the
relatively small library of compounds analysed, statistical correlations
necessary for a reliable QSAR model are difficult to establish, as a
limited dataset increases the likelihood of overfitting or weak predictive
power.

Given these limitations, a qualitative structure-activity relationship
approach is more suitable for this study. Rather than relying on statis-
tical modelling, qualitative SAR allows us to analyse key structural
features and functional groups contributing to bioactivity trends. [1,2-a]
pyrazine and pyridine central core are essential for displaying the
anticancer properties [45]. The key structural modifications of these
analogues are only at the C-2 position, where the differences between
electron-withdrawing and electron-donating groups greatly impact the
resulting anticancer activity in different cancer cells. Compound 18,
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which features a 2,4-difluorophenyl moiety at C-2 and p-fluorophenyl
amine at C-3, exhibited the highest activity against MCF-7 (ICso = 9.60
+ 3.09 uM).

In contrast, compound 10, the imidazopyridine analogue of 18,
showed significantly lower activity against B16F10 (ICsg = 47.50 +
12.52 pM). This highlights the potential contribution of the additional
nitrogen in the pyrazine core to enhanced bioactivity. The presence of
multiple fluorine atoms in compound 18 may have improved lip-
ophilicity, cellular permeability and target binding affinity (Fig. 12).

The incorporation of the piperonal moiety at C-2 in compound 16
conferred dual anticancer activity against HT-29 (ICso = 12.98 + 0.40
puM) and B16F10 (ICsop = 27.45 + 1.26 pM), suggesting that further
exploration of this motif could be valuable. However, its imidazopyr-
idine analogue 9 showed weaker activity, particularly against MCF-7
and HT-29. This indicates that the combination of pyrazine and piper-
onal enhances interactions with cancer targets, possibly due to addi-
tional hydrogen bonding sites [46]. The furan-substituted compound 11
was inactive, while its pyrazine counterpart, compound 20, exhibited
moderate activity against HT-29 (ICso = 66.40 + 28.31 pM). This sug-
gests that furan substitution alone may not be sufficient for strong
anticancer activity unless paired with a favourable core scaffold—the
bromo-substituted chromone moiety in compounds 12 and 19 conferred
selectivity towards different cancer lines. Compound 19 showed good
activity against MCF-7 (ICsp = 32.71 + 3.17 pM), while compound 12
was more active against B16F10 (ICso = 65.45 &+ 0.85 pM).

2.2.3. ADMET predictions

The in silico ADMET properties provide valuable insights into why
certain compounds exhibit varying cytotoxicity across cancer cell lines.
By integrating these predictions with the ICso values, we can identify
potential factors influencing bioactivity. Most compounds exhibit high
intestinal absorption (>80 %), suggesting good bioavailability. How-
ever, compounds 8, 9, 10, 11, 13, and 15 show weak cytotoxicity (ICso >
200 pM) in most cell lines, indicating that absorption alone is not a key
determinant of anticancer activity. Compounds with poor BBB perme-
ability (compound 8) may have limited intracellular access, potentially
explaining the lack of activity in B16F10 (melanoma) and other cell
lines. Compounds 12, 16, and 18 showed moderate BBB permeability
and exhibited higher cytotoxicity (ICso < 100 puM) in at least one cell

Control
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16 on
HT-29

50 pg/ml

16 on
B16F10

16 on
MEF

18 on
MCEF-7

18 on
MEF 4

Fig. 11. Morphological changes in cancer and normal cell lines treated with the most potent compounds and in the control (untreated cancer cells).
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Fig. 12. Structure-activity relationship of Imidazo[1,2-a]pyridine/pyrazine analogues.

line, suggesting their better ability to penetrate and interact with
intracellular targets. Hence, BBB permeability and CNS penetration
variations may indicate differences in central nervous system accessi-
bility, potentially affecting compounds’ ability to engage intracellular
targets. The total clearance varies, suggesting differences in metabolic
stability and elimination rates. Compounds with higher clearance
(compounds 13 and 17) may have reduced intracellular retention,
leading to lower bioactivity in cancer cells. Compounds with high ab-
sorption but rapid clearance may exhibit transient activity, while those
with moderate clearance may have prolonged intracellular retention,
enhancing cytotoxic effects [47].

AMES toxicity and hepatotoxicity in some compounds demonstrate
cell line-specific activity depending on metabolic enzyme expression
and detoxification mechanisms. The maximum tolerated dose fluctuates,
which may correlate with variations in cytotoxicity across different cell
lines. The PAINS (Pan-Assay Interference Compounds) alert is minimal
(only compound 11), suggesting that most compounds do not suffer
from promiscuous binding, reinforcing the notion that specific molec-
ular fingerprints primarily govern activity. Given these findings in
Table 4, ADMET profiling helps rationalise why some compounds are
more potent in particular cancer cell lines while others exhibit incon-
sistent activity. Future optimisation efforts should balance absorption,
clearance, and toxicity profiles to enhance efficacy while minimising oft-
target effects.

3. Conclusions

The current study details synthesising a series of imidazo[1,2-a]
pyridine/pyrazine derivatives (8-20) using acid-catalyzed GBB-3CR.
The cytotoxic activity of all synthesised analogues against the cancer cell
lines MCF-7, HT-29, and B16F10, as well as the normal MEF cell line,
was evaluated using the Trypan blue exclusion test. Analysis of the most
promising synthesised compounds, based on their potent inhibitory
activity and selectivity for cancer cells over normal cells, revealed that
imidazopyrazine 16, featuring a piperonal moiety, could be an effective
anticancer agent against both HT-29 and B16F10 cancer lines.
Furthermore, compound 18 demonstrated promising anticancer activity
against the MCF-7 cell line. Further research into these derivatives may
yield more effective compounds that could serve as potent candidates for
developing new anticancer medicines. X-ray structures for compounds 9
and 20 are presented for the first time. Their 3D molecular features and
supramolecular packing are analysed using Hirshfeld analysis. Both
compounds showed some n-1 stacking interactions, which are more
important in 9 than 20. The dominant intermolecular interactions are
the HH and H~C contacts. Their high contribution in compound 9
(36.70 % and 28.50 %, respectively) may reduce solubility by increasing
molecular rigidity.

In contrast, compound 20 (37.01 % and 22.0 %) may benefit from
improved solubility and distribution due to its lower molecular packing
density. DFT calculations provided insights into the electronic proper-
ties of selected compounds, revealing that a larger HOMO-LUMO gap
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correlates with enhanced stability, while molecular orbital distribution
influences key biological interactions. Structure-activity relationship
(SAR) analysis highlighted the critical role of C-3 substitutions, partic-
ularly the presence of electron-withdrawing groups and pyrazine cores,
in modulating anticancer potency. ADMET predictions complemented
experimental findings by rationalising variations in bioactivity through
absorption, clearance, and toxicity profiles.

4. Experimental section
4.1. Chemistry

4.1.1. General information

The chemical compounds and solvents purchased from Sigma-
Aldrich were utilised without further purification. The p-fluorophenyl
isocyanide was synthesised using the methodology described by Weber
and Gokel (1972) [30]. HPLC-grade methanol (MeOH) was acquired
from Sigma-Aldrich and used for synthesis reactions under inert gas (N2)
conditions. 'H-, 1°F-, and '*C-NMR were recorded in CDCl3 on 500 MHz
Bruker AV III spectrometer. Chemical shifts are represented by the &
value (ppm), whereas coupling constants (J) are expressed in Hertz (Hz).
CHN analyses were performed using Flash 2000 FT-IR spectra and were
recorded using a Thermo Scientific Nicolet 1s5-Id3 Fourier transform
infrared spectrophotometer. The progress of reactions was monitored
using aluminum-supported Thin Layer Chromatography (TLC) silica gel
sheets (DC-Fertigfolien ALUGRAM® SIL G/UV254), and the spots were
visualised using UV fluorescence. Additionally, flash column chroma-
tography was performed using silica gel (60°A pore size, 230-400 mesh,
and 40-63 um particle size) from Sigma-Aldrich under five psi com-
pressed air. Solvents were evaporated using a Buchner rotary evapo-
rator. Melting points were measured with an Electrothermal Digital
Mel-Temp 3.0 apparatus. HPLC analysis of the synthesised compounds
was conducted using a Waters Alliance 2695 equipped with a 2998
PDA detector (Waters Corporation, MA, USA), and an RP C18 column
(Restek Roc, 150 x 4.6 mm, 3 ym) was employed, with a flow rate of 0.8
mL/min.

4.1.2. 2-(3-(Benzyloxy)-4-methoxyphenyl)-N-(4-fluorophenyl)imidazo
[1,2-a]pyridin-3-amine (8)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and 3-benzyloxy-
4-methoxy-benzaldehyde (485 mg, 2.0 mmol) containing p-toluene-
sulfonic acid monohydrate (76 mg, 0.4 mmol) and anhydrous NaySO4
(200 mg) in MeOH (10 mL), was stirred under a nitrogen atmosphere for
one hour at 50 °C. Subsequently, p-fluorophenyl isocyanide (242 mg, 2.0
mmol) was added to the mixture. After stirring at 50 °C for 3 hrs, the
mixture was cooled to room temperature and stirred overnight. Water
(10 mL) was added to the reaction mixture and extracted with ethyl
acetate (3 x 15 mL). The combined organic layers were washed with
water (20 mL), dried over NasSQy4, and filtered, and the solvent was
evaporated under reduced pressure. The crude product was washed with
95 % ethanol, yielding the pure product of 8 by direct precipitation (355



1. Al-Qadi et al.

Table 4

Predicted ADMET properties of the tested compounds, including absorption, distribution, metabolism, excretion, and toxicity parameters.

Toxicity

Excretion

Distribution

Absorption

PAINS

alert

Cmpd

TPSA,

Neuro-

Hepato- Cytotoxicity

Max. tolerated
dose, log (mg/

kg/day)
0.11

AMES

Total Clearance,

CNS permeability,
log(mol/L)

BBB permeability,

log(mol/L)

Intestinal

Water

Partition

toxicity

toxicity

toxicity

log(mL/min/kg)

absorption, %(good

solubility, log
if > 30 %)

(mol/L)

coefficient, Log

Po/w

No Yes

Yes

Yes

0.64
0.71
0.46
0.68
0.44
0.86
0.64
0.65
0.71
0.81
0.48
0.45
0.69

-0.72
-0.94
-0.81
-1.51
-1.47
-0.92
-0.51
-1.94
-2.13
-1.66
-0.86
-1.70
-1.93

1.02
0.78
0.67
0.72
0.68
0.56
0.63
0.62
0.34
0.49
0.64
-0.78
0.46

83.92

-10.13
-7.17
-7.98
-6.66
-9.39
-8.16
-9.08
-9.75
-6.79
-7.93
-7.60
-9.02
-6.28

5.38
4.12
4.88
3.64
4.72
5.20
5.19
4.70
3.35
3.54
4.12
3.99
2.88

0
0
0
1
0
0
0
0
0
0
0
0
0

47.79
47.00
29.33
42.47
59.54
29.33
29.33
60.68
60.68
58.01

8
9

Yes

No

Yes
No

-0.18
-0.26
0.03
0.03

Yes
Yes

85.09

Yes

No

82.88

10
11

No Yes

Yes

Yes

91.14

No Yes

Yes

Yes

87.11

12
13
14
15
16
17
18
19
20

No Yes

No

-0.19
0.19
0.12

Yes

87.08

No Yes

No

Yes

83.35

No Yes

Yes

Yes

84.41

No Yes

Yes
Yes

-0.13
0.20

Yes

86.26

Yes

No

Yes

84.52

No Yes

Yes

-0.06
0.08
0.08

Yes

84.08

42.22
72.43
55.36

Yes

No

Yes
Yes

Yes

87.95

Yes

No

Yes

91.94
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mg, 40.04 %). The last step was repeated once. MP: 176.6-178°C; IR (cm”
1): 3212 (N-H str.), 2974 (C-H str. in CHy), 1587 (C=C str.), 1507 (ar-
omatic C=C str.), 1257 (C-N str.), 1220 (C-O str.), 1137 (C-F str.); B
NMR (500 MHz, CDCl3) § ppm: 7.80 (dt, J = 6.8, 1.2 Hz, 1H), 7.61 (dt, J
=9.0, 1.1 Hz, 1H), 7.57 (dd, J = 8.9, 2.0 Hz, 2H), 7.36 — 7.30 (m, 4H),
7.28 (dd, J = 6.5, 2.4 Hz, 1H), 7.20 (ddd, J = 9.0, 6.7, 1.3 Hz, 1H), 6.92
(t,J =8.7,5.9 Hz, 2H), 6.88 (d, J = 5.4 Hz, 1H), 6.76 (td, J = 6.8, 1.1 Hz,
1H), 6.5 (dd, J = 8.9, 4.2 Hz, 2H), 5.48 (s, 1H), 5.00 (s, 2H), 3.88 (s, 3H);
13C NMR (126 MHz, CDCl3) § ppm: 158.0, 156.1, 149.5, 148.1, 142.6,
141.0,139.3,137.0, 128.4,127.70, 127.23, 126.0, 125.0, 122.4, 120.1,
117.45,117.38,116.49,116.31,114.26,114.20, 112.36,112.17,111.7,
70.5, 56.0; °F NMR (471 MHz, CDCls) & ppm: -124.98. Anal. Caled for
Co7H2oFN304 (439.16) C, 73.79; H, 5.05; N 9.56; Found: C, 73.74; H,
4.90; N, 4.96.

4.1.3. 2-(Benzo[d][1,3]dioxol-5-yl)-N-(4-fluorophenyl)imidazo[1,2-a]
pyridin-3-amine (9)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and piperonal
(300 mg, 2.0 mmol) containing p-toluenesulfonic acid monohydrate (76
mg, 0.4 mmol) and anhydrous Na;SO4 (200 mg) in MeOH (10 mL), was
stirred under a nitrogen atmosphere for one hour at 50 °C. Next, p-flu-
orophenyl isocyanide (242 mg, 2.0 mmol) was added to the mixture, and
the procedure described for 8 was followed. The residue was thermally
crystallised with 95 % ethanol and then recrystallised using the two-
solvent systems (dichloromethane:/hexane) to yield pure crystals of
the title compound 9 (238 mg, 34.02 %). MP: 212.0-213.9°C; IR (cm'l):
3215 (N-H str.), 2967 (C-H str. in CH,), 1633 (C=N str.), 1573 (C=C
str.), 1510 (aromatic C=C str.), 1342 (C-N str.), 1224 (C-O str.), 1036 (C-
F str.); 'H NMR (500 MHz, CDCl3) & ppm: 7.81 (dd, J = 6.7, 1.2 Hz, 1H),
7.62(dd,J=9.1,1.1 Hz, 1H), 7.52 (dd, J = 7.9, 1.4 Hz, 2H), 7.23 (ddd, J
=9.2,6.7,1.3Hz, 1H), 6.92 (t, J = 8.7 Hz, 2H), 6.82 (dd, J = 8.6, 1.2 Hz,
1H), 6.78 (td, J = 6.8, 1.1 Hz, 1H), 6.52 (dd, J = 9.0, 4.4 Hz, 2H), 5.96 (s,
2H), 5.51 (s, 1H); 3C NMR (126 MHz, CDCl3) & ppm: 158.0, 156.2,
147.88, 147.39, 142.5, 140.7, 127.4, 125.1, 122.5, 121.0, 117.54,
117.36,116.52,116.34,114.28,114.22,112.3,108.5, 107.5, 101.0; 19g
NMR (471 MHz, CDCl3) & ppm: -124.91. Anal. Calcd for CyoH14FN30,
(347.10), C69.16; H, 4.06; N, 12.10; Found: C,69.04; H, 4.17; N, 11.98;
HRMS m/z caled for CooH;4FN3O9 ([M+H]") 348.1142 found 348.1132.

4.1.4. 2-(2,4-Difluorophenyl)-N-(4-fluorophenyl)imidazo[1,2-a]pyridin-
3-amine (10)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and 2,4-difluoro-
benzaldehyde (284 mg, 2.0 mmol) containing Sc(OTf); (49 mg, 0.1
mmol) and anhydrous NaySO4 (200 mg) in MeOH (10 mL), was stirred
under a nitrogen atmosphere for one hour at 50 °C. Next, p-fluorophenyl
isocyanide (242 mg, 2.0 mmol) was added, and the procedure described
for 8 was followed. The resultant residue was purified by flash chro-
matography (SiOz, MeOH: dichloromethane: ether in 0.5:8:1.5 ratio).
Further purification was achieved using preparative TLC and thermal
crystallisation with 95 % ethanol, yielding the desired compound 10
(272 mg, 39.09 %). MP: 177.5-179.2°C; IR (em™): 1625 (C=Nstr.), 1577
(C=C str.), 1505 (aromatic C=C str.), 1348 (C-N str.), 1210 (C-F str.);
736 (C=C bending); H NMR (500 MHz, Chloroform-d) & ppm: 7.83 —
7.77 (m, 2H), 7.64 (dt, J = 9.1, 1.1 Hz, 1H), 7.25 (ddd, J = 9.1, 6.7, 1.3
Hz, 1H), 6.96 - 6.91 (m, 1H), 6.87 — 6.82 (m, 3H), 6.81 (dd, J = 8.0, 6.7,
1.2 Hz, 1H), 6.41 (dd, J = 9.0, 4.3 Hz, 2H), 5.76 (d, J = 3.3 Hz, 1H); 13C
NMR (126 MHz, CDCl3) 8§ ppm: 163.9, 163.8, 161.9, 161.8, 160.9,
160.8, 158.9, 158.8, 157.9, 156.0, 142.9, 140.7, 133.7, 132.2, 132.18,
132.15,132.11, 125.0, 123.0, 120.4, 117.9, 116.2, 116.0, 114.6, 114.5,
112.4,111.99, 111.96, 111.82, 111.79, 104.3, 104.1, 103.9; 19 NMR
(471 MHz, CDCl3) & ppm: -110.0, -110.5, -125.0.. Anal. Caled for
C19H12F3N3 (339.09), C, 67.25; H, 3.56; N, 12.38; Found: C, 67.39; H,
3.68; N, 12.49; HRMS m/z calcd for CioH12F3Ny ([M+H] ™) 340.1056
found 340.1047.
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4.1.5. N-(4-fluorophenyl)-2-(furan-2-yl)imidazo[1,2-a]pyridin-3-amine
an

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and 2-furalde-
hyde (193 mg, 2.0 mmol), containing Sc(OTf)3 (49 mg, 0.1 mmol) and
anhydrous NaySO4 (200 mg) in MeOH (10 mL), was stirred under a ni-
trogen atmosphere for one hour at 50 °C. Next, p-fluorophenyl iso-
cyanide (242 mg, 2.0 mmol) was added, and the procedure described for
compound 8 was followed. The resultant residue was purified by flash
chromatography (SiO2, MeOH: dichloromethane: in 0.5:9.5 ratio) and
then recrystallised twice from 95 % ethanol to furnish the title com-
pound 11 (234 mg, 39.08 %). MP: 228.0-230.0°C; IR (cm™): 3348 (N-H
str.), 3121 (C-H str. in =C-H), 1630 (C=N str.), 1541 (C=C str.), 1449
(aromatic C=C str.), 1354 (C-N str.), 1251 (C-O str.), 1116 (C-F str.),727
(C=C bending); IH NMR (500 MHz, Chloroform-d) 6 ppm: 7.85 (td, J =
6.8,5.6,1.1 Hz, 1H), 7.64 (td, J = 9.1, 1.1 Hz, 1H), 7.46 (dd, J = 1.7, 0.8
Hz, 1H), 7.25-7.21 (m, 1H), 6.91 (t, J = 8.6, 1.0 Hz, 2H), 6.81 (td, J =
8.0, 6.8, 1.1 Hz, 1H), 6.76 (d, J = 3.4 Hz, 1H), 6.53 (dd, J = 8.9, 4.6 Hz,
2H), 6.45 (dd, J = 3.4, 1.7 Hz, 1H), 5.77 (s, 1H); 13¢ NMR (126 MHz,
CDCl3) & ppm: 158.2, 156.3, 142.5, 140.7, 125.4, 122.7, 118.4, 117.6,
116.3, 116.1, 115.0, 114.9, 112.6, 111.5, 108.0; 19F NMR (471 MHz,
CDCl3) & ppm: -124.6. Anal. Calcd for C;7H;2FN30 (293.09), C,69.62; H,
4.12; N, 14.33; Found: C, 69.51; H, 4.23; N, 14.42; HRMS m/z calcd for
C17H12FN30 ([M+H] 1) 294.1025 found 294.1028.

4.1.6. 6-Bromo-3-(3-((4-fluorophenyl)amino)imidazo[1,2-a]pyridin-2-
yD)-4H-chromen-4-one (12)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and 6-bromo-3-
formyl-chromone (506 mg, 2.0 mmol) containing Sc(OTf)3 (49 mg, 0.1
mmol) and anhydrous NaySO4 (200 mg) in MeOH: dichloromethane:
(1:1, 10 mL), was stirred under a nitrogen atmosphere for one hour at 50
°C. Next, p-fluorophenyl isocyanide (242 mg, 2.0 mmol) was added, and
the procedure described for compound 8 was followed. The resultant
residue was purified by flash chromatography (SiO2, dichloromethane:
ether in a 2:8 ratio). Further purification was performed by preparative
TLC, followed by thermal crystallisation with 95 % ethanol, then
recrystallisation using a two-solvent system (ether/hexane) to furnish
the title compound 12 (304 mg, 33.06 %). MP: 114.8-116°C; IR (ecm™):
1644 (C=0 str.), 1604 (C=N str.), 1556 (C=C str.), 1477 (aromatic C=C
str.), 1258 (C-O str.), 1215 (C-F str.), 960 (C=C bending); 1 NMR (500
MHz, Chloroform-d) 6 ppm: 12.05 (d, J = 11.7 Hz, 1H), 8.34 — 8.30 (m,
2H), 8.07 (d, J = 2.5 Hz, 1H), 7.65 (td, J = 8.2, 6.3, 1.7 Hz, 1H), 7.53
(dd, J=8.7,2.6 Hz, 1H), 7.01 (dd, J = 7.3, 5.0 Hz, 1H), 6.91 (d, J = 8.7
Hz, 1H), 6.87 (d, J = 8.3 Hz, 1H), 5.82 (s, 1H), 3.89-3.82 (m, 1H), 3.74-
3.67 (m, 1H); 13C NMR (126 MHz, CDCl3) & ppm: 180.8, 155.1, 151.0,
148.5, 142.5, 138.6, 137.0, 129.1, 124.3, 120.0, 119.3, 114.6, 112.2,
104.7, 100.8, 64.0, 15.0; 19F NMR (377 MHz, CDCl3) & ppm: -117.8.
Anal. Calced for CooHy3BrFN3O5 (449.01), C, 58.69; H, 2.91; N, 9.33;
Found: C, 58.81; H, 3.03; 9.18.

4.1.7. N-(4-fluorophenyl)-2-(m-tolyDimidazo[1,2-a]pyridin-3-amine (13)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and m-tolualde-
hyde (240 mg, 2.0 mmol), containing Sc(OTf)3 (49 mg, 0.1 mmol) and
anhydrous NaySO4 (200 mg) in MeOH: dichloromethane: (1:1, 10 mL),
was stirred under a nitrogen atmosphere for one hour at 50 °C. Next, p-
fluorophenyl isocyanide (242 mg, 2.0 mmol) was added, and the pro-
cedure described for compound 8 was followed. The resultant residue
was washed with cold 95 % EtOH, yielding the desired compound 13 by
direct precipitation (210 mg, 33.0 %). MP: 177.6-179.3°C; IR (cm'l):
1506 (aromatic C=C str.), 1344 (C-N str.), 1215 (C-F str.); 738 (C=C
bending); 'H NMR (500 MHz, Chloroform-d) 6 ppm: 7.86 (d, J = 1.8 Hz,
1H), 7.82 (dt,J=6.8,1.3 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.63 (dt, J =
9.2,1.1 Hz, 1H), 7.26 — 7.20 (m, 2H), 7.12 (d, J = 7.6 Hz, 1H), 6.91 (t, J
= 8.6, 1.9 Hz, 2H), 6.78 (td, J = 6.9, 1.1 Hz, 1H), 6.52 (dd, J = 9.2, 4.3
Hz, 2H), 5.51 (s, 1H), 2.35 (s, 3H); 13C NMR (126 MHz, CDCl3) 6 ppm:
158.0, 156.1, 142.7, 140.9, 139.5, 138.3, 133.2, 128.7, 128.5, 127.8,
125.0 123.9, 122.6, 118.2, 117.7, 116.5, 116.3, 114.4, 114.3, 112.2,

12

Journal of Molecular Structure 1340 (2025) 142549

21.5; °F NMR (470 MHz, CDCl3) & ppm: -125.0. Anal. Caled for
CooH16FN3 (317.13), C,75.69; H, 5.08; N, 13.24; Found: C, 75.57; H,
5.19; N, 13,12; HRMS m/z calcd for CooH;6FN3 ([M+H]") 318.1394
found 318.1390.

4.1.8. N-(4-fluorophenyl)-2-(naphthalen-2-yl)imidazo[1,2-a]pyridin-3-
amine (14)

A mixture of 2-aminopyridine (188 mg, 2.0 mmol) and 2-naphthal-
dehyde (312 mg, 2.0 mmol), containing Sc(OTf)3 (49 mg, 0.1 mmol)
and anhydrous NaySO4 (200 mg) in MeOH: dichloromethane: (1:1, 10
mL), was stirred under a nitrogen atmosphere for one hour at 50 °C.
Next, p-fluorophenyl isocyanide (242 mg, 2.0 mmol) was added, and the
procedure described for compound 8 was followed. The resultant res-
idue was washed with cold 95 % EtOH, yielding the desired compound
14 by direct precipitation (263 mg, 37.01 %). MP: 215.6-217.0°C; IR
(cm’l): 3187 (N-H str.), 1572 (C=N str.), 1508 (aromatic C=C str.), 1342
(C-N str.), 1222 (C-F str.), 733 (C=C bending); lH NMR (500 MHz,
Chloroform-d) & ppm: 8.47 (d, J = 1.7 Hz, 1H), 8.10 (dd, J = 8.7, 1.8 Hz,
1H), 7.83 (dt, J = 6.8, 1.2 Hz, 1H), 7.82 - 7.77 (m, 3H), 7.66 (dt, J = 9.0,
1.2 Hz, 1H), 7.45 (dd, J = 6.2, 3.3 Hz, 2H), 7.23 (ddd, J = 9.1, 6.7, 1.3
Hz, 1H), 6.92 (t, J = 9.7 Hz, 2H), 6.78 (td, J = 8.0, 6.9, 1.1 Hz, 1H), 6.59
—6.54 (m, 2H), 5.58 (s, 1H); 13C NMR (126 MHz, CDCl3) § ppm: 158.1,
156.2, 142.9, 140.8, 139.3, 133.5, 133.0, 130.7, 128.4, 128.2, 127.6,
126.1, 125.2, 124.7, 122.6, 117.7, 116.5, 116.4, 114.4, 114.3, 112.3;
19F NMR (471 MHz, CDCl3) & ppm: -124.9. Anal. Calcd for Co3H;6FN3
(353.13),C,78.17; H, 4.56; N, 11.89; Found: C, 78.06; H, 4.47; N, 11,75;
HRMS m/z caled for Co3H16FN3 ([M+H] ™) 354.14010 found 354.1390.

4.1.9. 2-(3-(Benzyloxy)-4-methoxyphenyl)-N-(4-fluorophenyl)imidazo
[1,2-a]pyrazin-3-amine (15)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and 3-benzyloxy-4-
methoxy-benzaldehyde (485 mg, 2.0 mmol) containing p-toluene-
sulfonic acid monohydrate (76 mg, 0.4 mmol) and anhydrous NaySO4
(200 mg) in MeOH (10 mL), was stirred under a nitrogen atmosphere for
one hour at 50 °C. Next, p-fluorophenyl isocyanide (242 mg, 2.0 mmol)
was added, and the procedure described for compound 8 was followed.
The resultant residue was purified by flash chromatography (SiOo,
dichloromethane: ethyl acetate in 4:6 ratio) to afford the desired com-
pound 15 (543 mg, 61.07 %). MP: 163.2-164.4°C; IR (cm'l): 3178 (N-H
str.), 1610 (C=N str.), 1561 (C=C str.), 1507 (aromatic C=C str.), 1269
(C-N str.), 1221 (C-O str.), 1140 (C-F str.); 'H NMR (500 MHz, CDCl3) &
ppm: 9.05 (t,J = 1.2 Hz, 1H), 7.84 (dd, J = 4.6, 1.0 Hz, 1H), 7.72 (dt, J =
4.4, 1.4 Hz, 1H), 7.62 - 7.52 (m, 2H), 7.38 - 7.29 (m, 4H), 7.28 (dd, J =
5.5, 2.4 Hz, 1H), 6.94 (t, J = 8.6 Hz, 2H), 6.89 (dd, J = 8.3, 1.3 Hz, 1H),
6.48 (dd, J = 8.9, 4.3 Hz, 2H), 5.56 (s, 1H), 5.01 (s, 2H), 3.87 (s, 3H); °C
NMR (126 MHz, CDCl3) & ppm: 158.3, 156.4, 150.1, 148.2, 143.2,
141.5, 140.0, 137.6, 136.7, 129.5, 128.5, 127.81, 127.22, 125.0, 120.5,
118.9,116.69,116.51, 115.5, 114.56, 114.50, 112.6, 111.7, 70.6, 56.0;
9F NMR (377 MHz, CDCl3) & ppm: -123.88. Anal. Caled for
Ca6H21FN4O5 (440.16), C, 70.90; H, 4.81; N, 12. 72; Found: C, 70.86; H,
4.59; N, 12.80.

4.1.10. 2-(Benzo[d][1,3]dioxol-5-yl)-N-(4-fluorophenylDimidazo[1,2-a]
pyrazin-3-amine (16)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and piperonal (300
mg, 2.0 mmol) containing p-toluenesulfonic acid monohydrate (76 mg,
0.4 mmol) and anhydrous NaySO4 (200 mg) in MeOH (10 mL), was
stirred under a nitrogen atmosphere for one hour at 50 °C. Next, p-flu-
orophenyl isocyanide (242 mg, 2.0 mmol) was added to the mixture,
followed by the procedure described for compound 8 was followed. The
resultant residue was thermally crystallised with 95 % ethanol and then
recrystallised using a two-solvent system (dichloromethane:/hexane) to
yield pure crystals of the title compound 16 (229 mg, 32.07 %). MP:
184.7-186.0°C; IR (cm'l): 3220 (N-H str.), 2972 (C-H str. in CHy), 1606
(C=N str.),1563 (C=C str.),) 1505 (aromatic C=C str.), 1213 (C-O str.),
1034 (C-F str.); 'H NMR (400 MHz, CDCl3) & ppm: 9.08 (d, J = 1.5 Hz,
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1H), 7.87 (d, J = 4.6 Hz, 1H), 7.75 (dd, J = 4.5, 1.5 Hz, 1H), 7.52 (dd, J
=7.2,1.7 Hz, 2H), 6.94 (t, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 1H), 6.52
(dd, J = 8.9, 4.3 Hz, 2H), 5.99 (s, 2H), 5.52 (s, 1H); 3¢ NMR (101 MHz,
CDCl3) & ppm: 158.6, 156.3, 148.1, 143.4, 141.5, 139.7, 137.6, 129.6,
126.4, 121.4, 116.77, 116.54, 115.6, 114.64, 114.56, 108.7, 107.6,
101.30; 19F NMR (377 MHz, CDCl3) & ppm: -123.84. Anal. Calcd for
C19H13FN405 (348.10), C, 65.51; H, 3.76; N, 16.08; Found: C, 65.63; H,
3.91; N, 15.91; HRMS m/z calcd for C19H13FN4O4 (IM+H]™) 349.1095
found 349.1084.

4.1.11. N-(4-fluorophenyl)-2-(1H-indol-3-yl)imidazo[1,2-a]pyrazin-3-
amine (17)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and 3-Indolcarbal-
dehyde (290 mg, 2.0 mmol) containing Sc(OTf)3 (49 mg, 0.1 mmol) and
anhydrous NasSO4 (200 mg) in MeOH: dichloromethane: (1:1, 10 mL),
was stirred under a nitrogen atmosphere for one hour at 50 °C. Next, p-
fluorophenyl isocyanide (242 mg, 2.0 mmol) was added, and the pro-
cedure described for compound 8 was followed. The resultant residue
was purified by flash chromatography (SiO3, MeOH: dichloromethane:
Ether in 1:5:4 ratio), then crystallised from acetone to provide the title
compound 17 (256 mg, 37.02 %). MP: 328.7-330.0°C; IR (cm’l): 2978
(C-H str. in =C-H), 1575 (C=N str.), 1509 (aromatic C=C str.), 1351 (C-
N str.), 1215 (C-F str.); 741 (C=C bending); TH NMR (500 MHz, Chlo-
roform-d) § ppm: 9.28 (s, 1H), 8.11 (t, J = 6.7 Hz, 2H), 7.57 (d, J = 9.0
Hz, 1H), 7.52 (d, J = 2.6 Hz, 1H), 7.36 (d, J = 7.1 Hz, 1H), 7.22-7.16 (m,
2H),7.11 (t,J="7.9,1.3 Hz, 1H), 6.80 (t,J = 6.9 Hz, 1H), 4.04 (t, J = 6.1
Hz, 1H), 3.4-3.37 (m, 3H); !3C NMR (126 MHz, CDCl3) & ppm: 141.5,
136.2, 131.4, 126.6, 126.2, 123.0, 122.8, 122.3, 122.0, 120.7, 120.2,
117.1, 111.32, 111.28, 110.3, 66.7, 58.0, 53.3, 44.1; '°F NMR (470
MHz, CDCl3) & ppm: -114.8. Anal. Caled for CyoH14FNs (343.12), C,
69.96; H, 4.11; N, 20.40; Found: C, 69.73; H, 4, 23; N, 20.56; HRMS m/z
caled for CooH14FN5 ([M+H]1) 344.1306 found 344.1295.

4.1.12. 2-(2,4-Difluorophenyl)-N-(4-fluorophenylDimidazo[1,2-a]pyrazin-
3-amine (18)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and 2,4-difluoro-
benzaldehyde (284 mg, 2.0 mmol) containing Sc(OTf)3 (49 mg, 0.1
mmol) and anhydrous Na;SO4 (200 mg) in MeOH: dichloromethane:
(1:1, 10 mL), was stirred under a nitrogen atmosphere for one hour at 50
°C. Next, p-fluorophenyl isocyanide (242 mg, 2.0 mmol) was added, and
the procedure described for compound 8 was followed. The resultant
residue was purified by flash chromatography (SiO,, dichloromethane:
MeOH: ether in 5:1.5:3.5 ratio), followed by preparative TLC. Then
hexane was added until a yellow precipitate formed, which was finally
washed with ether: hexane (1:5) to yield the desired compound 18 (216
mg, 31.05 %). MP: 151-154°C; IR (em™): 1618 (C=N str.), 1573 (C=C
str.), 1507 (aromatic C=C str.), 1350 (C-N str.), 1216 (C-F str.); ' NMR
(500 MHz, Chloroform-d) 6 ppm: 9.13 (d, J = 1.4 Hz, 1H), 7.90 (d, J =
4.6 Hz, 1H), 7.87-7.82 (m, 1H), 7.74 (dd, J = 4.6, 1.5 Hz, 1H), 7.01 (td, J
= 8.2, 2.5 Hz, 1H), 6.92-6.87 (m, 3H), 6.41 (dd, J = 9.0, 4.3 Hz, 2H),
5.74 (d, J = 4.1 Hz, 1H); 13C NMR (126 MHz, CDCl3) & ppm: 164.4,
164.3, 162.4, 162.3, 161.1, 161.0, 159.1, 159.0, 158.3, 156.4, 143.9,
139.5,137.9,135.7,132.44, 132.40, 132.4, 132.3, 129.6, 121.9, 117.0,
116.94, 116.86, 116.83, 116.4, 116.2, 116.0, 115.13, 115.07, 112.5,
112.4,112.28, 112.25, 104.6, 104.4, 104.2; '°F NMR (471 MHz, CDCl3)
5 ppm: -108.4, -110.6, -123.7. Anal. Caled for C1gH;1F3N4 (340.09), C,
63.53; H, 3.26; N, 16.46; Found: C, 63.31; H, 3.47; N, 16.39.

4.1.13. 6-Bromo-3-(3-((4-fluorophenyl)amino)imidazo[1,2-a]pyrazin-2-
yD-4H-chromen-4-one (19)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and 6-bromo-3-
formyl-chromone (506 mg, 2.0 mmol) containing Sc(OTf)3 (49 mg, 0.1
mmol) and anhydrous NaySO4 (200 mg) in MeOH: dichloromethane:
(1:1, 10 mL), was stirred under a nitrogen atmosphere for one hour at 50
°C. Next, p-fluorophenyl isocyanide (242 mg, 2.0 mmol) was added to
the mixture, followed by the procedure described for compound 8. The
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resultant residue was purified by crystallisation from (dichloromethane/
hexane) to furnish the title compound 19 (295 mg, 32.08 %). MP: 168.0-
169.8°C; IR (cm'l): 3323 (N-H str.), 2972 (C-H str. in =C-H), 1649 (C=0
str.), 1604 (C=N str.), 1522 (C=C str.), 1485 (aromatic C=C str.), 1360
(C-Nstr.), 1258 (C-O str.), 1196 (C-F str.), 794 (C=C bending), 613 (C-Br
str.); 1TH NMR (400 MHz, Chloroform-d) & ppm: 12.10 (d, J = 11.4 Hz,
1H), 8.33 (d, J = 1.4 Hz, 1H), 8.30 — 8.23 (m, 2H), 8.21 (d, J = 11.4 Hz,
1H), 8.07 (d, J = 2.4 Hz, 1H), 7.57 (dd, J = 8.7, 2.5 Hz, 1H), 6.95 (d, J =
8.7 Hz, 1H), 5.71 (s, 1H), 3.51 (s, 3H); '*C NMR (101 MHz, CDCls) &
ppm: 181.4, 155.1, 147.7, 142.3, 141.3, 139.6, 137.6, 135.1, 129.2,
124.0, 120.1, 115.0, 106.4, 101.7, 55.8; '°F NMR (377 MHz, CDCls) &
ppm: -117.8. Anal. Calcd for C31H12BrFN4O; (450.01), C, 55.90; H, 2.68;
N, 12.42; Found: C, 56.04; 2.81; N, 12.28; HRMS m/z calcd for
C21H12BI‘FN402 ([M+H]+) 451.0200 found 451.0194.

4.1.14. N-(4-fluorophenyl)-2-(furan-2-yl)imidazo[1,2-a]pyrazin-3-amine
(20€)

A mixture of aminopyrazine (190 mg, 2.0 mmol) and 2-furaldehyde
(192 mg, 2.0 mmol) containing Sc(OTf)3 (49 mg, 0.1 mmol) and anhy-
drous NaySO4 (200 mg) in MeOH: dichloromethane: (1:1, 10 mL), was
stirred under a nitrogen atmosphere for one hour at 50 °C. Next, p-flu-
orophenyl isocyanide (242 mg, 2.0 mmol) was added to the mixture,
followed by the procedure described for compound 8. The resultant
residue was purified by flash chromatography (SiO2, dichloromethane:
MeOH: Ether in 5:1:4 ratio), followed by preparative TLC. The residue
was then washed with ethyl acetate, and hexane was added dropwise
until a precipitate formed, which was filtrated to furnish the title com-
pound 20 (212 mg, 35.09 %). MP: 190.6-192.0°C; IR (cm™): 3186 (N-H
str.), 1606 (C=N str.), 1555 (C=C str.), 1506 (aromatic C=C str.), 1354
(C-N str.), 1213 (C-O str.), 1022 (C-F str.), 741 (C=C bending); 1 NMR
(400 MHz, Chloroform-d) & ppm: 9.06 (d, J = 1.4 Hz, 1H), 7.86 (d, J =
4.6 Hz, 1H), 7.72 (dd, J = 4.5, 1.5 Hz, 1H), 7.49 (dd, J = 1.8, 0.8 Hz,
1H), 6.97 — 6.89 (m, 2H), 6.84 (dd, J = 3.4, 0.6 Hz, 1H), 6.56 — 6.50 (m,
2H), 6.48 (dd, J = 3.5, 1.7 Hz, 1H), 5.89 (s, 1H); !3C NMR (101 MHz,
CDCl3) & ppm: 158.8, 156.4, 147.9, 143.5, 143.1, 139.6, 139.57, 137.7,
133.0, 129.7, 116.5, 116.3, 115.7, 115.53, 115.45, 111.7, 109.2; 19p
NMR (377 MHz, CDCl3) & ppm: -123.4. Anal. Calcd for C16H11FN4O
(294.09), C, 65.30; H, 3.77; N, 19.04; Found: C, 65.18; H, 3.91; N, 18.91;
HRMS m/z caled for C16H1FN4O ([M+H] ™) 295.0989 found 295.0982.

4.2. X-ray data collection and reduction

XRD crystallographic data for compounds 9 and 20 were collected at
296 °K. Colorless, prism-like crystals were selected, mounted with epoxy
on a glass fibre, and analysed at -100°C using a Gemini kappa-geometry
diffractometer, specifically a Rigaku XtaLAB P200K equipped with an
Atlas CCD detector. The diffraction data were processed and reduced
using the CrysAlisPro program to generate an hkl file. The structures
were determined by direct methods and refined using the least-squares
method on F2 within the SHELXTL program package [48]. Carbon
atoms were positioned computationally and refined isotropically using a
riding model, while non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in idealised positions and treated as riding
models. Details of data collection and refinement are provided in
Table 4.

4.3. Computational details

The molecules in the crystals are connected through intermolecular
interactions, which were analysed using Hirshfeld surface analysis. This
analysis involved plotting dporm, shape index, curvedness, and electro-
static potential. Hirshfeld surface analysis and the generation of 2D
fingerprint plots were performed using CrystalExplorer 17.5 [49]. The
intermolecular interactions within the crystal were visualised on the
Hirshfeld surface using a red-white-blue colour scheme [50].

The geometry optimisation procedure was executed using the
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Density Functional Theory (DFT) method to obtain the coordinates that
produce the minimum energy configuration of the compounds (15-19).
Subsequently, a single-point energy calculation was performed using the
optimised geometry for each molecule to generate the optimum elec-
tronic structure. Information on the energy of the frontier orbital, i.e.
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), was directly extracted from the Gaussian 16
output file. GaussView 6 was used to analyse the shape of HOMO and
LUMO surfaces visually. As for the choice of basis set, the triple zeta 6-
311G++(d,p) set was used throughout the study. A popular DFT
approach for small and medium-sized molecules in quantum chemistry
computations is the B3LYP functional in conjunction with the 6-31 G(d,
p) basis set because it strikes a compromise between computational
economy and accuracy. This technique shows molecules’ structural and
dynamic characteristics [51]. The chosen basis set includes diffuse and
polarisation functions that better describe the electrons’ distribution
within the molecule (Table 5).

The tested compounds’ absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties were predicted using mul-
tiple in silico tools to ensure a comprehensive evaluation. The following
online platforms were utilised: SwissADME, pkCSM, Deep-PK, and
ProTox-III. These web-based services were accessed to analyse key
pharmacokinetic and toxicity parameters relevant to drug-likeness and
anticancer activity. To assess bioavailability, SwissADME was used to
predict lipophilicity (Log P), water solubility, and gastrointestinal (GI)
absorption. pkCSM provided insights into intestinal absorption, blood-
brain barrier (BBB) permeability, maximum tolerated dose and CNS
penetration, which are crucial for evaluating compound distribution.
Deep-PK was employed to estimate total clearance and metabolic sta-
bility. ProTox-III was utilised to predict hepatotoxicity, cytotoxicity,
neurotoxicity, and mutagenicity (AMES toxicity test) to evaluate the
safety profile of the compounds. All predictions were conducted through
their respective web interfaces, and results were analysed to identify
potential correlations with experimental cytotoxicity data. These in
silico predictions are complementary to experimental findings, aiding in
understanding pharmacokinetic behaviour and guiding future com-
pound optimisation.

4.4. Biology

4.4.1. Anticancer activity

The cytotoxic activity of the synthesized analogues was assessed
against three different cancer cell lines: human breast cancer cell line
MCEF-7 (ATCC number: HTB-22), the human colorectal adenocarcinoma
cell line HT-29 [HTB-38; American Type Culture Collection (ATCC),
Manassas, VA, USA], and the murine melanoma B16F10 [CRL-6475;
American Type Culture Collection (ATCC), Manassas, VA, USA], as
well as the normal cell line mouse embryonic fibroblast-1 (MEF-1; ATCC
CRL-2214). All cells were cultured in high-glucose Dulbecco’s Modified
Eagle Medium (DMEM) that contained L-glutamine, phenol red (Fuji
Film Wako, Osaka, Japan), 10 % fetal bovine serum (FBS; G.E. Health-
care, Chicago, IL, USA), and 1 % penicillin/streptomycin (P/S) (Nacalai
Tesque, Kyoto, Japan). Exponentially growing cells (1 x 10° cells/well)
were seeded in 24 -a 24-well plate with sterile-filtered DMEM media at
37°C under 5 % CO; and incubated overnight. The cells were then
treated with varying concentrations of test analogues (5, 10, 50 and 100
ug/mL) and incubated for 24 h in a humidified environment. After 24 h
of incubation, viable cells were counted in each well using Trypan blue
exclusion test. All chemicals were first dissolved in DMSO, and the final
concentration of DMSO was less than 1 % in all concentrations of the
tested compounds. The ICsy values from at least two independent ex-
periments were compared with the control and reported in mean + SD.
Two groups were analysed using the student’s t-test, with P-values <
0.05 considered statistically significant.
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Table 5
Crystal data for 9 and 20.
Compound 9 20
CCDC 2422829 2422828
Empirical formula CooH14N30,F C16H13FN4O,
Formula weight 347.34 312.30
Temperature/K 100.00 17300
Crystal system orthorhombic monoclinic
Space group P2,2:2; P2;/c
a/A 5.85(10) 11.22(3)
b/A 8.69(2) 10.13(3)
c/A 31.07(8) 13.27(4)
o/° 90.00 90.00
p/e 90.00 104.67(3)
v/° 90.00 90.00
Volume/A® 1578.15(6) 1458.62(8)
Z 4.00 4.00
Pealeg/cm® 1.46 1.42
p/mm! 0.10 0.11
F(000) 720.00 648.00
Crystal size/mm3 0.19 x 0.08 x 0.02 0.12 x 0.1 x 0.02
Radiation Mo Ka (A = 0.71073) Mo Ka (A = 0.71073)
20 range for data 4.868 to 57.964 3.752 to 59.418
collection/®
Index ranges 7<h<7,-10<k <11, -14<h<13,-13<k <12,
-41<1<38 -18<1<17
Reflections collected 34152.00 31014.00

Independent 3783 [Ring = 0.0412, Ryigma 3655 [Rine = 0.0344, Rigma
reflections = 0.0249] = 0.0239]

Data/restraints/ 3783/1/239 3655/3/220
parameters

Goodness-of-fit on F2 1.062 1.049

Final R indexes [[>26 ~ R; = 0.0310, wRy = R; = 0.0386, wRy = 0.0905
D1 0.0742

Final R indexes [all R; = 0.0362, wRy = R; = 0.0544, wR, = 0.0960
data] 0.0762

Largest diff. peak/ 0.18/-0.22 0.19/-0.22
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