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Abstract

A novel series of tetracyclic imidazo[4,5-b]pyridine derivatives was designed and synthesized
as potential antiproliferative agents. Their antiproliferative activity against human cancer cells
was influenced by the introduction of chosen amino side chains on the different positions on
the tetracyclic skeleton and particularly, by the position of N atom in the pyridine nuclei.
Thus, the majority of compounds showed improved activity in comparison to standard drug
etoposide. Several compounds showed pronounced cytostatic effect in the submicromolar
range, especially on HCT116 and MCF-7 cancer cells. The obtained results have confirmed
the significant impact of the position of N nitrogen in the pyridine ring on the enhancement of
antiproliferative activity, especially for derivatives bearing amino side chains on position 2.
Thus, regioisomers 6, 7 and 9 showed noticeable enhancement of activity in comparison to
their counterparts 10, 11 and 13 with ICso values in a nanomolar range of concentration (0.3 —
0.9 uM). Interactions with DNA (including G-quadruplex structure) and RNA were
influenced by the position of amino side chains on the tetracyclic core of imidazo[4,5-
b]pyridine derivatives and the ligand charge. Moderate to high binding affinities (logKy =5-7)
obtained for selected imidazo[4,5-b]pyridine derivatives suggest that DNA/RNA are potential

cell targets.
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1. Introduction

Due to the structural similarity of imidazo-pyridine heterocyclic system with naturally
occurring purines and great therapeutic potential and significance, suchlike derivatives
nowadays play an important role in medicinal chemistry and drug discovery.[1] Being one of
the chosen privileged building motifs in medicinal chemistry, they showed a wide range of
different biological features playing thus an important role in the prevention of numerous
diseases. Imidazo-pyridine derivatives foregrounded their importance in the prevention of
proper functioning of cancerous cells, diseases related to the central nervous system,
inflammation, efc. Some of derivatives are known as GABAA receptor positive allosteric
modulators,[2] aromatase inhibitors,[3] metalloproteinase inhibitors,[4] DNA/RNA
intercalators,[5] proton pump inhibitors,[6] Aurora kinase inhibitors,[7,8] serine/threonine-
protein kinase inhibitors [9] or blockers of the gastric proton pump (Fig.1) .[10] Among all
possible isomers forms, the most promising biological potential was shown by imidazo[4,5-
blpyridine and imidazo[4,5-c]pyridine derivatives. The majority of published papers
regarding the antitumor activity are describing the inhibition of the different protein kinases
caused by mentioned derivatives.

Recently, a group of authors has confirmed the inhibition of Aurora A, B and C
kinases, caused by 2-arylimidazo[4,5-b]pyridine derivatives and derivatives substituted with
1-benzyl-1H-pyrazol-4-yl side chain.[11,12] Additionally, some imidazo[4,5-b]pyridines
were identified as potent and selective JAKI and B-Raf kinase inhibitors.[13,14]
Furthermore, 2,6-disubstituted imidazo[4,5-b]pyridines were identified as highly potent TAM
inhibitors.[15] A group of authors has synthesized novel imidazo[4,5-b]pyridine derivatives
which showed promising anticancer activity against either breast or colon cancer cell
lines.[16] Imidazo[4,5-b]pyridine derivatives were identified as well as promising c-Met
kinase inhibitors with activity against human lung cancer cells.[17] Also, N-cyclopentyl
substituted 2-aryl/heteroarylimidazo[4,5-b]pyridines were shown to be very efficient agents
with good microsomal stability.[18]

Since many anticancer drugs base their activity on non-covalent interaction with DNA
and RNA, one of our aims was to investigate interactions of prepared ligands with these
biological targets. Nucleic acids are due to involvement in many crucial processes in cells
(repository and transfer of genetic information, carcinogenesis, gene expression,
transcriptional and translational regulation, cell death) molecular targets for a large number of

drugs.[21,22]



Hence, the assessment of binding strength and specificity is essential to elucidate the mode of
biological action of drugs. The most common and effective non-covalent modes of binding of
small molecules to DNA include intercalative and groove binding. Commonly, groove
binders are crescent-shaped molecules, consisting of more aromatic rings while intercalators
possess planar aromatic surfaces suitable for insertion between DNA bases.[21] However, it is
also possible for small molecules (with planar structures and positively charged pendants) to
bind to nucleic acids in multiple binding modes (mixed binding mode).

Results of our previously prepared imidazo[4,5-b]pyridine derivatives showed that
intercalation is a dominant binding mode to DNA. One of these derivatives triggered
apoptosis in cancer cells which could be associated with its ability to intercalate into DNA
(Fig.1). [5] In a more recent series of substituted benzimidazo[1,2-a]quinolines, it was found
that one derivative intercalated in the DNA helix and localized in the nucleus. [19] In
continuation of this study, some of amino-substituted benzimidazo[1,2-a]quinoline DNA
intercalators showed weak topoisomerase I poisoning activity. [22] Pyrimidinyl-imidazo[1,2-
a]pyridines, dual inhibitors of bacterial DNA gyrase and topoisomerase IV, exhibited
antibacterial activity against Gram-positive pathogens, wild-type and methicillin-resistant
Staphylococcus, and wild-type and fluoroquinolone-resistant Streptococcus. [23] A
combination of imidazo[l,5-a]pyridine and pyrrolobenzodiazepine scaffolds showed
enhanced DNA binding ability (minor groove) and significant antitumor activity. These
compounds also induced the expression of proteins involved in apoptosis and DNA damage
like p53, p21 and y-H2AX (Fig.1). [24]

Taking into account a great biological potential and the fact that imidazo[4,5-
b]pyridine scaffold is among the most privileged and important building blocks in medicinal
chemistry, we have designed and synthesized novel tetracyclic derivatives as novel and potent
antiproliferative agents. Tetracyclic derivatives were substituted with chosen amino side
chains which have significantly enhanced the antiproliferative activity of tetracyclic
benzimidazole analogues and are placed at different position of skeleton.[19,20] Additionally,
the impact of the N atom position in pyridine nuclei on biological activity was studied.

For chosen counterparts of regioisomers, the DNA (including G-quadruplex
structure)/RNA binding affinity was studied by using spectroscopic methods (fluorescence,
circular dichroism (CD)) and thermal denaturation experiments. In addition, ligand-

DNA/RNA interactions were investigated by molecular docking.
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Figure 1. Potential molecular mechanisms of anticancer activity of

imidazo-pyridine based compounds

Results and Discussion

1.1. Chemistry

The synthesis of all newly prepared compounds was conducted according to the two main
experimental procedures shown in Scheme 1 and 2 using either conventional methods of
organic synthesis as well as microwave-assisted synthesis. Acyclic precursors 4, 16 and 17
were prepared in the reaction of aldol condensation from 2-chloro-4-fluorobenzaldehyde 3 or
benzoyl chlorides 14 and 15 with 2-(1H-imidazo[4,5-b]pyridine-2-yl)acetonitrile 2.
Compound 2 as the main precursor for the synthesis of acyclic derivatives, was obtained in
the reaction of cyclocondensation from 2,3-diaminopyridine within the heating with 2-
cyanoacetamide at 185 °C. Compound 4 underwent a thermal cyclization in sulfolane to
afford cyclic compounds 5a and 5b as a mixture of two regioisomers in the ratio 1:1.
Regioisomers were successfully separated by column chromatography on SiO; using
CH>Cl/CH30H as eluent. On the other hand, the acyclic compounds 16 and 17 underwent a
thermic cyclization in DMF under basic conditions to give the corresponding 18a/18b and

19a/19b as a mixture of regioisomers which at this synthetic point were not separated.
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Scheme 1. Synthesis of tetracyclic imidazo[4,5-b]pyridine derivatives 6-13

Subsequent treatment of oxo derivatives with POCIl3 and PCls gave the mixture of
regioisomers 20:22 (ratio 1:5) and 21:23 (ratio 1:4) which were separated by column
chromatography on SiO> using CH>Clo/CH30H as eluent. Finally, amino (6—13) and diamino
(24-37) substituted pyrido[3',2":4,5]imidazo[ 1,2-a]quinoline-6-carbonitriles and
pyrido[2',3":4,5]imidazo[ 1,2-a]quinoline-6-carbonitriles obtained in uncatalyzed microwave-
assisted amination from compounds 20-23 by using power 800 W, at 170 °C and 40 bar in
acetonitrile with five to seven-fold excess of the appropriate amine. The structures of all
prepared compounds were determined by NMR spectroscopy (‘H and '3C) based on the

analysis of H-H coupling constants as well as chemical shifts and by elemental analysis.
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Scheme 2. Synthesis of tetracyclic imidazo[4,5-b]pyridine derivatives 24-37

The structures of regioisomers 24, 31, 30 and 37 were additionally confirmed by using 2D

NMR spectroscopy. In the NOESY spectra of compounds 31 and 37, NOE interactions

between the HI and H11 protons of pyridine and benzene nuclei (indicated with green color)

confirmed the structure of the regioisomer (Fig. 2).
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Figure 2. NOESY spectra of 5-N, N-dimethylaminopropyl substituted regioisomer 24

Additionally, the interactions between the protons of the aliphatic part of the molecule,
namely the N,N-.dimethylaminopropyl side chain with the protons of phenyl ring could be
also observed (Fig. 2 and 3).
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Figure 3. NOESY interactions of 5-N, N-dimethylaminopropyl side chain with

phenyl ring of regioisomer 24



1.2. Antiproliferative activity in vitro

All newly prepared compounds were first tested against HCT116, MCF-7 and H 460
cancer cell lines to assess their antiproliferative activity in vitro. The results are presented in
Table 1 and are compared to known antiproliferative agent etoposide. In addition, we selected
12 representative derivatives, which either showed the most prominent antiproliferative
activities, or evaluated their cytotoxic activity on non-cancerous cells using human embryonic
kidney cell line HEK 293. The prepared tetracyclic derivatives were designed with the aim of
systematically studying structural effects on antiproliferative features in order to find the
positions of amino substituents and N atom in pyridine ring as well as the type of amino
substituents which showed the most significant impact on the improvement of the
antiproliferative activity.

The obtained results indicated that the majority of tested compounds showed enhanced
antiproliferative effect towards cancer cells but without significant selectivity between cancer
cells. The exception was fluoro substituted compound Sa, N,N-dimethylaminopropyl
substituted derivatives 10, 24 and 31, piperazine substituted derivative 13 and chloro
substituted derivative 22 with selective activity towards HCT116 cell in comparison to other
cancer cells. Several compounds showed improved activity in comparison to standard drug
etoposide, especially towards HCT116 cells. Interestingly, obtained results revealed that the
position of N nitrogen in the pyridine ring had a very strong impact on the enhancement of
antiproliferative activity. Regioisomers 6, 7 and 9 bearing amino substituents on the position
2 of tetracyclic skeleton, showed significant improvement of activity in comparison to their
counterparts 10, 11 and 13 having ICso values in a nanomolar range of concentration (0.3 —
0.9 uM). Regarding the 5-amino substituted regioisomers, it could be observed that the
position of N atom did not significantly influence the antiproliferative activity. Furthermore,
only 2,5-dipiperazinyl substituted regioisomer 30 showed better activity compared to its
regioisomer 37 which surprisingly did not show any inhibitory effect at all. The type of amino
side chains was chosen based on previously published results for benzimidazole-derived
tetracyclic derivatives. As it could be observed, there was no significant difference in the
influence of N,N-dimethylaminopropyl, N-isobutyl and piperazine side chain on
antiproliferative activity with the exception of mono-piperidine substituted derivatives 8 and

12 which showed the lowest antiproliferative effect.



Table 1. Antiproliferative activity of tested compounds and their clogP values

Sa, 6-9, 20-21, 24-30

Rl Rl
N— —
A7) A
R, XN N R, NN
CN CN

5b, 10-13, 22-23, 31-37

Compd R, R, ICs” (uM) clogP®
HCTI116 MCF-7  H460 HEK 293

5a F H 5+1.4 >100 >100 n.t.° 2.86
5b F H >100 >100 >100 n.t. 2.86
NH(CH2)3N(CH3)2 H 0.4+0.08 0.7+0.1 0.4+0.1 0.3+0.08 3.34
NHCH>CH(CHs)2 H 0.5+0.02 04 0.3+£0.05 0.5+£0.2 4.26
piperidine H 5.5+1.5 3+0.9 >100 n.t. 3.87

piperazine H 0.4+0.06 0.4+0.1 0.4+0.08 0.7+£0.4 2.47

10 NH(CH2)3:N(CH3)2 H 2.3+0.5 12+4.5 11+1.7 440.09 334
11 NHCH>CH(CHs3)2 H 3+1.7 342 1244 n.t. 4.26
12 piperidine H 10+2.7 5+4.5 49+0.01 n.t. 3.87
13 piperazine H 0.9+0.8 3.1+1.2 7+0.7 n.t. 2.47
20 H Cl 343 6+4 >100 n.t. 3.30
21 F Cl 3+0.06 2 +0.6 >100 n.t. 3.44
22 H Cl 0.1+2 2+0.4 4.6£1.6 1.6+0.1 3.30
23 F Cl 3.5+2 2+0.8 >100 n.t. 3.44
24 H NH(CH2)sN(CH3). ~ 0.9+0.03 2.9+1.3 1.4+0.2 1.8+£0.2 3.72
25 H NHCH>CH(CHj3), >100 >100 >100 >100 4.64
26 H piperidine 47+0.6 16+1.3 >100 n.t. 4.08
27 H piperazine 3.6+0.3 4.74£0.5 1.8+1 n.t. 2.68
28 NHCH:CH(CH3)» ~ NHCH:CH(CH3)2 3+0.2 1.8+0.3 5.4+0.4 n.t. 5.78
29 piperidine piperidine 1+0.8 0.5+£0.2 >100 >100 5.04
30 piperazine piperazine 0.4+0.05 0.4+0.0 0.7+0.4 0.2+0.1 2.25
31 H NH(CH2)3N(CHs)z 0.8+0.1 3.2+0.5 2+0.1 2.6£0.7 3.72
32 H NHCH>CH(CHz)2 14+2.7 14+£3.5 17.5+0.7 >100 4.64
33 H piperidine >100 >100 >100 n.t. 4.08
34 H piperazine 3.5¢1.2 3+2.8 7+0.6 n.t. 2.68
35 NHCH2CH(CHa)2 NHCH2CH(CHs)2 3.7+0.4 2+0.7 7.6£0.5 n.t. 5.78
36 piperidine piperidine 1.8+0.1 3.6+0.6 7+3.5 n.t. 5.04
37 piperazine piperazine >100 >100 >100 >100 2.25

Etoposide - - 542 1+£0.7 0.1£0.04 - -

2 ICso; the concentration that causes 50% growth inhibition; ® clogP; calculated logP values were obtained by

using ChemDraw Professional 15.0.; c) not tested.



Additionally, we have also tested halogen substituted derivatives with compound 22 bearing
chloro group at position 5 being the most active one (ICsomctitsy 0.1 uM). The results
obtained from the testing against non-tumour cells showed that 12 tested compounds had a
relatively similar cytotoxic profile in tumour cells in comparison to non-tumour cells with the
exception of N-isobutyl substituted derivative 32 which showed to be non-cytotoxic (ICso >
100 uM). Interestingly, compound 22 showed significantly lower activity (~16 times) against
HCT116 cells in comparison to non-tumour cells.

Considering the lipophilicity of imidazo[4,5-b]pyridine derivatives, the clogP values
increased upon the introduction of N-isobutyl side chain at all positions on the tetracyclic
skeleton. A significant decrease in lipophilicity was observed upon the introduction of the
piperazine ring. Piperidine substituent caused slight decrease of clogP value in comparison to
N-butyl side chain and an increase compared to compounds bearing N,N-

dimethylaminopropyl side chain.

1.3. DNA/RNA binding study
1.3.1. Interactions with double-stranded (ds-) polynucleotides

Based on the results of antiproliferative activity, we have chosen six compounds for study
with nucleic acids. Compounds 10, 6, 37, 30, 32 and 25 were soluble in water (¢c=3 x 107> mol
dm). The absorbancies of buffered aqueous solutions of studied compounds were
proportional to their concentrations up to ¢=3 x 10 mol dm™. Such behavior suggests that
studied compounds do not aggregate by intermolecular stacking at experimental conditions
used. Absorption maxima and corresponding molar extinction coefficients (€) were given in

Fig. 4 and Table S1 (Supporting information, SI).
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Figure 4. UV/Vis spectra of 10, 6, 37, 30, 32 and 25 at ¢ = 1x 10° mol dm™ ; pH=7, sodium
cacodylate/HCI buffer, /= 0,05 mol dm™.

Fluorimetric measurements were performed in an area where the emission and excitation
spectra do not overlap. Chemicalize software was used for the prediction of pKa values of
imidazo[4,5-b]pyridine derivatives (or simply IP derivatives). At pH 7.0 10 and 6 possess one
positive charge, piperazine derivatives (37, 30) two charges while isobutylamino derivatives
25 and 32 were not charged.[25]

The binding study with DNA and RNA was carried out with ctDNA, AT-DNA
(poly(dAdT)>) and GC-DNA (poly(dGdC)), as models for classical B-helix and AU-RNA
(poly A — poly U), as a model for A-helix.[26] Titration with GC-DNA yielded fluorescence
decrease/quenching of all studied compounds. Addition of AU-RNA and AT-DNA to buffer
aqueous solution of 37, 30, 32 and 25 resulted in an emission increase of those compounds
(Table 2, Fig. 5, SI). In contrast to that, 10 and 6 emission decreased in titrations with AU and
AT polynucleotides. The position of amino side chains on the tetracyclic ring most likely
influenced the fluorescence changes since, in the case of 10 and 6, the addition of AT- and
AU-sequences did not cause an increase in their emission (Table 2, SI). The position and the
nature of the substituent on a heterocyclic ring have a significant impact on the electron
density of aromatic systems which in turn may influence its binding orientation and
fluorescence properties upon interaction with nucleic acids.[27-29] In this case, C-2 (in 10
and 6) and C-5 (in 37, 30, 32 and 25) amino side pendants cause redistribution in electron
densities of the aromatic core which results in either a decrease in fluorescence (10 and 6 with

all polynucleotides and 37, 30, 32 and 25 with GC sequences) or its increase (37, 30, 32 and



25 with AT/AU sequences). Also, it can be noticed that the addition of ctDNA caused a
decrease in fluorescence of the majority of compounds which can be probably ascribed to the
mixed basepair composition of this natural polynucleotide (about 42% GC base pairs).
Similar opposite fluorescence responses with AT and GC sequences, noticed with 37, 30, 32
and 25, were previously observed in few compounds (acridine and phenanthridine derivatives,
4,9-diazapyrenium cations).[30-32] Such changes have been associated with intercalation of
the abovementioned hetero/polycyclic compounds to ds-DNA/RNA since only n-m stacking
interactions with the most electron-donating nucleobase, guanine result in efficient

fluorescence quenching.[33]
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Figure 5. Fluorescence changes of 30 (c= 1.5-2 x 10 mol dm™; A&x=397 nm) upon titration

with ctDNA (m), poly(dAdT)z(e), poly A-poly U (A), poly(dGdC), (V).

The binding constants Ks and ratios 7[pound compound) [DNA/RNA] Were calculated by the processing
of fluorimetric titration data with the Scatchard equation[35] (Table 2). Fluorescence changes
of 25 with some polynucleotides were too small or linear for the accurate calculation of
binding constants. While fluorescence changes depended mostly on the position of amino side
chains on the tetracyclic ring, the strength of the interactions with DNA/RNA was influenced
by both, the position of the amino side chain and the ligand charge.



Table 2. Binding constants (logKs)® and ratios #n° ([bound compound]/ [polynucleotide
phosphate]) calculated from the fluorescence titrations of 10, 6, 37, 30, 32 and 25 with ds-
polynucleotides at pH = 7,0 (buffer sodium cacodylate, 7 = 0,05 mol dm™).

Cpd ctDNA poly A - poly U p(dAdT) p(dGdC):
logK, n I/1o° | logK;, n I/1p¢ | logK, n 1/1o¢ | logK, n 1/1p¢
10 6.0 0.4 0.5 5.5 0.4 0.8 6.4 0.4 0.8 5.6 0.4 0.4
6 5.5 0.6 0.5 6.3 0.1 0.8 6.9 0.2 0.7 5.8 0.2 0.4
37 6.4 0.1 0 6.5 0.1 1.8 6.8 <0.1 13 6.6 0.2 0
30 6.3 0.3 0.1 6.6 0.1 2.0 6.8 0.2 1.5 6.8 03 <0.1
32 4.5 <01 22 4.7 0.1 7.1 5.1 <0.1 83 55 <01 05
25 - - - 53 <01 25 4.6 0.1 10.4 - - -

 Accuracy of n £ 10 - 30%, consequently logKs values vary in the same order of magnitude;

® Processing of titration data using Scatchard equation[34,35] gave values of ratio n[bound
compound]/[polynucleotide] except in titrations of 30 with poly(dAdT), and 32 with poly A - poly U
where the ratio » had to be fixed to a certain value (SI).

¢ Iy— starting fluorescence intensity of 10, 6, 37, 30, 32 and 25; / — fluorescence intensity of 10, 6, 37,
30, 32 and 25/ polynucleotide complex calculated by Scatchard equation.

4 small or linear fluorescence change disabled calculation of stability constant.

Thus 10 and 6 with amino side pendant (dimethylaminopropylamino) at C-2 position with one
positive charge and 37 and 30 with piperazine at C-2 and C-5 positions with two positive
charges showed greater affinities towards ds-DNA and ds-RNA compared to 32 and 25 with
1sobutylamino at C-5 position possessing no net positive charges (Table 2).

Thermal melting (7wm) value is an important factor in the characterization of
compound/polynucleotide interactions. ATy, value is a difference between the Tr, value of free
polynucleotide and complex with a small molecule.[36] In general, the intercalative way of
binding stabilizes ds-nucleic acids and yields positive A7 values while minor groove binders
may cause stabilization (positive ATy, values) or destabilization of ds-DNA/RNA (negative
ATn values). 10, 6, 37 and 30 showed moderate to big stabilization effects of ctDNA and
AT/AU polynucleotides (Table 3, Fig. 6, SI).

32 and 25 showed a small or no stabilization effect of polynucleotides. Like with binding
affinities, such negligible stabilization effect of 32 and 20 can be related to different positions

of the amino side chains on the tetracyclic skeleton and the ligand charge.



1
i

20 30 40 505 60 70 80 90 100
' e 10
1
1

Abs / 260 nm
00
5
8
3 3+
1 33
| <
I'g

r r r —
60 70 80 90 100

8%21 = poly(dAdT),

20 30 40 50 60 70 80 90 100

t/°C

Figure 6. a) Melting curve of poly(dAdT)2 upon addition of ratio,  ( [compound/
[polynucleotide])=0.3 of 10, 6, 37, 30, 32 and 25 at pH = 7.0 (buffer sodium cacodylate, / =
0.05 mol dm™).

Table 3. The *AT, values (°C ) of studied ds- polynucleotides upon addition of ratio °r=0.3
of 10, 6, 37, 30, 32 and 25 at pH 7.0 (sodium cacodylate buffer, 7 = 0.05 mol dm™ ).

br=0.3 10 6 37 30 32 25
ctDNA 4.2 6.6 6.6 7.5 0 0.8
poly A - poly U °4.5/16.5  ©9.5/23.5  €13.5/27.5 °15/27 0.6 0
poly(dA- dT), 9.9 18.2 11.1 14.3 0 0.8

2 Error in ATy, : £ 0.5°C;
® p = [compound] / [polynucleotide]
¢ Biphasic thermal denaturation transitions

Higher ATn values displayed by 10, 6, 37 and 30 towards AT/AU polynucleotides in
comparison to ctDNA can be attributed to the mixed basepair composition of ctDNA. Also, it
was noted that regioisomer 6 showed higher values of ATy, for AT-DNA and AU-RNA than
the other regioisomer 10 (Table 3, SI).

To obtain information on the conformation of nucleic acids and its change due to
interaction with small molecules, we used CD spectroscopy. CD spectroscopy can also
provide insight into the modes of interactions based on the mutual orientation of the small

molecule and the nucleic acid chiral axis.[37]



Achiral small molecules such as IP derivatives may also produce induced CD spectrum (ICD)
after binding to nucleic acids. Since these compounds possess UV/Vis spectra in the region
from 240 to 500 nm, the observed ICD spectra at the wavelengths > 300 nm, where nucleic
acids do not absorb, can be attributed to them (Fig. 7, SI).

Generally, the addition of 10, 6, 37 and 30 caused greater changes (increase/decrease) in
CD spectra of DNA/RNA polynucleotides compared to 32 and 25 (Fig. 7, SI). Besides,
significant ICD bands appeared in titrations of 10, 6, 37 and 30 with studied polynucleotides.
With AT-DNA, 10 and 6 caused the increase in the intensity of CD signal around 273 nm
(where both ligands and DNA absorb) and positive ICD signals positioned at 305 nm. Also, 6
induced the appearance of bisignate signals in the area from 370 — 490 nm while 10 induced
negative ICD signals positioned around 445 nm. These changes could be the consequence of
mixed binding mode - minor groove binding and binding of aggregated 10 and 6 molecules

along the polynucleotide backbone and possibly inside the hydrophobic major groove.[38]
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Figure 7. CD titration of AT-DNA (poly dAdT),, ¢ = 3.0 x 10 mol dm™) with 10, 6, 37, 30,
32 and 25 at molar ratios r = 0.5 (pH = 7.0, buffer sodium cacodylate, I = 0.05 mol dm™).

ICD signals like those induced with AT-DNA but smaller in intensity (probably due to
guanine amino group protruding into the minor groove and hindering the interaction) were

noticed in CD spectra of GC-DNA upon addition of 10 and 6.



The addition of 10 and 6 to poly A-poly U solution caused a small decrease in intensity
of CD spectra of RNA and the formation of weak negative ICD signals around 305 nm (SI).
Such changes in ICD signals usually imply an intercalative binding where the ligand with its
longer axis is positioned parallel to the longer axis of the adjacent base pair.[38] Rather
similar changes in ICD spectra were observed in CD titrations of 37 and 30 with all studied
ds-polynucleotides. In most titrations, a weak negative ICD signal was formed at ratio r< 0.1
and stronger negative signals from 300 to 450 nm were noticed at ratios higher than r >0.1.
Changes at lower ratios could be associated with the intercalation while at higher ratios they
were most probably the result of binding of aggregated molecules along the polynucleotide
backbone (Fig. 7, SI). Most likely, this type of binding is dominant at higher ratios due to the
bulkiness of piperazine groups that hampers the insertion of the tetracyclic core between
nucleobases.

However, since these compounds induced different fluorescence responses, increase with
AT-DNA and quenching with GC base pairs, it is possible that at lower ratios they partially
intercalate only in GC-rich DNA. 32 and 25 induced observable changes (slight increase) only
in CD spectra of AT-DNA (Fig. 7, SI). The addition of 25 in ctDNA solution caused an
appearance of small negative CD signals around 305 nm which may suggest an intercalative
mode of binding. Nevertheless, since these compounds do not stabilize ds-DNA/RNA, an
intercalative binding mode can be excluded. A small decrease in the intensity of CD spectra
of GC-DNA could be a result of partial intercalation or groove binding where the long axes of
the tetracyclic ring and adjacent base pairs are positioned at an angle to each other resulting in
the abolition of positive and negative contributions (SI).[39] These negligible changes
observed in most CD titrations of 32 and 25 agree well with the calculated binding affinities
and absence of thermal stabilization of DNA and RNA.

Some of the suggested ways of binding were also examined by molecular docking.
Interactions of 6 and 32 with alternating double-stranded copolymer, poly(dA-dT)-poly(dA-
dT) are shown in the Figure 8. Modes of binding for 6 and 32 with AT-DNA suggested by the

spectroscopic methods were consistent with the results obtained by molecular docking.



c)

Figure 8. a) and b) DNA-6 complexes obtained after 10 and 20 ns of MD simulation in water,
respectively, starting from two different initial orientations of 6 in DNA. ¢) DNA-32 complex
obtained after 1 ns of MD simulation in water. (Complexes were built using the PyMOL
program wherein the initial position of ligands was determined from spectroscopic data.
Parametrization was performed by ANTECHAMBER [40] and Leap, the modules available
within AMBER16 suit of programs [41,42] using GAFF [43] for the ligands and OL15 for
DNA. Neutralized and solvated complexes were minimized, equilibrated and simulated for 20

ns using programs sander and pmemd.).



According to the binding free energies, calculated by the program MMPBSA.py [44], for
orientations of 6, shown in Fig. 8 a) and b) are -43 + 4 kcal/mol and -46 £+ 3 kcal/mol,

respectively. Apparently, both orientations are similarly stable.

2.3.2. Interactions with G-quadruplex

We have also investigated the binding of ligands with G-quadruplex DNA quadruplex, a
target thought to be associated with significant biological processes, among else cancer
growth and progression.[45] IP derivatives possess structural characteristics (flat aromatic
surfaces, positively charged side chains with the exception of 25 and 32) that could allow
good recognition of G-quadruplex and potentially selectivity for quadruplex over duplex
DNA. As a model for the human telomere sequence, we have used 22 nt sequence
(A[AGGG(TTAGGG)3], Tel 22). Depending on the applied methodology (NMR, X-ray
crystallography, biophysical studies) and the variants of the human telomere sequence,
different hybrid forms exist in K* environment.[45-47] Xu and others implied that 22 nt
telomere sequence in K solution exists as a mixture of mixed-parallel/antiparallel and chair-
type G-quadruplex.[48] Titration with Tel22 yielded fluorescence decrease of the majority of
studied compounds (10, 6, 37 and 30), except with 32 and 25 whose emission increased
(Table 4, Fig. 9, SI). Interestingly, the emission of 32 and 25 decreased upon interaction with
ds-GC polynucleotide. The obtained result could indicate the importance of the length of n-
stacked DNA systems where quenching of emission of the fluorophore with guanine can be
accomplished only within longer DNA molecules.[33]

The data from fluorimetric measurements were used for the calculation of the binding
constants (log Ks) and stoichiometries of complexes in the concentration range that
correspond to 20-80% complex formed (Table 4, Fig. 9). The experimental data of 37 and 30
were best fitted to a binding stoichiometry of ligand-Tel22 of 1:1 and 1:2. In addition, the
highest constants were obtained for 1:2 37/30-Tel22 complexes. 1:1 stoichiometries were
found for complexes of Tel22 and 10, 6, 32 and 25 with rather similar log Ks values (Table
4). The smallest log Ks values to Tel22 showed 32 and 25 possessing isobutylamino side
pendant at C-5 position and no charges. Studied ligands exhibited a moderate stabilization
effect of Tel22. The greatest stabilization effect was shown by 37 with piperazine groups at
C-2 and C-5 positions (Table 4).



Table 4. Binding constants (logKs)® for 1:1 and 1:1/1:2 complexes of IP-Tel22 and changes
of fluorescence intensity I/1o° calculated from the fluorescence titrations and AT values (°C)

of Tel22 upon addition of ratio® r = 1 of IP derivatives at pH = 7.0 (potassium phosphate
buffer, 7= 0.1 mol dm™).

compound logK; 1/To® ATm/°C

10 5.35+0.03 0.66 2.0

6 5.48+0.03 0.70 1.9
7.16+0.2 0.89

37 5.33+0.2 0.62 2.5

30 6.85+0.09 0.81 c
5.04+0.45 0.77 i

32 4.69+0.02 4.75 1.4

25 4.51+0.05 5.52 1.8

* Stability constant Ks and stoichiometry calculated by processing the titration data using non-linear
least-square SPECFIT program[49]

® Changes in fluorescence of BXLs induced by complex formation (Ip was emission intensity of free
compound and I;m» was emission intensity of a complex, calculated by processing the titration data
using SPECFIT program).

¢ Changes of 30 with the temperature rise at a concentration equivalent to ratio 1 were too great so it
was not possible to determine the ATy, value;

4 Error in ATm: £ 0.5 °C;

¢ r = [compound]/[polynucleotide].

A positive band at 290 nm and a shoulder at 260 nm, characteristic of mixed-
parallel/antiparallel arrangement, were visible in CD spectrum of Tel 22 in K' solution
(SI).[49-51] Intensities of the CD band of Tel 22 were not greatly modified upon the addition
of studied ligands. All compounds caused a small increase of CD band of Tel22 at 290 nm
(SI) and a small to moderate (especially 10 and 6) decrease of the shoulder at 250 nm. Similar
changes obtained in CD titrations of Tel22 with all compounds suggest a similar way of
binding (for 1:1 complexes), most probably stacking on one of the terminal quartets of

Tel22.[52]
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Figure 9. Changes in fluorescence spectrum of 37 (c= 5,0 x 10”7 mol dm™, Lexc=408 nm)
upon titration with Tel22 (c=2,5 x 107 — 8,1 x 10" mol dm™); Inset: Experimental (l) and
calculated (—) fluorescence intensities of 37 at Aem = 469 nm upon addition of Tel22 (pH =

7.0, K phosphate buffer, /= 0.1 mol dm™).
On the other hand, 37 and 30 in 1:2 complexes with Tel22 most probably bind between
terminal quartets at the interface of the two quadruplexes. However, to determine an accurate
and preferred topology for Tel22-ligand complex,[53] additional experiments (NMR, x-ray
crystal structure, molecular modeling) should be performed, that goes beyond the scope of
this paper. Although the selectivity for quadruplex over duplex DNA was not achieved, due to
the good recognition potential of Tel 22, 37 and 30 structures could be further optimized

through additional functionalization of piperazine side chains at C-2 and C-5 positions.

2. Conclusions

Within this work, we have described the design and synthesis of tetracyclic systems based
on the imidazo[4,5-b]pyridine nuclei which were substituted with amino substituents chosen
according to the previously published results for benzimidazole analogues. The
antiproliferative activity of regioisomers was studied against human cancer cells and non-
tumour cells in order to get insight into the impact of the different position and type of amino

side chains and particularly, and the influence of the N atom position in pyridine nuclei.



The majority of compounds showed improvement of antiproliferative activity on HCT116 and
MCF-7 cancer cells when compared to a standard drug efoposide. From the obtained results it
could be noticed that the position of N nitrogen in the pyridine ring has a strong impact on the
antiproliferative activity, while the type of amino substituent did not influence activity
significantly. Thus, regioisomers 6, 7 and 9 substituted with amino substituents at position 2
showed noticeable enhancement of activity in comparison to their counterparts 10, 11 and 13
having ICso values from 0.3 uM to 0.9 uM against all three cancer cells.

Furthermore, chosen compounds had a relatively similar cytotoxic profile in tumour
cells in comparison to non-tumour cells. The exception was compound 32 substituted with N-
isobutylamino group being non-cytotoxic (ICsp > 100 uM).

DNA (including G-quadruplex structure)/RNA binding strength was affected by the
position of the amino side chain on the tetracyclic core of imidazo[4,5-b]pyridine derivatives
and the ligand charge. At lower compound to polynucleotide ratios (many data points at r <
0.1 in fluorescence titrations and data at r < 0.1 in CD titrations, Table 2 and Fig. 7), obtained
results (1-10 uM, positive ICD signals in the region from 273-305 nm noticed for AT- and
GC-DNA and weak negative ICD signals around 305 nm for AU-RNA, enhanced thermal
stability of polynucleotides) suggest that 10 and 6 bind inside the minor groove of AT- and
GC-DNA and intercalate into AU-RNA. Derivatives 37 and 30 with piperazine most probably
bind by intercalative binding mode (negative ICD signals, moderate to big ATm values) while
lower affinities of 32 and 25 in comparison to 10, 6, 37 and 30, and absence of thermal
stability, as well as negligible ICD signals, point to non-intercalative binding mode, most
likely aggregation of 32 and 25 molecules along the polynucleotide backbone and inside the
grooves. At excess of 10, 6, 37 and 30 over polynucleotide binding sites, compounds form
aggregates along DNA double helix. Moderate to high binding affinities (logKs; =5-7)
obtained for selected imidazo[4,5-b]pyridine derivatives suggest that DNA/RNA are potential
cell targets. Nevertheless, since high binding affinities were noticed even in the case of low
antiproliferative activity (like with 37), targets other than DNA and RNA could also be

involved in the mechanism of biological action.

3. Experimental part



3.1. General methods

All chemicals and solvents were purchased from commercial suppliers Aldrich and Acros.
Melting points were recorded on SMP11 Bibby and Biichi 535 apparatus. All NMR spectra
were measured in DMSO-ds solutions using TMS as an internal standard. The 'H and '*C
NMR spectra were recorded on a Varian Bruker Avance III HD 400 MHz/54 mm Ascend.
Chemical shifts are reported in ppm (9) relative to TMS. All compounds were routinely
checked by TLC with Merck silica gel 60F-254 glass plates. The microwave-assisted
synthesis was performed in a Milestone start S microwave oven using quartz cuvettes under
the pressure of 40 bar. Elemental analysis for carbon, hydrogen and nitrogen were performed
on a Perkin-Elmer 2400 elemental analyzer. Where analyses are indicated only as symbols of
elements, analytical results obtained are within 0.4% of the theoretical value. Mass spectra
were recorded on Agilent 1200 Series HPLC system with an Agilent 6420 DAD mass

detector and a triple quadrupole mass spectrometer.

3.2. Synthesis

3.2.1.Synthesis of 2-amino substituted pyrido[3',2':4,5]imidazo[1,2-a]quinoline-6-

carbonitriles and pyrido[2',3':4,5]imidazo[1,2-a]quinoline-6-carbonitriles

2-(1H-imidazo[4,5-b]pyridin-2-yl)acetonitrile 2

A mixture of equimolar amounts of 2,3-diaminopyridine (2.800 g, 25.70 mmol) and 2-
cyanoacetamide (4.310 g, 25.70 mmol) was heated in an oil bath for 20 min at 190 °C. After
cooling, the reaction mixture was recrystallized from 50% ethanol/water (130 mL) to obtain a
light brown powder (3.420 g, 84%); mp 268-271 °C; '"H NMR (300 MHz, DMSO-ds): 8/ppm
=13.06 (bs, 1H, NH), 8.34 (s, 1H, Harom), 8.00 (s, 1H, Harom), 7.25 (dd, 1H, J; =8.03 Hz, J> =
4.79 Hz, Harom), 4.42 (s, 2H, CHz); *C NMR (75 MHz, DMSO-ds): 8/ppm = 144.3, 118.6
(2C), 19.2; MS (ESI) m/z 159.0 [M+H]".

(E)-3-(2-chloro-4-fluorophenyl)-2-(1 H-imidazo[4,5-b]pyridin-2-yl)acrylonitrile 4

Compound 4 was prepared from 2-(1H-imidazo[4,5-b]pyridin-2-yl)acetonitrile 2 (1.000 g,
6.27 mmol), 2-chloro-4-fluorobenzaldehyde 3, few drops of piperidine in absolute ethanol (10
mL) after refluxing for 1.5 h and recrystallization from ethanol to yield 1.080 g (58%) of
yellow powder; mp 246-249 °C; 'H NMR (300 MHz, DMSO-ds): §/ppm = 13.91 (s, 1H,
NH), 8.55 (s, 1H, Harom), 8.44 (d, 1H, J = 3.75 Hz, Hawom), 8.22 (dd, 1H, J; = 8.76 Hz, J> =



6.09 Hz, Harom), 8.12 (d, 1H, J = 7.05 Hz, Harom), 7.75 (dd, 1H, J; = 8.76 Hz, J> = 2.58 Hz,
Harom), 7.52 (td, 1H, J; = 8.57 Hz, J> = 2.59 Hz, Haom), 7.33 (dd, 1H, J = 8.07 Hz, J> = 4.77
Hz, Harom); °C NMR (75 MHz, DMSO-ds): 8/ppm = 163.8 (d, Jcr = 256.02 Hz), 157.8, 144.4,
142.2, 135.9, 135.7, 132.2 (d, Jor = 9.00 Hz), 128.3, 118.4 (d, Jcr = 25.50 Hz), 116.0 (d, Jor =
21.10 Hz), 115.5; Found: C, 60.06; H, 2.93; N, 18.50. Calc. for CisHsCIFN4: C, 60.32; H,
2.70; N, 18.76%; MS (ESI) m/z 299.0 [M+H]".

2-fluoropyrido[3',2':4,5imidazo[ 1,2-a]quinoline-6-carbonitrile 5a and 2-fluoropyrido-
[2'3":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 5b

Compound 4 (0.840 g, 2.81 mmol) was dissolved in 6.5 ml of sulfolane and the reaction
mixture was heated for 25 minutes at 280 °C. The cooled mixture was poured into water (15
ml) and the resulting product was filtered off. Brown powder product (0.711 g) was obtained
in the form of a mixture of regioisomers in the ratio 5a:Sb = 1:1 separated by column

chromatography on SiO> using CH>Clo/methanol as eluent.

2-fluoropyrido[3'2":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 5a

There was obtained 0.201 g (27%) of a yellow powder product 5a. mp 290-292 °C; '"H NMR
(300 MHz, DMSO-ds): 6/ppm =9.41 (dd, 1H, J;=10.77 Hz, J>= 2.52 Hz, Harom), 8.84 (s, 1H,
Harom), 8.68 (dd, 1H, J; =4.71 Hz, J>= 1.44 Hz, Harom), 8.43 (dd, 1H, J; = 8.19 Hz, J>= 1.44
Hz, Harom), 8.19 (dd, 1H, J; = 8.85 Hz, J>= 6.24 Hz, Harom), 7.68 (dd, 1H, J = 8.19 Hz, J> =
4.71 Hz, Harom), 7.56 (td, 1H, J; = 8.61 Hz, J> = 2.59 Hz, Harom); *C NMR (75 MHz, DMSO-
ds): d/ppm = 164.9 (d, Jcr = 250.71 Hz), 145.1, 144.6, 141.8, 136.8, 136.7, 136.5, 133.9 (d,
Jcr = 10.73 Hz), 128.7, 121.8, 118.4, 115.4, 114.7 (d, Jcr = 23.36 Hz), 104.3 (d, Jcr = 28.62
Hz), 100.9; Found: C, 68.52; H, 2.80; N, 21.20. Calc. for CisH7FN4: C, 68.70; H, 2.69; N,
21.36%; MS (ESI) m/z 263.0 [M+H]".

2-fluoropyrido[2',3":4,5 [imidazo[ 1,2-a]quinoline-6-carbonitrile 5b

There was obtained 0.148 g (20%) of a yellow powder product Sb. mp >300 °C; 'H NMR
(300 MHz, DMSO-ds): &/ppm = 9.29 (dd, 1H, J; = 8.40 Hz, J>= 1.08 Hz, Harom), 8.97 (s, 1H,
Harom), 8.80 (dd, 1H, J; =4.56 Hz, J>=1.02 Hz, Harom), 8.65 (dd, 1H, J; = 10.37 Hz, J>=2.09
Hz, Harom), 8.30 (dd, 1H, J; = 8.78 Hz, J> = 6.38 Hz, Harom), 7.69 — 7.56 (m, 2H, Harom);'*C
NMR (75 MHz, DMSO-dp): 6/ppm = 165.4 (d, Jcr = 258.09 Hz), 147.9, 141.9, 134.8 (d, Jcr =
10,99 Hz), 123.9, 123.7, 118.9, 118.7, 115.6, 114.7 (d, Jcr = 23,34 Hz), 104.1 (d, Jcr = 27,60
Hz), 100.8, 97.6; Found: C, 68.59; H, 2.72; N, 21.29. Calc. for CisH7FN4: C, 68.70; H, 2.69;
N, 21.36%; MS (ESI) m/z 263.0 [M+H]".



3.2.1.1. General method for preparation of compounds 6-13

Compounds 6-13 were prepared using microwave irradiation, at optimized reaction time at
170 °C with power 800 W and 40 bar pressure, from compound Sa or 5b in acetonitrile (10
mL) with an excess of added corresponding amine. After cooling, the reaction mixture was
filtered off and the resulting product was separated by column chromatography on SiO; using

dichloromethane/methanol as eluent.

2-[(3-(N,N-dimethylamino)propyl)amino]pyrido[3',2":4,5]imidazo[1,2-a]quinoline-6-
carbonitrile 6

Compound 6 was prepared using above described method from 5a (0.120 mg, 0.46 mmol)
and N,N-dimethylaminopropyl-1-amine (0.40 mL, 3.92 mmol) after 10 h of irradiation to
yield 0.070 mg (45%) of yellow powder; mp 245-248 °C; '"H NMR (300 MHz, DMSO-ds):
o/ppm = 8.92 (d, 1H, J = 1.83 Hz, Harom), 8.60 (dd, 1H, J; = 4.71 Hz, J> = 1.41 Hz, Harom),
8.53 (s, 1H, Harom), 8.33 (dd, 1H, J; = 8.87 Hz, J>= 1.41 Hz, Harom), 7.78 (d, 1H, J = 8.88 Hz,
Harom), 7.63 — 7.59 (m, 2H, Harom), 6.93 (dd, 1H, J; = 8.85 Hz, J> = 2.16 Hz, Harom), 3.30 —
3.23 (m, 2H, CH»), 2.56 (t, 2H, J = 1.74 Hz, CH), 2.31 (s, 6H, CHs), 1.92 — 1.81 (m, 2H,
CH»); C NMR (150 MHz, DMSO-ds): /ppm= 153.9, 146.1, 145.2, 142.5, 141.2, 136.4,
126.8, 120.6, 116.5, 111.0, 91.5, 56.3, 44.6 (2C), 40.6, 25.6; Found: C, 69.42; H, 5.98; N,
24.60. Calc. for C20H20Ng: C, 69.75; H, 5.85; N, 24.40%; MS (ESI) m/z 345.1 [M+H]".

2-(N-isobutylamino)pyrido[3'2":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 7

Compound 7 was prepared using above described method from 5a (0.080 mg, 0.30 mmol)
and isobutylamine (0.15 mL, 1.42 mmol) after 4 h of irradiation to yield 0.052 mg (54%) of
yellow powder; mp 224-227 °C; 'H NMR (300 MHz, DMSO-ds): §/ppm = 8.96 (d, 1H, J =
1.95 Hz, Harom), 8.61 (dd, 1H, J; = 1.46 Hz, J>= 4.73 Hz, Harom), 8.53 (s, 1H, Harom), 8.33 (dd,
1H, J; = 1.44 Hz, J>= 8.16 Hz, Harom), 7.78 (d, 1H, J = 8.88 Hz, Harom), 7.65 (t, 1H, J=4.74
Hz, NHamine), 7.61 (dd, 1H, J; = 4.71 Hz, J>= 8.13 Hz, Harom), 6.96 (dd, 1H, J; = 2.18 Hz, J>=
8.87 Hz, Harom), 3.31 (t, 2H, J=6.17 Hz, CH>), 2.06 — 1.97 (m, 1H, CH), 1.03 (d, 6H, J = 6.63
Hz, CH3); *C NMR (150 MHz, DMSO-ds): 8/ppm = 154.2, 146.2, 145.2, 142.5, 141.2, 136.4,
126.9, 120.6, 116.5, 110.9, 91.4, 50.3, 27.3, 20.3 (2C); Found: C, 72.23; H, 5.63; N, 22.14.
Calc. for C1oHi7Ns: C, 72.36; H, 5.43; N, 22.21%; MS (ESI) m/z 314.1 [M+H]".

2-(N-piperidin-1-yl)pyrido[3',2':4,5 [imidazo[ 1,2-a]quinoline-6-carbonitrile 8
Compound 8 was prepared using above described method from Sa (0.080 mg, 0.30 mmol)



and piperidine (0.21 mL, 2.13 mmol) after 4 h of irradiation to yield 0.041 mg (51%) of
yellow powder; mp 262-265 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 9.26 (d, 1H, J =
2.16 Hz, Harom), 8.65 (dd, 1H, J; = 4.73 Hz, J>= 1.43 Hz, Harom), 8.59 (s, 1H, Harom), 8.36 (dd,
1H, J; = 8.18 Hz, J>= 1.43 Hz, Harom), 7.87 (d, 1H, J = 9.15 Hz, Harom), 7.62 (dd, 1H, J; =
8.16 Hz, J> = 4.74 Hz, Harom), 7.30 (dd, 1H, J = 9.12 Hz, J> = 2.40 Hz, Harom), 3.63 (bs, 4H,
CHa), 1.70 (bs, 6H, CH); '*C NMR (75 MHz, DMSO-ds): d/ppm = 154.5, 143.4, 141.5,
138.1, 132.4, 127.8, 127.6, 121.2, 116.8, 113.2, 111.9, 99.2, 48.3 (2C), 25.5 (2C), 24.4;
Found: C, 73.19; H, 5.43; N, 21.38. Calc. for C20H17Ns: C, 73.37; H, 5.23; N, 21.39%; MS
(ESI) m/z 328.1 [M+H]".

2-(N-piperazin-1-yl)pyrido[3',2":4,5 ]imidazo[1,2-a]quinoline-6-carbonitrile 9

Compound 9 was prepared using above described method from Sa (0.120 mg, 0.46 mmol)
and piperazine (0.260 mg, 3.02 mmol) after 10 h of irradiation to yield 0.068 mg (45%) of
yellow powder; mp 244-247 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 9.25 (d, 1H, J =
2.07 Hz, Harom), 8.65 (dd, 1H, J;=4.71 Hz, J>= 1.44 Hz, Harom ), 8.62 (s, 1H, Harom), 8.37 (dd,
1H, J; = 8.15 Hz, J> = 1.40 Hz, Harom), 7.90 (d, 1H, J = 9.15 Hz, Haom), 7.64 (dd, 1H, J; =
8.16 Hz, J>=4.74 Hz, Harom), 7.32 (dd, 1H, J; = 9.11 Hz, J>= 2.36 Hz, Harom), 3.58 (t, 4H, J =
4.89 Hz, CH>), 3.02 (t, 4H, J = 4.88 Hz, CH); 3C NMR (75 MHz, DMSO-ds): &/ppm =
154.7, 146.1, 145.5, 143.5, 141.5, 137.9, 136.8, 132.3, 127.8, 121.3, 116.6, 113.3, 112.6, 99.5,
94.5,47.3 (2C), 45.1 (2C); Found: C, 69.26; H, 5.04; N, 25.70. Calc. for Ci9H16N¢: C, 69.50;
H, 4.91; N, 25.59%; MS (ESI) m/z 329.1 [M+H]".

2-[(3-(N,N-dimethylamino)propyl)amino]pyrido[2' 3':4,5]imidazo[1,2-a]quinoline-6-
carbonitrile 10

Compound 10 was prepared using above described method from 5b (0.045 mg, 0.17 mmol)
and N, N-dimethylaminopropyl-1-amine (0.15 mL, 1.20 mmol) after 5 h of irradiation to yield
0.031 mg (53%) of yellow powder; mp 250-254 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm
= 8.90 (t, 1H, J = 5.19 Hz, NHarom), 8.72 — 8.68 (m, 1H, Harom), 8.54 (s, 1H, Harom), 7.88 —
7.74 (m, 2H, Harom), 7.55 — 7.48 (m, 2H, Harom), 7.00 — 7.88 (m, 1H, Harom), 3.66 (bs, 2H,
CHz), 3.45 (bs, 2H, CH>), 3.29 (s, 6H, CH3), 2.20 (bs, 2H, CH,); '3*C NMR (75 MHz, DMSO-
ds): d/ppm = 155.9, 154.8, 154.3, 147.7, 147.1, 141.5, 133.3, 123.3, 123.0, 122.9, 117.7,
116.9, 111.8, 92.2, 67.2, 56.9, 45.5 (2C), 22.9; Found: C, 69.79; H, 5.71; N, 24.50. Calc. for
C20H20Ng: C, 69.75; H, 5.85; N, 24.40%; MS (ESI) m/z 345.1 [M+H]".

2-(N-isobutylamino)pyrido[2',3":4,5 ]imidazo[1,2-a]quinoline-6-carbonitrile 11



Compound 11 was prepared using above described method from Sb (0.080 mg, 0.30 mmol)
and isobutylamine (0.15 mL, 1.52 mmol) after 4 h of irradiation to yield 0.056 mg (70%) of
yellow powder; mp 289-291 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 8.87 (dd, 1H, J; =
8.21 Hz, J> = 1.01 Hz, Harom), 8.72 (dd, 1H, J; = 4.67 Hz, J> = 1.01 Hz, Harom), 8.57 (s, 1H,
Harom), 7.84 (d, 1H, J = 8.91 Hz, Harom), 7.69 (Bs, 1H, Harom), 7.54 (dd, 1H, J; = 8.34 Hz, J> =
4.74 Hz, Harom), 7.45 (t, 1H, J = 5.04 Hz, NHamin), 6.99 (dd, 1H, J; = 8.93 Hz, J> = 1.40 Hz,
Harom), 3.17 (t, 2H, J = 6.15 Hz, CH»), 2.01 — 1.90 (m, 1H, CH), 1.03 (d, 6H, J = 6.63 Hz,
CHs); *C NMR (75 MHz, DMSO-ds): 8/ppm = 155.8, 154.4, 147.5, 146.6, 141.1, 133.2,
122.9, 122.3, 117.2, 116.6, 111.2, 91.3, 49.9, 27.6, 20.3 (2C); Found: C, 72.49; H, 5.21; N,
22.30. Calc. for C1oHi7Ns: C, 72.36; H, 5.43; N, 22.21%; MS (ESI) m/z 316.1 [M+H]".

2-(N-piperidin-1-yl)pyrido[2',3":4,5 Jimidazo[ 1,2-a]quinoline-6-carbonitrile 12

Compound 12 was prepared using above described method from 5b (0.080 mg, 0.30 mmol)
and piperidine (0.21 mL, 2.13 mmol) after 4 h of irradiation to yield 0.049 mg (61%) of
yellow powder; mp 290-293 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 8.91 (d, 1H, J =
8.37 Hz, Harom), 8.73 (d, 1H, J = 4.62 Hz, Harom), 8.62 (s, 1H, Harom), 7.90 (d, 1H, J=7.35 Hz,
Harom), 7.64 (s, 1H, Harom), 7.52 (dd, 1H, J; = 8.30 Hz, J>= 4.70 Hz, Harom), 7.33 (d, 1H, J =
9.18 Hz, Harom), 3.67 (s, 4H, CH>), 1.70 (s, 6H, CHz); '3C NMR (75 MHz, DMSO-ds): 8/ppm
= 155.9, 154.6, 147.9, 147.3, 141.2, 138.7, 133.2, 123.6, 123.3, 118.1, 116.8, 113.4, 112.2,
97.4,93.5,48.5 (2C), 25.5 (2C), 24.3; Found: C, 73.29; H, 5.31; N, 21.40. Calc. for C20H17Ns:
C,73.37; H, 5.23; N, 21.39%; MS (ESI) m/z 328.1 [M+H]".

2-(N-piperazin-1-yl)pyrido[2',3":4,5 ]imidazo[1,2-a]quinoline-6-carbonitrile 13

Compound 13 was prepared using above described method from 5b (0.040 mg, 015 mmol)
and piperazine (0.150 mg, 1.74 mmol) after 5 h of irradiation to yield 0.028 mg (55%) of
yellow powder; mp >300 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 8.97 (d, 1H, J = 8.39
Hz, Harom), 8.75 — 8.74 (m, 1H, Harom ), 8.66 (s, 1H, Harom), 7.97 (d, 1H, J = 8.98 Hz, Harom),
7.69 (bs, 1H, Harom), 7.52 (dd, 1H, J; = 8.10 Hz, J>= 4.62 Hz, Harom), 7.36 (d, 1H, J=8.90 Hz,
Harom), 3.83 (bs, 4H, CHa), 3.62 (bs, 4H, CH); '*C NMR (100 MHz, DMSO-ds): 8/ppm =
162.6, 154.0, 147.5, 141.4, 138.3, 133.3, 132.1, 123.8, 123.3, 118.2, 116.5, 113.5, 113.4, 98.6,
95.2,45.0 (2C), 43.5 (2C); Found: C, 69.66; H, 4.88; N, 25.46. Calc. for C19H16N¢: C, 69.50;
H, 4.91; N, 25.59%; MS (ESI) m/z 329.1 [M+H]".

4.2.2. Synthesis of 5-amino substituted pyrido[3',2':4,5]imidazo[1,2-a]quinoline-6-

carbonitriles and pyrido[2',3':4,5]imidazo[1,2-a]quinoline-6-carbonitriles



(Z)-3-(2-chlorophenyl)-3-hydroxy-2-(3H-imidazo[4,5-b]pyridin-2-yl)acrylonitrile 16

A solution of 1.000 g (6.32 mmol) 2-(1H-imidazo[4,5-b]pyridin-2-yl)acetonitrile 2 and 0.80
mL (6.32 mmol) 2-chlorobenzoylchloride 14 in pyridine (7 mL) was refluxed for 1.5 h. The
cooled mixture was poured into water (50 mL) and the resulting product was filtered off and
recrystallized from ethanol to obtain an orange powder (1.240 g, 66%); mp >300 °C; 'H NMR
(300 MHz, DMSO-dps): 6/ppm = 13.81 (bs, 1H, OH), 13.29 (bs, 1H, Himidazopiridin), 8.28 (dd,
1H, J;=5.22 Hz, J> = 1.23 Hz, Harom), 7.97 (dd, 1H, J; = 7.88 Hz, J> = 1.16 Hz, Harom), 7.52
(dd, 1H, J;=7.68 Hz, J> = 2.01 Hz, Harom), 7.48 — 7.40 (m, 3H, Harom), 7.32 (dd, 1H, J;=7.91
Hz, J>=5.27 Hz, Harom); >*C NMR (75 MHz, DMSO-ds): 8/ppm = 186.5, 154.0, 149.2, 140.9,
130.8, 129.9, 129.9, 128.8, 127.5, 121.1, 120.0, 118.6, 64.5; Found: C, 60.59; H, 3.35; N,
18.70. Calc. for C1sHoCIN4O: C, 60.72; H, 3.06; N, 18.88%; MS (ESI) m/z 297.0 [M+H]".

5-ox0-5,7-dihydropyrido[3'2':4,5]imidazo[1,2-a] quinoline-6-carbonitrile 18a and 5-oxo-3,7-
dihydropyrido[2',3":4,5imidazo[1,2-a]quinoline-6-carbonitrile 18b

A solution of 1.192 g (4.01 mmol) (£)-3-(2-chlorophenyl)-3-hydroxy-2-(3H-imidazo[4,5-
b]pyridin-2-yl)acrylonitrile 16 and 1.125 g +~KOBu in DMF (14 mL) was refluxed for 2 h.
After cooling, the reaction mixture was evaporated under vacuum and dissolved in water (50
mL). The resulting product was filtered off and recrystallized from ethanol to obtain a brown
powder (0.759 g, 73%) in the form of a mixture of regioisomers in the ratio 18a:18b = 1:5;
mp >300 °C; 18a: '"H NMR (300 MHz, DMSO-ds): 8/ppm = 9.64 (d, 1H, J = 8.01 Hz, Harom),
8.37 (dd, 1H, J; = 4.67 Hz, J> = 1.16 Hz, Harom), 8.28 — 8.23 (m, 1H, Harom), 7.90 (dd, 1H, J; =
6.08 Hz, J> = 1.37 Hz, Harom), 7.77 (d, 1H, J = 1.17 Hz, Harom), 7.57 — 7.55 (m, 1H, Harom),
7.45 (dd, 1H, J; = 7.92 Hz, J> = 5.19 Hz, Harom); 18b: 'H NMR (300 MHz, DMSO-ds): 8/ppm
= 8.82 (d, 1H, J = 8.04 Hz, Harom), 8.49 (d, 1H, J = 8.37 Hz, Harom), 8.35 — 8.37 (m, 2H,
Harom), 7.85 (td, 1H, J; = 7.70 Hz, J> = 1.50 Hz, Harom), 7.55 (t, 1H, J = 7.49 Hz, Harom), 7.31
(dd, 1H, J; = 8.13 Hz, J> = 5.43 Hz, Harom); MS (ESI) m/z 261.1 [M+H]".

S-chloropyrido[3'2':4,5]imidazo[1,2-a]quinoline-6-carbonitrile 20 and 5-chloropyrido-
[2'3":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 22

A solution of 0.500 g (1.92 mmol) 5-o0xo0-5,7-dihydropyrido[3',2":4,5]imidazo[1,2-
a]quinoline-6-carbonitrile 18a and 5-0x0-5,7-dihydropyrido[2',3":4,5]imidazo[1,2-
a]quinoline-6-carbonitrile 18b, 0.214 g PCls in POCI3 (11 mL) was refluxed for 1.5 h. After
cooling, the reaction mixture was evaporated under vacuum and dissolved in water (10 ml).
The resulting product was filtered off and washed with water to obtain a yellow powder

(0.373 g, 78%) in the form of a mixture of regioisomers in the ratio 20:22 = 1:5 separated by



column chromatography on SiO; using CH>Cly/methanol as eluent.

20: 0.027 g, mp >300 °C; 'H NMR (300 MHz, DMSO-d;): 8/ppm = 9.94 (d, 1H, J = 8.34 Hz,
Harom), 8.74 (d, 1H, J = 4.23 Hz, Harom), 8.49 (d, 1H, J = 7.20 Hz, Harom), 8.40 (d, 1H, J = 8.49
Hz, Harom), 8.18 (t, 1H, J = 7.13 Hz, Harom), 7.82 (t, 1H, J = 7.91 Hz, Harom), 7.72 (t, 1H, J =
6.37 Hz, Haom); °C NMR (75 MHz, DMSO-ds): 8/ppm = not enough soluble; Found: C,
64.52; H, 2.41; N, 20.36. Calc. for C1sH7CIN4: C, 64.65; H, 2.53; N, 20.10%; MS (ESI) m/z
279.0 [M+H]".

22: 0.249 g, mp >300 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 9.17 (dd, 1H, J; = 8.48
Hz, J>=1.20 Hz, Harom), 8.86 (d, 1H, J = 8.49 Hz, Harom), 8.79 (dd, 1H , J; = 4.67 Hz, J> =
1.22 Hz, Harom), 8.40 (dd, 1H, J; = 8.19, J> = 1.26 Hz, Harom), 8.10 (td, 1H, J; = 7.89 Hz, J> =
1.32 Hz, Harom), 7.80 (t, 1H, J = 7.71 Hz, Harom), 7.60 (dd, 1H, J; = 8.43 Hz, J> = 4.68 Hz,
Harom); °C NMR (75 MHz, DMSO-ds): §/ppm = 152.9, 151.4, 149.9, 148.9, 139.0, 136.4,
132.4, 129.6, 129.5, 127.6, 124.8, 123.3, 120.05, 119.3, 117.9; Found: C, 64.72 H, 2.33; N,
20.26. Calc. for C1sH7CIN4: C, 64.65; H, 2.53; N, 20.10%; MS (ESI) m/z 279.0 [M+H]".

4.2.2.2. General method for preparation of compounds 24-27 and 31-34

Compounds 24-27 and 31-34 were prepared using microwave irradiation, at optimized
reaction time at 170 °C with power 800 W and 40 bar pressure, from compound 20 or 22 in
acetonitrile (10 mL) with an excess of added corresponding amine. After cooling, the reaction
mixture was filtered off and the resulting product was separated by column chromatography

on Si0O; using dichloromethane/methanol as eluent.

5-[(3-(N,N-dimethylamino)propyl)amino]pyrido[3'2':4,5]imidazo[1,2-a]quinoline-6-
carbonitrile 24

Compound 24 was prepared using above described method from 20 (0.070 mg, 0.20 mmol)
and N, N-dimethylaminopropyl-1-amine (0.16 mL, 1.00 mmol) after 4 h of irradiation to yield
0.047 mg (69%) of yellow powder; mp 211-213 °C; 'H NMR (600 MHz, DMSO-ds): 8/ppm
=9.69 (dd, 1H, J; = 8.40 Hz, J> = 0.84 Hz, Harom), 8.74 (bs, 1H, NHamin), 8.33 (dd, 1H, J; =
4.74 Hz, J> = 1.44 Hz, Harom), 8.13 (d, 1H, J = 7.92 Hz, Harom), 8.05 (dd, 1H, J; = 8.01 Hz, J>
= 1.41 Hz, Harom), 7.85 (td, 1H, J; = 8.19 Hz, J> = 0.90 Hz, Harom), 7.52 (td, 1H, J; = 8.19 Hz,
J>=0.99 Hz, Harom ), 7.41 (dd, 1H, J; = 7.95 Hz, J> = 4.77 Hz, Harom), 3.92 (s, 2H, CH>), 2.43
(t, 2H, J = 6.45 Hz, CH>), 2.21 (s, 6H, CH3), 1.89 (p, 2H, J = 6.66 Hz, CH,); '3C NMR (150
MHz, DMSO-ds): d/ppm = 151.5, 149.9, 146.6, 141.1, 137.5, 134.9, 133.1, 125.6, 1254,
123.9, 120.2, 117.9, 117.6, 116.8, 71.7, 57.5, 45.5 (2C), 44.4, 26.7; Found: C, 69.62; H, 5.78;



N, 24.60. Calc. for C20H20Ng: C, 69.75; H, 5.85; N, 24.40%; MS (ESI) m/z 345.1 [M+H]".

5-(N-isobutylamino)pyrido[3'2':4,5]imidazo[1,2-a]quinoline-6-carbonitrile 25

Compound 25 was prepared using above described method from 20 (0.080 mg, 0.29 mmol)
and isobutylamine (0.15 mL, 1.42 mmol) after 4 h of irradiation to yield 0.053 mg (54%) of
orange powder; mp 250-252 °C; 'H NMR (300 MHz, DMSO-ds): 6/ppm = 9.80 (dd, 1H, J; =
8.43 Hz, J> = 0.96 Hz, Harom), 8.50 (d, 1H, J = 7.89 Hz, Harom), 8.39 (dd, 1H, J; = 4.82 Hz, J>
= 1.43 Hz, Harom), 8.37 (bs, 1H, NHamin), 8.10 (dd, 1H, J; =8.01 Hz, J> = 1.41 Hz, Harom), 7.95
(td, 1H, J; = 7.83 Hz, J> = 1.41 Hz, Harom), 7.61 (td, 1H, J; = 7.74 Hz, J> = 0.87 Hz, Harom ),
7.46 (dd, 1H, J; = 8.01 Hz, J> = 4.83 Hz, Harom), 3.69 (t, 2H, J = 6.69 Hz, CH»), 2.28-2.12 (m,
1H, CH), 1,01 (d, 6H, J = 6.63 Hz, CH3); '3C NMR (75 MHz, DMSO-ds): 8/ppm = 151.2,
149.8, 146.5, 141.1, 137.4, 134.95, 133.4, 125.7, 125.4, 124.3, 120.3, 117.8, 117.7, 116.7,
71.7,51.4, 28.7,19.9 (2C); Found: C, 72.17; H, 5.31; N, 22.52. Calc. for C19H17Ns: C, 72.36;
H, 5.43; N, 22.21%; MS (ESI) m/z 316.1 [M+H]".

5-(N-piperidin-1-yl)pyrido[3',2":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 26

Compound 26 was prepared using above described method from 20 (0.080 mg, 0.29 mmol)
and piperidine (0.21 mL, 2.13 mmol) after 4 h of irradiation to yield 0.037 mg (39%) of
orange powder; mp 240-243 °C; 'H NMR (600 MHz, DMSO-ds): 6/ppm = 9.84 (dd, 1H, J; =
8.43 Hz, J> = 1.05 Hz, Harom), 8.54 (dd, 1H, J; = 4.71 Hz, J> = 1.47 Hz, Harom), 8.27 (dd, 1H,
J1 =8.07 Hz, J> = 1.47 Hz, Harom), 8.12 (dd, 1H, J; = 8.25 Hz, J> = 1.29 Hz, Harom), 7.99 (td,
1H, J; = 7.80 Hz, J> = 1.41 Hz, Harom), 7.65 (td, 1H, J; = 7.71 Hz, J> = 1.17 Hz, Harom), 7.56
(dd, 1H, J; = 8.07 Hz, J> = 4.71 Hz, Harom), 3.63 (t, 4H, J = 5.28 Hz, CH»), 1.86 — 1.82 (m,
4H, CH,), 1.76 — 1.73 (m, 2H, CH,); 3C NMR (75 MHz, DMSO-ds): 8/ppm = 159.7, 142.8,
137.0, 136.0, 133.6, 127.6, 127.1, 125.6, 120.9, 119.8, 117.9, 116.4, 54.4 (2C), 26.5 (2C),
23.9; Found: C, 73.22; H, 5.49; N, 21.29. Calc. for CooH17Ns: C, 73.37; H, 5.23; N, 21.39%;
MS (ESI) m/z 328.1 [M+H]".

5-(N-piperazin-1-yl)pyrido[3'2':4,5]imidazo[1,2-a]quinoline-6-carbonitrile 27

Compound 27 was prepared using above described method from 20 (0.070 mg, 0.20 mmol)
and piperazine (0.108 mg, 1.30 mmol) after 4 h of irradiation to yield 0.057 mg (71%) of
yellow powder; mp 274276 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 9.79 (d, 1H, J =
7.83 Hz, Harom), 8.53 (dd, 1H, J; = 4.76 Hz, J> = 1.40 Hz, Harom), 8.27 (dd, 1H, J; = 8.09 Hz,
J>=1.40 Hz, Harom), 8.13 (dd, 1H, J; = 8.28 Hz, J> = 0.72 Hz, Harom), 7.96 (td, 1H, J; = 7.80
Hz, J> = 1.10 Hz, Harom), 7.62 (td, 1H, J; = 7.70 Hz, J> = 0.89 Hz, Harom), 7.56 (dd, 1H, J; =



8.10 Hz, J> = 4.77 Hz, Harom), 3.58 (t, 4H, J = 4.64 Hz, CH>), 3.00 (t, 4H, J = 4.65 Hz, CH»),
2.08 (s, 1H, NH); '3C NMR (75 MHz, DMSO-ds): 6/ppm = 159.1, 155.7, 148.0, 142.8, 137.0,
136.0, 133.5, 128.5, 127.7, 127.2, 125.6, 120.9, 119.6, 117.8, 116.3, 54.3 (2C), 46.4 (2C);
Found: C, 69.29; H, 4.75; N, 25.96. Calc. for CioHsNg: C, 69.50; H, 4.91; N, 25.59%; MS
(ESI) m/z 329.1 [M+H]".

5-((3-(N,N-dimethylamino)propyl)amino)pyrido[2' 3':4,5Jimidazo[ 1,2-a]quinoline-6-
carbonitrile 31

Compound 31 was prepared using above described method from 22 (0.070 mg, 0.20 mmol)
and N, N-dimethylaminopropyl-1-amine (0.16 mL, 1.00 mmol) after 4 h of irradiation to yield
0.047 mg (69%) of yellow powder; mp 253-255 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm
= 8.85 (s, 1H, NHamin), 8.77 (dd, 1H, J; = 8.25 Hz, J> = 1.21 Hz, Harom), 8.58 (d, 1H, J = 8.33
Hz, Harom), 8.50 (dd, 1H, J; =4.81 Hz, J> = 1.11 Hz, Harom), 8.25 (d, 1H, J = 7.61 Hz, Harom),
7.90 (t, 1H, J = 7.53 Hz, Harom), 7.61 (t, 1H, J = 7.64 Hz, Harom), 7.30 (dd, 1H, J; = 8.18 Hz, J>
=4.77 Hz, Harom), 3.96 (t, 2H, J = 6.79 Hz, CH»), 2.46 (t, 2H, J = 6.37 Hz, CH>), 2.23 (s, 6H,
CHs3), 1.98 — 1.89 (m, 2H, CH); *C NMR (75 MHz, DMSO-ds): &/ppm = 157.1, 151.6,
151.1, 145.6, 135.1, 133.6, 125.4, 124.5, 123.8, 121.5, 117.8, 116.9, 116.9, 116.5, 71.4, 57.4,
45.5 (20), 44.3, 26.6; Found: C, 69.70; H, 5.68; N, 24.62. Calc. for C20H20Ns: C, 69.75; H,
5.85; N, 24.40%; MS (EST) m/z 345.1 [M+H]".

5-(N-isobutylamino)pyrido[2'3':4,5]imidazo[1,2-a]quinoline-6-carbonitrile 32

Compound 32 was prepared using above described method from 22 (0.060 mg, 0.23 mmol)
and isobutylamine (0.15 mL, 1.42 mmol) after 4 h of irradiation to yield 0.021 mg (22%) of
yellow powder; mp 222-224 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 8.79 (dd, 1H, J; =
8.28 Hz, J> = 1.20 Hz, Hawom), 8.61 (d, 1H, J = 8.19 Hz, Hawom), 8.53 (d, 1H, J = 8.23 Hz,
Harom), 8.50 (dd, 1H, J; =4.95 Hz, J> = 1.30 Hz, Harom), 8.41 (t, 1H, J = 6.27 Hz, NHamin), 7.92
(t, 1H, J = 7.80 Hz, Harom), 7.62 (t, 1H, J = 7.61 Hz, Harom), 7.30 (dd, 1H, J; = 8.19 Hz, J> =
4.83 Hz, Harom), 3.70 (t, 2H, J= 6.70 Hz, CH>), 2.28 —2.12 (m, 1H, CH), 1.01 (d, 6H, J = 6.60
Hz, CH3); *C NMR (75 MHz, DMSO-dy): 8/ppm = 156.6, 151.1, 150.5, 145.1, 134.7, 133.2,
124.8, 124.5, 123.3, 121.0, 117.2, 116.4, 116.4, 116.1, 71.5, 50.9, 28.2, 19.5; Found: C,
72.45; H, 5.52; N, 22.03. Calc. for C19H17Ns: C, 72.36; H, 5.43; N, 22.21%; MS (ESI) m/z
316.1 [M+H]".

5-(N-piperidin-1-yl)pyrido[2',3":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 33
Compound 26 was prepared using above described method from 20 (0.080 mg, 0.29 mmol)



and piperidine (0.21 mL, 2.13 mmol) after 4 h of irradiation to yield 0.030 mg (31%) of
yellow powder; mp>300 °C; '"H NMR (600 MHz, DMSO-ds): 8/ppm = 8.98 (dd, 1H, J; =
8.40 Hz, J> = 1.38 Hz, Harom), 8.72 (d, 1H, J = 7.98 Hz, Harom), 8.62 (dd, 1H, J; = 4.68 Hz, J>
= 1.32 Hz, Harom), 8.16 (dd, 1H, J; = 8.22 Hz, J> = 1.38 Hz, Harom), 7.96 (td, 1H, J; = 7.77 Hz,
J>=1.41 Hz, Harom), 7.66 (td, 1H, J; = 7.65 Hz, J> = 0.78 Hz, Harom), 7.43 (dd, 1H, J; = 8.31
Hz, J> = 4.71 Hz, Harom ), 3.64 (t, 4H, J = 5.22 Hz, CH>), 1.87 — 1.82 (m, 4H, CH>), 1.77 —
1.71 (m, 2H, CH,); *C NMR (75 MHz, DMSO-ds): §/ppm = not enough soluble; Found: C,
73.49; H, 5.26; N, 21.25. Calc. for Co0H17Ns: C, 73.37; H, 5.23; N, 21.39%; MS (ESI) m/z
328.1 [M+H]".

5-(N-piperazin-1-yl)pyrido[2',3":4,5 Jimidazo[l,2-a]quinoline-6-carbonitrile 34

Compound 34 was prepared using above described method from 22 (0.070 mg, 0.20 mmol)
and piperazine (0.108 mg, 1.30 mmol) after 4 h of irradiation to yield 0.062 mg (76%) of
yellow powder; mp 276-280 °C; 'H NMR (600 MHz, DMSO-ds): 8/ppm = 8.93 (dd, 1H, J; =
8.34 Hz, J> = 1.32 Hz, Harom), 8.66 (d, 1H, J = 8.28 Hz, Harom), 8.61 (dd, 1H, J; = 4.68 Hz, J>
= 1.32 Hz, Harom), 8.16 (dd, 1H, J; = 8.22 Hz, J> = 1.32 Hz, Harom), 7.92 (td, 1H, J; = 7.80 Hz,
J>=1.35 Hz, Harom), 7.61 (td, 1H, J; = 7.53 Hz, J> = 0.66 Hz, Harom), 7.41 (dd, 1H, J; = 8.25
Hz, J> = 4.71 Hz, Harom), 3.58 (t, 4H, J = 4.74 Hz, CH>), 3.00 (t, 4H, J = 4.74 Hz, CH>»), 2.06
(s, 1H, NH); '3C NMR (75 MHz, DMSO-ds): 8/ppm = 158.8, 156.4, 149.5, 146.6, 136.3,
133.8, 131.8, 128.4, 125.5, 123.5, 122.6, 119.8, 117.7, 116.9, 116.4, 88.0, 54.5, 46.5; Found:
C, 69.62; H, 4.75; N, 25.63. Calc. for C19HisNe: C, 69.50; H, 4.91; N, 25.59%; MS (ESI) m/z
329.1 [M+H]".

4.2.3. Synthesis of 2,5-diamino substituted pyrido[3',2':4,5]imidazo[1,2-a]quinoline-6-

carbonitriles and pyrido[2',3':4,5]imidazo[1,2-a]quinoline-6-carbonitriles

(Z)-3-(2-chloro-4-fluorophenyl)-3-hydroxy-2-(3H-imidazo[4,5-b]pyridin-2-yl)acrylonitrile 17
A solution of 1.000 g (6.32 mmol) 2-(1H-imidazo[4,5-b]pyridin-2-yl)acetonitrile 2 and 1.220
g (6.32 mmol) 2-chloro-4-fluorobenzoylchloride 15 in pyridine (7 mL) was refluxed for 1.5 h.
The cooled mixture was poured into water (50 mL) and the resulting product was filtered off
and recrystallized from ethanol to obtain a brown powder (0.950 g, 47%); mp 275-279 °C; 'H
NMR (300 MHz, DMSO-ds): &/ppm = 13.68 (bs, 1H, OH), 13.24 (bs, 1H, Himidazopyridine), 8.28
(dd, 1H, J=5.10 Hz, Harom), 7.98 (d, 1H, J = 7.77 Hz, Harom), 7.57 — 7.48 (m, 2H, Harom), 7.35
—7.27 (m, 2H, Harom); *C NMR (75 MHz, DMSO-ds): 5/ppm = 185.6, 163.9 (d, Jcr = 247.31
Hz), 154.7, 146.5, 140.9, 137.6 (d, Jcr = 3.45 Hz), 131.3 (d, Jcr = 10.81 Hz), 130.6 (d, Jcr =



9.13 Hz), 126.2, 121.4, 120.1, 118.6, 117.4 (d, Jcr = 24.94 Hz), 114.9 (d, Jcr = 21.12 Hz),
69.9; Found: C, 57.00; H, 2.66; N, 18.01. Calc. for C;sHsCIFN4O: C, 57.25; H, 2.56; N,
17.80%; MS (ESI) m/z 315.0 [M+H]".

2-fluoro-5-oxo-35, 7-dihydropyrido[3',2":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 19a and
2-fluoro-5-oxo-5, 7-dihydropyrido[2',3":4,5 Jimidazo[ 1,2-a] quinoline-6-carbonitrile 19b

A solution of 1.280 g (4.07 mmol) (Z)-3-(2-chloro-4-fluorophenyl)-3-hydroxy-2-(3H-
imidazo[4,5-b]pyridin-2-yl)acrylonitrile 17 and 1.130 g +~KOBu in DMF (15 mL) was
refluxed for 2 h. After cooling, the reaction mixture was evaporated under vacuum and
dissolved in water (50 mL). The resulting product was filtered off and recrystallized from
ethanol to obtain a light brown powder (0.488 g, 43%) in the form of a mixture of
regioisomers in the ratio 19a:19b = 1:4; 19a: 'H NMR (300 MHz, DMSO-dj): 8/ppm = 9,34
(dd, 1H, J; = 11,28 Hz, J> = 2,61 Hz, Harom), 8,31 — 8,29 (m, 1H, Harom), 8,23 — 8,17 (m, 2H,
Harom), 7,78 (dd, 1H, J; = 7,86 Hz, J> = 1,47 Hz, Harom), 7,28 — 7,26 (m, 1H, Harom); 19b: 'H
NMR (300 MHz, DMSO-ds): 6/ppm = 8,56 (dd, 1H, J; = 8,09 Hz, J> = 1,65 Hz, Harom), 8,33 —
8,26 (m, 2H, Harom), 8,15 — 8,10 (m, 1H, Haom), 7,26 (td, 1H, J; = 9,42 Hz, J> = 2,21 Hz,
Harom), 7,06 (dd, 1H, J; = 8,00 Hz, J> = 4,94 Hz, Harom); MS (ESI) m/z 279.0 [M+H]".

S-chloro-2-fluoropyrido[3',2':4,5]imidazo[ 1,2-a]quinoline-6-carbonitrile 21 and 5-chloro-2-
Sfluoropyrido[2',3":4,5imidazo[1,2-a]quinoline-6-carbonitrile 23

A solution of 0.500 g (1.85 mmol) 19a and 19b, 0.107 g PCls in POCI; (11 mL) was refluxed
for 1.5 h. After cooling, the reaction mixture was evaporated under vacuum and dissolved in
water (10 ml). The resulting product was filtered off and washed with water to obtain a
yellow powder (0.217 g, 39%) in the form of a mixture of regioisomers in the ratio 21:23 =
1:4 separated by column chromatography on SiO; using CH2Clz/methanol as eluent.

21: 0.038 g; mp 289-290 °C; 'H NMR (300 MHz, DMSO-ds): 8/ppm = 9.50 (dd, 1H , J; =
10.50 Hz, J> = 2.49 Hz, Harom), 8.69 (dd, 1H , J; = 4.71 Hz, J> = 1.38 Hz, Harom), 8.44 (dd, 1H,
J1 =8.19 Hz, J> = 1.41 Hz, Harom), 8.38 (dd, 1H , J; = 9.14 Hz, J> = 1.41 Hz, Harom), 7.70 (dd,
1H, J; = 6.81 Hz, J> = 3.30 Hz, Harom), 7.64 (td, 1H, J; = 7.91 Hz, J> = 2.58 Hz, Harom); °C
NMR (75 MHz, DMSO-ds): 8/ppm = 167.2, 163.8, 145.2, 144.9, 136.8, 131.0 (d, Jcr = 10.95
Hz), 128.96, 122.0, 116.8, 115.2 (d, Jcr = 23.52 Hz), 113.3, 104.7 (d, Jcr = 28.96 Hz), 86.60;
Found: C, 60.56; H, 1.96; N, 19.01. Calc. for C1sHsCIFN4: C, 60.73; H, 2.04; N, 18.88%;

MS (ESI) m/z 297.0 [M+H]".

23: 0.170 g; mp>300 °C; 'H NMR (300 MHz, DMSO-dy): 8/ppm = 9.29 (dd, 1H, J; = 8.49



Hz, J> = 1.14 Hz, Harom), 8.81 (dd, 1H, J; = 4.67 Hz, J>=1.16 Hz, Harom), 8.70 (dd, 1H, J; =
10.13 Hz, J> = 2.30 Hz, Harom), 8.52 (dd, 1H, J; = 9.14 Hz, J> = 6.05 Hz, Harom), 7.73 (td, 1H,
Ji =8.63 Hz, J> = 2.24 Hz, Harom), 7.61 (dd, 1H, J; = 8.46 Hz, J>=4.68 Hz, Harom); °C NMR
(75 MHz, DMSO-ds): 8/ppm = 167.5, 152.5, 148.2, 143.7, 131.9, 131.1, 124.1, 123.6, 119.4,
115.3 (d, Jor = 23.55 Hz), 104.5 (d, Jcr = 27.53 Hz); Found: C, 60.81; H, 2.15; N, 18.68.
Calc. for C1sHeCIFNa: C, 60.73; H, 2.04; N, 18.88%; MS (ESI) m/z 297.0 [M+H]".

2,5-bis(N-isobutylamino)pyrido[3'2':4,5imidazo[ 1,2-a]quinoline-6-carbonitrile 28
Compound 28 was prepared using above described method from 21 (0.060 mg, 0.20 mmol)
and isobutylamine (0.15 mL, 1.42 mmol) after 4 h of irradiation to yield 0.027 mg (35%) of
yellow oil; 'TH NMR (300 MHz, DMSO-ds): 8/ppm = 8.97 (d, 1H, J = 2.31 Hz, Harom), 8.32
(dd, 1H, J; = 4.80 Hz, J> = 1.41 Hz, Harom), 8.15 (d, 1H, J = 9.27 Hz, Harom), 8.02 (dd, 1H, J;
=7.98 Hz, J> = 1.35 Hz, Harom), 7.92 (t, 1H, J = 5.55 Hz, NHamin), 6.40 (dd, 1H, J; = 8.01 Hz,
J> =4.83 Hz, Harom), 7.17 (t, 1H, J = 5.55 Hz, NHamin), 6.83 (dd, 1H, J; = 9.15 Hz, J> = 2.28
Hz, Harom), 3.63 (t, 2H, J = 6.66 Hz, CH>»), 3.06 (t, 2H, J= 6.17 Hz, CH»), 2.20 — 2.09 (m, 1H,
CH), 2.05 - 1.93 (m, 1H, CH), 1.01 (d, 6H, J = 6.69 Hz, CH3), 0.98 (d, 6H, J = 6.63 Hz,
CHs3); *C NMR (150 MHz, DMSO-ds): &/ppm = 152.8, 151.5, 150.5, 146.2, 139.9, 137.1,
136.6, 124.9 (2C), 124.4, 119.5 (2C), 118.2, 104.1, 67.6, 50.8, 50.4, 28.3, 27.3, 20.3, 19.5;
Found: C, 71.32; H, 6.52; N, 22.14. Calc. for C23HasNs: C, 71.47; H, 6.78; N, 21.74%; MS
(ESI) m/z 387.1 [M+H]".

2,5-di(N-piperidin-1-yl)pyrido[3'2":4,5]imidazo[1,2-a]quinoline-6-carbonitrile 29
Compound 29 was prepared using above described method from 21 (0.060 mg, 0.20 mmol)
and piperidine (0.21 mL, 2.13 mmol) after 4 h of irradiation to yield 0.030 mg (36%) of
orange powder; mp>300 °C; 'H NMR (600 MHz, DMSO-d;): 8/ppm = 9.30 (d, 1H, J = 1.50
Hz, Harom), 8.49 (d, 1H, J = 4.44 Hz, Harom), 8.19 (d, 1H, J = 8.10 Hz, Harom), 7.86 (d, 1H, J =
9.84 Hz, Harom), 7.51 (dd, 1H, J; = 7.98 Hz, J> = 4.80 Hz, Harom), 7.23 (dd, 1H, J; = 9.39 Hz,
J2=1.95 Hz, Harom), 3.58 (bs, 8H, CH>), 1.81 (bs, 4H, CH), 1.73 (bs, 2H, CH2), 1.68 (bs, 6H,
CH>); *C NMR (75 MHz, DMSO-ds): 8/ppm = 153.9, 141.9, 138.2, 137.3, 135.4, 128.8,
126.3, 120.6, 117.0, 112.3, 99.8, 54.2 (2C), 48.3 (2C), 26.7 (2C), 25.4 (2C), 24.3, 24.2;
Found: C, 73.00; H, 6.28; N, 20.72. Calc. for C2sHasNs: C, 73.14; H, 6.38; N, 20.47%; MS
(ESI) m/z 411.2 [M+H]".

2,5-(N-piperazin-1-yl)pyrido[3',2":4,5 [imidazo[ 1,2-a]quinoline-6-carbonitrile 30
Compound 30 was prepared using above described method from 21 (0.055 mg, 0.19 mmol)



and piperazine (0.080 mg, 0.93 mmol) after 4 h of irradiation to yield 0.074 mg (97%) of
yellow powder; mp > 300 °C; 'H NMR (400 MHz, DMSO-d;): 8/ppm = 9.28 (d, 1H, J = 2.48
Hz, Harom), 8.50 (dd, 1H, J; = 4.78 Hz, J> = 1.50 Hz, Harom), 8.22 (dd, 1H, J; = 8.14 Hz, J> =
1.50 Hz, Harom), 7.92 (d, 1H, J = 9.56 Hz, Harom), 7.52 (dd, 1H, J; = 8.10 Hz, J> = 4.82 Hz,
Harom), 7.24 (dd, 1H, J; = 9.24 Hz, J> = 2.60 Hz, Harom), 3.64 (t, 4H, J = 4.56 Hz, CH>), 3.55
(t, 4H, J = 4.88 Hz, CH»), 3.15 (t, 4H, J = 4.38 Hz, CH>), 3.06 (t, 4H, J = 5.06 Hz, CHy); 1°C
NMR (100 MHz, DMSO-ds): 6/ppm = 168.9, 159.0, 153.8, 142.4, 138.1, 137.3, 128.9, 126.8,
120.8, 112.6, 109.9, 100.2, 52.5, 46.7, 45.4, 44.7; Found: C, 66.82; H, 5.79; N, 27.39. Calc.
for C23H2Ns: C, 66.97; H, 5.86; N, 27.17%; MS (ESI) m/z 413.1 [M+H]".

2,5-bis(N-isobutylamino)pyrido[2'3":4,5]imidazo[ 1,2-a]quinoline-6-carbonitrile 35
Compound 35 was prepared using above described method from 22 (0.060 mg, 0.20 mmol)
and isobutylamine (0.15 mL, 1.42 mmol) after 4 h of irradiation to yield 0.035 mg (45%) of
yellow powder; mp 289-292 °C; 'H NMR (600 MHz, DMSO-ds): 8/ppm = 8.57 (d, 1H, J =
8.10 Hz, Harom), 8.46 (d, 1H, J = 4.68 Hz, Harom), 8.21 (d, 1H, J = 9.24 Hz, Harom), 7.96 (t, 1H,
J =5.40 Hz, NHamin), 7.55 (bs, 1H, Harom), 7.28 (dd, 1H, J; = 8.07 Hz, J> = 4.83 Hz, Harom),
7.02 (t, 1H, J = 5.40 Hz, NHamin), 6.84 (dd, 1H, J; =9.12 Hz, J> = 1.32 Hz, Harom), 3.64 (t, 2H,
J=6.69 Hz, CH»), 3.10 (t, 2H, J = 6.09 Hz, CH»), 2.17 — 2.12 (m, 1H, CH), 1.96 — 1.90 (m,
1H, CH), 1.02 (d, 6H, J = 6.60 Hz, CH3), 0.98 (d, 6H, J = 6.60 Hz, CH3); '*C NMR (150
MHz, DMSO-ds): d/ppm = 157.0, 153.1, 152.3, 151.2, 144.7, 136.6, 126.1, 123.2, 120.3 (2C),
118.1, 115.3 (2C), 104.4, 68.1, 50.8, 50.0, 28.3, 27.7, 20.3, 19.5, Found: C, 71.52; H, 6.92; N,
21.56. Calc. for C23Ha6Ne: C, 71.47; H, 6.78; N, 21.74%; MS (ESI) m/z 387.2 [M+H]".

2,5-di(N-piperidin-1-yl)pyrido[2',3":4,5 [imidazo[ 1,2-a] quinoline-6-carbonitrile 36
Compound 36 was prepared using above described method from 22 (0.060 mg, 0.20 mmol)
yellow powder; mp>300 °C; 'H NMR (600 MHz, DMSO-ds): 8/ppm = 8.69 (d, 1H, J = 8.28
Hz, Harom), 8.59 (dd, 1H, J; = 4.71 Hz, J> = 1.23 Hz, Harom), 7.89 (d, 1H, J = 9.36 Hz, Harom),
7.55 (d, 1H, J = 2.04 Hz, Harom), 7.38 (dd, 1H, J; = 8.22 Hz, J> = 4.74 Hz, Harom), 7.24 (dd,
1H, J; = 9.42 Hz, J> = 2.22 Hz, Harom), 3.60 (bs, 8H, CH>), 1.81 (bs, 4H, CH), 1.74 (bs, 2H,
CH>), 1.69 (bs, 6H, CHz); '*C NMR (150 MHz, DMSO-ds): 8/ppm = 158.9, 156.3, 153.4,
150.4, 145.6, 138.2, 129.0, 122.8, 121.8, 116.7, 116.6, 111.9, 108.8, 97.3, 82.7, 53.7 (2C),
47.8 (2C), 26.1 (20), 24.9 (2C), 23.7, 23.6; Found: C, 73.34; H, 6.30; N, 20.36. Calc. for
CasHa6Ng: C, 73.14; H, 6.38; N, 20.47%; MS (ESI) m/z 411.1 [M+H]".
2,5-(N-piperazin-1-yl)pyrido[2',3":4,5 [imidazo[ 1,2-a]quinoline-6-carbonitrile 37

Compound 37 was prepared using above described method from 23 (0.060 mg, 0.20 mmol)



and piperazine (0.090 mg, 1.01 mmol) after 4 h of irradiation to yield 0.062 mg (75%) of
yellow powder; mp > 300 °C; 'H NMR (400 MHz, DMSO-dy): 8/ppm = 8.76 (d, 1H, J = 8.96
Hz, Harom), 8.60 (d, 1H, J = 5.00 Hz, Harom), 7.95 (d, 1H, J = 9.28 Hz, Harom), 7.59 (d, 1H, J =
4.48 Hz, Harom), 7.39 (dd, 1H, J; = 8.04 Hz, J> = 5.32 Hz, Harom), 7.25 (d, 1H, J = 9.64 Hz,
Harom), 3.60 (t, 4H, J = 4.24 Hz, CH>), 3.56 (t, 4H, J = 3.94 Hz, CH»), 3.07 (t, 4H, J = 4.02
Hz, CHy), 2.99 (t, 4H, J = 4.78 Hz, CHy); *C NMR (100 MHz, DMSO-ds): &/ppm = not
enough soluble; Found: C, 67.09; H, 5.98; N, 26.93. Calc. for C23H24Ns: C, 66.97; H, 5.86; N,
27.17%; MS (ESI) m/z 413.1 [M+H]".

3.3. Antiproliferative activity in vitro

The experiments were carried out on three human cell lines: HCT 116 (colon carcinoma),
H 460 (lung carcinoma), MCF-7 (breast carcinoma) and HEK 293 (human embryonic kidney
cells), according to the previously published experimental procedure. Briefly, the cells were
grown in DMEM medium with the addition of 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin, and cultured as monolayers at
37 °C in a humidified atmosphere with 5% CO,. Cells were seeded at 2x10° cells/well in
standard 96-well microtiter plates and left to attach for 24 h. The next day, the test compound
was added in five serial 10-fold dilutions. The cell growth rate was evaluated after 72 h of
incubation, using MTT assay. Obtained results are expressed as ICso value which stands for
the concentration of the compound necessary for 50% of growth inhibition. The 1Cso values
are calculated from the concentration-response curve using linear regression analysis by
fitting the test concentrations that give PG values above and below the reference value (i.e.

50%). Each test was performed in quadruplicate in at least two individual experiments.

3.4. DNA/RNA binding study

The UV/vis spectra were recorded on a Varian Cary 100 Bio spectrophotometer, CD
spectra on JASCO J815 spectrophotometer and fluorescence spectra on a Varian Cary Eclipse
spectrophotometer at 25°C using appropriate 1cm path quartz cuvettes.

Materials. Polynucleotides were purchased as noted: poly A—poly U, calf thymus ctDNA,
poly(dAdT), and poly(dGdC), (Sigma-Aldrich). Polynucleotides were dissolved in Na-
cacodylate buffer, /=0.05 mol dm>, pH=7. The calf thymus ctDNA was additionally
sonicated and filtered through a 0.45 mm filter.[54] Polynucleotide concentration was

determined spectroscopically as the concentration of phosphates.[55]



Spectrophotometric titrations were performed at pH=7 (/=0.05 mol dm™, sodium cacodylate
buffer) by adding portions of polynucleotide solution into the solution of the studied
compound for fluorimetric experiments and CD experiments were done by adding portions of
the compound stock solution into the solution of a polynucleotide. In fluorimetric experiments
excitation wavelength of Aexc=364/365,397,408 and 428/429 nm was used to avoid the inner
filter effect caused due to increasing absorbance of the polynucleotide. Emission was
collected in the range Aem=400—650 nm. Values for K; obtained by processing titration data
using the Scatchard equation (Table 2), all have satisfactory correlation coefficients (=0.99).
Thermal melting curves for DNA, RNA and their complexes with studied compounds were
determined as previously described by following the absorption change at 260 nm as a
function of temperature. The absorbance of the ligands was subtracted from every curve and
the absorbance scale was normalized. T values are the midpoints of the transition curves
determined from the maximum of the first derivative and checked graphically by the tangent
method. The AT values were calculated by subtracting 7m of the free nucleic acid from 7T of
the complex. Every ATy, value here reported was the average of two measurements. The error
in ATy is £0.5°C. 5'- AGGG(TTAGGG);3—3'(Tel22) was obtained from IDT (Integrated DNA
Technologies), USA. Tel22 was dissolved in 0.1 M potassium phosphate buffer. The starting
Tel22 oligonucleotide solution was first heated up to 95°C for 10 min and then slowly cooled
to 10°C at the cooling rate of 1°C/ min to allow DNA oligonucleotide to adopt a G-quadruplex
structure.[56] The G-quadruplex structure was confirmed by thermal melting and CD
spectra.[41] The concentration of G quadruplex was expressed in terms of oligonucleotide

structure. In fluorimetric titrations, aliquots of Tel 22 solution were added to the solution of

ligands (c =5 x 107 M).
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