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Abstract

We present the design, synthesis, computational analysis, and biological assessment of
several acrylonitrile derived imidazo[4,5-b]pyridines, which were evaluated for their
anticancer and antioxidant properties. Our aim was to explore how the number of hydroxy
groups and the nature of nitrogen substituents influence their biological activity.

The prepared derivatives exhibited robust and selective antiproliferative effects against
several pancreatic adenocarcinoma cells, most markedly targeting Capan-1 cells (ICso 1.2-5.3
uM), while their selectivity was probed relative to normal PBMC cells. Notably, compound
55, featuring dihydroxy and bromo substituents, emerged as a promising lead molecule. It
displayed the most prominent antiproliferative activity without any adverse impact on the
viability of normal cells.

Furthermore, the majority of studied derivatives also exhibited significant
antioxidative activity within the FRAP assay, even surpassing the reference molecule BHT.
Computational analysis rationalized the results by highlighting the dominance of the electron
ionization for the antioxidant features with the trend in the computed ionization energies well
matching the observed activities. Still, in trinydroxy derivatives, their ability to release
hydrogen atoms and form a stable O-H-----O"-----H-O fragment upon the H" abstraction

prevails, promoting them as excellent antioxidants in DPPH" assays as well.
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1. Introduction

Antioxidants fall into two main categories based on their origin: natural antioxidants,
sourced from living organisms, and synthetic derivatives, produced in laboratories or
industrial settings.® Contrary to popular belief, synthetic antioxidants are often characterized
by higher purity and activity compared to their natural counterparts.? Both types find utility in
various applications such as preserving food and cosmetics, preventing material degradation
like rubber, and harnessing their biological properties.® These antioxidants come in diverse
forms, ranging from enzymes to small organic molecules or trace elements, each varying in
size and chemical structure. Current research emphasizes the synthesis and exploration of
small molecules that emulate naturally occurring compounds, aiming to uncover novel
antioxidants. The antioxidative potential of small molecules typically hinges on four key
structural attributes: highly conjugated hydroxyl, amino, thiol, and isoprenoid groups.*
Among these, antioxidants containing hydroxy groups exhibit diverse complexity, ranging
from polyphenols to compounds featuring long alkyl chains such as vitamin E, or simpler
conjugated structures like ascorbic acid (AA).°~7 Additionally, numerous nitrogen-based
antioxidants incorporate conjugated active NH groups into their structures.®

The effectiveness of polyphenols as antioxidants is linked to both the number and
spatial arrangement of hydroxyl groups within a highly conjugated structure.®!° Generally, a
higher amount of these moieties often corresponds to an increased antioxidative activity,
while their further functionalization typically reduces the activity.'*!2 This phenomenon is
directly connected to their mode of action. Antioxidants featuring hydroxy groups exert their
activity through hydrogen atom transfer (HAT) and single electron transfer (SET)
mechanisms, or a combination of both.**~® Figure 1 depicts well-known examples of

antioxidants containing hydroxy groups.
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Figure 1. Polyphenolic antioxidants from classes of benzoic acids, stilbenes and cinnamic
acids.



Gallic acid, an aromatic carboxylic acid, has garnered extensive attention in research due to
its remarkable natural antioxidant properties.’®1" It is renowned for its capacity to combat
oxidative damage and exhibit antiproliferative, antimicrobial, and anti-inflammatory
activities.'®=20 Conversely, resveratrol, a derivative of stiloene, is known for its phenolic
nature, contributing to its antioxidative capabilities. Its ethene bridge fosters a conjugation
between two phenyl rings, enhancing its antioxidative potency through resonance. In
constrast, replacing the ethene linker with a single bond or a methylene group significantly
diminishes the measured antioxidative activities.?* This importance of a double bond in
driving antioxidative effects is evident in cinnamic acid derivatives. Hydroxy cinnamic acids,
prevalent antioxidants in human diets, exhibit notable biological efficacy by potentially
thwarting cancer and cardiovascular diseases linked to oxidative-mediated processes.??23

Polyphenols play a protective role against cancer by hindering the cancer cells
growth.?* Although different polyphenols showcase protective properties against cancer, their
mechanisms of action vary significantly. The latter encompass antiproliferation, oxidation
prevention, anti-inflammatory activity, modulation of cellular signaling, induction of cell
cycle arrest or apoptosis, stimulation of detoxification enzymes, estrogenic/antiestrogenic
activity, and regulation of the host immune system.?®2® For instance, research highlights
resveratrol's capability to impede all stages of cancer development by suppressing
angiogenesis and metastasis. Its anticarcinogenic activity is intricately linked to its
antioxidative functions, wherein it inhibits hydroperoxidase, cyclooxygenase, protein kinase
C, matrix metalloproteinase-9, and affects the cell cycle.?” Within our research endeavors, our
group focused on investigating the antiproliferative and antioxidative activities of various
benzazole compounds possessing critical structural elements crucial for antioxidative
efficacy. These elements encompass highly conjugated molecules featuring multiple hydroxyl
groups connected by an amide or double bond linker within a benzazole core. Remarkably,
the most potent compounds identified featured N,N-dialkyl chains in the para-position of the
phenyl core. These findings validate that promising antioxidants also exhibit substantial
inhibitory activity against the pancreatic cancer cell line Capan-1, a cancer type highly
sensitive to fluctuations in reactive oxygen species (ROS) concentrations.?®

In certain cancer types like pancreatic cancer, increased levels of reactive oxygen
species (ROS) are observed, contributing to their distinct characteristics marked by high
mortality rates and extremely low 5-year survival rates. % 3% Maintaining a higher
concentration of ROS in pancreatic cancer cells over normal cells is essential, striking a

delicate balance where it remains elevated enough to affect cancer cells but not excessively
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high to induce damage and trigger apoptosis. Considering this scenario, two potential
therapeutic strategies emerge: one involves elevating ROS levels to toxic concentrations
specifically targeted at pancreatic cancer cells, while the other focuses on limiting ROS
production to levels insufficient for cancer development.3! A combined therapeutic approach
could entail the use of chemotherapeutic agents alongside drugs designed to modulate ROS
levels. This dual strategy aims to achieve more robust therapeutic outcomes by leveraging the

synergistic effects of both approaches.

Many nitrogen heterocycles are considered privileged building blocks in medicinal
chemistry and drug design. Due to their properties, they are often introduced to the molecular
structure to achieve better solubility, lipophilicity, polarity and hydrogen bonding propensity.
Similarity of condensed nitrogen heterocycles with naturally occurring biomacromolecules
allows them to form similar interactions with biological systems in cells and express their
activity. Considering U.S. FDA approved drugs, five and six membered nitrogen heterocyclic
rings are most common, which further emphasizes the importance of studying small
molecules like imidazo[4,5-b]pyridines in the drug design. 3 Recently discovered
imidazo[1,2-b]pyridazines substituted with morpholine and indazole inhibited multiple
myeloma cell lines MPC-11 and H929 growth. Mechanism of action was proven as the
inhibition of transforming growth factor-p activated kinase (TAK1) that is upregulated and
overexpressed in multiple myeloma. 3> Another medicinal chemistry breakthrough was
achieved by derivatives based on a new class of imidazo[2,1-b][1,3,4]thiadiazoles, which not
only significantly decreased size of spheroids in Mesoll and STO cells, but also inhibited cell
migration of the latter by reducing the focal adhesion kinase (FAK) phosphorylation.3*
Furthermore, compounds that share the same heterocyclic core with those successfully
inhibiting FAK, showed promising activity against pancreatic adenocarcinoma, namely cell
lines SUIT-2, Capan-1 and Panc-1 and gemcitabine-resistant Panc-1R strain. *> Newly
developed 3-amino-1,2,4-triazines revealed a promising anticancer potential targeting
pyruvate dehydrogenase kinases (PDK). A combination of in vitro, in silico and in vivo
studies suggests that researching small nitrogen heterocycles is a step in the right direction
towards obtaining efficient clinical candidates for combatting highly aggressive KRAS-

mutant pancreatic ductal adenocarcinoma.®

Along these lines, by amalgamating the established antioxidative pharmacophore
elements — such as extended conjugation, hydroxy groups, and nitrogen-based heterocycles —

we devised novel molecules with potential biological activity based on imidazo[4,5-
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b]pyridines. Our study delved into understanding how the number and positioning of hydroxy
groups on the phenyl ring affect biological activity. Inspired by the promising inactivation
potential of the cyano hydroxy cinnamic acid, we crafted molecules integrating an
acrylonitrile group linking the imidazo[4,5-b]pyridine core with the phenyl ring. These newly
designed compounds underwent testing to assess their antioxidative and antiproliferative
activities. Remarkably, in specific cases, bromo-substituted heterocycles displayed elevated
antioxidative activity, prompting further exploration into bromo-substituted derivatives.
Considering that conjugated NH groups play a pivotal role in numerous antioxidants, we
conducted investigations utilizing both N-substituted and N-unsubstituted imidazo[4,5-
b]pyridines to gain deeper insights into the biological activities associated with this nitrogen-
rich heterocyclic core. Selected compounds, exhibiting strong and selective activity against
pancreatic cancer cells, were subjected to additional scrutiny to elucidate potential
mechanisms of action. Furthermore, computational studies were employed to probe the
mechanism of action for compounds demonstrating potent antioxidative activity.

2. Results and Disscussion
2.1. Chemistry

Novel hydroxy and N-substituted imidazo[4,5-b]pyridine derived acrylonitriles 33-64
were synthesized utilizing established synthetic techniques previously fine-tuned within our
research group, following the outlined pathway in Scheme 1. Specifically, 7-9 were produced
via an uncatalyzed microwave-assisted amination method, adhering to a procedure published
earlier.?2 Compounds 10-12 were synthesized by aminating position 2 on the pyridine ring.
The specific conditions for the amination reaction varied based on the presence of a bromo-
substituent on the pyridine core. For instances where a bromo-substituent was present, the
reaction was conducted in an ice bath. However, in the case of compound 10, the initial
compound 1 was refluxed with an excess of amine. The products from these amination

reactions were obtained in moderate to high yields, ranging between 55% and 97%.
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Scheme 1. Synthesis of targeted imidazo[4,5-b]pyridine derived acrylonitriles 33-64

Confirmation of the successful amination was achieved by analysing the *H NMR spectra,
demonstrating the appearance of NH proton signals along with the corresponding signals
related to the amino chain or ring. In cases involving aromatic amines, the NH protons
experienced deshielding, leading to signals detected in the range from 9.96-9.36 ppm.
Meanwhile, NH protons shielded by aliphatic groups displayed signals within the range of
8.54-8.47 ppm. Additionally, the presence of additional carbon atoms attached to the amino
group was observed in the *C spectrum. Subsequent reduction of the nitro group to amino
using SnCl>x2H20 resulted in the isolation of 2,3-diaminopyridines 13-20 in very favorable
yields (ranging from 80% to 92%). Notably, this reduction significantly influenced the
position of NH protons in the *H NMR spectra, causing a shift of signals upfield. This shift
ranged from 5.82-5.47 ppm for aliphatic compounds and 7.70-7.40 ppm for aromatic amines.

A new signal corresponding to the protons of the amino group appeared in the range of 5.31-
4.59 ppm.



Table 1. Chemical shifts of specific protons of acrylonitrile derivatives in *H NMR spectrum
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CPD H-1 H-2 H-3 H-4
33 840 809 731 841
34 830 803 7.27 8.37
35 820 8.02 7.27 8.36
36 810 801 7.26 8.35
37 831 816 7.38 8.46
38 815 811 7.35 842
39 8.05 811 7.35 842
40 793 810 7.35 841
41 794 827 7.45 8.39
42 782 822 741 8.36
43 7.67 820 741 8.34
44 748 817 7.39 831
45 841 8.18 7.39 8.46
46 825 812 7.36 842
47 813 812 735 841
48 789 798 7.25 8.28
49 843 823 7.42 838
50 7.77 814 7.36 8.29
51 756 8.07 7.32 8.23
52 742 8.03 7.28 8.20

53 837 846 / 849
54 830 831 / 844
55 822 829 /| 844
56 812 828 / 843
57 833 846 /| 855
58 817 840 / 851
59 806 839 / 850
60 781 821 / 835
61 801 847 [/ 857
62 756 827 / 830
63 780 837 [/ 842
64 741 822 | 824

The imidazo[4,5-b]pyridine core was obtained via the cyclocondensation reaction of 2,3-
diaminopyridines 13-20 using ethyl-cyanoacetate. Despite the isolation of cyanomethyl
derivatives 21-28 in good yields (ranging from 46% to 83%), steric hindrance from phenyl
and isobutyl substituents was evident. In the *H NMR spectra of these compounds, a singlet

for the methylene group was observed. The appearance of this singlet, shifting upfield
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compared to the signal of the amino group, and the disappearance of the signal for the NH
proton confirmed the successful cyclization. To investigate the influence of the number and
position of hydroxyl groups on biological activity, we synthesized targeted compounds 33-64
through the reaction between cyanomethyl derivatives of imidazo[4,5-b]pyridine 21-28 and
benzaldehydes 29-32. The yields of these products varied widely, ranging from 20% to 83%,
which was notably dependent on the compounds' crystallization ability. The purification of
hydroxy-substituted acrylonitriles posed challenges as they strongly interacted with silica gel,
preventing purification using normal phase column chromatography. Compounds 49-53 and
61-64, bearing 4-hydroxyphenyl substituents at the N3 position, exhibited lower overall
yields, suggesting potential steric hindrance due to the aldol condensation. Furthermore, 6-
bromo-substituted 53-64 were isolated in lower overall yields compared to their unsubstituted
counterparts. Table 1 provides a detailed analysis of CH and pyridine protons of the targeted
compounds. The signals of pyridine core protons in 6-bromo-substituted derivatives were
detected in lower magnetic fields due to the presence of electronegative bromo atoms causing

deshielding. However, this did not significantly impact the signal of the acrylonitrile group.

The position of pyridine protons in the *H NMR spectrum was notably influenced by both the
imidazo[4,5-b]pyridine N3-substituents and the number of phenyl hydroxyl groups. Pyridine
protons exhibited increased shielding with a higher number of hydroxyl groups. The chemical

shifts in *H NMR spectrum of some specific protons are shown in the Table 1.

2. Biological activity
2.1. Antitumor activity

The targeted compounds were tested against several cancer cell lines to evaluate their
in vitro antiproliferative activity. For this, four diverse solid tumor cancer cell lines were
chosen, i.e. LN-229 (glioblastoma), Capan-1 (pancreatic adenocarcinoma), HCT-116
(colorectal carcinoma), and NCI-H460 (lung carcinoma). In addition, four hematological
cancer cell lines were selected, namely DND-41 (acute lymphoblastic leukemia), HL-60
(acute myeloid leukemia), K-562 (chronic myeloid leukemia), and Z-138 (non-Hodgkin
lymphoma). The results for compounds displaying ICso values below 50 pM are summarized
as a heatmap in Figure 2, panel A, and standard antitumor drug etoposide (ETO) is included
as a reference control. An overview of the complete table of results can be found in

supplementary Table 1. The obtained results indicate that the antiproliferative efficacy of the
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tested compounds is highly dependent on the number of hydroxy groups present. The majority
of the tested compounds demonstrated moderate activity, while certain compounds exhibited
pronounced antiproliferative activity, and this was mainly observed against the pancreatic
adenocarcinoma cell line Capan-1. For this cell line, the most promising and potent derivative
is the bromo-substituted derivative 56 bearing three hydroxy groups, demonstrating robust
and selective activity specifically against Capan-1 cells (1.9 uM). The same selectivity
towards pancreatic adenocarcinoma (ICso value of 3.0 uM against Capan-1) was noted for 43,
bearing two hydroxy groups at positions 3 and 4 of the phenyl ring, with the phenyl ring
positioned at the N3 atom of imidazo[4,5-b]pyridine. When comparing 56, with three hydroxy
groups, and 63, with four such moieties, it can be inferred that the additional hydroxy group
leads to a reduction in antiproliferative activity against Capan-1 cells. Also, the bromo-
substituted compound 60, with a methyl group positioned at the imidazo[4,5-b]pyridine N-
atom, demonstrated similar selectivity towards Capan-1 cells with an ICso value of 3.2 uM.
Furthermore, the bromo-substituted derivative 55, bearing two hydroxy groups, also displayed
a potent activity against Capan-1 cells (2.1 uM), however, this activity was expanded to
encompass broad antitumoral efficacy across multiple cancer cell lines. A similar broad
antitumoral activity pattern was noted for the bromo-substituted 54, bearing one hydroxy
group.

The majority of compounds exhibited notable and selective activity primarily against
the Capan-1 cancer cell line (1.9-12.8 uM), albeit with lower activity compared to the
included reference drug etoposide. In general, the substitution of pyridine with bromine was
observed to enhance the antiproliferative activity of all bromo-substituted acrylonitrile
derivatives. The most active compounds were unsubstituted at the N-atom of the imidazo[4,5-
b]pyridine nuclei. To ascertain whether the observed antiproliferative activity is selective
towards cancer cells, the cytotoxicity against normal peripheral blood mononuclear cells
(PBMC) were assessed (Figure 2B). No negative effect on the viability of PBMC was
observed, as evidenced by ICso values consistently exceeding 50 puM, indicating promising

anticancer selectivity.
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Figure 2. Heatmap depicting the cell growth inhibition induced by derivatives 33-64. (A)
Results in a panel of diverse cancer cell types, (B) the effects on normal peripheral blood
mononuclear cells (PBMC). Cellular responses were visualized as a heatmap, with 1Cso values
(UM) plotted for each compound. Light green signifies robust inhibition of cell growth (low
ICso values), while red indicates minimal to no impact on cell viability (high 1Cso values).

White represents IC50 values above 50 uM.

Since a general selectivity towards the pancreatic adenocarcinoma cell line Capan-1
was observed for several derivatives, two additional pancreatic adenocarcinoma cell lines
(MIA PaCa-2 and PANC-1) were included to investigate the potential tissue-specific nature of
this phenomenon (Figure 3A). The findings revealed that Capan-1 exhibited the highest
sensitivity to inhibition by the series of acrylonitriles, and a similar broad antitumoral activity
pattern was noted across the two additional pancreatic cell lines, pointing towards a cell line
specific rather than a tissue type specific effect. The complete table of results for the two
additional pancreatic adenocarcinoma cell lines can be found in supplementary Table 2.

Next, we focused on examining the impact of a selection of three potent derivatives,
namely 47, 54 and 55, on the growth of Capan-1 pancreatic adenocarcinoma cells within a
three-dimensional (3D) culture. This approach is considered a more representative model for
in vitro drug testing, as it mirrors various in vivo characteristics of tumors. Exposure of 3D
spheroid cultures to these three acrylonitrile derivatives induced visible alterations in the
morphology and size of the obtained spheroids of the investigated cell line (Figure 3B). The
selected derivatives consistently exhibited dose-dependent inhibition of Capan-1 spheroid

growth, with corresponding 1Csg values illustrated in Figure 3C.
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Figure 3. Heatmap illustrates the inhibition of cell growth caused by the indicated hydroxyl
and N-substituted imidazo[4,5-b]pyridine derived acrylonitriles 33-64. (A) results in three
pancreatic adenocarcinoma cell lines. (B) the growth of Capan-1 tumor spheroids was dose
dependently prevented by the addition of derivatives 47, 54 and 55, and corresponding CCso

values are depicted in (C). UTC, untreated control. Scale bars, 700 pm.

In order to further characterize the most potent derivatives as novel inhibitors of Capan-1
pancreatic adenocarcinoma cells, we investigated the effect of these compounds on the cell
cycle distribution of Capan-1 cells. DAPI staining was conducted to assess the cell cycle
progression following treatment with various doses of compounds 47, 54 and 55. The findings
indicate that exposure of Capan-1 cells to the compounds did not significantly alter the cell

cycle distribution, at either tested concentration (Figure 4).
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Figure 4. Effect on cell cycle distribution in Capan-1 cells. (A) Capan-1 cells were treated
with indicated concentrations of 47, 54 and 55 for a duration of 24 hours. Following DAPI
staining, the distribution of cell cycle was evaluated through high content analysis, and the
proportion of cells in each phase was quantified. (B) Corresponding chemical structures of

lead compounds 47, 54 and 55.

12



Table 2. Antioxidative activity in vitro

N
CPD | A e mmolgsflﬁmol c ABISEM  DPPH/M
R
R X Ri R Rs

33 H H H H H 45.4+0.6 2220+110 236.9+1.4
34 H H H OH H 83.7+2.2 2990+130 151.1+1.6
35 H H H OH OH 5366.4+£206.2 16.7+£0.6 1.398+0.5
36 H H OH OH OH 4725.0£187.9 12.920.8 2.0+8.9x10°
37 methyl H H H H 17.9£0.6 -* 652.9£12.3
38 methyl H H OH H 22.4+3.1 880.6+120 49.9+6.5
39 methyl H H OH OH 4473.2+167.9 20.9+3.3 3.8+14
40 methyl H OH OH OH 3967.2+30.8 15.5+5.7 0.8+0.0
41 isobutyl H H H H 663.6£15.8 - -
42 isobutyl H H OH H 34.18+1.51 -* 20015.7
43 isobutyl H H OH OH 3628.815.0 36.8+2.6 1.2x0.0
44 isobutyl H OH OH OH 1911.4+40.3 90.4+7.4 1.9+ 0.1
45 phenyy H H H H 11245222 i i
46 phenytl H H OH H 19.93+0.50 = 11020
47 phenyl H H OH OH 3329.5£55.4 51.8+7.6 1.50.1
48 phenyl H OH OH OH 2893.0+£68.0 67.4 £1.7 1.7£0.0
49 4-OHphenyl H H H H 1076.0+16.6 5460146.7 13.5+£1.9
50 4-OHphenyl H H OH H 86.3+£0.7 883+£120 81.1+£5.9
51 4-OHphenyl H H OH OH 2854.4+24.7 23.5+0.6 1.9+0.3
52 4-OHphenyl H OH OH OH 2153.7¢45.3 104+7.0 0.4 £0.0
53 H Br H H H 315.5+14.9 - 18.3£0.4
54 H Br H OH H 64.916.1 106.4£7.07 23.0+3.2
55 H Br H OH OH 4594.3£67.2 100.0+£26 3.7£04
56 H Br OH OH OH 4166.8+27.6 70.8+2.4 3.7+1.2
57 methyl Br H H H 75.7+1.9 828.4+20 365040.0
58 methyl Br H OH H 21.0+0.4 1756700 363.9+24.3
59 methyl Br H OH OH 4223.84£18.2 153.4£30 9.0+£0.9
60 methyl Br OH OH OH 2597.9+17.8 33.2+0.9 11.3£0.2
61 4-OHphenyl Br H H H 58.4+2.1 401.4+20 1341.5+23.3
62 4-OHphenyl Br H OH H 155.4+1.7 101.3+0.7 101.3+23.3
63 4-OHphenyl Br H OH OH 2127.5£32.2 31.6£0.4 1.0£0.3
63 4-OHphenyl Br OH OH OH 1374.6£6.5 54.3£1.9 1.5+£0.3

BHT - - - - - 2089.3+55.9 23.1241.2 25+4.2

* No activity was observed.
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2.2. Antioxidative activity in vitro

The in vitro antioxidative activity of the prepared acrylonitriles was assessed with
three methods, namely DPPH, ABTS and FRAP assays. Data in Table 2 indicate that certain
compounds exhibited greater antioxidative potential than butylated hydroxytoluene (BHT),
which was used as a standard. Particularly noteworthy was the pronounced antioxidative
activity in compounds featuring two or three hydroxyl groups on the phenyl ring.
Furthermore, in the FRAP assay, the substituent positioned at the N3 of the imidazo[4,5-
b]pyridine core significantly influenced the antioxidative activity, with either no substituent
or small alkyls such as the methyl group proving optimal at that specific site. Bromo-
substituted compounds demonstrated less activity relative to their unsubstituted counterparts.
The antioxidative activity was notably impacted by the number of hydroxyl groups, with the
most active compounds in the FRAP assay containing two or three such moieties. Compound
35, without a substituent at the N3 position of the imidazo[4,5-b]pyridine core and two
hydroxyl groups on the phenyl ring, showed the highest antioxidative activity (5366,4
mmolFe?*/mmolC). In DPPH and ABTS radical scavenging assays, the number of hydroxyl
groups played a significant role in achieving antioxidative potential. Bromo-substituted
derivatives displayed less antioxidative potential relative to unsubstituted analogues. The
most pronounced activities were observed for compounds bearing three hydroxyl groups, such
as 40 (DPPH ICs 0.785 uM, ABTS: 15.55 uM) and the 3,4-dihydroxy substituted 36 (DPPH:
ICs0 2.093 uM, ABTS: 12.99 uM). In the DPPH assay, 52 featuring four hydroxyls, showed a
prominent antioxidative activity (DPPH: ICso 0.44 pM). Generally, most compounds
demonstrated a higher potential for reducing DPPH radical relative to ABTS.

2.3. Hemolysis protective effect

The hemolysis of erythrocytes induced by hydrogen peroxide (H202) is a widely
employed biological model to assess antioxidant activity. In order to explore the potential
association between the in vitro antioxidative and antiproliferative effects, all derivatives were
evaluated through a red blood cell hemolytic assay. L-ascorbic acid (L-AA) served as the
positive control, while phosphate buffer (PBS) was included as the negative control.
Following the addition of hydrogen peroxide, inducing lipid peroxidation of the erythrocyte
membrane, spectrophotometric measurements were employed to quantify the extent of
hemolysis. The results were compared to the included control samples (PBS), in which
maximal hemolysis occurs (defined as 100% hemolysis). In the majority of derivatives, a
14



protective effect was observed in a dose-dependent manner. In Figure 5A, the heatmap depicts
the results for compounds that inhibited the hemolysis of red blood cells with at least 50%.
The results indicate that elevating the concentration of the compound correlates with an
increased protective effect against erythrocyte hemolysis.

The Pearson correlation coefficient (PCC) was determined to evaluate the strength and
direction between the three biological activity datasets: cancer cell proliferation, antioxidative
activity measured by FRAP analysis, and erythrocyte hemolysis. The correlation was
computed pairwise between each dataset. The ICso values in Capan-1 served as a first dataset,
FRAP antioxidative activity was included as a second set, and lastly the 1Cso values obtained
from the hemolysis assay in erythrocytes was added as a third parameter. A heatmap

representing the correlation matrix was generated (Figure 5B).

W 100 uM
M 30 M
T E10uM

0 50 100
% inhibition of hemolysis

Figure 6. Protective effects of imidazo[4,5-b]pyridines on H2O2-induced erythrocyte
hemolysis assay. (A) Erythrocytes were pretreated with different concentrations (100 - 30 - 10
M) of the test compounds for 15 minutes prior to H.O> treatment for 2 hours. The relative
hemolysis was assessed in comparison with the hemolysis in the H2O, treated negative
control (PBS), which was set as 100 %. (B) Heatmap representation of the correlation

between the three biological activity datasets (proliferation, hemolysis and FRAP).

A low positive correlation (r = 0.30) was identified between the ICso values from the
proliferation and hemolysis experiments. With the addition of the FRAP dataset, an expected
negative correlation was anticipated due to the inverse relationship between high FRAP assay
values and 1Cso data. As such, a moderately negative correlation was observed between FRAP
15



and the hemolysis assay (r = —0.50). Lastly, negligible correlation was found between FRAP
and the 1Cso values in Capan-1. Therefore, the antioxidative activities of the synthesized
acrylonitrile derivatives, whether assessed through FRAP or the hemolysis assay, seem to be
unrelated to their antiproliferative activities. Future experiments are necessary to unravel the

underlying mechanism of action for these compounds concerning their anticancer effects.

2.4. Computational analysis

Computational analysis was employed to provide additional insights into the structure
and properties of the studied systems, aiming to elucidate the pertinent processes contributing
to their antioxidant characteristics. Due to the substantial number of structurally similar
systems under examination here, a focused selection of derivatives was chosen for in-depth
analysis, specifically encompassing compounds 33-36, 40, 48, 52 and 56. This approach
enables an examination of the impact of multiple hydroxyl groups on the radical scavenging
ability of the synthesized conjugates. Additionally, it allows for an exploration of the
influence of further alkyl and aryl substitutions on the imidazo[4,5-b]pyridine moiety of the
studied derivatives. The obtained results will be discussed relative to the standard system
BHT. The data presented in Table 6 shows the single-electron ionization energy (IE) and
electron affinity (EA) of each derivative, along with the bond dissociation energy (BDE),
indicating its capacity for thermodynamically favorable homolytic cleavage of the hydrogen
atom (H"). To appropriately contextualize these values, they should be evaluated in
conjunction with the corresponding data for the reference systems employed in each assay,
specifically ABTS™", DPPH" and FRAP (Table 6).
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Table 6. The ionization energies (IEs), electron affinities (EAs), and homolytic X—H bond
dissociation energies (BDESs) or bond association energies (BAES) are reported for the ethanol
solution. All values are expressed in kilocalories per mole (kcal mol™?) and are calculated
using the (SMD)/B3LYP/6-31+G(d) model.

System Structure IE EA BDE/BAE Site

33 (jw 1356 712 858  N-H
34 @%@ " 1304 699 709  p-O-H

35 S "\>_(/—@°" 128.4 69.9 65.0 p-O-H

36 @"\ 4 o 129.2 70.5 61.3 p-O-H

40 ® ﬁ > 130.5 68.1 63.0  p-O-H
C %WQ "
48 AN 130.1 68.8 622  p-O-H

52 N Q on 129.7 68.7 620  p-O-H
56 e Nﬁw 130.4 717 618  p-O-H
BHT on 1253 187 62.0 O-H
DUve
(vt
FRAP T s ] 147.0
N N\ lN ril N\l
(T Y1

ABTS™ j@[%%@ 111.2 1253  -36.6 N

DPPH Q@ 1045 1245  —66.6 N
O
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The FRAP assay represents a straightforward system in which its radical scavenging
ability predominantly relies on the electron-accepting mechanism that reduces a ferric Fe(ll)
complex into its ferrous Fe(ll) analogue. According to both literature and our data, FRAP is
an excellent radical scavenger, as evidenced by a high electron affinity (EA) of 147.0 kcal
mol. This EA surpasses the ionization energies of all our systems (Table 6), thereby
supporting the thermodynamic feasibility of the electron-transfer process. The situation is less
straightforward for the other two assays, ABTS'" and DPPH", since their EA values cluster
around 125 kcal mol, which leaves only a modest feasibility to exchange electrons with the
synthesized compounds. However, all systems possess ionization energy (IE) values that
extend up to 135 kcal mol™?, allowing certain feasibility for the Single Electron Transfer
(SET) mechanism even in these two assays. When considering the exergonicity of the
hydrogen atom transfer onto ABTS™ (-36.6 kcal mol™) and DPPH" (-66.7 kcal mol?) and
noting that all computed hydrogen atom abstraction energies for our systems cluster between
60-70 kcal mol™, it indicates that the Hydrogen Atom Transfer (HAT) mechanism is highly
unlikely with ABTS™, yet moderately feasible with DPPH". Therefore, we can conclude that
the SET mechanism likely predominates in determining the antioxidant capacity of our
compounds in all three assays, with some relevance of the HAT mechanism for the DPPH"
assay. This context will guide our interpretation of the observed trends in the measured
activites.

We intiate the analysis with the unsubstituted parent compound 33. Its IE, EA and
BDE values are the most endergonic among the studied systems, affirming its poor
antioxidant properties in all three examined assays. The introduction of the electron-donating
—OH group in 34 enhances its ability to both donate and accept an electron, resulting in
improvements in across assay parameters. In addition, while the H" release in 33 relied on the
abstraction from the imidazole N-H moiety with a BDE of 85.8 kcal mol, the introduced —
OH group in 34 allows a significantly more feasible H" abstraction at a BDE of 70.9 kcal mol~
1 which largely surpasses both improvements brought to IE and EA values, which are within
the range of 1-5 kcal mol=. Still, such a large reduction in BDE of around 15 kcal mol
remains unevident in the measured assays, since the energy required for DPPH" to accept H’
in only —66.7 kcal mol?, thus still leaving a thermodynamical mismatch of around 4 kcal
mol™ among values. Therefore, even in the DPPH" assay, the antioxidant activity of 34
predominantly relies on the electron transfer reaction, leading to a much smaller, only around
1,5-fold improvement in DPPH" data.
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The second electron-donating —OH group in 35 further enriches the system with
electronic density, which allows an additional reduction in its IE value, seen as a large
increase in FRAP activity. It also reduces the BDE to 65.1 kcal mol™, thus being below the
exergonicity of attaching H* to DPPH". This reduction likely accounts for the over 10-fold
increase observed in the DPPH" activity. Interestingly, due of steric crowding from three
vicinal —OH groups, the third hydroxyl moiety in 36 hinders their ability to donate electrons
to the rest of the system, also partly residing in their electronic density investment for the
formation of two O-H-----O hydrogen bonds in the initial system. This results in an increase
in its IE value from 128.41 in 35 to 129.2 kcal mol™ in 36. This is seen in lower FRAP and
unchanged ABTS parameters in 36 relatives to 35. However, the adjacent three —OH groups
in 36 allow for a very efficient hydrogen atom abstraction from the middle para-OH group.
This process forms a very stable and resonantly stabilized O—H-----O"-----H-O fragment with
a remarkably low BDE of 61.3 kcal mol™, even surpassing the reference BHT (BDE = 62.0
kcal mol). This confirms its exceptional activity in the DPPH assay of 2-:10~° uM, being by
far the most potent antioxidant among those measured in that assay. This leads us to conclude
that the 2,3,4-trihidroxy unit represents the best compromise between the electron-donating
and hydrogen atom releasing capabilities of neighboring hydroxy groups, affording
pronounced antioxidant activites in all three assays. It is noteworthy to mention that if a
system with an excessive ability to release electrons and highly favorable FRAP parameters is
desired, a dihydroxy system likely provides the most efficient solution.

With this in mind, the rest of our analysis maintains the 2,3,4-trihidroxy fragment and
evaluates the effect of various substituents on the imidazo[4,5-b]pyridine core, with reference
to system 36. Bromination of the pyridine unit has very little effect on the calculated
parameters, yet consistently making IE, EA and BDE values more endergonic and the
underlying processes more difficult to achieve. This stems from 0.5 kcal mol~ in BDE to 1.2
kcal mol™ in both IE and EA parameters. Consequently, practically all Br-containing
derivatives are measured as less potent antioxidants than their unsubstituted analogs, which
confirms experimental observations. On the other hand, the imidazole nitrogen represents a
very convenient site to introduce various alkyl and aryl substituents with the idea to fine tune
the antioxidant activites. Yet, our analysis reveals only a marginal effect when substituents are
introduced at this site. This is evident in the narrow ranges of 1.3, 2.4 and 1.7 kcal mol~seen
for all IE, EA and BDE values in systems 36, 40, 48 and 52 respectively. Consequently, no

consistent conclusions can be drawn on the impact of these substitutions.
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It is noteworthy that aryl groups are somewhat more favorable for relevant IE and BDE values
over their alkyl analogues, yet even in those cases the computed values indicate more
endergonic processes than in the unsubstituted 36. As such, the precise order of antioxidant
activities strongly depends on the design of the rest of the molecular system, as seen in the
range of activities observed here, with a variable conclusion that unsubstituted imidazole units
usually provide more potent antioxidants. As an illustrative example, when the parent
unsubstituted conjugate 33 is considered, its N-phenyl (45) and, especially, N-4-
hydroxyphenyl (49) derivatives offer stronger antioxidants based on the electron-donating
effect of both aromatic substituents and the H* donating ability of the latter. Still, with the
introduction of the first -OH group to 33, the system 34 surpasses the antioxidant potency of
both of its N-phenyl (46) and N-4-hydroxyphenyl (50) derivatives, the latter consistently
being the case in other di- and tri-hidroxy analogues as well.

Lastly, we note that bromine incorporation reduces antioxidative activity (see Table 6
for 36 and 56) by increasing the ionization energy by 1.2 kcal mol™, which translates to
around 8 times lower antioxidant potency. Yet, at the same time, it was demonstrated here
that such a substitution improves the antiproliferative properties, which could be taken as an
indirect proof that antioxidant features of investigated systems are not predominantly
responsible for their antiproliferative activities, which confirms experimental observations

reported here.

3. Conclusion

This study outlines the development, synthesis, computational analysis, and biological
evaluation of novel hydroxy and N-substituted imidazo[4,5-b]pyridine derived acrylonitriles.
The design of these targeted acrylonitriles aimed to scrutinize the influence of both the
number of hydroxyl groups and the nature of the substituent attached to the N atom of
imidazo[4,5-b]pyridine on their biological activities. All compounds were synthesized using
established organic synthesis methods refined within our research group.

In vitro testing of the synthesized compounds was conducted to assess their
antiproliferative activity against specific cancer cell lines. The findings unveiled notable and
selective antiproliferative effects, particularly against pancreatic adenocarcinoma cells.
Certain compounds exhibited impressive ICso values ranging from 1.9 to 3.0 uM. Following
this, promising compounds underwent further testing against additional pancreatic

20



adenocarcinoma cell types in both 2D and 3D systems, alongside normal peripheral blood
mononuclear cells (PBMC). Compound 55, which featured bromo-substitution and two
hydroxy groups, displayed robust antiproliferative activity against Capan-1 cells. Generally, it
was observed that substituting pyridine nuclei with bromine and the presence of an NH group
on the imidazo[4,5-b]pyridine nuclei contributed to heightened antiproliferative activity.

We also delved into investigating the impact of the selected compounds on the cell
cycle of Capan-1 tumor cells to gain further insights into their underlying biological
mechanisms. Furthermore, all synthesized compounds underwent testing for their
antioxidative activity using established assays. A majority of the tested compounds exhibited
significant antioxidative activity, particularly when assessed through the FRAP method.
Notably, their antioxidative activity surpassed that of the standard BHT included in the study.

Computational analysis at the (SMD)/B3LYP/6-31+G(d) level elucidated hydroxy
groups at the phenyl moiety as crucial structural elements in determining the antioxidant
features of the prepared conjugates. This is based on their electron-donating ability to provide
electronic density to the rest of the system, thereby allowing more efficient electron
ionizations, but also on their H releasing tendency that surpasses that from the imidazole N—
H group. Interestingly, due to steric crowding, the electron-donating features are optimal in
dihidroxy derivatives, which are identified as potent antioxidants in FRAP assay where
electron transfer reactions are dominant. In contrast, in trihidroxy derivatives, their ability to
release hydrogen atoms and form a stable O-H-----O"-----H-O fragment upon H" abstraction
prevails, making them the most active antioxidants in DPPH" assays where such a reactivity is
relevant. Another noteworthy finding is that substituents on the imidazo[4,5-b]pyridine core,
either aryl or alkyl groups on the imidazole nitrogen, or bromine on the pyridine unit, are only
marginally affecting the antioxidant parameters. Typically, these modifications led to lower
activities compared to the unsubstituted analogues. As a result, such structural alterations
should be approached cautiously or avoided in future studies, especially when aiming for

strong antioxidant properties.

4. Experimental part
4.1. Chemistry
4.1.1. General methods
All chemicals and solvents used in this study were procured from commercial

suppliers including Aldrich, Acros, and Fluka. Melting points were determined using an
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SMP11 Bibby apparatus and were recorded without any corrections. NMR spectra were
acquired from DMSO-d6 solutions, with TMS serving as the internal standard. The 1H and
13C NMR spectra were obtained using various spectrophotometers: Varian Bruker Avance 111
HD 400 MHz/54 mm Ascend, Bruker AV300, or Bruker AV600 at frequencies of 300, 400,
600, 150, 100, and 75 MHz, respectively. Chemical shifts are reported in ppm () relative to
TMS. Compounds were routinely examined by thin-layer chromatography using Merck silica
gel 60F-254 plates, and the spots were visualized under UV light (254 nm). Column
chromatography was conducted using Fluka silica gel (0.063-0.2 mm), with a glass column

slurry-packed under gravity.

Preparation of compounds 7-9, 14-16, 21-24, 33, 37, 41 and 45 was published in our

previous work.

4-((3-nitropyridin-2-yl)amino)phenol 10

Compound 10 was prepared from 1.630 g (10.00 mmol) 2-chloro-3-nitropyridine 1 and 3.340
g (30.00 mmol) 4-aminophenol in 10 mL of DMF. Reaction mixture was heated for 40
minutes at the temperature of 100 °C. After cooling down, reaction mixture was poured on
150 mL of water and product precipitated. Product 4-(3-nitropyridine-yl)amino)phenol 10 was
isolated in the form of orange crystals (1.503 g, 74%). M.p. = 144 - 145 °C. 'H NMR (600
MHz, DMSO): 8/ppm = 9.83 (s, 1H, OH), 9.36 (s, 1H, NH), 8.50 (dd, 1H J: =8.31, J, =1.74
Hz, Harom), 8.44 (dd, 1H, J1 = 4.41, J> = 1.74 Hz, Harom), 7.37 - 7.34 (M, 2H, Harom), 6,89 (dd,
1H, J = 8.34, J» = 4.44 Hz, Harom), 6.78 - 6.75 (M, 2H, Harom); *C NMR (151 MHz, DMSO):
d/ppm = 155.94, 155.04, 150.71, 135.97, 129.96, 128.47, 125.71, 115.56, 114.06. Anal.
Calcd. for C11H9N3Os3: C, 57.14; H, 3.92; N, 18.17. Found: C, 56.84; H, 3.98; N, 18.14.

5-bromo-N-methyl-3-nitropyridin-2-amine 11

3,000 g of 5-bromo-2-chloro-3-nitropyridine was dissolved in 120 mL of ethanol. Reaction
mixture was cooled down in ice bath to 0 °C. 4.72 mL (37.90 mmol) of methylamine was
added dropwise. Reaction mixture was stirred for 1 hour and the product was filtered off. 5-
bromo-N-methyl-3-nitropyridine was isolated in the form of yellow crystals (2.581 g, 88%).

M.p. = 150 - 152 °C.*H NMR (600 MHz, DMSO): §/ppm = 8.59 (d, 1H, J = 2.34 HZ, Harom),
8.56 (d, 1H, J = 3.90 Hz, Harom), 8.54 (d, 1H, J = 2.34 Hz, NH), 3.02 (d, 3H J = 4.74 Hz,
CHa); 3C NMR (151 MHz, DMSO): &/ppm = 155.60, 150.52, 135.77, 127.36, 102.48, 27.85.
Anal. Calcd. for CsHeBrNsO2: C, 48.43; H, 3.48; N, 18.15. Found: C, 48.37; H, 3.53; N,
18.05
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4-((5-bromo-3-nitropyridin-2-yl)amino)phenol 12

2.000 g of 5-bromo-2-chloro-3-nitropyridine was dissolved in 80 mL of ethanol. Reaction
mixture was cooled down in ice bath to 0 °C. 2.760 g (25.27 mmol) of 4-aminophenol was
added. Reaction mixture was stirred for 4 hours and the product was filtered off. Product was
isolated after column chromatography on SiO2 using CH2Cl>/MeOH as eluens in form of
purple crystals (1.440 g, 55 %). M.p. = 186 - 188 °C. H NMR (600 MHz, DMSO): §/ppm =
9.83 (s, 1H, OH), 9.40 (s, NH), 8.63 (d, 1H, J = 2.34 Hz, Harom), 8.53 (d, 1H, J = 2.34 Hz,
Hatom), 7.32 — 7.30 (M, 2H, Harom), 6.77 — 6.75 (M, 2H, Harom); **C NMR (151 MHz, DMSO):
d/ppm = 156.06, 155.34, 149.55, 137.21, 129.57, 128.93, 126.03, 115.60, 105.54. Anal.
Calcd. for C11HgBrN3Os: C, 42.60; H, 2.60; N, 13.55. Found: C, 42.50; H, 2.63; N, 13.61

4.1.2. General procedure for the syntesis of amino-substituted pyridines
Solution of nitro-substituted pyridines 17, 19-20 was refluxed with SnCl>x2H>0 for half an
hour. After cooling, solvent was removed and water was added to the reaction mixture.

Solution was treated with 20% NaOH to pH 14 and extracted with ethyl-acetate.

4-((3-aminopyridin-2-yl)amino)phenol 17

Compound 17 was prepared according to the general procedure by refluxing the solution of
compound 10 (1.000 g, 4.33 mmol) in mixture of 20 mL of methanol and 20 mL of HCI and
3.908 g (17.32 mmol) of SnCl, x 2H20 to obtain the product in form of brown crystals (0.718
g, 83%). M.p. = 222 - 226 °C.*H NMR (600 MHz, DMSO): §/ppm = 8.86 (s, 1H, OH), 7.41 —
7.39 (m, 2H, NH, Harom), 7.39 — 737 (m, 2H, Harom), 6.82 (dd, 1H, Ji, = 7.47, J2 = 1.62 Hz,
NH), 6.71 — 6.63 (m, 2H, Hawom), 6.51 (dd, 1H, J1 = 7.50, J2 = 4.86 Hz, Harom), 4.94 (s, 2H,
NH2); C NMR (151 MHz, DMSO): &/ppm = 151.84, 145.18, 134.85, 134.27, 131.42,
121.15, 119.36, 115.31, 114.90. Anal. Calcd. for C1:H11N3O: C, 65.66; H, 5.51; N, 20.88.
Found: C, 65.73; H, 5.57; N, 20.75.

5-bromo-N2-methylpyridine-2,3-diamine 19

Compound 19 was prepared according to the general procedure by refluxing the solution of
compound 11 (1.000 g, 4.31 mmol) in 25 mL of ethanol and 3.900 g (17.24 mmol) of SnCl; x
2H>0 to obtain the product in form of red oily crystals (0.752 g, 86%). M.p. = 107 - 110 °C.
'H NMR (600 MHz, DMSO): 8/ppm = 7.39 (d, 1H, J = 2.16 Hz, Harom), 6.78 (d, 1H, J = 2.16
Hz, Harom), 5.82 (d, 1H, J = 4.38 Hz, NH), 4.98 (s, 2H, NH>), 2.80 (d, 3H, J = 4.68 Hz, CHj3);
13C NMR (151 MHz, DMSO): &/ppm = 147.79, 134.44, 132.76, 118.52, 106.42, 28.58. Anal.
Calcd. for CeHgBrNs: C, 55.63; H, 5.00; N, 20.85. Found: C, 55.58; H, 5.01; N, 20.87.
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4-((3-amino-5-bromopyridin-2-yl)amino)phenol 20

Compound 20 was prepared according to the general procedure by refluxing the solution of
compound 12 (1.330 g, 4.64 mmol) in 25 mL of ethanol and 4.188 g (18.56 mmol) of SnCl; x
2H0 to obtain the product in form of beige powder (1.190 g, 92%). M.p. = 138 - 140 °C.*H
NMR (600 MHz, DMSO): &/ppm = 8.94 (s, 1H, OH), 7.55 (s, 1H, NH), 7.41 (d, 1H, J = 2.16
Hz, Harom), 7.38 — 7.32 (m, 2H, Harom), 6.95 (d, 1H, J = 2.22 Hz, Harom), 6.70 — 6.64 (m, 2H,
Harom), 5.31 (s, 2H, NH2); **C NMR (151 MHz, DMSO): &/ppm = 152.35, 143.97, 133.88
133.47, 133.46, 121.62, 120.22, 115.39 108.45. Anal. Calcd. for C11H10BrNzO: C, 65.66; H,
5.51; N, 20.88. Found: C, 65.69; H, 5.49; N, 20.79

4.1.3. General method for preparation of compounds 25-28
Solution of corresponding 2,3-diaminopyridine in ethyl-cyanoacetate was heated in oil bath at
190 °C. Reaction mixture was, after cooling, treated with diethyl-ether and product

precipitated. Product was separated by filtration.

2-(3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)acetonitrile 25

Compound 25 was prepared according to the general procedure from 0.720 g (3.50 mmol) of
17 and 0.56 mL (5.20 mmol) of ethyl-cyanoacetate to obtain product in the form of brown
powder (0.328 g, 66%). M.p. = 290 - 293 °C.*H NMR (600 MHz, DMSO): §/ppm = 9.97 (s,
1H, OH), 8.30 (dd, 1H, J1 = 4.74, J2 = 1.32 Hz, Harom), 8.16 (dd, 1H, J; = 8.01, J, = 1.32 Hz,
Harom), 7.36 — 7.33 (M, 3H, Harom), 6.97 — 6.94 (M, 2H, Harom), 4.35 (s, 2H, CH2); 3C NMR
(151 MHz, DMSO): 6/ppm = 158.59, 149.40, 147.72, 144.68, 134.16, 129.38, 127.48, 124.79,
119.37, 116.50, 116.26, 19.15. Anal. Calcd. for C14H10N4O: C, 67.19; H, 4.03; N, 22.39.
Found: C, 67.25; H, 3.98; N, 22.45

2-(6-bromo-3H-imidazo[4,5-b] pyridin-2-yl)acetonitrile 26

Compound 26 was prepared according to the general procedure from 1.000 g (5.32 mmol) of
commercially available 5-bromo-2,3-diaminopyridine and 0.85 mL (7.98 mmol) of ethyl-
cyanoacetate to obtain product in the form of orange powder (0.660 g, 52%). M.p. = 255 - 256
°C. H NMR (600 MHz, DMSO): §/ppm = 13.29 (bs, 1H, NH), 8.42 (s, 1H, Harom), 8.30 (s,
1H, Harom), 4.47 (s, 2H, CH2); *C NMR (151 MHz, DMSO) &/ppm = 143.53, 115.40, 112.36,
18.26. Anal. Calcd. for CgHsBrNa4: C, 40.53; H, 2.13; N, 23.63. Found: C, 40.60; H, 2.14; N,
23.57

2-(6-bromo-3-methyl-3H-imidazo[4,5-b]pyridin-2-yl)acetonitrile 27

Compound 27 was prepared according to the general procedure from 0.737 g (3.65 mmol) of
19 and 0.58 mL (5.47 mmol) of ethyl-cyanoacetate to obtain product in the form of brown
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powder (0.644 g, 71%). M.p. = 165 - 170 °C.H NMR (600 MHz, DMSO): 5/ppm = 8.46 (d,
1H, J = 2.04 Hz, Harom), 8.39 (d, 1H, J = 2.04 Hz, Harom), 4.63 (s, 2H, CHx), 3.75 (s, 3H, CH3);
13C NMR (151 MHz, DMSO): &/ppm = 149.90, 147.45, 144.33, 135.53, 129.30, 118.56,
116.14, 113.53, 29.00, 18.63. Anal. Calcd. for CoH7BrNa: C, 43.05; H, 2.81; N, 22.31. Found:
C, 42.90; H, 2.78; N, 22.37.

2-(6-bromo-3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)acetonitrile 28

Compound 27 was prepared according to the general procedure from 1.180 g (4.19 mmol) of
28 and 0.67 mL (6.29 mmol) of ethyl-cyanoacetate to obtain product in form of grey powder
(0.644 g, 49%).M.p. = 229 - 231 °C. 'H NMR (600 MHz, DMSO): §/ppm = 10.00 (s, 1H,
OH), 8.48 (d, 1H, J = 2.04 Hz, Harom), 8.40 (d, 1H, J = 2.10 Hz, Harom), 7.35 (d, 2H, J = 8.70
Hz, Harom), (d, 2H, J = 7.70 Hz, Harom), 4.37 (s, 2H, CH2); *C NMR (151 MHz, DMSO):
d/ppm = 157.71, 148.49, 147.15, 143.87, 134.35, 128.69, 128.25, 123.23, 115.46, 114.97,
113.01, 18.21. Anal. Calcd. for C14H9BrN4O: C, 51.09; H, 2.76; N, 17.02. Found: C, 51.00;
H, 2.80; N, 16.99.

4.1.4. General method for preparation of compounds 34-36, 38-40, 42-44 and 46-64

2-cyanomethylimidazo[4,5-b]pyridine 21-28 and equimolar amount of corresponding
benzaldehyde 29-32 were dissolved in absolute ethanol. Two drops of piperidine were added
to the solution and reaction mixture was refluxed for 2 hours. After cooling, product was

filtered off and, if necessary, recrystallized.

(E)-3-(4-hydroxyphenyl)-2-(3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 34

Compound 34 was prepared according to the general procedure from 0.100 g (0.63 mmol) of
21 and 0.077 g (0.63 mmol) 30 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.114 g, 69%). M.p. = > 300 °C. H NMR (400 MHz, DMSO): &/ppm =
13.43 (bs, 1H, NH), 10.67 (bs, 1H, OH), 8.37 (dd, 1H, J1 = 4.92, J> = 1.24 Hz, Harom), 8.30 (5,
1H, CH), 8.03 (d, 1H, J = 7.60 Hz, Harom), 7.93 (d, 2H, J = 8.76 Hz, Harom), 7,27 (dd, 1H, J1 =
8.00, J2 = 4.76 Hz, Harom), 7.01 — 6.96 (M, 2H, Harom); **C NMR (151 MHz, DMSO): &/ppm =
161.46, 146.69, 132.39, 123.62, 118.39, 116.57, 116.34. Anal. Calcd. for CisH1oN4O: C,
68.69; H, 3.84; N, 21.36. Found: C, 68.78; H, 3.88; N, 21.25.

(E)-3-(3,4-dihydroxyphenyl)-2-(3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 35
Compound 35 was prepared according to the general procedure from 0.100 g (0.63 mmol) of
21 and 0.087 g (0.63 mmol) of 31 in 5 mL of ethanol.
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After 2 hours product was isolated as orange powder (0.112 g, 63%). M.p. = >250 °C. H
NMR (400 MHz, DMSO): 8/ppm = 8.36 (dd, 1H, J1 = 4.76, J2 = 1.32 Hz, Harom), 8.20 (s, 1H,
CH), 8.02 (d, 1H, J = 7.40 Hz, Harom), 7.61 (d, 1H, J = 2.16 Hz, Harom), 7.34 (dd, 1H, J1 =
8.38, J2 = 2.12 Hz, Harom), 7.27 (dd, 1H, J1 = 8.00, J2 = 4.80 Hz, Harom), 6.93 (d, 1H, J = 8.28,
Harom); 2C NMR (151 MHz, DMSO): 8/ppm = 150.68, 150.16, 146.94, 145.82, 144.24,
124.60, 123.91, 118.33, 116.59, 116.08, 115.81, 96.76. Anal. Calcd. for CisH10N4O2: C,
64.74; H, 3.62; N, 20.13. Found: C, 64.80; H, 3.59; N, 20.01.

(E)-2-(3H-imidazo[4,5-b]pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)acrylonitrile 36

Compound 36 was prepared according to the general procedure from 0.100 g (0.63 mmol) of
21 and 0.087 g (0.63 mmol) of 32 in 5 mL of ethanol. After 2 hours product was isolated as
orange powder (0.164 g, 88%). M.p. = >300 °C. H NMR (400 MHz, DMSO): &/ppm = 9.62
(bs, 2H, OH), 8.35 (dd, 1H, J1=4.88, J> = 1.16 Hz, Harom), 8.10 (s, 1H, CH), 8.01 (d, 1H, J =
7.64 Hz, Harom), 7.26 (dd, 2H, J1 = 7.98, J2 = 4.76 Hz, Harom), 7.10 (s, 1H, CH); 1*C NMR (151
MHz, DMSO): o/ppm = 150.44, 147.17, 146.13, 144.10, 139.99, 122.18, 118.24, 116.71,
109.70, 96.01. Anal. Calcd. for C1sH10N4Os: C, 61.22; H, 3.43; N, 19.04. Found: C, 61.15; H,
3.45; N, 18.97.

(E)-3-(4-hydroxyphenyl)-2-(3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 38
Compound 38 was prepared according to the general procedure from 0.100 g (0.58 mmol) of
22 and 0.071 g (0.58 mmol) of 30 in 2 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.113 g, 71%). M.p. = 262 — 264 °C.*H NMR (400 MHz, DMSO): §/ppm =
10.59 (bs, 1H, OH), 8.42 (dd, 1H, J1 = 4.72, J> = 1.36 Hz, Harom), 8.15 (s, 1H, CH), 8.11 (dd,
1H, J1 =7.98, J> = 1.36 Hz, Harom), 8.01 (d, 2H, J = 8.80 Hz, Harom), 7.35 (dd, 1H, J1=7.98, J>
= 4.72 Hz, Haom), 6.98 (d, 2H, J = 8.70 Hz, Harom), 4.03 (s, 3H, CH3); *C NMR (151 MHz,
DMSO): &/ppm = 161.57, 150.60, 149.20, 148.43, 144.16, 134.11, 132.60, 126.77, 123.73,
118.89, 117.19, 116.80, 99.50, 95.48, 30.08. Anal. Calcd. for C16H12N4O: C, 69.55; H, 4.38;
N, 20.28. Found: C, 69.60; H, 4.37; N, 20.31.

(E)-3-(3,4-dihydroxyphenyl)-2-(3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 39

Compound 39 was prepared according to the general procedure from 0.100 g (0.58 mmol) of
22 and 0.080 g (0.58 mmol) of 31 in 2 mL of ethanol. After 2 hours product was isolated as
orange powder (0.124 g, 73%). M.p. = 263 - 265 °C.*H NMR (400 MHz, DMSO): &/ppm =
9.88 (bs, 1H, OH), 8.42 (dd, 1H, J1= 4.74, J2 =1.44 Hz, Harom), 8.11 (dd, 1H, J.= 8.00, J2 =
1.44 Hz, Harom), 8.05 (s, 1H, CH), 7.68 (d, 1H, J = 2.20 Hz, Harom), 7.41 (dd, 1H, J; = 8.50, J»
= 2.20 Hz, Harom), 7.35 (dd, 1H, J1= 8.00, J2 = 4.,76 Hz, Harom), 6.93 (d, 1H, J = 8.38 Hz,

26



Harom), 4.02 (s, 3H, CHs); *C NMR (151 MHz, DMSO): &/ppm = 150.93, 150.69, 149.39,
148.45, 145.71, 144.07, 134.12, 126.70, 125.02, 124.07, 118.84, 117.19, 115.90, 115.84,
94.83, 30.07. Anal. Calcd. for C16H12N4O2: C, 65.75; H, 4.14; N, 19.17. Found: C, 65.80; H,
4.10; N, 19.20.

(E)-2-(3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)acrylonitrile 40
Compound 40 was prepared according to the general procedure from 0.100 g (0.58 mmol) of
22 and 0.090 g (0.58 mmol) of 32 in 2 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.120 g, 67%). M.p. = 264 - 265 °C.*H NMR (400 MHz, DMSO): &/ppm =
9.44 (bs, 2H, OH), 8.41 (dd, 1H, J1 = 4.74, J2 = 1.40 Hz, Harom), 8.10 (dd, 1H, J1 = 8.02, J2 =
1.40 Hz, Harom), 7.93 (s, 1H, CH), 7.35 (dd, 1H, J1 = 8.00, J2 = 4.76 Hz, Harom), 7.15 (s, 2H,
Harom), 4.01 (s, 3H, CHas); *C NMR (75 MHz, DMSO): §/ppm = 151.31, 146.01, 144.02,
139.17, 126.65, 122.75, 118.82, 117.92, 109.95, 99.50, 99.48, 94.63, 30.06. Anal. Calcd. for
C16H12N4O3: C, 62.33; H, 3.92; N, 18.17. Found: C, 62.29; H, 3.90; N, 18.17.

(E)-3-(4-hydroxyphenyl)-2-(3-isobutyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 42
Compound 42 was prepared according to the general procedure from 0.050 g (0.23 mmol) of
23 and 0.028 g (0.23 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder crystals (0.036 g, 49%). M.p. = 186 - 188 °C.H NMR (600 MHz, DMSO):
d/ppm = 10.62 (s, 1H, OH), 8.42 (dd, 1H, J1 = 4.74, J> = 1.38 Hz, Harom), 8.25 (s, 1H, CH),
8.12 (dd, 1H, J1 = 8.01, J2 = 1.41 Hz, Harom), 8.00 (d, 2H, J=8.70 Hz, Harom), 7.36 (dd, 1H, J1
=8.01, J> = 4.71 Hz, Harom), 6.98 (d, 2H, J=8.70 Hz, Harom), 4.42 (d, 2H, J= 7.56 Hz, CH>),
2.28 - 2.24 (m, 1H, CH), 0.82 (d, 6H, J = 6.66 Hz, CH3). 3C NMR (151 MHz, DMSO):
O/ppm = 162.21, 151.92, 149.03, 148.92, 144.75, 134.33, 133.21, 127.42, 124.19, 119.52,
117.66, 116.73, 95.41, 49.99, 29.26, 20.06. Anal. Calcd. for C19H18N4O: C, 71.68; H, 5.70; N,
17.60. Found: C, 71.71; H, 5.70; N, 17.66.

(E)-3-(3,4-dihydroxyphenyl)-2-(3-isobutyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 43

Compound 43 was prepared according to the general procedure from 0.100 g (0.47 mmol) of
23 and 0.064 g (0.47 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
yellow crystals (0.070 g, 45%). M.p. = 140 - 142 °C.*H NMR (600 MHz, DMSO): §/ppm =
10.13 (s, 1H, OH), 9.63 (s, 1H, OH), 8.41 (dd, 1H, J1 = 4.71, J> = 1.41 Hz, Harom), 8.13 (s, 1H,
CH), 8.12 (dd, 1H, J1 = 7.98, J2 = 1.44 Hz, Harom), 7.67 (d, 1H, J= 2.22 Hz, Harom), 7.40 (dd,
1H, J1 = 8.46, J> = 2.16 Hz, Harom), 6.92 (d, 2H, J= 8.28 Hz, Harom), 4.41 (d, 2H, J=7.56 Hz,
CHy), 2.28-2.24 (m, 1H, CH), 0.82 (d, 6H, J= 6.66 Hz, CH3). *C NMR (151 MHz, DMSO):
d/ppm = 152.20, 151.20, 149.10, 149.03, 146.23, 144.69, 134.35, 127.38, 125.65, 124.59,
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119.49, 117.65, 116.45, 116.35, 94.93, 49.99, 29.24, 20.07. Anal. Calcd. for C19H18N4O2: C,
68.25; H, 5.43; N, 16.76. Found: C, 68.22; H, 5.42; N, 16.81.

(E)-2-(3-isobutyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)acrylonitrile 44
Compound 44 was prepared according to the general procedure from 0.060 g (0.28 mmol) of
23 and 0.043 g (0.28 mmol) of 32 in 1.5 mL of ethanol. After 2 hours product was isolated as
red powder (0.020 g, 20%). M.p. = 165 - 167 °C.*H NMR (600 MHz, DMSO): §/ppm = 8.28
(dd, 1H, J1 = 4.77, J> = 1.35 Hz, Harom), 7.97 (dd, 1H, J1 = 7.89, J> = 1.35 Hz, Harom), 7.89 (s,
1H, CH), 7.25 (dd, 1H, J1 = 7.89, J> = 4.77 Hz, Harom), 7.07 (s, 2H, Harom), 6.52 (S, 2H, Harom),
4.39 (d, 2H, J=7.56 Hz, CHy), 2.25 (m, 1H, CH), 0.82 (d, 6H, J= 6.66 Hz, CH3).13C NMR
(151 MHz, DMSO): 6/ppm = 169.29, 151.19, 149.44, 147.20, 146.76, 143.22, 134.67, 125.96,
118.92, 109.89, 109.00, 52.27, 49.69, 26.49, 23.30, 20.05. Anal. Calcd. for C19H18N4Os3: C,
65.13; H, 5.18; N, 15.99. Found: C, 64.98; H, 5.17; N, 16.04.

(E)-3-(4-hydroxyphenyl)-2-(3-phenyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 46
Compound 46 was prepared according to the general procedure from 0.100 g (0.43 mmol) of
24 and 0.052 g (0.43 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
dark yellow powder (0.105 g, 73%). M.p. = 262 - 263 °C. 'H NMR (300 MHz, DMSO):
d/ppm = 10.47 (s, 1H, OH), 8.35 (dd, 1H, J1 = 4.73, J> = 1.34 Hz, Harom), 8.22 (dd, 1H, J1 =
8.03, J2 = 1.30 Hz, Harom), 7.82 (s, 1H, CH), 7.74 (d, 2H, J= 8,76 Hz, Harom), 7.62 — 7.61(m,
5H, Harom), 7.41 (dd, 1H, J1 = 8.06, J2 = 4.75 Hz, Harom), 6.90 (d, 2H, J= 8.73 Hz, Harom).2*C
NMR (151 MHz, DMSO): o/ppm = 161.62, 150.88, 149.00, 148.51, 144.81, 134.31, 134.10,
132.42, 129.59, 129.27, 128.13, 127.17, 123.43, 119.63, 116.20, 116.03, 95.45. Anal. Calcd.
for C21H1aN4O: C, 74.54; H, 4.17; N, 16.56. Found: C, 74.55; H, 4.21; N, 16.60.

(E)-3-(3,4-dihydroxyphenyl)-2-(3-phenyl-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile 47

Compound 47 was prepared according to the general procedure from 0.100 g (0.43 mmol) of
24 and 0.059 g (0.43 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
dark yellow powder (0.095 g, 63%). M.p. = 138 - 140 °C. 'H NMR (300 MHz, DMSO):
d/ppm = 8.34 (dd, 1H, J1 = 4.68, J> = 1.23 Hz, Harom), 8.20 (dd, 1H, J1 = 7.99, J, =1.25 Hz,
Harom), 7.67 (s, 1H, CH), 7.63 — 7.58 (m, 5H, Harom), 7.43 — 7.38 (M, 2H, Harom), 7.10 (dd, 1H,
Ji1 = 8.38, J2 =1.96 Hz, Harom), 6.82 (d, 1H, J = 8.31 Hz, Harom). *C NMR (75 MHz, DMSO):
d/ppm = 151.10, 150.82, 149.01, 148.72, 145.69, 144.73, 134.38, 134.12, 129.60, 129.23,
128.11, 127.10, 124.79, 123.69, 119.59, 116.09, 115.91, 115.59, 99.50, 99.48, 94.86. Anal.
Calcd. for C21H14N4O32: C, 71.18; H, 3.98; N, 15.81. Found: C, 71.20; H, 4.00; N, 15.77.

(E)-2-(3-phenyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)acrylonitrile 48
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Compound 48 was prepared according to the general procedure from 0.070 g (0.30 mmol) of
24 and 0.046 g (0.30 mmol) of 32 in 5 mL of ethanol. After 2 hours product was isolated as
red powder (0.059 g, 54%). M.p. = 165 — 166 °C.*H NMR (300 MHz, DMSO): /ppm = 8.31
(dd, 1H, J1 = 4.7, J> =1.38 Hz, Harom), 8.17 (dd, 1H, J1 = 8.03, J> = 1.36 Hz, Harom), 7.67 —
7.52 (m, 5H, Harom), 7.48 (s, 1H, CH), 7.39 (dd, 1H, J: = 8.00, J2 = 4.75 Hz, Harom), 6.84 (s,
2H, Harom).2*C NMR (75 MHz, DMSO): &/ppm = 151.14, 145.99, 144.46, 134.55, 129.58,
129.16, 128.12, 126.88, 119.49, 116.44, 109.59. Anal. Calcd. for C21H14N4Os: C, 68.10; H,
3.81; N, 15.13. Found: C, 68.07; H, 3.80; N, 15.09.

(E)-2-(3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-phenylacrylonitrile 49
Compound 49 was prepared according to the general procedure from 0.100 g (0.40 mmol) of
25 and 0.042 g (0.40 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder powder (0.035 g, 27%). M.p. = 245 — 246 °C.'H NMR (600 MHz, DMSO):
d/ppm = 10.00 (s, 1H, OH), 8.38 (dd, 1H, J1 = 4.68, J> = 1.44 Hz, Harom), 8.23 (dd, 1H, J; =
8.04, J, =1.44 Hz, Harom), 7.98 (s, 1H, CH), 7.83 (dd, 2H, J = 7.56, 1.68 Hz, Harom), 7.58 —
7.52 (m, 3H, Harom), 7.42 (dd, 1H, J1 =8.04, J2 =4.68 Hz, Harom), 7.42 (d, 2H, J =8.76 Hz,
Harom), 6.96 (d, 2H, J = 8.76 Hz, Haom). *C NMR (151 MHz, DMSO): &/ppm = 158.72,
151.37, 149.68, 148.44, 145.71, 134.45, 132.81, 132.65, 130.13, 129.87, 129.75, 127.95,
125.60, 120.13, 116.57, 115.77, 101.28. Anal. Calcd. for C21H14N4O: C, 74.54; H, 4.17; N,
16.56. Found: C, 74.49; H, 4.17; N, 16.62.

(E)-3-(4-hydroxyphenyl)-2-(3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)acrylonitrile
50

Compound 50 was prepared according to the general procedure from 0.060 g (0.24 mmol) of
25 and 0.042 g (0.40 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
brown powder (0.057 g, 43%). M.p. = 223 — 227 °C.'H NMR (400 MHz, DMSO): §/ppm =
8.29 (dd, 1H, J1 = 4.72 Hz, J2 = 1.32 Hz, Harom), 8.14 (dd, 1H, J1 = 8.00 Hz, J. = 1.36 Hz,
Harom), 7.77 (s, 1H, CH), 7.69 (d, 2H, J = 8.80 Hz, Harom), 7.36 (dd, 1H, J1 = 8.12 Hz, J, =
4.76 Hz, Harom) 7.31 (d, 2H, J = 8.76 Hz, Harom), 6.95 (d, 2H, J = 8.72 Hz, Harom), 6.73 (d, 2H,
J = 8.68 Hz, Harom); *C NMR (101 MHz, DMSO): 8/ppm = 158.67, 150.84, 150.07, 149.94,
144,68, 134.64, 133.32, 129.88, 127.06, 125.91, 121.74, 119.74, 117.73, 117.25, 116.52.
Anal. Calcd. for C21H14N4O2: C, 71.18; H, 3.98; N, 15.81. Found: C, 71.09; H, 3.99; N, 15.75.

(E)-3-(3,4-dihydroxyphenyl)-2-(3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-
yhacrylonitrile 51
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Compound 51 was prepared according to the general procedure from 0.060 g (0.24 mmol) of
25 and 0.033 g (0.24 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
orange powder (0.053 g, 38%). M.p. = 257 — 259 °C. 'H NMR (400 MHz, DMSO): &/ppm =
8.23 (dd, 1H, J1 = 4.72 Hz, J =1.32 Hz, Harom), 8.07 (dd, 1H, J1 = 7.96 Hz, J1 = 1.32 Hz,
Harom), 7.56 (s, 1H, CH), 7.40 (d, 1H, J = 2.24 Hz, Harom), 7.32 (dd, 1H, J; = 8.08, J; = 4.56
Hz, Harom) 7.30 (d, 1H, J = 8.72 Hz, Harom), 6.98-6.93 (m, 3H, Harom), 6.47 (d, 2H, J = 8.40
Hz, Harom); *C NMR (101 MHz, DMSO): &/ppm = 158.51, 151.15, 150.69, 150.14, 147.72,
143.98, 134.82, 129.90, 129.01, 126.42, 126.27, 119.48, 118.16, 116.48, 116.04, 111.95.
Anal. Calcd. for C21H14N4Os: C, 68.10; H, 3.81; N, 15.13. Found: C, 68.19; H, 3.80; N, 15.17.

(E)-2-(3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)
acrylonitrile 52

Compound 52 was prepared according to the general procedure from 0.100 g (0.40 mmol) of
25 and 0.062 g (0.40 mmol) of 32 in 5 mL of ethanol. After 2 hours product was isolated as
dark red powder powder (0.053 g, 42%). M.p. = 235 — 238 °C. 'H NMR (600 MHz, DMSO):
d/ppm = 8.19 (dd, 1H, J1 = 4.77, J1 = 1.41 Hz, Harom), 8.04 (dd, 1H, J1 =7.92, J; =1.38 Hz,
Harom), 7.43 (s, 1H, CH), 7.29 (d, 2H, J = 8.70 Hz, Harom), 7.28 (dd, 1H, J1 = 7.98, J> = 4.86
Hz, Harom), 6.94 (d, 2H, J = 8.70 Hz, Harom), 6.82 (s, 2H, Harom). *C NMR (151 MHz,
DMSO): 6/ppm = 158.39, 151.47, 150.41, 150.22, 146.64, 143.75, 134.89, 129.90, 126.45,
126.20, 119.40, 118.50, 116.46, 109.64. Anal. Calcd. for C15H10N4Os: C21H14N4O4: C, 65.28;
H, 3.65; N, 14.50. Found: C, 65.31; H, 3.68; N, 14.55.

(E)-2-(6-bromo-3H-imidazo[4,5-b] pyridin-2-yl)-3-phenylacrylonitrile 53

Compound 53 was prepared according to the general procedure from 0.100 g (0.42 mmol) of
26 and 0.045 g (0.42 mmol) of 29 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.063 g, 46%). M.p. = 289 — 291 °C. 'H NMR (600 MHz, DMSO): &/ppm =
13.87 (bs, 1H, NH), 8.49 (d, 1H, J = 1.80 Hz, Harom), 8.46 (s, 1H, Harom), 8,37 (s, 1H, CH),
8.01 (dd, 2H, J1 = 6.42, J2 = 1.74 Hz, Harom), 7.65 — 7.60 (M, 3H, Harom); 3C NMR (101 MHz,
DMSO): é/ppm = 150.98, 148.16, 145.74, 132.88, 132.74, 130.31, 129.89, 116.15. Anal.
Calcd. for C1sHeBrNa4: C, 55.41; H, 2.79; N, 17.23. Found: C, 55.43; H, 2.78; N, 17.19.

(E)-2-(6-bromo-3H-imidazo[4,5-b] pyridin-2-yl)-3-(4-hydroxyphenyl)acrylonitrile 54

Compound 54 was prepared according to the general procedure from 0.100 g (0.42 mmol) of
26 and 0.050 g (0.42 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
light orange powder (0.081 g, 56%). M.p. > 300 °C. *H NMR (600 MHz, DMSO): &/ppm =
13.68 (s, 1H, NH), 10.64 (s, 1H, OH), 8.44 (d, 1H, J = 1.68 Hz, Harom), 8.31 (s, 1H, Harom),
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8.30 (s, 1H, CH), 7.93 (d, 2H, J = 8.64 Hz, Harom ), 6.99 (d, 2H, J = 8.76 Hz, Harom); *°C NMR
(151 MHz, DMSO): &/ppm = 162.19, 151.89, 148.00, 145.14, 133.01, 124.03, 116.93, 116.89,
113.77, 97.40. Anal. Calcd. for C1sHeBrNsO: C, 52.81; H, 2.66; N, 16.42. Found: C, 52.71;
H, 2.69; N, 16.40.

(E)-2-(6-bromo-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4-dihydroxyphenyl)acrylonitrile 55
Compound 55 was prepared according to the general procedure from 0.100 g (0.42 mmol) of
26 and 0.058 g (0.42 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
orange powder (0.089 g, 59%). M.p. > 300 °C. H NMR (600 MHz, DMSO): &/ppm = 9.87
(bs, 1H, OH), 8.44 (d, 1H, J = 2.04 Hz, Harom), 8.29 (S, 1H, Harom), 8,22 (s, 1H, CH), 7.61 (d,
1H, J = 2.16 Hz, Harom), 7.35 (dd, 1H, J1 = 8.34, J> = 2.10 Hz, Harom), 6.94 (d, 1H, J = 8.28
Hz, Harom); *C NMR (151 MHz, DMSO): &/ppm = 152.13, 151.26, 148.22, 146.32, 145.03,
125.33, 124.43, 116.92, 116.62, 116.45, 113.70, 96.92. Anal. Calcd. for C1sH9BrN4O2: C,
50.44; H, 2.54; N, 15.69. Found: C, 50.55; H, 2.53; N, 15.76.

(E)-2-(6-bromo-3H-imidazo[4,5-b]pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)acrylonitrile 56
Compound 56 was prepared according to the general procedure from 0.100 g (0.42 mmol) of
26 and 0.065 g (0.42 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
orange powder (0.067 g, 43%). M.p. > 300 °C. 'H NMR (600 MHz, DMSO): &/ppm = 9.54
(bs, 2H, OH), 8.43 (d, 1H, J = 2.04 Hz, Harom), 8.28 (s, 1H, Harom), 8.12 (S, 1H, Harom), 7.10 (s,
2H, Harom);

13C NMR (151 MHz, DMSO): O/ppm = 152.24, 148.52, 146.62, 144.98, 139.65, 123.18,
116.89, 113.67, 110.42, 96.83. Anal. Calcd. for C1sH9BrN4Os: C, 48.28; H, 2.43; N, 15.01.
Found: C, 48.37; H, 2.43; N, 14.95.

(E)-2-(6-bromo-3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-phenylacrylonitrile 57
Compound 57 was prepared according to the general procedure from 0.070 g (0.28 mmol) of
27 and 0.031 g (0.28 mmol) of 29 in 5 mL of ethanol. After 2 hours product was isolated as
brown powder (0.036 g, 38%). M.p. = 192 - 193 °C. *H NMR (600 MHz, DMSO): §/ppm =
8.55 (d, 1H, J = 2.04 Hz, Harom), 8.46 (d, 1H, J = 2.10 Hz, Harom), 8.33 (s, 1H, CH), 8.07 (dd,
2H, J1 = 6.66, J2 = 3.60 Hz, Harom), 7.63 — 7.61 (M, 3H, Harom), 4.04 (s, 3H, CHs); 1*C NMR
(151 MHz, DMSO): 6/ppm = 151.79, 150.40, 147.73, 145.40, 135.67, 133.00, 132.78, 130.44,
129.85, 129.72, 116.75, 114.29, 101.03, 30.94. Anal. Calcd. for C16H1:BrN4: C, 56.66; H,
3.27; N, 16.52. Found: C, 56.72; H, 3.30; N, 16.47

31



(E)-2-(6-bromo-3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(4-hydroxyphenyl)acrylonitrile
58

Compound 58 was prepared according to the general procedure from 0.070 g (0.28 mmol) of
27 and 0.034 g (0.28 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.046 g, 46%). M.p. = 259 - 260 °C. *H NMR (600 MHz, DMSO): &/ppm =
10.57 (bs, 1H, OH) 8.51 (d, 1H, J = 1.86 Hz, Harom), 8.40 (d, 1H, J = 1.92 Hz, Harom), 8.17 (s,
1H, CH), 8.00 (d, 2H, J = 8.70 Hz, Harom), 6.97 (d, 2H, J = 8.70 Hz, Harom), 4.01 (s, 3H, CH3);
13C NMR (151 MHz, DMSO): &/ppm = 161.38, 150.57, 150.17, 146.75, 143.74, 134.70,
132.23, 128.30, 122.97, 116.49, 115.69, 94.36, 29.78. Anal. Calcd. for C1sH11BrN4O: C,
54.10; H, 3.12; N, 15.77. Found: C, 54.03; H, 3.09; N, 15.82.

(E)-2-(6-bromo-3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4-
dihydroxyphenyl)acrylonitrile 59

Compound 59 was prepared according to the general procedure from 0.070 g (0.28 mmol) of
27 and 0.039 g (0.28 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
yellow powder (0.037 g, 37%). M.p. = 267 - 269 °C. *H NMR (600 MHz, DMSO): &/ppm =
9.42 (bs, 1H, OH), 8.50 (d, 1H, J = 2.04 Hz, Harom), 8.39 (d, 1H. J = 2.04 Hz, Harom), 8.06 (s,
1H, CH), 7.68 (d, 1H, J = 2.16 Hz, Harom), 7.40 (dd, 1H, J1 = 8.43, J2 = 2.22 Hz, Harom), 6.91
(d, 1H, J = 8.28 Hz, Harom), 4.00 (s, 3H, CH3); *C NMR (151 MHz, DMSO): §/ppm = 151.97,
151.61, 151.46, 147.85, 146.28, 144.72, 135.81, 129.30, 125.90, 124.40, 117.58, 116.42,
114.06, 94.80, 30.86. Anal. Calcd. for C16H11BrN4O2: C, 51.77; H, 2.99; N, 15.09. Found: C,
51.82; H, 3.00; N, 15.13.

(E)-2-(6-bromo-3-methyl-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxyphenyl)-
acrylonitrile 60

Compound 60 was prepared according to the general procedure from 0.070 g (0.28 mmol) of
27 and 0.043 g (0.28 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
dark red powder (0.056 g, 52%). M.p. > 300 °C. *H NMR (600 MHz, DMSO): &/ppm = 8.35
(d, 1H, J = 2.10 Hz, Harom), 8.21 (d, 1H, J = 2.04 Hz, Harom), 7.81 (s, 1H, CH), 7.10 (s, 2H,
Harom), 3.95 (s, 3H, CH3); *C NMR (101 MHz, DMSO): §/ppm = 153.73, 150.82, 148.26,
146.80, 143.01, 136.35, 127.71, 119.90, 116.97, 113.59, 110.07, 30.78. Anal. Calcd. for
C16H11BrN4Os: C, 49.63; H, 2.86; N, 14.47. Found: C, 49.50; H, 2.87; N, 14.40.
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(E)-2-(6-bromo-3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-phenylacrylonitrile
61

Compound 61 was prepared according to the general procedure from 0.100 g (0.30 mmol) of
28 and 0.031 g (0.30 mmol) of 29 in 5 mL of ethanol. After 2 hours product was isolated as
brown powder (0.038 g, 30%). M.p. = 219 - 221 °C. *H NMR (400 MHz, DMSO): §/ppm =
8.54 (d, 1H, J = 2.08 Hz, Harom), 8.47 (d, 1H, J = 2.08 Hz, Harom), 8.01 (s, 1H, CH), 7.84 (dd,
2H, J1 = 7.96 Hz, J> = 1.88 Hz, Harom), 7.57 (d, 3H, J = 7.28 Hz, Harom), 7.41 (d, 2H, J = 8.76
Hz, Harom), 6.96 (d, 2H, J = 8.76 Hz, Harom); **C NMR (101 MHz, DMSO): 8/ppm = 158.94,
151.99, 149.84, 148.53, 145.91, 135.67, 132.85, 132.68, 130.24, 130.05, 129.85, 129.77,
125.13, 116.62, 115.56, 114.80, 100.91. Anal. Calcd. for C21H13BrN4O: C, 60.45; H, 3.14; N,
13.43. Found: C, 60.55; H, 3.12; N, 13.35.

(E)-2-(6-bromo-3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-(4-
hydroxyphenyl)acrylonitrile 62

Compound 62 was prepared according to the general procedure from 0.100 g (0.30 mmol) of
28 and 0.037 g (0.30 mmol) of 30 in 5 mL of ethanol. After 2 hours product was isolated as
orange powder (0.037 g, 46%). M.p. = 238 - 240 °C. 'H NMR (400 MHz, DMSO): §/ppm =
8.30 (d, 1H, J = 2.04 Hz, Harom), 8.27 (d, 1H, J = 2.08 Hz, Harom), 7.56 (s, 1H, CH), 7.39 (d,
1H, J = 2.28 Hz, Harom), 7.31 (d, 2H, J = 8.76 Hz, Harom), 6.94 (d, 4H, J = 8.72 Hz, Harom),
6.38 (d, 1H, J = 8.48 Hz, Harom); *C NMR (101 MHz, DMSO): &/ppm = 158.66, 153.27,
150.68, 148.02, 143.58, 136.31, 130.55, 129.92, 128.04, 125.96, 118.38, 116.51, 116.16,
114.13, 110.92. Anal. Calcd. for C2:H13BrN4O2: C, 58.22; H, 3.02; N, 12.93. Found: C, 58.11;
H, 3.02; N, 12.91.

(E)-2-(6-bromo-3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4-dihydroxy-
phenylacrylonitrile 63

Compound 63 was prepared according to the general procedure from 0.100 g (0.30 mmol) of
28 and 0.031 g (0.30 mmol) of 31 in 5 mL of ethanol. After 2 hours product was isolated as
dark red powder (0.043 g, 32%). M.p. = 220- 223 °C. *H NMR (400 MHz, DMSO): &/ppm =
8.42 (d, 1H, J = 2.00 Hz, Harom), 8.37 (d, 1H, J = 2,00 Hz, Harom), 7.80 (s, 1H, CH), 7.71 (s,
1H, Harom), 7.69 (s, 1H, Harom), 7.35 (d, 2H, J = 8.68 Hz, Harom), 6,94 (d, 2H, J = 8.68 Hz,
Harom), 6.74 (d, 2H, J = 8.80 Hz, Harom); *C NMR (101 MHz, DMSO): &/ppm = 163.25,
161.90, 158.85, 156.16, 151.54, 151.31, 148.82, 144.78, 135.93, 133.51, 132.60, 129.88,
129.11, 125.46, 121.85, 117.74, 117.00, 116.56, 114.46. Anal. Calcd. for C21H13BrN4Os: C,
56.14; H, 2.92; N, 12.47. Found: C, 56.20; H, 2.92; N, 12.51.
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(E)-2-(6-bromo-3-(4-hydroxyphenyl)-3H-imidazo[4,5-b] pyridin-2-yl)-3-(3,4,5-trihydroxy-
phenyl)acrylonitrile 64

Compound 64 was prepared according to the general procedure from 0.100 g (0.30 mmol) of
28 and 0.047 g (0.30 mmol) of 29 in 5 mL of ethanol. After 2 hours product was isolated as
dark red powder (0.038 g, 27%). M.p. = 210 - 224 °C. 'H NMR (400 MHz, DMSO): §/ppm =
8.24 (d, 1H, J = 2.04 Hz, Harom), 8.22 (d, 1H, J = 2,08 Hz, Harom), 7.41 (s, 1H, CH), 7.29 (d,
2H, J = 8.76 Hz, Harom), 6.94 (d, 2H, J = 8.68 Hz, Harom), 6.81 (s, 1H, Harom), 6.52 (s, 1H,
Harom); *C NMR (151 MHz, DMSO): &/ppm = 169.26, 158.57, 150.15, 149.29, 147.17,
146.73, 143.24, 136.43, 129.93, 127.74, 126.14, 116.49, 114.04, 109.73, 109.03. Anal. Calcd.
for C21H13BrN4Oa4: C, 54.21; H, 2.82; N, 12.04. Found: C, 54.11; H, 2.87; N, 12.07.

4.2. Biological activity
4.2.1. 2D proliferation assays

Adherent cell lines (Capan-1; MIA Paca-2; Panc-1; HCT-116; LN-229; NCI-H460) were
seeded in 384-well tissue culture plates (Greiner) at a density between 500 and 1500 cells per
well. Following an overnight incubation, cells were subjected to treatment with seven
different concentrations of the test compounds, ranging from 100 to 0.006uM. Suspension
cell lines (DND-41; HL-60; K-562; Z-138) were seeded in 384-well culture plates at densities
ranging from 2500 to 5500 cells per well, and they were treated with the same concentrations
of the test compounds. After a 72-hour incubation period, cell viability was assessed using the
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS reagent, Promega),
following the manufacturer's protocol. Absorbance of the samples was measured at 490 nm
using a SpectraMax Plus 384 (Molecular Devices), and the optical density (OD) values were
utilized to calculate the 50% inhibitory concentration (ICsp). Compounds were tested in two

independent experiments.

4.2.2. 3D proliferation assays

Pancreatic adenocarcinoma cell lines (Capan-1; MIA Paca-2; Panc-1) were seeded in
384-well PrimeSurface® 3D Culture Spheroid ULA Plates (S-BIO) at a density ranging from
200 to 500 cells per well. Following centrifugation, the plates were incubated at 37°C and
continuously monitored using an IncuCyte® device (Essen BioScience Inc., Ann Arbor, Ml,
USA) for real-time imaging. Brightfield and phase images were captured every 12 hours, with
one field imaged per well under 10x magnification. Upon reaching an average spheroid
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diameter of 200 — 400 nm (day 3), the cells were treated with various concentrations of the
test compounds. The plates were subjected to centrifugation and monitored for an additional
10 days. . Cell growth was quantified based on the average size of the spheroids, analyzed
using the IncuCyte® image analysis software. The obtained data were used to determine the

ICso values. Compounds were tested in two independent experiments.

4.2.3. PBMC viability assay

Buffy coat preparations from healthy donors were obtained from the Blood
Transfusion Center in Leuven, Belgium. Peripheral blood mononuclear cells (PBMC) were
isolated through density gradient centrifugation over Lymphoprep (d=1.077 g/ml) (Nycomed,
Oslo, Norway) and cultured in cell culture medium (DMEM/F12, Gibco Life Technologies,
USA) supplemented with 8% FBS. Freshly prepared PBMC were seeded in 384-well culture
plates containing the test compounds at different concentration points at a density of 28000
cells per well. Following a 72-hour incubation with the compounds, the cells were analyzed
using the MTS reagent, following the manufacturer’s instructions. The absorbance of the
samples was measured at 490 nm using a SpectraMax Plus 384 (Molecular Devices), and OD
values were used to calculate the 50% inhibitory concentration (ICso). Compounds were tested

in three independent experiments, which imply PBMC originated from three different donors.
4.2.4. Erythrocyte hemolysis assay

Biological antioxidative activity was evaluated by conducting an H202-induced
erythrocyte hemolysis test. Chicken blood collected in EDTA vials was subjected to
centrifugation for 10 minutes at 1800 rpm. The resulting supernatant was discarded, and the
pellet underwent two washes with PBS before being resuspended in a 2% PBS solution. Test
and reference compounds were appropriately diluted in PBS and added to the erythrocyte
suspension, followed by a 15-minute incubation at room temperature. To induce oxidative
degradation of membrane lipids, an H>O> solution was introduced, and the mixtures were
further incubated for 2 hours at 37°C. Subsequently, the samples underwent centrifugation at
1800 rpm for 10 minutes, and the absorbance of the supernatant was measured
spectrophotometrically at 540 nm. The extent of hemolysis was evaluated relative to the
hemolysis observed in the H2O.-treated negative control (PBS), which was designated as

100%. Compounds were tested in two independent experiments.

4.2.5. Cell cycle
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Capan-1 cells were plated at a density of 10.000 cells per well in 96-well plates.
Following an overnight incubation, the cells were exposed to the test compounds across six
concentrations ranging from 100 to 0.3 puM and were then incubated for 24 hours.
Subsequently, the cells were fixed using 4% paraformaldehyde (PFA) in PBS for 10 minutes,
underwent a washing step, and had their nuclei stained with DAPI. Imaging of the plates was
conducted using a CX5 High Content Screening device (ThermoFisher Scientific), employing
the Cell Cycle Analysis bio-application. A minimum of 1000 cells per condition were

subjected to analysis. Compounds were tested in two independent experiments.

4.3. Antioxidative activity

Determination of the reducing activity of the stable radical 1,1-diphenyl-picrylhydrazyl
(DPPH)

The reducing activity of investigated systems was achieved by the DPPH method
according to previously described procedures with modifications to assure the use in a 96-well
microplate. Briefly, equal volumes of various concentrations of tested molecules (dissolved in
DMSOQO) were added to the solution of DPPH (final concentration 50 uM in absolute ethanol).
Ethanol and DMSO were used as control solutions in line with earlier reports.

Determination of Ferric Reducing/Antioxidant Power (FRAP assay)

The FRAP method was carried out according to previously described procedures with
some modifications to be compatible with an assay on a 96-well microplate.
All results were expressed as Fe?* equivalents (Fe** umol). All tests were done in triplicate

and the results were averaged and presented in Table 1.

ABTS Radical Scavenging Assay

The total antioxidant activity (TEAC) method was modified and adjusted for the
microtiter plate reader. For the standard TEAC assay, ABTS™ (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical cation was prepared by mixing an ABTS stock
solution (7 mM in water) with 2.45 mM potassium persulfate, which was allowed to stand for
12-16 h at room temperature in the dark until reaching a stable oxidative state. On the day of
analysis, the ABTS™" solution was diluted with PBS (pH 7.4) to an absorbance of 0.700 + 0.01
at 734 nm. The radical was stable in this form for more than two days when stored in the dark
at room temperature. Standards and solutions of tested compounds (10 puL) were mixed with
working ABTS™ (200 pL) in microplate wells and incubated at room temperature for 5 min.

The decrease of absorbance at 734 nm was recorded by pQuant (Biotec Inc.). Agueous

36



phosphate buffer solution and Trolox (0.20-1.25 mmol/L) were used as a control and a main
calibrating standard, respectively. Results were expressed as average of three independent

measure as trolox equivalents (mmol TEAC/ mmolC).

4.4. Computational Details

As a good compromise between accuracy and feasibility, all geometries were
optimized with the density functional theory (DFT) using the B3LYP functional (unrestricted
UB3LYP for the radicals), and the 6-31+G(d) basis set followed by the harmonic frequency
calculations. Thermal corrections were extracted from the corresponding frequency
calculations without scaling factors, while the obtained structures were confirmed as true
minima by the absence of imaginary vibrational frequencies. In this way, all reported values
correspond to differences in Gibbs free energies obtained at a room temperature (298 K) and a
normal pressure (1 atm). To account for the solvation effects, we included the SMD
polarizable continuum model with all parameters corresponding to pure ethanol (¢ = 24.852),
in accordance with presented experiments, giving rise to the (SMD)/B3LYP/6-31+G(d)
model employed here. The choice of this computational setup was prompted by its success in
modeling mechanisms of various antioxidants,?® 3" =40 and in reproducing kinetic and
thermodynamic parameters of a variety of organic*''*2 and enzymatic reactions.*3:4* All
calculations were performed using the Gaussian 16 software.*®

According to the literature, there are multiple mechanisms that describe the
antioxidative properties of molecules.*®~*® Here we evaluated the three most frequent, and
usually thermodynamically most preferred antioxidant mechanisms, namely hydrogen atom
transfer (HAT), related with the capacity to transfer the hydrogen atom (H") to a free radical
as governed by the M—H bond dissociation energy (BDE), and single electron transfer (SET)
related with either ejecting or adding an electron to the system. All these mechanisms have
the same net result, i.e. the formation of corresponding antioxidant radical and are calculated
as Gibbs free energies for the following processes:

M-H — M® + H" [bond dissociation energy, BDE = G(M*) + G(H") — G(M-H)]
M — M + e [ionization energy, IE =G(M™) - G(M)]
M + e — M [electron affinity, EA = G(M*) — G(M)]
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