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Benzimidazoles are frequently used in medicinal chemistry. Their anticancer effect is among the most promi-
nent biological activities exhibited by this scaffold. Although numerous benzimidazole derivatives have been
synthesized, possible atropisomerism of ortho-substituted 1-phenylbenzimidazoles has been largely over-
looked. The aim of this research was to synthesize a small library of novel atropisomeric benzimidazole deriva-
tives and explore their biological activity in various cancer and normal human cell lines. The new unique struc-
tural motif provides an interesting 3D architecture with axial chirality, which further contributes to molecular
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complexity and specificity. Racemates and their separated atropisomers arrested the cell cycle, caused apopto-
sis, and affected microtubule organization in cancer cells in vitro at different intensities. Moreover, this
phenomenon was also verified by the inhibition of endothelial cell migration. These results showed that
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Introduction

For the last few decades, research in medicinal chemistry has
focused on apoptosis as a method to effectively eliminate
cancer cells. Tumors are defined by deregulated cell cycles that
can result in loss of cellular differentiation and uncontrolled
cellular growth.! Antiproliferative activities with different
mechanisms of action including induction of apoptosis, cell
cycle (G,/M) arrest, DNA alkylation, disruption of tubulin
polymerization, enzyme inhibition, antiangiogenic effects, and
blockage of glucose transport can be affected by inhibitors
based on benzimidazoles.>® Nocodazole, galeterone, pracino-
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(+)-atropisomers, especially 5n, exhibit a stronger effect and show promise as agents for cancer therapy.

stat, dovitinib, liarozole, abemaciclib, veliparib, glasdegib,
selumetinib, bendamustine, and crenolanib are used to treat
various malignancies® (Fig. 1).
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Fig. 1 Benzimidazole scaffolds in anticancer drugs.
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Furthermore, aminobenzimidazoles were reported as p38a
MAP kinase inhibitors® or compounds targeting angiogenesis
to impact the migration of endothelial cells.® 1-Aryl substituted
benzimidazoles are also promising molecules for cancer treat-
ment. Previous publications reported that CCL299 exhibits
anticancer activity through apoptosis,” and two older extensive
SAR studies demonstrated 1-phenylbenzimidazoles as selective
ATP site inhibitors.>® Another aryl substitution at position 2
provides also anticancer activity as a p38 kinase inhibitor,*°
and moreover, other interesting activities, such as anti-
microbial agents,"' COX-1 and COX-2 inhibitors,">"* or
hTRPV-1 antagonists,"* were described.

Currently, multidrug resistance in the treatment of cancer
is increasing, which strengthens the need to develop novel che-
motherapeutics based on benzimidazoles." As shown in Fig. 1,
the benzimidazole scaffold can be variously substituted to
obtain different structural patterns with modified anticancer
activity. The structural motif, in which benzimidazole is substi-
tuted with two adjacent aryls at positions 1 and 2, was also
studied."®™® However, the substitution at these aryls was always
designed to avoid atropisomerism since the stability of these
atropisomers can be insufficient.>® For this reason, the aryls
were usually designed to be symmetrical or not ortho-substi-
tuted. The possibility of introducing axial chirality to similar
derivatives inspired us to study the impact on the cytotoxicity of
benzimidazoles since this phenomenon has been poorly
covered in the literature despite its importance and prevalence.

Our ongoing research is oriented towards axially chiral
benzimidazoles®>* because atropisomerism of these com-
pounds provides an interesting three-dimensional (3D) struc-
ture, which can further enrich the chemical space in the area
of benzimidazole derivatives. In this study, we focused our
attention on 1-phenylbenzimidazoles, in which the ortho-sub-
stituents at the benzene ring restricts the free rotation around
the single C-N bond at position 1 to generate axial chirality
(Fig. 2). To obtain stable atropisomers, we chose substituents
that could generate a high energy barrier and eliminate poss-
ible racemization.

Although similar compounds have been reported as sirtuin
inhibitors'®'® or anti-tubulin polymerization agents,'>'” the
biological issues associated with the presence of axial chirality
remained unexamined for this class of compounds. Our goal
was to find novel axially chiral benzimidazole-based agents
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Fig. 2 Atropisomerism of 1-phenylbenzimidazoles due to the restricted
rotation around the single C—N bond.
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with potential antiproliferative or antiangiogenic activities.
The objectives of our research were to (i) synthesize novel
unique axially chiral benzimidazoles, (ii) investigate their bio-
logical activities in cancer cells in vitro (cytotoxicity and anti-
proliferative activity), (iii) induct cancer cell apoptosis and
determine its mechanism of action, and (iv) separate the most
interesting compounds to single atropisomers and explore
their biological activity and stability.

Results and discussion
Chemistry

Benzimidazoles were effectively synthesized in several steps
(Scheme 1). The first step was nucleophilic aromatic substi-
tution of various fluoronitrobenzenes with o-substituted ani-
lines using KOH in DMSO to obtain nitroanilines 3a—j in very
good yields. The most convenient route to synthesize the final
benzimidazoles was reducing the nitro group with catalytic
hydrogenation in acetic acid (4a) or with zinc in a solution of
methanol and acetic acid (4b-f), followed by cyclization with
orthoesters to obtain compounds 5a-o0. Moreover, we syn-
thesized compounds 5a-f and 8a-b from intermediates after
aromatic nucleophilic substitution or Suzuki-Miyaura coup-
ling in just two steps by one-pot reduction and cyclization with
trimethyl orthoformate. Compounds 3a and 3e can be modi-
fied by Suzuki-Miyaura cross-coupling with various aryl/
heteroaryl boronic acids to form 6a-e or 9. Precatalyst XPhos
Pd G2 was used to provide excellent yields.>>*® Reduction of
the nitro group led to phenylenediamines 7a-f and 10, and an
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Scheme 1 General synthetic scheme. Reagents and conditions: (a)
KOH, DMSO, rt, 4-12 h, 47-88%; (b) H, Pd/C, AcOH, rt, 1.5 h, 73-88%;
(c) Zn, MeOH : AcOH 4:1, rt, 10-60 min, 48-74%; (d) aryl/heteroaryl-
boronic acid, KsPO4, XPhos Pd G2, dioxane: water 4:1, 100 °C, 2.5 h,
35-97%; (e) Zn, MeOH : AcOH 4 :1, rt, 10—-60 min, then trimethyl ortho-
formate, rt, overnight, 49-87%; (f) trimethyl orthoformate, pTSA, DCM,
rt, overnight, 16—-80%; (g) trimethyl orthoacetate, pTSA, DCM, rt, over-
night, 44-81%; (h) trimethyl orthobenzoate, pTSA, DCM, rt, overnight,
40-75%.
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analogous cyclization protocol generated benzimidazoles 8c-1
and 11a-b for the SAR study.

Biology

Cytotoxicity in cancer and normal cells. The series of 29
novel benzimidazole derivatives was tested in seven cancer cell
lines of various histopathological origin and two normal cells
to compare cytotoxicity in normal cells in vitro after 72 h. Most
of the tested compounds exhibited moderate cytotoxic activity.
The three most interesting compounds (51, 5m, and 5n)
showed strong cytotoxic activity toward cancer cells (A2780,
G-361, HeLa, and MV4-11) and no cytotoxicity toward at least
one normal cell type (RPE-1 or BJ]) (Table 1). The ortho-substi-
tution (R®) with carboxyl or ester functionality (5e and 5h)
practically eliminated the cytotoxic effect. The essentiality of
the ortho-substitution confirmed the difference in cytotoxicity
between 5n and 50. We chose the seven most active com-
pounds from the first screening and we tested them in an
additional five cancer cell lines (A172, K562, LNCaP, and
THP-1). The three most interesting substances were again 5I,
5m, and 5n (Table S37).

Generally, we observed interesting trends for the SAR study.
Among the compounds, those with iodine as the R* substitu-
ent provided the best biological properties, and these com-
pounds are not toxic toward normal cells. Benzimidazole 5n
with nitrile (R?), phenyl (R®), and chlorine (R') provided the
best biological activity in cancer cells (especially HeLa =
3.2 uM, G-361 = 4.4 pM); however, while the compound was
not toxic to BJ cells, it was toxic to normal RPE-1 cells
(23.4 pM). Changing nitrile to iodine in derivative 51 led to very
interesting biological activity against cancer cell lines (HeLa =
9.3 uM, G-361 = 9.8 uM) and no activity toward normal cells.

As the essentiality of atropisomerism for cytotoxicity was
indirectly illustrated by the synthesis of non ortho-substituted
benzimidazole 50, we also decided to study separated atropi-
somers of the most active benzimidazoles 51 and 5n, which
further enrich the 3D structure with axial chirality.

Stability and biological activity of separated atropisomers.
The most active compounds 51 and 5n were chosen for
additional experiments and separated into individual atropi-
somers by chiral semipreparative HPLC (Fig. 3). The absolute
configuration was determined by the X-ray single-crystal diffr-
action method. Both (+)-atropisomers were revealed to have an
absolute configuration (R,). The atropisomers were heated in
ethylene glycol to test their stabilities, and racemization was
monitored by chiral HPLC. (+)-5] remained stable at 100 °C for
24 h, which indicates very good stability (AE,, >30 kcal
mol ™). (—)-5n started racemizing at 100 °C, where we obtained
6% of the opposite atropisomer after 15 min (88% ee), and
racemization was almost complete after 5 h (see ESIT).

We compared the cytotoxicity of racemates and single atro-
pisomers in six cancer and two normal cell lines (Table 2).
These cell lines were selected as the most interesting according
to the IC50s values of 51 and 5n from Tables 1 and 2. Racemic
51 and 5n and separated enantiopure atropisomers were cyto-
toxic toward cancer cell lines (A2780, CEM, G-361, Hela,
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MCF7, and MV4-11), but not toward normal skin cells (B]) for
72 h. The most sensitive cell lines toward our racemic 51 and
5n and single enantiopure atropisomers  were
B-myelomonocytic leukemia MV4-11, cervical carcinoma HelLa,
and malignant melanoma G-361, with activities fluctuating
around similar levels. Benzimidazole 5n showed significant
differences in activities between single atropisomers for all six
measured cancer lines and iodo derivative 51 for HeLa, G-361,
and A2780 cells. Moreover, in MV4-11 cells, the cytotoxicity of
(+)-5n was 7.5 x higher than that of its (—)-atropisomer
(Table 2). The ICsos values for racemates are slightly different
from the results in Table 1 because other biological replicates
were used, which were performed in one set with atropi-
somers. Experiments were repeated three times with three
technical replicates.

Antiproliferative activity in cancer cells. The activity of the
compounds differed in selectivity against noncancerous and
cancerous cells, as shown in the cytotoxicity screening. MV4-11
and HeLa cells were chosen for further experiments because
they exhibited the lowest ICs,s values toward 51 and 5n and
interesting selectivity between the activity of racemates and
their atropisomers. As mentioned above, MV4-11 cells were
much more sensitive towards (+)-5n than (—)-5n.

The influence of racemates 51 and 5n along with purified
atropisomers on the MV4-11 and HeLa cells after 24 h of treat-
ment was compared in a series of experiments, including
immunoblotting, cell cycle analysis, and/or immunofluores-
cence and caspase-3/7 activity assays. Protein extracts from
cells treated with 15 pM compounds for 24 h were analyzed by
SDS-PAGE followed by immunoblotting. Induction of apopto-
sis in MV4-11 and HeLa cells with 15 pM racemates and
(+)-atropisomers 51 and 5n was detected after 24 h of treatment
(Fig. 4). As a marker of apoptosis, the caspase-7 fragment was
specifically found in the compound-treated cells but not in the
DMSO control samples. The lowest band intensity was
observed in the sample treated with atropisomer (-)-5n,
whereas (+)-5n provided the densest band among benzimida-
zole compounds. The cleavage of caspase-7 substrate, poly
(ADP-ribose) polymerase PARP, was found in the same treat-
ments by racemates and (+)-atropisomers as caspase-7 frag-
ment was observed. In addition, the marker of mitosis,
p-histone H3 at Ser 10*” was also induced by racemates and
(+)-atropisomers (Fig. 4A and B). This induction of p-histone
H3 indicated G,/M arrest. The most active compounds were
racemates and (+)-51 and (+)-5n.

In MV4-11 cells stained with propidium iodide and ana-
lyzed for the DNA content by a flow cytometry, apoptotic
events appeared as the sub-G1 (debris) fraction increased. In
the samples treated with 15 pM compounds for 24 h, the elev-
ated sub-G1 fraction correlated with both the caspase activity
measurements and immunoblotting. The overall difference
between atropisomers regarding their influence on the cell
cycle was more pronounced in 5n than in 51. The sub-G1 cell
population rose rapidly along with the G2/M block observed in
the treatments with higher concentrations of compounds. This
effect was observed from 7.5 pM (+)-5n to higher concen-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Separation of 5l and 5n into individual atropisomers (for X-ray
structures and HPLC methods see ESI¥).

trations; however, this was not observed for (-)-5n, in which
the G1 phase increased with the compound concentration.
Additionally, the sub-G1 fraction was almost not elevated in
(-)-5n-treated samples. Similarly, (+)-51 appeared to be the
most effective, whereas (-)-51 was the least effective in increas-
ing the sub-G1 population, which probably occured via apopto-
sis. The S phase cells became more abundant in higher con-

Table 2 Activity of racemates and separated atropisomers (ICso; uM; 72 h)
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centrations of the racemic mixture 51 and the atropisomer
(+)-51. However, the effect diminished after the cells started to
die and was not observed for (-)-51. Additionally, 5n and its
atropisomers did not show this activity (Fig. 5).

In addition, the G,/M block caused by 5n and (+)-5n after
24 h is comparable to the cell cycle (G,/M) arrest, induction of
apoptosis, and disruption of microtubule polymerization by
arylpyrazole-linked benzimidazole conjugates®® and the anti-
tubulin agents paclitaxel (PTX) or colchicine.*

In the caspase-3/7 assay, the proteolytic activity of both
effector caspases is monitored by the release of a fluorescent
product from a synthetic peptide substrate. The MV4-11 cells
were treated with the 15 pM solutions of 51, 5n, and their atro-
pisomers for 24 h and lysed, and the lysates were mixed with
the caspase-3/7 substrate. After 2 h of the substrate cleavage
reaction, the fluorescence was recorded and normalized to a
DMSO-treated sample to calculate the fold increase in the
caspase-3/7 activity.

The activity in (-)-51 and (-)-5n-treated cells increased by
2.8- and 2.0-fold, respectively (Fig. 5). These results correlated
with the cleaved caspase-7 fragment detected by immunoblot-

R R? R? CCRF-CEM MV4-11 MCF7 HeLa G-361 A2780 RPE-1 BJ
51 -Ccl -1 -Ph  22.9+3.3 8.4+1.1 33.1+2.4 7.3+0.6 5.8 +2.5 17.1 3.8 >50 44.9+0.4
(—=)-51 -cl -1 -Ph 17.8 +3.4 7.4+0.7 16.4 + 4.0 6.2 £0.1 5.0 £ 0.2 >50 >50 >50
(+)-51 -Ccl -1 -Ph 12.8 + 4.3 7.2+ 0.4 16.0 £ 1.7 7.4+0.2 8.6 +1.1 18.3 £ 5.0 >50 >50
5n -Ccl -CN  -pPh 12.4 + 2.1 8.0+ 1.0 15.6 + 1.5 5.1+1.0 4.9+0.6 15.5 + 2.3 23.4+0.6 >50
(<)5n -Cl -CN  -Ph 18.1+1.9 30.7 + 1.3 24.0 + 2.1 3.2+1.0 2.5+0.2 7.0+ 0.3 10.5 + 1.1 >50
(+)-5n -c1 -CN  -Ph 8.2+0.5 41+1.4 9.3+1.7 4.9+0.7 6.6 +1.1 11.3+1.9 17.3+0.3 >50
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Induction of apoptosis detected by western blotting. HelLa cells (A) and MV4-11 (B) were treated for 24 h with 15 pM 5l and 5n and their atro-

pisomers. p-Actin and HSP60 or GAPDH were used as loading controls. p-Histone H3 was detected by an antibody recognizing phosphorylation at
Ser10. 0 + DMSO are control untreated cells with DMSO at the same level as in the treatment. The results presented here are based on a representa-
tive experiment that was repeated three times. Colchicine (colch) and paclitaxel (PTX) were used as positive controls.
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Fig. 5 Changes in the cell cycle detected by flow cytometry and caspase activity assay. MV4-11 cells were treated for 24 h with 1.875, 3.75, 7.5, 15,
and 30 pM solutions of 5l and 5n and their atropisomers. The ctrl bars are control untreated cells, and the 0.15% DMSO bars are control cells with
DMSO at the same level as in the treatment. Staurosporine (stauro) was used as the positive control. The results presented here are based on a repre-

sentative experiment that was repeated three times.

ting. Opposite atropisomers, (+)-51 and (+)-5n, as well as
racemic mixtures, induced a stronger response in caspase acti-
vation. The caspase-3/7 assay results were in agreement with
the western blotting experiment, and both showed a clear
difference in the activities of atropisomers. This demonstrates
the importance of compound atropisomerism for biological
activity. In the propidium iodide flow cytometry experiment,
the increase in dead cells was expected, as caspase-3/7 acti-
vation is associated with the mitochondrial outer membrane
permeabilization and subsequent apoptosis.>® For the most
active atropisomers (+)-51 and (+)-5n, caspase-3/7 reached 7-
and 9-fold activation, respectively. Whether the activation of
the caspase cascade is the main mechanism of compound
cytotoxicity and what triggers these events should be investi-
gated in further research.

(+)-Atropisomers affected the cell cycle and microtubule
organization. Using flow cytometry, western blotting and
immunofluorescence analysis, we tested whether racemic 51

This journal is © The Royal Society of Chemistry 2024

and 5n and their single atropisomers can influence the cell
cycle and the cytoskeleton of HeLa human cervical cancer
cells, as published earlier for novel microtubule inhibitors®'~?
and paclitaxel-based microtubule stabilizers.*® The strongest
cytotoxicities
measured in two adherent cancer cell lines, HeLa and G-361.
Although the ICsos values in HeLa and G-361 cells were very

similar, we chose HeLa cells for the additional experiments

of our racemates and atropisomers were

mentioned above. First, we have checked whether our com-
pounds could influence the cell cycle of these cells. As positive
controls, we used two microtubule disruptors, colchicine and
paclitaxel, which caused cell cycle arrest in G,/M phase. We
compared the effects of our compounds and we found that
(+)-isomers 51 and 5n blocked the cell cycle of cervical cancer
cells at 15 pM and that (+)-5n blocked the cell cycle at 7.5 pM
(Fig. 5). In addition, (+)-5n strongly inhibited the cell cycle in a
dose-dependent manner. The racemates at the 15 pM concen-
tration arrested the cell cycle at G,/M phase by 60% (51) or
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83% (5n). A 15 pM solution of (+)-5n arrested cells at this
phase by 68%, which was greater than that of 20 nM paclitaxel
(60%).

Based on these results, we selected only the most interest-
ing concentrations of our compounds for additional experi-
ments to demonstrate the cell cycle arrest and/or the influence
on the microtubule organization in HeLa cells by western blot-
ting or immunofluorescence analysis.

Moreover, we compared the effect of racemic 51 and 5n and
also their enantiopure atropisomers with known microtubule
disruptors (colchicine, myoseverin, nocodazole, paclitaxel,
tubulysin or vincristine) on microtubules of HeLa cells after
24 h of treatment (Fig. 6).

We detected that both (+)-isomers 51 and 5n at 10 nM after
24 h affected microtubule organization (Fig. S4}). We also
showed in Fig. 7 that 3.75 pM concentration of (+)-5n resulted
in very similar clusters of microtubules, such as the depoly-
merization inhibitor paclitaxel at 20 nM (ref. 29) or paclitaxel
analogs.>*

Based on the results in Fig. 7, racemate 5n and its atropi-
somers at 3.75 and 15 pM were analyzed for the expression of
proteins associated with G,/M cell cycle arrest and cytoskele-
ton in HeLa cells by immunoblotting (Fig. 8A). To compare the
effects of all tested compounds, colchicine was used as a
microtubule polymerization disruptor, and paclitaxel was used
as a depolymerization inhibitor. Significant decreases in a-
and f-tubulins expression were detected in cells treated with
15 uM of (+)-5n and with colchicine, the positive control. In
HeLa cells treated with 5n at 15 uM and (+)-5n at both concen-
trations, we also detected the phosphorylation of histone H3 at
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Fig. 6 Changes in the cell cycle detected by flow cytometry. Hela cells
were treated for 24 h with 1.875, 3.75, 7.5, and 15 pM solutions of 5l and
5n and their atropisomers. The CTRL bars are control untreated cells,
and the CTRL + DMSO bars are control cells treated with DMSO at the
same level as in the treatment. Colchicine and paclitaxel were used as
positive controls.
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Fig. 7 Effects of racemic and their enantiopure atropisomers on micro-
tubule organization in HelLa cells treated for 24 h with 3.75 uM solutions
of 5l and 5n. O indicates untreated cells, and 0 + DMSO indicates
control cells with DMSO at the same level as in the treatment.
Colchicine (Colch) and paclitaxel (PTX) were used as positive controls.

Ser10, which is a specific marker of ongoing mitosis in cells.
The marker is associated with the condensation and segre-
gation of chromosomes during mitosis. Phosphorylation starts
during prophase, and the highest level can be observed during
metaphase; then, phosphorylation decreases.”> We clearly
showed that the phosphorylation of histone H3 at Ser10 was
detected after treatment with colchicine, paclitaxel, racemate
(15 pM) and the (+)-atropisomer (3.75 and 15 pM), but not
with the (—)-isomer of 5n (Fig. 8A). HeLa cells were treated
with 15 pM of 5n, (—)-5n, (+)-5n for 24 h, then separated into
soluble or polymerized fractions of tubulins.”” Using western
blotting, differences between these two fractions were detected
(Fig. 8B). (+)-5n decreased the level of soluble and polymerized
tubulins (a and B), similarly as colchicine.

Moreover, we determined the level of cyclin B1, which func-
tions in complex with Cdk1 during the regulation of the G2/M
phase cell cycle checkpoint; this checkpoint stops the tran-
sition to mitosis when DNA is damaged.*® This DNA defect
and aberrant spindle formation can lead to mitotic cata-
strophe, which is a type of cell death that can occur during
mitosis. Mitotic catastrophe can be characterized as a poorly
defined type of apoptosis associated with abnormal activation
of mitotic kinases and caspases. Mitotic catastrophe is regu-
lated by cell cycle-specific kinases (such as the cyclin B1-
dependent kinase Cdk1, polo-like kinases and Aurora kinases),
cell cycle checkpoint proteins, members of the Bcl-2 family,
survivin, p53, and caspases.’” The cross-talk and interdepen-
dence between Cdk1/cyclin Bl-mediated phosphorylation and
inactivation of antiapoptotic Bcl-2 proteins was confirmed.*®
Accumulation of cyclin B1, activation of Cdc2/cyclin B1 kinase
and Bcl-2 phosphorylation were tightly linked with M phase

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Comparison of effects of racemate 5n and its atropisomers with
anti-tubulin agents by western blotting. (A) HelLa cells were treated for
24 h with the 3.75 and 15 pM solutions of 5n. (B) HelLa cells were treated
for 24 h with 15 yM solutions of 5n, then separated into soluble a poly-
merized fractions. p-Actin or GAPDH was used as loading control. 0 +
DMSO are control cells with DMSO in the same level as in the treatment.
Colchicine (colch) and paclitaxel (PTX) were used as positive controls.

arrest but not with apoptosis.>® These effects, elevated level of
cyclin B1 and phosphorylation of Bcl-2, were detected in HeLa
cells treated with 3.75 and 15 uM (+)-5n, colchicine and pacli-
taxel (Fig. 4 and 8).

Mitotic catastrophe can be induced by DNA damage, micro-
tubule-depolymerizing agents (such as colchicine, the Vinca
alkaloids, cryptophyscins, halichondrins, and estramustine)
and by microtubule-hyperpolymerizing agents (taxanes, lauli-
malide, docodermolide, elutherobins, epothilones, and sarco-
dictyins).*® Chromosomes decondense, form random clusters
and accumulate in an abnormal metaphase in the presence of
paclitaxel.*!

In HeLa cells, paclitaxel at low concentrations (10 nM for
20 h) suppressed the dynamics of spindle microtubules and
therefore arrested cells in mitosis at the metaphase/anaphase
transition (by 90%). Paclitaxel did not change the mass of poly-
merized microtubules but blocked mitosis by kinetically stabi-
lizing spindle microtubules.*> Colchicine blocked the assem-
bly and polymerization of microtubules by forming tubulin-
colchicine complexes. They bind to the ends of microtubules
to prevent elongation of the microtubule polymer. Colchicine

This journal is © The Royal Society of Chemistry 2024
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arrested microtubule growth at low concentrations and pro-
moted microtubule depolymerization at higher concentrations.
Colchicine could block mitotic cells in metaphase.** Overall,
we demonstrated that our compounds exhibit a similar effect
to the anti-tubulin agents paclitaxel and colchicine (Fig. 4, 7,
and 8). Based on these results, we would like to prove the
direct effect of our compounds on tubulin polymerization
using fluorescence polymerization assay. Unfortunately, the
inhibition of polymerization by (+)-5n was not significant in
comparison with untreated control and/or positive controls
colchicine and paclitaxel (Fig. S51). We assume that the anti-
tubulin effect of (+)-5n is probably secondary arising from
apoptosis after cell arresting or indirect as described in Zhou
et al., 2002.**

Atropisomers inhibited migration of endothelial cells. In
addition, we determined whether benzimidazoles 51 and 5n
and their atropisomers influence the migration of human
umbilical vein endothelial cells (HUVECS). Atropisomers at 15
and 30 uM of (—)-51, (—)-5n, and (+)-5n inhibited the dose-
dependent migration of HUVECs after 8 h (Fig. 9).

Atropisomers (—)-51, (—)-5n and (+)-5n inhibited the dose-
dependent migration of HUVECs after 8 h. In comparison with
the 2-aminobenzimidazole-based compound that significantly
inhibited VEGF-A-induced HUVEC migration,® our atropi-
somers showed a weaker effect than the reported inhibitor.
Therefore, we assumed that the inhibition of migration in vitro
is a side effect of their antiproliferative activity.

Conclusions

In summary, we synthesized and investigated the biological
activity of new atropisomeric 1-phenylbenzimidazoles, and we
revealed differences in cytotoxicity caused by atropisomerism.
The association of the ortho-substituted phenyl with the pres-
ence of strong cytotoxicity in cancer cells and the preservation
of inactivity on normal cells was demonstrated. The two best
compounds were separated into individual atropisomers, and
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their good stability and different biological effects strengthen
the activities of (+)-atropisomers. Racemates and single atropi-
somers arrested the cell cycle, caused apoptosis, and affected
the microtubule organization in cancer cells in vitro with
different intensities. We demonstrated that our compounds
exhibit a similar effect to the anti-tubulin agents paclitaxel and
colchicine. Therefore, axially chiral benzimidazole (+)-5n is
promising for the future research.

Experimental
Chemistry

General information. All used chemicals were purchased
from VWR, Sigma-Aldrich, Fluorochem, or Acros Organics. All
reactions were carried out under regular conditions without
any specific precautions to exclude moisture or air from the
reaction mixture. The reaction workup and column chromato-
graphy were performed with commercial solvents. '"H NMR
and C NMR spectra were measured on a Jeol ECA400II
(400 MHz) in CDCl; or DMSO-d, as a solvent, and referred to
the residual nondeuterated solvent peak (7.26 and 77.16 ppm
for CDCl; and 2.50 and 39.52 ppm for DMSO-de). The reac-
tions were monitored with analytical thin layer chromato-
graphy (TLC), performed on Kieselgel 60 F254 plates (Merck)
and visualized by UV light (254 nm). Flash chromatography
was performed using silica gel (35-70 pum particle size) column
chromatography. HRMS analysis was performed using an
LC-MS Orbitrap Elite high-resolution mass spectrometer with
electrospray ionization (Dionex Ultimate 3000, Thermo
Exactive Plus). The samples were dissolved in MeOH or aceto-
nitrile and injected into the mass spectrometer over the auto-
sampler after HPLC separation; the precolumn was a
Phenomenex Gemini (C18, 50 x 2 mm, 2.6 pm) and the iso-
cratic mobile phase MeOH/water/HCOOH 95:5:0.1.
Resolution of selected axially chiral benzimidazoles and race-
mization stability was carried out on HPLC Agilent 1100 MWD
with column Chiralpak IA-3, 3 um, 4.6mm x 100mm; mobile
phase n-heptan/ethanol 90 : 10, flow 0.5-1 mL min~". For semi-
preparative isolation of each atropisomer (for compounds 5n
and 51) Lux Cellulose-1 column (Phenomenex) 250 x 10 mm,
5 um particle size was used with mobile phases in isocratic
mode: hexane/ethanol 9:1 (v/v), 15 min analysis time for 51
and hexane/methanol/ethanol 40:1:1 (v/v/v), 35 min analysis
time for 5n.

General synthetic procedures

General method (a). ortho-Substituted aniline (5.7 mmol)
was dissolved in DMSO (11 mL), then substituted 1-fluoro-2-
nitrobenzene (5.7 mmol) and potassium hydroxide
(22.8 mmol) were added. The reaction mixture was stirred for
4-12 h at room temperature, then added dropwise to ice water
(80 mL) and neutralized with hydrochloric acid at pH 7. The
desired nitroaniline was filtered off to give a crude product
with sufficient purity for the next step.
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General method (b). Compound 3 or 6 (10 mmol) was dis-
solved in glacial acetic acid (450 mL). 500 mg of 10% palla-
dium on activated charcoal were weighed into a three-necked
flask in a hydrogen reduction apparatus and then, a solution
of the starting material in acetic acid was added. The reaction
mixture was stirred at room temperature in hydrogen atmo-
sphere for 1.5 h. After completion of the reaction, palladium
on activated charcoal was removed by filtration. The filtrate
was diluted with water (200 mL) and extracted twice with di-
chloromethane (2 x 100 mL). Then, the dichloromethane solu-
tion was three times washed with a 5% aqueous solution of
sodium bicarbonate (50 mL) and water (50 mL). Organic phase
was evaporated on a rotovap to give a crude product.

General method (c). Compound 3, 6 or 9 (12.5 mmol) was
dissolved in methanol (50 mL) and then zinc (50 mmol) was
added. Glacial acetic acid (12.5 mL) was added dropwise to the
mixture and the reaction mixture was stirred 15-60 min. The
reaction mixture was filtered and the filtrate was poured into
water (150 mL). Then, an 5% aqueous solution of sodium
bicarbonate was added dropwise to reach pH 7. A solution was
extracted three times with CH,Cl,, then with brine, and result-
ing organic phase was dried over MgSO, and evaporated on a
rotovap. The crude product was purified by column chromato-
graphy (DCM : hexane).

General method (d). Nitroaniline 3 (3.7 mmol), boronic acid
(4.4 mmol), and tripotassium phosphate (7.4 mmol) were dis-
solved in dioxane (14.5 mL) and water (3.5 mL). After all com-
ponents were dissolved, XPhos Pd G2 (0.02 mmol, 0.5 mol%)
was added and the reaction mixture was heated at 100 °C for
2.5 h. Upon completion, the reaction mixture was acidified
with diluted hydrochloric acid (50 mL, 1:10). The product was
extracted with dichloromethane (3 x 30 mL), the organic phase
was dried over MgSO, and evaporated on a rotovap. A crude
product was purified on chromatography
(EtOAc : hexane or DCM : hexane).

General method (e). After reduction (Method b or c), tri-
methyl orthoformate (10-20 eq.) was added to the reaction
mixture, which was stirred at room temperature overnight. After
completion of the cyclization, the palladium on activated charcoal
or zinc salts were filtered-off. The solvent was evaporated on a
rotovap and the residue was dissolved in dichloromethane,
washed with an 5% aqueous solution of sodium bicarbonate and
water. The organic phase was dried over MgSO, and a solvent was
evaporated on a rotovap. The crude product was purified by
column chromatography (EtOAc : hexane or DCM : MeOH).

General method (f). Phenylendiamine 4 or 7 (0.33 mmol)
was dissolved in dichloromethane (2 mL). Then, trimethyl
orthoformate (3.33 mmol) and p-toluenesulfonic acid
(0.17 mmol) were added. The reaction mixture was stirred at
room temperature overnight. After that, the solution was
diluted with dichloromethane (10 mL) and extracted twice
with water (10 mL). The organic phase was evaporated and the
crude product was purified by column chromatography
(DCM : MeOH).

General method (g). Phenylendiamine 4, 7, or 10
(0.33 mmol) was dissolved in dichloromethane (2 mL). Then,

column
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trimethyl orthoacetate (3.33 mmol) and p-toluenesulfonic acid
(0.17 mmol) were added. The reaction mixture was stirred at
room temperature overnight. After that, the solution was
diluted with dichloromethane (10 mL) and extracted twice
with water (10 mL). The organic phase was evaporated and the
crude product was purified by column chromatography
(DCM : MeOH).

General method (h). Phenylendiamine 4, 7, or 10
(0.33 mmol) was dissolved in dichloromethane (2 mL). Then,
trimethyl orthobenzoate (3.33 mmol) and p-toluenesulfonic
acid (0.17 mmol) were added. The reaction mixture was stirred
at room temperature overnight. After that, the solution was
diluted with dichloromethane (10 mL) and washed twice with
water (10 mL). The organic phase was evaporated and the
crude product was purified by column chromatography
(DCM : MeOH).

1-(2-Iodophenyl)-7-methyl-1H-benzo[d]imidazole (5a).
Prepared by method (e). A light brown solid (100 mg, 86%,
m.p. 140-142 °C). "H NMR (400 MHz, CDCl;) 6 = 8.02 (dd, J =
7.9, 1.2 Hz, 1H), 7.84 (s, 1H), 7.75 (dd, J = 7.9, 1.2 Hz, 1H),
7.47-7.55 (m, 2H), 7.27-7.30 (m, 1H), 7.22-7.27 (m, 1H), 7.04
(dd, J = 7.3, 0.9 Hz, 1H), 1.99 (s, 3H) ppm. *C NMR (101 MHz,
CDCl;) 6 = 143.5, 143.1, 140.4, 139.4, 132.8, 131.1, 129.7, 129.0,
125.6, 122.8, 121.8, 118.4, 99.5, 17.6 ppm. HRMS (ESI): m/z
caled C14H44IN, for [M + H:|+ 335.0040, found 335.0037.

7-Chloro-1-(2-(trifluoromethyl)phenyl )-1H-benzo[d]imidazole
(5b). Prepared by method (e). A white solid (74 mg, 50%,
m.p. 73-75 °C). '"H NMR (400 MHz, DMSO-d) & = 8.46 (s, 1H),
8.00 (dd, J = 7.6, 1.8 Hz, 1H), 7.82-7.92 (m, 2H), 7.80 (dd, J =
7.8, 1.4 Hz, 1H), 7.77 (dd, J = 6.7, 2.4 Hz, 1H), 7.26-7.32 (m,
2H) ppm. ">C NMR (101 MHz, CDCl;) § = 144.8, 144.7, 134.2
(q,J = 1.5 Hz) 132.4, 131.9, 131.6, 130.2, 129.1 (q, J = 30.8 Hz)
126.8 (q, J = 4.6 Hz) 124.9, 123.5, 122.8 (q, J = 273.8 Hz) 119.4,
116.7 ppm. HRMS (ESI): m/z caled C,,HsCIF;N, for [M + HJ'
297.0401, found 297.0398.

7-Chloro-1-(2-iodophenyl)-1H-benzo[d]imidazole (5¢).
Prepared by method (e). A white solid (35 mg, 86%,
m.p. 156-159 °C). "H NMR (400 MHz, CDCl;) 6 = 8.00 (dd, J =
8.1, 1.4 Hz, 1H), 7.89 (s, 1H), 7.79-7.84 (m, 1H), 7.46-7.54 (m,
2H), 7.25-7.29 (m, 3H) ppm. ">C NMR (101 MHz, CDCl;) § =
145.1, 144.0, 139.3, 139.2, 131.2, 129.7, 128.8, 124.8, 123.4,
119.4, 116.9, 99.9, 99.4 ppm. HRMS (ESI): m/z caled
C13HgCIIN, for [M + H]" 354.9493 found 354.9492.

1-(2-Iodophenyl)-7-(trifluoromethyl)-1 H-benzo[d]imidazole (5d).
Prepared by method (e). A white solid (177 mg, 87%,
m.p. 95-98 °C). "H NMR (400 MHz, CDCl;) 6§ = 8.11 (d, J = 8.2
Hz, 1H), 8.01 (dd, J = 7.9, 1.2 Hz, 1H), 7.91 (s, 1H), 7.65 (d, J =
7.6 Hz, 1H), 7.47-7.56 (m, 2H), 7.40-7.46 (m, 1H), 7.28 (ddd, J
=7.9, 7.0, 2.1 Hz, 1H) ppm. *C NMR (101 MHz, CDCl;) § =
145.5, 145.4, 139.5, 139.2, 131.4, 130.2, 129.8 (q, / = 1.0 Hz)
128.9, 124.9, 123.0 (q, J = 272.3 Hz), 122.2 (q, J = 5.5 Hz), 114.6
(g, J = 35.2 Hz) 99.2, 91.4 ppm. HRMS (ESI): m/z calcd
Cy4HgF3IN, for [M + H]" 388.9757, found 388.9756.

Methyl 2-(7-chloro-1H-benzo[d]imidazol-1-yl)benzoate (5e).
Prepared by method (e). A light brown solid (47 mg, 49%,
m.p. 300-304 °C). "H NMR (400 MHz, CDCl;) & = 8.95 (s, 1H),
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7.99 (dd, J = 7.9, 1.2 Hz, 1H), 7.27-7.31 (m, 1H), 7.02-7.07 (m,
1H), 6.87 (dd, J = 8.1, 1.4 Hz, 1H), 6.70-6.77 (m, 2H), 6.39 (dd,
J = 8.4, 0.8 Hz, 1H), 3.95 (s, 3H) ppm. *C NMR (101 MHz,
CDCl;) 6 = 169.0, 148.7, 146.0, 134.5, 134.0, 131.4, 128.0, 123.0,
119.1, 117.1, 113.7, 113.4, 111.5, 93.1, 51.8 ppm. HRMS (ESI):
mjz caled Cy5Hy;CIN,O, for [M + H]" 287.0582, found
287.0574.
1-(2-Bromophenyl)-7-chloro-1H-benzo[d]imidazole (5f).
Prepared by method (e). A light brown solid (74 mg, 72%,
m.p. 110-113 °C). "H NMR (400 MHz, CDCl;) & = 7.90 (s,
1H), 7.78-7.82 (m, 1H), 7.74-7.77 (m, 1H), 7.47-7.50 (m,
2H), 7.42-7.45 (m, 1H), 7.26 (m, 2H) ppm. "*C NMR
(101 MHz, CDCl;) 6 = 144.2, 135.7, 133.1, 132.7, 131.1,
130.4, 127.9, 124.8, 123.8, 123.4, 119.4, 116.8, 95.2 ppm.
HRMS (ESI): m/z caled C,3HgBrCIN, for [M + H]" 306.9632,
found 306.9633.
2-(7-Chloro-1H-benzo[d]imidazol-1-yl)benzonitrile (52)-
Prepared by method (f). A white solid (57 mg, 68%,
m.p. 104-106 °C). 'H NMR (400 MHz, CDCl;) & = 7.95 (s, 1H),
7.81-7.84 (m, 1H), 7.79 (t, J = 4.58 Hz, 1H), 7.73 (dd, J = 7.78,
1.68 Hz, 1H), 7.64 (dd, J = 7.63, 1.22 Hz, 1H), 7.53 (dd, J = 7.93,
1.22 Hz, 1H), 7.25-7.27 (m, 2H) ppm. C NMR (101 MHz,
CDCl,) 6 = 145.3, 143.8, 138.5, 133.3, 130.7, 129.9, 129.8, 125.4,
124.0, 119.8, 116.5, 115.1, 113.1, 101.2 ppm. HRMS (ESI): m/z
caled C,4HgCIN; for [M + H]' 254.0480, found 254.0479.
2-(2-Methyl-1H-benzo[d]imidazol-1-yl)benzoic acid  (5h).
Prepared by method (g). A white solid (94 mg, 75%,
m.p. 240-242 °C). "H NMR (400 MHz, DMSO-d,) 6 = 8.08 (dd, J
=7.9, 1.5 Hz, 1H), 7.83 (td, J = 7.6, 1.2 Hz, 1H), 7.72 (td, ] = 7.6,
1.2 Hz, 1H), 7.58 (ddd, J = 8.1, 2.6, 0.9 Hz, 2H), 7.09-7.20 (m,
2H), 6.85 (dd, J = 7.8, 1.4 Hz, 1H), 2.29 (s, 3H) ppm. ">C NMR
(101 MHz, DMSO-d;) § = 166.2, 151.8, 142.3, 136.8, 134.5,
133.5, 131.4, 130.3, 129.9, 129.7, 122.1, 121.5, 118.2, 109.3,
13.8 ppm. HRMS (ESI): m/z caled C;5H;,N,0, for [M + HJ'
253.0972, found 253.0971.
7-Chloro-1-(2-iodophenyl)-2-methyl-1H-benzo[d]imidazole (5i).
Prepared by method (g). A light brown solid (80 mg, 81%,
m.p. 152-153 °C). "H NMR (400 MHz, CDCl;) § = 8.01 (dd, J =
7.9, 1.2 Hz, 1H), 7.68 (dd, J = 7.6, 1.2 Hz, 1H), 7.53 (td, J = 7.6,
1.2 Hz, 1H), 7.43 (dd, J = 7.9, 1.4 Hz, 1H), 7.25-7.30 (m, 1H),
7.15-7.23 (m, 2H), 2.37 (s, 3H) ppm. *C NMR (101 MHz,
CDCI3] 6=152.6,144.4,139.4, 131.4, 131.1, 130.0, 129.1, 124.0,
123.0, 118.5, 118.0, 116.1, 100.1, 14.3 ppm. HRMS (ESI): m/z
caled Cy4H;,ClIN, for [M + H]" 368.9650, found 368.9648.
1-(2-Iodophenyl)-2-methyl-1H-benzo[d]imidazole (5j)-
Prepared by method (g). A light brown solid (85 mg, 77%,
m.p. 127-130 °C). "H NMR (400 MHz, CDCl;) & = 8.08 (dd, J =
8.1, 1.4 Hz, 1H), 7.78 (d, J = 7.9 Hz, 1H), 7.57 (td, J = 7.6, 1.2
Hz, 1H), 7.38 (dd, J = 7.6, 1.5 Hz, 1H), 7.26-7.32 (m, 2H), 7.21
(ddd, j = 8.1, 7.1, 1.2 Hz, 1H), 6.89-6.92 (m, 1H), 2.44 (s, 3H)
ppm. *C NMR (101 MHz, CDCl;) § = 151.3, 140.4, 138.9,
135.9, 131.2, 131.1, 129.8, 129.4, 122.7, 122.5, 119.1, 110.0,
98.6, 14.4 ppm. HRMS (ESI): m/z caled C,4H;4IN, for [M + H]"
335.0040, found 335.0025.
2-(7-Chloro-2-methyl-1H-benzo[d]imidazol-1-yl)benzonitrile
(5k). Prepared by method (g). A white solid (71 mg, 80%,
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m.p. 103-106 °C). "H NMR (400 MHz, CDCl;) & = 7.88 (dd, J =
7.6, 1.5 Hz, 1H), 7.79 (td, J = 7.6, 1.5 Hz, 1H), 7.66-7.71 (m,
2H), 7.50 (dd, J = 7.9, 1.2 Hz, 1H), 7.17-7.25 (m, 2H), 2.42 (s,
3H) ppm. *C NMR (101 MHz, CDCl;) § = 152.5, 144.6, 139.1,
133.5, 133.4, 132.0, 130.5, 130.2, 124.3, 123.5, 118.4, 115.7,
115.0, 114.0, 14.1 ppm. HRMS (ESI): m/z caled C;5H;,CIN; for
[M + H]" 268.0636, found 268.0635.
7-Chloro-1-(2-iodophenyl)-2-phenyl-1H-benzo[d]imidazole (51).
Prepared by method (h). A white solid (148 mg, 57%,
m.p. 143-145 °C). "H NMR (400 MHz, CDCl;) 6 = 7.94 (dd, J =
7.9, 1.2 Hz, 1H), 7.83 (dd, J = 7.5, 1.4 Hz, 1H), 7.55-7.62 (m,
2H), 7.42-7.49 (m, 2H), 7.20-7.37 (m, 6H) ppm. “C NMR
(101 MHz, CDCl;) § = 153.2, 144.7, 140.0, 139.3, 131.9, 131.1,
131.0, 129.8, 129.52, 129.48, 128.8, 128.3, 124.9, 123.5, 118.9,
116.7, 101.3 ppm. HRMS (ESI): m/z caled C,9H;,CIIN, for [M +
H]" 430.9806, found 430.9803. For separation method and
X-Ray structure determination see ESLf (S,)-(—)-7-Chloro-1-(2-
iodophenyl)-2-phenyl-1H-benzo[d|imidazole ~ (—=)-5:  [a]?
—49.5° (¢ = 0.20 g per 100 mL, DCM), (R,)-(+)-7-Chloro-1-(2-
iodophenyl)-2-phenyl-1H-benzo[d]imidazole (+)-51: [a]Z* +49.5°
(c=0.20 g per 100mL, DCM).
1-(2-Iodophenyl)-2-phenyl-7-(trifluoromethyl)-1H-benzo[ d]
imidazole (5m). Prepared by method (h). A white solid (72 mg,
62%, m.p. 192-195 °C). "H NMR (400 MHz, CDCl;) 6 = 8.12 (d,
J = 7.9 Hz, 1H), 7.85 (dd, J = 8.1, 1.4 Hz, 1H), 7.67-7.71 (m,
1H), 7.64 (d, J = 7.6 Hz, 1H), 7.54-7.58 (m, 2H), 7.52 (td, J =
7.6, 1.2 Hz, 1H), 7.41-7.46 (m, 1H), 7.33-7.38 (m, 1H),
7.27-7.32 (m, 2H), 7.19 (td, J = 7.8, 1.5 Hz, 1H) ppm. ">C NMR
(101 MHz, CDCl,) 6 = 154.7, 144.9, 139.7, 132.1, 131.5, 131.1,
129.8, 129.7, 128.5, 128.1, 127.0, 124.5, 123.0 (q, J = 272.3 HZ],
122.2, 122.0, 118.9, 114.6 (q, J = 34.6 Hz) 100.6 (q, J = 1.4 Hz)
ppm. HRMS (ESI): m/z caled CyoHy,F3IN, for [M + H]"
465.0070, found 465.0075.
2-(7-Chloro-2-phenyl-1H-benzo|d]imidazol-1-yl)benzonitrile (5n).
Prepared by method (h). A white solid (82 mg, 75%,
m.p. 180-182 °C). "H NMR (400 MHz, CDCl;) 6 = 7.84 (dd, J =
7.6, 1.5 Hz, 1H), 7.77 (dd, J = 7.6, 1.5 Hz, 1H), 7.70 (td, J = 7.9,
1.5 Hz, 1H), 7.61 (td, J = 7.6, 1.5 Hz, 1H), 7.49-7.55 (m, 3H),
7.36-7.41 (m, 1H), 7.26-7.34 (m, 4H) ppm. *C NMR (101 MHz,
CDCl;) 6 = 153.9, 145.0, 139.8, 133.1, 133.1, 132.5, 131.4, 130.0,
129.9, 129.5, 129.0, 128.5, 125.2, 123.9, 119.3, 116.2, 115.1,
114.7 ppm. HRMS (ESI): m/z caled CyoH;,CIN; for [M + HJ'
330.0793, found 330.0787. For separation method and X-ray
structure determination see ESLT (S,)-(—)-2-(7-Chloro-2-phenyl-
1H-benzo[d]imidazol-1-yl)benzonitrile (—)-5n: [a]¥? —12.5° (¢ =
0.15 g per 100 mL, DCM), (R,)-(+)-2-(7-Chloro-2-phenyl-1H-
benzo[d]imidazol-1-yl)benzonitrile (+)-5n: [o?? + 12.5° (¢ =
0.15 g per 100 mL, DCM).
7-Chloro-1,2-diphenyl-1H-benzo[d]imidazole (50). Prepared
by method (h). A light brown solid (35 mg, 40%,
m.p. 142-146 °C). "H NMR (400 MHz, CDCl;) 6 = 7.81 (dd, J =
7.3, 2.4 Hz, 1H), 7.42-7.54 (m, 5H), 7.31-7.41 (m, 3H),
7.23-7.30 (m, 4H) ppm. **C NMR (101 MHz, CDCl;) § = 154.0,
144.8, 137.0, 132.8, 129.8, 129.7, 129.6, 129.3, 128.8, 128.2,
124.9, 123.2, 118.7, 116.7, 91.9 ppm. HRMS (ESI): m/z caled
C1oH15CIN, for [M + H]" 305.0840, found 305.0837.

6976 | Org. Biomol. Chem., 2024, 22, 6966-6980

View Article Online

Organic & Biomolecular Chemistry

2-(7-(p-Tolyl)-1H-benzo[d|imidazol-1-yl)benzonitrile (8a).
Prepared by method (e). A white solid (263 mg, 85%,
m.p. 175 °C). "H NMR (400 MHz, DMSO-d,) § = 8.50 (s, 1H),
7.82 (dd, J = 8.0, 1.1 Hz, 1H), 7.63 (dd, J = 7.6, 1.1 Hz, 1H),
7.53-7.58 (m, 1H), 7.38-7.48 (m, 3H), 7.19 (dd, J = 7.3, 0.9 Hz,
1H), 6.80-6.88 (m, 4H), 2.17 (s, 3H) ppm. *C NMR (101 MHz,
DMSO-d,) 6 = 145.0, 143.9, 138.9, 136.0, 133.7, 133.6, 132.8,
131.3, 128.8, 128.7, 128.7, 127.9, 127.1, 125.1, 122.8, 119.1,
115.7, 110.5, 20.6 ppm. HRMS (ESI): m/z caled C,,H;5N; for [M
+ HJ" 310.1339, found 310.1340.
2-(7-(4-Hydroxyphenyl)-1H-benzo[d]imidazol-1-yl)benzonitrile
(8b). Prepared by method (e). A colourless oil (46 mg, 52%). "H
NMR (400 MHz, DMSO-d¢) 6 = 9.31 (s, 1H), 8.47 (s, 1H), 7.78
(dd, J = 8.0, 1.1 Hz, 1H), 7.68 (dd, J = 7.8, 1.4 Hz, 1H),
7.57-7.62 (m, 1H), 7.47 (td, J = 7.7, 1.1 Hz, 1H), 7.43 (dd, J =
7.8, 0.9 Hz, 1H), 7.37 (td, J = 7.8, 0.9 Hz, 1H), 7.15 (dd, J = 7.3,
0.9 Hz, 1H), 6.78 (d, J = 8.7 Hz, 2H), 6.40 (d, J = 8.7 Hz, 2H)
ppm. *C NMR (101 MHz, DMSO-dg) § = 156.2, 144.9, 143.9,
138.9, 133.6, 132.8, 131.3, 129.8, 128.9, 128.7, 127.2, 127.1,
125.2, 122.7, 118.6, 115.6, 114.1, 110.5 ppm. HRMS (ESI): m/z
caled C,0H;3N30 for [M + H]' 312.1131, found 312.1131.
2-(7-(4-Methoxyphenyl)-1H-benzo[d]imidazol-1-yl)benzonitrile
(8c). Prepared by method (f). A white solid (15 mg, 16%,
m.p. 217-220 °C). 'H NMR (400 MHz, CDCl;) § = 8.05 (s, 1H),
7.91 (dd, J = 7.9, 1.0 Hz, 1H), 7.50-7.53 (m, 1H), 7.43 (td, J =
7.6, 0.9 Hz, 1H), 7.31-7.35 (m, 2H), 7.26 (dd, J = 7.4, 1.2 Hz,
1H), 7.02-7.05 (m, 1H), 6.95-6.98 (m, 2H), 6.55-6.58 (m, 2H),
3.73 (s, 3H) ppm. >C NMR (101 MHz, CDCl;) § = 158.7, 144.0,
143.9, 138.9, 133.01, 132.95, 130.2, 129.2, 128.6, 128.4, 127.1,
126.4, 123.9, 119.4, 115.2, 113.1, 111.0, 55.3 ppm. HRMS (ESI):
m/z caled C,1H;5N;0 for [M + H]" 326.1288, found 326.1284.
2-(7{Thiophen-3-yl)-1H-benzo[d]imidazol-1-yl)benzonitrile (8d).
Prepared by method (f). A white solid (22 mg, 24%,
m.p. 155-157 °C). "H NMR (500 MHz, CDCl;) § = 8.07 (s, 1H),
7.93 (dd, J = 8.0, 0.9 Hz, 1H), 7.57-7.59 (m, 1H), 7.37-7.45 (m,
3H), 7.31 (dd, J = 7.3, 0.7 Hz, 1H), 7.08-7.11 (m, 1H), 6.90-6.95
(m, 2H), 6.67 (dd, J = 4.9, 1.2 Hz, 1H) ppm. “C NMR
(126 MHz, CDCl;) 6 = 143.6, 139.0, 137.7, 133.2, 133.0, 129.9,
129.8, 128.5, 128.5, 127.9, 126.1, 125.4, 124.6, 123.3, 121.9,
120.3, 115.4, 110.7 ppm. HRMS (ESI): m/z calcd C,gH;;N;S for
[M + H]" 302.0746, found 302.0746.
2-(7-Phenyl-1H-benzo[d]imidazol-1-yl)benzonitrile (8e).
Prepared by method (f). A white solid (83 mg, 80%,
m.p. 214-216 °C). "H NMR (400 MHz, CDCl;) 6 = 8.04 (s, 1H),
7.93 (dd, J = 8.1, 1.1 Hz, 1H), 7.42-7.50 (m, 2H), 7.26-7.31 (m,
3H), 6.98-7.06 (m, 6H) ppm. *C NMR (126 MHz, CDCl;) & =
144.4, 143.6, 139.1, 137.2, 133.0, 132.9, 131.4, 129.0, 128.4,
128.2, 127.6, 127.1, 126.9, 126.0, 123.4, 120.0, 115.4,
110.8 ppm. HRMS (ESI): m/z caled C,oHy3N; for [M + HJ'
296.1182, found 296.1181.
2-(2-Methyl-7-(p-tolyl)-1H-benzo[d]imidazol-1-yl)benzonitrile
(8f). Prepared by method (g). A white solid (259 mg, 80%,
m.p. 198-200 °C). "H NMR (400 MHz, DMSO-d,) § = 7.68 (dd, J
= 8.2, 0.9 Hz, 1H), 7.58-7.63 (m, 2H), 7.51-7.54 (m, 1H),
7.43-7.48 (m, 1H), 7.29-7.34 (m, 1H), 7.05 (dd, J = 7.6, 1.2 Hz,
1H), 6.76-6.83 (m, 4H), 2.31 (s, 3H), 2.16 (s, 3H) ppm. *C
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NMR (101 MHz, DMSO-d,) § = 151.9, 143.0, 139.0, 135.8, 134.0,
133.4, 133.1, 132.8, 130.0, 129.2, 128.7, 127.8, 126.5, 124.5,
122.2, 117.9, 115.6, 111.5, 20.6, 14.0 ppm. HRMS (ESI): m/z
caled C,,H;,N; for [M + H]" 324.1495, found 324.1492.
2-(7-(4-Methoxyphenyl)-2-methyl-1H-benzo[d]imidazol-1-yl)
benzonitrile (8g). Prepared by method (g). A white solid
(61 mg, 71%, m.p. 210-213 °C). "H NMR (500 MHz, CDCl;) § =
7.79 (dd, J = 8.2, 1.0 Hz, 1H), 7.51 (dd, J = 7.5, 1.7 Hz, 1H),
7.31-7.39 (m, 3H), 7.12 (dd, J = 7.3, 1.0 Hz, 1H), 7.01 (dd, J =
8.0, 1.2 Hz, 1H), 6.91 (d, J = 8.6 Hz, 2H), 6.53 (d, J = 8.9 Hz,
2H), 3.72 (s, 3H), 2.45 (s, 3H) ppm. **C NMR (126 MHz, CDCI;)
8 = 158.3, 152.0, 143.4, 139.8, 133.4, 133.1, 133.1, 130.2, 129.7,
129.5, 128.7, 126.3, 125.3, 122.7, 118.5, 115.4, 112.9, 112.8,
55.3, 14.3 ppm. HRMS (ESI): m/z caled C,,H;,N;0 for [M + H]"
340.1444, found 340.1446.
2-(2-Methyl-7-(thiophen-3-yl)-1H-benzo[d]imidazol-1-yl)benzo-
nitrile (8h). Prepared by method (g). A white solid (65 mg,
67%, m.p. 196-199 °C). 'H NMR (500 MHz, CDCl;) & = 7.80
(dd, j = 8.2, 1.0 Hz, 1H), 7.57 (dd, J = 7.7, 1.7 Hz, 1H),
7.37-7.46 (m, 2H), 7.34 (t, ] = 7.7 Hz, 1H), 7.16 (dd, J = 7.3, 1.0
Hz, 1H), 7.07 (dd, J = 7.9, 1.0 Hz, 1H), 6.86-6.90 (m, 2H), 6.61
(dd, J = 4.7, 1.3 Hz, 1H), 2.45 (s, 3H) ppm. "*C NMR (126 MHz,
CDCl;) 6 = 152.1, 143.4, 139.5, 137.5, 133.4, 133.2, 130.1, 129.3,
128.9, 128.6, 125.4, 124.3, 123.2, 122.6, 121.2, 119.0, 115.4,
112.6, 14.3 ppm. HRMS (ESI): m/z caled C;oH;3N;S for [M +
HJ" 316.0903, found 316.0901.
2-(2-Methyl-7-phenyl-1H-benzo[d]imidazol-1-yl)benzonitrile (8i).
Prepared by method (g). A white solid (79 mg, 73%,
m.p. 189-192 °C). "H NMR (400 MHz, CDCl;) § = 7.86 (dd, J =
8.1, 1.1 Hz, 1H), 7.49 (dd, J = 7.6, 1.5 Hz, 1H), 7.34-7.46 (m,
3H), 7.22 (dd, J = 7.3, 1.2 Hz, 1H), 7.18 (dd, J = 7.8, 1.1 Hz, 1H),
6.98-7.06 (m, 5H), 2.58 (s, 3H) ppm. *C NMR (101 MHz,
CDCl;) 6 = 152.0, 139.5, 138.3, 136.2, 133.4, 133.2, 132.0, 129.6,
129.5, 129.1, 127.5, 127.2, 127.0, 126.3, 123.9, 117.5, 115.0,
112.6, 13.7 ppm. HRMS (ESI): m/z caled C,,H;5N; for [M + H]'
310.1339, found 310.1339 ppm.
2-(7-(4-Methoxyphenyl)-2-phenyl-1H-benzo[d]imidazol-1-yl)
benzonitrile (8j). Prepared by method (h). A white solid
(66 mg, 58%, m.p. 233-235 °C). "H NMR (500 MHz, CDCl;) § =
7.94 (dd, J = 8.3, 1.2 Hz, 1H), 7.39-7.43 (m, 3H), 7.33-7.37 (m,
2H), 7.27-7.29 (m, 3H), 7.25-7.27 (m, 1H), 7.18 (dd, J = 7.3, 1.0
Hz, 1H), 7.01-7.04 (m, 1H), 6.89 (d, J = 6.9 Hz, 2H), 6.51-6.54
(m, 2H), 3.74 (s, 3H) ppm. *C NMR (126 MHz, CDCl;) § =
158.3, 153.2, 143.7, 140.5, 133.7, 132.84, 132.78, 130.39,
130.30, 130.2, 129.7, 129.61, 129.58, 128.5, 128.3, 126.9, 126.3,
123.1, 119.4, 115.3, 113.3, 112.9, 55.3 ppm. HRMS (ESI): m/z
caled C,,H;oN;0 for [M + H]' 402.1601, found 402.1600.
2-(2-Phenyl-7-(thiophen-3-yl)-1H-benzo[d]imidazol-1-yl)benzo-
nitrile (8k). Prepared by method (h). A white solid (75 mg,
64%, m.p. 206-209 °C). 'H NMR (500 MHz, CDCl;) § = 7.95
(dd, J = 8.0, 1.2 Hz, 1H), 7.39-7.44 (m, 4H), 7.32-7.37 (m, 3H),
7.27-7.30 (m, 2H), 7.22 (dd, J = 7.5, 1.2 Hz, 1H), 7.08 (dd, J =
7.9, 1.3 Hz, 1H), 6.86-6.90 (m, 2H), 6.55-6.57 (m, 1H) ppm.
3C NMR (126 MHz, CDCl;) 6 = 153.3, 143.7, 140.2, 137.5,
133.7, 133.0, 132.9, 129.8, 129.7, 129.6, 129.5, 128.7, 128.3,
126.4, 125.2, 124.1, 123.4, 123.0, 121.8, 119.9, 115.3,
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113.0 ppm. HRMS (ESI): m/z caled C,4H;5N3S for [M + HJ'
378.1059, found 378.1059.

2-(2,7-Diphenyl-1H-benzo[d]imidazol-1-yl)benzonitrile (8I)..
Prepared by method (h). A white solid (75 mg, 57%,
m.p. 188-190 °C). "H NMR (400 MHz, CDCl;) § = 7.96 (dd, J =
8.1, 1.1 Hz, 1H), 7.40-7.45 (m, 3H), 7.27-7.37 (m, 3H),
7.22-7.27 (m, 3H), 7.20 (dd, J = 7.5, 1.1 Hz, 1H), 6.96-7.08 (m,
6H) ppm. "*C NMR (126 MHz, CDCl;) § = 153.3, 143.8, 140.3,
137.2, 133.4, 132.9, 132.8, 130.1, 129.7, 129.6, 129.5, 129.3,
128.6, 128.3, 127.4, 127.2, 126.6, 126.1, 123.1, 119.6, 115.3,
113.2 ppm. HRMS (ESI): m/z caled C,6H;,N; for [M + HJ'
372.1495, found 372.1494.

2-Methyl-1-(4-methyl{1,1-biphenyl]-2-yl)-1H-benzo[d]imidazole
(11a). Prepared by method (g). A light brown solid (22 mg,
44%, m.p. 142-145 °C). '"H NMR (400 MHz, CDCl3) § = 7.70
(dd, J = 7.3, 0.9 Hz, 1H), 7.57-7.65 (m, 2H), 7.52 (td, J = 7.6, 1.9
Hz, 1H), 7.39 (dd, J = 7.9, 1.2 Hz, 1H), 7.26 (td, ] = 7.6, 1.4 Hz,
1H), 7.21 (td, J = 7.6, 1.4 Hz, 1H), 7.11-7.15 (m, 1H), 6.96 (dd, J
=7.6, 1.0 Hz, 2H), 6.86 (d, J = 7.6 Hz, 2H), 2.24 (s, 3H), 2.07 (s,
3H) ppm. *C NMR (101 MHz, CDCl;) § = 151.8, 142.7, 140.5,
137.6, 137.2, 134.8, 133.3, 131.5, 129.6, 129.4, 128.8, 128.4,
127.8, 122.4, 122.1, 118.9, 110.0, 21.0, 14.0 ppm. HRMS (ESI):
m/z caled C,1H;gN, for [M + H]' 299.1543, found 299.1540.

1-(4'-Methyl{1,1"-biphenyl]-2-yl)-2-phenyl-1H-benzo[d]imidazole
(11b). Prepared by method (h). A light brown solid (37 mg,
64%, m.p. 131-134 °C). '"H NMR (400 MHz, CDCl;) § =
7.84-7.87 (m, 1H), 7.62-7.65 (m, 1H), 7.53-7.60 (m, 2H),
7.41-7.45 (m, 1H), 7.32-7.37 (m, 1H), 7.28-7.32 (m, 2H),
7.22-7.27 (m, 1H), 7.11-7.14 (m, 4H), 6.75 (dd, J = 7.9, 0.6 Hz,
2H), 6.32 (d, J = 8.2 Hz, 2H), 2.21 (s, 3H) ppm. *C NMR
(101 MHz, CDCl;) 6 = 152.4, 142.6, 139.9, 137.2, 136.6, 134.3,
134.0, 131.3, 129.7, 129.0, 128.6, 128.5, 128.14, 128.10, 128.08,
127.4,127.1, 122.9, 122.4, 119.4, 110.2, 20.6 ppm. HRMS (ESI):
m/z caled C,eHyoN, for [M + H]' 361.1699, found 361.1700.

Biology

Cell cultures. Cell lines were cultivated under standard cell
culture conditions in a 37 °C incubator with a humidified 5%
CO, atmosphere. Cell culture media (DMEM, Sigma, MO, USA;
RPMI, Biowest, France) were supplemented with fetal bovine
serum (FBS, Biowest, France), 2 mM r-glutamine (Sigma, MO,
USA), 100 ug mL™" streptomycin, and 100 U mL™" penicillin
(Sigma, MO, USA). Human foreskin fibroblasts (B]) were kindly
gifted by Jifi Bartek’s laboratory (Danish Cancer Society
Center, Copenhagen, Denmark) and HUVECs were a kind gift
from Jitka Ulrichovd (Faculty of Medicine and Dentistry,
Palacky University Olomouc). HUVECs were cultured in
Endothelial Cell Proliferation Medium (ECPM, Provitro, Berlin,
Germany). Other cell lines used in our study were purchased
from the European Collection of Authenticated Cell Cultures
(ECACC), from the American Type Culture Collection (ATCC) or
from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures (DSMZ). The concentration
of FBS and the type of cell culture media varied depending on
the cell line (see Table S2 in the ESIf). Cells were washed in
phosphate-buffered saline (PBS), adherent cells were released
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by the treatment with EGTA/trypsin solution, and subcultured
into the fresh medium two to three times per week.

Cytotoxicity assay. Cells were seeded into a 96-well plate one
day prior to treatment and then treated in triplicate with a
compound diluted in dimethyl sulfoxide (Sigma, MO, USA) to
six concentrations by 3-fold dilution. The concentration of
DMSO never exceed 0.6%. The cell viability was determined
after 72 h of the treatment by the resazurin assay (Sigma, MO,
USA) via the fluorescence readout at excitation/emission wave-
lengths 544/590 nm measured by the Fluoroskan Ascent micro-
plate reader (Labsystems, Finland) as described earlier for
Calcein AM dye.*

Cell cycle analysis. HeLa cells were seeded into 24-well plate
(3.5 x 10" cells per well), treated for 24 h and stained as
described previously.*® MV4-11 cells were seeded into a 96-well
plate (5 x 10* per well) and treated with a compounds for
24 h.*® After the incubation period, the 5x concentrated stain-
ing solution was added directly to the well with the cells. BD
FACSVerse™ flow cytometer with the BD FACS Universal
Loader for microplates and BD FACSuite™ software (version
1.0.6) were used to analyze the samples. The dye was excited
with the 488 nm laser operating at 20 mW power and the
emitted light was detected via the 586/42 bandpass filter. The
data were processed and the cell cycle distribution was fitted
in ModFit LT software (Verity Software House, version 5.0.9,
Topsham, ME, USA). Singlet events were gated from the PI-
area to PI-height plot before the cell cycle was analyzed. The
results represent the mean of the data from two independent
experiments.

SDS-PAGE & western blotting. The MV4-11 (5 x 10° cells per
ml) or HeLa (7 x 10 cells per ml) cells were seeded in a @
100 mm Petri dish. The 24 h treatment began 4 h (MV4-11
cells) or 24 h (HeLa) after the seeding. After the treatment, the
cells were harvested on ice, and pelleted (10 min, 1000 g, 4 °C)
and resuspended in PBS (137 mM NacCl, 2.7 mM KCl, 1.5 mM
KH,PO,, 6.4 mM Na,HPO,, pH 7.4) two times for the purpose
of washing. Resulting pellet in a microtube was stored in the
—80 °C freezer and later used for protein extraction by the
RIPA buffer (20 mM Tris, 100 mM NaCl, 5 mM EDTA, 2 mM
EGTA, 0.2% Nonidet P-40, 2 mM NaF, 1 mM PMSF, 1 mM
NazVO,, 2 pg mL™' aprotinin, 0.5 pg mL™" leupeptin) and
using ultrasonic probe. The lysate was centrifuged (20 min,
14 000g, 4 °C), the supernatant was collected and its protein
concentration was determined by the Bradford reagent.
Samples were mixed with the 5x Laemmli buffer, denatured
for 5 min at 98 °C and stored in the —80 °C freezer. Proteins
(30 pg per well) in the samples were separated by SDS-PAGE
according to the Laemmli method. Polyacrylamide gels com-
posed of 4% stacking gel and 10% or 12.5% resolving gels
were used for the separation in the Mini-PROTEAN electro-
phoresis system (Bio-Rad, USA). Proteins were then electro-
blotted (2 h, 270 mA) from the gel onto a nitrocellulose mem-
brane (0.45 pm pore size) in the Mini trans-Blot system (Bio-
Rad, USA). After transfer, the membrane was stained with
0.2% Ponceau S in 1% acetic acid. Dry membrane was cut into
strips defined by the target protein to be detected and a mole-
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cular weight marker. Strips were destained in TBS (20 mM
Tris, 150 mM NaCl, pH 7.6) and then blocked during incu-
bation in 5% non-fat dry milk dissolved in TBS-T (20 mM Tris,
150 mM NaCl, 0.1% TWEEN 20, pH 7.6) for 1 h at the room
temperature. Membranes were incubated with the primary
antibodies in the milk solution overnight at 4 °C. Specific
primary antibodies were used: anti-p-actin, anti-GAPDH (0411)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-caspase-
7 (zymogen, fragment), anti-PARP (46D11), anti-Mcl-1 (D35A5),
anti-HSP60 (D307), anti-cyclin B1 (V152), anti-histone H3
(D1H2) (all from Cell Signaling, Danvers, MA, USA); swine
anti-rabbit HRP, rabbit anti-mouse HRP, anti-p-histone H3
(Ser10), anti-o-tubulin (DM1A), anti-Bcl-2 (Bcl-2-100) (all from
Merck, Darmstadt, Germany); anti-B-tubulin (abcam,
Cambridge, UK). Strips were washed in TBS and TBS-T and
incubated with the HRP-conjugated secondary antibody for 1 h
at room temperature. After the washings, strips were covered
in SuperSignal West Pico chemiluminescent reagent (Thermo
Fisher Scientific, USA) and the signal was recorded by the
LAS-4000 camera (Fujifilm, Japan).

Tubulin polymerization assay by western blotting. HeLa
cells were seeded into Petri dishes (@ 100 mm), treated for
24 h and harvested by trypsinization. Cells were washed, resus-
pended in cold hypotonic buffer and incubated at 37 °C for
5 min as described by Wittmann et al., after that, cells
were centrifuged at 14 400g for 10 min at 4 °C.*® Supernatants
with soluble depolymerized tubulin fraction were collected.
According to above-mentioned publication, pellets were lysed
using modified RIPA buffers. Completely dissolved pellets
were centrifuged at 14 400g at 4 °C for 10 min. Supernatants
with polymerized tubulin fraction were collected. The amount
of proteins in both fractions was determined by the Bradford
reagent. Sample preparation, electrophoresis and western blot-
ting were performed as described in section “SDS-PAGE &
western blotting”.

Tubulin polymerization assay. Direct time-dependent
polymerization of tubulin protein was measured with a fluo-
rescence based kit according to the manufacturer’s procedure
(Cytoskeleton, Inc., USA). The racemate and atropisomers were
tested at the 100 uM concentration. The positive and negative
controls (paclitaxel, colchicine) were used as recommended in
the assay kit at the 3 uM concentration. We therefore maintain
the ratio between effective concentrations of our compounds
and positive/negative controls in cells and cell-free assay.

Caspase-3/7 activity assay. 24 h treated MV4-11 cells were
harvested, lysed and quantified. The activity of caspase-3 and
-7 was monitored by measuring the fluorescence of 7-amino-4-
methylcoumarin (AMC) released from the fluorogenic peptide
substrate Ac-DEVD-AMC. Aldehyde inhibitor Ac-DEVD-CHO of
caspase-3 and-7 was used as a negative control. The method
has been previously described in detail by Rarova et al.,
2016.%

Immunofluorescence microscopy. HeLa cells were seeded at
a density of 6.0 x 10" cells per ml using 8-well ibidi slides
(Munich, Germany). Cells were grown for 24 h and then
treated with 10 nM or 3.75 pM racemates and isomers 51 and
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5n, colchicine, myoseverin, nocodazole, paclitaxel (PTX), tubu-
lysin or vincristine for 24 h. After the given time period of
treatment, the cells were washed with PBS and fixed on the
slides with cold acetone-methanol (1:1, v/v) for 10 min. The
cells were subsequently labelled with primary antibody anti-
a-tubulin (Merck, Darmstadt, Germany) overnight at 4 °C in
the dark, washed with three changes of PBS, and incubated in
appropriate fluorescently-conjugated secondary antibody
(rabbit anti-mouse Alexa Fluor 488, Thermo, USA). The cells
were then washed three times in PBS, in deionized water and
mounted using the FluorSave (Merck, Darmstadt, Germany).
Cells were visualized using a fluorescence microscope (IX51,
Olympus, Japan) and compared with control untreated cells
and positive controls.

Migration scratch assay. Confluent HUVECs were scratched
and immediately treated with either full endothelial cell
growth medium containing different substances or positive
control (10 uM 2-methoxyestradiol). After 8 h of incubation,
images were captured with a microscope (IX51, Olympus,
Tokyo, Japan). Migration was calculated using in-house soft-
ware and expressed as the ratio between pixels covered by cells
and the total number of pixels in the wound area.*”
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