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A B S T R A C T

Herein, a series of new 1,1,2-trimethyl-1H-benzo[e]indole dyes was prepared via Knoevenagel condensation
reaction between 1,1,2-trimethyl-1H-benzo[e]indole and benzaldehydes, and characterized using various spec-
troscopic methods. The obtained compounds showed cytotoxic properties in G361 melanoma cell line upon
irradiation with 414 nm blue light at submicromolar doses. The mechanism of action of the most potent com-
pound 15 was further investigated. The treatment induced substantial generation of reactive oxygen species,
leading to DNA damage followed by cell death depending on the concentration of the photosensitizer compound
and the irradiation intensity.

1. Introduction

1,1,2-Trimethyl-1H-benzo[e]indole has emerged as a versatile
building block with numerous applications in biomedical and technical
fields. It can be readily N-alkylated to yield benzo[e]indolium salts as
valuable synthons for the preparation of dyes [1]. Over the years, benzo
[e]indolium dyes have been extensively investigated, revealing
numerous potential practical applications, for instance, in materials
science [2,3]. Benzo[e]indolium dyes with possible applications in
biology are of particular interest (Fig. 1). For example, compound i has
emerged as a potential self-assembling, turn-on fluorescent probe for the
selective detection of serum albumin [4]. Benzo[e]indolium dye ii has
been examined as a highly selective turn-on fluorescent probe for toxic
cyanide anions via the nucleophilic addition of cyanide to the positively
charged benzo[e]indole moiety [5]. On the other hand, detection of
sulfur dioxide derivatives in aqueous solutions and live cells occurs
through the sulfite addition to the ethylenic double bond in the

benzoindolium dyes [6]. Moreover, N-alkylated benzo[e]indolium dyes
preferentially localize in the cell mitochondria, making the cationic
benzo[e]indolium a mitochondrion-targeting fragment [7]. The
benzoindolium-aniline derivative iii has been used to monitor abnormal
mitochondrial viscosity, due to its rotatable C–C bond [8]. Noteworthy,
mitochondria-specific benzoindolium dyes have been reported as probes
for detecting and imaging cysteine, (bi)sulfite, hypochlorite ions, or as
anticancer agents with significant cytotoxicity in vitro [9–13]. The
mitochondrion is also an important source of reactive oxygen species
(ROS), which can cause mitochondrial membrane depolarization and
cell death. Thus, the development of new mitochondria-localized pho-
tosensitizers for photodynamic anticancer therapy is of great importance
[14]. The most extensively studied benzo[e]indole-derived photosensi-
tizer is the N-sulfobutylated benzo[e]indolium dye indocyanine green
[15,16]. Recently, several other promising near-infrared benzo[e]indo-
lium-based photosensitizers for photodynamic/photothermal therapy
have also been reported [17–20].
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On the other hand, relatively scarce examples of benzo[e]indole non-
N-alkylated counterparts iv-viii and their possible uses have been re-
ported. Depending on the pH in the surrounding environment, the benzo
[e]indole nitrogen atom can be either protonated or deprotonated. In its
protonated (acidic) form, the dye exhibits intense fluorescence, whereas
the basic deprotonated form is non-fluorescent. Therefore, benzo[e]in-
doles iv-viii have been revealed to accumulate in acidic cell organelles
(e.g. lysosomes), ratiometrically monitor pH fluctuations, or changes of
metal ion concentrations in living cells [21–26].

To the best of our knowledge, the photocytotoxic properties of the
non-alkylated phenylethenylbenzo[e]indoles remain largely unex-
plored. To bridge this gap, in the present work we ought to synthesize a
series of small-molecule phenylethenylbenzo[e]indoles containing
various electron-donating and/or electron-withdrawing groups and to
evaluate their photocytotoxic activity in skin melanoma cells.

2. Results and discussion

2.1. Chemistry

The Knoevenagel and Knoevenagel-like condensation reactions,
which occur between active methylene groups and aldehydes, remain an
easy and atom-efficient way to construct new C––C bonds, and hence
have been successfully applied to synthesize biologically relevant com-
pounds and dyestuffs [27]. Throughout the years, the Knoevenagel-type
condensation has been employed to obtain new (benzo)indolium dyes
with practical applications in biology. The Knoevenagel reaction is
carried out in the presence of secondary amines, such as piperidine [28,
29], or tertiary amines like triethylamine [30–32], typically in ethanol
as the solvent of choice, affording indolium and benzoindolium dyes in
good yields. On the other hand, the use of acids in the synthesis of
(benzo)indolium derivatives through the Knoevenagel-like condensa-
tion reaction, for example, acetic anhydride [8,33], acetic acid [34] or a
mixture thereof [35], acetic acid or trifluoroacetic acid in ethanol [36,
37], and the use of piperidine along with acetic acid in ethanol [38]
were reported as well.

In this work, Knoevenagel-type reaction was employed to prepare a
small library of 2-phenylethenyl-1H-benzo[e]indoles starting from

commercially available 1,1,2-trimethyl-1H-benzo[e]indole 1 and vari-
ously substituted benzaldehydes. The initial optimization of reaction
conditions was started with compound 1 and benzaldehyde as model
substrates (see Table 1).

When the reaction was performed in the presence of piperidine in
ethanol at reflux for 24 h, no product was detected (Table 1, Entry 1).
The microwave-assisted heating also failed to yield positive results
(Table 1, Entry 2). Nevertheless, while following the addition of acetic
acid to the reaction mixture and refluxing for 24 h, the desired product 2
was successfully isolated in a high yield of 83 % (Table 1, Entry 3). In
this case, microwave-assisted heating did not improve the yield of the
product (Table 1, Entry 4).

Additionally, when the Knoevenagel-like condensation reaction of
benzo[e]indole 1 and benzaldehyde was carried out in acetic acid in the
presence of acetic anhydride, only 20 % yield was reached after 2 h
(Table 1, Entry 5). Extending the reaction time to 24 h resulted in the
formation of unidentified side products and substantial decrease in the
amount of the desired product. The use of trifluoroacetic acid was
detrimental to the reaction yield as well (Table 1, Entry 6).

Thus, the reaction conditions using piperidine and acetic acid in
ethanol as the solvent at reflux were chosen for the synthesis of the
compounds. Using this method, compounds 2–21 were successfully
synthesized from 1,1,2-trimethyl-1H-benzo[e]indole 1 and various
benzaldehydes, in yields ranging from 16 % to 95 % (Scheme 1).

Substituent effects on the yield could also be observed, for example,
excellent yields were reached with benzaldehydes containing electron-
withdrawing 3-nitro, 4-cyano, and 3-trifluoromethyl groups. In these
cases, compounds 8, 10 and 13were obtained with yields of 82 %, 95 %,
and 85 %, respectively. Compounds 4 and 5, containing electron-
donating dimethyl- and diethylamino groups in the 4-position, were
obtained in relatively low yields of 21 % and 16 % respectively, when
the piperidine/acetic acid in ethanol system was used. Stirring the re-
action mixture in acetic acid resulted in traces of the product. However,
conducting the reaction in ethanol, and in the presence of trifluoroacetic
acid improved the yields of the target benzo[e]indoles 4 and 5 to 31 %
and 55 %, respectively (Scheme 1).

It should be noted that the reaction of benzo[e]indole 1 with 4-flu-
oro-3-nitrobenzaldehyde in piperidine/acetic acid and ethanol yielded

Fig. 1. Examples of benzo[e]indole derivatives.
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only a side product with a molecular weight of 234 g/mol. According to
the 1H NMR spectrum, it was determined that 3-nitro-4-(piperidin-1-yl)
benzaldehyde was formed, most likely, upon the replacement of the
fluorine atom in the benzaldehyde molecule with piperidine through a
competing SNAr reaction (Scheme S1). Electron-withdrawing groups
situated at 2- or 4-position to the substitution site are known to increase
the rate of SNAr reaction [39]. Thus, to synthesize the desired benzo[e]
indole derivative 22, triethylamine was used, as it should not participate
in the undesired SNAr reaction with the fluorine leaving group. The
compound 22was thus successfully obtained in a satisfactory yield of 55
% (Scheme 1).

Structures of all the compounds 2–22 were confirmed by NMR, FT-
IR, HRMS data. In the FT-IR spectra of the compounds 7–11, 15–18,
20–22, characteristic nitrile C–––N stretching bands appear at 2224-
2238 cm− 1, asymmetrical NO2 bands – in the range of 1509–1533 cm− 1,
symmetrical – at 1336-1348 cm− 1.

The structures of compounds 2–22 were elucidated using a combi-
nation of standard and advanced NMR spectroscopy techniques, i.e. 13C
DEPT-90, 13C DEPT-135, 1H–1H COSY, 1H–1H TOCSY, 1H–1H NOESY,
1H–13C HSQC, 1H–13C HMBC, 1H–13C H2BC, 1H–15N HMBC, and 1,1-
ADEQUATE, where the compound 15 was subjected to an in-depth
NMR analysis (Fig. 2). The aforementioned phenylethenyl compounds
contain a benzo[e]indole moiety connected to aryl groups via an ethene
bridge. The E-configuration of the ethene double bond unequivocally
follows from the magnitude of the vicinal coupling between the olefinic
protons Ha (δ 6.90− 7.28 ppm) and Hb (δ 7.78− 8.17 ppm), which
exhibited an AB-spin system and appeared as two sets of doublets (3JHa,

Hb = 16.0− 16.5 Hz). The distinction between ethene bridge protons and
other distinct 1H spin systems was mainly made from the 1H–1H NOESY,
1H–15N HMBC, and 1H–13C HMBC spectral data.

For instance, in the 1H NMR spectrum of compound 15, the well-
resolved six-proton singlet (δ 1.69 ppm) was easily attributed to the
geminal methyl groups at C-1 from the benzo[e]indole moiety. More-
over, the 1H–1H NOESY spectrum revealed strong NOEs between the
protons of geminal methyl groups (δ 1.69 ppm) and the 9-H (δ 8.06
ppm), olefinic Ha (δ 7.07 ppm) protons, confirming their proximity in
space. Furthermore, a comparison between the 1H–1H COSY and 1H–1H
TOCSY spectra confirmed these assignments, as the 9-H proton belonged
to a four-proton spin system. As expected, the olefinic Ha proton had
only a two-proton spin system, where the olefinic Hb proton resonated at
δ 7.79 ppm (3JHa,Hb = 16.2 Hz). The chemical shifts of olefinic carbons
CHa (δ 119.6 ppm) and CHb (δ 134.4 ppm) were easily deduced from the
1H–13C HSQC spectrum. Then, with the addition of 1,1-ADEQUATE
spectral data, this information confirmed that the protonated CHa car-
bon was adjacent to the indole quaternary carbon C-2 (δ 184.4 ppm). At
the same time, the CHb carbon correlated with the adjacent quaternary
carbon C-1′ (δ 129.0 ppm) from the 4-methoxy-3-nitrophenyl moiety.
Finally, long-range 1H–13C HMBC, 1H–15N HMBC, and 1H–13C H2BC
correlations further confirmed the chemical shift assignments, thus

allowing different structural fragments to be joined.
The 19F NMR spectra of benzo[e]indole derivatives 12–14, 18–20,

22 showed that the chemical shifts for various fluorophenyl-substituted
derivatives ranged from δ − 106.1 to − 116.5 ppm. In comparison,
trifluoromethylphenyl-substituted compounds resonated from δ − 62.7
to − 63.0 ppm, which is in good agreement with the data in the literature
[40].

To determine the wavelength of light, at which our benzo[e]indole
derivatives 2–22 should be irradiated for the investigation of their
photo-induced activity, their absorption and fluorescence properties
were measured in aqueous solutions. All of the compounds, except 4 and
5, had two intense absorption bands, with the high energy band in the
280–320 nm range, and low energy bands at longer wavelengths, in the
visible light spectrum (Fig. S1, Table S1). Compared to compound 2,
which possesses an unsubstituted phenyl ring, the introduction of
electron-donating substituents induced a bathochromic shift of the ab-
sorption maxima, while electron-withdrawing substituents to some
extent blue-shifted the λmax. Notably, compound 5, which contains a 4-
diethylamino group, had the most red-shifted absorption maximum, at
457 nm. It is known that the nitro group can be a fluorescence quencher,
depending on its position, and the surrounding substituents in the
molecule [41–44]. In the case of our compounds, weaker fluorescence
was observed for nitro group bearing compounds 8, 9, 15, 17, 22,
having nitro groups in the 2- or 3-position of the phenyl ring.

2.2. Biology

Although the compounds exhibited the ability to absorb both UV and
visible blue light, because of the harmful effects of UV and near-UV light
on cells [45], we chose a 414 nm emitting LED source for conducting the
experiments [46]. To evaluate the photo-inducible effects of the syn-
thesized compounds, G361 cells were treated with the compounds for 4
h and then exposed to blue light, with a total irradiation dose of 10
J/cm2. Cell viability was measured 72 h after irradiation using an MTT
assay [47], which demonstrated photocytotoxic properties of the com-
pounds. The structure-activity relationship analysis revealed several key
insights into the potency of the compounds. With the exception of the
4-dimethylamino and 4-diethylamino substituted compounds 4 and 5,
respectively, all other compounds displayed cytotoxicity at low micro-
molar and submicromolar concentrations (Table 2). Notably, lower
cytotoxicity of the compounds was observed in the dark. Upon light
irradiation, the cytotoxicity of the unsubstituted derivative 2 increased
by only 2-fold. On the other hand, 3-nitro (compounds 8, 15, 16, 17) and
4-cyano substituted derivatives (compounds 10, 18) exhibited the
highest photo-induced cytotoxicity with submicromolar EC50 values,
whereas their activity in the dark was 7–28 times lower. Among these,
4-methoxy-3-nitro and 4-chloro-3-nitro substituted compounds 15 and
17, respectively, were the most potent. In this case, the 4-methoxy and
4-chloro substituents substantially enhanced the potency of 3-nitro

Table 1
Optimization of the Knoevenagel reaction conditions using compound 1 and benzaldehyde as a model system.

Entry Base Acid Solvent Heating Temperature Yield (%)

1 piperidine – EtOH conventional reflux 0
2 piperidine – EtOH MW-assisted 85 ◦C 0
3 piperidine AcOH EtOH conventional reflux 83
4 piperidine AcOH EtOH MW-assisted 85 ◦C 45
5 – Ac2O, AcOH conventional 90 ◦C 20
6 – TFA EtOH conventional reflux 21
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substituted compound 8, whereas the introduction of other substituents
was less favourable (compounds 16, 21, 22). Moreover, the tri-
fluoromethyl substituted derivatives 12, 13, and 19 were also more
potent than the unsubstituted derivative 2, with the 3,5-bis(trifluoro-
methyl) derivative 19 outperforming its 3-(trifluoromethyl)
substituted counterpart 13 and the 4-(trifluoromethyl) isomer 12.
Interestingly, the 2-chloro-5-nitro substituted compound 21 was less
potent, contrary to the high potency of the 4-chloro-3-nitro substituted
derivative 17.

Compounds possessing a selectivity ratio greater than 5 between
dark and light-induced cytotoxicity in G361 melanoma cells were
selected as possible candidates for further evaluation. The dark

cytotoxicity of these compounds was evaluated in confluent normal
human fibroblasts BJ, a model of non-transformed cells with low pro-
liferation potential that allows to mimic surrounding healthy tissue
which is affected by the compound but is not irradiated by light
(Table 2). The tested compounds exhibited comparable or elevated EC50
values in BJ cells compared to non-irradiated G361 melanoma cells.

Compound 15 was the most potent and showed almost 30-fold
higher potency in the G361 cell line after blue light irradiation than in
the dark. The dark cytotoxicity of compound 15 was found to be even
more reduced in confluent BJ cells (8.3 μM), exhibiting a more favour-
able selectivity ratio (>40 times) when compared to the EC50 value
obtained for G361 cells after irradiation. Compound 15 was therefore

Scheme 1. Synthesis of compounds 2–22. Alternative reaction conditions: *TFA, EtOH, reflux, 24 h; **TEA, EtOH, reflux, 24 h.
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selected as the lead compound in the series. The evaluation of the
photocytotoxicity induced by 15 was verified in another melanoma cell
line, A375-derived ARN8 cells (Table 3). As with G361, 15 in combi-
nation with blue light (414 nm; 10 J/cm2) also reduced the ARN8 cell
viability in submicromolar concentrations. Although 15 showed low
cytotoxicity in the dark in both cell lines tested, light exposure reduced
the resulting EC50 at least 15-fold after 24 h (9.0 vs 0.6 μM in G361 and
9.2 vs 0.5 μM in ARN8). This ratio was even higher when the cells were

incubated for a longer period after irradiation (72 h; >28 times;
Table 3). To further prove the link between the cytotoxicity of 15 and
light irradiation, several light energy doses were applied after the
treatment (Fig. 3). The experiment in both cell lines clearly revealed the
dependency of the 15-induced cytotoxicity on the light energy; each
two-fold increase of energy reduced the resulting EC50 value by
approximately 1.7 times.

Reactive oxygen species (ROS) generated by the photochemical re-
action are often the main cause of the cytotoxicity of photo-inducible
compounds [48]. To verify this phenomenon, ROS levels were
measured in G361 and ARN8 cells using CM-H2DCFDA probe, a general
oxidative stress indicator, upon treatment with 15 immediately after the
irradiation with blue light (414 nm) at two different energy levels
(Fig. 4). In both cell lines tested, we observed a rapid increase in ROS
levels that was concentration- as well as light energy dose-dependent,
whereas in samples treated with 15 and kept in the dark, ROS levels
remained unaltered. The ROS-inducing effect of 15 was attenuated by
pretreatment with the ROS inhibitor N-acetylcysteine, which reduced
the ROS induction by half. Similar efficacy was observed with recently
reported indole-pyrazole derivatives [49] and also other structurally
unrelated porphyrin photosensitizers [50,51].

In parallel, we used three other probes to further monitor the ROS
formation in 15-treated melanoma cells after blue light irradiation. We
used another general oxidative stress indicator DHR123, the hydroxyl
radical indicator HPF and the singlet oxygen sensor SOSG (Fig. S2).
DHR123 probe signal fully correlated with the previously obtained re-
sults. While hydroxyl radical production was increased by 15 in com-
bination with blue light irradiation, with a more pronounced effect in
G361 cells compared to ARN8 cells, singlet oxygen levels were not
significantly affected (Figs. S2A and B). ROS formation was confirmed
also in DHR123 and HPF-containing aqueous solutions (i.e. without cells
and medium) of 15 in combination with an irradiation dose of 10 J/cm2,
while no significant increase in singlet oxygen generation was observed
(Fig. S2C). It is therefore likely that compound 15 induces a photody-
namic effect through a type I mechanism, as it does not produce singlet
oxygen [52]. In addition, we propose that the generation of ROS is the
primary mechanism underlying photocytotoxic activity, a concept also
suggested for related indole-pyrazole hybrids reported recently [49].

In response to oxidative stress, cells activate protective mechanisms,
including the upregulation of heme oxygenase-1 (HO-1) [53]. The
increased levels of HO-1 were observed in the immunoblotting analyses
(Fig. 5) providing independent evidence of oxidative stress induced by
15 as initially detected in the fluorescence-based assay (Fig. 4). Elevated
HO-1 levels in the sample treated with 15 without irradiation indicate

Fig. 2. Relevant 1H–1H NOESY, 1H–15N HMBC, 1,1-ADEQUATE, 1H–13C HMBC, and 1H–13C H2BC correlations, as well as 1H NMR (italics), 13C NMR, and 15N NMR
(bold) chemical shifts of compound 15.

Table 2
Cytotoxicity of compounds 2–22 in G361 and BJ cells.

Cmpd. EC50 ± SD (μM)

G361 BJ

Dark Light (414 nm, 10 J/cm2) Dark

2 6.5 ± 1.0 2.8 ± 1.1 n.d.
3 9.5 ± 0.6 5.2 ± 1.0 n.d.
4 >10 >10 n.d.
5 >10 >10 n.d.
6 7.6 ± 2.2 1.3 ± 0.2 >10
7 5.7 ± 3.2 0.8 ± 0.5 6.0 ± 0.2
8 2.9 ± 1.3 0.4 ± 0.3 5.0 ± 0.7
9 7.8 ± 0.4 1.1 ± 0.2 >10
10 5.1 ± 1.2 0.5 ± 0.1 6.7 ± 1.5
11 3.7 ± 0.2 0.9 ± 0.4 n.d.
12 4.0 ± 0.7 0.9 ± 0.8 n.d.
13 7.6 ± 0.3 1.3 ± 0.0 >10
14 7.3 ± 0.8 4.1 ± 0.8 n.d.
15 5.6 ± 0.5 0.2 ± 0.0 8.3 ± 0.8
16 6.6 ± 0.8 0.9 ± 0.6 8.0 ± 0.8
17 7.2 ± 2.4 0.3 ± 0.1 >10
18 6.2 ± 0.6 0.6 ± 0.0 7.2 ± 1.2
19 >10 1.3 ± 0.2 >10
20 6.9 ± 2.5 1.4 ± 0.1 n.d.
21 >10 7.9 ± 0.4 n.d.
22 7.9 ± 0.3 1.8 ± 0.5 n.d.

n.d. - not determined.

Table 3
Cytotoxicity of compound 15 in G361 and ARN8 melanoma cell lines.

Cell line Incubation Cmpd. 15: EC50 ± SD (μM)

Dark Light (414 nm, 10 J/cm2)

G361 24 h 9.0 ± 1.4 0.6 ± 0.1
72 h 5.6 ± 0.5 0.2 ± 0.0

ARN8 24 h 9.2 ± 0.9 0.5 ± 0.1
72 h 7.3 ± 1.8 0.2 ± 0.1
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ROS-mediated mild dark cytotoxicity of 15. HO-1 induction was
observed for various photosensitizers [49,54,55].

The primary consequence of increased ROS levels is the induction of
cell death. In order to distinguish between the proapoptotic or prone-
crotic effects of 15, we analyzed several markers of apoptosis (Fig. 5).
The cleavage of the protein PARP-1, which was observed in G361 cell
line, together with the cleavage of procaspase 9, the disappearance of
the antiapoptotic proteins Bcl-2 and Mcl-1 and, conversely, the increase
and cleavage of the proapoptotic protein BAX, clearly indicates an
apoptosis-inducing effect of 15 in this experimental setup. The same
trend was also observed in the ARN8 cell line, with one exception: 15 in
combination with blue light upregulated the level of Mcl-1 by a mech-
anism not elucidated in this study.

Compound 15-induced apoptosis was further investigated in a

follow-up experiment, where melanoma cells treated with two concen-
trations of 15 (0.5 and 1 μM) were irradiated with increasing doses of
blue light (Fig. 6A,C) and was further confirmed by flow cytometry
analysis (Fig. 6B,D). While in 15-treated samples we observed a light
energy dose-dependent enrichment of the cell population in the subG1
phase of the cell cycle, corresponding to the cells ongoing cell death,
untreated and/or unirradiated samples were unaffected and the number
of cells in the subG1 phase was insignificant. Although no significant
alterations in cell cycle phase distribution were observed in G361 cells
(Fig. S3), the induction of G2/M arrest was detected in ARN8 cells
(Fig. S4) under several experimental conditions. This finding correlated
with the appearance of elevated phosphorylation of H2AX at Ser139
(γH2AX), a known marker of DNA damage. Similar effects were
observed with indole-pyrazole hybrids reported recently [49].

Fig. 3. Cytotoxicity of compound 15 is dependent on the intensity of blue light (414 nm) in G361 (A) and ARN8 (B).

Fig. 4. Production of reactive oxygen species (ROS) in G361 (A) and ARN8 (B) cells treated with 15 and irradiated with indicated energy doses of blue light in the
absence/presence of N-acetylcysteine (NAC). Relative fluorescence units (RFU) were normalised to the untreated control sample kept in the dark. Pyocyanin (P) was
used as a control at a concentration of 4 μM.

Fig. 5. Analysis of protein expression in G361 (A) and ARN8 (B) cells treated with 15 and exposed to blue light (414 nm, 10 J/cm2). Cells were treated with 15 for 4
h, irradiated and then incubated for another 20 h. GAPDH was used as a control for equal protein loading.
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To independently confirm the extent of DNA damage induced by 15,
analysis of DNA fragmentation by the comet assay (Fig. 7), a method

used for evaluation of DNA damage caused, amongst other, by different
photosensitizers [56], was performed. While 0.5 μM 15 alone did not
affect DNA integrity, in combination with irradiation 15 disrupted
cellular DNA, resulting in an elevated amount of DNA in the comet tails.

Cell cycle arrest enabling DNA repair or induction of apoptosis is
often promoted by p53 activation. The slightly increased levels of p53
before its complete vanishing observed in ARN8 cells (Figs. 5B and 6C)
led us to utilize A375-derived ARN8 cells stably transfected with a p53-
responsive reporter construct. This approach enabled the analysis of p53
transcriptional activity by measuring β-galactosidase activity. The re-
sults clearly showed an escalation in transcriptional activity of p53 after
treatment with 15 and exposure to blue light (Fig. 8). The drop of the
activity at the higher tested concentrations of 15 correlates with the
disappearance of the protein observed in immunoblotting analysis

Fig. 6. Analysis of protein expression (A, C) and flow cytometry evaluation of subG1 population (B, D) in G361 (A, B) and ARN8 (C, D) cells treated with 15 and
exposed to increasing energies of blue light (414 nm). Cells were treated with 15 for 4 h, irradiated and then incubated for another 20 h. GAPDH was used as a control
for equal protein loading.

Fig. 7. DNA damage detected by a comet assay in G361 cells. (A) Percentual
DNA content in the comet heads (nuclei) and tails of G361 cells treated with 15
(0.5 μM) and irradiated with indicated doses of blue light (414 nm). (B)
Representative figures of DNA damage in G361 cells visualized by SYBR Green.

Fig. 8. Effect of 15 on p53-dependent transcription in ARN8 cells stably
transfected with a p53-responsive β-galactosidase reporter construct. ARN8
cells were treated with increasing concentrations of 15 for 4 h, irradiated with
indicated energy doses of blue light (414 nm) and incubated for further 20 h.
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(Fig. 6C). Although the role of p53 in the response of cancer cells to
photodynamic therapy has not been clearly elucidated [57], a higher
sensitivity of p53-positive cells to PTD has been reported, for example in
a study with 5-aminolevulinic acid [56].

3. Conclusions

This study describes an efficient synthesis of 2-phenylethenyl-1H-
benzo[e]indoles through a Knoevenagel-type reaction using commer-
cially available 1,1,2-trimethyl-1H-benzo[e]indole 1 and variously
substituted benzaldehydes. Most synthesized compounds exhibited
photocytotoxicity upon irradiation with blue light, with efficacy highly
dependent on the substitution pattern of the compound. Structure-
activity relationship analysis revealed that compounds with electron-
withdrawing groups, such as nitro and cyano substituents, generally
demonstrated higher photo-induced cytotoxicity, whereas those with
electron-donating groups were less effective.

Compound 15, in particular, showed notable effectiveness, exhibit-
ing a significant increase in cytotoxicity under blue light exposure
compared to dark conditions. Furthermore, the cytotoxicity of com-
pound 15 was found to be light energy-dependent, with higher irradi-
ation doses resulting in more pronounced effects. The strong photo-
induced activity of compound 15 was linked to increased ROS genera-
tion and subsequent induction of apoptosis, as evidenced by changes in
specific protein markers.

Overall, these findings enhance our understanding of the com-
pounds’ photocytotoxic properties, lay a foundation for further opti-
mization of this type of photosensitizers for cancer treatment,
underscore therapeutic potential of blue light, and suggest potential
pathways for improving photodynamic therapy.

4. Experimental

4.1. Chemistry

4.1.1. General
All chemicals and solvents were purchased from commercial sup-

pliers and used without further purification unless otherwise specified.
The 1H, 13C NMR spectra were recorded in CDCl3 solutions at 25 ◦C on a
Bruker Avance III 700 (700 MHz for 1H, 176 MHz for 13C, 71 MHz for
15N) spectrometer equipped with a 5 mm TCI 1H–13C/15N/D z-gradient
cryoprobe (Bruker BioSpin GmbH, Rheinstetten, Germany). The chem-
ical shifts, expressed in ppm, were relative to tetramethylsilane (TMS).
The 15N NMR spectra were referenced to neat, external nitromethane.
The 19F NMR spectra (376 MHz, absolute referencing via Ξ ratio) were
recorded on a Bruker Avance III 400 spectrometer (Bruker BioSpin AG,
Fällanden, Switzerland) with a ′directly’ detecting broadband observe
probe (BBO). The chemical shifts (δ), expressed in ppm, were relative to
tetramethylsilane (TMS). FT-IR spectra were collected using the ATR
method on a Bruker Vertex 70v spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) with an integrated Platinum ATR accessory. The
melting points of crystalline compounds were determined in open
capillary tubes (temperature gradient – 2 ◦C/min) with a Buchi M − 565
apparatus (Büchi Labortechnik AG, Flawil, Switzerland) and are un-
corrected. High-resolution mass spectrometry (HRMS) spectra were
obtained in ESI mode with a Bruker MicrOTOF-Q III spectrometer
(Bruker Daltonik GmbH, Bremen, Germany). Reactions were performed
in Teflon cap sealed 10 mL glass vials with magnetic stirring. Reaction
progress was monitored by TLC analysis on Macherey-Nagel™ ALU-
GRAM® Xtra SIL G/UV254 plates (Macherey-Nagel GmbH & Co., Düren,
Germany). TLC plates were visualized with UV light (wavelengths 254
and 365 nm). Compounds were purified by flash chromatography in a
glass column (stationary phase – silica gel 60, 0.063–0.200 mm, 70–230
mesh ASTM, supplier Merck KGaA, Darmstadt, Germany). The UV–Vis
spectra were recorded on a Shimadzu 2600 UV/Vis spectrophotometer
(Shimadzu Corporation, Japan). The fluorescence spectra were recorded

on an FLS920 fluorescence spectrometer from Edinburgh Instruments
(Edinburgh Analytical Instruments Limited, Edinburgh, UK). All the
optical measurements were performed at room temperature under
ambient conditions.

4.1.2. General procedure for the synthesis of compounds 2-21
1,1,2-Trimethyl-1H-benzo[e]indole 1 (1 mmol, 1 eq.) was dissolved

in ethanol (2 mL) and appropriate benzaldehyde (1–1.5 mmol, 1–1.5
eq.), piperidine (90 μL) and acetic acid (100 μL) were added. The re-
action mixture was stirred at reflux for 24 h. Upon cooling, the solvent
was removed under reduced pressure and the residue was subjected to
column chromatography on silica gel or the resulting crystals were
filtered, washed with ethanol, and dried.

4.1.2.1. 1,1-Dimethyl-2-[(E)-2-phenylethenyl]-1H-benzo[e]indole (2).
Compound 2 was synthesized according to the General procedure using
benzaldehyde (0.15 mL, 1.5 mmol). After flash chromatography on sil-
ica gel (eluent – n-hexane/ethyl acetate 9/1 v/v), 2 was obtained as a
yellow solid (233 mg, 83 % yield). M.p. 104–105 ◦C. Rf = 0.38 (n-hex-
ane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.06 (d, J =

8.3 Hz, 1H, 9-H), 7.95 (d, J= 6.9 Hz, 1H, 6-H), 7.90–7.83 (m, 3H, 4,5-H,
–CH––CH-Ph), 7.65 (d, J= 7.4 Hz, 2H, Ph 2,6-H), 7.56 (ddd, J= 8.2, 6.7,
1.3 Hz, 1H, 8-H), 7.45 (ddd, J = 8.1, 6.8, 1.1 Hz, 1H, 7-H), 7.41 (t, J =
7.6 Hz, 2H, Ph 3,5-H), 7.38–7.33 (m, 1H, Ph 4-H), 7.15 (d, J = 16.2 Hz,
1H, -CH––CH-Ph), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
185.0 (C-2), 151.2 (C-3a), 139.5 (C-9b), 137.6 (-CH––CH-Ph), 136.1 (Ph
C-1), 132.6 (C-5a), 129.7 (C-6a), 129.3 (Ph C-4), 129.2 (C-5), 128.9 (Ph
C-3,5), 128.5 (C-9a), 127.5 (Ph C-2,6), 126.4 (C-8), 124.6 (C-7), 122.8
(C-9), 120.4 (C-4), 119.1 (-CH––CH-Ph), 54.4 (C-1), 23.1 (1-(CH3)2). 15N
NMR (71 MHz, CDCl3): δ − 74.8 (N-3). IR (ATR): ν = 3056 (m), 3038 (w),
3023 (w), 2977 (m), 2968 (m), 2931 (m), 2868 (w) cm− 1 (CHarom,
CHaliph). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C22H20N: 298.1590,
found: 298.1592.

4.1.2.2. 2-[(E)-2-(4-Methoxyphenyl)ethenyl]-1,1-dimethyl-1H-benzo[e]
indole (3). Compound 3 was synthesized according to the General
procedure using 4-methoxybenzaldehyde (0.18 mL, 1.5 mmol). After
flash chromatography on silica gel (eluent – n-hexane/ethyl acetate 6/1
v/v), 3was obtained as a yellow-orange solid (168 mg, 52 % yield). M.p.
135–137 ◦C. Rf = 0.19 (n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700
MHz, CDCl3): δ 8.04 (d, J = 8.4 Hz, 1H, 9-H), 7.94 (d, J = 8.2 Hz, 1H, 6-
H), 7.89–7.80 (m, 3H, 4,5-H, –CH––CH-Ph), 7.59 (d, J = 8.7 Hz, 2H, Ph
2,6-H), 7.57–7.52 (m, 1H, 8-H), 7.46–7.41 (m, 1H, 7-H), 7.01 (d, J =

16.2 Hz, 1H, -CH––CH-Ph), 6.93 (d, J = 8.7 Hz, 2H, Ph 3,5-H), 3.83 (s,
3H, –OCH3), 1.68 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 185.4
(C-2), 160.7 (Ph C-4), 151.3 (C-3a), 139.3 (C-9b), 137.3 (-CH––CH-Ph),
132.4 (C-5a), 129.7 (C-6), 129.1 (Ph C-2,6), 129.0 (C-5), 128.9 (Ph C-1),
128.5 (C-9a), 126.3 (C-8), 124.4 (C-7), 122.7 (C-9), 120.3 (C-4), 116.8
(-CH––CH-Ph), 114.4 (Ph C-3,5), 55.4 (-OCH3), 54.3 (C-1), 23.2 (1-
(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 78.4 (N-3). IR (ATR): ν = 3043
(m), 3001 (w), 2973 (m), 2960 (m), 2931 (m), 2867 (w), 2833 (w) cm− 1

(CHarom, CHaliph). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C23H22NO:
328.1696, found: 328.1698.

4.1.2.3. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-N,N-
dimethylaniline (4), previously reported in Ref. [25]. Compound 4 was
synthesized using 4-(dimethylamino)benzaldehyde (212 mg, 1.5 mmol).
After flash chromatography on silica gel (eluent – n-hexane/ethyl ace-
tate 6/1 v/v), 4 was obtained as a reddish-brown amorphous material
(68 mg, 21 % yield). Rf = 0.13 (n-hexane/ethyl acetate 6/1 v/v). 1H
NMR (700 MHz, CDCl3): δ 8.05 (d, J = 9.4 Hz, 1H, 9-H), 7.93 (d, J = 9.5
Hz, 1H, 6-H), 7.87–7.79 (m, 3H, 4,5-H, –CH––CH-Ph), 7.54 (t, J = 8.3
Hz, 3H, Ph 3,5-H, 8-H), 7.45–7.40 (m, 1H, 7-H), 6.93 (d, J = 16.1 Hz,
1H, -CH––CH-Ph), 6.72 (d, J = 8.8 Hz, 2H, Ph 2,6-H), 3.02 (s, 6H, –N
(CH3)2), 1.68 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 185.9
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(C-2), 151.6 (C-3a), 151.2 (Ph C-1), 139.1 (C-9b), 138.2 (-CH––CH-Ph),
132.3 (C-5a), 129.7 (C-6), 129.1 (Ph C-3,5), 129.0 (C-5), 128.6 (C-9a),
126.2 (C-8), 124.2 (C-7), 124.1 (Ph C-4), 122.7 (C-9), 120.2 (C-4), 114.1
(-CH––CH-Ph), 112.1 (Ph C-2,6), 54.2 (C-1), 40.2 (-N(CH3)2), 23.5
(1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 83.4 (N-3), − 330.0 (N
(CH3)2). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C24H25N2: 341.2012,
found: 341.2010.

4.1.2.4. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-N,N-
diethylaniline (5). Compound 5 was synthesized using 4-(diethylamino)
benzaldehyde (254 mg, 1.5 mmol). After flash chromatography on silica
gel (eluent – n-hexane/ethyl acetate 4/1 v/v), 5was obtained as a brown
amorphous material (55 mg, 16 % yield). Rf = 0.26 (n-hexane/ethyl
acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.05 (d, J= 8.2 Hz, 1H, 9-
H), 7.93 (d, J = 8.1 Hz, 1H, 6-H), 7.87–7.81 (m, 2H, 4,5-H), 7.80 (d, J =
16.1 Hz, 1H, –CH––CH-Ph), 7.56–7.50 (m, 3H, 8-H, Ph 3,5-H),
7.45–7.40 (m, 1H, 7-H), 6.90 (d, J = 16.0 Hz, 1H, -CH––CH-Ph), 6.68
(d, J = 8.8 Hz, 2H, Ph 2,6-H), 3.41 (q, J = 7.1 Hz, 4H, –N(CH2CH3)2),
1.68 (s, 6H, 1-(CH3)2), 1.20 (t, J = 7.1 Hz, 6H, –N(CH2CH3)2). 13C NMR
(176 MHz, CDCl3): δ 186.1 (C-2), 151.6 (C-3a), 148.7 (Ph C-1), 139.1 (C-
9b), 138.3 (-CH––CH-Ph), 132.2 (C-5a), 129.7 (C-6), 129.4 (Ph C-3,5),
129.0 (C-5), 128.6 (C-9a), 126.2 (C-8), 124.1 (C-7), 123.2 (Ph C-4),
122.7 (C-9), 120.2 (C-4), 113.5 (-CH––CH-Ph), 111.5 (Ph C-2,6), 54.2
(C-1), 44.5 (-N(CH2CH3)2), 23.5 (1-(CH3)2), 12.6 (-N(CH2CH3)2). 15N
NMR (71 MHz, CDCl3): δ − 84.6 (N-3), − 300.4 (N(CH2CH3)2). IR (ATR):
ν = 3030 (w), 2970 (s), 2928 (m), 2889 (w), 2869 (w) cm− 1 (CHarom,
CHaliph). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C26H29N2: 369.2325,
found: 369.2322.

4.1.2.5. 2-[(E)-2-(4-Bromophenyl)ethenyl]-1,1-dimethyl-1H-benzo[e]
indole (6). Compound 6 was synthesized according to the General
procedure using 4-bromobenzaldehyde (278 mg, 1.5 mmol). After flash
chromatography on silica gel (eluent – n-hexane/ethyl acetate 6/1 v/v),
6 was obtained as a yellow-orange solid (294 mg, 77 % yield). M.p.
140–141 ◦C. Rf = 0.41 (n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700
MHz, CDCl3): δ 8.05 (d, J = 8.4 Hz, 1H, 9-H), 7.96 (d, J = 8.7 Hz, 1H, 6-
H), 7.91–7.83 (m, 2H, 4,5-H), 7.78 (d, J = 16.2 Hz, 1H, –CH––CH-Ph),
7.59–7.44 (m, 6H, Ph 2,3,5,6-H, 7,8-H), 7.12 (d, J = 16.2 Hz, 1H,
-CH––CH-Ph), 1.68 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
184.7 (C-2), 151.1 (C-3a), 139.5 (C-9b), 136.2 (-CH––CH-Ph), 135.0 (Ph
C-1), 132.6 (C-5a), 132.1 (Ph C-3,5), 129.7 (C-6), 129.2 (C-5), 128.9 (Ph
C-2,6), 128.5 (C-9a), 126.4 (C-8), 124.7 (C-7), 123.3 (Ph C-4), 122.8 (C-
9), 120.4 (C-4), 119.6 (-CH––CH-Ph), 54.4 (C-1), 23.0 (1-(CH3)2). 15N
NMR (71 MHz, CDCl3): δ − 73.6 (N-3). IR (ATR): ν = 3049 (w), 2968 (s),
2927 (m), 2866 (w) cm− 1 (CHarom, CHaliph). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C22H19BrN: 376.0695, found: 376.0693.

4.1.2.6. 1,1-Dimethyl-2-[(E)-2-(4-nitrophenyl)ethenyl]-1H-benzo[e]
indole (7). Compound 7 was synthesized according to the General
procedure using 4-nitrobenzaldehyde (227 mg, 1.07 mmol). Yellow-
orange solid (267 mg, 76 % yield). M.p. 215–216 ◦C. Rf = 0.26 (n-
hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.29–8.25
(m, 2H, Ph 3,5-H), 8.07 (d, J= 8.4 Hz, 1H, 9-H), 7.97 (d, J= 7.1 Hz, 1H,
6-H), 7.92–7.86 (m, 3H, 4,5-H, –CH––CH-Ph), 7.77 (d, J = 8.7 Hz, 2H,
Ph 2,6-H), 7.61–7.56 (m, 1H, 8-H), 7.52–7.47 (m, 1H, 7-H), 7.27 (d, J =
16.2 Hz, 1H, -CH––CH-Ph), 1.71 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz,
CDCl3): δ 184.0 (C-2), 151.0 (C-3a), 147.7 (Ph C-4), 142.4 (Ph C-1),
139.8 (C-9b), 134.6 (-CH––CH-Ph), 132.9 (C-5a), 129.8 (C-6), 129.4 (C-
5), 128.4 (C-9a), 128.0 (Ph C-2,6), 126.6 (C-8), 125.0 (C-7), 124.3 (Ph C-
3,5), 123.1 (-CH––CH-Ph), 122.9 (C-9), 120.5 (C-4), 54.5 (C-1), 22.9 (1-
(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 67.8 (N-3), − 13.1 (-NO2). IR
(ATR): ν = 1509 (vs), 1342 (s) cm− 1 (-NO2). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C22H19N2O2: 343.1441, found: 343.1440.

4.1.2.7. 1,1-Dimethyl-2-[(E)-2-(3-nitrophenyl)ethenyl]-1H-benzo[e]
indole (8). Compound 8 was synthesized according to the General
procedure using 3-nitrobenzaldehyde (180 mg, 1.2 mmol). Yellow solid
(280 mg, 82 % yield). M.p. 176–177 ◦C. Rf = 0.11 (n-hexane/ethyl ac-
etate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.51 (s, 1H, Ph 2-H), 8.20
(d, J = 8.1 Hz, 1H, Ph 6-H), 8.07 (d, J = 8.4 Hz, 1H, 9-H), 7.97 (d, J =
8.2 Hz, 1H, 6-H), 7.93–7.85 (m, 4H, Ph 4-H, –CH––CH-Ph, 4,5-H),
7.62–7.57 (m, 2H, Ph 5-H, 8-H), 7.51–7.47 (m, 1H, 7-H), 7.25 (d, J =

16.2 Hz, 1H, -CH––CH-Ph), 1.72 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz,
CDCl3): δ 184.1 (C-2), 151.0 (C-3a), 148.8 (Ph C-1), 139.7 (C-9b), 137.9
(Ph C-3), 134.6 (-CH––CH-Ph), 133.4 (Ph C-4), 132.8 (C-5a), 129.9 (Ph
C-5), 129.8 (C-6), 129.4 (C-5), 128.5 (C-9a), 126.6 (C-8), 124.9 (C-7),
123.5 (Ph C-6), 122.9 (C-9), 121.8 (-CH––CH-Ph), 121.6 (Ph C-2), 120.5
(C-4), 54.5 (C-1), 22.9 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 69.8
(N-3), − 12.9 (-NO2). IR (ATR): ν = 1522 (vs), 1346 (s) cm− 1 (-NO2).
HRMS (ESI-TOF) m/z [M+H]+ calcd. for C22H19N2O2: 343.1441, found:
343.1439.

4.1.2.8. 1,1-Dimethyl-2-[(E)-2-(2-nitrophenyl)ethenyl]-1H-benzo[e]
indole (9). Compound 9 was synthesized according to the General
procedure using 2-nitrobenzaldehyde (181 mg, 1.2 mmol). After flash
chromatography on silica gel (eluent – n-hexane/ethyl acetate 5/3 v/v),
9 was obtained as yellow-orange amorphous material (174 mg, 51 %
yield). Rf = 0.66 (n-hexane/ethyl acetate 1/1 v/v). 1H NMR (700 MHz,
CDCl3): δ 8.16 (d, J = 16.5 Hz, 1H, –CH––CH-Ph), 8.10 (d, J = 8.4 Hz,
1H, 9-H), 8.07 (d, J= 7.9 Hz, 1H, Ph 3-H), 7.97 (d, J= 8.2 Hz, 1H, 6-H),
7.90 (d, J = 8.5 Hz, 1H, 5-H), 7.87 (d, J = 8.4 Hz, 1H, 4-H), 7.84 (d, J =
7.2 Hz, 1H, Ph 6-H), 7.69 (t, J= 7.5 Hz, 1H, Ph 5-H), 7.59 (t, J= 7.4 Hz,
1H, 8-H), 7.54–7.47 (m, 2H, 7-H, Ph 4-H), 7.18 (d, J = 16.5 Hz, 1H,
-CH––CH-Ph), 1.77 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
184.2 (C-2), 150.9 (C-3a), 148.2 (Ph C-1), 140.6 (C-9b), 133.5 (Ph C-5),
133.0 (C-5a), 132.4 (-CH––CH-Ph), 132.3 (Ph C-2), 129.8 (C-6), 129.33
(C-5), 129.32 (Ph C-4), 128.5 (Ph C-6), 128.3 (C-9a), 126.5 (C-8), 125.9
(-CH––CH-Ph), 125.1 (Ph C-3), 125.0 (C-7), 122.9 (C-9), 120.6 (C-4),
54.6 (C-1), 23.7 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 61.2 (N-3),
− 8.8 (-NO2). IR (ATR): ν = 1514 (vs), 1336 (s) cm− 1 (-NO2). HRMS (ESI-
TOF) m/z [M+H]+ calcd. for C22H19N2O2: 343.1441, found: 343.1442.

4.1.2.9. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]benzoni-
trile (10). Compound 10 was synthesized according to the General
procedure using 4-cyanobenzaldehyde (196 mg, 1.5 mmol). After flash
chromatography on silica gel (eluent – 100 % dichloromethane to n-
hexane/ethyl acetate 3/1 v/v), 10 was obtained as a yellow solid (306
mg, 95 % yield). M.p. 203–204 ◦C. Rf = 0.21 (n-hexane/ethyl acetate 6/
1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.06 (d, J = 8.4 Hz, 1H, 9-H), 7.97
(d, J = 8.2 Hz, 1H, 6-H), 7.90 (d, J = 8.5 Hz, 1H, 5-H), 7.87 (d, J = 8.5
Hz, 1H, 4-H), 7.83 (d, J = 16.2 Hz, 1H, –CH––CH-Ph), 7.72 (d, J = 8.4
Hz, 2H), Ph 3,5-H), 7.69 (d, J = 8.4 Hz, 2H, Ph 2,6-H), 7.58 (ddd, J =

8.3, 6.7, 1.3 Hz, 1H, 8-H), 7.49 (ddd, J= 8.0, 6.8, 1.1 Hz, 1H, 7-H), 7.22
(d, J= 16.3 Hz, 1H, -CH––CH-Ph), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176
MHz, CDCl3): δ 184.1 (C-2), 151.0 (C-3a), 140.5 (Ph C-4), 139.8 (C-9b),
135.1 (-CH––CH-Ph), 132.8 (C-5a), 132.6 (Ph C-2,6), 129.8 (C-6), 129.4
(C-5), 128.4 (C-9a), 127.8 (Ph C-3,5), 126.6 (C-8), 125.0 (C-7), 122.9 (C-
9), 122.4 (-CH––CH-Ph), 120.5 (C-4), 118.7 (-CN), 112.2 (Ph C-1), 54.5
(C-1), 22.9 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 68.9 (N-3), –CN
not found. IR (ATR): ν = 2225 (vs) cm− 1 (-CN). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C23H19N2: 323.1543, found: 323.1540.

4.1.2.10. 3-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]benzoni-
trile (11), previously reported in Ref. [58]. Compound 11 was synthe-
sized according to the General procedure using 3-formylbenzonitrile
(156 mg, 1.2 mmol). After flash chromatography on silica gel (eluent
– n-hexane/ethyl acetate 5/3 v/v), 11 was obtained as a yellow-orange
solid (209 mg, 65 %). M.p. 129–130 ◦C. Rf = 0.11 (n-hexane/ethyl ac-
etate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.06 (d, J = 8.4 Hz, 1H,
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9-H), 7.97 (d, J = 8.1 Hz, 1H, 6-H), 7.93–7.79 (m, 5H, 4,5-H, Ph 2,4-H,
–CH––CH-Ph), 7.63 (d, J = 7.7 Hz, 1H, Ph 6-H), 7.61–7.56 (m, 1H, 8-H),
7.53 (t, J = 7.7 Hz, 1H, Ph 5-H), 7.51–7.46 (m, 1H, 7-H), 7.17 (d, J =

16.2 Hz, 1H, -CH––CH-Ph), 1.70 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz,
CDCl3): δ 184.1 (C-2), 151.0 (C-3a), 139.7 (C-9b), 137.4 (Ph C-3), 134.7
(-CH––CH-Ph), 132.8 (C-5a), 132.1 (Ph C-6), 131.5 (Ph C-4), 130.7
(C-5), 129.79 (Ph C-5), 129.76 (C-6), 129.4 (C-5), 128.5 (C-9a), 126.5
(C-8), 124.9 (C-7), 122.9 (C-9), 121.4 (-CH––CH-Ph), 120.4 (C-4), 118.5
(-CN), 113.3 (Ph C-1), 54.5 (C-1), 22.9 (1-(CH3)2). 15N NMR (71 MHz,
CDCl3): δ − 70.8 (N-3), –CN not found. IR (ATR): ν = 2225 (vs) cm− 1

(-CN). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C23H19N2: 323.1543,
found: 323.1541.

4.1.2.11. 1,1-Dimethyl-2-{(E)-2-[4-(trifluoromethyl)phenyl]ethenyl}-1H-
benzo[e]indole (12). Compound 12 was synthesized according to the
General procedure using 4-(trifluoromethyl)benzaldehyde (0.16 mL,
1.2 mmol). Yellow solid (92 mg, 25 % yield). M.p. 156–157 ◦C. Rf= 0.37
(n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.07 (d,
J = 8.4 Hz, 1H, 9-H), 7.97 (d, J = 8.2 Hz, 1H, 6-H), 7.92–7.84 (m, 3H,
4,5-H, –CH––CH-Ph), 7.74 (d, J= 8.0 Hz, 2H, Ph 2,6-H), 7.67 (d, J= 8.0
Hz, 2H, Ph 3,5-H), 7.61–7.56 (m, 1H, 8-H), 7.48 (t, J= 7.5 Hz, 1H, 7-H),
7.21 (d, J= 16.2 Hz, 1H, -CH––CH-Ph), 1.70 (s, 6H, 1-(CH3)2). 13C NMR
(176 MHz, CDCl3): δ 184.4 (C-2), 151.1 (C-3a), 139.7 (C-9b), 139.5 (Ph
C-1), 135.7 (-CH––CH-Ph), 132.8 (C-5a), 130.7 (q, 2JCF = 32.5 Hz, Ph C-
4), 129.8 (C-6), 129.3 (C-5), 128.5 (C-9a), 127.6 (Ph C-2,6), 126.5 (C-8),
125.9 (q, 3JCF = 3.8 Hz, Ph C-3,5), 124.8 (C-7), 124.0 (q, 1JCF = 272.0
Hz, -CF3), 122.8 (C-9), 121.4 (-CH––CH-Ph), 120.5 (C-4), 54.5 (C-1),
23.0 (1-(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 62.7 (CF3). 15N NMR
(71 MHz, CDCl3): δ − 70.6 (N-3). IR (ATR): ν = 3047 (m), 2978 (m),
2934 (m), 2869 (w) cm− 1 (CHarom, CHaliph). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C23H19F3N: 366.1464, found: 366.1467.

4.1.2.12. 1,1-Dimethyl-2-{(E)-2-[3-(trifluoromethyl)phenyl]ethenyl}-1H-
benzo[e]indole (13). Compound 13 was synthesized according to the
General procedure using 3-(trifluoromethyl)benzaldehyde (0.2 mL, 1.5
mmol). After flash chromatography on silica gel (eluent – n-hexane/
ethyl acetate 6/1 v/v), 13 was obtained as a yellow amorphous material
(310 mg, 85 % yield). Rf = 0.36 (n-hexane/ethyl acetate 6/1 v/v). 1H
NMR (700 MHz, CDCl3): δ 8.07 (d, J = 8.0 Hz, 1H, 9-H), 7.96 (d, J = 8.2
Hz, 1H, 6-H), 7.92–7.84 (m, 4H, 4,5-H, Ph 2-H, –CH––CH-Ph), 7.79 (d, J
= 7.7 Hz, 1H, Ph 6-H), 7.62–7.51 (m, 3H, Ph 4,5-H, 8-H), 7.50–7.45 (m,
1H, 7-H), 7.19 (d, J= 16.2 Hz, 1H, -CH––CH-Ph), 1.71 (s, 6H, 1-(CH3)2).
13C NMR (176 MHz, CDCl3): δ 184.4 (C-2), 151.1 (C-3a), 139.7 (C-9b),
136.9 (Ph C-1), 135.7 (-CH––CH-Ph), 132.7 (C-5a), 131.4 (q, 2JCF =

32.3 Hz, Ph C-3), 130.7 (Ph C-6), 129.7 (C-6), 129.4 (q, 3JCF = 3.8 Hz, Ph
C-2), 129.3 (C-5), 128.5 (C-9a), 126.5 (C-8), 125.6 (q, 3JCF = 3.7 Hz, Ph
C-4), 124.8 (C-7), 124.0 (q, 1JCF = 272.4 Hz, -CF3), 123.9 (q, 3JCF = 3.8
Hz, Ph C-2), 122.9 (C-9), 120.9 (-CH––CH-Ph), 120.4 (C-4), 54.5 (C-1),
23.0 (1-(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 62.8 (CF3). 15N NMR
(71 MHz, CDCl3): δ − 71.4 (N-3). IR (ATR): ν = 3059 (w), 2975 (m), 2932
(m), 2870 (w) cm− 1 (CHarom, CHaliph). HRMS (ESI-TOF) m/z [M+H]+

calcd. for C23H19F3N: 366.1464, found: 366.1466.

4.1.2.13. 2-[(E)-2-(4-Fluorophenyl)ethenyl]-1,1-dimethyl-1H-benzo[e]
indole (14). Compound 14 was synthesized according to the General
procedure I using 4-fluorobenzaldehyde (0.15 mL, 1.5 mmol). After
flash chromatography on silica gel (eluent – n-hexane/ethyl acetate 6/1
v/v), 14 was obtained as a yellow amorphous material (216 mg, 69 %
yield). Rf = 0.46 (n-hexane/ethyl acetate 4/1 v/v). 1H NMR (700 MHz,
CDCl3): δ 8.05 (d, J = 8.4 Hz, 1H, 9-H), 7.95 (d, J = 8.3 Hz, 1H, 6-H),
7.89–7.84 (m, 2H, 4,5-H), 7.82 (d, J = 16.2 Hz, 1H, –CH––CH-Ph),
7.63–7.59 (m, 2H, Ph 2,6-H), 7.58–7.53 (m, 1H, 8-H), 7.47–7.42 (m, 1H,
7-H), 7.12–7.07 (m, 2H, Ph 3,5-H), 7.05 (d, J = 16.2 Hz, 1H, -CH––CH-
Ph), 1.68 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 184.9 (C-2),
163.3 (d, 1JCF = 249.9 Hz, Ph C-4), 151.2 (C-3a), 139.4 (C-9b), 136.3

(-CH––CH-Ph), 132.6 (C-5a), 132.4 (d, 4JCF = 3.3 Hz, Ph C-1), 129.7 (C-
6), 129.21 (d, 3JCF = 7.9 Hz, Ph C-2,6), 129.19 (C-5), 128.5 (C-9a), 126.4
(C-8), 124.6 (C-7), 122.8 (C-9), 120.4 (C-4), 118.76 (d, 6JCF = 2.4 Hz,
-CH––CH-Ph), 116.0 (d, 2JCF = 21.7 Hz, Ph C-3,5), 54.4 (C-1), 23.1 (1-
(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 111.1). 15N NMR (71 MHz,
CDCl3): δ − 74.8 (N-3). IR (ATR): ν = 3068 (w), 3047 (w), 2971 (m),
2930 (w), 2868 (w) cm− 1 (CHarom, CHaliph). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C22H19FN: 316.1496, found: 316.1499.

4.1.2.14. 2-[(E)-2-(4-Methoxy-3-nitrophenyl)ethenyl]-1,1-dimethyl-1H-
benzo[e]indole (15). Compound 15 was synthesized according to the
General procedure using 4-methoxy-3-nitrobenzaldehyde (216 mg, 1.2
mmol). Orange solid (287 mg, 77 % yield). M.p. 197–198 ◦C. Rf = 0.33
(n-hexane/ethyl acetate 1/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.16 (d,
J = 2.3 Hz, 1H, Ph 2-H), 8.06 (d, J = 8.4 Hz, 1H, 9-H), 7.96 (d, J = 8.2
Hz, 1H, 6-H), 7.89 (d, J= 8.5 Hz, 1H, 5-H), 7.85 (d, J= 8.5 Hz, 1H, 4-H),
7.79 (d, J= 16.2 Hz, 1H, –CH––CH-Ph), 7.78–7.76 (m, 1H, Ph 6-H), 7.58
(t, J= 7.5 Hz, 1H, 8-H), 7.47 (t, J= 7.5 Hz, 1H, 7-H), 7.14 (d, J= 8.7 Hz,
1H, Ph 5-H), 7.07 (d, J = 16.2 Hz, 1H, -CH––CH-Ph), 4.02 (s, 3H,
–OCH3), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 184.4 (C-
2), 153.3 (Ph C-4), 151.1 (C-3a), 140.0 (Ph C-3), 139.6 (C-9b), 134.4
(-CH––CH-Ph), 133.3 (Ph C-6), 132.7 (C-5a), 129.7 (C-6), 129.3 (C-5),
129.0 (Ph C-1), 128.5 (C-9a), 126.5 (C-8), 124.8 (C-7), 124.0 (Ph C-2),
122.8 (C-9), 120.4 (C-4), 119.6 (-CH––CH-Ph), 113.9 (Ph C-5), 56.8
(-OCH3), 54.4 (C-1), 23.0 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ
− 73.2 (N-3), − 12.7 (-NO2). IR (ATR): ν = 1528 (vs), 1348 (vs) cm− 1

(-NO2). HRMS (ESI-TOF)m/z [M+H]+ calcd. for C23H21N2O3: 373.1547,
found: 373.1550.

4.1.2.15. 1,1-Dimethyl-2-[(E)-2-(4-methyl-3-nitrophenyl)ethenyl]-1H-
benzo[e]indole (16). Compound 16 was synthesized according to the
General procedure using 4-methyl-3-nitrobenzaldehyde (247 mg, 1.5
mmol). Yellow solid (295 mg, 83 % yield). M.p. 185–186 ◦C. Rf = 0.19
(n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.25 (d,
J = 1.9 Hz, 1H, Ph 2-H), 8.07 (d, J = 8.4 Hz, 1H, 9-H), 7.96 (d, J = 8.2
Hz, 1H, 6-H), 7.90 (d, J= 8.5 Hz, 1H, 5-H), 7.86 (d, J= 8.5 Hz, 1H, 4-H),
7.83 (d, J= 16.2 Hz, 1H, –CH––CH-Ph), 7.73 (dd, J= 7.9, 1.9 Hz, 1H, Ph
6-H), 7.60–7.56 (m, 1H, 8-H), 7.50–7.45 (m, 1H, 7-H), 7.39 (d, J = 7.9
Hz, 1H, Ph 5-H), 7.18 (d, J = 16.2 Hz, 1H, -CH––CH-Ph), 2.64 (s, 3H, Ph
–CH3), 1.70 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 184.3 (C-2),
151.0 (C-3a), 149.6 (Ph C-3), 139.7 (C-9b), 135.5 (Ph C-1), 134.6
(-CH––CH-Ph), 134.2 (Ph C-4), 133.4 (Ph C-5), 132.8 (C-5a), 131.6 (Ph
C-6), 129.7 (C-6), 129.3 (C-5), 128.5 (C-9a), 126.5 (C-8), 124.8 (C-7),
123.0 (Ph C-2), 122.9 (C-9), 120.9 (-CH––CH-Ph), 120.4 (C-4), 54.5 (C-
1), 22.9 (1-(CH3)2), 20.5 (4-CH3 Ph). 15N NMR (71 MHz, CDCl3): δ − 70.9
(N-3), − 7.7 (-NO2). IR (ATR): ν = 1525 (vs), 1340 (s) cm− 1 (-NO2).
HRMS (ESI-TOF) m/z [M+H]+ calcd. for C23H21N2O2: 357.1598, found:
357.1595.

4.1.2.16. 2-[(E)-2-(4-Chloro-3-nitrophenyl)ethenyl]-1,1-dimethyl-1H-
benzo[e]indole (17). Compound 17 was synthesized according to the
General procedure using 4-chloro-3-nitrobenzaldehyde (222 mg, 1.2
mmol). Yellow solid (139 mg, 37 % yield). M.p. 179–180 ◦C. Rf = 0.14
(n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ 8.13 (s,
1H, Ph 2-H), 8.06 (d, J= 8.4 Hz, 1H, 9-H), 7.97 (d, J= 8.2 Hz, 1H, 6-H),
7.91 (d, J = 8.5 Hz, 1H, 5-H), 7.86 (d, J = 8.5 Hz, 1H, 4-H), 7.80 (d, J =
16.2 Hz, 1H, –CH––CH-Ph), 7.73 (d, J = 7.7 Hz, 1H, Ph 6-H), 7.61–7.57
(m, 2H, 8-H, Ph 5-H), 7.49 (t, J= 7.5 Hz, 1H, 7-H), 7.18 (d, J = 16.2 Hz,
1H, -CH––CH-Ph), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
183.8 (C-2), 151.0 (C-3a), 148.3 (Ph C-3), 139.8 (C-9b), 136.3 (Ph C-1),
133.4 (-CH––CH-Ph), 132.9 (C-5a), 132.4 (Ph C-5), 131.6 (Ph C-6),
129.8 (C-6), 129.4 (C-5), 128.5 (C-9a), 127.0 (Ph C-4), 126.6 (C-8),
125.0 (C-7), 123.7 (Ph C-2), 122.9 (C-9), 122.2 (-CH––CH-Ph), 120.5 (C-
4), 54.5 (C-1), 22.8 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ − 68.5 (N-
3), − 13.9 (-NO2). IR (ATR): ν = 1527 (vs), 1340 (s) cm− 1 (-NO2). HRMS
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(ESI-TOF) m/z [M+H]+ calcd. for C22H18ClN2O2: 377.1051, found:
377.1049.

4.1.2.17. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-2-fluo-
robenzonitrile (18). Compound 18 was synthesized according to the
General procedure using 4-cyano-3-fluorobenzaldehyde (148 mg, 1
mmol). After flash chromatography on silica gel (eluent – n-hexane/
ethyl acetate 5/3 v/v), 18 was obtained as a yellow-orange solid (80 mg,
24 % yield). M.p. 198–199 ◦C. Rf = 0.11 (n-hexane/ethyl acetate 6/1 v/
v). 1H NMR (700 MHz, CDCl3): δ 8.06 (d, J= 8.4 Hz, 1H, 9-H), 7.97 (d, J
= 8.2 Hz, 1H, 6-H), 7.91 (d, J= 8.5 Hz, 1H, 5-H), 7.87 (d, J= 8.5 Hz, 1H,
4-H), 7.79 (d, J = 16.2 Hz, 1H, –CH––CH-Ph), 7.65 (dd, J = 8.0, 6.5 Hz,
1H, Ph C-6), 7.62–7.57 (m, 1H, 8-H), 7.52–7.47 (m, 2H, 7-H, Ph 5-H),
7.45 (d, J = 9.8 Hz, 1H, Ph 3-H), 7.21 (d, J = 16.2 Hz, 1H, -CH––CH-
Ph), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ 183.6 (C-2),
163.4 (d, 1JCF = 259.1 Hz, Ph C-2), 150.9 (C-3a), 143.4 (d, 3JCF = 7.8 Hz,
Ph C-4), 139.9 (C-9b), 133.9 (d, 3JCF = 2.5 Hz, –CH––CH-Ph), 133.8 (Ph
C-6), 132.9 (C-5a), 129.8 (C-6), 129.5 (C-5), 128.4 (C-9a), 126.6 (C-8),
125.1 (C-7), 123.8 (d, 4JCF = 3.2 Hz, Ph C-5), 123.6 (-CH––CH-Ph),
122.9 (C-9), 120.5 (C-4), 114.4 (d, 2JCF = 20.1 Hz, Ph C-3), 113.9 (-CN),
101.1 (d, 2JCF = 15.7 Hz, Ph C-1), 54.5 (C-1), 22.8 (1-(CH3)2). 19F NMR
(376 MHz, CDCl3): δ − 106.1. 15N NMR (71 MHz, CDCl3): δ − 66.4 (N-3),
–CN not found. IR (ATR): ν = 2231 (s) cm− 1 (-CN). HRMS (ESI-TOF) m/z
[M+H]+ calcd. for C23H18FN2: 341.1449, found: 341.1446.

4.1.2.18. 2-{(E)-2-[3,5-Bis(trifluoromethyl)phenyl]ethenyl}-1,1-dimethyl-
1H-benzo[e]indole (19). Compound 19was synthesized according to the
General procedure using 3,5-bis(trifluoromethyl)benzaldehyde (0.19
mL, 1.2 mmol). Yellow solid (209 mg, 48 % yield). M.p. 162–163 ◦C. Rf
= 0.57 (n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3): δ
8.07 (d, J= 8.4 Hz, 1H, 9-H), 8.04 (s, 2H, Ph 2,6-H), 7.98 (d, J= 8.2 Hz,
1H, 6-H), 7.91 (d, J = 8.5 Hz, 1H, 5-H), 7.89–7.83 (m, 3H, 4-H, Ph 4-H,
–CH––CH-Ph), 7.62–7.57 (m, 1H, 8-H), 7.52–7.47 (m, 1H, 7-H), 7.25 (d,
J = 16.3 Hz, 1H, -CH––CH-Ph), 1.72 (s, 6H, 1-(CH3)2). 13C NMR (176
MHz, CDCl3): δ 183.8 (C-2), 151.0 (C-3a), 139.9 (C-9b), 138.3 (Ph C-1),
133.8 (-CH––CH-Ph), 132.9 (C-5a), 132.4 (q, 2JCF = 33.2 Hz, Ph C-3,5),
129.8 (C-6), 129.4 (C-5), 128.5 (C-9a), 127.0 (q, 3JCF = 3.7 Hz, Ph C-
2,6), 126.6 (C-8), 125.0 (C-7), 123.2 (q, 1JCF = 272.8 Hz, -CF3), 122.9
(C-9), 122.8 (-CH––CH-Ph), 122.3 (hept, 3JCF = 3.7 Hz, Ph C-4), 120.5
(C-4), 54.5 (C-1), 22.9 (1-(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 63.0
(CF3). 15N NMR (71 MHz, CDCl3): δ − 67.2 (N-3). IR (ATR): ν = 3045
(m), 2971 (m), 2917 (w), 2872 (w) cm− 1 (CHarom, CHaliph). HRMS (ESI-
TOF) m/z [M+H]+ calcd. for C24H18F6N: 434.1338, found: 434.1336.

4.1.2.19. 5-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-2-fluo-
robenzonitrile (20). Compound 20 was synthesized according to the
General procedure using 3-cyano-4-fluorobenzaldehyde (224 mg, 1.5
mmol). After flash chromatography on silica gel (eluent – n-hexane/
ethyl acetate 6/1 v/v), 20 was obtained as a orange amorphous material
(111 mg, 33 % yield). Rf = 0.13 (n-hexane/ethyl acetate 6/1 v/v). 1H
NMR (700 MHz, CDCl3): δ 8.06 (d, J = 8.3 Hz, 1H, 9-H), 7.97 (d, J = 8.3
Hz, 1H, 6-H), 7.92–7.81 (m, 4H, 4,5-H, Ph 4,6-H), 7.78 (d, J = 16.2 Hz,
1H, –CH––CH-Ph), 7.58 (t, J = 7.6 Hz, 1H, 8-H), 7.48 (t, J = 7.5 Hz, 1H,
7-H), 7.26 (d, J = 7.7 Hz, 1H, Ph 3-H), 7.09 (d, J = 16.2 Hz, 1H,
-CH––CH-Ph), 1.69 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
184.0 (C-2), 163.1 (d, 1JCF = 262.4 Hz, Ph C-2), 150.8 (C-3a), 139.6 (C-
9b), 133.69 (d, 3JCF = 6.7 Hz, Ph C-4), 133.66 (d, 4JCF = 3.9 Hz, Ph C-5),
133.6 (-CH––CH-Ph), 132.8 (C-5a), 132.0 (Ph C-6), 129.8 (C-6), 129.4
(C-5), 128.5 (C-9a), 126.6 (C-8), 125.0 (C-7), 122.9 (C-9), 121.1 (d, 6JCF
= 2.4 Hz, -CH––CH-Ph), 120.4 (C-4), 117.3 (d, 2JCF = 20.1 Hz, Ph C-3),
113.6 (-CN), 102.4 (d, 2JCF = 16.2 Hz, Ph C-1), 54.5 (C-1), 22.9 (1-
(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 105.7. 15N NMR (71 MHz,
CDCl3): δ − 70.8 (N-3), –CN not found. IR (ATR): ν = 2238 (s) cm− 1

(-CN). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C23H18FN2: 341.1449,
found: 341.1452.

4.1.2.20. 2-[(E)-2-(2-Chloro-5-nitrophenyl)ethenyl]-1,1-dimethyl-1H-
benzo[e]indole (21). Compound 21 was synthesized according to the
General procedure using 2-chloro-5-nitrobenzaldehyde (278 mg, 1.5
mmol). Yellow solid (289 mg, 77 % yield). M.p. 191–192 ◦C (decomp.).
Rf = 0.38 (n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700 MHz, CDCl3):
δ 8.65 (d, J= 2.6 Hz, 1H, Ph 6-H), 8.17–8.11 (m, 2H, –CH––CH-Ph, Ph 4-
H), 8.09 (d, J= 8.4 Hz, 1H, 9-H), 7.98 (d, J= 8.2 Hz, 1H, 6-H), 7.91 (d, J
= 8.5 Hz, 1H, 5-H), 7.89 (d, J= 8.5 Hz, 1H, 4-H), 7.62 (d, J= 8.7 Hz, 1H,
Ph 3-H), 7.59 (t, J = 7.6 Hz, 1H, 8-H), 7.50 (t, J= 7.4 Hz, 1H, 7-H), 7.28
(d, J= 16.3 Hz, 1H, -CH––CH-Ph), 1.74 (s, 6H, 1-(CH3)2). 13C NMR (176
MHz, CDCl3): δ 183.7 (C-2), 151.0 (C-3a), 146.9 (Ph C-5), 140.6 (Ph C-
2), 140.1 (C-9b), 135.9 (Ph C-1), 132.9 (C-5a), 131.1 (Ph C-3), 130.8
(-CH––CH-Ph), 129.8 (C-6), 129.4 (C-5), 128.4 (C-9a), 126.6 (C-8),
125.1 (C-7), 124.7 (-CH––CH-Ph), 123.9 (Ph C-4), 122.9 (C-9), 121.8 (Ph
C-6), 120.7, 54.6 (C-1), 23.1 (1-(CH3)2). 15N NMR (71 MHz, CDCl3): δ
− 64.0 (N-3), − 14.8 (-NO2). IR (ATR): ν = 1519 (vs), 1347 (s) cm− 1

(-NO2). HRMS (ESI-TOF) m/z [M+H]+ calcd. for C22H18ClN2O2:
377.1051, found: 377.1048.

4.1.3. Alternative procedure for the synthesis of compounds 4,5
1,1,2-Trimethyl-1H-benzo[e]indole 1 (1 mmol, 1 eq.) was dissolved

in ethanol (2 mL), 4-(dimethylamino)benzaldehyde (for the synthesis of
compound 4) or 4-(diethylamino)benzaldehyde (for the synthesis of
compound 5) (1.5 mmol, 1.5 eq.) and trifluoroacetic acid (100 μL) were
added. The reaction mixture was stirred at reflux for 24 h. Upon cooling,
the solvent was removed under reduced pressure and the residue was
subjected to column chromatography on silica gel.

4.1.3.1. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-N,N-
dimethylaniline (4), previously reported in [25]. Compound 4 was syn-
thesized using 4-(dimethylamino)benzaldehyde (212 mg, 1.5 mmol).
After flash chromatography on silica gel (eluent – n-hexane/ethyl ace-
tate 6/1 v/v), 4 was obtained as a reddish-brown amorphous material
(105 mg, 31 % yield).

4.1.3.2. 4-[(E)-2-(1,1-Dimethyl-1H-benzo[e]indol-2-yl)ethenyl]-N,N-
diethylaniline (5). Compound 5 was synthesized using 4-(diethylamino)
benzaldehyde (254 mg, 1.5 mmol). After flash chromatography on silica
gel (eluent – n-hexane/ethyl acetate 4/1 v/v), 5was obtained as a brown
amorphous material (202 mg, 55 % yield).

4.1.4. Procedure for the synthesis of compound 22
1,1,2-Trimethyl-1H-benzo[e]indole 1 (1 mmol, 1 eq.) was dissolved

in ethanol (2 mL), 4-fluoro-3-nitrobenzaldehyde (1.5 mmol, 1.5 eq.) and
triethylamine (60 μL) were added. The reaction mixture was stirred at
reflux for 24 h. Upon cooling, the resulting crystals were filtered, washed
with ethanol, recrystallized from ethanol, and dried.

4.1.4.1. 2-(E)-2-(4-Fluoro-3-nitrophenyl)ethenyl-1,1-dimethyl-1H-benzo
[e]indole (22). Yellow solid (197 mg, 55 % yield). M.p. 201–202 ◦C
(decomp.) Rf = 0.13 (n-hexane/ethyl acetate 6/1 v/v). 1H NMR (700
MHz, CDCl3): δ 8.33 (d, J= 6.3 Hz, 1H, Ph 2-H), 8.06 (d, J= 8.4 Hz, 1H,
9-H), 7.97 (d, J = 8.1 Hz, 1H, 6-H), 7.93–7.78 (m, 4H, 4,5-H, Ph 6-H,
–CH––CH-Ph), 7.59 (t, J = 7.6 Hz, 1H, 8-H), 7.49 (t, J = 7.4 Hz, 1H,
7-H), 7.35 (t, J = 9.4 Hz, 1H, Ph 5-H), 7.15 (d, J = 16.2 Hz, 1H,
-CH––CH-Ph), 1.70 (s, 6H, 1-(CH3)2). 13C NMR (176 MHz, CDCl3): δ
183.9 (C-2), 155.4 (d, 1JCF = 268.0 Hz, Ph C-4), 150.9 (C-3a), 139.7 (C-
9b), 137.8 (d, 2JCF = 7.8 Hz, Ph C-3), 134.1 (d, 3JCF = 8.4 Hz, Ph C-6),
133.5 (d, 4JCF = 4.3 Hz, Ph C-1), 133.4 (d, 5JCF = 1.5 Hz, –CH––CH-Ph),
132.8 (C-5a), 129.8 (C-6), 129.4 (C-5), 128.5 (C-9a), 126.6 (C-8), 125.0
(C-7), 124.2 (d, 3JCF = 2.6 Hz, Ph C-2), 122.9 (C-9), 121.7 (d, 6JCF = 2.4
Hz, -CH––CH-Ph), 120.4 (C-4), 119.1 (d, 2JCF = 21.4 Hz, Ph C-5), 54.5
(C-1), 22.8 (1-(CH3)2). 19F NMR (376 MHz, CDCl3): δ − 116.5. 15N NMR
(71 MHz, CDCl3): δ − 69.7 (N-3), − 18.5 (-NO2). IR (ATR): ν = 1533,
1348 cm− 1 (-NO2). HRMS (ESI-TOF) m/z [M+H]+ calcd. for
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C22H18FN2O2: 361.1347, found: 361.1345.

4.2. Biology

4.2.1. Photodynamic treatment
An in-house constructed LED based light source specifically designed

for the irradiation of 96-well microplates and Petri dishes [46] was used;
a maximal wavelength emission of 414 nm, light intensity set to 20
mW/cm2. The total dose of irradiation did not affect the temperature
during irradiation.

4.2.2. Cell cultures and cytotoxicity assays
G361 and A375-derived ARN8 human melanoma cells and BJ human

nontransformed foreskin fibroblasts were cultivated in DMEM medium
without phenol red supplemented with 10 % fetal bovine serum, peni-
cillin (100 U/mL) and streptomycin (100 μg/mL) at 37 ◦C in 5 % CO2
atmosphere.

Cytotoxicity was determined using the MTT (Sigma-Aldrich, St.
Louis, MO, USA) assay in 96-well microplates. The test compounds were
added 24 h post plating, the cells were then incubated for additional 4 h
and irradiated (the maximal wavelength emission of 414 nm and total
dose of 2.5, 5 or 10 J/cm2). After irradiation, the cells were incubated
for further 20 h or 68 h and then the MTT solution was added, cells were
incubated for another 4 h at 37 ◦C and in 5 % CO2 and then the 10 % SDS
was added to the wells to solubilize the violet formazan crystals. The
measurement of absorbance was carried out on reader Tecan Infinite
M200Pro (Tecan, Männedorf, Switzerland) at 570 nm. Dark viability
was measured in parallel under the same conditions without irradiation.

4.2.3. ROS detection
The ROS production measurement using CM-H2DCFDA (Invitrogen,

Waltham, MA, USA) fluorescent probe was performed according to
manufacturer’s guidelines. Briefly, the cells were plated and next day
labeled with the 5 μM probe (30 min loading time), loading buffer was
removed and replaced with prewarmed PBS with 5 mM glucose and for
4 h treated with test compound. After irradiation (5 and 10 J/cm2), the
ROS levels were measured immediately on Tecan Infinite M200Pro
(Tecan, Männedorf, Switzerland) at 492/530 nm (ex/em). Negative
control samples were established by 10 min pretreatment with N-ace-
tylcysteine (5 mM), inhibitor of ROS. Evaluation of oxidative stress using
DHR123 (Enzo, Farmingdale, NY, USA), HPF (Enzo, Farmingdale, NY,
USA) and SOSG (Invitrogen, Waltham, MA, USA) probes was performed
in G361 and ARN8 cells. Briefly, the cells were plated and next day
treated with test compound. After 4 h incubation, the medium with test
compound was replaced with PBS containing 5 μM probe for 30 min.
Subsequently, the labelling solution was discarded, cells in PBS were
irradiated (5 and 10 J/cm2) and the ROS levels were measured imme-
diately on Tecan Infinite M200Pro (Tecan, Männedorf, Switzerland) at
490/525 nm (ex/em). ROS production in samples kept in the dark was
always measured in parallel under the same conditions without
irradiation.

Water solutions of 15were mixed with DHR123, SOSG or HPF probes
at final concentration of 5 μM and measured immediately after irradi-
ation with blue light (10 J/cm2) on Tecan Infinite M200Pro (Tecan,
Männedorf, Switzerland) at 490/525 nm (ex/em).

4.2.4. Immunoblotting
Cell lysates were prepared in RIPA buffer. Proteins were separated on

SDS-polyacrylamide gels, electroblotted onto nitrocellulose membranes
and after blocking, overnight incubation with specific primary anti-
bodies and incubation with peroxidase-conjugated secondary anti-
bodies, the peroxidase activity was detected with SuperSignal West Pico
reagents (Thermo Scientific) using a CCD camera LAS-4000 (Fujifilm,
Tokyo, Japan). All primary antibodies were diluted in TBS containing 4
% BSA and 0.1 % Tween 20. The specific antibodies were purchased
from Cell Signaling, Danvers, MA, USA (anti-PARP-1, clone 46D11; anti-

BAX, clone D2E11; anti-Mcl-1, clone D35A5; anti-caspase 9; anti-
caspase 7; anti-HO-1, clone E7U4W), Sigma-Aldrich, St. Louis, MO,
USA (anti-Bcl-2), Merck Millipore, Burlington, MA, USA (anti-phospho-
histone H2A.X, Ser139, clone JBW301) and Santa Cruz Biotechnology,
Dallas, TX, USA (anti-GAPDH, clone 0411). Anti-p53, clone DO-1 was
generously gifted by dr. B. Vojtěšek (Masaryk Memorial Cancer Institute,
Brno).

4.2.5. Cell cycle analysis
Cells were seeded, after a preincubation period, treated with tested

compound for 4 h, irradiated, and subsequently incubated for further 20
h. After staining with propidium iodide, DNA content was analyzed by
flow cytometry using a 488 nm laser (BD FACSVerse with BD FACSuite
software, version 1.0.6; BD, Franklin Lakes, NJ, USA). Cell cycle distri-
bution was analyzed using ModFit LT (Verity Software House).

4.2.6. Comet assay
G361 cells were trypsinized, rinsed by DMEM and then the cell

suspension in 1 % LMP agarose was pipetted to the microscope slides
with agarose gel. The microscope slides were immersed in a lysis buffer
with 1 % Triton X for 1 h and then placed in an electrophoretic tank and
dipped into a cool electrophoresis solution for 40 min. After the elec-
trophoresis (20 V, 350 mA, 20 min), the microscopic slides were
immersed in a neutralisation buffer (10 min twice). The samples were
then stained by SYBR Green (Invitrogen, Waltham, MA, USA) for 15 min
and scored by the SW Comet Score (TriTek Corp., Wilmington, DE, USA).

4.2.7. p53 reporter assay
The p53-dependent transcriptional activity was determined using

β-galactosidase reporter assay in ARN8 stably transfected with a p53-
responsive reporter construct pRGCΔfoslacZ. Cells were treated with
increasing concentrations of tested compound and after 4 h incubation,
irradiated with blue light (414 nm; 2.5, 5, 7.5 and 10 J/cm2) and
incubated for further 20 h. The cells were then lysed using 0.3 % Triton
X-100 and after 10 min, the substrate 4-methylumbelliferyl β-D-gal-
actopyranoside at a final concentration of 80 μM was added for 1 h. The
fluorescence was measured at 355/360 nm (ex/em) with a Fluoroskan
Ascent microplate reader (Labsystems, Vantaa, Finland).
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A. Opichalová, A. Žukauskaitė, V. Kryštof, A. Šačkus, Synthesis and photodynamic
activity of new 5-[(E)-2-(3-alkoxy-1-phenyl-1H-pyrazol-4-yl)ethenyl]-2-phenyl-3H-
indoles, Arch. Pharm. (Weinheim) (2024), https://doi.org/10.1002/
ardp.202400282.

[50] A.P. Thomas, P.S. Saneesh Babu, S. Asha Nair, S. Ramakrishnan, D. Ramaiah, T.
K. Chandrashekar, A. Srinivasan, M. Radhakrishna Pillai, meso-Tetrakis(p-
sulfonatophenyl)N-Confused porphyrin tetrasodium salt: a potential sensitizer for
photodynamic therapy, J. Med. Chem. 55 (2012) 5110–5120, https://doi.org/
10.1021/jm300009q.
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